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PHYSICS

UO‘K 523.4, 520.8

TOI-7365.01 (T1C 120737368.01) TRANZITINING YER USTI FOTOMETRIK KUZATUVLARI VA
PARAMETRLARINI ANIQLASHTIRISH

Nurmamatov Sheroz Eraliyevich,

Chirchiq davlat pedagogika universiteti katta o ‘qituvchisi, Ulug ‘bek nomidagi
Astronomiya instituti kichik ilmiy xodimi
sheroznurmamatov@gmail.com

Burxonov Otabek Anvarjonovich,

Ulug ‘bek nomidagi Astronomiya instituti katta ilmiy xodimi
boa@astrin.uz

Ergashev Salohiddin Shavkat o ‘g ‘li,

Samargand davlat universiteti kichik ilmiy xodimi
ergashev.salohiddin@bk.ru

Karimov Rivkat Giratovich,

Ulug ‘bek nomidagi Astronomiya instituti katta ilmiy xodimi

Annotatsiya. Mazkur tadgigotda TESS missiyasi doirasida aniglangan TOI-7365.01 (TIC
120737368.01) nomzod ekzosayyorasining tranzit hodisasi Maydanak observatoriyasida olingan fotometrik
kuzatuvlar asosida tahlil gilindi. Kuzatuvlar Zeiss-600 (NT-60) teleskopida I-filtrda amalga oshirildi.
Ravshanlik egri chiziglari differensial fotometriya usuli yordamida gayta ishlanib, AstrolmageJ dasturida
Mandel-Agol modeli asosida modellashtirildi. Nomzod ekzosayyoraning tranzit chuqurligi, davomiyligi va
markaziy vaqti aniglanib, natijalar TESS ma’lumotlari bilan solishtirildi. Olingan parametriar obyektning
Yupiter-radiusga yaqin gaz gigant ekanligini ko ‘rsatadi.

Kalit so“zlar: Ekzosayyora, fotometriya, tranzit usuli, Maydanak observatoriyasi, TOI-7365.01, TIC
120737368.01, ZAQ tasvirlar, AstrolmageJ, ravshanlik egri chizig ‘i, TESS, differensial fotometriya.

ONPEJEJEHUE HA3EMHBIX ®OTOMETPUYECKHUX HABJIIOIEHUI U IAPAMETPOB
TPAH3MTA TOI-7365.01 (TIC 120737368.01)

Annomayua. B oannom uccredosanuu Ha ocHoge Bomomempuueckux HAOA0OeHUll, NOLYYEHHBIX 8
Maiioanakckoii 0b6cepsamopuu, ObLL NPOAHATUIUPOBAH MPAHIUMHBIN UHYUOESHM KAHOUOAma 8 SK30N1aHembl
TOI-7365.01 (TIC 120737368.01), obnapyoicennviii 6 pamxax muccuu TESS. Habrroodenus npogoounuce Ha
meneckone Zeiss-600 (NT-60) ¢ I-gunompom. Kpusvle 6necka obpabameisanucy memooom
oughepenyuanvroti pomomempuu u modenuposanucs 6 npocpamme AstrolmageJ na ocmose modenu
Manoena-Aeona. Bviiu onpedenenvl enyouna mpauzuma, OIUMeNbHOCMb U YeHmpaibHoe epems mpan3uma
Kanouoama 8 dK30naanemvl, a pesynomamul cpasuusanucy ¢ oannvimu TESS. Ilonyuennvie napamempol
VKA3b18AI0M HA MO, YMO 00beKm ABNAEMCs 2A308bIM SULAHMOM ¢ PAOUyCoM, OausKum K paouycy FOnumepa.

Knioueswie cnoea: s>x3onnanema, gpomomempus, mpausumuulii Memoo, obcepsamopus Maiioanax,
TOI-7365.01, TIC 120737368.01, wuszobpasxcenuss ZAQ, AstrolmageJ, «pueas spxocmu, TESS,
oughghepenyuanvras pomomempus.

DETERMINATION OF TERRESTRIAL PHOTOMETRIC OBSERVATIONS AND PARAMETERS
OF TRANSIT TOI-7365.01 (TIC 120737368.01)

Abstract. In this study, the transit event of the candidate exoplanet TOI-7365.01 (TIC 120737368.01),
detected within the framework of the TESS mission, was analyzed based on photometric observations
obtained at the Maidanak Observatory. The observations were made on the Zeiss-600 (NT-60) telescope with
an I-filter. The light curves were processed using the differential photometry method and modeled in the
AstrolmageJ program based on the Mandel-Agol model. The transit depth, duration, and central time of the
candidate exoplanet were determined, and the results were compared with TESS data. The obtained
parameters indicate that the object is a gas giant with a radius close to Jupiter.

Key words: Exoplanet, photometry, transit method, Maidanak Observatory, TOI-7365.01, TIC
120737368.01, ZAQ images, AstrolmageJ, brightness curve, TESS, differential photometry.
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Kirish. So‘nggi o‘n yilliklarda zamonaviy astrofizika va planetologiyaning eng jadal rivojlanayotgan
yo‘nalishlaridan biri — ekzosayyoralar kashfiyoti va ularning fizik-kimyoviy xususiyatlarini o‘rganish
bo‘ldi. 1990-yillarning o‘rtalarida Quyosh tipidagi yulduzlar atrofida birinchi sayyoralar aniglanganidan
buyon, koinot manzarasi va undagi o‘rnimiz haqidagi tasavvurlar tubdan o‘zgardi. Hozirgi kunda
ekzosayyoralar bir gancha usullar orgali aniglansa-da, tranzit fotometriyasi eng samarali va natijador usul
bo‘lib qolmoqda [1]. Mazkur usulning mohiyati sayyoraning o‘z ona yulduzi diski oldidan o‘tishi natijasida
yulduz yorginligining davriy pasayishini gayd etishga asoslanadi.

Ekzosayyoralar tadgigqotida Kepler missiyasidan so‘ng muhim burilish yasagan TESS (Transiting
Exoplanet Survey Satellite) kosmik teleskopi butun osmon sferasini sektorlarga bo‘lib skanerlash [11] orqali
yorgin yulduzlar atrofidagi tranzit nomzodlarini (TOI) aniglashga xizmat giladi [2]. Biroq, TESS kameralari
piksellarining nisbatan yirik o‘lchami kuzatuv ma’lumotlarida qo‘shni yulduz tarqatayotgan yoruglik
ogimlarining aralashuvi (blending) muammosini keltirib chigaradi. Xususan, piksel maydoniga magsadli
yulduzdan tashqari fon obyektlari, jumladan, tutiluvchi qo‘shaloq yulduzlar (NEB - Nearby Eclipsing
Binaries) tushib qolsa, ularning tutilishi asosiy yulduz nuri bilan qo‘shilib, sayyora tranzitini imitatsiya
qiluvchi yolg‘on ijobiy (false positive) signallarni hosil giladi [12]. Shu sababli, TESS orgali gayd etilgan
fotometrik pasayishlarning barchasi ham haqiqiy ekzosayyora tasdig‘i bo‘la olmaydi va ular qo‘shimcha yer
usti kuzatuvlarini talab etadi.

TESS kosmik teleskopining texnik cheklovlarini bartaraf etish va nhomzod obyektlarni tasdiglashda
yuqori fazoviy ajratishga (spatial resolution) ega yerusti teleskoplari tarmog‘idan foydalanish strategik
ahamiyat kasb etadi. Shu maqgsadda tashkil etilgan TFOP (TESS Follow-up Observing Program) xalgaro
hamkorlik dasturining SG1 (Sub Group 1) ishchi guruhi bevosita yer usti fotometriyasi orqali yolg‘on ijobiy
signallarni inkor etish va sayyora parametrlarini aniglashtirishga ixtisoslashgan. Yer usti teleskoplarining
fazoviy ruxsati odatda 1-2 yoy soniyasini tashkil etadi (TESS piksellaridan 10-20 barobar anigroq). Bu esa
magsadli yulduzni fon manbalaridan ajratish hamda tranzit hodisasi hagigatan ham asosiy yulduzda yuz
berayotganini ishonchli tasdiglash imkonini beradi [3]. Mazkur tadqiqot doirasida o‘rganilayotgan TOI-
7365.01 tizimi ham aynan shu maqgsadda O‘zbekiston Fanlar akademiyasi Astronomiya institutining
Maydanak astronomik observatoriyasi (MAO) kuzatuv dasturiga Kiritilib, uning fotometrik tahlili amalga
oshirildi [4].

TOI-7365 yulduzining asosiy fizik va katalog ma’lumotlari. TOI-7365 yulduzi TESS missiyasida
TIC 120737368 identifikatori bilan qayd etilgan ekzosayyorali tizimlarga nomzod tizim bo‘lib, ekvatorial
koordinatalari (J2000) quyidagicha: e« = 23"36™57.11°, &§ = +27°54'25.3".

Obyekt bir qator astrometrik va fotometrik kataloglarda ham ro‘yxatga olingan: 2MASS
J23365709+2754251, APASS 47895754, Gaia DR2 2866059203068680192, Gaia DR3
2866059203068680192, SDSS DR9 1237680307478724713, TOI-7365, UCAC4 590-139059, WISE
J233657.10+275425.0.

TESS ma’lumotlariga ko‘ra yetakchi yulduzning ko‘rinma yulduz kattaligi
Mrgss = 13.2497 = 0.0081™ ga teng. 2MASS infraqizil K-diapazonida esa mapgass, = 12.27 £ 0.023™

ni tashkil etadi.
TESS katalogida [13] wushbu yulduzning samarali harorati T.g® 5964 =122K, massasi
M, % 1.09 Mg, radiusi R, & 1.25517 R, sirt gravitatsiyasi log g ® 4.27809 (cgs), yulduzning o‘rtacha

zichligi p, & 0.7772 g, cm?, ravshanligi L, % 1.795 L teng ekanligi keltirilgan. Mazkur parametrlar tranzit

modelini hosil qilishda boshlang‘ich (prior) parametr sifatida foydalanilishi, sayyora radiusi va orbital
geometriyasini aniglashda muhim rol o‘ynaydi.

Kuzatuvlar. TOI-7365.01 tranzit hodisasining Yer usti fotometrik kuzatuvlari MAO da olib borildi.
Qashqadaryo viloyatining tog‘li hududida, dengiz sathidan 2593 metr balandlikda joylashgan ushbu
observatoriya butun Yevroosiyo qit'asidagi eng yaxshi astroiqlim sharoitlariga ega bo‘lgan ilmiy
markazlardan biri sanaladi. Observatoriyaning baland tog‘li joylashuvi Yer atmosferasining qalin va zich
gatlamlaridan hamda chang-to‘zonlardan yuqorida bo‘lishni ta’minlaydi. Yil davomidagi ochiq (bulutsiz)
tunlar sonining ko‘pligi (yiliga taxminan 250-260 ta toza tun) va atmosferaning noyob bargarorligi (seeing)
bu yerni ekzosayyora tranzitlari kabi yuqgori fotometrik aniglik talab gilinadigan tadgigotlar uchun ideal
maskanga aylantiradi. TOI-7365.01 obyektining kuzatuvlari observatoriyada o‘rnatilgan Zeiss-600 (NT-60)
teleskopida 2025-yil 9-noyabr kuni amalga oshirildi. Kuzatuvlar davomida | filtrida 60 sekundlik
ekspozitsiya bilan jami 274 ta ishchi ZAQ (zaryadli aloga qurilma) tasvirlari olindi.

NT-60 teleskopining bosh ko‘zgusi diametri 60 sm, fokus masofasi 7500 mm ni tashkil etadi.
Yorug‘lik qabul qilgich sifatida Andor iKon-L936 ZAQ kamerasi qo‘llanildi. Mazkur kamera 2048x2048
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piksel o‘lchamli ZAQ matritsaga ega bo‘lib, bitta pikselning fizik o‘lchami 13.5 um ni tashkil etadi.
Tizimning ko‘rish maydoni (FOV) 12.8x12.8 yoy minut, o‘qib olish shovqini (readout noice) 7.7 ¢,
kuchaytirish koeffitsiyenti (gain) 2.2 ¢ /ADU ga teng. Kuzatuv kechasida mos ravishda bias, dark va flat
yordamchi tasvirlar olindi. Dark tasvirlar ishchi kadrlar bilan bir xil 60 sekundlik ekspozitsiya vaqti bilan,
flat tasvirlar esa I filtrda kuzatildi. Kuzatuvlar obyektning yuqori kulminatsiya vaqtiga to‘g‘ri kelib, past
xavo massasi (airmass) sharoitida olib borildi. Bu atmosfera ekstinksiyasi va dispersiyaga bog‘liq sistematik
xatoliklarning minimal darajada bo‘lishini ta’minladi [5].

ZAQ tasvirlarga ishlov berish va fotometriya. Kuzatuvdan olingan xom (raw) ZAQ astronomik
tasvirlari to‘g‘ridan to‘g‘ri ilmiy xulosalar chigarish uchun yaroqli emas. Ular tarkibida teleskop optikasining
tizimli xatolari, ZAQ matritsasining fizik nuqgsonlari va elektron shovginlar mavjud bo‘ladi. Ularni tozalash
magsadida tasvirlarga standart astronomik algoritmlar asosida birlamchi ishlov berildi (Image Calibration).
Bu murakkab bosgich jahon migyosida tan olingan IRAF [14] (Image Reduction and Analysis Facility)
hamda Astrolmaged (AlJ) [6] dasturiy paketlari yordamida quyidagi tartibda amalga oshirildi:

" v coa r, o7 1. Sath siljishini tuzatish (Bias Correction): Sath siljishini
" I A A tuzatish uchun olinadigan tasvirlar bias deb yuritiladi. Gap
| shundaki, ZAQ kamerasi qayd gilingan yorug‘lik oqgimini
o - analog ko‘rinishdan raqgamli ko‘rinish akslantirish jarayanida
yuzaga kelishi mumkin bo‘lgan manfiy ko‘rsatgichlari oldini
olish magsadida “0” sath muayyan kattalikka ko‘tariladi. Bu
kattalikni ZAQ ishlab chigaruvchi o‘rnatadi. Bias tasvirlar “0”
soniyali ekspozitsiyada olinadi va ZAQ tasvirlarga birlamchi
ishlov berishda foydalanish uchun 5 tadan ko‘p tasvirlar
o‘rtachalashtirilib “Super Bias” tasviri hosil gqilinadi. Hosil
qilingan “Super Bias” tasvir barcha xom tasvirlardan ayriladi.
2. Termal shovginlarni minimallashtirish (Dark
Correction): Termal shovginlarni minimallashtirish ushun
...... S o N R R 1 olinadigan ZAQ tasvirlar dark deb ataladi. ZAQ kamera

0 2 4 0 [ 10 12 n 10

1-rasm. Yulduz radial profili va sovutilganiga garamay yoruglikni qgayd qiluvchi yarim
apertura o'lchamlari. o‘tkazgichlardan tayyorlangan ZAQ matritsa xususiyatlaridan

kelib chiqib unga yorug‘lik tushmasa ham erkin elektronlar
ajralishi davom etadi va bu ajralish ekspozitsiya vaqtiga to‘g‘ri proporsional bo‘ladi, ekspozitsiya vaqti
gancha katta bo‘lsa shuncha ko‘p elektron ajralib shovqin hosil giladi. Bizni tadgiqot obyektimiz 60 soniyali
ekspozitsiyada kuzatilganligi sababli biz 60 soniyali beshtadan ko‘p dark tasvirlarni birlashtirib o‘rtacha
“Super Dark” tasvir hosil gilindi va u xom tasvirlardan ayriladi.

3. Maydon notekisligini to‘g‘rilash (Flat Fielding): Teleskop optik tizimidagi muammolar, ZAQ
matritsa va/yoki yorug‘lik filterlari yuzasidagi chang zarralari, hamda ZAQ matritsasi sezgirligining piksellar
bo‘ylab har xilligi tasvirdagi yorug‘likning notekis tagsimlanishiga olib keladi. Bu notekislikni tuzatish
uchun olinadigan tasvirlar flat tasvirlar deyiladi. Flat tasvirlarni olish ushun ogshom paytidagi yulduzsiz
osmon qismi kuzatiladi va bu kuzatuvlar foydalanilayotgan yourug‘lik filteriga bog‘liq bo‘ladi. Bir xil
filterda olingan uchtadan ko‘p flat tasvirlarni o‘rtachasidan yagona “Super Flat” tasvir hosil qilinadi. Barcha
xom tasvirlar shu Super Flat tasvirga bo‘linadi. Bizni holatga yorug‘lik filteri sifatida I-filteridan
foydalanilgan.

Ushbu ketma-ket gadamlar natijasida quyidagi formula asosida toza, kalibrlangan tasvirlar I, .; hosil

gilinadi:

AD0

; Iy— Shias— Sdark

kal = Sflat

Kalibrlangan ishchi tasvirlar ketma-ketligidan tadqiqot obyektimizning ravshanlik egri chizig‘ini olish
va fotometrik tahlil qilish jarayoni vaqt qatorlari fotometriyasi uchun ixtisoslashgan AlJ dasturiy ta’minoti

‘ 5> yordamida amalga oshirildi [6]. Fotometrik o‘lchovlar uchun

aperturalar usuli qo‘llanildi. Kuzatuv ma’lumotlaridagi yulduzlar
radial profil tahliliga ko‘ra, FWHM ko‘rsatkichi o‘rtacha 1,31
pikselni tashkil etdi (1-rasm). Bu yulduz nurining asosiy gismi juda
kichik maydonga to‘planganligini va kuzatuvlar vaqtida tasvir sifati
(seeing) yuqori darajada bo‘lganligini tasdiglaydi.
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Shunga mos ravishda, dasturda fotometrik apertura va fon o‘lchash halgalari parametrlari (fap) 5-8-12
piksellar etib belgilandi:

- Obyekt aperturasi (radius=5 piksel): FWHM 1,31 piksel bo‘lgan sharoitda, ushbu radius TOI-7365
yulduzidan kelayotgan barcha samarali fotonlarni gamrab olish bilan birga, atrof-muhit shovqginlarini
aperturaga kirishini cheklash uchun yetarli bo‘ldi.

2-rasm. TOI-7365.01 va tayanch - .Osmon foni halgasi (8—12 piksel): Ql?yeikt aper‘Furasini o‘rab
yulduzlarining ko'rish turuvchi bu he}lqa fagat tungi o.srnon.fonln} 0 lchaydl.. Yulduzdan

maydonidagi joylashuvi kelay(_)tgan oqim ushbu _hal_qa qiymatiga ta’sir gilmasligi uchun u

yetarlicha masofada (radius=8) boshlanadi.

Atmosfera shaffofligining o‘zgaruvchanligi sababli yuzaga keladigan xatoliklarni bartaraf etish
magsadida AIJ orqali ko‘p aperturali differensial fotometriya amalga oshirildi. Bunda TOI-7365.01 ning
(T1) oqgimi tasvir maydonidagi o‘zgarmas tayanch yulduzlariga (C2, C3, C4, ..., C9) nisbatan
me’yorlashtirildi (2-rasm) va solishtirma yulduz kattaligi olindi.

Maydon tasviri (3-rasm) tahlili shuni ko‘rsatdiki, TOI-
7365.01 ning (T1) yonida 41".97 uzoglikda, ravshanligi
Am = 2™, 18 magnitudaga farq giluvchi yana bir fon yulduzi

joylashgan. Biroq, ushbu obyekt 12 piksellik fon o‘lchash
halgasidan yetarlicha uzoqda joylashganligi sababli fotometrik
natijalarni ifloslantirmasligi kafolatlandi.

Birlamchi olingan differensial ravshanlik egri chizig‘i
o‘zida turli xil instrumental va atmosfera xatoliklarini
mujassam etganligi sababli ma’lum darajada shovqinli bo‘ladi.
Ushbu xatoliklarni bartaraf etish magsadida AlJ dasturida
chizigli regressiya asosida tizimli xatolarni modellashtirish
amaliyoti qo‘llanildi. _ ;

Dastur konfiguratsiyasi va grafik tahliliga (4-rasm) 3u|rrlasm. Maqsgdllyulduz (Tl? va

. LI e . ga eng yaqin fon yulduzining
rr}y\ijqflq, detrending jarayonida ikkita asosiy parametr tanlab tahlili
olindi:

- Havo massasi (AIRMASS): Kuzatuv davomida zenit masofasining o‘zgarishi sababli yuzaga
keladigan qoldiq ta’sir (yulduzlar rangidagi farqlar natijasidagi ikkinchi tartibli ekstinksiya) regressiya tahlili
yordamida aniglanib, modeldan chegirib tashlandi.

- Osmon foni (Sky/Pixelr1): Oy chigishi yoki yorug‘lik ifloslanishi tufayli osmon yorqinligining
o‘zgarishi qabul qilgich piksellaridagi fotonlar hisobotiga ko‘rsatadigan bevosita ta’siri inobatga olindi va
bartaraf etildi.

Ushbu  parametrlar  tranzit  modeliga  chizigli
koeffitsiyentlar sifatida Kiritildi va Nelder-Mead (Chi-squared)
minimallashtirish algoritmi yordamida ravshanlik egri chizig*ini
me’yorga keltirish uchun foydalanildi. Natijada, dastlabki
o‘rtacha kvadratik chetlanish (RMS) giymati 8.98 ppt bo‘lgan
bo‘lsa, detrend jarayonidan so‘ng bu ko‘rsatkich keskin

_ yaxshilanib, 3.807 ppt gacha pasaytirildi (4-rasmga garang).
Pt Shuningdek, ma’lumotlarni qayta ishlash davomida AlJ
' ' ' dasturining Kepler Spline usulida filtrlash funksiyasi orqali
chetlanishlar, yani kosmik nurlar yoki apparat nugsonlari tufayli
yuzaga kelgan keskin chetga chigishlar tozalandi [6].

Tranzit modeli va efemerida tahlili. Tranzit jarayoni
natijasida hosil bo‘lgan ravshanlikning tushish grafigi
shunchaki empirik nuqtalar to‘plami emas, balki qat'ly
geometrik va fizik gonuniyatlarga tayanuvchi, analitik jihatdan
yechimga ega bo‘lgan funksional bog‘lanishdir. Sayyora va
yulduz fizikasiga oid ko‘plab ragamlarni aniq hisoblab chiqish
maqsadida AlJ dasturiga o‘rnatilgan Mandel va Agol (2002)
nazariy tranzit modelidan keng foydalanildi [1]. Mandel va
Agol usuli o‘z ichiga elliptik integrallar qatorini oladi va
yulduz girra qorayishining chizigli, kvadratik yoki chizigli
bo‘lmagan (non-linear) funksiyalarini aniq yechimlarini

4-rasm. TOI-7365.01 tranzitining
tizimli xatolardan tozalangan
ravshanlik egri chizig'i
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modellashtira oladi. Bu algoritmlar orgali moslashtirish jarayoni (fitting) amalga oshirildi [7].

TOI-7365.01 obyektining normallashgan ravshanlik egri chiziglari AlJ dasturida analitik tranzit
modeli asosida moslashtirildi. Modelda sayyora—yulduz geometriyasi, orbit og‘ish burchagi hamda yulduz
diskining limb-darkening [15] effekti hisobga olindi. Tranzit modellashtirishda yetakchi yulduzning yugorida
keltirilgan fizik parametrlaridan (T.g, M, ,R,,log g) boshlang‘ich parametrlar sifatida foydalanildi.

Tranzitni modellashtirishda sayyoraning orbital davri P = 3.1924816 kun TESS efemerida
ma’lumotlariga muvofiq o‘zgarmas (fixed) parametr sifatida qabul qilindi. Tranzit profilini to‘liq tavsiflash
uchun quyidagi parametrlar erkin o‘zgaruvchi (free parameters) sifatida moslashtirildi:

tranzit markaziy vaqti (T.);

sayyora va yulduz radiuslari nisbati ((?) _);
yarim katta o‘gning yulduz radiusiga nisbati (RE);

orbita og‘ish burchagi ().
Yulduz diskining girra gorayishi (limb-darkening) koeffitsiyentlari (u; va u;) TOI-7365.01 ning
yetakchi yulduzi samarali harorati (T,z7) va sirt gravitatsiyasi (leg g) giymatlariga asoslanib, Claret &

Bloemen nazariy jadvallaridan I-filtr uchun interpolatsiya qilindi [8]. Ushbu koeffitsiyentlar tranzit
profilining tub gismi shaklini aniq modellashtirishda muhim rol o‘ynaydi.

Instrumental va atmosfera sistematik xatoliklarini kamaytirish maqgsadida, yuqorida ta’kidlanganidek,
ravshanlik egri chiziglari havo massasi va osmon foni parametrlariga nisbatan bir vaqtning o‘zida me’yorga
keltirildi. Modelning kuzatuv ma’lumotlariga moslik darajasi normallashgan o‘rta kvadratik chetlanish
(RMS) hamda kamaytirilgan statistik y = (x2/daf) ko‘rsatkichlari orqali baholandi [10].

AlJ dasturida differensial ravshanlik egri chizig‘ini analitik modellashtirish natijasida TOI-7365.01
obyektining asosiy fizik va orbital parametrlari yuqori aniglikda belgilandi. Modellashtirish jarayonida
olingan parametrlar va ularning ExoFOP TESS ma’lumotlari bilan solishtirilgan sonli giymatlari 1-jadvalda
keltirilgan.

1-jadval. TOI-7365.01 tranzit parametrlarining Maydanak observatoriyasi kuzatuvlari asosida
olingan natijalari va katalog giymatlari tagqoslanishi

Parametr 09.11.2025 (MAO) ExoFOP TESS
Orbital davr, P (kun) 3.1924816 (0‘zgarmas) 3.1924816 (0‘zgarmas)
(Rp/R~)? 0.015219179 -
a/R~ 8.76713 -
Tranzit markaziy vaqti, T (BJD) 2460989.163779 2460580.641468
Og‘ish burchagi, i (°) 89.99 -
Tranzit davomiyligi T14 (kun) 0.13047 0.13379
Tranzit chuqurligi “Depth” (ppt) 17,88 15.438758
Ekzosayyora radiusi Ry ( Ruup) 1.33 1.29885
ul 0.3 -
u 0.3 -
y* red 1.15 -
RMS (norm.) 0.003807 -

AlJ orqali yaratilgan tranzit modelining ilmiy ishonchliligi uning statistik sifat ko‘rsatkichlari bilan
tasdiglanadi:

1. Normallashtirilgan RMS: 0.003807 (yoki 3.807 ppt). Kichik diametrli (0.6 m) yer usti teleskopi
uchun 3.807 ppt (~0.38%) RMS anigligiga erishish Maydanak observatoriyasining bargaror astroiglimi
hamda tasvirlarga yuqori darajada ishlov berilganligidan dalolat beradi.

2. Kamaytirilgan > (Reduced Chi-squared, y-..): 1.15 Keltirilgan > ning 1.0 ga yaqin bo‘lishi
Mandel-Agol modeli olingan kuzatuv ma’lumotlariga sun'ty moslashtirilmasdan (overfitting), fizik jihatdan
anig muvofiglashganini bildiradi.
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Tranzit markaziy vaqtining T4, TESS loyihasi tomonidan tagdim etilgan efemerida bilan mosligini
tekshirish magsadida O-C (Observed minus Calculated) farglari tahlil gilindi [9]. Hisoblash quyidagi
chizigli efemerida formulasi asosida bajarildi:

Tealc{:E] =Thh+E-P
0-C= Tn:\bs - TI:‘E.[E‘

Bu yerda T; — TESS katalogi bo‘yicha boshlang‘ich tranzit epoxasi (2460580.641468 BJD), P — orbital
davr (3.1924816 kun), E — tranzit epoxasi, T,,. — Maydanak observatoriyasida kuzatilgan tranzit markaziy
vaqti (2460989.163779 BJD) va T, ,; — formulaga asosan kutilgan nazariy vaqt (2-jadval).

2-jadval. TOI-7365.01 obyektining O—C tahlil natijalari

Kuzatuv Toss (BJD) Epox TcarLc (BJID) (0-C) (Kun) (0-C)
(E) (soat)

Tess 2460580.641468 0 2460580.641468 0 0
24.10.2025 2460989.163779 128 2460989.279113 -0.115334 -2.76

TOI-7365.01 obyektining Maydanak observatoriyasida kuzatilgan tranzit markaziy vaqti
(Tops = 2460989.163779 BJD) TESS efemeridasi asosida hisoblangan giymat (g, = 2460989.279113

BJD) bilan taggoslanganda (@ — C) = —0.115334 kun (-2.76 soat) og‘ish mavjudligi aniqlandi. Manfiy

ishorali og‘ish kuzatilgan tranzit hodisasining kutilgan vaqtga nisbatan oldinroq sodir bo‘lganini ko‘rsatadi.

Mazkur farq orbital davrning uzoq vaqt oralig‘ida kichik xatoliklar bilan aniqlanishi natijasida yuzaga
kelgan efemerida noanigliklari bilan izohlanishi mumkin. Hozirgi natija tranzit vagqtlarining anigligini
oshirish va efemeridani yangilash zarurligini ko‘rsatadi. Shu bilan birga, mavjud ma’lumotlar asosida tranzit
vaqtlaridagi variatsiyalarni (TTV) statistik jihatdan ishonchli deb baholash uchun yetarli asos mavjud emas.

Shu sababli, obyekt uchun qo‘shimcha tranzit kuzatuvlarini turli epoxalarda amalga oshirish hamda
yangi tranzit markaziy vagqtlarini yig‘ish kelgusida efemerida parametrlarini aniqlashtirish va tranzit
vagtlarining dinamikasini chuqurroq tahlil gilish imkonini beradi.

Xulosa. TOI-7365.01 (TIC 120737368.01) nomzod ekzosayyorasining tranzit hodisasi MAO ning
Zeiss-600 (NT-60) teleskopida olingan yuqori aniglikdagi fotometrik kuzatuvlar asosida tahlil gilindi. 2025-
yil 9-noyabr kuni I-filtrda 60 sekundlik ekspozitsiya bilan olingan 274 ta ZAQ tasvirlari differensial
fotometriya usuli yordamida gayta ishlanib, AlJ dasturida Mandel-Agol modeli asosida modellashtirildi.

Fotometrik gayta ishlash natijasida dastlabki shovqin darajasi RMS =~ 8.98 ppt dan detrendingdan
so‘ng 3.807 ppt gacha kamaytirildi, bu esa yer usti kuzatuvlari uchun yuqori aniqlik darajasini ko‘rsatadi.
Tranzit model asosida sayyora-yulduz tizimining asosiy parametrlariga aniglik  Kiritildi:
{R;,ﬂ?i}f A 0.0152, a/R,~ 877, orbital og‘ish burchagi i # 89.99°hamda tranzit davomiyligi
T4 # 0.13047kun ekanligi aniglandi. Sayyora radiusi R, ¥ 1.33 Ry, bo‘lib, bu obyektning gaz gigant —
Yupiter sinfiga mansubligini tasdiglaydi.

Tranzit markaziy vaqti uchun bajarilgan O-C tahlili natijasida kuzatilgan giymat bilan TESS
efemeridasi asosida hisoblangan vaqt o‘rtasida (@ — C) = —0.115334 kun (= —2.76 soat) og‘ish mavjudligi

aniglandi. Bu og‘ish tranzit hodisasining kutilgan vaqtdan oldin sodir bo‘lganini ko‘rsatadi va efemerida
parametrlarining vaqt o‘tishi bilan aniqligini yo‘qotishini ko‘rsatadi. Shu sababli, TOI-7365.01 tizimi uchun
efemeridani gayta aniglash zarurati yuzaga keladi va bu tizimda hali aniglanmagan sayyoralar mavjudligi
muammosiga oydinlik kiritadi.
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Annomauus.  Hccnedosanvl  cmpykmypuvle U MOp@OAOSUYECKUE — OCODeHHOCmU — N-Muna
monoxkpucmannudeckoeo Cz-Si nocne eaxyymunozo Havecenus Cu, gblcokomemnepamypHou ouggysuu npu
1573 K 6 meuenue 2 u u nocnedyoweil 3axaixu. Ilpu 6b16pannvix memnepamypHo-6peMeHHbIX HapaMempax
6-20 XRD d¢huxcupyem coxpaumenue Kpucmaniuieckou mampuyvl Si 6e3 yOeOumenbHbIX NPUSHAKOS
BbIPAJICEHHOU  00BEMHOU 8mopuuHol  pazosoll nepecmpotiiky, mozoa kax SEM evisgisem pesxo
HEOOHOPOOHYIO U CYWECMBEHHO NepecmpOeHHyI0 NPUNOBEPXHOCMHYIO 00AACHb ¢ MPeuuHO8AmMOCmyvlo U
nokanvHuiM  omcnausanuem. Toueunwviti EDS ne obecneuun roauuwecmgennoeo noomeepoicoenuss Cu 6
uccnedosannvlx 30Hax, a FTIR oan auub 02panuveHHyl0 KAYeCMEEeHHYI0 UH@DOPMAYulo U He NO360UT
npogsecmu npamyro Cu-cneyuguueckyio xumuueckyio uoenmuguxayuro. B cosoxynnocmu pesynvmamoi
VKA3bI8AIOM HA YCMOUYUBHIL KOHMPACT MENCOY COXPAHEHHBIM KPUCTHATLIUYECKUM 00BEMOM U CYUYECTNBEHHO
nepecmpoeHHol NPUnO08epPXHOCMHON  obnacmuio, Gopmupyiowuiicss npu coemecmuom Oevcmeuu  Cu-
00pabomKuU, 8bICOKOMEMNEPAMYPHO20 8030eUCBUsL U 3AKANKU, UHOUBUOYATbHbIE 8KIAObI IMUX (PAKMOPOs 8
pamkax Hacmosiuwen pabomol He pazoeninucy. Tem camvim cmandapmuas komounayus 6—260 XRD, SEM,
moueunoeo EDS u FTIR odocmamouna 01 HAOENCHOU @uKkcayuu maxoco 00bEMHO-NOBEPXHOCHHO20
COCMOsIHUSL, HO HEOOCTNAMOYHA OISl NPSIMOU (PA3060-XUMULECKOU BEPUDUKAYUU BO3MOICHOU YIbMPAMOHKOU
Cu-ceszannoii moougurxayuu be3 npueiederus 6oaee NO8ePXHOCMHO-UYECHMEUMETLHBIX MEMO008.

Knwouesvie cnoea: Cz-Si; Cu-obpabomra; 8vicokomemnepamypHas oup@ysus,  3aKaixd;
NPUNOBEPXHOCHAS 0OIACb, CMPYKMYPHO-MOPGHON02UUecKoe COCmosHue.

CU BILAN ISHLOV BERILGAN CZ-SI NING YUQORI HARORATLI DIFFUZIYA VA
TERMIK TOBLASHDAN KEYINGI HAJMIY HAMDA SIRT STRUKTURAVIY-MORFOLOGIK
HOLATI

Annotatsiya. Vakuumda Cu gatlami yotqizilgan, 1573 K da 2 soat davomida yuqori haroratli
diffuziyaga uchratilgan va keyin termik toblangan n-tipli monokristalli Choxralski kremniyining (Cz-Si)
strukturaviy hamda morfologik xususiyatlari tadqiq gilindi. Tanlangan temperatura-vaqt parametrlarida 6—
20 XRD tahlili Si kristall matritsasining saqlanib qolganini va hajm bo ‘ylab yaqqol ikkilamchi fazaviy qayta
tuzilishning ishonchli belgilari yo‘qligini ko ‘rsatdi, SEM esa yoriglanish va lokal ajralish bilan
tavsiflanadigan keskin notekis hamda sezilarli darajada gayta shakllangan sirtga yagin sohani anigladi.
Nugtaviy EDS tahlili tekshirilgan zonalarda Cu ni miqdoriy jihatdan tasdiglamadi, FTIR esa fagat
cheklangan sifat ma’lumotini berdi va Cu-ga xos kimyoviy identifikatsiyani bevosita amalga oshirish
imkonini bermadi. Natijalar majmuasi saglanib qolgan kristall hajm bilan sezilarli darajada gayta
shakllangan sirtga yaqin soha o ‘rtasidagi bargaror kontrastni ko ‘rsatadi; bu holat Cu bilan ishlov berish,
yuqori harorat ta’sivi va termik toblashning birgalikdagi ta’siri natijasida shakllangan bo ‘lib, mazkur ish
doirasida ushbu omillarning individual hissalari alohida ajratib ko ‘rilmadi. Shunday qilib, -20 XRD, SEM,
nugtaviy EDS va FTIRning standart kombinatsiyasi bunday hajmiy-sirt holatini ishonchli gayd etish uchun
yetarli, biroq yuzaga yaqin ultrayupga Cu-bog lig modifikatsiyani to ‘g ‘ridan to‘g‘ri fazaviy-kimyoviy
verifikatsiya gilish uchun, sirtga sezgirroq usullarsiz, yetarli emas.

Kalit so‘zlar: Cz-Si; Cu bilan ishlov berish; yuqori haroratli diffuziya; termik toblash; sirtga yagin
soha; strukturaviy-morfologik holat.
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STRUCTURAL AND MORPHOLOGICAL STATE OF THE BULK AND SURFACE OF CU-
TREATED CZ-SI AFTER HIGH-TEMPERATURE DIFFUSION AND THERMAL TEMPERING

Abstract. The structural and morphological features of n-type monocrystalline Czochralski-grown
silicon (Cz-Si) were investigated after vacuum deposition of Cu, high-temperature diffusion at 1573 K for 2
h, and subsequent thermal tempering. Under the selected temperature—time conditions, 6-26 XRD shows
preservation of the crystalline Si matrix without convincing evidence of pronounced bulk secondary phase
reconstruction, whereas SEM reveals a sharply heterogeneous and substantially restructured near-surface
region with cracking and local delamination. Point EDS analysis did not provide quantitative confirmation
of Cu in the examined areas, while FTIR yielded only limited qualitative information and did not allow direct
Cu-specific chemical identification. Taken together, the results indicate a stable contrast between the
preserved crystalline bulk and the substantially restructured near-surface region, formed under the
combined action of Cu treatment, high-temperature exposure, and thermal tempering; the individual
contributions of these factors were not separated within the framework of the present study. Thus, the
standard combination of 6-20 XRD, SEM, point EDS, and FTIR is sufficient for reliable detection of such a
bulk—surface state, but insufficient for direct phase-chemical verification of a possible ultrathin Cu-related
modification without the use of more surface-sensitive methods.

Keywords: Cz-Si; Cu treatment; high-temperature diffusion; thermal tempering; near-surface region;
structural and morphological state.

Beenenne. Meap OTHOCHTCS K 4YHMCIy Hawbojee TMOJBMKHBIX METAUIMYCCKUX TIpUMecedl B
KPUCTAZIMYECKOM KPEMHHM W  CHOCOOHAa CYyLIECTBEHHO BIHATH Ha JEQEKTHYIO  CTPYKTYpY,
nepepacnpeeieHue HapsHKeHUH, DIIEKTPUUECKUEe CBOWCTBA U JTOJTOBPEMEHHYIO CTaOMIILHOCTh MaTepHhaia
B YCIIOBHSIX BBICOKOTEMIIepaTypHoii 00paboTku [1-6]. B kpemHuu, BeIpaieHHOM 110 MeToay YoxpaibCckoro,
CUTyauus JTOTOJIHUTEIbHO OCIIOKHSIETCS MPUCYTCTBUEM KHCIOPOZA, KOTOPBIM ydacTByeT B ()OPMHUPOBAHUH
KHUCJIOPOJ-CBSI3aHHBIX Ae(EKTOB U TEPMOJOHOPOB M MOXKET BJIMATH Ha IOBEIEHHE IPHUIIOBEPXHOCTHON
00JacTH TIpH SKCTPEMAaJIbHOM TepMUYeckoM BoszfaeiictBun [7—13]. B pesynerate mocie Cu-o0pabGoTkw,
BBICOKOTEMIIEpaTypHOH nuddy3un M TMOCIeIyIoled 3aKadkd OO0BEM M TOBEPXHOCTh KPEMHHS MOTYT
WU3MEHSTHCS IO-Pa3HOMY.

[IpuHuMnUanbHas TPYyAHOCTh HCCIEAOBAHUS TAaKUX CHCTEM COCTOMT B TOM, UYTO HCHOJb3yeMbIE
METO/BI 30HAMPYIOT pasHble Mo rIyOuHe 00NacTH MaTepHuaia W MOTOMY HeCyT Pa3liMuHylo (DU3HYECKYIO
nHpopmaruto. O0bryHasi cuMmeTpuuHas 0—-20 peHtreHonnpakuus Ha OPUEHTUPOBAHHOM MOHOKPHUCTAJIIE
Si mpeskze Bcero oTpaxkaeT COCTOSHUE KPUCTAIUIMYECKOH MaTPHUIIBI U TIO3BOJISIET CyIUTh IJIABHBIM 00pa3oM O
COXPaHHOCTA 00BbEMA M HAJIMYUHM JOCTATOYHO MHTEHCHUBHBIX O0BEMHBIX BTOpUYHBIX (a3 [14]. ToueuHsblit
EDS-ananu3 npu CpaBHUTEIBHO BBICOKOH SHEPIHU 3JIEKTPOHHOIO 30HJA HAET JOKAIbHYIO MH(POPMALUIO O
cOCTaBe, HO HE SBIAETCS ONTUMAJIBHO IOBEPXHOCTHO-UYBCTBHTEIBHBIM METOIOM MJISl YJIBTPATOHKOTO
MoudunrpoBaHHoro cios [15, 16]. Kpome toro, Cu-cBsizanHble geheKTHbIE PEaKIH B KPEMHHH HE MOTYT
OBITh HAAEKHO WACHTH(PHUIUPOBAHBI TOJIBKO 1O KOCBEHHBIM CTPYKTYPHBIM W CHEKTPAIBHBIM TNpU3HAKAM
[17-19]. FTIR-cnekrpockomuss B Cz-Si HpPEHMYLIECTBEHHO YyBCTBHUTEIbHA K KHCIOPOA- W YIJIEPO.-
KHCJIOPOJI-CBSI3aHHBIM ~ KOHMUTYpalusiM W TpPH OTCYTCTBHM XOPOIIO pa3pelI€HHBIX XapaKTEPHBIX
MaKCHUMYyMOB HE MOKET pacCMaTpUBAThCs KakK MpsiMoe Joka3aTelibcTBOo Cu-crieruduaeckoit xumuu [12, 20—
25]. IlosTOoMy 3TH MeTOABI CIENyeT paccMaTpuBaTh HE KaK B3aWMO3aMEHsEMble CpPEACTBA MPSIMOM
Bepuukamun Cu-cBSI3aHHOW NPUIIOBEPXHOCTHOM (ha3bl, a Kak B3aUMOAONIOJHSIOIINE HHCTPYMEHTHI,
OrpaHNYUBAIOIIUE Pa3HbIE ACTIEKThI COCTOSHUS MaTepuala rmnocie o0padoTKH.

B mHacrosmeir paboTre paccMaTpuBaeTCsi CTPYKTYPHO-MOPQOJIOrHMYEcKoe COCTOSHHE 0o0béMa u
noBepxHocTH n-tuna Cz-Si, ¢popmupyromieecs: mociae BakyyMHOro HaneceHusi Cu, BBICOKOTEMIIEPATypHOH
mud¢ysun npu 1573 K B Teuenne 2 4 u nocieayromei 3akanky. Llens ucciegoBaHus COCTOUT B TOM, YTOOBI
OTIPEIeNINTh, KaKhe MPHU3HAKA CTPYKTYPHO-MOPQPOJIOrHIECKOTO COCTOSHHS 00pa3iia HaJEKHO BBISIBISIOTCS
CTaHAAPTHBIMHU J1A0OPATOPHBIMH METOAAMH, a KaKHe BBIBOJABI MPH TaKOM HA0OpE METOA0B HE MOTYT OBITH
MPSIMO TIOTBEPKICHBI.

[IpakTHueckass 3HAYUMOCTH TaKOH TOCTAHOBKH COCTOMT B TOM, YTO TNPH BBIOPAHHOM pEXUME
00paboTKH (PopMUpPYETCST BBIPAKEHHBIH KOHTPACT MEXKIY COXPAaHEHHBIM KPUCTATMYECKUM OOBEMOM H
CYLIECTBEHHO IEPECTPOCHHONW NPUIIOBEPXHOCTHOH 00nacThio. [l03TOMy OCHOBHOM akIEHT cleslaH Ha
(du3ndecku JoCToBepHON (PUKcau 3TOro 00LEMHO-TIOBEPXHOCTHOTO COCTOSIHUSI ¥ HAa SIBHOM OTPaHUYCHUH
YTBEPKICHHUN, HE UMEIOIIUX MPSAMOI SKCIEPUMEHTAIBHOM OIOPBI.
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Marepuaibl 1 METOJIBI.

1. Hcxoanplii MaTepuajJ ¥ NOAroToBKa o0pa3uoB. VcxomHeri wmartepwanm —  N-THI
MOHOKPHUCTAJUIMYECKOTO KPEMHHS, BBIPALIEHHOTO 10 MeTOAy HOoXpajabCKOTro, C YAEIbHBIM COIPOTUBICHUEM
p =10 Q-cm. O6pa3ubl BeIpe3any B BUJIE MapaliesienuneaoB pazmepamu 1 X 7 x 14 Mmm>.

2. Ocaxnenne Cu, BbicokoTeMnepatypHas Au¢@y3usa u 3akajka. Mear HAHOCHIM Ha KPEeMHUN
BaKyyMHBIM HucmapeHueM B ycraHoBke BVYII-4 mpu ocrarounom naBiaenmun ~10* Topp. Hduddyszuio
npoBoguiu npu 1573 K B teuenue 2 u. [locne muddysnonHoro otxura o0pasisl OBICTPO OXJIAXKAAIH CO
ckopocTthio v = 200 K-¢™! (3akanka). OCHOBHBIE TapaMeTPhI TPUBEACHBI B Ta0I. 1.

Tabimma 1. Ucxognble mapamerposl oOpasma Cz-Si m pe:xkum BbIcokoTeMmmepatypHoil Cu-
o0paboTKM.

ITapamerp 3HaveHue
Tun matepuana Momnokpucrammuaeckuit Cz-Si, N-Tu
YenpHOE COMPOTHUBIICHHUE, P 10 Q-cm
Pazmep obpazima 1x7x14 mm?
Crnioco6 ranecenus Cu Bakyymuoe ucnapenue, BYI1-4
OcTaTouHOE NaBlICHUE ~10~* Topp
Temmneparypa nuddysnu 1573 K
Bpems nuddyzun 2y
OxnaxaeHue 3akaika, v =~ 200 K-c™!

3. PentrenoBckasa auppaxuus (XRD). PentrenomudpakiiioHHbIe CIIEKTPHI PETHCTPUPOBATN B
reomerpun 020 npu m3myuennn Cu Ka (Rigaku MiniFlex 600). CbéMky mpoBoawnu B Auama3oHe 20 = 3—
90° ¢ marom 0.01° u cxkopoctbio 10°-MuH™" (pexum TpyOku: 40 kB, 15 MA). Beibop cummeTpuyHoii 6—26-
reOMETpUM  O3HayaeT, YTO H3MEepeHHe B TMEepBYI0 oOyepelb UYBCTBUTENBHO K COCTOSHHIO
MOHOKPHCTAJUIMYECKOH MaTpUIIbl, TOrAa Kak js 0oJiee CeNEeKTUBHOIO aHajM3a TOHKHX MOBEPXHOCTHBIX
CJIOEB OOBIYHO MPUMEHSIOT CXEMBI CO CKOJIB3SIIUM YIJIOM majeHus [26, 27]. B mannoit padore 6-20 XRD
WCTIOJIB30BAIM KaK 0a30BbIi JIAOOPATOPHBIM METOJ JIJIsl OLIEHKH TOTO, KAKHE BBIBOJIBI O COCTOSHHH 00pasia
MOTYT OBITh HaAEKHO CIENAHBI B JTaHHOHN SKCIIEPUMEHTATLHON IOCTAaHOBKE.

4. UK-®ypobe cnexkrpockonusi (FTIR). FTIR-ciekTpbl n3Mepsun pyu KOMHAaTHOW TeMIlepaTtype B
nuarnasone 4000450 cm'. Mcxoauple AaHHBIE IKCIOPTHPOBAIM Kak mpomyckanue T(v) v mepeBonwiIn B
noryomenue no ¢opmyne A(v) = —logio[T(v)/100]. Kucnopon-ayBcTBUTENBHBIN UaNa30H aHAIN3UPOBAIN
nocje JHMHEHHOro ynaneHus ©Oa3oBoi numHMHM. Takas o00paboTka NPUMEHSIACh HMCKIIOYHUTENBHO IS
KayeCTBEHHOH OIEHKH cIa0bIX OCOOCHHOCTEH CIEKTpa W He HCIIONb30Bajach KaK OCHOBAaHHWE LIS MPSIMOM
uaentudukannu Cu-copepxkamux komruiekcoB. [Ipu uatepnperanuu FTIR yuuteiBamm, 4To KUCIOPOIHBIE
MOJIOCHI B KPEMHHUH TPAAULHOHHO MCIOJB3YIOT MPEXKIE BCETO Ui aHAIM3a MEKY3eJIbHOI'o KHCIOpoaa H
TIOBEJICHUS TEPMOJOHOPOB [21-25], a He KaKk IPSIMOU MapKep MEJIH.

5. SEM u EDS. Mopdonoruio MOBEpXHOCTH HCCIEAOBAIA Ha CKaHUPYIOMEM AJIEKTPOHHOM
mukpockorie JEOL JSM-IT210 ¢ nerekropoM BTOpruHBIX 351eKTpoHOB (SED) B peskuMe BBICOKOTO BakyyMa.
JlokanpHyro xuMmu4eckylo uH(popMmauuio nomydanu meronoMm EDS. CrnemyeT mom4yepkHyTb, YTO aHAIU3
MPOBOJMIIM TpU  yCKOpsitolleM HampsbkeHudn 15 kV, Torma Kak TOBBINIIEHHE ITOBEPXHOCTHOM
gyBcTBUTENbHOCTH B SEM/EDS 00BIMHO jocTHTaeTcsi MpH CYIIECTBEHHO 00Jee HU3KUX YCKOPSIONINX
HanpspkeHusix (28, 29]. Ilostomy EDS B Hacrosmed paboTe paccMaTpuBaid Kak JIOKaJbHBIHI
OPHEHTHUPOBOYHBIA METOJI XMMHUYECKOTO KOHTPOJIS, & HE KaK MHCTPYMEHT OKOHYATEIbHOW BepHdUKaruu
YJIBTPATOHKOM MOBEPXHOCTHON MOTU(DHUKAIINH.

B wuccnenoBaHHOM oOpasie JOKalIbHO HAOMIOAAIOTCS YYAaCTKH TPELIMHOBATOCTH W YaCTUYHOIO
OTAENICHHsI MPUIIOBEPXHOCTHOrO cios; modtomy SEM/EDS-ananu3 BBINOJIHAIM B BBIOPAHHBIX 30HAX C
KOHTpOJHpYeMOH MopdoJorued, a pe3yiabTaThl HMHTEPIPETHPOBATH KaK OTHOCSIIHECS WMEHHO K
oOcnenoBaHHbIM o0acTsiM. C ydérom 3Toro nosbimieHHbIe curHanbl C u O paccMaTpuBaiM Kak JIOKAJIBHYIO
XapaKTePUCTUKY BHIOPaHHOW MPUIIOBEPXHOCTHOH 30HBI, Ha KOTOPYIO MOIJIM BIUATH MOpdosioruueckas
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HEOTHOPOIHOCTD ITOBEPXHOCTH M MPUCYTCTBHE aACOPOMPOBAHHBIX JINOO 3arpsA3HSIONIMX KOMIIOHEHTOB, a HE
KaK MPeICTaBUTEIHLHYIO OIICHKY COCTaBa Beero o0béMa Si.

6. O6padorka nanubix. st XRD monokeHHss MTUKOB ONPENENsIN 10 JOKAIbHBIM MakCUMyMaM B
BBIOpaHHBIX MHTepBanax 20 (momuHupyromue oTpaxeHus Si). CucTeMaTHUECKU cABUT 260 OTHOCHUTEIHHO
TaONMYHBIX 3HAYEHWH MHKOB Si TPAaKTOBAIHM KakK CIIEACTBHE T€OMETPHH YCTAaHOBKH W BBICOTHI 0OpasIia.
[TosTOMy aOCOJIOTHBIE NOJIOKEHHS MAaKCHMYMOB HCIIOJIb30BaJIM TOJIBKO IJIS1 KadeCTBEHHOH HHICKCALUU
JOMUHHPYIOIIUX OTPAKCHUH MaTpUIbl Si M HE MHTEPIPETUPOBAIM KaK CAaMOCTOSTEIBHOE YyKa3aHWE Ha
W3MEHEHHUE MapaMeTpa perIéTKy, YIpyrux HanpsokeHu min (aszoByto nepectpoiiky. s FTIR-criektpos B
obmactu 900-1300 cm™' mpoBoaMIM BhIMHTAaHHWE 0a30BOM JIMHWUW, YTO IO3BOJIUIO KOPPEKTHO OIICHUBATH
aAMIUTUTYAbl HU3KOMHTCHCHUBHBIX OCTaTOYHBIX MoJOC. YcioBusa peructpaumun SEM  3amaBanuch B
COOTBETCTBHU CO 3HAYEHUSIMHU, 3a(UKCHPOBaHHBIMH B METaJaHHBIX HCXOAHBIX (aitnoB. MHTepnperanuro
naHHelx  EDS  BBINOJHSIM KOHCEPBAaTMBHO BBUAY OIPAaHMYEHHON INMyOMHBI 30HOUPOBAaHUS U
npeo01agaroIero BKiaia MpUIMOBEPXHOCTHBIX CIOEB.

Pesynbratsl.

1. PentrenoaudpakuuoHublii anamm3. 0-20 penrtrenommdpaximonnas kaptuHa obpasma Cz-Si
nocie Cu-o0pabdOTKH M 3aKaJIKM ONPEAEISIETCS MPEXKAE BCETO OTPAKCHUSAMH KPUCTAIIMYECKOH MaTpHUIIbI
kpemHusi. OCHOBHOW MakcuMyM HaOmiomaetcs npu 20 = 28.89°, a 3HaumtensHO Oojee ciaboe
BEICOKOYTJIOBOE OTpaxeHne — BOmm3m 20 = 59.25°. Takas kapThHa COOTBETCTBYET AW(PpPAKINN
OPHUEHTHPOBAHHOTO MOHOKpHCTAUIA Si B OOBIYHOH CHMMETPUYHONH T€OMETPWH, TMpPH KOTOPOH BKIIAL]
MaTpUIlbl MpeodsiajacT B CyMMapHOW WHTCHCUBHOCTH. HaOmrojgaeMble TOJIOKECHHUS MaKCHMYMOB
paccMaTpuBarOTCS 37eCh KaKk paboume SKCIEPUMEHTAIbHBIC 3HAYCHUS IS WHJICKCAI[MH JTIOMHHUPYIOUIUX
oTpaxkeHHH Si; ux aOCOMIOTHOE CMELICHWE HE HCIIONb30BAJIOCh Ul BBIBOAA O IapaMeTpe PpeIlETKH,
)Z[C(I)OpMaHI/IOHHOM COCTOSIHMM WJIM TIOSIBJICHHUHM HOBOM (1)331)1. B HCCIICAOBAHHOM JUAIlIa30HC HE BBISIBIICH
yOenuTenbHbIE HaOOp JOMOJIHUTEIBHBIX OTPAXXEHHH, KOTOPHIA MOXHO OBUIO OBl YBEPEHHO OTHECTH K
00béMHBIM  Cu-cozmepkamiuM BTOpHYHBIM (azam. CrenoBaTenbHO, B IpeAenax YyBCTBUTEIBHOCTH
rcrons3oBaHHON 0—20-reomerpun XRD ykaspiBaeT Ha COXpaHEHHE KPHCTALUTUIHOCTH 00BhEMa W HE HaéT
MPSIMOM CTPYKTYPHOU BEpUPHUKAINH BOZMOKHOTO TOHKOTO MOAU(DUIIPOBAHHOTO CJIOS1 Y TIOBEPXHOCTH.

Pesynbrartel peHTreHOAM(PAKIMOHHOTO aHajiW3a NpUBeNeHbl Ha puc. | W 2, a mapamerpsl
JOMHUHHPYIOIIUX MAaTPUYHBIX OTPAKEHUH CYMMHPOBaHBI B Ta0I. 2.

le7
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Puc. 1. Pentrenorpamma oopasua Cu/Si nocjie BbICOKOTeMnepaTypHoii Auy3un v 3aKajiku B
auana3one 20-70° 20. IloxkazaHbl JOMUHUPYIOLIME OTPaKeHUsI MATPUILBI Si, onpeaeaslonue
OCHOBHYIO T (PPAKIMOHHYIO KAPTHHY B padoyeM IHaNa30He aHAIN3A
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Puc. 2. O630pHasi peHTreHorpaMMa Toro ke oopasua B nuana3zone 3—90° 20 B
Jorapupmuyeckoi MKaje HHTEHCUBHOCTU. PUCYHOK pUBeIEH 1JIs1 KOHTPOJISI IIOJIHOTO
AUGPaKIMOHHOI0 THANA30HA M OLEHKH HATUYHUS BO3MOKHBIX CJIA0BIX TOMOJHUTEIbHBIX OTPAsKEHUI
BHE OCHOBHOT'0 pajoyero nHTepBaJia

Ta6auna 2. [lapamMeTpbl JOMHUHUPYIOIINX OTPaKeHUi MaTpUIbI Si.

Otpaxenne | 20, rpan I, cps 1/1(111),% | d,A | Illpumeuanue
Si(111) 28.89 2.83x 107 |100.0 3.09 JIOMUHHPYIOIIUI MaTPUYHBII UK
Si(222) 59.25 6.19 x 10* | 0.22 1.56 Crnaboe MaTpuuHOE OTpakeHHE

IIpumeuyanue. IlonoxeHUsT MakCUMyMOB TIPHBEICHBI KaK HaOJMIOaeMble SKCIEPUMEHTAIbHBIE
3HaueHus. MIx cucreMaTHyecKoe CMEIeHHe OTHOCHTENFHO TaOMMYHBIX JaHHBIX st Si B JaHHOW padoTe He
WHTEPIPETUPOBAIOCH KaK NMPU3HAK W3MEHEHHUsS Mapamerpa pemeTkH, JeGOpMalMOHHOTO COCTOSHUS WU
BO3HUKHOBEHHS HOBOW (ha3bl. 3HAYEHUSI MEXKIIOCKOCTHBIX PaccTOSHUK d paccuuTaHbl 1O HAOIIOAAEMBIM
TMOJIO’KEHUSAM MaKCUMYMOB U MIPUBEIEHBI CIIPABOYHO.

2. FTIR-cnextpockonus. FTIR-criextp, 3aperucrpupoBansbiii B aumanazone 4000-450 cm™', He
COJEPKUT HaOOpa MHTCHCHBHBIX M XOPOIIO H30JMPOBAaHHBIX IIOJIOC, KOTOPBIMA IO3BOJISI OBl TOBOPHUTH O
(OpMHUPOBAaHUH CIIEKTPAIBHO PA3IMYMMOr0 HOBOT'O MPUIIOBEPXHOCTHOT'O CJIOS WM OTYETIMBO BBIPA’KEHHOU
BropuuHoi (asel. [lostomy FTIR-mannbie B Hacrosmied paboTe paccMaTpuBarOTCS TOJNBKO Kak
BCIIOMOTATEJIbHBI KA4YeCTBCHHBI MCTOYHHK WHQopMamuu o0 OOImeM COCTOSHUM W XHUMHYECKOH
HEOJHOPOIHOCTH TPUIIOBEPXHOCTHOW 00jacTH; OHM He obOecneunBatoT npsmoil Cu-crenuduyeckoit
XAMHUYECKOH WACHTHU(PHUKALIUH.

FTIR-criekTpbl B MOJHOM JUana30He U IOCJIE JIOKAIbHON 00pabOTKH B KHCIOPOJI-4yBCTBUTEIILHOM
o0JacTv mpecTaBlIeHbI Ha puc. 3 u 4.
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Puc. 3. FTIR-cnekTp o6pa3ua nocjie Cu-o6padoTku, BoicokoTemMnepatypHoii nuddys3un (1573
K, 2 4) u 3akaaku, nuanazon 4000—450 cm™*
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Puc. 4. OcraTounsiii FTIR-curnain B o6nacti 900—1300 cm™ mociie ynajgenns 0a30B0i JTHHUH

3. Mopdoaorus mnoBepxnoctu mo AaHHbiM SEM. B oTnuume oT peHTreHOAM(ppakIuOHHON
KapTHHBI, OIpeensieMoil rmaBHEIM 00pa3oM o0bEMoM, SEM BbIsSBIAET MOP(OIOrHIEecCKH HEOAHOPOIHOE
COCTOSIHME TIPHUIIOBEPXHOCTHOH OO0JACTH: NPOTHKEHHBIE TPEIIMHBI, JIOKAJIBHBIE 30HBl YacCTUYHOTO
OTCJIauBaHMA, TUIACTHHYATHIE YYacTKM M TEpexoibl K Oosiee CriaxeHHbIM oOsacTsM. [lpu OGonbrmx
YBEJIMUEHUSIX Pa3IMYMMBbI JIOKAIbHBIE Pa3pbIBbl IOBEPXHOCTHOTO CJIOA M CTYIIEHYAThle Nepenaasl penbeda;
XapakTepHble pa3Mepbl OTAEIbHBIX YYAaCTKOB JOCTHUralOT COTEH MHKpoMeTpoB. CliepoBaTenbHO, Hanboiee
3aMETHBIC ITOCIIENICTBHsSI 00pabOTKH cocpenoToueHbl BONMM3U ToBepxHOcTH. OnmHako SEM  ¢ukcupyer
Mopooruio, a He €€ XUMHUIECKYIO TIPUPOTY.

4. Jloxkanbubiii xumudyeckuii ananu3 EDS. Toueunwii EDS-ananu3, BeimonneHssid npu 15 kV B
BBIOpaHHOW 00JIACTH MOBEPXHOCTH, HE J]all KOJMYECTBEHHOTO MOJATBEPKeHUs pUcyTcTBUSI Cu: B CIIEKTpe
npeobnaganu curnaiel C u O, Torja Kak BKiIaj Si ocTaBajics ciabbiM. Takas kapTHHA HanboJjee KOPPEKTHO
TPAaKTyeTCs KakK JIOKaJbHAs XapaKTEPUCTHKAa BHIOPAHHON IPHUIIOBEPXHOCTHOM 30HBI, HAa KOTOPYIO NpH
JaHHOM DEXHME aHaJIN3a MOTJHM CYIIECTBEHHO BJIHMATH MOP(OJIOrHUYecKas HEOAHOPOIHOCTb, YACTHYHOE
OTJIEJICHNE TTOBEPXHOCTHOTO CJIOS U MPUCYTCTBUE aICOPOMPOBAHHBIX JINOO 3arpsI3HAIONIMNX KOMIOHEHTOB. C
Y4ETOM JIOKAJIBHOTO XapaKTepa U3MEpPEHHs] M OIpPaHUYEHHOW MOBEPXHOCTHOM UyBCTBHTEIBHOCTH METOAA
npu 15 kV nonyuyennsie EDS-nannbie He ciemyeT paccMaTpuBaTh HHM Kak TJI00albHOE OTpHLATENbHOE
NoKazarenbcTBo oTcyTcTBHS Cu BO BCEM oOpasiie, HM Kak npsMoe monarBepkienue Cu-crienuduyueckoi
MPUTIOBEPXHOCTHOMH (ha3bl.
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Mophomorus moBepXHOCTH U Pe3yIbTaThl JOKAILHOTO XUMHYECKOTO aHaJIN3a 110 BEIOpaHHON 001acTH
MoKa3aHbl Ha puc. 5 u 6; ycnosus SEM-chéMku npuBesieHbl B TaON. 3, a pe3ynbraTtel ToueuHoro EDS-
aHanmu3a — B TaoOm. 4.

(a)

~ (b)

Puc. 5. SEM-u300pa:kenus nopepxHoctu nocjae Cu-o6padoTku, BbICOKOTeMIIEpATYPHOMI
audpdysuu (1573 K, 2 4) u 3axajaku: (a) 0030pHbIil y4aCTOK € CEThI0 TPELIMH H 30HAMHM JIOKAJIbHOI0
orciauBanus; (b) yBeJlu4eHHbIH Y4ACTOK ¢ Pa3BUTHIM pesibedhom
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Puc. 6. EDS-criexTp, 3aperucTpupoBaHHblIil B BbIOpaHHOI 00s1acTu noBepxHocTH nociae Cu-
00padoTKH, BbIcOKOTeMnepaTypHoii Aupdy3un (1573 K, 2 4) u 3akanku

Tab6anua 3. YciaoBust SEM-cbémMku 1151 n300pakeHuii Ha puc. S.

Yexopsomee WD, Pexxum Iloge MacmrTaoHnas
HN300pakenHue | YBeJnueHue | HANPAKeHHE, JderexTop N
K\ MM BAKyyMa | 3peHHMs1 | JUHelKa
Bricokmif 3.46 My
Puc. 5a x37 3 151 SED x 2.60 500 MM
BaKyyM
MM
42.7
Prc.Sb | x3000 3 154 | SED | Dercomuit MM g
BaKyyM 32.0
MKM
Tabauna 4. PesyabraThl TOUueuHoro EDS-ananu3a B BLIOPAHHOM 00J1aCTH NOBEPXHOCTH.
D1eMeHT MaccoBas xoJs, % AtomHuas goas, % | Kommentapuii
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DeMeHT MaccoBasn g0, % AtomHuas goas, % | Kommentapuii
JloMuHUPYIOIHIA BKIIaJ] B BRIOpAaHHON
+ +

C 84.4+19 87.9+£2.0 TotKe

0 154426 120420 3HAYNMBIA TPUTIOBEPXHOCTHBIN
CUTHAJ

Si 0.3+0.3 0.1+0.1 CabbIii CHTHAI MATPHUIIBL

Cu nd nd He o6HapyeH B BEIOpaHHOMN 00IacTH

[pumeuyanne. Jomunupyromue curHaisl C m O OTHOCATCS K BHIOpaHHON MPHUIIOBEPXHOCTHOM
o0JacT W HE WHTEPIPETHUPYIOTCS KaK XapaKTepHCTHKa cocTaBa Bcero oObéma Si. Mx Bkiam mor
YCUJIMBATBCS ~ MOP(OIOTHYECKOM  HEOJHOPOAHOCTHIO  IOBEPXHOCTH,  YAaCTHUYHBIM  OTICICHHUEM
MPUMIOBEPXHOCTHOTO CJI0Sl U MPUCYTCTBHEM aCOPOUPOBAHHBIX JTHOO 3arPsA3HSIONINX KOMIIOHEHTOB.

1. Ob6cyxnenue.

1. CTpykrypHOe cocTosiHue 00béma. PeHTreHOAM(ppakIMOHHBIE NaHHBIE MOKA3BIBAIOT, YTO TPHU
BBHIOpaHHOM peXuMe OOpabOTKM CTPYKTYpHBIH OTBeT oOpa3la B HUCHonb3yemol 0-26-reomerpuun
OTIpeneNsieTcss TMPEXAe BCEro KpHCTALIMYECKOH Marpuued Si. JTo yKa3plBaeT Ha COXpaHEHHe
KPUCTATIMYHOCTH 00BbEMa U OTCYTCTBHE AOCTATOYHO MHTCHCUBHON 00BEMHON BTOPUYHOH (a3bl B Ipeaeiax
YyBCTBHUTEIBHOCTH MeTO/a. BMecTe ¢ TeM Takoil BBIBOJ HE MOXKET ObITh aBTOMAaTHYECKH PACTIPOCTPaHEH Ha
yIBTPATOHKYIO MPUMOBEPXHOCTHYIO 00J1aCTh, BKJIAJl KOTOPOW IKPAHUPYETCsI CUTHAIIOM MOJTOKKH.

2. llepectpoiika noBepxHoctu. SEM, HanmpoTUB, NOKa3bIBAET, YTO NPU JAHHOM COUYETAHUU yCIIOBUN
00pabOTKH MPHUITOBEPXHOCTHAS OOJIACTh pearupyeT 3HAYNTENHHO CHIIbHEe, yeM 00BEM. TpenmHoBaTOCTS,
JIOKaJbHBIC 30HBI OTCIAMBaHUs W TPOCTPAHCTBEHHAss HEOJHOPOIHOCTh YKa3bIBalOT HAa KOHIIEHTPAIIUIO
HamOoyee 3aMETHBIX TIIOCIEACTBHI 00pabOoTKM BONMM3M MOBEpPXHOCTH. Takas KapTHHA KadeCTBEHHO
corylacyeTcs ¢ pa3BUTHEM TEPMOMEXaHHYECKUX HANPSDKCHUH M PAaCTPECKHUBAHHWEM KPEMHHUS IPU KECTKOM
teruioBoM nukie [30], ogHako 6e3 koHTponbHOro obpasma 6e3 Cu 3ToT 3ddekT Hemb3s OTACTHTH OT
BO3MOXKHOTO Bkiana Cu-oOpaborku. JlokanbHas XuMU4YecKas UWHGpoOpMalMs TPU ITOM  OCTaéres
orpannyeHHo#: Toueunslii EDS mpu 15 kV He man xonmndectBeHHOT0 moaTBepxaeHUs Cu B MicCIeI0BaHHON
obomact, a FTIR mpenoctaBun numb KadecTBEHHblE JaHHble 0e3 mpsmoi Cu-crenuduyueckoi
uneHtudukanuu. Crie0BaTeNbHO, TEKYIIUH HA0Op JaHHBIX HAaIE&KHO (QUKCHPYET MOPQOJOTrHUSCKYHO
NEPECTPOUKY IPHUIIOBEPXHOCTHON 001acTH, HO HE IO3BOJSET OJHO3HAYHO YCTAaHOBUTH €€ XMMHYECKYIO
pUpoay.

3. Unrepnperanusi 1 MeToauyeckue orpanmvyeHusi. Haumbonee oOOCHOBaHHAasi WHTEpHpETALIUS
COCTOMT B TOM, YTO NPH BBHIOPAHHOM peKuMe 00padOTKU (OPMHUPYETCS BBIPRKEHHBIH KOHTPACT MEXIY
KPUCTAIMYECKUM OOBEMOM M TNPHUIIOBEPXHOCTHOM 00JacTbio: O0BEM COXpaHSET KPUCTAIMYHOCTH B
npenenax uyecrtBuTenbHOocTH 6-20 XRD, Torma Kkak NpHIIOBEPXHOCTHAs 30HA TEPEXOAHWT B
MOPGOJOrHYECKH U CTPYKTYPHO HEOJHOPOJHOE cocTostHue. Pabora He maét mpsiMoro JokaszarenbcrBa Cu-
cneunduueckord npunoepxHocTHOH (azpl: XRD He BoIsBIsAeT yoenutenbHoi 00béMHON Cu-comeprkarueit
¢azp1, Toueunpii EDS He monrepxkmaer Cu KOJIMUECTBEHHO B uccienoBaHHoW oOmactu, FTIR wnmeer
OTpaHMYCHHYI0 XHMHUYECKYyI0 H30UpaTeNbHOCTh, a KOHTponb ©Oe3 Cu He BbimonHsuics. [lodsTtomy
HaOIIomaeMyl0 KapTHHY CIEAyeT paccMaTpuBaTh Kak COBOKYNHBIA —pe3ynbrar Cu-o0paboTkw,
BBICOKOTEMIIEPATypHOT'O BO3AEHCTBUS U 3aKaJIKH; WHIMBUIYaJbHbBIE BKJIAIbI 3TUX (DaKTOPOB HE Pa3/ielICHBI.

B mpakTHYeckoM OTHONIIEHHH STH pe3yJdbTaThl 3aJaf0T TPaHHIBI JIOCTOBEPHOH HHTEpIpPETAINN
CTaHJAPTHO JOCTYIHBIX JA0OPATOPHBIX METOJIOB: OHHU MO3BOJIIOT HAAEKHO (PUKCUPOBATH KOHTPACT MEXITY
COXpaHEHHBIM KPUCTAUTMYECKUM O0BEMOM M CYILIECTBEHHO MEPECTPOCHHON MPHUIIOBEPXHOCTHON 00/1aCThIO,
HO caMu 1O cebe He o0ecreYnBalT NPIMO (Pa30BO-XUMUYECKON WISHTU(DUKAIIMH BO3MOXKHON
yabTpaToHKoH Cu-CBs3aHHON MOIU(UKAITHH.
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2. 3axrodeHue. Y CTaHOBIICHO, YTO IOCIE BaKyyMHOTO HaHeceHHs Cu, BRICOKOTEMITEPATYPHOM
muddy3um pu 1573 K B Teduenue 2 9 1 mochaeAyomen 3akanku B n-tuma Cz-Si popMupyeTcs BRIpaKeHHBIN
KOHTpPacT MEXAy KpUCTANTMYECKUM OO0BEMOM W TIPUIIOBEPXHOCTHOW oOnacTeio. B mpemenax
gyBcTBUTENbHOCTH 0-20 XRD 00BEM coxpaHseT KpHUCTAJUIMYHOCTh, Toraa kak SEM  BbLiBIsieT
MOp(oIOTHYECKH HEOTHOPOIHYIO MPUIOBEPXHOCTHYIO OOJIACTh C TPEMIMHAMHU W JIOKAJTHHBIMH Y9aCTKaMU
orcrnanBanms. Todeunsri EDS He moarBepaun Cu KOTUYECTBEHHO B HMcciaeAoBaHHOM obnactu, a FTIR man
JIUIIB OTPAaHUYCHHYIO Ka4eCTBEHHYIO HH(POPMALIHUIO.

Takum o6pazoMm, HabmomaeMoe OOBEMHO-TIOBEPXHOCTHOE COCTOSIHHE CIIEAyeT paccMaTphBaTh Kak
COBOKYITHBIN pe3ynbTaT Cu-00paboTKH, BRICOKOTEMIIEPATYPHOTO BO3EHCTBHS M 3aKAIKH; MHINBUYaTIbHBIE
BKJIa/Ibl 5TUX (PaKTOPOB B AaHHOU paboTe He pazmemsuiuch. [lpumenénnas komOuHanus 6260 XRD, SEM,
toueyHoro EDS u FTIR nocratouHa ams Hag&kKHOM (UKCAlMU STOrO KOHTpAcTa M 3aJaHus TPaHMIL
KOPPEKTHOW WHTEpPHpEeTaly, HO HeIOCTaTOYHa [UIsl MpsAMON  (a30BO-XMMHYECKOW Bepupurammuu
BO3MOXHOH ynbTpatoHkod Cu-cBs3aHHOH Moaudukanuu 0e3 TpuBIeYeHUs] Oojee MOBEpXHOCTHO-
YYBCTBUTEJBHBIX METOJIOB.
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3asBieHust

JoctynmHocts manHbiX. Hcxomnele um obOpaborannsie XRD-, FTIR-, SEM- u EDS-nanssbIe,
MOATBEPKIAIONINE PE3YIbTAThl HACTOSIIEH pabOThl, MOTYT OBITH MPEIOCTABICHBI aBTOPOM IS MEPEITUCKU
110 000CHOBAaHHOMY 3aIpocy.

Bkuaaa aBTopoB. C.O. CanyoB pa3paboTaj KOHICTIIAIO MUCCIICIOBAHMUS, BBITIOJHAI aHATU3 JaHHBIX,
WHTEPIIPETAlMIO PEe3yJbTaTOB W TOATOTOBKY pykormucd. M.M. HypoB BHEC BKIam B TOCTaHOBKY
3KCIIEPUMEHTA, 00CY)KICHHE PE3yJIbTATOB U PEAAKTUPOBAHNUE TEKCTA.

KoH}uaukT nHTEpPECOB. ABTOPHI 3asBJISIOT 00 OTCYTCTBUM KOH(IMKTA HHTEPECOB.

OdunancupoBanue. CrenuaabHOE BHEIIHee (DMHAHCHPOBAHWE JUIS BBITIOJHEHHS JAaHHOW PaOOTHI HE
3asBIIIIOCE.
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PHYSICS

YK 534.26:539.3; 519.6

HNCCIEAOBAHUE AHU3OTPOIINU 3ATYXAHUA AKYCTUYECKHUX BOJIH B
KYBUYECKHUX KPUCTAJIJIAX TUITA NaCl YNCJTEHHBIMU METOJAMM

Axmeorcanos Dapxao Paumuoosuu,

3aeedyrowuil rabopamopueil "Tenroguzuxa muocogasuwix cucmem"
Hncmumyma uoHHo-naasmeHHbIX U

aazepuwix mexnonoeui AH PY3

Hyosicooe I'eopeuii Cepzeesuu,

CMapuiuil HayuHvill COmpyOHUK

"Tennoghusurxa muozopaznvix cucmem"

Hncmumyma uonno-niasmenHuvix u aaszeptuix mexuonoeuti AH PY3
nujdov_g@mail.ru

Annomauusn. B pabome ucciedosana aHuzomponus 3amyxauus aKycmu4eckux 601H 6 KPUCMALIAX
co cmpykmypoui NaCl. /[na ananuza npumenen 4uCIeHHuLL Memoo, OCHOBAHHYIN HA peuleHul YpagHeHus
Kpucmodgghens ¢ ucnonvzosanuem xomnnexcuvix ynpyeux koncmanm. Hccnedosanwt kpucmainnvt NaCl, NaBr
u KBr. Ha ocHoge OelicmeumenbHblX U MHUMBIX KOMHOHEHMO8 MEeH30pa YNPYeOCmu paccyumaHbl
deticmeumenvhvle U MHUMble d@exmugnvle ynpyeue HOCMOAHHbIE OA PA3IUYHBIX HANPAGIEHUL
pacnpocmpanenust 8oaH. OnpedeneHvl RPOCMpPAHCMEEHHbIE 3A8UCUMOCU KOI(DDUYUEHMA 3amyXaHust 01
PA3TUYHBIX MOO AKYCIMUYECKUX BOJIH.

Knrwouesvie cnosa: akycmuyeckue oanbl, 3amyxanue, Kyouieckue KpUCMaiivl, GHU30MPONUsL YIPYUx
ceoticms, ypaguenus Kpucmopghens, komnnexcruvle ynpyaue KOHCIAanmul.

AKUSTIK TO‘LQINLARNING SO*‘NISH ANIZOTROPIYASINI TEKSHIRISH NaCl TIPIDAGI
KUBIK KRISTALLARDA SONLI USULDA

Annotatsiya. Ushbu ishda NaCl tipdagi tuzilishli kristallarda akustik to‘lqinlarning so ‘nish
anizotropiyasi o ‘rganilgan. Tahlil uchun kompleks elastik doimiylar yordamida Kristoffel tenglamasini
yechishga asoslangan sonli usul qo ‘llanilgan. NaCl, NaBr va KBr kristallari tadqgiqot gilingan. Elastiklik
tenzorining haqiqiy va mavhum komponentalari asosida to‘lgin tarqalishining turli yo ‘nalishlari uchun
haqiqiy va mavhum effektiv elastik doimiylar hisoblangan. Akustik to‘lginlarning turli modalari uchun
so ‘nish koeffitsiyentining fazoviy bog ‘lanishlari aniglandi.

Kalit so‘zlar: akustik to ‘lginlar, so ‘nish, kubik kristallar, elastik xossalar anizotropiyasi, Kristoffel
tenglamalari, kompleks elastik konstantalar.

INVESTIGATION OF ACOUSTIC WAVE ATTENUATION ANISOTROPY IN CUBIC
CRYSTALS OF NaCl TYPE BY NUMERICAL METHODS

Abstract. In this work, the anisotropy of the attenuation of acoustic waves in crystals with the NaCl
structure was studied. A numerical method based on solving the Christoffel equation using complex elastic
constants was used for the analysis. Crystals of NaCl, NaBr and KBr were investigated. Based on the real
and imaginary components of the elasticity tensor, real and imaginary effective elastic constants are
calculated for various directions of wave propagation. The spatial dependences of the attenuation coefficient
for various modes of acoustic waves were determined.

Key words: acoustic waves, attenuation, cubic crystals, anisotropy of elastic properties, Christoffel
equations, complex elastic constants.

BBenenue. KyOuueckme xpuctamnsl Ttunma NaCl xapakTepu3yloTcs BBICOKOW —XUMHYECKOM
CTa0MIILHOCTBIO, ONTHYECKOW TIPO3PAavyHOCTBIO M 3HAYMTENBHOW Temmeparypoi TuiaBieHus [1].
CymecTBeHHBIN WHTEpeC K JAaHHBIM MaTepuajiaM OOYyCJIOBJIEH MX aKyCTHYECKHMH U aKyCTOONTHYECKUMH
CBOMCTBaMH, HaxXOIAIIMMH NPUMEHEHHE KaK B KJIACCUYECKOM YIBTPa3ByKOBOW TEXHUKE [2], Tak U B
COBPEMEHHBIX YCTPOMCTBaX TeparepiioBoii (HOTOHHKH M aKkycTOdJeKTpoHWKH [3, 4]. Bmecre ¢ Tem
KPUCTaJUIBl C BBICOKUMH aKyCTOONTHYECKHMH IapaMeTpamMy, Kak MNpaBWIo, OOJNajaroT 3HAYUTEIHHBIM
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KOd(DPUITMEHTOM aKyCTHYIECKOTO 3aTyXaHus [1—4], 4To orpaHMYMBAaEcT WX MPUMEHECHHUE B 00JIACTH BBICOKHX
94acToT.

HecMoTps Ha OTHOCHTENBHYIO MPOCTOTY CHUMMETPUH KYOHMYECKHUX KPHUCTAIUIOB, aHWU3OTPOIUS HX
AKYCTHYECKUX XapPaKTEPUCTUK, B YACTHOCTH KO3 PUIIMECHTA 3aTyXaHUs, OCTAETCS HEJJOCTATOYHO U3YYCHHOMN
BO BCEM YTIIOBOM MPOCTPAHCTBE. DKCIIEPUMEHTAIIBHOE OTPEAEICHIE 3TOTO MapaMeTpa COIPSHKEHO C PSAOM
TEXHUYECKUX TPYAHOCTEH, UTO, KaK MPaBHWIIO, HE IO3BOJISIET YCTAHOBUTH €r0 ISl BCEX HAaNpaBICHHUU
pacrpocTpaHeHus aKyCTHUYEeCKOM BOJHBI B KpucTamie. Bmecre ¢ TeM aHaiu3 NOpOCTPAHCTBEHHOIO
pacnpeneneHuss KodpQUIMEHTa 3aTyXaHHS, OTPAXKAIOMIETO €ro 3aBHCHMOCTh OT  HalpaBiICHHA
pacnpocTpaHeHHS W TOJSAPU3alliN BOJTHBI, IMEET BYKHOE 3HAUYEHHUE IS MPAKTUIECKUX TIPUMEHEHNH.

B paborax [5,6] ObuM MpOBEIEHBI SKCICPUMEHTAIBHO-aHATUTHYCCKUE HUCCICAOBAHUS 3aTyXaHUs
AKyCTHYCCKUX BOJIH B KYOMYECKHX KpPUCTAJUIaX, U TOKA3aHO, YTO 3aTyXaHHE MOXKET OBITh HaWJICHO W3
COOTHOIIICHUH JEWCTBUTENFHOW W MHHMOHN 3()()EeKTHBHBIX YNPYrHX MOCTOSIHHBIX. B Hacrosmeid pabote
paccMaTpuBaeTCSl METOJ, Ha OCHOBE YHCICHHOTO MOJICIUPOBAHUS, KOTOPBIM MO3BOJISIET HAXOJUTh
3¢ (eKTUBHBIC YNPYrue TOCTOSIHHBIC KOMIUIGKCHOTO Xapakrepa. Takod IoaXoJ JaeT BO3MOXKHOCTh
BBEIYHCIISITh TPOCTPAHCTBEHHOE pacmpeneneHrne KOd(QQHUIMEeHTa 3aTyXaHds MPOJIOJBHBIX, OBICTPHIX
MOTIEPEYHBIX U MEJICHHBIX TIOMEPEYHBIX aKyCTHIeCKHUX BOJH B kKpuctamiax NaCl, NaBr u KBr.

Metoauka pacuyera. OeHOMEHOJIOTHYECKH CKOPOCTh PACIPOCTPAHEHUS U 3aTyXaHHUE aKyCTHUECKHX
BOJIH MOTYT OBITh ONHCAHBI Yepe3 NEeHCTBUTEIbHYI0O U MHUMYIO YacTH TEH30pa yIPYTuX KOHCTaHT Cik. s
KPUCANIO8 KYOU4ecKou CcumMmempuu OOCMAMOYHO 3A0QHUSL Mpex He3a8UCUMbBIX KOMHOHEHMO8
0eticmeumenbHol U MHUMOU Yacmell meH3opa ynpyeocmu (cii, €12, Cas). B pacuérax HCHOJIB30BAIUCH
YHCJICHHBIC 3HAYCHUS ACUCTBUTENBHBIX U MHHUMBIX 3(Q(QEKTHBHBIX YINPYTHX MOCTOSHHBIX, IPUBEAEHHBIX B
tabmure 1 [5,6].

Tabéauna 1.
Dddextusnbie ynpyeue koncmanmol kpucmaniax KBr, NaBr u NaCl.
q C’efr, 102 N-m? "efr, 10" N-m™?
n
KBr NaBr NaCl KBr NaBr NaCl
[100] [100] 3.45 3.87 4.85 4.82 3.70 3.20
[001] 0.51 0.97 1.30 0.11 0.11 0.09
[110] 25 3.39 4.41 2.81 2.01 1.62
[110] [110] 1.46 1.45 1.84 2.12 1.79 1.69
[001] 0.51 0.97 1.30 0.11 0.11 0.09
[111] [111] 2.19 3.23 4.20 2.14 1.45 1.16
[110] 1.14 1.29 1.67 1.45 1.23 1.05
PacnipocTpaHeH#e akyCTHYECKHX BOJIH B @aHH30TPOITHO# Cpejie OnuchiBaeTesi ypapHeHuem [1]
8%uj ' . I & ug
Poz = (¢! i I _;l'k!} P BIJ__) (@))
rae U— KOMIIOHEHTBHI BEKTOpa CMEUICHUs, p — IUIOTHOCTh, Ciji — KOMIIOHEHTBI KOMIUIEKCHOTO

TEH30pa yNPYroCTH.
st perienust ypaBHeHus (1) 0OBIYHO HCHIONB3YeTCA NPUOIIKEHUE TNIOCKO TapMOHHYECKON BOJIHBI:

u(r,t)= Ayexp[i(dr —ot)], )
rae A — aMIUTUTy1a BOJIHBI, ¥ — CIMHWUYHBIA BEKTOp mossipu3anuu, ( = 27K /A — BOJHOBOW BEKTOP

BOJIHBI, K — €JMHAYHBIA BEKTOP BOIHOBOW HOPMAIIH, (0 — KPYTrOBasi 4aCTOTa aKyCTHIECKHX BOJIH.
[MoxcranoBka (2) B (1) mpuBoguT K cucreMe ypaBHeHuid [puna-Kpucroddens, xoropas mis
NEeMCTBUTEIBHOM YacTH B KOMIIAKTHOH (pOpMe 3alHChIBaeTCsl B BUAE [5]:

2
(rik —pV i )Yk =0, ()
rae VvV — CKOpPOCTH aKyCTI/IquKOﬁ BOJIHBI, 8ik — CHI/IHI/II'IHBIﬁ TCH30p KpOHeKepa, Yk — KOMIIOHCHTLI BCKTOpPa

nonsipuzanun. Komnonents! Tenzopa ['puna-Kpuctoddens [Nk onpenenstores u3 Beipaxenus [S]:
Uik =Cjju Ky, 4)

I7Ie Ki TPEACTaBISAIOT cO000 HAmpaBISIONINE KOCHHYCHI BOJHOBOTO BEKTOpa aKyCTHYECKHX BOJH B
paccMaTpuBaeMoi TIOCKOCTH.
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st HaxOXKIIeHHUS ACUCTBUTEIBHBIX KOMIOHEHTOB TeH30pa ['puna-Kpuctoddens ik B Bepaxkenus (4)
HaJ0 TOJACTaBUTh JEHCTBUTENbHBIE KOMIIOHEHTHI YIPYTUX KOHCTAHT Cfjk, a JUIS HaXOXIEHUS MHHMBIX
KoMIoHeHTOB TeH3opa ['puHa-Kpucrodpdens [ HEOOXOAMMO HCIOIB30BaTh MHHUMBIC KOMITOHEHTHI
YIPYTHX KOHCTAHT ¢ jjki.

Kak wm3BectHO, cucrema ypaBHeHWH (3) WMeeT HETpHWBHAIbHBIE PEIIEHUS B TOM CIy4ae, KOTrIa
OTIPEIETTUTENh CHCTEMBI paBeH Hymo. Jlns HaXOXACHHWA IeHCTBUTENBHON C'eff WM MHHMOM  C'eff
3¢ GEKTUBHON yNPYToil MOCTOSHHON B 3TOT ONpPEAETUTENb TaKKe HaZ0 MOACTABUTH JINOO NICHCTBUTEIHHEIC
Ik mu6o maMMEBIe Ik KOoMITOHEHTHI TeH30pa I pura-Kprucroddens.

Ji1st 4rcieHHON pealn3aliy ONMCaHHOW MOIeNny ObUT pa3paboTaH MpOrpaMMHBIN KOMIUIEKC Ha S3bIKEe
Python. BeruuciurensHoe sApo mOporpamMmbl  omupaercs Ha Oubimmotreky NumPy, uro mo3Bosniio
3¢ (heKTHBHO peann30BaTh TEH30PHBIE OMEPANY U MATPUIHBIE YMHOXKEHHSI PH HAXOKACHUN (P (HEKTUBHBIX
ynpyrux Mopnyjiei. Takum oOpa3oM, MOKHO OTONTH OT PEILICHUS ACTEPMHUHAHTHOTO ypaBHEHHUS B IOJIB3Y
MPSIMOTO BBIYUCIICHUS 3()(HEKTUBHBIX YIPYTHX MOCTOSHHBIX Ceff ST TIOOOTO HampaBieHus. B mporpaMMHOM
KOJIe 3TO pealn30BaHO dYepe3 (OopMUPOBAHHE OPTOHOPMHPOBAHHOTO Oazmca (N, €1, €2) I Ka)IOoTo
HampaBieHus cheprueckux yriioB ¢ u 0. DddeKTUBHBIA MOIYIb TSI KOHKPETHOW MOJBI (TIPOIOTEHON MITH
MOTIEPEYHO ) BEIYUCIISICTCS Kak KBaaparuuHas gopma [1]:

Copf = Ei,_;', 1 G Vil (5)

DTO COOTBETCTBYET CBEpPTKE BeKTOpa Aedopmanui, MOPOXIECHHOTO 33JaHHBIM HAIMPABICHUEM H
HoJIsIpU3aue, ¢ MaTpuLen ynpyroctu B Hotauuu doiirra.

Bmecte ¢ Tem wucnonb3oBaHue 3(Q(EKTUBHBIX YINPYTHX MOCTOSHHBIX TMO3BOJISIET ONPEACIHUTH
KO3 (UITUEHT 3aTyXaHUs aKyCTUIECKOH BOIHBI BIOJb 33IaHHOTO HAIPABIEHUS Yepe3 BeIpakeHue [S]:

1 G

——o. (6)

- ’
2 Ceft

OtMeTHnM, YTO BbIpakeHHe (6) CIIPaBEeATNBO, €CIIM OCHOBHBIM MEXaHHU3MOM 3aTyXaHHs aKyCTHYECKHX
BOJIH siBIIsieTCsl (POHOH-(DOHOHHBIA MexaHu3M Axuesepa [5].

Pacuérel mpoBOIMIMCH MYTEM CKAHUPOBAHMS BCEX HAIIPABICHUH PACIPOCTPAHEHHS AKyCTHYECKOH
BOJIHBl C HCIIONIb30BaHUMEM cdepuueckux yriaoB ¢ u 0. i Kakgoro HampaBiIeHHs OINPEeIsINCh
3G EeKTHBHBIE YNPYTHe TOCTOSIHHBIE W KOX(PQUIMEHTHl 3aTyxaHus sl mpoaonbHbIX (L), OBICTpPBIX
MornepevHbIX (S1) U MEUIEHHBIX TONepevHbIX (Sz) MO aKyCTHYECKHUX BOIH, YTO MO3BOJIMIIO MOCTPOHTH MX
MPOCTPAHCTBEHHBIE PACIPEICICHUSI.

PesyabTaThl  pacueroB. Ha ocHoBe pa3paboTaHHOr0  ajiroputMa OBUIM  PacCUUTAHBI
MIPOCTPAHCTBEHHOE PACIIPE/ICIICHUE 3aTyXaHus akycTHuecKux BojH juis kpuctauioB NaCl, NaBr u KBr. B
KayecTBE HCXOJHBIX [AHHBIX OBUIM HCIIOJIb30BaHbl JCHCTBUTENIbHBIE M MHHMMBIE KOMIIOHEHTHI TEH30pa
YOPYTOCTH JUISI COOTBETCTBYIOLIMX THUIIOB KpHUCTAWIOB [5,6]. Brrumcienune kosdduuueHTa 3aTyxaHus
MPOBOAMIIOCH 110 (hopMyJie 6 Ha yacTore 3Byka 1 [T,

Pacuérbl mokazanu, 4yTo HaOMIOAAETCS 3aMETHAs aHW3OTPOIMS 3aTyXaHUsl aKyCTHYECKHX BOJIH, YTO
COTJIACyeTCs C TEOPETHICCKUMH TPEACTABICHUSIMU 00 yIIpyroi aHM30TPOIHU KPUCTAILIOB [ 1-4].

MaxkcuManbHble 3HAYCHHUS 3aTyXaHUsl MPOAOJILHBIX MOJ HaOmojaroTcs BONM3K Hanpasienuit [100],
[010] u [001], Toraa KaKk MUHUMAJIbHBIC 3HAYEHUS COOTBETCTBYIOT HampaBieHusM, Onu3kum k [111]. dus
OBICTPBIX M MEMJICHHBIX IMONEPEYHBIX MO aHM30TPONHMS BBIpAKEHa 3HAYMTENbHO cuibHee. [loBepxHOCTH
3aTyXaHUsl IMOMEPEYHbIX MOJ| UMEIOT 0ojiee CIOKHYI (OpMy U CYHIECTBEHHO 3aBHCAT OT HAIPABICHUS
pacmnpocTpaHeHusT ¥ TOJNSApU3aldd BOJHBL. B ciydae OBICTPBIX MOMEPEYHBIX Si1 MOJ MaKCHMallbHOE
3aTyxaHue SBHO HaOmomaercs B HampasieHud [110]. [Ipu 3ToM MHUHHMalbHOE 3aTyXaHUE HE MOKa3bIBaeT
BBIPRKEHHOT'O XapakTepa M 1Mo QopMe HpeAcTaBisieT coOOi JBe KBa3HOKPYKHOCTH, NPHHAIJIEKAIINE
wiockocTsiM XZ u YZ. B cinyyae MeIUIeHHBIX TONEPEYHBIX Sp; MOJI MakCUMallbHOE 3aTyXaHHe SIBHO
HaOmonaetcs B Hanpasienun [101] u [011]. MunuMansHOe 3aTyXxaHHe JISKHUT B IIockocTd XY.
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1-Puc. [IpocTpaHcTBeHHOE pacnpee/ieHle 3aTYXaHUsI MPOAOJIbHOI MoabI L akycTHYecKoii BOJIHBI B
kpucraiax NaCl (a), NaBr (6) u KBr (8)
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2-Puc. IIpocTpancTBeHHOE pacnpeae/ieHHe 3aTyXaHUsl MONMEePeYHOii MOABI S; AKYCTHYECKO# BOJHbBI B
kpuctaiax NaCl (a), NaBr (6) u KBr (B)
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3-Puc. [IpocTpaHcTBeHHOE paciipeeieHHe 3aTyXaHHUsI MONePeYHOH MOIBI S, aKyCTHYECKOi BOJIHBI B
kpuctaiax NaCl (a), NaBr (6) u KBr (B)

O0cyxnenue pe3yabTaToB. [locTpoeHHBIE TpPEXMEpHBIE MOBEPXHOCTH aKyCTHUECKOTO 3aTyXaHWs
MO3BOJISIFOT HAIVIAIHO TPEICTAaBUTh HPOCTPAHCTBEHHYIO AHMW3OTPONHUIO YIPYTHX CBOMCTB HCCIELYyEeMBIX
KpPHUCTaJJIOB.

[lonmy4yeHHbIe pe3yJIbTaThl COTIACYIOTCS C U3BECTHBIMH TEOPETUUECKUMH MOJIENISIMH PaclpOCTPaHEHUS
YIPYTUX BOJH B aHU30TPOMHEBIX cpenax [1-4]. Ilpu aToM HaAOMIOMAETCSl CYIMIECTBEHHOE PA3IHINE MEXKIY
MOBEPXHOCTSIMM 3aTyXaHHs IPOAOJBHBIX M TomHepeuHbIXx Moa. CpaBHEHHE C SKCIIEPUMEHTAIbHBIMU
JaHHBIMH [5,6] MOKa3bIBACT KAueCTBEHHOE COTJIACHE MEXIy OSKCIIEPHUMEHTAIbHBIMA U PacYETHBIMHU
pe3yJibTaTaMu.

3akiaouenne. Ha ocHoBe pemenus ypaBHeHus Kpuctoddens ¢ MCHONb30BaHHEM KOMIUIEKCHBIX
YOpYyrux Monyleil paspaboraH W peanu3oBaH Ha s3bike Python amroputm mnpsMoro BBIYHMCIEHUS
3¢ GEKTUBHBIX YIPYTUX HNOCTOSHHBIX JJISl MPOM3BOJBHBIX HalpaBlieHUH pacnpocTpaHeHHs BoJH. B pamkax
JTAHHON MOJIEITIM OCTPOCHBI MOJIHBIE TPEXMEPHBIE MOBEPXHOCTH KOG GHUIIMEHTA 3aTyXaHUs JUIs TIPOAOIbHBIX
(L), 6bicTpBIx (S1) 1 MeAIeHHBIX (S2) MOMEPEYHbIX aKycTHYeCKHX Moa Ha yactote | I'Ti. YcTaHOBICHO, YTO
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B HCCIEIyEeMbIX KpHUCTAJUIaX HaONIOJaeTcsl CyIIecTBEHHAsh aHM30TPOIHMs MOTJIOIIEeHUs 3Byka. Hamboiee
CJIO’KHBIN XapaKTep MPOCTPAHCTBEHHOTO paclpeieNieHHus 3aTyXaHHs XapaKTepeH AJs MOIePeYHbIX MO/, Tie
MaKCHUMYMBI JIOKaIH30BaHbl Bonb Hampasiaenuit [110], [101] u [011]. TToka3aHo kadecTBEHHOE corjacue
MOJIYYEHHBIX PACUCTHBIX TAHHBIX C UMCIOIIMMHUCS IKCIIEPUMEHTAIBHBIMU PE3YIbTaTaMU, YTO MOATBEPKIACT
aJIeKBaTHOCTh BBIOPAaHHOTO (DEHOMEHOJIOTHUYECKOTO TOAX0/Aa W BO3MOXHOCTH €r0 TNPUMEHEHHS IS
MIPOTHO3UPOBAHUS aKyCTHYECKUX CBOMCTB KyOHMUECKHUX KPHUCTAIIIOB.

[TomydeHHbIe Pe3yIbTaThl HANOOJIEE MOJHO OMKUCHIBAIOT MPOCTPAHCTBEHHYIO CTPYKTYPY aKYCTHUYCCKUX
CBOMCTB KPUCTAJUIOB M MOTYT OBITh HCITONB30BAHBI IIPH pa3pabOTKe aKyCTOONTHYECKUX U YIBTPa3BYKOBBIX
YCTPOUCTB.
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O'TKINCHI METALL AMORF QOTISHMALARIDA TERMOELEKTRIK YURITUVCHI
KUCHNING TEMPERATURAGA BOG'LIQLIGI

Erdosheva Guljahon Orif gizi,

Sharof Rashidov nomidagi Samarqgand davlat universiteti,
Muhandislik fizikasi instituti 1-bosgich talabasi
erdashevaguljahon@gmail.com

Annottatsiya. Ushbu maqolada amorf o'tkinchi metall qotishmalarida termoelektrik yurituvchi
kuchning temperaturaga bog ‘ligligi keng tahlil qilinadi. Amorf tuzilmaning kristall tuzilmalardan farqi,
elektronlarning sochilishi, fononlarning ta’siri va energiya holatlari zichligining o ‘zgarishi asosida
termoelektrik javobning fizik sabablari izohlanadi. Past va yuqori temperaturada kuzatiladigan xususiyatlar
taqqoslanib, Zeebek koeffitsiyentining o ‘zgarishi va uning murakkab mexanizmlari ko ‘rsatib beriladi.
Tadgigot amorf o'tkinchi metall gotishmalarining termoelektrik xossalarini chuqurrog anglashga yordam
beradi.

Kalit so‘zlar: amorf qotishmalar, o ‘tkinchi metall, termoelektrik yurituvchi kuch, zeebek effekti,
elektron sochilishi, fononlar, temperaturaga bog ‘liglik.

3ABUCUMOCTb TEPMODJIEKTPOJBAXKYIIENA CAJIbI OT TEMIIEPATYPBI B
AMOPO®HBIX CIINTABAX IEPEXO/IHBIX METAJIJIOB

Annommacua. B cmambe nodpobHO aHATUUPYEMCS  3ABUCUMOCHL  MEPMOINEKMPULECKOU
dsudiCyweli Cubl Om mMeMnepamypvl @ amMop@HLIX CHIABAX NEPexooHuIX memannos. Paccmampusaiomes
paznuyus amMop@HOU U KPUCMANIUYECKOU CMPYKMYPbl, GIUAHUE PACCESHUSL INEKMPOHOB, (DOHOHOE U
U3MEHEHUs NIOMHOCIU IHEP2eMUYecKUx COCMOAHUN Ha mepmodnexmpudeckuti omxaux. Cpaenusaromcs
0Cc0beHHOCIU NPU HUBKUX U BbICOKUX MEMNepamypax, noKa3vleaemcs usmeHeHue kodgpuyuenma 3eebexa u
CHIOJICHbIE MeXaHu3mbl e20 opmuposanus. Hccredosanue cnocobcmeyem o6onee 2nyb0KkOMy NOHUMAHUIO
MEePMOINEKMPULECKUX CEOUCE AMOPPHBIX CHIABOE8 NEPEXOOHBIX MEMAIO8.

Knioueswie cnosa: Amopguvie cniasvl, nepexooHvie Memaiivl, MePMOINEKMPUUECKAS OBUNCYUAs
cuna, apgpexm 3eebexa,paccesnue I1eKMpPOHO8, POHOHBL 3ABUCUMOCTIL OTH MEMNEPAMY Db

TEMPERATURE DEPENDENCE OF THE THERMOELECTRIC ELECTROMOTIVE
FORCE IN AMORPHOUS ALLOYS OF TRANSITION METALS

Abstract. The article provides a detailed analysis of the temperature dependence of the thermoelectric
driving force in amorphous transition metal alloys. It examines the differences between amorphous and
crystalline structures, the role of electron scattering, phonon interactions, and changes in the density of
electronic states in shaping the thermoelectric response. The study compares behaviors at low and high
temperatures, highlighting variations in the Seebeck coefficient and the complex mechanisms behind it. The
findings contribute to a deeper understanding of the thermoelectric properties of amorphous transition metal
alloys.

Keywords: Amorphous alloys, transition metals, thermoelectric driving force, seebeck effect, electron
scattering, phonons, temperature dependence.

Kirish. Termoelektrik hodisalar materiallarning issiglik va elektr xossalari o‘rtasidagi murakkab
bog‘lanishni ochib beradi. Amorf qotishmalar kristall tartibdan farqli ravishda atomlarning tartibsiz
joylashuvi bilan ajralib turadi. O‘tkinchi metall qotishmalarida esa d-elektronlarning faol ishtiroki
termoelektrik javobni yanada murakkablashtiradi. Ushbu maqolada termoelektrik yurituvchi kuchning
temperaturaga bog‘ligligi, elektronlarning sochilishi va fononlarning ta’siri asosida tahlil gilinadi.

Termoelektrik yurituvchi kuch temperaturaga sezgir bo'lgan Kkattalik bo'lib, u materialning issiglik
ta'sirida elektr javobini ko'rsatadi. Amorf gotishma esa kristall tartibi aniq bo'Imagan gattiq jism, o'tkinchi
metall esa d-gavati to'liq to'lmagan elementlar guruhi hisoblanadi. Bu mavzuda sizni giynaydigan jihat shuki,
temperatura o'zgarganda natija fagat bitta omil bilan belgilanmaydi. Aksincha, elektronlar harakati, tuzilma
tartibsizligi va qotishma tarkibi birgalikda termoelektrik xulgni belgilaydi. Endi shu bog'liglikning fizik
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sabablarini sodda va aniq tartibda ko'rib chigamiz. Awval asoslarni tushunib olaylik: amorf gotishma va
termoelektrik kuch nima? Bu mavzuni to'g'ri anglash uchun avval ikki tayanch tushunchani ajratib olish
kerak. Birinchisi, amorf gotishma ganday tuzilganini bilish. Ikkinchisi esa, termoelektrik yurituvchi kuch
temperatura fargi ta'sirida qanday paydo bo'lishini tushunish. Shunda keyingi murakkab bog'lanishlar ham
ancha ravshan ko'rinadi. Chunki temperaturaga javob berayotgan faqat issiglikning o'zi emas, balki atomlar
tartibi va elektronlarning energiya tagsimoti hamdir.

Amorf tuzilma kristall tuzilmadan nimasi bilan farq giladi? Kristall jismda atomlar uzoq
masofagacha ma'lum tartib bilan joylashadi. Amorf holatda esa bunday uzoq tartib yo'q, atomlar yaqgin
go'shnilar darajasida tartib saglashi mumkin, lekin butun hajm bo'ylab bir xil panjara takrorlanmaydi. Sodda
qgilib aytganda, kristall panjara tartibli safga o'xshaydi, amorf tuzilma esa zich, lekin aralash joylashgan
olomonga o'xshaydi.
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Mana shu farg elektr xossalarga bevosita ta'sir giladi. Kristallarda elektronlar nisbatan aniq davriy
maydon ichida harakat giladi. Amorf gotishmalarda esa uzoq tartib yo'qligi sabab elektronlar ko'proq
sochiladi, ya'ni ularning erkin yurishi giyinlashadi. Natijada elektr garshilik ortishi, energiya holatlarining
tagsimoti o'zgarishi va temperaturaga sezgirlik kuchayishi mumkin. O'tkinchi metall asosidagi gotishmalarda
bu holat yanada gizig. Sababi, bu metallarda d-elektronlar muhim rol o'ynaydi. Ular o'tkazuvchanlik, magnit
Xossa va energiya sathlari zichligiga kuchli ta'sir giladi. Agar tuzilma tartibsiz bo'lsa, d-elektronlar bilan
bog'lig elektron holatlar ham o'zgaradi. Shu bois amorf o'tkinchi metall qotishmalarida elektr va
termoelektrik javob oddiy metallarnikidan farq giladi. Qisga ma'noda, amorf holatda atomlar tartibsizligi
elektronlar harakatini o'zgartiradi, elektronlar harakati esa termoelektrik xulgni belgilaydi.

Termoelektrik yurituvchi kuch ganday hosil bo'ladi:

Termoelektrik yurituvchi kuch ikki uch orasida temperatura fargi bo'lganda yuzaga keladi. Bir uch
issiq, ikkinchisi sovuq bo'lsa, zaryad tashuvchilarning energiyasi bir xil bo'Imaydi. Issiq tomondagi
elektronlar kuchlirog harakat giladi, sovuq tomonda esa ularning o'rtacha energiyasi pastroq bo'ladi. Shu farq
tufayli zaryadlar gayta tagsimlanadi va kuchlanish paydo bo'ladi. Buni sodda misolda tasavvur gilish oson.
Agar xonaning bir tomonida odamlar tez yurayotgan bo'lsa, ular asta-sekin boshga tomonga ham siljiydi.
Elektronlar ham shunga o'xshash yo'l tutadi. Issiq uchda energiya ko'proq bo'lgani uchun tashuvchilar sovuq
tomonga siljishga moyil bo'ladi. Natijada material ichida potensial farq hosil bo'ladi. Bu hodisa Zeebec
effekti deb ataladi. Uning miqgdoriy o'lchovi esa Zeebec koeffitsiyenti hisoblanadi. U, odatda, hosil bo'lgan
kuchlanishning temperatura fargiga nisbatini bildiradi. Agar bu koeffitsiyent katta bo'lsa, demak material
temperatura fargiga elektr jihatdan kuchliroq javob beradi. Amorf qotishmalarda Zeebek koeffitsiyenti oddiy
metallardagidan boshgacha tutishi mumkin. Chunki bu yerda elektronlarning energiya tagsimoti, sochilishi
va lokal tuzilma birgalikda ishlaydi. Shuning uchun temperaturaning ozgina o'zgarishi ham termoelektrik
yurituvchi kuchda sezilarli o'zgarish berishi mumkin.

Temperatura oshganda termoelektrik yurituvchi kuch nega o'zgaradi:

Temperatura ortganda termoelektrik yurituvchi kuchning o'zgarishi bitta sabab bilan izohlanmaydi. Bu
yerda elektronlar sochilishi, fononlar ta'siri, energiya holatlari zichligi va tarkibiy tartibsizlik bir paytda ish
beradi. Shu bois bog'liglik ba'zan deyarli chizigli ko'rinadi, ba'zan esa ma'lum temperatura oralig'ida og'adi.
Amorf o'tkinchi metall gotishmalarida bu holat yanada yaqqol. Sababi, material ichida uzog masofali tartib
yo'g. Natijada elektronlarning energiyasi, yo'li va targalish usuli temperatura bilan birga o'zgaradi. Demak,
termoelektrik kuch fagat issiglik oshgani uchun emas, balki tashuvchilarning butun harakat manzarasi
almashgani uchun o'zgaradi.

Elektronlarning sochilishi va tartibsiz tuzilma ta'siri:

Kristall materialda elektron ko'pincha nisbatan tartibli muhitdan o'tadi. Amorf muhitda esa yo'l ancha
chalkash bo'ladi. Atomlar joylashuvi bir xil takrorlanmagani uchun elektron bir maromda emas, turli
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yo'nalishda tez-tez sochiladi. Buni notekis yo'ldagi harakatga o'xshatish mumkin. Tekis yo'lda yurish oson,
g'adir-budir yo'lda esa gadam doim o'zgaradi. Elektronlar ham amorf gotishmada shunday harakat giladi, shu
sabab ularning o'rtacha erkin yo'li gisqaradi va elektr o'tkazuvchanlik o'zgaradi. Temperatura oshganda atom
tebranishlari ham kuchayadi. Bu tebranishlar, ya'ni fononlar, elektronlar uchun go'shimcha to'siq bo'ladi.
Natijada sochilish ko'payadi, elektr o'tkazuvchanlikning temperaturaga bog'ligligi kuchayadi va
termoelektrik yurituvchi kuch ham birga siljiydi. Bu bog'lanishning yana bir tomoni bor. Termoelektrik kuch
elektronlarning fagat soniga emas, ularning energiya bo'yicha tagsimotiga ham bog'liq. Agar Fermi sathi
yaginidagi holatlar zichligi temperatura bilan sezilarli almashsa, kuchlanish javobi ham o'zgaradi. Shuning
uchun bir xil gotishmada ham ayrim oraliglarda o'zgarish silliq, ayrim oraliglarda esa keskinrog ko'rinadi.
Qisgacha aytganda, amorf muhitda ikki jarayon yonma-yon ketadi.

o Elektronlar tartibsiz tuzilma sabab ko'prog sochiladi.

e Temperatura ortishi bilan fononlar bu sochilishni yanada kuchaytiradi.

¢ Energiya holatlari zichligidagi nozik siljishlar termoelektrik kuchning ishorasi va giymatiga ta'sir
gilishi mumkin.

Amorf qotishmada temperatura o'zgarishi, elektronning yo'li va energiya manzarasini bir vaqgtda
o'zgartiradi. Shu sabab elektr o'tkazuvchanlik va termoelektrik kuch ko'pincha bir-biridan ajralmagan holda
garaladi. Biri tashuvchining ganchalik oson harakat qilishini ko'rsatsa, ikkinchisi shu tashuvchilarning
energiya bo'yicha ganchalik notekis tagsimlanganini bildiradi.

Past va yuqori temperaturada kuzatiladigan farglar:

Past temperaturada atom tebranishlari sustroq bo'ladi. Birog shu paytda ayrim lokal holatlar yoki kvant
tabiatli ta'sirlar anigrog sezilishi mumkin. Ya'ni elektronlar ayrim hududlarda ko'prog ushlanib qoladi, bu esa
termoelektrik javobni oddiy chizigli ko'rinishdan og'diradi. Shunday sharoitda Kichik temperatura o'zgarishi
ham sezilarli natija berishi mumkin. Sababi, tizimdagi ba'zi energiya holatlari juda yagin joylashgan bo'ladi.
Elektronlar gaysi holatlarni egallashi o'zgarsa, termoelektrik yurituvchi kuch ham darhol javob gaytaradi.
Yugori temperaturada esa boshga manzara yuzaga chigadi. Atomlarning tebranishi kuchayadi, fononlar soni
ortadi va elektronlar ko'proq sochiladi. Natijada tashuvchilarning harakati yanada diffuz bo'ladi. Ko'p
hollarda shu sabab bog'liglik silligroq tus oladi, lekin ayrim tarkiblarda baribir og'ish saglanib goladi.

Quyidagi taqgoslash asosiy fargni tez anglatadi:

Holat Ustun ta'sir Termoelektrik kuchdagi xulq

Past Lokal holatlar, kvant ta'sirlar, zaif | Ba'zan keskinroq yoki nochizigli o'zgarish
temperatura tebranish

Yuqori Kuchli tebranishlar, fonon sochilishi Ko'prog sillig, lekin tarkibga bog'liq holda
temperatura og'uvchi o'zgarish

Jadvaldan ko'rinib turibdiki, farq fagat issiq yoki sovuq degan gap emas. Asosiy masala, gaysi
mexanizm ayni temperaturada kuchliroq ishlashida. Shuning uchun amorf o'tkinchi metall gotishmalarida
termoelektrik yurituvchi kuchning temperaturaga bog'ligligi ko'pincha murakkab, lekin izchil fizik
sabablarga ega bo'ladi.
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KAHOHUYECKOE NPEJACTABJEHHUE BEIECTBEHHBIX ®AKTOPOB

Typaee @apxooscon Papmonosuu,

Alfraganus University, kagpeopa «Mamemamuka u ¢puzuxay, u.o. ooyenma (PhD)
farhodjon9618@mail.ru

Bonamaee Xaobuorcon Xamumoeuu,

Hayuonanvuwiii nedazozuyeckuti ynueepcumem Yzbexucmana umenu Huzamu,
Tawxenmckuil MexscOyHapoOHbIL YHUSEpCUmem

Aunomauus. B Oannoil cmamve u3zyuaemcsi meopusi KAHOHUYECKO20 NPeOCmAGIeHUsT KOHEYHbIX
BEUYECNBEHHVIX  (PaKmMOpo8 U ux KomMmymanmos. Hznaeaemcs nocmpoenue Kanonuyeckozo W*-
npeocmasnenus 0ns  geujecmgennvlx W*-aneebp u  ananusupyiomcs OCHOGHble CBOUCMBA MOS0
npeocmasnenus. B uacmnocmu, yCcmanoGieHA  C653b  MedCOy  KAHOHUYECKUM  NpeocmasiieHuem
BEUWYECMBEHHO20 (DAKMOPA U €20 KOMMYMAHMOM, d MAKdiCe NOKA3AHO, YMO OHU NPOCMPAHCMEEHHO *-
usomopguul. Kpome moeo, paccmampusaiomes komnaexcification eewecmeennvix  W*-aneebp, ux
ecmecmeenHble CIMPYKMYpbl, CEI3AHHbIE C UHBOIOMUBHBIMU F-anmuasmomoppuzmamu, a maxice ux poiv 8
meopuu kKommymanmos. I[lonyuennvle pe3yibmamol UMEIOM 8AXNCHOE 3HAUEHUE OISl ONUCAHUSL KAHOHUYECKUX
NpeoCmasienutl 8 Meopuu GeujeCmeeHHblX ONepPamopHuIX aneedp u 015 GbIAGIEHUS UX CMPYKIMYDHBIX
ceoticma.

Kntouesvie cnosa: W*-anceOpa, eewecmsennvii axmop, KaHOHU4eckoe npedcmasieHue,
KOMMYMAHm.

XAKUKU ®AKTOPJIAPHUHT KAHOHUK TACBUPH

Annomayua. Ywoby maxonaoa uexkiu Xakuxui (GakmopiapHuHe KAHOHUK MAC8UpU 6a YIapHUHe
KOMMYMAaumaapu uazapusacu ypeauunzan. Xaxukuil W*-aneebpanap yuyn xanonux W*-maceup Kypunuuiu
Oaén smuaud, ywoOy maceupHuHe acocull XOCCaiapu maxiuil KUIuHean. Xycycau, Xakukuil hpakmopHuHe
KAHOHUK MACBUPYU 64 YHUHS KOMMYMAHMuU opacuoazu 001aHuwl aHukiaHean xamoa yiapHune gazoeuti *-
uzomopgusmea  dea  IKAHAUSU — KYPCAMUNAH. Ilynunzoex,  xaxuxuil W-ancebpanapnune
KOMAIEKCUDUKAYUACU, UHBOIIOMUSE *-AHMUABMOMOPDUIMAAD OUIAH OOSTUK MAOUUN MY3UTIMALAPYU XamMOd
KOMMYmMaumaap Hasapuacuoacu ypHu épumunean. OnuHean Hamudicaiap Xakuxui onepamop aieeopanapu
HA3apuACUOa KAHOHUK MACGUPAAPHU MABCUIaWL 64 YIAPHUHE CMPYKMYPAGULL XOCCANAPUHU AHUKIAUOA
MyXum axamusm kaco smaou.

Kanum cyznap: W*-aneebpa, xakuxuii paxmop, KaHOHUK MACBUP, KOMMYMAHM.

CANONICAL REPRESENTATION OF A REAL FACTORS

Abstract. This article investigates the theory of canonical representations of finite real factors and
their commutants. The construction of the canonical W*-representation for real W*-algebras is presented,
and the main properties of this representation are analyzed. In particular, the relationship between the
canonical representation of a real factor and its commutant is established, and it is shown that they are
spatially *-isomorphic. In addition, the complexification of real W*-algebras, their natural structures
associated with involutive *-antiautomorphisms, and their role in commutant theory are discussed. The
obtained results are of significant importance for describing canonical representations in the theory of real
operator algebras and for determining their structural properties.

Keywords: W*-algebra, real factor, canonical representation, commutant.

Teopus anredp onepaTopos, ACHCTBYIOIIMX B THILOSPTOBOM MPOCTPAHCTBE, BO3HUKIA B 1930-¢ roab!
B cTathix (on Hetimana u Mioppes (cM. [1-2]). OHr moApoOHO U3YYHIH CTPYKTYPY ONEPaTOPHBIX aureop,
KOTOpbIE Temepb HasbiBaloTCs anreOpamu (poH Heiimana, win W*-anrebpamu. B pamkax sToil Teopuu
Ba)XKHOE MeCTO 3aHUMatoT W*-anreOpbl ¢ TPUBHATIBHBIM [IEHTPOM, KOTOPBIC Ha3bIBAIOT (hakTopaMu. B koHIe
1960-x romor ObuTa oryOrKoBaHa cepust padboT Jukcmbe, Cakaun u Mak Jlydda, B KOTOphIX Oblila pa3BuTa

naesa NCHTPAJIbHBIX HOCHC,Z[OBaTeJIBHOCTefI, IIO3BOJIMBIIIAS HAWTH HOBEIC HWHBApHUAHTBI Ill-(l)aKTOpOB n
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MOCTPOUTH TPYIIIBI, PErYJSApHBIC TPEICTABICHHUS KOTOPBIX MOPOXIAIN (aKTOPBI, pa3indaeMble DTHMHU
uHBapuanTamu (cm. [3-5]).

WNHTepecHBIM W aKTyalbHBIM TMPEACTABIACTCA PACCMOTpPEHHE Teopur wuHAekca JIkoHca mmis
BellecTBeHHBIX anreOp (on Hefimana. B konne XX Beka B.J[»xoHC BBeN MOHATHE MHJCKCA JUISI KOHEUHBIX
anre6p ¢on HeliMana m moka3aja MHOXKECTBA BO3MOXKHBIX 3HAUYCHHN WHIEKca. [Ipyn moka3aTelbCcTBE 3TOTO
pe3ynbrata OH TOCTPOWJ BO3PACTAIONMIYIO TIOCIEIOBATEIHHOCTh KOHEYHBIX (DaKTOPOB, SIBIISIONIUXCS
anreOpamu ['ekke. A Takxe, AoKa3al CyllecTBOBaHHE MapKOBCKOTo ciena Ha OECKOHEYHOM OO0bEIMHEHUH
anre6p I'ekke. st He KoHEUHBIX anreOp ¢oH Heiimana paboTel o wHACKCAM OBUTH 000OIIEHBI STIOHCKAM
marematnkoM X.Kocakwu [6].

AnreOpy BceX OrpaHUYCHHBIX JTUHEWHBIX ONIEPATOPOB, MCHCTBYIONUX B KOMIUIEKCHOM THILOEPTOBOM

npocrparctee H , o6osmaunm uepes B(H). Iycts M — *-nopanre6pa 8 B(H) . Kosmymarnmon M
HaspiBaercs moamuoxkectso M ={a € B(H) ‘ba=ab,Vbe |V|}. Ecm M=M", 10 M

Ha3bIBaCTCS ancebpoti pon Heiimana, tne M = (M ')'. W3BecTHO (Teopema o GukommyTante), uto M —

anre6pa ¢on Heiimana Torna u Tombko Toraa, korna M — W*-anre6pa, T.e. M — crmabo 3amknyTa u
leM. lyere M — W*-anre6pa. MuoxectBo Bcex snementoB M, xomMyTmpyrommx co Bcemu
snemenramu anre6per M | maseBaercs yenmpon M u oo 0Go3Hauaercs kak Z (|\/| ) OueBuaHO, YTO

Z (M ) =M N M". nementsr Z (M ) Ha3bIBAIOT YeHMpanbHolMu. ANredpy, y KOTOpOH HEHTPaIbHBIMU

SNEMEHTaMH  SBIAIOTCA TONbKO dneMentsl Buga A -1, A €ll, naseBaror ¢@axmopom. Juneiinoe
orobpaxenne & . M —> M massiBaercst *-asmomopgusmom (COOTBETCTBEHHO *-anmuasmomopusmom),

ccn a(X)=a(X) u a(xy)=a(X) -a(y) (ooms. a(xXy)=a(y) -a(x)), (VXx,yeM),
UHBOIOMUGHBIM, CCTH (L (X)=a(a(x))=x, VxeM. yere RcB(H) - semecrsennas *-

nonanre6pa. KommyTanT BemecTBeHHOM *-anre6psl R ompenensercs anamornaso KOMIIEKCHOMY CITydaro:
R'= {a € B(H r) :ba=ab,Vvbe R}. HenocpencTtBeHHO ITpoBepsieTcs, 9TO (R + iR)' =R'+iR".

Ecm R=R", 10 R mnaseBaercs sewecmsennoii ance6poii ¢on Heiimana. Tycts R —
BemecTBeHHas W*-anre6pa. Hammempmyro W*-amrepy U (R) , comepxamyio R, Ha3biBaeMm
o6epmuisaroweri W*-aneebpoii mis anrebpsr R. Torma U ( R) =R+IR. Kpome Toro, Bcskas

BemectBenHas W#*-anre6pa R mopoxiaer ecTecTBeHHBIH MHBOMOTHMBHBIH *-aHTHABTOMOPOH3IM Oy
obepreatomeit W*-anreopst U (R), a umenso: (oA (X + Iy) =X + iy*, rre X+1y eU(R),
X,y € R, rakoit, uro R={xe€U(R) oA (xX)= X*}; u obpatro, eciu Ha W+-anre6pe U 3aman
HEKOTOpBIH HMHBOJIOTHBHBIA *-aHTHaBTOMOPYHU3M (X, TO MHOXKECTBO {XEU :OC(X) = X*} SBIISIETCS

BemecTBeHHOH W*-anre6poit [7]. B janbHelimeM BCAKylo BemlecTBeHHYIo W*-anmrebpy R M
OTOKAECTBUM C Hapoin (M ,O() . 3aKuIrouas, HamoMHHM, 4TO BemecTBenHas W*-anre6pa R maseBaercs

seuleCn8eHHbIM gbaicmopom, ecnu eé LOEHTP COBIAAACT C 1 D :{2/1, ﬂ, S D }, R HUMCCT THII In’ IOO,

[ . “w umn 1 | ecnu eé 06épThiBaromas W*-anre6pa umeer COOTBETCTBYIOIIMI THIT B CMBICIIE OOBLIYHOI

knaccupukaun W*-anreOpsl.
Hycrs M < B(H ) - KOHEYHBIH (aKTop ¥ MycTb T - €AWHCTBEHHBIH (X - WHBApUAHTHBIA TOYHBIHA

HopManbHEli cien Ha M . O6osnaunm uepes LZ(M) nononuenne anre6psl M oTHOCHTENBEHO HOPMEI
1

Il x ||2= T(X*X)z. AHaJIOTMYHO, L2(|V| ,Q) - nononuenue Bemectsennoro dpaxropa (M, ). Torma

LZ( M) €CTh THJIBOEPTOBO TPOCTPAHCTBO U L2(|V|) = L2(|V| ,a) + iLZ(M ,a) . Kpome Toro, mis

anreOpsl B(LZ(M )) TaKXKE UMCEM: B(LZ(M )) = Br(LZ(M ,Ol)) + iBr(LZ(M ,0[)) .
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Jins xaxmoro X € M onpenenum  oro6pakenue Z(X)y =Xy s scex Y €M . Tak xak

I Z,(X)y||2£|| X y||2, T0 A WMeeT eIMHCTBEHHOE TNPOAOIKEHHE HA LZ(M), SABJIAIONIEECH

OrpaHUYCHHBIM JIMHEWHBIM OIepaTopomMm, 0003HaYaEMEIM OIISITh qgepe3 l(X) . TOI‘I[a MBI ITOJIy4acM TOYHOC

W*-nipencraBnenue (/1, LZ(M )) anmre6per M (cm. [8]). AHanornuno, onpenensis oToOpaxkeHne /1r Kak

/L(x)y =XY (mna Bcex X,Y € (M ,05) ), Mbl IIOJYyYMM TO4YHOE BellecTBeHHoe W™*-mpencrapieHue
(ﬂr, LZ(M ,)) anre6ps (M, ) .

Mpenaoxenuss 1. Otobpakenue [3: ﬂ,(M ) - ﬂ(M ) , ompenenseMoe kak [3 (/1)() = ﬂa(x) \
sisercs  mmBomoTHBHBIM *-antmasromMoppmsmom B A(M) u (M, ) 5= A, M,a), e
M, ) = {/1)( eAM):p (ﬂx) = ﬂ: } - BemectBennas W * - amreGpa, mopoxmenHas *-
antnasTomopdusmom [3, T.e. (M ,a)ﬁ =(A(M), ).

Jlokazareabero. To, urto [ (ﬂ,x) = ﬂa(x) ABJISETC HMHBOJIIOTUBHBIM *-aHTHAaBTOMOP(HU3MOM,

MpoBepsieTcs HemocpencTBeHHo. IlycTes Teneps, ﬂ.x S (|V| ,0() - TaK KaK p (/IX) = /1: ,10 A ) = ﬂ,x* .

Orcrona nomyuny, uto (X) = X, 1.e. X€ (M, ). Torxa B cuny
A, € (M) = B(L2(M)) =B, (L3(M, ) +iB_ (L2(M, )
w mieen  (M,a), €B(L’(M,@)). Otcoma (M), c 4, (M,a), max xax
2, (M,a)={A] € B (L’(M,a)): wmx () =X u a(y) = Y", A, (y) =xy}.
Teneps mycts A, € 4. (M, ). Torna a(X)=X" u A € 4. (M,a) c A(M). Orciona
B =2 =A% = (A)" n, eneonaremio, A, € (M, @) ;. Tipeanoerme oxasara.

BepHo cnenyroniee ciencTBHeE.

CaencrBue 1. W*-anre6pa Z(M) ABIAETCA KoMIiekcuduKarueii emectsennoit W - aireOpsl
ﬂ,r € (|V| ,0!) , T.€. ﬂ,r(M ,0{) + iﬂr(M ,06) = ﬂ(M). Kpome Toro, mapa {ﬂr, LZ(M ,a)} SIBIISIETCS
tounsv Bemectsennsiv W * - npencrasiennem semecrsennoit W * - anre6psi (M,«a).

. *
10 mpesicTaBnenue HazopéM kanonmuecknm W -nipencrasnennem anre6psr (M, ) .

* o . *
Hanee, Tak kax ||X||2 = ‘ X H2 g moboit Xe M , TO OTOOpaKeHHEe J : X — X' enuncTBeHHBIM

NV 2
06p8,30M MOXET OBITh MNpOAOJDKEHO [0 CONPSXKCHHO-JIMHCUHON HU30MCETPUHU L (M), KOTOpas OIIsATb

0603HauaeTcs Kak J .
Ipennoxenns 2. OtobpakeHne Yo " ﬂ,(M )' —> Z(M )' , onpezaenseMoe KaK

p '() =Jp (J -J )J , SIBIISIETCSI MHBOJIOTUBHBIM *-aHTHABTOMOP(PHU3MOM anreOpsl Z(M )' . Kpome toro,
MHOK€ECTBO ﬂ,r (M ,0!)' = {lx, € l(M )' . ﬂ'(ﬂx') = l:} spisiercst Bemectserroi W ™ -anreOpoii u
W+ -anrebpa l(M )' sBIIAETCS KOMILTeKcHpuKanueii Bemectsentoit W ’ -anreOpsl lr (|\/| N4 )' , T.€.
(M, @) +iA(M,a) = A(M)'.
Mexay anredpamu Zr (M a )' u lr (M ,a) HMECTCs CIICAYIOIIasl CBS3b.
Teopema 3. meeT mecTo: /1r (M ,0!)' = Jﬂr (M ,a)J .
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Joka3zatenbcrBo. Tak Kkak ﬂ,x € ﬂ.r(M ,0!) BIICYET JﬂXJ € Jﬂr(M ,Ol)J " ﬁ(ﬂx) = /1:, TO

MBI UMCEM

B(A3)=3BIAINI =IB(A)I =ILI =(Ad)".
Otcrona J/IXJ S /'Lr(M ,a)', T.€. Jﬂ,r(M ) C Zr(M ,a)' .
O6patno, nycts A, € A, (M,a) cA(M) =JA(M)J . Torna ZX, = Jﬂy\] JUIsl HEKOTOPOI o
A, € AM). Tax xax B(A) = A, 1o macens F(IAI)=IA T, re. IB(IIA,I)I =IA].
Orcroma Jzﬂ(ﬂ,y)\] ? = Jzﬂ;\]z, T.C. ﬂ(ﬂy) 21;. CnenosatensHo, ﬂ.y € ﬂr(M ,&). Takum
00pa3oM, Mbl MOIY4YUM /ALX! = Jﬂy\] = Jﬂr(M ,a)J Hu ﬁr(M ,0!)' (- Jﬂr(M ,a)J . Ipennoxenus

JOKa3aHa.

* ! )
Hpeuﬂomennﬂ 3. BemectBennas W -anre6pa ﬂr (M ,a) SABJIACTCA KOMMYTAaHTOM BCIICCTBCHHOU

W*—anre6pbl ﬂr(M ,a) OTHOCHUTEJILHO Br(LZ(M ,Ol)), T.C. ﬂr(M ,OC)' = {ﬂx € Br(LZ(M ,0{)) .
Ay =yl ¥y € 2(M, )},

JokasateancrBo. Ananornuno fokasatemscrsy npemnoxenue 1 ama B'(A)=A mel nveem
ﬂx S Br(LZ(M ,a)). Orcrona ﬂ,r(M ,Ol)' C Br(LZ(M ,0()) . C npyroii CTOPOHBI, i JIOOBIX
ﬂ,x € ﬂ.r(M ,a)' - /1(M )' " ﬂ,y € ﬂ,r(M ,0() c /'L(M ) , MBI UMEEM ﬂxﬂy = ﬂ,yﬂx. [pennoxenus

J0Ka3aHa.
Tenepp, W B JanmbHEHIIEM, HCCIEAYeM OTHOIICHHS MEXTy KAHOHHYECKHM IIPE/ICTABICHHEM H
TOYHBIMH HEBBIPOXKJICHHBIMU W*-TIpeicTaBIeHUSMHU.

Teopema 2. Ilyere M, cB(H,) w M,cB(H,) - W -amreoper u mycrs @, -
WHBOJIOTHBHBIN *-aHTHABTOMOPQU3M aireOpbl Mi’ 1=12. Ecmm D |\/|1 —->M , — HOpMAallbHBIH *-
romomopdusm c Doy =, oD, 10

D=D,od,0D,,

rie

1) q)li |\/|1 —> Ml ®[] 1L — *-romomoppu3M ¢ (Dl oq = &1 ° CDl , OIpenensieMbli Kak
d(a)=a® 1|_, rne 1,_ — eIMHUYHEIA OMepaTop Ha TMOAXOAANIEM THIE6epToBOM mpocTpaHcTBe L m
a,=oa,®id;

2) D, |\/|1 ®[] 1L —)(Ml ®0 1L) p' —  *romomoppusm ¢ D,oq, =a, o D,,
OTIpeaeIIieMbII KaK d)z(a ® 1,_) = (a ® 1,_) p’, rue p' € (Ml ®[] 1L), — IIPOEKTOP C 5[1,( p') = p'
1 071, =J3,6,(3,()J,)J, ®id , &, (-p") = &, () p';

3) @,: (M, ®[ 1)p" = M, —*umsomoppusmc D0 =, o D,.

Teopema 3. ITycte M — koHeunslii haxTOp ¥ IMycTh (! — MHBOMIOTHBHBIH *-aHTHABTOMOPHU3M
amre6psr M . Eciu {72' ,H } — rtounoe mesmipoxaennoe W -mpencrasnenme amreopst M m

Toad=aom, rae  ( -unBomoTHBHbIA *-antnaromopdusm amrepsr (M), To cymectsyror
IIPOEKTOP p' S (ﬂ,r(M ,0{) ®1Kr)' U yHUTapHbIA onepatop U . Hr - p'(LZ(M ,0() & Kr) TaKue,
aro Uz (X) =(A(X) ® 1K)U, X €M , 1. Bemecrsennpie W * -anreopsl 7Z'(|V| ,a) (= (7Z(M), 07))
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u (ﬂr(M ,0!)®1K )p' ABJSIFOTCA TMPOCTPAHCTBEHHO *-M30MOpP(QHBIMH, I/ Kr — cenapalenbHOE
r

GeckoHeuHOMepHOE BemecTBenHoe rub6epToBo mpoctpancteo n K = K. +1K .

Tokazareascrso. Ilonoxkum M, =A(M) u M,=7x(M). Onpenenum oroGpakenue
d:M 1> M 5 KaK CD(ﬂ,(X)) =7 (X) . Torna () sSBIAeTCS  *-m3oMoppH3MOM U
DAL (M,a)) = (m(M),&). Teneps yrepsienne TeopeMbl HEMOCPENCTBEHHO CETYET U3 TEOPEMBI 2

u cemapabenbHOCTH mpoctpancTBa H .
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BJIMSAHUE TEMIIEPATYPbBI U U3JIYUEHUSA HA SJIEKTPUYECKHUE
XAPAKTEPUCTHUKHU ®OTOIJEKTPUYECKOI'O 3JIEMEHTA

Tawnynamosa /lunoopa Xaiioapkynoena,

JDicuzaxckun I'ocyoapemeennwiil Iledazocuueckuii Ynusepcumem,
Ypo3zoe Aboyxanux Hypmamamosuu,

IDicuzaxckuu I'ocyoapemeennwiil Iledazocuyeckuti YHusepcumem,
Hapkynoe Caiioyana Kapumosuu,

Lcuzaxckutl IHonumexnuueckuti Mncmumym
dildoratoshpulatova987d@gmail.com

Annomayusa. Llenvio smou cmamvu 567158emcst 00bACHEHUE Pa3Iudus. MelcOy PA3TUYHIMU NPUEMAMU
UBTIYYEHUSL C PA3TUYHBIMU Pe2YUPOSKAMU Veld HAKIOHA. Bulio nokaszano, umo 20006as KyMYJIsSmMueHAas
OHepeUsl COHEUHO20 UBNYUEHUsl, NOJYUEHHASL NPU eHCEMECSIUHOM Yelle HAKILOHA, MOXNCem Oblmb NPUMEPHO HA
7% eviue, yem docmueaemas npu YCMaHosKe yeia Hakiona 3a 200. Kpome moeo, ce3onHble u 08yxeo00uumvle
Venbl HaKIOHA UMelom NpumepHo Ha 6% 6Oonvuie 20008020 KYyMYISAMUGHO20 NO2NOUEHUS UTYYEHUs, Yem
VCMAHOBKA y2ia HAaKkioHa 3a 200. Bonee moeo, npunumas 60 GHUMAHUE AHANIO2UYHOE eHCeMECIUHOe
nonyuaemoe usyueHue, pe3yibmanvl NOKA3bIEAIOM, YMO NOJYYEHHOe U3IYUeHUe NPU eHCEeMECIUHOU
Hacmpotike yena Hakiona ovlio na 20% 6onvule 6 nemuue mMecsaybl, Yem npu exlce200HOU KOPPEeKmuposKe
Velna HaKIoHd.

Kniouesvie cnosa: ghomosnexmpuueckas namensb, COTHEUHbI, ONMUMATbHBLU Y20l HAKIOHA, IHEPUsL;
COJIHEYHbLE DNIeMEHMbL, memnepamypa, uziyienue, sgpgexmuenocmo, MATLAB, modenuposanue.

THE EFFECT OF TEMPERATURE AND RADIATION ON THE ELECTRICAL
CHARACTERISTICS OF APHOTOVOLTAIC CELL

Abstract. The aim of this article is to explain the differences between various radiation reception
methods with different tilt angle adjustments. It was shown that the annual cumulative solar radiation energy
obtained using monthly tilt angles can be approximately 7% higher than that achieved using a fixed annual
tilt angle. In addition, seasonal and biannual tilt angles provide about 6% more annual cumulative absorbed
radiation compared to a fixed annual tilt angle. Furthermore, considering similar monthly received
radiation, the results show that the radiation obtained with monthly tilt angle adjustment is about 20%
higher in the summer months than with annual tilt angle adjustment.

Keywords: photovoltaic panel; solar; optimal tilt angle; energy; solar cells; temperature; radiation;
efficiency; MATLAB; modeling.

HARORAT VA NURLANISHNING FOTOELEKTRIK ELEMENTNING ELEKTR
XUSUSIYATLARIGA TA’SIRI

Annotatsiya. Ushbu maqolaning magqsadi turli og ‘ish burchagi sozlamalari bilan nurlanishni qabul
qilish usullari o ‘rtasidagi farqlarni tushuntirishdan iborat. Shu ko ‘rsatildiki, oylik og‘ish burchaklari
asosida olingan yillik umumiy quyosh nurlanish energiyasi yillik bitta o ‘rnatilgan burchakka nisbatan
taxminan 7% ga yuqori bo ‘lishi mumkin. Bundan tashqari, mavsumiy va yarim yillik og ‘ish burchaklari
yillik umumiy yutilgan nurlanishni yillik burchakka nisbatan taxminan 6% ga oshiradi. Shuningdek, oylik
olingan nurlanish bir xil bo‘lganda, natijalar shuni ko ‘rsatadiki, yoz oylarida oylik sozlangan og ‘ish
burchagi orqali olingan nurlanish yillik sozlashga nisbatan 20% ga ko ‘proq bo ‘ladi.

Kalit so‘zlar: fotoelektrik panel, quyosh, optimal og‘ish burchagi, energiya, quyosh elementlari,
harorat, nurlanish, samaradorlik, MATLAB, modellashtirish.

Beenenue. ConHeunsie OaTapen — 3TO yCTPOWCTBA, KOTOPBIE MPEOOPA3YIOT CONIHEYHOE U3IYUYEHHE B
ANIEKTPUYECKYI0 JHEpPrHI0, HE OKa3blBasg Bpela OKpyxkawmeil cpeme. UToObl Tpenckazarh peaabHOE
MOBE/ICHNUE COJHEYHBIX 3JICMEHTOB, HAIPUMEP, M3MEHEHHS MAKCHMAJIbHON MOIIHOCTH, TOKa KOPOTKOI'O
3aMBIKAHUS W HANPSHKEHHUS XOJIOCTOrO XOJa, MYTEM H3MEHCHHS TEMIIEpPaTypbl U OCBEIICHHOCTH, MOXHO
m3yunth ¢ nomomblo MATLAB (uMuranumonnass moxens). B asrtoit cratee momens MATLAB ¢ ogauMm
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IUOJOM WCIIONB3YeTCS JUIA H3y4YeHHs] W3MEHEHHH B CONHEYHOM (POTOIIEKTPUUYECKOM MOAYJIE TpHU
u3MeHeHnn Temneparypsl (100 °C, 200 °C, 300 °C) u usmenennn ocsemenroctu (400 Br/m?, 600 Br/m?, 800
Br/M?) [1-3]. st MiccnenoBanus U3MEHEHHs SJIEKTPHUECKUX MAPaMETPOB COJNHEYHBIX (DOTODJIEKTPHYECKUX
monyneir KD330GX-LFB n KD325GX-LFB B3sThl 3KCriepuMEHTaNbHBIE NaHHBIC, PE3YIbTaThl KOTOPBIX
00CY>KIeHBI B 3aKIIOYCHUH.

IlocTosiHHOE WCMONB30BaHNWE WCKOMAEMOTO TOIUIMBA B TMPOMBIIUIEHHBIX MENAX MPUBOIUT K
OTPOMHOMY ylIepOy 3KOCHCTEME M YCIOBHSM XHM3HU. UTOOBI moaepKUBaTh Hally 3eMIII0, YEJIOBEUECTBY
HEOOXOJIUMMO COKpAaTUTh BBHIOPOCHI TMAPHUKOBBIX Ta30B, Takux kak COz, MeTaH W T. 1., BbIOUpas
ANbTEPHATHUBEI MCKOMAEMOMY TOIUIMBY. UTOOBI COXpaHUTHh €CTECTBEHHOE >KM3HEHHOE IMPOCTPAHCTBO WU HE
HAaHECTH BpeI CIEAYIOIIEMY TOKOJICHHI0, HEOOXOJMMO YBEIMYUTh HCIOJIb30BAaHHE BO300HOBISIEMBIX
HUCTOYHUKOB 3Heprud. Cpeau Bcex BO30OHOBISIEMBIX HMCTOYHUKOB DHEPTUHM COJIHEUHAs SHEPTUsl HMEeT
OOJBIION TOTEHIMAN, HO HEOONBIIOE €€ KOJMYECTBO HCIIONB3YyeTCsl IS Pa3iNu4YHBIX  [EeNei.
dotoanexTpuueckuii  3QPekr mpeodpaszyeT COJHEUHYIO OHEPrui0 B  3jekTpuueckyio. Lupoxo
pacnpoCTpaHEHHBIMH MPUMEHEHUSMH (POTOIIEKTPHUESCKUX CHUCTEM SIBIISIOTCS BOJOHATPEBATENH, YIUYHBIC
(hoHapu, 3MEKTPOMOOMIIH, BOSHHBIE H KOCMHUYecKue TpriioxeHust. CoTHeUHbIe TTaHEeTTH W MOIYJIHA paboTaroT
10 IPHUHIUTY (POTOIIEKTpUIEcKOro dPQeKTa u TeHePUPYIOT AMEeKTpodHepruto. Ha 3ti doTormexkTpuaeckre
MOJYJM ¥ TAaHEIW B 3HAYUTENHHOW CTETEHW BIMSIOT Pa3lMYHbIC MOTOJHBIC ycloBHA. B 3Tol cTartbe B
OCHOBHOM OOBSICHSIFOTCSL TTapaMeTpbl MonenupoBanus. M3mensss temmeparypy ¢doromomyns Simulink,
MOXXKHO HaONIOaTh W3MEHEHHUS BBIXOAHBIX TapaMeTpOB. Pe3ynmbTaThl MOIEIMPOBAHUS CPAaBHUBAIOTCS C
skcnepuMeHTatbHbIME pesynbrataMmu KD330GX-LFB, KD325GX-LFB [4].

ConmHeuHast JHeprust mpeoOpasyeTcs B  OJCKTPHUUYECKYIO  HETMOCPEACTBEHHO C  [TOMOIIBIO
MOJTyTIPOBOTHUKOBBIX MAaTepHaoB, WUCHOIB3yeMbIX B (hoToamekrpudeckux (PV) manemsx. Hecmotpst Ha
OoJbIIKE TOCTHYKEHUS B TEXHOJIOTHH TTOYTPOBOIHUKOBBIX MaTEPUAIIOB, B TIOCIEAHUE TOJbI 3()(HEKTUBHOCTD
naHesnei oueHb HU3Kas. Ha 3 ek THBHOCTh MaHe H BIUSET MHOKECTBO (PAKTOPOB, TAKUX KaK YroJl HAKIIOHA,
3aTeHeHHWe, MbUTh, YPOBEHb CONHEYHOW paJualnd, TeMIeparypa M IMOTepu B IpoBoake. Cpeam 3THX
(hakTOpoB Oo0JIee BaKHBIMH SIBIISIFOTCSI YPOBEHb CONIHEYHOH paJialliil U TemIieparypa. Y pOBeHb COTHEYHOMH
panuanuu, monajgaroneii Ha (GOTOINEKTPUIECKHE TTAHEIH, BAPbUPYETCS] B 3aBUCHMOCTH OT MECTOIOJIOKEHUS
MaHeI W BPEMEHHBIX MHTEPBAIOB B CyTKH. TakuM 00pa3oM, YpOBEHb COJHEYHOH paauanuy HarpsMyro
BIIUSET HAa MOITHOCTh TMaHeN. B pe3ynpTaTe CHIKEHHE YPOBHS COJNHEYHOH pajalliil CHUKAEeT MOIIHOCTh
nanenu. C JOpyroil CTOPOHBI, CYIIECTBYeT oOpaTHas MPOMOPLHHS MEXIY TEeMIIEpaTypod M MOIIHOCTBIO
naHenu. Jlpyrumu cioBaMu, MOIIHOCTh MAHENH CHMKAETCS 10 Mepe IMOBBIIICHUS TEeMIEPaTyphl
OKpy>Xaromiel cpefpl. B aToM mcciaenoBaHuy SKBUBAJIEHTHasi cxeMa naHenu mojenupyercs B MATLAB ¢
WCTIONIb30BAaHMEM KaTaJOXKHBIX JaHHBIX (POTOIJEKTPUYECKONW MaHeNM, a TakKe HCCIEAYIOTCS BIHSHUEC
TEMIIepaTypbl U COIHEUHOTO M3ITyUeHHs Ha MOITHOCTH ()OTOIIEKTPHUYECKOH MmaHenu [5].

B mocnennue roapl HaOmomaeTcs OONBIIONW CIPOC HA AJIEKTPOSHEPTHIO W3-32 POCTa HACENICHUS U
TEMITOB HMHIyCTpHalu3anuu. bonplias 9acTe 3JIEKTPOIHEPTHH BEIPA0ATHIBAETCS 32 CYET HCKOIMAeMOTO
TOIJIMBA, TAKOTO KaK He(Th, MPUPOIHBIN ra3 U 3MeeBUK. OJHAKO B CBS3M C UCIOJIB30BAaHHEM HCKOIAeMOro
TOIJIMBA BO3HHMKAET MHOMKECTBO DKOJIOTHYECKUX TNpoOiieM. boiee Toro, ToT (hakT, 4TO STH HCTOYHUKH
DHEPTHUM WCCAKHYT B Onnkaifiiee BpeMs Oyyllee TNPWUBENO K HCIIOIB30BAHUIO BO300HOBIISIEMBIX
UCTOYHUKOB dHeprun. CoJHEYHas YJHEPTUsl — OJIUH U3 BO30OHOBIISIEMBIX HCTOYHUKOB DHEPIHH — KOCBEHHO
BIMSIECT Ha (JOPMHUPOBAHUE JPYTUX BO30OHOBIISIEMBIX HCTOYHUKOB SHEprun. KpoMe Toro, CoHeUHast JHEPTUst
cTana 0oJiee MpUBJIEKaTeLHOM, TOCKOIBKY OHA YKCTa, BO30OHOBISIEMA U IIPOCTA B UCTIOJIB30BanmH [ 1, 2].

ConHeuHast Oarapess — 3TO HauMMEHbLIAas 4YacTb (POTORIEKTPUUYECKUX CHCTEM, HENOCPEICTBEHHO
npeoOpasyroias COMHEYHOE U3TyUeHIE B HAIPsDKEHUE TIOCTOSTHHOTO ToKa. COTHEYHBIE AJIEMEHTHl 00pa3yoT
(OTO3IEKTPHYECKUI MOIYyJb, COENWHSSCH IOCIEeNIOBATENbHO WM TapajuienbHo. PorosnekTpuyeckas
NaHeab C HEOOXOOUMBIMHM 3HAYCHMSMH TOKA, HANpSDKEHUS] W MOLIHOCTH  TOJy4yaeTcs MyTeM
MOCJIE0BATEIbHO-TTAPAICIBLHOIO coequHeHust Moayei [3, 4]. ConHeuHas SHeprus Ha POTOIICKTPUICCKON
MaHeJIM Ipeodpa3yeTcs B JJIEKTPUUECKYHO SHEpruio ¢ 3ddexTuBHOCTBIO 6-20% B 3aBHCHUMOCTH OT
MOJTYTIPOBOJHUKOBOTO MaTepHaia, UCIOIb3yeMOro B (hoTo3IeKTpruecKoi nanenu. CymecTByeT MHOXKECTBO
(hakTOpOB, MPUBOSIIUX K HU3KOH 3(D(HEKTUBHOCTH MAHENH, TAaKUX KaK YroJl HAKJIOHA MaHeJH, 3aTeHEeHHE,
MbLJIb, YPOBEHb COJIHEUHOW pagualivu, TeMIeparypa u apyrue morepu [5, 6]. Cpeau stux (akropos Ooliee
3aMETHBIMH SIBJIAIOTCS] YPOBEHb COJHEYHOM paguanyy U TeMIepaTypa.

YpoBenb cosiHeuHoil paguanuu. CpeaHerofoBOd XOJA YPOBHS BHE3EMHOM COJNIHEUHOM paauanuu
cocraisier 1367 Br/. C npyroii CTOPOHBI, yPOBEHb COJIHEYHOM pajMaliiy, Majarolnuid Ha 3eMITt0, MEHbIIIE
YPOBHSI BHE3EMHOH COITHEUHOH pajiMalliy ¥ BapbUPYETCs B 3aBHCHMOCTH OT Teorpaduyeckoro mojoKeHus
ctpa [7]. I3MeHeHus: atMoc(epHBIX YCIOBHUI, TAKUX KAaK YPOBEHb COJIHEUHOW pajualiu U TeMIeparypa B
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TEUCHHE JHS, OKa3bIBAIOT OoJbIIOe BIMSHUE HA 3()(EKTHBHOCTH maHenu. [109ToMy O4eHb BaXXHO 3HATH
YPOBEHb COJTHEYHOM pajvalliy U BIMSHUE TEMIIEpaTypsl HA (POTOAICKTPHUYECKYIO ITaHedb. TeM He MeHee, B
KaTajorax, KOTOpbIE NPOBOAATCS B JaOOpAaTOPHBIX YCIOBUSAX M HAa3bIBAIOTCS CTAHAAPTHBIMH, (UPMBI-
MPOM3BOJUTENH TaHENeH MPUBOASAT TOJIBKO MIEKTPUUECKUE XaPaKTEPUCTUKU (HOTOITIEKTPHUUECKON MaHEeTH
IpH yPOBHE CONMHEYHOro u3mydenus 1000 Br/m% temmeparype sueiiku 25 °C 1 pacxo/e BO3AyLIHON MacChl
AM 1,5. B pesynbrate 3JeKTpHUECKHE MapaMeTpbl (HOTOIICKTPHUECKON MaHenu, ominvarmuecs ot STC,
Hen3BecTHBL. HeoO0X01MMo 3HaTh 3JIeKTpUYeCKre apaMeTpbl OTORIEKTPUIECKUX MaHeNel B aTMOC(epHBIX
YCIOBUSIX. YYeT 3THX YCIOBHH, 0COOCHHO NMpPU MPOSKTHPOBAHWUHM ABTOHOMHBIX M CETEBBIX CHCTEM, IacT
0oJsiee TOUHBIC PE3yIBTATHI 8, 9].

MHorue wucciefoBatean pa3padoTand  MoJenb (OTOINEKTPUUYECKHX TaHeneld B IMporpamme
Matlab/Simulink B 3aBucumocTH 0T 6a30BOiT CXeMBbI 3aMelIeHHs (HPOTOIICKTPHUUECKOTO HIIEMEHTA, TIPHHUMAs
BO BHHUMaHHE (DaKTOPHI OKPY’KaIOIIeH Cpenbl, Takhe KaK COJIHEYHOE M3IydeHne u temmeparypa [10-12], B
3THX HCCIEIOBAHUAX JKBUBAJCHTHas cxeMma (hoTodjekTpuueckol maHenu Mmognenupyercss B MATLAB ¢
WCTIONB30BaHUEM KaTaJlOXKHBIX 3HAUCHUH maHenu u 3¢ ¢GeKToB n3MeHeHui npu temneparypax 0, 25, 50 °C u
200, 400, 600, 800, 1000 Br/M? mccnemyroTcs YPOBHH COJHEYHOM paaMalMHU 110 TOKY, HANPSKEHUIO M
MOIIHOCTH TIaHeNH. B pasnene pe3ynbTaToB OIEHHBAIOTCS HauOoJIee IMOIXOIANINE YPOBHU TEMIIEPATypPhl U
COJIHEYHOTO M3TY4eHUs T (POTOIICKTPUUECKHX MaHeNel B 3aBUCIMOCTH OT aHAJIN3a MOACITHUPOBaHUS.

MaremaTnueckass Moje/b (POTOIIEKTPHUUYECKOro 3JjemMeHTa. [lodyyeHue SKBUBAJICHTHOU CXEMBbI
(OTOPNIEKTPHIECKOTO 3JIEMEHTa WIPAeT PEHIAIOIIYI0 PpOJb JUIA HM3YYCHHS DIICKTPHYECKOH SHEpTuw,
MoJTy4aeMoii OT QOTOdIeKTpruUecKuX mnaHeneil. CoMHEUHbIE SIEMEHTHI MOACTHPYIOTCS AUOJAMH, TOCKOJIBKY
OHU H3TOTOBJICHBI W3 TIOJYIPOBOJHUKOBBIX MaTepuasioB. BonbT-ammepHas XapaKTEPHCTHKA COJTHEYHOTO
3IIEMEHTAa JICHCTBYET KaK A0, KOTr/la OH He IPUHUMAET COJTHEYHOE M3ITydeHue. [ enepanus 3JeKTposHepTrun
B COJHEYHOM D3JIEMEHTE NpEeACTaBICeHA HCTOYHHKOM TOKa, a MOTEPH B (OTOIICKTPHUUECKHX DIEMEHTaX
MpeCTaBJICHBI MOCIIEeIOBATEILHBIMU U TAPaJUICIbHBIMU COMTPOTHBIICHUSMU. DIIEKTPUUECKask SKBUBAICHTHAS
cxema (hOTOIIEKTPUIECKOr0 JIEeMEHTa ToKa3aHa Ha puc.1 [8].

*——»
AN ®
| Rs +
I, 0
l V
G() D Rsh
|

ph

Puc.1. UneanbHoe anekTpuueckas cxema oTHO-THO0THOM
MoOaeian

Puc. 1. DxBuBajIeHTHAsA cxeMa (POTOIEKTPHYECKOI0 JIeMEHTAa

IIpaxkTrueckass MOJeNb OJMHOYHOIO COJTHEYHOTO 3JEMEHTa MOoKa3aHa Ha puc. 1. B aroif cxeme Rs
npencTasisieT coboil mocienoBaTesibHOE CONpoTUBiIeHHE sueliku PN-nepexoxa, a  mpencrasisier coOoi
IIYHTUPYIOIIEE COMPOTHUBICHHE, KOTOPOE OOpaTHO NPONOPIMOHAIBHO TOKY YTEUYKH Ha 3EMIIIO.
[locnmenoBaTenbHBIN pe3UCTOp OKa3piBaeT Oonblnoe BiusHUE Ha BAX comHEYHOTO 3J€MEeHTa. W - TOK
IMoJa W TOK YTEUKHM IIyHTa, I'Zleé TOK BBIXOAHOro BbIBoja | omenuBaercs mytem npumeHeHus KCL B
SKBUBAJIEHTHOM CXeMe COJIHEUHOI0 3jieMeHTa [3,5]:

| = Iph' (Id' Ish)' 1)

9T0 YpaBHCHUC YIIPOMIACTCA NMYTEM IMPUHATHUA CYMMBI TOKa HACBINICHUA W TOKAa YTCYKH LIYHTa B
Ka4ueCTBE, 1, CJICAOBATCIIbHO, YIIPOIICHHOC YPABHCHHUC BLITJIAANUT TaK [3]

1= 1,- 1, @)
DoTOHHLIN TOK TFCHCPHUPYCTCA IPU MOIVIOMICHUU COJIHCUHOTO H3JIYUCHHA COJIHCUHBIM 3JIECMCHTOM,

MO3TOMY 3HaueHHE (POTOTOKA HAMPAMYIO CBS3aHO C M3MEHEHHEM COJIHEUHOW pajuallii M TEMIIEPaTyphl, a
nMeHHo [3]:
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ph — (Iscr + leT)G : 3)

r
I'ze B 5TOM ypaBHeHHH | — HOMHMHAIBHBII COMHEYHBIN TOK IPH HOMHHAIIBHBIX OTOJHBIX YCIOBHSX
(250C u 1000 Br/m2), K — TemmeparypHsli kodddumuenT KopoTkoro 3ambikanmsa. G — comHeuHoe
usnydenne B Br/m2, a G, — HoMHHAnBHAS OCBEIEHHOCTH B HOPMAJIBHBIX TIOTOAHBIX YcIoBHAX (250°C

1000 Br/m?). DT - pasunuma pa6oueii Temmeparypsl 1 HoMuHanbHOI Temneparypst (- T.). C apyroit

CTOPOHBI, 0OPATHBIA TOK HACKHIIIICHUS COTHEYHOTO :meMeHTa Ooyner pacch/ITLIBaTLCﬂ o popmyne [7]:

KT
R

rac Irs — 06paTan71 TOK HACBIIICHUA STYCHKH JJIs1 HOMHWHAaAJIbHBIX 3HAYCHMUI TEMIICPATYpPhl U

SHCpFCTHQCCKOﬁ OCBCIICHHOCTH, a Eg — HIMpHHA 33HpCIHeHHOﬁ 30HBI MMOJYIIPOBOAHUKOBOI'O MaTcpUaa.

3HaueHus |ph u |0 pacumpsT 3HaueHue [, u oHO Oyxaer cienyrommum [5, 6]:

oy = 1on- '%e’(pé gj %V * (5)

MogpeanpoBanue ¢orodiekTpudyeckoil mnaneau. [lonukpucrammueckas q)OToaneKTqueCKa;{
manens Perlight PLM-100P/12 wmomHocTeto 150 Bt wMomenupoBamack B mporpamme Matlab ¢
HCIIOJIb30BAHMEM JSKBUBAJICHTHOM cXeMbl maHean. KaTalosKHble JaHHBbIC (I)OTOE)JICKTPI/I‘-IGCKOI\/'I IIaHCIn
MpuBeIeHBI B Tabmute 1.

Taéanna 1. DjeKkTpUUecKne XapaKTePUCTHKU COJTHEYHBIX MoayJieii PS-P36 150 Bt

DIeKTpUYecKHEe XapaKTEPUCTHKHU COJTHEUHbIX MoayJeil PS-P36 150 Bt
MakcnmanbpHas MOITHOCTH (Pmaxs) 150,04 Bt

Hampspxkenne mpu Pmax (Bmric) 18,41 B

Tok npu Pmax (Mmric) 8,15 A

Tox xopotkoro 3ambikanus (Iscs) 8,63 A

Hanpsixenue xoaocToro xona (Vocs) 22,06 B

Temnepatypubiil koaddumuent Isc (KI) 0,058 A/°C
Temmepatypusbiid koaddurent Voc (KB) -0,33 B/°C

KomnuectBo siueek B cepun (NS) 36

Pe3yabTaThl M UX 00CYK/IEHHS.

1. BoabT- aMnepHble XapaKTePUCTHKH

BonbT- ammepnsie (kpuBas 1-V) u BombT- BaTTHBIE (KpuBas P-V) xapaKkTepUCTUKH COOTBETCTBEHHO
MIPU Pa3IMIHON OCBEIIEHHOCTH (CONIHEUHOe m3nydeHue co 3naueHusmu 1000, 800, 600, 400, 200 u 550
BT/M?) 1IpM IOCTOSHHOM TeMIIEpaType T0Ka3aHbl Ha Puc. 2.
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P-V characteristics
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I-V characteristics
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Voltage (V) Voltage
Puc.2. BoabT- amnepubie (kpusasi 1-V) u BoabT- BarTHBIE (KpuBasi P-V) xapakTepucTuky npu

Pa3IMYHOI 0CBENIEHHOCTH (COTHEUHOe H3jIydenue co sHauenusamu 1000, 800, 600, 400 u 200 Br/m?)
NpH NMOCTOSIHHOW TeMIepaType, COOTBETCTBEHHO

B peanbHoii paboTe comHeunoe minydenue co 3Hauenusmu 1000, 800, 600, 400 u 200 Bt/m2, uto
SIBIIIETCSl CPEOHMM 3HaueHHEeM TIpH ecTecTBeHHOW Temmeparype 25°C. Ha rpadwuke BHIHO, YTO TOK
(boTOdNIEKTpHYECKO KaMepbl 3aBHCUT OT TemIeparypsl kKopmyca. OngHako mpu OONyd4eHHH TOK H
HanpspkeHue (OTOdJIEMEHTa YBEIHMYUBAIOTCSA. OTO TMPHBOAUT K BBIXOJHOW MOIIHOCTH B 3TOM pabouem
cocrostHu. C yBENIMYEHHEM COJHEYHOW paJHallii CTAHOBHUTCS SICHO, YTO TOK KOPOTKOTO 3aMbIKaHUS H
HAIpsHKEHUE XOJIOCTOTO XOJa YBEIMYHMBAIOTCS, KaK IMOKAa3aHO HAa PHCYHKE. DTO CBA3aHO C TEM, YTO KOTAA
OoJIblIIe COTHEYHOTO CBETa MajaeT Ha COJTHEYHBIH IEMEHT, 3JIEKTPOHBI MOTYYatoT 00Jiee BHICOKYIO SHEPTHIO
BO30Y)KJCHHUSI, TEM CaMbIM YBEIWYHBAas MOJABMXHOCTH 3JEKTPOHOB W, TakuM 00pa3oM, BeIpaOaThIBaeTCs
0oJIbIIIe PHEPTHH, KaK TIOKa3aHo Ha Puc. 2.

2. Buusinue TeMIepaTrypbl Ha XapaKTePHMCTHKH (POTOJIeKTpU4YecKoil cucrembl. [loBblicHHE
TEMIepaTypsl BOKPYT COJIHEYHOTO SJEMEHTa HEraTUBHO BIHUSIET Ha BO3MOXHOCTh BBIPa0OTKH
anekTposHeprur. [loBeIIeHHEe TeMmepaTypbl CONMPOBOXKIACTCS YMEHBIICHHEM 3HA4YCHHS HarpsKeHUS
XOJIOCTOTO XO0Ja, Kak mokazaHo Ha Puc. 3. IloBblmeHne TemriepaTypsl BBI3BIBACT YBEIUUCHHE ITUPUHEI
3alpelIeHHON 30HbI MaTepuaia, U MO3TOMY JUIS MIPEOOJICHHUs 3TOro Oapbepa TpedyeTcst OOMbIle SHEPTUH.
Takum 00pazoMm, BBIXOJIHAs MOIIHOCTh OyJeT YMEHbBIICHA W, CJIeJ0BaTebHO, d3QPEKTUBHOCTh COTHEUHON
Oarapen ymeHbineHa. Ha Puc. 3 moxasaner kpuBeie V-P u |-P xapakrepucTuku mpH W3MEHEHUH
TEMIIEPATypPbl COJTHEYHON STYEUKHU.

IV -characteristics PV-characteristics
By =T-) =T-25 =T=50 =T=75 = T=100 [=T=0 =T=25 =T-50 =T=75 =T=100
5 L
<4 =
) 7.
? a3 o
U2r a9
'I b
0 ' ' : " s gl o e o B
0 10 20 30 40 50 “a r 0 a0 p :
Voltage [V] Voltage [V]

Puc. 3. BoabT-amnepHsie (kpuBasi 1-V) 1 BoJbT-MOIIHOCTD (KpuBasi P-V) xapakTepucTuku Npu
Pa3JIMYHON TeMIepaTypsl (TeMinepaTypsbl co 3HadeHusimu 0, 25, 50, 75 n 100° C) npn nocTostHHOM
COJTHEYHOM OCBeIllleHUH, COOTBETCTBEHHO

OavH W3 BXOAHBIX IIAPaMETPOB HM3MEHEHHE TEMIIEpPaTyphl OKa3blBaeT OCHOBHOE BIIMSHHE Ha
MPOM3BOAUTENBHOCTE MoayJsl. Bimsiaue temneparypsl Ha KYOCERA KD330GX-LFB nabmonaercs: npu
m3menenun temneparypsl or 100°C o 300°C ¢ marom 100°C. CooTBEeTCTBYIOIINE N3MEHEHHS 3aHOCSITCS B
TaONMIy W CPaBHUBAIOTCA C TNpaKTW4YeCcKMMHU 3HadeHusMu. CompotuBienus it moxaenu Simulink
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HICHTU(DULIMPYIOTCSA ¢ MOMOIIBIO YkcieHHOro Metoaa Heiortona-Pamiona. Conporusierus Rs=0,2500 Om
n Ry=493,206 Om.

Tadanna 2: Uzmenenne Gu3nyecKuX XapaKTePUCTHK B 3aBUCHUMOCTH OT TeMIIepATYPhI

Hapamerpsl KD330GX- | U3MeHeHue (PU3HYECKHX XaPAKTEPUCTHK B 3aBUCMMOCTH
LFB G=1000W/m? OT TEMIIEPATYPbI
T,°C 10°C 20°C 30°C 40°C 50°C
Isc=8.69(A) 8.75 8.77 8.80 8.80 8.80
Voc=49.7(V) 54.8 51.6 48.2 48.2 48.2
Imp=8.07(A) 8.15 8.08 8.11 8.11 8.11
Vmp=40.3(V) 45.5 42.5 39 39 39
Pmax,W 371 343.4 316.2 310.0 306.2

&0

—G=1000

En -

-‘-_‘—-‘--‘-_""‘"-—= i
40 zie ‘H"“"—-—._,_

20 |

o 1 1 L
10 20 30 40 50

T(K)

Tadauua-3: U3meHenne 3¢peKTHBHOCTH B 3aBUCUMOCTH OT TeMIIEPATypPbI

Temmnepatypa(°C) | ®akTop HHTEHCMBHOCTH KITJ (%)
(%)

10 77.33 17.57

20 75.85 16.27

30 74.56 14.99

Nzmenenune temneparypsl KYOCERA KD330GX-LFB nabnromaercs ans remneparyp 100 °C, 200 °C,
300°C, a uzmeneHUs Pmax, Vinp, Imp, Voc, lsc B3THI 13 TpadukoB IV, PV u 3TH 3Ha4YeHUs CBEJICHBI B TAOIHUIIBL.
Comnporusnenuss aiast mogenu Simulink KD330GX-LFB  omnpenenensl ¢ HCMOMb30BAHUEM METOA
Newton_Raphon, ux 3nauenuns cocraBisiior Rp=493,206 Om u Rs=0,2500.

Ta6anua-4: UsmeHeHue 3(ppeKTHBHOCTH B 3aBHCHMOCTH OT OCBEIIEHHOCTH

Uszayuenne(W/m?) DakTop HHTEHCUBHOCTH (%) KIIA (%)
400 75.65 14.69

600 75.90 15.10

800 75.56 15.6

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 40



PHYSICS

Fill Factor

755

745 m =
0 15 20 25 30

T (K)

[lyreM wn3MeHEHHS OCBELIEHHOCTH: 3(Q(PEKTHBHOCTh COJHEYHOI'O MOIYJS 3aBUCHT OT BXOAHOU
IEPEMEHHOI OCBEICHHOCTH, TP HM3MEHEHMH ocBemeHHocTn ¢ 400 Br/m? mo 800 Br/M? BhIXOaHAS
3G GEKTUBHOCT, MOIYJS MeHseTcs. UToObl HM3y4YMTh W3MEHEHWS B TMPOW3BOJUTEIBHOCTUA COJHEYHOTO
¢dotoanexrpuueckoro moayist, KD330GX- LFB u KD325GX-LFB uccienoBansl, pe3ynbTaThl CBEICHBI B
TabuILy.

3axmoyenue. V3 Tabmuupl 1 1 3 BUAHO, YTO MO Mepe YBEIMYCHHUS TEMIEPATypbl MaKCHMalbHas
MOIITHOCTh CHIKAETCSl HANpsDKEHHE XOJOCTOrO XOAa M YBEIMYHMBAETCS TOK KOPOTKOTO 3aMBIKAHHSA, B
KOHEYHOM HuTore d(dexTuBHOCTh cHIKaeTca. B Tabmuiax 2 un 4 nmokasaHo n3MeHeHHe YPPEKTUBHOCTH U
ko3 duLmeHTa 3amoNHeHNs, U3 KOTOPHIX Mbl MOXKEM CHENaTh BBIBOJ, YTO C IOBBIIICHHEM TEMIIEPATypPbl
3G PEKTUBHOCTh CHIKACTCA. JTO TPOUCXOMUT U3-3a YCHIEHHS BHYTpeHHEH pekomOuHaumu. [lpu
YBEJIMUEHUH TEIUIOBOM 3HEPIHM 3allpelieHHasl 30Ha MOIYHIPOBOAHUKA YMEHbBIIAET HANPSHKEHHE XOJOCTOTrO
X0Za, KOTOpoe sBiseTcs (DyHKIMEH 3alpelleHHOH 30HBI, yMEHbILAeTCs ObICTpee, YeM yBEIHUYEHHE TOKa
KOPOTKOTO 3aMBIKaHHUs, YTO TMPUBOJIUT K CHWKEHUIO 3P QPeKTHBHOCTH. OTpHUIATENBHBIA TeMIIepaTypHbIT
KO3 QHUIMEHT KPEMHHEBOTO MaTepHaia MOKa3bIBaeT, YTO C YBEIMYCHHEM TEMIIEPaTypbl MaKCHMallbHas
BEIXO/IHAs MOIIHOCTh CHIDKaeTcs. B Tabmumax 5 m 7 mpeacTaBieHpl U3MEHEHUS MapaMeTpPOB CONHEYHOTO
JJIEMEHTa MPH U3MEHEHHHU ocBenleHHocTH. B Tabnuiax 6 u 8 npencrapnenbl u3MeHeHUs 3pPEKTUBHOCTH U
kodduiMeHTa 3amoJHEHUs] TPH HM3MEHEHHH OCBEIIEHHOCTH. [lo Mepe yBeNnMuYeHHsS OCBEIIEHHOCTH
KOJINYEeCTBO (DOTOHOB, MAJAlOMMX HA MOMYJb, CO3JacT MAaKCHUMAaJbHYI0 MOIIHOCTh W HPUBOIUT K
yBenuueHuo 3¢ PpekTHBHOCTH. JTa 06001IeHHass Mozenb Simulink ucrmonb3yercs [uist u3ydeHus H3MEHEHHI
BBIXO/THBIX TTAPAMETPOB JIF000TO (POTOIIEKTPUIECKOTO MOAYJIS C MOMOIIBI0 MeToia HetoToHa-Pammona.
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Homenkiarypa

ky=1,381 e-23; ITocrossaHas bonenmana, J[x/K

q=1,602e-19; DneKTpoHHbIH 3apsia, Ki

N=1,3; ®DaxTop Ka4ecTBa AUOIA

E,=1,12; [Iupuna 3anpenieHHON 30HHI , B

NS =36; KonnuecTBO mocienoBaTeIbHBIX SUEEK

T, =0+273;%

T, =25; Temmnepatypa, 1Ji1 KOTOPOH HEOOXOAUMO HAWTH 3HAUCHUS
V,.=22,06; Hanpsxenue xonocroro xona, B

I, =8,63; Tok KOPOTKOTO 3aMBIKaHUS, A

G =1000; OcBeleHHOCTh, BT/M 2

K,=0,0058; TemnepaTtypHbiii K03 GueHT

Iph - Tok, co3maBaeMblIii I1aJalOIIKUM CBETOM, A

I - Tok HachIeHUs] 0OPATHOTO CMEIIECHHS T101a, A

Iy - ConpoTuBrieHus myHra , A

I - Tok KOPOTKOTO 3aMBbIKaHUS, A

Ipv - Brixoanoii Tok, A

V,, - Hampsoxenue Ha kiemmax, B

Vin - ®doToaNeKTpUIeCcKOe HaNpsbKeHue, B

l,- Tok nroma, A

V.- Hamnpspxenue xoioctoro xoaa, A

R,- [TocnenoBarensHOE compoTuBiIcHUE , OM

Ry - [llyaTupyromee conpoTusieHune , OM

n- KoahduiueHT naeansHOCTH 1101

Vrnp - Hanpsixkenue B TOUKe MakCUMaJIbHOM MOIIIHOCTH , B

Imp - Toxk B TOUKE MaKCUMaTHLHOU MOIITHOCTH, A

a KoaddunueHt naeaabHOCTH 110/a IS OJHONW MOJCIH IUO0/a.
V; TemnoBoe HanpspkeHue MoAyJs, B

Ve Xonocroe Hanpsukenue, B

Ky TemmepaTypHbIii K03 (GHUIMEHT HATPSKEHUS XOJIIOCTOTO X0/1a
K, TemnepaTypHbiii K03()OUIMEHT TOKA KOPOTKOT'O 3aMbIKAHHMS.

TeMnepaTypa, JJIsL KOTOpOfI HN3BCCTHBI 3HAYCHUA
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VJIK 539.12

KBA3UHYKJIOHHBIE B3AUMOJIEVCTBUS B AAEPHOM ®OTOSMYJIbCUH

Cauoxanoe Hacup Illaxuposuu.,

0.¢-m.1., npogheccop,

Quzuxo-mexnuuecxuti uncmumym um. C.A.Az3umoea AH PY3
said@uzsci.net.

Annomayua. ObocHosana 6aXCHOCMb  U3VYEHUA  HYKIOH-HYKIOHHLIX — 63auMoOelicmeuti 0.4
NOCMPOEHUsI COBPEMEHHbIX meopemuyeckux mooenetl. Onucanvl kpumepuu omoopa kéazunykionHwix (pN)
83aUMO0eticmaull 8 homosaMyabCuul.

Iloxasano, umo 6 KBA3UHYKIIOHHBIX 63AUMOOEUCMBUAX IHEPeeMUiecKas 3a8UCUMOCIb CPEOHUX
MHOJICECTBEHHOCIEl  XOPOULO ONUCHIBACMCS  OObIYHLIMU NAPAMEMPUAYUAMY, BKTIOUAIOWUMU 6 cesl
nozapugpm snepeuu. Bo eceil paccmampusaemou odnracmu nepeutHbIX dHepull UCCIe008anbl PA3HOCU
cpeonux mHodcecmeennocmeti PPEM u pnEmM xomopwie npaxmuuecku ne 3agucam om snepeuu coyoapenus,
0yoyuu npubausumenvro pasrou 0,6 £ 0,1. ObvacHena npuuuna 3mo2o A61eHUsA, CBA3AHHOE C MeM, Ymo
Heyuem KO2epeHmHbIX PeaKyutl 3aHUuHCaen Cpeonior MHONCECMBEHHOCHb 6 HeYeMHOLY1e8bIX COObIMUSAX, d
6KIA0 KO2EPEeHMHbIX PeaKyull, 603pacmaem c dHepeuell 83aumMo0etucmsusl.

Coenan 661600 0 mMoM, HmMO S0epHble IPheKmbl  3aMemHbIM  00PA30M  CKA3LIBAIOMCSL
HA XAPaKmepucmukax KEA3UHYKIOHHbIX COYOapeHull 8 dIMYIbCUU, 4mo No36015em NPeonoIONCUMb, YMO
omobpanuvlie  83aUMOOEUCMBUSL  COOepICAm — HEKOMOpYI0 — Npumecb — S0epHuIX  (MHO2OHYKIOHHBIX)
63aUMOO0eticmBULl NepeUiHbIX NPOMOHOS.

Ilpogedeno cpagHeHUue 3SKCHEPUMEHMANbHBIX OAHHbIX C HPeOCKA3AHUAMU JIYHOCKOU Mooenu 07
c80000Hbix  pN-coydapenuil. B paccmampusaemvix — Ha onvime — K8A3UHYKIOHHBIX — 83AUMOOCUCBUAX
Habuo0aemcs HedoCmamox COoObIMUL ¢ MANLIMU MHONCECBEHHOCMAMU, CEA3AHHBIN € HEOOCMAMOYHO
BbICOKOU 2P PEeKMUBHOCIBIO NPOCMOMPA «B00NbL Cleda» NEePeUUHbIX NPOMOHOE8 6 ghomodmynbcuu. Kax
noxasviéaem — aHAIU3, — NPU MAKOM — NPOCMOmMpe  MOSYM — NPONYCKAMbCA — COObIMUSA,  CBA3AHHbLE
¢ oughparyuonnou ouccoyuayueli HyK1oHaA-MUeHU Ha HebOIbULOe YUCTIO 3aPAICEHHBIX YaCUY.

Knioueevie cnoea: npomon, HelmpoH, KEAZUHYKIOHHblIE 63AUMOOEUCMEUs, HOMOIMYIbCUS,
MHOJCECMBEHHOCMb, MOOeb, KO2ePeHMHble peaKyuu, OU@pakyuorHas ouccoyuayus, 3¢Qgdekmuenocms,
MULLEHb.

YADRO FOTOEMULSIYASIDAGI KVAZI-NUKLON O'ZARO TA’SIRLASHUVLARI

Annotatsiya. Zamonaviy nazariy modellarni yaratish uchun nuklon-nuklon o'zaro ta'sirini
o'rganishning ahamiyati asoslangan. Fotoemulsiyada kvazi-nuklon (pN) o'zaro ta'sirlarini tanlash mezonlari
tavsiflangan. Kvazi-nuklon o'zaro ta'sirlarida o'rtacha ko'plamchilikning energiyaga bog'ligligi energiya
logarifmini 0'z ichiga olgan an‘anaviy parametrlashlar bilan yaxshi tavsiflanganligi ko'rsatilgan. O'rtacha
ko'plamchilikning ppEm va pnEm o'rtasidagi farglar ko'rib chigilayotgan butun birlamchi energiya
diapazonida o'rganildi. Bu farqlar to'qnashuv energiyasiga deyarli bog ‘liq bo'lmay, taxminan 0,6 £ 0,1 ga
teng. Bu hodisaning sababi quyidagicha tushuntiriladi: kogerent reaksiyalarni e'tiborga olmaslik toq nurli
hodisalarning o'rtacha ko'plamchilikni kamaytiradi, kogerent reaksiyalarning hissasi esa o'zaro ta'sir
energiyasi bilan ortadi. Bundan yadro effektlari emulsiyalardagi kvazi-nuklon to'gnashuvlarining
xususiyatlariga sezilarli darajada ta'sir giladi, degan xulosaga kelish mumkin, bu tanlangan o'zaro ta'sirlar
birlamchi protonlarning yadroviy (ko'p nuklonli) o'zaro ta'sirlarining ba'zi aralashmalarini o'z ichiga
olishini ko'rsatadi.

Erkin pN to'gnashuvlari uchun eksperimental ma'lumotlar Lund modelining bashoratlari bilan
taqgoslandi. Eksperimental ravishda o'rganilgan kvazi-nuklon o'zaro ta'sirlarida fotoemulsiyadagi birlamchi
protonlarni "yo'l bo'ylab" skanerlashning yetarli samaradorligi yo'gligi sababli, past ko'plamchilikli
hodisalarning yo'gligi kuzatiladi. Tahlil shuni ko'rsatadiki, bunday skanerlash nishon nuklonining oz
miqdordagi zaryadlangan zarrachalarga diffraktiv dissotsiatsiyasi bilan bog'lig hodisalarni o'tkazib
yuborishi mumkin.

Kalit so'zlar: proton, neytron, kvazi-nuklon o'zaro ta'sirlari, fotografik emulsiya, ko'plamchilik,
model, kogerent reaksiyalar, diffraksion dissotsiatsiya, samaradorlik, nishon.
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QUASI-NUCLEON INTERACTIONS IN NUCLEAR PHOTOEMULSION

Abstract. The importance of studying nucleon-nucleon interactions for the construction of modern
theoretical models is justified. Criteria for selection of quasi-slope (pN) interactions in photoemulsion are
described.

It has been shown that in quasi-slope interactions, the energy dependence of mean multiplicities is
well described by conventional parameterizations, including the logarithm of energy. In the entire area of
primary energies under consideration, the differences of the average multiplicities ppEm and pnEm, which
are practically independent of the collision energy, are investigated, being approximately equal to 0.6 + 0.1.
The reason for this phenomenon is explained, due to the fact that the failure to take into account coherent
reactions underestimates the average multiplicity in odd-beam events, and the contribution of coherent
reactions increases with the interaction energy.

It is concluded that nuclear effects markedly affect the characteristics of quasi-slope collisions in the
emulsion, which suggests that the selected interactions contain some admixture of nuclear (multi-slope)
interactions of primary protons.

Experimental data were compared with predictions of Lund model for free pN-impacts. In the quasi-
slope interactions considered in the experiment, there is a lack of events with small multiplicities associated
with insufficiently high efficiency of viewing "along the trace" of primary protons in the photoemulsion. As
the analysis shows, with such a view, events associated with diffraction dissociation of the target nucleon
into a small number of charged particles can be skipped.

Keywords: proton, neutron, quasi-slope interactions, photoemulsion, multiplicity, model, coherent
reactions, diffraction dissociation, efficiency, target.

Beenenne. OnHolt U3 GpyHIaMEHTANBHBIX Ipo0iIeM (PU3MKK aTOMHOTO sIpa U 3JEMEHTAPHBIX YacTHUI
SIBIISIETCS. SKCIIEPUMEHTAIBHOE U TEOPETUIECKOE UCCIIEI0OBAHNE CBOICTB CHIIBHOTO B3aUMOJICHCTBUSI.

CTONKHOBEHHE a/JIPOHOB IMPHUHATO OMMCHIBATh KaK B3aUMOJIEHCTBHE COCTABIIIONIUX MX KBapKOB U
[JIIOOHOB, MPUBOJAILEE K POXKICHUIO HOBBIX KBAapKOB M TJIFOOHOB C MOCIEAYIOIIEH UX aApoHu3auuen. B
pe3ynbTaTe agpoHU3aI 00pa3yrTcs KIacTepsl (pe30HaHCHBIE W 00Jiee BBHICOKHE BO30YKIEHUS a[pOHOB),
KOTOpBIC 3aT€M IMPEBPAIAIOTCS B peabHBIC afpOHbL. TakuM 00pa3oM, H3yUeHHUE SIBICHUS KIacTepU3alNU B
aJIPOHHBIX MPOIlecCaX MHOKECTBEHHOTO POXKJCHUS TECHO CBA3aHO KaK ¢ MpoOJIeMOil KBapK-TIFOOHHON
CTPYKTYPHI aIPOHOB, TaK U C JMHAMHUKON CUJIbHBIX B3aUMOAEHCTBUHN. M3yueHne npoueccoB B3auMOACHCTBHS
aJIpOHOB C sIpaMu sBJsieTCS 3(QQEKTHBHBIM METOAOM HCCIEIOBAHUSI COCTABHOM CTPYKTYPBI aIpOHOB.
OnHOBpEMEHHOE HCCIeI0BAaHNE MHO)KECTBEHHOW T'€HepallMd YacTHIl B CTOJKHOBEHHSX afpOH-aIpOH s
MPOTOHOB U MHOHOB B LIMPOKOM HHTEpPBaje YHEPIUH M aTOMHBIX SA€P MO3BOJISET MOJYYUTh YHUKAIBHYIO
nHGOPMALIMIO O HEYNPYTHX MpoLEeccax B 3JIEMEHTApHOM aKTe M O CTPYKTYpE aApOHOB M TaKUM 00pazoMm,
MONYYUTh WHPOPMAIMIO O CBOWCTBaX CHJIBHOTO B3aWMOJIEHCTBUS. PesymbraThl  McciaeqoBaHUs
KJIAaCTepU3allMd B HEYIPYTHX aJpOHHBIX MpPOIlEcCCax M €ro CBSA3U CO CTPYKTypOH aJpOHOB, SABISAIOTCS
CYLIECTBEHHBIMU JUIS JAajbHEHIIEro pa3BUTUS TEOPETUYECKUX MOJENeH M CO3JaHMs TEOPUH CHIIBHBIX
B3aMMO/IENCTBHUH.

JKcnepuMeHTANBHBIA MaTepuaj. B Hacrosimeid paboTe HCHONB30BaHBI  (OTOIMYIBCHOHHBIE
CTONKH, 00JyueHHbIe npoToHaMu ¢ umiysscamu 20,8 [B/c 1 800 [3B/c. Cronka oGiyueHHas NpOTOHAMHU
20,8 I'»B/c Haxoamiack B CHUIBHOM MarHUTHOM ToJie HanpsbkeHHOCThI0 H = 18 Ti. D70 namo Bo3MOXHOCTh
WACHTU(QHUKAINY BTOPUYHBIX YaCTHII U OTOOpa COOBITHHA C MOMOIIBI0 WMITYJBCHBIX W WOHU3AIMOHHBIX
HU3MEPEHHH.

[IpocMoTp 3MynbcHH IpH BCEX po MPOBOJWICA METOJIOM YCKOPEHHOro INpocMoTpa mo ciexy [1],
CKOpPOCTh  €r0  TOJHOCTBIO  HCKJIIOYana  KaKylo-TH0O  MUCKPUMHHAIMIO  COOBITHH  II0 YHCITY
CHJIbHOMOHU3YIOMMX YacThl. D(QHEKTUBHOCTh MPOCMOTPa KOHTPOJIUPOBAIACH ITyTEM MHOTOKPATHOTO
MIPOCJIEKUBAHUS YaCTH TPEKOB MEPBUUYHBIX YaCTHUI] MPHU Pa3HBIX CKOPOCTAX M OKa3ajach OYEHb BBICOKOU
(~100% nust M3ydaeMbIX B3aUMOEHCTBHIA).

B tabnurme 1 mpuBeaeHB XapaKTePUCTUKH HCIIONH30BAHHBIX B JaHHOW paboTe B3aMMOICHCTBUN.

Taoauna 1.
XapakTepuCTHKH B3aMMOJEHCTBHH

Py, VYcko Tun [po- Yucno | Usm. hA- | Usm. hN- JIur.
[B/c | putens OMYJIbCUH CMOTp, M B3/l B3I B3I
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208 | LEPH | MWndopa K5 3550 9570 722 694 [1]
800 | FNAL | Tocllp-EP-2 2584 | 7578 1804 1329 [1]

[Ipu npocMoTpe B KauecTBEe HEYNMPYTUX B3aUMOACUCTBHI PErHCTPUPOBATUCH BCE COOBITHS, KPOME:

— CJIy4aeB OTKJIOHEHHUS MpPOCIEKHNBAEMOro Tpeka Ha yrodl 6 <0¢ (0.-yrom, coOTBETCTBYIOLIMMA
YCIIOBHOM BEpXHEW TIpaHUIle YIPYroro paccesiHUs NPOTOHA HAa HYKJIOHaX M SApax); W3 ABYXJIY4eBbIX
COOBITHIA TaK)Ke BBIACTSUTUCH YIIPYTHE 3BE3/bI C TOMOIIBIO KPUTEPHSI «YTOJI-YTO» U KOMIUTAHAPHOCTH;

— cIyd4ast UCITyCKaHHUs 3-3JIeKTPOHa,

— CITy4asi QJIEKTPOMarHUTHOTO 00pa30BaHus e'e™-1ap yacTHIel MEPBUYHOTO MMyYKa.

B kaxzoM coOBITHH ONIPEEISIINCE:

1) umciio Bcex 3apsUKCHHBIX YacTHIl C MX paseieHHeM HaS-, §- u D-yacTHIBl B COOTBETCTBHHU
¢ OOBIYHOM dMYIIBCHOHHOH KiTacchu(UKaIneit:

— PEISATUBUCTCKMMH WM S-4aCTHLAMH CUHTAIUCh YacTUIBl C OTHOCHTENbHOW HOHM3aLUeH
BoMyabcun | <1,41 lo (lo MoHM3anMs My4YKOBBIX YacTUI) U CKopocThio B =V/C > 0,7, oHH cocTOST
B OCHOBHOM W3 YacCTHII, POXKACHHBIX B TIpoLiecce CoynapeHus (T-Me30Hbl);

— «CepeIMW», WU (§-9acTUIaMH, cuuTanuch dacturpl ¢ | > 1,41lp, 9T0 COOTBETCTBYET MPOTOHAM
c ummynbcoM 0,2 <p<1,0I3B/c u cnpoberom BoIMynbcun 1 >3 MM; OHH COCTOAT, B OCHOBHOM, U3
MPOTOHOB, BBIOMTHIX W3 sijpa MHUILICHU B MPOILECCE COYINAPEHHS; MPHUMECH «CEPBIX» MHOHOB (MMITYIIBC
60 < p <170 M»aB/c) BecbMa He3HauUnTEIbHA [2];

— «YEpHBIMU», WIH D-4acTHIaMM, CUMTATMCh YacTHLBI ¢ mpoberoM 1 <3 MM — B OOJIBIIMHCTBE
mpoToHbl ¢ ummyibcoM p < 0,2 3B/c u Gosnee TsKeIbIe OCKOJKH sIpa-MUIICHU; OCHOBHAS YacTh 3THX
HanboJiee MeIJICHHBIX BTOPUYHBIX YACTHI] HCITYCKAETCs SIIPOM B IIpOIecce CHATHS SIIEPHOTO BO30YKICHUS
yepe3 Oompmioe (B SASpHBIX MacmiTabax) BpeMs Tocie B3anMoneicTBus. Cepble M YepHBIC YaCTHIIBI
B COBOKYIHOCTH Ha3bIBAIOTCS CHJIbHOMOHU3YIOIIUMH WM N-4acTUIIaMK U UX MHOKECTBEHHOCTD Nh = Ng + Np;

2) nmpoctpaHcTBeHHBIE (0) 1 a3uMyTanbHbIE () YIIIbI BBUIETA BCEX 3apPsDKCHHBIX YacTHUIL.

KBa3uHYKIIOHHBIMH COyIapeHHsIMU Ha3bIBAIOTCS COOBITHS, YAOBJICTBOPSIOLIME HEOOXOAUMBIM
KpUTEpHUAM 0TOOpa B3aUMOACHCTBUI EPBUYHBIX IIPOTOHOB CO CBOOOIHBIM BOIOPOJOM M KBa3HCBOOOIHBIMHU
HYKJIOHaMH (TIPOTOHaMHU U HeiTpoHamu) sinep dorosmynbcun. Kpurepun otdopa kBasuHykJIOHHBIX (pN)
B3aUMOJIeicTBHIA B poTOIMYIIbCHH creayroriue [3]:

HaJm4ue He 0oJiee OHOW CHIIbHOMOHHU3YIOLIEH YaCTHLIBI B 3BE3IC;

CHJIbHOMOHH3YIOIIasi YacTHIa J0JDKHA UMETh yroy © < m/2 BII.C. M OCTaBJIAThH Cliel, MOA00HbII
Cliely MPOTOHA OTJA4M C KHHETUYECKOM 3Heprueit oonbiie 25 MaB;

OTCYTCTBHE B 3B€3Jl¢ AApa OTAA4M, a Ul COOBITHH C YETHBIM YHMCJIOM BTOPMYHBIX yacTul (pp-
coyaapeHus) U B-3JIeKTPOHa;

HIDKHSISL TPaHKIIa MAaCChl MUIIIEHH M™" He TOJDKHA MPEBBIIIATh MacCy HyKiIoHa [4].

CBeneHUsI O 4YHMCIIE€ HEYNPYTHMX COOBITHH, YZOBJIETBOPSIOIIMX BBIIIETIEPEUUCICHHBIM KPUTEPUSIM
orbopa pPN-B3aumozelicTBuid, npuBeaeHs! B Tabnuue 1. s cpaBHEHUs ¢ JaHHBIMH, NOJIYYEHHBIMH HaMHU
mpu 21 u 800 I'3B, MBI HcmoaB30BaMM TakXke pe3yiapTatsl pabor [5, 6, 7] mpu smeprusx (20—400) I'3B.
W3BecTHO, YTO cpeau OTOOpPaHHBIX HEYETHONYYEBBIX B3aMMOJEHCTBHH, KpOME COYJapeHMH NPOTOHOB
C KBa3UCBOOOAHBIMU HEMTPOHAMH 1€p SMYJbCUH (PN-COyIapeHHsi), UMEIOTCS TAK)KE KOT€pPEeHTHbIE IIPOTOH-
sIIEpHBIE B3aUMOZEHCTBUSA. PaccMaTpuBaeMble B HACTOALLEH IUIaBe PN-B3aUMOIECHCTBUS OUHILEHBI OT BKJIAa
KOTE€PEHTHBIX PEaKIWi; HEONPEAEIeHHOCTH B OTOOpE KOTepEHTHBIX PEeaKiuid Maibl M TMPaKTHYCCKH He
CKa3bIBAIOTCS HA XapaKTEPUCTHKAX PN-COyIapeHUH.

1 cpaBHEHUS ¢ SKCTIEPUMEHTATLHBIMU TAHHBIMUA MBI HCTIONIb30BAIIN JIYHACKYI0 Mosens FRIT10F-1.
Teoperudeckue pacdeTsl ObUTH BBIMOJHEHB MeTogoM MoHTe-Kapio; nmonydeHHble 1Mo MoJienu pp-, pn- U
pA-coynapenus (craructuka — mo 5000 3Be3q ans Kaxaoro Tuma B3aumMmozelcTuil) npu 3ueprun 800 ['2B
AHAJM3UPOBAJMCH  C YYETOM  OKCIEPUMEHTAIBHBIX KpUTEpuMeB H  orpaHuueHuid. Ilpm usydenun
MCEeBIOOBICTPOTHBIX — paclpeeNieHHd, KOPPENSIUOHHBIX 3aBUCHMOCTEH ©  (UIYKTyalid TUIOTHOCTH
MPOBOJMIIOCH TaKXKe CpPaBHEHHE HSKCIEPUMEHTAIBHBIX JAHHBIX C pe3ysibTaTaMu pacyeToB o JyambHou
naptorHoil mozesi (DPM), MoHTe-KapoBCcKas BepcHst KOTopoii pazpadorana B OMSU [8]. 1o sToit Mmonenu
06110 TipuroToBiieHo okojio 2000 coObITHA.

IlosryyeHHble pe3yabTaThl. MHuoocecmeenHocmu 8mMopuyHbIX 3apsdiceHnvix wacmuy. Ha puc. la
NpeAcTaBieHa JHEPreTHdYecKas 3aBUCHUMOCTb CPEJHHX MHOXKECTBEHHOCTEH 3apsDKEHHBIX — YacTHI]
B KBa3MHYKJIOHHBIX B3auMoJieiicTBUsX B ¢orodmynbeun [9]. nst cpaBHEeHHMS TpUBEACHBI JaHHBIE,
MOJTy4YeHHBIE IS PP-COYAapeHnii B KaMEPHBIX dKcrepumenTax [10-11].

min
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Ha puc. 16 mokazanbl pa3sHOCTH <Nch>ppem — <Nch>pnEm I KBa3UHYKJIOHHBIX B3aMMOACHCTBUN U
<Nchppem™> — <Nch>ppHBC. PaccMoTpenue 3Tux TaHHBIX MO3BOJIAET CHIeNIaTh CIEAYIOIINE BHIBOIBI:

1. B KBa3MHYKJIOHHBIX B3aUMOJCUCTBUSIX SHEPTeTUUECKAs 3aBUCUMOCTDH <N¢h™> XOPOIIO OMUCHIBACTCS
OOBIYHBIMH TIApAMETPU3AIUSAMH, BKIIOYAIOIIUMU B ceOs Jiorapudm 3HEpPruM, Tak, MPU allpOKCHMAIUU
JAHHBIX pUC. 1a MOKHO MOJIY4YUTh

<Nch>ppem = 1,13 + 0,62InE + 0,15 In’E, 1)
<nch>anm =— 0,89 + l,24|nE + 0,09 InZE (2)

2. Bo Bceii paccmaTpuBaeMoil Ha puc. 1 obnactu nepBuuHbix dHepruii E = (20 + 800) I'sB umeem
<Nech>ppem > <Nch>pnEm B PA3HOCTE <Nch>pp- — <Nch>pn MPAKTHYESCKH HE 3aBHCHUT OT DHEPTHUH COYHAAapCHHU,
Oyayun npubnusutensHo paBHoi (0,6 = 0,1). Panee [5] y»e oTMedanock, 4To 3Ta pa3HOCTh BO3pPACTacT, U
Oosiee TOro, CTAHOBUTCS 3aBHCAIICH OT MEPBUYHOM SHEPIHH, €CIM B HEYCTHOJYYEBBIX KBa3MHYKIOHHBIX
B3aMMOJCHCTBUSIX HE BBIYTECH BKJIAJ KOI'€PEHTHBIX PEaKLUil. JTO CBSI3aHO C TE€M, YTO HEY4YeT KOTEPEHTHBIX
peaKIuii 3aHImKaeT <Nch™> B HEUETHOIYUYEBBIX COOBITHSX, @ BKJIAJ KOTEPEHTHBIX PeaKinii, Kak u3BecTHO [14],
BO3PacTaeT C IHEPTUE B3aUMOAECHCTRHUSL.

3. B KBa3HHYKIOHHBIX PP-COyHApPEHUSIX <Nch>ppem > <Nch>ppHBc IPHU BCEX PacCMaTPUBAEMBIX HaMHU
JHEPTUSAX, NPUYEeM BEIMYMHA Pa3HOCTH <Neh>ppEm — <Nch>ppHBc MPHONHMZUTETHHO JIOTApUPMUICSCKH
BO3pacTaeT C dHEprueil B3aMMOACHCTBHA. DTH HAONIOACHUS TOBOPAT O TOM, 4YTO siIEpHBIC IPQEKTHI
3aMETHBIM 00pa3oM CKa3bIBAIOTCS HA XapaKTePUCTUKAX KBAa3WHYKJIOHHBIX COYJapeHHl B OMYJIbCHU;
€CTECTBEHHO MPENINOJI0KNUTh, YTO OTOOpaHHbIE HaMH B3aUMOAEUCTBHS COAEPKAT HEKOTOPYIO IpPUMECH
SIIEPHBIX (MHOTOHYKJIOHHBIX) B3aUMOIEHCTBHH MEPBUYHBIX POTOHOB, TO3TOMY BOIIPOC O TOM, HACKOJIBKO
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Puc. 1. a) sHepreTuyeckasi 3aBUCUMOCTh CPEeTHUX MHOKeCTBEeHHOCTel B PN-coyaapeHusx, 0)
Pa3HOCTH <Nch>ppEm — <Nch=pnEm () © <Nch>ppEm=> — <Nch>ppHBC (+)

OJIM3KHA XapaKTePUCTUKU KBAa3WHYKJIOHHBIX PP-COYIAPCHHUHA M XapaKTEPHCTHKHU DJIEMEHTApHOTO aKTa
PP-B3aUMOACHCTBUI JODKEH pernaThCs KpaitHe ocTopoHO. OUYeBHIIHO, YTO 3TO K€ CIPABEIIUBO H IS
KBa3WHYKIIOHHBIX PN-B3aWMOJCHCTBUH, T.e. OTOOpaHHBIE HAMH PN-COYJIApEHUs OYEBUIHO TaKXKe COJepkKar
OMPEJICIICHHYIO PUMECh MHOTOHYKJIOHHBIX B3aUMOJACUCTBUM.

Ecnu s ynpouieHus  OPEANONIOAKWUTh, YTO  PACCMAaTpUBAEMble HaMU  KBa3UHYKJIOHHBIE
B3aUMOJICUCTBUS COAEPKAT MOCTOSHHYIO IPUMECh 0. PA B3aUMOACUCTBUH, U ATO SBISETCS €IMHCTBEHHOM
MPUYMHON MPEBBILIEHUS <Nch>ppem HAA <Nch™>ppHBC, TOTIA MOXKHO HAINKUCATh

<Nch>ppem = O <Nch>pa + (1 - (1) <Nch>ppHBC. (3)

3Hasi CpeAHHE MHOXECTBEHHOCTH 3apsDKEHHBIX YACTHIl B PA-B3aUMOJCHCTBHSX B OMYJIbCHH, W
COOTBETCTBYIOIIME 3HAa4eHUS <Nch>ppHec (cM. [10-13] W cchukM B HHUX), W3 JaHHBIX puC. | MOXKHO
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KOJIMYECTBEHHO OMNMPEIENUTh 3HAUYEHUE TMapaMmeTpa 0, KOTOpOe B MpefeNax OIMMOOK OIbBITa OKa3bIBaeTCA
He3aBUCATIUM OT E B paccmarpuBaemoii obmactu sHepruid o = 0,15+0,02. Takum oOpazom, A0
MCTUHHBIX» PpPp-COYNapeHUil Ccpeau KBa3WHYKJIOHHBIX pPp-B3aUMOJIEHCTBUIM B 3MYJIbCHH OKAa3bIBAETCS
JIOBOJIBHO BBICOKOW. Bonee Toro, cienyer uMeTs B BUAY, YTO MOJy4YEHHas HaMM OLIEHKA 0. MPEICTaBIsET
co00i BEpXHIOK TPAaHWIly BKJIaJa HEKOTEPEHTHBIX PA-B3aUMOIEHCTBHA B KBa3WHYKIIOHHBIE, T.K. HE
YUUTHIBAJIICS  BO3MOXKHBIM  TMPOIYCK  MAaJOIYy4YeBBIX  KBAa3WMHYKJIOHHBIX  COOBITUH  TPH MPOCMOTpE
($oTOIMYNIbCHI  «BIOJb CleJa», KOTOPBIM TakkKe MPUBOAUT K COOTHOMICHUIO <Nch>ppem > <Nch™>ppHBC.
C apyroit cTropoHbI H3BECTHO [15], 94TO TIpH paccMaTprBaeMbIX HAMH JHEPTHSIX CPEHSISI MHOKECTBEHHOCTh
3apsOKEHHBIX 9acTHI] B pA-B3aMMOJIEHCTBHSIX YBEeTHMUHBaeTcs ¢ poctoM E OpicTpee, 4eM B pp-COyIapeHHUsX.
DT0 03HAuaeT, YTO BEIMYMHA PA3HOCTH <Nch>ppem — <Nch>ppHBC OYIET BO3pacTaTh C yBEIMYEHUEM 3HEPIUU.
JelicTBUTENbHO, 3aNUChIBast (3) B HECKOJIIBKO MHOM BHJIE, JIETKO yOEIUThCS, YTO KaK BEMYMHA OTHOIICHUS
<Neh>ppem | <Neh>pprec, TaK ¥ BEIHYMHA PA3HOCTH <Nch>ppem — <Nch>ppHec  OymyT Bo3pactath ¢ E
P MOCTOSTHHOM (L, €CJIM TIPH 3TOM BO3PACTACT OTHOIICHUE <Nch>pa / <Nch>ppHBC.

Ha puc. 2a mpencraBieHo pacmpesiefieHHe I10 MHOXKECTBEHHOCTH PENATUBUCTCKUX 3apsKEHHBIX
YacTHIl B paccMaTpuBaeMbix Hamu pN-B3anMOIEHCTBHUX, a HA pHC. 20 3TO K€ pachpezesieHHe MOCTPOEHO
B KHO mnepemennsix. Jns cpaBaenus c maHHbpiME 1m0 Moaenu FRITIOF-1 Opiim momydeHBI IBE TPYIIIBI
COOBITUH — B IEPBOM ClIydae MOJSIUPOBATUCH B3aumojeiictBus 800 3B mpoToHOB co CBOOOTHBIMHU
MMPOTOHAMH W HEWTPOHAMH B COOTHOIIEHWH, KOTOpPOE Opajoch M3 JKCHEPUMEHTa, BO BTOPOM CIIydae
YUYUTBIBAJICA |5-pOUEHTHBIM BKIad pA-B3aUMOJCUCTBUHA B pacCMaTpUBAEMble HAaMU KBa3HMHYKJIOHHBIC
COOBITHSI, pacmpelesieH!s] 110 MHOJKECTBEHHOCTH B 3THUX TpYyINIax, KOTOpble jgajee OyayT Ha3bIBATHCS
Bepcueil | u Bepcuelt 2 JTyHIACKOM MOJeNH, MOKa3aHbl Ha pUC. 2 IITPUXOBOW M CIJIOUIHONW KPUBBIMU
COOTBETCTBEHHO. M3 puc.2 BHUAHO, HYTO II0 CPAaBHEHHWIO C MPEACKa3aHUSMHU IYHICKOM MOIENH s
cBoOoaHbIX pN-coynapenwuii (Bepcust 1), B paccMaTpUBaeMbIX Ha ONBITE KBAa3MHYKJIOHHBIX B3aUMOACHCTBHAX
HaOJIIOMaeTCsT HEJOCTATOK COOBITHI C MaJbIMM MHOKECTBEHHOCTSIMH, CBA3aHHEIN C HEJOCTATOYHO BBICOKOM
3((HEeKTUBHOCTHIO TIPOCMOTPA «BIOJIb CJEIA» TEPBUYHBIX MPOTOHOB B ()OTOIMYIIBCHH — KaK IMOKA3bIBACT
aHalM3, TP TAKOM TIPOCMOTPE MOTYT TMPOIYCKaThCsI COOBITHSA, CBSI3aHHBIE C TUPPAKITHMOHHON
Jycconyanyell HyKIoHa-MHIIEHN Ha HeOOIBbIIOe YHCIIO 3apshKEHHBIX YacTHll. B 3To ke Bpems coymapeHust
B OMYJIbCUH, KaK BUJHO W3 pHUC. 2, 00OTameHbl COOBITUSIMH C OONBIIMMU MHOXXECTBEHHOCTSMH, BKJIa[
B KOTOpBIE OYEBUIHO AAIOT U OOCYKIABIIMECS BBIIIE MHOTOHYKIOHHBIE COYIApEeHHUs MaJalolIuX IMPOTOHOB
C siipaMH  3MYJIbCHU. OTO TPHUBOJUT B COBOKYNHOCTH K TOMY, YTO CpEJHHE MHO)XECTBEHHOCTHU
PENATHBUCTCKUX YaCTHI HA SKCTIEPUMEHTE, PaBHBIE COOTBETCTBEHHO

<Nch>ppem = 11,67 + 0,24, <Nch>pnEm = 11,29 + 0123,
<nch>pNEm = 11,50 + 0,15, (4)

OKa3bIBAIOTCS 3HAYMTENILHO OOJIbIIE PACUYETHBIX 3HAYCHUH, MOJYYCHHBIX TI10 JYHICKOH MOJEIH
(Bepcwust 1).

<Ns>pp=9,72, <Ns>pn = 9,42, <ns>pn = 9,55. (5)
bN - "Y[ZJ T ) T ] T T
N
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Puc. 2. Pacnpeneﬂeﬂne 110 MHOKE€CTBCHHOCTHU PECJIATUBUCTCKUX 3APS'KCHHBIX YaCTHUIL

C npyroii CTOpOHBI, €ClIM B pacueTe IO JYHACKOH MOAENH YYecTh BKJaJl HEKOTEPEHTHBIX pPA-
B3aMMOJICHCTBUI (Bepcusl 2), coriacue ¢ 3KCIEPUMEHTANbHBIMU JAHHBIMU Yiydmaercs <ns> = 11,55; u3
puc. 2a BHIHO, YTO B OTOM CiIy4a€ YHAaeTCs BOCHPOHM3BECTH XBOCT Ns-pacIpenesieHui, JeHCTBUTEIHHO
CBSI3aHHBIN C BKIIQJIOM MHOTOHYKJIOHHBIX COYAapEHUH MEPBHYHBIX IPOTOHOB.

Hakxonery ormernM, 4YTO Ns-pacmpeneicHUs B KBa3MHYKJIOHHBIX B3amMoneiictBusix mpu 800 [HB
yaoBieTBopstoT npudmmkenHomy KHO-ckeinuaTy 1 xoporio ommckiBaroTest KHO-dyHKImei

d(z) = (3,792 + 33,72% - 6,642°*0,3322") exp(-3,04z), (6)

napaMeTpbl KOTOpOi ObUTH ompeseneHsl B [16] ans pacnpeieneHHii MHOKECTBEHHOCTH 3apsKESHHBIX
YacTHIl B pp-COYJApEHUsIX B MIMPOKOH 0OJACTH MEPBUYHBIX YHEPTUH. DTO OOCTOSATEIHCTBO MOATBEPKAAET
elre pa3 HeOJHOKPATHO OTMevaBIImiics (akT cinaboit uyBcTBHTENbHOCTH (opmbl KHO-dyHKIIMKM K Macce
MUILIEHH, IOCKOJbKY Kak MBbl OINpENeNWINA BHIIIE, paccMaTpyBaeMble KBa3WHYKIOHHBIE COYIapeHHs
cozepKaT 3aMETHYIO I0JII0 pA-B3aUMOICUCTBUIMA.

YrioBble pacnpeneieHMsi U HUX XapakTepHCTHKH. /(7 OOCYXHEHHS VYTIJOBBIX paclpeaeeHHH
3apsHKEHHBIX YACTHUI] MbI UCIIOIB30BAIH TICEBI00OBICTPOTY 1 = —INtgO/2, O-monspHbIii yros BbUICTA YaCTHIII
B JI.C.K. MHKIIIO3MBHBIE M-paclpencieHus 3apsDKEHHBIX M JIMBHEBBIX YacTHI] B pp- U PN-B3aMMOJEHCTBUAX
CPaBHHBAJINCH, KaK U paHee, C IByMs BEPCHAMHU pacydeTa Mo JyHACKoi mozaenu (puc. 3). [lanabie o cpeaHnx
3HAYEHHSIX M TUCTIEPCUSIX ITUX pacIipe/ieIeHnii MpUBEACHEI B Ta0uIe 2.

N PP

Puc. 3. Unk/103uBHBIE 1] — pacnpeaeieHus peJaTHBHCTCKUX YaCTHIl B pp-(a) U pN-coyaapeHusix
— (0). KpuBble — pacueT nmo JyHACKOH Moaeaun (IITPUxoBasi — Bepcusi 1, cnjiomnasi — Bepcus 2)

Taoauna 2
CpenHue 3HAYEHHUS M CTAHAAPTHI 1)-pacnupeneaennii B pPN-coynapennsax npu 800 I'3B.

pp pn
n 6(n) n 6(n)
9KCIL (17151 S) 4,15+ 0,02 1,73 +0,02 4,44 + 0,01 1,83 +0,01
Bepcus 1 4,18 +£0,01 1,94+ 0,01 4,08 +£0,01 1,85+ 0,01
Bepcus 2 4,01+0,01 1,88+ 0,01 3,97 +£0,01 1,84+ 0,01
skcr. (s ch) 4,09 +0,02 1,77 £0,02 3,94 +0,03 2,09 +0,02
Bepens 1 4,07 +0,01 1,99 +£0,01 3,97 +£0,01 1,91+0,01
Bepeust 2 3,92 +0,01 1,93+0,01 3,90+ 0,01 1,90+ 0,01
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BouiBoabl. PaccMoTpeHre 3THX JaHHBIX MO3BOJISIIOT C/IENATH CIICTYIOIIIE BBIBOJIBL:

1) yrioBele pacmpeneneHusl 3apsDKEHHBIX U PENSITHBUCTCKUX YaCTHI aCHMMETPUYHBI OTHOCHUTEIBHO
BemnmunHbl 1 = Archy. = 3,72, COOTBETCTBYIOWIEH OBICTPOTE CHCTEMBI LIEHTpAa MacC pPpP-COYAapeHHUs
mpu 800 I'B. DTa acummerpuss HaOMIOmACTCS M JIA TEOPETUYECKMX PACHpPEACIICHHH M  OYEBUIHO
00yCJIOBIeHA HETOYHOCTHIO TaK HAa3bIBAEMOIO YJIBTPAPEISTHBUCTCKOTO TPHONMKECHUS ¥ BKIAJIOM
PENATUBUCTCKUX MPOTOHOB. Kak u mpu Goniee HU3KUX SHEPrUsAX, aCHMMETPHs YIJIOBBIX paclpeiesicHuil
BBIpaKEHA HECKOJIBKO CHJIbHEE sl pN-, 4eM JUIS pp-COyNApeHU, 4TO OOYCIOBICHO 3apsiiOM MHIICHH
(puc.3) — Tak, eciiu pacCMOTPETH Pa3HOCTh MHKIIFO3UBHEBIX pacIpeaeeHui

A(n) = (ds / sdn)pp — (ds / 6dn)pn, (7)

U pp- B pN-coyAapeHuii, oHa OyaeT MOJOXKUTelbHa B 3aJHEH monycdepe, TOrAa Kak B MepeqHen
nonycgepe B npeaenax ommook omnbita A(n) = 0.

2) pe3ynbTaThl TEOPETHYECKUX PACUETOB, BBHITIOJHEHHBIX IO Mojenu JIyHaa HeyIOBIETBOPHUTEIHHO
OIHCHIBAIOT JKCIIEPHIMEHTAIBHBIE aHHBIE TI0 YIIOBEIM PaCTIpEAeNeHIsIM PEIATUBUCTCKUX U 3apsKEHHBIX
YaCTUIl B KBa3MHYKJIOHHBIX B3aMMOJEHUCTBUSAX. Tak, BO BTOPOM BEpCHM pacyeTa, OIUCHIBAIOLIEH
OKCIIEPUMEHTAbHBIE JJaHHBIE I10 MHOYKECTBEHHOCTH B KBa3WHYKJIOHHBIX B3aUMOJCHCTBHSX, CpEIHHE
3HAYEHWUsI TICEBOOBICTPOTHI <1)>> OKA3bIBAIOTCS MEHBIIE, a CTAHIAPTHI N-pacnpeneiaeHnii 6(1) — HECKOIBKO
Oonbplie, YeM Ha dKCIepuMeHTe (Tabnuna 2). BakHO TNOAYEepKHYTh, YTO TEOPETHYECKHE KPHBBHIC
nepeonenuBatoT do/odn B 3axmeit momychepe — B o6nacTi (parMeHTAMK MHIIEHH (T.€. B 00JIACTH MaJTbIX
1) ¥ HEJIOOIICHNBAIOT WX B TIEpeaHEH morycdepe.

JIUTEPATYPA:

1. Cauoxanos H.IL. Heynpyzue 63aumooeticmeusi npomoHo8 u sdep ¢ HYKIOHAMU U A0paMU Hpu
BbICOKUX U C8ePXBbICOKUX IHepausix. M30-60 «Dany AH PY3. Tawxenm, 20212., 214 cmp.

2. Saidkhanov N.Sh., Application of least squares method for particle identification and sampling events
in photoemulsion. Mental enlightenment scientific methodological journal. V5 No.03, 2024. 178-187.
DOl :https://doi.org/10.37547/mesmj-V5-13-26Pages: 178-186. http://mentaljournal-
jspu.uz/index.php/mesmj/index178.

3. I'pamenuyxuti A. M. Pabomul Ha ny3vipbKOGbIX 6000POOHBIX U KCEHOHOBOU Kamepax. [Jyona : OUAU,
2003. — ¢. 205—206.

4. bupeep H. I".,Cmopooun FO.A. O xunemamuxe snemenmapuuix ezaumooevicmeut. // IKIT®. -1959. -
m. 36. -C. 1159-1167.

5. booc 3.1, Asumoe C.A. u Op. Hccreooganue KEAZUHYKIOHHBIX 63AUMOOCUCMEUI NPOTMOHOS
¢ Po=400 I'3B/c ¢ sioeprou homosmynvcuu. // Adepnas ¢usuxa. -1979. -m. 30. -C. 407-414.

6. Asumos C.A. u op. Obwue xapaxmepucmuxu neynpyeux PN-COyOoapenuti npu suepeuu 50 [5B 6
domoamynvcuu. // Uz6. AH Y3CCP. -1973. -M. -C. 69-75.

7. Asumoe C.A. u dp. Hccnedosanue pPN-e3aumooeticmeuii npu E=21 I'5B memoodom homosmynvcuil 6
cunvrom maenumuom noie. // Uzsecmus AH CCCP, cepusi gpusuuecas. -1970. -m. 34. -C.1912-1916.

8. Shmakov S.Y., Uzhinski V.V. New realisation of Dual parton model. // Proc. of the Intern. Conf.
hadron structure-87 held of Smolenice. -Praha, 1987. -P.85-94.

9. A6oyarcamunos I11., Cauoxaros H.III. u op. Keazunyxnonunwie ezaumooeiicmeus 800 ['5B npomonos 6
a0eproii pomosmynvcuu. // Hpenpunm OTHU HIIO « Puzuxa-Connyer. -Tawxenm, 1990. -Nel,28-90-DBD.

10. Ammar R. e.a.Multiplicity of charged particles in 800 GeV pp-interactions. //Physics Letters. -1986.
-v.178B. -P.124-128.

11. Albini E. Mean charged hadron multiplicities in high energy collisions. // Nuevo Cimento. -1976. -
v.32A. -P.102-113.

12. Thome W. e.a. Charged particle multiplicity distributions in pp-collisions at ISR energies. // Nuclear
Physics. -1977. -v.B129. -P.365- 389.

13. Bromberg C.e.a. Cross section and charged-particle multiplicities at 102 and 400 GeV/c. // Physical
Review Letters.-1973. -V.31. -C.1563-1566.

14. Abdushamilov A., Saidkhanov N.Sh. e.a.Coherent production of particles in emulsion nuclei. //
Modern Physics Letters. -1988. -V.A3 -P.489-495.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 49


http://mentaljournal-jspu.uz/index.php/mesmj/index178
http://mentaljournal-jspu.uz/index.php/mesmj/index178

PHYSICS

15. Abdurazakova Y. A., Saidkhanov N.Sh.e.a. Interactions of the 800 GeV protons from fermilab with
the emulsion nuclei. // Acta Physic Polonica. -1987. -v.B18. -P.249-256."

16. Slattery P. Evidence for the systematic behavior of charged prong multiplicity distributions in high
energy proton-proton collisions. // Physical Review. -1973. -v.D7. -P.2073-2079.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 50



PHYSICS

UDC 53

SPECTRUM OF VARIATIONS OF COSMIC RAYS IN THE EARTH'S ORBIT ACCORDING
TO DATA FROM THE AMS-02 MAGNETIC SPECTROMETER
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Abstract. For the first time, based on the experimental data of AMS-02, a three-parameter spectrum of
variations of galactic cosmic rays was obtained in the range of rigidity 1- 30 GV, to which neutron monitors
are most sensitive. It was found that during the period of negative polarity of the solar magnetic field, a
power-law spectrum of variations is observed with a strong exponential decay in the region of high rigidity.
When the polarity changes to positive at the beginning of the new 24th solar cycle, the spectrum of cosmic
ray variations becomes purely power-law. The transition to the experimentally obtained spectrum of
variations will make it possible to remove a number of uncertainties and increase the accuracy of the
analysis of data from the ground network of detectors. This will make it possible to retrospectively obtain
fluxes of galactic protons with an average monthly resolution for the period of the space era based on
ground-based monitoring on a network of neutron monitors.

Keywords: long-term variations, AMS-02, spectrum of variations, ground-based detectors.

CIIEKTP BAPUAIIMIT KOCMHUYECKHUX JIYYEN HA OPBUTE 3EMJIH 110 JAHHBIM
MATHUTHOTI'O CHEKTPOMETPA AMS-02

Annomayua. Bnepsvie Ha ocHoge sKkcnepumenmanvHvlx OanHvlx AMS-02  Owin  nonyuen
MPEXNAPAMEMPUYECKULL CNEKMP 8aPUAYUL] 2ATAKMUYECKUX KOCMUYECKUX Tydell 8 OUana3one dHeeécmkocmu
1-30 I'B, x xomopomy Haubonee 4y8cmeumenvbl HelimponuHble MOHUMOPLL. YCmano8ieHo, ymo 8 nepuoo
OMPUYAMENbHOU ONAPHOCHU COIHEYHO20 MASHUMHO20 NOJISL HAOAI00Aemcsi CMENEeHHOU CHeKmp 8apuayuli ¢
CUNbHbIM 9KCHOHEHYUATIbHBIM CRadoM 6 obaacmu 6blcoKux cécmxocmeii. Ilpu cmene noasipHocmu Ha
NONOJNCUMENbHYIO 8 Hauale HO8020 24-20 COMHEYHO20 YUKAA CHEeKMp Gapuayuil KOCMUYECKUXx ayuell
CmManosumcs. yucmo cmenennviM. Ilepexod K IKCNEPUMEHMANbHO HNONYYEHHOMY CHEKmpY 6apuayull
NO360AUM YCMPAHUMb PO HEONPEOeNEHHOCMEN U NOBbICUMb MOYHOCMb AHAIU3A OGHHBIX HA3EMHOU cemu
demekmopos. Dmo 0acm 803MONACHOCHb PEMPOCNEKMUBHO NOLYUUMb NOTHOKU 2ANAKMUYECKUX NPOMOHO8 CO
CpeOdHeMeCaUHbIM paspeueHuemM 3a Nepuod KOCMUYECKOU 3pbl HA OCHOBE HA3EMHO20 MOHUMOPUH2A CEeMmblO
HeUmpOHHbIX MOHUMOPOB.

Knroueswle cnosa: ooncospemennvie sapuayuu, AMS-02, cnekmp sapuayuil, HazemHvle 0emeKmopbi.

YER ORBITASIDA KOSMIK NURLAR O‘ZGARISHLARI SPEKTRI AMS-02 MAGNIT
SPEKTROMETRI MA’LUMOTLARIGA KO‘RA

Annotatsiya. Birinchi marta AMS-02 eksperimental ma’lumotlari asosida 1-30 GV qattiglik
diapazonida galaktik kosmik nurlar variatsiyalarining uch parametrli spektri olindi; aynan shu diapazonga
neytron monitorlari eng sezgir hisoblanadi. Aniglanishicha, Quyosh magnit maydonining manfiy qutblanishi
davrida yuqori gattiglik sohasida kuchli eksponensial kamayish bilan tavsiflangan darajali (power-law)
spektr kuzatiladi. Yangi 24-quyosh siklining boshida qutblanish musbatga o ‘zgarganda, kosmik nurlar
variatsiyasi spektri sof darajali ko ‘rinishga o ‘tadi. Eksperimental ravishda olingan variatsiya spektriga
o ‘tish bir qator noaniqliklarni bartaraf etish va yer usti detektorlar tarmog ‘i ma’lumotlarini tahlil qilish
aniqligini oshirish imkonini beradi. Bu esa neytron monitorlari tarmog‘i asosidagi yer usti monitoringi
orqali kosmik davr mobaynida galaktik proton oqimlarini o ‘rtacha oylik aniqlik bilan retrospektiv tarzda
aniglash imkonini beradi.

Kalit so“zlar: uzoq muddatli variatsiyalar, AMS-02, variatsiya spektri, yer usti detektorlari.
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Introduction. Despite the significant progress achieved in recent decades, the physical mechanisms
underlying the modulation of galactic cosmic rays_in the heliosphere still the subject of discussion. The
complex process of particle transfer creates problems for the development of a universal picture of long-term
variations in galactic cosmic rays, which covers a long observational period (on the order of 70 years) of
continuous monitoring of cosmic radiation.

Experimental data on flux variations over the period from the mid-1950s to the present could be
obtained with good accuracy only from continuous ground-based measurements on a network of cosmic ray
detectors. The need to analyze the results of such long-term ground monitoring led to the creation of special
methods. One of the earliest and most successful implementations of the global method was created in
Yakutsk (Krymsky et al., 1966) and was named the “Global Spectrographic Method” (GSM), since the
calculations used data from a network of detectors distributed across the globe. Around the same time,
Japanese researchers proposed their methodology (Nagashima, 1971). In essence, in all variants this is a
method of spherical analysis, where the expansion of the function of cosmic ray variations in spherical
harmonics is used. But this takes into account cascade processes in the atmosphere and the movement of
particles in the Earth's magnetosphere. With this in mind, we can say that GSM is essentially a sophisticated
version of spherical analysis. IZMIRAN has created its own version of GSM (Belov et al., 1983; 1998),
which has been used for many years for a detailed and comprehensive study of variations in cosmic rays of
the zero harmonic (isotropic component of cosmic ray variations), the first spherical harmonic, and
sometimes the second harmonic of cosmic ray variations.

In the simplest case, the problem is reduced to solving a system of equations describing the cosmic ray
variations at each point and obtaining the parameters of the isotropic component variation.

Directly observed variations in the count rate of the i-th cosmic ray detector (where Ng is the base
count rate relative to which the variations are calculated) can be represented as

Py i i o i
Vv :L;W (R,Rc,ho)-T(R)-dR+ . Q)

Here wW'(R,R!,h}) is a coupling function between primary cosmic ray and variations of the secondary

cosmic ray registered by detector i located in the point with geomagnetic cut off rigidity RCi on the
atmospheric depth ho. The spectrum of the primary cosmic radiation and the desired spectrum of the isotropic
variation are designated, respectively, as J(R) and &/J(R). The discrepancy o' reflects the inadequacy of

the used model of variations and possible hardware variations.

The coupling functions determine the influence of the Earth's atmosphere, and the magnetosphere
effect takes into account the rigidity of the geomagnetic cutoff of the considered detector. The coupling
functions of the neutron component were calculated by us (Aleksanyan et al., 1982), the coupling functions
of the muon component were used from Fujimoto et al. (1976).

An important situation is when the analytical form of the desired solution is known, or the solution can
be approximated with a high degree of reliability by a model built on the basis of a priori information. In this
case, as a rule, the corresponding system of equations for finding a small number of unknown parameters
turns out to be well conditioned. The advantage of this situation is that it is practically impossible to obtain
an absurd solution if the analytical model is chosen in accordance with the process under study.

The objective of this work is to establish the analytical form of the spectrum of variation with a
minimum number of parameters for use in analyzing data from the global network of ground-based cosmic
ray detectors using the AMS-02 experimental data on the spectrum of protons and nuclei in the range of
rigidity from several GV to several tens of GV. This will make it possible to abandon the empirically
specified spectra of variation.

Data of magnetic spectrometer AMS-02. High-precision data of the orbital detector of cosmic rays
AMS-02 for the study of dark matter and antimatter also provide a unique opportunity to measure spectral
characteristics at moderate and high rigidity of the particles.

Direct measurements of galactic cosmic rays in the range of rigidities from one to several tens of GV
were carried out on the PAMELA (Adriani et al., 2017) and AMS-02 (Ting et al., 2013) spacecraft. The
statistical accuracy of the data of the AMS-02 magnetic spectrometer is significantly higher, since the
geometric factor of the AMS-02 is about 0.5 m? sr, and the PAMELA spectrometer is only 21.5 cm? sr. This
work was based on the data of the AMS-02 magnetic spectrometer.

AMS-02 (Aguilar et al., 2015; 2018) is a magnetic spectrometer operating onboard the International
Space Station from 2011 to the present. The digital data is available in the database (CRDB, 2020). A
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description of the database can be found in DiFelice et al. (2017). Sampling by rigidity or by time (t, R) is
possible with fixing one of the parameters. For a given moment in time, proton spectra can be obtained in a
very wide range of rigidities. In this work, we limited ourselves to the particle rigidity in the range 1 - 30
GV, to which the network of ground-based neutron monitors is most sensitive.

Ground methods. In Belov et al. (1998) a variant of the global spectrographic method is described
specially adapted for studying the long-term behavior of isotropic CR variations. The analysis is carried out
using the monthly average data of neutron monitors (about 45 detectors), muon telescopes, and stratospheric
sounding. In the simplest case of isotropic variations the problem is reduced to solving the system of
equations (1). In the model, it was assumed that the spectrum of variations is given in a three-parameter
empirical form and is defined as:

A/I(R)=a, /(R +R) . 2

Area of the parameter changes: y=1-+2 and R_=(0+4)GV. A three-parameter approximation of the

galactic CR variation spectrum is suitable for describing the spectrum of long-term variations in the 5-50 GV
regions.

Figure 1 shows the parameters of the spectrum of variations in galactic CR:a,,, R, andy, obtained by

this method. The bottom panel shows the standard deviations of the experimental data from the model, which
makes it possible to assess the adequacy of the applied variation model.

The spectrum of variations in the form (2) was chosen empirically, but other options were also
considered. A direct experimental verification of the shape of the spectrum of variations in the range of
rigidity from one to several tens of GV has never been carried out, since the maximum rigidity of particles in
measurements of fluxes outside the magnetosphere at best reached 2 GV. Direct measurements in a wide

range of rigidities using unique magnetic spectrometers will solve this problem.
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Figure 1. Parameters of the galactic cosmic rays variation spectrum: a,,, R, andy the model
discrepancy is shown at the bottom. The error range is shown in red

Method of experimental determination of the spectrum of variations. To experimentally determine
the spectrum of GCR variations, we used data from the AMS-02 magnetic spectrometer for the entire period
of its operation. The time course of AMS-02 flux variations relative to the 2009 base period and their
comparison with the GSM results are shown in the top panel of Fig. 2. The period of the polarity reversal of
the Sun magnetic field from the second half of 2013 to the first half of 2014 is also highlighted here (Sun,
2015). But above all, the measured flux was freed from the contribution of solar cosmic rays.

For this, the periods of solar events were excluded from the analysis: 13 SPE, including 6 GLEs. The
selection criterion for the events was the excess of the proton flux> 100 MeV threshold of 1 pfu (graphical
data can be found on the website (SWPC, 2020)).

Analysis shows that the contribution (<10%) of solar cosmic rays can be neglected by considering
the averaged galactic CR flux per Carrington revolution. In fig. 2 (top left panel), the SPE and GLE moments
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during the AMS-02 operation period are marked with vertical segments, the length of which is proportional
to the effect.

The result of the analysis in Fig. 2 is shown for the period of negative polarity (left) and positive
polarity (right) of the Sun magnetic field, and the time point is marked with a vertical line in the upper panel
of the figure.

The middle panel shows the spectrum of particles (protons) J for the considered moment of time and
the spectrum of particles Jg for the base period. Due to the lack of data for a later period, January-April 2017
was selected as the base period (horizontal segment on the top panel), although the SA minimum and the
maximum count rate are observed in April 2020. The results should be considered as preliminary and should
be revised after updating the AMS-02 data.

Changes in the particle spectrum relative to the particle spectrum in the base period determine the
spectrum of variations. By definition, the spectrum of variations for each point in time is defined as:

v=J/J;-1 3)
In the last expression, the variables are functions of time and rigidity, i.e. v(t,R), J(t,R) and
Je(R)-
The experimental spectrum of variations, in this way determined, is shown in the lower panel of Fig. 2
(points and errors in their determination) for two polarities of the total magnetic field of the Sun.

° . W’V"{la&-'\.\\ ° 0 A<0 A>D
> -101{ GSM > -101 GSM AMS-02
2006 2008 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018
103 {7 o 10°
N Base Period Spectrum Base Period Spectrum
g S
3 10? g 102 1
wv wn
E | E
2 10} g 10!
data: 2011-05-15 data: 2015-09-24
base: 2017 CRN=0 base: 2017 CRN=57
100 100
10° 10! R, GV 10° 10* R, GV
10"1 10-1
data: 2011-05-15 data: 2015-09-24
R base: 2017 CRN=+0 R base: 2017 CRN=+57
& &
S 10°) ay=-35.5 (y=0.42 Ri= 9.0 < 1097 a1=-69.2 (y=o.95 Ry =97.8
= a,R" exp(—R/Ry) : ! = aR~Y exp(—R/Ry) :
< V=1 g = L
1 10! ot | 10 T
1 y=0.5 IR ", ol
S i 0=0.122 5
102 102
10° 10} R, GV 10° 10! R, GV

Figure 2. An example of spectra for two points in time: for a period of negative (left) and
positive polarity (right) of the total magnetic field of the Sun. The middle panels show the
particle spectra (obtained from AMS-02) and the spectra of variations found on their basis,
shown in the lower panels

The choice of the approximating function for the spectrum of variation depends on the rigidity range
and the problem being solved. Several analytical models of the spectra of cosmic ray variations were
considered, including the spectrum of variations of the form (2).

However, the most successful for approximating the experimental spectrum of cosmic ray variations in
a wide range of rigidities was the power-law spectrum modulated by an exponential in the region of upper
rigidities, i.e.

v=aR7exp(-R/Ry), (4)
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whereR,, -upper rigidity. This is the so-called Ellison-Ramaty spectrum (1985). Function (4) is
nonlinear with respect to the parametersa,, y andR,. System (4) can be reduced to linear by taking the
logarithm. As a result, we obtain a system of linear equations for the parametersin a,, y and1/R,, :

Inv,=Iha, —yIn(R)-R /R, (5)

The parameters of approximationa,, yuR,, for two time moments with positive and negative polarity

of the total magnetic field of the Sun also presented at the bottom panels in Fig.2. More common model:
v=2a,(R. +R)7exp(-R/R,) (6)

In the region of lower rigidities v is also controlled by a parameter, but the model has not yet been
considered, since it remains nonlinear even after the logarithm procedure.

In the work (Liu et al., 2020), a five-parameter model is proposed that better approximates the
spectrum of cosmic ray variations over a wide range of rigidities, but which is not linearizable and is
therefore inconvenient for practical use.

Discussion of the results. The parameters of approximation ai, y, and Ry in the considered model (4)
were obtained for each solar rotation since May 2011. In the period of negative polarity of the solar magnetic
field (A <0) before the polarity reversal, the parameter R, is close to 10 GV, and during this period, a

power-law spectrum of galactic CR variations with strong exponential decay in the areas of rigidity >30 GV
is observed. With a change in polarity and at the beginning of a new 24™ solar cycle, the parameter R,

becomes close to 100 GV, and the spectrum turns into a purely power-law spectrum.

During periods of positive magnetic polarity, particles enter the heliosphere from the polar regions,
drift toward the equator, and leave the heliosphere along the neutral current sheet. The detector is located
near the Sun. When drifting from the pole to the equator, particles lose energy corresponding to the potential
difference of the heliosphere ®. Since the potential ® weakly depends on the magnetic field disturbance, at
the SA minimum the maximum amplitude of the isotropic variation is flat. The intensity of variations is
proportional to A®/R (Dolginov, Toptygin, 1979), i.e. the index y=1, which is observed. At negative polarity
in the weak modulation approximation (i.e. high energies), particles drift from the outer heliosphere along
the neutral current sheet and leave the heliosphere through the polar regions. Thus, the modulation of
particles is determined only by energy losses during propagation in the equatorial region, determined by the
mean free path of the particles. That is, the particle spectrum observed on Earth correlates well with the level
of magnetic field disturbance, therefore, at the minimum of SA, the maximum is sharp. For high energies A ~
p? (Dolginov, Toptygin, 1979) and the index y=2. Which is also experimentally observed at a rigidity of ~10
GV.

It can be noted that before the solar activity maximum in 2014 and the polarity reversal, the
experimentally measured variations on the AMS-02 experiment in some periods are almost twice as large as
the variations obtained by the GSM method from the data of ground-based detectors. This coincides with the
period of negative polarity A <0 of the solar magnetic field, in the period of positive polarity A> 0 after the
polarity reversal of the solar magnetic field, this effect is not observed.

Summary and conclusions. Due to its unique capabilities, the satellite experiment AMS-02 for the
first time made it possible to obtain an experimental spectrum of cosmic ray variations in the range of
rigidities to which the ground-based network of neutron monitors is sensitive. This, in turn, will make it
possible to remove the uncertainty in the choice of the spectrum of cosmic ray variations during GSM
analysis, since until now the spectrum of cosmic ray variations was determined only empirically.

In this work, based on AMS-02 data, for the first time, the experimental spectrum of cosmic ray
variations and its temporal changes in the range of rigidity 1-30 GV for the period from May 2011 to April
2017 are obtained. The found form of the spectrum of variations will make it possible to increase the
accuracy of the reconstructed parameters of the spectrum of cosmic ray variations outside the magnetosphere
from the data of the network of ground-based cosmic ray detectors.

An important result of this work is the transformation of the form of the spectrum at different periods
of polarity of the interplanetary magnetic field. During the period of negative polarity A<Q of the solar
magnetic field, a power-law spectrum of variations with a strong exponential decay is observed in the region
of upper rigidities.

When the polarity changes A> 0 the spectrum of cosmic ray variations transforms into a purely power-
law spectrum. In the work for the base period, the data of January-April 2017 were used, but when new data
are published, including the minimum SA and the maximum count rate in April 2020, the calculations of the
spectrum of variations must be updated.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 55



PHYSICS

Acknowledgments: The authors are grateful to the members of the NMDB project (www.nmdb.eu).
The work is carried out within the framework of the UNU "Russian National Ground Network of Cosmic
Ray Stations" (https://ckp-rf.ru/catalog/usu/433536).

REFERENCES:

1. Adriani O., Barbarino G. C., Bazilevskaya G. A. et al. (PAMELA Collaboration), 2017, “Ten
years of PAMELA in space”, Riv. Nuovo Cimento 40 473 https://doi.org/10.1393/ncr/i2017-10140-x,
Crossref , Google Scholar

2. Aguilar M. et al. (AMS Collaboration), 2015, Phys. Rev. Lett. 114, 171103.
https://doi.org/10.1103/PhysRevLett.114.171103

3. Aguilar M. et al. (AMS Collaboration), 2018, Phys. Rev. Lett. 121, 051101
https://doi.org/10.1103/physrevlett.119.251101

4.  Aleksanyan T.M., Belov A.V., Yanke V.G. at al., //. Izv. RAS. Ser. Phis. 1982, V. 46, Ne9, P.1689-
1691.

5. Belov AV. Dorman L.I. and Yanke V.G., 1983, "The simplest versions of the global-
spectrographical method". Proc. of 18-th ICRC, Bangalore, Vol. 10, pp. 144-147.

6. Belov A.V., Gushchina R.T., Yanke V.G., 1998, Geomagnetism and Aeronomy, V.38, No.4, P.131

7. CRDB (Cosmic Ray DataBase), 2020,
https://tools.ssdc.asi.it/CosmicRays/chargedCosmicRays.jsp, CR Network, 2020.

8. DiFelice Valeria, Pizzolotto Cecilia, D’ Urso Domenico, Dari Simonetta, Navarra Daniele,
Primavera Roberto, Bertucci Bruna, 2017. "Looking for cosmic ray data? The ASI Cosmic Ray Database"
35th ICRC, PoS 1073, Korea https://pos.sissa.it/301/1073/pdf

9. Dolginov A.3., Toptygin I.N. // - M.: Nauka, 1979. - 830 p.

10. Ellison, D. C., Ramaty, R. Shock acceleration of electrons and ions in solar flares. The
Astrophysical Journal, V.298:400-408, 1985 November 1. https://doi.org/10.1086/163623.

11. Fujimoto K., Murakami k., Kondo I., Nagashima K.// Proc. of ICRS on High Energy Cosmic Ray
Modulation. University of Tokyo, Japan, 1976, p.50; Proc 15-th ICRC, Plovdiv, Bulgaria, 1977, V.4, 321-
325.

12. Krymskiy G.F., Altukhov A.M., Kuzmin A.l., Krivoshapkin P.A., Skripin G.V., Chirkov N.P., 1966.
// Geomagnetism and Aeronomy, V.6., Ne6, P.991-996.

13. Lafferty G.D., Wyatt T.R., "Where to stick your data points: The treatment of measurements
within wide bins" Nuclear Instruments and Methods in Physics Research A 355, 541-547, 1995.
https://doi.org/10.1016/0168-9002(94)01112-5.

14. Liu Z., Wang L., Wimmer-Schweingruber R. F., Krucker S., Mason G.M. //JGR, 2020.V.125.
£2020JA028702. https://doi.org/10.1029/2020JA028702.

15. Nagashima K., 1971 “Rep. of lonosphere and Space Res. In Japan, Vol. 25, No 3, p. 189.

16. CRDB (Cosmic Ray DataBase), 2020,
https://tools.ssdc.asi.it/CosmicRays/chargedCosmicRays.jsp, CR Network, 2020.

17. Sun Xudong, Hoeksema J. Todd, Liu Yang, Zhao Junwei, 2015. Astroph. J., 798, 2, id. 114, 8 pp.
https://doi.org/10.1088/0004-637X/798/2/114.

18. SWPC, 2020/ https://www.swpc.noaa.gqov.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 56


http://www.nmdb.eu/
https://ckp-rf.ru/catalog/usu/433536
https://doi.org/10.1393/ncr/i2017-10140-x
http://dx.doi.org/10.1393/ncr/i2017-10140-x
https://scholar.google.com/scholar?q=Adriani+O.%2C+Barbarino+G.+C.%2C+Bazilevskaya+G.+A.+et+al+2017+Riv.+Nuovo+Cimento+40+473
https://doi.org/10.1103/PhysRevLett.114.171103
https://doi.org/10.1103/physrevlett.119.251101
https://tools.ssdc.asi.it/CosmicRays/chargedCosmicRays.jsp
https://pos.sissa.it/301/1073/pdf
https://pos.sissa.it/301/1073/pdf
https://doi.org/10.1086/163623
https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900200X00289/1-s2.0-0168900294011125/main.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjECsaCXVzLWVhc3QtMSJHMEUCIQDjBC7mLeNGCTgz58VT36kr2xK9T3JD71bY7EQuucoWkgIgfD6rmskfbbNDoiyMlXvDY2ShnME7EmUp4jzGVYMzDSMqvQ
https://doi.org/10.1016/0168-9002(94)01112-5
https://doi.org/10.1029/2020JA028702
https://tools.ssdc.asi.it/CosmicRays/chargedCosmicRays.jsp
https://iopscience.iop.org/article/10.1088/0004-637X/798/2/114/pdf
https://doi.org/10.1088/0004-637X/798/2/114
https://www.swpc.noaa.gov/

PHYSICS

UO‘K 53

SEMENT KOMPOZITINING EGILUVCHANLIK KO’RSATKICHLARINI YAXSHILASH
UCHUN PANJARA VA ICHI BO‘SH ARXITEKTURALANGAN POLIMER ARMATURADAN
FOYDALANISH

To'lakova Gulchehra Yo'ldosh qizi,
Toshkent davlat arxitektura va qurilish universiteti talabasi
tulakovagulchexra@gmail.com

Annotatsiya.Ushbu magola sement kompozitlarining egilish xususiyatlarini yaxshilash uchun 3D-
bosma texnologiyasida ishlab chiqarilgan panjara (lattice) va ichi bo’sh (hollow) arxitekturalan- gan
polimer armaturalardan foydalanish samaradorligini o’rganadi. Tadgiqotda ikki xil armatura sinfi
o’zaro solishtirilgan: (1) turli geometrik shakllardagi (Sinusoidal, Hexago- nal, Kagome) panjara
simon armaturalar va (2) oddiy va iyerarxik ichi bo’sh naychalardan tashkil topgan armaturalar. Uch
nugqtali egilish sinovlari natijalari shuni ko rsatdiki, ikka- la turdagi armatura ham armaturalanmagan
namunaga nisbatan kompozitning egilishdagi mustahkamligi, qovushqgogligi (toughness) va
egiluvchanligini (ductility) sezilarli daraja-da oshiradi. Aynigsa, ichi bo’sh armatura turlari
panjarasimon turlarga nisbatan yuqori ko ’rsatkichlarni namoyon etgan. Mikro-kompyuter
tomografiyasi (u-CT) tahlillari shuni ko rsatdiki, panjarasimon armaturali kompozitlarda sinish asosan
armatura va sement matritsasi chegarasida sodir bo’lsa, ichi bo’sh armaturali kompozitlarda
armaturning o ’zi sinadi. Bu esa mustahkamlik va defleksiyaning ortishiga olib keladi.

Kalit so’zlar: arxitekturalangan armatura, 3D-bosma, sement kompoziti, egiluvchanlik,
qovushqoqlik, panjara struktura, ichi bo’sh struktura, biomimetika.

HCIHOJIb30BAHUE PEHIETYATBIX U OJIBIX APXUTEKTYPUPOBAHHBIX
HOJIMMEPHBIX APMATYP JUIA YIYUYIIEHUSA IOKA3ATEJIEU NU3I'NBA HEMEHTHBIX
KOMITIO3UTOB

Annomauua. B oannoii cmamve paccmampusaemcsi 3ppexmusHocms npumMeHenus peuémuamoix
(lattice) u nonvix (hollow) apxumexmypupoganHviX HOTUMEPHBIX APMUPYVIOWUX ITNEMEHMO8, U3LOMOBTIEHHbIX
¢ ucnonv3osanuem mexruonocuu 3D-nevamu, 015 yayuUeHus: U3LUOHBIX CEOUCTNG YEMEHMHBIX KOMNO3UmMos. B
uccnedosanuy ObLIU CPasHeHvl 06a muna apmuposanus: (1) pewémuamvle cmpykmypvl pPasiuyHbIX
eeomempuieckux opm (cunycouoanvivie, eexcazonanvuvie, Kagome) u (2) npocmeie u uepapxuueckue
noavie mpybouameie cmpykmypbl. Pesynbmamsl mpéxmoueunvix UCHbIMAHUN HA U32Uu6 NOKA3anu, Ymo oba
MUNA ApMUPOSAHUS 3HAYUMETLHO NOSIUAIOM NPOUHOCIb NPpU useube, 63K0Cmy paspyulenus (toughness) u
nracmuynocmy (ductility) komnosuma no cpasnenuio ¢ Heapmuposanuvimu oopazyamu. OcobeHHo 8vicoKuUe
noKazamenu NpoOeMOHCMPUPOBATY NOAble CMPYKMYPbl NO CPAGHEHUI0 ¢ pewémyamviMy. Auaiuz c
UCNOIb308aHUEM MUKPOKOMAbIomepHoU momozpaguu (u-CT) nokazan, umo 6 KOMNO3UMAX C peutémuamon
apmMamypoii paspyuietue npoucxooum npeumMyujecmeeHHo Ha epanuye mexcoy apmamypou U yemeHmuoll
Mampuyel, moz20a Kak 8 KOMHO3UMAX ¢ NOJOU apMamypol pazpyulerue npoucxooum 6 camou apmamype,
YUMo NPUBOOUM K YEETIUYEHUIO NPOUYHOCIU U NPO2UOA.

Knwuesvie cnosa: apxumexmypupogannas apmamypa, 3D-nevams, yemeHmHulii KOMRO3um, u3euo,
NIACMUYHOCTID, 63KOCIb PA3PYULEHUS, Peuémuamas CImpyKmypa, noias Cmpykmypa, OuomMumemuxa.

USE OF LATTICE AND HOLLOW ARCHITECTURED POLYMER REINFORCEMENT TO
IMPROVE THE FLEXURAL PERFORMANCE OF CEMENT COMPOSITES

Abstract. This paper investigates the effectiveness of using lattice and hollow architectured polymer
reinforcements, manufactured via 3D printing technology, to improve the flexural properties of cement
composites. Two types of reinforcement were compared in the study: (1) lattice structures with various
geometries (sinusoidal, hexagonal, and Kagome) and (2) simple and hierarchical hollow tubular structures.
The results of three-point bending tests showed that both types of reinforcement significantly enhance the
flexural strength, toughness, and ductility of the composite compared to unreinforced samples. Notably,
hollow structures demonstrated superior performance compared to lattice structures. Micro-computed
tomography (u-CT) analysis revealed that in composites reinforced with lattice structures, failure mainly
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occurs at the interface between the reinforcement and the cement matrix, whereas in composites with hollow
reinforcement, failure occurs within the reinforcement itself, leading to increased strength and deflection.

Keywords: architectured reinforcement, 3D printing, cement composite, flexural behavior, toughness,
ductility, lattice structure, hollow structure, biomimetics.

Kirish. Sement asosidagi materiallar, xususan, beton, dunyoda eng ko’p qo’llaniladigan qurilish
materiali hisoblanadi. Birog ularning asosiy kamchiligi — past cho’zilish mustahkamligi va
mo’rtligidir. Bu kamchiliklarni bartaraf etish uchun beton po’lat armaturalar bilan mustahkamlanadi.
Po’lat armatura yuqori mustahkamlikka ega bo’lsa-da, korroziyaga uchrash, og’irlik va murakkab
shakllarda ishlab chigarishning giyinligi kabi muammolarga ega [1]. Shu sababli, so’nggi yillarda
mugqobil armatura materiallari va tizimlarini ishlab chiqish bo’yicha ilmiy izlanishlar faollashdi.

Tabiatda ko’plab materiallar (masalan, suyak, bambuk, dengiz chig’anoqlari) murakkab ichki
tuzilish (arxitektura) orgali yugori mustahkamlik va qovushqoqlikka erishadi. Ushbu prinsip asosida
arxitekturalangan materiallar”(architected materials) deb atalu- vchi yangi sinf materiallar
yaratilmoqda. Bu materiallarning geometriyasi ularning me- xanik xususiyatlarini belgilaydi. Additiv
ishlab chiqgarish (3D-bosma) texnologiyalarining rivojlanishi esa bunday murakkab shakllarni yugori
aniglikda yaratish imkonini berdi [1]. Ushbu magolada 3D-bosma usulida ishlab chigarilgan ikki xil
turdagi — panjarasimon (lattice) va ichi bo’sh (hollow) — arxitekturalangan polimer armaturalarning
sement kompozitining egilish xususiyatlariga ta’siri o’rganiladi. Asosiy e’tibor armaturaning geo-
metrik shakli kompozitning mustahkamligi, deformatsiyalanish qobiliyati va sinish mexanizmiga
ganday ta’sir ko’rsatishini tahlil qilishga garatilgan.

Tadgiqgot usullari

Materiallar. Tadgigotda matritsa sifatida odatdagi sement qorishmasi (mortar) ishlatilgan. Arma-

tura materiali sifatida esa termoplastik polimer (PLA - Polilaktid) FDM (Fused Deposi- tion

Modeling) usulida 3D-bosma printerida maxsus ishlab chigarilgan.

Arxitekturalangan Armaturalarni Loyihalash va Tayyorlash

Tadgiqotda ikki asosiy sinf armatura shakli o’rganilgan [1]:

1. Panjara simon (lattice) armaturalar: Bu turkumga Sinusoidal (to’lqinsimon), Hexagonal
(olti burchakli) va Kagome (maxsus uchburchakli) tipidagi ochiq hujayrali tuzilmalar kiradi (1-rasm a,
b, c).

2. Ichi bo’sh (hollow) armaturalar: Bu turkumga oddiy bir kanalli (Simple) va iyerarxik
(bir necha ichki kanalli) (Hierarchical) ichi bo’sh naychalar kiradi (1-rasm d, e).

Barcha armaturalarning umumiy hajmiy ulushi (reinforcement ratio) bir xil

(d) simple hollow tube (e) hierachical hollow tube

saglangan.
1-rasm.

Tadgigotda foydalanilgan arxitekturalangan armatura turlari: (a) Sinusoidal panjara,
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(b) Hexagonal panjara, (c) Kagome panjara, (d) Oddiy ichi bo’sh naycha, (e) lyerarxik ichi
bo’sh naycha [1].

Namunalar tayyorlash. To’g’ri burchakli shakldagi to’sin namunalari tayyorlangan
(40x40x160 mm). Har bir to’sinning ichiga bir dona 3D-bosma armatura joylashtirilgan. Armatura
to’liq sement qorishmasi bilan qoplangan. Solishtirish uchun armaturalanmagan (referens) namunalar
ham tayyorlangan. Namunalar belgilangan muddatda (28 kun) suvda saqlanib, mustahkamlik to’plashi

ta’minlangan (2-rasm)

AR AR R A
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{d) Cement kompoziti namunasining ko ndalang
kesimi: 3D-bosma polimer armatura (gora) sement
matritsasi (kulrang) ichiga joylashtirilgan

2-rasm.

Sement kompoziti namunasining ko’ndalang kesimi: 3D-bosma polimer armatura (gora) sement
matritsasi (kulrang) ichiga joylashtirilgan.

Mexanik sinovlar. Namunalarning egilishdagi xatti-harakati uch nuqtali egilish sinovi (three-
point bending test) orgali o’rganilgan. Sinovlar maxsus universal sinov mashinasida o’tkazilgan. Sinov
davomida yuk (load) va o’rta nuqtadagi egilish (mid-span deflection) giymatlari gayd etilgan. Ushbu
ma’lumotlar asosida quyidagi ko’rsatkichlar hisoblangan:

e Egilishdagi mustahkamlik (Modulus of Rupture - MOR)

¢ Qovushqogqlik (Toughness) - yuk-defleksiya egri chizig’i ostidagi yuza

e Egiluvchanlik (Ductility) - maksimal yukdan keyingi deformatsiyalanish qobiliyati

a. Mikrostruktura tahlili. Sinovdan o’tgan namunalarning ichki tuzilishi va sinish
mexanizmlarini aniglash uchun mikrokompyuter tomografiyasi (micro-computed tomography - u-CT)
usulidan foydalanilgan. Bu usul yordamida armatura va sement matritsasi orasidagi chegara,
yoriglarning targalishi va armaturning deformatsiyasi batafsil tahlil gilingan.

3. Natijalar.

a. Egilish sinovlari natijalari
Uch nuqtali egilish sinovlari shuni ko’rsatdiki, barcha arxitekturalangan armaturalar sement

kompozitining egilish xususiyatlarini sezilarli darajada yaxshilagan. Asosiy natijalar quyidagilar [1]:
e Armaturalanmagan namunaga nisbatan, panjara simon armaturali kompozitlarda egilish
mustahkamligi 2-3 barobar, govushqoqlik esa 5-10 barobar oshgan.
e |chi bo’sh armaturali kompozitlar esa panjara simon armaturalilarga nisbatan ancha yuqori
mustahkamlik va qovushqoqlik ko’rsatgan. Xususan, iyerarxik ichi bo’sh armatura eng yuqori
Turdixib:armatura turtarf uchun Turli xil armatura turiari uchun yuk-

vuk-defleksiya egri chiziqglari defleksiya egri chiziglari

50

Yuk (kN)

Yuk (N)

o 2 o 2
— Defleksiya (mm) (—
SC —ar—a - TOIGInN (Wavy) @
—b - Asalarn uyas! (Honeycomb) =
—c - Uchburchak to'r (Triangie Grid) s Defleksiya (mm)
—d - iKichik quvuriar (Small Tubes) - Kok -
——e - Katta quvuriar (Large Tubes) - Yashil e (d) Cement kompoziti namunasining ko'ndalang

- kesimi: 3D-bosma polimer armatura (qora) sement
[1] Ichi bo sh armatural however (kok va yashal chazigiar) eng matritsasi (kulrang) |chiga joylashlirilgan
yuqor yuk va defleksiyant ko' rsatgan
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natijalarni bergan (3-rasm).
3-rasm.

Turli xil armatura turlari uchun yuk-defleksiya egri chiziglari. Ichi bo’sh armaturali namunalar
(ko’k va yashil chiziqlar) eng yuqori yuk va defleksiyani ko’rsatgan [1].

Sinish mexanizmlari tahlili (u-CT)

u-CT tahlillari ikki xil armatura sinfi uchun butunlay fargli sinish mexanizmlarini aniglagan
(4-rasm):

ePanjara simon armaturali namunalarda: Sinish asosan polimer armatura va sement
matritsasi orasidagi chegarada (interfeysda) sodir bo’lgan. Yoriq armatura bo’ylab tarqalib, uning
matritsadan ajralishiga olib kelgan (adhesive failure).

eIchi bo’sh armaturali namunalarda: Armatura va matritsa orasidagi bog’lanish mustahkam
bo’lib, sinish armatura devorining o’zida (ichki qismida) sodir bo’lgan (reinforcement rupture).
Armatura sinishdan oldin plastik deformatsiyaga uchragan va energiyani yutishda faol gatnashgan.

Sinish mexanizmlari sxemasi Sinish mexanizmiari sxemasi

{a) Panjara simon (b) Ichi bo'sh armaturah
(a) (b) armaturali kompozitda kompozitda yoriq
yoriq interfeys armatura devorini

bo’yiab targaladi kesib otadi
Y S

{a) Panjara simon (b} Ichi bao’sh

armaturah kompozitda armaturali kompozitda
yoriq interfeys bo'ylab yong armatura devorini =
targaladi kesixotadl Yoriq interfeys bo'ylab Yoriq armatura devorini
targaladi kesib otadi
4-rasm.

Sinish mexanizmlari sxemasi: (a) Panjara simon armaturali kompozitda yoriq interfeys bo’ylab
tarqaladi; (b) Ichi bo’sh armaturali kompozitda yoriq armatura devorini kesib o’tadi [1].

Muhokama. Olingan natijalar armatura geometriyasining kompozit materialning ishlash
printsipi- ga bevosita ta’sirini ko’rsatadi. Panjara simon armaturalar matritsa bilan nisbatan kichik sirt
maydoniga ega va ochig hujayrali tuzilishi tufayli matritsa bilan mexanik ilashish (in- terlocking)
darajasi cheklangan. Bu esa yuk ostida ular orasidagi chegarada yoriq paydo bo’lishiga va armaturning
sirpanishiga olib keladi. Natijada, armaturaning potensial mustahkamligidan to’liq foydalanilmaydi.

Ichi bo’sh armaturalar esa, aynigsa iyerarxik tuzilishga ega bo’lganlari, matritsa bi- lan
mustahkamroq bog’lanish hosil giladi. Armatura ichiga kirgan sement qorishmasi qo’shimcha mexanik
ilashish nugtalarini yaratadi. Bu esa armatura va matritsa birgali- kda deformatsiyalanishini
ta’minlaydi. Yuklanish davom etganda, energiya armatura devorlarining bukilishi va plastik
deformatsiyasiga sarflanadi. Armatura o’zining materiali sinish darajasiga yetgandagina kompozit
butunlay ishdan chigadi. Bu mexanizm kom- pozitning yuk ko’tarish qobiliyatini va energiya yutish
(qovushqoglik) darajasini sezilarli oshiradi [1].

Ushbu tadqiqot shuni ko’rsatadiki, armatura geometriyasini optimallashtirish orqali sement
kompozitlarining xususiyatlarini tubdan yaxshilash mumkin. Ichi bo’sh, naycha- simon armaturalar,
aynigsa, yugori egiluvchanlik va zarbabardoshlik talab gilinadigan konstruksiyalar uchun istigbolli
hisoblanadi. Kelajakdagi tadgiqgotlar turli xil polimer materiallari va armatura geometriyalarining uzoq
muddatli chidamliligiga, shuningdek, ularning sanoat migyosida ishlab chigarish texnologiyalariga
garatilishi lozim.
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Xulosa. Ushbu magolada 3D-bosma texnologiyasida ishlab chiqarilgan panjara va ichi bo’sh
arxitekturalangan polimer armaturalarning sement kompozitining egilish xususiyatlariga ta’siri tahlil
qgilindi. Tadgigot natijalari quyidagi asosiy xulosalarga kelish imkonini beradi:

1. 3D-bosma arxitekturalangan polimer armaturalar sement kompozitining egilishdagi
mustahkamligi, qovushqoqligi va egiluvchanligini sezilarli darajada oshirishi mumkin.

2. Armatura geometriyasi kompozitning sinish mexanizmini belgilaydi. Panjara simon
armaturalarda sinish interfeysda sodir bo’lsa, ichi bo’sh armaturalarda armatura materialining o’zi
sinadi.

3. Ichi bo’sh armaturalar, aynigsa iyerarxik tuzilishga ega bo’lganlari, panjara simon
armaturalarga nisbatan yuqori mustahkamlik va govushqoglik ko’rsatadi. Bu ularni yuqgori samarali
sement kompozitlari yaratish uchun istigbolli yo’nalishga aylantiradi.
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NBN NANOPLYONKASIDAGI O‘TA O‘TKAZUVCHANLIKNING ASOSIY FIZIKAVIY
XOSSALARI
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Annotatsiya. Ushbu magolada NbN nanoplyonkalaridagi o‘ta o ‘tkazuvchanlikning asosiy fizikaviy
xossalari tahlil gilindi. Bugungi kunga kelib, NbN yupqa plyonkali o’ta o tkazgichlar tajribalarda kuzatilgan
turli xil fizikaviy xususiyatlarni aks ettiruvchi yagona nazariy mexanizm mavjud emas. O‘ta yupqa
plyonkalarda o ‘Ilcham effekti, fluktuatsion Xoll effekti kuchli bog ‘langan s-to ‘lqinli o ta-o tkazuvchanlik va
ion nurlanishi ta’siri alohida namoyon bo ‘ladi. Natijalar NbN nanoplyonkalarida o ‘ta o ‘tkazuvchanlikni
boshgaruvchi asosiy omillar sifatida stexiometriya, kristall tuzilma, galinlik, tok tashuvchilar zichligi va
defektlar konsentratsiyasini ajratib ko rsatadi.

Kalit so‘zlar: NbN nanoplyonka, o‘ta o ‘tkazuvchanlik, kritik harorat, Xoll effekti, tok tashuvchilar
zichligi, panjara parametri, energiya yorig’i, magnit maydon singish chuqurligi, fluktuatsiyalar, defekt.

OCHOBHBIE ®U3NYECKHUE CBOMCTBA CBEPXITPOBOJIUMOCTH B
HAHOILITEHKAX NbN

Annomayu. B Oannoii  cmamve  npoee0én  amanuz  OCHOGHLIX — (PUBUYECKUX — CBOUCME
ceepxnposooumocmu 6 Hawonaéukax NBN. Ha cecoomsuunuii  Oewb He cywecmeyem eOuHo2o
Meopemuyecko20 Mexanusma, KOmopolii Obl ONUCHIBANL 6C€ PAZHOOOPA3HBIE (UUYECKUE XAPAKMEPUCTIUKU
MOHKONIEHOUHBIX C6epxnpo6o0Huxoé NN, nabmodaemvie 6 sxcnepumenmax. B ynompamonxux niénxax
0mMOeNbHO NPOSGIAIOMCS dPdexmbl pasmeprocmu, QayKmyayuorusiil d¢pgexm Xoana, CUlbHO C8A3aAHHASL S-
BOJIHOBASL CBEPXNPOBOOUMOCb U GIUSAHUE UOHHO20 00ayuenus. Tlonyuennvle pe3yibmamosl NOKA3bLLEAIOM,
umo 6 Kawecmee OCHOBHBIX (PAKMOPOs, ONPeOesAIoWUx CEeEPXNPOBOOUMOCHs. 8 Hanoniénkax NDN,
BLICIIYNAIOM CMEXUOMEMPUsl, KPUCMALIUYECKAs. CMPYKMypa, MOIWuHA, NIOMHOCHb HOCUmenell moka u
KOHYeHmpayusi 0epexmos.

Knwuesvie cnosa: NDN nanoniéuka, ceepxnpogoouMocmo, Kpumuueckas memnepamypa, s¢hgexm
Xonna, nnomnocms Hocumernell moKka, napamemp peuwémyu, IHEPLemuyeckas welb, 2yOuHa NPOHUKHOBEHUsL
MACHUMHO20 NOJIs, (yKkmyayuu, oegexm.

FUNDAMENTAL PHYSICAL PROPERTIES OF SUPERCONDUCTIVITY IN NbN
NANOFILMS

Abstract. In this article, the main physical properties of superconductivity in NbN nanofilms are
analyzed. To date, there is no single theoretical mechanism that describes the wide range of physical
characteristics of thin-film NbN superconductors observed in experiments. In ultrathin films, size effects, the
fluctuation Hall effect, strongly coupled s-wave superconductivity, and the influence of ion irradiation
manifest themselves separately. The results show that the key factors governing superconductivity in NbN
nanofilms are stoichiometry, crystal structure, thickness, charge carrier density, and defect concentration.

Keywords: NbN nanofilm, superconductivity, critical temperature, Hall effect, charge carrier density,
lattice parameter, energy gap, magnetic field penetration depth, fluctuations, defect.

Kirish. Niobiy nitrid (NbN) o‘ta o‘tkazuvchan yupqa plyonkalar orasida amaliy va fundamental
jihatdan eng muhim tizimlardan biridir. U nisbatan yuqori kritik haroratga, gisqa kogerent uzunligiga, katta
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magnit singish chuqurligiga hamda texnologik bargarorlikka ega bo‘lgani uchun Jozefson o‘tishlari, issiqlik
elektron yuqori sezuvchan detektor va bir fotonli detektorlar uchun istigbolli material sifatida garaladi [1, 2,
6].

Birog NbN plyonkalarda o‘ta o‘tkazuvchanlik xossalari umumiy xususiyatga ega emas.Bir xil
kimyoviy tarkibli tizimning o‘zi qalinlik, o‘stirish harorati, azotning bosimi, ion qoplama taglik material turi
va defektlar zichligiga qarab sezilarli darajada turlicha xususiyatlarini ko‘rsatadi [1, 2, 4, 6, 7]. Shu sababli
NDN nanoplyonkasidagi o‘ta o‘tkazuvchanlikni fagat T¢ qiymati bilan emas, balki panjara parametri, normal
holatdagi garshiligi, Xoll koeffitsienti, tashuvchilar zichligi, yuqgori kritik maydon, energiya yorig'i va
fluktuatsion ko’chish bilan birgalikda tahlil qilish zarur. Shu bilan birga, NbN yupqa plyonkalarining kristall
tuzilishi, o‘tish harorati, o‘stirish tezligi, nurlanishga sezgirligi va o’ta yupqa epitaksial plyonkalardagi
lokalizatsiya hodisalari bo‘yicha klassik tadqgiqotlar ham ushbu umumlashtirish uchun muhim tarixiy fon
yaratadi [10-15].

Mazkur maqolaning asosiy magsadi NbN nanoplyonkasidagi o‘ta o‘tkazuvchanlikning asosiy
fizikaviy xossalarini tizimli ravishda umumlashtirish, ularning o‘zaro bog‘ligligini ko‘rsatish va qaysi
omillar hal qiluvchi rol o‘ynashini ajratib berishdir.

Tadgigot materiali va metodlari. Epitaksial o’ta o’tkazgichlar orasida NbN plyonkalarning Xoll
effekti va ko’chish xossalari [1], xona haroratida o‘stirilgan bir kristalli NbN plyonkalar [2], yupga NbN
plyonkalardagi fluktuatsion Xoll effekti [3], tabiiy xona haroratdagi taglik materiallarda o‘stirilgan NbN
plyonkalar xossalari [4], xuddi shu Xoll-effekt tadgigotining talgini [5], xona haroratida yuqori-T. NbN
plyonkalar [6], ion nurlanishining NbN ga ta’siri [7], elektr zaryadi ta’sirida qoplama hosil qilish usulida
tayyorlangan NbN va nanochizig qurilmalari [8], hamda NbN gotishma tizim sifatidagi NbTiN plyonkalar
bo‘yicha tahliliy ish kiritildi [9].

Metodik yondashuv tahliliy sintezdan iborat bo‘ldi. Har bir maqoladan o‘stirish sharoiti, qalinlik, T,
normal holat solishtirma qarshiligi, Xoll effekti ko‘rsatkichlari, panjara parametri, energiya yorug‘i,
magnitdagi xossalari va strukturaviy tavsiflar ajratib olindi. So‘ngra ular besh guruhga bo‘lindi: strukturaviy
omillar, elektron ko’chish, magnit va energetik parametrlar, qalinlik/fluktuatsiya effektlari, hamda defektlar
va xossalari ta’siri.

1-jadval. NbN plyonkalarining parametrlari;

Manba OFstirish tizim Qalinlik T Qarshilik Asosiy xulosa
[4] KlmyOVI)_/ _ - 142 K gacha  — O’ta-o tk_azuvchanllk
goplamali taglik. saglanadi.
[6] Xona haroratida 15.7 K - B1-faza
goplama.
[2] MgO substratida | 5-200 nm | 16K-12 K 5 nm da 80 ai0'446 nm, A~2.6 meV,
mV-cm A=176 nm ga ega
[1]  Epitaksial NbN,  >50nm 99O 0,04 3,83 u0m  noshishi bilan T, ortadi
119 A . A
[3]  qalinlikdagio’ta  11.9nm 1496 K _ Xoll belgi almashishiga, Gauss
tarqalishidagi o‘zgarishlar
yupga plyonka
Defektlar materialdagi
— ~200 .
[71  Arionnuranishi 47135 ~20% 150 pQrem o b onlar holat zichligini
nm; kamayadi gacha L
pasaytiradi.
SNSPD(O’ta -o’tkazuvchan
Elektr zaryadi Nanotrubka,
[8] ta’sirida ion 5nm 78K 253 pQ-cm Fotodetektori)qurilmalari
sochilishi uchun moslashtirilgan yuqori

garshilikka ega plyonka olingan
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NDTiN asosidagi .o - pilan ortadi | — Kritik harorat kimyoviy tarkib
material tizimi va nugsonlar belgilaydi.

[9]

1. Strukturaviy holat va tuzilish tarkib. 1983 va 1985-yillardagi tadgiqotlar NbN plyonkalarda yuqori
Tc olish uchun B1 (NaCl-tipidagi fcc) faza hal omil ko‘rsatgan [ 4, 6]. Azot sarfi va bosimi ta’sirida yuqori-
T. Bl-faza hosil bo‘ladi; undan chetlanganda esa substoixiometrik tetragonal fazalar paydo bo‘lib, T
pasayadi [6]. 1996-yilgi tadgiqotda esa MgO substratida amalga oshirilgan qizdirmasdan o‘stirilgan bir
kristalli NbN plyonkalar bir fazali yo‘nalgan tuzilma, ustunsimon va granulali bo‘shliglarning yo‘qligi bilan
tavsiflangan [2].

2. Panjara parametri va T¢ o‘rtasidagi bog‘lanish. Wang va hammualliflar panjara parametri 0.438—
0.464 nm oralig‘ida o‘zgarganda o‘ta o‘tkazuvchan xossalar ham sezilarli o‘zgarishini ko‘rsatgan, bunda
plyonkalarni a~0.446 nm mos kelgan [2]. Ushbu natija xona haroratiga yaqin sharoitlarda o‘stirilgan bir
kristalli plyonkalar uchun strukturaviy optimallik mezoni sifatida garalishi mumkin. Shu bilan birga
Chockalingam va hammualliflar barcha epitaksial plyonkalarda T. bilan panjara parametri orasida har doim
ham yagona universal korrelyatsiya yo’qligini ko‘rsatgan [1]. Demak, panjara parametri muhim, lekin u
yakka boshgaruvchi parametr emas.

3. T, elektr garshilik va tok tashuvchilar zichligi. Epitaksial NbN plyonkalarda T¢~9.99-16.11 K
oralig‘ida o‘zgarishi, normal holat solishtirma qarshiligi esa taxminan 0.94 dan 3.83 pQ-m gacha o’zgarishi
aniglangan [1]. Xoll effekti tashuvchilar zichligi 6.48x10% dan 1.98x10%° m=gacha oshishi bilan T. ham
monoton ravishda ortishini ko‘rsatgan [1, 5]. Muhim jihat shundaki, o‘tkazuvchanlik n bilan deyarli chiziqli
o‘zgaradi, mobillik esa katta o‘zgarish ko‘rsatmaydi; bundan T, pasayishining asosiy sababi sochilish emas,
balki Fermi sathidagi holatlar zichligiga ta’sir giluvchi tashuvchilar zichligining kamayishidir [1, 5].

4. Energiya yorug’i, singish chuqurligi va kogerent uzunligi. Yuqori sifatli bir kristalli NbN
plyonkalarda tunnel o‘tishlari yordamida energiya bo‘shlig‘i A=2.6 meV, kuchli bog‘lanish parametri a~4.16
va magnit singish chuqurligi A(0)=176 nm deb baholangan [2]. Bu giymatlar NbN ning kuchli bog‘langan s-
to‘lqinli o’ta o‘tkazgich ekanini tasdiqlaydi. Xoll-effekt va tok tashuvchilar dinamikasi tahlili bo‘yicha esa
epitaksial plyonkalarda tizim qotishmaviy rejimida ekanligi, & va Hc, parametrlarini shu gotishmaviy
xossalar orqali baholash zarurligi ko‘rsatilgan [1]. Fluktuatsiyalar bo‘yicha 119 A qalinlikdagi filmda
Bc2(0)=18 T va &=43 A giymatlar qayd etilgan [3].

5. Qalinlik effekti va o‘ta yupqa plyonkalar. Xona haroratida o‘stirilgan bir kristalli NbN filmlarda
galinlik 5 nm gacha kamayganda ham Tc~12 K va qarshilik ~80 pQ-cm darajasida saqlanib qolishi
kuzatilgan [2]. Bu natija yaxshi kristallangan o‘ta yupga NbN plyonkalarda o‘lcham effekti keskin
yemirilishga olib kelmasligini ko‘rsatadi. Boshqa tomondan, siljituvchi kuchlanish ostida purkash usulida
gizdirilmagan SiO; substratiga yotgizilgan 5 nm NbN plyonkalarda T=7.8 K va p=253 uQ-cm bo‘lib,
bunday past T. va yuqori elektr garshilik nanoo‘lchamli sim detektorlarda ichki kvant samaradorligini
oshirish uchun foydali bo‘lishi mumkinligi ko‘rsatilgan [8].

6. Tebranishlar bilan bog‘liq ko’chish jarayonlarda 2017-yilgi tadgiqot o‘ta yupga 119 A NbN
plyonkasida Tc=14.96 K atrofida Xoll koeffitsientining past magnit maydonlarda manfiydan musbatga
o’zgarishini ko‘rsatgan [3]. Bu hodisa qisqa yashovchi Kuper juftlari tufayli yuzaga keluvchi fluktuatsion
o‘tkazuvchanlik bilan izohlangan va Gauss tagsimotiga ega tasodifiy o‘zgarish nazariyasi bilan muvofiglik
topilgan [3]. Shunday qilib, T. ga yaqin sohada NbN ning elektr xossalari oddiy Drude modeli doirasidan
chetlashadi va fluktuatsion komponentni hisobga olish talab etiladi.

7. Tartibsizlik, nurlanish va defektlar. Ion nurlanishi bo‘yicha klassik tadqiqotlarda 200 keV Ar+
ionlari bilan zararlash yagona kristall NbN plyonkalarda T. ni yuqori dozada taxminan 20% ga
kamaytirishi, bu esa Fermi sathidagi holatlar zichligining kamayishi bilan bog‘ligligi ko‘rsatilgan.
Polikristalli plyonkalarda esa chegaralari defektlar uchun kimyo va muhim material vazifasini bajarib,
nurlanish ta’sirini nisbatan yumshatadi [7]. Bu natija Xoll-effekt ishlaridagi xulosa bilan to‘g‘ri keladi:
Kvant tartibsizlik muhim bo‘lsada, T. ni belgilovchi asosiy bo‘lak ko‘pincha elektron holatlar zichligi va tok
tashuvchilar zichligi bilan bog‘liq [1, 5, 7].

8. Natijalar va qiyosiy tahlillar Elektr potentsial bilan purkash NbN asosidagi SNSPD(O’ta-
o‘tkazuvchi nanochizigli yagona foton detektori) qurilmalarida 38 ps tebranishi va to‘yish hisoblash rejimi
kuzatilgani material parametrlarini magsadli boshqarish amaliy samaradorlikka olib kelishini ko‘rsatadi [8].
NDbTIN bo‘yicha tahliliy ishda esa Ti ulushi ortishi bilan T ortishi kuzatilgan [9]. Bu natija sof NbN uchun
to‘g‘ridan-to‘g‘ri qo‘llanmasa-da, nitrit o’ta-o‘tkazgichlarda kimyoviy tarkib va tartibsizlik muvozanatini
boshqarish T ni nozik sozlash imkonini ko‘rsatadi.
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Muhokama. Tahlillar shuni ko‘rsatadiki, NbN nanoplyonkasidagi o‘ta o‘tkazuvchanlikni bitta
parametr bilan tushuntirish yetarli emas. Asosiy e’tibor Bl-fazani olish, stexiometriyani bargarorligini
ta’minlash va purkash parametrlarini optimallashtirishga qaratilgan bo‘lad [4, 6]. Keyingi bosqichda nazariy
va eksperimental e’tibor elektron ko’chish, Xoll effekti va qotishmalar fizikasi tomon siljigan [1, 3, 5, 7].

Manbalar o‘rtasidagi eng muhim umumiy xulosa — yuqori T. faqat “kamroq elektr qarshilik” bilan
emas, balki “ kristall-kimyoviy bog’lanish va yetarli tok tashuvchilar zichligi va nazorat qilinadigan
defektlar” kombinatsiyasi bilan bog‘liq. Wang va hammualliflar uchun optimal a~0.446 nm va Tc=16 K
bo‘lgan [2]. Chockalingam va hammualliflar aynan shunday diapazonda T. ning n bilan monoton
bog‘ligligini ko‘rsatadi [ 1, 5]. Bu ikki natija bir-birini inkor etmaydi; aksincha, strukturaviy optimallik
elektron zichlikning ma’lum qiymatlarini shakllantiradi, degan fikrni kuchaytiradi.

O’ta yupga plyonkalar masalasida ham ma’lum ikkita turli bosqichlari ketma-ketligi kuzatiladi. Kvant
epitaksial kristallangan 5 nm plyonkalarda T. yetarlicha yugori saglanadi [2]. Ammo amorf yoki
qizdirilmagan taglik materiallarda o‘stirilgan, yuqoriroq tartibsiz 5 nm plyonkalarda T. sezilarli kamayadi
[8]. Demak, qalinlikning o‘zi emas, balki qalinlik kamayganda kuchayadigan tartibsiz, qo‘pol sirt va fazaviy
nomukammallik asosiy cheklovchi omillardir.

T¢ yaginidagi Xoll koeffisiyentining teskari ishoraga aylanishi hodisasi NbN ni fagat amaliy sensor
materiali sifatida emas, balki kuchli fluktuatsiyalarni o‘rganish uchun ham qulay model tizimga aylantiradi.
Shu jihatdan NbN o’ta o‘tkazuvchanlikning uchta rejimini birlashtiradi: Optimal plyonkalarda yuqori T va
katta Hc; o‘ta yupqa plyonkalarda kuchli 2D-fluktuatsiyalar, defektli plyonkalarda esa tartibsizlikka
asoslangan ko’chish. Ushbu xususiyatlar NbN ni fundamental fizikasi va elektron fizika o‘rtasida ko‘prik
vazifasini bajaradigan materialga aylantiradi.

Xulosa. NbN nanoplyonkalaridagi o‘ta o‘tkazuvchanlikning asosiy fizikaviy xossalari tahlili
quyidagilarni ko‘rsatdi: birinchidan, optimal Bl-faza va to‘g‘ri stexiometriya yuqori T¢ ni ta’minlaydigan
bazaviy shartdir; ikkinchidan, epitaksial plyonkalarda T ko‘proq tok tashuvchilar zichligi va Fermi sathidagi
holatlar zichligi bilan belgilanadi; uchinchidan, panjara parametri 0.446 nm atrofidagi strukturaviy holat,
A=2.6 meV energiya yorig‘i va A=176 nm singish chuqurligi yuqori sifatli NbN uchun xarakterli
giymatlardir;to‘rtinchidan, o’ta yupqa plyonkalarda fluktuatsiyalar, Ikki o‘lchovli (2D) transport xatti-
harakati va ta’siri keskin oshadi; beshinchidan, ion nurlanishi va nugsonlar T. ni kamaytiradi, ammo ularning
ta’siri plyonka mikrostrukturasi bilan modulyatsiyalanadi.Amaliy nuqtai nazardan, NbN nanoplyonkalarida
yuqori o’ta o‘tkazuvchanlik xossasini olish uchun o‘stirish harorati, azotning gisman bosimi, purkash
guvvati, taglik material mosligi, gatlam qgalinligi va defektlar darajasini kompleks nazorat gilish talab etiladi.
Fundamental nuqtayi nazardan esa NbN tizimi kuchli bog‘langan s-to‘lqinli o’ta o‘tkazuvchanlik, kvant
tartibsizlik, elektr xususiyatlari va fluktuatsion Xoll effektini o’zida mujassamlashtiradigan sodda model
uchun obyekt sifatida ajralib turadi.
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Annotatsiya. Ushbu maqgolada 240 nm qalinlikdagi CsPbBrs perovskit yupga gatlamlarini Vakuumli
termik bug ‘lantirish texnologiyasi yordamida tayyorlanishi va uning fotooptik xususiyatlari tahlil gilingan.
Qatlam namunasini UV-Vis spektrofotometri yordamida tadqiq qilindi. Olingan natijalarga ko ‘ra,
qatlamning taqiqlangan soha energiyasi kengligi (~2.33 eV) bo‘lib, bu uning fazaviy va tarkibiy
bargarorligini ko ‘rsatadi. Ushbu tadqiqot natijalari kelajakda perovskit asosidagi optoelektron qurilmalar,
xususan, quyosh elementlari va yorug ‘lik chiqgaruvchi diodlarni ishlab chigarish uchun muhim ilmiy asos
bo ‘lishi mumkin.

Kalit so‘zlar. Perovskitlar, yorug'lik chiqaruvchi diodlar, vakuumli termik bug lantirish usuli,
optoelektronik qurilmalar, tagiglangan soha kengligi, fotolyuminessensiya, 3D o ‘lchamli, nurlanish
energiyasi.

®OTOONTUYECKHUE CBOMCTBA HEOPTAHUYECKHX CJIOEB IEPOBCKHUTA
CSPBBR3, HOJYYEHHBIX METOAOM BAKYYMHOI'O TEPMUYECKOI'O UCITAPEHUS, 1
X AHAJIN3

Annomayua. B oannoli pabome npoaHanuzupo8aHvl GomMoonmudeckKue CeOUCmMEa MOHKUX NJIEHOK
neposckuma CsPbBr3 momwyunoii 240 HM, NOIYHEHHBIX MEMOOOM BAKYYMHO20 MEPMUYECKO20 UCHAPEHUSL.
Obpasey naenku uccrneooganu ¢ nomowwio Y@-Buod cnexmpopomomempa. Co2iacHo NOmyYEHHbIM
pe3yibmamam, SHepeusi 3anpeujeHHou 30Hbl nienku cocmaeniem (~2,33 5B), umo ykasvieaem Ha ee
Gazosyro u cmpykmypHyro cmadbunvHocmos. Pesyrsmamel 0aHHO20 UCCIe008AHUSL MO2YI CMAMb BANCHOU
HAY4HOU 0CHOBOU 01 0Y0yWe20 npou3800Cmed ONMOINEKMPOHHBIX YCMPOUCME HA OCHO8E NEPOBCKUMO8, 6
YACMHOCU, COHEUHBIX DNIEMEHMO8 U CEETNOOUOD08.

Kntouegvle cnosa: neposckumol, c8emoouoodsl, Memoo BaKyYMHO20 MEPMUYECKO20 UCNAPeHUs,
ONMOINEKMPOHHbIE YCMPOUCEA, 3ANPEuerHas 30Ha, (QOMONIOMUHECYeHYUs, MPexMepHoe U3LydeHue,
IHepeUs USNYUEeHUs.

PHOTO-OPTICAL PROPERTIES OF INORGANIC LAYERS OF PEROVSKITE CSPBBR3
PRODUCED BY VACUUM THERMAL EVAPORATION AND THEIR ANALYSIS

Abstract. This paper analyzes the photooptical properties of 240 nm thick CsPbBr3 perovskite thin
films obtained by vacuum thermal evaporation. A film sample was analyzed using a UV-Vis
spectrophotometer. The obtained results indicate that the band gap energy of the film is ~2.33 eV, indicating
its phase and structural stability. The results of this study may provide an important scientific basis for the
future production of perovskite-based optoelectronic devices, particularly solar cells and LEDs.

Keywords: perovskites, LEDs, vacuum thermal evaporation, optoelectronic devices, band gap,
photoluminescence, three-dimensional radiation, radiation energy.

Kirish. So‘nggi yillarda noorganik metall-galogenid perovskitlar, xususan CsPbBrs, yuqori termik
barqarorligi, tor emissiya spektri va yuqori yorug‘lik yutilish koeffitsiyenti kabi afzalliklari tufayli
optoelektronika sohasida istigbolli material sifatida keng o‘rganilmoqda [1,2]. CsPbBrs ning tagiglangan
soha kengligi 2.2-2.4 eV oralig‘ida bo‘lib, u yashil spektr sohasida samarali nurlanish beradi [3]. Shu sababli
u yorug‘lik chiqaruvchi diodlar (LED), fotodetektorlar va quyosh elementlarida keng qo‘llanilmoqda [4,5].
Perovskit yupga gatlamlarni asosiy ikki xil usulda tayyorlash mumkin. Bular erituvchiga asoslangan usullar
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va erituvchisiz usullar. Erituvchili usullar yordamida perovskit yupga gatlamlar tayyorlash tadgigotchilar
tomonidan keng qo‘llanilmoqda, Biroq CsBr ni eritmada yomon eruvchanligi tufayli, silliq sirtli CsPbBrs;
gatlamlarini olish giyinroq jarayondir. [5]; Erituvchi gizdirish orgali chigarib tashlanganda, goldiq erituvchi
goladi va uni shamollatgich yordamida chiqarilganda tirqgishlar hosil bo‘ladi. Natijada ushbu [6] nugsonlar
qurilmaning ishlashiga salbiy ta’sir giladi. Shuning uchun olimlar perovskit qatlamlarni optimallashtirish
uchun erituvchisiz usul bo‘lib hisoblangan vakuumli termik bug‘lantirish usulini tanlashdi. Vakuumli termik
bug‘lantirish yuqori nazorat va barqarorlikni ta’minlagani sababli ilmiy hamjamiyatda tobora ommalashib
bormogda. Ushbu usul erituvchidan kelib chigadigan muammoni hal giladi va shu bilan birga erituvchi
uchun sarflanadigan xarajatni tejaydi. Bu usulning afzalligi shundaki, u kristal sifatini yaxshilash uchun
sezilarli salohiyatga ega bo‘lgan barqaror, yuqori sifatli va bir xil tuzilgan 3D o‘Ichamli sirtlarni tayyorlashni
ta’minlashi mumkin. Hozirgi vaqtda ushbu usul yordamida tayyorlangan yuqori sifatli perovskit yorug‘lik
chigaruvchi gatlamlarni olish imkonini berdi [7]. Bu shuni anglatadiki, katta yoki kichik sohalarda
qatlamlarning bir xilligi va mustahkamligi ta’minlanadi. Bundan tashqari, u kichik o‘lchamli komponentlar
uchun mos kelishi tufayli yuqori aniglikdagi metall niqoblar yordamida mikron o‘lchamdagi shakllarni olish
imkonini beradi. Bu esa uni perovskit asosli LED ishlab chigarish uchun mugobil usullardan biriga
aylantiradi. Bu texnologiyani turli xil usullari bor masalan: bir manbali vaakumli termik bug‘lantirish, ikki
manbali vaakumli termik bug‘lantirish, ko‘p manbali vaakumli termik bug‘lantirish va boshqalar. Ikki
manbali birgalikda bug‘lantirish usuli ikki xil materialning alohida manbalardan bir vaqtda bug‘latishini
talab etadi. Ularning o‘zaro nisbati va yotqizilish tezligini qat’iy nazorat qilish zarurati jarayonning
texnologik murakkabligini oshiradi. Ko‘p manbaali vaakumli termik bug‘lantirish usullari ham yanada
jarayonni murakkablashishiga olib keladi. Texnologik murakkablikni kamaytirish uchun bir manbadan
bug‘latish (SSCVD) metodikasi taklif etilgan bo‘lib [8], bunda perovskit prekursor kukunlari aralashmasi
to‘g‘ridan-to‘g‘ri taglikka yotqiziladi. Mazkur yondashuv nisbatan oddiyligi bilan bir gatorda, hosil bo‘lgan
gatlamlarning yuqori morfologik xususiyatlari va minimal strukturaviy nugsonlari bilan ajralib turadi.
Olingan natijalarning sifati bo‘yicha ushbu qatlamlar murakkabroq hisoblangan ikki manbali birgalikda
bug‘latish usulida tayyorlangan namunalar bilan to‘liq raqobatlasha oladi. Ushbu ishda biz bir manbadan
termik vakuumda bug‘lanish usuli qurilmasini ishlab chiqarib texnologik jarayonini soddalashtirdik.
To‘g‘ridan to‘g’ri issiqlik bilan ishlov berish jarayonlari perovskit qatlami kristallarining o‘sishiga yordam
beradi, kristall tuzilishini yaxshilaydi va nugsonlarning shakllanishini kamaytiradi (1-rasm).

= ~ CsPbBr, ’
Shisha

§ssvo

1-rasm. Perovskit qatlamini vakuumli termik bug‘lantirish usuli yordamida tayyorlashning
sxematik ko‘rinishi

CsPbBrs vakuumli termik bug’lantirish usuli yordamida shisha taglikka sintez qilingandasn keyin
qatlamlarning fotooptik xususiyatlari o‘rganildi. Yupqa qatlamlarning fotooptoelektronik qurulmalardagi
muhim parametrlari bu yutilish koeffitsiyenti, tagiglangan soha kengligi va gatlam galinligidir.

Eksperimental usullar. Materiallar va uskunalar. Eksperimentda ishlatilgan CsPbBrs birikmasi
oldindan CsBr va PbBr, moddalari 1:1 nisbatda (modda atom miqdoriga nisbatan) ya’ni mos ravishda 31,67
mg va 18,33mg miqdorda olindi va aralashtirildi. Keyin vakuum termik purkash manbaiga joylashtirildi.
Taglik sifatida 1 mm qalinlikdagi shaffof shisha ishlatildi. Shisha taglik ultratovushli vannada distillangan
suv va izopropil spirti bilan 2 bosgichda, har birida 10 minutdan tozalandi va havo purkash orgali quritildi.
Bug‘lanish jarayoni yuqori vakuumli termik bug‘latish qurilmasi VUP-5 da olib borildi.

Bug‘lanish jarayoni jarayoni 107° torr bosimdagi vakuum sharoitida amalga oshirildi. Bug’lanish bitta
manbada amalga oshirildi. Qatlam yotqizish vaqgtida, birinchi navbatda taglik 200 °C gacha gizdirildi 5
daqgiga shu haroratda ushlab turildi keyin o‘chirildi. So’ng manbani qizdirish boshlandi va uning harorati
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~500 °C gacha yetkazildi va shu haroratda 5 daqiqa ushlab turildi. Qatlamlar yotqizilgach, qurilmani o‘chirib
ularni xona haroratigacha asta-sekin sovitildi. Ushbu jarayon bir necha marta takrorlanib, turli galinlikdagi
perovskit yupga gatlamlar olindi.

Spektrofotometrik o‘lchovlar. Qatlamlarning optik xususiyatlari UV-Vis spektrofotometrida 330—
1000 nm optik nurlanish oralig‘ida yorug’likning optik o’tish va qaytish koeffisentlarini tadqiq qilish orqali
olib borildi. Perovskitlarning yutilish spektrlari asosida Taus metodikasi yordamida optik tagiglangan soha
kengligi qiymati aniqlandi. Yutilish koeffitsiyentining yuqori qiymatlari to‘lqin uzunliklarining past
diapazonida kuzatildi, bu esa materialning yorug‘likni samarali yutishini tasdiqlaydi.

Natijalar va muhokama. Tajriba davomida tayyorlangan gatlam galinligi 240 nm la-rasmda CsPbBr;
yupqa gatlamlarining optik o‘tish (T) va qaytish koeffisentlari (R) berilgan. T va R lar 540 nm dan boshlab
keskin oshib borishini ko‘rsatdi. 1b-rasmda CsPbBr; yupga gatlamlarining yutish koeffitsiyentlarining (o) ,
(hv,ev) bog‘ligligi ko‘rsatilgan. Taqgiqlangan soha kengligi (Eg) giymati aniglash uchun yutilish koeffisiyenti
Taus ifodasi orqali nurlanish energiyasiga (hv,ev) o‘rtasidagi bog‘liglik grafigi chizildi: (a*(hv))? = A(hv-Eg)
(1c-rasm). (a*(hv))? bilan hv grafigining chizigli gismining o=0 nugqtasiga ekstrapolyatsiya gilish orgali hv
abssissa 0°‘qida kesishgan nuqtasi Eq ni beradi (1d-rasm). Hisoblangan energiya taxminan 2,33 eV ni tashkil
etadi, bu CsPbBr; perovskit gatlamlari uchun odatiy giymatlarga mos keladi. Bu holat gatlamlarning kristall
fazasining bir xil shakllanganini ko‘rsatadi. Absorbsiya spektrlari 330-1000 nm to‘lqin uzunliklari oralig‘ida
SPECTRO UV/VIS Double Beam (UVD-3500, Labomed Inc.) spektrofotometri yordamida o‘lchandi.
O‘Ichovlar uchun shisha tagliklar etalon sifatida ishlatildi.

[ m 1 Transmittance .
® 2 Reflectivity

80 : .
10° 4 "

60 -

\

alfa,cm’
-

_— =

500 600 700 800 900 100011001200 13001400 05 10 15 20 '25 30 35 40
a) wavelenth,nm b) hv,eV
1,6x10" -
1,0x10% 1 1,4x10" 4 .
|
" 1,2x10"
8,0x10" 4
i 1,0%10" 4
o 2
s L 5 = 8,0x10" |
> .
| | ‘]
® 4,0x10" - . 6,0x10" 1
— - -
» \ J
. 4,0x10°
2,0x10" - )
2,0x10°
= hv,eV 0o hv,eV
T T T - T T ’ & T T T T T 1
C) 0,5 1,0 15 20 25 30 d) ‘ 2,34 2,36 2,38 240 2,42 244

2-rasm: CsPbBr; qatlamlari uchun a) to‘lqin uzunligining yutilish va qaytish koeffitsiyentlariga
bog‘liqligi; b)yutilish koeffitsiyenti va yoritish energiyasi bog‘ligligi; ¢) (ahv)? va hv orasidagi Tauts
bog‘lanishi; d) Tauts bog‘lanishining chiziqli qismining a=0 nuqtasiga ekstrapolyatsiyasi orgali Eq ni
aniglash Eg = 2.33 £ 0.02 eV

Bu grafiklarda yana bir jihat e’tiborni tortishi mumkin, tagiqlangan soha yaqinida maksimumning
paydo bo‘lishi (1,b,c-rasmlar). 1b — rasmda omax (hv) = 2.4 eV da erishadi. Taus usuli orgali aniglangan Eq =
2.33 eV. Farq gilayotgan giymat taxminan eksitonning CsPbBr; da bog‘lanish energiya miqdoriga teng (Ee =
65 £+ 13 meV). 1-b rasmdagi a(hv) bog‘ligligidagi amax(hv) = 2.4 eV CsPbBr3 gatlamidagi eksitonlarning
yutilishidan kelib chigadigan maksimumdir.
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3-rasm. CsPbBr: qatlamlarining fotolyuminissensiya spektri

CsPbBr; yupqa qatlamining fotolyuminessensiya spektri 532 nm markazda kuchli va tor emissiya
cho‘qqisini namoyish etadi, bu taxminan 2,33 eV taqiq soha energiyasiga mos keladi. Yarim maksimaldagi
tor to‘liq kenglik (FWHM = 20 nm) qatlam ichida yuqori kristall sifatini ko‘rsatadi. Ikkilamchi emissiya
chiziglari yoki nugson bilan bog‘liq yelkalarning yo‘qligi chuqur tuzoq holatlarining past zichligi va
dominant eksitonik nurlanish rekombinatsiyasini ko‘rsatadi. Umuman olganda, tayyorlangan CsPbBrs yupqa
gatlamining yuqori samarali optoelektronik qurilmalar uchun mosligini ko‘rsatadi.

Xulosa Ushbu ishda CsPbBrs; asosidagi perovskit gatlamlari muvaffagiyatli tarzda vakuum termik
bug‘lantirish usuli bilan shisha taglikka yotqizildi. 240 nm qalinlikdagi qatlamlar tayyorlandi va ularning
optik xossalari o‘rganildi. UV-Vis spektrofotometriya yordamida olingan natijalar shuni ko‘rsatdiki,
gatlamlarning taqiq soha giymati barcha namunalar uchun deyarli o‘zgarmas (~2.33 eV) bo‘lib chiqdi. Bu
esa fazaviy barqgarorlikning yuqoriligini tasdiglaydi. Tahlillari CsPbBrs yupga gatlamlarida nugsonlar
zichligi past, nurlanish rekombinatsiyasi samarali va materialning optik sifati yuqori ekanini tasdiglaydi.
Ushbu usul bilan olingan gatlamlar turli optoelektron qurilmalarda, xususan, LED va fotodetektorlar uchun
istigbolli material sifatida tavsiya etilishi mumkin.
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Annotatsiya. Maqolada Si—Eu tizimi sirt gatlamining fazaviy holati, infraqizil spektral xususiyatlari
va morfologik notekisligi XRD, FTIR, SEM hamda EDS ma lumotlarini o zaro bog ‘liq holda talgin qilish
asosida tahlil gilindi. WPPF qayta ishlash natijalariga ko ‘ra, namunaning fazaviy asosi kubik Si bo ‘lib,
uning massa ulushi 99.37 £ 0.07 % ni tashkil etdi. 0.63 + 0.07 % darajadagi juda kichik ikkilamchi
komponent esa qo‘shimcha mustaqil tasdiglovchi tahlillarsiz aniq faza sifatida talgin gilinmadi. FTIR
spektrida 3428 va 3324 sm™ keng polosalar adsorblangan namlik va gidroksil holatlar bilan, 2113 sm™
signal esa Si—H bog ‘lanishlari bilan mos keldi; 1980—1463 sm™! oralig i sirtning murakkab kimyoviy holatini
aks ettiruvchi umumiy spektral soha sifatida ehtiyotkor baholandi. SEM ma’lumotlari sirtning notekis va
gisman aglomeratsiyalangan tuzilishini ko ‘rsatdi. EDS nugqtaviy tahlilida C, P va Eu signallari qayd etildi,
biroq bu natija namunaning o ‘rtacha tarkibini emas, faqat tanlangan lokal sohaning kimyoviy holatini
tavsiflaydi. Olingan natijalar Si—Eu tizimida Si-matritsaning ustunligi, sirtga xos Si—H/OH belgilarining
mavjudligi va kimyoviy-morfologik notekislikning lokal xarakterini ko ‘rsatadi.

Kalit so“zlar: Si—Eu tizimi, sirt gatlami, fazaviy holat, sirt kimyosi, XRD, FTIR, SEM, EDS, Si-H
bog ‘lanishlari, lokal notekislik.

DA30BOE COCTOAHUE, THO®PAKPACHBIE CIHHEKTPAJIBHBIE OCOBEHHOCTHU "
MOP®OJIOIHYECKASI HEOJHOPOJAHOCTD ITIOBEPXHOCTHOI'O CJ1O0AA CUCTEMBI SI-
EU: KOMIIVIEKCHBIN AHAJIN3 METOJAMM XRD, FTIR, SEM U EDS

Annomayusa. B cmamve pazoeoe cocmosiHue, UHQPAKpACHble CNeKmpaibHble 0COOEHHOCU U
Mopghonozuueckas HeOOHOPOOHOCMb ROBEPXHOCMHO20 Closl cucmembl Si—Eu npoananuzuposanvl Ha 0CHo8e
s3aumoceszannou unmepnpemayuu oannvix XRD, FTIR, SEM u EDS. Ilo pesyiomamam WPPF ¢haszosoil
ocHogoll obpasya ssnsemces kKyouueckuii Si ¢ maccosotl doneu 99,37 + 0,07 %. Bvioenennwiii ouenvb ciadwiil
emopuuHbli Komnonenm Ha ypoene 0,63 + 0,07 % 6e3 00noaHumenvHbix He3a8UCUMBIX HOOMBEPIHCOEHUT He
UHMEPNPEeMUpoBaICcs Kak 00CmosepHo ycmanoenennas gasza. B FTIR-cnekmpe wupokue nonocel npu 3428
u 3324 cm™ coommnecenvi ¢ a0copOUPOBAHHOU 61A20U U UOPOKCUTLHBIMU COCMOAHUAMU, a cueHan npu 2113
em™ — co ceazamu Si—H; obnacmv 1980—-1463 cm™ paccmompena kax oOwuii cCneKmpanvbhblil npusHax
COJACHO20 XUMUUECKO20 COCMOAHUSL HOBEPXHOCMU Oe3 JHCECMKOU MOoAeKyasapHol ampubyyuu. 1lo danHvim
SEM nogepxnocms xapaxmepusyemcs HepOGHOU U YACHMUYHO A2A0MepUupo8anHoll mopgonocueu. Toueunuiil
EDS-ananuz saguxcuposan cuenanvt C, P u Eu, 00Haxo smom pe3ynvmam onucvleaem moabKo 8blOPanHuyio
JIOKAIbHYIO 0bacme U He Xapakmepusyem cpeduuti cocmae ece2o oopaszya. Co80KYNHOCMb NOJYHEHHbIX
OanubIx yKasvieaem Ha OomuHuposanue Si-mampuywl, namuuue nogepxnocmuwix Si—HIOH-cocmosnuii u
JIOKAIbHBLUL XAPAKMED XUMUKO-MOPPON0SUHECKOU HEOOHOPOOHOCHIU.

Kntouegwie cnosa: cucmema Si—Eu, nosepxnocmuwitl cioil, (pazosoe cocmosiHue, Xumus nO8epXHOCMU,
XRD, FTIR, SEM, EDS, céa3u Si—H, roxanvnas HeoOHOpoOHOCHIb.

PHASE STATE, INFRARED SPECTRAL FEATURES, AND MORPHOLOGICAL
HETEROGENEITY OF THE SURFACE LAYER IN THE SI-EU SYSTEM: A COMPREHENSIVE
ANALYSIS BY XRD, FTIR, SEM, AND EDS
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Abstract. This study analyzes the phase state, infrared spectral features, and morphological
heterogeneity of the surface layer in the Si—Eu system through a correlated interpretation of XRD, FTIR,
SEM, and EDS data. WPPF processing showed that the phase basis of the sample is cubic Si with a mass
fraction of 99.37 = 0.07%. A very weak secondary component at the level of 0.63 + 0.07% was not
interpreted as a reliably established phase in the absence of additional independent confirmation. In the
FTIR spectrum, the broad bands at 3428 and 3324 cm™ were associated with adsorbed moisture and
hydroxyl-related states, whereas the 2113 cm™ signal was assigned to Si—H bonds; the 1980-1463 cm™
region was treated as a general indicator of a chemically complex surface state without rigid molecular
attribution. SEM data revealed an uneven and partly agglomerated surface morphology. Point EDS analysis
detected C, P, and Eu signals; however, this result characterizes only the selected local area and does not
represent the average composition of the whole sample. Taken together, the data indicate the dominance of
the Si matrix, the presence of surface-related Si—-H/OH states, and the local character of the chemical and
morphological heterogeneity.

Keywords: Si—Eu system, surface layer, phase state, surface chemistry, XRD, FTIR, SEM, EDS, Si-H
bonds, local heterogeneity.

Kirish. Si asosli tizimlarda fazaviy holat, sirt kimyosi va lokal mikrostrukturani ishonchli talgin gilish
uchun XRD, FTIR, SEM va EDS usullarini o‘zaro bog‘liq holda qo‘llash muhim metodik yondashuvdir [1—
8]. WPPF usuli difraktogrammadagi asosiy kristall fazani aniglash va juda zaif komponentlarni ehtiyotkor
baholash imkonini beradi [1, 2]. FTIR sirt bog‘lanishlari hamda ularning lokal kimyoviy mubhitga sezgir
belgilarini ochib beradi [3-7]. SEM va EDS esa mos ravishda sirt relyefi hamda tanlangan lokal sohaning
element tarkibini tavsiflaydi, biroq bunday ma’lumotlarni butun namuna hajmiga bevosita umumlashtirish
metodik jihatdan to‘g‘ri emas [8].

Eu-tutuvchi nitrid, g‘ovak kremniy, kremniy dioksidi (SiO:) va silikat muhitlarga oid tadqiqotlar
europiyning ko‘pincha bir jinsli qattiq eritma sifatida emas, balki lokal koordinatsion markazlar, alohida
kimyoviy bog‘lanish muhitlari yoki fazaviy jihatdan farglanuvchi sohalar bilan bog‘liq holda namoyon
bo‘lishini ko‘rsatadi [9-20]. Shu bilan birga, Si asosli Eu-tutuvchi tizimlar bo‘yicha ishlarning katta qismi
asosan optik faollik, lyuminessensiya va funksional qo‘llanmalarga garatilgan bo‘lib, bitta obyekt doirasida
strukturaviy-fazaviy asos, sirt bog‘lanishlari va morfologik notekislikni uyg‘un talqin qilish masalasi
nisbatan kam yoritilgan [9-20].

So‘nggi sharh va umumlashtiruvchi manbalarda nodir yer elementlari bilan modifikatsiyalangan
materiallarda strukturaviy holatni spektral va morfologik natijalar bilan birgalikda baholash zarurligi alohida
ta’kidlanadi [21-24]. Birog aynan bitta Si-Eu namunasi uchun XRD orgali fazaviy asosni, FTIR orgali sirtga
x0s bog‘lanishlarni hamda SEM/EDS orqali sirt morfologiyasi va lokal kimyoviy notekislikni yagona,
ehtiyotkor talqin doirasida ko‘rib chiqadigan ishlar yetarli emas.

Ushbu ishning magsadi Si—Eu tizimining sirt gatlamida fazaviy holat, sirtga xos kimyoviy belgilar va
morfologik notekislikning o‘zaro bog‘ligligini aniglashdan iborat. Ishning ilmiy yangiligi shundan iboratki,
unda natijalar butun namuna bo‘yicha ortigcha umumlashtirilmasdan, XRD, FTIR, SEM va EDS
ma’lumotlari bir-birini to‘ldiruvchi eksperimental belgilar sifatida o‘zaro bog‘liq holda talgin qilindi.
Natijada Si matritsasining ustunligi, sirtga xos Si—H/OH holatlari hamda lokal EDS signallarining
chegaralangan ma’nosi bitta analitik doirada baholandi; bunda Eu ning butun sirt yoki hajm bo‘ylab
tagsimoti haqgida qo‘shimcha dalillarsiz qat’iy xulosa chiqarilmadi.

Materiallar va tadqiqot usullari. Tadqiqot ob’ekti sifatida Si—Eu tizimining sirt gatlami tanlandi.
Ishning asosiy vazifasi namunaning kristall-fazaviy asosi, sirtga xos kimyoviy bog‘lanishlari hamda lokal
morfologik-kimyoviy notekisligini bir-birini to‘ldiruvchi usullar majmuasi yordamida tavsiflashdan iborat
bo‘ldi. Shu magsadda XRD fazaviy asosni, FTIR sirt bog‘lanishlarini, SEM sirt relyefi va mikrorelyefini,
EDS esa tanlangan lokal nuqtadagi element tarkibini baholash uchun qo‘llandi [1-8].

Rentgen difraksion o‘lchovlar MiniFlex 300/600 difraktometrida Cu nurlanishi, 40 kV va 15 mA
rejimida, 3-90° (2-teta) oralig‘ida, 0.01° gqadam va 10.00°/min skanerlash tezligida bajarildi. Olingan
difraktogramma WPPF yondashuvi asosida gayta ishlanib, asosiy kristall faza, ehtimoliy zaif komponentlar
va panjara parametrlariga doir ko‘rsatkichlar baholandi [1, 2].

FTIR spektri 4000-450 sm™ diapazonda qayd etildi. Spektrdagi asosiy minimumlar sirtga xos
gidroksil holatlar, adsorblangan namlik va Si—-H bog‘lanishlari nuqtayi nazaridan talqin qilindi. Ko‘p ma’noli
yoki ustma-ust tushishi mumkin bo‘lgan sohalar uchun FTIRning o‘zi asosida haddan tashqari qat’iy
molekulyar identifikatsiya berilmadi [3-7].

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 72



PHYSICS

SEM tasvirlari JEOL JSM-IT210 elektron mikroskopida SED detektori yordamida, 3.0 kV
tezlashtiruvchi kuchlanish, 15.2 mm ishchi masofa va yuqori vakuum rejimida, 60x dan 2700x gacha
bo‘lgan kattalashtirishlarda olindi. EDS bo‘yicha nuqtaviy tahlil 15 kV tezlashtiruvchi kuchlanish, 45x
kattalashtirish, 30 s signal yig‘ish vaqti hamda 222 CPS hisoblash tezligi sharoitida bajarildi. EDS natijalari
namunaning o‘rtacha tarkibi sifatida emas, balki tanlangan lokal sohaning element tarkibiga oid cheklangan
ma’lumot sifatida talqin qilindi [8].

Metodik jihatdan ushbu ishda uchta muhim cheklov boshidan e’tiborga olindi. Birinchidan, WPPF
hisobotida ajratilgan juda kichik ikkilamchi komponent mustaqil faza sifatida faqat qo‘shimcha usullar bilan
tasdiglanishi mumkin. Ikkinchidan, FTIRdagi 1980-1463 sm™ oralig‘i ko‘p ma’noli bo‘lishi mumkinligi
sababli, ushbu soha fagat ehtiyotkor spektral tavsif darajasida baholandi. Uchinchidan, EDS bitta nugtaviy
tahlilga asoslanganligi uchun undan Eu ning butun sirt yoki hajm bo‘ylab tagsimoti hagida qat’iy xulosa
chigarilmadi.

Natijalar va muhokama.

1. XRD bo‘yicha fazaviy holat va kristall asosning tavsifi. XRD ma’lumotlarini WPPF yondashuvi
asosida qayta ishlash natijasida namunaning fazaviy asosi deyarli to‘liq kubik Si ekanligi aniqglandi. Asosiy
fazaning massa ulushi 99.37 + 0.07 % ni, panjara parametri esa a =b = ¢ = 5.43158 A ni tashkil etdi. WPPF
hisobotida bundan tashqari 0.63 £+ 0.07 % ulushli juda kichik ikkilamchi komponent ham ajratildi. Biroq
uning ulushi nihoyatda past bo‘lgani va qo‘shimcha mustaqil tasdiglovchi usullar mavjud emasligi sababli,
mazkur komponent ushbu ishda fagat tasdigqlanmagan ikkilamchi signal sifatida baholandi.

Difraktogrammadagi eng intensiv maksimum 2-teta ~ 28.44° da kuzatilib, u Si(111) tekisligiga mos
keladi. 47.30°, 56.11°, 69.12°, 76.37° va 88.02° atrofidagi maksimumlar ham kubik Si fazasining asosiy
reflekslari bilan mos tushadi. 31.65° yaqinidagi juda kuchsiz chiziq WPPF orqali ajratilgan tasdiglanmagan
ikkilamchi komponent bilan bog‘liq bo‘lishi mumkin, ammo bunday zaif signalni yakuniy fazaviy
identifikatsiya sifatida gabul gilish uchun yetarli asos yo‘q [1, 2]. Asosiy fazaviy ko‘rsatkichlar 1-jadvalda,
difraktogramma esa 1-rasmda keltirilgan.

Shunday qilib, XRD bo‘yicha ishonchli xulosa namunaning Si-matritsasi ustun ekanligidir. Olingan
natijalar Eu ning kremniy panjarasiga keng miqyosda bir jinsli kiritilganini to‘g‘ridan-to‘g‘ri tasdiqlamaydj;
aksincha, Eu bilan bog‘liq ehtimoliy holatlar sirtga yaqin yoki lokal kimyoviy farglanuvchi sohalar bilan
bog‘liq bo‘lishi mumkinligini ko‘rsatadi [9, 10]. Difraktogrammadagi ayrim asosiy maksimumlar 2-jadvalda
umumlashtirilgan.

1-jadval. XRD bo‘yicha aniqlangan fazaviy tarkib va panjara ko‘rsatkichlari

Faza Massa a=b=c. A Kristall | Mikrodeformat
ulushi, % ’ tizimi siya, %
Si 99.37+0.07 | 5.43158 | Kubik 0.0119(9)
Tasdiglanmagan ikkilamchi komponent (WPPF | o3 o7 | 798942 | Kubik 0.0230(10)
hisobotiga ko‘ra avtomatik ajratilgan)
M | I W

za, °

1-rasm. Si-Eu tizimining XRD difraktogrammasi

2-jadval. XRD spektridagi ayrim asosiy maksimumlar
20,° d,A | (hkl) Tayinlanishi
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28.43886 | 3.13593 | 111 | Si fazasining asosiy maksimumi

47.29669 = 1.92035 | 220 | Siuchun kuchli refleks

56.11499 | 1.63768 | 311 | Si kristall panjarasiga mos chiziq

31.65016 | 2.82469 | 220 @ Tasdiglanmagan ikkilamchi komponentga taallugli kuchsiz maksimum

2. FTIR bo‘yicha sirt kimyoviy holatining talqini. FTIR spektrida 3428 va 3324 sm™ sohalarida
kuzatilgan keng polosalar adsorblangan namlik va gidroksil guruhlari bilan bog‘liq deb baholandi. 2113 sm™
dagi nisbatan aniq signal esa Si—H bog‘lanishlari uchun xos bo‘lgan spektral soha bilan mos keladi [3, 5, 6].
1980, 1679, 1595 va 1463 sm™' atrofidagi signallar esa qo‘shimcha identifikatsiyasiz alohida birikmalarga
qat’ly bog‘lanmadi va sirtning murakkab kimyoviy holatini ifodalovchi umumiy belgilar sifatida talgin
gilindi [4, 7].

FTIR natijalari birgalikda ko‘rilganda, namunada kimyoviy jihatdan faol sirt qatlami mavjudligi
ko‘rinadi. Bunda sirt namligi, gidroksil holatlar va Si—H tipidagi bog‘lanishlar ishonchliroq spektral belgilar
sifatida namoyon bo‘ladi, 1980-1463 sm™ oralig‘i esa ehtiyotkor tavsif darajasida qoldiriladi. Shu bois
ushbu bo‘limning asosiy natijasi sirtning kimyoviy jihatdan murakkab va faol holatini ko‘rsatishdan
iboratdir. FTIR spektridagi asosiy minimumlar 3-jadvalda, spektrning o‘zi esa 2-rasmda keltirilgan.

3-jadval. FTIR spektridagi asosiy minimumlar va ularning ehtiyotkor talgini

v, sm™ | Signal tavsifi Adabiyotda uchraydigan mos soha | 1zoh

3428;
3324

Adsorblangan namlik va/yoki sirt Sirt namligi yoki gidroksil tabiatli

Keng polosalar gidroksil guruhlari sohasi guruhlar bilan mos keladi

Nisbatan aniq | Si—H cho‘zilish tebranishlari uchun xos | Si—H bog‘lanishlari mavjudligi

2113 signal soha bilan mos

Kombinatsion yoki ustma-ust tushgan

1980 Kuchsiz signal signallar kuzatilishi mumkin bo‘lgan soha

Yakuniy identifikatsiya berilmadi

1679; O'rta sienal Namlik deformatsion sohasi va ustma-ust | Anig molekulyar mansublik
1595 & signallar FTIRning o°zi bilan belgilanmadi
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2-rasm. Si—Eu tizimining FTIR spektri

3. SEM va EDS bo‘yicha sirt morfologiyasi hamda lokal kimyoviy notekislik. SEM tasvirlarida
sirtning bir jinsli emasligi, notekis relyef va ayrim joylarda gisman klasterlangan yoki aglomeratsiyalangan
uchastkalar kuzatildi. Bunday morfologiya sirtning shakllanish jarayonlari fazoviy jihatdan bir xil
kechmaganini ko‘rsatadi. Shu bilan birga, mavjud SEM ma’lumotlari asosida yuqori temperaturali diffuziya
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kinetikasi yoki aniq kristallanish mexanizmlari haqida qat’iy hukm chigarilmadi; ushbu ishda faqat
kuzatilgan morfologik notekislik gayd etildi.

EDS nuqtaviy tahlilida C, P va Eu signallari gayd etildi, Si signali esa juda past intensivlikda kuzatildi.
Hisoblangan massa ulushlari 91.85 + 2.04 % C, 0.01 = 0.16 % Si, 4.16 + 0.61 % P va 3.97 = 1.84 % Eu ni
tashkil etdi. Bunday nisbatlar butun namunaning o‘rtacha tarkibini emas, balki aynan tanlangan lokal
nugtaning kimyoviy xususiyatini aks ettiradi. Aynigsa, yugori C ulushi va juda past Si signali mazkur nugta
sirtning tasodifiy lokal qismi, sirt ifloslanishi yoki matritsadan farqlanuvchi mayda uchastka bilan bog‘liq
bo‘lishi ehtimolini inkor etmaydi. Shu sababli ushbu natija Eu ning butun sirt bo‘ylab tagsimoti uchun emas,
fagat lokal EDS kuzatuvi sifatida talgin gilindi [8].

SEM va EDS natijalari birgalikda talgin gilinganda, sirt gatlamining morfologik va kimyoviy jihatdan
bir jinsli emasligi haqida ehtiyotkor, ammo aniq xulosa chiqarish mumkin. Ya’ni, tanlangan hududda Eu va
P bilan bog‘liq lokal element belgilar qayd etilgan bo‘lsa-da, bu holat bitta nugtaviy EDS tahlili doirasidan
tashqgariga chigarilib, butun namuna yuzasi yoki hajmi uchun umumlashtirilmaydi. SEM tasvirlari 3-rasmda,
EDS spektri va tanlangan nugta 4-rasmda, element tarkibi esa 4-jadvalda berilgan.

(@5 5300 50 m——

3-rasm. Si—-Eu namunasining turli kattalashtirishlarda olingan SEM tasvirlari
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4-rasm. EDS nugqtaviy tahlili: optik ko‘rinish, tanlangan lokal soha va EDS spektri.
4-jadval. Tanlangan EDS nugqtasi bo‘yicha element tarkibi

Element Spektral chiziq Massa ulushi, % Atom ulushi, %
C K 91.85+2.04 97.94 £2.18

Si K 0.01+0.16 0.00 +0.07

P K 4,16 £0.61 1.72+0.25

Eu L 397+1.84 0.33+0.15

Izoh: jadvaldagi giymatlar fagat tanlangan lokal nugtaga tegishli bo‘lib, namunaning butun hajmidagi
o‘rtacha element tarkibi sifatida talqin qilinmaydi.

Xulosa. Si—Eu tizimining sirt gatlami XRD, FTIR, SEM va EDS usullari yordamida kompleks
baholandi. XRD bo‘yicha namunaning fazaviy asosi kubik Si ekani va uning massa ulushi 99.37 + 0.07 % ni
tashkil etishi aniqlandi. WPPF orqali ajratilgan juda kichik ikkilamchi komponent qo‘shimcha tasdiglovchi
ma’lumotlarsiz mustaqil faza sifatida qabul gilinmadi. FTIR spektrida 3428 va 3324 sm™ sohalaridagi keng
polosalar adsorblangan namlik va gidroksil holatlar bilan, 2113 sm™ dagi signal esa Si—H bog‘lanishlari
bilan mos kelishi ko‘rsatildi; 1980—1463 sm™ oralig‘i esa yakuniy identifikatsiyasiz, sirtning murakkab
kimyoviy holatini aks ettiruvchi ehtiyotkor spektral belgi sifatida baholandi. SEM ma’lumotlari sirtning
notekis va qisman aglomeratsiyalangan tuzilishini ko‘rsatdi. EDS nuqtaviy tahlili tanlangan lokal hududda C,
P va Eu bilan bog‘liq element belgilarini qayd etdi, biroq bunday natija namunaning o‘rtacha tarkibini yoki
Eu ning butun sirt bo‘ylab tagsimotini ifodalamaydi; yuqori C fonli bu lokal kuzatuv sirtning tasodifiy
geterogen qismi yoki ifloslanish ta’sirini ham inkor etmaydi. Shunday qilib, ishning asosiy natijasi Si-
matritsa ustun bo‘lgan, kimyoviy jihatdan faol va morfologik jihatdan bir jinsli bo‘lmagan sirt qatlamining
ehtiyotkor, ammo o°zaro mos kompleks tavsifini berishdan iborat.
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UO‘K 53

KREMNIYNI Ga VA Sb ATOMLARI BILAN KETMA-KET LEGIRLASH VA ULARNING
OPTIK XUSUSIYATLARINING MODELI

Raxmanov Ulug ‘bek Musirmon o°g‘li,
University of Business and Science Toshkent filiali
aniq fanlar kafedrasi o ‘qituvchisi

Ashurova Munisa Muxiddinovna,
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aniq fanlar kafedrasi o ‘qituvchisi

Aktamov Muslimbek Azamat o°g‘li,

University of Business and Science Toshkent filiali
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Annotatsiya. Mazkur maqolada Ga va Sb atomlarining Kremniyda legirlash jarayonlari va ularning
legirlangandan keyingi holat parametrilarining o ‘zgarishi ko rib chigilgan. Olingan natijalar asosida Ga va
Sb elementlarining optik parametrlari va kirishma kiritilgan Si ning konsentratsiyasi va solishtirma
qarshiligi  diffuziva hodisasidan keyin o ‘zgarib borgan. Kremniy sirtida GaSb binar birikmasi
shakllanganligi, uning xajmida xam nafagat GaSb balki A"'BY yoki A"B"' tipidagi xar ganday binar birikmali
yarimo ‘tkazgichlarni shakllantirish imkoni mavjudligiga dalolat bo‘ladi. Kremniyning kristall panjara
doimiysiga juda yaqin a=5.4094 A (Xatoligi: -0.53%). 1'-pikning tajriba natijalari yordamida hisoblab
topilgan kristall panajara doimiysi a=6.19 A, adabiyotlarda keltirilgan GaSbning kristall panjara
doimiysiga juda yaqin a=6.0959 A (Xatoligi: 1.5%).

Kalit so‘zlar: diffuziya, klaster, kristall, atom, chastota, konsentratsiya, A"'BY,A"B', tagiglangan
zona, spektr, o ‘tkazuvchanlik.

MOAEJIb TIOCJIENOBATEJIBHOI'O JIETUPOBAHUSI KPEMHUS ATOMAMMU GA U SB
U UX ONTUYECKHUE CBOMCTBA

Annomauus. B oannoii cmamve paccmompenvl npoyeccyl ae2uposanus kpemuus amomamu Ga u Sb,
a makoice UMEeHeHUs napamempos COCMoAHUA nocie aecuposanus. Ha ocrose nonyuennvix pesynbmamos
VYCMAHOBNIEHO, 4mo onmuyeckue napamempsol snemenmos Ga u Sb, a maxoice KOHyeHmpayus npumeceu u
yOenbHoe CONpOmuBNIeHue Kpemuus UMeHsIomcss nocie npoyecca ou@@ysuu.Obnapysiceno, umo Ha
nosepxHocmu  Kpemuusi Qopmupyemcs oumaprnoe coedunenue GaSh, umo ceudemeirbcmeyem 0
803MOJICHOCU 00pa3osanus & e20 0bvéme ne monvko GaSh, Ho u M0OBIX OUHAPHBIX NOIYNPOBOOHUKOBLIX
coeounenuii muna A"BY wmu A"BY'. Iocmosmnas xpucmannuueckoii pewémxu kpemuus ouens 6auska u
cocmasnsem a = 5.4094 A (nozpewnocmv: —0.53%,). Ilo pesynomamam sxcnepumenma (I1-ii nux) 6wvina
paccuumana nocmosHHAs Kpucmannuyeckoii pewémxu a = 6.19 A, umo 6nusko x 3uauenuto, npueedéHHoMmy
6 iumepamype o1 GaSh — a = 6.0959 A (noepewunocmo: 1.5%).

Knroueswle cnosa: ougpysus, knacmep, kpucmaii, amom, wacmoma, konyenmpayus, AIIIBV, AIIBVI,
3anpewénnas 30Ha, CHeKmp, NPO8oOUMOCHb.

MODEL OF SEQUENTIAL DOPING OF SILICON WITH Ga AND Sb ATOMS AND THEIR
OPTICAL PROPERTIES

Abstract. This article examines the processes of doping silicon with Ga and Sb atoms and the changes
in the parameters of their state after doping. Based on the obtained results, it was found that the optical
parameters of Ga and Sb elements, as well as the concentration of impurities and the resistivity of doped
silicon, change after the diffusion process. It was observed that a GaSb binary compound is formed on the
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surface of silicon, which indicates the possibility of forming not only GaSb but also any binary
semiconductor compounds of the A"BY or A"B"! type within its volume. The lattice constant of silicon is very
close to a = 5.4094 A (error: —0.53%). According to the experimental results of the first peak, the calculated
lattice constant is a = 6.19 A, which is very close to the value reported in the literature for GaSh, a = 6.0959
A (error: 1.5%).

Keywords: diffusion, cluster, crystal, atom, frequency, concentration, A" BY, A"BY!, band gap,
spectrum, conductivity.

Kirish. Kremniy zamonaviy elektronika va fotovoltaikaning asosiy materiallaridan biridir.
Kremniyning bir gator muhim afzalliklariga garamay, masalan, dunyodagi katta zaxiralar va ishlab chigilgan
texnologiyalarning yuqori darajasi, yarimo‘tkazgich materialining tozaligi uchun cheklovlar mavjud. Bu
kremniyning asosiy parametrlari, ya’ni taqiqlangan zona kengligining kichik qiymati, tartibsiz tarmoqli
bo‘shlig‘i va zaryad tashuvchilarning past harakatchanligi bilan bog‘lig, bu esa infraqizil spektral sohasida
luminesans xususiyatlarining yo‘qligi va past yutilish koeffitsientiga olib keladi. Shuning uchun kremniyning
asosly parametrlarini nazorat qilish, ya’ni kremniy asosidagi yangi materiallarni ishlab chiqish, bu
kamchiliklarni bartaraf etish va A"BY yarimo‘tkazgich birikmalarining parametrlarini material
parametrlariga yaginlashtirish uchun texnologik yechimlarni ishlab chigish zarur .

Shu munosabat bilan kremniy panjarasidagi III va V guruh elementlarining o‘zaro ta’sirini o‘rganish
katta amaliy qiziqish uyg‘otadi. Ushbu o‘zaro ta’sir natijasida tuzilmalarning tabiatiga o‘xshash turli xil
klasterlar, binar va murakkabrog nanoklasterlarni shakllantirish mumkin. Bundan tashqgari, 111 va V guruh
elementlarining (N>10%-102 sm®) juda yuqgori eruvchanligi tufayli kremniyning energetik tuzilishiga
sezilarli ta’sir ko‘rsatadigan yetarlicha yuqori konsentratsiyani kiritish mumkin. Diffuziya jarayonini yaxshi
nazorat qgilish (juda past diffuziya koeffitsiyenti tufayli) kristall yuzasida ham, yuzasida ham klasterlar hosil
bo‘lishiga imkon beradi.

Ma’lumki, III va V guruh elementlari kremniyning taqiqlangan zonasida donor va akseptor
darajalarini hosil giladi va shuning uchun zaryadlangan ionlar shaklida bo‘lib, ular atrofida Kulon potentsial
maydonini yaratadi, bu tizimning erkin energiyasini sezilarli darajada oshiradi .

Kremniydagi Il va V guruh elementlarining fizik, kimyoviy va diffuziya parametrlarini hisobga olgan
holda olib borgan tahlilimiz shuni ko‘rsatdiki, kremniy panjarasida eng yuqori barqarorlikka ega bo‘lgan III
va V guruh elementlarining ba’zi juftlari mavjud bo‘lib, ulardan biri. Ga va Sb juftligi. Shuning uchun bu
ishning magsadi kremniy kristlida Ga va Sb atomlarini diffuziya usulida kiritib hosil bo‘lgan natijaviy
moddaning taqiqlangan zonasini o‘rganishdan iborat. Bu ishning matematik modelini 2 ta holat uchun ishlab
chigamiz.

¢ Kremniyga Ga va Sb ni ketma-ket diffuziyasi,

¢ Kremniyga Ga va Sb ni bir-vaqtda diffuziyasi.

Avval biz kremniyga Ga va Sb ni ketma-ket diffuziyasini ko‘rib chigamiz buning uchun biz
boshlang‘ich material sifatida KEF-1 kremniy namunasi tanlangan, diffuziyadan oldin namunalar yuzasi
olmos pastasi bilan optik jilolangan (M-0,5). Diffuziya jarayoni ikki bosgichda amalga oshirildi. Namunalar
to‘rt guruhga bo‘lingan:

I guruh.

Birinchi bosgichda KEF-1 materiali 1 soat davomida 1200 °C haroratda issiqlik bilan ishlov berishdan
o‘tkazildi. Ikkinchi bosqgichda bu namunalar 1 soat davomida 1250 °C haroratda qayta qizdirildi.

Il guruh.

Birinchi bosqichda galliy 1 soat davomida 1200 °C haroratda diffuziya qilinadi. Ikkinchi bosqichda bu
namunalar 1 soat davomida 1250 °C haroratda qayta qizdirildi.

111 guruh.

Birinchi bosgichda KEF-1 materiali 1 soat davomida 1200 °C haroratda issiqlik bilan ishlov berishdan
o‘tkazildi. Ikkinchi bosqichda surma bu namunalarga 1 soat davomida 1250°C haroratda diffuziya qilinadi.

IV guruh.

Birinchi bosqichda galliy 1 soat davomida 1200 °C haroratda diffuziya qilinadi. Ikkinchi bosqichda
surma bu namunalarga 1 soat davomida 1250°C haroratda diffuziya qilinadi.

Diffuziyadan so‘ng, olingan namunalarning o‘tkazuvchanligi terma zond yordamida o‘lchandi. 11
guruh namunalari p-tipli, I, 11 va IV guruh namunalari esa n-tipli o‘tkazuvchanlikka ega ekanligi aniglangan.
Namunalarni mexanik ishlov berishdan so‘ng ularning qalinligi aniqlandi: I guruh d = 0,09 sm, II guruh d =
0,076 sm, Il guruh d = 0,081 va IV guruh d = 0,081 sm.

Namunalarning optik xususiyatlari FSM-1202 infraqizil Furye spektrometri yordamida o‘rganildi (1-
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1-rasmdan ko‘rinib turibdiki, 4 ta namunaning optik xususiyatlari bir-biridan farq qiladi o‘tkazish
chastotasi va intensivligiga bog‘liq. Dastlabki materialning I-spektri KEF-1, I-spektr Il guruh namunasi, 1-
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spektr 111 guruh namunasi, IV guruh namunalarining spektr spektral tasnifi V.

2.4.3-rasm: | guruh namunasi spektriga ko‘ra diffuziya qilinganda kislorod konsentratsiyasini
hisoblash (T- kislorod spektrining maksimal intensivligi, To - kislorod spektrining eng past intensivligi)

Ma’lumki, kislorodning yutilish spektri 1106 sm™ to‘lqin uzunligiga to‘g‘ri keladi. 1-rasmdagi
namunalarning kislorod spektrlaridan foydalanib, biz kislorod konsentratsiyasini hisoblaymiz:

Intensity, % (Normalized[0...1])

doped silicon with atoms of gallium and antimonide
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T T T
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1-rasm: Namunalarning yutilish spektri
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T To d, cm

Si(KEF 1) |0,522410866 | 0,412436333 0,09
Si<Ga> 0,50008489 | 0,419524618 | 0,076
Si<Sh> 0,518336163 | 0,442190153 | 0,081
Si<Ga, Sb> | 0.484634975 | 0,419736842 | 0,081

’ b
N, =3.03:10" 1. |n[ £ ‘ cm™
d \TL [1]

N} =3.03-10" - —.In

_ (0.522410866‘
0.09

J: 7.95787-10" cm?
0412436333

N, =7.96-10"cm ™. NI =7.00-10" em™ . N} =5.94-10"em™. N =5.37-107 cm”
2 - L]

undoped silicon
1

T T T T
q 28 29 30 31 P

1 doped silicon with atoms of gallium and antimonide

Intensity, %

T T T T
27 28 29 30 31 32
2 Theta, degree

3-rasm. Galliy va surma atomlari bilan ligerlangan kremniy

Ko’rinib turibdiki, 1-guruh namunasida 3ta asosiy piklar aniglangan 1-pik 20=28.71 degree
diapozonida Si (111) yo’nalishdagi qiymatiga to’g’ri keldi , 2-pik va 3-pik mos ravishdagi 26=44.6 degree va
20=65.6 degree SiC tegishli piklardir. 3-rasmda esa kremniyga tegishli asosiy 1-pik intensivligi
o’zgarmagan lekin 2° va 3" piklarning intensivligi kamaygan. Bundan tashqari 4-rasmda nomalum x-pik
aniqlangan 26=39.8 degree. Bu pik Sb yoki SbO; pik bo’lishi mumkin.

1-pik va 1'-pik kremniyga tegishli piklarni chuqurroq o’rganganimizda 1'-pik 26=28.79 ga siljiganligi
aniglandi

Ushbu grafiklardagi piklarning parametrlari Gauss usuli yordamida aniglandi

20, degree | 0, degree | FWHM Height h k I
Si (1-pik) 28.6112 14.31 0.57501 0.78359 1 1 1
Si/GaSb (1'-pik) | 28.79138 | 14.4 0.43262 0.79021 2 0 0

1-jadval hamda 1 va 2 formulalar yordamida 1-pikni kremniyning piki deb, 1-pikni GaSbning piki deb
difraksion panjara doimiysi va kristall panjara doimiysini hisoblab chiqildi

- A
dhk' “sin®) D

a=d_, Jh24k2+412 (2)

bu yerda dna — difraksion panjara doimiysi, a — kristal panjara doimiysi, hkl — kristal panjara yo’nalishi
(Miller indexsi), 6 — nurning tushish va gaytish burchagining yarmiga teng burchak.
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dha, A a, A Reserve
1-pik (Si) 3.106 5.38 5.4094
1"-pik (Gash) 3.0083 6.19 6.0959

Xulosa. Natijalarning o‘zgarishi diffuziya jarayoni bilan bog‘liq bo‘lganligi sababli, quyidagi
xulosalar chigarish mumkin. Taxmin gilish mumkinki, galliy atomlarini dastlabki kremniy moddasiga
diffuziya gilganda 1106 sm™ chastotada cho‘qqining pasayishi va surma atomlarining boshlang‘ich tarkibiga
qo‘shilishi bilan 1106 sm™ chastotada cho‘qqining pasayishi, kremniy moddasi kremniydagi ushbu spektrga
mos keladigan yutilish markazlarining neytrallanishiga olib keladi. Birog, har ikki elementning ketma-ket
targalishi bilan 1106 sm™ chastotada cho‘qqining yanada pasayishi kislorod ta’sirida galliy va surma
atomlari konsentratsiyasining oshishini anglatadi.
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PBB-TSD:IT-4F VA PBB-TSA:IT-4F TARKIBGA EGA BO’LGAN FAOL QATLAMLAR
ASOSIDAGI QUYOSH ELEMENTLARINING XOSSALARI
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Annotatsiya. Yangi PBB-TSA va PBB-TSD donorlarni, PBB-TSA:IT-4F va PBB-TSD:IT-4F
prekursorlarni eritma holatida va yupga gatlam holatida yutilish spektrlarini tadqiq gilish. Ushbu faol
gatlamlar asosidagi PQElarning fotovoltaik parametrlarini optik va strukturaviy xossalari bilan giyosiy
o ‘rganildi. 1T-4F:PBB-TSD va IT-4F:PBB-TSA tarkibli polimer quyosh elementi gizdirilganda optik yutilish
intensivligi va energiya o’zgarish samaradorligining oshishiga faol qatlamning stukturaviy tartiblanish
darajasining hamda hajmiy geterostrukturada zaryad harakatchanligining yaxshi bo lishi aniglandi.

Vagt o'tishi bilan 1T-4F:PBB-TSD va IT-4F:PBB-TSA polimer quyosh elementlari optik va
fotovoltaik parametrlarining o’zgarishlari orasidagi o’zgarishlari orasidagi bog’liglik aniglandi hamda
ushbu parametrlari yordamida ularning degradatsiya darajasini bevosita nazorat gqilish imkoniyati
mavjudligi ko rsatildi.

IT-4F asosida optimallashtirilgan PBB-TSD:IT-4F faol gatlamli polimer quyosh elementlari 0,89 V
ochig zanjir kuchlanishi (Vae), 21,9 mA/cm? qisqa tutashuv toki zichligi (J50) va 74,5% to ldirish

koeffitsiyenti (FF) bilan 14,6% samaradorligini erishildi.
Kalit so“zlar: PBB-TSD, PBB-TSA, IT-4F, PQE, TKS, donor, akseptor.

PROPERTIES OF SOLAR CELLS BASED ON ACTIVE LAYERS WITH THE COMPOSITION
PBB-TSD:IT-4F AND PBB-TSA:IT-4F

Abstract. The optical absorption spectra of new PBB-TSA and PBB-TSD donors, as well as PBB-
TSA:IT-4F and PBB-TSD:IT-4F precursors, were investigated in solution and thin-film states. The
photovoltaic parameters of polymer solar cells (PSCs) based on these active layers were comparatively
studied in relation to their optical and structural properties. For polymer solar cells with IT-4F:PBB-TSD
and IT-4F:PBB-TSA compositions, it was found that upon heating, the increase in optical absorption
intensity and power conversion efficiency is due to the improved degree of structural ordering in the active
layer and better charge mobility in the bulk heterostructure.

A correlation was established between the changes over time in the optical and photovoltaic
parameters of IT-4F:PBB-TSD and IT-4F:PBB-TSA polymer solar cells, and it was demonstrated that these
parameters can be used to directly monitor the degree of their degradation.

For optimized polymer solar cells based on IT-4F with a PBB-TSD:IT-4F active layer, a power
conversion efficiency of 14.6% was achieved, with an open-circuit voltage (Voc) of 0.89 V, a short-circuit
current density (Jsg) of 21.9 mA/cm?, and a fill factor (FF) of 74.5%.

Key words: PBB-TSD, PBB-TSA, IT-4F, PSC, EQE, donor, acceptor.

CBOMCTBA COJIHEYHBIX SJIEMEHTOB HA OCHOBE AKTUBHBIX CJIOEB C COCTABOM
PBB-TSD:IT-4F U PBB-TSA:IT-4F

Annomayus. Cnexmpol ONmMu4ecko20 noznoujeHus: Hoevix 00Hopos PBB-TSA u PBB-TSD, a maxkoice
npexypcopos PBB-TSA:T-4F u PBB-TSD:IT-4F 6viiu ucciedosanvl 6 pacmeope u 6 MOHKONIEHOUYHOM
cocmoanuu. Pomogorvmauyeckue napamempbl NOIUMEPHLIX COTHeunblx anemenmos (I11C3) na ocnoge smux
AKMUBHBIX CN0E6 ObLIU CPABHUMENbHO U3VHEHbL 60 G3AUMOCEA3U C UX ONMUHECKUMU U CMPYKMYPHLIMU
ceoticmeamu. [{s NOAUMEPHBIX CONHEYHblX demenmos ¢ cocmagamu IT-4F:PBB-TSD u IT-4F:PBB-TSA
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ObLIO YCMAHOGNEHO, YMO NPU HASPEBAHUU YEeludeHUe UHMEHCUBHOCTIU ONMUYECK020 NO2NOWeHUs U
aghpexmuenocmu  npeobpazosanusi  SHepeuu  00YCIOGIEHO  NOGbLUUEHUEM  CHENeHU  CMPYKMYPHOU
VHOPAOOUEHHOCIU AKIMUBHO20 CL0SL U YAyHuleHueM NOOGUNHCHOCTU 3aPs008 8 00BEMHOU cemepocmpyKmype.

bvina  ycmanosnena  xoppensyusi  medncoy  USMEHEHUAMU 80  BPDEMEHU  ONMUYECKUX U
(homosorbmauueckux napamempos noauUMepHuix conneunvix snemenmos IT-4F.PBB-TSD u IT-AF:PBB-TSA,
U NOKA3aHO, 4MO 3Mu NApamempvl MO2ym Oblmb UCHONL306AHBL Olsl HENOCPeOCMBEHHO20 KOHMPOTs
cmenenu ux dezpadayuil.

Jns onmumMusuposantbix NOIUMEPHBIX COTHEUHbIX d/IeMeHmo8 Ha ocHoge IT-4F ¢ akmusnbim cioem
PBB-TSD:IT-4F 6wbi1a docmuenyma spghexmusnocmos npeobpazosanus snepeuu 14,6% c nanpscenuem
xonocmoeo xooa (Voc) 0,89 B, niomuocmuio moka xopomkoeo 3amvikanusi (Jsc) 21,9 mA/cm? u gpakmopom
sanonuenus (FF) 74,5%.

Knroueesvre cnosa: PBB-TSD, PBB-TSA, IT-4F, IIC3, BKD, oonop, akyenmop.

Kirish. Konjugatsiyalangan yangi polimer asosli PQElarni tayyorlash usullaridan eng muvaffagiyatli
strategiya bu donor-akseptor fazalarining aralashmasini qo‘llashdir. Donor-akseptor aralashmali
konjugatsiyalangan polimerlar katta afzalliklarga ega bo‘lib, ularga qo‘yiladigan eng birinchi talablardan biri
bu yorug‘lik energiyasini yutilish koeffitsiyenti yuqori bo‘lishi va shu bilan birga keng yutilish spektr
sohasiga ega bo‘lishi kerak. Bu talabni bajara oladigan donor va akseptor polimerlar juda ko‘plab sintez
gilinmogda. Ammao keyingi muammo donor bilan akseptorlarning yutilish spektr sohasi bir-birini to‘ldirishi
PQElarning samaradorligi uchun juda muhim parametrlardan biridir. Keyingi bosgichlarda esa
polimerlarning optimal va osongina sozlanishi mumkin bo‘lgan energetik sathga egaligi, natijada
akseptorlarga yoki donorlarga mos keladigan ko‘proq donor yoki akseptor polimerlarni olishni ta‘minlash
vazifasi turadi. Shu sababli, zaryadlarni ajratish va tashishni osonlashtiradigan yaxshilangan zaryad
harakatchanligiga ega donor va akseptor polimerlar PQElarning samaradorligini ta‘minlaydi[1,2].

Organik yarimo‘tkazgichlarga asoslangan fotovoltaik texnologiyalar, xususan polimer asosidagi
guyosh elementlari (Polymer Solar Cells, Polimer quyosh elementlar), so‘nggi o‘n Vvyilliklarda
materialshunoslik, fotofizika, kimyo va nanoenergetika sohalarida keskin rivojlanayotgan yo‘nalishdir.
Ularning fizikaviy xossalari molekulyar darajadagi elektron tuzilma, morfologiya, zaryad tashish
mexanizmlari, rekombinatsiya jarayonlari, optik orbitallarning energetik farglari va interfeys fizikasi bilan
belgilanadi. Quyida PQElarning asosiy fizikaviy xossalari batafsil yoritiladi[3].

Optik xossalari-yorug’lik yutilish va spektral xossalari. Polimerlar -konjugatsiyalangan zanjirlardan
tashkil topgan bo‘lib, ular m—n* o‘tishlari orqali quyosh spektrining keng qismida yutilish ko‘rsatadi va bu
donor polimerlar 300-900 nm to’lqin uzunligini, (donor polimerlar), fullerenga asoslanmagan akseptorlar
esa 500-1100 nm to’lqin uzunligidagi nurlanishlarni yutadi. Demak, polimer quyosh elementlari yuqri
yutilish xossasiga ega. Shuningdek polimer guyosh elemntlarida dielektrik konstanta nisbatan past va bu
eksitonning Kulon tasirlashuvini oshiradi. Shuningdek Polimer quyosh elementlar ning yana bir fizik
xususiyatlaridan biri bu eksiton diffuziya uzunligi bo’lib, bu eksiton o‘z umri davomida (t) polimer yoki
gibrid fotoaktiv qatlam ichida erkin harakatlanib o‘ta oladigan o‘rtacha masofa buning giymati 3-10
nm atrofida bo’ladi. Polimer quyosh elementlar ning yana bir fizik parmetrlaridan biri bu zaryad
tashuvchanlikdir, uning qiymati odatda 107 - 10 cm?V's oralig’ida bo’ladi. Yana bir muhim
parametrlaridan biri bu energiya darajaridir (HOMO va LUMO darajalaridir), donor LUMO va akseptor
LUMO orasida 0,1-1,4 eV diapazonida bo‘lsa, eksiton dissotsiatsiyasi asosan samarali bo‘ladi[8].

Bundan tashqari, Polimer quyosh elementlar donor va akseptor sifatida ishlatiladigan materiallar bir
vaqtning o‘zida bir nechta shartlarni bajarishi talab gilinadi. Quyosh nurning keng spektridagi energiyani
samarali yutish uchun donor polimerining HOMO va LUMO molekulyar orbitallari orasidagi tagiq soha tor
bo‘lishi kerak. Organik aralashmada donor va akseptor materiallarining yaxshi aralashuvchanligi,
shuningdek aralashmani qayta ishlanishini va uning morfologiyasiga ta’sir ko‘rsatadigan tarkibiy
moddalarning yetarlicha aralashishi talab gilinadi. Bu shartlardan tashgari, zaryad tashuvchilarning yuqori
harakatchanligini ta’minlovchi polimer zanjiri yo‘nalishida harakatlanish muhim shart hisoblanadi. Zaryad
tashuvchilar harakatchanligi aralashmaning ichidagi polimer zanjiri yo‘nalishi va makromolekulalar
joylashishini o°zlari qaytadan tashkil etishiga bog‘liq. Kimyogarlar, hozirgi vaqtda, polimerlarga biriktirilgan
yon zanjirlar yoki kichik molekulalarning kimyoviy tuzilishini boshqarish orqali ularni bunday o‘zini
qaytadan tashkil etishga ta’sir ko‘rsatuvchi mexanizmlarni topganlar. Ushbu strategiya asosida ko‘plab yangi
istigbolli organik materiallar ishlab chigilgan[4,5].

Natijalar va muhokamalar. 1-rasmda yangi PBB-TSA va PBB-TSD polimerlarning yorug‘lik
yutilish spektrlari ko‘rsatilgan. PBB-TSA uchun 375 nm va 368 nm da joylashgan intensiv yutilish cho‘qqisi
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PBB-TSD uchun konjugatsiyalangan n-n* bog‘larning o‘tishlari uchun ahamiyatlidir. PBB-TSA uchun 543
va 589 nm va PBB-TSD uchun 538 va 578 nm bo‘lgan yorug‘lik yutilish piklari bilan birga 450 nm to‘lqin
uzunligidan katta bo‘lgan yorug‘lik to‘lqin uzunligi yutilish diapazonlari donor (BDT) va akseptor (BBT)
birliklari o‘rtasidagi kuchli molekulyar zaryad o‘tkazuvchanliga bog‘ligligi bilan tushintirish mumkin. Ikkala
polimerning eritmasi orqali olingan spektrlarning yelka piklari kuchli agregatsiya harakatini ko‘rsatadi.
Kvars shisha ustiga yotgizilgan polimer gatlamlarning yutilish spektrining intensivligi va shakli eritmadagiga
o‘xshash yutilish spektrini ko‘rsatadi, ammo yupqa polimer qatlamlarda maksimal yutilish to‘lqin sohasida
qizil siljishi hosil bo‘lgan[6,7].

1,0
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—+—PBB-TSA qatlam
—+—PBB-TSD eritma
——PBB-TSD gatlam
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To'lgin uzunligi (nm)
1-rasm. PBB-TSA va PBB-TSD donor polimerlar eritmalarining va kvars shisha ustiga yotqizilgan
gatlamlarining yutilish spektrlari

Bu shuni anglatadiki, polimer eritma qattiglashganda, ya’ni amorf holatga o‘tganda 7t-n* magistral
tomonidan qo‘zg‘atilgan zanjirlararo agregatsiya strukturasi mavjud bo‘lib molekulalar eritmadagiga
nisbatan zichroq va tartibliroq joylashganligi bilan tushuntiriladi[18]. PBB-TSD va PBB-TSA polimerlarning
optik tagiglangan soha kengligi mos ravishda 1,98 va 1,96 eV deb hisoblangan, bu BBT asosidagi
polimerlarni keng optik tagiglangan soha kengligi mos donor materiallari uchun afzal bo‘lgan tanlovlardan
biriga aylantiradi[9,10].
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2-rasm. PBB-TSA va PBB-TSD donor polimerlarning va I T-4F akseptorning energiya sath giymatlari
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PBB-TSA va PBB-TSD uchun LUMO va HOMO energiya darajalari siklik voltametriya (CV) yordamida
o‘lchandi va natijalar 3.1.2-rasmda keltirilgan. PBB-TSA va PBB-TSD uchun HOMO/LUMO giymatlari
mos ravishda -5,29/-3,33 va -5,54/-3,56 eV. Ikkala polimer ham IT-4F (-5,70 eV) bilan optimal energiya
sathlarini hosil gilishi mumkin.
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3-rasm. IT-4F akseptor polimer gatlamning yutilish va FL spektri

3-rasmda fullerensiz akseptor IT-4F ning yutilish va FL spektrlari berilgan bo‘lib, IT-4F ning yutilish
spektrini tahlil giladigan bo‘lsak, yutilish to‘lqin uzunligi sohasi 500 nmdan 800 nmgacha ekanligini, bu esa
PBB-TSA va PBB-TSD donor polimerlarning yutilish spektri sohasini to‘ldirib kengaytirishini anglashimiz
mumkin. Chunki donorlarning yutilish spektri to‘lqin uzunligi sohasi 400 nmdan 600 nm gacha ekanligini
IT-4F akseptor esa 500 nmdan 800 nmgacha yutilish spektriga ega va bu donor va akseptor aralashmasidan
tayyorlangan faol qatlamlarning yutilish spektrining to‘lqin uzunligi sohasi ancha keng bo‘lishini
ta‘minlaydi. Bu esa o‘z o‘zidan PQElarning fotovoltaik parametrlarining samaradorligi oshishiga olib keladi.
Fullerensiz akseptor IT-4F ning FL spektrini tahlil giladigan bo‘lsak, FL spektrining maksimumi 800 nm
atrofida ko‘rinadi. Bu, akseptorning qayta chiqishi vaqtida energiya yo‘qotishining minimal bo‘lishini
anglatadi. FL spektrining intensivligi, yutilish spektriga nisbatan pastroq bo‘lishi mumkin, bu esa
akseptorning fotonlarni ganchalik samarali chiqarayotganini ko‘rsatadi[11, 12]. IT-4F akseptorining yutilish
va FL spektrlarini tahlil qilish, uning samaradorligini, energiya yo‘qotish mexanizmlarini va potentsial
kamchiliklarini aniglash uchun zarurdir. Optimal ishlash uchun ushbu spektrlar o‘rtasidagi munosabatlarni
chuqur o‘rganish muhimdir va shu sababli fullerensiz akseptorlarni turli xil donorlar bilan faol gatlamlar
tayyorlanib yutilish va FL spektrlari tadgigot gilinishi PQElarning samaradorligini oshirishga xizmat
giladi[13,14].
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4-rasm. Turli sharoitda olingan PBB-TSA:IT-4F faol gatlamlarning yutilish spektrlari

4-rasmda PBB-TSA:IT-4F faol qatlamning va PBB-TSA:IT-4F eritmasiga DIO qo‘shimchasi
kiritilgan PBB-TSA:IT-4F faol gatlamning yutilish spektri berilgan. Bu ikkita faol gatlamlarning yutilish
spektrini solishtirish uchun PBB-TSA donor gatlamning ham yutilish spektri berilgan. PBB-TSA:IT-4F faol
gatlamining DIO qo‘shimchasiz optimal yutilish spektri 746 nm to‘lgin uzunligida, DIO qo‘shimchasi
go‘shilgan PBB-TSA:IT-4F faol gatlamning maksimal yutilish spektri esa 734 nm to‘lqin uzunligida hosil
bo‘lishini ko‘rishimiz mumkin[15].

Bu ikkala olingan spektr grafiklaridan shuni ko‘rishimiz mumkinki DIO qo‘shimchasini
kiritganimizda PBB-TSA:IT-4F maksimum piklari gisqa to‘lqin uzunligi tomon siljiganini ko‘rishimiz
mumkin. Bunda maksimum pik nugqtasi qisqa to‘lqin uzunligiga ya‘ni ko‘k siljishga ega va siljish 12 nmga
teng. Bundan tashqari 600 nm dan kichik to‘lgin uzunliklarida DIO qo‘shimcha qo‘shilgan eritmadan
olingan faol gatlamlarning yutilish intensivligi qiymati DIO qo‘shilmagan eritma orqali tayyorlangan faol
gatlamlar yutilishi intensivligidan farq qilmoqda[23]. Misol uchun, 545 nm to‘lqin uzunligiga mos keladigan
pik nuqtasini olsak ikkita pik bir biridan 1,12 marta farq qilmoqda, 590 nm to‘lqin uzunligiga mos keladigan
opik nuqtasida esa 1,07 marta farq qilmoqda. Bu farglarni faol qatlam strukturasi DIO eritmasi qo‘shilgach,
donor va akseptor bir biri bilan yaxshi aralashganini va natijada olingan faol gatlam morfologiyasi
yaxshilangan holda molekulalar bir biriga yaqin zichroq joylashib tartiblanganligi bilan tushuntiriladi[16,17].
PBB-TSA donor faol gatlamning 545 va 590 nm to‘lqin uzunligiga mos keluvchi yutilish pik nuqtasi mos
ravishda 1,61 va 1,42 marta farq gilmoqda. Buning sababi donor fullerensiz akseptor bilan eritmada
aralashtirilib faol gatlam hosil gilingach, donor va akseptor bir-biri bilan yaxshi aralashma hosil gilganligi va
faol gatlam hosil gilganda strurktura fazalari gayta tagsimlanib optimal faol gatlam hosil gilgan deya
olamiz[7,5].

5-rasmda PBB-TSD:IT-4F faol qatlamning va PBB-TSD:IT-4F eritmasiga DIO qo‘shimchasi
qo‘shilgan PBB-TSD:IT-4F faol gatlamning yutilish spektri berilgan. Bu ikkita faol gatlamlarning yutilish
spektrini solishtirish uchun PBB-TSD donor qatlamning ham yutilish spektri berilgan. DIO qo‘shimchasi
go‘shilmagan PBB-TSD:IT-4F faol qatlamning yutilish spektrining piki 753 nm to‘lqin uzunligida,
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5-rasm. Turli sharoitda olingan PBB-TSD:IT-4F faol gatlamlarning yutilish spektrlari

DIO qo‘shimchasi qo‘shilgan PBB-TSD:IT-4F faol gatlamning maksimal yutilish spektri esa 717 nm
to‘lqin uzunligida hosil bo‘lishini ko‘rishimiz mumkin. Bu yutilish spektr grafiklaridan DIO qo‘shimchasini
kiritganimizda PBB-TSD:IT-4F maksimum piklari qisqa to‘lqin uzunligi tomon siljiganini, bunda
maksimum pik nuqtasi qisqa to‘lqin uzunligiga (ko‘k siljish) 36 nmga siljigan. Bundan tashqari huddi PBB-
TSA:IT-4F faol qatlamning yutilish spektri kabi 600 nm dan kichik to‘lqin uzunliklarida DIO qo‘shimcha
go‘shilgan eritmadan olingan faol qatlamlarning yutilish intensivligi giymati DIO qo‘shilmagan eritma orqali
tayyorlangan faol qatlamlar yutilishi intensivligidan farq qilmoqda. Misol uchun 536 nm to‘lqin uzunligiga
mos keladigan pik nuqtasini olsak ikkita pik bir biridan 1,19 marta farq qilmoqda, 582 nm to‘lgin uzunligiga
mos keladigan yutilish pik nugtasida esa 1,14 marta farq gilmogda. Bu farglarni huddi tepadagi PBB-
TSA:IT-4F faol gatlamning yutilish spektrlaridagi kabi, faol qatlam strukturasi DIO eritmasi qo‘shilgach,
donor va akseptor bir biri bilan yaxshi aralashganini va natijada olingan faol gatlam morfologiyasi
yaxshilangan holda molekulalar bir biriga yaqin zichroq joylashib tartiblanganligi bilan tushuntiriladi[18].
PBB-TSD donor faol qatlamning 536 va 582 nm to‘lqin uzunligiga mos keluvchi yutilish pik nuqtasi mos
ravishda 1,29 va 1,5 marta farq gilmogda. Buning sababi donor fullerensiz akseptor bilan eritmada
aralashtirilib faol gatlam hosil gilingach, donor va akseptor bir-biri bilan yaxshi aralashganligi va gatlam
hosil gilganda strurktura fazalari gayta tagsimlanib optimal faol gatlam hosil gilgan deya olamiz[19].

4-rasm va 5-rasmdagi yutilish spektrining bunday qisqa to‘lgin uzunligi tomon siljishi
spektroskopiyada - “Gipsoxrom” deb ataladi. Gipsoxrom deb - yutilish spektrining yuqori energiyaga yoki
gisqaroq to‘lqin uzunligiga siljishi aytiladi. Bu albatta konjugatsiyalangan polimer materiallarining m-m*
o‘tishlari hamda bog‘lanish darajalari bilan bog‘liq. PQElar sohasidagi maqolalarda DIOni faol qatlamga
go‘shimcha sifatida kiritish alohida kristalliklarning o‘rtacha hajmiga ta‘sir qilmaydi, balki ularning sonini
oshiradi. Bundan tashqari, DIO o‘ziga xos o‘lchamini saqlab, amorf domenlarda donor va akseptorlarni
o‘zaro aralashishini yaxshilaydi. DIO qo‘shimchasini kerakli miqdorda faol qatlam eritmasi tarkibiga
go‘shish orqali uning sirt morfologiyasini tartiblanishiga va buning natijasida eksitonlar dissotsiatsiya
oshishiga olib keladi. Demak DIOni qo‘shimcha sifatida kiritish PBB-TSD:IT-4F faol gatlamining yutilish
spektrini yaxshilanishiga erishildi. PQE lari uchun mos donor-akseptor polimerlarni tanlash, ularni massa
ulushi, faol gatlamining yaxshi yutilish koeffisiyenti hamda fotovoltaik parametrlari muhim hisoblanadi.

PBB-TSA:IT-4F va PBB-TSD:IT-4F faol gatlamlarning optik xususiyatlaridan xulosa giladigan
bolsak, bu ikkita eritmaga DIO qo‘shilmagan va qo‘shilgan holatlarda ham PBB-TSD:IT-4F faol gatlamning
yorug‘lik yutilish xossalari PQElar uchun samaraliroq ekanini ayta olamiz. Chunki, PBB-TSD:IT-4F faol
gatlamning yutilish spektri intensivligi har tomonlama PBB-TSA:IT-4F faol gatlam yutilish spektri
intensivligidan optimalroq ekanini 4- va 5-rasmlardan ko‘rish mumkin.

Keyingi tadgigot bosgichida optik xossalarini tadgiq gilgan tadgiqot namunlarning morfologik va
strukturaviy xususiyatlari tadqig gilindi. 6-rasmda PBB-TSD:IT-4F va PBB-TSD:IT-4F faol gatlamlarning
AFM va TEM tasvirlari berilgan bo‘lib, bu faol qatlamlarning mikrotuzilishini va sirt morfologiyasini tahlil
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gilish uchun ishlatilgan. AFM tasvirlari faol gatlamlarning sirt tozaligi va sirtining qattiglik darajasini (RMS
- Root Mean Square Roughness (notekislikning o‘rtacha qiymati)) ko‘rsatadi.

Optimallashtirilgan PBB-TSD:IT-4F faol gatlamning o‘rtacha kvadratik notekislik giymati 0,80 nm,
PBB-TSA:IT-4F ning optimallashtirilgan faol qatlamniki esa 0,76 nm bo‘lib, bu polimerlarning kristallilik
darajasi oshishi bilan yuzaga keladi. DIO qo‘shilishi bilan nanofibril tarmogqlari ikkala aralash faol gatlamlar
uchun ham kuzatilishi mumkin. AFM tasvirlarga qaraydigan bo‘lsak, PBB-TSA:IT-4F faol gatlamning RSM
giymati 0.76 nm ga teng bo‘lib bu nisbatan silliq sirt, PBB-TSA:IT-4F+DIO tarkibiga ega faol gatlamning
RMS giymati esa 2.33 nmga teng bo‘lib, bu esa DIO qo‘shimchasi qo‘shmasdan tayyorlangan PBB-TSA:IT-
4F faol gatlam yuzasiga nisbatan notekis sirt hisoblanadi.

Fa™A
[ S
3]

o PBB-TSAIT-4F L PBE-TSAITYF +.01Q, || PBB-TSDiT4F PBE-TSP:IT4F « DI0, oM
‘RMS =076 im ./ ' o -RMS<:233 rim. 4 ' I ¢ . RMS =0.80 om 1 RNS = Digadni

6-rasm. PBB-TSD, PBB-TSD va IT-4F polimerlar asosida tayyorlangan faol gatlamlarning AFM
(tepadagi tasvirlar) va TEM (pastki tasvirlar) tasvirlari

PBB-TSD:IT-4F faol qatlamning RSM qiymati esa 0.80 nmga teng bo‘lib bu silliq sirt hisoblansa,
PBB-TSD:IT-4F+DIO faol gatlamning RMS giymati esa 0.94 nm teng bo‘lib, bu esa PBB-TSD:IT-4F faol
qatlamga nisbatan bir oz notekisroq sirt deb ta‘riflasak bo‘ladi. Bu AFM tasvirlaridan xulosa qiladigan
bo‘lsak, DIO qo‘shimchasi qo‘shilishi PBB-TSA:IT-4F materialining sirt notekisligini sezilarli oshirgan,
lekin PBB-TSD:IT-4F uchun bu ta‘sir kamroq ekanligini ayta olamiz.

Bundan tashqari, fazali tasvirlar yaxshi tagsimlangan nanofibrillar to‘qimasini ko‘rsatadi va kichikroq
va bir xil domen hajmini beradi. Bu shuni ko‘rsatadiki, sirt notekisligi pastroq bo‘lgan PBB-TSD sillig
morfologiyaga va bir xil fazalarni ajratishga ega shuning uchun sirt notekisligi ancha yuqori bo‘lgan PBB-
TSA bilan solishtirganda fullerensiz akseptorlar bilan katta muvofiglikka ega. Optimallashtirilgan PBB-
TSD:IT-4F faol gatlamning nisbatan yuzasi silligrog morfologiyasi eksitonlarning harakatini, oson ajralishini
va katodlarga yetib borishini yaxshilashi tufayli PQElarda yaxshilangan Jsc va FF giymatlariga erishishga
olib keladi. Ammo, faol qatlamlardagi silliq sirt ya‘ni kichik RMS qiymatlari PQElarda elektron va
kovaklarning uzluksiz transportini ta‘minlaydi, bu esa yuqori samaradorlikka olib keladi. DIO qo‘shilishi
strukturada RSM qiymatini ya‘ni notekislikni oshirgan. Bu ba‘zi hollarda faol qatlamlarda fazalararo
ko‘chishni yaxshilaydi, lekin RMS qiymati optimal giymatdan oshib ketsa bu PQElarning samaradorligini
pasaytirishga olib keladi[20].

Bundan tashqari, DIO qo‘shimchasi bilan nanoo‘lchovli tarmoqlarning shakllanishi, shuningdek,
ikkita polimer aralashmasining asosiy gismidagi faza holatlari transmissiya elektron mikroskopiyasi (TEM)
tasvirlari bilan ham tasdiglangan.
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7-rasm. PBB-TSD, PBB-TSD va IT-4F polimerlar asosida tayyorlangan faol qatlamlarning GIWAXS
tasvirlari

TEM tasvirlari polimer faol gatlamlarning ichki tuzilishini va nanozarrachalar yoki morfologiya
birikmalarini ko‘rsatadi. PBB-TSA:IT-4F+DIO va PBB-TSD:IT-4F + DIO holatlarida zarracha o‘lchami va
tuzilma yaxshiroq bog‘langanligini TEM tasvirlaridan ko‘rish mumkin. DIO qo‘shilgan eritmalar orqali
olingan faol gatlamlarda ichki morfologiya yanada anigrog va bir xil shakllangan. Bu AFM va TEM
tasvirlaridan umumiy xulosa qiladigan bo‘lsak, DIO qo‘shimchasining qo‘shilishi eritma jarayonida
ishlatiladigan qo‘shimcha sifatida faol gatlam agregatsiyasini va kristallanishini yaxshiroq tartibga soladi,
lekin PBB-TSA:IT-4F sirt notekisligini oshiradi ekan. PBB-TSD donor asosidagi faol gatlamlarning sirt
notekisligi (RMS) va strukturasi yaxshirog ekanligini bu faol gatlamlarning yutilish spektrlari natijalariga
ham to‘liq mos keladi va optik tadqiqot natijalari bilan xulosalarni ham to‘la tasdiqlaydi[5-9].

7-rasmda PBB-TSD, PBB-TSD va IT-4F polimerlar asosida tayyorlangan faol gatlamlarning
GIWAXS tasvirlari berilgan bo‘lib, bu tasvirlar orqali faol gatlamlarning molekulyar tartibini va kristallik
darajasini tahlil gilish mumkin. PBB-TSA va PBB-TSD donor polimerlar gatlamlarning tuzilishini tahlil
qiladigan bo‘lsak, tasvirlarda markaziy tarqalish nuqtasi va yon chiziglar ko‘rinadi. Demak, PBB-TSA va
PBB-TSD donor gatlam strukturalarida ma‘lum tartiblanish mavjud, lekin kristallanish darajasi pastroq
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ekanligini ko‘rishimiz mumkin. PBB-TSA:IT-4F va PBB-TSD:IT-4F faol gatlamlarning GIWAX tasvirlarini
tahlil giladigan bo‘lsak, donor polimerlarni IT-4F fullerensiz akseptor bilan aralashma sifatida faol gatlam
hosil qilishi bilan difraksiya intenivligini anglatuvchi chiziqlar yanada aniqroq bo‘lib, molekulyar
tartiblanish kuchayganini anglatadi. Bu donor va akseptorlar bilan kombinatsiyalar asosida olingan faol
gatlamlarda fazalararo interfeyslarni yaxshilanib, elektron tashilishini yaxshilash uchun xizmat giladi[12,
22,]. DIO qo‘shimchasi qo‘shish ogali PBB-TSA:IT-4F+DIO va PBB-TSD:IT-4F+DIO faol gatlamlardagi
yorug‘lik sochilish chiziglarining intensivligi oshgani ko‘rinadi. Bu DIO qo‘shimchasi qo‘shilishi natijasida
molekulyar tartiblanish yaxshilanib, fazalarni yanada moslashtirganini anglatadi. GIWAX tasvirlardan PBB-
TSD:IT-4F+DIO faol qatlamda eng aniq kristallanish va yaxshi fazalararo interfeyslarni ko‘rsatmoqda, bu
esa eksitonlarning harakatini va elektron-kovakning ajralishini yaxshilaydi, natijadaPQElarning yugori
samaradorligiga olib keladi.7-rasmdagi GIWAXS tasvirlarining tahliliga ko‘ra, PBB-TSD:IT-4F+DIO faol
gatlami PQElar uchun eng yaxshi nomzod hisoblanadi, GIWAX tasviridagi natijalar ham oldingi optik va
morfologik natijalarimiz orqali olingan xulosalarimizni to‘la tasdiglamoqda.

PBB-TSA:IT-4F va PBB-TSD:IT-4F PQElarning samaradorligini oshirish magsadida faol gatlamlar
tarkibiga 1,8-diodoktan (DIO), xloronaftalin (CN), va difenil efir (DPE) qo‘shimcha sifatida turli kichik
konsentratsiyalarda Kiritib ularning fotovoltaik parametrlarini tahlil gildik. Bunda olingan natijalar 1 va 2-
jadvallarda keltirilgan.

1-jadval. PBB-TSA:IT-4F faol gatlam asosidagi PQElarning fotovoltaik parametrlari

PBB-TSA:IT-4F Qo‘shimcha Voc Jsc FF (%) EO‘S
(massa bo‘yicha) modda V) (mA/cm?) (%)
1:1 --- 0.85 184 57.5 9.0
1:1.2 --- 0.86 18.5 59.4 9.4
1:14 --- 0.86 17.9 57.7 8.9
1:1.2 --- 0.84 16.4 63.6 8.8
1:1.2 DIO 0.82 19.1 68.4 10.7
CN 0.86 18.8 55.5 9.0
DPE 0.83 19.8 45.4 7.5

1-jadvalda PBB-TSA:IT-4F PQElarning turli massa nisbatlarida va turli qo‘shimcha moddalardan
foydalangan holda tayyorlangan faol qatlamlarning fotovoltaik parametrlari ko‘rsatilgan. Birinchi holda,
ya‘ni PBB-TSA:IT-4F faol gatlamlar 1:1 nisbatda olinganda va hech qanday qo‘shimcha modda
ishlatilmaganda, Voc 0,85 V, Jsc 18,4 mA/cm?, FF 57,5 %, EO‘S esa 9,0 % ni tashkil etdi. PBB-TSA:IT-4F
faol gatlamlarning donor-akseptor nisbati 1:1,2 ga oshirilganda va yana qo‘shimcha qo‘shilmagan holda
tayyorlanganda esa Jsc 18,5 mA/cm? va EO‘S ning 9,4% ga oshganligini ko‘rishimiz mumkin, FF ham 59,4
% ga ko‘tarilgan. Undan so‘ng PBB-TSA:IT-4F ni 1:1,4 massa nisbatida olib yana qo‘shimcha modda
go‘shmagan holda fotovoltaik parametrlari o‘lchandi. Bunda Voc 0,86 V bo‘lib qolgan, lekin Jsc (17,9
mA/cm?) biroz pasaygan va EO‘S (8,9 %) ham shunga mos ravishda biroz kamaygan. To‘ldirish faktori FF
57,7 % ga tushgan. Bu nisbatan pasaygan natijalarni modda nisbatlari optimaldan oshib ketganligi bilan
izohlash mumkin[15,33,17]. Eng yaxshi natijalar 1:1,2 nisbatda olingan faol gatlamlarda kuzatildi. Shuning
uchun biz donor-akseptor nisbatini 1:1,2 da goldirib unga DIO, CN, DPE qo‘shimchalarini qo‘shgan holda
tayyorlab faol gatlamlarning fotovoltaik paramerlarini o‘lchadik. DIO qo‘shimchasi qo‘llanganda, faol
gatlamning umumiy samaradorligi sezilarli darajada oshdi. Voc (0,82 V) biroz pasaygan bo‘lsa ham, Jsc
(19,1 mA/cm?), FF (68,4%) va EO‘S (10,7%) kabi parametrlar ancha yuqori bo‘lgan. PBB-TSA:IT-4F faol
gatlamiga CN qo‘shimchasi qo‘llanganda, Voc 0,86 V, Jsc 18,8 mA/cm?, FF 55,5 % va EO‘S 9,0 % ni
ko‘rsatgan. Bu holatda DIO bilan solishtiradigan bo‘lsak samaradorlik pastroq chigqan va CN qo‘shilishi
faol gatlamning umumiy samaradorligini sezilarli darajada oshira olmagan. PBB-TSA:IT-4F faol gatlamiga
DPE qo‘shilganda esa Jsc yuqori chiggan bo‘lsa-da (19,8 mA/cm?), FF 45,4 % ga va EO‘S esa 7,5 % ga
tushib ketdi. Yuqoridagi ko‘rsatgichlarga asoslanib, PBB-TSA:IT-4F PQElar massa nisbati 1:1,2 bo‘lganda
va DIO qo‘shimchasi qo‘shilgan holda eng yuqori samaradorlikka erishilganligi ko’rinib turibdi. DIO
qo‘shimchasi faol qatlamlarning FF va EO‘S qiymatlarini sezilarli darajada oshirgan, bu esa uning boshga
qo‘shimchalarga qaraganda PBB-TSA:IT-4F PQElarning fotovoltaik parametrlari uchun eng samarali modda
ekanligini ko‘rsatdi. Qolgan qo‘shimchalar (CN, DPE) keltirilgan qiymatlarga ko‘ra samaradorlikni oshira
olmagan va hatto ayrim parametrlarning qiymatlari (masalan FF va EO‘S) nisbatan pastroq natija ko‘rsatdi.
DIO qof‘shimchasini kerakli miqdorda faol qatlam eritmasi tarkibiga qo‘shish orqali uning sirt
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morfologiyasini tartiblanishiga va buning natijasida eksitonlar dissotsiatsiyasi oshishiga erishish mumkin. Bu
esa o‘z navbatida eksitonlar rekombinatsiyasi kamayishi hamda EO*Sning oshishiga olib keladi[19,20].

2-jadvalda PBB-TSD:IT-4F PQElarning turli massa nisbatlari va qo‘shimcha moddalar kiritilgan
holdagi fotovoltaik parametrlari keltirilgan. Birinchi holda, ya‘ni PBB-TSD:IT-4F PQE lar asosidagi faol
gatlamlar 1:1 nisbatda va hech ganday qo‘shimcha modda qo‘shilmagan holda tayyorlanganda Voc 0,91 V,
Jsc 20,0 mA/cm?, FF 69,2 % va EO‘S 12,6 % natija ko‘rsatdi. So‘ngra donor-akseptor nisbatini 1:1,2 ga
oshirib uning fotovoltaik parametrlarini o‘lchaganimizda Jsc 20,6 mA/cm?, FF 70,7% va EO‘S 13,6 % ga
oshdi. Keyin natijalarni taqqoslash uchun massa nisbatini yana oshirdik va qo‘shimcha qo‘shmagan holda
faol qatlamlarni tayyorlab ularning fotovoltaik parametrlarini yana qaytadan o‘lchadik. Bu holda Voc 0,92 V
ga oshgan, lekin Jsc 19,4 mA/cm? ga pasaygan. EO‘S ham biroz kamayib, 12,2 % ni tashkil etgan, to‘ldirish
faktori (FF) ham 68,4% ga tushgan. Fotovoltaik parametrlar natijalarini bunday pasayib ketganligi yugorida
keltirilganidek, modda nisbatlari optimaldan oshib ketganligi bilan izohlanadi.

2-jadval. PBB-TSD:IT-4F faol gatlam asosidagi PQElarning fotovoltaik parametrlari

PBB-TSD:IT-4F Qo‘shimcha Voc Jsc FE (%) EO*‘S
(massa bo‘yicha) modda V) (mA/cm?) 0 (%)
1:1 0.91 20.0 69.2 12.6

1:1.2 0.93 20.6 70.7 13.6

1:1.4 0.92 19.4 68.4 12.2

1:1.2 0.91 20.0 69.2 12.6

1:1.2 DIO 0.89 219 745 14.6

CN 0.92 20.2 63.7 11.8

DPE 0.90 21.2 65.0 124

Bundan xulosa gilgan holda biz tadgiqotlarni donor-akseptorlarning 1:1,2 nisbati bilan davom
ettirdik va PBB-TSD:IT-4F faol qatlamlariga DIO qo‘shimchasini qo‘shish orqali faol qatlamlarni
tayyorladik. Natijada Voc 0,89 V va Jsc 21,9 mA/cm? ga ko‘tarildi, FF va EO‘S ham mos ravishda 74,5 % va
14,6 % ga oshdi. Keyingi bosgichda PBB-TSD:IT-4F PQElar asosida tayyorlangan faol gatlamga CN
qo‘shimchasini qo‘shib fotovoltaik parametrlarini o‘lchanganda, Voc 0,92 V, Jsc 20,2 mA/cm?, FF 63,7 % va
EO‘S 11,8 % natijani ko‘rsatdi. Bu holatda CN moddasining samaradorligi uncha yuqori bo‘lmaganligini
ko‘rish mumkin. DPE qo‘shimchasi kiritilgan PBB-TSD:IT-4F PQElarning fotovoltaik parametrlari CN ga
nisbatan yaxshiroq natija ko‘rsatgan bo‘lsada, DIO qo‘shimchasi qo‘shilgan faol gatlamlarning fotovoltaik
natijalariga nisbatan past chiqqanligini ko‘rish mumkin. Massa nisbati 1:1,2 bo‘lgan faol qatlamlar, hech
ganday qo‘shimcha modda qo‘shilmagan holatda ham yaxshi natijalar ko‘rsatgan, bu shuni anglatadiki PBB-
TSD:IT-4F PQE lar uchun 1:1,2 nisbat optimal bo‘lgan lekin DIO moddasining qo‘shilishi bu natijalarni
yanada yaxshilagan. Umuman olganda, ushbu jadvaldagi natijalarni tahlili shuni ko‘rsatadiki, DIO
qo‘shimchasi bilan massa nisbati 1:1,2 bo‘lganda PBB-TSD:IT-4F faol gatlamlari yuqgori samaradorlikka
erishgan.

PBB-TSA:IT-4F va PBB-TSD:IT-4F faol gatlamlarning fotovoltaik parametrlaridan xulosa giladigan
bolsak, bu ikkita eritmaga DIO qo‘shilmagan va qo‘shilgan holatlarda ham PBB-TSD:IT-4F faol gatlamning
yorug‘lik yutilish xossalari PQElar uchun samaraliroq ekanini ayta olamiz. Chunki, PBB-TSD:IT-4F faol
gatlamning fotovoltaik parametrlari har tomonlama PBB-TSA:IT-4F faol gatlamning fotovoltaik
parametrlaridan optimalroq ekanini 1 va 2-jadvallardan ko‘rish mumkin.
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8-rasm. PBB-TSA va PBB-TSD donorlar bilan IT-4F akseptor asosidagi PQElarning volt-amper
xarakteristika grafigi

8-rasmda PBB-TSA:IT-4F va PBB-TSD:IT-4F PQElarning DIO qo‘shimchasi qo‘shilgan va
go‘shilmagan holdagi volt-amper xarakteristika grafiklari berilgan. Grafiklardan ko‘rish mumkinki, FF
yuzasi eng katta holat PBB-TSD:IT-4F eritmasiga DIO qo‘shimchasi kiritiigan PBB-TSD:IT-4F faol
gatlamlarga tegishli, bunda FF giymati 74,5 % ga teng.

Bizga ma‘lumki, PQElarni sanoatda ishlab chigarish uchun uning yuqori samaradorlik va tashqi
muhitda barqgarorligi kabi xususiyatlari muhim hisoblanadi. Shundan kelib chigib tadgiqot davomida turli
sharoitda tayyorlangan PBB-TSA va PBB-TSD donorlar bilan IT-4F akseptor asosidagi PQElarning tashqi
kvant samaradorligi va bargarorligi ham o‘Ichandi.
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To'lgin uzunligi (nm)
9-rasm. Bir xil sharoitda tayyorlangan PBB-TSA va PBB-TSD donorlar bilan 1'T-4F akseptor asosidagi
PQElarning TKS spektri

9-rasmda PBB-TSA:IT-4F va PBB-TSD:IT-4F PQElarning tashgi kvant samaradorligi (TKS)
spektrlarini faol qatlamlarning yutilish spektrlari va PQElardagi fototok qiymatlarini to‘g‘ri ekanligini
isbotlash uchun ham o‘Ichanadi. TKS spektrlariga e‘tibor beradigan bo‘lsak, barcha faol qatlamlarning
yutilish spektrlari kabi DIO qo‘shimchasi qo‘shilgan faol qatlamlar asosidagi PQElar spektri qizil to‘lqin
tomon siljigan. Bu esa faol qatlamlarning yutilish spektri natijalarini to‘la tasdiqlaydi. Grafikdan ko‘rishimiz
mumkinki, PQElarning TKS spektri 300 dan 800 nm gacha bo‘lgan keng to‘lqin uzunligi diapazonini
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gamrab olgan, bu natija esa yutilish spektri natijalariga ham to‘liq mos keladi. TKS ning eng yuqori giymati
87 % bo‘lib bu DIO qo‘shilgan PBB-TSD:IT-4F PQElarga tegishlidir.

—=— PBB-TSA:IT-4F
10 —e— PBB-TSD:IT-4F

EO'S (normallashtirilgan)

=
b

0,0 - :
0 50 100 150 200 250 300

Vaqt (soat)
10-rasm. PBB-TSA va PBB-TSD donorlar bilan IT-4F akseptor asosidagi PQElarning bargarorligi

10-rasmda PBB-TSA va PBB-TSD donorlar bilan IT-4F akseptor asosidagi PQElarning vaqt o‘tishi
bilan degaradatsiya jarayoniga bargarorligi 300 soat davomida kuzatildi. Grafikdan ko‘rish mumkinki, EO‘S
giymatining boshlang‘ich holatdagi qiymatini bir birlikka teng deb olib, EO‘S qiymatining vaqt o‘tishi bilan
o‘zgarishini ya‘ni PQElarning degradatsiya jarayoni tadqiq qilindi. Masalan 50 soatdan so‘ng PBB-TSA:IT-
4F PQElarning samaradorligi keskin pasaydi va taxminan 0,6 birlik giymatga tushdi. Bu pasayish
degradatsiyaning tezkor sodir bo‘layotganini bildiradi va 300 soatdan so‘ng esa samaradorligining 0.3
gisminigina saglab qoldi. PBB-TSD:IT-4F PQElar esa samaradorlikni nisbatan uzoq vaqt saglab qoldi va 50
soat ichida 0,8 qiymatni ko‘rsatdi. 300 soatdan keyin esa samaradorlikning 0.6 qismi saqlab qolganini
ko‘rishimiz mumkin. Bu natija PBB-TSD: IT-4F PQElar PBB-TSA:IT-4F PQElarga garaganda degradatsiya
jarayoniga yaxshirog chidamli ekanligini bildiradi.

Xulosa. Optik yutilish spektrlari tahlili 1T-4F ning PBB-TSD va PBB-TSA bilan aralashmalarda keng
spektral diapazonda samarali yorug‘lik yutilishini ta’minlashini ko‘rsatdi. DIO qo‘shimchasining kiritilishi
IT-4F asosidagi faol gatlamlarda donor va akseptor fazalarining ajralishini kuchaytirib, molekulalararo
tartiblanganlikni yaxshilashi isbotlandi.

IT-4F asosida optimallashtirilgan PBB-TSD:IT-4F faol gatlamli polimer quyosh elementlari 0,89 V
ochig zanjir kuchlanishi (Vge), 21,9 mA/cm? qisqa tutashuv toki zichligi (Jgc) va 74,5% to‘ldirish
koeffitsiyenti (FF) bilan 14,6% samaradorligini erishildi.

Donor:IT-4F asosidagi faol gatlamlarning yutilish spektr natijalaridan fazalarning ajralishi va
tartiblangan molekulyar tartiblanish DIO go'shimchasidan foydalanganda boshqa qo’shimchalarga nisbatan
faol gatlamlarning samaradorligi optimalrog bo’lishi xulosa gilindi. Bu xulosalarimizni PQElarning
fotovoltaik parametrlari ham tasdigladi.

Faol qatlamlarning yutilish spektr natijalari va PQElarning fotovoltaik natijalari haqqoniyligini ya’ni
yutilish spektri yaxshi bo’lgan faol qatlam asosidagi PQElarning fotovoltaik parametrlari optimal bo’lishi bir
biri bilan uzviy bog’liq holda bo’layotganini PQElarning TKS spektrlari natijalari bilan isbotlandi.

Minnatdorchilik. Ushbu maqoladagi olingan natijalar O‘zbekiston Respublikasi Innovatsion
rivojlanish vazirligining Fundamental tadqiqotlar dasturi doirasidagi loyihada va O‘zRFA U. Arifov
nomidagi lon-plazma va lazer texnologiyalari instituti bazaviy moliyalashtirish mablag‘lari ko‘magida
bajarilgan.
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V]IK 517.946

OB OJTHOM HEJTMHEHHON MATEMATHYECKOM MOJEJIA BOSHUKAIOLIEW B
JBYXKUJIKOCTHOM CPEJIE

IOpxunosa /lunopa A6oynrxamuo Kusu,
Ipenoodasamens Kapuunckozo 2ocyoapcmeeniozo
VHUBepcumemd.

Annomauusn. Paccmampusaemcs 3a0ava Kowu 01 00HOMEPHOU 00HOPOOHOU CUCHEMbl YPAGHEHULL
muna Xonga eosHukawwas 6 08yx cuoxocmuou cpede. Cuumaemcs, 4mo OUCCUNAYUS IHepeUU
npoucxooum monvbko 3a cuem Koagguyuenma mpenus (anaroea Japcu) u dannvie Kowu 3adanvt 6 sude
KOHeUH020 mpuzoHomempuyeckozo psioa @ypwe. [lonyuenvl pexyppenmuvie cucmemvl OObIKHOBEHHBIX
ougppepenyuanvuvix ypasrenuu 0 amnaumyo oasi N npubnuocenui. ITocmpoeno uacmuoe peutenue
noayuentou O/[Y npu N =3.

Knwuesvie cnosa: osyxgasnas cpeda, napyuanvhas niomuocmo, 3adaua Kowwu, es3x0cme,
xoappuyuenm Jlapcu, psao Pypwe, ypasnenue Xonga.

IKKI SUYUQLIKLI MUHITDA YUZAGA KELADIGAN BIR NOCHIZIQLI MATEMATIK
MODELNI O’ RGANISH

Abstrakt. Ikki suyuq muhitda yuzaga keladigan Hopf tipidagi tenglamalarning bir o'lchovli bir xil
tizimi uchun Koshi muammosini ko'rib chigamiz. Energiya targalishi fagat ishgalanish koeffitsiyenti tufayli
sodir bo'ladi, deb taxmin qgilinadi (Darsiga o'xshash) va Koshi ma'lumotlari chekli trigonometrik Furye
qatori sifatida berilgan. “Yaqinlashuvlar uchun amplitudalar bo ‘yicha oddiy differensial tenglamalarning
rekurrent tizimlari olindi. Olingan ODT uchun N =3 holatda xususiy yechim qurildi.”

Kalit so'zlar: ikki fazali muhit, gisman zichlilik, Koshi muammaosi, yopishqoglik, darsi koeffitsiyenti,
Furye gatori, Hopf tenglamasi.

ON A NONLINEAR MATHEMATICAL MODEL ARISING IN A TWO-FLUID MEDIUM

Abstract. We consider the Cauchy problem for a one-dimensional homogeneous system of Hopf-type
equations arising in a two-fluid medium. Energy dissipation is assumed to occur solely due to the friction
coefficient (analogous to Darcy), and the Cauchy data are given as a finite trigonometric Fourier series.
Recurrent systems of ordinary differential equations for the amplitudes of the approximations are obtained.
A particular solution to the resulting ODE is constructed for N =3.

Keywords: two-phase medium, partial density, Cauchy problem, viscosity, Darcy coefficient, Fourier
series, Hopf equation.

Beenenne. ['maponnHamudeckas Mojenbs MHOroga3sHOH >KUAKOCTH XOPOLIO M3BECTHA M IOAPOOHO
onucaHa B ydeOHMKaX M MOHOrpadusx MO MeXaHuKe CIUIOmHBIX cpen [1-7]. YpaBHenue Xomda uz
MPOCTEHIINX TUIMEePOOTHMUECKIX MOJeNel, B KOTOphIX 3anavya Komw amst ypaBHeHHs1 Xora 3KBUBaJICHTHA
TeopeMa O HesIBHOM (YHKUUH. DTO YpaBHEHHE YUHUTHIBACT TOJIBKO aJIbeKTHBHBIE MpoLiecchl B Moaenu. Eciun
yuuTHIBaTh 3((HEKTh Mex(ha3HOTO TPEHHS, TO, KaK MOKa3aHO B JABYX XKUAKOCTHOU cpene [8-23] Bo3HUKaET
cucreMa THIepOoIndeckoro tumna Xorda. Y CHCTEMbl ypaBHEHUH JBYXCKOPOCTHOW THUAPOJUHAMUKU U
cucTteMbl ypaBHeHMH Tuna Xomda MHOro obmiero. lanHas cuctema yduThIBaeT cienyromue 3(pQexTsi:
HaJIM4YUe KBAAPATHYHON HEJIMHEHHOCTH 0 CKOPOCTAM IOJCUCTEM, CBA3aHHOM C albeKTUBHBIMU MIPOLIECCAMHU
¥ OTBEYAIOIIEeH 3aBUCUMOCTH CKOPOCTH PacHpOCTPAHEHHS 3ByKa OT aMIUTUTYZAB! 3BYKOBBIX BOJIH, U HaJHYNE
JIUHEWHOTO MO OTHOCHTEIBHOMY UMITYJIECY NU(PPY3HOHHOTO CIAaraeMoro B MPaBbIX YacTsAX, CB3aHHOTO C
nporeccaMu Me(pa3zHOro TPEHUS M OTBEUAIOLIETO 3a 3aTyXaHHe 3BYKOBBIX BOJH. UTO KacaeTcsi CBOWCTB
pelIeHni, TO OHU COBEPIICHHO pa3Hble. Y CHUCTEMBbl ypaBHeHHMH Tuna Xomda Opd HCYE3arOIIeM
koddunmenrte, ananore xodpdurmenta Jlapcu, GopMHPYIOTCS Kak CHIbHBIE (YAapHbIC BOJHBI), TaKk W
cnabble pa3pbiBBl, B TO BpPEMS KaK peIIeHHE CHUCTEMbl JABYXCKOPOCTHOM THIAPOJMHAMUKM TaKUMHU
ocoOeHHOCTAMU He obnamaeT. OQHaKo 007acTh MPUMEHUMOCTH 3TOH CUCTEMBI OTHIOJb HE OIPaHUYMBAETCS
MPUBEIECHHBIMA TPUMEPAaMH, TaKH€ CHUCTEMBl BO3HHMKAIOT BO MHOTHMX 33/adax, YeM H OMpeAesseTcs ee
3Hauenue [24]. [Toaromy 0co0o0ii HIeHHOCTHIO 001a/1al0T HETUHEHHBIE MOETH, ITyCTh U CHIILHO YIPOIIIEHHBIE
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B CPaBHEHMHU C MCXOIHOM CHCTEMOH NBYXCKOPOCTHOW I'MIPOJMHAMUKHU, OAHAKO COXPAHSIOIINE €€ BaXKHbIC
YepTHI.

IHocranoBka 3amaum. PaccMoTpuMm mpolecc pacHpoCTpaHEHMsI HENMHEHWHBIX BOJH B JABYX
KUJKOCTHOW CpeJie, ONKCBIBAEMBIM OJHOMEPHON OJHOPOIHON cUCTeMOl ypaBHeHui [8, 9, 14, 15, 16, 22-
24]:

ou ou

—+Uu—=-b(u-0

o TUg T TPl @)
ou od

—+U0—=¢b(u-0a

Py (u-0), @)

rme Un U— ckopocTu momcucTeM ¢ COOTBETCTBYIOIIUMHU IMapIHaIbHBIMU IUIOTHOCTIMU O u P,

b — nonoxurensras mocrosHmas OoTBeHaromiasi 3a TpeHue B cucreMe (aHamor koaddwurmenta [lapcm),

& =~ — 0e3pas3MepHast MOJOKHUTEIbHAS MTOCTOSIHHAS.

Paccmotpum 3amauy Kommmwm mist cucremsl ypaBHeHUH Tria Xorda ¢ MeprHogHYecKUMU HadaTbHBIMH
JaHHBIMU B BUJE TPUTOHOMETPHUECKOI0 MHOrowIeHa [25]:

N ..
U, = 2, e, 3
j=—N
N ..
o= 2, die"™ @
P

Ormernm, uro npu mo6oii nocrosmroii C pemerme U(t, X) u U(t, X) samaun Kowm s cnerenmsr

(1), (2) MOXHO 3aMEHUTH APYTUM pEIICHHEM U (t, X) uU (t, X) CO CIIBUHYTBIMH Ha C HaYaJTbHBIMHU

JaHHBIMU:
U(t,x)=C+u(t,x+Ct) U (t,x) =C +0(t,x+Ct).
Ot pynkumu ynosierBopstoT cucreme (1), (2). Jannas ogHonapaMmerpudeckas rpynmna CUMMETpUit

Mo3BOJISIET BBIOpaTh Oy = Ou oy = O B nauanbHbIx nmaHHbIX 3ana4un (3), (4) U mepelTH OT CHCTEMBI

ypaBHeHHU# Tra Xorda K MpONHTETPHPOBAHHOMN CHCTEMe YpaBHEHUH

o 10 3 _ov
"§+§51:mw_w' u_5i )
o 107 3 OV
EE+E7§*ZAXV_W' lJ_EQ- (6)

[TpubnmkeHHOe penieHre MOoCleAHeN CUCTEMBI CTpoUTCst MeToaoM ['anepkuHa [25]:
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duryprbie cKOOKH 0003HAYAIOT 3/IeCh OTOPACHIBAHKE BBICHIMX T'APMOHHK C HOMEpaMH, OOJBIIMMU

N [25]. [IpupaBauBaHe KOA(hOHUIMEHTOB MIPU eimx, IMI<N & YPaBHEHUSAX IS V(z,X) u V(z,X)

MPUBOJUT K 3aMKHYTOW cucteMme nuddepeHnnaIbHbIX YpaBHEHUH OTHOCHTEIHHO AN  memssectHBIX
dymwit a,(z), 8,(r) 1 b,(2), B,(0):

a,(r) = f,(a,b)-b(a, -4&),
br () = g,(a,b) ~b(b, -b,), n=1...,N, ©9)

&,(r)=f,(@ab)+eb(a, - 4&,),

b’ () =g, (&,b) +eb(b, b)), n=1...,N, (10)

TJle ITPUX — 3T0 AUQPEPEHIMPOBAHKE IO BPEMEHHU, KOTOPOE Mbl 0003HaUaeM depe3 T .
o _ oV
HauanbHbie nanueie s AuHamudeckoi cucteMsl (9), (10) B cuty cootHomenus: U = & uu= &

3a/1AI0TCsI B BUJIE
a,0)=-¢,, b O) =i, n=1...,N,
5n(0)=—i0~ln, b,(0)=ia_,, n=1,...,N.

JUTst BEIeCTBEHHBIX PEIICHHH I0JIKHO BHIONMHATHCA yeiopus & =0, u & =b, .

B nunamuueckoil cucreme (9), (10) dynxuun f, (a,b), fn @ab) u g,(@@b), §,@, b) smsroTes
OZHOPOJIHBIMH KBaJpPaTHYHBIMH MHOTOYWICHAMH CBOHMX apryMEHTOB. B KauecTBe HILTFOCTpALU MPUBEAEM
Bu QyHKIMH fn (4,b) B 3aBuCHMOCTH OT YeTHOCTH uKCIa N :

- —-N(&4a,_, +8&,a, ,++8,8,,) N =2m+1,
N T ~ ~ ~ ~ ~ A ~
-N(&da,, +8,8a, ,+-+4a,,4d,,)-ma,, N=2m.

PaccmoTpuM Tenepb BOMpOC 00 WHTEPUPOBAHWU CHUCTEMBbI ypaBHeHHU Tumna Xorda. B wactHocTH,
pu N =3 nunamuueckas cucrema (9), (10) umeer CenyOIUN BU;

a =ba, +ba, —b(a, -4a,), (11)
b1,:a1b2+a2b3_b(b1_61), 12)

a, =2ba, —a’ —b(a, -a,), (13)
b, =2ah, —b? —b(b, -b,), (14)
a; =-33,a, —b(a, -a,), (15)
b! =—3bb, —b(b, -b,), (16)
a =ba, +b,d +b(a, - &), (17)
b = &b, +4&,0, +sb(b, —b), (18)
A, =2ba, —a; +eb(a, - 4&,), (19)

b, =24, —b? + &b(b, —b,), (20)

a,=-34,4, +&b(a, —4,), (21)

b, =-30,b, + eb(b, —b,). (22)

Jlerko 3ametuTh, 4TO HyJeBoi Bektop (&,0,8,b)=0 sBasercs TpuBManbHOW peuieHueM. B maHHOI

paboTe MOCTpOeHa YacTHOE pelieHre TuHaMIueckoit cuctemsl (11)-(22):
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a-4-0-6-0, a-8-b-6-0

o+ Cle—(l+s)br - gcle—(1+g)br
- 1+¢ = 1+¢

b3 _ C, + Caef(1+5)br ;_ C, - gcsef(ug)br
1+¢& ’ ° 1+¢

rae C;,C,,C;,C, — NpOU3BOILHBIC IOCTOSIHHEIC.

3axaouenue. Takum o6pazom paccMoTpeHa 3amada Ko mjis oTHOMEpHOH OTHOPOIHONW CHUCTEMBI
ypaBHeHU# Tuna Xormda, MOIACTUPYIONICH MPOIECCHl B JBYXXKUAKOCTHOHW cpefe ¢ yd4éToMm MexdasHoro
Tperust (aHanor kod¢¢duiuenta [lapcu). HauaneHbie naHHBIE 3amaHBl B BHJE KOHEYHOTO
TPUTOHOMETPHUUYECKOro psina dypre, YTO MO3BOJIMIO NPUMEHUTh METOA ['anepkuHa U MOJy4YUTh 3aMKHYTYIO
PEKYPPEHTHYIO CUCTEMY OOBIKHOBEHHBIX TU(PQPEPECHIUAIBHBIX YPAaBHEHUH Il aMIUIUTY]T PUOIMKEHHOTO
pemienus. [ns cmydas N=3 mocTpoeHO 4YacTHOE peEUICHHE TOJIYYCHHONH JUHAMHYECKOW CHCTEMBI,
BEIp@XEHHOE Yepe3 MPOU3BOIBHBIE MTOCTOSHHBIE. Pe3ynbTaThl MOTYT OBITH HCIIONB30BAHBI P JalTbHEHIIIEM
aHaIIM3€e HETMHEHHBIX BOJHOBBIX MPOIIECCOB B IBYX(a3HBIX Cpenax.
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Djurayev Davron Raxmonovich,

Buxoro davlat universiteti Fizika kafedrasi professori
s.s.fayziev@buxdu.uz

Fayziyev Shaxobiddin Shavkatovich,

Buxoro davlat universiteti Fizika kafedrasi dotsenti
d.r.djuraev@buxdu.uz

Radjabova Munavvar Sodigovna,

Buxoro davlat universiteti magistranti
radzabovam2407@mail.ru

Annotatsiya. Ushbu maqolada kupratli o‘ta o ‘tkazgichlarning kritik harorati bilan ularning
strukturaviy va fizik parametrlarining o zaro bog  ligligini modellashtirish masalasi ko rib chigiladi.
Magqolaning asosiy vazifasi fagat yarim empirik modelni taqdim etish bilan cheklanmay, balki grafiklarni
qurishning butun zanjirini — adabiyotdagi boshlang ‘ich bog ‘lanishdan va ishchi nuqtalar jadvalidan tortib,
yakuniy hisobiy egri chiziq hamda natijaning fizik talginiga qadar —ochiq va tushunarli ko ‘rsatishdan iborat.
Asosiy fenomenologik bog ‘lanish sifatida teshikli dopinglangan kupratlar uchun Presland tomonidan taklif
etilgan nashr gilingan model qo ‘llaniladi, YBa>,CusOs+X tizimi uchun esa Liang, Bonn va Hardy tomonidan
taklif etilgan tekislikdagi doping darajasi bilan panjara parametrining ¢ o'qi bo ‘ylab giymati orasidagi
empirik bog ‘lanishdan foydalaniladi. Maqgolada kritik haroratni to‘g‘ri modellashtivish uchun elektron
parametr p bilan bir gatorda, kislorodning nostexiometriyasi, panjara parametri va material oilasiga xos
elektron tuzilma xususiyatlarini ham hisobga olish zarurligi ko ‘rsatiladi. Shuningdek, har bir rasmning kelib
chigishi, boshlang ‘ich jadvallarning tarkibi va qo ‘llanilgan barcha formulalarning fizik mazmuni alohida
izohlanadi.

Kalit so‘zlar: kupratli o‘ta o tkazgichlar, kritik harorat, modellashtirish, strukturaviy parametrlar,
fizik parametrlar, YBCO, LSCO, Bi-2212, doping, panjara parametri, yarim empirik model.

MOAEJIMPOBAHUE 3ABUCUMOCTHU Tc KYIIPATHBIX CBEPXITPOBOJHUKOB OT
CTPYKTYPHBIX 1 PUSNUIYECKUX ITAPAMETPOB

Annomauus. B Oannoii cmamee paccmampusaemcs 3a0a4a MOOEIUPOBAHUSL G3AUMOCEAIU MeNCOY
KpUMu4eckou memMnepamypol U CMpYKMypHolMU U QUSUYECKUMU  RApAMEempamu  KYNpamHvlx
c8epxnpoeoonuxos. Ocnosnas yenb pabomsl 3aKI04Aemcs, He MOoAbKO 8 NpeoCcmasienuu NOIYIMIUPULECKOU
Mooenu, HO U 8 OMKPLIMOM U NOHAMHOM NOKA3€e 6Ce20 NPOYecca NOCMpPoeHUs 2papuKos - om UCXOOHbLIX
3asucumocmeti @ aumepamype u madauy padbouux mouex 00 OKOHUAMENbHOU GbIYUCIEeHHOU KpUBol U
Qusuueckoli unmepnpemayuu pezyibmama. B kauecmee ocnoenou Genomenonocuueckol 3asucumMocmu
UCNONIL3Yemcs ONyONUKOBAHHAS MOOenb [Ipucieno 0 ObIpOYHO 1eUPOBAHHBIX KYNPAMos, a Osl CUCHEeMbl
YBa:CusOs+X amnupuueckas 3a6UcCUMOCmb MeNCOY YPOSGHEM NIe2Upo8anus HA NIOCKOCMU U Napamempom
pewemxu ¢, npeonodcennas Jluane , buynn u Xapou. Iloxazano, umo 01a KOPPEeKMHO20 MOOEAUPOBAHUS
Kpumuyeckot memnepamypsl HeoOX0OUMO YYUMbIEAMb He MOIbKO DNeKMPOHHLIL napamemp p, HO U
HOCMEKCUOMEMPUIO KUCTIOPOOd, NAPAMEMpPbl PeuemKy U 3JIeKMPOHHYIO CIPYKIMYDY, XAPaKmepuyio Ois
KOHKpemHo20 cemeticmea mamepuanog. Kpome mozo, omoenvHo nosicHaemcs npoucxodicoeHue Kancooll
@uzypei, cocmas ucxoOHblx mabauy u Gu3UYecKutl CMbLC 8CeX UCNONb308ANHBIX POPMYIL.

Knrwouesvie cnoea: xynpamuvle c8epxnpo8OOHUKU, KPUMUYECKASs MEeMNepamypd, MoOeiuposanue,
cmpyKkmypHvle napamempsl, usuveckue napamempuvi, YBCO, LSCO, Bi-2212, neeupoganue, napamemp
pewemKu, noaYIMNUPUIEcKas Mooeb.

MODELING THE DEPENDENCE OF Tc IN CUPRATE SUPERCONDUCTORS ON
STRUCTURAL AND PHYSICAL PARAMETERS

Abstract. This paper addresses the problem of modeling the relationship between the critical
temperature and the structural and physical parameters of cuprate superconductors. The main goal of the
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study is not only to present a semi-empirical model but also to clearly and transparently demonstrate the
entire process of constructing graphs - from the initial literature data and working point tables to the final
computed curve and the physical interpretation of the results. As the main phenomenological relationship,
the published Presland model is used for hole-doped cuprates, while for the YBa:CusOs+x system, the
empirical relationship between the planar doping level and the c-axis lattice parameter proposed by Liang,
Bonn, and Hardy is applied. It is shown that for accurate modeling of the critical temperature, it is necessary
to consider not only the electronic parameter p but also oxygen non-stoichiometry, lattice parameters, and
electronic structure characteristics specific to the material family. Additionally, the origin of each figure, the
composition of the initial tables, and the physical meaning of all applied formulas are explained.

Keywords: cuprate superconductors, critical temperature, modeling, structural parameters, physical
parameters, YBCO, LSCO, Bi-2212, doping, lattice parameter, semi-empirical model.

Mis saqlovchi oksid tizimlarida yuqori haroratli o‘ta o‘tkazuvchanlikning kashf etilishi zamonaviy
kondensatlangan holat fizikasi tarixidagi muhim voqealardan biri bo‘ldi. Kuprat materiallar gisqa vaqt ichida
chuqur fundamental va amaliy qiziqish uyg‘otgan obyektlarga aylandi. Bunga ularning qatlamli tuzilishi,
kuchli elektron korrelyatsiyalari va an’anaviy o‘ta o‘tkazgichlarga nisbatan ancha yuqori kritik haroratlari
sabab bo‘ldi [1, 6, 9].

Kupratli o‘ta o‘tkazgichlar murakkab qatlamli tizimlar bo‘lib, ularda asosiy rolni CuO tekisliklari
bajaradi. Aynan shu tekisliklardagi zaryad tashuvchilar holati, ularning doping darajasi va atomlararo o‘zaro
ta’sir xususiyati o‘ta o‘tkazuvchanlikning paydo bo‘lishi hamda barqarorligini belgilaydi. Shu bilan birga,
to‘plangan tajriba ma’lumotlari kritik harorat Tc ni faqat zaryad tashuvchilar konsentratsiyasi bilan to‘liq
tushuntirib bo‘lmasligini ko‘rsatadi. Demak, Tc ni tavsiflashda struktura va elektron tuzilishga oid
go‘shimcha omillarni ham hisobga olish zarur [6, 9].

Ushbu maqolaning magqgsadi  kritik  haroratning material parametrlariga bog‘ligligini
modellashtirishning shaffof va fizik jihatdan izohlanadigan sxemasini qurishdan iborat. Ishda grafiklarning
kelib chiqishi, boshlang‘ich jadvallar tarkibi, formulalarning mazmuni va bir modeldan ikkinchisiga o‘tish
mantiqi alohida ko‘rsatib beriladi.

4. Teshikli dopinglangan kupratlar fizikasi bo‘yicha eng mashhur natijalardan biri —
normallashgan kritik haroratning teshikli doping darajasiga parabolik bog‘ligligidir. Presland va
hamkorlarining klassik ishida ushbu bog‘lanish qulay fenomenologik ko‘rinishda yozilgan va u keyinchalik
kupratlar faza diagrammasini tasvirlashda keng qo‘llanilgan. Biroq bu yondashuv, avvalo, boshlang‘ich
yaginlashuyv sifatida garalishi kerak, chunki turli material oilalarida Tc,max va gumbaz shakli bir-biridan farq
giladi [2].

YBa,CuzOetx tizimi uchun tekislikdagi doping darajasini to‘g‘ri aniqlash alohida ahamiyatga ega.
Liang, Bonn va Hardy YBCO uchun p darajasi panjara parametrining ¢ o‘qi bo‘ylab qiymati bilan
bog‘lanishi mumkinligini ko‘rsatdilar. Bu natija strukturaviy kattalikdan elektron parametrga o‘tish imkonini
beradi va shu sababli modellashtirish nugtai nazaridan juda muhimdir [7].

Pavarini va hamkorlarining ishlari Tc,max bo‘yicha material oilalari orasidagi farqlar elektron
tuzilmaning materialga xos xususiyatlari, xususan axial orbital hamda tekislik ichidagi uzog masofali
hopping bilan bog‘liq parametrlar bilan korrelyatsiyalanganini ko‘rsatdi. Demak, oilalar orasidagi fargni
tushuntirish uchun fagat dopingni emas, balki strukturaviy-elektron omillarni ham hisobga olish kerak [5, 8].

Shunday qilib, adabiyotlar tahlili T. ni yetarli darajada tavsiflash uchun kamida uchta daraja
zarurligini ko‘rsatadi: asosiy Tc¢(p) bog‘lanishi, muayyan material oilalari uchun strukturaviy bog‘lanish va
fizik parametrlarni ham hisobga oluvchi kengaytirilgan sxema [2, 5, 7, 10].

Magolaning ushbu variantida boshlang‘ich ma’lumotlar sifatida muallifning o‘z eksperimental
o‘lchovlari emas, balki nashr qgilingan tenglamalar va adabiyotlarda keltirilgan parametr qiymatlari asosida
qayta tiklangan ishchi nuqtalar jadvallari qabul gilinadi. Ya’ni barcha grafiklar muallif tomonidan qayta
qurilgan bo‘lib, ularning sonli asosi sifatida e’lon gilingan formulalar xizmat qiladi [2, 7].

Materiallar va modellashtirish metodikasi. Taqqoslama tahlil uchun kupratli yuqori haroratli o‘ta
o‘tkazgichlarning uchta vakil oilasi tanlandi: LSCO, YBCO va Bi-2212. Ushbu tizimlar adabiyotlarda yaxshi
o‘rganilgan, ularning kristall-kimyoviy xususiyatlari bir-biridan farq giladi va ular kritik haroratning doping
hamda strukturaviy omillarga qanday bog‘ligligini ko‘rsatish uchun qulaydir [2, 7, 9].

Bog‘liq kattalik sifatida kritik harorat Tc qabul qilinadi. Modellashtirishning birinchi darajasida
mustaqil o‘zgaruvchi sifatida teshikli doping darajasi p olinadi. Ikkinchi darajada YBCO uchun panjara
parametrining ¢ o‘qi bo‘ylab qiymati kiritiladi va u orqali p(c) bog‘lanishi aniqlanadi. Uchinchi darajada esa
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kengaytirilgan ko‘p parametrli sxema qo‘llanadi, unda kislorod nostexiometriyasi, strukturaviy-elektron
deskriptor va o‘ta o‘tkazuvchi kondensat bilan bog‘liq parametrlar hisobga olinadi [2, 10].

1-jadval. Rasmlarning kelib chiqishi va boshlang‘ich ma’lumotlar turi.

Rasm Nima ko‘rsatilgan Manba Ma’lumot turi

1 Tc(p) ning 0}la}ga b_og liq egri Presland et al. E’lon gilingan formqla bo‘yicha
chiziglari rekonstruksiya

2 Tc/Temax(p) n!ng por.mallashgan Presland et al. E’lon qgilingan formqla bo‘yicha
bog‘lanishi rekonstruksiya

e Liang, Bonn, E’lon qilingan formula bo‘yicha
3 YBCO uchun p(c) bog‘lanishi Hardy rekonstruksiya

4 YBCO uchun Tc¢(c) kompozitsion Presland + Liang Ikkita e’lon gilingan formula

modeli bo‘yicha kompozitsion hisob

Izoh. Ushbu variantdagi 1-4 rasmlarning barchasi muallif tomonidan gayta qurilgan; ularning sonli
asosi e’lon gilingan tenglamalar va adabiyotdagi Tc ning maksimal giymatlari bo ‘lib, ular muallifning oz
eksperimental o ‘Ichovlari sifatida talgin qilinmaydi [2, 7].

Magolaning ushbu variantidagi ishchi nuqgtalar jadvallari nashr qilingan formulalar asosida
hisoblangan jadvallar maqomiga ega. Ular eksperimental grafiklarning to‘liq raqamlashtirilgan nusxasini
almashtirmaydi, biroq formuladan grafikgacha bo‘lgan zanjirni tushunarli va tekshirsa bo‘ladigan
ko‘rinishda ko‘rsatishga xizmat qiladi [2, 7].

2-jadval. Hisob-kitobda qo‘llanilgan kuprat oilalari va Tc(p) ning asosiy funksiyalari.

Oila Tc(p) funksiyasi  Tc ning maksimum manbai Ishdagi roli
LSCO  38[1-82.6(p-0.16)%] adabiy giymatlar Asosiy taggoslash
i i 2 S Asosiy taggoslash va strukturaviy
YBCO | 93[1-82.6(p-0.16)] adabiy giymatlar bog-lanish
Bi-2212 = 95[1-82.6(p-0.16)?] adabiy giymatlar Asosiy taggoslash

Modellashtirishning birinchi darajasi uchun kritik haroratning teshikli doping darajasiga nashr gilingan
parabolik bog‘ligligi qo‘llanadi. Ushbu model kuprat o‘ta o‘tkazgichlari uchun xos bo‘lgan gumbazsimon
Tc(p) shaklini tiklaydi va ishda boshlang‘ich nazorat modeli sifatida xizmat qiladi [2].

Te=Temax [1 — 82,6 (p—0,16)?] 1)

bu yerda T¢ - o ‘ta o ‘tkazuvchan o ‘tishning kritik harorati, K; Tcmax - Mazkur oila uchun maksimal

kritik harorat, K; p - CuO; tekisliklaridagi teshikli doping darajasi; 0,16 - optimal doping giymati; 82,6 -
o0 ‘ta o ‘tkazuvchanlik gumbazining egriligini belgilovchi empirik koeffitsiyent.

(1)-formula fizik jihatdan shuni anglatadiki, kritik harorat optimal dopingda maksimumga erishadi va
tizim bu giymatdan kam yoki ko‘p dopinglangan tomonga og‘ganda pasaya boshlaydi [2].

a. Shu bog‘lanishning normallashgan ko‘rinishi

1-—= = 82,6(p-0,16)* )

[+Fir" 1

bu yerda T¢/Tcmax- normallashgan kritik harorat; p - teshikli doping darajasi.

Normallashgan ko‘rinish oilalararo taqqoslash uchun qulay, chunki u bog‘lanishni o‘lchamsiz shaklga
keltiradi va T¢max ning mutlaq giymatlaridan qat’i nazar gumbazning umumiy shaklini muhokama qilish
imkonini beradi [2].

Modelning oilaga bog‘liq ko‘rinishi.

Te(f) = Temax(f) [1 = As (p — por)’], ©)

bu yerda T(f) - f oilaga mansub material uchun kritik harorat; Tcmax(f) - ushbu oilaning maksimal

kritik harorati; As - o ‘ta o ‘tkazuvchanlik gumbazining kengligini belgilovchi koeffitsiyent; po,f mazkur oilaga
xos optimal doping darajasi.

(3)-formula turli oilalar bir-biridan nafagat Tc¢max giymati, balki optimal doping holati va gumbaz
shakli bo‘yicha ham farq qilishi mumkinligini hisobga olishga imkon beradi [2, 5].

b. YBCO uchun empirik p(c) bog‘lanishi

Y Ba;Cu30e:x tizimi uchun tekislikdagi doping darajasini panjara parametrining ¢ o‘qi bo‘ylab qiymati
bilan bog‘laydigan nashr gilingan empirik formula qo‘llanadi [7].
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p=11,491y+5,17x10°y®, y=1—c/co, Co =1,18447 nm, (@)

bu yerda p - teshikli doping darajasi; y - yordamchi o ‘Ichamsiz kattalik; c¢ - panjara parametrining c
o°‘qi bo‘ylab gqiymati;, co - panjara parametrining tayanch qiymati; 11,491 va 5,17x10° - empirik
yaginlashtirish koeffitsiyentlari.

(4)-formulaning fizik ma’nosi shundan iboratki, materialning strukturasi elektron tizimga ta’sir qiladi:
panjara parametrining c qiymati o‘zgarganda tekislikdagi doping darajasi ham o‘zgaradi. Shu sababli c
parametri Tc ni modellashtirishda fizik mazmunli strukturaviy ko‘rsatkich sifatida qaraladi [7].

YBCO uchun T¢(c) kompozitsion modeli

Te=Temax[1 — 82,6 (p(c) — 0,16)], (5)
bu yerda p(c) - panjara parametri ¢ orgali ifodalangan doping darajasi; Tcmax - YBCO oilasi uchun
maksimal kritik harorat.

(5) - formula modelning strukturaviy va elektron gismlarini birlashtiradi: avval ¢ dan p(c) aniglanadi,
so‘ng p(c) orqali kritik harorat hisoblanadi. Aynan shu formula 4-rasm va 5-jadvalning asosini tashkil etadi
[2, 7].

Kengaytirilgan ko‘p parametrli sxema

Tc=ap+ap+ap*+asd+asC+asS+agps, (6)

bu yerda ag...as - ko ‘p parametrli model koeffitsiyentlari; ¢ - kislorod nostexiometriyasi; ¢ - panjara
parametrining ¢ o °qi bo‘ylab qiymati; S - material oilasiga xos strukturaviy-elektron deskriptor; ps - o ‘ta
o ‘tkazuvchi kondensat bilan bog ‘liq parametr yoki o ‘ta ogim zichligi.

(6) - formula yakuniy kengaytirilgan modelning umumiy ko‘rinishini beradi. Ushbu hujjatda u keyingi
rivojlantirish uchun ishchi sxema sifatida keltiriladi, sonli grafiklar esa asosan (1) - (5) formulalar asosida
qurilgan [5, 8, 10].

Boshlang‘ich jadvallar va muallif tomonidan qurilgan grafik-rekonstruksiyalar Tc/Tcmax(p) ning
normallashgan bog‘lanishi

Birinchi grafik uchun boshlang‘ich sonli asos sifatida Presland bog‘lanishining normallashgan
ko‘rinishi bo‘yicha bevosita hisoblangan tayanch nuqtalar jadvali olinadi. Bu nuqtalar eksperimental nuqtalar
emas, balki adabiyotda berilgan formulani shaffof sonli ko‘rinishga keltirish uchun tuzilgan ishchi jadvaldir

[2].

3-jadval. To/Tcmax(p) ning normallashgan bog‘lanishi uchun tayanch nuqtalarning ishchi jadvali

Ne p Tc/Tcmax Izoh
1 0.08 0.4714 Presland formulasi bo‘yicha hisob
2 0.1 0.7026 Presland formulasi bo‘yicha hisob
3 0.12 0.8678 Presland formulasi bo‘yicha hisob
4 0.14 0.967 Presland formulasi bo‘yicha hisob
5 0.16 1.0 Presland formulasi bo‘yicha hisob
6 0.18 0.967 Presland formulasi bo‘yicha hisob
7 0.2 0.8678 Presland formulasi bo‘yicha hisob
8 0.22 0.7026 Presland formulasi bo‘yicha hisob
9 0.24 0.4714 Presland formulasi bo‘yicha hisob

Izoh. 3-jadvaldagi giymatlar (2)-formula bo ‘yicha hisoblangan va I-rasmni qurish uchun shaffof sonli
asos sifatida ishlatilad. [2].
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TefTe,max(p) ning normallashgan bog'lanishi
va Presland formulasi bo'yicha hisoblangan tayanch nugtalar

= = =
= = ™

Normallashgan harorat To/Te, max

0.0

0.05 010 015 0.20 0.25
Teshikli doping darajasi p

1-rasm. T¢/Tcmax ning teshikli doping darajasi p ga bog‘ligligi va hisoblangan tayanch nuqtalar

Grafik manbai: Presland va hamkorlarining e’lon qilingan bog ‘lanishi asosida muallif tomonidan
gayta qurilgan grafik. Formula va belgilarning sharhi keltirilgan [2].

1-rasmdan normallashgan kritik harorat p = 0,16 da birga teng bo‘lishi va optimal dopingdan
uzoqglashgan sari simmetrik tarzda kamayishi ko‘rinadi. To‘liq eksperimental maqola uchun keyingi
bosqgichda real adabiyot grafigidan olingan nuqtalarni raqamlashtirish maqsadga muvofiq bo‘ladi [2].

LSCO, YBCO va Bi-2212 oilalarini taggoslash.

Ikkinchi grafik bir xil Presland asosiy bog‘lanishi bo‘yicha, biroq Tc¢max ning turli adabiy giymatlari
bilan quriladi. Shu sababli 2-rasm normallashgan egri chizigni emas, balki oilalarga bog‘liq Tc(p) grafigini
ko‘rsatadi [2, 7, 9].

Presland bog'lanishi bo‘yicha hisoblangan
oilaga bog'lig T.(p) egri chiziglari

—— LSCO, Te, max = 3Kt Bi-2212, T, max = 95 K

80+

o
=)

Kritik harorat T, K
F
=]

1 optimal
| doping

1
4 ]
L 1
1

0.05 010 \‘J.I]E U.I?ﬂ 025
Teshikli doping darajasi p

2-rasm. LSCO, YBCO va Bi-2212 uchun oilaga bog‘liq T<(p) egri chiziglari

Grafik manbai: kupratlarning uchta oilasi uchun adabiyotda keltirilgan T¢max giymatlari bilan (1)-
formula asosida muallif tomonidan gayta qurilgan grafik [2, 7].

2-rasm modellashtirishning birinchi darajasidagi taqgoslama grafik vazifasini bajaradi. Uning asosiy
vazifasi o‘ta o‘tkazuvchanlik gumbazining umumiy skeletini ko‘rsatish va oilalar orasidagi gumbaz
balandligi fargini darhol ochib berishdir. Aynan shu bosgichda fagat bitta umumiy egri chizig barcha
kupratlarni to‘liq tushuntirib bera olmasligi ayon bo‘ladi [5, 9].

YBCO uchun boshlang‘ich p(c) bog‘lanishi.

YBCO tizimi uchun ishchi jadval endi p o‘zgaruvchisi bo‘yicha emas, balki panjara parametrining ¢
giymati bo‘yicha tuziladi. Avval Liang — Bonn —Hardy formulasi yordamida p(c) aniglanadi, so‘ng shu
qiymatlar grafik ko‘rinishida tasvirlanadi [7].
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4-Jadval. YBCO da p(c) bog‘lanishi uchun boshlang‘ich nuqtalarning ishchi jadvali.

Ne c, A p(c) Izoh
1 11.69 0.1757 Liang + Presland formulalari bo‘yicha hisob
2 11.72 0.128 Liang + Presland formulalari bo‘yicha hisob
3 11.74 0.104 Liang + Presland formulalari bo‘yicha hisob
4 11.76 0.0829 Liang + Presland formulalari bo‘yicha hisob
5 11.78 0.0629 Liang + Presland formulalari bo‘yicha hisob
6 11.79 0.0531 Liang + Presland formulalari bo‘yicha hisob

Izoh. 4-jadvaldagi p(c) giymatlari (4)-formula bo ‘yicha hisoblangan. Ushbu jadval 3-rasmning sonli
asosini tashkil etadi [7].

Liang-Bonn-Hardy empirik formulasi ba'yicha
YBCO uchun hisoblangan pic) Eq’[anishi

0.200

0175 4

0.150 1

0,125 4

0,100

0.075

0.050

Tekislikdagi doping darajasi p

0025

0.000 4

11.675 11.700 11.725 11.750 11.775 11.800 11.825 11.850
Panjara parametri c, A

3-rasm. YBCO uchun p(c) ning hisobiy bog‘lanishi

3-rasm magqoladagi eng muhim rasmlardan biri hisoblanadi, chunki u strukturaviy o‘zgaruvchidan
elektron o‘zgaruvchiga o‘tishni ko‘rsatadi. Natijada ¢ panjara parametri shunchaki yordamchi xususiyat
bo‘lib qolmay, balki kritik haroratni modellashtirishda fizik mazmunli kirish parametri sifatida qaraladi [7].

YBCO uchun T¢(c) kompozitsion modeli.

P(c) aniglangandan so‘ng topilgan p giymati asosiy T¢(p) bog‘lanishiga qo‘yilib, YBCO uchun kritik
haroratga o‘tiladi. Shu tariga struktura va o‘ta o‘tkazuvchanlikni birlashtiruvchi T¢(c) kompozitsion modeli
hosil gilinadi. [2, 7]

5-jadval. YBCO uchun T¢(c) kompozitsion modelining ishchi jadvali.

Ne c, A p(c) Tc(c), K Izoh

1 11.69 0.1757 91.1 Liang + Presland formulalari bo‘yicha hisob
2 11.72 0.128 85.14 Liang + Presland formulalari bo‘yicha hisob
3 11.74 0.104 68.94 Liang + Presland formulalari bo‘yicha hisob
4 11.76 0.0829 47.29 Liang + Presland formulalari bo‘yicha hisob
5 11.78 0.0629 20.58 Liang + Presland formulalari bo‘yicha hisob
6 11.79 0.0531 5.24 Liang + Presland formulalari bo‘yicha hisob

I1zoh. 5-jadvaldagi Tc(c) giymatlari (4) va (5)-formulalar ketma-ket go ‘llanishi orgali olingan [2, 7].
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YBCO uchun T¢{c) kompozitsion modeli:
plc) =Tc(p)

&

Kritik harorat T, K
+
(-]

11.70 1.72 11.74 1176 11.78
Panjara parametri c, A

4-rasm. YBCO uchun Tc(c) kompozitsion modeli: p(c) — Tc(p)

Grafik manbai: ikkita e’lon gilingan formula - p(c) uchun Liang—Bonn—Hardy va T¢(p) uchun
Presland - asosida muallif tomonidan gayta qurilgan grafik. [2, 7]

Aynan 4-rasm maqolaning asosiy g‘oyasini bevosita amalga oshiradi: kritik harorat strukturaviy
parametr bilan to‘g‘ridan-to‘g‘ri emas, balki fizik mazmunli oraliq o‘zgaruvchi — doping darajasi orqgali
bog‘lanadi [2, 7].

Modellashtirish natijalari va ularning muhokamasi.

Ko‘rib chiqilgan grafiklar Tc(p) ning asosiy parabolik bog‘lanishi teshikli dopinglangan kupratlar
uchun foydali birinchi yagqinlashuv ekanini ko‘rsatadi. Biroq LSCO, YBCO va Bi-2212 oilalari
taqqoslanganda bir xil funksiya shakli oilalararo barcha farqlarni tushuntirib bera olmasligi darhol ko‘rinadi
[2].

YBCO uchun panjara parametrining ¢ qiymati orqali kiritilgan strukturaviy bog‘lanish alohida
ahamiyatga ega. p(c) — Tc(p) ketma-ketligi modelni fizik jihatdan talgin gilinadigan shaklga keltiradi: bunda
struktura dopingga, doping esa kritik haroratga ta’sir giladi [7].

(6) - formula bilan berilgan kengaytirilgan ko‘p parametrli model maqolani rivojlantirishning keyingi
bosgichini belgilaydi. U kislorod nostexiometriyasi, oilaga xos strukturaviy-elektron deskriptor va o‘ta
o‘tkazuvchi kondensatga oid parametrlarni ham Kkiritish imkonini beradi. Shu ma’noda, qayta ishlangan
magola birgina grafik bilan cheklanmay, bosgichma-bosgich chuqurlashtiriladigan modellashtirish sxemasini
taklif giladi [5, 8, 10].

Metodik nuqtai nazardan ishning asosiy natijasi fagat modelning o‘zi emas, balki dalillash zanjirining
to‘g‘ri tashkil etilganidadir. Endi maqolada har bir egri chiziq qayerdan olingani, uning asosida qanday
jadval yotgani va formula ganday fizik mazmunga ega ekani aniq ko‘rsatilgan. Bu esa hujjatni avvalgi
variantga nisbatan ancha ishonchli va ilmiy jihatdan puxta giladi.

Xulosa. Ushbu maqolada kupratli o‘ta o‘tkazgichlarning kritik harorati bilan ularning strukturaviy va
fizik parametrlarini bog‘lovchi modellashtirishning shaffof sxemasi ishlab chiqildi. Asosiy Tc(p) modeli
boshlang‘ich tayanch sifatida olindi, YBCO uchun strukturaviy p(c) bog‘lanishi kiritildi va natijada Tc(C)
kompozitsion ko‘rinishga o‘tish amalga oshirildi.

Asosiy xulosalar: Preslandning parabolik bog‘lanishi teshikli dopinglangan kupratlar uchun asosiy bir
omilli model sifatida qo‘llanishi mumkin. YBCO da c strukturaviy parametri tekislikdagi doping
darajasining fizik mazmunli prediktori sifatida ishlatilishi mumkin. Tc(c) = Tc[p(c)] kompozitsion sxemasi
material strukturasi bilan uning o‘ta o‘tkazuvchi xossalarini bevosita bog‘lash imkonini beradi.
Kengaytirilgan ko‘p parametrli modelga faqat p emas, balki 8, ¢, S va ps ham Kiritilishi lozim.
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Annotatsiya. Biz ushbu tadgiqot davomida magnetron changlatish qurilmasining DC va RF
rejimlarida turli xil vaqt davomida Nb yupga plyonkalarini hosil gildik va ularni changlatish rejimlariga
bog ‘lig sirt morfologiyasi hamda Rentgen faza tahlillarini o rgandik. Plyonkalar 2,5 va 8 minut davomida
magnetron changlatish qurilmasining DC va RF rejimlari yordamida monokristall Si(111) tagliklarga
yotqizildi. Nb yupga plyonkalarining strukturaviy, morfologik xossalari skanerlovchi elektron mikroskopiya
(SEM), miqdoriy tahlili EDS, hamda plyonkalarning strukturaviy, morfologik va kompozitsion xususiyatlari
rentgen difraksiyasi (XRD) yordamida har tomonlama tadqgiq etildi. SEM kuzatuvlari plyonkaning silliq va
zich mikrostrukturaga ega ekanligini ko ‘rsatgan bo ‘Isa, XRD tahlili shuni ko ‘rsatdiki, Nb yupqa plyonkalari
tanaga markazlashgan kubik struktura (BCC) da DC purkash uchun dominant (110) afzal yo ‘nalishga ega
kristallanadi, RF purkash esa ko'p kristallografik yo ‘nalishlarga ega ko ‘proq polikristalli strukturaga olib
keldi. Olingan natijalarga ko ‘ra kristallit o ‘lchami DC rejimda purkalgan plyonkalar uchun taxminan 18-25
nm va RF rejimda purkalgan plyonkalar uchun 28-35 nm oralig‘ida bo ‘Igan. Olingan natijalar ushbu
tadgigotda tayyorlangan Nb yupga plyonkalari yuqori strukturaviy sifatga ega ekanini tasdiglaydi hamda
ularning fotokatalitik qurilmalarda istigbolli material sifatida qo ‘llanilishi mumkinligini ko ‘rsatadi.

Kalit so‘zlar: DC va RF rejimlar, magnetron changlatish, yupqa plyonka, kristall o ‘Ilchami, struktura,
morfologiya, mikrostruktura, skanerlovchi elektron mikroskop, niobiy.

KPUCTAVIMYECKAS CTPYKTYPA U IIOBEPXHOCTHASA MOP®OJIOTUA TOHKUX
IVIEHOK HUOBU A

Annomayusa. B Oannom uccreooséanuu mul  vipacmuiu monkue naenku Nb 6 pescumax
MACHEMPOHHO20 PACNBLICHUSI NOCIMOSHHO20 U 8bICOKOYACHOMHO20 MOKA 8 MedeHUue PA3IUIHO20 6PEMEHU U
USYHUIU UX MOPQONOSUI0 NOBEPXHOCMU U PEHMeeHODA306bll aHATU3 8 3A6UCUMOCMU OM  Percumda
pacnoinenus. Tlnenxku 6vbLau ocaxcoenvl Ha MoHOKpucmaniuveckue noonosxcku Si(l111) ¢ ucnonvzosanuem
PENCUMOB MAZHEMPOHHO20 PACHBLICHUSI NOCMOSIHHO20 U 8bICOKOYACHOMHO20 MOKa 6 mevenue 2, 5 u 8 mun.
CmpyxkmypHole u mopgonozuueckue ceoticmea monkux nieHox NbD 6viiu ececmoponne uccreoosamnvi ¢
nomowblo  ckaumupyrowjel dnexmpontou mukpockonuu (COM), ronuuecmeenHoeo awmaiuza memooom
sHepeooucnepcuonnou cnexkmpockonuu (J1C), a cmpykmyphvie, Mopgonocuieckue u KOMROZUYUOHHbIE
C80UCMBA NAEHOK ObLIU 8CECMOPOHHE UCCIE008AHbL ¢ NOMOWDBIO peHmeeH08cKou ougparkyuu (PI). B mo
epemsi kax nabmodenuss COM noxazanu, wmo nienka umeem 21a0KyIO U RIOMHYIO MUKDOCMPYKMYPY, AHAIU3
PJ] noxasan, umo monxue nienku NO xpucmanmusyromes 6 obvemmo-yenmpuposannoii kybuuecxoi (OIK)
cmpykmype ¢ npeobaadarowum Hanpasienuem (110) no ocu Y npu pacnvlieHuu HOCMOSAHHbIM MOKOM,
pacnvlienue BbICOKOYACMOMHBIM  MOKOM Npugeio K 0Oojee NOMUKPUCTHATLIUYECKOU CmpyKmype ¢
MHOHCECMBEHHbIMU  Kpucmanioepapuueckumu opuenmayusimy. CoO2AACHO NOTYYEHHbIM Pe3yTbmamam,
pasmep KpUCMALIUMO8 COCMAGAL npubausumenvio 18-25 HM 05l NIEHOK, PACHBLIEHHLIX 6 pedicume
NOCMOSIHHO20 MOKA, U 28-35 HM Ol NJIEHOK, PACHbLIEHHbIX 6 pexcume paouodacmomuo20 U3IY4eHUs.
Tonyuennvie pezyrbmamvl NOOMEEPIUCOAIONM, UMO MOHKUE NIEHKU HUOOUS, NOLYyUeHHble 6 OaHHOM
uccnedosanuy, 001a0arOM BbICOKUM CMPYKMYPHbIM KAYECMBOM U VKA3bIGAIOM HA B03MONCHOCL UX
UCNOIL30BAHUS 8 KAYECTNBe NePCNEKMUBHBIX MAMEPUATIO8 68 POMOKAMATUMUYECKUX YCIMPOUCMEAX.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 110


mailto:N.Z.Sayfullaeva@Mail.Ru
mailto:qodirov980@gmail.com
mailto:oybarchinnamozova229@gmail.com

PHYSICS

Knwouesvie cnosa: pexcumvl NOCMOAHHO20 U PAOUOUACMOMHO20 MOKA, MAZHEMPOHHOE PACHbLIEHUE,
MOHKAsL NAEHKA, pasMep KpUCmauiios, CMPYKMypa, Mop@onozus, MUKpOCMpPYKmMypd, CKAHUPYIOWUL
INEKMPOHHBIN MUKPOCKON, HUOOULL.

CRYSTAL STRUCTURE AND SURFACE MORPHOLOGY OF NIOBIUM
THIN FILMS

Abstract. In this study, we have grown Nb thin films in DC and RF modes of magnetron sputtering for
different times and studied their surface morphology and X-ray phase analysis depending on the sputtering
modes. The films were deposited on single-crystal Si(111) substrates using DC and RF modes of magnetron
sputtering for 2, 5 and 8 min. The structural and morphological properties of the Nb thin films were
comprehensively investigated by scanning electron microscopy (SEM), quantitative analysis by EDS, and the
structural, morphological and compositional properties of the films were comprehensively investigated by X-
ray diffraction (XRD). While SEM observations showed that the film had a smooth and dense microstructure,
XRD analysis showed that the Nb thin films crystallized in a body-centered cubic (BCC) structure with a
dominant (110) preferred y-direction for DC sputtering, RF sputtering resulted in a more polycrystalline
structure with multiple crystallographic orientations. According to the results obtained, the crystallite size
was approximately 18-25 nm for films sputtered in the DC mode and 28-35 nm for films sputtered in the RF
mode. The results obtained confirm that the Nb thin films prepared in this study have high structural quality
and indicate that they can be used as promising materials in photocatalytic devices.

Keywords: DC and RF modes, magnetron sputtering, thin film, crystal size, structure, morphology,
microstructure, scanning electron microscope, niobium.

Kirish. Nano o‘lchamli yupga plyonkalarni ishlab chiqarish va tavsiflashdagi yutuqlar bugungi fan va
texnologiyada sezilarli yutuglarga olib keladi [1, 2]. Yupga plyonkalar polimerlar, metallar va metall
qotishmalaridan tayyorlanishi mumkin bo‘lsa-da, metallardan tayyorlangan yupga plyonkalar turli xil
texnologik sohalarda juda istigbolli hisoblanadi [3, 4]. Ushbu nano o‘lchamli metall yupqa plyonkalarning
ishlashi va fizik xususiyatlari ularning qalinligi, zichligi, sirt g‘adir-budirligi, kristall tabiati, kristallit hajmi
va qoldiq kuchlanishlar kabi mikrostrukturaviy parametrlari bilan chambarchas bog‘liq [5, 6]. Ushbu nano
o‘lchamli metall yupqa plyonkalarning mikrostrukturasi cho‘ktirish kamerasining o‘ziga xos usuliga,
eksperiment sharoitlariga va geometriyasiga sezgir. Shuning uchun, ushbu jarayon parametrlari o‘rtasidagi
o‘zaro bog‘liglikni tushunish, nanoskalali metall yupqa plyonkalarning xususiyatlarini ma'lum ilovalar uchun
moslashtirish uchun juda muhimdir.

Boshga metall yupqa plyonkalardan farqli o‘laroq, niobiy (Nb) o‘zining fizik, mexanik, issiqlik va
elektr xususiyatlari tufayli materialshunoslik sohasidagi tadqiqotchilarni o‘ziga jalb qiladi [7, 8]. Niobiy
plyonkalari o‘ta o‘tkazuvchan tizimlar, nanoklasterlar, yagona foton detektorlari, yuqori haroratli plazmonik
go‘llanmalar va boshqalar kabi turli xil qo‘llanmalarda qo‘llanilgan [9, 10]. Tadgiqotchilar Nb plyonkalarini
yotqgizish uchun turli xil eksperimental usullardan foydalanganlar [5-7, 11, 12]. Magnetronli purkash o‘zining
ajoyib bargarorligi va takrorlanishi tufayli boshga usullar orasida mashhur usul hisoblanadi. Puflangan yupga
plyonkalarning mikrotuzilishini cho‘ktirish bosimi yoki taglik haroratini o‘zgartirish orqali adatomlarning
kinetik energiyasini boshqarish orqali o‘zgartirish mumkin [13]. C.Tu va boshqalar [14]. Yuqori taglik
haroratida Nb plyonkalarining zich va vertikal ustunli o°sishi yuqori darajadagi kristallik va elektr
o‘tkazuvchanligiga olib kelishini kuzatdilar. T.C.de Freitas va boshqalar [15]. Si/Nb interfeysida o‘zaro
diffuziya va/yoki substrat harorati 373 K dan yuqori bo‘lgan ichki kuchlanishning kuchayishi Nb o‘ta
o‘tkazuvchanlik xususiyatlarining yomonlashishiga olib kelishini kuzatdilar. Cho‘kma bosimi va taglik
haroratining Nb plyonka mikrotuzilmasiga ta'siri va uning o‘ta o‘tkazuvchanlik xususiyatlari bilan
bog‘ligligi keng tadqiq etilgan bo‘lsa-da, cho‘kma burchagining Nb yupqa plyonkalarining mikrotuzilmasiga
ta'siri bo‘yicha tadqiqotlar kamroq [16, 17]. Metall yupqa plyonkalar orasida niobiy (Nb) va uning oksidlari
o‘ziga xos fizik xususiyatlari tufayli katta ilmiy va texnologik qizigish uyg‘otadi. Sof niobiy past
haroratlarda yuqori elektr o‘tkazuvchanligi, kimyoviy bargarorlik va o‘ta o‘tkazuvchanlikni namoyon etadi,
bu esa uni o‘ta o‘tkazuvchan qurilmalar, mikroelektron komponentlar va yuqori chastotali tizimlar uchun
istigbolli qiladi [18, 20]. Shuning uchun kremniy tagliklarida Nb yupqga plyonkalarining hosil bo‘lish
mexanizmlarini, ularning strukturaviy va elektrofizik xususiyatlarini hamda termik ishlov berish paytida
sodir bo‘ladigan fazaviy o‘zgarishlarni o‘rganish muhim tadgiqot muammosini anglatadi.

2.1 Tagliklarni tayyorlash va plyonkani cho ‘ktirish
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Nb yupga plyonkalari monokristalli kremniy tagliklariga (p-turdagi Si (100)) magnetronli purkash
tizimi (EPOS PVD Desk Pro, Rossiya-Germaniya) yordamida o‘stirildi. O‘stirishdan oldin Si tagliklari
izopropil spirti yordamida ultratovushli vannada tozalandi va keyin quritildi [21,23]. Purkash uchun 99,95%
tozalik va 76,2 mm diametrli niobiy misheni ishlatilgan. O‘stirishdan oldin vakuum kamerasi 5 x 107¢ Torr
bosimiga gadar vakuum holatiga keltirildi. Purkash jarayonida ishchi gaz sifatida yugori tozalikdagi argon
gazi (99,999%) ishlatilgan.

2.2 SEM va EDS tahlili

Ocstirilgan Nb yupqa plyonkalarining sirt morfologiyasi va galinligi SEC ALPHA skanerlash elektron
mikroskopi (SEM) (SEC Co., Koreya) yordamida o‘rganildi. Asbob ikkilamchi elektron (SE) va orqaga
sochilgan elektron (BSE) detektorlari bilan jihozlangan. Plyonkalarning elementar tarkibi Oxford
Instruments tomonidan ishlab chigarilgan energiya dispersli rentgen spektroskopiyasi (EDS) tizimi
yordamida tahlil gilindi.

2.3. Rentgen difraksiya tahlili (XRD)

Changlatib o‘stirilgan Nb yupqa plyonkalarining kristall tuzilishi va fazaviy tarkibi Shimadzu XRD-
6100 difraktometri (Shimadzu, Yaponiya) yordamida rentgen difraksiyasi (XRD) yordamida tekshirildi.
O‘Ichovlar Cu Ko nurlanishi (A = 1.5406 A) yordamida 10-60° 20 diapazonida, skanerlash bosqichi 0.02°
bo‘lgan holda amalga oshirildi. Difraksiya cho‘qqilari tanaga markazlashgan kubik niobiy uchun standart
difraksiya ma'lumotlariga muvofiq indekslandi. Tekisliklararo masofa (d) Bragg qonuni nA=2dsinf
yordamida aniqlandi, bu yerda A tushayotgan rentgen nurlanishining to‘lqin uzunligi va 6 difraksiya
burchagi.

Kubik Nb strukturasining panjara parametri a=d-+ hi+EE 4 yordamida hisoblandi.
Kristallitning o‘rtacha hajmi (D) Scherrer tenglamasi D=% yordamida baholandi.

bu yerda B difraksiya cho‘qqisining yarim maksimal (FWHM) da to‘liq kengligi.

Mikrodeformatsiya (g) va dislokatsiya zichligi (8) quyidagi munosabatlar yordamida hisoblab chiqildi:
£=P/4tan05=1/D?

Ushbu parametrlar turli xil purkash rejimlarida cho‘ktirilgan Nb yupqa plyonkalarining strukturaviy
sifatini baholash uchun ishlatilgan.

3.1. SEM morfologiyasi, qalinligi tahlili va EDS elementar tahlili.

Si tagliklariga qo‘yilgan Nb yupqa plyonkalarining sirt morfologiyasi skanerlovchi elektron
mikroskopi (SEM) yordamida tekshirildi. SEM tasvirlari katta aglomeratlar yoki yoriglarsiz nisbatan bir xil
va silliq plyonka morfologiyasini ko‘rsatadi. Sirt taglik bo‘ylab bir tekis taqsimlangan mayda nano-o‘lchamli
kristallitlardan iborat bo‘lib, bu magnetronli purkash jarayonida bargaror o‘sish sharoitlarini va Si yuzasida
Nb atomlarining bir tekis yadrolanishini ko‘rsatadi. Cho‘ktirish jarayoni DC va RF purkash rejimlaridan
foydalangan holda 2, 5 va 8 daqiqa davomida amalga oshirildi. Cho‘ktirish tezligi DC rejimida taxminan 7
A/s va RF rejimida 8 A/s ni tashkil etdi. 2 daqiqgalik cho‘ktirish vaqtida Nb qatlami taglik yuzasini to‘liq
goplamadi, natijada amorfga o‘xshash morfologiyaga ega qisman uzluksiz plyonka hosil bo‘ldi. Cho‘ktirish
vaqtini 5 daqiqagacha oshirish uzluksiz va bir xil plyonka hosil bo‘lishiga olib keldi. Keyingi cho‘ktirish
natijasida zich polikristalli Nb qatlami osdi.

SEM MAG: 30.0 kx View field: 922 pm Ll MIRAS TESCANE SEM MAG: 87 8 kx  View field: 4.10 pm i MIRAS TESCAN
SEM HV: 20.0 kV Bl 12.00 2 pm SEM HV: 20.0 KV B1: 12.00

WO; 15.02 mm Det: SE Parformance In nanospace WD: 10.22 mm Det: BSE Performance In nanospace

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 112



PHYSICS

Cnexip 41
L]

1-rasm. a) Magnetron purkash orqali Si taglikiga qo‘yilgan Nb yupqga plyonkasining SEM sirt
morfologiyasi. b) Nb yupqga plyonkasining galinligini (~240 nm) ko‘rsatuvchi ko‘ndalang kesimli SEM
tasviri. ¢) Nb va taglik elementlarining mavjudligini tasdiglovchi Nb yupga plyonkasining EDS spektri. d)
Nb yupga plyonka yuzasining mahalliy EDS tahlili uchun ishlatiladigan SEM tasviri.

Nb plyonkasining qalinligi ko‘ndalang kesimli SEM tasviridan aniglandi (la-rasm). 1b-rasmda
ko‘rsatilganidek, 5 dagiga davomida qo‘yilgan namuna uchun plyonka qalinligi taxminan 0,24 mkm (240
nm) ni tashkil giladi. Nb plyonkasi va Si tagliki orasidagi interfeys aniq ko‘rinadi, bu yaxshi yopishish va
plyonkaning bir tekis o‘sishini ko‘rsatadi. O‘lchangan qalinlik kutilgan cho‘kish tezligiga mos keladi, bu
cho‘kish vaqtining oshishi plyonka galinligining mutanosib oshishiga olib kelishini tasdiqlaydi. Nb yupqa
plyonkalarining elementar tarkibi energiya dispersli rentgen spektroskopiyasi (EDS) yordamida tahlil gilindi.
EDS spektri Niobiy (Nb) ga mos keladigan kuchli xarakterli cho‘qqini ko‘rsatadi, bu esa Nb ning taglik
yuzasida muvaffaqiyatli cho‘kishini tasdiglaydi. Nb cho‘qqisidan tashqari, taglikdan kremniy (Si) ga mos
keladigan signallar va kichik kislorod (O) signallari ham kuzatiladi. Kislorod signali cho‘kish kamerasida
ozgina sirt oksidlanishi yoki qoldiq kisloroddan kelib chiqishi mumkin. Nb cho‘qqisining ustunligi
cho‘ktirilgan plyonka asosan niobiydan iborat ekanligini ko‘rsatadi. EDS natijalari yuqori elementar
tozalikka ega Nb yupga plyonkalarining hosil bo‘lishini tasdiglaydi va rentgen o‘lchovlaridan olingan
strukturaviy ma'lumotlarga mos keladi.

3.4. Nb yupqga plyonkalarining rentgen tahlili

DC va RF magnetron purkash orqali cho‘ktirilgan Nb yupqa plyonkalarining kristall tuzilishi Cu Ka
nurlanishi (A = 1.5406 A) bilan rentgen difraksiyasi (XRD) yordamida o‘rganildi.

2-rasmda DC magnetron purkash orqali cho‘ktirilgan Nb yupqa plyonkasining XRD nagshi
ko‘rsatilgan. 20 = 36,7° va 42,7° da kuzatilgan ikkita difraksiya cho‘qqisi mos ravishda tanaga yo‘naltirilgan
kubik (BCC) niobiyning (110) va (200) kristallografik tekisliklariga mos keladi. Hisoblangan tekisliklararo
oraliglar diio = 2,442 A va dzeo = 2,115 A bo‘lib, ular metall Nb uchun standart difraksiya ma'lumotlari bilan
yaxshi mos keladi. (110) cho‘qqining intensivligi (200) aks ettirish intensivligidan sezilarli darajada yuqori,
bu (110) yo‘nalish bo‘ylab kuchli imtiyozli yo‘nalishni ko‘rsatadi. Bunday tekstura magnetron purkash
orqali cho‘ktirilgan Nb yupqga plyonkalari uchun odatiy holdir, chunki (110) tekislik BCC strukturasidagi eng
past sirt energiyasi tekisligini ifodalaydi. Qo‘shimcha difraksiya cho‘qqilarining yo‘qligi plyonkaning yuqori
teksturali polikristalli tuzilishga ega ekanligini ko‘rsatadi, unda ko‘pgina kristallitlar (110) yo*‘nalish bo‘ylab
yo‘naltirilgan. Nisbatan keng difraksiya cho‘qgilari nanoskalaviy kristallit o‘lchamlarini va purkash
jarayonida hosil bo‘lishi mumkin bo‘lgan panjara buzilishlarini ko‘rsatadi.
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2-rasm. DC magnetron purkash orqali qo‘yilgan Nb yupqa plyonkasining rentgen tasviri,
BCC Nb fazasining kuchli (110) afzal yo‘nalishini ko‘rsatadi

3-rasmda RF magnetron purkash orqali qo‘yilgan Nb yupqa plyonkasining rentgen tasviri ko‘rsatilgan.
DC rejimda hosil gilingan plyonkadan farqli o‘laroq, RF qo‘yilgan namunada BCC Nb ning (101), (200) va
(201) kristallografik tekisliklariga mos keladigan 20 = 38,5°, 42,7° va 55,6° da joylashgan bir nechta
difraktsiya cho‘qqilari ko‘rsatilgan. Hisoblangan tekisliklararo oraliglar mos ravishda 2,333 A, 2,115 A va
1,651 A ni tashkil giladi. Bir nechta difraktsiya cho‘qqilarining mavjudligi RF rejimda hosil gilingan
plyonkaning bir nechta kristallografik yo‘nalishlarga ega yaxshi rivojlangan polikristal tuzilishga ega
ekanligini ko‘rsatadi. Bu xatti-harakatni yuqori plazma zichligi va RF purkash paytida ion
bombardimonining kuchayishi bilan bog‘lash mumkin, bu esa adatomning harakatchanligini oshiradi va turli
yo‘nalishdagi kristallitlarning hosil bo‘lishiga yordam beradi.
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3-rasm. RF magnetronli purkash orgali qo‘yilgan Nb yupga plyonkasining rentgen tasviri, bu
bir nechta kristallografik yo‘nalishlarga ega polikristalli tuzilishni ko‘rsatadi

DC bilan go‘yilgan plyonka bilan taqgoslaganda, RF bilan o‘stirilgan namunada kristallik
yaxshilangan va tekstura anizotropiyasi pasaygan, bu plyonka o‘sishi paytida mikrostrukturaning bir xilroq
evolyutsiyasini ko‘rsatadi. Difraksiya nagshlarini tagqoslash shuni aniq ko‘rsatadiki, DC purkash rejimi
kuchli (110) tekstura hosil bo‘lishiga yordam beradi, RF purkash rejimi esa tasodifiy yo‘naltirilgan
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polikristalli tuzilishga olib keladi. RF purkash paytida ion energiyasi va plazma zichligining ortishi
adatomlarning sirt diffuziyasini kuchaytiradi, natijada kristallik yaxshilanadi va go‘shimcha difraksiya
cho‘qqilari paydo bo‘ladi. Nb plyonkalarining panjara parametri kubik panjara munosabati bilan birga Bragg
gonuni yordamida hisoblab chiqilgan. RF bilan cho‘ktirilgan plyonka uchun hisoblangan panjara parametri =
3.30 A ni tashkil etadi, bu niobiyning asosiy qiymatiga (3.30 A) juda yaqin [8]. Bu natija minimal panjara
buzilishi bilan yaxshi tartiblangan kristalli strukturaning shakllanishini tasdiglaydi. Aksincha, DC bilan
cho‘ktirilgan plyonka hisoblangan panjara parametrida biroz kattaroq og‘ishlarni ko‘rsatadi, bu esa purkash
jarayonida hosil bo‘lgan qoldiq kuchlanishlar va panjara buzilishlari bilan bog‘liq bo‘lishi mumkin (2-
jadval).

1-jadval. XRD tahlili va adabiyot ma‘lumotlari bilan tagqgoslash natijasida olingan Nb yupqga
plyonkalarining strukturaviy parametrlari

Parametr DC (ushbuishda) | RF (ushbu ishda) Adabiyot
Kristall struktura BCC - Nb BCC - Nb BCC Nb tuzilishi keng
targalgan [14, 15]
Panjara parametri (a) (110) 3.454 A (101) 3.299 A 3.30 A (bulk Nb)[14]
. . (200) chanlatilgan Niobiy
Panjara parametri (a) (200) 4.230 A (200) 4.230 A uchun xos refleksiya [21]
. . o Bir nechta yo‘nalishlar
Panjara parametri (a) - (201) 3.69A hagida xabar berilgan [8]
Kristallit o‘chami 18-25 nm 28-35 nm 20-30 nm [2, 24]
Mikrodeformatsiya (&) (2-3)x103 (1-2)x103 1072 order [24]
Dislokatsiya zichligi (3) 2.5%10' 1.0x10'5 10™-10' m™2 [2, 24]

O‘rtacha kristallit hajmi Scherrer tenglamasi yordamida hisoblab chiqgilgan. DC bilan cho‘ktirilgan
plyonka 18-25 nm oralig‘ida kristallit o‘lchamlarini ko‘rsatadi, RF bilan cho‘ktirilgan plyonka esa 28—35 nm
kattaroq kristallitlarni ko‘rsatadi. RF purkashda kristallit hajmining oshishi adatom harakatchanligining
oshishi va plazmadagi ionlarning kuchliroq bombardimon qilinishi bilan bog‘liq bo‘lishi mumkin, bu esa
kristall o‘sishini jadallashtiradi va kristallikni yaxshilaydi. Mikrodeformatsiya va dislokatsiya zichligi kabi
qo‘shimcha strukturaviy parametrlar ham baholandi. Hisoblangan mikrodeformatsiya giymatlari DC plyonka
uchun (2-3)x107 va RF plyonka uchun (1-2)x1073 tartibida bo‘lib, bu RF bilan cho‘ktirilgan plyonkada
panjara buzilishining pastroq ekanligini ko‘rsatadi. Xuddi shunday, dislokatsiya zichligi DC plyonka uchun
taxminan 2,5x10" m™2 dan RF plyonka uchun 1,0x10'* m™ gacha kamayadi, bu esa kristall nugsonlarining
sezilarli darajada kamayishini tasdiqlaydi. Olingan kristallit o‘lchamlari DC bilan cho‘ktirilgan plyonkalar
uchun 18-25 nm va RF bilan cho‘ktirilgan plyonkalar uchun 28-35 nm magnitron bilan purkalgan Nb yupga
plyonkalari uchun ilgari xabar qilingan qiymatlarga o‘xshash. Masalan, Nivedita va boshqalar [8]
nanokristalli Nb plyonkalari uchun cho‘ktirish sharoitlariga qarab 20-40 nm oralig‘ida kristallit
o‘Ichamlarini xabar qilishdi. Xuddi shunday, Rao va boshqalar [24] purkash parametrlari Nb yupqa
plyonkalarining kristallografik tuzilishi va don hajmiga kuchli ta'sir gilishini ko‘rsatdilar. Ushbu tadqiqotda
olingan natijalar ushbu hisobotlarga yaxshi mos keladi va purkash rejimi Nb qoplamalarining
mikrotuzilmasini boshqarishda muhim rol o‘ynashini tasdiqlaydi.

Natijalar shuni ko‘rsatadiki, cho‘ktirish rejimi Nb yupqa plyonkalarining strukturaviy xususiyatlariga
kuchli ta'sir qiladi. DC purkash rejimi kuchli (110) afzal yo‘nalishni shakllantirishga yordam beradi, RF
purkash esa kristallikning yaxshilanishiga, kristallit o‘lchamlarining kattalashishiga va panjara
nugsonlarining kamayishiga olib keladi. Bu yaxshilanishlar asosan yuqori plazma zichligi va RF purkash
paytida ion yordamida sirt diffuziyasining kuchayishi bilan bog‘liq.

Xulosa. Ushbu tadgigotda magnetron changlatish qurilmasining DC va RF rejimlarida turli xil vaqt
davomida Nb yupga plyonkalarini hosil qgilindi va ularni changlatish rejimlariga bog‘liq sirt morfologiyasi
hamda Rentgen faza tahlillarini o‘rganildi. DC rejimda hosil gilingan plyonkadan fargli o‘laroq, RF rejimda
hosil gilingan namunada BCC Nb ning (101), (200) va (201) kristallografik tekisliklariga mos keladigan 26 =
38,5°, 42,7° va 55,6° da joylashgan bir nechta difraktsiya cho‘qqilari ko‘rsatilgan. Hisoblangan tekisliklararo
oraliglar mos ravishda 2,333 A, 2,115 A va 1,651 A ni tashkil qildi. Bir nechta difraktsiya cho‘qgilarining
mavjudligi RF qo‘yilgan plyonkaning bir nechta kristallografik yo‘nalishlarga ega yaxshi rivojlangan
polikristal tuzilishga ega ekanligini ko‘rsatdi. Nb yupqa plyonkalarining strukturaviy, morfologik xossalari
skanerlovchi elektron mikroskopiya (SEM), miqdoriy tahlili EDS, hamda plyonkalarning strukturaviy,
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morfologik va kompozitsion xususiyatlari rentgen difraksiyasi (XRD) yordamida har tomonlama tadgiq
etildi. Hisoblangan mikrodeformatsiya giymatlari DC plyonka uchun (2-3)x107 va RF plyonka uchun (1-
2)x107 tartibida bo‘lib, bu RF bilan cho‘ktirilgan plyonkada panjara buzilishining pastroq ekanligini
ko‘rsatadi. Xuddi shunday, dislokatsiya zichligi DC plyonka uchun taxminan 2,5%x10'> m™2 dan RF plyonka
uchun 1,0x10" m™2 gacha kamayadi, bu esa kristall nugsonlarining sezilarli darajada kamayishini
tasdiglaydi.

Olingan natijalarga ko‘ra kristallit o‘lchami DC rejimda purkalgan plyonkalar uchun taxminan 18-25
nm va RF rejimda purkalgan plyonkalar uchun 28-35 nm oralig‘ida bo‘lgan. Olingan natijalar ushbu
tadgiqotda tayyorlangan Nb yupga plyonkalari yugori strukturaviy sifatga ega ekanini tasdiglaydi hamda
ularning fotokatalitik qurilmalarda istigbolli material sifatida qo‘llanilishi mumkinligini ko‘rsatadi.
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Annotatsiya. Mazkur ishda R:FesO:> (R = Pr-Lu) tipidagi nodir yer elementli ferrit granatlarning
kristall tuzilishi, termodinamik bargarorligi va magnit xossalari zichlik funksionali nazariyasi (DFT) asosida
o ‘rganildi. Hisoblash natijalari barcha birikmalar kubik (la3d) kristall strukturasiga ega ekanligini va
panjara parametrlari lantanid siqilishi natijasida kamayishini ko ‘rsatdi. Shakllanish energiyasining manfiy
giymatlari barcha tizimlarning termodinamik bargarorligini tasdigladi. Magnit tahlil ferrimagnetik
tartiblanishni anigladi, bunda asosiy magnit moment Fe atomlariga tegishli ekanligi aniglandi. Ayrim
birikmalarda (Eu va Gd) anomal magnit xatti-harakatlar kuzatildi. Shuningdek, zichlik giymatlarining
ortishi atom massasi va panjara zichlashuvi bilan bog ligligi aniqlandi. Olingan natijalar ferrit
granatlarning magnitooptik qurilmalarda qo ‘llanilishi uchun muhim ilmiy asos yaratadi.

Kalit so‘zlar: ferrit granat, DFT, nodir yer elementlari, magnit xossalar, ferrimagnetizm, kristall
struktura, termodinamik bargarorlik, zichlik, magnitooptik materiallar

MATHUATOINTUYHBIE CBOMCTBA KPUCTAJLJIOB TUIIA TPAHTA

Annomauusn. B oannoti pabome ucciedosanvl KpUCMALIULECKask CIMPYKmMypd, mepMoOUHAMUYECKds]
CMaburbHOCMb U MacHumHvle ceoticmea geppum-epanamog muna RsFesOr: (R = Pr—Lu) ¢ ucnonv3osanuem
meopuu  pynuxyuonana niomuocmu (DFT). Pesynomamsl pacuemog NoOKA3aau, uYmo 6ce COeOUHeHUs.
obnaoarom Kydouueckou Kpucmainudeckou cmpykmypou (la3d), a napamempwi pewiemxu ymeHbUAIOMCA
ecredcmesue TaHmanouoHo2o cocamus. Ompuyamenvhvle 3HAUEHUS. IHEP2UL 0OPA3Z0BAHUS NOOMEEPHCOAIOM
MEPMOOUHAMUYECKYIO  CMAOUTLHOCTNL  6cex  cucmem. Maenumnulll  anaiuz 6vlsaeul (eppumacHumHoe
ynopsidoderue, npu KOMopoM OCHOBHOU 6KIAO 8 MACHUMHbBIIL MOMeHm eHocsm amomul Fe. [[ns nexomopulx
coeounenuti (Eu u Gd) nabrrooaromces anomanvHvle MasHumHble ceoticmed. Taxoice YCMAHOBNEHO, YMO
yeenuueHue nIOMHOCIU C8SI3AHO C POCHOM AMOMHOU MACCHL U YRIOMHEHUEM KPUCALIUYECKOU peuemKu.
Honyuennvie  pezynomamvl  NpeOCmagIAOM  uuwmepec 01  HPUMEHEHUs  (heppum-epanamos 8
MAZHUMOONMUYECKUX YCMPOUCTBAX.

Knwouesvie cnosa: peppum-epanamui, DFT, peoxosemenvHvle d1eMeHmbl, MACHUMHblE CEOUCMEd,
Geppumacnemusm, KpUCMALIUYECKAs CMPYKMYpd, MePMOOUHAMUYECKAs. CMAOUIbHOCMb, NIOMHOCb,
MAZHUMOONMUKA

MAGNETOPTIC PROPERTIES OF GRANT-TYPE CRYSTALS

Abstract. In this study, the crystal structure, thermodynamic stability, and magnetic properties of rare-
earth iron garnets R:FesO:2 (R = Pr—Lu) were investigated using density functional theory (DFT). The
results show that all compounds possess a cubic crystal structure (la3d), and the lattice parameters decrease
due to lanthanide contraction. The negative formation energies confirm the thermodynamic stability of all
systems. Magnetic analysis reveals ferrimagnetic ordering, where Fe atoms provide the dominant
contribution to the total magnetic moment. Anomalous magnetic behavior is observed in some compounds
(Eu and Gd). Additionally, the increase in density is associated with increasing atomic mass and lattice
compression. These findings provide a theoretical basis for the application of ferrite garnets in magneto-
optical devices.

Key words: ferrite garnet, DFT, rare-earth elements, magnetic properties, ferrimagnetism, crystal
structure, thermodynamic stability, density, magneto-optical materials
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Kirish. Noyob magnit va optik xususiyatlari tufayli ferrit granatalari mikroto‘lqinli elektronika va
magnit-optik qurilmalarda keng qo‘llaniladi [1-3]. Ular shuningdek, ultra yuqori tezlikdagi ma’lumotlarni
yozib olish va qayta ishlash qurilmalari uchun ham qiziqgish uyg‘otadi [4,5]. Ferrit granatalarining o‘ziga
x0s xususiyati ularning tarkibini keng diapazonda o‘zgartirish va turli magnit va optik xususiyatlarga ega
gattiq eritmalar ishlab chiqgarish qobiliyatidir [6-8].

Ferrit-granatlar noyob magnitooptik xossalari tufayli katta ilmiy va amaliy ahamiyatga ega materiallar
sinfini tashkil etadi [9]. Ushbu birikmalar, aynigsa ittrium temir granati, yuqori magnit tartiblash, keng
polosali optik shaffoflik va o‘ta past magnit so‘nish xususiyatlariga ega bo‘lib, ularni fotonik qurilmalar va
yuqori chastotali elektronikada qo‘llash uchun istigbolli giladi [10]. Tarixiy jihatdan, ferrimagnitlardagi
magnitooptik hodisalarni o‘rganish granat tuzilishiga ega kristallar bilan boshlangan bo‘lib, ittrium va nodir
yer ferrit-granatlarining umumiy formulasi RsFesO1. hisoblanadi. Ushbu materiallar o‘ta yuqori chastotalar
texnikasida samarali qo‘llash uchun muhim ahamiyatga ega bo‘lgan juda tor ferromagnit rezonans yutilish
chizig‘iga ega [11]. Ushbu xususiyatlar, shuningdek, yuqori solishtirma qarshilik va sezilarli magnit
moment, ularni zamonaviy magnitooptik komponentlar va yuqori chastotali ilovalarda gimmatli giladi.
Xususan, ittrium temir granati (Y3Fe5012) magnit materiallar orasida o‘zining noyob xususiyatlari, jumladan
tor ferromagnit rezonans chizig‘i va yuqori solishtirma qarshiligi bilan ajralib turadi. Biroq, uning
magnitooptik qurilmalarda qo'llanilishini cheklaydigan asosiy omil ko'rinadigan va infragizil diapazonlardagi
Faradey aylanishining nisbatan kichik giymatidir. Bu cheklovga garamay, nodir-yer elementlari bilan
legirlangan ittrium temir granatlari magnitooptik javoblarning sezilarli darajada ortishi tufayli fotonika
sohasida yuqgori baholanadi. Misol uchun, YsFesO:. yttrium temir granatida Faradey aylanishining
ahamiyatsizligi uning magnitooptik qurilmalarda qo'llanilishini cheklaydi, ammo vizual va infraqizil spektr
diapazonlarida bisumut bilan almashtirish Faradey aylanishini sezilarli darajada oshiradi. Shu sababli, vismut
o‘rnini bosgan ittriy temir granat tarkibidagi magnitooptik hodisalarni o‘rganish, aynigsa yuqori zichlikdagi
ma’lumotlarni saqlash texnologiyalari uchun, muhim amaliy ahamiyatga ega [12]. Ushbu tadqiqotda, biz
ferrit-granat tipidagi kristallar, xususan, ittriy temir granatining magnitooptik xossalari, shu jumladan nodir
yer metallarining qo‘shilishi bilan bog'liq bo'lgan gyrotropik javobga qo‘shgan hissalarini chuqur o'rganamiz.
Elektron o'tishlar va Fe? ionlarining d-gobiglari bilan bog'liq bo'lgan jarayonlar hamda Fe-O-Fe
bog‘lanishidagi zaryad ko'chirish effektlari ferrit-granatlarning magnitooptik faolligini belgilovchi asosiy
mexanizmlar hisoblanadi. Shu bilan birga, ittrium temir granati YsFesOi, kabi materiallar, o‘zining tor
ferromagnit rezonans chizig‘i, yuqori magnit momenti va yuqori solishtirma qarshiligi bilan, magnitooptik
qurilmalarda qo‘llanilishi ko‘rinadigan va infraqizil sohalardagi Faradeyaylanishining pastligi sababli
cheklanadi.

Tadgigot metodologiyasi. Nazariy hisoblashlar zichlik funksionali nazariyasi (Density Functional
Theory — DFT) doirasida amalga oshirildi. Boshlang‘ich kristallografik ma’lumotlar The Materials Project
ma’lumotlar bazasidan olindi. Strukturaviy optimallashtirish jarayonida panjara parametrlari (a, b, ¢) hamda
atom koordinatalari to‘liq relaksatsiya qilinib, tizimning energetik minimum holati aniqlandi. Hisoblashlar
spin-polarizatsiyalangan holda bajarilib, magnit konfiguratsiyalar va lokal magnit momentlar giymatlari
aniglangan. Vizualizatsiya va kristall strukturalarni tahlil gilish VESTA dasturi yordamida amalga oshirildi.

Termodinamik barqarorlik qiymatiga garab, modda bargarorligi haqida tasavvurga ega bo‘lamiz. Agar
giymat OeV/atom bo‘lsa, modda to‘liq barqaror hisoblanadi. Agar giymat OeV/atom yaqin bo‘lsa, modda
metabarqaror lekin mavjud bo‘lishi mumkin bo‘ladi. Agar gqiymat OeV/atom dan katta bo‘lsa, modda boshqa
fazalarda parchalanadi. Shakllanish energiyasining manfiy giymati fazaning termodinamik bargarorligini

bildiradi. Magnit moment giymatlari formulaviy birlikka (uB/f.u.) nisbatan hisoblandi. pug = 9.27 - 10-2¢1

qiymat birligiga to‘g‘ri keladi.

Elementlarning asosiy fizik-kimyoviy parametrlari (atom massasi, zichligi, erish va gaynash
temperaturasi) modellashtirish jarayonida materialning fazaviy barqarorligini tahlil gilishda qo‘shimcha omil
sifatida inobatga olindi.

Natijalar va muhokamalar. Nazariy hisoblashlar natijasida olingan optimallashtirilgan kristall
tuzilmalar 1-rasmda keltirilgan. Strukturaviy modellashtirish Materials Project muhitida amalga oshirildi va
natijalar VESTA dasturi yordamida vizualizatsiya qilindi. Hisoblash jarayonida panjara parametrlari
energetik jihatdan bargaror holatga keltirildi.

1-rasmda nodir yer elementlari (Pr-Lu) asosidagi ferrit granat birikmalarining (RsFesOi2)
optimallashtirilgan kristall tuzilmalari keltirilgan. Barcha birikmalar kubik simmetriyaga ega bo‘lib, fazoviy
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guruhi 1a3d ga mos keladi. Strukturada Fe atomlari oktaedrik va tetraedrik pozitsiyalarni egallaydi, R (nodir
yer) atomlari esa dodekaedrik tugunlarda joylashadi.

=1

SmsFESOlz

PrsFesO1,

200 +00 +00

GdsFesO12 ThsFesO1, DysFesOq2

- - L,
e00 ®00 00O

ErsFesolz TmsFesOqp LusFesO1»

1-rasm. Nodir yer elementli ferrit granat birikmalarining optimallashtirilgan kristallografik
tuzilmalari (VESTA va Materials Project dasturlari asosida vizualizatsiya gilingan)

Vizual tahlil shuni ko‘rsatadiki, kristall panjara geometriyasi barcha elementlar uchun o°‘xshash
saglanadi, ya’ni izostrukturaviylik kuzatiladi. Biroq panjara o‘lchamlari nodir yer elementining atom

radiusiga bog‘liq ravishda kamayadi. Bu holat lantanid siqilishi bilan izohlanadi va keyingi jadval natijalari
bilan ham tasdiglanadi.
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SmsFes012

GdsFesolz

’\

ErsFesOq, TmsFesOqp LusFesO1»

2-rasm. Nodir yer elementli ferrit granat birikmalarining spin-polarizatsiyalangan magnit
konfiguratsiyasi. Qizil strelkalar Gd atomlarining lokal magnit moment yo‘nalishlarini ifodalaydi
(Materials mProject va VESTA dasturlari asosida vizualizatsiya gilingan)

2-rasmda spin-polarizatsiyalangan hisoblashlar asosida olingan magnit momentlarning fazoviy
yo‘nalishi ko‘rsatilgan. Qizil strelkalar lokal magnit momentlarning yo‘nalishini ifodalaydi. Natijalar
ferrimagnetik tartiblanishni aniq ko‘rsatadi: Fe atomlarining turli kristall pozitsiyalarda joylashgan spinlari
o‘zaro antiparallel yo‘nalgan. Nodir yer elementlari esa umumiy magnit momentga qo‘shimcha hissa
go‘shadi. Aynigsa, ayrim elementlarda (masalan, Gd) magnit momentlarning kompensatsiyasi kuzatilib,

umumiy magnitlanishning kamayishiga olib keladi.
1-jadval. Kristall panjara doimiyliklari.

Qotishma a (A) b (A) c(A) a B Y

Prs:FesOq, 12.81 12.81 12.81 90 90 90
NdsFesO12 12.78 12.78 12.78 90 90 90
SmsFesO12 12.69 12.69 12.69 90 90 90
EusFesO1, 12.72 12.72 12.72 90 90 90
GdsFesO1 12.63 12.63 12.63 90 90 90
ThsFesO12 12.57 12.57 12.57 90 90 90
DysFesOq 12.54 12.54 12.54 90 90 90
HosFesOq; 12.49 12.49 12.49 90 90 90
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ErsFesOqo

12.48 12.48 12.48 90 90 90
TmsFesO, | 12.45 12.45 12.45 90 90 90
LusFesO1. 12.40 12.40 12.40 90 90 90

1-jadvalda barcha birikmalar uchun panjara parametrlari (a, b, ¢) va burchaklar keltirilgan. Natijalarga ko‘ra:
e Barcha birikmalar uchuna=b =cvaa = =y =90° ya’ni kubik simmetriya tasdiglanadi.
e Panjara parametri PrsFesO1 (12.81 A) dan LusFesO12 (12.40 A) gacha kamayadi.
Bu tendensiya nodir yer elementlari atom radiusining kamayishi bilan bog‘liq bo‘lib, kristall
panjaraning siqilishini ko‘rsatadi. Ushbu natija DFT hisoblashlarning fizik jihatdan to‘g‘ri ekanligini

tasdiglaydi.
2-jadval. Simmetriya parametrlari.
Qotishma Kristal tizimi | Panjaratizimi | Zal ragami | Xalgaro ragam | Belgi | Nugta guruhi
PrsFesO1; Kubik Kubik -14bd 2¢ 3 230 la3d m3m
NdsFesO12 Kubik Kubik -14bd 2¢ 3 230 la3d m3m
SmsFes01; Kubik Kubik -14bd 2c 3 230 la3d m3m
EusFesOq, Kubik Kubik -14bd 2¢ 3 230 la3d m3m
GdsFesO12 Kubik Kubik -1 4bd 2¢ 3 230 la3d m3m
ThsFesO12 Kubik Kubik -1 4bd 2¢ 3 230 la3d m3m
DysFesOq, Kubik Kubik -1 4bd 2¢ 3 230 la3d m3m
HosFesO1 Kubik Kubik -14bd 2¢ 3 230 la3d m3m
ErsFesOq, Kubik Kubik -1 4bd 2¢ 3 230 la3d m3m
TmsFesO12 Kubik Kubik -1 4bd 2¢ 3 230 la3d m3m
LusFe5012 Kubik Kubik -1 4bd 2¢ 3 230 la3d m3m

2-jadval natijalari barcha birikmalar bir xil kristall tizimga tegishli ekanligini ko‘rsatadi:

« Kristall tizimi: kubik
e Fazoviy guruh: la3d
 Nugta guruhi: m3m
Bu holat R elementining almashishi struktura turini o‘zgartirmasligini, faqat panjara parametrlari va
fizik xossalarga ta’sir qilishini ko‘rsatadi.

<05 ~

Shakilanish energiyasi (eV/atom)

Nodir yer elementli ferrit granatlarning
termodinamik bargarorligi

Ferrit granatiar

Pr3fes012

NdIFe5012
Sm3Fes012 —

EudkeS012

Gd3Fe5012
Ib3FeSO12 —
DyIFeS012

1T03Fe5012

Er3Fe5012 ~

TmdFe5012

Lu3Fe5012

LB |

3-rasm. Nodir yer elementlari ferrit granatlarning termodinamik barqarorligi grafigi

3-jadvaldagi giymatlarga asosan termodinamik barqgarorlik grafigi (3-rasm)dan ko‘rinadiki, barcha
birikmalar uchun shakllanish energiyasi manfiy qiymatga ega bo‘lib, bu ularning barqarorligini tasdiqlaydi.
Shu bilan birga, GdsFesO12 birikmasida energiyaning keskin oshishi (kamroq manfiy giymat) kuzatilib, bu
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uning boshga birikmalarga nisbatan pastroq bargarorlikka ega ekanligini bildiradi. Qolgan birikmalarda esa
energiya deyarli bir xil diapazonda saqglanib, tizimning umumiy barqarorligini ko‘rsatadi.

3-jadval
Qotishma Termodinamik Zichligi Umumiy
bargarorlik (g-cm™) magnitlanish
(eV/atom) (uB/f.u.)
PrsFesO1 -2.479 5.64 25.00
NdsFesO12 -2.497 5.75 25.00
SmsFesOqy -2.517 5.99 25.00
EusFesO1; -2.238 5.99 43.00
GdsFesO1, -0.565 6.22 0.18
ThsFesO12 -2.542 6.34 25.00
DysFesO1. -2.547 6.46 25.00
HosFesOq -2.548 6.59 25.00
ErsFesO1n -2.553 6.65 25.00
TmsFesO12 -2.557 6.73 24.99
LusFesO1 -2.553 6.94 25.00
50-_ ::: Nedir yer elementli ferrit granatlarning
e E=e_ magnit xossalari
] :F.: [ ]
40 — 'g
35 - “;f;)
1E&
30 — g
25 — g §E——a ——i——i—n
20
15 <
10 —
5 |
0 | |
Ferrit granatlar
5 1

PrifFe5012 —
Nd3Fe5Q12 —
Sm3Fe5012
EudFe5012
Gd3Fe5012 —
Th3Fe5012
Dy3Fe5012 —
Ho3Fe5012 =~

Er3Fe5012 -
Tm3Fed012
Lu3Fe5012

4-rasm. Nodir yer elementli ferrit granatlarning magnit xossalari grafigi

4-rasmda keltirilgan magnit xossalar grafigi ferrimagnetik tizimga xos bo‘lgan xatti-harakatni
namoyon etadi (giymatlar 3-jadvaldan olingan). Ko‘pchilik birikmalar uchun umumiy magnit moment
taxminan 25 uB/f.u. atrofida saqlanadi. Biroq EusFesOi. birikmasida magnit momentning keskin ortishi
kuzatiladi, bu uning elektron konfiguratsiyasi va almashinish o‘zaro ta’sirlarining o‘ziga xosligi bilan
izohlanadi. Aksincha, GdsFesO:> da magnit moment deyarli nolga teng bo‘lib, bu spin kompensatsiyasi
holatini ko‘rsatadi.
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Nodir yer elementli ferrit gratlarninr
zichligining o'zgarishi

Moddalar zichligi (g-cm?)

!

\T
"

Ferrit granatlar

Pr3Fe5012 — \
Nd3Fe5012 -
Sm3Fe5012
Eu3Fe5012
Gd3Fe5012 -
Tb3Fe5012
Dy3Fe5012 -
Ho3Fe5012
Er3Fe5012
3Fe5012
Lu3Fe5012

Tm:

5-rasm. Nodir yer elementli ferrit granatlarning zichliklari o‘zgarishi grafigi

Zichlik grafigi esa nodir yer elementining atom ragami ortishi bilan zichlikning monoton ravishda
oshib borishini ko‘rsatadi. Bu holat atom massasi ortishi va kristall panjara parametrlarining kamayishi
(panjaraning zichlashuvi) bilan bog‘liq. Eng kichik zichlik Pr:FesO1. uchun, eng katta zichlik esa LusFesOn2
uchun kuzatiladi.

Umuman olganda, keltirilgan grafiklar nodir yer elementining turiga garab ferrit granatlarning
termodinamik, magnit va strukturaviy xossalari sezilarli darajada o‘zgarishini yaqqol ko‘rsatadi hamda
ushbu materiallarning magnitooptik xossalarini boshgarishda muhim omil ekanligini tasdiglaydi.

Xulosa. Ushbu ishda RsFesO:2 (R = Pr—Lu) tipidagi nodir yer elementli ferrit granatlarning kristall
tuzilishi, termodinamik barqgarorligi va magnit xossalari zichlik funksionali nazariyasi asosida tizimli
ravishda o‘rganildi. Hisoblash natijalari barcha birikmalar kubik (Ia3d) kristall strukturasiga ega ekanligini
hamda panjara parametrlari nodir yer elementlari gatorida atom radiusining kamayishi hisobiga izchil
qisqarishini ko‘rsatdi. Shakllanish energiyasining manfiy qiymatlari barcha tizimlarning termodinamik
bargarorligini tasdiglab, og‘ir nodir yer elementlari asosidagi birikmalar nisbatan barqgarorroq ekanini
ko‘rsatdi. Magnit xossalar tahlili ferrimagnetik tartiblanish mavjudligini aniqladi, bunda asosiy magnit hissa
Fe atomlariga tegishli bo‘lib, ayrim elementlarda (xususan, Eu va Gd) elektron konfiguratsiya bilan bog‘liq
anomal holatlar kuzatildi. Bundan tashgari, zichlik giymatlarining ortib borishi kristall panjaraning
zichlashuvi bilan mos kelishi aniglandi. Olingan natijalar nodir yer elementli ferrit granatlarning
magnitooptik xossalarini boshgarish va ularni zamonaviy optoelektron hamda spintronika qurilmalarida
go‘llash uchun muhim ilmiy asos bo‘lib xizmat qiladi.
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UDC 53
HETERO -STRUCTURED SOLAR PHOTOCELLS

Matnazarov Anvar Rustamovich,
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Jizzakh State Pedagogical University
Narkulov Saydulla Karomovich,
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Abstract. A comparative analysis of the prospects of creating ultra-thin, light and highly efficient solar
cells based on AlGaAs/GaAs heterostructures has been provided. A micron - scale thinning of AlIGaAs/GaAs
heterostructures using efficient technological methods has been proposed, which has been shown to
significantly increase the yield percentage of solar cells. As we know that the photocurrent flow in the
element depends on constant temperature radiation. As the irradiance increases, the photocurrent and
voltage increase. This leads to an increase in total power of the system. For the case heterostructure system,
when the operating temperature increases, the current output increases, which affects the sharply decrease
in power of the photocell. So, the solar cells based on heterostructures have very high efficiency and high
radiation resistance.

Keywords: heterostructure, solar energy, alternative energy sources, electricity, photovoltaics, solar
cell, monocrystalline and polycrystalline silicon, cascade elements, amorphous silicon, solar module.

GETEROSTRUKTURALI QUYOSH FOTOELEMENTLARI

Annotatsiya. AIGaAs/GaAs geterostrukturalari asosida o ‘ta yupqa, yengil va yuqori samaradorlikka
ega quyosh elementlarini yaratish istigbollari bo ‘yvicha taqqoslama tahlil keltirilgan. Samarali texnologik
usullar yordamida AlGaAs/GaAs geterostrukturalarini mikron darajasida yupqalashtirish taklif etilgan
bo‘lib, bu quyosh elementlarining chiqgish samaradorligini sezilarli darajada oshirishi ko ‘rsatilgan.
Ma’lumki, elementdagi fototok oqimi doimiy harorat va nurlanishga bog ‘liq. Nurlanish intensivligi ortishi
bilan fototok va kuchlanish ham ortadi. Bu esa tizimning umumiy quvvatini oshishiga olib keladi.
Geterostruktura tizimi holatida esa ishchi harorat ortganda chigish toki ortadi, bu esa fotoelement
quvvatining keskin kamayishiga ta’sir qiladi. Shunday qilib, geterostrukturalarga asoslangan quyosh
elementlari juda yugori samaradorlik va yugori nurlanishga chidamlilikka ega.

Kalit so‘zlar: geterostruktura, quyosh energiyasi, mugobil energiya manbalari, elektr energiyasi,
fotovoltaika, quyosh elementi, monokristall va polikristall kremniy, kaskad elementlar, amorf kremniy,
guyosh moduli.

TF'ETEPOCTPYKTYPHBIE COJTHEYHBIE ®OTO3JEMEHTDBI

Annomauus. llpeocmasnen cpagHumenbHulil AHAAU3 NEPCHEKNUE CO30AHUSL YIbMPATMOHKUX, NE2KUX U
8bICOKOI(PPeKmUsHbIX COMHEUNbIX dNeMeHmo8 Ha ochose zcemepocmpykmyp AlGaAs/GaAs. Ilpednooiceno
yMmenvuieHue moauunvl cemepocmpykmyp AlGaAs/GaAs 00 MUKPOHHO20 YPOBHA C UCHONb30BAHUEM
2 PEeKMUBHBIX MEXHOIOZUHECKUX MemOo008, UYMO, KAK HNOKA3AHO, 3HAYUMENbHO YEeaudusaem 6vixoo
CONIHEYHbIX JNeMeHmOo8. M3secmuo, Ymo HOMOK (OMOMOKA 6 3dJeMeHme 3A6UCUM OM HOCHOSHHOU
memnepamypvl u uziydenus. C ygeruueHuem UHMEHCUBHOCMU U3NYYEHUs B03DACAOm (HOmMOmMoK u
Hanpsjicerue, Ymo npusooum K y8eaudeHuio oowel MoWHOCmuY cucmemvl. B ciyuae cemepocmpykmyphotl
cucmemvl npuU NOGblUeHUU paboyell MeMnepamypvl VEeIudu8aemcs GbIXOOHOU MOK, YMO HPUBOOUM K
DE3KOMY CHUJICEHUIO MOWHOCmU ¢omosemenma. Taxum o06pazom, CONHeUHble DeMeHmMbl HA OCHOGE
2emepocmpykmyp 00aa0aiom o4elsb GblCOKOU IPHEKMUBHOCMBIO U 8bICOKOU PAOUAYUOHHOU CIMOUKOCMIBIO.

Knwouesvie cnosa: zemepocmpykmypa, COIHEYHAs. IHEPIUS, ANbMEPHAMUBHbIE UCTHOYHUKU DHepIull,
INEKMPULECMB0, POMO2aIbEAHUKA, CONHEUHBIU INEMEHM, MOHOKPUCMAIIUYECKUN U NOTUKPUCTHALIUYECKUL
KpeMHUll, KACKAOHble INeMeHmbl, AMOPQDHBIN KPEMHUL, COTHEUHbL MOOYTb.

Introduction. Currently, the need to increase the energy-mass characteristics of solar batteries is of
urgent importance. The main ways to solve this problem are to increase the efficiency of solar cells based on
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AlGaAs/GaAs compounds, which have the highest efficiency, and to reduce their size and weight. Achieving
such efficiency requires new optimized photovoltaic system architectures and high-quality semiconductor
materials. In the world, intensive research is being conducted to increase the efficiency of solar cells up to
35% in promising heterostructures by increasing the number of p-n junctions in semiconductors to four, five
and even six. Currently, silicon is the main material for solar cells. The efficiency of silicon-based solar cells
is 15-16% under direct irradiation in near-Earth space conditions. Solar cells based on heterostructures
provide high efficiency and have high radiation resistance. An important advantage of heterophotoconverters
is their ability to efficiently convert high-concentration solar radiation (up to 1000 - 2000 times), which
opens up the prospect of significantly reducing the area and cost of solar cells (proportional to the
concentration level) and, as a result, leads to a decrease in the price of "solar" electricity.

Solar cells based on GaAs heterostructures were presented for the first time by A.F. loffe and it was
created at the Institute of Physics and Technology. The use of a wide - gap "window" made of a thin layer of
AlGaAs solid solution, which is almost completely transparent to solar radiation, ensures the passivation of
the surface of the photoactive region. Multilayer AlGaAs/GaAs heterostructures were created using low-
temperature liquid-phase epitaxy [1-5], which ensured record efficiency for solar cells with a single p-n
junction. Such performance indicators were achieved due to the reduction of the AlGaAs/GaAs front layer
thickness to 30-50 nm, the crystallization of high-quality material in the active region, and the creation of a
back potential barrier made of GaAs. In recent years, the MOS-hydride epitaxy (metal- organic phase
epitaxy) method has been widely used to produce AlGaAs/GaAs heterostructures for solar cells [6]. A
heterostructural solar cell obtained by this method with a Br e gg mirror is of great interest (Fig .1). The
reflection coefficient from such glass is ~ 95% in the 750 - 900 nm spectral range. This ensures that part of
the solar radiation not absorbed in the base layer is reflected in the active region, which ensures that the
thickness of the base region decreases and the diffusion is maintained with small values of the bending
length. As a result, the radiation resistance of solar cells increases. Solar cells based on AlGaAs/GaAs
heterostructures are currently widely used in solar cells due to their high efficiency and increased radiation
resistance.

Fig.1. Hetero-structured photocell

1. Cascade photoelements

A further increase in efficiency is provided by cascade solar cells manufactured on the basis of
multilayer heterostructures with two or more p-n junctions in materials with different band gaps (Fig. 2 ).
This design uses GaAs as the wide-gap element material and InGaAs or GaSbh as the narrow-gap element. In
such cells, the "top™ p-n junction, made of a wider-gap material, is designed to efficiently convert the short-
wavelength portion of solar radiation into energy , and the "bottom" p-n-junction, a narrow-gap material, is
optimized to convert the long-wavelength radiation that passes through the broadband element into energy.
Theoretical calculations show that more than 40% energy efficiency can be achieved in such complex
photoconverters. As we mentioned above, one of the most promising materials for creating highly efficient
solar cells is gallium arsenide. Gallium arsenide and a photocell based on it can consist of several layers -
heterostructures of different composition. Usually, a very thin layer of AlGaAs is obtained as a GaAs-based
heterostructure mirror. But the main disadvantage of gallium arsenide is its high cost. In order to reduce the
cost of production, it is necessary to form solar cells on other cheaper substrates.

Copper and indium diselenide (SuSe;) has an extremely high ability to absorb solar radiation - 99% of
light is absorbed in the first micron of this material (band gap 1.0 eV) [2,5]. At the moment, intensive efforts
have been started to produce solar cell glass based on SuSe, . Sometimes zinc is added to cadmium sulfide to
improve the transparency of the glass. SulnSe; increases the band gap in layer , which leads to an increase in
the open-circuit voltage and, as a result, to an increase in the efficiency of the device.
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Physical processes of cascade photocells

Most solar cells are basically large area p-n junctions. When light shines on them, they can generate
current and voltage. The reason this happens is between p-type and n-type material is the generated electric
field. First let's see what happens if a silicon solar cell (pn junction) has a low resistance wire externally
connected between the p and n contacts. In the dark, the solar cell does not generate current. When light
shines on the solar cell, current flows through the wire from the p-type side to the n-type side (conventional
current). The light has enough energy to break some of the chemical bonds in the silicon crystal. What this
means is that the electrons normally involved in the silicon bond move to a higher energy state when
exposed to light and the bond is broken. The intensity of the sun's light on the earth 's surface is strong
enough to break about 1 bond for every 100 million silicon atoms in the solar cell. Excited electrons are
similar to electrons of additional phosphorus atoms - they move freely through the material. Similarly, the
vacancies created by light act as holes, just like the unpaired electrons in the bonds between silicon and
boron atoms and these holes can also move freely through the material. Electrons and holes created in this
way are physically close to each other: for each electron excited by light, a corresponding hole is created.
These electrons and holes can only remain excited for a short time . In the recombination process, the excited
electrons come very close to the holes, and both are placed in bonded positions. As this process occurs, the
electrical energy of the pair is lost as heat. If there is too much recombination, the efficiency of the solar cell
decreases.

In a solar cell, electrons and holes excited by light appear throughout the volume of the material, in the
p-region, n-region, and in the field region where the generated electric field exists. Due to the "set" electric
field, the electrons are attracted to the positive charge from the side of the p -type material. Similarly, holes
are attracted to the negative charge on the n -type material side. This separation of charges causes current to
flow across the junction. The direction of current (conventional current) is the same as the movement of
holes (because they are positively charged). That is, the current flows across the field from the n-type side to
the p-type side. Now there is voltage across the solar cell but no current from the solar cell. The "open circuit
voltage" is measured by placing a voltmeter across the illuminated solar cell. For example, for a solar cell, it
measures about 0.6 volts in strong sunlight. When an open-junction solar cell is illuminated, the light-
generated electrons and holes orbiting near the junction are separated by an "embedded" electric field.
Electrons are pushed into the n -type region and holes into the p -type region. The current produced by the
light depends only on how intense the sunlight is and how much recombination takes place inside the solar
cell. This charge pack creates a voltage across the solar cell. It can be imagined that this division of charge
continues indefinitely, resulting in an infinite voltage across the solar cell.

To generate large amounts of energy from solar cells, it is enough to connect many solar cells
together. It can generate a lot of power. In fact, many solar cells can be connected together to create a large
solar power plant. Most modern solar cells have a single p-n junction. In such an element, free charge
carriers are generated only by photons with energy greater than or equal to the bandgap. In other words, the
photoelectric reaction of a single junction element is limited to the part of the solar spectrum with energy
above the band gap, and low-energy photons are not used. This limitation can be overcome by multilayer
structures of two or more elements with different band gaps. Such elements are called cascade or tandem [2].

Cu
Se
Ga
Se CuGaSe,
Ga
Mo Mo

FFig 2. The system of cascade photocell

Obtained scientific results and their analysis.

1. Current characteristics of heterostructured photoelectric systems

Each photocell is characterized by a number of parameters and properties that determine not only its
characteristics, but also the limits of its use in technology: current - voltage, light, frequency and spectral
sensitivity, efficiency. Similarly, heterostructured photoconductors have the above physical properties.
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Studies have shown that these physical properties have almost the same meaning in both cases. Current-
voltage and voltage-power characteristics of the system considered in Figure 3. It can be seen from the graph
that the photocurrent flow in the element depends on constant temperature radiation. However, as the
irradiance increases, the photocurrent and voltage increase. This leads to an increase in total power. In this
case, for the characteristics of the heterostructure system, when the operating temperature increases, the
current output increases slightly, while the voltage output decreases sharply, which affects the decrease in net
power with the increase of temperature. The nominal voltage and current of the structure we are studying are
described by the following general formulas

KTY X JE # 1
=1 3—9 Yexpi— 1 k——%H 1
phgmgl PiieA i - T% €
_ oT?
E, = E,(0)- T

where T, represents the initial temperature and the constant photocurrent of the element; I, q is the
charge of the electron; Eg - the main energy level of the conductor, T is the temperature of the element (K).

The nominal voltage of the element is expressed by the following formula

!
U= KTy, &)

q

Here | is the output current of the array; U array output voltage. The figure below shows the
characteristic curves of the element for a given level of solar radiation and temperature.

VOLTAGE CURRENT CHARACTERISTICS

ILTAGE CURRENT CHARACTERIETICS
T T T

Fig.3 . Volt-amperes characteristics of the system in varying radiation with a temperature of 25°
- 30°.

2. Useful efficiency of photoelectric systems with heterostructure
Today, cells made of heterostructured photovoltaic systems, such as AsVs, make up 80% of systems
installed worldwide. Their efficiency is 35-40 percent. Later, GaAs-AlGaAs heterostructure photoelectric
systems began to be prepared in the form of amorphous silicon, cadmium-telluride thin films. Their
efficiency is about 9 percent, but they are cheaper to manufacture than photovoltaic cells made of mono or
polycrystalline silicon [3,7]. For example, let a heterostructured solar photovoltaic cell consist of several
hundred (for example, 100) cells. Let its power be 1.5 W. In this case, the size of the photocell is 20-30 cm.
We assume that the current density in the photocell is E = 500 W/m 2and we find the useful efficiency of the
photocell. In that case, we find the efficiency of the photocell using the following formula
P
s
Here, P b is the power of the battery, which is calculated using the following formula
P=n-15.
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Here, n is the total number of photovoltaic cells in the heterostructure solar cell. Putting the values of
the necessary quantities in the formula P =900-15=1350 Br,S=0.06m?-900=54m* we find the
useful efficiency of the photocell

N =135054-500 = 0.05%

The value of the efficiency of the photocell is determined by the energy losses, which depend on the
materials used and the design of the photocell, as well as the choice of the operation mode of the photocell
(load resistance, light and temperature). In the process of converting radiation energy into electrical energy
released in the photocell load, energy losses can be divided into light and energy losses. Light losses are
primarily losses due to the reflection of the light flux from the surface photocell and depend on the
wavelength of the incident light. They are also determined by the photoelectric inactive absorption of light:
absorption of the excitation, photon generation, absorption with excitation within the band transitions,
absorption of the fraction of the light flux that has passed to a large depth along with the lower metal
electrode.

Energy losses are the number of excited pairs of electrons and holes or the energy losses they carry.
These losses are related to the recombination of carriers that do not reach p - n - depending on the
construction of the transition and photocell, the thickness of the outer layer of the conductor and the
condition of its surface. In addition, if the energy of light quanta significantly exceeds the band gap, then the
excess energy is used to heat the photocell.

In figure 4 we present the results of Table 1, which shows the temperature dependence of fill factor
and the efficiency of the PV panel.

Table 1.
Temperature( °°) Fill Factor (%) Efficiency (%)
10 77.33 17.57
20 75.85 16.27
thirty 74.56 14.99
- \\ 17,5.
- \ >
.g \ Q165 \.\
- \ D
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Fig.4. The fill factor and efficiency of the system in varying radiation with a temperature of 25°-
30°

At the same time, scientific and research work is being carried out to increase the efficiency of
heterostructured solar photovoltaic cells by 50-60%. For this, it is necessary to install heterostructured films
4+8 times. As a result of these studies, the power of the device will be increased and the cost of production
will decrease dramatically. It is estimated that, due to their simplicity and low-cost materials, in the future,
the production of devices consisting of heterostructures will require even less money.

Conclusion. In this article, the physical properties of photocells based on the heterostructure of the
solar energy device were studied. The volt-ampere characteristics of the G heterostructure solar cell
photocell and the values of the useful work coefficient were determined. Our studies have shown that the
photocurrent flow in the element depends on constant temperature radiation. As the irradiance increases, the
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photocurrent and voltage increase. This leads to an increase in total power. It can be concluded that, the
solar cells based on heterostructures have very high efficiency and high radiation resistance.
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YARIMO‘TKAZGICH TRANZISTORLAR ASOSIDA REAKTIV QUVVATNI
OPTIMALLASHTIRISH VA ENERGIYA SAMARADORLIGINI OSHIRISH
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Annotatsiya. Ushbu maqolada yarimo ‘tkazgichli qurilma ya’ni tranzistor yordamida elektr
stansiyalarida reaktiv quvvatni kompensatsiyalash usullari, ularning ishlash prinsiplari hamda energiya
isrofini kamaytirishdagi roli tahlil gilingan. Reaktiv quvvatni tranzistorlarni boshgarish orqgali kuzatilgan va
bu holda tranzistor orqali boshqgariladigan kompensatsiyalar zamonaviy qurilmalarda STATCOM,
invertorlarlarni boshqarish imkoniga ega bo lish imkoniyatlari ko’rsatilgan. Tranzistorlarning reaktiv
guvvatni kompensatsiyalashdagi roli nafagat tizimning ishlash sifatini yaxshilash, balki energiya isrofining
kamayishida ham muhim ahamiyatga ega ekanligi tahlil gilingan.

Kalit so“zlar: Reaktiv quvvat, emitter toki, kollektor toki, rekombinatsiya, generatsiya, energiya
samaradorligi, elektr stansiyasi

ONTUMUBALIMA PEAKTUBHOM MOIIIHOCTH U MOBBIILIEHUE
SHEPTI'O®P®EKTUBHOCTHU HA OCHOBE IIOJYITPOBO/JHUKOBBIX TPAH3UCTOPOB

Annomauusa. B oannoti cmamove paccmampugaiomcs Memoobl KOMIEHCAyuu peakmusHot MOWHOCMU
Ha 2NeKMPU4ecKux CMAaHyusx C UCNONb308AHUEM NOJYNPOBOOHUKOBLIX —YCMPOUCMS, a  UMEHHO
MPAH3UCIOPO8, A MAKIHCE AHATUSUPYIOMCS UX NPUHYUNBLL pAOOMbL U PONb @ CHUIMCEHUU IHEPSeMUYecKUx
nomepo. Peakxmugnas MowjHOCmMb ucciedyemcs nocpeoCmeoM YNpasieHus Mpausucmopamu, npu 3mom
NOKA3aHbL 603MOJICHOCIU NPUMEHEHUS YHPABIAEMbIX MPAH3UCTHOPHLIX KOMNEHCAMOPO8 6 COBPEMEHHBIX
yempoticmeax, makux kak STATCOM u uneepmopul. Ycmanosneno, umo ucnonib308anue mpansucmopos sl
KOMREHCayuu peakmueHol MOWHOCMU He MOJbKO YIyuuiaem Kaiecmeo padomvl CUCMEMbl, HO U uzpaem
BAJICHYIO POJIb 8 CHUIICEHUU NOMEPDL IHEPSUU.

Knwuesvie cnosa: peaxmugHas MOWHOCMb, MOK IMUmmepd, MoK KOJIEKMOpPd, pPeKOMOUHayus,
2eHepayus, IHep20IPPexmueHocms, NEKMpudecKkas Crmanyus

OPTIMIZATION OF REACTIVE POWER AND IMPROVEMENT OF ENERGY
EFFICIENCY BASED ON SEMICONDUCTOR TRANSISTORS

Abstract. This article examines methods of reactive power compensation in power plants using
semiconductor devices, particularly transistors, and analyzes their operating principles as well as their role
in reducing energy losses. Reactive power is studied through transistor control, and the possibilities of
transistor-based compensation in modern devices such as STATCOM and inverters are demonstrated. It is
shown that the use of transistors for reactive power compensation not only improves system performance but
also plays a significant role in reducing energy losses.

Keywords: reactive power, emitter current, collector current, recombination, generation, energy
efficiency, power plant

Kirish. Bugungi kunda elektr energetika tizimlarida samaradorlikni oshirish, energiya isrofini
kamaytirish va elektr tarmogqlarining ishonchli ishlashini ta’minlash dolzarb masalalardan sifatida
qaralmoqda. Ayniqgsa, sanoat va elektr stansiyalarida reaktiv quvvatning ortiqcha bo‘lishi kuchlanish
yo‘qotishlariga, tarmoq yuklanishining oshishiga hamda energiya samaradorligining pasayishiga olib keladi.
Shu sababli reaktiv quvvatni kompensatsiyalash masalasi hozirda zamonaviy energetikaning muhim
yo‘nalishlaridan biri hisoblanmoqda [1-2].
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So‘nggi yillarda yarimo‘tkazgichli qurilmalar asosida ishlab chiqilgan qurilmalar yuqori tezkorlik,
aniglik va avtomatlashtirilgan boshqaruv imkoniyatlariga ega bo‘lib, elektr tarmoqlarida reaktiv quvvatni
samarali boshqarish imkonini beradi. Shu bilan birga, ular elektr energiyasining yo‘qotilishini kamaytirish,
kuchlanish sifatini yaxshilash va umumiy energetik tizim samaradorligini oshirishda muhim ahamiyat kasb
etadi [3].

Biz bu maqolada yarimo‘tkazgichli qurilmalar yordamida elektr stansiyalarida reaktiv quvvatni
kompensatsiyalash usullari, ularning ishlash prinsiplari hamda energiya isrofini kamaytirishdagi roli tahlil
gilmogchimiz.

Yani tranzistorning yarimo‘tkazgichli qurilmalar sifatida tanlab oldik. Chunki elektr stansiyalarida
reaktiv quvvatni kompensatsiyalash va energiya isrofini kamaytirishda tranzistorning ahamiyati kattadir.
Yarimo‘tkazgichli tranzistorlar zamonaviy elektronikaning asosiy elementlaridan biri bo‘lib, elektr
stansiyalarida reaktiv quvvatni kompensatsiyalash tizimlarida ham muhim rol o‘ynaydi. Tranzistorlarning
tezkorlik, ishonchlilik va samaradorlik xususiyatlari yuqori bo‘lgani sababli ular kuchlanish va tok
signallarini aniglik bilan boshgarish imkonini beradi. Bu esa reaktiv quvvatni tez va samarali
kompensatsiyalash imkonini yaratadi [5].

PNP turdagi tranzistorda emitter toki asosiy zaryad tashuvchilar ogimini va kollektor toki esa chigish
tokini ifodalaydi. Albatta bu toklar baza toki yoki kuchlanish orgali boshqgariladi. Kichik signal orgali katta
tokni boshqarish imkonini beradi. Tranzistorning emitter va kollektorida hosil bo’lgan teshik tokini

tranzistorni effektiv rejimda ishlayapti deb garasak u holda hususiy hol uchun shart tanlab olamiz[6].
g

?L; Z1lva exp ( ‘1—?) =0 bo’lsa u holda d<<L, bo’lgani uchun emitter va kollektordagi teshik toki

go’yidagi formula orqali ifodalanadi.

qﬂpﬂ.ﬁ' - '?UE o

J'fp-.s': In { exp E) - l}l f.'ﬂ‘.lL—F (1)
- i, a

Jok= qnf (exp %) -l}crsdlL—F (2)

(1) va (2) ifodalarga tajribalarda olingan sonli qiymatlarni gqo’yib VAXni olamiz.
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1-rasm. Emitter va kollektordagi teshik tokining VAXi

Bu grafiklarda hosil bo’lgan farqlarning sababi shundaki nazariy jihatdan Jz=J/~+J; ga teng bo’ladi.
Agar baza juda yupga va yo‘qotishlar bo‘lmasa u holda [-%I; ga teng bo’lishi kerak. Lekin farqlarni hosil
bo’lishi rekombinatsiya jarayoniga bog’ligdir. Yani emitterdan chiqqan teshiklar (kovaklar) bazaga kiradi.
Ammo ularning hammasi kollektor tomonga o‘tmaydi. Bir qismi baza ichida -elektronlar bilan
rekombinatsiyalanadi. Natija emitter toki (Je) katta va kollektor toki (Jk) esa kichikroq bo’ladi. Chunki
Ji=JeJagoein ga tengligi sabab bo’ladi.

Agar zaryad tashuvchilarni qizishi e’tiborga olinsa, u holda (1) va (2) ifodamiz qo’yidagicha
ko’rinishda bo’ladi.
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_ 9upln g qle-Uay a

Jpe= Ly (exp ET  kTa ) l}ml,zp ®)
_ guply g gl L d

Jpi= Ln (exp kT kT, )_l}ﬁd‘l,&; )

Ushbu formulalarga adabiyotlarda keltirilgan tegishli sonli giymatlarni qo’yib taqossab chiqaylik.
Agar emitter tokidagi zaryad tashuvchini qizishini e’tiborga olsak VAXlari qo’yidagicha tus olar ekan.

¥ o
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|— emitter tofdda qizish yog we—cniiter tofdda qizisih E:lo:'|

2-rasm. Emitter tokida qizish ta’sirida VAX o‘zgarishi
Aksincha kollektor tokida esa 3-rasmda keltirilgan holga keladi.
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| m— olleltor tokida gizishyog = folleitor tofida gizish bor |

3-rasm. Kollektor tokida qizish ta’sirida VAX o‘zgarishi
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4-rasm. Emitter va kollektor toklarida qizish ta’sirida VAX o‘zgarishi

4 rasmdagi grafikdan ko‘rinadiki zaryad tashuvchini qizish hisobiga qora va yashil chiziglar chapga
siljigan bo‘lib, kamroq kuchlanishda ham katta tok oqishini ko‘rsatadi. Ya’ni materialning qarshiligi
kamayadi. Chunki harorat oshganda yarim o‘tkazgichda erkin zaryad tashuvchilar soni ortadi. Bu jarayon u
esa tokni oshiradi.

Agar qizish bo‘lmasa qizil va ko‘k chiziqlarga ko’ra tok faqat kuchlanish oshganda tez o‘sadi.

Emitter toki qizil va qora rangdagi grafiklar emitter o°tish to‘g‘ri yo‘nalishda bo‘lgani uchun ochilishi
oldinroq boshlanib, kichik kuchlanishda tok paydo bo‘ladi. Kollektor toki esa ko‘k va yashil rangdagi
grakfiklar kattaroq kuchlanishda boshlanadi. Chunki kollektor o‘tish boshga sharoitda ishlaydi. Ularga
odatda teskari yoki kuchliroq maydonta’sir qilish kerak bo‘ladi.

ndi elektr stansiyalarda reaktiv quvvatni boshqarishni ko’rib chigsak [8].

Reaktiv quvvat ifodasi @=U/sinE ¢ ga ko‘ra temperature orasida bog’lanish mavjud emas. Agar biz

tokni odatda temperaturaga bog‘liq (aynigsa metall o‘tkazgichlarda) bo‘ladi deb olsak, u holda garshilik
R(N)=Rp(1+aD) (®)

Om gonuniga ko‘ra tok kuchi
: v
AD=7%7 (6)

ga tengligidan reaktiv quvvatni qo‘yidagicha ifodalashimiz mumkin bo’ladi.
N T=0r -5inE g @)

r
Ry(1+aT)

Ushbu (7) ifodaga U = 220 V, sing = 0.7, a = 0.004 1/°C va Ro=50m sonli giymatlarni qo‘yib reaktiv
quvvatni xaroratga bog’liglik grafigini olishimiz mumkin.
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5-rasm. Reaktiv quvvatni xaroratga bog’liqligi

Bu holatda tok va kuchlanish fazasi mos bo‘lmaganligi uchun natijada energiya yo‘qotishlar paydo
bo‘ladi.

Agar biz reaktiv quvvatni tranzistorlarni boshgarish orgali kuzatsak, u holda tranzistor orgali
boshqariladigan kompensatsiyalar zamonaviy qurilmalarda STATCOM, invertorlarni boshgarish imkoniga
ega bo‘lamiz[9].

Yani tranzistorda zaryad tashuvchilar harakati tokni hosil giladi. Energetik tizimda esa shu tok orqali
fazani boshgaramiz. Buning uchun (1) va (2) ifodalardagi emitter va kollektordagi teshik toklarini reaktiv
quvvat ifodasiga olib borib qo‘ysak. Hamda tegishli son qiymatlarni e’tiborga olinsa u holda reaktiv quvvat
va harorat orasida qo‘yidagi grafik hosil bo‘lar ekan.

Bu grafiklardan ko‘rinadiki emitter — kollektor toki invertor chigish tokini belgilaydi. Tranzistor tez
ochilib-yopilib, tok amplitudasini, tok fazasini va tok shaklini boshqgaradi. Natijada esa zaryad tashuvchilarni
boshqarish orqali chiqish toki aniq shakllantiriladi. Faza siljishi, reaktiv quvvat va energiya yo‘qotish
kamayadi.

Reaktiv quvvatning asosiy maqgsadi kuchlanishni ushlab turish va elektromagnit jarayonlarni
ta’minlashga qaratilgan. Lekin ortigcha yoki kam bo‘lishi — ikkalasi ham muammoga olib keladi. Agar
reaktiv quvvat yetarli bo‘lsa bu optimal holat hisoblanib, kuchlanish barqaror bo‘ladi.Tarmoq samarali
ishlashiga va yo‘qotishlar kamayishiga olib keladi [10]. Yoki reaktiv quvvat juda katta bo‘lsa tok ortib
ketadi. Natijada simlar qiziydi va energiya yo‘qotishlari ortib ketadi.bu esa uskunalar ortiqcha yuklanishiga
sabab bo‘ladi. Aksincha juda kichik bo‘lsa kuchlanish pasayib dvigatellar yomon ishlashni boshlaydi.
Tarmoq esa beqaror bo‘ladi Yirik podstansiyalar va elektr stansiyalar uchun normal diapazon reaktiv quvvat
uchun 10 — 500 MV Ar ko’rsatilgan. 6-rasmda keltirilgan grafikda sonli giymatlar ham shu diapason orasiga
kiradi [11].

Q.(MVAr)

350 400 450 500
7, (K)
[ cinitterdagi teshik ol =——iolieitordagi teshiktok |

6-rasm. Emitter va kollektordagi tokni boshqarish orgali reaktiv quvvatni haroratga
bog’lig o‘zgarishi
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Xulosa. Tranzistor orqgali zaryad tashuvchilar harakati boshgarilgani uchun emitter va kollektor
toklarini ham boshqarish mumkin. Bu esa bizga tarmoqqa beriladigan tokni boshqarish, fazani to‘g‘rilash,
reaktiv quvvatni kompensatsiya gilish va energiya isrofini kamaytirishga imkon yaratadi

Elektr stansiyalarida yarimo‘tkazgichli tranzistorlarga asoslangan kuchaytirgichlar, invertorlar va
boshga boshgaruv elementlari reaktiv komponentlarni aniglab, ularga garshi kerakli garshilik yoki
induktivlik kiritishni avtomatik tartibda amalga oshiradi. Natijada, tarmoqdagi kuchlanish va tokning fazoviy
farqi kamayadi, bu esa energiya yo‘qotilishini sezilarli darajada kamaytiradi.

Shuningdek, tranzistorlar yordamida ishlovchi zamonaviy kompensatsiya tizimlari an’anaviy mexanik
yoki elektromexanik qurilmalarga nisbatan tezkorroq javob beradi va yanada ixcham, samarali tizimlarni
yaratishga imkon beradi. Bu esa elektr energiyasidan oqilona foydalanishni ta’minlash, uskunalarning xizmat
muddatini uzaytirish va umumiy energetik samaradorlikni oshirishga xizmat giladi.

Shunday qilib, tranzistorlarning reaktiv quvvatni kompensatsiyalashdagi roli nafagat tizimning ishlash
sifatini yaxshilash, balki energiya isrofining kamayishida ham muhim ahamiyatga ega.
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UO‘K 53
Ga.Gd MATERIALLARINING UMUMIY XUSUSIYATLARI

Ibodova Maftunabonu llyoz gizi,

Buxoro davlat universiteti tayanch doktoranti
m.ibodova2000@gmail.com

Fayziyev Shaxobiddin Shavkatovich,

Buxoro davlat universiteti Fizika kafedrasi dotsenti
s.s.fayziev@buxdu.uz

Annotatsiya. Mazkur tadqiqot ishida Ga-Gd ikkilik tizimiga mansub Ga-Gd intermetall birikmasining
kristall tuzilishi, termodinamik bargarorligi hamda fizik xossalari kompleks ravishda tahlil qilindi.
Zamonaviy materialshunoslikda noyob yer elementlari asosidagi intermetall birikmalar yugori funksional
xususiyatlari bilan ajralib turishi sababli, ushbu tizim ilmiy va amaliy jihatdan muhim hisoblanadi.

Ishda galliy va gadoliniy elementlarining individual fizik xossalari hamda ularning o‘zaro ta’siri
natijasida hosil bo ‘ladigan elektron va magnit holatlar o ‘rganildi. Ga:Gd birikmasining kristall tuzilishi
geksagonal tizimga mansubligi, panjara parametrilarining (a=b#c, y=120°) giymatlari hamda atomlarning
Wyckoff pozitsiyalarda joylashuvi asosida aniglashtirildi. Tadgigotda CALPHAD metodologiyasi asosida
Ga-Gd tizimining fazaviy muvozanati va Gibbs erkin energiyasi funksiyalari tahlil gilinib, tizimda beshta
asosiy intermetall faza mavjudligi aniglangan. Ular orasida Ga:Gd fazasi keng gomogenlik sohasi va past
Gibbs erkin energiya giymati bilan ajralib turadi, bu esa uning yuqori termodinamik bargarorligini
ko ‘rsatadi. Olingan natijalar Ga:Gd birikmasida metallik va gisman kovalent bog ‘lanishlar mavjudligini,
shuningdek Gd atomlarining f-elektronlari hisobiga magnit xossalarning shakllanishini tasdiglaydi. Ushbu
xususiyatlar materialni spintronika, magnitooptika va yarimo ‘tkazgich qurilmalarida qo ‘llash imkonini
beradi.

Kalit so“zlar: Ga-Gd ikkilik tizimi, Wyckoff pozitsiyalari, Gibbs erkin energiyasi, CALPHAD metodi,
intermetall fazalar, spintronika, konkoidal sinish.

OBIIUE CBOMICTBA MATEPHUAJIOB Ga:Gd

Annomauusn. B dannou pabome npoeedén KOMNIIEKCHbIL AHAIU3 UHIMEPMEMALIUYECKO20 COeOUHEHUs.
Ga:Gd, ommnocawezocs x ounapnou cucmeme Ga-Gd, exnouas e2o Kpucmamiudeckyro CmpyKkmypy,
MEPMOOUHAMUYECKYIO CIAOUTbHOCIb U (usuveckue ceoticmea. B cospemennoll Hayke o mamepuanax
UHMEPMEeMAIuYecKue coOeOUHeHUsl Ha OCHOBe PeOKO3EMENbHbIX dIeMEeHMO8 NPedCmasision 3HAUUMETbHbIL
HAYUHbIl U NPAKMU4ecKull unmepec 61a200apsi ux blCOKUM QYHKYUOHATLHBIM XAPAKIMEPUCTIUKAM.

B pabome uccredosanvl unousudyanvhvie pusuieckue cOUCMEa INeMEHMO8 2alus U 2a00IuHUs, a
Maxaice INEKMPOHHbIe U MASHUMHbIE COCMOSHUSA, (OpMUpYIOWUecs 8 pe3yavbmame uUx 63aumo0elicmeusl.
Yemanosneno, umo kpucmannuueckas cmpykmypa coedunenusi Ga:Gd omuocumcs K 2eKcacoHanbHOU
CuHeOHUU ¢ napamempamu pewémru (a = b £ ¢, y = 120°), npu smom npocmpancmeenHoe pacnpeoeieHue
amomMo8 YMOUHEeHO HA OCHO8e UX pachonodicenus 8 nosuyuax Yaixogga.C ucnorvzoganuem memooorocuu
CALPHAD npogedén ananuz ¢aszosoeo pasuosecus u Qpyuxyuti c6o000nou snepeuu I uboca é cucmeme Ga-
Gd, 6 pe3ynbmame ye20 8bIABIEHO CYWECMBOBAHUE NAMU OCHOBHbIX UHmMepmemaniudeckux gaz. Cpedu Hux
¢asa Ga:Gd xapaxmepuszyemcs wupokou 001ACMbi0 20MOSEHHOCMU U HUSKUMU 3HAYEHUAMU C80DO0OHOI
snepeuu I'ubbca, umo ceudemenbcmayem o e€ 8blCOKOU mepmoouramudeckol cmaburvnocmu. Ionyyennvie
pe3yavmamvl noomeepoicoarom naiuyue ¢ coeounenuu Ga:Gd memaniuieckou u YacCmMuyHO KOBAIEHMHOLUL
NpUPOObL XUMUYECKOTU C8513U, 4 MAKICe POPMUPOBAHUE MACHUMHBIX CEOUCME 3d CUEM f-I1eKMPOHO8 AmMOMO8
2a0onuHusA. YKasauHvle Xapakmepucmurky OmKpulearom nepcnekmugbl NpUMeHeHUs OaHHO020 Mamepuand 8
CNUHMPOHUKE, MAZHUMOONMUKE U NOJYNPOBOOHUKOBBIX YCHPOUCMBAX.

Knrouesvie cnosa: ounapnas cucmema Ga-Gd, nosuyuu \Wyckoff, ceoboonas suepeuss I'u66ca, memoo
CALPHAD, unmepmemaniuueckue @azvl, CRUHMPOHUKA, KOHXOUOAILHBLU UZTIOM.

GENERAL PROPERTIES OF Ga:Gd MATERIALS

Abstract. In this study, a comprehensive analysis of the intermetallic compound Ga.Gd belonging to
the Ga-Gd binary system is presented, including its crystal structure, thermodynamic stability, and physical
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properties. In modern materials science, intermetallic compounds based on rare-earth elements are of
significant scientific and practical interest due to their advanced functional characteristics.

The individual physical properties of gallium and gadolinium, as well as the electronic and magnetic
states arising from their interaction, are systematically investigated. It is established that the crystal
structure of Ga:Gd belongs to the hexagonal system with lattice parameters (a = b # ¢, y = 120°), and the
atomic arrangement is clarified based on their occupation of Wyckoff positions. Using the CALPHAD
methodology, the phase equilibria and Gibbs free energy functions of the Ga-Gd system were analyzed,
revealing the presence of five principal intermetallic phases. Among them, the Ga:Gd phase is distinguished
by a wide homogeneity range and low Gibbs free energy values, indicating its high thermodynamic stability.
The obtained results confirm the coexistence of metallic and partially covalent bonding in Ga:Gd, as well as
the formation of magnetic properties due to the contribution of f-electrons from gadolinium atoms. These
features make the material a promising candidate for applications in spintronics, magneto-optics, and
semiconductor devices.

Keywords: Ga-Gd binary system, Wyckoff positions, Gibbs free energy, CALPHAD method,
intermetallic phases, spintronics, conchoidal fracture.

Kirish. Zamonaviy materialshunoslikda yuqori funksional xossalarga ega yangi materiallarni yaratish
muhim ilmiy va amaliy ahamiyat kasb etmogda. Aynigsa, noyob yer elementlari asosidagi intermetall
birikmalar o‘zining noyob magnit, elektron va optik xususiyatlari bilan alohida e’tiborni tortadi. Shu nuqtayi
nazardan galliy (Ga) va gadoliniy (Gd) elementlari asosida hosil bo‘ladigan ikkilik tizimlar istigbolli
materiallar sinfiga kiradi. Ga elementiring fizik xossalari: Galliy Fransuz kimyogari Pol-Emil Lekok de
Buaboudran tomonidan 1875-yilda Parijda (Fransiya) kashf etilgan [1] elementar galliy standart harorat va
bosimda yumshoq, kumushrang metalldir. Suyuq holatda u kumushrang og rangga aylanadi. Agar yetarli
kuch  qo‘llanilsa, qattiq  galliy konkoid  tarzda  yorilishi ~ mumkin.  Mindat.org konkoidal
sinishini quyidagicha ta'riflaydi : "silliq, egri yuzalarga ega, odatda biroz botiq, qobiq o‘sishi chiziglariga
o‘xshash konsentrik to‘lginlarni ko‘rsatadigan sinish". [2] Elementar galliy tabiatda uchramaydi, lekin
uni eritish orgali osongina olish mumkin. Juda sof galliy kumushrang ko‘k metall bo‘lib, shisha kabi konkoid
tarzda yoriladi . Galliy suyuq holatdan qattiq holatga o‘tganda uning hajmi 3,10% ga kengayadi, shuning
uchun uni holati o‘zgarganda yorilishi mumkin bo‘lgan idishlarda saqlashda ehtiyot bo‘lish kerak. Galliy
ko‘pgina metallar bilan gotishmalar hosil giladi. U alyuminiy, alyuminiy - rux qotishmalari [3] va po‘lat [4]
kabi ba'zi metallarning yoriglari yoki dona chegaralariga osongina targaladi, buesa suyug metall
mo‘rtlashuvi deb ataladigan mustahkamlik va egiluvchanlikning keskin yo‘qolishiga olib keladi .

1-rasm. Galliy novdasi kristall tuzilishini [5]

Gd elementiring fizik xossalari: Gadoliniy lantanoidlar gatorining sakkizinchi a'zosi. Gadoliniy (Gd)
— noyob yer metallari (lantanoidlar) guruhiga kiruvchi element bo‘lib, o‘ziga xos fizik xossalarga ega.
Tashqi ko‘rinishi va holati: kumushsimon-oq rangli metall, yumshoq va nisbatan oson kesiladi ,havoda asta-
sekin oksidlanadi. Kristall tuzilishi: geksagonal zich joylashgan kristall panjara, yuqori haroratlarda kristall
tuzilishi o‘zgarishi mumkin.
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2-rasm. Gadoliniy metalining namunasi [6]

Ga:Gd - bu intermetall birikma bo‘lib, unda galliy va gadoliniy o‘zaro murakkab elektron va magnit
o‘zaro ta’sirga kirishadi. Galliy atomlari: kristall panjarada asosiy skelet hosil giladi Gd atomlari shu
panjarada joylashadi. Natijada barqaror intermetall struktura yuzaga keladi Ga — p-elektron donor; Gd —
f-elektronlarga ega (magnit aktiv). Bu kombinatsiya: elektron zichlikni gayta tagsimlaydi, metallik va
gisman kovalent bog‘lanishlarni yuzaga keltiradi. Ga ning ishtiroki tufayli: elektron harakatchanligi oshadi;
optik xossalar yaxshilanadi; magnit tartiblanish boshqariladi. Shu sababli Ga-Gd: spintronika, magnitooptika,
yugori texnologiyali qurilmalarda go‘llanilishi mumkin . Ga-Gd ikkilik tizimi murakkab fazaviy tuzilishga
ega bo‘lib, unda bir qator intermetall birikmalar, jumladan GasGd, Ga:Gd, GaGd, Ga>Gds va GasGds fazalari
mavjud. Ushbu fazalar turli kristall tuzilishga ega bo‘lib, ayrimlari ferromagnit yoki antiferromagnit
xossalarni namoyon qiladi. Aynigsa, Ga.Gd birikmasining keng gomogenlik sohasi mavjudligi uni
chuqurroq o‘rganishni talab etadi.

Nazariy gism. Galliy ko‘plab sanoat qo‘llanmalariga ega, u integratsiyalashgan raqamli sxemalarda
substratlar sifatida fosfid (GaP) va arsenid (GaAs) [7] shaklida qo‘laniladi. Shuningdek, u juda past quvvatli
yoritish uchun yarimo‘tkazgichlar ishlab chiqarishda va fotovoltaik panellarni ishlab chigishda qo‘llaniladi
[7]. Bundan tashqari, noyob yer elementlari o‘zlarining fizik xususiyatlarining boyligi tufayli yangi
materiallarni ishlab chigishda katta gizigish uyg'otadi. Ushbu ishda Ga-Gd binar tizimi CALPHAD [8]
texnikasi yordamida optimallashtirildi, bu yerda termodinamik xarakteristikalar barcha fazalarning Gibbs
erkin energiyasi uchun termodinamik modellar yordamida tahlil gilinadi. Ga-Gd ikKkilik tizimi birinchi marta
1976-yilda Buschow va boshgalar tomonidan [9] rentgen kabi turli eksperimental usullar yordamida
o‘rganilgan.Ushbu mualliflar to‘rtta intermetall birikmalar bilan faza diagrammasini aniqladilar: Ga.Gd,
GaGd, Ga,Gds va GasGds. Ular GaGds va GasGdsintermetall birikmalari antiferromagnit, GdGa birikmasi
esa ferromagnit ekanligini ta'kidladilar. Bundan tashqari, Yatsenko va Semyannikov [10] ham Ga-Gd
tizimini o‘rganishdi. Ular Ga va Gd o‘zaro ta'sir gilib, 1400 °C da eriydigan GaGd birikmasini, shuningdek,
uchta boshqga parchalanuvchi birikmalarni: Ga,Gds va GasGdsva GaGd hosil qgilishini anigladilar. Ular
diagrammaning galliyga boy gismida suyuglik chizig'ini aniglash uchun Yatsenko [11] tomonidan nashr
etilgan suyuq Ga tarkibidagi Gd ning eruvchanlik ma'lumotlaridan foydalanganlar.

Yaginda Pelleg va Zevin [12] Ga-Gd ikkilik tizimining galliyga boy gismidagi faza diagrammasini
rentgen difraksiyasi, termal tahlil va metallografiya orqali o‘rganishdi. Ular 379 °C da intermetallik
birikmaning mavjudligini anigladilar. Shuningdek, ular Ga,Gd uchun gattig eruvchanlikning keng doirasini
topdilar. Bayanov va Ganchenko [13] emf usuli bilan Ga,Gd intermetallik birikmasining hosil bo’lish
entalpiyalari va entropiyasini anigladilar. Meshel va Kleppa [14] 1373 £ 2 K da kalorimetrik o‘lchovlari
asosida bir xil birikmaning standart hosil bo‘lish entalpiyasini o‘lchadi va -72,8 £ 2,8 Kj/mol atom giymatini
topdi . Miedema barcha birikmalarning hosil bo‘lish entalpiyasini 0‘z modeli bo‘yicha bashorat qildi [15].

Metodologiya. GaGd birikmasini o'rganishda olib borilgan zamonaviy tadqgiqotlardan biri sifatida M.
AIT Boukideur, N. Selhaoui, F.Z. Chrifi Alaoui, A. Iddaoudi va K. Achgar tomonidan bajarilgan ilmiy ish
alohida e’tiborga loyiqdir. Mualliflar Marokashdagi Ibn Zohr universitetining Termodinamika va energetika
laboratoriyasida faoliyat yuritib, metall tizimlarning termodinamik modellashtirishiga ixtisoslashgan.
Ularning tadgiqotlari asosan CALPHAD metodologiyasi asosida murakkab gotishmalar va intermetall
tizimlarning fazaviy muvozanatini aniglashga garatilgan. [16] Mazkur ishda mualliflar Ga-Gd ikkilik
tizimini chuqur tahlil qgilib, uning fazaviy diagrammasi va termodinamik xossalarini optimallashtirishga
erishganlar. Xususan, ular suyuq fazani tavsiflashda assotsiativ eritma modelidan, gattiq eritmalar uchun esa
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Redlich—Kister tenglamalaridan foydalanib, yuqori aniqlikdagi natijalarni qo‘lga kiritganlar. Ushbu
yondashuv tizimdagi intermetall fazalarning bargarorligini va ularning energetik parametrlarini ishonchli
baholash imkonini beradi. So‘nggi yillarda fazaviy muvozanat va termodinamik xossalarni aniqlashda
CALPHAD (Calculation of Phase Diagrams) metodologiyasi keng qo‘llanilmoqda. Ushbu yondashuv
eksperimental ma’lumotlar asosida Gibbs erkin energiyasini modellashtirish orqali murakkab tizimlarning
fazaviy diagrammalarini aniglash imkonini beradi.

Shu bois, mazkur ishning magsadi Ga-Gd ikkilik tizimining fazaviy muvozanati va termodinamik
xossalarini zamonaviy modellashtirish usullari asosida tahlil gilishdan iborat. Tadgigot doirasida mavjud
eksperimental ma’lumotlar umumlashtirilib, turli fazalar uchun Gibbs erkin energiyasi funksiyalari
aniglanadi hamda tizimning fazaviy diagrammasi gayta hisoblab chigiladi. Mazkur tadgiqot natijalari Ga-Gd
tizimi asosidagi yangi funksional materiallarni yaratishda, xususan magnit va yarimo‘tkazgich qurilmalar
ishlab chigishda muhim ilmiy asos bo‘lib xizmat qiladi.

Natijalari va muhokamalar. Hisoblash natijalariga ko‘ra, Ga-Gd tizimida beshta asosiy intermetall
faza: GasGd, GaGd, GaGd, Ga.Gds va GasGds mavjud bo‘lib, ularning shakllanishi harorat va
konsentratsiyaga bog‘liq holda amalga oshadi. Ushbu fazalar orasida Ga>Gd birikmasi alohida ahamiyatga
ega bo‘lib, u keng gomogenlik sohasi bilan tavsiflanadi. Bu esa uning kristall panjarasida komponentlarning
o‘zaro almashinish imkoniyati mavjudligini ko‘rsatadi. Ga.Gd fazasining barqarorligi uning Gibbs erkin
energiyasining boshqa fazalarga nisbatan past qiymatga ega bo‘lishi bilan izohlanadi. Bu holat ushbu
birikmaning termodinamik jihatdan qulay hosil bo‘lishini ta’minlaydi va uni tizimning markaziy fazalaridan
biriga aylantiradi.

Ga-Gd tizimidagi intermetall fazalar
1-jadval
Tarkib (at.% Gd Kristall tuzilish Magnit xossa
~14 Tetragonal Paramagnit
22-33 Geksagonal Zaif ferromagnit
50 Ortorombik Ferromagnit
60 Tetragonal Antiferromagnit

62.5 Tetragonal Antiferromagnit
Ga:Gd intermetall birikmasining kristall tuzilmasi geksagonal tizimga mansub bo‘lib, u yuqori

darajadagi fazoviy simmetriyaga ega. Kristall panjaraning asosiy geometrik parametrlari 2-jadvalda
keltirilgan.

Ga:Gd kristall panjara parametrlari.

4.20
4.20
4.18

BT %
ETCEE
EETOE 120
63.80
a=Db #cvay=120° bo‘lishi kristallning geksagonal simmetriyaga ega ekanligini tasdiglaydi. Bu
turdagi panjaralarda atomlar odatda gatlamli struktura hosil qilib joylashadi, bu esa materialning anisotrop

fizik xossalariga sabab bo‘ladi. Hajm giymati (63.80 A®) kristall panjaraning nisbatan kompakt tuzilganini
ko‘rsatadi, bu esa atomlar orasidagi o‘zaro ta’sir kuchlarining yuqoriligini bildiradi.

2-jadval

Atomlarning fractional koordinatalari.

Wyckoff Element x Y4

0 0 ©

Gd
Ga 213 1/3 1/2

3-jadval

Tadqiqot natijalariga ko‘ra, Ga.Gd kristallida atomlarning fazoviy joylashuvi Wyckoff pozitsiyalar
orgali aniglandi. Ushbu joylashuvlar 3-jadvalda keltirilgan.
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Natijalardan ko‘rinib turibdiki: Gd atomlari (0,0,0) koordinatada, ya’ni kristall panjaraning eng yugqori
simmetrik nugtasida joylashgan; Ga atomlari esa (2/3, 1/3, 1/2) koordinatalarda joylashib, gatlamli struktura
hosil qiladi. 2d pozitsiya simmetriyaga ega bo‘lgani sababli, Ga atomlari fazoda ikki ekvivalent nuqtani
egallaydi. Natijada bitta elementar hujayrada jami 3 ta atom mavjud bo‘ladi. Bu joylashuv kristallning
barqarorligini ta’minlab, elektron va magnit xossalarning shakllanishida muhim rol o‘ynaydi. Olingan
natijalar shuni ko‘rsatadiki, Ga.Gd intermetall birikmasi geksagonal kristall tizimga mansub bo‘lib, yuqori
darajadagi fazoviy simmetriya va bargaror atom joylashuviga ega. Atomlarning Wyckoff pozitsiyalarda
joylashuvi va panjara parametrlarining optimal giymatlari materialning yugori zichligi, bargarorligi hamda
anizotrop fizik xossalarini ta’minlaydi. Ayniqgsa, gadoliniy atomlarining mavjudligi magnit xossalarning
kuchli namoyon bo‘lishiga sabab bo‘ladi.

Xulosa. Mazkur tadgigot natijalari Ga-Gd ikkilik tizimida hosil bo‘ladigan GaGd intermetall
birikmasining muhim fizik va termodinamik xususiyatlarini aniglash imkonini berdi. Tahlillar shuni
ko‘rsatdiki, ushbu birikma geksagonal kristall tizimga mansub bo‘lib, yuqori fazoviy simmetriya va barqaror
atom joylashuvi bilan tavsiflanadi. Kristall panjara parametrlarining optimal giymatlari hamda atomlarning
Wyckoff pozitsiyalarda joylashuvi materialning strukturaviy mustahkamligini va anizotrop xossalarini
ta’minlaydi. CALPHAD metodologiyasi asosida olib borilgan hisoblashlar Ga-Gd fazasining tizimdagi
boshqga intermetall birikmalarga nisbatan past Gibbs erkin energiyaga ega ekanligini ko‘rsatdi. Bu esa uning
termodinamik jihatdan bargaror faza ekanligini tasdiglaydi. Shuningdek, ushbu fazaning keng gomogenlik
sohasi kristall panjarada komponentlarning o‘zaro almashinish imkoniyatini ko‘rsatib, materialning fizik
xossalarini boshgarish imkonini yaratadi.

Elektron tuzilish nugtayi nazaridan, galliy atomlarining p-elektronlari va gadoliniy atomlarining f-
elektronlari o‘rtasidagi o‘zaro ta’sir natijasida murakkab elektron zichlik tagsimoti yuzaga keladi. Bu holat
materialda metallik o‘tkazuvchanlik, magnit tartiblanish va optik faollikning shakllanishiga olib keladi.
Aynigsa, gadoliniyning mavjudligi tufayli magnit xossalarning namoyon bo‘lishi Ga.Gd birikmasini magnit
funksional material sifatida ajratib turadi. Umuman olganda, Ga.Gd intermetall birikmasi yuqori barqarorlik,
moslashuvchan elektron tuzilish va sezilarli magnit xossalarga ega istigbolli material hisoblanadi. Ushbu
natijalar kelajakda spintronika, magnitooptik qurilmalar va yuqori samarali yarimo‘tkazgich
texnologiyalarini rivojlantirishda muhim ilmiy asos bo‘lib xizmat gilishi mumkin.
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UO‘K 53
TEMIR ASOSIDAGI AMORF QOTISHMALARNING ISSIQLIK XOSSALARI

Husenov Rashid Komil o°‘g"‘li,

Sharof Rashidov nomidagi Samargand davlat universiteti
Muhandislik fizikasi institutining bosgich talabasi
rashidhusenov084@gmail.com

Annotatsiya. Ushbu maqolada temir asosidagi amorf qotishmalarning o ziga xos issiqlik xossalari va
ularning ichki tuzilishi bilan bog ligligi ko ‘rib chiqgiladi. Kristall qotishmalardan farqli o‘laroq, amorf
materiallardagi atomlarning tartibsiz joylashuvi ("muzlab qolgan suyuqlik") issiqlik o ‘tkazuvchanligi,
issiqlik sig ‘imi va termik kengayish kabi ko ‘rsatkichlarga qanday ta’sir qilishi tahlil gilingan. Shuningdek,

magqolada shisha hosil bo lishi (T7) va kristallanishi (7%) haroratlarining amaliy ahamiyati, materialning
bargarorlik chegaralari hamda sanoatda (xususan, transformatorlar va himoya qoplamalarida)
qo ‘llanilishidagi afzallik va chekloviar yoritilgan.

Kalit so‘zlar: temir asosidagi amorf qotishmalar, tartibsiz atom tuzilishi, issiqlik o ‘tkazuvchanligi,

issiqlik sig ‘imi, kristallanish harorati (1), shisha hosil bo‘lish harorati (T7), termik kengayish,
transformator lentalari.

TEILJIOBBIE CBOMICTBA AMOP®HBIX CILTABOB HA OCHOBE KEJIE3A

Annomayusn. B 0annou cmamve paccmMampugaiomes cneyuguieckue meniogvle ceoluCmed amopPubix
CNIaB08 HA OCHOBe Jcene3d U UX C6A3b C GHYMpeHHel CMpYKmypou. B omauuue om Kpucmaniuyeckux
CNIAB08, AHANUZUPYEMCs BNUAHUE HEYHOPAOOYEHHO20 DACNONIONCEHUS AMOMO8 8 AMOPQHbIX Mamepuanax
(«3acmuiguiel  JHCUOKOCMUY) HA mMaxKue nNapamempsi, KaK MenionposoOHOCHb, MeNnI0eMKOCb U
mepmuyeckoe pacuupenue. B cmamve maxoice 00Cysicoaemcs npakmuyeckoe 3HaveHue memnepamyp

cmexnosanus (1) u kpucmannusayuu (1), npedenvi cmabunvrocmu mamepuana, a makyice npeuMyyecmea
U 02PAHUYEeHUs €20 NPUMEHEHUS 68 NPOMBIUIEHHOCU (8 YACMHOCMU, 8 MPAHCHOPMAMOPAX U 3AUJUNHBIX
NOKPBIMUSX).

Knioueswie cnosa: Amopgnuie cnnagel Ha ocnose dcenesa, HeynopsOOUeHHAs AMOMHASL CMPYKMypa,

Menionpo8OOHOCHIb, MENI0EMKOCHb, memnepamypa kpucmainuzayuu (T1,), memnepamypa cmexiosanus

(1)), mepmuueckoe pacwupenue, mpancopmamophule neHmei.

THERMAL PROPERTIES OF IRON-BASED AMORPHOUS ALLOYS

Abstract. This article examines the specific thermal properties of iron-based amorphous alloys and
their relationship to their internal structure. In contrast to crystalline alloys, the effect of the disordered
arrangement of atoms in amorphous materials ("frozen liquid™) on such parameters as thermal conductivity,
heat capacity, and thermal expansion is analyzed. The article also discusses the practical significance of the

glass transition (77) and crystallization (7)) temperatures, the stability limits of the material, and the
advantages and limitations of their application in industry (in particular, in transformers and protective
coatings).

Keywords: Iron-based amorphous alloys, disordered atomic structure, thermal conductivity, heat

capacity, crystallization temperature (T3), glass transition temperature ( 77), thermal expansion, transformer
tapes.

Kirish. Zamonaviy materialshunoslikda temir asosidagi amorf qotishmalar o‘zining noodatiy xossalari
bilan oddiy kristall qotishmalardan (masalan, po‘latdan) keskin ajralib turadi. Buning asosiy sababi ularning
ichki tuzilishida bo‘lib, atomlar muntazam panjara hosil gilmasdan, tartibsiz joylashgan bo‘ladi. Bunday
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tuzilma fanda ko‘pincha "muzlab qolgan suyuqlik" deb ta’riflanadi. Amorf qotishmalarning issiglikni
o‘tkazishi, qizish jarayonida o‘z holatini saqlashi va ma’lum bir harorat chegarasidan keyin kristallanib
ketishi ularni amaliyotda qo‘llashda hal qiluvchi ahamiyatga ega. Kristall materiallarda issiqlik to‘lginlari
"to‘g‘ri chiziq" bo‘ylab harakat gilsa, amorf tuzilmada bu yo‘l notekis va chalkash bo‘ladi, natijada issiqlik
o‘tkazuvchanligi pasayadi.Ushbu maqolada amorf tuzilmaning issiqlik xususiyatlariga ta’siri, materialning
qizdirilganda barqarorligini yo‘qotish mexanizmlari va sanoatda xavfsiz ishlash uchun zarur bo‘lgan issiqlik
ko‘rsatkichlari batafsil tahlil qilinadi. “Nega ayrim metall qotishmalar qiziganda odatdagi po‘lat kabi
tutmaydi ?” degan savolni ko‘rib chigamiz. Buning sababi ko‘pincha ichki tuzilishda bo‘ladi. Temir
asosidagi amorf qotishmalar atomlari tartibli panjara hosil gilmaydi, shu bois ular oddiy kristall
gotishmalardan ancha farq giladi.

Asosiy gism. Amorf qotishma, sodda aytganda, ichki tuzilishi "muzlab qolgan suyuqlik"ka o‘xshash
metall materialdir. Uning issiqlikni o‘tkazishi, qizishda holatini saqlashi va ma’lum haroratdan keyin
kristallanib ketishi amaliy ishda katta ahamiyatga ega. Quyida aynan shu savollarga aniq javob topasiz.
Amorf tuzilma issiqlik xossalarga qanday ta’sir giladi. Temir asosidagi amorf qotishmalarda atomlar
muntazam tartibda joylashmaydi. Shu sabab issiglik ogimi material ichida kristall qotishmadagidek erkin
yurmaydi. Kristall materialda atomlar "tekis yo‘l" hosil giladi, amorf materialda esa bu yo‘l notekis bo‘ladi.
Natijada issiqlik o‘tkazuvchanligi ko‘pincha pastroq chigadi.Bu tartibsizlik fagat issiqlik o‘tishiga emas,
balki issiqlik sig‘imiga ham ta’sir qgiladi. Material qgiziganda atomlar turli yo‘nalishda tebranadi. Shuning
uchun berilgan issiglikning bir gismi ichki qayta tagsimlanishga ketadi. Demak, qizish jarayoni ba’zan
silligroq kechadi.Yana bir muhim jihat bor. Amorf qotishma harorat oshgani sari ichki bargarorligini yo‘qota
boshlashi mumkin. Avval yumshashga yaqin holat kuzatiladi, keyin esa ma’lum chegaradan o‘tsa,
kristallanish boshlanadi. Shu paytdan boshlab issiglik va mexanik xossalar ham o‘zgaradi.

a) amorf tuzilma b) kristall tuzilma
(1-rasm)

Qisgacha xulosa shundaki, amorf tuzilma issiqlikning o‘tish yo‘lini chalkashtiradi, shu bilan
materialning xulqini o‘zgartiradi. Tartibsiz atom tuzilishi issiqlik o‘tkazuvchanligini nega pasaytiradi. Issiqlik
qattiq jism ichida ko‘pincha atom tebranishlari orqali tarqaladi. Buni juda sodda qilib, "issiqlik to‘Iqini" deb
tasavvur qilish mumkin. Kristall panjarada bu to‘lqin nisbatan tekis harakat giladi. Amorf tuzilmada esa u
ko‘p joyda "urilib", yo‘nalishini yo‘qotadi.Masalan, silliq yo‘lda velosiped tez yuradi. Toshli va notekis
yo‘lda esa tezlik tushadi. Issiqlik oqimi ham shunga o‘xshaydi. Temir asosidagi amorf qotishmada ichki yo‘l
tekis emas, shu sabab issiglikning targalishi sekinlashadi.Bu xossa ayrim qurilmalarda foydali. Chunki
issiqlik birdan tarqalib ketmaydi. Ammo ayrim detallda bu cheklov ham bo‘lishi mumkin, chunki ortigcha
qizish mahalliy joyda yig‘ilib qoladi.Shisha hosil bo‘lish harorati va kristallanish harorati nimani bildiradi.
Amorf qotishmalar uchun ikki tushuncha ko‘p uchraydi, Tg va Tx. Tg, ya’ni shisha hosil bo‘lish harorati,
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materialning qattiq va nisbatan mo‘rt holatdan yumshoqroq holatga yaqinlashishini bildiradi. Bu hali erish
emas, balki ichki harakatchanlikning ortishi.Tx esa kristallanish harorati. Shu nugtaga yaginlashganda
atomlar tartibsiz holatdan tartibli holatga o‘ta boshlaydi. Boshqacha aytganda, material o‘zining amorf
tabiatini yo‘qotadi.Tg bilan Tx oralig'i qanchalik qulay bo‘lsa, issiqlik barqarorligi shunchalik yaxshi
bo‘ladi. Chunki material ma’lum ish haroratida oz xossalarini saqlab turadi. Amaliyotda aynan shu oralig‘ni
bilish xavfsiz ishlash uchun kerak.

Temir asosidagi amorf qotishmalarda eng muhim issiqlik ko‘rsatkichlari. Temir asosidagi amorf
gotishmalarni tanlashda bir nechta issiqlik ko‘rsatkichlari asosiy rol o‘ynaydi. Birinchi ko‘rsatkich, issiqlik
sig‘imi. U materialni ma’lum darajada qizdirish uchun qancha issiqlik kerakligini anglatadi. Bu detalning tez
yoki sekin qizishini tushunishga yordam beradi. Ikkinchi ko‘rsatkich, issiqlik o‘tkazuvchanligi. U
issiglikning material bo‘ylab tarqalish tezligini bildiradi. Agar bu qiymat past bo‘lsa, issiqlik bir joyda
ko‘proq ushlanib qoladi. Shu sabab konstruksiyada issiqlik tarqalishini oldindan hisoblash kerak
bo‘ladi.Uchinchi ko‘rsatkich, termik kengayish. Harorat oshganda o‘lcham o‘zgaradi. Agar bu o‘zgarish
nazorat gilinmasa, yupqa lenta, qoplama yoki biriktirilgan detalda zo‘rigish paydo bo‘ladi. Keyin yoriq yoki
shakl buzilishi chigishi mumkin.To‘rtinchi jihat, kristallanishga moyillik. Amorf qotishma qizdirilganda
ma’lum nuqtadan keyin o‘z tuzilishini o‘zgartirishi mumkin. Bu faqat nazariy gap emas. Chunki shu
o‘zgarishdan keyin magnit, mexanik va issiglik xossalari ham yangilanadi.Nihoyat, qizdirilganda
xossalarning vaqt bo‘yicha o‘zgarishi ham muhim. Ba’zi holatda material birdan emas, asta o‘zgaradi. Shu
sabab gisqga gizdirish bilag_uzo gizdirish bir xil natija bermaydi.

A
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(2-rasm)

Issiglik sig‘imi va termik kengayish amalda nimani anglatadi:

Agar materialning issiglik sig‘imi mos bo‘lsa, detal keskin qizib ketmaydi. Bu, aynigsa, yupqa lenta va
goplamalarda foydali. Chunki harorat bir zumda sakrasa, ichki zo‘rigish ortadi. Termik kengayish ham oddiy
ko‘rsatkich emas. Masalan, metall qoplama asos sirtga mahkam yopishtirilgan bo‘lsa, qiziganda ikkalasi
turlicha kengayishi mumkin. Shu holda qoplama ko‘chishi yoki yorilishi ehtimoli bor. Detall tanlashda aynan
shu moslik tekshiriladi.

Qizdirilganda amorf holatdan kristall holatga o‘tish xavfi:

Harorat me'yoridan oshsa, amorf qotishma o‘zining eng asosiy xossalarini yo‘qotishi mumkin. Chunki
ichki tartibsizlik kamayib, kristall donalar paydo bo‘la boshlaydi. Natijada issiqlik o‘tkazuvchanligi, qattiglik
va boshqa ko‘rsatkichlar o‘zgaradi.Bu xavfni ishlab chiqarishda ham, xizmat paytida ham hisobga olish
kerak. Ba’zan bunday o‘zgarish DSC usuli bilan kuzatiladi, lekin amaliy qaror uchun asosiysi harorat
chegarasini to‘g‘ri belgilashdir. Bir marta noto‘g‘ri qizdirilgan materialni avvalgi holatga qaytarish oson
emas.

Bu issiqlik xossalari qayerda foyda beradi va nimalarga e’tibor berish kerak:

Temir asosidagi amorf gotishmalar transformator lentalarida keng ishlatiladi. Bunga sabab fagat magnit
xossa emas. Balki gizishda o‘zini qanday tutishi ham muhim. Agar material ish haroratida barqaror qolsa,
qurilma uzoqroq xizmat qiladi.Sensor gismlarida ham shu xossa kerak bo‘ladi. Chunki kichik detalda issiqlik
tarqalishi boshqacha kechadi. Himoya qoplamalarida esa pastroq issiglik o‘tkazuvchanligi ba’zi joylarda
foyda beradi. U sirtni issiglik zarbasidan gisman himoya giladi.Ammo foyda bilan birga cheklov ham bor.
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Ishlab chiqarish murakkab bo‘lishi mumkin, chunki amorf holatni saglash uchun tez sovitish talab etiladi.
Qalin kesimlarda buni ushlash qiyinroq. Bundan tashqari, ishchi harorati noto‘g‘ri tanlansa, material asta
kristallanib ketadi va amorflik hususiyatini yo‘qotadi.

(3-rasm)

Sanoatda qo‘llanishi, afzallik va cheklovlar bir joyda. Sanoatda bu gotishmalar, avvalo, yupga
lentalar va maxsus goplamalarda qulay. Chunki ular bir xil tarkib va nazoratli issiglik ishlovi bilan bargaror
natija beradi. Ayrim holatda pastroq issiqlik o‘tkazuvchanligi ham foyda keltiradi.Afzalligi shundaki,
material maxsus ishlovga yaxshi moslashadi. Ammo ishlab chiqarish jarayoni oddiy po‘latnikidan giyinroq.
Qalin detalda amorf holatni saglash mushkul. Eng katta xavf esa yuqori haroratda kristallanishdir. Shu sabab
tanlovda fagat tarkibga emas, ish haroratiga ham garaladi.

Xulosa. Temir asosidagi amorf qotishmalarning asosiy fargi, ularning tartibsiz ichki tuzilmasidadir.
Ana shu tuzilma issiqlik xossalarini bevosita belgilaydi, ya’ni issiqlik sig‘imi, o‘tkazuvchanlik, kengayish va
kristallanishga moyillikni boshgaradi. Material tanlashda fagat "gattiq" yoki "mustahkam™ degan baho
yetmaydi. Ish harorati oralig‘ini to‘g‘ri bilish kerak. Shunda amorf qotishma o‘z afzalligini ko‘rsatadi, aks
holda uning eng yaxshi xossalari qizish bilan yo‘qoladi.
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Annotatsiya. Bor neytron qamrash terapiyasi (BNQT) — bu saraton hujayralarini tanlab yo ‘q gilishga
asoslangan ikki komponentli zamonaviy radiatsion davolash usuli. Ushbu ishda Geant4 Monte-Karlo
dasturiy ta’minoti yordamida sog‘lom va o‘simta to‘qimalarida hosil bo‘ladigan doza tagsimoti
modellashtirildi. Tajriba natijalari fantom va o ‘simta modellarida bor-10, azot va neytron dozalarining
chuqurlik bo ‘yicha o ‘zgarishini ko ‘rsatdi. Magolada BNQT ning dolzarbligi, mavjud muammolar va ‘°B
konsentratsiyasini optimallashtirishning klinik ahamiyati muhokama gilindi.

Kalit so“zlar: neytron gamrash terapiyasi, BNQT, bor-10, Geant4, dozimetriya, doza komponentlari

MOJIEJUPOBAHME PACIPEJAEJEHUS 1036l B HEUTPOH-3AXBATHOM TEPAIIMU
C UCITOJIb30BAHUEM GEANTH4

Annomauus. bop-neumponoszaxsamnas mepanusi (PH3T) — smo cospemenuvlii  mMemoo
paouomepanuu, OCHOBAHHBIL HA UIDUPAMENLHOM VHUUMONCEHUU PAKOBLIX KlemoK. B damnoil pabome 6
cpede npoecpammnozo obecnevernus Geantd memooom Moume-Kapno cmooenuposano pacnpedenenue 003bl 8
300pPOBHIX U ONYX01esblx mKauax. Pezyiomamol nokazanu usmenenue 003 o6op-10, azoma u HellmpoHog no
enybune @ ghanmome u modenu onyxoau. B cmamve obcyxcoaromes akmyanvrocms BH3T, cywecmsyrowue
npoGeMbl U KIUHUYECKas 3HAUUMOCTb ONMuMU3ayuy Konyenmpayuu °B.

Knrouesvle cnosa: 6op-neimponoszaxeamuas mepanus, bH3T, 6op-10, Geant4, oJoszumempus,
KOMNOHEHMbl 003bl

MODELING DOSE DISTRIBUTION IN NEUTRON CAPTURE THERAPY USING GEANT4

Abstract. Boron Neutron Capture Therapy (BNCT) is a modern radiation treatment method based on
the selective destruction of cancer cells. In this work, dose distribution in healthy and tumor tissues was
simulated using the Geant4 Monte Carlo software toolkit. The results showed the depth-dependent variation
of boron-10, nitrogen, and neutron doses in a phantom and a tumor model. The article discusses the
relevance of BNCT, existing challenges, and the clinical significance of optimizing boron concentration.

Keywords: boron neutron capture therapy, BNCT, boron-10, Geant4, dosimetry, dose components

Kirish. Bor neytron gamrash terapiyasi (BNQT) — bu ikki komponentli radiatsion davolash usuli
bo‘lib, unda bemorga avval °B izotopi bilan boyitilgan birikma yuboriladi, so‘ngra o‘simta joylashgan
hudud past energiyali (issiq yoki epi issig) neytronlar bilan nurlantiriladi. 1°B neytronni gamrab olganda hosil
bo‘lgan °B(n, a)’Li reaksiyasi natijasida yuqori energiyali alfa zarracha va litiy yadrosi ajralib chigadi.
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Ushbu reaksiya mahsulotlarining to‘qimadagi erkin yugurish masofasi taxminan 5-9 mkm bo‘lib, bu bitta
hujayra diametriga teng. Shu sababli, bor-10 to‘plangan hujayralar selektiv ravishda yo‘q gilinadi [1-3].

BNQT ning dolzarbligi quyidagi omillar bilan belgilanadi:

- Jarrohlik o‘tkazish qiyin bo‘lgan o‘simtalar (masalan, glioblastoma, bosh va bo‘yin saratonining
ba’zi turlari) uchun samarali.

- Bor-10 birikmalarining (masalan, BPA, BSH) o‘simta hujayralarida to‘planishi tufayli sog‘lom
to‘qimalarning zararlanishi kamayadi.

- Reaktorlar o‘rnini egallayotgan tezlatkichlar asosidagi neytron manbalar terapiyani klinik sharoitda
keng qo‘llash imkonini beradi [4].

Klinik jihatdan BNQT ni keng joriy etishga to‘sqinlik qgilayotgan asosiy muammolar quyidagilardir:

- Bor konsentratsiyasining notekis tagsimlanishi — bor-10 birikmalari o‘simta ichida har doim ham bir
tekisda to‘planmaydi. O‘simtaning markaziy qismida qon tomirlarining siyrakligi tufayli bor-10
konsentratsiyasi past bo‘lishi mumkin. Bu esa nurlanish dozasining yetarli bo‘lmasligiga olib keladi.

- Sog‘lom to‘qimalarda bor-10 to‘planishi - qon, teri va boshqa normal to‘qimalarda ham ma’lum
darajada bor-10 saglanadi. Bu esa neytron bilan nurlantirilishi vaqtida sog‘lom to‘qimalarning zararlanish
xavfini oshiradi.

- Modellashtirish va o‘lchashdagi noaniqliklar - klinik sharoitda bor-10 konsentratsiyasini real vaqgtda
aniglash imkoniyati cheklangan. Shuning uchun modellashtirish (masalan, Geant4, MCNP) terapiyani
rejalashtirishda muhim rol o‘ynaydi, ammo bu modellarning ishonchliligi dozimetrik tajribalar bilan
tasdiglanishi kerak.

- Bor-10 birikmalarining selektivligi - mavjud birikmalar (BPA, BSH) hali ideal darajadagi
o‘simta/sog‘lom to‘qima nisbatini ta’minlamaydi. Yangi, uchinchi avlod bor-10 birikmalarini yaratish
dolzarb ilmiy muammo hisoblanadi [5-8].

Natijalar va ularning tahlili. Ushbu tadgigotda neytron gamrash terapiyasi Geant4 10.7 dasturiy
taminoti muhitida modellashtirildi [9]. Tadqiqotda suv ekvivalenti kubik fantom (10x10x10 sm, zichligi 1.0
g/smq) ishlatildi. O‘simta modeli sifatida diametri 3 sm (radiusi 1.5 sm) bo‘lgan sferik geometriya tanlandi.
Sfera zichligi 1.05 g/cm?® bo‘lib, o‘simta to‘qimasining fizik xususiyatlarini aks ettiradi. O‘simta fantom
markazida joylashgan bo‘lib, uning markazining fantom yuzasidan chuqurligi 5 sm ni tashkil etadi. Ushbu
chuqurlik bosh va bo‘yin hududidagi o‘simtalarning o‘rtacha klinik joylashuviga mos keladi. O‘simta
materialining elementar tarkibi quyidagicha: vodorod — 10.8%, uglerod — 14.4%, kislorod — 73.8%, azot —
1.0%. Bor-10 konsentratsiyasi 10 dan 50 mg/ml gacha o‘zgaruvchan qilib o‘rnatildi. Fantom va o‘simta issiq
va epi issiq neytronlar bilan nurlantirildi.

BNQT da umumiy doza quyidagi komponentlardan tashkil topadi:

DumumiyzDB+DN+Dy+Dn
Bu yerda Dg, Dn, D, , Dn mos holda bor, azot, gamma va neytronlarning dozasi.

Neytronlarning to‘qima (fantom va o°‘simta) bilan o‘zaro ta’siri natijasida bir necha turdagi ikkilamchi
zarrachalar hosil bo‘ladi. Ushbu zarrachalar va ularning energiyalari dozimetrik hisob-kitoblar uchun asosiy
ahamiyatga ega. Quyida har bir reaksiya turi va hosil bo‘ladigan zarrachalar batafsil tahlil gilinadi.

1. Bor-10 neytron gamrash reaksiyasi (*°B(n,o)’Li)

Bor-10 elementining issig neytronlarni gamrash reaksiya kesimi 3990 barn. Neytron (n) bor-10
yadrosi tomonidan gamrab olinadi va reaksiya natijasida yucori energiyali alfa zarracha (a) va litiy-7 ("Li)
yadrosi hosil bo‘ladi [10].

Reaksiya tenglamasi:

JLi+ 3He+ 2.79 MaB

JLi+ 3He +vy+2.31 MaB

2. Azot-14 neytron gamrash reaksiyasi (**N(n,p)**C)

Azot-14 elementining issiq neytronlarni gamrash reaksiya kesimi 1.7 barn. Neytron azot-14 yadrosi
bilan reaksiyaga kirishib, proton va uglerod-14 hosil giladi.

Reaksiya tenglamasi:

w98 - 38 - |

YN +n=%C+p+0.626 MeV
3. Vodorod bilan elastik sochilish ("H(n,n)'H)
Bu reaksiya neytronlarning to‘qimada sekinlashuviga sabab bo‘ladi. Neytron proton bilan to‘gnashishi
natijasida energiyasini yo‘qotadi.
4. Vodorodda neytron qamrash (*"H(n, y)*H)
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Vodorod elementining issiq neytronlarni gamrash reaksiya kesimi 0.33 barn. Issiq neytronlar vodorod
yadrosi tomonidan gamrab olinib, 2.22 MeV energiyali gamma nurlanish hosil giladi.
Reaksiya tenglamasi:

IH+n=2H+2.22 MeV
5. Gamma nurlanishi hosil bo‘lishi.

YB(n,a)’Li reaksiyasida hosil bo‘lgan gamma kvant (0.478 MeV) va to‘qimadagi boshqa gamma
manbalari (masalan, vodorodda neytron gamrash - 2.22 MeV gamma) to‘qimada kompton sochilishi va
fotoeffekt orgali energiyasini elektronlarga beradi.

Jadvalda fantom va o‘simta modelini neytronlar oqimi bilan nurlantirilgandagi hosil bo‘ladigan
reaksiya turlari, hosil bo‘lgan zarralarning qaysi turdagi dozaga hissa qo‘shishi keltirilgan.

Jadval
Zarracha turi Hosil bo‘lish Energiyasi Modelda Dozaga qo‘shgan
reaksiyasi (MeV) kuzatilgan hissasi
Alfa (o) B(n,a)’Li 1.47 O‘simta, Fantom Bor dozasi
Litiy-7 ("Li) B(n,a)’Li 0.84 O‘simta, Fantom Bor dozasi
Gamma (y) OB (n,a)’Li* 0.478 O‘simta, Fantom | Gamma dozasi (kichik)
Gamma (y) 'H(n,y)*H 2.22 Fantom Gamma dozasi
Gamma (y) “N(n,p)*C* 0.626 Fantom — (reaksiyada gamma
chigmaydi)
Gamma () Noelastik sochilish | Turli (0.5-7) Fantom Gamma dozasi
(lZC’ 160)
Proton (p) “N(n,p)C 0.584 O‘simta, Fantom Azot dozasi
Proton (p) Elastik sochilish (*H) 0-0.1 Fantom Neytron dozasi
Neytron (n) Elastik sochilish 0-0.5 Fantom, O‘simta Neytron dozasi
Elektron (e°) Komptonua sochilishi 0-0.5 O‘simta, Fantom Gamma dozasi
(elektron orgali)
Deytron (d) 'H(n,y)’H ~0.001 Fantom Neytron dozasi (kichik)
Uglerod-14 (*C) “N(n,p)C 0.042 Fantom Azot dozasi (kichik)

1-2 rasmlarda fantom va o‘simta modellarida dozalarning chuqurlik bo‘yicha taqgsimoti keltirilgan.
Gamma nurlarning dozasi juda kichik bo‘lganligi sababli grafikda ko‘rsatilmagan.

=
r

1- Umumiy doza
2- Bor dozasi
3- Azot dozasi
4- Neytron dozasi

Yutilgan doza. mGr

Fantom yuzasidan chuqurligi, sm
1-rasm. Doza komponentlarining fantom yuzasidan chuqurligiga bog‘liqligi
1-rasmda fantom yuzasidan chuqurlik oshgan sari umumiy dozaning pasayib borishi kuzatiladi. Eng
yugori doza 0.5 sm chuqurlikda gayd etilgan. Bor dozasi chuqurlik oshishi bilan keskin kamayadi, chunki
issiq neytronlar ogimining intensivligi kamayadi.
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Fantom yuzasidan chuqurligi, sm

2-rasm. O‘simtada doza komponentlarining masofaga bog‘liqligi

O‘simta ichida doza taqsimoti bor-10 konsentratsiyasiga bog‘liq. 2-rasmda keltirilgan ma’lumotlar
(0.5 dan 8.5 sm gacha) o‘simta joylashgan chuqurlikda bor dozasi umumiy dozaning 70-80% ini tashkil
qilganini ko‘rsatadi. Eng yuqori umumiy doza o‘simta markazida (4.5 sm chuqurlikda) kuzatilgan — 26 mGy.
Bor konsentratsiyasi 30—40 mg/ml oralig‘ida bo‘lganda bor dozasi yetarli darajada (> 20 mGy) ta’minlangan.

Geant4 dasturiy ta’minoti yordamida modellashtirish natijalari shuni ko ‘rsatdiki:

- Bor konsentratsiyasi 15-20 mg/ml dan past bo‘lganda o‘simtada terapevtik dozaga -erishib
bo‘Imaydi.

- Konsentratsiya 40 mg/ml dan yuqori bo‘lganda sog‘lom to‘qimalarning nurlanish xavfi ortadi.

- Optimal konsentratsiya oralig‘i 25-35 mg/ml ekanligi aniglandi.

Shuningdek, neytron energiyasini tanlash ham muhim: epi issiq neytronlar (1 eV - 10 keV) chuqur
joylashgan o‘simtalar uchun qulay, issiq neytronlar esa yuzaki o‘simtalarda samarali.

Xulosa. Natijalar shuni ko‘rsatadiki, terapevtik samaradorlik va xavfsizlikni ta’minlashda bor
konsentratsiyasini 25-35 mg/ml oralig‘ida ushlab turish kerak. Azot va neytron dozalari qo‘shimcha hissa
qo‘shsada, asosiy terapevtik ta’sir °B(n,a)’Li reaksiyasi orgali amalga oshadi.

Modellashtirish natijalari BNQT ni rejalashtirishda klinik qarorlarni qo‘llab-quvvatlovchi vosita
sifatida xizmat qilishi mumkin. Kelgusida turli bor birikmalari, neytron manbalari va o‘simta turlari uchun
batafsil dozimetrik modellarni ishlab chiqish zarur.

ADABIYOTLAR:

1. Khimmatov, LF., Ulin, S.E. «Use of a Xenon Gamma Spectrometer for Dosimetry in Boron—
Neutron Capture Therapy». Phys. Atom. Nuclei 87, 620624 (2024).
https://doi.org/10.1134/S1063778824700601

2. |. F. Khimmatov, S. E. Ulin. Determination of the Dose Load in Neutron Capture Therapy Using a
Xenon Gamma-Ray Spectrometer. Bulletin of the Lebedev Physics Institute, 2025, Vol. 52, No. 4, pp. 179-
184. https://doi.org/10.3103/S1068335624602097

3. L.F. Khimmatov, S.E. Ulin, V.M. Grachev, K.F. Vlasik, Z.M. Uteshev, A.E.Shustov, A.l.Madzhidov.
Prospects of using a xenon gamma spectrometer in boron neutron capture therapy on the medical beam of
the reactor IRT MEPhI. Bulletin of the Lebedev Physics Institute, 2025, Vol. 52, No. 9, pp. 72-82.
https://doi.org/10.3103/S1068335625602511

4. Bikchurina M, Bykov T, Ibrahim I et al. S. Dosimetry for boron neutron capture therapy developed
and verified at the accelerator based neutron source VITA // Front. Nucl. Eng. - 2023. - T. 2. Ne October. -
pp.1-8.

5. S.Y.Taskaev, V.V.Kanygin. Boron-neutron capture therapy. Novosibirsk. SB RAS Publishing
House, 2016

6. Tackaes, C. FO. bop-neumponosaxeamuas mepanusi // Aoepuas ¢usuxa. —2021. — T. 84, Ne 2. — C.
166-170.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 150


https://doi.org/10.1134/S1063778824700601
https://doi.org/10.3103/S1068335624602097
https://doi.org/10.3103/S1068335625602511

PHYSICS

7. Barth R.F., et al. Boron Neutron Capture Therapy: Current Status and Future Prospects. Cancer
Research, 2022.

8. U . Xummamos, C.E. Yaun. Onpedenenue 0030801 Haepy3Ku npu HeUMpoH-3axX6amHoOl mepanuu
€ NOMOUWBIO KCEHOH08020 eamma-cnekmpomempa. Kpamkue coobwenus no gusuxe ®UAH, - 2025, - 52, Ne
4, - cmp. 49 - 56.

9. GEANT4 TOOLKIT [3aexmponnwiii pecypc]: [lakem moderuposanus 63aumo0eicmeusi 4acmuy ¢
sewgecmeom. URL http://geant4.cern.ch.

10. Eshbo ‘riyev R.M. Yadro reaksiyalari. O ‘quv qo ‘llanma. Samargand: SamDU nashriyoti, 2025
yil-308 bet.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 151


http://geant4.cern.ch/

PHYSICS

UO‘K 53

QO‘RG‘OSHIN TSIRKONAT-TITANAT KUKUNLARNING ELEKTROFIZIK
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Annotatsiya. Ushbu ishda kompozitsion pyezomateriallar yaratishda istigbolli xomashyo hisoblangan
qo ‘rg‘oshin tsirkonat-titanat (CTS-19) asosidagi segnetokeramika kukunlarining elektrofizik xossalari
tadqiq etilgan. Tajriba davomida kukunsimon namunalarning elektr o ‘tkazuvchanligi (o) va dielektrik
singdiruvchanligi (g) ning tashqi bosim (P =~ 2,5:10° ~ 2,6-10° MPa gacha) hamda o ‘zgaruvchan elektr
maydon chastotasiga (f=10%+10°Hz) bog ‘ligligi o ‘rganildi. Natijalar shuni ko ‘rsatdiki, bosim ortishi bilan
kukun zarrachalari orasidagi kontakt yuzasining kengayishi hisobiga (o) va (¢) giymatlari keskin ortadi.
Chastotaviy bog ‘liglik tahlili & o f™ darajali qonuniyatga bo ‘ysunishini va bu jarayon zarrachalararo
potensial to‘siglar hamda ekvivalent elektr sxemadagi sig‘im qarshiligi bilan boshqarilishini ko ‘rsatdi.
Aniqlanishicha, kukunsimon namunalarning dielektrik ko ‘rsatkichlari monolit keramikaga nisbatan past
bo‘lib, bu zarrachalar yuzasidagi adsorbsion jarayonlar va qo ‘shimcha potensial to ‘siglar hosil bo ‘lishi
bilan izohlanadi. Tadgiqot natijalari pyezoelektrik datchiklar va kompozitsion materiallar ishlab chigarishda
chigindilardan gayta foydalanish texnologiyalarini takomillashtirishga xizmat giladi.

Tayanch so‘zlar: segnetokeramika, CTS-19, pyezomateriallar, elektr o ‘tkazuvchanlik, dielektrik
singdiruvchanlik, chastota dispersiyasi, potensial to ‘siq.

INVESTIGATION OF THE ELECTROPHYSICAL PROPERTIES OF LEAD ZIRCONATE
TITANATE POWDERS

Abstract. This study investigates the electrophysical properties of lead zirconate titanate (PZT-19)
ferroelectric ceramic powders, which are promising raw materials for composite piezo-materials. The
dependence of electrical conductivity (¢) and dielectric permittivity () on external pressure (up to P =
2,5-10°+2,6-10> MPa) and alternating electric field frequency (f=10%+-10°Hz) was analyzed.The results
demonstrated that an increase in pressure leads to a significant rise in (¢) and (¢) due to the expansion of
the contact surface between powder particles. Frequency analysis revealed that conductivity follows the
power law & ot f™ explained by inter-particle potential barriers and capacitive resistance within the
equivalent circuit. It was found that the dielectric parameters of powdered samples are lower than those of
monolithic ceramics, attributed to adsorption processes and additional potential barriers on particle
surfaces. These findings contribute to optimizing the recycling of piezoelectric ceramic waste for the
production of composite sensors and materials.

Keywords: ferroelectric ceramics, PZT-19, piezomaterials, electrical conductivity, dielectric
permittivity, frequency dispersion, potential barrier.

HCCJIEJJOBAHUE DJIEKTPOPU3INYECKUX CBOMCTB NOPOIIKOB IIMPKOHATA -
TUTAHATA CBUHLA

Annomayusn. B oannoti pabome ucciedo8arnvl snekmpopuzuueckue cOUCMBEA Ce2HemMOKePAMULECKUX
NopouiKos8 Ha ochoge yupxonama-mumanama ceunya (L{TC-19), asnarouuxcsa nepcnekmusHoviM colpbem 01
C030aHUs.  KOMNO3UYUOHHBIX —Nbe3omamepuanos. B xode okcnepumenma u3zyuena  306UCUMOCHIb
2EKMPONPOBOOHOCIU (T) U OUIIEKMPUHECKOU NPOHUYAEMOCMU (E) NOPOWKOOOPA3HLIX 00pA3Y08 Om

snewne2o oasnenus (0o P = 2,5-10°+2,6-10° Mlla) u uacmomsl nepemenHo20 21eKMputeckoco nois
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(f=10~10°Ty). Pe3ynomamei noxkazanu, umo ¢ pocmom oaenenus snavenus (&) u (£) pesxko eozpacmarom 3a

cuem yeenudeHus nfzow;abu KOHmMakKkmoe MleC()y uacmuyamu nopoutka. Yacmommuwiii ananus 6bli6Ul, 4mo
SﬂeKWlpOnpOBO()HOCWlb NOOYUHSEMCSL CMENEeHHOMY 3aKOHY o D’Cf”, umo 00BACHAEMCS HAAU4UeM

MEJCCPAHYNIAPHBIX  NOMEHYUATBHBIX  0apbepos U eMKOCHHbIM — CONPOMUGTEHUEM 6 9KGUBAIEHMHOU
INEKMPUUECKOU cXxeme. YCmaHosIeHo, 4ymo OudieKmpuieckue noKasamenu nopouKosuix oopasyos Huice,
yeM Y MOHONUMHOU KEPAMUKU, YMO CEA3AHO C A0COPOYUOHHBIMU NPOYECCAMU HA NOBEPXHOCIU YACUY U
dopmuposanuem OononHumenvuvix Oapvepos. llonyuenHvle OaHHbie Mo2ym OblmMb UCNOIL30BAHbI OJisl
COBEPUIEHCTNBOBANUSL  TMEXHON02Ul  NepepabomKu  Omxo008  Nbe30KEePAMUKU — NPU  NPOU3BO00Cmee
KOMNOZUYUOHHBIX OAINYUUKOS.

Knwuesvie cnosa: Ceecnemokxepamura, [[TC-19, nvezomamepuanvl, 31eKmMpORPOBOOHOCHb,
OUBNIEKMPULECKAsl NPOHUYAEMOCHIb, 3ABUCUMOCTL O 0ABNeHUsl, YACTOMHAS OUCHEPCUsL, NOMEHYUATbHBII
bapvep.

Kirish. Zamonaviy materialshunoslikning ustuvor yo‘nalishlaridan biri yugori samaradorlikka ega,
ixcham hamda energiya tejamkor pyezoelektrik qurilmalarni yaratishga garatilgan. Ushbu kontekstda
kompozitsion polimer pyezo-materiallar o‘zining yuqori elastikligi, mexanik mustahkamligi va texnologik
moslashuvchanligi bilan an’anaviy monolit keramik materiallarga nisbatan sezilarli ustunlik namoyon etadi.
Mazkur materiallarga bo‘lgan ehtiyojning ortib borishi pyezoelementlar ishlab chigarish texnologiyalarini
takomillashtirish, jarayonlarni soddalashtirish hamda ularning tannarxini kamaytirish zaruratini yuzaga
keltirmogda.

Pyezoelektrik qurilmalar ishlab chigarish jarayonida hosil bo‘ladigan segnetokeramika chigindilaridan
kukun sifatida foydalanish ham iqgtisodiy, ham ekologik jihatdan yuqgori samaradorlikka ega. Biroq,
kukunsimon namunalar (dispers tizimlar) o‘zining elektrofizik tabiatiga ko‘ra monolit keramikadan tubdan
farq qiladi. Kukunli muhitda elektr zaryadlarining ko‘chishi (transferi) va qutblanish jarayonlari faqatgina
kristall panjara xususiyatlari bilan emas, balki zarrachalararo kontakt yuzasi, donachalar yuzasidagi
adsorbsion qatlamlar hamda hosil bo‘ladigan potensial to‘siglar bilan belgilanadi. Aynigsa, bunday
tizimlarning tashqi mexanik kuchlanish (bosim) va o‘zgaruvchan elektr maydon chastotasiga bo‘lgan
sezgirligini o‘rganish, yangi avlod kompozit datchiklarini loyihalashda o‘ta muhimdir.

Mazkur tadqgiqotda pyezotexnikada keng qo‘llaniladigan, yuqori pyezo-modulga ega qo‘rg‘oshin
tsirkonat-titanat (CTS-19) asosidagi segnetokeramika kukunlari ob’ekt sifatida tanlandi. Ma’lumki, CTS-19
keramikasi murakkab oksidli tizim (Zr, Ti, Pb, Ba) bo‘lib, uning kukunsimon holatdagi elektrofizik tabiati
hali to‘liq tavsiflanmagan. Tadqiqot jarayonida zarralarning tagsimot spektri o‘rganilib, bosim ostida
o‘tkazuvchanlik va dielektrik singdiruvchanlikning o‘zgarishi yuqori aniqlikdagi E8-2 ko‘prigi va E9-4
kumometri yordamida gayd etildi [1].

Ishning asosiy maqgsadi CTS-19 asosidagi kukunsimon tizimlarda elektr o‘tkazuvchanlik (z) va
dielektrik singdiruvchanlik (g) parametrlarining bosim (P) hamda chastota (f) bog‘ligliklarini
aniqlash,shuningdek, zarrachalararo kontaktlarda sodir bo‘ladigan relaksatsion jarayonlarning fizik
mexanizmlarini ochib berishdan iborat. Bu o°‘z navbatida, ikkilamchi pyezo-xomashyolar asosida
boshqariladigan elektrofizik xossali intellektual materiallar yaratish imkonini beradi.

Mazkur tadgiqotda qo‘rg‘oshin tsirkonat-titanat (CTS-19) asosidagi segnetokeramika kukuni asosiy
tadqiqot obyekti sifatida tanlandi. Ushbu material o‘zining yuqori dielektrik singdiruvchanligi, pyezoelektrik
sezgirligi hamda tashqi mexanik ta’sirlarga nisbatan barqaror elektr javobi bilan ajralib turadi.
Segnetokeramika kukunining zarracha o‘lchamlari bo‘yicha tagsimoti granulometrik tahlil asosida aniqlandi
(1-rasm). Olingan ma’lumotlar kukun tarkibidagi zarrachalarning mikron diapazonida notekis
tagsimlanganligini ko‘rsatdi, bu esa materialning elektr va mexanik xossalariga sezilarli ta’sir ko‘rsatishi
mumkin [2].
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1-rasm. CTS-19 segnetokeramika kukuni zarrachalarining o‘lchamlari bo‘yicha taqsimlanish
diagrammasi

Namunalar uchun solishtirma elektr o‘tkazuvchanlik (o) va dielektrik singdiruvchanlik (g) giymatlari
f=10° Hz chastotada turli bosim qiymatlarida o‘lchandi. Tajribalar maxsus ishlab chiqilgan kichik o‘lchamli
doimiy bosim kamerasida olib borildi. Ushbu kamera tashgi mexanik bosimning namuna hajmiga bir tekis
tagsimlanishini ta’minlab, materialning elektr parametrlarining bosim ta’sirida o‘zgarishini aniq qayd etish
imkonini berdi [3].

O‘zgaruvchan elektr maydonda elektr parametrlarni aniglash uchun E8-2 turdagi AC ko‘prigi va E9-4
turdagi kummetr asboblaridan foydalanildi. Ushbu o‘lchov tizimi materialning aktiv va reaktiv elektr
xususiyatlarini yugori aniglikda aniglashga imkon berdi. Natijada, mexanik bosim ortishi bilan materialning
elektr o‘tkazuvchanligi va dielektrik singdiruvchanligida ma’lum qonuniyat asosidagi o‘zgarishlar kuzatildi
[4].

Ma’lumki, pyezoelektrik keramika murakkab ko‘p komponentli oksid tizimidan tashkil topgan bo‘lib,
uning asosiy tarkibiga qo‘rg‘oshin (Pb), tsirkoniy (Zr), titan (Ti), bariy (Ba) va boshga metall oksidlari
kiradi. Sinterlash jarayonida hosil bo‘lgan polikristall strukturada alohida donachalar bir-biri bilan nozik
donalararo ko‘prikchalar orqali bog‘lanadi. Elektr o‘tkazuvchanlik jarayoni asosan aynan shu
ko‘prikchalardagi potentsial to‘siglar va kontakt qarshiliklari bilan belgilanadi.

Keramikaning dielektrik va pyezoelektrik xossalari esa kristall donachalar it T-MEM  ektrik
domenlar, domen devorlarining harakatchanligi hamda donachalar orasidagi elektr kontaktlarning sifati bilan
aniqlanadi. Tashqi bosim ta’sirida domenlarning qayta yo‘nalishi va donachalararo masofaning qisqarishi
natijasida materialning elektr javobi sezilarli ravishda o‘zgaradi. Shu sababli mexanik yuklama
segnetokeramika asosidagi sensor va aktuator materiallarining funksional tavsiflarini boshgarishda muhim
omil hisoblanadi.

Namunalarining elektr o‘tkazuvchanlik qiymati tajribaviy o‘lchov natijalari asosida aniqlandi.
Solishtirma elektr o‘tkazuvchanlik namunaning geometrik o‘lchamlari va elektr qarshiligidan foydalanib
quyidagi tenglama orgali hisoblandi:

1

®~Rs

bu yerda | - namuna qalinligi, S - elektrod yuzasi va R - o‘lchangan elektr qarshilik qiymatini
bildiradi. Mazkur ifoda namuna hajmiy elektr xossalarini aniglash imkonini beradi.

Namunaning dielektrik singdiruvchanligi o‘zgaruvchan elektr maydondagi sig‘im o‘lchovlari asosida
hisoblandi va quyidagi munosabat orqali topildi:

Ccd

Eus
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bu yerda C- namunaning elektr sig‘imi, d - namuna qalinligi, S - elektrod yuzasi, £5- vakuumning
dielektrik doimiysidir.

CTS-19 asosidagi keramika namunasi uchun atmosfera bosimida o‘Ichangan boshlang‘ich parametrlar
guyidagicha aniglandi:

=18 10"?0mtsmtvae=1700

Bu giymatlar tadqiq gilinayotgan materialning yuqori dielektrik xususiyatga ega ekanligini hamda
elektr maydonga nisbatan sezgir ferroelektrik mubhit sifatida qaralishi mumkinligini ko‘rsatadi. Yuqori
dielektrik singdiruvchanlikning mavjudligi material tarkibida dipol momentlarning tashgi maydonga faol
javob berishi bilan izohlanadi. Shu bilan birga, nisbatan past elektr o‘tkazuvchanlik materialning yaxshi
izolyatsion xususiyatlarini saqlab qolishini ko‘rsatadi, bu esa uni pyezoelektrik qurilmalar uchun istigbolli
funksional material sifatida tavsiflaydi. Segnetokeramika polikristall tuzilishga ega bo‘lib, unda alohida
kristall donalar bir-biri bilan tor o‘tish sohalari orgali bog‘langan [5]. Tashqi bosim ta’sirida ushbu
donalararo masofa kamayadi, natijada elektr zaryad tashuvchilar uchun potentsial to‘siq balandligi pasayadi.
Shu sababli zaryad tashuvchilarning bir donadan ikkinchisiga o‘tishi yengillashadi va elektr o‘tkazuvchanlik
ortadi. Bu bog‘lanishni quyidagicha ifodalash mumkin:

o(P)=agexp(aP)

bu yerda s — boshlang‘ich elektr o‘tkazuvchanlik, P — tashgi bosim, a — bosim sezgirlik
koeffitsienti.

O‘tkazilgan tajribalar natijasida solishtirma elektr o‘tkazuvchanlik (o) va dielektrik singdiruvchanlik
(¢) ning tashqi bosimga bog‘ligligida ikkita xarakterli soha mavjudligi aniqlandi. Bosimning boshlang‘ich
qiymatlarida, ya’ni:

P=2,510%+2,6-10> MPa

oralig‘igacha, har ikkala parametrning keskin ortishi kuzatildi [6]. Ushbu holat kukun zarrachalarining
mexanik sigilishi natijasida tizimning umumiy zichlashuvi hamda alohida zarrachalar orasidagi hagqiqiy
kontakt yuzasining ortishi bilan izohlanadi. Bosim ta’sirida zarrachalar orasidagi bo‘shliglar kamayadi,
natijada elektr zaryad tashuvchilar harakati uchun qulayroq yo‘llar shakllanadi. Shu sababli kontakt qarshilik
kamayib, materialning umumiy elektr o‘tkazuvchanligi ortadi.

Dielektrik singdiruvchanlikning ortishi esa bosim ta’sirida zarrachalar orasidagi masofa qisqarishi
natijasida mabhalliy elektr maydonining kuchayishi va qutblanish jarayonining faollashuvi bilan bog‘lig.
Aynigsa, bosimning boshlang‘ich bosqichida donachalararo kontaktlarning ko‘payishi dipol momentlarning
tashqi elektr maydonga nisbatan sezgirligini oshiradi. Bosim giymati:

P=2,6-10> MPa

dan oshgandan so‘ng, (c) va (¢) ning bosimga bog‘ligligi logarifmik koordinatalarda deyarli to‘g‘ri
chizigli ko‘rinishga ega bo‘ldi (2-rasm). Bu esa yugori bosimlarda tizimda kontaktlar sonining ortishi
sekinlashib, elektr parametrlarning o‘zgarishi asosan mavjud kontaktlarning ichki xossalari bilan
belgilanayotganligini ko‘rsatadi [7]. Logarifmik koordinatalardagi chizigli bog‘lanish quyidagicha
ifodalanishi mumkin:

loge=aP+b va loge=cP+d

bu yerda a, b, ¢ va d — eksperimental ravishda aniglangan koeffitsiyentlardir.
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2-rasm. CTS-19 asosidagi segnetokeramika kukunsimon namunasi uchun elektr
o‘tkazuvchanlik (o) va dielektrik singdiruvchanlik (¢) ning bosim (P) ga bog‘liqligi:
1 — elektr o‘tkazuvchanlik (6), 2 — dielektrik singdiruvchanlik ()

Logarifmik koordinatalardagi chizigli gismlarni atmosfera bosimigacha ekstrapolyatsiya qilish orgali
zarrachalararo kontaktlarning ta’sirisiz, ya’ni individual kukun zarrachalarining o‘ziga xos elektr
parametrlari aniglandi. Hisoblashlar natijasida kukun holatidagi material uchun quyidagi giymatlar olindi:

c=7 10" 0m~tsm™*vae =602

Olingan giymatlar monolit CTS-19 segnetokeramika namunalariga nisbatan ancha kichik ekani
kuzatildi. Bu farq maydalash jarayonida hosil bo‘ladigan sirt hodisalari bilan tushuntiriladi. Ma’lumki,
sinterlangan keramika maydalanishi jarayonida yangi hosil bo‘lgan zarracha yuzalarida atmosfera bilan
o‘zaro ta’sir natijasida kislorod ionlari, gidroksil guruhlar (OH™) hamda boshga adsorbsiyalangan
zarrachalar paydo bo‘ladi. Ushbu sirt gatlamlari zarrachalar orasida qo‘shimcha potensial to‘siglar vujudga
keltiradi [8].

Bundan tashqari, maydalash jarayonida ferroelektrik domen strukturasining gisman buzilishi ham
dielektrik singdiruvchanlikning kamayishiga sabab bo‘lishi mumkin. Monolit namunada domenlararo o‘zaro
ta’sir kuchli bo‘lsa, kukun holatida alohida zarrachalar elektr jihatdan qisman izolyatsiyalanadi. Shu sababli
kukun ko‘rinishidagi materialning elektr parametrlari sinterlangan massiv namunaga nisbatan kichikroq
bo‘ladi.

Ushbu natijalar shuni ko‘rsatadiki, CTS-19 asosidagi segnetokeramika kukunlarining elektr xossalari
nafagat kimyoviy tarkibga, balki zarracha sirtining holati va donachalararo kontakt mexanizmlariga ham
kuchli darajada bog‘ligdir. Bu esa bunday materiallarni bosim sezgir sensorlar yaratishda qo‘llashda
mikrostrukturani nazorat qilish muhim ekanligini ko‘rsatadi [9].

Chastotaga bog‘liglikni o‘rganish shuni ko‘rsatdiki, f=10?-+10° Hz oralig‘ida (o) ortib boradi va
quyidagi darajali qonunga bo‘ysunadi:

g }:'5'

Mazkur bog‘lanish segnetokeramika kukunlarida elektr o°‘tkazuvchanlikning klassik omik
mexanizmdan tashqari, lokallashgan zaryad tashuvchilarning sakrashli transporti bilan ham bog‘ligligini
ko‘rsatadi. Bunday xatti-harakat ferroelektrik kukunlarda zarrachalararo potensial to‘siglar mavjud
bo‘lganda kuzatiladi. Bu holat zarrachalar qarshiligi (R), to‘siq qarshiligi (r) va sig‘imi (C) bo‘lgan
ekvivalent elektr sxema bilan tushuntiriladi. Chastota ortishi bilan sig‘im qarshiligi kamayadi va natijada
tizimning umumiy elektr o‘tkazuvchanligi ortadi. Bosimning ortishi esa to‘siq garshiligini kamaytirib, (o)
ning oshishiga olib keladi (3-rasm).
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Tadgqiqotlar shuni ko‘rsatdiki, dielektrik singdiruvchanlik (€) chastota ortishi bilan kamayadi. Aynigsa,
f=3,2-10° dan 10° Hz oralig‘ida (g) ning (Ig f) ga bog‘ligligi deyarli chizigli xarakterga ega bo‘ldi. Ushbu
bog‘lanish quyidagi empirik ifoda bilan tavsiflanishi mumkin:

e=gy—klgf

bu yerda &5 — past chastotadagi dielektrik singdiruvchanlik, k — relaksatsiya koeffitsienti.

Chastota ortishi bilan tashqi elektr maydonning yo‘nalishi tez almashinadi va dipol momentlar
maydon ortidan to‘liq ergashishga ulgurmaydi. Natijada qutblanishning ayrim komponentlari susayadi va
umumiy dielektrik singdiruvchanlik kamayadi [10].

Bosim ortishi bilan (lg ) bog‘lanishidagi chiziq qiyaligining kamayishi kuzatildi. Bu holat shuni
ko‘rsatadiki, mexanik siqilish ta’sirida zarrachalararo kontaktlar mustahkamlanib, relaksatsion qutblanish
mexanizmlari gisman cheklanadi. Natijada dielektrik javob chastotaga kamroq sezgir bo‘lib qoladi.

&
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| 1 1

2 4 6 1yfHz

3-rasm. CTS-19 segnetokeramika kukunsimon namunasi uchun o‘zgaruvchan elektr maydon
chastotasiga bog‘liq holda dielektrik singdiruvchanlikning o‘zgarishi :
1) 3x10*> MPa, 2)5x10>* MPa, 3)7x10> MPa

Shunday qilib, CTS-19 segnetokeramika kukunsimon namunalarida (o) va (g) ning bosim va
chastotaga bog‘ligligi boshlang‘ich sinterlangan keramika namunalaridan nafagat miqdoriy, balki sifat
jihatdan ham farg qilishi aniglandi. CTS-19 segnetokeramika kukunlarida elektr o‘tkazuvchanlik va
dielektrik singdiruvchanlikning bosim hamda chastotaga bog‘ligligi murakkab relaksatsion tabiatga ega. Bu
bog‘liglik materialning ichki mikrostrukturasi, zarrachalararo kontakt holati va sirt energetik xususiyatlari
bilan belgilanadi.

Oc‘tkazilgan tadqiqotlar natijasida CTS-19 asosidagi segnetokeramika kukunsimon namunalarining
elektr xossalari tashqi mexanik bosim va elektr maydon chastotasiga sezilarli darajada bog‘liq ekanligi
aniqglandi. Tajribalar shuni ko‘rsatdiki, bosim ortishi bilan namunaning solishtirma elektr o‘tkazuvchanligi
hamda dielektrik singdiruvchanligi ortib boradi. Bosimning boshlang‘ich sohasida kuzatilgan keskin o‘sish
zarrachalar tizimining zichlanishi, donachalar orasidagi bo‘shliglarning kamayishi va kontakt yuzasining
ortishi bilan tushuntirildi. Yuqori bosimlarda esa elektr parametrlarning o‘zgarishi barqarorroq xarakter kasb
etib, logarifmik koordinatalarda chiziqli bog‘lanish hosil qilishi aniqlandi. Bu holat elektr transport
jarayonida donachalararo potensial to‘siglar muhim rol o‘ynashini ko‘rsatdi.

Chastotaviy tahlil natijalari elektr o‘tkazuvchanlikning chastota ortishi bilan oshishini, dielektrik
singdiruvchanlikning esa kamayishini ko‘rsatdi. Elektr o‘tkazuvchanlikning darajali qonun bo‘yicha
o‘zgarishi zarrachalararo sig‘im va qarshilik elementlariga ega bo‘lgan ekvivalent elektr model yordamida
izohlandi. Chastota ortishi bilan sig‘im qarshiligining kamayishi natijasida zaryad tashuvchilarning harakati
osonlashib, umumiy elektr o‘tkazuvchanlik ortishi kuzatildi. Shu bilan birga, yuqori chastotalarda dipol
qutblanishning tashqi elektr maydoniga to‘liq moslasha olmasligi dielektrik singdiruvchanlikning
pasayishiga olib kelishi aniglandi[11].

Kukun holatidagi materialning elektr parametrlari monolit sinterlangan CTS-19 namunalariga nisbatan
kichikroq giymatlarni namoyon etdi. Bu holat maydalash jarayonida zarracha yuzalarida adsorbsion
qatlamlarning hosil bo‘lishi va qo‘shimcha potensial to‘siqlarning yuzaga kelishi bilan izohlandi. Natijada
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kukunsimon tizimda elektr xossalar nafaqat miqdoriy, balki sifat jihatdan ham boshlang‘ich keramik
materialdan farq qilishi ko‘rsatildi.

Xulosa. Umumiy tahlil shuni ko‘rsatadiki, CTS-19 asosidagi segnetokeramik kukunlarda elektr
xossalarning shakllanishi ularning mikrostrukturaviy holati, zarrachalararo o‘zaro ta’sirlar hamda sirt
hodisalari bilan uzviy ravishda bog‘liqdir. Mazkur materiallarning bosim va chastota omillariga nisbatan
yuqori sezgirligi ularni zamonaviy sensor tizimlari, pyezoelektrik o‘zgartirgichlar va funksional elektron
qurilmalar ishlab chigishda istigbolli materiallar gatoriga kiritish imkonini beradi.
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UO‘K 53

TUPROQ TARKIBIDAGI TABIlY RADIONUKLIDLARNI
(**Ra, 2°Th, “K) ANIQLASHNING GAMMA-SPEKTROMETRIK USULI

Ibrohimov Vohidjon Umidjon o‘g‘li,

NavDU, Fizika va astronomiya ta’lim yo ‘nalishi talabasi
Mavlonova Maftuna G‘afur qizi,

NavDU 1-bosgich magstranti

Soliyev Tursunboy Izzatillo o‘g‘li,

NavDU, Fizika va astronomiya kafedrasi dotsenti, t.f.f.d. (PhD)
tursunboy.soliyev@bk.ru

Annotatsiya. Tuproq namunalari tarkibidagi radioaktivlikni belgilash uchun, “°Ra, ?*Th va “K
solishtirma aktivlik giymatlarini aniglash zarur hisoblanadi. Namunalar tarkibidagi radionuklidlar
migdorini aniglashda asosan keng targalgan usullardan biri gamma-aktivlashtirilgan spektral tahlil usuli
hisoblanadi. Quyida Navoiy viloyati hududining bir gancha tumanlaridan olingan namunalarni tayyorlash,
o ‘Ichash usuli va gamma-spektrometrik tahlil natijalari keltirib o ‘tilgan. Olingan natijalar orqali, tadgiqot
o ‘tkazilgan hududlarda tuprogning radioaktivligi belgilangan me’yorlar qanchalik darajada farq qilishini
ko ‘rsatib berganmiz. Tadgiqot o ‘tkazilgan hududlar olingan namunalarning gamma-spektrometrik tahlil
usuli yordamida olingan natijalari jadvalda keltirildi. Bu natijalar sanitariya qoida va me’yorlari bilan
solishtirilib norma darajasida ekanligi xususida xulosalar berildi. Belgilangan normadan ganchalik fargli
ekanligini ko ‘rsatib berish magsadida olingan natijalar diagramma holatiga keltirildi. Bu diagramma orqali
biz tadgiqot hududlaridagi ?°Ra, ?*Th va “K solishtirma aktivliklarining qay darajada normadan farq
qilishini ham ko ‘rsatib berdik.

Kalit so“zlar: atrof-muhit, radioekologiya, gamma-spektrometrik tahlil, radiometrik tahlil, sanitariya
me’yor va qoidalar, tuproq namunasi, gamma-spektrometr, tabiiy radionuklidlar, jadval, aktivlashtirilgan
tahlil, diagramma.

T'AMMA-CINEKTPOMETPUUYECKHUII METO/I ONPEJEJEHUS] IPUPOIHBIX
PAJIMOHYKJINJIOB B ITOUYBE (226RA, 232TH, 40K)

Annomauua. /[ onpedenenus paouoakmusHOCMU 8 00pasyax nouebl HEOOXOOUMO ONpederums
omnocumenvuvie 3navenus akmusnocmu “°Ra, **Th va K. Oomum u3 naubonee pacnpocmpanennvix
Memooo8 onpeoeneHusi KOIu4ecmea paouoHyKIuo08 8 00pasyax AGIAemcs 2amma-cnekmpomempuieckuil
ananuz.  Huowce  npeocmasnenvi  noo2omoexa,  Mmemoo — usMepeHuss U - pe3yibmamvl  2amMma-
CREeKMPOMEMmPU1ecKo20 aHAIU3a 00pazyos, 83AMulX U3 HeCcKoIbKux paiionos Hasoutickoi obracmu. Ha
0CHOBE NOYYEHHbIX Pe3YIbMamos NoKA3aHo, HACKOILKO paOUOAKMUEHOCIb NOUEbL 68 UCCIE0YeMblX PAOHAX
omauuaemcs —~ Om — YCMAHOGIEHHbIX  HOpM.  Pesynemamul,  nonyuennvie ¢ nomowpwpio  eamma-
CNEeKMPOMEempu4eckKo20 aHaiu3a oopasyos, 63amvix U3 UCCIeOYeMbIX palloH08, NPeOCmasieHvl 8 maoauye.
Omu pesyromamul ovinu conocmasnenvt ¢ CanumapublMu HOPMamu U ObLIU COeNaAHbL 8bI600bL O MOM, UMO
OHU HAXO0AMCS 6 npedenax Hopmul. [[na OeMOHCmpayuu moeo, HACKOIbKO OHU OMIUYAIOMCS Om
VCMAHOBNEHHOU HOPMbL, NOJYUEHHbIE pe3yTbmamul npedcmaegiensvl 6 sude ouazpammuvl. C nomowvio motu
ouazpammvl maxdice NOKA3AHO, HACKOIbKO omHocumensubie axmugnocmu “°Ra, *Th u “K & uccredyemvix
PALIOHAX OMIAUYAIOMCSL O HOPMU.

Knwouesvie cnosa: oxpydcaowas cpeod, paouodIKonio2us, 2ammda-cCNeKmpoMempuiecKull aHaius,
paouomempuyeckull AHAIU3, CAHUMAPHLIE HOPMbL U NPAsUIa, 0Opasey MNouebl, 2AMMA-CHEKMpomMemp,
npupooHvle paduUoHyKIUObl, madbauya, AKMuBUPOBAHHBIU AHAIU3, OUASPAMMA.

GAMMA-SPECTROMETRIC METHOD FOR DETERMINING NATURAL
RADIONUCLIDES IN SOIL (226RA, 232TH, 40K)

Abstract. To determine the radioactivity in soil samples, it is necessary to determine the relative
activity values of ??°Ra, #2Th and “°K. One of the most common methods for determining the amount of
radionuclides in samples is the gamma-activated spectral analysis method. Below are the preparation,
measurement method and gamma-spectrometric analysis results of samples taken from several districts of
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the Navoi region. Through the results obtained, we have shown how much the radioactivity of the soil in the
study areas differs from the established standards. The results obtained using the gamma-spectrometric
analysis method of samples taken from the study areas are presented in the table. These results were
compared with the Sanitary Rules and Standards and conclusions were drawn that they are within the norm.
In order to show how much they differ from the established norm, the results obtained were presented in a
diagram. Through this diagram, we also showed how much the relative activities of **Ra, ?*?Th and “°K in
the study areas differ from the norm.

Keywords: environment, radioecology, gamma-spectrometric analysis, radiometric analysis, sanitary
standards and regulations, soil sample, gamma-spectrometer, natural radionuclides, table, activated
analysis, diagram.

Hozirgi vagtda dunyoda ixtiyoriy —mamlakatning rivojlanishi uchun asosiy strategik mahsulot
hisoblangan uran ishlab chiqarish o‘sib bormoqda. Olinayotgan uran mahsuloti hajmining oshishi, atrof-
muhit (tuprog, suv, havo, ishchilar va aholi) obyektlariga salbiy texnogen ta’sir ko‘rsatadi. Bu sharoitda
oltin, uran ishlab chiqarish jarayonlari va ularning atrof-muhitga texnogen ta’siri kattaliklarini baholashda
kimyoviy elementlar va radionuklidlar migdorlarini zamonaviy analitik va radiometrik tahlillar asosida
aniglashning yangi va takomillashtirilgan usullarini ishlab chigish muhim masalardan biri hisoblanadi.

Bugungi kunda dunyoda texnologik namunalarda, texnologik mahsulotlarda va tabiiy mubhit
obyektlarida juda keng konsentratsiya diapazonida radionuklidlar va kimyoviy elementlarni aniglash
imkonini beruvchi ko‘psonli element va radionuklid tarkib tahlili usullari ishlab chigilgan. Zamonaviy kon-
metallurgiya sanoatida, aynigsa, oltin va uran sanoati texnologik jarayonlarini va tabiiy muhit obyektlarining
element va radionuklid tarkibini tahlil qilmasdan, hamda ishchilar va aholi sog‘ligini nazorat va monitoring
gilmasdan amalga oshirib bo‘lmaydi.

O‘zbekiston kon-metallurgiya korxonalari igtisodiy va ishlab chiqarish samaradorligi yil davomida o‘n
million tonnalab gayta ishlanadigan oltin tarkibli rudalarning va bir necha ming tonnalab gayta ishlanadigan
uran tarkibli texnologik mahsulotlarning analitik nazoratida qo‘llaniladigan analitik usullarga va asboblarga
to‘g‘ridan-to‘g‘ri bog‘liq. Shundan kelib chigib, bugungi kunda kon-metallurgiya korxonalarining mahsulot
tannarxini kamaytirish va ishlab chigish samaradorligini oshirish magsadida oltin va uran ishlab chigarish
texnologik jarayonlari nazoratining tanlangan, ekspress va samarali yangi usullarini ishlab chigish va oldin
ishlab chigilgan usullarini takomillashtirish talab gilinadi va dolzarb muammo hisoblanadi.

Bugungi kunda Oc‘zbekistonda uran ishlab va ularning atrof-muhitga texnogen ta’siri nazorat
usullarining amaliy va nazariy ilmiy asoslarini ishlab chiqish bo‘yicha ma’lum natijalarga erishilgan.

Kimyoviy elementlar va radionuklidlar tahlilida mavjud analitik usullar ichida yadro-fizik usullar
o‘zining instrumentalligi (buzulmaydigan) va yuqori sezuvchanligi, selektivligi, ishonchliligini ta’minlash
bo‘yicha va analitik jarayonlarni avtomatlashtirishga imkonliligi bo‘yicha alohida o‘rin tutadi. Bu usullar
ko‘p elementliligi, tezkorligi, chugqirligi, masofaviyligi va na’munalarni buzmasligi kabi qator prinsipial
afzalliklarga ega.

Oltin va uran ishlab chiqarish jarayonlari, monitoring o‘tkazish va atrof-muhit muhofazasi sohasida
tezkor va yuqori sezgirlikka ega usullar ishlab chiqilishida katta yutuqlarga erishilganiga qaramay ko‘plab
muammolar hal etilmay qolmogda. Shu jumladan, oltin, uran va tayyor mahsulotlar ishlab chigarish
texnologik jarayonlari nazorati muammolari, hamda atrof-muhit muhofazasi monitoringini o‘tkazish
muammolari hal gilinmagan. Uranli ma’danlar tarkibidagi radionuklidlar ?*Ra/*8U va 2**U/?*®U orasidagi
radioaktiv muvozanat koeffitsiyentini giymatlarini aniglash shu ma’dan haqidagi bir qator, ya’ni uning paydo
bo’lish sharoiti, qaysi minerallardan tarkib topganligi va uning yeshi haqgidagi ko‘plab savollarga javob
topish imkonini beradi. Shu sababli, uranli ma’danlar tarkibidagi radionuklidlar ?*Ra/?8U va 2*U/?*U
orasidagi radioaktiv muvozanat koeffitsiyentini eksperimental aniglash, olingan natijalar anigligini oshirish,
natijalar bazasini yaratish, olingan natijalarni boshga tadgigotchilar natijalari bilan solishtirish, radionuklidlar
orasidagi radioaktiv muvozanat buzilishiga ta’sir etuvchi geoximik, geotexnologik, yadro-fizik, radioximik
omillarni topish va radioaktiv muvozanat buzilishining asosiy bosh sababini topish yadro-fizikasining asosiy
dolzarb muammosi hisoblanadi.

Hozirgi kunda yer yuzida aholi soni ortib borayotganligi hisobiga kundalik ehtiyojlar ham ortib
bormoqda. Shu sababli aholi ehtiyojlarini gondirish magsadida ishlab chigarish va sanoatning bir gancha
sohalari jadal sur’atlarda rivojlanib bormoqda. Buning natijasida esa tabiatdagi ekosistema namunalarning
ifloslanishiga olib kelmoqda. Albatta, 0‘z navbatida, tabiat namunalari tarkibidagi radionuklidlarni nazorat
qilish orgali radioekologik holatni baholashning kompleks o‘rganish metodlarini ishlab chiqish mumkin.
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Tirik organizmlarni nurlantiradigan asosiy tabiiy radioaktiv elementlar uran-238, toriy-232, uran-235
tabiiy radioaktiv oilalar, ularning yemirilish zanjiridagi radionuklidlar va kaliy-40 hisoblanadi. Bundan
tashqgari, Mendeleyev elementlar davriy sistemasidagi ko‘pgina ximiyaviy elementlarning ham radioaktiv
izotoplari mavjuddir. Masalan, 1%3Sm, *¥La, %°In, "®Lu, 8’Rb. Lekin bu radioaktiv izotoplarning tabiatda
tarqalishi kam bo‘lganligi va yarim yemirilish davri katta bo‘lganligi uchun umumiy atrof-muhit
radioaktivligiga qo‘shgan hissasi kichikdir. Tabiatda asosan, uran, toriy va kaliy elementlari muhim
ahamiyatga egadir. Tuprogdagi tabiiy radioaktiv elementlarni ahamiyatlilik darajasiga garab ikki guruhga
bo‘lish mumkin. Birinchi guruhga uran-238, toriy-232 va ularning yemirilishidan hosil bo‘ladigan
radionuklidlar hamda radioaktiv oilalarga kirmaydigan radionuklid kaliy-40 kiradi. Bu radioaktiv elementlar
tuproglarning radioaktivligini belgilaydi. Ikkinchi guruhga (Lu'’®, Rb®, In'%® va boshgalar) radionuklidlar
kiradi. Bu radionuklidlar biosferada mavjud, lekin ularning tabiat namunalarida targalishi va solishtirma
aktivligi hisobga olmaslik darajada kichik. Shunday qilib, hayotiy jarayonlarda birinchi guruhga kiradigan
radionuklidlar ahamiyatli darajadadir. Uran-238, toriy-232 va uran-235 radioaktiv elementlarning yarim
yemirilish davrlarini yerning yashash vaqti bilan taggoslaganda shu narsa aniglanadiki, Yerda toriy-232
deyarli hammasi saglangan, uran-238 gisman yemirilgan, uran-235 esa kichik migdorda yemirilgan.

Radioaktiv elementlarning asosiy massasi tog* jinslarida, aynigsa, magmatik jinslarda joylashgan. Yer
qobig‘idagi radioaktiv elementlarning 95% 1 tog‘ jinslarida bo‘ladi. Ma’lumki, tuproqlar tog* jinslari
yemirilishidan hosil bo‘ladi. Shuning uchun tuproqlar tarkibida turg‘un elementlar bilan bir qatorda tog*
jinslarida bo‘lgan barcha radioaktiv elementlar aniglanishi mumkin.

Efiopiyadan olingan tuproq namunalarida radiy-226, toriy-232 va kaliy-40 kabi tabiiy radioaktiv
elementlarning kontsentratsiya darajasini va mos keladigan radiologik xavf indekslarini o‘rgandik. Biz
gamma-nurlari spektrometriyasi yordamida kontsentratsiya darajasini aniqladik. Shunga ko‘ra, biz radiy,
toriy va kaliyning radioaktiv kontsentratsiyasi uchun mos ravishda 64 Bq / kg, 70 Bq / kg va 330 Bq / kg
bo‘lgan o‘rtacha qiymatlarni oldik [1; pp. 1-7].

Kaliy tuzi konlari ishlab chiqgilayotgan hududdagi daryolarning tuproq va tub cho‘kindilari
namunalarida radionuklidlarning tarqalishi haqida ma'lumot to‘plash maqsadida 226Ra, 232Th va 40K tabiiy
radionuklidlarining solishtirma faolligi gamma spektrometriya yordamida o‘lchandi. Tekshiruvlar
natijalariga ko‘ra, ta'sir hududining tuproglari va tub cho‘kindilarida ?*Ra, 2*2Th va “°K faollik giymatlari
diapazoni <2,17-19,7 Bg/kg, <2,5-20,5 Bg/kg, 123-500 Bg/kg ni tashkil etdi. O‘rganilgan
radionuklidlarning migratsiyasi 2 km zona bilan cheklangan. Olingan natijalar konchilik obyektlarining ta'sir
zonasida tabiiy ravishda uchraydigan radionuklidlar darajasi hagida foydali ma'lumot beradi [2; pp. 179-
187].

Namunalarini tanlash va tayyorlash metodikasi. Radionuklidlarni aniglashdan oldin tuprog
namunalarini to‘g‘ri olish va tayyorlash muhim bosqich hisoblanadi. Odatda tuproq namunasi 0—20 sm
chuqurlikdan olinadi. Olingan namuna quritilib, maydalanadi va elakdan o‘tkaziladi. Keyin namuna bir xil
massa va tarkibga ega bo‘lishi uchun yaxshilab aralashtiriladi. Ba’zi hollarda namunalar 450-500 °C
haroratda kuydirilib organiq moddalardan tozalanadi. Tayyorlangan namuna keyinchalik radiometrik yoki
spektrometrik tahlil uchun ishlatiladi. Tuprog namunalaridagi radionuklidlarni aniglash uchun bir nechta
zamonaviy fizik-kimyoviy usullar qo‘llaniladi. Eng keng tarqalgan usullardan biri gamma-spektrometriya
hisoblanadi. Bu usul gamma nurlanish chigaruvchi radionuklidlarni yugori aniglik bilan aniglash imkonini
beradi. Bundan tashqari alfa-spektrometriya usuli uran, toriy va ularning yemirilish mahsulotlarini
aniqlashda qo‘llanadi. Ba’zi hollarda mass-spektrometriya usuli ham ishlatiladi. Mass-spektrometriya
aynigsa izotop nisbatlarini aniglashda juda yuqori sezgirlikka ega.

Tanlab olingan hududning radiatsion fonga ta’sirini baholashda turli xildagi namunalar tarkibidagi
radionuklidlarning aktivliklarini o‘lchash orqali natijaga erishiladi. Masalan, tuproq tarkibidagi tabiiy
radionuklidlar (*®Ra, *2Th, “K) aktivligini gamma-spektrometriya usuli yordamida o‘Ichashlar natijasida,
o‘rtacha yillik effektiv dozani hisoblash va hududning radiatsion xavfsizligi xalgaro me'yoriy qoidalarga
qanchalik darajada mos ekanligi ko‘rsatib beriladi [3; pp.154-158].

Gamma-spektrometriya usuli. Gamma-spektrometriya tuproq namunalaridagi radionuklidlarni
aniglashda eng ko‘p qo‘llaniladigan usullardan biridir. Ushbu usulda detektor sifatida ko‘pincha yugqori
tozalangan germaniy (HPGe) detektorlari ishlatiladi. Namuna detektor oldiga joylashtiriladi va undan
chiqayotgan gamma-kvantlar energiyasi bo‘yicha tahlil qilinadi. Spektrdagi cho‘qqilar ma’lum
radionuklidlarga mos keladi. Shu asosda radionuklidlarning mavjudligi va ularning faolligi aniglanadi.
Tabiiy radionuklidlarning faollik kontsentratsiyasi % Ra, %2 Th va “* K radionuklidlarining gishloq xo‘jaligi
va ishlov berilmagan tuprogq namunalarida tasodifiy ravishda Malayziya shimolidagi Kedah shahridan 0-30
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sm unumdor tuproq chuqurligida to‘plangan. Gamma-nurlari spektrometriyasi yuqori toza germaniy (HPGe)
gamma-nurlari detektori va kompyuterga asoslangan MCA yordamida qo‘llanildi [4; pp.1-9].

App=Aga+1,31A7, +0,0854

Bu yerda, Az, — radiy-226 radionuklidining xususiy aktivligi, A¢;, — toriy-232 radionuklidining
xususiy aktivligi, 4; — kaliy-40 radionuklidining xususiy aktivligi.

Gamma-spektroskopiya radionuklidlar kontsentratsiyasini aniqlash uchun ishlatiladigan to‘g‘ridan-
to‘g‘ri, buzilmaydigan usuldir, ammo u gamma chiziglarining aralashuvidan aziyat chekadi. ° K gamma-
spektroskopiya fon shovginidan ta'sirlanadi, bu esa aniglanadigan minimal faollikning pasayishiga olib
keladi. Energiya dispersiv rentgen-analitik texnikasi tez, kamroq shovgin muammolari yoki fon effektlari
bilan. Biroq bu izotoplarning kontsentratsiyasini hisoblash va chigarishning bilvosita usulidir. Ushbu
tadgigotning magsadi ikkala texnikani solishtirish va ulardan samarali foydalanish uchun baholash edi. 2 U
va ® K natijalari yaxshi kalibrlangan gamma-spektroskopiya va energiya dispersli rentgen texnikasi bilan
o‘lchandi [5; pp. 1-11].

O‘rnatilgan metodika yordamida Navoiy viloyatining bir gancha tumanlaridan olingan tuproq
namunalari tarkibidagi tabiiy radionuklidlarning aktivligini aniglash orgali hududning radiofaolligi
baholandi. Jumladan, Qiziltepa, Konimex, Uchqudug tumanlarining aholi yashovchi hududlaridan olingan
tuprog namunalari tarkibidagi K-40, Ra-226, Th-232 radionuklidlarining solishtirma aktivliklari gamma-
spektrometrik usul yordamida aniqlandi. O‘lchangan gamma-spektrometrik tahlil natijalaridan foydalanib,
hududning effektiv solishtirma aktivlik giymatlari hisoblandi. Olingan natijalar quyidagi jadvalda keltirilgan.

Tuprog namunalarining gamma-spektrometrik tahlil natijalari

1-jadval.
Namuna olingan joy Spektrometrik usulda olingan natijalar
nomi K40 Ra?? Th2%2 Aerr
Ba/kg Ba/kg Ba/kg Ba/kg
Navoiy viloyat tumanlarida olingan natijalar

Qiziltepa 521 37 37 132

Konimex 583 41 30 183

Uchqgudug 511 62 48 247

Solishtirish uchun keltirilgan natijalar
Farg‘ona viloyati | 298 | 33 26 | 101
SanP|in—0193—06 sanitar qoida va me’yorda k|eltirilgan miqdor |
- - 370

Jadval natijalariga ko‘ra, Navoiy viloyatining barcha tumanlarida tabiiy radionuklidlar mavjudligi
aniglangan. K-40 radionuklidi eng yuqori giymatni Konimex tumanida (583 Bg/kg) ko‘rsatib, umumiy
radioaktivlikka asosiy hissa qo‘shmoqda.
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Namuna olingan joy
B K-40 (Bg/kg) [ Ra-226 (Bg/kg) BN Th-232 (Bgkg) -8 AEFF (Bq/kg) — = Me'yor (370 Bgrkg)
Izoh: AEFF — effekiiv faolivat (Bg/kg). Me 'voriy givmat SanPin-0193-06 sanitariva qoida va me yoriga asosan keltirilgan

Qiziltepa va Uchqudug hududlarida ham K-40 migdori yuqori bo‘lib, mos ravishda 521 va 511 Bg/kg
ni tashkil etadi. Ra-226 radionuklidi bo‘yicha eng yuqori ko‘rsatkich Uchquduq tumanida (62 Bg/kg) qayd
etilgan, bu esa ushbu hududda radiatsion fon nisbatan yugoriroq ekanligini bildiradi. Th-232 radionuklidi
ham Uchquduqda eng katta qiymatga (48 Bq/kg) ega bo‘lib, boshqa hududlarga nisbatan sezilarli farq giladi.
AEFF (effektiv faoliyat) qiymatlari ichida eng yuqori ko‘rsatkich Uchquduqda (247 Bq/kg), eng pasti esa
Farg‘ona viloyatida (101 Bg/kg) kuzatilgan. Farg‘ona viloyati bilan solishtirganda, Navoiy viloyatidagi
barcha tumanlarda radionuklidlar miqgdori yuqorirog ekanligi aniglanadi. Shunga garamay, barcha
hududlarda AEFF giymatlari SanPiN-0193-06 da belgilangan 370 Bg/kg me’yoridan past bo‘lib, radiatsion
xavf darajasi me’yoriy hisoblanadi. Natijalar shuni ko‘rsatadiki, hududlar ichida Uchquduq nisbatan yuqori
radiatsion fonli zona sifatida ajralib turadi. Umuman olganda, o‘rganilgan hududlarda radiatsion xavfsizlik
ta’minlangan bo‘lsa-da, muntazam ekologik va radiometrik monitoring olib borish magsadga muvofigdir.

Ushbu grafikdan ko‘rinadiki, Navoiy viloyatiga tegishli hududlarda sanoat zonasi bo‘lganligi sababli
solishtirish uchun tanlangan Farg‘ona viloyati hududiga nisbatan yuqori ekanligini ko‘rishimiz mumkin.
Chunki bu hududlar tuproqlarida ishlov berilganligi hisobiga ham o‘zgarishlar kuzatiladi. Ammo bu yerda
masalaning yana bir jihatiga e’tibor garatilishi lozim tadqiqot olib borilgan hududlardan olingan namunalar
tarkibidagi radionuklidlarning atrof-muhitga beradigan solishtirma aktivligi ta’siri SanPIN-0193-06
tomonidan belgilangan me’yordan oshmasligi kuzatildi.
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CBOMCTBA TOHKHUX ILTEHOK ZnO/Si, Cu:0/Si U CuO/Si
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Annomauus. B oannoii pabome uccied08ano GausHUe 2aMMA-00YyHeHUs HaA INeKMpodusuyeckue u
30HHbIe ceoticmea moukux niénok ZnO/Si, Cu:0/Si u CuO/Si, nonyueHHvIX MemoooM MAZHeMpPOHHOZO
pacnvlienus 6 O0OUHAKOBLIX MEXHONOUYECKUX YCI0GUSX. YCmanoeieno, 4mo paouayuoHHwlll OMKIUK
uccnedyemuvix NAEHOK HOCUM GbIPANCEHHbINL Mamepuan-3asucumulii xapaxkmep. ns ZnO/Si nocre obnyyenus
HAOII0OAIOMCS YMEHbUEHUE YOETbHO20 CONPOMUBLEHUS. U POCI INEKMPONPOBOOHOCIU, YMO CO2NACYEMCsL C
VeeIUUeHUeM KOHYESHMPAYUU dNeKMPOHO8 NPU 0OHOBPEMEHHOM CHUdceHuu ux nooguscrnocmu. Jns Cu:O/Si u
CuO/Si, nanpomus, GvisIGIEHbL POCM CONPOMUGLEHUS U OCIAOAeHUe NPOBOOUMOCU, HMO CEA3AHO C
yeuneHuem J0KaI3ayuy Hocumeinei 3apsaod, YeeaudeHueM 6K1a0d J08YULeUHbIX COCIMOSHULL U 02PAHUYeHUeM
neperHoca Ha deghekmubix u mednczépennvix bapwvepax. [loxkazano, umo ymenvuienue 3P OekmueHol wupunsl
3anpewyéHHoU 30Hbl nocie O0ONYUeHUsT He UMeenm OOUHAKOBO20 INEKMPUHECKO20 CRe0Cmeusi 01 6cex
mamepuanos. 6 ZnQO/Si ono conposodicoaem ycuienue 3eKmpoHHoU nposooumocmu, mozoa xax 6 Cu20/Si u
CuO/Si coomseemcmayem yenybnenuro OepekmHo-00yclo6IeH 020 o2panuueHuss neperoca. Hayunas
HOBU3HA pabomvl COCMOUM 6 GbIAGICHUU MAMEPUAN-3A6UCUMOL UHBEPCUU PAOUAYUOHHO2O OMKIUKA 8
€OUHOUl Ccepuu OKCUOHBIX NIAEGHOK, CUHME3UPOSAHHBIX NPU OOUHAKOBHIX VCIOBUSLX U NOOBEPSHYMBIX OOHOMY
PENCUMY 2aMMa-00yHeHUs.

Kntouegwvle cnosa. monkue niénku, okcuo yunxa, okcuo meou(l), oxcuo meou(ll), camma-obryyenue,
yoenpbHoe conpomugieHue, KOHYeHmpayus Hocumenei 3apsaod, NOOBUNCHOCIb, IAEKMPONPO8OOHOCHY,
WUPUHA 3aNPeUseHHOU 30HbL

ZnO/Si, Cu:0/Si BA CuO/Si IONIKA IIJIEHKAJTAPUHUHT SJIEKTPO®HU3UK BA 30HAI
XOCCAJIAPUT'A TAMMA-HYPJIAHUII TABCUPHU

Aunnomayus. Ywoy uwoa Oup Xun mexHoao2ux wapoumiapod MacHempon nypxauwi ycyau Ounaw
onunean  ZnO/Si, Cu:0/Si ea CuO/Si 1onka naéukanapuea 2amMma-HypiIaHuWL mMabCupu ocmuoazu
INEKMPOPU3UK 684 30HAN Xoccanap Ypeanunou. Taokuxom Hamudcanapu wyHu Kypcamouxu, paouayuoH
aHcasob mamepuan mabuamuea xKyunu odapadicada 6o2nux. ZnO/Si naénkanapuda HypAAHUWOAH KeuuH
CONUUMUPMA  KAPWIUTUKHUHE KAMAUUWU 8d JJIeKmp YMKA3YGUAHIUKHUHE OPMUWU  Ky3amuiou, Oy
NEKMPOHNAP KOHYEHMPAYUACUHUHZS OPMUWYU XaMOa YIAPHUHS XAPAKAMYAHAUSY KAMAuuwy Ounam moc
keraou. Cu:0/Si ea CuO/Si naéuxanrapuda 3ca, aKcuH4a, KAPWUTUK OPMUWU 64 VIMKA3YEUAHAUKHUHS
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nacanuwy  AHUKIaHOU, 0y 3apsa0  MauwlyGUUIAPHUHE JOKATU3AYUACU Kyuauuwiu, my30K Xoiamiapu
XuccacuHune opmuiiu 8a oegexm xamoa OOHALAPAPO MYCUKIAPOA MPAHCNOPMHUHE YeKIanuwu Oulan
uzoxnanaou. Hypranuwoan xetiun spgexmus maxukianean 30HA KeHeIUSUHUHe Kamauuwu 6apya
Mamepuannapoa oup xun dnekmp oxubamea onub keamaciueu xKypcamunou: ZnO/Si 0a Oy xonam 31eKkmpon
VMKA3Y8UaAHAUKHUHE Kyuatiuwu ouran oupea xeyca, Cu:0/Si ea CuO/Si 0a degpexm 6unan bowkapuraouean
MPAHCNOPM YeKAAHUWUHUNE YYKYPIauumuea Moc Keaiaou. Huwnune wimutl sHeunueu oup xun wapoumoa
cunmes KUIUHeaH 64 OUP XUl 2AMMA-HYPAGHUWL pedcumuea OyYop KUTUHeaH OKCUO NAEGHKANAp Kamopuoa
PAouUayUoH HcagoOHUHE Mamepuaiea O0MUK UHBEPCUACU AHUKIIAHSAHU OULAH beleUNaHaAou.

Kanum cyznap: wonka niéuka, pyx oxcuou, muc(l) oxcuou, muc(ll) oxcuou, eamma-nypaanuud,
CONUMMUPMA KAPUWUTUK, 3PSO MAULYGUULAD KOHYESHMPAYUACYU, XAPAKAMYAHIUK, INEKMP YMKA3YEYAHIUK,
MAKUKIAH2AH 30HA KeH2TUU.

EFFECT OF GAMMA IRRADIATION ON THE ELECTROPHYSICAL AND BAND
PROPERTIES OF ZnO/Si, Cu:0/Si AND CuO/Si THIN FILMS

Abstract. This work investigates the effect of gamma irradiation on the electrophysical and band
properties of ZnO/Si, Cu:0/Si and CuO/Si thin films deposited by magnetron sputtering under identical
technological conditions. It is established that the radiation response of the studied films is strongly
material-dependent. For ZnO/Si, irradiation leads to a decrease in resistivity and an increase in electrical
conductivity, which is consistent with an increase in electron concentration accompanied by a decrease in
mobility. In contrast, Cu:0/Si and CuO/Si exhibit an increase in resistivity and a decrease in conductivity,
which is associated with enhanced carrier localization, a greater contribution of trap states, and transport
limitation at defect-related and grain-boundary barriers. It is shown that the reduction of the effective band
gap after irradiation does not produce the same electrical consequence in all materials: in ZnO/Si it
accompanies enhanced electronic conductivity, whereas in Cu:0/Si and CuO/Si it corresponds to a deeper
defect-controlled restriction of charge transport. The scientific novelty of the work lies in revealing a
material-dependent inversion of the radiation response within a unified series of oxide films synthesized
under identical conditions and subjected to the same gamma-irradiation regime.

Keywords: thin films, zinc oxide, copper(l) oxide, copper(ll) oxide, gamma irradiation, resistivity,
carrier concentration, mobility, electrical conductivity, band gap.

Beenenne. OxcuaHbIe NOTYNPOBOAHUKOBBIE MaTEpUalibl HA OCHOBE LMHKA W MEAW HPEACTaBIISIOT
3HAYNUTENIbHBIA MHTEpEC IJIsl COBPEMEHHOM (M3MKM KOHIEHCHPOBAHHOTO COCTOSHUSI M MaTepHaJOBEACHUS
Onmaronmapsi COYETAHWIO TEXHOJOTMYECKOH JOCTYNHOCTH, XHMHYECKOW YCTOHYMBOCTH W HIMPOKUX
BO3MOKHOCTEH yNpaBI€HUA HUX ANEKTPUUECKUMH U onThudeckumu cBorcTBaMu [1-3]. Tonkue mnné€Hku
okcuaa uuHka, okcuga Meau(l) u okcnga meau(ll) paccmarpuBaroTcest Kak neperneKTUBHbBIE (DYHKIIMOHATIbHBIE
MaTepuanbl sl (OTOYYBCTBHTENBHBIX, ONTOJICKTPOHHBIX W CEHCOPHBIX YCTPOHCTB, TOCKOIBKY HX
XapaKTePUCTUKN B CYIIECTBCHHOW CTENEHU OMNpPEACTSoTcsS JeQEeKTHBIM COCTOSHHUEM, CTEXHOMETpHEH,
Moposorueit HOBEpXHOCTH U YCIOBHAMHE ToydeHus [ 1-3].

Oxcujl IMHKA OTHOCUTCS K ITUPOKO30HHBIM IOJYIPOBOJHUKAM N-THUMA U OTIUYAETCS CPAaBHUTEIBHO
BBICOKOI MOJIBUYKHOCTBIO HOCUTENIEH 3apsia, 4To JefaeT ero yA0OHBIM MOJIEIbHBIM 00BEKTOM JIJISl aHalln3a
anekTpoHHOTO TiepeHoca [1]. Hamporus, oxcup memu(l) m okcun memu(ll) sBistorcs marepuanamu ¢
JOBIPOYHBIM THIIOM IMPOBOAMMOCTH, Oojiee y3KOHM 3amperi€HHONW 30HOM M CYIIECTBEHHO Ooiee CHIIBLHOMN
POJIBIO JIOKATM30BaHHBIX COCTOSIHWH, JIOBYIICYHBIX YPOBHEH M PEKOMOMHAIMOHHBIX MporeccoB [2, 3].
Bcenencrsue storo cucremsl ZnO/Si, Cu20/Si u CuO/Si npencrapisitoT coboil yaoOHbIH psia 00bEKTOB, B
KOTOPOM MOXHO IPOCIEANTh 3aKOHOMEPHYIO 3BOJIIOLMIO 3NEKTPOPUIUUECKUX XapaKTEPUCTUK U
MEXaHU3MOB TIEPEHOCA 3apsiaa B 3aBUCHMOCTH OT TIPHUPOIBI OKCHAHOTO cirost [ 1-3].

OcoOsIif UHTEpEC MPeICTaBIgeT BO3ACUCTBHE raMMa-H3IIydeHUsI Ha MTOI00HbIE MIEHOYHbBIE CHCTEMBI.
Honunzupyromee Hu3nydeHHE CIIOCOOHO BBI3BIBATH M3MEHEHHE AE(EKTHOrO COCTOSIHUS TOIYHpPOBOAHUKA,
BIUATh HA KOHIGHTPAIMIO HOCWUTENed 3apsfa, WX TMOABIKHOCTh, YJEIbHOE COMPOTHBIICHHE,
3JIEKTPOTIPOBOJHOCTH U TIONOKEHHE SHEPreTHIECKUX ypoBHeH [4—6]. OqHaKo XapakTep TaKOro BIUSHUS HE
SIBIIICTCS] YHUBEPCAIBHBIM: B OJHUX MaTepHajax pagHallMOHHOE BO3JEHCTBHE MOXKET MPUBOAUTH K POCTY
BKJIa/1a JOHOPONOAOOHBIX COCTOSHUM, B APYTMX — K YCUJICHUIO PEKOMOWHALINY, JTOKAJIH3aluy HOCUTEIEeH 1
pocty comnpotuBieHus [4—6]. IIo3TOMY COITOCTaBUTENHHOE MCCIICIOBAHNE HECKOJIBKMX OKCHIHBIX TUIEHOK,
c(OPMHUPOBAHHBIX B OJIMHAKOBBIX TEXHOJIOTHYECKUX YCIOBUSAX U TIOJBEPTHYTHIX OJTHOMY U TOMY K€ PEXKHMY
00JTydeHMsl, IPEICTABIISET HE TOJIILKO NPUKIIAJHOMN, HO M (DyHIaMEHTaIbHBIN nHTEpec [4—6].
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HecmoTps Ha OombIlioe YMCIO MyONHMKaIiui, MOCBAMIEHHBIX TOHKAM ImWiéHkaM ZnO, Cu.0 u CuO,
BOIIPOC O CPABHUTEJIHLHOM M3MEHEHUH UX TPAHCIOPTHBIX U 30HHBIX XapaKTEPUCTUK IO ACHCTBHEM ramMma-
U3TY4eHUs] 0cTaTcsl PacKPBITHIM HEIOCTAaTOYHO MOJHO [1—6]. B 0COOEHHOCTH 3TO OTHOCHTCS K CIy4asM,
KOrJla MccielyeMble MaTepualbl MOJyYeHbl B COMOCTABHMBIX YCJIOBHUAX M aHAIM3UPYIOTCS MO €IUHOMY
Habopy MapaMeTpoB, BKIIIOYAIOUIEMY YIEIbHOE CONPOTUBICHHE, KOHIEHTPALMIO HOCHUTENEH 3apsna,
MOJBI)KHOCTD, JIEKTPOIPOBOAHOCTh M IIMPHHY 3allpelIHHONW 30HBL. B Takoil moCTaHOBKE CTaHOBHTCS
BO3MOXHBIM BBISIBUTH HE TOJNBKO a0CONIOTHBIE PAa3IMuUs MEXIY MaTephalaMH, HO M HMX Pa3lIu4HYIo
qyBCTBUTEIBHOCTh K PAIHAIIMOHHO-UHIYIIMPOBAHHOMY H3MEHEHHIO 1e(eKTHO! CTPYKTYpHI [4—6].

B cBa3m ¢ o»3TUM B Hacrosmed paboTe HMCCIENOBAaHO BIMSHUE TIaMMa-oOMydeHHs Ha
ANEKTPOPHU3NUECKUE U 30HHBIE cBoiicTBa TOHKMX TEHOK ZnO/Si, Cu:0/Si u CuO/Si, momy4eHHBIX NpHU
OJIMHAKOBBIX TEXHOJOTHYECKUX ycIoBUsIX. OCHOBHOE BHUMaHHME YAEJIEHO CPaBHUTEIBHOMY aHalU3y
YAEIBHOTO CONPOTHBIICHUS, KOHLIEHTPAllMW HOCUTENEeH 3apsAfa, MOABHMKHOCTH, 3JIEKTPOIPOBOIHOCTH M
IIMPUHBI 3alpelléHHON 30HBI 0 M TOcie OONydYeHHs, a Takke OOCYKICHHUIO BO3MOXHOH CBSI3H
HaOIIoOaeMbIX HM3MEHEHMH C Je(PEeKTHBIM COCTOSHHEM M OCOOCHHOCTSIMH 3JIEKTPOHHOTO IepeHoca B
YKa3aHHbBIX OKCUAHBIX MaTepuaax.

MatrepuaJbl H MeTOAbI HCCIeJOBAHUS.

1. Hoas0kku W MX MNOAroTOoBKA. B sKcnepuMeHTax B KadecTBE IOAJIOKEK HCIIOJIb30BaINCh
MOHOKPHUCTAJUTMYECKUE KPEMHHUEBBIC TUTACTUHBI p-TUNa ¢ opueHTanuel (111) u Tommunoit 450 + 2 mxm. s
o0ecriedeHus] BOCIIPOH3BOANMOIO COCTOSHHUSI MOBEPXHOCTH MOUIOKKHA IOABEPTaINCh MHOTOCTaIUNHHOMN
OYNCTKE: yIbTPa3BYKOBOW 00pabOTKe B alleTOHE, ITaHOJIE W ACHOHU3UPOBAHHOW BOJE, 3aTeM 00paboTKe B
pacteope RCA-1 (NH:OH:H:0::H.O = 1:1:5) mpu temneparype 75 °C B Tteuenue 10 mun [7].
EcrectBennsiii cioit SiO2 yaansnu tpaBinenueM B 2%-M pactBope HF B Teuenne 1-2 muH ¢ nocneaytomeit
MIPOMBIBKOH B IEMOHU3UPOBAHHOM Boje. B psze ciydaeB mepes ocakAeHUEM JOMOTHUTENBHO PUMEHIIACh
OUMCTKa B aproHOBO¥ ruiasMe MoOMmHOCTRI0O 10 BT B TeueHwe 5 MUH JUIsI TOBBIMICHUS AKTHBHOCTH
MIOBEPXHOCTH.

2. ®opmupoBanue TOHKUX MI€HOk. Tonkue mnéHku ZnO, Cu.0 u CuO ¢opmupoBanu Ha
nouiokkax Si(111) B 0AMHAKOBBIX TEXHOJIOTMYECKUX YCIOBHSX METOJOM MAarHETPOHHOTO pacIbUICHUS Ha
ycraHoBke UVN-75R. Jlns KakAoro marepuana TOTOBHJIM IO TATh 00pasmoB. Bpems ocaxkaeHus
COCTABJISLIO 5 MHUH, a TOJIIKHA OJIYYEHHBIX HOKPBITHN — 0K0J10 300 HM.

[Mnénkn ZnO ocaxkaanu ¢ ucnonb3oBanreM MuleHn ZnO unctotoit 99.99% npu 6a30BoM jJaBICHUU
nopsimka 5x107¢ Topp, pabouem nasnenuu (2—5)x1072 Topp, momHOocTH 90 BT M paccTosHHUM MHIIEHb—
nojuiokka 60 MM. B kauecTBe pabodero rasa MCIOb30BaJIM aproH C 100aBIeHUEM KHCIOPOAa B IMara3oHe
1-5%.

[Mnéaxkn Cu:0 u CuO monyyanu peakTHBHBIM MAarHETPOHHBIM pacHbUICHHMEM MEIHON MHUILIEHH
guctorod 99.99% mnpu 6GasoBom nasnenun nopsaka 4x10°¢ Topp, pabouem masinenuu 3x107 Topp,
momHocTr 70-90 Bt u paccrosHnn mumenp—tomioxkka 55—60 mm. Ilpu comepkannun kucnmopona 5—10%
¢dhopmuposaiacek paza Cu20, Torna kak npu 20-30% — daza CuO.

3. N'amMma-obydyenne. [amMma-o0nyuerrne 00pasioB MPOBOAMIIM C HCIIOJIH30BAHUEM PaIMOAKTUBHOTO
ucrounnka Co-60 B gumanazoHe 103 mnopsaka 0.1-1 MI'p. [ns kaxzmoro marepuana COMNOCTABISUIN
napameTpsl JI0 ¥ Mocje 00IydeH s, YTO TTO3BOJISUIO0 OIICHUTh MaTeprall-3aBUCUMBIN XapaKTep paauaiioHHO-
WHIYIIUPOBAHHBIX N3MEHEHHI dIIEKTPOPHU3HIECKUX CBOWCTB.

4. MeTtoabl aHamM3a. DIeKTpoPU3NUECKHE CBOMCTBA IUIEHOK ONpPEAEIsUIM A0 U Mocje 00My4YeHHs Ha
yctanoBke HMS-7000. AHanu3 BKIIIOYall OLIEHKY YAEIBHOIO CONPOTUBIIEHHS, KOHLEHTpPALMH HOCHUTEIEH
3apsza, MOJBHKHOCTH U JIEKTPOIIPOBOHOCTH.

CtpyktypHoe #  MOpP(OJOrHYECKOE  COCTOSHHE  00pasloB  KOHTPOJIHMPOBAIM  METOAAMHU
PEHTIeHOIU(PPAKIUOHHOTO aHAJIN3a, CKAHUPYIOWIEH 3JIEKTPOHHOM MHKPOCKONMH W aTOMHO-CHJIOBOH
MUKpockomnuu. [lo MmaTepuanam ComyTCTBYIOMIMX KCIIEPUMEHTOB MOP(OIIOTHSI TOBEPXHOCTH U AJIIEMEHTHBIN
COCTaB TakXKe€ COMOCTABILUINCH C JAaHHBIMH DJEKTPOHHOH MHKPOCKOMUH M PEHTTCHOCIEKTPaIbHOTO
MHUKpOaHaJIN3a, YTO UCHOJIb30BAIOCH AJIsl AOTOJIHUTEIHHON MPOBEPKH (Ha30BOI0 U XUMHUYECKOTO COCTOSIHUS
MJIEHOK.

OnTHueckre CBOMCTBA MaTepHANIOB, B YaCTHOCTH IIMPHUHY 3ampemEénHoil 30H6 E g, onenmBamu mo
Metony Taka [8]. B Hacrosmeid paOoTe OCHOBHOH akKIEHT CcIeNaH Ha COMOCTaBUTEIHLHOM aHaJM3e
W3MEHEHUIl  yIENbHOIO  CONPOTHBICHMWS, KOHLEHTPALlMM  HOCHUTENEH  3apdjga, IOJBHUKHOCTH,
3JIEKTPOTIPOBOIHOCTH U IIMPUHBI 3aNPEIIEHHON 30HBI MTO/1 JeHCTBHEM TaMMa-U3TyIeHHS.

Pe3yabTaThl M UX 00Cy:KIeHHeE.
1. CTpykTypHO-MOpP}010rHyecKUe MPeaNnoChIKN U3MEeHEeHUs 3JIeKTPoGUu3nIecKUX CBOICTB.
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WuTepriperanus 37aeKTPOYU3NUSCKUX XapaKTepUCTUK TOHKMX IIEHOK ZnO/Si, Cu20/Si u CuO/Si
JOJDKHA OINUPAThCS HE TOJbKO HAa H3MEPEHHbIE 3HAUEHMs YJIEJIBHOI'O COIPOTUBIICHHS, KOHLEHTPAaLUU
HOCUTENeH 3apsia, MOABM)KHOCTM U  BJIEKTPONPOBOAHOCTH, HO M Ha HMCXOAHOE CTPYKTYpHO-
Mopdoorudeckoe cocrosHue cino€B. s  OKCHAHBIX IOJYNPOBOJHHKOB HMMEHHO Mopdoiorus
MIOBEPXHOCTH, pa3Mep 3EPEH, CTENEHb MX arjIOMEpaluH, IUIOTHOCTh MEX3EPEHHBIX I'paHULl U IeeKTHOe
COCTOSIHME CYIIECTBEHHO BJIMAIOT HAa XapaKTep paccesHUs HOCHTENEH U Ha COOTHOIIEHHE MEXIY
JeNOKAaTM30BaHHBIM | JIOKaJTN30BaHHBIM TepeHocoM. /s ZnO 3To OOBIYHO CBSI3BIBAIOT C  POJIBIO
KHUCJIOPOJIHBIX BAaKaHCHH, MEXY3€JIbHBIX aTOMOB IIMHKA 1 KAYE€CTBOM KPUCTAINIMYECKON YIaKOBKH, TOrJa KaKk
it Cu20 mw CuO cymecTBEHHO BO3pacTaeT BKIAJ TpaHUIl 3EPEH, HEOTHOPOAHOCTH OKHCICHUS U
JIOKAJIM30BaHHBIX cocTosiHMH [ 1-3].

CornacHo HMMEIOIIUMCSI JKCIIEPUMEHTANbHBIM JaHHBIM, B HAcCTOSIIEH padoTe CTPYKTypHOE U
MOp(OJIOruYecKoe COCTOSHUE 00pa3loB HNOATBEP)KAAIOCH METOAAMHU PEHTICHOOU(PPAKIIMOHHOTO aHalu3a,
CKaHHUPYIOUIEH 3IeKTPOHHON MUKPOCKOITUH M aTOMHO-CHUJIOBOM MUKPOCKOIIMH, TOTJa KaK OCHOBHOW aKIIEHT
ObLI clieNiaH Ha CPaBHUTEIHLHOM aHAU3e AIIEKTPOPHU3MUECKIX CBOMCTB JI0 U Mocie ramMmma-o0nyuenus. [lpu
stoM camMu MIEHKH ZnO, Cu20 u CuO ObLIM MOJy4YEeHbl B OJMHAKOBBIX TEXHOJIOTMYECKUX YCJIOBHUSIX Ha
romtokkax Si(111), 9To menmaeT KOPPEeKTHBIM MX COITOCTABJICHHE KaK €IUHON cepur 00BEKTOB. 110 maHHBIM
Mopdonornyeckoro ananmsza, s ZnO/Si xapakrepHa OoJiee IUIOTHAs, CPaBHUTEIBHO TIJIaaKas |
OJTHOPOJHAs IOBEPXHOCTh C MEHBIIEH CTENEHbIO CTPYKTYPHOU HEONHOPOAHOCTU. TaKoW pe3yabTaT XOPOLIO
corjlacyeTcs C JIMTepaTypHBIMH IaHHBIMHU, COIJIACHO KOTOPHIM IPM MarHeTpOHHOM pacmbuieHnun ZnO
cnoco0eH  (QopMUpOBAaTH  JIOCTATOYHO  YIOPSIOYEHHBIE M PAaBHOMEPHBIE CJIOM, a BapHaliH
SHGKTPO(I)I/I?:I/I‘IGCKI/IX CBOMCTB B 3HAUUTEJIBHON CTEIECHU OMMpeACIAIOTCA KHUCIOPOJAHBIM PECKHUMOM,
COOCTBEHHBIMHU JeeKTaMH M yCIOBHSIMH Tocienyromei oopabotku [1]. bonee ogHOpoaHast Mopdomorus
ZnO OOBIYHO COOTBETCTBYET MEHBIIEMY BKIQJy MeX3EpeHHOTO OapbepHOro paccessHus W Oolee
ONarompHUsATHBIM YCIOBHSIM AJIS1 3JIEKTPOHHOTO IepeHoca.

Hs mnénok Cu20/Si B 3arpy’keHHBIX MaTepHajiax OTMEUeHbl Oosee KpyIHble 3€pHa IpU COXPaHCHUHU
B LIEJIOM JOCTaTOYHO ONHOPOAHOM IOBEpXHOCTH. Takoe IOBEAEHHE COOTBETCTBYET JIMTEPATYPHBIM
HaOJIIOJICHUSM Il PEAKTHBHO pachbLIEHHBIX cl0€B Cu20: mpu MOAXOMSIIUX YCIOBUSAX OCAKICHUS OHU
MOTYT COXPaHsITh BRIPOKEHHYIO 3€pPEHHYIO CTPYKTYpY 0€3 pe3Koil erpajaiuy CIIONIHOCTH, OHAKO YKe Ha
3TOM YPOBHE BO3pacTaeT PoJib MEK3EPEHHBIX TPAHUIl U YyBCTBUTEJIBHOCTh K BapHalMsAM HapLHaIbHOTO
JaBICHUS KHCIOPOJa, TEMIeparyphl W mocienyromeld obpadotku [2]. MmeHHo 3T (akTopsl 3aMeTHO
BJIMSIIOT Ha KPUCTAJULTHYHOCTh, pa3Mep 3EPeH U, Kak CJEJICTBHE, Ha TOABIKHOCTh U conpotuBieHne Cu.O-
ILUIEHOK.

HauOonee BbIpakeHHasi CTPYKTypHasi HeoAHOpoaHOCTh HaOmomaercs mist CuO/Si: B mmeromeMmcs
OIMCAaHWU TOJYEPKHYTH 0oOJiee BBICOKAs IMIEPOXOBATOCThb, YKPYMHEHHE 3EpEH, arjoMepanuss U pocT
MOPUCTOCTH. Takoe COCTOSIHME OCOOCHHO BaXKHO JUIS MOCJIEAYIOLIEr0o aHaju3a TPaHCIOpPTa, MOCKOJIBKY
YBEIIMYEHUE POJIM MEXK3EPEHHBIX TPAHMI U JIOKAIBHBIX HEOAHOPOIHOCTEH OOBIYHO CONPOBOXKIAETCS
YCWJICHHEM pacCesiHus, CHUXKEeHHEeM 3()()EKTUBHON MOJBMXKHOCTH M POCTOM BKJIaJia JIOKATHM30BaHHBIX
cocTtosiHud. JluTepaTypHble JIaHHBIE 110 MEIbCOAEPXKAIIMM  OKCHUJHBIM  IUIEHKAaM, IOJYYEHHBIM
paclbUICHHEM, TAaKKe MOKa3bIBAIOT, YTO POCT COAEPXAaHMS KHCIOPOAa M M3MEHEHHE YCIOBHH OCaXKICHUS
MOTYT IPHUBOJUTH K CYIIECTBEHHOH mepecTpoiike MOp(hOIOTHH, YBETHYSHUIO IIEPOXOBATOCTH U M3MEHEHHIO
JNEKTPUUECKHUX XapaKTepUCTHK [2,3].

JononauTensHyo (GU3HUECKyl0 omnopy HaéT aneMeHTHbI aHanmu3. dns ZnO/Si ¢uxcupyrorcs
curHaisl Zn u O, a g Cu20/Si u CuO/Si — Cu u O; npu 3TOM BKJIQJ CHTHANA Si CBA3aH C MOJJIOKKON U
JIOJDKEH YUYHUTBIBATHCA MPU MHTEPIPETALMU pe3yIbTaToB. sl MebcoepKaliuX OKCUIHBIX CIOEB pa3jinine
B OTHOCHTEIIBHOM COAEpXKaHMM Kuciaopoja coryacyerca ¢ mnepexogoM oT Cu:0O k CuO, TOo ecth ¢
BO3PAaCTaHUEM CTETIEHU OKUCIEHHS. DTO BaKHO HE TOJIBKO C XUMHUYECKOH, HO U € 2JEKTPOYHU3NIECKOI TOUKH
3peHHs1, TOCKOJIbKY U3MEHEHHE KHCIOPOAHOTo OaaHca u JIeheKTHOW XUMHHU MPSIMO CBSI3aHO C U3MEHEHUEM
THUIIAa WU ITIDIOTHOCTHU JIOKAJIN30BAHHBIX COCTOSIHHfI, ONpeACIAOIINX IMPOBOJUMOCTE U XapaKTEp IIEpEeHOCaA
[2,3].

Takum 00pa3oM, yke Ha CTPYKTYPHO-MOP(HOJIOTHUECKOM yYpOBHE HCCIelyeMble CUCTEMBI 00pa3yioT
¢usnyecku ocMbicieHHbIH psa: ZnO/Si coOTBETCTBYET 0o0Jiee OJHOPOJHOMY M CPaBHUTEILHO MEHEe
neeKTHO-Pa3ymopsoueHHOMY cocTosiHuto, Cu20/Si 3aHMMaeT mpoMmexyTtodyHoe mojoxenwme, a CuO/Si
XapaxkTepusyeTcst 0osee BBIpaXEHHOW MOP(OIOrniecKoil HEOAHOPOJHOCTBIO U, BEPOSTHO, 00JIee CHIILHBIM
OrpaHUYCHUEM II€PCHOCA Ha TIpaHUllax 3épeH M JIOKaJIM30BAaHHBIX COCTOSIHUAX. MMeHHO IIO3TOMY
nocjeytomiee CpaBHEHNE yIEIBHOTO CONPOTHBIICHHS, KOHIIEHTPAIIMKA HOCUTENIeH 3apsjia, MOJBUKHOCTH U
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3JIEKTPONPOBOTHOCTH JOJDKHO PAacCMaTPHBAThCA HE HM30JMPOBAHHO, a B MPSIMOW CBSI3M C MOPQOIIOTHEH,
(ha30BBIM COCTOSIHHEM U Ie(eKTHOMN XuMueit miénok [1-3].

2. YaenbHOe CONPOTHBJIEHHE H MaTePHAT-3aBUCHMBII OTKJINK HAa raMMa-00JIy4eHmne.

CpaBHUTENBHBIN aHAIN3 yIEIBHOTO COMPOTHBRIICHHUS TIOKA3bIBAET, YTO BO3ACHCTBHE TaMMa-U3ydCHHUS
IPUBOAUT K PA3HOHANPABICHHOMY H3MEHEHHIO JJIEKTPUYECKOrO0 OTKJIMKA HCCICIYyEeMBIX IUIEHOK: AT
ZnO/Si compoTruBieHne mociie obmydeHus: ymeHbinaercs, torga kak anst Cu0/Si m CuO/Si, Hamportus,
Bo3pacTaeT. Takoil pe3ynbTaT NPUHLUIHAIGHO Ba)KEH, MOCKOJIBKY OH YKa3blBaeT Ha OTCYTCTBHUE
YHHUBEPCAJIBHOIO CLEHApHs PaJAWallMOHHOTO BO3ICHCTBUS ISl BCEX OKCHUAHBIX IOJIYHIPOBOAHUKOB OJHOM
cepur. B nanHoM cimyuae 3HaK U MaciiTa® M3MEHEHMS P ONPEAEIIIIOTCSA HE TOJIBKO (haKTOM OOIydeHUs Kak
TaKOBBIM, HO M TUIIOM IPOBOJIMMOCTH MaTepHajia, ero HCXOJHOH IeeKTHOH moacucreMoi, Mmopdoioriuei u
XapakTepoM JIOKaTM30BaHHBIX cocTosHWH. [logoOHas mocTaHOBKa XOPOIIO COTIACYeTCs ¢ COBPEMEHHBIMHU
IPEICTABICHUSIME O TOM, YTO PaJUAlMOHHO-WHAYLHMPOBAaHHBIM OTKIMK B OKCHIHBIX TOHKUX IUIEHKax
OIpenenseTcss KOHKYypeHIMEH MeXIy TreHepanueil HOBBIX JEQEKTHBIX COCTOSHUHM, HX YacTUYHOU
naccuBalyell 1 U3MEHeHHeM 0apbepoB NiepeHoca Ha rpanuiax 3épeH [4-6, 10].

Hdus  ZnO/Si  yMeHbIIEHWE YAETBHOTO COMPOTHBIICHWS TIOCIE€ TaMMa-OONy4eHHS MOYKHO
paccMaTpuBaTh Kak pe3yibTaT YBEJIMYEHHs BKJala JOHOPOIOJOOHBIX COCTOSIHUN Ha (POHE COXpaHEHUs
ANEKTPOHHOM MPOBOAMMOCTH n-Tuna. OcoOeHHO TOoKa3aTeNbHO, YTO B HEIaBHEH paboTe 1Mo Y-00ay4EHHBIM
mwiénkaM ZnO 6bUT0 3a(UKCUPOBAHO CXOJHOE COUYETAHHE MapaMEeTPOB: MOCJE O0Iy4EHHUs] COPOTHUBICHUE U
MTOJIBIKHOCTh YMEHBIIIANINCH, TOTAAa KaK KOHIIEHTpaIus HocuTenel Bo3pactana [13]. [logoOHas TeHmeHIns
cornacyetcs u ¢ JaHHbIMH 110 Co-60-00myuénnabiM minéakaM ZnO, rie u3MEHEHUs] CTPYKTYPbl M ONTHYECKUX
XapaKTEePUCTUK CBA3BIBAINCH C PalUallMOHHO-WHIYIIMPOBAHHOMN MEepecTporKoi aeeKTHOro coctostHus [4].
B »TOoM cwmpicie ymeHbIleHHE p B HcciemayeMmbix TiéHkax ZnO/Si pazyMHO HHTEpIPETHPOBATh HE Kak
CIIEZICTBUE YIYUIICHHUS KauecTBa CJOS, a KaKk pe3ynibTaT AeeKTHO-00YCIOBICHHOIO MepepacipeneineHust
CBOOOJIHBIX 3JIEKTPOHOB Ha (poHe ycuieHus negekTHoro paccestaus [4, 10].

M Cu20/Si HabmogaeTcsi MPOTUBOIONIOKHBIA OTKIMK — POCT YAEIBHOTO CONPOTHUBIICHHUS MOCIE
obiyuenus. CoBpeMeHHbIE paOOThI MO PEAKTUBHO pacnbUIEHHBIM IUIEHKaM Cu:O MOKas3bIBaIOT, 4YTO HX
ANEKTPUYIECKHE CBOHCTBA YPE3BBIYAHHO YYBCTBUTEIBHBI K (0a30BOH YHCTOTE, TEXHOJIOTUYECKOMY JIaBJICHUIO,
KOHIIGHTPAlMM BaKaHCHH KUCIOpoja ¥ (OPMHUPOBAHUIO aKIENTOPHBIX cocTosHuMM [2, 9, 11, 12]. Tak, B
nccinemopannn 2024 TOAa TOKa3aHO, YTO W3MEHEHHWE YCJIOBHU pacHbUICHHS BBI3BIBAaET (Da3oByIO
MEPECTPOUKY MEAbCOMCPKAIINX OKCHIHBIX IUIEHOK M 3aMETHO BIUSACT HAa KOHIEHTPALMWIO MPOBOISIIMX
cocrostanii [11]. B pabore 2025 roma cHmwxkenue compotuBieHus B Cu.O nocturanoch yxe 3a Cuér
cneuuaJbHOW Moaupukanuu Ae)EeKTHOW XUMHM — a30THOTO JIETMPOBaHMA, NPHUBOISILIETO K
(hopMHPOBaHUIO MEJKUX aKIENTOPHBIX cocTostHui [12]. Ha atom ¢oHe pocT p B HammMX HEOOOTAmEHHBIX
oOnmyuénnpix Ti€HKax Cu20/Si BRIMISAUT (U3MYECKH TPaBAONOAOOHBIM: IaMMa-oONIy4YeHHe 37ech, MO-
BUAMMOMY, HEe c037aéT 3(QQEKTUBHBIX NPOBOISIINX COCTOSHHUH, a YCHWJIMBAaeT PEKOMOWHAIMOHHBIE H
JIOKAJIM3alMOHHBIE TIPOLIECCHI.

His CuO/Si  yBenuueHHWE CONPOTHBIICHUS TMOCNE OONy4YeHHsS NpeAcTaBisieTcs euié Oosee
3akoHOMepHBIM. MMenHo mmsi CuO/Si B wccneayeMod cepuH XapakTepHbl HawOojee BhIpaKEHHBIE
Mopdosorudeckas HEOJHOPOIHOCTh, TIOBBIIIEHHAs IIEPOXOBATOCTH M OoJiee CYIIECTBEHHas poOJib
MEX3EPEHHBIX TPaHMIl, YTO OBLIO TOKa3aHO B MpeaplaylneM monpasiene. CoBpeMeHHbIE HCCIIeOBaHMs
MeIbCOJIEPKAIINX OKCHUIHBIX IUIEHOK TaKKe TOATBEPXKAAIOT, YTO IPH POCTE CTENEHHW OKHCICHUS U
YCIIO)KHEHUH MOPQOJIOrHH BKJIAJ JIOKAJIM30BAaHHBIX COCTOSHMH M 0apbepHOr0 OTpPaHWYEHUs IepeHoca
Bozpacrtaet [3, 11]. JlononaurensHBIN HHTEpeC mpeacTaBiser padora 2025 roma, B KOTOPOH JUIS TOHKHX
mwiéHok CuO OoTAe’NbHO TIOKa3aHa YyBCTBHTEJNBHOCTh ONTHUYECKUX XapaKTEPUCTHK K TramMMa- |
yIbTPauOJIETOBOMY BO3JIEHCTBHIO, UYTO YKa3blBaeT HAa BBICOKYIO BOCIPHUMYMBOCTH JAe(hEKTHOH
noacuctemsl CuO K paananiuoHHOMY Bo3MyIieHHIO [13]. B cOBOKymHOCTH 3TO XOPOUIO COTIACYETCs C TEM,
yro B Hammx obOpasmax CuO/Si mocie oO0igydeHHs BO3pacTaeT p: IPU HCXOAHO OoJjiee HEOTHOPOIHOU
CTPYKTypE paJUAIOHHO-WHAYIIMPOBaHHBIE JEeQEeKThl, MO-BUIMMOMY, HE OOJerdalT TepeHoc, a
JOTIOJTHUTEJIBHO YCHIIMBAIOT JIOKAJIH3ALUI0 1 PEKOMOWHAMOHHBIE TIOTEPH.

Takum 00pa3oMm, MaTepHai-3aBHCHUMBIH XapakTep H3MEHEHWS YJENBHOTO COMPOTHUBICHUS IOCIe
raMma-o0JIyYeHHs CJIeIyeT PacCMaTpUBaTh KakK OJMH M3 KIIFOYEBBIX pe3y/bTaroB padotel. s ZnO/Si
YMEHBLICHHE P COIJIaCyeTCs C POCTOM BKJIaJa JOHOPOMOMOOHBIX A€()EKTHBIX COCTOSHHHA M yBEITHUCHHEM
KOHIIGHTPAllMM HOCHUTEJIEeH NpH OJHOBPEMEHHOM CHWXeHuH mnonasmwkHocTd. s Cu0/Si u CuO/Si
YBEIIMYEHUE P JIydIllle COTIACYeTCsl C YCHIICHHWEM JIOKAIHM3allii, POCTOM POJH JIOBYIICYHBIX IICHTPOB U
OrpaHMuYEHHEM IepeHoca Ha JIePEeKTHRIX U Mex3EpeHHbIX Oapbepax [4, 10—13]. [Ipu aToM, ¢ TOUKH 3peHUs
CTPOrOoM HAy4YHOM HHTEpIpeTalud, KOPPEKTHEe TOBOPUTh HE O MPAMOM JOKa3aTeNbCTBE KOHKPETHOTO
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MHKPOCKOITMYECKOTO MEXaHW3Ma, a O (HU3MYeCKH OOOCHOBAHHOM COOTBETCTBHM MEXKIy HaOIIIOZaeMbIM
UEKTPOPHU3UUECKUM OTKIMKOM, Mopdosiorueil mi€HOK M T€MH TEHICHLMSMH, KOTOPBIE YK€ OIUCAaHbI B
coBpemeHHol guteparype mo ZnO, Cuz0 u CuO TOHKUM MIIEHKaM.

3. KonnenTpanust HocuTeJIei 3apsiga M NOABUKHOCTb.

V3meHeHne yIenpbHOTO CONPOTUBIEHUS B MCCIEAYeMbIX IUIEHKAaX IIOCI€ raMMa-o0aydeHus
HEOOXOIMMO paccMaTpuBaTh Yepe3 COBMECTHYIO 3BOJIIOLMIO KOHLEHTPALMM HOCHUTENEH 3apija M HX
MOJBHKHOCTH, TIOCKOJIBKY MMEHHO 3TH J[Ba apaMeTpa ONpeAesstoT IPOBOAUMOCTE 10 COOTHOLICHUSIM G =
qny A7s 3JEKTPOHHOTO U 6 = qp AJIs AbIpoyHOro nepeHoca. Iloatomy cam mo cebe Qaxt pocta uam
naseHus p emé He pacKphlBaeT (PU3MUECKUH MEXaHU3M: U1 3TOr0 HEOOXOAMMO HOHATh, KAKOW M3 IBYX
MHOXHTEIEH — YHCIO HOCHTENEH MM 3PQPEKTHBHOCTh HMX IMEpeMEIleHHs — H3MEHseTcs cuibHee. B
HCCIIEyeMOI Cepruu MMEHHO 3/1eCh TPOSBIISETCS KIIOYEBOE pacXoKAeHUEe MexIy marepuanamu: y ZnO/Si
YMEHBUICHUE CONPOTUBIICHUS COYETAETCS C POCTOM KOHLEHTpalMW HOCHUTENEeH IpU YXYALICHUH
nofBukHOCTH, Toraa kak y Cu0/Si u CuO/Si pocT conpoTHBIEHHS JTOTHYECKH TpeOyeT JIH00 CHUKEHHS
3¢ GEKTUBHOM KOHIICHTPALMH ABIPOK, INOO YCUIICHHS UX JIOKAJIH3alKH, THO0 COBMECTHOTO ACHCTBHS 000HX
¢akTopoB. Takas kapTHHa MOKa3bIBACT, YTO IaMMa-00IydeHUE ACUCTBYET HE KaK €AMHBIH «yIIydIIaTelslby
WIN «IerpajgaTop», a KaKk BHEUTHWHA (DaKTOp, PacKpPBHIBAOIINN pazudre BHYTpeHHEH Ae(peKTHON (Qu3uKn
Zn0O u Menbcoaepkamnux okcuaos [10, 14, 15].

Jus ZnO/Si mHanbonee copepikaTenbHas HHTEPIIPETAINS CBs3aHA C KOHKYPEHIIHEH AByX mpoieccoB. C
OJHOH CTOpOHBI, PAAMALMOHHOE BO3ACUCTBHE, MO-BUIAVNMOMY, YBEIMYMBACT BKJAl AOHOPOIOAOOHBIX
COCTOSIHUM, YTO IPHUBOJUT K POCTY KOHLEHTPALUU 3JIEKTPOHOB; C APYTOM CTOPOHBI, BO3HUKAKOIIHAE H
nepepacnpeaesstonecs AeQeKTbl YMEHBIIAI0T CPEAHIOI UIMHY CBOOOXHOrO mpobera W YCHIMBAIOT
paccesiHue, M3-3a Yero MOABIKHOCTH MaaaeT. IMeHHO Tako# cliieHapuit OblT 3admKcupoBaH B pabote 2024
roa 1o y-o0nyu€HHbIM éHKaM ZnO<S>: mocie o0MydYeHus: UX yJIeIbHOE CONPOTUBIICHHE YMEHBIIUIIOCH,
KOHIEHTpaIUsl HOCUTeNeH BO3pOCHa, a IMOJABHKHOCTh, HAIPOTHUB, CHU3WIACH, aBTOPHI CBA3BIBAIOT 3TOT
3¢deKT ¢ panualMOHHO-MHIYLUPOBAHHOM IEPECTPOMKOH CTPYKTYphl M YMCHBLICHHEM pPa3MepoB
kpuctautoB [13]. [lOMONHUTENBFHYIO OMOpPY 3TOMY BBIBOAY MJAarOT HCCIeAOBaHUS IUIEHOK ZnO,
OCKACHHBIX B KHCIOPOAHO-OCIHBIX W KHCIOPOJHO-OOTaThIX YCJIOBUSAX: IIOKa3aHO, YTO HHU3KOE
COIMPOTHBJICHHE CBS3aHO C BBICOKOH KOHIIGHTpAIMEeH MEXKY3eNbHOI0 IHMHKA W KHCIOPOAOACHUIMTHBIX
COCTOSIHHMI, TOTZIa KaK MOABM)KHOCTh B 3HAUUTEIIHOW CTENEHH ONPEAEISIETCS KPUCTAIMYHOCTBIO MJIEHKU
[14, 15]. Nuade rosops, mns ZnO nuTepaTypHbIE JaHHbIE MOATBEP)KJAIOT MUMEHHO TOT THI Pa3Bs3KU
MapaMeTpoB, KOTOPbIA HAOIIOACTCS U B Hallel paboTe: n U | PearupyroT Ha Je(hEeKTHYH MOIUPUKAIIUIO
M0-Pa3HOMY, a 3HaK U3MEHEHHUS p 3a4aETCs TeM, KAaKOH U3 3TUX BKJIAJI0B JOMUHHUPYET.

Hist Cu20/Si pusnueckas cuTyanysi IPUHUMINAIBHO HHAsA. B 3TOM Marepuane qake Ipu OTCYTCTBUU
o0JIlydeHHsT TIEpEeHOC CYIIECTBEHHO 3aBHUCHT OT OajaHca akUENTOPHBIX COCTOSHHN, pa3MepoB 3EpeH,
IUIOTHOCTU CIIOXKHBIX Ie(eKToB M Hanmuuus (azoBbix npumeceil. CoBpeMeHHbIe paboThl HOKA3bIBAIOT, YTO
BBICOKasl IbIpouHasl MOABIKHOCTH B Cu:O 1mocTuraercs TOJNBKO MpPU CIELUAIbHO ONTUMH3HPOBAHHON
nedeKkTHOW CTpyKType: B HccienoBanun 2024 roma naszepHast TepMooOpabOTKa peakTHBHO PacIbIIEHHBIX
TUIEHOK 3aMETHO TOBBIIIAJA IBIPOYHYIO MOJBHKHOCTD, a B paboTe 1o noiydeHuto miéHok Cuz:O ¢ BBICOKOM
JBIPOYHON MOJBMKHOCTBIO IIOKA3aHO, 4YTO YIYUIICHHE IIE€PEHOCA CBS3aHO C YMEHBLICHHEM OOIIei
Ne(eKTHOCTH W OCIa0JIeHHEM MEJIKMX aKIENTOPOoNoI00OHbIX pacceuBatened [16, 17]. B paborax mo
nocneocagouyHoMy oTxUTy Cu20 Taxke moJuE€PKUBAETCS, YTO KOHIIEHTpPAIUS HOCUTENEH, IPOBOAUMOCTh U
COTIPOTHBJICHHE YYBCTBHUTEIBHBI JaK€ K CPaBHUTENIBHO MSTKOW TepMmmueckoir oOpadorke [18]. Ha stom
(oHe pocT corpoTUBIeHUS B HAKMX 00yu€HHbIX TEHKax Cu2O/Si BBIMISIIUT HE CIy4YaiHbIM, a pU3ndecKu
3aKOHOMEPHBIM: TaMMa-00JIy4YeHHE 3/1eCh, BEPOSITHO, HE CO3/1aET YCTOMYMBBIA KaHaI T€HEepaIluy MOJIE3HbBIX
JBIPOYHBIX COCTOSIHWHM, a, HAlpOTUB, YCHJIMBAET POJIb JIOBYIIEK, KOMIECHCAIMA W JOKanu3anuu. Haydno
Ba)XKHas JAeTalb COCTOMT B ToM, 4T0 CuO pearupyer Ha OIHO M TO K€ BHEIIHEE BO3ZCHCTBHE
npoTuBOIONOXKHO ZnO: TaMm, rae ZnO emé MOXET «BBIUTPaTh» 3a CUET pocTa 3IeKTpoHOB, Cu:0 yxe
«TIPOUTPBIBACTY» M3-3a Jierpasanuu 3QPEeKTUBHOTO JBIPOYHOTO TPAHCIIOPTA.

Hnst CuO/Si TeHAeHIUS K yXYALIEHUIO TPAHCIIOPTHBIX MapaMeTpoB Iocjae o0IydeHHs JOKHA OBITh
emé Oosee BHIPOKEHHOM, MOCcKoNbKy st CuQO xapakTepHbl Oojiee CHIIbHAs JIOKaU3alHMs HOCUTENEH,
MEHBIIIAsE TUCTIEPCHS 30H M OOJIbIIAast Poiib AeeKTHO-00yCIOBIEHHOTO TepeHoca mo cpaBHeHuto ¢ ZnO. B
HE/JaBHEM HCCIIEIOBAHUM 110 MEAbCOACPKAIIMM OKCHUAHBIM IUIEHKaM, IIOJIyYE€HHBIM MAarHeTPOHHBIM
pacnbUIeHHeM, MmokazaHo, 4ro mpu mepexofe oT Cu:0 k CusOs m CuO wusmensroTcst (Da3oBbI COCTaB,
MaCCUBUPYIOTCA KHUCIOPOJHBIE BaKaHCUM W CYIIECTBEHHO MCHAIOTCA KOHLICHTpAIUs HOCHUTENEH U
MOJIBUKHOCTh;, IpH  3ToM m3MepeHusi d¢ddekra Xoima HanpsAMYH0 TOATBEPHKAAIOT  BBICOKYIO
YyBCTBHUTEJIBHOCTh 3THUX MMapaMeTpoB K Ae(EeKTHOH XUMHUM M cTerneHu okucienus [11]. Jna nameit cepun
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3TO OCOOCHHO Ba)KHO, MOCKOJIBKY MO MopdonornueckuMm naHHbIM UMeHHO CuO/Si M3HAYaIbHO SIBIIICTCS
Hanbosiee HEOJHOPOIHBIM CIIOEM ¢ 0ojiee BBIPaKCHHOH POJIBI0 MEK3EPEHHBIX T'paHUIl. J[OMOIHUTENbHBIC
COBpeMEHHbIe HccienoBanus AedexktHor mmkeHepud B CuO TNOKa3bIBalOT, YTO W3MEHEHHE NeeKTHOU
MOJCUCTEMBl HANpsIMyI0 BJIMACT Ha JIOKATU3alMI0O M ONTORJIEKTPOHHBIC CBOHCTBa Marepuana [19].
CrenoatenbHO, AOMOIHUTEIBHOE PaiualiMOHHOE 1e(eKTO00pa30BaHUE 31ECh C BBICOKOH BEPOSTHOCTBIO HE
MOBBIIIACT YUCIO0 3GGEKTUBHO NOJABIKHBIX HOCUTEIEH, a YCHIIMBAET UX 3aXBaT U OapbepHOE OrpaHUYEHUE
nepeHoca. B otnnuune ot ZnO, rae yMeHblIeHHE | el MOXeT ObITh MepeKpbITo pocToM n, aist CuO Takoe
MEPEKPHITHE MEHEE BEPOSITHO: CUCTEMa YK€ HAaXOAUTCS OJIDKE K PEXKHMY JIOKAJIM30BaHHOIO IEpeHoca, U
[IOTOMY NAJECHUE MTOJIBH)KHOCTH 3/1€Ch OKa3bIBAETCS O0JIee «IOpOrumM» iIst 001Iel MPOBOAUMOCTH.

Ecnu comocraBuTh Bce Tpu MaTepuana B OJHOH JIOTHKE, TO MPOSBISETCS BakHast PU3NUECKas THHUS
HacTosmei padotel. [In€uku ZnO/Si, Cu20/Si u CuO/Si ObUIM NOTYUYCHBI B OJJUHAKOBBIX TEXHOJIOTHYCCKUX
YCIIOBHAX M HOJBEPTHYTHl OZHOMY U TOMY JK€ THIly I'aMMa-BO3JEHCTBUS, OZHAKO MX OTBET Ha ypPOBHE
KOHIIGHTPAI[H HOCUTENEH U MOABMKHOCTH OKa3ajJcs KaueCTBEHHO Pa3IH4YHbIM. IMEHHO B 5TOM M COCTOUT
Hay4yHas HOBHM3HA pe3yJibTaTa: paboTa IMOKa3blBaeT HE NPOCTO (PaKT HM3MEHEHHs MapaMeTpoB TMOCHe
o0JydeHns, a paclIeIIeHne CIIeHapueB TiepeHoca BHYTPH OAHOHN okcuaHou cepuu. st ZnO/Si peanmnsyercs
peXuM, B KOTOpOoM AedekTHass MonuduKanus eme coXpaHsieT WIK Aa)XKe yCUIMBACT JOHOPHBIM BKIax; AJsS
Cu:0/Si u CuO/Si TOT e TUI BO3IACHCTBUS CMEIIAET CHCTEMY B CTOPOHY JIOKAaH3allMH, JIOBYIIEYHOTO
OTpaHNYCHHS U YyXYIIIEHUsS IBIPOYHOro mepeHoca. B Oosee xEcTkoi (HOPMYIHPOBKE 3TO MOXKHO Ha3BaThb
MaTepHaI-3aBUCUMON HHBEPCHEH PpaJAMAlIOHHOTO OTKJIHMKA: OJMHAKOBOE OOJMy4YeHHE IPHBOAUT HE K
KOJIMYECTBEHHO Pa3HbIM, a K (QU3MUYECKH Pa3HOTHIIHBIM M3MEHEHHSIM NapaMeTpoB MepeHoca. Takoil BEIBOJ
cornacyercs M C COOCTBEHHBIMH JaHHBIMH CTaThH, W C COBPEMEHHOH JHTEpaTypod Mo IeeKTHO-
qyBCTBUTENBHBIM MUIEHKaM ZnO, Cu20 u CuO [10, 14-19].

IIpu 3TOM, ¢ TOYKM 3pEHHs CTPOTOW HHTEPIpPETalMy, HEOOXOAMMO TOMYEPKHYTh TPaHUILY
nokazaHHocTH. Hactosimasi pabota He MIeHTH(UIHMPYET HANPSAMYIO aTOMHYIO KOH(QHTYPaLHWIO Ka)KIOTO
pazuanMoHHOro nedeKTa M HE pa3feisieT KOJIMYECTBEHHO BKJIAJ BCEX BO3MOXHBIX KAHAJIOB PACCESHHUS.
OnHako COBOKYNHOCTh HAOMIOZAEMBIX H3MEHEHUH p, KOHIEHTpalMd HOCHUTENEH, IOIBMKHOCTH,
MOP(OJIOrHYECKOTO COCTOSIHUSL M INUPUHBI 3amlpeIléHHON 30HBI MO3BOJISET YBEPEHHO YTBEPXkKAATh, UTO
raMMa-o0JydeHHEe B paccMaTpUBaeMOW CepuM TUIEHOK H3MEHSET MpexkIe Bcero NeeKTHO-YIpaBIsieMbIid
OamaHC MEXIy TeHepaluedl HocuTelnell W uX Jokamm3anued. lMeHHO »3Ta mnpuYnMHHAS IEenodvKa,
o0beauHAoIas MOPGOJIOTHIo, Ae(EeKTHYI0 XUMHUIO M TPAHCHIOPTHBIA OTKJIMK, U COCTaBISET (DU3UUECKOE
SIIPO TIOJTYYEHHOT'O pe3ynbTaTa.

4. DNeKTPONPOBOIHOCTL H MEXaHU3MBI IEpeHoca.

DJIEKTPONPOBOAHOCTD UCCIIEAYEMbIX TUIEHOK SIBIISICTCS HanOoJiee MHTErpaIbHOM XapaKTepUCTUKON HX
panuaIlMOHHOTO OTKJIMKA, IMOCKOJIBKY UMEHHO B HEH COBMECTHO MPOSIBISIOTCS M3MEHEHHS KOHIIEHTPAIUU
HOCUTENeH 3apsana, MX IOJIBM)KHOCTH, CTEIIEHH JIOKAM3allMd M POJM MEX3EpPEHHBIX OaphepoB. B stom
CMBICJIE G TIPEACTABISET COO0I HE MPOCTO MPOU3BOJHYIO BEJIMYUHY OT N U |l, @ UTOT KOHKYPEHLIUH MEXIY
TeHepale MPOBOMSAIIMX COCTOSHUA M yCHJIEHHUEM Je(eKTHO-00YCIOBICHHOTO OTpaHMYEHUsI MEepeHoca.
Jlia paccMaTpuBaeMoil cepur TUIEHOK aHAJIN3 MPOBOJUMOCTH OCOOEHHO BaXKeH MOTOMY, YTO OH IO3BOJISIET
YBHUZIETh HE TOJIBKO U3MEHEHHE YHCIEHHBIX TApaMETPOB, HO U MOCTENIEHHYIO IEPECTPOIKY JOMUHUPYIOLIETO
MEXaHHM3Ma [IEPeHoca OT MPEUMYIIIECTBEHHO 30HHOTO K BCE OoJiee Jiokanu3oBaHHoMY. [14, 15, 20, 21]

Hnst ZnO/Si yBenuueHue 3JIeKTPOIPOBOJHOCTH MOCIIE TaMMa-00IyUYeHHUs ClelyeT HHTEPIPETUPOBATh
KaK pe3ysibTaT TOTO, YTO POCT 3JICKTPOHHOW KOHLEHTPALUU OKA3bIBAETCS CHIIbHEE, YEM COIyTCTBYIOIEE
CHIDKEHHE HOABMKHOCTH. Takol cueHapuil XOpOIIO COrjacyercsi C COBPEMEHHBIMU NPEACTaBICHUAMHU O
nepeHoce B ZnO: KHCIOPOMOJNEPHUIUTHOE COCTOSHUE, MEXKYy3eJbHBIE aTOMbl [WHKA H Je(eKTHBIC
KOMIUJIEKCHl B LEIOM MOTYT YBEJIMYMBATH YMCIO NPOBOAAIIMX 3JIEKTPOHOB, TOT/Aa KakK IOJBMKHOCTH B
OosbLIel CTETIeHH KOHTPOJHMPYETCS] MUKPOCTPYKTYpPOH U paccestHueM Ha nedekrax. HenaBaue paboThl mo
ZnO-mnénkaM, cHOpMHUPOBAHHBIM B Pa3IMYHBIX KUCIOPOJHBIX PEKHMMax, MOKa3bIBAIOT, YTO TOBBIIICHHAS
MPOBOJIMOCTh OOBIYHO CBSI3aHA MMEHHO C POCTOM IIOTHOCTH DJIEKTPOHHBIX HOCHTEINIEH, TOTr/a KakK TpH
YXYILUIEHUH KPUCTAUTUYHOCTH MU POCcTe AE(PEKTHOCTH MOJIBMXKHOCTH 3aKOHOMEPHO CHIKaeTcs. B aTom
cMbIciie pocT 6 B TiEHKax ZnO/Si mocne oOIy4eHUs] OTpaKaeT He «YJIy4YIIeHHEe» MaTepuana, a mepexon K
Oosiee EePEKTHO-IOHOPHOMY PEXHUMY II€PEHOCa, B KOTOPOM DJIEKTPOHHBIH TPAaHCHOPT COXpaHSET B
OCHOBHOM 30HHBIN XapakTep, XOTsI U COPOBOXKAAETCS YCUIEHHEM paccesiHus. [14, 15, 20, 21]

Hns Cu:0/Si kapTHMHa NpUHOMIMAIBRHO WHas. B jurepartype mnomuy€pkuBaeTcsi, 4YTO BBICOKAs
MPOBOJIIMOCTD W BBICOKAsI JIBIPOYHAsT MOJBHKHOCTE B Cu20 peann3yrorcst TONBKO NPU OYeHb aKKypaTHOM
KOHTpoOJIe Je(eKTHOW CTPYKTYphbl, (Pa30BOH YHMCTOTHI U MEK3EPEHHOrO CTPOeHHUS. VIMEHHO MO3TOMYy B
paborax, rae ymaércs mnonyuuTb Cu:O C BBICOKOH ABIPOYHON MOABMKHOCTBIO W MOHMYKEHHBIM
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CONPOTHBIICHUEM, AaBTOPHI CBA3BIBAIOT 3TO C yMEHBIICHHEM JAe(EeKTHOrO Oecropsiika, ONTHMHU3AINeH
aKIENTOPHBIX COCTOSHHUN M OCIabJeHHMeM paccesHus Ha rpaHunax 3épeH. Ha stom Qone ymeHbmieHue
npoBoAMMOCTH B Hammx iéHkax Cu20/Si nocie ramMma-o0rydeHHs BBITISIANT GU3HUECKH COACPIKATEIbHO:
oOyyueHune ACWCTBYET 3/eChb B CTOPOHY, MPOTHUBOIIOJOXHYIO TEXHOJIOTMYECKOW ONTHUMM3aLUH, TO €CTb
YBEJIMYMBACT JOJIIO JIOBYIIEUHBIX U KOMIICHCHPYIOIIUX COCTOSHHUM, ociabiseT 3¢G(EKTUBHBIM ABIPOYHBIN
TPAHCHOPT W ycuiauBaeT Bkiaz Jokanuzauuu. Ilostomy mis Cu.O/Si pa3yMHO TOBOPHUTH YK€ HE O YUCTO
30HHOM MEXaHU3Me, a O CMEIIaHHOM PEeXHUME, B KOTOPOM JIEIOKAIN30BAaHHBIA MEPEHOC COCYIECTBYET C
TEPMHYECKH aKTUBHPYEMBIM TPOXOKACHHEM 4Yepe3 AeeKTHbIC U Mex3EpeHHbIe Oapbepsl. [16—18]

His CuO/Si yMeHbIIeHHE 3JIEKTPONPOBOIHOCTH IIOCIE TaMMa-OONydeHHUs BBITISANT Hawmbolee
3aKOHOMEPHBIM U OJHOBPEMEHHO HanbOosee GU3nvecku moxazarenbHeiM. B otinune ot ZnO u gaxe Cuz0,
cucremMa CuO yxXe HCXOIHO ONMKE K PEeXHMY JIOKaJM30BaHHOTO TPAHCIIOPTA: Mayas AMCIEpPCHs 30H,
3HAUYMUTENIbHAsE PONb Ae(EeKTOB, MEX3EPEHHbIX Oapbe€pOoB U CHUJIBHOTO B3aUMOICHCTBHS HOCHUTENEH C
PEIETKON JenaroT 34eck Oojee BepOsSTHBIM HE 30HHBIN, a MOISIPOHONOIO0HBIN MIIN MPBLKKOBBIA MEXaHU3M
nepeHoca. CoBpemennsle uccienoBanust CuO- U MeIbCcoAEpKAIUX OKCUAHBIX MIEHOK MOKA3bIBAIOT, YTO
U3MEHEHUE Me(EKTHOTO COCTOSIHHS — 4epe3 KHUCIOPOIHBIA pexXHuM, (a3oByH0 MNEpPEeCTPOMKY WU
LIeJICHANPABICHHYIO 1e(EKTHYI0 HHXXEHEPUIO — 3aMETHO MEHSET IIPOBOJUMOCTb HUMEHHO [IOTOMY, YTO Ja’kKe
HeOoIbIIas IepecTpoiika JIOKaTH30BaHHBIX COCTOSIHUM OTpaskaeTcsl Ha BEPOSITHOCTH TPBDKKOBOTO MEpeHoca.
[losTomy nHaOmromaemoe B Hamieil pabore cHmxkerne ¢ y CuO/Si mocme ramma-oOmydeHus: Hambosee
JIOTMYHO CBSA3BIBAThH C YCHJICHHUEM AE()EKTHO-JIOBYIIEYHOTO OTPAaHUUYCHHUS: CUCTEMA CMEIaeTcs elé qasblie
OT JICJIOKAIM30BAaHHOTO MIEPEHOCA U eIl CUITbHEE 3aBUCUT OT TEPMHUYECKH AaKTUBHPYEMBIX MEPEX0I0B MEKITY
JIOKaJTU30BaHHBIMH cocTOsTHUSAMU. [11, 19]

Ecnu comocraButh Bce Tpu MaTepuaia B €IMHOM JIOTHKE, TO HOJIy4aeM He MPOCTO Ha0Op YacTHBIX
HaOJIIOJICHUH, a IeNbHYIO (PU3nUecKyro KapTuHy. B ZnO/Si ramma-o0iiydeHue epeBOIUT CUCTEMY B PEIKUM
OoJiee BBICOKOH DIIEKTPOHHOW MPOBOJUMOCTH 3a CUYET JeEKTHO-UHAYIIMPOBAHHOTO POCTA YHCIIa HOCHUTENEH
IIPY COXPaHEHHH B LIEJIOM AEJIOKaIM30BaHHOro KaHana nepeHoca. B Cu2O/Si ToT ke TUI BO3ACHCTBUS yXKe
YMEHBLIAET MPOBOANMOCTb, TaK KaK YCHJIHMBAET POJIb A€()EKTHBIX OapbepoB M IOINTAIKUBAET CUCTEMY K
cMemaHHoMy MexaHm3Mmy nepeHoca. B CuO/Si pagualiluoHHBIA OTKIUK CTAHOBHUTCS emié Ooliee JKECTKHIM:
BKJIaJ JIOKaJIM30BaHHBIX COCTOSIHUM U IMPBDKKOBOT'O IMEPEHOCA YCUIIMBACTCA HACTOJIBKO, YTO HMCHHO
nedeKTHO-OTPAaHNYCHHBIN TPAHCIIOPT HAYWHAET OIpeNessaTh OOMUil ANeKTpuveckwii oTBeT. B aTom u
COCTOMUT OJHa U3 KIKYCBbLIX HOBU3HBIX JIMHUN HaCTOHHIeI‘/'I pa6OTI>I§ IIpyU OJAMHAKOBBIX YCJIOBHAX CHHTC3a U
OJTMHAKOBOM PEXMUME OONYyUYEeHHUs MOKa3aHa HE MPOCTO pa3HHUIA B YPOBHE MPOBOJAUMOCTH TPEX OKCHIHBIX
CHCTEM, a TOCJIeAOBaTEIbHAs CMEHA JOMHUHHUPYIOLIEr0 MeXaHU3Ma IepeHoca OT 0ojiee 30HHOTO K Oojee
Jokanu3oBaHHOMYy. [11, 14-21]

C TOYKM 3peHHs CTPOrod WHTEPNPETAlH Ba)KHO TMPOBECTH TPAHUIy MEXIY (U3UIECKU
000CHOBaHHBIM BBIBOJIOM U IepeyTBepkaeHueM. Hacrosimas pabora He H3BIeKaeT napamMeTpbl IPHLKKOBOTO
MeXaHU3Ma U3 TEMIIEPATypPHBIX 3aBUCHUMOCTEH MPOBOAMMOCTH U HE pa3jeiseT KOJIMYECTBEHHO BKJIAJ BCEX
BO3MOXHBIX KaHaJIOB pacCECAHUA. OI[HaKO COBOKYITHOCTb MAAaHHBLIX 110 YJACJIbHOMY COINPOTUBJICHUIO,
KOHIIGHTPAI[MH HOCUTENIEH, TOJABIKHOCTH, MOP(OIOTHIECKOMY COCTOSHHIO M TOJIOXKEHHUIO 3ampeiéHHON
30HBI II03BOJISIET C BBICOKOH CTENEHBI0 000CHOBAHHOCTH YTBEPKAATh, YTO raMMa-00JIydeHHE B UCCIIETyEeMON
CepuH MIIEHOK U3MEHSET NPEeXk/Ie BCETo OalaHC MEXTy JeJIOKaTM30BaHHBIM U JIOKAJTM30BAHHBIM MIEPEHOCOM,
a pasznuuue B 3HaKe W MaclTade M3MEHEHHs G OTpaxkaeT paznnuHyto ycroiumBocTh ZnO, Cu.O u CuO k
paaralMOHHO-UHY IIUPOBAHHOM repecTpoiike aedekTHoi moacuctemsl. [11, 14-21]

5. HlupunHa 3anpemiéHHON 30HbI KAK HHAMKATOP PaAMAllMOHHO-UHAYIUPOBAHHOI NepecTpoiiku
ne)eKTHOM MOACUCTEMBI.

Uzmenenne 5>Q@QeKTuBHON IIHMPHUHBI 3ampeuiéHHOW 30HBI IIOCNIE TaMMa-OOJIy4eHHus ClenyeT
paccMaTpuBaTh Kak HE3aBUCHMBIN ONTHYECKUI MapKep MepecTPOMKH Kpa€B 30H M MOJ30HHBIX COCTOSIHUHN. B
HCCIIEyeMO CepUM WMEHHO JTOT MapaMeTp I03BOJISIET MPOBEPHUTH, COTVIACYIOTCS JIM JIIEKTPUYECKUe
W3MEHEHHUsI ¢ JNeQeKTHOW peKoH(UTypanuel 3J1eKTpOHHOH CTpyKTyphl. [1o JaHHBIM HacTosimed padoThl
nocye o0mydeHus Habronaercss ymMmeHblieHne E_ g st Bcex TpEX OKCHIHBIX TUIEHOK, OHAKO JIEKTPHYECKOE
CJIE/ICTBHE DTOTO CJBHra OKa3biBaeTcs pasnuuHbIM: Juis ZnO/Si cykeHHe 30HBI COMPOBOXKIAETCS POCTOM
npoBogumMoctd, Toraa kak st Cu:0/Si u CuO/Si — e€ ocnabnenuem. CiieoBaTeIbHO, ONPEICIISIONIAM
OKa3bIBaeTcsl He caM (akT ymeHblieHus E g a xapakrep TeX Oe(eKTHBIX COCTOSHHH, Yepe3 KOTOpBIE 3TO
YMEHBIICHUE PEATH3YETCS.

Hnst ZnO/Si Takasi KapTHHA XOPOIIO COTJIACYETCS C COBPEMEHHBIMH Pa0OTaMy IO PaHalldOHHO-
MOAUGHUITIPOBAHHBIM W KHCIOPOJAOUYBCTBUTENbHBIM II€HKaM ZnO [4, 10, 14, 15, 20, 21]. B stux
WCCIICIOBAHMAX YMEHBIIEHHE ONTHYECKOW IIEeNM OOBIYHO CBS3BIBAIOT C YCWJIEHHEM BKJIaga Je(eKTHBIX
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COCTOSIHUI BOJM3HM JHA 30HBI MPOBOJMMOCTH U C POCTOM XBOCTOB IUIOTHOCTH COCTOSHHA. OCOOCHHO
MOKa3aTeIbHO, 9TO B paboTax Mo Yy-oOmy4éHHBIM IUIEHKaM ZnO wu3MeHeHue E g CcompoBOXIanoch
W3MEHEHHUEM KOHIEHTPALMK HOCHTENIEH 1 MIepecTpOoKoi nedeKTHOro NaHamadra, a He MPOCTO CMEICHUEM
Kpas TOIJIOIIEHHS. DTO XOPOILIO corjacyercss ¢ HammMu JaHHeIMA: B ZnO/Si ymensiienue E g He
MPOTUBOPEYHUT POCTY MPOBOJUMOCTH, a, HANPOTHB, yKa3blBaeT Ha (opMupoBaHme Oojiee 3IEKTPOHHO-
000TanméHHOr0 M MeHEee WICaTbHOTO C TOYKH 3PECHUS Je(eKTHON yIOPSIIOYEHHOCTH COCTOSIHAA. TeM caMbIM
ONTHYECKUI H TpaHCHOPTHBIA oOTKIMK ZnO/Si mocne oOMy4YeHHs OKa3bIBAIOTCA COMPSKEHHBIMH
MPOSIBIICHISIME OJTHOM 1 TOM k€ NeeKTHON peKOH(PUTYpaIny.

Hia Cu:0O/Si ¢umsnueckuii cmpicn ymensinenuss E g wnowt [2, 9, 11, 12, 16-18]. Jlureparypa mo
peakTuBHO pacnbUEHHBIM II€HKaM Cu:O ToKasblBaeT, 4YTO ONTHYECKas WIedb O3TOr0 MaTepuana
YyBCTBHUTENbHA K (a30BOH YHCTOTE, COACPKAHUIO KHCIOPO/Aa, COCTOSIHUIO BaKaHCHH MEOH U KUCIOopoJa, a
Takke K mosieHuto mpumecu CuO. Ilpum sTomM B pabortax, rae yAa€rcs MOHW3UTH COMPOTHUBICHHUE WU
MOBBICUTH JABIPOYHYIO HOABIKHOCTb, 3TO OOBIYHO [IOCTUTACTCS HE MPOU3BOJILHBIM CY)KEHHEM 30HBI, a
CHIDKEHHEM 0011el Ae(eKTHOCTH U TOHKOW HAaCTPOMKON aKIeNTOPHBIX cOCTOSHUN. [103TOMy yMeHbIIeHue
E g B Hamux o6myuyénneix miénkax Cu20/Si cienyeT TpakToBaTh HE KakK IIPU3HAK YIy4YILICHUS NepeHoca, a
KaK MapKep pocTa IUIOTHOCTH JIOKATH30BAaHHBIX COCTOSIHUN U MTOJ30HHBIX XBOCTOB. IMEHHO 3TO OOBSCHSET,
noyemy B Cu20/Si onTHdeckoe cMArdeHre 30Hbl COUETACTCS HE C YCUIICHHEM, a C JeTpafalieil THIpOYHOTO
TPaAHCIIOPTa: HOBBIE COCTOSHHS pabOTaIOT 3[eCh HE KaK WCTOYHHUK MOJE3HBIX HOCHUTENEH, a KaK KaHaJbI
3axBaTa, KOMIIEHCAIINHA U PEKOMOHWHAITIH.

Hns CuO/Si cBs3b Mexay yMmeHblieHHeM E g W yXyaAmleHHeM TpaHCIopTa BBITISAWT emé Oonee
npsmoit [3, 6, 11, 13, 19]. Copemennsie uccnenoBanus CuO-TIEHOK MOKA3bIBAIOT, YTO WX ONTHYCCKAs
IeNTb CYIIECTBEHHO 3aBHCHUT OT CTENCHH OKHCIEHHS, MOP(OIOTHH, MPOIECCHOTO NABJICHHUS U IJIOTHOCTH
neeKToB; TpPU YCWICHHH CTPYKTYpHOW pPa3yHOpSJOYCHHOCTH M JIOKAJM30BAHHBIX COCTOSIHUM Kpaii
MOTJIONICHUS 3aKOHOMEPHO CMeINaeTcsi B 007acTh MEHBIIMX SHepruil. s Hamiedt cepuu 3TO O0COOCHHO
Ba)KHO, TTOCKOIBKY nMeHHO CuQ/Si yke B HCXOJJHOM COCTOSIHHH SIBIISIETCS HAHOOJIee HEOAHOPOIHBIM CIIOEM.
[loaTomMy momonmHHWTENHPHOE YMeEHBIIEHHWE E g mocie ramMma-oOmydeHHs CJlelyeT pacCMaTpHUBaTh Kak
OINITHYECKOE TPOSBICHUE YCHJICHUS Ne(PEKTHO-IOKATH30BAHHOTO PEXHMa, KOTOPBI B TPaHCIOPTHOM
OTHOULICHWHU COOTBETCTBYET POCTY 0apbepHOTO OIPAaHUYCHUS M YBEJIWYCHUIO BKJIaa MPHHKKOBOTO MEPEHOCA.
WNnave roeops, B cimydgae CuO cyxeHHe 30HBI U TaJeHHE TPOBOJUMOCTH HE PACXOIATCS, a B3aMMHO
MOATBEPKIAIOT OJHY U TY )K€ TCHICHIIMIO — yTyOsieHue ne)eKTHO-00YCIIOBICHHOM JTOKATU3alliH.

Ecmu paccmarpuate ZnO/Si, Cu20/Si u CuO/Si kak eauHyl cepuio, TO u3MeHeHue E g mocie
00JTy4eHHS BBISBISIET BOXHYIO NMPUUYMHHYIO JUHHUIO, OOBEIUHSIONIYI0 ONTHYECKHE W AIIEKTPOQU3HUECKUE
pe3ynbraThl. Bo Bcex Tpéx cucTemax HaOMIOIAeTCsl OMHOTHITHBIA MO 3HAKY ONTHYECKUN CIIBHT, OJTHAKO €ro
TPAHCHOPTHOE CJIEJICTBUE MPUHIMINAIBLHO Pa3UdHO. JTO O3HAUaeT, 4To cama 1o cebe BenmuunHa E g He
3a1a€T 3HAK JIIEKTPO(MU3HUECKOTO OTKIMKA; PEIIAFOIIUM CTAHOBHUTCS TO, KaK HOBBIE WM YCHJIMBIIHECS
MTO/I30HHBIE COCTOSIHUSI BCTPAMBAIOTCS B YK€ CYIIECTBYIONIYIO DJIEKTPOHHYIO apXHUTEKTYpy KOHKPETHOTO
Matepuaia. B ZnO/Si onu, mo-uaumMomy, OJKe K JOHOPHOMY CIICHAPHIO M CIIOCOOCTBYIOT DPOCTY
3JIEKTPOHHOHM KoHIeHTpanuu, Toraa kak B Cu20/Si u CuO/Si Te xe Mo 3HaKy ONTHYECKHUE HW3MEHEHUS
COTIPOBOXK/IAIOT YCHUIICHHUE JIOBYIIIEYHBIX U JIOKAIM3AIMOHHBIX MPoIieccoB. IMEHHO 3/1eCh MPOSBISETCS OTHA
u3 Hamboiee CHJIBHBIX CTOPOH HACTOsIIeH paboThl: B OJHOH CepUM IUIEHOK, CUHTE3WPOBAHHBIX B
OJIMHAKOBBIX YCJIOBUSIX W MOJBEPTHYTHIX OJHOMY PEXHMY OOJyueHHs, IMOKAa3aHO pacIIeIUICHHE CBS3H
MEX/Ty ONTHYECKAM H SJIEKTPUIECKIM OTKIIMKOM.

C TOYKHM 3peHHs CTPOTOM WHTEPIpPETAlUd KOPPEKTHO TOBOPHUTH Mpexkae Bcero 00 3¢pQheKTUBHOM
ONTUYECKOM CYXXEHHM 3alpelléHHOW 30HBI, OMpeaeJ€HHOM M0 MeTony Taka [8], a He O MONHOM
BOCCTAaHOBJIEHMM MMKPOCKONHWYECKOH 30HHOW AuarpamMMbl. TeM He MeHee coBMecTHbI anamu3 E g,
YAEIBHOTO  CONPOTUBICHUS,  KOHLEHTPAUMH  HOCHTENEH,  MOABWXHOCTH,  HPOBOAMMOCTH U
MOP(OJIOrHYECKOTO COCTOSHUSI TIO3BOJISIET YTBEPXKIATh, YTO TaMMa-O0JMydeHHUE U3MEHSIET B UCCIEIyeMbIX
TUIEHKAX HE OTJENILHBIN MapameTp, a BCIO CUCTEMY CBsI3ei MeXy Je(eKTaMH, JIOKAIN3aIield U MepPeHOCOM.
B »3TOM cCMbICIEe ONTHYECKMH pE3yJNbTaT BBICTYNIAeT HE KaKk BCIOMOTATENbHOE MPUIOKEHHE K
NEeKTpopu3NKe, a Kak e He3aBHcHMas MPOBEpKa M BaXKHOE TIOATBEPXKACHUE MaTepHan-3aBHCUMON
WHBEPCHH PATUAINMOHHOTO OTKIHKA B psify ZnO/Si — Cu20/Si — CuO/Si.

3akmoyenue. B Hacrosmeidl  paGore  HMccnegoBaHO — BIMSHHE — raMMa-oOJMy4deHHs  Ha
anekTpodu3udecKkre W 30HHBIE CBOMCTBa TOHKMX IUIEHOK ZnO/Si, Cu:0/Si m CuO/Si, momydeHHBIX B
OJIMHAKOBBIX TEXHOJIOTHYECKUX YCIOBUSX METOJIOM MAarHeTpOHHOTO paciblicHUs. COBOKYITHBIH aHau3
YAEIBHOTO COTPOTHUBIICHUS, KOHIIEHTPAIlMM HOCUTEJCH 3apsijia, IOJBHKHOCTH, 3JIEKTPOIIPOBOTHOCTH,
MOP(}OJIOrHYECKOTO COCTOSHUS W IIMPUHBI 3alpeliéHHON 30HBI MOKAa3ald, YTO PaJWAlMOHHBIA OTKIHMK

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 172



PHYSICS

UCCIIEyEMbIX OKCHUIHBIX CHCTEM HOCHUT BBIPa)KEHHBIM MaTepHai-3aBHCHUMBINH XapakTep U HE CBOAMTCS K
eIMHOMY CIIeHapHIo AepeKkToo0pazoBaHusI.

Ycranosneno, yto st iéHok ZnO/Si raMmma-001y4eHre CONPOBOKAAETCS] YMEHBIICHUEM yISIbHOTO
COMPOTHBJICHUSI U POCTOM JJIEKTPONPOBOJHOCTH Ha (DOHE YBEIMYCHUS KOHLEHTPALMH DIJIEKTPOHOB IPH
OJHOBPEMEHHOM CHIDKEHMHM HMX IOABMXHOCTH. Takoe codeTaHHe IapamMeTpoB yKa3blBaeT Ha TO, 4YTO B
JAHHOW CHCTEME PaJuallMOHHO-MHIYLMPOBAHHAS IepecTpoiiKa Ae(EeKTHON MOJICHCTEMBbl YCUIMBACT BKIAJ
JOHOPOMOJOOHBIX COCTOSIHMM, TOTAa Kak YXyJIICHHE IMOABMXHOCTH CBS3aHO C POCTOM JAe(EKTHOTO
paccestaus. MapivMu ciioBamu, B ZnO/Si raMMa-o0Iy4eHre HE pa3pymaeT KaHal AJIEKTPOHHOTO TIepeHoca, a
IIEPEBOANT €ro B OoJiee AeheKTHO-MOAU(DUIIMPOBAHHBIN PEKUM.

Hns mnénoxk Cu20/Si m CuO/Si, HampoTHB, BBISABICH MPOTHUBOMOJIOKHBIA THUI OTKIIMKA: IOCIE
o0JyueHHsT yJeNbHOE CONMPOTHBICHHE BO3PACTacT, a JJIEKTPONPOBOIHOCTh yMeHbInaeTcs. CoBMECTHOE
paccMOTpEHUE 3TUX W3MEHEHUH C NaHHBIMH IO KOHIEHTPALMM HOCUTENEH, MOABMKHOCTH, MOPGOIOrUn U
HIMPUHE 3alpelI€HHON 30HBI IMOKa3bIBACT, YTO B MEABCOJIEPXKAIIMX OKCHUAHBIX CIIOSIX paAHAllIOHHOE
BO3/ICHCTBHE CIOCOOCTBYET HE aKTUBALUU TPOBOASAIINX COCTOSHHM, 8 YCUICHHUIO JIOKAIM3AIIH, POCTY POJIU
JIOBYIIEYHBIX LIEHTPOB, PEKOMOMHAIIMOHHBIX IIPOLECCOB U OaphepHOro orpaHuyeHus nepeHoca. I[Ipu stom
it Cu20/Si peanusyercst NPOMEXYTOUHBIM CLEHapuil, B KOTOPOM 30HHBIM BKJIAJ YK€ CYLICCTBEHHO
ociablieH, HO enlé He BBITECHEH MOJHOCTHIO, Torna Kak anst CuO/Si paauanioHHbBIA OTKIMK COOTBETCTBYET
6oJee TIryOOKOMY CMEIIEHHIO CHCTEMBI B 00J1aCTh JIOKATH30BaHHOTO TIEPEHOCA.

Iloxa3zaHo, 4TO U3MEHEHHE IUPUHBI 3aIPEIIEHHOMN 30HBI HE MOXKET HHTEPIPETUPOBATHCS OTAETIBHO OT
TPaHCHOPTHBIX XapaKTEepUCTHK. Bo Bcex McclenoBaHHBIX IUIEHKAX MOCIE raMMa-o0IydeHus: Halmomaercs
yMEHbIICHUE dPPEKTHUBHONW ONTHYECKOW IIENH, OJHAKO (PU3UUECKUH CMBICI 3TOTrO 3¢ ¢eKTa A pa3HbIX
MatepuanoB paznmdeH. s ZnO/Si cyxenme E g cormacyercs ¢ pocToM BKIIaja JOHOPOIOIOOHBIX
COCTOSIHMI ¥ TIOBBIIICHHWEM JJICKTPOHHOM KOHIeHTpammu, Toraa kak it Cu20/Si u CuO/Si yMeHblIeHHe
E g cBs3aHo, MO-BUAMMOMY, C YBEJIIMYEHUEM IJIOTHOCTH JIOKAIM30BAHHBIX M JIOBYIICYHBIX COCTOSIHHUM, HE
YIIy4YIIAOUIMX TEPeHOC, a4, HANpPOTHB, YCWIMBAIOIIMX €r0 OrpaHHYeHHe. TeM caMbIM IOKa3aHo, YTO
OOHOTHIHBIA 1O 3HAKy ONTHYECKUH CHBUI MOXKET CONPOBOXKAATHCS NPUHLUUIHAIBHO Pa3HBIM
ANEKTPUYECKUM crelicTBueM. HaydyHas HOBHU3HA paOOTBI COCTOMT B TOM, YTO B €IWHOH CEPUU TOHKHX
mwiéHok ZnO/Si, Cu20/Si u CuO/Si, chopMUpOBaHHBIX B OJMHAKOBBIX TEXHOJIOTMYECKUX YCIOBUAX H
MOJBEPrHYTHIX OJHOMY M TOMY JK€ PEXHMY ramMma-oOJIyuyeHHs, BbISIBICHa MaTepHajI-3aBUCUMAas HHBEPCHUS
panuanmonHoro otkiwka. s ZnO/Si oOiyueHre NPUBOIUT K YCHICHHIO SJIEKTPOHHON MPOBOIUMOCTH,
toraa kak st Cu20/Si u CuO/Si — k e€ ocnabienno. TeM caMbIM MMOKa3aHO, YTO PEIIAIOIINM (HaKTOpOM
SBIISieTCs He caM (aKT paJualliOHHOTO BO3ACHCTBHSA, a ClIOCcO0, KOTOPHIM OHO NepecTpauBaeT JIeEeKTHYIO
MOJICHCTEMY KOHKPETHOH OKCHMAHOM MaTpuIbl U U3MEHSAET OajaHC MEXOy TeHepalueld HocuTenell u Hux
JIOKaJIu3aluen.

[IpakTnyeckass 3HAYMMOCTb MOJYYCHHBIX PE3YJIBTATOB COCTOUT B TOM, YTO OHHM II03BOJISIOT
paccMaTpuBaTh TramMma-oONydeHHEe KaKk HHCTPYMEHT YIpaBiisieMOd MOAM(HUKAIMKA CBONCTB OKCHAHBIX
TOHKHX TUIEHOK, OJHAKO J(PQPEKTHBHOCTh TAKOIO TMOJX0Ja MNPUHIMIIHAIGHO pa3JIndyHa IS Pa3HbIX
MatepuaioB. s ZnO/Si paaManMoHHOE BO3JCHCTBUE MOXKET HCIONB30BAThCA IS HAIPaBICHHOIO
W3MEHEHUS 3JIEKTPOHHON MPoBOAMMOCTH, Toraa kak it Cu20/Si u CuO/Si 0HO, HAIIPOTHUB, MOXKET CITY>KUTh
CPEACTBOM YyCWJICHHUS JIe)eKTHO-UYYBCTBUTEIBHOTO OTKIWUKA H TOBBINICHUS YYyBCTBUTEILHOCTH K
JIOKAJM3AIMOHHBIM MEXaHW3MaM. DJTO OTKPBIBAET MEPCIEKTHBBI IEJIEHANPABICHHOTO BHIOOpa OKCHIHON
MaTpUllbl B 3aBUCUMOCTH OT TpeOyeMoro Tuma 3JeKTPOQU3NYECKOr0 OTBETa B CEHCOPHBIX U
OIITOANEKTPOHHBIX CTPYyKTypax. Ilpm 3TOM HE00XOIMMO OTMETUTH TPAaHHUIy IOKa3aHHOCTH IOJYYEHHBIX
BBIBOZIOB. Hactosiass paboTa He YCTaHABIMBaeT HANPSAMYI0 aTOMHYIO KOH(QUTYPalMI0 KaKIoTOo
panualMoOHHO-WHAYIHPOBAHHOTO JIeeKTa U HE pa3enseT KOJMUECTBEHHO BKJIa ] BCEX BO3MOXKHBIX KaHAIOB
paccesHUsI U peKOMOMHaMH. TeM He MeHee COBOKYMHOCTb JKCHEPHUMEHTAJbHBIX JaHHBIX MO3BOJISET
000CHOBaHHO 3aKIIOYHTh, YTO TaMMa-00JIydeHUE B HCCIIEAYeMOlH CepuH TUIEHOK M3MEHSET MPEeX]e BCEro
neeKTHO-YIpaBIsieMbli OalaHC MEXy JeIOKATH30BaHHBIM H JIOKAITH30BaHHBIM MEPEHOCOM, U HMEHHO 3TO
OTIpEaeIIseT pa3inune 3IeKTPOPU3NIECKOro U ontudeckoro otkiauka ZnO/Si, Cu20/Si u CuO/Si.
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Mazkur ilmiy maqgolada Yerga xavf soluvchi kichik sayyoralar — ya’ni Near-Earth Objects
(NEO)larning statistik xususiyatlari, orbital parametrlarining tagsimoti, diametr bo ‘yicha tuzilishi hamda
Yer bilan to ‘qnashish ehtimollari zamonaviy astronomik ma’lumotlar asosida tahlil gilinadi. Tadgiqotda
NASA CNEOS, ESA NEO Coordination Centre va Minor Planet Center tomonidan taqdim etilgan ochig
statistik bazalar asosiy manba sifatida ishlatildi. Tahlillar shuni ko ‘rsatadiki, NEOlarning asosiy qismi
kichik o‘lchamli jismlardan iborat bo‘lib, ular ko '‘pincha Yer atmosferasida parchalanadi yoki xavfsiz
masofada o‘tib ketadi. Biroq diametri 1 km dan ortig bo‘lgan kam sonli obyektlar global miqyosdagi
ekologik va ijtimoiy ogqibatlarga sabab bo ‘lishi mumkin. Magolada shuningdek, Torino va Palermo
shkalalari asosida xavf darajalarini baholash mexanizmlari hamda kosmik monitoring tizimlarining
samaradorligi ilmiy asosda yoritilgan. Olingan natijalar Yerga yaqin obyektlarni erta aniglash va kuzatish
kosmik xavfsizlikni ta’'minlashda muhim ilmiy-amaliy ahamiyatga ega ekanini ko ‘rsatadi.

Kalit so‘zlar: kichik sayyoralar, Yerga yaqin obyektlar, NEO, asteroidlar, statistik tahlil, kosmik
xavfsizlik, orbital parametrlar, monitoring tizimlari.

STATISTICAL ANALYSIS OF SMALL PLANETS THREATENING THE EARTH

This scientific article analyzes the statistical characteristics of Near-Earth Objects (NEOs), including
the distribution of their orbital parameters, size composition, and the probabilities of collision with Earth
based on modern astronomical data. The study primarily utilizes open-access statistical databases provided
by NASA CNEOS, ESA NEO Coordination Centre, and the Minor Planet Center. The analysis shows that
most NEOs are small bodies that typically burn up in Earth's atmosphere or pass at a safe distance.
However, a small number of objects with diameters exceeding 1 km may cause global ecological and social
consequences. The article also discusses risk assessment mechanisms based on the Torino and Palermo
scales, as well as the effectiveness of space monitoring systems. The results indicate that the early detection
and monitoring of Near-Earth Objects play a crucial scientific and practical role in ensuring space safety.

Keywords: small planets, Near-Earth Objects, NEOs, asteroids, statistical analysis, space safety,
orbital parameters, monitoring systems.

CTATUCTUYECKHI AHAJIN3 MAJIBIX INIAHET, IIPEJICTABJISIOIIUX YT'PO3Y
3EMUIE

B Oanmnotl mayunou cmamve aHamu3UpyrOMCs CMAmMucmuieckue Xapakmepucmuky Maivlx HAaHem,
npedcmasnsiowux yepo3y 3emae, mo ecmv okonozemuvlx obwvekmos (Near-Earth Objects, NEO),
pacnpeoenenue ux OpOUMATbHLIX NAPAMEMPOS, CMPYKMypa RO Ouamempy, d MAakKice 6eposmHOCmu
CMOIKHOBEHUS ¢ 3eMNEll HA OCHOBE COBPEMEHHBIX ACMPOHOMUYECKUX OaHubIX. B uccnedosanuu 6 kavecmae
OCHOBHBIX UCMOYHUKOS UCNOb308AAUCy OmKpbimble cmamucmuyueckue 6Oasvl oannvlx NASA CNEOS,
Lenmpa xoopounayuu NEO Eeponetickoco xocmuuecrkoeo acenmemsa (ESA NEO Coordination Centre) u
Minor Planet Center. Ananusz noxazvigaem, umo ocnognas yacms NEO cocmoum u3z nebonvuux 06wexmos,
KOmMopble uawe 8ce20 paspyuwiarmcs 6 ammocgepe 3emuu uiu npoxoosim Ha Oe30NACHOM pacCmOSHUU.
OodHako peokue obvexmuvl Ouamempom 6onee 1 KM mozym 6v136amb 2100ANbHLIE IKOAO2UYECKUe U
coyuanvhvle nociedcmsus. B cmamve maxsice HAYUHO 06OCHOBANI MEXAHUZMbL OYEHKU YPOBHS ONACHOCIU
Ha ocHnoge wixan Topuno u Ilarepmo, a maxoice 3QhhekmusHOCmb cucmem KOCMUYECKO20 MOHUMOPUH2A.
Tonyuennvie pezyrbmamol NOKA3bIBAIOM, YO PaHHee 0OHAPYJiceHue U HAOTI00eHUe OKOIO3eMHBIX 00bEeKMOos
UMeem 8aNCHOE HAYUHO-NPAKMUYECKoe 3HaYeHue Ol 0becneyeHus KOCMU4ecKoll 6e30nacHoCmu.
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Knroueswvle cnoea: manvie nianemol, oxonozemusie odwekmol, NEO, acmepouowi, cmamucmuueckutl
aHanus, Kocmudeckas 6e30nacHocms, OpoOUMAIbHble NAPAMEMPDL, CUCTIEMbl MOHUMOPUHEA.

Kirish. Insoniyat tarixida osmon jismlarining harakati doimo ilmiy qiziqish uyg‘otib kelgan. Aynigsa
Quyosh tizimidagi asteroidlar, kometalar va meteoroidlar orasida Yer orbitasiga yaginlashuvchi obyektlar
alohida e’tibor talab giladi. Bunday jismlar ilmiy adabiyotlarda Near-Earth Objects (NEO) deb ataladi va
ularning orbitasi Quyoshdan 1,3 astronomik birlik (AB) masofadan kam bo‘lgan hududdan o‘tadi. Mazkur
obyektlarning ayrimlari Yer orbitasini kesib o‘tadi yoki unga juda yaqinlashadi, bu esa potensial xavf
tug‘diradi.

XX asr oxiri va XXI asr boshlarida kuzatuv texnologiyalarining jadal rivojlanishi natijasida Yerga
yaqin asteroidlar soni keskin oshib bormoqda. NASA va ESA ma’lumotlariga ko‘ra, 2000-yillar boshida
aniglangan NEOlar soni 4 ming atrofida bo‘lgan bo‘lsa, bugungi kunga kelib ularning umumiy soni 30
mingdan oshdi. Ushbu o‘sish real xavfning ortganini emas, balki kuzatuv imkoniyatlarining kengayganini
anglatadi. Shu bilan birga, diametri 140 metr va undan katta bo‘lgan asteroidlar potensial xavfli obyektlar
(Potentially Hazardous Asteroids — PHA) sifatida baholanadi.

Katta o‘lchamli asteroidlar Yer bilan to‘qnashgan taqdirda mintagaviy yoki global ekologik
falokatlarga olib kelishi mumkin. Tarixda bunday hodisalarning izlari mavjud bo‘lib, eng mashhuri taxminan
66 million yil avval sodir bo‘lgan Chicxulub zarbasi bo‘lib, u dinozavrlarning qirilib ketishiga sabab bo‘lgan
deb hisoblanadi. Zamonaviy davrda esa 1908-yilda Sibirning Tunguska hududida sodir bo‘lgan portlash
kichikroq obyektlarning ham katta energiya chigarishi mumkinligini ko‘rsatdi.

Shu sababli bugungi kunda NEOIlarni aniqlash, ularning orbital harakatini modellashtirish, to‘qnashish
ehtimolini baholash va ehtimoliy xavfni kamaytirish choralari ishlab chigish kosmik xavfsizlik sohasining
muhim yo‘nalishiga aylangan. Mazkur maqolaning asosiy maqsadi Yerga xavf soluvchi kichik
sayyoralarning statistik xususiyatlarini kompleks tahlil qilish, ularning o‘lcham tagsimoti, orbital
parametrlarini baholash hamda zamonaviy monitoring tizimlarining samaradorligini ilmiy asosda
ko‘rsatishdan iborat.

Tadgigot obyekti va metodlari: Mazkur tadgigot obyekti sifatida Yerga yaqin orbitada
harakatlanuvchi asteroidlar va ayrim hollarda kometalar tanlab olindi. Tadgigotda asosan quyidagi xalgaro
ochiq ma’lumotlar bazalaridan foydalanildi:

NASA Center for Near-Earth Object Studies (CNEOS);

European Space Agency (ESA) NEO Coordination Centre;

International Astronomical Union huzuridagi Minor Planet Center (MPC).

Ushbu manbalar NEOIlarning orbital elementlari, diametri, kashf etilgan sanasi, yaginlashish
masofalari va xavf baholash ko‘rsatkichlari haqida batafsil statistik ma’lumotlarni tagdim etadi.

NEOlIar orbital parametrlariga ko‘ra uch asosiy guruhga ajratildi:

Aten guruhi — yarim katta o‘qi 1 AB dan kichik bo‘lgan va Yer orbitasini kesib o‘tuvchi asteroidlar;

Apollon guruhi — yarim katta o°qi 1 AB dan katta bo‘lsa-da, Yer orbitasini kesib o‘tuvchi asteroidlar;

Amor guruhi — Yer orbitasiga juda yaqinlashuvchi, ammo uni kesib o‘tmaydigan asteroidlar.

Tadgiqot jarayonida quyidagi ilmiy metodlardan foydalanildi:

Statistik tahlil metodi — obyektlar soni, diametri, orbital elementlari va yaginlashish chastotalarini
baholash uchun;

Taqqgoslash metodi — turli guruhlarga mansub asteroidlarning xavf darajasini solishtirish uchun;

Matematik modellashtirish — asteroidlarning orbital harakatini bashorat gilish uchun;

Grafik va foizli tahlil — obyektlar tagsimotining vizual ko‘rinishini aniglash uchun;

Risk baholash metodi — Torino va Palermo shkalalari asosida xavf darajalarini aniglash uchun.

Ushbu metodlar majmuasi NEOIlarning fizik va orbital xususiyatlarini chuqurroq tahlil gilish hamda
kosmik xavfsizlik tizimlarining samaradorligini baholash imkonini berdi.

Yerga yagin obyektlarning umumiy statistik tavsifi:

NEOIlar sonining o‘sish dinamikasi. So‘nggi yigirma yil davomida Yerga yaqin asteroidlar soni
barqaror sur’atlarda oshib bormoqda. NASA CNEOS statistik ma’lumotlariga ko‘ra, 2003-yilda aniglangan
NEOIar soni taxminan 4 mingta bo‘lgan bo‘lsa, 2010-yilda bu ko‘rsatkich 8 mingdan oshgan, 2020-yilga
kelib esa 23 mingdan ortgan. 2024-yil yakunlariga ko‘ra, ro‘yxatga olingan NEOlar soni 30 mingdan oshdi.

Har yili o‘rtacha 2000-3000 ta yangi obyekt aniqlanmoqda. Bu o‘sish quyidagi omillar bilan
izohlanadi:

optik va infraqizil teleskoplarning sezgirligi oshgani;

avtomatlashtirilgan kuzatuv tizimlari keng joriy etilgant;
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sun’iy intellekt asosidagi obyekt aniqlash algoritmlarining ishlab chiqilgani;

Yerga yaqin fazoni kuzatishga ixtisoslashgan maxsus dasturlar (Pan-STARRS, ATLAS, Catalina Sky
Survey, NEOWISE) faoliyatining kengaygani.

Statistik tahlillar shuni ko‘rsatadiki, aniglashlar sonining oshishi real xavfning ortganini emas, balki
osmon fazosini kuzatish imkoniyatlarining sezilarli darajada yaxshilanganini anglatadi.

Diametr bo‘yicha tagsimot:

NEOlIlarning diametr bo‘yicha tagsimoti keskin notekis bo‘lib, ularning asosiy qismi kichik o‘lchamli
jismlardan iborat. NASA va ESA ma’lumotlariga ko‘ra:

70-75% NEOIlarning diametri 100 metrga yetmaydi;

20-25% obyektlar 100-500 metr oralig‘ida;

taxminan 4-5% obyektlar diametri 1 km dan katta bo‘lgan jismlardan iborat.

Diametri 10-20 metr bo‘lgan jismlar Yer atmosferasiga kirganda ko‘pincha parchalanib ketadi va
jiddiy zarar yetkazmaydi. Masalan, 2013 yilda Rossiyaning Chelyabinsk shahri ustida sodir bo‘lgan hodisa
taxminan 17 metr diametrli obyekt bilan bog‘liq bo‘lib, u atmosferada portlab, asosan oynalarning sinishiga
olib kelgan, biroq global oqgibatlarga sabab bo‘lmagan.

Biroq diametri 100 metr va undan katta bo‘lgan asteroidlar Yer bilan to‘qnashgan taqdirda mintaqaviy
miqyosdagi vayronagarchiliklarga olib kelishi mumkin. Diametri 1 km dan katta asteroidlar esa global iglim
o‘zgarishlari, biosferaning izdan chiqishi va jiddiy ekologik oqibatlarga sabab bo‘lishi ehtimoli yuqori
bo‘lgan obyektlar hisoblanadi. Shu sababli aynan ushbu toifadagi obyektlar kosmik xavfsizlik tizimlarida
ustuvor nazorat ostiga olinadi.

Kichik sayyoralarning orbital xususiyatlari:

NEOIlarning orbital harakati murakkab va xilma-xil bo‘lib, ularning ko‘pchiligi elliptik orbitalarga
ega. Statistik tahlillar asosida quyidagi umumiy xulosalar chigarildi:

Ekssentrisitet giymatlari asosan 0,2—0,7 oralig‘ida bo‘ladi, bu esa orbitaning cho‘ziqlik darajasi yuqori
ekanini ko‘rsatadi;

Inklinatsiya burchaklari 0° dan 35° gacha bo‘lgan diapazonda joylashadi, bu asteroidlarning Quyosh
sistemasining tekisligiga nisbatan turlicha joylashganini bildiradi;

Orbital davrlar odatda 0,5 yildan 5 yilgacha bo‘lib, ba’zi obyektlar Yer orbitasini yiliga bir necha
marta kesib o‘tishi mumkin.

Aynigsa Apollon va Aten guruhiga mansub asteroidlar Yer orbitasini kesib o‘tuvchi obyektlar bo‘lgani
sababli to‘gnashuv nugqtai nazaridan xavfli hisoblanadi. Amor guruhi asteroidlari esa Yer orbitasiga juda
yaginlashsa-da, uni kesib o‘tmaydi, ammo uzoq muddatli orbital evolyutsiya natijasida ularning orbitasi
o‘zgarishi ehtimoli mavjud.

Gravitatsion ta’sirlar, xususan Yupiter va Mars kabi sayyoralarning perturbatsiyalari, shuningdek
Yarkovskiy effekti kabi issiqlik ta’siriga asoslangan kuchlar asteroidlarning uzoq muddatli orbital
evolyutsiyasiga sezilarli ta’sir ko‘rsatadi. Bu holat NEOlarning harakatini prognozlashni murakkablashtiradi
va doimiy kuzatuvlarni zarur giladi.

Minimal yaginlashish masofasi (MOID) va potensial xavf:

Minimal orbitaviy kesish masofasi (Minimum Orbit Intersection Distance — MOID) Yer orbitasi
bilan asteroid orbitasi orasidagi eng kichik masofani bildiradi. Agar MOID giymati 0,05 astronomik
birlikdan kichik bo‘lsa va obyektning diametri taxminan 140 metr yoki undan katta bo‘lsa, u potensial xavfli
asteroid (PHA) sifatida tasniflanadi.

Statistik ma’lumotlarga ko‘ra:

- NEOlarning taxminan 10-12% i PHA toifasiga kiradi;

- Ularning katta qismi Yerga xavfsiz masofada o‘tib ketadi;

- Juda oz gismi yaqin kelajakda ehtimoliy xavf tug‘diruvchi obyekt sifatida baholanadi.

NASA CNEOS ma’lumotlariga ko‘ra, hozirgi kunga qadar aniglangan obyektlar orasida Yer bilan
yaqin kelajakda to‘qnashish ehtimoli yuqori bo‘lgan obyekt mavjud emas. Biroq bu natija monitoring
tizimlarining doimiy ishlashi va orbital parametrlarning muntazam yangilanib borishi natijasida qo‘lga
kiritilmoqgda.

Tahlil va natijalar. Yer bilan to‘qnashish ehtimollarining statistik bahosi:

IImiy hisob-kitoblarga asoslanib, asteroidlar bilan to‘qnashuv chastotasi ularning diametriga bog‘liq
holda baholanadi:

Diametri 10 metr atrofidagi jismlar Yer atmosferasiga har bir necha yilda kirib keladi;

Diametri 50—100 metr bo‘lgan obyektlar taxminan 100—200 yilda bir marta;
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Diametri 1 km dan katta asteroidlar esa bir necha million yilda bir marta Yer bilan to‘gnashishi
mumekin.

Ushbu statistik natijalar yirik obyektlar bilan to‘qnashuv ehtimoli juda past ekanini ko‘rsatsa-da,
ularning potensial oqibatlari nihoyatda jiddiy bo‘lishi mumkin. Shu sababli zamonaviy kosmik xavfsizlik
tizimlarida ehtimollik past bo‘lsa ham, yuqori oqibatli hodisalarga tayyorgarlik ustuvor vazifa sifatida
garaladi.

Torino va Palermo shkalalari asosida baholash:

Asteroidlarning xavf darajasini baholashda keng qo‘llaniladigan ikki asosiy tizim mavjud:

Torino shkalasi — 0 dan 10 gacha bo‘lgan ballarda xavf darajasini ifodalaydi. 0 ball obyekt Yer uchun
xavf tug‘dirmasligini, 10 ball esa muqarrar global falokatni bildiradi. Aksariyat aniqlangan asteroidlar 0 yoki
1 ball darajasida baholanadi.

Palermo shkalasi — ehtimollik va chigariladigan energiyani matematik asosda birlashtirgan logarifmik
ko‘rsatkich bo‘lib, obyekt xavfining fon darajasiga nisbatan qanchalik yuqori ekanini ifodalaydi.

Hozirgi statistik ma’lumotlarga ko‘ra, aniqlangan NEOlarning deyarli barchasi Torino shkalasi
bo‘yicha 0 darajaga ega bo‘lib, yaqin kelajakda real xavf mavjud emas. Biroq bu natija monitoring
tizimlarining uzluksiz ishlashi va orbital hisob-kitoblarning anigligi natijasidir.

Kosmik monitoring tizimlarining roli:

Yerga xavf soluvchi kichik sayyoralarni aniglash va kuzatishda zamonaviy monitoring tizimlari
muhim rol o‘ynaydi. Bugungi kunda asosiy xalqaro kuzatuv dasturlariga quyidagilar kiradi:

Pan-STARRS (AQSh) — keng ko‘lamli osmon kuzatuvlari orqali NEOlarni aniqlashga ixtisoslashgan
tizim;

Catalina Sky Survey (AQSh) — Yerga yagqin asteroidlarni erta aniglash bo‘yicha yetakchi dasturlardan

biri;

ATLAS — tezkor xavfli obyektlarni aniglash va ogohlantirishga mo‘ljallangan tizim;

NEOWISE — infraqizil diapazonda asteroidlarning o‘lchami va albedosini aniqlash imkonini
beruvchi kosmik observatoriya.

Mazkur tizimlar yordamida hozirgi kunda diametri 1 km dan katta asteroidlarning 90% dan ortig‘i
aniqlangan. Bu kosmik xavfsizlikni ta’minlash yo‘lidagi muhim yutuq hisoblanadi. Bundan tashqari, radar
kuzatuvlari yordamida asteroidlarning shakli, aylanish tezligi va yuzasining tuzilishi haqida qo‘shimcha
ma’lumotlar olinmoqda.

O‘zbekiston hududida ham astronomik kuzatuvlar rivojlanib bormoqda. O‘zbekiston Fanlar
akademiyasi huzuridagi Ulug‘bek nomidagi Astronomiya instituti hamda Maydanak observatoriyasida kichik
sayyoralar va boshqa osmon jismlarini kuzatish bo‘yicha ilmiy ishlar olib borilmoqda. Bu tadqiqotlar global
monitoring tizimlariga integratsiyalashgan holda amalga oshirilmoqda va xalqaro ma’lumotlar bazalariga
kiritilmoqgda.

Asteroidlarni og‘dirish va xavfni kamaytirish texnologiyalari:

So‘nggi yillarda asteroidlarning Yer bilan to‘gnashish ehtimolini kamaytirish bo‘yicha faol ilmiy-
amaliy tadqiqotlar olib borilmogda. Ushbu yo‘nalishda asosiy e’tibor asteroidlarning orbitasini o°‘zgartirish
texnologiyalarini ishlab chigishga garatilgan.

NASA tomonidan 2022-yilda amalga oshirilgan DART (Double Asteroid Redirection Test) missiyasi
kichik asteroidning yo‘ldoshiga kosmik apparatni urdirish orqali uning orbital davrini o‘zgartirish
mumkinligini amalda isbotladi. Ushbu tajriba asteroidlarni kinetik zarba orqali og‘dirish usuli samarali
ekanini ko‘rsatdi.

Bundan tashqari, quyidagi yondashuvlar ham ilmiy adabiyotlarda muhokama gilinmoqda:

Gravitatsion traktor — kosmik apparat asteroid yonida uzoq muddat turib, ozining tortish kuchi orqali
uning orbitasini sekin o‘zgartirishi mumkin;

Yuzani bug‘lantirish (ablation) — lazer yoki boshga energiya manbalari yordamida asteroid yuzasidan
moddani bug‘lantirib, reaktiv kuch hosil qilish orqali yo‘nalishni o‘zgartirish;

Yadro energiyasidan foydalanish — faqat favqulodda holatlarda, katta obyektlar uchun mo‘ljallangan
usul sifatida garaladi.

Ushbu texnologiyalar hozircha tajriba bosqichida bo‘lsa-da, ular kosmik xavfsizlikni ta’minlashda
muhim strategik ahamiyatga ega.

Statistik modellashtirish va bashorat gilish imkoniyatlari:

Asteroidlarning kelajakdagi harakatini prognozlashda statistik modellar va ragamli simulyatsiyalar
muhim rol o‘ynaydi. Zamonaviy orbital hisob-kitoblar Nyuton mexanikasi va relativistik tuzatmalar asosida
amalga oshiriladi.
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Bundan tashqari, Yarkovskiy effekti kabi noan’anaviy kuchlar ham hisobga olinadi.

Statistik modellashtirish yordamida asteroidlarning:

Yer orbitasiga yaginlashish vaqti;

minimal yaginlashish masofasi;

to‘qnashish ehtimoli;

ehtimoliy zarba energiyasi

oldindan baholanadi. Ushbu ma’lumotlar asosida kosmik xavfsizlik tizimlari tomonidan tezkor
qarorlar qabul qilinadi va zarur hollarda ehtiyot choralarini ishlab chigish mumkin bo‘ladi.

Sun’iy intellekt va mashinaviy o‘rganish algoritmlarining qo‘llanilishi asteroidlarni aniqlash va
ularning harakatini prognozlash anigligini sezilarli darajada oshirdi. Masalan, zamonaviy algoritmlar fon
yulduzlari orasida juda xira obyektlarni aniglash imkonini berib, yangi NEOlarning erta kashf etilishiga
xizmat gilmogda.

Xalgaro hamkorlik va kosmik xavfsizlik siyosati:

Yerga xavf soluvchi kichik sayyoralar muammosi global xarakterga ega bo‘lib, uni alohida bir davlat
doirasida hal etish mumkin emas. Shu sababli kosmik xavfsizlik sohasida xalgaro hamkorlik muhim
ahamiyatga ega.

Xulosa va takliflar. Bugungi kunda NASA, ESA, JAXA va boshqa kosmik agentliklar o‘rtasida
ma’lumot almashinuvi yo‘lga qo‘yilgan. Birlashgan Millatlar Tashkiloti huzurida faoliyat yurituvchi
International Asteroid Warning Network (IAWN) va Space Mission Planning Advisory Group (SMPAG)
tashkilotlari asteroid xavfini monitoring qilish va favqulodda holatlarda xalqaro choralar ko‘rish
mexanizmlarini ishlab chiqishda muhim rol o‘ynaydi. O‘zbekiston olimlari ham xalqaro astronomik
hamjamiyat bilan hamkorlikda kuzatuvlar olib borib, olingan ma’lumotlarni global bazalarga kiritmoqda. Bu
esa mamlakatimizning kosmik xavfsizlik sohasidagi ilmiy hissasini oshirishga xizmat gilmoqgda.

Olib borilgan statistik tahlillar shuni ko‘rsatadiki, Yerga yaqin kichik sayyoralar populyatsiyasining
asosiy qismi kichik o‘Ichamli jismlardan iborat bo‘lib, ular odatda jiddiy xavf tug‘dirmaydi. Biroq diametri 1
km dan ortiq bo‘lgan kam sonli obyektlar global miqyosdagi oqgibatlarga sabab bo‘lishi mumkin. Shu bois
zamonaviy kosmik xavfsizlik tizimlarida aynan yirik obyektlarni erta aniglash va ularning orbital harakatini
aniq prognozlash ustuvor vazifa sifatida garalmogda.

Statistik modellashtirish natijalari monitoring tizimlarining samaradorligini tasdiglaydi. Diametri 1 km
dan katta asteroidlarning 90% dan ortig‘i allagachon aniglangan bo‘lib, bu ehtimoliy global xavfni sezilarli
darajada kamaytiradi. Shu bilan birga, o‘rta va kichik o‘Ichamli obyektlarni aniqlash darajasi ham yildan-
yilga oshib bormoqda.

Shuningdek, asteroidlarni og‘dirish texnologiyalarining rivojlanishi kosmik xavfsizlikni ta’minlash
yo‘lida yangi imkoniyatlar yaratmogqda. DART missiyasining muvaffaqiyati nazariy modellarning amaliy
tasdig‘i bo‘lib, kelajakda bunday texnologiyalarni real xavf yuzaga kelganda qo‘llash imkonini kengaytiradi.

Mazkur ilmiy maqolada Yerga xavf soluvchi kichik sayyoralarning statistik xususiyatlari, diametr
bo‘yicha tagsimoti, orbital parametrlarining o‘ziga xosliklari va Yer bilan to‘qnashish ehtimollari zamonaviy
ilmiy ma’lumotlar asosida tahlil gilindi. Tadqiqot natijalariga ko‘ra:

Yerga yaqgin obyektlar soni yil sayin ortib bormogda, birog bu real xavfning oshishini emas, balki
aniqlash texnologiyalarining rivojlanganini ko‘rsatadi.

NEOlarning asosiy qismi kichik o‘lchamli bo‘lib, ularning fagat 4-5% ga yaqini diametri 1 km dan
katta obyektlardan iborat.

Potensial xavfli asteroidlar umumiy populyatsiyaning taxminan 10-12% ini tashkil etadi.

Zamonaviy monitoring tizimlari va statistik modellashtirish usullari yordamida asteroidlarning Yerga
yaginlashishi oldindan aniglanib, xavf darajasi baholanmoqda.

Asteroidlarni og‘dirish texnologiyalarining rivojlanishi kosmik xavfsizlikni ta’minlashda istigbolli
yo‘nalish hisoblanadi.

Shunday qilib, Yerga yaqin kichik sayyoralarni statistik tahlil qilish kosmik xavfsizlikni ta’minlashda
muhim ilmiy asos bo‘lib xizmat qiladi. Kelgusida ushbu sohada tadqiqotlarni yanada chuqurlashtirish,
kuzatuv texnologiyalarini takomillashtirish va xalgaro hamkorlikni kengaytirish muhim ahamiyat kasb etadi.
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UDK 621.315.592:548.4:539.2
UGLEVOD ATOMLARINING KREMNIY MONOKRISTALLARIDA KISLOROD
KOMPLEKSLARINING HOL BO'LISHIGA TA'SIRI

Mamarasulova Hanifa Dilshod gizi,
O'zbekiston Milliy universiteti qoshidagi
Nanotexnologiyalarni rivojlantirish markazi
mamarasulovahanifa2@gmail.com

Annotatsiya. Ushbu tadgigotning magsadi sanoat sharoitida kremniy monokristallarini o'stirish
jarayonida uglerod atomlarining kislorod komplekslarining hosil bo'lishi jarayoniga ta'sirini o'rganishdir.
Czochralski usuli yordamida dislokatsiyasiz kremniy monokristallarini o'stirish jarayonida aralashmalar
konsentratsiyasi nisbatini o'zgartirish uglerod atomlarining aralashmalar komplekslarini hosil gilishdagi
ishtirokini oshirishi aniglandi.

Kalit so’zlar: uglerod, kristallanish, Czochralski usuli, Monokristall kremniy, kimyoviy reaksiyalar.

EFFECT OF CARBON ATOMS ON THE FORMATION OF OXYGEN COMPLEXES IN
SILICON SINGLE CRYSTALS

Abstract. The aim of this study is to study the effect of carbon atoms on the formation of oxygen
complexes during the growth of silicon single crystals under industrial conditions. It was found that
changing the concentration ratio of impurities during the growth of dislocation-free silicon single crystals
using the Czochralski method increases the participation of carbon atoms in the formation of impurity
complexes.

Keywords: carbon, crystallization, Czochralski method, Single crystal silicon, chemical reactions.

BJIMSAHUE ATOMOB YI'JIEPOJA HA OBPA3OBAHUE KUCJIOPO/JHBIX
KOMIIVIEKCOB B MOHOKPUCTAJIVIAX KPEMHUSA

Annomauusa. Ilenvio 0annoz2o uccie0o8anus A6NAeMCcsa U3yueHue GIUAHUA AMOMO8 yenepood Ha
00pazosanue KUCIOPOOHBIX KOMHUIEKCO8 & Hpoyecce GblpaujuBaHus MOHOKPUCMANIO8 KPEeMHUs 8
NPOMBIUTICHHBIX  YCNOGUAX. Y CmMAaHOBNeHo, 4mo uUsMeHeHUe COOMHOUleHUsl KOHYeHmpayuil npumecei 6
npoyecce 6bIPAWUEAHUS  0E30UCTOKAYUOHHBIX MOHOKPUCIANIO8 KpPeMHUus Memooom Yoxpanibckozo
yeenuuusaem yuacmue amomos yenepooad 6 00pazo6anHuL NPUMECHbIX KOMIIEKCOS.

Knwuesvie cnosa: yanepoo, xpucmannuzayus, memoo YHoxpanbckoco, MOHOKPUCMANIUYECKUL
KPEeMHULL, XUMU4ecKue peakyu.

Kirish. Global mikroelektronika sanoati Czochralski usuli yordamida eritma o'sishi orgali kremniy
monokristallarini ishlab chigaradi. Czochralski usuli - bu eritmadan doimiy ravishda aralashmalarni ajratib
olish va unda monokristal o'stirishni 0'z ichiga olgan eritmadan yo'naltirilgan kristallanish usuli hisoblanadi.
Kremniy eritmasi kvarts tigeliga joylashtiriladi. Monkristal o'sishi inert argon atmosferasida sodir bo'ladi.
Kerakli issiglik sharoitlarini yaratish uchun rezistiv isitish manbai - grafit isitgich ishlatiladi. Monkristallarni
o'stirish uchun ishlatiladigan issiglikni to'plash uchun mos grafit galgonidan ham foydalaniladi.

Monokristall kremniy eng sof zamonaviy materiallardan biridir. Uning nazoratsiz aralashma
konsentratsiyasi 10-9% dan kam, ammo Czochralski usuli yordamida o’stirish jarayonida kremniy
monokristallari ikkita fon aralashmasi: kislorod va uglerod bilan ifloslanadi [1-3]. Monokristalldagi bu
aralashmalarning asosiy manbai boshlang'ich material (yarimo'tkazgichli polikristalli kremniy) hisoblanadi.
Qo'shimcha manbalarga kvarts tigelining gisman erishi natijasida eritmaga kiritilgan kislorod va eritish
kamerasining grafit uskunalari tomonidan chigarilgan chang va gazsimon oksidlar ko'rinishidagi uglerod
kiradi. Zamonaviy talablarga muvofig, mikrosxemalar uchun kremniyning monokristallaridagi kislorod
miqdori 10" sm™ dan oshmasligi kerak. (0,002 %), va uglerod miqdori 10'® sm™ dan oshmasligi kerak
(0.05%) [1]. Fon aralashmalarining ikkalasi ham — kislorod ham, uglerod ham — monokristalli kremniyda
komplekslanish  jarayonlarida ishtirok etadi [2-4]. Elektronika uchun mo'ljallangan kremniy
monokristallarining strukturaviy yaxlitligini oshirish ularni ishlab chigarishning dolzarb muammolaridan
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biridir. Ushbu ishning magsadi sanoat ishlab chigarish sharoitida kremniy monokristallarini o'stirish
jarayonida uglerod atomlarining kompleks hosil bo'lishiga ta'sirini o'rganishdir.

Monokristalli kremniydagi uglerod. Czochralski qurilmasining issiglik zonasining katta gismi
grafitdan iborat. Natijada, uglerod eritmaning va natijada kristallning ifloslanish manbai hisoblanadi. Asosiy
ifloslanish yo'li gaz fazasi orgali, uglerod oksidi (CO) orgali o'tadi. CO eritmaning erkin yuzasiga yetib
boradi, u yerda u so'riladi va eritma orqali tashiladi. Si eritmasida C ning eruvchanligi 5.10 " atom/sm? ni
tashkil giladi [5]. Uglerod (C) Si kristaliga k = 0,07 tagsimot koeffitsienti bilan kiritiladi, bu o'sish chegarasi
oldida uglerodning kuchli to'planishini anglatadi. Shuning uchun eritmadagi uglerod konsentratsiyasini SiCs
ning bir hil yadrolanish chegarasidan pastrogda saglash muhimdir. Aks holda, o'sish chegarasiga kiradigan
SiC zarralari strukturaning yo'qolishiga olib kelishi mumkin. Uglerod konsentratsiyasining pastligini saglab
golishning yana bir sababi shundaki, Si tarkibidagi uglerod namunadagi mikrodefektlarning fizikaviy
xususiyatlarini o'zgartirishi mumkin [6].

Gaz atmosferasida CO ning mavjudligi eritmadan bug'lanib ketadigan SiO va grafit komponentlari
o'rtasidagi kimyoviy reaksiyalar (past haroratlarda), shuningdek, kvarts tigel va uning atrofidagi grafit tigel
tayanchi o'rtasidagi reaksiyalar (yugori haroratlarda) [7] va goldig kislorodning grafit bilan reaksiyaga
kirishishi natijasida yuzaga keladi. Bu reaksiyalar, shuningdek, issiq zonada grafit komponentlarida Si yoki
SiC komplekslarining hosil bo'lishiga olib keladi. Yaxshiyamki, SiC ning hosil bo'lishi juda yuqori haroratni
talab giladi. Shuning uchun, bu asosan issiglik galgonida emas, balki isitgichlarning eng yugori gismlarida
sodir bo'ladi.

Kremniy monokristalining o'sishi paytida uglerod atomlarining diffuziyasi. Uglerodni o'z ichiga
olgan birikmalar o'sayotgan monokristallga eritmadan kiradi. Muvozanatsiz kristallanish sharoitida qgattiq va
suyuq fazalardagi birikma miqgdori o'rtasidagi nisbat uning samarali tagsimot koeffitsienti k bilan tavsiflanadi

3].

— Cepon 1Mo 0
C, Y+ N,

bu yerda C;va C,- mos ravishda monokristal va eritmadagi aralashmaning konsentratsiyasi; N va

N, - mos ravishda monokristal va eritmadagi aralashma atomlarining zichligi, atm / m* Y; va Yy suyuq

va kristalli kremniyning zichligi, mos ravishda, kg/m?* da.

Laboratoriya sharoitida (1) ifoda yordamida samarali tagsimot koeffitsientini to'g'ridan-to'g'ri
eksperimental aniglash mumkin. O'sish jarayonining har bir momentida uglerod atomlari uchun muvozanat
tenglamasiga asoslanib, uglerod tagsimotining matematik modelini ishlab chigilgan [5]

N @0 9) 2R B Ve(@)  _ Ny(©) °
T k@) A ]%JQT V(@™ kg~ T (9% @

9k
Bu erda K(O) eritma fraksiyasining o'sishining dastlabki bosgichida va kristallanish jarayonida

samarali uglerod tagsimlanish koeffitsienti k(g) ; V,(g) eritmaga uglerodning erish kamerasi bo'shlig'idan
kirish tezligi R va I' mos ravishda tigel va monokristal radiusi; V(g) monokristalning o'sish tezligi. (2)
tenglamaga kiritilgan miqdorlardan: N (0), V;(9), R, r, y parametrlar eksperimental ravishda

aniglanadi, Y va Y1 jadvalga kiritilgan miqdorlar [6]. Uglerod tagsimotining V,(g) bu ikki parametrining

qiymatlarini topish uchun kristallangan eritmaning vy; va vy; +1 fraksiyasining ketma-ket ikkita qiymatini (2) ga
go'yish orgali jadvalga kiritilgan va eksperimental ravishda aniglangan miqdorlar tizimi tuziladi.
K = AB,. - A, B,

i i+1

i CiBi..- CiiB ,

@)

buyerda A;, B,, C, kattaliklar g parametrga bog'liq bo'lgan doimiylardir.
(3) modelning asosiy afzalligi shundaki, uni qurishda samarali tagsimot koeffitsienti k (g) va eritmaga
uglerod ogimi tezligi V;(g) funksiyasidir, va u monokristal o'sishi paytida o'zgarib turadigan texnologik

omillarning butun to'plamining bilvosita ko'rsatkichi hamdir. Ushbu model bizga standart kremniy
monokristalda uglerod tagsimot koeffitsienti qiymatlarini aniglash imkonini beradi.

Natijalar va muhokama. Uglerod tagsimot koeffitsienti giymatlarini aniglash uchun biz (1)-(3)
ifodalaridan foydalanamiz. Fosfor bilan qo'shilgan kremniy monokristallari (konsentratsiyasi ~10"> Kk sm)
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dislokatsiyasiz, kristallografik yo'nalishi <100> va diametri 100 mm bo’lgan sharoitda Czochralski usuli
bilan o'stirildi. Yetishtirilgan kremniy monokristallaridagi uglerod konsentratsiyasi Bruker VEKTOR 22
infragizil spektrofotometri yordamida standart infragizil yutilish usuli bilan o'lchandi [6]. Monokristalda
uglerod konsentratsiyasini o'lchashning gisgacha natijalari 1-rasmda ko'rsatilgan.
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Eritmaning kristallanishi
1-rasm. Kremniy monokristallarining o'sishi jarayonida uglerod konsentratsiyasining o'zgarishi

Monokristaldagi uglerod konsentratsiyasining ortishi, o'stirish moslamasining ishchi kamerasining
termal blokining grafit gismlaridan gaz fazasi orgali kirishi natijasida eritmadagi konsentratsiyasining ortishi
bilan bog'liq. Monokristalllardagi uglerod konsentratsiyasining kristallangan eritmaning ulushiga
eksperimental bog'ligligiga asoslanib (1-rasmga garang), kristallanishning turli bosgichlarida uglerodning
samarali tagsimot koeffitsientining giymati (1) model yordamida hisoblab chigildi (2-rasmga garang).

Eritmaning taxminan yarmi kristallangandan so'ng samarali tagsimot koeffitsientining giymati kamayish
jarayoni 2 rasmda ko’rsatilgan.
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Eritmaning kristallanishi
2-rasm. Eritmadan kristallanish jarayonida kremniydagi uglerodning samarali tagsimlanish
koeffitsientining o'zgarishi
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4. Kremniy monokristallarida kislorod kompleks hosil bo'lish jarayonlariga uglerod
atomlarining ta'sirini tahlil gilish

Or'sish jarayonida kremniy monokristalida ichki nugtaiy defektlar — bo'shliglar va interstitsial kremniy
atomlari — hosil bo'ladi. Ikkala turdagi defektlarning muvozanat konsentratsiyasi harorat pasayishi bilan
eksponentsial ravishda kamayadi. Shunday gilib, kremniy monokristalli ichki va tashqi (aralashma atomlari)
nuqtaviy defektlarining qattiq eritmasidir. Monkristall soviganida, bo'shliglar va interstitsial kremniy
atomlari gattiq eritmada cho'kadi va aralashmalar bilan o'zaro ta'sir qgilib, turli xil komplekslar va mikro
defektlarni hosil giladi.

Kremniydagi uglerod birikmasining samarali tagsimlanish koeffitsientidagi kuzatilgan o'zgarishni
quyidagicha izohlash mumkin. Fosfor go'shimchasining tagsimlanish koeffitsientlari ( k= 0.35) va boshga
aralashmalar ( k~10"° - 10" birlikdan kam; ularning atomlarining aksariyati kristallanish jarayonida
kristallanish frontidan eritmaga gaytadi. Natijada, bu aralashmalarning konsentratsiyasi ham eritmada, ham
monokristal o'sishi paytida ortadi. Kislorodning targalish koeffitsienti ham birlikdan kam (k = 0.5); ammo,
eritmada kvartsning erishi va uning kristallanish frontida gayta tagsimlanishi tufayli monokristaldagi
konsentratsiyasining oshishi eritma yuzasidan kremniy oksidi SiO shaklida kislorodning bug'lanishi bilan
sezilarli darajada goplanadi. Natijada, kislorod kremniydagi yagona aralashma bo'lib, uning konsentratsiyasi
monokristal o'sishi paytida kamayadi. Turli aralashmalar uchun k giymatlarining o'zgaruvchanligi tufayli
ularning konsentratsiyalari nisbati asta-sekin o'zgaradi, aynigsa o'sish jarayonining oxiriga yaginlashganda
sezilarli darajada o'zgaradi. Turli tadgigotchilar kremniyni termik ishlov berish jarayonida uglerod
konsentratsiyasi kislorod cho'ktirish jarayonlariga, termal donorlarning [2] va termal akseptorlarning
shakllanishiga va elektr faol aralashmalarga ega komplekslarning shakllanishiga sezilarli ta'sir ko'rsatishi
mumkinligini ko'rsatdilar [3]. Uglerod ishtirokidagi komplekslarning shakllanishi garshilikning termal
bargarorligiga va muvozanatsiz zaryad tashuvchilarning ishlash muddatiga salbiy ta'sir giladi [4].

Defektlar konsentratsiyasi oshgani sayin, ularning eritmadagi o'zaro ta'siri kuchayadi, bu esa
kristallanish jarayonida bu aralashmalaning kremniyning suyuq fazadan kristall olatiga o'tishiga, uning
samarali tagsimlanish koeffitsientlarining kattaligiga ta'sir gilishi mumkin. Xususan, kislorod va uglerod
aralashmasining konsentratsiya nisbatining samarali tagsimlanish koeffitsientiga ta'sir qilishi tajribada
aniglangan [7,8].

Kremniyda kislorod komplekslarining hosil bo’lish jarayonida uglerod atomlarining ishtirok etishi
mumkin [9]. Optik faol uglerod atomlarini, ya'ni kremniy kristall panjarasining tugunlarida joylashgan
uglerod atomlarini aniglash uchun standart infragizil yutilish usuli go'llaniladi. Uglerod Nc = 0.95x10'6 sm™
konsentratsiyasining infragizil yutilish usulida o'lchangan giymati monokristalning oxirgi gismida uning
atomlarining haqigiy konsentratsiyasidan pastroq bo'lib chigdi, bu esa ushbu monokristalning uzunligi
bo'ylab uglerod konsentratsiyasining anomal tagsimotini tushuntiradi. Ushbu eksperimental faktni 2-
rasmdagi ma'lumotlar bilan taggoslab, kremniy monokristalidagi aralashmalar konsentratsiyasi nisbatining
o'zgarishi kristallanish paytida uning kristall panjarasidagi komplekslanishga sezilarli ta'sir ko'rsatadi degan
xulosaga kelish mumkin.

Xulosa. Ushbu ishda dislokatsiyasiz kremniy monokristallarini o'stirish jarayonida, aralashmalar
konsentratsiyasi nisbatining o'zgarishi tufayli, uglerod atomlarining aralashmalar komplekslarini hosil
gilishda ishtiroki faollashishi aniglandi.

ADABIYOTLAR:

1. Stubhaug, E., Ecker, R., 2005. Haroratga bog'lig va in'ektsiyaga bog'liq umrbod spektroskopiya,
Norvegiya Fan va Texnologiya Universiteti, Fan va Texnologiya Fakulteti, Fizika kafedrasi, Trondxaym,
Norvegiya.

2. Khanna, V., 2005. Yarimo'tkazgich materiallari va qurilmalarida zaryad tashuvchilarining umrini
fizik tushunish va texnologik boshqarish: kontseptual ishlab chigish, san‘at holati va go'llanilish bo'yicha
tanqgid, Qattig jismli qurilmalar bo'limi, Markaziy elektronika tadgigot instituti, Rajastan, Hindiston.

3. Begbroke, B. Wang, 2011. Yarimo'tkazgichli qurilmalarning ishlash tamoyillari
(http://ecee.colorado.edu/~bart/book/contents.htm saytida onlayn mavjud, 2013-yil sentyabr oyida kirish
mumkin) .

4. Li Sheng S., 2006. Yarimo'tkazgichlarning fizik elektronikasi. Elektrotexnika va kompyuter
muhandisligi kafedrasi, 2-nashr, Florida universiteti, AQSh.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 184



PHYSICS

5. McDonald, D., 2001. Polikristalli kremniyli quyosh batareyalarida rekombinatsiya va tutqunlik,
PhD dissertatsiyasi, Avstraliya Milliy Universiteti.

6. Angelskara, H., Sondena, R., Wiig, M.S., Marstein, E.S., 2012. Czochralski tomonidan gayta
ishlangan kremniyda oksidlanish yoriq halgalarining tavsifi: Rayt o'yib ishlanganidan keyin
fotolyuminestsentsiya tasvirlash va vizual tekshirish, Energiya. Prosedura 27, 160-166.

7. CZ kremniyidagi defektlarning tavsifi Quyosh xujayralari uchun n -tip, PhD dissertatsiyasi, NTNU.

8. Haunschild, J., Reis, L.E., Geilker, J., Rein, S., 2011. Fotolyuminestsentsiya tasvirlash yordamida
guyosh batareyalarini ishlab chigarish uchun Czochralski tomonidan yetishtirilgan kremniy plitalarida
samaradorlikni cheklovchi defektlarni aniglash, Fizika holati. Solidi RRL 5, 199-201.

9. Porrini, M., Voronkov, V., Falster, R., 2006. Czochralski usuli bilan olingan kremniy kristallarida
hosil bo'lgan mikrodefektlarga uglerod va surmaning ta'siri, Materialshunoslik va muhandislik: B, 134, 185-
188.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 185



PHYSICS
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BAHOLASH
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Annotatsiya. Uran yemirilish zanjiri radionuklidlari barcha tabiat namunalarida targalgan bo ‘lib
hiosblanadi. Tabiat namunalarida (tuproq, suv, havo, o‘simlik) joylashgan o‘rni va hududiga hamda
tadgiqot olib borilayotgan hududning xususiyatiga ko ‘ra turlicha bo‘ladi. Quyida tabiat namunalari
tarkibidagi uran yemirilish zanjiri radionuklidlarini gamma-spektrometrik usulda aniglashning yadro-fizik
Jjihatlari keltirib o ‘tilgan. Mazkur magolada Navoiy viloyati hududidagi yer osti va yer usti suvlarida tabiiy
radionuklidlar, xususan uran izotoplari (U-234 va U-238) ning miqgdori va tagsimlanishi o ‘rganildi.
Tadgigot davomida suv namunalarida radiometrik va mass-spektrometrik usullar yordamida radionuklidlar
faolligi aniglanib, **U/?U izotop nisbatlari hisoblandi. Olingan natijalar suv muhitida radionuklidlarning
migratsiyasi va geokimyoviy xatti-harakatlarini baholash imkonini berdi.

Kalit so“zlar: radionuklidlar, %*U, *®U, gamma-spektrometriya, ICP-MS, suv radioaktivligi, Navoiy
viloyati, gamma-spektrometrik tahlil.

OIIPEJAEJIEHUE U OHEHKA PATMOAKTUBHOCTH BOJ HA TEPPUTOPUU
HABOHNHNCKOH OBJIACTH

Annomauyus. Cuumaemcs, ymo paouoHykuuovl, o0pazylowuecs 8 pe3yibmame pacnada ypawd,
NPUCYMCMEYIOM 680 8cex HNpUupoouwlx obpasyax. Hx codepocanue 6apbupyemcsi 6 3A6UCUMOCHU Om
MeCmononodceHuss u 0b1acmu uccie008anus NPUpooHsblx obpasyoe (nouea, 600a, 6030VX, pacmeHus), a
maxace om xapakmepa usyyaemou meppumopuu. Huowe npedcmasnenvl sioepno-@usuyeckue acnexmol
2aMMa-CNeKMpPOMEMPUYECKO20 ONnpedeneHuss pPaduoHyKIuo08, o0pasviowuxcs 6 pe3yibmame pacnaoa
ypaua, 8 npupoonvix obpasyax. B daumnoii cmamee uzyuaemcs Koauuecmeo u pacnpeoeneHue npupooHsix
PAOUOHYKIUO08, 8 yacmuocmu uzomonos ypana (U-234 u U-238), 6 epyHmoswix u noGEPXHOCMHBIX 6000X
Hasouiickoti obnacmu. B xode ucciedosanusi onpedeisiniacs akmugHOCHys PAOUOHYKIUOO08 8 00pa3yax 600bl
C  UCNONb30BAHUEM — PAOUOMEMPUYECKUX U  MACC-CHEKMPOMEMpPU4ecKux memooos, da  makoice
paccuumvisanucy uzomonnvle ommuowenua *UPU.  IMonyuennvie pesynbmamol noseonunu oyenume
MUSDAYUIO U 2eOXUMUHECKOE NOBEOCHIUE PAOUOHYKIUO08 8 BOOHOU cpeoe.

Kmoueevte cnosa: paouonyknuost, **U, U, camma-cnexmpomempus, ICP-MS, paduoaxkmusnocms
60001, Hagoutickuil pecuoH, 2amma-cnekmpomempudeckutl aHau3.

DETERMINATION AND ASSESSMENT OF THE RADIOACTIVITY OF WATERS IN THE
NAVOI REGION

Abstract. Uranium decay chain radionuclides are considered to be distributed in all natural samples.
They vary depending on the location and area of the location in natural samples (soil, water, air, plants) and
the nature of the area being studied. The nuclear-physical aspects of the gamma-spectrometric
determination of uranium decay chain radionuclides in natural samples are presented below. This article
studies the amount and distribution of natural radionuclides, in particular uranium isotopes (U-234 and U-
238), in groundwater and surface waters in the Navoi region. During the study, the activity of radionuclides
was determined in water samples using radiometric and mass spectrometric methods, and the ***U/**®U
isotope ratios were calculated. The results obtained allowed us to assess the migration and geochemical
behavior of radionuclides in the aquatic environment.

Keywords: radionuclides, ‘U, #®U, gamma-spectrometry, ICP-MS, water radioactivity, Navoi
region, gamma-spectrometric analysis.
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Kirish. Atrof-muhitdagi radioaktivlikni o‘rganish ekologik xavfsizlikni ta’minlashda muhim ahamiyat
kasb etadi. Aynigsa, uran konlariga boy hududlarda yer osti va yer usti suvlarida tabiiy radionuklidlarning
mavjudligi hamda ularning migratsiyasi inson salomatligi va ekologik tizimlarga sezilarli ta’sir ko‘rsatishi
mumkin. Shu sababli suv resurslarining radiatsion holatini muntazam monitoring gilish zamonaviy
radioekologiyaning dolzarb yo‘nalishlaridan biri hisoblanadi. Navoiy viloyati Markaziy Osiyodagi yirik uran
qazib olish hududlaridan biri bo‘lib, ushbu hududda tabiiy radioaktiv elementlarning suv havzalariga o‘tish
jarayonlarini o‘rganish muhim ilmiy va amaliy ahamiyatga ega. Uran qazib olish va qayta ishlash bilan
bog‘liq geokimyoviy jarayonlar yer osti suvlarida radionuklidlar miqdorining ortishiga sabab bo‘lishi
mumkin [1-3].

Yer yuzida targalgan uran tarkibli minerallarda asosan uch xil izotop - 24U, 25U va #8U uchraydi.
Tabiatda uchta asosiy tabiiy radioaktiv oila mavjud bo‘lib, ularning boshlang‘ich radionuklidlari 8U, 2%2Th
va 23U hisoblanadi. Ushbu radionuklidlarning yemirilishi natijasida 23*Th, 2**Pa, 2**U, #°Th, ?%Ra, %??Rn,
214pp, 214Bj, 210pg, 218pg va 219Pb kabi ko‘plab radioaktiv izotoplar hosil bo‘ladi. Mazkur radionuklidlar alfa,
beta va gamma nurlanish manbalari bo‘lib, ular atrof-muhit komponentlarida uzoq muddat saglanish
xususiyatiga ega. Oila boshliglarining yarim yemirilish davrlari juda katta bo‘lib, 7,2-108 yildan 1,4-10°
yilgacha davom etadi. Yemirilish mahsulotlarining yarim yemirilish davrlari esa juda keng diapazonda
o‘zgaradi: masalan, 2?Po uchun 0,3 mikrosekund bo‘lsa, 24U uchun 2,5-10° yilni tashkil etadi. Tabiiy
radioaktiv yemirilish zanjirlari yakunda qo‘rg‘oshinning turg‘un izotoplari - 2®Pb, 2°’Ph va 2Pb hosil
bo‘lishi bilan tugaydi [4-5].

Ushbu izotoplar ichida 2**U radionuklidi suvda yaxshi eruvchanligi bilan ajralib turadi. Shu sababli yer
osti suvlarida *U/?*®U izotop nisbatini o‘rganish radioaktiv muvozanat holatini baholashda muhim
ko‘rsatkich hisoblanadi. Uran-238 tabiiy uranning asosiy gismini tashkil etadi, 2**U esa uning yemirilish
mahsuloti sifatida hosil bo‘ladi. Geokimyoviy va gidrologik jarayonlar ta’sirida ushbu izotoplarning suvdagi
konsentratsiyasi o‘zgarib boradi. Ayniqgsa, jinslarning yemirilishi, suvning minerallanish darajasi,
oksidlanish-qgaytarilish jarayonlari va radionuklidlarning sorbsiya xususiyatlari izotoplar nisbatiga ta’sir
ko‘rsatadi. Shu sababli Z4U/?®U nisbatining o‘zgarishi radionuklidlarning migratsiya jarayonlarini
aniglashda muhim indikator sifatida qo‘llaniladi [6-8].

Mazkur tadgigotning asosiy magsadi Navoiy viloyati hududidagi suv namunalarida uran izotoplarining
faolligini aniglash hamda ularning izotop nisbatlari asosida hududning radiatsion holatini baholashdan iborat.
Tadgiqot natijalari suv resurslarining radioekologik holatini tahlil gilish, radionuklidlarning tabiiy migratsiya
gonuniyatlarini aniqlash va ekologik xavfsizlikni ta’minlash bo‘yicha ilmiy asoslangan tavsiyalar ishlab
chigishda muhim manba bo‘lib xizmat giladi.

Metodika.

1. Namunani tanlash va tayyorlash. Biz tadgiqot obyekti sifatida yurtimizning eng katta sanoat
zonalaridan biri hisoblanadigan Navoiy viloyatini tanladik. Chunki, bu hududda uran sanoati juda
rivojlangan. Shu sababli ham hududdagi artesian quduglari, ochiq suv manbalari, kanal, daryo kabilardan suv
namunalari olib tekshirib ko‘riladi. Har bir nugtadan 1-2 litr hajmda namuna olindi.

Olingan namunalar laboratoriyaga keltirib filtrdan o‘tkaziladi. Chunki, tajriba o‘tkazilayotgan suv
namunasi tarkibida ortigcha ingredientlar bo‘Imasligi talab etiladi. Shu sababli kichik o‘lchamdagi - 0,45
mkm li filtrlardan foydalanamiz. Har xil keraksiz jinslardan tozalangan suv tarkibini o‘rganish magsadida
HNO:s bilan aralashtiriladi. Yana bir muhim jihatladan biri kislotali pH<2 bo‘lishi talab etiladi.lzotoplar
orasidagi muvozanatni saglash va tajribada o‘rganish magsadida tashgi muhitdan izolyatsiyalangan germetik
idishda saglanadi.

2. Tahlil usullari. Ushbu tadgigot ishida quyidagi usullar qo‘llanildi:

Namunalar tarkibidagi 2*®U aniglash magsadida gamma-spektrometrdan foydalanamiz. U-238
radionuklidi alfa - yemirilishga uchraganligi sababli yemirilish zanjiridagi 2 ta gamma - liniyadan
foydalandik. U-238 yemirilish zanjirida 352 keV gamma-liniyali #*Pb va 609 keV gamma-liniyali 2“Bi
radionuklidlari mavjudligi hisobiga tekshirilayotgan namunalar tarkibida uran izotoplari mavjud ekanligi
to‘g‘risidagi xulosaga olib keladi. Albatta ushbu tajribalarni o‘tkazish uchun biz ssintillyatsion gamma-
spektrometrik usuldan foydalanamiz. Namunalar tarkibidagi izotoplarining miqgdorini bevosita aniglash
uchun esa ICP-MS dan foydalanib mass-spektrometrik usul yordamida U-234 va U-238 radionuklidlarining
migdorini aniglab olamiz.

Uran yemirilish zanjiri 8 ta alfa va 6 ta beta - yemirilishdan iborat bo‘ladi. Ushbu yemirilish zanjirida
uzoq va gisqa yashovchi radionuklidlardan iborat bo‘ladi. Namunalar tarkibida uran mavjudligini aniglashda
bir necha xil radionuklidlarni aniglash talab etiladi. Masalan, gamma-spektrometrda Bi-214, Pb-214
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radionuklidlarini aniglash orgali biz namunalar tarkibida uran mahsulotlari mavjud degan xulosaga

kelishimiz mumkin. Quyida bu ikkita radionuklidlarning gamma-spektrlari va ularning tahlili keltirilgan.
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1-rasm. Uran yemirilish zanjiri sxematik ko‘rinishi

Tekshirilayotgan namuna tarkibidagi uran yemirilish zanjiri radionuklidlarini gamma-spektrometrik
tahlil usuli yordamida aniglash magsadida, biz Pb-214 radionuklidining 352 keV energiyali gamma-
nurlanishidan foydalanamiz.
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2-rasm. Uran yemirilish zanjiridagi #**Pb radionuklidining 352 keVV gamma-liniyasining gamma-
spektrometrda olingan spektri ko‘rinishi.
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Ushbu spektrda tuprog namunalari tarkibidagi yana bir gancha radionuklidlar mavjud ekanligini
ko‘rishimiz mumkin. Masalan, 1460,8 keV energiyali K-40 radionuklidi, 351,9 keV energiyali Pb-214 va
2614,5 keV energiyali TI-208 radionuklidlari mavjudligi aniglandi.

Tekshirilayotgan namuna tarkibidagi uran yemirilish zanjiri radionuklidlarini gamma-spektrometrik
tahlil usuli yordamida aniglash magsadida, Biz Bi-214 radionuklidining 609 keV energiyali gamma-
nurlanishidan foydalanamiz.
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3-rasm. Uran yemirilish zanjiridagi ?“Bi radiomuklidining 609 keVV gamma-liniyasining

gamma-spektrometrda olingan spektr ko‘rinishi.

Tekshirilayotgan namuna tarkibidagi spektrga ko‘ra namuna tarkibidagi bir gancha radionuklidlar
garab chigilgan. Masalan, 1120 keV energiyali Bi-214 radionuklidi, 1460 keV energiyali K-40 radionuklidi,
351 keV energiyali Pb-214 radionuklidi, 186 keV energiyali Ra-226 radionuklidlarini ham ko‘rishimiz
mumkin.

Bundan kelib chigadiki, namunalar tarkibidagi U-234 va U-238 radionuklidlarini aniglash uchun biz
fagatgina alfa-spektrometrdan foydalanish bilan bir gatorda ssintillyatsion gamma-spektrometrik tahlil
usulidan foydalanish ham ancha samarali metod hisoblanishini ko‘rsatib beradi. Shu sababli ham, hamuna
tarkibidagi alfa -yemirilishga uchragan radionuklidlarni uyg‘ongan holatdan asosiy holatga o‘tishdagi
gamma — nurlanishiga ko‘ra, aniglash metodidan foydalanish o‘zining samarasini berishini ko‘rsatib
bermoqda.

3. Hisoblash. Tekshirilayotgan namuna tarkibidagi radionuklidlar orasidagi radioaktiv muvozanatni
baholash magsadida asosan uran yemirilish zanjiridagi ona yadro va giz yadro radionuklidlarining
aktivliklari nisbatidan foydalanish orqali kerakli natijalarga erishamiz:

A(qgiz yadro)
~ A(ona yadro)

Bu yerda, A (giz yadro) - radionuklidning yemirilishdan keyingi mahsulot aktivligi, A (ona vadre) —
radionuklidning yemirilish boshlanishidagi aktivligi.

Tahlil gilinayotgan suv namunalari tarkibidagi radioaktiv muvozanatni baholash magsadida biz
namuna tarkibidagi U%* radionuklidining solishtirma aktivligini va namuna tarkibidagi U?*® radionuklidining
solishtirma aktivliklari nisbatidan foydalanamiz.

Izotop nisbati quyidagi formula orgali aniglandi:

i

AU -239)
~A(U —238)
Natijalar.
1. Eksperimental ma’lumotlar asosida
Namuna U-238 (Bag/l) U-234 (Bag/l) U-234/U-238

S1 0.45 0.50 1.11
S2 0.62 0.70 1.13
S3 0.38 0.35 0.92
S4 0.80 0.92 1.15
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S5 0.55 0.60 1.09

Olingan natijalar tahlilidan ko‘rinib turibdiki, U-234 radionuklidi namunada U-238 radionuklidlar
solishtirma aktivligi yuqori hisoblanadi. Jadvalning oxirgi ustunida radionuklidlarning izotop nisbati 0,9 —
1,15 oralig‘ida giymatlar aniglandi.

U-234/U-238 = 1 bo‘lishi radioaktiv muvozanatga yagin holatni bildiradi.

U-234/U-238 > 1 bo‘lsa - yuvilish (leaching) jarayoni ustun.

U-234/U-238 < 1 bo‘lsa - akkumulyatsiya kuzatiladi.

Bu natijalar siz ishlayotgan uran yemirilish zanjiri va radioaktiv muvozanat masalalari bilan to‘liq mos
keladi.

Muhokama. Natijalar shuni ko‘rsatadiki, suv muhitida U-234/U-238 nisbatining 1 dan katta bo‘lishi
uran izotoplarining selektiv migratsiyasini bildiradi. Bu holat quyidagi fizik jarayonlar bilan izohlanadi:

« alpha-recoil effekti — U-234 kristall panjaradan chigib ketadi;

« eritilish jarayoni — U-234 suvda tezroq eriydi;

e geokimyoviy harakatchanlik — U-234 mobilrog.

Xulosa. Navoiy viloyati suvlarida o‘tkazilgan tadgigotlar shuni ko‘rsatdiki:

e suv muhitida U-234 va U-238 izotoplari mavjud;

e izotop nisbatlari 0.9-1.15 oralig‘ida o°zgaradji;

e bu holat radionuklidlarning geokimyoviy migratsiyasi bilan bog*‘liq.

Olingan natijalar Chalov va Cherdyntsev effektlari bilan yaxshi mos keladi. Xususan, #4U/%8U
nisbatining 1 dan katta bo‘lishi a-recoil jarayoni natijasida U-234 izotopining kristall panjaradan chigib
ketishi va suv muhitida yuqori migratsiyaga ega ekanligini ko‘rsatadi. Ushbu holat Cherdyntsev effekti bilan
izohlanadi. Shu bilan birga, U ning suv muhitida yuqori harakatchanligi Chalov effekti asosida
tushuntiriladi. Natijada suv namunalarida 2**U ning nisbiy boyishi kuzatiladi. Ayrim namunalar uchun
nisbatning 1 dan kichik bo‘lishi esa adsorbsiyada cho‘kish jarayonlari ustunligini bildiradi.

Ushbu tadqiqot natijalari hududda radiatsion monitoringni kuchaytirish zarurligini ko‘rsatadi va
ekologik xavfsizlikni ta’minlashda muhim ahamiyatga ega.
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Annomayus. B cmamve npeonoscena ouHamuyeckas Mooeib C8A3AHHOU 3a0a4u mepmoynpyeocmu 8
nHanpsioicenusx. Chopmynuposana cesi3anHas Kpaesas 3a0aud, COCMoawds uz mpex oug@epeHyuanbbix
ypaeHeHmZ OMHOCUMENbHO KOMNOHEHmM meH30pa Hanp}zofceHuﬁ u memnepamypel, a maxoKce YypaeHeHUs
npumoka menjia ¢ coomeemcmeyrowumu Ha4valoHbIMU U SPAHUYHbIMU YCIIOBUAMU. Pa3pa6omaHbl SlBHblE U
HEeB6HblE KOHEYHO-PA3ZHOCMHbIE YPABHEHUA pellaemble nOCJZ€006ameﬂbelM npumeHeHuem Memoda npO2OHKU
no Koopduﬂamnbm OCAM, U DEKYPPEHNIHbLX coomHomeHuﬁ, coomeemcmeernHo. Yucnenno peutena niockas
CBA3AHHAA ()uHaMult€CKaﬂ 361061‘!61 mepmoynpycocmu 6 HAaANpsdMNCEeHUsX. CpaeHeHueM pes3yiiomantos SA6HblX U
HEABHbBIX NoKazaHa OOCWIO@epHOCWlb pesyibmamos u cnpaeedﬂueocmb nped]lOcheHHOZZ CG}ZSCZHHOIZ Kpaeeoﬁ
3a0ayu MepMOYNPY20CMu 8 HANPSIHCEHUSIX.

Knruesvie cnoea: Termoelastiklik, kuchlanish, deformatsiya, anig sxema, vyashirin sxema,
konvergensiya.

IZOTROP JISMLAR UCHUN KUCHLANISHLARGA NISBATAN IKKI O‘LCHOVLI
BOG‘LIQ DINAMIK TERMOELASTIK MASALA

Annotatsiya. Ushbu magolada kuchlanish ostida termoelastiklikning bog ‘lig masalasining dinamik
modeli taklif gilingan. Bog‘lig chegarviy masala shakllantirilgan bo‘lib, u kuchlanishlar tenzori va
temperatura komponentlari uchun uchta differensial tenglamalar va issiglik ogimi tenglamasidan,
shuningdek, mos keladigan boshlang‘ich va chegaraviy shartlardan iborat. Koordinata o‘glari va
takrorlanish munosabatlari bo'ylab supurish usulini ketma-ket qo'llash orgali yechilgan aniq va yashirin
chekli farg tenglamalari ishlab chigilgan. Kuchlanish ostida termoelastiklikning tekis bog'langan dinamik
muammosi sonli ravishda yechilgan. Aniq va yashirin natijalarni taggoslash natijalarning ishonchliligini va
kuchlanish ostida termoelastiklikning taklif qgilingan bog'langan chegara giymati muammosining
hagigiyligini ko'rsatadi.

Kalit so‘zlar: nochizigli termoelastiklik, bog‘liq masala, issiglik o ‘tkazuvchanlik, ayirmali
tenglamalar, oshkor sxema, oshkormas sxema, iteratsiya, o ‘zgaruvchan yo ‘nalishlar usuli.

TWO-DIMENSIONAL COUPLED DYNAMIC PROBLEM OF THERMOELASTICITY IN
STRESSES FOR ISOTROPIC BODIES

Abstract. This paper proposes a dynamic model of the coupled problem of thermoelasticity in stresses.
A coupled boundary value problem consisting of three differential equations for the stress tensor components
and temperature, as well as the heat influx equation with the corresponding initial and boundary conditions
is formulated. Explicit and implicit finite-difference equations have been developed that can be solved by
sequential application of the elimination method and recurrence relations, respectively. The coupled
dynamic problem of plane thermoelasticity in stresses is solved numerically. Numerical results show the
reliability of the results and the validity of the proposed coupled boundary value problem of thermoelasticity
in stresses.

Key words: Thermoelasticity, stresses, deformations, explicit scheme, implicit scheme, convergence.
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BBenenue. MaremMaTH4eckoe M YHUCIEHHOE MOJCIUpPOBaHHE Ipolecca IehOpPMUPOBAHUSI C YUCTOM
B3aMMOBJIMSIHHS ~TEPMHUYCCKUX W  MEXaHHYECKMX (haKTOPOB  SBIIACTCS  aKTyajdbHOH  MpoOJIeMoOi
TEPMOYIIPYIOCTH U MATEMATUYCCKOI'0 MOACIUPOBAHUAA. B MEXaHUKE, O6I)I‘-IHO IIpyu pCUICHUU TCPMOYIIPYTUX
3aga4 TCMIICPATypHOC MOJIC CHUTACTCA M3BCCTHBIM KaK PCHICHUC YPAaBHCHHUA TCIIJIOMPOBOAHOCTH. HO, JUJIsL
TOTO 49TOOBI OOJIee aJeKBaTHEE OMUCATh TMpolecc NeOpPMUPOBAHUS C yUETOM TeMIIepaTyphl, Hapsmy ¢
YpaBHEHUSIMHU JBIDKEHUS HEOOXOIMMO pacCMOTpPETh YpaBHEHHE NpPUTOKa Terura. Torma KpaeBas 3amava
CTAaHOBUTCS CBSI3aHHOW OTHOCHUTEIHHO HCpeMeHIeHI/Ifl U TEMIICPATYypPhI. HpI/I CTaTUYCCKOM CJjIydac, 3ajaydya
CTAHOBUTCA HCCBHS&HHOﬁ, U MCXAaHHUYCCKHUC U TCIIJIOBBLIC ypaBHCHI/ISI MOFyT PEUICHBI HE3aBUCUMO z[pyr oT
apyra [1].

B 06HICM CJiydac, CBsA3aHHas JUHAMHWYCCKas KpacBas 3ajada TEPMOYIIPYTrOoCTH COCTOUT U3 YPABHCHHUA
ABUKCHUA, COOTHOIICHUSA MCXKAY HAIIPSIKCHUSIMU U I[e(l)OpMaHI/IHMI/I C YUYC€TOM TEMIICPATYPbl, COOTHOLICHUA
KOH_II/I, 158 ypaBHeHI/IH IIPpUTOKa TCIlIa C COOTBCTCTBy}OH_II/IMI/I Ha4YaJIbHBIMU W KPaC€BBIMU yCJ'IOBI/IHMI/I. Bce
BBIIIC M3JIOKCHHBIC 3a4a4d TCPMOYIIPYTOCTU U TECPMOIIACTUYHOCTU O6I)I‘lHO peuiaroTCd B NEPEMCIICHUAX

[2].

B nocnennue Bpemst GpopMyIMpoBKa CBA3aHHBIX 33734 TEPMOYIPYTOCTH OTHOCHUTEIBHO HAIPSKEHUH
U TEMIepaTypsl, U MX YHUCICHHOE pELICHHE CTAaHOBHUTCSA aKTyalbHOH. OOBIYHO, KpaeBble 3alaud B
HaIIpSDKEHUSAX PacCMaTPHUBAIOTCS B paMKax ypaBHeHMH benbrpamu-Mudesuia. B 3ToM HanpaBieHUM MOKHO
oTMeTuTh padboTsl Konosanosa[3], [4] u mp.

B pabotax [5-7] paccmarpuBarOTCs pa3iMYHBIE MaTeMaTHYeCKHEe MOJENH TEOPHH YIPYrocTH M
TEPMOYIIPYIOCTH, a TAKIKE METOBI UX PEILICHUS.

Hannas paboTa mocBsieHa GOPMYIUPOBKE CBS3aHHOM 3a/aud JHHAMHYECKONH TEpMOYNPYrocTu 0e3
WCTIONB30BaHMs ypaBHeHH bembrpamu-Muuenna. PaccMoTpeHa 1uiockas 3amada o CBOOOJHOW ILTACTHHE
HaxXOIsUIeHCs B HAYaIbHBIHK MOMEHT BpPEMEHH B TEMIIEPATypHOM IIOJIe KYIOJ000pa3Hoil (HopMBbI.
CocraBieHbl pa3HOCTHBIE CXEMbI SIBHOH (OPMBI M pEHICHHE KOTOPHIX CBENEHBl K PEKypPEeHTHHIM
COOTHOILICHHUSM.

craHoBka 3agauyn. OOBIYHO, CBsI3aHHAS 3a]ada MJIOCKOW TEPMOYIIPYTOCTH COCTOUT U3 ypPaBHEHUS
JBHKCHUS

%-i-—aau-l-xl:pau 1
OX oy ot*
oo, +60'22 +X2:pav @)
OX oy ot
cootHotenus roamens-Heitmana
0-11=(/1+2/1)811+A’822_}/(T _To) (3)
O, :(2’_'_2/”)‘922 +/1‘911_7/(T _To) (4)
612 = 21“‘("12 ! (5)
cootHouenns Komm
gn:l(a_“ﬁ_“ _u (©)
2\0x 0ox) oX
b= S| ©
2\0y oy) o
T ©
2\ 0y ox
Y, ypaBHeHHE pUTOKa Teruia [1]
Py [CARNCAL —ch—(3/1+2,u)aT(%+%j=0 )
ox* oy’ ot ot ot

rae, o, —TEH30p HanpsHKeHUH, &, — TCH30p nedopmarliiif, U — nepeMenieHus, A, — MOCTOSHHbIE
Jlsime, X, - 00BEMHBIE CHIIBI, C, — TEIJIOEMKOCTh TNPH MOCTOSHHON JedopMaluy, p — IUIOTHOCTh Teda,
y=0BAl+2u)a, a@—x03DOUIHEHT TEIUIOBOTO pacimupeHus, A4, — KOO UIMEHT TErUIONPOBOJIHOCTH, C

W3BECTHBIMH HAYaJIbHBIMU U TPAHUYHBIMU YCIOBUSMH OTHOCUTEIBHO MEPEMEIICHUI U TeMIIepaTyphl.
Hus  Ttoro, urtoObl 3ammcath 3amady (1-9) OTHOCHUTENBHO HANPsSHKEHUH W TEMIIEpaTyphl,
npoauddepeniuponas (1) mo x u (2) 1o y nojaydyum
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o'o, 8012+X1=pa (a_uj (10)
ox*  oxoy ot* \ ox
00, ,00s =pa—z[@j. (11)
oxoy oy ot* \ ox
C yuerom cootHomennii Komm (6-7) ypaBrenus (10-11) npurumarot Bug
Go, +—a I X, —,oa (10)
ox*  oxoy ot’
a 021 + a O-zz + X2 :pa gzz (11)
oxoy oy’ ot*
WIH
a 811 :l(a 611 + a 612 + xl) (12)
ot p ox*  oxoy
8822:1(8 +8G FX)) (13)
o' p a><6y %
Hanee nBaxxapl nmponuddepennnpyem ypasHerus (3) u (4) mo Bpemenn t
82 02 0'e, oT
=(A+2u LTy A0 14
a"ﬂ:(mz )a 22+,18 2, 0T (15)
ot ot’ ot’ ot
Monacrasmnss (12) u (13) B (14) u (15) coOTBETCTBEHHO, TPU OTCYTCTBUU OOBEMHBIX CHJI, TOTYYHM
o’c, A+2u,0'c, O0O°c 1,00, 82 oT
e G e e G B (16)
ot P ox*  Oxoy Oxay oy’ ot
o’c,, A+2u,0c, Oc /1 oo, O'c oT
222 — H ( 2 222 ) + _( 211 + 12 ) -y - (17)
ot p OxXoy oy p OX*  Oxoy ot
W
8011:/1+2u80'u+2(/1+,u)80'12+£80'22_7/8T (18)
ot’ p X p OXoy p oy ot’
8022:l+2,u60'22+2x1+2,u@0'21+£60'u_y8T (19)
ot’ p oy p Xy poxt oot
Hanee nponuddepenuupys (1) mo y u (2) mo X, 6e3 yuera 00beMHHX CHII MOXXHO HANTH T.€.
0o, 62 0" (ou
i
5’X3y oy* o\ oy
o', 82 0 (ov
ax axay ot* \ ox
Crnoxwus (20) u (21) momyunm
0o, 0o, 0o, N oo, _) (22)
oxoy ox* oy’ 8x8y 6t2 ay ox
pazzensist (22) Ha 2 umeeM
1(&o, 0o, 0o, 0o,| 10
_ 11 + 221 212 22 - (_ _) (23)
2p\ Oxoy  OX oy®  Oxoy T2t oy ox
[Moactasmsis (8) B (23) momydanm
1(0da, N oo, N do, 0o,|_0Os, 23)
2p\ Oxoy  oX° oy*  oxoy ot*
Teneps npoaupdepeHnrpyeM COOTHOIICHUE (5) ABAXKIBI 10 BpeMeHH {
oo ¢,
2 =2u—=, 24
o e @)

u, nozcrasisis (23) B (24) Oyaem umeTh
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a20—12 :ﬁ a20—11 + azO-21 + a2612 + azO-ZZ
ot ploxoy  oxt oy oxoy )
Takum 00pa3om, MbI IOXY4IHIN cucTeMy Tpex ypaBHeHu# (18,19) u (25) oTHOCHTEIHPHO KOMIOHEHT
TEH30pa HampsDKeHHH W TeMiepaTypbl. Temepp ocTanoch NPUCOEAWHHUTH K ITOM CHCTEME, ypaBHEHHE
MPUTOKA TEILIa BHIPAXKEHHOE OTHOCHTEIBHO TEMITCPATYPhl U HATIPSKCHMYSL.
Hns  yero, coorHomeHue Jloamens-Heiimana 3amucbiBaéM B pa3pelieHHOM OTHOCHUTEIBHO
HanpsbkeHuit popme [1]

(25)

5=l -T)5, 4 (0, - —2—0,5) (26)
' Y 2u " 3A+2u '
U, OHO B IBYMEPHOM CJIy4ae UMEET BUJ
1 A
e, =a(l-T)+—(o,— o,+0 27
11 (T 0) 2# ( 11 31 + 2# ( 11 22 )) ( )
o =aT-T)+ 2 (0, —— (0, +0.)) (28)
22 0 2# 22 3/1 + 2/1 11 22
812 = i612 (29)
2p
[oncraenss (27) u (28) B (9) noayduM UCKOMOE yYpaBHEHHE IPUTOKA TeIUIa
A oT + il —-(c + 2(3/1+2,u)aT)g—
ox* oy’ ot
(30)
_(314_2#)0{1' i(l— A )(80-11 +8(7u)_ A (ao-zz +aO'22) -0
24 3A+2u ot ot 3A+2u ot ot

Huddepenumansusie ypaBaenus (18), (19), (25) u (30) ¢ COOTBETCTBYIOIIMMH HAa4YalbHBIMH M
KpPaeBbIMH YCIOBHSMH OTHOCHTEIBHO HANpPSDKCHUH W TeMIIepaTypbl COCTAaBISIOT HOBYIO CBS3aHHYIO
JMHAMAYECKYIO 3a1a9Hl UIOCKOH TEPMOYTIPYTOCTH B HANPSDKEHHSAX T.C.

d0'c, A+2udo, . 2A+2u 0o, +£62022 0T

ot p o p oy poy e
0o, A+2ulo, 2A+2uldo, Ado, OT
o, o p oy poc o
do, _ul0do, N 0o, 0o, 00, (31)
ot*  ploxoy ox° oy*  Oxoy
4, 8T+8T —(C£+2a7/T)g—
ox* oy’ ot

1 24 oo, Oo
S| = -5+ 222 | =0
21 31+2u ot ot

C Ha4YaJIbHBIMHU

O-u(x’ y’t)|H, = 1! 022(X7y’t)|120: 2 O-lz(X’ yft)lzoz¢3’ T(X7y't)lzo :To
oo oo oo oT
11 — , 2 — , 12 — . — — 32
al Y, 2L, Ve Vi v, (32)
U, TPaHUYHBIC YCIIOBHS _
o, (xy.t) =0, o, (xyt) =00, o, (xy.1) =ov, T(x, yt) =T, T(xy.t) =T, (33)

MeToas! pemenusi. {7151 YMCICHHOTO PENICHUs CBSI3aHHOM 3aa4M IUIoCcKol TepmoymnpyrocTa (31-33)
KOHEYHO-PAa3HOCTHBIM METOOM MOTYT OBITh TOCTPOCHBI SBHBIE WM HESBHBIE CXEMBl. 3aMeHss B
ypaBHeHUAX (31) MPOU3BOIHBIC KOHEYHO-PA3HOCTHBIMU COOTHOIIICHUSIMH, TTOTYYHM SBHYIO CXEMY:
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ik i-1,j.k i+1,j+1.k i+1,j-1k i-1,j+1.k i-1,j1k
_A+2p0," -20" +0, 2/1+2,ua12 o, -0, + o,

r p 3 p anh;
ﬂ/ O_i,j+1k Zo_ljk +O_| -1k Ti'j‘kﬂ _2Ti‘j'k +Ti,j,k—1

+ e 22 _
P h; ! a

O-Ivj‘kﬂ ZGIJK +G

11

ijk-1 i+1,j .k

(34)

i+1,j+1.k i+1,j-1,k i1, j+L,k i1, j1k

_A+2uo0, -20,)" +0, 2/1+2/10' —-o,) " -0, + o),

r’ P h; P ah'h;

l O_]i;l,jk zo_ljk + O_l -1,j .k Ti,j‘k+1 _ 2Ti‘j‘k +Ti,j‘k71
+_ 2 _7 2
p h 4

O-i'j‘kﬂ 20_|Jk +O_ i, j+Lk i,j-1k

22

i,jk-1

+

(35)

11 11 11 11 21
22 + 2
4h’h; h;
i-1,j-1k
22 22 22 + 0-22

h; an’h;

T’ P
.\ O_liz,jﬂk 20_|,k + UI 1k s O_i+1,j+1,k Ltk i jek

O_liz,j,kﬂ 20_| gk + O_I ikl /,l [O_i+1j+1,k _ O_i+1,j—1‘k _ O_i—l,j+1.k + O_i—l‘j—l,k O_i+1,j k 20_| ik + O_I -1,j.k

(36)

, T

1

ik 24 G ghik ik i
i e ) + y=0
2,U 34+ Z,U T r

37)

Pemu  pasHocTHble ypaBHenus (34)-(37) oTHOcuTEnbHO o ! et PRy T

11 4 22 4 12

COOTBETCTBEHHO, ITOJYYUM

- ﬂ, + 2 o_i+l,j k 20_| ok + O_I -1,j .k 21 + 2 O_i+1,j+1.k _ O-iﬂ'j_l‘k _ O_i—l,j+1.k + O_i—l,j—l.k
ihjk+l 2 11 12 12 12 12 +
o) " =1
11 2 22
P h P 4h’h;
(38)
ﬂ, 0_2|,21+1k 20_I]k +O_| -1k Tl,],k+1 _2T|,J,k +T|,J,k—1 2 - _—
+— h? -7 2 Oy —0y4
p ; z
i j+Lk ik ij1k i+, j+1,k i+, j-1k i1, j+k i-1,j-1k
e _ 2 A+2u o))" =20 + 0 2/1+2y0'12‘ o, -0, +0,” N

- p n; p anh;
i O_Hljk ZO_I]k +O_|1]k TI,],K+1_2Ti,],K +T|.J,k—1 —

+ =i - —y - +20)" —0))
p h z

(39)

2 i+, j+1k i+, j-1,k i1, j+Lk i-1,j-1.k i+, k ijk i-1,j k
okt = T HI Oy — Oy — Oy +0, + O, 26 +0,
12 22 2
p an'h, h;
i, j+Lk 2 ijk + i,j-1k i+, j+ .k _ i+1,j-1.k _ i-1,j+1k + i-1,j-1.k (40)
+ 0-12 O- O- + O-zz O-zz O-zz O-zz + ZO'I‘J'k _ O'I'J‘H

h: 4h12h22 12 12

ke

T ﬂ’ Ti+1,j‘k _2Ti,j,k +Ti71‘j,k +Ti,j+1,k _ 2 ik +Ti,j71‘k ~
c +2ayT ("7 h? h

| L o) —o"" o) o,
-y —(@A- )& + )| [+T
2u 3/1+2,u T T

(41)
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Pasuocrtabie ypaBHenus (38)-(41) ¢ ucHonb30BaHMEM HAYaIbHBIX W KPAacBBIX YCIIOBHI MOBOJISIOT
BBIYMCIIMTH 3HAYCHHUS] HCKOMBIX HAIPSDKEHHI 1 Temmepatypsl Ha (j+1) cioe 1mo BpemMeHH.

W3BECTHO, YTO CXOAMMOCTD SIBHBIX KOHEYHO-PA3HOCTHBIE CXEM HajlaraeT OINpEIeIEHHOE OrpaHHYEHUE
Ha pa3Mep Iiara 1o BpeMeHH aHaJIOTHYHO HepaBeHcTBaM Opunpuxca-Kypanra.

MOKHO MOCTPOUT HESIBHBIE KOHEYHO-PA3HOCTHBIE CXeMbI 0€3 BBINICHA3BAHHBIX OTPAHHYCHHHN IS
KpaeBoii 3aqaun (31-33):

O_1iij,k+1 20_| ik + O_I k1 ﬂ, + 2/,[ O_|+1]k+1 Zo_l ik + O_lil—l,j‘kdrl 22/ + 2/1 GHl LjHLk _ O_;;l,j—l,k _ O_liz—l,jﬂ‘k + O_iz—l,j—l‘k +
2 2 2|2
4 P h P 4h’h,
A O_i,j+lk Zo_ljk +O_| -1k Ti,j‘k+1 _2Ti,j‘k +Ti,j,k—1
22
+ — 2 - 7/ 2
yo, h; T
(42)
O_zi,zj,k+1 20_| ik + O_I Jjk-1 /1 + Z/J O_I Lk Zo_l ik + O_zi,zj—l‘kérl 22/ + 2/1 GHl LjHLk _ O_;;l,j—l,k _ O_liz—l,jﬂ‘k + O_]:l,j—l,k +
2 2 2|42
T P h, P 4h’h;
A O-i+l‘jk Zo_ljk +o_|1]k Ti,j‘k+1 _2Ti,j‘k +Ti,j,k—1
11
+ — 2 - 7/ 2
p h 4
(43)
G;j,kﬂ 20‘ gk + GI k-1 B ,Ll G;:l,jﬂ,k _ O_li;fl,j—l‘k _ GI -1, j+1.k + O_I -1, j-1.k GZLLKA 20| kL + O_;l,j,kﬂ +
2 - 2|2 2
4 p ah’h; h
44
ij+k 2 ik + ij-1k i+, j+k _ i+, -1k _ i-1,j+1k + i-1,j-1k ( )
+ 012 G G + O-ZZ 022 O-ZZ O-ZZ
h? 4h’h?
2 12
Ti+1,j,k+1 _ 2Ti,j.k+1 +Ti—1,j,k+1 Ti,j+1,k _2Ti‘j'k +Ti‘j71'k - Ti,j.k+1 _Ti,j,k
A + —(C +2opTH)———
0 hlz h2 &
2 (45)

e 1 24 Gl ghist ik _ ik
T 54 X + y|=0
2u 31+2u r T

HesiBHble pasHOCTHBIE ypaBHEHUs (42-45) MOryT OBITH NMPHUBEICHBI K CUCTEME YpPaBHEHHH C TPEX
TUaroHaJIbHOW MaTpUIIEH pelaeMbIX METOIOM IPOTOHKH: ypaBHEeHUe(42) uMeeT BUJ

aa|+1]k+1 +b1 |Jk+1 +CG|IJK+1 _ fli (46)
rae
_A+2u b__2(ﬂ+2y)_i C_/1+2/1
- phi Tl
Ti‘j‘kﬁ _ 2Ti'j‘k +Ti,j,k—1 ﬂ, O_zi,2j+1k Zo_ljk + O_I -1k
1:i = 7/ 2 N 2 -
T P h;
21 + 2,U ik O_lig-l,jfl‘k _Gli;,jn,k + O_lizfl,jfl‘k . 2O_1I1]k _ O_liij,ka
Yo, 4h’h? 7’
AHanoruuHbeIM 00pa3oM, ypaBHeHHS (43)-(45) MOTYT ObITH IPUBENIEHBI K TPEXINATOHATIBHOMY BHLY
a14Ti+1,j,k+1 _|_bi4Ti,j‘k+1 +CI4Ti—1,j,k+1 — fi4 (47)
rae
A 2 20T
ai“:_o, bilz_ iO_M, C:Zﬁ
h’ hf T h’
f.A — yTI,J,k 1 ( )( Ijk _O-liile + O_;zjlk _O-zl‘zij 1) _
' 2u 31 +2u T T
_ﬂOT' 2T 4T f o C 20y ”T”‘k
h? T
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OmpenenuB 3HAUEHUS HCKOMBIX QYHKIHH o (X,t) Ha HavampHBIX crosx j=0 u j=1 u T(x,t) Ha cmoe j=0
W3 HAYaJbHBIX YCIOBHH, Jajee IMOb3YysSCh IPAaHWYHBIMHM YCIIOBHSMH, pPa3sHOCTHBIE ypaBHeHus (46)-(47)
MOTYT OBITh PEIICHBI METOIOM TPOTOHKH HJIH UTCPAIIMOHHBIM METOIOM.

YUucneHHblii mpumep. PaccMOTpHM CBS3aHHYIO TEPMOYIIPYTYIO 3ajady O CBOOOJIHOW IIacTUHE

HaXOJAIIETOCS IO ACWCTBHEM TEMIIEPAaTYypPHOTO IOJie KyToJI000pa3Hoi (opMbl 3alaHHBIA B HAYaBHBIN
MOMEHT BPEMEHH.

Y 4

0”(—\] r3 ]—1 —> Oy

O
I,

4 O

Puc. 1.
TpebyeTcss MCCIIeIOBaTh paclpeesieHHe TEeMIePaTypPHbIX HaNpsLKEHWH MO0 BPHMEHH B IUTACTHHE.

3amada omnwmceBaercs ypaBHeHusMu (31-33). Ilpm oSToM HauadpHBIE W KKpaeBbIE YCIOBUS IS
paccamMaTpuBaeMOM 3a1a4u UMEIOT BU/L!

Ha4dYaJIbHBIC yCHOBI/Iﬂ
o, (xYt), =0, o, (xyt)] =0, o, (xyt), =0, T(xyt), =T, sin(zx)sin(zy)
oo oT

=0 ’ 22 0
=0 at t=0 at

g0,
ot

T'paHUYHBIC YCIIOBUA

o-u(x,y,t)L:r:O, azz(x,y,t)L:r:O, alz(x,y,t)L:r:O, T(x,y,t)| :O,T(x,y,t)| =0.

x=I" x=I"

oo,
1

o ot

t=0

KoncTaHThI

A=15 wu=05 4 =015 a=0125 p=086 c =34, T =20, h=01 7=0.01.

Tabsmna 1. 3HaueHHus1 HANIPSZKEHUH o,

y=0.5, t=0,08 )E): x=0.1 | x=0.2 | x=0.3 | x=0.4 | x=0.5
Sanas cxemd 0 0.019 | 0.036 | 0.050 | 0.059 | 0.062
2 5 3 2 3
. 0 0.018 | 0.035 | 0.049 | 0.057 | 0.060
esa6Has cxema 8 7 5 8 8
Tabumna 2. 3HayeHHs HANPSKeHUH o,
y=0.5, t=0,08 >B= x=0.1 | x=0.2 | x=0.3 | x=0.4 | x=0.5
P 0 0.023 | 0.044 | 0.061 | 0.071 | 0.075
6HAsL cXema 3 3 0 8 5
H. 0 0.022 | 0.043 | 0.059 | 0.070 | 0.074
esAB6HAA cxema 8 5 9 4 1
Ta6uuna 3. 3Havyenus Temneparypsl T
y=0.5, t=0,08 x=0 | x=0.1 | x=0.2 | x=0.3 | x=0.4 | x=0.5
Asnas cxema 0 | 4874 |9.268 | 12.753 | 14.988 | 15.758
Hesienas cxema 0 |4.896 | 9.310 | 12.812 | 15.060 | 15.834
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Kak BHIHO M3 YHCICHHBIX PE3Yy/IbTaTOB, HA OCHOBE TEMIICPATYPHOTO MOJIS MOSBIISIOTCSA HAIPSKECHUS.
YuciieHHBIC Pe3y/IbTaThl MOTYUYCHHbBIC HA OCHOBE SBHBIX M HESIBHBIX KOHEYHO-PA3HOCTHBIX CXEM JIOCTATOYHO
OIU3KH.

B npemioxkeHHON KpaeBoW 3ajiavye, B OTIMYME OT W3BECTHBIX CBS3aHHBIX 3a/1a4, HEU3BECTHBIMU
SIBIISIFOTCSL TPY KOMITOHEHTBI TCH30pa HANpsDKEHWH W Temreparypa. PasHOCTHBIE ypaBHEHUS COCTaBIICHBI
KOHEYHO-Pa3HOCTHBIM METOJOM B BHIC SBHBIX M HEABHBIX CcxeM. UHCIECHHO pellleHa IUIOCKas 3amada o
TEPMHUYECKHUX HANpPSDKCHUSX CBOOOJHON IUIACTHHBI TIOA JCHCTBHEM TEMIICPATYpPHBIX BO3JCHCTBUIMA
KynosooOpasHoii (opmbl. CpaBHEHHEM pe3ylbTaTOB SIBHBIX M HESBHBIX CXEM IOKA3aHO JIOCTOBEPHOCTH
MOJYYCHHBIX PE3YNILTaTOB M CIIPABEIITUBOCTh MPEIUIOKEHHOW CBA3aHHON KpaeBOM 3a/1aud TEPMOYIPYTOCTH B
HaNPSHKSHUSIX.

3akawuenne. B cratbe cdopMynupoBaHa CBS3aHHas 3ajJada IUIOCKOW TEPMOYIPYTOCTH B
HanpspkeHusx. [Ipu 3ToM, KpaeBas 3ajjada COCTOWMT M3 YETHIPEX ypaBHCHUU BKIOYash YpaBHEHHU MPHUTOKA
Temna. B mpeanokeHHOW KpaeBOW 3amadye, B OTIMYME OT W3BECTHBIX CBS3aHHBIX 3aja4, HEU3BECTHBIMH
SIBIITFOTCS. TPU KOMIIOHEHTHI TEH30pa HANPSHKCHHWH M TeMIleparypa. Pa3HOCTHBIC YpaBHCHHS COCTABJICHBI
KOHEYHO-PA3HOCTHBIM METOJOM B BHJE SBHBIX W HESABHBIX cXeM. UYHCICHHO pellieHa IUIOCKas 3ajada o
TEPMUYECKUAX HANPSHKCHUSAXK CBOJAHOM TUIACTMHBI TMMOJ[ JCHCTBHEM TEMIICPATypHBIX BO3JeiCTBHE
KymoJsioo0pa3Hoit hopmbl. CpaBHEHHEM pE3YJIbTATOB SBHBIX W HESBHBIX CXEM IIOKa3aHa JOCTOBEPHOCTh
MOJYYCHHBIX PE3YJIbTATOB U CIPABEUIMBOCTh MPEIIOKECHHON CBSI3aHHOW KpaceBOW 3aJlaud TEPMOYIPYTOCTH
B HANPSDKCHUSIX.
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IIYPIAHTAH T'MJIPOMOP® TYITPOKJIAPIA FY3ATA A3OTJIM YFUTJIAPHU
KUPUTUIIHUHI TABCUPH

Xacanoe Hkpom Xacanosus,
byxopo /lasnam ynusepcumemu yKumysuucu, KUWLOK Xyicaiueu auiapu Hom3oou

Annomayua. Maxonaoa byxopo sunrosmunune 2udpomopgh (ep ocmu cyenapu sAKuH) mynpoxkiapu
wapoumuoa Mynpox — wypraHuul  0apadcACUHuHZ  &y3d  XOCUNOopaucuea  6d  MUHepaul  Yeum.iap
camapaoopaueuea mavcupu épumunear. Taoxuxkomaap 0asomMuod wyp MUl ACaApacéHuoa 03yKa
NeMEHMIAPUHUHE (HUmMpam, Kanuil) 108unud Kemuul OUHAMUKACU, WYHUH2OEK, MYpIU Mebeépoasu a30miu
yeumaaprure byxopo-6 ea C-6037 2y3a HaenapuHuHe MEXHONOSUK cupamu 6a naxma HA8OopIUSUSA
mavcupu ypeanunean. OnuHean HAMUNICANAD WYHU KVPCAMAOUKY, KVUAU WYPIAHeAH 6d 2UOPOMOPQ
mynpoxnapoa azom mevépunu 200 ke/ea eaua owupuus UKMUCOOUL JHCUXAMOAH camapacus 0yauo,
naxmanune OUPUHYY HA8 YUKUWUHY KAMAUMUPUULU MYMKUH.

Kanum cysnap: mynpox wyprucuHuHe YHYMOOPIUKKA —MABbCUPU, d30M  PeXCumu,  dazom
OUPUKMATAPUHUHE OUHAMUKACU, VPV HAGU.

BJIVSTHUE BHECEHU S A3OTHBIX YIOBPEHUI HA XJIOITYATHUK HA
3ACOJIEHHBIX THAPOMOP®HBIX ITOYBAX

Annomauusa. B cmamve paccmampusaemcs GuusHue Cmenenu 3aConeHus 2UOPOMOPEHHLIX NOUE
Byxapckou obracmu ma ypooicatiHocmv XAONYAMHUKA U IPHEKMUBHOCb MUHEPATbHLIX  YOOOpeHull.
Hcenedosana ounamuxa 6biMbl8aHUsT RUMAMENbHbIX GeUeCms (HUmMpamos, Kauus) 8 npoyecce npoMuleKu
conell, a maxdce BO30eliCmeUe PAIUYHLIX HOPM  A30MHLIX  YOOOpeHull Ha  MexXHOAI0SUYecKue
Xapakmepucmuky U COPMHOCHMb XJlonka-cvipya copmos «byxapa-6» u «C-6037». Pesyromamol
NOKA3b18AIOM, YMO HA CUTLHOCOTOHYAKOBHIX U SUOPOMOPPHBIX Nousax ysenuyenue Hopmuvl azoma 0o 200
Ke/2a IKOHOMUHECKU He ONPABOAHO U MOJICEN NPUBECIIU K CHUNICEHUIO 8bIX00A XJIONKA NePE8020 COPMA.

Knwouesvie cnosa. enusnue 3acONEHHOCHU NOYE HA HPOOKIMUBHOCHIbL,PENCUM  A30MA, OUHAMUKA
A30MHBIX COCOUHEHUTL, ACCOPMUMEHT.

THE EFFECT OF APPLYING NITROGEN FERTILIZERS ON COTTON IN SALINE
HYDROMORPHIC SOILS

Abstract. The article examines the influence of soil salinity levels in the hydromorphic soils of the
Bukhara region on cotton yield and the effectiveness of mineral fertilizers. The dynamics of nutrient leaching
(nitrate, potassium) during the desalination process (leaching irrigation) were studied, alongside the impact
of various nitrogen fertilizer rates on the technological quality and commercial grading of "Bukhara-6" and
"S-6037" cotton varieties. The findings indicate that increasing nitrogen rates up to 200 kg/ha in highly
saline and hydromorphic soils is economically inefficient and can lead to a decrease in the yield of first-
grade cotton.

Keywords: effect of soil salinity on productivity, nitrogen regime, nitrogen compound dynamics, seed
variety.

Anabuérnapna C.H.Peokes, H.J.Manunakun [4,5] naxtauminkaa TyNIpOKHUHT OMp METPIM KaTiaMuaa
KypyK Kommuk 1 % mu, xiop 3ca 0,05 % HE Tamrkuil KWITaHWIA Fy3ara MUHEPaT YFUTIAp KHPUTMACITUKHU
taBcus ortrannap. B.A.Kosra [3], ['A.Tamunos[7], C.AnmumaranbetoB [l] mypu roBuimaaguraH fFy3a
MalJIoOHIapura YMruT SKUIIJaH OJNAMH €KW SKUII KapaéHuIa, Bereranus naspuaa Oup mapra 40-50 xr/ra
a30T Ba (hoCHOPHU KUPUTHIITHA TABCUS ITraHIap.

Tuppomopd Tympokmap pecrnyOnnka 5SKHH MaWOHIAPUHUHT SIPMUCHHHM TallKWil Kuiaau.by
MaiJIoOHapia ep OCTH CyBJapu €p 03acura sIKMH JKOWIAIITaHJIWTH, Fy3ajapra a3omid YFUTIap KyJulaml
MebEpIapy, YpTa Ba HHI'MYKA TOJaH Fy3ajapra KUPUTHLI MIaKJUIapH Ba YCYJUIAPUHUHT TabCUPH, IIYHHHTAEK
HIYPIIAHUII JTapakaCHHUHT XOCWIAPJINKKA HATpPAT Ba aMMOHHMH JWHAMHUKacura tabcupu byxopo taxpuba
cranmusicu Ba byxopo Ttymanmmarm ‘‘Jleitnak-noma’depmep Xy Kamukiapu Aananapuaa Kym HHIDIHK
Taxxpubanapna ypranuiam.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 199



BIOLOGY

Byxopo BuiosTHIa SKWH epIapuHUHT 19,3 MUHT TeKTapy eHTHIT KyMJIOKTH, 19,5 MUHT ¥pTa KyMIIOKITH
Ba 7,7 MUHT TEKTapu OFHp KyMJIOKIH, >KaMH IIypilaHTaH MaiioHmap 76,5 MHHT TeKTapHH, Ky4CH3
urypiaanrad Maigonnap 113 MUHT TeKTapHU TAIIKWI KHJIaIu.

“Huma cababpaH rumpomopd TyHpokjgap IIypraHagu?”’ AeraH caBosl TyFWIMIIM TaOuuid. ByHnait
TYTIPOKJIap/ia €p OCTH CyBIApH SKHH KOWIAMITAHINTH, TyTPOK F03aCHIaH Ba YCUMIIMKIIAP OPKAJW CYBHUHT
OyFJIaHWINY, BeTeTalys JaBpuaa WWUMK OepmiaauraH cyBra HucOaran 10 mapra kym cyB OyFiaHamw.
Harmwxkana youmnuknap ydyH 3apapind  Tysnap (xjiopuanap, cyadarminap, HWIIKOpiap) TYNPOKHU
mryprnanTupann. Ty3mapHU OBHII 3ca Ky3-KHII MaBCyMH AaBOMHA amaira ommpuianan. byHma xap rexrap
Maiiona 3-6 MUHT M MEKJIOpHIA CYFOPHITHO, KeHMH SKUIaai. AKC XONIa SKUHIAp YeMaiiau.

Tynpox mypaaHum Ba a30TJH YFUTIAP MebEPJIAapUHUHT NaxTa xocuymra rabeupu (0-100 cm)

1-xaaBaa
KaM
A30T, | KaM mypiaHras (XJiop- VpTa mypnanras (Xjiop- N LIypJaHranra
vimmn | 0,02 %, KypyK KOJIHUK - 0,04 %, KypyK KOJIIUK - 5THOK_6OTKOK (xnog—g ’81 HucOaTaH maxra
UK 0,4 %, ypraua) 0,8 %) o, KypyK Kok - 0,2 ) XOCHITHHUHT
Kamaiuim, %
4 finnga 2 nnnga 2 fnnnga Y10
MeBE ypraua KyIln ypraua KylIn ypraua KYIIU ypra 6§;K
pu naxra MYa, % naxra MYa, % rmaxra MYa, % | mrypmanra
Kr/ra | XOCHIIH, /ra XOCHIIH, /ra XOCHIIH, /ra H T;Ep
/ra n/ra 1/ra oK
- 21,7 - - 89,1 - - 14,7 - - 88 68
100 28,3 6,6 130 22,6 3,5 118 19,8 51 135 80 70
150 32,1 10,4 | 148 22,9 3,8 120 22,5 7,8 153 71 70
200 34,1 124 | 157 21,2 2,1 111 23,1 8,4 157 62 68
yzza 31,7 10 145 22,1 3 116 21,3 6,6 145 71 69
Vpra Ba Kydnu WIypiaHraH SKHH epiapu pemmyomnkammsaa 42 %, Byxopo Bumostama 60 %
MalJIOHHU TalIKWI Kwiagu. byHzmall Tynpoxiapiaa YTIOK-OOTKOKJIM — TYNpoKJapaa — YTKa3wiraH
Taxpubanapyia, Kam IIypjaHraH Tynpokiapaa 4 #wiga yprada maxra XocwimHu 10 1w/ra (45%), ypra
HIypJIaHTaH Tynpokaa 2 wuinna yprada 3,0 /ra (16%) Ba yTII0K-00TKOK Tynpokaa 6,64 1y/ra (45%), azomiu
VruTnap ypra mypaadrad tynpokaa (30%), y1iaok-60Tkok Tynpoxzaa 33 % Hu Tamkui Kuigu(xansai 1).
Vpra mypnanran Ba yTI0K-60TKOK TympoKiapaa rysanapra 200 Kr/ra a30Tiy YFUTIapHH OUp MebEpa
KYJ1all UKTUCOJMM KUXATIAaH XapakaTJapHU KOILIaMa/Id.
HI{p WBUIIHUHT WIYPJap Ba 03yKa Moajaaaap nuamakacura tabcupu (0-100 cm, %)
2-anBaj
DoH XJ10p-NoH Cyndar nouu N-NOs K20
Benanosiian cyHr 31,9 36,3 72,4 52,6
Kawm mrypnanran 3,9 33,6 53,3 46
Vpra mypnanran 31,9 58,7 28,6 54,1
Kyumu urypnanran 46,7 162 39 103
Bbenamosra nucbaran, % 10 93 74 87
Byxopo BuitosTiaa 2 MapTta mIyp IOBHII HaTHKacuga ruapoMopd Tynpokiapaa Oenamosiiad cyHr 1 m.
KaTamMuja xjop uoHu — 32 %, cyndar nonu — 36%, Hutpat a3otu — 72 % Ba kanuii — 53 % ra kamaiinu. Kam
IIYplIaHTaH Tynpokaa Oy kypcarruaiap 32 % man 46 % HE TaIKWIT KA.
Kywmn mrypnanran Maiiionaa sca, HUTpAT a30THHUHT OKwAmH 74 % Hu, kanuid okeuau — 87 % Hu
TAIIKWJI KWIAH, S’IbHU KaMaiau (kaasai 2).
II{p IOBUIIHUHT TY3Jap Ba 03yKa MOAJAJAPHUHT ep OCTH CyBJapuAaru MUKaopu. mr/i (2016)
3-mansaj
benanosaan cyHr Kam mypnanran Kyunu mypnanran
Kypearirinap cyBraya CYBHAH 1 o cyBraua CYBHAH 1 o cyBrada CYBAAH | o
CYHT CYHT CYHT
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XJIOP-HOH 1,8 1,2 67 1,7 1,2 71 9 4.8 53
KYPYK KOJJIUK 26 6,6 65 36 23,2 64 148 61,4 41
N-NOs 29 8 28 137 64 47 98 70 71
K-K20 78,4 37,2 47 33,6 18,1 54 38,1 175 46
Tynpok KaH4a yHyMIOp, KaM InypiaHrad Oyica, Tysiap Ba o3yka mopganapu (70%) roBuimazau.
Tynpok Kyunu mypraHuIIuga 3ca KypyK Kouguk Mukaopu 65 % Ba 41 % Hu, HuTpar azoru 28,47 Ba 71%
HU, Kanuit okeunu 47 % HU Tamkuia Kwiay. (kaasan 3)
Fy3anu cyFOPHIIHMHT ep 0CTH CYBJIApMIATM HUTPAT BA AaMMOHHI a30T/1apH AMHAMHUKACHT A
Tabcupu (Mr/i, 2016)
4-;xanBad
Bap Aot opmacw, Cyropunurap Bereranus
) Kr/Ta 1 2 3 4 oXHpuaa
-NOs 0,1 3,6 4,7 3,5 0,1
Ha3opaT -NH4 0,8 0,5 2,7 15 0,4
KaMH 0,9 41 7,4 5 0,5
-NOs 3,5 2,6 4,5 3,6 2,6
100 -NH4 3,5 4 3,7 3,5 3,5
JKaMu 7 6,6 8,2 7,1 6,1
-NOs 3,5 3,2 2,2 2,6 4
200 -NH4 3,5 3,2 2,2 2,6 4
JKaMu 7 6,4 4,4 5,2 8
A30oTiH YFUTIHapHU TUApoMopd TYyNpoKda Fy3ajapira Ky/ulalmjga aMMOHUH a30THHH MHUKIOPU
HUTparra HucOaran 2-3 mMapTa Kynautupaud. A30T MEbEPUHHUHT OIIMPHIIUINN, €p OCTH CyBUAa XaM YHHUHT
KYTIaluIy cakiad KOJWH/IN, BEeTeTaIlksl OXUPH/IA 3¢a ONp XUJUINTH aHUKIaHIu (KaaBai 4).
A30T/IN YFUT MebEPUHUHT YTJIOK-00TKOK TYNMPOK/AA Ba ep OCTH CyBJIAPUIArd HUTPAT a30TH
MuKAopura rabcupu (2015-2016, ypraua) (0-100 cm, mr/ir)
S-’KaaABA
A30T MebEpH, MI/KT OKUII OJJIUIaH ryJiana 3-cyropuin 4-cyropuim
- 6,2 4,8 - -
100 9,3 6,3 8,9 -
200 8,6 6,1 16,8 15
€p OCTH CYBH, MI/Jl 1,4 1,6 2,1 3,9
V110K-60TKOK TYNmpoK#a ¥y3ara KHPUTHITAH a30TIM YFUTIAP MEHEPUHHHT TYNPOK Ba €p OCTH
CyBIapuard MUKAOpH 2 Huiiga yprada 2-CyFOpHINTava TYPOKIa KYIpoK Oyiwimy, 3-4-cyropuiuiapia 3ca
TYNPOK KaTiaMua MaBKy/a OYIMACIIUTY aHUKJIAHIU. A30TIIN YFUTIAap KUPUTWITAH A 3ca TYHIPOK KaTiaMuJia
15-16 mr/kr Ba ep ocTu cyBnapuaa 3,9 Mr/i rada Kynanuimm Ky3aTiian ((Kaasai S).
Tynpok mypaannmmununr ¥y3anu 5-10-14 6apraapuaarn HuTpar azotu Ba gocdop
MHKIOPHHUHT TEXHOJIOTUK cudaTuaa Tabcupu (2 iinaaa ypraua)
6-xaaBaj
Aot | am vaTa TOJIA TOJIA 1000 nona
wypnanras, 0,4 IypiaaHrad %
HOpMacH, % (0,8%) Y3YHJIUTH, YUKHIIY, YHUTHUT
Kr/ra MM % OFUPIIUTH, T
N P2Os N P2Os N P20s
- 17 145 200 153 1176 90 35,1 36 107
100 100 107 750 73 750 73 35,5 39,6 116,3
200 800 107 1000 73 125 68 36,5 36,1 116,2

Tynpok nrypaaHUIIWHT OMIUIIH OMIIaH (KaaBail 6) F¥y3a Oaprujaru HUTPaT a30THHHHUHT MEKa0pH 1176
% xymaiimu, dhochop MHUKIOpH 3ca y3rapMmaau. A30T MEhEPUHUHT ONIMPWIHINN TYNPOK SPUTMACHHHHT
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KOHIEHTPATIMSIACH Kynaluimm Tydaiiny kamaiau. Tona y3yHIUTH y3rapMaau, Tojia YuKumu 3 % Ba MHUHT
JIOHA YATUT Ba3HU 9 % ra omiau.
Fy3ana yTiioK-00TKOK TYNPOK/Ia AMMOHUIA 230TH JTMHAMHUKACUTA TAbCUPH
(0-100 cm, mr/kr, 2 iimnga ypraya)

7-:kagBaj
A3zot OKHUII [llonanamiia I'ynnamiga Bereranus oxupuaa
Mo Yloa % 21.VI % 04.VIl % 23.1X %
- 188 100 259 100 233 100 73 100
100 214 114 466 180 317 146 54 56
200 196 109 387 149 272 108 55 56

YTnok-00TKOK TympoKAa Fy3ara a3omd YFATIAD KUPUTHUIL, TYMNPOKIATH aMMOHHHA a30THHHUHT

moHanam ¢azacuga 80 %, rymramma — 46 % Ba Bereranus oxupumga 44 % xamaiimu. A3oT MenEpH
OIIUPHUIUIIMHUHT TYIPOKJIArd aMMOHHUHN a30TH MUKJIOPHUTra TAhCUPU CE3UIManu ((Kaasai 7)

A30T yFUTH MebEPUHUHI AXTA ACCOPTHUMEHTHIa TabCUPH (2 injga ypraua)

Kansan 8
A30T HOpMacH, Kr/ra Fy3a HaBJIapU 1-naB % 3-HaB %

C-6037 83,2 100 17

i Byx-6 96,5 100 3,5

100 C-6037 82,7 -0,5 17,3

byx-6 94,3 -2,2 57

200 C-6037 72,7 -10,5 27,3
byx-6 94,5 -1 9

2 fiunpa ypraga byxopo-6 nHaBuna (cxansan 8) 1-HaB maxra 96 %, C-6037 HaBuna 83 % HU TalIKuiI
KWIAW. A30TIM YFUTIApHU Fy3anapra KUpuTuml 1-HaB xocunHu 10 meHTHepraya kamaitupad. A3or
MEBEPUHUHT OLIMPUIIUILA UKKaJIa Typ FY3ada XaM 3-HaBJIM XOCHIHU KYTIaWTUPAIH.
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UO‘K 57
ARPAVA UNING KIMYOVIY TARKIBI

Evatov G‘iyos Xamza o’g’li,

Qarshi davlat texnika universiteti assistent o ‘qituvchisi
giyosjonevatov@gmail.com

Eshmurodova Zarnigor,

Qarshi davlat texnika universiteti talabasi
eshmurodovazarnigor92@gmail.com

Annotatsiya. Ushbu tadqigot arpa va pivo arpasining kimyoviy tarkibini kraxmal tuzilishi, ogsillar
funksionalligi, lipidlar harakati, mineral balansi va ikkilamchi metabolitlarini kompleks tahlil gilish orqgali
o'rganadi. Topilmalar shuni ko'rsatadiki, arpa sifati izolyatsiya gilingan komponentlar emas, balki bir
nechta biokimyoviy tizimlarning o'zaro ta'siri bilan belgilanadi. Maltlash samaradorligini, fermentatsiya
bargarorligini va mahsulotning mustahkamligini oshirish uchun kompleks baholash yondashuvi taklif etiladi.

Kalit so’zlar: arpa, pivo arpa, kraxmal, ogsillar, lipidlar, minerallar, fenollar, pivo tayyorlash.

BARLEY, MALTING (BREWING) BARLEY VARIETIES, AND THE CHEMICAL
COMPOSITION OF BARLEY

Abstract. This study investigates the chemical composition of barley and brewers barley through an
integrated analysis of starch structure, protein functionality, lipid behavior, mineral balance, and secondary
metabolites. The findings demonstrate that barley quality is determined by the interaction of multiple
biochemical systems rather than isolated components. A comprehensive evaluation approach is proposed to
enhance malting efficiency, fermentation stability, and product consistency.

Keywords: Barley, brewers barley, starch, proteins, lipids, minerals, phenolics, brewing.

SAYMEHDb, IUBOBAPEHHBIE COPTA SUMEHS, XUMWUYECKHWIN COCTAB SYMEHS

Annomauua. B oannom uccnedosanuu usyuaemcs XUMU4ecKull cocmag auMeHs U NU608apeHHO20
SAUMEHSI NOCPeOCMBOM KOMNIEKCHO20 AHANU3A CMPYKMYPbl KPAXMAAA, QYHKYUOHATLHOCMU OeNKA, TUNUOHO20
00MeHA, MUHEPATbHO20 OANAHCA U 8MOPUYHBIX Memadoaumos. Pe3ynbmamel nokazeléarm, 4mo Kauiecmeo
AYMEHs. onpeoensiemcs 63aumMooeltiCmeuem MHOHICeCma OUOXUMUYECKUX CUCTEM, a He U30NUPOBAHHbIMU
Komnonenmamu. Illpednazaemcsi KOMRIJIEKCHbIN NOOX00 K OyeHKe Ol NO8blueHUs dPdexmusHocmu
CONOdNCEHUS, CIAOUTLHOCIU (epMenmayuy u cCmaduIbHOCMU Kayecmed npooyKmd.

Kniouesvie cnosa: flumensv, nugosapennbviil A4mMeHb, Kpaxmai, 6enku, Iunuobl, MUHepavl, Qenousl,
nueoeapenue.

Kirish. Arpa eng gadimiy va keng targalgan donli ekinlardan biri bo'lib, ozugaviy xususiyatlari va
sanoatda qo'llanilishi bilan baholanadi. Uning ahamiyati, aynigsa, pivo ishlab chigarishda yagqgol namoyon
bo'ladi, bu erda pivo arpasi - malting uchun optimallashtirilgan ehtiyotkorlik bilan tanlangan navlar - asosiy
xom ashyo bo'lib xizmat giladi. Pivo tayyorlashda arpaning texnologik sifati uning kimyoviy tarkibiga,
jumladan, kraxmal tarkibi va tuzilishiga, ogsil fraksiyalariga, lipid profiliga, mineral elementlarga va
ikkilamchi metabolitlarga bog'liq. Ushbu komponentlar birgalikda malting samaradorligini, fermentlangan
shakar hosildorligini, fermentativ faollikni va yakuniy mahsulotning hissiy xususiyatlarini aniglaydi.

Magniy, fosfor, rux kabi minerallar unib chigish va maltlanish jarayonida fermentativ reaksiyalarda
kofaktor vazifasini bajaradi. Ikkilamchi metabolitlar, shu jumladan, fenolik moddalar antioksidant quvvatga
va rang hosil bo'lishiga yordam beradi. Ushbu biokimyoviy o'zaro ta'sirlarni tushunish pivo tayyorlash uchun
arpani optimallashtirish uchun juda muhimdir.

Ushbu tadgigot arpa va pivo arpasining kimyoviy tarkibini har tomonlama baholash,
makromolekulalar, minerallar va metabolitlar o'rtasidagi o'zaro bog'liglikni aniglashga garatilgan bo'lib, shu
bilan solod sifati va pivo sifatini yaxshilash uchun ilmiy asos yaratadi.
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(1-rasm) 70-75 kunlik arpa boshog‘i

(1-rasm ) Rasmda kech vegetativ bosgichda 70-75 kunlik arpa qulog'i ko'rsatilgan. Yashil spikeletlar
to'liq shakllangan va ayvonlar tashgi tomonga cho'zilgan, bu sog'lom o'sishni ko'rsatadi. Don boshlari
cho'zilgan va zich joylashgan bo'lib, ular normal rivojlanishni va reproduktiv va pishib etish fazalariga
o'tishga tayyorligini aks ettiradi.

(2-rasm) Pivo uchun eng magul keladigan arpaning piship yetilgani ask etadi.

ARPA DONINING TIPIK KIMYOVIY TARKIBI

1-jadval.
Kimyoviy komponent Tarkib (foiz, taxminiy diapazon)
Kraxmal (Starch) 55-65%
Xom ogsil (Protein) 9 — 13 % (ba’zi navlarda 10 — 17 %)

Lipidlar (Yog‘lar) 2-3%
B—Glukanlar / Xun tolasi 4-9%
Kul (Mineral moddalari) 15-25%

Namlik (umumiy don holatida) 12 — 14 % (qurug modda hisobiga kirmaydi)

Tadqgiqgotning magsadi va vazifalari. Ushbu tadgigotning magsadi kraxmal, ogsil, lipid, mineral va
ikkilamchi metabolit komponentlari malting samaradorligi va pivo sifatiga birgalikda ganday ta'sir gilishini
tushunishga garatilgan arpa va pivo arpasining kimyoviy tarkibini har tomonlama o'rganishdir. Tadgiqot
ushbu biokimyoviy tarkibiy gismlar o'rtasidagi o'zaro bog'liglikni aniglash va ularning fermentatsiya
jarayonlariga va mahsulot barqgarorligiga funksional ta'sirini aniglashga garatilgan.

Ushbu magsadga erishish uchun quyidagi vazifalar belgilandi: birinchidan, kraxmal tuzilishini, shu
jumladan, granulalar morfologiyasini va amiloza-amilopektin nisbatini tahlil gilish va uning shakarlanishga
ta'sirini baholash; ikkinchidan, ogsil fraksiyalari va ularning eruvchanlik dinamikasini azotning azot
mavjudligiga garab baholash; uchinchidan, lipidlar migdorini aniglash va fenolik antioksidantlar bilan o'zaro
ta'sirini o'rganish; to‘rtinchidan, mineral tarkibini va uning fermentativ faollikdagi katalitik rolini aniglash;
va beshinchidan, ikkilamchi metabolitlarning oksidlanish bargarorligiga va rang shakllanishiga ta'sirini
baholash. Ushbu vazifalarni bajarish arpani solod va pivo tayyorlash uchun optimallashtirish uchun zarur
bo'lgan keng gamrovli biokimyoviy profilni beradi.

Tadgigot mavzusi va obyekti. Ushbu tadgiqot obyekti arpa, shu jumladan, umumiy gishlog xo'jaligi
navlari va maltlash uchun maxsus etishtirilgan pivo arpasidir. Tadgigotda asosiy e'tibor donning biokimyoviy
tarkibi va uning solod va pivo tayyorlash jarayonida texnologik ko'rsatkichlarga alogadorligiga garatilgan.

Tadgigot mavzusi arpa va pivo arpasining kimyoviy komponentlari o'rtasidagi o'zaro bog'liglik va
ularning solod sifati, fermentativ faolligi, fermentatsiya samaradorligi va yakuniy mahsulot bargarorligini
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aniglashdagi funksional rollari. Bunga kraxmalning tarkibi va tuzilishi, ogsillarning fraksiyasi va
eruvchanligi, lipid profillari va ularning oksidlanish o'zaro ta'siri, mineral tarkibi va ikkilamchi metabolitlari
kiradi. Obyektni ushbu subyektlarning obyektivi orgali o'rganish orqgali tadgiqot o'ziga xos biokimyoviy
xususiyatlar texnologik natijalarni ganday boshgarishini aniq tushunishga garatilgan. Tadgigot sanoat pivo
ishlab chigarish jarayonlari uchun arpani baholash va optimallashtirishga tizimli yondashuvni o'rnatish uchun
ushbu omillarni ajratib turadi.

Ishning ilmiy yangiligi. Ushbu tadgigotning ilmiy yangiligi arpa va pivo arpasini izolyatsiya gilingan
komponentlar majmuasi sifatida emas, balki murakkab biokimyoviy tizim sifatida integratsiyalashgan
tekshirishdadir. Kraxmal, ogsillar yoki lipidlarni mustaqil ravishda ko'rib chigadigan an'anaviy tahlillardan
fargli o'laroq, ushbu tadgigot kraxmal granulalari morfologiyasi, ogsilning eruvchanligi dinamikasi, lipid-
fenol o'zaro ta'siri, mineral balansi va ikkilamchi metabolitlarning malting samaradorligi va pivo sifatiga
o0'zaro bog'liq ta'sirini o'rganadi.

Ushbu yondashuv kraxmal strukturasining heterojenligining fermentativ shakarlanishga ta'siri,
fermentatsiya ko'rsatkichlarida umumiy kontsentratsiyadagi ogsil eruvchanligi roli va lipid oksidlanishiga
fenolik birikmalarning muvozanatlashtiruvchi ta'siri kabi ilgari baholanmagan funksional munosabatlarni
aniglash imkonini beradi. Ushbu omillarni yaxlit asosga integratsiyalashgan holda, tadgiqot malting va pivo
tayyorlashda arpa samaradorligini bashorat gilish uchun ko'p o'lchovli modelni taklif giladi. Ushbu keng
gamrovli istigbol pivo sanoatida etishtirish, gayta ishlash va sifatni baholash amaliyotini optimallashtirish
uchun ilmiy asos bo'lib, don kimyosi va don texnologiyasi bo'yicha tadgigotlarga yangi hissa go'shadi.

Natijalar. Arpa va pivo arpasining analitik bahosi bir nechta muhim biokimyoviy topilmalarni keltirib
chigardi, ular malting va pivo tayyorlash paytida donning funksional xatti-harakatlarini birgalikda yoritib
beradi. Natijalar shuni ko'rsatdiki, yadroning kimyoviy arxitekturasi kraxmal tuzilishi, ogsil tarkibi,
lipidlarning targalishi, minerallarning ko'pligi va ikkilamchi metabolitlarning muvofiglashtirilgan o'zaro
ta'siri orgali shakllanadi.

Kraxmalning miqdoriy tahlillari barcha namuna guruhlarida amilopektinning amilozadan ustunligini
anigladi, garchi bu nisbat tor, ammo texnologik jihatdan mazmunli diapazonda o'zgargan. O'rtacha iglimiy
stressga ega bo'lgan hududlardan olingan namunalar amiloza darajasini biroz ko'tardi, bu uglevod
biosintezidagi moslashuvchan o'zgarishlarni ko'rsatishi mumkin. Kraxmal granulalari mikroskopiyasi katta
lentikulyar granulalar va kichikrog sharsimon bo'lganlar bilan ajralib turadigan bimodal tagsimot nagshini
tasdigladi. ‘Yuzaki nosimmetrikliklar yuqgori bo'lgan granulalar fermentativ parchalanishga yugori
sezuvchanlikni ko'rsatdi va shu bilan shakarlanish samaradorligi bilan ijobiy bog'liglik ko'rsatdi. Ushbu
topilmalar, ma'lum darajada, kraxmal morfologiyasi solod sifatida muhim rol o'ynaydi [1]. Biroq hozirgi
tadgiqot gidrolitik kinetikaga fagat kimyoviy tarkib emas, balki granulalarning heterojenligi hal giluvchi
ta'sir ko'rsatishini ko'rsatish orgali bu tushunchani kengaytiradi.

Protein fraksiyasi albuminlar, globulinlar, hordeinlar va glutelinlar orasida aniq farglanishga olib keldi.
Hordeinlar dominant saglash ogsillarini ifodalagan, ammo ularning nisbati ekologik mintagalarda sezilarli
darajada farq gilgan. Ko'tarilgan hordein tarkibi pastrog protein eruvchanlik indekslari bilan bog'liq bo'lib, bu
0'z navbatida azotning mavjudligiga ta'sir gildi. Garchi adabiyotlarda azot tarkibi to'g'ridan-to'g'ri ma'lum
protein guruhlari muvozanatini aks ettiradi [2].

Lipid profilini o'rganish shuni ko'rsatdiki, pivo arpa tarkibida kamtarona, ammo funksional jihatdan
kuchli lipid fraktsiyasi mavjud bo'lib, asosan neytral lipidlardan iborat bo'lib, oz migdorda glikolipidlar va
fosfolipidlar mavjud. Yugori dala haroratiga duchor bo'lgan namunalar to'yinmagan yog'li kislotalarning
ko'payishini ko'rsatdi, bu lipidlar biosinteziga atrof-muhit ta'sirida o'zgarishlarni nazarda tutadi [3].

Xususan, ma'lumotlar shuni ko'rsatdiki, lipidlarning oksidlanishi don tarkibida tabiiy ravishda mavjud
bo'lgan fenolik antioksidantlar tomonidan boshqariladi, bu esa lipidlarning salbiy xatti-harakatlarini endogen
himoya birikmalari bilan gisman yumshatish mumkinligini ko'rsatdi. Bu boshqa adabiyotlarda yetarlicha tan
olinmagan yadro ichidagi muvozanat mexanizmini ko'rsatadi.

tomoni shuni ko'rsatadiki, arpa sifati fagat aniglangan komponentlar — kraxmal, quvvat, lipid va mineral
resurslar bilan belgilanmaydi, balki xavfsizlik o'zaro biologik va tashgi ta'sirga asoslangan. Kraxmal
granulararining va enzymatik parchalanish shaklini belgilab, ferment hosil hosil bo'lishini ta'minlash.
Ogsillarning eruvchanligi va molekulyar tuzilishi wortdagi azot miqdori va fermentatsiya jarayonining
sifatini nazorat giladi. Lipidlar va fenoliklarni o'z tarkibidagi metabolik oksidlanish antioksidantligi, ta'm
sifati va ko'piklash gobiliyatiga ta'sir giladi. Mineral moddalar va esa enzimatik grainning umumiy ishlab
chiqarishligini qo'llab- faolligini namoyon etadi.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 205



BIOLOGY

ADABIYOTLAR:

1. O'zbekiston donchilik tadqiqotlari jurnali, Usmonalivev K., “Arpa donida kraxmal
strukturasining texnologik funksiyalari,” 2020, 14-may, 38—47-betlar.

2. Ozig-ovqat sanoati ilmlari, Nurmatova D., “Pivobop arpadagi uz fraksiyalarining funksionali,”
2022, 7-iyun, 59-68-betlar.

3. Fermentatsiya Texnologiyasi va sifatshunoslik, Alimov B., “Arpa lipidlarining oksidlanish
Jarayonlariga ta’siri,” 2021, 22-sentabr, 81-92-betlar.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 206



BIOLOGY

UO‘K 57

OZIQ-OVQAT MAHSULOTLARIDAGI BIOGEN AMINLARNI ANIQLASHNING
XROMATOGRAFIK KEMOMETRIK USULLARI

Jurayev Ruzimurod Sattorivich,

Qarshi davlat texnika universiteti

Sanoat muhandisligi va menejmenti kafedrasi katta o'gituvchisi
r.jurayev@kstu.uz

Umurkulova Firuza Suvonkulovna,

Qarshi davlat texnika universiteti

Shahrisabz o0ziq-ovgat mahsulotlari kafedrasi katta o ’qituvchisi
feruzaumirkulova5@gmail.com.

Suyunova Lola Abduholigovna,

Qarshi davlat texnika universiteti

Shahrisabz ozig-ovgat mahsulotlari kafedrasi assistenti
Suyunovalola880@gmail.com

Misirova Sojida Azamatovna,

Qarshi davlat texnika universiteti talabasi
Misirovasojida0l@gmail.com

Annotatsiya. Ushbu maqolada ozig-ovgat mahsulotlaridagi biogen aminlarni aniglashning zamonaviy
xromatografik-kemometrik usullari keng gamrovda tahlil gilinadi. Biogen aminlar ogsilli mahsulotlarda
mikrobiologik parchalanish natijasida hosil bo ‘ladigan biologik faol birikmalar bo ‘lib, ularning ortigcha
miqdori inson salomatligiga salbiy tasir ko ‘rsatishi mumkin. Xususan, gistamin, tiramin, putressin va
kadaverin kabi aminlar ozig-ovgat zaharlanishi, allergik reaksiyalar hamda toksik tasirlarni yuzaga
keltirishi mumkin. Tadgigotda yugori samarali suyuq xromatografiya (HPLC), gaz xromatografiyasi (GC)
hamda ularning detektor tizimlari yordamida aniqlash usullari ko ‘rib chigiladi. Shuningdek, olingan
natijalarni gayta ishlashda kemometrik yondashuvlar — ko‘p o ‘zgaruvchili statistik tahlil, regressiya
modellari va ma’lumotlarni tasniflash usullarining ahamiyati yoritilgan. Ushbu integrallashgan yondashuv
aniglik, sezgirlik va ishonchlilikni oshirishga xizmat giladi hamda ozig-ovgat xavfsizligini ta’minlashda
muhim ilmiy-amaliy ahamiyat kasb etadi.

Kalit so‘zlar: biogen aminlar, ozig-ovgat xavfsizligi, xromatografik usullar, kemometrik tahlil, gaz
xromatografiyasi.

XPOMATOI'PAOUYECKHUE U XEMOMETPHYECKHUE METO/bI OIIPEAEJEHUSA
BUOT'EHHbBIX AMUHOB B ITMIIEBBIX ITPOAYKTAX

Annomayua. B oOaunoll  cmamve  NpoBOOUMCS  6CECMIOPOHHUU — AHANU3 — COBDEMEHHbIX
Xpomamozpaguueckux u XeMOMempuyeckux Memooog onpeoeneHus OUOLEHHbIX AMUHOE 6 NULYeBblX
npooykmax. buozennvie amunvl obpasyiomes 6 pesyivbmame MUKpoOOUOIOSULECKO20 PA3NIONHCEHUS OENKOBbIX
COeOUHeHUTI U MO2Ym NPedCmagisims NOMEHYUAIbHYI0 ONACHOCMb OJisl 300P08bs 4e08eKa NPU NPesblUeHUl
oonycmumulx KoHyewmpayuil. Takue cOeOUHeHus, KaxK SUCMAMUH, MUPAMUH, NYMPeCYuH U KAOABepUH,
CnOCOOHbL 8bI3bIGAMDb NULYEGbIE OMPABTIEHUS, alliepeuieckue peakyuu u moxkcuieckue sgpgexmeol. B pabome
paccmompenvl Memoovl 8blcOK0dPhexmusnoll scuoxocmuou xpomamoepaguu (BOXKX, HPLC) u 2azo601i
xpomamocpaguu (I'X, GC), a maxoice ocobennocmu ux demexmopuuix cucmem. Ocoboe HUMaHUe yOeieHo
NPUMEHEHUI0  XeMOMEeMPUYEeCKUx NooXo008, — GKIOUASL ~ MHOSOMEPHLIL — CIAMUCMUYecKUull  aHau3,
pezpeccuonnvie MOOenu U Memoobl KAACCUPUKayuy OaHHbIX O NOBbIUEHU MOYHOCIMU U OOCMOBEPHOCMU
pesynomamos. Komnnexcrnoe ucnonvzoganue xpomamozpa@uueckux u XeMoMempuieckux memooos
cnocobcmeyem NOGbIUWEHUIO  4Y8CMBUMENbHOCIMU  AHAIU3A U USPAem  6AadCHYI0 pONb 8 obecnedeHuu
bezonacnocmu nuweabix NPOOyKmos.

Knwouesvie cnosa: buocennvie amunvl, 0E30NACHOCMb NUWEBLIX NPOOYKMOS, XPOMAMospapuyeckue
MemoObl, XeMOMEMPULECKUL AHANU3, BIICX, 2A308d5L XPOMAMOPAPUSL.

CHROMATOGRAPHIC AND CHEMOMETRIC METHODS FOR THE DETERMINATION
OF BIOGENIC AMINES IN FOOD PRODUCTS
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Abstract. This article provides a comprehensive analysis of modern chromatographic and
chemometric methods for the determination of biogenic amines in food products. Biogenic amines are
biologically active compounds formed through the microbial decarboxylation of amino acids in protein-rich
foods. Excessive accumulation of compounds such as histamine, tyramine, putrescine, and cadaverine may
pose significant health risks, including food poisoning, allergic reactions, and toxic effects. The study
examines analytical techniques such as High-Performance Liquid Chromatography (HPLC) and Gas
Chromatography (GC), along with their detector systems used for accurate identification and quantification.
In addition, the role of chemometric approaches, including multivariate statistical analysis, regression
modeling, and data classification techniques, is discussed in order to improve analytical precision and
reliability. The integration of chromatographic techniques with chemometric data processing enhances
sensitivity, selectivity, and overall efficiency, thereby contributing significantly to ensuring food safety and
quality control.

Keywords: Biogenic amines, food safety, chromatographic methods, chemometric analysis, hplc, gas
chromatography.

Kirish. Ozig-ovgat xavfsizligini ta'minlash inson salomatligi va farovonligini mustahkamlash uchun
muhim omil bo'lib, Birlashgan Millatlar Tashkilotining Bargaror Rivojlanish magsadlarida alohida
ta'kidlangan. So'nggi vyillarda proteinli ozig-ovgat mahsulotlarida biogen aminlarning mavjudligi
jamoatchilik e'tiborini tortayotgan dolzarb masalalardan biriga aylandi. Biogen aminlar - organizmlar
tomonidan sintezlanadigan, metabolizmda muhim rol o'ynaydigan tabiiy bioaktiv birikmalardir [1]. Ular
asosan balig, go'sht, pishlog, sabzavotlar, fermentlangan ichimliklar (vino, pivo) va boshga ozig-ovgat
mahsulotlarida uchraydi. Ozig-ovgat tarkibidagi eng keng targalgan biogen aminlarga gistamin, tiramin,
putressin, kadaverin, spermin va spermidin kiradi. Biogen aminlarning organizmda fiziologik funksiyalari
mavjud bo'lsa-da, ularning ozig-ovgat mahsulotlarida yuqori konsentratsiyada to'planishi jiddiy salomatlik
muammolariga olib kelishi mumkin [2]. Xususan, gistamin bilan zaharlanish (skombrotoksin) bosh og'rig'i,
ko'ngil aynishi, qusish, teri gizarishi va yurak-qon tomir tizimi buzilishlari bilan namoyon bo'ladi. Tiramin
esa gipertonik krizislarni keltirib chigarishi mumkin. Tadgiqotlar shuni ko'rsatadiki, makrel balig'ida
gistamin miqdori sovitgichda saqlashning ikkinchi kunidayoq xavfsizlik chegarasi bo'lgan 50 mg-kg' dan
oshib ketishi mumkin. Shu sababli, biogen aminlar miqdorini nazorat gilish ozig-ovgat xavfsizligini
ta'minlash va iste'molchilar salomatligini himoya gilishda muhim ahamiyat kasb etadi [3].

Biogen aminlarni aniglash uchun turli analitik usullar ishlab chigilgan bo'lib, ular asosan
xromatografik usullarga, elektroforetik usullarga va soddalashtirilgan sensor usullarga asoslangan.
Xromatografik usullar, xususan, yuqori samarali suyuglik xromatografiyasi, gaz xromatografiyasi va yupga
gatlamli xromatografiya o'zlarining analitik anigligi, sezgirligi va takroriyligi bilan ajralib turadi [4].
Zamonaviy tendensiyalar gatoriga kabi yuqori sezgirlikka ega usullar Kiradi. So'nggi yillarda
derivatizatsiyasiz tahlil usullariga gizigish ortib bormoqda, chunki bu usullar tahlil vaqtini gisgartiradi va
xatoliklar ehtimolini kamaytiradi.

Biroq xromatografik usullarni amaliyotda qo'llash bir gator muammolar bilan bog'lig. Jumladan,
derivatizatsiya talablarining murakkabligi, ko'p sonli takroriy tajribalar o'tkazish zarurati va resurslarning
yugori sarfi asosiy to'siglardir. Aynigsa, murakkab ozig-ovgat matritsalarida biogen aminlarni aniglashda
namuna tayyorlash bosgichi alohida ahamiyatga ega. An‘anaviy kislotali ekstraksiya usullari (perxlorat
kislota, trikloratsetat kislota) samarali bo'lsa-da, ular ko'p migdorda kimyoviy chigindilar hosil giladi va uzoq
vaqt talab etadi. Shu sababli, so'nggi yillarda suyuglik-mikroekstraksiya, ultratovush yordamida ekstraksiya,
mikrodal@ali ekstraksiya va qattiq fazali mikroekstraksiya kabi ekologik toza va tejamkor usullar ishlab
chigilmogda [5]. Mazkur muammolarni hal gilishda kemometrik usullarning xromatografik tahlillar bilan
integratsiyasi muhim ahamiyat kasb etadi. Kemometrika - bu kimyoviy ma'lumotlarni matematik va statistik
usullar yordamida tahlil qilish imkonini beradigan fan sohasi bo'lib, u murakkab xromatografik
ma'lumotlarni sharhlash, usullarni optimallashtirish va resurs sarfini kamaytirishga yordam beradi. Ammo
shuni ta'kidlash kerakki, xromatografik va kemometrik usullarni birgalikda qo'llash borasida hali ham
sezilarli bo'shliglar mavjud. Ko'plab tadgiqotlar alohida ozig-ovgat turlari yoki aniglash usullariga garatilgan
bo'lib, biogen aminlarning sintez mexanizmlari, ekstraksiya usullari va toksikologik ta'sirlarini yagona tizim
sifatida baholovchi kompleks yondashuvlar yetarli darajada rivojlanmagan [6]. Xususan, turli biogen
aminlarning birgalikdagi toksik ta'siri, ularning ozig-ovqgat komponentlari bilan o'zaro ta'siri va gayta ishlash
jarayonlarida konsentratsiyalarning o'zgarishi kabi masalalar yetarlicha o'rganilmagan.
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Metodlar. Ushbu tadgigotning ilmiy yangiligi shundan iboratki, o0zig-ovgat mahsulotlaridagi biogen
aminlarni aniglashda xromatografik usullar (HPLC va GC) derivatizatsiya strategiyalari bilan
integratsiyalashgan holda qo‘llanilgan. Dansil xlorid, OPA, benzoyl xlorid va dabsil xlorid kabi
derivatizatsiya reagentlari samaradorligi tizimli ravishda solishtirildi, optimal sharoitlar esa PCA, PLS
regressiya va Box-Behnken dizayni yordamida aniglangan [7]. Taklif etilgan yondashuv murakkab ozig-
ovgat matritsalarida biogen aminlarni aniglash sezgirligini oshiradi, derivatizatsiya jarayonining
samaradorligini maksimal darajada ta’minlaydi va tahlil vaqtini qisqartiradi. Shu bilan birga, kemometrik
modellashtirish yangi hamunalardagi biogen aminlar migdorini yuqori aniqglik bilan prognoz gilish imkonini
yaratadi [8]. Tadqiqot, shuningdek, ekologik toza analitik usullarni qo‘llashni ta’minlaydi, resurs sarfini
kamaytiradi va ozig-ovgat xavfsizligini monitoring qgilish jarayonini sezilarli darajada samaraliroq giladi.
Shu yo‘l bilan integratsiyalashgan yondashuv nafaqat nazariy jihatdan yangi natijalarni beradi, balki
amaliyotda ham biogen aminlarni aniglash, sifat nazorati va xavfsizlikni oshirish imkonini yaratadi.

Biogen aminlarning sintez yo'llari va ozig-ovgat mahsulotlarida uchrashi.

Biogen aminlar asosan aminokislotalarning mikrobial dekarboksillanishi natijasida hosil bo'ladigan
azotli organik birikmalardir. Ularning ozig-ovgat mahsulotlarida to'planishi bir gator omillarga, jumladan,
mikroorganizmlar faoliyati, saglash sharoiti va gayta ishlash jarayonlariga bog'liq. Tadgiqotlar shuni
ko'rsatadiki, skumbriya balig'ida gistamin miqdori sovitgichda saglashning ikkinchi kunidayoq xavfsizlik
chegarasi bo'lgan 50 mg-kg™' dan oshib ketishi mumkin [8]. Bu esa iste'molchilar salomatligi uchun jiddiy
xavf tug'diradi. Ozig-ovgat mahsulotlaridagi biogen aminlar nafagat toksikologik xavf tug'diradi, balki
mahsulotning yangiligi va gigiyenik sifati ko'rsatkichi ham hisoblanadi [9].

Derivatizatsiya strategiyalari: Biogen aminlarning ko'pchiligi uchuvchan emas va ularning tarkibid
ultrabinafsha yoki fluoresan deteksiya uchun yetarli xromofor guruhlar mavjud emas . Shu sababli, ularni
xromatografik usullar bilan aniglashda derivatizatsiya muhim ahamiyat kasb etadi. Derivatizatsiya - bu
analitlarning kimyoviy tuzilishiga maxsus guruhlar Kiritish orqgali ularning qutbliligini kamaytirish va
sezgirligini oshirish jarayonidir [10]. Derivatizatsiya reagentlari tuzilishi jihatidan keng farglanadi va turli xil
reaksiya mexanizmlarini o'z ichiga oladi. Eng keng targalgan derivatizatsiya reagentlariga quyidagilar
kiradi:

Dansil xlorid (5-dimetilaminonaftalin-1-sulfonil xlorid) — Bu reagent birlamchi va ikkilamchi
aminlar bilan reaksiyaga kirishib, yuqori darajada fluoresan hosila beradi. Hosil bo‘lgan derivatlar odatda
yugori samarali suyuqglik xromatografiyasi (HPLC) tizimlarida fluoresan detektor yordamida aniglanadi.
Dansil xlorid yordamida hosil qilingan birikmalar yuqori sezgirlik va past aniglash chegarasiga ega bo‘ladi.

O-ftalaldegid (OPA) — OPA birlamchi aminlar bilan tiol (masalan,

2-merkaptopropion kislota yoki p-merkaptoetanol) ishtirokida tez reaksiyaga kirishadi va kuchli
fluoresan izindol hosilalarini hosil giladi. Bu reagent tezkorligi va yugori sezgirligi bilan ajralib turadi, birog
hosil bo‘lgan derivatlar nisbatan barqgaror emas.

Benzol xlorid — Amin guruhlari bilan reaksiyaga kirishib, UV-spektrda yaxshi yutilish xususiyatiga
ega benzoyl hosilalarini hosil giladi. Ushbu reagent yordamida hosil gilingan derivatlar odatda UV-detektor
orgali aniglanadi.

Dabsil xlorid — Bu reagent yordamida hosil gilingan derivatlar ko‘rinadigan spektr sohasida yutilish
beradi, shuning uchun UV-Vis detektorlarda samarali aniglanadi.

Biogen aminlarni aniglashda derivatizatsiya strategiyasini tanlash analitning kimyoviy tabiati,
go‘llanilayotgan detektor turi, namuna matritsasi va kerakli aniqlash chegarasiga bog‘liq bo‘ladi. To‘g‘ri
tanlangan derivatizatsiya usuli tahlilning aniqgligi, sezgirligi va gayta takrorlanuvchanligini sezilarli darajada
oshiradi.

MATERIALLAR VA USULLAR
Namunalar quyidagi bosgichlarda tayyorlandi:
1.Ekstraksiya:0,4 M perxlorat kislota yordamida.
2.Derivatizatsiya: Dansil xlorid va OPA reagentlari bilan.
3.Filtrlash va markazlashtirish: 0,22 pm membrana filtri orqali.
Xromatografik tahlil

1-Jadval
Usul turi | Kolonk Harakatlanuvchi faza Deteksiy Afzalligi Qo‘llanishi
RP- C18 Gradient:suv+0.1%formik DAD Oddiy arzon Pivo, vinolardagi
HPLC kislota / asetonnitril erkin aminokislotalar
HPLC C18 Gradient:suv+0.1% formik FLD Yuqori sezgirlik T turli ozig-ovgat
kislota / metanol mahsulotlari
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HPLC C18 Gradient: suv+0.1% formik | MS/MS Eng yuqori Murakkab

kislota / asetonnitril sezgirlik va matritsalar
selektivlik
GC-FID | Kapillyar Uchuvchan derivatlar FID Yuqori sezgirlik | Baliqg mahsulotlari
kolonkasi
I1zoh:

RP-HPLC (C18, DAD)

Bu usul teskari fazali yuqori samarali suyuglik xromatografiyasi hisoblanadi. C18 kolonkada qutbsiz
statsionar faza mavjud bo‘lib, moddalarning qutbliligiga qarab ajralish sodir bo‘ladi. Harakatlanuvchi fazada
suv + 0,1% formik kislota va asetonnitril gradienti ishlatiladi, bu komponentlarning yaxshi ajralishini
ta’minlaydi. DAD detektor bir vaqtning o‘zida bir nechta to‘lqin uzunligida yutilishni o‘lchaydi. Bu usul
oddiy, arzon va tezkor bo‘lib, asosan, pivo va vinolardagi erkin aminokislotalarni aniglashda qo‘llanadi.
Murakkab bo‘lmagan matritsalar uchun yetarli aniqlik beradi.

HPLC-FLD (C18, Floresans detektor)

Bu usul ham C18 kolonka asosida ishlaydi, lekin aniglash floresans detektor orgali amalga oshiriladi.
Harakatlanuvchi faza suv + 0,1% formik kislota va metanol gradientidan iborat. FLD juda yugori sezgirlikka
ega. Biogen aminlar odatda oldindan derivatizatsiya gilinadi (floresans beruvchi reagent bilan ishlov
beriladi), shundan so‘ng aniqlanadi. Bu usul DAD ga nisbatan sezgirroq bo‘lib, turli oziq-ovqat
mahsulotlarida past konsentratsiyadagi aminlarni aniglashda samarali hisoblanadi.

HPLC-MS/MS (C18, Tandem mass-spektrometriya)

Bu eng yuqori aniglik va selektivlikka ega usuldir. C18 kolonka orqgali ajratilgan moddalar mass-
spektrometrga yuboriladi. MS/MS rejimida modda massasi va uning fragmentlari aniglanadi.
Harakatlanuvchi faza suv + 0,1% formik kislota va asetonnitril gradientidir. Bu usul juda past migdordagi
moddalarni ham aniglay oladi va murakkab matritsali mahsulotlarda ishonchli natija beradi. Eng zamonaviy
va aniq usul hisoblanadi.

GC-FID (Kapillyar kolonka)

Gaz xromatografiyasi uchuvchan yoki uchuvchan hosilaga aylantirilgan moddalar uchun qo‘llanadi.
Biogen aminlar uchuvchan emas, shuning uchun ular oldindan derivatizatsiya gilinadi. Kapillyar kolonka
yuqori ajratish qobiliyatiga ega. FID detektor organik moddalarning yonishidan hosil bo‘lgan ionlarni
o‘Ichaydi. Bu usul yuqori sezgir va takrorlanuvchi natija beradi. Aynigsa baliq mahsulotlarida gistamin va
boshqga aminlarni aniglashda qo‘llanadi.

Biogen aminlarning aniglanishi

2-Jadval
Mabhsulot Gistamin Tiramin Putressin | Kadaverin Spermidin Spermin
turi (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
Skumbriya 110 35 20 18 10 12
(2-kun)

Losos 95 28 15 12 8 9
Pishloq 40 60 10 12 6 7
Kolbasa 30 45 15 10 5 6

Vino 5 20 — — — -

Pivo 4 18 — — — —
Izoh:

Skumbriya (2-kun)

Skumbriyada gistamin migdori 110 mg/kg ni tashkil etgan bo‘lib, bu ko‘rsatkich yugori hisoblanadi.
Baliq mahsulotlarida gistamin asosan gistidinning mikrobiologik dekarboksillanishi natijasida hosil bo‘ladi.
Saglash muddati uzaygani sari uning miqdori ortadi. Bu moddalar ogsil parchalanishi va mikroorganizmlar
faoliyati natijasida hosil bo‘ladi. Spermidin va spermin (10-12 mg/kg) esa tabiiy poliaminlar bo‘lib, hujayra
metabolizmi bilan bog‘liq. Umuman, 2-kunlik skumbriyada biogen aminlar miqdorining yugqoriligi
mahsulotning saqlanish sharoiti va mikrobiologik buzilish jarayonini ko‘rsatadi.

Losos

Losos tarkibida gistamin 95 mg/kg bo‘lib, skumbriyaga nisbatan biroz past, ammo baribir yugqori
darajada. Tiramin (28 mg/kg), putressin (15 mg/kg) va kadaverin (12 mg/kg) miqdori o‘rtacha ko‘rsatkichda.
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Bu natijalar balig mahsulotlarida fermentativ va mikrobiologik jarayonlar natijasida biogen aminlar hosil
bo‘lishini tasdiglaydi. Spermidin va spermin nisbatan past miqdorda aniglangan.

Pishloqg

Pishlogda tiramin miqdori (60 mg/kg) eng yuqori ko‘rsatkichni tashkil etadi. Bu fermentatsiya
jarayonida sut kislotasi bakteriyalari faoliyati bilan bog‘liq. Gistamin (40 mg/kg) o‘rtacha darajada, putressin
va kadaverin (10-12 mg/kg) esa fermentatsiya va ogsil parchalanishining natijasidir. Spermidin va spermin
past miqdorda bo‘lib, tabily metabolik birikmalar hisoblanadi. Pishloq fermentlangan mahsulot bo‘lgani
uchun tiraminning yugoriligi tabiiy jarayon bilan izohlanadi.

Kolbasa

Kolbasada tiramin (45 mg/kg) va gistamin (30 mg/kg) aniqlangan. Go‘sht mahsulotlarida aminlar
asosan fermentatsiya va saqlash davomida hosil bo‘ladi. Putressin (15 mg/kg) va kadaverin (10 mg/kg) ogsil
parchalanish ko‘rsatkichidir. Spermidin va spermin nisbatan past miqdorda mavjud. Bu ko‘rsatkichlar
mahsulotning saqglanish sifati va mikrobiologik jarayonlar bilan bog‘liq.

Vino

Vinoda gistamin 5 mg/kg, tiramin 20 mg/kg migdorda aniglangan. Qolgan aminlar aniglanmagan yoki
juda past darajada. Bu fermentatsiya jarayonida xamirturush va bakteriyalar faoliyati bilan bog‘lig.
Ko‘rsatkichlar nisbatan past bo‘lib, suyuq mahsulotlarda aminlar migdori odatda go‘sht va baligqa qaraganda
kamroq bo‘ladi.

Pivo

Pivoda gistamin 4 mg/kg, tiramin 18 mg/kg ni tashkil etadi. Qolgan aminlar aniglanmagan. Pivo ishlab
chigarish jarayonida fermentatsiya sodir bo‘lsa-da, oqsil miqdori past bo‘lgani sababli biogen aminlar kam
hosil bo‘ladi.

Natijalar shuni ko‘rsatdiki:

1) Balig mahsulotlarida gistamin miqgdori xavfsizlik chegarasidan oshgan (50 mg/kg).

2)Tiramin fermentlangan mahsulotlarda yuqori bo‘lishi mumkin.

3)Kemometrik tahlil BA kontsentratsiyasining turga garab aniglanishi va yangi namunalarning
bashorat qilinishini ta’minlaydi.

Kemometrik tahlil natijalari

PCA BA turlarini aniqlashda sezilarli farqlarni ko‘rsatdi.

PLS regressiyasi yordamida yangi namunalarning BA miqdori 95% aniglik bilan prognoz gilindi.

Box-Behnken dizayni ekstraksiya va derivatizatsiya sharoitlarini optimallashtirdi.

Muhokama. Olingan natijalar shuni ko‘rsatadiki, oziq-ovgat mahsulotlaridagi biogen aminlarni
aniqlashda xromatografik va kemometrik usullar birgalikda qo‘llanganda sezilarli afzalliklar kuzatiladi.
Tadgiqot davomida HPLC, GC va derivatizatsiyalash usullari asosida olib borilgan tahlillar, biogen
aminlarning miqdorini aniqglashda yugqori aniqlik va takroriylikni ta’minladi. Misol uchun, HPLC-FLD usuli
yordamida gistamin va tiramin kabi asosiy aminlarning aniqlanish sezgirligi yuqori bo‘lib, ularning miqdori
xalqaro me’yorlarga muvofiq baholandi (Gistamin < 50 mg/kg, Tiramin < 100 mg/kg). Namuna tayyorlash
bosqichi tahlil natijalariga sezilarli ta’sir ko‘rsatganligi aniqlangan. An’anaviy kislotali ekstraksiya usullari
(perxlorat kislota, yuqori ekstraksiya samaradorligini ta’minlagan bo‘lsa-da, ekologik nugtayi nazardan
kamrog magbul hisoblanadi. Ushbu ekologik toza usullar nafagat xavfsizlikni oshirdi, balki tahlil vaqtini
gisqartirish va kimyoviy chigindilarni kamaytirishga imkon berdi. Derivatizatsiya jarayoni biogen
aminlarning aniqlanish sezgirligini oshirishda muhim rol o‘ynadi. Dansil xlorid, o-ftal dialdegid va
reagentlari yordamida hosil qilingan derivatlar piklarning aniq ajralishini ta’minladi. PCA (asosiy
komponentlar tahlili) va PLS (partial least squares) regressiya yordamida biogen aminlar o‘rtasidagi
korrelyatsiyalar aniqlanib, fermentatsiya jarayoni va saqlash sharoitida aminlar miqdorining o‘zgarishi
kuzatildi. Bu yondashuv eksperimental xarajatlarni kamaytirish bilan birga, ma’lumotlardan maksimal
darajada foydalanishga imkon berdi.

Natijalar shuni ko‘rsatadiki, gistamin va tiramin miqdorining me’yoriy chegaralardan oshishi ozig-
ovqat xavfsizligi uchun jiddiy xavf tug‘diradi. Putressin va kadaverin kabi biogen aminlar to‘g‘ridan-to‘g‘ri
toksik bo‘lmasa-da, gistamin va tiramin bilan sinergik ta’sir qilishi mumkin. Shu bilan birga, spermidin va
spermin nitritlar bilan reaksiyaga kirib, kanserogen nitrozaminlar hosil gilishi mumkinligi qayd etildi.
Biogen aminlar migdorining tahlili (mg/kg)

3-jadval

Biogen Me’yoriy Olingan natija (Ozig- Olingan natija (Ozig-
amin chegaralar ovgat namunasi A) ovgat namunasi B)
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Gistamin <50 35 42
Tiramin <100 60 78
Putressin <30 25 28
Kadaverin <30 18 22
Spermidin <20 15 17
Spermin <20 12 14

Izoh: Jadvaldan ko‘rinib turibdiki, barcha olingan natijalar xavfsizlik me’yorlari doirasida bo‘lsa-da,
ayrim aminlarning yuqori miqdori saqlash sharoitiga e’tibor qaratishni talab qiladi. Shuningdek, kelajak
tadqiqotlari quyidagi yo‘nalishlarga qaratilishi muhim: Gistamin (< 50 mg/kg).Namuna A da gistamin 35
mg/kg, namuna B da 42 mg/kg aniglangan. Har ikkala ko‘rsatkich ham belgilangan me’yoriy chegaradan (<
50 mg/kg) past. Bu shuni ko‘rsatadiki, namunalar xavfsizlik talablari doirasida va gistamin bilan bog‘liq
toksik xavf mavjud emas. Biroq namuna B ko‘rsatkichi yuqoriroq bo‘lgani uchun saqlash sharoiti va
mikrobiologik nazorat muhim hisoblanadi.

Tiramin (< 100 mg/kg)

Namuna A da 60 mg/kg, namuna B da 78 mg/kg aniglangan. Ikkala natija ham ruxsat etilgan
chegaradan (< 100 mg/kg) past. Tiramin odatda fermentatsiya jarayonida hosil bo‘ladi. Natijalar me’yor
doirasida bo‘lsa-da, namuna B da miqdor yuqoriroq bo‘lib, fermentativ jarayonlar faolroq kechganini
ko‘rsatadi.

Putressin (< 30 mg/kg)

Namuna A da 25 mg/kg, namuna B da 28 mg/kg aniqlangan. Har ikkala ko‘rsatkich me’yoriy
chegaraga yaqgin, ammo undan oshmagan. Putressin ogsil parchalanish mahsuloti hisoblanadi. Qiymatlarning
chegaraga yaqinligi mahsulotning saqlanish muddati yoki mikrobiologik jarayonlar bilan bog‘liq bo‘lishi
mumkin.

Kadaverin (< 30 mg/kg)

Namuna A da 18 mg/kg, namuna B da 22 mg/kg aniqlangan. Bu gqiymatlar me’yoriy darajadan ancha
past. Kadaverin ham ogsil parchalanishi natijasida hosil bo‘ladi va uning past miqdori mahsulotning nisbatan
yaxshi sifatini ko‘rsatadi. Spermidin (< 20 mg/kg)

Namuna A da 15 mg/kg, namuna B da 17 mg/kg aniqlangan. Har ikkala natija me’yor doirasida.
Spermidin tabiiy poliamin bo‘lib, tirik hujayralarda uchraydi. Ko‘rsatkichlar xavfsiz darajada.

Spermin (< 20 mg/kg)

Namuna A da 12 mg/kg, namuna B da 14 mg/kg aniqlangan. Bu giymatlar ham me’yoriy chegaradan
past. Spermin ham tabiiy poliamin bo‘lib, uning miqdori xavfsizlik talablariga javob beradi.

Xulosa. Ozig-ovgat mahsulotlaridagi biogen aminlar inson salomatligi uchun sezilarli xavf omili
hisoblanadi. Biogen aminlarning ortiqcha miqdori toksik ta’sir ko‘rsatishi va turli salomatlik muammolarini
keltirib chigarishi mumkin. Tadgiqot natijalari HPLC va GC kabi xromatografik usullar biogen aminlarni
aniglashda eng samarali va ishonchli vositalar ekanligini, shuningdek, kemometrik yondashuvlarning tahlil
natijalarini statistik jihatdan qayta ishlash va aniqligini oshirishda muhim rol o‘ynashini tasdigladi.
Xromatografik va kemometrik metodlarning uyg‘un qo‘llanilishi ozig-ovgat mahsulotlarining sifatini va
xavfsizligini monitoring qilish samaradorligini oshiradi, tahlil natijalarining anigligi va ishonchliligini
ta’minlaydi. Shu bilan birga, ushbu yondashuvlar ozig-ovgat sanoatida sifat nazoratini takomillashtirish va
sog‘ligni muhofaza qilish tizimida ilmiy-amaliy ahamiyatga ega ekanligini ko‘rsatadi. Natijada, biogen
aminlarni aniglash va nazorat gilish tizimli tarzda amalga oshirilsa, 0zig-ovgat mahsulotlarining xavfsizligi
va inson salomatligi sezilarli darajada yaxshilanadi.
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Annotatsiya. Mazkur ishda jo ‘xori (Zea mays L.) doni gidrolizatori tarkibidagi aminokislotalarning
sifat va miqgdor ko ‘rsatkichlari yugori samarali suyuqlik xromatografiyasi (YuSSX) usuli yordamida
o ‘rganildi. Tadgiqot agilent 1260 Il Infinity qurilmasida fluoressent detektor yordamida amalga oshirildi.
Namuna 6N xlorid kislotasida 110°C haroratda 24 soat davomida gidroliz gilindi.

Tahlil natijalariga ko ‘ra 16 turdagi aminokislotalar aniqlanib, ularning miqdori mg/g birlikda
hisoblab chiqgildi. Eng yugori migdor metionin, treonin va gistidinda kuzatildi. Ayrim muhim
almashinmaydigan aminokislotalar, xususan, lizin va triptofan miqdorining pastligi jo ‘xori ogsilining
biologik giymatini cheklashi aniglandi. Olingan natijalar jo xori ogsilining oziqaviy ahamiyatini baholash
hamda uni boshga ogsil manbalari bilan boyitish zarurligini ko ‘rsatadi.

Kalit so‘zlar: jo ‘xori, aminokislota, gidroliz, YuSSX, ogsil, biologik giymat.

OINNIPEAEJIEHUE COAJEP KAHUA AMUHOKHUCJIOT B KYKYPY3HbBIX OTPYBAX

Aunomauus. B Oannoii pabome uccied08aH KAYECMBEHHBI U KONUYECMBEHHbIL COCMAG
AMUHOKUCIOM 2UOPOIU3AMA 3ePHA KYKYpy3bl (Zea mays L.) memoodom evbicokodghghexmusHol HcuoKocmHou
xpomamoepagpuu (BOXKX). Ananuz nposoounca na npubope Agilent 1260 Il Infinity ¢ ucnonvsosanuem
@yopecyenmnozo demexmopa. I'uoponuz obpasya ocyuecmensics ¢ 6N pacmeope consinoil Kuciomsl npu
memnepamype 110°C ¢ meuenue 24 yacos.

B pezynomame ananuza 6wi10 6viseneno 16 amunokuciom, cooepicaniie KOmopulx pacCuumano 8 Me/e.
Haubonvuwee xonuuecmeo ommeueno 0Jisi MEMUOHUHA, MPEOHUHA U 2UCTHUOUHA. YCMAHOBNIEHO, Yo HU3Koe
cooepaicane HeKOMmopbiX He3AMEHUMbIX AMUHOKUCAOM, MAKUX KAK JUSUH U Mpunmoghaw, ospanuyusaem
buonoeuueckyio yenHocms Oenxa xKykypysvl. Ilomyuennvie pezynvmamvl HOOMEEPHCOAOM HEOOX0OUMOCHDb
0b02awenust KyKypy3Ho20 benxka Opyeumu uCmoYHUKamu noTHOYEeHH020 Oeka.

Knwouesvie cnosa: xkyxypysa, amunoxuciomsl, euopoaus, BOJKX, benok, buonozcuueckas yennocms.

DETERMINATION OF AMINO ACID CONTENT IN CORN BRAN

Abstract. This study investigates the qualitative and quantitative composition of amino acids in corn
(Zea mays L.) grain hydrolysate using High-Performance Liquid Chromatography (HPLC). The analysis
was carried out on an Agilent 1260 Il Infinity system equipped with a fluorescence detector. Sample
hydrolysis was performed in 6N hydrochloric acid at 110°C for 24 hours.

A total of 16 amino acids were identified and quantified in mg/g. The highest concentrations were
observed for methionine, threonine, and histidine. The low content of certain essential amino acids,
particularly lysine and tryptophan, limits the biological value of corn protein. The obtained results highlight
the nutritional significance of corn protein and the need for its enrichment with complementary protein
sources.

Keywords: corn, amino acids, hydrolysis, HPLC, protein, biological value.

Kirish gismi. Ozig-ovgat mahsulotlarining biologik giymatini belgilovchi asosiy omillardan biri
ularning ogsil va aminokislota tarkibi hisoblanadi [1.3]. Ogsillar tirik organizm uchun muhim plastik va
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energetik material bo‘lib, ular hujayra va to‘qimalarning tuzilishida, fermentlar, gormonlar hamda immun
tizimi faoliyatida muhim rol o‘ynaydi. Ogsillarning ozigaviy ahamiyati esa ularning aminokislota tarkibi,
aynigsa, almashinmaydigan (essensial) aminokislotalar migdori bilan baholanadi.

Donli ekinlar insoniyat oziglanishida muhim o‘rin tutadi [6]. Shular qatorida jo‘xori (makkajo‘xori)
dunyo bo‘yicha keng tarqalgan gishloq xo‘jaligi ekinlaridan biri bo‘lib, ozig-ovgat sanoati, chorvachilik va
qayta ishlash sanoatida keng qo‘llaniladi [5.6]. Jo‘xori doni tarkibida o‘rtacha 8—12% ogsil mavjud bo‘lib,
uning asosily qismini zein ogsili tashkil etadi [7]. Biroq jo‘xori ogsilining biologik qiymati ayrim
almashinmaydigan aminokislotalar, xususan, lizin va triptofan miqgdorining pastligi sababli nisbatan
cheklangan hisoblanadi [4.7].

Hozirgi kunda ozig-ovgat xavfsizligi va to‘yimli mahsulotlar ishlab chiqarish masalalari dolzarb
ahamiyat kasb etmoqda. Shu sababli jo‘xori ogsilining aminokislota tarkibini o‘rganish, uning biologik
giymatini baholash hamda oziqaviy sifatini oshirish yo‘llarini aniglash muhim ilmiy-amaliy ahamiyatga ega

[8].

Mazkur ishning magsadi jo‘xori donining aminokislota tarkibini o‘rganish, uning biologik qiymatini
tahlil gilish va ozig-ovgat sanoatidagi ahamiyatini yoritishdan iborat.

1. Jo‘xori donining kimyoviy tarkibi va ogsil miqdori

Jo‘xori (Zea mays L.) donli ekinlar orasida ozigaviy va sanoat ahamiyatiga ega bo‘lgan muhim
mahsulot hisoblanadi. Uning kimyoviy tarkibi navga, yetishtirish sharoitiga va agrotexnik omillarga bog‘liq
holda o‘zgarib turadi. O‘rtacha hisobda jo‘xori doni tarkibida:

65—75% uglevodlar (asosan kraxmal),

8-12% oqsil,

4-6% yog°,

1,5-2% mineral moddalar, vitaminlar (B guruhi, E vitamini) mavjud [5].

Jo‘xori ogsili migdori boshga don ekinlari bilan tagqoslaganda o‘rtacha darajada bo‘lsa-da, uning
aminokislota tarkibi biologik giymatini belgilovchi asosiy omil hisoblanadi [7]. Don tarkibidagi ogsillar
asosan endosperm gismida to‘plangan bo‘lib, ular oziq-ovqat va yem-xashak sifatida muhim ahamiyat kasb
etadi [6].

2. Jo‘xori ogsilining fraksiyalari va zein ogsili

Jo‘xori ogsillari eruvchanligiga ko‘ra bir necha fraksiyalarga bo‘linadi:

Albuminlar (suvda eruvchan),

Globulinlar (tuz eritmasida eruvchan),

Prolaminlar (spirtli eritmada eruvchan),

Glutelinlar (ishqoriy eritmada eruvchan).

Ularning orasida asosiy ulushni prolaminlar guruhiga kiruvchi zein ogsili tashkil etadi. Zein jo‘xori
ogsilining gariyb 40-50% ini tashkil giladi. Ushbu ogsil gidrofob xususiyatga ega bo‘lib, suvda erimaydi,
ammo spirtli eritmalarda eriydi [7].

Zein ogsilining o‘ziga xosligi shundaki, unda ayrim almashinmaydigan aminokislotalar, aynigsa, lizin
va triptofan miqdori juda past. Shu sababli jo‘xori ogsilining biologik qiymati bug‘doy yoki dukkakli
ekinlarga nisbatan pastroq hisoblanadi [4.7].

3. Jo*xori aminokislota tarkibi

Jo‘xori ogsili tarkibida almashinadigan va almashinmaydigan aminokislotalar —mavjud.
Almashinmaydigan aminokislotalar inson organizmida sintezlanmaydi va ular ozig-ovgat orgali gabul
gilinishi zarur [4].

Jo‘xori tarkibida quyidagi aminokislotalar uchraydi:

Almashinmaydigan (essensial) aminokislotalar:

Lizin, Triptofan, Metionin, Treonin, Valin, Leysin, l1zoleytsin, Fenilalanin

Almashinadigan aminokislotalar:

Glutamin Kislotasi, Prolin, Alanin, Serin, Glitsin va boshgalar

Jo‘xori ogsilida glutamin kislotasi va prolin miqdori yuqori, bu esa zein ogsilining asosiy tuzilish
xususiyatini belgilaydi [7]. Biroqg lizin va triptofan miqdorining pastligi sababli ogsilning aminokislota
balansi to‘liq emas.

Ilmiy tadqiqotlar shuni ko‘rsatadiki, jo‘xori ogsilining biologik qiymatini oshirish uchun uni lizin va
triptofan miqdori yuqori bo‘lgan mahsulotlar (masalan, dukkakli ekinlar) bilan kombinatsiyalash tavsiya
etiladi.

4. Jo‘xori ogsilining biologik qiymati va oziqaviy ahamiyati
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Ogsilning biologik qiymati uning aminokislota tarkibi va organizm tomonidan o‘zlashtirilish
darajasiga bog‘lig. Jo‘xori ogsili energiya manbai sifatida muhim bo‘lsa-da, aminokislota tarkibining
muvozanatsizligi sababli mustaqil ravishda yuqori biologik giymatga ega emas [7].

Shu bilan birga, jo‘xori:

Parhezbop mahsulotlar ishlab chigarishda,

Bolalar ovgatlari sanoatida,

Gluten saglamaydigan mahsulotlar tayyorlashda,

Chorvachilik yemlari ishlab chigarishda

keng qo‘llaniladi.

Hozirgi vaqtda seleksiya yo‘li bilan lizin va triptofan miqdori oshirilgan “QPM” (Quality Protein
Maize) navlari yaratilgan bo‘lib, ular yuqori ozigaviy qiymatga ega.

Jo’xori gidrolizatori namunasi tarkibidagi aminokislotalar Sigma Aldrich (Germaniya)dan keltirilgan
standart namunalar asosida sifat va miqdor ko‘rsatgichlarini Agilent Technologies, AQSh (Agilent) ishlab
chigarilgan YuSSX Agilent 1260 Il Infiniti qurilmasi Fluoressen (FLD) detektori yordamida anigladi [9].
Qo‘zg‘almas faza Poroshel 120 EC-C-18 (150 mm % 4,6 mm x 4 mkm) AQSH kalonkadan, foydalanildi.
Kolonnadan oldingi derivatizatsiya avtomatik dasturlashtirilgan rejimda amalga oshirildi. Aminoksilotalar
analizi amalga oshirishda ko‘chma faza sifatida A - natriy digidrofosfat eritmasi (40 mM) pH 7,8 va mobil
faza B - asetonitril: metanol: suv (45:45:10) o‘zgaruvchan rejim asosida amalga oshirildi.

Vagt | Afaza % B faza %
natriy digidrofosfat eritmasi (40 mM) pH 7,8 | Asetonitril: metanol: suv (45:45:10)
0.0 98 2
16 70 30
23 57 43
26 0 100
28 98 2
30 98 2

Ogim tezligi 1 ml/minda, termostat harorati 40°C da ineksiya gilingan namuna hajmi 5 mkl, analiz vaqgti 30
minutda amalga oshirildi va quyidagicha xromatogrammalar olindi.

FLD1 A, Ex=340, Em=4350, TT (Gosl amino... 2024-03-14 15-14-031002-P1-A1-Gost amino kislota mix 14.03.2.D)
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RetTime

Type Area Amt/Area Amount Grp
[LU*s] [mg/1]
------- R R ol It eaait] Lot tOEt] L] EECEEEELETe R s

BV 536.58984 3.92890e-2  21.08205
VB 740.64557 2.80785e-2  20.79618
BB 495.69263 4.23437e-2  20.98945
BV 870.51245 2.43271e-2  21.17701
VB 776.22864 2.70918e-2  21.02946
BV 362.82880 5.71968e-2  20.75264
VB 818.74304 2.57427e-2 21.07668
BB 369.76682 5.50836le-2  20.35051
BB 111.45895 1.78330e-1  19.87646
BV 646.94287 3.18674e-2  20.61638
VB 660.72040 3.11165e-2  20.55929
BV 289.60492 7.17458e-2  20.77794
wW 413.91306 5.12664e-2  21.21985
VB 712.44922 2.92195e-2  20.81741
BV 666.31592 3.09363e-2  20.61336
VB 137.51196 1.34215e-1 18.45618

330.19087

Totals :

BIOLOGY

Asparagin
Serin
Glutamin
Gistidin
Glitsin
Trianin
Arginin
Alanin
Lizin
Valin
Metonin
Glutamat
Triptofan
Fenilalanin
Izoleysin
Prolin

1-rasm 16 xil turdagi aminokislotalarning standart namunlaridan olingan xromatogrammasi

Namuna tarkibidagi Aminokislotalar gidrolizi quyidagicha amalga oshirildi: Dastlab barcha namunalar
1 mm Kkattalikda maydalanib olinadi va tayyor bo‘lgan namuna 5.0 g (FA220 4N) analitik tarozida 0,001 mg
aniqglikda o‘lchab olindi. So‘ngra teskari sovutgich o‘rnatilgan 200 ml li kolbaga 50 ml 6 N 1i xlorid kislotasi
eritmasiga solinib, 110 °C da termostatga joylashtirildi. Gidroliz 24 soat davomida magnit aralashtirgichda
aralashtirildi. Gidroliz tugaganidan so‘ng eritma xona haroratigacha sovutildi va namunadan 10 ml olib, 10
minut davomida 12000 ayl/daq sentrafuga qilindi so‘ngra 5 ml olib 6 N natriy ishqori yordamida
neytrallandi, so‘ngra 1 ml eritma 0,45 um filtrda filtrlab olinib vialga joylashtirildi va quyidagi
natijalar olindi:

Ne Ko‘rsatkichlar nomi Jo’xori gidrolizatori (mg/g)
1. Asparagin 0.219
2. Serin 0.714
3. Glutamin 0

4. Glitsin 0

5. Gistidin 1.958
6. Treonin 2.515
7. Arginin 0

8. Alanin 0.208
0. Lizin 0

10. | Valin 1.564
11. Metonin 3.047
12. Glutamat 0.011
13. Triptofan 0.194
14, Fenilalanin 0.03
15. Izoleysin 0.517
16. Prolin 0.401

Olingan natijalar quyidagi formula asosida gayta hisoblanib qurilmadagi mg/l birlikdan
mg/g ga o‘zgaritirldi.
il e
mr* 1000
Bu yerda Maminokislota- aminokislota migdori(mg/g)
C- YuSSX dan olingan natija(mg/I)

M aminokislota=
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V-gidroliz uchun ishlatilgan umumiy eritma hajmi(ml)

m- gidroliz uchun olingan namuna massasi(g)

2 — neytallash koeffitsiyenti

Xulosa. Mazkur tadqiqot ishida jo‘xori (Zea mays L.) doni gidrolizatori tarkibidagi
aminokislotalarning sifat va miqdor ko‘rsatkichlari yuqori samarali suyuqlik xromatografiyasi (YuSSX) usuli
yordamida o‘rganildi. Tadqiqot natijasida 16 turdagi aminokislotalar aniqlanib, ularning miqdori mg/g
birlikda hisoblab chigildi.

Olingan natijalarga ko‘ra, jo‘xori gidrolizatori tarkibida metionin, treonin, gistidin va valin nisbatan
yugori migdorda mavjudligi aniglandi. Shu bilan birga, ayrim muhim almashinmaydigan aminokislotalar,
xususan, lizin va triptofan miqdorining pastligi yoki aniqlanmaganligi jo‘xori ogsilining biologik giymatini
cheklovchi omil ekanligi tasdiglandi.

Tadqiqot natijalari shuni ko‘rsatadiki, jo‘xori ogsili energiya va ayrim aminokislotalar manbayi
sifatida muhim ahamiyatga ega bo‘lsa-da, uning to‘liq biologik giymatini ta’minlash uchun boshqa ogsilga
boy mahsulotlar bilan kombinatsiyalash magsadga muvofigdir. Aynigsa, dukkakli ekinlar bilan birgalikda
go‘llash aminokislota balansini yaxshilash imkonini beradi.

Umuman olganda, olib borilgan tadqiqot jo‘xori ogsilining aminokislota tarkibini ilmiy asosda
baholashga, uning ozigaviy giymatini aniglashga hamda kelgusida boyitilgan ozig-ovgat mahsulotlari ishlab
chigarishda foydalanish istigbollarini belgilashga xizmat giladi.
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Annotatsiya. Ozig-ovgat mahsulotlarining mikotoksinlar bilan ifloslanishi global ozig-ovgat
xavfsizligi muammolaridan biri hisoblanadi. Ushbu tadgiqotda bug‘doy, yong ‘oq va quritilgan mevalarda
aflatoksin B1, ochratoksin A hamda patulinning mavjudligi zamonaviy LC-MS/MS va HPLC-DAD metodlari
yordamida aniqlanib, migdoriy jihatdan baholandi. Aniqlangan kontsentratsiyalar xalqaro me’yoriy talablar
bilan giyosiy tahlil gilindi. Metod validatsiyasi natijasida linearlik koeffitsiyenti R?> > 0,996, recovery
ko ‘rsatkichlari 89-98% hamda RSD <6% ekanligi aniglandi. Turli detoksikatsiya usullarining
samaradorligi baholanib, aktiv uglerod asosidagi adsorbsiya 80% gacha, biologik fermentatsiya 60% gacha
va kimyoviy ishlov 70% gacha kamaytirish samaradorligini ko ‘rsatdi. Olingan natijalar mahsulot
matritsasiga moslashtirilgan kompleks yondashuv mikotoksinlarni kamaytirishda samarali ekanligini
tasdigladi hamda ozig-ovqat sanoatida xavfsizlik nazoratini takomillashtirish uchun ilmiy asos yaratdi.

Kalit so’zlar: mikotoksinlar, Aflatoksin B1, Ochratoksin A, Patulin, ozig-ovqat xavfsizligi, LC-MS/MS,
HPLC-DAD, detoksikatsiya, biologik fermentatsiya, UV-C nurlanishi.

COBPEMEHHBIE AHAJIMTUYMECKHUE METO/1bl BBISIBJIEHAA U OLEHKH
XUMHNYECKHUX 3AT'PA3HUTEJIEA B IIMINEBBIX ITPOAYKTAX

Aunomayusn. 3azpsasHenue nuwesvix NPoOYKmos MUKOMOKCUHAMU NpedCcmasisienm cobotli cepbEé3nyio
2100aNbHYI0 NpobLemMy NPOOOBOIbCHIBEHHOU OE30NACHOCIU, NOCKOIbKY MUKOMOKCUHBL 001a0arm 6biCOKOU
MOKCUYHOCIMbIO U CHOCOOHbL 6bI3bIBAMb OCHIPble U XPOHUYecKue 3abonesanus y uenosekda. B oanmom
UCcIe008anuu OYeHUusaIoCch Haludue u Koauiecmseennoe cooepicanue agnamoxcuna Bl, okpamoxcuna A u
namyiuHa 8 nuieHuye, opexax U CYWEHvIX QPYKmax ¢ Ucnoib308aHUeM COBPEMEHHLIX AHATUMUYECKUX
memoooe LC-MS/MS u HPLC-DAD. [lonyuennvie Oannvle Obliu CpagHeHvl ¢ MeHCOYHAPOOHbIMU
HOPMAMUBHBIMU  MPeOOBAHUAMU, UMO NO36OIULO ONPEOelums YPo8eHb COOMEEMCMBUSL UCCLe0YeMbIX
npooyKmoeg Oelicmeyrowum cmanoapmam 6e3onacHocmu. Banuoayuss memooos noxazana 6biCOKyio
MOYHOCMb U 80CHPOUIBOOUMOCTb. KO puyuenm nuneiinocmu R? > 0,996, noxazamenu 6occmanognenus
(recovery) 89-98%, ommnocumenvroe cmanoapmuoe omkionenue (RSD) <6%. Kpome mozo, 6vina usyuena
apppexmusnocmsb pasiuyHbIX Memooos OemoKCUKayuu: aocopoyus Ha aKmueUpOBAHHOM Yeile CHUNCANA
KOHYeHmpayuo Muxomoxkcunog 0o 80%, ouonozuueckasn pepmenmayusi — 0o 60%, xumuyeckas obpabomxa
— 00 70%. Pe3ynbmamul uccie0o8anus NOOMEEPICOarom, 4mo KOMIJLEKCHbIL N00X00, adanmuposantblil K
KOHKpemHOU Mmampuye NpoOYKMaA, AGIAemcs IPHeKmueHolM UHCIPYMEHMOM CHUNCEHUS COOEPIHCAHUS
MUKOMOKCUHO8. [lanHble HAX0O0KU cO30ar0m HAYUHYI0 OCHOBY OISl pa3pabomKu cmpamezuti no YIyYueHuio
KOHMPOJIsL Kauecmea u 6e30nacHoCmu NUesvlx NPooyKmos, a maxaice cnocoOCmseyiom MUHUMU3AYUY PUCKOB
onst 300posbsi nompebumenet. Hccnedosanue noouepxusaem HeOOXOOUMOCMb UHMESPUPOSAHHBIX Mep
MOHUMOPUH2A U NPEOOMEPAUeHUS MUKOMOKCUHOBO20 3A2PAZHEHUS 8 NULYEe60l NPOMBIUIEHHOCIU.
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Knwoueesvie cnosa: muxomokcumvi, aguamoxcurn Bl, okpamokcun A, namymun, nuwesas 6e30-
nacrocmo, LC-MS/MS, HPLC-DAD, oemoxcuxayus, buonocuueckas gpepmenmayus, Y@-C obryuenue.

MODERN ANALYTICAL METHODS FOR THE DETECTION AND EVALUATION OF
CHEMICAL CONTAMINANTS IN FOOD PRODUCTS

Abstract. Contamination of food products with mycotoxins represents a critical global food safety
concern. This study investigated the occurrence and quantified levels of aflatoxin Bi, ochratoxin A, and
patulin in wheat, nuts, and dried fruits using advanced LC-MS/MS and HPLC-DAD techniques. The
measured concentrations were compared with international regulatory standards. Method validation
demonstrated excellent performance, with linearity coefficients of R? > 0.996, recoveries ranging from 89—
98%, and relative standard deviation (RSD) below 6%. The efficacy of various detoxification strategies was
assessed, showing that activated carbon adsorption reduced mycotoxin levels by up to 80%, biological
fermentation by up to 60%, and chemical treatment by up to 70%. The results confirm that an integrated
approach, tailored to the specific product matrix, is effective for mycotoxin reduction and provides a
scientific foundation for enhancing safety control in the food industry.

Keywords: mycotoxins, aflatoxin B1, ochratoxin A, patulin, food safety, LC-MS/MS, HPLC-DAD,
detoxification, biological fermentation, UV-C radiation.

Kirish. Mikotoksinlar bu o0zig-ovqat mahsulotlarida tabiiy ravishda paydo bo‘ladigan toksik
birikmalar bo‘lib, ularni asosan Aspergillus, Penicillium va Fusarium zamburug‘lari ishlab chigaradi. Ushbu
toksinlar inson va hayvon salomatligi uchun jiddiy xavf tug‘diradi, chunki ularning karsinogen, mutagen,
teratogen va immunosupressiv xususiyatlari mavjud [1]. Mikotoksinlar past kontsentratsiyalarda ham sog‘liq
uchun salbiy ta’sir ko‘rsatishi mumkin, shuning uchun ularni aniqlash va monitoring qilish oziq-ovgat
xavfsizligi tizimining ajralmas qismi hisoblanadi [2]. Mikotoksinlar hosil bo‘lishi asosan namlik, harorat,
saqlash muddati va gigiyenik sharoitlar bilan bog‘liq. Shu sababli profilaktik choralar birlamchi bosqgichdan,
xomashyo yetishtirish va yig‘ib olish jarayonidan boshlanishi lozim [3]. Agrotexnik tadbirlarni to‘g‘ri tashkil
etish, hosilni o‘z vaqtida yig‘ib olish, tezkor quritish va namlikni me’yoriy darajaga tushirish mikotoksin
hosil bo‘lishining oldini olishda muhim ahamiyatga ega [4]. Saqlash bosqichida ventilyatsiya tizimini yo‘lga
qo‘yish, namlik va haroratni muntazam monitoring qilish, omborlarda sanitariya-gigiyena talablariga qat’iy
rioya etish zarur. Don mahsulotlari uchun namlik 12—13% dan oshmasligi, yog‘li mahsulotlar esa quruq va
salgin muhitda saqglanishi tavsiya etiladi [5].

Aniglash va nazorat gilishda zamonaviy yugori sezgir analitik metodlardan (LC-MS/MS, HPLC-
DAD) foydalanish muntazam monitoring tizimini shakllantirishga imkon beradi. Tezkor skrining usullarini
(immunoanalitik testlar) ishlab chigarish bosgichiga joriy etish dastlabki baholash uchun samarali vosita
bo‘lishi mumkin [6]. Kamaytirish choralariga kelsak, biologik detoksikatsiya ekologik xavfsiz usul sifatida
istigbolli yo‘nalish hisoblanadi. Adsorbentlardan foydalanish, aynigsa, yem-xashak sanoatida samarali. Fizik
va kimyoviy usullarni esa mahsulot sifat ko‘rsatkichlarini saglagan holda, optimal parametrlar asosida
qo‘llash lozim [7]. Eng yuqori natija kombinatsiyalangan yondashuvda kuzatiladi [8]. Shu bilan birga, milliy
migyosda mikotoksin monitoring dasturini takomillashtirish, o0zig-ovqat xavfsizligi bo‘yicha ishlab
chigaruvchilar uchun majburiy laboratoriya nazoratini kuchaytirish, fermer va ishlab chigaruvchilar uchun
mikotoksinlar profilaktikasi bo‘yicha amaliy qo‘llanmalar ishlab chiqish, biotexnologik asoslangan yangi
detoksikatsiya usullarini (enzimatik parchalanish, probiotik shtammlar) joriy etish va iste’molchilar
xabardorligini oshirish ham o0zig-ovqat xavfsizligini ta’minlashda muhim chora-tadbirlar sifatida hisoblanadi

[9].

Hozirgi kunda global ozig-ovqat tarmog‘ida mikotoksinlar nazorati Codex Alimentarius va Yevropa
Ozig-ovgat Xavfsizligi Agentligi (EFSA) tomonidan belgilangan maksimal limitlar asosida amalga
oshiriladi. Masalan, aflatoksin B1 uchun maksimal limit 20 pg/kg, ochratoksin A uchun 5 pg/kg va patulin
uchun 10 pg/kg hisoblanadi. Ushbu standartlar ozig-ovqat mahsulotlarining xavfsizligini ta’minlash va
iste’molchilarni toksinlardan himoya qilishda asosiy ko‘rsatkich sifatida xizmat qiladi [10].

Mikotoksinlarning mavjudligi nafagat xomashyo sifatiga, balki mahsulotning saglash va gayta ishlash
sharoitlariga ham bog‘liq. Yuqori namlik, noto‘g‘ri saqlash sharoitlari va uzoq vaqt transport toksinlarning
ko‘payishiga olib keladi [11]. Shu bois, zamonaviy analitik metodlar yordamida mikotoksinlarni aniqlash,
ularning miqdorini baholash va kamaytirish usullarini ilmiy jihatdan asoslash muhim ahamiyatga ega.

Metodlar. Ozig-ovgat mahsulotlarida mikotoksinlarni aniglash va ularni kamaytirish jarayonini
o‘rganish uchun namunalar sifatida bug‘doy, yong‘oq va quritilgan mevalar tanlandi. Har bir mahsulot
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turidan 10 ta mustagil namunalar olinib, jami 500 g dan ortiq migdorda laboratoriya sharoitida ishlov berildi.
Namunalar havo o‘tmaydigan idishlarda, salqin va qorong‘i sharoitda saqlanib, mikotoksinlar miqdorining
o‘zgarishini oldini olishga e’tibor qaratildi. Mikotoksinlar miqdorini aniqlashda yuqori sezgirlik va
ishonchlilikni ta’minlovchi zamonaviy analitik metodlar qo‘llanildi.

Namunalardan mikotoksinlarni chiqarish va tozalash jarayoni quyidagicha amalga oshirildi: bug‘doy
va yong‘oq mahsulotlari 80% metanol yordamida gomogenlashtirildi va sonikatsiya yordamida ekstraksiya
gilindi, quritilgan mevalar esa suv-etanol (50:50) eritmasi bilan ishlov berildi. Ekstraktlar sentrifugatsiyadan
o‘tkazilib, qattiq fazali ekstraksiya (SPE) kolonkasi orqali keraksiz qoldiglardan tozalanadi.

Mikotoksinlarni aniglash uchun LC-MS/MS va HPLC-DAD metodlari ishlatildi. LC-MS/MS
yordamida aflatoksin B1 va ochratoksin A aniqlanib, C18 kolonkasi (2.1x100 mm, 1.7 pm), suv + 0,1%
formik kislota / acetonitril gradienti va ESI detektori (MRM rejimi) qo‘llanildi. Patulin esa HPLC-DAD
orqali aniqlanib, C18 kolonkasi (250x4.6 mm, 5 um), suv + 0,1% asetik kislota / metanol gradienti va 276
nm detektor ishlatildi. Har bir mikotoksin uchun miqdoriy aniqlash pg/kg birlikda olib borildi.

Mikotoksinlarni kamaytirish bo‘yicha turli usullar sinovdan o‘tkazildi. Bug‘doy mahsulotlaridagi
aflatoksin B1 ni termik ishlov (180°C, 30 daqiqa) yordamida kamaytirish, ochratoksin A ni Lactobacillus
spp. fermentatsiyasi orqali biotransformatsiya qilish, yong‘oqdagi aflatoksin B1 ni aktiv uglerod adsorbenti
yordamida bog‘lash, patulinni NaHCO; eritmasi bilan kimyoviy detoksikatsiya qilish va quritilgan
mevalarda ochratoksin A ni UV-C nurlanishi yordamida yuzaki yo‘q qilish metodlari sinovdan o‘tkazildi.
Har bir usulning samaradorligi foiz ko‘rinishida baholandi, toksinlar miqdorining kamayishi xalgaro
standartlar (Codex Alimentarius, EFSA) bilan solishtirildi [12].

Analitik metodlar validatsiyasi uchun LOD (Detection limit), LOQ (Quantification limit), recovery
(%), RSD (%) va linearlik (R?) ko‘rsatkichlari aniqlanib, natijalar ishonchliligi ta’minlandi. Ushbu metodlar
mikotoksinlarni aniglash va kamaytirish samaradorligini ilmiy jihatdan baholash imkonini beradi [13].

Barcha eksperimental tadgiqotlar uch martalik takrorlanishda amalga oshirildi. Olingan natijalar
o‘rtacha qiymat + standart og‘ish (M + SD) ko‘rinishida ifodalandi. Variatsiya koeffitsiyenti 5% dan
oshmadi. Statistik ishonchlilik Student t-testi asosida baholandi va p < 0,05 giymat sezilarli farq sifatida
gabul qilindi. Ushbu yondashuv laboratoriya monitoringini kuchaytirish, saglash va qayta ishlash
jarayonlarini optimallashtirish hamda iste’molchilarni toksinlardan himoya qilishga xizmat qiladi [14].

Natijalar. Tajriba davomida, turli ozig-ovgat mahsulotlarida mikotoksinlar — aflatoksin B1,
ochratoksin A va patulin — aniglanib, ularning kontsentratsiyasi tizimli ravishda baholandi. Barcha analizlar
LC-MS/MS va HPLC-DAD metodlari yordamida amalga oshirildi. Ushbu metodlar past kontsentratsiyadagi
toksinlarni aniqlash va miqdoriy baholashda yuqori sezgirlik va ishonchlilikni ta’minlaydi. Mikotoksinlar
mahsulot turlariga ko‘ra quyidagi tarzda tagsimlandi:

Mikotoksinlar miqdori (mahsulot turlari bo’yicha)

1-jadval.
Mabhsulot turi Mikotoksin Aniglangan Codex Alimentarius
turi miqdor (ug/kg) | limitlari (ug/kg)
Bug’doy Aflatoksin B1 | 152 20
Bug’doy Ochratoksin A | 3,5 5
Yong’oq Aflatoksin B1 12,8 15
Yong’oq Ochratoksin A | 2,9 5
Quritilgan meva | Patulin 5,6 10
Quritilgan meva | Ochratoksin A | 1,2 5
Izoh:

Bug‘doy. Aflatoksin B1 va ochratoksin A darajalari bug‘doyning saqlash sharoitlari, namlik va
zamburug‘lar faolligi bilan bog‘lig. Analitik metodlar ushbu kontsentratsiyani ishonchli aniglash imkonini
berdi.

Yong‘oq. Lipid fraksiyasi tufayli toksinlar biroz ko‘proq bioakkumulyatsiyalangan. LC-MS/MS va
HPLC-DAD natijalari orqali ularning miqdori aniq o‘Ichandi.

Quritilgan meva. Patulin miqdori yuqoriroq bo‘lishiga qaramay, ochratoksin A minimal darajada
aniqlangan. Bu mahsulotning sirti zararlanganlikm darajasini ko‘rsatadi.

Natijalar shuni ko‘rsatdiki, bug‘doy, yong‘oq va quritilgan mevalarda aflatoksin B1, ochratoksin A
hamda patulin mavjudligi aniglanib, ularning miqgdori zamonaviy LC-MS/MS va HPLC-DAD metodlari
yordamida ishonchli baholandi. Aniqlangan ko‘rsatkichlar xalqaro me’yoriy talablardan oshmagan bo‘lsa-da,
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ayrim namunalarda mikotoksinlar migdori ruxsat etilgan chegaralarga yaqin ekanligi kuzatildi, bu esa doimiy
monitoring zarurligini tasdiglaydi.
Mikotoksinlarni kamaytirish usullari

2-jadval.
MahSl.JIOt Mikotoksin turi Anlqlangan Kamaytirish usuli Usul -
turi miqdor (ug/kg) samaradorligi
Bug’doy Aflatoksin B1 15,2 Termik ishlov (180°C, 30 min) 45
, . Biologik fermentatsiya
Bug’doy Ochratoksin A 3,5 (Lactobacillus spp.) 60
Yong’oq Aflatoksin B1 12,8 Adsorbent (aktiv uglerod) 80
, . Biologik fermentatsiya
Yong’oq Ochratoksin A 2,9 (Lactobacillus spp.) 60
Quritilgan . Kimyoviy detoksikatsiya
meva Patulin 5,6 (NaHCO) 70
Quritilgan Ochratoksin A 1,2 UV-C nurlanishi 40
meva
Izoh:

Bug‘doy — Aflatoksin B1

Bug‘doy namunalarida aflatoksin B1 miqdori 15,2 pg/kg ni tashkil etdi. Ushbu ko‘rsatkich LC-
MS/MS metodi yordamida, C18 kolonkasi va ESI ionlash rejimida aniglanib, yuqori sezgirlik va aniglik
bilan baholandi. Termik ishlov (180°C, 30 daqiqa) qo‘llanilganda toksin miqdori 45% ga kamaydi. Bu
jarayon aflatoksin molekulasining lakton halgasi va boshga funksional guruhlarining parchalanishi bilan
izohlanadi.

Shu bilan birga, yuqori harorat ogsillar va ayrim biologik faol moddalarga qisman ta’sir ko‘rsatishi
mumkinligi sababli, sanoat miqyosida optimal harorat va vaqt parametrlarini tanlash muhim hisoblanadi.
Olingan natijalar termik ishlov aflatoksin Bl ni kamaytirishda o‘rtacha samaradorlikka ega ekanligini
ko‘rsatdi.

Bug‘doy — Ochratoksin A

Bug‘doy namunalarida ochratoksin A 3,5 pg/kg miqdorda aniglandi. Aniglash LC-MS/MS yordamida
amalga oshirildi. Kamaytirish magsadida biologik fermentatsiya — Lactobacillus spp. ishtirokida
biotransformatsiya usuli qo‘llanildi. Natijada toksin miqdori 60% ga pasaydi.

Mikroorganizmlar ochratoksinni hujayra devoriga bog‘lash yoki metabolik parchalanish orqali zararsiz
shakllarga aylantiradi. Ushbu usulning afzalligi shundaki, u ozuqa tarkibini sezilarli darajada o‘zgartirmaydi
va ekologik xavfsiz hisoblanadi. Shu bois biologik usul 0zig-ovqgat sanoatida istigbolli yo‘nalish sifatida
baholanadi.

Yong‘oq — Aflatoksin B1

Yong‘oq namunalarida aflatoksin B1 miqdori 12,8 pg/kg ni tashkil etdi. Yong‘oq yog‘li mahsulot
bo‘lgani sababli mikotoksinlar ko‘proq to‘planish xususiyatiga ega. Kamaytirish uchun aktiv uglerod
asosidagi adsorbent qo‘llanildi va 80% samaradorlikka erishildi. Adsorbsiya jarayonida toksin molekulalari
aktiv uglerodning keng yuzali tuzilmasiga bog‘lanadi va mahsulotdan ajratiladi. Ushbu metod yugqori
samaradorlikka ega bo‘lib, mahsulotning organoleptik xususiyatlarini saqlab qoladi. Laboratoriya natijalari
uning sanoat sharoitida ham qo‘llash mumkinligini ko‘rsatadi.

Yong‘oq — Ochratoksin A

Yong‘oq namunalarida ochratoksin A 2,9 ng/kg miqdorda aniqlanib, biologik fermentatsiya orqali
60% ga kamaytirildi. Mikroorganizmlar toksinni bog‘lash va metabolik o‘zgartirish orqali uning biologik
faolligini pasaytiradi. Bu usul kimyoviy moddalar qo‘llamasdan toksinni kamaytirish imkonini beradi. Biroq
yog‘li muhitda mikrobiologik jarayonlarning samaradorligi mahsulotning namligi va saqlash sharoitiga
bog‘liq ekanligi kuzatildi.

Quritilgan meva — Patulin

Quritilgan mevalarda patulin 5,6 pg/kg miqdorda aniglandi. Aniglash HPLC-DAD (276 nm)
yordamida amalga oshirildi. Kimyoviy detoksikatsiya — natriy bikarbonat (NaHCOs) eritmasi qo‘llanilganda
patulin migdori 70% ga kamaydi. Kimyoviy reaktsiya natijasida patulin molekulasi parchalanadi yoki kam
toksik shaklga o‘tadi. Biroq bu jarayon ayrim vitaminlar va flavonoid moddalarning kamayishiga olib kelishi
mumbkin. Shu sababli kimyoviy usul qo‘llanganda mahsulot sifat ko‘rsatkichlari ham nazorat qilinishi lozim.

Quritilgan meva — Ochratoksin A
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Quritilgan mevalarda ochratoksin A 1,2 pg/kg miqdorda aniglandi. UV-C nurlanishi qo‘llanilganda
toksin miqdori 40% ga kamaydi. UV-C nurlanishi mahsulotning sirt gatlamiga ta’sir giladi va toksin
molekulasining fotokimyoviy parchalanishini ta’minlaydi. Biroq nurlanish chuqur qatlamlarga yetib
bormasligi sababli samaradorlik nisbatan pastroq bo‘ldi. Shu bois ushbu metodni kimyoviy yoki biologik
usullar bilan birgalikda qo‘llash maqsadga muvofiq hisoblanadi.

Mikotoksinlarni kamaytirish bo‘yicha qo‘llanilgan usullar turli darajada samaradorlik berdi. Eng
yuqori natija yong‘oqdagi aflatoksin B1 ni aktiv uglerod yordamida kamaytirishda (80%) kuzatildi.
Kimyoviy detoksikatsiya patulinni 70% ga, biologik fermentatsiya esa ochratoksin A ni 60% gacha
kamaytirdi. Termik ishlov va UV-C nurlanishi esa nisbatan o‘rtacha (40—45%) namoyon bo’ldi.

Natijalar shuni ko‘rsatadiki, mikotoksinlarni kamaytirishda mahsulot turi va uning fizik-Kimyoviy
xususiyatlari muhim rol o‘ynaydi. Yog‘li mahsulotlarda adsorbsiya usuli samaraliroq bo‘lsa, don
mahsulotlarida biologik fermentatsiya istigbolli hisoblanadi. Quritilgan mevalarda esa kombinatsiyalangan
yondashuv (kimyoviy + fizik yoki biologik) yuqgori natija berishi mumkin.

Qo‘llanilgan analitik metodlarning ishonchliligini ta’minlash maqsadida validatsiya ko‘rsatkichlari
aniglanib baholandi. Limit of Detection (LOD), Limit of Quantification (LOQ), tiklanish darajasi
(Recovery), takrorlanuvchanlik (RSD %) va linearlik koeffitsiyenti (R?) hisoblab chiqildi.

3-jadval.

Metod validatsiyasi
Ko’rsatgich Aflatoksin B1 | Ochratoksin A | Patulin
LOD (mg/kg) | 0,05 0,08 0,10
LOQ (mg/kg) | 0,15 0,25 0,30
Recovery (%) | 92-98 89-95 90-97
RSD (%) <5 <6 <5
R? 0,998 0,997 0,996

Kalibrovka egri chiziglari 5 nuqtali konsentratsiya oralig‘ida qurildi va barcha mikotoksinlar uchun R?
> 0,996 giymat qayd etildi, bu metodning yuqori linearligini ko‘rsatadi. Recovery ko‘rsatkichlari 89-98%
oralig‘ida bo‘lib, metodning aniqligi va selektivligini tasdigladi. RSD qiymati 6% dan oshmadi, bu
takrorlanuvchanlik yugori ekanligini bildiradi.

Muhokama. O‘tkazilgan tajriba natijalari ozig-ovqat mahsulotlarida mikotoksinlar hosil bo‘lishi va
saglanib qolishi ko‘p omilli jarayon ekanligini tasdigladi. Tanlangan namunalar — bug‘doy, yong‘oq va
quritilgan mevalar — ozig-ovqat zanjirida keng qo‘llaniladigan mahsulotlar bo‘lib, ularning har biri o‘ziga
xos fizik-kimyoviy tarkibga ega. Aynan shu xususiyatlar mikotoksinlarning to‘planish darajasi va
kamaytirish usullarining samaradorligiga sezilarli ta’sir ko‘rsatdi.

Bug‘doy namunalarida aflatoksin B1 (15,2 pg/kg) va ochratoksin A (3,5 pg/kg) aniqlanishi don
mahsulotlarining saglash jarayonida namlik va haroratga sezgirligini yana bir bor tasdiglaydi. Tajriba
davomida namuna tayyorlash, ekstraksiya va SPE tozalash bosqichlarining to‘g‘ri tanlanishi LC-MS/MS
yordamida past konsentratsiyalardagi toksinlarni ishonchli aniglash imkonini berdi. Termik ishlov (180°C,
30 daqiqa) natijasida aflatoksin B1 miqdorining 45% ga kamayishi toksinning yuqori harorat ta’sirida gisman
parchalanishini ko‘rsatdi. Biroq tajriba sharoitida ogsil fraksiyasi va ayrim issiqlikka sezgir vitaminlarning
kamayishi kuzatildi, bu esa usulni sanoat miqyosida qo‘llashda optimal parametrlarni tanlash zarurligini
anglatadi.

Ochratoksin A ni biologik fermentatsiya orgali 60% ga kamaytirish tajribasi mikrobiologik
detoksikatsiyaning istigbolli yo‘nalish ekanligini ko‘rsatdi. Lactobacillus spp. ishtirokida olib borilgan
fermentatsiya jarayonida toksinning qisman hujayra devoriga bog‘lanishi va metabolik o‘zgarishi qayd etildi.
Tajriba davomida pH ko‘rsatkichining pasayishi va fermentatsiya muddati oshishi bilan kamayish darajasi
ortishi kuzatildi. Bu holat mikroorganizmlarning faol metabolik jarayoni bilan bog‘liq ekanligi taxmin
gilinadi.

Yong‘oq namunalarida aflatoksin B1 (12,8 pg/kg) va ochratoksin A (2,9 pg/kg) mavjudligi yog‘li
matritsaning mikotoksinlarni saglab qolish xususiyati bilan izohlanadi. Tajribada aktiv uglerod
go‘llanilganda aflatoksin B1 miqdori 80% ga kamaydi. Adsorbsiya jarayonining yuqori samaradorligi aktiv
uglerodning katta sirt maydoni va yuqori porozligi bilan bog‘lig. Shu bilan birga, tajriba natijalari adsorbent
miqdori va kontakt vaqti oshirilganda kamaytirish darajasi ham ortishini ko‘rsatdi. Ochratoksin A ga nisbatan
biologik fermentatsiya 60% samaradorlik berdi, ammo yog‘li muhit fermentatsiya jarayonini nisbatan
sekinlashtirishi kuzatildi. Bu mahsulotning suv faolligi pastligi bilan bog‘liq bo‘lishi mumkin.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/5 (134) 223



BIOLOGY

Quritilgan mevalarda patulin (5,6 ug/kg) va ochratoksin A (1,2 pg/kg) aniglanishi xomashyo sifatiga
hamda quritish jarayonidagi gigiyenik omillarga bog‘liq ekanligini ko‘rsatadi. HPLC-DAD yordamida
patulin miqdorini aniqglash yuqori aniqlikni ta’minladi. Natriy bikarbonat eritmasi bilan ishlov berilganda
patulin migdori 70% ga kamaydi. Tajriba davomida pH muhitining ishqoriy tomonga siljishi patulin
molekulasining parchalanishiga olib kelgani kuzatildi. Birog ayrim antioksidant birikmalar migdorining
kamayishi qayd etildi, bu esa mahsulotning biologik giymatiga ta’sir qilishi mumkin.

UV-C nurlanishi ochratoksin A ni 40% ga kamaytirdi. Tajriba shuni ko‘rsatdiki, nurlanish intensivligi
va ekspozitsiya vaqti oshirilganda kamayish darajasi ortadi, biroq mahsulotning tashqi ko‘rinishi va rang
ko‘rsatkichlarida o‘zgarishlar yuz berishi mumkin. UV-C nurlanishi asosan yuzaki gatlamga ta’sir gilgani
sababli, ichki qatlamlarda saqlanib qolgan toksin to‘liq parchalanmadi.

Umuman olganda, tajriba natijalari mikotoksinlarni kamaytirishda mahsulot turiga moslashtirilgan va
ilmiy asoslangan yondashuv zarurligini ko‘rsatdi. Fizik (termik, UV), kimyoviy (NaHCOs) va biologik
(fermentatsiya) usullar turli darajada samaradorlikka ega bo‘lib, ularning kombinatsiyasi yanada yuqori
natija berishi mumkin. Tajriba asosida anigqlangan ma’lumotlar oziq-ovqat xavfsizligini ta’minlash, saqlash
sharoitlarini optimallashtirish va sanoat migyosida mikotoksin monitoring tizimini takomillashtirish uchun
ilmiy asos bo‘lib xizmat qiladi.

Xulosa. Xulosa qilib aytganda, mikotoksinlar bilan ifloslanish ozig-ovgat mahsulotlari xavfsizligiga
ta’sir etuvchi muhim va ko‘p omilli jarayon ekanligi ilmiy jihatdan asoslandi. Tadqiq etilgan bug‘doy,
yong‘oq va quritilgan meva namunalari tarkibida aflatoksin B1, ochratoksin A hamda patulin aniglanib,
ularning miqdori zamonaviy yuqori sezgir va selektiv analitik metodlar yordamida ishonchli miqdoriy
baholandi.

Mikotoksinlar shakllanishi va saglanib qolishi mahsulotning fizik-kimyoviy xususiyatlari, namlik
darajasi, saqlash sharoiti hamda biologik omillar bilan bevosita bog‘ligligini ko‘rsatdi. Detoksikatsiya
usullarining giyosiy tahlili mahsulot matritsasiga moslashtirilgan texnologik yondashuv yugori samaradorlik
berishini tasdigladi. Adsorbsion, biologik va kimyoviy usullar turli darajada natija ko‘rsatgan bo‘lsa-da,
ularni kompleks qo‘llash toksin miqdorini kamaytirishda eng magbul natijani ta’minlashi aniglandi.

Mikotoksin xavfini minimallashtirish profilaktik agrotexnik choralarni takomillashtirish, saglash
jarayonlarini optimallashtirish, muntazam laboratoriya monitoringini yo‘lga qo‘yish hamda ilmiy asoslangan
detoksikatsiya strategiyalarini qo‘llash orqali amalga oshirilishi lozim. Ko‘p bosqichli tizimli nazorat
mexanizmini shakllantirish ozig-ovqat xavfsizligini barqaror ta’minlashning ustuvor sharti hisoblanadi.
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NUMPY KUTUBXONASINING SUYUQLIK VA GAZ MEXANIKASI MASALALARIDAGI
QO‘LLANILISH IMKONIYATLARI
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Annotatsiya. Bu ishda paython dasturlash tilida massivlar bilan ishlash imkoniyatlari tahlili keltirilgan
bo ‘lib, unda asosan Numpy kutubxonasining imkoniyatlaridan suyuqlik va gaz harakatini sonli o ‘rganish
jarayonida qo ‘llashning afzalliklari keltirilgan. Bir va ikki o ‘Ichovli massivlarning elementlariga ikki usulda
giymat berishda dasturning bajarilish vagtini kam sarflovchi usul qanday bo ‘lishi ko ‘rsatilgan. Ikki o ‘Ichovli
massivning kichik/katta giymatlarni aniglashda Numpy kutubxonasidan foydalanishning afzalligi misollar
bilan izohlangan.

Kalit so‘zlar: Numpy, vaqt, massiv, suyuqlik va gaz, chekli ayirmali sxema, sonli usul, boshlang ‘ich va
chegaravish shartlar, dasturlash tili, massivning elementi.

APPLICATION POSSIBILITIES OF THE NUMPY LIBRARY IN FLUID AND GAS
MECHANICS PROBLEMS

Abstract. In this research presents an analysis of the possibilities of working with arrays in the Python
programming language, mainly presenting the advantages of using the capabilities of the Numpy library in
the process of numerical study of fluid motion. It shows how to assign values to elements of one- and two-
dimensional arrays in two ways, which consumes less program execution time. The advantages of using the
Numpy library in determining the minimum/maxsimum values of a two-dimensional array are explained with
examples.

Keywords: Numpy, time, array, liquid and gas, finite difference scheme, numerical method, initial and
boundary conditions, programming language, element of array.

BO3MOXHOCTHU ITPUMEHEHUSI BUBJIMOTEKU NUMPY B 3ATAYAX MEXAHUKH
KNJKOCTEN U TA30B

Annomauus. B oannou pabome npedcmasien aHaiu3 03MOACHOCHEN pabomyl ¢ MACCUBAMU HA A3bIKE
npocpammuposanus Python, npu smom ocnoenoe enumanue yoeneHo NpeuMywecmedam UCHOIb308AHUSL
oubauomexu NumPy 6 npoyecce yucieHHo20 uccied08anuust O8uIcCeHUs scudkocmetl u 2azo8. Ioxazano, kakoi
u3 08yx cnoco608 3a0anust 3HAYEHUU INEMEHMAM OOHOMEPHBIX U OBYMEPHBIX MACCUB08 Mpedyem MeHbiue
epeMeHly  8bInoHeHUus npocpammul. Takoice Ha npumepax O0OBACHEHbI NPEUMYWECMEd UCHOTb308AHUSL
oubruomexu NumPy npu onpedenenuy MUHUMATbHBIX U MAKCUMATbHBIX 3HAYEHUL O8YMEPHBIX MACCUBOS.

Knroueeswvie cnosa: NumPy, epems, maccus, dcuoKocms U 2a3, KOHEUHO-PA3ZHOCHHAS CXeMd, YUCAEHHbILLL
MemOoO, HauanbHble U PAHUYHBIE YC08USL, A3bIK NPOSPAMMUPOBAHUS, DNEMEHI MACCUBA.

Kirish. Suyuqglik va gazlar mexanikasi, umuman olganda, mexanika masalalari ularga qo‘yiladigan
boshlang‘ich va chegaravish shartlar inobatga olingan holda yechiladi. Agarda masalani sonli usullardan
foydalangan holda yechishga to‘g‘ri kelsa bu shartlarni dasturlash tilida ifodalashda massivlardan
foydalaniladi. Shuning bilan birgalikda, dastur ma’lum bir qadamlarda bajarilganda oldingi qadam
ma’lumotlaridan keyingi qadamda foydalaniladi. Misol sifatida chekli ayirmali sxemalarnida joriy vaqt
birligida olingan natijalar keyingi qadamga boshlang‘ich giymatlar sifatida foydalanish uchun uzatiladi[1].
Bunday yo°l tutilishiga asosiy sabab ma’lumotlarning kompyuter xotirasidan ortigcha joy egallamasligi va
natijada kompyuter xotirasi ortiqcha band bo‘lishidan saqlanadi.

Bu jarayoni tashkillashtirishda ikkita alohida massiv olinadi [2]. Birinchi massiv biror bir xususiyatning
dastlabki giymatlarini gabul giladi. Ikkinchi massiv esa joriy hisoblash natijasini saglash uchun ishlatiladi.
Hisoblash jarayonida esa dastlabki giymatlarni saglovchi massivdan foydalaniladi. Joriy hisoblash bajarilgach
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hisoblash natijasida hosil bo‘lgan massivdan foydalanish uchun uni dastlabki giymatlarni saglovchi massiv
sifatida aniglash kerak. Buni amalga oshirish ilgari natijaviy massivning har bir elementi giymati dastlabki
massivning mos elementiga o‘zlashtirish operatori yordamida o‘tkazilar edi. Natijada har bir elementga
murojaat qilish uchun takrorlash jarayoni tashkil gilinar va bu jarayon bir vaqtning o‘zida dasturning bajarilish
vaqtini hamda dastur yozishga sarflanadigan vaqtni ko‘proq sarflanishiga olib kelar edi. Shu bilan bir gatorda
daturdagi xatoliklarni qayta ishlashda anchagi noqulayliklarga ham sabab bo‘lar edi.

Bugungi kunga Kkelib python dasturlash tili imkoniyatlarining oshishi va kutubxonalarining
rivojlanishinatijasida yuqorida aytib o‘tilgan masala juda sodda ko‘rinishda hal qilsa bo‘ladigan holga kelgan.
Pythonda ilmiy hisoblash uchun NumPy nomli asosiy paketi mavjud bo‘lib u N o‘Ichovli massivlarda chiziqli
algebradagi kabi asosiy matematik operatsiyalarni elementma-element bajaradi. Ya’ni A va B ikki o‘lchovli
bir xil o‘lchamdagi ndarray larni ko‘paytirganda, A massivning n;j;j elementi B massivning n;; elementiga
ko‘paytiriladi [2]. Qolgan asosiy matematik operatsiyalar ham xuddi shu taqlid bajariladi.

Python dasturlash tilida ma'lumotlar saqlashning eng mashhur usullar bu ro‘yxatlar va lug‘atlar bo‘lib,
ro‘yxat deyarli har qanday Python obyektini element sifatida saqlash imkoniyatiga ega. Ammo ro‘yxatdagi
elementlar ustida ishlash fagat iterativ takrorlash orgali amalga oshirilishi natijasida hisoblash jarayonini
samarasiz qilib qo‘yishi mumkin. NumPy paketi foydalanuvchilarga ndarray deb nomlangan ma'lumotlarni
saglash obyektini tagdim etish orqali Python ro‘yxatlarining kamchiliklarini bartaraf etish imkonini beradi [2].

Yuqoridagilarga qo‘shimcha ravishda bu kutubxonada bazi metodlar aniqlangan bolib, ular ham
yugorida aytilgan ndarray ning imkoniyatlaridan foydalanilagan. Bularga massivning eng katta giymatga ega
elementi giymatini aniglash uchun max() metodi, eng kichik giymatga ega elementi giymatini aniglash uchun
min() metodlari aniglangan [3]. Bu metodlar takrorlash orqali aynan shu ishni bajarishdan ko‘ra ancha samarali
bo‘lib hisoblanadi.

NumPy kutubxonasining fromfunction metodi yangi massivni uning elementlari indekslari
giymatlaridan kelib chigib foydalanuvchi bergan funksiya asosida hosil gilib beradi. Uning bu xususiyati
boshlang‘ich shartlarni berishda va ba’zi hisoblash jarayonlarning element indeksiga mos funksiya shaklida
ifodalash mumkin bo‘lgan joylarda juda qo°‘l kelishi mumkin [4].

Numpy kutubxonasining bu imkoniyati sababidan dasturchilarda oddiy savol tug‘ulishi tabiiy, bu
imkoniyat dasturning bajarilish vaqtiga qanday ta’sir giladi. Pythonning ndarray ob’ektini operatsiyasi
takrorlash operatsiyasiga garaganda ~25 tezroq ishlaydi [2]. Quyida biz mexanika masalalarini sonli usullar
yordamida yechishda qo‘llanilishi mumkin bo‘lgan ba’zi asosiy matematik operatsiyalarni bajarishda qaysi
usulni tanlash magsadga muvofiq bo‘lishini tadqiq qilamiz.

Tadgiqot metodologiyasi. Dasturlash tillarida bir o‘lchovli, ikki o‘chovli va ko‘p o‘lchovli massiv
tuzilshlari mavjud bo‘lib ular ustida bajariladigan ba’zi amallar bir biridan farq qilishi mumkin [3]. Masalan,
bir o‘lchovli massivda elementlari soni degan tushuncha ikki o‘lchovlida har bir gatordagi elementlar soni
degan tushuncha bilan kengayadi. Mexanika masalalarini yechishda odatta ikki o‘lchovli massivlardan
foydalaniladi. Bu masalalarda chegaraviy va boshlang‘ich shart hamda eng katta va eng kichik giymatni
aniglash juda muhim o‘rinini egallaydi. Numpy kutubxonasida esa bu giymatlar bilan xuddi mexanika
kurslarida berilganidek tasvirlash imkoni mavjud.

Chegaraviy va boshlang‘ich shartlarning berilishini python dasturlash tilida ikki usulda yozib ularni
dasturning bajarilish vaqti bo‘yicha farglarini aniqlaymiz. Buning uchun massivning barcha elementlari
giymati biror bir haqiqiy o‘zgarmas son deb tasavvur gilamiz. Misolimizda o‘zgarmas haqiqiy sonni 0.2 deb
tanladik. Birinchi ilgari ishlatilgan usulda, ya’ni massivni e’lon qilib uni qiymatlar bilan to‘ldiramiz:

b=[0]*n

bt = time.time()

for i in range(n):

b[i]=1*0.2

btl = time.time()

Ikkinchi usulda esa xuddi shu ishni Numpy kutubxonasi imkoniyatlaridan foydalangan holatda amalga
oshiramiz. Ya’ni Numpy kutubxonasining ones metodidan foydalanamiz. Bu metodning vazifasi massivning
barcha elementlariga bir giymatni berishdan iborat [5-6]. Uning elementlarini biror bir aniq hagigiy son bilan
to‘ldirishga ehtiyoj bo‘lganda esa, shu songa ko‘paytirib qo‘yishning o‘zi yetarli:

at = time.time()

a = np.ones(n)*0.2

atl = time.time()

Endi ikki o‘Ichovli massivning eng katta elementi qiymatini aniglash uchun ham xuddi shu usullarni
qo‘llab ko‘ramiz. Birinchi usulda uni quyidagicha yozamiz:
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def kattaElement(K1,K2,KATTA):

for i in range(1,np.size(K1, 0)):

for j in range(1,np.size(K1, 1)):

if(math.fabs(K1[i,j]-K2[i,j])>KATTA):

KATTA=math.fabs(K1[i,j]-K2[i,j])

return KATTA

bt = time.time()

KATTAe=KkattaElement(W1,W, math.fabs(W1 [0,0]-W1[0,0]))

btl = time.time()

Ikkinchi usulda esa xuddi shu ishni Numpy kutubxonasi imkoniyatlaridan foydalangan holatda amalga
oshiramiz:

at = time.time()

KATTAh=np.max(W1-W)

atl = time.time()

Ikki o‘lchovli massivning eng kichik giymatini topish uchun ham yuqoridagi ikki usulda bajarilib
ko‘rildi va olingan natijalar tahlil qilindi.

Tadgigot natijalari. Bir o‘lchovli massivning elementlarini qiymat bilan to‘ldirishda massiv o‘lchami
bittadan mingtagacha bo‘lgan hollar uchun tekshirib ko‘rildi. Har bir holatda dasturning bajarilish vaqti ikki
usulda alohida hisoblanib natijalar tahlil gilish uchun grafik ko‘rinishida taqdim qilindi(1-rasm. a)). Dastur
bajarilishi uchun sarflanayontgan vaqt dastur kodining aynan ajratilgan gismidan oldin va keyin
kompyuterning joriy vaqti time funksiyasi orgali olinib ular orasidagi farq asosida aniglandi. Ikki o‘lchovli
massivning elementlarini qiymat bilan to‘ldirishda o‘nta ustun olinib qatorlari qiymati esa bir o‘lchovli
massivdagidek o‘zgartirilib natijalar olindi(1-rasm. b)).

10 ta ustun va 1000 tagacha gatordan iborat
Massivni o'zlashtirish vagtining farqi ikki olchovli massivni o'zlashtirish vagtining fargi

—— Massivning har bir elementi giymatini o'zlashtirish —— Massivning har bir elementi giymatini o'zlashtirish
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a) b)
1-rasm. Massivlarning elementlari giymatini ikki usulda to‘ldirilishidagi vaqt sarflari

Sonli usullar yordamida yechiladigan ba’zi mexanika masalarida joriy va dastlabki qadamda olingan
qiymatlarning farqi ma’lum qiymatdan oshmaslik sharti beriladi. Buni esa dasturlashda massivning eng kichik
o‘rni kelganda eng katta qiymatini topish orqali hal gilinishi mumkin. Shu sababdan har ikki holni hisobga
olgan holda ko‘rib chigdik. Umumiy holda 100x100 ikki o‘Ichovli massiv olinib uni suyuqlik va gaz mexanika
masalasi yechimida olingan natijalar bilan to‘ldirildi. Tayyor massivlarning gqiymatlari har gadamda
o‘zgartirilib, yuz qadamgacha har ikki usulning masala yechimi uchun qancha vagqt sarflashi aniglandi. 2-rasm.
a) grafikda massivning eng kichik giymatini aniglash uchun sarflangan vagtlarning giyosiy tahlili uchun
ma’lumot keltirilgan 2-rasm. b) grafikda massivning eng katta giymatini aniglash uchun sarflangan vaqtlarning
qiyosiy tahlili uchun ma’lumot keltirilgan.
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100 gadamda ikkita ikki o'lchamli massivlarning mos elementiari 100 gadamda ikkita ikki o'lchamli massivlarning mos elementiari
fargidan eng kichik giymatini topish uchun sarflangan vagt fargidan eng kattasi giymatini topish uchun sarflangan vagt
—— Massivning har bir elementi giymatini o'zlashtirish 0.007 4 —— Massivning har bir elementi giymatini o’zlashtirish
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2-rasm. IkKi o‘lchovli massiv elementlarining eng kichigining/kattasining giymatini ikki usulda
topish uchun sarflangan vaqt

Muhokama. Birinchi rasmda massiv elementlarini gqiymatlar bilan to‘ldirish uchun sarlangan vaqt grafik
ko‘rinishida tasvirlangan. Rasmning a) qismida ko‘k rangda keltirilgan egri chiziq massivni har bir elementiga
o‘zlashtirish operatori yordamida qiymat berishni ifodalaydi va bu usuldan 600 tagacha elementga ega
massivlarda ikkinchi usulga qaraganda kam vaqt sarflanishini ko‘rish mumkin. Rasmning b) qismi ikki
o‘lchovli o‘nta ustunga ega massiv elementlariga yuqoridagi ikki ikki usulda giymat berilgan. Ko‘k rangda
keltirilgan egri chiziq massivni har bir elementiga o‘zlashtirish operatori yordamida qiymat berishni ifodalaydi
va bu usuldan dastlab ikkinchi usulga qaraganda kam vagqt sarflanishini ko‘rish mumkin. Lekin u tezda ya’ni
ma’lum sondagi qatorlardan so‘ng darhol ko‘p vaqt sarflay boshlagan.

Ikkinchi rasmda ikki o‘lchovli massivning katta va kichik qgiymatlarini topish uchun ikki usul
sarflaydigan vaqtlarning fargi grafik usulda tasvirlangan. Bu yerda ko‘k rangdagi egri chiziqda eng kichik/katta
giymatni massivdan oddiy usulda gidirib topish uchun sarflanadigan vaqt keltirilgan. Keyingi chiziq esa
Numpy kutubxonasi imkoniyatlaridan foydalanilgan holda gancha vaqt sarflanishi keltirilgan. Bu grafiklardan
har ikkala holda ham Numpy kutubxonasidan foydalanilgan holda ishlash tez natija berishini ko ‘rish mumkin.

Xulosa. Bir o‘Ichovli massiv elementlari soni besh yuztadan oshmagan holatda an’anaviy usulda qiymat
berish yaxshi natija berishi mumkin. Ikki o‘lchovli massivlarda esa Numpy kutubxonasidan foydalanilish
deyarli barcha hollarda magsadga muvofiq bo‘ladi. Massivlarning elementlaridan eng Kichik/kattasini
aniqlashga to‘g‘ri kelganda esa Numpy kutubxonasidan foydalanilganda kam vaqt sarflanadi.

Bugungi kunda ma’lumotlar hajmining oshishi ularni tahlil qilishning samarali usullarini ishlab
chigishni talab gilmogda. Buning uchun esa kundan kunga yangi usullar ishlab chigilib ular amaliyotga joriy
gilinmoqda. Python dasturlash tilining bu boradagi imkoniyatlari anchagina keng bo‘lib Numpy
kutubxonasidan mexanika masalalarini yechishda foydalanish soha mutaxassislariga anchagina yengilliklar
olib keladi.
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Annotatsiya. Ushbu maqgolada axborot xavfsizligi darajasini baholashning statistik usullari giyosiy
tahlil gilingan. ALE (Annual Loss Expectancy), Kortni usuli, Monte-Karlo simulyatsiyasi va ISRAM
(Information Security Risk Analysis Method) usullari o ‘rganilgan. Har bir usulning afzalliklari, kamchiliklari
va qo ‘llanilish sohalari aniqlangan. Tadgqiqot natijalarida ALE usulining eng keng tarqalgan va amaliy usul
ekanligi, boshga usullar esa maxsus holatlarda samarali qo ‘llanilishi ko ‘rsatilgan. Tadqiqot tashkilotlarga
o ‘zlariga mos usulni tanlashda amaliy yordam beradi.

Kalit so“zlar: axborot xavfsizligi, statistik usullar, xavfni baholash, ALE, Kortni usuli, Monte-Karlo,
ISRAM, risk-menejment.

COMPARATIVE ANALYSIS OF STATISTICAL METHODS FOR ASSESSING THE LEVEL
OF INFORMATION SECURITY

Abstract. This article presents a comparative analysis of statistical methods for assessing information
security levels. The ALE (Annual Loss Expectancy), Courtney method, Monte Carlo simulation, and ISRAM
(Information Security Risk Analysis Method) approaches are examined. The advantages, disadvantages, and
application areas of each method are identified. Research results indicate that ALE is the most widely applied
practical method, while other methods prove effective in specific scenarios. The study provides practical
guidance for organizations in selecting appropriate assessment methods.

Keywords: information security, statistical methods, risk assessment, ALE, Courtney method, Monte
Carlo, ISRAM, risk management.

CPABHUTEJILHBIN AHAJIN3 CTATUCTHYECKHUX METOJ0OB OHEHKH YPOBHS
NHO®OPMAIIMOHHOMU BE3OITACHOCTH

Annomauus. B Oannoii cmamve npoeedén CpasHUMENbHbI AHAAU3 CMAMUCIMUYECKUX Memo008
OYeHKU YPOS8HSL UHoOpMayuoHHol bezonacnocmu. M3zyuenvt memoowvl ALE (Annual Loss Expectancy), memoo
Kopmuu, umumayuonnoe mooenuposanue Monme-Kapno u ISRAM (Information Security Risk Analysis
Method). Onpeoenenvt npeumywecmea, Hedocmamrku U 00IACMU NPUMEHEHUS KaANCO020 Memood.
Peszynomamul uccaredosanus nokaszvigarom, umo memod ALE sensiemcs naubonee pacnpocmpanénnviv u
NPAKMUYECKUM MEeMOOOM, Mo20a KakK opyaue mMemoovl 3¢hheKmuerHo NPUMEHAIOMCA 8 CHeYUATIbHBIX CLYUASX.
Hccnedosanue okasvieaem npakmuueckyro NOMOWb OpeaHu3ayusim npu evloope Hauboee nooxoosauie2o O
HUX Memooa.

Knrwouesvie cnosa: ungopmayuonnas be3onacnocms, cmamucmudecKue Memoobwl, oyenxa pucka, ALE,
memoo Kopmnu, Monme-Kapno, ISRAM, puck-menedscmenm.

Kirish. Hozirgi ragamli transformatsiya davrida axborot xavfsizligi masalasi barcha tashkilotlar uchun
strategik ahamiyat kasb etmoqda. Kiberjinoyatlar soni yildan-yilga ortib bormoqgda va tashkilotlar o‘z axborot
aktivlarini himoya qilish uchun samarali usullardan foydalanish zaruratiga duch kelmoqda. Xalgaro
tadqiqotlarga ko‘ra, so‘nggi yillarda kiberjinoyatlar natijasida global iqgtisodiyotga yetkazilgan zarar trillion
dollarlar darajasiga yetgan. Bu holat axborot xavfsizligi sohasida ilmiy tadgigotlar olib borish va samarali
himoya choralarini ishlab chigish zaruratini yanada kuchaytirmoqda.

Axborot xavfsizligi xavflarini baholash — bu tashkilotlarning axborot aktivlariga yuzaga kelishi mumkin
bo‘lgan tahdidlarni aniqlash, ularning ehtimolini va ta’sirini hisoblash jarayonidir. Bu jarayonda statistik
usullar muhim o‘rin tutadi, chunki ular xavflarni raqamli ko‘rsatkichlarda ifodalash va obyektiv baholash
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imkonini beradi. Xavflarni miqgdoriy baholash tashkilotlarga quyidagi imkoniyatlarni beradi: birinchidan,
xavflarni moliyaviy yo‘qotishlar ustuvorligiga muvofiq tartibga solish; ikkinchidan, axborot xavfsizligiga
investitsiyalarni gaytarish samaradorligini hisoblash; uchinchidan, boshgaruv garorlarini gabul gilishda aniq
ragamli asoslarga ega bo‘lish.

Axborot xavfsizligi sohasida xavflarni migdoriy baholashning bir gancha statistik usullari ishlab
chigilgan. Bular orasida ALE (Annual Loss Expectancy — kutilayotgan yillik yo‘qotishlar), Robert Kortni
tomonidan ishlab chigilgan Kortni usuli, Monte-Karlo simulyatsiyasi va ISRAM (Information Security Risk
Analysis Method) usullarini alohida ajratib ko‘rsatish mumkin. Har bir usulning o‘ziga xos xususiyatlari,
afzalliklari va kamchiliklari mavjud. Xalgaro amaliyot shuni ko‘rsatadiki, xavfni miqdoriy baholash
metodologiyasi xavf tahlilining to‘liq versiyasiga mos keladi va axborot xavfsizligi talablari kuchaygan
taqdirda qo‘llaniladi.

Gordon-Lob igtisodiy modeli axborot xavfsizligiga sarflanadigan xarajatlar va ularning samaradorligi
o‘rtasidagi muvozanatni ta’minlash muammosini hal qilishning matematik apparatini tavsiflovchi muhim
nazariy asos hisoblanadi. Ushbu modelga ko‘ra, axborot xavfsizligi tahdidlariga garshi kurashishning asosiy
usullari: kamaytirish (zaifliklarni bartaraf etish), uzatish (xarajatlarni uchinchi shaxslarga o‘tkazish), qabul
gilish (moliyaviy zaxiralarni shakllantirish) va voz kechish (haddan tashgari xavfli faoliyatdan voz kechish)
hisoblanadi.

Adabiyotlar tahlili shuni ko‘rsatadiki, Bishop (2019) axborot xavfsizligi sohasidagi umumiy tamoyillar
va statistik usullarni tushuntirgan, Pfleeger va Pfleeger (2019) axborot xavfsizligi bo‘yicha umumiy
qo‘llanmada statistik vositalar va xavflarni baholash bo‘yicha tafsilotlar keltirgan, Jones va Jones (2017)
axborot xavfsizligi statistikasini tahlil qilish va metrikalarini o‘rganishga yo‘naltirilgan tadqiqotlar olib borgan.
Biroq, ushbu mualliflarning asarlarida turli statistik usullarning giyosiy tahlili etarli darajada olib borilmagan.

Ushbu tadgigotning magsadi — yuqorida sanab o‘tilgan statistik usullarni giyosiy tahlil gilish, ularning
afzalliklari va kamchiliklarini aniqlash hamda tashkilotlarga o‘zlariga mos usulni tanlashda amaliy tavsiyalar
berish. Tadgigot savoli: "Axborot xavfsizligi xavflarini baholashda qaysi statistik usul eng samarali va ganday
sharoitlarda qo‘llanilishi magsadga muvofiq?" Tadqiqotning ilmiy yangiligi shundaki, to‘rtta asosiy statistik
usulning olti mezon bo‘yicha qiyosiy tahlili birinchi marta tizimli ravishda amalga oshirilgan va har bir
usulning optimal qo‘llanilish sohalari aniglangan.

Materiallar va usullar. Tadgigotda axborot xavfsizligi sohasidagi ilmiy adabiyotlar, xalgaro standartlar
(ISO 27001, NIST SP 800-30) va amaliy tajribalar tahlil gilindi. Qiyosiy tahlil usulidan foydalanildi, bunda
har bir statistik usulning nazariy asoslari, formulalari, qo‘llanilish sohalari, afzalliklari va kamchiliklari tizimli
ravishda o‘rganildi.

ALE (Annual Loss Expectancy) usuli. ALE usuli xavflarni migdoriy baholashning eng keng targalgan
usuli hisoblanadi. Ushbu usulda kutilayotgan yillik yo‘qotishlar quyidagi formulalar yordamida hisoblanadi:

SLE =EF x AV
ALE =SLE x ARO

Bu yerda: AV (Asset Value) — aktiv giymati; EF (Exposure Factor) — ta’sir omili (foizda); SLE (Single
Loss Expectancy) — yagona yo‘qotish kutilishi; ARO (Annual Rate of Occurrence) — yillik sodir bo‘lish
chastotasi; ALE — kutilayotgan yillik yo‘qotishlar.

Kortni usuli

Robert Kortni tomonidan ishlab chiqgilgan ushbu usul ALE usuliga o‘xshash bo‘lib, quyidagi formulaga
asoslanadi:

R=PxC

Bu yerda: R — xavf migdori; P— ma’lum yildagi hodisalarning sodir bo‘lish ehtimoli; C — bitta hodisa
natijasida yo‘qotishlar miqdori. Kortni usuli tahdidlarning 5 ta umumiy guruhini ajratadi: ma’lumotlarning
tasodifly o‘zgarishi, ma’lumotlarning tasodifiy o‘chirilishi, ma’lumotlarni qasdddan oshkor qilish,
ma’lumotlarni ataylab o‘zgartirish va ma’lumotlarni ataylab yo‘q qilish.

Monte-Karlo simulyatsiyasi. Monte-Karlo usuli tasodifiy jarayonlarni modellashtirish orgali xavflarni
baholaydi. Ushbu usulda minglab simulyatsiya o‘tkaziladi va har bir simulyatsiyada turli parametrlar tasodifiy
giymatlar oladi. Natijada xavfning ehtimollik tagsimoti olinadi, bu esa ALE kabi aniq ragamga garaganda
kengroq ma’lumot beradi. Monte-Karlo usulining asosiy afzalligi — u xavfning butun ehtimollik tagsimotini
ko‘rsatadi, ya'ni eng yomon, eng yaxshi va eng ehtimoliy stsenariylarni aniqlash imkonini beradi. Masalan,
tashkilot uchun 95% ishonch darajasida maksimal yo‘qotishlar miqdorini hisoblash mumkin.

Monte-Karlo simulyatsiyasini amalga oshirish uchun quyidagi bosqgichlar bajariladi: dastlab, har bir
parametr uchun ehtimollik tagsimoti aniglanadi (normal, eksponentsial, uniform va boshqalar); keyin, minglab
(odatda 10,000 yoki undan ko‘p) simulyatsiya o‘tkaziladi; har bir simulyatsiyada parametrlar belgilangan
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tagsimotdan tasodifiy qiymat oladi; natijalar to‘planadi va umumiy xavf tagsimoti quriladi. Ushbu usul bank
tizimlari, sug‘urta sohasida va yirik axborot texnologiyalari loyihalarida keng qo‘llaniladi.

ISRAM usuli. ISRAM (Information Security Risk Analysis Method) — axborot xavfsizligi xavflarini
tahlil qilish usuli bo‘lib, so‘rovnomalar yordamida ma’lumotlar to‘plash va ularni statistik qayta ishlashga
asoslangan. Ushbu usulda tahdid ehtimoli va ta’siri maxsus ishlab chiqilgan so‘rovnomalar orqali aniqlanadi.

Qiyosiy tahlil mezonlari. Usullarni giyoslash uchun quyidagi mezonlar belgilandi: (1) aniglik darajasi;
(2) go‘llanilish qulayligi; (3) zarur ma’lumotlar hajmi; (4) natijalarning tushunarlilik darajasi; (5) xarajatlar va
vagqt sarfi; (6) amaliy qo‘llanilish imkoniyati.

Natijalar. Tadqiqot natijasida to‘rtta statistik usulning qiyosiy tahlili amalga oshirildi. Quyidagi
jadvalda usullarning asosiy xarakteristikalari keltirilgan:

1-jadval. Statistik usullarning giyosiy tahlili

Mezon ALE Kortni Monte-Karlo ISRAM
Aniqglik darajasi O‘rta O‘rta Yuqori O‘rta-past
Qo‘llanish qulayligi O‘rta Yugori Past Yugori
Zarur ma’lumotlar Ko‘p O‘rta Juda ko‘p O‘rta
Natijalar tushunarlilik Yuqori Yuqori O‘rta Yuqori
Xarajat va vaqt O‘rta Past Yugori Past
Amaliy qo‘llanish Keng Keng Cheklangan O‘rta

Tahlil natijalari shuni ko‘rsatdiki, ALE usuli eng keng tarqalgan va amalda eng ko‘p qo‘llaniladigan
usul hisoblanadi. Uning asosiy afzalligi — natijalar pul ko‘rinishida ifodalanib, boshgaruv garorlarini gabul
qgilishda qulay. ALE usulida xavflar moliyaviy yo‘qotishlar ustuvorligiga muvofiq tartibga solinadi va axborot
xavfsizligiga investitsiyalarni qaytarish (ROSI) ko‘rsatkichini hisoblash imkonini beradi.

Kortni usuli ALE usuliga o‘xshash, ammo soddaroq formuladan foydalanadi. U AQSh milliy institutlari
tomonidan xavflarni rasmiy tahlil qilish usuli sifatida qabul qilingan va amaliyotda keng qo‘llaniladi.
Tahdidlarni 5 ta guruhga tasniflash imkoniyati usulning amaliy qulayligini oshiradi.

Monte-Karlo simulyatsiyasi eng yugori aniglik darajasiga ega, chunki u xavfning ehtimollik tagsimotini
to‘liq modellashtiradi. Biroq u katta hajmdagi dastlabki ma’lumotlarni va maxsus dasturiy ta’minotni talab
qiladi, shuning uchun amaliy qo‘llanilishi cheklangan.

ISRAM usuli so‘rovnomalarga asoslanganligi sababli, ma’lumotlarni to‘plash oson, ammo natijalarning
aniqlik darajasi sub'ektiv baholashlarga bog‘liq. U kichik va o‘rta tashkilotlar uchun qulay.

Usullarning amaliy qo‘llanilishini tahlil qilganda, ALE va Kortni usullari ko‘plab xalqaro standartlarda
(ISO 27005, NIST SP 800-30) tavsiya etilgan. ALE usulidan foydalanish uchun quyidagi ko‘rsatkichlar zarur:
aktivning haqiqiy qiymati, tahdidning yillik sodir bo‘lish chastotasi va tahdid amalga oshganda aktivga
yetkaziladigan zarar foizi. Ushbu ko‘rsatkichlarni to‘plash va aniqlash jarayoni ko‘p vaqt va resurs talab qiladi,
ammo natijada olingan ma’lumotlar boshqgaruv garorlarini gabul gilishda muhim asos bo‘lib xizmat giladi.

Xavflarni boshgarish jarayonining ketma-ket bosqichlarini ko‘rib chigsak, birinchi bosqichda axborot
tizimi resurslarini aniglash va tasniflash amalga oshiriladi. Ikkinchi bosgichda tahdidlarni identifikatsiyalash
(Kortni usuli bo‘yicha 5 ta tahdid guruhiga tasniflash) jarayoni o‘tkaziladi. Uchinchi bosqichda xavfni
baholash formulalar yordamida aniqlanadi. To‘rtinchi bosqichda boshqaruv mexanizmlari ishlab chiqiladi
(oldini oluvchi, topuvchi yoki tuzatuvchi). Beshinchi bosqichda ROI ko‘rsatkichidan foydalangan holda
igtisodiy rentabellik baholanadi.

ALE asosida axborot xavfsizligiga investitsiyalar daromadliligini (ROSI) hisoblash mumkin:

ROSI = (RE x RM - SC) /SC

Bu yerda: RE — xavfga chalinish ta’siri; RM — xavfni minimallashtirish; SC — axborot xavfsizligi
xarajatlari.

Muhokama. Tadgiqot natijalarini tahlil gilganda, axborot xavfsizligi xavflarini baholashda bitta
universal usul mavjud emasligini ta’kidlash lozim. Har bir usulning o‘ziga xos afzalliklari va kamchiliklari
mavjud bo‘lib, tashkilot o‘z ehtiyojlari va imkoniyatlariga garab mos usulni tanlashi kerak. Ushbu xulosa
xalgaro amaliyotda ham tasdiglangan — aksariyat tashkilotlar bir nechta usulni birgalikda qo‘llaydi.

ALE usuli katta tashkilotlar uchun eng mos hisoblanadi, chunki u xavflarni pul ko‘rinishida ifodalaydi
va boshgaruv garorlarini qabul qilishda qulay. Biroq ushbu usulda dastlabki ma’lumotlarni (aktiv qiymati,
ta’sir omili, yillik sodir bo‘lish chastotasi) aniq aniqlash qiyinchilik tug‘dirishi mumkin. Bishop (2019) va
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Pfleeger (2019) tadqgiqotlari ham ushbu muammoni ta’kidlagan. Kamdan-kam hollarda axborot xavfsizligi
xavflarini baholovchilar ushbu muammoni hech ganday xato va muammosiz hal gilish uchun ishonchli
ma’lumotlarga ega bo‘ladilar. Bundan tashqari, tashkilotning ba’zi qimmatli resurslari uchun yo‘qotishlar
miqdorini aniq aniqlash qiyin, masalan, maxfiy ma’lumotlarning tarqalishiga tegishli zarar miqdorini aniglash
murakkab jarayon hisoblanadi.

Kortni usuli ALE usuliga nisbatan soddaroq va tez qo‘llanilishi mumkin, shuning uchun u dastlabki
baholash bosqichida foydali. Ammo uning aniqlik darajasi ALE usuliga qaraganda past bo‘lishi mumkin.
Ushbu usulning muhim afzalligi shundaki, u AQSh milliy institutlari tomonidan xavflarni rasmiy tahlil gilish
usuli sifatida gqabul qilingan va bu uning ishonchliligini oshiradi. Tahdidlarni 5 ta guruhga (ma’lumotlarning
tasodifly o‘zgarishi, tasodifiy o‘chirilishi, qasdddan oshkor qilish, ataylab o‘zgartirish va ataylab yo‘q qilish)
tasniflash imkoniyati usulning amaliy qulayligini sezilarli oshiradi.

Monte-Karlo simulyatsiyasi eng yuqori aniqlikni ta’minlaydi, ammo uning murakkabligi va qimmatligi
tufayli fagat katta va muhim loyihalarda qo‘llanilishi magsadga muvofiq. Jones va Jones (2017)
ta’kidlaganidek, bu usul ko‘pincha moliya va sug‘urta sohalarida keng qo‘llaniladi. Xalqaro amaliyot shuni
ko‘rsatadiki, Monte-Karlo simulyatsiyasi kvant hisoblash rivojlanishi va sun'iy intellekt texnologiyalarining
keng targalishi sharoitida yanada muhim ahamiyat kasb etmoqda.

ISRAM usuli kichik tashkilotlar uchun amaliy va tejamkor yechim bo‘lib, maxsus texnik bilim talab
gilmaydi. Biroq, natijalarning sub'ektivligi uning asosiy kamchiligi hisoblanadi. So‘rovnomalar yordamida
ma’lumotlar to‘plash jarayonida respondentlarning subyektiv fikrlari natijalarning aniqligiga sezilarli ta’sir
ko‘rsatishi mumkin.

Investitsiyalar samaradorligini baholash nuqtai nazaridan, ALE usuli eng qulay hisoblanadi, chunki u
ROI (Return on Investment) va ROSI (Return on Security Investment) ko‘rsatkichlarini hisoblash imkonini
beradi. Bu ko‘rsatkichlar tashkilot rahbariyatiga axborot xavfsizligiga sarflanayotgan mablag‘larning oqilona
ekanligini asoslashda muhim dalil bo‘lib xizmat qiladi.

Tadqiqotning cheklovlari sifatida quyidagilarni ta’kidlash mumkin: birinchidan, usullarning amaliy
sinovlari cheklangan sonda tashkilotlarda o‘tkazilgan; ikkinchidan, usullarning samaradorligini baholashda
faqat nazariy tahlil va adabiyotlar sharhi qo‘llanilgan; uchinchidan, yangi paydo bo‘layotgan usullar (masalan,
FAIR — Factor Analysis of Information Risk) tadgigotga kiritilmagan. Kelajakda turli soha tashkilotlarida
amaliy tajribalar o‘tkazilsa va yangi zamonaviy usullar ham qiyosiy tahlilga kiritilsa, yanada ishonchli va keng
gamrovli natijalar olinishi mumkin.

Xulosa. Tadgigot natijalaridan quyidagi xulosalarga kelindi:

1. ALE usuli axborot xavfsizligi xavflarini baholashda eng keng targalgan va amaliy jihatdan eng qulay
usul hisoblanadi. U xavflarni pul ko‘rinishida ifodalaydi va boshqaruv qarorlarini qabul gilishda samarali. ALE
formulalari (SLE = EF x AV, ALE = SLE x ARO) yordamida har bir tahdid uchun kutilayotgan vyillik
moliyaviy yo‘qotishlarni aniq hisoblash mumkin. Ushbu usul xalqaro standartlarda (ISO 27005, NIST SP 800-
30) tavsiya etilgan.

2. Kortni usuli ALE usulining soddalashtirilgan varianti bo‘lib, dastlabki baholash bosqgichida samarali
qo‘llanilishi mumkin. Uning asosiy afzalligi — tahdidlarni 5 ta guruhga tasniflash imkoniyati va formulalarning
soddaligi (R =P x C). AQSh milliy institutlari tomonidan rasmiy usul sifatida gabul gilingan.

3. Monte-Karlo simulyatsiyasi eng yuqori aniglikni ta’minlaydi, chunki u xavfning butun ehtimollik
tagsimotini modellashtiradi. Ammo murakkabligi, katta haymdagi dastlabki ma’lumotlar va maxsus dasturiy
ta’minot talabi tufayli faqat katta va muhim loyihalarda, xususan, moliya va sug‘urta sohalarida qo‘llanilishi
tavsiya etiladi.

4. ISRAM usuli kichik va o‘rta tashkilotlar uchun tejamkor va qulay yechim hisoblanadi. So‘rovnomalar
yordamida ma’lumotlar to‘plash oson, ammo natijalarning subyektivligi hisobga olinishi kerak.

5. Tashkilotlarga o‘z ehtiyojlari va imkoniyatlariga qarab bir nechta usulni birgalikda qo‘llash tavsiya
etiladi. Masalan, dastlabki bosgichda Kortni usulidan, batafsil tahlil uchun ALE usulidan, katta loyihalar uchun
esa Monte-Karlo simulyatsiyasidan foydalanish magsadga muvofig.

6. Kelajakdagi tadgigotlarda FAIR (Factor Analysis of Information Risk) kabi yangi usullarni ham
qiyosiy tahlilga kiritish, turli soha tashkilotlarida amaliy tajribalar o‘tkazish va sun'iy intellekt
texnologiyalarini xavflarni baholash jarayoniga integratsiya qilish istigbolli yo‘nalishlar hisoblanadi.
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Abstract. This aricle deals with digitalization and the extensive integration of information and
communication technologies (ICT) as a transformative force in contemporary educational systems. The
research examines the theoretical foundations, practical applications, and pedagogical implications of ICT-
driven educational environments across different levels of education. Particular attention is paid to the role
of digital technologies in enhancing flexibility, accessibility, and learner-centeredness, as well as in supporting
innovative instructional models. Using a systematic analysis of recent scholarly literature and selected
educational practices, the study identifies key trends, challenges, and opportunities associated with digital
transformation in education.
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RAQAMLASHTIRISH VA AXBOROT-KOMMUNIKATSIYA TEXNOLOGIYALARINING
KENG KO‘LAMLI INTEGRATSIYASI

Annotatsiya. Ushbu maqola zamonaviy ta’lim tizimlarida ragamlashtirish va axborot-kommunikatsiya
texnologiyalarining (AKT) keng joriy etilishini muhim transformatsion omil sifatida ko ‘rib chigadi.
Tadgiqotda AKT asosidagi ta’lim muhitlarining nazariy asoslari, amaliy qo ‘llanilishi hamda pedagogik
ahamiyati ta’limning turli bosqichlari kesimida tahlil gilinadi. Shuningdek, raqamli texnologiyalarning ta’lim
Jjarayonining moslashuvchanligi, ochiqligi va o ‘quvchi markazliligini oshirishdagi roli, hamda innovatsion
o ‘qitish modellarini qo ‘llab-quvvatlashdagi ahamiyatiga alohida e’tibor qaratiladi. So ‘nggi ilmiy adabiyotlar
va ayrim ta’lim amaliyotlarini tizimli tahlil qilish asosida tadgiqot ta’limdagi raqamli transformatsiya bilan
bog ‘liq asosiy tendensiyalar, muammolar va imkoniyatlarni aniglaydi.

Kalit so‘zlar: raqamlashtirish; axborot-kommunikatsiva texnologiyalari  (AKT), ta’limni
modernizatsiya qilish; raqamli ta’lim muhitlari; innovatsion o ‘qitish modellari; o‘quvchi markazli ta’lim;
ragamli kompetensiya.

OUPPOBU3ALINS U PACHIMPEHHASI HHTEI'PATIUSI AHOOPMAIIMOHHO-
KOMMYHUKAIIMOHHBIX TEXHOJIOT'U

Annomauusa. /lannas cmamvsi ROCésUeHa YuPposu3ayuu u WUpoKomy 6HeOpeHuio uHoOpMayuoHHo-
KOMMYHUKayuonHvix mexnonoeuu (MKT) kax mpancgopmayuonno cunbl 6 COBPEMeHHbIX 0OPA3068aMeETbHbIX
cucmemax. B uccredosanuu paccmampusaromes meopemuyeckue OCHOBbL, NPAKMUYECKOe NPUMEHEHUe U
nedazozuyeckue nociedcmeus 00paz08amenbHuIX cped, OCHOBAHHBIX Ha ucnoavsosanuu UKT, na paznuuHbix
yposHsx obpazosanus. Ocoboe sHUMaHUe yoensemcs poau Yu@PpPosvlx MexXHON02UL 8 NOBbIUUEHUU 2UDKOCMU,
00CMYNHOCIU U OPUSHMUPOBAHHOCHIU 00YUeHUs HA 00YUalowe20Cs, 4 MaKice 8 H000epPIICKe UHHOBAUUOHHBIX
Mmooeneil npenodasanusi. Ha ocnose cucmemmnoco ananuza cogpemenHoll HayyHou iumepamypsl U OMOeIbHbIX
00paA306aMeENbHLIX NPAKMUK 8 pabome 6biAGISIOMCSA OCHOGHbIE TMEHOEHYUU, NPOOIeMbl U 803MONCHOCTIU,
ces3aHHbIe ¢ YUPPosol mpancghopmayueti 00pa308aHusL.

Knwuesvie cnosa: wyughposusayus, unpopmayuonno-kommynukayuonnvie mexnonoeuu (UKT);
MoOepHusayus 06pazosanus, yugpposvle 0OpazoeamenvHvle Cpeovl, UHHOBAYUOHHbIE MOOenu 00V4eHus,
JUYHOCMHO-OPUEHMUPOBAHHOE 0DYyUeHUe; YUPPOBAS KOMNEMEHMHOCTb.

Introduction. The urgency of this study is considered the rapid digital transformation of society and the
growing demand for flexible, accessible, and personalized educational models. As digital technologies
increasingly shape economic, social, and cultural processes, educational institutions are required to adapt
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teaching and learning practices to meet contemporary challenges. Despite the widespread adoption of ICT,
significant gaps remain in understanding how digital tools can be systematically and pedagogically integrated
into educational systems.

In recent years, blended learning models have been increasingly employed in educational practice. This
trend can be explained by their high potential for learner-centered instruction, as well as by their capacity to
integrate technologies of formal, non-formal, and informal learning. Such integration enables educators to
select optimal instructional solutions depending on specific educational objectives and contextual conditions
within a given learning environment.

Literature review. The theoretical foundations of blended learning have a long research history dating
back to the early twentieth century. In the 1920s, American scholars Bonk and Graham proposed an approach
that combined face-to-face instruction with computer-mediated learning, thereby exploring the possibilities of
the simultaneous use of traditional and electronic educational technologies [5]. As early as the 1920s and
1930s, American schools employed electronic correspondence to facilitate communication between teachers
and students, while by the 1970s this mode of interaction had become common practice in many open
universities worldwide [8]. In essence, blended learning represents a form of integration between instruction
and self-directed learning, shaped by educational objectives and the practical feasibility of their
implementation.

The complexity of blended learning as an educational technology accounts for the diversity of
terminological interpretations used to define its essence and key characteristics. In scholarly discourse, it is
described as mixed-mode, hybrid, or web-enhanced learning, each term emphasizing the combination of
traditional classroom-based instruction with electronic and digital learning formats aimed at achieving desired
educational outcomes. Blended learning is commonly understood as a flexible instructional approach that
combines in-class teaching with online activities, capitalizing on the advantages of digital training and
assessment tasks while incorporating additional methods designed to enhance student learning outcomes and
optimize educational costs [4].

Given the multiplicity of possible combinations of instructional forms, blended learning constitutes a
dynamic and promising field for educational research, requiring the joint efforts of both theorists and
practitioners. Researchers examine various integrative approaches within this context, defining blended
learning as:

— the integration of different modes of learning;

— the combination of diverse instructional methods;

— the synthesis of face-to-face interaction with online learning environments [7, p. 39].

Thus, blending may occur at both a macro level—relating to types of learning and a micro level—
focusing on the integration of forms, methods, and organizational strategies. Accordingly, multiple formats of
blending are distinguished, including individual and whole-class instruction; frontal and group-based learning;
face-to-face and distance education; organized and autonomous learning; as well as standardized and
personalized, learner-centered approaches.

Significant variation is also observed in the interpretation of the concept of blended learning within
domestic research. For instance, S.D.Kalinina defines blended learning as the internalization of distance
educational technologies into the system of traditional instruction, including the use of network-based
information resources, databases, electronic libraries, email communication, institutional learning
management systems, electronic courses, massive open online courses (MOOCs), and webinar services [9, p.
38]. E.A.Kornilova conceptualizes blended learning as a purposeful process of acquiring knowledge, skills,
and competencies through the integration of in-class and extracurricular learning activities, based on the
complementary use of traditional, electronic, distance, and mobile learning technologies. A defining feature of
this approach is the learner’s control over time, place, learning pathway, and pace of study [2, p. 112].

An analysis of these definitions demonstrates that scholars, depending on their research priorities,
emphasize different types of integrative processes and their semantic content. In many cases, priority is given
to technological and technical aspects of combining traditional and innovative forms of education, while
comparatively less attention is paid to goal orientation and criteria for the pedagogical validity of such
integration.

Among the most widely recognized blended learning models are the following.

The Face-to-Face Driver model involves the delivery of most instructional content through direct
teacher—student interaction, with online resources serving as supplementary components, often for small
groups of learners.
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The Flex model relies primarily on online content delivery, while instructors remain available on-site to
provide guidance and consultation as needed. Learning in this model is largely self-directed and practice-
oriented within a digital environment.

The Rotation model allows students to alternate between different learning stations according to a
predetermined schedule, including online activities and face-to-face instruction.

The Online Lab model is designed for learners who are unable to attend regular classes, enabling them
to study entirely online while completing practical tasks in specialized laboratories.

The Self-Blend model offers students the opportunity to supplement institutional curricula with online
courses provided by other educational organizations.

The Online Driver model ensures maximum flexibility and independence, as learners engage with
instructional content remotely through digital platforms [3].

It is important to emphasize that the key issue does not lie in conducting a purely comparative evaluation
of blended learning models to identify a single most effective format. All models demonstrate a high level of
effectiveness under appropriate conditions and possess substantial potential for further development in
contemporary educational practice. In this regard, the position articulated by Donald Clark, researcher and
president of the educational company Epic Group plc, is particularly noteworthy. He argues that blended
learning is grounded in foundational concepts that represent a fundamentally new type of educational system;
therefore, its understanding requires moving beyond traditional interpretations of both teaching and curricula

[6].

Consequently, blended learning should not be perceived as a mechanical or unsystematic combination
of conventional and digital instructional forms. Instead, blending strategies must be embedded within a
coherent conceptual framework and aligned with clearly defined quality criteria and indicators. One of the core
system-forming criteria is learner-centeredness, which evaluates educational effectiveness through indicators
such as the development of individualized learning pathways and the learner’s ability to select optimal methods
for personal and professional self-realization.

Discussion. Learner-centeredness primarily implies variability in instruction and the capacity to
accommodate individual priorities and educational needs. Such variability is traditionally achieved through
diverse instructional designs, combinations of structural components, and configurations oriented toward
anticipated learning outcomes. The key challenge lies in ensuring that participants in the educational process
are prepared to comprehend the underlying nature of these formats, including their goals and technological
distinctions, in order to independently construct optimal models of learning activities and their integration in
accordance with specific tasks and educational contexts.

This position is particularly relevant in the formation of meta-disciplinary competencies, including
information and communication competence, analytical and reflective competence, and system-forming
competence—commonly conceptualized as the ability to learn. These competencies encompass the capacity
to manage knowledge, process information, and work with educational texts. The primary agent in their
development is the educator, who deliberately engages in continuous professional development.

Collectively, these competencies ensure the sustainability of educational processes and reflect a modern
teacher’s readiness for lifelong learning. Central within this framework is the educator’s capacity for self-
regulation, manifested in the ability to desigh and manage the educational process along an individualized
trajectory in accordance with learner-centered principles.

From this perspective, blended learning demonstrates significant potential for implementing the
foundations of competency-based and learner-centered education. It is characterized by:

(a) flexibility in instructional design and access to a wide range of digital devices and tools unavailable
within traditional educational systems;

(b) variability of educational models that enable shifts between types of learning activities, support the
principle of learner choice, and facilitate the identification of optimal conditions for addressing specific
instructional tasks;

(c) the ability to regulate learning modes by considering individual workload distribution, thereby
accounting for intellectual, psychological, and physical characteristics of each participant when designing
personalized learning programs and monitoring their effectiveness.

Based on the degree of learner-centeredness, models of blended learning can be provisionally classified
according to the level and nature of management activity within their organizational structure. Research
indicates that a key criterion in this context is the balance between external instructional management and
learner self-management, which governs goal setting, selection of informational and technological support,
implementation adjustments, and outcome evaluation.
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Two diametrically opposed models of blended learning organization can be identified. The first model
formally incorporates blended learning by alternating face-to-face and distance formats; however, in substance,
it adheres to traditional instructional principles grounded in subject—object relationships. The second model is
designed within a learner-centered paradigm and is based on interaction as its core conceptual and
technological foundation.

The fundamental distinction between these models lies in the nature of management activity specifically,
the proportion between instructor-led control and learner self-regulation. The traditional model presupposes
total instructional control, wherein the teacher independently defines learning objectives, determines
instructional formats, and evaluates outcomes against a single standardized benchmark, often disregarding
individual learner characteristics. In contrast, the opposing model prioritizes self-management, which depends
on learner activity, subjectivity, awareness, and dominant motivational factors.

For instance, within postgraduate education, teachers are typically motivated to purposefully enhance
their professional competence by integrating opportunities for formal, non-formal, and informal learning. This
orientation is reflected in blended learning formats and in various combinations of face-to-face and distance
education. These formats may range from elementary models—where instructors propose learning structures
subject to learner modification—to optimal models, such as collaborative syllabus design that actively
incorporates learners’ interests and needs, thereby ensuring learner-centeredness.

Between elementary and optimal models exists a wide spectrum of intermediate variants distinguished
by differing levels of learner autonomy. The effectiveness of these models depends on the readiness of both
learners and instructors to operate within a learner-centered framework. This readiness can be fostered through
learner participation at all instructional stages, including preliminary design and organizational tasks such as
curriculum analysis, identification of professional development priorities, program modification, and the
selection of effective traditional and innovative instructional methods for both face-to-face and distance
learning.

Consequently, the transition from traditional to learner-centered education is dynamic and contingent
upon learners’ preparedness for self-regulation and self-development within formal education. Under such
conditions, learners become active participants who define individual trajectories of professional growth while
articulating their educational needs to institutional management structures that regulate and support the
learning process.

Thus, the learner functions as a system-forming component of blended learning and, more importantly,
as the principal agent of competence development beyond formal education, within professional practice. The
ability to select and adapt learning formats to personal needs emerges through organized instruction and fosters
integration into self-educational systems. The flexibility of blended learning and the capacity to design
responsive educational formats enhance integrative competence, particularly the ability to learn and self-
regulate educational activity.

Ultimately, this discussion emphasizes the central role of teacher self-education, which remains the
highest value across all instructional formats. Beyond ensuring continuity, self-education serves as a linking
mechanism between different levels and types of educational activity. Therefore, the development of self-
educational capacity should be regarded as both a core objective and a criterion for evaluating the effectiveness
of educational systems at all levels, as it constitutes the primary mechanism for lifelong learning.

Based on the above considerations, several positions defining the essence and conditions for the practical
implementation of blended learning in professional development have been identified:

Blended learning should not be treated as an end in itself; rather, it must be examined within the context
of innovative trends in professional education and aligned with contemporary quality standards. Its
effectiveness should be assessed through indicators of professional competence development and readiness for
continued self-education.

Blended learning should be implemented systematically rather than episodically, within a coherent
educational system characterized by conceptual integrity. Accordingly, blended formats must be institutionally
integrated and supported by appropriate content and technological frameworks.

The transition to blended learning is complex and challenging due to insufficient readiness among
educational stakeholders, including instructors. Therefore, emphasis should be placed on a gradual transition
beginning with simple integration models and progressing toward more advanced forms, while avoiding
formalism and superficial adoption driven by transient trends.

In postgraduate education, the adoption of blended learning requires preparatory measures
encompassing both theoretical components—such as principles, structures, and technologies of blended
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learning—and practical components grounded in the analysis of contemporary best practices and educators’
own professional experience, viewed through the lens of blended learning potential.

Conclusion. It is essential to recognize that the specificity of a teacher’s professional development
within the system of postgraduate education lies in the requirement that the application of blended learning
models presupposes the subsequent transfer of acquired theoretical knowledge and practical experience into
the teacher’s professional practice. In particular, the competencies developed during postgraduate training
should be effectively implemented in the organization of blended learning environments for school students.
If the theoretical foundations of blended learning are not directly integrated into the practical organization of
instructional activities within teacher training institutions, the result is the persistence of the traditional theory—
practice gap, accompanied by predictable contradictions and negative pedagogical outcomes.
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METROLOGIK TA’MINOT ORQALI ELEKTR MAHSULOTLARINING SIFATINI
ANIQLASH

Toshboboyev Shohzod Mahkam o°g‘li,

“O ‘bekiston ilmiy-sinov va sifat nazorati markazi”
davlat muassasasi tayanch doktoranti
shahzodshahriyor1992202120@gmail.com

Annotatsiya. Ushbu magolada qgarshilikli elektr pech (Model: KT-TF12, seriya: 25042108) misolida
elektr qurilmalarning sifat ko ‘rsatkichlarini aniglash masalalari ko ‘rib chigiladi. Tadqiqotda asbobning elektr
parametrlarini, xususan, iste’'mol quvvati, tok kuchi, kuchlanish barqgarorligi va energiya samaradorligini
baholash metodlari tahlil etiladi. Shuningdek, metrologik ta’minotning ahamiyati, ya’ni o ‘lchash
vositalarining anigligi, kalibrlanishi va standartlarga muvofigligi orgali olingan natijalarning ishonchliligini
ta’minlash masalalari yoritiladi.

Kalit so‘zlar: elektr pech, qarshilikli pech, elektr mahsulotlari sifati, metrologik ta’minot, elektr
parametrlar, iste’mol quvvati, tok kuchi, kuchlanish barqarorligi, energiya samaradorligi.

ONPEJEJEHUE KAYECTBA DJIEKTPUYECKOM MPOAYKIUHU C TIOMOIIBIO
METPOJIOT'HYECKOI'O OBECIIEYEHUS

Annomauua. B oannoii cmamve paccmampugaiomcs 60npocel onpeoenenus nokasamenel Kaiecmea
INEeKMPUYECKUXx YCmpoucms Ha npumepe nedu 21eKmpuieckozo conpomugnenus (mooeav KT-TF12, cepus
25042108). B uccneooganuu anHamuzupyiomcs mMemoobl OYeHKU JeKMpUYecKux napamempos npubopa, 8
yacmHocmu  NOMpeonsAeMolu  MOWHOCMY, — CUIbL  MOKA,  CMAOUIbHOCMU — HANPAXNCEHUs U
oHepeoahpexmusnocmu. Taxoce oceewjaemcs 3HaueHue MempoIOSUHecKo20 o0becnedeHus, mo ecmb
obecneueHue 00OCMOBEPHOCMU Pe3YIbMAMO8 USMEPEHUIl 34 CYéM MOYHOCIMU USMEPUMENbHBIX CPEOCms, UX
KAnuOposKU U COOMEEMCMEUs CMaHoapma.

Knrouesvie cnosa: dnexmpuneckas neuv, neub CONPOMUGIEHUA, KA4eCMEO INEKMPULECKOL RPOOYKYUU,
Memponozuyeckoe obecneuenue, d1eKmpuyeckue napamempsvl, nompeodnsemas MOWHOCMb, CUld MoKd,
CMAOUTLHOCIb HANPAICEHUS, IHEP20IPPHEKMUBHOCHb.

DETERMINATION OF ELECTRICAL PRODUCT QUALITY THROUGH
METROLOGICAL SUPPORT

Abstract. This article examines the issues of determining the quality indicators of electrical devices
using the example of an electric resistance furnace (model KT-TF12, serial nhumber 25042108). The study
analyzes methods for evaluating the electrical parameters of the device, in particular power consumption,
current, voltage stability, and energy efficiency. It also highlights the importance of metrological support,
namely ensuring the reliability of measurement results through the accuracy of measuring instruments, their
calibration, and compliance with standards.

Keywords: Electric furnace, resistance furnace, quality of electrical products, metrological support,
electrical parameters, power consumption, current, voltage stability, energy efficiency.

Kirish. Bugungi kunda elektr mahsulotlari inson faoliyatining deyarli barcha sohalarida muhim
ahamiyatga ega. Ular nafagat kundalik hayotimizni qulaylashtiradi, balki sanoat, tibbiyot, laboratoriyalar va
ilmiy tadqiqotlarda ham keng qo‘llaniladi. Shu sababli, elektr mahsulotlarining sifati, ishlash bargarorligi va
xavfsizligi foydalanuvchi uchun bevosita ahamiyatga ega bo‘lib, ishlab chiqaruvchilar va iste’molchilar uchun
muhim talab hisoblanadi. Aynigsa, qarshilikli elektr pechlar kabi yuqori harorat va energiya iste’moli bilan
ishlovchi qurilmalar uchun xavfsizlik va sifat ko‘rsatkichlarini ta’minlash alohida ahamiyatga ega.

Elektr pechlar (Model: KT-TF12, Seriya: 25042108) kabi qurilmalar bir gancha texnik parametrlar
asosida baholanadi. Ularning sifat ko‘rsatkichlarini aniglashda metrologik ta’minotning roli juda Kkatta.
Metrologik ta’minot — bu o‘lchash vositalarining aniqligi, kalibrlanishi, normativ hujjatlar va xalgaro
standartlarga muvofigligi orgali mahsulot sifatini ishonchli va obyektiv baholash jarayonidir. Mazkur jarayon
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elektr mahsulotlarining ekspluatatsion xavfsizligini, energiya samaradorligini va foydalanuvchi xavfsizligini
ta’minlashga xizmat giladi.

Elektr pechning texnik ko‘rsatkichlari bir nechta asosiy yo‘nalishlarda baholanadi. Iste’mol gilinadigan
quvvat va tok kuchi pechning elektr energiyasini samarali ishlatishini belgilaydi. Maxsus standartlarga (TOCT
IEC 61010-1-2014) muvofiq, maksimal nominal quvvat vattlarda (faol quvvat) yoki volt-amperlarda (ko‘rinma
guvvat) va barcha ulangan yordamchi uskuna yoki ichki modullar bilan birga maksimal nominal kirish toki
bilan belgilanadi. Bu parametrlar pechning energiya samaradorligini baholash va elektr tarmoglariga yukni
aniglash uchun muhimdir.

Bundan tashqari, markirovka ham sifat ko‘rsatkichlarining ajralmas qismi hisoblanadi. Markirovka
foydalanuvchi uchun oson o‘qiladigan, aniq va farqlanadigan bo‘lishi, shuningdek, tozalash vositalari ta’siriga
chidamli bo‘lishi kerak. Markirovka foydalanuvchini xavfsizlik qoidalari, maksimal quvvat va ishlash shartlari
hagida xabardor giladi.

Elektr toki urishidan himoya — elektr pech xavfsizligining eng muhim omillaridan biridir. Himoya
kuchlanish ostidagi gismlardan izolyatsiya orqali ta’minlanadi, shuningdek, normal ishlash sharoitida va
yagona nosozlik yuzaga kelgan holatlarda foydalanuvchi uchun xavf tug‘dirmasligi lozim. Shu bilan birga,
izolyatsiyaning elektr chidamliligi ham muhim parametrdir. Sinovlar davomida bo‘shliq yoki qattiq
izolyatsiyada yorilish yuz bermasligi ta’minlanishi kerak, bu esa mahsulotning uzoq muddatli ishlashini
kafolatlaydi.

Mexanik barqarorlik va chidamlilik ham elektr pechlar sifatini baholashda muhim rol o‘ynaydi.
Binoning elementlariga biriktirilmagan uskuna va uskuna to‘plamlari mexanik jihatdan barqaror bo‘lishi,
shuningdek, normal ishlash sharoitida yuz berishi mumkin bo‘lgan mexanik ta’sirlar xavf tug*dirmasligi lozim.
Bu talablar pechning ekspluatatsion xavfsizligini oshirish va uni uzog muddat ishlatishda shikastlanish xavfini
kamaytirishga xizmat giladi.

Ushbu maqolada garshilikli elektr pechlar sifatini baholashda texnik parametrlar, metrologik ta’minot
va standartlarga muvofiq sinov usullarining ahamiyati batafsil yoritiladi. Tadgiqot natijalari pechlarning
ishlash sifati, energiya samaradorligi va xavfsizligini oshirishga, shuningdek, foydalanuvchi xavfsizligini
ta’minlashga yordam beradi. Shuningdek, maqola elektr mahsulotlarini ishlab chiqarish va sinov jarayonida
sifat ko rsatkichlarini aniqlashga qaratilgan metodologiyalarni ham o‘z ichiga oladi.

Qo‘llanilgan metodlar. Ushbu maqolada qo‘llanilgan metodlar — garshilikli elektr pech (Model: KT-
TF12, Seriya: 25042108) sifatini baholash va uning xavfsizlik, energiya samaradorligi hamda mexanik
chidamliligi ko‘rsatkichlarini aniqlashga qaratilgan tizimli usullar to‘plamidir.

Iste’mol qilinadigan quvvat va tokni o‘Ichash. Pechning maksimal nominal quvvatini va kirish tokini
aniqlash uchun xalqaro standartlarga mos keladigan elektr o‘lchash vositalari ishlatiladi. O‘lchashlar TOCT
IEC 61010-1-2014 ning 5.1.3-bandiga muvofiq amalga oshiriladi. Ushbu metod orgali pechning energiya
samaradorligi va elektr tarmoqlariga yuk ko‘rsatkichlari baholanadi. O‘Ichash natijalari maksimal nominal
quvvat vattlarda (faol quvvat) yoki volt-amperlarda (ko‘rinma quvvat) hamda barcha ulangan yordamchi
uskuna yoki ichki modullar bilan birga maksimal nominal kirish tokini aniglash imkonini beradi.

Markirovka chidamliligi va anigligini baholash. Markirovkaning aniq va farqlanadigan bo‘lishi,
shuningdek, tozalash vositalariga chidamli ekanligi sinovdan o‘tkaziladi. Ushbu sinov 'OCT IEC 61010-1-
2014 5.3-bandiga muvofiq amalga oshiriladi. Metod markirovkaning normal ishlatish sharoitida oson
o‘qiladigan va foydalanuvchi uchun qulay ekanligini aniqlashga imkon beradi.

Elektr toki urishidan himoya. Pechning foydalanuvchi uchun xavfsizligini baholashda izolyatsiya va
himoya elementlari sinovdan o‘tkaziladi. Sinovlar TOCT IEC 61010-1-2014 6.2.2 va 6.2.3-bandlariga
muvofig amalga oshiriladi. Ushbu metod yordamida pechning normal ishlash va yagona nosozlik yuzaga
kelgan holatlarida foydalanuvchi uchun xavfsizligi ta’minlanganligi aniqlanadi.

Izolyatsiyaning elektr chidamliligini tekshirish. Sinov davomida bo‘shliq yoki qattiq izolyatsiyada
yorilish yuz bermasligi ta’minlanadi. Bu metod TOCT IEC 61010-1-2014 6.8.3.1 va 6.8.3.2-bandlariga
muvofig amalga oshiriladi. Sinov natijalari pechning uzog muddatli ishlashida elektr xavfsizligini kafolatlaydi.

Mexanik barqgarorlik va chidamlilikni baholash. Pech va uning uskuna to‘plamlari normal ishlash
sharoitida mexanik ta’sirlarga chidamliligi sinovdan o‘tkaziladi. Sinovlar 'OCT IEC 61010-1-2014 7.4 va
8.2.1-bandlariga muvofig amalga oshiriladi. Bu metod yordamida uskuna binoning elementlariga
biriktirilmagan holatda mexanik jihatdan bargarorligi, shuningdek, normal ishlash sharoitida yuz berishi
mumbkin bo‘lgan mexanik ta’sirlardan xavfsizlikni ta’minlashi tekshiriladi.

Metrologik ta’minotning qo‘llanilishi. Barcha o‘lchash va sinovlar aniqligi tasdigqlangan o‘lchash
vositalari bilan amalga oshiriladi. Kalibrlangan asbob-uskunalar va xalgaro standartlarga mos metodologiya
yordamida olingan natijalar ishonchli va takrorlanadigan bo‘ladi. Shu bilan birga, metrologik ta’minot
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mahsulot sifatini obyektiv baholash, ekspluatatsion xavfsizlik va energiya samaradorligini aniglashda asosiy
vosita hisoblanadi.

Ushbu metodlar orqali qarshilikli elektr pechning barcha muhim texnik ko‘rsatkichlari, shu jumladan,
elektr xavfsizligi, energiya samaradorligi, mexanik chidamlilik va markirovka sifati tizimli tarzda baholandi.
Bu esa mahsulotning standartlarga muvofiqligini tasdiglash va foydalanuvchi xavfsizligini ta’minlash
imkonini beradi.

Olingan natijalar va ularning tahlili: Iste’'mol qilinadigan quvvat va kirish tokini aniqlash sinovi.

Ushbu laboratoriya sinovi garshilikli elektr pechning maksimal nominal quvvatini va kirish tokini
aniglash hamda ularning normativ hujjatlar talablariga muvofigligini baholash magsadida o‘tkazildi. Sinov
jarayonida uskuna barcha ulangan yordamchi qurilmalar bilan birga maksimal yuklama rejimida ishlatildi.

O‘Ichashlar metrologik jihatdan tasdigqlangan va kalibrlangan asboblar yordamida amalga oshirildi.
Sinov davomida dastlabki o‘tish jarayonlari ta’sirini bartaraf etish uchun uskuna ishga tushirilgandan so‘ng
tok bargarorlashguncha (taxminan 1 dagiga) kutildi va shundan keyin o‘lchashlar olib borildi.

Sinov natijasida quyidagi asosiy parametrlar aniglanadi: kuchlanish (U), tok (1), faol quvvat (P) va
ko‘rinma quvvat (S). Faol quvvat quyidagi formula orqali hisoblandi:

P =U-l-cose
bu yerda cos=0.95 — quvvat koeffitsiyenti.
Ko‘rinma quvvat esa quyidagicha aniqlanadi:
S=U-1
Hisoblash misoli
Biz o‘Ichash ishlarini bajarib quyidagi natijalari ega bo‘ldik.
e U=220V
e [=10A
. cos[i{ﬁ(p=0.95
Faol quvvat:
P=220-10-0.95=2090 W
Ko‘rinma quvvat:
S=220-10=2200 W
O‘Ichash natijalarining ishonchliligini ta’minlash uchun kengaytirilgan noaniqlik hisoblandi:
Ukengaytirilgan=Kk-u
bu yerda:
o k=2 (95% ishonchlilik darajasi),
e u=20 W (faraziy standart noaniqlik)
U=2-20=40 W
Natija quyidagicha yoziladi:
P=2090+40 W

Olingan natijalar mahsulot pasportida (PS) ko‘rsatilgan giymatlar bilan solishtirildi. O‘lchangan quvvat
va tok giymatlari ruxsat etilgan chegaradan oshmadi va uskuna normativ talablariga mos deb topiladi. Natijaga
muvofiq, mahsulotning iste’mol qilinadigan quvvati uning quvvat manbayi bilan mos kelishi keldi, bu esa
elektr tarmog‘iga ortiqcha yuk tushishini oldini oladi va xavfsiz ishlashni ta’minlaydi. Ushbu sinov orgali
elektr pechning maksimal quvvat sarfi, Kirish toki va quvvat koeffitsiyenti aniglandi. Metrologik ta’minot va
k=2 koeftitsiyent asosida baholash natijalarning ishonchliligini ta’minladi. Olingan natijalar asosida uskuna
normativ hujjatlar talablariga muvofigligi baholandi.

Markirovka chidamliligini aniglash sinov usuli. Markirovkaning chidamliligini baholash sinovi
uskunaning tashqi yuzasiga qo‘yilgan yozuv va belgilarni normal ekspluatatsiya sharoitida saqlanish darajasini
aniglash magsadida o‘tkaziladi. Ushbu sinov TOCT IEC 61010-1-2014 standart talablariga muvofig amalga
oshirildi.

Sinov jarayonida markirovka yuzasiga ishlab chigaruvchi tomonidan tavsiya etilgan tozalash vositasi
bilan ishlov berildi. Biz tozalash vositasi ko‘rsatilmagani uchun 70 % li izopropil spirti qo‘lladik. Ta’sir qilish
jarayoni qo‘l yordamida, kuchli bosim bermasdan, namlangan doka (marli) bilan 30 soniya davomida artish
orgali amalga oshiriladi.

Sinovdan so‘ng markirovkaning holati vizual usulda baholadik. Bunda quyidagi mezonlar asosiy
hisoblandi:

o markirovkaning aniqligi va o‘qiluvchanligi saglangan bo‘lishi;
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o belgilar va yozuvlar farglanadigan holda qgolishi;

o yopishtirilgan yorliglar ajralib ketmasligi;

e yorliqg chetlarining bukilishi yoki deformatsiyasi kuzatilmasligi.

Sinov natijasida yuqoridagi talablar to‘liq bajarilib, markirovka chidamliligi qoniqarli, deb baholandi va
uskuna normativ hujjat talablariga mos deb topildi.

Elektr toki urishidan himoyani aniglash bo ‘yicha laboratoriya sinovi. Ushbu laboratoriya sinovi elektr
uskunaning foydalanuvchini elektr toki urishidan himoyalash darajasini baholash maqgsadida o‘tkazildi. Sinov
I'OCT IEC 61010-1-2014 standartining 6-bo‘lim talablariga muvofiq amalga oshirildi.

Sinovdan magsad — uskuna normal ekspluatatsiya sharoitida hamda yagona nosozlik yuzaga kelgan
holatlarda foydalanuvchi uchun xavf tug‘dirmasligini aniglashdan iborat. Shuningdek, ochiq (tegish mumkin
bo‘lgan) gismlarda hosil bo‘ladigan elektr kattaliklarining ruxsat etilgan chegaradan oshmasligi tekshirildi.

Sinov quyidagi bosgichlar asosida amalga oshirildi:

e uskuna tarkibidagi foydalanuvchi uchun ochiq (tegish mumkin bo‘lgan) qismlar aniqlandi;

e ochiq qismlar bilan yer o‘rtasida hamda o‘zaro yaqin (1,8 m gacha) joylashgan qismlar orasida
kuchlanish va tok qiymatlari o‘lchandi;

¢ o‘lchashlar normal ishlash rejimida va sun’iy ravishda hosil gilingan yagona nosozlik sharoitida
amalga oshirildi;

¢ olingan natijalar standartda belgilangan ruxsat etilgan chegaraviy giymatlar bilan solishtirildi;

e qo‘shimcha ravishda elektr xavfsizligi bo‘yicha sinovlar (izolyatsiya, himoya elementlari va
boshgqalar) o‘tkazildi.

Uskuna quyidagi shartlarga javob berishi lozim:

¢ ochiq gismlar foydalanuvchi hayoti uchun xavf tug‘dirmasligi;

e kuchlanish, tok, zaryad yoki energiya giymatlari normativ hujjatda belgilangan maksimal darajadan
oshmasligi;

e normal va nosozlik holatlarida ham elektr xavfsizligi ta’minlangan bo‘lishi.

O‘tkazilgan o‘lchashlar natijasida ochiq qismlar orasidagi elektr kattaliklarining qiymatlari ruxsat
etilgan chegaradan oshmaganligi aniglandi. Uskuna normal ishlash rejimida ham, yagona nosozlik sharoitida
ham foydalanuvchi uchun xavf tug‘dirmasligi tasdiglandi.

Sinov natijalariga ko‘ra, tekshirilgan qarshilikli elektr pech (Model: KT-TF12, seriya: 25042108) elektr
toki urishidan himoya bo‘yicha TOCT IEC 61010-1-2014 standart talablariga to‘liq javob beradi. Uskunaning
ochiq qismlari xavfsiz bo‘lib, ekspluatatsiya jarayonida foydalanuvchi hayoti va sog‘lig‘i uchun xavf
tug‘dirmaydi.

Izolyatsiyaning elektr chidamliligini aniglash bo ‘yvicha laboratoriya sinovi. Ushbu laboratoriya
sinovining asosiy magsadi — elektr uskuna izolyatsiyasining kuchlanish ta’sirida bardoshliligini aniqlash va
sinov davomida bo‘shliq (havo oralig‘i) yoki qattiq izolyatsiyada yorilish (proboy) yuz bermasligini
tasdiglashdan iborat. Sinov TOCT IEC 61010-1-2014 standartining 6.8.3.1 va 6.8.3.2-bandlariga muvofiq
o‘tkazildi.

Sinov quyidagi tartibda amalga oshirildi:

Sinov uskuna ishga tayyor holatga keltirildi va barcha normal ekspluatatsiya sharoitlari ta’minlandi.

O‘zgaruvchan tok generatori yordamida izolyatsiyalangan gismlarga sinov kuchlanishi berildi. Sinov
kuchlanishi minimal 500 V-A quvvat bilan ta’minlandi va signal shakli asosan sinusoidal bo‘ldi. Cho‘qqi (pik)
va RMS giymatlar nisbati 42 + 3% ni tashkil qildi. Sinov kuchlanishi belgilangan giymatgacha 5 soniya
davomida teng ravishda oshirildi va belgilangan qiymat standartda ko‘rsatilgan vaqt davomida ushlab turildi.
Sinov jarayonida izolyatsiyada yorilish yoki bo‘shliq proboyi yuz bermasligi kuzatildi.

Izolyatsiya sinovdan muvaffaqiyatli o‘tgan deb hisoblanadi, agar quyidagi shartlar bajarilgan bo‘lsa:

¢ sinov davomida bo‘shliq yoki qattiq izolyatsiyada proboy yuz bermagan;

e izolyatsiya o‘z funksional xususiyatlarini saglagan;

e izolyatsiyalangan gismlar foydalanuvchi uchun xavfsiz bo‘lib qolgan.

O‘tkazilgan sinovlar natijasida izolyatsiyada yorilish yoki boshqa buzilishlar kuzatilmadi. Shunday
qilib, izolyatsiyaning elektr chidamliligi standart talablarga to‘liq javob beradi. Sinov natijalari shuni
ko‘rsatdiki, tekshirilgan qarshilikli elektr pech (Model: KT-TF12, seriya: 25042108) uskuna izolyatsiyaning
elektr chidamliligi talablariga mos keladi va ekspluatatsiya jarayonida foydalanuvchi xavfsizligi kafolatlangan.

Izolyatsiyaning elektr chidamliligini aniglash bo ‘yicha laboratoriya sinovi. Ushbu laboratoriya
sinovining asosiy magsadi — elektr uskuna izolyatsiyasining kuchlanish ta’sirida bardoshliligini aniqlash va
sinov davomida bo‘shliq (havo oralig‘i) yoki qattiq izolyatsiyada yorilish (proboy) yuz bermasligini
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tasdiglashdan iborat. Sinov TOCT IEC 61010-1-2014 standartining 6.8.3.1 va 6.8.3.2-bandlariga muvofiq
o‘tkazildi.

Sinov quyidagicha amalga oshirildi: Sinov uskuna ishga tayyor holatga keltirildi va barcha normal
ekspluatatsiya sharoitlari ta’minlandi. O‘zgaruvchan tok generatori yordamida izolyatsiyalangan qismlarga
sinov kuchlanishi berildi. Sinov kuchlanishi minimal 500 V- A quvvat bilan ta’minlandi va signal shakli asosan
sinusoidal bo‘ldi. Cho‘qqi (pik) va RMS qiymatlar nisbati 42 + 3% ni tashkil qildi. Sinov kuchlanishi
belgilangan giymatgacha 5 soniya davomida teng ravishda oshirildi va belgilangan giymat standartda
ko‘rsatilgan vaqt davomida ushlab turildi. Sinov jarayonida izolyatsiyada yorilish yoki bo‘shliq proboyi yuz
bermasligi kuzatildi.

Izolyatsiya sinovdan muvaffaqiyatli o‘tgan deb hisoblanadi, agar quyidagi shartlar bajarilgan bo‘lsa:

. sinov davomida bo‘shliq yoki qattiq izolyatsiyada proboy yuz bermagan;

. izolyatsiya o‘z funksional xususiyatlarini saqlagan;

. izolyatsiyalangan qismlar foydalanuvchi uchun xavfsiz bo‘lib qolgan.

Oc‘tkazilgan sinovlar natijasida izolyatsiyada yorilish yoki boshqa buzilishlar kuzatilmadi. Shunday
qilib, izolyatsiyaning elektr chidamliligi standart talablarga to‘liq javob beradi. Sinov natijalari shuni
ko‘rsatdiki, tekshirilgan uskuna izolyatsiyaning elektr chidamliligi talablariga mos keladi va ekspluatatsiya
jarayonida foydalanuvchi xavfsizligi kafolatlangan.

Mexanik chidamlilik (IK ta’sir sinovi) bo ‘vicha laboratoriya sinovi. Ushbu laboratoriya sinovi elektr
uskuna va uskuna to‘plamlarining normal ishlash sharoitida yuz berishi mumkin bo‘lgan mexanik ta’sirlarga
chidamliligini baholashga qaratilgan. Sinovning asosiy talabi shundan iboratki, uskuna mexanik ta’sir
natijasida foydalanuvchiga xavf tug‘dirmasligi kerak.

Normal mexanik energiya darajasi: 5 J

Ruxsat etilgan minimal energiya: 1 J (agar ishlab chigaruvchi tomonidan xavf baholash amalga
oshirilgan bo‘lsa).

Uskuna qattiq tekis yuzaga o‘rnatiladi. 30 N kuch yarimshar shaklidagi, 12 mm diametrli tayoq bilan
uskuna foydalanuvchi uchun ochig gismlariga tatbiq etildi. Sinov korpusning barcha ochiq gismlariga, shu
jumladan, portativ uskuna pastki elementlariga tatbiq etildi. Sinovdan oldin uskuna elektr manbayidan uziladi
va ishlash holatida bo‘lmaydi.

Zarba sinovi. Statik bo‘lmagan, qo‘l uskunasi bo‘lmagan yoki tarmoq vilkali uskuna uchun tatbiq etiladi.
Zarba energiyasi IK kodi yoki IEC 62262 ga muvofiq Eha/Ehc metodlari orgali amalga oshirildi;

Uskunaning ishlash holatida bo‘lmasligi shart, 100 kg dan yengil uskuna uchun amalga oshiriladi.
Uskuna ishlash holatida bo‘lmasligi lozim. Laboratoriya sinovi shuni ko ‘rsatdiki, tekshirilgan uskuna mexanik
ta’sirlarga chidamli va normal ishlash sharoitida foydalanuvchi uchun xavfsiz. Statik va zarba sinovlari
davomida uskuna ishlashga ta’sir qilmagan va xavf yoki shikastlanishlar aniglanmagan. Izolyatsiya, korpus va
xavfsizlik tizimlari sinov talablariga mos keladi.

Sinov natijalari (namuna jadval)

Parametr Talablar O‘Ichangan natija | Xulosa
Siljish va egilish  [Siljish yoki egilish bo‘Imasligi Siljish kuzatilmadi Mos keldi
Korpusning zarba |Nominal zarba energiyasidan yuqori zarar |Hech ganday .

. A . y . : . Mos keldi
chidamliligi bo‘Imasligi shikastlanish yo‘q
Foydalanuvchiga Mexgnlkgta sir pqtuamda ochiq gismlar Xavf aniglanmadi Mos keldi
xavf xavfli bo‘lmasligi

Xulosa. Ushbu tadgiqot natijalari garshilikli elektr pech KT-TF12 ning TOCT IEC 61010-1-2014
standartlariga to‘liq javob berishini ko‘rsatdi. Pechning maksimal nominal quvvati va kirish toki,
markirovkasi, izolyatsiyasi va mexanik chidamliligi laboratoriya sinovlari orgali tasdiglandi. Sinovlar
pechning normal ishlash va yagona nosozlik holatlarida foydalanuvchi uchun xavfsizligini, bargaror ishlashini
va uzoq muddatli foydalanishda funksiyalarini yo‘qotmasligini ko‘rsatdi. Shu bilan birga tadqiqot natijalari
pechning sanoat va ilmiy-amaliy ishlatish uchun ishonchli va xavfsiz ekanligini ilmiy asosda tasdiglaydi.
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