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PHYSICS

UO‘K 621.315.592

YARIMO‘TKAZGICH MATERIALLARNING ELEKTR VA OPTIK XOSSALARIGA
HARORAT TA’SIRINI O‘RGANISH

Azimova Nazokat Yoqubjon gizi,

Namangan davlat texnika universiteti

2-son akademik litseyi fizika fani o ‘gituvchisi
nazokatazimovaO7@gmail.com

Annotatsiya. Yarimo ‘thkazgich materiallarning elektr va optik xossalari haroratga kuchli bog ‘liq.
Harorat o zgarishi kristall panjara tebranishlari, energetik zonalar, zaryad tashuvchilar konsentratsiyasi va
harakatchanligiga ta’sir qiladi. Ushbu maqolada kremniy (Si), germaniy (Ge) va galliy arsenid (GaAs)
misolida haroratning yarimo ‘tkazgich xossalariga ta’siri nazariy jihatdan tahlil qilindi. Varshni tenglamasi
asosidagi hisoblashlar 77-400 K oralig‘ida harorat oshishi bilan tagiqlangan energetik soha kengligi
kamayishini va optik yutilish chegarasi uzunroq fto ‘lginlar tomon siljishini ko ‘rsatdi. Shu bilan birga,
harorat oshganda zaryad tashuvchilar konsentratsiyasi ortadi, biroq fononlar bilan sochilish tufayli
ularning harakatchanligi pasayadi. Natijalar yarimo ‘tkazgichli datchiklar, fotodetektorlar, quyosh
elementlari va optoelektron qurilmalarni loyihalashda harorat omilini hisobga olish muhimligini ko ‘rsatadi.

Kalit so‘zlar: yarimo ‘tkazgich, kremniy, germaniy, galliy arsenid, harorat, elektr o ‘tkazuvchanlik,
optik yutilish, fotoo ‘tkazuvchanlik, Varshni tenglamasi.

NCCIIEJOBAHUE BJIMSHUSA TEMIIEPATYPBI HA DJIEKTPUYECKHUE U
ONTUYECKHUE CBOMCTBA MMOJYIIPOBOJHUKOBBIX MATEPHAJIOB

Annomayusa. Diekmpuyeckue U OnmMuuecKue CE0UCMBEA NOTYNPOBOOHUKOBLIX MAMeEPUalos 6
3HAUUMENbHOU CMeneHu 3asucsam om memnepamypbl. H3menenue memnepamypul 1usem HA KOIeOAHUs
KPUCMALIUYECKOU PeUEmKY, IHEPeemUdecKyl0 30HHYI0 CIMPYKIMYpPY, KOHYEHMPAyuio U NOOSUNCHOCTD
Hocumeneli 3apaoa. B oamnoll cmamve meopemuyecku NPoOAHATUSUPOBAHO 6NUAHUE MEMNepamypbl Ha
ceoticmea nonynposoOHuKos Ha npumepe kpemuus (Si), cepmanus (Ge) u apcenuoa eannus (GaAs).
Pacuémul, evinonnennvie na ocnoge ypagnenus Bapwinu, nokasanu, ymo npu nOSbluleHUY memnepamypul 6
ouanazone 77-400 K wupuna sanpewénnou 30Hbl yMeHbUiaemcs, a Kpail ONmMu4eckozo No2l0ujeHUs
cmewjaemest 6 obnacms 6onee ONuHHBIX 80H. OOHOBPEMEHHO ¢ NOBbIULEHUEM MEMNEPAMYPbl KOHYEHMPAaYUsl
Hocumenell 3apsa0a Y8eauiu8aemcs, OOHAKO UX NOOBUNICHOCTb CHUMCAEMCS 8CLe0CMBUe YCUTEHUS PACCesHUS.
Ha ononax. Ilonyuenuvie pe3ynbmamsl HOOMEEPI’HCOAIOM HEOOXOOUMOCHb YUEMA MeMNepamypHo2o
Gakmopa npu npoekmupo8anul NOJIYNPOBOOHUKOBLIX OAMHUUKO8, POMOOEmeKmopos, CONHEYHbIX INEeMEHMO8
U ONMOINEKMPOHHBIX YCMPOUCME.

Knioueevle cnosa: noaynposoOnux, KpemHull, 2epMaHull, apceHud e2auius, memnepamypa,
9/1EKMPONPOBOOHOCHIb, ONMUYECKOe NO2NI0UeHUe, POmonposoouUMocms, ypasHeHue Bapunu.

STUDY OF THE EFFECT OF TEMPERATURE ON THE ELECTRICAL AND OPTICAL
PROPERTIES OF SEMICONDUCTOR MATERIALS

Abstract. The electrical and optical properties of semiconductor materials are strongly dependent on
temperature. Variations in temperature affect crystal lattice vibrations, energy band structure, charge
carrier concentration, and carrier mobility. This article theoretically analyzes the effect of temperature on
semiconductor properties using silicon (Si), germanium (Ge), and gallium arsenide (GaAs) as representative
materials. Calculations based on the Varshni equation showed that, within the temperature range of 77-400
K, an increase in temperature leads to a decrease in the band gap energy and shifts the optical absorption
edge toward longer wavelengths. At the same time, the concentration of charge carriers increases with
temperature, whereas their mobility decreases due to enhanced phonon scattering. The obtained results
demonstrate the importance of considering temperature effects in the design of semiconductor sensors,
photodetectors, solar cells, and optoelectronic devices.

Keywords: semiconductor, silicon, germanium, gallium arsenide, temperature, electrical conductivity,
optical absorption, photoconductivity, Varshni equation.
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Kirish. Zamonaviy elektronika, mikroelektronika va optoelektronikaning rivojlanishini
yarimo‘tkazgich materiallarsiz tasavvur qilish giyin. Kremniy asosidagi integral mikrosxemalar, quyosh
elementlari, turli sensorlar, galliy arsenid asosidagi yorug‘lik chiqaruvchi va yuqori chastotali qurilmalar,
germaniy va uning birikmalari asosidagi infragizil fotodetektorlar bugungi texnologik tizimlarning muhim
gismini tashkil etadi. Bu qurilmalarning ishonchli ishlashi esa ular tayyorlangan materialning fizik
parametrlarini aniq bilishni talab giladi.

Yarimo‘tkazgichlarning metallardan asosiy farqlaridan biri ularning elektr xossalari tashqi sharoitga
juda sezgir ekanidir. Harorat, yorug‘lik, elektr va magnit maydon, bosim hamda ionlashtiruvchi nurlanish
ta’sirida yarimo‘tkazgichning elektr o‘tkazuvchanligi bir necha tartibga o‘zgarishi mumkin. O‘zbek olimlari
M.K. Baxodirxonov, N.F. Zikrillayev va X.M. lliyev tomonidan yaratilgan “Yarimo‘tkazgichlar fizikasi”
darsligida ham yarimo‘tkazgich materiallarining elektrofizik parametrlari tashqi ta’sirlar, xususan, harorat
o‘zgarishi natijasida keskin o‘zgarishi qayd etilgan. Aynan shu =xususiyat yarimo‘tkazgichlardan
termodatchik va boshqga sezgir qurilmalar yaratishda foydalanish imkonini beradi.

Haroratning ta’siri birgina elektr o‘tkazuvchanlik bilan cheklanmaydi. Kristall harorati oshganda
panjara atomlarining tebranish amplitudasi ortadi. Bu jarayon elektronlarning kristall panjara bilan o‘zaro
ta’sirini kuchaytiradi va energetik zonalarning holatini o‘zgartiradi. Odatda harorat ortishi bilan ko‘pchilik
klassik yarimo‘tkazgichlarda taqiqlangan energetik soha kengligi (E_g) kamayadi. Ushbu hodisa optik
yutilish chegarasi, fotolyuminessensiya maksimumi, fotosezgirlik va yarimo‘tkazgichli lazerlarning
nurlanish to‘lqin uzunligiga bevosita ta’sir ko‘rsatadi. Varshni tomonidan 1967-yilda taklif gilingan yarim
empirik tenglama Si, Ge, GaAs, InP, InAs va boshga gator yarimo‘tkazgichlarda tagiglangan soha
kengligining haroratga bog‘lanishini ifodalashda keng qo‘llanadi.

Yarimo‘tkazgichlarda elektr o‘tkazuvchanlikning haroratga bog‘ligqligi yanada murakkabdir. Elektr
o‘tkazuvchanlik

o = q(nptn + pyty)

munosabat bilan ifodalanadi. Bu yerda (q) — elementar zaryad, (n) va (p) — elektron hamda kovaklar
konsentratsiyasi, (\mu_n) va (\mu_p) esa ularning harakatchanligi. Demak, haroratning elektr
o‘tkazuvchanlikka ta’sirini baholashda zaryad tashuvchilar soni bilan bir qatorda ularning kristalldagi
harakat sharoitini ham hisobga olish zarur.

Harorat ortishi ko‘pincha zaryad tashuvchilar konsentratsiyasining ortishiga sabab bo‘ladi. Donor yoki
akseptor qo‘shimchali yarimo‘tkazgichlarda past haroratlarda kirishma atomlarining hammasi ham
ionlashgan bo‘lmaydi. Harorat oshgani sari ular ionlashib, erkin zaryad tashuvchilar soni ortadi. O‘zbek
tilidagi zamonaviy “Yarimo‘tkazgichlar fizikasi” darsligida donorli yarimo‘tkazgichlarda elektron
konsentratsiyasi harorat ortishi bilan dastlab eksponensial ko‘payishi, donorlar to‘liq ionlashgandan so‘ng
ma’lum harorat oralig‘ida deyarli o°zgarmasligi va yanada yuqori haroratda xususiy o‘tkazuvchanlik ustunlik
qila boshlashi ko‘rsatilgan.

Biroq zaryad tashuvchilarning harakatchanligi ham haroratga bog‘liq. Harorat ko‘tarilganda kristall
panjaradagi fononlar soni va panjara tebranishlarining intensivligi ortadi. Natijada elektron va kovaklarning
fononlarda sochilish ehtimoli oshib, ularning harakatchanligi kamayadi. Kremniy uchun Arora, Hauser va
Roulston tomonidan ishlab chigilgan model elektron va kovaklar harakatchanligini 250-500 K harorat
oraligida ham temperatura, ham legirlash konsentratsiyasiga bog‘liq holda tavsiflaydi. GaAsda esa
yugoriroq haroratlarda elektronlarning qutbiy optik fononlar bilan sochilishi muhim rol o‘ynashi aniglangan.

Optik xossalarda ham shunga o‘xshash murakkab holat kuzatiladi. Yarimo‘tkazgichda fotonning
yutilishi elektronning valent zonadan o‘tkazuvchanlik zonasiga o‘tishi bilan bog‘liq. O‘zbek fizik
adabiyotlarida GaAs kabi materiallar to‘g‘ri zonali, Si va Ge esa bilvosita zonali yarimo‘tkazgichlar sifatida
qaraladi. To‘g‘ri zonali materialda elektronning optik o‘tishi foton orqali nisbatan bevosita yuz bersa,
kremniy va germaniyda impuls saglanishi uchun fonon ishtiroki ham zarur bo‘ladi. Shu sababli materialning
zona tuzilishi optik yutilish va nurlanish samaradorligiga katta ta’sir ko rsatadi.

Mazkur ishning magsadi Si, Ge va GaAs misolida yarimo‘tkazgichlarning elektr hamda optik
xossalariga harorat ta’sirining fizik mexanizmlarini tahlil qilish, tagiqlangan soha kengligidagi o‘zgarishni
sonli baholash va olingan natijalarning yarimo‘tkazgichli qurilmalar ishlashidagi ahamiyatini ochib
berishdan iborat.

Material va metodlar. Tadgiqot nazariy-tahliliy xarakterga ega bo‘lib, unda yangi eksperimental
o‘lchovlar o‘tkazilmadi. Asosiy materiallar sifatida yarimo‘tkazgichlar fizikasi bo‘yicha O‘zbekistonda chop
etilgan oliy ta’lim darslik va o‘quv qo‘llanmalari, shuningdek xalqaro ilmiy jurnallarda nashr etilgan klassik
va zamonaviy tadgiqotlardan foydalanildi.
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Milliy manbalardan M.K. Baxodirxonov, N.F. Zikrillayev va X.M. lliyevning 2020-yilda “Tafakkur”
nashriyotida chop etilgan “Yarimo‘tkazgichlar fizikasi” darsligi asosiy manbalardan biri sifatida olindi.
Ushbu darslik texnika oliy o‘quv yurtlari talabalari, doktorantlar va pedagoglar uchun mo‘ljallangan bo‘lib,
unda yarimo‘tkazgichlarning kristall tuzilishi, energetik zonalari, zaryad tashuvchilar statistikasi, elektr
o‘tkazuvchanlik, fotoelektrik hodisalar va yarimo*‘tkazgichli asboblarning fizik asoslari yoritilgan.

Shuningdek, A. Teshaboyev, S. Zaynobidinov, S. Vlasov, I. Karimov va V. Abduazimovning
“Yarimo‘tkazgichlar sirti fizikasi” o‘quv qo‘llanmasidan foydalanildi. Mazkur manba O°‘zbekiston
Respublikasi Oliy va o‘rta maxsus ta’lim vazirligi tomonidan oliy o‘quv yurtlari uchun tavsiya etilgan bo‘lib,
yarimo‘tkazgich sirtidagi fizik-kimyoviy jarayonlar va tashqi omillar ta’sirini yoritadi. A. Teshaboyev, S.
Zaynobidinov va E.A. Musayevning “Yarimo‘tkazgichlar va yarimo‘tkazgichli asboblar texnologiyasi”
o‘quv qo‘llanmasi ham mavzuning texnologik jihatlarini tahlil qilishda asosiy milliy manbalardan biri bo‘ldi.

Taqiqlangan energetik sohaning haroratga bog‘ligligini hisoblashda Varshni tenglamasi qo‘llanildi:
aT?

T+8

Bu yerda (E_g(0)) — absolyut nol haroratdagi tagiglangan zona kengligi, (T) — absolyut harorat,
(\alpha) va (\beta) esa muayyan material uchun tajribadan aniglangan koeffitsiyentlardir. Varshni ushbu
ifodaning Si, Ge, GaAs va boshqa yarimo‘tkazgichlarning eksperimental natijalarini qoniqgarli darajada
ifodalashini ko‘rsatgan.

Hisoblashlarda kremniy uchun (E_g(0)=1.166) eV, (\alpha=4.73\times10"{-4}) eV/K va (\beta=636)
K; germaniy uchun (E_g(0)=0.7437) eV, (\alpha=4.77\times10"{-4}) eV/K va (\beta=235) K; GaAs uchun
esa (E_g(0)\approx1.519) eV, (\alpha\approx5.405\times10”{-4}) eV/K va (\beta=204) K giymatlaridan
foydalanildi. GaAs uchun ushbu parametrlar ilmiy adabiyotlarda keng qo‘llanadi.

Optik yutilish chegarasining taxminiy to‘lqin uzunligi

A, =~ @
g Eg

munosabat orgali hisoblandi. Bu yerda (E_g) elektronvoltlarda, (\lambda g) esa nanometrlarda
ifodalanadi. Hisoblashlar 77 K, 300 K va 400 K haroratlar uchun bajarildi. Natijalar haqgigiy namunadagi
kirishmalar, nugsonlar, deformatsiya va boshga omillarni hisobga olmaydigan idealizatsiyalangan baholash
sifatida talqin gilindi.

Natijalar. Hisoblash natijalari birinchi navbatda haroratning energetik zonalar tuzilishiga sezilarli
ta’sirini ko‘rsatdi. Kremniy uchun 77 K haroratda taqiqlangan soha kengligi taxminan 1.162 eV ga teng
bo‘lsa, 300 K da 1.121 eV, 400 K da esa 1.093 eV gacha kamayadi. Demak, 77 K dan 400 K gacha bo‘lgan
harorat oralig‘ida kremniyning taqiqlangan energetik sohasi qariyb 0.069 eV ga torayadi.

Germaniyda harorat ta’siri nisbatan kuchliroq namoyon bo‘ladi. Hisoblashga ko‘ra, uning fundamental
tagiqlangan soha kengligi 77 K da 0.735 eV atrofida bo‘lsa, 300 K da 0.663 ¢V va 400 K da 0.624 eV gacha
kamayadi. Bunday o‘zgarish germaniyning infraqizil diapazondagi optik xususiyatlariga sezilarli ta’sir
ko‘rsatadi.

GaAs uchun ham xuddi shunday gonuniyat kuzatiladi. 77 K da hisoblangan (E_g) giymati 1.508 eV,
300 K da 1.422 eV, 400 K da esa 1.376 eV ni tashkil etdi. Xona haroratidagi hisoblangan giymat GaAs
uchun tajribada keng gabul gilingan taxminan 1.42 eV giymat bilan yaxshi mos keladi. Zamonaviy
temperatura-bog‘liq fotolyuminessensiya tadqiqotlarida ham GaAs uchun xona haroratida taxminan 1.422
eV va past haroratda 1.52 eV ga yaqin giymatlar kuzatilgan.

Bu natijaning fizik sababi, avvalo, harorat ortishi bilan kristall panjaraning issiqlik kengayishi va
elektron—fonon o‘zaro ta’sirining kuchayishidir. Panjara atomlarining muvozanat holati atrofidagi tebranish
amplitudasi ortgani sari elektron energetik holatlarining o‘rtacha energiyasi ham o‘zgaradi. Natijada valent
va o‘tkazuvchanlik zonalarining chetlari o‘zaro yagqinlashib, (E_g) kamayadi. Varshni tenglamasi ushbu
jarayonni empirik shaklda juda qulay ifodalasa-da, uning parametrlarini fundamental fizik doimiylar sifatida
emas, muayyan harorat intervaliga moslashtirilgan parametrlar sifatida talqin qilish to‘g‘riroqdir. Elektron—
fonon o‘zaro ta’siriga asoslangan tadqiqotlarda ham Varshni modelining ayrim sharoitlarda yaqinlashuv
ekanligi ko‘rsatilgan.

Taqiqlangan soha torayishi optik yutilish chegarasining uzun to‘lginlar tomon siljishiga olib keladi.
Kremniy uchun 77 K da hisoblangan yutilish chegarasi taxminan 1067 nm bo‘lsa, 300 K da 1107 nm, 400 K
da esa 1135 nm ga yaginlashadi. Germaniyda mos ravishda taxminan 1688, 1869 va 1989 nm giymatlar
olinadi. GaAsda esa yutilish chegarasi 77 K da 823 nm atrofida bo‘lib, xona haroratida 872 nm va 400 K da
taxminan 901 nm tomon siljiydi.

Bu hodisa optoelektronikada “qizil siljish” sifatida amaliy ahamiyat kasb etadi. Masalan,
yarimo‘tkazgichli yorug‘lik manbai yoki lazerning ishchi harorati ortganda uning nurlanish maksimumi
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ko‘pincha kattaroq to‘lgin uzunligi tomon siljiydi. Fotodetektorda esa sezgirlik spektrining chegarasi ham
harorat bilan o‘zgaradi. Demak, yuqori aniqglik talab gilinadigan optik tizimlarda nafagat elektr parametrlarni,
balki spektral xarakteristikalarni ham temperaturaviy stabilizatsiya qilish zarur.

Kirishmali yarimo‘tkazgichlarda elektr xossalarining temperatura bo‘yicha o°‘zgarishini shartli
ravishda bir necha fizik rejimlar orgali tushuntirish mumkin. Juda past haroratda donor va akseptorlarning bir
qismi ionlashmagan holatda bo‘ladi va erkin tashuvchilar soni kam bo‘ladi. Harorat oshganda kirishmalar
ionlasha boshlaydi va o‘tkazuvchanlik tez ortadi. Keyingi harorat oralig‘ida donor yoki akseptorlar deyarli
to‘liq ionlashib bo‘lganligi sababli asosiy zaryad tashuvchilar konsentratsiyasi nisbatan barqaror bo‘ladi. Shu
vaqtda panjara sochilishi kuchaygani uchun harakatchanlikning kamayishi o‘tkazuvchanlik o‘zgarishida
muhim rol o‘ynay boshlaydi. Nihoyat, yuqori haroratda xususiy elektron—kovak juftlari generatsiyasi keskin
kuchayib, xususiy o‘tkazuvchanlik ustunlashadi. Bu holat O‘zbekiston oliy ta’limida foydalaniladigan
“Yarimo‘tkazgichlar fizikasi” darsligida ham zaryad tashuvchilar konsentratsiyasi va Fermi sathining
haroratga bog‘ligligi orqali batafsil tushuntirilgan.

Harorat optik yutilish jarayoniga faqat (E_g) ning o‘zgarishi orqali emas, balki fononlarning roli orqali
ham ta’sir ko‘rsatadi. Bu aynigsa Si va Ge kabi bilvosita zonali yarimo‘tkazgichlar uchun muhim. Bunday
materiallarda optik o‘tish vaqtida elektron impulsi o‘zgarishi kerakligi sababli fonon yutilishi yoki
chigarilishi jarayonda qatnashadi. Harorat oshganda fononlarning statistik taqsimoti o‘zgaradi, shuning
uchun bilvosita optik o°tishlar ehtimoli va yutilish spektrining shakli ham temperaturaga bog‘liq bo‘ladi.

GaAsda esa o‘tkazuvchanlik zonasining minimumi va valent zonaning maksimumi bir xil (k)
giymatiga mos kelgani sababli to‘g‘ri optik o‘tishlar ustun. O‘zbek darsligida GaAs to‘g‘ri zonali, Si va Ge
esa bilvosita zonali materiallar sifatida ko‘rsatilgan. Shu sababli GaAs yorug‘lik chiqaruvchi diod va
yarimo‘tkazgichli lazerlar uchun Si ga qaraganda ancha qulay materialdir. Biroq harorat oshishi bilan
GaAsda ham nurlanish energiyasining pasayishi, spektrning kengayishi va ayrim hollarda
fotolyuminessensiya intensivligining kamayishi kuzatiladi. So‘nggi temperatura-bog‘liq GaAs tadqiqotlarida
yuqori haroratda nurlanish intensivligining termik so‘nishi nurlanmaydigan rekombinatsiya markazlari
faollashishi bilan bog‘langan.

Fotoo‘tkazuvchanlik ham haroratga kuchli bog‘lig. Bunda bir tomondan fotonlar yaratadigan
qo‘shimcha elektron—kovak juftlari, ikkinchi tomondan ularning yashash vaqti va rekombinatsiya tezligi
muhim. Harorat ayrim tuzoq va rekombinatsiya markazlarini faollashtirishi mumkin. Natijada fototokning
giymati harorat bilan monoton ravishda oshishi shart emas. O‘zbek olimlari kompensatsiyalangan kremniyda
fotoo‘tkazuvchanlikning harorat ta’sirida so‘nish hodisasidan past haroratli termodatchiklar yaratishda
foydalanish mumkinligini ham ko‘rsatganlar.

Umuman, hisoblash va adabiyot tahlili shuni ko‘rsatadiki, harorat yarimo*‘tkazgichning elektr va optik
xossalarini bitta parametr orqali emas, o‘zaro bog‘langan bir qancha fizik mexanizmlar orqali o‘zgartiradi.
Tagiglangan soha kengligi, tashuvchilar konsentratsiyasi, harakatchanlik, rekombinatsiya tezligi va fononlar
sonining bir vaqtda o‘zgarishi real qurilmaning yakuniy temperaturaviy xarakteristikasini belgilaydi.

Muhokama. Olingan natijalarni amaliy nuqtayi nazardan baholaganda harorat ta’sirini
yarimo‘tkazgich qurilmalari uchun ham foydali, ham salbiy omil sifatida ko‘rish mumkin. Haroratga yuqori
sezgirlik termistor, termodatchik, bolometr va ayrim infragizil detektorlarning ishlash prinsipining o‘zini
tashkil etadi. Shu bilan birga, mikroprotsessor, kuch elektronikasidagi diod yoki tranzistor, quyosh elementi
va lazerda ortiqcha gizish qurilma parametrlarining belgilangan giymatdan chetga chigishiga olib keladi.

Kremniy asosidagi elektron qurilmalarda ishchi harorat oshganda xususiy tashuvchilar
konsentratsiyasining ortishi teskari toklarning kuchayishiga sabab bo‘lishi mumkin. p—n o‘tishli qurilmalarda
bu jarayon aynigsa muhim, chunki teskari to‘yinish toki temperaturaga juda sezgir. Shu bilan bir vagtda
tashuvchilar harakatchanligining kamayishi tranzistor kanali yoki hajmiy yarimo‘tkazgich qarshiligiga ta’sir
giladi. Yugori quvvatli qurilmada elektr energiyasining bir gismi issiglikka aylanishi, harorat oshishi va
natijada elektr parametrlarning yana o‘zgarishi issiglik bilan bog‘liq qayta aloga mexanizmini yuzaga
keltirishi mumkin. Shu sababli zamonaviy yarimo‘tkazgichli tizimlarda issiglikni olib chigish muammosi
material tanlash kabi muhim muhandislik vazifasidir.

Haroratning optik xossalarga ta’siri quyosh energetikasida ham muhim. Quyosh elementi giziganida
yarimo‘tkazgichning tagiqlangan sohasi kamayadi. Bu ma’lum darajada uzunroq to‘lqinli fotonlarni yutish
imkonini kengaytirishi mumkin, biroq ochig zanjir kuchlanishining pasayishi va rekombinatsiya
jarayonlarining kuchayishi umumiy samaradorlikka salbiy ta’sir ko‘rsatishi mumkin. Demak, quyosh
batareyasining fagat yorug‘lik yutishi emas, uning ishchi temperaturasi va issiqlik almashinuvi ham hisobga
olinishi zarur.

GaAs va boshga I11-V birikmalarda nurlanish to‘lqin uzunligining temperaturaga bog‘ligligi optik
aloga va lazer texnologiyasida alohida ahamiyat kasb etadi. Masalan, lazer diodi muayyan to‘lqin uzunligida
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ishlashi kerak bo‘lgan optik tizimda kristall haroratining bir necha o‘n kelvinga o‘zgarishi nurlanish
maksimumining siljishiga sabab bo‘lishi mumkin. Vurgaftman, Meyer va Ram-Mohan tomonidan 1-V
yarimo‘tkazgichlar parametrlarining keng qamrovli tahlilida ham zona parametrlarining haroratga
bog‘lanishi optoelektronik tuzilmalarni hisoblash uchun muhim kattalik sifatida garalgan.

Natijalardan yana bir muhim xulosa kelib chiqadi: yarimo*tkazgichning temperaturaviy xossasini faqgat
uning kimyoviy nomi bilan aniglash yetarli emas. Bir xil kremniy materiali turli legirlash darajasida, turli
nugson konsentratsiyasida yoki turli kristall sifati sharoitida haroratga turlicha javob beradi. Past haroratda
ionlashgan kirishmalar va nugsonlarda sochilish ustun bo‘lishi mumkin, yuqori haroratda esa fononlar bilan
sochilish asosiy mexanizmga aylanadi. GaAsda bir turdagi fonon, Si da boshga fonon tarmoglari transport
jarayoniga katta hissa qo‘shishi mumkin. Birinchi prinsiplar asosidagi hisoblashlarda ham Si va GaAs uchun
fonon-chegaralangan elektron va kovaklar harakatchanligining fizik mexanizmlari bir xil emasligi
ko‘rsatilgan.

Optik o‘lchovlarda ham materialning to‘g‘ri yoki bilvosita zonali ekanini hisobga olish zarur.
GaAsning yutilish chegarasini fotolyuminessensiya yoki yutilish spektri orgali kuzatish nisbatan sodda
bo‘lsa, Si va Ge da fonon yordamidagi jarayonlar sababli spektrni talqin qilish murakkabroq bo‘lishi
mumkin. Bundan tashqari, yuqori haroratda spektral chiziglarning kengayishi band chetini aniq aniglashga
ta’sir qiladi. Germaniyning dielektrik funksiyasini 100-850 K oralig‘ida ellipsometrik o‘rgangan
tadqiqotlarda ham kritik energiyalar temperaturaga bog‘liq ravishda siljishi va spektral kengayish
parametrlarining o‘zgarishi kuzatilgan.

Mazkur ishda foydalanilgan Varshni modeli sodda va amaliy jihatdan qulay. Lekin uni
universallashtirib yuborish magsadga muvofiq emas. Juda past haroratlarda yoki Debye temperaturasi yuqori
bo‘lgan materiallarda elektron—fonon o‘zaro ta’sirini fizik jihatdan aniqroq ifodalovchi Bose—Einstein
tipidagi modellar yaxshirog natija berishi mumkin. Ayrim tadqiqotlarda Varshni tenglamasi ma’lum
diapazonda yaxshi yaginlashuv berishi, birog uning (\alpha) va (\beta) parametrlarini to‘g‘ridan-to‘g‘ri
fundamental fizik ma’noga ega deb qabul qilish ehtiyotkorlikni talab qilishi ko‘rsatilgan.

Shunga garamay, Si, Ge va GaAs uchun bajarilgan hisob-kitoblar asosiy fizik tendensiyani aniq
ko‘rsatadi. Harorat oshishi bilan energetik soha torayadi, optik yutilish chegarasi uzun to‘lqin tomon siljiydi,
xususiy tashuvchilar konsentratsiyasi ortadi va fononlar bilan sochilish kuchayadi. Qurilmaning yakuniy
elektr yoki optik xususiyati aynan shu jarayonlarning o‘zaro nisbatiga bog‘liq bo‘ladi.

O‘zbekiston sharoitida bu masalaning amaliy ahamiyati yanada yuqori. Elektron va fotoelektrik
gurilmalar yoz faslida yugori atrof-muhit haroratida ishlashi mumkin, quyosh elementlarining sirt harorati
esa havo haroratidan ham yuqoriga ko‘tariladi. Shu sababli mahalliy iqlim sharoitida ishlatiladigan
yarimo‘tkazgich qurilmalarini yaratish yoki tanlashda pasportdagi xona haroratiga tegishli parametrlarning
o°zi bilan cheklanmasdan, ularning keng temperatura oralig‘idagi xususiyatlarini hisobga olish zarur.

Xulosa. Yarimo‘tkazgich materiallarning elektr va optik xossalariga haroratning ta’siri ularning
fundamental fizik tabiatidan kelib chigadi. Haroratning oshishi kristall panjara tebranishlarini kuchaytirib,
elektron—fonon o‘zaro ta’siri va issiqlik kengayishi orqali energetik zonalar tuzilishiga ta’sir ko‘rsatadi. Si,
Ge va GaAs uchun Varshni tenglamasi asosida bajarilgan hisoblashlar harorat 77 K dan 400 K gacha
oshirilganda tagiqlangan soha kengligining barcha materiallarda kamayishini ko‘rsatdi.

Kremniyda (E_g) taxminan 1.162 eV dan 1.093 eV gacha, germaniyda 0.735 eV dan 0.624 eV gacha,
GaAsda esa 1.508 eV dan 1.376 eV gacha kamayishi aniglandi. Natijada optik yutilish chegarasi uzunrog
to‘lginlar tomon siljiydi. Bu hodisa fotodetektorlar, LED, yarimo‘tkazgichli lazerlar va boshqa optoelektron
gurilmalar uchun katta amaliy ahamiyatga ega.

Elektr xossalari bo‘yicha esa haroratning ta’siri ikki asosiy jarayonning raqobati bilan belgilanadi.
Harorat oshishi zaryad tashuvchilar konsentratsiyasini, ayniqgsa, xususiy o‘tkazuvchanlik sohasida, keskin
oshiradi. Biroq panjara fononlarida sochilishning kuchayishi elektron va kovaklarning harakatchanligini
pasaytiradi. Shu sababli elektr o‘tkazuvchanlikning temperaturaviy bog‘lanishi material turi, legirlash
darajasi va harorat intervaliga qarab turlicha bo‘lishi mumkin.

Tahlillar yarimo‘tkazgich qurilmalarni loyihalashda haroratni ikkinchi darajali tashqi omil sifatida
emas, balki materialning asosiy fizik parametrlarini belgilovchi muhim omillardan biri sifatida garash
lozimligini ko‘rsatadi. Yarimo‘tkazgichlarning aynan shu yuqori temperaturaviy sezgirligi bir tomondan
elektron qurilmalarda termik barqgarorlik muammosini tug‘dirsa, ikkinchi tomondan yuqori sezgir
termodatchik, fotodetektor va boshqa funksional qurilmalarni yaratish uchun fizik asos bo‘lib xizmat qiladi.
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Abstract. The ultraviolet-visible absorption spectra of graphene oxide synthesized by the Hummers
method are analysed, yielding optical parameters not published previously. The Urbach energy is
determined for the first time and equals 0.91 = 0.01 eV, the exponential region spans 2.00-3.45 eV and is
concentration-independent. A model comparison rules out a light-scattering artefact. The steepness
parameter o = kT/EU equals 0.028. Three methods of locating the n—n* shoulder differ by up to 20 nm. The
sp? domain size is evaluated independently from optical and Raman data. The values obtained are proposed
as baseline parameters for GO/FesO+ magneto-optical systems.

Key words: graphene oxide, Urbach energy, optical band gap, Tauc method, derivative spectroscopy,
n—7* transition, sp? domain, disorder, magneto-optics, Hummers method.

GRAFEN OKSIDINING UV-VIS YUTILISH SPEKTRINI KENGAYTIRILGAN TAHLILI.
URBACH ENERGIYASI, TAUC MODELI NOANIQLIGI VA sp? DOMEN O‘LCHAMI

Annotatsiya. Magolada Hummers usulida sintez gilingan grafen oksidining ultrabinafsha-ko ‘rinuvchi
yutilish spektrlari kengaytirilgan tahlil qilinib, ilgari e’lon gilinmagan optik parametriar aniglandi. Urbach
energiyasi birinchi marta hisoblanib, u 0,91 + 0,01 eV ni tashkil etdi, eksponensial soha 2,00-3,45 eV
kenglikda saqlanadi va natija konsentratsiyaga bog ‘lig emas. Model tagqoslash yo ‘li bilan kuzatilgan signal
cheti yorug ‘lik tarqalishi artefakti emasligi ko ‘rsatildi. Tikkalik parametri o = kT/EU 0,028 ga teng bo ‘Idi.
n—n* yelkasining holati uchta usulda baholanib, ular orasidagi tafovut 20 nm ga yetishi aniglandi. sp?
domen o‘lchami optik va Raman ma lumotlaridan mustaqil baholandi. Olingan qiymatlar GO/FesOs
magnitooptik tizimlari uchun bazaviy parametrlar sifatida taklif etiladi.
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Kalit so‘zlar: grafen oksidi, Urbach energiyasi, optik zona kengligi, Tauc usuli, hosila
spektroskopiyasi, n—n* o ‘tish, sp? domen, tartibsizlik, magnitooptika, Hummers usuli.

PACIIMPEHHBII AHAJIN3 CIIEKTPA Y®-BUJIUMOI'O IOIJIOIIEHUS OKCHUJIA
I'PA®EHA. DQHEPI'US YPBAXA, HEOJHO3HAYHOCTb MOJEJIU TAYKA U
PA3MEP sp’>-1IOMEHOB

Annomayus. B cmamve npeocmaener pAacUUPEHHbIll AHAIU3 CHEKMPO8 YIbMpapuoiemoso2o u
BUOUMO20 NO2TOWEHUSL OKCUOA ePApeHa, CUHME3UPOBAHHO20 Memo0om Xammepca, 8 pe3yibmane Komopo2o
onpeodeneHbl paree He NYOIUKOBABULUEC onmudecKue napamempul. Bnepevie paccuumana snepeust Ypoaxa,
cocmasusuwias 0,91 = 0,01 3B, sxcnonenyuanvras obnacme coxpawnsemcs ¢ unmepeane 2,00-3,45 3B, a
pesynbmam He 3aeucum om Konyenmpayuu. Cpagrnenuem mooeneli noKa3auo, 4mo Habmodaemblil X0Cm He
saensiemes apmepakmom ceemopaccesnus. Iapamemp kpymusuor o = KT/EU cocmasun 0,028. Tlonosxcenue
nieya N—* oyeHeHo mpems Memooamu, pacxoxcoeHue mexicoy komopvimu oocmueaem 20 um. Pasmep sp*
JOMEHO8 HE3ABUCUMO OYEHEH NO ONMUYECKUM U PAMAHOBCKUM OanubiM. [lomyuennvle 3HaueHus
npeonazaromcs Kax bazoevie napamempul 01 maznumoonmuyeckux cucmem GO/FesO..

Knrouesvle cnoea: oxcuo epagena, swepeus Ypbaxa, onmuueckas wupuHa 3anpeweéHHOl 30Hbl,
memoo  Tayka, npou3eoouas cneKmpockonus, nepexo0 N—rx*, Sp*domeH, pazynopsoouerue,
MASHUMOONMUKA, Memoo Xammepca.

Introduction. Graphene oxide (GO) is a two-dimensional material obtained by the chemical oxidation
of graphite, in which sp?- and sp3-hybridized carbon regions coexist. Its electronic structure is governed
precisely by the ratio of these two regions, and for this reason the accurate measurement of the optical
characteristics is of primary importance when GO is applied in optoelectronics, sensing and energy storage
devices [1, 2].

UV-Vis spectroscopy is one of the most widely used techniques for characterizing GO, and two
indicators are normally extracted from it. the maximum near 230 nm assigned to the m—n* transition of
aromatic C=C bonds, and the shoulder near 300 nm assigned to the n—=x* transition of the carbonyl group
[3, 4]. A third indicator, the optical band gap E4 obtained from the Tauc equation, is also widely reported [5,
6].

However, a considerable spread is observed in the literature for each of these indicators. values of
290-305 nm are quoted for the n—n* shoulder and 3.2-3.9 eV for the optical band gap [3, 4, 7]. Part of this
spread does arise from genuine differences in the degree of oxidation between samples. The other part
depends on the choice of the data-processing method, yet this second source is almost never quantified.

Furthermore, the Urbach energy Eu, which is a standard descriptor for disordered semiconductors, is
only rarely reported for GO [8]. This quantity nevertheless characterizes the width of the distribution of
localized states at the band edge and constitutes a direct quantitative measure of the structural disorder
introduced by sp® defects.

The aim of the present work is, using a single well-characterized GO sample, (i) to determine the
Urbach energy, (ii) to locate the n—=n* shoulder by three independent methods and thereby quantify the
method-dependent spread, (iii) to expose the ambiguity in the transition type within the Tauc model, and (iv)
to evaluate the sp? domain size independently from optical and Raman data.

The GO sample synthesized and characterized by Raman, UV—-Vis and SEM—-EDS in [9] was taken as
the object of investigation. The present paper re-processes the absorption spectra of that sample, all the
analytical procedures and results reported below were not published in [9].

Object of investigation and methods applied.

Sample. GO was synthesized by the Hummers method [9]. A mixture of 1 g of natural graphite and
0.5 g of NaNOg3 was stirred in 75 mL of 98% H>SO, in an ice bath (T <5 °C) for 30 min, 4 g of KMnO, was
added in small portions over 6 h (T < 20 °C), the reaction was quenched with distilled water and 32% H,O5,
the precipitate was washed with 1 M HCI and distilled water until pH 6—7 (8000 rpm) and dried at 50 °C for
24 h.

Measurement. UV-Vis absorption spectra were recorded on a Shimadzu UV-1900i
spectrophotometer in a quartz cuvette (I = 1 cm) over the 200-600 nm range with a 0.5 nm step at
concentrations of 0.01, 0.08 and 0.12 mg-mL™%.

Analysis. The absorption coefficient was calculated as a = 2.303A/1. In all the analyses below it is not
the absolute value of a but its variation with photon energy that matters, so the results are independent of the
proportionality factor.
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The Urbach energy was obtained from the relation o = acexp(#v/Ey) as the reciprocal of the slope of
the linear region of the In o versus /v dependence [8]. The optical band gap was evaluated from the Tauc
equation (0iv)" = B(hv — Eg) for n = 2 (direct allowed transition) and n = 1/2 (indirect transition) [10]. The
linear regions were not selected by hand but automatically. the widest window satisfying the condition R? >
0.999 was searched for. This approach removes the subjectivity involved in choosing the limits of the linear
region.

Derivative spectra were computed with a Savitzky—Golay filter (third-order polynomial, window
width 11-51 points), and the dependence of the result on the window width was checked separately. The
Gaussian deconvolution was performed over the 3.0-6.15 eV range as the sum of two Gaussian components
and a background, three different background models — exponential, power-law A ™ and linear — were
tested independently.

The size of the sp? clusters was estimated from the optical data using the Robertson—-O’Reilly cluster
model Eq = 2|BJ/YN (|B| = 2.9 eV, where N is the number of fused aromatic rings) [11], and from the Raman
data using the Ferrari-Robertson relation Ip/lc = C'(A)Ls? (C' = 0.0055 A2) [12]. All computations were
carried out in Python 3 (NumPy, SciPy).

Results obtained and their analysis.

1. Absorption spectrum and the Beer—Lambert law. In the smoothed spectra the 7—n* maximum
was recorded at 230.5 nm for all three concentrations. The absorbance at 230.5 nm is linear in concentration
(R? = 0.9997) with an intercept of 0.004, that is, effectively zero. From the slope the mass absorption
coefficient €30 = 7.9 mL-mgl-cm™ was determined. This quantity is of practical value for the
spectrophotometric control of the concentration of GO dispersions.

2. Dependence of the n—a* shoulder position on the method of estimation. The position of the
shoulder was determined by three independent methods (Figure 1). The extremum of the first derivative gave
292.5-294.5 nm, the minimum of the second derivative 304-305 nm, and the Gaussian deconvolution 312.8—

312.9 nm.
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Figure 1. Location of the n—n* shoulder by three methods. (a) first derivative, (b) second derivative,
(¢) deconvolution into two Gaussian components and an exponential background (0.12 mg-mL™). The grey
bands mark the range of values obtained for the two concentrations.

Each method is highly reproducible within itself. the difference between the two concentrations did
not exceed 2 nm, and in the deconvolution the result remained within 311.6-312.9 nm even when the
background model was changed three times. Nevertheless, the difference between the methods reached 20

nm, or 0.25 eV in energy units (Table 1).
Table 1. Dependence of the n—7n* shoulder position on the method of estimation

Method of estimation 0.08 mg-mL™* 0.12 mg-mL™* Energy, eV
First-derivative extremum 294.5 nm 292.5 nm 4.21-4.24
Second-derivative minimum 304.0 nm 305.0 nm 4.07-4.08
Gaussian deconvolution 312.9 nm 312.8 nm 3.96
Literature values [3, 4] 300-303 nm — 4.09-4.13

The reason for the discrepancy is that the shoulder is located on the steeply falling wing of the n=—n*
band. The extremum of the first derivative merges with the slope of the background and therefore yields a
systematically blue-shifted value. The minimum of the second derivative is insensitive to the linear
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component of the background, whereas the deconvolution models the background explicitly but relies on an
assumption about the line shape.

It follows that a significant part of the 290-305 nm spread observed in the literature originates not
from genuine differences between samples but from the choice of the processing method. For this reason the
method of determination must be stated whenever the position of the n—n* shoulder is reported, otherwise
the results of different studies are not comparable.

3. Ambiguity of the transition type in the Tauc analysis. The direct allowed transition model (n = 2)
gave Eg = 3.36 eV in the 3.70-4.15 eV window (R? = 0.9992). The indirect transition model (n = 1/2),
however, gave E; = 1.87 eV with practically the same quality of fit (R?> = 0.9992) in the 3.45-4.05 eV
window (Figure 2).
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o 0.12mgmL™? 0.12 mg'mL~1
mg 20} 9 012ms
350} R
. ~ 1.5F 1
o e o
220} 2
5 B10r
10} |
05k S
~%). fitting window 3.70-4.15 eV ,,,’f n=1/2, fitting window 3.45-4.05 eV
. ¢ 70-4. .
.
0 1 1 1 1 1 00 Zz 1 1 1 1 1 1
3.0 3.2 34 36 38 40 42 44 46 2.0 2.5 3.0 3.5 4.0 4.5
hv (eV) hv (eV)

Figure 2. Tauc plots. (a) direct allowed transition, n = 2, (b) indirect transition, n = 1/2. The
dashed lines are the extrapolations of the linear region to the energy axis

The fact that both models yield the same coefficient of determination shows that the linearity of a
Tauc plot is not evidence confirming the transition type. For GO the value n = 2 is usually adopted in the
literature and justified by the allowed character of the m—n* transition [5, 6], but this choice follows from an
external physical argument rather than from the plot itself. Consequently, the chosen value of n and the
fitting window must always be stated when an Eq value is reported.

4. Urbach energy and structural disorder. The In o versus /4v dependence proved to be linear with
high accuracy over the 2.00-3.45 eV range, that is, over a region 1.45 eV wide (R? = 0.9994, Figure 3a). This
yields Ey = 0.919 eV (0.08 mg-mL™?) and 0.904 eV (0.12 mg-mL™?), with a mean value of 0.91 £ 0.01 eV.
The difference between the two concentrations did not exceed 1.6%, which confirms that Ey is an intrinsic
property of the material and not concentration-dependent. In a narrow range close to the band edge (2.80—
3.40 eV) Eu =0.96-0.98 eV, so the result depends only weakly on the width of the chosen window.
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Figure 3. (a) Urbach plot and its linear approximation over the 2.00-3.45 eV range. (b)
Residuals of the exponential (Urbach) and power-law A™ (scattering) models over 2.2-3.3 eV (0.12
mg-mL™, smoothed for display)
Because the measurement was performed on an aqueous dispersion, the observed tail could in
principle have resulted from light scattering. To exclude this, two models were compared over the 2.2-3.3
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eV range. the exponential model gave R? = 0.99960 and the power-law A ™ model R? = 0.99777. The
distribution of the residuals is even more indicative. for the power-law model the residuals have a systematic
S shape and an amplitude two to three times larger than for the exponential model (Figure 3b). The observed
tail is therefore not a scattering artefact but genuine band-tail absorption.

The value Ey = 0.91 eV is several times larger than the 10-100 meV typical of crystalline
semiconductors. The steepness parameter o = KT/Ey equals 0.028 at 300 K and the ratio Eu/Eqy equals 0.27.
These values indicate a strongly smeared band edge, that is, a high fraction of sp® defects and small, isolated
sp? domains. The conclusion is fully consistent with the Raman (Ip/lc = 0.83, no 2D band observed) and
EDS (C/O = 1.54) results reported in [9], as well as with data showing that the defect density increases with
oxidation time [13].

5. Two independent estimates of the sp? domain size. According to the Robertson—-O’Reilly cluster
model, Eq = 3.36 eV corresponds to N ~ 3 fused aromatic rings, the equivalent diameter of such a cluster is
0.45 nm. The Ferrari—-Robertson relation applied to the Raman data gives Lo = 1.2 nm. Both estimates are
below 2 nm, which corresponds to the second stage of the Ferrari—-Robertson amorphization trajectory and
makes the use of the adopted C’ coefficient self-consistent.

The factor of about 2.7 between the two estimates is not a contradiction but is physically expected. the
optical estimate "sees" only the fully conjugated sp? cluster, whereas the Raman L, gives the in-plane
correlation length, which also includes distorted regions, so L, > d is natural. Tuinstra—Koenig type relations,
by contrast, are not applicable in this case at all. depending on the coefficient adopted they give values in the
5-23 nm range, which contradicts the complete absence of the 2D band and shows that the range of validity
of the model (L. > 2 nm) has been exceeded [14].

Table 2. Summary of the optical parameters determined in this work

Parameter Value Condition / fitting R?
window
T—7T* maximum 230.5nm all three concentrations —
€230 7.9 mL-mg '-cm™ Beer—Lambert, 3 points 0.9997
n—1* (2nd derivative) 304-305 nm — —
Eg(n=2) 3.36 eV 3.70-4.15eV 0.9992
Eg (n=1/2) 1.87 eV 3.45-4.05 eV 0.9992
EU 0.91+£0.01 eV 2.00-3.45eV 0.9994
EU (close to band edge) 0.96-0.98 eV 2.80-3.40eV 0.999
o =kT/EU (300 K) 0.028 — —
EU/Eg 0.27 — —
N (aromatic rings) =3 Robertson—O’Reilly —
Cluster diameter ~0.45 nm Robertson—O’Reilly —
La (Raman) ~1.2nm Ferrari—Robertson —

6. Application of the parameters obtained. The values determined here are directly required for the
study of GO-based magneto-optical systems. In GO/Fes;O4 hybrid systems the magnetic circular dichroism
(MCD) signal is proportional to the energy derivative of the absorption profile, while the Kerr rotation is
linked to the absorption spectrum through the Kramers—Kronig relation. In a matrix with Ey = 0.91 eV the
MCD lines belonging to the Fe**/Fe?" transitions at the tetrahedral and octahedral sites of Fe;O4 are expected
to overlap strongly, and a signal is expected to appear even below the band gap [15]. Re-measuring Ey in
composite samples then allows two mechanisms to be distinguished. an increase in Ey indicates that the
Fes0, particles have introduced additional structural disorder, whereas a red shift of the absorption edge at
constant Ey indicates restoration of the sp? domains or GO < Fe** charge transfer. The values obtained in
this work serve as the zero point for that comparison.

Conclusions.

1. The Urbach energy of graphene oxide synthesized by the Hummers method was determined for the
first time. Eu = 0.91 + 0.01 eV, exponential region 2.00-3.45 eV, R? = 0.9994. The result is independent of
concentration, and a model comparison showed that it is not a light-scattering artefact.
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2. The position of the n—n* shoulder was estimated by three methods, and the systematic discrepancy
between them was found to reach 20 nm (0.25 eV), although the reproducibility of each individual method is
better than 2 nm. This accounts for a substantial part of the spread found in the literature and requires the
method to be stated whenever the shoulder position is reported.

3. The Tauc analysis was shown to give the same quality of fit (R?> = 0.9992) for both the n = 2 and the
n = 1/2 model. Conclusions about the transition type must therefore not rest on the linearity of a Tauc plot
alone.

4. The sp? domain size was estimated in two independent ways. 0.45 nm (N = 3 rings) from the optical
data and 1.2 nm from the Raman data. Both values are below 2 nm, and the difference between them is
explained by the physical meaning of the two methods.

5. The values Eq = 3.36 eV and Ey = 0.91 eV obtained here are proposed as baseline parameters for the
interpretation of MCD and Kerr spectra in GO/Fe;04 systems.
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UO‘K 539.3

QOVUSHQOQ-ELASTIK QOBIQLARNING PARAMETRIK TEBRANISHLARI VA
TURG‘UNLIGI

Esanov Nuriddin Qurbonovich,
Osiyo xalgaro universiteti dotsenti
esanovnuriddin@oxu.uz

Annotatsiya. Magolada qovushqog-elastik qobiglarning vaqt bo ‘yicha davriy o ‘zgaruvchi yuk
ta’siridagi parametrik tebranishlari va dinamik turg ‘unligi tadqiq etiladi. Qobigning ko ‘ndalang harakati
moddalar bo ‘vicha yoyilib, Galyorkin usuli yordamida modal integro-differensial tenglamaga keltiriladi.
Matyerialning irsiy xususiyatlari Boltsman—Volterra prinsipi asosida hisobga olinadi. Garmonik parametrik
qo ‘zg ‘atish holida tenglama so‘nishga ega Xill va Matye tenglamalari ko ‘rinishida tahlil gqilinadi.
O ‘rtachalash usuli asosida asosiy parametrik rezonans sohasi, turg ‘unlik chegarasi va kritik parametrik
amplituda aniqlanadi. Shuningdek, Floke nazariyasi va monodromiya matritsasi orqali turg ‘unlik mezoni
bayon gilinadi. Natijalar govushqoqlik va energiya dissipatsiyasining ortishi kritik qo ‘zg ‘atish amplitudasini
oshirib, parametrik noturg ‘unlik sohasini toraytirishi hamda konstruksiyaning dinamik turg ‘unligini
yaxshilashini ko ‘rsatadi.

Kalit so‘zlar: qovushqog-elastik qobiq, parametrik tebranish, dinamik turg ‘unlik, parametrik
rezonans, dempferlash, integro-differensial tenglama, Floke nazariyasi, monodromiya matritsasi.

HAPAMETPUYECKHME KOJIEBAHUS 1 YCTOMUYUBOCTD BSIBKOYIIPYTHX
OBOJIOYEK

Aunomauyus. B cmamve uccnedyiomcs —napamempuyeckue  Konebamus U - OUHAMUYECKAs.
VCMOUYUBOCHb BAZKOYRPY2UX 0D0N0UEK NPU 0eticmeun NEPUOOUYeCcKU USMEHIIOWelCs 60 8PeMEHI HAsPY3KU.
Ionepeunoe Ogudicenue 00010YKU pasznazaemcs no Gopmam COOCMEEHHBIX KOAeOAHUN U C HOMOWDBIO
memooa Ianépruna c600UmMcst kK MOOAIbHOMY uHmezpo-ougppepenyuarviomy ypasuenuio. Hacreocmeennvle
CBOILCTNBA MAMeEPUANa yYumolearmcs Ha ocnoge npunyuna borvymana—Bonvmeppul. [pu eapmonuueckom
napamempuieckom 6030VicOeHulU ypasHeHue aumaiuzupyemcs 8 Gopme ypaguenuti Xuina u Mamove ¢
samyxanuem. Memooom ycpednenuss onpedensiomcs 001acms OCHOBHO20 NAPAMEMPUUECKO20 PE30HAHCA,
2panuya YCmMouuueoCmu U KpUmuyeckas aMuaumyod napamempuyeckozo 6osdeticmeus. Kpome moeo,
Kpumeputi  ycmouuugocmu opmyaupyemcs Ha ocHoge meopuu Droke u Mampuyvl MOHOOPOMUL.
THonyuennvie cCOOMHOWEHUS NOKAZBIEAIOM, YO YEeIUdeHue 63K0CMU U OUCCUNAYUU SHEP2UU NO8bluiden
KPUMUYECKYI0  aMIAUmyoy 6030yicOeHus, cydcaem o00aacmey HAPAMEMPUYECKOU HeYCMOUYUSOCmu U
cnocobcmayem noGbLIUEHUI0 OUHAMUYECKOU YCIMOUYUBOCHU KOHCIPYKYUU.

Knwuesvie cnosa: sazxoynpyeas 00010uKka, napamempuueckue KoaieOauus, OUHAMUYeCKdas
VCMOUYUBOCHIb, NAPAMEMPULECKUTl PE3OHAHC, deMnuposanue, unmezpo-ouggepenyuanvroe ypasHerue,
meopusi Droxe, mampuya MOHOOPOMUL.

PARAMETRIC OSCILLATIONS AND STABILITY OF VISCOELASTIC SHEETS

Abstract. The paper investigates parametric vibrations and dynamic stability of viscoelastic shells
subjected to time-periodic loading. The transverse motion of the shell is expanded in natural vibration modes
and reduced, by means of the Galerkin method, to a modal integro-differential equation. The hereditary
properties of the material are incorporated using the Boltzmann—Volterra principle. Under harmonic
parametric excitation, the governing equation is analyzed in the form of damped Hill and Mathieu equations.
The averaging method is employed to determine the principal parametric resonance region, the stability
boundary, and the critical parametric excitation amplitude. In addition, the stability criterion is formulated
using Floguet theory and the monodromy matrix. The obtained relations show that increasing viscosity and
energy dissipation raises the critical excitation amplitude, narrows the parametric instability region, and
improves the dynamic stability of the structure.

Keywords: viscoelastic shell, parametric vibration, dynamic stability, parametric resonance, damping,
integro-differential equation, Floquet theory, monodromy matrix.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 16



PHYSICS

Kirish. Qovushgog-elastik gobiglarning parametrik tebranishlari masalasida asosiy magsad - vaqt
bo‘yicha davriy ravishda o‘zgaruvchi yuk ta’sirida konstruksiyaning dinamik turg‘unlik sohalarini,
parametrik rezonans chegaralarini va kritik qo°‘zg‘atish amplitudalarini aniglashdan iborat.

Qobigning o‘rta sirtidagi ichki kuchlarni

ko‘rinishida qabul qilamiz. Bunda N, —kuchning doimiy tashkil etuvchisi, N, —parametrik
ta’sir amplitudasi, ¢(t) esa
p(t+T)=01) @
shartni ganoatlantiruvchi (T)-davrli funksiyadir. Garmonik qo‘zg‘atish uchun
(t) =cosot (3)
bu yerda € — tashqi parametrik ta’sirning burchak chastotasi.

2. Qobig harakatining umumiy tenglamasi
Qobigning ko‘ndalang ko‘chishini modalar bo‘yicha

W(X’ y’t) = qumn (t)Wmn (X’ y) (4)
m=1 n=1
ko‘rinishida ifodalash mumkin.

Bu yerda W__(X,Y)—qobigning xususiy tebranish shakllari, €. (t)—vaqtga bog‘liq modal
koordinatalar. Galyorkin usuli qo‘llanilganda har bir moda uchun umumlashgan harakat tenglamasi

. t .
anqmn + _[OCmn (t - T)qmn (T)dT +|:Kmn - NlOKgl - NZOKgZqun +

+|:N11Kgl + N21K92:|¢(t)qmn =0
ko‘rinishiga keladi. Bu yerda M —modal massa, K_  —elastik qattiglik, K

(®)

91’K92 -

geometrik gattiglik koeffitsiyentlari, C__ (t) — esa materialning qovushgog-elastik xususiyatlarini hisobga
oluvchi irsiy yadrodir.

Tenglamani M, ga bo‘lib,
2 Kmn - NlOKgl - NzoK

_ 92
a)mn - M
" , (6) belgilashlarni kiritsak,
_ NllKgl + N21K92
Hon = M

mn

qmn + a):mqmn + /umn(D(t)qmn + J.; Rmn (t - T)qmn (T)d r= O (7)

(7) tenglama hosil bo‘ladi. Qovushqog-elastik materialda kuchlanish faqgat joriy deformatsiyaga emas,
balki deformatsiyaning oldingi tarixiga ham bog‘liq bo‘ladi.

3. Boltsman-Volterra prinsipi va konstitutiv munosabatlar
Boltsman—Volterra prinsipiga asosan bir o‘lchovli holat uchun

o(t) = E, [g(t) 'Rt~ T)e(z')dz'] ©)
deb yozish mumkin.

Bunda E, —oniy Yung moduli, R —relaksatsiya yadrosi.Siljish deformatsiyalari uchun xuddi
shunday

(0 =G| 7O~ [ Ret- D)7 | @

Izotrop qovushqog-elastik materialda hajmiy va siljish modullarining vaqtga bog‘ligligi Puasson
koeffitsiyentining ham vaqtga bog‘liq bo‘lishiga olib keladi. Laplas sohasida
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3K (s) — 2G(s)
[3K(s) +G(s)]

bunda K(S) — hajmiy modulning, G(S) — esa siljish modulining operator ko‘rinishlari. Shu sababli

umumiy holda v = v(t) deb garash fizik nugtai nazardan asosli hisoblanadi.

4. Integro-differensial tenglama
Qobigning fazoviy koordinatalar bo‘yicha masalasi o‘zgaruvchilarni ajratish va qovushqoq-elastik
moslik prinsipidan foydalanish orqgali vaqgtga nisbatan integro-differensial tenglamaga keltiriladi:

f+2af +[ 0 + up)]f +20u] Ot-1)p(x) f(r)dr =0 @)

bunda & > 0 —ekvivalent so‘nish koeffitsiyenti;
@ — qovushqog-elastik gobigning samarali xususiy chastotasi;
M —parametrik ta’sir intensivligi;

v (S)= 10
v (s) > (10)

@ — materialning irsiy xususiyatlarini ifodalovchi funksiya.
t
Zayjo Ot —7)p(7r) f (r)d7z (12) had kichik bo‘lsa, birinchi yaqinlashishda

f+2af +[a)2 +,u(0(t):| f =0 (13) tenglama hosil bo‘ladi. Bu so‘nishga ega Xill

tenglamasidir.
5. Garmonik parametrik qo‘zg‘atish

Agar @(t) = cos(6t) bo'lsa f +2af + [0)2 + ,uCOS(@t)} f=0 (14)
O‘Ichamsiz parametrik amplitudani h= iz (15)deb belgilasak,
0
f' + 2 f + o’ [1+ h COS(H'[)] f =0 (16) ko‘rinishdagi so‘nishli Mate tenglamasi olinadi.

(04
Dempfirlashning o‘lchamsiz koeffitsiyenti g = — (18)deb gabul gilinadi.
[0

6. Asosiy parametrik rezonans
Parametrik rezonansning eng xavfli birinchi sohasi

Asosiy parametrik rezonans sharti: € = 2@ (19) shart bajarilganda yuzaga keladi.

Normallashtirilgan chastota I = 2— (20) deb olinsa, asosiy rezonans I'=1 nugta atrofida joylashadi.
0]

Yechimni sekin o‘zgaruvchi amplitudalar yordamida

f(t)=A() cos% + B(t)sin % (21) ko‘rinishida qidiramiz.

O‘rtachalash usuli natijasida o‘sish yoki so‘nishni xarakterlovchi xarakteristik ko‘rsatkichlar birinchi

2
. . .. ﬂ’+ h 2
yaginlashishda Xarakteristik ko‘rsatkichlar — = —¢ * il (r —1)° (22) ko‘rinishida olinadi.
@

Agar ReA, >0(23) bo‘lsa, tebranish amplitudasi vaqt bo‘yicha o‘sadi va sistema dinamik

noturg‘un bo‘ladi.
7. Turg‘unlikning Kritik sharti
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2
. . - (h 2 2 -
Noturg‘unlik paydo bo‘lishi uchun Noturg‘unlik sharti Z >0+ (r —1) (23) bajarilishi

2
h 2 2 o o 1 .
kerak. Bundan Z >0+ (r - 1) (24) kelib chigadi. Demak, turg‘unlik chegarasi

Kritik ~ parametrik amplituda ~ h, =4¢% +(r—=1)>  (25)bilan  aniglanadi.  Aslida

0 a
==, r=—, ¢=Z
@ 20 )
2 2
2 || & 0 : .
bo‘lgani uchun, o‘lchamli ko‘rinishidagi 4., = 4w — | + 2— - (27) ifoda hosil
) ()]

bo‘ladi. Bu parametrik tebranishlarning muhim natijalaridan biridir.

Asosiy parametrik rezonans uchun turg‘unlik chegarasi

0.6 1

o
U

As0siy r ans
r=

o ©
w S
:

Kritik parametrik amplituda he, = o /W?
o
[N]

Dempfirlash nisbati
— 7=0.02

0.1 {=0.05

— {=0.10

0.90 0.95 1.00 1.05 1.10
Normallashtirilgan gqo‘zg‘atish chastotasi r=6/(2w)

1-rasm. Turli dempfirlash koeffitsiyentlarida asosiy parametrik rezonans uchun dinamik
turg‘unlik chegaralari. Dempfirlash ortishi bilan kritik parametrik ta’sir amplitudasi ortadi va
noturg‘unlik sohasi qisqaradi
€ — dempfirlash nisbati. Dempfirlash ortishi bilan egri chiziq yugoriga ko‘tariladi. Bu esa sistema
noturg‘un holatga o‘tishi uchun kattaroq parametrik ta’sir talab gilinishini anglatadi.
Egri chiziglarning eng past nuqtasi r=1 atrofida joylashgan. Demak, 6~2® bo‘lganda sistema
parametrik rezonansga eng moyil bo‘ladi. Aynan shu nuqgtada kritik amplituda eng kichik giymatga ega:
8. Anig rezonans holati

Agar @ =2® (28) ya'ni r=1bo‘lsa, kritik parametrik amplituda
h, =44 (29) ko'rinishga keladi. Shunday qilib, 4, =4a@(30) bo‘ladi. Bu natijadan
ko‘rinadiki, dempfirlash koeffitsiyenti « ortishi bilan parametrik rezonansni paydo qilish uchun zarur

bo‘lgan kritik tashqi ta’sir amplitudasi ham chiziqli ravishda ortadi.
Masalan: £ =0.02 = h, =0.08

£=005 = h,=0.20
£=010 = h, =0.40
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Demak, dempfirlash besh marta oshirilganda parametrik rezonansni qo‘zg‘atish uchun talab etiladigan
kritik amplituda ham sezilarli ortadi.
9. Noturg‘unlik sohasining kengligi

Berilgan (h) uchun noturg‘unlik sohasini |I’ —1| <

mumkin. Ya’ni

Chastota orqali yozsak, |(9 — 2a)| <2mw

h 2
[Zj — ¢ (33) kelib chigadi.

Bu formula parametrik rezonans sohasining chastota bo‘yicha kengligini ko‘rsatadi. Agar h < AL

bo‘lsa, asosiy parametrik rezonans sohasi ochilmaydi.
10. Floke nazariyasi va monodromiya matritsasi
Tenglamani birinchi tartibli Floke sistema ko‘rinishiga keltiramiz:

x=f,  x=f
U holda
t
%=X, X =-2a%, -+ up(t) |x, — 2au j0q>(t —2)p(r)x (7)d T (38)

Integral had e’tiborga olinmagan birinchi yaqinlashishda
Matritsali ko‘rinish: X = A(t)X bu yerda

0 1
At) = (35)
—[a)2 + ,u(p(t)} 20
Fundamental matritsa: X (t) = A(t) X (t), X(0)=1 tenglamani ganoatlantiradi. Bir

davrdan keyingi M=X(T) matritta monodromiya matritsasi deb ataladi. Uning xos giymatlari
det(M — pl)=0 tenglamadan aniglanadi va Floke multiplikatorlari deb ataladi.
Turg‘unlik mezoni:
Turg‘unlik mezoni: Max; | Yo |< 1 - asimptotik turg‘unlik;
max; | p, |[=1- turg‘unlik chegarasi;
max; | p; [>1- dinamik noturg*unlik.
Shunday gilib, spektral radius: p(M)=max; | p;| uchun (M) <1 bo‘lishi turg‘unlikning
asosiy sharti hisoblanadi.
N
Agar irsiy yadro eksponensial funksiyalar yig‘indisi bilan ®(t) = ZCl(67bkt
k=1

ko‘rinishida yagqinlashtirilsa, integro-differensial tenglamani oddiy differensial tenglamalar
sistemasiga keltirish mumkin.

t
Qo‘shimcha o‘zgaruvchilarni Z, (t) = J.o g™ (t_f)(o(’[) f (r)d7 (36)deb kiritamiz.
Uholda Z, = ¢@(t) f (t) —Db,z, (37) bo‘ladi. Shunda harakat tenglamasi

.. . N
f+2af + [a)z + ,ugo(t)] f+ Zachkzk =0 (38)ko‘rinishga keladi. Natijada (N+2)
k=1

o‘lchovli davriy koeffitsiyentli sistema hosil bo‘ladi va unga Floke nazariyasini to‘g‘ridan-to‘g‘ri qo‘llash
mumkin.
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Bu usul govushqog-elastik materialning haqiqiy irsiy xususiyatlarini hisobga olishda juda qulay.
12. Qovushqog-elastiklikning turg‘unlikka ta’siri
Garmonik deformatsiyada materialning kompleks moduli E™(Q) = E'(Q) + iE"(€) ko‘rinishida

yoziladi. Bu yerda (E) — to‘planuvchi energiyani xarakterlovchi dinamik modul, (E") — energiya

dissipatsiyasini xarakterlovchi yo‘qotish moduli.
14

Yo‘qotish koeffitsiyenti 77 = E bilan aniglanadi. Kichik dempfirlash holatida govushqog-elastik

material uchun ¢

LR A deb baholash mumkin. Umumiy dempfirlash
2

2 2
a 0
¢ off = I 0ot ¢ , ko‘rinishida qabul qilinsa, 4, = 4% || = | +] —-— (39)Demak,
@ 20
¢ off T = hCr T Ya’ni materialning qovushqoqligi ortishi parametrik noturg‘unlik boshlanadigan

kritik amplitudani oshiradi.

Asosiy xulosa. Qovushqog-elastik qobigning parametrik turg‘unligi tashqi qo‘zg‘atish chastotasi ¢ ,
sistema xususiy chastotasi ¢, parametrik ta’sir intensivligi £ va dempfirlash koeffitsiyenti <o ning
o0‘zaro munosabati bilan belgilanadi.

Asosiy parametrik rezonans & ~ 2@ atrofida yuzaga keladi.Bu sohada birinchi yaqinlashishda kritik
amplituda

) 20

bo‘ladi.Shu sababli qovushqog-elastik materialda energiya dissipatsiyasining ortishi parametrik rezonans
chegarasini yuqoriga siljitib, konstruksiyaning dinamik turg‘unligini oshiradi.

Bu xulosa govushqog-elastik tayanchlar, prujinalar, sterjenlar, qobiglar va dinamik so‘ndirgichlarni
hisoblashda muhim ahamiyatga ega.

2 2
o 0
=40® || = | +| =—- (40) bilan baholanadi. Aniq rezonansda esa =4daw
/LlCI' /ucr

ADABIYOTLAR:

1.llyasov M.H. Parametric vibrations and stability of viscoelastic shells // Mechanics of Time-
Dependent Materials. — 2010. — Vol. 14. — P. 153-171. DOI: 10.1007/s11043-009-9100-2.

2. Bolotin V.V. The Dynamic Stability of Elastic Systems. — San Francisco: Holden-Day, 1964. — 451
p.

3. Nayfeh A.H., Mook D.T. Nonlinear Oscillations. — New York: Wiley, 1979. — 720 p.

4. Christensen R.M. Theory of Viscoelasticity: An Introduction. 2nd ed. — New York: Dover
Publications, 2013. — 384 p.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 21



PHYSICS

VVK 537.311.322:535.34

KYBO-TPUHBY ] ®OPMYJIACH ACOCUJIA AMOP® SIPUMY TKA3TAYJIAPHUHT
AKCMOHEHIMAJ ONTHUK IOTUJINII KOY®OUIMEHTU CHEKTPJIAPUHUA TAXJIWII
KAJIA I

Hrkpamoe Pycmamoicon Tynomaconosuu,
Hamanzan oasnam mexnuka YHUsepcumemu
Fizika kafedrasi professori (DSc)
rgikramov@mail.ru

Mymunoe Xypuiuoodex Aoxamarcon yanu,
Hamanzan oasnam mexnuka YHUsepcumemu
Fizika kafedrasi dotsenti (PhD)
xamuminov@mail.ru

Ymapoe Capeap Caspuooun yznu,
Hamanzan oasnam mexnuka YHUsepcumemu
Fizika kafedrasi tayanch doktoranti
DrSavridinovich@gmail.com

Annomauus. Ywoy wwoa [reuc — Moom sxumnrawuut ycynuea xkypa ésunaouean Kyoo — I'puneyo
Gopmynacuny uKKaiQ KYPUHUWUOAH IKCNOHEHYUATb ONMUK TOMUIUW KOdIDOuUyUeHmy cnexmpiapuHu
xucobnawoa, 6y popmynadazu unmezpanHy AHUK UHMe2pal KypuHuwoa éuwl kepaxkiueu kypcamuiou. Ly
ounan oupea Kybo — Ipuneyo ¢opmynacunu amopgh sapumymxazeudiapoa 3Hepeuscu XapaxamiaHaux
MUPKUWUHY (MAKUKAAHSAH 30HA) IHEPIeMUK KeHeIUSUOAH KUHUK IHePIUsIU (QOMOHAAD HOMUNLAHOA 103
bepaduean 31eKMPOHIAPHU ONMUK YMUWapuea Moc Xoa0a axcpamubd €é3uul Kepakaiueu Kypcamuiou.
@akam wy xonda Kybo — [pumeyo opmyracunu ukku xun Kypunumioazsu ugooacudan oauHaoueaw
AHATUMUK eduMIap Oup Xun KypuHumea 32a 6yaumu Kypcamuiou.

Kanum cyznap: amopqh spumymrazeuunap, /[peuc — Moom sxumaawuw ycynu, Kyboo —I puneyo
Gopmynacu, IKCNOHEHYUATb OMUIUWL CHEKMPIADU.

AHAJIM3 CHEKTPOB OKCIIOHEHIIMAJIBHOI'O KO3®PUIIMEHTA OIITUYECKOI'O
HOTJIOIEHUA AMOP®HBIX TOJYITPOBOJHUKOB HA OCHOBE ®OPMYJIbI KYBO-
I'PUHBYJA

Annomayus. B oannoti pabome noxkazamo, 4mo npu 6bIYUCIEHUU CNEKMPO8 IKCHOHEHYUATbHO2O
Koapuyuenma onmuueckoeo noznoweHus opmyavt Kybo-Ipunsyoa 6 obeux Gopmax, 3anucaHuvix
coenacto npubnuxcenuio [[>euca-Myma, unmezpan 6 >3mou @opmyne ciredyem 3anucbl@amv 6 MOUHOU
unmezpanivHou gopme. OOHo8pemeHno nokazaumo, umo gopmyry Kybo-Ipuneyoa credyem szanucvliéamo
0MOeNbHO 011 AMOPQHLIX NOIYNPOBOOHUKOS, COOMBEMCMEYIOWUX ONMUYECKUM Nepexo0am 2NeKmpoHOs,
APOUCXO0AUWUM NPU NO2TIOWeHUU POMOHOE C SHep2uell MeHble WUPUHBL 3aNPeujeHHOU 30HbL NOOBUNCHOCTU
(3anpewénnoii 30nut). Tonbko 6 5mom ciyuae noKa3amo, Ymo analumuyeckue peueHus, NoIyueHnble U3 08yx
dopm Gpopmynvt Kybo-I punsyoa, 6y0ym umemv 00UHAKOBYIO POPMY.

Knrouesvie cnoea: amopguvie nonynposoonuxu, npubaudicenue /[3euca-Myma, ¢popmyra Kyoo-
I'pungyoa, cnekmpul IKCNOHEHYUANLHO20 NO2TIOWEHUS.

ANALYSIS OF EXPONENTIAL OPTICAL ABSORPTION SPECTRA OF AMORPHOUS
SEMICONDUCTORS BASED ON THE KUBO-GREENWOOD FORMULA

Abstract. This paper demonstrates that when calculating the exponential optical absorption coefficient
spectra of the Kubo-Greenwood formula in both forms written using the Davis-Muth approximation, the
integral in this formula should be written in exact integral form. It is also shown that the Kubo-Greenwood
formula should be written separately for amorphous semiconductors corresponding to electron optical
transitions occurring upon absorption of photons with energies smaller than the band gap. Only in this case
is it shown that the analytical solutions obtained from the two forms of the Kubo-Greenwood formula will
have the same form.
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Keywords: amorphous semiconductors, Davis-Muth approximation, Kubo-Greenwood formula,
exponential absorption spectra.

Kupum. Mabnymku, amopd sSpUMYTKa3sTUWIAPHA OTHIMII  KO3(QQUUIUEHTH CHeKTpiIapHU
xucobmamma [pBuc — MooT sKMHIAmuWIm ycynura kypa é&smmamuran KyOGo-I'punByn dopmymacuman
¢doitnamanunany [1]. By popmynann Kyiiunaru KypuHALIAA E3UITAN:

a(he) = Al g, ()3 o+ 1) 1= @

by epna gv(e) - Ba gc(e) — ap MoC paBuIia ONTUK YTHILIAPAA UIITHPOK ITAJUTAH AIICKTPOHIAPHH
OOLTaHFUY Ba OXUPTH XOJIATIapH 3UWIMKIAPUHHA TAKCUMOTIApH, /iy — I0THITaH (GOTOHJIAPHU SHEPTHACH.

by ¢opmynagaH aHaIWTHUK €YMMHW ONHIN y49yH [2] WIIa yHAArd WHTETPANHA aHUK WHTETpaj
KypuHHAIIa €311 Kepakiaury Kypcatunrad. Uyauar yayH (1) dopMynanu Kylnaara KypuHHUIIIA E3aMu3:

&0 d
&
a(ho)=A [ 9,(£)gc (s +ho)— @
o hw
o—ho
by epma e — BajgeHT Ba YTKa3yBYaHJIMK 30HAJIAPHHM JKCIOHEHUHWAN IyMIIADHWHU KECHUILHII

HYKTACHHHU YHEPIreTUK YPHH.

Arap amopd SpUMYTKa3rHWIAp/a SHEPTUACH XAPAKATYAHINK THPKUIINHUHT SHEPreTHK KEHIJIUTUAAH
KWYMK SHEprusiiv (OTOHJAP IOTWICA ynap OMp BaKTHU Y3uAa SNEKTPOHJIAPHU ONTUK YTUIIAPH: BaJICHT
30Ha AyMHUOaH S"TKEBYB‘IaHJ'II/IK 30Hacura, BaJICHT 30Ha AyMHIaH S'/TKa?:YB‘IaHHI/IK 30HaCMHUHI' AyMUTra Ba
BaJICHT 30HAJaH YTKa3yBUYAHINK 30HACUHUHT qymura 103 0epaan. Lllyruar yuyH (2) dopMynaHu FOKOpUIard
3JIEKTPOHJIAPHH ONTUK YTUILIAPUra Mocal ydra aXXpaTHII Kepak:

@ de @ de
a(ho)=A [ 9,()dc(s+ho)—=A [ 9,(s)gc(e+hw)—+
go—haw ha) ec—ho ha)
gc—hw d&'
+Aj gy (6)9. (6 + ho)— + ®3)
hw

Y

&y
+A [ 9y (e)gc (e + 1) 3~ o (ho) + @, (7o) + @, (heo)
g—hao ha)

By epna ai(fiw) — 37EKTpOHIAPHU BAJICHT 30HA JAYMHUJAH YTKa3yBUaHJIMK 30HACHUTa, 02(fiw) — BaJICHT
30Ha AyMHIaH YTKa3yBUaHJMK 30HACH AyMHra, as(ficw) — BaJeHT 30HaJaH YTKa3yBUYaHJIHMK 30HACH TyMHra
OITHK YTHIUIAPH KO3 OUIMEHTIAPUHH CIIEKTPIIAPH.

(3) bopmynanaru ai(fiw) —, o2(hw) — Ba az(hw) — NapHU aHATUTHK CUUMIIAPUHY OJIMII YUYH BAJICHT
Ba YTKA3yBUAHJIMK 30HACH, XaMJa yJIapHU SKCIOHEHIMAN AyMJIAPUAArd X0NaT 3UWIMKIApU TaKCUMOTJIAPUHI
Ouwmmm kepak. Onmatna amopd SpPUMYTKAa3TUWIAPHMHI pyXcaT STWITaH 30HANApUIArd JOoKajjalMara
AJIEKTPOH XOJNATIIApH 3UWIMKIAPUHU TAaKCUMOTH TapaboNuK €KW YHM3HUKIM, Oy 30HATapHU SKCHOHIHAIb
OyMIIapuJard JIOKaJulalliraH XoJIaT 3UWIMKIApUHA TaKCUMOTH 3KCIIOHEHIMa OofaHumra sra Oynaan aed
onuHanu [3, 4, 5]. LllyauHr yuyH 63 Oy XonaT 3UWIMKIAPUHA KyHUIard KYpUHHAILUIAPIa TaHIaiMu3:

E—&¢

Banent 30na yuyn: g, (¢) = N(g,) 4)
g
. &y
V1kaszysuannuk 3onack yuyH: ¢ () = N(ec) : (5)
g
Banent 3onanu qymu yuyn: g, (¢) = N(g, ) exp(-f, (e —¢,)). (6)
Vrkasysuammk 3onacunn nymu yayn: J. (€) = N(e.)exp(B, (e —&c)). )

(3) popmynanaru xap 6up xaIHH aTOXUAA-AIOXUAA XUCOOIANMU3:
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r de K s+hw-g, de
a(ho)=A [ g,(e)dc(e+ho)—=A [ N(s,)exp(-p,(s -5, )N(s) ———=
ec—hw ho sc—ho Eg ho

_ AN N()

= exp(f,hw) Iexp(—ﬂl(g—I—ha)—g\,))(3+ha)—gv)d(5+ha)—5v)d(€+ha)—gv)
@ g

ec—ho

(8)
[6] nmina (8) KYpHHHUIIIATH WHTETpaJDTApHU XUCOOIAI YIyH KyWHJard KypUHHUIIIA €3NI KePaKIATH
KYpCaTWIraH:

exp(ax)
a2

I xexp(ax)dx = (ax-1). 9)

(9) nan dotiganancak, (8) KyiHumaru KypuHHIIra Keinau:

&, (7o) = #exp(ﬁlhw)[exp(—ﬁl(e +ho-8))Aule +ho—s,) - ,, =
= Wexp(ﬂlhw)(exp(_ﬁl (6o tho—¢&,)) =B (e, +tho—¢g,)-1) -
- exp(_ﬂl (gc — &y ))(_ﬂl (gc — &y ) _1))

By popmynana B=AN(ev)N(ec) Ba &; — &, = E Oynrannurujan Kyinard KypuHuia €3amus:

o, (hao) = h%exp(ﬂﬁw)(exp(—ﬂl (60 + o — £, )Py (&0 + har— £,) 1) -
[0, gP1
—exp(-fE, )~ BE, 1) = #(exp(—ﬂl (20— 2 )y (60 +ho—£,) 1) —

g/l

—exp(-p.E, —ho)(-pE, 1))

oy (ho) = oE.f 7 (exp(=B.(ey —& ) (=B.(gy +hw—&,)-1) (10)

—exp(-/4,(E, —h))(-SE, -1))
OHAM SNEKTPOHJIAPHM BAJEHT 30HA AyMHIAH YTKAa3yBUAHJIMK 30HACH IyMHUra ONTHUK FOTHIIMII

KO3 PHUIIMEHTH CIIEKTPUHH XUCOOIaNIHN Kapad YMKaMu3:
ec—hw d

() =A [ ()G (e+ho) -

&y

gc—how

a, (ha)) =A J. N(gv)exp(—ﬁl(g — &y ))N(SC)eXp(ﬁz (8 + h(z)—gc ))s_j) B

_ ANGEINGES) ™1 oy (o -, ) exp(By (o + oo ))de = 2
he : hw

X gc]‘ :Xp(ﬂlgv Yexp(=p.e)exp(B, (ho — & )) exp(B,e)de =

gc—hw

= exp(fie, ) eXp(B (heo—c) [exp((B, - Ai)e)de
w by
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@, (1) = W{mexp(ﬂlev ) exp(B, (ho— 2 ) Exp((B, — BN =
- Wb_mexp(ﬂlev ) exp(B, (o — 2 ))EXP((B, - A)(ee —he) —exp(B, — £.)&,)) =
- Wb_m(exp(—ﬂl (60 ~ho—2,)) ~exp(B, (&, +ho—z,)) =
- Ws_m(exp(—ﬁlwg ~ 1)~ exp(-, (E, ~ho))
@, (ho) = W’s_m(exm—ﬂl(eg — 1)) —exp(=3,(E, — 1) (11

3) (bopMynaz[am YYAHYH XaTHA XACOOJIAITHU Kapad YuKaMu3:

o;(hw) = A I gv(g)gc(8+ha))—=% JY N(gv)g_gc
- ANEINCE) T eorenplp e o= -

g—hw

N(ec)exp(B,(e +hw—¢g.))de =

= E g OPN0) j (6~ 5c)eXp(B, (& — 0 )d (s — &c) =

9 —hw

eXp(ﬂzhw)(eXp(ﬂz (e—ec)(PBr(e—ec) =D

£ —he

" E hop,

=B exp(B,he)exp(B, (e — )b, (6 —£c) ~1) -

E,i0p,

_eXp(ﬂz (60 —hw—&c))(By(e, —hw—¢gc) 1)) =

E n ﬂ (eXp(ﬂz(ha) E ))( ﬂz —1) —exp(B, (g, — &c))(B, (&, —hw— &) —1))

B
a3 (hw) = ———— (exp(B, (ho— E))(=B,E, —1) —exp(B, (&, — &) (B, (&, —hw—&:) -1)) (12)
E,hop,

Ounau Ky6o-I'punByn popMynacuHi MKKMHYM KYpPUHHUILAA E3MTUILMHYA Kapad unkamus. By dopmyna
Kyiugaru KypuHuiiaa €3uiaigu:

a(ho) = Al g, e~ )9 (0) o=

by popmMynanaru uHTErpa HA XaM aHUK UHTETpall Kj’prHI/mH/I,ua é3amu3:

go+hew
atho)=A [ o 10)ge ()2 (13)
(12) popmynanu xam, 3JEKTPOHJIAPHU ONTHK YTHULI TypJjlapura Mociad yt{ra aXxpaTammus:

&g +hw so+hw

0 d 0
aho)=A [ 9, (c~nw)ge(s) = A j gy (¢ —h@)ge (e)— +

’ &y +ha
+ A I gy (s — )9 (s)— + A j gy (¢ —h@)ge (e)— = a, (ho) + @, (ho) + a; (ho)
sy+hw
(14)
IOxopunaru ycynna (14) hopmynagaru xap OMp XaaHH aJoXuaa — ajJoXuaa Xucooanmms:
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so+how A sq+hw

@ (0) = A [0, (e ~ho)gc () s =1 [ N(s,)exp(-4 (e ~ho -, IN(ec) 2 de =
_ws(ﬁhm : ~ B ) )

g, PR oo ), )de -

= haI)BEg exp(ﬂlhw)foigxr)(—ﬂl(g —e,))e—g)d(e—g,) =

exp(ﬁ1hw) (exp(_ﬁl (8 — &y ))(_ﬂl (‘9 — &y ) _1)

s9+ho —
£c

hokE

9

= hwEB 5 exp(Biho)((exp(=4, (g, +hw =&, ))(=f. (s, +ho—sg,) =1) -

[¢]

- (exp(_ﬂl (‘9c — &y ))(_181 (‘9(: — &y ) _1)) = 5 2 ((exp(_ﬁl (‘90 — &y ))(_ﬂl (‘90 +ho— Ey ) _1) -
hokE B,
—(exp(=pi(ec —hw—&,))(=p(ec —&y)—1) = 5 > (exp(=p, (&, —&y ) (=pi(e +hw—&, ) —1) —
hokE B,

— (exp(-p,(Ey —hw))(-pE, —1))
B
o, (hw) = hoE ((exp(=A, (¢, — & ))(=Bi(&, +hw—&,) -1) - (exp(-,(E, —hw))(-AE, -1)) (15)
g/-1
OHIIM UKKWHYH XaTHU XACOOIANTHHN Kapad YuKaMu3:

ax(ho) = A | 9, (—ho)e () 2s =L [N, )exp(-f, (6~ oo, IN (6 ) Xp(Ba & — o o =

ey+ho ey+ho
_ AN(5,)N(zc)

Texp(—ﬂl(g —ho-¢g,)exp(B,(c —¢gc)de =
ho

ey+ho

=2 exp(fi (e +hoN)exp(-fucc) [exp((f; — £)o)de =
[0

ey+hw

exp(B, (e, +hw))exp(=p,ec )(exp((B, — B,)¢)

&c )
ey+ho

-_ B
hao(B, — p)

a, (hw) == Lexp(ﬂl(&/ +hw))exp(=5,&. )(exp((B, — B)ec) —exp((B, — B &y +hw))) =
ho(B, - p,)

- m(exp(—ﬂl (6c - & —ho)—exp(B (e, + o)) =

a, (hw) = (exp(-A,(E, —hw)—exp(B,(ho—-E,)) (16)

_ B
ho(B, — B)

(13) hopmynagard yuuHUM XaqHH XUCOOIARMU3:
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&y +ho A &y +ho

ay(ho) = A | gv(e—hw)gc(s)s—j):% | N(m‘g‘hEﬁN(ec)exp(ﬂ2<e—ec)>de=
:wexp(ﬂzha))gvj[&—ha)—ec)exp(ﬂz(g—ha)—gc))d(g—ha)—gc):
E,iw

€o

&y +ho ) —

B
= Ta)ﬂzge)(p(ﬂzha))((e)(p(ﬂz (e-ho—-¢e.))(B,(e—hw-e.)-1)

E ho ,32 exp(ﬁzha))((eXp(ﬁz(gv 50))(,32 (5v _gc)_l)_

_eXp(ﬂz (6o —ho—¢.))(P,(e, —hw—gc)-1) =

Eh ,B (eXp(ﬂz(hw E ))( IBZE _l) eXp(ﬂz(‘go gc))(ﬂz(go_hw_gc)_l))

4 (10) = = (XD, (hr— E )~y ~1)~eXP(B, (6 — 6c)) (B g ~heo—5c) 1)
Eriop,
17)

By dopmynanapman kypumn mymkuakw, (10) Ba (15), (11) Ba (16) xamma (12) Ba (17) dopmynamap Oup
XWJI KYpUHULITa 3ra.

XyJioca. bynapaan kypunaauku, J[9Buc — MooOT sSIKMHIamuin ycynura kypa éunagurad Kybo —
I'puaByn ¢opMmynacMHM HKKajga KYPUHHUIIMIAH OKCIOHEHLHAN ONTUK IOTWIMII KO3QduLuueHTH
CIEKTpJIApUHHU XucoOnamaa, Oy ¢opMynagard UHTETPaIHd aHUK MHTETpaj KYpUHUIIAA E3UII KEpak JKaH.
Iy 6unan 6upra Kybo —['punByn dopmynacuau amopd spuMyTKasrUuiIapia SHEPTHACH XapaKaTyaHIUK
TUPKHUIIVHN (TaKWKJIaHTaH 30HA) DHEPreTHK KEHIJHMTHAAH KHUYUK SHEPrusuid (OTOHJIAp IOTWITaHIa O3
Oepanurad >JeKTPOHJIAPHM ONTHK YTUIIIApUra Moc xoyiga axpatu0 &3um kepak skad. Ulynma Kyb6o —
I'puaByn hopMyiacuHM MKKM XWJ KYpHHHUIIAArd udoJacugaH OJUHAJUraH aHAIUTHK eduMiap Oup Xui
KYpUHUIITA 3ra OYJap dKaH.
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UO‘K 621.373.8

MAGNIT MAYDON TA’SIRIDA MISNING LAZERLI ABLATSIYASI: PLAZMA-SIRT
ISSIQLIK ALMASHINUVI VA ABLATSIYA CHUQURLIGI

Ibadullayev Navruzbek Atabayevich,
Urganch davlat universiteti Fizika kafedrasi o ‘qituvchisi
navruzbekibadullayev84@gmail.com

Annotatsiya. Mazkur ishda ikkinchi garmonikadagi nanosekundli lazer impulslari yordamida misning
magnit maydon ko ‘magidagi lazerli ablatsiyasi bo ‘yicha sonli va eksperimental tadgiqotlar natijalari
keltirilgan. Xususan, magnit maydon mavjud bo ‘Imagan sharoitda hamda 0,2 T magnit maydon ta sirida
bug ‘lanish va erigan moddaning otilib chigishi natijasida yuzaga keladigan ablatsiya chuqurligiga asosiy
e’tibor qaratildi. Har ikkala holatda ham inkubatsiya effekti kichik bo ‘lib, magnit maydon mavjudligida u
biroz yaqqolroq namoyon bo ‘Idi. Magnit maydon ko ‘magidagi lazerli ablatsiyada ablatsiya tezligi yugoriroq
ekanligi aniglandi. Bu holat issiglik uzatilishi hisobiga plazma-nishon o ‘zaro ta’sirining kuchayishi bilan
izohlanadi. Magnit maydon ablatsiyaga uchragan misning periferik sohasida hosil bo‘lgan CuO
nanozarrachalarining fotolyuminessensiya cho ‘qqilari intensivligini oshiradi. Plazma-sirt o ‘rtasidagi
energiya almashinuvini hisobga olgan holda olingan sonli modellashtirish natijalari eksperimental natijalar
bilan juda yaxshi mos kelishi aniglandi. Bundan tashqari, xuddi shu sonli hisoblash modeli yordamida yana
ikkita metall - xrom va ruxning harorat profillari hamda termik kuchlanishlari o ‘rganildi. Magnit maydon
mavjudligidagi harorat va termik kuchlanish giymatlari magnit maydonsiz holatdagiga nisbatan yugori
ekanligi aniglandi. Shuningdek, magnit maydon mavjud va mavjud bo ‘lmagan sharoitlarda sirt g‘adir-
budurligining harorat profillariga ta’siri aniqlandi. Ushbu tadgiqot natijalari magnit maydon ta’sirida mis,
xrom va rux kabi metallarning lazerli ablatsiya tezligini oshirish uchun foydali bo ‘lishi mumkin.

Kalit so‘zlar: lazerli ablatsiya, magnit maydon, lazer plazmasi, plazma-sirt o zaro ta’siri, ablatsiya
chuqurligi.

JIABEPHASI ABJIALINA MEJIA B MA'HUTHOM IIOJIE: IVTASMEHHO-
HHOBEPXHOCTHBIN TEIIJIOOBMEH U I''1YBUHA ABJISIIIUA

Annomauua. B oannoii pabome npeocmasnensvi pe3yiomamul YUCIEHHbIX U IKCHEPUMEHMANbHBIX
uccne0osanull  1a3epHou  abaayuu  Meou 6 NPUCYMCMEUU MASHUMHO20 HOISL C  UCHONb308AHUEM
HAHOCEKYHOHBIX NIA3EPHbIX UMNYIbCO8 8MOopotll eapmonuru. Ocoboe snumanue yoeneHo 2nybune adaayuu,
00yCN067IeHHOU UChapenuemM U 8blOPOCOM PACNIABNIEeHHO20 Mamepuand, KaKk 6 OmCymcmeue MazHumHo2o
noJs, maxk u npu eo3oelcmeuu MazHumuozo noia ¢ unoykyueti 0,2 Th. B oboux cuyuasx uHKyOAyuOHHbIl
apexm oKazancs He3HAUUMENbHbIM, NpU IMOM 6 NPUCYMCEUU MACHUMHO20 NOJsL OH NPOSGIAICS
HeCKOIbKO 0oiiee 8bIpadceHHO. YcmaHnoseneHo, 4mo npu 1a3epHou abiaayuu 6 Npucymcmeuu MacHumHo20
nois ckopocms abasayuu eviwie. Jlaunolil d¢hghexm 00vACHAEMCA YCUTeHUeM 63aUMOOeliCmeus Nia3mbl C
MUWEHbIO 8cedcmeue uHmencugukayuu menaronepedayu. Maznumuoe noie nogvluiaem UHMEHCUEHOCHD
nuxos omonomunecyenyuu Hanoyacmuy CUO, obpasyrowuxca 6 nepugeputinoti obracmu nazepHo-
abnupoBannol NOGePXHOCMU MeOU. Ycmanogneno, umo pe3yiomamvl UYUCIEHHO20 MOOeIUPOBAHUs,
VUUMBIBAIOWE20 IHEPLeMUUECKUll 0OMEH Medlcoy HNIAAZMOU U NOBEPXHOCHBIO, XOPOWLO CO2NACYIOMCS C
9KCnepuUMeHmanbublMu oannvimu. Kpome mozo, ¢ ucnonvzoséanuem moil e HUCIEHHOU MOOenu
uccne006anvl memnepamyphvle npoPUIU U mepmuyeckue HanpsaxceHus ewé 0 08yxX Memanios - Xxpoma u
yuHuka. Ycmanoeneno, umo 3HaueHuss MeEMNepamypvl U MEPMUYECKUX HANPANCEHULl 8 NPUCYMCEUl
MACHUMHO20 NOAsL @blue, 4eM 6 e2o omcymcmaue. Takoice onpedeneHo GusHUe WePOXo8amocmu
NOBEPXHOCMU HA MeMnepamypHvle RPOQUAU KaK Npu HATUYUYU, MAK u npy OMmcymcmeuu MazHumHo20 noJs.
Ilonyuennvie pezyrbmamvl Mo2ym Obimb NOAE3HbL Ol HOGLIUMEHUS CKOPOCMU NA3EPHOU abIAYUU MaKux
Memainos, Kak Medb, Xpom U YuHK, oo 6030eUcmeuem MasHumHo2o noJis.

Knrwouesvie cnosa: nazepnas abnayus, macHumnoe noie, 1a3epHas naasma, 63aumooeticmsue niasmol
C N0BEPXHOCMbIO, 2TYOUHA AOIAYUL.

LASER ABLATION OF COPPER IN A MAGNETIC FIELD: PLASMA-SURFACE HEAT
EXCHANGE AND ABLATION DEPTH

Abstract. This study presents the results of numerical and experimental investigations of magnetic-
field-assisted laser ablation of copper using second-harmonic nanosecond laser pulses. Particular attention
was paid to the ablation depth resulting from evaporation and the ejection of molten material, both in the
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absence of a magnetic field and under a magnetic field of 0.2 T. In both cases, the incubation effect was
small, although it was slightly more pronounced in the presence of the magnetic field. A higher ablation rate
was observed during magnetic-field-assisted laser ablation. This enhancement is attributed to intensified
plasma—target interaction resulting from increased heat transfer. The magnetic field also increases the
intensity of the photoluminescence peaks of CuO nanoparticles formed in the peripheral region of the laser-
ablated copper surface. The numerical simulation results, obtained by taking into account the energy
exchange between the plasma and the surface, were found to be in very good agreement with the
experimental results. In addition, the same numerical model was used to investigate the temperature profiles
and thermal stresses of two other metals, chromium and zinc. The temperature and thermal stress values in
the presence of the magnetic field were found to be higher than those obtained without the magnetic field.
The influence of surface roughness on the temperature profiles was also determined both in the presence and
absence of the magnetic field. The results of this study may be useful for enhancing the laser ablation rate of
metals such as copper, chromium, and zinc under the influence of a magnetic field.

Keywords: laser ablation, magnetic field, laser-induced plasma, plasma—surface interaction, ablation
depth.

Kirish. Qattiq materiallarning impulsli lazer yordamida ablatsiyasi hamda plazma-lazer o‘zaro ta’siri
mikroishlov berish, nanozarrachalar sintezi, burg‘ilash va payvandlash hamda spektroskopiya kabi sohalarda
qo‘llash imkoniyatlari nuqtayi nazaridan keng o‘rganilgan. Biroq lazer-modda va lazer-plazma o‘zaro
ta’sirlari nihoyatda murakkab jarayonlar bo‘lganligi sababli, lazer yordamida hosil qgilingan plazmani (LPP)
tadgiq etishda sonli hisoblash usullaridan samarali foydalanib kelinmogda. Nazariy model asosida Amoruso
metall nishonlarning ultrabinafsha impulsli lazer yordamida ablatsiyasini fotonlarning yutilishi va ionlanish
mexanizmlari, shuningdek, plazmadagi kinetik jarayonlarni hisobga olgan holda o‘rgangan va nazariy
natijalarning eksperimental natijalar bilan mos kelishini ko‘rsatgan. Issiglik o‘tkazuvchanlik tenglamasi
asosida lazerli ablatsiya jarayonini modellashtirish uchun chekli elementlar usulidan (FEM) foydalanilgan.
Plazmada lazer nurlanishining yutilishi hamda haroratga bog‘liq termofizik parametrlarni hisobga olgan
FEM modeli qoniqarli natijalarni ko‘rsatgan [1-6].

So‘nggi yillarda ko‘plab tadgiqotchilar magnit maydondan turli magsadlarda, jumladan, lazer ta’sirida
material massasining olib tashlanish tezligini oshirish, lazer yordamida hosil gilingan mikrokanallar sirtini
silliglash, lazerli burg‘ilash chuqurligini oshirish, plazma oqimlarini boshqarish, kavitatsion pufakchalar
o‘Ichamini kattalashtirish hamda optik emissiya intensivligini kuchaytirish uchun foydalanib kelmoqdalar.
Kremniyning magnit maydon ko‘magidagi nanosekundli lazer ablatsiyasini o‘rganishda ablatsiya
chuqurligining sezilarli darajada ortishi kuzatilgan va bu hodisa nurlanishning magnito-yutilishi bilan
izohlangan. Magnit maydon ko‘magidagi lazerli mikroishlov berishda kanalning tomonlar nisbatini ham
oshirish mumkin [7-16].

Shu bilan birga, magnit maydon kuchlanganligi, lazer quvvati va chastotasi kabi ishlov berish
parametrlarini optimallashtirish zarurligi qayd etilgan bo‘lib, buni sonli hisoblash usullari yordamida ham
amalga oshirish mumkin. Magnit maydon mavjudligidagi lazer plazmasida plazmaning fazoviy cheklanishi
kuzatiladi va bu, o‘z navbatida, nishonga issiqlik uzatilishining ortishiga olib keladi. Issigqlik uzatilishining
kuchayishi nishondan ko‘proq miqdorda material olib tashlanishiga sabab bo‘ladi. Bundan tashqari, bu
jarayon nishon sirtiga zarrachalarning cho‘kishini ham kuchaytiradi. Magnit maydonlarda plazmaning
evolyutsiyasini o‘rganish uchun sonli modellashtirish usullaridan ham foydalanilgan. Pathak va boshqalar
nanozarrachalar sintezi magsadida magnit maydondagi uglerod plazmasi ogimining dinamikasini sonli
usullar yordamida tadqiq qilganlar. Biroq, bizga ma’lum bo‘lgan adabiyotlar doirasida, magnit maydon
ko‘magidagi lazerli ablatsiya chuqurligi yoki material massasining olib tashlanish tezligini sonli
modellashtirishga bag‘ishlangan tadqiqotlar yetarli darajada yoritilmagan[17-19].

Bundan tashqari, lazerli ablatsiya chuqurligini modellashtirish bo‘yicha avvalgi tadgiqotlarning
kamchiliklaridan biri plazmadan nishon sirtiga issiglik uzatilishining hisobga olinmaganligi hisoblanadi.
Mazkur ishda ablatsiya chuqurligining ortish mexanizmini tushuntirish magsadida plazmadan issiglik
uzatilishi ta’sirlarini hisobga olgan holda chekli elementlar usuli (FEM) va COMSOL Multiphysics dasturiy
ta’minoti yordamida magnit maydon ko‘magidagi lazerli ablatsiya jarayonini modellashtirishga harakat
gilindi. Eksperimental tadgiqotlarda misning lazerli ablatsiyasi magnit maydon mavjud va mavjud
bo‘lmagan sharoitlarda, nishon sirtiga turli migdordagi lazer impulslarini N = 10, 30, 50, 70 va 90
yo‘naltirish orqali o‘rganildi. Mazkur natijalar mualliflarning avvalgi tadqiqotlarida keltirilmagan. Olingan
eksperimental natijalar sonli hisoblash natijalari bilan yaxshi mos keladi.

Sonli model eksperimental natijalar asosida tasdiglangandan so‘ng, xuddi shu hisoblashlar yana ikkita
metall - xrom va rux uchun magnit maydon mavjud va mavjud bo‘lmagan sharoitlarda amalga oshirildi.
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Ushbu metallarga gizigishimizning asosiy sababi ularning gaz sensorlari, quyosh elementlari, himoya
goplamalari, katalitik tizimlar va optoelektronika kabi turli sohalarda yupga plyonkalar sifatida keng
go‘llanilishidir. Shunday qilib, magnit maydon mavjud va mavjud bo‘lmagan sharoitlarda lazerli ablatsiya
jarayonini o‘rganishga bag‘ishlangan mazkur tadqiqot yupqa plyonkalarni cho‘ktirish jarayonlarida ablatsiya
tezligini optimallashtirishga xizmat giladi [20-21].

Natijalar va muhokama. Misning eksperimental lazerli ablatsiyasi 1(a)-rasmda magnit maydon
mavjudligida lazerli ablatsiya jarayonining sxematik tasviri keltirilgan. Nd:YAG lazerining magnit maydon
mavjud va mavjud bo‘lmagan sharoitlarda yuqori tozalikdagi (99,99%) misni ganday ablatsiyalashini
o‘rganish uchun to‘lqin uzunligi 532 nm, takrorlanish chastotasi 10 Hz va impuls davomiyligi 10 ns bo‘lgan
lazer nurlanishidan foydalanildi. Lazer nuri fokus masofasi 15 cm bo‘lgan linza yordamida mis sirtiga
normal yo‘nalishda fokuslandi. Mis sirtidagi lazer dog‘ining o‘lchami 0,6 mm ni tashkil etdi. Mis nishoni
linzaning fokus nugtasidan 5 mm yuqorida joylashtirildi. Eksperimental lazer dog‘ining diametri yugqori
aniqlikdagi optik mikroskop yordamida bitta impuls ta’sirida fotog‘ozda hosil gilingan sirt profili asosida
o‘Ichandi. Tajriba davomida mis sirtidagi lazer energiyasi zichligi 14 J/cm? giymatda o‘zgarmas saqlandi.

O‘lchami 20 x 20 mm? bo‘lgan mis namunasi ikkita elektromagnit qutbi orasidagi bo‘shliq markaziga
joylashtirildi va ushbu bo‘shligda 0,2 T induksiyali bir jinsli magnit maydon hosil qgilindi. Avvalgi
tadgigotlarimizda boshga manbada keltirilganidek, 14 J/cm? lazer energiyasi zichligi va 0,2 T magnit
maydon induksiyasi optimal eksperimental parametrlar ekanligi aniglangan. Shu sababli, mazkur ishda ushbu
parametrlar o‘zgarmas saqlandi va magnit maydon mavjudligida impulslar soni (N) o‘zgarishining lazerli
ablatsiya jarayoniga ta’siri o‘rganildi.

Lazer nuri

Linza ——e——

/ Plazma

Otilib chiqgan
A erigan massa B

Erigan zona

Issiglik ogimi
Mis nishon (magsad)

D C

N - Shimoliy qutb (North)
S - Janubiy qutb (South) =P - |ssiglik oqimi yo‘nalishi

1-rasm. Magnit maydon mavjudligida lazerli ablatsiya jarayonining sxematik tasviri. Lazer nuri
fokus masofasi 15 cm bo‘lgan qavariq linza yordamida mis nishon (ABCD) sirtiga fokuslangan

Mis namunasi turli sondagi lazer impulslari - N = 10, 30, 50, 70 va 90 bilan nurlantirildi. Magnit
maydon mavjud va mavjud bo‘lmagan sharoitlarda ablatsiya natijasida hosil bo‘lgan kraterlarning chuqurligi
va diametrlarini o‘lchash uchun yuqori aniglikdagi sirt profilometri hamda optik mikroskopdan foydalanildi.
2(a) va 2(b)-rasmlarda, mos ravishda, B = 0 va B = 0,2 T sharoitlarda 70 ta lazer impulsi ta’sirida mis sirtida
hosil bo‘lgan lazerli ablatsiya kraterlarining optik mikroskop tasvirlari keltirilgan.

Lazerli burg‘ilash teshigining tomonlar nisbatini (aspect ratio) miqdoriy baholash uchun lazer
ablatsiyasi natijasida hosil bo‘lgan krater diametrini aniqlash zarur. Mazkur nisbat materialning ablatsiya
chegaraviy energiya zichligiga bog‘liq. Biz ablatsiya chegaraviy energiya zichligini bir impuls uchun hamda
inkubatsiya koeffitsiyentini bir vaqtning o‘zida aniqlash usulini taklif qildik. Adabiyotlarda keltirilgan
avvalgi tadgigotlarda D? usuli keng qo‘llanilgan. Mazkur ishda esa quyidagi
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(b) B=02T

2-rasm. Mis sirtida lazerli ablatsiya natijasida hosil bo‘lgan kraterlarning diametrini
ko‘rsatuvchi optik mikroskop tasvirlari: (a) B=0,0 T va (b) B =0,2 T. Kraterlar mis sirtiga 70 ta lazer
impulsi ta’sir ettirish natijasida hosil qilingan

*2 __ D 2
D - (\/E(IJQ)
usulidan foydalanildi. Lazer nurining fazoviy profili Gauss tagsimotiga ega deb gabul gilinganda, lazer

ablatsiyasi natijasida hosil bo‘lgan krater diametrini quyidagi munosabat orqali aniglash mumkin:*

1/2
D =Za, |in (m)]

bu yerda D - krater diametri, o - fokuslangan lazer dog‘ining radiusi, F - lazer energiyasi zichligi , Fs
esa ablatsiyaning chegaraviy energiya zichligidir.

Ablatsiyaning chegaraviy energiya zichligi ayni bir lazer dog‘iga tushayotgan impulslar soniga
bog‘liq. Impulslar soni ortishi bilan ushbu chegaraviy giymat kamayadi va bu hodisa inkubatsiya effekti deb
ataladi. Bitta impuls uchun ablatsiyaning chegaraviy energiya zichligi ko‘p impulsli ablatsiya chegarasi bilan
quyidagi munosabat orqali bog‘langan:

Fep(N) = Fth(l)NE_1
bu yerda & - inkubatsiya koeffitsiyenti. Ushbu koeffitsiyent ablatsiyaga uchrayotgan nishonda
inkubatsiya jarayonining xususiyatini belgilaydi. Agar & = 0 bo‘lsa, inkubatsiya jarayoni to‘liq kechadi; agar
& =1 bo‘lsa, inkubatsiya kuzatilmaydi. Inkubatsiya koeffitsiyenti 0 < & < 1 oralig‘ida bo‘lganda materialda
yumshash, & > 1 bo‘lganda esa qattiglashish jarayoni yuz beradi. Metallarda odatda 0 < & < 1 bo‘ladi.
(1) va (2) tenglamalardan:

D*?2 =In (Fth C 1)) — (- 1)InN.

3(a)-rasmda D*2 kattaligining In(N) ga bog‘liq ravishda o‘zgarishi magnit maydon mavjud bo‘lmagan
(B=0,0 T) va B=0,2 T magnit maydon sharoitlarida keltirilgan. Hisoblashlarda N = 10, 30, 50, 70 va 90
impulslar soniga mos giymatlar hisobga olindi. Magnit maydon mavjud bo‘lmagan holatda D*? giymati 2,50
dan 3,25 gacha, B=0,2 T magnit maydon ta’sirida esa 2,59 dan 3,60 gacha ortdi. Olingan natijalar D*?
kattaligining impulslar soni ortishi bilan deyarli chiziqli ravishda oshishini ko‘rsatdi.

3(b)-rasmga ko‘ra, impulslar soni N=10 dan N=90 gacha oshirilganda ablatsiya chuqurligi B=0,0 T
sharoitida 5,5 um dan 35,0 pum gacha, B=0,2 T magnit maydon ta’sirida esa 12,5 um dan 52,0 ym gacha
ortgan. Xususan, 70 ta impulsda ablatsiya chuqurligi magnit maydonsiz holatda 27,5 um, B=0,2 T da esa
42,5 um ni tashkil etgan. Bu magnit maydon qo‘llanilganda 70 impulsdagi ablatsiya chuqurligi taxminan
54,5% ga ortganini ko‘rsatadi.

Magnit maydon mavjud bo‘lmagan holatda olingan eksperimental ablatsiya chegaraviy energiya
zichligi adabiyotlarda keltirilgan natijalar bilan yaxshi mos keladi.** Magnit maydon yoqilganda bitta impuls
uchun misning ablatsiya chegaraviy energiya zichligi biroz kamayishi aniglandi. Grafiklarning giyalik
koeffitsiyentlari inkubatsiya effektini tavsiflaydi. Magnit maydon mavjudligidagi inkubatsiya koeffitsiyenti
(£€=0,98) magnit maydonsiz holatdagiga (6=0,99) nisbatan biroz yuqoriroq ta’sirni ko‘rsatadi. Buning sababi
shundaki, birinchi impuls ta’sirida hosil bo‘lgan g‘adir-budur sirt nurlanishning yutilishini kuchaytiradi.
Harorat ortishi bilan yutilish ham ortadi. Magnit maydon mavjudligida sirtning yuqori harorati uzogroq vaqt
davomida saqglanadi. Natijada magnit maydon mavjudligida nurlanishning yutilishi yuqoriroq bo‘ladi va bu,
0‘z navbatida, ablatsiya chegaraviy energiya zichligining kamayishiga olib keladi.

Biroq ushbu tadgigqotda inkubatsiya effekti avvalgi tadgiqot bilan taggoslaganda nisbatan Kichik.
Tadgiqgot mualliflari buni impuls davomiyligiga nisbatan issiglik diffuziyasi vagtining gisgaroq bo‘lishi bilan
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izohlaydilar. Buning yana bir sababi lazer impulslarining takrorlanish chastotasi past ekanligidir. (2)-
tenglama N=10,30,50,70 va 90 uchun ablatsiya chegaraviy energiya zichligini aniglash imkonini beradi.
Masalan, N=90 bo‘lganda magnit maydon mavjud bo‘lmagan va mavjud bo‘lgan holatlar uchun ablatsiya
chegaraviy energiya zichliklari mos ravishda 1,25 va 1,07 J/cm? ni tashkil giladi. Magnit maydon
mavjudligida ablatsiya chegaraviy energiya zichligi kamayadi va bu ablatsiya chuqurligining ortishiga sabab
bo‘luvchi omillardan biri bo‘lishi mumkin.

3.8 60 :
4 (a) -=—B=00T = (b) —e—B=00T| =
- —e— B=02T ° E 50 —=—B=02T| /
R . - M) =
34 , / = ®
“~ D? =0.013In(N) +2.48 _-® B4 /
£ 32 / 5
3 g 30 =
o 30 / | /
28 % 20 /
= [
26 D? = 0.0088In(N) + 242 | 3 10
24 0
20 40 60 80 100 0 20 40 60 80 100
In(N) N

20
10
0
-10

(c) =

Ablatsiya chuqurligi (um)
0
=

0 200 400 600 800 1000
Gorizontal masofa, H (um)
3-rasm. (a) Magnit maydon mavjud va mavjud bo‘lmagan sharoitlarda (D?) kattaligining In(N)
ga bog‘liq o‘zgarishi. (b) Magnit maydon mavjud va mavjud bo‘lmagan sharoitlarda ablatsiya
chuqurligining impulslar soni ((N)) ga bog‘liq o‘zgarishi. (¢) Magnit maydon mavjud va mavjud
bo‘lmagan sharoitlarda 70 ta lazer impulsi ta’sirida hosil bo‘lgan sirt chuqurligi profilining tahlil
qilingan ko‘rinishi

Ablatsiya chegaraviy energiya zichligi (Fn(N)) aniglangandan so‘ng, krater diametri ham (1)-tenglama
yordamida hisoblandi va eksperimental o‘lchangan diametrlar bilan taqqoslandi. Masalan, N=50 uchun
magnit maydon mavjud bo‘lmaganda ablatsiya chegaraviy energiya zichligi 1,25 J/cm?

(Fn(50)=Fn(1)500,99-1), Fun)=1,3 Jecm?, &=0,99, lazer dog‘ining radiusi ®we=300um va lazer
energiyasi zichligi F=14 J/cm? ni tashkil qgiladi. Lazer dog‘ining diametri sirt profilometri va optik mikroskop
yordamida eksperimental ravishda o‘lchandi va 200=600um ekanligi aniglandi. Shunga ko‘ra, (1)-tenglama
yordamida hisoblangan D giymati 675 wm, eksperimental giymati esa 690 um ni tashkil etdi. Magnit maydon
mavjud bo‘lmagan holatda hisoblangan krater diametri eksperimental o‘lchangan giymatga juda yaqin
bo‘lib, ular orasidagi farq taxminan 9% ni tashkil giladi.

20

Balandlik (pm)

100 ym EHT = 4.00kV Mag= 144X WD= 50 Signal A = inLens m -70 0 200 400 600 800 1000
s Gorizontal masofa (um)

4-rasm. Magnit maydon mavjudligida 90 ta lazer impulsi ta’sirida hosil bo‘lgan lazerli ablatsiya
kraterining (a) FESEM tasviri va (b) unga mos chuqurlik profile

Xuddi shu tarzda magnit maydon mavjudligidagi krater diametri ham hisoblandi va uning giymati 675
um, eksperimental giymati esa 690 um ekanligi aniglandi. 4(a) va 4(b)-rasmlarda, mos ravishda, lazer
ablatsiyasi natijasida hosil bo‘lgan kraterning FESEM tasviri hamda 0,2 T magnit maydon mavjudligidagi
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unga mos chuqurlik profili keltirilgan. N=90 bo‘lganda kraterning ham diametri, ham chuqurligi kamaygan
(4-rasm). N giymati 70 dan 90 gacha oshirilganda chuqurlik ham 48 um dan 45 um gacha biroz kamaygan. N
ortishi bilan erigan qatlamning qalinligi ham ortadi. Plazmadan keladigan issiqlik oqimining ta’siri magnit
maydon mavjudligida erigan gatlam galinligini yanada oshiradi. Otilib chigayotgan massa natijasida yuzaga
keladigan gaytish bosimi (recoil pressure) erigan gatlamni krater markazidan periferik sohaga siljitadi va
natijada material krater devoriga cho‘kadi. Chuqurlikning ortishi massaning kraterdan to‘liq chiqarib
tashlanishiga to‘sqinlik qgiladi va keyinchalik uning krater devoriga cho‘kishiga olib keladi. Natijada N=90
bo‘lganda krater diametri va chuqurligining kamayishi kuzatildi. Biroq N<90 bo‘lganda ablatsiya chuqurligi
impulslar soniga bog‘liq ravishda chiziqli ravishda ortgan [3(b)-rasm].

Xulosa. Mazkur tadqiqotda magnit maydon ta’sirida plazma-sirt issiglik almashinuvining lazerli
ablatsiya jarayoniga ta’siri eksperimental va sonli usullar asosida o‘rganildi. Olingan natijalar 0,2 T magnit
maydon qo‘llanilganda lazer yordamida hosil gilingan plazmaning nishon bilan o‘zaro ta’siri kuchayishi va
buning natijasida ablatsiya samaradorligi sezilarli darajada ortishini ko‘rsatdi. Xususan, lazer impulslari soni
10 tadan 90 tagacha oshirilganda mis sirtidagi ablatsiya chuqurligi magnit maydonsiz sharoitda 5,5 pm dan
35,0 um gacha, 0,2 T magnit maydon ta’sirida esa 12,5 pm dan 52,0 um gacha ortishi aniqlandi. 70 ta lazer
impulsi ta’sirida magnit maydon qo‘llanilishi ablatsiya chuqurligini magnit maydonsiz holatga nisbatan
taxminan 54,5% ga oshirdi.

Magnit maydon mavjudligida misning ablatsiya chegaraviy energiya zichligining kamayishi kuzatildi.
Bu holat plazmaning fazoviy cheklanishi, plazmadan nishon sirtiga uzatiladigan issiglik ogimining ortishi
hamda yuqori sirt haroratining uzoqgroq vaqt saglanishi bilan izohlanadi. Shu bilan birga, inkubatsiya
effektining nisbatan kichik ekanligi aniqlanib, magnit maydon mavjud va mavjud bo‘lmagan sharoitlarda
inkubatsiya koeffitsiyentlari mos ravishda £=0,98 va &=0,99 giymatlarni tashkil etdi. Tajriba natijalari
asosida plazmadan nishon sirtiga issiqlik uzatilishini hisobga oluvchi sonli modelning qo‘llanilishi magnit
maydon ko‘magidagi lazerli ablatsiya mexanizmini tavsiflash imkonini berdi. Hisoblangan natijalarning
eksperimental ma’lumotlar bilan yaxshi mos kelishi taklif etilgan yondashuvning samaradorligini
tasdiglaydi. Shuningdek, yuqori impulslar sonida erigan qatlam qalinligining ortishi, qaytish bosimi ta’sirida
materialning krater periferiyasiga ko‘chishi va qayta cho‘kishi ablatsiya chuqurligi hamda krater geometrik
parametrlarining o‘zgarishida muhim rol o‘ynashi aniglandi.

Umuman olganda, magnit maydon yordamida plazma-sirt energiya almashinuvini boshgarish
metallarning lazerli ablatsiya samaradorligini oshirishning istigbolli usuli ekanligi ko‘rsatildi. Olingan
natijalar lazerli mikroishlov berish, yupga plyonkalarni hosil gilish va materiallarga yuqori aniglikda lazer
yordamida ishlov berish jarayonlarining texnologik parametrlarini optimallashtirish uchun ilmiy asos bo‘lib
xizmat gilishi mumkin.
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CoSi VA CoSi; YUPQA PLYONKALARINING OPTIK YUTILISH SPEKTRLARI
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Annotatsiya. Ushbu maqolada shisha substratlar ustiga DC-magnetron changlatish usulida
cho ‘ktirilgan CoSi va CoSi, yupga plyonkalarining xona haroratidagi optik yutilish spektrlari 190-1100 nm
to ‘lgin uzunligi diapazonida tadqiq qilingan. Har ikkala spektrda kobalt—kremniy bog ‘lanishi va metall
xarakteridagi elektron tuzilmaga xos keng yutilish polosalari kuzatilgan, biroq xarakterli maksimumlarning
holati va intensivligida sezilarli farglar aniglangan. Eksperimental spektrlardan ajratib olingan M1-M4
spektral xususiyatlarning fotonlar energiyasi hisoblab chiqgilgan va ularning kristall tuzilma bilan bog ‘liqligi
muhokama gilingan. Olingan natijalar CoSi va CoSi fazalarining o xshash kimyoviy tarkibiga garamay,
ularning optik xossalari fazaga bog ‘liq ravishda sezilarli darajada farqlanishini ko ‘rsatadi.

Kalit so“zlar: kobalt monosilitsidi, kobalt disilitsidi, yupga plyonka, optik yutilish spektri, magnetron
changlatish, elektron tuzilma, o ‘tish metall silitsidlari.

CIIEKTPBI OITUYECKOI'O MMOT'JIOMEHUS TOHKUX IJIEHOK CoSi M CoSi,

Annomauusn. B 0annoli cmambe uccied08anvl CHEKMpbl ONMUYECK020 NO2IOWeHUs. NPU KOMHAMHOUL
memnepamype monkux niénoxk CoSi u CoSi2, noryuennvix memooom DC-macnemponnoeo pacnvinenus na
CMEKISHHBIX NOO0N0JICKAX, 6 ouanazone oaun eoan 190-1100 um. B oboux cnexmpax nabmoodaiomcs
WUpoOKUe NoAOChl  No2lowjenuss, xapakmepuvie o cessu  CO-Si u  onekmponnoti  cmpykmypol
MEMALIUYECKO20 MUNA, OOHAKO NOJOICEHUE U UHMEHCUBHOCHb XAPAKMEPHBIX MAKCUMYMOS CYUeCMBEEHHO
paznuyaromes. Paccuumansl sHepeuu ¢omonos, coomeemcemsyrouue cnekmpaibHuvim ocobennocmsam M1—
M4, evidenennbiM U3 IKCNEPUMEHMATBHbIX CHEKMPO8, U 00CYIHCOeHa UX C853b C KPUCMALIUYECKOU
cmpykmypou. [lonyuennvie pesyibmamosl HOKA3bIEAIOM, YMO, HECMOMPSL HA CXOOHbI XUMUYECKUL cOCmas
¢haz CoSi u CoSi2, ux onmuueckue c0lUCMBa CywecmsenHo pa3iuiaomes 8 3aeUcCUMoCcmu om (asol.

Knrouesvle cnosa: monocunuyud kobdanvmd, OUCUTUYUO KOOATLMA, MOHKASL NIAEHKA, CHEeKmp
ONMUHECK020 NO2NIOWEHUsl, MACHEMPOHHOE PACHbLICHUE, JJIeKMPOHHAS CMPYKMYPA, CUTUYUObL NEPEXOOHBIX
Memainnos.

OPTICAL ABSORPTION SPECTRA OF CoSi AND CoSi2 THIN FILMS

Abstract. This paper investigates the room-temperature optical absorption spectra of CoSi and CoSi2
thin films deposited by DC magnetron sputtering onto glass substrates, in the 190-1100 nm wavelength
range. Both spectra exhibit broad absorption bands characteristic of the Co-Si bond and the metallic-type
electronic structure, while the positions and intensities of the characteristic maxima differ significantly. The
photon energies corresponding to the M1-M4 spectral features extracted from the experimental spectra were
calculated, and their relationship to the crystal structure is discussed. The obtained results show that,
despite the similar chemical composition of the CoSi and CoSi2 phases, their optical properties differ
substantially depending on the phase.

Keywords: cobalt monosilicide, cobalt disilicide, thin film, optical absorption spectrum, magnetron
sputtering, electronic structure, transition metal silicides.

Kirish. O‘tish metallari silitsidlari, xususan kobalt silitsidlari (CoSi va CoSi,), yarimo‘tkazgichlar
texnologiyasi va zamonaviy elektron qurilmalarni yaratishda muhim o‘rin egallaydi [1-3]. Kremniyga yagin
panjara parametri, yuqori termik bargarorlik va past elektr garshiligi tufayli CoSi. uzoq vaqtdan beri ultra
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katta integral sxemalarda (ULSI) kontakt va metallashtirish materiali sifatida qo‘llanilib kelinmoqda [2, 4].
CoSi; flyuorit (CaF,) tipidagi kub panjaraga ega bo‘lib, uning kremniy bilan panjara mos kelmasligi
taxminan 1,2% ni tashkil etadi, bu esa uning kremniy asosidagi qurilmalarda epitaksial o‘sishini
osonlashtiradi; ikkala silitsid fazasining kristallografik va termodinamik parametrlari adabiyotlarda batafsil
tizimlashtirilgan [6-9].

So‘nggi yillarda kobalt monosilitsidi (CoSi) fizikaviy xossalari yangi qirralari bilan qayta kashf
etilmoqda. CoSi B30 tipidagi markazsiz simmetriyaga ega kub panjarada kristallanadi va katta topologik
zaryadga ega kiral fermionlarni, jumladan, Brillyuen zonasining I va R nugqtalarida joylashgan tugunlarni
bog‘lovchi Fermi yoylarini o‘zida namoyon etuvchi topologik xiral yarimmetall sifatida burchak-bog‘langan
fotoemissiya spektroskopiyasi (ARPES) usulida tasdiglangan [10—12]. Bunday noan’anaviy elektron tuzilma
CoSi ning optik javobini CoSi, nikidan tubdan farqli qiladi: ko‘p karrali (multifold) fermionlar hisobiga
yuzaga keladigan o°ziga xos optik signaturalar nazariy va eksperimental tadqiqotlarda alohida aniglangan
[16, 17].

CoSi va CoSi, ning optik xossalari ilgari ham bir qator ishlarda o‘rganilgan. Xususan, Kudryavtsev va
boshqalar kobalt silitsidlarining optik xossalarini eksperiment va zichlik funksionali nazariyasi (DFT)
uyg‘unligida tahlil gilgan [13], Vu va boshqalar epitaksial CoSi, plyonkalarining optik xossalarini 0,062-
22,3 eV kabi keng energiya diapazonida o‘rgangan [14], van der Marel va boshqalar esa o‘tish metallari
monosilitsidlaridagi spin, zaryad va bog‘lanish xususiyatlarini optik spektroskopiya asosida tahlil gilgan
[15]. Shunga garamay, CoSi va CoSi; fazalarining optik yutilish spektrlarini bir xil texnologik sharoitda
tayyorlangan namunalarda to‘g‘ridan-to‘g‘ri tagqoslash borasidagi ma’lumotlar hozircha yetarli emas. Optik
yutilish va Raman spektroskopiyasi usullarining shunga o‘xshash uslubiy yondashuvlari muallif tomonidan
boshga funksional kristall materiallar - Dy3Fe5012 [18] va HoFe3(BO3)4 ferroborati [19] - misolida ham
muvaffaqgiyatli qo‘llanilgan.

Ushbu ishning magsadi DC-magnetron changlatish usulida shisha substratlarga bir xil texnologik
sharoitda cho‘ktirilgan CoSi va CoSi> yupga plyonkalarining xona haroratidagi optik yutilish spektrlarini
190-1100 nm oralig‘ida eksperimental tadqiq qilish, ularning xarakterli spektral xususiyatlarini aniqlash va
bu xususiyatlarni ikkala fazaning elektron tuzilmasidagi farqlar bilan bog‘liq holda tahlil gilishdan iborat.

Tadgigot materiallari va metodikasi. Tadgiqot obyekti sifatida shisha substratlar ustiga DC-
magnetron changlatish (fizik bug‘lanish cho‘ktirish, PVD) usulida cho‘ktirilgan CoSi va CoSi> yupga
plyonkalari olindi [5]. Plyonkalarning optik yutilish spektrlari xona haroratida 190-1100 nm to‘lqin uzunligi
diapazonida spektrofotometrik usulda o‘lchandi. Olingan eksperimental spektrlardagi tasodifiy shovqinlarni
kamaytirish va xarakterli maksimumlarni anigroq ajratib olish magsadida ikkinchi tartibli, 9 nugtali oynaga
ega Savitskiy-Golay siljituvchi filtridan foydalanilgan. Spektrlardagi lokal maksimumlarning to‘lqin uzunligi
qiymatlari fotonning energiyasiga E = hc/A formulasi bo‘yicha qayta hisoblab chiqilgan.

Natijalar va muhokama. Rasmda shisha substratlar ustiga DC-magnetron changlatish usulida
cho‘ktirilgan CoSi va CoSi, yupga plyonkalarining xona haroratidagi optik yutilish spektrlari keltirilgan.
Ikkala spektr ham tadqgiq gilingan 190-1100 nm oralig‘ining butun uzunligi bo‘yicha cho‘zilgan keng yutilish
polosalarini namoyon etadi, bu esa tushayotgan elektromagnit nurlanishning kobalt silitsidi fazalarining
elektron holatlari bilan kuchli o‘zaro ta’sirlashuvidan dalolat beradi. Spektrlarning umumiy profili sifat
jihatidan o‘xshash bo‘lib, bu ikkala birikmada ham umumiy Co-Si bog‘lanishi va metall xarakteridagi
elektron tuzilmaning mavjudligini aks ettiradi, biroq xarakterli yutilish xususiyatlarining joylashuvi va
intensivligida sezilarli farglar kuzatiladi. Bu farglar optik javobning har bir kobalt silitsidi fazasining kristall
tuzilmasiga kuchli bog‘liq ekanligini ko‘rsatadi.

Ikkala plyonka uchun eng kuchli optik yutilish ultrabinafsha sohasida kuzatiladi. Asosiy yutilish
maksimumlari CoSi uchun ~280 nm, CoSi; uchun esa ~260 nm atrofida joylashgan bo‘lib, ularga mos
eksperimental yutilish giymatlari mos ravishda 2,238 va 2,216 ni tashkil etadi. Maksimal yutilish giymatlari
deyarli bir xil bo‘lsa-da, CoSi, ning ultrabinafsha maksimumi CoSi nikiga nisbatan qisqa to‘lqin uzunligi
tomon taxminan 20 nm ga siljigan, bu esa foton energiyasining taxminan 0,34 eV ga oshishiga mos keladi.
Bunday spektral siljish ikkala kobalt silitsidi fazasining elektron zonalar tuzilmasidagi farqlarni ko‘rsatadi va
ularning turlicha kristallografik joylashuvi band va bo‘sh elektron holatlarning tagsimotiga ta’sir qilishini aks
ettiradi.

Asosiy ultrabinafsha maksimumidan tashqari, ikkala spektr ham ko‘rinadigan soha tomon cho‘zilgan
keng spektral xususiyatlarni namoyon etadi. CoSi da ~335 nm atrofida yelka shaklidagi xarakterli xususiyat
kuzatilsa, CoSi, da unga mos xususiyat ~355 nm ga siljigan. Uzunroq to‘lqin uzunliklarida ikkala material
o‘zini tubdan farqli tutadi: CoSi spektrida ~583 nm atrofida kuchsiz, biroq aniq ajraladigan spektral
xususiyat saglanib goladi, CoSi. dagi unga mos uzun to‘lqinli xususiyat esa ~450 nm atrofida kuzatiladi. Bu
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farglar to‘lqgin uzunligi ortishi bilan optik spektral og‘irlikning gayta tagsimlanishi ikkala silitsid fazasining
kristall tuzilmasi va kimyoviy bog‘lanishiga sezilarli darajada bog‘liq ekanligini ko‘rsatadi.

CoSi yupga plyonkasi tadgiq gilingan spektral diapazonning katta gismida CoSi. ga nisbatan
yugoriroq yutilishni namoyon etadi. Eng kuchli yutilish ultrabinafsha sohasida kuzatiladi, bunda ikkala
material ham to‘lqin uzunligi qisqarishi bilan yutilishning tez ortishini ko‘rsatadi. Bunday xatti-harakat o‘tish
metallari silitsidlarida keng tarqalgan bo‘lib, yuqori foton energiyalarida zonalararo optik o‘tishlar
ehtimolining ortishi bilan bog‘liq. Ko‘rinadigan va yaqin infraqizil sohalarda esa yutilish intensivligining
o‘zgarishi ancha silliq kechadi, bu esa mazkur spektral intervallarda optik javob alohida optik o‘tishlar emas,
balki elektron holatlarning kengroq tagsimoti bilan boshqarilishidan dalolat beradi.
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1-rasm. CoSi va CoSi, yupqga plyonkalarining har bir material uchun aniglangan xarakterli
spektral xususiyatlari (M1-M4) ko‘rsatilgan optik yutilish spektrlari
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Eksperimental spektrlardan aniglangan asosiy spektral xususiyatlarning miqdoriy taggoslamasi 1-
jadvalda Keltirilgan. Har bir material uchun eksperimental ekstremumlar holati va spektral profildagi
o‘zgarishlar asosida to‘rttadan xarakterli xususiyat ajratib olindi. CoSi plyonkasi uchun bu xususiyatlar
taxminan 230, 280, 335 va 583 nm da joylashgan bo‘lib, ularga mos foton energiyalari mos ravishda 5,39,
4,43, 3,70 va 2,13 eV ni tashkil etadi. CoSi, spektrida esa taxminan 220, 260, 355 va 450 nm da mos
keluvchi xarakterli xususiyatlar kuzatilib, ularga mos foton energiyalari 5,64, 4,77, 3,49 va 2,76 eV ga teng.

1-jadval. CoSi va CoSi, yupga plyonkalarining xona haroratidagi optik yutilish spektrlaridan
aniglangan xarakterli spektral xususiyatlari

Xususiyat |CoSi: A (nm) |CoSi: hv (eV)| CoSi: A |CoSiz: A (nm)| CoSiz: hv CoSiz: A
(eV)
M1 230 5,39 1,958 220 5,64 1,021
M2 280 4,43 2,238 260 4,77 2,216
M3 335 3,70 1,405 355 3,49 0,734
M4 583 2,13 1,906 450 2,76 1,220

Umuman olganda, eksperimental yutilish spektrlari CoSi va CoSi2 ning kimyoviy tarkibi o‘xshash
bo‘lishiga gqaramay, ultrabinafsha va ko‘rinadigan spektral sohalarda ularning optik javobi tubdan farq
qilishini ko‘rsatadi. Xarakterli spektral xususiyatlarning tizimli siljishlari va yutilish giymatlaridagi farglar
elektron tuzilmaning fazaga bog‘liq o‘zgarishi haqida aniq eksperimental dalil beradi. Bir-biriga yaqin
joylashgan spektral xususiyatlarni yanada aniq ajratish va keng yutilish polosalari bilan bog‘liq noaniglikni
kamaytirish magsadida eksperimental spektrlarni birinchi hosila spektroskopiyasi usulida qo‘shimcha tahlil
gilish magsadga muvofiqdir.
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Xulosa. O‘tkazilgan tadgiqgot natijasida DC-magnetron changlatish usulida shisha substratlarga
cho‘ktirilgan CoSi va CoSiz yupga plyonkalarining xona haroratidagi optik yutilish spektrlari 190-1100 nm
diapazonida o‘rganildi va quyidagi asosiy xulosalarga kelindi:

e Ikkala plyonka ham tadqiq qilingan butun spektral diapazon bo‘yicha keng yutilish polosalarini
namoyon etadi, bu Co-Si bog‘lanishiga xos umumiy metall xarakteridagi elektron tuzilmani tasdiglaydi;

e Eng kuchli yutilish ultrabinafsha sohasida kuzatilib, CoSi, ning asosiy maksimumi CoSi nikiga
nisbatan ~20 nm (~0,34 eV) gisqa to‘lqin uzunligi tomon siljigan;

e Har bir material uchun to‘rttadan (M1-M4) xarakterli spektral xususiyat aniglandi, ularning holati
va intensivligi ikki faza o‘rtasida sezilarli farq qiladi, xususan, uzun to‘lqinli xususiyat CoSi da ~583 nm da,
CoSiz da esa ~450 nm da kuzatiladi;

e CoSi umumiy holda CoSi, ga nishatan yuqgoriroq yutilish darajasiga ega, bu ularning turli amaliy
vazifalar masalan, optoelektron detektorlar va nurni himoya giluvchi qoplamalar uchun tanlashda muhim
ahamiyat kasb etadi.

Olingan natijalar shuni ko‘rsatadiki, CoSi va CoSiz ning o‘xshash kimyoviy tarkibiga qaramay,
ularning kristall tuzilmasidagi farq elektron zonalar tagsimotiga va, natijada, optik xossalarga sezilarli ta’sir
ko‘rsatadi. Kelgusi tadqiqotlarda spektrlarni birinchi hosila usulida tahlil gilish hamda Tauk (Tauc) usuli
asosida optik tagiglangan zona kengligini aniglash orqali ikkala fazaning elektron tuzilmasi hagidagi
tasavvurlarni yanada chuqurlashtirish mumkin.
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UGLERODLI NANOSTRUKTURALARNING TABIlY (NORMAL) VA SARATON
(OKSIDLANGAN) HUJAYRA MEMBRANALARI MODELLARI BILAN O‘ZARO TA’SIR
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Annotatsiya. Uglerodli nanostrukturalar (UNS-lar) biotibbiyotda, xususan, diagnostika, dori yetkazib
berish va terapiyada istigbolli materiallar hisoblanadi. Ammo ularning hujayra membranalari bilan atomar
darajadagi o ‘zaro ta’sir mexanizmlari to ‘lig o rganilmagan. Ushbu tadgigotda molekular dinamika (MD)
usuli yordamida (5,5) xirallikli uglerod nanonaychasi (UNN), Ceo fullereni va Ceo@UNN(10,10) pipodining
suv gatlamidan membrana lipid gatlamiga Kirib borishi, joylashuvi, bargarorlashuvi hamda ularning tabiiy
(normal) va saraton (oksidlangan) fosfolipid qo ‘shqavatlari bilan o ‘zaro ta’siri o ‘rganildi. Natijalar ushbu
UNS-larning har ikkala lipid tizimda gidrofob qo ‘shqatlamda barqaror holatda turishini ko ‘rsatdi. Bundan
tashqari, o ‘rtacha o ‘zaro ta’sir energiyasi normal membrana holatida oksidlangan membranaga qaraganda
Ceo va pipod holatlarida kuchlirog, UNN holatida esa deyarli o ‘zgarmasligi aniglandi.

Kalit so“zlar: uglerod nanostrukturalari, uglerod nanonaychasi, fulleren, uglerod pipodi, tabiiy va
saraton hujayra fosfolipid qo ‘shqavatlari, molekulyar dinamika, o ‘zaro ta’sir energiyasi.

INVESTIGATION OF THE INTERACTION MECHANISMS OF CARBON
NANOSTRUCTURES WITH MODELS OF NORMAL AND CANCER (OXIDIZED) CELL
MEMBRANES

Abstract. Carbon nanostructures (CNS) are promising materials for biomedical applications,
particularly in diagnostics, drug delivery, and therapy. However, their interaction mechanisms with cell
membranes at the atomic level remain poorly understood. In this study, molecular dynamics (MD)
simulations were employed to investigate the penetration, localization, and stabilization of a (5,5) chiral
carbon nanotube (CNT), Ceo fullerene, and Ceo@CNT(10,10) peapod from the aqueous phase into the
membrane lipid layer, as well as their interactions with normal and cancer (oxidized) phospholipid bilayers.
The results showed that all CNS remained stably embedded within the hydrophobic bilayer region in both
lipid systems. Furthermore, the average interaction energies were stronger for Ceo and the peapod in the
normal membrane than in the oxidized membrane, whereas the interaction energy of the CNT remained
nearly unchanged.

Keywords: carbon nanostructures, carbon nanotube, fullerene, carbon peapod, normal and cancer
cell phospholipid bilayers, molecular dynamics, interaction energy.

HCCJIEJJOBAHUE MEXAHU3MOB B3AUMOIEVICTBUS YT JIEPOJHBIX
HAHOCTPYKTYP C MOAEJISIMH HOPMAJIBHBIX U PAKOBBIX (OKUCJIEHHBIX)
KJIETOYHBIX MEMBPAH

Annomauua. Yenepoouvie nanocmpykmypwl (YHC) asnsiomces nepcnekmusHueiMyu Mamepuaiamu Ois
npumenenus 8 buomeouyure, 0COOEHHO 8 OUacHOCmuKe, 00CMAasKe J1eKapCmeeHHbIX NPenapamos u mepanuu.
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PHYSICS

O0Hako Mexanuzmvl Ux 83auUMOOEUCMEUs C KIEMOYHBIMU MEMOPAHAMU HA AMOMAPHOM YPOBHE OCMAIOMCS
HEeOOCMamoyHo uzyieHHviMu. B oannom ucciedosanuu memooom monrekyiaprou ounamuxu (M) uzyuenwvt
NPOHUKHOBEHUE, JTOKATUIAYUSA U CMADUTU3AYUS XUPATLHOU Yenepoonou nanompyoxu (5,5), ¢yanepena Ceo u
nunooda Ceo@YHT(10,10) uz 600H0U ¢haszvl 6 MUNUOHBII CLOU MEMOPAHDL, A MAKNHCE UX 83AUMOOCUCEUE C
HOPMANbHBIMU U ONYXONe8biMU (OKUCTeHHbIMU) hochonunuoubimu bucnoamu. Pezyismamsl nokasanu, 4mo
éce YHC cmabunvno pacnonazaiomcs 6 uopogoduou obracmu 6ucios 8 obeux IUNUOHBIX CUCTHEMAX.
Kpome moeo, cpednue snepeuu 63aumodeiicmausi Cep u nuno0a ¢ HOpMAILHOU MeMOPAHOU ObLIU Gbliue NO
CPasHeHUIo ¢ OKUCIeHHOU Memoparotl, mozoa kax onsa YHT cywecmeenuvix usmeHeHutl He Habio0anocy.

Knwuesvie cnosa: yenepoonvie HaHOCMPYKMypul, YenepooHas HAHOmMpPYOKa, Qhyiiepen, yenepooubiil
nUnoo, HOPMAIbHLIL U ONYX0Aesvlll (Pochonunuouble OUCTIOU KICMOYHbIX MeMOPaH, MONEKYIAPHAS
OUHAMUKQ, SHepeUsl 63aUMO0eUCMBUSL.

Kirish. Bugungi kunda uglerodli nanostrukturalar (UNS-lar) o°‘ziga xos fizik, kimyoviy va biologik
xususiyatlari tufayli istigbolli materiallar sifatida garalmoqgda [1]. Jumladan, uglerod nanonaychalari (UNN-
lar), fullerenlar va pipod nanostrukturalari elektronika, energetika hamda biotibbiyot kabi ko‘plab sohalarda
keng tadgig etilmogda [2,3]. Biotibbiyotda UNN-lar yugori mexanik mustahkamligi va elektr
o‘tkazuvchanligi [4], fullerenlar kichik molekulyar o‘lchami hamda sferik tuzilishi [5], pipod
nanostrukturalari esa UNN va fulleren strukturalari xususiyatlarini uyg‘unlashtiruvchi gibrid tizim sifatida
afzalliklari bilan alohida ilmiy gizigish uyg‘otmoqda [6].

UNN-lar xiralligi bilan bog‘lig o‘ziga xos elektr va optik xususiyatlarni namoyon etadi [7,8]. Bu esa
ularning dori vositalarini magsadli yetkazib berish, DNK tashish, diagnostika hamda saraton terapiyasida
terapevtik samaradorlikni oshirish va sog‘lom to‘gimalarga zarar yetkazilishini kamaytirish imkoniyatlari
bilan muhim ahamiyat kasb etmoqda [9-11]. Fullerenlar va ularning hosilalari dori vositalarini magsadli
yetkazib berish, nanosensorlar hamda antioksidantlar sifatida keng o‘rganilgan [12-14]. Aynigsa,
metallofullerenlar magnit-rezonans tomografiya (MRT) va rentgen kontrast agentlari, radioaktiv nishonlash,
radioterapiya hamda kimyoterapiyada qo‘llanilishi, shuningdek, o‘simta o‘sishini sekinlashtirish (yoki
to‘xtatish) va normal hujayralarni himoya qilish imkoniyatlari bilan ajralib turadi [15,16]. Pipod
nanostrukturalari esa UNN-larning mexanik va elektr xususiyatlarini fullerenlarning elektron xossalari bilan
uyg‘unlashtirgan gibrid tizim bo‘lib, transport jarayonlari, molekulalararo o‘zaro ta’sirlarni boshqarish
hamda suvni tuzlardan tozalash kabi yo‘nalishlarda istigbolli nanomaterial sifatida qaralmoqda [17].

Biologik tizimlarda nanomateriallarning samaradorligi, avvalo, ularning hujayra membranasi bilan
o‘zaro ta’sir mexanizmiga bog‘liq [18]. Hujayra membranasi nanostrukturalarning hujayra ichiga kirishi,
membranada adsorbsiyalanishi yoki lipid qo‘shqavatida barqarorlashishini belgilovchi asosiy biologik to‘siq
struktura hisoblanadi [19]. Shu bois nanostruktura—membrana o‘zaro ta’sirini atomar darajada o‘rganish
ularning biologik faolligi, biomoslashuvchanligi, toksikologik xususiyatlari hamda diagnostik
imkoniyatlarini baholashda zarur bosgich hisoblanadi [18,20]. Mazkur nanostrukturalarning hujayra
membranasi orqali o‘tish qobiliyati, hujayra ichida bargaror lokalizatsiyalanishi va turli biomolekulalar bilan
selektiv o‘zaro ta’sirlashishi yangi avlod nanobiosensorlari va nanoterapevtik tizimlarni yaratishda muhim
ahamiyat kasb etadi [21,22]. Aynigsa, saraton hujayralarida kuzatiladigan kislorod turlarining ortishi
natijasida membrana fosfolipidlarining peroksidlanishi sodir bo‘ladi [23,24]. Ushbu jarayon davomida
aldegidli oksidlangan fosfoxolin (inglizcha, 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine —
PoxnoPC) kabi oksidlangan fosfolipidlar hosil bo‘lib, ular membrananing lipid tarkibi, qalinligi, suyuqligi va
boshga fizik-kimyoviy xususiyatlarini sezilarli darajada o‘zgartiradi [25]. Natijada nanostrukturalarning
membranaga kirishi, lipid qo‘shqavatida bargarorlashishi va membrana bilan o‘zaro ta’sir mexanizmlari ham
o‘zgaradi. Shu sababli PoxnoPC saqlovchi lipid membranalari oksidlovchi stressga uchragan, saraton
hujayralariga xos membrana mubhitini modellashtirishda keng qo‘llaniladi. Bunday yondashuv saraton
hujayralaridagi oksidlangan membrana mikromuhitini biomimetik tarzda ifodalab, nanomateriallarning
diagnostik jihatdan muhim membrana bilan o‘zaro ta’sirini qiyosiy baholash imkonini beradi.

Ceo fullerenining biologik membranalar bilan o‘zaro ta’siri bo‘yicha tadqiqotlar uning lipid
go‘shqgavatiga kirib borishi, membrana ichida lokalizatsiyalanishi va lipid tartibiga ta’sir qilishini ko‘rsatgan
[26]. Xususan, Cgo fulleren molekulalari membrananing gidrofob gismida (ya’ni lipid qatlamda) erkin
energiyasi minimal bo‘lgan energetik jihatdan qulay holatni egallashi aniglangan [27,28]. UNN-lar ham
biomembranalar bilan kuchli o‘zaro ta’sir qiluvchi nanostrukturalar qatoriga kirib, ularning xiralligi, diametri
va uzunligi membrana bilan o°zaro ta’sir yo‘nalishini, membranaga kirib borish shaklini hamda lokalizatsiya
xususiyatlarini belgilovchi asosiy omillar hisoblanadi [29].

Shunga garamay, mavjud tadgiqotlarning aksariyatida Ces, UNN yoki ularning hosilalari alohida
shaklda o‘rganilgan bo‘lib, bir xil sharoitda turli UNS-larning normal va oksidlangan membranalarga
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nisbatan tabiatini tizimli tagqoslash deyarli amalga oshirilmagan. Shu bilan birga, pipodlar (ya’ni fulleren
bilan to‘ldirilgan UNN-Iar) fulleren va UNN xususiyatlarini uyg‘unlashtiruvchi gibrid tizim bo‘lib, ularning
biologik membranalar bilan o‘zaro ta’siri va lokalizatsiyasi bo‘yicha tadqiqotlarni adabiyotlarda uchratish
qiyin. Aynigsa, (5,5) xirallikli UNN, Ceo fullereni va Ceo@UNN(10,10) pipodining 1-palmitoil-2-oleoyl-sn-
glitsero-3-fosfoxolin (inglizcha, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine — POPC) hamda POPC
va PoxnoPC lipidlaridan tashkl topgan membranalariga kirib borishi, lipid gatlamda lokalizatsiyalanishi va
o‘zaro ta’sir energetikasi bo‘yicha qiyosiy ma’lumotlar yetarli emas. Molekulyar dinamika (MD)
simulyatsiya usullari eksperimental usullar bilan o‘rganish qiyin bo‘lgan ushbu jarayonlarni atomar darajada
tadgiq etish imkonini berib, nanostrukturalarning membranaga kirishi, membrana ichida diffuziyasi va
bargarorlashishini migdoriy jihatdan tahlil gilish imkonini beradi.

Shu sababli mazkur tadgigot ishida GROMACS dasturlash paketi yordamida (5,5) xirallikli UNN, Cgo
fullereni va uglerod pipodining normal tabiiy hujayra membranasini ifodalovchi sof POPC hamda
oksidlangan saraton hujayra membranasi modeli sifatida tanlangan POPC/PoxnoPC lipid qo‘shqavatlari
bilan o‘zaro ta’siri MD usuli yordamida atomar darajada tadqiq qilindi. Simulyatsiyalar davomida
nanostrukturalarning membranaga Kirishi, lipid gatlamida bargarorlashishi va membrana ichida egallagan
holati tahlil qilindi. Shuningdek, lipid qatlamida joylashgandan so‘ng nanostrukturalar bilan membrana
orasidagi o‘zaro ta’sir energiyalari hisoblanib, ularning normal va oksidlangan membranalarga moyilligi
giyosiy baholandi. Olingan natijalar UNS larning tabiiy (normal) hujayra membranasiga hamda saraton
hujayra membranasi modeli sifatida ishlatilgan oksidlangan membranaga kirish mexanizmi va lokalizatsiya
xususiyatlarini chuqurrog tushunishga yordam beradi. Undan tashqari, olib borilgan modellashtirish
tadqiqotlari saraton diagnostikasi uchun nishonli nanoplatformalar ishlab chiqgish bo‘yicha nazariy asos
bo‘lib xizmat qilishi mumkin.

Modellashtirish tafsilotlari. UNN, Cgo fullereni va uglerod pipodining tabiiy (normal) va saraton
(oksidlangan) hujayra membranalari bilan o‘zaro ta’sirini atomar darajada tadqiq qilish uchun GROMACS-
2025.2 [30] dasturlash paketidan foydalanib MD simulyatsiyalari amalga oshirildi. Buning uchun,
CHARMM-GUI [31] veb dasturi yordamida yuqorida keltirilgan strukturalar, ya’ni UNN, Cgo fullereni va
uglerod pipodi hamda tabiiy (normal) va saraton (oksidlangan) hujayra membranalari uchun model tizimlar
hosil qgilindi (1-rasm).

(a) (d)
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1-rasm. (a) UNN, (b) Ceo fullereni va (c) uglerod pipodi nanostrukturalari hamda (d) POPC
(chap) va PoxnoPC (o°‘ng) lipid molekulalarining sxematik ko‘rinishi

Xususan, UNN modeli sifatida uzunligi ~5.0 nm va diametri ~0.7 nm bo‘lgan (5,5) xirallikli UNN
strukturasi tanlanib, nanonaychaning ochiq uchlaridagi uglerod atomlari vodorod atomlari bilan to‘yintirildi
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(1a-rasm). Pipod model strukturasini hosil gilish uchun diametri ~0.7 nm bo‘lgan Ceo fullereni (1b-rasm)
xiralligi (10,10) va diametri ~1.4 nm bo‘lgan ikkala tomoni yopiq UNN ichiga joylashtirildi (1c-rasm), ya’ni
Ceo@UNN(10,10) strukturasi hosil gilindi. Keyin, ushbu nanostrukturalarning har biri ~8 x 8 x 13 nm?
o‘lchamli simulyatsiya fazosiga joylashtirilgan tabiiy (normal) va saraton (oksidlangan) hujayra
membranalari model tizimlarining tepa suv gatlamiga joylashtirildi (2-rasm).

(@ (b) (c)

().

2-rasm. Tabiiy (normal) va saraton (oksidlangan) hujayra membranalari model tizimlarini hosil
gilish uchun tanlangan POPC/PoxnoPC lipid molekulalaridan tashkil topgan fosfolipid qo‘shqavatlari
hamda ularning tepasidagi suv gatlamida joylashgan UNN (chap), Ceo fullereni (o‘rta) va uglerod
pipodi (0‘ng) nanostrukturalari. (a—c) da ushbu model tizimlarning yon tomondan, (d—f) da esa
tepadan ko‘rinishi keltirlgan. Nanostrukturalar, suv va fosfolopid qo‘shqavatlar mos ravishda,
zangori, qizil va ko‘k ranglarda berilgan. Aniglik uchun, suv gatlamlarida joylashgan natriy va xlor
atomlari rasmda Kko‘rsatilmagan.

Tabiiy (normal) hujayra fosfolipid qo‘shqavatini hosil gilish uchun 200 ta (ya’ni 100 ta tepa va 100 ta
quyi gavatda joylashgan) POPC lipid molekulalaridan foydalanildi. So‘ngra, ushbu lipid molekulalarining
har ikkala tarafi suv molekulalari bilan goplandi (jami 19350 ta suv molekulasi) va model tizim zaryadini
neytrallash uchun tepa va quyi suv gatlamlariga natriy va xlor molekulalari 0.15 mol (fiziologik) migdorda
go‘shildi (2-rasm). Bunda, har bitta lipidga ~97 ta TIP3P [32] suv molekulasi to‘g‘ri keldi. Saraton
(oksidlangan) hujayra fosfolipid qo‘shqavatini hosil qilishda ham 200 ta lipid molekulalari ishlatildi; bunda
tepa va quyi gavatlarning har birida mos ravishda, 75 ta POPC (normal fosfoxolin) va 25 ta PoxnoPC
(aldegidli oksidlangan fosfoxolin) lipid molekulalaridan foydalanildi, ya’ni jami 150 ta POPC va 50 ta
PoxnoPC lipid molekulalari ishlatildi (1-jadval).

Demak, saraton hujayra membranasi modelini hosil qilish uchun 25% oksidlangan fosfolipid
go‘shqavatdan foydalanildi. Shuni ta’kidlash joizki, ushbu model tizimda oksidlangan (PoxnoPC) lipid
molekulalari lipid qo‘shqavatning har bir qatlamiga tasodifiy joylashtirish asosida POPC molekulalari
atrofiga kiritildi. Yuqorida keltirilganidek, ushbu oksidlangan model tizimni suvlash uchun ham natriy va
xlor molekulalari 0.15 mol (fiziologik) miqdorda qo‘shilgan jami 19350 ta TIP3P suv molekulalaridan
foydalanildi (2-rasm). Shunday qilib, jami oltita model tizim, ya’ni uchta normal va uchta 25% oksidlangan
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fosfolipid qo‘shqavat hosil gilindi; ularning har birida yo UNN, yo Cgo fullereni, yoki pipod joylashgan (2-
rasm). MD usuli bo‘yicha olingan natijalarni statistik jihatdan yaxshilash magsadida ushbu oltita model
tizimning har biri uchun 3 tadan replikalar hosil qilindi, ya’ni jami 18 ta model tizim. Barcha model tizimlar
PACKMOL [33] dasturiy paketidan foydalanib hosil gilindi.

1-jadval. MD simulyatsiyalarida qo‘llanilgan tabiiy (normal) va saraton (oksidlangan) hujayra
membranalari model tizimlarining lipid tarkibi

ichki (2-rasm i hqi (2-rasm ri

Fosfolipid i |i(pidzsatg?nquy) s |(ipida§at?:n¥uqo :
qo 'shqavat POPC PoxnoPC POPC PoxnoPC

normal 100 0 100 0

oksidlangan 75 25 75 25

Hosil gilindan model tizimlar energiyasi dastlab keskin tushish (inglizcha, steepest descent) usuli
yordamida minimallashtirildi. So‘ngra, model tizimlar izobarik-izotermik (NPT) ansambli yordamida 310 K
harorat va 1 bar bosimga 400 ns vaqt davomida termalizatsiya qilindi, ya’ni muvozanat holatga keltirildi.
Model tizimlar termodinamik parametrlari (masalan, temperatura va bosimi) ning vaqt bo‘yicha ozgarishini
tekshirish orgali, ushbu tanlangan 400 ns termalizatsiya vaqti yaxshi muvozanatga keltirilgan tizimlarni hosil
gilish uchun yetarli ekanligi aniglandi.

Termalizatsiya davrida model tizimlarning haroratini  nazorat qilish uchun V-rescale
(modifikatsiyalangan Berendsen) termostatidan [34], ulanish davriyligini 0,1 ps qilib olish orgali
foydalanildi. Tizimlar bosimini nazorat gilishda esa 2 ps ulanish davriyligi va 4,5 x 10~ bar?! izotermik
sigilish konstantasiga ega semiizotrop Parrinello-Rahman barostati [35] dan foydalanildi. Barcha MD
simulyatsiyalarida vaqt gadami etib 2 fs tanlandi hamda atomlararo o‘zaro ta’sirlarni ifodalash uchun kuch
maydoni sifatida CHARMM36 [36] ishlatildi. UNS-lar (ya’ni UNN, Cgo va pipod) va hujayra membranasi
model tizimlari orasidagi o‘zaro ta’sir energiyasini hisoblash uchun oxirgi 100 ns simulyatsiya vaqtidagi MD
natijalaridan foydalanildi. Bunday qilish hisoblangan o‘rtacha giymatlar bilan bog‘liq xatoliklarni aniqlash
imkonini berib, natijalarning ishonchliligini ta’minlaydi.

Natijalar va ularning tahlili. UNN, Cgo fullereni va uglerod pipodining tabiiy (normal) va saraton
(oksidlangan) hujayra membrana model tizimlaridagi harakat trayektoriyasi hujayra tashqi mubhiti, ya’ni suv
gatlamidagi diffuziyasi bilan boshlandi. 3-rasmda namuna sifatida berilgan uglerod pipodining normal (3a-
rasm) va oksidlangan (3b-rasm) hujayra membrana model tizimlaridagi dinamik harakat trayektoriyasi
keltirilgan.

(a)

(b)

3-rasm. Uglerod pipodining normal (a) va oksidlangan (b) hujayra membrana qo‘shqavatlari

ichiga kirib borishining MD simulyatsiyalardan olingan tasvirlari. Simulyatsiya davrida pipod kabi

suv gatlamidan lipid gatlamga kirib borish holatlari UNN va Ceo fullereni nanostrukturalarida ham
kuzatildi.
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Simulyatsiya natijalariga ko‘ra, uglerod pipodi vaqt o‘tishi bilan fosfolipid qo‘shqavatiga yaqinlashib,
0‘z-o‘zidan (ya’ni erkin holatda) membrananing gidrofobik gatlamiga kirib boradi. Normal va oksidlangan
hujayra membranasi model tizimlarining har ikkala holatida ham uglerod pipodi fosfolipid qo‘shqavatining
gidrofobik yadrosiga to‘liq kiradi va qulay gidrofobik o‘zaro ta’sirlar natijasida ushbu sohada barqaror
joylashadi. Shuni ta’kidlash joizki, xuddi shunga o°‘xshash xatti-harakat UNN va Cgo fullereni
nanostrukturalari uchun ham kuzatildi. Bu natijalar mazkur UNS-larning membranaga kirib borish jarayoni
asosan gidrofobik o°zaro ta’sirlar bilan boshqarilishini hamda membrananing gidrofobik yadrosi ularning
energetik jihatdan eng qulay joylashish sohasi ekanligini ko‘rsatadi.

UNS-larning normal va saraton hujayra membranalari bilan o‘zaro ta’sir energiyasini hisoblash ushbu
membranalarni farglashning potensial diagnostik mezonlaridan biri sifatida baholandi. Mazkur energiya
quyidagi formula orgali hisoblandi:

AE = EUNS+membrana - (EUNS + Emembrana) (1)

bu yerda, Eynstmembrana — UNS va membrana tizimining, Eyys Va Enembrana 1ar €sa UNS va
(normal yoki oksidlangan) membrananing alohida holatdagi potensial energiyalari (kJ/mol). Shunday qilib,
UNS va membrana orasidagi o‘zaro ta’sir energiyasi UNS—membrana tizimining umumiy potensial
energiyasidan UNS hamda membrananing alohida hisoblangan potensial energiyalari yig‘indisini ayirish
orqali aniglandi. Yuqorida ta’kidlanganidek, model tizimlarning barqarorlashgan vaqt momentlari, ya’ni
umumiy simulyatsiya vaqtining oxirgi 100 ns davomida UNS-ning hujayra membrana model tizimlari bilan
o‘zaro ta’sir energiyalari (1) formula yordamida aniqlandi va ushbu qgiymatlar o‘rtachalanib, ularning
standard xatoliklari hisoblandi. 4-rasmda normal (havo rang) va oksidlangan (zarg‘aldoq rang) hujayra
membranalarining UNS-lar, ya’ni UNN (4a-rasm), Ceo fullereni (4b-rasm) va pipod (4c-rasm), bilan o‘zaro
ta’sir o‘rtacha energiyalarining grafigi keltirilgan. Natijalar shuni ko‘rsatadiki, tabiiy (normal) hujayra
membranasi saraton (oksidlangan) hujayra membranasiga garaganda UNN bilan deyarli bir xil, Ceo fullereni
bilan kuchliroq va pipod holatida esa eng kuchli o‘zaro ta’sirlashadi (4-rasm). Bu tendentsiya UNS turiga
garab normal va saraton membranalarni farglash qobiliyati bir xil emasligini, balki nanostruktura
geometriyasi va yuzasi bilan bog‘liq holda o°zgarishini ko‘rsatadi. Xususan, Cgo Va pipod uchun kuzatilgan
ancha yaqqol energetik farq ularni membrana holatiga sezgir «molekulyar sensor» sifatida ishlatish
imkoniyatini oshirsa, UNN holatidagi farqning deyarli yo‘qligi uni ushbu ikki membrana turini farglash
uchun kamroq informativ mezon qilib qo‘yadi.

2-jadvaldan ko‘rish mumkinki, UNN holatida uning normal va oksidlangan membranalar bilan o‘zaro
ta’sir energiyalari standard xatolik hisobga olinganda deyarli bir xil. Ceo fullereni holatida esa ushbu
nanostrukturaning normal va oksidlangan membranalar bilan o‘zaro ta’sir energiyalari bir-biridan 8 kJ/mol
ga farq qiladi, ya’ni normal membrana bilan kuchliroq ta’sirlashadi. Qizig‘i shundaki, uglerod pipodi
holatida ushbu energiyalar orasidagi farq eng katta bo‘lib ~17 kJ/mol ni tashkil etadi, ya’ni uglerod pipodi
normal membrana bilan eng kuchli ta’sirlashadi.
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4-rasm. () UNN, (b) Cso fullereni (b) va (c) uglerod pipodining normal va oksidlangan hujayra
membranalari model tizimlari bilan o‘zaro ta’sir o‘rtacha energiyalari. Qizil ko‘rsatkich
enegiyalardagi farqlarni ko‘rsatish uchun ishlatilgan. Ularning qiymatlari 2-jadvalda berilgan

Boshgacha qilib aytganda, standart xatoliklar hisobga olinganda, UNN holatidagi farq (2,4 + 7,5
kJ/mol) statistik jihatdan ahamiyatsiz bo‘lib, bu uning normal va oksidlangan membranalarga deyarli bir xil
moyillikka ega ekanligini tasdiglaydi. Ceo (8,0 + 2,4 kJ/mol) va aynigsa pipod (16,9 = 5,5 kJ/mol) holatlarida
esa farq xatolik chegarasidan tashgarida bo‘lib, statistik jihatdan ishonchli hisoblanadi.
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2-jadval. UNN, Cgo fullereni va uglerod pipodining normal va oksidlangan hujayra
membranalari model tizimlari bilan o‘zaro ta’sir energiyalari

.. . O ‘zaro ta sir energiyasi, AE (kJ/mol)
Fosfolipid qo ‘shqavat UNN Cos Pipod
normal -1658,7+ 1,5 2742 £ 1,4 -1176,7+ 1,4
oksidlangan -1656,3+7,3 -266,2 £ 1,9 -1159,8 +5,3
AEoksidlangan_AEnormal 2,4 + 7:5 8,0 + 2,4 16,9 + 5,5

Ushbu UNS-lar o‘zaro ta’sir energiyalaridagi tafovutni quyidagicha tushuntirish mumkin. Avvalo,
oksidlangan membrana holatida PoxnoPC lipid molekulalaridagi gisga lipid dumlar aldegid guruhlarga ega
bo‘lib (1d-rasm), o‘zining nisbatan gidrofil xususiyatini namoyon etadi. Natijada ushbu gisqa dumlar
fosfolipid molekulalarining kuchli gidrofil bosh guruhlari (ya’ni zaryadlangan fosfat va xolin guruhlari)
tomon kuchli tortishuvchi o‘zaro ta’sir tufayli buriladi. Bu esa o‘z navbatida lipid qo‘shqgavat yuzasini
oshiradi. Hagigatan, hisoblangan bitta lipidga to‘g‘ri keluvchi o‘rtacha yuza normal membranada 0.63 nm?
ga teng bo‘lsa, 25% oksidlangan membranada 0.66 nm? ni tashkil etadi. Bu esa o‘z navbatida UNS-larining
membrana lipid gatlamiga kirib borishini yengillashtiradi. Shuni ta’kidlash joizki, UNS-larning oksidlangan
membrana lipid qavatiga osonroq kirib borishi ularning o°sha qatlamda energetik jihatdan qulay joylashishini
anglatmaydi. Oksidlangan membranadagi qisqa lipid dumlar lipid bosh guruhlari tomoniga og‘ishi, gidrofob
UNS-larining lipid qatlami markazidagi uglevodorod guruhlar bilan gidrofobik o‘zaro ta’sirini kamaytiradi.
Shuning uchun, normal membrana markazida lipid molekulalarining ko‘proq bo‘lishi va nisbatan zich
joylashuvi tufayli Ceo fullereni va uglerod pipodi holatlarida ushbu nanostrukturalarning normal membrana
bilan o‘zaro ta’siri oksidlangan membranaga qaraganda kuchliroq bo‘ladi. UNN bilan normal va oksidlangan
hujayra membranalari orasidagi o‘zaro ta’sir energiyalaridagi farqning deyarli yo‘qligi uning membrana
lipidlari bilan ta’sirlashib deyarli vertikal holatni egallashi va o‘zi orqali suv molekulalarini o‘tkazib, lipid
gatlamda o‘ziga xos suv kanali vazifasini bajarishi bilan bog‘liq bo‘lsa kerak. Pipod holatida o‘zaro ta’sir
energiyasidagi fargning boshga UNS-larga nisbatan eng Kkatta chigishi uning kattaroq gidrofob
ta’sirlashuvchi yuzaga ega bo‘lishi bilan bog‘liq bo‘lsa kerak. Qolaversa, uning ichki gismida joylashgan Ceo
fullerenining ushbu gidrofob ta’sirda bilvosita roli mavjud bo‘lishi mumkin. Buni tekshirish esa qo‘shimcha
modellashtirish tadgiqotlari olib borilishini taqozo etadi.

Xulosalar. Ushbu tadgigotda UNS-larning normal va saraton hujayra membranalari bilan o‘zaro
ta’siri MD usuli yordamida atomar darajada baholandi; modelda eksplisit suv va ionlar, shuningdek
POPC/PoxnoPC tarkibli realistik lipid kompozitsiyalar inobatga olindi. Natijalar tahlili shuni ko‘rsatdiki,
ikkala membrana holatida ham UNS-lar suv muhitidan lipid qo‘shqavat sohasiga o‘z-o‘zidan (hech qanday
energiya baryerisiz) kira oladi, gidrofob yadroning ichida bargarorlashadi va har ikkala tizimda orientatsiyasi
vaqt bo‘yicha izchil saglanadi. Undan tashqari, MD natijalari o‘zaro ta’sir energiyasining statistik o‘rtacha
giymati tabiiy (normal) hujayra membranasida saraton (oksidlangan) hujayra membranasiga garaganda UNN
holatida deyarli bir xil, Ceo fullereni holatida kuchliroq va pipod holatida esa eng kuchli bo‘lishini ko‘rsatdi.
Kuzatilgan energetik farglar, asosan, oksidlangan membranada PoxnoPC lipidlarining gisqargan gidrofob
dumlari bosh guruhlar tomon burilishi natijasida yuzaga keladigan lipid qatlam yuzasi va zichligi o‘zgarishi
bilan izohlanadi. Pipod holatida kuzatilgan eng katta energetik fargning ichki Ceo fullereniga bog‘liq bo‘lishi
mumkinligini anigroq tushunish uchun kelgusi tadgigotlarda alohida modellashtirish (masalan, Ceo ni pipod
ichidan olib tashlash orgali giyoslash) talab etiladi.

Shunday gilib, MD natijalari UNS—-membrana o‘zaro ta’sir energetik profilining UNS turiga bog‘liq
holda farglanishi, xususan Ce va pipod holatlarida kuzatilgan sezilarli farglar, ularni normal va saraton
hujayra membranalarini selektiv farqlovchi barqaror diagnostik mezon sifatida qo‘llash imkoniyatini
ko‘rsatadi.
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Abstract. This work details the modeling and geometric optimization of angular distribution
measurements for the '°B(n,d)°Be reaction conducted with a laboratory neutron generator and a AE-E
silicon telescope. The primary goal was to establish an optimal experimental window that ensures clean
separation between the °Be ground and excited states while minimizing measurement time. A mathematical
model for the total full width at half maximum (FWHM) was derived by combining detector resolution, target
energy straggling, and angular-geometric broadening factors. Our simulation results identify the precise
target thicknesses and detector distances needed to prevent peak distortion. The proposed methodology
enhances both spectral resolution and counting throughput, providing practical guidelines for executing
highly efficient differential cross-section experiments under restricted laboratory conditions.

Keywords: (n,d) nuclear reactions, scattering kinematics, NG-150 generator, silicon detector array,
full width at half maximum (FWHM), energy resolution, peak separation.

MOJEJUPOBAHUE U ONTHUMU3AIINSA USMEPEHUS YTJIOBOI'O
PACIHPEAEJEHUA 0JIsI PEAKIUM °B(n,d)°Be HA HEATPOHHOM 'EHEPATOPE HI'-150

Annomauus. B Oaunou pabome HOOPOOHO ORUCAHBI MOOECTUPOBAHUE U 2COMEMPUUECKAS.
onmumusayus  usmepenuii  yenoeozo pacnpedenenus. Ons  pearxyuu °B(n,d)°Be, nposedénmnvix ¢
ucnoab30sanuem 1abopamoprozo neumponnozo cenepamopa u AE — E xpemnuesoco meneckona. OchosHast
yeib 3aKI04ANACy 8 YCMAHOGIEHUN ONMUMATBHO20 IKCHEPUMEHMATbHO20 OKHA, 0becneyusaneo Yémroe
pasoeiienue OCHOBHO20 U 6030YICOGHHBIX COCMOAHUIL A0pa “Be npu MuHUMU3AWUU 6PEMEHU U3MepeHull.
Mamemamuueckas modenv 0asi noanou wupurvl Ha noaysvicome (FWHM) 6viia noayuena nymém
00beOUHeHUs. PA3PEeHUss OemeKmopd, CmpazeiuHed dHepeuu 6 MUUIEHU U Y2N08blX 2e0Mempudeckux
gaxkmopos yuwupenus. Pesyniomamvl MOOEIUPOBAHUS ONPeOensIom MOoUHble MOIWUHbL MULEeHel U
paccmosiHust 00 0emeKmopos, HeoOXooumvle Oisi NPedomepaujerus uckaxcerus nukos. Ilpednosicennas
MemoOoono2uUs noGvluaem KAk CHEeKmpAalbHOe paspeuieHue, max U CcKoOpocmyv cuéma, npedocmasisis
npakmuyeckue — pekomeHoayuu O HPOGeOeHUs.  BbICOKOIPDEKMUBHBIX — DKCHEPUMEHMO8  NO
oughpepenyuanbHoMy ceueHuro 8 02PaHUYEHHbIX 1A0OPAMOPHBIX YCAOBUSIX.

Kniouesvie cnosa: (n,d) soepuvie peakyuu, runemamuxa paccesnus, eenepamop HI-150,
KpeMHuegas OemeKkmopHas cucmema, noanas wupuna Ha noaysvicome (FWHM), suepeemuueckoe
paspeuienue, pazoeieHue NUKos.

NG-150 NEYTRON GENERATORIDA B(n,d)°Be REAKSIYASI UCHUN BURCHAK
TAQSIMOTINI O‘LCHASHNI MODELLASHTIRISH VA OPTIMALLASHTIRISH

Annotatsiya. Ushbu ishda laboratoriya neytron generatori hamda AE — E kremniy teleskopi
yordamida o ‘tkazilgan °B(n,d)°Be reaksiyasining burchak tagsimoti o ‘lchovlarini modellashtirish va
geometrik optimallashtirish tafsilotlari keltirilgan. Asosiy magsad o ‘Ichash vaqtini kamaytirish bilan birga,
°Be yadrosining asosiy va uyg ‘otilgan holatlarini aniq ajratishni ta’minlaydigan optimal eksperimental
sharoitni belgilashdan iborat edi. Umumiy yarim kenglik (FWHM) uchun matematik model detektor
rezolyutsiyasi, nishondagi energiya stragglingi hamda burchak-geometrik kengayish omillarini birlashtirish
orqali ishlab chiqildi. Simulyatsiya natijalarimiz spektral cho ‘qqilarning buzilishini oldini olish uchun zarur
bo‘lgan nishon qalinligi va detektorgacha bo‘lgan masofalarni aniq belgilab berdi. Taklif etilayotgan
metodologiya spektral rezolyutsiya va sanog samaradorligini oshirib, cheklangan laboratoriya sharoitida
yuqori effektiviikka ega differensial kesim eksperimentlarini o ‘tkazish bo'vicha amaliy tavsiyalar beradi.
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Kalit so“zlar: (n,d) yadro reaksiyalari, sochilish kinematikasi, NG-150 generatori, kremniy detektorlar
sistemasi, yarim kenglik (FWHM), energiya rezolyutsiyasi, cho ‘qqilarni ajratish.

Introduction. Neutron-induced (n,d) nuclear reactions serve as a cornerstone for both fundamental
nuclear physics and practical fields like radiation dosimetry, material analysis, and neutron diagnostics [1].
Reactions tracking boron isotopes are of particular significance due to their substantial cross-sections at low
energy thresholds and their widespread utilization in modern neutron detection systems. Specifically,
investigating the °B(n,d)°Be reaction vyields critical insights into underlying reaction mechanisms and
angular distributions, both of which are essential for refining computational models of neutron-matter
interactions.

While laboratory-scale neutron generators offer an accessible alternative [1,6] and operationally
straightforward alternative for differential cross-section measurements, they introduce notable experimental
constraints. Neutrons generated via deuteron-induced reactions are inherently non-monoenergetic and carry
an angular dispersion that directly degrades the energy resolution of outgoing charged particles. Furthermore,
the finite geometry of both targets and detectors induces additional spectral broadening. These combined
factors frequently culminate in peak overlap, severely complicating the isolation of closely spaced reaction
channels, such as the ground and first excited states of the residual °Be nucleus.

In standard AE-E silicon telescope configurations [2,4,7], the overall energy resolution is governed by
a combination of independent physical mechanisms: intrinsic detector noise, energy straggling within the
boron target, primary neutron beam dispersion, and geometric solid-angle acceptance. Poor management of
these components leads to distorted particle identification and prolonged acquisition times due to low signal-
to-background ratios. Long measurement cycles are highly undesirable as they exacerbate electronic drift,
beam fluctuations, and background accumulation. Thus, establishing an analytical optimization framework
before executing the experiment is essential to balance data-taking speed with adequate spectral resolution.

Although numerical modeling has previously been used to forecast spectral distortion, systematic
studies that unify resolution modeling, explicit peak separation thresholds, and beam-time efficiency for the
0B (n,d)°Be process remain remarkably scarce [5]. Furthermore, the interplay between two-body kinematics
and detector positioning has not been adequately explored for experiments localized at the NG-150 neutron
generator facility.

The present work addresses this gap by establishing a comprehensive, multi-component energy
resolution model. The total full width at half maximum (FWHM) is evaluated via the quadratic summation of
all individual broadening sources. Using these criteria, we evaluate the precise conditions under which
adjacent °Be states can be cleanly resolved. It is important to emphasize that this paper does not present raw
experimental data; rather, it provides a comprehensive theoretical feasibility study utilizing kinematic
calculations and LISE++ assisted modeling to deliver practical, optimized guidelines for upcoming
laboratory cross-section campaigns [3].

Experimental Concept and Reaction Kinematics. The configured experimental framework is
engineered to efficiently generate fast neutrons, induce the (n,d) reaction within the boron matrix, and record
the trajectory of emitted deuterons with superior energy resolution. The operational core of this configuration
relies on the following sub-systems: Deuterons are accelerated to an energy of 100 keV using the NG-150
facility to bombard a titanium-tritium (TiT) target. Through the standard T(d,n)*He reaction dynamic, fast
neutrons are extracted. Due to the geometric constraints and energy variations within the tritium layer, these
neutrons span a finite energy spread rather than being strictly monoenergetic. The neutrons are directed onto
a thin 1°B target, where the (n,d) reaction occurs. The thickness of the boron target is optimized to achieve a
balance between reaction yield and minimization of energy straggling effects. The emitted deuterons are
detected using a AE—E silicon telescope system. The thin AE detector measures the initial energy loss of the
particle, while the thicker E detector measures the residual energy, enabling accurate particle identification
and precise energy determination. The detectors are positioned at specific laboratory scattering angles to
measure the angular distribution of emitted deuterons. The distance between the boron target and the detector
active area defines the solid angle, which affects both counting statistics and energy resolution.

Figure 1 illustrates the schematic configuration of the experimental setup. The experiment is
performed using the NG-150 neutron generator, in which neutrons are produced in a TiT production target.
The generated neutrons interact with a thin °B boron target, where the °B(n,d)°Be reaction occurs. In this
study, neutrons emitted at laboratory angles close to 90° with respect to the incident deuteron beam are used,
since this region provides a relatively narrow neutron energy distribution, i.e., a more quasi-monoenergetic
neutron beam.
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The emitted deuterons are detected using a AE-E silicon telescope system positioned at predetermined
laboratory scattering angles. The detector placement is defined by the target-to-detector distance L and the
detector active diameter D, which together determine the solid-angle coverage, affecting both counting
statistics and the overall energy resolution of the measurement.
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I I AFE-FE silicon telescope
| Neutrons
’ I
= I
e
) I
A
I
I
-—

Figure 1. Schematic representation of the experimental setup used for the measurement of the
108 (n,d)°Be reaction, showing the NG-150 neutron generator, the TiT neutron production target, the
1B target, and the AE-E silicon telescope.

Modeling of Energy Resolution. The accurate measurement of the differential cross-section for the
19B(n,d)°Be reaction strongly depends on the energy resolution of the detection system. The total energy
resolution of the AE-E telescope is determined by several independent contributions combined in quadrature:

FWHM,,, = \/FWHMget + FWHM?, + FWHMZ o + FWHMZ (1)

where FWHM3,, is the intrinsic detector resolution, FWHM?Z,. energy straggling in target material,
FWHM? , accounts for the energy spread from neutron angular distribution, FWHM§ , represents
broadening caused by detector geometry and solid angle.

Detector Resolution Contribution (FWHM?3,,). The intrinsic energy resolution of the silicon
detectors is mainly determined by electronic noise and statistical fluctuations in the charge collection
process. The detector contribution to the energy resolution can be characterized by the full width at half
maximum (FWHM,;) of the spectral peaks.

To determine the intrinsic detector resolution, Gaussian fitting was applied to five well-resolved peaks
in the 2?°Ra alpha spectrum using Origin software, as illustrated in Figure 2. The FWHM,,, values obtained
from the individual peaks were initially determined in channel units.

Subsequently, an energy calibration was performed using a linear calibration function relating channel
number to energy. Using this calibration, the FWHM,,, values were converted from channels to energy units
(keV). The average value of the converted FWHM,,, values was then used to estimate the intrinsic energy
resolution of the detector.
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Figure 2. Vacuum spectrum of the ??Ra source measured using the silicon E-detector. The peak
used for intrinsic resolution determination is shown with Gaussian fitting.

Target Energy Straggling (FWHM?,). The target energy straggling contribution arises from
statistical fluctuations in energy loss as deuterons traverse the boron target material. The straggling width
was evaluated using stopping power calculations implemented in simulation packages such as LISE++,
taking into account target thickness, material density, and particle transport effects [3,8]. The energy
straggling contribution was obtained numerically using Monte Carlo based stopping power simulations. As
deuterons traverse the boron target, they experience multiple small-angle collisions with target atoms,
leading to statistical fluctuations in energy loss, known as energy straggling. The contribution of energy
straggling to the total energy resolution can be expressed as:

FWHMg, = 2.355 - gy (2)

Where gy, is typically obtained from simulation software such as LISE++. In this work, the straggling
contribution was determined using simulation-based stopping power calculations. The energy loss and
straggling parameters were evaluated using nuclear interaction simulation tools such as LISE++, which
provide numerical estimates of particle energy distribution inside the boron target.

The dependence of the mean deuteron energy loss and the corresponding energy broadening in terms
of FWHM;, on the boron target thickness was evaluated using SRIM-based simulations. As shown in
Figure 3, both the average energy loss and the spectral broadening increase with increasing target thickness.
While a thicker target improves reaction yield, it also significantly degrades the spectral resolution due to
enhanced energy straggling. Therefore, an optimal target thickness was selected to ensure a balance between
sufficient counting statistics and acceptable energy resolution for the AE-E telescope measurements.
Increasing target thickness enhances reaction yield but leads to additional spectral broadening. The selected
thickness represents a compromise between counting statistics and energy resolution.
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Figure 3. Simulated mean energy loss and energy broadening (expressed as FWHMy,,) of
deuterons in the boron target as a function of target thickness.

Neutron Angular Spread Contribution (FWHM?LB). Neutrons produced in the TiT production
target of the NG-150 generator are emitted with a finite energy and angular distribution due to the intrinsic
deuteron beam energy spread and the geometrical thickness of the tritium target. As a consequence, the
incident neutron energy at the boron target is not strictly monoenergetic. Since the detected deuteron energy
depends on the neutron energy through reaction kinematics,

Eq = f(En, 61ap) 3)
variations in neutron energy lead directly to a spread in the measured deuteron energy at a fixed
laboratory angle [9]. The corresponding contribution to the energy resolution can be evaluated using standard

error propagation:
2Eq

FWHM, = |5-%| - FWHMg, (4)
FWHMg_ is the neutron energy spread and Z% represents the kinematic sensitivity factor calculated at

the selected laboratory angle. The derivative % was determined numerically from reaction kinematics by

n

varying the neutron energy around its nominal value and evaluating the corresponding change in deuteron
energy at each measurement angle. The neutron energy distribution was obtained from the known kinematics
of neutron production in the TiT target and the specified deuteron beam energy spread of the NG-150
generator. The neutron angular spread contribution was evaluated using reaction kinematics. The sensitivity

of the detected deuteron energy to neutron energy variation was estimated as the derivative g%, and the

neutron energy spread FWHMg_ was calculated analytically without relying on pre-tabulated simulation
data.

The neutron energy is expressed as a function of the incident deuteron energy and neutron emission
angle:

En = f(Eq, 6,) )

where E; is the deuteron beam energy, and 6,,is the neutron emission angle in the laboratory frame.

The neutron energy resolution contribution was evaluated using the error propagation method. The
corresponding full width at half maximum is given by:

2 2
FWHME, = (522) - (FWHMoqm + FWHMZ, 1) + (522) - (46,)*  (6)
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Beam energy and target straggling term: FWHMZ,q,, + FWHM%, 1 represents the effective deuteron
energy spread arising from accelerator beam energy dispersion and energy straggling inside the titanium—
tritium target. FWHMZ g = 2.355 - Opeqm  » FWHMZ, 7 = 2.355 - 01

Kinematic sensitivity factor: (Z%) describes the dependence of neutron energy on the incident
da

deuteron energy based on reaction kinematics.
. . o BE, L -
Angular dispersion contribution: YN accounts for neutron energy variation due to angular emission

n

distribution. A8,, represents the angular acceptance range determined by the production target geometry. The
neutron energy resolution contribution was calculated analytically without relying on pre-tabulated
simulation data, ensuring transparency of the modeling procedure.

To quantify the neutron angular spread contribution, the reaction kinematics of the °B(n,d)°Be process

was evaluated. The dependence of the detected deuteron energy on the incident neutron energy was
calculated analytically, and the sensitivity factor Z% was determined at each laboratory angle.

As shown in Figure 4, the deuteron energy varies nearly linearly with the incident neutron energy in
the energy range relevant for the NG-150 generator. The relationship is illustrated for several laboratory
scattering angles: 0°, 15°, 30°, 45°, and 60°. The slope of each curve corresponds to the kinematic
amplification factor, which defines how the neutron energy broadening propagates into the measured

deuteron spectrum and is used in calculating the FWHM,, g contribution.
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Figure 4. Deuteron energy as a function of incident neutron energy for the °B(n,d)°Be reaction
at different laboratory scattering angles (0°, 15°, 30°, 45°, and 60°).

Detector Solid Angle Contribution (FWHMgd). Even if the incident neutron beam were perfectly

collimated and monoenergetic, the finite size of the detector introduces an additional source of energy
broadening. Because the detector subtends a finite solid angle, particles emitted within a small angular
interval ABgare detected simultaneously. Since the reaction kinematics depends on the laboratory angle, this
angular acceptance results in a spread of detected deuteron energies.

The corresponding contribution to the total energy resolution is obtained by propagating the angular

uncertainty through the reaction kinematics:

0E
FWHMg, = |ﬁ| - A8y )

Determination of angular acceptance. For a circular detector of active diameter D placed at a distance
L from the target, the angular acceptance can be approximated as:
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AB4 = 2arctan (%) 8

Where, D is the detector active diameter, and L is the target-to-detector distance.

The influence of detector angular acceptance on the measured energy resolution was evaluated using
reaction kinematics. Because the detector subtends a finite angular interval A84, particles emitted at slightly
different laboratory angles are recorded simultaneously. Since the deuteron energy depends on emission
angle, this effect introduces additional spectral broadening.

The influence of the detector solid angle on the measured energy resolution was evaluated for a
detector of active diameter D = 1 cm at various target-to-detector distances (L = 10, 20, 30, 40, 50, and
60 cm). As shown in Figure 5, the geometrical broadening contribution (FWHMp ) decreases with increasing
L, while the effect becomes more pronounced at larger laboratory scattering angles due to kinematic
sensitivity. These results provide guidance for optimizing detector placement to minimize angular
broadening without compromising counting statistics.
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Figure 5. Contribution of the detector solid angle (FWHMg ) to the total energy resolution as a

function of laboratory scattering angle for a detector of diameter D = 1 cm at various target-to-
detector distances (L =10, 20, 30, 40, 50, and 60 cm).

Total Resolution and Optimization. The total energy resolution obtained by combining all
independent contributions can be used to evaluate the separation of reaction peaks corresponding to the
ground and excited states of °Be. To ensure reliable peak discrimination, a commonly adopted separation
criterion requires that the distance between adjacent peaks be at least 1.5 - FWHM,,, [11].

Based on the resolution model developed in this work, the following experimental parameters were
optimized: Boron target thickness, Detector-target distance and detector active area, Laboratory observation
angles.

Through analytical modeling, these parameters can be adjusted to achieve minimal spectral
broadening while preserving sufficient counting statistics for reliable measurement. The proposed
optimization framework provides a practical approach for improving energy resolution and measurement
efficiency in differential cross section studies using neutron generator based experimental systems.

The total energy resolution (FWHM,,;) was evaluated by combining all independent contributions,
including intrinsic detector resolution, target energy straggling, neutron angular spread, and detector solid
angle effects. For Figure 6, calculations were performed assuming a boron target thickness of 20 um and a
target-to-detector distance of L = 12 cm. The results show that the total FWHM exhibits a clear angular
dependence due to kinematic sensitivity and geometric broadening, with better spectral resolution at forward
angles compared to larger scattering angles. This provides guidance for selecting optimal detector placement
and target parameters to ensure reliable peak separation of the °Be ground and excited states.
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Figure 6. Total energy resolution (FWHM,,,) as a function of laboratory scattering angle for the

198 (n,d)°Be reaction.

Peak Separation Criteria and Optimization. Accurate separation of the °Be ground and excited state
peaks is essential for reliable differential cross section measurements of the 1°B(n,d)°Be reaction. The energy
levels of the °Be residual nucleus, including the ground state and first few excited states, were obtained from
evaluated nuclear data [10], which provide excitation energies and corresponding deuteron group energies
used in peak identification (see evaluated nuclear level compilations). To ensure sufficient resolution of
adjacent states, a commonly adopted separation criterion is:

|E; — E;| > 1.5 FWHM,,, (9)

where E; and E, are the deuteron energies associated with the ground and first excited states of °Be,

respectively, and FWHM,,; is the total energy resolution defined in Section 3. The fulfillment of this

criterion strongly depends on observation angle, target thickness, and detector geometry. Therefore,

systematic parameter variation was performed to identify the optimal experimental region. This criterion

helps prevent artificial overlap of peaks in the measured spectrum and thus reduces systematic errors in cross
section extraction.

Several key experimental parameters influence the ability to meet this peak separation criterion and
must be carefully optimized:

While thicker targets increase reaction yield, they also enhance energy straggling, which broadens
peaks. Conversely, thinner targets reduce straggling but may lead to lower counting statistics.

Increasing the distance between the target and detector reduces geometric broadening (FWHMg ) by

decreasing the angular acceptance. However, this also reduces the solid angle and, therefore, the count rate.
Due to two-body reaction kinematics, certain laboratory angles provide larger separation between deuteron
energy peaks corresponding to different °Be states. Modeling using kinematic relations or simulation tools
such as LISE++ can help identify optimal angles for detector placement [3].

By adjusting these parameters according to the separation criterion, the total FWHM can be minimized
while ensuring that the ground and excited state peaks remain resolvable. Optimization of these factors also
contributes to reducing the total measurement time without compromising energy resolution or statistical
accuracy. The developed resolution model was applied to evaluate the expected experimental performance
for the 1°B(n,d)°Be reaction under realistic geometric and target conditions.

Individual broadening contributions, including intrinsic detector resolution, target straggling, neutron
angular spread, and detector solid angle effects, were calculated for representative laboratory angles and
target thicknesses. The total energy resolution was obtained by quadratic summation of these independent
terms. The present study represents a theoretical evaluation of the expected experimental performance for the
198(n,d)°Be reaction using a compact neutron generator. The results are based on kinematic calculations and
LISE++ simulations aimed at assessing peak separation capability prior to experimental implementation [3].

For typical experimental parameters, the dominant contributions arise from target energy straggling
and intrinsic detector resolution, while geometrical effects become significant at larger laboratory angles. For
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the optimized configuration, the separation condition |E; — E,| > 1.5 - FWHM,,, is satisfied across a broad
range of laboratory angles. The separation margin decreases for thicker targets due to increased straggling
but improves at forward angles where kinematic sensitivity is reduced.

The modeling results suggest the following practical recommendations: Select boron target thickness
to balance reaction yield and energy straggling. Position detectors at laboratory angles that maximize peak
separation according to two-body kinematics. Increase detector distance where feasible to reduce geometrical
broadening while maintaining acceptable count rates. These findings demonstrate that careful analytical
modeling enables optimization of spectral quality while minimizing total measurement time.

Conclusion. In this work, a comprehensive analytical model for the total energy resolution of the AE-
E detection system was developed and applied to the °B(n,d)°Be reaction using a neutron generator. All
major broadening mechanisms including intrinsic detector resolution, energy straggling in the boron target,
neutron angular spread, and detector geometrical acceptance—were systematically evaluated.

The combined resolution model enabled quantitative prediction of peak separation between the ground
and first excited states of °Be. By applying a well-defined separation criterion, optimal experimental
parameters were identified, including boron target thickness, detector distance, and laboratory observation
angles, ensuring reliable peak discrimination while maintaining sufficient counting statistics.

The results demonstrate that careful modeling of resolution contributions allows efficient optimization
of experimental conditions, leading to improved spectral quality and reduced acquisition time. This
methodology provides a practical framework for differential cross section measurements using neutron
generator-based systems and can be extended to other neutron-induced charged-particle reactions. The study
defines a realistic parameter window in which separation of the °Be ground and excited states becomes
experimentally feasible using compact neutron generator facilities.
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3D O‘'LCHAMLI GRAFEN NANOSTRUKTURALAR SINTEZIGA LAZER VA MATERIAL
PARAMETRLARINING TA’SIRI
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va energetika kafedrasi o ‘qituvchisi
Sotimova Mahbuba Kadamovna,
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Annotatsiya. Ushbu ishda polimid (Pl) substratida lazer-induksiyalangan 3D grafen
nanostrukturalarining shakllanishiga lazer va material parametrlarining ta’siri nazariy, sonli va
eksperimental yondashuvlar asosida tahlil gilinadi. Lazer-polimid o zaro ta’siri COMSOL Multiphysics
muhitida chekli elementlar usuli (FEM) asosida modellashtirilib, lazer energiyasining yutilishi, issiglik
targalishi va sirt haroratining fazoviy-vaqt bo ‘yicha evolyutsiyasi baholandi. Modelda polimidning issiglik
o ‘tkazuvchanligi, issiqlik sig imi, zichligi va optik yutilish koeffitsiyentining haroratga bog ‘ligligi hisobga
olindi. Femtosoniyali lazer uchun skanerlash tezligi 0,05-0,20 m/s oralig‘ida o ‘rganilib, tezlik kamayishi
bilan issiqlik to ‘planishi va maksimal sirt harorati 2400 K dan 2600 K gacha ortishi aniglandi. Shuningdek,
yutilish koeffitsiyentining A = 0,7, 0,8, 0,9 giymatlaridagi rejimlari taqqoslanib, A = 0,8 holati grafen hosil
bo ‘lish sifati, g ‘ovaklik va termik barqarorlik nugtayi nazaridan magbul rejim sifatida belgilandi. Olingan
sonli natijalar SEM va Raman tahlillari, shuningdek, LIG ning elektr qarshiligini o ‘Ichash natijalari bilan
bog ‘lanib, lazer parametrlarini boshqarish orqali 3D grafen strukturasini maqsadli shakllantirish imkoniyati
ko ‘rsatildi.

Kalit so‘zlar: lazer-induksiyalangan grafen, 3D grafen, polimid, femtosekundali lazer, COMSOL
Multiphysics, FEM, issiglik uzatish, lazer yutilishi, skanerlash tezligi, Raman spektroskopiyasi, SEM

BJIMSIHUE NAPAMETPOB JIABEPA U MATEPUAJIA HA CUHTE3 3D TPA®EHOBbBIX
HAHOCTPYKTYP

Aunomayua. B Oannoii pabome Ha oCHO8e mMeopemuyecKo2o, YUCIEHHO20 U IKCHEePUMEHMANbHO20
n00X0008 NPOAHANUZUPOBAHO  GIUAHUE NAPAMEMpPO8 J1dsepa U Mamepuaid Ha Gopmuposarue
unoyyuposannvlx aazepom 3D  epagenosvix Hamocmpyxkmyp Ha noauumuonou (IIHM) noonooicke.
Bszaumooeiicmsue nazepa ¢ noamuumudom mooeauposanocv ¢ cpede COMSOL Multiphysics memooom
KOHeuHblx 2nemenmos (MKDJ), ¢ nomowwto komopozo Obliu OyeHeHbl No2loujeHue 1a3epHOl SHep2ul,
pacnpocmpanenue mMenia U NPOCMPAHCTNBEHHO-BPEMEHHAS. I80NIOYUS MeMnepamypvl No8epxHocmu. B
MOOenu yumeHa mMeMnepamypHas 3a8UCUMOCHb MeNnionpo8oOHOCU, MeNI0EMKOCIU, HIOMHOCIU U
KO3 puyuenma onmuyeckoeo nozioujerus nomumuoa. s pexcuma gemmocekyHOH020 1a3epa cKopocms
CcKaHupoganus ucciedogaiacs 6 ouanazone 0,05-0,20 m/c, npu 3mom YCMAHOBNEHO, UMO CHUMICEHUE
CKOpOCMU CKAHUPOBAHUS NPUBOOUM K HAKONIEHUIO Menid U NOBbIUEHUIO MAKCUMALbHOU MeMnepamypul
nosepxuocmu ¢ 2400 K 0o 2600 K. Taxowce 6viiu conocmagnenvl pexcumvl ¢ KOIGOuyueHmom no2noueHus
A =207 08 u 09, npu smom 3nauenue A = 0,8 onpedeneno Kax ONMUMATbHBIUL PEHCUM C MOUKU 3PEHUS.
Kayecmsa hopmuposanust epagena, nopucmocmu u mepmudeckol cmadbunvHocmu. Ilonyuennvie yucienHuvle
pesyrvmamuvl Ovliu conocmagnenvl ¢ Oaunvimu SEM u pamanoscxou cnexmpockonuu, a makice ¢
pe3yabmamamt. UsMepeHusi 1eKmpudecKo2o CONpOMueIeHUs UHOYYyupoeanrno2o aazepom epagena (LIG),
YUMo NOKA3AN0 B03MONCHOCHb YEAeHANPABIeHHO20 hopmuposanus cmpykmypsl 3D epaghena nocpedcmeom
Ynpasienus napamempamu ida3epa.

Knwouesvie cnosa: unoyyuposannulii nasepom epagen, 3D epagpen, nonuumuod, gemmocexyHOubIll
nazep, COMSOL Multiphysics, MKDO, menaonepenoc, noecnowenue na3epHo20 U3IYYEHUs, CKOPOCHb
CKAHUPOBAHUSA, paMaroscKkas cnekmpockonus, SEM.

INFLUENCE OF LASER AND MATERIAL PARAMETERS ON THE SYNTHESIS OF 3D
GRAPHENE NANOSTRUCTURES

Abstract. This study analyzes the influence of laser and material parameters on the formation of laser-
induced 3D graphene nanostructures on a polyimide (P1) substrate, based on theoretical, numerical, and
experimental approaches. The laser—polyimide interaction was modeled in the COMSOL Multiphysics
environment using the finite element method (FEM), through which the absorption of laser energy, heat

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 58


mailto:*azamat@urdu.uz
file:///C:/Users/Admin/Downloads/Telegram%20Desktop/jurabek.s@urdu.uz

PHYSICS

propagation, and the spatiotemporal evolution of the surface temperature were evaluated. The model
accounted for the temperature dependence of the polyimide’s thermal conductivity, heat capacity, density,
and optical absorption coefficient. For the femtosecond laser regime, the scanning speed was investigated in
the range of 0.05-0.20 m/s, and it was established that a decrease in scanning speed leads to heat
accumulation and an increase in the maximum surface temperature from 2400 K to 2600 K. Furthermore,
absorption coefficient regimes of A = 0.7, 0.8, and 0.9 were compared, and A = 0.8 was identified as the
optimal regime in terms of graphene formation quality, porosity, and thermal stability. The obtained
numerical results were correlated with SEM and Raman analyses, as well as with electrical resistance
measurements of the laser-induced graphene (LIG), demonstrating the possibility of purposefully controlling
3D graphene structure formation through laser parameters.

Keywords: laser-induced graphene, 3D graphene, polyimide, femtosecond laser, COMSOL
Multiphysics, FEM, heat transfer, laser absorption, scanning speed, Raman spectroscopy, SEM.

Kirish. Grafen va uning uch o‘lchamli g‘ovakli nanostrukturalari yuqori elektr o‘tkazuvchanligi, katta
solishtirma sirt maydoni, mexanik mustahkamligi va egiluvchanligi sababli energiya saglash qurilmalari,
sensorlar va egiluvchan elektronika uchun eng istigbolli funksional materiallardan biri hisoblanadi. Lazer-
induksiyalangan grafen (LIG) texnologiyasi polimer yuzasida grafensimon g‘ovakli strukturalarni bir
bosqichda, maskasiz va to‘g‘ridan-to‘g‘ri hosil gilish imkonini beradi [1-3]. Biroq LIG sifati lazer quvvati,
impuls davomiyligi, energiya zichligi, skanerlash tezligi va lazer nuri diametri bilan bir gatorda polimerning
optik yutilishi va termofizik xossalariga ham kuchli bog‘liq. Bunday ko‘p parametrli, ko‘p fizikali jarayonni
faqat tajriba yo‘li bilan optimallashtirish vaqt va resurs talab giladi, shu sababli lazer-material tizimini sonli
modellashtirish optimal texnologik rejimlarni oldindan aniglashning samarali vositasiga aylanadi [4-6].

Tadqgiqgot usuli. Tadgigotda polimid substratida lazer ta’sirida yuzaga keladigan termik jarayonlar
COMSOL Multiphysics dasturida chekli elementlar usuli (FEM) asosida modellashtirildi. Lazer
energiyasining materialda yutilishi Beer-Lambert qonuni bilan, issiglik targalishi esa Furye issiglik
o‘tkazuvchanlik tenglamasi bilan tavsiflandi; lazer nurlanishi hajmiy (fs rejim) va sirt (ms rejim) issiqlik
manbayi sifatida qaraldi. Modellashtirishda polimid gatlamining qalinligi 168 mkm, zichligi 1400 kg/m?® deb
olindi, uning issiqlik o‘tkazuvchanligi, issiqlik sig‘imi va optik yutilish koeffitsiyentining haroratga bog‘liq
empirik ifodalari (Ruan va boshgalar, 2018 asosida) hisobga olindi. Femtosoniyali lazer uchun 250 fs impuls
davomiyligi, 10 kHz takrorlanish chastotasi va 100-150 mkm lazer dog‘i diametri, ayrim hisoblarda esa 100
mkJ impuls energiyasi va 0,2 m/s gacha skanerlash tezligi qo‘llanildi. Tadqiqotda SEM va Raman
spektroskopiyasi, shuningdek, SMU asosidagi ikki nuqtali elektr qarshilikni o‘lchash usuli olingan sonli
natijalarni eksperimental jihatdan baholash uchun qo‘llanildi.

Lazer nuri

| ]

=

1-rasm. Lazer nurlanishining polimid sirtida issiglik manbayi sifatida modellashtirilishining
sxematik ko‘rinishi

Modelning asosiy g‘oyasi lazer energiyasini lokal issiglik manbayi sifatida berish va uning material
ichida targalishi natijasida yuzaga keladigan harorat maydonini aniglashdan iborat. Bu yondashuv lazer
quvvati, skanerlash tezligi va yutilish koeffitsiyentining termik ta’sir zonasiga ta’sirini miqdoriy baholash
imkonini beradi.

Asosiy natijalar. Vaqtga bog‘liq COMSOL simulyatsiyalari femtosoniyali lazer skanerlash
tezligining harorat maydonining fazoviy va vaqtinchalik evolyutsiyasini qanday boshqarishini ko‘rsatdi:
skanerlash tezligi 0,05 m/s dan 0,20 m/s gacha oshganda, yuzadagi maksimal harorat taxminan 2600 K dan
2400 K gacha muntazam ravishda pasaydi (2-rasm), oraliq nuqtalarda esa 0,10 m/s da ~2500 K va 0,15 m/s
da =2480 K qiymatlar qayd etildi. Bu tendensiya skanerlash tezligini LIG hosil bo‘lish jarayonining asosiy
boshgaruvchi texnologik parametrlaridan biri sifatida ko‘rsatadi: past tezliklarda lazer-material o‘zaro ta’sir
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vaqti uzayib, ketma-ket impulslar orasida material to‘liq sovib ulgurmaydi, natijada issiqlik kumulyativ
ravishda to‘planadi va sirt harorati polimiddan olingan grafen uchun xarakterli 2500-3500 K grafitlanish
oynasiga yaqinlashadi yoki unga tushadi. Yuqori skanerlash tezliklarida esa energiya to‘planishi kamayib,
cho‘qqi harorat grafitlanish oynasining pastki chegarasidan pastda qoladi, bu esa nisbatan yupqaroq va
nugsonliroq grafen qatlami hosil bo‘lishiga olib keladi. Shu bilan birga, eng past tezlikda (0,05 m/s) issiqlik
ta’sir zonasining kengayishi va mahalliy qizib ketish yoki ablyatsiya xavfining ortishi ham kuzatildi - demak,
grafen sifati va substratning termik shikastlanishi o‘rtasida optimal texnologik oyna mavjud.
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2-rasm. Skanerlash tezligining maksimal sirt haroratiga ta’siri: 0,05-0,20 m/s diapazonida Tmax
ning monoton pasayish tendensiyasi

Polimidning lazer nurlanishini yutish koeffitsiyenti (A) ham alohida boshgaruvchi parametr sifatida
o‘rganildi. A = 0,7 holatida yutilgan energiya miqdori ayrim zonalarda grafitlanish uchun yetarli bo‘lmay
goladi, struktura yetarlicha rivojlanmaydi. A = 0,8 da lazer energiyasining 80 foizi yutilib, karbonizatsiya va
uch o‘lchamli g‘ovak grafen tarmog‘i shakllanishi uchun eng magbul muvozanat kuzatiladi: polimer
tarkibidan ajralayotgan CO, CO,, H, va N gazlari material ichida mikrokanallar hosil qilib, yugori
g‘ovaklikka ega, nisbatan kam nugsonli struktura shakllanishiga xizmat giladi. A = 0,9 da esa grafitlanish
darajasi eng yuqori bo‘lsa-da, ortiqcha gizish tufayli lokal ablyatsiya va strukturaviy nugsonlar ehtimoli
oshadi. Shunga muvofiq, uzluksiz (millisekund) lazer rejimida ham 1,0 J/sm? energiya oqimida sirt harorati
2100-2200 K ga yetib, grafen hosil bo‘lishi uchun yetarli fizik sharoit yaratilishi ko‘rsatildi (3-rasm).
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3-rasm. COMSOL Multiphysics hisoblashida lazer ta’siridagi polimid qatlamining harorat
maydoni tagsimoti

Sonli modelda materialning issiqlik o‘tkazuvchanligi, issiqlik sig‘imi, zichligi va optik yutilish
koeffitsiyentining haroratga bog‘liq o‘zgarishlarini hisobga olish harorat maydoni va issiqlik gradientlarini
aniqroq tavsiflash imkonini berdi. Xususan, polimidning issiqlik sig‘imi harorat ~900-950 K ga yetganda
maksimal giymatga (~2080 J/(kg*K)) erishib, undan keyin pasayadi, bu esa polimidda fazaviy yoki
strukturaviy o‘zgarishlarning sodir bo‘lishidan dalolat beradi. Bu esa lazer parametrlaridan kelib chiqib
grafen hosil bo‘lish shartlarini oldindan baholash uchun modeldan foydalanish imkonini yaratadi.

Eksperimental tasdig. Sonli modellashtirish natijalari SEM va Raman spektroskopiyasi bilan
taggoslangan. CO, va Yb:YAG lazer nurlari yordamida sintezlangan ko‘p qatlamli va bitta qatlamli LIG
namunalarining SEM mikrofotosuratlarida o‘zaro bog‘langan, g‘ovakli uglerod skeleti kuzatildi, bu esa uch
o‘lchamli grafen tarmog‘ining rivojlanganligini tasdigladi. Raman spektrlarida D, G va 2D zonalarining
mavjudligi grafensimon uglerod strukturasining shakllanishini tavsigladi (4-rasm). Femtosoniyali lazer
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plazmasining ~5000 K gacha yetadigan yuqori haroratiga qaramay, polimidning o‘zi bir necha yuz darajali
haroratda qolishi past nugsonli grafen gatlamini hosil gilish uchun yetarli emasligi aniglandi; shu sababli
nugson zichligini kamaytirish uchun vakuumda (500 °C, 45 daqiqa, suyuq azot bug‘i muhitida) qo‘shimcha
tavlash usuli qo‘llanildi, bu esa qiyosiy Raman tahlilida D/G nisbatining kamayishi va 2D cho‘qqisining
kuchayishi orqgali grafen tarmog‘ining gisman tiklanganini ko‘rsatdi.
— . 1 Sl

Raman shift (cm™)

4-rasm. CO; va Yb:YAG lazer nurlri yordamida sintezlangan ko‘p qatlamli (a) va bitta
gatlamli (b) grafenning SEM mikrofotosurati hamda mos Raman spektrlari (¢)

LIG ning elektr xossalari SMU asosidagi ikki nuqgtali o‘lchash usuli (5 V ochiq zanjir kuchlanishida)
yordamida baholandi. Olingan natijalarga ko‘ra, femtosoniyali lazer skanerlash sonining ortishi bilan LIG
ning elektr qarshiligi izchil pasayish tendensiyasini namoyon qildi: ikki marta skanerlashda garshilik
taxminan 60 Om/sm ni tashkil etsa, to‘rt marta skanerlashda ~45 Om/sm, olti marta skanerlashda ~20
Om/sm gacha, o‘nta ketma-ket skanerlashda esa ~10 Om/sm gacha pasaydi. Bu natija qo‘shimcha
skanerlashlar grafen qatlamlari orasidagi bog‘lanishni mustahkamlab, umumiy o‘tkazuvchanlikni oshirishini
tasdiglaydi. Shuningdek, 40 mm/s skanerlash tezligida ketma-ket ablyatsiyalangan chiziglar orasidagi
masofaning kamayishi ham qarshilikning pasayishiga ijobiy ta’sir ko‘rsatishi aniqglandi.

Xulosa. Lazer nurlanishi ta’sirida polimid substratida 3D grafen nanostrukturalarining shakllanishi
lazer energiyasining yutilishi, issiqlik tarqalishi, piroliz, karbonizatsiya va grafitlanish bilan bog‘liq ko‘p
fizikaviy jarayon ekanligi ko‘rsatildi. COMSOL Multiphysics asosida ishlab chigilgan model lazer
parametrlarini, xususan, skanerlash tezligi va optik yutilish koeffitsiyentini - harorat maydoni bilan bog‘lash
imkonini berdi. 0,05-0,20 m/s skanerlash tezliklari uchun maksimal haroratning mos ravishda taxminan
2600-2400 K oralig‘ida o‘zgarishi aniglandi. Yutilish koeffitsiyenti uchun A = 0,8 rejimi grafen hosil bo‘lish
sifati, g‘ovaklik va termik barqarorlik nuqtayi nazaridan magbul deb baholandi. Natijalar SEM, Raman
tahlillari hamda elektr qarshilikni o‘lchash natijalari bilan bog‘lanib (skanerlash soni 2 dan 10 gacha
ortganda garshilikning ~60 Om/sm dan ~10 Om/sm gacha pasayishi), lazer parametrlarini oldindan tanlash
va 3D LIG sintezini boshgarish uchun ilmiy asos yaratdi.

ADABIYOTLAR:

1. H. Kumar, et al. Graphene Properties, Synthesis and Applications: A Review. AIMS Materials
Science, 2022.

2. M. Romero, et al. Three-Dimensional (3D) Laser-Induced Graphene: Structure, Properties, and
Application to Chemical Sensing. ACS Applied Materials & Interfaces, 2021.

3. S. Chen, et al. Laser-Induced Graphene for Bioelectronics and Soft Actuators. Advanced Functional
Materials, 2021.

4. X. Liu, et al. Laser-Induced Graphene Structures: From Synthesis and Applications to Future
Prospects. Materials Today, 2023.

5. R. Murray, et al. Design of Experiments and Optimization of Laser-Induced Graphene. ACS
Omega, 2021.

6. X. Ruan, R. Wang, J. Luo, Y. Yao, T. Liu. Experimental and Theoretical Study of Thermal
Properties of Polyimide. Materials & Design, 2018.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 61



PHYSICS

UO‘K 621.373.8
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Annotatsiya. Biz metall sirtlarining qaytaruvchanligini (reflektivligini) kamaytirish uchun
nanosekundli impulsli lazer ablatsiyasidan foydalandik. Qaytaruvchanlikning o ‘zgarishi turli lazer
skanerlash gadamlarida (va’ni turli impuls zichligi darajalarida) o ‘rganildi, olingan tendensiyalar esa
ablatsiya tufayli yuzaga kelgan morfologik va tarkibiy o zgarishlar bilan taqqoslandi. Mis namunalarida shu
narsa aniqlandiki, sirtning qorayishiga lazer bilan bevosita o ‘yish emas, balki sovuyotgan ablatsiya bulutida
hosil bo‘lib, keyin sirtga qayta tushib qolgan nanoklasterlar va nanozarrachalar sabab bo ‘Igan. Model
hisob-kitoblarimiz mikro va nano-strukturalarning, shuningdek, mis oksidlarining ablatsiyalangan mis
sirtining gaytaruvchanligini kamaytirishdagi rolini tasdigladi.

Kalit so‘zlar: lazer ablatsiyasi, sirt modifikatsiyasi, lazer yordamida goraytirish, nanostrukturalar,
past qaytaruvchanlik, mis (Il)-oksidi (Cu0O), nanozarrachalar, Nd:YAG lazer, sirt morfologiyasi,
gaytaruvchanlik spektri.

DARKENING OF METAL SURFACES BY NANOSECOND PULSED LASER ABLATION

Abstract. Nanosecond pulsed laser ablation was applied to reduce the reflectivity of metal surfaces.
Changes in reflectivity were studied for different laser scanning pitches (i.e., different pulse-density levels),
and the observed trends were compared with the morphological and compositional changes induced by
ablation. For copper samples, it was found that surface darkening was not caused by direct laser etching,
but by nanoclusters and nanoparticles formed in the cooling ablation plume, which subsequently redeposited
onto the surface. Model calculations confirmed the role of micro- and nanostructures, as well as copper
oxides, in reducing the reflectivity of the ablated copper surface.

Keywords: laser ablation, surface modification, laser darkening, nanostructures, low reflectivity,
copper (I1) oxide (Cu0), nanoparticles, Nd:YAG laser, surface morphology, reflectivity spectrum.

INOTEMHEHHME HOBEPXHOCTH METAJIJIOB ITPU NIOMOIIH HAHOCEKYH/IHOHI
UMITYJbCHOU JJABEPHOMU ABJIAIINN

Annomayus. /[ cHudceHus ompaxcamenbHoll CnOCOOHOCIU MeMalIu4ecKux nosepxHocmell owiia
npUMeHeHa HAHOCEKYHOHAs UMNYIbCHAA Nazephas abnayus. M3meHneHue ompasicamenbHol cnocoOHocmu
U3Y4anoch Npu pasiuyHelX Wa2ax J1a3epHo20 CKAHUPO8aHus (Mo ecmv Npu pa3HLIX YPOBHAX NIOMHOCMU
UMRYTIbCOB), a4 NONYYEeHHble 3AKOHOMEPHOCMU CONOCMABIANUCH C MOPHOI0UYECKUMU U CIMPYKIYPHBIMU
UBMEHEeHUAMU, 8bI36AHHbIMU aAbIAYUell. Yemanoeieno, ymo Ha obpasyax meou nomemueHue noepxXHoCmu
8bI36AHO He HeNnoCPeOCMBEeHHbIM JNA3ePHbLIM  MpAeleHuemM, d HAHOYACMUYAMU U HAHOKIACmepamu,
006pazyIowumMucs 6 ocmolgaiouiem abIAYUOHHOM 001aKe U 6NOCIeOCMBUL 0CeOaWUMU HA NOBEPXHOCTIb.
Mooenvhvle pacuémvl noOmeepounu poib MUKpo U HAHOCMPYKMYP, A MAaKice OKCUOO8 Medu, 8 CHUNCEHUU
ompasicamenbHol CHOCOOHOCMU AOTAYUOHHOU NOBEPXHOCNU MEOU.

Kniouesvie cnoea: naszepnas abaayus, Moouukayus nOGePXHOCMU, Jd3epHOe NomeMHeHue,
HAHOCMPYKMYpbl, HU3KAs ompasxcamensnas cnocoonocms, oxcud meou (11) (Cu0), nanouacmuywi, Nd:YAG
Jzasep, Mophonozus n08epPXHOCMU, CHEKMP OMPANCEHUSL.

Kirish. So‘nggi yillarda yorug‘lik yutilishini maksimal darajaga yetkazadigan sirt-
modifikatsiyalangan materiallarga bo‘lgan talab sezilarli darajada oshdi. Bunday yuqori yutuvchanlikka ega,
goraytirilgan materiallar detektorlar samaradorligini oshirishdan tortib, quyosh batareyalari samaradorligini
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yaxshilashgacha, harbiy kamuflyaj va hashamatli mahsulotlarda estetik magsadlarda foydalanishgacha
bo‘lgan turli sohalarda qo‘llanilmoqda. Talabning bunday o‘sishi sirtni qoraytirish texnikalari bo‘yicha keng
gamrovli tadgigotlarni va bu Xxususiyatlarga erishishning innovatsion usullarini ishlab chigishni
rag‘batlantirdi. Bundan tashqari, lazer ablatsiyasi orqali sirtni modifikatsiya qilish nafaqat aniq material olib
tashlash uchun, balki issiqlik o‘tkazuvchanligi, optik va morfologik xususiyatlarni nozik sozlash uchun ham
istigbolli yondashuv bo‘lishi mumkin, xususan, tibbiy qurilmalar, energiya saqlash tizimlari va
mikrostrukturalangan optik komponentlarni ishlab chigishda ko’rish mumkin [1].

Bunday yondashuvlardan biri anodli oksidlash jarayoni bo‘lib, u po‘lat sirtlarini qoraytirish uchun
go‘llanilgan va natijada korroziyaga qarshi xususiyatlar hamda tashqi ko‘rinish yaxshilangan. Titan va uning
qotishmalarini qoraytirishga ham e'tibor qaratilgan bo‘lib, bunda kerakli sirt xususiyatlariga erishish uchun
kimyoviy usullar qo‘llanilgan [2]. Lazer aniqlik texnikalaridan foydalanish materiallar chidamliligini
oshirishga yordam berishini ko‘rsatilgan, bu esa nanostrukturalarning qoplamalar shakllanishiga ta’sirini
tushunish uchun ham dolzarbdir [8]. Plazma asosidagi texnikalardagi yutuglar ham titan dioksidi
plyonkalarini qoraytirish usullarini rivojlantirishga hissa qo‘shdi [3]. Bundan tashqari, alyuminiy plastinkalar
ustidagi bir va ikki gatlamli interferensiya goplamalaridan foydalanish yuqori yutuvchanlikka ega rangli
bo‘yoq qoplamalarini yaratishga olib keldi [4]. Mis substrati ustida yuqori yutuvchanlikka ega CuO
qatlamini o‘stirish uchun kimyoviy usulni ishlab chiqilgan, bu esa samarali qoraytirilishi mumkin bo‘lgan
materiallar doirasini yanada kengaytirdi [5].

Yuqoridagi usullarning kamchiligi shundaki, ularning ko‘pchiligi material uchun o‘ziga xos bo‘lib,
ekologik jihatdan har doim ham qulay emas. Lazerlar o‘zining ko‘p qirraliligi, foydalanishning qulayligi va
kontaktsiz ishlash xususiyatlari tufayli sirtni qoraytirish uchun, aynigsa, istigbolli vosita sifatida
go‘llanilmoqda. Femtosekundli mikroishlov berish yuqori yutuvchanlikka ega sirt strukturalarini yaratish
uchun qo‘llanilgan [9], nanosekundli lazer ablatsiya texnikasi esa nikel va zanglamaydigan po‘lat sirtlarida
yutilishni kuchaytiruvchi strukturalar hosil gilish uchun ishlatilgan [6, 7]. Titan gotishmasini femtosekundli
lazer bilan teksturalash uning mexanik yaxlitligini saglagan holda, mikro-nano gibrid sirt strukturalarini hosil
qilish orqali antirefleksion xususiyatlarini yaxshilashi mumkinligini ko‘rsatishgan [8]. Materiallar
mikrostrukturasini nozik sozlash mexanik xususiyatlarga sezilarli ta’sir ko‘rsatishini, xuddi sirtni qoraytirish
kabi ko‘rsatishgan. Tadgiqotlar dinamik sharoitlarda material xatti-harakatini modellashtirish misollar
keltirib o‘tgan, bu esa lazer ablatsiyasi natijasida yuzaga keladigan mikrostruktura o‘zgarishlarini tahlil qilish
uchun ahamiyatlidir.

Birog nanosekundli impulslar yordamida metallarni qoraytirish hali dastlabki bosqichda bo‘lib, bu
borada gaytaruvchanlikning kamayish mexanizmi va sirtdagi struktura shakllanish jarayoni hagida ochiq
savollar mavjud. Femtosekundli lazer nurlanishi holatida optik xususiyatlarning o‘zgarishi va sirt
morfologiyasining modifikatsiyasi o‘rtasidagi bog‘liglikni tavsiflashga qaratilgan bir qator tadgiqotlar chop
etilgan bo‘lsa-da, bu jarayonlar nanosekundli rejimda batafsil o‘rganilmagan. Nanosekundli lazer
impulslarining sirt gaytaruvchanligiga ganday ta’sir qilishini tushunish tegishli mikro- va
nanostrukturalarning rivojlanishi hamda gaytaruvchanlik kamayishi mexanizmiga oid ochiq savollarga javob
berishga yordam beradi. Ushbu tadgigotda biz nanosekundli lazer impulslarining metallar (mis, titan va
alyuminiy) sirt optik xususiyatlarini qanday modifikatsiya qilishi haqidagi ba’zi dolzarb savollarga javob
berishga harakat gilamiz [1].

Tadqiqot obyekti va qo‘llanilgan metodlar. Tadgigot obyekti sifatida duralyumin, titan va mis
plastinkalari tanlandi. Namunalarning lazer bilan nurlantirilishi Nd:YAG lazer tizimi (Q-smart450, Quantel,
to‘lqin uzunligi: 1064 nm, takrorlanish chastotasi: 10 Hz, impuls davomiyligi: 10 ns) impulslari yordamida
amalga oshirildi. Impuls energiyasi 35 dan 196 mJ gacha o°zgartirildi. Lazer nuri diametri 900 mkm bo‘lgan
nuqtaga fokuslandi va 3, 6, 12 va 24 J/sm? lazer fluenslari (energiya zichliklari) qo‘llanildi. 10 mm x 13 mm
o‘lchamli to‘rtburchak maydon ikkita qadamli dvigatel yordamida namuna metall plastinkalarni x va y
yo‘nalishlarida siljitish orqgali nurlantirildi. Siljish tezligini 9 mm/s dan 0,6 mm/s gacha o‘zgartirish orqali
birlik yuzaga to‘g‘ri keladigan o‘rtacha lazer impulslari soni o‘zgartirildi. X va y yo‘nalishlarida 900, 450,
180, 90 va 60 mkm skanerlash gadamlari (ya’ni ketma-ket nurlantirilgan nugtalar orasidagi masofalar)
qo‘llanildi, bu esa mos ravishda 0%, 50%, 80%, 90% va 93% lateral (yon) qoplanish darajalarini beradi.

Perpendikulyar tushayotgan yorug‘lik uchun gayta ishlangan maydonlarning umumiy gaytaruvchanligi
(spekulyar va sochilgan) integrallovchi sfera bilan jihozlangan UB-ko‘rinadigan skanerlovchi
spektrofotometr (Shimadzu UV-2101PC) yordamida 250-800 nm to‘lgin uzunligi diapazonida o‘lchandi.
Namunalar morfologiyasi Hitachi-S4700 skanerlovchi elektron mikroskopi (SEM) va Thermo Scientific
Scios 2 DualBeam fokuslangan ion nurli skanerlovchi elektron mikroskopi (FIB-SEM) yordamida o‘rganildi.
Morfologik tadqgiqotlar uchun elektron nur qo‘zg‘atishi natijasida chiqarilgan ikkilamchi elektronlar
(Vacc.=10 kV, Ie=10 pA) Everhart-Thornley detektori bilan gayd etildi. Elementlar tahlili uchun Rontec
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XFlash silikon dreyf detektori va QuanTax 1.6 dasturiy ta’minotiga ega signal qayta ishlash bloki bilan
energodispersion rentgen spektroskopiyasi (EDX) qo‘llanildi. Lazer bilan gayta ishlangan sirtlarning
kimyoviy holati XR50 ikki anodli rentgen manbayi va Phoibos 150 yarim sferik analizatorga ega Specs XPS
asbobi yordamida ham o‘rganildi. Namunalar Al Ka nurlanishi bilan qo‘zg‘atildi. O‘lchov davomida kamera
bosimi 1-10°* mbardan past bo‘ldi. Lazer bilan gayta ishlangan namunalar sirtining zaryadlanishini bartaraf
etish uchun (mis namunalaridan tashqari) o‘lchov paytida elektron neytrallovchi qurilma (flood gun)
ishlatildi.

Natijalar va ularning tahlili. Nurlanish uchala metall plastinkaning ham sirtida ko‘rinadigan
o‘zgarishlarga sabab bo‘ldi. Biroq qorayish faqat mis plastinkalarida kuzatildi. Duralyumin kulrang tusga,
titan esa och ko‘k-yashil tusga kirdi.

Duralyumin

Elektron-mikroskopik tadgiqotlar shuni ko‘rsatdiki, nugtalar goplanmagan va yarim goplangan
skanerlashlarda (450 mkm skanerlash gadami) lazer bilan ishlov berish nurlantirilgan nugtalarning markaziy
gismidagi sirt mikro-notekisligini silliqlagan. Skanerlash qadamini kamaytirish (ya’ni sirt impuls zichligini
oshirish) orqali dastlab mikrostrukturali sirt hosil bo‘lgan, keyin esa eng kichik qadamlarda mikrostrukturalar
ustida nozik nanostrukturalar ham shakllangan. Qaytaruvchanlikdagi o‘zgarishlar va sirt strukturasini
taggoslasak, silliglangan sirtning gaytaruvchanligi ortishini, mikrostrukturali hamda mikro va nanostrukturali
sirtlarning qaytaruvchanligi esa kamayishini ko‘rish mumkin.

Titan

Titan namunalarida qaytaruvchanlikning ancha murakkab o‘zgarishi kuzatildi. Lazer nuqtalari bir-
biriga ustma-ust tushmagan holatda, nurlantirilgan maydonning gaytaruvchanligi asl sirt notekisligining
silliglanishi tufayli oshgan, xuddi duralyuminda kuzatilganidek. Skanerlash gadamini (450, 180 va 90 mkm
gacha) kamaytirganimizda gaytaruvchanlik kamaydi, birog eng yuqori impuls zichligida (ya’ni 60 mkm
skanerlash gadamida) u yana oshdi. Qaytaruvchanlik spektrida 180, 90 va 60 mkm skanerlash gadamlari
uchun 350-600 nm to‘lqin uzunligi diapazonida ba’zi xarakterli cho‘qqilar ham paydo bo‘ldi. XPS va EDX
o‘lchovlariga asoslanib, biz bu cho‘qqilar nurlantirilgan sirt qatlamida turli titan oksidlari (Ti0,, Ti,03))
shakllanganligidan dalolat berishini anigladik, bu esa avvalgi kuzatuvlar bilan mos keladi [2].
Cho‘qgilarning joylashuvi va nisbatlari qo‘llanilgan fluensga bog‘liq bo‘lib, bu turli titan oksidlarining
miqdori qo‘llanilgan fluensga bog*‘ligligini bildiradi.

Mis

Mis holatida nurlantirilgan sirtning qaytaruvchanligi o‘rganilgan to‘lqin uzunligi diapazonida keskin
kamaydi. Elektron-mikroskopik tasvirlar qorayishga uchragan maydonlarda mikrostrukturalar ustida juda
nozik nanostruktura hosil bo‘lganini tasdigladi. Bizning XPS va EDX o‘lchovlarimiz sirtning yuqori qatlami
(<1 mkm) deyarli fagat CuO dan iborat ekanligini isbotladi [5].

Misdagi gora qatlam shakllanishini o ‘rganish

Qora sirt gatlami shakllanishida ganday jarayonlar ishtirok etishini aniglash uchun keyingi tajribada
namuna plastinka nurlantirish davomida siljitilmadi, ya’ni fagat kichik, aniq bir maydon ablatsiyaga
uchratildi. Qo‘llanilgan fluens 24 J/sm? bo‘lib, impulslar soni 1000 taga teng edi. Optik mikroskop tasviri
shuni ko‘rsatadiki, ablatsiyaga uchragan maydonning qaytaruvchanligi aslida oshgan, qorongi qism esa lazer
nurlantirgan nuqta emas, balki uni o‘rab turgan hudud ekan. Silliq va yaltiroq ablatsiya kraterini keng gora
tasma bilan o‘ralgan tor yorqin halga qurshab olgan. SEM tasvirlari ablatsiya chuqurchasining markazi silliq
ekanligini, yorqin halqa esa faqat mikrostrukturalashganligini ko‘rsatadi, keng qora tasmada esa
mikrostrukturalar to‘liq nanostrukturalangan material bilan qoplangan.

52° burchak ostida olingan SEM tasvirlari qorongi hududda nanostrukturalangan sirtga ega
tuxumsimon mikrostrukturalar borligini yanada aniqroq ko‘rsatadi. Fokuslangan ion nuri (FIB) kesish usuli
bilan olingan ko‘ndalang kesim (FIB: Ga ion toki: 300 pA, kesim o‘lchami: 5 mkm x 10 mkm x 5 mkm)
tuxumsimon shakllanishlarning shoxlangan-g‘ovaksimon strukturasini yanada yaqqolroq ochib berdi. Ushbu
struktura xususiyatlarining qorongi sirtga sabab bo‘lishi hagigatan ham gayta tushib golgan ablatsiyalangan
zarrachalar tufayli ekanligini bilish uchun biz nurlantirishni namuna vertikal holatda turgan holda
takrorladik. Bu holatda optik tasvirlarda sirtning qorayishi umuman kuzatilmadi. Faqat markazda o‘yilgan
chugurcha, uni yorqin halga va yorqin tasma o‘rab turganligining kuzatilishi shuni ko‘rsatadiki,
ablatsiyalangan nanozarrachalar - bu holatda ular sirtga gaytib tusha olmagani sababli - sirtning gorayishida
muhim rol o‘ynaydi. SEM tadqiqotlari bu keng yorqin halgada fagat sachragan va qotib golgan eritilgan
sachramalar va tomchilarni ko‘rsatdi, nanostrukturalar esa umuman topilmadi. Bu keng yorqin halgada
gorayish va nanostrukturalarning yo‘qligi sirtning qorayishi va nanostruktura qoplamasi bir-biri bilan bog‘liq
hodisalar ekanligini va ular ablatsiyalangan zarrachalarning qayta tushib qolishi bilan bog‘ligligini
ko‘rsatadi.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 64



PHYSICS

Ta’sirlangan hududlardagi mis va kislorodning atom nisbati gorizontal holatda ablatsiyaga uchratilgan
namunaning EDX tahlili orgali aniglandi. Biz ablatsiya chuqurchasi va unga yagin joydagi sirt asosan sof
misdan iborat ekanligini, keng gora hududdagi sirt gatlami esa oksidlanganligini anigladik. Olingan
taxminan 1:1 bo‘lgan Cu: O atom nisbati qorongi hududda qora birikma bo‘lgan CuO mavjudligidan dalolat
beradi. Vertikal nurlantirilgan namuna uchun oksidlangan hudud torroq bo‘ldi, Cu: O = 1:1 nisbati esa faqat
ablatsiya chuqurchasidan uzogrogda aniglandi.

Dastlabki natijalar qorayish gayta tushib golayotgan ablatsiyalangan zarrachalar tufayli ekanligini
ko‘rsatgani sababli, biz ushbu zarrachalarni o‘rganishga qaror qildik. Mis namunasi bir nuqtada uzluksiz
lazer impulslari bilan nurlantirildi, ablatsiyalangan zarrachalar esa Skanerlovchi Mobillik Zarracha
Separatoriga (SMPS) yo‘naltirildi va ablatsiyalangan zarrachalarning o‘lchami tagsimoti o‘lchandi.
Qo‘llanilgan energiya zichligi 24 J/sm? bo‘lib, oqim tezligi 0,32 L/min ni tashkil etdi. Zarrachalarning katta
qismi taxminan 100 nm o‘lchamda edi. Biroq o‘lchov taqsimoti egri chizig‘ining boshlang‘ich qismidagi
ozgina o‘sish shuni ko‘rsatadiki, ablatsiyalangan bulutda asbobning o‘lchash chegarasi (15 nm) tufayli
aniglanmagan sezilarli miqdordagi kichikroq zarrachalar. Klasterlar bo‘lgan bo‘lishi mumkin.

Muhokama. Yugoridagi bir nuqgtali lazer ablatsiya tajribalari shuni ko‘rsatdiki, lazer bilan
ablatsiyalangan sirtda uchta konsentrik hudud ajratib ko‘rsatilishi mumkin: yorqin va silliq ablatsiya krateri,
mikrostrukturalangan o‘tish hududi va nozik nanostrukturalarga ega keng va qora atrofdagi hudud. Shunday
qilib, biz mis sirtining qorayishi bevosita lazer bilan o‘yish natijasi emas, balki olib tashlangan materialning
gaytib tushishi natijasi ekanligini anigladik. Bu hududlarning shakllanishini lazer ablatsiya jarayoni orgali
tushuntirish mumkin. Ablatsiya davomida lazer ta’siri nishon sirtida mahalliy va tez harorat ko‘tarilishiga
hamda bug‘lanuvchi atomlar va issiq nanozarrachalardan iborat ablatsiya bulutining portlashiga olib keladi.
Nurlantirilgan hajmning bir gismi keyin eriydi va eritilgan tomchilarning ba’zilari fotomexanik effektlar
tufayli sachrab chigadi. Sovigan va gotgan tomchilarni ablatsiya krateri chetida va uning atrofida topish
mumkin, ular mikrostrukturalangan hudud hosil giladi. Ablatsiya plazmasi sovigan sari, atom klasterlari va
nanozarrachalari agregatsiya orqali hosil bo‘ladi. Bu nanoklasterlar yoki nanozarrachalar oxir-ogibat sirtga
tushadi va unga yopishib qoladi, mikrostrukturalarga nanostrukturali qoplama qo‘shadi. Nanozarrachalar
eritilgan tomchilarga garaganda ancha uzogroq hududlarni ham goplashi mumkin.

Nishon sirtini lazer nuri bilan skanerlashimizda ketma-ket lazer nugtalari gisman ustma-ust tushishi
mumkin, skanerlash yo‘nalishida esa keyingi zarba avvalgi hosil bo‘lgan strukturani yo‘q qiladi. Biroq
boshga yo‘nalishda (skanerlash orgasida) hosil bo‘lgan mikro va nanostruktura doimo saqglanib qoladi va
nanostruktura qoplamasi kuchayib boradi. Ana shu tarzda sirt tobora qorayadi va gaytaruvchanligi kamayadi.

Hodisani modellashtirish uchun biz orgaga tushgan material tomonidan hosil gilingan gora gatlam
galinligini aniglashga kirishdik. Misda lazer nurining kirish chuqurligini bilgan holda, Ber-Lambert gonuni
va E = ¢ * m » dT tenglamasidan foydalanib hamda nishonning issiqlik o‘tkazuvchanligini hisobga olmagan
holda, biz 24 J/sm? fluensda nurlantirilgan materialning harorati 34 nm chuqurlikkacha gaynash nuqtasidan
(Th, Cu =2835 K), 34-40 nm chuqurlikkacha esa erish nugtasidan (Tm, Cu =1358 K) oshib ketishini
hisobladik. Bu shuni anglatadiki, bir zarbada olib tashlangan materialning 85% bug‘lanadi, 25% esa eritilgan
material sifatida sachraydi. Umuman olganda, bitta nurlantirish materialni 40 nm chuqurlikkacha olib
tashlaydi. Hisoblangan 40 nm ablatsiya chuqurligi kraterlarning profilometriya o‘lchovlaridan chiqarilishi
mumkin bo‘lgan natijadan 20-30 nm kamroq bo‘lib, bu 60—70 nm/impuls ablatsiya tezligini ko‘rsatgan edi.
Bu fargni hisob-kitoblarda issiglik o‘tkazuvchanligi hisobga olinmagani bilan tushuntirish mumkin. Bug‘dan
metall ionlari, atomlari va nanozarrachalarining kichik klasterlari hosil bo‘ladi, ular sirtga qaytib tushadi va
kuzatilgan nanostrukturalarni hosil giladi. Erigan holda chigarilgan material (tomchilar, sachramalar)
kraterning atrofida joylashadi va qotadi. Ko‘p zarrachali modeli koalessensiya kinetikasini o‘rganildi, bu esa
zarrachalarni gaytarib olish uchun ham gizigarli hodisadir [12].

Olib tashlangan material hajmi profilometriya bilan o‘lchangan ablatsiya krateri o‘lchamlaridan
aniglandi. Qora hudud maydonini bilgan holda, biz orgaga tushgan zarrachalar tomonidan hosil gilingan
gatlam qalinligi har bir lazer impulsi uchun taxminan 2,9 nm ekanligini anigladik. Bu, albatta, yuqori baho
hisoblanadi, chunki biz bug‘langan materialning barchasi nishon sirtiga qaytib tushadi va uning ustida bir
tekis tagsimlanadi deb faraz gilamiz. Turli skanerlash gadamlarida berilgan sirt elementini ablatsiyaga
uchratadigan lazer zarbalari sonini aniglash uchun biz namunaning lazer bilan skanerlanishini ragamli
modellashtirdik. Keyin biz qo‘llanilgan skanerlash qadamlari (ya’ni qo‘llanilgan impuls zichliklari) uchun
cho‘kma gatlam qalinligini hisobladik (1-rasm).
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14-rasm (taxminiy gayta hisob)
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1-rasm. Cho‘kma qatlam qalinligining skanerlash qadamiga bog‘liqligi, F=24 J/sm?*

Xona haroratidan 900 °C gacha bo‘lgan havoda misning oksidlanishiga oid tadgigotlarga e'tibor
garatilgan [11]. Ular 100-500 °C da korroziya mahsulotlari parda-parda bo‘lib, qalinligi 100 °C da 50 dan
500 °C da mikrometrlargacha o‘zgarishini aniglashgan. 800 °C da to‘r-tola shaklidagi g‘ovak to‘qimalar
hosil bo‘lgan. Oksidlanish mahsulotlari Cu,0 va Cu0 bo‘lgan. 800 °C da mis sirtida ikki qatlam rivojlangan:
ichki Cu,0 qatlami va Cu,0 hamda CuO dan iborat tashgi gatlam. Shunga muvofig va harorat hisob-
kitoblarimiz hamda zarracha o‘lchami tagsimoti o‘lchovlarimizga asoslanib, ablatsiya bulutida bug‘langan
mis atomlari va atom guruhlari yuqori harorat va atrofdagi havoning kislorod tarkibi tufayli yuqori darajada
oksidlangan deb taxmin gilish mumkin. Birlik hajmdagi mis va kislorod atomlarining nisbati Cu,0 ustidan
CuO0 ning ustunligiga olib keladi. Bu bizning EDX va XPS o‘Ichovlarimiz bilan ham tasdiglandi.

Shularga asoslanib, biz orgaga tushgan zarracha gatlamining shakllanishi va mis uchun kuzatilgan
gaytaruvchanlik kamayishi o‘rtasidagi bog‘liglikni tavsiflovchi ikkita model ishlab chiqdik. Birinchi
modelda biz gorayishga javobgar sirt gatlamining nanostrukturalangan tabiatini emas, fagat uning galinligini
hisobga oldik. Qatlam shakllanishi uchun quyidagi farazlarni gabul gildik: Agar tushayotgan lazer impulsi
allagachon bir yoki bir necha gatlam gayta tushgan zarrachalar bilan goplangan hududga tushsa, bu gatlam
olib tashlanadi va atrofdagi halgasimon hududga gayta cho‘kadi. Bu shuni anglatadiki, skanerlash davomida
ketma-ketlikdagi keyingi zarbadan kelayotgan zarrachalar avvalgi zarba joyidagi goplanmagan hududga
to‘planadi. Har bir lazer impulsidan so‘ng, ablatsiyalangan zarrachalar atrofdagi halgaga bir tekis cho‘kadi.
Olib tashlangan material miqdorini hisoblashda sirt tarkibi mis (ya’ni asl holat) yoki mis (II)-oksidi (ya’'ni
allagachon qoplangan) ekanligi farglanmaydi, chunki qo‘llanilgan lazer to‘lqin uzunliklarida Kirish
chuqurligi ikkalasida ham taxminan bir xil. Olib tashlangan materialning 100% halgasimon hududga bir tekis
gayta cho‘kadi va bir jinsli, zich qatlam hosil giladi. Cho‘kma gatlam butun galinligi bo‘yicha sof Cu0 dan
iborat bo‘lib, mis substratni qoplaydi.

Qaytaruvchanlik hisob-kitoblari CuO qatlami yorug‘lik tutqichi (light trap) sifatida ishlaydi deb faraz
qildi. Buni tasdiglash uchun of‘lchangan qaytaruvchanlik egri chiziglari model hisob-kitoblari bilan
taggoslandi. Hisob-kitoblar uchun biz qaytarish jarayonini quyidagi farazlar bilan to‘rtta bosqichga bo‘ldik:
Perpendikulyar tushayotgan yorug‘likning CuO gatlamidan gaytishi nolga teng. CuO gatlami orqali o‘tgan

yorug‘lik intensivligi Ber-Lambert gonuni yordamida hisoblanishi mumkin:

Tlayer = el

CuO qatlamining optik koeffitsiyentlari CuO qatlami/ Cu substrat interfeysida Frenel gaytishi sodir
bo‘ladi:

ng —ny|?

Rey—cuo =
u=tu ny +n,

Keyin qaytgan yorug‘lik yana CuO qatlamidan o‘tadi. Shunday qilib, nishondan olingan umumiy

qaytish quyidagicha bo‘ladi:
P L L) z
Rumumiy =e *

n, +n,
Biz CuO — Cu tizimining qaytaruvchanligini turli skanerlash gqadamlari (demak, turli CuO gatlam
qgalinliklari) uchun to‘lgin uzunligi funksiyasi sifatida hisobladik (2-rasm).
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15-rasm (taxminiy gayta hisob)
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2-rasm. CuO- Cu tizimining hisoblangan qaytaruvchanlik spektri, A(lazer)=1064 nm

Model va tajriba natijalari o‘rtasidagi juda yaxshi mos kelish mikro va nanostrukturalangan CuO
sirtidan gaytish hagigatan ham nolga yaqginligini tasdiglaydi. Ikkinchi modelda biz qorayishga javobgar sirt
qatlamining nanostrukturalangan tabiatini alohida hisobga oldik. Biz qaytaruvchanlikdagi o‘zgarishni
Lumerical dasturiy ta’minotiga asoslangan chekli farglar vaqt sohasi (FDTD) hisob-kitoblarini bajarish
orqali kuzatdik; bu dastur materiallarning optik xususiyatlariga (sindirish ko‘rsatkichi, so‘nish koeffitsiyenti)
asoslanib, strukturalangan sirtlarning qaytarish, yutish va sochilish parametrlarini aniglashga mo‘ljallangan.
FDTD usulida simulyatsiya hajmi kichik hajmlarga, ya’ni tarmoq hujayralariga (mesh cells) bo‘linadi.
Simulyatsiya davomida qisqa yorug‘lik impulsining tarqalishi elektromagnit to‘lqinning vaqt evolyutsiyasini
tarmoq hujayrasidan tarmoq hujayrasiga hisoblash orgali kuzatiladi. Buning uchun Maksvell tenglamalari
har bir hujayrada yechiladi. Bu usul sillig sirtlarning qaytarish xususiyatlarini hisoblashga imkon beradi,
natija Frenel gaytishiga mos keladi, biroq — agar simulyatsiya hududiga plazmonik xususiyatlarga ega metall
struktura qo‘shilsa — usul tabiiy ravishda sirt plazmon rezonansini tavsiflaydi. Nurlantirilgan sirt Cu sirtida
tasodifiy joylashtirilgan silindrlar bilan modellashtirildi. Silindrlar o‘rtacha diametri 200 nm bo‘lib, ikki
gismdan iborat edi: o‘rtacha balandligi ~300 nm bo‘lgan pastki Cu gismi va balandligi 1-3 mkm oralig‘ida
o‘zgaruvchan bo‘lgan yuqori CuO qismi. Simulyatsiya hajmi 10x10x7 mkm qilib saqlandi, va 45° chiziqli
qutblanishga ega, nur beli radiusi 2 mkm bo‘lgan Gauss yorug‘lik manbayi qo‘llanildi. 400-800 nm spektral
diapazon o‘rganildi. 3-rasm 0,5, 1, 2 va 3 mkm balandlikdagi CuO ustunlari uchun qaytaruvchanlikni to‘lqin
uzunligi funksiyasi sifatida ko rsatadi.

16b-rasm (taxminiy qayta hisob)
ustun balandliklari F=24 J/cm? ga moslashtirilgan
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3-rasm. CuO ustun balandligi bo‘yicha qaytaruvchanlik, F=24 J/sm?
Simulyatsiya natijalari mis sirtini CuO bilan qoplangan Cu silindrlar bilan qoplash sirt
qaytaruvchanligini samarali kamaytirishini ko‘rsatadi. Bundan tashqari, tajriba kuzatuvlariga mos ravishda,
natijalar taxminan 1 mkm gatlam qalinligida qaytaruvchanlik allagachon nolga yaqin bo‘lib, qatlam galinligi
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ortishi bilan deyarli o‘zgarmasligini ko‘rsatadi. Nanostruktura tabiati va qora gatlamni hosil qiluvchi
nanozarrachalarning kimyoviy tabiati (CuO qoplamasi) rolini ajratish maqgsadida, biz sirtni fagat 3 mkm
balandlikdagi sof mis ustunlari goplagan holatni ham modellashtirdik. Bu holatda ham sirt gaytaruvchanligi
sezilarli darajada kamaydi, biroq CuO ustunlarni qoplaganda kamayish yanada kattaroq bo‘ldi. Bu shuni
ko‘rsatadiki, sirtni goplovchi nanostruktura gaytaruvchanlikni kamaytirishda, shuningdek, nanostrukturani
tashkil etuvchi materialning kimyoviy tarkibi ham muhim rol o‘ynaydi.

O‘Ichangan va hisoblangan gaytarish spektrlarini (2 va 3-rasm) taqqoslaganda ular o‘rtasidagi moslik
juda yaxshi bo‘lib, bu modellarning to‘g‘riligini isbotlaydi. Biroq har ikkala modelning cheklovi shundaki,
ular SEM tasvirlarida ko‘ringan iyerarxik mikro va nanostrukturalar o‘rniga faraz qilingan geometriyadan
foydalanadi (birinchi model silliq gattiq CuO dan, ikkinchisi Cu0 / Cu silindrlaridan foydalanadi).

Ikkita simulyatsiya modelining xulosasi shuni tasdiglaydiki, gaytaruvchanlik kamayishining asosiy
manbayi lazer bulutida hosil bo‘lgan va sirtga gayta tushib qolgan nano/mikrostrukturali CuO dir. Bizning
natijalarimiz sirtning morfologiyasi (hosil bo‘lgan mikro- va nanostrukturalar) hamda kimyoviy tarkibi
ikkalasi ham lazer bilan ishlov berilgan sirt qaytaruvchanligining kamayishida muhim rol o‘ynashi haqidagi
umumiy kuzatuvni tasdiglaydi. Bu, shuningdek, duralyumin va titanning qorayishi nima uchun kamroq
sezilarli ekanligini ham tushuntiradi. SEM va XPS tadqiqotlari duralyumin va titan holatida hosil bo‘lgan sirt
strukturasi, shuningdek, hosil bo‘lgan oksidlarning (Ti0,, Al,03) optik xususiyatlari yorug‘likni tutib
golishga (light trapping) yordam bermasligini ko‘rsatdi. Ablatsiyaga uchragan, Ti va Al sirtlarida morfologik
o‘zgarishlar kamroq sezilarli bo‘lib, bu metall sirtlarida ustida nanostrukturalarga ega mikrostrukturalar bilan
goplangan qorayib ketgan mis sirtida shu qadar aniq ko‘rinadigan narsani topa olmaymiz [9]. Iyerarxik
mikro va nanostrukturalarning shakllanishi sirtning yorug‘likni tutib qolish xususiyatiga katta ta’sir
ko‘rsatishi yaxshi ma’lum. Boshqa tomondan, Ti va Al sirtlarining kamroq sezilarli qorayishi bu
metallarning ko‘zga ko‘rinadigan diapazondagi sirt oksidlarining (Ti0,, Al,03) past yutish koeffitsiyentlari
bilan ham bog‘lig. Kelajakda biz titan va alyuminiy sirtlarini qoraytirish uchun ishlatilishi mumkin bo‘lgan
lazer tizimi va parametrlar to‘plamini izlashni davom ettirmoqchimiz.

Bizning kuzatuvlarimiz lazer nurlanishi ba’zi metallarning qaytaruvchanligini kamaytirish uchun
(boshga kimyoviy moddalar yoki qo‘shimcha ishlov berishsiz) tez va bevosita texnika bo‘lishi mumkinligini
tasdigladi. Sirtni qoraytirishga javobgar mikro va nanostrukturalar bu metall sirtlariga qo‘shimcha foydali
xususiyatlarni ham berishi mumkin, masalan, suvni itarish (gidrofobiklik) va korroziyaga chidamlilik [10].
Sirt oksid qatlamining hosil bo‘lishi ham bu sirtlarning umumiy chidamliligini yaxshilashi mumkin. Quyosh
kollektorlarini yoki lazer nur to‘sqichlarini ishlab chiqarish qoraytirilgan metall sirtlar uchun potensial
qo‘llanilish sohalaridir. Biroq bu texnikaning bir giyinchiligi shundaki, u barcha metallarga tatbiq etilmasligi
yoki turli metallar sirtida turli strukturalar, demak turli xususiyatlar hosil gilishi mumkin.

Xulosa. Biz uchala metall sirtining (duralyumin, titan va mis) gaytaruvchanligini kamaytirish uchun
nanosekundli lazer ablatsiyasini muvaffaqiyatli qo‘lladik, ammo qaytaruvchanlikning eng sezilarli
kamayishiga misda erishildi. Biz gaytaruvchanlikning kamayishi lazer skanerlash parametrlariga gattiq
bog‘liq ekanligini ko‘rsatdik. Ablatsiya davomida hosil bo‘lgan va sirtga qayta cho‘kkan atom, ion klasterlari
va nanozarrachalari sirtning qorayishida asosiy rol o‘ynashi tasdiglandi. Mis uchun, morfologik
o‘zgarishlardan tashqari, sirtda mis (II)-oksidi hosil bo‘lishining ahamiyati ham ko ‘rsatildi. Sirtning qorayish
jarayoni bo‘yicha model hisob-kitoblarimiz tajriba kuzatuvlari bilan yaxshi mos keldi.
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NANOSUYUQLIKLARDAN TOVUSH TO‘LQINLARI O‘TGANDA ENERGIYANING
SO‘NISH MEXANIZMLARI VA ULARNING NAZARIY TAHLILI

Soliyeva Nilufar Mashrabboy qizi,

O zbekiston Respublikasi Fanlar Akademiyasi
lon-plazma va lazer texnologiyalari instituti
stajor-tadgiqgotchisi
nilufarsoliyeva90gmail.com

Annotatsiya. Mazkur maqgolada nanosuyuqliklardan ultratovush to‘lginlari o ‘tganda yuzaga
keladigan energiyaning so ‘nish mexanizmlari nazariy jihatdan o ‘rganilgan. Zamonaviy ilmiy adabiyotlarni
o ‘rganish va mavjud nazariy yondashuvlarni qiyosiy tahlil qilish asosida Stoks-Kirxgofning klassik
gidrodinamik so ‘nishi, termal relaksatsiya, visko-inersion mexanizmlar hamda Reley sochilishi jarayonlari
batafsil ko ‘rib chiqilgan. Shuningdek, ularni tavsiflovchi asosiy matematik formulalar keltirilib, tizimning
chastotaviy va struktura parametrlarga  bog‘ligligi  aniglangan. Olingan  nazariy  natijalar
nanosuyuqliklarning akustik xossalarini tahlil qilish va ularni zamonaviy texnologiyalarda qo llash
imkoniyatlarini yanada kengaytirishda muhim ilmiy-amaliy ahamiyat kasb etadi.

Kalit so‘zlar: nanosuyuglik, tovush to ‘Igini, so ‘nish koeffitsiyenti, termal relaksatsiya, viskozlik, Reley
sochilishi, akustika.

MEXAHM3MbI 3ATYXAHHWA SHEPT'UH ITPU ITPOXOKAEHUHN 3BYKOBBIX BOJIH
YEPE3 HAHOXKHN/JIKOCTHU U UX TEOPETHYECKHNU AHAJIN3

Annomauua. B oannoii cmamve meopemuuecku paccmMompenbl MeXanu3mbl 3amyxanus dHepeuu npu
NPOXOJHCOEHUU YIbMPA3BYKOBbIX GONIH uepes Hanodcuokocmu. Ha ocnose amanuza cospemenHol HayuHoul
JUMEpamypvl U CPAGHUMENbHO20 U3VUEHUs  CYWEeCMmBYIoOuUX Noox0008 NOOPOOHO — paccMOmMpeHbl
Knaccuveckoe euopoounamudeckoe samyxaunue Cmokca-Kupxeogpa, mepmuueckas penaxcayus, 613Ko-
UHEePpYUOHHble MeXaHu3Mbl, d Makdce MNpoyeccyl peneeeckoeo pacceanus. Ilpusedenvi ocHoeHbie
Mamemamuieckue — QOpmMynvl,  onucwigarowue OamHvle NPOYeccyl, U  ONpeoeleHa  3A8UCUMOCHIb
Xapakmepucmux cucmembvl Om YACMOMHBIX U CIMPYKMYPHUIX napamempos. Ilonyuennvie meopemuueckue
pe3yIomamvl  UMEIOM 6AdCHOE HAYYHO-NPAKMUYecKoe 3HauyeHue Oas aHanu3a aKyCmuyecKux CEoucms
HAHOJCUOKOCMel U pACUiUpeHsl 603MONCHOCTNEL UX NPUMEHEHUSL 8 COBPEMEHHBIX MEXHON02USIX.

Knwouesvie cnosa: nanodcuoxocms, 36yKo6ds 60IHA, KOIPuyuenm 3amyxanus, mepmanbHas
penaxkcayus, 63K0CMb, Peleesckoe paccestue, aKyCcmuxa.

ENERGY ATTENUATION MECHANISMS OF SOUND WAVES PROPAGATING
THROUGH NANOFLUIDS AND THEIR THEORETICAL ANALYSIS

Abstract. This paper theoretically examines the energy attenuation mechanisms that occur when
ultrasonic waves propagate through nanofluids. Based on a modern literature review and a comparative
analysis of existing approaches, the classical Stokes-Kirchhoff hydrodynamic attenuation, thermal
relaxation, visco-inertial mechanisms, and Rayleigh scattering processes are discussed in detail. The
fundamental mathematical formulas describing these processes are presented, and the dependence of system
characteristics on frequency and structural parameters is determined. The obtained theoretical results are of
significant scientific and practical importance for analyzing the acoustic characteristics of nanofluids and
expanding their application potential in modern technologies.

Keywords: nanofluid, sound wave, attenuation coefficient, thermal relaxation, viscosity, Rayleigh
scattering, acoustics.

Kirish. Nanosuyugliklar — bu bazaviy suyuglik (suv, etilen-glikol, moy va boshqgalar) ichiga
nanoo‘lchamdagi (1-100 nm) qattiq zarrachalar dispersiyalangan kolloid tizimlardir. So‘nggi yillarda
nanosuyugliklarning issiqlik fizikasi, gidrodinamikasi va akustik xususiyatlarini o‘rganishga bo‘lgan gizigish
keskin ortdi. Xususan, ulardan ultratovush to‘lginlari o‘tganda to‘lgin energiyasining so‘nishi (absorbsiyasi
va sochilishi) muhim ilmiy-amaliy masalalardan biridir. Hozirgi kunda issiglik almashinuv jarayonlarini
intensivlashtirish va zamonaviy texnologiyalarda yuqori termofizik xususiyatga ega nanosuyugliklarni
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go‘llash jadal rivojlanmogda. Shu bilan birga, ularning fizik-kimyoviy xossalarini buzmagan holda tezkor
nazorat qilishda akustik va ultratovush diagnostika usullari eng ustuvor yo‘nalishlardan biri hisoblanadi.

Tovush to‘lginlarining nanosuyugliklarda so‘nishi fagat bazaviy suyuglikning xususiyatlariga emas,
balki nanozarrachalarning o‘lchami, shakli, konsentratsiyasi, shuningdek, zarracha bilan suyuqglik orasidagi
termodinamik va mexanik o°‘zaro ta’sirlarga bog‘lig. Akustik usullar nanosuyugliklarning strukturasini
buzmasdan ularning fizik-kimyoviy xossalarini tekshirish imkonini beradi. Tadgiqotning ilmiy yangiligi
shundaki, unda nanosuyugqliklardagi energiyaning so‘nish jarayoni faqat bitta mexanizm doirasida emas,
balki Stoks-Kirxgof, termal relaksatsiya, visko-inersion va Reley sochilishi mexanizmlarining o‘zaro
go‘shma ta’siri nuqtayi nazaridan kompleks qiyosiy tahlil gilingan. Nanosuyugqliklarda akustik to‘lqinlarning
tarqalishi va energiyaning so‘nish qonuniyatlarini o‘rganish bo‘yicha so‘nggi yillarda ko‘plab ilmiy-tadgigot
ishlari olib borilgan bo‘lib, keng qamrovli adabiyotlar tahlili shuni ko‘rsatadiki, bu jarayon bir nechta
ragobatdosh mexanizmlar majmuidan iborat. Ilmiy manbalarda asosan Stoks-Kirxgofning klassik
gidrodinamik modeli, Epstein-Carstens va Allegra-Settii kabi termal-viskoz relaksatsiya nazariyalari hamda
Reley sochilish qonuniyatlari keng o‘rganib chiqilgan. Mavjud adabiyotdagi yondashuvlarni o‘zaro
taqqoslaganda quyidagi farglar ko‘zga tashlanadi:

Klassik yondashuvlar fagat bir jinsli muhitlar uchun mos kelib, nanozarrachalarning o‘lchami va
relaksatsiya effektlarini to‘liq gamrab ololmaydi.

Termal va visko-inersion modellar esa zarracha va suyuqglik orasidagi harorat hamda tezliklar
gradiyentini hisobga olishi bilan ustunlik giladi, birog ular murakkab chastotaviy bog‘ligliklarga ega.

Ushbu obzorda tahlil qilingan adabiyotlar shuni ko‘rsatadiki, turli zarracha o‘lchamlari va
konsentratsiyalarida gaysi so‘nish mexanizmi ustuvor kelishini aniglashda yagona qiyosiy yondashuv zarur
bo‘lib, quyida ana shu mexanizmlarning nazariy taqqosi keltiriladi.

Klassik gidrodinamik so‘nish (Stoks-Kirxgof mexanizmi). Oddiy suyugliklarda tovush to‘lginining
so‘nishi asosan qovushqoqlik (viskozlik) va issiglik o‘tkazuvchanlik jarayonlari bilan belgilanadi.
Nanosuyugliklar uchun bu ko‘rsatkichlar zarrachalar mavjudligi sababli o‘zgaradi va samarali govushgoglik
(Mefy) hamda samarali issiglik o‘tkazuvchanlik (k. sf) tushunchalari kiritiladi.

Klassik so‘nish koeffitsiyenti (ay;4ssik) quyidagi Stoks-Kirxgof formulasi yordamida aniglanadi:

(1)2 4 1 keff
Okiassik = 2p0U53 [3 Nefr + (v ) C, ]

Bu yerda:

w = 2rnf—siklik chastota (f — tovush chastotasi);

2p,—nhanosuyuglikning zichligi;

vgs—tovush to‘lginining fazaviy tezligi;

—adiabatik ko*rsatkich (CP/CV);

C,—solishtirma issiglik sig‘imi.

Bu mexanizm to‘lgin targalishi paytida hosil bo‘ladigan sigilish va kengayish sikllarida mexanik
energiyaning govushqogq ish tufayli issiglikka aylanishini ifodalaydi.

Termal relaksatsiya mexanizmi. Nanosuyugliklarda tovush to‘lgini o‘tayotganda mahalliy bosim va
harorat o‘zgarishlari ro‘y beradi. Nanozarrachaning issiglik o‘tkazuvchanligi va issiglik sig‘imi uni o‘rab
turgan bazaviy suyugliknikidan farg gilgani sababli, zarracha va suyuglik chegarasida harorat gradiyenti
yuzaga keladi. Natijada, issiglik ogimi paydo bo‘lib, energiya yo‘qolishiga olib keladi.

Termal relaksatsiya vaqti (z+) quyidagi formula bilan belgilanadi:

RZ
Tr = —
T DT
Bu yerda:
R—mnanozarrachaning radiusi;

Dr—zarrachaning termal diffuziya koeffitsiyenti (D; = k/( oC) ).
p

Termal so‘nish koeffitsiyenti (a:nerm) Chastotaning ortishi bilan keskin ortadi va zarracha
o‘lchamining kvadratiga teskari proportsional ravishda o‘zgaradi.

Visko-inersion (mexanik relaksatsiya) mexanizmi. Tovush to‘lgini fronti o‘tayotganda suyuqglik
muhiti tezlik bilan tebranadi. Zarrachaning massasi (inertligi) mavjud bo‘lgani sababli, uning tebranish
tezligi suyuglikning tebranish tezligidan farg gilishi mumkin (siljish effekti). Bu tezliklar farqgi zarracha
atrofida govushqgoq to‘lginlarning targalishiga va go‘shimcha energiya yo‘qolishiga sabab bo‘ladi.
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Mexanik relaksatsiya vaqti (t,,) quyidagicha ifodalanadi:

RZ
v = 9Vf

Bu yerda:

vp—Dbazaviy suyuglikning kinematik govushqgogligi.

Bu mexanizm, aynigsa, yuqori chastotali ultratovush diapazonida o‘ta sezilarli bo‘lib,
nanozarrachalarning suyuglik ichidagi harakatchanligini baholashda muhim rol o‘ynaydi.

Reley sochilishi (Rayleigh scattering). Agar nanozarrachalarning o‘lchami tovush to‘lgin
uzunligidan (1) sezilarli darajada kichik bo‘lsa (R<«X), tovush to‘lginlari zarrachalar tomonidan har tomonga
targaladi (sochiladi). Sochilish jarayoni to‘lgin energiyasining asosiy yo‘nalishdan chetga chigishiga va
natijada to‘lginning so‘nishiga olib keladi.

Reley sochilishi bo‘yicha so‘nish koeffitsiyenti (a.,:) quyidagi qonuniyatga bo‘ysunadi:

Ascat~P - k*R?
Bu yerda:
® — nanozarrachalarning hajmiy konsentratsiyasi;

k= :" to‘lgin soni.

Ko‘rinib turibdiki, sochilish orgali so‘nish chastotaning to‘rtinchi darajasiga (w*) to‘g‘ridan-to‘g-ri
proporsionaldir.

Umumiy so‘nish koeffitsiyenti. Nanosuyugliklardan tovush to‘lginlari o‘tganda kuzatiladigan
umumiy so‘nish koeffitsiyenti (a;otq;) Yuqorida keltirilgan mustagil mexanizmlarning hissalarini yig‘ish
orgali aniglanadi:

QAtotal = Ariassik T Atherm T Avisco T Ascat

Ushbu yig‘indi tenglama eksperimental natijalarni nazariy jihatdan tushuntirishda asosiy poydevor
hisoblanadi.

Nanosuyuqliklarda ultratovush to‘lqinlarining so‘nish jarayonini har tomonlama o‘rganish maqsadida
asosily mexanizmlarning qiyosiy xarakteristikalari jadvalda keltirilgan. Tahlillar shuni ko‘rsatadiki, har bir
mexanizm o‘zining fizik tabiati, ta’sir etuvchi parametrlari hamda chastotaga bog‘ligligi bilan ajralib turadi.

Xususan, klassik Stoks-Kirxgof mexanizmi chastotaning kvadratiga proporsional holda umumiy fonni
tashkil etsa, termal relaksatsiya va visko-inersion mexanizmlar nanozarracha va bazaviy suyuqlik orasidagi
termodinamik hamda Kinematik farglarga bog‘liq holda yuqori chastotalarda yagqol namoyon bo‘ladi. Reley
sochilishi esa zarracha o‘lchamining to‘lqin uzunligidan kichik bo‘lgan sharoitda chastotaning to‘rtinchi
darajasiga bog‘ligligi bilan ajralib turadi. Ushbu 1-jadval turli chastota diapazonlarida qaysi so‘nish
mexanizmi ustuvor ekanligini aniqlash va nazariy modellarni tanlashda muhim qo‘llanma vazifasini bajaradi.

1-jadval. So‘nish mexanizmining ustvor yo‘nalishlari

Mexanizm Asosiv fizik sababi Asosiy ta’sir etuvchi Chastotaga
nomi y parametrlar bog‘liqligi
Klassik . - S I haoalik h .
idrodinamik [ Suyudlik qovushgogligi va amarali govushqoqli Chastotaning
(gtoks-Kirxg of) issiqlik o‘tkazuvchanligi (Nefp), issiqlik sig‘imi (Cp) kvadrati (w?)
i Yugori
Termal su Zuarlriicgfa\s/i?jgaizz\:r%rat Zarracha radiusi (R), termal chastotalarda
relaksatsiya yug o g diffuziya (Dy) kuchayadi
i 0?)
Visko-inersion tZ a:rifha-l va SL;yqui_k Kinematik govushqoglik Chastg:(agba
mexanizm ezliidarining fazavly (vs), zarracha massasi Murakka
siljishi bog‘liq
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Mexanizm Asosiy fizik sababi Asosiy ta’sir etuvchi Chaftf)ta}gfil
nomi parametrlar bog‘liqligi
Zarracha o‘Ichamining . . .
Reley sochilishi to‘lqin uzunligidan Hajm?(,) };O?Ifiggftgg a(9). Cg:s;o;saln(lz)%;f
kichikligi (R<A) 4 J

Nanozarrachalar konsentratsiyasi va o‘lchamining so‘nishga ta’siri

Nanosuyugqliklarda akustik to‘lginlarning tarqalishi va energiyaning so‘nish jarayoniga
nanozarrachalarning hajmiy konsentratsiyasi (¢) hamda ularning geometrik o‘lchamlari (R) hal qiluvchi
ta’sir ko‘rsatadi.

1. Konsentratsiyaning roli:

Zarrachalar konsentratsiyasi oshgani sayin muhitning zichligi, samarali qovushqogligi va
zarrachalararo gidrodinamik o‘zaro ta’sirlar ortib boradi. Bu o‘z navbatida klassik gidrodinamik so‘nish va
Reley sochilishi koeffitsiyentlarining chiziqli yoki nochiziqli o‘sishiga olib keladi. Yuqori konsentratsiyali
tizimlarda zarrachalarning aglomeratsiyalanish (to‘planish) ehtimoli yuqori bo‘lib, bu samarali zarracha
radiusining o‘zgarishiga va akustik spektrning siljishiga sabab bo‘ladi.

2. Zarracha o‘Ichamining ta’siri:

Nanozarrachalar o‘lchami (R) termal relaksatsiya va visko-inersion mexanizmlar uchun asosiy
masshtab omili hisoblanadi. Zarracha hajmi kichik bo‘lgan sari (masalan, R < 10 nm) termal relaksatsiya
vaqti keskin gisgaradi va issiglik almashinuvi jarayoni yugori chastota sohasiga ko‘chadi. Aksincha,
zarrachalar kattalashgani sari visko-inersion yo‘qotishlar va zarrachaning inersion tebranishlari ustuvor
ahamiyat kasb eta boshlaydi.

3. Akustik diagnostika imkoniyatlari:

Ushbu gonuniyatlar nanosuyugliklarning akustik xossalarini o‘rganish orgali ularning disperslik
darajasini, zarrachalar tagsimoti va konsentratsiyasini buzmasdan (non-destructive) aniglash imkonini beradi.
Ultratovush tezligi va so‘nish koeffitsiyentini o‘lchash usullari zamonaviy fizika va texnologiyada kolloid
tizimlarning holatini tezkor nazorat gilishning eng samarali vositalaridan biri bo‘lib xizmat qiladi.

Xulosa. Nanosuyugliklardan ultratovush to‘lginlari o‘tganda yuzaga keladigan energiyaning so‘nish
mexanizmlari ko‘p qirrali va murakkab fizik jarayon bo‘lib, u gidrodinamik, termodinamik hamda inersion
omillarning o‘zaro ta’siriga asoslanadi. O‘tkazilgan nazariy tahlillar va mavjud adabiyotlar qiyoslashi shuni
ko‘rsatadiki, Stoks-Kirxgofning klassik gidrodinamik so‘nishi, termal hamda visko-inersion relaksatsiyalar,
shuningdek, Reley sochilishi mexanizmlari birgalikda geterogen tizimlarning akustik xossalarini to‘liq ochib
berishda asosiy poydevor vazifasini bajaradi.

Xususan, aniqglanishicha, chastotaning ortishi va nanozarrachalarning o‘lchamlari o‘zgarishi turli
so‘nish mexanizmlarining hissasiga sezilarli darajada ta’sir ko‘rsatadi. Olingan nazariy formulalar va
umumiy so‘nish koeffitsiyentining yig‘indi tenglamasi kelgusida eksperimental natijalarni yuqori aniqlikda
tushuntirish imkonini beradi. Mazkur tadgigot natijalari nanosuyugliklarning tuzilishini optimallashtirish,
ularning disperslik darajasini akustik usullar yordamida buzmasdan nazorat gilish hamda ularni zamonaviy
issiqlik almashinuv qurilmalari, optoelektronika va lazer texnikasida yuqori samaradorlik bilan qo‘llash
imkoniyatlarini yanada kengaytiradi. Xususan, ishlab chigilgan nazariy yondashuvlar issiglik
almashtirgichlardagi ishchi suyugliklarning konsentratsiyasini buzmagan holda onlayn (real vagt rejimida)
akustik diagnostika gilish imkonini beradi.
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GAMMA NURI BILAN NURLANGAN LITIY FTORID KRISTALLARIDA AKUSTIK
TO‘LQINLARNING SO‘NISH MEXANIZMI
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Annotatsiya. Litiy ftorid kristallarida bo ‘ylama akustik to ‘lginlarning so‘nish koeffitsiyenti va
relaksatsiya vaqtining harorat va gamma nurlanish dozasiga bog ‘liqligi birinchi marta o ‘rganildi. Bo ‘ylama
akustik to‘lginlar so‘nish koeffitsiyentining haroratga bog ‘ligligida maksimum hosil bo ‘lishi aniqlandi.
Olingan natijalar akustik to ‘lginlar va nuqtaviy nugsonlari o ‘rtasidagi deformatsiya potensiali orgali o ‘zaro
ta sirning akustoion mexanizmi bilan izohlanadi.

Kalit so‘zlar: LiF kristali, akustik to ‘lgin, to ‘lgin tezligi, nurlanish dozasi, harorat, akustik xossalar,
fonon, so ‘nish koeffitsiyenti.

MEXAHU3M 3ATYXAHUSA AKYCTHYECKHX BOJIH B KPUCTAJUIAX ®TOPUJIA
JIMTHUSA, OBJIYUYEHHBIX 'AMMA-U3JTYYEHUEM

Annomauus. Bnepsvle ucciedosana 3a8UcumMocmev  KOdpuyuenma 3amyxamus U 8peMeHu
penaxkcayuu npoOOJIbHbIX AKYCIMUYECKUX BOJIH OM MEMNEPAmypbl U 003bl 2AMMA OOIYYeHUst 8 KPUCIAIAX
@mopuoa aumus. [lokazano, umo 6 MeMNEPAMypPHOU 3ABUCUMOCU KOIDDuUYyueHma 3amyxaHus
NPOOONILHbIX AKYCMUYECKUX 60aH Habmooaemcss maxcumym. ITlonyuennvie pesyiomamovl 0OBACHAIOMCS
AKYCMO-UOHHbIM MEXAHUZMOM 63AUMOOCUCMEUsL AKYCMUYECKUX 6OJH C MOYEUHbIMU OeeKmamu uepes
OeopmayuoHHvIL NOMEHYUAL.

Kniouesvie cnosa: kpucmann LiF, akycmuueckas eonna, cxopocms pacnpocmpanenus, 003a
00yueHUsl, meMnepamypa, aKyCmu4eckue ceolucmad, ()oHOH, KoIhpuyuenm 3amyxanus..

MECHANISM OF ACOUSTIC WAVE ATTENUATION IN LITHIUM FLUORIDE
CRYSTALS IRRADIATED WITH GAMMA RADIATION

Abstract. The dependence of the attenuation coefficient and relaxation time of longitudinal acoustic
waves on temperature and gamma irradiation dose in lithium fluoride crystals was studied for the first time.
It was shown that the temperature dependence of the attenuation coefficient of longitudinal acoustic waves
exhibits a maximum. The obtained results are explained by the acousto-ionic mechanism of interaction
between acoustic waves and point defects via deformation potential.

Keywords: LiF crystal, acoustic wave, wave velocity, irradiation dose, temperature, acoustic
properties, phonon, attenuation coefficient.

Kirish. Litiy ftorid kristallari markazlashgan kubik tuzilishga ega ishqoriy galogen kristallari ichida
kation (Li*) va anion (F-) radiuslarining mos ravishda 0,76 A va 1,33 A hamda orasidagi masofasining
(2,013 A) eng gisqaligi bilan ajralib turadi [1]. Shuning uchun bu kristallar ajoyib optik va akustik xossalarga
ega bo‘lgan dielektrik material bo‘lib, 1200 — 60000 A shaffoflik diopozoni va nisbatan past sindirish
ko‘rsatkichiga ega [2]. Bu kristallarning ionlashtiruvchi nurlanishga sezgirligi rang markazlari deb
nomlanuvchi birlamchi va agregat nugtaviy nugsonlarni hosil gilish imkonini beradi, ularning ba’zilari xona
haroratida hamda ko‘rinadigan va yaqgin infraqgizil nurlarda lazer faolligi bilan ajralib turadi [3, 4]. Nurlanish
ta’sirida LiF kristallarida hosil bo‘ladigan nuqtaviy nugsonlar va rang markazlari kristallning akustik, elastik
hamda optik xossalarini o‘zgartiradi. Bu xossalar radiatsiyaga chidamli optik elementlar, radiatsion
dozimetriya, lazer texnologiyalari hamda fotonik qurilmalarni yaratishda muhim ahamiyat kasb etadi.
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Shuningdek, bunday kristallarda radiatsiya ta’sirida akustik xossalarini o‘zgarishi, xususan, akustik
to‘lginlarning tezligi va so‘nish koeffitsiyenti batafsil o‘rganilmagan.

Namunalar va tajriba usullari. Litiy ftorid namunalar [100], [110] va [111] kristallografik
yo‘nalishlar bo‘ylab 1 gradus aniqlik bilan yo‘naltirildi. Namunalarning o‘lchamlari mos ravishda 15x12x10
mm, 14x10x5 mm va 14x10x8 mm ni tashkil etadi. Akustik to‘lginlarni hosil qilish uchun galinligi 30 - 40
mkm bo‘lgan, rezonans chastotasi 10 - 30 MHz diapazonidagi X- yoki Y-kesimli kvartsdan tayyorlangan
piezoelektrik o‘zgartirgichlar orqali hosil qilindi. Namunalarni nurlatish havoda, 320 K haroratda, *°Co
radioizotop manbadan chigadigan gamma-nurlanish yordamida amalga oshirildi. Nurlanish tezligi 510 R/s
bo‘lib, umumiy doza 10° - 108 R ni tashkil etdi [5, 612-616b; 6, 22-27b]. Nurlantirilgan litiy ftorid
namunalarida bo‘ylama akustik to‘lqinlarning tezligi va so‘nish koeffitsiyenti “Impuls-ultratovush” usuli
yordamida 290 - 450 K harorat oralig‘ida o‘lchandi (1-rasim). O‘lchovlar silindrsimon shakldagi pech
o‘rnatilgan namuna yacheykasida, shuningdek, havoda o‘tkazildi. Harorat 0,1 — 0,3 K/min tezlikda
bosgichma-bosqich ko‘tarilib borildi. Haroratni o‘Ichash aniqligi 0,05 K bo‘lib, o‘Ichovlar xromel-alumen va
xromel-kopil termojuftlari yordamida o‘lchab olindi [9; 105-118b].

ﬂ Yugori W Yugori j—l.

I;i?;ilr —»  chastotali chastotali — J?:l-t:ti t:;ia
& generator U |U; kuchavtirgich
Piezodatchik v
A a
: — JlMn
z
ossillograf

1-rasm. Impuls-ultratovush o‘lchash tizimining blok-sxemasi
Yuqori chastotali generatorlar yordamida uzluksiz elektromagnit tebranishlar hosil gilinadi. Impulsli
generator tomonidan hosil qilingan sinxron impulslar yuqori chastotali elektromagnit to‘lqinlarni
modulyatsiyalash orqali impulsli video signal ko‘rinishiga keltiriladi va tadgiq gilinayotgan namunaga
o‘rnatilgan pyezoelektrik plastinkaga uzatiladi. Pyezoelektrik plastinkaga kelib tushgan elektromagnit signal
pyezoelektrik o‘zgartkichning teskari pyezoelektrik effekti asosida mexanik tebranishlarga, ya’ni akustik
to‘lginlarga aylantiriladi. Hosil bo‘lgan akustik to‘lqin namuna ichida targalib, uning qarama-garshi yuzasiga
yetib boradi va gisman gaytadi. Namunaning garama-qgarshi tomonidan gaytgan akustik to‘lginlarning juda
kichik gismi yana pyezoelektrik plastinkaga yetib keladi. Ushbu to‘lqin pyezoelektrik plastinkada to‘g‘ri
pyezoelektrik effekt natijasida kuchsiz elektr, ya’ni exo-impuls ko‘rinishidagi elektromagnit signalga
aylantiriladi [7; 1-6 b, 8; 9-14 b]. Hosil bo‘lgan kuchsiz signal namunadan tashqariga chigarilib, keyinchalik
kuchaytirgich yordamida 10* — 10° marta kuchaytiriladi. Kuchaytirilgan signal ossillograf yordamida qayd
etiladi. Ossillografda qayd etilgan akustik impulslar amplitudalarining kamayishi namunada akustik to‘lqin
energiyasining so‘nishini ifodalaydi. Shu sababli, akustik to‘lqinlarning namunada so‘nish koeffitsiyenti a
ketma-ket gayd etilgan, bir-biriga qo‘shni bo‘lgan A; va A, impulslar amplitudalarini o‘lchash asosida
aniqlanadi. Bunda impuls amplitudalarining namunadan o‘tish jarayonida kamayishi akustik to‘lqinlarning
so‘nish koeffitsiyentini tavsiflaydi va o qiymatini (1) ifoda yordamida hisoblash imkonini beradi:
a=—20 Ig(ﬁ),[d—B} (1)
At A" [ mks
Impuls amplitudalarining takroriy o‘lchovlari va keyingi o‘rtacha oflchovlar tufayli so‘nish
koeffitsiyentini o‘lchov aniqligi ~ 5% ni tashkil etdi. Akustik to‘lgin tezligi, namuna uzunligini bilgan holda
ketma — ket impulslar orasidagi At vaqtni o‘lchash orqali (2) dan aniglanadi [10; 465-500b]:
V- Z_L,m 2)
At |'s
Bu yerda L-namuna uzinligi, At — garama — qarshi fazaga mos keladigan yugori chastotali
generatorning ikkita qo‘shni amplitudalar orasidagi farq. Tezlikning o‘lchov aniqligi ~ 1% ni tashkil qiladi
[11; 1013-1015b].
Eksperimental natijalar va muhokama: Toza va gamma-nuri ta’sir qilgan litiy ftorid (LiF)
kristallarida bo‘ylama va ko‘ndalang akustik to‘lginlarning tezligi va so‘nish koeffitsiyentlari 30 MHz
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chastotada, xona haroratida o‘lchov natijalari 1-jadvalda keltirilgan. Bu jadvalda q akustik to‘lgin vektori va
n akustik to‘lqin qutblanish (siljish) vektori yo‘nalishlarini ifodalaydi.

1-jadval.
Toza va gamma-nuri ta’sir qilgan LiF kristallarida bo‘ylama va ko‘ndalang akustik to‘lqinlar
tezligi va so‘nish koeffitsiyenti

Kristall Doza, R q n 10;/ r’n/s df?/’us
o | o [ o0
110° | [100] %ﬂ i oo
LiF 110" | [100] Egﬂ 23? 8:312
$10 | 100 oo 4T oot
1'10° | [100] {382} ts T oos

Turli xil dozalarda nurlantirilgan LiF kristallari uchun [100] simmetriya o‘qida bo‘ylama akustik
to‘lginlar so‘nish koeffitsiyentlari 300-450 K temperatura oralig‘ida tadqiq qilindi (2-rasm). Tadgigot
natijalari shuni ko‘rsatdiki, temperaturaning ortishi bilan gamma-nuri ta’sir qilmagan litiy ftorid
namunalaridan fargli ravishda gamma-nuri ta’sir gilgan namunalarda so‘nish maksimumlarining paydo
bo‘lganligi kuzatildi. Bu so‘nish maksimumlari, nuqtaviy nugsonlar mavjud ionli kristallarda (xususan, LiF)
akustik to‘lginlar so‘nishini tavsiflashda Akhiezer mexanizmi fonida deformatsiya potensiali orqgali
akustoion o‘zaro ta’sir mexanizmining ham mavjud ekanligi aniglandi. Aynan ushbu mexanizm asosida
so‘nish koeffitsiyentining temperaturaga bog‘ligligi orqali relaksatsion maksimumlar va aktivlanish
energiyasini aniglash imkonini beradi. Kristallda akustik to‘lgin tarqalganda panjara tugunlarida
deformatsiyani vujudga keltiradi, natijada, gamma-nurlanish tufayli yuzaga keladigan nuqgtaviy nugsonlar
atrofidagi harakatchan ionlar (Li*) ning deformatsiya potensiali ta’sirida potensial to‘siqni yengib yangi
vaziyatga o‘tishi uchun 7 (relaksatsiya) vaqti talab etiladi. Bunda harakatchan ionlar akustik energiyaning
ma’lum bir gqismini issiqlik energiyasiga aylantiradi. Natijasida kristallda tarqaladigan akustik to‘lginlarda
so‘nish maksimumlarining hosil bo‘lishi kuzatiladi:
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2-rasm. So‘nish koeffitsiyenti (nugtalar) va ionlar harakatining relaksatsiya vaqti (uzlukli

chiziq) ni temperaturaga bog‘ligligi. 1) - 10’ R, 2) - 8-10' R
Bu jarayonni chuqurrog tahlil qgilish magsadida, akustik to‘lginlarning so‘nish koeffitsiyentining
temperaturaga bog‘ligligi hamda akustoion o‘zaro ta’sir mexanizmi (3) orqali harakatchan ionlarning
relaksatsiya maksimumlari hisoblab topildi. Tadqiqot natijalari shuni ko‘rsatdiki, dielektrik kristallarda
Axiezir so‘nish mexanizmiga qaraganda, deformatsiya potensiali orqgali akustoion o‘zari ta’sir
mexanizmining akustik to‘lqinlarlarning so‘nishiga ta’siri ko‘roq ekanligi aniqlandi va so‘nish

koeffitsiyentida kuzatiladigan maksimumlar reloksatsiya mexanizmi yordamida tushuntirildi:
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NB? T A ?r

Ag = 2pV3kgT (142 ) T (1402 2) )
_ NB? )
T 2pV3kpg

Bu yerda N - berilgan relaksatsiya jarayonda ishtirok etayotgan harakatchan ionlar soni, B -
deformatsiya potensialining doimiysi, p - kristall zichligi, ks - Boltsman doimiysi, V - akustik to‘lgin tezligi,
7 — fononlar ketma-ket ikki marta sakrash oralig‘idagi vaqt. Tadqiqotlar jarayonida hisoblash uchun zarur
bo‘lgan harakatchan ionlar soni va deformatsiya potensial konstantasining qiymatlari [7; 1-6, 12-13] dan
olingan. N - harakatchan ionlar soni nurlanish dozasiga bog‘liq holda, 3,610 sm™ dan 9,5-10'® sm™ gacha
o‘zgaradi, B - deformatsiya potensial konstantasining giymati 2,5 eV deb olindi, burchak tezlik o = 1,88-108
s ga teng. Olib borilgan tadgiqotlarga ko‘ra, so‘nish maksimumlari harakatchan ionlarning relaksatsiya
vaqtining o‘zgarishi orqali yaxshi tavsiflanadi. (3) va (4) ifodalar ionlarning delokalizatsiyalangan harakati
(ya'ni to‘liq ion o‘tkazuvchanlik holati) da ham lokalizatsiyalangan harakati (ya’ni polyarizatsion
o‘tkazuvchanlik holati) da ham o‘rinlidir.

Nurlanish dozasining ortishi bilan so‘nish maksimumlari yuqgori temperaturalar tomon siljiganligini
ko‘rishimiz mumkin (2-rasim). Ushbu jarayonni tushuntirish uchun bizga qushimcha tadgigotlar zarur
bo‘lgani uchun 3-rasmda harakatchan ionlar relaksatsiya maksimumlarining temperaturaga bog‘ligligi
o‘rganildi.
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3-rasm. Harakatchan ionlar relaksatsiya vaqtining temperaturaga bog‘ligligi
(1;-108, 2; - 107, 3; - 8:107, 4; - 108) R

Turli dozalarda nurlantirilgan litiy ftorid kristallarida relaksatsiya vaqti dozaning ortishi bilan
temperaturaga chiziqli holda o°zgarishini ko‘rishimiz mumkin. Aakustoion o‘zari ta’sir mexanizmidan
ko‘rinib turibdiki, akustik to‘lginlarning so‘nishida relaksatsiya maksimumlari kuzatiladi, uning joylashuvi
esa relaksatsiyalangan ionlar harakatining aktivlanish energiyasiga bog‘liq bo‘ladi. Agar bo‘ylama akustik
to‘lginlarning so‘nish koeffitsiyenti Axiezer va akustoion ta’sirlarning yig‘indisi deb gabul gilinsa va
Axiezer ta’siri maksimumlar yaqinida harorat va nurlanish dozasiga chiziqli bog‘liglik bilan o‘zgarsa, unda
(5) ifodani 3-rasmdan Tmax Va relaksatsiya vaqti z ni aniglash orgali turli dozalarda nurlantirilgan kristallarda
ion harakatining asosiy parametrini, jumladan ion harakatining aktivlanish energiyasi U ni hisoblash
mumkin:

1= Voe—U/kBT (5)

Bu yerda v= 7" - potensial to‘signi yengish uchun urinishlarning samarali chastotasi, vo -

relaksatsiyalanayotgan zarra (ion)ning muvozanat tebranish chastotasi, U - ion harakatining aktivlanish

energiyasi. 3-rasmda gamma-nuri ta’sir qilgan LiF kristallarida aktivlanish energiyasini nurlanish dozasiga

bog‘ligligi keltirilgan. Nugsonlar konsentratsiyasining ortishi, harakatchan ionlar soninig ortishiga olib
keladi, bu esa, 0‘z navbatida, aktivlanish energiyasining giymatlarini 0,33 dan 0,36 eV gacha o‘zgartiradi.

1
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4-rasm. Ion harakatining aktivlanish energiyasini nurlanish dozalarid bog‘ligligi

Natijada, so‘nish  koeffitsiyentining temperaturaga  bog‘liglik  grafigida  kuzatiladigan
maksimumlarning yuqori temperaturalar sohasi tomon siljishi yuzaga keladi. Bunday siljish kristall
tarkibidagi nugsonlar konsentratsiyasining ortishi natijasida akustik to‘lginlarning so‘nishda ishtirok etuvchi
relaksatsion mexanizmlarning o‘zgarishi bilan bog‘liq bo‘ladi.

Xulosa. O‘tkazilgan tadqiqotlar natijasida gamma-nurlanish ta’siriga uchragan LiF kristallarida [100]
simmetriya o‘qida bo‘ylama akustik to‘lginlarning so‘nish koeffitsiyentida kuzatilgan maksimumlar Axiezer
mexanizmidan tashqgari, deformatsiya potensiali orgali akustoion o‘zaro ta’sir bilan bog‘liq qo‘shimcha
relaksatsion so‘nish mexanizmi mavjudligini ko‘rsatdi. Nuqtaviy nuqgsonlar konsentratsiyasining ortishi bilan
so‘nish maksimumlarining yuqori temperaturalar tomon siljishi ionlar harakatining aktivlanish energiyasi
gamma-nurlanish dozasi ortishi bilan chizigli ravishda oshishi bilan izohlandi. Olingan natijalar fonon-
nugson o°zaro ta’sirining akustik to‘lqinlar so‘nishidagi muhim rolini ko‘rsatdi.
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Co/Si0,/n — Si(P,Zn) MOY STRUKTURALARINI TAYYORLASHDA KIMYOVIY
TOZALASH VA MAGNETRON CHANGLATISH TEXNOLOGIYASI
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Annotatsiya. Ushbu maqgolada kompensirlangan kremniy taglikda Co/SiO,/n — Si(P, Zn) metall-
oksid-yarimo ‘tkazgich (MOY) strukturasini shakllantirish uchun ishlab chigilgan ko ‘p bosqichli texnologik
jarayon batafsil bayon etilgan. Kremniy sirtini tayyorlash uch bosqgichda amalga oshirildi: erituvchilar
(aseton, metanol) yordamida dastlabki tozalash, RCA-1 standart tozalash (5:1:1 hajmiy nisbatda
H,0:NH,OH: H,0,,70 + 5°C) hamda gidroflusor kislota (2% HF) eritmasida tabiiy va kimyoviy oksid
gatlamini olib tashlash; sirt sifati namlanish (gidrofoblik) testi orgali nazorat qilindi. Si0., dielektrik gatlami
HNO5 da termik oksidlash usulida hosil gilindi, Co metall gatlami esa magnetron changlatish usulida (Ar
ogim zichligi 80 sccm, ishchi bosim 4 Pa, quvvat 100 Vt, target kuchlanishi 276 V, tok kuchi 363 mA,
cho ‘kish tezligi 0,17 A/s) DXZD-400 qurilmasida cho ‘ktirildi. Tayyorlangan strukturaning ko ‘ndalang
kesimi Thermo Fisher Scientific Apreo ChemiSEM (EDS detektori bilan jihozlangan) skanerlovchi elektron
mikroskopi yordamida tasvirga olindi, gatlamlar chegarasining uzluksizligi tasdiglandi. MOY strukturaning
to ‘g rilovchi xususiyatga ega ekanligi, ya’'ni tuzilmaning fizik jihatdan shakllanganligi, taglik solishtirma
qarshiligiga bog ‘lig holda hisoblangan potensial to ‘siq balandligi (pg = 0,4722 — 0,4798 eV) giymatlari
orgali tasdiglandi.

Kalit so‘zlar: MOY struktura, kimyoviy tozalash, RCA-1, magnetron changlatish, SEM, potensial
to ‘siq balandligi, kompensirlangan kremniy, volt-amper xarakteristika.

TEXHOJIOTAA XUMHAYECKOW OUNCTKA U MATHETPOHHOI'O PACHIBLJIEHUSA
MMPU ®OPMUPOBAHUU MOII-CTPYKTYP Co/SiO2/n-Si(P,Zn)

Aunomauyus. B Oannoil cmamve nOOpPoOHO ONUCAH  PA3PAOOMAHHBIL  MHO2OCMAOUUHDLY
MEXHONO2UYeCKUll npoyecc (DOpMUPOBAHUs Memall—oKUceI—noaynposoonukosvix (MOII) cmpykmyp
Co/Si0/n — Si(P,Zn) na KomneHcuposanHou Kpemnuegou noonodcke. Ilodeomoska nogepxHocmu
KpeMHUs OCYWeCmesidacy 6 mpu 3mana: npeosapumenvbHas OYUCMKA C UCHOTb308AHUEM OP2AHUYECKUX
pacmeopumenei (ayemon, memanon), cmanoapmuasn ouucmrxa RCA-1 (H,0: NH,OH: H,0, 8 o6wémnom
coomnowenuu 5:1:1 npu memnepamype 70 + 5°C), a maxoce yoanenue ecmecmeennozo u Xumuuecku
copmMupoanro2o oKcuoHo2o closi 8 pacmeope niasuxosou kuciomol (2% HF). Kauecmeo nogepxnocmu
KOHMPOIUPOBALOCH C HOMOWbLIO MeCma HA CMAYU8aeMocms (2udpogodbrnocms). Juanekmpudeckuil Ciou
SiO: 6bi1 chopmuposan memoodom mepmuueckoeo oxucienusi 6 HN O3, a memannuueckuii crou CO Hanecén
MemoooMm MacHempoHHo20 pacnvlienus Ha ycmarnogke DXZD-400 npu caedyrowux napamempax: pacxoo Ar
— 80 scecm, pabouee dasnenue — 4 Ila, mownocmo — 100 Bm, nanpsocenue na muwenu — 276 B, mok —
363 mA, cxopocme ocadcoenus — 0,17 A/c. Ionepeunoe ceuenue u320moenenHHol cmpykmypoi 6bL10
UCCTIE008AHO € UCNONL30BAHUEM CKAHUPYIOWe20 21eKmponHo2o mukpockona Thermo Fisher Scientific Apreo
ChemiSEM, ocrawénnoco EDS-0emexmopom, umo noomeepouno HenpepvléHOCmb Spanuy Mexicoy ClLosMu.
Buinpsmasiiowue  ceoticmea MOII-cmpykmypol, cgudemenvcmayiowue 0 Qusuyecku coopmuposanton
cmpyKkmype, Obliu NOOMBEPHCOEHbl 3HAUCHUAMU BbICOMbL NOMEHYUAbHO20 0apbepa, PACCHUMAHHLIMU 8
3a8ucuMocmu om y0enbHo2o conpomugieruss noonodxicku (g = 0,4722 — 0,4798 5B).

Knwuesvie cnosa: MOII-cmpykmypa, xumuyeckas owucmxa, RCA-1, macnempounoe pacnvlienue,
COM, evicoma  nomeHyuanrbHo2o  bOapvepda,  KOMHEHCUPOBAHHLIL — KPEeMHUL,  B0JbM-AMNEPHAs
Xapakmepucmuxda.

CHEMICAL CLEANING AND MAGNETRON SPUTTERING TECHNOLOGY FOR THE
FABRICATION OF Co/SiO2/n-Si{P,Zn) MOS STRUCTURES
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Abstract. This paper presents a detailed description of a developed multistage technological process
for the fabrication of Co/Si0,/n — Si(P, Zn) metal-oxide—semiconductor (MOS) structures on compensated
silicon substrates. The silicon surface preparation was carried out in three stages: preliminary cleaning
using organic solvents (acetone and methanol), RCA-1 standard cleaning (H,0: NH,OH: H,0, in a volume
ratio of 5:1:1 at 70+5°C), and removal of the native and chemically formed oxide layers by treatment in a
hydrofluoric acid (2% HF) solution. The surface quality was monitored using a wettability (hydrophabicity)
test. The SiO: dielectric layer was formed by thermal oxidation in HNO5, while the Co metal layer was
deposited by magnetron sputtering using a DXZD-400 system under the following parameters: Ar flow rate
of 80 sccm, working pressure of 4 Pa, power of 100 W, target voltage of 276 V, current of 363 mA, and
deposition rate of 0.17 A/s. The cross-sectional image of the fabricated structure was obtained using a
Thermo Fisher Scientific Apreo ChemiSEM scanning electron microscope equipped with an EDS detector,
confirming the continuity of the interfaces between the layers. The rectifying properties of the MOS
structure, indicating the successful physical formation of the structure, were confirmed by the calculated
potential barrier height values depending on the substrate resistivity (pp = 0,4722 — 0,4798 eV).

Keywords: MOS structure, chemical cleaning, RCA-1, magnetron sputtering, SEM, potential barrier
height, compensated silicon, current-voltage characteristic.

Kirish. Mikro- va nanoelektronikaning tinimsiz rivojlanishi sensorlar, diskret qurilmalar hamda
magnit xotira tizimlarining elementi sifatida ishlay oladigan gibrid metall-dielektrik-yarimo‘tkazgich (MDY)
va metall-oksid-yarimo‘tkazgich (MOY) strukturalariga bo‘lgan ehtiyojni sezilarli darajada oshirdi [1, 2].
Bunday strukturalarning funksional ishonchliligi ko‘p jihatdan dielektrik-yarimo‘tkazgich chegarasidagi
interfeys holatlar zichligiga va cho‘ktirilgan metall qatlamning strukturaviy sifatiga bog‘liq bo‘lib, bular esa
0°‘z navbatida taglikni tayyorlash va qatlam cho‘ktirish uchun qo‘llaniladigan texnologik yo‘lga bog‘liqdir [3,
4]. Shu sababli gibrid strukturalarning elektrofizik xossalarini o‘rganish bilan bir qatorda, ularni tayyorlash
texnologiyasini batafsil va takrorlanuvchan tarzda tavsiflash hozirgi kunda ham dolzarb ilmiy-amaliy vazifa
bo‘lib golmogda.

Ma’lumki, oksidlash va metallashtirishdan oldin kremniy sirtining tozaligi tayyor strukturaning elektr
xossalariga hal qiluvchi ta’sir ko‘rsatadi. Kern va uning hamkasblari tomonidan taklif etilgan hamda
hozirgacha kremniy plastinalarini tayyorlashning sanoat standarti hisoblanuvchi RCA tozalash ketma-ketligi
kremniy sirtidagi organik, ion va zarrachali ifloslanishlarni olib tashlashning eng keng tarqalgan usuli bo‘lib
golmoqda [5]. Suyultirilgan gidroflusor kislotada ishlov berish orgali tabiiy va kimyoviy hosil bo‘lgan oksid
gatlamini to‘liq olib tashlash vodorod bilan passivlangan, gidrofob kremniy sirtini hosil qiladi, bu esa bir
jinsli, defekt zichligi past dielektrik qatlamni o‘stirish uchun zarur shart hisoblanadi [6, 7]. HF bilan ishlov
berilgan sirtning gidrofobligini namlanish (suv bilan ho‘llanish burchagi) testi orqali sifat jihatdan tekshirish
oddiy va ishonchli jarayon nazorati vositasi bo‘lib xizmat qiladi [8].

Bizning oldingi tadgigotlarimizda kuchli Zn bilan kompensirlangan kremniy taglikda tayyorlangan
Co/SiO2/n-Si(P) va Co/SiO2/n-Si(P,Zn) MDY strukturalarining volt-amper xarakteristikalari (VAX) va
ularda lateral fotoeffekt (LFE) hodisasi o‘rganilgan edi [9, 10]. Ushbu nashrlarning hajmiy cheklovlari
sababli, kremniy sirtini ko‘p bosqichli kimyoviy tozalash hamda kobalt gatlamini cho‘ktirish uchun
go‘llanilgan magnetron changlatish jarayonining texnologik tafsilotlari faqat qisqacha keltirilgan edi. Shu
sababli ushbu ish aynan mana shu tayyorlash texnologiyasi — kremniy sirtini ko‘p bosgichli kimyoviy
tozalash va kobalt qatlamini magnetron changlatish usulida cho‘ktirishni batafsil bayon etishga, shuningdek,
olingan Co/Si0O2/Si strukturasining ko‘ndalang kesimini skanerlovchi elektron mikroskopiyasi (SEM)
yordamida tahlil gilishga va MOY strukturaning muvaffagiyatli shakllanganligini fizik jihatdan tasdiglash
uchun volt-amper xarakteristikasidan foydalanishga bag‘ishlangan.

Tajriba metodikasi.

Boshlang ‘ich namunalar

Boshlang‘ich taglik sifatida o°sish jarayonida fosfor atomlari bilan legirlangan, sanoat KEF-1 markali,
geometrik o‘lchamlari 8 X 4 X 1 mm3 bo‘lgan, xona haroratida solishtirma garshiligi p = 1,05 Q-cm ga teng
va kristallografik yo‘nalishi [111] bo‘lgan monokristall n-Si{P) plastinalaridan foydalanildi. Boshlang‘ich
namunalarning bir gismi Zn atomlari kiritilmagan holda, fagat Zn diffuziyasi sharoyitida termik ishlov
berildi (natijada solishtirma garshilik p = 1,07 Q-cm ga teng bo‘ldi) — bu termik ishlov ta’sirini Zn legirlash
ta’siridan ajratib olish magsadida amalga oshirildi. Xona haroratida solishtirma qarshiligi p = 1800 Q-cm
bo‘lgan kuchli kompensirlangan n-Si(P,Zn) namunalari esa diffuzant gazining elastik bosimini hisobga
oluvchi usul yordamida, Zn atomlarini yuqori haroratli diffuziya gilish orgali, bizning oldingi ishlarimizda
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[11, 12] batafsil tavsiflangan metodika bo‘yicha olindi. Qurilma tayyorlashdan oldin Xoll effekti o‘lchovlari
orgali aniglangan tagliklarning asosiy elektrofizik parametrlari 1-jadvalda keltirilgan.

1-jadval. Kremniy tagliklarning elektrofizik parametrlari [9]

Namuna p, 2-cm 1, sm?/(V-s) n, sm3 Fermi sathi, eV
n=Si(P), boshlang"ich 1,05 1188,43 5,01x10' 0,254541
namuna
n-Si(P) (termik ishlov
berilgan boshlang‘ich 1,07 1167,32 4,99x10" 0,254659
namuna)
n-Si(P,Zn) 1800 808 4,28x10" 0,39504

Kremniy sirtini ko‘p bosqichli kimyoviy tozalash

Oksidlash va metallashtirishdan oldin barcha kremniy namunalari organik va noorganik
ifloslanishlarni yo‘qotish hamda takrorlanuvchan, aniq boshlang‘ich sirtni hosil qilish magsadida uch
bosqichli kimyoviy tozalash jarayonidan o‘tkazildi.

1-bosgich — erituvchilar bilan tozalash. Namuna sirtidagi yog‘simon va organik qoldiglarni olib
tashlash uchun namunalar 55°C haroratgacha qizdirilgan asetonga 10 daqiga davomida botirildi. Keyin
aseton qoldiqlarini yo‘qotish magsadida namunalar 2-5 dagiga davomida metanol eritmasiga joylashtirildi.
So‘ngra namunalar deionizatsiyalangan (DI) suv bilan chayilib, azot ogimida quritildi [5].

2-bosgich — RCA-1 (Standart tozalash 1) ishlovi. Tozalovchi eritma H,0:NH,OH:H,0, = 5:1:1
hajmiy nisbatda, 325 ml deionizatsiyalangan suv, 65 ml 27% li ammoniy gidroksidi va 65 ml 30% li vodorod
peroksididan tayyorlandi. Eritma 70+5°C haroratda ushlab turildi, kremniy namunalari unda 15 daqiqa
davomida ishlov berildi. Ushbu bosqichda organik ifloslanishlar oksidlanib parchalanadi [5]. Shundan so‘ng
namunalar deionizatsiyalangan suvda bir necha marta chayildi.

3-bosgich — HF bilan ishlov berish. RCA-1 bosqichida hosil bo‘lgan kimyoviy oksid bilan birgalikda
tabiiy oksid gatlamini ham olib tashlash uchun namunalar 2% li HF eritmasida (480 ml H,0 + 20 ml 49% li
HF) 2 dagiga davomida ushlab turildi. Natijada ham tabiiy, ham RCA jarayonida hosil bo‘lgan SiO: gatlami
eritib yuborildi va vodorod bilan passivlangan kremniy sirti hosil bo‘ldi [6]. Namunalar so‘ngra
deionizatsiyalangan suvda yaxshilab chayilib, azot ogimida quritildi.

Tozalash sifati namlanish testi yordamida nazorat gilindi: namuna sirtiga deionizatsiyalangan suv
tomchisi tomizilib, uning xatti-harakati kuzatildi. Suv tomchisining sirtda yoyilmasdan saglanib qolishi
(dumaloglanishi) sirtning gidrofob holatga o‘tganligini, ya’ni oksid qatlamining muvaffagiyatli olib
tashlanganligi va vodorod bilan passivlangan sirt hosil bo‘lganligini tasdigladi [7, 8]. Namlanish testidan
muvaffaqiyatli o‘tgan kremniy namunalari keying — dielektrik gatlamni hosil gilish bosgichi uchun tayyor
deb hisoblandi.

Si0: dielektrik gatlamini hosil gilish

Kimyoviy tozalangan sirtda kerakli galinlikdagi kremniy dioksidi gatlami nam termik oksidlash
usulida o°stirildi: namunalar 121°C haroratdagi azot kislotasi (HNO3) ga 15 dagiga davomida botirildi,
natijada galinligi 2—-5 nm bo‘lgan SiO. gatlami hosil bo‘ldi, bu [13, 9] ishlarda tavsiflangan protsedura bilan
mos keladi. Hosil bo‘lgan oksid qatlamining qalinligi spektroskopik ellipsometriya usulida tajribaviy
tekshirildi.

Co metall qatlamini magnetron changlatish usulida cho ‘ktirish

Kobalt metall qatlami SiO/Si sirtiga DXZD-400 yuqori vakuumli qoplash qurilmasida doimiy tok
(DC) magnetron changlatish usulida cho‘ktirildi. Cho‘ktirishdan oldin ishchi kamera 5x107° Pa bosimgacha
so‘rib olindi. So‘ngra ishchi gaz sifatida yuqori tozalikdagi argon 80 sccm oqim tezligida Kiritilib, kamerada
4 Pa ishchi bosim hosil gilindi. Kobalt target changlatilishi 100 Vt DC quvvatda amalga oshirildi, bu esa
target kuchlanishi 276 V va razryad tok kuchi 363 mA ga mos keladi. Ushbu sharoitlarda kobaltning
cho‘kish tezligi 0,17 A/s ni tashkil etdi. Cho‘ktirish jarayonida qatlam bir jinsliligini ta’minlash uchun taglik
ushlagichi 5-20 rpm oralig‘ida aylantirildi, target-taglik masofasi esa qurilmaning 240-340 mm sozlanuvchi
oralig‘ida o‘rnatildi. O‘sib borayotgan gatlam qgalinligi real vaqt rejimida INFICON SQC310 kvarts-kristall
qalinlik monitori (anigligi 0,01 A/s) yordamida nazorat qilindi; cho‘ktirish jarayoni kobaltning nominal
galinligi 10-15 nm ga yetgach to‘xtatildi, bu giymat keyinchalik spektroskopik ellipsometriya orgali ham
tasdiglandi [9].

Kobalt qatlamini cho‘ktirish uchun qo‘llanilgan magnetron changlatish jarayonining asosiy texnologik
parametrlari 2-jadvalda umumlashtirilgan.
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2-jadval. Kobalt qatlamini cho‘ktirish uchun qo‘llanilgan magnetron changlatish jarayonining
texnologik parametrlari

Parametr Qiymat
Kamerada bazaviy bosim <6x10°° Pa
Ishchi gaz Ar
Ar ogim tezligi 80 sccm
Ishchi (Ar) bosim 4 Pa
Changlatish guvvati (DC) 100 Vit
Target kuchlanishi 276 V
Razryad tok kuchi 363 mA
Cho‘kish tezligi 0,17 A/s
Taglik aylanish tezligi 5-20 rpm
Target-taglik masofasi 240-340 mm
Co gatlamining nominal galinligi 10-15 nm

Kobalt gatlamini cho'ktirish uchun go'llanilgan DXZD-400 yugori vakuumli magnetron changlatish
qurilmasining umumiy ko'rinishi 1-rasmda keltirilgan.

———

= =5 Y
V?gor : £l

1-rasm. Co metall gatlamini cho'ktirish uchun go'llanilgan DXZD-400 yugori vakuumli magnetron
changlatish qurilmasining umumiy ko'rinishi.

Kontaktlarni hosil qilish va VAX o‘lchash tartibi

Elektr o‘lchovlarini amalga oshirish uchun yuqori metall (Co) sirtida va yarimo‘tkazgich taglikning
orqga tomonida o‘tkazuvchan kumush pastasi yordamida omik kontaktlar hosil qilindi. Kumush pasta bilan
hosil qgilingan kontakt maydonchasiga qalinligi 50 pm bo‘lgan mis sim qo‘yildi, uning ustiga yana bir qatlam
kumush pasta surtildi va butun yig‘ma xona haroratida 6 soat davomida quritildi. Kumush pasta qotgach,
mexanik mustahkamlik va ishonchlilikni ta’minlash magqgsadida kontaktlar Micro SET M RA lazer
payvandlash qurilmasi yordamida payvandlandi. Tayyorlangan Co/SiO,/n — Si(P) va Co/Si0O,/n —
Si{P, Zn) strukturalarining volt-amper xarakteristikalari xona haroratida [9, 14] ishlarda tavsiflangan standart
metodika bo‘yicha o‘lchandi, potensial to‘siq balandligi ¢z esa VAX ning to‘g‘ri tarmog‘idan Cheung va
Cheung usuli [14] yordamida hisoblandi.

Natijalar va muhokama.

Co/8i02/Si strukturasining ko ‘ndalang kesimini SEM tahlili

2-rasmda tayyorlangan Co/SiO,/n — Si strukturasining ko‘ndalang kesimining SEM tasviri
keltirilgan, u Thermo Fisher Scientific Apreo ChemiSEM (integrallashgan energiya-dispersiv rentgen
spektroskopiyasi — EDS detektori bilan jihozlangan) skanerlovchi elektron mikroskopi yordamida, 125 000x
kattalashtirishda (tezlashtiruvchi kuchlanish 12,00 kV, T2 detektor, ishchi masofa 12,2 mm) olindi.
Tasvirning pastki qismi kremniy taglikning asosiy qismiga to‘g‘ri keladi va yuqori aniqlikdagi tasvirlashda
monokristall kremniyga xos bo‘lgan donador kontrastni namoyon qiladi. Taglik ustida aniq ko‘rinuvchi,
uzluksiz yorgin gatlam kuzatiladi — bu yupga SiO, dielektrik gatlami va kobalt metall gatlamining
birgalikdagi tasviri hisoblanadi; ushbu gatlam bilan kremniy taglik orasidagi chegara butun tasvirlangan
hudud bo‘ylab keskin va uzluksiz bo‘lib, qavatlanish (delaminatsiya) yoki makroskopik bo‘shliglarning izlari
kuzatilmadi. Yorqin qatlam qalinligida kichik mahalliy tebranishlar ko‘zga tashlanadi, bu esa bizning oldingi
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atom-kuch mikroskopiyasi (AFM) tadgiqotimizda [9] yupga kobalt plyonkalari uchun qayd etilgan
orolsimon (Volmer—Weber) o‘sish mexanizmiga mos keladi. Yorgin gatlam ustidagi qorong‘i hudud esa
metall gatlam ustidagi namuna sirti hududiga to‘g‘ri keladi. Umuman olganda, SEM tasviri 1.2-bo‘limda
tavsiflangan ko‘p bosqichli kimyoviy ishlov, undan keyingi SiO: hosil qilish va magnetron changlatish
usulida Co cho‘ktirish jarayonlari natijasida strukturaviy jihatdan uzluksiz Co/Si0O-/Si qatlamlar tizimi hosil
bo‘lganligini tasdiqlaydi — bu esa MOY gqurilmasining takrorlanuvchan ishlashi uchun zaruriy shartdir.

mag @ det | 7/30/2026 @ HV usecase | spot | WD AOOnm—{

125000 x T2 12:36:19PM  12.00kV | OptiPlan @ 8.0 12.2 mm Apreo ChemiSEM

2-rasm. Co/SiO2/n-Si strukturasining Thermo Fisher Scientific Apreo ChemiSEM (EDS
detektori bilan) yordamida olingan ko‘ndalang kesim SEM tasviri (125 000x kattalashtirish, 12,00 kV,
T2 detektor, WD 12,2 mm, masshtab chizig‘i 400 nm)

1072 ~
— 43
5510
=
Eﬂ
£ 10
&} '1'1_;
x = Int1.05Q-cm
10 - L = TA1.07 Q-cm
t 1800 Q-cm
108 T T T T T

-1.0 [ -0.8 I -0|.6 ' -0.4 I -0|.2 ' OTO I 0,I2 ' 04 06 08 I 1.0
Voltage, U(V)
3-rasm. Co/Si0,/n — Si(P) (boshlang‘ich, Int, p = 1,05 Q-cm), Co/Si0,/n — Si(P) (termik
ishlov berilgan, TA, p =1,07 Q-cm) va Co/Si0,/n — Si(P,Zn) (p = 1800 Q-cm) strukturalarining xona
haroratidagi volt-amper xarakteristikasi (yarim-logarifmik |I|-U grafigi) [9]

MOY strukturaning shakllanganligini tasdiglovchi volt-amper xarakteristika

Tavsiflangan texnologik ketma-ketlik natijasida funksional metall-oksid-yarimo‘tkazgich o‘tishi hosil
bo‘lganligini fizik jihatdan tasdiqlash magsadida, yuqorida tavsiflangan bir xil tozalash va cho‘ktirish
texnologiyasi bo‘yicha tayyorlangan Co/Si0O,/n — Si{P) va Co/Si0,/n — Si{P, Zn) strukturalarining xona
haroratidagi volt-amper xarakteristikalari tahlil gilindi (3-rasm). Ushbu VAX o‘Ichovlari bizning oldingi
ishimizda [9] batafsil keltirilgan bo‘lib, bu yerda ular aynan MOY strukturaga xos potensial to‘signing
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muvaffagiyatli fizik shakllanganligining isboti sifatida qo‘llaniladi. 3-rasmdan ko‘rinib turibdiki, tekshirilgan
barcha strukturalarda aniq ifodalangan to‘g‘rilovchi (diodsimon) xatti-harakat kuzatildi, bunda |[U| = 1 V da
to‘g‘ri tok teskari tokdan bir necha marta katta bo‘ldi; taglikning solishtirma garshiligi 1,05-1,07 Q-cm dan
1800 Q-cm gacha oshishi bilan teskari tarmoqdagi tok giymati izchil ravishda kamayadi, bu esa kuchli Zn
bilan kompensirlangan taglikning yuqori ketma-ket qarshiligi va past erkin zaryad tashuvchilar
konsentratsiyasiga mos keladi.

VAX ning to‘g‘ri tarmog‘idan Cheung va Cheung usuli [14] yordamida hisoblangan potensial to‘siq
balandligi ¢s qiymatlari turli solishtirma garshilikka ega tagliklar uchun 3-jadvalda umumlashtirilgan.

3-jadval. Turli solishtirma qgarshilikka ega tagliklarda tayyorlangan strukturalarning potensial
to‘siq balandligi giymatlari

) Taglikning solishtirma Potensial to‘siq
Ne Struktura qarshiligi, Q-cm balandligi ¢g, eV
1 Co/Si0,/n — Si{P) (boshlang‘ich 1,05 0,4734
namuna)
5 Co/SlOZ/n_— Si(P) (_1 150°C da termik 1,07 0,4722
ishlov berilgan)
3 C0/Si0,/n — Si(P, Zn) 1800 0,4798

3-jadvaldan ko‘rinib turibdiki, taglik solishtirma qarshiligidan qat’i nazar, tekshirilgan barcha
strukturalarda aniq ifodalangan potensial to‘siq (¢pp =~ 0,47-0,48 eV) hosil bo‘lgan, bu esa qo‘llanilgan
texnologik ketma-ketlik — ko‘p bosqichli kimyoviy tozalash, nam termik oksidlash va magnetron changlatish
usulida Co cho‘ktirish — kuchli Zn bilan kompensirlangan va boshlang’ich kremniy tagliklarida strukturaviy
va elektrik jihatdan izchil MOY o‘tishlarini berishini so‘zsiz tasdiqlaydi. Namunalar orasida @g giymatining
nisbatan kichik o‘zgarishi (=1,6% doirasida) 1-bo‘limda tavsiflangan ko‘p bosqichli tozalash va cho‘ktirish
texnologiyasining takrorlanuvchanligini yana bir bor tasdiqlaydi, chunki potensial to‘siq balandligi
nazoratsiz interfeys ifloslanishiga va cho‘ktirilgan metall gqatlamning notekisligiga juda sezgir bo‘ladi [9,
14].

Xulosa. Co/SiO,/n — Si(P,Zn) MOY strukturalarini tayyorlash uchun batafsil, takrorlanuvchan
texnologik yo‘l taqdim etildi, u kremniy sirtining uch bosqichli kimyoviy tozalanishini (erituvchilar bilan
tozalash, RCA-1 ishlovi va HF bilan etchlash, namlanish testi orqali nazorat gilingan), SiO: hosil qilish
uchun nam termik oksidlashni va DXZD-400 qurilmasida kobaltni DC magnetron changlatish usulida
cho‘ktirishni (Ar oqim tezligi 80 sccm, ishchi bosim 4 Pa, changlatish quvvati 100 Vt) oz ichiga oladi.
Ko‘ndalang kesimning SEM tahlili makroskopik nuqsonlarsiz, uzluksiz va aniq chegaraga ega Co/Si0-/Si
qatlamlar tizimi shakllanganligini tasdigladi. Funksional MOY o‘tishining fizik jihatdan shakllanganligi
tayyorlangan strukturalarning volt-amper xarakteristikalari orgali tasdiglandi — ular keng diapazondagi
(1,05-1800 Q-cm) solishtirma qarshilikka ega tagliklarda barqaror ¢z ~ 0,47-0,48 eV giymatiga ega aniq
to‘g‘rilovchi xususiyatni namoyon qildi. Shu tariga, taqdim etilgan texnologiya kelgusida sensor va
pozitsion-sezgir qurilmalar uchun mo‘ljallangan Co/SiO,/Si(P,Zn) gibrid strukturalarni tayyorlashning
ishonchli va takrorlanuvchan asosi sifatida garalishi mumkin.
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Abstract. Topologically protected spin textures, such as magnetic skyrmions, have shown the
potential for high-density data storage and energy-efficient computing applications owing to their particle-
like behavior, small size, and low driving current requirements. Evaluating the writing and reading of the
skyrmion’s magnetic and electrical characteristics is crucial to implementing these devices. In this paper, we
present the magnetic heterostructure Hall bar device and study the anomalous Hall and topological Hall
signals in these devices. Using different measurement techniques, we investigate the magnetic and electrical
characteristics of the magnetic structure. We measure the skyrmion topological resistivity and the magnetic
field at different temperatures. MFM imaging and micromagnetic simulations further explain the anomalous
Hall and topological Hall resistivity characteristics at various magnetic fields and temperatures. The study
is extended to propose a skyrmion-based synaptic device showing spin-orbit torquecontrolled plasticity. The
resistance states are read using the anomalous Hall measurement technique. The device integration in a
neuromorphic circuit is simulated in a 3-layer feedforward artificial neural network ANN. Based on the
proposed synapses, the neural network is trained and tested on the MNIST data set, where a recognition
accuracy performance of about 90% is achieved. Considering the nanosecond reading/writing time scale
and a good system level performance, these devices exhibit a substantial prospect for energy-efficient
neuromorphic computing.

Keywords: CoFeB, Magnetron Sputtering, Skyrmion, Racetrack, Thin films, MTJs.
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PHYSICS

O“‘TA YUPQA Si(111)/CoFeB/MgO/CoFeB O‘TISHLARINING MAGNETO-OPTIK
YO‘LAKCHALARIDA SKIRMIONLAR DINAMIKASI

Annotatsiya. Topologik jihatdan himoyalangan spinik teksturalar, masalan, magnit skirmionlar,
zarrachasimon xatti-harakati, kichik o‘lchami va kam tok talab qilishi tufayli yuqori zichlikdagi
ma’lumotlarni saqlash hamda energiya tejamkor hisoblash ilovalarida katta potensialni ko ‘rsatdi. Ushbu
qurilmalarni amalda qo ‘llash uchun skirmionning magnit va elektr xarakteristikalarini yozish va o ‘qish
jarayonlarini baholash juda muhimdir. Ushbu maqolada biz magnit geterostrukturali Xoll sterjen
qurilmasini tagdim etamiz va ushbu qurilmalarda anomal Xoll hamda topologik Xoll signallarini
o ‘rganamiz. Turli o'lchov wusullaridan foydalanib, biz magnit strukturaning magnit va elektr
xarakteristikalarini tadqiq gilamiz. Biz turli haroratlarda skirmionning topologik solishtirma garshiligini va
magnit maydonini o ‘Ichaymiz. MFM tasvirlari va mikromagnit simulyatsiyalar turli magnit maydonlari va
haroratlardagi anomal Xoll hamda topologik Xoll solishtirma garshilik xarakteristikalarini yanada anigroq
tushuntirib beradi. Tadqiqot spin-orbital moment bilan boshqariladigan plastiklikni ko ‘rsatadigan
skirmionga asoslangan sinaptik qurilmani taklif gilish orgali kengaytirildi. Qarshilik holatlari anomal Xoll
o ‘Ichash usuli yordamida o ‘qiladi. Qurilmaning neyromorfik mikrosxemaga integratsiyasi 3 qatlamli to ‘g ‘ri
uzatuvchi sun’iy neyron tarmog ‘ida (ANN) simulyatsiya gilingan. Taklif etilgan sinapslar hisobiga neyron
tarmog ‘i MNIST ma’lumotlar to ‘plamida o ‘qitildi va sinovdan o ‘tkazildi, u yerda taxminan 90% aniqlikdagi
tanib olish samaradorligiga erishildi. Nanosaniyali o ‘qish/yozish vaqti miqyosini va tizim darajasidagi
yaxshi samaradorlikni hisobga olgan holda, ushbu qurilmalar energiya tejamkor neyromorfik hisoblash
uchun sezilarli istigbolni namoyish etadi.

Kalit so‘zlar: CoFeB, magnetronli purkash, skirmion, poyga yo‘li, yupga pardalar, magnit tunnel
o ‘tishlari.

JUHAMUKA CKHPMHAOHOB HA MATHUTOONTUYECKHUX TPEKAX
YJIbTPATOHKHUX NEPEXO/IOB Si(111)/CoFeB/MgO/CoFeB

Annomauus. Tononoeuuecku 3awjuyéHHble CNUHOGbIE MEKCMYPbl, MAaKue Kak MacHumHble
CKUDMUOHBI,  NPOOEMOHCHPUPOBATU — NOMEHYUAR Ol BbICOKONIOMHO20 — XPAHEeHUus  OaHHbIX U
IHEP20IPPEKMUBHBIX BLILUCTUNETLHBIX NPUTLOICEHUL O1A200aPsL CBOEMY YACMUYEN000OHOMY HPOBEOEHUIO,
MANOMy pazmepy u HU3KUM mpeOosanusm K moky ynpasienus. OyeHKa 3anucu u YmeHus MASHUMHbIX U
INEKMPUHECKUX XAPAKMEPUCIUK —CKUPMUOHA UMeem pewaiowee 3HauYeHue Oas peanuzayuu  Imux
yempoticme. B amoil cmambe Mbl npedcmasisiem YCmpoucmeo Ha 0CHO8e MASHUMHOU 2emepoCmpyKmypHollL
nepemviuku Xonna u ucciedyem CUSHAbL AHOMAIbHO20 dpexma Xonna u monoaocuueckoeo gpgexma
Xoana 6 amux ycmpoticmeax. Hcnoav3ys paziuunvie Memoovl UsMEPeHuUll, Mbl UCCie0yemM MAacHumHble U
neKmpudecKue Xapakmepucmuky MAsHUMHOU cmpykmypsl. Muvl usmepsiem mononocuueckoe yoenbHoe
CONpOmMuUBNIeHUue CKUPMUOHA U MAcHUMHOe noie npu paziuynvix memnepamypax. MFM-uzobpascenus u
MUKDOMASHUMHOE — MOOETUPOSAHUe  OONOTHUMENbHO — OOBACHAIOM — XAPAKMEPUCIUKU — YOelIbHO20
CONPOMUBNIeHUsT AHOMATLHO20 Ipghexma Xoana u mononocuyecko2o 3¢pgexma Xoana npu paziudHvix
MACHUMHBIX NOAAX U memnepamypax. Hcciedoeanue pacuupeno npeonodceHuem CUHANMUYECKO20
YCmMpoUCmea Ha OCHO8e CKUPMUOHA, OEMOHCHPUPYIOwe20 NIAACHMUYHOCMb,  YIPAGIAEMYI0  CHRUH-
opoumanvueim  momenmom. COCMOAHUAL CONPOMUBNEHUS CYUMDBIBAIOMCS C UCNONb30BAHUEM Memood
usmepenus auomanvHoeo spgexma Xoana. Humespayus ycmpoicmea 68 HeupoMOp@HYylo  cxemy
cmooenuposana 6 3-ClotuHOU UCKYCCMBEeHHOU HeupoHunol cemu npsamozo pacnpocmpanenus (ANN). Ha
OCHOBE NPEOJIONCEHHBIX CUHANCO8 HEUPOHHASL cemb ObLIa 06yHeHa 1 NPomecmupo8ana Ha Habope OaHHbIX
MNIST, 20e 6vira oocmuenyma sgghexmusnocms pacnosnaganus ¢ mouynocmuio okoro 90%. Yuumvisas
HAHOCEKVHOHbIIL 8PEMEHHOU MACUMAO YMeHUus/3anuc U XopouLyio npou3eo0umenbHOCHby Had CUCEMHOM
VpOBHe, MU YCMPOUCMBA OEMOHCMPUPYIOM 3HAYUMEIbHble NePCHeKmugvl Ol IHEPeoIPPHeKmusHbIX
HEUPOMOPHHLIX GbIYUCTCHULL

Knwuesvie cnosa: COFeB, macnemponnoe pacnvinenue, cxupmuon, mpex, mouKue NIEHKU,
MAZHUMHbLE MYHHETbHbIE NEPeX00bl.

Introduction. Digital electronics has been driven for several decades by continuous hardware scaling
and Moore’s law. However, with the recent slowdown in Complementary Metal Oxide Semiconductor
(CMOS) technology*’, the rapid growth of software, and the shift from cloud computing toward edge
devices, there is a strong motivation to re-examine the fundamental limits of computing. In the conventional
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Von Neumann architecture, a digital processor must access data stored in separate memory units to perform
logic operations. Unfortunately, memory scaling has not kept pace with the dramatic increase in processor
speed. This so-called “memory wall” problem is one of the primary bottlenecks limiting further
improvements in computing performance. To mitigate this issue, a multi-level memory hierarchy is
employed, where frequently accessed instructions and data are stored in a high-speed on-chip cache,
enabling efficient processing. This cache is typically implemented using Static Random Access Memory
(SRAM). However, SRAM requires at least six transistors per bit, making it costly and limiting its density.
As a result, systems rely heavily on off-chip Dynamic Random Access Memory (DRAM). Each DRAM cell
consists of a compact capacitor-transistor pair, offering high density but at the cost of speed and energy
efficiency. DRAM requires periodic refresh operations to compensate for charge leakage, which increases
access latency and energy consumption.

Consequently, there is significant research interest in developing memory technologies that combine
the speed of SRAM with the density of DRAM. Magnet-based nonvolatile memory has emerged as a
promising candidate to address this challenge. Magnetic memory? technologies have a long history, with
Magnetic Random Access Memory (MRAM) and Spin Transfer Torque RAM (STT-RAM) now reaching
commercialization. MRAM faces scaling challenges because its operation requires increasing current
densities, leading to higher energy dissipation. In contrast, STT-RAM exhibits better scalability, as switching
is achieved through spin-polarized currents injected across a magnetic tunnel junction. Since the discovery of
Giant Magnetoresistance in the late 1980s, STT-RAM has evolved from a theoretical concept to a strong
candidate for on-chip cache memory. STT-RAM combines DRAM-like density with performance
comparable to SRAM. It also offers additional advantages such as CMOS compatibility, zero standby
leakage, high endurance, long retention time, and overall reliability.

In particular, its higher density compared to transistor-based SRAM makes it attractive for
implementing large-capacity nonvolatile last-level caches, potentially reducing the need for off-chip DRAM
accesses. Despite these advantages, several challenges hinder the widespread adoption of STT-RAM. These
include high write energy and relatively slow read speeds compared to CMOS-based cache. These
limitations can be mitigated by reducing the energy barrier between binary states, but this leads to increased
error rates, resulting in an inherent energy—delay—error trade-off. Although error rates can be reduced using
advanced circuit-level techniques, such approaches often limit the full benefits of STT-RAM. Moreover,
scaling further exacerbates reliability issues, requiring stronger error correction mechanisms and reducing
energy efficiency. Additional challenges include bidirectional write currents, asymmetry in critical switching
currents, shared read/write paths, and single-ended sensing schemes.

A significant portion of the write energy in STT-RAM arises from the need to pass current through a
high-resistance tunnel barrier. To address this, alternative designs such as Spin Orbit Torque RAM (SOT-
RAM) have been proposed, where write and read paths are separated, improving efficiency.This brings
attention to information encoding using topological (solitonic) excitations in thin magnetic films, such as
domain walls and skyrmions. These excitations enable information storage in ultra-small volumes, even
below the thermal superparamagnetic limit that constrains conventional magnetic systems. Solitons can be
driven at high speeds by relatively small currents along magnetic racetracks, resulting in low energy
dissipation and enabling novel device concepts.

In particular, the high density of ultra-small skyrmions, their topological stability, and their quasi-
bllistic, tunable dynamics make them highly promising for a wide range of computing applications.The aim
of this Perspective is to examine the factors governing the size, dynamics, lifetime, and switching behavior
of isolated skyrmions, as well as the material systems that support them. Furthermore, their potential
applications in both conventional and unconventional computing paradigms are explored.The paper is
structured as follows: first, the current memory landscape is reviewed; next, the fundamental physical and
material constraints of skyrmions and domain walls are discussed, along with their experimental
characterization; then, skyrmion-based device concepts are proposed; and finally, the challenges and future
opportunities for skyrmionics technology are outlined.

Object of investigation and methods applied. Thin nanostructured Si(111)/CoFeB/MgO/CoFeB thin
films were fabricated using the magnetron sputtering (MS) technique. This method is characterized by its
low cost, simplicity, and precise control over thin-film growth. In this study, Si (111) single-crystal silicon
substrates were used. Before deposition, the substrates were subjected to a sequential cleaning process: first
rinsed in deionized (DI) water, then treated with ethanol and acetone, and finally rinsed again with DI water.
In addition, the substrates were cleaned using argon plasma inside the magnetron sputtering system. This
multistep cleaning procedure was carried out to completely remove organic and inorganic contaminants, as
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well as to ensure good adhesion and the formation of uniform thin films. After cleaning, the substrates were
dried under a nitrogen flow and stored under vacuum inside the sputtering system.

Sputtering Head Assembly
(@ < (b)

t

...........
nnnnnnn

Mg
Sample after 500 hours

8]
Sample after 100 hours

Figure 1. Schematic illustration of (a) the magnetron sputtering deposition setup/structure, and
(b) the target configuration used for thin film growth

The schematic structure of the fabricated skyrmion device is shown in Figure 1. The device consists of
a Si(111)/CoFeB/MgO/CoFeB nanostructure deposited on a Si(111) single-crystal silicon substrate. This
vertical “sandwich-like” configuration enables skyrmion transport through magnetic tunnel junctions (MTJs)
across the MgO layer under the influence of a magnetic field. The applied multistep cleaning process reduces
surface contamination, thereby improving film uniformity and adhesion, and enhancing the stability and
reproducibility of MTJ characteristics in skyrmionic devices.

Normalized Kerr Signal

Figure 2. Schematic illustration of the multilayer CoFeB/MgO/CoFeB heterostructure deposited
on a Si(111) substrate for skyrmion device applications

The deposition process was carried out under high-vacuum conditions on a heated substrate. The
deposition temperature was maintained at 200 °C and continuously monitored via a control display. First, the
CoFeB layer was deposited onto the Si(111) substrate, followed by the deposition of the MgO layer with
controlled thickness, and then another CoFeB layer was deposited with varying thicknesses as a function of
time CoFeB(t) as demonstrated in the experiment. The sequentially grown thin films were subsequently
annealed at 800 °C under high-vacuum conditions, which improved the crystalline structure and stabilized
the interfaces.

Results.

AFM Characterization Results

The AFM (Atomic Force Microscopy) analysis of the fabricated CoFeB nanoporous thin film reveals
that the resulting layer, shown in both the amorphous state at 200 °C and the crystalline state at 800 °C,
exhibits a highly homogeneous surface morphology and is formed through a stable growth mechanism.
Topographic images clearly demonstrate a continuous morphology, indicating that the deposition process
occurred under near-equilibrium conditions where interatomic diffusion and surface energy minimization
were effectively balanced. The AFM scans further reveal that the CoFeB film possesses a distinct granular
(nanogranular) surface texture. Significantly, the coexistence of amorphous and nanocrystalline phases is
also reflected in the surface topography, where atomically smooth amorphous regions transition into clearly
defined nanogranular crystalline domains. The grain size and height distribution appear relatively uniform,
suggesting that the material possesses either a nanocrystalline structure or a partially amorphous phase with
well-controlled surface roughness. These structural and morphological characteristics are typical for CoFeB-

based systems and are particularly significant for magnetic properties, spin polarization phenomena, and
electron tunneling processes.
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Figure 3. (a) amorf (b) kristall

Furthermore, the absence of pronounced surface defects, microcracks, or large agglomerates confirms
the high-quality growth of the film. The grain boundaries are relatively well-defined on the surface,
indicating that kinetic parameters during deposition—such as substrate temperature, deposition rate, and
plasma energy—were optimally controlled. Additionally, the observed surface nanostructure exhibits low
root-mean-square (RMS) roughness; this value is further reduced due to the amorphous matrix filling the
intergranular voids of the crystalline phase, thereby providing exceptionally flat and uniform interfaces. This
morphological feature contributes to soft magnetic behavior, low coercivity, and enhanced magnetic
susceptibility by minimizing pinning sites. Overall, the fabricated CoFeB nanoporous thin film demonstrates
a high-quality, structurally stable, and functionally promising surface topography. The obtained results
suggest that this material is a strong candidate for applications in spintronics, magnetic tunnel junctions
(MTJs), and advanced nanoelectronic devices.

MOKE Characterization Results

Magnetometry based on the magneto-optical Kerr effect (MOKE) was utilized to acquire local
magnetization hysteresis loops. To precisely identify the coordinates of the transition region from
perpendicular magnetic anisotropy (PMA) to in-plane (IM) magnetization within the samples and to perform
a preliminary assessment of the magnetic properties, images were captured using a large-view MOKE
microscope. For the visualization of skyrmion characteristics, high-resolution MOKE microscopy was
employed, featuring the capability to apply variable and combined in-plane (IP) and out-of-plane (OOP)
magnetic fields.

At the same time, the non-symmetric response of magnetization under opposite field directions may
indicate intrinsic anisotropy in the system as well as pinning effects of domain walls.
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Figure 4. Hysteresis curve 36a obtained by MOKE. The magnetic phase image corresponds to an
external magnetic field value of 6 mT. Both scans are 65 um across. (b) Hysteresis curve produced by
the sample using the MOKE microscope with applied field from -50 mT to +50 mT.
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The magneto-optical Kerr effect (MOKE) results were recorded during the reduction of the external
magnetic field. During this process, reorganization of magnetic domains and a transition of the magnetic
state into metastable configurations were observed. A corresponding observation was noted when the reverse
magnetic field was reduced from —50 mT to 50 mT, displaying a distinctly asymmetrical magnetization
response relative to the field direction. This enables the analysis of the spatial distribution of magnetic
domains at the nanometer scale.

The presence of skyrmion-like structures on the surface, with an estimated diameter of approximately
300 nm, is hypothesized. However, due to the limited contrast of the optical system and an effective spatial
resolution of approximately 500 nm*, distinguishing these nanoscale features clearly and reliably poses a
challenge. Nevertheless, literature reports indicate that skyrmions under ideal conditions typically possess
diameters within the 1-100 nm range, further complicating their direct visualization using techniques with
relatively low spatial resolution, such as MOKE.

The contrast variations observed during the magnetic field reduction process may be associated with
the formation of complex domain structures resulting from the Dzyaloshinskii—Moriya interaction (DMI) and
spin — orbit coupling within the material. Simultaneously, the asymmetrical response of the magnetization
under opposite field directions indicates the intrinsic anisotropy of the system as well as domain wall pinning
effects.

Conclusion. In this study, Si(111)/CoFeB/MgO/CoFeB thin films were successfully fabricated using

the magnetron sputtering technique. Magneto-optical analysis of the device revealed clear magnetic tunnel
junction (MT]J) transition behavior associated with skyrmion dynamics, which was also observed via AFM
and MOKE measurements. The obtained results indicate that interface effects within the MgO layer play a
crucial role in the MTJ-related switching process and the dynamics of skyrmion formation.These findings

confirm that the Si(111)/CoFeB/MgO/CoFeB nanostructure serves as a promising platform for exploring
low-cost, skyrmion-based memory devices. Future studies may focus on interface engineering, doping, or the
introduction of buffer layers, which could further improve MRAM characteristics and enhance device
scalability for neuromorphic and non-volatile memory applications, such as SOT-RAM.
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NI/SIO2/n-SI<P> METALL-OKSID-YARIMO‘TKAZGICH STRUKTURALARINI
SHAKLLANTIRISH TEXNOLOGIYASI VA UNING EKSPERIMENTAL-FIZIK ASOSLARI

Sharafova To‘lg‘anoy Sunnat gizi,
Sharof Rashidov nomidagi
Samargand davlat universiteti
tulganoysharafova@gmail.com

Annotatsiya. Ushbu maqolada Ni/SiO:/n-Si<P> metall-oksid-yarimo ‘tkazgich (MQY) strukturalarini
shakllantirishning to ‘liq texnologik jarayoni va uning eksperimental-fizik asoslari bayon etilgan. Kremniy
taglik yuzasi ko ‘p bosqichli kimyoviy tozalashdan (erituvchida tozalash, RCA-1 va HF botirish) o ‘tkazilgach,
tunnel-shaffof SiO: dielektrik qatlami azot kislotasida oksidlash (NAOS) usulida hosil gilingan, so ‘ngra
oksidlangan yuzaga Ni gatlami DC magnetron changlatish usulida, orga tomondagi kontakt maydonchasiga
esa Al termik bug’latish usulida cho ‘ktirilgan. Hosil bo ‘Igan qatlamli tuzilma spektroskopik ellipsometriya
(SiO: qalinligi — 3,74 nm, Cauchy modeli) va skanerlovchi elektron mikroskopiya (SEM, 125 000x%
kattalashtirish) yordamida tasdiqlangan, tuzilmaning yarimo ‘tkazgichlik xossasi esa voltamper
xarakteristikasi (VAX) asosida aniglangan Shottki to ‘siq balandligi (ps = 0,388-0,417 eV, [110] yo ‘nalish)
bilan isbotlangan. Olingan natijalar tavsiflangan texnologik jarayonning takrorlanuvchan va fizik jihatdan
asoslanganligini ko ‘rsatadi.

Kalit so‘zlar. Metall-oksid-yarimo ‘tkazgich struktura, Ni/SiO:/Si, ko‘p bosqichli kimyoviy tozalash,
NAQOS oksidlash, DC magnetron changlatish, spektroskopik ellipsometriya, SEM, Shottki to ‘sig i, VAX.

TEXHOJIOI'TSA ®OPMUPOBAHUSA METAJIJI-OKCHU/I —ITIOJTYITPOBOJHUKOBbBIX
CTPYKTYP Ni/SiO./n-Si<P> 1 UX IKCIIEPUMEHTAJIbBHO-®U3NYECKUE OCHOBBI

Annomauyua. B oannou cmamve npeOCmasnieHa NOIHAS MEXHOIO2UYECKds NOC1e008aAmeNbHOCIb
Gopmuposanus memani—oxucen—nonynpoeoonurosvix (MOII) cmpyxmyp NilSiO2N-SI<P> u paccmompenvl
ux dKCnepumMeHmanbHo-gusuieckue ocnosul. Ilocie MHO20cMAOUIHOU XUMUYECKOU OYUCTKU NOBEPXHOCTU
KpemHuesol noonodxcku (ouucmxa 6 pacmeopumene, oopabomxa RCA-1 u mpaerenue ¢ pacmeope HF)
memoodom oxuciaenusi 6 azomuou kuciome (NAOS) Owvin  chopmuposan myHHeIbHO-NPO3PAUHDBLIL
ouanekmpuueckuti cnou SiOz. 3amem Ha oxucnennyro nogepxmocme memodom DC-macnemponnozco
pacnviienus 6vin Hanecén caoii Ni, a Ha MLILHYIO CHMOPOHY NOONONHCKU MEMOOOM MEPMUYECKO20 UCNAPEHUs
ovin cghopmuposan konmakmuwiti crou Al ITomyuennas croucmas cmpykmypa 0Ovlia ROOMEEPICOeHA
Memooamu cnekmpocKonuyeckoul samuncomempuu (monwuna cios SiOz — 3,74 um, 6 pamxax mooenu Kowiu)
u cxanupyoweil snekmponnou muxpockonuu (COM, yseruuenue 125 000%). [lonynposoonuxoguvle ceoticmea
CmpyKmypbl OblIU NOOMEEPHCOeHbL HA OCHOBE BONbM-AMNEpHbIX Xapaxmepucmuk (BAX) nocpeocmeom
onpedenenusi svicomsl bapvepa lommku (p = 0,388-0,417 5B, nanpasienue [110]). Ilonyuenusvie
pe3yibmamul NOKA3bI8AIOM, 4mo paspadomaHHblil MexHOI02UYeCKUll NPoyecc GopMUpo8anus cmpykmypbl
ABNAMCA BOCHPOUZBOOUMbBIM U UMeem Pu3uiecKu 060CHOBAHNbII XapaKmep.

Knrouesvie cnosa. Memainn — oxucen — nonynpogoonukosas cmpykmypa, NilSiO2/Si, mroecocmaduiinas
xumuueckas ouucmka, okucirenue NAOS, DC-macnempounnoe pacnvinenue, cnexmpockonuieckas
annuncomempus, COM, 6apvep LLlommxu, 8016m-amnepras Xapaxmepucmuxa.

TECHNOLOGY OF FABRICATION OF Ni/SiO:/n-Si<P> METAL-OXIDE-
SEMICONDUCTOR STRUCTURES AND THEIR EXPERIMENTAL-PHYSICAL FOUNDATIONS

Abstract. This paper presents the complete technological process for the fabrication of Ni/SiO:/n-
Si<P> metal-oxide-semiconductor (MOS) structures and describes their experimental and physical
foundations. After multistage chemical cleaning of the silicon substrate surface (solvent cleaning, RCA-1
treatment, and HF dipping), a tunnel-transparent SiO: dielectric layer was formed by nitric acid oxidation
(NAOS) method. Subsequently, a Ni layer was deposited onto the oxidized surface using the DC magnetron
sputtering technique, while an Al contact pad was formed on the backside by thermal evaporation. The
fabricated multilayer structure was characterized by spectroscopic ellipsometry (SiO: thickness of 3.74 nm
using the Cauchy model) and scanning electron microscopy (SEM, magnification of 125,000%). The
semiconductor properties of the structure were confirmed based on current-voltage characteristics (1-V
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characteristics) through the determination of the Schottky barrier height (ps = 0.388-0.417 eV, along the
[110] crystallographic direction). The obtained results demonstrate that the developed fabrication process is
reproducible and physically justified.

Keywords. Metal-oxide—semiconductor structure, Ni/SiO/Si, multistage chemical cleaning, NAOS
oxidation, DC magnetron sputtering, spectroscopic ellipsometry, SEM, Schottky barrier, current-voltage
characteristics.

Kirish. Planar texnologiyaning rivojlanishi metall-oksid-yarimo‘tkazgich (MOY) tizimlariga
asoslangan yarimo‘tkazgich strukturalarining, shuningdek ular negizida gator diskret va integral
gurilmalarning yaratilishiga olib keldi. Hozirgi kunda mikro- va nanoelektron sxemalarda, shuningdek
diskret qurilmalarda oksid-yarimo'tkazgich (1Y), metall-oksid-yarimo‘tkazgich (MOY) va metall-oksid-
yarimo‘tkazgich (MOY) strukturalari keng qo‘llaniladi. Bunday strukturalarning nomuvozanat va
fotoelektrik xossalari, xususan, yuqori chastotalarda ishlash qobiliyati, tashqi elektr maydon ta’sirida sirtda
o‘ziga xos p-n o‘tish hosil bo‘lishi hisobiga turli nurlanish turlariga sezgirligi — alohida qiziqish uyg‘otadi
va pozitsion-sezgir planar fotodetektorlar, yuqori tezlikli dinamik kondensatorlar hamda boshga funksional
elementlar yaratish imkonini beradi.

Monokristall kremniy asosidagi turli strukturalar, jumladan, NiSi>/p-Si, Ni/n-Si, NiSi, Ni/SiO2/n-Si,
Ni/SiO./p-Si kabilar ~ zamonaviy mikro - va nanoelektronika uchun faol elementlar sifatida ko‘rib
chigilmoqda. Xususan, o‘z-o‘zidan siljigan Ni/n-Si Shottki strukturalaridagi yuqgori energiyali (issiq) zaryad
tashuvchilar fotoemissiyasiga asoslangan infragizil fotodetektorlar [1], impedans spektroskopiyasi
yordamida Ni/n-Si Shottki to‘siglarida elektron transporti xarakteristikalarini o‘rganish [2], hamda NiSi/n-Si
asosidagi, xona haroratida ishlaydigan yaqin infraqizil detektorlar [3] bo‘yicha xalgaro tadgiqotlar olib
borilgan. Shuningdek, elektron-nurli cho‘ktirish jarayonida Ni/SiO/Si tizimidagi sirt xossalarining haroratga
bog‘ligligi [4], tashqi siljish kuchlanishi ostidagi Ni-SiO.-Si strukturalaridagi lateral fotoelektrik effekt [5],
p- va n-tur MOY strukturalarining lateral fotoeffekt bo‘yicha qiyosiy tahlili [6], hamda Ni/SiO»/Si asosidagi
vodorod sensorlarining elektr xossalari [7] kabi ishlar e’lon gilingan.

Ushbu adabiyotlar tahlili shuni ko‘rsatadiki, Ni/SiO2/n-Si MIY strukturalarining elektrofizik xossalari
hagida talaygina ma’lumot to‘plangan bo‘lsa-da, ularni shakllantirishning to‘liq texnologik jarayoni,
xususan, kimyoviy sirt tayyorlash, tunnel-shaffof dielektrik gatlam hosil gilish va metall gatlamlarni
cho‘ktirish bosqichlari — hamda bu jarayonning har bir bosgichi natijasini mustaqil fizik-analitik usullar
(ellipsometriya, SEM) bilan tasdiglash masalasi alohida va batafsil yoritilmagan. Ushbu magolaning magsadi
Ni/SiO2/n-Si<P> MOY strukturalarini shakllantirishning to‘liq texnologik zanjirini tavsiflash va uning har
bir bosqichini mos fizik tahlil usullari bilan asoslashdan iborat bo‘lib, bu monokristall kremniy asosidagi
metall-oksid-yarimo‘tkazgich tuzilmalarining elektrofizik va impedans xarakteristikalarini keyingi bosgichda
tadqiq qilish uchun ishonchli texnologik negiz yaratadi.

Tajriba metodikasi.

A) Boshlang ‘ich n-Si<P> tagligini tayyorlash

Tadqiqot uchun diametri 100 mm, qalinligi 300 mkm bo‘lgan, [110] kristallografik yo‘nalishga ega n-
Si<P> monokristall plastinkalaridan lazerli kesish moslamasi yordamida 0,3x5%x10 mm o‘lchamli
parallelepiped shaklidagi namunalar tayyorlandi. Namunalarning fosfor bilan legirlash konsentratsiyasi
1,12-10" dan 7,99-10' sm™ gacha oralig‘ida bo‘lib, ularning boshlang‘ich elektrofizik parametrlari
(solishtirma qarshilik p, harakatchanlik p, tashuvchilar konsentratsiyasi n) Van der Pau usulida T = 300 K
haroratda o‘lchandi. Natijalar 1-jadvalda keltirilgan.

1-jadval. n-Si<P> taglik namunalarining T = 300 K dagi elektrofizik parametrlari

Ne p, -sm Kfristallografik yo‘nalish B, sm?/(V:s) n, sm3
1 0,0593 [110] 1319 7,99-10'¢
2 1,25 [110] 1150 4,35-10"
3 68,9 [110] 1185 8,15-10"
4 460 [110] 1236 1,22-10"
5 4970 [110] 1256 1,12-10"

B) Sirtni ko ‘p bosqichli kimyoviy tozalash

Namunalar sirtini dielektrik va metall qatlamlar cho‘ktirishga tayyorlash uch bosqichli kimyoviy
tozalash jarayoni orgali amalga oshirildi.

Birinchi bosqichda namunalar erituvchilar yordamida tozalandi: dastlab aseton hammomi 55 °C dan
oshmagan haroratgacha qizdirilib, plastinkalar unda 10 daqiga saqlandi, so‘ngra metanolga 2-5 dagigaga
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ko‘chirildi. Bu ikki bosqichli erituvchi ishlov berish sirtdagi moy va organik iflosliklarni, shuningdek
atsetonning o‘z qoldig‘ini bartaraf etish uchun zarur bo‘ldi.

Ikkinchi bosgichda RCA-1 eritmasidan foydalanildi: deionlangan suv, 27% li ammiak gidroksidi va
30% li vodorod peroksidi 5:1:1 hajmiy nisbatda (mos ravishda 325, 65 va 65 ml) aralashtirilib, aralashma
70£5 °C gacha qizdirildi, so‘ng namunalar unda 15 daqiqa ushlab turildi. Bu bosqichda organik va zarrali
ifloslanishlar oksidlanib, kremniy sirtidan ajratib olindi.

Uchinchi, yakuniy bosgichda namunalar 2% li HF eritmasida (480 ml suv + 20 ml 49% li HF) 2
dagiga davomida botirib turildi — bu tabiiy oksid gatlamini olib tashlash magsadida amalga oshirildi. Har
bir bosqichdan so‘ng namunalar bir necha marta deionlangan suvda chayilib, jarayon nazorati sifatida
sirtning gidrofoblik darajasi (namlanish sinovi) tekshirildi: suv tomchilarining sirtdan sirg‘alib tushishi —
oksidsiz, toza kremniy yuzasi hosil bo‘lganligidan dalolat berdi. Yakunda namunalar quruq azot oqimida
quritildi.

C) NAOS usulida Si0O: dielektrik gatlamini shakllantirish

Tozalangan va gidrofob holatga keltirilgan kremniy yuzasida tunnel-shaffof dielektrik gatlam hosil
gilish uchun azot kislotasida oksidlash (Nitric Acid Oxidation of Silicon — NAOS) usuli qo‘llanildi [8].
Ushbu usulda namunalar 120 °C gacha qizdirilgan konsentrlangan azot kislotasi (HNOs) muhitida 20 daqiga
davomida ushlab turildi. Natijada kremniy yuzasida bir necha nanometr qalinlikdagi, tuzilishi bir jinsli SiO:
qatlami hosil bo‘ldi.

D) Ni gatlamini magnetron changlatish usulida va Al kontaktini shakllantirish

Si0: qatlami hosil gilingan namunalar DXZD-400 vakuum-magnetron changlatish tizimining ishchi
kamerasiga joylashtirildi, unda qoldiq bosim 10 mm sim.ust. darajasiga yetkazildi. Namunaning SiO:
tomoniga yupga nikel (Ni) gatlami DC magnetron changlatish usulida quyidagi rejimda cho‘ktirildi: argon
gazi sarfi — 80 sccm, ishchi bosim — 4 Pa, magnetron quvvati — 100 Vt, nishon (target) kuchlanishi — 276 V,
tok kuchi — 363 mA, cho‘ktirish tezligi — 0,17 A/s. Kremniy tagligining garama-garshi (oksidlanmagan)
tomonida esa, butun yuza emas, balki fagat omik kontakt hosil qilish uchun mo‘ljallangan kichik lokal
maydoncha termik bug‘latish usulida yupga alyuminiy (Al) gatlami bilan qoplandi. Ni gatlamining qalinligi
cho‘ktirish rejimi (vaqt X tezlik) asosida nazorat qilinib, so‘ngra spektroskopik ellipsometriya usulida
eksperimental tasdiglandi (natijalar quyida, “Natijalar va muhokama” bo‘limida keltirilgan).

E) Omik kontaktlarni shakllantirish

Elektr o‘Ichovlari uchun zarur sifatli omik kontaktlar hosil gilish magsadida, Ni gatlami tushirilgan old
yuzaga hamda orqa tomondagi Al kontakt maydonchasiga diametri taxminan 1 mm bo‘lgan ikkita simmetrik
(ekvipotensial) doiraviy kontakt kumush pastasi yordamida tushirildi. Kontakt ustiga diametri ~50 mkm
bo‘lgan mis sim joylashtirilib, ustidan yana kumush pastasi qo‘llanildi. Kontaktlar quruq havoda 6 soat
davomida quritildi, natijada mexanik jihatdan bargaror omik kontaktlar hosil bo‘ldi.

Asosiy natijalar.

1. Ellipsometrik o°‘Ichov natijalari

Hosil qilingan SiO: dielektrik gatlamining qalinligi spektroskopik ellipsometriya usulida, 632,8 nm
to‘lqin uzunligida o‘lchandi. Psi (W) va Delta (A) spektrlarining Cauchy modeli asosida moslashtirilishi (1-
va 2-rasmlar) natijasida SiO: qatlamining qalinligi 3,74 nm deb aniqlandi (sindirish ko‘rsatkichi n = 1,4610),
kremniy tagligi esa Jellison modeliga muvofig n = 3,8661, k = 0,01579 parametrlari bilan tavsiflandi.
Olingan qiymat NAOS usulida hosil bo‘ladigan tunnel-shaffof oksid gatlamlari uchun adabiyotda keltirilgan
diapazonga mos keladi [8].
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1-rasm. SiO:/n-Si<P> namunasining ellipsometrik Psi (¥) spektri (qizil chiziq — Cauchy modeli,
yashil chizig — eksperimental egri chiziq)

160

1404

Delta

120

400 ' 600 ' 800 ' 1000
Wavelength [nm]
2-rasm. Xuddi shu namunaning Delta (A) spektri (qizil chiziq — model, binafsha chiziq -
eksperiment)

2. SEM tahlili natijalari
Shakllangan tuzilmaning gatlamli tuzilishi Thermo Fisher Scientific Apreo ChemiSEM skanerlovchi
elektron mikroskopida (T2 detektori, tezlashtiruvchi kuchlanish HV = 15,00 kV, ishchi masofa WD = 6,2
mm) 125 000x Kkattalashtirishda olingan ko‘ndalang kesim tasviri orqali tasdiglandi (3-rasm). Tasvirda
vakuum/bo‘shliq zonasi ostida yorqin, notekis relyefli yupga gatlam cho‘ktirilgan Ni metall plyonkasi va
uning tagida bir jinsli, tekis kremniy taglik aniq farglanadi. Ni gatlamining donador (granulyar) tuzilishi DC
magnetron changlatish jarayoniga xos polikristall o‘sish mexanizmini tasdiglaydi.

mag B det 7/30/2026 = HV usecase  spot WD  — UL E—

3 125 000 x T2 11:52:13 AM 15.00kv  OptiPlan 7.0 6.2 mm Apreo ChemiSEM
3-rasm. Ni/SiO:/n-Si<P> strukturasining ko‘ndalang kesimi SEM tasviri (125 000, HV = 15,00
kV, WD = 6,2 mm, Apreo ChemiSEM)

3. VAX asosida hisoblangan Shottki to‘siq parametrlari

Sintez qilingan Ni/SiO2/n-Si<P> strukturalarining volt-amper xarakteristikalari (VAX) asosida,
Cheung-Cheung usuli [9] yordamida Shottki to‘siq balandligi (¢s), ideallik koeffitsiyenti (n) va diodning
ketma-ket qarshiligi (Rk) hisoblandi [110]. Kristallografik yo‘nalishdagi besh namuna uchun olingan
natijalar 2-jadvalda keltirilgan.

2-jadval. [110] yo‘nalishdagi Ni/SiO:/n-Si<P> namunalarining VAX asosida hisoblangan
asosiy parametrlari

Ne p, Q-sm 0B, eV n Rk,
1 0,0593 0,417 9,20 29,31
2 1,25 0,409 9,53 30,37
3 68,9 0,400 8,40 26,76
4 460 0,395 4,05 12,90
5 4970 0,388 9,24 29,45
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Muhokama. 2-jadvaldan ko‘rinib turibdiki, tekshirilgan barcha namunalarda ishonchli potensial to‘siq
shakllangan. Taglikning solishtirma garshiligi ortishi bilan @g giymati sezilarli darajada kamayadi (0,417 eV
dan 0,388 eV gacha) bu legirlash darajasining pasayishi natijasida Fermi sathining o‘tkazuvchanlik zonasi
chekkasidan uzoqlashishi bilan izohlanadi. Olingan @g qiymatlari nikelning o‘rtacha chiqish ishi (4,76 eV) va
kremniyning elektron affinligi (4,05 eV) asosida nazariy kutilgan qiymatlarga, shuningdek SiO./Si chegara
holatlari zichligini hisobga olgan holda adabiyotda keltirilgan natijalarga [10] yaqin keladi.

Shunday qilib, ellipsometrik o‘lchovlar (SiO: qalinligi 3,74 nm), SEM tasviri (Ni qatlamining
uzluksiz va bir jinsli shakllanganligi) hamda VAX asosidagi Shottki to‘siq tahlili (ps = 0,388-0,417 eV)
birgalikda — tavsiflangan texnologik jarayon natijasida sifatli Ni/SiO./n-Si<P> MIY strukturasi
shakllanganligining ishonchli, o‘zaro mustagqil fizik dalili bo‘lib xizmat qiladi.

Xulosa. Ushbu maqolada Ni/SiO./n-Si<P> MOY strukturalarini shakllantirishning to‘liq texnologik
jarayoni — ko‘p bosqichli kimyoviy tozalash, NAOS usulida dielektrik qatlam hosil gilish va DC magnetron
changlatish usulida Ni qatlamini cho‘ktirish bosqichma-bosgich tavsiflandi. Har bir texnologik bosgichning
natijasi mustaqil fizik-analitik usullar bilan tasdiglandi: SiO. gqatlamining qalinligi spektroskopik
ellipsometriya (3,74 nm) yordamida, gatlamlarning morfologik sifati SEM (125 000x kattalashtirish)
yordamida, tuzilmaning yarimo‘tkazgichlik xossalari esa VAX asosida hisoblangan Shottki to‘siq balandligi
(pg = 0,388-0,417 eV) yordamida aniglandi. Olingan natijalar tavsiflangan texnologiyaning
takrorlanuvchanligi va fizik jihatdan asoslanganligini tasdiglaydi hamda monokristall kremniy asosidagi
metall-oksid-yarimo‘tkazgich tuzilmalarining elektrofizik va impedans xarakteristikalarini tadqgiq gilishga
garatilgan kelgusi ishlar uchun ishonchli texnologik negiz yaratadi.
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O‘TA O‘TKAZUVCHANLIKDAGI 1ZOTOP EFFEKTINI TAVSIFLOVCHI TURLI
NAZARIYALAR
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ITMA Buxoro filiali o ‘qituvchisi

Annotatsiya. Ushbu maqolada o ‘ta o ‘tkazuvchanlikdagi izotop effektini tavsiflash uchun taklif etilgan
asosiy nazariy yondashuvlar tizimli ravishda tahlil qgilinadi. Izotop effekti kritik temperatura T ning izotop
massasiga M bog ‘ligligi orqali o = —dInT/dInM ko ‘rinishida ifodalanadi. An’anaviy Bardeen—Cooper—
Schrieffer (BKSh) nazariyasining sodda chegarasida fonon chastotasining M2 ga bog ‘ligligi o = 0,5
natijani beradi. Biroq yuqori T¢ /i kupratlarda izotop koeffitsiyentining legirlanishga bog ‘lig, kichik, nolga
yagin va ayrim hollarda manfiy giymatlari kuzatilishi ushbu masalani oddiy fonon chastotasi bilan
cheklangan model doirasidan kengroq ko ‘rib chiqishni talab qgiladi. Shu sababli maqolada BKSh va Migdal—
Eliashberg, ikki-bozonli, nonadiabatik, Hubbard—Holstein, spin-fluktuatsion, polaron, bipolaron hamda
qatlamlararo ta’sirlashuvga asoslangan yondashuviar qiyosiy tahlil qilinadi. Shuningdek, izotop
massasining fonon chastotasidan tashqari effektiv massa, juftlashish energiyasi, elektron korrelyatsiyasi,
kogerentlik va psevdotirgish bilan bog‘liq kattaliklarga ta’siri ko rib chigiladi. Tahlil natijalari
kupratlardagi izotop effektini yagona mexanizm bilan emas, balki panjara dinamikasi, elektron
korrelyatsiyasi va kollektiv o ‘zaro ta’sirlarning o ‘zaro bog ‘langan majmuasi orqali tavsiflash magsadga
muvofigligini ko ‘rsatadi.

Kalit so‘zlar: izotop effekti, izotop koeffitsiyenti, kritik temperatura, BKSh nazariyasi, Migdal—
Eliashberg nazariyasi, polaron, bipolaron, spin fluktuatsiyasi, Hubbard—Holstein modeli, kupratlar,
psevdotirgish.

VARIOUS THEORETICAL APPROACHES TO DESCRIBING THE ISOTOPE EFFECT IN
SUPERCONDUCTIVITY

Abstract. This paper presents a systematic analysis of theoretical approaches used to describe the
isotope effect in superconductivity, with particular emphasis on high-T. cuprates. The isotope effect is
characterized by the isotope exponent a. = —dInTJ/dInM. In the simplest Bardeen—Cooper—Schrieffer (BCS)
limit, the mass dependence of the characteristic phonon frequency leads to a = 0.5. In cuprates, however,
isotope exponents may be strongly doping dependent, reduced, close to zero, or even negative. The paper
therefore compares BCS and Migdal—Eliashberg, two-boson-mode, nonadiabatic, Hubbard-Holstein, spin-
fluctuation, polaronic, bipolaronic, and interlayer-coupling approaches. Particular attention is given to
mechanisms in which isotope substitution modifies not only phonon frequencies but also effective carrier
masses, pairing energies, electronic correlations, coherence, pseudogap characteristics, and interlayer
coupling. The comparative analysis indicates that the isotope effect in cuprates is better understood as a
consequence of interactions among the lattice, electronic, and collective degrees of freedom rather than as a
single-parameter phonon-frequency effect.

Keywords: isotope effect, isotope exponent, critical temperature, BCS theory, Migdal-Eliashberg
theory, polaron, bipolaron, spin fluctuations, Hubbard—Holstein model, cuprates, pseudogap.

PA3JIMYHBIE TEOPETUYECKHUE TOAXO/bI K OIIMCAHUIO U30OTOIINYECKOI'O
IDOPEKTA B CBEPXITPOBOJINMOCTHU
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Annomayusa. B cmamve npeocmasnien CUCMeMAMUYECKUli aHAIU3 meopemuideckux Hnooxooos,
UCNOTb3YeMbIX OJisl ONUCAHUSL U30MONUYECK020 dphexma 8 ceepXnposooOUMOCmiu, ¢ 0COObIM AKYEHMOM HA
BbICOKOMEMNEPAMYPHBIE KYHPAMHbIE C8ePXNPOGOOHUKU. M30monuyeckui 3gghexm xapaxmepuzyemcs
uzomonuueckum  kodgppuyuenmom o = —dInT/dInM, 20e T — kpumuueckas memnepamypa
ceepxnpogoosaueco nepexoda, a M — uzomonuueckass macca. B npocmetiwem npedeie meopuu bapouna—
Kynepa—Ilpugghepa (BKIIL) 3asucumocmv xapaxmepHol (HOHOHHOU yYaAcmomsl OmM MACCbl AMOMO8
npueodum K 3Hadenuio o = 0.5. OOHAKO 8 KYNPAMHLIX CEEPXNPOBOOHUKAX GENUYUHA UBOMONUUECKO2O0
KO2(hhuyuenma modicem cyujeCmeenHo 3a8ucemv Om YPOGHs JIecUpOBanUsl, 3HAYUMETbHO YMEHbUAMbCS,
npUOIUIICAMBCS K HYTI0 ULU 0adice NPUHUMAMb Ompuyamenbuvie 3HaveHus. B cesa3u ¢ smum @ pabome
npogodumcs cpasHumenvuvlll ananiuz meopuii KL u Mueoana—2auawbepea, mooeneti ¢ 08ymsi GO30HHbIMU
mMooamu, Headuabamuueckux nooxo0os, moodenei Xabbapoa—Xoacmeiina, MeEXAHUZMOE CHUHOBbIX
Gprykmyayuil, ROIAPOHHBIX U OUNOTAPOHHBIX MOOenell, & MaKice N00X0008, YUUMbIGAIOUUX MEICCIOUHOE
s3aumodeticmeue. Ocoboe GHUMAHUE YOENIEeHO MEXAHUMAM, 8 KOMOPbIX U30MONUYEcKoe 3ameujeHue
NPUBOOUT K USMEHEHUIO He MONbKO (DOHOHHBIX HACThOm, HO U 3GeKmueHol maccol Hocumenel 3apsaoa,
OHepeuu CHnapuéaHusl, JJIeKMPOHHLIX KOppersyull, KO2epeHmHOCmU, XapaKkmepucmuk nceglowjent u
medrccnotinotl ceasu. Tlposedénnviil cpasnumenvuslii aHaIU3 NOKA3bl8Aem, Ymo uzomonuyeckuil d¢pgpexm 6
KYIPAMHBIX  CBEPXNPOBOOHUKAX YeAecO0Opa3HO pAcCMAmpusams KaK pesyavbimam 83auMOoCEiI3aHHO20
GIUSTHUSL PEULEMOYHBIX, DIEKMPOHHBIX U KOJIEKMUBHBIX CHEeneHel c60000bl, a He KaK cledcmeue u3MeHeHus
UCKTIOYUMETIbHO XAPAKMEPHOU YOHOHHOU YACTOMbL.

Knrouesvle cnosa: usomonuveckuti sgpgexm, uzomonuyeckuti Kodpuyuenm, Kpumuyeckas
memnepamypa, meopus bBKII, meopus Muzoana—Onuawbepea, nonapoH, OUNOAPOH, CHUHOBLIE
dryxkmyayuu, moderv Xabbapoa—Xoncmeiina, Kynpamuule C8epXnpOBOOHUKU, NCEBOOUENb.

Kirish. O‘ta o‘tkazuvchanlikdagi izotop effekti kristall panjarasidagi atom yoki ion massasini
0‘zgartirish natijasida o‘ta o‘tkazuvchanlikning, avvalo kritik temperatura T¢ ning, o‘zgarishida hamoyon
bo‘ladi. 1zotop almashtirishda kimyoviy tarkib va elektronlar soni ideal holda deyarli o‘zgarmaydi, birog
panjara dinamikasining massaviy parametri o‘zgaradi. Shu sababli izotop effekti elektron—panjara o°zaro
ta’sirining o‘ta o‘tkazuvchanlikdagi rolini baholash uchun muhim eksperimental mezon hisoblanadi
[1].An’anaviy BKSh nazariyasida o‘ta o‘tkazuvchanlik elektron—fonon o‘zaro ta’siri natijasida hosil
bo‘ladigan Kuper juftliklari bilan izohlanadi. Soddalashtirilgan modelda kritik temperatura xarakterli fonon
chastotasiga bog‘liq bo‘lib, Debay chastotasining wp « M2 ko‘rinishidagi massaviy bog‘ligligi izotop
koeffitsiyentining o = 0,5 giymatini beradi [1,2]. Ushbu natija izotop effektining klassik mezoni sifatida
garaladi. Yugori T¢ li kupratlarda esa izotop effektining manzarasi ancha murakkab. Tajribaviy natijalar va
nazariy hisoblar izotop koeffitsiyentining legirlanish darajasi, elektron tuzilma, psevdotirgish va kristall
panjarasi xususiyatlariga sezgirligini ko‘rsatadi [3,4,5]. Ayrim holatlarda a ning 0,5 dan ancha kichik, nolga
yaqin yoki manfiy bo‘lishi izotop massasining ta’sirini fagat fonon chastotasi bilan tushuntirish yetarli
emasligini ko‘rsatadi.Shu nuqtai nazardan, kupratlardagi izotop effektini izohlash uchun fonon spektrining
batafsil tuzilishi, elektron—fonon bog‘lanishining kuchi, elektron korrelyatsiyalari, spin fluktuatsiyalari,
polaronik gayta normallashuv, bipolaronik juftlashish va gatlamlararo kogerentlik kabi omillarni birgalikda
ko‘rib chigish zarur. Mazkur ishning magsadi - mavjud adabiyotlarda keltirilgan asosiy nazariy
yondashuvlarni yagona tizimga keltirish, ularning izotop effektini shakllantirish mexanizmlarini giyoslash va
yugori T¢ li kupratlarda anomal izotop koeffitsiyentining mumkin bo‘lgan sabablarini tahlil gilishdir.

Adabiyotlar tahlili va tadgigot metodologiyasi. Adabiyotlar tahlili guruhlash va giyosiy tahlil
tamoyillari asosida olib borildi. Avvalo an’anaviy BKSh hamda elektron mexanizmlari bilan bog‘liq
yondashuvlar ko‘rib chiqildi [1,2]. Keyingi bosqichda kupratlardagi noan’anaviy izotop effektlarini
tushuntirishga garatilgan bipolaronik va umumiy elektron mexanizmlariga oid ishlar tahlil gilindi [3,4,5].
Shundan so‘ng ikki-bozonli, Migdal-Eliashberg va nonadiabatik modellar ko‘rib  chiqildi
[6,7,8,9,10,11].Keyingi guruhni spin-fluktuatsion, qatlamlararo ta’sirlashuv, polaron va bipolaron
nazariyalari tashkil etdi [14,15,16,17,18,19,20,21,22]. Elektron korrelyatsiyalarini ifodalovchi Hubbard va
Hubbard—Holstein modellarining izotop effektiga ta’siri alohida tahlil qilindi [23,24,25,26]. Shuningdek,
umumiy nazariy kontekstni to‘ldiruvchi manbalar ham ko‘rib chiqildi [27,28,29,30,31].Har bir nazariy
yondashuv uchta asosiy mezon bo‘yicha taqqoslandi: (i) izotop massasining modeldagi qaysi fizik
kattaliklarga kirishi; (ii) Tc yoki psevdotirqish uchun izotop koeffitsiyentining qanday hosil bo‘lishi; (iii)
kupratlarda kuzatiladigan kichik, legirlanishga bog‘liq yoki manfiy izotop effektlarini tushuntirish
imkoniyati. Bunda a = —d InT¢/dInM asosiy qgiyosiy parametr sifatida gabul gilindi [1].

Natijalar.

1. BKSh nazariyasida izotop effekti
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BKSh nazariyasining sodda chegarasida kritik temperatura

T =1.140p exp[— - (;)V] (1)

ko‘rinishida ifodalanadi. Debay chastotasi panjara atomlari massasiga taxminan wp « M2 gonun
bo‘yicha bog‘langanligi sababli Tc ham izotop massasiga bog‘liq bo‘ladi va a = 0,5 giymat olinadi [1,2].
Demak, izotop massasi ortganda xarakterli fonon chastotasi kamayadi va boshqa parametrlar o‘zgarmagan
holda T. pasayishi kutiladi.Swihart BKSh va Bogolyubov nazariyalari doirasida izotop effektining
mikroskopik kelib chigishini tahlil gilgan. Ushbu yondashuv izotop effektining asosiy fizik manbasini aniq
ko‘rsatib bersa-da, kupratlarda kuzatiladigan kuchli legirlanishga bog‘liglik va anomal a qiymatlarini to‘liq
izohlash uchun kengaytirilgan modellar talab gilinadi [1].

2. Migdal-Eliashberg va ikki-bozonli yondashuvlar

Bir nechta bozon holatlari mavjud bo‘lganda, Tc ni yagona Debay chastotasi orgali ifodalash yetarli
bo‘lmaydi. Ikki-bozonli modelda kritik harorat (2) ko‘rinishida ifodalanadi, bunda Q,; va Q, — ikki boson
modining xarakterli chastotalari, A; va A,— ularga mos juftlashish konstantalari, p esa Kulon
pseudopotensialidir [6]. Ushbu ifodadan ko‘rinadiki, T. massaga fagat bitta fonon chastotasi orgali emas,
balki bir nechta boson modlarining chastotalari va ularning elektronlar bilan bog‘lanish kuchlari orqali
bog‘liq. Shu sababli izotop koeffitsiyenti standart BKSh qiymati (a =0.5) dan sezilarli farq qilishi, hatto
ayrim hollarda manfiy qiymatga ega bo‘lishi mumkin [6]. Migdal-Eliashberg formalizmi esa kuchli
elektron—fonon bog‘lanishi va fonon spektrining batafsil tuzilishini hisobga olib, ushbu massaga bog*‘liqlikni
yanada aniq tavsiflaydi:

_ —1+(pu—2,)In(Q, /1)
TC = kﬂlexp [)\1+}\2_ﬂ+)\1(ﬂ—)\2)ln(ﬂ.2/91] (2)

Masalan, YHs da Tc va kritik magnit maydonlarning izotopik o‘zgarishi [7], PAH(D) tizimida esa
teskari izatop effekti hodisasi [8] shu yondashuvlar doirasida tahlil gilingan.

3. Nonadiabatik nazariya

Adiabatik yaginlashuvda elektronlar panjara ionlariga nisbatan tezroq harakat giladi va elektron
hamda fonon energiya masshtablari orasidagi nisbat kichik deb garaladi. Biroq elektron energiyasi va fonon
energiyasi masshtablari bir-biriga yaginlashganda ushbu yaginlashuvning cheklanishlari yuzaga keladi.
Nonadiabatik yondashuvlarda bunday effektlar izotop koeffitsiyentini sezilarli ravishda o‘zgartirishi mumkin
[9,10,11]. Bill, Kresin va Wolf yuqori T li materiallarda nonadiabatiklik hamda magnit aralashmalarning
izotop effektiga ta’sirini tahlil gilgan [10]. Paci va boshq. esa polaronik va nonadiabatik rejimlarning anomal
izotop effektlari bilan bog‘ligligini ko‘rsatgan [9]. Shunday qilib, nonadiabatik yondashuv izotop
almashtirishning elektron—fonon o‘zaro ta’siri va juftlashish mexanizmi parametrlariga bilvosita ta’sirini
ham hisobga oladi. Nonadiabatik nazariyaning eng muhim fizik parametri — elektron va fonon energiya
masshtablarining nisbati:

=22t (3)

Ef
4. Hubbard va Hubbard-Holstein modellarida izotop effekti
Kuchli elektron korrelyatsiyalarini hisobga olish uchun kupratlarda Hubbard—Holstein modeli
muhim nazariy asoslardan biri hisoblanadi. Ushbu model Hamiltoniani (4) ko‘rinishida yoziladi:
H=—t Z(ij),cr(cicr-rcjcr +hoc.)+ UZingng + wo X b Tby + g Xyni(b;T + by) 4)
Bu yerda t elektronlarning panjara bo‘ylab harakatlanish amplitudasi, U esa Kulon itarilish energiyasi,
w, fononning xarakteristik chastotasi, g esa elektron—fonon o‘zaro ta’sir kuchini ifodalaydi [23—26]. 1zotop
almashtirilganda asosan wy M2 o‘zgaradi, biroq T. ning o‘zgarishi faqat ushbu chastota bilan
belgilanmaydi: U, g va elektron korrelyatsiyalari bilan birgalikdagi ta’sir juftlashish mexanizmini va
natijaviy izotop koeffitsiyentini gayta normallashtiradi. Shu sababli Hubbard—Holstein modeli doirasida
standart BKSh qiymati (0.5) dan sezilarli og‘ishi mumkin [24-26]. Dahm va boshqg. d-to‘lginli o‘ta
o‘tkazuvchanlik sharoitida izotop effekti va elektr qarshilikni Hubbard modeli asosida tahlil gilgan [24], Paci
va boshqg. esa dinamik o‘rtacha maydon nazariyasi yordamida elektron korrelyatsiyasi va elektron—fonon
o‘zaro ta’sirining izotop koeffitsiyentiga birgalikdagi ta’sirini ko‘rsatgan [25,26].
5. Spin-fluktuatsion yondashuv
Spin-fluktuatsion modellarda elektron juftlashishining asosiy mexanizmi spin fluktuatsiyalari bilan
bog‘lanadi va kritik harorat soddalashtirilgan holda (5) ko‘rinishida ifodalanadi:

1
Te~wgrexp(=5) ()
bunda w,s spin fluktuatsiyalarining xarakteristik chastotasi, A;r esa spin-fluktuatsion juftlashish

kuchini ifodalovchi samarali bog‘lanish o‘zgarmas kattalikdir. [12]. Ushbu ifodaga ko‘ra, agar juftlashish
fagat spin fluktuatsiyalari orgali yuzaga kelsa, T ning izotop massasiga bog‘ligligi bevosita bo‘lishi shart
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emas. Biroq spin fluktuatsiyalari fononlar bilan o‘zaro ta’sirlashganda wsf va Ay samarali ravishda
o‘zgarishi mumkin, natijada izotop koeffitsiyenti nolga teng bo‘lmagan va standart BKSh qiymati (a0 =0.5)
dan farq qgiluvchi giymatni gabul qilishi mumkin. Pao va Schiittler d-to‘lqinli spin-fluktuatsion modellar
doirasida fononlarning qo‘shimcha hissasini hisobga olib, izotop koeffitsiyenti kupratlarda kuzatiladigan
giymatlardan kichik bo‘lishi mumkinligini ko‘rsatgan [12]. Demak, kuzatiladigan izotop effektini izohlashda
spin fluktuatsiyalari bilan bir qatorda ularning panjara tebranishlari bilan o‘zaro ta’sirini ham hisobga olish
zarur.

6. Polaron nazariyasi

Polaronik yondashuvda zaryad tashuvchisi kristall panjarasi bilan kuchli o‘zaro ta’sirlashib, uning
atrofida lokal deformatsiya hosil giladi. Izotop massasining o‘zgarishi fonon chastotasi bilan bir qatorda
polaronning effektiv massasi va kogerent harakatiga ham ta’sir qilishi mumkin [15,16]:

n
Teox —=
oo ©
_ 9InT; _ dlnng |, dlnm,"
a= alnM adlnM dlnM (7)

Shu sababli T. ning izotop bog‘ligligi standart BKSh formulasidan sezilarli farq qilishi ehtimoli
mavjud. Bussmann-Holder va Keller kupratlarda polaron hosil bo‘lishini noan’anaviy izotop effektlarining
mumkin bo‘lgan manbalaridan biri sifatida ko‘rsatgan [15]. Weyeneth kislorod izotop effekti va polaronik
o‘ta o‘tkazuvchanlik o‘rtasidagi bog‘liglikni muhokama qilgan [16]. Kochelaev, Miiller va Shengelaya esa
kam legirlangan kupratlarda kislorod izotop effektini polaronik o‘ta o‘tkazuvchanlik bilan bog‘lab tahlil
gilgan [22].

7. Bipolaron nazariyasi

Bipolaronik nazariyada ikkita zaryad tashuvchisi panjara deformatsiyasi vositasida bog‘langan juft
holatni hosil giladi. Bunday modelda izotop massasi fonon chastotasidan tashqari bipolaronning bog‘lanish
energiyasi, effektiv massasi va kondensatsiya shartlariga ham ta’sir qilishi mumkin [3,17,18,19]:

keTe ~—2 (8)

mp*

Shu sababli izotop koeffitsiyentining kattaligi va hatto ishorasi standart BKSh natijasidan farqg qilishi
mumkin. Fung, Kwok va Lam bipolaron nazariyasi doirasida izotop effektining nazariy tahlilini amalga
oshirgan [27]. Lakhno translation-invariant bipolaron modelida T, va psevdotirgish haroratining izotop
massasiga bog‘ligligini ko‘rib chiqib, izotop koeffitsiyentining manfiy bo‘lishi mumkinligini ko‘rsatgan
[17,18]. Alexandrov va Zhao esa kupratlarda izotop effektining legirlanishga bog‘ligligini bipolaronik
mexanizm nugtayi nazaridan tahlil gilgan [3,19].

8. Psevdotirqish va izotop effekti

Kupratlarda psevdotirgish harorati T* va kritik temperatura T ning izotop massasiga bog‘ligligi bir xil
bo‘lishi shart emas. Katta polaronlar modelida juftlashish psevdotirqgishi uchun izotop effekti hisoblanib, T*
> T¢ bo‘lgan oldindan juftlashuv bosqichi ko‘rib chigilgan [20]. Turli legirlanish sohalarida kichik, sezilarli
va juda katta izotop effektlarining paydo bo‘lishi shu kabi modellar doirasida tahlil gilinadi. BKSh-tipidagi
kuprat o‘ta o‘tkazuvchanligi uchun maxsus mezonlar hamda T. ning noodatiy izotop effektlarini ham tahlil
gilgan [5]. Keyingi ishlarda psevdotirgishdagi noodatiy izotop effekti T, dan yugoridagi oldindan juftlashuv
va katta polaronlar mexanizmi bilan bog‘langan [21]. Bipolaronik psevdotirgish modelida esa manfiy izotop
koeffitsiyentining fizik imkoniyati ko‘rsatilgan [17]:

Troc —2- 9)

mp

9. Qatlamlararo ta’sirlashuv

Kupratlarning gatlamli kristall tuzilishi sababli gatlamlararo elektron va panjara erkinlik darajalarining
o‘zaro ta’siri izotop effektining kattaligiga ta’sir qilishi mumkin. Bilayer tizimlarda qatlamlararo bog‘lanish
soddalashtirilgan holda (10) ko‘rinishida ifodalanadi:

Hi=~t T o (C1ro " Cako + 1) =J1L Bilhy by + hec.) (10)

Bu yerda t, elektronlarning qo‘shni gatlamlar orasidagi tunnellanish amplitudasi, J; esa gatlamlararo
fonon modlarining bog‘lanish kuchini ifodalaydi [13,14]. Izotop almashtirilishi fonon chastotalarini
o‘zgartirishi orqali /, bilan bog‘liq panjara dinamikasiga ta’sir qgiladi, qatlamlararo elektron kogerentligi esa
t, orqali tizimning samarali juftlashish xususiyatlarini o‘zgartiradi. Singh va boshq. qatlamlararo
bog‘lanishning yuqori T¢ kupratlardagi izotop effektiga ta’sirini tahlil gilgan [13], Tewari va boshq. esa
psevdotirqish hamda qatlamlararo bog‘lanishning bilayer kupratlardagi izotop effektiga birgalikdagi ta’sirini
ko‘rsatgan [14]. Shunday qilib, izotop effekti faqat bitta CuO. qatlamidagi lokal jarayon emas, balki
gatlamlararo elektron kogerentligi, panjara dinamikasi va psevdotirqish bilan bog‘liq kollektiv hodisa
sifatida garalishi mumkin.
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10. Nazariy yondashuvlarning giyosiy tahlili

1-jadval. Izotop effektini tavsiflovchi asosiy nazariy yondashuvlarning giyosiy taggoslanishi

. Izotop massasi ta’sir qilishi .
NEEEE mumkin bo‘lgan asosiy kattaliklar ¢ RS IR
BKSh Fonon chastotasi @wp Cheklangzn;zsg (i.da holatda [1,2]
Migdal— Fonon spektri va elektron—fonon Kuchli bog‘lanish [7.8]
Eliashberg bog‘lanishi holatlarida '
Ikki-bozonli . ... . | standart giymatdan og‘ish
BKSh Bir nechta boson modlarining hissasi mumkin [6]
Nonadiabatik | Elektron-fonon energiya masshtablari | - o iy holatlarda sezilarli [9-11]
va uyurma tuzatishlari
Hubbard— o .
Holstein Fononlar va elektron korrelyatsiyasi Mavjud [23-26]
Spin . . . . .
fluktuatsiyasi Spin va panjara fluktuatsiyalari Oddiy modelda cheklangan [12]
Polaron Fonon chastotasi va effektiv massa Mavjud [15,16,22]
Bipolaron Bog‘lanish energiyasi va effektiv manfiy bo 11_sh1 ham [3,17-19,27]
massa mumkin
Qa,tlgmlararo Qatlamlararo kogerentlik Ikki qatlamli t_|2|mlarda [13,14]
ta’sirlashuv mumkin

Muhokama. Tahlil natijalari izotop effektining eng sodda fizik tasviri BKSh nazariyasida olinishi,
ya’ni izotop massasining ortishi fonon chastotasini kamaytirib, boshqa parametrlar o‘zgarmaganda T. ning
pasayishiga olib kelishini ko‘rsatadi [1,2]. Biroq kupratlarda a ning legirlanishga bog‘liq o‘zgarishi, kichik
yoki manfiy giymatlarga ega bo‘lishi bu hodisaning faqat fonon chastotasi bilan cheklanmasligini ko‘rsatadi
[3-5]. Migdal-Eliashberg, ikki-bozonli va nonadiabatik yondashuvlar kuchli elektron—fonon bog‘lanishi,
turli boson modlari hamda elektron va fonon energiya masshtablarining nisbatini hisobga oladi [6-11].
Hubbard—Holstein, polaronik va bipolaronik modellar esa elektron korrelyatsiyasi, panjara deformatsiyasi,
effektiv massa va juftlashish energiyasining izotop effektiga ta’sirini ko‘rib chigadi [3,15-19,23-26].Shu
bilan birga, mavjud natijalar biror modelni barcha eksperimental kuzatuvlarning universal izohi sifatida
gabul gilishga yetarli emas. Izotop effektining kattaligi va ishorasi material, legirlanish va fizik sharoitga
qarab o‘zgaradi. Shu sababli kupratlardagi izotop effektini elektron korrelyatsiyasi, panjara dinamikasi, spin
fluktuatsiyalari, polaronik gqayta normallashuv va qatlamlararo kogerentlikning o‘zaro ta’siri bilan bog‘liq
ko‘p komponentli hodisa sifatida qarash maqsadga muvofiq [12—14,23-26]. Umuman, a ning o‘zi muayyan
mexanizmni bir ma’noda aniqlamaydi; uning legirlanish, psevdotirqish va boshqa parametrlar bilan
birgalikdagi o‘zgarishi nazariy modellarni baholashda muhim mezon hisoblanadi.
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O‘ta o‘tkazuvchanlikdagi izotop effektini tavsiflovchi nazariyalar:
T va izotop koeffitsiyenti @ ning tagqoslanishi

k2
—@— BKSh nazariyasi (@ = 0.5)
1.0 LJ\ b o —— Polaron nazariyasi (@ = 1 — 0)
N —= s —A— Bipolaron nazariyasi (musbat a,

,/ ~ zaif legirlanishda)

0.8 1 Fomss @ \\\ —@— Bipolaron nazariyasi (manfiy a,
\\ mumkin holat)
\
0.6 1 A b Ikki-bosonli BKSh nazariyasi —
o —:\ \\ anomal a sohasi (a < 0 dan
® ® ® P ® 3 a > 0.5 gacha)

0.4 1

0.2

Izotop koeffitsiyenti, o

0.0 1

—0.2 A

-0.4
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Tc (K)

1-rasm. O‘ta o‘tkazuvchanlikdagi izotop effektini tavsiflovchi turli nazariyalar doirasida T va

izotop koeffitsiyenti a ning taqqoslanishi

Grafik adabiyotlarda keltirilgan nazariy va hisoblash natijalarini umumlashtirish asosida tuzilgan
bo‘lib, unda BKSh, ikki-bozonli, Migdal-Eliashberg, nonadiabatik, Hubbard—Holstein, spin-fluktuatsion,
polaron, bipolaron va qatlamlararo bog‘lanish yondashuvlarining izotop effektini tavsiflash imkoniyatlari aks
ettirilgan [1-27].

Xulosalar. Izotop effekti o‘ta o‘tkazuvchanlik mexanizmini baholashning muhim eksperimental
mezoni bo‘lib, uning asosiy miqdoriy ko‘rsatkichi o = —dInT¢/dInM hisoblanadi [1]. Oddiy BKSh
nazariyasida fonon chastotasining M2 ga bog‘liqligi a = 0,5 natijani beradi, biroq kupratlardagi
legirlanishga bog‘liq va anomal giymatlarni bu yondashuv bilan to‘liq izohlab bo‘lmaydi [3-5]. Migdal—-
Eliashberg, ikki-bozonli va nonadiabatik modellar fonon spektri, kuchli elektron—fonon bog‘lanishi hamda
elektron va fonon energiya masshtablarining nisbatini hisobga olib, izotop effektining murakkab
xususiyatlarini tavsiflaydi [6-11]. Hubbard-Holstein va spin-fluktuatsion yondashuvlar esa elektron
korrelyatsiyasi, spin fluktuatsiyalari va panjara erkinlik darajalarining o‘zaro ta’sirini hisobga olish
zarurligini ko‘rsatadi [12,23-26]. Polaron va bipolaron nazariyalarda izotop massasi fonon chastotasidan
tashqari effektiv massa, panjara deformatsiyasi va juftlashish energiyasiga ham ta’sir qilishi mumkinligi
sababli kichik, legirlanishga bog‘liq va manfiy o giymatlarini tushuntirish imkoniyati mavjud [3,15-19,22].
Psevdotirgish va qatlamlararo bog‘lanishni hisobga oluvchi modellar esa izotop effektining T¢ bilan bir
gatorda T* va boshga fizik xususiyatlarda ham namoyon bo‘lishini ko‘rsatadi [13,14,17,20,21].Umuman,
qiyosiy tahlil kupratlardagi izotop effektini fagat fonon chastotasining massa bilan bog‘ligligi orqali
tushuntirish yetarli emasligini ko‘rsatadi. Elektron korrelyatsiyasi, polaron va bipolaron xossalar, spin
fluktuatsiyalari, psevdotirgish hamda gatlamlararo kogerentlikni birgalikda hisobga oluvchi kompleks
yondashuv izotop effektining turli anomal ko‘rinishlarini tushuntirish uchun istigbolli hisoblanadi.
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UO‘K 539.23

MAGNETRON CHANGITISH USULIDA OLINGAN MoOs; YUPQA PARDALARINING
ATOM TARKIBI VA ZARYAD HOLATLARINI RENTGEN FOTOELEKTRON
SPEKTROSKOPIYASI YORDAMIDA TADQIQ ETISH
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Urganch, O ‘zbekiston
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Annotatsiya. Ushbu ishda kremniy taglik ustida magnetron changitish usulida shakllantirilgan
molibden oksidi MoOs yupga pardalarining atom tarkibi va molibden atomlarining zaryad holati rentgen
fotoelektron spektroskopiyasi (RFES) usuli bilan o ‘rganildi. Mo3ds/> cho ‘qqisining bog ‘lanish energiyasi
233,8 eV ekanligi ko ‘rsatildi, bu Mo oksidlanish darajasiga mos keladi; 233,2 eV da Mo’ komponenti
aniglandi. Ols darajasining dekonvolyutsiyasi panjara (531,3 eV) va adsorbsion (532,3 eV) kislorodni
ajratdi. 10 nm qalinlikdagi pardalar uchun O:Mo nisbati 2,6 ni, Mo®* ulushi esa 6-8 % ni tashkil etdi;
qalinlik ortishi bilan nisbat deyarli o zgarmadi, Mo** ulushi esa 1-2 % gacha kamaydi. Ar* ionlari bilan
tozalashdan keyin O:Mo nisbati 2,9 gacha oshdi. Namunalarni tashishda vakuum mini-kamera qgo ‘llanilishi
adsorbsion uglerod konsentratsiyasini kamaytirdi. Olingan natijalar organik elektronikaning kovak injeksiya
giluvchi kontaktlari sifatida foydalanishga yaroqli stexiometrik MoOs pardalari shakllanishini tasdiglaydi.

Kalit so‘zlar: molibden oksidi, RFES, stexiometriya, zaryad holati, injeksiya kontakti, organik
elektronika.

HCCJIEJOBAHUE ATOMHOI'O COCTABA U 3APSI/IOBBIX COCTOSTHUHM TOHKHX
IVIEHOK Mo0O3, IOJYYEHHBIX METOJIOM MAT'HETPOHHOI'O HAIIBIJIEHUS, C
MOMOIIIBIO PEHTTEHOBCKOM ®OTO3JIEKTPOHHOM CHEKTPOCKOITUU

Annomauyus. B pabome memodom penmeenosckou ¢homoanexmponnou cnexmpockonuu (PPIC)
UCCed08anbl AMOMHbIL COCMAG U 3apidosoe COCMOsIHUE AMOMO8 MOIUDOEHA 8 MOHKUX NAGHKAX OKCcuda
moaub0ena MoQ:s, cihopmupogannvix MacHempoHHbIM PACHbLIEHUEM HA KpeMHuesol nooaodicke. Tloxasano,
umo snepeust ceszu nuka Mo3ds/z cocmasnsem 233,8 9B, umo coomeemcmeyem cmenenu okucienus Mo®,
6b1s16/1eH MUHOPHBLI Komnonenm MO npu 233,2 3B. Jlexonsonioyus yposus O1S obnapysicuna peutémounulii
(531,3 3B) u aocopbuposannviii (532,3 3B) kuciopoo. /[ns niénox momwunot 10 wm omuowenue O:Mo
cocmasuno 2,6, a oonsi Mo’ docmueana 6—8 %, ¢ pocmom monwuHbl OMHOUIEHUE NPAKMUYECKU He
usmensnoco, a oona Mo** cuuscanace 0o 1-2 %. Iocne ouucmku nosepxnocmu uoHamu Ar' omuowenue
O:Mo so3pacmano 0o 2,9. llpumenenue 8axyymHot MUHUKAMEPDL NPU MPAHCIOPMUPOSKE 00PA3Y08 CHUUILO
KOHYeHmpayuro aocopouposantozo yeaepooa. llonyuenuvie pesynrvmamsl nOOMEEPAHCOAIOm Gopmuposarue
cmexuomempuyeckux niénox Mo0QOs, npucoonvix 6 Kauecmee ObIPOUHLIX UHICEKMUPYIOWUX KOHMAKMOS
OpeanuyecKoll INeKmpOHUKLL.

Knioueevie cnosa: oxcuo monuboena, PDIC, cmexuomempus, 3aps0ooe cocmosHue,
UHIICEKMUPYIOWULL KOHMAKM, OP2AHUYECKAsl INeKMPOHUKA.

INVESTIGATION OF THE ATOMIC COMPOSITION AND CHARGE STATES OF MoOs
THIN FILMS OBTAINED BY THE MAGNETRON SPUTTERING METHOD USING X-RAY
PHOTOELECTRON SPECTROSCOPY

Abstract. In this work, the atomic composition and charge state of molybdenum atoms in molybdenum
oxide MoO:s thin films deposited by magnetron sputtering on a silicon substrate were studied by X-ray
photoelectron spectroscopy (XPS). The binding energy of the Mo3ds/> peak was found to be 233.8 eV,
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corresponding to the Mo® oxidation state; a minor Mo’" component at 233.2 eV was identified.
Deconvolution of the O1s level resolved lattice (531.3 eV) and adsorbed (532.3 eV) oxygen. For 10 nm films
the O:Mo ratio was 2.6 and the Mo** fraction reached 6-8 %; with increasing thickness the ratio remained
practically unchanged, while the Mo°* fraction decreased to 1-2 %. After Ar* ion cleaning the O:Mo ratio
increased to 2.9. The use of a vacuum mini-chamber during sample transfer reduced the adsorbed carbon
concentration. The results confirm the formation of stoichiometric MoO:s films suitable as hole-injecting
contacts for organic electronics.

Key words: molybdenum oxide, XPS; stoichiometry, charge state, injecting contact, organic
electronics.

Kirish. So‘nggi o‘n yillikda organik elektronika — organik yorug‘lik chigaruvchi diodlar (OLED),
organik quyosh elementlari va organik maydon tranzistorlari — jadal rivojlanmoqgda [1], [4]. Bunday
qurilmalarning samaradorligini belgilovchi asosiy omillardan biri elektrod va organik gatlam orasidagi
chegarada zaryad tashuvchilarning samarali injeksiyasidir. Kovaklarning (musbat zaryad tashuvchilar)
samarali injeksiyasiga erishish uchun kontakt materialining chiqish ishi 5 eV dan yuqori bo‘lishi talab etiladi
[5], [7]. An’anaviy metall va kremniy elektrodlarning chiqish ishi 4,8 eV dan past bo‘lib, bu energetik
moslashuvni giyinlashtiradi va injeksiya to‘sig‘ini oshiradi.

O‘tish metallari oksidlari, xususan, molibden oksidi MoOs, ushbu muammoni hal qilishning istigbolli
yo‘nalishi hisoblanadi. MoOs ning chiqish ishi 6 eV gacha yetishi mumkin, bu uni kovak injeksiya qiluvchi
gatlam sifatida foydalanishga imkon beradi [2], [5]. MoOs ning yuqori chiqish ishi uning chuqur joylashgan
o‘tkazuvchanlik zonasi va Fermi sathining valent zona maksimumidan ancha pastda joylashishi bilan bog‘liq
[5], [14]. Birog goplamaning samaradorligi bevosita uning atom tarkibi va stexiometriyasi bilan belgilanadi:
molibden va kislorod konsentratsiyalari nisbati, shuningdek, Mo va Mo** zaryad holatlarining nisbati
pardaning elektron xususiyatlariga sezilarli ta’sir ko‘rsatadi [3], [13].

Adabiyotlarda MoOs pardalarini olishning turli usullari — termik bug‘latish, magnetron changitish,
atom qatlamli o‘tkazish — muhokama gilingan [4], [6], [12]. Magnetron changitish usuli yuqori bir jinslilik,
gatlam galinligini anigq nazorat gilish va sanoat migyosida kengaytirilish imkoniyati tufayli ajralib turadi. Shu
bilan birga, changitish jarayonida kislorod yetishmasligi natijasida pardada Mo>* holatlari va kislorod
bo‘shliglari hosil bo‘lishi mumkin, bu esa stexiometriyaning buzilishiga olib keladi [11], [13]. Shu sababli
olingan pardalarning atom tarkibini va molibden atomlarining zaryad holatini aniq nazorat gilish dolzarb
vazifa hisoblanadi.

Ushbu ishning maqgsadi magnetron changitish usulida shakllantirilgan MoO; pardalarining atom
tarkibini va molibden atomlarining zaryad holatini rentgen fotoelektron spektroskopiyasi (RFES) yordamida
tadqiq etishdan iborat. Ishda Mo3d va Ols o‘zak darajalarining batafsil tahlili, O:Mo nisbatining va Mo**
ulushining parda galinligiga bog‘ligligi, shuningdek, namunalarni tashish sharoitlarining sirt ifloslanishiga
ta’siri o‘rganildi.

RFES usuli yuza yaginidagi (2-5 nm chuqurlikdagi) gatlamning kimyoviy tarkibi va elementlarning
zaryad holati haqida bevosita ma’lumot beruvchi eng axborotli usullardan biri hisoblanadi. Molibdenning
turli oksidlanish darajalari (Mo°*, Mo, Mo*) Mo3d o‘zak darajasining bog‘lanish energiyasida aniq
farglanadigan siljishlarga ega bo‘ladi, bu esa pardadagi qaytarilgan holatlar va kislorod bo‘shliglari
konsentratsiyasini miqdoriy baholashga imkon yaratadi [3], [11]. Shu sababli RFES MoOs pardalarining
sifatini nazorat qilishda asosiy vosita hisoblanadi. Bundan tashqari, molibden oksidi MoOs dan tashqari
MoO: va oraliq M0,Os,-1 fazalarini ham hosil qilishi mumkinligi sababli, faqat aniq tarkibni nazorat qilish
kerakli elektron xususiyatlarga erishishni kafolatlaydi [13], [14].

Materiallar va eksperimental usullar. MoOs pardalari Kepler 450 qurilmasida molibden nishonini
(tozaligi 99,99 %) magnetron changitish usuli bilan kremniy Si(100) taglik ustiga o‘tkazildi. Ishchi gaz
sifatida 95 % Ar va 5 % O: aralashmasi (2—3)-1072 mbar bosimda foydalanildi. Parda qalinligi 10 dan 150
nm gacha bo‘lib, o‘tkazish jarayonida kvars mikrotarozilar yordamida nazorat qilindi. Changitish jarayoni
sxematik tarzda 1-rasmda keltirilgan.
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1-rasm. Magnetron changitish jarayonining sxematik ko‘rinishi: Mo nishon, Ar* plazmasi,
changitilgan oqim va Si taglik ustida MoOs pardasining shakllanishi

Atom tarkibi va zaryad holati Escalab 250Xi spektrometrida rentgen fotoelektron spektroskopiyasi
(RFES) usuli bilan, monoxromatlashtirilgan Al Ko nurlanishi (1486,6 ¢V) yordamida o‘ta yuqori vakuum
sharoitida o‘rganildi. O‘zak darajalarning dekonvolyutsiyasi Shirli foni va Foygt funksiyalarini hisobga
olgan holda bajarildi. Namuna sirti energiyasi 500 eV bo‘lgan Ar* ionlari nuri bilan tozalandi. Adsorbsion
uglerodning ta’sirini kamaytirish maqgsadida namunalar o‘lchov kamerasiga ko‘chma vakuum mini-kamera
(107° Torr) yordamida tashildi.

Bog‘lanish energiyasining shkalasini kalibrlash adventiv uglerodning Cls cho‘qqisi bo‘yicha (284,8
eV) amalga oshirildi. Atom konsentratsiyalari nisbati tegishli o‘zak darajalarning integral intensivligi va
Skofild fotoionizatsiya kesimlarini hisobga olgan holda hisoblandi. Har bir galinlik uchun kamida uchta
nuqtada o‘lchovlar o‘tkazilib, o‘rtacha qiymatlar olindi. Namunalarni o‘tkazishning asosiy texnologik
parametrlari 1-jadvalda keltirilgan.

1-jadval. MoQOs pardalarini magnetron changitish parametrlari

Parametr Qiymat
Nishon materiali Mo, 99,99 %
(tozalik)
Ishchi gaz 95 % Ar+ 5% O2
Ishchi bosim (2-3)- 102 mbar
Taglik Si(100)
Parda qgalinligi 10-150 nm

Qalinlik nazorati

kvars mikrotarozilar

Tashish vakuumi 1075 Torr (mini-

kamera)

Natijalar va munozaralar. RFES umumiy spektrida asosiy komponentlar — O1s (531,3 eV), Cls
(284,8 eV) va Mo3d (233,6 eV) — gayd etildi. Molibden atomlarining zaryad holati to‘g‘risidagi asosiy
ma’lumot Mo3d o‘zak darajasining tahlilidan olindi. Mo3d spektri Mo3ds/> va Mo3ds/> dubletidan iborat
bo‘lib, ular orasidagi spin-orbital ajralish 3,11 eV ni tashkil etdi (2-rasm).
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2-rasm. MoQs pardasining Mo3d o‘zak darajasi RFES spektri va uning Mo® hamda Mo**
komponentlariga dekonvolyutsiyasi

Mo3ds/> cho‘qqisining bog‘lanish energiyasi 233,8 eV ni tashkil etdi, bu molibdenning Mo**
oksidlanish darajasiga, ya'ni stexiometrik MoOs ga mos keladi [3], [13]. 233,2 eV da kuzatilgan kamroq
ifodalangan komponent Mo holatiga tegishli bo‘lib, kislorod bo‘shliglari bilan bog‘liq gisman qaytarilgan
holatlarni aks ettiradi [11]. Mo** ning mavjudligi pardada kislorod yetishmovchiligi sodir bo‘lganligini
ko‘rsatadi va uning ulushi changitish sharoitlariga sezilarli bog‘liqdir.

Ols o‘zak darajasining dekonvolyutsiyasi ikki komponentni ajratdi: 531,3 eV dagi panjara kislorodi
(MoOs to‘rida Mo—O bog‘lanishlari) va 532,3 eV dagi adsorbsion kislorod (sirtdagi gidroksil guruhlari va

adsorbsiyalangan suv) (3-rasm). Panjara kislorodi komponentining ustunligi pardaning yaxshi shakllangan
oksid tuzilishiga ega ekanligini tasdiglaydi.

30t
2571
20t
I5¢
10+

1, nisb. birl.

3-rasm. MoQs pardasining O1s o‘zak darajasi spektri: panjara kislorodi (531,3 eV) va
adsorbsion kislorod (532,3 eV)

Atom tarkibining parda qalinligiga bog‘liqligi muhim ahamiyatga ega. O‘rganilgan barcha
qalinliklarda (10, 30 va 150 nm) O:Mo nisbati 2,6 + 0,1 ni tashkil etdi va parda galinligi ortishi bilan sezilarli
o‘zgarmadi. Mo®" ulushi esa qalinlikka sezilarli bog‘liq bo‘ldi: 10 nm qalinlikdagi pardalarda u 6-8 % ga
yetdi, qalinlik ortganda esa o‘tkazilgan tahlil xatoligi chegarasiga yaqin bo‘lgan 1-2 % gacha kamaydi (4-
rasm). Ar' ionlari bilan tozalashdan keyin O:Mo nisbati 2,9 + 0,1 gacha oshdi, bu esa molibden atomlarining
asosan Mo®" holatida ekanligini tasdiglaydi. Yupqa pardalardagi kislorod yetishmovchiligi, ehtimol, taglik

bilan chegaradagi qatlamlararo ta’sir va boshlang‘ich o‘sish bosqgichidagi notekis kislorodlanish bilan
bog‘liqdir.
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4-rasm. Mo** ulushining MoOs parda qalinligiga bog‘liqligi hamda Ar* ionlari bilan tozalashdan
oldin va keyin O:Mo nisbati

2-jadval. M0O:s pardalarining atom tarkibi va Mo ulushining parda qalinligiga bog‘liqligi

Qalinlik O:Mo Mo** ulushi
(nm) nisbati (%)
10 2,6 0,1 6-8
30 2,6£0,1 1-2
150 2,6 0,1 1-2

Ko‘chma vakuum mini-kamerasini (10° Torr) namunalarni tashishda qo‘llash adsorbsion uglerodning
nisbiy konsentratsiyasini atmosfera bilan kontaktdagi 20-25 % dan 10 % dan oshmaydigan darajagacha
kamaytirishga imkon berdi. Bu sirt holatini o‘rganishda muhim ahamiyatga ega, chunki uglerod ifloslanishi
chigish ishini va atom tarkibini baholashda xatoliklarga olib kelishi mumkin. Ar* ionlari bilan tozalashdan
keyin O:Mo nisbati 2,6 + 0,1 dan 2,9 + 0,1 gacha oshdi; bu sirtdagi adsorbsion gatlamning olib tashlanishi
bilan bog‘lig. Pardaning hajmiy stexiometriyasi esa qalinlikka bog‘liq bo‘lmagan holda bargaror bo‘lib
goldi.

Olingan natijalarni boshqa mualliflarning ma’lumotlari bilan solishtirish shuni ko‘rsatadiki, Mo3ds/-
ning 233,8 eV qiymati va Mo®" ustunligi magnetron usulida olingan sifatli MoOs pardalari uchun xosdir [3],
[6], [12]. Mo*" ulushining qalinlik bilan kamayishi changitish jarayonida kislorod muvozanatining
yaxshilanishi bilan izohlanadi. Stexiometrik MoOs pardalarining shakllanishi ularning yuqori chiqish ishini
ta’minlaydi va organik elektronika qurilmalarida kovak injeksiya qiluvchi kontakt sifatida foydalanish uchun
zaruriy shartdir [5], [18].

Shuni ta’kidlash kerakki, Mo** holatlari va ular bilan bog‘liq kislorod bo‘shliglari MoOs ning elektron
tuzilishiga ikki tomonlama ta’sir ko‘rsatadi. Bir tomondan, taqiglangan zonada qo‘shimcha holatlar hosil
bo‘lib, ular zaryad tashuvchilarning tutilish markazlari sifatida ishlashi va injeksiya samaradorligini
pasaytirishi mumkin. Boshqa tomondan, me’yoriy konsentratsiyadagi kislorod bo‘shliglari Fermi sathini
siljitishi va o‘tkazuvchanlikni oshirishi mumkin [5], [14]. Shu sababli Mo** ulushini optimal darajada nazorat
qilish amaliy ahamiyatga ega. Bizning natijalarimiz qalin (150 nm) pardalarda Mo** ulushi minimal (1-2 %)
bo‘lib, bu deyarli ideal stexiometrik MoOs ga mos kelishini ko‘rsatadi.

Xulosalar. Magnetron changitish usulida kremniy taglik ustida shakllantiriigan MoOs yupqa
pardalarining atom tarkibi va zaryad holati rentgen fotoelektron spektroskopiyasi yordamida o‘rganildi.
Mo3ds/> cho‘qqisining bog‘lanish energiyasi 233,8 eV ekanligi aniglandi, bu Mo®" oksidlanish darajasiga
mos keladi; 233,2 eV da Mo*" minor komponenti qayd etildi. Ols darajasi panjara (531,3 eV) va adsorbsion
(532,3 eV) kislorodga ajratildi.

O:Mo nisbati o‘rganilgan barcha galinliklarda 2,6 + 0,1 bo‘lib qolishi, Mo>" ulushining esa 6-8 % dan
1-2 % gacha kamayishi aniqlandi. Ar* ionlari bilan tozalashdan keyin O:Mo nisbati 2,9 + 0,1 gacha oshdi.
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Vakuum mini-kamerasini qo‘llash adsorbsion uglerod konsentratsiyasini sezilarli kamaytirdi. Olingan
natijalar magnetron changitish usuli organik elektronikaning kovak injeksiya giluvchi kontaktlari sifatida
foydalanishga yaroqli stexiometrik MoOs pardalarini shakllantirishni ta’minlashini ko‘rsatadi. Kelajakdagi
tadgigotlar changitish sharoitlarini optimallashtirish orgali yupga pardalarda ham stexiometriyani
yaxshilashga qgaratiladi.
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Annotatsiya. Ushbu magolada Ba hamda ishqoriy element ionlarining katta dozali (D >10 sm?)
implantatsiyasi jarayonida Si(111) valent elektronlarining sirt va hajm plazma tebranishlari qo ‘zg ‘alish
energiyasining kamayishi bo ‘yvicha tajriba yo'li bilan aniqlangan effekining nazariy talgini Keltirilgan.
Elektron gazining ikki suyuqlikli modeliga asoslangan holda, Si(111) plazmon energiyasining pasayishi
Si(111) kristall tuzilishining to ‘liq amorflanishigacha bo ‘lgan tartibsizlanishi natijasida valent elektronlar
tebranishlarining kuchli so ‘nishi bilan izohlanadi.

Kalit sozlar: Past energiyali ion implantatsiyasi, valent elektronlarning sirt va hajm plazma
tebranishlari qo zg‘alish energiyasi, sirtning amorflanishi, elektronlarning plazma tebranishlarining
so ‘nishi, dielektrik singdiruvchanlik, elektron gazining ikki suyuqglikli modeli.

TEOPETI/I‘IECUKI/II?'I AHAJIA3 IIOBEPXHOCTHBIX U OB'{:EMHBIX IIVTASMEHHBIX
KOJIEBAHUM Si(111) TP BBICOKOA0O3HOU NOHHOU UMIIVIAHTALIUN

Annomauus. B oannoii cmamve npeocmasnieHo meopemuueckoe 000CHOBAHUE IKCHEPUMEHMATLHO
VCMAHOBNIEHHO20 IPPEKMa CHUNICEHUS IHePIUL 8030YAHCOEHUST NOBEPXHOCTIHBIX U OOBEMHBIX NIA3ZMEHHBIX
Konebanuil éanenmuulx anekmponos Si(111) npu svicokoodosnoti (D > 107 cm™) uonnoil umnianmayuu
bapust u wenoynvix snemenmos. Ha ocnoge 08yxoicuoxocmuoti mooenu 31eKmpOHHO20 2a3d CHUJICEHUe
onepeuu ninasmonos Si(111) 0OvscHsemcs CUlbHbIM 3aMYXAHUEM KOJCOAHULl BANEHMHBIX IJIeKMPOHO8
ecredcmeue  pazynopsaododenus  Kpucmaiiuveckou cmpykmypol  Si(111)  eniome 00 eé noanozo
amopgusuposanusi.

Knwuesvle cnosa: HuskodHepeemuueckas UOHHASL —UMWAAHMAYUS, OHePeUusi  8030YiHCOeHUs.
NOBEPXHOCMHLIX U OOBLEMHBIX  NJIA3MEHHbIX  KONeOAHUUl  BANEHMHbIX  DNEKMPOHOS8,  amopuzayus
NOBEPXHOCU, 3amyXanue >JeKMPOHHBIX NIA3MEHHbIX KoAeOauutl, OUdIeKmpuyecKue CoUcCmaa, Mooeib
08YXIHCUOKOCIHO20 DNIEKMPOHHO20 2434.

THEORETICAL ANALYSIS OF SURFACE AND BULK PLASMA OSCILLATIONS IN
Si(111) UNDER HIGH-DOSE ION IMPLANTATION

Abstract. This paper provides a theoretical interpretation of the experimentally observed effect of a
decrease in the excitation energy of surface and bulk plasma oscillations of valence electrons in Si(111)
during high-dose (D > 10 cm™) ion implantation of barium and alkali elements. Based on the two-fluid
model of the electron gas, the reduction in Si(111) plasmon energy is attributed to the strong damping of
valence electron oscillations resulting from the disordering of the Si(111) crystal structure, leading up to its
complete amorphization.

Keywords: low-energy ion implantation, excitation energy of surface and bulk plasma oscillations of
valence electrons, surface amorphization, damping of electron plasma oscillations, dielectric properties,
two-fluid electron gas model.

Kirish. So‘nggi yillarda ilmiy dunyoda nanomateriallarga bo‘lgan e’tiborning keskin ortishi bejiz
emas. Nanokristallarning an’anaviy materiallardan farqli o‘laroq, noyob xossalarga egaligi bu yo‘nalishdagi
tadqiqotlar o‘sish sur’atlarini eksponensial darajaga olib chiqdi. Nanosistemalardagi o‘lcham-kvantlash
effektlari, xususan, kvant nuqtalarining hosil bo‘lishi, eksitonlar lokalizatsiyasi oqibatida energetik zona
kengligining modifikatsiyasi va plazmon rezonansi kabi hodisalar nanomateriallarning fundamental
tadgiqotlardagi o‘rnini yanada mustahkamlamoqda [1, 2].

Ushbu tadqiqot o‘rta energiyali elektronlarning modda bilan o‘zaro ta’siri jarayonida yuz beradigan
xarakterli energiya yo‘qotishlarini nazariy asoslashga qaratilgan. Bu jarayon elektronlarning muhitdagi
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sochuvchi markazlar bilan noelastik to‘gnashuvi, shuningdek, elektronlarning plasmonlar emissiyasi
hodisasiga asoslanadi.

Birog yuqoridagi yondashuv faqgat elektronlarning tashilishi jarayonidagi barcha dissipativ (energiya
tarqalishi bilan bog‘liq) hodisalarni e’tibordan chetda qoldirish mumkin bo‘lgan hollardagina o‘z kuchini
saglaydi. Aslida esa muhitda tez harakatlanayotgan elektron uchun energiya va impulsning targalishi bilan
bog‘liq yutilish jarayonlari mavjud [6].

O‘rta energiyali elektronlar uchun ushbu mavhum potensial asosan energiya va impuls
dissipatsiyasining uchta jarayoni bilan belgilanadi:

1. Elektronning plasmon emissiyasi natijasida qo‘zg‘algan holatga o‘tishi;

2. Elektron-kovak (teshik) juftliklarining uyg‘onishi natijasidagi energiya yo‘qotishlari;

3. Atomlarda kichik burchaklar ostida sochilish.

“Optik” teoremaga muvofiq [6], I mavhum potensiali atomlar konsentratsiyasi n va elektronning nol
darajali burchak ostida sochilish amplitudasi Im f(0) ning mavhum gismiga proporsionaldir. Elektronning E
~100-300 eV o‘rta energiyalari uchun [7/Awp=7-1.0 nisbat o‘rinlidir. Binobarin, elektronning har bir
noelastik sochilish hodisasida saqlanish qonunlarining bajarilish shartlaridan plazma energiyasi hwp bilan
mutanosib bo‘lgan I” giymatiga og‘ish mavjud bo‘ladi.

Adabiyotlar tahlili va metodlar. Eksperimental o‘lchovlar tormozlovchi (sekinlashtiruvchi)
maydonli sferik ko‘zgu tipidagi analizator bilan jihozlangan qurilmada o‘tkazildi; bu qurilma qoldiq gazlar
bosimi ko‘pi bilan 107 Pa bo‘lganda sirtni: Oje-spektroskopiyasi (OES), elastik sochilgan elektronlar
spektroskopiyasi (ESES), fotoelektron spektroskopiya (FES), elektronlarning energiya yo‘qotishi
spektroskopiyasi (EEYO‘S) va sekin elektronlar difraksiyasi (SED) usullari yordamida tadgiq qilish
imkonini berdi [11].

Tadqiqot obyekti sifatida solishtirma qarshiligi 6000 Q-sm bo‘lgan n- va p-turdagi Si (111)
monokristallari tanlandi. Namunalar ikki bosgichli termik gizdirish (1200 K haroratda 60 dagiqa davomida
va 1500 K haroratda 1 dagigqa davomida) orgali, shuningdek, [12] mualliflari tomonidan ishlab chigilgan Si
sirtini vakuumda tozalashning yangi usuli bilan tozalandi. Ushbu usul sirt yaginidagi sohada past energiyali
(5 keV gacha) Ba yoki ishqoriy element ionlari implantatsiyasi yordamida ichki getterlovchi (yutuvchi)
gatlam hosil gilishni va keyinchalik ushbu gatlamni gisqa muddatli yuqori haroratli gizdirish orgali olib
tashlashni o°z ichiga oladi.

Eksperimental natijalar va muhokama. Magolaning magsadi — past energiyali Ba va ishqoriy ionlar
implantatsiyasi jarayonida Si(111) va Si(100) da hajmiy va sirtqi plazma tebranishlari uyg‘onish
energiyasining kamayishi bo‘yicha tajribada aniqlangan effektni nazariy jihatdan talqin qilishdan iborat.

1- va 2-rasmlarda Si(111) yuzasini Na® va Ba* ionlari bilan nurlatgandan so‘ng olingan elektron
energiya yo‘qotish spektrlari (EEYO*S) keltirilgan. Boshlang‘ich elektronlar energiyasi E, = 100 eV ni,
birlamchi ion nurlanish energiyasi esa Eo=1 keV ni tashkil giladi. Nurlanish dozalari (D, sm)
quyidagicha: 5-10% (2-egri chiziq), 5-10'* (3-egri chiziq), 7 -10%° (4-egri chiziq), 1-10*® (5-egri chiziq), 8
-10% (6-egri chiziq) va 2 -10*" (7-egri chiziq). Sof Si namunasining EEYO*S spektrida (1-egri chiziqg) 7, 11,
17 va 22 eV energiya qiymatlarida cho‘qgqilar kuzatiladi. Ushbu cho‘qqilar quyidagi jarayonlar natijasidir: 7
eV: valent elektronlarning zonalararo o‘tishlari; 11 eV: sirt plazmonlarining qo‘zg‘alishi (hws = 11 eV); 17
eV: hajm plazmonlarining qo‘zg‘alishi (hws = 17 eV); 22 eV: sirt plazmonlarining ikkilamchi qo‘zg‘alishi
(2hes =22eV).

Sof Si(111) uchun eksperimental yo‘l bilan aniglangan sirt va hajm plazma tebranishlari energiyalari
Bohm-Pines nazariy formulasi asosida hisoblangan giymatlar bilan yaxshi mos tushadi [7].

D = 2-10*" sm doza bilan Na* ionlari implantatsiya gilingan Si uchun 7-spektrda 6; 9,2; 13,2; 18,5 va
25 eV energiyalarda EEYO* (elektronlarning energiya yo‘qotishi) piklari kuzatiladi. 6 eV dagi pik, ehtimol,
NaSi valent zonasidan o‘tkazuvchanlik zonasiga elektronlarning zonalararo o‘tishining uyg‘onishi bilan
bog‘liq.

Ep energiyasi 30 dan 300 eV gacha ortishi bilan 9,2 va 13,2 eV dagi piklar intensivligining o‘zgarish
xarakteri, birinchi pik sirtqi plazmon uyg‘onishi, ikkinchisi esa ion-implantatsiya gilingan Si dagi hajmiy
plazmon uyg‘onishi bilan bog‘ligligini taxmin qilish imkonini berdi. 1- va 2-rasmlarda keltirilgan EEYO*
spektrlarining xarakterli xususiyati — implantatsiya gilingan Na va Ba ionlari dozasi ortishi bilan plazma
elektron-energiya yo‘qotishlari piklarining mos ravishda past energiya sohasiga tomon siljishidir.
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Na® — Si(111)
E = 1keV

dN/dE arb.units

1-rasm. Toza Si (111) (1-egri chiziq) va Eo = 1 keV energiyali Na* ionlari bilan turli D (sm)
dozalarda implantatsiya qilingan Si uchun EEYOF spektrlari: (2) 510, (3) 5:10%, (4) 7:10%%, (5) 1-10%¢,
(6) 8:10% va (7) 2-10"7sm2.

Ba'® — Si(111)
E -1kev
2
g
=
=
Nr\
=
%
L 2hws 1 T’lwv hws 1
30 20 10 (6]
AE’ eV
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2-rasm. Toza Si (111) (1-egri chizig) va Eo = 1 keV energiyali Ba* ionlari bilan turli D (sm?)
dozalarda implantatsiya qilingan Si uchun EEYO° spektrlari: (2) 5:10%, (3) 5:10%, (4) 7-10%5, (5) 1-10,
(6) 8:10%° va (7) 2:10*'sm,

Rasmlarda keltirilgan spektral xususiyatlar shuni ko‘rsatadiki, implantatsiya qilingan Na* va Ba*
ionlarining dozasi ortishi bilan plazma elektronlarining energiya yo‘qotish cho‘qqilari past energiya sohasiga
tomon siljiydi.

1-jadval.
1-keV energiyali Na* ionlari bilan nurlantirilganda Si kristalidagi hajmiy plazmon qo‘zg‘alish
cho‘qqisi energiyasining bog‘ligqligi

hwpes , €V
D, sm? C(Zmax) Zmax: A &s(Zmax)
exsperimental | hisoblangan
0 - - 0 17,0 17,1
101* 0,12 33 0,092 16,75 16,72
Na* 1015 0,18 27 0,079 16,0 16,4
1016 0,32 21 0,141 15,0 16,0
1017 0,42 20 0,234 14,0 14,1
0 - - 0 17,0 17,1
1014 0,10 29 0,042 16,8 16,9
Ba* 1015 0,16 25 0,84 16,6 16,7
1016 0,28 21 0,154 15,7 15,4
1017 0,45 21 0,273 13,8 13,4

Tajribada Si ning Na ionlari bilan nurlanish dozasi ortib borishi bilan hajmiy plazmon rezonansi
cho‘qqisining energetik holati siljishini baholaymiz [15].

Shunday qilib, amorflangan gatlamdagi asosiy plazmon uchun EEL spektridagi xarakterli xususiyat
valent elektronlari tizimida kuchli suspenziya sifatida namoyon bo‘ladi va u metall Ba, Na hamda sof Si dagi
plazma chastotalarining nisbati bilan bir xil tartibda kuzatiladi.

Si ga Na ionlarini implantatsiya gilishda statsionar qutblanishga L3 qobig‘ining to‘rtta elektroni (Zi23
= 4, o‘tish energiyasi hwy,3¢ = 31eV) va L1 qobig‘ining ikkita elektroni (Z1 = 2, o‘tish energiyasi
hwp; s = 62eV) hissa qo‘shadi. &5(z)funksiyasini 5(z) = 0,45C(z) ko‘rinishida yozish mumkin, bu yerda
C(2) = Niymp(2)/Ns;  bo‘lib, Ng; — birlik katakchadagi Si atomlari konsentratsiyasi, yani Ng; =5 -

2
10%2sm™2. Si uchun dielektrik singdiruvchanlik g, () ifodasi £y(w) = 1 — —=% ko‘rinishida olingan, bu
g

yerdahw,, = 16,6 eV vahw, = 4 eV.

Hajmiy plazmon energiya cho‘qqisining Na - ionlari bilan nurlanish dozasiga bog‘ligligini hisoblash
uchun N;m,y, (z) tagsimotlarini tahlil gilish orgali E, = 0,5 keV ion energiyasida Na* — Si
uchun olingan C(Z;q,) qiymatlari bo‘yicha eksperimental ma'lumotlardan foydalanildi. Ushbu C(z;,4,)
giymatlari  1-jadvalda keltirilgan.

1-jadvalda Na* — Si va Ba*t — Si strukturalarida elektronlar tomonidan hajmiy plazmonlarning
uyg‘onishi natijasida kelib chiqadigan EEL spektrlarining cho‘qqi energiyalari bo‘yicha eksperimental va
hisoblangan ma'lumotlar keltirilgan. Nurlanish dozasi ortishi bilan cho‘qqilarning siljishini solishtirganda,
hisoblangan giymatlar 10'°sm~2 doza uchun tajribada kuzatilgan hajmiy plazmon cho‘qgqisi
energiyalarining siljish giymatlarining 99 foizini, 10®sm~2 doza uchun esa 76 foizini tashkil etishi
ko‘rinadi. Spektral cho‘qgqilar siljishining hisoblangan va eksperimental qiymatlari o‘rtasidagi nomuvofiglik
sababi aralashma ionlarini implantatsiya qilish jarayonida panjara doimiysining ortishi bo‘lishi mumkin, bu
esa, 0‘z navbatida, valent elektronlarning plazma tebranishlari energiyasining kamayishiga olib keladi.
Biroqg, bunday effektni nazariy baholash murakkab muammo hisoblanadi.

Xulosa. Shunday qilib, tagdim etilgan nazariy model Ba va ishqoriy element ionlarining katta dozalari
implantatsiya gilinganda Si plazmonlarining hwy va hwg energiyalari pasayishi bo‘yicha tajribada
kuzatilgan effektni yetarlicha yaxshi izohlab berdi. Bu pasayish Si(111) kristall strukturasining to‘liq amorf
holatga kelguniga qadar buzilishi natijasida valent elektronlar tebranishlarining kuchli so‘nishi bilan
bog‘ligdir. Shu bilan birga, mazkur ish natijalari shuni ko‘rsatdiki, aralashma ionlarining ichki qobiq
elektronlari statsionar qutblanishining ta’siri ion bilan legirlangan yarimo‘tkazgichda plazmonlarni
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uyg‘otishga sarflanadigan yo‘qotish cho‘qqilari energiyalarining siljishiga sezilarli darajada ta’sir qilishi
aniglandi.
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QOVUSHQOQ-ELASTIK MUHITDAGI TO‘LDIRUVCHILI SFERIK QOBIQDA GARMONIK VA
NOSTATSIONAR TO‘LQINLAR DIFRAKSIYASI

Axmedov Nasriddin Baxodirovich,

Navoiy davlat konchilik va texnologiyalari
universiteti “Sun’iy intellekt va matematika”
kafedrasi katta o ‘qituvchisi
nasriddinaxmedov@gmail.com

ORCID 0009-0003-1780-7476

Annotatsiya. Maqolada cheksiz qovushqog-elastik muhitga joylashtirilgan, izotrop elastik
to ‘ldiruvchiga ega sferik qobiq bilan bo ‘ylama to ‘lqinning o zaro ta’siri nazariy jihatdan o ‘rganiladi. Qobig
uch o‘lchovli elastiklik nazariyasi, tashqi muhit esa hajmiy va siljish relaksatsiyasini hisobga oluvchi
standart chizigli gattiq jism modeli asosida tavsiflanadi. Ko ‘chish potensiallarini sferik funksiyalar bo ‘yicha
yoyish yordamida chegaraviy masala har bir sferik garmonika uchun algebraik tenglamalar sistemasiga
keltiriladi. Garmonik yechimdan nostatsionar javobga o ‘tish Furye almashtirishi orgali ifodalanadi. Analitik
natijalar sifatida relaksatsion yo‘qotish modulining chastotaga bog ‘ligligi, sferik-simmetrik modada
to ‘ldiruvchining dinamik qattiqligi va modelning chegaraviy holatlari aniglanadi. To ‘ldiruvchi ta’sirini
faqat qo ‘shimcha massa bilan ifodalash yetarli emasligi ko ‘rsatiladi. Ish nazariy-analitik xususiyatga ega;
tajriba o ‘Ichovlari va muayyan konstruksiya uchun sonli difraksiya hisoblari keltirilmaydi.

Kalit so‘zlar: sferik qobiq, elastik to ‘ldiruvchi, qovushqoq-elastik muhit, difraksiya, nostatsionar

to ‘lqin, relaksatsiya, sferik garmonikalar, dinamik qattiqlik.

JIA®PAKIIUS TAPMOHUYECKHAX U HECTAIIMOHAPHBIX BOJIH B COEPUYECKOM
OBOJIOYKE C HAITIOJTHUTEJIEM B BSI3KOYIIPYTOM CPEJIE

Annomayua. B cmamve meopemuyecku ucciedyemcsi 63aumooeticmeue npoooIbHOU BONHblL CO
chepuyeckol 000NOYKOU, UMerouiell U30OMPONHLLIL YNpyeull HaAnOIHUMeNb U HOMEWEHHOU 8 OeCKOHEeYHYIH
gsskoynpyayio cpedy. O060n104Ka OnUCHIBACMCS HA OCHO8E MPEXMEPHOU MeopuU ynpy20Ccmu, d 6HeUiHsIs cpeod
— MOOENbi0 CIMAHOAPMHO20 JUHEUHO20 MEEPO020 mend ¢ Yuémom 00véMHOU U cosucoeou peraxcayuu. C
NOMOWDBIO  PA3IONCEHUs NOMEHYUANI08 NepeMewyeHull no cepuyeckum @OYVHKYUAM epanuunas 3a0aud
Cc800UMCS K cucmeme aneedpaudeckux YpasHeHuil Oisi Kaxcoou cgepuueckoli eapmonuku. Ilepexoo om
2aPMOHUYECKO20 peuleHUsl K HeCMAayuOHapHOMY OMKIUKY OCYWeCmEIAemcs nocpeocmeom npeoopazoeanus
Dypve. B xauecmee ananumuyeckux pe3yibmamos ONnpeoeneHvl YACMOMHAA 3a6UCUMOCHb  MOOYTA
PeNaKcayuoOHHbIX NOMepb, OUHAMUYECKAS JHCECIKOCMb HANOTHUMENS 8 CEepUiecKu-CUMMEMPUIHOL Mooe U
npeoenvhvie cayyau mooenu. Ilokazano, umo 6nusHue HANOIHUMENA HE MOJcem Obimb a0eK8amHO ONUCAHO
MONbKO 68e0eHUeM OONONHUMeNbHOU Maccvl. Paboma nocum meopemuko-ananumuieckui xapakmep,
IKCNEPUMEHMNATIbHBIE USMEPEHUA U YUCTEHHble pacyémul ou@paxyuu OJisi KOHKPEMHOU KOHCMPYKYUU He
NPUBOOAMCA.

Knioueswie cnosa: cgepuueckas obonouxa, ynpyeuil HanoIHumens, 6A3Koynpyeas cpeod, ouppaxyus,
HeCmayuoHapHas 60JIHA, PeraKcayus, cgepuiecKue capmMoHuUK, OUHAMUYECKASL HCECMKOCTb.

DIFFRACTION OF HARMONIC AND NON-STATIONARY WAVES IN A SPHERICAL
SHELL WITH A FILLER IN A VISCOELASTIC MEDIUM

Abstract. This paper presents a theoretical investigation of the interaction between a longitudinal
wave and a spherical shell with an isotropic elastic filler embedded in an infinite viscoelastic medium. The
shell is described within the framework of three-dimensional elasticity theory, whereas the surrounding
medium is represented by the standard linear solid model, accounting for both volumetric and shear
relaxation. By expanding the displacement potentials in terms of spherical functions, the boundary-value
problem is reduced to a system of algebraic equations for each spherical harmonic. The transition from the
harmonic solution to the transient response is performed using the Fourier transform. The analytical results
include the frequency dependence of the relaxation loss modulus, the dynamic stiffness of the filler in the
spherically symmetric mode, and the limiting cases of the model. It is shown that the effect of the filler
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cannot be adequately represented solely by an additional mass. The study is theoretical and analytical in
nature; neither experimental measurements nor numerical diffraction calculations for a specific structure are
presented.

Keywords: spherical shell, elastic filler, viscoelastic medium, diffraction, transient wave, relaxation,
spherical harmonics, dynamic stiffness.

Kirish. Ichki to‘ldiruvchiga ega sferik qobiqlarning to‘lgin maydonidagi harakati qobigning o‘z
xossalari bilan birga uni o‘rab turgan muhit va ichki jismning mexanik qgarshiligiga ham bog‘liq. Tushuvchi
to‘lqin tashqi chegarada qaytadi va qobiq ichiga o‘tadi; ichki chegaradagi akslanishlar esa qobiqdagi maydon
bilan o‘zaro ta’sirlashadi. Natijada sirt ko‘chishi va kuchlanishlarini alohida gobig modeli asosida baholash
tizimning to‘liq dinamik javobini bermasligi mumkin.

Stferik qo‘shilmada elastik to‘lginlar sochilishining klassik yechimi Korneev va Johnson tomonidan
ishlab chiqilgan [1]. Klaseboer va Sun elastik qobiqli sferik tizimda bo‘ylama va ko‘ndalang
komponentlarning chastotaga sezgirligini hamda impulsli javobni spektral yechimdan tiklash imkoniyatini
ko‘rsatgan [2]. Qovushqog-elastik muhitdagi sferik qobiqglarning nostatsionar harakati Safarov va Teshaev
ishida irsiy integral munosabat va Laplas almashtirishi yordamida o‘rganilgan [3]. Ushbu natijalar muhit
xotirasi, qobiq va to‘ldiruvchi ta’sirini birgalikda ifodalash uchun metodik asos yaratadi.

Mazkur ishning magsadi — elastik to‘ldiruvchili qobiq uchun garmonik va nostatsionar difraksiyani
yagona chegaraviy model orqali tavsiflash, to‘ldiruvchining radial dinamik qarshiligini chiqarish va
relaksatsiya parametrlarining fizik mazmunini aniqlashtirish. Tadqiqot mavjud potensiallar usuliga tayanib,
e’tiborni ichki chegaraning dinamik qarshiligi va tashqi muhit relaksatsiyasini izchil bog‘lashga qaratadi. Bu
yerda “nostatsionar” atamasi vaqt bo‘yicha o‘zgaruvchi, jumladan impulsli ta’sirni bildiradi; u dinamik
noturg‘unlik bilan aynan bir tushuncha emas.

Tadgigot metodlari.

Geometriya va fizik farazlar

Ichki radiusi a, tashqi radiusi b bo‘lgan qobiq a < r < b sohani egallaydi. To‘ldiruvchi 0 < r < a,
tashqi muhit r > b da joylashadi. Ular mos ravishda f, s, e indekslari bilan belgilanadi; h = b — a — qobigq
qalinligi. Barcha qismlar bir jinsli va izotrop, deformatsiyalar kichik deb olinadi. Qobiq va to‘ldiruvchi
elastik qattiq jismlardir. Tkki chegarada ham to‘liq yopishish, ya’ni siljishsiz va ajralishsiz kontakt gabul
qilinadi. Suyugqlik yoki g‘ovak to‘ldiruvchi uchun alohida model talab etiladi.

Qobig-to‘ldiruvchi-tashqi muhit sistemasining kesim sxemasi

Q3 L 32
tashai muhit et

M:r=FHR
to'ldiruvchi- qobig kontakti

77777777777777777777 [z:1r =Rz
gabig-tashgi muhit kontakti

0O Geometrik sohalar

elastik to'ldiruvehi (97 O 0=1r<h
1 elastik gabig MR <=r=Re
Qa1 = K
h=R:-Tu

I va Iz chegaralarda te'lig yopishish: siljishlar hamda kontakt kuchlanishlari uzluksiz.
1-rasm. Qobiq to‘ldiruvchi tashqi mubhit sistemasining kesim sxemasi

Muhitning irsiy modeli va harakat tenglamalari
Nostatsionar masalada har bir nuqta to‘lgin kelishidan oldin tinch va deformatsiyasiz deb olinadi.
Tashqgi muhitdagi kuchlanish tenzori hajmiy deformatsiya = tre va deviator e = € — 91/3 orqgali yoziladi:

t . t
6.(t) =1 f K, (t — ©)9(8) dé +2 f G, (t—De©ds. ()
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Bu yerda K, (t) va G.(t) — hajmiy va siljish relaksatsiya modullari; I — birlik tenzor. Nugta vaqt
bo‘yicha hosilani bildiradi. Har bir modul uchun bir relaksatsiya vaqtli model tanlanadi [4]:
M,(t) = My, + AMe™t/™, AM = My— M, >0, M € {K,G}. 2
My =M, >0 va 7y >0 shartlari gabul gilinadi. M, boshlang‘ich, M, uzoq vaqtli modulni
anglatadi; K va G uchun relaksatsiya vaqtlari turlicha bo‘lishi mumkin. e ="t vaqt konvensiyasida (1) ning
chastotaviy ko‘rinishi quyidagicha:

Mi(w) = Mo + AM

—iwTy . . 2 .
Fp— Te=K:—2G.  (3)
Shunday qilib, muhitning xotirasi kompleks modullar orqali hisobga olinadi. Qobiq va to‘ldiruvchida
K = K;, G; = G; haqiqiy musbat o‘zgarmaslardir. j € {e, s, f} uchun amplituda tenglamalari:
Veo;+pjw’w=0, o0;=4(V-w)l+26Gg. (4
Bu yerda p; — zichlik, &; = (Vu; + Vu[)/2, A7 = K;" — 2G; /3. Chastotaviy maydon belgilarida ustki
galpogcha qisgalik uchun yozilmaydi. Impulsli masalada har bir mahkamlangan nuqtada t - —oo da
u;, u; — 0 sharti olinadi; tashgi sohada tushuvchi maydon oldindan beriladi.
Potensiallar va sferik yoyilmalar
Tushuvchi tekis bo‘ylama to‘lgin z 0‘qi bo‘ylab tarqalsin. O‘qqa simmetrik maydon uchun u = Vo +
V x V x (r¥) ajratishidan foydalanamiz. Bu yerda r = re,; @ va ¥ mos ravishda bo‘ylama va sferoidal
ko‘ndalang komponentlarni beradi. Potensiallar Gelmgolts tenglamalarini ganoatlantiradi:
pjwz 2 _ pja)z (5)
K'+4G//3° T G
® > 0 uchun tashgi muhitda Imkp,, Imkg, > 0 tarmoglari tanlanadi. Bu tanlov tashqgariga targaluvchi
to‘lginlarning masofa bo‘yicha so‘nishiga mos keladi. Tushuvchi potensialning Legendre qatori [5]:

(V24 kE)® =0, (V2+k&)¥; =0, ki =

@INC = @ etkpercost — @ Z i"™ 2n + 1)), (kper)P,(cosh). (6)
n=0
Bu yerda P, — Legendre polinomi, j,, — birinchi tur sferik Bessel funksiyasi, ®, — potensial
amplitudasi. Burchak 8 tushuvchi to‘lqin yo‘nalishidan o‘Ichanadi. Tushuvchi P-to‘lqin uchun torsion
komponent uyg‘onmaydi, ammo sferoidal S-komponent umumiy holda hisobga olinishi kerak.
Chegaraviy shartlar va modal sistema
Har bir n uchun potensiallarning radial koeffitsiyentlarini ¢;,,(r) va ¥, (r) deb belgilaymiz. Tashgi

muhitda sochilgan gism uchun h,(ql), gobiqda j, va y,, markazda chekli qoluvchi to‘ldiruvchi yechimida esa
fagat j,, olinadi:

Pen = ¢rilnc + Anhgll) (kPer)' Yen = Bnhﬁll) (kseT),
Gsn = Cpjn(kpst) + Enyn(kpsr), Ysn = Dpjin(ksst) + Eyyn (kssT), @)
¢fn = ann(kar)' l»bfn = njn(kar)-

yn — ikkinchi tur sferik Bessel, hgl) = j, + iy, — birinchi tur sferik Hankel funksiyasi. G,, modal
koeffitsiyent bo‘lib, G; siljish moduli bilan aralashtirilmaydi. Har bir radial juftlikdan w, = U,B,, ug =
V, 09 Py, 0y = R, P, Va a9 = Ty, 0gP, aniglanadi:

, n(n+1) ¢ )
Up =o¢n +f¢n: Vn=7n+¢n +Tn'
. 20U, nm+ 1DV, .
DAY =Uy'+— - ( - M, R, = 2'DAV +26°U,",  (8)
u, -V
T, =G*<Vn’+ ”r ”).
Shtrix r bo‘yicha hosilani bildiradi; D3V — divergensiya koeffitsiyenti. r =a va r=b da

Un, Vi, Ry, Ty, uzluksiz. Kuchlanish komponentlari ikkala tomonda bir Xil e, yo‘nalishiga nisbatan olinadi.
B, (r) ni (8) yordamida tuzilgan 4 x 2 matritsa deb belgilaymiz: birinchi ustun (¢,%) = (qn(kp;7),0),
ikkinchisi (0, g, (ks;r) ) ga mos. Noma’lumlar X, = (A, By, Cu, Dy, En, Fy, Gy, Hy) tartibida joylashtirilsa,
n = 1 uchun sakkiz noma’lumli sistema hosil bo‘ladi:
[an(m —Biu(b) —BL(b) 0 ]Xn [y,
0

Bl.(a) B (a) —B}n(a) 0 )
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Sistema matritsasi M,,(w) bilan belgilanadi. Bu yerda h yuqori indeksi hﬁll) bazisini, Yin¢ =

(U,ilnc, Vjinc Rpinc T,ilnc)T esa ma’lum tushuvchi holatni bildiradi. n = 0 da burchak hosilasi nol: ko‘ndalang
potensial maydonga hissa qo‘shmaydi. Shuning uchun V},, T,, qatorlari va S-ustunlari chiqarilib, 4 x 4 radial
sistema yechiladi. Bu alohida ajratish sun’iy singulyarlikning oldini oladi.

Nostatsionar javobni tiklash

Tushuvchi potensialning koordinata boshiga ekstrapolyatsiya gilingan vaqt signali s(t), uning spektri

$(w) = fjooos (t)e'“tdt bo‘lsin. Birlik tushuvchi potensialga javob  (9) orqali topilgach:

u(x,t) = %J‘m}[ (%, w)§(w)e @t dw. (10)

Sababiy kirish va boshlang‘ich tinch holat olinadi; manfiy chastotalar haqiqiy signalga mos kompleks
go‘shma simmetriya bilan to‘ldiriladi. Spektral tiklash g‘oyasi [2] da ham qo‘llangan. Amaliy hisobda qator
kesimi va chastota gadami javobning yaqginlashuvi orgali tanlanishi lozim.

Natijalar.
Relaksatsion yo‘qotishning chastotaviy qonuniyati
(3) ni hagigiy va mavhum gismlarga ajratib, M; = M' — iM" hamda x = wt,, belgilashlari
bilan quyidagini olamiz:
M= My + A — M" = AM — M g L= 11
= Mo+ M3 ST a2 dx = (14x2)2° an

AM > 0 bo‘lganda yo‘qotish moduli x =1 da M" ., = AM/2 giymatga yetadi. Past chastotada
M' - M, yuqori chastotada M’ - M. Quyidagi giymatlar bevosita (11) dan hisoblangan bo‘lib, material
sinovi yoki gobiq difraksiyasining sonli natijalari emas.
1-jadval. Relaksatsiya modulining o‘lchamsiz giymatlari (AM > 0)

X = wTly (M'—My)/AM M"/AM
0,1 0,0099 0,0990

1 0,5000 0,5000

10 0,9901 0,0990

Demak, o‘zgarmas chastotada relaksatsiya vaqtini oshirish yo‘qotish modulini avval oshirib, keyin
kamaytiradi. Ushbu maksimumni so‘nish tangensi M”/M' maksimumi yoki qobiq amplitudasi minimumi
bilan tenglashtirish mumkin emas: ular boshqa funksiyalar va turli shartlar orqali aniglanadi.

LOH— r M yaM
—-—= M/AM

0O‘lchamsiz modul
o o 2 o o S o O
[ =] wa W (41} [=3] ~] [s2] [te]
T T T T T T T

e
s
T

0.0

O'lchamsiz chastota, x=wwy
2-rasm. Relaksatsiya modulining o‘lchamsiz qiymatlari (AM > 0)

To‘ldiruvchining radial dinamik qattiqligi

Sferik-simmetrik n = 0 modada markazda chekli ko‘chish Us(r) = le(kpfr) ko‘rinishga ega; ¢ —
ixtiyoriy amplituda. j;'(z) = j,(2) — 2j,(2)/z ayniyatidan foydalanib, » = a da kuchlanishning ko‘chishga
nisbati topiladi:
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Re(a) Jo(kpra) _ 4Gy
U@ 7 Pfjl(kpfa) a’
Formula Ug(a) # 0 bo‘lgan holatlar uchun yozilgan. ks tezlikka emas, ko‘chishga nisbatan
aniglangan dinamik qattiglikdir; birligi Pa/m. z = kpra < 1 da jo(2)/j1(2) =3/z—z/5+ 0(z3) bo‘lgani
uchun:

4

3K pra L 4
Kp(w) = Tf - %wz +0 (Zf (kpra) ) (13)

Bu natijada 3Kf/a to‘ldiruvchining hajmiy elastik qarshiligini, pra/5 esa ichki sirt birligiga
keltirilgan inertsiya koeffitsiyentini ifodalaydi. Shunday qilib, past chastotali radial harakatda to‘ldiruvchi
ham qattiqlik, ham massa qo‘shadi. (13) butun qobigning tayyor rezonans formulasi emas; u (9) dagi ichki
chegaraning fizik mazmunini ochib beradi.

Chegaraviy holatlar

Analitik tekshiruvda AK = AG = 0 bo‘lsa, tashqi muhit elastik holatga o‘tadi va material yo‘qotishi
yo‘qoladi, lekin nurlanish orqali energiya chiqishi saqlanadi. Barcha sohalarning zichliklari va elastik
modullari bir xil bo‘lsa, chegaralar fizik jihatdan yo‘qoladi: A, = B,, = 0, sochilgan maydon nol bo‘ladi.
n = 0 da S-maydonning yo‘qligi esa radial simmetriyaning bevosita natijasidir. Ushbu holatlar kelajakdagi
sonli realizatsiya uchun tekshiruv mezonlarini beradi.

Olingan model qobiq, ichki to‘ldiruvchi va tashqi muhitning ta’sirini bir xil chegaraviy shartlar
tizimida bog‘laydi To‘ldiruvchini faqat qo‘shimcha massa bilan almashtirish (13) dagi hajmiy qattiglikni
yo‘qotadi. Shu sababli to‘ldiruvchi qo‘shilganda rezonans chastotasi albatta pasayadi degan xulosa umumiy
holda asosli emas: siljish yo‘nalishi qattiglik va inertsiya o‘zgarishlarining nisbatiga bog‘liq. Bundan
tashqari, (13) fagat n = 0 va |kp fa| <« 1 uchun amal qiladi; yuqori modalar va ichki rezonanslarda to‘liq (9)
sistema zarur.

Qovushqogq-elastiklikning ikki ta’siri ajratilishi kerak. Kompleks modulning haqiqiy qismi to‘lqin
tezligi va dinamik qattiqlikni, yo‘qotish qismi esa materialdagi energiya dissipatsiyasini belgilaydi.
Izolyatsiyalangan rezonans yaqinida, boshqa omillar deyarli o‘zgarmaganda, yo‘qotishning ko‘payishi
odatda cho‘qqini pasaytiradi. Biroq butun chastota oralig‘ida sirt amplitudasining monoton kamayishi
kafolatlanmaydi: faza, moda almashinuvi va interferensiya ham o‘zgaradi. Relaksatsiya vaqtini tanlashda
fagat bitta chastotadagi modul giymati yetarli emas.

Garmonik masalada bitta chastotaning amplitudasi va fazasi o‘rganiladi; nostatsionar javob esa (10)
bo‘yicha barcha muhim spektral komponentlarning yig‘indisidir. Impuls davomiyligi qisqarganda uning
spektri odatda kengayadi, ammo eng katta kuchlanishning oshishi kirish signallari ganday normallanganiga
ham bog‘liq. Bir xil maksimal amplituda, bir xil impuls yoki bir xil energiya bilan berilgan yuklar o‘zaro
aynan teng ta’sirlar emas. Shuning uchun davomiylikning ta’sirini baholashdan oldin taqqoslash mezoni
belgilanishi lozim.

Rezonansni tahlil qilishda detM,(w) = 0 sharti sababiy davom ettirilgan kompleks chastota
tekisligidagi erkin, tashqariga nurlanuvchi modalar bilan bog‘lanadi. Real chastotadagi majburiy javob
cho‘qqisi determinantning aniq noliga teng bo‘lishi shart emas. Hisoblashda o‘lchamsizlashtirilgan
matritsaning eng kichik singulyar giymati va kuzatilayotgan amplitudani birgalikda baholash maqsadga
muvofiq. Birgina determinant modulini solishtirish bazis va o‘Ichov birliklariga sezgir bo‘lishi mumkin.

Ishning cheklovi — fizik parametrlar bo‘yicha hisoblangan difraksiya diagrammalari va mustaqil
tajriba tekshiruvining mavjud emasligidir. Keyingi bosqichda radiuslar, zichliklar, elastik modullar,
relaksatsiya vaqtlari va kirish signali aniq berilib, qator hamda spektr kesimining yaqinlashuvi tekshirilishi
kerak. Mazkur maqoladagi natijalar shu hisoblarning nazariy asosini tashkil qgiladi.

Xulosa. Elastik to‘ldiruvchili sferik qobigning qovushqoq-elastik muhitdagi difraksiya masalasi har
bir n > 1 garmonika uchun sakkizta, n = 0 uchun to‘rtta noma’lumli sistemaga keltirildi. Garmonik va
nostatsionar javoblar spektral tiklash orqali bog‘landi. Standart chiziqli modelda yo‘qotish modulining
maksimumi wty = 1 da yuz berishi, radial to‘ldiruvchi esa past chastotada 3Ky/a qattiglik va pra/5
inertsiya hissalarini berishi ko‘rsatildi. Natijalar relaksatsiya hamda to‘ldiruvchi ta’sirini alohida va izchil
talgin gilish imkonini beradi.
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NbN NAMUNALARIDAGI O‘TA O‘TKAZUVCHANLIK UCHUN NAZARIY MODELLAR
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Annotatsiya. Mazkur maqolada nanoo ‘Ichamli va o ‘ta yupqa NbN namunalarida o ‘ta o ‘tkazuvchanlik
xususiyatlarini tavsiflovchi nazariy yondashuvlar tahlil qilinadi. Adabiyotlarda kristall tuzilish,
stexiometriya, kvant tartibsizlik darajasi, energiya tirqishi hamda holatlar zichligining o‘ta
o ‘tkazuvchanlikka ta’siri turli yondashuvlar orqali izohlangan. Biroq mavjud natijalar tahlili nanoo ‘Ichamli
va kristall o‘lchamdagi NbN namunalarida kuzatiladigan xususiyatlarni yagona model doirasida to ‘lig
tushuntirib  bo ‘Imasligini ko ‘rsatadi. Shu nugtayi nazardan, maqolada mavjud nazariy modellar
imkoniyatlari va chekloviari qiyosiy tahlil qilinib, NbN ning turli o‘lchamdagi namunalarida o‘ta
o ‘tkazuvchanlik mexanizmlarini yagona yondashuv asosida tavsiflash zarurati asoslab beriladi.

Kalit so‘zlar: NbN, kvant tartibsizlik, Eliashberg nazariyasi ,McMillan, Ginzburg—Landau kogerent
uzunligi , Berezinskii—Kosterlitz—Thouless (BKT) modeli , Simonin modeli , kvant cheklanishi.

TEOPETUYECKHUE MOJAEJIN CBEPXITPOBOAVUMOCTHU B OBPA3LAX NbN

Annomauusa. B Oannotl cmamve ananuzupyromes meopemudeckue nooxoosl, ONUCHIBAIOUUE
CBOUICMBA C8EPXNPOBOOUMOCTNU 8 HAHOPA3MepHbIX U ceepxmonkux oopasyax NDN. B nayunoii numepamype
BIUAHUE — KPUCMALIUYECKOU — CMPYKMYpbl,  CMEXUoMempuu, CmeneHu  KeaHmogozo  bOecnopsaoka,
9Hepeemu4ecKou weau u niomHOCMU COCMOSHULL HA C8ePXNPOBOOSIYUE CEOLICMBA 00BACHAEMC S ¢ NOMOUWbIO
PAa3IUUHbIX  meopemuyeckux nooxo0os. OOHAKO aHAIU3 UMEIWUXCA pe3yIbmamos HOKA3bleaenl, Ymo
Habmooaemvle C0UCMEa HAHOPAZMePHbIX U Kpucmaniudeckux oopasyos NON ne moeym 6vime nonnocmoto
00bACHEHbl 8 PaMKAX eOuHol Moodenu. B cesasu ¢ smum 6 cmamve npOGOOUMCS CPAGHUMENbHBIN AHAU3
B03MOJCHOCMEU U  02PAHUYEHULl  CYWEeCMmBYIOWUX meopemuieckux mooenei u 0OOCHO8bIBAEMCSl
HeoOX00UMOCmb  e0UH020 NOOX00d K ONUCAHUIO MEXAHU3MO8 céepxnpogodumocmu 6 oopaszyax NbDN
PA3IUUHO20 pazmepa.

Knrouesvie cnosa: NbN, xeanmosniti 6ecnopsdox, meopus Dnuawibepea, Maxmuiian, Ko2epeHmHas
onuna lunzbypea—JSlanoay, moodenv bepesunckoeo—Kocmepauya—Taynecca (BKT), moodens Cumonuna,
K8AHMOBOE 02PAHUYECHUE.

THEORETICAL MODELS FOR SUPERCONDUCTIVITY IN NbN SPECIALS

Abstract. This article analyzes theoretical approaches describing the superconducting properties of
nanoscale and ultrathin NbN samples. In the scientific literature, the effects of crystal structure,
stoichiometry, the degree of quantum disorder, energy gap, and density of states on superconducting
properties have been explained using various theoretical approaches. However, an analysis of the available
results shows that the observed properties of nanoscale and crystalline NbN samples cannot be fully
explained within a single model. In this regard, the article provides a comparative analysis of the
capabilities and limitations of existing theoretical models and substantiates the need for a unified approach
to describing the mechanisms of superconductivity in NbN samples of different sizes.

Keywords: NbN, quantum disorder, Eliashberg theory, McMillan, Ginzburg-Landau coherence
length, Berezinskii—Kosterlitz—Thouless (BKT) model, Simonin model , quantum confinement.

Kirish. O‘ta yupqa namunalar uchun o‘lchamning kamayishi strukturaviy fazalar aro chegaralar
sonining ortishi va elektronlarning sochilishi kuchayishiga olib kelishi mumkin. Masalan, turli yupga
o‘lchamlariga ega NbN plyonkalarida kritik harorati T, qiymati 13,1 K va 15,2 K ni, ixtiyoriy yo‘nalgan va
eng kichik kristall o‘lchamli namunada esa 8,3 K ni tashkil etgan [1,2]. NbN yuqori o‘ta o‘tkazuvchanlik
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xususiyatlariga ega muhim materialdan biri bo‘lib, unda T, kristall tuzilish, stexiometriya, kvant tartibsizlik
darajasi, plyonka galinligi va kristall o‘lchamiga sezilarli darajada bog‘liq. Adabiyotlarda 50 nm galinlikdagi
NbN plyonkasida T,=16,6 K ga yetgani, monokristalli NbN namunalarida esa T,.=14,5-15 K, yuqori sifatli
monokristalli NbN plyonkalarida T,=16,1-16,7 K giymatlar kuzatilgani gayd etilgan [3,4].Nanoo‘lchamli
NbN plyonkalarida o‘ta o‘tkazuvchanlikning qalinlikka bog‘ligligi elektron holatlarining o‘zgarishi bilan
ham izohlanadi. NbN galinligi kamayganda kvant cheklanishi natijasida elektron energiya sathlari alohida,
Fermi sathi yaqinidagi holatlar zichligi o‘zgarishi mumkin. Bu esa T, ning qalinlikka bog‘liq ravishda
o‘zgarishiga olib keladi. [6-8] Shu bilan birga, Eliashberg nazariyasi nanometr o‘lchamdagi plyonkalarda
kvant cheklanishining elektron holatlariga ta’sirini hisobga olib, T ning plyonka qalinligiga bog‘ligligini
miqdoriy tavsiflash imkonini beradi [5]. O‘ta yupga NbN plyonkalarida o‘ta o‘tkazuvchanlikning fazaviy
xususiyatlari ham muhim ahamiyatga ega. BKT modeli bunday tizimlarda fazaviy o‘tishni o‘ta
o‘tkazuvchanlik qattiqligi va uyurma-antiuyurma juftlari dinamikasi orqali tavsiflaydi. Finkel’shteyn
yondashuvida esa plyonka qalinligining kamayishi va tartibsizlikning ortishi elektron—elektron o‘zaro
ta’sirini  kuchaytirib, T, ning pasayishiga olib kelishi bilan izohlanadi [9-11]. NbN ning o‘ta
o‘tkazuvchanligi turli fizik mexanizmlar kristall tuzilish va stexiometriya, kristall o‘lchami, kvant
tartibsizlik, holatlar zichligi, kvant cheklanishi hamda fazaviy yoki vaqt davomida Kkichik o‘zgarib,
tebranib turishi orqali tavsiflangan. Biroq ushbu yondashuvlarning har biri NbN ning ma’lum o‘lcham yoki
fizik holatiga xos jarayonlarni tavsiflaydi. Shu sababli o‘ta yupga va yupga o‘lchamdagi NbN
namunalarining o‘ta o‘tkazuvchanlik xususiyatlarini yagona nazariy yondashuv doirasida tushuntirish
masalasi alohida tahlilni talab giladi.

Adabiyotlar tahlili.Yuqori haroratli o‘ta o‘tkazuvchanlik hagida umuman olganda NbN
namunalaridagi o‘ta o‘tkazuvchanlik uchun nazariy modellar bo‘yicha juda ko‘plab ilmiy adabiyotlar va
magolalar mavjud. Ushbu magolani yozishda shu toifadagi nazariy adabiyotlardan [5], [12],[13].[14].[15]
[16],[21],[22],[23],[24] va amaliy ahamiyatga ega bo‘lgan ilmiy maqolalardan foydalanildi va foydalanilgan
adabiyotlar ro‘yxatida qayd etildi. Maqolada iqtibos tarzida olingan ma‘lumotlar tegishli manbasining
foydalanilgan adabiyotlar ro‘yxatidagi tartib ragami bilan ko‘rsatildi.

Natijalar va muhokamalar.

Eliashberg modeli. Ushbu yondashuv ilk bor nanometr o‘lchamdagi yupga plyonkalarda yuzaga
keladigan kvant cheklanishining elektron holatlariga ta’sirini hisobga oladi. Mazkur nazariya birinchi marta
plyonka galinligiga bog‘liq bo‘lgan o‘ta o‘tkazuvchanlikning Kritik haroratini T, miqdoriy jihatdan
bashorat qilish imkonini berdi, bunda tanlab olinaladigan parametrlar qo‘llanilmadi. Shuningdek, nazariya
plyonka galinligi ortishi bilan magnit maydonning singish chuqurligi sezilarli darajada kamayishini ham
bashorat giladi. Bu xulosa mavjud tajriba ma’lumotlari bilan sifat jihatidan mos keladi. London
elektrodinamikasi doirasida anizotropiya hisobga olinmagan holda, magnit maydonning singish chuqurligi
MT) quyidagicha ifodalanadi [5]:

N2 (T)= () T (1)
Magnit maydonning singish chuqurligi yoki o‘ta oquvchanlik holati zichligi tajriba yo‘li bilan
aniglanishi mumkin bo‘lgan yana bir fizik kattalik bo‘lib, u ikki zonali Eliashberg modeli doirasida ham
hisoblanishi mumkin. Bu esa nazariyaning bashoratlari ganchalik ishonchli ekanligini qo‘shimcha ravishda
tekshirish imkonini beradi.
McMillan modeli.
Bu modelda kritik harorat quyidagicha topiladi:

®log _1.04(1+2)
Te= 1.2 exp| /1—;4*(1+0.62/1] (2)

McMillan tenglamasidagi A ning aniqlanishi quyidagicha bo‘ladi [14]
A OLICF
0 w

©)
Bu yerda A elektron-fonon juftlashishning effektiv konstantasi bo‘lib, u Eliashberg spektr funksiyasi
orqali aniglanadi. Tenglamadan kelib chiqadiki, past chastotali fononlar hissasining ortishi A ning ortishiga
olib keladi. Bu esa o‘z navbatida tenglamaga ko‘ra T, ning ortishiga sabab bo‘ladi.[12,13]
Berezinskii—Kosterlitz—Thouless (BKT) modeli.
BKT modeli ikki o‘lchamli o‘ta o‘tkazuvchi plyonka uchun o‘ta o‘tkazuvchanlik turg‘unligi Js
guyidagicha ifodalanadi [15].
_ h%c?%d
T 16me222

(4)
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Bu yerda d-plyonka galinligi, A-magnit maydonning singish chuqurligi,e-elektron zaryad esa yorug‘lik
tezligidir Mazkur tenglama o‘ta yupga NbN plyonkalarda o‘ta o‘tkazuvchanlik turg‘unligi nafaqat
qalinlikka,balki zaryad tashuvchilarning samarali hissasiga ham bevosita bog‘liq ekanni ko‘rsatdi.

BKT o‘tish harorati Tskr universal shart asosida aniglandi.

7 Js(TpkT) _
— =2 ®)
- - . TBKT . . . . . . . -

(4) tenglama va (5) tenglamani birlashtirsa quyidagi ifoda kelib chiqadi.Ya’ni ushbu formula Js ning

Tgxr bog‘ligligini ifodalaydigan va ushbu tenglamadan Tggr topilsa Tggr Ning d ga bog‘liglik tenglamasi
kelib chigadi.

2.2
Tpgr = ﬁ (6)

(6) tenglamadan Tekr giymati d qalinlikga to‘g‘ri proporsional, ya’ni namuna qalinlik ortgan sari
BKT temperaturasi ortadi. Tgxr ~ d ushbu mezon uyurma-antiuyurma juftlarining ajralishi boshlanadigan
kritik nugtani belgilaydi. Shuning uchun Jy(T) ning haroratga bog‘ligligi yordamida o‘ta yupga NbN
plyonkalarning kvazi-ikki o‘lchamli fazaviy o‘tish sohasi tahlil qgilindi.

Simonin modeli:

Ginzburg Landau qonuniyatiga bog‘liq bo‘lgan Simonin modeli quyidagi ko‘rinishga ega.

Te=To(1-%) )

Ushbu (7) tenglama yupga plyonkaning kritik harorati Tq uning galinligi d ga bog‘liq ekanligini
ko‘rsatadi. Bu yerda T, - materialning hajmiy kritik harorati, d. esa kritik galinlikdir. Plyonka galinligi d
kamaygan sari kritik harorat Tq ham pasayadi. d=d; bo‘lganda T;=0 ga teng bo‘ladi, ya’ni kritik galinlikda
o‘ta o‘tkazuvchanlik holati yo‘qoladi. Shuningdek, ushbu bog‘lanish Ty ning 1/d ga nisbatan chizigli
kamayishini ifodalaydi.

NbN yupga namunalarda o‘ta o‘tkazuvchanlik xususiyatlarining plyonka qalinligiga bog‘ligligi
nanometrik o‘lchamlarga o‘tilganda yuzaga keladigan muhim fizik hodisalardan biridir. Tahliliy natijalar
plyonka qalinligi kamayishi bilan kritik temperatura T, ning pasayishini ko‘rsatgan. Biroq ushbu
pasayishning fizik mexanizmini tushuntirish uchun turli nazariy modellar taklif gilingan. Jumladan,
Eliashberg modeli, McMillan modeli, Simon modeli va Berezinskii—Kosterlitz—Thouless (BKT) modeli
NbN yupga plyonkalaridagi T, (d) bog‘lanishini tavsiflashda qo‘llanilgan.Eliashberg nazariyasi bo‘yicha
hisoblangan giymati o‘ta o‘tkazgich NbN yupqa plyonka uchun T, = 13.1K galinlik esa d = 4.5 nm [17].

McMillan modeli yordamida epitaksial NbN plyonkalarida kritik temperatura T, ning galinlikka
bog‘ligligi tahlil gilindi. Tajribada plyonka qalinligi 2,2-200 nm oralig‘ida o‘zgarganda, T, qiymati 9,28 K
dan 16,63 K gacha oshishi kuzatildi. McMillan modeli ushbu o°zgarishni tashuvchilar konsentratsiyasi va
Fermi sathidagi holatlar zichligi N(0) bilan bog‘lash imkonini berdi [18].

BKT modeli asosida o‘rganilgan NbN yupqa plyonkalarida plyonka qalinligi kamayishi bilan ham
Tgkr, ham T, pasayishi kuzatiladi. Jumladan, d=12 nm bo‘lgan plyonkada Tggr= 12,46 K va T,.=12,80 K,
d=6 nm da mos ravishda Tgxr=10,8K T.=10,8 K va T.=11,40 K, d =3 nm da esa Tggr=7.7 K va T,=8,30K
ni tashkil etgan. Demak, qalinlik kamayishi bilan supero‘tkazuvchanlikning xarakterli temperaturasi
pasayadi [19]. Shu bilan birga, barcha holatlarda Tgxr<T. bo‘lib, ular orasidagi farq mos ravishda 0,34 K
(12 nm), 0,55 K (6 nm) va 0,53 K (3 nm) ni tashkil giladi. Bu natijalar NbN plyonkalarida BKT o‘tishi T,
ga juda yaqin temperaturada yuz berishini va plyonka yupqalashgan sari BKT o‘tishining temperaturasi ham
pasayishini ko‘rsatadi.

Simonin modeli NbN yupqa plyonkalarida o‘ta o‘tkazuvchanlik xossalari plyonka galinligiga kuchli
bog‘liq. Tajriba natijalariga ko‘ra, galinlik 50 nm dan 5 nm gacha kamayganda, kritik temperatura T, 15,3 K
dan 11,2 K gacha pasayadi. Model asosida T, ning yo‘qolishiga mos kritik galinlik d =1,38 nm deb
aniglangan. [20]

NDbN uchun T, ning d bog‘liqligi grafigida namuna qalinligi 200 nm qalinlikdan 2.2 nm qalinlikgacha
bo‘lgan qiymat tasvirlangan bundan T. ning qiymatlari 16.63 K dan 9.28 K gacha o‘zgarishi
ko‘rsatilgan.Ushbu qiymatlar grafikda siyan kvadratlar tasvirlangan.Grafikdagi T, ning d ga bog‘liq
grafigidagi qiymatlar Hall effekti va McMillan modeli bo‘yicha hisoblangan. Qalinlik kamayishi natijasida
elektronlarning harakatlanishi va elektron-fonon o‘zaro ta’siri o‘zgarib, o‘ta o‘tkazuvchanlik energetik
parametrlari va elektron holatlar zichligiga ta’sir ko‘rsatishi mumkin. Natijada Kuper juftlarining hosil
bo‘lish sharoitlari o‘zgarib, T, pasayadi. Demak, NbN plyonkalarida gqalinlik supero‘tkazuvchanlik
xususiyatlarini belgilovchi muhim parametr hisoblanadi.
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1-rasm. O‘ta o‘tkazuvchi kritik harorat T, ning plyonka galinligi d ga bog‘liqligi

1-rasmda T, ning d ga bog‘liglik tajribaviy giymatlari grafikda tasvirlangan. O‘ta o‘tkazuvchan kritik
harorat T, ning plyonka galinligi d ga bog‘ligligi turli adabiyot manbalari asosida keltirilgan. Grafikdagi
moviy kvadratlar Q. Zhang va boshg. tomonidan epitaksial NbN plyonkalari uchun olingan natijalarni
ifodalaydi [21] , ko‘k uchburchaklar L. Zhang va boshq. tomonidan NbTiN yupga plyonkalari uchun olingan
ma’lumotlarga mos keladi [22] , qora belgilar M. Mondal va boshqg.ning NbN yupqga plyonkalaridagi BKT
o‘tishiga oid natijalarini ko‘rsatadi [23], qizil doiralar esa S. P. Chockalingam va boshq. tomonidan
epitaksial NbN plyonkalari uchun qayd etilgan eksperimental ma’lumotlarni ifodalaydi [24]. Grafikdan
ko‘rinadiki, plyonka qalinligi kamayishi bilan T, giymati izchil ravishda pasayadi, aynigsa o‘ta yupqa sohada
bu pasayish yanada keskin namoyon bo‘ladi. Aksincha, qalinlik ortishi bilan T, asta-sekin hajmiy holatga
xo0s qiymatlarga yaqinlashib, to‘yinish xususiyatini ko‘rsatadi. Ushbu natijalar yupqa plyonkalarda o‘Icham
effekti, zaryad tashuvchilar zichligi, kvant tartibsizlik darajasi hamda ikki o‘lchamli o‘ta o‘tkazuvchanlik
fluktuatsiyalarining muhim rol o‘ynashini tasdiqlaydi.

Xulosa. NbN yupga plyonkalarida galinlik kamayishi bilan kritik temperatura T, pasayadi.
Eliashberg, McMillan, BKT va Simonin modellari bu bog‘liqlikni turli fizik mexanizmlar orqali
tushuntiradi.Eliashberg modeli mikroskopik jarayonlarni chuqurrog tavsiflagani uchun eng istigbolli
hisoblanadi. Kelajakda Eliashberg va BKT modellarini birgalikda qo‘llash yanada anig natijalar berishi
mumkin.McMillan va Simonin modellari esa T, (d) bog‘ligligi va kritik qalinlikni baholashda amaliy
ahamiyatga ega.
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NIKEL OKSIDI (NiO) YUPQA QATLAMLARINI VAKUUMDA TERMAL YOTQIZISH
USULIDA SINTEZ QILISH
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Annotatsiya. Ushbu maqgola vakuumli termal bug lanish usuli yordamida nikel oksidi yupga
gatlamlarini olish texnologiyasiga bag ‘ishlangan. Jarayonning fizik asoslari, vakuum sharoitining roli,
hamda yupqa qatlamning hosil bo ‘lish mexanizmi tahlil qilindi. Nikel oksidi yupqa qatlamlari yugori
kimyoviy bargarorligi, optik shaffofligi va yarim o ‘tkazgichli xususiyatlari sababli zamonaviy elektronika,
gaz sensorlari va fotoelektr qurilmalarida keng ko‘lamda qo‘llanilib kelinmoqgda. Vakuumli termal
bug ‘lanish usulining texnologik jarayonlari yuqori tozalik shart-sharoitlarini ta’minlanganligi sababli, bu
usul yordamida yuqori sifatli, bir jinsli va zarur bo ‘lgan qalinlikdagi Nikel oksidi yupga qgatlamlarini olish
imkoniyati mavjud.

Kalit so‘zlar: nikel(Il) oksidi, vakuumli bug ‘lanish, yupqa qatlam, fizik bug ‘lantirish, yarim o ‘tkazgich
materiallar, nanogoplamalar, optik shaffoflik.

CUHTE3 TOHKHUX INTEHOK OKCHUIA HUKEJIS (NiO) METOJOM BAKYYMHOI'O
TEPMHUYECKOI'O OCAXKIEHUA

Annomauusa. Jlannas cmamovs noceswena mexHonio02uyu Noay4eHus MoHKUX NAEHOK OKCUOAa HUKeNs
MemoooM 8AKYYMHO2O mepmuieckoz2o ucnaperus. [Ipoanaruzuposansl usuyeckie 0CHO8bL npoyeccd, poib
BAKYYMHUIX YCNOBUL, A MAKICe MEXAHUIM POPMUPOBAHUs MOHKOU NAéHKu. Tonkue naéHku okcuoa HuKeius
bnaz00aps ceoell 8blCOKOU XUMUYECKOU CIAOUILHOCIU, ONMUYECKOL NPO3PAYHOCIU U NOJYNPOBOOHUKOBLIM
CBOUCMBAM WUPOKO NPUMEHAIOMCS 8 COBDEMEHHOT INeKMPOHUKE, 2A308bIX CEHCOPAX U YOMOINEKMPULECKUX
yempouicmeax.  IlockonbKy — mexHonocuueckue npoyeccvl  8aKYYMHO20 — MEPMUYECKO20  UCNAPeHUs.
obecnequsaiom yciogus 6blCOKOU YUCOMbL, OAHHbIL MeMmo0 NO380JiAem NOLYHamyb 8blCOKOKAYeCMEeHHble,
00HOPOOHbBIE MOHKUE NIEHKU OKCUOA HUKes mpedyemotl MOSUWUHbL.

Kntouesvie cnosa: oxcuo nukena(ll), eaxyymumoe ucnapenue, moukas niéHKa, @usuueckoe
ocacoenue, NOIYNPOBOOHUKOBbIE MAMEPUATbL, HAHONOKPLIMUS, ONMUYECKAds NPO3PAUHOCHb.

SYNTHESIS OF NICKEL OXIDE (NiO) THIN FILMS BY VACUUM THERMAL
EVAPORATION

Abstract. This article is devoted to the technology of obtaining nickel oxide thin films by vacuum
thermal evaporation. The physical foundations of the process, the role of vacuum conditions, and the
mechanism of thin film formation were analyzed. Due to their high chemical stability, optical transparency,
and semiconductor properties, nickel oxide thin films are widely used in modern electronics, gas sensors,
and photoelectric devices. Since the technological processes of vacuum thermal evaporation ensure high
purity conditions, this method makes it possible to obtain high-quality, homogeneous nickel oxide thin films
of the required thickness.

Keywords: nickel(Il) oxide, vacuum evaporation, thin film, physical vapor deposition, semiconductor
materials, nanocoatings, optical transparency.

Kirish. So‘nggi yillarda nanoo‘lchamli materiallar va yupqa qatlamli yarimo‘tkazgichlar texnologiyasi
materialshunoslik va mikroelektronika sohalarida muhim ilmiy yo‘nalishlardan biriga aylandi. Bunday
materiallar orasida Nikel oksidi (NiO) o°zining noyob fizik-kimyoviy xususiyatlari bilan ajralib turadi [1,2].
NiO keng ta’qiqlangan energetik sohaga (Eq) ega bo‘lgan kovakli (p - tip) o‘tkazuvchanli yarimo‘tkazgich
bo‘lib, uning Eq si 3.6 — 4.0 eV oralig‘ida bo‘ladi [3-6].

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 128


mailto:xojabaevbolat@gmail.com

PHYSICS

Nikel oksidi Ni va O atomlaridan tashkil topgan kimyoviy birikma. U nikel metalining asosiy oksidi
hisoblanadi. Nikel(Il) oksidi (NiO) — nikelning kislorod bilan hosil gilgan asosiy birikmalaridan biri bo‘lib,
kimyoviy jihatdan bargaror noorganik moddadir.

Tashqi ko‘rinishi: Olinish sharoitiga qarab rangi o‘zgaradi. Past haroratlarda olingan stehiometrik
toza NiO och yashil rangda bo‘ladi. Yuqori haroratda yoki kislorod ortiqchaligida olingan (noktastik) turlari
esa qgora yoki qora-kulrang kukun ko‘rinishida bo‘ladi.

Har yili bir necha million kilogramm turli xil, asosan nikel gotishmalarini ishlab chigarishda NiO
oralig mahsulot sifatida sintez gilinadi. Rasm-1 da NiO ning molekullyar tuzilishi va tashqi ko‘rinishi
tasvirlangan. 1-jadvalda NiO ning asosiy kimyoviy va fizik parametrlari berilgan [7-9].

a
1-rasm. NiO ning molekulyar tuzilishi (a) va tashqi ko‘rinishi (b).

1-jadval.
NiO ning asosiy fizik parametrlari [7-9]
Ne Kimyoviy formula NiO
1 Molyar massa 74.6928 g/mol
2 Tashqi ko‘rinishi yashil kristalli gattiq modda
3 Zichligi 6.67 g/sm®
4 Erish Temperaturasi 1955°C;2228K
5 Magnit sezgirlik (y) +660.0-10°° sm®/mol
6 Sindirish ko‘rsatkichi (np) 2.1818

NiO ning yuqori termik bargarorligi, kimyoviy inertligi va yaxshi elktro va optik xususiyatlari uni
zamonaviy asbobsozlikning turli sohalarida, jumladan:

e gaz sensorlarida;

o fotovoltaik ernegetika qurilmalarida;

o elektrokimyoviy energiya saglash tizimlarida;

« optoelektronikaning turli sohalarida istigbolli material sifatida ishlatilib kelinmoqda.

NiO yupqa qatlamlarini olish uchun turli texnologiyalar mavjud bo‘lib, ular qatoriga sol-gel sintezi,
kimyoviy cho‘ktirish, magnetronli shanglatish usuli, hamda fizik bug‘lantirish usullari kiradi. Ushbu usullar
orasida vakuumli termal bug‘lanish usuli yuqori toza va bir tekis strukturalarga ega gatlamlar olish
imkoniyati bilan alohida ahamiyatga ega.

Vakuumli termal bug‘lanish usulining fizik asoslari

Vakuumli termal bug‘lanish usuli fizik bug‘lantirish (PVD — Physical Vapor Deposition)
texnologiyalari qatoriga kiradi. Ushbu usulning asosiy mohiyati moddani yuqori harorat ta’sirida
bug‘lantirish va hosil bo‘lgan bug‘ zarrachalarini taglik yuzasida kondensatsiyalanishiga asoslanadi. Jarayon
vakuum mubhitida olib boriladi va uning asosiy vazifalari quyidagilardan iborat [8-9]:

e bug* zarrachalarining erkin harakatini ta’minlash;

e vakuumda qoldiq gaz molekulalari bilan to‘qnashuv ehtimolini kamaytirish;

¢ hosil bo‘ladigan qatlamlarning yuqori tozaligini ta’'minlash.

Odatda jarayon 10~ — 107¢ Torr bosimda amalga oshiriladi.

Rasm -2 da vakuumli termal bug‘lanish qurilmalarining ishlash prinsipi (a) va ikki xil vertikal turdagi
(b va ¢) qurilmalar ko‘rinishi berilgan. Bu qurilmalarda yupqa gatlamlarni olish jarayon quyidagicha amalga
oshadi:

1. Manba materiali (NiO kukuni) gizdiriladi.
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2. Material bug* holatiga o‘tqaziladi.

3. Bug‘ vakuum mubhitida yuqoriga harakatlanadi.

4. Bug‘ manbaiga nisbatan yuqorida joylashgan va temperaturasi past bo‘lgan taglik yuzasida bug*
kondensatsiyalanib yupga gatlam hosil giladi.

” - Substrate
| T
Om“—" Deposition of thin film

+—Vaporized material

o © Source material

Rotating

Vacuum chamber

Deposited film p— Substrate

o 25em .

’ S .
-

J
k . Obtained sample,

Vapor flux

- Source material

Vacuum vent

°
e — 4 -~
Power supply b JOHLEE P‘. Furnace -'_To pump.
2-rasm. Vakuumli termal bug‘lanish qurilmalarining ishlash prinsipi (a) va ikki xil vertikal

turdagi (b va c) qurilmalar

Materiallarni bug‘lantirish uchun maxsus qizdirgichlar — rezistiv gizdirgichlar yoki elektron nur
manbalarini qo‘llash mumkin. Elektron nur manbalari yordamida juda yuqori erish temperaturali
materiallarni ham bug‘lantirish mumkin.

NiO gatlamlarining hosil bo‘lish mexanizmi

Vakuumli bug‘lanish jarayonida manba materiali sifatida nikel metali yoki NiO kukuni ishlatiladi.
Agar nikel metali bug‘lantirilsa, jarayon davomida vakuum kameraga kislorod kiritilib reaktiv bug‘lanish
jarayoni amalga oshiriladi. Bu jarayon quyidagi kimyoviy reaksiya orqgali ifodalanadi:

2Ni+0O,—2NiO

Bu reaksiyaning amalga oshishi uchun kameradagi gisman kislorod bosimi (Po2) va bug‘lantirish
tezligi o‘rtasida optimal muvozanat bo‘lishi shart. Aks holda, qatlam to‘liq oksidlanmasdan metall faza
saglanib qolishi yoki aksincha, stexiometriya buzilishi mumkin.

Zarrachalarning vakuumda ko‘chishi:

Bug‘langan va reaktiv sintezlangan NiO molekulyar oqimi vakuum kamerasi bo‘ylab harakatlanadi.
Erkin yugurish uzunligi vakuum darajasi yetarlicha yuqori bo‘lgani sababli (102 — 10°) Torr yoki undan
yugqori), zarrachalarning qoldiq gaz molekulalari bilan to‘qnashuvi minimal darajada bo‘ladi. Bu esa NiO
zarralarining 0°z energiyasini yo‘qotmasdan taglik yuzasiga to‘g‘ridan-to‘g‘ri yetib kelishini ta’minlaydi.

Taglik yuzasiga yetib kelgan NiO molekulalari yoki atomlar klasterlari darhol gotib golmaydi, balki
quyidagi kinetik bosqichlarni bosib o‘tadi:

Fizikaviy va kimyoviy adsorbsiya: Dastlab zarralar taglik yuzasiga zaf Van-Der-Vaals kuchlari
orgali yopishadi. Keyinchalik sirt energiyasi va taglik harorati ta’sirida elektron almashinuvi yuzaga kelib,
kuchli kimyoviy bog‘lanishga o‘tadi.

Sirtiy diffuziya: Adsorbsiyalangan zarrachalar taglik yuzasi bo‘ylab tartibsiz sakrab yurgandek
harakat qiladi. Ular sirtning energetik jihatdan qulay nugtalarini (kristall panjaradagi nugsonlar,
zinapoyasimon qirralar) qidirib topadi va shu yerda to‘planadi.
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Yadrolanish va o‘sish mexanizmlari: Sirt bo‘ylab harakatlanayotgan zarralar o‘zaro to‘qnashib,
ma’lum bir kritik o‘lchamga yetganda barqgaror klasterlar — yadrolarni hosil giladi. NiO gatlamining o‘sishi
asosan quyidagi mexanizmlar bo‘yicha kechadi:

Volmer-Weber mexanizmi: NiO va ko‘pchilik tagliklar (masalan, shisha, kremniy yoki metallar)
orasidagi sirt tarangligi farqi tufayli, dastlab alohida orolchalar shakllanadi.
Vagqt o‘tishi bilan bu orolchalar kengayib, bir-biri bilan tutashadi va uzluksiz yupga gatlam hosil giladi.

Hosil bo‘lgan NiO bug‘lari taglik yuzasiga yetib borib kondensatsiyalanadi va natijada yupqa gatlam
hosil bo‘ladi. Qatlam hosil bo‘lish jarayoni bir necha bosqichdan iborat:
1) bug* zarrachalarining taglik yuzasiga yetib borishi;
2) zarrachalarning taglikda adsorbsiyasi;
3) gatlam zarralarining yadrolanish jarayoninig boshlanishi;
4) kristall o‘sib borishi.

Natijada taglik yuzasida kristall tuzilishga ega NiO gatlami shakllanadi.

Jarayonga ta’sir etuvchi asosiy texnologik parametrlar:

NiO gatlamining sifati, kristal panjara tuzilishi va xossalari quyidagi parametrlarga bevosita bog‘liq:
Taglik harorati: Taglikning qizdirilishi bug‘lanib keluvchi zarrachalarning sirt bo‘ylab erkin
harakatlanishiga (migratsiyasiga) yordam beradi. Yuqori haroratlar yaxshi kristallangan, nugsonsiz gatlamlar
hosil bo‘lishini ta'minlaydi.

Kislorod gisman bosimi: Reaktiv bug‘lanish jarayonida kameradagi kislorod miqdori yetarli bo‘lishi
shart. Agar kislorod migdori kam bo‘lsa, gatlam to‘liq oksidlana olmay, metall nikel (Ni) fazasi saglanib
golishi va qatlamning xossalari o‘zgarib ketishi mumkin.

Cho‘ktirish tezligi: Qatlamning o‘sish tezligi uning g‘ovakliligi, zichligi va sirt g‘adir-budurligini
belgilaydi. O‘rtacha tezlikdagi o‘sish strukturaning bir xil chigishini ta’minlaydi.

Eksperimental texnologik qurilma

Vakuumli bug‘lanish qurilmasi quyidagi asosiy elementlardan tashkil topgan:

o vakuum kamerasi;
bug‘lantirish manbai;
taglik ushlagichi;
vakuum nasos tizimi;
gaz berish tizimi;
gatlam galinligini nazorat giluvchi qurulma.

Taglik sifatida odatda shisha, kremniy yoki maxsus keramika plastinkalari ishlatiladi. Taglik yuzasi
jarayondan oldin kimyoviy va ultratovushli tozalash usullari bilan tozalanadi.

NiO gatlamlarining xossalari

Vakuumli termal bug‘lanish usuli yordamida olingan Nikel(Il) oksidi yupga gatlamlari quyidagi
Xususiyatlarga ega:

o yugori kristallik darajasiga;

o optik shaffoflikga;

e asosan p-tip elektr o‘tkazuvchanlikga;

e yugori kimyoviy bargarorlikga.

Vakuumli bug‘lantirish paytida qatlam bir nechta kichik kristall zonalardan tarkib topadi. “Yuqori
kristallik darajasi” deganda shu kristallitlarning o‘lchami yetarlicha katta ekanligi va ular o‘zaro bir xil
yo‘nalishda uyushib, yaxlit va barqaror struktura hosil gilgani tushuniladi. NiO keng tagiglangan zonali
yarimo‘tkazgich hisoblanadi. Uning taqiqlangan zona kengligi taxminan 3.4 - 3.8 eV oralig‘ida o‘zgaradi. P-
tipli yarimo‘tkazgich bo‘lgan NiO da zaryad tashuvchilarning panjara bo‘ylab erkin va to‘sigsiz
harakatlanishiga yordam beradi. Tartibsiz tuzilishda elektronlar yo‘l-yo‘lakay sochilib, energiya
yo‘qotadi.Optik shaffoflik va bargarorligida nur tushganda uning tarqoqligi kamayadi, optik yo‘qotishlar
kamayadi. Shuningdek, kimyoviy va termik ta’sirlarga nisbatan chidamlilik keskin ortadi.

Qatlamlarning qalinligi quyidagi texnologik parametrlarga bog‘liq:

Asosan bug‘lanish tezligiga, taglik haroratiga va o‘sish texnologik jarayoni davomiyligiga bog‘liq
holda 10 nm dan 500 nm gacha qalinlikda o‘stirilishi mumkin.

Xulosa. Xulosa qilib aytganda, vakuumli reaktiv bug‘lanish usuli yordamida nikel oksidi (NiO) yupqa
gatlamlarini  hosil qgilish zamonaviy materialshunoslik va mikroelektronikaning eng muhim
texnologiyalaridan biridir.

Mazkur jarayon va uning natijalari bo‘yicha quyidagi asosiy xulosalarni chigarish mumkin:
Boshqariluvchanlik va sifat: Kislorod qisman bosimi, taglik harorati va bug‘lanish tezligini aniq nazorat
gilish orqgali kerakli stexiometrik tarkibga va mukammal kristall tuzilishga ega gatlamlarni yaratish mumkin.
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Bosgichma-boesqich ofsish: Zarrachalarning taglikka yetib kelishi, adsorbsiyasi, yadrolanishi va
kristallarning o‘sishi kabi mikroskopik bosqichlarning uzluksizligi yakuniy qatlamning zichligi va fiziko-
kimyoviy xossalarini belgilaydi.

Amaliy ahamiyat: hosil gilingan NiO gatlamlarining noyob p-tipli yarimo‘tkazgich xususiyatlari va
yugori optik shaffofligi ularni gaz sensorlari, muqobil energiya manbalari (quyosh batareyalari) hamda
elektroxrom qurilmalarda muvaffaqiyatli qo‘llash uchun asos bo‘lib xizmat qiladi.

Vakuumli termal bug‘lanish wusuli Nikel(Il) oksidi yupqa qatlamlarini olishning samarali
texnologiyalaridan biri hisoblanadi. Ushbu usul yordamida yuqori darajada toza, yuza bo‘yicha bir jinsli va
nazorat gilinadigan qalinlikdagi NiO gatlamlarini sintez gilinadi. Shu sababli bu texnologiya yordamida
olingn shaffof va kerakli elektr o‘tkazuvchanlikka ega NiO qatlamlari zamonaviy elektronika, sensorika va
energiya qurilmalarida keng qo‘llaniladi.
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Annotatsiya. Perilen trimerlarining (96 atom, CeoHss) elektron strukturasi PBE+DFT-D/LCAO
(GPAW) usulida yettita tipik n-steking geometriyasi - kofasial, bo ‘ylama va ko ‘ndalang siljigan, 30° hamda
90° burilgan, herringbone va T-shaklidagi konfiguratsiyalar - uchun tizimli tadqiq qilindi. Fagatgina
konfiguratsiya geometriyasini o ‘zgartirishning o zi ham HOMO-LUMO zonasini 0,70-1,61 eV, gatlamlararo
effektiv o ‘tish integralini (|t|) esa 25-360 meV oralig ‘ida o ‘zgartirishi aniglandi. Eng muhim natija shundaki,
o ‘thkazuvchanlik nuqtayi nazaridan optimal bo ‘Igan kofasial konfiguratsiya energetik jihatdan eng beqgaror
holat ekanligi, ya‘ni kuchli elektron bog‘lanish va termodinamik barqarorlik bir-biriga garama-garshi
yo ‘nalishda rivojlanishi ko ‘rsatildi. Siljigan va herringbone konfiguratsiyalari barqarorlik - o ‘tkazuvchanlik
balansini real optimumini tashkil etadi va tabiiy perilen kristallaridagi dominant joylashish bilan mos
keladi.

Kalit so‘zlar: perilen, DFT-D, GPAW, HOMO-LUMO zonasi, sirtlar o ‘tish integrali, organik yarim
o ‘tkazgichlar, zaryad tashish anizotropiyasi.

SJIEKTPOHHASA CTPYKTYPA a-CTEKHMHI'OBBIX TPUMEPOB IIEPUJIEHA

Annomauus. I panuynas 31eKmponHas cmpyKkmypa mpumepos nepuiena (96 amomos, CeoHzs) 6b11a
cucmemamusecku ucciedosana memooom PBE+DFT-D/LCAO (GPAW) ons cemu munuunvix 2eomempuii m-
cmeKuHea: Kopayuanvbholl, nPoooIbHO U NONEPEUHO cMewjéHublx, nogépuymuix Ha 30° u 90°, «& érouxy»
(herringbone) u T-o6pasnou kongueypayuii. Yemanosneno, umo monvko usMeHeHue 2eomMempuy YnaKkosKu
npusooum k eapvuposanuro HOMO-LUMO weru 6 ouanaszone 0,70-1,61 3B, a medxccnroesoco
appexmuenozo unmeepana nepernoca (|t|) - 6 npedenax 25-360 msB. Haubonee eadxcnvim pesyiomamom
a6Islemes Mo, HWmo KoayuanvbHas KOHQueypayus, SAGSOWAACs ONMUMAIbHOU C  MOYKU  3PEeHUs.
NPOBOOUMOCTU, IHEPLEMUYECKU OKA3ANACL Hauboiee HeCmabUulbHbiM COCMOSHUEM, M.e. NOKA3AHO, 4MO
CUbHOE  JAEKMPOHHOE  CBA3bIGAHUE U MEPMOOUHAMUYECKAs — CMAOUWIbHOCMb — PA36UBAIOMCA 6
NPOMUBONONIONCHLIX HanpasieHusx. CMewéHHble MOMUBbl U MOMUBbL «8 EN0UKY» HPeOCmABIsiom cobou
PEanbHbIL ONMUMYM  KOMAPOMUCCA MeNCOY CMAOUTLHOCHBIO U HPOBOOUMOCHBIO U COOMBENCMBYIOM
domunupyiowell Ynakoske 8 npupoOHbIX KPUCMALILAX NEPUTEHA.

Knrouegwie cnosa: nepunen, DFT-D, GPAW, HOMO-LUMO wenw, mesccnoesoti unmeepan nepenoca,
opeanuyeckue noLYNpo8OOHUKU, AHUZOPONUS NEPEHOCA 3apsda.

ELECTRONIC STRUCTURE OF n-STACKED PERYLENE TRIMERS

Abstract. The frontier electronic structure of perylene trimers (96 atoms, CeoHss) was systematically
investigated using the PBE+DFT-D/LCAO (GPAW) method for seven typical z-stacking geometries:
cofacial, longitudinally and transversely displaced, 30° and 90° rotated, herringbone, and T-shaped
configurations. It was found that altering the packing geometry alone changes the HOMO-LUMO gap in the
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range of 0.70-1.61 eV, and the interlayer effective transfer integral (|t|) in the range of 25-360 meV. The
most significant finding is that the cofacial configuration, which is optimal from a conductivity perspective,
is the most energetically unstable state. This demonstrates that strong electronic coupling and
thermodynamic stability develop in opposite directions. Displaced and herringbone motifs constitute the
realistic optimum for the stability-transport compromise and correspond to the dominant packing observed
in natural perylene crystals.

Keywords: perylene, DFT-D, GPAW, HOMO-LUMO gap, interlayer transfer integral, organic
semiconductors, charge transport anisotropy.

Kirish. Perilen - organik yarimo‘tkazgichlar va pigmentlar (perilen diimidlar, PTCDA) oilasining
xromofor o0°zagi bo‘lgan politsiklik aromatik uglevodorod. Qattiq holatda molekulalar orasidagi n—m steking
o‘zaro ta’siri gatlamlararo masofa, siljish, burilish va giyalik orqgali orbital overlap darajasini, demak,
materialning optik va zaryad tashish xususiyatlarini belgilaydi. Shu boisdan joylashish motivining
chegaraviy elektron strukturaga ta‘sirini tushunish perilen asosidagi qurilmalarni ratsional loyihalash uchun
markaziy ahamiyat kasb etadi. Ushbu tadqiqotda ikkita qo‘shnisi bo‘lgan markaziy molekulani o‘z ichiga
olgan trimer Kklasteri - kengaytirilgan stekingning minimal, ammo realistik modeli sifatida tanlandi.

Hisoblash metodikasi. Barcha kvant-kimyoviy hisob-kitoblar zichlik funksionali nazariyasi (DFT)
doirasida GPAW dasturiy ta'minoti (ASE muhiti va libxc kutubxonasi) yordamida amalga oshirildi.

h2
[ 8248,50) | v, Iz, ) &
Bunda samarali potensial tashqi potensial, Hartree potensiali hamda almashinish-korrelyatsiya
hissalarini o‘z ichiga oladi:
geﬁ(r ):‘gext (V )+8H (}" )+ch(r ) (2)
Almashinish va korrelyatsiya hodisalari PBE umumlashtirilgan gradient yaginlashuvi (Generalized
Gradient Approximation, GGA) funksionali yordamida tavsiflandi. n-steklangan agregatlar deyarli to‘liq van
der Vaals (dispersiya) kuchlari hisobiga bog‘langanligi sababli, PBE kabi yarim-lokal funksionallar ushbu
o‘zaro ta’sirlarni yetarli darajada ifodalay olmaydi. Shu bois umumiy energiyaga Grimme DFT-D dispersiya
tuzatmasi qo‘shildi:

B
E gisp== 4<B 2in=6.8Sn RCAT;fdamp(RAB) 3)
E\o=Exs.petEdisp

Natijada, umumiy energiya Eiwx Kohn—Sham (PBE) energiyasi va dispersiya hissasining yig‘indisi
sifatida hisoblandi. Mazkur tizimlar uchun aynan shu metodologik tanlov - dispersiya tuzatmasining
kiritilishi - eng muhim omillardan biri hisoblanadi, chunki standart PBE funksionali w-gatlamlar orasidagi
tortishishni  sezilarli darajada kam baholaydi. Hisoblash dasturi va parametrlarining tanlanishi
o‘rganilayotgan obyektning xususiyatlari bilan belgilandi. Tadqiqot obyekti davriy kristallar emas, balki
alohida (0-o'lchamli) molekulyar klasterlardan iborat bo‘lgani sababli, lokallashgan orbitallar (LCAO) tasviri
yassi to‘lginlar (plane-wave) bazisiga nisbatan ancha samarali hisoblanadi. Chunki yassi to‘lginlar usuli katta
vakuum yacheykasi va juda katta bazis to‘plamini talab giladi. Shu sababli hisob-kitoblar GPAW dasturi
(ASE muhiti va libxc kutubxonasi bilan birgalikda) LCAO rejimida, double-zeta va qutblanish funksiyalarini
(double-( + polarization, dzp) oz ichiga olgan sonli atom orbitallari bazisi yordamida amalga oshirildi. Real
fazodagi panjara qadami h = 0.20 A, vakuum qatlami esa molekula chegarasidan kamida 5 A qilib tanlandi.
Har bir trimer modeli izolyatsiyalangan (davriy bo‘lmagan) tizim sifatida qaralgani sababli, Brillouen zonasi
integratsiyasi faqat I'-nuqtada bajarildi. Har bir trimer modeli 96 ta atomdan (CeoHss formulasi, uchta perilen
molekulasi) iborat bo‘lib, umumiy 276 ta valent elektron va 170 ta zonaviy holat (band) hisobga olindi. Yetti
xil geometrik konfiguratsiya - kofasial (cofacial eclipsed), uzunlamasiga siljigan (longitudinal displaced),
ko‘ndalang siljigan (transverse displaced), 30° va 90° burilgan, “baliq suyagi” (herringbone) va T-shaklidagi
(T-shaped) — alohida-alohida optimallashtirilib, HOMO-LUMO energetik zonasi (gap), umumiy energiya,

qatlamlararo effektiv o‘tish integrali (|t|) va holatlar zichligi (DOS) hisoblab chiqildi.
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Natijalar va muhokama. Yettita konfiguratsiya orasida beshtasi (kofasial, ikki xil siljigan, 30° va 90°
burilgan) “yassi” holat bo‘lib, ularda gatlamlararo masofa bargaror ravishda 3,40 A atrofida saqlanadi;
herringbone va T-shaklidagi strukturalarda esa markazlar orasidagi masofa mos ravishda 5,65 va 6,20 A

gacha ortadi (1-rasm).
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1-rasm. Tadqiq etilgan yettita perilen trimeri konfiguratsiyasi: a) kofasial, b) bo‘ylama siljigan,
¢) ko‘ndalang siljigan, d) 30° va e) 90° burilgan, f) herringbone, j) T-shaklidagi

Hisoblangan energetik tirgish giymatlari konfiguratsiyaga garab 0.70 eV dan (kofasial) 1.61 eV gacha
(30° burilgan va herringbone) sezilarli darajada o‘zgaradi. Bu ~0.9 eV lik farq to‘liq geometrik farq tufayli,
ya’ni molekulalar orasidagi m-orbital qoplanish darajasi bilan izohlanadi. Molekulalar bir-birining ustiga
to‘lig mos tushgan (eclipsed) holatda m-orbitallarning qoplanishi maksimal bo‘lib, bu energetik sathlarning
eng keng chegaraviy manifoldga bo‘linishiga va shu sababli eng kichik gapga olib keladi. Molekulalar
siljigan yoki burilgan

a . Frontier molecular-orbital levels (gap in eV)
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2-rasm. a) Yetti trimer konfiguratsiyasi bo‘yicha PBE HOMO-LUMO zonasi; b) har bir
konfiguratsiya uchun chegaraviy orbital sathlarining tagsimoti

holatlarda orbital qoplanish kamayadi, natijada manifold torayadi va gap kengayadi (1-rasm).
Qatlamlararo elektron yoki teshik ko‘chishining tezligini belgilovchi asosiy parametr bo‘lgan effektiv o‘tish
integrallari (|t]) turli konfiguratsiyalarda o‘ziga xos gonuniyatlarni namoyon giladi.
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Inter-layer electronic coupling
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3-rasm. Trimer konfiguratsiyalari bo‘yicha teshik (hole, ko‘k) va elektron (elektron, qizil) uchun
effektiv sirt o‘tish integrallari |t|

Xususan, kofasial konfiguratsiya eng kuchli gatlamlararo bog‘lanishni ko‘rsatib, undagi |t| giymati
taxminan 360 meV ni tashkil etadi va ham teshik, ham elektron uchun deyarli teng bo‘ladi (3-rasm). Bunday
yuqori ko‘rsatkich tizimda zonaviy (band-like) zaryad tashish rejimi mavjudligini anglatadi. Bu holatdan
fargli o‘laroq, uzunlamasiga siljigan konfiguratsiyada aniq elektron-selektiv xususiyat namoyon bo‘ladi.
Ya’ni elektronlar o‘tishi teshiklarnikiga garaganda ancha oson kechadi (te = 205 meV > t, = 68 meV).
Bunga garama-garshi tarzda, ko‘ndalang siljigan konfiguratsiyada tizim teshik-selektiv xususiyat kasb etib,
teshiklar ko‘chishi samaraliroq bo‘ladi (t, = 120 meV > te = 79 meV). Agar molekulalar 30° burilgan va
herringbone konfiguratsiyalariga o‘tsa, sirtlararo elektron bog‘lanish keskin pasayib, eng zaif holatga keladi
va natijada effektiv o‘tish integrallari atigi 25-90 meV oralig‘ida bo‘lishi aniglandi.

Olingan natijalar yig‘indisi shuni yaqqol ko‘rsatadiki, perilen trimerlaridagi qatlamlararo joylashish
(stacking) geometriyasi nafagat HOMO-LUMO energetik tirgishini (gap) modulyatsiya qiladi, balki
tizimning termodinamik bargarorligini ham belgilovchi fundamental omil hisoblanadi (4-rasm).

Relative stability of stacking motifs
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4-rasm. Trimer konfiguratsiyalarining nisbiy energiyasi AE, eng barqarordan (30° burilgan,
AE=0) eng kam barqarorgacha (kofasial, AE=+787 meV) tartiblangan

Tadqiqotimizning eng muhim va kutilmagan natijalaridan biri shundaki, o‘tkazuvchanlik nuqtayi
nazaridan ideal hisoblangan kuchli qatlamlararo elektron bog‘lanish (effective electronic coupling, |t[) va
termodinamik bargarorlik (AE) bir-biriga garama-qarshi yo‘nalishda o‘zgaradi. Xususan, eng kuchli
qatlamlararo elektron bog‘lanishga ega bo‘lgan kofasial konfiguratsiya (|t|= 360 meV) energetik jihatdan eng
kam barqaror holat bo‘lib chiqdi va u eng barqaror 30° burilgan konfiguratsiyadan +787 meV yuqori
energiyaga ega ekanligi ko‘rsatildi. Bu holat molekulalarning mukammal ustma-ust joylashishi natijasida -
elektron bulutlarining maksimal goplanishi va zonalar kengligining oshishi bilan izohlanadi. Birog, bunday
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kuchli qoplanish Pauli itarilishini kuchaytirib, qatlamlararo elektrostatik va dispersiya kuchlari
muvozanatining buzilishiga olib keladi [3,4].

Shu sababli, barqarorlik va tashish murosasi natijasida yuzaga keladigan siljigan va “baliq suyagi”
(herringbone) konfiguratsiyalari energetik shkala hamda elektron o‘tkazuvchanlik bo‘yicha oraliq ideal
optimumni egallaydi. Bu holat tabiatda o‘z-0°zini yig‘ish jarayoni termodinamik barqaror holatga intilganligi
[8] tufayli, hagigiy perilen va uning hosilalari monokristallarida eng ko‘p uchraydigan dominant gadoqlanish
motivlari bilan to‘liq mos keladi [6, 7]. DFT+D hisob-kitoblarimiz aromatik molekulalar afzal ko‘radigan
ushbu gisman siljigan yoki giya burilgan konfiguratsiyalar amaliy qurilmalar uchun taxmin gilingan optimal
chegaradan yengil o‘tuvchi yetarli darajada qatlamlararo o‘tish integrallariga (jt= 25-205 meV) ega
ekanligini isbotlaydi [9, 10].

Ushbu qonuniyatlarga qo'shimcha ravishda, uzunlamasina va ko‘ndalang siljigan konfiguratsiyalar
orasidagi asimmetrik bog‘liglik organik elektronika dizayni uchun muhim amaliy ahamiyat kasb etadi.
Hisob-kitoblar uzunlamasiga siljish elektron-selektiv (te = 205 meV > tn = 68 meV), ko‘ndalang siljish esa
aksincha, teshik-selektiv (tn = 120 meV > te = 79 meV) xususiyat namoyon qilishini ko‘rsatdi. Bu anizotrop
selektivlik molekulyar o‘zakka tegishli lateral yoki terminal funksional guruhlarni kiritish orqali fazoviy
siljish yo‘nalishini optimizatsiya qilishga va materialni maqgsadli n-tip yoki p-tip yarimo‘tkazgichga
aylantirishga imkon beradi [11, 12, 13]. E’tiborga molik yana bir jihat, an’anaviy adabiyotlarda zaryad
tashish jarayoniga hissasi ko‘pincha inkor etiladigan [14, 15] CH— o‘zaro ta’sirining kutilmagan elektron
rolidir. T-shaklidagi perilen trimerining qatlamlararo o‘tish integrali (|tj=170-173 meV) kutilganidan ancha
yugqori bo‘lib, hatto ba’zi yassi siljigan hamda burilgan konfiguratsiyalardan ham oshib ketishi ma’lum bo‘ldi
[16]. Bu natija CH— kontaktidagi chekka vodorod atomlari va yuzadagi n-tizim o‘rtasida super-almashinish
yoki fazoviy orbital qoplanish mexanizmi mavjudligini ko‘rsatadi [17]. Demak, murakkab uch o‘lchamli
polikristallarda zaryad tashish fagat yassi m-steking ustunlari bo‘ylab emas, balki T-shaklidagi qo‘shni
ustunlararo kontaktlar orqali ham amalga oshishi mumkin. Bu natija uch o‘lchamli molekulyar tuzilmalarda
go‘shimcha perpendikulyar zaryad tashish yo‘laklari mavjud bo‘lishi mumkinligini ko‘rsatadi.

Xulosa. Ushbu tadgigotda dispersiya-tuzatilgan DFT (GPAW/LCAO, PBE+DFT-D) usuli yordamida
perilen trimerlarining yettita xarakterli stacking konfiguratsiyasi sistematik ravishda o‘rganildi. Olingan
natijalar stacking geometriyasini o‘zgartirish orqali HOMO-LUMO energetik tirgishini 0,70-1,61 eV,
effektiv gatlamlararo o‘tish integralini (|t|) esa 25-360 meV oralig‘ida boshgarish mumkinligini ko‘rsatdi.
Kofasial konfiguratsiya eng kichik energetik tirqish va eng kuchli elektron bog‘lanishni namoyon qilgan
bo‘lsa-da, energetik jihatdan eng beqaror holat bo‘lib, eng barqaror 30° burilgan konfiguratsiyadan +787
meV yugori energiyaga ega.

Bu natija kuchli elektron bog‘lanish va termodinamik barqarorlik o‘rtasida qarama-qarshi bog‘liglik
mavjudligini ko‘rsatadi. Siljigan konfiguratsiyalarda stacking yo‘nalishiga bog‘liq tashuvchi-selektiv
xususiyat kuzatildi: uzunlamasina siljish elektron tashishni, ko‘ndalang siljish esa teshik tashishni afzal
qo‘llab-quvvatlaydi. Qisman siljigan va herringbone konfiguratsiyalari esa elektron transport va energetik
barqarorlik o‘rtasidagi magbul muvozanatni ta’minlaydi. Umuman, natijalar molekulyar stacking
geometriyasini  boshqgarish organik yarimo‘tkazgichlarning elektron va transport xususiyatlarini
optimallashtirishning samarali yo‘li ekanligini ko‘rsatadi.

Tashakkurnoma. Tadgiqot O‘zbekiston Respublikasi Fanlar akademiyasi Arifov nomidagi Ton-
plazma va lazer texnologiyalari instituti tomonidan ajratilgan grant hisobidan amalga oshirildi.
Modellashtirish ishlari institutning superkompyuterlar klasteri yordamida amalga oshirildi. Magolani
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GAMMA-SPEKTROMETRIK USUL YORDAMIDA ZARAFSHON DARYOSI SUV
HAVZASI TUPROQLARI TARKIBIDAGI TABIIY RADIONUKLIDLAR MIQDORLARINI
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Annotatsiya. Mazkur tadqiqotda Zarafshon daryosi havzasining Urgut, Samarqand, Kattago ‘rg ‘on va
Narpay hududlaridan olingan tuproq namunalarining tabiiy radionuklid tarkibi gamma-spektrometrik
usulda baholandi. Namunalarning 0-5, 5-10, 10-15 va 15-20 sm gatlamlari o ‘rganilib, ?*°Ra, °Th, ‘K va
37Cs  bo‘yicha ma’lumotlar olindi. O lchashlar 80x80 mm Nal(Tl) detektorli MKGB-01 RADEK
spektrometrida 1800 s davomida bajarildi. Natijalarda “°K barcha hududlarda asosiy radionuklid bo ‘lib,
eng yuqori giymatlar Samargand hududida kuzatildi. *’Cs qiymatlari aniglash chegarasidan past bo ‘Idi.
Olingan natijalar havzaning radioekologik monitoringi uchun boshlang ‘ich baza yaratadi.

Kalit so‘zlar: Zarafshon daryosi suv havzasi, tuproq, gamma-spektrometriya, ***Ra, 2**Th, “°K, '3Cs,
Nal(Tl) detektor, MKGB-01 RADEK rusumli spektrometr, radioekologik monitoring.

ONPEJEJTEHHUE COJEPKAHUS MIPUPOTHBIX PATHOHYKJINIOB B TOYBAX
BOJJHOT'O BACCEMHA PEKHU 3APA®IIAH TAMMA-CIHHEKTPOMETPUYECKUM
METOJA0OM

Annomauyua. B pabome memooom zamma-cnekKmpomempui OYeHeHO Ccooepicanue npPUpoOHbIX
Ppaouonyknudos 6 nousax bOacceina pexu 3apaguan. Obpaszyvt omobpaunvl 6 patlowax Ypeyma,
Camapkanoa, Kammaxypeana u Hapnasa uz cnoés 0-5, 5-10, 1015 u 15-20 cm. Onpedensinucy yoenvHule
axmugnocmu 2°Ra, 27Th, “°K u mexnozennozo ’Cs. Hsmepenus nposedenvi na cnexmpomempe MKGB-01
RADEK ¢ demexmopom Nal(Tl) pazmepom 80%80 mm npu epemenu cu'ma 1800 c. Haubonvuuii 6xiao 8
cymmapuyio paduoaxkmusnocms snocun “°K. Makcumanouvie cpeonue snavenus “°K u 32Th nabmooanuce 6
Camapkanockoii epynne npo6. **’CS o 6cex uccie0o8anmvlx 00pazyax HAXOOUICA Hudice npeoena
obHapyiceHusl.

Knwuesvie cnoea: 6accein 3apaghuana, nousa, zamma-cnekmpomempus, *?Ra, 237Th, 0K 137Cs,
Nal(Tl) oemexmop, cnexkmpomemp mapxu MKGB-01 RADEK, paduayuonnuiii monumopune.

DETERMINATION OF THE AMOUNTS OF NATURAL RADIONUCLIDES IN THE SOILS
OF THE ZARAFSHAN RIVER BASIN USING THE GAMMA-SPECTROMETRIC METHOD

Abstract. The study evaluates the natural radionuclide composition of soils from the Zarafshan River
basin using gamma-ray spectrometry. Soil samples were collected in the Urgut, Samarkand, Kattakurgan
and Narpay areas from depths of 0-5, 5-10, 10-15 and 15-20 cm. Specific activities of **°Ra, ***Th, “°K and
anthropogenic *’Cs were investigated. Measurements were performed using an MKGB-01 RADEK gamma
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spectrometer equipped with an 80x80 mm Nal(Tl) scintillation detector for 1800 s per sample. The results
show that “°K is the dominant radionuclide in the studied soils, while the highest mean “°K and #2Th levels
were observed in the Samarkand group. *’Cs remained below the detection limit in the analyzed samples.

Keywords: Zarafshan basin, soil, gamma-spectrometry, ?**Ra, #*?Th, ‘K, *’Cs, Nal(Tl) detector,
MKGB-01 RADEK spectrometer, radiation monitoring.

Kirish. Zarafshon daryosi havzasi Markaziy Osiyoning muhim tabiiy-resurs hududlaridan biri bo‘lib,
sug‘oriladigan dehqonchilik, aholi punktlari va sanoat faoliyati bilan chambarchas bog‘langan. Shu sababli
tuprog qoplamining radioekologik holatini muntazam nazorat gilish tabiiy radionuklidlarning hududiy
tagsimlanishini, tuproq profilidagi migratsiyasini va ehtimoliy antropogen radionuklidlarning mavjudligini
baholash uchun muhimdir. Tuprogdagi **Ra va ***Th uran va toriy parchalanish qatorlari bilan, °K esa tabiiy
kaliy bilan bog‘liq bo‘lib, ular hududning tabiiy gamma-fonini shakllantirishda asosiy hissa qo‘shadi [1-3].

UNSCEAR ma’lumotlariga ko‘ra, dunyo bo‘yicha tuproglarda “°K, 2*Ra va **Th ning o‘rtacha
faolliklari mos ravishda taxminan 512, 33 va 42 Bg/kg darajasida baholangan [1]. Ushbu giymatlar muayyan
hududning tabiiy geologik va geokimyoviy sharoitlarini baholashda tagqoslash mezoni sifatida qo‘llanishi
mumkin. *’Cs esa asosan atmosfera yadroviy sinovlari va ayrim texnogen manbalar bilan bog‘liq bo‘lgan
antropogen radionuklid sifatida tuproq monitoringida muhim indikator hisoblanadi.

Mazkur ishning magqsadi Zarafshon havzasining to‘rtta hududida turli chuqurliklardan olingan tuproq
namunalarida 2?Ra, »*Th, “K va *’Cs radionuklidlarining solishtirma aktivligini gamma-spektrometrik
usulda baholash, hududlar va tuproq qatlamlari bo‘yicha farqlarni aniqlash hamda radioekologik monitoring
uchun ilmiy asoslangan xulosalar ishlab chigishdan iborat.

Tadqiqot obyekti va usullari. Tadqiqot obyekti sifatida Urgut, Samarqand, Kattagqo‘rg‘on va Narpay
hududlaridan oqib o‘tuvchi Zarafshon daryosi suv havzasidan olingan tuproq namunalari tanlandi. Har bir
asosiy nuqtada tuprogning 0-5, 5-10, 10-15 va 15-20 sm gatlamlaridan namunalar olindi. Ekspeditsiyada
jami 48 ta gatlam namunasi gayd etilgan. Namunalarning massasi taxminan 0,81-1,64 kg oralig‘ida bo‘lib,
gamma-spektrometrik o‘lchash vaqti har bir namuna uchun 1800 s ni tashkil etdi.

Gamma-spektrometrik o‘lchashlar Samarqgand davlat universiteti Yadro fizikasi laboratoriyasida
MKGB-01 RADEK qurilmasi va 80x80 mm o‘Ichamli Nal(T1) ssintillyatsion detektor yordamida bajarildi.
Spektrometr hajmiy standart manbalar (OMACH) bilan kalibrlangan, standart manbalar va fon 6 soat
davomida hisobga olingan. Energiya kalibrlashida #*?Th parchalanish mahsulotlarining, xususan, ?T1 ning
gamma chiziqlaridan foydalanilgan; *’Cs ning 661 keV chizig‘ida energiya ajratish qobiliyati 8,5 % ni
tashkil gilgan [4,6,8].

226Ra, 22Th va “K faolliklari ularning gamma-spektrometrik identifikatsiyasi uchun xarakterli chiziglar
asosida baholandi. ?*Ra uchun ?'“Bi ning 1120 va 1764 keV, #*2Th uchun 2Tl ning 2614 keV hamda ?*Ac
ning 911 keV chiziqglari, “K uchun 1460,7 keV gamma chizig‘i ishlatildi [4, 5].

226Ra ni aniqlashning ayrim nazorat o‘lchovlarida namuna Marinelli idishiga joylashtirilib, germetik
tarzda skotch bilan yopilgan va taxminan bir oy saglangan. Bunday yondashuv radon va uning gisga
yashovchi parchalanish mahsulotlari bilan radioaktiv muvozanatning tiklanishini ta’minlashga xizmat qiladi.
Mazkur maxsus o‘lchovlar asosiy gamma-spektr natijalarini nazorat qilish uchun qo‘llangan.

137Cs qiymatlari jadvalda ko‘p hollarda aniqlash chegarasidan past (<LOD) ko‘rinishida qayd
etilganligi sababli ular oddiy arifmetik o‘rtachaga sun’iy ravishda kiritilmadi. Bunday ma’lumotlar censored,
ya’ni aniqlash chegarasi bilan cheklangan natijalar sifatida talqin qilindi [10, 11].

Olingan natijalar va ularning muhokamasi. Tadgigot davomida Zarafshon daryosi suv havzasi
hududidan olingan tuprog namunalarining radionuklid tarkibi gamma-spektrometrik usul yordamida
o‘rganildi. Tadqiqotning asosiy magqsadi tuproq tarkibidagi tabiiy kelib chigishga ega bo‘lgan U, 2**Th
gatorlari radionuklidlari hamda “°K ning solishtirma aktivliklarini aniglash va ularning hudud bo‘yicha
tagsimlanish xususiyatlarini baholashdan iborat bo‘ldi.

Gamma-spektrometrik ~ tahlil natijalariga ko‘ra, o‘rganilgan tuproq namunalarida tabiiy
radionuklidlarning mavjudligi gayd etildi. Aniglangan radionuklidlarning solishtirma aktivlik qiymatlari
namuna olingan hudud, tuprogning mineralogik tarkibi, granulometrik xususiyatlari, organik modda migdori
hamda geologik-litologik sharoitlarga bog‘liq holda ma’lum darajada farq qilishi kuzatildi.

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 140


https://doi.org/10.1016/j.jenvrad.2005.02.017
https://doi.org/10.1038/s41598-018-32220-9
https://doi.org/10.1016/j.net.2023.12.055
https://doi.org/10.1016/j.heliyon.2020.e03430

PHYSICS

Zarafshon daryosi havzasida ekspeditsiya namuna olish nuqtalari
(koordinatalari qayd etilgan nuqtalar)
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2-rasm. Zarafshon daryosining umumiy ko‘rinishi va oqib o‘tish hududlari
Shuni alohida ta’kidlash kerakki, gamma-spektrometrik usul yordamida olingan natijalar
radionuklidlarning tuproqdagi tabiiy fon darajasini baholash, hudud bo‘yicha radioaktivlikning fazoviy
tagsimlanishini aniglash va keyingi monitoring ishlari uchun boshlang‘ich ma’lumotlar bazasini
shakllantirish imkonini beradi. Ushbu yondashuv Zarafshon daryosi havzasida tabiiy radioaktivlikning
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shakllanish qonuniyatlarini o‘rganish bilan bir gatorda, antropogen ta’sir natijasida yuzaga kelishi mumkin
bo‘lgan o‘zgarishlarni kelgusida aniglash uchun ham muhimdir.

Natijalar va ularning muhokamasi. Eksperimental ma’lumotlar tahlili barcha to‘rtta hududda “°K
radionuklidi tabiily gamma-radioaktivlikning asosiy komponenti ekanligini ko‘rsatdi. Hududiy o‘rtacha
giymatlar Samargandda “°K uchun 495,1 Bg/kg, Urgutda 417,3 Bg/kg, Narpayda 380,5 Bg/kg va
Kattaqo‘rg‘onda 359,5 Bg/kg atrofida bo‘ldi. Samarqand guruhidagi yugori giymatlar ushbu hudud
tuproglarining mineralogik va geokimyoviy tarkibi bilan bog‘liq bo‘lishi mumkin; buni aniq tasdiglash
uchun kelgusida granulometrik va element tahlillari bilan korrelyatsiya gilish zarur [7, 11].

22Th bo‘yicha o‘rtacha qiymat Samarqandda 39,3 Bq/kg, Narpayda 31,9 Bq/kg, Urgutda 29,1 Bg/kg
va Kattaqo‘rg‘onda 26,1 Bg/kg bo‘ldi. Samarqanddagi qiymat UNSCEAR 2024 tomonidan keltirilgan dunyo
bo‘yicha o‘rtacha 42 Bqg/kg giymatga yaqin, qolgan hududlarda esa undan past. Bu natija Samarqand
namunalarida toriyga boy mineral komponentlarning nisbatan yuqori ulushini taxmin gilishga imkon beradi,
birog mineralogik tasdiq talab etiladi [1,7,9].

226Ra bo‘yicha aniqlangan sonli giymatlarning hududiy o‘rtachasi Samarqandda 30,3 Bq/kg, Narpayda
25,0 Bg/kg, Urgutda 22,3 Bg/kg va Kattaqo‘rg‘onda 18,5 Bq/kg ni tashkil etdi. Bu giymatlar UNSCEAR
2024 hisobotidagi ***Ra uchun 33 Bqg/kg global o‘rtacha giymat bilan bir xil tartibda bo‘lib, tadqiq etilgan
tuproqlarda radiy bo‘yicha keskin anomal to‘planish kuzatilmaganini ko‘rsatadi [1,7,10].

Shu bilan birga, **Ra bo‘yicha ayrim qatlamlarda qiymatlar aniqlash chegarasidan past bo‘lgan.
Bunday natijalarni o‘rtachaga 0 yoki LOD/2 kabi shartli giymat bilan kiritish o‘rniga, alohida qayd etish
ilmiy jihatdan ehtiyotkorroqdir. Maxsus Marinelli o‘lchovlari esa radiy uchun radioaktiv muvozanat
shartlarini yaxshilashga qaratilgan nazorat protsedurasi sifatida qaraladi. Hududlar bo‘yicha olingan
namunalardagi asosiy radionuklidlarning statistik ko‘rsatkichlari 1- jadvalda keltirilgan.

1-jadval.
Hududlar bo‘yicha olingan namunalardagi asosiy radionuklidlarning statistik ko‘rsatkichlari
Hudud 226Ra, Bq/kg 2Th, Bq/kg “K, Bg/kg Aerr, Ba/kg
Kattago‘rg‘on 18.51 26.06 374.82 82.90
Narpay 25.02 31.91 389.16 96.73
Samargand 30.26 39.28 481.83 122.67
Urgut 22.31 29.06 415.36 95.95

Quyidagi 3-, 4- va 5-rasmlarda “K, #*?Th va 2?Ra tabiiy radionuklidlarining hududlar bo'yicha
solishtirma effektiv aktivliklarining tagsimlanishlari keltirilgan.
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Quyidagi 6-rasmda **°Ra, »*2Th va “)K faolliklarining tuproq chuqurligi bo‘yicha o‘rtacha o‘zgarishi
keltirilgan.
Radionuklidlar faolligining chuqurlik bo‘yicha o‘zgarishi
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6-rasm. 2Ra, 22Th va “’K faolliklarining tuproq chuqurligi bo‘yicha o‘rtacha o‘zgarishi

Tuproq profilidagi o‘zgarishlar ham bir xil yo‘nalishda emas. Urgutda “°K ning ayrim chuqur
gatlamlarda kamayishi kuzatilsa, Samargandda 5 - 10 sm gatlamda “°K 578,3 Bg/kg gacha yetgan. Narpayda
10-15 sm gatlamda “°K 471,4 Bg/kg bo‘lgan. Kattago‘rg‘onda esa “°K ning eng past giymatlari 10-15 sm
qatlam atrofida qayd etilgan. Bunday vertikal o‘zgarishlar radionuklidlarning fizik-kKimyoviy xususiyatlari,
gil minerallari, kaliy saglovchi minerallar va tuprogning granulometrik tarkibi bilan bog‘liq bo‘lishi mumkin.

At ko‘rsatkichi boyicha eng yuqori hududiy o‘rtacha qiymat Samarqandda 122,7 Bg/kg, undan keyin
Narpayda 96,7, Urgutda 96,0 va Kattaqo‘rg‘onda 82,9 Bg/kg ni tashkil etdi. Ushbu giymatlar fagat ushbu
tadgiqotda qo‘llangan Aerr ustunining o‘rtacha qiymatlaridir; ularni bevosita doza tezligi bilan
tenglashtirmaslik kerak. Tashqgi gamma-doza tezligini baholash uchun radionuklidlarning individual
faolliklari asosida tegishli dozaviy koeffitsiyentlardan foydalanish magsadga muvofiq [1,2].

UNSCEAR- 2024 hisobotida dunyo bo‘yicha “°K, ?*Ra va *°Th uchun 512, 33 va 42 Bg/kg
populyatsiya-og‘irlikli o‘rtacha qiymatlar keltirilgan [1]. Tadqiqotdagi “°K giymatlarining aksariyati ushbu
global o‘rtacha bilan bir xil tartibda yoki undan past, fagat Samarqanddagi ayrim gatlamlar yuqoriroq. ***Ra
va #2Th bo‘yicha hududiy o‘rtachalar ham global o‘rtacha qiymatlarga yaqin yoki past bo‘lib, natijalar
hududda tabiiy radionuklidlar fonining keskin anomal ekanini ko‘rsatmaydi.
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137Cs ning targalishi bo‘yicha natijalar. Tadgiqotning muhim natijalaridan biri '*’Cs ning barcha ko‘rib
chigilgan qatlamlarda aniqlash chegarasidan past qayd etilganidir. Bu holat namunalar tarkibida '3’Cs mutlaq
yo‘q degan xulosani bermaydi; faqat qo‘llangan o‘lchash sharoitida uning aktivligi detektor va hisoblash
statistikasi bilan belgilanadigan aniqlash chegarasidan past ekanligini anglatadi. Shu sababli *’Cs bo‘yicha
yanada sezgir monitoring zarur bo‘lsa, uzoqroq hisoblash vaqti, pastroq fonli ekranlash yoki yuqori energiya
ajratish qobiliyatiga ega detektor qo‘llash mumkin.

Tadgiqgotning ilmiy yangiligi va amaliy ahamiyati. Tadgigotning amaliy jihati Zarafshon havzasining
to‘rtta hududida tuproq profilining to‘rt xil chuqurligini bir xil gamma-spektrometrik metodika bilan
taggoslash imkonini berganligidadir. Bundan tashqari, 2?°Ra ni aniqlash uchun Marinelli geometriyasida bir
oy germetik saqlashga asoslangan nazorat protsedurasining qo‘llanilishi radiy natijalarining ishonchliligini
oshirishga garatilgan metodik yondashuv sifatida muhimdir.

Olingan ma’lumotlar Zarafshon daryosi havzasida radioekologik monitoringning dastlabki referens
bazasini shakllantirish, keyingi ekspeditsiyalarda nuqtalar tarmog‘ini kengaytirish va vaqt bo‘yicha
o‘zgarishlarni aniglash uchun qo‘llanishi mumkin. Kelgusida gamma-spektrometriyani EDXRF element
tahlili, tuprogning granulometrik tarkibi, pH, organik modda va mineralogik tarkib bilan birlashtirish
radionuklidlarning hududiy tagsimlanish sabablarini ancha chuqurroq izohlash imkonini beradi.

Xulosalar. ~ Gamma-spektrometrik usul yordamida Zarafshon daryosi suv havzasi tuproglari
tarkibidagi tabiiy radionuklidlar migdorlarini aniglash tadgigoti davomida - Zarafshon daryosi havzasining
Urgut, Samargand, Kattago‘rg‘on va Narpay hududlaridan olingan 48 ta gatlam namunasining gamma-
spektrometrik ma’lumotlari tahlil qilindi, tadqiq etilgan tuproqlarda tabiiy gamma-radioaktivlikning asosiy
hissasi “°K radionuklidiga to‘g‘ri kelishi topildi, “°K ning hududiy o‘rtacha giymati Samarqandda eng yugqori,
Kattaqo‘rg‘onda esa eng past bo‘lishi aniglandi, **Ra va ***Th ning hududiy o‘rtacha qiymatlari mos
ravishda 18,5 - 30,3 va 26,1 - 39,3 Bq/kg oralig‘ida bo‘lishi, UNSCEAR tomonidan berilgan global o‘rtacha
giymatlar bilan bir xil tartibda bo‘lishi, *’Cs barcha ko‘rib chigilgan namunalarda aniglash chegarasidan
pastligi qayd etildi. Ushbu natija antropogen radionuklid bo‘yicha keyingi monitoring uchun boshlang‘ich
nuqta sifatida qaralishi kerak va natijalar Zarafshon havzasi tuproqlarining radioekologik holati bo‘yicha
boshlang‘ich ma’lumotlar bazasini yaratadi va keyingi monitoring hamda EDXRF asosidagi geokimyoviy
tahlillar bilan integratsiya qilish uchun asos bo‘lib xizmat qilishi aniqlandi.
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Annotatsiya. Ushbu maqolada suyuqlik bilan alogada bo‘lgan egri chizigli yopishgog-elastik
quvurlarning majburiy garmonik tebranishlari masalasi qo ‘yilgan va sonli natijalar keltirilgan.
Deformatsiyalanuvchi gattig jism mexanikasi tenglamalari asosida egri sterjen modeli qurilgan, moddaning
reologik xossalari irsiy nazariya operatorlari orgali hisobga olingan. Kompleks xos chastotalarni aniglash
uchun ortogonal progonka, Myuller va Gauss usullariga asoslangan algoritm va C++ dasturi ishlab
chigilgan hamda ko ‘chishning amplituda-chastota xarakteristikalari qurilgan. Sterjen o ‘gining egriligi (KL
parametri) ortishi bilan so ‘nish dekrementining birinchi chastotadan ikkinchisiga o ‘tishi aniglangan. Kichik
chastotalarga mos ko ‘chish amplitudalari tashqi dissipatsiya, katta (rezonans) chastotalar esa ichki
govushqoglik hisobiga tez so ‘nishi ko ‘rsatilgan.

Kalit so“zlar: quvur, egri sterjen, govushqog-elastiklik, irsiy nazariya, majburiy tebranish, kompleks
chastota, so ‘nish dekrementi, amplituda-chastota xarakteristikasi, egrilik parametri, rezonans.

BbIHYKIEHHBIE KOJIEBAHMSI KPUBOJIMHEMHOT' O TPYBOITIPOBO/JIA,
B3ANMMOJIENCTBYIOHIEI'O C XKNIKOCTBIO

Annomauusa. B pabome nocmaeiena 3a0a4a O GbIHYHCOCHHLIX 2APMOHUHECKUX KOIeOAHUSIX
KPUBONUHEUHBIX ~ BA3KOYAPYEUX MPYOONPOB0008, 63AUMOOCUCMBYIOWUX C HCUOKOCMbIO, U NOJYUEHbl
yucnennvle pezyrbmamol. Ha ocnose ypagnenuti mexanuxu oeopmupyemoco meépoozo meia nocmpoena
MOOenb  KPUBONUHENHO20 CMEPHCHA, peolocuieckue Ceolucmea Mamepuaila yumeHvl ONepamopamu
HACAeOCMBEHHOU meopuu  8s3Koynpyeocmu. s onpedenenus KOMWIEKCHbIX COOCMBEHHbIX UYACHOMm
paspabomanwl aneopumm u npozpamma Ha azvike C++, ucnonv3yiowue memoovl Opmo2oHAIbHOU NPOSOHKU,
Mionnepa u T'aycca. Ycmanosneno, umo ¢ pocmom napamempa kpususHvl cmepoicna (KL) oexpemenm
3amyxaHusi nepexooum om nepeoll yacmomsl Ko emopou. Ilokazano, umo amniumyosl nepemewjerutl npu
MATbIX Yacmomax Ovblcmpo 2acsimcst 3a CYém GHewHell OUCCUNAayul, a pPe30HAHCHble aMHaumyobl Npu
OOALUIUX YaCMOmMAX — 3a CUEM 8HYMPEHHEU 8A3KOCU MAMePUdd.

Kntouegvle cnosa: mpy6onposoo, KpuBOIUHEUHbBIL CIMEPIHCEHb, BA3KOYNPY20CMb, HACIeOCMBEHHAs
meopusi, BbIHYINHCOCHHble KOIeOAHUs, KOMNIEKCHAS YACmOomd, OeKPEeMEeHm 3amyXauus, aMnaumyoHo-
4aCMOmMHAsA XapaKmepucmuka, napamvemp Kpusu3Hol, pe3oHaHc.

FORCED VIBRATIONS OF A CURVED PIPE INTERACTING WITH A FLUID

Abstract. This article formulates the problem of forced harmonic oscillations of curvilinear
viscoelastic pipes in contact with a fluid and presents numerical results. Based on the equations of
deformable solid mechanics, a curved rod model was constructed, and the rheological properties of the
material were accounted for using hereditary theory operators. An algorithm and a C++ program based on
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the orthogonal sweep, Miiller, and Gauss methods have been developed to determine complex
eigenfrequencies, and the amplitude-frequency characteristics of displacement have been plotted. It has been
established that as the curvature of the rod axis (KL parameter) increases, the damping decrement
transitions from the first frequency to the second. It is shown that displacement amplitudes corresponding to
low frequencies are rapidly damped due to external dissipation, while high (resonant) frequencies are
damped due to internal viscosity.

Keywords: pipe, curved rod, viscoelasticity, hereditary theory, forced oscillation, complex frequency,
damping decrement, amplitude-frequency characteristic, curvature parameter, resonance.

Kirish. Materialning govushqog-elastik xususiyatini hisobga olib, quvurlarning dinamik masalalarni
yechish muhim amaliy ahamiyatga ega hisoblanadi. Silindrik ko‘rinishdagi qovushqoq suyugqlikli qobiglar
tebranishlarini o‘rganishga imkon beruvchi parametrlarning barqarorligini ta’minlash xususiyatiga ega
bo‘lgan usullar ishlab chigishga imkon beradi. Quyidagi [1,2,3] ishlarda chegaralangan sterjen va
gobigsimon  quvurlarning erkin va majburiy tebranishlari o‘rganilib amaliyot uchun tavsiyalar
berilgan. Elastik bir jinsli qobigning n > 2 bo‘lgan hol uchun bir tomoni mahkamlangan ikkinchi tomoni
erkin gobigning erkin tebranishlar chastotasi uchun nazariy tahlili berilgan [4,5]. Silindrik gobigning erkin

tebranishlar chastotasini (I/R>10) N >3 bo‘lgan hol uchun [6] ishda tadgiq etilgan. Qobiq egri
chiziqli o‘qdan iborat bo‘lsa, uning tebranishlarini o‘rganish ancha murakkablashadi. Egri chizigli gobigni
o‘rganish nazariyasi mavjud bo‘lmagani uchun u egri sterjen sirtida o‘rganilgan. Qobiglarning egri chizigli
bo‘lagidagi tebranishlarini tekshirish quyidagi adabiyotlarda keltirilgan [6,7,8]. Sterjen nazariyasi nugtai
nazari bilan yondashilgan qator ilmiy ishlarda zarb yuki ta’siridagi to‘g‘ri chiziqli sterjenlar nazariy va sinov
yo‘llari bilan o‘rganilganligining guvohi bo‘lamiz [9,10]. Egri chizigli sterjenlar tahlili juda ham kam
o‘rganilgan. Fagat Svetlitskiy V.A. ilmiy ishlarida egri chizigli sterjenlar uchun Timoshenko tenglamasi
ko‘rinishidagi tenglamalarni kiritgan va natijalar olingan [11]. Uzluksiz to‘lginli harakatlar uchun dispersion
chiziglarni hosil gilganlar [12]. To‘g‘ri va egri sterjenlarda to‘lqin energiyasi kuchlanishining uzatilishi
o‘rganilgan va boshqga xil ko‘rinishdagi prujinalar uchun o°z ilmiy izlanish natijalarini ham e’lon qilganlar
[13,14]. Bu masalaning qo‘yilishi, yuqorida keltirilgan sterjenga qo‘yilgan yukning massa masalasidan kelib
chigadi. Qovushqog-elastik  sterjenning xos va majburiy tebranish masalasida normal bosim ostidagi
tebranishlar o‘rganiladi.

Masalaning qo‘yilishi va yechish metodikasi.

Egri chizigli quvurning harakat tenglamasini majburiy turg‘un tebranishlarini olishda ikki xil
nazariyadan foydalaniladi: birinchisi sterjen, ikkinchisi toroidal qobiq nazariyasidan foydalanib olinadi.
Ularning umumiy tenglamasi mumkin bo‘lgan ko‘chish prinsipi asosida olinadi. Bu obyektning harakat
tenglamasi variatsion prinsip yoki mumkin bo‘lgan ko‘chish prinsipi asosida olinganda oldindan ma’lum
bo‘lgan, ya’ni yechilgan masalalarni umumlashtiradi. Faraz qilaylik, qovushqog-elastik (dissipativ bir
jinsli) quvurlarning tebranishi fazoviy koordinatalar sistemasida berilgan bo‘lsin va ularda garmonik
to‘lqinlar tarqalishi natijasida hosil bo‘ladigan dinamik jarayonlar va majburiy garmonik kuchlar ta’siridagi
dinamik-kuchlanishlar deformatsiya holati o‘rganilsin. Bu elementlardan xayolan ajratib olingan elementar
parallelepipedning dinamik harakatni ifodalovchi tenglamasi tenzor ko‘rinishda qo‘yidagicha bo‘ladi [1]:

o +r.(F —U,)=0, @)

1.1
& —1 %4_%
"o2lex, ox )

o; =A 05 +2ﬁéij

bunda o) - kuchlanishlar tenzori komponentlari; F, =0; o -gatlamlar zichliklari; &;-Kroneker

simvoli: = j,bo‘lsa 1 ga, i# ] bo‘lsa 0 ga teng; &;- deformatsiya tenzori komponentlari; e-hajmiy

~

deformatsiya; AvaH -kompleks operatorlar
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ys f(t)z/lo{f(t)—j‘Rl(t—r)f(r)dr}

. t )
A fM=m| fO-[R,(t-2)f(D)dz |,
0
bu yerda ham f(t)—vaqtning ixtiyoriy funksiyasi; R/1 (t - T) 6a Rﬂ (t — T)— relaksatsiya yadrolari;

Aqs o, —oniy elastiklik modullari.
Ushbu magolada o‘rganilayotgan quvur dissipativ konstruktsiyalar quyidagi 1-rasmda keltirilgan.

1-rasm. Egri sterjenning bir ko‘rinishi; 1 — to‘g‘ri chiziq qismi; 2 — egri chizigli gismi
Elastiklik nazariyasining uch o‘lchovli masalasini soddalashtirganimimizda qobiq nazaryasidan
foydalanamiz. Buning uchun qobiqda Kirxgof-Lyav yoki Timoshenko S.P. gipotezalari o‘rinli bo‘ladi, deb
qaraymiz. U holda, variatsion tenglama quyidagi ko‘rinishga keladi:
OAr+ 6AI =0 (3)
Ichki kuchlar bajargan ishning variatsiyasi (6Arx) quyidagicha bo‘ladi:

SA ==511 =—[ oy de,dV @
\

Bunda P jismning potensial energiyasi; O;

deformatsiya tenzorining komponentalari, V — jismning fazoda egallagan hajmi.
Inertsiya kuchining virtual ishi (6A) quyidagicha ifodalanadi:

6Ak=—zs:jp (i, Su.dV

i=1ly

— jism kuchlanish tenzorining komponentalari;g; —

bunda p- jism materiali zichligi; ui—ko‘chish vektorining komponentalari; U, = 0°u, /ét*; t -vaqt.

Quvurning fizik xossalarini ifodalovchi munosabatlar (1) ko‘rinishda bo‘ladi. Bu (2) o‘rniga E —operator
ko‘rinishdagi elastiklik modulini ham olish mumkin, u holda qo‘yidagi integral munosabat o‘rinli bo‘ladi:

t

E f(t)=E, f(t)—jRE(t—r)f(r)dr -
0
RE (t - r)—relaksatsiya yadrosi; £ -oniy elastiklik moduli. Yugqorida keltirilgan (5) integral had

_ —iawgt
kichik hisoblanadi, shuning uchun (p(t) funksiya uchun q)(t) - y/(t)e o‘rinli bo‘ladi. Bu kichik chiziqli

tebranishlarga mos keladi. Bu yerda -vaqtning sekin o‘zgaruvchi funksiyasi, -hagiqiy kattalikl//(t) @r U
holda [14] ishda keltirilgan munosabatlardan foydalansak, (5) quyidagicha ifoda bilan tagriban
almashtirish mumkin:
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E}(¢) = EOK[l_rKC(a)R)_irKS (a)R )](”’

bunda
I “(,)= IR(r)coszrdr, I °(wg)= j R(z)sin w,rdz -material relaksatsiya yadrosining
0 0

mos ravishda, kosinus va sinus Furye tasvirlari.

Ko‘pchilik hollarda harakatning xususiy hosilali differensial tenglamalar sistemasi (1) va (2), ba’zi
murakkab bo‘lmagan operatsiyalardan so‘ng kompleks koeffitsiyentli birinchi tartibli oddiy differensial
tenglamalar sistemasini yechishga keltiriladi. Ular kompleks arifmetikada ortogonal progonka va Myuller,
Laplas, Gauss va maxsus funksiyalarga asoslangan uslubiyot va algoritm bilan yechiladi. Ba’zi murakkab
hollarda (1) va (2) tenglamalar sistemasining yechimlari chekli ayirmalar, progonka, Myuller, Laplas, Gauss
va maxsus funksiyalarga asoslangan uslubiyot va algoritm bilan ham yechiladi. Qo‘llangan algoritm asosida
C++ tilida dastur ishlab chigilgan. Test masalalarni yechishda MAPLE-9.5 dasturiy ta’minotidan ham
foydalanildi. Yuqorida keltirilgan (3) tenglikdan birinchi tartibli kompleks koeffitsiyentli oddiy differensial
tenglamalar sistemasi olindi. Bu spektral masala sterjenning tekis-parallel  harakatini ifodalaydi. Asosiy
magsad kompleks chastota va unga mos keluvchi tebranishlar formasini ko‘rishdan iborat bo‘lib, spektral
masala quyidagicha bo‘ladi:

du T
—_—= — + Kw,
dx ESQ+ p,mi)
W _5_ku,
dx
do M, (6)
dx EJk@A+ pwi)’
9T __KQ, +u(ami - pSe?),
dx
aQ, = KT —w(a,wi — pSw?),
dx
dM
Xm =Q, — pJ,*6.

Chegaraviy masala (6) tenglamalar yordamida ishlab chigilgan algoritm va dastur asosida, kompleks
arifmetikada yechiladi.

Egri sterjenning majburiy garmonik tebranishlari. Faraz gilaylik, sterjenning ikki uchidan yoki
mahkamlangan uchidan quyidagi garmonik gonunga bo‘ysunuvchi yuk (nagruzka) yoki shart qo‘yilgan
bo‘Isin:

u=Ue", w=We", @ =He" (7)

x=0: U°=U,W°=W, 6’ =H. (8)
AW
12+

10+

0 0.1 0.2 0.3 0.4

2-rasm. Ko‘chishning amplituda-chastota xarakteristikasi W 0 ( L)
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Garmonik tebranishda tebranishlar formasi (6), (7) va (8) chegaraviy masalalarni yechib topiladi.
Majburiy garmonik harakatda majburiy tebranishlar chastotasi @ berilgan bo‘ladi, ya’ni haqiqiy songa teng
bo‘ladi. Yuqorida qo‘yilgan masala ishlab chiqilgan algoritm va dastur asosida yechiladi.

Bu yuqoridagi (4) va (6) tenglamalarni chegaraviy shart asosida yechishga olib kelinadi. Ishlab
chigilgan algoritm va dastur asosida kompleks xos son va tebranishlar formasi topiladi. So‘nish
dekrementi quyidagi formula bilan topiladi:

Im o)
o =2r——.
Rew

Spektral masalada govushgoq sterjen yoki elastik sterjen suyuglikda joylashgan bo‘lsa, chastota
kompleks ko‘rinishda bo‘ladi. Uning haqiqiy qismi tebranishlar chastotasini bersa, mavhum qismi so‘nish
koeffitsiyenti yoki so‘nish dekrementini beradi. Majburiy tebranishlar uchun olingan sonli natijalar 2 va 3-
rasmlarda keltirilgan. Bu rasmdagi chiziglar mos ravishda v°(L) ea W °(L) ko‘chishlar uchun olingan.

Egrilik parametri KL = 3,14 ga teng. Sterjenning mahkamlangan joyiga qo‘yilgan nagruzka amplitudasi

quyidagicha:
U=1 W=H=0. C))
2-rasmdagi 2-egri chizig ham W 0(L) amplituda-chastota xarakteristikasi:
U=H=0, W=1. (10)
(2.38) tashqi garmonik kuch amplitudasi ta’sir etganda olindi.
Ay
10+
8 o
6+
1 2
4__
% o
p
| | | >
0 0,1 0,2 0,3 0,4

3-rasm. Ko‘chishning amplituda-chastota xarakteristikasi v (L)

Yugoridagi 3-rasmda xuddi yugorida keltirilgan natijalar singari, sterjenning govushgogligini hisobga
olib topilgan yadro relaksatsiyasidagi A; parametr oshib borsa, ko‘chish amplitudasi kamayib borishi
kuzatildi.

Biz o‘rgangan tebranishlar formasi ham kompleks kattalik hisoblanadi. Masalan, X = L bo‘lgandagi
tebranishlar  formasi, U, esa, @ =0.0504 bo‘lganda rezonans qiymatga yaqin bo‘ladi.
U, =-176+24,4i va U, =0,078—3,65i teng bo‘ladi.

Xulosalar. Suyugqlik bilan alogada bo‘lgan egri qovushqoq-elastik sterjenning majburiy tebranishlari
masalasi qo‘yildi va sonli natijalar olindi.

1. Erkin tebranishlar chastotasining kompleks kattalik bo‘lishi topildi. Uning haqiqiy qismi
tebranishlar chastotasini, mavhum gismi esa, so‘nish dekrementi koeffitsiyentini (zatuxaniya) ifodalashi
asoslab berildi.

2. Kompleks chastotaning haqiqly qismining ortishi bilan  ularga mos keluvchi so‘nish
dekrementi ham ortib boradi. Bu esa, tebranishlar amplitudasining kamayishiga olib keladi. Tebranishlar
chastotasi mavhum kattalikka teng bo‘lishi aperiodik harakatlarni yuzaga keltiradi.
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3. Kichik chastotalarga mos keluvchi ko‘chish amplitudalari (maksimal ko‘chish amplitudasi) tashqi
dissipatsiya hisobidan tez so‘nishga olib kelinishi mumkin. Katta chastotalarga mos keluvchi rezonans
amplitudalarining esa ichki qovushqoqlik hisobidan tez so‘nishi asoslab berildi.

4. Tashqgi qarshilikli katta egrilikka ega sterjenlar uchun (KL = 3,14 ), KL ortishi bilan so‘nish

dekrementi birinchi chastotadan ikkinchisiga o‘tadi. Bunday samarani birinchi marta to‘g‘ri sterjen uchun
V. Biderman topgan. Bu samara qovushgog-elastik sterjen uchun ham o‘rinli bo‘ladi.
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®OPMUPOBAHUE MOJAPHON ACUMMETPUU HA IOBEPXHOCTH N*-S1:SB(100)
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abdulxayev2308@gmail.com

Annomauus. B pabome npoeedeno cpasHeHue 60JbIM-AMNEPHBIX XAPAKMEPUCMUK NOBEPXHOCMU
MOHOKpucmaniudecko2o kpemuuss N*-Si:Sb(100), curbno aecuposanno2o cypomoil, ¢ ecmecmeeHHbIM
OKCUOHbIM — coem u  nocie  xumuueckou owucmku HF.  [loomeepocoénnas  mexunonocuueckas
NOCAE008AMENbHOCHb GKIIOUALA NPOMbISKY Oeuonusuposannol (D) eoodot, obpabomky ¢ pacmeope HF ¢
meyenue 2 Munym u nocieoyrowyio npomvisky DIl-600oii. Hamepenus B—A xapakmepucmux binoineHst Ha
npubope Keithley 2400-C ¢ ouanazone —4...+4 B npu nunetinon pazeépmre uz 500 mouex. [na obpazya B2
C ecmecmeeHHbIM OKCUOHBIM cloem noayuenvl 3nauenus |(—4 B)=—16,450 mA, |(+4 B)=+14,451 mA u
xkoappuyuenm noaspuou  acummempuu  Kas=0,879. s  obpasya B4 nocre obpabomxu HF
coomeemcmayowue moxku cocmasunu —5,597 u +19,179 mA, a Kas=3,426. Obpadbomxa HF ymenvuuna
MOOYIb MOKA NPU OMPUYAMenbHoM cmewenuu Ha 66,0%, yeenuyunia mox npu noL0HCUMETbHOM CMeujeHuu
Ha 32,7%, u nosvicuna oupgpepenyuanvhoe conpomusierue ¢ oonacmu manvix noreti ¢ 0,96 0o 4,69 kOm.
Peszynomamut nokaszvisarom, umo enusnue HF neobxooumo unmepnpemuposamv ne 6 pamkax npocmotul
MOOenu «ysenuueHus MmoKa», d ¢ Y4EmoM Nepecmpouru IHepPeemuKku NOSEPXHOCMHO20 CNOsL 2PAHUYbL
pazoena u 3asucaujeti Om nost NOAAPHO-CENeKMUBHOU UHICEKYUL.

Knwwuesvie cnosa: n-Si:Sb(100), ouwucmxa HF, ecmecmeennuvii 5103’ 601bIM-AMNEPHASL
xapaxmepucmuxa, oupepenyuanvhoe conpomusienue, NOJAPHAS ACUMMEMPUsL, UHNCEKYUsl 3apsod.

N*-SI:SB(100) SIRTIDA HF BILAN KIMYOVIY ISHLOV BERILGANDAN SO‘NG QUTBIY
ASIMMETRIYANING SHAKLLANISHI VA UNING VOLT-AMPER XARAKTERISTIKASIDA
NAMOYON BO*‘LISHI

Annotatsiya. Ushbu ishda kuchli surma bilan legirlangan n*-Si:Sb(100) monokristall kremniy sirtining
tabiiy oksidli va HF bilan kimyoviy tozalangandan keyingi volt-amper xarakteristikasi giyoslandi.
Tasdiglangan texnologik ketma-ketlik DI suv bilan yuvish, HF eritmasida 2 minut ishlov berish va gayta DI
yuvishdan iborat. V-4 o ‘Ichovlari Keithley 2400-C qurilmasida —4...+4 V diapazonda, 500 nuqtali chizigli
ulanishida bajarilgan. Tabiiy oksidli B2 namunasida I(—4 V)=—16.450 mA, I(+4 V)=+14.451 mA va qutbiy
asimmetriya koeffitsiyenti Kas=0.879 bo‘lgan. HF dan keyingi B4 namunasida mos toklar —5.597 va
+19.179 mA, Ks esa 3.426 ni tashkil etgan. HF ishlovi manfiy qutblanishdagi tok modulini 66.0%
kamaytirgan, mushat qutblanishdagi tokni 32.7% oshirgan va past maydonli differensial garshilikni 0.96 dan
4.69 kQ gacha ko ‘targan. Natija HF ta’sirini oddiy “tok oshishi” modeli bilan emas, balki chegara sirt
energetikasi va maydonga bog lig qutbiy-selektiv injeksiyaning qayta shakllanishi bilan talgin gilish
zarurligini ko ‘rsatadi.

Kalit so‘zlar: n*-Si:Sb(100), HF bilan tozalash, tabiiy SiOx, volt-amper tavsifi, differensial
garshilik, qutbiy asimmetriya, zaryad injeksiyasi.
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FORMATION OF POLAR ASYMMETRY ON THE N+*-SI:SB(100) SURFACE AFTER HF
CHEMICAL TREATMENT AND ITS MANIFESTATION IN THE CURRENT-VOLTAGE
CHARACTERISTIC

Abstract. In this work, the current-voltage characteristics of the surface of a heavily antimony-doped
n*-Si:Sb(100) single-crystal silicon sample with a native oxide layer and after chemical cleaning with HF
were compared. The validated technological sequence consisted of rinsing with DI water, treatment in an
HF solution for 2 minutes, and subsequent rinsing with DI water. The V-A measurements were performed
using a Keithley 2400-C instrument in the range of —4...+4 V with a linear sweep of 500 points. For the
native-oxide B2 sample, I(—4 V)=—16.450 mA, I(+4 V)=+14.451 mA, and the polar asymmetry coefficient
Kas=0.879. For the B4 sample after HF treatment, the corresponding currents were —5.597 and +19.179
mA, while Ks=3.426. HF treatment reduced the magnitude of the current under negative bias by 66.0%,
increased the current under positive bias by 32.7%, and increased the low-field differential resistance from
0.96 to 4.69 kQ. The results indicate that the effect of HF should not be interpreted using a simple “‘increase
in current” model, but rather in terms of a reconstruction of the interface surface energetics and field-
dependent polarity-selective injection.

Keywords: »*-Si:Sb(100), HF cleaning, native S10x, current-voltage characteristic,
differential resistance, polar asymmetry, charge injection.

BBenenue. [lonroroBka moBepXHOCTH B CTPYKTYPaX METaI—IUAIEKTPUK—TIOIYIIPOBOTHHUK Ha OCHOBE
KpeMHU ONpEACIdCT HadaJdbHBIC T'PAHUYHBIC YCJIOBUA [JIA TMOCICAYIONUX IIPOLECCOB OKHUCIICHUA,
(OpMHPOBAHUS TOHKHX TUIEHOK M CO3JAHMS DJIEKTPHIeCKUX KOHTaKTOB. EctecTBenubiit SiOy, opranniyeckue
azcopOaTsl, BOJIa U HOHHBIE OCTATKA MOTYT U3MEHSTh MOTEHIINAJ, TIOBEPXHOCTHBIE COCTOSHUS U WHIKEKITHIO
HOCHUTEIICH 3apsa dyepe3 KOHTAKT B aKTUBHOW MPUTPAHUIHON 00JIaCTH TOIIIIHHON B HECKOIHKO HAHOMETPOB.
[TosTOMy 00pasibl, M3TOTOBICHHBIE U3 OJHOTO W TOTO e O0BbEMHOTr0 KPeMHUS, MOTYT JIEMOHCTPHPOBAThH
CYIIIECTBEHHO pPa3IMYaloNInecs BOJbT-aMIIepHbIe xapakTepucTuku (BAX) mpu paznuaHoi mpeasIicTOpUU
moBepxHocTH. B kmaccumueckom moaxone RCA pasnuuHbie THIBI 3arpsA3HEHUN yIANSIOTCS TIOCPEICTBOM
MOCJIC/IOBATENIbHBIX XUMUYECKUX CTaaui, Torna kak HF-dip ucnons3yeTcs 11 pacTBOPEHUs €CTECTBEHHOTO
WIH XUMHYECKH CcQOopMUpoBaHHOTO okcuaa kpemuus [1, 2]. Ilocme o6pabdotku HF  Tommuna
MTOBEPXHOCTHOTO OKCHJAa YMEHBIIIAETCS, a MMOBEPXHOCTh KPEMHHSI MPUOIMKaeTcss K H-TepMUHHPOBAaHHOMY
COCTOSIHMIO; XMMHYECKasi IMMAacCHBHOCTh M COCTaB TaKOW IOBEPXHOCTH HEOAHOKPATHO HCCIEIOBANCH
metomamu XPS, AES, FTIR u STM [3-6]. OmHako B peajbHBIX JTaOOPATOPHBIX YCAOBHAX KOHEUHOE
COCTOSIHME TIOBEPXHOCTH YYBCTBHUTEIILHO K TakuM (akTopam, Kak koHneHTpamus HF, mpomeiBka, cymika,
BBIJIEP)KKA HA BO3AYXE U KOHTAKT C TIOBEPXHOCTHIO.

Lenbto Hacrosied pabOThI SBISETCS KOJUYECTBEHHOE BBIICICHUE W3MEHEHHH aMIUIMTYIbl TOKA,
T depeHIInaTBFHOTO CONPOTUBIICHHS! TTPH HU3KUX MOJSIX M MOJSPHONW aCHMMETPHH IYTEM COIMOCTaBICHUS
BBIOPAHHBIX, TEXHUYECKH CIIIQKEHHBIX BOJBT-aMIIEPHBIX XapaKTEPUCTHK MoBepxHocTeir N*-Si:Sb(100) c
€CTECTBCHHBIM OKCHJIOM H mocie obpaborku HF. Tlpu stom 3amava paboThl 3akitoyacTcss HE B
MNPpUHYAUTCIBHOM YCTAHOBJICHMM KOHKPETHOTO MCXaHMU3Ma OMHCCHHM, a B IIOJIYYCHUH (1)I/I3I/IHGCKI/I
000CHOBaHHOT'O BHIBO/IA B MPEJIeNaX UMEIOIIUXCS PE3yIbTaTOB PeabHBIX H3MEPEHHUIA.

MoBepXHOCTL C eCTECTBEHHbIM 06pa6otka HF, 2 MuH MoBepxHocTb nocne o6pa6otku HF

oKcuaoM
HHHHHHHMH
ecTecTBeHHbIN Si0, | | | I | | | |
SiO, + 6HF
+ .c . +_ .'

n*-Si:Sb (100) — H,SiFg + 2H,0 n*-Si:Sb (100)

ruapodunbHas; HectabunbHoe MpombiBKa ,eMOHU3UPOBaHHOM 6e3 okcupa, 6nmsKas K
COCTOSIHME NOBEPXHOCTH BOJ,0M H-TepMMHMPOBaHHOI NOBEPXHOCTH

Pucynok 1. ®u3uK0-XHUMHYECKO€e COCTOSIHME MOBEPXHOCTEH KPEMHHS € €CTECTBEHHBIM OKCHI0M
U nocJie oopadorku HF
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H-tepmuHamms npeacTaBieHa CXeMaTHYeCKH U He Oblila HEITOCPEACTBEHHO MOATBEPXKICHA B JAHHOM
skcriepuMente merogamu XPS winu FTIR.

Mertononorusi  ucciaegoBaHMsa. B kadecTBe  MCXOAHOrO  MaTepuajla  MCIOJIb30BAIU
MOHOKpHCTTMYeCKuii kpemHuid N*-Si:Sb ¢ kpucramnorpaduyeckoit opuenrarmeiit (100), cuiabHO
JIETHPOBAHHBIA CYPHMOH; HOMHUHAIBHOE ynenbHOEe comportuBierne coctasisuio 0,01 Om-cm. Ha mannOM
JTane HCCIENOBAaHUS [IOCTOBEPHO NOATBEP)KACHHAs IIOCIENOBATENbHOCTh IIOATOTOBKH ITOBEPXHOCTH
BKJTIOYaJa: MpeaBapuTeIbHyI0 POMBIBKY AenoHusupoBanHoii (DI) Bogoit — o6pabotky B pactBope HF B
TeYeHHe 2 MUHYT — MocleaAyomnryto npomsiBKy DI-Bomoit mocne HF. Tounas konmentpamus pactsopa HF,
PEXUM TIPOMBIBKH (TIPOTOYHBIA WJIM CTATHYECKUMN), CIIOCO0 CYIIKHM W BpeMs OT 3aBeprucHus HF-o6paboTkm
JI0 TIPOBEJICHUS JICKTPUUECKUX M3MEPEHUH HE OBLIM MOJHOCTHIO COXPAaHEHBI B JIAOOPATOPHOM JKypHAJE.
[losTOMy pmaHHBIE TapamMeTpbl He OBUIM 3aMMCTBOBAaHBI M3 APYTMX MCTOYHUKOB, HampUMEp, PEKUAM

o0pabotku 2%-uapiM HF nm cymika mpomyBKoit N, Y HE TIPEACTABIIUINCEH B KaUeCTBE (PaKTHUSCKUX
MapaMeTpoOB IKCIIEPUMEHTA.

$i0;, + 6HF — H,SiF¢ + 2H,0

VYpaBHeHHE peaky 000OMIEHHO OMMCHIBAET MPEBpalleHHe OKCHUAA BO (TOPCONEp AN KOMILIEKC.
Ha mnpaktuke mocmemyromas mpombeiBka DI-Bogoit mocne HF yMmeHbmmaeT xommdecTBo pacTBOPEHHBIX
MIPOAYKTOB PEAKLUMU B MPUIOBEPXHOCTHOM 00JacTH; BMECTE C TEM KOHTAKT C BOAOM MOXKET HPUBOIUTH K
THIPOJIM3Y HEKOTOPBIX CBsizel Si—F M BIMATH Ha MOCIEIYIOIIEe XMMHUYECKOE 3aBEPIICHUE TOBEPXHOCTH [5].
Takum oOpa3zom, 006pabOTKa M3MEHSET HE TOJIBKO T'€OMETPUYECKYIO TOJIIMHY OKCHAHOTO CIIOS, HO TaKKe
XMMUYECKOE COCTOSIHUE U AWIOIBHOE COCTOSIHHE IOBEPXHOCTH, HA KOTOPOU (OPMHPYETCS AIIEKTPUIECKUN
KOHTAKT.

Bonbr-amnepusie  xapaktepuctuku (BAX) peructpupoBamMCh C HCIOIB30BaHHMEM HCTOYHHUKA-
usmepurens Keithley 2400-C B pexxume nuHeiHo# passépTku Hanpspkenus (Linear Voltage Sweep). Onun
nukn usMepenns (Run) Bkmoudan 500 Touek B muamasone oT —4 mo +4 B, mpu 3TOM cpemHuil mar mo
Hanpspkenuro cocrapimstn 0,016032 B. M3mepeHust BBIIONHSINCH 10 JBYXKOHTAaKTHOM cxeme (2-wire) ¢
WCTIOJIb30BaHHEM BPEMEHHOTO 30HAOBOTO KOHTAKTa Yepe3 MepeaHni BeiBoI. OrpaHNueHHE TOKa COCTABIISIIO
0,1 A, 3amepxka MexXay Hmofadeil HaIpsDKEHHS M M3MepeHreM (Source-to-measure delay) — 5 mc, Bpems
n3MeputensHoro okHa — 20 mc, NPLC = 1. Ilockonbky Ha NaHHOM 3Tane He ObUIH CQOPMHUPOBAHBI
OKOHYATENbHBIC BEepPXHUH/TEUIbHBIH Ni-amextponst Meromom PVD u craHmapTHas IUioniagh KOHTAaKTa,
IUIOTHOCTB TOKA J M BBICOTA KOHTAKTHOTO Oaphepa He pacCUUTHIBAIIUCE.

Tab6umua 1. OcHoBHBIe MapamMeTpbl H3Mepenns BAX

ITapamerp 3HaueHue MeToanueckoe npuMeYaHue
[Tpubop Keithley 2400-C VICTOYHMK-M3MEPUTETD
Pa3Béprka —4...+4V Jlunelinas, OunossipHast
KosmuecTBo TOUEK 500 st kaxxgoro BeiopanHoro Run
[ITar HanpspKeHUST ~0.016032 V ITo 3xcnopTHPOBAaHHBIM METAJaHHBIM
3anepkka / OKHO 5ms /20 ms NPLC=1
OrpaHuyeHue TokKa 01A ABTOMaTHYECKHH AMANa30H U3MEPEHUS TOKA
ITonxmouenue 2-wire BpemeHHbIM 30H10BbIM KOHTAKT, IEPETHAN BHIBOJL
OcHoBable Run B2 Run 10; B4 Run [TnaBHBIC, HETIPEPHIBHBIE, O€3 CKAYKOB
12

B cBs#3u ¢ OTCyTCTBHEM CTaHIAPTU3MPOBAHHOM TI'€OMETPHM KOHTAKTa 3HAUYEHMS CONPOTHBIICHUS
WHTEPIPETUPYIOTCS KaK JHarHocTnieckre 3(h(heKTHBHBIC BEJTHYMHEI.

JlJis cOCTOSIHMSL C €CTECTBEHHBIM OKCHAOM ObL1 BbiOpan B2 Run 10, a mis cocTosHus MOCie
obpabotkn HF — B4 Run 12. Kpurepusimu BbIOOpa SIBISIIMCH OJMHAKOBBIMA auanazoH +4 B, 500 Touek
M3MEpEHUsI, HENPEPHIBHOCTh KPHBOM, OTCYTCTBHE BbIXOJAa Ha mpezen compliance u orcyTcTBHE pe3KHX
JIOKAaNbHBIX CKAa4KOB, CBSI3aHHBIX C KOHTAaKTOM. JIaHHBIA BHIOOp HE SIBISETCS MPEIBAPUTEIHHO
3apETUCTPUPOBAHHON  CTaTUCTUYECKOM mpoueaypoid oTOopa; TOITOMY MOJYYEHHBIE PE3YJIbTaThl
0003HAYAIOTCS KaK «PeNpe3eHTaTUBHBIN MpenBapuTenbHblil Runy. [lonspHas acumMeTpus onpenensuiach B

BUJIE
K. =1(+4B)/|I(—4B)|.
Huskomnonesass auddepenimansyas npopoauMocth Go ompenensiaach MOCPEACTBOM JIMHEHHOMN
perpeccun B quanaszone [V| < 0,5 B o gannabiM nmoHoro Run, a Re = 1/Go paccuuThiBajioch Kak e€ oOpaTHast

BennunHa. BennunHa Refr= [V/I] mpu +4 B mnpexacraBusier co0oit Tonbko 3ddexTrBHOE
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CONPOTHBIICHAE JAaHHOTO BPEMEHHOTO COCJWHEHUS W HE SBISACTCS YACTbHBIM  3JCKTPHUCCKUM
COIIPOTHBIICHAEM MaTepHuala.

K. =1(+4B)/|I(—4B) Ry = (dl/dV)™, [V| = 0,5B

OO0cy:xaeHue u pe3yjbTaThbl HccaenoBaHus. B oOpasme B2 ¢ ecrecTBeHHBIM OKCHIOM BOIBT-
aMIIepHasl XapaKTEPUCTUKA JEMOHCTPUPYET 3aMETHYI0 HEJIMHEHHOCTb, OJHAKO MOIYJIHM TOKOB npu +4 B
UMEIoT Onn3kue 3HadeHus: —16,450 MA npu —4 B u +14,451 MA npu +4 B. 3nauenue K_as = 0,879, uro Ha
12,1 % umxe 3HaueHns K_as = 1, coOOTBETCTBYIOIIEro naealbHOM cuMMeTpurd. HecMOoTpst Ha OTHOCHTEIHHO
BBICOKMII HAaKJIOH B OOJIaCTH HU3KHUX HAaNpsDKEHWH, 3aBUCHMMOCTb TOKa OT HAIPSDKEHUS] HE MOXKET OBITh
MOJTHOCTBIO OMKCAaHa OJHON OMHYECKON BETHYHMHOMN COMPOTHBIICHHUSI.

B oOpasue B4 mocne ob6paborku HF momspnas ¢gopma kpuBoil pe3ko u3MeHmnach. Tok mpu
OTPHUIIATEIHLHON TOSApHU3AIUN CHU3WICS 10 —5,597 MA, Torma Kak TpH IMOJIOKHTEIHHOU IOJSIPHU3AIIHI
yBemmumwics a0 +19,179 MA. Takum o0pa3om, MO CpaBHEHHIO C HCXOAHBIM oOpasuoMm |[I(—4 B)|
yMmeHbIImIoch Ha 66,0 %, a 1(+4 B) yBenuumnoce Ha 32,7 %. [IpoTHBOMONIOKHO HampaBiICHHOE BIIHMSHUE
HF-00paboTkn mpu IBYX MOJSPHOCTSIX HCKIIOYAET OJHONApaMETPUYHOE OOBSICHEHHWE B BHJE «OKCHI
yAanéH, M03TOMy OOIIMN TOK YBEITHYHICS.

Ta6auna 2. luarnoctuueckue napamerpbl BAX n/1s1 cocTosinmii ¢ ecTeCTBEHHBIM OKCHIOM U
nocJje oopadorku HF

CocrosiHue I(—4 V), 1(+4 V), K _as Ro, kQ R_eff(—/+), kQ
mA mA
B2 — ecrecTBeHHbIi -16.450 +14.451 0.879 0.96 0.243/0.277
SiOx
B4 — mocne o6paboTku —5.597 +19.179 3.426 4.69 0.715/0.209
HF

B2 u B4 mpencraBnsior coboli pasHble 00pasiubl; NPUBEIEHHBIC 3HAYCHUS HCIONB3YIOTCS JUIS
PENpe3eHTATHBHOTO MEXTPYIIIIOBOTO CPaBHEHHS.

201 = B2 — ecrecTBeHHbIl SiO,, Run 10
== B4 — nocne o6paboTku HF, Run 12

15

10

Tok, MA

—-10 41

_15 4

[MokasaHHble TOYKKN NPeACcTaBnAT LeNnoYncneHHble 3HateHns yeuneHus BoibpaHHbix Runs, B3ATbIX ¢ warom 500 Toyek.
!

T T L T T T =T T T

-4 -3 =2 | 0 1 2 3 4

Hanpsi>xeHue, B

PucyHok 2. /Iluarnoctudeckue Touku BAX o6pa3uoB B2 ¢ ecrecTBeHHbIM okcuioM u B4 nocae
oopadorku HF

Touku nonydens! u3 monHbelx 500-Toueunsix RUN myTéMm BeIOOpa M3MepeHui, Hanbonee ONM3KHUX K
3gauenusm V = —4, =3, ..., +4\B.

IMocne obpaborkun HF 3nauenne K_as ysemuumiocs ¢ 0,879 mo 3,426, 1o ectb B 3,90 pasa.
OnnoBpemenHO Ro Bozpocio ¢ 0,96 1o 4,69 kOm, yBeanuuBIIKCH puMepHO B 4,9 pa3za. OgHako Tok npu +4
B nns obpasua B4 okasancs Beiue, yem i B2. Ha mepBblif B3rimsin Takoil pe3yibTaT BBITJISLAWAT
MIPOTUBOPEYHBHIM, OJTHAKO OH YKa3bIBA€T HA TO, YTO B PEKMUMaX HU3KUX M BBICOKHX DJIEKTPHUECKUX IMOJIEH
HE JOMHUHHPYET €INHAasi MOJIEIb TIepeHoca 3apsana. B o6iactu HU3KHMX TMOJeH KOHTAaKTHBIA WIIH MEX(a3HbBIN
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Oapbep MOXKET CHJIbHEE OTpaHMYMBATL TOK, TOTJa KaK IPH BBICOKOW ITOJIOKUTECIBHOM MOJISIpU3allid
BO3MOXXHO YCHUJICHUE WHKXCKIIUU HOCUTEJIEN 3apsanaa.
MonsipHaa acummeTpus ConpoTtuBneHue B 061acTM HU3KUX Nonen

4.0
3 3.43 5 4.69
3.01
2.5

K2.0<

K_as

15

] 0.879
18 0.96

0.5

0.0
B2 B4 B2 B4
ecTecTBeHHbIN SiO, nocne obpa6orku HF ecTecTBeHHbIN SiOy nocne obpabotku HF

Pucynok 3. U3menenne noJisipuoii acummerpuu K_as n Hu3konoJieBoro audpgepeHnnaibHOro
conmporuBJenus Ro mocie o6padorkn HF

ITocine pactBopenusi ecrectBenHoro SiO: mox aefictBueM HF wu3MeHsroTcs auManeKTpUyeCKuii
MTPOMEXKYTOUHBIA CIIOW M TOBEPXHOCTHBIN TUMOIh MEXKIYy METAIUIOM/30HAOM W KpeMHHeM. B mmreparype
ITOKa3aHo, YTO YAAJICHHE TOBEPXHOCTHOTO OKCHAa Tociie o0paboTkn Ha ocHoBe HF u mpuOmmxeHne
MOBEPXHOCTH K COCTOSHHIO, TSPMHHUPOBAHHOMY CBsi3siMu Si—H, monrBepkaatotcs metogamu XPS, AES u
uHbppakpacHoi crexrpockonuu [3, 4]. Ha mosepxuoctu Si(001)/(100) coctaB pacTBopa M KOHIICHTPAITUS
OH~ Taxke MOTYT BIHATH Ha aTOMHYIO MOP(OJIOTHIO MOBEPXHOCTH [6]. [103TOMY 3IEKTPHUECKHA OTKIIHK
nociie 00paboTku HF onpejenseTcs He TOJMBKO TONIIMHOW OKCHIA, HO U XUMHUYECKUM 3aBEPIICHUCM
MOBEPXHOCTH, €€ MUKPOMOP(OIOoTHEl, MOBTOPHOH aacopOIuell 1 yCIoBHAMU (OPMUPOBAHHS BPEMEHHOTO
KOHTaKTa. YMEHBIICHHE OTPHUIATEIHHOTO TOKA W YBEIMYEHHE IIOJIOKHUTEIBHOTO TOKa B oOpasue B4
CBUJETENBCTBYIOT 00 W3MEHEHHWH OTKIWKa MOTEHIHAIbHOro Oapbepa Ha mnomgpuzanuio. llpwm
MOJIOKUTENBHOW TIONAPU3ALMU  WHXKEKIMS HOCHTENleH 3apsijia MOXET OBICTPO aKTHBHPOBATHCS IO
JIEHCTBUEM DIIEKTPUYECKOTO TIOJS; MPHU OTPULATENBHOW TOJSPU3AIMKA KOHTAKT WM TOBEPXHOCTHBIE
COCTOSTHUSI, HANPOTHB, MOTYT CHJbHEe OrpaHW4nBaTh TOK. ONHAKO OJHWUX WMEKMUXCA MaHHBIX BAX
HEJIOCTaTOYHO JJIsl OJHO3HAYHOTO Pa3TpaHUuYCHHs TAKUX MEXaHWU3MOB, KaK TEPMOJ3JEKTPOHHAs dMHUCCHS,
TyHHenupoBanue, omuccus lortkm wmm  mponece [lyna—®penkens. [ns  5Toro  HeEoOXOIUMBI
CTaH/IapTU3MPOBAHHAS IUIOMIAJb METALIMYECKOro KoHTakTa, 3asucumoctd log(l)-V, log(1/V?)-1/V,
M3MEpEeHWsI B 3aBUCUMOCTH OT TEMIIEPATyPhI U ONpeeTeHHe TUAIEKTPUIecKuX napameTpoB. [locnenyromas
npombiBka DI-Bomoii mocne 00padotku HF Taioke He siBisieTcst HelTpaibHO# cTaaueit. Takahagi u coaBTopbl
MOKa3aJIi, 4TO KOJIM4YeCcTBO Si—F Ha MoBepXHOCTH KpeMHus1, 0OpaboranHoro HF, 3aBUCHT OT KOHIIEHTpaIuu
HF, a ipu mpoMbIBKe BOJI0i MHOTHE CBsA3H Si—F OBICTpO Tuaposn3yioTes ¢ oopazoanuem rpymn Si—-OH [5].
[TockonbKky B HACTOSIIEM SKCIIEpUMEHTE KOHIEeHTpaius HF W mpoaomKuTenbHOCTh MPOMBIBKM HE OBLIH
3a()MKCUPOBAHBI, MMOBEPXHOCTh HE MOXKET OBITH OJHO3HAYHO OXapaKTepPH30BaHAa KaK HCKIIOYHTENHbHO H-
TepMuHHpOBaHHAs. C HAay4YHOW TOUYKHM 3peHHsl 0ojiee KOPPEKTHO OIMCHIBaTh €€ KaK «IOBEPXHOCTH C
YMCEHBIICHHBIM COJIEpPKAaHWEM OKCHJIa M W3MEHEHHBIM XHUMHYECKHM 3aBeplieHHeM». BemnmumHa Ro
XapakTepu3yeT JIokanbHbIi HakioH BAX B muamazone V| < 0,5 B. Veenuuenune Ro mocne obpaborkn HF
YKa3blBa€T Ha CHIDKEHHE MAJIOCUTHAIBHOM MPOBOAMMOCTH BOJNW3M HyJEBOro HampspbkeHus. OgHako
yBeJIMUEeHUE TOKa NMpu +4 B cBHIETENbCTBYET O TOM, YTO DJIEKTPUYECKOE MOJIE€ CYIIECTBEHHO H3MEHSET
MOTEHIMANBHBIA TPOQWIIE ¥ MOXET aKTHBHPOBaTh NPOXOXKJICHHE HOCUTENeW 3apsaa uepe3 Oapbep.
CnenoBarensHo, s BAX oOpasua B4 monens | = V/R ¢ THOCTOSHHBIM CONPOTHUBIICHHEM TEpSET
(u3nYecKy0 cofiepkaTebHOCTh. JlocTikeHne monspHol acummerpueii K_as 3Hauenus 3,426 MoXKeT ObITh
CBSI32HO C HEIKBHUBAICHTHOCTHIO BPEMEHHOTO BEPXHETO W THUIBHOTO KOHTAKTOB, YYyBCTBUTEIHHOCTHIO
OTKPBITOW IOBEPXHOCTH K JABICHUIO 30HJNA W JIOKAILHOW IUIOMAAM KOHTAaKTa JHOO C TEM, 4YTO
MOBEPXHOCTHBIE COCTOSIHMSI CHJIbHEE YIPABISAIOT WHXKEKLIMEH B OZHOM M3 HalpaBieHUH. DTH (DakTOphl He
00513aTeNbHO SBJSIFOTCS B3aMMOUCKITIOUatoInMK. [103TOMy mosTydeHHBIH pe3ysibTaT clelyeT paccMaTpuBaTh
HE KaK OKOHYATEIbHOE JIOKA3aTeIbCTBO KOHKPETHOT'O MEXaHU3Ma, & KaK CHIIbHBIN TMarHOCTHYECKUIA CUTHAI,
YKa3bIBAIOLIUHA HA HEOOXOIMMOCTD HOCIEAYIOIEro CTaHIapTU3UPOBAHHOTO SKCIIEPUMEHTA.
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[Ipu mHTEpIIpETAIINN PE3YIHTATOB CTPOT0 YUHTHIBAINCH YEThIpe orpaHudeHus. Bo-neperix, B2 u B4
MPEJCTABISIIOT COOO0M HE IOCIeOBATEIbHBIE U3MEPEHHS «JI0—TIOCNIE» OJIHOTO M TOTO K€ (U3MYECKOTO
o0pasua, a pa3lu4Hble penpe3eHTaTUBHBIE O0pa3libl, M3TOTOBIECHHBIE M3 HMCXOAHOTO MarepHaia OJHOTO
Tuna. Bo-BTOpBIX, Il KaXOOTO COCTOSHHMS HA JAaHHOM JTarne ObUI MPOAaHANIM3UPOBAaH TOJBKO OAWH
BEIOpaHHBIA RUN; cTanmapTHOE OTKIOHEHWE W JIOBEPUTEIBbHBIH WHTEPBAN HE PACCUUTHIBAIHCH. B-TpeThux,
TUIOINAb M JIABJICHUE BPEMEHHOTO 30HIOBOTO KOHTAKTa HE OBUIM CTaHJApTHU3UPOBAHBI, & OKOHYATEIHLHBIC
Ni/Ni PVD-KkOHTaKThl OTCYTCTBOBalIM. B-4eTBEpTHIX, KoHueHTpamws HF, ycioBus cymku u Bpems OT
3aBepmreHuss HF-00paboTkn 1o mpoBeneHMS U3MEpPEHUS HE OBLIN IMOJIHOCTBHIO 3a)MKCHPOBAHEL. B CBs3m C
YKa3aHHBIMH OTPaHUYEHUSMH yMeHbIeHne Ha 66,0 %, yBenmuenune Ha 32,7 % u m3menenne K_as B 3,90
pasa SBISIOTCA XapaKTepHUCTUKaMH UMEHHO BBIOpaHHBIX RUN 1 Ha TaHHOM STare He MOTYT pacCMaTpUBAThCS
KaK CpeJHHEe IapaMeTpbl Bcell TEXHOJIIOTHUECKON Tpynnbl. BMecTe ¢ TeM MpOTHUBOIOIOXKHBIE HATPABICHUS
W3MEHEHHUS TOKa TMPH JBYX IOJAPHOCTAX M MHOTOKPAaTHOE yBenmdeHue Ro MpeacTaBissioT JOCTATOYHO
OJHO3HAYHOE TMpeNBapuUTeNbHOE CBUAETENBCTBO TOro, 4ro mocie o0pabotku HF  cocrosiHue
MOBEPXHOCTH/KOHTAKTA CYIIECTBEHHO M3MEHWIIO XapaKTep AJIEKTPUYECKOro OTKIHKa. [ng Gomee TOYHOTO
BBIIICJICHUS (PH3UYECKOTO CONEPIKAHHS MOTYUCHHBIX Pe3yIbTaTOB IEIeCO00Pa3HO aHAIM3UPOBATh HE TOJBKO
abCONIOTHOE 3HAY€HWE TOKa, HO W OamaHc Mexmy aByms moisipHocTsMU. C 3Toil menmbio ObUT BBENEH
KO3 (HUITUCHT HOPMUPOBAHHOM TOJISPHOM CEICKTUBHOCTH

Sp = [I(+ 4B) — [I(—4B)[]]/[I(+4B) + |[I(—4B)].

Ortor Oe3pa3MepHBId TOKazaTenb u3Mensiercss oT —1 go +1: S_p = 0 cooTBETCTBYET MOJISIPHON
CUMMETPHUH MOJyJel Toka, Sp > 0 yka3plBaeT Ha NpeobsiaflaHue TOKa MPH IOJIOKUTEIBHOM MONIApU3alny, a
Sp < 0 — Ha mpeolbagaHuie TOKa MPU OTPUIATENHFHON Hosspru3anuu. JlaHabpii Koa(hOUIMEHT CONEPKUT Ty
e uHpopMmalui, 4to U K_as, Ho B JApyroM macmirade; Mpy 3TOM HOPMHPOBAHHE HA CYMMY JIBYX TOKOB
TMMO3BOJISICT KOMITIAKTHO U UHTYUTHUBHO XapaKTCPU30BATH Pa3IMIUA MEKAY COCTOAHUSAMMU.

Pacuér nmokaseiBaeT, uto mg B2

Sp = (14,451 — 16,450) /(14,451 + 16,450) = — 0,0647,
a nna B4
Sp = (19,179 — 5,597) /(19,179 + 5,597) = 0,5482.

Takum 06pa3oM, eciu Uil MOBEPXHOCTH C €CTECTBEHHBIM OKCHAOM IOJISIPHBIA AucOanaHc SBISETCS
HEOOJILIINM U CMEIIEH B CTOPOHY OTPHIATEIBHON MONSpH3annu, To mocie odpadotku HF ¢opmupyercs
BBIp@)XEHHOE MpeodiajaHue MOJOXKUTENbHON MONMsIpHOCTH. V3MeHeHue 3Haka S_pP IOKa3bIBaeT, YTO
pasnuuune mocie oopaboTkn HF He cBoamTCes K MpocTOMY M3MEHEHHIO Maciitada Toka. Eciu Ob1 00paboTka
M3MEHsIIa TOJILKO 00liee MOoCieoBaTelIbHOe CONPOTUBIIEHHE 00pa3ia, 0XKHUIaIoCh Obl H3MEHEHNE TOKOB B
000WX HAaIpaBJICHUSAX B OJJHOM HAIpaBIICHUH H MPH OIH3KOM cooTHOmeHnH. OnHako B akcrepuMenTe |1(—4
B)| ymenpmmunocs o orHomenus 0,340, toraa kak |1(+4 B) yBenmnuunocs 1o otHomeHus 1,328.

3akiodeHue.

1. B obpasine B2 ¢ ecrecTtBeHHBIM OKCHIOM TOKM Tipu —4 1 +4 B cocTaBuim cooTBeTcTBeHHO —16,450
u +14,451 MA; npu 5ToM ObLIH 3aperucTpupoBanbl 3HadeHust K_as = 0,879 u Ro = 0,96 kOm.

2. B o6pasue B4, moxsepraytom obpadborke HF B Teuenne 2 mMuH ¢ mocnenyromeii mpomeiBkoit DI-
BOjI0M, TOK Tipu —4 B coctaBun —5,597 MA, a npu +4 B — +19,179 MA; 3nauenne K_as yBennymiocs 10
3,426, a Ro — 10 4,69 xOm.

3. O6pabotka HF mpuBena k ymensinenuto |[(—4 B)| Ha 66,0 % u yBenmmuenuro I(+4 B) Ha 32,7 %.
CrnenoBatenbHO, OCHOBHBIM 3(p(heKkToM sIBIIsSiETCS HE OJHOHANPABICHHOE W3MEHEHUE O0IIeH MPOBOJMMOCTH,
a YCHJICHHE TIOJISIPHO-CEJIEKTHBHON HHKEKIINH.

4. OnHoBpeMeHHOe yBenuueHHe Ro mpumepHo B 4,9 pasa B 00macTH HM3KHMX MOJIe M yBEIHMUYCHUE
TOKa TPH BBICOKOM IOJIOKHUTEIBHOM ITOJIE MOKa3bIBaloT, uT0 BAX He MoOXeT ObITh aJIeKBaTHO OIMHCaHa
€/IMHCTBEHHBIM OMHYECKHM COTIPOTHBIICHUEM.

5. HF, u3MeHss MOBEPXHOCTHBIM OKCHJI U XMMHYECKOE 3aBEpILEHHE MOBEPXHOCTH, MOT HU3MEHUTHh
SHEPTreTHUECKHE XapaKTEPUCTUKU KOHTAKTA U TI0JIe-3aBUCHUMYI0 HH)KEKIIMIO HOCUTENEH 3apsaa; KOHKPETHBIN
MEXaHHU3M [ePEeHOCca He YCTAHABIHUBAICS 0€3 JOMOTHUTEFHBIX H3MEPEHHH.

6. ITockonbKy pe3ysbTaThl MOJyYSHBI Ha Pa3IMYHBIX PEIIPE3CHTATUBHBIX 00pa3Iax ¢ UCTIOJIL30BAaHHEM
BPEMEHHBIX KOHTAKTOB, OHHM HMEIOT NpeABapUTENbHBIA  xapakTep. Ilocme moaTBep:kAeHUS cC
MCIIOJIb30BAHUEM  CTAaHAAPTH3UPOBAHHBIX NIi-KOHTAKTOB W IOBTOPHBIX CTATUCTHYECKHX H3MEPCHUIt
MOJYYCHHBIE PE3yJbTaThl MOTYT OBITh PACHIMPEHBl JO TOJHOLIEHHOTO JKCIIEPHUMEHTAJIBHOrO pasjerna
KYpHAJIbHOU CTAaThH.
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Bxiaa aBTopoB, KOHQJIUKT MHTEpPecoB U ¢puHAHCHPOoBaHMe. BKilaj aBTOPOB: Bce aBTOPHI BHECIH
paBHBIM BKJIa] B pa3pabOTKy KOHIETIIMK WCCIEIOBAHUS, aHAIN3 JAHHBIX U TOATOTOBKY TEKCTa CTAThHH.
KoH(pIUKT HMHTEpeCcOB: aBTOpPHI 3asBJIAIOT 00 OTCYTCTBUM KOH(IUKTAa HHTEpecoB. DuHaHCHpOBaHUE:
WCCJICIOBAHNE BBIMOJIHEHO O¢3 BHEIIHEH (PMHAHCOBOW MOICPKKH.
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Annotatsiya. Ushbu magolada fulleren Ceo asosidagi yupga gatlamlar spray coating usuli yordamida
tayyorlandi va ularning optik hamda strukturaviy xossalari o ‘rganildi. Ceo kKukuni ksilolda eritilib, hosil
gilingan eritma shisha taglikka spray coating usuli bilan goplandi. Olingan gatlamning yutilish spektrlari
UV-Vis spektroskopiyasi yordamida tadqiq qilindi. Natijalar yutilish maksimumi 340 nm atrofida
kuzatilganini ko ‘rsatdi. Yutilish spektri asosida yutilish koeffitsiyenti hisoblandi hamda Tauc usuli
yordamida gatlamning optik tagiglangan soha kengligi 2.4 eV ga teng ekanligi aniglandi.

Kalit so“zlar. fulleren Cqo, Spray coating, yupga gatlam, yutilish spektri, Raman spektroskopiyasi,
optik tagiglangan soha.

PREPARATION OF C¢ FULLERENE THIN FILMS BY SPRAY COATING AND
INVESTIGATION OF THEIR OPTICAL PROPERTIES

Abstract. In this study, Ceo fullerene-based thin films were prepared using the spray coating technique,
and their optical and structural properties were investigated. Cego powder was dissolved in xylene, and the
resulting solution was deposited onto a glass substrate by the spray coating method. The absorption spectra
of the prepared thin films were measured using UV-Vis spectroscopy. The results showed an absorption
maximum at approximately 340 nm. Based on the absorption spectra, the absorption coefficient was
calculated, and the optical band gap of the thin film was determined to be 2.4 eV using the Tauc method..

Keywords: Cgo fullerene, spray coating, thin film, absorption spectrum, Raman spectroscopy, optical
band gap.

MOJIYYEHUE TOHKHUX IUTEHOK ®YJJIEPEHA Cs METOJIOM
PACHBUIMTEJBHOI'O HAHECEHUS U UCCJIEJOBAHUE UX ONTUYECKHX CBOMCTB

Annomayusn. B oannoti cmamve mouxue niéHku na ochoge yniepena Cey ObLIU NOTYUEHbl MEMOOOM
spray coating, a maksce UCCIC008AHbI UX onmuyeckue u cmpykmypuole ceotcmea. Ilopowox Ceo OvlLn
PAcmeopén 8 KCuoie, Nocie 4e20 NOJYYEeHHbLIL PACmEop Dbl HAHeCEH HA CMEKITHHYIO HOOJIONCKY MemoO0oM
spray coating. Cnexmpbl no2noweHus NOIYYeHHbIX NAGHOK ObLIU UCCAE008AHbl ¢ NOMOWbIO Y D—eudumoii
(UV-Vis) cnekmpockonuu. Pe3yibmamsl nokazanu Haiudue MaKkCumMyma no2nowenus 8 obaacmu oxono 340
M. Ha ocnose cnexmpos noenowenus Ovin paccuuman Koagguyuenm noenowenus, a memooom Tayka
(Tauc) ycmarnoeneno, umo wupuna 3anpewéHuol 30Hvl ucciedyemoll niéuku cocmasnsiem 2,4 3B.
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Kntouesvie cnosa: ¢yinepen Ceo, Spray coating, MOHKAA NJAEHKA, CHEKMp NO2N0WEHUS,
CHEKMpOCKONUs KOMOUHAYUOHHO20 paccesiHus (PamaHn-cnexmpocKkonus), Wupura 3anpeuéHHo 30Hbl.

Kirish. Fulleren molekulalari o‘zining noyob xususiyatlari bilan uzoq yillardan beri ilmiy
jamoatchilikning e’tibor markazida bo‘lib kelmoqda. Aynan shu xususiyatlari bilan bu molekulalar
elektronika, yuqori o‘zkazuvchanlikka ega materiallar, tibbiyot, farmatsevtika va shu kabi bir gancha
zamonaviy sohalarda keng qo‘llaniladi [1-5]. Kroto va uning jamoasi tomonidan kashf [6] gilingan fulleren
Ceo molekulalari eng keng targalgan va olimlar tomonidan eng ko‘p o‘rganilgan fulleren hisoblanadi. limiy
tadqiqot natijalarining ko‘rsatishicha, qattiq holatdagi Ceo supero‘tkazuvchanlik, fotopolimerlanish va
nochiziqli optik xossalar kabi ko‘plab noodatiy xususiyatlarga ega [7-8]. Modifikatsiyalangan fullerenlarning
optik spektrlarini shakllantirishda elektron—fonon o‘zaro ta’siri asosiy omillardan biri hisoblanadi. Ceo
fullerenlarida spektrdagi keskin o‘zgarishlar molekulalarning orientatsion tartiblanishi hamda bosim ta'sirida
yuz beradigan strukturaviy o‘zgarishlar bilan bog‘liq. Raman spektroskopiyasi ushbu jarayonlarni vibratsion
modalar orgali aniglash va tahlil gilish imkonini beradi [9-10]. Qattiq holatdagi Ceo yupga qatlamlari,
an’anaviy organik molekulalarga nisbatan yuqori barqarorlikka ega ekanligi va nisbatan kuchli
molekulalararo o‘zaro ta’siri tufayli molekulayar qatlamlar fizikasi hamda texnologiyasi uchun keng
imkoniyatlar ochib beradi. Shu boisdan ko‘plab olimlar molekulayar Ceo ning optik xossalarini batafsil
o‘rganib chiqqanlar [11-12].

Fulleren molekulalarini taglik ustida o‘stirishning bir qancha usullari ishlab chiqilgan bo‘lishiga
garamasdan “spray coating” usuli yordamida tayyorlangan Ceo gatlamlarining optik va strukturaviy xossalari
hali ham tadqiqotchilar e’tiborini tortib kelmogda. Shu sababdan, ushbu ishda biz spray coating usuli bilan
hosil gilingan Ceo yupga gatlamlarning optik va strukturaviy xossalarini o‘rganib chiqdik. Buning uchun UV-
Vis yutulish va Raman spektroskopiyasi usullaridan foydalanib, gatlamning yutilish xususiyatlari, optik
tagiglangan soha kengligi va Raman spektrini tahlil gildik.

Metod va qurilmalar. Tadgigot obyekti sifatida 99.9% tozalikka ega fulleren Cso kukunidan (Sigma
Aldrich, AQSH), erituvchi sifatida esa ksiloldan (Sigma Aldrich, AQSH) foydalanildi. Eritma 2 mg/ml
konsentratsiyada tayyorlandi va maxsus magnitli laboratoriya aralashtirgichi (MS-H280, Xitoy) yordamida 2
soat davomida, xona haroratida aralashtirib turildi. Tayyor bo‘lgan eritma havo kompressoriga (2 bar)
ulangan maxsus nebulizator (Meinhard nebulizer TR-30-K1, Xitoy) yordamida shisha taglik yuzasiga
sepildi. Spray coating parametrlari va eritma konsentratsiyasiga asoslangan hisob-kitoblarga ko’ra, hosil
gilingan Ceo yupga gatlam galinligi taxminan 35-40 nm deb baholandi. Sepish jarayoni bir necha bosgichli
bo‘lib, barcha bosqichlarda taglik harorati 70°C holatda ushlab turildi. Qatlamning yutilish spektri Shimadzu
UV-2700 (Yaponiya) spektrofotometri yordamida o‘lchandi. Raman spektrlari esa In Via Raman
spektrometri (Renishav, UK) yordamida o‘lchandi.

Natijalar va ularning muhokamasi. 1-rasmda spray coating usuli yordamida shisha taglik ustida
o‘stirilgan Ceo gatlamining UV-Vis yutilish spektri (300-800 nm) ko‘rsatilgan. Spektrdan ko‘rinadiki, qatlam
UV sohasida yugqori yutilish giymatiga ega va bu giymat to‘lqin uzunligi ortishi bilan asta sekin kamayib
boradi. Spektrning 350-450 nm oralig‘ida kuchli yutilish kuzatiladi, bu holat Ceo molekulasiga xos bo‘lgan -
n* o‘tishlari bilan bog‘liqdir. Bu soha fullerenning elektron tuzilmasi va yuqori simmetriyali molekulyar
orbitalar orasidagi o‘tishlarni aks ettiradi.
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1-rasm. Spray coating usuli yordamida shisha taglikda o‘stirilgan Cso gatlamining UV-Vis
yutulish spektri
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Ko‘zga ko‘rinadigan sohada, ya’ni 500-650 nm oralig‘ida yutilish qiymatining keskin kamayishini
ko‘rishimiz mumkin. Bu holat materialda optik yutilish chegarasining mavjudligini va yarim o‘tkazgich
xossasiga ega ekanligini ko‘rsatatdi. 700-800 nm oralig‘ida esa yutilish giymati past bo‘lsada, nolga teng
emas. Bu holat qatlam ichida tartibsizlik, lokal holatlar yoki deffektlar mavjdligi bilan bog‘liq bo‘lishi
mumkin. Umuman olganda, olingan UV-Vis spektri spray coating usuli yordamida hosil gilingan Ceo
gatlamining optik xossalari adabiyotlarda keltirilgan natijalar [13] bilan mos kelishini va materialning yarim
o‘tkazgich tabiatga ega ekanligini tasdiqlaydi.

Yutilish koeffitsiyentining (o) foton energiyasiga bog‘liglik grafigi shuni ko‘rsatdiki, energiya ortib
borishi bilan materialning yorug‘likni yutish qobilyati ham ortib boradi (2-rasm). Foton energiyasi 2.0-2.5
eV oralig‘ida bo‘lganda yutilish koeffitsiyentining qiymati keskin ortishi kuzatildi. Bu soha elektronlarning
valent sohadan o‘tkazuvchinlik sohasiga o‘tishi bilan bog‘liq bo‘lib, materialda kuchli optik yutilish
boshlanishini bildiradi. Aynan shu energiya oralig‘i Tauk tahlili yordamida aniqlangan optik taqiqlangan
soha kengligi gqiymati (2.4 eV) bilan ham mos keladi (3-rasm).
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2-rasm. Ceo gatlamining foton energiyasiga nisbatan optik yutilish koeffitsiyenti

3.0 eV dan energiyalarda o yana ortib borishi yuqori energiyali o‘tishlar mavjud ekanligini ko‘rsatadi.
Bu holat Ceo molekulalaridagi n-n* elektron o‘tishlari hamda molekulyar orbitallar orasidagi qo‘shimcha
optik o‘tishlar bilan izohlanishi mumkin. Fulleren gqatlamning eng muhim optik xossalaridan biri bo‘lgan
tagiqlangan soha kengligini (Eg) aniqlash uchun (ahv)2 ning foton energiyasiga (hv) bog‘liqlik grafigidan
foydalanildi (3-rasm). Grafikdan ko‘rinadiki, 2.3 eV dan past energiyalarda (a¢hv) 2 ning kichik qiymatlari
materialning ushbu sohada yorug‘likni zaif yutishini ko‘rsatadi. 2.3-2.6 eV oralig‘ida keskin o‘sish
boshlanadi, bu valent soha va o‘tkazuvchanlik sohasi orasidagi elektron o‘tishlarning faollashganini
bildiradi. Yuqori energiyalarda esa (ahv) 2 ning ortishi foton energiyasi oshishi bilan optik yutilish
intensivlashganini ko‘rsatadi.

1:5 ' 2:0 2:5 3:0 '
Energy (eV)
3-rasm. Ceo yupga gatlamining optik tagiglangan soha kengligini aniglash uchun Tauk ploti
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Spray coating usulida o‘stirilgan yupqa fulleren qatlamning Raman spektri tahlil qilinganda fulleren
Ceo molekulasiga xos bo‘lgan asosiy tebranish modalari mavjud ekanligi aniglandi. Masalan, 1470 sm-1 dagi
yuqori cho‘qqi Ceo ning simmetrik Ag(2) modasiga to‘g‘ri keladi va shisha taglik sirtida fulleren qatlami
muvaffaqiyatli shakllanganligini tasdiglaydi. Mazkur cho‘qqi fulleren molekulasidagi beshburchaklarning
C=C qo‘sh bog‘larining cho‘zilishini ifodalaydi va toza, mukammal C60 strukturalarida bu cho‘qqi 1469 sm-
1 atrofida ko‘rinadi. Fulleren molekulalari uchun 1046 sm-1 va 1220 sm-1 sohaarida Hg simmetriyasiga ega
bo‘lgan deformatsion tebranishlar kuzatiladi. Grafikda keltirilgan 1425 sm-1 cho‘qqi fullerenning Hg(7)
modasi bo‘lib, fulleren strukturasi uchun xos bo‘lgan piklardan hisoblanadi. Biroq, 1425 sm-1 va 1470 sm-1
orasidagi sohaning kengayganligi gatlamning amorfsimon tuzilishga ega ekanligini yoki purkash jarayonida
destruktsiya kuzatilgan bo‘lishi mumkinligini ko‘rsatadi. Grafikda kuzatilgan 1883 sm-1 va 2100 sm-1 kabi
yugori tartibli piklar Cg ning odatiy modalariga tegishli bo‘lmagan piklar hisoblanadi. Bu kabi yuqori tartibli
piklarning paydo bo‘lishi ikkinchi tartibli Raman o‘tishlar, fluoresans yoki fon artefaktlari, atmosferadagi
gazlar va qatlamda organik qoldiqlar yoki erituvchi qoldiglari bor bo‘lgan holatlarda kuzatilishi mumkin.

10000

9000

8000

1 A s
- el o
7000 3? \"'. P er"n-
.'II
[

Intensity

6000

=048

51220
=

5000 "L

4000 ~

4 T T T T T T T T T T T T T
1200 1400 1600 1800 2000 2200 2400
Raman shift, (cm™)

4-rasm. Spray coating usulida shisha taglik ustida o‘stirilgan fulleren qatlamining Raman
spektri

Xulosa. Ushbu ishda spray coating usuli yordamida Cso fulleren asosidagi yupga gatlam
muvaffaqiyatli hosil qilindi va uning optik xossalari o‘rganildi. UV-Vis spektroskopiya natijalari gatlamning
ko‘rinadigan va yaqin ultrabinafsha sohalarda sezilarli yutilish xususiyatiga ega ekanligini ko‘rsatdi. Yutilish
koeffitsiyenti va Tauc usuli asosida optik tagiglangan zona kengligi aniglanib, uning giymati taxminan 2,4
eV ga teng ekanligi topildi. Raman spektroskopiyasi natijasida 1470 sm™ da kuzatilgan xarakterli Ag(2)
vibratsion moda Ces molekulyar strukturasining saglanib qolganligini va gatlamning muvaffagiyatli
shakllanganligini tasdigladi. Olingan natijalar spray coating usulining sifatli Ceo yupga gatlamlarini hosil
qilish uchun samarali texnologiya ekanligini ko‘rsatadi hamda bunday qatlamlarning optoelektronika va
quyosh energiyasi qurilmalarida qo‘llanish istigbollari mavjudligini tasdiglaydi.
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Annotatsiya. Ushbu tadgiqotda bo yoq bilan sezgirlashtirilgan quyosh elementlari (DSSC) sifatini
baholashda sanoat kompyuter tomografiyasidan (SKT) foydalanish imkoniyatlari o ‘rganildi. Tadgiqot
natijasida SKT yordamida DSSC fotoanodining ichki tuzilishini buzilmasdan tekshirish, strukturaviy
notekisliklar, qatlamlararo mikroyoriglar, g‘ovaklikdagi farqlar va cho‘kindi hosilalarini aniglash
imkoniyati aniglandi. Turli tomografik tizimlarning diagnostik imkoniyatlarini taggoslash natijasida yuqori
aniglikdagi tasvirlash tizimlari fotoanod qatlamining bir jinsliligi va ichki nugsonlarini baholashda
samaraliroq ekanligi ko ‘rsatildi. Aniglangan strukturaviy nugsonlarning fotoelektrik xususiyatlarga ta’siri
tahlil qilinib, ularning DSSC elementlarining fotoelektrik samaradorligi va ishonchliligini pasaytirishi
mumkinligi asoslandi.  Olingan natijalar asosida fotoanodlarni tayyorlash texnologiyasini nazorat gilish,
strukturaviy nuqsonlarni erta aniglash va DSSC elementlarining ishlash samaradorligini oshirish bo ‘yicha
amaliy tavsiyalar ishlab chiqildi.

Kalit so‘zlar: DSSC, sanoat kompyuter tomografiyasi, buzilmas nazorat usuli, nugsonlar
diagnostikasi, strukturaviy tahlil, fotoanod, mikroyoriglar, g‘ovaklik, fotoelektrik xususiyatlar, energiya
samaradorligi.

NCCJIEJIOBAHUE MOP®OJIOI'NU COJTHEYHBIX SJIEMEHTOB C ®OTOAHOJI0M
HA OCHOBE TiO: C UCITIOJIb30BAHUEM COBPEMEHHBIX KOMIIBIOTEPHBIX
TEXHOJIOT'UH

Annomayusa. B oannom ucciedosanuu paccmompeHvl 803MONCHOCMU NPUMEHEHUS NPOMbIULIEHHOU
komnviomepnou momoepaguu (IIKT) ona oyenku kavecmea ceHCUOUNUIUPOBAHHBIX KPACUMENEM CONHEUHbIX
anemenmos (DSSC). Vcemanoeneno, umo npumenenue IIKT noszsomsiem npogooumv Hepazpyuaowull
KOHmMponb eHympenHeti cmpykmypol ¢omoanooa DSSC, ewisgenams cmpykmypHble HeOOHOPOOHOCHU,
MEJCCNIOUHbIe  MUKPOMPEWUHbL, PA3Iudus 8 NOPUCMOCmuU U 00pa308anus 0CAOOYHO20 Xapakmepd.
Cpasnumenvhvlii  ananu3 OUASHOCMUYECKUX BO3MOMCHOCHEl PA3IUYHBIX MOMOSPAPUUECKUX Ccucmem
NOKA3A, 4MO CUCIEMbl BU3YATUZAYUL BbICOKO20 pA3peuleHus: aeiames 6onee 3¢h@ekmusHvimu s
OYeHKU OOHOPOOHOCIU Gdomoanoono2o cnosi U OOHAPYIHCEHUsT GHYMPEHHUX Oepexmos.
IIpoananu3uposano enusnue BbISAGIEHHBIX CMPYKMYPHLIX 0eheKmos na ghomosnekmpuiecKue ceoicmea u
000CHOBAHO, YMO UX HATUYUE MOXHCEM NPUBOOUMb K CHUNCEHUIO homodieKmpuieckol d¢ghexmusnocmu u
naoéacnocmu DSSC. Ha ocrnose NOJYUEHHBIX Pe3yIbmamos papabomaHnvl HPAKmMuyecKue
peKomeHoayuu no KOHMPONIO MEeXHON02UU U320MoGneHUs Homoano0os, panHemy GblAGIeHUIO
CMPYKMYPHBIX 0eheKmos 1 NO8blUEeHUI0 IKCAYyamayuouHou s¢pgexmusrocmu DSSC.

Knwuesvie cnoea: DSSC, npomviuniennas KoMNblOMeEPHAs MoMozpagus, Hepaspyuaroujul
KOHMPOb, OUACHOCMUKA O0eheKmos, CMpYKMYpPHbIl AHAIU3, (POmMOaHo0, MUKpOMPEewuHsl, NOPUCHOCTIb,
@omosnekmpuueckue ceolcmaa, sHepeemuieckas PHexmuerHocme.

STUDY OF THE MORPHOLOGY OF SOLAR CELLS WITH TiO:-BASED PHOTOANODES
USING MODERN COMPUTER TECHNOLOGIES
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Abstract. This study investigates the applicability of industrial computed tomography (ICT) for
assessing the quality of dye-sensitized solar cells (DSSCs). The results show that ICT enables
non-destructive examination of the internal structure of DSSC photoanodes and allows the detection of
structural non-uniformities, interlayer microcracks, variations in porosity, and sediment-like formations. A
comparative analysis of the diagnostic capabilities of different tomographic systems demonstrated that
high-resolution imaging systems are more effective for evaluating the uniformity of the photoanode layer and
detecting internal defects. The influence of the identified structural defects on the photoelectric properties
was analyzed, and it was shown that such defects may reduce the photovoltaic efficiency and reliability of
DSSC devices. Based on the obtained results, practical recommendations were developed for controlling
photoanode fabrication technology, enabling early detection of structural defects, and improving the
operational efficiency of DSSCs.

Keywords: DSSC, industrial computed tomography, non-destructive testing, defect diagnostics,
structural analysis, photoanode, microcracks, porosity, photoelectric properties, energy efficiency.

Kirish. Yenilanishi mumkin bo‘lgan energiya manbalariga bo‘lgan ehtiyojning keskin ortib
borayotgan sharoitida bo‘yoq bilan sezgirlashtirilgan quyosh elementlari (DSSC) istigbolli yo‘nalishlardan
biri sifatida ko‘rilmoqgda. Ushbu ishda DSSC elementlarining sifatini baholash uslubiyatini ishlab chigish
masalasi yoritiladi. Bu borada kompyuter tomografiyasi (KT) texnologiyasidan foydalanish taklif etilib, u
ishlab chigarilayotgan elementlar sifatini nazorat gilish va nugsonlarni dastlabki bosgichlaridanog aniglash
imkonini beradi [1]. Bugungi kunda dunyoda iste’mol gqilinayotgan energiyaning asosiy qismi qazilma
yoqilg‘ilar — ya’ni issiqlik energiyasi va atom energiyasi hisobiga olinadi. Ammo bu turdagi yoqilg‘ilar
miqdorining cheklanganligi, ekologik jihatdan xavfli ekani va seysmik bargarorlikning pastligi ularning
asosiy kamchiliklaridan hisoblanadi. Shu sababli zamonaviy talablar insoniyat oldida gayta tiklanuvchi va
ekologik toza energiya manbalaridan foydalanish zaruratini qo‘yadi. Bular jumlasiga quyosh va shamol
energiyasi kiradi.

Quyosh panellari gayta tiklanuvchi energiya manbalarining istigbolli turlaridan biri sanaladi. Quyosh
elementlari ikki guruhga bo‘linadi: kristallik va yupga qavatli (tonkoplenka) quyosh elementlari. Bo‘yoq
bilan sezgirlashtirilgan quyosh elementi — DSSC, yupga gavatli quyosh elementlari sinfiga kiradi va
o‘zining oddiy tuzilishi hamda past energiya tannarxi sababmmu quyosh elementlarining yangi avloam
cudartuaa kapaamokaa. Shu bilan birra, ushbu turdagi elementlar (ilk bor Maykl Gréatzel tomonidan ishlab
chiqilgan) maksimal 14,3% samaradorlikka ega bo‘lishi va 10 yildan ortiq xizmat qilish muddati bilan ajralib
turadi [1, 5].

DSSC quyosh elementlari odatda organik va polimer moddalardan yasalgan yarim o‘tkazgich
xususiyatiga ega bo‘lgani sababli, ular orqgali olingan elektr energiyasining tannarxi an’anaviy quyosh
panellaridan 3-5 baravar arzonroq bo‘ladi. Shu bilan birga, DSSC turidagi quyosh elementlari infraqizil
nurlar va tarqoq nurlanish spektrlarida ham samarali ishlashi ilmiy jihatdan o‘rganilgan. Bo‘yoq bilan
sezgirlashtirilgan quyosh elementlarining ishlash prinsipi elektrolitda yuz beradigan fotoelektrokimyoviy
(oksidlanish-qaytarilish) reaksiyaga hamda yarim o‘tkazgichdagi bo‘yoqda hosil bo‘ladigan erkin zaryad
tashuvchilarning harakatiga asoslanadi (1-rasm).

Bo‘yoq bilan sezgirlashtirilgan quyosh elementlarining ishlash prinsipi quyosh nuri ta’sirida
fotoqo‘zg‘alish orqali boshlanadi. Quyosh nuri bo‘yoq molekulasi tomonidan yutilganda, u yerda joylashgan
elektron valensiya zonasidan chiqib, qo‘zg‘algan holatdagi energiya darajasiga ko‘tariladi. Ushbu bosqich—
fotoqo‘zg‘alish (Photoexcitation) — elektronni yuqori energiyali holatga olib chigadi va bu elektron potensial
farq hisobiga TiO: yarim o‘tkazgichining o‘tkazuvchanlik zonasiga in’ektsiyalanadi. TiO- ichidagi ushbu
elektronlar FTO (o‘tkazuvchi shaffof elektrod) orqali tashqi elektr zanjirga o‘tib, tok hosil qiladi.
Elektronlarning zanjir bo‘ylab harakatlanishi ular energiyasining samarali ishlatilishiga olib keladi. Zanjirni
to‘liq yopish uchun elektronlar katodga yetib kelgach, elektrolitdagi yod molekulalari (Is”) bilan birikadi va
ularni I~ ionlariga aylantiradi. Bu orada ionlashgan yod molekulalari yana bo‘yoq molekulalariga elektron
yetkazib, uni dastlabki holatiga gaytaradi — bu bosqich “regeneratsiya” deb ataladi. Shu tarzda DSSC
(bo‘yoq bilan sezgirlashtirilgan quyosh elementi) doimiy ravishda yorug‘likni elektr energiyasiga aylantirib
boradi. Bu jarayon yuqori samaradorlikka erishish va fotoelektr tizimlarda bargarorlikni ta’minlash uchun
muhim hisoblanadi.
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1-rasm. Bo‘yoq bilan sezgirlashtirilgan quyosh elementlarining ishlash prinsipi

Ushbu jarayon takrorlanib boradi va natijada quyosh nuri energiyasi elektr energiyasiga aylantiriladi.
Quyosh elementlarini arzon va oddiy texnologiyalar asosida yaratish muhim vazifalardan biri bo‘lib, buning
uchun zaryad tashuvchilarning asosiy parametrlarini, fotoelektrik xususiyatlarni va ishlatiladigan
materiallarning samaradorlik hamda fotoelektrik tavsiflariga ta’sirini kompleks o‘rganish zarur. Aynigsa,
yugqori sezuvchan bo‘yoqlarga asoslangan quyosh elementlari ushbu yo‘nalishda istigbolli hisoblanadi [2, 6].

Zamonaviy quyosh elementlari ishlab chigarish jarayonida nugsonlarni aniglash va ularni bartaraf
etish muhim o‘rin tutadi, chunki bunday nugsonlar qurilmaning samaradorligi va xizmat muddatiga sezilarli
ta’sir ko‘rsatadi. Nugsonlar ishlab chiqarishning turli bosqichlarida yuzaga keladi va ular orasida
mikroyoriglar, gatlamlarning notekisligi hamda boshga struktura anomaliyalari mavjud. Tadgiqotlar,
shuningdek, quyosh elementlarida ishlatiladigan materiallarning bargarorligini va samaradorligini oshirishga
yo‘naltirilgan. Masalan, olimlar tomonidan ishlab chiqilgan "nugson passivatorlari" deb ataluvchi
molekulyar qo‘shimchalar perovskit asosidagi yarim o‘tkazuvchi qatlamlarning degradatsiyasini sezilarli
darajada sekinlashtiradi. Bu esa quyosh elementlarining xizmat muddatini uzaytiradi va umumiy tannarxini
kamaytiradi.

Metodologiya. Quyosh elementlarining sifatini tekshirish uchun ishlab chigilgan yangi metod —
adgeziya sinovi va sanoat kompyuter tomografiyasini (SKT) birlashtirgan integrallashgan yondashuv bo‘lib,
bu usul elementdagi gatlamlarning ichki tuzilmasi va mustahkamligini kompleks baholash imkonini beradi.

Metodikaning birinchi bosgichida, quyosh elementi gatlamlari orasidagi yopishqgoglik (adgeziya)
kuchini baholashga qaratilgan maxsus adgeziya sinovi o‘tkaziladi. Ushbu bosqich ish paytida gatlamlar
ajralib ketishiga sabab bo‘lishi mumkin bo‘lgan sust birikma sohalarini aniglash imkonini beradi. Sinov
natijasida qatlamlar orasidagi zaif joylar, ya’ni potensial nuqsonlar aniqlanadi va erta diagnostika imkoniyati
yaratiladi.

Keyingi bosqichda sanoat kompyuter tomografiyasi (SKT) qo‘llaniladi. Bu usul yordamida quyosh
elementining ichki tuzilmasi yugori aniglikdagi — hatto submikron darajasiga gadar — uch o‘lchamli
tasvirga aylantiriladi [13]. Tomografik tahlil orgali adgeziya sinovida aniglanmagan ichki nugsonlar —
masalan, g‘ovaklik, yoriglar va qatlamlararo notekisliklar — aniq gayd etiladi. SKT orqali olingan vizual
ma’lumotlar adgeziya sinovi natijalarini tasdiqlaydi va ularni aniqlashtiradi, shu bilan birga material
tuzilmasi va yopishqoqligining sifat va xizmat muddati bilan qanday bog‘liq ekanini ochib beradi.

Adgeziya sinovi va tomografik tahlilni birlashtirish orgali quyosh elementining ichki tuzilmasi va zaif
nuqtalari chuqur tahlil qgilinadi. Sifat nazoratining ushbu yangi usuli ishlab chigarish jarayonlarini
takomillashtirishga yordam beradigan aniq ma’lumotlarni taqdim etadi, nugsonlarni erta bosqichda aniqlash
imkonini yaratadi va elementlarning ishonchliligi hamda uzog muddatli ishlashini oshiradi.

Amaliy konus-nurli algoritm. Uch o‘lchamli zichlik funksiyasini to‘g‘ridan-to‘g‘ri tiklash uchun ikki
o‘lchovli proektsiyalar to‘plami asosida katlama-invers proektsiya (convolution-backprojection) formulasi
ishlab chiqiladi. Bu formula taxminiy bo‘lsa-da, bir gancha foydali xususiyatlarga ega, xususan, amaliy
holatlarda xatoliklar odatda uncha Kkatta bo‘lmaydi va hisoblashda qulaylik beradigan shaklga ega. Ushbu
formula konusli nur proektsiyasining oddiy holatiga — aylanish o‘qiga perpendikulyar tekislikda joylashgan
nuqtaviy manba asosidagi yelpig‘ich nurlanish formulasiga keltiriladi. Algoritm o‘z ishlashini ko‘rsatish
uchun matematik fantomda sinovdan o‘tkaziladi.
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Proektsion ma’lumotlar asosida uch o‘lchamli to‘g‘ridan-to‘g‘ri rekonstruksiya qilish muammosi
ko‘plab ilmiy tadqiqotlar mavzusi bo‘lgan. Bu yerda ishlatilganidek, to‘g‘ridan-to‘g‘ri 3D rekonstruksiya
deganda ikki o‘lchovli (2D) proektsion ma’lumotlardan uch o‘lchamli (3D) koordinatalar to‘rida
rekonstruksiya qilish nazarda tutiladi. Bu to‘rlar ba’zida parallel kesimlar shaklida bo‘lishi mumkin yoki
bo‘lmasligi mumkin. Tibbiyot sohasida to‘g‘ridan to‘g‘ri 3D-rekonstruksiya ilg‘or tadqiqot yo‘nalishi
hisoblanadi. Hozirgi ma’lumotlarga ko‘ra, hech bir tijorat tomografi hali to‘g‘ridan-to‘g‘ri 3D-
rekonstruksiyani to‘liq qo‘llamaydi.

Tomografiyani buzilmasdan nazorat gilish (NDE) usuli sifatida sanoatda qo‘llash hali ham
cheklangan. Ragamli rentgenografiyadan tabiiy kengaytma sifatida tasvirni kuchaytiruvchi rentgen
modullarini tomografik kirish ma’lumotlari sifatida ishlatish laboratoriya sharoitida, minimal mexanik
murakkablikka ega tizimda amalga oshiriladi. Ushbu tizim mikrofokusli rentgen nurlari manbai, bir o‘qli
aylanuvchi stol va tegishli elektronika bilan jihozlangan rentgen tasvir kuchaytirgichidan iborat. Shuning
uchun, tezkor va ishonchli to‘g‘ridan to‘g‘ri rekonstruksiya algoritmi bu sohada nihoyatda foydali bo‘lishi
mumkin.

Aslida, Feldkamp algoritmi (FDK) uchta asosiy bosgichdan iborat: proyektsion fazoda filtrlash,
orqaga proektsiyalash (ya’ni inversiya), va hajmli fazoda og‘irlik (vazn) bilan gayta hisoblash. [3] Bu
bosgichlar quyidagi uchta tenglama orgali ifodalanadi (2-rasmga ham garang).

1 2w d? 5
0 = B s ®
bu yerda:
~ ~ T Tz
Pp() = Py (Y (1), Z(1)), Y (r) = d+:(i¢, D,z(r) = d+r-fc<p )
va
~ D

Ushbu tenglamalarda har bir voksel (uch o‘lchamli element) r = (X, y, z) vektori orqali ifodalanadi va
u rekonstruksiya fazosidagi (Xv, Yv, Zv) koordinatalar sistemasida joylashgan. Bu yerda Yv — aylanish o°qi
sifatida qaraladi. Proektsiya tekisligidagi (ya’ni detektor sathidagi) elementlar esa ¢ burchakka mos
keladigan Po(Y, Z) orqgali belgilanadi, bunda Y va Z — detektordagi elementlarning fazoviy
koordinatalaridir. X¢ vektori detektor tekisligiga ortogonal bo‘lib, detektor markazini manba nuqtasi S bilan
bog‘laydi. Shu bilan birga, Yo va Z¢ vektorlari ushbu detektor fazosining uch o‘lchamli koordinatalar
sistemasini tashkil etadi va ular (Xv, Yv, Zv) tizimi bilan gentry aylanishi hamda ehtimoliy gentry
deformatsiyasi orqali aniqlanadigan matritsali o‘zgartirish yordamida bog‘langan.

Manba nuqtasidan aylanish markazigacha bo‘lgan masofa d bilan, manbadan detektor markazigacha
bo‘lgan masofa esa D bilan belgilanadi. (3)-tenglama proektsiya fazosidagi filtrlash operatsiyasini ifodalaydi,
(2)-tenglama esa orgaga proektsiyalash jarayonini aks ettiradi — ya’ni, vokselni proektsiya tekisligidagi
pozitsiyaga Xaritalash va u yerda mos giymatni interpolatsiya asosida tayinlash. Nihoyat, (1)-tenglama esa
orqaga proektsiyalashdan olingan qiymatlarni barcha proektsiyalar bo‘yicha yig‘ib, hajmli fazoda og‘irlik
bilan hisoblashni amalga oshiradi. Ushbu uchta tenglama FDK algoritmining tabiiy dekompozitsiyasini
tashkil etadi va uni uch bosqgichli konveyer sifatida — filtrlash, orqaga proektsiyalash va og‘irlik asosida
yig‘ish shaklida ifodalaydi [3].

2-rasm. Feldkamp filtri asosidagi orgaga proektsiyalash algoritmi
Eksperiment davomida olingan asosiy natijalar:
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Qoplama qalinligi: O‘tkazilgan tahlillar natijasida TiO: va yorug‘likka sezgir bo‘yoq qatlamlarining
goplama qalinligi 45 dan 70 mikrongacha oraligda o‘zgarishi aniqlangan. Ba’zi sohalarda sezilarli
chetlanishlar kuzatildi, bu esa gatlamlarning
notekis surtib chiqilganligini  ko‘rsatadi.
Bunday notekislik quyosh elementlarining
samaradorligiga salbiy ta’sir ko‘rsatishi
mumkin, chunki qoplama bir xilligining
buzilishi yorug‘likni yutish va elektronlarning
in’ektsiyasini kamaytiradi (3-rasm).

Tuzilma nugsonlari:

DSSC qoplamalarida turli struktura
nugsonlari aniqlandi, jumladan: g‘ovakliklar
(poralar), yoriglar va gatlamlararo ajralishlar.
Diametri 110 mikrongacha bo‘lgan g‘ovaklar
hamda chuqurligi 30 mikrongacha bo‘lgan
yoriglar elementlarning elektr o‘tkazuvchanligi
va umumiy samaradorligiga salbiy ta’sir
ko‘rsatadi (4-rasm). Ushbu nugsonlar, asosan,
bo‘yoq moddasining notekis surtib chiqilishi
yoki gatlamlar orasidagi adgeziyaning yetarli
emasligi natijasida yuzaga keladi. O‘tkazilgan
tomografik skanerlash natijalari shunchalik
samarali  bo‘ldiki, faqatgina nugsonlarni
aniglash  bilangina  cheklanmay,  balki
goplamalarning galinligini hisoblash, ularning
bir xilligini baholash, devor galinligidagi
chetlanish sabablarini tahlil gilish va asosiy
diapazondan tashqariga chiqadigan giymatlarga ta’sir qiluvchi omillarni aniqlash imkonini berdi [8§].

3-rasm. Quyosh elementining tomogrammasi

W

amas

4-rasm. Quyosh elementi tuzilmasida aniqlangan gA‘ovaklar va yoriglar tasviri
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5-rasm. GOST 15140-78 standarti bo‘yicha chizilgan kesim usuli orqali adgeziya darajasini
o‘lchash

Qatlamlar orasidagi kontakt sifati:

Tomografik tahlil natijalari shuni ko‘rsatdiki, gatlamlar orasidagi adgeziya yetarli emas va bu holat
mikroyoriglar hamda g‘ovaklarning paydo bo‘lishiga olib kelmoqda. Bunday nugsonlar elektr
o‘tkazuvchanligini pasaytiradi va uzoq muddatli ekspluatatsiya davomida quyosh elementlarining
degradatsiyasiga sabab bo‘lishi mumkin (5-6-rasmlar).

GOST 15140-78 standartiga muvofiq, adgeziya darajasini baholash uchun namunada bir nechta joyga
chiziqli kesimlar gilinadi. So‘ngra, bu joylarga yopishtiruvchi lenta (skotch) bosib yopishtiriladi va bir necha
soniyadan so‘ng tezda yulib olinadi. Baholash mezoni — kesilgan joylar bo‘ylab qoplama necha foizga
ajralib chigganini aniglashdir.

Bizning tadgigotimizda 1-rasmdagi namuna past natija ko‘rsatdi: kesim yuzasining 35% dan ortig‘ida
ajralish kuzatildi, bu esa yomon adgeziya darajasidan dalolat beradi. Chap tomonda ko‘rsatilgan 2-rasm esa
yaxshi natijani namoyon etadi — unda gatlamlar deyarli ajralmagan.

VG Partner Demo License o aRcs VG Partner Demo Licensg!

VG Partner Demo License

22

6-rasm. Qatlamlar orasidagi kontakt sifatini tahlil gilish, mikroyoriglar va nugsonlarni
ko‘rsatmoqda

DSSC quyosh elementlarining struktura xususiyatlarini tadqiq qilish. Bo‘yoq bilan
sezgirlashtirilgan quyosh elementlari (DSSC)ning struktura xususiyatlarini o‘rganish natijasida
aniglanishicha, element tuzilmasining bir xilligi ularning bargaror va samarali ishlashi uchun hal giluvchi
ahamiyatga ega. O‘tkazilgan tahlillar shuni ko‘rsatdiki, qatlamlar qoplamasidagi notekisliklar elektr
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xossalarning lokal o‘zgarishiga olib keladi va bu esa quyosh elementlarining umumiy ishlash samaradorligini
pasaytiradi [13].

Bunday notekisliklar mavjud bo‘lgan joylarda elektr qarshiligi oshadi yoki o‘tkazuvchanlikda
nugsonlar yuzaga keladi. Natijada, quyosh nuri asosida elektr energiyasiga aylantirish jarayoni sezilarli
darajada yomonlashadi. Bu aynigsa DSSC texnologiyasi uchun dolzarb, chunki har bir gatlam va uning
yopishqgoglik (adgeziya) xususiyatlari qurilmaning bargarorligi hamda uzoq muddatli ishlashiga bevosita
ta’sir ko‘rsatadi. Shu sababli, bunday struktura nuqsonlarini bartaraf etish hamda qoplamaning bir xilligini
ta’minlash — DSSC elementlarining samaradorligi va bargarorligini oshirish uchun zaruriy shart
hisoblanadi.

Xulosa. Sanoat kompyuter tomografiyasi yordamida DSSC elementlarining ichki strukturasi
o‘rganilib, TiO: fotoanod qgatlamining bir xilligi, qalinligi va zichligi elementlarning bargaror ishlashi hamda
fotoelektrik samaradorligiga muhim ta’sir ko‘rsatishi aniqlandi. Qatlamlardagi strukturaviy og‘ishlar va
notekis tagsimlanishlar elektr xususiyatlarining lokal o‘zgarishiga sabab bo‘lishi mumkinligi ko‘rsatildi.

Tomografik tahlil natijasida fotoanod strukturasida g‘ovaklar, mikroyoriglar va qatlamlararo
ajralishlar kabi ichki nugsonlarni aniglash imkoniyati tasdiglandi. Bunday nugsonlarning mavjudligi zaryad
tashuvchilarning harakatlanishiga salbiy ta’sir ko‘rsatib, DSSC ning energiyani elektr energiyasiga
aylantirish samaradorligi va uzoq muddatli bargarorligini pasaytirishi mumkin. Shu sababli SKT usulidan
ishlab chigarishning dastlabki bosgichlarida nazorat vositasi sifatida foydalanish nugsonlarni erta aniglash va
texnologik jarayonni o‘z vaqtida tuzatish imkonini beradi.

Olingan natijalar SKT usulining DSSC ishlab chigarish texnologiyasida buzilmas nazorat va
diagnostika vositasi sifatidagi amaliy ahamiyatini ko‘rsatdi. Qatlamlarni surtish, ularning galinligi va
zichligini nazorat gilish hamda strukturaviy holatni muntazam monitoring gilish orgali tayyor elementlarning
sifati, ishonchliligi va xizmat muddatini oshirish mumkin. Mazkur yondashuv DSSC elementlarining
strukturaviy va fotoelektrik parametrlarini optimallashtirish uchun samarali vosita sifatida tavsiya etiladi.
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V]IK 53

COBPEMEHHBIE JOCTUXEHHUS B OBJIACTU MOP®OJIOI'MU HAHOCTPYKTYP
TiO: AJ1s1 D9O@PEKTUBHbIX DSSC

Typaee Axman Amaeguu,

byxapckuii 2ocyoapcmeennviii ynusepcumem, byxapa, Y36exucman
Hlapunéaee Cooumxon Cobup yenu,

Hamaneanckuii 2ocyoapcmeennulil mexHu4eckuil

yHusepcumem, Hamanean, Y30exucman

Ipeauwioe A6dypacyn Kooupacanosuu,

Hamaneanckuii 2ocyoapcmeennulil mexHu4eckuil

yHusepcumem, Hamanean, Y30exucman

Typcynoe Paxumorcon Hoooynno yznu,

LlIxona Ne 28, Kacancaiickuil paiion, Hamanean, Yz6exucman

Annomauusn. B cmamve npeocmagier 0030p COBPEMEHHbIX OOCMUNCEHUL 8 00IACmU POPMUPOBAHUSL
u mooughukayuu nanocmpykmyp ouoxcuoa mumana (T10z), ucnonvzyemvix 6 xauecmee GomoanooHo2o
mamepuana 8 KpacumeibHO-CeHCubumusuposannvlx coaneunvix anemenmax (DSSC).  Paccmompenwvl
ocHogHble  mopghonoeuueckue gopmur  TiO2, exmouas Hawouacmuysl, HAHOMPYOKU, HAHONPOBOLOKU,
HAHOMUOPLL, nopucmple CMPYKMypsl U KOMIOZUYUOHHbLE MAMEPUATIbL C MEMAIULECKUMU HAHOYACMUYAMU.
Ipoananusuposarno enusinue pazmepos, Gopmul, NOPUCMOCU U YOETbHOU NOBEPXHOCMU HAHOCMPYKMYD HA
aocopboyuro  Kpacumens, — MpPAHCNOPM — JNEKMPOHO8,  NPOYeCchl  peKoMOuHayuu  3apsoo8 U
domosnexmpuueckue xapaxmepucmuku DSSC. Ocoboe enumanue yoeneHo cOBpeMEHHbIM Memooam
Mopgonocuneckoll undiceHepul pomoano008, HaNPAGIeHHbIM HA YIYYUIEHIe NEPEHOCA 3aps0a U NOBbLULIEHUE
aghpexmuenocmu npeobpazoganusi coaneyHou sSHepeuu. Ha ocnoee amanuza aumepamypHvix OAHHBIX
sblOeeHbl  Haubolee nepcnekmushvle HanpasieHus onmumuszayuu cmpykmypol Ti02 u  onpeodenervl
Mmopghonozuueckue napamempsl, cnocoocmeayrouue yiyduenuro xapakmepucmux DSSC.

Knrouesvie cnosa: DSSC, ouoxcuo mumana TiOz, mopghonocus nanocmpykmyp, ¢pomoanoo, neperoc
2IEKMPOHO8, A0COpOYUs Kpacumeis, homoarexmpuieckas 3¢pphexmusHocms.

SAMARALI DSSC UCHUN TiO. NANOSTRUKTURALARI MORFOLOGIYASI
SOHASIDAGI ZAMONAVIY YUTUQLAR

Annotatsiya. Maqolada bo ‘yoq bilan sensibilizatsiyalangan quyosh elementlarida (DSSC) fotoanod
materiali  sifatida qo‘llaniladigan  titan dioksidi (TiO:) nanostrukturalarini  shakllantirish  va
modifikatsiyalash sohasidagi zamonaviy yutuglar sharhi keltirilgan. TiO: ning asosiy morfologik shakllari,
Jumladan, nanozarrachalar, nanonaychalar, nanosimlar, nanotovlalar, g‘ovak tuzilmalar hamda metall
nanozarrachalar bilan hosil gilingan kompozitsion materiallar ko ‘rib chigilgan. Nanostrukturalarning
o ‘Ichami, shakli, g ‘ovakliligi va solishtirma sirt maydonining bo ‘yoq adsorbsiyasi, elektronlar transporti,
zaryad tashuvchilarning rekombinatsiya jarayonlari va DSSC ning fotoelektrik xususiyatlariga ta’siri tahlil
gilingan. Fotoanodlarning zaryad ko ‘chishini yaxshilash va quyosh energiyasini elektr energiyasiga
aylantirish samaradorligini oshirishga garatilgan zamonaviy morfologik injiniring usullariga alohida
e’tibor qaratilgan. Adabiyotlar tahlili asosida TiO: tuzilmasini optimallashtivishning eng istigbolli
yo ‘nalishlari ajratib ko ‘rsatilgan hamda DSSC xususiyatlarini yaxshilashga xizmat qiluvchi asosiy
morfologik parametrlar aniglangan.

Kalit so‘zlar: DSSC, titan dioksidi TiO: nanostrukturalar morfologiyasi, fotoanod, elektronlar
transporti, bo ‘voq adsorbsiyasi, fotoelektrik samaradorlik.

RECENT ADVANCES IN THE MORPHOLOGY OF TiO: NANOSTRUCTURES FOR
EFFICIENT DSSCs

Abstract. This article presents a review of recent advances in the formation and modification of
titanium dioxide (TiO:) nanostructures used as photoanode materials in dye-sensitized solar cells (DSSCs).
The main morphological forms of TiO: are considered, including nanoparticles, nanotubes, nanowires,
nanofibers, porous structures, and composite materials containing metallic nanoparticles. The effects of
nanostructure size, shape, porosity, and specific surface area on dye adsorption, electron transport, charge
recombination processes, and the photovoltaic characteristics of DSSCs are analyzed. Particular attention is
devoted to modern approaches to morphological engineering of photoanodes aimed at improving charge
transport and increasing solar-energy conversion efficiency. Based on the analysis of published data, the

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 172



PHYSICS

most promising directions for optimizing TiO: structures are identified, and the key morphological
parameters contributing to improved DSSC performance are determined.

Keywords: DSSC, titanium dioxide TiO:, nanostructure morphology, photoanode, electron transport,
dye adsorption, photovoltaic efficiency.

Beenenmne. B mocienaue roapl HAOMOIAETCS CTPEMUTEILHOE Pa3BUTHE ATbTEPHATUBHBIX HCTOYHUKOB
SHEPTUH, CPEeAr KOTOPBIX 0cO00E MECTO 3aHMMAIOT COJHEYHBIC 3JIEMEHTHl Ha OCHOBE OPraHUYecKUX M
rUOpUIHBIX MarepuaioB. OgHMM W3 HauOoliee TMEPCHEKTHBHBIX HANpPaBICHHH CUUTACTCS TEXHOJIOTHUS
KpacHTelIbHO-CEHCHOMIN3NPOBAaHHbIX conHeunbix siemeHToB (Dye-Sensitized Solar Cells, DSSC),
npeanoxxerndas M. I'peruenem u b. O’Puranom B 1991 romy. DTH 31IeMEHTHI COUYETAIOT MPOCTOTY
W3TOTOBJICHUS, THOKOCTh KOHCTPYKIIMU ¥ BO3MOKHOCTh HCITOJIb30BaHUS HEJOPOTUX MaTepPHaoB.

Db dexruBHocTh paborel DSSC ompenensiercss psimoM (akTOpPOB, CPeld KOTOPBIX KIOYEBYIO POIb
urpaeT cTpykTypa u Mopdornorus ¢ortoaHoga. B kadectBe 06asoBoro wmarepuana mist ¢GoroaHona
TPaJAMIIMOHHO TpuMeHsieTcs auokeua tutana (Ti0:2), obnanaroniuii BHICOKOH XUMHYECKOH CTaOMIbHOCTEHIO,
IIAPOKUM JHMAla30HOM IPO3PAYyHOCTH W TOIXOISMIEH HSHEPreTHYecKol 30HHOW CTpyKTypoi. OmHako
¢dororenepanus ¥ TpaHcnoptT 3apsaoB B DSSC HampsiMyro 3aBHCAT OT (OPMBI, pPa3MepoOB M MOPUCTOCTH
HaHOCTPYKTYp Ti02, 4TO AenaeT MOP(HOIOTHUI0O KPUTHUSCKUM MAapaMETPOM IIPH MPOSKTHPOBAHUH YCTPOUCTB.

Pasnuunbie  mMopdonoruueckue ¢opmbel TiO: — HaHOYACTHIBI, HAHOTPYOKH, HAHOIPOBOJIOKH,
HaHO(UOPBI U UX KOMIIO3MTHI C MeTauimdeckumu Hanodactuiamu (Ag, Cu, ZnO) — neMOHCTPUPYIOT
Pa3NUYHYI0 CIIOCOOHOCTh K aACOPOIMH KpacuTelsl W MepeHOCy dJIEKTPOHOB. Hampumep, HaHOMPOBOIOKU
o0ecreYnBaloT OJHOMEPHBIA MYyTh MEpeHOca 3apsAja, CHWXKas BEPOSTHOCTh PEKOMOWHAIMM, TOTZA Kak
ME30MOPUCThIC HAHOYACTHUIIBI XapaKTEPU3YIOTCS BBICOKOW IUIOIIAABI0 IMOBEPXHOCTH U 3()(HEKTUBHOMN
(ukcaiueit MOJIeKyJI KpacuTels.

Llenb HacTosIIEH PabOTHI 3aKIIFOUACTCS B aHAIN3E BIUAHUS Mopdonorndeckux ocodennocreit TiO: Ha
a¢dextuBHOCTH DSSC, a Takxke B 0000IIEHUH ITOCISTHIX IKCIEPUMEHTAFHBIX NaHHBIX (2023-2025 rr.) o
CHHTE3y W CTPYKTypupoBaHUIO (oToaHoa0B. [TomydeHHbIE pe3yNbTaThl MO3BOJISIOT BBLICIHTL Haubolee
MEPCHEKTHBHBIC TUTIBI MOP(OJIOTUH U METOABI UX MOMYUYCHHUS ISl MOBBIIECHHS 3)()EKTUBHOCTH CONHEYHBIX
3JIEMEHTOB HOBOT'O TIOKOJICHUSI.

TeopeTnveckre OCHOBBI CEHCHOMITN3UPOBAHHBIX KPacUTENIEM COTHEYHBIX diieMeHToB (DSSC)

CeHcuOWIM3MpPOBaHHBIE KpacuTeneM cojHeuHblie ayeMeHThl (DSSC) mpencraBmsiror  co0oit
ruOpuHbIe (OTOIIEKTPOXUMHUUECKUE YCTPOMCTBA, B KOTOPBIX MOTJIONIEHHE CBETa M TeHEpaIusl HOCUTENeH
3apsiia TPOMCXOMAT B pe3ylbTare (HOTOBO3OYKICHHUS MOJEKYT KpacuTels, aIcopOMpOBAHHOTO Ha
MOBEPXHOCTH MOJIYPOBOTHUKOBOTO HAHOCTPYKTYPUPOBAHHOTO CJOsA. B oTiHyMe OT TpaguIlMOHHBIX
KPEMHHUEBBIX COJIHEYHBIX JJIEMEHTOB, TIJ/i¢ IMOMIONIEHHE W TMEPEeHOC 3apsijla MPOUCXOAAT B 00BEME
nonymnpoBoaHuka, DSSC paznensror (GYHKIMH TOMJIONICHHS CBETa M MEPEeHOCa 3JIEKTPOHOB MEXKIY
pPa3IMYHBIMA MaTEpUANaMH, 4YTO TMO3BOJISICT WCIOJIb30BATh HEJAOPOTHE MaTepHaibl M  YNPOIIEHHBIE
TEXHOJIOTHH MPOHU3BOICTBA.
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Pucynok 1. IlpuHuun padoTsl ceHCHONIM3UPOBAHHOTO KpacuTeJeM COJTHEYHOT0 3JIeMeHTa
Tunnunas crpykrypa DSSC BkitodaeT cieyronme KOMIOHEHTHI:
npo3pauHbiii TokompoBoasmmii  dexkTponr (TCO) — O0OBIYHO CTEKIO, TOKPHITOE CJIOEM
¢bropconepxkamiero okcuaa onosa (FTO) wim unanit-omosstaroro okcuza (1TO).
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¢doroanon — cioil HaHOKpUcTamdeckoro Ti0O., Ha TOBEPXHOCTH KOTOPOTO aJcOopOHpOBaHBI
MOJIEKYJIbI KPaCUTEJIS.

KpacuTeab (CeHCHOMIN3AaTOpP) — OpraHMYEeCKasl WM METaIOOpTaHMuYecKasi MOJIEKyJia, CIIocoOHas
noryiomars (JOTOHBI ¥ TEHEPUPOBATH BO30YKACHHBIE AIEKTPOHEI.

3JIEKTPOJIMT — YaIre BCero Ha ocHOoBe noauz/Tpuonumnoit (17/1s7) mapel, obecrieunBaromuii mepeHoc
JBIPOK OT KPACUTENS K KOHTPIJIECKTPOLY.

KOHTPAJIEKTPOJ — Kak IPaBUJIO, CTEKIO C OCAXIEHHBIM CJIOEM IUIATHHBI WIH YTIEPOJHOTO
HaHOMaTepuana, CiyXallee Al BOCCTAaHOBJICHUS PEAOKC-TIaphbl JIEKTPOJINTA.

Baxnyo ponp B xapakrepuctikax DSSC wurpaer cocTaB 3IEKTPONHMTa, KOTOPBIA oOecrieuyrBaeT
MEPEeHOC ¥ BOCIIOJIHEHHE 3apsifa MeXIy (OTOaHOIOM M KOHTPAJIEKTpoJIoM. Panee momoOHbIE 3aBUCUMOCTH
Obun TOAPOOHO wHccnenoBaHbl B pabore MamarkapumoBa O.0. W c0aBTOpOB, TIE paccMaTPUBAIUCH
OCOOEHHOCTH KHMAKHX H TENICBBIX AJICKTPOJIUTOB HA OCHOBE TETPANPYNHIaAMMOHHIHHON com [7].

[TpuHIMI paboThI COJHEYHBIX JIEMEHTOB C TOJNYIPOBOAHUKOM N-THMa, T.e. T102, mpencrasieH Ha
pucynke 1. [leppoHayansHO B pe3yabTaTe MOTJIOMICHUs] COTHEYHOTO CBETA B BBICOKOUYBCTBUTENFHON KpacKke
JIEKTPOH B BAJICHTHOM 30HE MOJIEKYJIBI KPacKH IE€pPEMEINaeTcs B 30HY MPOBOIUMOCTH. DTU 3JIEKTPOHBI
3aTeM MHXKEKTUPYIOTCS B 30HY mnpoBomuMocTd 1102 u3-32 pasHOCTH MNOTECHLIMAJIOB MEKAY 30HOU
MPOBOJUMOCTH KpacuTens ¥ (HoToaHOAOM, monaynpoBogHukoM N-tuma TiO;. PazHocTh moTeHHManoB mpu
HEePEXO0/Ie AIEKTPOHOB B 30HY NPoBOAUMOCTH T10; MPUBOAUT K YBEIUUCHUIO UX KHHETHYECKOH YHEpruu. 3a
CUET JTOH KHHETHMYECKOM JHEPIHU 3JEKTPOHBI nocturaioT okHa FTO u mepenarorcs uyepe3 HEro BO
BHEIIHIOK Ienb. [0 3aKOHY 3JEKTPOHEHTPATFHOCTH DJIEKTPOHBI BIIPHICKMBAIOTCS B CONHEYHBIA 3JEMEHT
gyepe3 KaToZ. OJEKTPOHBI, BO3BpAIlAOUIMEcs Yepe3 Karojd, MNPUKPEIUIIOTCS K MOJeKyJaM Hoxa B
anekTposute. MOHM3MpPOBaHHBIE MOJEKYJIbl HOJa IOCTABISIOT BJIEKTPOHBI K MOJIEKYJlIaM KpacuTens |
BO3BpallalOT KPAaCUTENIb B MCXOJHOE COCTOSIHME. BhlllieonucaHHbI Mpouecc MHOBTOpseTcs eme pa3. B
pe3yabTaTe CoTHeUHast SHEPTUs MPeoOpa3yeTcsl B AIEKTPUIECKYIO SHEPTHIO.

I[Ipu yBeNUUCHUH TUIOTHOCTH JA€(PEKTOB U HEOJHOPOAHOCTH CTPYKTYphI 1102 Bo3pacTaeT BEpOSTHOCTD
PEKOMOHMHAIIMN HJICKTPOHOB, YTO CHIKAECT BPEMS UX JKU3HH.

Bpems nepeHoca HocuTene MOKHO TPUOTHKEHHO OLIEHUTH TI0 BBIPAKEHHUIO:

LZ
T= D

rae L — mmaa nytu nuddysuu, a Dn — koaddurment auddys3nn 251eKTpoHOB, KOTOPBIA HATPSIMYO
3aBHUCHUT OT MOP(OIOTHU HAHOCTPYKTYpHI [1].

O ¢pexruBHocts DSSC 3aBHCHT OT COTTacOBaHHOCTH BCEX 3TUX MPOLECCOB, OAHAKO KIIOUEBYIO POJIb
urpaer Mopdonoruss TiO2, ompenensfomiasi CTENeHb aaCOPOILMU KpPAcUTENs, CKOPOCTh MEepeHoca M
BEPOSITHOCTH PEKOMOWHAIINY JJIEKTPOHOB.

OddexTUBHOCTL PabOTHI CCHCHOMIU3UPOBAHHBIX KPACUTENIEM COJIHEYHBIX 3JICMEHTOB OINPEACIsSeTCS
COBOKYITHOCTBIO (DOTOTE€HepalMyu HOCHUTEJIEH 3apsiia, CKOPOCTBIO HMX IepeHoca M pekomMOuHauuu. B
o06o0meénnom Bune KI1JI ycTpoiicTBa MOKHO BBIpa3HUTh Kak:

_ Jsc " Voc " FF
= —Pi :

rne J¢ — TOK KOPOTKOTO 3aMbIKaHUs, Vo — HampsbkeHHe xosoctoro xoxa, FF — dakrop
3aIOTHEHUS, Pin— MOITHOCTB T Jaf0IIET0 U3TYUYCHUSI.

Jse, Voo 1 FF 3aBucsT oT Mopdonornueckux xapakrepuctuk ciaosi 1102 U ero B3auMOJCHCTBHUS ¢
kpacuteieM [1]. Tlosromy panpHeiilmiMe WCCIACIOBaHHS COCPEIOTOYCHBI Ha HW3YYCHHH CTPYKTYDBI
HAHOYACTHII, UX IOPUCTOCTH, & TAKIKE MEK(Pa3HBIX rpaHull Mexkay T102, KpacHTeIeM U JJICKTPOIUTOM.

Moponorust TiO2 (poT0aHOIOB U METO/IBI X TTOTYYCHHS

Mopdonorust ¢poroaHona sABISETCS OAHUM U3 Hanbojee KPUTUUECKUX MapaMeTpOB, ONPENEISIONINX
3G PEKTHBHOCTh CEHCUOWIN3UPOBAHHBIX KPACUTEIEM COJHEYHBIX 3JeMEHTOB. OT CTPYKTYpbl HAHOYACTHI]
arokcuaa tutana (TiO2) 3aBUCUT HE TOJIBKO IJIONIA/h AKTUBHOM MOBEPXHOCTH, HO H MPOIIECCHI TPAHCIIOPTA
U pEeKOMOMHALIMM 3JIEKTPOHOB, a TaKKe CTENEeHb aacopOuuu MoJekyd kpacutens. s oOecrnedeHus
BbIcokoi 3ddexktuBHOCTH DSSC HEOOXOAMMBI HAHOCTPYKTYpPBHI C Pa3BUTOW IOPHUCTOCTHIO, BBICOKOH
MPO3PAaYHOCTHIO U XOPOIIEH 3JIEKTPOHHON IPOBOTUMOCTBIO.

Mopdornornyeckie napamMerpbl, TaKMe Kak pa3Mep dYacTHll H TopuctocTh 1102, onpenenstor
KOJIMYECTBO MOJIEKYJl KpacHTelss, yYacTBYIOIIMX B MOIJIOIICHWH CBETa, W, CIEAOBATEIbHO, IUIOTHOCTh
¢oToToKAa.

3TOT mapaMeTp MOXKHO OTHCATh BHIPKEHHEM:

Jse = CI_[(P(/DTIIPCE(/DCM,
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rae ¢(A)— moTok GOTOHOB, a 77ipce— KBAHTOBBIN BBIXOJI, YyBCTBUTEIBHBINA K MOP(OIOrHH (POTOAHOIQ

[1].

B 3aBHCHMOCTH OT METO/A CHHTE3a MOXKHO MONy4uTh 1102 ¢ pa3auyHbIMU (HOPMaMH: HAHOYACTHIIBI,
HaHOTPYOKHU, HAHOCTEP>KHU, HAHOJICHTHI MJIM ME30IIOPUCTBIE CTPYKTYpPhI. PaccMOTpHM OCHOBHBIE METOBI HX
MOJTy9eHUSI.

Coua-reab meroa. Con-renb TEXHONOTHA SBISETCS ONHWM W3 HanOojee pacHpoCTpaHEHHBIX H
JOCTYIHBIX CIIOCOOOB MONy4eHHs HaHOCTPYKTyp TiO.. MeToj OCHOBaH Ha THAPOJIM3E W KOHJCHCALIUH
npekypcopoB — 00bruHOo Tetpabytuntutanata (Ti(OCsHo)s) wmm terpaxmopun tutana (TiCls). Ilpu
KOHTpoIupyeMoM u3MeHeHnHn PH u Temmeparypsl oOpa3yercs 307, KOTOPBIN 3aT€M IEePEeXOAUT B Telb U
ociie TepMooOpabOTKU (POPMHUPYET MOPUCTYIO OKCUIHYIO CTPYKTYDY.

OCHOBHBIE TIPEMMYILECTBAa COJ-TEb METOAa — HHU3Kas TeMIeparypa CHHTE3a, paBHOMEpPHOE
pacnpezenieHie YacTUIl M BOZMOXKHOCTh PEeTyIMPOBaHUs MOPHUCTOCTH ciiosl. OHAKO K HEIOCTaTKaM MOYKHO
OTHECTU CKJIOHHOCTh K arperaiuy 4YacTHL M CPaBHHUTEIBHO HU3KYI0 MEXaHMYECKYI0 CTaOMJIBHOCTH 0Oe3
MOCJEIYIOIETO CIIEKaHusI.

I'maporepmanbHblii MeToA. ['MAapoTEpMaNbHBIA CHUHTE3 MO3BOJSIET IOJIY4aTh KPUCTATIMYECKHE
HaHOCTPYKTYphI T102 pu 0THOCUTENBHO HI3KHX TemmepaTtypax (100—200 °C) B aTokiase. Mcmonap3oBanue
BOJIHBIX PacTBOPOB IMPEKYPCOPOB MOJ JABJICHHWEM CIOCOOCTBYET POCTY HAHOCTEpKHEH, HaHOTPYOOK HIIH
HAHOJIEHT C KOHTPOJIUPYEMBIMHU pPa3MEPaMH.

JlanHpIil MeTOT 00ECTIeYNBAET BBHICOKYIO CTETICHh KPUCTAJUIMYHOCTH M BO3MOXKHOCTH HAIPABJICHHOTO
pocTa CTPYKTYp, YTO YIy4IIAeT TPAHCIOPT JJIEKTPOHOB W CHWXKAET BEPOSTHOCTh HMX PEKOMOWHAIIWH.
bnaromaps 3TuM cBoiicTBaM ruapoTepManbHbie  T102-HAaHOCTPYKTYpbl ~IIMPOKO HPUMEHSIOTCS B
BbIcOKOA(dexTnBHBIX DSSC.

AHOIHOEe OKHCJIeHHe. AHOJHOE OKHCJICHHWE THTAaHa — TIEPCIIEKTUBHBIA METON IMONyYEeHHUs
YIOPSAOYEHHBIX MAacCHBOB HaHOTpyOok TiO.. B mpomecce aHOMUPOBaHWS THTAHOBOW (ONBIH B
JNEKTPONIUTE,  coiepxkameM  (QTOPUA-WOHBI, MPOUCXOAWT  DIEKTPOXMMUYECKOe  (QOpPMHUpPOBAHHE
HaHOTPYOYaTOH CTPYKTYPHI C BRICOKOHW OJTHOPOJTHOCTHIO U KOHTPOIUPYEMOU TOIIUHON CTSHOK.

[IpenmyIiecTBOM JaHHOTO METOJa SIBJISIETCS MMOJMyYCHUE OPUEHTUPOBAHHBIX HAHOCTPYKTYP, KOTOPBIE
00eCTeYnBalOT HANPABICHHBIN TPAHCIIOPT AJNEKTPOHOB 0€3 MX paccesHHs. Takhe aHoAbl AEMOHCTPUPYIOT
MOBBILICHHYIO (DOTOTOKOBYIO IIOTHOCTh M 3(pdektuBHOCTS 10 8—10 %, O0COOEHHO NPH HCIOJIB30BaHUU
THOPUIHBIX KpacuTesel 1 TBepAo(ha3HbIX JJIEKTPOIUTOB.

IMacToBbIii MeTox (IOKTOP-0JIEHIMHT, COUH-KOTHHI). B naGoparopHoii mpakThke HauboJiee
pacnpocTpaHEHHBIM SIBISIETCS TIACTOBBIM METOJ, OCHOBAaHHBIM Ha HAHECEHHH KOJUIOMIHOW CYCHECH3UH
Hanoyactuil TiO. Ha mpospaunbiii aektpon (FTO) ¢ mocieayronM OTKUATOM. VICIONB3YIOTCS METOJIbI
doctor blade, spin coating mnu screen printing, Mo3BoJIsIOLIME PEryIUPOBATh TOJIIUHY W PAaBHOMEPHOCTb
cIosl.

[lacToBeIii  cmoco®  OTMMYAeTCs  MPOCTOTOW,  BOCIPOM3BOJUMOCTBIO W BO3MOXKHOCTBIO
MacCIITa0MPOBaHMsI, YTO JICTIACT €ro MOIXOISIIUM JijIs MaccoBoro npousBozcTea DSSC. KoHTponb pa3Mepon
gactull (0ObYHO 15-25 HM) MO3BOJSIET JOCTHYL ONTUMAIBHOTO OallaHca MeEXIy CBETOIOTINIOIICHHEM,
TPaAHCIIOPTOM DJIEKTPOHOB U aJICOPOIIMEN KpacHTesl.

B nenom, BiOop Metozaa cuntesa Ti0:2 onpeaenseTcs TpeOyeMbIME XapaKTepUCTUKAMU MOP(HOJIOTUH:
MOPHUCTOCTHIO, TUIOMIA/IBIO TOBEPXHOCTH, KPHCTAUIMYHOCTHIO M THIIOM HaHOCTPYKTYpbl. CoBpeMeHHBIE
TEHJCHIINA HAIpaBIIeHbI Ha KOMOWHUPOBAHHWE pA3IUYHBIX METOIOB, YTO TO3BOJSET TOIYYaTh
MEpapXUUYECKUe CTPYKTYpbl C TIOBBIIIEHHOH 3()QEeKTHBHOCTBIO 3axBaTa CBeTa H  YIIyYIICHHOH
(h0TOCTaOMITBHOCTHIO.

CpaBHHUTEJBHBII AaHATN3 COBPEMEHHBIX HCCIe0BaHMI.

B nocnennue roapl BHUMaHuE UccienoBareneil K Mopgosiorun GpoToaHoA0B CEHCUOMIU3UPOBAHHBIX
KpacurelieM coliHeuHbIX dyieMeHToB (DSSC) 3HaunTeNnsHO BO3pOCI0. DTO CBA3aHO C TEM, YTO CTPYKTYpa U
pas3Mepbl HAHOYACTHIL TUOKCHA TUTaHA HANPSMYIO BIHMSIOT Ha MPOIECCH MepeHoca 3apsjioB, aJcopOIuio
KpacuTelll U PeKOMOMHAIMIO 3JIeKTpOHOB. COBpeMEHHbIe MyOJIMKAMK JIEMOHCTPUPYIOT LIMPOKUN CHEKTP
noax00B K Moaudukaimu TiO2 — OT JIeTHpOBaHMs U TJIA3MOHHBIX JJ00ABOK 10 TIOJTyYCHHUS OJTHOMEPHBIX U
HEepapXUUECKUX HAHOCTPYKTYD.

Taxk, B padote Hsu u coasr. [1] OblT uccraemoBaH HAHOKOMMO3UT T102, JErMPOBAHHBIA KEIE30M U
cepoil. [lomyyeHHBIE HaHOYACTHUIIBI XapaKTEPU30BAINCh YMEHBIIEHHBIM pa3mepoM (okono 10-35 M) u
YBEJIMUEHHON YJIEIBHOMN MOBEPXHOCTHIO, YTO CIIOCOOCTBOBAJIO 0ojice 3(h(EKTUBHOM aacopOLUn KpacHTEIs.
Beenienne Fe/S-moHopoB B kpuctaumveckyro pemérky TiO: Takke W3MEHWIO JICKTPOHHYIO CTPYKTYPY
MaTepHuaja, pacIlMpUB JAWaNa3oH TMOIVIOIIEHHs B BUIMMOM obOnactu. B pesymbrate 3¢ddekTuBHOCTD
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yCTpoOiicTBa yBenuumiach Oojiee dem B jaBa pa3a W coctaBmia 6,46 % mo cpaBHenuio ¢ 3,43 % y
HeMoaubUIIPOBaHHOTO (poTOAHOIA.

Joshi u xomnern [2] paspabortanu mesomopuctbie chepbl TiO2, TEeKOPUPOBaHHBIE HAHOYACTUIIAMH
3omota. bnarogaps mmasmonHOMYy 3(Q@ekTy AU-HaHOYACTHUIBl YCHIMBAJIHM JIOKATBHOE 3JIEKTPOMAarHUTHOE
mone, yBenu4uBas J(PQPEKTUBHOCTH TMOTJOMICHUS CBETa. OTO TMPHUBEIO K pocTy KodpQHImeHTa
¢doroanekrpuueckoro npeodpazoBanus (PCE) no 7,7 %, uro npumepro Ha 40 % BhIIIEe IO CPABHEHHIO C
UCXOAHBIMU CTpyKTypamu T102 06e3 wmomudukammu. I[lomoOHbIE pe3ynbTaThl MOATBEPKAAIOT, 4YTO
UCTIONH30BaHNE TIa3MOHHBIX HaHOYACTHI 3(P(EKTHBHO MOBBIIIACT IMOTJIOMICHHE M CHIDKAET IOTEPU IPH
PEKOMOWHAITHH.

WurepecHbie pes3ynbTathl ObutM moyueHbl Takke Kraidy u coaBt. [3], NpyUMEHHBIIMMH CMECh
koMMmepueckux Hanomoportikos Ti02 (Hombikat UV100 u P25). KomOuHanms gacTUI| pa3sIudyHOrO pasmMepa
obecneyniia ONTHMAIFHOE COYETAHWE BBHICOKOW IUIOMAAM TOBEPXHOCTH M XOPOMIEH KPHCTALUIMYHOCTH.
Takoe CTpyKTypHOE paBHOBECHE TO3BOIWIO AOCTHYb 3ddekTuBHOCTH OKONO 4,9 %, UTO BBHINE, YeM Yy
oaHO(a3HBIX aHAJIOTOB, CHHTE3UPOBAHHBIX TOJIBKO Ha OCHOBE P25.

B o0030pe Srivastava u ap. [4] moapoOHO paccMOTpeHbl omHOMepHbie Mopdosorun TiO» —
HAHOTPYOKH, HAHOIPOBOJIOKM M HAHOCTEPKHU. DTH CTPYKTYpHl 00ECHEUHBAIOT HAIPABICHHBIH TPAHCIIOPT
AJIEKTPOHOB, YMEHbIIAs BEPOSITHOCTh WX paccesHus W pekoMOuHarmu. [lokazaHo, 4TO KOHTpOJIHpYeMast
OpHEHTANNs M JUIMHA HAaHOCTPYKTYP MOBBIMIAIOT 3(PPEKTUBHOCTH MPeoOpa3oBaHUs CBETa M CTAOMIHLHOCTH
DSSC.

Khan u coasr. [5] uccienoBanu BiusHIE HAHOMHXEHEPHH TOBepXHOCTH T102 Ha OCHOBE KOMOMHAIINU
METOZOB JIETHPOBaHUsI M HAHOCTPYKTypupoBaHus. KOHTpoIIb pa3mMepoB 3epeH W co3laHue Je(eKTHBIX
YPOBHEH MMO3BOJIMIIN YIYYIIHTh TEPEHOC 3apsI0B, YTO Hano 3PEeKTUBHOCTH 10 9,4 % TpH UCIIOIb30BaHUH
KOMILJICKCOB Ha OCHOBE PYTCHHUSI.

Hakownen, Sibinski u xomtern [6] akueHTHpOBaiM BHUMaHHE Ha POJM MOP(HOJIOrUU OJIOKUPYIOIINX
cioeB TiOz u TiO2: ZnO, ocaxaEHHBIX METOJIOM PEAKTHBHOI'O MarHETPOHHOT'O HAMbUICHHs. BpUTo mokaszaHo,
YTO ONTHUMHU3AIMS TOJNIIMHBI ¥ MHUKPOCTPYKTYPBI 3THX CIJIOEB CHI)KACT MOTEPH W3-3a PEKOMOWHALMHM Ha
IPaHUIE 3JIEKTPOJI—3JICKTPOJIUT M CIHOCOOCTBYET poCTy BhIXogHOro HampsbkeHus (VOC) u  dakropa
3anonuenus (FF).

Takum 00pa3oM, aHalIW3 COBPEMEHHBIX pabOT MOKa3bIBaeT, 4To ymnpaeieHue Mopdoiorueir TiO:
SBISIETCS. OJHUM W3 HamOosee Y(PQEKTUBHBIX MHCTPYMEHTOB IOBBIIICHUSI TpousBoauTensHocTH DSSC.
KomOuHanmsi HaHOCTPYKTYpHUPOBAHHBIX TOBEPXHOCTEH, MIa3MOHHBIX HAHOYACTHII M ONTHMHU3WPOBAHHBIX
MeK(pa3HbIX KOHTAKTOB ITO3BOJISIET TOCTHYb IPPEKTUBHOCTH, COIIOCTABUMOW C KOMMEPYECKHMHU

OG6cy:xaenne pe3yabTaToB. [IpoBeEHHbIC HCCICIOBaHMS MOKa3aiu, yTo Mopdomorus cios TiO:
OKa3bIBACT CYIECTBEHHOE BJIMSHHE Ha DIIEKTPOPHU3HUYECKHE CBOWCTBA CEHCUOMIM3UPOBAHHBIX KpacHTEIIEM
COJIHEYHBIX 3JIeMeHTOB. CTpyKTypa HAaHOYACTHUI[ ONpeneNsieT KaK CTENEeHb aJCOPOIMU KPAaCHTENs, TaK H
MOJBWXKHOCTh DJIEKTPOHOB B ME30MOPHCTOM ciioe. OntumainbHas MOpQOJIOTHs, XapaKTepU3yIOMIascs
BBICOKOW YJICNIbHOW TIOBEPXHOCTBIO W PaBHOMEPHBIM DAacCIpe/ie]ieHHeM HAHOYACTHII, CIIOCOOCTBYET POCTY
TUIOTHOCTH (JOTOTOKA JSC ¥ yMEHBIICHHUIO MTOTEPh PH PEKOMOMHAIIHH.

Pesynpratel  mMopdonormueckoro u anekrpodusuveckoro aHamuza (SEM, AFM, wusmepenune
MPOBOJIMMOCTH) TIOKA3aJIH, YTO YBEJIMYCHUE CTENCHU KpHCTAUTMYHOCTU T102 M yMeHblleHHe 1e()eKTHOCTH
VIIyYIIalOT AJIEKTPOHHBIM TPAHCHOPT W TOBBIMIAIOT KodpduuueHnt muddysuu Dn. Dto mnpuBogur K
YBEIMYCHUIO BPEMEHHM JKU3HH DJIEKTPOHOB T U, KaK CIIE/ICTBHE, K POCTY KO3((UIMEeHTa TOIe3HOTO AeHCTBUS
YCTPOHCTBA.

3akmiouenue. TakuM 006pa3om, MOXKHO 3aKIFOUUTh, YTO ONTUMH3AIMA Mopdoioruu (hoTtoanoaa TiO:2
SBIISIETCS KIIOYEBBIM (pakTopoM moBblIeHUs 3dexktuBHOocTH DSSC. dopmMupoBaHne HaHOCTPYKTYp C
BBICOKOW IUIOIIAABI0 TOBEPXHOCTH, XOPOUIEH CBSA3HOCTBIO M OJHOPOJHOW IMOPHCTOCTBIO OOECTIeYHBAET
VIIydIIeHHBIE 3JIEKTPO(QU3NIECKUE XapaKTEPUCTHKH, CHIKAET TIOTEPH MPH PEKOMOWHAIH U CTA0MITU3UPYyET
paboty comHeuHOro dyeMeHTa. [loydeHHbIe pe3yNbTaThl COOTBETCTBYIOT COBPEMEHHBIM TEHACHIMSIM B
00JIaCTH HaHOCTPYKTYPHUPOBAHHBIX MaTEPHAIOB Uil (POTOIHEPreTHKU W MOATBEPIKIAIOT MEPCIIEKTUBHOCTD
MOP(OTOrHIECKOTO KOHTPOJIS TIpr pazpaborke BeicokodddextuBasix DSSC [1].
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Abstract. We test the everywhere-regular branch of a nonlinear-electrodynamic black-hole geometry
using twin-peak high-frequency quasi-periodic oscillations (HFQPOs) and independent dynamical-mass
information. The exact regular branch imposes M = q®/a, so a common action scale implies a mass-
dependent dimensionless deformation. For the adopted three-source relativistic-precession (RP) benchmark,
5000 parametric-bootstrap realizations give A¢:,; = 0.28388, a calibrated 68% interval 0.17324-0.42666
and a 95% interval 0.09499-0.59698; the homogeneity statistic is Q = 0.4864 with p, = 0.777 £ 0.006.
The data are compatible with a common static coordinate within the adopted model, but the test has low
power and is strongly sensitive to spin, HFQPO provenance, QPO scatter and mass priors. Kerr-generated
frequencies can mimic a nonzero static deformation, while alternative mass choices and 0-5% QPO scatter
move the fitted value over 0.1138-0.4041. The result is therefore a consistency test of a restricted static
surrogate, not a measurement of a universal NED coupling.

Key words: regular black hole, nonlinear electrodynamics, HFQPOs, relativistic precession, spin
degeneracy, bootstrap.

HFQPO KUZATUVLARI ASOSIDA REGULAR QORA TUYNUK GEOMETRIYASINI
STATISTIK TEKSHIRISH

Annotatsiya. Maqolada chiziqli bo ‘Imagan elektrodinamika asosidagi butun sohada muntazam
bo‘lgan gora tuynuk geometriyasining aniq muntazam tarmog ‘i yugqori chastotali kvazi-davriy tebranishlar
va mustaqil dinamik massa ma’lumotlari yordamida tekshiriladi. Muntazamlik sharti M = q*/a umumiy
harakat parametrida massa bilan bog ‘liq o ‘Ichamsiz deformatsiyani hosil giladi. Uch manbali relyativistik
presessiya modelida Agqr = 0.28388, 68% bootstrap oraligi 0,17324-0,42666, 95% oralig‘i 0,09499-
0,59698 va bir jinslilik statistikasi @ = 0.4864 (p, = 0.777 £ 0.006) olindi. Birog natija spin, QPO
manbasi, QPO targogligi va massa tagsimotiga sezgir. Kerr geometriyasidan hosil gilingan chastotalar
statik modelda nol bo ‘Imagan deformatsiya sifatida ko ‘rinishi mumkin. Shu sababli A4 4, fundamental NED
bog ‘lanish o ‘Ichovi emas, balki cheklangan statik modelning moslik koordinatasi sifatida talqin gilinadi.

Kalit so‘zlar: muntazam qora tuynuk, nochizigli elektrodinamika, HFQPO, relyativistik presessiya,
spin degeneratsiyasi, bootstrap.

CTATUCTUYECKAS TIPOBEPKA TEOMETPHUH PET'YJISIPHOM YEPHOM JBIPBI 11O
HABJIIOJEHUSAM HFQPO

Annomauusn. Hccrneoyemcs peeyisipnas 6emeb HeNUHEUHO-IIeKMPOOUHAMUYECKOU  2eoMempuu
YépHOU  ObIpbl C NOMOWBIO OBYXNUKOBbIX BbICOKOUACHOMHBIX KE8ASUNEPUOOUHECKUX OCYULTAYUL U
HEe3aBUCUMBIX OUHAMUYECKUX OYeHOK Mmaccel. Tounoe ycnosue pecynspuoii eemsu M = q3/a 3adaém
3AGUCAUYIO OM MACCbL OE3PA3ZMEPHYI0 0ehopMayuio npu eOuHom macuimade oeticmeus. s npuHsamozo
MPEXUCMOYHUKOBO2O IMANOHA PENAMUBUCICKOU npeyeccut Noay4eHo Agqr = 0.28388; 6ymcempen-
uumepsanvl  cocmasnsiom  0,17324-0,42666 (68%) u 0,09499-0,59698 (95%), a cmamucmuxa
oonopoonocmu Q = 0.4864 npu py = 0.777 + 0.006. Pezyromam 3asucum om ChuHa, NPOUCXOMHCOCHUs
HFQPO, cucmemamuuecxkozo pazopoca wacmom u evibopa maccogvlx npuopos. Credosamenvho, Agpq:
credyem UHmMepnpemupo8ams Kaxk KOOPOUHAMY CO2NACOBAHHOCMU 8 PAMKAX OZPAHUYEHHOU CMAMUYecKoll
Mooenu, a He KaK npsamoe usmeperue gynoamenmanvrou koncmarnmol NED.

Knrouesvle cnoea: peeynspuas uépuas Owvipa, Heauneunas oaekmpoounamuxa, HFQPO,
PENAMUBUCIICKAA NPeYeccUsl, CHUHO8AS 8bIPOXCOEHHOCHb, Oymcmpen.

Introduction. The replacement of the curvature singularity by a regular core has motivated a broad
class of nonsingular black-hole geometries. Regularity, however, is only one requirement: horizon structure,
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weak-field behaviour, energy conditions, a consistent matter Lagrangian and dynamical stability must be
considered separately [1-4]. Nonlinear electrodynamics (NED) is a particularly developed route because
regular magnetic solutions can be obtained within general relativity, while the corresponding effective
photon geometry can differ from the background metric [3-5]. The Fan-Wang family provides a compact
description containing Maxwellian, Bardeen-like and Hayward-like subclasses [6]. On the everywhere-
regular branch, the parameters are not independent: M = ¢3/a.

This relation is important observationally because one common action scale produces a source-
dependent dimensionless deformation. The present work tests this cross-source restriction rather than fitting
an unrelated deformation to every black hole. HFQPOs probe the strong-field region of accretion flows. In
geodesic interpretations, the observed peaks are related to the orbital and epicyclic frequencies or to
combinations such as periastron precession [7-9]. Their usefulness is accompanied by systematic uncertainty:
peak identification, disk physics, state dependence and the adopted black-hole mass all affect the inferred
geometry. In addition, the three systems used here have nonzero published spin estimates, so a static metric
may absorb omitted frame dragging into an apparent deformation [10-12].

We therefore define Agqy; = a/Mé as a static-equivalent coordinate, not as an unbiased measurement
of a fundamental NED coupling. The analysis combines analytic admissibility checks, a profile likelihood
for HFQPO and dynamical-mass data, a 5000-realization parametric bootstrap, and sensitivity tests for QPO
provenance, spin, mass alternatives and intrinsic QPO scatter. With only three independent source blocks,
non-rejection of a common coordinate must be interpreted cautiously.

Regular solution and universal scaling

We use the action convention

S =—[d'x\[=g[R — LIF), F = E,F". (1)

For the magnetic configuration, the Fan—Wang metric can be written as

ds? = —f()de? + 25 4 r2d02, for)y=1- 247 @)
f) (rV+qV)v
The exact regular branch obeys
3
M=% 3)

a

Introducing x = r/M, g = q/M and A = a/M¢ gives

(4)

fo)=1-—2% g = [W]

(xV+g¥)v

Thus the same A produces a larger dimensionless deformation for a lower-mass source. This mass
dependence is the central cross-source hypothesis. We consider the Maxwellian, Bardeen-like and Hayward-
like subclasses used in the original benchmark. The analysis is restricted to the black-hole region in which a
horizon exists.

The horizon is determined by f(x;) = 0; extremality additionally requires f'(x;) = 0. The resulting
maximum deformation is subclass dependent. For the three cases used in the source study the quoted limits
are 0.2963 (Maxwellian), 0.7698 (Bardeen-like) and 1.0583 (Hayward-like). All fits enforce the relevant
horizon bound.

Subclass Jext Maxwell optical limit
Maxwellian 0.2963 yes
Bardeen-like 0.7698 no

Hayward-like 1.0583 no

NED perturbations propagate on an effective metric, schematically

gé?f = Ly g — 4Lgy F;)quv- ®)
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For the magnetic solution the effective line element can be written with a modified angular coefficient.
The exterior checks performed in the source satisfy the selected sufficient positivity inequalities, but this is
not a proof of complete stability in every perturbation sector. Moreover, only the Maxwellian subclass
recovers the standard Maxwell optical cone in the stated conformal representation; ordinary EHT shadow
likelihoods are therefore not used for the Bardeen-like and Hayward-like timing comparisons.

HFQPO model and observational inputs

For circular timelike motion, the coordinate-time orbital and radial epicyclic frequencies are

! 1 " ’ 3ffr
2 =5 0} = 2(ffr -2+, (6)

2r’

Spherical symmetry gives £4 = £, Stable circular motion requires N? > 0; the outer root 2, =0
defines the ISCO. The observable frequencies scale approximately as M~*, so the independent dynamical-
mass likelihood strongly constrains the coupling fit.

We retain three timing prescriptions as model sensitivities. In the RP model, vy, = v, and v, = v, —
v,. The WD prescription uses combinations of orbital and radial motion, while the ER prescription identifies
the peaks directly with the orbital/vertical and radial epicyclic frequencies. Each source has a fitted QPO
radius, constrained to a stable circular branch outside the ISCO. These prescriptions are not combined as
repeated measurements of one physical parameter.

The baseline observational blocks are:

Source vy (Hz) vy (Hz) Dynamical mass (M)
GRO J1655-40 45145 298 +4 6.3+0.5
XTE J1550-564 276 +3 184+5 9.10 £ 0.61
GRS 1915+105 168 £3 113+£5 13.69+ 2.0

For compactness, the table follows the adopted source blocks of the original analysis; the GRO upper
frequency is 298 Hz and the source pair is treated within the RP likelihood. GRO and XTE have direct
RXTE support for the relevant high-frequency features, whereas the 113/168-Hz GRS block is an adopted
comparative construction. The original simultaneous GRS pair was 41.5/69.2 Hz, and the literature
discussion indicates that the 113-Hz feature is not a direct record in the later analysis [9]. M82 X-1 is
excluded because its commonly quoted mass scale is inferred from the same QPO phenomenon and would
be circular as an independent validation.

Statistical construction.

For source i, the baseline objective combines the two-frequency residual vector with its covariance
and an independent dynamical-mass likelihood:

Xt =1 Criry; —2Inly;. (7)

At fixed A, both the nuisance mass and QPO radius are reoptimized. For GRS 1915+105, the
asymmetric mass uncertainty is represented by a normalized split-normal distribution rather than by
averaging the upper and lower errors. The common profile is

Xiz,prof(/l) = Irwn_i}}')(iz' Xczommon(l) = Zi)(iz,prof (). (8)

The homogeneity statistic compares the optimized common model with a source-specific reference:

Q = m/lin Zi)(iz,prof (/1) - Zi rr}liin)(iz,prof(li)- (9)

For the main RP fit the source-specific alternative is effectively saturated, so its role is to define a
reference minimum rather than a conventional predictive competitor. We therefore do not rank the common
and source-specific fits using AIC or BIC.

A 5000-realization parametric bootstrap is generated from the best common-coupling fit. Each
realization is refitted under both common and source-specific hypotheses. The bootstrap provides the null
distribution of Q, empirical profile thresholds, and a boundary-aware distribution for the 1 = 0 test. This is
important because 1 = 0 lies at the physical edge of the parameter space, where standard regular likelihood-
ratio asymptotics need not apply [13,14].

Baseline result
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For the Maxwellian subclass and RP identification, the fitted common coordinate is

~

Ay = 02838763742,  x2.mon = 0.4864160,  Q = 0.4864160. (10)

Among 5000 bootstrap realizations, 3886 have Q at least as large as the observed value, giving p, =
0.77724 and a Monte Carlo standard error of about 0.0059. The bootstrap-calibrated profile intervals are
0.17324-0.42666 at 68% and 0.09499-0.59698 at 95%. The corresponding action length scale is a =
786.8 m, with a 95% interval of approximately 455-1141 m in the adopted parametrization.

The fitted source masses are approximately 6.211, 9.091 and 13.699 My, for GRO, XTE and GRS,
respectively, and all fitted QPO radii remain outside the ISCO. The residual pattern shows that the coupling
is constrained mainly by consistency between timing-inferred masses and external dynamical-mass
measurements rather than by a visibly poor fit to the QPO centroids.

The boundary-aware A =0 calculation finds no exceedance among the 5000 boundary-null
realizations; with the plus-one convention the resolved Monte Carlo tail is below 1/5001. Within the
misspecified static RP family, this places the zero-deformation boundary beyond the resolved bootstrap tail.
It should not be interpreted as evidence for NED, because omitted Kerr spin alone can generate a nonzero
apparent static deformation.
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95% bootstrap threghold -

175

150

12.5F

10.0F

Profile Ay?

7.5}

50

25

1 Il 1 1
—107! —1072 0 1072
/'l-\lul

0.0

10T 100
Figure 1. Common profile likelihood with the physical A = 0 boundary shown explicitly. The
solid and dashed horizontal levels are the 68% and 95% bootstrap-calibrated thresholds. The
boundary is not represented by an artificial small positive logarithmic value

Sensitivity to QPO provenance and alternative timing models

The evidence construction has a substantial effect. The adopted three-source block gives Agpq =
0.2839 and Q ~ 0.486. Using only the more secure GRO+XTE blocks gives As4: = 0.3037 with a much
smaller heterogeneity statistic, but only two independent source blocks remain. Replacing the adopted GRS
113/168-Hz block by the original simultaneous 41.5/69.2-Hz pair moves the optimum to A, = 0.0941 and
produces strong common-versus-source-specific tension. Adding 5% phenomenological QPO scatter
reduces, but does not remove, this tension.

Data construction Astar Q
Adopted 3-source block 0.2839 0.486
GRO + XTE only 0.3037 ~0.011
Original GRS 41.5/69.2 Hz 0.0941 ~55.3
Original GRS pair + 5% scatter 0.1192 ~25.3

The WD fits remain affected by horizon, stability or orbital-domain boundaries, while the ER
identification produces systematic mass and lower-frequency residuals under the adopted static family. These
results are reported as model sensitivities, not as a ranking of QPO prescriptions.

We also repeat the bootstrap after adding fractional QPO scatter in quadrature. The fitted central value
changes only modestly, but the intervals widen: at 1%, 3% and 5% scatter the approximate 68% intervals
become 0.1689-0.4332, 0.1524-0.4564 and 0.1362-0.4757, respectively. The corresponding 95% intervals
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widen to 0.0883-0.6162, 0.0743-0.6563 and 0.0513-0.7329. Thus formal centroid errors alone can
substantially understate uncertainty when percent-level intrinsic variability is admitted.

Kerr-spin confounding

To isolate omitted-spin bias, synthetic RP pairs are generated in Kerr spacetime at the adopted
dynamical masses and then fitted with the static Fan-Wang model. For prograde equatorial motion, the Kerr
frequencies depend on the dimensionless spin a* and the radius. The radius is fixed by the Kerr frequency
ratio rather than chosen arbitrarily, so the test directly measures how a rotating signal can be absorbed by a
static surrogate.

A zero-spin control returns Ag.,; =~ 0. Timing-informed moderate spins (0.29, 0.34, 0.70 for GRO,
XTE and GRS) yield a common apparent Ag,¢ = 0.1626 with Q = 6.77. A higher-spin spectral set (0.70,
0.76, 0.98) cannot be represented coherently by the static model; the common residual becomes of order
1.8x10%. The latter is a model-failure diagnostic rather than a coupling estimate.

The key implication is a continuous spin-deformation degeneracy: a Kerr signal with nonzero spin can
be fitted by a nonzero static deformation even when no NED parameter generated the data. At sufficiently
high spin the static family instead ceases to mimic the Kerr frequencies. Consequently, the narrow bootstrap
interval around the baseline Ag.,; is a statistical interval conditional on the static model and does not
represent physical uncertainty in a fundamental NED coupling.

Dynamical-mass sensitivity and physical interpretation

Because two QPO frequencies and a fitted radius nearly determine a timing mass, Ag:4; iS identified
largely through comparison with the external dynamical-mass likelihood. Replacing the baseline mass
choices by alternative published light-curve/evolutionary solutions moves the fitted coordinate. Combined
with 0-5% QPO scatter, the source analysis spans approximately

0.1138 < Agpqr < 0.4041. (11)

This range should be read as a model/data-choice envelope, not as a combined confidence interval.
Different dynamical-mass determinations rely on different assumptions about light curves, inclination,
distance and rotational broadening. Likewise, published spin estimates are model dependent. Without a
rotating solution derived from the same NED action, combining spin and A, in a single posterior would
create artificial precision.

The astrophysical interpretation of the exact branch also remains conditional. A complete model
would need a mechanism by which stellar collapse can generate the required conserved magnetic-type
charge and by which subsequent accretion preserves the exact relation M = g*/a. The present analysis does
not provide such a formation or accretion mechanism.

The optical sector is similarly conditional. If observed photons are perturbations of the same NED
field, they follow the effective metric; if the NED stress tensor acts as an effective matter sector while
photons are minimally coupled Maxwell fields, they follow the background metric. The action considered
here does not select between these possibilities. For that reason, no ordinary EHT shadow likelihood is used
to strengthen the stellar-mass timing inference.

Discussion and conclusion

The analysis tests a precise cross-source restriction generated by the exact regular branch: one action
parameter must produce a mass-dependent deformation in different black-hole binaries. For the adopted
three-source RP construction, the best common coordinate is Ag:,; = 0.28388, with bootstrap-calibrated
68% and 95% intervals of 0.17324-0.42666 and 0.09499-0.59698, respectively. The homogeneity statistic
Q = 0.4864 gives pp, = 0.777 £ 0.006 under the stated bootstrap null. These numbers describe the internal
consistency of the restricted static model. Several qualifications are essential. The GRS 113/168-Hz block is
less secure than the GRO and XTE inputs; the simultaneous 41.5/69.2-Hz pair changes the inferred
coordinate and increases cross-source tension. Adding 1-5% QPO scatter broadens the intervals. Alternative
mass priors move the point estimate, and Kerr-generated frequencies demonstrate that omitted spin can
mimic a nonzero static deformation or invalidate the static surrogate at higher spin.

Therefore the result is not a measurement of universal nonlinear-electrodynamic physics. It is a
reproducible consistency benchmark for a restricted, static, geodesic timing model. A more decisive test
requires a self-consistent rotating solution of the same NED action, observation-level HFQPO likelihoods
with trial-aware selection effects, source-specific covariance information, coherent mass and spin modelling,
and additional systems with independent dynamical mass measurements. The branch relation M = ¢3/a
nevertheless provides a clear, falsifiable cross-mass hypothesis for future work.

Mass-prior and identifiability checks
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The role of the dynamical-mass prior can be seen directly from the scaling of the geodesic frequencies.
For a fixed dimensionless radius and deformation, all characteristic frequencies carry an overall M~* factor.
Consequently, the timing pair alone can trade mass against radius, while the external dynamical
measurement breaks much of this degeneracy. This is why the fitted A, should not be interpreted as being
determined by the HFQPO centroids alone.

The baseline analysis uses the adopted GRO, XTE and GRS dynamical masses. The source study also
considered alternative published solutions, including the Beer-Podsiadlowski treatment for GRO J1655-40,
the Orosz et al. solution for XTE J1550-564 under a different constraint, and an older GRS mass estimate.
These alternatives change the balance between timing-inferred and externally measured masses. In
combination with the QPO-scatter stress tests, they move the optimum through the broad envelope 0.1138-
0.4041.

Because the alternative mass determinations are not statistically independent measurements of one
common quantity with a shared likelihood, the envelope is reported descriptively. It should not be
compressed into a single error bar. The same caution applies to published spin measurements: timing,
continuum and reflection analyses use different physical assumptions. A future joint analysis would need the
full likelihoods rather than combining quoted central values and errors after the fact.

Interpretation of the common-coupling test

The homogeneity statistic is designed to answer a restricted question: does forcing the exact branch
relation to use one common A impose a penalty that is unusually large relative to source-specific fits? In the
adopted benchmark the observed Q is small compared with most of the bootstrap distribution, so the data
construction is compatible with the common static coordinate. However, compatibility is not identification.
With only three source blocks, many physically different models can map into a similar range of timing
frequencies, and the bootstrap cannot create information that is absent from the sample.

The power limitation is especially important. The secure-only GRO+XTE construction gives a point
estimate close to the three-source baseline but has only two independent blocks, so it is poorly suited to a
strong cross-source homogeneity test. Conversely, the GRS replacement by the simultaneous 41.5/69.2-Hz
pair creates substantial tension. The contrast demonstrates that the statistical conclusion is conditional on
which HFQPO features are regarded as the relevant observables.

The same issue appears in the boundary test. The A = 0 member lies outside the resolved bootstrap tail
within the static RP family, but the Kerr-to-static experiment demonstrates that omitted spin can generate a
nonzero Ag:,. Without any NED deformation. Thus a rejection of the static zero-deformation member is a
statement about the adequacy of that restricted surrogate, not a direct discrimination between general
relativity and nonlinear electrodynamics.

Conditional optical implications

The NED effective metric provides an additional conceptual distinction that is easy to lose in a timing-
only fit. Massive particles used in the HFQPO calculation follow the background spacetime metric.
Electromagnetic perturbations of the nonlinear field, in contrast, follow the effective characteristic metric.
Therefore a photon-ring or shadow prediction depends on which field is identified with the observed
radiation.

Compact summary of systematic effects
Source of sensitivity Effect on A4, / interpretation
113/168 — Hz GRS block gives 0.2839; 41.5/69.2 — Hz replacement
gives = 0.0941 and strong tension.
Central value changes modestly; 95% interval broadens from ~ 0.597 to
~ 0.733 at 5% scatter.
Moderate Kerr spins can mimic nonzero static deformation; high spin can
make the static surrogate fail.
Published mass choices contribute to the broad 0.1138 —0.4041
model/data envelope.
Effective NED and minimally coupled Maxwell photons need not follow
the same null cones; no EHT likelihood is used.

HFQPO provenance

QPO scatter

Spin omission

Mass alternatives

Photon sector

The source analysis estimates only an illustrative scale for the resulting shadow-radius correction over
the fitted stellar-mass A4, interval and does not use those numbers in the likelihood. Even if the correction
is numerically small for the considered extrapolation, the inference would still require transferring a static-
equivalent stellar-mass coordinate to supermassive black holes. Such a transfer is not established by the

SCIENTIFIC REPORTS OF BUKHARA STATE UNIVERSITY 2026/9 (138) 183



PHYSICS

present model, especially because A4 is spin-confounded. The optical calculation is therefore a consistency
check on the geometry, not an additional observational constraint.
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Annomauus. B pabome uzyueno enusnue mepmuuecxou oopadomxu npu 600, 900 u 1200 °C s
KUCTIOPOOHOU U 6AKYYMHOU CPedax Ha Mop@onocuio, (azosyio 3600yuio u Koiebameibhble CEOUCMEA
monxux naénox ZrO:. llogviuwenue memnepamypuvl ycunugaem ougpyzuio, pocm 3épen u CmpyKmypHyio
PEopeanu3ayuio 8 COOMEEMCMEUY ¢ NPUHYUNOM MUHUMU3AYUU c80000HOU dHepeuu. Omoicue 8 KUCI0pooe
KOMAEHCUpYyem 6aKAHCUU KUCIOPOOd, 60CCMAHAGUGAem OAlbHULL NOPSAOOK U nosvluaem (azoeyio
20MO2EHHOCMb, UMO NOOMEEPIHCOACMCSL CYNHCEHUEeM U POCMOM UHMEHCUBHOCTU DAMAHOBCKUX MOO.
Baxyymnas obpabomxa popmupyem necmexuomempuuecxkyio gazy ZrQOs-,, yeenuuusaem KOHYEHMPAYUIO
dehekmos U 6vl3bleaen pacuiupeHue U CMeujeHue pPAMAHOBCKUX RUKOS U3-34 YCUNIEHUS IAEeKMPOH—
gononnozo ezaumooeticmsus. Taxum oopazom, ammocghepa mepmuueckoii 06padboOmMKu A619emcs KIH0Ye8biM
napamempom KOHMpOosi CMPYKIMYPHLIX, ONMUYECKUX U OUINeKMpudeckux cgotcma niénok ZrO:.

Kntouesvre cnosa: ZrO: moukue niéuku, mepmuueckas o6padomka, 6axyymuas ammocgepa,
KUCTIOPOOHAsL ammochepa, KUCTOPOOHbIe 8AKAHCUU, PAMAHOBCKASL CHEKMPOCKONUSL.

RAMAN SPEKTROSKOPIYASI YORDAMIDA ZrO. YUPQA PLYONKALARNING
MORFOLOGIYASI, FAZAVIY EVOLYUTSIYASI VA OPTIK XUSUSIYATLARINI O‘RGANISH

Annotatsiya. Ushbu ishda 600, 900 va 1200 °C haroratlarda kislorodli va vakuum muhitda amalga
oshirilgan termik ishlovning ZrO: yupqa plyonkalarning morfologiyasi, fazaviy evolyutsiyasi va tebranish
xususiyatlariga ta’siri o ‘rganildi. Harorat ortishi diffuziya, kristalllar o‘sishi va strukturalarning gayta
tashkil topishini kuchaytiradi, bu esa erkin energiyani minimallashtirish tamoyiliga mos keladi. Kislorodli
muhitda amalga oshirilgan termik ishlov kislorod vakansiyalarini kompensatsiyalab, uzoq masofali kristall
tartibini tiklaydi va fazaviy gomogenlikni oshiradi, bu Raman cho ‘qqilarining torayishi va intensiviikning
oshishi bilan tasdiqlanadi. Vakuum sharoitida esa nostoixiometrik ZrO:-. faza hosil bo ‘lib, defektlar zichligi
ortadi, va Raman cho ‘qqilari kengayib, past chastotaga siljiydi, bu elektron—fonon o zaro ta’sirining
kuchayishi bilan izohlanadi. Shu bilan, termik ishlov muhiti ZrO: plyonkalarning struktura, optik va
dielektrik xususiyatlarini boshgarishda asosiy parametr hisoblanadi.

Kalit so‘zlar: ZrO: yupga plyonkalari, termik ishlov, vakuum mubhiti, kislorodli muhit, kislorod
vakansiyalari, Raman spektroskopiyasi.

INVESTIGATION OF MORPHOLOGY, PHASE EVOLUTION, AND OPTICAL
PROPERTIES OF ZrO: THIN FILMS USING RAMAN SPECTROSCOPY

Abstract. This study investigates the effect of thermal treatment at 600, 900, and 1200 °C in oxygen
and vacuum atmospheres on the morphology, phase evolution, and vibrational properties of ZrO: thin films.
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Increasing temperature enhances diffusion, grain growth, and structural reorganization in line with free
energy minimization. Oxygen annealing compensates oxygen vacancies, restores long-range order, and
improves phase homogeneity, evidenced by narrowing and intensifying Raman modes. Vacuum treatment
forms a non-stoichiometric ZrO.-. phase, increases defect concentration, and broadens and red-shifts Raman
peaks due to enhanced electron—phonon interactions. Thus, the thermal treatment atmosphere is a key factor
for controlling the structural, optical, and dielectric properties of ZrO: films.

Keywords: ZrO: thin films, thermal treatment, vacuum atmosphere, oxygen atmosphere, oxygen
vacancies, Raman spectroscopy.

BBenenne. B mocnenHue Toabl 3HAYUTENFHO BO3POC HAayYHBIH M TEXHOJNOTHYECKHH HHTEpEC K
CHCTEMAaTUYeCKOMY H3YUYCHUIO (UIUKO-XMMHUYECKUX CBOWCTB HAHOCTPYKTYPHUPOBAHHBIX KOMITO3UTHBIX
MatepuanoB. Ocoboe BHHUMaHHE yrAenseTcs (a3oBOW CTAOMIFHOCTH, MOP(OIOTHYECKONH HBOIIONUN W
TEPMOMHAYUUPOBAHHBIM  TpaHCPOpPMAUUsIM  METAUIMYECKMX  IUIEHOK,  MHTETPUPOBAHHBIX  C
MOJYMPOBOJHUKOBBIMU  TOAJIOKKAMH, YTO SBIISETCS OJHOW W3 KIIOYEBBIX TNPOOJIEM COBPEMEHHOM
HAaHO(OTOHUKH, HAHO- U MHUKPODIEKTPOHUKH, a Takxke MOS-texnosoruii. Bzanmopeiicteue mupkonus (Zr)
¢ kpemHueMm (Si) MpU MOBBIIICHHBIX TEMIlEpaTypax MNPUBOAUT K MeXAuddy3un u  (HOPMUPOBAHUIO
cumuuaHbix a3z (ZrsSis,  ZrSi, ZrSiz), OTIMYAIOIMXCS —KPUCTALIOTpapHUYecKOil  CTPYKTYpOH,
3JIEKTPOIPOBOAHOCTBIO, TEPMHYECKOH CTaOMJIBHOCTBIO M YCTOHYMBOCTBIO K OKuCIeHHI0. Pa3oBble
MPEBPALECHUS] CONPOBOXKIAIOTCS BOSHUKHOBEHHEM BHYTPEHHUX HANpPsDKEHUH, N3MEHEHHEM [TOBEPXHOCTHOM
SHEPTUU U POCTOM 3EPEH, YTO CYIIECTBEHHO BJIMSAET HA MOP(MOJIOTHIO MOBEPXHOCTH W (YHKIHOHAIHHEBIC
cBoiictBa Marepuanal1-4].

WHTepMeTAIUTMIECKUE COCAMHCHUSI CHCTeMbl ZI—Si XapakTepu3yITCs HHU3KUM KoddduimeHTom
skctuHkIuU (K) 1 mokazareneMm mpenomieHus (N), OMM3KHUM K CIUHHUIE, YTO OOECIEeYMBACT BBICOKYIO
MPO3pavyHOCTh MPH JUIMHE BOJNHBI 13,5 HM W JAenaeT MX NEepCHEKTUBHBIMHU JAJsl ONTHKH SKCTPEMabHOTO
yabrpaduornera (EUV), srmouas pellicle u cnekrpanshbie Gpunbtpbl. B wactHocTH, ZrSi: qeMoHCTpHpyeT
BBICOKYIO TEPMOMEXAaHHUYECKYIO0 CTaOMIBHOCTH, BHICOKHN MOMyNs FOHTa W yCTOMYMBOCTD K TEPMHUYECKOU
nedopMalvm, 4To MOJATBEPIKAACT ero MoTeHIMal i npuMenenus B EUV-ckanepax. OqHako BO3MOXKHOCTH
ucnonb3oBanus ZrSi: B kauectBe EUV-pellicle ocrarorcs Henoctarouno nzydeHHbiMu[5-7].

B nacrosieit pabote npoBeJEH KOMIUICKCHBIN aHAIN3 ONTHYECKUX KOHCTAHT ZISi: ¢ MPUMEHEHHEM
COBPEMEHHBIX METOAOB ONTHYECKOTO MOJACIMPOBAHUS C LENbI0 ONMpPEeNeHHs] ero MpurogHoctu ans EUV-
pellicle. Ha ocHOBe pe3ynbTaToB MOAETMPOBAHUS M SKCIIEPUMEHTAIBHBIX HCCIIEA0BAHNI TOHKOIUIEHOYHBIX
00pa3loB moKa3aHo, 4YTo ZrSiz coderaeT OJArONpUSATHBIC ONTHYSCKHE MapaMeTpbl, BBICOKYIO
TEPMOCTOMKOCTh W  MEXaHWYeCKyl0 mpoyHOCTh[8-11]. JlomomHHWTENhHO paccMOTpeHBl  (ha3oBbIe
npeBpalleHuss B cucteMe Si—Zr U MpoIecchl OKUCICHHUS, TPUBOAAIINE K (OPMUPOBAHHIO MHOTOCIOWHOMN
ctpyktypbl ZrO,/SiOz, obecreunBaroleil MOBBIICHHYI0 KOPPO3HOHHYIO CTOWKOCTh B arpeCCUBHBIX Cpeiax.
PamaHoBa MHKpOCKONHSI HCIIOJIb30BaHA KAaK BBICOKOYYBCTBHTEJIHBIH MHCTPYMEHT U aHaiu3a (a3oBbIX
rpanuil, IUGQPY3MOHHBIX TMPONECCOB W MOP(OIIOTHUECKUX HM3MEHEHHH Ha MHUKPO- W HaHOYPOBHE.
[MoyueHHBbIE PE3yNbTATHI MOJATBEPHKIAIOT, YTO ZI'Si2 SBISETCS MEPCIICKTUBHBIM MAaTEPHATIOM ISl CO3IaHusI
Boicokod(dexTuBHBIX EUV-pellicle u moxer crocobcTBOBaTh pa3BUTHIO WHHOBAIMOHHBIX TEXHOJIOTHH B
00JIaCTH HAHODJIEKTPOHUKH M HAHO(POTOHUKH.

JKcnepuMeHTANbHAsE MeToaMKa. J[ns cuHTe3a TOHKHMX IUIEHOK ZrO: B KauecTBe MOIJIOKEK
HCIIOJIb30BATUCH KpeMHHUeBbIe (Si) mmacTHHBI P-THHA ¢ KpUcTauiorpaduyeckoir opuenrarmeit (111), uro
o0ecreynBaio OINTHMaJIbHOE KauecTBO HMHTepdeiica W CTPYKTypHYIO CTaOWJIBHOCTH IOKpbITHA. Jlis
oOecriedeHus] MOBTOPSEMOCTH M MOP(HOIOTHUECKONH OJHOPOJHOCTH COONIOJIANINCH ONTUMH3HPOBaHHbBIE
napameTpbl peaKTUBHOTO MarHETPOHHOTO PaCTIbUICHHS.

[oanoxxkn MOABEPranvch MHOTOCTYIIEHYATOH XMMHUYECKOH OUYMCTKE: yJIbTpa3ByKoBas oOpaboTka B
areToHe ¥ 3TaHoe mo 10 MuH, MPOMBIBKA JCMOHU3UPOBAHHON BOIOH, MTOCIETyONIast o0padoTka B pacTBOpe
RCA-1 (NH4OH:H:02:H.O = 1:1:5) npu 75-80°C B Teuenune 10 MuH W TOBTOpHas MpoMbiBKa. Jljist
YaCTHYHOTO yJaJeHus ecrecTBeHHOro SiO: M yBeln4eHHs IIOBEPXHOCTHOM dHepruu npumensum 1-2 % HF B
teuenue 60 ¢, ¢ Tocieayroneld CYIIKOH B MOTOKE a30Ta M XpaHEHHWEM B YHCTOW Cpejie JIO0 3arpy3Kd B
BaKyyMHYI0 KaMepy. JIaHHBIH KOMIDIEKC MPOIelyp 00ecreunBall OJTHOPOAHYIO HYKJICAIHIO B TUIOTHBIA POCT
ZrOs.

[Inénxkn ZrO. ocaxxganum meronoM peakTnBHOro DC-marHeTpoHHOTO pacHbUICHHS Ha YCTaHOBKE
UVN-75R npu nasiaenun (3—6) MmTopp u yactuyHoi koueHTparuu O2 5-20% oT o0iiero gaBieHus.
Hcnonw3oBancs Metayminueckuii Zr (99,99 %) u pabouue razei Ar u Oz BeICOKOH 4HMCTOTHI (99,999 %).
MouHOCTh pacnblieHUs noajaepkuBanu B auanasoHe 200-250 BT, noioxku pazMenany Npyu KOMHATHOH
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TeMIIepaType ¢ BpalleHHEeM, 0O0ecieunBas MPOCTPAHCTBECHHYIO OHOPOMHOCTE TUIEHKH TOMIHHOW <600 HM,
HU3MEPEHHYIO CIIEKTPOCKOMMYECKOHN IILTUTICOMETPUEH.

Yacte mI€HOK mojaBepraiu Tepmuueckoil oopadorke mpu 600, 900 u 1200 °C B Bo3myXxe U BaKyyMe
(moBbitienne temmnepatrypbl S5 °C/muH, BblACpKKa 60 MUH, €CTECTBEHHOE OXJIAXKICHHE) IUIsI HM3Y4YCHUS
KPUCTAIUTH3AIIMOHHOW KHHETHKH, MOP(OIOTHYECKON 3BONIONMUN ¥ (a3oBbIX mpeBpameHnii. CoctaB u
CTPYKTypa HAaHOKPHUCTAJUINTOB OIICHWBAJNCH C MMOMOIIBI0 PAMaHOBCKOM crmekTpockonuu. [IpencraBnenHas
METOAMKAa TMO3BOJsIA  KOMIUIEKCHO M HaA&KHO  HCCIEeNOBaTh  KPHCTAUIMYECKYIO  CTPYKTYPY,
MOP(OJIOTHYECKYIO IBOJIONHIO U (pa3zoBbie M3MeHeHHS ZrO: miI€HOK ToMmUHON <600 HM MpU pa3IuvHbIX
YCIIOBHUSX TEPMHUIECKON 00pabOTKH.

Pe3ysabTaThl M 00cyxkaeHue. Mophonaorus MOBEPXHOCTH M MHUKPOCTPYKTYpHAas 3BONIONUUS TOHKHX
mwiéHok ZrO. mocne Tepmuueckoir obpabdotku mpu 600, 900 u 1200 °C B BakyyMHOH U KHCIOPOTHOH
atMoc(epax ObUIM CHCTEMaTHYeCKH WCCIIEOBaHBI METOJIOM PaMaHOBCKOH MuKpockomuu (pucyHok 1). C
yBEIIMUEHHEM TEeMIIEpaTypbl HaOMI0OAAeTCsl MO3TanHas HHTEHCH(UKALMs MPOLeccOB MOP(HOIOrHYecKOn
peopraHu3aluy MOBEPXHOCTH, OTpaKalollasi CTPEMJICHHE CHUCTEMbl K MUHHMH3AIUH ITOBEPXHOCTHON
SHEPTUH, yCUIIEHNE aTOMHOU MG dy3UN U aKTUBAIIUIO KHHETHKH KPHCTAILTH3AIHH.

ITpu 600 °C (pucyHok 1a) Ha MOBEPXHOCTHU MOKPHITUS (HOPMUPYIOTCS TUCKPETHBIE OCTPOBKOBHIHBIE
HaHOCTPYKTYpbl pa3zmepoM mopsaka 20—40 am. [lanHas MOpQOJIOrHsS COOTBETCTBYET HAYaIbHOMY 3TaIly
KpUCTAIUTH3AINHA — CTaINH Hykiaeannd. [Ipy OTHOCUTENTFHO HU3KOM TeMIepaType MOBHKHOCTh aTOMOB TI0
MMOBEPXHOCTH OTPAaHWYEHA, BCIEIACTBHE YEro IICHTPHl HYKJIEAllMd pPa3BUBAIOTCS NPEUMYIIECTBEHHO
W30JIUPOBAaHHO. B yclIoBusSX KHCIOpOAHOM aTMoc(hephl JOTIOIHUTEIHHO aKTUBUPYETCS POLIECC OKHUCIICHUS,
COIPOBOXKIAIOMINHCS MHKOPITOpAIMEH aTOMOB KHCJIOPOJIa B KPUCTALIHYECKYIO PEMIETKY, YTO CIOCOOCTBYET
HaYaJbHOW CTaIUU YIIOPSIOUYCHHS CTPYKTYPHI.

ITpu noeeimenun Temneparypsl 10 900 °C (pucyHok 1b) cpennmit pasmep 3€peH CyliecTBEHHO
yBenuuuBaetrcs W gocturaeT 60-90 M. HalOmromaeTcss BbIpakeHHas KOAJICCLEHIUS KPHCTALUTUTOB. B
COOTBETCTBHH C 3aKOHOM AppeHunyca KOdPPUIHEeHT AUQQPY3Ur aTOMOB 3KCIIOHEHIIMAIHHO BO3pacTaeT C
TEMIIEPATypoil, YTO MPUBOJUT K AKTUBU3AIMH MOBEPXHOCTHOW WM Mex3epeHHou mud¢ysuu. CTpeMsch K
CHIDKCHHIO TIOJHOW CBOOOIHOM SHEPTUHM, CUCTEMa WHHUIMUPYET OOBEIMHEHHE MEIKHUX KPHCTAUINTOB B
0ojiee KpYyNMHBIE W TEPMOJUHAMHYCCKUA CTaOWIIBbHBIC 0Opa3oBaHusl. JlaHHBIA MPOIECC COMPOBOXKIAACTCS
YMEHBIIIEHUEM SHEPTUH TPAHUI] 3€PEH U TIOBBIIIEHUEM CTENEHH KPUCTAIUTMIHOCTH TUIEHKH.

IMIpu 1200 °C (pucynok 1C) cpeanuii pasmep 3EpeH nocturaer 120-180 HM, Qopmupyercs
BBIpa)KEHHAs KPYIMHO3EPHUCTAasi OCTPOBKOBas Mopdosorus. Ha 3Toit cTaguu JOMHHUPYIOIIUM MEXaHU3MOM
pocTa MOXKET SIBIIATHCS TPOIECC co3peBaHus 1mo OCTBaNbIy, MPU KOTOPOM MENKHME KPUCTAIUIUTHI ¢ OoJjee
BBICOKOH ITOBEPXHOCTHON SHEPrHel TIOCTEIIEHHO PAaCcTBOPSIOTCS, a BEIECTBO MEPePacpeieieTCs B MOIb3Y
Ooyiee KPYITHBIX M DHEPreTUYECKH YCTOWYMBBIX 3¢peH. B KUCIOpOJHON cpejie aKTHBHAs WHKOPIOpAIHs
KHCIIOpOJia W JallbHEHIee yImopsIoueHue KPUCTAUIMYECKOW PEmIETKH OMOIHUTEIFHO YCKOPSIOT POCT
3épeH. YCHWIIEHHE KaK TIIOBEPXHOCTHOW, Tak M OOBEMHON mU(Qy3un NPUBOAUT K (HOPMUPOBAHUIO
CEerMEHTHPOBAHHOW, KPYITHO3EPHUCTOM U CTPYKTYPHO OoJiee CTa0rIbHON MOP(OTIOTHH TTOKPHITHSI.

* >
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Pucynok 1. Paman-cnekTpbl ToHKOH naéaku ZrO;

B 1nenom wmopdonoruueckas sBomonusi TOHKHX IUIEHOK ZrO. ompexpensiercs auddys3noHHON
KHHETUKON M CTPEMIICHHEM CHCTEMbl K TEPMOAMHAMHUYECKOW MHUHUMH3AINH CBOOOMHOW sHepruu. C
YBEIMYEHUEM TeMIepaTypsl HaONI0AaroTCs pPOCT 3EpeH W TOBBIINICHHWE CTEMEHH KPUCTAUTMYECKOTO
YHOPSAAOYEHHS, YTO CYIIECTBEHHO BIMSET HA ONTHYECKHE, MEXAHWYECKHE M JUAIIEKTPHUECKHE CBOICTBA
MaTepuaia. BricokoTemmneparypHasi o0pa0OTKa B KHUCIOPOIHOW aTMocdepe CIOCOOCTBYET YIIyULICHHUIO
MOpGOJI0rudeckoil cTabMIbHOCTH U KPUCTAJUINYECKOr0 KayecTBa IIEHOK.

Pamanocnekrpockonnueckuii ananus nocne omkura npu 600, 900 u 1200 °C B kucnopoaHo# cpene
MO3BOJIMII POCIIEAUTH 3BOMIOLHUIO (Pa30BOTO COCTOSIHUSA U 1eeKTHOM cTpyKTypbl. Kucinopon komneHcupyet
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BaKaHCHH, CHIDKACT 3apsAAOBYI0 HecOaTaHCHPOBAHHOCTh M BOCCTAaHABIMBAET MAaJbHUA MOPSAIOK, YTO
nposiBisieTcs B cykennn FWHM u yBenmndueHNM HHTEHCUBHOCTH PAMaHOBCKUX JIMHUH.

ITpu 600 °C popmupyrotcs menkue Kpuctamutsl (~20—40 HM), Ipu KOTOPBIX TeTparoHanbHas (aza
KMHETHYECKH CTaOMIU3UPYETCsl BCIEICTBHE BBICOKOTO BKJIaJa MOBEPXHOCTHOM sHepruu. B cmektpe
¢dukcupyrorcs xapakrepabie TO- nu LO-Monbl TeTparoHanbHO# (a3bl, a y3Kre MUKH YKa3bIBAIOT Ha HU3KYIO
ne(heKTHOCTb.

ITpu 900 °C yckopenue nuddy3un NpUBOIUT K YKPYITHEHHUIO 3€PEH U CHIKEHHIO TUIOTHOCTH TPaHMLI.
TerparonancHas (asa coxpaHseTcsi, a pOCT WHTEHCHBHOCTH W JIalbHEHIee Cy)XeHHe JIMHHUA
CBUAETEIBCTBYIOT 00 YIYUIIEHUH KPUCTATMYECKOTO Ka4eCTBa M YCHIIEHUH JUAJIEKTPHIECKOTO OTKIIHKA.

ITpu 1200 °C B mpouecce OXJIKICHUS PEATU3yeTCs] TEPMOANHAMUYECKH YCTOWYNBOE MOHOKINHHOE
coctosinue. [losiBieHne xapakTepHbIX MOJ MOHOKJIMHHOH (a3sl HoATBepkAaeT nepexon t — m. Coxpanenue

TO-LO paznenenust yka3plBaeT Ha CTaOMIIBHOCTD SJEKTPOCTATUICCKUX B3aUMOJICHCTBHI B PEIIETKE.
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Pucynok 2. Iluxku Pamana Tonkoii niéaku ZrO;

B menoM BeICOKOTEMIIEpaTypHas TepMUUECKas 00paboTKa B KHCIOPOIHOU aTMoc(hepe CTa0MIn3upyeT
KPUCTANIMUECKYIO0 PEIETKY TOHKUX INEHOK ZrO2, CHIKACT KOHLEHTPALUIO AE()EKTOB M IOBBILIAET
($ha30ByI0 TOMOT€HHOCTh, YTO MPUBOJIUT K CYIIECTBEHHOMY YJIYYIICHUIO ONTHYECKUX, AMINEKTPHUECKUX U
MEXaHHUUYECKMX CBOMCTB MaTepHaa.

Mopdonorus nosepxnoctd mi€Hok ZrO: nocie tepmuaeckoir oopadorku npu 600, 900 u 1200 °C B
BaKyyMHOH cpene Oblla MpoaHaJM3HMpOBaHA METOJOM pPaMaHOBCKOW MuKpockonuu (pucyHok 3). C
MOBBIIIEHHEM TEeMIIEPaTyphl HaOJII0JaeTcsl MmociieioBaTelbHas UHTEHCH(UKAIUS MPOIECCOB CTPYKTYPHOH
peopraHu3aliy IMOBEPXHOCTH, YTO OOYCIOBJIEHO TEPMOAMHAMHYECKONH CTaOMIM3alMed CHCTEMBl U
akTuBauuei 1udQy3uoHHBIX MEXaHU3MOB.

IMpu 600 °C (pucyHOK 38) MOBEPXHOCTh XapakTepH3yeTcs OTHOCHTENBLHOW TJIaJIKOCThIO, HH3KOH
[IEPOXOBATOCTBI0 M HAIMYHMEM MEJKUX TOYEUYHBIX CTPYKTYp, COOTBETCTBYIOIIMX IIEHTPaM HYKJICAIIHH.
OrpaHnveHHass TOABMXHOCTb AaTOMOB IO IIOBEPXHOCTH MPEMATCTBYET MOCTHKEHHIO COCTOSHHUSA C
MUHUMAJIbHOW CcBOOOAHONM o3Heprueit. HalOmromaemass Mopdosiorus oTpakaeT HaYadbHYI0 CTaIUi0
KpUCTaTH3aUU ¥ GOPMUPYET MPEANOCHUTKH JUIsI ITOCIEYIONIET0 POCTa KPUCTAIUIUTOB MpU 00Jiee BHICOKHX
TemIeparypax.

ITpu 900 °C (pucynok 3b) oTMeyaeTcsi CyIIeCTBEHHOE YBEIUUCHHE Pa3MEPOB U TUIOTHOCTH 3EépeH. B
COOTBETCTBHU C 3aKOHOM AppeHuyca SKCIOHEHIHMAaNbHBI pocT Koddduiuenta nupdy3un aKTHBHPYET
MOBEPXHOCTHYI0O M 00BEMHYIO An((y3Hi0, YTO NPUBOAUT K KOAJECLUEHIMH MEIKUX HYKIJICAllMOHHBIX
LEHTPOB M HMHTeHcH(UKanuu pocta 3€peH. JaHHbBIM mporecc OOYCIOBIEH CTPEMJICHHEM CHCTEMBI K
MUHUMH3AIUK TIOJHOW CBOOOJHOW 3HEPrHH 3a CYET YMEHBIICHHS JSHEPIMU MEK3CPEHHBIX I'paHull. B
pe3yabTaTe YCHIMBACTCS CTPYKTYPHAS CBI3HOCTh M TOMOTEHH3AIUS KPUCTAJITUIECKONW PEIIETKH.

ITpu 1200 °C (pucynok 3C) HabiromaeTcs BBIPAKEHHOE YKPyIHEHHE 3EPEH M MOBBILICHHE CTEEHU
Mopdororudeckoii cermenTauuu. [Ipu BBICOKMX TeMIiepaTypax BO3pacTaeT KOHIEHTPALMsl KHCIOPOAHBIX
BaKaHCHH, yCWJIMBAeTCS aTOMHAass MUTpalMsg W aKTHBH3HPYIOTCS TPOIECCH TMepekpuctamumm3anmi. Ha
JAaHHOM JTalle BEPOSITHBIM JAOMHHHUPYIOIIUM MEXaHW3MOM SIBJsieTCsl co3peBaHue 1o OcTBanbly, NpH
KOTOPOM MEJIKME€ KPUCTAJUIUTBI C BBICOKOHM IOBEPXHOCTHOW SHEpPrHedl MOCTENEHHO pPacTBOPSIOTCA, a
MaTepHal rnepepacrpesensercs B mojib3y 0osee KpynHbIX 3€peH. B BakyyMHOM cpejie yacTuiHas 1ecopOIust
KHCJIOPOJIa M3MEHSIET MOBEPXHOCTHYIO SHEPTHIO U KOHIIEHTPALIUIO 1e()EKTOB, YTO JOTIOIHUTEIHHO BIUSIET HA
KUHETHKY pOCTa 3EPEH.
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Pucynok 3. Paman-cnexkTpbl ToHKOH m1éaku ZrO;

B menom BbeIcOKoTeMmepaTypHas TepMudeckas oOpabOTKa B BaKyyMHOW cpele MHTEHCHOUIHPYET
POCT 3€peH M yCHIIMBAET MPOIECCHl CTPYKTYpHOH peopraHu3anuy B TOHKHX uiéHKax ZrO.. HaGmomaemas
Mopdosorudeckas 3BOOLUS 00ycioBiIeHa (QyHIAMEHTAIBHBIMU (U3NYECKUMH MEXaHM3MaMH, BKJIIOUYas
MOBEPXHOCTHYI0O M OO0BEMHYIO Iuddy3uto, oOpa3oBaHHE BaKaHCHH, KOAJECLUEHIMIO KPHUCTAUIUTOB U
MHHUMHM3AIHMIO0 CBOOOTHOM SHEPTUH CHCTEMBI. B pe3ynbraTe CyImecTBeHHO MOIU(DUINPYIOTCS ONITHYECKHE U
JIEKTPUYECKHE CBOICTBAa MaTepuana, 4YTO MMEeT MNPUHUUIMAIBHOE 3HAuY€HHE M YHPaBICHUs
(YHKIMOHANBHBIMH ~ MIApAMETPaMH  BBICOKOTEMIIEPATYpPHBIX  ONTORJICKTPOHHBIX M JAUDIIEKTPUUYECKUX
YCTPOMUCTB.

Tepmuueckast oopadotka mpu 600, 900 1 1200 °C B BaKyyMHBIX YCIIOBHUSX NMPUBOAMUT K Pa3BHTHIO
KHCJIOPOJHOW HEAOCTaTOYHOCTH W (OPMHPOBaHHI0 HecTexuomeTpuueckor ¢azer ZrO.—. OtcyTcTBHE
OKHUCITUTENBHOM aTMOC(ephl MPH BBICOKUX TEMIIEpaTypax ycKopseT Nu(@y3HOHHBIH BBIXOJ KHUCIOPOJA W3
KPHCTAJUTMYECKOH PEMIETKH 1 YBEIMUMBACT KOHIIEHTPALMIO KUCIOpOoAHBIX BakaHCH (V_O¢¢). Otr nedexTst
BBI3BIBAIOT JIOKAJbHOE HApYLICHWE CHUMMETPHUU PEIIETKH, (OPMHUPOBAHME BHYTPEHHHMX HANPSDKCHUH U
nepepacnpeeicHue 3apsAaoBOl TUIOTHOCTH, YTO CYIIECTBEHHO OTpPaKaeTcs Ha YACTOTHOM IOJIOKEHHUH,
LIMPUHE 1 HHTEHCUBHOCTH PAaMaHOBCKUX JINHUM.

ITpu 600 °C nabnromaeTcs HavanbHas cTajus JcokcureHanuu. [lonepeunsie ontuueckue (TO) Moasl
B auanazoHax 140-150 u 260-270 cm™' pacmupsroTcs 1 yMEHBUIAIOTCS 110 MHTEHCUBHOCTH. AHAJIOIMYHOE
MOBEJICHUE XapaKTEepHO U MpoaonbHbiX onTudeckux (LO) monm B obmactsax 450-470 u 600-620 cm.
Cwmerenne mikoB Ha 3—5 cM ! B cTropoHy Hu3KHX yacToT (red shift) ceszano ¢ ocnabnenuem cesizeit Zr-O u
MHUKpPOMAacIITa0HbIM pacIIMpeHHeM KpUCTAIIMYecKol pemérku. Ha maHHOM 3Tame HOMHHUpYET ONVKHUI
MOPSIOK TIPH (HOPMUPOBAHUH HAYATBHOTO YPOBHS ieeKTHOCTH (pucC. 4).

ITpu 900 °C B cooTBETCTBUHU C 3aKOHOM AppeHHyca 3HAYUTENbHO ycuiauBaercs: Au¢pdy3us KUCIopoaa
U Bo3pactaeT IUIOTHOCTh BakaHcuil. [lomymmpuna (FWHM) TO- u LO-mon yBenuumBaercsi, a ux
WHTEHCUBHOCTH CHIKaeTcs. Pactmmpenne TO-MoJ yka3plBaeT Ha CHIDKCHHE CTETEHH OJMKHETO TOPSIIKa,
torga kak red shift LO-mon otpakaeT BO3HHKHOBEHHE JIOKAIBHBIX HAIPSDKCHHH U MPOILIECCOB 3apsiI0BOM
komrneHcanuu. Kucnopoansie BakaHcHH (OPMHUPYIOT JOHOPHBIE 3IEKTPOHHbBIE YPOBHHU, YCHIINBAs 3JICKTPOH-
(OHOHHOE B3aUMOJICHICTBHE U MOBbINIAs HHTEHCUBHOCTH (POHOHHOTO paccesHMsL.

I[pu 1200 °C nocturaercs MakKCHMajbHas CTCNEHb JCOKCUTCHAIMM M HECTEXUOMETPUYECKOMH
sBomoruu. 3HadeHuss FWHM ansg TO- u LO-Mon nocTuraroT MakcMMyMa, HHTEHCHBHOCTH CYIIECTBEHHO
MajaeT, a OTAEeNbHbIE MUKU CTAHOBATCSA MeHee pasnunduMbIiMu. CMemnierne 10 8—10 cM ' B CTOPOHY HHU3KHX
4acTOT CBHJIETEIBCTBYET O 3HAUYUTEIHLHOM oclabieHnu cBszell Zr—O, yBeIMYeHNU MapaMeTpoB PEMETKH U
MOJIU(HUKALNY JIOKATBHOTO 3JIEKTPOCTATUYECKOTO MOJIsL. Y CHIIEHHE 3JIEKTPOH-(OHOHHOTO B3aMMOJICHCTBHS,
pacliipeHHe MOJA M CHIDKEHHE HMHTCHCHUBHOCTH OTPa)Xal0T HApyLICHHE MAalIbHEro KPUCTAIIIMYECKOTO
MOpsI/IKA, YMEHBIIICHHE CTETIEHH OJIMKHETro YIopsioueHus U (JOPMHUPOBaHUE HECTEXHMOMETPHUYECKHX N-THUI
HOJIyIIPOBOJHUKOBBIX CBOMCTB.
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Pucynok 4. ITuxkn Pamana Toukoi niaénku ZrO..

BricokoTtemneparypHast ~TepMuueckas 00paboTKa B BaKyyMe ycwiuBaeT (opMupoBaHue
HecTexuoMeTpuueckoil daszpl ZrO.— 3a cU€T pocTa JOKAIBHBIX Ne(EKTOB, BaKaHCHH W MpeodsagaHus
ONMMKHEro TMOopsAaKa. JTO MPUBOIUT K MomuuKanuu (OHOHHOTO pacCesHUs, SIEeKTPOH—(pOHOHHOTO
B3aMIMOJICHCTBUSA, a TaKXKe ONTHYECKUX M AeKTpudeckux cBoucTB. Cmemierne TO- u LO-mMox k HU3KHM
4acToTaM, pacllMpeHHe MUKOB M CHW)KEHHE MHTCHCHBHOCTH OTPAKAIOT YMEHBIICHHE KPHCTAIUTMYECKOTO
coBeplIeHCTBA M (opMupoBaHHWE N-TUN  HOJTYHNPOBOAHUKOBBIX  CBOMCTB. PamaH-criekTpockomus
JEMOHCTPHUPYET BBICOKYK) HYyBCTBUTECJIBHOCTh K BIIHMSHUIO KHCJIOPOAHBIX BaKaHCUH Ha CTPYKTYpHbBIE H
AJIEKTPOHHBIE XaPAKTEPUCTHKH TIEHOK ZrOx—.

BuiBoabl. Tepmuueckass obpaborka mpu 600-1200 °C cymiecTBeHHO BIUSeT Ha MOP(QOJIOTHIO,
¢da3zoBoe cocTOsHME U JePEKTHYIO CTPYKTYpy TOHKMX IUIEHOK ZrO.. IloBbllieHHe TeMIepaTypsl
WHTeHCUpHUUUpYeT OUPPy3UOHHBIE TpOIecChl W pocT 3EpeH, obecrneynBas TEPMOTUHAMUYECKYIO
CTaOMIIM3AIHIO CTPYKTYPHI.

OTxur B KUCIOPOXHOW arMmocdepe crnocoOCTBYeT KOMIIGHCALMM KHCIOPOIHBIX BaKaHCHH,
BOCCTaHOBJICHUIO JAJbHETO IMOPAIKA U MOBBIICHUIO ()a30BOM TOMOT€HHOCTH, YTO IPUBOIUT K YIIyUIIEHHUIO
ONTHYECKUX W JMINEKTPHUYECKUX CBOHCTB. BakyymHast oOpaboTKa, HampOTHB, BBI3BIBACT (POPMHPOBAHHE
HECTEXUOMETPHUECKOM (a3bl ZrOz—, YBEIHUYCHUE KOHIIGHTPANUU JACPEKTOB U YCHICHHE 3SJICKTPOH—
(OHOHHOTO B3aMMO/ICHCTBUSI, COPOBOKAaroLIeecs paciupenreM u red shift pamanosckux Mo.

Takum oOpa3om, aTMocepa TepMUUECKONH 00pabOTKH SBISETCS KIIOYEBBIM (DAKTOPOM yIIpaBICHUS
CTPYKTYpHBIMH ¥ (YHKIMOHATBHBIMUA XapaKTepuCTHKaMu TUIEHOK ZrO: Juis BBICOKOTEMIEpATypPHBIX
JU3JIEKTPUUECKUX M ONITOIEKTPOHHBIX TPUMEHEHHH.
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Abstract. N-Carboxymethylchitosan (N-CMCS) was obtained by modifying chitosan in the presence of
monochloroacetic acid. The optimal reaction conditions were 90°C and 4 hours, with a mass ratio of
chloroacetic acid to chitosan of 5:1. The chemical structure and functional groups of the obtained N-CMCs
were analyzed using IR spectroscopy. In the region of 16001550 cm ~ 7, absorption peaks characteristic of
asymmetric stretching vibrations of the carboxylate group (-COO ~) were observed. Also, the hydrodynamic
properties of N-CMCS were studied using the dynamic light scattering (DLS) method, and the hydrodynamic
size and distribution parameters of the particles were determined.

Keywords: Crab shell chitosan, monochloroacetic acid, carboxymethylchitosan, hydrodynamic
diameter

N-KARBOKSIMETILXITOZANNING SINTEZI, TUZILISHI VA XOSSALARI

Annotatsiya. N-Karboksimetilxitozan (N-KMXZ) xitozanni monoxlorsirka kislotasi ishtirokida
modifikatsiyalash orgali olindi. Reaksiyaning optimal sharoitlari 90°C va 4 soat ga teng bo ‘ib, xlorosirka
kislotasining xitozanga massa nisbati 5:1 ga teng. Olingan N-KMXZning kimyoviy tuzilishi va funksional
guruhlari 1Q-spektroskopiya usuli yordamida tahlil gilindi. 1600-1550 sm ™’ sohada mos ravishda
karboksilat guruhining (-COO ™) asimmetrik valent tebranishlariga xos yutilish cho ‘qqilari kuzatildi.
Shuningdek, N-KMXZning gidrodinamik xossalari, dinamik yorug ‘lik sochilishi (DLS) usuli yordamida
o ‘rganilib, zarrachalarning gidrodinamik o ‘Ichamlari va tagsimlanish ko ‘rsatkichlari aniglandi.

Kalit so“zlar: Crab shell xitozani, monoxlorsirka kislota, karboksimetilxitozan, gidrodinamik diametr

CHUHTE3, CTPYKTYPA U CBOUCTBA N-KAPBOKCUMETHJIXUTO3AHA

Annomayus. N-xapboxcumemuaxumoszan (N-KMX3) Ovin nonyuen nymem mMoougurayuy Xumo3ama 8
APUCYMCMEUU MOHOXIOPYKCYCHOU Kuciombl. OnmumanbHblMu YCI08UAMU peakyuy AGIANIUCy meMnepamypa
90 °C u npooorxcumenvbHocmy 4 4, npU dMOM MACCO80E COOMHOUIEHUE MOHOXIOPYKCYCHOU KUCIOMbL U
xumosana cocmasnano 5:1. Xumuueckas cmpykmypa u (yHKYUOHATbHbIE SPYNNbL CUHME3UPOBAHHO20 N-
KMX3 6viiu uccnedosamnvt memoodom HUK-cnexmpockonuu. B obracmu 1600-1550 cm ™! nabmodanuco
NONIOCHL NO2NOWeHUs, XapaKmepHbvle 05l ACUMMEMPUUHBIX 8AIEHMHBIX KONeOAHUU KAPOOKCUNAMHOU ePYNNbl
(-COO0 ™). Kpome moeo, euopoounamuueckue ceoticmea N-KMX3 ovLiu uzyuenvt memooom OUHaMu4ecKozo
ceemopaccesus (DLS), umo nossoauno onpedenums cuOpOOUHAMULECKUL pA3Mep 4acmuy U napamempuvl ux
pacnpeoenenus no pazmepam.

Knwuesvie  cnosa:  xumozan — u3  nawyups  kpabda,  MOHOXJIOPYKCYCHASL — KUCIOMA,
KapOOKCUMEMUIXUMO3AH, UOPOOUHAMULECKULL OUAMEmp.

Introduction. Chitosan (CS) is a natural polysaccharide obtained from the shells of crustaceans and
other marine crustaceans, and is formed by the alkaline deacetylation of the biopolymer chitin. It is
characterized as a copolymer consisting of D-glucosamine and N-acetylglucosamine units [1]. The
insolubility of CS in water and neutral media significantly limits its scope of application. In order to
overcome this drawback, newderivatives of CS are being obtained through various chemical modifications,
including carboxymethylation reactions. [2].

Carboxymethyl chitosan (CMCS) is obtained by introducing a carboxymethyl (—-CH,COOH) group
into the — OH and — NH, groups of chitosan under the action of monochloroacetic acid (MCA) or sodium
monochloroacetate. Depending on the molecular structure, CMCS can be in the form of O-carboxymethyl
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chitosan, N-carboxymethyl chitosan, or N,O-carboxymethyl chitosan [3]. Depending on the degree of
substitution, solubility, viscosity, and biological activity vary significantly [4].

In the synthesis of CMCS, the reaction temperature, time, pH, and reagent ratio determine the degree
of conversion. A conversion degree of more than 50% further improves the antibacterial, antioxidant, and
biological properties of CMCS [5]. In addition to the realkylation method, CMCS can also be obtained via
the Michael coupling reaction, which provides stereochemical control of the product. [6].

The hydrodynamic properties of CMCS are important in characterizing the behavior of polymer chains
in water and determining their practical applications [7], and the hydrodynamic volume affects the ability to
form cationic solutions, which provide water solubility and colloidal stability. [8].

The hydrodynamic diameter of CMCS particles measured by DLS was found to be in the range of
300-380 nm, and the zeta potential was found to be around —13 mV [9]. These parameters are crucial in the
design of CMCS -based drug delivery systems, especially in the formation of nanoparticles and micelles. The
pH-sensitive property of the polymer depends on the degree of ionization of its carboxyl (—COOH) groups,
and high solution viscosity is observed in neutral and alkaline media.

IR spectroscopy is one of the main methods for analyzing the structure of CMCS, allowing to
determine the degree of chemical modification. In the IR spectrum of the initial CS, a broad absorption
spectrum corresponding to the —NH, group was observed at wavelengths of 3445 and 3422 cm™. In the
CMCS spectrum, a strong absorption spectrum corresponding to the symmetric stretching vibration of the —
COO™ group appeared at 1412 cm™. In addition, a signal characteristic of the -CH,~COOH group was also
detected at 1480 cm™ [1, 3]. These parameters confirmed the successful completion of the
carboxymethylation reaction. From a biomedical point of view, CMCS has a number of important biological
properties [11]. In the field of wound healing, CMCS-based hydrogels are being studied as moisture-
retaining, bioadhesive, and self-healing materials [12].

CMCS is an active research material in polymer chemistry and biomedicine due to its high-water
solubility, large hydrodynamic volume, pH-sensitive properties, and well-characterized IR spectrum. A
comprehensive study of their synthesis, hydrodynamic and spectroscopic properties provide a scientific basis
for the creation of new highly effective biomaterials and drug systems.

Research materials and methods. In carrying out this work, chemical reagents such as "chemically
pure" NaOH, CH;COOH, and CI-CH,COOH from Sigma Aldrich were used.

IR-spectroscopic analyses. IR-spectroscopic studies of CS and CMCS were carried out using the IR
Tracer-100 spectrometer BRUKER (Germany). IRTracer-100 is characterized by a high signal-to-noise ratio
of 60,000:1, a bandwidth of 0.25 cm™, and the ability to operate in a fast scanning mode, allowing recording
up to 20 spectra per second.

DLS measurements. Particle dispersion, distribution and particle size of CS and CMCS samples in
aqueous media were determined by studying dynamic light scattering using a Photocor analyzer. This
method is based on measuring the average diffusion rate of dispersed particles by recording fluctuations in
the intensity of scattered light. This method allows you to calculate the particle size by directly measuring
the diffusion coefficient of dispersed particles in solution. The Photocor analyzer used allows you to study
the processes of formation and decomposition of particles, aggregates, complexes in the temperature range of
278-363 K.

Results and their discussion. Synthesis of N-carboxymethylchitosan

3.75 g of monochloroacetic acid was placed in a three-necked flask and dissolved in 15 ml of distilled
water. The pH of the resulting solution was adjusted to 7.0 by titration with 10% NaOH. Then, 0.75 g of
chitosan was added to the solution. The reaction mixture was heated to 90 °C under vigorous stirring and
kept at this temperature for 4 hours. To neutralize the hydrochloric acid (HCI) formed during the reaction
and to maintain the pH of the medium at 7.0, a 20% sodium carbonate was added dropwise every 30
minutes. After the reaction was completed, the mixture was filtered to remove unreacted chitosan. The
resulting filtrate was diluted with 95% ethanol in a mass ratio of 1:3, and the resulting precipitate was
isolated by filtration. The precipitate was washed twice with absolute ethanol and dried under vacuum to
obtain N-CMCS.

IR Spectroscopic Analysis of Chitosan Macromolecule from Crab Shells
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Figure 1. IR spectra of chitosan and carboxymethylchitosan

As a result of the analysis of the IR spectra of chitosan and N-carboxymethylchitosan, broad
absorption spectra corresponding to the stretching vibrations of hydroxyl (-OH) and amine (-NH) groups
were observed in the region of 3200-3500 cm™ !. As shown in Fig.1, the IR spectrum of chitosan exhibits
absorption spectra depending on the saccharide structure in the region of 1155, 1078, 1029 cm™. The peak at
1598 cm™ belongs to NH,.

In the spectrum of N-CMCS, new absorption spectra appeared, confirming the successful completion
of the carboxymethylation process. In particular, absorption peaks characteristic of asymmetric and
symmetric stretching vibrations of the carboxylate group (-COO~ ) were observed in the regions of 1600—
1550 cm™ ! and 1420-1400 cm™ !, respectively. Also, intense absorptions in the range of 1150-1020 cm™ !
are related to vibrations of the C—O—C and C-O bonds in the polysaccharide chain. The absorption spectra in
the region of 900-500 cm™ ! are explained by deformation vibrations of the carbohydrate ring skeleton.

The appearance of absorption spectra characteristic of the carboxylate group in the spectra confirms
the successful modification of chitosan to N-CMCS.

DLS analysis results

Particle size in solutions of Crab Shells chitosan was examined using a DLS
analyzer

Intensity (%)

-0,02

- T

10° 102 107 10° 10' 10?7 10° 10* 10° 10° 107
Size (nm)
Figure 2. Dispersion of chitosan particles in solution
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The hydrodynamic size of the obtained N-CMCS particles was characterized using dynamic light
scattering DLS. Analysis of the particle size distribution histograms showed that the hydrodynamic diameter
of N-CMCS nparticles in solution varied within a certain range. The particle size distribution showed the
presence of particles with the following diameters: 0.04 nm (0.05%) and 7.280 pum (99.5%) Fig.2. It is shown
that N-CMCS exhibits a bimodal size distribution characterized by a small fraction of nanoparticles and a
large fraction of micrometer-sized particles. This disproportion reflects their aggregation behavior and
colloidal stability in solution.

Conclusion. Thus, N-CMCS was obtained based on chitosan. The optimal conditions for the synthesis
process were found to be a temperature of 90°C, a reaction time of 4 hours and a mass ratio of chloroacetic
acid to chitosan of 5:1. Observation of absorption peaks characteristic of asymmetric valence vibrations of
the carboxylate group (-COO™ ) in the region of 1600-1550 cm™ ! by means of IR-spectroscopy showed that
the N-carboxymethylation reaction was successfully carried out. The results of DLS analysis made it
possible to determine the hydrodynamic dimensions and particle distribution of N-CMCS. It shows that the
synthesized N-CMCS has good solubility in water and is a promising polymer material for drug delivery
systems.
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MOODLE LMS PLATFORMASIDA SUN’LY INTELLEKT TEXNOLOGIYALARI ASOSIDA
TALABALAR AKADEMIK MONITORINGI VA MOSLASHUVCHAN TAVSIYA TIZIMINI ISHLAB
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Annotatsiya. Mazkur tadgiqot ragamli ta’lim muhitida, xususan Moodle LMS platformasida talabalarning
o ‘quv faoliyati log-ma’lumotlarini sun’iy intellekt algoritmlari yordamida tahlil gilishga qaratilgan. Tadgiqot
davomida talabalarning tizimga kirish chastotasi, platformada sarflangan seans vaqti va joriy baholash
ko ‘rsatkichlari tahlil qilindi. Ma’lumotlar bazasi asosida talabalarni akademik xavf guruhlariga (Low, Medium,
High Risk) ajratuvchi K-Means va K-NN gibrid mashinali o ‘rgatish modeli ishlab chigildi hamda ularning
amaliy samaradorligi EduManager tahliliy paneli vositasida tekshirildi. Tadgiqot natijalari K-NN
tasniflagichining 94,2% aniqlik namoyon etganligini ko ‘rsatdi. Shuningdek, talabalarning o ‘zlashtira olmagan
mavzularini avtomatik to ‘ldirish uchun Moodle tizimiga moslashtirilgan o ‘quv materiallarini tavsiya etuvchi
qulay modullar qo ‘shildi. Bu esa har bir talabaga o ‘z bilimidagi bo ‘shliglarni mustaqil ravishda va o z vaqtida
bartaraf etish imkonini beradi.

Kalit so‘zlar: Learning Analytics, Moodle LMS, barvaqt ogohlantirish tizimi, Educational Data Mining,
K-Means, K-NN, moslashuvchan tavsiya tizimi, EduManager.

DEVELOPMENT OF AN AI-DRIVEN ACADEMIC MONITORING AND ADAPTIVE
RECOMMENDATION SYSTEM IN MOODLE LMS PLATFORM

Abstract. This study focuses on analyzing student educational activity log data in a digital learning
environment, specifically within the Moodle LMS platform, using artificial intelligence algorithms. System login
frequency, platform session duration, and continuous assessment metrics were evaluated. Based on this dataset,
a hybrid machine learning model combining K-Means and K-NN algorithms was developed to classify students
into academic risk groups (Low, Medium, High Risk), and its practical effectiveness was verified via the
EduManager analytical dashboard. The results demonstrated a classification accuracy of 94.2% for the K-NN
engine.Additionally, user-friendly modules were integrated into Moodle to dynamically recommend personalized
learning materials for topics students struggled with. This enables each student to independently and timely
bridge their knowledge gaps.

Keywords: Learning Analytics, Moodle LMS, Early Warning System, Educational Data Mining, K-Means,
K-NN, Adaptive Recommendation System, EduManager.

PABPABOTKA CUCTEMBI AKAJEMUYECKOI'O MOHUTOPUHI'A U ATAIITUBHBIX
PEKOMEHIALIA HA OCHOBE TEXHOJIOI'Mi UCKYCCTBEHHOI'O UHTEJLJIEKTA B
MNJIAT®OPME MOODLE LMS

Annomayusn. Jlannoe ucciedosanue HANPAGIEHO HA AHANU3 JI02-OAHHLIX YYEOHOU OessmelbHOCHU
cmyodenmos 6 uupposoli obpazosamenvHol cpede, € uacmuocmu Ha niampopme Moodle LMS, ¢
UCNOTL306AHUEM ANCOPUMOE UCKYCCMGEHHO20 unmenlekmd. B xode pabomwvr Oviiu npoanaiu3uposamvi
yacmoma 6x00a 6 cucmemy, epems ceccuu u mexkywue oyenku. Ha ocrnose amux oannvix 6viia paspabomana
eubpuonas mooenv mauwunnozo obywenus K-Means u K-NN, xkraccuguyupyrowas cmyoenmos no epynnam
axkademuuecxozo pucka (Low, Medium, High Risk), a eé npaxmuueckan s¢pgpexmuenocmo 6vina nposepena c¢
nomowvio ananumuyeckou naneau EduManager. Pesyismamer noxazanu mounocmo knaccugpuxamopa K-NN na
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ypoesne 94.2%.Takoce ¢ cucmemy Moodle 6vbuiu unmeepuposanvt y0ooHble MOOYAU, peKoMeHOYIowue yuebHble
Mamepuaibl no Memam, Gul3bl8AIOWUM MPYOHOCMU Y CMYOEHMOos. DMO NO360MAEH KANCOOMY CHYOeHny
CAMOCMOSIMENbHO U CB0EBPEMEHHO YCMPAHAMb NPOOENbL 8 COUX ZHAHUSX.

Knrouesvie cnosa: oopaszosamenvnas ananumuxa, Moodle LMS, cucmema panneco npedynpescoenus,
Educational Data Mining, K-Means, K-NN, adanmusenas pexomenoamenvnas cucmema, EduManager.

Kirish. Zamonaviy oliy ta’lim tizimining ragamlashtirilishi oquv jarayonlarini tashkil etish va monitoring
gilishda yangi imkoniyatlarni ochib bermoqgda. Hozirgi kunda oliy o‘quv yurtlarida masofaviy ta’limni
boshqarish tizimlari (LMS — Learning Management Systems), xususan Moodle platformasi asosiy ta’limiy
infratuzilma sifatida keng qgo‘llanilmogda [12]. Talabalarning platformadagi har bir faoliyati —tizimga kirish
chastotasi, o‘quv materiallari bilan ishlash seanslari, test topshiriglarini bajarish dinamikasi va topshirilgan
topshiriglar vaqgti katta hajmdagi ragamli izlar (log-ma’lumotlar) ko‘rinishida ma’lumotlar bazasida saglanib
boradi [9].

Biroq, an’anaviy baholash va monitoring usullari asosan retrospektiv xarakterga ega. Ya’ni, pedagoglar va
guruh murabbiylari talabaning akademik o‘zlashtirishdagi muammolarini fagat oraliq yoki yakuniy nazorat
natijalari e’lon qgilingachgina payqaydilar. Bu vaqtga kelib esa talabaning bilimidagi bo‘shliglarni to‘ldirish yoki
uni kursdan qolishining oldini olish uchun pedagogik ta’sir ko‘rsatish kechikkan bo‘ladi.

Shu sababli, ta’lim analitikasi va ta’lim ma’lumotlarini tahlil qilish sohasida talabalar xatti-harakatini real
vaqt rejimida kuzatuvchi hamda Barvaqt ogohlantirish tizimlarini yaratish dolzarb masalalardan biridir [1, 2].
Mashinali o‘rgatish (Machine Learning) algoritmlari o‘quv faoliyati log-ma’lumotlari ichidagi yashirin
gonuniyatlarni aniglash imkonini beradi [3, 7]. Lekin mavjud statistik va tahliliy tizimlarning aksariyatida jiddiy
bir kamchilik kuzatiladi: ular faqatgina talabaning “xavf ostida” ekanligini xabar qiladi, ammo talabaning aynan
gaysi mavzu yoki tushunchalarni o‘zlashtira olmaganligini diagnostika gilmaydi va muammoni hal etuvchi
avtomatlashtirilgan o‘quv yo‘nalishini taklif etmaydi [5].

Ushbu tadgigotning magsadi — Moodle LMS platformasi log-ma’lumotlarini tahlil qgilish asosida K-Means
va K-NN gibrid algoritmlari yordamida talabalarni akademik xavf guruhlariga ajratish, ularning bilim
uzilishlarini aniqlash hamda o‘quvchining Moodle sahifasida avtomatik ravishda moslashtirilgan o‘quv
resurslarini tavsiya etuvchi EduManager tizimini ishlab chigish va amaliyotga joriy etishdan iborat.

Mavzuga doir adabiyotlar tahlili. Zamonaviy raqamli ta’lim mubhitida ta’lim analitikasi va ta’lim
ma’lumotlarini tahlil qilish yo‘nalishlari so‘nggi yillarda jadal rivojlanib bormoqda. Xususan, Moodle LMS
kabi ochiq kodli ta’limni boshgarish tizimlarida talabalarning akademik faolligini monitoring qilish va
bashoratlash bo‘yicha bir qancha xalqaro hamda mahalliy izlanishlar olib borilgan. Dastlabki tadqiqotlarda
C.Romero va S.Ventura [1] Moodle platformasidagi harakatlar jurnallaridan (log-data) xulg-atvor shablonlarini
ajratib olish va ulardan ta’lim sifatini oshirishda foydalanish metodologiyasini asoslab bergan. R.Baker va
K.Yacef [2] o‘z izlanishlarida qarorlar daraxti hamda Naive Bayes kabi an’anaviy mashinali o‘rgatish
algoritmlari yordamida talabalarning platformaga kirish vaqti va test topshirish ko‘rsatkichlari orgali ularning
passivlashib  borishini aniqlash mumkinligini ko‘rsatdi.Keyingi yillarda ta’limda sun’iy intellekt
texnologiyalarining qo‘llanilishi sifat jihatdan yangi bosqichga ko‘tarildi. R.Heller va F.Detienne [3] oliy
ta’limda barvaqt ogohlantirish tizimlari (Early Warning Systems) talabalarning akademik o‘zlashtirmaslik
xavfini kamaytirishda hal qiluvchi rol o‘ynashini ta’kidlaydi. B.Bakhshinategh va boshgalar [4] hamda
A.Razaque va boshqalar [5] oz ishlarida sun’iy intellekt algoritmlari orqali talabalar natijalarini bashorat qilish
metodlarini tahlil qilib, faqatgina baholash ko‘rsatkichlari emas, balki interfaol harakatlar loglarini ham e’tiborga
olish zarurligini uqgtiradilar. H. Waheed va uning hammualliflari [6] virtual ta’lim muhitining katta ma’lumotlari
bazasida chuqur o‘rgatish modellarini qo‘llash orqali yuqori aniqlikka erishgan bo‘lsalar, J. Kuzilek [7] va L.
Aulck [8] log-ma’lumotlar asosida dinamik monitoring olib borishning amaliy usullarini ko‘rsatib berishgan.
Birog, tahlil gilingan adabiyotlarning aksariyatida talabalarni fagatgina xavf guruhlariga ajratish (klasterlash)
bilan cheklanib qolingan bo‘lib, ularga real vaqt rejimida shaxsiylashtirilgan va moslashuvchan pedagogik
tavsiyalar berish mexanizmi to‘liq yoritilmagan. Ushbu maqolada taklif etilayotgan K-Means va K-NN
algoritmlariga asoslangan gibrid model va EduManager tahliliy paneli aynan ushbu bo‘shliqni to‘ldirishga
hamda pedagogik aralashuvni barvaqt amalga oshirishga qgaratilganligi bilan mavjud adabiyotlardan farglanadi.
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Tadgigot metodologiyasi.Tadgiqotda Moodle LMS platformasi bazasida talabalar xatti-harakatini tahlil
qilish, akademik xavf guruhlarini belgilash hamda moslashuvchan o‘quv resurslarini tavsiya etish uchun uch
bosgichli gibrid arxitektura ishlab chiqildi [4].

1. Ma’lumotlarni yig‘ish va ko‘rsatkichlarni shakllantirish (Feature Engineering). Moodle LMS
ma’lumotlar bazasining xom log-fayllaridan (clickstream data) har bir talaba i uchun quyidagi 3 ta asosiy
miqdoriy ko‘rsatkich shakllantirib olindi [8]:

1. Xiogin (Tizimga kirishlar soni): Talabaning o‘quv semestri davomida platformaga kirishlarining umumiy
soni (muntazamlik ko‘rsatkichi).

2. Xiime (Aktiv seans vaqti): Talabaning darsliklar va topshiriglarda o‘tkazgan seans vaqtlari yig‘indisi
(soatlarda).

3. Xgrade (Joriy o‘zlashtirish bali): Joriy va oraliq testlar hamda amaliy topshiriglardan to‘plangan o‘rtacha
foizli ko‘rsatkich (0-100%).

Talabalarning o‘quv faoliyatini baholovchi kiruvchi omillar (Features)

1-jadval.
Omillar (Feature) Tavsifi O‘Ichov birligi
Xiogin LMS tizimiga avtorizatsiyadan o‘tishlar soni Birlik (marta)
Kiime Platformadagi faol o‘quv seanslari vaqti Soat (hours)
Xgrade Joriy va oraliq nazoratlarning o‘rtacha balli Foiz (0-100%)

2. Gibrid mashinali o‘rgatish modeli (K-Means va K-NN). Talabalarni subyektiv aralashuvsiz
guruhlarga ajratish va real vaqt rejimida tasniflash uchun gibrid algoritmik yondashuv qo‘llanildi [6, 11]:

1-bosqich: K-Means orgali obyektiv klasterlash (Unsupervised Learning). Dastlab tarixiy ma’lumotlar
bazasi asosida talabalar to‘plami 3 ta (K=3) klasterga ajratildi. Klasterlash jarayonida klaster ichidagi kvadratik
og‘ishlar yig‘indisini (WCSS) minimallashtirish uchun quyidagi obyektiv funksiya optimallashtirildi:

2
J= Z]I'(=1Z?=1 x?)

Bu yerda: K=3 — klasterlar soni, n — talabalar soni, x; — i talabaning ko‘rsatkichlar vektori, ¢;— j klaster
markazi ( tsentroid).

Natijada talabalar Low Risk (Past xavf / Yuqori o‘zlashtirish), Medium Risk (O‘rta xavf) va High Risk
(Yuqori xavf / Kritik) guruhlariga ajratildi.

2-bosgich: K-NN orgali real vaqgt tasnifi (Supervised Learning). Yangi semestrda Moodle platformasidan
kelayotgan real ma’lumotlar oqimini aniglangan klasterlarga yo‘naltirish uchun K-Nearest Neighbors (K-NN)
algoritmi qo‘llanildi [10]. O‘quvchilar va klaster tsentroidlari orasidagi masofa Yevklid metrikasi orqali

~ )

hisoblandi:
dp.q) = it (qi —pi)?
Moodle LMS log- EduManager tahliliy Moslashuvchan tavsiya
ma’lumotlari paneli vidjeti

A

\ 4

Dastlabki ma’lumotlar

Belgilarni shakllantirish

\ 4

Gibrid Al modeli

Xavf darajasini baholash

v

Low, Medium, High Risk

1-rasm. Moodle LMS log-ma’lumotlarini tahlil qilish va tavsiyaviy modullarning gibrid
arxitekturasi
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3. Diagnostika va moslashuvchan tavsiya moduli (Adaptive Recommender Engine). K-NN algoritmi
talabani High Risk (Kritik) yoki Medium Risk deb belgilashi bilan, tizim Diagnostic sub-routine modulini ishga
tushiradi. Ushbu modul Xgrage ko‘rsatkichi ichida 60% dan past bo‘lgan aniq test yoki mavzuni ajratib oladi.
Natijada, Moodle LMS interfeysida talaba sahifasida avtomatik ravishda moslashtirilgan o‘quv vidjeti paydo
bo‘ladi va unga o‘sha mavzuga oid qo‘shimcha video-darslar va interaktiv topshiriglar tavsiya etiladi.

Olingan natijalar va ularning tahlili. Tadgiqot doirasida taklif etilgan gibrid model va EduManager
monitoring paneli Moodle LMS platformasining lokal dasturiy muhitida (XAMPP server, PHP 8.1, MySQL) test
sinovidan o‘tkazildi. Tahlil uchun Moodle bazasidagi talabalarning o‘quv faoliyati log-fayllari ishlov berish
uchun ajratib olindi.

1. K-Means klasterlash va K-NN tasniflash natijalari. Dastlab K-Means algoritmi orgali talabalar
to ‘plami 3 ta akademik xavf guruhiga bo lindi. Tsentroidlar tahlili natijasida har bir klaster uchun quyidagi
chegara giymatlari belgilandi:

Low Risk (A’lochi va faol talabalar): Platformaga kirishlar soni yuqori, o‘rtacha o‘zlashtirish bali 85%
dan yugori.

Medium Risk (O‘rta xavf guruhi): O‘zlashtirish bali 60-84% oralig‘ida, tizimga kirish ko‘rsatkichi
bargaror.

High Risk (Kritik / Yuqgori xavf guruhi): O‘zlashtirish bali 60% dan past, platformada faollik yetarli

emas.

Yangi ma’lumotlar oqimida talabalarni real vaqt rejimida ushbu guruhlarga tasniflash uchun K-NN
algoritmi qo‘llanilganda, modelning aniqlik ko‘rsatkichi 94.2% ni tashkil etdi (Accuracy = 0.942).

2. EduManager dashboard va moslashuvchan tavsiya moduli. Ishlab chigilgan EduManager tahliliy
paneli o‘qituvchi va guruh murabbiyiga grafik ko ‘rinishda akademik xavf ostida bo ‘Igan talabalarni ro ‘yxat
shaklida ko ‘rsatadi.

— . Admin User
=} EduManager - @ ru a SRR
= Eng yaxshi talabalar Xavf
(Q')‘ Guruhlar x O‘rtacha ball bo'yicha eng yaxshi talabalar . guruhidagi
talabalar talabalar
RANK TALABA GURUH GPA DAVO Alohida e'tibor talab
giladi (GPA < 2.0)
" . Abdulloh -
J 3 Karimov 503 3.95 —
4 SauilehkGoaduuz Temur e
%, €S-101 24 OSSR Boymatov = _
° y
N PHYS
o Nilufar a2 01 v GPA: 1.78
cw (G502 = ¥ \Q .Y Rahimova 301 3.88 e
iilufar.r@edu.uz GPA 45% Davomat 55%
progressi —1
, CS-201 22 -
.. Sardorbek i
Q 3 Toshmatov 201 3.82 -_—
sardorbek.t@edu.uz Diyor
[ Cchigish Xocanoy }3

2-rasm. EduManager tahliliy panelida talabalarning akademik xavf darajalari va monitoring
ko‘rsatkichlari
Tizimning asosiy amaliy afzalligi shundaki, talaba High Risk (Yugori xavf) guruhiga tushganida, uning
Moodle tizimidagi shaxsiy kabinetida tavsiyaviy vidjet faollashadi. Diagnostic sub-routine moduli talaba
o‘zlashtira olmagan mavzuni aniqlab, unga avtomatik ravishda qo‘shimcha videodars, o‘quv qo‘llanmasi hamda
qayta topshirish testlarini taklif etadi. Bu esa talabaga pedagog aralashuvini kutmasdan, o‘z bilimidagi
bo‘shliglarni mustaqil va o‘z vaqtida bartaraf etish imkonini beradi.
Muhokama. Olingan tajriba-sinov natijalari shuni ko‘rsatadiki, K-NN algoritmining 94.2% aniglik
namoyon etishi Moodle LMS tizimida talabalarning akademik xavf darajasini barvaqt aniglashda yuqori
samaradorlik beradi. Ilgari o‘tkazilgan tadgiqotlarda (masalan, Romero va Baker ishlarida) talabalar fagat
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an’anaviy baholar orqali baholangan bo‘lsa, ushbu tadqiqotda vaqtinchalik log-ma’lumotlar (seans vaqti, kirish
chastotasi) qo‘shilishi bashorat aniqligini 11.4% ga oshirish imkonini berdi. EduManager paneli orgali avtomatik
beriladigan moslashuvchan pedagogik tavsiyalar esa o‘qituvchining individual ishlash vaqtini tejaydi va past
o‘zlashtiruvchi talabalarni o‘z vaqtida qo‘llab-quvvatlaydi.

Xulosa. Oliy ta’lim muassasalarida ragamli ta’lim mubhitining shakllanishi talabalar o‘quv faoliyatini
uzluksiz monitoring gilish va bilim sifatini oshirish uchun keng imkoniyatlar yaratmogda. Moodle LMS
platformasi log-ma’lumotlari bazasida o‘tkazilgan ushbu tadqiqot natijalari bo‘yicha quyidagi ilmiy va amaliy
xulosalarga kelindi: 1lmiy xulosa: Talabalarning platformadagi kirishlar soni (Xiogin), Seans vaqtlari (Xime) Va
joriy o‘zlashtirish ballari (Xgrage) dinamikasi ularning akademik natijalarini barvaqt bashorat gilishda yugori
axborotlilikka ega ekanligi isbotlandi. K-Means hamda K-NN gibrid algoritmlarining birgalikda qo‘llanilishi
talabalarni inson subyektivligisiz obyektiv xavf guruhlariga ajratishda 94.2% aniqlik ko‘rsatkichini ta’minladi.
Amaliy xulosa: Yaratilgan EduManager tahliliy paneli va Moodle tizimiga integratsiyalashgan moslashuvchan
tavsiya modullari faqatgina xavf ostidagi talabalarni diagnostika qilish bilan cheklanmay, ularga o‘z bilimidagi
bo‘shliglarni o‘z vaqtida va mustaqil ravishda bartaraf etish imkoniyatini yaratdi. Bu esa ta’lim jarayonida
shaxsiylashtirilgan o‘quv trayektoriyasini samarali joriy etish imkonini beradi.
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MARKOV ZANJIRLI MONTE-KARLO USULLARI KONVERGENSIYASINING
ALGORITMIK TAHLILI VA MA’LUMOTLAR TUZILMALARI BILAN BOG‘LIQLIGI
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Annotatsiya. Magolada Markov zanjirli Monte-Karlo (MZMK) usullarining konvergensiya nazariyasi
hisoblash murakkabligi, ergodiklik, spektral tirgish va aralashish vaqti kabi tavsiflar grafning bog ‘langanligi,
kengaytiruvchanligi va algoritm iteratsiyalari soni bilan bir giymatli mos kelishi ko ‘rsatilgan. Algoritmning
to ‘lig hisoblash narxini uch mustaqil ko ‘paytuvchiga — integral avtokorrelyatsiya vaqti, bitta gadamning amal
narxi va zarur samarali tanlanma hajmiga — ajratuvchi model taklif etilib, isbotlangan. Model asosida
ma’lumotlar tuzilmasini tanlash konvergensiya tezligiga emas, balki narx ko ‘paytuvchisiga ta’sir qilishi
asoslangan. Xulosalar 2D lIzing modeli va Metropolis algoritmi ustidagi eksperimentlarda tasdiglangan:
inkremental hisoblash 110 baravar, Fenwick daraxti esa 140 baravar tezlanish bergan.

Kalit so‘zlar: Markov zanjirli Monte-Karlo, geometrik ergodiklik, spektral tirgish, aralashish vagqti,
konduktans, ma’lumotlar tuzilmalari, Fenwick daraxti, alias usuli, samarali tanlanma hajmi, hisoblash
murakkabligi.

AJITOPUTMUYECKHAN AHAJIN3 CXOJAUMOCTH METO/I0B MOHTE-KAPJIO IIO
MAPKOBCKHUM LEIIAM U EI'O CBs3b CO CTPYKTYPAMMU JAHHBIX

Aunnomayusn. B cmamve meopus cxooumocmu memooos Monme-Kapno no mapkosckum yensim (MKMIL])
NepeocmMblCIUBAEICA ¢ NOUYUTL GLIYUCTUMENbHOU clodicHocmu. Tlokasano, umo apeo0utHoCmy, CHeKmMpanibHAsl
wens U 8pemMs nepemeuusaniisi 0OHO3HAYHO COOMBEMCMEYIOM CEA3HOCMU 2pagha, e2o pacuupsaemMoCmu U YUCTY
umepayuii areopumma. B kavecmee ocnoeHo2o pe3yiomama npeonodxcena u 00Ka3ana Mooeib, paziazaouds
NOTHYIO 8LIYUCTUMENLHYIO CHIOUMOCHb ANCOPUMMA HA MPU HE3AGUCUMBIX COMHONCUMENA. UHMESPATIbHOE 8PeMs
asmoxoppenayuu, CmouMoCcms 00H020 waza u mpebdyemulii I¢hghexmuanwiil pasmep evioopku. O6ocnosano, 4mo
6b100p CIMPYKMYPLL OAHHBIX GIUAEM He HA CKOPOCMb CXOOUMOCMU, d HA CIOUMOCMHOU COMHOMCUMENb. Bbi600b
nOOMEEePIACOEeHbl IKCNEPUMEHMAMU HA O8YMEPHOU Modeau H3unea u areopumme Mempononuca.: uHkpemeHmHoe
swlyucieHue 0ano yckopenue 8 110 pas, depeso @eneurxa — 6 140 pas.

Knwwuesvie cnoga: Moume-Kapno no MapkoGCcKuM YensMm, 2eoMempudeckds 3p200uyHOCb,
CNEeKMPANbHAs Web, 8peMs NepeMeuusanus, KOHOAKMAaHc, CMpyKmypbl OauHblX, Oepeso DeHnsuxa, memoo
anuacos, s¢hgexmueHvlil pasmep 6blOOPKU, GLIMUCTUMETbHAS CIONCHOCb.

ALGORITHMIC ANALYSIS OF THE CONVERGENCE OF MARKOV CHAIN MONTE
CARLO METHODS AND ITS RELATION TO DATA STRUCTURES

Abstract. The paper reinterprets the convergence theory of Markov chain Monte Carlo (MCMC) in terms
of computational complexity. Ergodicity, spectral gap and mixing time are shown to correspond to graph
connectivity, expansion and iteration count. The main result is a proved cost model factorising the total cost into
three independent multipliers: integrated autocorrelation time, per-step operation cost and required effective
sample size. Hence data-structure choice affects the cost multiplier, not the convergence rate. Experiments on
the 2D Ising model and random-walk Metropolis algorithm confirm it: incremental evaluation gave a 110-fold
and the Fenwick tree a 140-fold speed-up.

Keywords: Markov chain Monte Carlo, geometric ergodicity, spectral gap, mixing time, conductance,
data structures, Fenwick tree, alias method, effective sample size, computational complexity.
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Kirish. Monte-Karlo usulining g‘oyasi Metropolis va Ulam ishida bayon etilgan [1]. Uning Markov
zanjirlariga asoslangan varianti 1953-yilda Metropolis va hammualliflar tomonidan statistik fizika ehtiyojlari
uchun taklif etilgan [2], keyinchalik esa Hastings tomonidan umumiy ko‘rinishga keltirilgan [3]. Ularning
nazariy asosi — umumiy holatlar fazosidagi Markov zanjirlarining ergodik nazariyasi — Meyn va Tweedie
ishlarida to‘liq shakllantirilgan [4].

Markov zanjirli Monte-Karlo (MZMK) — bu birinchi navbatda algoritm, ya’ni chekli vaqt va xotira
resurslarini iste’mol qiluvchi hisoblash protsedurasi. Uning tahlili algoritmlar nazariyasining standart apparati —
asimptotik murakkablik, amortizatsiyalangan tahlil, ma’lumotlar tuzilmalarini tanlash — orgali olib borilishi
tabily. Ushbu ikki tilning o‘zaro tarjimasi ko‘pincha aniq ifodalanmaydi, natijada nazariy jihatdan “tez
aralashadigan” zanjir amalda sekin ishlaydigan dasturga aylanishi mumkin.

Magqolaning asosiy magsadi MZMK usullarining konvergensiya nazariyasi bilan ma’lumotlar tuzilmalari
va algoritmlar nazariyasi o‘rtasidagi bog‘lanishni tizimli ravishda o‘rnatish, hamda algoritmning to‘liq hisoblash
narxini optimallashtirish mumkin bo‘lgan mustaqil komponentlarga ajratuvchi modelni ishlab chiqish.

Mavzuga oid adabiyotlar tahlili. MZMK usullarining konvergensiya nazariyasi bo‘yicha fundamental
natijalar Meyn va Tweedie tadqgiqotlarida [4]: ¢@-ajralmaslik, aperiodiklik va Xarris gaytuvchanligi shartlari
asosida ergodik teorema isbotlangan, minorizatsiya va drift shartlari orqali geometrik ergodiklik mezonlari
berilgan. Roberts va Rosenthalning sharh magqolasi [5] bu natijalarni ixcham va amaliyotga yaqin ko‘rinishda
bayon qiladi. Levin va Peres ishlarida [6] diskret holatlar fazosi uchun aralashish vaqti nazariyasini
rivojlantiradi.

Sinclair va Jerrum ishlarida [7] MZMK dastlab hisoblash murakkabligi nazariyasining quroli sifatida
qaralgan: konduktans orqali aralashish vaqtini baholash usuli va “kanonik yo‘llar” texnikasi taklif etilgan.
Jerrum, Sinclair va Vigoda [8] permanentni hisoblash uchun to‘liq polinomial tasodifiy approksimatsiya
sxemasini qurishda aynan shu apparatga tayangan. Propp va Wilson taklif etgan usuli esa zanjirning muvozanat
tagsimotidan aniq tanlanma olish imkonini beradi [9]. Bu yo‘nalishda konvergensiya nazariyasi to‘g‘ridan-
to‘g‘ri murakkablik nazariyasi tilida ifodalanadi.

Ma’lumotlar tuzilmalari tomonidan qaraganda, diskret taqsimotdan tanlanma olish masalasi uchun
Walkerning alias usuli [10] 0(1) vaqtni, Fenwick daraxti [11] esa dinamik og‘irliklar uchun O(logn) vaqtni
ta’minlaydi. Swendsen va Wang Klaster algoritmi [12] kritik sekinlashishni bartaraf etadi va uni amalga oshirish
Tarjanning ajratilgan to‘plamlar birlashmasi tuzilmasiga [13] tayanadi. O°zbekistonda algoritmlash va
ma’lumotlar tuzilmalari asoslari bo‘yicha o‘quv-uslubiy adabiyot ham shakllangan: mualliflarning
hammualliflikdagi darsligida [14] algoritmlarni loyihalash va ularning murakkabligini baholash usullari,
laboratoriya ishlarida [15] esa bu usullarni dasturiy amalga oshirish masalalari bayon etilgan, lekin
adabiyotlarda MZMK ning algoritmik tahlili alohida ko‘rib chigilmagan.

Adabiyotlar tahlili shuni ko‘rsatadiki, ikkala yo‘nalish — ehtimolliy konvergensiya nazariyasi va
algoritmik amalga oshirish — mustaqil ravishda chuqur rivojlangan, ammo ularning o‘zaro ta’sirini yagona narx
modeli doirasida ifodalovchi ishlar yetarli emas. Ushbu maqola shu bo‘shligni to‘ldirishga qaratilgan.

Tadgigot metodologiyasi. Tadqiqotda nazariy va eksperimental usullar birgalikda qo‘llanildi. Nazariy
gismda umumiy holatlar fazosidagi Markov zanjirlari nazariyasi, L?(m) fazosidagi operatorlarning spektral
tahlili va graflar nazariyasining Cheeger tipidagi tengsizliklari [6] ishlatildi. Algoritmik gismda asimptotik
murakkablikni baholashning standart usullari qo‘llanildi [16].

Eksperimental gism Python 3 muhitida (NumPy 2.4) bajarildi. Sinov masalalari sifatida quyidagilar
tanlandi: (a) davriy chegaraviy shartli ikki o‘lchovli Izing modeli, kritik harorat 8, = 1/ 21n(1 +\/§) ~
0,440687; (b) N (0,1) magsadli tagsimot uchun tasodifiy sayr Metropolis algoritmi; (c) n = 20000 elementli
diskret tagsimotdan tanlanma olish. Har bir tajribada tasodifiy sonlar generatori qat’iy urug* bilan initsializatsiya
qilinib, natijalarning takrorlanuvchanligi ta’minlandi. Integral avtokorrelyatsiya vaqti tez Furye almashtirishga
asoslangan usul bilan, avtokorrelyatsiya funksiyasi manfiy qiymat qabul qgilgan nuqtada uzish qoidasi bo‘yicha
hisoblandi [17].

Tahlil va natijalar.

Markov zanjiri implitsit graf sifatida

(X, B) o‘lchovli fazoda m magsadli tagsimot va P(x,-) o‘tish yadrosi berilgan bo‘lsin, bunda nP = 7.
Diskret holatda P ni og‘irlikli yo‘naltirilgan graf G = (V, E) ning stoxastik qo‘shnilik matritsasi sifatida qarash
mumkin.
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Bu talginda konvergensiya nazariyasining har bir sharti graf xossasiga aylanadi (1-jadval).

1-jadval.

Ehtimolliy tushuncha Graf/algoritmik ekvivalenti

@-ajralmaslik Grafning kuchli bog‘langanligi

Aperiodiklik Sikllar uzunliklarining EKUBI 1 ga teng
Xarris gaytuvchanligi Har bir uchga cheksiz marta gaytish
Spektral tirgish 1 — A, Grafning kengaytiruvchanlik darajasi

Invariant o‘lchov PageRank vektori: tP =1

Konduktans @ Normallashtirilgan minimal kesim

Avralashish vagti t i, Algoritmning iteratsiyalar soni

Amaliy ahamiyatga ega kuzatuv shundan iboratki, gizigarli masalalarda |V'| eksponensial katta (27, n!
tartibida), shu sababli P matritsasi hech qachon oshkor sagqlanmaydi. Uning o‘rniga qo‘shnilarni talab bo‘yicha
generatsiyalovchi protsedura ishlatiladi. Bu grafik algoritmlardagi implitsit graf bo‘yicha qidiruv
paradigmasining aynan o‘zi bo‘lib, MZMK ni klassik graf algoritmlari bilan bir metodologik oilaga birlashtiradi.
Aralashish vaqti algoritm murakkabligi sifatida

Avralashish vaqti quyidagicha aniglanadi:

tmix(€) = min{n: [IP™(x,") — 7 ;v < €}. 1)
Minorizatsiya va drift shartlari asosidagi klassik natijaga ko‘ra, agar C c X to‘plam uchun P™(x, A) >
ev(A) vaV = 1 funksiya uchun PV < AV + b1 bajarilsa, u holda shunday R < oo va p < 1 topiladiki,
Il P"(x,) =7 llpy< RV(x) p™. )
(2) dan bevosita tix(g) = 0(Gap~tloge™?) kelib chigadi, bunda Gap(P) = 1—| P ll2(z) — spektral tirgish.
Spektral tirgishning graf topologiyasi bilan bog‘lanishi Cheeger tipidagi tengsizlik orqali beriladi:
2 < Gap < 20, = min ZSyesTOPEY) 3)
2 n(S)<1/2 7(S)

(3) tengsizlikning algoritmik talgini quyidagicha: @ kattaligi grafdagi eng “tor” kesimni, ya’ni oqim
tarmoglaridagi minimal kesim tushunchasini ifodalaydi. Demak, uchta bayon — “zanjir sekin aralashadi”, “grafda
kichik konduktansli kesim mavjud” va “algoritm eksponensial vaqt talab giladi”” — bir xil matematik mazmunga
ega.

Algoritmning umumiy narx modeli
Konvergensiya nazariyasi tix ni, ya’ni iteratsiyalar sonini beradi. Biroq real hisoblash vaqti bunga bitta
iteratsiyaning narxi ko‘paytirilgan miqdorga teng. Quyidagi tasdiq bu ajralishni aniq ifodalaydi.
Ta’rif 1. f € L?(m) funksional uchun integral avtokorrelyatsiya vaqti va samarali tanlanma hajmi
Tine(f) =1+ 2%ke1pc (), ESSy=—— @)

Tint(f)
ko‘rinishda aniqlanadi, bunda py, (f) = Corr,(f(Xo), f(Xx)).
Tasdiq 1 (narxning uch ko‘paytuvchili ajralishi). P zanjiri m-gqaytuvchan va geometrik ergodik, m(f?) < oo
bo‘Isin. 8, baholovchining dispersiyasi berilgan 6% darajaga erishishi uchun zarur bo‘lgan to‘liq hisoblash vaqti
asimptotik ravishda

TO) = timel) - Coep - 2L (140(D) (5)

zanjir sifati ma’lumotl:;r tuzilmasi ta]ab qilinEan aniglik
ga teng, bunda Csep, — bitta o‘tish gadamining amal narxi. Bunda uchala ko*paytuvchi bir-biridan mustagil
ravishda optimallashtirilishi mumkin.

Isbot. Markov zanjirlari uchun markaziy limit teoremasiga [5] binoan geometrik ergodiklik va m(f?) < oo
shartlarida

~ d
Vi (8, = () > W (0,07),  0f = Varg(f) Tinc(f).
Demak Var(én) ~ afz/n va Var(én) < 62 sharti n = Var, (f)Tin:(f)/62 ga ekvivalent. To‘liq vaqt
T = n - Cgep bo‘lgani uchun (5) kelib chigadi.
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Mustaqillikni ko‘rsatamiz. 7;,, fagat {P*} oilasi va f orqali, ya’ni zanjirning tagsimotlar darajasidagi
xossalari orgali aniglanadi. Csep, €sa bir xil P yadrosini amalga oshiruvchi turli hisoblash protseduralari uchun
har xil giymat qgabul giladi: agar ikki protsedura bir xil P ni realizatsiya gilsa, ular bir xil 7, ga, lekin turli Cgep,
ga ega bo‘ladi. Uchinchi ko‘paytuvchi faqat § va f ga bog‘liq. Shunday qilib ko‘paytuvchilar juft-jufti bilan
mustaqil.

Natija 1. Ma’lumotlar tuzilmasini almashtirish (5) dagi faqat Cgeep ko‘paytuvchisiga ta’sir giladi va
konvergensiya tezligini o‘zgartirmaydi. Aksincha, taklif tagsimotini yoki algoritm turini o‘zgartirish 7;,; ga
ta’sir giladi.

Natija 2. Agar biror ma’lumotlar tuzilmasi gadamning mazmunini o‘zgartirsa (masalan, bitta spin o‘rniga
butun klasterni yangilasa), u holda o‘zgarish ikkala ko‘paytuvchiga birdan ta’sir qiladi va Tasdiq 1 dagi
mustaqillik shu chegarada buziladi. Swendsen-Wang algoritmi aynan shunday holatga misol: ajratilgan
to‘plamlar birlashmasi tuzilmasi Cge, Ni 0shiradi, ammo kritik nuqtada z;, ni sezilarli darajada kamaytiradi.

Qadam narxini kamaytiruvchi ma’lumotlar tuzilmalari

Tasdiqg 1 ga muvofiq Csep Ni kamaytirish mustaqil optimallashtirish masalasidir. Quyida asosiy tuzilmalar
keltirilgan.

Diskret tagsimotdan tanlanma olish. Bu amal Gibbs sampleri va kinetik Monte-Karlo algoritmlarining
ichki siklida bajariladi. Tuzilmalarning tagqoslanishi 2-jadvalda berilgan.

2-jadval.
Tuzilma Tayyorlash Bitta tanlanma Og‘irlikni yangilash
Chizigli gidiruv 0(1) 0(n) 0(1)
Prefiks yig‘indi + binar qidiruv 0(n) 0(logn) 0(n)
Alias jadvali (Walker) 0(n) 0(1) 0(n)
Fenwick daraxti 0(n) 0(logn) 0(logn)

Bundan tanlash mezoni kelib chigadi: og‘irliklar o‘zgarmasa alias jadvali, har gadamda o‘zgarsa
Fenwick daraxti optimal.

Inkremental hisoblash. Metropolis gabul gilish ehtimolida 7 (y)/m(x) nisbat ishtirok etadi, shu sababli
7 ning to‘liq qiymatini hisoblash shart emas. Izing modelida bitta spinni ag‘darishda energiya o‘zgarishi

AE = 2]s; Xj~i S (6)
formulasi bilan 0(degi) = 0(1) amalda topiladi, holbuki to‘liq energiyani qayta hisoblash 0 (L?) amal
talab giladi. Bu ma’lumotlar tuzilmalari nazariyasidagi dangasa (lazy) gayta hisoblash tamoyilining bevosita
go‘llanilishidir.

Boshga tuzilmalar. Klaster algoritmlarida ajratilgan  to‘plamlar  birlashmasi  O(a(n))
amortizatsiyalangan narx bilan; kinetik Monte-Karloda keyingi hodisani tanlash uchun ustuvorlik navbati
0 (logn) bilan; zarrachalar simulyatsiyasida qo‘shnilarni izlash uchun to‘r yoki k-o‘lchovli daraxt O(n?) o‘rniga
0(n) narx bilan qgo‘llaniladi.

Hisoblash eksperimentining natijalari

Inkremental hisoblashning samarasi. Ikki o‘lchovli Izing modelida 20000 Metropolis gadami
bajarildi. To‘liq va inkremental energiya hisoblashning taqqoslanishi (20000 gadam) natijalari 3-
jadvalda keltirilgan.

3-jadval.
L N =12 To‘liq hisoblash, s Inkremental, s Tezlanish
16 256 0,445 0,104 4,3
32 1024 0,499 0,092 54
64 4096 0,596 0,088 6,8
128 16384 0,854 0,086 10,0
256 65536 10,633 0,096 110,3

Jadvaldan ko‘rinadiki, inkremental variantning vaqti L ga bog‘liq emas va 0,09 s atrofida bargaror
goladi, to‘liq hisoblash vaqti esa panjara o‘lchami bilan o‘sadi. Bu (6) formuladan kutilgan 0(1) va 0(L?)
asimptotikalarini tasdiglaydi. Kichik L larda tezlanishning nazariy qiymatdan past bo‘lishi vektorlashtirilgan
amallarning doimiy qo‘shimcha xarajati bilan izohlanadi.
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Tanlanma olish tuzilmalari. n = 20000 o‘Ichamli tagsimotdan 20000 ta tanlanma olishda chizigli
gidiruv 17,698 s, alias jadvali 0,051 s (347 baravar tez), Fenwick daraxti 0,076 s (233 baravar tez) vaqt
sarfladi. Og‘irliklar har qadamda o‘zgaradigan dinamik rejimda (2000 yangilash va tanlanma) chizigli variant
1,801 s, Fenwick daraxti 0,013 s vaqt talab qildi, ya'ni tezlanish 140 baravarni tashkil etdi. Bu 2-jadvaldagi
nazariy murakkablik baholarini to‘liq tasdiglaydi.

Integral avtokorrelyatsiya vaqti. ;°(0,1) magsadli tagsimot uchun tasodifiy sayr Metropolis algoritmi
n = 200000 gadam bilan turli gadam kattaligi o da ishga tushirildi (4-jadval).

4-jadval.
o Qabul gilish darajasi Tint ESS

0,1 0,968 403,8 495

05 0,844 21,2 9420
1,0 0,704 8,4 23757
2,4 0,445 45 44301
5,0 0,242 6,2 32026
20,0 0,063 225 8893

4-jadval Tasdiq 1 dagi birinchi ko‘paytuvchining Xatti-harakatini ko‘rsatadi: 7;,, minimumga o = 2,4
da, ya’ni qabul qilish darajasi 0,445 bo‘lganda erishiladi. Bu bir o‘Ichovli holat uchun optimal skalyalash
nazariyasining [18] bashoratiga mos keladi; yuqori o‘lchovlarda optimal giymat 0,234 ga intiladi. Muhimi
shundaki, ¢ ni sozlash orgali erishilgan 90 baravar farq (zij,¢ 403,8 dan 4,5 gacha) ma’lumotlar tuzilmasini
almashtirish orqali erishilgan tezlanishga qo‘shimcha bo‘lib ko‘payadi — bu (5) dagi ko‘paytuvchilar
mustaqilligining bevosita amaliy tasdig‘i.

Xulosa. MZMK usullarining konvergensiya nazariyasidagi asosiy tushunchalar — ¢ -ajralmaslik,
aperiodiklik, spektral tirgish, konduktans va aralashish vaqti — graf algoritmlari nazariyasining mos tushunchalari
bilan bir giymatli moslikda ekanligi ko‘rsatildi (1-jadval). Bu moslik MZMK ni tasodifiy algoritmlarning
umumiy nazariyasi doirasiga to‘liq joylashtirish imkonini beradi.

MZMK algoritmining to‘liq hisoblash narxini uchta mustaqil ko‘paytuvchiga ajratuvchi model taklif
qilindi va isbotlandi (Tasdiq 1, (5) formula). Model optimallashtirish yo‘nalishlarini aniq ajratadi: zanjirni
sozlash 7, ga, ma’lumotlar tuzilmasini tanlash Cg.p, ga, aniqlik talabi uchinchi ko‘paytuvchiga ta’sir giladi.

Hisoblash eksperimenti model bashoratlarini tasdigladi: inkremental hisoblash L = 256 da 110 baravar,
Fenwick daraxti dinamik rejimda 140 baravar, gadam kattaligini sozlash esa 90 baravar tezlanish berdi. Bu
tezlanishlar bir-biriga ko‘paytiriladigan mustaqil manbalardir.

Amaliy tavsiya sifatida quyidagi ketma-ketlik taklif etiladi: avval t;,. ni o‘lchash, so‘ngra profillash orqali
Cstep Ning ustunlik giluvchi gismini aniglash va fagat shundan keyin optimallashtirishga kirishish. Amaliyotda
Cstep ni kamaytirish ko‘pincha eng arzon g‘alabani beradi, chunki u nazariyani o‘zgartirmaydi va algoritmning
to‘g‘riligiga ta’sir qilmaydi.
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	Discussion. The results of this study demonstrate significant differences in the vitamin composition of Ocimum basilicum var. basilicum (green basil) and Ocimum basilicum var. purpurascens (purple basil). A comparison of the two varieties reveals subs...
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	Аннотация. В статье представлен комплексный анализ вертициллёзного увядания — одного из наиболее распространённых заболеваний винограда. В статье рассматриваются происхождение, биологические особенности и пути распространения заболевания, его симптомы...
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	VINE VERTICILLIOS DISEASE AND ITS NEGATIVE CONSEQUENCES
	Abstract. This article provides a comprehensive analysis of the disease of vines, which is one of the diseases of vines. The article discusses the origin, biological characteristics and methods of spread of the disease, symptoms and measures to combat...
	Keywords: vine, grapes, plants, verticillium wilt, bacteria, raga, polymerase chain reaction, agrotechnics.
	Kirish. Tokning vertisilliyoz kasalligi (Verticillium wilt) — Verticillium dahliae va Verticillium albo-atrum nomli zamburug‘lar sabab bo‘ladigan xavfli kasallik bo‘lib, turli o‘simlik turlariga, jumladan, tokka ham zarar yetkazadi. Bu kasallik tuproq...
	Rivojlanish sikliga ta'sir etuvchi omillar:
	1. Tuproq sharoiti: Tuproqning namligi, harorati va tarkibi ta'sir qiladi.
	2. O‘simlik turiga moslashish: Ba’zi o‘simliklar (pomidor, kartoshka, paxta va boshqalar) zamburug‘ning asosiy nishonlari hisoblanadi.
	3. Ekologik omillar: Namlik va tuproqning pH darajasi zamburug‘ning faolligini oshiradi.
	1-rasm.
	Tadqiqot maqsadi va vazifalari: Vertitsillioz qo‘zg‘atuvchisi Verticillium dahliae bo‘lib, tuproqda uzoq muddat yashovchan sporlar orqali saqlanib qoladi. Kasallik quyidagi holatlarda avj oladi:
	3. Kimyoviy profilaktika
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	Xulosa. Vertitsillioz kasalligi tok uchun jiddiy tahdid bo‘lsa-da, zamonaviy texnologiyalar va integratsiyalashgan boshqaruv usullari uni samarali ravishda nazorat qilish imkonini beradi. Bog‘bonlar innovatsion yondashuvlar va ilg‘or usullarni qo‘llab...
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	ТРАНСФОРМАЦИЯ ЛИНГВИСТИЧЕСКИХ МЕТОДОВ В ЭПОХУ ГЕНЕРАТИВНОГО ИСКУССТВЕННОГО ИНТЕЛЛЕКТА
	Нигматова Лолахон Хамидовна,
	профессор кафедры Русского языка и литературы
	Бухарского государственного университета, DSc
	nigmatovalolaxon@gmail.com
	Аннотация. В статье рассматривается трансформация лингвистических методов под влиянием генеративного искусственного интеллекта. Анализируются изменения в корпусной лингвистике, семантическом моделировании, контрастивных исследованиях и лингводидактике...
	Введение. Современный этап развития науки характеризуется активной интеграцией технологий искусственного интеллекта в гуманитарные дисциплины. В современной лингвистике наблюдается существенное изменение исследовательской парадигмы, связанное с перехо...
	1. Переход от описательного к когнитивному подходу
	2. Корпусная революция в лингвистике
	Одним из наиболее значимых этапов трансформации является внедрение корпусных методов. Корпусная лингвистика позволяет анализировать большие массивы текстов, обеспечивая объективность и репрезентативность данных [ 5.]
	3. Интеграция количественных методов анализа
	5. Цифровизация и автоматизация анализа
	Развитие цифровых технологий привело к автоматизации обработки языковых данных

	1. Традиционные лингвистические методы и их ограничения
	При семантическом анализе генеративные модели позволяют:
	В лингводидактике в образовательной сфере генеративный ИИ:

	Заключение.
	ЛИТЕРАТУРА:
	ADABIYOTLAR:
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	ТЕОРЕТИКО-МЕТОДОЛОГИЧЕСКИЕ ПОДХОДЫ К ИЗУЧЕНИЮ ЭМОЦИОНАЛЬНЫХ КОНЦЕПТОВ В ЛИТЕРАТУРЕ:
	(НА МАТЕРИАЛЕ АНГЛИЙСКИХ И НЕМЕЦКИХ ФРАЗЕОЛОГИЗМОВ)
	Тагаева Cайёра Улашевна, доцент Самаркандского государственного
	университета имени Шарофа Рашидова Уразкулова Азиза Анкаевна, старший преподаватель Самаркандского государственного
	университета имени Шарофа Рашидова
	Аннотация. Статья посвящена изучению теоретико-методологических подходов к исследованию эмоциональных концептов в художественной литературе. Основное внимание уделяется когнитивному, лингвокультурологическому и дискурсивному подходам. В качестве матер...
	ADABIYOTDA EMOTSIONAL KONSEPTLARNI O‘RGANISHNING NAZARIY-METODOLOGIK YONDASHUVLARI: (INGLIZ VA NEMIS FRAZEOLOGIZMLARI MISOLIDA)
	Annotatsiya. Mazkur maqola badiiy adabiyotda emotsional konseptlarni tadqiq etishning nazariy-metodologik yondashuvlarini o‘rganishga bag‘ishlangan. Asosiy e’tibor kognitiv, lingvokulturologik va diskursiv yondashuvlarga qaratilgan. Tadqiqot materiali...
	Kalit so‘zlar: emotsional konseptlar, frazeologizmlar, kognitiv lingvistika, lingvokulturologiya, diskurs, badiiy matn, ingliz tili, nemis tili.
	Введение. Эмоции занимают центральное место в художественном тексте, обеспечивая психологическую глубину персонажей и эмоциональную динамику сюжета. Эмоциональные концепты – это когнитивные структуры, фиксирующие субъективные переживания и культурно о...
	Анализ литературных источников.
	Когнитивный подход. Когнитивная лингвистика рассматривает эмоции как концептуальные структуры, состоящие из ядра (базового эмоционального состояния) и периферии (метафорических и культурно обусловленных ассоциаций). Согласно Лакоффу и Кёвечешу, фразео...
	Лингвокультурологический подход. Эмоции рассматриваются как элементы национального культурного кода. Фразеологизмы отражают историко-культурные особенности, бытовые реалии и символику.
	Дискурсивный подход. Дискурс-анализ рассматривает эмоции не только как когнитивные структуры, но и как элементы текста, влияющие на нарратив, тональность и характеристику персонажей. Фразеологизмы усиливают экспрессивность и эмоциональную нагрузку.

	Эмоциональные концепты через фразеологизмы. Страх.
	Гнев: Английский язык: to blow one’s top, to be hot under the collar.
	Радость: Английский язык: to be on cloud nine, to walk on air.
	Удивление: Английский язык: to be taken aback, eyes pop out.
	Грусть: Английский язык: to feel blue, down in the dumps.

	Комплексное исследование эмоциональных концептов предполагает:
	Выводы. Исследование эмоциональных концептов на материале фразеологии английского и немецкого языков демонстрирует как универсальные механизмы метафоризации эмоций, так и значительные культурные различия в их концептуализации. Анализ показывает, что ф...
	ЛИТЕРАТУРА:
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	INGLIZ-O‘ZBEK TARJIMUSHUNOSLIKDA PRAGMATIK JIHATLARNI HISOBGA  OLISH VA TILGA OID IJTIMOIY-MADANIY OMILLAR (OLIVER TVIST ASARI MISOLIDA)
	Annotatsiya. Mazkur maqolada ingliz-o‘zbek tarjimashunosligida pragmatik jihatlar hamda tilga oid ijtimoiy-madaniy omillarning ahamiyati tahlil qilinadi. Tadqiqot obyekti sifatida Charles Dickensning “Oliver Twist” asari tanlangan bo‘lib, undagi pragm...
	ПРАГМАТИЧЕСКИЕ И СОЦИАЛЬНО-КУЛЬТУРНЫЕ ФАКТОРЫ В АНГЛО-УЗБЕКСКОМ ПЕРЕВОДЕ (НА МАТЕРИАЛЕ ПРОИЗВЕДЕНИЯ «ОЛИВЕР ТВИСТ»)
	Аннотация. В данной статье проводится комплексный анализ значения прагматических аспектов, а также социальных и культурных факторов в англо-узбекском переводоведении. В качестве объекта исследования выбран роман Чарльза Диккенса «Оливер Твист», на мат...
	Keywords: translation science, pragmatics, sociocultural factors, realities, adaptation, equivalence, linguistics, context.
	Tadqiqot metodologiyasi. Mazkur tadqiqot ingliz-o‘zbek tarjimashunosligida pragmatik jihatlar hamda ijtimoiy-madaniy omillarni aniqlash va tahlil qilishga qaratilgan bo‘lib, unda kompleks yondashuv asosida bir necha ilmiy metodlardan foydalanildi. Tad...
	ADABIYOTLAR:
	Annotatsiya. Mazkur maqolada o‘zbek va ingliz tillari frazeologiyasida “yosh” (age) konseptining lingvokulturologik va kognitiv jihatdan qiyosiy tahlili amalga oshiriladi. Tadqiqotda yoshga oid maqollar va idiomalar asosida yoshlik va keksalik bosqich...
	Kalit so‘zlar: yosh konsepti, lingvokulturologiya, kognitiv tilshunoslik, frazeologiya, maqollar, konnotatsiya, qiyosiy tahlil, madaniyat, keksalik, yoshlik.
	Abstract. This article presents a comparative linguocultural and cognitive analysis of the concept of “age” in Uzbek and English phraseology. The study examines proverbs and idiomatic expressions related to youth and old age, revealing their connotati...
	Keywords: concept of age, linguocultural studies, cognitive linguistics, phraseology, proverbs, connotation, comparative analysis, culture, old age, youth.

	Literature Review. Animal metaphors are an essential part of human language, allowing speakers to describe personality traits, social behaviors, and moral qualities by drawing comparisons with animals. Research in this field highlights both universal ...
	Methodology. This study employs a comparative and qualitative research approach to analyze animal metaphors in Uzbek and English languages. The research is based on data collected from various sources, including Uzbek and English dictionaries, proverb...
	Results. The analysis revealed both significant similarities and notable differences between Uzbek and English animal metaphors. Out of the 100 expressions analyzed, approximately 40% showed conceptual similarity, meaning that the same animals were as...

	Conclusion. Animal metaphors are a significant linguistic and cultural phenomenon, reflecting how humans conceptualize personality traits, social behavior, and moral values through comparisons with animals. The comparative analysis of Uzbek and Englis...
	Abstract. This study examines the linguistic mechanisms through which the concept of peace is discursively constructed in institutional political speech. Drawing on Conceptual Metaphor Theory (CMT), the research analyzes a 2026 New York Police Departm...
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	ФОРМИРОВАНИЕ ЛИНГВОКУЛЬТУРНОЙ КОММУНИКАТИВНОЙ КОМПЕТЕНЦИИ ПОСРЕДСТВОМ ТЕХНОЛОГИИ «ЛЕНТА ВРЕМЕНИ» НА УРОКАХ РКИ (УРОВЕНЬ С1)
	Аннотация. В статье рассматривается методика формирования лингвокультурной компетенции иностранных учащихся (уровень С1) на основе технологии «Лента времени» и метода сторителлинга. Автор обосновывает переход от механического усвоения лексики к глубок...
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	Kirish. Nemis va o‘zbek tillarida fe’lli so‘z birikmalarini qiyosiy o‘rganish zamonaviy tilshunoslikning muhim yo‘nalishlaridan biri hisoblanadi. Fe’l har qanday til tizimida sintaktik markaz vazifasini bajaradi, chunki u harakat, holat va jarayonni i...
	Mavzuga doir adabiyotlar tahlili. Mazkur farqlarni ilmiy asosda aniqlash qiyosiy tilshunoslik nuqtayi nazaridan dolzarb hisoblanadi. Bundan tashqari, nemis tilini o‘rganayotgan o‘zbek talabalari uchun fe’lli birikmalarni to‘g‘ri qo‘llash masalasi amal...
	U gapdan farqli ravishda tugallangan fikrni ifodalamaydi, balki gapning tarkibiy qismi sifatida xizmat qiladi. So‘z birikmasi sintaksisning asosiy obyektlaridan biri bo‘lib, u so‘zlarning o‘zaro munosabatini, bog‘lanish usullarini va grammatik vosital...
	O‘zbek tilshunosligida so‘z birikmasi sintaksisning muhim masalalaridan biri sifatida o‘rganilgan. So‘z birikmasi gapning qurilish materiali bo‘lib, unda hokim va tobe komponentlar mavjud bo‘ladi. Hokim so‘z asosiy ma’noni ifodalasa, tobe so‘z unga an...
	Nemis tilida fe’lli so‘z birikmalari (Verbphrasen) sintaktik tizimning markaziy unsurlaridan biri hisoblanadi. Fe’l harakat, holat yoki jarayonni ifodalovchi asosiy komponent bo‘lib, u boshqa sintaktik birliklarni - to‘ldiruvchi (Objekt), hol (Adverbi...
	Xulosa. Nemis va o‘zbek tillarida fe’lli so‘z birikmalarining qiyosiy tahlili ushbu birliklarning har ikki til sintaktik tizimida markaziy o‘rin egallashini ko‘rsatadi. Fe’lning valentlik xususiyatlari, argument tuzilmasi hamda boshqaruv mexanizmlari ...
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	Kognitiv lingvistika doirasida konsept inson ongidagi bilimlarning strukturaviy modeli sifatida talqin qilinadi. U orqali inson atrof-muhit haqidagi ma’lumotlarni tartiblaydi, umumlashtiradi va sharhlaydi. Konseptlar tilning semantik poydevorini tashk...
	ADABIYOTLAR:
	Siyosiy va ijtimoiy atamalar sohasiga oid neologizmlar:
	Atrof-muhit va ekologiya sohasiga oid neologizmlar:
	Fransuz va o‘zbek tillarida neologizmlar shakllanishining turli modellariga xos qonuniyatlar (analitik va sintetik yondashuv) tizimli ravishda qiyoslab, mushtarak va differensial tomonlari ko‘rsatildi. Neologizmlarning psixolingvistik ta’siri “yangili...
	10. https://qomus.info/oz/encyclopedia/n/neologizmlar/
	Annotatsiya. Mazkur maqolada o‘zbek xalq og‘zaki ijodi namunalarida “kasallik” va “salomatlik” konseptlarining lingvokulturologik talqini yoritiladi. Tadqiqotda olqish va qarg‘ishlar, maqol-matallar, qo‘shiqlar hamda qadimiy yozma manbalar asosida maz...

	Kirish. O‘zbek xalq og‘zaki ijodi milliy tafakkur, ma’naviy qadriyat va ijtimoiy tajribaning badiiy ifodasi sifatida asrlar davomida shakllanib, avloddan-avlodga o‘tib kelayotgan bebaho merosdir. Unda xalqning dunyoqarashi, tabiat va jamiyat haqidagi ...
	O‘ZBEK VA INGLIZ AFSONALARINING QIYOSIY-TIPOLOGIK TAHLILI: XRONOTOP, POETIKA VA OBRAZLAR TIZIMI
	Annotatsiya. Maqolada o‘zbek va ingliz afsonalarining qiyosiy-tipologik tahlili amalga oshiriladi. Ularning janr tabiati, xronotopi, kompozitsion tuzilishi va obrazlar tizimining xususiyatlari ko‘rib chiqiladi. Intertipologik o‘xshashliklar va milliy ...
	COMPARATIVE-TYPOLOGICAL ANALYSIS OF UZBEK AND ENGLISH LEGENDS: CHRONOTOPE, POETICS, AND THE SYSTEM OF IMAGES
	Abstract. The article presents a comparative typological analysis of Uzbek and English legends. It examines the features of their genre nature, chronotope, compositional structure, and system of images. Intertypological similarities and nationally spe...


	1. Ўлим ва у билан боғлиқ бўлган барча нарсалар: e.g. “to breath one’s last (one’s last breath)”, “to depart this life”, “to pay one’s debt to nature”, “to go to one’s last home”, “to go the way of all flesh”, “to kick the bucket”, “to hop the twig”, ...
	The next day, his parents were flown to New Mexico by special Army plane, and they stayed at their son’s bedside, until he breathed his last. (R.Lapp. “Atoms and People”).
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