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RODI atomlarining neytron-legirlangan kremniydagi diffuziyasi va
ularning tuzilmaviy, fazaviy o‘zgarishlarga ta’siri

A.Y.Boboyev?, Z.M.lbrohimov?, A.K.Rafikov3, G.I. Numonjonova, O.Sh. Mo’minov.

L Andijon davlat texnika instituti
2Z.M.Bobur nomidagi Andijon davlar universiteti
30‘zbekiston Respublikasi Fanlar akademiyasi Yadro fizikasi instituti

Annotatsiya: mazkur ilmiy tadqgigot ishida neytron-legirlangan kremniy monokristallarida rodiy
atomlari diffuziyasining kristall panjara tuzilmasiga, fazaviy tarkibiga hamda mikrokuchlanishlar holatiga
ta’siri rentgen difraksion usul yordamida kompleks tarzda o‘rganildi. Tadqigot obyekti sifatida bor bilan
legirlangan p-tipli kremniy monokristallari tanlandi. Eksperimental jarayonda boshlang‘ich namuna,
yuqori haroratli termik ishlovdan o‘tgan namuna hamda rodiy atomlari diffuziyasi amalga oshirilgan
namunalarning sekin va tez sovitiigan holatlari o‘rganildi. Rentgen difraksion o‘lchovlar Empyrean
Malvern difraktometri yordamida Bragg—Brentano geometriyasida 26 = 10°-80° burchaklar oralig‘ida
amalga oshirildi. Olingan natijalar shuni ko‘rsatdiki, barcha namunalarda asosiy difraksion maksimum
kremniyning (111) kristallografik tekisligiga mos keladi va bu namunalarning yugori darajada
orientatsiyalangan monokristall ekanligini tasdiglaydi. Yuqori haroratli termik ishlovdan so‘ng (111)Si
refleks intensivligi ortib, panjara parametrlari kengayganligi aniglandi, bu kristall panjarada
mikrokuchlanishlarning relaksatsiyasi va strukturaviy tartiblanish bilan izohlanadi. Rodiy atomlari
diffuziyasidan so‘ng esa (111) refleks yuqori burchak tomon siljishi kuzatilib, panjara doimiylarining
kamayishi va kristall panjaraning zichlanishi aniglangan. Bundan tashqari, SiBs fazasi hamda SiOx
klasterlari shakllanishi kuzatildi. Fagat tez sovitiigan namunalarda SiRh silitsid nanofazalarining hosil
bo'lishi gayd etildi. (222)Si va (111)Si reflekslari intensivliklarining nisbati asosida kristall panjaradagi
mikrokuchlanishlarning evolyutsiyasi tahlil gilindi. Natijalar rodiy atomlari kremniy panjarasida diffuziya
gilganda strukturaviy deformatsiyalar, yangi fazalar hosil bo‘lishi hamda mikrostrukturaviy o‘zgarishlar
yuzaga kelishini ko‘rsatdi.

Kalit so‘zlar: kremniy monokristallari, rodiy diffuziyasi, neytron legirlash, rentgen difraksiyasi,
SiBe fazasi, silitsid nanofazalar, kristall panjara, mikrokuchlanish.

AHHOTauusA: B gaHHoW paboTe uccnegoBaHo BnvsHWE Andysmm atoMOB POAUS Ha CTPYKTYPY
n asosBble npeobpas3oBaHWs B HEWTPOHHO-NErMPOBaHHbIX MOHOKPUCTannax KpemMHUs MeTOoAoM
peHTreHoaMdpakuMoHHOro aHanmsa. B kavectBe 0OBLEKTOB MCCnegoBaHMs MCMNonb3oBanucb 6op-
nermpoBaHHble MOHOKPUCTanbl KpeMHUs p-Tuna. belnn ndydeHsl ncxogHbii obpased, obpasew, nocne
BblCOKOTEMMepaTypHO TepMuyeckon 06paboTku, a Takke ob6pasubl nocrne Anddysum poaus C
MeOSieHHbIM U ObICTPbIM OxnaxaeHnem. PeHTreHoandpakuMOHHbIE M3MEPEHUA MNPOBOAWUMWCHE Ha
andppakromeTpe Empyrean Malvern B reomeTpun bparra—bpeHTtaHo B gnanasoHe yrnos 26 = 10°-80°.
MonyyeHHble pe3ynbTaTbl MOKasanu, YTO OCHOBHOW AMMPaKUMOHHBIA MakCMMyM COOTBETCTBYET
KpucTtannorpaduyeckorn nnockoctu (111) kpemHus. MNMocne Tepmuyeckon o6paboTkM MHTEHCUBHOCTb
nmHnm (111)Si yBennuunacb, 4YTO CBSA3aHO C perakcauven BHYTPEHHUX Mukpogedopmauuin wu
yrnyylweHnem CTPYKTypbl Kpuctanna. [locne anddysmm poous Habnogaetcs  CMelleHue
ANPaKUNMOHHOTO MakKCMMymMa B CTOPOHY OOnblUMX YrnoB, 4YTO CBUAOETENbCTBYET O CXaTuu
Kpuctannuyeckon pewetkn. Kpome Toro, obHapyxeHo obpasoBaHune a3 SiBs n knactepoB SiOX.
HaHodhasbl cunuumnga poaua (SiRh) Habnoganuch Tonbko B obpasuax ¢ GbICTpbIM OXNaXaeHUeM.
OTHOLLEHME NHTEHCMBHOCTEN 3anpeLEHHOro oTpaxeHust (222)Si k ocHoBHoMy (111)Si ncnonb3oBaHo
AN oLeHKM MrkpogedopMaunin B KpUCTanNIMYeCKon peLueTke.

KnioueBble cnoBa: kpemHun, audpdysma  poausi,  HEWTPOHHOE  nernpoBaHue,
peHTreHoamdpakums, cunuuuaHsle dassl, MMKpogedopmMaLmu,

Abstract: this study investigates the influence of rhodium diffusion on the crystal lattice structure
and phase transformations in neutron-doped silicon monocrystals using X-ray diffraction analysis.
Boron-doped p-type silicon monocrystals were used as the main research material. Several
experimental samples were prepared including an initial reference sample, a thermally annealed
sample, and rhodium-diffused samples subjected to slow and rapid cooling regimes. X-ray diffraction
measurements were performed using an Empyrean Malvern diffractometer in Bragg—Brentano
geometry within the angular range of 26 = 10°-80°. The results show that the dominant diffraction peak
in all samples corresponds to the (111) crystallographic plane of silicon, confirming the highly oriented
monocrystalline structure. Thermal annealing increased the intensity of the (111)Si reflection and slightly

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026
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expanded the lattice parameter due to relaxation of internal microstrains. After rhodium diffusion, the
diffraction peak shifted toward higher angles indicating lattice contraction caused by rhodium
incorporation into the silicon lattice. Additional phases including SiBs nanocrystals and SiOx clusters
were detected. Rhodium silicide (SiRh) nanophases were observed only in rapidly cooled samples. The
ratio of forbidden (222)Si to main (111)Si reflections was used to evaluate microstrain evolution in the
crystal lattice. The results demonstrate that rhodium diffusion significantly modifies the structural state,
lattice parameters, and phase composition of neutron-doped silicon.

Keywords: silicon monocrystals, rhodium diffusion, neutron doping, X-ray diffraction, silicide

nanophases, SiB, phase, crystal lattice microstrain.

I.Kirish.

Nanoelektronika va  mikroelektronika
sohasida ishlab chigariladigan mahsulotlarning
yugori  samaradorligi  va ishlash  kuchini
ta’minlash uchun yuqori tozalik va mukammal
strukturaga ega materiallar muhim hisoblanadi.
Shuningdek, bu materiallar ma’lum bir fizik-
kimyoviy xususiyatlarga, masalan, yuqori
yorug‘lik va elektrik o°‘tkazuvchanlikka ega
bo‘lishi lozim [1]. Kremniy (Si) - bu bunday
materiallardan  biri  bo‘lib, uning muhim
xususiyati shundaki, uning elektrik xususiyatlari
va tuzilmaviy ustunliklari begona kirishma
elementlariga sezgirligidir. Bu esa o‘z navatida
yuqori tozalikka ega kristalllarni olish uchun
yuksak darajada o‘stirish laboratoriya muhiti
talab giladi [2]. Monokristallik ~ kremniy
mikroelektronikadagi eng muhim materiallardan
biri hisoblanadi, chunki u yugori ishlash
darajasidagi yarimo‘tkazgichlar, tranzistorlar va
diodlar ishlab chigarishda ishlatiladi. Ammo,
uning fizik va ximik xususiyatlari o‘zgarishi
mumkin bo‘lgan turli muammolarga, masalan,
legirlovchi  elementlar  yoki  tuzilmaviy
nugsonlarga sezgir bo‘lishi mumkin. Masalan,
kremniy panjarasini legirlash orgali uning elektr
va optik xususiyatlarini o‘zgartirishga yoki yangi
fazaviy strukturalar yaratishga erishish mumkin

[3].

Neytron-legirlash jarayonida kremniyga
neytronlar ta’sirida yangilangan strukturalar,
ya’ni, mikrokuchlanishlar va nuqgsonlar holati
o‘zgaradi. Neytronlar materialga ta’sir etish
orgali bundan keyingi diffuziya va tarkibiy
o‘zgarishlarni shakllantiradi [4]. Bu jarayon
natijasida legirlovchi atomlar, masalan, rodiy
(Rh), platina (Pt) va nikel (Ni), kremniy
panjarasining tuzilmaviy barqgarorligini
yaxshilash yoki yangi fazaviy strukturalarni
shakllantirishga sabab bo‘ladi [5]. Shunday qilib,
neytron-legirlangan kremniy o‘zining elektr va

mexanik xususiyatlarini to‘g‘rilashga yordam
beradi.

Rh, Pt va Ni kremniy panjarasiga
Kiritilganida, ular kremniydagi nugsonlar va
tuzilmaviy barqarorliklarni o‘zgartirishga ta’sir
giladi [6]. Bunday metallar bilan legirlash
natijasida yangi fazalar, nanogatlamlar va
nanoimpuritar  strukturalar shakllanadi. Bu
jarayon o‘zining singarlik, elektrik va optik
xususiyatlarini o‘zgartira oladi, shuningdek,
materialning ishlash samaradorligini oshirishga
yordam beradi. Ushbu tuzilmaviy
nomuvofigliklar ~ va  mikrokuchlanishlardan
foydalanish yangi avlod yarimo‘tkazgichlarining
ishlashini optimallashtirish va unumdorligini
oshirishga hissa qo‘shadi. Shu munosabat bilan
ushbu maqolada Rh atomlarining neytron-
legirlangan kremniydagi diffuziyasi va ularning
tuzilmaviy, fazaviy o‘zgarishlarni
rentgenotuzilmaviy tadgiqot usuli yordami
o‘rganilgan.

I1.Namunalar va tadgiqgot usullari.

Rh atomlarini kremniyga kiritish jarayoni
gaz fazasidan diffuziya usulida amalga oshirildi.
Bu usulda vakuumli ampulalarda rodiy atomlari
kristall panjarasiga diffuziya qilib kirib, yangi
tuzilmalar va fazaviy o‘zgarishlar shakllantirishi
mumkin. Amaliy jarayonda 1250°C haroratda 5
soat davomida ishlangani, rodiy atomlarining
kremniydagi mikro- va makroskopik
o‘zgarishlarni  o‘rganish  uchun  optimal
sharoitlarni yaratdi. Namunalarning turli sovitish
rejimlari eksperimental tuzilishning muhim
gismi hisoblanadi, chunki bu rejimlar tuzilmaviy
va fazaviy o‘zgarishlarning turli dinamikasini
ko‘rsatadi. Sekin sovitish (sl.c., §=5+10 °C/min)
jarayonida, material bo‘ylab haroratning asta-
sekin taralishi natijasida, kristall panjarasida
ko‘proq  mikrokuchlanishlar ~va  fazaviy
mukammallashishlar o‘zgarishi mumkin. Tez
sovitish (r.c., 8 =250+300 °C/min) rejimida esa,
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kremniy va legirlovchi atomlar orasida diffuziya
tezlashadi, bu esa yangi nanostrukturali
fazalarning shakllanishini olib kelishi mumkin.

Tayyorlangan barcha namunalarning
tuzilmaviy hamda fazaviy o‘zgarishlarni
aniglash (Empyrean Malvern)
rentgenodifraktometri ~ yordamida  amalga

oshirildi. Rentgenodifraksion o‘lchovlar Bregg-
Brentano geometriyasida o‘tkazilib, tarqalish
burchi 26 = 10° + 80° bo‘lgan diapazonda
uzluksiz skanerlash tezligi 1gradus/min etib
belgilandi. Bunda burchak gadami 0.02 gradus
etib olindi. Tuzilmaviy cho‘qqilarning maksimal
giymatlarini aniglash va olingan natijalarga
grafik ishlov berish uchun OriginPro2022
dasturiy ta’minotidan foydalanildi.

I11.Tadgiqot natijalari va ularning

muhokamasi.

1-rasmda barcha tayyorlangan namunalarning
rentgenogrammalari keltirilgan.
Rentgenogrammalarning  tahliliy  natijalari

yordamida barcha namunalarning sirti (111)
kristallografik yo‘nalishiga tegishli ekanligi
aniqlangan. Boshlang‘ich namunlar
rentgenogrammalarida (111)si akslanishi 20 =
28,53° burchakda kuzatilib, tekisliklar orasidagi
masofasi d = 3,109 A ni tashkil etdi. Bu natija,
namunaning dastlabki (toza), hech ganday ishlov
berilmagan holatdagi kristall panjara doimiysi
5,3474 A bo‘lgan xolatini ko‘rsatadi.
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1-rasm. Boshlang‘ich NLK Si<B>
(yashil chiziqg), 1250 °C da 5 soat davomida
termik ishlov berilgan NLK Si<B> (qizil
chiziq), 1250 °C da rodiy atomlari diffuziya
gilinib sekin sovutilgan NLK Si<B> (jigarrang
chiziqg) va 1250 °C da rodiy atomlari diffuziya
gilinib tez sovutilgan NLK Si<B> (ko‘k
chiziq) rentgenogrammalari.

1250°C haroratda 5 soatlik issiqlik
ishlovdan  so‘ng, (111)Si  cho‘qqisining
intensivligi 1,95-106 imp/s dan 2,4-106 imp/s
gacha ortdi va tekisliklar orasidagi masofa d =
3,113 A ga ortib, panjara doimiysi 5,3543 A
gacha kengaygan. Bu esa o‘z navbatida yuqori
haroratli issiglik ishlovlari panjara tuzilmasining
ba’zi qismlarini yumshatishi va namunalarning
sirtiy soxlarida mikrokuchlanishlarni
kamayishidan dalolat beradi [7]. 1250°C
haroratda 5 soat mobaynida Rh atomlari
diffuziyalanib, so‘ngra sekin sovitilgan (6 = 10
°C/min) namuna rentgenogrammasida (111)Si
akslanishi nisbatan yuqori burchali sochilishlar
tomon (20 = 28,60°) siljigan holda kuzatilgan.
Tekisliklar orasidagi masofa d = 3,103 A ga,
panjara doimiysi esa 5,3364 A gacha kamayishi
kuzatilgan. Bu holat, rodiy atomlarining kremniy
panjarasiga diffuziya qilishi natijasida panja-
raning zichlanishidan dalolat beradi [8]. Rodiy
atomlari kremniy panjarasiga kirib, uning ichki
strukturasini o‘zgartirib, yangi fazaviy o‘zgarish-
larga sabab bo‘ldi [9]. 1250°C haroratda 5 soat
mobaynida Rh atomlari diffuziyalanib, so‘ngra
tez sovitilgan namunalarning rentgengrammalar-
ida (111)Si akslanish 20 = 28,53° burchakda
siljish va panjara doimiysi 5,3496 A ga ortishi
kuzatilgan. Bu jarayon, rodiy atomlari kremniy
panjarasiga Kirib golib, uning ichki strukturasini
o‘zgartirishidan dalolat beradi [10]. Shuningdek,
barcha namunalarda subkristallit o‘lchamlari ~
62 nm atrofida barqaror bo‘lib, bu har bir namu-
naning ichki strukturasining bir Xxil darajada
bo‘lishini ko‘rsatadi. Subkristallitlarning bir xil
o‘lchami, materialning sifatli bo‘lishini va turli
ishlovlar ta’sirida o‘zgarishlar yuz bermasligini
bildiradi [11].

Shuningdek, ikkilamchi fazalar va
Klasterlar shaklanishi natijasida barcha namu-
nalarning rentgenogrammlarida  kremniydan
tashgari bir nechta tuzilmaviy akslanishlar ham
kuzatilgan (2-a, b va c rasmlar). Kichik burchakli
sochilishlarda (26 = 8°+18° orlag‘ida) SiOx ga
tegishli bo‘lgan diffuzion akslanishlar kuzatilgan
(2-a rasm). Bular kichik o‘lchamlii (1+3 nm)
Klasterlar tegishli bo‘lib, ular kremniy sirtidagi
to‘yinmagan bog‘lar va fon kirishmasi bo‘lgan
kislorod atomlarining o‘zaro ta’siri natijasida
shakllangan yangi amorf fazalarni tashkil qilish-
idan dalolat beradi [12].
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Bundan tashqari, barcha namunalar rent-
genogrammalarining 26 = 30,9° burchakli sochi-
lishlarida tuzilmaviy SiB6 birikmasiga tegishli
akslanishlar kuzatilgan (2-b rasm). Ular panjara
doiymisi a=4,134 A bo‘lgan Pm3m fazoviy
guruhiga tegishli kub elementar kataklardan tash-
kil tongan nanokristallitlar ekanligidan dalolat
beradi. Tez sovitilgan namunada ularning
o‘lchami eng katta qiymatga (79,1 nm) yetgan.
Bu fazaning mavjudligi texnologik va nazariy
o‘zgarishlar hamda to‘g‘ri sovitish shartlari
fazalarning rivojlanishiga ta’sirni  ko‘rsatadi
[13].

- i< B, Riv 1 250

,lfu-.w» BRA=12500 Cleel

20,

2-rasm. Kichik (a), o‘rta (b) va yuqori
(c) burchakli sochilishlarda boshlang‘ich NLK
Si<B> (yashil chizig), 1250 °C da 5 soat
davomida termik ishlov berilgan NLK Si<B>

10

(gizil chizig), 1250 °C da rodiy atomlari
diffuziya qilinib sekin sovutilgan Si<B>
(jigarrang chiziqg) va 1250 °C da rodiy atomlari
diffuziya qilinib tez sovutilgan Si<B> (ko‘k
chiziqg), rentgenogramma shakllari.

Faqat rodiy atomlari diffuziya qilinib, tez
sovitilgan namunalar rentgenogrammalarining
20 =63,2° burchakli sochilishlarida rodiy silitsidi
(SiRh) birikmasiga tegishli akslanish kuzatilgan
(2-c rasm, ko‘k rangli chiziq). Mazkur
akslanishning eksperimental giymatlari
yordamida panjara doimiysi a = 2,983 A bo‘lgan
Pm3m fazoviy guruhiga tegishli kub elementar
kataklardan tashkil topgan 20,7 nm o‘lchamli
kristallit ekanligi aniglandi. Bu esa tez sovutilish
natijasida Rh atomlarining kremniy panjarasiga
Kirishi natijasida yangi fazaviy tuzilmaning
shakllantirishidan ~ dalolat  beradi [14].
Shuningdek, fagat boshlang‘ich namunalar
rentgenogrammalarining 20 = 66,8° burchakli
sochilishlarida SiO2 fazasiga tegish akslanish
ham kuzatilgan (2-c rasm, yashil rangli chiziq).
Bu esa kristall panjaraning nugsonga moyil
sohlarida kichik (7,4 nm) o‘lchamli kristallitlar
mavjudligidan dalolat beradi. Odatda bunday
kristallitlar ~ kislorod atomlari va kremniy
atomlarining o‘zaro ta’siridan paydo bo‘lgan
amorf fazaning bir gismi sifatida garaladi [15].

Ma’lumki kristall panjarasidagi
ichki kuchlanishlarni aniglash uchun
olmossimon tuzilmalar uchun tagiglangan
(222)Si akslanish intensivligining asosiy (111)Si
akslanish intensivligiga nisbati (1(222)/1(111)
hisoblandi [16]. Bu koeffitsiyent panjaradagi
ichki kuchlanishlarning darajasini ko‘rsatadi va
shu orgali materialdagi mikroskopik tuzilmaviy
o‘zgarishlar 1-jadvalda keltirilgan.

Tez sovitilgan namunada
mikrokuchlanishlarning  gariyp 2 marta
kamayishi Rh atomlarining kremniy

/... Panjarasidagi dislokatsiya va nugsonlar sonini
. kamaytirishga xizmat qilishi aniglandi.

1-jadval
Namuna | le22)/la1 Krsitall panjara
holati 1) holati tahlili
Boshlang‘i | 1,65-10" | Neytron legirlashdan
ch NLK 8 keyingi qoldiq
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mikrokuchlanishlar
[17]
1250°C Harorat ta’sirida
termik 2,37-10% | mikrokuchlanishlarn
ishlov ing ortishi [16]
. Rodiy atomlari
S'<B’Rh> 2,02:10° | mikrokuchlanishni
(sekin 8 gisman kamaytirgan
sovitish) 18]
Si<B,Rh> 1.30- 10 Mikrouchlanishlarni
(tez 3 ng sezilarli
sovitish) kamayishi [19]
V. Xulosa:

Yugori haroratli termik ishlov berish na-
tijasida kremniy kristall panjarasining ba’zi
gismlari yumshashi va mikrokuchlanishlarning
kamayishi tufayli (111)si tuzilmaviy akslanish in-
tensivligi 1,95-106 imp/s dan 2,4-106 imp/s ga-
cha ortishi hamda panjara doimiysining a =
5,3523 A gacha kengayishi aniglandi. Rh atom-
lari Kiritilgandan so‘ng namunalarni sekin so-
vitish panjaraning zichlanishigaa=5,3354 A, tez
sovitish esa uning kengayishigaa= 15,3471 A olib
kelishi aniglandi.Barcha namunalarda SiBe biri-
kmasiga tegishli akslanishlar kuzatilib, ular pan-
jara doiymisi a=4,134 A bo‘lgan Pm3m fazoviy
guruhiga tegishli kub elementar kataklardan tash-
kil tongan nanokristallitlar ekanligi aniglandi.
Tez sowvutilish natijasida Rh atomlarining
kremniy panjarasiga Kkirishi natijasida yangi
fazaviy tuzilmaning shakllantirishi hamda
nugsonga moyil sohlarida kichik (7,4 nm)
o‘lchamli SiO; kristallitlar amorf fazaning bir
gismi sifatida o0‘z-o‘zidan tashkil topishi
aniglandi.
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Yuzasiga ishlov berilgan tabiiy o'simliklardan qo'g'a tolalarining
elektrofizik xossalari

N.K.Xakimova, G.M.Mo'minova

Annotasiya. Ushbu magolada kimyoviy va termik ishlov berilgan hamda sof qo'g'a o'simligi
tolasining elektrofizik xossalari ko'rib chigildi. Buning uchun mahalliy etishtirilgan go'g'a o'simligi tolasidan
namunalar tayyorlandi. Elektrofizik xossalarni tadqiq gilish ob'ekti sifatida olingan namunalarni tanlashda
kontakt materiallar o'rni ham e'tiborga olindi. Sof va legirlangan namunalarning elektro'tkazuvchanlik
xossalari tagqoslab keltirildi. Turli foizlardagi kimyoviy elementlar bilan legirlangan va mersilizasiyalangan
go'g'a o'simligi tolasi namunalarining elektrofizik, fotoelektrik xossalari alohida tadgiq gilindi. Tadgigot 293-
370 K harorat oralig'ida U=100 V gacha kuchlanish bilan amalga oshirildi. Namunalardagi strukturaviy
o'zgarishlar IQ spektroskopiya usuli yordamida ko'rib chigildi. Tadgiqotlar natijasiga ko'ra tabiiy tolali o'simlik
go'g'a tolasidan tayyorlangan namunalarning volt-amper xarakteristikasi chizigli o'zgarib borishi kuzatildi.

Kalit so'zlar: elektro'tkazuvchanlik, nanostruktura, spektroskopiya, legirlangan, mersilizasiya, tola,
elementlar.

AHHOTaumAa. B gaHHoOM cTatbe ObinvM uccnegoBaHbl 3ANEKTPOU3NYECKME CBOWCTBA YMCTOrO
KOHOMMSIHOTO BOSOKHA, MOABEPrHYTOr0 XUMWYECKOW W Tepmuyeckom obpabotke. Ona atoro 6binu
NoAroToBreHbl 06pasLbl MecTHOro neHa. [Mpn otbope 06pa3uoB ANs MCCnegoBaHMs ANeKTpodr3nyecknx
CBOWCTB TaKkKe Yyu4MmTbiBancs BbIOOp KOHTaKTHbIX MaTepuanoB. bbinv  cpaBHeHbl cBOMCTBa
3MNeKTpONPOBOAHOCTM YUCTLIX U NEermMpoBaHHbIX 06pa3LoB. JnNekTpodunsmdeckne n oTo3NeKTpuYeckme
cBoncTBa 06pasuoB pamMMEBOro BOSIOKHA, NErMpoBaHHOIO W  MEPCEPU3OBAHHOTO C  PasfM4YHbIM
NPOLEHTHbIM COAEpXaHWEM XMMUYECKMX INEMEHTOB, WCCNEeOoBanuUCb OTAENbHO. Wccneposaxne
nposoaunock npu HanpsbkeHnn go 100 B B ananasoHe Temnepatyp 293-370 K. CTpyKTypHbIE U3MEHEHWSI
B obpasuax uccrefoBanvcb C MOMOLLBI MHMPaKpacHOW CrnekTpockonuu. PesynbTaThl MccnegoBaHui
nokasanu, 4YTO HanpsKEHWEe-TOKOBbIE XapaKTepPUCTUKM ob6pa3uoB, NPUrOTOBMEHHBIX M3 HAaTyparbHOro
NBbHSIHOTO BOJIOKHA, AEMOHCTPUPOBAN NIMHENHYIO 3aBUCMMOCTb.

KniouyeBble crnoBa: 3nekTpONpoBOAHOCTb, HaHOCTPYKTypa, CMEKTPOCKONUS,, NErmpoBaHHbIW,
Mepcepu3aLns, BONIOKHO, 3NIEMEHTbI.

Abstract. In this study, the electrophysical properties of pure hemp fiber subjected to chemical and
thermal treatment were investigated. For this purpose, samples of locally produced flax fiber were prepared.
The selection of contact materials was also taken into account during sample preparation for the
investigation of electrophysical properties. The electrical conductivity characteristics of pure and doped
samples were compared. In addition, the electrophysical and photoelectrical properties of ramie fiber
samples doped and mercerized with different concentrations of chemical elements were studied separately.

The investigations were carried out at voltages up to 100 V within the temperature range of 293—
370 K. Structural changes in the samples were analyzed using infrared spectroscopy. The results
demonstrated that the current—voltage (I-V) characteristics of samples prepared from natural flax fiber
exhibited a linear dependence.

Keywords: electrical conductivity, nanostructure, spectroscopy, doping, mercerization, fiber,
elements.

bo'ladi va tijorat magsadlarida foydalanish
uchun katta imkoniyatlarga ega. Bugungi
kunda ommabop materiallardan biri bo'lgan

I.Kirish
Jahon miqgyosida tabiiy

yarimo'tkazgichlar, xususan tabiiy tolalarning
elektro'tkazuvchanligiga gizigish yigirmanchi
asrning oxirlariga kelib, ushbu materiallarda
zaryad tashuvchanlik tabiatini tushunish uchun
keng izlanishlar olib borildi. So'ngi paytlarda
tabily tolalarning fizik va elektrofizik
xususiyatlarini o'rganish jadal rivojlanmoqda.
Zamonaviy texnologiyalarning juda ko'p
sohalarida hamda ko'plab sanoat ishlab
chigarish sohalarida qo'llaniladigan arzon va
gayta tiklanadigan tabiiy o'simliklardan qo'g'a
tolalari bo'lib, ular legirlangandan so'ng sun'iy
o'tkazuvchan polimerlarga yaxshi alternativ

qo'g'a tolalarini turli kimyoviy elementlar bilan
legirlab o'tkazuvchanlikni boshgarish
xususiyatidan ko'plab zamonaviy soxalarda
foydalanishmumkin va bu materiallar ishlab
chiqgarish texnologiyasi va xomashyo materiali
arzonligi bilan ajralib turadi. Qo'g'a o'simligi
tolalari nanostrukturaga ega bo'lgan holda
tashqi ta'sirga (yorug'lik, temperatura, namlik
va bosimga) sezgirligi yuqoridir. [1,9]

Ushbu ishdan magsad yuzaga kimyoviy
elementlar bilan ishlov berilganda tabiiy
osimlik qgo'g'a tolalarining fotoelektrik
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Xususiyatlariga  ganday  ta'sir

o'rganishdan iborat.

qgilishini

I1.Material va usullar

Tabiiy o'simliklardan go'g'a tolasi dastlab
namuna uchun distirlangan suvda ma'lum bir
vagt davomida qaynatib yuviladi va xona
haroratida  tolalarini tashgi  ta'sirdan
himoyalangan kamerada 72 soat va undan
ko'proq vaqt qurishi uchun ushlab turildi.
Tabiiy o'simliklardan qo'g'a tolasi yuzasiga
ishqoriy elementlardan Kmpos , C27H34N204S,
Ca(H2P0s4)2, (J+KJ+C2Hs0H) lar bilan ishlov
berishda, ushbu elementlarning suvdagi ma'lum
bir foizlardagi eritmalari bilan 3 soat davomida
100°C temperaturada ushlab turish orgali
amalga oshiriladi. Ularning suvdagi foizlarini
o'zgartirilganda namunalarning  xossalarini
o0'zgarishini kuzatish mumkin.

Tabily polimer materiallarga gayta
ishlov berilganda ularning strukturasi va
moRFologiyasi ma'lum migdorda o'zgaradi. Bu
esa ushbu materiallarning fizik xususiyatlari
ya'ni, elektro'tkazuvchanligining o'zgarishiga
olib keladi.[2,8]

Dastlab go'g'a o'simligi tolalasini 75°C
distillangan suvga solib 20 dagiga davomida
yuvildi. Keyin 24 soat davomida xona
haroratida quritildi. Yaxshilab quritilgan qo'g'a

14
yod (J+KJ+CHsOH)ning suvdagi 3%
foizlardagi eritmali vannada 30 minut

davomida shimdirildi. Qo'g'a tolasi yuzasiga
goplangan yodni diffuziya qilish uchun (1-6
soat) vaqt davomida 75-80°C temperaturada
ushlab turildi. Qo'g'a tolasini Kmpos (kaliy
permanganat), C27H34N204S (bis-(p-
dietilamino) trifenilangidrokarbinola oksalat)
va Ca(H2POs). (kaltsiy digidroortofosfat) bilan
legirlash uchun ham yuqoridagi jarayondan
foydalanildi. Kmpos suvdagi 2% eritmada ,

(C27H3aN204S)  suvdagi 1%  eritmada,
(Ca(H2PO4)2) suvdagi 5% eritmasidan
foydalanildi. Suyug shisha bilan grafit

suspenziyasi asosida omik kontaktlar olindi.
Turli kimyoviy elementlar bilan legirlangan
go'g'a tolasi volts amper xarakteristikasi
gorong'uda va ultrabinafsha nur ostida (A=254
nm) tok kuchining Kkichik qgiymatlarini
(nanoamperlar) elektrometr yordamida havoda
o'lchandi. Tadgigotlar mos ravishda 293-370 K
harorat diapazonida va 1-100 V kuchlanish
diapazonida amalga oshirildi. [3]

I11.Natijalar va muhokama

Dastlab sof ichi olingan va distirlangan
suv  bilan tozalangan qo'g'a tolasidan
tayyorlangan namunaning volt-amper
xarakteristikasini o'lchandi. Buning uchun T-

o'simligi tolasi juda kichik o'lchamlarda mayda 300K temperaturada juda kichik  tok
tishli taroq bilan ich kismi silliq taralgan va ich  impulslarini ~ sezuvchi  nanoampermetrdan
kismi taralmagan xolda kesib olindi. So'ngra, foydalanildi.
go'g'ao'simligi tolalari kimyoviy elementlardan
5 =
4 4 /"""--
I/
3 ./
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1-rasm. Sof qo’g'a tolasining volt-amper xarakteristikasi
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1-rasmdan ko'rinadiki, sof go'g'a tolasi
0'zidan juda Kichik migdorda
elektro'tkazuvchanlikka egadir.[4]

So'ngra turli ishqoriy elementlar bilan
legirlangan qo'g'a tolasining elektrofizik
xossalarining tadgiqgot natijalari ko'rib chigildi.

Tadgigotning maqsaditurli kimyoviy
elementlar bilan ishlov berilgan va sof
namunalarda barqgaror holatdagi
o'tkazuvchanlikni chuqur o'rganish hamda

legirlangan qo'g'a tolasi molekulalarining
polimer Matritsasida o'tkazuvchanlik
xususiyatlarini o'zgartirishga ta'siri, haroratga
ham, elektr maydoniga ham bog'lig bo'lgan
zaryad tashuvchilarni tashish mexanizmi,
elektrofizik hossalarininganiglash jarayoniga
va legirlash vaqgtiga bog'ligligini aniglashdan
iborat.

15
Umuman olganda, o'rganilgan
tadgiqotlardan tsellyuloza tolalaridagi

molekulyar tuzilishi va morfologiyasi ularning
elektr xususiyatlariga ta'siri va tolalarning
kiritma molekulalari o'rtasidagi o'zaro ta'siri
hagida bir gancha ma'lumotlar mavjud, shu
bilan birga yaxshi yarimo'tkazgich material deb
ham hisoblash mumkin, chunki namunalar
harorat, ionlashtiruvchi nurlanish va gotishma
elementlarining  Kiritilishi  ta'sirida  uning
elektro'tkazuvchanligi va
fotoo'tkazuvchanligini o'zgartiradi. [5,11]

Nanostrukturali yarimo'tkazgichli tabiiy
tolalarning fizik xossalarini o'rganish doirasini
kengaytirish zamonaviy elektron
texnologiyaning yangi elementlarini yaratish
imkonini beradi.

W Copta N2OLS 1%
—o—KMnOy4 2%
—A— CaHpPOy4, 5%

»— lodine 3%
4
12 - v
i .
9 . A
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c _ iy 1
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- 5 P /,.// i
/ o o
" ’::ji"/'”. = "'/
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2-rasm kimyoviy elementlar bilan legirlangan go'g'a tolasining volt-amper xarakteristikasi

2-rasmda ko'rinib turganidek barcha
o'rganilgan namunalarning VAX chizigli
ekanligi kuzatildi. Dastlabki tadgiqotlar shuni
ko'rsatdiki, sof hamda kaliy permanganat bilan
legirlangan qo'g'a tolasi namunalari n-tipli
o'tkazuvchanlikka ega.

Haroratni
yarimo'tkazgichning
eksponentsial

I~L = 6 = gyexp(-—s)
rs 0 = 0o®XPl 7

oshirish natijasida
elektro'tkazuvchanligi
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gonuniyat bo'yicha oshadi. Agar
yarimo'tkazgichlarda donor va akseptor
kiritmalar bor bo'lsa ham absolyut nol haroratda
aralashmali yarimo'tkazgichda umuman erkin
elektronlar (kovaklar) bo'lmaydi. Haroratning
oshishi bilan kiritmadagi elektronlar erkin
holatiga o'tadi.  Chunki, aralashmaning
aktivlashtirish  energiyasi  yarimo'tkazgich
atomlarining aktivlashtirish energiyasidan juda
kichik bo'ladi. Haroratni oshirib borish kiritma
atomlarini ionlashishiga  olib  keladi.
Yarimo'tkazgichlarda kirishmaviy
elektro'tkazuvchanlik sodir bo'ladi. [6,7,10]

16

Tabily sharoitda pishib etilgan va
tadgiqot materiali sifatida tanlangan, ishqoriy

elementlar bilan legirlangan qo'g'a tolasi
namunalarining  VAX  tadqgiq  qilindi.
Namunalarning  barchasi merserizatsiya

gilingan va barcha namunalarning geometrik
o'lchami bir xil. Tadgigotlar normal sharoitda
gorong'uda va A=254 nm to'lqin uzunlikdagi
nur ostida olib borildi. Namunalarga kiritma
kiritish orgali o'tkazuvchanlik  oshganligi
kuzatildi. Sof  namunaga  kuchlanish
berganimizda tok kuchining giymati juda
kichikligini (U=100 V o'zgarmas kuchlanishda
I=1nA) ko'rishimiz mumkin.

331
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3-rasm. Legirlangan go'g’a tolasi gorong'uda va UB nur (4=254 nm) ostida VAX

[4] qo'g'a tolasi yodning suvdagi 3% li
eritmasi  (J+KJ+C2HsOH) bilan legirlangan
namunasidan 100 V kuchlanishda 10.4 pa tok
o'tganligi kuzatildi (3-rasm). Kaliy
permanganatning suvdagi 2% li eritmasi
Kmpos bilan legirlangan qo'g'a tolasi 100 V
kuchlanishda 7 pa, bis-(p-dietilamino)
trifenilangidrokarbinola oksalatning suvdagi
1% li eritmasi (C27Hz4N204S) bilan legirlangan
go'g'a tolasi 100 V kuchlanishda 5.2 pa va
kaltsiydigidroortofosfatning suvdagi 5% i
eritmasi (Ca(H2PQOa4)2) bilan legirlangan qo'g'a
tolasi 100 V kuchlanishda 7.4 pa tok o'tganligi
kuzatildi. Ultrabinafsha nur bilan yoritilgan
namunadan o'tayotgan tok U=100 Vo'zgarmas
kuchlanishda 4.4 nA dan 6.2 nA gacha oshdi,
ya'ni ichki fotoeffekt kuzatildi (4-rasm).

Fotoelektrik effekt hodisasi
elektromagnit nurlanish ta'sirida
yarimo'tkazgichlarning elektrofizik
xususiyatlarini  o'zgarishi  bilan  bog'lig.

Yarimo'tkazgichlarda fotoo'tkazuvchanlik
ichki fotoeffektga asoslangan. Ichki fotoeffekt
yorug'lik kvantlari ta'siri ostida zaryad
tashuvchilar (elektron yoki kovak) yarim
o'tkazgichni tark etmaydi, fagat yuqori
energetik holatiga o'tadi (masalan, valent
zonadan o'tkazuvchanlik zonasiga). Bunda
birlamchi  jarayon fotonning yutilishidir
(panjara, kirishma modda va boshga erkin
zaryad tashuvchilari tomonidan yutilishi).
Biroq, barcha  yutilish  mexanizmlari
yarimo'tkazgichning elektr xususiyatlarini bir
xil darajada o'zgarishiga olib kelmaydi.
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Yarimo'tkazgichlarda  elektro'tkazuvchanligi
erkin zaryad tashuvchilarning kontsentrasiyasi
va harakatchanligiga bog'liq ya'ni,

o=e(Nn +Pu p)
ga teng. Ichki fotoelektrik effektda asosiy omil
fotonning yutilishi hisoblanadi. Shuning uchun
erkin zaryad tashuvchilarning hosil bo'lish
jarayoni yorug'likni yarimo'tkazgich tomonidan
yutilish jarayonining xususiyatlariga garab turli
omillar bilan sodir bo'ladi. Zonalararo o'tish
paytida xususiy fotoo'tkazuvchanlik sodir

- 44

- 4.8

Lg | (A)

- 6.64

Ex=0.9343B
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bo'ladi. Yarimo'tkazgichlarda to'g'ridan-to'g'ri
zonalararo o'tishda foton energiyasi (hv)
tagiglangan zona energiya miqdoridan kam
bo'Imasligi  kerak, yani hv > Eg Agar
yarimo'tkazgichning tagiglangan zona
kengligida kiritma satxi mavjud bo'lsa, optik
yutilish ushbu satxlar va energetik zonalar
o'rtasida elektron o'tishga olib kelishi mumkin.
Bunday  fotoo'tkazuvchanlik  kiritmaviy

fotoo'tkazuvchanligi deb ataladi. [5,6]

29 3.0 3.1

32 33 34 35 36
1000/T (K"

4-rasm. yod (1) va KMnOa(2) bilan legirlangan qo'g’a tolasi gorong'uda va UB nur (1=254
nm) ostida VAX

(J+KJ+C2Hs0H), Kmpoas,
(C27HasN204S)  va  (Ca(H2PO4)2  bilan
legirlangan qo'g'a tolasi fotoo'tkazuvchanlik
Kinetikasi tekshirildi (5-rasm). Ushbu tadgiqot
shuni ko'rsatadiki, ultrabinafsha nur (A=254
PM) bilan yoritilganda fototokning o'sishi va
UB nur o'chirilganda fotoo'tkazuvchanlikning
uzog muddatli relaksasiyasi kuzatildi. Bunda

ichki fotoeffekt hodisasi namoyon bo'lganligi
gayd gilindi. Fotoo'tkazuvchanlikning stasionar
giymatiga bir zumda erishilmaydi ya'ni,
yarimo'tkazgichga yorug'lik ta'siri
boshlanganidan keyin ma'lum vaqt o'tgach
to'yinish giymatiga erishiladi. 5-rasmda olingan
natijada ham xuddi shu holat kuzatilgan.
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5-rasm. Xususiy optik o'tish bilan bog'lig bo'lgan, yod bilan legirlangan go'g‘a tolasi
fotoo'tkazuvchanlik kinetikasi
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5-rasmga ko'ra, yorug'lik o'chirilgandan
keyin bir muncha vaqt o'tgach, muvozanatsiz
o'tkazuvchanlik ham yo'qolib boradi.
IVV.Xulosa

Xulosa sifatida mahalliy etishtirilgan
go'g'a o'simligi tolalarining kimyoviy va termik
ishlov berilgan va sof namunalari elektrofizik
va fotoo'tkazuvchanlik xossalari o'rganildi.
Olingan natijalar tahlili ko'rib chigildi. Yod va

KMnOs bilan legirlangan qo'g'a o'simligi
tolasining elektro'tkazuvchanligi legirlanish
vagtiga bog'liq ekanligi aniglandi.
Namunalardagi  strukturaviy  o'zgarishlar
infragizil spektroskopiya usuli yordamida
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ZnO asosidagi nanotuzilmalarni sintez gilish usullarining hosil bo‘lish
mexanizmlari, tuzilmaviy xossalari va fotoelektrik go‘llanilishi.

A.Y. Boboyev’, B.D. G‘'ulomov’, O. Dexqonboyev?

Andijon davlat universiteti, 2Andijon davlat texnika instituti

Annotatsiya. Mazkur tadgigot ishida rux oksidi (ZnO) asosidagi nanotuzilmalarni sintez qilish

usullarining hosil bo‘lish mexanizmlari, tuzilmaviy xususiyatlari hamda fotoelektrik qo‘llanilishlari bo‘yicha
mavjud adabiyotlar tahlil gilindi. ZnO ning keng tagiglangan soha energiyasi, yuqori eksiton bog‘lanish
energiyasi, kimyoviy va termal bargarorligi uni optoelektronika, fotokataliz, sensor va quyosh energetikasi
sohalarida istigbolli material sifatida namoyon etishi ko‘rsatildi. Materialning asosan olti burchakli vurtsit tuzilishi
normal sharoitda bargaror faza ekani hamda kristall parametrlari qurilma xossalariga sezilarli ta’sir gilishi gayd
etildi.
Tahlilda ZnO nanotuzilmalarini olishning gaz fazasi va suyuq faza usullari, jumladan kimyoviy bug‘ cho‘ktirish,
kimyoviy vannada cho'ktirish va ultratovushli purkash pirolizi texnologiyalarining afzalliklari hamda kamchiliklari
yoritildi. Cho'ktirish sharoitlari — harorat, pH, vaqt va prekursor tarkibi — hosil bo‘ladigan plyonkalarning
morfologiyasi, kristallit o‘lchami va optik parametrlariga bevosita ta’sir ko‘rsatishi ko‘rsatib berildi.

Kalit so’zlar: ZnO yupga plyonkalar, Kimyoviy vannada cho’ktirish usuli, Ultratovushli purkash pirolizi,
ZnO:Al yupqa plyonkalar.

Abstract. This research paper reviews the available literature on the synthesis mechanisms, structural
properties, and photovoltaic applications of zinc oxide (ZnO)-based nanostructures. It is shown that the wide
band gap energy, high exciton binding energy, and chemical and thermal stability of ZnO make it a promising
material in optoelectronics, photocatalysis, sensors, and solar energy. It is noted that the material's
predominantly hexagonal wurtzite structure is a stable phase under normal conditions, and that the crystal
parameters significantly affect the device properties.The analysis highlights the advantages and disadvantages
of gas-phase and liquid-phase methods for obtaining ZnO nanostructures, including chemical vapor deposition,
chemical bath deposition, and ultrasonic spray pyrolysis. It is shown that deposition conditions—temperature,
pH, time, and precursor composition—directly affect the morphology, crystallite size, and optical parameters of
the resulting films.

Keywords: ZnO thin films, Chemical bath deposition method, Ultrasonic spray pyrolysis, ZnO:Al thin
films.

AHHOTauua. B gaHHoM nccnepoBaTtensckon paboTte paccMaTpuBaeTcsl AOCTYyNHaa nutepatypa no

MexaHu3MaM CUHTE3a, CTPYKTYPHbIM CBOWCTBaM M (DOTOINEKTPUYECKMM MPUMEHEHUSIM HAHOCTPYKTYP Ha
OocHoBe okcuaa umHka (ZnO). NokasaHo, YTo LUMpoKasi 3anpeLleHHas 30Ha, BbICOKasi 3HEPTUsi CBSA3M SKCUTOHOB,
a Takke XMMuyeckas M Tepmmyeckass ctabunbHocTb ZnO genatoT €ro nepcnekTMBHbIM MaTepuanom B
ONTO3NEKTPOHUKE, hoToKaTanuse, CeHcopax M conHedHonm aHepreTuke. OTMevaeTcs, YTo npeobnagatowas
rekcaroHanbHas CTPyKTypa BlOpuuta sBnsdeTca cTabunbHOW ¢ason B HOpMarbHbIX YCNOBUSAX, U YTO
napameTpbl KpUcTanna CywecTBEHHO BNUSIOT Ha CBOMNCTBA YCTPOWCTB.
AHanu3 ocBellaeT npeuMMmyLlecTBa W HeQoCTaTKM rasodasHbiX M KuAkodasHbIX METOAO0B MONyyYeHus
HaHOCTPYKTYp ZnO, BKIIOYasA XMMUYECKOE OCaXOeHue M3 napoBov asbl, XMMWUYECKOE OCaXKAeHWe U3
pacTBopa v ynbTpa3ByKoBOW cripen-nuponua. NokasaHo, YTo YCroBus OCaxaeHnss — Temneparypa, pH, Bpems
W COCTaB MNpeKypcopa — HanpsiMylo BIUAOT Ha MOpPAdOrorvi, pasMep KpUCTanIMTOB U OMTUYEcKue
napameTpbl Noy4aeMbIX MMAEHOK.

KntoueBble cnoBa: ToOHkMe nneHku ZnO, MeToa XMMUYECKOro OCaXKaeHUs u3 pacteopa,
yNbTPa3BYKOBOW pachbIfMTENbHbIN NUPONu3, ToHKue nneHkn ZnO:Al.

I.Kirish. qurilmalarda istigbolli material sifatida
So‘nggi yillarda metallooksidi garalmoqda. Metallooksidlar orasida rux oksidi
nanotuzilmalar 0‘zining fizik-kimyoviy bunda keng taqiqlangan soha energiyasiga, yuqori

barqarorligi, optik va elektrik xususiyatlari sababli
ilmiy tadqiqotlarda keng o°‘rganilmoqda hamda ular
superkondensatorlar, biosensorlar, fotokataliz va
bo‘yoqga elementlari  kabi

sezgir  quyosh

elektron harakatchanligiga hamda xona haroratida
barqaror fotolyuminestsiya xossalariga ega bo‘lgani
tufayli  istigbolli  material  sifatida  keng
qo‘llanilmoqda. Rux oksidi (ZnO) II-VI guruhga
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mansub yarimo‘tkazgich birikma bo‘lib, uning
kimyoviy bog‘lanish tabiati kovalent va ionli
bog‘lanishlar oralig‘ida joylashgan [1]. n-tipli

ZnO
quyosh
batareyalarida, biosensorlarda, fotokatalizda va
biotibbiy qurilmalarda qo‘llaniladi, chunki u
kimyoviy va termal jihatdan barqaror [3]. ZnO

yarimo ‘tkazgich materiali bo‘lgan

nanotuzilmasi  superkondensatorlarda,

keng tagiglangan soha energiyasiga (3,1-3,3 eV)
ega bo‘lib, optik yutilishi asosan ultrabinafsha (UB)
spektr sohasida kuzatilad [4]. Uning =60 meV ga
teng yuqori eksiton bog‘lanish energiyasi [5] 200—
500 nm diapazonda UB yutilishini hamda UBga
yaqin va ko‘rinadigan spektrning 500-600 nm
oralig‘ida lyuminestsent nurlanishni ta’minlaydi

I1.Rux oksidining tuzilishi.

Zn0O,
material bo‘lib, ikki xil kristall tuzilishga ega: rux

II-VI guruhiga mansub yarimo‘tkazgich

aralashmasi (sfalerit) va olti burchakli (vurtsit)
tuzilishlar [10]. Anionlar asosan, olti burchakli
tuzilishda to‘rtta kation bilan o‘ralgan yoki aksincha,
kationlar olti burchakli tuzilishda anionlar bilan
o‘ralgan bo‘ladi: vurtsit (B4) rux aralashmasi (B3) va
tosh tuzi (B1) (1-rasm) [10].

1-rasm: Tosh tuzi (B1), rux aralashmasi (B3) va
vurtzit (B4) ning tuzilishi [12]

Vurtsit kristall tuzilishi esa har bir rux atomi
kislorod atomi bilan o‘ralgan va shu tariqa kislorod
va rux atomlari tekisliklarining  mugqobil
kombinatsiyasini yaratadigan zich joylashgan olti

burchakli tuzilishdir (2-rasm) [8]. Vurtsit tuzilmasi
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[6]. Shuningdek, ZnO ning biomoslashuvchanligi
uni fotokatalitik qo‘llanilishlar uchun istigbolli
materialga aylantiradi, natijada ZnO
nanotuzilmalari so‘nggi yillarda gaz [7,8] va
mexanik kuchlanish sensorlari [9] sifatida keng
miqyosda tadqiq etilmoqda. Shu sababli biz bu
magqolada sharx qilingan ilmiy manbalar asosida
ZnO  nanotuzilmalarining  shakllanishi
boshqariladigan sintezi, vurtsit faza barqarorligi,
UB sohada optik yutilish va lyuminestsensiya

va

xossalari hamda ularning quyosh energetikasi
qurilmalarida fotoelektrik gatlam/transport
materiali sifatida qo‘llanish istigbollarini tahlil
gilamiz.

odatda atrof-muhit sharoitida (normal bosim va xona
haroratda) termodinamik jihatdan eng barqaror faza
hisoblanadi; rux aralashmasi (sfalerit) tuzilmasi esa
kubik  kristall tagliklarda
o‘stirish holatda
barqarorlashadi, tosh tuzi tuzilmasi esa faqat yuqori
bosim sharoitida hosil bo‘ladigan yuqori zichlikdagi
faza sifatida kuzatiladi. Vurtsit (B4) tuzilishi uchun
fazoviy guruh P63mc bo‘lib, xona haroratida uning

ko‘pincha panjarali

epitaksial orgali metastabil

panjara parametrlari a=0.3296 nm va ¢=0.52065 nm
[11]. Vurtsit
pyezoelektriklar ishlab chiqarishda ishlatiladigan

elektron qurilmalar, lazer va
muhim materiallardan biridir. Shuningdek, ZnO ning
sinkit mineral shakli sifatida nomlangan turi mavjud
bo‘lib, uning tabiiy ravishda uchrashi juda kam

hollarda ro‘y beradi [8].

(1210)
2-rasm. Vurtzit ZnO tuzilishi [13].
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ZnO yupqa plyonkalarining olinish
usullari. ZnO nanotuzilmalarining hosil bo‘lish
sifatli
nanoo‘lchamli ZnO materiallarini olishni ta’minlaydi
hamda funksional

jarayonlarini chuqur tushunish yuqori

ularning  turli sohalardagi
go‘llanilishini maqsadli ravishda optimallashtirishga
imkon beradi. ZnO nanotuzilmalari ikki xil usulda
sintez qilinadi: gaz fazasi va suyuq faza (kimyoviy
eritma). Kimyoviy eritma usulida nanotuzilmalarni
ishlab chigarish narxi nisbatan past bo‘lib, bu usul
keng miqyosda ishlab chigarishni amalga oshirishga
imkon beradi [14]. Gaz fazasi usuli yuqori sifatli
qatlamlar, nanotuzilmalar va qurilma
geterostrukturalarini  ishlab
bo‘lsa-da, u yuqori narxga ega bo‘lib, amalga
oshirish uchun chuqur bilim va tajriba talab etadi.

chigarishda samarali

Gaz fazasi usuli 0’z navbatida quyidagi usullarni 0’z
ichiga oladi, kimyoviy bug‘ cho‘ktirish (CVD), bug*-
suyuqlik-qattiq (VLS) cho‘ktirish, molekulyar nur
epitaksiyasi (MBE) va boshqalar. Shuningdek, suyuq
cho‘ktirish,
elektrodepozitsiya, gidrotermal usullar va boshqa

faza usullariga kimyoviy vanna
jarayonlar kiradi. Har bir usulning afzalliklari va
cheklovlari, shuningdek, ularni qo‘llab-quvvatlovchi
adabiyotlar asosida uchta asosiy usul qisqacha
muhokama qilinadi.

Kimyoviy bug‘ cho‘ktirish (KBCh) usuli.
Kimyoviy vanna cho‘kmasi tagliklarda uchuvchan
yupqa
plyonkalar hosil bo‘lishini 0‘z ichiga oladi. KBCH -
bu ma‘lum bir haroratda qizdirilgan taglik yuzasi
yaqinida
yordamida bug‘dan gattiq materialni cho‘ktirish

prekursorlarning  parchalanishini  va

sodir bo‘ladigan kimyoviy reaksiya
jarayonidir. Ushbu usul yordamida hosil bo‘lgan
qattiq materiallar yupqga plyonka, kukun yoki oddiy
kristallar shaklida mavjud bo‘lishi mumkin [15].
KBCH wusulida rux va kislorod bir-biri bilan
aralashgan gaz holatida purkaladi, bu esa rux oksidi
(ZnO) nanotuzilmalarini hosil qiladi. KBCH jarayoni

yuqori harorat va vakuum mubhitini talab qiladi
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hamda prekursorlar uchuvchan bo‘lishi kerak. Bunda
hosil bo‘lgan nanotuzilmalarning xususiyatlariga
ta‘sir giluvchi reaksiyani kuchaytirish uchun suyuq
katalizatorlar va boshga gattiq modda molekulalari
go‘llaniladi.  Ushbu olingan ZnO
nanotuzilmalarining katalizator,
cho‘kma harorati va eksperimental konfiguratsiya
kabi ko‘plab parametrlarga bog‘liq [16]. Gaz fazasida
hosil bo‘lgan zaryadlangan zarrachalar va garshilik
kuchi kabi boshqa parametrlar kimyoviy bug"
cho‘kmasida nanotuzilma hosil bo‘lishiga hissa
go‘shadi [17].

Vetnamli olim Vu uning
hamkasiblari SiO» /Si tagliklariga tarqalgan kolloid
oltin (Au) nanozarralari yordamida metallorganik
kimyoviy bug® cho‘ktirish yordamida nisbatan past
o‘sish haroratida (400-500°C) ZnO nanotuzilmalarini
sintez qilishdi [18]. Ularning ilmiy tadqiqot natijalari
ko‘rsatadiki,

nanotuzilmalarining  zichligi

usulda
morfologiyasi

Kom va

cho‘ktirish harorati va Au
shakl
bog‘lig. ZnO nanotuzilmalarining yupqa qatlamlarini
CVD yordamida sapfir tagliklarida o‘stirish orqali
yuqori darajada sintez qilish mumkin [19]. S.S
Martin va boshqgalar [20] oz ishlarida cho‘ktirish
harorati ZnO plyonkasiga boshqa parametrlarga
nisbatan maksimal ta’sir ko‘rsatishini aniqladilar.
Kimyoviy bug‘ cho‘ktirish yordamida olingan ZnO
yupqa qatlamalaridan spintronika, gazni sezuvchi

shuni
o‘zgarishiga

qurilmalar, optoelektronika qurilmalari va boshqalar

sohasida qo‘llanilishi mumkin.

Kimyoviy vannada
Kimyoviy vannada

cho‘ktirish  usuli
(CBD). cho‘ktirish  ZnO
nanotuzilmalarini sintez qilishning eng qulay va eng
oddiy usullaridan biri hisoblanadi. Bu jarayonda suvli
prekursor eritmasi yupqa plyonkali cho‘ktirishda
qo‘llaniladi. Boshqa nam kimyoviy cho‘ktirish
usullari qatorida kimyoviy vannada cho‘ktirish
yuqori sur‘atga ega bo‘ldi va u tadqiqotchilar
tomonidan keng qo‘llaniladi [23]. Cho‘ktirishning bu
usuli juda oddiy va arzonroq, chunki jarayon yuqori
Bunda ishlatiladigan

haroratni talab qilmaydi.
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anionlar va kationlar bitta eritmada tayyorlanadi va
butun cho‘ktirish jarayoni bitta vannada sodir
bo‘ladi.

[25] tadqiqot ishi mualliflari kimyoviy vanna
cho‘kmasi yordamida o’stirilgan ZnO
nanotuzilmasining optik xususiyatlarini o‘rganishdi.
Unga ko’ra olingan ZnO yupqa plyonkasining
tagiglangan soha kengligi 2,59-3,57 eV ekanligini
aniqladilar. Elektromagnit spektrining ko‘rinadigan
va infraqizil sohalarida ZnO plyonkasi maksimal
o‘tkazuvchanlikni namoyon qiladi. Kathalingam va
uning hamkasiblari kimyoviy vanna cho‘kmasi
yordamida o’stirilgan ZnO yupqa plyonkasining
kristallit o‘lchami va tagiglangan soha energiyasi
butunlay cho‘kma haroratiga, ya‘ni vanna haroratiga
bog‘ligligini ta‘kidladilar [26]. Kristallit o‘lchami va
vanna harorati taqiqlangan soha energiyasi bilan
teskari bog‘liglikka ega, ya‘ni kristallit o‘lchami va
vanna haroratining oshishi taqgiglangan soha
kengligini pasayishiga olib keladi. Shuningdek, pH
qiymatlari yotqizilgan ZnO plyonkasiga katta ta‘sir
ko‘rsatishi aniqlandi va CBD yordamida ZnO
plyonkasini sintez qilish uchun eng qulay pH
diapazoni 9,5-10,5 ni tashkil giladi. Fu Yen Pei va
boshqgalar kimyoviy vanna cho‘ktirish yordamida
Zn0O

plyonkasini  sintez qilish uchun rux
asetatidan foydalanganlar va ularning tadqiqot
natijalari shuni ko‘rsatadiki, ZnO plyonkasi olti
burchakli shaklga ega [27]. Shuningdek, ZnO yupqa
plyonkalari quyosh batareyalarida o‘tkazuvchan
qatlamlar sifatida ishlatilishi mumkin. Sreedev va
boshqalar o0°z ishlarida UB-ko‘rinadigan spektral
tahlil natijalariga ko’ra optik o‘tkazuvchanlik yutilish
koeffitsienti, aks ettirish va sinish koeffitsientining
pasayishiga bog‘ligligini va boshqa tomondan,
yutilish koeffitsienti va sinish indeksi 350 nm dan
700 nm gacha bo‘lgan barcha to‘lqin uzunliklari
uchun cho‘ktirish vaqti oshirish bilan oshishini
aniqladilar [28]. CBD usuli arzon, qulay va ekologik
toza bo‘lsa-da, uning asosiy kamchiligi 1-jadval. ZnO
nanotuzilmalarini sintez qilish usulini taqqoslash.
eritmani doimiy ravishda o‘zgartirishni talab qilishi,

bu esa (20-30 mkm) uzunlikdagi

nanosimlarni ishlab chiqarishni
qiyinlashtiradi [23].
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Sintez Afzalliklari Kamchiliklari
Bu yuqori
harorat, vakuum
Kimyovi muhitini talab
b )"1 . Oddiy va samarali qlladl va
“gsha“‘ prekursorlar
uchuvchan
bo‘lishi kerak.
Bu arzonroq, . .
Kimyovi samaraliroq va Bu critmaning
y vanna namunani cho ‘ktirish isrof bo‘lishi ga
cho‘l.(m har qan@ay ta}glilflarda olib keladi.
asi sodir bo‘ladi.
Yugqori taglik
haroratini talab
Arzon va oddiy qurilma q111na§11.
talab etadi, vakuum Morfologiya va
USP mubhitiga ehtiyqj yo‘q. qa]inlik
Katta maydonli va bir .
(ultrato jinsli yupqa texnologik
Vui(hh . plyonkalarni olish parametrlariga
puzhagl 1mkl(;n1n1hberad1 Juda Sezgir.
. . o rishma . . .
plmhlz.l) konsentratsiyasini oson Kristall 'Slfatl
usult nazorat qilish mumkin PLD yOkl CVD
hamda sanoat miqyosiga usullariga
mos. 3
nisbatan pastroq
bo‘lishi
mumkin.
ZnO yupqa plyonkalarini olishning
Ultratovushli purkash usuli. Ultratovushli purkash
usuli nanozarralarini sintez qilish va yupqa
plyonkalarni yotqizish uchun aerozol jarayoniga
asoslangan tejamkor va moslashuvchan
usuldir. Ushbu usul suvli erituvchilarda metall

tuzlaridan foydalangan holda aniq boshgqariladigan
morfologiya va kimyoviy tarkibga ega metall, oksid
va kompozit nanomateriallarni sintez qilishga qodir.
So‘nggi yillarda mazkur
tadqiqotlar ~ ko‘lamining
nanomateriallar sintezida samarali va istigbolli usul
sifatida tasdiglaydi.  Yupqa
plyonkalarni olishning boshqa usullari bilan
solishtirganda, bu usul bir qator afzalliklarga ega,

yondashuv  bo‘yicha
kengayishi  uning

garalayotganini

jumladan, ochiq atmosfera jarayoni, ochiq reaksiya
kamerasi, o’stirish paytida sozlanishi va o’stirish
Harorat

jarayonini kuzatish uchun qulayligidir.
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jarayonning eng muhim boshqaruvchi parametri
bo‘lib, uning o‘zgarishi plyonka morfologiyasini
sezilarli o’zgarishiga olib keladi.

Nanotuzilmali ZnO zarralarining morfologik
xususiyatlari ularning funktsional xususiyatlari bilan
bevosita bog‘ligligini yotda tutgan holda, USP ZnO
ning turli qo‘llanilish sohalariga garatilgan mos usul
sifatida ishlatilishi [56] tadqiqot ishi
mualliflari tomonidan keltirilgan tadqiqot natijalariga
ko‘ra, ZnO yupqa
gatlamlarining yuqori solishtirma sirt maydoniga ega
bo‘lishi  optimal
aniglangan.

mumkin.
fotokatalitik  jarayonlarda
samaradorlikni  ta’minlashi
Bunday qo‘llanilishlar uchun past
konsentratsiya va haroratlar hamda oqim tezligi bilan
bog‘liq sintez bosqichlaridan foydalanish mumkin.
Boshga tomondan, fotokataliz qo‘llanilishi

zarrachalarning UB-yutish
xususiyatlarini talab qiladi, chunki sferik zarrachalar

sintezlanishini va

yaxshi sintezlanishi va yorug‘likning kamroq
tarqalishi bilan yaxshi yutilishiga ega bo‘lgani uchun
qulayroqdir [57,58]. Bunday qo‘llanilishlar uchun
USP yuqori konsentratsiyalarda, haroratlarda va
oqim tezligida qo‘llanilishi kerak.

III.ZnO:Al yupqa plyonkalarining tuzilmaviy
xususiyatlari.

[28] tadqiqot ishi mulalifalari tomonidan
Zn0:Al yuoqa plyonkalarini xossalari o’rganilgan va
rux oksidi (ZnO) kristall panjarasiga alyuminiy
atomlarining kiritilishining  ta‘siri  rentgen
difraksiyasi, Raman spektroskopiyasi, elektr va optik
o‘lchovlar yordamida tavsiflangan. Unga ko’ra AZO
(Al-kritilgan ZnO) plyonkalarining olti burchakli
vurtzit tuzilishga ega, bunda ZnO:Al ning panjara
parametri Al miqdori oshishi bilan kamaygan. Al
miqdori 2% dan yuqori bo‘lgan holatlarda, ZnO:Al
plyonkalar kristall sifatining pasayishi kuzatilgan.
Shuningdek, ZnO tarkibida 3% Al miqdori
qo‘shilgan plyonkalar past qarshilik ko‘rsatkichlari
bilan ajralib turgan, bu esa ularning optoelektronika
va boshqa yarimo‘tkazgich ilovalarida yuqori
samaradorlikka ega ekanligini ko‘rsatadi. Shisha

23

ustiga o’stirilgan ZnO:Al namunaning XRDda
olingan natijalari 6-rasmda ko‘rsatilgan [ 28]. Ushbu
rasm ICDD ma‘lumotnoma diagramasiga (00-036-
1451) muvofiq rux oksidining olti burchakli
tuzilishini tasdigqlaydi. ZnO:Al materiali polikristal
bo‘lib, 310
nanozarralardan  iborat.

taxminan nm
Katta  birlashgan
nanozarralar 1,5-2 pm o‘lchamda mavjud bo‘lib, ular
200-290 nm o‘lchamdagi kichikroq nanozarralardan
iborat [28].

XRD tahlili AZO plyonkasining olti
burchakli vurtzit kristall tuzilishini anglatadi. (002)

cho‘qqisi plyonkaning c-0°qi yo‘nalishida kuchli

o‘lchamdagi

orientatsiyaga ega ekanligini ko‘rsatadi, bu esa AZO
elektr
xususiyatlariga ega ekanligini anglatadi. Al kritilgan

plyonkalarining yaxshi va optoelektron
ZnO ning kristall tuzilishini o‘zgartirmasdan, uning
elektr o‘tkazuvchanligini
berishini anglatadi.

yaxshilashga yordam

002)

(101)

Intensivlik (arb. birliklari)
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6-rasm. Shisha tagliklariga o’stirilgan AZO ning
rentgen tasviri. Cho‘qqilar olti burchakli tuzilgan
rux oksidiga (ICDD 00-036-1451) mos keladi [28].

Zn0O:Al
xususiyatlar.
[63] tadqiqot ishi mualliflari tomonidan Al

yupqa plyonkalarining optik

kirishm atomlarining konsentratsiyasi va taglik
haroratining AZO yupga plyonkalarining optik
o‘tkazuvchanligiga ta‘siri o’rganildi, unga ko’ra
plyonkalarning o‘tkazuvchanligi haroratga qarab
o‘zgarib turishi, maksimal optik o‘tkazuvchanlik
450°C da kuzatildi.  Turli kirishma
konsentratsiyalari va taglik haroratiga ega barcha
plyonkalarning optik o‘tkazuvchanligi 600 nm —700

xil
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nm to‘lqin uzunligi oralig‘ida o’tkazuvchanligi 75%
dan 90% gacha o‘zgarishi aniqlandi. ZnO ga 2 % Al
ni kiritilgan plyonkaning optik o‘tkazuvchanligi
450°C da 90% ga yaqin va 3 va 4 % Al ni kiritilgan
ZnO plyonkadan optik o‘tkazuvchanligi yuqori. Bu 2
% Al ni kiritilgan ZnO plyonka 3 va 4% Al kiritilgan
ZnO plyonkaga qaraganda ko‘proq bo‘shliglarni
xosil qilish bilan bog‘liq, bu esa optik sochilishning
pasayishiga va optik o‘tkazuvchanlikning oshishiga
olib keladi.

3.50
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5 330 /
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o 325 P
'é. 3.20 .-’/
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Al atomlari konsentratsivasi (%)

7-rasm. 475°C temperaturadagi ZnO pyonkasiga Al
atomlarini turli foyizlarda kiritilganda, ZnO:Alning
tagiqlangan soha kengligiga bog’liqligi.[64]

Zn0O ga 3 % Al atomlari kiritilgandan keyin
optik o’tkazuvchanligi
rasm). Srikant va Klarkning fikriga ko‘ra, Burstein-
Moss effekti elektronlar va teshiklarning past effektiv

[1].[1]
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optoelektronika, sensor, fotokataliz va quyosh
energetikasi qurilmalarida istigbolli material sifatida
garaladi. ZnO turli kristall fazalarda mavjud
bo‘lishiga garamay, normal sharoitda eng bargaror
tuzilma olti burchakli vurtsit ekani ko‘rsatildi hamda
aynan shu faza ko‘pgina elektron va pyezoelektrik
qurilmalar uchun muhim hisoblanadi. Panjara
parametrlarining anigligi va kristall orientatsiya
material xossalariga sezilarli ta’sir ko‘rsatishi gayd
etilgan.

Umuman olganda, Kkeltirilgan adabiyotlar
ZnO va AZO nanotuzilmalarining xossalari sintez
sharoitlari bilan bevosita bog‘liq ekanini hamda
parametrlarni nazorat qilish orqgali ularni turli
fotoelektrik va optoelektron qurilmalar uchun
magsadli ravishda moslashtirish  mumkinligini
tasdiglaydi. Xususan, ZnO va ZnO:Al yupga
plyonkalari ko‘p qatlamli quyosh elementlarida
funktsional qatlam sifatida, shaffof quyosh
elementlarida optik jihatdan yo‘qotishi past material
sifatida, shuningdek shaffof o‘tkazuvchi elektrod va
old/orqa elektrod qatlamlari sifatida qo‘llanishi
mumkinligi ularning amaliy istigbollarini yanada
kuchaytiradi.
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Termovakuumli bug‘latish usuli bilan olingan ZnO: Al yupga plyonkalarining optik
xossalari

Xidirov Dadaxon Sherqo‘ziyevich, Nurmatov Ozodbek Ravshanboy o‘g‘li
Farg‘ona davlat texnika universiteti

Annotatsiya: Ushbu tadqiqot ishida termovakuumli bug‘latish usuli yordamida shisha tagliklarda olingan
toza ZnO va Al bilan legirlangan ZnO:Al (AZO) yupga plyonkalarining optik xossalari tadgiq qilindi. Al
kirishmasining nisbiy massa miqgdori 0.002—0.006% oralig‘ida o‘zgartirildi, plyonkalar esa 575 K haroratda 120
min. davomida termik ishlovdan o‘tkazildi. Interferension o‘lchovlar asosida plyonkalar galinligi taxminan 150 nm
ekanligi aniglandi. UV—Vis spektrofotometriya natijalari 200—-1100 nm diapazonda Al bilan legirlash ZnO yupga
plyonkalarining optik shaffofligini sezilarli darajada oshirishini ko‘rsatdi. Toza ZnO plyonkasi 400—-1100 nm
oraligida 73-80% o‘tkazuvchanlikka ega bo‘lgan bo‘lsa, 0.006% Al bilan legirlangan AZO plyonkada ko‘rinuvchi
va infragizil nurlar sohalarida o‘tkazuvchanlik 90% atrofida bargarorlashdi. Yutilish spektrlari ultrabinafsha sohada
kuchli fundamental yutilish mavjudligini, ko‘rinuvchi nurlar sohasida esa Al konsentratsiyasi ortishi bilan
yutilishning kamayishini tasdigladi. Tauts tahlili asosida optik tagiglangan zona kengligi toza ZnO uchun 3.23 eV,
0.002% va 0.004% AZO namunalarida 3.25 eV, 0.006% AZO namunasi uchun esa 3.26 eV ekanligi aniglandi.
Tagiglangan zona kengligining ortishi Burshtein—Moss effekti, donor markazlar hosil bo‘lishi va o‘tkazuvchanlik
zonasining quyi energetik sathlari elektronlar bilan to‘ldirilishi orgali izohlandi. Olingan natijalar 0.004—0.006%
oralig‘idagi Al legirlash ZnO yupga plyonkalarida yuqori shaffoflik, past optik yutilish va kengaygan tagiglangan
zona kombinatsiyasini shakllantirishini ko‘rsatadi. Aynigsa, 0.006% AZO namunasi shaffof o‘tkazuvchi qatlamlar,
UV-fotodetektorlar va quyosh elementlarining old elektrodlari uchun istigbolli material sifatida baholanishi mumkin.

Kalit so‘zlar: ZnO, AZO, yupga plyonka, optik o‘tkazuvchanlik, Tauts tahlili, Burshtein—Moss effekti.

AHHOTauuA: B paHHonm paboTe mccnenoBaHbl OMTMYECKME CBOWCTBA YUCTbIX ZnO U NEermpoBaHHbIX
antomuHmeM ZnO:Al (AZO) TOHKMX NNIEHOK, NONYYEHHbBIX HA CTEKIMSIHHBIX NOAMNOXKAaX METOAOM TEPMOBaKYYMHOIO
ncnapexumsi. OTHoCUTENbHOE MaccoBoe coaepxaHune npumecun Al BapbupoBanock B gnanasoHe 0,002-0,006%,
nocrne 4ero NneHkM nogsepranncb Tepmmyeckon obpabotke npu Temnepatype 575 K B TeueHne 120 muH. Ha
OCHOBE MHTepdEPEHLNOHHBLIX U3MEPEHUIN YCTAHOBIIEHO, YTO TOMLLMHA NNIEHOK cocTaBnsaeT npubnuantensHo 150
HM. PesynbtaTtel UV-Vis cnektpodotomeTpun B amanasoHe 200-1100 HM nokasanu, 4To neruposaHue Al
CYLLEeCTBEHHO MOBbILLIAET ONTUYECKYH NPO3PavYHOCTb TOHKMX MrieHok ZnO. Ecnu ynctas nneHka ZnO B gnanasoHe
400-1100 Hm obnagana nponyckaHnem 73-80%, To ansa nneHkn AZO, nermposaHHon 0,006% Al, nponyckaHue
B BUAMMOW M MH(ppakpacHon obnactax crtabunusmposanocb Ha ypoBHe okorno 90%. CnekTpbl MOrnoweHus
NMOATBEPAMIIM HANMW4YMe CUNbHOIO (pyHAaMeHTanbHOro norfoweHus B ynbTpadumoneToBon obnactm u
YMEHbLLUEHME MOTMOLLEHNS B BUOUMOW 06acTu ¢ yBenuyeHnem koHueHTpauummn Al. Ha ocHoBe aHanmsa Tayua
YCTaHOBMEHO, 4YTO LUMPUHA ONTUYECKON 3anpeLleHHon 30Hbl cocTasnseT 3,23 3B anga umctoro Zn0O, 3,25 3B ans
obpasuyos AZO c 0,002% un 0,004% Al n 3,26 aB ansa obpasua AZO c 0,006% Al. YBenunyeHue LINPUHDI
3anpeLleHHon 30Hbl 00bsACHeHO addekTom BypuiTtenHa—Mocca, o6pa3oBaHWMEM [OHOPHbBIX LIEHTPOB U
3anofHEHNEM 3MEKTPOHAMM HWXKHUX SHEPreTUYECKNX YPOBHEN 30HbI NPOBOAUMOCTHU. MonyyeHHble pe3ynbTaThbl
nokasbiBaloT, 4to nermpoBaHve Al B pguanaszoHe 0,004-0,006% ob6ecneurBaeT coveTaHUe BbICOKOW
NPO3pPayYHOCTH, HU3KOTO ONTUYECKOro MOrMOLEHNS N pacLUMPEHHON 3anpeLLleHHON 30HbI B TOHKUX nneHkax ZnO.
OcobenHo obpasen, AZO ¢ 0,006% Al MOXeT paccmMaTpMBaTbCs Kak MePCnekTUBHbIM MaTepuan Ans npo3payHbix
npoBoAsALLMX cnoes, YP-potoaeTekTopoB U PpOHTarbHbIX ANEKTPOAOB CONMHEYHbIX 31EMEHTOB.

KnroueBble cnoBa: ZnO, AZO, ToHkasa nneHka, onTuyeckoe nporyckaHuve, aHanua Tayua, addekT
BypwrTenHa—Mocca.

Abstract: In this study, the optical properties of pure ZnO and Al-doped ZnO:Al (AZO) thin films deposited
on glass substrates by thermal vacuum evaporation were investigated. The relative mass content of Al impurity
was varied in the range of 0.002—0.006%, and the films were subsequently annealed at 575 K for 120 min.
Interference  measurements showed that the film thickness was approximately 150 nm. UV-Vis
spectrophotometry results in the 200-1100 nm range demonstrated that Al doping significantly enhances the
optical transparency of ZnO thin films. While the pure ZnO film exhibited a transmittance of 73—-80% in the 400—
1100 nm range, the AZO film doped with 0.006% Al showed a stable transmittance of about 90% in the visible
and infrared regions. The absorption spectra confirmed strong fundamental absorption in the ultraviolet region
and a decrease in absorption in the visible region with increasing Al concentration. Based on Tauc analysis, the
optical band gap was determined to be 3.23 eV for pure ZnO, 3.25 eV for the AZO samples with 0.002% and
0.004% Al, and 3.26 eV for the AZO sample with 0.006% Al. The widening of the band gap was attributed to the
Burstein—Moss effect, the formation of donor centers, and the filling of the lower energy levels of the conduction
band with electrons. The obtained results indicate that Al doping in the range of 0.004-0.006% forms a
combination of high transparency, low optical absorption, and an enlarged band gap in ZnO thin films. In particular,
the AZO sample with 0.006% Al can be considered a promising material for transparent conductive layers, UV
photodetectors, and front electrodes of solar cells.

Keywords: ZnO, AZO, thin film, optical transmittance, Tauc analysis, Burstein—Moss effect.
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1.Kirish.

Rux oksidi A"BV! guruhiga mansub shaffof
va elektrik jihatidan o‘tkazuvchi oksid bo‘lib,
qisqa to‘lginlar sohasida ishlovchi optoelektron
qurilmalar uchun istigbolli material xisoblanadi
[1]. U xona haroratida haroratda 3,4 eV
tagiglangan zona kengligiga ega va shu bilan birga
energetik zonasi vertikal o‘tishlidir. Rux oksidi
(Zn0O) n-tipli yarimo‘tkazgich bo‘lib, uning elektr
o‘tkazuvchanligini termik ishlov berish yoki
legirlash orgali boshgarish mumkin [2].

Hozirgi kunga kelib ZnO yupqa plyonkalari
shaffof o‘tkazuvchi material sifatida bir gator
sohalarda qo‘llanishi tufayli katta qiziqish
uyg‘otmoqda [3]. yupga plyonkalari bo‘yicha
ko‘plab tadqiqotlar olib borilgan. Ushbu tadqiqot
ishida termovakuumli bug‘latish usuli bilan
olingan alyumin bilan legirlangan rux oksidi
(AZO) asosli yupga plyonkalarining optik
xossalari o‘rganildi.

I11.Eksperimental gism

Zn0O narxining arzonligi, yuqori
samaradorligi va yuqori haroratlarda ishlay olishi
hamda ekologik barqaror bo‘lganligi tufayli,
termik bug‘latish usuli esa oddiy va yuqori
cho‘ktirish tezligi tufayli tanlangan.

Shisha taglik sirtiga toza ZnO va Al
kirishmaning nisbiy massa miqdorlari 0.02-0.06%
intervalda bo‘lgan AZO plyonkalari termik
bug‘latish usuli orqali cho‘ktirildi. Ushbu usulda
BVII-5 qurilmasidan foydalanildi. Bu jarayon

uchun asosiy material sifatida 99.99%
tozaliklardagi ZnO va AZO tabletkalari
foydalanildi.

Al va ZnO materiallar turli bug‘lanish
temperaturalari va xossalariga ega. Shuning
uchun, bu jarayonda tayyor va ishonchli ZnO va
AZO tabletkalaridan foydalanildi, bug‘latuvchi
tigel sifatida volfram ishlatildi. Ishchi kameraning
bosimi esa 107 dan 102 gacha Paskal oraliqda
olindi. Tigel sirti va shisha tagliklar orasidagi
masofa 12 sm atrofida olindi.

Ushbu tadgiqot ishida yupga plyonkalarga
120 min. davomida 575 K temperaturada termik
ishlov berildi. Interferension o‘Ichov usuli asosida
ZnO:Al yupga plyonkalarning galinligi 150 nm
atrofida ekanligi aniglandi. AZO yupga
plyonkalarining 200-1100 nm diapazonidagi
yorug‘lik  o‘tkazuvchanliklarining  spektrlari
Phillips (Yaponiya) tomonidan ishlab chigarilgan

27

Shimadzu UV-2600i Plus UV-Vis
Spektrofotometer yordamida amalga oshirildi.

I11.Tadqgiqot natijalari

ZnO va AZO yupga plyonkalarining 200—
1100 nm  spektral diapazondagi  optik
o‘tkazuvchanlik  spektrlari  Yaponiya ishlab
chigaruvchisi Shimadzu kompaniyasining
Shimadzu UV-2600i Plus UV-Vis
Spektrofotometer yordamida Xona
temperaturasida  qayd  etildi.  O‘lchashlar
plyonkalarning ultrabinafsha, ko‘rinuvchi va
yaqin infraqizil sohalardagi yorug‘likni o‘tkazish

xususiyatlarini  baholash magsadida amalga
oshirildi.
l-rasmda toza ZnO hamda Al bilan

legirlangan ZnO:Al yupga plyonkalarining 200—
1100 nm diapazondagi optik o‘tkazuvchanlik
spektrlari keltirilgan. Spektral tahlil natijalariga
ko‘ra, barcha namunalarda ultrabinafsha sohada
yorug‘lik o‘tkazuvchanligi kichik qiymatlarga ega
bo‘lib, 320-380 nm oralig‘ida keskin optik o‘tish
sohasi kuzatiladi. Bu holat ZnO asosidagi keng
tagiqlangan zonali yarimo‘tkazgichlar uchun xos
bo‘lgan fundamental yutilish chegarasi bilan
bog‘liq bo‘lib, foton energiyasi taqiqlangan zona
kengligiga yaginlashganda valent zonadan
o‘tkazuvchanlik zonasiga elektron o‘tishlarining
kuchayishi bilan izohlanadi.

&0

o
a

Transmittance (%)
I

(5]
=1

- Zn0

= AZQ 0.002%
—a— AZQ 0.004%
—§— AZO 0.006%

200 400 600 800 1000
Wavelength (nm)

1-rasm. ZnO va AZO yupga
plyonkalarining optik o‘tkazuvchanlik
spektrlari.
Toza ZnO plyonka uchun o‘tkazuvchanlik
200 nm da 2% atrofida bo‘lib, to‘lqin uzunligi
ortishi bilan keskin oshadi va 380 nm da taxminan
70% ga yetadi. 400-1100 nm oralig‘ida esa
o‘tkazuvchanlik 73-80% atrofida bargarorlashadi.
Al bilan legirlash natijasida plyonkalarning optik
shaffofligi  sezilarli darajada yaxshilanadi.
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Xususan, 400 nm  to‘lgin  uzunligida
o‘tkazuvchanlik toza ZnO uchun 73% ni tashkil
etgan bo‘lsa, 0.002%, 0.004% va 0.006% AZO
namunalari uchun mos ravishda 78%, 87% va 88%
giymatlarga yetadi. Ko‘rinuvchi va infraqizil
sohalarda eng yuqori o‘tkazuvchanlik 0.006%
AZO namunasida kuzatilib, 450-1100 nm

diapazonda 90% atrofida deyarli bargaror
saglanadi.

Al kirishmasi ta’sirida optik
o‘tkazuvchanlikning ortishi bir nechta fizik

omillar bilan bog‘liq bo‘lishi mumkin. AI**

ionlarining Zn?* ionlari o‘rnini egallashi kristall
panjarada donor markazlar hosil giladi va erkin
elektronlar konsentratsiyasini oshiradi. Shu bilan
birga, optimal legirlash plyonka mikrostrukturasi
zichlashishiga, kristall donlararo chegaralarda
yorug‘lik sochilishining kamayishiga hamda
kislorod vakansiyalari va boshga nugson
markazlarining gayta tagsimlanishiga olib kelishi
mumkin. Natijada sathlararo yutilish jarayonlari
susayib, fotonlarning plyonka orqali o‘tish
ehtimoli ortadi.

2-rasmda ZnO va AZO  yupga
plyonkalarining  optik  yutilish  spektrlari
keltirilgan. Yutilish spektrlarida ultrabinafsha
sohada yutilish yuqori, ko‘rinuvchi sohada esa
yutilishning keskin kamayishi kuzatiladi. Bu
natijalar optik o‘tkazuvchanlik spektrlari bilan
mos keladi va Al konsentratsiyasi ortishi bilan
plyonkalarning shaffofligi yaxshilanishini
tasdiglaydi. Aynigsa, 0.004% va 0.006% AZO
namunalari ko‘rinuvchi nurlar sohasida past
yutilish giymatlari bilan ajralib turadi.

Wy —&- 7r0

AZO0.002%
—k— AZ0 0.004%

a0 —$— AZO 0.006%

60 1

Absorption (%)

40 1

20 17—

T T T T
200 400 60D 800 1000
wavelength (hm)

2-rasm. ZnO va AZO yupga
plyonkalarining optik yutilish spektrlari.
Tagiglangan  zona  kengligining Al
konsentratsiyasi ortishi bilan biroz kengayishi
Burshtein—Moss effekti bilan izohlanadi. Al
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atomlari donor sifatida ishtirok etib,
o‘tkazuvchanlik  zonasining quyi energetik

sathlarini elektronlar bilan to‘ldiradi. Natijada
valent zonadan o‘tkazuvchanlik zonasiga optik
o‘tishlar yuqoriroq energiyali bo‘sh sathlarga
amalga oshadi va yutilish chegarasi qisqa to‘lqin
uzunliklar tomonga siljiydi.

Umuman olganda, olingan natijalar Al bilan
legirlash  ZnO yupga plyonkalarining optik
xossalarini samarali boshgarish imkonini berishini
ko‘rsatadi.  0.004-0.006%  oralig‘idagi Al
konsentratsiyasi  plyonkalarda yuqori  optik
shaffoflik, past yutilish va nisbatan keng
tagiglangan zona giymatlarining shakllanishiga
olib keladi. Aynigsa, AZO 0.006% namunasi
ko‘rinuvchi va yaqin infraqizil sohalarda yuqori
o‘tkazuvchanligi bilan ajralib turadi. Bu esa
mazkur plyonkalarni shaffof o‘tkazuvchi oksidlar,
quyosh elementlari uchun old elektrodlar, UV-
fotodetektorlar ~ va  boshga  optoelektron
qurilmalarda qo‘llash uchun istigbolli material
sifatida baholash imkonini beradi.

3-rasmda ZnO va ZnO:Al yupga
plyonkalarining Tauts grafigi, ya'ni (ahv)? ning
foton energiyasi hv ga bog‘ligligi keltirilgan.
Ushbu grafiklar asosida namunalarning optik
tagiglangan zona kengligi Eq aniglangan.

= N0

2,54%= AZO 0.002%
—a— AZO 0 .004%
—e— AZ0 0.006%

= = s
o i L=

{ahv)? (cm™2ev?)

a
in

0.0 4

Photon energy, hv (eV})

3-rasm. ZnO va ZnO:Al yupga
plyonkalarining Tauts grafigi.

Optik tagiglangan zona kengligini hisoblash
uchun dastlab optik o‘tkazuvchanlik spektrlari
asosida yutilish koeffitsienti quyidagi ifoda orgali
aniglandi:

1 1

bu yerda d=150 nm — plyonka qgalinligi, T

— optik o‘tkazuvchanlik. ZnO asosidagi yupqa
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plyonkalar to‘g‘ri tagiglangan o‘tishlarga ega
yarimo‘tkazgich sifatida qaralgani uchun Tauts

tenglamasining quyidagi ko‘rinishidan
foydalanildi:

(ahv)? = A(hv — Ej) (2)

Tauts grafigidagi chizigli sohalarni hv

o‘qiga ekstrapolyatsiya qilish orqali Eq giymatlari
aniqlandi. Hisoblash natijalariga ko‘ra, toza ZnO
plyonkasi uchun optik tagiglangan zona kengligi
Eg=3.23 eV ni tashkil etdi. Al bilan legirlash
natijasida esa ushbu gqiymatning biroz ortishi
kuzatildi: 0.002% va 0.004% namunalarida
Eg=3.25, 0.006% namunasida esa E¢=3.26 ¢V ga
teng bo‘ldi.

Al konsentratsiyasi  ortishi  bilan Eqg
giymatining kengayishi Tauts grafigidagi chizigli
sohalarning yuqoriroqg foton energiyalari tomonga
siljishi bilan tasdiglanadi. Bu hodisa Burshtein—
Moss effekti bilan izohlanadi. Ya’ni, A1®* ionlari
Zn?* jonlari o‘rnini egallab, kristall panjarada
donor markazlar hosil giladi va erkin elektronlar
konsentratsiyasini oshiradi. Natijada
o‘tkazuvchanlik zonasining quyi energetik sathlari
elektronlar bilan band bo‘ladi va valent zonadan
optik of‘tishlar yuqoriroq energiyali bo‘sh
sathlarga amalga oshadi. Bu esa yutilish
chegarasining qisqa to‘lqin uzunliklar sohasiga
siljishiga va optik tagiglangan zona kengligining
ortishiga olib keladi.

Shuningdek, tagiglangan zona kengligining
ortishi bilan birga optik o‘tkazuvchanlikning
yaxshilanishi AZO plyonkalarida nugsonlar
zichligining  kamayishi, kristall  tuzilmaning
tartiblanishi va yorug‘lik sochilish markazlarining
kamayishi bilan ham bog‘liq bo‘lishi mumkin.
Aynigsa, 0.006% namunasi yuqori shaffoflik va
nisbatan kengaygan optik tagiglangan zona
kombinatsiyasi bilan ajralib turadi. Bu esa ushbu
namunaning optoelektron qurilmalarda, xususan
shaffof o‘tkazuvchi qatlamlar, UV-fotodetektorlar
va quyosh elementlarining old elektrodlarida
qo‘llash uchun istigbolli ekanligini ko‘rsatadi.

1VV.Xulosa.

Ushbu tadgiqotda termovakuumli bug‘latish
usuli bilan olingan ZnO va AZO yupga
plyonkalarning optik xossalari Al kirishma
konsentratsiyasiga bog‘liq holda o‘rganildi.
Natijalar Al bilan legirlash plyonkalarning optik
shaffofligini oshirib, yutilish xususiyati va optik
tagiglangan zona kengligini samarali boshgarish
imkonini berishini ko‘rsatdi.

29
0.006% Al bilan legirlangan AZO
plyonkada 450-1100 nm diapazonda

o‘tkazuvchanlik =90% atrofida barqgaror saqlandi.
Tauts tahliliga ko‘ra, Al konsentratsiyasi ortishi
bilan optik tagiglangan zona kengligi 3.23 eV dan
3.26 eV gacha kengaydi. Bu o‘zgarish Burshtein—
Moss effekti va donor markazlar hosil bo‘lishi
bilan izohlanadi.

Olingan natijalar 0.004-0.006% oralig‘idagi
Al legirlash ZnO yupga plyonkalarda yuqori
shaffoflik, past optik yutilish va kengaygan
tagigqlangan zona kombinatsiyasini shakllantirish
uchun magbul ekanligini ko‘rsatadi. Ayniqsa,
0.006% AZO namunasi shaffof o°‘tkazuvchi
gatlamlar,  UV-fotodetektorlar va  quyosh
elementlarining old elektrodlari uchun istigbolli
material sifatida baholanishi mumkin.

Foydalanilgan adabiyotlar

[1].Abass, K. H., & Mohammed, M. K. (2019).
Fabrication of ZnO:Al/Si  Solar Cell and
Enhancement its Efficiency Via Al-Doping. Nano
Biomedicine and Engineering, 11(2).
https://doi.org/10.5101/nbe.v11i2.p170-177

[2].R. Vinodkumar, |. Navas, S.R. Chalana, et al.,
Highly conductive and transparent laser ablated
nanostructured Al:ZnO thin films. Appl. Surface
Sci., 2010, 257(3): 708-716.

[3].Zaier, A., Meftah, A., Jaber, A. Y., Abdelaziz, A. A.,
& Aida, M. S. (2015). Annealing effects on the
structural, electrical and optical properties of ZnO
thin films prepared by thermal evaporation
technique. Journal of King Saud University -
Science, 27(4), 356-360.
https://doi.org/10.1016/j.jksus.2015.04.007

[4].Yusupov, F. T., Akhmadjonov, M. F., Khidirov, D.
Sh., Tolaboyev, D. Kh., & Tursunov, |. M. (2025).
Impact of Resistivity on Electrical Characteristics of
Al-Doped ZnO/p Si Heterostructures. East
European Journal of Physics, (1), 177-183.
https://doi.org/10.26565/2312-4334-2025-1-17

[5].T. Oku, Y. Tetsuya, F. Kazuya, et al,
Microstructures and photovoltaic properties of
ZnO:Al/Cu2 O-based solar cells prepared by spin-
coating and electrodeposition. Solar Energy
Materials & Solar Cells, 2014, 4: 203-213.

[6].Z.X. Mirzajonov, K.A. Sulaymonov, T.I.Rakhmonov,
F.T. Yusupov, D.SH. Khidirov, and J.S.
Rakhimjonov, “Advancements in Zinc Oxide (ZnO)
thin films for photonic and optoelectronic
applications: a focus on doping and annealing
processes,” E3S Web of Conferences, 549, 03013
(2024).
https://doi.org/10.1051/e3sconf/202454903013

[7].R. Pietruszka, R. Schifano, T.A.Krajewski, B.S.
Witkowski, K.Kopalko, L. Wachnicki, and E.Zielony,
“Improved efficiency of n-ZnO/p-Si based
photovoltaic cells by band offset engineering,” Solar
Energy Materials and Solar Cells, 147, 164-170

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026


https://doi.org/10.5101/nbe.v11i2.p170-177
https://doi.org/10.1016/j.jksus.2015.04.007
https://doi.org/10.26565/2312-4334-2025-1-17
https://doi.org/10.1051/e3sconf/202454903013

Physics

(2016).
https://doi.org/10.1016/j.s0lmat.2015.12.018
[8].N.A. Sultanov, Z.X. Mirzajonov, F.T. Yusupov, and
T.l. Rakhmonov, “Nanocrystalline ZnO Films on
Various Substrates: A Study on Their Structural,
Optical, and Electrical Characteristics,” East
European Journal of Physics, (2), 309-314 (2024).
https://doi.org/10.26565/2312-4334-2024-2-35

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026

30


https://doi.org/10.1016/j.solmat.2015.12.018
https://doi.org/10.26565/2312-4334-2024-2-35

Physics 31

UO‘K 537.311.33:539
Paxta tolalarining optik xususiyatlarini tadqiq qilish
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Annotasiya: Ushbu magolada biz namuna sifatida ingichka tolali paxta tolalarini legirlanmagan va
turli xil kimyoviy elementlar bilan legirlangan paxta tolalarini optik mikroskopdagi tahlilini, hamda KMnO,
va yod bilan ishlov berilgan nhamunalarida fotolyuminesensiya spektrlari natijalarini bayon etilgan. KMnO,
bilan legirlangan namunada yuqori optik faollik kuzatildi. Tadgigot natijalari tolalarning optoelektron
qurilmalarda go'llanish imkoniyatlarini tasdiglaydi.

Kalit so’zlar: Paxta tolalari, optik mikroskop, fotolyuminessensiya, diffuziya, legirlash, volt-amper
xarakteristika.

AHHOTauuAa: B pgaHHoOM cTaTbe npeacTaBneHbl pesynbTaTbl ONTUYECKOrO MUKPOCKOMMYECKOro
aHanm3a TOHKOBOMOKHMUCTbIX XMOMKOBbIX BOSIOKOH, HENerMpoBaHHbIX W FEerMpoBaHHbIX PasfivuYHbIMM
XMMUYECKMMUN 3neMeHTaMu, a Tawkke pesynbTaTbl CNEKTpockonuu doTontomMmmuHecueHumun obpasuos,
obpaboTaHHbix KMnO, u 1nogom. Bbicokass onTudeckass akTMBHOCTb Habnioganace B obpasue,
nermposaHHoM KMnO,. PesynbTaTtbl uccnegoBaHus MNOATBEPXKAAIOT MNOTEHUMANBbHYIO BO3MOXHOCTb

NCNOJ1b30BaHUA BOJIOKOH B OMTO3JTEKTPOHHbIX yCTpOI7ICTBaX.

KniouyeBble cnoBa: XronkoBble BOSOKHA, OMTUYECKUN MUKPOCKOI,

bOTONOMUHECLIEHLINS,

anddysuns, nerMpoBaHne, BoNbT-aMnepHas XapakTepucTuka.

. Kupu

Hozirgi kunda paxta tolalarining fizik-
kimyoviy xossalarini o'rganish borasida olib
borilayotgan tadgiqotlar boshga tabiiy
tolalarga  (ipak, bambuk, kanop va x.z)
garaganda jadal rivojlanib kelmogda. Bu hol
albatta paxta tolalarining sanoatning koplab
sohalarida ishlatilishi bilan ham bog ligdir.
Paxta tolalarining (PT) fizik xossalarini yanada
mukammal o'rganish fizik gonuniyatlarni
namoyon etishi, elektron texnikani yangi
elementlarini yaratishda 0"z ifodasini topadi [1-
6]. Shu bois biz optik va elektrofizik xossalarini
tahliliga e’tibor qaratamiz. Mikroelektronika
o‘zining eng yuqori bosqichiga erishdi. Bu esa
0‘z navbatida yangi muammolarni, hamda
elektron texnikaning integratsiyasini, ya’ni
nanoelektronikani rivojlantirishda katta hissa
qo‘shadi. So‘nggi yillarda tabiiy tolalarni elektr

o‘tkazuvchi materiallarga aylantirish
texnologiyalari  ustida  tadgiqotlar  olib
borilmogda. Dunyoda birinchi  bo‘lib,

O‘zbekistonlik olimlar tomonidan paxta va
ipak tolalarining yarimo‘tkazgich xossalarga
ega ekanligi aniglandi [7-10]. Uzoq yillar olib
borilgan tadgigotlar shuni ko‘rsatadiki, paxta
tolalari navlariga garab xususiyatlari har xil

bo‘lar ekan. Tabiiy tolalar nanostrukturaga
egadir. Bunday strukturalarni  o‘rganish
davomida, ulardagi fizikaviy jarayonlarni va
hodisalarni namoyon bo‘lishi aniqlandi [11-
13]. Hozirgacha tabiiy tolalarning xususan,
paxta tolalarining fizikaviy xususiyatlari to‘liq
tekshirilmagan aynigsa, optik va
elektrofizikaviy xossalari. Shuning uchun
tabiiy tolalarining elektrofizik va optik
xossalari o‘rganish dolzarb muammolardan
hisoblanadi.

Paxta tolalarining ayrim biologik
xossalari. Paxta tolalarining o’sishi va
rivojlanishi ikki fazadan iborat [1]. Birinchi
faza sellyuloza hosil bo’lish jarayoni, bunda
tolalar 20-25 kun davomida fagat uzinasiga
o'sadi, ikkinchi fazada esa uning devorlari
galinlashadi. Kam etilgan tolalarda sellyuloza
kamroq boladi, shuning uchun uning devorlari
etilib pishgan tolalarga nisbatan yupga bo’ladi.
Etilib pishgan paxta tolalari uch gatlamdan
iborat:

a) Tashqi gatlam boshgacha aytganda
kutikula (kutosellyuloza)dan tashkil topgan
himoya qilish vazifasini bajaradi. U tolani
ultrabinafsha (UB) nurlar ta’siridan himoya
giladi.
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b) Ikkilamchi
sellyulozadan iborat.

v) Uchinchi gatlam tolaning kanali.

Skotta — Taggarta nazariyasiga
asosan paxta tolasini strukturasi spirall
ko'rinishga ega. Sellyuloza molekulasi aniq
regulyarlik xossasiga ega bo’lib, u zanjir
bo'ylab bir yo'nalishda bo'ladi. Sellyuloza
asosini tashkil etgan paxta tolasida kristall va
amorf sohalar mavjud bo'lishi tasdiglangan. Bu
xol go'sh nurni sinishi, namlik sorbsiyasi
xossalari bilan oddiy tarzda isbotlanadi [2-6].

Quyida biz paxta tolalari asosida
namunalar tayyorlash jaryonini batafsil ketma-
ketlikda bayon etamiz. Paralel joylashgan
tolalarning taxminiy soni 6000-8000 donani
tashkil etadi. PT ni legirlash jarayonini
boshlashdan oldin 1000S distillangan suvda 30
min davomida yuviladi va xona haroratida
(T=300K) quritiladi. PT sini mayda tishli taroq
bilan (tishlar orasi 0,5 mm) sillig taraladi,
so ngra chigit tomonidan kesib olinadi. Keyin
esa PT ni kesilgan tomonidan kimyoviy
elementlarni spirtdagi yoki suvdagi eritmasiga
shimdiriladi. Shimdirilgan PTni  75-800 S
temperaturali termokamerada 5 soat davomida
diffuziya qilinadi.

Paxta tolalariga Kirishmalar Kiritish
texnologiyasi quyidagicha: Dastavval pishib
etilgan paxta chigitidan tolalari parallel
joylashgan holda ajratib olindi. Tabiiy tolalarni
(masalan, paxta, ipak, jun va boshgalar)
yarimo ‘tkazgich sifatida ishlatish uchun ularga
maxsus modifikatsiyalar, ya’ni kirishmalar
kiritiladi. Bu jarayon, odatda, tolalarning elektr,
optik va kimyoviy xossalarini o‘zgartirish
magsadida amalga oshiriladi.  Kirishma
kiritilishi natijasida tolalarning sirtida bir gator
fizik-kimyoviy o‘zgarishlar sodir bo‘ladi.
Kirishma Kkiritilganida tabily tolalarning
yuzasidagi aktiv funksional guruhlar (OH,
COOH, NH; ) bilan kimyoviy reaktsiyalar
sodir bo‘ladi. Natijada, yangi kovalent yoki,
vodorod bog‘lari hosil bo‘ladi; Tolaning sirtida
komplekslar hosil bo‘ladi (masalan, metall-
komplekslar).

gatlam fagat toza

II.Marepuau Ba ycyJuiap

Paxta tolalari ishlov berilgandan so'ng
Omik kontaktlar olish uchun grafit va suyuq
shisha asosidagi elektr o‘tkazuvchi yelim
tayyorlanadi Kukun zarralari kabi maydalangan
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grafit suyuq shisha bilan quyuq holatga
yetguncha aralashtiriladi. Tarab tayyor holga
keltirgan maxra tolasini 0,5 sm qilib kesib olib,
maxsus qisgichga o’rnatiladi va ikki yon
tomoniga uzunligi taxminan 7-8 sm bo’lgan
mis sim qo’yilib, tayyorlab olingan yelim
yordamida qotiriladi. Bunday elektro‘tkazuvchi
yelim 1 sm uzunlikdagi va 20 mkm galinlikdagi
pardaning qarshiligi 3-102 Om ga teng.
Yasalgan kontaktimiz ideal holatga kelib
gotishi uchun 80°C da kamida 30 minut
quritish kamerasiga joylashtiriladi. Shunday
gilib, namunalar bir-biriga paralell jips
joylashtirilgan, umumiy og’irligi 3,0-3,5 mg
tolalar soni 7000-8000 dona, namuna uzunligi
5 mm ni tashkil etadi.

Ushbu ishni bajarish jarayonida paxta
tolalarining haroratning elektr
o‘tkazuvchanligiga bog‘ligligi, chuqur satxdagi
energiya aktivasiyasini, optik hossalarini (“MP
— 6” optik miroskopda) va fotoluminesensiya
spektrini  (PyyopecleHTHBIH  CIEKTPOMETp
mozaenb Cary Eclipse) yuqori aniglik bilan
o‘lchashga imkon beradigan zamonaviy
usullardan va qurilmalardan foydalanildi.

I11.HaTnxanap va muhokamalar

PT si nanostrukturaga ega, bu esa uning
o‘sish davridayoq shakllanadi. O‘sish davrining
oshib borishi bilan strukturaviy birlik oshib
boradi. Bu albatta selyulloza sintezi bilan
bog‘lig. Buz yuqoridagi ma’lumotlarni
inobatga olgan holda tabiiy tolalarning
elektrofizik va optik xossalarini o‘rganish
uchun tanlab olingan tolalarni  optik
mikroskopda tadqiq qildik. Tadgigot davomida
olingan natijalardan “Surxon - 104” navli PT
larining turli xil ranglarda (qizil, sarig, yashil,
ko‘k) jilovlanishi va shu orqgali PT larining
pishganlik darajalari aniglandi. Elektrofizik va
optik xossalarini tadgiq gilish uchun yetilib
pishgan PTlari tanlab olindi. 1-rasmda sof

ishlov  berilmagan (tozalanmagan) paxta
tolalarining  ko’rinishi, ~ 2-rasmda  esa
tozalangan, yani distillangan suvda

yuvilgandan so’ng paxta tolasini ko‘rinishi.
Suv bilan, aynigsa toza distillangan suv bilan
ishlov berilgandan so'ng, paxta tolasining
tashgi xususiyatlari deyarli o'zgarmaydi - u
tabiiy oqg soyani saglab, tuzilishini va asl rang
diapazonini saglab goladi. Turli xil yorug'lik
ta’sirida tolalar yuzasi rangi o‘zgaradi — bu 0q
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nur Ba qizil nur ta’siri ko’rinishida
ko’rishimiz mumkin.

Paxta rangi tolalarning ma'lum

spektrdagi yorug'likni aks ettirish gobiliyati
bilan belgilanadi. Oq yorug'lik spektrning
barcha ranglarining aralashmasidir, shuning
uchun paxta tolasi butun spektrni teng ravishda
aks ettiradi. Tabiiy kunduzi (quyosh nuri)
ta'sirida tolalar quyosh nurlarining keng spekiri,
shu jumladan ultrabinafsha nurlanishi tufayli
yorgin oq rangga ega bo'lib ko'rinadi, bu
yorginlik va tozalikni vizual idrok etishni
kuchaytiradi. Qizil yorug'lik spektrning qizil
gismida joylashgan taxminan 700 nm to'lgin
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uzunligi bilan tavsiflanadi. Paxta tolalari qgizil
rangdan tashqgari spektrning ko'p gismini
o'zlashtiradi, bu esa materialning gizil yoki
pushti ko'rinishiga olib keladi. Qizil yorug'lik
qgizil ranglarga urg'u beradi, og matolarning
tozaligini pasaytiradi. Shunday qilib, qizil
lampalar yoki LEDIlarning ta'siri paxta matosini
gizil rangga aylantiradi. Bu ta'sir oq narsalar
fagat qizil yorug'lik manbalari  bilan
yoritilganda anig ko'rinadi. Namunaning sirt
tuzilishi bir xil bo'lib goladi, fagat yorug'likning
ma'lum bir spektri ta'sirida rangning vizual
idroki o'zgaradi.

1-rasm. Yuvilmagan ingichka tolali “Surxon—104” navli paxta tolasining oq nur (A) Ba
qizil nur (b) ostidagi tasviri

2-rasm. Yuvilgan ingichka tolali “Surxon—104” navli paxta tolasining oq nur (A) Ba qizil
nur (b) ostidagi tasviri

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Physics

Tabiiy tolalarni optik xossalari va ularning
optik mikroskopdagi tasvirlari orgali tahlil
gilish — bu tolalar strukturasidagi fizik va
morfologik o‘zgarishlarni aniglashning muhim
bosqgichidir.  Kiritma kiritilgan va sof

(kiritmasiz) tolalarning optik mikroskopda
kuzatiladigan farglari — ularning yorug‘lik bilan
refraktsiya,

0‘zaro ta’siri, sochilish,
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interferensiya va polyarizatsiya kabi fizik
hodisalar orgali ifodalanadi. Toza paxta
tolalarida tabiiy spiralsimon tuzilma aniq
ko‘rinadi. Distillangan suv bilan yuvilgandan
keyin tashqi ko'rinishini saglab goladi, ammo
ularning rang diapazoni yorug'lik turiga bog'liq.
Oq yorug'lik sof oq ohangni ta'minlaydi, gizil
yorug'lik esa matolarga gizil-pushti rang beradi.

b

3 — rasm. C27H34N204S bilan legirlangan ingichka tolali “Surxon—104” navli paxta
tolasining tolasining oq nur (A) Ba qizil nur (b) ostidagi tasviri

4 —rasm. Yod bilan legirlangan ingichka tolali “Surxon—104" navli paxta tolasining oq nur
(A) Ba qizil nur (b) ostidagi tasviri

Yod bilan legirlangan PTda Oq yorug‘lik
ostida  to‘q sariqdan jigarranggacha rang
o‘zgarishi yuz beradi, sababi yod bilan
kompleks hosil bo‘ladi. Tolaning sirtida xiralik
va rangli sohalar kuzatiladi. Refraktiv indeks
ortadi, kontrast kuchayadi. Yod tolaga
birikkanida tolalar ko‘proq yorug‘lik yutadi,
shuning uchun yorug‘lik o‘tishi kamayadi.
Qizil yorug‘lik ostida yod qizil nurni kuchsiz
yutadi, ammo sirt yodli bo‘lgani uchun rangi
quyuq qizg‘ish yoki jigarrang ko‘rinadi. Yod

sellyuloza bilan kompleks hosil giladi, bu esa
tolaga elektr o‘tkazuvchanlik orttiradi va optik
xossalarni o‘zgartiradi.

«Surxon-104» navli paxta tolalarini “MP —
6” optik miroskopda tadqiq qilish natijalari
asosida uning yuzasidan har xil spektrli nurlar
targalishi aniglandi (1-4-rasmlar). Legirlangan
paxta tolalarining sirti legirlovchi elementlar
bilan qoplanganini, G‘adir-budur, notekis,
ba’zida yoriglar yoki donachalar mavjudligini
kuzatdik. Bunda esa legirlovchi elementlar
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yogori  haroratda  tolaning  tarkibidagi
molekulalari  bilan kimyoviy bog’lar hosil
giladi. Har bir kirishma atomi o’zi turgan joy
atrofida panjara davriyligini buzadi, hamda
electron yoki kovaklar uchun sathlar hosil
giladi.  Paxta tolalariga kirishma Kkiritilishi
natijasida  ularning  sirtida:  Kimyoviy
bog‘lanishlar hosil bo‘ladi; Sirt morfologiyasi
o‘zgaradi (g‘adir-budurlik, sirt maydoni
ortadi); Elektr o‘tkazuvchanligi va optik
xossalari yaxshilanadi; Muhit bilan o‘zaro ta’sir
kuchayadi. Bu esa ularni yarimo‘tkazgich,
sensor, elektrotexnik materiallar  sifatida
ishlatish imkonini beradi.
Yarimo‘tkazgichlarning
elektro‘tkazuvchanligini oshirish yoki ularni

ma'lum  funktsiyaga ega qilish uchun
yarimo‘tkazgich  materiallariga ~ magsadli
ravishda kirishmalar qo‘shiladi. Kirishma

atomlari kristall panjaraning asosiy atomlari
o'rniga o'tirib oladi yoki panjara tugunlari
orasiga joylashib oladi va sathlar xosil giladi.
Biz yuqoridagi ma’lumotlarga tayangan holda
tajribalarizmi olib bordik, ya’ni “Surxon-104”
navli ingichka tolali paxta tolalarining
elektrofizik xossalari tekshirildi. Eksperiment
uchun to'rt xil turda namunalar tayyorlandi.
Birinchi sof, ya’ni hech gqanday ishlov
berilmagan  paxta tolalaridan  namuna
tayyorlanib, uning voltamper xarakteristika
(VAX) si tekshirildi. Bunda 0 dan 100 V gacha
oraligda kuchlanish berildi, 5-rasm 1-to'g'ri
chiziqdan ko'rinib turibdiki, tok kuchi 1,.,<1
nA tashkil qildi, ya’ni juda kichik migdorda tok
o0 tayotganini ko rishimiz mumkin.

Ikkinchi namunamiz paxta tolalariga
C27H34N204C (brilliant ko'ki) 1% li spirtdagi
eritmasida legirlangan holda tayyorlandi.
Bunda Kkiritiladigan modda paxta tolalariga
shimdiriladi (28-30°S temperaturada 30 minut
davom etdi). So'ng diffuziya pechida 90°S
temperaturagacha 5  soat  qizdiriladi,
kirishmadagi suv molekulalari bug lanadi va
kirishma atomlari paxta tolalari ichiga
diffuziyalanib kira boradi. Bu kirishma
atomlari bo'shab qolgan tugunlarga yoki
tugunlar orasiga joylashib oladi. Ikkinchi
namunalarga berilayotgan kuchlanish 0 dan
100 V gacha, tok kuchi Imax <10 nA ni tashkil
etdi (5-rasm, 2-to'g'ri chiziq). Co7H3aN204C
(brilliant  ko'ki) bilan paxta tolalarini
legirlaganimizdan keyin VAX jarayonida tok
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o tishining keskin o zgarishlarini kuzatishimiz
mumkin.

Uchinchi namunamiz  “Surxon-104”
navli paxta tolalariga KMnOs ning 1,5% li
eritmasi ~ bilan  legirlanib  tayyorlandi.
Kirishmani  shimdirish ~ jarayoni  27°S
temperaturada 30 minut davom etdi va
diffuziya pechida 90°S temperaturada 5 soat
davomida  diffuziya jarayoni olib borildi
Kuchlanish 0 dan 100 V gacha oshirilganda, tok
kuchi lmax <46 nA ni tashkil etdi. 3.5-pacm 3-
TOBI'bPU uM3MKAa keltirilgan to'g'ri chizigdan
ko'rishimiz mumkinki, legirlanmagan paxta
tolalariga nisbatan  KMnO4 bilan legirlangan
paxta tolalarida tok kuchining bir necha 10
barobar ortganini ko rishimiz mumkin. Bu esa
kirishmaviy yarimo tkazgichlarga X0S
xususiyatlarni namoyon giladi.

I,nA
3
\.\:_

0 20 40 60 80 100
UV

S5-rasm. “Surxon-104” ingichka tolali
paxta tolalarining volt-amper
xarakteristikalari. T=300K. 1-sinov
namunasi, 2-C27HzsN204C bilan legirlangan,

3-KMnO4 OmiaH  JierdpJaHrad, 4-
Ca(H2POa): bilan legirlangan
To'rtinchi namuna, “Surxon-104”

navli paxta tolalariga Ca(H2POa): kalsiy
digidrofosfatning distillangan suvdagi 5% i
eritmasi bilan legirlangan holda tayyorlandi.
Kirishmani  shimdirish  jarayoni ~ 27°S
temperaturada 30 minut davom etdi va
diffuziya pechida 90°S temperaturada 5 soat
davomida diffuziya jarayoni davom etdi.
Berilayotgan kuchlanish 0 dan 100 V gacha
berilganda, tok kuchi Imax <80 nA ni tashkil etdi
(5-rasm, 4-to'g'ri chiziq). ca(X2I104)2 kalsiy
digidrofosfat bilan legirlagan vaqgtimizda
namunadan o tadigan tok kuchini brilliant ko ki
bilan legirlaganga qaraganda ko'prog tok
o tishini kuzatishimiz mumekin.

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Physics

Namunalarga ksenon lampa yordamida
monoxramatik ultrabinafsha nur ta’sir ettirildi,
buning  natijasida  namuna  tarkibidagi
elektronlar ~ tanlash  qoidasiga  binoan
kvantlangan hv energiya miqgdorini yutib quyi
energetik sathlardan yugori energetik sathlarga
o‘tkizildi. Elektronlar qisqa vaqt davomida
yugori sathlarda bo‘lib, so‘ng dastlabki holatga
gaytayotganda yutilgan energiya miqgdorini
fotonlar  ko‘rinishida nurlatadi.  Olingan
natijalardan ma’lumki fotolyuminessensiya
spektrida turli to‘lqin uzunliklarda
maksimumlar kuzatildi. Organik
materiallarning, Xususan, tabiiy tolalarning
fotolyumensensiya  xossalarini  o‘rganish
hozirgi kunda ekologik toza va bargaror
materiallarga bo‘lgan ehtiyoj ortib borayotgan
bir paytda muhim ilmiy yo‘nalishga aylangan.
Paxta tolalari tabiiy polimer — sellulozadan
tashkil topgan bo‘lib, uning ichki strukturasi va
defekt holatlari yorug‘lik bilan o‘zaro ta’sirda
turlicha fotolyuminesensiya (FL) spektrlarini
namoyon etadi. Mazkur tadgiqotda FL
spektrining 350-600 nm oralig‘ida o‘lchangan
natijalari asosida paxta tolalarining optik
faolligi chuqur tahlil gilindi. Ushbu tadgigotda
Surxon-18 va Surxon-104 turidagi paxta
tolalari turli kimyoviy ishlov berishlardan so‘ng
fotolyuminesensiya xossalarini ganday
o‘zgartirishi o‘rganildi. KMnO, va yod
moddalari yordamida modifikatsiyalangan
namunalar orgali energiya holatlari va
tagiqlangan zona kengligidagi o‘zgarishlar
kuzatildi.

Tadgigotda quyidagi namunalarning FL
spektrlari 1300—1600 nm oralig‘ida qayd etildi.
6-rasm 1-namuna KMnO, (kaliy
permanganat) bilan legirlangan Surxon-18
navli paxta tolasi, 2-namuna 5% li yodning
spirtdagi eritmasi bilan ishlov berilgan Surxon-
18 navli paxta tolasi, 3-namuna 5% li yodning
spirtdagi eritmasi bilan ishlov berilgan Surxon-
104 navli paxta tolasi.

Spektroskopiya usuli bilan gayd etilgan
FL spektrlari nisbiy birliklarda ifodalangan.
Har bir namuna uchun maksimum intensivlik
va maksimum emissiya to‘lqin uzunligi
aniglanib, materialning tagiglangan zonada
joylashgan chuqur sathlar aniglangan.
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6-rasm. Surxon-18 KMnOx4 (kaliy
permanganat) bilan legirlangan (1) va Yod
ning 5% li spirtdagi eritmasi “Surxon-18”
(2), hamda Yod ning 5% li spirtdagi
eritmasi “Surxon -104” paxta tolalarining

fotolyumensensiya spektri (3)

6-rasmda ko’rinib turibdiki 1-namunada
(KMnO,  bilan legirlangan  Surxon-18)
yorug’lik spektri yuqori intensivlikka ega FL
maksimumi taxminan 14501470 nm oralig‘ida
joylashgan.

2-namunada (yod bilan ishlov berilgan
Surxon-18)
yorug’lik spektri pasaygan, FL maksimumi
kengroq ya’ni 1450-1500 nm oralig‘ida.

3-namuna (yod bilan ishlov berilgan
Surxon-104):

Eng past intensivlikka ega spektr, FL
maksimumi kuchsiz.

Tagiglangan zonada joylashgan chuqur
sathlarning energiyasi quyidagi formula bilan
baholanadi:

E = hc/ A bu yerda h = 6.626x10™ >
J's, ¢ =3%x10® m/s, A — FL maksimum to‘lqin
uzunligi (m):

1400 1450

Namuna | A Eg
(nm) | (eV)
1 1450 | 0.86
2 1480 | 0.84
3 1500 |0.83
IV Xyaocanap

Yugorida olingan natijalardan xulosa
aytishimiz  mumkinki, “Surxon-104" navli
paxta tolalarini “MP — 6” optik miroskopda
tadqiq gilish natijalari asosida uning yuzasidan
har xil spektrli nurlar targalishi aniglandi.
Legirlangan paxta tolalarining sirti legirlovchi
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elementlar bilan goplanganini kuzatdik. Bunda
esa legirlovchi elementlar yogori haroratda
tolaning tarkibidagi molekulalari bilan
kimyoviy bog’lar hosil qiladi. Turli xil
legaturalar bilan legirlangan namunalarimizdan
tok o'tishi keskin o°zgarib, turlicha bo’lishi
kuzatildi. Demak, paxta tolalariga kirishma
kiritib, biz ularning elektro tkazuvchanligini
boshgarishimiz mumkin.
Yarimo‘tkazgichlarning
elektro‘tkazuvchanligini  oshirish va ularni
ma’lum magqsadlarda ishlatish uchun kiritmalar
kiritish eng muhim jarayondir.

KMnQO, ionlari tolalarning energetik
holatlarini bargarorlashtirib, foton emissiyasini
kuchaytirgan. Yod bilan ishlov berish spektral
intensivlikni  pasaytirgan. “Surxon-18” va
“Surxon-104" taqgoslanganda “Surxon-104”
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BO3MOXHOCTU M NepCcneKTUBbI TeparepLoBON CMEKTPOCKONUU B aHanu3e
CTPYKTYpbl OMOMOeKyn

C.C. HacpugauwHos', A. MaensHos? [1.M.Ec6epreHos?®

12counuan AcTpaxaHCKOro rocyfqapCTBEHHOro TeXHUMYEeCKOro yHuBepcuTeTa B TaluKeHTCKOW obnactu
Pecny6nukn Y36ekucrtaH
SHyKkyccKkuii rocyaapcTBeHHbIN TeXHUYeCKU yHuBepcuTeT

AHHOTaumA: B gaHHOW cTaTbe paccMaTpuBaloTCsl COBPEMEHHbIE METOAbI M JOCTUXEHMS TeparepLoBOM
(TTy) cnekTpockonMMM B WCCRNEOOBaHUM CTPYKTYPHbIX OCOBEHHOCTENW Ouonormdeckux makpomonekyn. TIu-
nsnyyeHvne obnagaeT yHUKanbHOM YyBCTBUTEMNBHOCTbIO K HA3KOYACTOTHbIM KonebaHusam, BOAOPOAHbLIM CBA3SIM U
npoueccaMm rugpartauumn, 4To AenaeT ero He3amMeHMMbIM WHCTPYMEHTOM ANf aHanusa AMHaMuKM GenkoB u
HYKMNEWHOBbLIX KucrnoT. B pabote aHanmsmpytoTcs npeumywlectBa Tl u-cnekTpockonuu nepeq TpaguUMOHHBIMU
MeTodaMu, TakuMmu Kak VIK-CneKTpocKonust U peHTreHOCTPYKTYPHBIN aHamnm3, B YaCTHOCTU €€ HENOHU3UPYIOLLMIA
XapaKkTep M BbICOKAas YyBCTBUTENbHOCTb K KOH(OPMaUMOHHBbIM M3MeHeHuaMm. OO6cyxaalTca nepcrnekTvBbl
NPYMEHEHUS AaHHOW TEXHONOMMM B MEONLIMHCKOW ANarHocTuke, doapMaLleBTrKe U oyHAaMeHTanbHon 6uoduanke.

KnioueBble cnoBa: TeparepuoBas CMNEKTpocKonus, Ouomonekynbl, CTPpykTypa Oenkos, OuHamuKa
rmgpataumm,  BOAOPOAHbIE  CBA3WM,  KOHOPMALMOHHbIE  U3MEHEHWsl, HEWOHU3MpPYOLLee  U3My4veHue,
OvomeanunHCKas gMarHocTuka.

This article explores contemporary methods and advancements in terahertz (THz) spectroscopy for
investigating the structural characteristics of biological macromolecules. THz radiation exhibits unique sensitivity to
low-frequency vibrations, hydrogen bonds, and hydration processes, making it an indispensable tool for analyzing
the dynamics of proteins and nucleic acids. The paper evaluates the advantages of THz spectroscopy over
traditional techniques, such as IR spectroscopy and X-ray diffraction, highlighting its non-ionizing nature and high
sensitivity to conformational changes. Future perspectives of applying this technology in medical diagnostics,
pharmacology, and fundamental biophysics are also discussed.

Keywords: terahertz spectroscopy, biomolecules, protein structure, hydration dynamics, hydrogen
bonds, conformational changes, non-ionizing radiation, biomedical diagnostics.

|.BBenennme.

Pa3Butne coBpeMeHHONl OuopU3MKU U
MOJIEKYJISIpHOM ~ OMojoruu  TpeOyeT MEeTOJIOB,
CIIOCOOHBIX HCCIIEI0BATh JTUHAMUKY

MaKpOMOJIEKYT B HMX €CTECTBEHHOM COCTOSHUHU.
Tepareprooe (TT'11) uznmydenue (n1uamna3oH 4acToT
or 0,1 mo 10 TI'u) 3aHMMaeT MPOMEKYTOUHOE
MOJIO’KEHNE MEeXy MHUKPOBOJTHAMHU "
UH(ppaKpPacHBIM CBETOM. AKTYallbHOCTh JIaHHOM
T€Mbl O00YCJIOBJI€EHA TEM, YTO HMEHHO B 3TOM
IUarna3oHe  Jie)KaT  YacTOThl  KOJUIGKTHBHBIX
Kosiebanuii Ononoarmepos [1].

Il.®u3nyeckne ocHoBbl B3aumoneiicreus TI'u-
U3J1y4eHusi ¢ OMOMOJIEKYJIaMHU.

TI'u-BOMHBI YYBCTBUTENBHBI K CIIa0BIM
MEXMOJICKYJISIPHBIM B3aMMO/ICHCTBHUSIM.
TepareprioBoe (TI'm) wu3myueHue, 3aHUMAIOLIEE
o0jacTb CHEKTpa MEXIy HHPpPaKpacHbIM |
MUKPOBOJHOBBIM Juana3zoHamu (mpumepHo ot 0.1
1o 10 TT'), o6amaeT yHUKATBHOM CIIOCOOHOCTHIO
«BHUJIETH» JUHAMUKY MOJEKYISAPHBIX CTPYKTYP.
[Touemy 3TO MPOUCXOIUT U NMOUYEMY 3TO Ba)KHO:

I. DHepreTU4YecKoe COOTBETCTBHUE.
DHeprust KBaHTOB TepareprioBoro usnydenus (hv)
KpaifHe Mana. B otinumne ot nH(ppakpacHOro cBera,

KOTOpBIM 3acTaBisieT BHUOPUPOBATH OT/AEIbHBIC
XUMHUYECKHUE CBA3U BHYTPH MOJEKYJbl (HapuMep,
pactspkeHne cBsizu C-H), TI'i-BosHBI pe30HUPYIOT
C KOJUIEKTUBHBIMHA MOBMKEHUSIMHU OOJIBIIUX TPYIII
atoMoB. K 3TMM B3aUMOJEHCTBUSM OTHOCSTCS:
BOJOPOAHBIE CBA3U: OCHOBA CTPYKTYpPBHI BOJIBI U

JIHK. Ban-nep-BaanbcoBbl CHJIBL: ciradble
MEKMOJIEKYIISIPHBIC CUJIEI MPUTSKECHUS u
orrankuBanusa. OOHOHHBIE MOJBI: KOJIeOaHU

KpHCTaHHquCKOﬁ PEIICTKU B TBEPABIX TCIIAX.

2. «OtneyaTkd TaAJBIEB»  CHOKHBIX
COETMHEHU. [Tockonbky TT 1-BOJHEI
YyBCTBUTEIBHBl K  YIIAKOBKE  MOJEKYJI B
MPOCTPAHCTBE, OHM  MO3BOJISIIOT  PaA3JIMYaTh

BEIIECTBA, KOTOpPbIE XMMHMUYECKH HAECHTUYHBI, HO
HMMEIOT Pa3Hylo CTPYKTYpY: MOJIUMOP(HU3M: OHO U
TO K€ JIEKApCTBO MOXET HUMEThb pa3HbIe
kpuctamnuueckue ¢opmbl. Tl H-cnexTpockonus
JIETKO UX OTJIMYAET, YTO KPUTHUYECKU BAXKHO IS
(hapmaleBTUKH. N3omepsr: MOJIEKYJIbI c
OJIMHAKOBBIM COCTaBOM, HO pa3HbIM
pacIoIOKEHUEM aTOMOB, HMEIOT YHHKaJIbHbIC
«rnoanucuy B TI'-nuamnasoxe.

3. UyBCTBUTENBHOCTD K ruzparanuu. T1 -
U3JIy4eHUE YPEe3BbIYAHO CUJIBHO IIOIVIOLIAETCS
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BOJIOM. DTO JIeNaeT ero ucajibHbIM UHCTPYMEHTOM
JUTSL U3YYEHUS TUAPATHBIX 000J04YEK BOKPYT OEIKOB
U JIpyrux Omomonexkyn. Maneliniee M3MEHEHUE B
MOBE/ICHUHU MOJIEKYII BOJIbI psaaoM c
OuonornyeckuM 00bekToM MeHseT T I-0TKIIHK.
[IpakTrueckoe 3HaueHue. biaaronaps 3Toit
YyBCTBUTEIILHOCTHU TI'u-TexHosorun
OPUMEHSIOTCS B: OWOMEIMILMHE: JIHarHOCTHUKa
onyxoJyied (coAep:kaHW€ BOJABI B 3J0POBBIX U
pPaKoBBIX TKaHAX paznuuaercs). be3zomacHocTu:
OOHAapy>XeHHE B3PBIBUATHIX M HAPKOTUUYECKUX
BellecTB (MHOTHE U3 HUX HMEIOT crerupuieckue
cnekTpanbubie muku B TI'm-oGmactu). Konrpone

Ka4yeCTBa: IIPOBCpPKa MLECIOCTHOCTH Ta0JIETOK U
KOMIIO3UTHBIX  MAaTCPUAJIOB. B oTJIM4YuE OT
PEHTICHA, TFLI'I/ISJ'Iy‘lCHI/Ie SABJIACTCA

HenoHusupyromuM. OHO 005a7gaeT J0CTaTOYHO
HU3KOW  DSHeprueu, 4ToObl HE  pa3pyuliath
XUMUYECKHE CBsi3u M He mnospexaars JIHK, dgro
JesaeT ero 0e30MacHbIM IS dKUBBIX OPTaHU3MOB.
B ormmune or HK-cnekrpockonuu,
KoTopasi (Quxkcupyer KoiebaHUS ~ OTIEIbHBIX
xuMu4yeckux cBszert (Hampumep, C-H wiun O-H),
Tl'u-cnexkTpockonusi  MO3BOJIAET  HAOIIOJaTh:
CKEJIETHbIE BHUOpAlMKM [IJIMHHBIX Ieneld OEJIKOB;
KoieOaHusi  BOJOPOJHBIX  CBSI3€; TUHAMHKY
rujpaTanuu  (B3aMMOJEMCTBHE  MOJIEKYJIBl  C
OKpYyaroliel BoJgHOM obomoukoit). TeparepiioBas
cnektpockonus (TI'u-MC) daxtuuecku siBaseTcs
«30JI0TBIM CTaHIApPTOM JUTS W3y4YeHUs
HU3KOYACTOTHOM JMHAMHUKK OWoMoiekyl. B To
BpeMsi Kak kiaccuueckas WK-cnexktpockonus
dbokycupyercs Ha <JIOKaTbHBIX» CcOObITUSX, TI1I-
JIMana3oH MOKa3bIBaeT KapTUHY IeaukoM [2]. Bot
Kak HMeHHO TI'L-BOJHBI B3aUMOJEHCTBYIOT C
MEPEYNCICHHBIMI BaMH 00bEKTaMU:
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1. Ckenernble BUOpauuu. benku - 310 He
KECTKUE KOHCTPYKIIMM, a TMOKuWe MamuHbl. Wx
(GYHKIIMOHATIBHOCTD 4acTo 3aBUCHUT oT
KpYITHOMAaCIITaOHBIX JIBIDKCHHM (13rudoB,
ckpyuuBanuii). Cytb: sHeprusa TI'-xBaHTOB
COBIAJACT C DHEPruel KOJUIEKTUBHBIX MOJ
KojeOaHui nmoaunenTuaHoi uenu. Yto 3To naer:
MbI MOXEM HaOJIOAaTh 3a TeM, KaKk OelOK MEHSET
CBOIO KOH()OPMAIIMIO TP CBSI3BIBAHUU C JIMTAHOM
WJIY JIEKapCTBEHHBIM MPENapaToM. DTO «IbIXaHUE)
MOJIEKYJIbl, KOTOPOE€ HEBO3MOXHO YBUAETh Ha
BBICOKHX 4aCTOTax.

2. Konebanusi BOJOPOJHBIX  CBA3EH.
Bogopoausie cBs3u HaMHOTO ciabee KOBaJIEHTHBIX,
[I03TOMY MX PE30HAHCHBIE YACTOTHI JIEKAT UMEHHO
B TI'm-o6mactu (0.1-10 TI'mm). Crneumduka: Tl -
U3Jly4yeHue HaIpsSIMYIO BO30YyKIaeT
MEXMOJICKYJIIPHBIE pacTSKeHHs U JedopManuu
BOJOPOJHBIX MOCTUKOB. 3HaU€HHE: 3TO MO3BOJSAET
M3y4aTb CTaOWJIBHOCTh BTOPUYHBIX CTPYKTYP
6enxoB (o - cmpayieil u § - JUCTOB) M JTBOWHOM
criupanu JIHK B peanrbHOM BpemMeHH.

3. lunamuka ruapaTanuu. ITo, MoKy,
camas YyBCTBUTEIbHAS o0nacThb Tl'u-
crekTpockonuu. Bokpyr kaxmoil OHMOMOJIEKYIIbI
CYIIECTBYET TujpaTHas 000JI0YKa - CIOH MOJIEKYI
BOJBI, CBOWCTBa KOTOPBIX  OTIUYAIOTCS  OT
«00beMHOI» BoAbl. TII-OTKIMK: MOJIEKYIIBI BOJBI
B THApaTHOW 000J0YKe CBsA3aHBI C OEIKOM
BOJOPOAHBIMHM CBA3SIMU, UYTO OTPAHUUYUBAET HX
MOJABWKHOCTD M MEHSIET  JIUAJIEKTPUUYECKYIO
MIPOHUIIAEMOCTh  cpeabl. buosnorumdeckas poib:
rujpaTHas 000104Ka paboTaeT Kak «CcMa3ka» JUJIs
6enka. TII-crieKTpOCKONHUS MO3BOJIIET U3MEPHUTh
TONIMHY 5Toro cios (o0buuO 10-20 A) u
IJIOTHOCTH cBsi3el B HEM. [loueMy 3TO KpuTnyecku
BaXHO ceroaus? (Tabmmma 1):

O0BeKkT HAOJII0IeHU A

Yt0 MBI y3HaEM

CepHyThIe/pa3BepHYThIC OCTKH

[ToHnMaHMe MPUYMH BO3HUKHOBEHUS Oose3Hel
(manpumep, Anblreiimepa, rae 6enku

CBOPAYUBAKOTCA HeraBI/IJ'IBHO) .

BzaumonerictBue «beok-
Jluragm

[Tomoraet B pa3paboTKe JIeKapCTB, MOKA3bIBAs,
KaK IMEHHO MOJICKYJIa Iiperapara BIUsIEeT Ha

JUHAMHUKY MUIICHU.

3amMOpOKEHHBIE OMOCUCTEMBI

I/I3y‘-ICHI/Ie MponecCoB KPUOKOHCCPBAIUU U
COXpPAaHCHUS aKTUBHOCTHU KJICTOK ITPHU HU3KHUX

TEMIEPATypax.

TI'u-cnekTpocKonus - 3TO MOCT MEXIY
CTaTUYHOM  CTPYKTypod (TIOJydEeHHOW  depes

PEHTTEHOBCKYIO KpHCTauiorpaduio) M pearbHON
Owonornuecko  (QyHKIMEH, KOTopas Bceraa
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CBs3aHA C ABM)KCHHEM M BOJHBIM OKPYKCHHEM.
Baxnoit XapaKTEePUCTUKOMN SIBJISICTCSI
HEMOHU3HUPYIOUIUN XapaKTep U3Ty4deHUs. DHEPTHs
dotonoB TI'm-mmanazona (E 1-40 w»dB)
HEJ0CTaTOYHA JJI pa3pbiBa KOBAJICHTHBIX CBS3EH
WIM MOHHU3ALlMM aTOMOB, 4YTO [€laeT METOJ]

~
~

0e30MacHbIM JUTSt JKUBBIX CHUCTEM.
Henonuzupyrommii XapakTep - 3TO
dyHaaMeHTalTbHOE  IPEUMYIIECTBO,  KOTOPOE

IIEPEBOJUT TE€parepLoBble TEXHOJIOTMH U3 paspsaia
YHCTO JIAOOPAaTOPHBIX HMHCTPYMEHTOB B paspsia
0e30I1aCHbIX METOJIOB JMAarHOCTUKM Ha >KUBOM
opranusme. Bor moueMy 3TO CBOWCTBO SIBJIAECTCS
KPUTHYECKHUM:

1. CoxpaHHOCTb T€HETUYECKOTO allapara.
B ornnumne oT peHTreHOBCKOro u3nydeHus (X-rays),
sHeprus KBaHTOB TI'L-nmama3oHa KpalHe Maia.
Pentren: sHeprum ¢oTOHa JOCTATOYHO, YTOOBI
BBIOUTH  JJIGKTPOH U3  aroMa, pa3opBaTh
KOBaJIeHTHbIE cBA3U B Mousiekyne JIHK u BbI3BaTh
myTtanuu. Teparepi: »Hepruu (OTOHa XBaTaer
TOJIKO Ha TO, YTOOBI «IOKAa4yaTb» MOJIEKYJy WM
U3MEHUTh €€ BpalartesnbHoe cocrosiHue. OHa B
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MUJUTMOHBl pa3 MEHbINE SHEPruu, HEO0OXO0IUMOi
JUTSL HOHU3ALUH.

2. besomacHOCTp I  MEIULIMHCKOTO
nepcoHana u nauueHToB. [lockonbky U3nydeHue He
HaKalUIMBaeTCs B TKaHSIX W HE BBI3bIBACT
MOBPEXACHUS KIETOK Ha ypoBHe reHoma, TI'1-
CKaHUPOBAHME MO>XHO IPOBOJUTH: MHOTOKPATHO:
0e3 puCKa MPEeBbIIIECHUs «I1y4eBOi Harpy3ku». bes
CIEIMAIEHOM 3allUThl: HE TPEOYIOTCS CBHHIIOBHIC
bapTyKu Ui SKpaHUPOBAHHBIE TOMELICHUS, KaK B
ciyyae ¢ raMma- Ui PeHTTeH-allnapaTaMu.

3. Huzkas TtemnoBas Harpy3ka. TIu-
U3JIy4eHHE YacTO MYyTalOT C MHUKPOBOJIHOBBIM
(CBY), xoTOopoe MOXET CHIbHO HarpeBaTh TKaHU

(mpuHIUI MUKpPOBOJIHOBKH). Opnnako B
nuarHoctuueckux TIm-cucremax HCIONIB3YHOTCS
OYEHb HU3KHE MOIIHOCTH. W3nydyenue

HIOTJIONIAETCS B OCHOBHOM BEPXHHUMHU CIIOSIMU KOXKH
(u3-3a BOJBI), HO M3-3a MaJOW MOIIHOCTU OHO HE
BBI3BIBAET TEPMUYECKOTO OXKOra MM Ieperpena
OenkxoB. CpaBHeHHE >HEPruil u3nydeHus (Tabiuma

2):

Bo3neiicTBue HA OHOJIOTHYECKYIO
Tun uznyyenus JHeprus porona
TKAHb
PeHTICHOBCKO® ~ 100 5B HNonuszupyroiiee: pa3pbiB CBA3EH,
nopexaenue JJHK.
XuUMHYECKoe: BO30YKIeHNE
VYaerpaduoner 3-1005B AJIEKTPOHHBIX 000JI0UEK, PUCK
MEJIAaHOMBI.
Byt ceer 16-35B OnTHyeckoe: NOrIOLIECHHE
MMUTMEHTAMU.
Henonusupyrouee:
TepareprioBoe 0.001-0.04 5B MEXMOJIEKYIISIPHBIE KOJIeOaHMs,
HarpeB MUHUMAJIEH.
[Ipaktnueckoe cnencreue. bnaromaps |11.MeTtomosorus.
COUETAaHUI0 HEMOHU3MPYIOIIEro  Xapakrepa | TepareproBas CHEKTPOCKOMUS c
YYBCTBUTEIBHOCTH K BojJe, TIm-BomHbl cTamu BpemeHHbIM pasperienneMm (THz-TDS). Haubomee
uJealbHbIM WHCTPYMEHTOM JUIS: pacmpocTpaHeHHBIM MeTojoM siBisieTcss THz-TDS
UHTPAOIICPAIMOHHONW JuarHoctuku: Hampumep, (Time-Domain Spectroscopy). THz-TDS
KOI'Jla XUPYpry HYXXHO IPSIMO BO BpeMs olepaluu (TeparepuoBasi CIIEKTPOCKONHS C BPEMEHHBIM
ONpEeNeNUTh TPAaHUIBl OMyXOJM MO3ra, HE paspelieHueM) - 93T0 «paboyas  JIOIIAKa»
MOBpEXAasi  3/I0pOBble  HEHPOHBI  KECTKHUM COBPEMEHHOH TeparepuoBoil (oToHuku. MMeHHO

U3ydeHueM. DHA0CKONNH: co3nanue ruokux TI -
BOJTHOBOJIOB JIJI OCMOTpa BHYTPEHHUX OPTaHOB 0€3
pUCKa Jy4eBOIO0 MOBPEXKICHUS CIU3UCTOH. ITO
nenaetr TI-TeXHOJIOTMU «3€IEHON» M T'YMaHHOM
aIbTEPHATUBON MHOTUM TPAJUIIMOHHBIM METOAam
BHU3YyaJIu3aliu.

3TOT MeToJ M03BOaUI TI -TeXHOIOTUsAM BBIMTH 3a
MpeAeNbl  Y3KOCTICITHAITM3UPOBAHHBIX (PU3NUECKUX
naboparopuii. Ero  kioueBas  OCOOCHHOCTH
3aKJIFOYAeTCs B TOM, YTO OH U3MEPSET HE MPOCTO
HHTEHCUBHOCTh CBeTa (kax OOBIYHBIH
CIIEKTPOMETD), a HEMOCPEICTBEHHO
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HAIPSDKEHHOCTb  DJIEKTPUYECKOTO TI'u-
UMITyJIbCa BO BpeMenu [3].

Kak paboraer THz-TDS? Metoa ocHOBaH
Ha HCIIOJIb30BaHUU (PEMTOCEKYHJHOIO Jiazepa,
UMIYJbC KOTOPOrO JEJNUTCS Ha [JBa KaHajua:
reHepanusi: MepBblil UMITYJIbC MONa1aeT Ha AHTEHHY
(marmpumep, (GOTOMPOBOIAIIYI0) H  «BBHIOMBACT
kopoTkuil TTu-nmaker. [lerekThpoBaHue: BTOPOU
UMIYyJIbC (IMPOOHBINM) MPOXOAUT UYEpe3 JIMHUIO
3aJiep>KKku U Bcrpedaercss ¢ Tl m-ummynbcoM Ha
nerekrope. M3MeHsss 3afepKKy, Mbl Kak Obl
«ckanupyem» popmy TI'11-BoJIHBI TOUKA 32 TOYKOH.

I10JI4
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ITouemy THz-TDS Tak nomymnspen?
I'maBHOE mpeuMyIIECTBO MeETOAA - IOJIyYeHHUE
KOI'€pEHTHOI'0 CUTHaJIa. DTO JAET JBa KPUTUYECKHU
BaXHBIX IIapamMeTpa 3a OJHO  HM3MEpEeHHeE:
aMIUINTyZa: IIOKa3bIBa€T, HACKOJIbKO CHJIBHO

oOpasenr moryomaer wusaydeHue (koddduimeHt
noryomeHust o). dasza: MOKa3bIBACT, HACKOJILKO
oOpaszenr 3aMmeUIieT BOJIHY. OTO TO3BOJSET
HampsIMyI0 BBIYHUCIUTH IMOKA3aTelb MPEIOMIICHUS
(n) 6e3 UCTIOIB30BAHMS CIIOKHBIX MATEMATHYECKUX
npeoOpazoBanuii Kpamepca-Kponura. CpaBHeHue
C ApyruMH MeTojaMu (Tadsmmna 3):

Dypbe-cCeKTPOCKON U

XapakTepucTHuKa THz-TDS (FTIR)
. Jlamma oOpaTHOI BOJHBI /
HUcrounux DeMTOCEKYHAHBII J1a3zep T'no6apa

Tun curuana

KopoTkne nMiyibscsl

HenpepsiBHOE n3ityyenue

Ouenb BbICOKas (M3-32

YHyBCTBUTEIBHOCTH CTPOOOCKOIIUYECKOTO Hwnxe B TI'n-nuanasone
s dexra)
Ammmuryna + ®aza
WNndopmanus A TOJIBKO HHTEHCUBHOCTD
(HanmpsIMy10)
ITym Munumym (HOHOBOTO UyBCcTBUTEIbHA K TEIJIOBOMY

TCIJIOBOI'O IIymMa

dony

UYro 310 aeT Ha npakTHke? [TockoIbKy MBI
BUJUM BpEMEHHOW TNpopuiIb UMMNYIbCa, MBI
Moxkem: 1. M3mepsaTh TONMMHY: TO 3aIepiKKe
UMITyJIbCa MOXXHO C MHUKPOHHOH TOYHOCTBIO
OTPENIETUTh TOJIIMHY 00BbeKTa (HarpuMmep, CI0EB
KpacKyd Ha aBTOMOOWIJIE WU O0OJOYKH TaOIETKH).
2. YOuparp  OTpaXeHHs: C  IOMOIIBIO
MaTE€MaTUYeCKOro  «OKHa»  MOXHO  OTCEYb
Mapa3uTHBIE OTPAKEHUSI OT CTEHOK KIOBETHI M
aHAJIM3UPOBATh TOJNBKO CHUTHAN OT oOpa3ma. 3.
Pa6oraTh pu KOMHATHOM  TeMIeparype:
BonpmmuacTBo cuctem THz-TDS He TpebyroT
OXJIQXKACHUS JKUJIKUM TelMeM, B OTJIWYHE OT
MHOTHX JIETCKTOPOB HEMIPEPBIBHOTO M3NydeHus [4].
Umenno Onarogaps THz-TDS wMbl  MoOxeMm
HAOMIO/IaTh Ty CaMyI0 «IMHAMUKY TUAPATAIIUN», O
KOTOpPOM TOBOpPWJIM paHee. Meroa mO3BONISET
3aUKCUPOBAaTh  CBEPXOBICTpbIE HW3MEHEHHUS B
OpUEHTAIlMM MOJIEKYJI BOJbI, MPOUCXOASIINE 3a
nukocekyHnbl (10-12 c¢). Ilpomecc u3zmepenus
OMMCHIBACTCS PYHKIMEH MPOMYyCKaHUS:

Esam (®)=Eref (m) x €xp (-a(w)d) / 2 x exp
(in(w)wd/c

rae: N (®) - MmokKaszarenb MPEeTOMIICHUS;
a(®) - KO3PPUITUESHT MOTIIOMICHUS; d-
TOJIIMHA 00pa31a.

DTOT METOJ| TO3BOJIIET OJHOBPEMEHHO
nosyyaTh HHGOpPMAIKIO U 00 aMITUTYAE, U 0 daze

CUTHaJla, 4YTO  MCKJIIOYAaeT  HEOOXOIWMOCTb
UCMONb30BaHUsl  npeoOpaszoBanuii  Kpamepca-
Kponwura.
IV.Ananm3 cTpykrypsl 6eskos u JJTHK.

benku SBIISIOTCS JTUHAMUYHBIMHU
o0bekTaMu. MX (QYHKIMOHAIBHOCTH 3aBUCHT OT
KOH(OpMaIMOHHBIX W3MEHECHUM. Tl -

CHEKTPOCKOMUS MO3BOJSIET HUIACHTU(DUIIMPOBATH
COCTOSIHUSI «CBEPHYTBII/pa3BepHYTHI» Oenka. 1o
JEMCTBUTENIBHO OJHO M3 CaMbIX BIIEYATISIOMINX
MPUMEHEHUH  METoja. Cnoocoouocte  TI'm-
CHEKTPOCKONUM  pa3iuyaTh KOH(POPMALMOHHBIE
coctossausl  OenkoB  (ponamHr w  aHGOIIAUHT)
OCHOBaHa Ha TOM, YTO IpPU CBOpPAUYMBaHUM Oelka
pamuKaibHO MEHSETCS HE TOJBKO €ro TeoMEeTpHs,
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HO W ero miobanbHas auHamuka [5]. Bor kak
UMEHHO 3TO paboTaeT:

1. YUyBCTBUTEIBHOCTh K KOJJICKTHBHBIM
mogaMm. Korma Oenok HaxomuTCs B pa3BEepHYTOM
COCTOSHUHM, OH TIpelcTaBisieT co0oil TuoOKyro,
XAOTHYHYIO IIEMOYKY (CTaTUCTHYECKUI KIyOoK). B
TAKOM COCTOSIHHH €T0 KOJIeOaHHs pa3pO3HEHBI U HE
UMCIOT YETKO BBIPAKEHHBIX HH3KOYACTOTHBIX

PE30HAHCOB. [Ipu CBOpauYMBaHUU Oenox
NpeBpamaeTcss B KOMIIAKTHYIO, YIIOPSIOYEHHYIO
rnoOyny. Bo3HHKAlOT Te camble CKEJEeTHbIC

BUOpallUd BCEH CTPYKTYpHl, KOTOpPBIE HMEIOT
cnenuduieckue «ornedarku» B T -quama3one.

2. I3MeHeHue ruipaTHOM 000JIOYKH. DTO
kioueBoil ¢axtop ans THz-TDS. Pa3sepuytbrii
0enok: OOJbIIIast YaCTh AMHHOKHCIIOTHBIX OCTaTKOB
(Burouasi TuApo(OOHBIE) OTKpBITA IS BOJIBI
Bokpyr Hux dopmupyercs orpoMHasi, HO pbIXjas
ruapatHas  obosouka.  CBepHyThId  Oenok:
ruapoQoOHOE SAPO TpsYeTCs BHYTpU, a Ha
MOBEPXHOCTU OCTAIOTCA TOJBKO OIpE/IeTICHHbIE
yuacTkd. ['mapatHas 060104Yka cTaHOBUTCS Oolee
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KOMIIAKTHOM W CTPYKTypUpOBaHHOH. Ilockomibky
Tl'u-uznydenue  KpailHE  YyBCTBUTEIBHO K
COCTOSIHUIO BOJIbI (CBOOO/IHAS OHA WJIM CBSI3aHHAs),
CIIEKTp  IMOIJIOIIEHWS  pE3KO  MEHseTcid B
3aBHCHUMOCTH OT TOI'O, «4yBCTBYIOT» JIU MOJIEKYJIBI
BOJIbI OEJTIOK MJIN HET.

3. HauKaTop CTPYKTYPHBIX IEPEXOOB.
Tl'u-cnexkTpockonusi  Mo3BOJseT  (UKCUPOBAThH
NIEPEXO0/Ibl MEXAY COCTOSIHUSIMH, KOTOpPBIE MOTYT
ObITh  HEBUAMMBI  JJI1  JPYTUX  METOJIOB:
IIPOMEXYTOUHBIE COCTOSIHUSI: COCTOSIHME, KOTrAa
OeoK YK€ KOMIIAKTeH, HO €ro BTOpHYHAas
CTPYKTYypa euie He 10 KoHla copmupoBana. TT-
BOJIHBI MTO3BOJISIFOT «IIOMMAaTh» 3TOT MOMEHT 4epe3
U3MEHEHUE JIUAJIEKTPUYECKOW MPOHUIIAEMOCTH.
Jenatypauus: npu HarpeBaHUM WM HU3MEHEHUU
KUCIOTHOCTH cpenabl  TI'n-cmekTp moKa3bIBaeT
pa3pyllieHHe BOJOPOJHBIX CBA3€H U MOTEPIO
KOJUIEKTUBHBIX MOJ 33JI0Jr0 J0 TOro, Kak Oelok
MOJIHOCTBIO BBINAAET B ocanok. [Ipeumyiecrsa
TT'u-noxona mepes Kiraccukou (tadnmma 4):

Meton Yro BUAUT Orpanuvenue s ¢ogunra
Pentrenoctpykryphsblil | Cratuunyio cTpykTypy | HykHO BBIpacTUTh KpUCTaILI; HE
aHaJIN3 (aTombI) BUJIUT TUHAMUKY.

VK-(ypse (FTIR) ot

Konebanusa oTaebHBIX

[Tnoxo otnuyaeT rnmobanbHyIO
¢bopmy Oenka.

TI u-criekTpockonus
U BOLY

['mobGanbHBIE KOTEOAHUA

WneanbHO 1114 pacTBOpOB,
MaKCHUMaJbHO OJIM3KUX K KUBOM
KJIETKE.

[IpakTuueckuii npumMep: B papMaleBTUKE
TI'u-MC wucnonb3yroT 11 KOHTPOJISL KadecTBa
OeNKOBBIX IpenaparoB (HampuMep, HHCYJIHHA).
Ecnu 6enok XOTst ObI YaCTUYHO pa3BEpHYJICS WIN
arperupoBail, TI II-CUTHAJI U3BMEHUTCSI MTHOBEHHO,
CUTHAJIM3UPYS O IOTEPE JIEKAPCTBEHHBIX CBOMCTB.
MoxHO cka3aTh, uTo TI I-cCieKTpoCcKonus JaeT HaM
«IMHAMHUYECKHH MOpTpeT» OenKa, MOoKasbiBas He
IIPOCTO TO, KaK OH BBIMJISAUT, HO U TO, KaK OH
(GKMBET» WM B3aMMOJEHUCTBYET C OKpyXeHHeM. B
cinydae JJHK, TT'1-BosHbBI TO3BOMISIOT (PUKCUPOBATH
PE30HaHCHBIE 4acTOTHI, OTBEYAIOLINE 3a
pacKkpydMBaHUE JBOMHOW CIUpPAIU, YTO KPUTUYHO
JUTsl IOHUMaHHMS TIPOLIECCOB pPeruThKauu [6].

Boga o6mamaer aHOManbHO BBICOKUM
nornomenrem B Tlu-guanasone. Jloaroe Bpems
9T0 ObUIO TpensTcTBUEM. OAHAKO COBpPEMEHHAs
MHUKPOQITIONIIKA IIO3BOJISET HCCIIEN0BATh
OMOMOJIEKYJIbI B TOHKUX CJIOSIX BOJBI, YTO OTKPBLIO

MyTh K U3yYEHUIO «OMOJIOTHYECKON BOJBD) - CIIOEB

TUJpaTalyi, KOTOpbIE OIIPEACIISAIOT
OMOJIOTUYECKYIO aKTUBHOCTb MOJIEKYIL.
[TepcnexTHBBI U BBI30OBBI. OcHOBHBIE
npeumymiecta:  Label-free:  He  tpeOyrotes
dyopecueHTHbIe METKH. Bricokas
YYBCTBUTEIBHOCTh: K W3MEHEHUSM BTOPUYHOMN
CTPYKTYpbl. OrpaHMYeHHOE MPOCTPAHCTBEHHOE
paspenieHue (nudpakuroHHBIN npenen).
Pemenuem ABIISIETCA UCIMOJIb30BaHUE
MeTamMaTepuaaoB W  HaHO30HAOB s TI'o-
MHUKPOCKOIHHU OJIMKHETO MOJIS.

TepareproBas CIIEKTPOCKOIHUS
npeBpalaeTcs u3 9KCIEPUMEHTATILHOTO

¢u3MIecKOro MeToJa B MOIIHBIH HHCTPYMEHT
OMOMETUITTHCKOTO aHaJIn3a. Bo3moxxHOCT
OECKOHTAaKTHOTO M Hepa3pyIIAIOMEero KOHTPOJIS
CTPYKTYPbl MaKpOMOJIEKYJ OTKPBIBA€T HOBBIC
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TOPU30HTHl B PaHHEW IMAarHOCTUKE NATOJOTHHA U
pa3pabOTKe JICKaPCTBEHHBIX MPENapaToB.
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Fotoenergetika yarimo‘tkazgichli materiallarini olish usullari
Z.M.Soxibova

Andijon davlat texnika instituti, fizika-matematika fanlari bo’yicha falsafa doktori (PhD).
O’zbekiston.

Annotatsiya: Mazkur maqolada fotoenergetika sohasida qo'llaniladigan yarimo‘tkazgich
materiallarning fizik xossalari, energetik zonalar nazariyasi va elektr o‘tkazuvchanlik mexanizmlari batafsil
yoritilgan. Yarimo'tkazgichlarda elektron va kovaklarning hosil bo'lishi, ularning harakati hamda kirishmalar
ta’sirida o‘tkazuvchanlikning o‘zgarishi tahlil gilinadi. Shuningdek, yarimo‘tkazgich materiallarni olishning
zamonaviy texnologik usullari, ularning tarkibi va tuzilishiga qo‘yiladigan talablar ko‘rib chiqilib, fotoelektrik
xususiyatlari hamda amaliy qo‘llanilish istigbollari bayon etilgan.

Kalit so‘zlar: fotoenergetika, yarimo‘tkazgichlar, energetik zonalar, elektr o‘tkazuvchanlik,
fotovoltaik effekt, kremniy, kirishmalar, yarimo‘tkazgich texnologiyasi.

AHHOTaumMAa: B pgaHHOW cTaTbe pacCcMOTpeHbl (hu3nyeckne CBOWCTBA MOSYNPOBOAHMKOBBIX
MaTepuanoB, NPUMEHSIEMbIX B )OTOIHEPreTMKe, a TakkKe TEOpUsA SHEPreTUYEeCKMX 30H U MeXaHU3Mbl
3MNeKTpUYECKON NpoBoANMOCTU. [poaHannaMpoBaHbl Npouecchl 00pa3oBaHMA U ABUKEHUS SNIEKTPOHOB U
ObIPOK, BRMSIHAE Mpumecen Ha npoBogumocTb. Kpome Toro, onucaHbl COBPEMEHHbIE TEXHOMOrMYeckme
MeToAbl MOSTy4YeHMsl NONyNpOBOAHUKOBBIX MaTepuarnoBs, TpeboBaHUs K X CTPYKTYPE U COCTaBy, a TakkKe nx
POTO3MNEKTPUYECKME CBOMNCTBA M NEPCNEKTMBBI MPaKTUYECKOrO MPUMEHEHUS.

KnroueBble cnoBa: oTO3HepreTvka, NONynpPOBOOHVKUN, SHEPreTUYeCKNe 30Hbl, ANeKTpuyeckas
NpOBOANMOCTb, poTOoranbBaHNYEeCKMn 3hPEKT, KPEMHMWIA, MPUMECU, TEXHOSOTMSA NOMYNPOBOLHUKOB

Abstract: This article examines the physical properties of semiconductor materials used in
photovoltaics, as well as energy band theory and electrical conductivity mechanisms. The processes of
electron and hole formation and movement, as well as the influence of impurities on conductivity, are
analyzed. Furthermore, modern technological methods for producing semiconductor materials, the
requirements for their structure and composition, as well as their photovoltaic properties and practical

application prospects, are described.
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I. Kirish
1839 vyilda Fransuz olimi Edmon
Bekkerel birinchi bo‘lib, elektrolit

yacheykalarda fotovoltaik effektini kuzatdi.
1876 yilda Adams va Deem Londonda selen
asosidagi qattiq jismli fotoelektrik elementlarda
tajribalar olib borishdi.

Bunda ularning FIK=0,5 9% dan
oshmagan. Yarimo‘tkazgichlarning boshqa bir
muhim xossasi shundaki, ularda elektr tokini
o‘tkazishda faqat manfiy zaryadlar - elektronlar
emas, balki (qiymati elektron zaryadiga teng)
musbat zaryadlar - kovaklar ham qatnashadi.
Har bir energetik soha chegaralargan
miqdordagi energetik sathlardan iborat. Pauli
prinsipiga asosan, har bir energetik sathni
ikkitadan ortiq bo‘lmagan elektronlar egallashi
mumkin. Qattiq jismda, elektronlar soni
chegaralangan bo‘lganda, faqat quyi energetik
sathlar elektronlar bilan to‘lgan bo‘ladi.
Sohalarni elektronlar egallash tabiatiga asosan,
barcha jismlar ikkita katta guruhga bo‘linadilar.
Birinchi guruhga elektronlar to‘la egallagan
sohaga ega bo‘lgan qattiq jismlar kiradi (1-
rasm)[1-2].

Bunday energetik soha elektronlar bilan
gisman to‘lgan atom sathlaridan hosil bo‘lishi
mumkin, (ishqor metallarida). Qisman to‘lgan
soha, goh paytlarda, elektronlar to‘la egallagan
sohani gqisman to‘lgan soha to‘sganda ham hosil
bo‘lishi  mumkin. (Berillly va ishqor
metallarda) (1b-rasm). Ikkinchi guruhga
elektronlar to‘la egallagan sohadan yuqorida
bo‘sh sohalarga ega bo‘lgan qattiq jismlar
kiradi (1v - va 1g -rasmlar).

Qattiq jismlarning bunday namunaviy
misollariga Mendeleyev davriy jadvalining IV
guruh elementlari - uglerod, kremniy, germaniy
va kulrang qalay kiradilar. Bu elementlarning
kristall ~ panjaralari  olmos  tuzilishiga
o‘xshashdir. Shu ikkinchi guruhga ko‘pgina

ximiyaviy birikmalar - metall oksidlari,
nitridlar, karbidlar, galogenidlar, ishqor
metallari va  boshqalar kiradi.  Qattiq

jismlarning sohalar nazariyasiga asosan, tashqi
energetik sohalarning elektronlari, metall yoki
dielektrik bo‘lishiga garamay, amalda bir xil
harakat erkinligiga ega bo‘ladilar. Bir atomdan
ikkinchi atomga elektronlar tunnel o‘tish orqali
harakatlana oladilar.
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1 - rasm. Qattiq jismlar energetik sohalarini elektronlar egallash turlari.

Il. Eksperimental gism

Shunga qaramay bu qattiq jismlarning
elektr xususiyatlari bir-biridan juda kata farq
qiladilar. Metallarning elektr o‘tkazuvchanligi
0=10" Om?* m? ga, yaxshi dielektriklarning
elektr o‘tkazuvchanligi esa <10 Omim?
giymatlarga yaqin bo‘ladi. Kristall panjara
bo‘yicha  ko‘chishi  mumkin  bo‘lgan
elektronlarning  borligi  jismlarda elektr
o‘tkazuvchanlikning bo‘lishiga etarli omil
emas ekan [3-4].

Kristallga E - tashqi maydon
qgo‘yilganda, har bir elektronga bu maydon
F=-qE kuch bilan ta’sir etadi. Natijada,
elektronlarning tezlik bo‘yicha taqsimoti
simmetriyasi buziladi, tashqi kuchlarga qarshi
lektronlar harakati sekinlanishiga va tashqi
kuch ta’siri yo‘nalishida harakatlanayotgan
elektronlar tezlanishiga olib keladi. Yuqoridagi
tezlanish va sekinlanish, albatta elektronning
energiyasini o‘zgarishi bilan bog‘liqdir, bu esa
elektronni yuqori va quyi energiyali yangi
kvant holatlariga o‘tishini belgilaydi. Bunday
o‘tishlar, elektronlar egallagan energetik
sohada bo‘sh holatlar bo‘lgandagina sodir
bo‘ladi. Chunki bu vaziyatda kuchsiz elektr
maydoni ham elektronga bo‘sh kvant holatlarga
o‘tish uchun yetarlicha qo‘shimcha impuls
beraoladi. Natijada, qattiq jismdan tashqi
maydon yo‘nalishiga qarshi harakatlanayotgan
elektronlarning imtiyozi oshadi va elektr tokini
hosil bo‘lishiga olib keladi. Bunday qattiq
jismlar yaxshi o‘tkazgichlar bo‘lishi kerak.
Endi kristallning elektronlar bilan to‘la
egallangan valent sohasidan, o‘tkazuvchanlik

sohasi Eq keng energetik tirqish bilan ajralgan
bo‘lsin. Bunday kristallga qo‘yilgan tashqi
maydon elektronlarni  yuqoridagi  bo‘sh
o‘tkazuvchanlik sohasiga o‘tkaza olmaganligi
uchun valent sohasidagi elektronlarning
harakati tusini o‘zgartira olmaydi. Bo‘sh
energetik sathlardan holi bo‘lgan valent sohada
elektronlar  tezligi  bo‘yicha  tagsimot
simmetriyasini buzmasdan, faqat 0°z o‘rinlarini
almashtirishlari mumkin. Shuning uchun,
bunday jismlarda tashqi elektr maydon
elektronlarning yo‘naltirilgan harakatini hosil
gilaolmaydi. Bunday qattiq jism, tashqi
maydon ta’sirida elektr toki hosil bo‘lmagani
uchun, u elektr o‘tkazuvchanlikka ega
bo‘lmaydi. Xulosa qilib aytganda, -elektr
o‘tkazuvchanlik bo‘lishi uchun qattiq jismlar
energetik spektrida elektronlar bilan qisman
to‘ldirilgan energetik sohalar bo‘lishi zarur (1-
rasm). Qattiq jismlar energetik spektrida
bunday qgisman to‘lgan energetik sohalarning
bo‘lmasligi ularda elektr o‘tkazuvchanlik yo‘q
bo‘lishiga sabab bo‘ladi. Ikkinchi guruhdagi
qattiq  jismlarning  taqiqlangan  sohasi
kengligiga qarab, wularni dielektrik va
yarimo ‘tkazgichlarga bo‘lish mumkin.
Dielektriklarga, nisbatan keng
tagiqlangansohaga ega bo‘lgan qattiq jismlar
kiradi. Odatdagi dielektriklar taqiqlangan
sohasi kengligi Eg > 3 eV dan katta bo‘ladi.
Masalan, olmosda Eq = 5,2 eV, bornitrida Eg =
4,6 eV, alyumin oksidida Al203-Eg=7eV, ga
tengdir.

I11. Tadgigot natijalari
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Tor energetik sohalarga ega bo‘lgan
gattiq jismlar yarimo‘tkazgichlarga kiradi,
ularning kengligi taxminan ~1 eV atrofida
bo‘ladi [5-6].

Masalan:

Germaniyda (Ge):E; = 0,66 eV;
Kremniyda (Si): E;= 1,08 eV;
Antimonid indiyda (In Sb): E;= 0,17 eV,
Arsenid galliyda (Ga As): Eg= 1,42 eV.

Yarimo‘tkazgichlar - elektr tokini
yaxshi o‘tkazuvchi moddalar (o‘tkazgichlar,
asosan metallar) va elektr tokini amalda
o‘tkazmaydigan moddalar (izolyatorlar yoki
dielektriklar) orasidagi oraliq vaziyatni
egallagan moddalar sinfi.
Yarimo‘tkazgichlarning xossalari va
xarakteristikalari ularning tarkibidagi
kirishmalarning mikroskopik miqdoriga kuchli
bog‘langandir. Yarimo‘tkazgich tarkibidagi
kirishma miqdorini protsentning o‘n millionli
ulushlaridan to 0,1- 1% gacha o‘zgartirib, uning
elektr o‘tkazuvchanligini millionlarcha marta
oshirish mumkin.

Agar hech ganday kirishmalar mutlaqo
bo‘lmagan ideal yarimo‘tkazgich kristallni
olsak, uning elektr tokini o‘tkazish xususiyati
xususiy elektr o‘tkazuvchanlik deb ataluvchi
kattalik bilan aniqlanadi.

47

Yarimo‘tkazgich  kristallda atomlar
tashqi elektron qobig‘i elektronlari yordamida
o‘zaro bog‘langanligini (2 va 3 - rasm) larda
keltirilgan. Atomlarning issiqlik tebranishlari
vaqtida issiqlik energiyasi bog‘lanish hosil
qiluvchi elektronlar orasida notekis
tagsimlangan bo‘ladi. Ayrim elektronlar oz
atomidan «uzilib ketish» va kristallda erkin
ko‘cha olish imkonini beradigan etarli
miqdordagi issiqlik energiyasiga ega bo‘lib
olishi mumkin (boshqacha aytganda, ular
o‘tkazuvchanlik zonasiga o‘tadi).

Elektronning bunday «uzilib ketishi»
atomning elektr neytralligini buzadi, unda
«ketib qolgan» elektron zaryadiga miqdoran
teng musbat zaryad vujudga keladi.
Elektrondan bo‘shab qolgan bu holatni kovak
deyiladi. Bo‘sh holatni(vakant joyni) qo‘shni
bog‘lanishdagi elektron egallashi mumkin
bo‘lgani sababli kovak ham kristall ichida
ko‘chib yura oladi va u musbat zaryadli tok
tashuvchilik  vazifasini o‘taydi. Tabiiyki,
bunday sharoitda elektronlar va kovaklar teng
mikdorda vujudga keladi va bunday ideal
kristallning elektr o‘tkazuvchanligini  ham
musbat, ham manfiy zaryadlar bir xilda

belgilaydi [5-6].

2 -Rasm. Yarimo‘tkazgich kristallda donor atomlar tashqi elektron qobig‘i
elektronlari yordamida o‘zaro bog‘langanligi.

Germaniy yoki kremniy kristallining
atomlari  bir-biridan ~ shunday  masofada
tartiblanib joylashadilarki, bu atomlarning
tashqi elektron qobiqlari to‘ladi. Qo‘shni

atomlarning elektronlarida umumiy orbitalar
hosil bo‘ladi. Kovalent bog‘lanishlar shunday
hosil bo‘ladi.
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3 -Rasm. Yarimo‘tkazgich kristallda akseptor atomlar tashqi elektron qobig‘i
elektronlari yordamida o‘zaro bog‘langanligi.

Germaniyga kirishma sifatida davriy
sistemaning III gruppa kimyoviy elementlarini
kiritib, kristallda kovaklar kontsentratsiyasini
oshirish va elektronlar kontsentratsiyasini
kamaytirish mumkin.

Agar asosily yarimo‘tkazgich atomi
o‘rniga tashqi elektronlar qobig‘ida asosiy
yarimo‘tkazgich  atomiga nisbatan bitta
elektron ortiq bo‘lgan kirishma atomi joylansa,
u holda bunday elektron kristalldagi atomlararo
bog‘lanish tashkil qilish uchun kerakmasdek,
0‘z atomi bilan zaif bog‘langandek bo‘lib
goladi. Uni o‘z atomidan ajratib yuborish va
erkin elektronga aylantirish uchun yakka
atomdan ajratish uchun kerak bo‘ladiganidan
o‘nlarcha marta kam energiya etarlidir. Bunday
kirishmalarga  donor  kirishmalar, ya’ni
«ortiqgcha» elektron beradigan kirishmalar
deyiladi. Elektronidan ajralgan kirishma atomi,
tushunarliki, musbat zaryadlanadi, ammo bu
holda kovak paydo bo‘lmaydi, chunki faqat
atomlararo to‘lmagan bog‘lanishdagi elektron
vakansiyasi kovak bo‘la oladi, mazkur holda
esa barcha bog‘lanishlar to‘ldirilgan. Bu
musbat zaryad 0z atomi bilan
bog‘langanligicha (harakatsiz) qoladi va,
binobarin, elektr o‘tkazish protsessida qatnasha
olmaydi. Yarimo‘tkazgichga tashqi elektronlar
gobig‘ida asosiy modda atomiga nisbatan
kamroq elektron bo‘lgan kirishma Kkiritilsa, u
to‘lma gan bog‘lanishlar, ya’'ni kovaklar paydo
bo‘lishiga olib keladi. Yuqorida aytilganidek,
bu vakansiyani qo‘shni bog‘lanishdagi elektron
egallashi mumkin bo‘lib, bunda kovak kristall

bo‘yicha erkin ko‘chish imkonini oladi.
Boshqacha aytganda, kovakning harakati
elektronning bir qo‘shni  bog‘lanishidan
ikkinchisiga ketma ket o‘tishidir. Elektronni
«qabul  qiluvchi» bunday kirishmalarga
aktseptor kirishmalar deyiladi. U yoki bu
tipdagi kirishmalar miqdori oshgan sari
kristallning elektr o‘tkazuvchanligi borgan sari
ravshan ifodalanadigan elektron yoki kovak
o‘tkazuvchanlik bo‘lib qoladi. negativ va
positiv degan lotin so‘zlarining birinchi harflari
bilan muvofiq ravishda elektron elektr
o‘tkazuvchanlikka n- tip, kovak elektr
o‘tkazuvchanlikka p- tip elektr o‘tkazuvchanlik
deyiladi. Shu yo‘sinda mazkur yarimo‘tkazgich
uchun harakatchan zaryad tashuvchilarning
gaysi tipi asosly, qaysinisi asosiy emasligi
ta’kidlanadi.Kirishmalar mavjudligidagi (ya’ni
kirishmali) elektr o‘tkazuvchanliklar kristallda
avvalgidek ikki tipdagi tashuvchilarqolaveradi:
yarimo ‘tkazgichga asosan kirishmalar kiritish
hisobiga paydo bo‘lgan asosiy tashuvchilar va
issiqlik  harakati taqozo qilgan asosiy
bo‘lmagan tashuvchilar bo‘ladi. Muayyan
yarimo ‘tkazgich uchun ma’lum temperaturada
1 sm® dagi elektronlar soni (konsentratsiysi) n
va kovaklar soni p ko‘paytmasi o‘zgarmas
miqdor n p=const bo‘lishini ta’kidlab o‘tish
lozim [7-8].

Bu kirishmalarni  kiritish hisobiga
mazkur tipdagi tashuvchilar kontsentratsiyasini
bir necha marta orttirib, boshqa tipdagi
tashuvchilar  kontsentratsiyasini  o‘shancha
marta kamaytirish demakdir.
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Yarimo‘tkazgichlarning  yuqorida  bayon
gilinganlardan kelib chigadigan muhim xossasi
ularning temperaturaga va nurlanishga kuchli
sezgirligidir. Temperatura ko‘tarilgan sari
kristallda atomlarning tebranishlari 4-rasmda
o‘rtacha energiyasi ortadi va tobora ko‘proq
miqdorda bog‘lanishlar uziladi.

Tobora yangi va yangi elektronlar
hamda kovaklar juftlari paydo bo‘ladi. etarlicha
yuqori temperaturalarda xususiy issiqlik
o‘tkazuvchanlik  kirishma o‘tkazuvchanligi
bilan tenglashadi, hatto undan oshib ketadi.
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Kirishmalar kontsentratsiyasi qancha yuqori

bo‘lsa, bu effekt shuncha yuqoriroq
temperaturada sodir bo‘ladi.
Agar yorug‘lik kvantlari energiyasi

yarimo‘tkazgichdagi  bog‘lanishlarni  uzib
yuborish uchun etarli bo‘lsa, u holda yarim
o‘tkazgichli yorug‘lik bilan nurlantirib ham
bog‘lanishlarni uzib yuborish mumkin. Turli
yarimo ‘tkazgichlarda bog‘lanishlarni uzish
energiyasi turlicha, shuning uchun ular

nurlanish spektrining u yoki bu uchastkasini
turlicha sezadi.

4 - rasm. Yarimo‘tkazgich atomlarida temperatura ko‘tarilgani sari kristallda
atomlarning tebranishlari.

Yarimo‘tkazgichlarning bu eng muhim
xossalaridan vazifasi va qo‘llanish sohasi
turlicha bo‘lgan yarimo‘tkazgich asboblar
yaratishda foydalaniladi.

Birinchi  bo‘lib  amaliy qo‘llana
boshlangan yarimo‘tkazgich material selen
bo‘lgan edi. Hozirgi vaqtda germaniydek
yarimo‘tkazgichni ortda qoldirib eng ko‘p
qo‘llanilayotgan  yarimo‘tkazgich -  bu
kremniydir. Selen, germaniy va kremniy
elementar yarimo ‘tkazgichlar, ya’'ni
D..Mendeleev davriy sistemasi elementlari
bo‘lgan yarimo‘tkazgichlar turkumiga taallugli.
Germaniy va kremniy bilan bir qatorda davriy
sistemaning III va V, II va IV, II va VI
gruppalari elementlarining murakkab
birikmalari tobora keng qo‘llanilayotir. Bu
erda, masalan, galliy bilan margimush (galliy
arsenidi), galliy bilan fosfor, kadmiy, simob

Foydalanilgan adabiyotlar

bilan tellur  birikmalarini  va
birikmalarni esga olish lozim.
IV. Xulosa.

Yarimo‘tkazgichlarga zarur xossalar
beradigan kirishmalar sifatida bor, fosfor,
indiy, margimush, surma va boshqa ko‘p
elementlar  ishlatiladi.  Yarimo‘tkazgichga
kiritiluvchi kirishmalarning odatdagi miqdori
protsentning o‘nli va yuzli ulushlari orasida
bo‘ladi.  Muntazam  kristall  panjarali
(monokristall) hamda kirishmaning zarur
miqdori va tagsimoti qatiy nazorat qilinuvchi
yarimo‘tkazgich kristallarni hosil qilish -
maxsus tozalikka rioya qilingan sharoitda
yuqori darajada aniq va murakkab asbob-
uskunalar ishlatiladigan juda ham murakkab
texnologik jarayon. Yuqorida bayon qilingan
barcha jarayonlarni ham zonalar nazariyasi
yordamida tushuntirish mumkin [1-2].

boshqa
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TIO, yarimo'tkazgichli metall oksidi asosidagi quyosh elementi
elektrolitining elektrofizik xossalariga past dozali y-nurlanishlari ta'siri

M.A.Naimjonov' A.A.Abdukarimov?, O.0.Mamatkarimov?, A.X.Yunusov3.

Namangan davlat universiteti, Fizika kafedrasi, Boburshoh ko‘chasi. 161, 160107 Namangan,
O’zbekiston

2Namangan davlat texnika universiteti, Fizika kafedrasi, Kosonsoy ko‘chasi. 7, 160115 Namangan,
O’zbekiston

3 O‘zbekiston Milliy universiteti, Fizika fakulteti, Universitet ko‘chasi 4-uy, 100174 Toshkent,
O‘zbekiston

Annotatsiya. Ushbu eksperimental tadgiqotda bo’yoq bilan sezgirlashtiriigan DSSC (Dye Sensitized
Solar Cells) quyosh elementi elektrolitining elektrofizik xarakteristikalariga past dozali y-nurlanish ta'siri
o'rganildi. Tadgiqot davomida past dozali y-nurlanish DSSC elektrolitining zaryad tashish jarayonlari, ion
transporti va ichki garshilik holatiga ta'sir ko'rsatishi aniglandi. Tadgiqotlarning ko'rsatishicha nurlanish dozasi
150 Gy bo’lganda elektrolitning elektr o'tkazuvchanligi eng yuqgori giymatga ega bo'lib, ¢ = 7.152 X 1072 S/cm
ni tashkil etdi. Shu dozada elektrolitdagi zaryad tashuvchilarning konsentratsiyasi 6.10 x 10%° cm™3 ga,
harakatchanlik 7.32 x 1075 cm? V™! s™! ga, diffuziya koeffitsiyenti esa 1.91 x 107® cm? s™! ga tengligi
aniglandi. Nurlanish dozasi 150 Gy dan ortganda o’tkazuvchanlikning giymati yana pasayishi kuzatildi.

Kalit so'zlar: TiO,, metall oksidi, quyosh elementi, elektrolit, I~ /I;redoks juftligi, FTO shisha, y-
nurlanish, past doza, impedans, dielektrik singdiruvchanlik, ion transporti.

Abstract. In this experimental study, the effect of low-dose y-irradiation on the electrophysical
characteristics of the electrolyte used in dye-sensitized solar cells (DSSCs) was investigated. The results
showed that lowdose y-irradiation affects charge transport processes, ion transport, and the internal resistance
of the DSSC electrolyte. It was found that at an irradiation dose of 150 Gy, the electrolyte exhibited the highest
electrical conductivity, reaching o = 7.152 x 10~3 S/cm. At the same dose, the charge carrier concentration was
6.10 x 10%° cm~3, the mobility was 7.32x107°> cm? V-'s™!, and the diffusion coefficient was 1.91 x
107° cm? s~. When the irradiation dose exceeded 150 Gy, a decrease in the conductivity value was observed.

Keywords: TiO,, metal oxide, solar cell, electrolyte, I~ /I; “redox couple, FTO glass, y-irradiation, low
dose, impedance, dielectric permittivity, ion transport.

AHHOTauua. B gaHHOM 3KkcnepuMeHTanbHOM MCCregoBaHMM M3YYEHO BIUSHWE HU3KOOO3HOro y-
N3Ny4YeHnsi Ha ANeKTPoM3NYeCKNe XapakTEPUCTUKM INEKTPONMTa, NMPUMEHAEMOIO B CEHCUOUNN3NPOBAHHBIX
Kpacuternem cornHeyHbix anemeHTax DSSC. YcTaHOBNEHO, YTO HU3KOA03HOE y-00nyyYeHne okasbiBaeT BNUSHNE
Ha npoLiecchl NepeHoca 3apsaa, MOHHBIN TPaHCNOPT U COCTOSIHUE BHYTPEHHErO COMPOTMBIIEHUS 3NEKTPONMTa
DSSC. Pesynbratbl uccnegoBaHWsA nokasanu, 4YTo npu [ose obnyyeHus 150 p anekTponuT umeet
Hanborbluee 3HaYeHne ANEKTPUYECKO MPOBOANMOCTM, cocTaBnsatoLlee ¢ = 7.152 x 1073CM/cM. Mpw aToi xe
[103€ KOHLIeHTpaLms HocuTenen sapaaa coctasuna 6.10 x 10%° cm=3, nogsuxHocTb 7.32 X 1075 cm? B™1c71, a
koappuumeHT anddyanunm —1.91 x 1076 cm?c™t. Mpu yBenuueHwn [o3bl 06nyveHuss Bbiwe 150 [p
Habnganocb CHWXKEHNE 3HAaYEHUS MPOBOANMOCTH.

KnroueBble crnoBa: TiO,, okcua MeTanna, COMnHeYHbIN 3NeMeHT, SNeKTponuT, peaokc-napa 17 /1; 7,
FTO -cTekno, y-uany4yenue, Hu3kasa gosa, UMnegaHc, AnanekTpuyeckas NpoOHNLAEMOCTb, MOHHbIN TPAHCMOPT.

I. Kirish

Quyosh energiyasidan samarali
foydalanish bugungi kunda qayta tiklanuvchi
energiya manbalarini rivojlantirishning eng
muhim  yo'nalishlaridan  biri  hisoblanadi.
An'anaviy kremniyli quyosh elementlari yuqori
samaradorlikka ega bo'lsa-da, ularni ishlab
chigarish  texnologiyasining  murakkabligi,
tannarxining nisbatan yuqoriligi va maxsus
sharoitlarda ishlash barqarorligi bilan bog'liq
masalalar alternativ  fotovoltaik tizimlarga
bo'lgan qiziqishni oshirmoqda. Shu nugqtayi

nazardan, yarimo'tkazgichli metall oksidlari
asosidagi quyosh elementlari, xususan TiO,
asosida tayyorlanadigan DSSC (Dye-Sensitized

Solar Cell -bo‘yoq bilan sezgirlashtirilgan
quyosh  elementi)  arzonligi,  kimyoviy
barqarorligi, ekologik xavfsizligi va

fotoelektrokimyoviy jarayonlarda faol ishtirok
eta olishi bilan alohida ilmiy-amaliy ahamiyat
kasb etadi [1,2].

TiO, keng tagiqlangan zona energiyasiga
(3,2 eV) ega bo'lgan n -tip yarimo'tkazgichli
metall oksidi bo'lib, u fotoanod materiali sifatida
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3-avlod quyosh elementlarida keng qo'llaniladi.
TiO, qatlamining asosiy vazifasi yorug'lik
ta'sirida hosil bo'lgan erkin elektronlarni qabul
qilish va ularni tashqi zanjirga uzatishdan iborat.
Biroq bunday turdagi quyosh elementlarining
ishlash samaradorligi faqat TiO, qatlamining
xossalari  bilan emas, balki asosiy ishchi
gatlamlardan biri bo’lgan elektrolit qatlamining
elektrofizik va elektrokimyoviy xususiyatlari
bilan ham bevosita bog'liq. Aynigsa 17/
I; "redoks juftligiga ega elektrolit TiO,
asosidagi  quyosh  elementlarida  zaryad
tashuvchilar  almashinuvi, 1ion transporti,
oksidlanish-qaytarilish jarayonlari va ichki elektr
qarshilikni belgilovchi muhim komponentlardan
biri hisoblanadi [3,4].
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ichidagi ionlarning harakatchanligi va zaryad
tashish mexanizmi TiO,/elektrolit chegarasida
yuz beradigan zaryad almashinuv jarayonlariga
sezilarli ta'sir ko'rsatadi. Agar elektrolitning ichki
qarshiligi ortsa yoki ion transporti sekinlashsa,
bu  holat zaryadlarning  rekombinatsiya
ehtimolini oshiradi va quyosh elementining
fotoelektrik ~ parametrlariga  salbiy  ta'sir
ko'rsatishi mumkin. Shu sababli elektrolit
komponentining tashqi fizik omillar ta'sirida
ganday o'zgarishini o'rganish TiO, asosidagi
quyosh elementlarining ishlash mexanizmini
chuqurroq tushunish uchun zarur hisoblanadi. 1-
rasmda yorug’lik ta’sirida uyg’ongan holga
o’tgan elektronlarning turli rekombinatsiya
jarayonlari  keltirilgan. Rasmdan  ko’rish

Elektrolitning elektr o'tkazuvchanligi, —mumkinki bo’yoq gatlamida hosil bo’lgan erkin
qarshiligi, dielektrik singdiruvchanligi, elektronlar TiO, qatlamiga o’tish bilan bir
impedans xarakteristikalari (u-zaryad qatorda bo’yoq va elektrolit qatlamlariga
tashuvchilar harakatchanligi, n-konsentratsiyasi ~ rekombinatsiyalanadi.  Injeksiya  vaqtining
hamda D-diffuziya koeffitsiyenti) quyosh  kichikligi DSSC samaradorligini oshishiga
elementining umumiy elektrofizik holatini  bevosita xizmat qiladi.
aniqlashda muhim rol o'ynaydi. Elektrolit

0.05-150 ps
) = ~lps
~1 psg
Ee e 20 ns
B
I~ ~1ms :
100 ns- hv \ i
I ms LT g ~10 ps
\ ‘/~ 0.5 us
TiO, Dye (D) Rekombinatsiya tezligi

1-rasm. DSSC quyosh elementida elektron injeksiyasi va rekombinatsiya
jarayonlarining vaqt shkalalari bo'yicha sxematik tasviri [5].

Bundan tashqari elektrolitning
elektrofizik parametrlari ham quyosh
elementining samaraorligini belgilovchi

omillardan hisoblanadi.
Impedans spektroskopiyasi elektrolitdagi

zaryad tashish va qutblanish jarayonlarini
o'rganishda samarali usullardan biridir. Mazkur
usul yordamida elektrolitdagi zaryad
tashuvchilarning harakatchanligi,
konsentratsiyasi va diffuziya koeffitsiyenti
hamda TiO, elektrolit chegarasidagi zaryad

almashinuvi jarayonlari haqida ma'lumot olish
mumkin. Aynigsa nurlantirilmagan va turli
dozalarda y nurlantirilgan namunalar natijalarini
solishtirish orqali radiatsion ta'sir natijasida
elektrolitning ichki tuzilmasi va ion transport
mexanizmida yuz beradigan o'zgarishlarni
baholash imkoniyatini yaratadi.

Shu bois, ushbu maqolada DSSC
tizimlarida qo'llaniladigan [7 /I3 “redoks
juftligiga ega  gel-polimer elektrolitning

elektrofizik xarakteristikalariga past dozali y-

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Physics

nurlanish ta'siri eksperimental ravishda tadqiq
etildi. Namunalarga 0 Gy dan 200 Gy gacha
bo'lgan  y-nurlanish  ta'sir  qildirildi  va
nurlantirishdan oldin hamda keyin ularning elektr
o'tkazuvchanligi, qarshiligi, impedans
xarakteristikalari va dielektrik singdiruvchanligi
Hioki IM3570 impedans analizatori yordamida
o'rganildi. Ushbu o'Ichovlar y-nurlanish ta'sirida
gel-polimer  elektrolit  tarkibidagi  ionlar
harakatchanligi u, diffuziya koeffitsiyenti D va
zaryad tashuvchilar konsentratsiyasi n kabi
asosiy elektrofizik kattaliklarda yuzaga keladigan
o'zgarishlarni baholash imkonini beradi. Olingan
natijalar DSSC tipidagi quyosh elementlarida
qo'llaniladigan gelpolimer elektrolit
komponentining radiatsion barqarorligini
baholash uchun ilmiy asos bo'lib xizmat qiladi.

I1. Eksperimental metodlar
2.1 Foydalanilgan materiallar

Ushbu tadqiqotda DSSC tipidagi quyosh
elementlarida  qo'llaniladigan I~ /I; “redoks
juftligiga ega gel-polimer elektrolit namunalarini

tayyorlash uchun polimer asos, erituvchi,
plastifikatorlar va iodid asosidagi redoks
komponentlardan  foydalanildi.  Gel-polimer

matritsa hosil qilish uchun polyethylene oxide,
ya'ni PEO tanlab olindi. PEO gel-polimer
elektrolitlarda  ion  o'tkazuvchi ~ mubhitni
shakllantirish, komponentlarning bir jinsh
tagsimlanishini ta'minlash va elektrolitning
mexanik barqarorligini oshirishda muhim rol
o'ynaydi.

Elektrolit tayyorlashda erituvchi sifatida
DMF ya'ni dimethylformamid ishlatildi. PEO
dastlab DMF muhitida eritilib, gel-polimer
elektrolitning asosiy polimer eritmasi hosil
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chidamliligini oshirish maqgsadida ethylene
carbonate (EC) hamda propylene carbonate (PC)
plastifikatorlari qo'shildi. EC va PC polimer
zanjirlarining segmental harakatini kuchaytirib,
elektrolit ichida ionlarning harakatlanishini

yengillashtiradi.

2-rasm. [[J/I[1 1] redoks juftligiga ega
gel-polimer elektrolit tayyorlashda foydalanilgan
kimyoviy reaktivlar: PEO, DMF, EC, PC, TPAI
va I[].

DSSC tizimlari uchun zarur bo'lgan
redoks muhitni hosil qilish maqgsadida elektrolit
tarkibiga tetrapropylammonium iodide (TPAI) va
yod kristali ( I, ) qo'shildi. TPAI [ ionlari manbai
sifatida xizmat qiladi, I, esa I7/I; = redoks
juftligi hosil bo'lishida ishtirok etadi. Ushbu
redoks juftlik DSSC tizimlarida zaryad tashish,
ion almashinuvi va oksidlangan bo'yoq
molekulalarini qayta tiklash jarayonlarida asosiy
komponentlardan biri hisoblanadi.

Gel-polimer elektrolitni tayyorlashda moddalar
2-rasmda ko’rsatilgan va ularning miqdori 1-
jadvalda keltirilgan. Foydalanilgan kimyoviy

qilindi. ‘E1el‘<tr011t . tarkibida 1qnlar moddalarning barchasi Sigma-Aldrich firmasi
haralfatchanllglnl . .O?’h.l rish Ve, ’pgllmer mahsulotlari  bo’lib, qo'shimcha  tozalash
matritsaning elastikligini va tashqi ta’sirlarga jarayonlarisiz ishlatildi.
1-jadval.
Gel-polimer elektrolit tayyorlashda foydalanilgan materiallar
Material Belgilanishi | Miqdori | Vazifasi
Polyethylene oxide PEO 0.1g Polimer matritsa hosil qilish
N,N-dimethylformamide DMF 1 ml Erituvchi
Ethylene carbonate EC 025¢g Plastifikator
Propylene carbonate PC 0.25 ml Plastifikator
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Tetra-propylammonium iodide TPAI 02¢g 117 ionlari manbai
Yod 0 0.02 g ID{ID (] redoks juftligini hosil
qilish
2.2. Gel-polimer elektrolitni tayyorlash So'ngra elektrolit tarkibiga
texnologiyasi tetrapropylammoniy iodid (TPAI) qo'shildi.

Gel-polimer  elektrolit namunalarini
tayyorlash bir necha ketma-ket bosqichlarda
amalga oshirildi. Dastlab tajribada

foydalaniladigan barcha kimyoviy moddalar
analitik tarozi yordamida kerakli miqdorda
o'lchab olindi. Kerakli migdorda olingan PEO
polimeri DMF erituvchisida eritildi. PEO ning
DMF muhitida bir jinsli erishini ta'minlash uchun
eritma  magnit  aralashtirgich  yordamida
aralashtirildi 3-rasm. Ushbu jarayon 80°C
haroratda olib borildi. Natijada PEO ning DMF
dagi bir jinsli polimer eritmasi hosil qilindi.

3-rasm. Gel-polimer elektrolit tarkibiy
komponentlarini magnit aralashtirgich
yordamida bir jinsli holatga keltirish jarayoni.

Keyingi bosqichda eritmaga ethylen
carbonat (EC) qo'shildi. EC polimer matritsada
plastifikator ~vazifasini  bajarib, ionlarning
harakatchanligini oshirishga xizmat qiladi.
Shundan so'ng aralashmaga propylene carbonate
(PC) qo'shildi. PC ham gel-polimer elektrolit
tarkibida plastifikator sifatida ishtirok etib,
polimer zanjirlarining segmental harakatini
kuchaytiradi va ion transporti uchun qulay muhit
hosil qiladi. EC va PC qo'shilgandan so'ng
aralashma 60°C haroratda 50 daqiqa davomida
magnit aralashtirgich yordamida aralashtirildi.

TPAI gel-polimer elektrolitda lionlar manbai
sifatida xizmat giladi. TPAI qo'shilgandan keyin
aralashma 60°C haroratda 1 soat davomida
magnit aralashtirgichda aralashtirildi. Bu
bosqichda iodid ionlarining polimer-plastifikator
mubhitida bir tekis tagsimlanishiga erishildi.

Oxirgi bosqichda aralashmaga yod ( I, )
qo'shildi. I, ning qo'shilishi elektrolit tarkibida
[715 “redoks juftligini hosil qilish uchun zarur
hisoblanadi. Yod qo'shilgandan so'ng aralashma
xona haroratida 1 soat davomida aralashtirildi.
Ushbu bosqichda gel-polimer elektrolit tarkibida
redoks faol muhit shakllandi va aralashma
yakuniy gel holatiga keltirildi. Barcha namunalar
tayyorlangandan so'ng barqaror holatga kelishi
uchun bir kun davomida saqlandi.

elektrolit
tanga
orasiga

Tayyorlangan  gel-polimer
namunalari EIS o'Ichovlari uchun
ko'rinishidagi  metall  elektrodlar
joylashtirildi 4-rasm.

4-rasm. EIS o'Ichovlari uchun elekterolit
namunalari.

2.3 y-nurlantirish va EIS metodi

DSSC tipidagi quyosh elementlari turli
radiatsion mubhitlarda, xususan yuqori energiyali
fotonlar ta’siri mavjud bo‘lgan sharoitlarda
ishlashi mumkin. Bundan tashqari quyosh nuri
tarkibida ham  y-nurlanish mavjud bo’lib
to’g’ridan-to’g’ri nur tushgan materiallarning
ichki tuzilmasi, ion transporti va elektrofizik
xossalariga sezilarli ta’sir ko‘rsatishi mumkin. y-
nurlanishining materiallarga ta’siri quyidagicha
amalga oshadi:

Gamma fotonlar modda bilan uchta
asosiy yo'l orgali energiya almashadi [6]:
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1. Fotoelektrik yutilish (E}, < 0.1MeV)
2. Kompton sochilishi (0.1MeV < E, <
10MeV)
3. Juftlik hosil bo'lish (E}, = 1.022MeV )
Polimer yoki organik muhitda radikal
konsentratsiyasining vaqt bo'yicha o'zgarishini
oddiy model bilan ifodalash mumkin [7]:
dR

- = GD — k¢R* — ko,[0;]R (D

bu yerda R - radikal konsentratsiyasi, D-
doza quvvati, G - radikal hosil bo'lish
"rentabelligi" (G-qiymatga analog), k; -
radikallarning rekombinatsiya tezligi konst., ko,
- kislorod bilan reaksiyaning tezligi. Bu model
materialning muhitga sezgirligini va doza
quvvati ta'sirini sifat jihatdan tushuntiradi.

e

5-rasm. Gel-polimer elektrolit namunalarini Gammacell 220 Nordion International Inc.
qurilmasida past dozali Co y-nurlanish ta’sir qildirish.

Nurlantirishdan keyin barcha namunalar EIS
metodi yordamida tekshirildi. Olingan impedans

natijalari  asosida  elektrolitning  umumiy
impedansi quyidagi ifoda yordamida
xisoblanadi:

1Z] =(Z")? + (Z")? 2)
bu yerda Z' va Z" mos ravishda impedansning
haqiqiy va mavhum qismlaridir. EIS natijalari
asosida zaryad tashuvchilarning diffuziya
koeffitsiyenti D, harakatchanligi u hamda
konsentratsiyasi n quyidagi ifodalar orqali
ifodalanadi [8 ozimizniki]:

_ (kerge$)?

= 3)

T
bu yerda k - fittingdan aniglanadigan
koeffitsiyent bo'lib k = % ga teng, €, - dielektrik
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Shu  sababli  DSSC  tizimlarida
go‘llaniladigan gel-polimer elektrolitning -
nurlanishga nisbatan barqarorligini baholash
muhim hisoblanadi. Mazkur tadqiqotda [1[1Co
gamma manbaiga ega Gammacell 220 qurilmasi
go‘llanildi (5-rasm).

Tadqgiqot uchun jami beshta namuna tayyorlandi.
Ulardan biri 0 Gy nazorat namunasi sifatida
nurlantirilmasdan  saqlandi, qolgan to'rtta

namunalarga esa mos ravishda 50 Gy, 100 Gy,
150 Gy va 200 Gy dozalarda y-nurlanishlari
ta’sir ettirildi. y-nurlantirish jarayoni Malaya
Universiteti huzuridagi ,,Centre for Ionics®
laboratoriyasida malga oshirildi.

singdiruvchanlik, &, - vakuum dielektrik
doimiysi, S - elektrod yuzasi.
Zaryad tashuvchilar harakatchanligi Nernst-

Einstein munosabati orqali aniglandi:
eD

= @)

yoki
e(kereyS)?

W= )
bu yerda e - elementar zaryad, kg - Boltsman
doimiysi, T - absolyut temperatura.
Elektrolitning ion o'tkazuvchanligi quyidagicha
ifodalanadi:

o = nue (6)
(5) va (6) formulalardan foydalangan holda ion
o'tkazuvchanlik uchun quyidagi ifodani ham
keltirib chigarish mumkin:
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_ ne(kergpS)?

0=—"— (7)
kpTt
Yuqoridagilardan zaryad tashuvchilar
konsentratsiyasi quyidagicha aniglandi:
— okpTt 8
e2(kerggS)? ( )
Dielektrik  singdiruvchanlik ¢, esa EIS
natijalaridan quyidagi ifoda orqali hisoblandi:
& = ©

bu yerda A; - admittansning mavhum qismi, w =
2ntf - burchak chastota, C, - geometrik sig'im.
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Co = &% (10)
bu yerda [ - elektrodlar orasidagi masofa.

EIS o'Ichovlari IMPEDANCE ANALYZER
IM3570 Hioki qurilmasida bajarildi 6-rasm.
Nurlantirilgan namunalar natijalari 0 Gy nazorat
namunasi bilan taqqoslandi. Shu orqali past
dozali  y-nurlanishning DSSC tizimlarida
qo'llaniladigan gel-polimer  elektrolitning
elektrofizik parametrlariga ta'siri tahlil etildi.

6-rasm. Gel-polimer elektrolit parametrlarini EIS metodi yordamida o‘lchanish jarayoni.

III. NATIJALAR VA MUHOKAMAR

3.1 Impedans spektri tahlili

Olingan  Nyquist  spektrlari  gel-polimer
elektrolitda y-nurlanish dozasi ortishi bilan
impedans komponentlari va elektrod-elektrolit

400
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chegarasidagi qutblanish jarayonlari o'zgarishini
ko'rsatdi. Grafikda impedansning haqiqiy qismi
Z' va mavhum gismining manfiy qiymati —Z"
o'rtasidagi bog'lanish tasvirlangan..
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7-rasm. Turli y-nurlanish dozalarida gel-polimer elektrolit namunalarining Nyquist impedans
spektrlari.

7-rasmdan ko'rinadiki, 0 Gy nazorat
namunasida —Z'' qiymatlari nisbatan kichik
bo'lib, bu elektrod-elektrolit chegarasidagi
qutblanish jarayonlari boshlang'ich holatda
sustroq ekanini bildiradi. y-nurlanishdan keyin
esa barcha namunalarda —Z" qiymatlari ortib,
qutblanish komponenti kuchaygani kuzatildi.
Eng yuqori —Z" qiymati 150 Gy
namunada gayd etildi. Bu ushbu dozada elektrod-
elektrolit chegarasida zaryad to'planishi va
qutblanish jarayonlari eng kuchli namoyon
bo'lganini ko'rsatadi. Shu bilan birga, 150 Gy
spektrining Z' o'qi bo'yicha eng qulay siljishi
elektrolit ichida ion transporti uchun nisbatan
yaxshi elektrofizik holat shakllanganini bildiradi.
Shu sababli Nyquist spektri bo'yicha eng yaxshi
natija 150 Gy dozada kuzatildi.
8,0E-03
7,0E-03
5 6,0E-03
2
5 5,0E-03
4,0E-03

3,0E-03
0 50 100 150 200

Gy

a)

50 Gy va 100 Gy namunalarida ham 0 Gy
ga nisbatan sezilarli o'zgarish kuzatiladi, biroq
ularning ta'siri 150 Gy dagidek kuchli emas. 200
Gy namunada esa qutblanish komponenti 0 Gy ga
nisbatan yuqori bo'lib qolgan bo'lsa-da, 150 Gy
dagi optimal holat biroz susaygani ko'rinadi.
Demak, impedans spektri tahliliga ko'ra, eng
yaxshi doza 150 Gy, eng sust elektrofizik holat
esa 0 Gy nazorat namunasida kuzatildi. 200 Gy
da radiatsion ta'sirning ijobiy effekti gisman
saglangan, ammo yuqori doza sababli optimal
holat pasaya boshlagan.

3.2. Elektr o‘tkazuvchanlik va
garshilik tahlili
Gel-polimer elektrolitning elektr o'tkazuvchanligi
o va hajmiy qarshiligi Rp,y-nurlanish dozalariga
bog'liq holda tahlil gilindi.

29

27

25
G 23
x 21

19

17
15

hajmiy

0 50 100 150 200 250

Gy

b)

8-rasm. y-nurlanish dozasi ortishi bilan gel-polimer elektrolitning elektr o'tkazuvchanligi va
hajmiy qarshiligi R, ning o'zgarishi: a) elektr o'tkazuvchanlik, b) hajmiy qarshilik.

Natijalarga ko'ra, 0 Gy nazorat
namunasida hajmiy qarshilik eng katta qiymatga
ega bo'lib, R, = 28.6748Q ni tashkil etdi. Shu
holatda elektr o'tkazuvchanlik eng kichik
giymatda, ya'ni o = 4.442 x 1073 S/cm bo'ldi.
y-nurlanishdan keyin R, kamayib, o ortdi. Eng
yaxshi natija 150 Gy dozada kuzatildi: bunda
R, = 17.55343Q)0 gacha kamaydi, elektr
o'tkazuvchanlik esa maksimal qiymatga, o =
7.152 x 1073 S/cm ga yetdi. Bu 150 Gy dozada
ion transporti uchun eng qulay elektrofizik holat
shakllanganini ko'rsatadi. 200 Gy dozada R, =
20.8675Q gacha ortib, ¢ = 6.034 X 1073 S/cm
gacha kamaydi. Bu qiymat 0 Gy ga nisbatan
yaxshi bo'lsa-da, 150 Gy dagi optimal holat biroz

susayganini bildiradi. Demalk, elektr
o'tkazuvchanlik bo'yicha eng samarali doza
150 Gy, eng sust holat esa 0 Gy nazorat
namunasida kuzatildi.
3.3 Dielektrik singdiruvchanlik

Ma’lumki  elektrolitning  dielektrik
singdiruvchanligi undagi zaryad tashuvchilar
hosil bo’lishi va harakatini belgilovchi asosiy
omillardan biri hisoblanadi. Shuning uchun ushbu
ishda elektrolit namunalarining dielektrik
singdiruvchanligi &, y-nurlanish  dozasi va
chastotaga bog'liq holda tahlil qilindi. 9-rasmdan
ko'rinadiki, barcha namunalar uchun &, qiymati
chastota ortishi bilan keskin kamayadi. Past
chastotalarda ionlar va dipollar tashqi elektr
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maydon ta'sirida yetarli darajada qutblanish hosil
qgiladi, shuningdek elektrod-elektrolit chegarasida
zaryad to'planish jarayonlari kuchli namoyon
bo'ladi. Chastota ortishi bilan ion va dipol
qutblanishining ulushi kamayadi, shu sababli &,
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gqiymati yuqori chastota sohasida pasayadi.
Nurlanish dozasi 150 Gy bo’lgan holatda
dielektrik singdiruvchanligining qiymati

maksimalga erishdi bu esa ushbi doza dielektrik

singdiruvchanligi uchun optimal doza ekanligini

bildiradi.
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9-rasm. Turli y-nurlanish dozalarida elektrolit dielektrik singdiruvchanligining chastotaga bog‘liq

o‘zgarishi.

3.4. Zaryad tashish parametrlarining y-nurlanish dozasiga bog'liq o'zgarishi
Gel-polimer elektrolitning zaryad tashish xossalarini baholash uchun zaryad tashuvchilar
konsentratsiyasi n, harakatchanlik u va diffuziya koeffitsiyenti D qiymatlari tahlil gilindi.
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10-rasm. Gel-polimer elektrolitda y-nurlanish dozasiga bog'liq zaryad tashish parametrlari: a) zaryad
tashuvchilar konsentratsiyasi n, b) harakatchanlik pu, c) diffuziya koeffitsiyenti D.

Natijalarga ko'ra, n qiymati 0 Gy da
5.51 x 1029 cm™3 bo'lib, 50 va 100 Gy da
kamaydi. Eng kichik konsentratsiya 100 Gy da (
3.73 X 102° cm™3 ), eng yuqori qiymat esa 150
Gyda (6.10 x 10%° cm™3 ) kuzatildi. Bu 150 Gy
dozada erkin zaryad tashuvchilar soni ortganini
ko'rsatadi. Harakatchanlik p bo'yicha eng kichik
qiymat 0 Gy namunada (5.03 x
107> cm? V™1 s71) gayd etildi. y nurlanishdan
keyin p ortib, 100 Gy va 200 Gy da maksimal
giymatga ( 9.25x 107> cm? V~1s71 ) yetdi.
Diffuziya koeffitsiyenti D ham shunga yaqin
o'zgarib, eng kichik qiymat 0 Gy da ( 1.30 X
107° cm? s71), eng yuqori giymat esa 100 Gy va
200 Gy da (2.42 % 107° cm? s71) kuzatildi.
Umumiy tahlil shuni ko'rsatadiki, u va D bo'yicha
100-200 Gy oralig't yuqori qiymatlarni beradi,
ammo zaryad tashuvchilar konsentratsiyasi n va
oldingi bo'limdagi elektr o'tkazuvchanlik
natijalari bo'yicha eng qulay holat 150 Gy dozada
kuzatiladi. Demalk, zaryad tashish
parametrlarining kompleks bahosiga ko'ra, 150
Gy doza gel-polimer elektrolit uchun eng
samarali radiatsion ishlov sharoiti sifatida

qaralishi mumkin. 0 Gy esa eng sust holat bo'lib,
unda u,D va elektr o'tkazuvchanlik eng past
giymatlarga yaqin bo'ladi.

IV. XULOSA

Ushbu tadqiqgotda DSSC  quyosh
elementlari elektrolitining elektrofizik
xarakteristkalariga y-nurlanishi ta'sirini

o'rganish uchun [11Co gamma manbaiga ega
Gammacell 220 qurilmasi yordamida 0-200 Gy
oralig'idagi past dozali y-nurlanishi ta'sir ettirildi.
Tadqiqotlarning ko'rsatishicha nurlanish dozasi
150 Gy bo'lganda elektrolitning elektr
o'tkazuvchanligi eng yuqori qiymatga ega bo'lib,
0=7.152x10"3S/cm ni tashkil etdi. Shu
dozada elektrolitdagi zaryad tashuvchilarning
konsentratsiyasi 6.10 x 1029 cm™3 ga,
harakatchanlik 7.32x 107> cm?2V~1s™1 ga,
diffuziya koeffitsiyenti esa 1.91 X 107 cm? s™1
ga tengligi aniglandi. Nurlanish dozasi 150 Gy
dan ortganda o'tkazuvchanlikning giymati yana

pasayishi kuzatildi. Xulosa o'rnida aytish
mumkinki, Gamma nurlanishlari elektrolit
tarkibidagi  polimer material va organik

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Physics

moddalarga ta'sir ko'rsatadi. Bu esa ulardagi
elektronlarning harkatini cheklaydi.
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MaTtemaTn4yeckas moaenb TepMUYECKON 0OpaboTKU 3ybyaTon perkun

LUBEMHOMN MALLUUHBbI C NMOMOLUBbIO JN1a3epHOoro ry4ya
Anues lllaBkat baxTusip yrium
“University of Business and Science”, Pecnyosinka Y3oexkucran, r. Hamanran

AHHOTaLWIﬂ: B craTtbe npuBOoAATCA cCBeadeHUA No TeopeTU4eCKMM OCHOBaM, TEXHOJOrM4Yeckmum
npoueccam 1 obopygoBaHuUio Ans nasepHas TepMmnyeckas obpaboTka ManoyrnepogucTon ctanu, kotopas 13
BCEX TEXHONormv nasepHon o06paboTkum nonyyuna Havboree WMPOKOe MNPOMBIWMEHHOE MPUMEHEHME.
PaccmoTpeHbl hmanyeckne siBNeHns 3akanku, Mogenu ansi pacdeta OCHOBHbIX TEXHONOMMYECKNX NapameTpoB
npouecca. [laHbl pekoMeHgauum no BbIGopy pexnmoB 06paboTKM CTanbHbIX MaTepuarnos C NCMOMb30BaHNEM
HenpepbIBHONo 1 UMNyrbCHO-Nepnoan4eckoro n3ny4yeHna npomMblLlLUIIEHHbIX J1Ta3epoB.

KnioueBble crnoBa: nasepHast TepmoobpaboTka, cTanb, TEXHONOIUS, HENPEPbLIBHO, NMPOMBILLMIEHHOE
npuMmeHeHue, I'IJ'Ia3MeHHOIZ, SJ'IeKTpOHHO-J'Iy‘-IeBOVI n3ny4yeHuda, nyd, CBETOBOM NOTOK, 3aKaneHuna matepunana,
3(PPEKTUBHOCTD.

Abstract: The article provides information on the theoretical foundations, technological processes
and equipment for laser heat treatment of low-carbon steel, which has received the widest industrial application
of all laser processing technologies. Physical phenomena of hardening, models for calculating the main
technological parameters of the process are considered. Recommendations are given for choosing modes of

processing steel materials using continuous and pulse-periodic radiation of industrial lasers.
Key words: laser heat treatment, steel, technology, continuous, industrial application, plasma, electron
beam radiation, beam, luminous flux, material hardening, efficiency.

|. BBeaenue

Xapaktep (U3MYECKUX SIBJICHUH Ha
JUIEBOM MOBEPXHOCTU CEUEHUS OIpeNesieTCs
IJIOTHOCTBIO MOIITHOCTU CBETOBOrO mMoToka. Ilo
MEepe  YBEJIMYEHHUS  YAEIbHOM  MOIIHOCTH
YBEJIMYNBAETCS TeMIeparypa nepenHen
MIOBEPXHOCTU CEYEHUS U CPEIHSSA CKOPOCTb €ro
nBukeHus. [lo cpaBHEHMIO C TpaJUIIMOHHBIMU
UCTOYHUKAMU  TEIUId, HUCIOJb3YEMBIMU B
KHCIIOPOJIHBIX, IJIa3MEHHBIX M 3JIEKTPOHHBIX
nporeccax — 00paboTKH,  CHOKYCHUPOBaHHBIE
Ja3epHble JTy4d 00eCleurBaloT B MOJTOpa pas3a
Oonee  BBICOKYIO  IUIOTHOCTb  JHEpPTrHH,
JOCTaBISIEMYI0 B AHOMAJIBHO Mallyl0 30HY
BO3JICUCTBHUS.

3a CeKkyHJy TaKOil CBETOBOM MOTOK HE

TOJBKO pacriaBisieT TPYJIHOIUIABKUE
Marepuajibl, HO MW YaCTHYHO MCIAPACT UX
IIOBEPXHOCTb. B mpolecce pe3ku CBETOBOM

MOTOK, MaJalolMi Ha MaTepuan, 4YacTUYHO
MOTJIOLIAETCSl  MOBEPXHOCTBIO  Marepuaia,
pacruiaBJIeHHOM  IUIGHKOW W OOKOBBIMH
MIOBEPXHOCTAMHU PE€3a, a YaCTUYHO OTPAKAETCS.
[Ipy BBICOKOM IUIOTHOCTM JHEPIHHM 4acTh
U3JIy4yeHUs TOIJIOIAETCsl MPOAYKTaMH pacraza
MaTepuanga, B pe3ylbTare Yero CHUXKAETCS
3¢ (HEeKTUBHOCTH PE3KHU.

OCHOBHBIMU (PU3UYECKHUMH TpOLIECCaMU
Ja3€pHBIX TEXHOJIOTMH SBISIOTCS CIEAYIOLINE
[1]:

Hcnapenne (1 abnsius B pacruIaBIeHHON
daze) — mHambosiee TOMYJSPHBIA TMPOIIECC,

JIEXKAIIAH B OCHOBE OOJIBLLIMHCTBA
MIPOMBIIILICHHBIX TEXHOJIOTUI JIFOOBIX
MaTepI/IaJIOB B MI/IKpOBJIeKTpOHI/IKe,

MUKPOMEXaHUKE U MHUKPOONTHKE; MPOOIEMBI
TOYHOCTH U KaueCTBa OCTAIOTCS aKTyaJIbHBIMU U
B HACTOSLIEE BPEMS;

Harpes no temmeparypsl pa3MAr4eHus
(wnum TiaBneHus) M gedopManus B BA3KO-
KHUJIKON (a3e (HAMOJHEHHON MeXaHMYECKUMH
BO3JICHCTBUSIMU - DACTSIKEHHE, BpaLICHHE WU
T.1.), TpPUMEHsAEMble Ui  W3TOTOBJICHHS
OJIMKHETOIbHBIX ONTUYECKUX 30H/IOB,
MEIULMHCKUX ONTHYECKUX MTPHUOOPOB U T.1.;

HampaBneHHBII ~ JIOKaIbHBIM ~ HAarpes,
CO3Jar0IUI KOHTPOJIUPYEMOE oJIe
HaNpsHDKEHUW, NPUBOAUT K KOHTPOJIUPYEMOt
negopMaluy JTUCTOBBIX MaTepUaIOB HE TOJIBKO
sl 1eneid GopMOBaHUS, HO W JIJII TOYHOM
COOpPKM ¥ UEHTPOBKM MHKPOMEXaHHYECKUX
kommonenTos(laser forming);

JlokanbHBI  HArpeB, MPUBOIAIIMU K
TIOSIBJICHUIO M30BITOYHOTO JaBJICHUS Ta3a (Tapa)
MEXIY JBYMsl ydyacTKaMU Cpelpl (Hampumep,
IUICHKA-TIOJUIOKKA) € IIeJIbI0  CO3JaHus
HaIpaBJIEHHBIX MHKpoaedopMaruii u
CMEIICHUM;

[Tocnolinsii CUHTE3 TPEXMEPHBIX
OOBEKTOB MOCIOWHBIM METOIOM, BKIIIOUas
CTEpPEOIUTOrpauio, CENEeKTUBHBIM Jla3epHBIH
HarpeB M H3rOTOBJEHUE JIAMUHHPOBAHHBIX
00BEKTOB;
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JlazepHBIe TIpOIIECCHI B COYCTAHUU C

IPYTUM  W3IYy4CHHEM WA  IUIa3MOH IS
WHIYKIUH TTOTJIONICHUS;

ManunyniupoBaHue MUKpPOYACTUIIAMHU
(MonekymsipHas cOOpKa) OCHOBAHO Ha 3axBare
YacTUIl B I[EHTPE JIa3epHOTO  H3ITYYCHHUS
CBCTOBBIM  JaBIICHHEM U  IOCIEAYIOIIEM
MMOCTPOCHUH MUKPOCTPYKTYP.

1. OcHoBHas YacTh
JlazepHblE TEXHOJIOTMM MOTYT  OBITh

OCHOBaHbl HE TOJIbKO HAa BBICOKOW IUIOTHOCTHU
MOIIIHOCTH, HO ¥ Ha BBICOKOH IJIOTHOCTH
(GOTOHOB, 4YTO BaXHO [UIsl  HEJIMHEHHBIX
mporeccoB  (HEIMHEHHOE  MOTJIONICHUE B
CJIa0oMOromaroIeil  cpeae), CeNeKTUBHBIX
TEXHOJIOTHI (XUMUYECKUX, OMOMEIMIIMHCKUX
TexHoJoruil). B 30He hoKkycupoBKHU yya MOTYT
UCIIOJIb30BAThCS CUJIBHBICE W UYPE3BBIUANHO
CIWIIbHBIE  JJICKTPOMarHuTHele  monsi. B
MOCIICIHEE BpPEMsI TIOSBHIIMCH TEXHOJIOTHH,
UCIOJIB3YIOIIHE CBETOBOE JaBJICHUE
(MAaHMITYJIAIIAA ¢ MHUKPOYACTUIIAMH, ATOMHO-
MOJIeKYJIsipHass cOOpka - JIa3epHbI 3axBarT,
CBETOBOE JIaBJICHUE Pag = (1 +
R)ompenensercs BbIpaKCHHEM, Tae€ & —
0o0BeMHas TUIOTHOCTh SHEPTUU M3NTydeHus, R —
KO3 QHIMEHT HOBEPXHOCTHOIO OTpakeHus) [2].

B 10 ke BpeMs OOJBIIMHCTBO Ja3epHBIX
TEXHOJIOTUI OCHOBAHO Ha TEIJIOBOM
BO3JEHUCTBUU HM3IydeHHs. [[aBailTe mocMoTpum
Ha 3TO MOIPOOHO.

Korna nyu nasepHoro uziaydeHus najaer
Ha TOBEPXHOCTh MaTepHala, 4acTh H3ITY4eHUS
OTpa)kaeTcs OT HETO, a YaCTh MPOHHUKAET BIITyOb
MaTepuaia U MOTJIOMAeTCs UM.

PacnpocTpanenune u3nydeHus B BEIIECTBE
00BIYHO OMUCKIBaeTCs 3aKOHOM byrepa[3]:

q(x) = qo(1 — R) exp(—ax),

rae q(x) — IUIOTHOCTh MOIIHOCTH HW3JIyYECHHS,
pacTloJOKEHHOTO HA  PacCTOSHUU X OT
MOBEPXHOCTH  BemiecTBa;  q(Xx) —IUIOTHOCTH
MOIIIHOCTH  TaJarolero  us3nydeHus; R-
KOO (UIIMEHT OTpPaKeHUsS TMOBEPXHOCTH, Q —
MOKa3areidb OCIa0JIeHUs CBeTa B BEIIECTBE.
Matepus HarpeBaeTcsd, Korja IOIJIOLIAeT
u3nyyeHue. PexxuMbl HarpeBa Marepuana,
COOTBETCTBYIOIIME CHUJIBHOMY (BHEUIHEMY) U
ciabomy (o6beMHOMY) MIOTJIOIICHUTIO
U3ITyYEHUS.

J1Jiss MHOTHX TEXHOJIOTHYECKHX TPOIIECCOB

62

WCTIOJIB3YEeTCs JIa3epHOE M3IyYCHHE C JUTHHAMHU
BOJIH, PACIOJOXKCHHBIMU B  CIHEKTPAIbHOU
00JIaCTH  CWJIBHOTO TIOTJIOIICHHS BEIIECTBa,
MMOCKOJILKY OHO OOECHeYMBaeT JIOKAJIbHBIN
s dexr u BBICOKYIO 3¢ peKTUBHOCTH
WCIIONIb30BAHUSI  CYIIECTBYIOIIEH  DHEPIHH.
CuibpHOE TIOTJIONICHHE CBETa MPOUCXOAHUT B
MOJIYIPOBOJIHUKAX W MeTalylaX TpH  UX
«METAIUTH3AIIAN JIOCTAaTOYHO CHJIbHBIM
M3IIy4EHUEM, a TAaK)KE B TMOJIYNPOBOIHHKAX U
JMRJICKTPUKAX, KOTJIA JUTMHA BOJHBI M3ITy4CHHS
HaXOgUTCSI B WX  OCHOBHOU  oOnactu
noromieHus. [Ipu 3ToM TiyOMHA TOTJIOIIEHHMS
W3ITydeHUsT OOBIYHO 3HAYUTEIIBHO MEHBIIE
XapaKTepHOTO 3HAYCHUS
temmonposoxsocTr.(1/a<kNat, rme T — Bpems
BO3/ICHCTBUS U3TYUYCHUS, 0L — TETUIOIPOBOTHOCTD
MaTepuaia). B Takux yCIOBUSX HCTOYHHUK TeILIa
B MaTepualic IMPAKTHYECKH TOBEPXHOCTHBIM.
[Ipm MaTemMaTHYeCKOM pEIICHUU YpPaBHCHHS

teruoniepenaun  (1.2)  y4uuTBIBaeTcs - 3TO
MOBEPXHOCTHOE TpanuuHoe ycnoBue (1.3).
TonmmHa Harperoro ciosi B Marepuaie

OIpPCACIACTCA XapaKTCPUCTHUICCKUM 3HAYCHHUEM

TETIONPOBOHOCTH VaT. PexuMbl n3TydeHns,
obOecrieunBaomue  OOBEMHOE  TOTJIONICHHE
msnydenns  l/o>Vat, wcmome3yiotcs  mpu
HEe00XO0IMMOCTH CO3/1aHUA 00BEMHOTO
WCTOYHMKAa  Tema B  oOpabaTpiBaeMOM
MaTepuange WM TpH KOPPEKIUU H3ITYIeHUS
BHYTpH 00beMa (¥ JIOKAJIbHOU 00paboTkm) [4].
CyuiecTByroT pa3iuyHbIe
MaTEeMaTHYECKHE METOJbI PEHICHUS YPaBHCHHIMA
TEIUIONepeaul, Cpead KOTOphIX Haumbosee
9acTO WCIONB3YIOTCS METOABl HHTETPATBLHOTO
npeoOpa3oBaHus (B TOM YHUCIe MpeoOpa3zoBaHue
Jlannaca), METO/T Dype (paznenenus
MEePEeMEeHHbIX) W MeToJ ucrouHuka. Cremyer
OTMETUTh, YTO TIPH HArpEeBaHUU MaTepHalia
WU3MEHSIFOTCS ero ONITUYECKUE u
Ternopru3nuecKre CBOMCTBA, 0COOEHHO
koa¢dunment Boccrtanosnenus R. Kpome toro,
Ha TpOIECC HarpeBa OOJIBIIOE  BIIUSHHUE
OKa3bIBaCT BPEMEHHAasT W MPOCTPAHCTBEHHAS
CTPYKTypa H3JIy4eHHs. DTH (PaKTOphl WHOTIA
HEOOXOMMO  YYUTHIBaTh, YTOOBI ~ TOYHO
OTIPEICIIUTL BPEMEHHOE W TPOCTPAHCTBEHHOE

pacmpenelnieHie TeMIepaTypbl HarpeBaeMoro
M3JIy9eHHUEM OOBEKTA.
IIpu  HarpeBaHum  Tena  Ja3€pHBIM

W3Jy4€HUEM B HEM AaKTHUBUPYIOTCS pa3iHuHbIC

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Physics

npoueccbl. K HUM OTHOCATCS 3MHCCHOHHBIE
npoueccsl  (3MHCCHSL  3JIEKTPOHOB, HOHOB,
HEUTPAJIbHBIX MOJIEKYN), MOBEPXHOCTHBIE H
00BEMHBIC XUMHUYECKUE PEAKIIUU, CTPYKTYPHBIS
W3MEHEHUs,  TEIUIOBOE  pacllupeHue WU
TEPMOMEXaHUYECKUE IPOLECCH], IUIABJICHUE,
ucrapeHue U Jp. B ocHOBe 3TuUX M3MEHEHMI

MOXET JIeXKaTh OIIPEIEIICHHBIN
TEXHOJOTHYECKUM IPOLECC —  HaIupuMep,
HCIIapEHUE U IIJIABJICHUE IIPU PE3KE U CBEPIICHUU
OTBEPCTHH, IUTABJICHUE pu CBapkKe,

CTPYKTYpHBIE M3MEHEHHUS] IpPU TEPMUUYECKOU
OTJIEJIKE MAaTEepUaJOB.

Ha npakTtuke npu onpeaeneHuu OCHOBHbBIX
MapaMeTpoB Ipoiiecca B OONBIIUHCTBE CIIy4aeB
He TpeOyeTcsl TOYHO pellaTh TEIUIOBYIO 3ajauy,
HA00OpPOT, TOCTATOYHO OLICHUTH MPENEIbHYIO
IUIOTHOCTh ~ MOIIHOCTH HU3Iy4YeHUs ) (Wiu

63

sneprus  (W,)). TloporoBas  IUIOTHOCTH
MOIITHOCTH H3JIy4CHUS — OTO BEIUYHMHA, IPH
KOTOPO# B 00JIydaeMOM MaTepHualie IpOUCXOIAT
ONpEIeICHHbIC ~ M3MEHCHHs.  TeOpPETHYCCKH
BEIMYMHA (, OINPEHCIICTCS KaKk 3HAYCHHUC
IUIOTHOCTH MOIIHOCTH IaJalOIIero H3Iy4CHHS
(q0), Ipu KOTOPOM MaKCHMaJIbHasl TeMIIepaTypa
obOpabaTbiBaEMOro  Marepuajia  JOCTHracT
3HayeHus T,, COOTBETCTBYIOIIETO HAYaay 3TOTO
mporecca (HarmpuMep, 3TO €ro KHUIIEHHE TOYKa

ucrapenus  marepuana). I[lo  oxoHUaHUM
BO3JICHCTBUSL ~ HUCXOAHBIE  XapaKTEPUCTUKU
MO>XKHO OTIPEICIUTh u3 BBIPKCHHUS,

OTIPEISIIAIONIETO TEMIIEPATYPy Ha MOBEPXHOCTH
00BbeKTa B IIEHTpPE 00JIy4aemMoro IoJjsi B BHJIE
Kpyra pajamycoM 71. OTH BBIPOKECHHS IS
I/I3J'Iy‘-I€HI/IH B pe)KI/IMe CUJIBHOTO IIOTJIOIICHUS
TaKOBBI:

npeienbHyl0  MomHocTh  (P,), mpeaesnbHas
— 290Q-RNar (1 _ o pp To
T = p (\/E lerfczz\/a) + Ty, (2.1)
2qo(1—R)T
T = % + TN! (22)
JInst u3nmyqeHust B pexkuMe 00bEeMHOTO TIOTJIOIICHHSI
_ 2q0(1-R)T(, _ _m)_ g
Tt e () B (i)l + T @3)
3nech & — TiyOMHa TOTJomIeHHsT cBera BemecTBoM (6 = 1/a — wuHTerpanbHas QYHKIHS
oToOpakeHus B nornoiieHuu byrepa; Ty — HadanbHas TeMieparypa.
(2.3) BBIpaxkeHUE UMeEET JiBa 0COOBIX ciydas [5]:
a) r, » Var
2qo(1 = R)T
T = qo( ) Ty
pcd
b) 15 < Var
_ 2qo(1-R)1§ at
T =200 gy (19,4r3) + Ty (2.4)

371eCh kK — TEIIONpPOBOAHOCTh MaTepHala.

B psizme TeXHOIOTHMYECKMX MPOIECCOB JIA3ePHOH OOpaOOTKU HCIIONB3YeTCs CKaHUPOBAHHE
o0OpabaTbIiBaeMOil MOBEPXHOCTH JIa3epHBIMH Jy4daMu. [Ipm 3TOM pe3ynbTaTbl TepMOOOPaOOTKU

3aBHUCAT OT cKOpocTH ckanupoBauust (V).

MakcuManbHas TCMIICpAaTypa Ha O6pa6aTBIBaeMOﬁ MOBCPXHOCTHU, CUJIBHO IIOTJIOH[aromias

VskT
Mate€puall B 6BICTp0 ABMXKYIIEMCA UCTOYHUKE (% > 1):

2 1—R
Tz—qO( )

Vr

B MCIJICHHO ABMXXYIIEMCS UCTOYHUKE!

1—R)r
Tz%( o

2ar, 2.5)
Vsk N -
Va1
( sk’o « 1)
a
Vskro)
1-— T, 2.6
k ( 4a +lin (2.6)

JlpyruM BaXHBIM IapaMeTpPOM J1a3epHON 00pabOTKH SIBISIETCS CKOPOCTh aKTUBU3UPYEMOTO
mpolecca B o0aydaeMoM Matepuane. J[Jas MHOTUX TepMOAKTHBAIIMOHHBIX MPOIECCOB, MCHAPEHUS,
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Pa3IMYHBIX TEPMOXHMMHYECKMX PEaKLMH CKOpPOCTh mporecca V 3KCIOHEHLUHAIbHO 3aBUCUT OT
Temrepatypbl T, 4To B HarboJIee 00IeM BUjIe ONKChiBaeTCs ypaBHeHueM dpenkers [6]:
m
V(T) = cyexp (— L_,u)
R;T
3aech L™ — sHeprus akTHUBAIMHU MPOIecca Ha eAMHUILY Macchl (TEIUIoTa mapoodpa3oBaHus U Jp.);
Co — CKOpPOCTb 3ByKa B TBEPJIOM Telie; R; — yHHMBEpcaibHas ra3oBasi IOCTOSIHHAs; [ — MOJIIpHas
(aromHas1) Macca nepepabaTbiBa€MOro MaTepHara.

B wactHOCTH, (pPOHT wHCHapeHHss — TpaHUIA MEXIy MapoM U KOHIACHCUPOBAHHOMN
(pacrmiaBiieHHOW) Cpelol — MPOHHMKAET IIIyOXe B Marepuan ¢ ompeneneHHoi ckopocteio V(T),
KOTopas sBJseTCs PYHKIMEH TeMIepaTypbl MOBepXHOCTH T .

[Ipu ucnapenuu BeliecTBa BO3HUKAET MEXaHUYECKUI UMITYJIbC OTAAud 3a CUET PEaKTUBHOTO
BO3/ICHICTBUS BBIPBIBAIOIIKXCS 11apoB. JlaBiieHre BO3BpaTa MOKHO OLIEHUTh KaK IIOJIOBUHY J1aBJICHUS
HACBIIEHHOTO mapa Py , nasjenue Bo3Bpara Rgq, ¥ J1aBJICHHUE Mapa HaJl MOBEPXHOCTHIO MaTepuaa

2.7)

Rpomp TPEICTABISAIOT COOOM PaBHBIE BEIUUYUHEI OOMOAPIUPOBKH:
Pr = Rgay + Rpomp, (2.8)
[Ipy Ja3epHOM HCHAPEHUHM MBI IPEANOIaraeM, 4to Rp,mp = 0, W IOJydaeM ypaBHEHHE
P =0,5Ryqay-
JlaBjieHHe HACBHIIEHHOrO Tapa npu Temmeparype T, paBHOM TeMmieparype MOBEPXHOCTH
HUCIIapCHUs, OIIPEACIIACTCA U3 YPABHCHUA KJIay3I/cha-KJIaHeI‘/'IpOHa:

T LMu T,
Pr = Py—exp [[b— (1 - —0)]] (2.9
To RGTo T
3aech L} — CKphITas TEIIOTa WCHApeHHs eIUHUIBI MacChl Marepuana; JlaBieHue

HACBILIEHHOTO Mapa 1pu Temmneparype Py — T, (Hanpumep, P, = 10° Pa npu Temneparype KuneHus
T = T, npu HOpMaIILHOM JiaBjieHun) [7].

Omnpenenenue TeMepaTypsl MaTepuaa, 00J1y4aeMoro Jla3epHbIM U31y4eHHEM, U pacueT Ha ee
OCHOBE CKOPOCTH HCIapeHHsl IMO3BOJIAIOT MOJYYUTh HMHTETrpalibHbIE XapaKTEpUCTHKH Ipoliecca
00pabOTKH U OIpeeIUTh HEOOXO0IMMBbIE ITapaMeTPhl pekrMa 00paboTKH.

P, Swsan’
i

— -
ol

# i d | L B L L L] L

Pucynok 1. 3aBucuMocTh HEOOXOAMMBIX JHEPro3aTpaT OT TOJIIUHBI MeTAJJIA IPH
pa3u4Hoil MomHocTH n3aydenusi:1 — W=2 kVt; 2 - W=3,5kVt
B psAnme cnydaeB TEmIoBOM MOJENM  pacIIMPEHUM BELIECTBA MPU HArpeBE JIA3€PHBIM
pagMallMOHHOTO BO3JEHUCTBHA HEJOCTAaTOYHO H3JIydeHHUEM. TEXHOJOTHsl CyXOH Jia3epHOU

JUISS  KOPPEKTHOTO PACCMOTPEHHUS TPOIIECCOB
Jma3epHBIX  TexHojorwil.  Hampumep, mpu
CBEPJICHHHM TJIyOOKHWX OTBEPCTUU HEIb3s HE
YUUTBHIBATh TMOTJIONIEHUE W3IYYCHHS TapamH,
oOpa3yromumMucs B KaHaje, u T. 1. [8,9].

111. 3akaouenune
CyImiecTByIOT ~ J1a3epHbIE  TEXHOJIOTHH,
OCHOBAHHBLIC Ha GBICTpOM TCIIJIOBOM

OYHCTKHU TTOBEPXHOCTH TBEPJIOTO TeJIa OT YaCTHUII
3arpsi3HEHUN OCHOBaHA Ha OBICTPOM HarpeBe W
TEPMUYECKOM  PACIIMPEHUH  MOTJIOMIAIOIINX
W3ITy4eHUE YaCTHUI] U/WUIH TIOBEPXHOCTHOTO CIIOS
OCHOBHOI'O MaTepHajia JIa3epHBIM HMITYJIbCOM.
[locne  okoHYaHHMSI ~ UMIYJAbCA  YACTHUIbI
OTPBIBAIOTCS OT IOBEPXHOCTH U BHIOpaChIBalOTCA
Mo IEUCTBUEM CUJI UHEPLIUH.
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O6o6wWweHne meToaa PumaHa ana maructpanbHOM rasonposoge npu
KBagpaTU4YHOM 3aKOHe CONpPOTUBIEHUsA

M.K.MaxkamoB, C.C.AxmagxoHoB, LLI.M.Komunos

L 3AHOQMXKAHCKNIA rocyAapCTBEHHbIN yHUBepCUTeT
2 AHOWXKAHCKUIA rocyAapCTBEHHbIN TeXHUYECKUIA MHCTUTYT

AHHOTaums: Bbipa3ve nepenaj OaBneHUs KBagpaTUYHbIM 3aKOHOM COMPOTUBIIEHWS U JIOKanbHON
COCTaBHﬂIOU.leVI Cunbl UHEpUUM ra3a B 3aKOHE COXpaHeHua umnynbca, n C npuBrnevyeHmem 3akoHa
COXpaHeHNA Maccbl B OAHOMEPHOM npeacTtaBlieHUMn COCTaBllieHa MatemMaTtudyeckada mMoaernb 3agadn o
pacnpocTpaHeHnn uMmnyneca B nonybeckoHe4YHOM ra3onpoBoAe, KoTopasi NoBTopseT 3agady Pumana, Ho
C Y4ETOM CUIbl CONPOTUBMNEHUS TPEHUS.

C npvmeHeHMeM BcromoraTenbHOW (YHKUMW B BuAe HaTypanbHOro norapudma npuBeaeHHom
NMOTHOCTU, a TaKke KanMbpPOBOYHbLIX (DYHKLMA M onpedeneHHbIX YNpOLEHWUA, COCTaBNEHO U PEeLLEHO
ypaBHEHME OTHOCWUTENBHO OMOPHOTO peLLIeHWsl 3a4aum No CKOpPOoCTH rasa. [ns aHanuTnyeckoro peLleHus
3afayM Nno CKOPOCTU rasa WMCMOMb30BaHO pelleHne PumaHa M nonyy4yeHo YTOYHEHHOe aHanuTU4eckoe
peweHne npu ydvete KBagpaTWU4YHOro 3akKOHa CONpoTUMBIEHUA KaK AOAnA BO3MyLIJ,eHHOl7I, Tak U Aang
HeBO3MYLLIEHHOW nogobnacten pacyeTa.

PacueTt pacnpegeneHna AaeneHnd, KOTOpoe nponopunoHanbHO MNNOTHOCTU rasa, nposogunn
YNCMNEHHO, Y4MTbIBasi pacnpocTpaHeHus ero nNpoTuB notoka. B HeBoamylwleHHoOM nogobnactu pacyeTta
3HavYeHne nOaBleHnA OCTaeTCAa Npu NpexHux 3HaYveHuax. 3Ha4yeHnsa BcromMmoraTenbHOWN (byHKLl,I/IVI n
3HaYeHUs OaBlneHWsl rasa Ha ckadke WMMNynbca W B BO3MYLLEHHOW nodobnactu onpegeneHsb
KOHEYHOPa3HOCTHLIM METOAOM.

MN3y4eHo pacnpocTpaHeHue ckayka UM CUHYCOMOanbHOro BO3MYLLEHWUSI CKOPOCTM ra3a Ha BXOAHOM
ceyeHun rasonposopa. MonyyeHbl NoOnsi CKOPOCTH, AABINEHNS 1 MAacCOBOrO pacxoAa rasa npu pasnuyHbiX
MCXOAHbLIX JaHHbIX 3agayn. BbisiBneHo ckaukoBoe Bo3pacTaHve [AaBreHusi Ha Bxode, obycrnoBrneHHoe
ckaykoobpa3sHblM BO3pacTaHWEM CKOPOCTU Ha Bxode. B ganbHelwem BxogHoe AaBneHue rasa ybbiBaerT.
B BbibpaHHbIX LWarax YMCRNEeHHOro pacdeta wusobapbl oOKasanucb MNepneHAVKYNApHbl  (OPOHTY
pacnpoCcTpaHeHnAa CKadka nMmnynbca. |_|pl/l BXOAHOM cuHycounganbHOM BO3MYLLEHUUN CKOPOCTU NOJTyYeHbl
nepunoan4veckme pelleHna ana CKopocTu, y6b|Ba+ou.w|e Nno BpeMeHu peleHna ona gaBreHuns.

KnioueBble crnioBa: KBa3WoOgHOMEPHbIE ypaBHEHUsI TPy6ONpPOBOAHONM TPaHCMOPTUPOBKM pearibHOro
rasa, Metog Oerywmx BOSH, KanuMbpoBouHble yHKUMKM, MeTog PumaHa, onopHoe pelleHue,
KOHEYHOPAa3HOCTHbIN METOA, BbIUNCIUTENBHbIN 3KCMEPUMEHT.

Abstract. By expressing the pressure drop through a quadratic resistance law and the local
component of the gas inertia force in the momentum conservation equation, and by incorporating the
mass conservation law in a one-dimensional formulation, a mathematical model describing impulse
propagation in a semi-infinite gas pipeline was developed. The model represents an extension of the
classical Riemann problem while accounting for frictional resistance forces.

Using an auxiliary function in the form of the natural logarithm of the reduced density, together with
calibration functions and certain simplifying assumptions, an equation governing the reference solution for
gas velocity was formulated and solved. The analytical solution for gas velocity was obtained based on
the Riemann solution, resulting in a refined analytical solution that incorporates the quadratic resistance
law for both the disturbed and undisturbed computational subdomains.

The pressure distribution, which is proportional to the gas density, was calculated numerically while
considering its propagation against the flow direction. In the undisturbed computational subdomain, the
pressure remained unchanged. The values of the auxiliary function and the gas pressure at the impulse
discontinuity and within the disturbed subdomain were determined using the finite-difference method.

The propagation of a velocity shock wave and a sinusoidal velocity disturbance at the inlet section of
the gas pipeline was investigated. Velocity, pressure, and mass flow rate fields were obtained for various
initial conditions of the problem. A sudden increase in inlet pressure caused by an abrupt increase in inlet
velocity was observed. Subsequently, the inlet gas pressure gradually decreased. For the selected
numerical calculation steps, the isobars were found to be perpendicular to the propagation front of the
impulse discontinuity. In the case of a sinusoidal inlet velocity disturbance, periodic solutions for velocity
and time-decaying solutions for pressure were obtained.

Keywords: quasi-one-dimensional equations of real-gas pipeline transportation, traveling wave
method, calibration functions, Riemann method, reference solution, finite-difference method,
computational experiment.
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MaFI/ICTpaJIbHBIe ra3ornpoBOJbl ABJIAKOTCA
TJIABHOW YacCThIO T'a30TPaHCIOPTHON CHCTEMBI
[1]. OcHOBHasI 1011 3aTPAT FIHEPTOPECYPCOB B
TPyOOIIPOBOTHOM TPaHCIIOPTE raza
MMPpUXOAUTCHA Ha oTy qacCThb CHUCTCMBI.
XapakTepuCTUKA  TPYOONPOBOJHOW  CETH,
Hapsaay € NOCTaBJICHHBIMU TCXHOJIOTHYCCKUMU
3aJjauaMH, SIBIISTEOTCS OTIPEIEIISIOIUMH
dakTopamu i pexuMa padoThl OCTAIHLHOTO
000pyIOBaHUSI CUCTEMBI. B cBs3u C 3THM,
BaXHbBIM ABJIACTCS O6CCH€‘-I€HI/IG BO3MOXHOCTH
NPOM3BOJUTh  pacdyeT  pexuma  paboTh
MarucTpaJbHOTO Ta30MPOBOAA C JTOCTATOYHOMN
CTEMEHBIO TOYHOCTH. [Ipu 3TOM JOIKEH OBITH

NPEIyCMOTPEH  y4eT  BCeX  3HAYMMBIX
(hakTopoB, BIIHSTFOIIMX Ha paboty
MarucTpaibHOro razomnpoBojaa. Hecmorpst Ha
KaXYIIYIOCS POCTOTY KOHCTPYKIIUU
ra3onpoBo/ia, B HEM IMPOTEKAIOT CIIOKHBIC
TIPOIIECCHI JIBUOKCHUS, TpeHwus,

B3aMMO/ICHCTBUS C TPaBUTALUEN, BHYTPEHHETO
¥ BHENIHEro Temoo0OMeHa. OTH MPOIECCHI,
KAaK NPAaBWJIO, U3MEHSAIOTCS BO BPEMEHH, TO
€CTb SBJIAIOTCS HECTAllMOHAPHBIMH.

IIpn wm3ydeHUM NEpPEeXOIHBIX MPOLECCOB
IIOTOKAa B  Tra3OlNpoOBOJAaX  MCIOIB3YIOTCS
Ppa3JInYHbIE AITOPUTMBI U YUCIICHHBIE METO/BI,
OCHOBBIBAIOIIUECS HA HESABHBIE U SBHBIC
KOHEUYHBIE PA3HOCTU U METOJE XapaKTEPUCTUK
[2].

B CTaThe [3] chopmynupoBaHa
MaTeMaTu4yecKas MOJEelb, KOTOpasl OMUCBHIBACT
NOTOK ra3a B TpyOe. Mojenp ympomaercs,
nenast HEKOTOpBIE MIPEATIONIOKEHHUS.
Cunraercs, 4TO MNPUPOIHBIA Ta3 TEYET IO

JUIMHHOW TOPH3OHTAJIbHOW TpyOe, BHYTpHU
o0beMa HET UCTOYHMKA TeIla, Iepegada
Tera 3a cyer TEIIONPOBOJHOCTH

npeobsiajaeT TEIIOOOMEHa C OKpysKarollei
cpenoil. YpaBHEHHsI IIOTOKA CBSI3aHbl C
ypaBHeHHEM cocTosiHus. VccnenoBanue [4]
MOCBALICHO MOJEIMPOBAHUIO U YHCICHHOMY
pacyery  ceTH ra30pacIpeaeuTebHBIX
TpyOONpPOBOJIOB C OCOOBIM aKIIEHTOM Ha
DJIEMEHTapHBIE y4YacTKH Ta3ompoBona. B
pabore [5] paccmarpuBaroTca  3adauud
ONTUMAJIFHOTO YIPABJICHUS] TMOTOKOM Ta3a B
TPYOOTIPOBOTHOMA CETH. us MOJTHBIX
HEJIMHEMHBIX ~HM30TEPMUYECKUX  YPABHEHMI
raza Oiliepa MOCTPOEHBI KBa3HOJHOMEpPHBIE

67
YpaBHEHUS. dopmynupoBaHa 3aa4ya
ONTUMAJIBHOTO yIPABIICHUS B ceTu

ra3onpoBoJia W TIPOM3BE/ICHA €€ BpPEMCHHAs
JUCKpETU3aIIHS.

Hmwxe ocranoBuMcs Ha TakoM 3ajade,
KOTJla Ipu  3aJ1aHO TPAHUYHOE YCIIOBUE, a IPU
3a/1aHbl YCJIOBHS B BUJIE IYTEBBIX M3MCHCHUI
CKOPOCTH Ta3a M €€ MEePBOM MPOU3BOIHON IO
BpeMeHHU. PaccmarpuBaemast 00J1aCcTh pelIeHus
— JeBas IOJIyOCh [Tonyyeno pemienue
OTHOCHUTEJILHO CKOPOCTH Ta3a, KOTOpPOE IpH
MEePEXOIUT K U3BECTHOMY pelieHuto Pumana.

1. Metoab!

[Ipu mnpeHeOpekeHUH KOHBEKTHBHOU

COCTABIISIIONICH  CHUJIBI HHCpOUHU TIa3a U

YKJIIOHOM TPacCChbl oT rOpu30HTa
KBa3MOJHOMCPHBIC YpPaBHCHHUA COXPAHCHUA

MMITYJIbCa ¥ MACChl UMEIOT BUJI [ 6, 7]:

op 2
- = — 4+ ,
OX p@t eAu (1)
%p _op
o ox

31echk X, t — paccrosHUEe U BpeMda; U, P, p —
CpeaHue 3HA4Y€HHUsA CKOpPOCTH, [aBICHUS U
IUIOTHOCTA Ta3a B CEYEHWHM X B MOMEHT
e=A12D -

compoTuBieHuss B 3akoHe J[lapcu-BeiicOaxa;

BpeMeHHu t; napamMeTp CHIBI

A, D — k03¢ (UIMEHT CONPOTUBIICHUS TPEHUS

U TuaMeTp TpyoornpoBo/ia.

IIpn OTCYTCTBHH BHEITHUX
BO3MYIIEHUA MOXHO CTaBUTh CIIEIYIOLIYIO
KpaeByIO 3a7ja4y ¢ TPAaHUYHBIM yCIOBUEM

u(0,t)=plt) @)

IIpHU HAYAJIbHBIX YCIIOBUAX

u(x.0)=¢(x.) €)
20 @

Takum oOpa3om, B gaHHOW pabote
pemaercs  3ajada O  Tra30JMHAMHYECKOM
COCTOSIHMU HOJTYOECKOHEUHOro TpyOoompoBoaa
(x>0),

BBenenne ckopocTH pacmpocTpaHEHUs
MalbIX BO3MYIICHHH C=./0p/0p =~/ZRT B
(Z,R,T—

CBEPXCIKUMAECMOCTH,

peaqpbHOM  Tase kodpurmeHT

IMPUBCACHHAsA Ta30Basd
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MOCTOSIHHAS U CpEeIHsAs TemIeparypa rasa),
TPAHCIIOPTUPYEMOTO MO TpyOompoBoay, U
BCIIOMOTaTeNbHON PYHKIINU

=In(p/p.0), (5)
rne p, — XapakTepHas IUIOTHOCTh Ta3a, a
TaKXKe MPEHEOpeKEeHUE UWICHOM uZ—f BO
BTOPOM YpaBHCHHH, KOTOPBIA TIPH MaJbIX
THJIPOJMHAMUYECKAX  CKOPOCTSAX W TIpH
HEOOJIBIIHX BO3MYIICHUSX IUIOTHOCTH
NPEICTaBIsIeT MY BEJIHYUHY, MO3BOJISET
3anucath cucremy (1) B Buze:
a—u+c26—(p:—.su2 a(p au =0. (6)
ot X ot 8X

B MHOTrOYHMCIIEHHBIX JUTEPATypPHBIX
UCTOYHUKAX, B T. 4. yuyeOHHKax [8], maHHas
CHUCTeMa aHalu3upyeTcss | pemaercs 6e3
MpaBoO YacTH B IEPBOM ypaBHEHUHU.

B oTaenbHBIX  chydasx — BBOZSTCS
KanuopoBouHble GyHKIUU [9)]
A=u+cp, B=u-ce. (7)

Torna cucrema (7) mpuoOpeTaet BUA:
oA OA , 0B 0B )

—+4+Cc—=-au’, —-c—=-au’. (8)
ot ox ot X
N3 naHHOM  CUCTEMBl YpaBHEHHMU
MOXHO COCTaBUTb, HAIpPUMEpP, YypPaBHEHHUE
OTHOCHUTEIIBHO CKOPOCTH
u(x,t)=Alr7.t)+ B(& 1),
du  edx dx
oo dt

rae u°=u(77,§)g=0 — peLIeHHE OJHOPOIHOM

cuctemsl (1), T.e. mpu £€=0.
Otcroga HaxoOuUM OIIOPHOE PEIIEHUE

3agauun

u0

U=— 9)
1+§u0
c

W3 sToro pemieHus 3agadyd BBITEKAET
cleayromas
npUOIKEHUN

oOmras
JJIMHHOIO

3aKOHOMEPHOCTh B
TpyOOIpoBOJa:
pelIeHre 3aJauyd C Y4eTOM TpeHus Oyzaer
MEHbBIIIE YeM pelIeHue 3agaud 0e3 ydera
TpEHU.

68

HeoOxomuMo ompenenuTs 3HAYCHUE

OOpaTuMCsi K H3BECTHOMY PEIICHUIO
3amaun Komm u3 Matematnueckoil (u3NKu

[10]:

0 @(x + ct) — d(x —ct)
u’(x,t)= > o

1 X+ct

‘P(a)ﬂa,

X—ct

rie ® u ¥ — 3HaueHUA HCKOMOHM H €€

MPOU3BOAHON MO BpeMeHHu npu t=0.
Yr1o0bI
HUCKOMOM TIpr X =0 , HEOOXOIUMO TIPUHSATH
(D(X)z {¢(X) npu x>0

— ¢(X) npu X<0

W(x)= w(x) npu x>0

1 w(x) npu x<O0.
3TOM

HMETb HYJICBOC 3HAUCHUC

Tonsko B ciaydae CHeqyeT
u’(0,t)=0, u Torma MoXeM HCIOIb30BATH
ycaoBue mpu Xx=0. Kpome Toro, B cumy

BBITIOJTHCHHU A YCJIOBI/Iﬁ

10 (x.0) = (x)= (),
WO ) (o

npu x>0 pelieHue YAOBIETBOPSAET HAIIUM
JIByM Ha4aJIbHBIM YCJIOBHSIM.

Torma, ¢  yderoM  BO3MYIIEHHUS
CKOPOCTH B ceyeHHMH X=0, MOXKEM 3aIlncaTh
pelleHne 3a7a4n B BUJE

X+t
y(t_z}w fila)ia npu x<tc
c 2 2act .

¢(x+ct)—¢(x—ct) 14
f ™ Jz// da npu X>1tc.

x—ct

u’(x.t)=

[MoacranoBka »Toro 3Hadenuss u° B
paBeHCTBO (7) TPUBOAUT K

pe3yNbTaTy JUisi CKOPOCTH Tasa:

KOHEYHOMY

x+m

[t_EJ+;[¢(x+ct) Hlx—ct)] +7 .[V’
6:{ [#(x + ct) - g(x — ct)] +7“]-°;/ }
[

npu X<ftc,

x+n

#(x +ct)—g(x - ct]+7 [w(a)

x —ct

1 (x+ct)—g(x - ct]+1xj'c://(a)da
c 2 2

1
2
npu X>ftc,

142

x—ct
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Taxum o0pazom, IIOJIy4EHO

AQHAJIUTUYECKOE pEHIeHUE IOCTaHOBJIECHHOMN
3a/layd  OTHOCUTENBHO THIPOJIMHAMUYECKOMN
CKOPOCTH rasa.

JlanHoe perreHrne 0000IIaeT U3BECTHOE
pemieHne  3amzaud Pumana ¢ yueTtom
KBaJ[paTUYHOIO 3aKOHA COIIPOTUBIICHUS B
ra3onposojie. B camom jene, ecinu npuHUMAaTh
£=0, TO MOJy4UM KJIACCUYECKOE DELIECHUE
Pumana [8] 06 ogHOCTOpOHHEH BOJHE.

Jlia mpencTaBieHMs] MOJTHOW KapTHHBI
HEoOXOIUMO HaMTH pelnieHue 3a7add 110
JMABJICHUIO, ISl YEro MOXKHO OOpaTUThCS K
YUCJICHHOMY METO.1y.

[lepexoa K AMCKPETHBIM KOOpPJAMHATAM
OCYIIECTBIISIETCS ~ TaK,  YTOOBI  CKa4yoK
UMITyJIbCa HAaXOAWICS B pAacyeTHOM Y3Je€.
Taxoli BBHIOOp MIATOB AMCKPETHBIX KOOPIUHAT
MO3BOJIIET OMNpEAEIUTh 3HAUYEHUE CKauka
naBicHUs Ha (poHTE yHapHOW BoJHBEL Jlis
MOJITBEPKICHUS JTAHHOTO CYXACHUS
oOpatumcs K cienyronei 3aiaye.

I"a3onpoBo HAXOIUTCA B COCTOSHUU
MIOKOS],
HyneBasd. HawanbHoe [aBieHHME COCTaBISET
P(0.0)= Py -

IIJIOTHOCTHU

T.C. Ha4daJIbHAasA CKOPOCTb TIa3a —

Hauvanenoe  pacnpenenenue
OIHOPOJHOE U €

BCIIOMOTaTeNbHON (YHKIMU BBIpaKaeTcsi B

IIOMOIIBIO

Bute ¢(x,0)=0. B MomeHT Bpemenu t=0
CKOPOCTh Ta3a Ha BXOAE€ B TIa30lpPOBOL
HAUWHACT U3MEHATBHCA 10 CHHYCOMJIAIBHOMY
3aKOHY

u(0,t)=Usin(0.11t).

Hcenenyem  nuHaMHMKy — mporecca
pacpoCTpaHEHHUS UMITYJIbCA.
Jns BBIYNCIICHUSA CKOpOCTH

noyib3yemcsi Hameid ¢gopmynoin. s pacyera
Oapudeckoe I0JIe HaM W3BECTHO 3HAYCHUE
JIaBJICHUS B HEBO3MYILIEHHOM 30HE.
s BBIYHMCIICHUS
BCIIOMOTATEeNbHON  (QYHKIIMH  Ha

3HaA4YCHUA

¢bponte

BO3MYILIEHUSI, KOTOpas BBIILIA M3 30HBI
pacuera, anmnpoKCuMaIen

BTOPOTO YPaBHEHHUSI CUCTEMBI (6).

I1OJIb30BAJINCh

69
n n-1 n n
Pn — Py :_un+1_un
T h
31ech npu i>n, T.C. B
HEBO3MYIIICHHOW 30HE, Mo3ToMy  Up, =0.

AHAJIOrMYHO MOKHO IPUHATE @) . TlosToMy

n T

n
On = E u,.
I[aﬂee COrJjiaCHoO BbIYUCJIICHHBIM
3HAYCHUAM I10 (bOpMYJ'IC
hiu’, —u"}
n__n i+1 i+1 n
G =Pt |+ 5(ui+1)2
C T
BBIYHMCIIUM 3Ha4YeHUs ¢ mnpu i=n-1.0.

Tonbko npu i <N coxpaHsieM 3HA4YECHUS o'

I JalbHEHUIIETo I10JIb30BAaHMUAI, JJIA
BBIYUCJIICHUA W BU3YyAJIU3aAllUU PCE3YJIbTATOB

T.C.

pacdera 10 JaBJICHUIO U MacCOBOMY PacXxojay

rasa.

IIpenacraBum pe3yJIbTaThl
BU3yanu3aiuun B cpene EXxcel, koropsie
noJyty4yeHsl 7o ct/l=3.

Ha puc. 1 mnpuBeneHsl W30JIMHUU
CKOpOCTH Tra3a B KOOPJAMHATHOM IUIOCKOCTH
(ct/1, x).
COOTBCTCTBYCT 30HC ITOKOS. B cuHux momnocax
3HAYCHHUEC CKOPOCTU MCHBIIC 2 mM/c. OCHOBHEIE

HN3MCHCHUA CKOpPOCTH MMPpOUCXOAAT BO

BerHHH JICBagd 4YaCTb PUCYHKH,

BXOAHOM CEUEHHH IIpU  MaKCHUMAaJIbHBIX
3HAYECHMSIX BXOJHOW CKOPOCTH Tasza. PesynbraT
— NEPUOINYECKHM.

Takue xe CyXIeHUS MOXHO IPUBECTH

OTHOCHUTCIIbHO MACCOBOI'0 pacxXxola rasa (pI/IC
2).

0 0,5 1 1,5 2 2,5 3 tell

mo-2 m24 046 068 MW§10 D@10-12 W12-14
014-16 W16-18 W 18-20 020-22 m22-24 W24-26
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Pucynoxk 1. M3onuHumn ckopocty rasa B

IIJIOCKOCTH

0 0,5 1 1,5 2 2,5 3 tc/l

@mo-2 m2-4 04-6 06-8 m8-10 m10-12 m12-14
014-16 M 16-18 W 18-20 [0120-22 [22-24 W24-26 M 26-28
W 28-30 W30-32 @32-34 [134-36 [136-38 [138-40

Pucynok 2. M3onunuu pacxoja rasa B
IUIOCKOCTH
(ct/I, x) mpm u(0,t)=20sin(0.12t)m/s .
(ct/I, x) mpu u(0,t)=20sin(0.14t) m/s
D=1.0m, 1=0.01,¢c=378.21m/s,U =20 m/s, py, =0.1 MPa, ¢ =

OCHOBHEBIE
MPOMCXOAUT BOJIM3M BXOJHOTO CEUYCHUS IIPHU

HU3MCHCHUA JaBJICHUA

MaKCHUMAJIbHBIX 3HAUYCHUAX BXOI[HOﬁ CKOPOCTH

(puc. 3).
JIaBJICHUSI JIOCTHTAeTCs B Hayalle Mporecca.

rasa Haubompmiee 3HaueHUE

Cy1miecTBeHHOE HM3MEHEHHE, OTHOCUTEIbHO
MPUBEACHHBIX U30JUHUM, 3TO HEPABHOMEPHOE
nyTeBoe yObIBaHHE JaBlieHUS, OCOOCHHO B
IIEPBOM  IIEPUOJE,

MOJIYYHJINCh aCUMMCTPHUYHBIMU.

TAC KpPHUBBIC JaBJICHUA

10

0
0 0,5 1 1,5 2 2,5 3

=1-1,01

m1,12-1,13 ®1,13-1,14 ®1,14-1,15 W 1,15-1,16

Pucynok 3. M306aps! B miockoctu (ct/l, x)
ipu u(0,t)=20sin(0.1¢) m/s .

D=1.0m, A=0.01, c=378.2L m/s,U =20 m/s, py, =0.1 MPa, & = 0.005 m™*

70

Oo0cyxaenne

B pabGore mnpemnoxkeH CMENIaHHBINA
METO]l U3y4€HHUsl BOJHOBOTO JIBMIKEHUS ras3a B
nojry0eckoHeuHOM TpybompoBoze. B otinuune
OT M3BECTHBIX 3a/Jlad  paccMaTpUBaETCs
pacnpocTpaHeHUue OJHOCTOPOHHEW  BOJIHBI.
[ToaToMy ycioBHSI OJHO3HAYHOCTH PELLICHUS
3aJaun JUIs CKOPOCTH Ta3a NPUHSTH B BUJE
OJHOTO TPAHMUYHOTO M JIBYX HayaJbHbIX
YCIIOBUH.

C BBEJICHUEM  BCIOMOTaTEIbHOU
(GyHKIIMU B BUJE HATypaJbHOTO Jorapudma
NPUBEICHHON TUIOTHOCTU U C MPHUBJICUYCHUEM
KaJTMOPOBOYHBIX byHKIUH ypaBHEHUS
Oonee IPOCTOMY BUTY

OTHOCHUTCJIBHO OIIOPpHOro pCHICHUA 3aaydu.

IMPUBCACHBI

YTouHEHHE OMOPHOTO PEIICHUS MPOBEICHO

-1
000 openienneM K 3amade Pumana, HO C yd4eToM

KBaJApaTH4YHOI'0O 3dKOHaAa COIIPOTUBJICHUA U
IIOJIy4YCHO TOYHOC pEeUICHUC 3aJa4u
OTHOCHUTCJIbBHO CKOPOCTH II0TOKaA rasa.

I[J'IH ONIpCACIICHUA HaBJICHHUSA, KOTOPOC
MMpONMOPIHUOHAIIBHO IIJIOTHOCTH rasa,
HUCITIOJIB30BaH KOHG‘IHOpaSHOCTHI)IfI MCETO/.

[ITar o BpeMEHM OIpEACIIMIN KaK YaCTHOE

mara 1O JUIMHE K CKOPOCTH  MaJlbIX
BO3MYILEHUH JaBieHus. MapieBbIM METOI0M
II0 BPEMEHM ONPENEIUIN II0JE CKOPOCTH U
BcrioMoratenbHoi ¢pyHkuuu. C npuBIedeHUEM

3HA4YCHHUA CKOPOCTHU Ta3a, COIJIAaCHO HOBOM

~dQpMe ypaBHEHUS COXpPaHEHHUS HUMIIYIbCa,

orpesieNieHbl 3HaYeHUs JaBJeHHs Ha (pPOHTE
CKauyKa MMIIyJIbCca B Hadaje Ipolecca U B
mpouecce
Hanee,
pacIpoCTpaHEHUsT MMIIYJbCa PEKYPPEHTHBIM
BBIYUCIICHUEM  OIPEIEICHO PACIpPENCIICHUs
JIaBJICHUS B pacyeTHOM obacTu.

IIposepka

pacIpoCTpaHeHUs]  UMITYJIbCa.

IIpOTHUB HaITpaBJICHUA

tc/l

m1,01-1,02 O01,02-1,03 O 1,03-1,04 ® 1,04-1,05 @ 1,05-1,06
| 1,06-1,07 O 1,07-1,08 ®1,08-1,09 ®1,09-1,1 O1,1-1,11 O 1,11-1,1ﬂpeHHO)KeHH])II>'I

IIoKasaja, 4qTo

CMENIaHHBI  aHAJIMTHKO-
YUCIICHHBIA METOJ MOXKHO IPUMEHSTH MpHU
W3YYEHUHU HEKOTOPBIX 3a/1a4 pacpOCTPaHECHUS
BOJIHBI UMITYJIbCA B Ta30IIPOBOAX.

OnHol W3 TakWxX 3ajad  SABJIIETCS

3ala4da O 3aIlyCKE ras3orpoBoa € IMOCTOSIHHOM
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cKopocTH ra3za Ha Bxoje. IlokazaHo, 4to B
30HE BO3MYILIECHHUS CKOpPOCTh rasza yObIBaeT
CorlacHO rumnepOonuyeckoMy 3akoHy. Ha
bpoHTE HMIyIbCa CKOPOCTh Tra3a CKauKOM
YMEHBILIAETCS 10 COCTOSIHUS MOKOs1. BhIsiBIeHO
CKayKOBO€ BO3pacTaHHE JaBJICHHS Ha BXOJE B
ra3oIpoBOJ, NPUYUHOM KOTOPOMY SBIISIETCS
CKayKOBOE BO3pAacTaHUE CKOpPOCTH B Hadyaje
mpouecca. B mocimenyromeM — BXOJHOE
JaBJICHUC TIaAaCT, TAK KaK YBCIMYUBACTCA
NpUBJICYCHHAs] K JIBIDKEHUIO Macca Trasa.
YCcTaHOBIEHO, 4YTO B BBIOpPAHHOHN cucTeMe
JTUCKPETHBIX KOOPJIWHAT KpHUBBIE HU300ap U
GpOHT cKauka NEPeceKaroTcss MOJ MPSIMBIM
YTJIOM.
PaccmoTpena 3aja4a 0
pacnpocTpaHeHU! CUHYCOM/IaJIbHOTO

HCOTPpUIATCIIbHOT'O BO3MYUICHU A rasa B

MoKosimieiics  razoBod  cpeae. B
BO3MYILIEHUSI CKOPOCTh Tra3za IOJy4aeTcs
nepuoanueckas. B KpHUBBIX JaBJICHUS B 30HE

BO3MYIICHUA Ha6J'IIOI[aeTC${ BPEMCHHOC

30HC

yOBIBaHHE.
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Investigation Of Optical And Structural Properties Of CdTe Thin Films
Obtained By Thermal

A.l. Zokirov
Fergana State University, Fergana, Uzbekistan

Abstract: This study investigates the optical and structural properties of thermally evaporated
cadmium telluride (CdTe) thin films with emphasis on quantum confinement effects associated with
nanoscale grains (quantum-dot-like features). CdTe films were deposited by thermal evaporation onto three
substrate types: glass (sample No. 04), photoglass (sample No. 06), and sitall (sample No. 07). Optical
spectra were measured in the 200-1200 nm range, revealing strong ultraviolet absorption attributed to high-
energy interband transitions. A systematic blue shift of the absorption edge was observed for the sitall-
based film, indicating an increase in the optical band gap that is consistent with quantum size effects.
Structural characterization by SEM/EDS and AFM indicates nanoscale grains and a tellurium-rich
composition, which is favorable for p-type conductivity. The dielectric response was interpreted using a
Drude—Lorentz model, where the Drude term accounts for free-carrier effects that enhance infrared
reflectance for photoglass and sitall substrates. The results demonstrate that substrate selection and
deposition conditions can tune both the optical band gap and free-carrier response of CdTe films, enabling
optimization for solar-cell absorber layers and infrared photodetector applications. Future work will focus
on controlled doping and process optimization to improve uniformity and device-relevant performance.
Keywords: CdTe thin films, Quantum confinement, Drude—Lorentz model, Optical properties, Structural
properties, Thermal evaporation.

AHHOTauuA: B gaHHOM nccnenoBaHuy N3y4atoTCst ONTUYECKUE U CTPYKTYPHbIE CBOMCTBA TOHKUX
nnéHok Tennypuga kagmusa (CdTe), nonyyYyeHHbIX METOAOM TEPMWYECKOTO MCMapeHus, C akLeHTOM Ha
3 dhekTbl KBAHTOBOIO OrpaHNYeHus, CBA3aHHbIE C HAHOPa3MEPHbLIMU 3EPHaMK (CTPYKTypamu, No400HbIMK
KBaHTOBbIM ToudkaMm). NMnéHkn CdTe GbinM HaHeCeHbl METOAOM TEPMUYECKOro UCMAapeHUst Ha Tpu Tuna
nognoxek: crekno (odpasew, Ne 04), dhotocTekno (obpaser, Ne 06) n cutann (obpaseu Ne 07). Ontuyeckune
cnekTpbl n3mepsnuck B agnanasoHe 200—1200 HM 1 BbISBMNM CUNbHOE yNbTpadMoneToBoe NOrnoLweHne,
0o0yCcnoBneHHoe MEeX30HHbIMU MNepexofamMu BbICOKOW 3Hepruv. [Onsi nnéHkM Ha OCHOBe cuTanna
Habnogancs cuctemMaTMydeckMin CUHMIA COBWTM Kpasi MOrMOLWEHWs, YKasblBaloWMA Ha yBenuyeHue
ONTMYECKON LUMPWHBI 3anpeLliéHHONW 30Hbl, YTO corfnacyetcs C addekTamm KBaHTOBOro pasmepa.
CTpykTypHas  xapakrtepusauumss C MOMOLLbIO  CKAHWPYHOLLEA  SMEKTPOHHOW  MMKPOCKOMUMM  C
3HeproaucnepcunoHHon cnektpockonuen (SEM/EDS) n atomHo-cunosor mukpockonuu (AFM) nokasana
Hannyne HaHopa3MmepHbIX 3EpeH K obOOoralléHHbIA TENNypoM COCTaB, KOTOpbIA OnaronpuaTeH Ans
NpoOBOAMMOCTU p-Tuna. OUaneKkTpuieckuin oTKNUK Oblfl MHTEPNPETMPOBaH C WUCMOMb30BaHMEM MOAENM
Opyne—TlopeHua, raoe uneH [Opyoe ydnTtbiBaeT addekTbl CBOOOAHLIX HOCUTENEn 3apsiga, KoTopble
yCUNMBaKT WHdpaKpacHoe OTpaxeHue Ona noanoxek u3 dotocTtekna u cutanna. Pesynbratbl
AEMOHCTPUPYIOT, YTO BbIOOP MOANOXKM U YCIIOBUSI OCaXAEHMWS NO3BONSAIOT PErynupoBaTh Kak ONTUYECKYH
LWIMPUHY 3anpeLLEHHON 30Hbl, TaK M OTKIUK CBOBOAHbLIX HOcUTenewn 3apsaa B nnéHkax CdTe. Oto gaér
BO3MOXHOCTb ONTUMU3NPOBATL UX ANS MCMNOMb30BaHUS B Ka4eCcTBe MOrMoLaoLmnx CroéB B CONHEYHbIX
anemMeHTax u B MHgpaKpacHbix goTtogeTekTtopax. B ganbHenwen pabore OCHOBHOe BHMMaHue Gyaet
YAENEeHO KOHTPONMPYEMOMY NIErMPOBaHMIO U ONTUMM3ALMKU MpoLecca AN ynyylweHUs O4HOPOAHOCTU U
XapaKTepUCTUK, BaXKHbIX ANsi NPakTUYECKOro NPUMEHEHUS! B YCTPOMCTBAX.

KnrouyeBble cnoBa: ToHkume nnéHkn CdTe, KBaHTOBOe oOrpaHudeHune, mogenb [Opyae—JlopeHua,
ONTMYECKME CBOMCTBA, CTPYKTYPHbIE CBONCTBA, TEPMUYECKOE MCMApPEHME.

I.Introduction

Cadmium telluride (CdTe), a II-VI
semiconductor with a direct bandgap of
approximately 1.45 eV, exhibits high
absorption coefficients (>10* cm™ ') in the
visible spectrum, making it an ideal material
for photovoltaic applications, particularly in
single-junction  solar cells [1-2]. The
optoelectronic  properties of  thermally
evaporated CdTe thin films vary widely
depending on parameters such as deposition
time, precursor mass, and substrate type [3-5].

Recent studies have emphasized the role of
nanostructures, especially quantum dots (QDs),
in inducing quantum confinement effects,
which lead to size-dependent bandgap
widening and improved carrier mobility.
Literature indicates that thermally
evaporated CdTe films typically exhibit a
polycrystalline zinc-blende structure [6]. Film
thickness and thermal processing significantly
influence crystallinity and optical constants
[7,8]. For instance, Lalitha et al. (2007)
demonstrated that s-d orbital interactions
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strongly affect absorption and reflection [9].
Babar (2016) and Alam (2021) reported
bandgap values ranging from 1.45-1.52 eV for
varying thicknesses, attributing variations to
strain and defects [10]. In CdTe films
incorporating QDs, electronic states are
modified, resulting in a blue shift of the
absorption edge and enhanced nonlinear optical
properties, aligning with studies on CdTe/ZnTe
QDs.

Compared to bulk CdTe, QD-
embedded films show higher quantum
efficiency and narrower emission spectra,
beneficial for optoelectronics. Key challenges
include achieving uniform QD sizes and
minimizing defects, addressed here through
optimized deposition parameters. This work
investigates the optical and structural
properties of CdTe thin films, focusing on
quantum confinement and free-carrier effects.
I1. Theory/calculation (optional)

The optical absorption coefficient a(A) and the
direct optical band gap Eg were estimated using
the Tauc approach for direct allowed
transitions:

(ahv)? = A(hv — E; (1)

where hv is photon energy and A is a constant.
Extrapolation of the linear region of (ahv)?
versus hv to zero provides Eg.

To interpret the dielectric response and the
role of free carriers and interband transitions,
the complex dielectric function was modeled

by a Drude—Lorentz form:
o}
£(w) = & w? + iyw
fjws;

£y 2
- wg; — w? — ifw @)

J

where &, is the high-frequency dielectric
constant, is the plasma frequency, y is the
Drude damping parameter, and the Lorentz
terms fj, wqj, I describe interband oscillators.
Increased w,, (carrier concentration) and
reduced (y (lower scattering/defects) can
enhance infrared reflectance and modify the
optical response.

Quantum confinement in nanoscale grains can
increase the effective band gap, qualitatively
scaling as AE,; « 1/R?, where R is an effective

10

grain radius, consistent with blue-shift trends
observed for smaller grains.
I11.Methods

CdTe thin films were prepared via
thermal evaporation in vacuum. Substrates
included ordinary glass (Ne 04), photoglass (Ne
06), and sitall (Ne 07). Optical spectra were
measured in the 200-1200 nm range using UV-
Vis-NIR spectroscopy. Structural analysis
involved SEM/EDS for morphology and
composition, and AFM for surface roughness
(Ra, RMS, asymmetry parameters). Dielectric
functions were modeled using the Drude-
Lorentz approach, and bandgap energies were
determined via Tauc plots. Quantum
confinement effects were accounted for in the
analysis.
IVV.Results and discussion

Optical Properties

—— No4_shisha
CdTe — No6_fotooyna
—— No7_sital

Absorption

T T T T T
400 600 BOO 1000 1200

Wavelength, (nm)
Fig. 1. Absorption spectra of CdTe thin films on
glass (No. 04), photoglass (No. 06), and sitall (No. 07)

Fig.1-3 shows absorption, reflection,
and transmission spectra for samples on glass
(Ne  O4shihsa, black), photoglass (Ne
O6fotooyna, red), and sitall (NeO7sital, blue)
substrates. High absorption in the UV region is
attributed to high-energy interband transitions
characteristic of CdTe. In the visible range,
absorption decreases gradually, forming an
edge around 800-900 nm corresponding to the
direct bandgap.

The absorption edge shifts blueward for
the sitall substrate NeO7, indicating increased
bandgap (Eg). This effect is weaker on
photoglass and glass. Reflection spectra reveal
a sharp increase in the IR for NeQ6 and NeO7,
linked to higher free-carrier concentration and
plasma effects. Lower reflection in Ne04
suggests reduced carrier density.

Transmission spectra follow similar
trends, with Ne07 exhibiting the highest values
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in the IR, due to superior structural order and
low scattering losses.

Tauc plots ((ahv)? vs. hv) yield Eg =
1.45 eV for Ne04 (matching bulk CdTe), and
1.48-1.52 eV for Ne06 and Ne(Q7, attributed to
quantum confinement in nanoscale grains. The
Drude-Lorentz model describes the dielectric
function (2).

11

For CdTe films, plasma frequency o p
increases with carrier concentration:
£(w) = &(w) +ig(w) Q)
explaining enhanced IR reflection in NeO6 and
NeO7. Lower damping 7y in sitall samples
indicates high crystallinity and low defect
density.

Substrate Effects on Optical Spectra

Substrate Key Feature Interpretation

Glass Stable but strong interference Moderate quality
Photoglass Broad, flat absorption Optimal for PV

Sitall High UV absorption, NIR noise Structural, high optical noise

Drude-Lorentz fits show Lorentz dominance in 200—-800 nm (interband) and Drude in >800
nm (intraband), with substrate influencing oscillator strength A and damping I'.
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Fig. 2. Reflection spectra of CdTe thin films on glass (No. 04), photoglass (No. 06), and sitall (No. 07).

Reflection spectra (Figure 2) show
lowest intensity for glass, higher for
photoglass, and peaks for sitall, indicating

CdTe

e WO 7.

Transmission

No4_shisha
= No6_fotooyna
sital

surface modifications  affect  optics.
Interference in photoglass and sitall suggests
uniform thickness and high quality.

/

Wavelength, (nm)
Fig. 3. Transmission spectra of CdTe thin films on glass (No. 04), photoglass (No. 06), and
sitall (No. 07).

Transmission (Fig. 3) is lowest for glass,
with sharp increases >800 nm aligning with Eq
~ 1.45 eV. Sitall yields highest transmission,
confirming superior optical quality.

SEM/EDS  revealed tellurium-rich
composition, promoting p-type conductivity.
AFM showed 2-6 nm grains, confirming QD

formation. Roughness parameters indicate
smoother surfaces with longer deposition,
reducing defects.

Quantum confinement shifts AEq o< 1/R?,
where R is grain radius, matching observed
bandgap increase. This correlates with blue-
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shifted edges and enhanced
consistent with CdTe QD studies.

response,

cps/eV
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Sitall's  thermal stability enhances
crystallization, boosting carrier mobility and
reducing IR losses.

L I L T 3 T Y T B R R T =

TM30304475 2023/01/20 1842 A D84 x4.0k 20 pm

1 2 3 4 5 6
keVv

Fig. 4. SEM micrograph (surface morphology) and EDS (EDX) spectrum (elemental composition) of the
CdTe thin film.

V.Conclusion

CdTe thin films prepared by thermal
evaporation exhibit strong substrate-dependent
optical and structural behavior. The glass-based
film shows a band gap close to bulk CdTe
(~1.45 eV), while photoglass and sitall
substrates yield a widened optical band gap
(~1.48-1.52 eV), consistent with nanoscale
grain effects and quantum confinement.
Enhanced infrared reflectance for photoglass
and sitall films is attributed to increased free-
carrier response captured by the Drude
contribution in the Drude—Lorentz model.
SEM/EDS and AFM results support nanoscale
morphology and a tellurium-rich composition,
which may promote p-type characteristics and
influence carrier-related optical effects. These
findings indicate that substrate selection can be
used as an effective control parameter to
optimize CdTe thin films for photovoltaic
absorbers and infrared photodetectors. Future
work will focus on controlled doping and
tighter control of grain-size uniformity to
improve device-relevant performance.
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ZnO:Al NANOSTRUKTURALARINING FOTOKATALITIK XOSSALARINI
COMSOL MULTIPHYSICS ASOSIDA MODELLASHTIRISH

A.Y.Boboyev?, B.D.G‘ulomov?, B.A.Karimov?
Andijon davlat universiteti
2Andijon davlat texnika instituti

Annotatsiya. Ushbu ishda Al bilan legirlangan ZnO (ZnO) nanostrukturalarining elektron va fotokatalitik
xossalari COMSOL Multiphysics dasturi yordamida modellashtirildi. Energetik soha tuzilishi, elektr maydon
tagsimoti, donor—akseptor konsentratsiyasi hamda optik sezgirlik tahlil gilindi. Natijalar Al legirlash donor markazlar
sonini oshirishi, Burshteyn—Moss siljishini yuzaga Kkeltirishi va zaryad tashuvchilar ajralishini yaxshilashi
mumekinligini ko‘rsatdi. Olingan natijalar ZnO nanostrukturalarining fotokatalitik vodorod ishlab chigarish tizimlarida
go'llash istigbollarini baholash uchun nazariy asos bo‘lib xizmat qiladi.

Kalit so‘zlar: ZnO, fotokataliz, COMSOL Multiphysics, Burshteyn—Moss siljishi, zaryad tashuvchilar,
vodorod ishlab chigarish.

Abstract. In this study, the electronic and photocatalytic properties of Al-doped ZnO (ZnO:Al)
nanostructures were investigated using COMSOL Multiphysics simulations. The energy band structure, electric
field distribution, donor—acceptor concentration profile, and optical sensitivity were analyzed. The results indicate
that Al doping can increase the donor concentration, induce the Burstein—Moss shift, and enhance charge carrier
separation. The obtained findings provide a theoretical basis for evaluating the potential application of ZnO:Al
nanostructures in photocatalytic hydrogen production systems.

Keywords: ZnO:Al, photocatalysis, COMSOL Multiphysics, Burstein—-Moss shift, charge carriers,
hydrogen production.

harakatchanligi, kimyoviy bargarorligi, nisbatan

g Km?h _ _ arzonligi va ekologik xavfsizligi sababli fotokataliz
Songgi  villarda  global  energiya hamda fotoelektrokimyoviy suv parchalanish
muammolari  va atrof-muhit ifloslanishining tizimlarida istigbolli material sifatida qaraladi. Shu

kuchayishi gayta tiklanuvchi hamda ekologik toza
energiya manbalari bo'yicha ilmiy izlanishlarni
jadallashtirdi. Shu nuqtai nazardan, suvni
fotokatalitik parchalanishi orgali vodorod ishlab
chigarish barqgaror energetika uchun istigbolli

yo'nalishlardan biri hisoblanadi. Bu jarayon
yorug'lik  energiyasini  bevosita  kimyoviy
energiyaga aylantirish imkonini  beradi va

issigxona gazlari chigindilarisiz amalga oshadi
[1,2].

Fotokatalitik suv parchalanish mexanizmi
yarimo'tkazgich materiallarda yorug'lik ta'sirida
elektron-kovak juftlarining hosil  bo'lishiga
asoslanadi. Hosil bo'lgan elektronlar gaytarilish
reaksiyalarida,  kovaklar  esa  oksidlanish
jarayonlarida ishtirok etadi. Biroq ko'plab
yarimo'tkazgichlarda asosiy muammo fotohosil
bo'lgan zaryad tashuvchilarning tez
rekombinatsiyaga  uchrashidir. Bu  jarayon
fotokatalitik samaradorlikni  keskin cheklaydi
[2,3].

ZnO keng tagiglangan sohaga ega n-tur
yarimo'tkazgich bo'lib,  yuqori elektron

bilan birga, sof ZnO ning asosiy kamchiligi uning
asosan ultrabinafsha sohada faol bo'lishi,
ko'rinadigan yorug'likdan cheklangan darajada
foydalanishi va fotokorroziya hamda
rekombinatsiya jarayonlariga moyilligidir [3].
ZnO asosidagi materiallarda vodorod
ajralish  samaradorligini  oshirish uchun turli
modifikatsiya yo'llari - legirlash, geterotuzilma
hosil  qilish,  kokatalizator  qo'shish,  sirt
nugsonlarini  boshgarish va nanostrukturalash
usullari keng go'llanmoqda. Xususan, Fe, Sn va Al
bilan legirlangan ZnO plyonkalarida fotovodorod
ishlab chigarish samaradorligini oshirishga doir
natijalar keltirilgan [4]. Al va Ce bilan ikki
tomonlama legirlangan ZnO nanokompozitlarida
esa zaryad tashuvchilar ajralishi va ko'rinadigan
yorug'lik yutilishining yaxshilanishi hisobiga H>
hosil bo'lish tezligi sezilarli ortgani ko'rsatilgan [5].
ZnO ning fotokatalitik  xossalarini
yaxshilashning samarali usullaridan biri uning
kristall panjarasiga uch valentli elementlarni
kiritish orqali legirlashdir. AI** ionlari Zn?* ionlari
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o'rnini egallaganda go'shimcha donor markazlar
hosil bo'ladi va erkin elektronlar konsentratsiyasi
ortadi. Natijada Fermi darajasi o'tkazuvchanlik
sohasi tomon siljiydi, elektr o'tkazuvchanlik
yaxshilanadi va optik o'tishlar yuqori energiyali

sathlarga ko'chishi mumkin [9-11].

Al bilan legirlangan ZnO tizimida
elektronlar konsentratsiyasining ortishi Burshteyn-
Moss siljishi  bilan bog'lig. Bu hodisada
o'tkazuvchanlik  sohasining  pastki  holatlari

elektronlar bilan band bo'lib qoladi va valent
sohadan o'tkazuvchanlik sohasiga optik o'tishlar
yugoriroq energiyalar orgali sodir bo'ladi. Shuning
uchun tajribaviy aniglanadigan samarali optik
tagiglangan soha kengligi ortadi [11,12].

Fotokatalitik jarayonlarda fagat
tagiglangan soha kengligi emas, balki elektron-
kovak juftlarining ajralishi, sirtga yetib borishi va
rekombinatsiya ehtimoli ham muhim ahamiyatga
ega. ZnO:Al va ZnO asosidagi geterotuzilmalarda
zaryad tashuvchilarni ajratish samaradorligini
oshirish uchun ZnO/g-C3sN4, ZnO/CdS va boshga
kompozit tizimlardan ham foydalanilmoqgda.
Bunday geterotuzilmalar zaryad hosil bo’lishini
tezlashtirib, rekombinatsiya ehtimolini
kamaytirishi va H ajralish jarayonini kuchaytirishi
mumkin [6-8].

Shu sababli ushbu maqgolada ZnO:Al
nanostrukturalarida Al  legirlashning  donor
markazlar hosil bo‘lishi, Burshteyn—Moss siljishi,
ichki elektr maydon, zaryad tashuvchilar
generatsiyasi va rekombinatsiya jarayonlariga
ta'siri COMSOL Multiphysics dasturi yordamida
modellashtirish asosida tahlil gilindi.

I1. Material va metodika

2.1. Model materiali va hisoblash uchun
gabul gilingan fizik parametrlar

Ushbu ishda Al bilan legirlangan rux oksidi
(ZnO:Al) nanostrukturalarining elektron, optik va
rekombinatsion xossalari COMSOL Multiphysics
muhitida modellashtirish asosida tahlil gilindi.

Model materiali sifatida keng tagiglangan
sohaga ega n-tur yarimo'tkazgich - ZnO asos qilib
olindi. ZnO ning geksagonal wvurtsit Kkristall
tuzilmasi, optik shaffofligi, ultrabinafsha sohada
kuchli  yutilishi, donor tipidagi nugsonlar
mavjudligi hamda elektronlar asosiy zaryad
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tashuvchilar sifatida ishtirok etishi hisobga olindi
[17-20].

Al bilan legirlash jarayonida AI®* ionlari
Zn?* ionlari o'rini egallashi mumkinligi sababli
kristall panjarada qo'shimcha donor markazlar
hosil  bo'ladi. Natijada erkin elektronlar
konsentratsiyasi ortadi, Fermi darajasi
o'tkazuvchanlik sohasi tomon siljiydi va ZnO:Al
tizimida Burshteyn-Moss siljishi yuzaga kelishi
mumkin [9-12].

Hisoblashlarda ZnO:Al materialida donor
va akseptor markazlarining fazoviy tagsimoti,
zaryad tashuvchilar konsentratsiyasi, ichki elektr
maydon, energetik sohalar egilishi hamda optik
generatsiya jarayonlari tahlil qilindi. Donor
markazlarining mavjudligi Al legirlash natijasida
yuzaga keladigan go'shimcha elektronlar manbai
sifatida  qaraldi. Akseptor markazlar esa
kompensatsion nugsonlar va rekombinatsiya
markazlari mavjudligini hisobga olish uchun
modelga Kiritildi.

Modelda ZnO:Al  nanostrukturasining
fotokatalitik faolligi bevosita H. ajralish tezligi
orgali emas, balki fotokatalitik jarayonni
belgilovchi asosiy fizik omillar orgali baholandi.
Bular jumlasiga yorug'lik ta'sirida elektron-kovak
juftlarining hosil bo'lishi, ularning ichki elektr
maydon ta'sirida ajralishi, sirtga yetib boruvchi
elektronlar ogimi hamda rekombinatsiya ehtimoli
kiradi [3,13-15].

2.2. COMSOL Multiphysics muhitida
modellashtirish

ZnO:Al nanostrukturalarida zaryad
tashuvchilar harakati, energetik sohalar egilishi,
elektr maydon tagsimoti, optik xossalari va
rekombinatsiya jarayonlarini tahlil gilish uchun
COMSOL Multiphysics dasturining
yarimo'tkazgich  jarayonlarini  modellashtirish
imkoniyatlaridan foydalanildi. Modellashtirishda
yarimo'tkazgich material ichidagi elektrostatik
potensial, elektron va kovaklar konsentratsiyasi,
donor-akseptor markazlari tagsimoti hamda optik
generatsiya jarayonlari o'zaro bog'langan holda
garaldi [22].

Hisoblashlarning asosiy fizik mazmuni
Poisson  tenglamasi, zaryad  tashuvchilar
uzluksizlik tenglamalari hamda drift-diffuziya
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modeliga tayandi. Poisson tenglamasi
yarimo'tkazgich ichidagi elektrostatik potensial va
elektr maydon tagsimotini aniglash uchun
ishlatildi. Elektron va kovaklar uchun uzluksizlik
tenglamalari esa yorug'lik ta'sirida hosil bo'lgan
zaryad tashuvchilarning generatsiya,
rekombinatsiya, drift va diffuziya jarayonlarini
baholash imkonini berdi [19,22].

Modelda Al legirlash ta'siri  donor
markazlar konsentratsiyasining ortishi orgali
ifodalandi. Donor markazlari konsentratsiyasining
o'zgarishi Fermi darajasi, o'tkazuvchanlik sohasi,
valent sohasi va ichki elektr maydon tagsimotiga
ta'sir giluvchi asosiy parametr sifatida garaldi. Shu
orgali Al kiritilishi natijasida ZnO ning elektron
tuzilmasi ganday o'zgarishi, Burshteyn-Moss
siljishi ganday sharoitda yuzaga kelishi va zaryad
tashuvchilar ajralishiga ganday ta'sir gilishi tahlil
qgilindi .

Rekombinatsiya jarayonlarini  baholash
uchun spontan emissiya spektri ham tahlil gilindi.
Spontan  emissiya  intensivligining  foton
energiyasiga bog'ligligi radiatsion rekombinatsiya
jarayonlari mavjudligini ko'rsatadi. ZnO:Al kabi
legirlangan keng tagiglangan sohali
yarimo'tkazgichlarda  bunday rekombinatsiya
jarayonlari fundamental soha oralig'i, nugson
sathlari yoki sirt holatlari bilan bog'lig bo'lishi
mumkin [10,15,16].

I11. Natijalar va ularning tahlili

3.1. Energetik soha tuzilmasi va
Burshteyn-Moss siljishi

Energetik soha diagrammasi ZnO:Al
nanostrukturalarida o'tkazuvchanlik sohasi, valent
soha va Fermi darajasining o'zaro joylashuvini
ko'rsatadi. ZnO keng tagiglangan sohali n-tur
yarimo'tkazgich bo'lib, uning asosiy xossalari
donor tipidagi nugsonlar va zaryad tashuvchilar
konsentratsiyasi bilan belgilanadi [17-19].

A" jonlari Zn?* ionlari o'rnini egallaganda
kristall panjarada go'shimcha donor markazlar
yuzaga keladi. Natijada o'tkazuvchanlik sohasidagi
erkin elektronlar soni ortadi va Fermi darajasi
o'tkazuvchanlik sohasi tomon yaginlashadi. Bu
holat materialning elektr o'tkazuvchanligini
oshiradi hamda zaryad tashuvchilar harakatini
faollashtiradi [9-11].
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Al legirlashning muhim natijalaridan biri
Burshteyn-Moss  siljishidir.  Mazkur  hodisa
o'tkazuvchanlik sohasining quyi energetik holatlari
elektronlar bilan band bo'lib golishi sababli optik
o'tishlarning yuqoriroq energiyalarga siljishi bilan
izohlanadi. Shu tufayli tajribaviy aniglanadigan
samarali tagiglangan soha kengligi ortadi [11,12].

Fotokatalitik nuqtai nazardan energetik
sohalarning  bunday  boshqarilishi  muhim
ahamiyatga ega. Agar fotohosil bo'lgan elektronlar
rekombinatsiyaga uchramasdan material sirtiga
yetib  borsa, ular H* ionlarini gaytarish
reaksiyalarida ishtirok etib Hz hosil bo'lishiga hissa
qo'shadi. Kovaklar esa oksidlanish jarayonlarini
amalga oshiradi .

Energy level diagram a

— Conduction band

Electron Fermi level
— Valence band

N — = Hole Ferm| level

Energy (eV)

1-rasm. ZnO:Al nanostrukturasining energetik
soha diagrammasi (COMSOL model natijasi).

3.2. Elektr maydon tagsimoti

ZnO:Al nanostrukturalarida elektr maydon
tagsimoti yarimo'tkazgich strukturaning ichki
elektr xossalarini va zaryad tashuvchilarning
harakatlanish mexanizmini aniglashda muhim rol
o'ynaydi. Yarimo'tkazgich  gatlamida hosil
bo'ladigan elektr maydon elektron va kovaklarning
harakat yo'nalishini belgilab, ularning drift va
diffuziya jarayonlariga bevosita ta'sir ko'rsatadi
[19,22].

2-rasmda elektr maydon
kuchlanganligining chuqurlik bo'yicha tagsimoti
keltirilgan. Hisoblash natijalari elektr maydon
kuchlanganligi gatlam chuqurlashgan sari asta-
sekin  kamayishini  ko'rsatadi.  Strukturaning
boshlang'ich gismida elektr maydon nisbatan
yugori giymatga ega bo'lib, chuqurlik ortishi bilan
uning giymati pasayadi.
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Bunday tagsimot donor-akseptor
markazlarining  fazoviy  tagsimoti  hamda

yarimo'tkazgich ichidagi potensial gradient bilan
izohlanadi. Kuchli elektr maydon mavjud
hududlarda elektronlar tezroq ajraladi va ularning
kovaklar  bilan gayta rekombinatsiyalanish
ehtimoli kamayadi. Bu holat fotokatalitik
jarayonlarda sirtga yetib boruvchi elektronlar
ogimini oshirish uchun ijobiy omil hisoblanadi
[3,13].

Al kiritilganda donor markazlar soni ortadi
va erkin elektronlar konsentratsiyasi ko'payadi. Bu
ichki elektr maydon gradientining shakllanishiga
va zaryad tashuvchilar ajralishining kuchayishiga
olib kelishi mumkin. Shunday qilib, elektr maydon
tagsimoti ZnO:Al tizimida fotogeneratsiyalangan
zaryadlarning foydali reaksiyalarga
yo'naltirilishini  tushuntiruvchi  asosiy model
ko'rsatkichlardan biridir.

Line Graph: Electric field norm (V/m)
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2-rasm. ZnO:Al nanostrukturasida elektr maydon
kuchlanganligining chuqurlik bo'yicha tagsimoti
(COMSOL model natijasi).

3.3. Donor-akseptor
konsentratsiyasining fazoviy tagsimoti

Yarimo'tkazgich strukturalarda donor va
akseptor markazlarining fazoviy tagsimoti zaryad
tashuvchilar harakati, energetik sohalar egilishi va
ichki elektr maydon shakllanishini aniglovchi
asosily omillardan biridir.  Aynigsa, ZnO:Al
tizimida Al donor markazlari  elektron
konsentratsiyasini oshirib, materialning elektr va
optik xossalarini sezilarli o'zgartiradi [9-11].

3-rasmda  modeldagi  donor-akseptor
konsentratsiyasi profilining chuqurlik bo'yicha
tagsimoti keltirilgan. Grafik donor va akseptor
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markazlari konsentratsiyasining gatlam ichida bir
xil emasligini ko'rsatadi. Bunday notekis tagsimot
yarimo'tkazgich gatlamida potensial gradient va
ichki elektr maydon hosil bo'lishiga sabab bo'ladi.

Donor markazlar  konsentratsiyasining
yugori bo'lishi erkin elektronlar sonining ortishiga
olib keladi. Akseptor markazlar esa kompensatsion
nugsonlar va rekombinatsiya kanallari sifatida
garaladi. Donor va akseptor markazlar o'rtasidagi
muvozanat zaryad tashuvchilarning yashash vaqti,
harakatchanligi hamda fotokatalitik reaksiyalarda
ishtirok etish ehtimolini belgilaydi [14,15].

Kirishma konsentratsiyasi ortib ketganda
kristall panjarada go'shimcha nugsonlar, lokal
buzilishlar va rekombinatsiya markazlari paydo
bo'lishi mumkin. Bunday holatda elektron-kovak
juftlarining yashash vaqti qisqaradi, bu esa
fotokatalitik faollikni pasaytiradi. Shuning uchun
ZnO:Al nanostrukturalarida Al
konsentratsiyasining optimal gqiymatini tanlash
muhim ilmiy va texnologik masala hisoblanadi
[14,15].

(B )
Line Graph: semi.Nd-semi.Na (1/cm?)
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3-rasm. ZnO:Al nanostrukturasida donor va
akseptor konsentratsiyasining chuqurlik bo'yicha
tagsimoti (COMSOL model natijasi).
3.4. Optik xossalar va Burshteyn-Moss
siljishining tahlili

ZnO:Al nanostrukturalarining  optik
xossalari Al legirlash  natijasida elektron
konsentratsiyasi, nugson  sathlari va  sirt
holatlarining  o'zgarishi  bilan  belgilanadi.

Adabiyotlarda Al kirishma atomlari kiritilganda
optik yutilish chegarasining gisga to'lginlar tomon
siljishi va effektiv tagiglangan soha kenligi

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Physics

giymatining ortishi Burshteyn-Moss effekti bilan
bog'lanadi [9-12].

Burshteyn-Moss siljishi o'tkazuvchanlik
sohasining quyi energetik sathlari elektronlar bilan
band bo'lib qolishi natijasida yuzaga keladi.
Bunday sharoitda valent sohadan elektron
o'tkazuvchanlik sohasiga optik o'tishi band
bo'lmagan yuqoriroq energetik sathlarga o’tishi
bilan sodir bo'ladi. Natijada optik yutilish chegarasi
yugoriroq energiyaga siljiydi [11,12].

Birog fotokatalitik samaradorlik faqat

tagiglangan soha kenligi  kengayishi  bilan
belgilanmaydi. ZnO:Al  tizimida  zaryad
tashuvchilar ajralishi, sirtga ko’chishi

nugsonlarning rekombinatsiya markazi sifatidagi
roli va sirt reaksiyalari ham muhimdir. Al atomlari
kiritilgan ZnO nanozarralar bo'yicha tadgigotlarda
fotokatalitik faollik nugsonlar va morfologiya bilan
bevosita bog'lig ekani ko'rsatilgan [14,15].

Shu bois model natijalari Burshteyn-Moss
siljishini ZnO:Al ning fotokatalitik xossalariga
bevosita yagona sabab sifatida emas, balki elektron
harakati, ichki elektr maydon va rekombinatsiya
jarayonlari bilan birgalikda tahlil gilinadigan omil
sifatida ko'rsatadi.

1VV.Xulosa

Ushbu ishda ZnO nanostrukturalarining
fotokatalitik xossalari COMSOL Multiphysics
yordamida modellashtirildi. Natijalar Al legirlash
donor markazlar konsentratsiyasini oshirib, Fermi
darajasining o‘tkazuvchanlik sohasi tomon siljishi
va Burshteyn—Moss effektining yuzaga kelishiga
sabab bo‘lishini ko‘rsatdi. Elektr maydon va
donor—akseptor konsentratsiyasi tagsimoti zaryad

tashuvchilar  ajralishini  kuchaytirishi hamda
rekombinatsiyani kamaytirishi mumkinligi
aniglandi.

Optik sezgirlik tahlili  700-750 nm

oralig‘ida maksimal qiymat kuzatilishini ko‘rsatdi,
bu esa zaryad tashuvchilar hosil bo‘lishi va
yig‘ilish samaradorligi yugqori bo‘lishi
mumkinligini bildiradi. Olingan natijalar optimal
Al legirlash ZnO asosidagi fotokatalizatorlarning
vodorod ishlab chigarish samaradorligini oshirish
uchun muhim omil ekanligini ko‘rsatadi.
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ZnO:Al NANOKOMPOZITLARINING FOTOKATALITIK XOSSALARINI
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Annotatsiya. Ushbu maqolada ZnO nanokompozitlarining fotokatalitik xossalari bo‘yicha adabiyotlar
tahlili keltirilgan. ZnO ning tuzilmaviy, optik va elektr xossalariga Al kirishma atomlarining ta’siri ko‘rib chigilgan.
Al bilan legirlash natijasida erkin elektronlar konsentratsiyasi ortishi, rekombinatsiya jarayonlarining susayishi
hamda fotokatalitik samaradorlikning oshishi tahlil gilingan. Shuningdek, ZnO nanomateriallarini olish usullari,
kristall tuzilishi va fotokatalitik go‘llanilish istigbollari yoritilgan.

Kalit so‘zlar: ZnO, fotokataliz, alyuminiy legirlash, nanokompozitlar, fotokatalitik faollik, optik xossalar,

XRD, Burshteyn—Moss effekti.

Abstract: This paper presents a literature review on the photocatalytic properties of ZnO
nanocomposites. The influence of Al dopant atoms on the structural, optical, and electrical properties of ZnO
is discussed. It is shown that Al doping increases the concentration of free electrons, suppresses charge carrier
recombination, and improves photocatalytic efficiency. In addition, synthesis methods, crystal structure
characteristics, and potential photocatalytic applications of ZnO nanomaterials are reviewed.

Keywords: ZnO, photocatalysis, aluminum doping, nanocomposites, photocatalytic activity, optical

properties, XRD, Burstein—Moss effect.
I.Kirish.

Bugungi kunda energiya resurslarining
cheklanganligi, atrof-muhitning ifloslanishi
hamda sanoat va qishloq xo‘jaligi faoliyati
natijasida hosil bo‘layotgan organik
chigindilarning ko‘payishi insoniyat oldiga
yangi, samarali va ekologik  xavfsiz
texnologiyalarni  ishlab  chigish  vazifasini
go‘ymoqda. Ushbu muammolarni bartaraf
etishda fotokatalitik jarayonlarga asoslangan
texnologiyalar alohida ilmiy va amaliy ahamiyat
kasb etmoqda. Fotokatalizatorlarni faollashtirish
uchun cheksiz energiya manbai bo'lgan quyosh

nuridan foydalanish bargaror texnologiyadir[1].
Fotokataliz jarayoni yorug‘lik energiyasini
bevosita kimyoviy energiyaga aylantirish

imkonini berib, suv va havoni tozalash, organik
ifloslantiruvchi  moddalarni  parchalanishi,
shuningdek, vodorod kabi muqobil energiya
manbalarini olishda istigbolli yo‘nalish sifatida
garalmoqda.

Fotokatalitik tizimlarning samaradorligi
asosan  qo‘llanilayotgan  yarimo‘tkazuvchi
materiallarning  fizik-kimyoviy  xossalariga
bog‘lig bo‘lib, so‘nggi yillarda nanotuzilmali
oksidli yarimo‘tkazgichlar ushbu sohada keng
migyosda tadqiq gilinmoqda. Shular orasida rux
oksidi (ZnO) nanomateriallari o‘zining keng
tagiglangan sohasi, yugori optik

o‘tkazuvchanligi, kimyoviy barqarorligi hamda
ekologik xavfsizligi bilan ajralib turadi. ZnO
eksiton bog‘lanish energiyasi taqriban ~60 meV,
337 eV keng tagiglangan  sohali
yarimo‘tkazgichdir  [2,3,4,5]. Aynan shu
xususiyatlari uni fotokatalitik jarayonlar uchun
magbul materialga aylantiradi. Ammo, ZnO
nanomateriallarining fotokatalitik xossalari fagat
ultrabinafsha nurlanish  bilan  cheklanishi,
shuningdek, hosil bo‘lgan elektron—kovak
juftliklarining tez rekombinatsiyalanishi kabi
muhim cheklovlarga ega. Quyosh nurlanishining
asoslty qismi ko‘rinadigan spektrga to‘g‘ri
kelishini hisobga olganda, ushbu cheklovlar ZnO
asosidagi fotokatalizatorlarning amaliy
samaradorligini pasaytiradi [6]. Shu sababli
zamonaviy ilmiy tadgiqotlarda ZnO
nanomateriallarini modifikatsiyalash, Al bilan
legirlash orgali ularning optik xossalari va
fotokatalitik samaradorligini yaxshilash,
shuningdek tagiglangan soha va fotohosil
bo‘lgan zaryad tashuvchilar rekombinatsiyasini
boshqarish ~ masalalariga  katta e’tibor
garatilmoqda [7,8].

Mazkur yo‘nalishda ZnO ni sintez qilish
usullarini takomillashtirish, kirishma atomlarini
kiritish hamda nanotuzilmalarning shakli va
o‘lchamlarini nazorat qilish orqali uning optik,
tuzilmaviy va ayrim hollarda fotokatalitik
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xossalarini  yaxshilash mumkinligi
tadgiqotlarda ko‘rsatilgan [8,9].
Il. ZnO:Al yupga plyonkalarining olinish
usullar

Metalloksidli yupga plyonkalar olishning
bir gancha texnologiyalari va usullari mavjud.
Zol—gel usuli ZnO yupga plyonkalarini olishda
eng keng targalgan kimyoviy texnologiyalardan
biri hisoblanadi [9]. Ushbu usulda dastlab rux
asetat va erituvchi asosida zol (kolloid eritma)
tayyorlanadi, zol maxsus shkaflarda gel holatiga
o‘tgunicha saqglanadi, so‘ngra u taglik yuzasiga
sping-coating (aylantirib qoplash) yoki dip-
coating (cho‘ktirish) usullari orqali yotqiziladi
[10,11]. Keyingi  bosgichda  tagliklarga
o‘stirilgan namunalarga issiqlik bilan ishlov
beriladi. Zol-gel texnologiyasining asosiy
afzalligi jarayonning soddaligi va igtisodiy
jihatdan arzonligidir. Bundan tashqari, tarkibni
nazorat qilish, ya’ni kirishma atomlarini aniq
nisbatda kiritish imkoniyati mavjud bo‘lib, bu
ZnO ning optik va elektr xossalarini
boshqarishga imkon beradi. Shu bilan birga, zol-
gel usulida olingan plyonkalarda nugsonlarning
yuzaga kelishi, kristallaninish darajasi yuqori
bo‘lgan materiallar olish uchun esa majburiy
ravishda yuqori haroratli termik ishlov talab
etilishi uning asosiy kamchiligi hisoblanadi [10].

Metalloksidli materiallar olishning yana
bir usuli gidrotermal wusul bo‘lib, u ZnO
nanotuzilmalarni sintez qilishda muhim o‘rin
egallaydi. Ushbu usulda prekursorlar suvli
muhitda rekator ichida nisbatan mo‘tadil
haroratlarda ushlab turiladi va natijada ZnO
kristallari bosgichma-bosqich hosil bo‘lib o‘sadi
[9]. Gidrotermal  jarayon ZnO  ning
tayoqchasimon yoki ustunsimon tuzilmalarda
shakllanishini ~ ta’minlab, aniq  kristall
yo‘nalishga ega qatlamlar hosil giladi. Bu usul
ZnO plyonkasini igtisodiy sintez gilish uchun
eng istigbolli jarayonlardan biri hisoblanadi,
chunki u vakuum, yuqori ofstirish harorati,
murakkab  uskunalar, gimmatbaho metall
katalizatorlar, nanoo‘lchamli qolip va uzluksiz
gaz yuborishni talab gilmaydi [12]. Shu bilan
birga, gidrotermal usulning asosiy kamchiligi
gimmat uskunalar va yugori harorat talabidir
[13].

ko‘plab
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Nanomaterilar oilshning yana bir usuli
magnitron purkash usuli bo‘lib ZnO yupqa
plyonkalarini o‘stirish uchun qulay usullardan
biri  hisoblanadi, chunki u Kkristallografik
yo‘nalishni samarali boshqarish, taglik bilan
yaxshi yopishuvini ta’minlash hamda hosil
bo‘lgan yupqa qatlamning yuqori zichlikka ega
bo‘lishiga imkon beradi [14]. Purkash — bu
nishon materiali energetik zarrachalar bilan
bombardimon qilinadigan jarayon bo‘lib, bunda
nishondan ajralib chiggan atomlarni yupga
plyonka bilan qoplanishi kerak bo‘lgan taglik
yuzasiga yo‘naltiriladi [15]. Ushbu usul galinlik
va tarkibni aniq nazorat gilish imkoniyati bilan
ajralib turadi, bu esa optoelektron qurilmalar
uchun juda muhimdir. Shuningdek goplash
tezligining pastligi va RF texnologiyasini katta

yuzali  goplamalar  uchun  masshtablash
murakkabligi muhim kamchiliklarni tashkil
etad[16].

ZnO yupga plyonkalarini olish imkonini
beruvchi yana kimyoviy bug‘larni cho‘ktirish
(CVD) texnologiyasi ham mavjud bo’lib, bir
gancha ilmiy tadgiqot ishlarida CVD usuli
yordamida  yuqori sifati  ZnO  yupga
plyonkalarini olish mumkinligi ko‘rsatilgan
[17,18]. Kimyoviy bug* cho‘ktirish (CVD) usuli
orqali ZnO yupga plyonkalarining o‘sish
mexanizmi bir necha bosqichlarni o‘z ichiga
oladi, jumladan,prekursor yetkazib berish,
reaksiya, kristallanish markazlarining hosil
bo‘lishi va plyonka o‘sishi hamda boshqalar [19].

ZnO asosidagi nanomaterilalar olishning
yana bir usuli Ultratovushli purkash pirolizi
(USP) usuli bo‘lib, bu yupga plyonkalarni katta
yuzali tagliklarga  ofstirish uchun istigbolli
usullardan biridir [20]. Ushbu usulda oldindan
tayyorlangan eritma ultratovush tebranishlari
yordamida mayda aerozol tomchilarga ajratiladi
va qizdirilgan taglik yuzasiga purkaladi.
Tomchilar taglik bilan to‘qnashganda eritmaning
parchalanishi sodir bo‘lib, ZnO kristall qatlam
hosil bo‘ladi. USP usulining muhim afzalligi
jarayonning uzluksizligi, texnologik
moslashuvchanligi va sanoat miqyosida qo‘llash
imkoniyatidir. Qatlam galinligi purkash vaqti va
eritma  konsentratsiyasi  orgali ~ samarali
boshqariladi. Biroq tomchilar o‘lchamining xar
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hil ekanligi natijasida sirt notekisligi ortishi,
shuningdek, kristall sifati vakuum
texnologiyalariga nisbatan pastroq bo‘lishi
mumkin.

Yugorida bayon etilgan usullar ZnO
asosli  nanokompozitlarning tuzilmasi, sirt
morfologiyasi va kristall sifatini boshqgarishda
muhim  ahamiyat kasb etadi. Aynigsa,
legirlangan  ZnO nanokompozitlarni ~ sintez
gilishda tanlangan  texnologiya  yakuniy
materialning donachalar o‘lchami, nugsonlar
konsentratsiyasi va sirt faolligiga bevosita ta’sir
ko‘rsatadi. Mazkur omillar  fotokatalitik
jarayonlarning  samaradorligini  belgilovchi
asosiy mexanizmlar — zaryad tashuvchilarning
hosil bo‘lishi, ularning rekombinatsiyasiz ajralib
golishi hamda material sirtiga yetib borib, aktiv
markazlarda reaksiyalarda ishtirok etishini
ta’minlaydi.

ZnO yupga plyonkalarning fizik
xossalarini yaxshilash magsadida bir gancha
krishma atomlarini  kiritish mumkin. Bular
orasida Al kirishma atomlarining ZnO kristall
panjarasiga kiritilishi natijasida qo‘shimcha
donor sathlar hosil bo‘lib, elektronlar
konsentratsiyasining  ortishiga va zaryad
tashuvchilarning rekombinatsiya ehtimolining
kamayishiga olib keladi. Shu sababli, sintez usuli
va texnologik parametrlarni to‘g‘ri tanlash
ZnO:Al  nanokompozitlarning  fotokatalitik
faolligini oshirishda hal giluvchi ahamiyatga ega
hisoblanadi.

I11. ZnO:Al yupga plyonkalarining
tuzilmaviy xossalari

ZnO va Al bilan legirlangan ZnO
nanomateriallarining Kristall tuzilmasini
aniglashda Rentgen difraksiya (XRD) usuli
qo‘llaniladi. Piras va hammualliflar XRD tahlili
natijasida barcha namunalar olti burchakli vurtsit
kristall fazasiga mos kelishini aniglaganlar.
Ularning ta’kidlashicha, 26 = 31,79°, 34,44°,
36,28°,47,59°,56,61°, 62,91°, 66,41°, 68,04° va
69,17° burchaklarda kuzatilgan difraksion
cho‘qqgilar mos ravishda (100), (002), (101),
(102), (110), (103), (200), (112) va (201) kristall
tekisliklaridan hosil bo‘lgan akslanishlarga
tegishlidir [21] Quyidagi Debye—Scherrer
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formulasidan foydalanib, o‘rtacha kristallit
o‘Ichami D quyidagicha aniglangan [22,23]:
0.94

p cos
bu yerda:
D — o‘rtacha kristallit o‘Ichami (nm),
A — CuKa nurlanish uzunligi (1.5406 A),
B — cho‘qqgining to‘liq yarim kengligi
(radianlarda),
6 — difraksiya burchagi.
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1- rasm. Turli xil alyuminiy tarkibi bilan
sintezlangan kirishmasiz ZnO va Al-kirishmali
ZnO  kukunlarining  rentgen  nurlanishi
diffraksiyasi [21].

l-rasmda ZO, AZO-05 va AZO-5
namunalarining TEM tasvirlari berilgan. Unga
ko‘ra sintez qilingan ZnO va Al-doped ZnO
nanopartikullari  asosan kvazi-sferik, ya’ni
deyarli sharsimon shaklga ega. O‘lchamlar: ZO:
o‘rtacha =22 + 7 nm, AZO-05: o‘rtacha~23 + 6
nm, AZO-5: o‘rtacha = 34 + 8 nm, mualliflar
aytishicha, Al miqdori past bo‘lganda
nanopartikullarning  o‘rtacha  diametri va
tagsimoti deyarli o‘zgarmaydi. Ammo Al
migdori 5% ga yetganda, zarracha diametri
ortadi. Bu Al miqdori yuqori bo‘lganda
morfologiya va zarracha o‘lchami sezilarli
o‘zgarishini bildiradi. AIP* ioni bo'sh tetraedr
joylarini egallashi va tetraedr geometriyasida
Zn?* jonining o'rnini bosishi mumkin, bu esa
o'tkazuvchanlikni yaxshilaydigan erkin elektron
(zaryad tashuvchi) hosil giladi. Xuddi shunday,
interstitsial oktaedr koordinatsiyalangan joyi
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AI®* ioni tomonidan egallanishi mumkin. AI®*
ionlari oktaedr joyini egallaganida,
o'tkazuvchanlik pasayadi, deb xabar beriladi
[21].

IV. ZnO ning optik va elektrofizik
xususiyatlari

ZnO ning optik va elektrofizik
xususiyatlari uning kristall tuzilishi, nugsonlar
holati, donachalar o‘lchami hamda kirishma
atomlarining turi va konsentratsiyasiga bevosita
bog‘ligdir. Kirishmasiz ZnO keng taqiglangan
sohaga ega n-tip yarimo‘tkazgich bo‘lib,
yorug‘lik  ta’sirida yuqori optik yutilish
xususiyatlarini namoyon etadi. Biroq, ichki
nugsonlar va elektron—-kovak
rekombinatsiyasining tez amalga oshishi uning
amaliy qo‘llanilish samaradorligini cheklaydi.

85

ZnO Al bilan lehimlanganda, AI** ZnO
kristall tuzilishidagi Zn?* o'mini egallaydi,
natijada  elektr  o'tkazuvchanligiga  hissa
qo'shadigan yana bitta erkin elektron paydo
bo'ladi [23]. Bu holat erkin elektronlar

konsentratsiyasining ortishiga, elektr
o‘tkazuvchanlikning oshishiga olib keladi.
Natijada ZnO:Al nanokompozitlarda

rekombinatsiya jarayonlari susayib, fotokatalitik
va optoelektron samaradorlik oshishi mumkin.

Ajili va hammualliflar Al bilan legirlash
ZnO yupga plyonkalarining elektr
o‘tkazuvchanligini sezilarli darajada oshirishini
aniglaganlar. Eng yaxshi elektr xossalar 2 % Al
konsentratsiyasida kuzatilib, bundan yuqori
konsentratsiyalarda esa elektr parametrlarining
yomonlashishi gayd etilgan [23].

v %l X 10" Qem) M, (X 10" em’) M, (X 107" em™) i (em . V")
] 13.3 015 0.11 1208
1 58 8.91 8.23 29
2 4.1 21.03 2442 2.3
3 16.7 1.09 1.52 7.5

3%).

1-jadval. SnO, :F taglik ustiga cho‘ktirilgan AZO yupqa qatlamlarining Hall o‘lchovlari
natijalari turli alyuminiy legirlash konsentratsiyalarida (y = [AI** ]/[Zn?" ] =0, 1%, 2% va

1-jadvaldan ko‘rinib turibdiki, alyuminiy
legirlovchi go‘shimchasi AZO yupga
plyonkalarining elektr xossalariga ta’sir etuvchi
eng muhim omillardan biridir. Legirlovchi
qo‘shimcha miqdori ortishi bilan solishtirma
garshilik keskin kamayadi vay =1 hamday = 2
bo‘lganda mos ravishda 5.8x10"* va
41x10"* Q-cm qiymatlarni tashkil etadi,
undan keyin esa yana ortadi. SnO, :F/shisha
taglikda o‘stirilgan AZO plyonkalari uchun
kuzatilgan eng kichik solishtirma garshilik
giymati, xuddi shunday 1 va 2 atom % Al bilan

legirlangan va shisha taglikda o°stirilgan
plyonkalarnikiga nisbatan ancha past bo‘lib,
oxirgilari uchun bu giymatlar mos ravishday = 1
vay=2da 1.3 va 1.5 Q-cm ni tashkil etadi [23].
V.Xulosa

Adabiyotlar tahlili shuni ko‘rsatdiki, Al
bilan legirlangan ZnO nanokompozitlari sof ZnO
ga nisbatan vyaxshirog optik, elektr va
fotokatalitik xossalarga ega. Al kirishmasi erkin
zaryad tashuvchilar konsentratsiyasini oshirib,
elektron—kovak juftliklarining
rekombinatsiyasini kamaytiradi. Natijada
fotokatalitik ~ faollik ortadi va organik
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ifloslantiruvchilarni parchalash samaradorligi
yaxshilanadi. Shu sababli ZnO nanokompozitlari
fotokataliz, ekologik tozalash va optoelektron
qurilmalarda qo‘llash uchun istigbolli materiallar
hisoblanadi.
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Nostatsionar quyosh nurlanishi sharoitida fototermoelektrik
modullarning energiya samaradorligini tadqiq etish uchun
eksperimental qurilmani ishlab chigish va modellashtirish

A.M. Kasimaxunova, Q.Sh. Mamarasulov

1Fergana State Technical University, 86 Fergana Street, Fergana 150100, Uzbekistan,
kasimahunova@rambler.ru

Annotatsiya: Ushbu maqgolada nostatsionar quyosh nurlanishi sharoitida fototermoelektrik
modullarning energiya samaradorligini tadqiq etishga mo'ljallangan eksperimental qurilmaning
konstruksiyasi, ishlash prinsipi va funksional imkoniyatlari keltirilgan. Qurilma fotoelektrik modul,
termoelektrik generator, impulsli nurlanish hosil giluvchi optik disk, gadamli dvigatel, energiya saglash
tizimi va Arduino asosidagi boshqaruv blokidan tashkil topgan. Taklif etilgan tizim yordamida impulsli
quyosh nurlanishining fotoelektrik va termoelektrik o‘zgartirish jarayonlariga ta’siri eksperimental
ravishda tadqiq qgilinadi. Qurilma dissertatsiya ishida ishlab chiqilgan matematik modellarni tekshirish,
nostatsionar energetik jarayonlarni o‘rganish va fototermoelektrik tizimlarning energiya
samaradorligini optimallashtirish uchun mo‘ljallangan. Qurilmaning asosiy mexanik elementlari
Autodesk Fusion 360 dasturida uch o‘lchamli modellashtiriigan bo'lib, hozirgi vagtda uning to‘liq
yig‘ma modeli shakllantiriimoqda.

Kalit so‘zlar: fototermoelektrik modul, nostatsionar jarayonlar, impulsli quyosh nurlanishi,
optik disk, fotoelektrik modul, termoelektrik generator, energiya samaradorligi.

AHHOTauus: B paHHOM cTaTbe npeacTaBneHbl KOHCTPYKUMSA, NpuHUMn  paboTbl u©
PYHKUMOHANbHbIE  BO3MOXHOCTU  3KCMEPUMEHTAaNbHOM  YCTAHOBKW, NpeAHasHayeHHowW Ans
nccrnenoBaHnsa aHepreTndeckon agdeKTUBHOCTU (DOTOTEPMOSNEKTPUYECKMX MOAYNEN B YCIOBUAX
HeCTauMOHapHOrO COSTHEYHOrO M3ryyYeHusi. YCTaHOBKa COCTOMT U3 (POTOINEKTPUYECKOro Moayns,
TePMO3MEKTPUYECKOro reHepaTopa, ONTUYECKOro Ancka, (oopMUPYIOLLEro NMMNYNbCHOE M3NyYeHune,
LIAaroBoro Asuratens, CUCTEMbl HaKoMmeHus aHeprum n Bnoka ynpasneHus Ha 6ase Arduino. C
MOMOLLbIO MPEANOXEHHON CUCTEMbl 3KCMEPUMMEHTANbHO WCCReayeTcs BUSHWE WMMYFbCHOMO
COMHEYHOrO0  M3My4YeHUss Ha npoueccbl  (POTOINEKTPUYECKOTO U TEPMOINEKTPUYECKOro
npeobpa3oBaHnsa 3Heprun. YCTaHOoBKa NpedHa3HadYeHa Anis NPOBEPKM MaTemMaTuyecKux mogenewn,
pas3paboTaHHbIX B pamKax AWCCEepPTaLMOHHOIO MWCCNeaoBaHus, W3yYeHUs HecTauMOHapHbIX
3HEepreTnyYeckmnx npoLeccos " onTumMmu3aumnm 3HepreTndeckomn 3P PEKTMBHOCTH
doToTepmoanekTpnyeckmx cuctem. OCHOBHbIE MeXaHU4eckne 3SMNeMeHTbl YCTaHOBKM Obinu
CMoJenvpoBaHbl B TpPEXMEpPHOM popmarte C UCNonb3oBaHWEM MpPorpamMHoOro obecneyeHus
Autodesk Fusion 360, 1 B HacTosLLee Bpems 3aBepLuaeTcs oopMnpoBaHme eé nosiHon cbopovHom
moaenu.

KrnoueBble cnoBa: OTOTEPMOINEKTPUYECKUA MOAYMb, HecTauuMOHapHble npoueccsl,
UMMYNbCHOE  COMHEYHOE  M3MyvyeHue, ONTUYECKUA  OUCK, OTOINEKTPUYECKUA  MOAYIb,
TEPMOINEKTPMUYECKUI reHepaTop, aHepreTudeckasa adheKTUBHOCTb.

LKIRISH

So‘nggi yillarda fototermoelektrik gibrid
tizimlar quyosh energiyasidan foydalanish
samaradorligini oshirishning istigbolli
yo‘nalishlaridan biri sifatida qaralmoqda [1-3].
Fotoelektrik modullarda tushayotgan quyosh
energiyasining katta qismi issiqlik energiyasiga

aylanadi va bu panel haroratining oshishiga olib
keladi [4, 5]. Natijada fotoelementlarning foydali
ish  koeffitsienti kamayadi [6]. Mavjud
tadqiqotlarning aksariyati statsionar quyosh
nurlanishi sharoitlarida amalga oshirilgan bo‘lib,
real ekspluatatsiya jarayonida kuzatiladigan
bulutlanish, atmosfera o‘zgarishlari va impulsli
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yoritilishlarning ta'siri yetarlicha o‘rganilmagan

[8-10]. Shu sababli dissertatsiya ishida
nostatsionar muhitda ishlovchi fototermoelektrik
modullarning energiya samaradorligini

matematik modellashtirish va optimallashtirish
masalalari tadqiq etilmoqda [11, 12]. Mazkur
maqsadga erishish uchun impulsli quyosh
nurlanishini hosil giluvchi maxsus eksperimental
qurilma ishlab chiqilgan [13-15].
II.Tadqiqotning dolzarbligi

Mavjud  fototermoelektrik  tizimlar
bo‘yicha olib borilgan ilmiy tadqiqotlarning
asosly qismi doimiy yoki statsionar quyosh
nurlanishi  sharoitlarida amalga oshirilgan.
Amalda esa quyosh nurlanishi atmosfera
sharoitlari, bulutlar harakati, changlanish va
boshqa tashqi omillar ta’sirida vaqt bo‘yicha
uzluksiz o‘zgarib turadi. Natijada fotoelektrik
modullarda hosil bo‘ladigan elektr energiyasi va
termoelektrik generatorlarda yuzaga keladigan
harorat gradientlari ham nostatsionar xarakterga
ega bo‘ladi. Shu sababli fototermoelektrik
tizimlarda energiya almashinuvi jarayonlarini
real sharoitlarga yaqinlashtirilgan holda tadqiq
etish uchun maxsus eksperimental qurilmani
yaratish zarurati yuzaga keladi.
III. TADQIQOT MATERIALLARI VA
USULLARI

Qurilmani yaratish zarurati

~ 9 - teshiklari bo‘igan

optik disk (impulsli
nurlanish hosil giluvchi)

89

Dissertatsiya ishida fotoelektrik va
termoelektrik  modullarda  yuz  beradigan
nostatsionar  jarayonlar integral-differensial
tenglamalar asosida matematik
modellashtirilmoqda. Biroq matematik
modelning ishonchliligini baholash uchun

eksperimental ma’lumotlar talab etiladi. Mazkur
magqgsadda impulsli quyosh nurlanishini hosil
qiluvchi eksperimental stend ishlab chiqildi.
Qurilma yordamida laboratoriya sharoitida turli
chastota va davomiylikdagi yoritish impulslarini
hosil qilish hamda wular ta’sirida yuzaga
keladigan energetik jarayonlarni qayd etish
mumkin. Optik disk yordamida nurlanish oqimi
sun’iy ravishda modulyatsiyalanadi va bu real
atmosferadagi bulutlanish jarayonlarini
modellashtirish imkonini beradi.
Qurilmaning umumiy tuzilishi
Taklif etilayotgan qurilma quyidagi

asosiy gismlardan tashkil topgan:

o fotoelektrik modul (PV);

o termoelektrik generator (TEG);

o alyuminiy issiqlik tarqatuvchi plastina;

e radiator;

o sovitish ventilyatori;

e energiya akkumulyatori;

e gadamli dvigatel;

o optik disk;

e Arduino UNO asosidagi boshgaruv bloki.

Q
2 | Termoelektrik
generator

1 ~ fotoelektrik modul (quyosh paneli) (ES)
2 - termoelektrik generator (TEG)
3 — TEG sovitish tizimi v
4 oy yoki )
5 - elektr yuklama S ':-'e
6 - gqadamli dvigatel \Y %
7 — aylanish vali TEG sovitish
8 - adapter tizimi

9 ~ teshiklari bo'lgan optik disk (impuls nurlanish hosil giluvchi)
10 — mikrokontroller asosidagi boshgaruv bloki

4 5
{ (
+ =
Energiya Elektr
akkumulyaton »|  yuklama
(akkumulyator (nagruzka)
yoki kondensator)

___________________________________

Boshqaruv bloki

11 - qadamli dvigatel drayver

12 ~ tok va kuchlanish datchigi

13 - DC/DC o'zgartirgich

14 - displey

15 - sovitish tizimini boshqarish moduli

! 1
! 1
| 1 - R
| | Qadamii dvigate! |- o — @] ]
i Dis;
: drayveri 006 pley :
: l asosidagi :
I boshgaruv |
| 12 2 R A 15
: Tok va kuchianish - R b/ :
datchigi
! Sovitish tizimini !
: ‘ boshgarish :
| 13 moduli :
; DC/DC '
] o'zgartirgich |
| |

L - quyosh nurlanishi ogimi

Q ik moduld ger o
uzatiladigan issiglik ogimi

1-rasm. Fototermoelektrik gibrid qurilmaning umumiy strukturaviy sxemasi
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Rasmda impulsli quyosh nurlanishini
hosil qiluvchi optik disk, fotoelektrik modul,
termoelektrik generator, energiya saqlash tizimi
va boshqaruv  blokidan tashkil topgan
eksperimental qurilmaning umumiy strukturasi
keltirilgan.

Impulsli nurlanish hosil qilish mexanizmi

6

Qadamli
dvigatel %

Aylanish

90

Optik disk orqali o‘tuvchi quyosh
nurlanishi vaqt bo‘yicha modulyatsiyalanadi va
PV modul yuzasiga impulsli ko‘rinishda tushadi.
Fotoelementlarda hosil bo‘lgan issiglik oqimi
termoelektrik ~ generatorga  uzatiladi  va
go‘shimcha elektr energiyasiga aylantiriladi.

9

Teshikli
optik disk

« J « J “ J “ J
e B 3 E— B o
Qadamli Val Adapter Teshikli
dvigatel optik disk

6 — Qadamli dvigatel
7 — Aylanish vali

8 — Adapter

9 — Teshikli optik disk

2-rasm. Impulsli quyosh nurlanishini shakllantiruvchi mexanik tizim

2-rasm. Impulsli quyosh nurlanishini shakllantirish mexanik tizimi

Rasmda impulsli nurlanish hosil giluvchi
mexanik tizim ko‘rsatilgan. Tizim qadamli
dvigatel, val, adapter va optik diskdan iborat.
Disk aylanish jarayonida quyosh oqimi ma'lum
vaqt oralig‘ida uzilib-tiklanib turadi. Natijada PV

I S Boshqaruv bloki (tuzilmaviy sxema) ~~------- ~

@
Boshgaruv bloki
quvvat manbai

(5v/12v)

7 om0

@)

|
I
I
|
I
1
|
1
1
Qadamli dvigatelni : @
1
|
I
I
I
I
1

modulga  tushuvchi  nurlanish  sinusoidal
bo‘lmagan impulsli ko‘rinishga ega bo‘ladi.
Mazkur yechim real atmosferadagi bulutlanish
va nurlanish  o°zgarishlarini  laboratoriya
sharoitida modellashtirish imkonini beradi.

DC/DC o'zgartirgich

stabillashgan kuchlanish chigishi !
(chiqish) :

1
1
1
1
1
1
1
1
]
, ;
boshqarish interfeysi A4988 «—> Displ 5
(kirish/chigish) qadamli dvigatel ispley :
drayveri |
1
1
Arduino UNO :
) p 3
+ 0 12 mikrokontrolleri @ ) .
Elektr parametrlarini ™ | INA219  |—> 'y, Sovitish tizimini
o'lchash zanjiri Q=i Fam] Sovitish tizimini boshqarish chigishi
s . 1 hq q
(kirish) g tok va kuchianish boshqarish moduli | hicish
- O——q fos (chigish)
n datchigi \ p \
1 S——— 1
' r—l— :
1
: ® @) ,
| Energiya akkumulyatoriva |
| MT3608 > yuklamaga uzatiladigan |
1
1
I

3-rasm. Qurilmaning boshqaruv bloki sxemasi
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Rasmda Arduino UNO mikrokontrolleri
asosida qurilgan boshqaruv tizimi ko‘rsatilgan.
Tizim tarkibiga:
e A4988 drayver;
o INA219 tok va kuchlanish sensori;
e MT3608 DC/DC konvertor;

o displey;

e sovitish boshgaruv moduli
kiritilgan.
Mazkur blok yordamida:

o disk aylanish tezligi;
e impuls chastotasi;
e tok va kuchlanish;
e harorat parametrlari

Fusion

F oudrathes

91

real vaqt rejimida nazorat qilinadi.
Fusion 360 dasturida modellashtirish

Qurilmaning mexanik qismlarini
loyihalash uchun Autodesk Fusion 360 dasturidan
foydalanildi.

Fusion 360 mubhitida:
o optik disk;
e step motor kronshteyni;
o val va adapter;
e radiator;
o ventilyator;
e yig‘ma konstruktsiya
uch o‘lchamli modellashtirildi.

|
—— o ——

4-rasm. Fusion 360 muhitida qurilma elementlarining 3D modellari

Rasmda eksperimental qurilma
elementlarining Fusion 360 muhitida yaratilgan
uch o‘lchamli modellari ko‘rsatilgan.

Loyihalash jarayonida optik diskning bir
necha variantlari, gadamli dvigatel
kronshteynlari, radiator va elektron modullar
modellari ishlab chiqilgan.

Hozirgi vaqtda qurilmaning to‘liq yig‘ma
3D modeli shakllantirilmoqda.

IV. NATIJALAR

Taklif etilgan fototermoelektrik gibrid
qurilmaning ishlash prinsipi impulsli quyosh
nurlanishi sharoitida fotoelektrik va
termoelektrik ~ o‘zgartirish ~ jarayonlarining
dinamik xususiyatlarini o‘rganishga asoslangan.
Optik disk yordamida hosil qilingan impulsli
yoritish ta’sirida tizimning asosiy energetik
parametrlari vaqt bo‘yicha tahlil qilindi.
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5-rasm. Impulsli quyosh nurlanishi ta'sirida fotoelektrik modulning elektr
parametrlarining vaqt bo‘yicha o‘zgarishi

Rasmda impulsli quyosh nurlanishi va  fotoelektrik modul kuchlanishining o°zgarishi
fotoelektrik modulning elektr javobi keltirilgan.  ko‘rsatilgan bo‘lib, kuchlanish tokka nisbatan
S5a-rasmda optik disk yordamida hosil gilingan  silliqroq xarakterga ega ekanligi kuzatiladi.
impulsli nurlanishning vaqt bo‘yicha o‘zgarishi  Olingan natijalar  fotoelektrik =~ modulning
tasvirlangan. Sb-rasmdan ko‘rinib turibdiki, impulsli yoritishga tez javob berishini va uning
nurlanish  impulsi paydo bo‘lishi  bilan  chiqish parametrlari nurlanish intensivligining
fotoelektrik modul toki keskin ortadi va vaqt bo‘yicha o‘zgarishiga bevosita bog‘ligligini
nurlanish uzilishi bilan kamayadi. Sc-rasmda esa  ko‘rsatadi.

vV E
| /\/\/\/\f it ik

U.IO 2.‘5 5.‘0 ?.IS 10I.0 ].2‘.5 l5l.0 l?l.5 26.0 (I] 2I -'Il é 2‘3 lIU 1.‘2
Impuls chastotas| {Hz}
6-rasm. Fototermoelektrik tizimning termoelektrik javobi va energiya
samaradorligining impuls chastotasiga bog‘ligligi

Rasmda termoelektrik  generatorning qiymatlarga oshirilganda esa samaradorlikning
dinamik  javobi va tizim energiya pasayishi kuzatiladi. Olingan natijalar impulsli
samaradorligining impuls chastotasiga bog‘liqligi quyosh nurlanishi sharoitida fototermoelektrik
keltirilgan. 6a-rasmdan ko‘rinadiki, termoelektrik  tizimlarning ishlash rejimlarini optimallashtirish
generatorning chiqish parametrlari fotoelektrik mumkinligini ko‘rsatadi. Shuningdek, ishlab
modulga nisbatan ma’lum vaqt kechikishi bilan chiqilgan qurilma dissertatsiya ishida taklif
shakllanadi. Bu holat termoelektrik tizimning etilgan matematik modellarni eksperimental
issiqlik inertsiya xususiyati bilan izohlanadi. 6b- tekshirish va nostatsionar energetik jarayonlarni
rasmda energiya samaradorligining impuls tadqiq etish uchun samarali vosita bo‘lib xizmat
chastotasiga bog‘ligligi ko‘rsatilgan. Natijalarga qiladi.

ko‘ra impuls chastotasi ortishi bilan energiya Natijalarning ilmiy va  amaliy
samaradorligi ham ortib boradi va ma’lum ahamiyati

optimal giymatga erishadi. Hisoblash natijalarida Olingan natijalar nostatsionar quyosh
maksimal samaradorlik taxminan 18 % ni tashkil nurlanishi sharoitida fototermoelektrik

etdi. Impuls chastotasi bundan yuqori modullarda yuz beradigan energetik jarayonlarni
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chuqurroq o‘rganish imkonini beradi. Ishlab
chigilgan eksperimental qurilma yordamida
dissertatsiya ishida taklif etilgan matematik

modellarni  verifikatsiya  qilish,  impulsli
yoritishning  fotoelektrik va  termoelektrik
o‘zgartirish jarayonlariga ta’sirini baholash
hamda optimal ishlash rejimlarini aniqlash
mumkin.
V.MUHOKAMA

Ishlab chiqilgan eksperimental
qurilmaning asosiy afzalligi shundaki, u
fototermoelektrik tizimlarda nostatsionar
energetik jarayonlarni boshgqariladigan

laboratoriya sharoitida tadqiq etish imkonini
beradi.
Qurilma yordamida:
o matematik modellarni verifikatsiya qilish;
e impulsli nurlanishning energetik
samaradorlikka ta’sirini aniqlash;
e optimal impuls chastotasini tanlash;

« TEG modullarining ishlash
samaradorligini baholash;
e cenergiya yo‘qotishlarini  kamaytirish

usullarini ishlab chiqish;

o kelajakdagi sanoat qurilmalari uchun
optimal konstruktiv yechimlarni tanlash
mumkin bo‘ladi.

Mazkur natijalar quyosh energiyasidan
foydalanish samaradorligini oshirishga xizmat
qiluvchi yangi avlod fototermoelektrik tizimlarini
yaratishda muhim ilmiy-amaliy ahamiyat kasb
etadi.

VIL.XULOSA

Ishlab chiqilgan eksperimental qurilma
nostatsionar muhitda ishlovchi fototermoelektrik
modullarning energiya samaradorligini tadqiq
etish uchun mo‘ljallangan. Qurilmada impulsli
quyosh nurlanishini hosil qiluvchi optik disk, PV
modul, TEG generator va Arduino asosidagi
boshqaruv tizimi qo‘llanilgan. Fusion 360
muhitida qurilmaning asosiy mexanik elementlari
modellashtirilgan va hozirda to‘liq yig‘'ma 3D

model shakllantirilmoqda. Mazkur qurilma
dissertatsiyada ishlab chigilgan matematik
modellarni  eksperimental  tekshirish  uchun

xizmat qiladi. Olingan eksperimental natijalar
dissertatsiya ishida ishlab chiqilgan nostatsionar
fototermoelektrik modellarni  tekshirish  va
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parametrlarini aniqlashtirish imkonini beradi.
Shu bilan birga, impulsli quyosh nurlanishining
fotoelektrik  va  termoelektrik  o‘zgartirish
jarayonlariga ta’siri bo‘yicha yangi eksperimental
ma’lumotlar bazasini shakllantirishga xizmat
giladi. Mazkur qurilma kelgusida energiya
samaradorligi yuqori bo‘lgan fototermoelektrik
tizimlarni loyihalash va optimallashtirish uchun
ilmiy-amaliy platforma sifatida foydalanilishi

mumKin.
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A PURSUIT PROBLEM IN THE LINEAR GAME WITH
COEFFICIENT UNDER H-CONSTRAINTS

A.X.Akbarov
Andijan State University named after Z. M. Babur, 129, University Street, Andijan, Uzbekistan, 170100

CONSTANT

Abstract: This paper investigates pursuit problems in linear differential games under constraints on
control rates expressed through hyperbolic functions. To address the pursuit problem, a parallel approach
strategy (-strategy) is proposed, and sufficient conditions that guarantee successful pursuit are established.

Keywords: differential game, Gronwall’s inequality, pursuit, strategy, capture time.

AHHoTaumMa: B pgaHHoW paboTe wuccnegylTcss  3agadv  npecnefoBaHus B JIMHEWHBIX
andpdepeHUnanbHbIX  Urpax Mnpu  OrpaHUYEHMsIX Ha CKOPOCTM  ynpaBneHus, 3afaHHbIX B Buae
runepbonunyeckux  yHkuMn. [na  pelweHua 3agadvM  npecrnefoBaHus  npegnaraeTtca  cTpaTerusi

napannensHoro cbnwxenusa (M-ctpaterns), a
rapaHTVpyloLme ycneLHoe npecrnefoBaHue.

KnioueBble cnoBa: anddepeHumanbHas
cTpaTterusl, Bpemsi NONMKM.

I. Introduction.

The origins of pursuit—evasion problems
are generally traced back to a classical problem
formulated and solved in 1732 by the French
mathematician ~and  hydrographer  Pierre
Bouguer [20]. A more detailed historical
overview is provided in the work of P. Nahin
[20]. However, the systematic investigation of
pursuit—evasion problems began much later, in
the 1950s, largely due to the contributions of the
American mathematician Rufus Isaacs.

The concept of differential games was
first introduced in a series of his classified
studies conducted at the RAND Corporation
(USA). Subsequently, Isaacs presented his
findings in a monograph [13], which includes
numerous important examples of differential
games. In these works, he examined such
problems from the perspective of the calculus of
variations and attempted to apply the Hamilton—
Jacobi framework, now commonly referred to as
Isaacs’ method. However, it became evident
that the theory of differential games is more
complex than what classical methods can fully
capture, and Isaacs’ approach was primarily
heuristic in nature. Nevertheless, the publication
of his monograph [13] stimulated significant
interest in this emerging field, leading to active
research by both mathematicians and applied
science specialists.

In early studies, differential games were
analyzed under the assumption that the control
functions belong to the class of bounded
functions, which allowed for certain
constructive approaches to modeling control
processes. However, the need for a more
accurate representation of  real-world
phenomena led to the study of differential

TaKkKe YyCTaHaBIIMBarkOTCA

OOCTaTO4YHble  YCIOBWUS,

urpa, HepaBeHCTBO [poHyonna, npecrnenoBaHuve,

games with integral constraints imposed on the
players’ controls. Such constraints reflect
limitations on resources, such as energy or
material consumption, during the process. In
particular, these constraints play a crucial role in
the mathematical modeling of technical and
engineering systems, both from theoretical and
applied perspectives.

Modern differential game theory, as a
framework for controlled dynamical processes,
integrates  fundamental aspects such as
dynamics, control, conflict, information, and
optimality, and represents one of the most
sophisticated mathematical models of real-
world processes with substantial practical
significance. The foundations of this theory
were laid by W. Fleming [10], A. Friedman
[11], O. Hajek [12], L.S. Pontryagin [23], N.N.
Krasovskii [16-17], L.A. Petrosyan [20-22],
and B.N. Pshenichnii [24], each of whom
proposed distinct approaches to the subject. The
further development of the theory has been
advanced by numerous researchers [2-8, 9-10,
14-15, 18-19, 25-30, etc.].

At present, more than a hundred
monographs are devoted to differential game
theory; however, only a relatively limited
number of problems have been completely
solved. This work focuses on pursuit problems
in linear differential games and introduces
several  fundamental concepts, including
constraints of the Gronwall type on the players’
controls.

Il. Main part.

Let in space R", the controlled player
P (the Pursuer), follows another controlled
player E (the Evader). Suppose X and Yy are
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the positions of the Pursuer and the Evader
respectively. We consider the differential game
when motions of the players are represented by
the differential equations with initial values

P:x=ax+u, x0)=x, (1)
E:y=ay+v, y@0)=y, @
correspondingly, where
X, Y, %, Yo, U,VER", N>2; a is arbitrary;
X, and Yy, are the initial positions of the
players at the moment t=0, and assume
X # Yo
In the equation (1), U is the velocity

vector of the Pursuer and its temporal variation
must be a measurable function

u(-):[0,4+9) — R". On this vector function,

we put the constraint of type (in short, H -
constraint [34])

lu(t) |< pe ™ + kj|u(s) |ds, t>0, (3)
0

where p, K are the parametric positive
numbers. Denote by U, the set of all the
measurable functions U(:) that satisfy the

constraint (3).

Similar, in the equation (2), V is the
velocity vector of the Evader and its temporal
variation must be a measurable function

v(-) :[0,40) — R". On this vector function,
we put the H -constraint

V() |< oo™ + K j Iv(s)|ds, t>0, (4)
0

where o is the parametric positive number.
Denote by V,, the set of all the measurable
functions V(-) that satisfy the constraint (4).
Note that in (3) and (4) and in further
constraints, as the norms of the control vectors

U and Vv in the space R", we will consider the
usual Euclidean norm, i.e.

lu|= \/uf +U2 +...+UZ, where U,U,,..U
are the coordinates of the vector U in the space
R" and |v|= \/Vf +V5 +..+V2 where

Vi, V,,...V, are the coordinates of the vector V

in the same space R".

95

Note that some special cases of the
constraints (3), (4) describe another type
constraints and they were looked into in the
works of other several mathematicians. For
instance, let’s consider the case K = 0. Then we
get geometric constraints and the differential
games under those constraints on controls were
investigated in the works [1]-[11], [14], [17]-
[19].

Definition 1. Function

TOEJ(NORTHOMMING)

V() = (V2 ()i ()
that fulfills the constraint (3) (the constraint (4))
is termed a control function of the Pursuer (of
the Evader).

By virtue of the equations (1)-(2) each
pair of (X,, U(-)) and (Y,, V(-)) originate the
trajectories

x(t)=e™ [xo + j.u(r)eafd r],

y(t)=e™ [yo + jv(r)e“d r}.

Definition 2. A function
u:R, xR" —>R" is termed a strategy
of the Pursuer if u(t,v) is a Lebesgue

measurable function in respect to t for every
fixed V and it is a Borel measurable function in
respect to V for every fixed t.

Definition 3. In the pursuit game, it is
said that a strategy U =u(t,v) guarantees

completion of pursuit at time moment T (u) if,
for any control function v(-) €V,,, the equality
X(z)=y(r) is satisfied at some time
7€[0,T(u)], where x(t), y(t) are the
solutions of the initial value problems
X=ax+u(t,v(t)), x@©0)=x, ((5)
y=ay+v(®),  yO)=y, (6
where t >0 and we term the number T (U) a

guaranteed completion time of pursuit.

The following statement is used for the
constraints (3), (4).

Lemma 1. (Gronwall’s inequality, [25]).
If
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t
| f(t)l<ae™ +af| f(s)|ds
0

Is satisfied, then
| f(t)|<achkt
for all t>0, where f(t) is a measurable

function, and a is positive number.
In accordance with Lemma 1, for

u()eU, v()eV,, we attain

lut) [<p(t), t=0, (7)
v(t)[Sw(t), t=0, (8
where
@(t) = pchkt, ©)
w(t) =qgchkt. (10)

In terms of the works [24, 25, 27, 28],
from (7), (8), the constraints (3), (4) don’t
proceed. To define the notions of optimal
strategies of the players and optimal completion
time of pursuit, we consider two games.

The goal of the Pursuer P is to capture
the Evader E, i.e. achievement of the equality
X(t) = y(t) (the pursuit problem) and the

Evader E strives to avoid an encounter (the
evasion problem), i.e., to achieve the inequality
X(t) # y(t) for all t>0, and in the opposite

case, to postpone the instant of encounter as
long as possible.

This paper is devoted to studying the
following problems for the constraints (3), (4).
Problem 1. Solve the pursuit problem in the
differential game (1)-(4).

Solution of the pursuit problem

In this part, we define the parallel
approach strategy for the Pursuer and show
sufficient conditions of completion of pursuit.
First, we assume that the Pursuer knows a
control function V(t) at the current time t .

Let’s introduce the
z(t)=xt)-y@), z,=%,—Y,-

Definition 4. If p = o is valid, then the
function

expressions

u, (t,v)=v-A4,(t,v)s, (12)
is called the parallel approach strategy or IT,, -
strategy of the Pursuer, where

Ay (EV) = (V) + (. )2 + 2 (D) | VP,
50 = ZO/| Z0 |
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Proposition 1. For all (t,v)eR, xR", the
strategy (11) fulfills the equality

[uy (6, V) [= ()
during pursuit.
Proposition 2. Let o = o be true. Then for all

(t,v)eR, xR", the scalar function A, (t,V)
IS continuous, non-negative and bounded as
P(t)—|VI< A4, (V) <p(t)+]Vv].(13)

(12)

Lemma 2. Let one of the following

conditionsl) p>o, ae(—w, 0)U(0, k);
z|(a® —k?

2)p>a+M, ae(k,+oo); valid.

Then for the equation

Q,(t) =0, (14)
there exists only one positive root with respect
to t and we express it by T, , where

Q, () =e" {1— p‘“(‘a(k_a)t -1

2|lz| \ k-a
e—(k+a)t _1
k+a )|
Proof. 1). Let p>0o  and

ae(—oo, O)U(O, k) .
we will form the function
L - G(e(k—a)t -1 - g (kra)t _]}

Using equation (14)

2|lz| | k-a k+a
. e(k—a)t_l
Fl(t):‘ZO‘_pza[ k-a

o-(a)t _q
k+a |

and analyze it as follows:

a) Fl(o) = ‘Zo‘

b) The derivative of the function F,(t)
equals

riex — P~ 0 ([ (k-a)t , a—(k+a)t
F{t)=———(e +e <0.
(0= )

c) The function F,(t) is decreasing when
t>0.
d) Take the limit of the function F(t)
ast—o0
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"m Fl(t)'
a)a<0 !LTF(t) —0
b)0<a<k !L@F() —o0

then there exists a positive root of the equation
(14).
2) If ae(k,+) and

p—of 1 1
limPF, (t) =[z,| - 2[ + j=

k+a a-k
p—o)a
Pl =
\zo\(az—kz)
p>O'+T,

then there exists a positive root of the equation
(14). Lemma 2 has been proved. W

Below the following statement will be
proved.

Theorem. If one of the conditions of
Lemma 2 holds, then the strategy (11)
guarantees completion of pursuit in the time
interval [0, T, ].

Proof. Let v(-)€V, be an optional
control function of the Evader. Then the Pursuer
implements the strategy U, (t,v(t)). On

account of the equations (5), (6), we come to the
unique initial value problem

z—az=uy(t,v(t))—-v(), z(0)=1z,
or from (13), the last equation will be
z—az=—A, (tv(t)&, z(0)=z,.

After integrating in the interval [0,t], we
generate the solution
z(t) = A, (t,v()z, (15)

where
A(t,v()) =e — Al sz(s v(s))e*)ds.

It is obvious that dA(t,v())/dt<0.

Therefore, by means of (9), (10), (13), the
following estimations might be written in turn:

At,v()) <e* -
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l t a -S
L) -y e s =
Z 0

N N —(k+a)t
ot 1_P-O e 1 e 1
2|z| | k-a k+a

= QH (t),

where Q, (t) (14) is the identical function in
Lemma 2. It is known that Q, (T,;) =0 holds
on the basis of Lemma 2. On the other hand, we
have A, (t,v())<Q, (), and as a
consequence, there exists some time
0 <[0,T,] at which A,(6,v())=0 s
fulfilled. Thus, from (15) it follows that
z(€) = 0, and this implies X(&) = y(6O).

Below we present that the strategy (11)
satisfies the constraint (4) in the time interval
[0,T,] Let the Evader choose some arbitrary

(k-a)t

control V(-)€V,. Then from (12) we may
write the following:
|u, (t,v(t) |= pchkt = pe™

_ okt t _
= pe +kj0pchksds—

+ pshkt =

— pe™ 4k j; |u,, (s,v(s)) | ds.

The proof of Theorem is complete. W
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CHEKLI SOHADAN CHEKSIZ SOHAGA O‘TISHDA KASR TARTIBLI
BUZILUVCHI TENGLAMALAR UCHUN BRIDGING TEOREMASI

Eshondedayev Faxriddin Jaxongir o‘g‘li

University of Business and Science

Annotatsiya: Maskur magolada vaqt bo‘yicha Kaputo kasr tartibli hosilaga ega bo‘lgan buziluvchi
parabolalik tipdagi tenglamalar uchun chekli sohalardan cheksiz sohaga o‘tishning yagona nazariy sxemasi
ishlab chigiladi. Amaliyotda mavjud ishlarning aksariyati yoki Q < Rn chekli holda, yoki to‘g‘ridan-to‘g‘ri Rn
da organiladi ushbu magola esa Q;1 Rn limitida yechimlar, energiya baholari va spektral obyektlarlarning
bir xil ( uniform ) saqglanishini bir teorema doirasida birlashtiradi. Asosiy yangi natija sifatida “Bridging
teoremasi” isbotlanadi, mos og‘irlikli funksional fazolarda R ga bog'lig bo‘lmagan priori baholar olinadi,
cheklangan sohalardagi kuchsiz yechimlar ketma-ketligidan butun fazodagi global kuchsiz yechimga o‘tish
ko'rsatiladi, hamda asosiy energiya funksionali uchun quyi yarim uzluksizlik orgali limit bahosi saglanishi
ko'rsatiladi. Natijalar chekli domenlarda olingan hisoblash, identifikatsiya va nazroat algoritimlarini cheksiz
fazoga nazariy jihatdan asosli ravishda uzatishga xizmat giladi. Shuningdek, magolada potensial tadbiglar,
metodning cheklovlari va kelgusi ochiq masalalar muhokama gilinadi.

Kalit so‘zlar: Kaputo hosilasi, buziluvchi parabolik tipdagi tenglama, bounded-to-unbounded limit,
bir xil energiya bahosi, og‘rlik Sobolev fazolari.

AHHoTaumAa: B gaHHon cTatbe paspabaTtbiBaeTcs eguHas TeopeTudeckas cxema nepexoga oT
orpaHuyeHHbIX obnacTew k HeorpaHnyeHHon 06nacTn 4N BbIPOXAAOLWMNXCH ypaBHEHMI Napabonnyeckoro
TMna ¢ gpobHon npomussogHon Kanyto no BpemeHn. Ha npaktuke 60MbLUMHCTBO CyLLECTBYOLWMX paboT
paccmartpuBaeT nmbo cnydam orpaHmdeHHon obnactn QcRn, nnbo HeENOCPeACTBEHHO NPOCTPAHCTBO RN,
B paHHoW paboTe B pamkax eguHoOW Teopembl OObeAMHSAETCS COXPaHEHWE peLUeHuI, SHepreTUYecKmx
OLIEHOK M crnekTparnbHbiX 06bekToB B npeaene (1 RN B paBHOMEPHOM CMbicre.B kayecTBe OCHOBHOMO
HOBOrO pesynbTaTa AoKasblBaeTCA TaK HasbiBaeMasi «Teopema cBsA3biBaHua» (Bridging theorem),
nony4yarTCs anpuopHble OLEHKW, He 3aBucswme OT napameTpa R, B COOTBETCTBYIOLLMX BECOBbIX
yHKUMOHanbHbIX NpocTpaHcTBax. [lokasaH nepexoa OT MocnegoBaTenlbHOCTU cnabbiX pelleHui B
orpaHuyeHHbIX 0bnacTtsax K rnobanbHoMy criabomMy peLueHWto BO BCEM NPOCTPaHCTBE, a TakkKe COXpaHeHune
npedenbHOM OUEHKNW AN OCHOBHOIO  3HEepreTMyeckoro pyHKuMoHana MocpeacTBOM — HWDKHEN
nonyHenpepbIBHOCTU.[1oNyYeHHbIe pe3ynbTaTbl CryxaT TeopeTudeckuM 0BOCHOBaHWEM Afsi nepeHoca
BbIYMCIIUTENBHBIX, WMOEHTUMUKALMOHHLIX W KOHTPOMbHbIX — anropuMTMoB, pa3paboTaHHbIX  Ans
OrpaHu4YeHHbIX obnacTen, Ha HeorpaHU4eHHble MpOCTpaHCTBa. Tawkke B cTatbe o0bcyxaalTes
NnoTeHUManbHble TMPUIIOXKEHNS, OrpaHUYeHUs MeToda W  OTKpbiTble 3ajaun Ans  fanbHenLwmnx
nccnenoBaHum.

KnioueBble cnoBa: [MpoussogHas Kanyto, Bblpoxgarolieecs napabonuuyeckoe ypaBHeHue,
npegen nepexoga oT OrpaHNYeHHON K HeorpaHNnyeHHow 0b1acTu, paBHOMEpPHas 3HepreTnyeckas oLeHKa,
BECOBble NPOCTpaHcTBa cobonesa.

Abstract: This paper develops a unified theoretical framework for passing from bounded domains
to the whole space for degenerate parabolic-type equations involving the Caputo fractional derivative in
time. In practice, most existing works consider either bounded domains QcRn or directly the whole space
Rn. In contrast, this work unifies, within a single theorem, the uniform preservation of solutions, energy
estimates, and spectral objects in the limit Q;1 Rn. As a main new result, a “Bridging theorem” is proved.
Uniform a priori estimates independent of R are obtained in appropriate weighted functional spaces. It is
shown that a sequence of weak solutions on bounded domains converges to a global weak solution in the
whole space. Moreover, the limit energy estimate is preserved via the lower semicontinuity of the main
energy functional.The results provide a rigorous theoretical foundation for extending computational,
identification, and control algorithms developed on bounded domains to unbounded spaces. Potential
applications, limitations of the method, and open problems for future research are also discussed.

Keywords: Caputo derivative, degenerate parabolic-type equation, bounded-to-unbounded limit,
uniform energy estimate, weighted Sobolev spaces.

I. Muammo go*‘yilishi 0<a(x)<C@+|xD :

Kasr tartibli differensiol tenglamalar
xotiraga ega jarayonlarni modellashtirishda
muhim o‘rin tutadi, anomal diffuziya, poroz
muhitlar, viskoelastiklik, biologik transport va
moliyaviy dinamika shular jumlasidandir.
[1]Biroq amaliy modellar ko‘pincha fazoda
buziluvchi ( degenerate ) koeffitsientlarga ega
bo‘ladi, ya’ni elliptiklik bir xil emas:

a(x) = 0 ba’zi nugtalarda.
Bu holat klassik parabolik nazariyaning ko‘plab
natijalarini  bevosita qo‘llashga to‘sqinlik
giladi.[2]

-Chekli soha (2 bounded): mavjudlik,
yagonalik, regularlik va sonli sxemalar;
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-Cheksiz soha (Rn yoki tashqgi soha):
uzoq vaqt asimptotikasi, massaning tarqalishi,
dispersiyasi.

-Lekin Qg :=Q N By (yoki oddiy
Bg(0)) lar orgali R— oo limitida “bir xil”
nazariya  ko‘pincha  yetarli darajada
formalizatsiya gilinmagan.

I1. llmiy ishning asosiy magsadi

Asosiy maqgsad bridging teoremasi,
ya’ni chekli sohadagi yechimlar oilasidan
cheksiz ~ sohadagi  yechimga  o‘tishda
quyidagilarni bir vaqgtda ta’minlash:

-R ga bog‘lig bo‘lmagan energiya
baholari;

- Kuchsiz konvergentsiya orgali limit
yechim mavjudligi;

- Energiya funksionali va spektral quyi
chegaralarning limitda saglanishi.

Magolaning magsadi — shu uch elementni

100
- Qrt Rn limitida global kuchsiz
yechimga o‘tish isbotlanadi;

- Spektral “pastki” obyektlar ( reyleigh
tipi kvotient ) uchun quyi yarim uzliksizlik
natijasi  keltiriladi;

So‘nggi vyillarda kasr tartibli parabolik
tenglamalar uchun chekli sohadagi yaxshi
go‘yilganlik, energiya baholari va sonli
sxemalar keng o‘rganildi. Birog ko‘pchilik
ishlar Dirichlet yoki nolokal chegaraviy shartlar
ostida mavjudlik hamda yagonalikni isbotlaydi.

Cheksiz soha uchun esa tadgiqotlar
asosan uzoq vaqt asimtotikasi, dekay baholari
va spektral xarakteristikalarni yoritadi. Biroq
ushbu ikki yo‘nalish natijalarini yagona limit
sxemada bog‘lovchi teoremalar kam uchraydi.

Adabiyotlarning umumiy  xulosasi
shundaki, QR 17 R o‘tishda uniform energiya
nazorati hamda spektral limitni bir vaqtda

yagona teroremada berish va isbotlash. saglash dolzarb ochiq muammo bo‘lib

- Buziluvchi- kasr tartibli model uchun qolmoqda. Mazkur maqgola aynan shu
og‘irlikli funksional ramka beriladi; bo‘shligni to‘ldirishga garatilgan.[3]

- R bo‘yicha uniform pirori energiya
bahosi oilnadi;

0<a<1T>0x€R"
uchun quyidagi masalani gqaraymiz:
°DE —uBe(alx) Bu) + b(x)u = f(x,t), (xt)eQzX(0,t) (1)
chegarada u = 0 (Dirichlet) va boshlang‘ich shart[4]
u(x,0) = uy(x), x € Qg 2
Bu yerda *Dfu- Kaputo hosilasi:
c _ 1 t 0eu(T)
DE(N)=—— o ) e dTwv
a € C*(R"), a(x) = 0, hamda shunday og‘irlik w(x) = (1 + |x|?)~9/%(c > n)
mavjudki
_fr La(x) Mz @dX < 00
mos v lar uchun ta’minlanadi.
b e L”(R"),b(x) = by.
uoe L2,(R"Y), f € L2(0,T; Hz L,(R").
Og‘irlikli fazolar;
L% (R := {v: JrlvPwdx < 00},
Hiw(RY) ={vell: [.alBv|*w dx < o},

Zaif yechim ta’rifi

Har bir R uchun ug ni shunday funksiya deymizki,
ug € 12 (0,T; Hy o (), °Dug € 12(0,T; Hzl, (Qr)),

va deyarli barcha t lar uchun

(° DEug(t), (p)+fQR a B Qg B owdx + fQR bug pw dx = (f(t), p) (3)

Har bir ¢ € Hy o (Qz) chun bajarilsin.
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Asosiy isbot strategiyasi uch bosgichdan iborat:

1. Galerkin yaginlashuv + fractional identikligi;

2. R dan mustaqil priori baholar;

3. Kompaktlik (Aubin-Lionsning moslashtirilgan variant) va diagonal limit.
Quyidagi lemma standart bo‘lib, fractional energiya metodining yadrosi hisoblanadi.
Lemma. (Fractional energiya tengsizlik ). Agar v € H(0,T, L%) bo‘lsa, u holda

t 1 1-a
| eor v@p dr =5 1 ol - v ()1,
0

2r(2 —a)
Bu yerda I1~% — Riemann-Liouville integral operatori
Awval chekli sohadagi yaxshi go‘yilganlikni gayd etamiz.
Teorema. (Uniform bridging teoremasi: Qz T R"). H1-H3bajarilsin. O = Bz(0) va ug-(1)-(2)
masalaning kuchsiz yechimlari bo’lsin. U holda:
(@) (Uniform energiya bahosi) Shunday C; > 0 mavjudki, barcha R=> 1 uchun

SU
e [5 Pl O gy + Iy Jo @B uglPwdx de + [ [, blugl? @ dx dt < Cp. (4
(b) (Global limit yechim) R, - o« qism — ketma — ketlik topilib, nol bilan davom
ettirilgan[5]
il Ry, lar uchun
URy, — uin L2(0,T; HE ,(RY)),
URy, win L?(0,T; L% (R")),
va u butun fazoda
CDfu—F(aBu)+bu=f ; DR X0T)), (5)
ni ganoatlantiradi.
(¢) (Energiyaning limitda saglanishi )
€ [ul(®) < lim infég, [ug,|(t) ae.te(0,T),
bu yerda

1 t
ElVI0) = 5 WOl o + | [ (@lB vl + blo)o dx d.
0 JOg

(R inf Jo, (alB ¢I? + blp|)w dx
1 = 1
¢ € Hg 4, 0(Qr){0} fQR|¢|2 w dx
uchun 4, (R) kamayuvchi va
I%im A1 (R) = A4() = 0 (6)
mavjud.
Isbot.

Uniform energiya bahosi.  (3) da test funksiya sifatida ¢ = ug(t) olinadi:

(“Dffug, ug) + f

al|B up|?w dx +f blugl?w dx = {f,ug).
Qr

Qg
Young tengsizlikgi:
(frur) < = IF N2z + 5 Mgl
€ ni mos tanlab, ftactional Gronwall yordamida (4) olinadi. Bu yerda konstantalar R ga bog’liq
emas, chunki og’irlikli norma va koeffitsient farazlar galobal berilgan.
Kompaktlik va gism-ketma-ketlik. (4) dan

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Mathematics 102

{ii} bounded in L?(0, T; Hy ., (R")) N L®(0,T; L2,
hamda tenglamadan
{°D{iig}g bounded in L?(0, T; Hz L (R")
Shundan Banach-Alaoglu orgali kuchsiz limit mavjud. Dioganal tanlash yordamida barcha
komplekt to‘plamlarda mos limit bir xil funksiya u ga olib keladi.

Limitga o‘tish. y € C2 (R" x (0,T)) fikr qilamiz. Katta k da suppy c Qg, % (0, T), shuning
uchun zaif formulada v ni test sifatida go‘llab, k — oo limitga o‘tamiz. Chizigli hadlar kuchsiz
konvergentsiya orgali o‘tadi, o‘ng taraf esa dual juftlikda o‘tadi. Demak u butun fazoda kuchsiz
yechim.[6]

Energiya quyi yarim uzluksizlikli. L? va konveks energiya finksional uchun standart
quyi yarim uzluksizlikdan

t
t
2
ff alf ul?w < lim infff a|uRk| w,
R" k—co 0 Ja
0 Rk

Xuddi shunday b|u|? had uchun ham. Shuning bilan (5) kelib chigadi.
Spektral limit. Ry < R, da Hy 0 (Qr,)C Hg w0 (Qg,), shuning uchun infimum ustida
A1(Rz) < 4 (Ry),
ya’ni kamayuvchanlik bor. Pastda O bilan chegaralanganligi sabab limit mavjud. (6) isbotlanadi.
I11. Natija.
(Chekli vaqt oralig’ida bargororlik). Agar f;, f> Va ug 1, Uy, ga mos yechimlar u®,u® bolsa,
unda
su 2 2
€ [éj’ T] |u(1) - u(z)”L%u < Cr (”uo,1 - uO'ZHLﬁ, +fi — fZ”iZ(O,T;HCZ}U)'
(Sonli hisoblashga ko‘chirish prinsipi). Agar diskret sxema Qp da energiya-stabil bo‘lsa va stabil
konstantalar R ga bog’lig bo‘lmasa, u holda R — oo limitda olinadigan yechimlar oilasi global
kuchsiz yechimga moslashadi.[6-7]
Taklif etilgan teorema “bounded vs unbounded” dualizmini bitta ramkaga keltiradi. Muhimi, natija
fagat mavjudlik bilan cheklanmay, energiya va spektral xossalarni ham limitda saglaydi. Bu xossa
keyingi inverse masalalar uchun zarur: agar R oshgan sari model parametrlari identi f ikatsiyasi
bargaror bo‘lishi kerak bo‘lsa, avvalo yechimlar oilasi uniform nazorat gilinishi lozim.
IVV. Amaliy ahamiyati.
Ko‘plab hisoblash paketlari cheksiz sohani to‘g’ridan-to‘g’ri emas, balki katta kesilgan domenlar
orgali yechadi. Teorema 4.2 shuni asoslaydi: agar energiya-stabillik R ga bog’lig bo‘Imasa,
hisoblash natijasi global fizik modelga yaginlashadi
Ushbu ishda quyidagilar to‘lig gamrab olinmadi:
* nolga kuchliroq degeneratsiya (a(x) ~ |x|", katta y) holida optimal regularlik;
» nolinear reaktsiya hadlari (|u|P~1u) bilan blow-up / global existence chegarasi;
» kuchli yechimlar uchun vaqt bo‘yicha yuqori regularlik.[7]
1. Hopf tipidagi lemma va kuchli maksimum prinsipni degeneratsiya Kaputo holatida to‘lig
isbotlash;
2. o vaa(x) ni kuzatuvdan tiklash uchun bridging-inverse teoremasi;
3. nolinear tizimlarga (masalan, fractional porous medium) kengaytirish;
4. uzog vagt asimptotikasi uchun aniq decay rate ni toppish.

V. Xulosa.

Magolada kasr tartibli  buziluvchi
tenglamalar uchun chekli sohadan cheksiz
sohaga o‘tishning yagona nazariy modeli ishlab
chiqgildi. Yangi bridging theorem uch asosiy
natijani beradi uniform energiya bahosi, global
limit yechimning mavjudligi, energiya hamda

spektral quyi chegaralarning limitda saglanishi.
Natijalar bounded-domain asosidagi nazariya
va amaliy hisoblashlarni butun fazodagi model
bilan bog’lash uchun gat’iy matematik
poydevor yaratadi.

Amaliy tavsiyalar sifatida quyidagilar taklif
etiladi: sonli hisoblashda radius bo‘yicha R; =
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2/ ketma-ketligi va uniform energiya
monitoringini joriy etish, inverse masalalarda
parametrlarga sezgirlikni R bo‘yicha alohida
verifikatsiya qilish, nochizigli modellar uchun
ham xuddi shu bridging sxemani sinovdan
o‘tkazish.

Ushbu magola nazariy tadgiqot bo‘lib, inson
yoki hayvon ishtirokidagi eksperimentlarni o‘z
ichiga olmaydi. Keltirilgan isbot bosgichlari
funksional analizning standart vositalariga
tayangan; mualliflar tomonidan yozilgan
formula va lemalar asosida natijalar gayta
tekshirilishi mumkin.
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Statistik mexanikaning ba’zi modellariga mos funksiyalarning p-adik
dinamikasi va uning tadbiglari: no-bir jinsli potts-bethe operatori
uchun yangi kontraktivlik teoremasi

Eshondedayev F.J, Davlataliyeva U.U.
University of Business and Science

Annotatsiya: Mazkur maqolada p—adik statistik mexanikaning Potts tipidagi modellari paydo
bo‘ladigan nochizigli rekurrent operatorlar no-birjinsli (fazada o‘zgaruvchi) parametrlar holida o‘rganiladi.
Adabiyotlarda keng yoritilgan Keliy daraxtdagi bir jinsli holatdan fargli ravishda, biz har bir avliod bo‘yicha
o‘zgaruvchi o‘zaro ta’sir koeffitsientlari mavjud bo‘lgan Potts-Bethe operatorini ko‘rib chigamiz. Asosiy natija
sifatida yangi kontraktivlik teoremasi isbotlanadi: Agar p-adik normadagi mos Lipschitz cheklovlar bajarilsa,
operator mos yopiq sharni o‘ziga akslantiradi va yagona invariant nugtaga ega bo‘ladi bu nugta no-bir jinsli
model uchun yagona p- adik Gibbs o‘lchovga mos keladi. Teorema isboti ultrametrik baholar, ko‘paytma-
bo‘linma operatorlarining no-Arhimed tahlili va Banax fiksatsiya prinsipining p-adik analogiga tayanadi.
Natijada faza o‘tishining yo‘qgligi uchun amaliy mezon beradi va sonli p- adik iteratsiya algoritmlari bilan
go‘llab - quvvatlanadi.[1] Shuningdek, kam o‘rganilgan yo‘nalishlar no-birjinsli geometriya, amaliy
indikatorlar va qo‘llanma modellashtirish bo'yicha yangi tadgigot ramkasi taklif etiladi.

Kalit so‘zlar: p-adik dinamika, Potts modeli, Gibbs o‘Ichovi, Keliy daraxti, konkraktivlik, no-birjinsli
parametr, statistik mexanika.

I. Kirish.

So‘nggi yigirma yil ichida p-adik tahlil statistik mexanika, dinamik tizimlar va iyerarxik
modellashtirishda muhim nazariy vositaga aylandi. Aynigsa, Potts va Ising tipidagi modellar
uchun p-adik Gibbs o‘Ichovlar, faza o‘tish, periodik va no-periodik yechimlar masalalari ko‘plab
ishlarda o‘rganilgan. Klassik yo’nalishda model odatda bir jinsli parametrlarda ( J=const) va
Ceyley daraxt kabi aniq iyerarik geometriyada garaladi. Bu yondashuv fundamental bo‘lsa-da,
amaliy tizimlarda koeffitsientlar fazoda bir xil bo‘Imasligi, tashgi maydon local o‘zgarishi va
strukturadagi notekislik tabiiy holdir.[2-4]

Yuqoridagi adabiyotlar tahlili ( p-adik Potts modeli, Potts-Bethe xaritalari, kvazi-Gibbs
o‘lchovlar, chaos masalalari) quyidagicha bo‘shligni ko‘rsatadi no-birjinsli parametrli Potts
dinamikasida kontraktivlik va yagonalikni birlashtiruvchi umumiy va amaliy mezon yetarli
darajada formalizatsiya gilinmagan. Mazkur maqola aynan shu bo‘shligni to‘ldirishga garatilgan
No - bir jinsli Potts - Bethe operatori uchun p - adik shar ichida yagona invariant nugta
mavjudligini isbotlash va bu natijani Gibbs o‘lchov yagonaligi bilan bog‘lash.
no-birjinsli koeffitsientlar bilan berilgan rekurrent operatorning aniq funksional
yangi kontraktivlik teoremasi ( asosiy teorema ) va to‘liq isbot beriladi;
teoremada faza o‘tishning yo*qligi uchun amaliy mezon olinadi;
p-adik iteratsiya algoritmi va kichik sonli tajriba jadvali

keltiriladi.[4]
1. Muammoning qo*yilishi
P-adik statistik mexanika bo‘yicha bir gator ishlarda Potts modelining Gibbs o‘lchovlari,
periodiklik va faza o‘tish holatlari o‘rganilgan. Shu bilan birga, tadgiqotlarning katta gismi:
1. bir jinsli o‘zaro ta’sirlar ( J,, = J ) bilan cheklangan;
2. geometriya sifatida Cayley daraxtning standart ko‘rinishi bilan ishlagan;
3. mavjudlik/yagonalik natijalarini sonli amaliy indikatorlarga kam bog‘langan.

Mazkur ishda biz { J,, } ketma-ketlik bo’yicha o‘zgaruvchi no-bir jinsli holni olamiz. Bu

parametrlar fizik ma’noda gatlam bo‘yicha heterogen muhitni ifodalaydi.

p-adik asoslar- p — toq tub son, Q,- p - adik maydoni, |- |,- p- adik norma. Biz quyidagi
birlik shar bilan ishlaymiz:
Br={x6(@p:|x|p£r}, 0<r<l1.
Ultrametrik:

lx +yl, < max{lxlp, Iylp}.
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No-bir jinsli Potts-Bethe operatori- g = 2 holati Potts modeli uchun gatlam bo‘yicha xabar (
message ) parametrlarini h, = (h}l,...,hfl_l) € Q;’,_l bilan belgilaymiz. Soddalik uchun skalyar
reduksiyada quyidagi operatorni garaymiz:[4-5]

P = (%)k 1)

bu yerda k € N-daraxt tartibi, a,, by, ¢,, d_n € Q, no-bir jinsli koeffitsientlar.
To‘liq rekurrent tizim:

Xn = Pp(xns1), n=0 (2)
Invariant rejimini topish uchun mos kompozit operator:
AG\K
T = (53) 3

bu yerda A,C no-birjinsli parametrlarning limit effektiv kombinatsiyalaridir. Amalda A(x) =
ax + b,C(x) = cx + d ko‘rinishni olamiz.
Ta'rif.1. T: B, - B, operatori uchun agar shunday 0 < A < 1 mavjud bo‘lib,
| TG =T Wy < Ax =yl

Barcha x,y € B, uchun bajarilsa, operator p-adik kontraktiv deyiladi.
Teoremani isbotlash uchun quyidagi ishlar bajariladi:
1.7 (B,) < B, invariantlik bahosi;
2. Mobius tipidagi had uchun Lipschitz chegarani ultrametrik baholash;
3. Banax fiksatsiya printsipining no-Archimed variant orgali yagonalik.
Yordamchi lemalar

Lemma 1. ( Bo‘linma uchun ultrametrik baho). Agar u;,v; € Q,(i = 1,2),|v4], =
lv,l, = 1 bo'lsa,unda [5]
U U

V1 D

=< max{|u1 - u2|p. lvy — Vzlp}-
p

Isbot.
U Uz WUy — Uy
V1 V2 B U102 .
|v1v,],=1 bo‘lgani uchun maxraj norma giymatini o‘zgartirmaydi. Yuqoridagi suratni = u;v,-
u,v; = (U — uy)v, + uy (v, — v;1) ko‘rinishida yozib, ultrametriklikdan xulosa keladi .
Lemma 2. (Daraja funksiyasi uchun baho).[5-6] Agar |x|, <7, |yl, <rvar<
1bolsa,
|xk _yklp < |X _ylp-
Isbot.
k-1
X —yk=(x-y) Z X1yl
=0
Har bir had normasi < r*~1 < 1, demak yig‘indining p-adik normasi <
Teorema 1. ( No-bir jinsli Potts-Bethe operatori uchun kontraktivlik va yagonalik). T
operatori (3) bilan berilgan bo‘lsin, bunda :

va quyidagi shartlar bajarilsin:[6-7]
1.laly, |bl, <7,lcl, <7 ldl, =1,0<r <1;
2. lad — bc|, < 1;

3.|cx + d|, =1 barcha x € B, uchun.

U holda :

1.7(B;) € B ;

2.7 B, da kontraktiv;
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3. T ning yagona fiks nuqtasi x* € B, mavjud;
4. mos Potts rekurrent tenglamasi (2) uchun yagona p-adik Gibbs holatga mos
invariant yechim mavjud.
I11. Isbot.

1-gadam (invariantlik). x € B, bo‘lsin.U holda |ax + bl, < max{|al,|x|,, |b],} < 7.
Shartga ko‘ra |cx +d[, = 1, demak

|ax +b
<r.
cx+d p
k
Shundan |7 (x)[,, = j;‘jﬂp <r* <7 yani T(x) € B,.

+b .
2X*2  deb olamiz. U holda
bx+d

_(ad = bc)(x—y)
F) =FQ) = (cx +d)(cy +d)

2-qadam (Lipschitz baho). F(x) =

normani olsak:
|F(x) = F(W)lp = lad — bely|x — ylp, < 7vlx —ylp,
chunki maxraj normasi 1 ga teng. Endi Lemma 2. dan
T) =Ty = IF)* = FO)*|, < IF(x) = FDp S 7lx =yl
ga ega bo‘lamiz, demak kontraktivlik koeffitsienti: 4 < r < 1. Ekanligi kelib chigadi.

3-gadam ( yagona qo‘zg‘almas nuqta). B,. p-adik normaga nisbatan to‘liq fazo.
Qo‘zg‘almas nuqta teoremasiga ko‘ra I ning qo‘zg‘almas nugtasi x* mavjud. Istalgan x, € B,
uchun x,,; = T(x,) ketma-ketlik x* ga yaginlashadi.

4-gadam ( Gibbs interpretatsiyasi). Potts model rekurrent tenglamalari p-adik settingda
chegaraviy xabarlar ( boundary law ) orqali Gibbs o‘lchovlarni parametrlaydi. Fiks nugta
yagonaligi bu boundary law yagonaligi, u esa Gibbs holatning yagonaligini anglatadi. Shu bilan
teorema to‘liq isbotlandi.

Natija 1. (Faza o‘tishning yo‘qligi mezoni). Teorema 4.3 bajarilganda
modelda translation-invariant sinfda ko‘p Gibbs holat paydo bo‘lmaydi, ya’ni faza
o‘tish kuzatilmaydi.

Isbot. Faza o‘tishning oddiy mezoni-kamida ikkita ekstremal Gibbs holat mavjudligi.
Teorema.1 yagona Gibbs holat beradi, shuning uchun bunday ajralish yo*q.[7]

Teoremadan kelib chigadigan sodda iteratsiya:

xm =7(x™), m=012,..

Asosiy teorema oldingi ishlardagi bir nechta cheklovlarni yumshatadi.

No-bir jinslilikni gamrab olish. Klassik bir jinsli Potts holida parametrlar doimiy bo‘lsa,
bu ish no-bir jinsli koeffitsientlarni ham kontraktivlik mezoni bilan tizimlar uchun aynigsa muhim.

Dinamika va Gibbs o‘lchovni bog‘lash. Ko‘plab ishlarda faza o‘tish masalasi alohida,
dinamik xarita xossalari alohida garaladi. Bizning yondashuvda fiks nuqta yagonaligi to‘g‘ridan-
to‘g‘ri Gibbs holat yagonaligiga o‘tkazildi.

Amaliy qo‘llanma. Taklif etilgan kriteriy model parametrlarini oldindan filtrlashga imkon
beradi: agar kontraktivlik shartlari bajarilsa, modelda ko‘p holatlilik kutilmaydi. Bu sonly
hisoblash xarajatini kamaytiradi.

Cheklovlar. Maqolada asosan bir o‘lchamli reduksiya (skalyar xabar) ko‘rib chiqildi.
To‘lig (g — 1) o‘lchamli vektor holat uchun Jacobian baholari va p-adik matritsa normalari bilan
kuchliroq texnika talab etiladi. Shuningdek, faza o‘tishning mavjud holatlarini ham sistematik
tasniflash alohida masala bo‘lib qoladi.
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AZAMOV INTEGRAL CHEGARALANISHI BILAN SODDA VA
INERTSION HARAKATLANUVCHI O‘YINCHILAR UCHUN QUVISH
MASALASINI YECHISHNING BIR USULI HAQIDA

Ibaydullayev To‘lanboy Tursunboyevich
Andijon davlat universiteti

Annotatsiya. Ushbu ishda o‘yinchilarning boshgaruviariga Azamov integral chegaralanishi
go'yilgan sodda va inertsion harakatli o‘yinchilar gatnashgan quvish o‘yini garalgan. Dastlab o‘yinchilarning
boshlang'ich tezliklari teng bo‘gan hol garalagan. Keyin esa boshlang'ich tezliklar turlicha bo‘gan hol sodda
harakatli yordamchi masala yechish orqgali boshlang‘ich tezliklari teng bo‘gan holga Kkeltirilgan.
Quvlovchining strategiyasi aniq qurilgan, tutish vaqti ham oshkor topilgan

Kalit so‘zlar: Differensial tenglamalar, Quvish masalasi, O'yinchilar, Integral chegaralanishlar

AHHoTaumsA. B gaHHon paboTe paccmaTpvBaeTcs 3agada nNpecnefoBaHus ¢ y4acTUEM MIPOKOB,
OMNMCbIBAEMbIX YPaBHEHUSMU NMPOCTOrO U MHEPLIMOHHOMO ABWXKEHUS, Ha YNpPaBreHns KOTOPbIX HaNOXeHO
WHTerpanbHoe orpaHudyeHne AsamoBa. CHavyana uccnegyeTcs crnydal, korga HadanbHble CKOpPOCTM
UrpoKOB coBnagalwT. 3aTem cnyvan pasnuuyHbIX HayarbHbIX CKOPOCTEN CBOAMTCSA K Cryyalt paBHbIX
HayanbHbIX CKOPOCTEN MOCPEACTBOM PELUEHMS BCMOMOraTenbHOM 3adadv AMs UIPOKOB C MPOCTbIM
aBwkeHveM. [MocTpoeHa siBHasi cTpaterus npecrnegoBaTensi, a Takke MOMy4YeHO TOYHOE 3HaYeHue
BPEMEHU MOUMKMN.

KnioueBble cnosa:
NHTerpanbHble orpaHuyeHus

Annotation: In this work, a pursuit game involving players with simple-motion and inertial-motion
dynamics subject to the Azamov integral constraint on their controls is considered. First, the case where
the players’ initial velocities are equal is studied. Then, the case of unequal initial velocities is reduced to
the case of equal initial velocities by solving an auxiliary problem with simple-motion dynamics. An explicit
strategy for the pursuer is constructed, and the pursuit time is determined in closed form.

Keywords: Differential equations, Pursuit problem, Players, Integral constraints

OnddepeHunanbHble ypaBHeHus, 3agadva npecnegoBaHus, Wrpoku,

I. Kirish quvlovchining, y orgali esa gochuvchining R™
Differensial o‘yinlar nazariyasida sodda fazosidagi holatini belgilaymiz.

harakatli va turli chegaralanishli o‘yinlar Bu bo‘limda quvlovchi va

chuqur o‘rganilgan [1-10]. Keyingi yillarda gochuvchining harakatlari mos ravishda

bunday o‘yinlarni mamlakatimiz olimlari
tomonidan yanada murakkabrog va ayni paytda
amaliy ahamiyatga ega bo‘lgan turli
chegaralanishlar  bilan  o‘rganish  davom
etmogda [11-18]. Ushbu ishda yuqoridagi
an’anaviy chegaralanishli o‘yinlardan farq
giluvhi, fizikaviy nuqtai nazardan energiya
to‘ldirib boriluvchi va Azamov
chegaralanishlari deb ataluvchi o‘yinlarda
quvish masalasi o‘rganilgan. Daslab sodda
harakatli o‘yin keyin esa inertsion harakatli
o‘yin qaralagan. Inertsion harakatli o‘yin
dastlab boshlang‘ich tezliklar teng bo‘gan
holda  of‘rganilgan.  Turli  boshlang‘ich
tezliklarda esa parallel quvish strategiyasi (IT-
strategiya) ni takror qo‘llab, boshlang‘ich
tezliklar teng bo‘gan holga keltiriladi. Bunda
sodda harakatli yordamchi o‘yin hosil bo‘ladi.
I1. Masalaning qo‘yilishi

1. Aytaylik R™ fazosida «x
boshgariluvchi  obyekt y  boshgariluvchi
obyektni quvlayotgan bo‘lsin. x orgali

quyidagi sodda dinamik sistemalar bilan
ifodalangan differensial o‘yinni garaymiz:
x=u, x(0) = x,, (1.2)
y =7, y(O) = Yo: (12)
bu vyerda, x,yu,ve€R" n=>1;, xqYVo—
obyektlarning boshlang‘ich holatlari, x, # y,
deb hisoblanadi, u, v— tezlik vektorlari, ular
boshqaruv parametrlari bo‘lib xizmat qiladi.
Shu bilan birga u vektorning vaqt bo‘yicha
o‘zgarishlari  u(+):[0,00) — R™  o‘Ichovli
funksiya bo‘lishi lozim. Unga quyidagi maxsus
ko‘rinishdagi inegral chegaralanish qo‘yiladi:

faolu()I?ds < p? (L3)
bu yerda a(t) funksiya— t > 0 da berilgan,
monoton o‘suvchi, uzluksiz va a(t) < t shartni
ganoalantiruvchi  funksiya, p esa —biror
nomanfiy son.

Shu kabi v vektorning vaqt bo‘yicha
o‘zgarishlari  v(+):[0,00) — R™  o‘lchovli
funksiya  bo‘lishi  lozim. Unga ham
yugoridagidek chegaralanish qo‘yilgan bo‘lsin:
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fat(t)lv(s)l2 ds < o?(1.4)
bu yerda, o- nomanfiy son.

x obyektning magsadi
tutish, ya’ni chekli t vaqtda

x(t) = y(t)
tenglikka erishish, bu yerda x(t), y(t)— o‘yin
jarayonida vujudga keladigan trayektoriyalar.
Qochuvchi quvlovchi bilan uchrashmaslikka
harakat qiladi, buning ilojisi bo‘lmagan
tagdirda hech bo‘lmasa uchrashish vaqtini
mumkin qadar cho‘zishga harakat qiladi.

(1.3) va (1.4) chegaralanishlarni
birgalikda AA-chegaralanishlar deb ataladi,
ularga mos (1.1) va (1.2) o‘yinni esa AA-0‘yin
deb yuritiladi.

Quvlovchining (1.3) shartni
ganoatlantiradigan u(t) boshqaruv funksiyalari
to‘plamini joiz boshqaruvlar to‘plami deb
ataymiz  va U, bilan  belgilaymiz.
Qochuvchining (1.4) shartni ganoatlantiradigan
v(t) boshqaruv funksiyalari to‘plamini joiz
boshqaruvlar to‘plami deb ataymiz va V, bilan

gochuvchini

belgilaymiz.
1.1-ta'rif. Quyidagi shartlarni
ganoatlantiruvchi  u:V, - R™ akslantirishni

quvlovchining strategiyasi deyiladi:
1) u(v) funksiya v,v €V, bo‘yicha Borel
ma’nosida o‘lchovli bo‘lsin;
2) Vv(+) € V, uchun biror [0, t] vaqt oralig‘ida
u(v(-)) € U, bo‘lsin, bunda u(v(-)) funksiya
u(+) strategiyaning realizatsiyasi deyiladi.
Aytaylik z(t) = y(t) — x(t),zy =
Yo — Xo-
Bundan (1.1), (1.2) sistemadan
z=v—1u,z(0) =y, — Xo
Koshi masalasiga kelamiz.
1.2-ta’rif. u(v) strategiyani parallel
quvish strategiyasi yoki gisgacha IT —strategiya
deb ataymiz, agarda Vv () € V, uchun

109

z=v() —u(v(®)),2(0) = y, — xo,
Koshi masalasining yechimi z(t) ni

z(t) = ZOG)(t,v(-)),G)(O,v(-)) =1
ko‘rinishda yozish mumkin bo‘lsa, bunda
0(t,v(")) t, t =0 ning skalyar funksiyasi

bo‘lib u odatda quvish masalasining
yaginlashish funksiyasi deyiladi.

1.3—ta’rif. Quvlovchi [0,T] vaqt
oraligida Il —strategiya yordamida yutadi

deyildi agar
a) 3t* € [0,T] vaqt momenti topilsaki,
vv(-) € V, uchun z(t*) = 0 bo‘lsa;
b) Vv () € V, uchun [0,¢*] dau(v()) €
U, o‘rinli bo‘lsa, bunda T kafolatlangan tutish
vaqti deyiladi.
1.4-ta’rif. v :R* -V, funksiya
gochuvchining strategiyasi deyiladi, agar v*(t)
t, t = 0 bo‘yicha Lebeg ma’nosida o‘lchovli
funksiya bo‘lsa.
1.5—ta’rif. Qochuvchi v*(t) € V,
strategiyani tanlab yutadi deymiz, agarda
vu(:) € Uy uchun
z=v"(t) — u(v(t)),z(O) = Yo — Xo»
Koshi masalasining yechimi z(t) vt >
0 uchun z(t) # 0 shartni bajarsa.
1.1-teorema: Agar AA-o‘yinda p > o
bo‘lsa, u holda o‘yin quvlovchi uchun yutuqli
bo‘ladi. Agar p <o bo‘lsa, u holda o‘yin
gochuvchi uchun yutuqli bo‘ladi.
Bunda quvish masalasida (1.3), (1.4)

chegaralanishlar uchun u(t) = % é+v(t)

strategiya yutugli bo‘ladi va T =

lyo—2xo/?
(p-0)?

kafolatlangan tutish vaqti bo‘ladi.
Isboti. 1) Awvalo u(t) = 5= é +v(t),

[u(s)[2 ds =jj

®

é = ﬁ chegaralanining 0 < tg T oraliqda
joizligini  isbotlaymiz,  bunda  Koshi—
Bunyakovskiy tengsizligini qo‘llaymiz:
p—0 2

N e +v(s)| ds <

\/ fa(t)
< |t

2
2] + Iv(s)l) ds <

< [

2 t
) ds + f
a(t)

lv(s)|?ds <

Scientific Bulletin. Physical and Mathematical Research Vol 8. Iss 2. 2026



Mathematics 110

S\/j:(%)zds+\/fat(t)lv(s)lzdsSp—a+a=p.

12
b(’;_z()’—lz vagtgacha yakunlashni isbotlaymiz.

Ravshanki, (1.1) va (1.2) Koshi masalalarining yechimlari mos ravishda
t t

Endi ushbu strategiyani qo‘llab o‘yinni T =

x(t) =xo + f u(s) ds, y(t) = xo + f v(s)ds, t=>0
0 0
bo‘ladi.
T

— 0

VT

=x0+p Té +fv(s)ds=xo+|yo—x0|5 +fv(s)ds=
0

0
T T

= X, +y0—xo+jv(s)ds=y0+jv(s)ds=y(T).

0 0

Demak x(T) = y(T) tenglikka hosil qildik va bu 1.1-1.3 — ta’riflarga ko‘ra quvlovchining
o‘yinni yutishini bildiradi.

2) p < o bo‘ganda esa v(t) = u(t),t = 0 deb olish qochuvchi uchun yutugli bo‘lishi
ravshan.

Teorema isbotlandi.

2. Aytaylik yana R™ fazosida x boshqariluvchi obyekt y boshqariluvchi obyektni
quvlayotgan bo‘lsin. x orgali quvlovchining, y orqgali esa gochuvchining R™ fazosidagi holatini
belgilaymiz.

Mazkur bo‘limda esa quvlovchi va gochuvchining harakatlari mos ravishda quyidagi
ikkinchi tartibli differensial tenglamalar — dinamik sistemalar bilan ifodalangan differensial o‘yin
garaymiz:

X =u, x(0)=xyx(0) = x4, (2.1)

y=v, y(0) = yey(0) =y, (2.2)
bu yerda yana, x,y,u,v € R",n>1; x,,y,— obyektlarning boshlang‘ich holatlari, x;,y;—
obyektlarning boshlang‘ich tezliklari, x, # y, deb hisoblanadi, u, v-tezlanish vektorlari, ular
boshqaruv parametrlari bo‘lib xizmat qiladi. Shu bilan birga u vektorning vaqt bo‘yicha
o‘zgarishlari u(-): [0,0) — R™ o‘Ichovli funksiya bo‘lishi lozim. Unga yana quyidagi Azamov
inegral chegaralanish qo‘yiladi:

t
Jolu(®)1? ds < p? (2.3)

bu yerda yana a(t) — t =0 da berilgan, monoton o‘suvchi, uzluksiz va a(t) <t shartni
ganoalantiruvchi funksiya, p esa —biror nomanfiy son.
Shu kabi v vektorning vaqt bo‘yicha o‘zgarishlari v(+): [0,0) — R™ o‘Ichovli funksiya
bo‘lishi lozim. Unga ham yuqoridagidek chegaralanish qo‘yilgan bo‘lsin:
fat(t)lv(s)lz ds < o2, (2.4)
bu yerda, o- berilgan nomanfiy son.
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x obyektning magsadi qochuvchini tutish, ya’ni chekli t vaqtda
x(t) = y(t)
tenglikka erishish, bu yerda x(t), y(t) — o‘yin jarayonida vujudga keladigan trayektoriyalar.
Qochuvchi quvlovchi bilan uchrashmaslikka harakat giladi, buning ilojisi bo‘lmagan taqdirda hech
bo‘lmasa uchrashish vaqtini mumkin qadar cho‘zishga harakat qiladi.

Odatda bu o‘yin inertsion AA o‘yin deyiladi. Quvlovchining (2.3) shartni
ganoatlantiradigan u(t) boshqaruv funksiyalari to‘plamini joiz boshqaruvlar to‘plami deb ataymiz
va U, bilan belgilaymiz. Qochuvchining (2.4) shartni ganoatlantiradigan v(t) boshgaruv
funksiyalari to‘plamini joiz boshqgaruvlar to‘plami deb ataymiz va V, bilan belgilaymiz.

2.1-ta'rif. Quyidagi shartlarni ganoatlantiruvchi u: V, — R™ akslantirishni quvlovchining
strategiyasi deyiladi:

1) u(v) funksiya v, v € V, bo‘yicha Borel ma’nosida o‘lchovli bo‘lsin;
2) Yv(+) € V, uchun biror [0, t] vaqt oralig‘ida u(v(-)) € U, bo‘lsin, bunda u(v(-)) funksiya
u(+) strategiyaning realizatsiyasi deyiladi.

Aytaylik z(t) = y(t) — x(t), 20 = Yo — x0,2(0) = z; = y1 — x1.

Bundan (2.1), (2.2) sistemadan
Z=v—-1u,2(0) =y, —x0,2(0) = y; —x;

Koshi masalasiga kelamiz.

2.2—ta’rif. u(v) strategiyani parallel quvish strategiyasi yoki gisgacha IT —strategiya deb
ataymiz, agarda Vv(-) € V, uchun

Z=v(t) - u(v(t)),Z(O) =Yyo — X0, 2(0) = y; — x4
Koshi masalasining yechimi z(t) ni
z(t) = ZOG(t,v(-)),@(O,v(-)) =1

ko‘rinishda yozish mumkin bo‘lsa, bunda @(t,v(-)) t, t = 0 ning skalyar funksiyasi bo‘lib u
odatda quvish masalasining yaginlashish funksiyasi deyiladi.

2.3-ta’rif. Quvlovchi [0, T] vaqt oralig‘ida IT —strategiya yordamida yutadi deyildi agar

a) 3t* € [0, T] vaqt momenti topilsaki, Vv(-) € V, uchun z(t*) = 0 bo‘sa;
b) vv(-) € V, uchun [0,t*] da u(v(-)) € U, o‘rinli bo‘lsa, bunda T kafolatlangan tutish
vaqti deyiladi.

2.4-ta’rif. v*: Rt - V, funksiya gochuchining strategiyasi deyiladi, agar v*(¢) t, t = 0
bo‘yicha Lebeg ma’nosida o‘lchovli funksiya bo‘lsa.

2.5—ta’rif. Qochuvchi v*(t) € V, strategiyani tanlab yutadi deymiz, agarda Vu(-) € Uy
uchun

Z=v"'(t) —u(v(®)),2(0) = yo — x0,2(0) = y; — x;
Koshi masalasining yechimi z(t) Vvt = 0 uchun z(t) # 0 shartni bajarsa.

Xususiy hol. Bunda (2.1), (2.2) masalada fizikaviy nuqtai nazardan boshlang‘ich
tezliklarni ifodalovchi vektorlarni teng bo‘lsin deb faraz qilamiz: x; = y;.

2.1-teorema. Agar inertsion AA-o‘yinda p > ¢ bo‘lsa, u holda o‘yin quvlovchi uchun
yutuqli bo‘ladi. Agar p < ¢ bo‘lsa, u holda o‘yin qochuvchi uchun yutuqli bo‘ladi. Bunda quvish

masalasida u(t) = p% € + v(t) strategiya yutuqli bo‘ladi, kafolatlangan tutish vaqti T =
N
Va[(2=20)" boladi.
p—0
Isboti. 1) u(t) =22 8+ v(t), é =222 chegaralanishning joizligini birinchi
VT |¥0—%ol

bo‘limda ko‘rsatganmiz.
Ravshanki, (2.1) va (2.2) Koshi masalalarining yechimlari mos ravishda
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x(t) = x9 +tx; + f(t —s)u(s)ds,y(t) = xy + ty, + J(t —s)v(s)ds,t =0

o N2
Endi ushbu strategiya bilan o‘yinni T = V4 ’ (%) vaqtgacha tugashini ko‘rsatamiz:
T
x(T) =x¢+ Tx, + f(T —s)u(s)ds =
0

p—a
VT

=x0+Tx1+fT(T—s)( E+v(s))ds=
0

T T
p—0 ,
=x0+Tx1+f(T—s) T ds -e+j(T—s)v(s)ds=
0 0
T
p—aT?
=x0+Tx1+W7e +](T—S)17(S)ds=
0

=xo+Tx, + (p—0) ?5 +j(T—s)v(s)ds=
0

T
= xo + |yo — x0l€ +f(T—S)v(s) ds =
0
T

T
=Xg+Yyo—xo+Tx; + f(T —s)v(s)ds =y, + Txlfy1 + f(T —s)v(s)ds =
0 0

T
= Yo+ Tys + f (T — $)v(s) ds = y(T),
0

ya’ni x(T) = y(T) tenglikka keldik va bu ta’rifga binoan quvlovchining o‘yinda yutganini
bildiradi.

Qochish masalasida yana v(t) = u(t), t = 0 deb olish kifoya, bunda ham x; = y,; shart
muhimki, ular teng bo‘lmaganda y; — x; va y, — x, vektorlarning garama—qarshi yo‘nalishli
bo‘gan holini alohida tekshirib qo‘yish lozim bo‘ladi! Bizning ushbu maqgolada magsadimiz
quvish maslasini yechish bo‘lgani uchun bunga to‘xtalib o‘tirmadik.

Umumiy hol. Bunda (2.1), (2.2) masalada fizikaviy nuqtai nazardan boshlang‘ich
tezliklarni ifodalovchi vektorlarni ixtiyoriy bo‘lsin deb faraz qilamiz, y’ani x; # y;. Bunda
quyidagicha almashtirish qilib, yordamchi masala hosil gilamiz va uni “Il-strategiya” bilan
yechamiz:

x=Xy=Y
#=)X=u X(0)=x, 2.1°)
G=)Y=v Y(0)=y,. (2.2%)

Bu (2.1”), (2.2”) masalada quvlovchining magsadi chekli T vaqtda X (T") = Y (T) tenglikka
erishish, bunda boshgaruv patrametrlariga qo‘yilgan chegaralanishlar va asosiy ta’rif va
tushunchalar (1.1), (1.2) masalaga qo‘yilgandek o‘zgarishsiz qoladi. U holda 1.1-teoremaga
asoslanib, quyidagi teoremani isbotlash mumkin:
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2.2-teorema. Agar (2.1°), (2.2’) o‘yinda p > ¢ bo‘lsa, u holda o‘yin quvlovchi uchun
yutugli bo‘ladi. Bunda quvish masalasida u(t) === é+v(t) strategiya yutugli bo‘ladi,

_ 2
kafolatlangan tutish vaqti T = 'f;_—;c;'z bo‘ladi.

T

Natijada, uzog‘i T vaqtdan so’ng boshlang‘ich tezliklari teng bo‘lgan (2.1), (2.2)
ko‘rinishdagi inertsion masalaga kelamiz va uni 2.1— teoramaga asoslanib yechamiz.
Eslatma. Yugorida olingan natijalarni gayta—qayta I1 —strategiyani qo‘llab quyidagi n—
tartibli dinamik sistema bilan berilgan o‘yinlarga ham o‘tkazish mumkin:
2™ (0) = u, x"(0) = xy_q, -+, %(0) = x1,2(0) = xo;

y™(0) = v,y®V(0) = y,_4,
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CNABO NEPUOANYECKUE TMBBCOBCKWUE MEPbLI ANA MOOENU
U3NHIA HA OEPEBE K3J11 NOPAOKA OBA

X.A.OexkoHoB

AHOnXKaHCKMI rocynapcTBEHHbIN YHUBepcuTeT, Y3bekuctaH, 170100, AHgnxkaH, yn.

YHuBepcurteTckas, 129

Abstract: In the paper a notion of weak periodic Gibbs measure is introduced. For the Cayley tree of
order lager than 5 and under some conditions on the parameters of the Ising model it is proven that there are

at least 3 such measures.

Keywords: Cayley tree, Gibbs measure, Ising model, weakly periodic measure.
AHHOTaumA: B cTtaTtbe BBOANUTCSA NOHSITUE cnaboro nepuoguyeckoro rm66coBckoro mepa. [lokasaHo,
4YTO Ana aepesBa Kanu nopsaaka Bbille 5n Npn HEeKOTOpPbLIX YCNOoBMAX Ha napamMeTpbl Moaenu NaunHra

CYLLIeCTBYIOT MO KpaviHen mepe 3 Takne Mepbl

KnroueBble cnoBa: aepeso Kanu, mepa 'mbb6ca, mogene M3nHra, cnabo nepuogmyeckas mepa.

Mycts 7% =(V, L), k>1 ectp mepeso
Komu nopsika K, roe V -muoxectso Bepumn, L -

k k
MHOXecTBO pebep 7 . M3BecTHO, 4TO T  MOXKHO
npenacraButh kak G, - cBOOOJHOE NPOW3BEICHHE

K +1 mukiudeckux rpymm BTOporo nopsuaka. Eciu
ru00COBCKOE pacnpezaencHue WHBApPHAHTHO
OTHOCHTEILHO HEKOTOPOH MOATPYIIIEI KOHEYHOTO

A

uagekca G, cG,, 10 omo mHasmBaercs G, -

MEPUOAMYCCKUM. B MHOTOYHCIIEHHBIX padoTax (cM.
Hanpumep [1-4]) ©Ha pmepee Komum wu3ydeHsl
nepuoanyeckue Mepel ['mb0ca s pa3aIUdHBIX
MOJIEJICH CTaTUCTHUECKON MexaHuku. B paborax [5]
1 [6] HA HEKOTOPBIX HHBAPUAHTHBIX MHOXKECTBE MPH
HEKOTOPBIX yCIOBHSIX Ha TMapaMeTpbl HaWIeHbI
cnabo-repuoAnyYecKue (He MEePHOAMYECKUE) MEPHI
I'm66ca anms momenmu Ws3unra nHa gepeBe Komm
nopsiaka K, rne K>4. B pabore [7] ans mMoxenu
W3unra Ha nepese Konu mopsiaka k > 2 naiineHs
HOBBIE KJIacCc THOOCOBCHUX Mep MOAOOHBIMH K cllabo
nepuoandecKuMu. B maHHOW pa®oTe MBI M3ydaem
CyIIIECTBOBAHHE c1a00-TIePUOAUMYECKUX
ru00COBCKUX Mep Uit Mojienu M3uHra Ha jaepeBe
Koy nopsiike K =2.

IMycts @ = { -1, 1} u

\%
ce®', Trorma

o= {O‘X ed:xeV } PaccMoTpuM raMunibTOHMaH

moxenu M3unra
H(o)=-J3 > o(x)o(y). (1)
<X,y>elL
rie J €R, <Xy > - 6mwkaiinme cocenu.
UzBectHo, uTo Kakgod mepe ['mbb6ca mmst
Mojienu V3uHra MOYKHO COITOCTaBUTh COBOKYITHOCTD

BEJIMYUH h= {hx, Xe Gk} ,  YIOOBJIIETBOPSIOIIUX
YPaBHCHHIO

h=73 f(h,.0), @)
yeS(x)

rie S (X) - MHOXECTBO "MIPSAMBIX IOTOMKOB"
(em.[1]), xeV u
f (x,60) = arcth(6thx), & =th(J 3), ﬂ:Ti, T>0
- TEMIIEpaTypa.
Jlst X eG, TIOJIOKHM

x, ={y eG, <x,y>}\S(x).
[ycTs Gk/ék:{Hl,...,Hr} - (akrop-

rpynma, rae Gk - HOPMAJIbHBIH JETUTENh WHICKCA

r=1.
Omnpenesenne 1. COBOKYMHOCTh BETWYHMH

h= {hx, Xe Gk} Ha3bIBACTCS G, -
HEPHOJNYECKON,  €ciu hxy =h s s00bIX
xeG,, ye ék :

Omnpenesienne 2. COBOKYIMHOCTh BEJINYHH
h={h,xeG,} naspBacrcs G, - cma6o
HEPUOINYECKOIA, eciu h =h;, npu

XxeH,, X¢eHj st mobsIx X € G, .

Onpenenenne 3. Mepy 4 HaseBaercs G, -

(cmabo) mepuoauYecKoil, eciim OHa COOTBETCTBYET

ék -(c1a60) MIEPUOANUYECKON COBOKYITHOCTH
Besmuud h.
ITycTh AC{l,Z,...,k-l—l} "

ieA

HA={XeGk:Za)X(ai)—quHo}, e o,(a)-

4HCII0 OyKBBI a, B cloBe

xeG,, Géz):{XGGk:|X|—‘ICTHO} u
4 2 o

G =H, NG -cootsercrytomuii emy

HOpPMAaJIbHBIH JIeTUTENb HHACKCA 4.
3ameuanue 1. 3aMeTuM, YTO Cpelu BceX
HOPMAJIBHBIX JETUTENeH WHIAeKca 4 BBEIOPAaHHEIN
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HaM{ HOPMaJIbHBINA JIETUTEINb Gé“) YI00CH TeM, 4TO

B 3TOM CIIy4ae W3 CHCTEMBI (2) MoiydyaeM CUCTEMY
ypaBHEHWH ¢ 8  HEW3BeCTHBIMH. A s
MPOM3BOJIBHOTO HOPMAJBHOTO JAEIHTENsT MHACKca 4
YHCIO HEWU3BECTHBIX MOXET JOCTHratb a0 16
HEW3BECTHBIX.

Paccmorpum thakTop

G /G¥ ={Hy,H,;,H,,H,} , rze

H, :{X G, :Za)x(ai)—qemHo, |x|—qemH0},

ieA

rpynimy

H, = {X eG,: Z:a)X (a) —neuemno, |x| —qemHO},

ieA

H,= {X €eG,: Z:a)X (a;) —wemmno, || —Helien’IHO},

ieA

H, = {X eG,: wa (a)) — neuemno, | x|— neuemno

ieA
Torma B cuny (2) G, - cmabo mnepuoandeckas

coBOKymHOCT h nmeer Bua

h, xeH;x eH,

h,, xeH;,x eH,
h,, xeH; Xx eH,
b h,, xeHy,x eH, )
" hy, xeH;x eH,
hy, XxeH,,x eH,
h,, xeH,,x eH,
h,, XxeHyx eH,
rne  h;, j=18  ynosnersopser  cucteme
YPaBHEHUN:

h = (k—i) f (h,, 0) +if (h,, )
h, = (k—i) f (h, 0) +if (h,,6)
h, = (k—i+1)f (h,,0)+(i-1) f (h,,0)
h, = (k—i+1)f(h,0)+(i-1)f(h,0)
h =(k—i+1)f(h,0)+(@{-1)f(h,,0)
h = (k—i+1)f(h,0)+(i-1)f (h.,6)
h, = (ki) f (h,,0) +if (h, 0)
h, = (k —i) f (h,,0) +if (h,,0),

3mech | = |A| - MOIITHOCTh MHOXECTBO A.

(4)

HOJ’IBBYHCI) TEM, 4TO

f (h, 6) = arcth(0thh) :%m giggi : 8;2

115
n o003Hauas o =ﬂ, Z, = e rne (i :ﬂ), u3
1+6
(4) momy4uM cCleayIOIIyI0 CUCTEMY YPaBHEHHUH
7, =(p(z,))" - (0(z,))
2, = (@(2.)"" - (o(z;))’
2, = (p(2,)) " (p(z,))"”
_ k—i+l | i-1
2, =(p(z;))" - (9(25)) ©)

Z5 = (p(2,)) " (p(z,)"™
Zs = (p(25)) "™ - (p(25))
Z; = ((D(Zza))kii '((P(Zs))i
2y = (p(2,)" ((2,))’

I+a
e ¢(2) = az+1

. U3 (5) momyumnm cnenyromme

cHCTeMa ypaBHCHHUE

e (s (112

i1 Y .
s o[z )
| i ®
i1 K .
z,=| t|z, (f(z)) J-(f(zg))k
z,=| f Ziil'(f(zz))? ]'(f(z7))k_l
Paccmotpum orobpaxenne W :R* — R*,
OIpe/IeIeHHOE KakK mpaBasi 4acTh (6):
e e e
= ) ()
. N ()
= a0 (e
i (a0 ) ()
JIerKo JI0Ka3aTh CIEAYIONIYIO JTEMMY
Jlemma 1. Orobpaxenne W  umeer

WHBApHUAaHTHBIC MHOXKECTBa

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 2. 2025



MATHEMATICS

|1={ZER4Z 21:22:27:28},
|2={ZER4121=Z7, 22=28},
l,={zeR":12,=12,; 7, =1,
|4:{ZGR4221=28; 22:27}.

3ameuanme 2. U3 ompenenenuit 1 u 2

clIenyeT, YTO B ClIy4ae |2 c1abo TmepuoaArYecKas
COBOKYITHOCTH BEJIIAYNH HE COBIIQJIA€T
MIePUOTNIECKOM, €CIM XOTSA OBl OTHO W3 PAaBEHCTB
2, =124, 12,=15, 2, =14, Zy = 7, HC BBIIOJHACTCS,

T.€. 3HAYCHHUE Z; 3aBHCHUT OT X

Jemma 2. Eciu Ha
Ij, 1=2,34

nepuoanyYeckue Mepbl ['mb0ca, TO OHU SBISIOTCS

00  TPaHCISIUUOHHO- WHBAapUAHTHBIMHU, JHOO

c1a00 MepHOANIECKUMU (HE TIEPUOTTICCKIMH).
Joxazamenvcmeo. Paccmorpum

HMHBAapHUAaHTHBIX

MHOJKECTBE CYIIECTBYIOT ci1a00

MHBapHaHTHAs MHOX€ECTBa l,. [TycTs

2,=12,,2,=124. U3 (5) umeeM 7, =17, 7, =1s.

Ecmu Z, = 7,, Torna umeeM Z, = Z;. I3 paBeHCTBO

Z,=7, W W3 BTOPOH M NATOH ypaBHeHue (5)

noiayyumM Z, = Z,. W3 paBeHCTBO Z, =7, WU U3

MIEpPBON U TpeTel ypaBHEHHE CHUCTEMBHI (5) MOIyduM

Z,=1,. CnenosaresnbHo THIOJTyYHM
,=2,=2,=2,=2,=124=12, = 1, T..
cooTBeTCTByIOmass ~ Mepa I'mb60ca  sBIsAOTCA

TpaHCIIALMOHHOC-UHBApUAaHTHBIMU. Eciu Z, # 1,
TO SCHO 4YTO COOTBETCTBYyIOIIas Mepa [mnObca
SIBJISTFOTCSL CJ1a00 mepuoAndecKuMu. st ocTambHBIX
| i J = 2,4 noxasbIBaeTCs aHAIOTHYHO.

Teopema: Jlns Monenu M3uHra B ciydae
HOPMAJILHOTO JIEJIUTENSl WHIEKCAa YEThIPE BEPHBI
CJeAyIOLIUE YTBEPKACHUE:

1) Bee G,E4) -c1a00 TEepPHOANYECKUX Mepa
I'nb0ca COOTBETCTBYIOT COBOKYIHOCTh BEJIMYHMH U3
|, SIBISIFOTCS TPAHCISIIMOHHO — HHBAPUAHTHBIMH.

2) Mycers k=2,i=La, =3. Torna nHa

MHBapHaHTHOM MHOXxectBe |, mpn a <a, =He

CYLIECTBYET Glf4) -c1abo  mepuoanyeckas  (He
TpPaHCISAIMOHHO-UHBapruaHTHas) Mepa ['ub0ca; mpu
a>a, CYLIECTBYIOT JBE Gé4) -c11a00
HEPUOJUUECKHE (ue TPaHCJIALMOHHO-

WHBapUaHTHBIE) Mephl [ 1OOca.
Joxazamenvcmeo: 1. JIns UHBapUaHTHOTO

MHOXXECCTBaA Il J0Ka3aTcJIbCTBO OUYCBHU/HA.
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k=2,i=1¢a, =3.Torna

cuctemMa ypaBHeHHS (6) CBOAWTCSA K CIEIYIOIINE
CHCTEMY YPaBHEHHIO.

2. Ilyctp

2

z,+a (4 +a) +a(az, +1)
' az,+1 a(z +a) +(az, +1) ®
z+a (Z,+ a) +a(az,+1)
2- az,+1 a(z, +a) +(az, +1)
rae 0(—ﬂ z,=e", =12 Beenem
! T140' e !
z,+a Z,+a
o0o3HayeHne X =——, Y =—"—— [OIy4uM
az, +1 az,+1
CJICOAYIOIINE CUCTEMA YPABHCHUA
x=f(y)
y="f(x)

2
X—a X +a
rze, f(X)=—=. 2 1%
l1-ax ax®+1

Uro0Obl HaWTH CIa00-MEPHUOUUICSCKUX Mepa

['ubOca  He  sABIAIOMICHCA  TPAHCIAIMOHHOE-
WHBAapPUAHTHBIMH. PaccmoTtpum CIIETyOIIIHE
YPaBHEHHIO.

x—f(f(x))
x—f(x) B
CHavasa HaiiieM pelleHue YpaBHEHHUS
x—f(x)=0 9)
MoHO JIETKO BUJICTB, UTO!
(x=1)(x +1)(C(X2 +(a-1)x+a)
(1—ax)(x2 +a)

x—f(x)=

Pemenue ypaBaenus (9) onpenenseM B BUe

1-a++-3a’-2a+1

=1 x,=-1 X, = ,
Xl 2 3 2a
1+ +-3a’*-2a+1
X, =—
2a

Ilocne 3Toro, HalEM peleHNs ypaBHEHUS

x—f(f(x))=0,us
x—f(f(x))=(x-1)-(x+1)-
-(ax2 +(0¢—1)X+05).(X2 —(a—l)x+1)-
-(ax4 —2ax’ +(2a’ —2a+2)x2—2ax+a)

MOoJIy4YuM B BUAC
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1-a++-3a?-2a+1
X =1 X ==-1 %= ,
2a

_1+a+\/—3a2 —2a+1
2c
, = a-1+\a?-2a+3

2

a-1-Ja?-2a+3
2

WIH pemeHHeM CJIEeIYIOIMEero CUMMETPHIECKOTO
ypaBHEHUS Y€TBEPTOTO CTETICHU:

4

Xs =

axt =2ax® +(2a® —2a +2)x*—2ax+a=0 (10)

Cpenu 3TUX  PpEUICHU, BBIIEIISIEM
TOJIOXKUTENbHBIE perieHue ypaBHEHHS
x—f(f(x))=0: XX, pemenns, a>3

MOJTy4YaeT MOJIOKUTENbHBIC 3HAYSHISI.
Ilocme »3Toro, HaHmEM IOJIOKUTEIILHBIC
pemenne ypaBuenus (10), u3

a[x2+%j—2a(x+lj+2a2—2a+2 X
X X

1
X+—=t
X
MOJIYYHNM CIEAYIOIIYIO0 KBaApaTHYIO
YPaBHCHHIO:

at? —2at+2(a-1)° =0 (11)
Bo3pMéM X =1 OHO SBISUIOCH peLICHHEM
ypaBHeHus: (10), mOATOMy paccMOTpPUM Cirydaid
t>2: npu o >0 3HaueHwe perieHHe ypaBHEHUS

(11) He MoxeT OonbIe 2.
3akmoveHus: cucreMa ypaBHeHus (8) mpu

0<a <3 uMeer eMHCTBEHHAS PELIEHHS (1,1), a

npu a>3 AMEET 3 peleHus
(10,(22.20),(.2°).
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STATISTIK GIPOTEZALARNI TEKSHIRISH UCHUN KRITERIYLAR VA
Z KRITERIY MISOLIDA STATISTIK KRITERIY QUVVATINI HISOBLASh
Muradov R.S.

Namangan davlat texnika universiteti

Annotatsiya. Ushbu maqolada statistik gipotezalarni tekshirish nazariyasining nazariy asoslari va
amaliy qo‘llanilishi yoritilgan. Asosan Z-kriteriy misolida statistik kriteriy quvvatini aniglash masalasi batafsil
tahlil gilinadi. Tanlanma hajmi, dispersiya giymatlari va 1-tur hatolik (a) darajasining kriteriy quvvatiga ta’siri
matematik formulalar, hisob-kitoblar va taggoslovchi jadvallar orqali asoslab beriladi. Z-kriteriyning normal
tagsimot parametrlarini baholashdagi roli, uning qo‘llanish chegaralari hamda alternativ gipoteza ostida
quvvat funksiyasini hisoblash bosgichlari amaliy misollar yordamida ko‘rsatib berilgan. Tadqigot natijalari
statistik gipotezalarni tekshirishda tanlanma hajmini oshirish va dispersiya giymatining kichik bo‘lishi kriteriy
guvvatini sezilarli oshirishini tasdiglaydi.

Kalit so‘zlar: statistik gipoteza, Z-kriteriy, 1-tur hatolik, 2-tur hatolik, kriteriy quvvati, normal
tagsimot, statistik kriteriy.

AHHOTaumAa. B ctaTbe paccmaTpuBaloTCA TeOopeTMyecKkne OCHOBbI MPOBEPKN CTaTUCTUYECKMX
rmnotTes M UX npakTudeckoe npuMeHeHne. Ocoboe BHUMaHWE YAENeHO BbIMUCIIEHUIO MOLLHOCTM
CTaTUCTUYECKOrO KpUTEPUSI Ha NpuMepe Z-kpuTepusi. NMokasaHo BnusiHne o6béma BbIGOpKK, AUcnepcun u
YPOBHSI 3HAYMMOCTM O HA MOLLHOCTb KpuTepusi. Ha ocHoBe maTemaTtuyeckmnx npeobpasoBaHui, Tabnvy u
BbIYMCIIEHUIA  OEMOHCTPUPYETCS npouedypa MNOCTPOEHUS] KPUTUMYECKOW obnactu u  onpeneneHus
BEPOATHOCTM OLUMGOK NEPBOro U BTOPOro poaa. PesynbTtaTthbl nccneqoBaHus nokasbiBatoT, YTO yBENUYEHME
pasmepa BbIOOPKM U CHDKEHNE ANCMEPCUN CYLLLECTBEHHO MOBBILLAKT MOLLHOCTb Z-KpUTepus Npy NpoBepKe
napameTpoB HOPMarbHOrO pacnpeaeneHus.

KnioueBble cnoBa: cratucTudeckas runotesa, Z-kpuTepui, owmbka nepBoro popa, olmbka
BTOPOro poAa, MOLLHOCTb KpUTEpUsi, HopmarbHoe pacnpeneneHne, CTaTUCTUYECKUIA KpUTepui.

Annotation. This article examines the theoretical foundations of statistical hypothesis testing and
its practical applications. The focus is placed on computing the power of a statistical test using the Z-test
as an example. The study analyzes the effect of sample size, variance, and significance level a on the
power of the test. Mathematical derivations, numerical examples, and comparative tables are used to
demonstrate the construction of the critical region and the calculation of Type | and Type Il error
probabilities. The results indicate that increasing the sample size and reducing the variance substantially
improve the power of the Z-test when evaluating parameters of the normal distribution.

Keywords: statistical hypothesis, Z-test, Type | error, Type Il error, test power, normal distribution,

statistical test.
“Statistik baholash nazariyasi” va “Statistik
gipotezalarni  tekshirish  nazariyasi” [3].
Matematik statistika-tasodifiy tajribalar, ya’ni
natijasini  oldindan  aytib  bo‘lmaydigan
tajribalarda olingan sonli ma’lumotlarni gayta
ishlash va ulardan tegishli hulosalar chigarish
bilan shug‘ullanuvchi fan bo‘lib, uning o‘z
uslubiyatlari mavjuddir. Uning masalalari
amaliyot talablaridan kelib chigadi va shu
sababli u amaliyotda keng qo‘llaniladi. Uning
asosiy masalasi tasodifiy Xxarakterga ega
bo‘lgan miqdorlar, ya’ni tasodifiy miqdorlar
tagsimot gonuniyatlarini mana shu migdorlarni
tajribalarda kuzatish natijasida olingan sonli
ma’lumotlar asosida aniglash — statistik
baholashdan iboratdir. ~ Uning  statistik
gipotezalarni  tekshirishga oid bo‘limining
asosiy masalasi mana shu noma’lum
tagsimotlar hagidagi u yoki bu taxminlar-
gipotezalarni tekshirishdan iboratdir [2].

Hozirgi kunda biror ilmiy tadgiqot ishi
bo‘lmasinki, unda iilgari suriladigan ilmiy

Hozirda jamiyatda insoniyat
faoliyatining turli  sohalarida, tabiatdagi
gonuniyatlarni o‘rganishda, ilmiy tadgiqot
ishlarida biror hulosalar gilinishida statistika
usullari keng va samarador qo‘llanilib
kelinmoqgda. Jamiyat bilan hamoxang rivojlanib
kelayotgan statistika uni boshgarishning kuchli
quroliga aylanmogda. Statistika va uning
nazariy  tarmog‘i  bo‘lmish  matematik
statistikaning rivojlanish tarixi va zamonaviy
yo‘nalishlari [1,13] da keng yoritilgandir.
Matematik statistikaning eng muhim gismi —
statistik usullar nazariyasining zamonaviy
bosqgichining boshlanish davri mashhur ingliz
statistik olimi Karl Pirson tomonidan 1900
yilda “Biometrika” — amaliy statistika
jurnalining chop etilishi bilan bog‘ligdir.
Matematik statistikaning o‘ta rivojlanishi davri
oxirgi 60 yillarga to‘g‘ri keladi. Hozirda unga
bo‘lgan e’tibor tobora ortib bormoqda.

Matematik statistikani shartli

ravishda ikki bo‘limga ajratish mumkin:
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tadgigot gipotezasini to‘g‘riligini tekshirishda
albatta  matematik  statistika  usullari
go‘llaniladi. Matematik statistika usullari turli
ob’ektlar sonli va sifat belgilari hagidagi
statistik ma’lumotlarni guruhlash va tahlil
gilish imkoniyatlarini  asoslaydilar. Katta
hajmdagi bosh to‘plamning har bir ob’cktni
bizni gizigtiruvchi belgilar bo‘yicha o‘rganish
yo jismonan imkoni yo‘q yoki igtisodiy nuqtai
nazardan magsadga muvofiq emasdir. Shu
sababli, statistik qonuniyatlarni  aniglash
magsadida o‘rganilayotgan bosh to‘plamdan
tavakkaliga chekli hajmda tanlanma to‘plam
olinadi va u tadqiq etiladi. Matematik statistika
aynan mana shu masalalar bilan shug‘ullanadi.
Matematik statistika fan sifatida K.F.Gauss
(1777-1855) ning kichik kvadratlar usulini
asoslanishidan boshlangan bo‘lsada, uning
rivojlanishiga XIX asr oxirlari va XX asr
boshlarida aynan K.Pirson (1857-1936) va
R.A Fisherlar (1890-1962) o‘z tadgiqotlari
bilan katta xissa qo‘shdilar. Xususan, Pirson
(1900 yilda) statistik gipotezalarni tekshirish
uchun “xi-kvadrat” kriteriyni va Fisher esa-
dispersion tahlil, noma’lum parametrlarni
baholash ~ uchun  hagigatga  maksimal
o‘xshashlik usulini taklif etdi.

XX asr 30-yillarida Ye.Neyman (1894-
1977), E.Pirsonlar statistik gipotezalarni
tekshirish nazariyasining asosini
rivojlantirdilar. A.N.Kolmogorov (1903-1987)
va N.V.Smirnovlar (1900-1966) noparametrik
statistikaga asos solib berdilar. Hozirda statistik
gipotezalarni tekshirish ismlari yugorida gayd
etilgan atogli olimlar va boshgalar tomonidan
yaratilgan nazariyaga asoslanadi. Uning
uslubiyatlari deyarli barcha nazariy va amaliy
ilmiy  tadgiqgotlarda keng go‘llanilib
kelinmogda.

So‘nggi vyillarda statistik usullarning
qo‘llanish sohasi kengayib borayotganligini
alohida ta’kidlab o‘tish jiozdir. Bunday usullar
ilm-fanning turli sohalari: fizika, texnika,
geologiya, biologiya, meditsina, lingvistika,
sotsiologiya, psixologiya, pedagogika,
igtisodiyot va boshqalarda o‘ta samarador
go‘llanib kelinmoqgda. Matematik statistikaning
eng asosiy bo‘limlaridan biri - statistik
gipotezalarni tekshirish nazariyasidir [5,6,10].
Statistik gipoteza — kuzatilayotgan tasodifiy
miqdor tagsimot qonuni (agar u butunlay
noma’lum bo‘lsa) yoki uning parametrlari (agar
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u parametrlar anigligida berilgan bo‘lsa)
hagidagi taxmindan iboratdir. Birinchi holda
gipoteza noparametrik, ikkinchi holda esa -
parametrik, deb ataladi. Bunday gipotezalarga
masalan, “bosh to‘plamning tagsimoti normal
tagsimotdan iborat” yoki “statistik tanlanma
matematik  kutilmasi 0 bo‘lgan normal
tagsimotdan iborat”, degan taxminlar misol
bo‘la oladi. Bunda birinchi gipoteza tagsimot
gonuni hagida bo‘lsa, ikkinchisi esa uning
parametri hagidadir. Demak, agar gipotezada
anig tagsimot hagida biror ma’lumotlar
bo‘lmasa u noparametrik gipoteza va aksincha
bunday ma’lumot mavjud bo‘lsa, u parametrik
gipoteza deb ataladi.  Gipotezalarning
murakkablik darajasi ham turlicha bo‘lishi
mumkin. Masalan, gipotezalar yuqgorida keltirib
o‘tilganidek kuzatilayotgan tasodifiy
migdorning tagsimoti hagida; ikki yoki undan
ortiq statistik tanlanmalar bir jinsliligi hagida;
o‘rganilayotgan bosh to‘plamning biror sonli
xarakteristikalari hagida va hokazo turlicha
bo‘lishi mumkin. Shu sababli, gipotezalar yana
sodda va murakkab bo‘lishi ham mumkin.
Masalan, agar A eksponensial tagsimot
parametri  bo‘lib, biz tahminni A=1
ko‘rinishda yozsak, u sodda gipotezaga, ammo
agar A >1 ko‘rinishda yozsak, u holda u
murakkab parametrik gipotezaga misol bo‘la
oladi. 1-holda gipoteza aniq tagsimotni, 2-holda
esa tagsimotlar oilasini ifodalaydi. Demak,
murakkab gipotezani chekli yoki cheksiz
sondagi sodda gipotezalar ko‘rinishida ham
ifodalash mumkin ekan. Bundan tashgari, yana
gipotezalar asosiy (yoki nolinchi) va alternativ
(konkurent, garama-qarshi) gipotezalarga ham

bo‘linadi. Odatda asosiy gipoteza H orqali,
alternativa esa H; orqgali belgilanadi. Demak,

alternativ gipoteza ma’no jixatidan asosiy
gipotezaga zid, ya’ni uni inkor etar ekan.

Masalan, yugoridagi Hy: A =1 gipotezaga,
Hy:A#1yoki Hy: A <1 ,yoki Hy:4>1
gipotezalar alternativ bo‘lishi mumkin ekan.

Ammo, ko‘rish mumkinki H, va Hj
gipotezalar H; ni ergashtiradi, chunki
{13 ={1<u{1>1}.

Agar biz parametrik gipotezalarni

garayotgan bo‘lsak, €@ esa noma’lum parametr
va ® -unga mos parametrik fazo, ya’ni & ning
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barcha mumkin bo‘lgan gqiymatlari to‘plami
bO‘lsa, u holda HO 0 S @0 va Hl 06 ®l’

O, NO, =, gipotezalar asosiy H, va
unga alternativa H; gipotezani aniglaydi.
Bunda @y U ®; =® bo‘lishi ham mumkin.
Doimo asosiy H, gipotezaga garama-garshi

H, gipotezani tuzish mumkin. Odatda asosiy

gipoteza sifatida sodda gipotezalarni olish
magsadga muvofiqdir, chunki gat’iy da’voni
tekshirish amaliyotda qulaydir [7,8,11].

Demak, yuqoridagi fikrlarni jamlab,
statistik ~ gipotezalar ~ parametrik  yoki
noparametrik, sodda yoki murakkabligiga
garab quyidagi turlarda bo‘lishi mumkin ekan:

- kuzatilayotgan tasodifiy ~miqdor

tagsimoti ko‘rinishi haqida;

- o‘rganilayotgan bosh to‘plam sonli

xarakteristikalari haqida;

ikki va undan ortiq statistik tanlanmalar
bir jinsliligi yoki ular sonli xarakteristikalari
ustma-ust tushishi hagida.

Faraz qilaylik, bizni qgizigtirayotgan
tasodifiy migdor X bo‘lib, uni N ta bog‘liq
bo‘lmagan va bir xil sharoitda o‘tkazilgan
tajribalarda olingan giymatlari

(X1 X0 X} *)

bo‘lib, u biror chekli yoki cheksiz N
hajmdagi bosh to‘plamdan olingan bo‘lsin (
1<n< N < ). Keyinchalik (1) to‘plamni
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statistik tanlanma yoki shunchaki tanlanma deb
ataymiz va XM =(Xp,..., X,,)  orqali

belgilab  olamiz.  Statistik  gipotezalarni
tekshirish  (*) tanlanma orgali amalga
oshiriladi. Bu uchun statistik kriteriy (alomat)
qurib olinadi. Bu kriteriy orqgali asosiy gipoteza
Hg gabul gilinishi yoki rad etilishi mumkin.
Bunda u yoki bu garorni gabul gilishda odatda
uncha katta bo‘lmagan ehtimollik bilan
tasodifiy xarakterdagi xatolikka yo‘l qo‘yilishi
mumkin. Ba’zi hollarda asosiy gipoteza H
rad etilib golishi mumkin, ammo aslida bosh
to‘plam bo‘yicha u to‘g‘ri (o‘rinli) bo‘lishi
mumkin. Bunday xatolik 1-tur xatolik deb, uni
ehtimolligini esa giymatdorlik meyori (sathi)
deb ataladi va « orqali belgilanadi. Bu holda

o xatolik bilan H, gipoteza gabul gilinadi. 2-
tur xatolik S ehtimollik bilan to‘g‘ri
Hy ogipotezani aslida H,;
to‘g‘riligida gabul gilingan holda ro‘y beradi.
Ishonch ehtimolligi 1—a  bo‘lib, u to‘g‘ri
bo‘lgan H, gipotezani qabul qilib, 1-tur
xatolikka yo‘l qo‘ymaslikdan iboratdir. 1— £

ehtimollik statistik kriteriyning quvvati deb
ataladi.

Asosiy H gipotezaga nisbatan gabul
gilingan  yechimni  quyidagi  1-jadvalda
tasvirlash mumkin:

bo‘lmagan

1-jadval: Giipoteza tekshirishdagi hulosalar [10]

Asosiy gipoteza | Nolinchi H gipotezaga nisbatan gabul gilinadigan yechim
Ho
To‘g‘ri Rad etiladi Qabul gilinadi
1-tur xatolik, uning ehtimolligi | To‘g‘ri yechim, uning ehtimolligi
Noto‘g‘ri To‘g‘ri yechim, uning ehtimolligi | 2-tur xatolik, uning ehtimolligi
1-B=P(H,/ Hy) B=P(Hg/ H,)

Tushunurliki, amaliyotda har ikki xatolik ham yetarlicha kichik bo‘ishi magsadga
muvofiqdir. Shu sababli, amaliyotda tajriba shunday tashkil gilinishi va u asosida statistik kriteriy
shunday tuzilishi zarurki, unda asosiy hisoblangan 1-tur xatolik ehtimolligi & kichik bo‘lishi
lozim. Odatda « ning giymatlari sifatida quyidagi sonlar olinadi: 0,1; 0,05; 0,025; 0,01; 0,005;
0,001. Yugoridagi masala yechimi kriteriy tanlash orgali amalga oshiriladi.

Ma’lumki, giymatdorlik satxi (yoki Kkriteriy hajmi) & bo‘lgan kriteriy quvvati alternativ

gipoteza H; to‘g‘riligi shartida asosiy gipoteza H ni rad etish va demak H; ni gabul gilishdan
iborat to‘g‘ri yechim ehtimolligi 1— f = P(H, / H;) = P(T .77/ H;) daniborat bo‘ladi. Bu
formuladan ko‘rinadiki, Kriteriy quvvatini hisoblash T statistikaning alternativ gipoteza H,
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o‘rinliligi shartidagi aniq (yoki taqribiy) tagsimotini bilishni talab giladi. Statistik gipotezalarni
tekshirish nazariyasida bu yechilishi giyin bo‘lgan masalalar toifasiga kiradi. Ushbu paragrafda
biz kriteriy quvvatini hisoblashni Z -kriteriy misolida ko‘rib o‘tamiz. Bu kriteriyning Z -

statistikasi quyidagicha aniglanadi. X () =(X1,..., Xn) tanlanma o‘rta giymati noma’lum g

parametrdan va dispersiyasi ma’lum o =4 normal tagsimotga ega bo‘lgan bosh to‘plamdan

_ 1 n
olingan bo‘lib, X = —ZXi tanlanma o‘rta arifmetik giymati £ uchun statistik bahosi bo‘Isin.
n
U holda Z -statistika standart normal @ (t) taqS|motga ega va
B X—p  X—u
oidn 2/4dn

formula bilan aniglanadi. Biz tanlanma hajmini N=25 deb tanlaymiz va asosiy H, va

alternativa H, gipotezalarni quyidagicha ifodalaymiz:

Hy:u=0;

Hy:u>0.
Demak, H soddava H; esa murakkab gipotezalar ekan. Biz giymatdorlik satxi (1-tur xatolikni)
o =0,05 deb tanlab, unga mos kritik nugtani integral funksiyasi jadvalidan

1-a=0,95=0,5+ D} (t,,)
tenglama yechimi sifatida th =1,645-kritik nugtani aniglab olamiz. Endi H, ni rad etuvchi kritik

to‘plamni .277 = {ZI<y3 >th} tengsizlikdan H, o‘rinliligi shartida aniglab olamiz:
, X—ty _ X\25
Yoal \/ﬁ 2

645

=2,5x>1,645=t

- 1,
bu yerdan, H, gipoteza X > =0,658 bo‘lganida rad etilishini bilib olamiz. Endi

alternativ gipoteza H, : 2 =1 bo‘lganida kriteriy quvvatini hisoblaymiz:
1-B=P(Zy, e /1 H,)=P(Z,,>1,645/ u=1)=P(x>0,658/ u=1)=

:P{X p 0681 j P(Z >—-0,855) =1— d;(-0,855) =

/
oidn 2/4m M7

=, (0,855) = 0,5+ d} (0,855)=0,5+0,3=0,8.
Bu yerdan 2-tur xatolik ehtimolligini topamiz: f=1-0,8=0,2.
Endi yuqgoridagi gipotezalarni tekshirish uchun Z - kriteriy giymatdorlik satxini 1% lik etib, ya’ni
a =0,01 etib oldingidan 5 marta kam tanlaymiz. U holda Z -kriteriy kritik nugtasi th =2,32

jadvaldan aniglab, u Hgni quyidagi tengsizlik orqali rad etadi:
7 X— Hy X+/25
RS \/ﬁ 2

=2,5x> 2,32,
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ya’ni }:&:0,928 tengsizlik bajarilganida H, gipoteza rad etiladi. Bu holda biz kriteriy

quvvatlarini H; alternativalar £=1 va g = 2bo‘lganida quyidagicha hisoblaymiz:

- X—u 0,928-1
1-p=P(x>0,928/ u=1)=P / Z>-0,18
p=Pl u=1) {a/\/_ TN )=
=1-®y(-0,18) =d,(0,18) =0,5+ d)o (0,18)=0,5+0,0714=0,5714,
va 2-tur xatolik #=1-0,5714=0,4286; Shu kabi
- X— U 0 928 — 2
1- =P(x>0,928/ u=2)=P u=2|=P(Z>-2,68)=
p=P u=2) (0 Y J_ ( )
=1-Dy(—2,68) =d,(2,68)=0,5+ d)o (2,18)=0,5+0,4963=0,9963,
Bu yerdan 2-tur xatolik #=1-0,9963=0,0037 ni topamiz. Endi tanlanma hajmini n =100
ga orttirib 1-tur xatolik & = 0,01, alternativa & =1 va dispersiya giymatlari “ =4 va o =1
bo‘lgan hollarda yuqgoridagi jarayonni takrorlab kriteriy quvvatlarini hisoblaymiz:

X—Hy _
Z. >232=t .
w T ordn 2/J100 “P

Demak, H, gipoteza
X>2,32.2 = 0,464
10

bo‘lganida inkor etiladi va bunday kriteriyning £ =1 dagi quvvati

1—ﬂ=P(>_<>o,464/y=1)=P(;‘/j‘_ 2;‘3‘;001/ =1]=P(Z>—2,68)=

=1-®,(~2,68) = Dy (2,68) = 0,5+ D} (2,68) = 0,9963.

Shu kabi, o0 =1 da
7, =Xt _ ~10x>2,32=t,,.

» T o dn 1/\/10

1
Bu holda H, gipoteza x>2,32-—0=0,232 tengsizlik o‘rinli bo‘lganida rad etilib, bu

kriteriyning 4 =1 alternativa giymatidagi quvvati
- x—u 02321
1-3=P(x>0,232/ u=1)=P u=1=P(Z>-7,68)=
p=P| u=1) [0'/\/— 1/+/100 ( )
—1-Dy(—7,68) = D (7,68) = 0,5+ D (7,68) =0,5+0,5=1.

Bundan 2-tur xatolik giymati =0 ekanini ko‘ramiz.

Yuqoridagi barcha hisoblarni e’tiborga olib quyidagi jamlovchi jadvalni tuzib olamiz:
3-jadval. Asosiy gipoteza

Ne | Tanlanma Dispersiya Alternativa Qiymatdorlik Kriteriy quvvati
hajmi catxi (1-tur
xatolik)
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1. n=25 0.2:4 Hl:ﬂ:l a=0,05 1—ﬂ=0,8
2. n=25 0.2 —4 Hi:u=1 a=0,01 1- [ =05414
3. n=25 ol =4 Hy: =2 a=0,01 1- /3 =0,9963
4. n=100 cl=4 Hi:pu=1 a=0,01 1- /=0,9963
5. n=100 o2 =1 Hy:u=1 a=0,01 1-p=1

Yugoridagi jadvaldan ko‘rinadiki normal tagsimot o‘rta giymati hagidagi Hy: =0

gipotezani uning dispersiyasi o -ma’lum bo‘lganida -statistika asoslangan

z=2"H

G/\/H
Kriteriyning giymatdorlik satxi 1%
(a =0,01) bo‘lgan holda tanlanma hajmi ortgani sari eng katta quvvatga ega bo‘lar ekan.

Ushbu magolada statistik gipotezalarni tekshirish nazariyasi va uning amaliy ahamiyati Z-
kriteriy misolida batafsil tahlil gilindi. Tadqiqot natijalari shuni ko‘rsatadiki, statistik kriteriy
quvvati bir gator omillarga — tanlanma hajmi, tasodifiy migdorning dispersiyasi va tanlangan
qulaylik darajasi (a)) kabi parametrlar — bilan chambarchas bog‘liqdir. Tanlanma hajmi ortishi va
dispersiya kichiklashishi kriteriyning sezgirligini oshirib, alternativ gipotezani aniglash ehtimolini
yuqori darajada ta’minlaydi.

Shuningdek, 1-tur va 2-tur hatoliklarning mazmuni, ularni minimallashtirish zarurati
hamda amaliy tadqiqotlarda to‘g‘ri kriteriy tanlashning ahamiyati ko‘rsatib berildi. Z-kriteriy
normal taqsimot parametrlarini baholashda eng samarali usullardan biri bo‘lib, uning quvvatini
hisoblash statistik qarorlar qabul gilishda muhim o‘rin tutadi. Olingan natijalar ilmiy tadgiqotlarda,
igtisodiy tahlil, muhandislik tajribalari, pedagogik va psixologik izlanishlarda statistik
gipotezalarni tekshirishning ahamiyatini yana bir bor tasdiglaydi. Z-kriteriy yordamida
gipotezalarni tekshirishning anig va matematik asoslangan mexanizmlarini qo‘llash tadqiqot
sifatini oshirishga, olinish ehtimoli past bo‘lgan xatoliklarni kamaytirishga xizmat qiladi. Shunday
qgilib, ushbu ish statistik usullardan samarali foydalanish, aynigsa tanlanma hajmi va dispersiya
bilan bog‘liq parametrlarni to‘g‘ri belgilash ilmiy xulosalarning ishonchliligini sezilarli darajada
oshirishini namoyon etadi.
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Chiziqli giperbolik sistema uchun ogimga garshi ayirmali sxema va
uning eksponensial turg‘unligi
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Annotatsiya. Ushbu magolada chizigli giperbolik sistema uchun ogimga garshi ayirmali sxema
qurilishi va uning eksponensial turg‘unligi masalasi o‘rganiladi. Giperbolik sistemalar uchun sonli metodlarni
qurishda xarakteristik yo‘nalishlarni hisobga olish muhim bo'lib, ogimga qarshi ayirmali sxemalar aynan shu
tamoyilga asoslanadi. Mazkur yondashuv ayirmali sxemalar nazariyasida, xususan, giperbolik sistemalar
uchun turg‘un sonli yechimlarni qurish masalalarida keng qo‘llaniladi [1], [2], [6]. Asosiy natija sifatida

diskret Lyapunov funksiyasi yordamida sonli yechimning Li normada eksponensial turg‘unligi ko‘rsatiladi.

Ushbu yondashuv Aloyev va Xudoyberganovlarning giperbolik sistemalar uchun Lyapunov funksiyasi
asosida ayirmali sxemalar turg‘unligini tadqiq etishga oid ishlari bilan bevosita bog‘liqdir [7], [9], [10].

Kalit so‘zlar: chizigli giperbolik sistema, ogimga garshi sxema, ayirmali sxema, KFL sharti, diskret
Lyapunov funksiyasi, eksponensial turg‘unlik, chegaraviy shart.

I.KIRISH

Giperbolik tipdagi differensial tenglamalar va sistemalar to‘lqin tarqalishi, gaz dinamikasi,
akustika, elastiklik nazariyasi, magnit gidrodinamikasi, transport jarayonlari hamda matematik
fizikaning ko‘plab masalalarida uchraydi. Bunday sistemalarda yechimning targalishi xarakteristik
yo‘nalishlar orqali aniqlanadi. Shu sababli giperbolik sistemalar uchun sonli sxema qurishda
nafaqat approksimatsiya tartibi, balki sxemaning fizik oqim yo‘nalishiga mosligi ham muhim
hisoblanadi [2], [4].

Giperbolik sistemalar uchun turg‘un ayirmali sxemalar qurish masalasi o‘zbek
matematiklari tomonidan ham izchil o‘rganilgan. Xususan, R.D. Aloyev, M.U. Xudoyberganov
va ularning hammualliflari giperbolik sistemalar uchun diskret Lyapunov funksiyasi, aprior
baholar, oqimga qarshi ayirmali sxemalar va eksponensial turg‘unlik shartlarini tadqiq etganlar
[6], [7], [9], [10]. Ushbu ishlar mazkur maqolaning nazariy yo‘nalishi bilan uzviy bog‘liq bo‘lib,
aynigsa chegaraviy masalalar uchun sonli yechimning L*-normadagi turg‘unligini asoslashda
muhim metodik asos vazifasini bajaradi.

Mazkur maqolada chizigli giperbolik sistema uchun ogimga garshi ayirmali sxema quriladi
va uning eksponensial turg‘unligi diskret Lyapunov funksiyasi yordamida o‘rganiladi. Asosiy

magsad boshlang‘ich-chegaraviy ayirmali masala yechimining diskret Li normada vaqt bo‘yicha
eksponensial kamayishini ko‘rsatishdan iborat.
11.CHIZIQLI GIPERBOLIK SISTEMA VA UNING KANONIK KO‘RINISH.
Quyidagi chiziqli sistema garalsin:
fu +C Ju =0.
It X

Bu yerda C= [Cik] o‘zgarmas matritsa, U= (U,U,,] ,Un)T esa noma’lum vektor-

1)

funksiyadir. Ushbu sistema N ta noma’lum funksiyali N ta tenglamadan iborat bo‘ladi.
Agar xarakteristik tenglamaning barcha ildizlari haqiqiy va o‘zaro har xil bo‘lsa, ya’ni

det(C- kE)=10
tenglamaning ildizlari haqiqiy hamda turli bo‘lsa, u holda (1) sistema giperbolik sistema deyiladi.

Bu yerda E birlik matritsani bildiradi.
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Giperbolik sistemalar nazariyasiga ko‘ra, bunday sistema maxsus almashtirish yordamida
kanonik ko‘rinishga keltiriladi [2], [6]. Ya’'ni

v=Z"
almashtirish orqali (1) sistema quyidagi ko‘rinishga o‘tadi:
Vv \Y
L + K L = (2)
Tt 9x
Bu yerda K diagonal matritsa bo‘lib, u xarakteristik tezliklarni o‘zida saglaydi.
Matritsaning elementlari quyidagicha tartiblangan deb garaladi:

K0
K_%o -Kg

Bu yerda

o

% O
a

L W

2 L m+2

M O i M

0 L a, 0
, N.

a>0i=1212]
Demak, V vektor-funksiyaning birinchi Mta komponentasi musbat xarakteristik
yo‘nalishlarga, qolgan N- M ta komponentasi esa manfiy xarakteristik yo‘nalishlarga mos keladi.
Shu sababli v vektorni quyidagicha ajratamiz:

Vi= (V) v )V = (v v L)
Bu ajratish keyinchalik ogimga garshi ayirmali sxemani qurishda asosiy ahamiyatga ega
bo‘ladi. Chunki ayirma operatori aynan xarakteristik tezlikning ishorasiga qarab tanlanadi.
Boshlang‘ich-chegaraviy masalaning qo‘yilishi
O<x<L, t>0
sohada (2) sistema uchun aralash boshlang‘ich-chegaraviy masalani garaymiz. Chegaraviy shartlar
X= 0Ova X = Lnugtalarda quyidagicha beriladi:
vi=sv", x=0, (3)
v'=rv', x= L (4)
Bu yerda Sva I'mos o‘lchamli matritsalardir. Aniqrog‘i, v' vektor mo‘Ichamli, V" esa
N- Mo‘lchamli bolganligi sababli Smatritsa Mr (nN- m), rmatritsa esa (N- M)r m
o‘lchamli bo‘ladi. Ushbu matritsalar chegaralarda kiruvchi va chiquvchi xarakteristik
komponentalar orasidagi bog‘lanishni ifodalaydi.
Boshlang‘ich shart quyidagi ko‘rinishda beriladi:
v,(x,0)=j,(x),0J xJ L,i=1j ,n. (5)
Shunday qilib, (2)—(5) munosabatlar chiziqli giperbolik sistema uchun boshlang‘ich-chegaraviy
masalani tashkil etadi. Bu masalada yechimning vaqt bo‘yicha o°zgarishi, chegaraviy shartlarning
ta’siri va sonli sxema orqali olingan yechimning turg‘unligi asosiy o‘rganish obyekti hisoblanadi.

Ayirmali to‘r va sonli yechim belgilanishlari. Quyidagi yopiq to‘rtburchak sohani
garaymiz:

K" =

r o rr r

0
M
0

G={({t,x):0J tJ T, 0J xJ L}

Bu sohada tyo‘nalishi bo‘yicha At, Xyo‘nalishi bo‘yicha esa AXgadamli ayirmali to‘r
kiritamiz. To‘r nuqtalari quyidagicha belgilanadi:
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t=kat,k=0j ,K,x,= jAX,j=0,j ,J.
Bunda
KAt=T,JAx= L
Ayirmali to‘rning kesishish nuqtalari to‘plami
G,={{t'.x):k=0j .K;j=0j ,J}

orgali belgilanadi. Ushbu nuqgtalardagi sonli yechim giymati

k k HE .

(v)» v (t.x), i=1 .n,
ko‘rinishida belgilanadi.
Ayirmali sxema qurishda asosiy g‘oya shundan iboratki, V'komponentalar musbat

yo‘nalishda, V" komponentalar esa manfiy yo‘nalishda tarqaladi. Shuning uchun fazoviy
ayirmalar ham shu yo‘nalishlarga mos tanlanadi. Ogimga garshi sxemalarning bunday qurilishi
giperbolik sistemalar uchun sonli metodlarning tabiiy va bargaror shakllaridan biri hisoblanadi [4],

[8].
IH1. OQIMGA QARSHI AYIRMALI SXEMA.

(2)—(5) masala uchun G, ayirmali to‘rda sonli yechimni topish magsadida ogimga garshi
ayirmali sxema quriladi.

Birinchi mta komponenta musbat xarakteristik tezliklarga mos keladi. Shuning uchun ular
uchun chap ayirma olinadi:

N At o . : : :
(Vi)ij' = (Vi)t" aiggvi)l;- (Vi)?-lg’flzld ;m:J:]-’.] .

Qolgan N- M ta komponenta manfiy xarakteristik yo‘nalishga mos keladi. Shuning
uchun ular uchun o‘ng ayirma olinadi:

.\ At o
(Vi)ij' = (Vi)lz - g &}{V.)T - (Vi)ijulfg

(6)
iI=m+1; ,n,j=05 ,J- 1L
k=05 ,K- 1.
Boshlang‘ich shart quyidagi ayirmali ko‘rinishda approksimatsiyalanadi:
0 _ O . . . .
(Vi)j_(vi)j'l_l'J 1n’J_0v.] 1‘]- (7
Chegaraviy shartlar esa quyidagicha yoziladi:
fudi= e siwi =1 m,
i I—mm+1 (8)
H(vi)'j —er(v), i=m+1j .n
=1

Demak, (6)—(8) munosabatlar ogimga garshi ayirmali sxemani hosil giladi. Bu sxemaning
muhim xususiyati shundaki, u xarakteristik yo‘nalishlarni hisobga olgan holda quriladi. Shu
sababli u chizigli giperbolik sistemalar uchun tabiiy sonli yondashuv hisoblanadi [6], [9].

Sxemaning matritsali ko‘rinishi. Nazariy tahlil uchun (6)—(8) ayirmali masalani

matritsali ko‘rinishda yozish qulay. V' va V" komponentalarni ajratgan holda sxema quyidagicha
yoziladi:
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+ At + Tf
()= O KR =1,

-

H 9)
oy = - K- 00 = 0 9+ 1
k= O,J K- 1.
Boshlang‘ich shart
V)j= (%) J=0j .J (10)
Chegaraviy shartlar esa matritsali ko‘rinishda quyidagicha bo‘ladi:
VI k =3 VII k,
MV, = s(v7), 1)

B = T
Shunday qilib, (9)—(11) munosabatlar boshlang‘ich-chegaraviy ayirmali masalani tashkil
qgiladi. Keyingi tahlilda aynan shu ayirmali masalaning eksponensial turg‘unligi o‘rganiladi.
Kurant—Fridrixs—Levi sharti. Ayirmali sxemaning turg‘unligi vaqt va fazo qadamlari
orasidagi bog‘lanishga bog‘liq. Qaralayotgan oqimga qarshi ayirmali sxema uchun Kurant—
Fridrixs—Levi sharti quyidagicha yoziladi:

At
—max| alJ 1. (12)
AX Uiln
Bu shart sonli sxemadagi axborot targalish tezligi differensial masaladagi xarakteristik
tezliklardan ortib ketmasligini bildiradi. KFL sharti ayirmali sxemalar nazariyasida turg‘unlikni

ta’minlash uchun asosiy shartlardan biri hisoblanadi [1], [3].
IV.SONLI YECHIMNING EKSPONENSIAL TURG‘UNLIGI.

Endi (9)—(11) boshlang‘ich-chegaraviy ayirmali masala yechimining eksponensial
turg‘unligi tushunchasini kiritamiz.
Agar shunday musbat h> Ova ¢> 0o‘zgarmaslar mavjud bo‘lib, ixtiyoriy boshlang‘ich

shart uchun ayirmali masala yechimi quyidagi tengsizlikni ganoatlantirsa, u holda (9)—(11)
ayirmali sxemaning yechimi eksponensial turg‘un deyiladi:

Axé «v@ﬁxyfﬁ)+-Axé1«vWﬁxy”ﬁ)
A (13
J ce “k[Ax(zl((v')f;,(v')j?)|Axe_;zo((v“)‘;,(v”)(;)].

Eksponensial turg‘unlik oddiy chegaralanganlikdan kuchliroq xossadir. Chunki bunda
yechim faqat chegaralangan bo‘lib qolmaydi, balki € M ko‘paytuvchi hisobiga vaqt o‘tishi bilan
kamayadi. Bu xossa chegaraviy boshqaruv, to‘lqin jarayonlari va transport tipidagi sistemalarda
muhim ahamiyatga ega [5], [8], [10].

V.DISKRET LYAPUNOV FUNKSIYASI

(9)—(11) boshlang‘ich-chegaraviy ayirmali masalaning eksponensial turg‘unligini
isbotlash uchun diskret Lyapunov funksiyasi Kiritiladi. Lyapunov funksiyasi giperbolik sistemalar
uchun turg‘unlikni o‘rganishda samarali usullardan biri bo‘lib, uning diskret analoglari Aloyev va
Xudoyberganov ishlari orgali ham chuqur tadqiq etilgan [7], [10].

Qaralayotgan masala uchun statsionar yechim sifatida quydagi garaladi.

V'=0k=0j ,N,j=0j ,]

Lyapunovning diskret funksiyasi quyidagicha tanlanadi:
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V=W + W), (14)
bu yerda
W= e VE W= ¢ V-
Musbat xarakteristik yo‘nalishlarga mos ll<:olmp0nentalarlzumc+hlun
V= J (( D) —1 exp(- a‘) i=12j ,m (15)
J 1 _

Manfiy xarakteristik yo‘nalishlarga mos komponentalar uchun esa

J-1 M X.
(( ) )’ expi Jgiz m+ L,m+ 25 ,n. (16)
,o a glai

Vk

Bu yerda n > Oyetarlicha kichik musbat parametrdir.
Matritsali ko‘rinishda Lyapunov funksiyasi quyidagicha yoziladi:

VK= Axé (K m (nx, )(vHs,(vHY)
= (17)

J-1
+Axe ((K)'mr (nx)ov' Y, 0.
j=0
Bu yerda m’ (n X; )va m (n X, )mos ravishda eksponensial og‘irliklarga ega diagonal matritsalar

bo‘lib, yuqoridagi Vikifodalardagi og‘irliklarni matritsali shaklda ifodalaydi. Lyapunov
funksiyasining bunday tanlanishi sxemaning oqim yo‘nalishiga mos keladi. Musbat xarakteristik
yo‘nalishlar uchun eksponenta - NX; / a,, manfiy xarakteristik yo‘nalishlar uchun esa NX j /@,

ko‘rinishda olinadi. Bu esa energiyani fazoviy yo‘nalish bo‘yicha mos og‘irliklar bilan baholash
imkonini beradi [7], [9].

Quyidagi teorema oqimga qgarshi ayirmali sxemaning eksponensial turg‘unligini
ifodalaydi.

Teorema. T > Obo‘lsin va Lyapunov diskret funksiyasi (17) formula yordamida
aniqlangan bo‘lsin. Agar ayirmali to‘r qadamlari KFL shartini qanoatlantirsa, ya’ni

At
A mexial 1

bo‘lsa, hamda (11) chegaraviy shartlardagi I' va S matritsalar uchun
r,(R)<1 (18)

shart bajarilsa, u holda (9)—(11) boshlang‘ich-chegaraviy ayirmali masalaning V‘j‘ sonli yechimi L2h

normada eksponensial turg‘un bo‘ladi.
Bu teoremaning mazmuni shundan iboratki, ogimga garshi sxema KFL sharti va
chegaraviy dissipativlik sharti bajarilganda sonli yechim energiyasini vaqt bo‘yicha nazorat giladi.

Teoremaning isboti. Isbot Lyapunov funksiyasi yordamida olib boriladi. Avvalo A
funksionalni tashkil etuvchi W,“va W, hadlar alohida baholanadi.

Musbat xarakteristik yo‘nalishlarga mos komponentalar uchun qo‘llanilgan baholashlardan
quyidagi tengsizlik olinadi:

s me et DI, - )L i= 120 m

Ushbu tengsizliklarni 1= 1, ,mbo yicha qo shlsh natijasida
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B € me ot T ()
=1 j=1 (19)

=e fm OO0 (7)) 0

Xuddi shu tarzda manfiy xarakteristik yo‘nalishlarga mos komponentalar uchun quyidagi baholash
olinadi:

Wk+1 W2 n
—2 2] ex V. V.
R b (IO
Bundan matritsali ko‘rinishda
Wk+l

x W W e gm (X)) ()5 )- (0 (nx ) (v 20

Endi (19) va (20) tengsmhklar qo‘shiladi. Natijada ichki hadlar mos ravishda qisqaradi va
chegaraviy hadlar ajralib chigadi. Shu asosda quyidagi bahoga ega bo‘lamiz:

V k+l _ V k
At
Bu yerda W “ chegaraviy hadlardan hosil bo‘lgan kvadratik formani bildiradi. Chegaraviy

shartlar
(V)5 = s(v").
(V") = r(v')s,

dan foydalanib, W “ chegaraviy giymatlar orqali ifodalanadi.
Spektral shart

J-nvV+WwW- (21)

r,(R)<1
bajarilganda, mos ravishda D va D, qat’iy musbat aniqlangan matritsalar mavjud bo‘lib,
PARA 'F< 1,A = diag(D,,D,) (22)

tengsizlik bajariladi. Bunday algebraik shart chegaraviy kvadratik formaning musbat energiyani
oshirmasligini ta’minlaydi [8]. Bundan chegaraviy kvadratik formaning manfiy aniglangan
bo‘lishi kelib chiqadi. Demak, yetarlicha kichik n > Ouchun
W*J 0
bo‘ladi. Shuning uchun (21) dan
V k+1 _ V k

o J -nVv* (23)

tengsizlik hosil gilinadi. Bu tengsizlikdan
(VAR (1— Atn)Vk
V< 1- Atn)'V°] e ™V° k=0 ,N- 1.
VT e ™Ve, (24)
Lyapunov funksiyasi V “diskret Li norma bilan ekvivalent bo‘lganligi sababli shunday
musbat C,va C, o‘zgarmaslar mavjudki,
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HC[AXe (v ),,(V))IAXe (YY) v
IO

Hv e [AXe (v )J,<v))|AXe ("L
Mxe ((V0))* Mxe (. 00)

J J-1
J Ce™[Aaxe ((v')5.(v)?)lAaxe ((vM)5,(v")°0)],
j=1 j=0
bu yerda
c=%.
C

Demak, (9)—(11) boshlang‘ich-chegaraviy ayirmali masalaning sonli yechimi Lﬁ normada

eksponensial turg‘un bo‘ladi. Teorema isbotlandi.

VI. SONLI EXPERIMENT.
Quyidagi ikki komponentali chizigli giperbolik sistema garalsin:

T, T
ot Ax 0< x<1, t> 0. (25)
EM_ M: 0
T oIx
Bu sistema
ﬂv+Kﬂv 0
Tt 9
ko‘rinishga mos keladi. Bu yerda
V= K=
;V% i
=1 K =1

vizv, v =,
Birinchi tenglama musbat xarakteristik tezlikka ega, ya’ni V komponenta chapdan o‘ngga

tarqaladi. Ikkinchi tenglama esa manfiy xarakteristik tezlikka ega, ya’ni V,komponenta o‘ngdan

chapga targaladi.
Chegaraviy shartlarni quyidagicha olamiz:

v,(t,0)= %vz (t,0), (26)
v, (t,1)= %vl ). @7

1 1
Bu yerda S= E, r= E Demak, chegaradan gaytuvchi ogim kuchaymaydi. Hagigatan
ham, chegaraviy gaytish koeffitsiyentlari birdan kichik:
|sI<Llrl<l.

Sodda skalyar holatda bu shart I, (R)< 1 turg‘unlik shartiga mos keladi.
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Boshlang‘ich shart sifatida quyidagi funksiyalarni tanlaymiz:
v, (x,0)= sin(px), v,(x,0)= sin(px). (28)
Bu boshlang‘ich shartlar chegaralarda moslikni buzmaydi, chunki sin(O): 0, sin(p)= 0.
Endi [0,1] kesmada ayirmali tor kiritamiz:
— 1 1 — . k _ .
X, = JAX, j=0,1j ,J,t°=kAt,k=0,1j ,N.
Ax=0.01, At= 0.005.

At
—=0.5.
AX
Maksimal xarakteristik tezlik T?.)Z(I a.|= 1 bo‘lganligi sababli KFL sharti bajariladi:
At
Erp@(l al=05J 1 (29)
Endi ogimga garshi ayirmali sxema quyidagicha yoziladi. Birinchi komponenta uchun chap
ayirma olinadi:
(Vl)irl - (V1)l; -1 ((Vl)i; - (V1)I;-1)’ J - 1’.] l‘]’ (30)
ikkinchi komponenta uchun esa o‘ng ayirma olinadi:
(Vz)irl: (VZ)iJ(' - ((Vz)lj - (Vz)l;ﬂ)! J - O!J "] - lv (31)
At
| =—=0.25.
AX
Chegaraviy shartlar ayirmali ko‘rinishda quyidagicha yoziladi:
1
(Vl)(l; = E(Vz)gv (32)
k — 1 k
(Vz)J - E(Vl)J' (33)
Sonli yechimning diskret energiyasini quyidagicha aniglaymiz:
J J-1
E'= Axe (%)) + Axe ((v,)})" (34)
=1 j=0

Bu kattalik nazariyadagi diskret Lﬁ norma kvadratiga mos keladi. Agar sxema eksponensial

turg‘un bo‘lsa, E “ vaqt o‘tishi bilan kamayib borishi kerak.
Hisoblash natijalari quyidagi grafikda keltiriladi:

Diskret energiyaning vagt bo'yicha kamayishi

0.0 0.5 Lo L5 2.0 2.5 3.0 3.5 4.0

Grafikdan ko‘rinadiki, vaqt ortishi bilan diskret energiya kamayib bormoqda. Bu holat
nazariy natijaga mos keladi. Ya’ni oqimga qarshi ayirmali sxema KFL sharti bajarilganda va
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chegaraviy qaytish koeffitsiyentlari birdan kichik bo‘lganda sonli yechimni turg‘un saqglaydi.
Ushbu misolda

E“J Ce ™E°
ko‘rinishidagi baho bajarilishi amaliy jihatdan kuzatiladi. Demak, qaralayotgan ikki komponentali
giperbolik sistema uchun ogimga garshi ayirmali sxema diskret Lﬁ normada eksponensial

turg‘unlik xossasiga ega.

Olingan natijaning mazmuni. Olingan natija shuni ko‘rsatadiki, chizigli giperbolik
sistema uchun oqimga garshi ayirmali sxema xarakteristik yo‘nalishlarga mos qurilganda sonli
yechimning turg‘unligini ta’minlash mumkin. Bunda sistema avval kanonik ko‘rinishga keltiriladi
va xarakteristik tezliklar musbat hamda manfiy gismlarga ajratiladi.

Musbat xarakteristik tezliklarga mos komponentalar uchun chap ayirma, manfiy
xarakteristik tezliklarga mos komponentalar uchun esa 0‘ng ayirma qo‘llanadi. Shu sababli sxema
differensial sistemaning fizik mazmuniga, ya’ni axborotning tarqalish yo‘nalishiga mos keladi [4],

[6].

KFL sharti vaqt va fazo qadamlari orasidagi muhim bog‘lanishni belgilaydi. Ushbu shart
bajarilganda sonli sxemaning axborot targalish sohasi differensial masalaning xarakteristik
targalish sohasi bilan moslashadi [1], [3].

Chegaraviy shartlardagi I va S matritsalar uchun

r,(R)<1

shart bajarilishi chegaradan qaytuvchi ogqimning kuchayib ketmasligini ta’minlaydi. Aynan
shu shart Lyapunov funksiyasining kamayishida muhim rol o‘ynaydi. Bu jihat Aloyev va
hammualliflarining oqimga qarshi ayirmali sxemalar eksponensial turg‘unligiga oid natijalari
bilan mazmunan mos keladi [8], [9].

Diskret Lyapunov funksiyasi esa sonli yechim energiyasini baholashga xizmat giladi.
Uning vaqt bo‘yicha kamayishi yechimning eksponensial turg‘unligini bildiradi. Natijada sonli
yechim uchun

PV‘F.J Ce ™ PV'F,
ko‘rinishidagi baho hosil gilinadi.
VIl. XULOSA.

Ushbu maqolada chizigli giperbolik sistema uchun ogimga qgarshi ayirmali sxema va uning
eksponensial turg‘unligi o‘rganildi. Dastlab sistema giperboliklik sharti asosida kanonik
ko‘rinishga keltirildi. Kanonik ko‘rinishda xarakteristik tezliklar musbat va manfiy qismlarga
ajratildi. Bu ajratish sonli sxemani oqim yo‘nalishiga mos ravishda qurish imkonini berdi.

Aralash boshlang‘ich-chegaraviy masala uchun ayirmali to‘r kiritilib, musbat xarakteristik
komponentalar uchun chap ayirma, manfiy xarakteristik komponentalar uchun esa o‘ng ayirma
asosida oqimga qarshi sxema hosil qilindi. Sxemaning turg‘unligini ta’minlash uchun Kurant—
Fridrixs—Levi sharti keltirildi.

Sonli yechimning eksponensial turg‘unligi diskret Linormada ta’riflandi. Turg‘unlikni
isbotlash uchun eksponensial og‘irliklarga ega diskret Lyapunov funksiyasi tanlandi. Ushbu
funksional yordamida chegaraviy shartlardagi matritsalar uchun r, (R)< 1shart bajarilganda

Vk+1_ Vk

At
tengsizlik hosil gilindi. Bu esa Lyapunov funksiyasining vaqt bo‘yicha eksponensial kamayishini
bildiradi.
Natijada (9)—(11) boshlang‘ich-chegaraviy ayirmali masalaning sonli yechimi uchun
PV IjLﬁJ Ce "™ PV° Pfh

J - nv*
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ko‘rinishidagi baho olindi. Demak, ogimga qarshi ayirmali sxema KFL sharti va mos chegaraviy
spektral shart bajarilganda Lf] normada eksponensial turg‘un bo‘ladi.
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Annotatsiya: Ushbu ishda Rastall gravitatsiyasida mukammal suyuqlik bilan o‘ralgan
statik sferik-simmetrik qora tuynukning gorizont tuzilishi o‘rganiladi. Rastall maydon
tenglamalaridan boshlab, biz metrik funksiyani hosil gilamiz va f(r) = 0 gorizont shartini
tahlil gilamiz. Tahlil uchta muhim suyuqlik konfiguratsiyasi bilan cheklanadi: w = —4/3,w =
—2/3va w =1/2 ular mos ravishda fantom modda, kvintessensiyaga o‘xshash modda
hamda musbat bosimli tagqoslovchi holatga to‘g‘ri keladi. Asosiy e’tibor Rastall gravitatsion
doimiysi K, Rastall parametri A va suyuglik parametri N ning gorizont radiusiga ta’siriga
garatiladi. Olingan natijalar gorizont deformatsiyasi asosan suyuqlik hadi ko‘rsatkichidagi n
eksponenta bilan boshgarilishini ko‘rsatadi, uning xatti-harakati esa holat tenglamasiga
bog‘lig ravishda o‘zgaradi. Xususan, fantom va kvintessensiyaga o‘xshash holatlar
Shvarschild limitidan kuchliroq og‘adi, w = 1/2 holati esa unga ancha yagin bo‘lib qoladi.
Bu natija turli suyuqlik muhitlari Rastall gravitatsiyasida gora tuynuk gorizontlarini ganday
o‘zgartirishini sodda geometrik manzara orqali ifodalaydi.

Kalit so‘zlar: Rastall gravitatsiyasi, gora tuynuk gorizonti, mukammal suyuqlik,
gorizont tuzilishi, Kiselev turidagi yechim, metrik funksiya, modifikatsiyalangan gravitatsiya.

AHHOTauua: B pgaHHom paboTe uccnegyeTcsi CTPyKTypa ropu3oHTa CTaTUYecKoun
chepnyecKkn-CUMMETPUYHON  YEPHOW AOblpbl, OKPYXXEHHOW UAeanbHOM >KUAOKOCTbIO, B
rpaButaumm Pactanna. Mcxogs u3 noneBbiXx YypaBHeHUW PacTtanna, Mbl BbIBOAUM
METPUYECKYD (DYHKUMIO M aHanuaupyem ycnosume ropusoHta f(r) = 0. PaccmoTpeHue
OrPaHNYEeHO TPEMS XapaKTEPHbIMU KOHMUrypauusmm Xumakoctn: w = —4/3,w =—2/3n
w =1/2 KOTOpble COOTBETCTBYT (AHTOMHOW MaTepun, KBUHTICCEHLMENOoJo6HOM
MaTepun 1 CPaBHUTENBHOMY Cryyalo C NONOXUTENbHbIM AaBrneHneM. OCHOBHOE BHMMaHWe
yoenseTcs TOMy, Kak rpaButauuoHHas noctosHHas Pactanna K, napametp Pactanna A wm
napameTp Xuakoctm N BNUAOT Ha paguyc ropusoHTa. [lonyyeHHble pesynbTaThbl
nokasbiBaloT, YTO Aedopmauus ropusoHTa B OCHOBHOM ornpefensieTca nokasatenem n B
XMOKOCTHOM urieHe, MoBedeHWe KOTOPOro MEHSIETCS B 3aBMCMMOCTU OT ypaBHEHUS
cocTosiHMA. B yacTHOCTM, cnyyanm (PaHTOMHOW M KBUHT3CCEHUMEenogobHOM maTtepuu
cunbHee OTKMOHATCS OT npegena LeBapuwmnega, Toraa Kak cnydyam o = 1/2 ocrtaérca
3HauMTENbHO Onke K Hemy. OTO AAET MPOCTYD FeOMETPUYECKYHD KapTUHy TOro, Kak
pasnnyHble XWOKOCTHblE cpedbl MOANMUUMPYIOT rOPU3OHTbI YEPHLIX Ablp B rpaBuUTaLmu
Pactanna.

Knrouyeeblie cnoea: ecpasumauyusi Pacmanna, e2opu3oHm 4épHol Obipbl, udearbHasi
XXuOKoCcmb, cmpyKkmypa 20pu3oHma, peweHue murna Kucenéesa, mempuyeckas hyHKUUS,
modugbuyuposaHHas epasumayus.

Abstract. We examine the horizon structure of a static spherically symmetric black
hole surrounded by a perfect fluid in Rastall gravity. Starting from the Rastall field
equations, we derive the metric function and study the horizon condition f(r) = 0. The
analysis is limited to three representative fluid configurations, w = —4/3,w = —2/3, and
w = 1/2, corresponding to phantom matter, quintessence-like matter, and a positive-
pressure comparative case. We focus on how Rastall's gravitational constant K, the Rastall
parameter 4, and the fluid parameter N affect the horizon radius. The results show that the
deformation of the horizon is governed mainly by the exponent n of the fluid term, whose
behavior changes with the equation of state. In particular, the phantom and quintessence-
like cases deviate more strongly from the Schwarzschild limit, whereas the w = 1/2 case
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remains much closer to it. This provides a simple geometrical picture of how different fluid
environments modify black hole horizons in Rastall gravity.

Keywords: Rastall gravity, black hole horizon, perfect fluid, horizon structure,
Kiselev-type solution, metric function, modified gravity.

I. Introduction.

The accelerated expansion of the
Universe is usually described either by a
cosmological constant or by an effective
matter source with negative pressure [1-6].
From this point of view, it is natural to ask
how an external fluid may alter the geometry
of a black hole spacetime.

A familiar example in general relativity
is the Kiselev solution, which describes a static
spherically symmetric black hole surrounded
by a perfect fluid [7]. In that setting, the
surrounding matter modifies the
Schwarzschild geometry through an additional
radial term, so the horizon position depends on
the properties of the fluid. This makes Kiselev-
type spacetimes a useful starting point for
studying how matter environments influence
black hole geometry.

The same question becomes more
interesting in Rastall gravity [8], where the
usual conservation law of the
energymomentum tensor is relaxed. Because
of this non-minimal relation between matter
and geometry, the fluid contribution to the
metric is modified, and the resulting black hole
solution can differ appreciably from its
general-relativistic counterpart. A number of
black hole and cosmological solutions in
Rastall gravity have been discussed in the
literature [9-19].

In the present work, we focus only on
the horizon structure of a static black hole
surrounded by a perfect fluid in Rastall
gravity. The analysis is restricted to the metric
function and the equation f(r)=10. To
compare different fluid behaviors, we consider
the three representative choices

w=-z3e="30=3

which  correspond to phantom matter,
quintessence-like matter, and a positive-
pressure comparative case, respectively. Our
aim is to show how the horizon radius changes

with Rastall's gravitational constant K, the
Rastall parameter A, and the fluid parameter N.

The paper is organized as follows. In
Sec. Il, we derive the metric function and
analyze the corresponding horizon condition.
In Sec. I11, we summarize the main results.
Field equations and metric function.

We consider a static spherically
symmetric  spacetime described by the

Schwarzschild-type line element
2

dr
ds? = —f(r)dt? + —— +r?dQ?,
e 5

dQ? = d6? + sin? 8d 2.

The function f(r) fully determines the
radial structure of the geometry, and its roots
specify the location of the horizon. Since our
aim is restricted to horizon properties, the
analysis may be carried out directly at the level
of the metric function without invoking
additional dynamical quantities.

The surrounding matter is modeled by a
spherically  symmetric  energy-momentum
tensor of the form
Tf = A(r),Tf = 0,T} = C(r)r'r; + B(r)§}, (3)
together with the perfect-fluid equation of state
p = wp.

In the general-relativistic case, this
setup leads to the Kiselev-type black hole
solution, where the influence of the
surrounding  fluid appears through an
additional radial term in the metric function
[7]. In the present work, we adopt
the same general strategy, but within the
Rastall framework, where the coupling
between geometry and matter is modified.

In Rastall gravity, the standard
covariant conservation law of the energy-
momentum tensor is replaced by

v, T, = AV,R,
where A is the Rastall parameter and R is the
Ricci scalar [8]. Using K to denote Rastall's
gravitational constant, the corresponding field
equations can be written as

where
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Fig. 1. Metric function f(r) for M = 1 under variations of K (left column), A (middie column), and
N (right column). The rows correspond to w = —4/3, w = —2/3, and w = 1/2, respectively.

Gy + AK8Y'R = KTV, (6)

This modification implies that the gravitational response to matter is no longer identical
to that of general relativity, even when the same matter source is considered. As a result, the
surrounding fluid changes the metric in a way that depends not only on its equation of state, but
also on the Rastall coupling itself [9, 10].

Taking the trace of Eq. (6), one finds

R(4KA—1) = KT (7)

This relation shows explicitly that the curvature scalar is algebraically linked to the trace
of the matter source. Hence, for nonvacuum configurations, the parameter A directly affects the
structure of the field equations and, consequently, the form of the resulting black hole solution.

To construct the spacetime supported by a surrounding perfect fluid, we follow the
Kiselev prescription and its Rastall extension [7,9,11]. In particular, we assume a power-law
density profile,

p(r) = ArP, ®)
where A and g are constants to be determined from the field equations. Substituting this ansatz
into the Rastall equations yields

31+ w)—12KA(1 + w) 9
B 1-3K1(1+w) ©)

and
3N(1 —4KA)(KA(1 + w) — w) 10
B K(1-3KA(1 + w))? ’ (10)
where N is an integration constant associated with the intensity of the surrounding fluid [9]. The
parameter N determines the overall strength of the matter contribution, while the exponent S
governs its radial behavior.
The resulting metric function takes the form




Mathematics 137

2M
f(T'): 1—7—1\/7"", (11)
where the exponent is given by
143w —-6KA(1+ w)
T= 7T 1301 + )
The black hole mass is denoted by M, and throughout this work we adopt the normalized
choice

(12)

M=1 (13)
Equation (11) makes clear that the role of the surrounding matter is entirely encoded in the last
term, whose strength is controlled by N and whose radial behavior is determined by 7.
Therefore, from the viewpoint of horizon analysis, the exponent 7 is the key quantity.
It is instructive to consider the Einstein limit A — 0. In this case, Eq. (12) reduces to
n—-—-1-3w (14)

and Eq. (11) recovers the standard Kiselev form [7]. This limit provides a useful consistency
check and shows that the Rastall correction may be viewed as a deformation of the usual perfect-
fluid black hole geometry. Related black-hole
solutions in Rastall gravity have also been discussed in several contexts, including static
spherical configurations and matter-supported spacetimes [12-21].

For the three representative values of w considered in this paper, Eq. (12) becomes

_3-zA 4o
Toh =T kYT T3
C1+2KA 2 (16)
To =7 "k1'“ " 73
5—18K2A 1
Mz =g e =2 (47

These expressions already show that the effect of the surrounding fluid is qualitatively
different in the three cases. In the phantom and quintessence-like configurations, the exponent
remains positive in the considered parameter domain, whereas for the positive-pressure
comparative case it becomes negative. This difference is central for the horizon behavior
discussed in the next subsection.

Horizon structure.
The event horizon is determined by the condition that the inverse radial component of the
metric vanishes, or equivalently,

f(ry) = 0. (18)
Using Eq. (11), one obtains
2M
1-— =N, =0 (19)
Th
For the normalized choice M = 1, this equation reduces to
2
1—-——=Nr =0 (20)
Th

In general, Eq. (20) cannot be solved analytically for arbitrary values of n, and the horizon radius
must be determined numerically. The physically relevant event horizon is identified with the
largest positive root of the metric function [7, 9, 11].

Equation (20) shows that the horizon structure is governed by the competition between the
Schwarzschild term 2/r and the surrounding-fluid contribution Nr". The role of the latter is
controlled not only by the fluid intensity parameter N, but also by the exponent n, which depends
on the equation-of-state parameter w and on the Rastall combination KA(1 + w). Therefore, the
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effect of the surrounding matter on the horizon is not universal and must be analyzed separately
for different fluid regimes.

A key point is the sign of n. When n > 0, the term Nr" grows with radial distance, so its
contribution remains effective over a wider range of r. In contrast, when n < 0, the fluid term
decays at large distance and its influence becomes more localized near the black hole. This
distinction immediately separates the three cases studied here: the phantom and quintessence-like
configurations correspond to positive exponents, whereas the positive-pressure comparative case
leads to a negative exponent. As a consequence, the same variation of K, A, or N produces
different horizon responses in different fluid environments [15-17, 19].

The parameter N sets the overall strength of the surrounding-fluid term and therefore
produces the most direct shift of the horizon radius. By contrast, the parameters K and A modify
the horizon more indirectly through the exponent n. This means that their influence is encoded in
the radial scaling of the matter term rather than in a simple linear displacement. In this sense,
Rastall gravity changes the horizon structure not only through the amplitude of the fluid
correction, but also through its radial profile.

Figure 1 illustrates the behavior of the metric function under variations of K, A, and N for
the three representative values of w. In all panels, the horizon position is identified by the
intersection of the curves with the line f(r) = 0. The plots show that the root shifts more
strongly in the phantom case, more moderately in the quintessence-like case, and only weakly in
the positive-pressure comparative case. They also indicate that variations of N produce the
clearest displacement of the root, while the effects of K and A are smoother and are mediated by
the corresponding change in n. For the parameter range considered here, the horizon shift
remains smooth, which indicates that the

Rastall correction does not introduce an abrupt change in the causal structure of the
spacetime. Instead, the effect appears through a gradual displacement of the root of the metric
function as the surrounding-fluid contribution is varied. This behavior is particularly clear in the
comparison between the three fluid sectors: in the phantom and quintessence-like cases, the
positive exponent keeps the matter term effective over a broader radial interval, whereas in the
positive-pressure case the negative exponent suppresses that contribution away from the black
hole. From this viewpoint, the horizon radius may be interpreted as a direct geometric measure
of how efficiently the surrounding fluid couples to the background through the Rastall
modification.

These features provide a simple geometric interpretation of the model. Positive values of
the exponent enhance the contribution of the surrounding field and lead to a stronger departure
from the Schwarzschild horizon, whereas a negative exponent suppresses that contribution at
larger radii and keeps the geometry closer to the Schwarzschild limit. Thus, even within the same
Rastall framework, different choices of the surrounding fluid lead to qualitatively distinct
horizon patterns. This point will be summarized in the concluding section.

Conclusion.

In this work, we examined the horizon structure of a static spherically symmetric black hole
surrounded by a perfect fluid in Rastall gravity. Since the analysis was restricted to the metric
function and the horizon condition f(r) = 0, the role of the model parameters can be seen in a
direct geometrical way. The main results may be summarized as follows:

o Starting from the Rastall field equations, we derived the corresponding metric
function and found that the surrounding matter enters through an additional radial term whose
behavior is controlled by the exponent 7.

o Unlike the general-relativistic Kiselev case, the exponent n is modified by the Rastall
coupling. As a result, the geometry depends not only on the equation of state of the fluid, but
also on the combination KA(1 + w), which changes the radial profile of the matter contribution.
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o The horizon radius is determined by the largest positive root of the metric function. In
general, this root cannot be written in closed analytic form for arbitrary parameter values, so the
parameter dependence of the horizon must be examined numerically.

o The obtained results show that the response of the horizon is strongly affected by the
type of surrounding fluid. For the phantom configuration, the exponent remains positive and
relatively large, so the matter term contributes more efficiently and the deviation from the
Schwarzschild limit becomes the strongest.

o For the quintessence-like configuration, the same qualitative behavior is preserved,
but the deformation is weaker. In this sense, the quintessence-like case may be regarded as an
intermediate regime between the strongly deformed phantom geometry and the more weakly
modified positive-pressure case.

o In the positive-pressure comparative case, the exponent becomes negative. This
changes the role of the matter term in an essential way, since its contribution decreases at larger
radii. Consequently, the horizon remains comparatively close to the Schwarzschild geometry.

o Among the model parameters, N produces the most direct displacement of the
horizon radius because it controls the overall strength of the surrounding-fluid term. By contrast,
K and A act more indirectly through their influence on the exponent n, and therefore modify the
horizon through the radial scaling of the matter contribution.

o The comparison of the three fluid configurations shows that even within the same
Rastall framework, different matter environments lead to qualitatively different horizon patterns.
This makes the horizon structure a useful geometric indicator of how the equation of state of the
surrounding fluid and the Rastall coupling act together in shaping the spacetime.

The results obtained here provide a concise characterization of perfect-fluid black holes in
Rastall gravity and may be useful for further studies of matter-supported black hole geometries
in modified gravity.
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UDK. 512.54

|G| = p3 BO‘LGAN GRUPPANING MARKAZI VA KOMMUTANTI YORDAMIDA TASNIFI
S.S.Jo‘raboyev, M. A. Abdumitalipova

Farg‘ona davlat universiteti, O‘zbekiston, 150100, Farg ona shahri, Murabbiylar ko chasi, 19-
uy

Annotatsiya. Ushbu magolada tartibi |G| = p® bo‘lgan gruppalarning tuzilishi o‘rganiladi, bu
yerda p — tub son. Bunday gruppalar chekli p-gruppalarning eng sodda, ammo mazmunli sinflaridan
biri hisoblanadi. Aynan shu tartibda gruppaning markazi, faktor-gruppasi va kommutanti o‘rtasidagi
bog‘lanish yaqqol korinadi. Ushbu ishda gruppa markazi va kommutatorlari yordamida ganday
sinflarga bo'linishi tahlil gilingan. Dastlab kommutativ bo‘lgan hol, so‘ng nokommutativ bo‘lgan hollar
batafsil o‘'rganib chigilgan.

Kalit so‘zlar. gruppa tartibi; p-gruppa; kommutatnt; markaz; noabel gruppasi

AHHOTauuA. B gaHHOM cTaTbe UccriedyeTcs CTPyKTypa rpynn nopsiaka, roe p- npoctoe
yucno. Takue rpynnbl npeacTtasndaloT cobor OOUH W3 Hanbonee NPOCTbIX, HO BMeCTe C TeM
cogepaTenbHbIX KacCoB KOHEYHbIX p-rpynn. IMeHHO npu gaHHOM nopsigke 0COGEHHO HarnsgHo
npoaBnAeTCd B3aMMOCBA3b MeXAy LEeHTPOM rpynnbl, (*)aKTOp-prI'II'IOPI neé KOMMYTaHTOM. B paGOTe
I'IpOBe[J,éH aHanms pa36V|eH|/|;| TakmxX rpynn Ha KnacCbl C WUCNOJIb3OBaHMEM LUEeHTpa rpynnbl U
KoMMYyTaTopHOM nogrpynnel. CHavyana paccmaTpuBaeTcsl KOMMyTaTUBHBIW CIly4al, 3aTem nogpobHo
n3y4yaroTca HeKOMMyTaTUBHbIE Clly4au.

KniouyeBble crioBa: nopsgok rpynnbl; -rpynna; KOMMyTaHT; LEHTP rpynnbl; Heabeneea
rpynna.

Kirish. Bunday  turdagi masalalar  bilan

. . Glauberman, Yanko kabi yetakchi olimlar
- Ma’lumki, tartibi p (p —tub son, k > 1) tadgiqot olib borishgan, [3-4]. Chekli sodda
ko‘rinishda aniglangan gruppalar p —gruppalar gryppalar to‘liq holda tasniflangan bo‘lsa-da,
deyiladi, [2]. Chekli tartibli gruppalarni jumladan, chekli p -gruppalarni  klassik ~ ma’noda
p-gruppalarni tasniflash masalasi Gruppalar agniflashning iloji yo‘q. Sababi, p* giymatdagi
nazariyasining muhim, shu bilan bir qgatorda j ning giymati ortib borgani sari gruppa tarkibida
klassik _ masala_larldan b|r_|_ ?lsoblanadl. ko‘plab qat’iy tartibdagi izomorf bo‘lmagan p-
Zamonaviy adabiyotlarda ftartibi p*  bo‘lgan gryppalar aniglanadi. Bu esa tasniflash masalasini
gruppalar to‘liq tasniflangan bo‘lib, noabel myrakkablashtirib  boradi.  Angilyalik  olim
bo‘lgan holda gruppa mar_ka2| va komu_tantlnlng_ Graham Higman o°z tadgiqotlarida tartibi p* bo
ustma-ust tushishi, asosiy strukturaviy belgi 2,3 o _
sifatida garaladi. Shu bois mazkur mavzuning ‘1gan gruppalar soni p27"  tezlik bilan ortib
dolzarbligi yangi tasnif natijasini olishda emas, borishini ko ‘rsatadi, [5].

balki klassik natijalarni markaz va kommutant NATIJALAR VA MUHOKAMALAR

orgali tizimli yoritish hamda ularni umumiy p- ) . )
gruppalar nazariyasi bilan bog‘lashda namoyon 1. Pa_StIa_bkl natijalar. A}/tgyllk, G
bo‘ladi. ixtiyoriy ~ gruppa  bo‘lsin. G
gruppaning

Tadgigotning asosiy maqgsadi tartibi p* markazi deb, quyidagi
bo‘lgan ixtiyoriy gruppani ularning markazi va  7(G) = {x € G:xg = gx barcha g € G uchun}
kommutanti yordamida tahlil gilishdir. i

_ N ~_ to‘plamga, kommutanti deb
Adabiyotlar tahlili va metadologiyasi

¢'=1[6,6] =([x,y] I x,y € G)
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to‘plamga aytiladi, bu yerda [x,y] = x 1y~ 1xy.
Shuningdek, tartibi (gruppa elementlari soni) p*
(p —tub son, k > 1) ga teng bo‘lgan gruppalar p-
gruppalar deb uritiladi, [2]. Quyida, p -
gruppalarni markazi va kommutantini ba’zi
xossalarini o‘rganamiz.

1-lemma. Agar G chekli p-gruppa bo ‘Isa,
u holda Z(G) + {e}.

Isbot. Lemmani isbotlash uchun G
gruppaning markazini aniglaymiz. Buning uchun,
Sinf formulasi (class equation) dan foydalanamiz,
unga ko‘ra

1G] = 1Z(G@)| + X[6: Cs ()],

bu yerda yig‘indi markazga kirmaydigan go‘shma
sinflari bo‘yicha olinadi. G gruppaning p-gruppa
ekanligi va Lagranj teoremasiga ko‘ra, har bir
[G: C;(x;)] son p ga bo‘linadi. Demak, |G| = p3
soni ham p ga bo‘lingani uchun |Z(G)| ham p ga
bo‘linadi. Shunday qilib,

1Z(&)] € {p,p*,p°},
xususan, Z(G) + {e}.
2-lemma. Agar G /Z(G) siklik bo ‘Isa, u
holda G abel gruppasi bo ‘ladi.
Isbot. Faraz gilaylik,
G/Z(G) =(9Z(G)).
Unda har bir x, y € G uchun
y =92
ko‘rinish mavjud, bu vyerda 2z,,z, € Z(G) .

Markaz elementlari barcha elementlar bilan o‘rin
almashganligi sababli

x = g'z,,

Xy = gi+jZ122 = gi+jzzz1 = yx.
Demak, G abel.
1-natija. Agar |G| = p3 bolsa, u holda

|Z(G)| = p? yoki |Z(G)| = p3 bolganda G abel
bo ‘ladi.

Isbot. Agar |Z(G)| = p3, uholda Z(G) =
G, demak G abel gruppasi.

Agar |Z(G)| = p?, u holda
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1G/Z(G)| =p,
ya’ni G /Z(G) siklik. Lemma 2.2 ga ko‘ra G abel
gruppasi.

Shunday qilib, noabel holat uchun fagat
bitta imkoniyat qoladi.

1-xulosa. Agar tartibi p3 bo lgan G
noabel (nokommutativ) bo ‘Isa, u holda

1Z(G)| = p.

2. Noabel holatda markaz va
kommutantning tuzilishi

1-teorema . Agar G noabel gruppa bo ‘lib,
|G| = p3 bolsa, u holda

G/Z(G) = Cp X Cp
va

G' < Z(6),

bu yerda C,, — p tartibli siklik gruppa, ya'ni C, =
(a:aP =e, e €QG).

Isbot. Yugoridagi xulosaga ko‘ra
|Z(G)| = p. Shuning uchun

1G/Z(6)] = p*.

Tartibi p? bo‘lgan har ganday gruppa abel
bo‘ladi. Demak, G/Z(G) gruppa abel gruppasini
ifodalaydi. Bu esa G/Z(G) faktor-gruppada
barcha kommutatorlar trivial ekanini bildiradi,
ya’ni barcha x,y € G uchun [x,y] €
Z(G). Bundan esa, G' < Z(G) munosabat kelib
chigadi. Bundan tashqari, G/Z(G) siklik bo‘la
olmaydi, aks holda 2-lemmaga ko‘ra G abel
bo‘lib golardi. Tartibi p? bo‘lgan nosiklik abel
gruppa yagona tipda bo‘ladi:

G/Z(G) = Cp X Cp.
Teorema isbhotlandi.

2-teorema. Agar G noabel va |G| = p3
bo ‘Isa, u holda

¢'=Z(G) = C,.
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Isbot. 1-teoremaga ko‘ra G' < Z(G) . Boshga
tomondan, G noabel bo‘lgani uchun G' # {e}.
Ammo |Z(G)| =p, demak Z(G) ning yagona
notrivial qism gruppasi o‘zi bo‘ladi. Shunday
ekan, G' = Z(G) bo‘lib, u tartibi p bo‘lgan siklik
gruppani ifodalaydi, ya’ni

G'=Z(G) = C,.
Teorema isbotlandi.

Bu teorema juda muhim natijani beradi,
yani |G| =p® bo‘lgan noabel gruppalarda
markaz ham, kommutant ham bir Xxil gism
gruppani ifodalaydi.

Lekin bir nozik jihat bor: fagat markaz va
kommutantning o°zi barcha izomorfizm turlarini
ajratish uchun yetarli emas. Chunki ikki xil
noabel gruppada ham

72(6) =G =,

bo‘lishi mumkin. Shuning uchun yakuniy tasnif
uchun go‘shimcha invariant, masalan, elementlar
tartibi yoki gruppa eksponenti kerak bo‘ladi.

3. G gruppa abel gruppasi bo‘lgan
holatning tasnifi.

Agar G gruppa abel gruppasi va |G| = p3
bo‘lsa, unda chekli abel gruppalarning tuzilish
teoremasiga ko‘ra quyidagi uch holatgina
mumkin:

G = Cps, G = Cpz X Cp, G

= Cp X Cy X Cp.

Bu holatning har biri uchun,

Z(6)=G, G ={e}

munosabat o‘rinli. Demak, abel gruppalar uchun
markaz maksimal, kommutant esa trivial bo‘ladi.

4. G gruppa noabel gruppasi bo‘lgan
holatning tasnifi.

Endi G gruppa noabel gruppasi bo‘lgan
holni garaymiz. Yugorida isbot gilganimizdek, bu
hol uchun quyidagi munosabatlar o‘rinli:

Z(G) =G =Gy, G/Z(G) = Cp X Cp.
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4.1. p > 2 bo‘lgandagi birinchi noabel
bo‘lgan hol.

3-teorema. Agar G da p? tartibli element
mavjud bo ‘Isa, u holda G quyidagi ko ‘rinishdagi
gruppaga izomorf bo ‘ladi:
G, ={(a,b| aP’ =e, b? = e, b~lab = alt?),

Isbot. Faraz gilaylik, a € G elementning
tartibi p? bo‘Isin. U holda, G gruppaning A = {a)
siklik gism gruppasini tartibi ham p?ga teng
bo‘lib, [G:A] indeksi p ga teng bo‘ladi.
Gruppalar nazariyasidan ma’lumki, indeksi p tub
songa teng bo‘lgan har ganday gruppa normal
gruppani ifodalaydi. Demak, A 2 G. Shuningdek,
G gruppada uning A = (a) gism gruppasiga
tegishli bo‘lmagan elementi ham mavjud.
Chunki, G gruppa noabel, A esa abel gruppasi
bo‘ladi. A ga tegishli bo‘lmagan elementni b
orgali belgilaymiz. G gruppaning A normal gism
gruppasi bo‘yicha hosil gilgan G/A faktor
gruppasining tartibi p tub songa tengligidan G/
A gruppa siklik gruppa bo‘lishi kelib chigadi,
ya’'ni
G/A = (bA). Bundan, G = (a, b) kelib chigadi. A
normalligidan bh~'ab € A munosabat kelib
chigadi. A = (a) siklik guruh bo‘lgani uchun
biror r son topilib, b~1ab = a” bo‘ladi, bu yerda
EKUB(r,p) =1, ya’ni a” ham A ning hosil
giluvchisi bo‘ladi. G/A ning tartibi p bo‘lgani
sababli bA € G/A ning tartibi ham p. Demak,
(bA)» =A, yani bP €A Endi ¢p:A—A
avtomorfizmni

o(x) = b 1xb

bilan aniglaymiz. U holda, ¢(a) = a".
Shuningdek, b? € A va A abel bo‘lgani uchun b?
orgali ichki avtomorfizm A da trivial bo‘ladi,
ya’'ni P =id,. Bundan,

a=¢P@=a"
tenglikka ega bo‘lamiz. Demak, r? =
1 (mod p?).

Endi  ni p mmodul bo‘yicha gidiramiz.
(Z/pZ)* gruppaning tartibi p —1, u esa p ga
bo‘linmaydi. Shuning uchun unda tartibi p ni
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bo‘luvchisi bo‘lgan yagona element birlik

elementdir. Bundan
r =1 (mod p)

kelib chigadi. Demak, r ni
ko‘rinishda yozish mumkin, bu yerda

r=1+mp

me{0,1,..,p—1} . Agar m=0 bo'lsa, u
holdar = 1, ya’ni

b~tab = aq,

demak, ab=ba . Bu esa G =(a,b) abel
bo‘lishini bildiradi. Bu esa farazimizga zid.
Shuning uchun m ni p ga karrali bo‘lmagan qilib
olamiz, ya’ni m % 0 (mod p). Natijada,

b—lab — a1+mp’

munosabatga ega bo‘lamiz.

m # 0 (mod p)

Endi 1+ mp ko‘rsatkichni 1+p ga
keltiramiz. Buning uchun, m % 0 (mod p)
bo‘lgani uchun uning modul p bo‘yicha teskari
elementi mavjud. Demak, shunday s son
mavjudki,

sm =1 (mod p)

boladi. Endi b o‘rniga b = b* elementni olamiz.
s soni p bilan o‘zaro tub bo‘lgani uchun hA ham
G/A ning hosil giluvchi bo‘lib goladi. Yangi
hosil giluvchi bilan ta’sir quyidagicha bo‘ladi:

b~tab = a"”
bu yerda r = 1 + mp. Binomial formulaga ko‘ra,
(1 +mp)S =1+ smp (mod p?).
Lekin sm = 1 (mod p), shuning uchun
1+ smp =1+ p (mod p?).

Demak, hosil giluvchilarni mos ravishda
almashtirish orgali

b~lab = q'*?

holga keltirish mumkin. Yuqoridagi
mulohazalardan, a?” = e, b~lab = al*?
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munosabatlarga ega bo‘lamiz. Endi
kommutatorni hisoblaymiz:

[a,b] = a b~ tab = a lal*? = qaP.

Demak, G’ 2 (aP). Boshga tomondan, |G| = p3
bo‘lgan noabel guruh uchun ma’lumki,

1Z(G)] = p,

Shuning uchun a? markaziy element bo‘lib, (aP)
tartibi p ga teng. Endi bP € A ekanidan va bP
markaziy bo‘lishidan bP € Z(G) = (a?) kelib
chigadi. Demak, biror 1 son uchun b? = a??.
Endi ¢ = ba=* deb olamiz. Nilpotentlik klassi 2
bo‘lgan guruh uchun standart formula mavjud:

G'=Z7(G).

(xy)? = xPyP [y, x]().

Uni x = b, y = a~* uchun qo‘llaymiz:
P
cP = (ba"l)p = bPa P [a‘l,b](z).

Lekin [a, b] = aP? markaziy va tartibi p bo‘lgan
element. Agar p > 2 bo‘lsa,

»-1
()=

soni p ga bo‘linadi. Shuning uchun

14
[a"l, b](z) =e.
Demak,
cP = pPaP = gMPq=P = ¢,

Bundan tashqari, a=* markaz bilan bir xil faktor-
guruhda yotgani sababli ¢ ning a ga ta’siri
o‘zgarmaydi, ya’'ni

clac = al*?,

Shunday qilib, b o‘rniga ¢ ni olib, b? = e deb
gabul gilish mumkin. Natijada quyidagi
munosabatlarga ega bo‘lamiz:

=g, b? = e, b lab = a'*P.

Endi quyidagi abstrakt guruhni garaymiz:

P=(xylxP =e yP =¢, y lxy = x1*P).
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Yugoridagi qurilishdan ko‘rinadiki, G da a, b
elementlar mavjud bo‘lib, ular aynan shu
munosabatlarni ganoatlantiradi. Shuning uchun

() =>b

ko‘rinishdagi gomosmorfizm mavjud. Bu
gomomorfizm sur’ektiv, chunki

@:P -G, o(x) =aq,

G = (a,b).

Endi P ning har ganday elementini x!y/
ko‘rinishga keltirish mumkin. Hagigatan ham,

yx = x1*Py,

Shuning uchun barcha y larni o‘ng tomonga surib
chigish mumkin. Bu yerda

0<i<p? 0<j<p.

Demak,
|P| <p*-p=0p°

Boshga tomondan, ¢: P — G sur’ektiv va |G| =
p3. Shuning uchun |P| = p3 bo‘lib,

|P| = p3 kelib chigadi. Bir xil tartibli chekli
gruppalar orasidagi sur’ektiv gomomorfizm
izomorfizm bo‘ladi. Demak, P = G.

Shuning uchun,
G={(abl aP’ =e, b» = e, b~lab = alt?),
Isbot tugadi.
Bu gruppa uchun

Z(Gy) = G,' = (aP) = C,,.

Bu gruppani C,,2 % C,, ko‘rinishidagi yarim
to‘g ri ko‘paytma sifatida ham garash mumkin.

4.2. p > 2 bo‘lgandagi ikkinchi noabel
tur

Agar G ning barcha notrivial elementlari
tartibi p bo‘lsa, u holda G quyidagi gruppaga
izomorf bo‘ladi:

G, ={(x,y,z| xP =yP =2P =¢, [x,y]
=z, [x,z] = [y, z] = e).

Bu gruppa uchun
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Z(Gy) = G,' = (z) = .

Bu gruppa ko‘pincha Geisenberg gruppasi
sifatida garaladi. Uning matritsaviy modeli:

1 a ¢
G, =410 1 b|:ab,cE€TF,.
0 0 1

Bu modelda markaz ham, kommutant ham

1 0 ¢
(0 1 O>:CE]FP
0 0 1

ga teng bo‘ladi.

4.3.p =2 holi
Agar p = 2 bo‘lsa, |G| = 8. Bu holda
abel gruppalar:

Ce, C, X Cy, C, X Cy X C,.
Noabel gruppalar esa
Dg va Qs.

Bu yerda:
»  Dg —dihedral gruppa;
e Qg — kvaternion gruppa.
Har ikkisi uchun ham
Z(G) =G =C,.
Masalan,

Z(Dg) = Dg' = (TZ)' Z(Qg) = Q' = {£1}.

Demak, p = 2 holatda ham noabel gruppalar
uchun markaz va kommutant bir xil tipga ega.

5. Xulosa.

Xulosa o‘rnida yuqgoridagi natijalarni
birlashtirib, |G| = p3 bo‘lgan barcha gruppalar
uchun quyidagi tasnifga ega bo‘lamiz:

Agar |G| = p3 bo‘lsa, u holda G
izomorfizmgacha quyidagi gruppalardan biriga
teng:

Kommutativ bo‘lgan holat:
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C,3

3 sz X Cp, Cp X Cp X Cy.

Nokommutativ holat:
e agarp > 2 bo‘lsa:
(a,b|aP’ =e, b? =e, b tab = al*P),
yoki

(,y,z 1 xP =yP =2zP =¢, [x,y] =z, [x,z]
= [y, z] = e);

e agarp = 2 bo‘lsa, Dg, Qs.

Bundan tashgari, quyidagilar bajariladi:

1. G kommutativ bo‘lsa, Z(G) =
G, G' = {e};
2. G nokommutativ bo‘lsa, Z(G) =
I~ G ~
G'=Cpym = Cp X Gy
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