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PHYSICS 6

Shisha tagliklarga o‘stirilgan ZnO:Al yupqga plyonkalarining optik xususiyatlariga
termik ishlov berish haroratining ta’siri

S.Z. Zaynabidinov, B.D. G‘ulomov, M.M. Xotamov, S. H. Ibroximov, A.R. Ashuraliyeva
Andijon davlat universiteti

Annotatsiya. ZnO:Al yupga plyonkalari zol-gel cho'ktirish usuli yordamida shisha
tagliklarga o'stirildi. Asosiy element sifatida rux asetat, erituvchi sifatida izopropil spirti, stabilizator
sifatida dietilamin, kirishma sifatida alyuminiy nitratdan foydalanildi. Al-atomlari Kiritilgan ZnO
yupga plyonkalarning optik o‘tkazuvchanlik xususiyatlariga termik ishlov berish haroratning ta’siri
o‘rganildi. Al atomlari massasining Zn atomlari massasiga nisbati 3% qilib tanlab olindi. Natijalar
shuni ko‘rsatdiki, namunalar orasida 550 °C da issiglik bilan ishlov berilgan ZnO:Al plyonkalari
ko‘rinadigan va yagqin infragizil nurlanish sohasida eng yuqori (84 %) optik o‘tkazuvchanlikni
namoish etdi. ZnO:Al plyonkalarida asosiy zaryad tashuvchilari ntur o‘tkazuvchanlikka ega
ekanligi aniglandi.

Kalit so‘zlar: dip-coating, zol, gel, ZnO yupga plyonkalar, metall oksid, yarimo‘tkazgich.

AHHOTaumua. ToHkne nneHkn ZnO:Al Gbinn BblpalleHbl HA CTEKMAHHbBIX NOASOXKKAxX C
MCNONb30BaHMEM MeToda 30Mb-feflb  OCaxaeHws. B kayecTBe OCHOBHOrO anemeHTa
MCNOnb30Barncs aueTaT LMHKa, B Ka4eCTBe pacTBOPUTENS — U30NPONUMOBLIN CNNPT, B Ka4ecTBe
ctabvunusatopa — OMITMNAMVH, @ B KayecTBe Mpekypcopa — HUTpaT antoMuHusa. MN3ydeHo
BNUsSIHWE TeMnepaTtypbl TepMoobpaboTkn Ha ONTUYECKNE CBOMCTBA MPOMYCKaHUS TOHKUX MIEHOK
ZnO, nernpoBaHHbix Al. OTHoweHne maccbl atomoB Al Kk macce atomoB Zn 6bino BbIGpaHO
paBHbIM 3%. Pe3ynbTatbl nokasanu, 4to nneHkn ZnO:Al, nogseprHyTble TepmoobpaboTke npu
Temnepartype 550 °C, AEMOHCTPUPYIOT BbICOKME ONTUYECKME KOIDMUUMNEHTHI NMPONyCcKaHna Ao
84% B BUOAUMOWM K BnkHen nHgpakpacHom obnacTax. YCTaHOBNEHO, YTO OCHOBHbIE HOCUTENMN

3apsaaa B nneHkax ZnO:Al nmetoT N-Tun NPoBOAMMOCTW.
Knio4yeBble cnoBa: OKyHaHWe, 30fb, refib, TOHKME nneHkn ZnO, okcua MmeTanna,

nonynpoBoAHUK.

I.Kirish

Zamonaviy shaffof va optoelektronika
sohalarida ishlatiladigan materiallarning shaffoflik,
bargarorlik va yugori o‘tkazuvchanlik kabi muhim
xususiyatlariga bo‘lgan talablar keskin oshmoqda.
Shunday materiallardan biri sifatida rux oksidi
(ZnO)  asosidagi  yarimo‘tkazgichli  yupga
plyonkalar alohida ahamiyat kasb etmoqgda. Ular
o‘zlarining noyob optik va elektrofizik xossalari
bilan optoelektronik qurilmalar va sensorlarni
ishlab chigarishda keng go‘llanilmogda.

Rux oksidi (ZnO) o‘zining yarimo‘tkazgich
xususiyatlari bilan muhim ahamiyatga ega [1].
Yarimo‘tkazgichli  ZnO  yupga  plyonkalari
yorug‘likning ko‘rinadigan sohasida shaffof bo‘lib,
3,37 eV tagiglangan sohaga ega va zamonaviy
elektronikada - ntipidagi o‘tkazuvchi material
sifatida keng qo‘llaniladi [2]. Turli kirishma
atomlarini  kiritish orgali ZnO plyonkalarining
optik, elektrofizik xususiyatlarini nazorat gilish
imkoniyatlari mavjud. Metall oksidli yupga
plyonkalarni olishning turli usullari mavjud,
masalan, radiochastotali magnetronli purkash [3],
zol-gel sping coating [4,5], zol-gel dip coating [6].

Kirishma  atomlariga  garab, ZnO
plyonkalari gaz datchiklarida [6], shaffof
o‘tkazuvchan elektrodlarda [7], piezoelektrik

materiallarda [8], optoelektronika [9] hamda fan va
texnikaning boshga sohalarida keng go‘llanilishi
mumkin.

Metall oksidli yupga plyonkalar ishlab
chigarish bo‘yicha ko‘plab ilmiy tadgigotlar
o‘tkazilmoqda. Birog, turli haroratlarning ZnO
yupga plyonkalarning optik va elektrofizik
xususiyatlariga ta’siri bo‘yicha ilmiy
tadgiqotlarning yetishmasligi ular asosidagi tashqi
ta’sirlarga sezgir bo‘lgan qurilmalarning bargaror
ishlashida turli muammolarni Kkeltirib chigarishi
mumekin.

Ushbu ishda zol-gel cho‘ktirish usulida
o‘stirilgan ZnO:Al yupga plyonkalarning optik
xususiyatlariga termik ishlov berish haroratining
ta’siri o‘rganildi.

I1.Eksperimental bo‘lim

Maskur tadgiqot ishida metalloksidli yupga
plyonkalar olishda zol-gel cho‘ktirish usulidan
foydalanildi. Dastlab zol erirmasi quyidagicha
tayyorlab olindi. Asosiy element sifatida rux asetat
( Zn(CH5;C00), - 2H,0), erituvchi sifatida
izopropil spirti (CH;CH(OH)CHS3), stabilizator
sifatida dietilamin(C,H,,N), kirishma sifatida
alyuminiy nitratdan (AL(NO3)); - 9H,0)
foydalanildi. Ruh asetat va alyuminiy nitrat massa
ulushi 1 % nisbatida analitik tarozi yordamida tortib
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olindi va 100 ml izopropil spirti quyilgan
laboratoriya stakaniga ketma-ket solindi. Magnitli
aralashtirgich ishga tushurilishi bilan bir vagtni
o‘zida eruvchanligini oshirish uchun dietilamin ~ 1
dagiga davomida tomchilab qo‘shildi. Eritma
shaffof holatga o‘tguncha magnit aralashtirgich
yordamida ~ 60 °C da 1500 rad/s tezlikda
aralashtirildi. Zol maxsus idishlarda gelga
aylangunicha bo‘lgan vaqt oralig‘ida saglandi.

Plyonkalrni o‘stirishda, distillangan suv
quyilgan ultratovushli vannada tozalangan va
spirtda yuvilgan shisha oynalardan taglik sifatida
foydalanildi.

Tayyorlangan geldan shisha tagliklarga
ZnO:Al plyonkalarini o‘stirish uchun
optimallashtirilgan ~ cho‘ktirish  qurilmasidan
foydalanildi (1-rasm). Optimallashtirilgan
cho‘ktirish qurilmasida ZnO:Al plyonkalarini
o‘stirishda jarayonlarning takrorlanishi 40 martani
tashkil qildi. Oc‘stirilgan plyonkalar 30 dagiga
davomida multi pech yordamida turli haroratlarda
(450-650 °C) issiglik ishlov berildi.

> @\

Ocstirilgan plyonkalarning optik
xususiyatlari 190-1100 nm spektral diapazonda
ishlaydigan Perkin Elmer Instruments lambda 35
UV/VIS spektrometri yordamida o‘rganildi. Ushbu
qurilma 190-1100 nm diapazonida yuqori aniglikda
optik xususiyatlarni o‘rganish uchun mo‘ljallangan
qulay va  zamonaviy  qurilma bo‘lib,
namunalarnining optik xossalarini tahlil qilish
imkonini beradi.

Zaryad tashuvchilarning turi HMS-7000-
Hall qurilmasi yordamida aniglandi. Ecopia HMS-
7000 qurilmasi yuqori aniglik va yuqori
samaradorlikka ega bo‘lgan zamonaviy fizikaviy
o‘lchash tizimidir. Ushbu qurilma Xoll effekti
asosida magnit maydonlari va elektrik xossalari
(zaryad tashuvchilar konsentratsiyasi, tipi va
harakatchanligi) ni o‘lchash uchun mo‘ljallangan.
Eng zamonaviy texnologiyalar bilan jihozlangan bu
sistema, ilmiy tadgiqotlar va ishlab chigarish
jarayonlarida qo‘llaniladi.

1-rasm. Yangi turdagi dip-coater qurilmasining tasviri.

111.0ptik va elektr xususiyatlari

Ocstirilgan namunalarga 450-650 °C harorat
oralig‘ida issiglik ishlov berildi va bu haroratlarda

optik va elektrofizik xususiyatlar o‘rganildi.
Dastlab shisha taglikning optik xossalari o‘rganildi
unga ko‘ra yugori optik o‘tkazuvchanlik darajasi
352 nm dan boshlanishi aniglandi (2-rasm).
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2-rasm. Shisha taglikning optik o‘tkazuvchanlik spektrlari.

Shuningdek, 450-650 °C harorat oralig‘ida
namunalrga issiglik ishlov berilgan. 3-rasmda Al
atomlari kiritilgan ZnO plyonkalarining optik
o‘tkazuvchanligi grafiklari keltirilgan. Rasmdan

sohalarida  yuqgori  optik  o‘tkazuvchanlikni
namoyish etdi, 550°C haroratda termik ishlov
berilgan namunaning optik o‘tkazuvchanligi 84 %
ekanligi, olingan namunalardan optoelektronika

ko‘rinib turibdiki, barcha yupga plyonkalar gurilm_alarid_a shaffo_f_oyna sifatida ft_)ydalanish
ko‘rinadigan va yaqgin infragizil nurlanish imkoni mavjud ekanligidan dalolat beradi.
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2-rasm. Al atomlari bilan go‘shilgan va har xil haroratlarda termik ishlov berilgan
ZnO plyonkalarining optik o‘tkazuvchanlik spektrlari.

tashuvchilar elektronlar ya’nin tip ekanligi Holl
qurilmasi yordamida aniglandi. Bu Al atomlarini

Ocstirilgan namunalardagi asosiy zaryad natijasida erkin elektronlar hosil  bo‘lishini
ko‘rsatadi [10,11].
IVV.Xulosalar
ZnO:Al  yupga plyonkalari  zol-gel

kiritish natijasida hosil bo‘lgan plyonkaning kristall
panjarasida (Al ") va Zn *2 bilan almashish

cho‘ktirish usuli yordamida shisha tagliklarga
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o‘stirildi. Asosiy element sifatida rux asetat,
erituvchi  sifatida izopropil spirti, stabilizator
sifatida dietilamin, Kkirishma sifatida alyuminiy
nitratdan foydalanildi. Al-atomlari kiritilgan ZnO
yupga plyonkalarning optik  o‘tkazuvchanlik
xususiyatlariga termik ishlov berish haroratning
ta'siri o‘rganildi. Al atomlari massasining Zn
atomlari massasiga nisbati 3% qilib tanlab olindi.
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MopaenupoBaHue npouecca ocaXXAeHUsi MHOroaTOMHbIX KnactepoB cepebpa-
KobGanbTa Ha NOBEPXHOCTb KpUcTtanna cepebpa

A.M. Pacynos, H.U. U6poxumos*, XK.M. Xoaxumartos, A.l'. TyxTacuHoB

®depraHCcKuil rocyaapcTBeHHbIN TeXHUYeCcKuin yhuBepcuteT, DepraHa, Y36ekuctaH

AHHOTaumA. BbinonHeHO  MONEKynsipHO-OMHaAMUYeckoe  MOAENMpOBaHME  3BONOLUU
HaHOKPUCTanNNM4yeckux MeTanmnos, coctoswux m3 64000 atomos, npu GombGapampoBKe Knactepamu
AgnCon ¢ HavyanbHon aHepruen ot 0,1 go 1,5 aB. B kayecTBe NagaroLLMx KNnacTepoB Ha NOBEPXHOCTb Ag
ucnonb3oBanuMck OuMHapHble knactepbl AgnCOn COCTOSILLME M3 paBHbIX MO KONMMYECTBY aTOMOB AOfew

COOTBETCTBYHOLNX 3NTEMEHTOB.

B pe3ynbTate mMoaernimpoBaHUA MOoJiydeHbl XapakKTeEPUCTUKM HAHOCTPYKTYP B 3aBMCUMOCTU OT
3HEeprmn, pasmMepa n coctaBa ocaxgaemblX KrnacTtepos.

KnioyeBble cnoBa: OumMeTanInyeckun

Knacrep,

HaHOCTPYKTYpa, MeTOf, MOMeKynsipHOn

ONHAMUKN, MHOIronpoLuecCopHble BbIYUCTTUTENbHbIE CUCTEMbI.

Annotatsiya. Tarkibi 64000 ta kumush atomlaridan iborat metall sirtiga boshlang‘ich energiyasi 0,1
dan 1,5 eV gacha bo‘lgan AgnCon bimetall klasterlari bilan bombardimon gilinganda sirtda nanokristall hosil
bo‘lish jarayoni molekulyar dinamika usuli yordamida modellashtirilgan.

Kumush sirtiga tushirilayotgan AgnCon bimetall klasteri tarkibidagi kumush va kobalt atomlar soni

migdor jihatdan teng gilib olingan.

Modellashtirish natijasida sirtda hosil bo‘lgan nanostrukturaning sirtga cho‘ktirilgan klasterlar
energiyasiga, o‘lchamiga va uning tarkibiga bog'‘liglik xususiyatlari o‘rganilgan.
Kalit so‘zlar: bimetall klaster, nanostruktura, molekulyar dinamika usuli, ko‘p protsessorli hisoblash

tizimi.
Annotation:

Molecular dynamics simulations were performed to study the evolution of

nanocrystalline metals consisting of 64,000 atoms under bombardment by AgnCon clusters with an initial
energy ranging from 0.1 to 1.5 eV. Binary clusters AgnCon, composed of equal atomic fractions of the
corresponding elements, were used as incident clusters on the Ag surface.

As a result of the simulations, the characteristics of the nanostructures were obtained as a function
of the energy, size, and composition of the deposited clusters.

Keywords: bimetallic cluster, nanostructure, molecular dynamics method, multiprocessor
computing systems.

|.BBenenue MO3BOJISIET HUCCIE0BaTh MPOOJIEMBI, KOTOpPhIE

UHBIM criocodoamMu TPYAHO pelIaeMBIL:

B HnocJicAHNE ACCATWICTHS  ONPCJCIICHME PABHOBECHBIX CTPYKTYp H

CYHIECTBEHHO pacT€T MHTEPEC METOJaM  KOH(HTrypalHid, UCCIIEIOBAaHUE CTPYKTYPHBIX

MOJIYYCHHA U U3YUYCHHA CBOICTB HaHO4YaCTHII,
KOTOPBIC O6YCJ'IOBJ'IGHBI HaJIMYHEM OCOOBIX

q)mnqecxnx, XUMHYCCKHUX n APyrux
CBOﬁCTBaMH, MNpoABJIACMBIX Y 4YaCTull B
HAaHOMETPOBOM JHAIIa30HCE. MeTammmueckue
KIIaCTCPbI SABJIAIOTCA MEPCICKTUBHLBIM

HCTOYHHKOM JId CO3JaHUs HOBBIX MaTCPUAJIOB
¢ 0COOBIMH CBOﬁCTBaMH, KOTOPBIC IPUMCHHUMEIL
B OJICKTPOHHBIX yCT‘pOfICTBaX, MCIUIIMHE H
MHOTUX  APYIrux o0acTsax IIpONU3BOJACTBA.

N3yuenune HaHOKJIaCTEPOB
JKCIIEPUMEHTAILHBIMU MeTOoAaMu
HaTaJIKUBacCTCs Ha paa OIMPEACIICHHBIX

TPYAHOCTEN, KOTOpPHIE B IIEPBYKD OYEpENb
CBSI3aHBI C  MaJIBIM  pPa3MEpOM  YaCTHII.
Hcnonb30BaHHBI  METOJ ~ KOMIIBIOTEPHOIO
MOJICJINPOBAHUS B W3YYEHUU HAHOKIIACTEPOB

IpPEBpaleHU, MEXaHHU3Mbl OO0pa30BaHUA U
pocra KJIaCTEPOB, U3Yy4EHUE
TEPMOJMHAMHYECKUX CBONCTB M KHWHETUKU
INPOUCXOJAIIUX B Tpolecce o00pa3oBaHUs
HAHOYACTHIAX.

HccnenoBanue pasinyHbIX SIBICHUN B
nporecce OCaXJICHUS MHOT0aTOMHBIX
KJIACTEPOB TPU IMOMOLIM MOJEINPOBAHUS Ha
KOMIIBIOTEPE  HACTOAIIEE BpeMsi  OBICTPO
pa3BuBaeTcs. B paborax [1-2] mokazana poJb
MOJIETTUPOBAHUS, MIPOBEJIEHHBIX
HKCIIEPUMEHTOB IO CPAaBHEHHIO C OOBIYHBIM
(U3UYECKUM OTIBITOM.

BoruncnuTenbHOE MOJIEIMPOBAHUE AJIS

MIPOrHO3UPOBAHUS CBOMCTB KJIaCTEPOB
CUMTaeTCs MOIIIHBIM UHCTPYMEHTOM,
MO3BOJISIOIINM IIPEOI0JIETh
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SKCIIEPUMEHTaIbHbIe TpyAHOCTH [3]. Metoabl
KOMIIBIOTEPHOT'O ~ MOJCJIMPOBAHUS  CTaju
BOKHBIMU B HCCIEAOBAaHUSAX  KOTOPBII
COEJIMHSIET TEOPHUIO C dKCIepuMeHTOM. OHUM
u3 MIPEUMYIIECTB KOMITbIOTEPHBIX
JKCIIEPUMEHTOB SBIISICTCS pelieHue
B3aMMO3aBHCHUMOCTH rnapameTpoB
POBEJEHHBIX  mporecca. KommbroTepHoe
MOJICJIMPOBAHUE YACTO MOXHO MPOBOJUTH B
YCIIOBUSX, OJM3KUX K YCJIOBUSM MPOBEIEHHBIX

JKCIepUMEHTOB. [lomydeHHble  pe3yibTaThbl
MOJECIIMPOBAaHUSA MOXKHO HENOCPEACTBEHHO
CpPaBHUBATH c pe3yiabTaTaMu
9KCHEPUMEHTAJIbHOIO HAOMIOACHUA. JTO, B
CBOIO  O4Yepenb, JelIaeT  KOMIIBIOTEPHOE
MOJEIINPOBaHUE OYECHb MOILHBIM

WHCTPYMEHTOM [IJIsi TIOHUMAaHUs SIBJICHUN Ha
OCHOBE IKCIEPUMEHTATbHBIX HaOMIOAeHUH [4-

6].

I1.MaTepuaJjbl H MeTOAbI

MeToasl  MOJEKYJISPHOW — TUHAMUKHU
(MD) wu wmeron Monre-Kapimo  (MK)
OCYILECTBIISIIOT ~ MPSIMOE  MOJCITHUPOBAHHE

JUHaMHKa pocra KpucTauioB. C HOMOIIbIO
3TUX METOJIOB MOJEIMPYETCs TUHAMUYECKOe
MOBEJICHHE CHCTEM MHOTHUX YacTHI[ U
HaOJIIOAl0TC UX KaueCTBEHHbIE CBOICTBA.
HccnenoBanne OUHAMUKUA POCTa KPUCTAJIIOB
SBJISIETCA CIIOKHOM 3ajjaueil W Ais 3Toro
TpeOyeTcsl  CIAWIIKOM MHOTO  MAIIWHHOU
BpeMeHHu. [l uccinenoBaHMsl pocTa TOHKHX
KpUCTAJIJIOB  (HAHOCTPYKTypa) HaMu ObUIO
UCIIOJIb30BaHO MHOTOIPOLECCOPHBIN
BBIUMCIIUTENbHAs cucTemMa u pazpadorano MPI
(Message Passing Interface) mnporpamma.
Pa3pabotka napaiiesbHbIX MIpOrpaMm
SBIISIETCS BECbMa TPYIOEMKHM MPOIECCOM,
ocobenno s cucreM MPI Tuma, mostomy,
IpeX/ie YeM MPUCTYNATh K ITOH paboTe BaXKHO
MIPABUJIbHO OLICHHUTH, KaK OKuJaeMblil ekt
0T pacmapajjieIuBaHusl, TaK U TPYILOEMKOCTh
BBITIOJIHEHHS 3TOU paboThl. OueBUIHO, 4TO O€3
pacmapajieNuBaHusi  He  O00OWTHUCH  TpHU
POTPaMMHUPOBAHUH AITOPUTMOB PEIICHHSI TEX
3aja4, KOTOpble B MPUHIUIE HE MOTYT OBITh
pelleHbl Ha OJHOIPOLECCOPHBIX cucTemax. B
nporpamMMe 00ecreunBaloTCsl B3auMo/IeiicTBHe
HapajjieNIbHbIX ~ IPOLIECCOB  C  TOMOUIBIO
MexaHu3Ma nepenayn cooOmienuit. Ilpoueccs
MPI- mporpamMMmbl B3aMMOJIEHCTBYIOT JIPYT C

11
JIpyrom MOCPEJICTBOM BBI30Ba
KOMMYHUKAIMOHHBIX  mporeayp. Kaxmbrit

IPOIIECC BBIOJHIETCS B CBOEM COOCTBEHHOM
aZipeCHOM IIPOCTPAHCTBE, OJHAKO JOIIYCKAETCs
U peKuM paszzaeneHus namstu. [IporpamMma He
cneuuduuupyer MOJIETIb BBITIOJIHEHUS
mpormecca -  3TO  MOXET  ObITh  Kak
IIOCJIEZ0OBATEIbHBIA IPOLECC, TaK M MHOIO
noTokoBbI. [IporpaMma He mnpenocraBisieT
HUKAKMX  CPEACTB Ul PacHpeneacHUs
IIPOLIECCOB 10 BBIYUCIIUTEIbHBIM y3JIaM U IS
3allycKa MX Ha MCIOJIHEHHE. OTH (YHKLUUU
BO3JIAaraloTCsd Ha OIEPAallMOHHYI0 CHCTEMY
Linux.

I[Ippy  MopmenupoBaHMM  IIPOLIECCOB
IIPOUCXOJAIIMX Ha IOBEPXHOCTU KpHUCTaJIa
II0JIy4YEHHBIE pe3yJIbTaThl Ipu GoMOapIupOBKeE
aTOMaMH pa3HbIX THUIIOB, CUJIBHO 3aBUCAT OT
MOJIEJIM pealbHOro KpucTtauia. B Moxpenu
UeaIbHOIO KpHCTalia KaxJaas yacTuua (Win
aToM) XapaKTepu3upyercs TOJIBKO
KOOpJMHATaMH, a B PeaJbHOM Cllydae, KpoMe
KOOpJMHAT, YYUTBIBAECTCA TAKXKE CKOPOCTb U
UMITYJIBC.

Ilepexon oOT Mozmenu WHIEANBHOIO
KpUcCTaJljla K  peaJlbHOMY  COCTOSIHHIO
IIPOUCXOJUT B 3-X ATamax:

1. Coznianue MoJeny uAeaabHOro KpUCTaia;
2. laMnupoBaHUE UJI€ATBHOIO KPUCTAILNIA;

3. TepMonu3anuus JaMIMPOBAHHOTO KpUCTaJLIa
JI0 OIIPEJEIIEHHOM TEMIIEPATYPHI.

B nepBom 3rame ¢  NOMOUIBIO
CIeUaIbHON IIPOrpPaMMBI co3zaercs
HeoOxoauMblii Tun Kpucramuia. Ilocine 3toro
JUIsl  YOPOLICHMsI TOCIEAYIOIIUX PacyeToB,

ucnonp3ytorest  anroputmbl - Linked-Cell  u
Verlet neighbours. Ha ocHoBe 3THX
aJrOPUTMOB ~ aTOMBI ~ KPUCTAITA  MOYKHO

3a(hMKCHPOBaTh, PACIPENCIUTh MO IPyIIam, a
TaK)Ke ONpeAENTUTh UX coceeil.

C nmOMOIIBIO 3THX AJTOPUTMOB MOXKHO
PEIINTH CIEAYIOIINE 3aJaun:

a) BEIOOp MOTEHIIMAJIa B3aUMOICHCTBHS
MCXKAY aTOMaMU;

0) mepemeleHre TeMEHTapHOW YacTH
KpHUCTaJljla B BBIOPAaHHOM HaIlpaBJIeHUH;

Bo BTOpoM »3Tame ocyliecTBiIseTcs
mpouecc  (QUKcanus — COCTOSIHME — MOJAENH
U71eaIbHOTO KpHCTaia (coxpanenue
KOOPJMHAT, CKOPOCTEW W PHEPTHil aTOMOB Ha
KaX/IoM BpeMeHHOM Iiare). Ha ocHoBe 3TOrO
Ipolecca UaeallbHbII KPUCTAILT IPEBpaIaeTCs
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B pealbHbIN KpucTal ¢ reMneparypoit 7=0K.
B sTOoM ciyuae kaxablii aTOM KpUCTaIa UMEET
KOOpJMHATY M CKOPOCTb MMITYJIbCA. ATOMBI
KpUCTaJUla JBUTAKOTCA HE IOCTYNATEIbHO, a
TOJILKO KOJIEOIIOTCS BOKPYT OCH.

B TpeTthem 3Tane npoucxoauT mporecce
TEPMOJIM3ALUHU AAMIIMPOBAaHHOMY KPHCTAJLLy C
teMriepatypoii 7=0K mocTeneHHO IepeaaBas
SHEPrUI0 pPa30rpeBas €ro 10 TeMIEepaTypbl
300K.

I11. Pe3yabTaThl MOAETHPOBAHUS H
o0cyxKaeHus

[IpoBeneno MOJICJIIMPOBAaHUE
ocaaeHusl Manbix coenuHeHuil AJi191C010 u
Oonpmux coeauHeHui KimactepoB AQ301C02gs
Ha TOBEPXHOCTh  cepebpa.  Pesynbprarhl

12

NOKa3bIBAlOT,  YTO  Majble  KIAcTephl
UCTIBITHIBAIOT ~CYIIECTBEHHBIC Je(OpMaIliH.
970, MO-BUIUMOMY, CBSI3aHO c
B3aUMOJICHCTBHEM  3THUX  KIACTEPOB  C
MOBEPXHOCTHIO  KpucTauia  cepebpa. B
pe3ynbTaTe ocaxkaeHus Kiacrtepa (puc.l) Ha
noBepxHoctu cepedpa Ag(100) menstoTCs ero
XapaKTEPUCTHKU: Harpumep, 3HAa4YCHUE
CPEIHEr0 MaKCHMAaJbHOTO pajuyca KiacTepa.
Taxke 4acTh aTOMOB KJacTepa OKa3bIBAIOTCS
NOTPYKEHHBIMM B MUIIEHb, IIPOHUKHOBEHUE
KJIACTEPOB B MHIICHb 3aBUCHUT KaK OT HX
JHEpPruY, Tak U OT HX pPa3MepoB, MPUYEM
3aBUCHMOCTb OT Pa3sMEpoOB  IIPOSBISIETCS

cuibpHee. bonee KpynHbIN KiIacTep IPOHUKAET
Ha MEHBIIYIO [NyOuHY, 4YeM KJIacTep MEHbILINX
pa3smepoB. MeHpmMH KiIacTep NPaKTUYECKU
IIOJIHOCTBIO CIIMBACTCS C MUILECHBIO.

Puc. 1. PesynbTatbl no Amira go 1 nocne aeno3uvuun manbix Agio1Coio (a) n 6onblumMx coegnHeHUM
knactepoB Ags01Cozss (6) Ha noBepxHOCTU KpucTtanna cepebpa Ag(100) npu aHeprumn E=0.75 aB/aTom.

Puc.2 mokaspiBaeT J0JI0 BTOPUUYHBIX
MOBPEXACHUM MOBEPXHOCTU. 3HAUMUTEIbHAs
yacTh aTOMOB cepebpa B KOHIE mpoliecca
MOJIETTMPOBAHUS HAXOAUTCS HA TIOBEPXHOCTH B
BUJI€ W30JMPOBAaHHBIX aJaTOMHBIX TPYIII,

IIPUYEM HMX COCTOSTHUE 3aBUCUT OT JHEPIHUU.
Anarom paccMaTpuBaeTcst Kak
U30JIMPOBAHHBIM, €CIIM  HHUKAaKOH  Jpyrou
aZaTtoM HE HAXOAWTCA psAOOM C  HHUM.
N3omupoBaHHbIE aZaTOMBbI COCTABJISIIOT
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TpyNOIy, €cld PAacOJIOKEHBI JTOCTaTOYHO
onusko. Kaxxnas Takas rpymma pacrnosioxeHa
Ha paccTOsSHUU OOJIbILIEM, YEM PACCTOSHUE
MeX1y ajgatromamu B rpynme. Jlomst Takux
aTOMOB MOHOTOHHO BO3PAaCTaeT C SHEpruei
OoMOapaupoBKH BO Bcex ciydasx. OngHako
IIPOLECC pOCTa JIOJIM TaKUX aTOMOB MJIET
ObIcTpee, 4YeM HaJeTAIOIMKA Kiactep. ITO
MOKA3bIBAET, YTO KHUHETHYECKas JHEpPrus
NaJalolIuXx  aroMoB  cepedpa  sBIseTCS
ONpEACIAIOEed B PacHpOCTPAaHEHUU HX OT
obyactu Kiacrepa.

Crnenyronieit 0COOCHHOCTBIO JTaHHOTO
mpolecca sBiseTcs nedopmanus Kiactepa moj

13

BIIUSTHUEM B3aMMOJENCTBUS ero c
HOBEpXHOCThIO. Jledopmanuss MoxeT ObITh
OLICHEHA C IIOMOILIBIO CIIEIYIOIINX
cootHomieHu. Ilycte z — ocb HampasieHa
neprnesauKkyisspHo nosepxHoctu (001) u ocu
X W y HanpasiieHbl napamuiensao [100] u [010],
TOTAa MBI CMOYKEM OLIGHUTh paccTosHue [
MEX1y KpallHUMM 10 OCH Z aTOMaMy,
paccrostHue L, MeXay KpalHMMH IO OCU X
aTOMaMH, PaCCTOSIHUE L, MEX Iy KpAWHUMH 110
OCH Y aTOMaMH.
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DHeprud nageHns, 2B/aTom

Puc. 2. lons nsonupoBaHHbIX aTOMOB cepebpa OT 3Ha4YeHusi obLero Yncrna 3Heprum nagaroLiero
KknacTtepa: 1 — Ans MeHbLUero knacTtepa, 2 — ans 6onbluero knacrepa.

l l
Belpaxkenus — u —
Ly Ly

ObUIM M3MEPEHbl M yCpeIHEHbI 1s Aecitu ciaydaeB. C ydueTom

CTaTUCTUYECKOM IOTPEIIHOCTH, 3TH OTHOUIEHMSI PaBHBl U MX 3aBUCUMOCTH OT POCTa DHEPIUU
MPUBEIEHBI HAa PUC.3 IS IBYX PAaCCMOTPEHHBIX KJIaCTEPOB.
Nwmest popMy yceueHHOTo OKTas/pa, HauyalbHbIe KJacTepbl UMEIOT K03 duuneHT Gopmsl,

OJIM3KHI K €IUHHUILIE.
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Puc. 3. KoadcpuumeHtsl copmbl (Li 7] Li) Kak
x y

yHKUMKM 3Heprum 1 — ANs MeHbLUero Knacrepa,
2 — ana 6onbluero Knacrtepa.

1.2 14 16

ai‘lt?p] HA ATOMOB [aJa0UEro Kracrepa ., aB/aTom

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025



PHYSICS

WX nnaMeTpsl COOTBETCTBEHHO 1,6 HM U
24 HM, pe3yabTaTbl  MOJEIMPOBAHUS
MOKAa3bIBAIOT,  4YTO,  KJAcTepbl  CHIIBHO
e OpMHUPOBAHBI, PACTEKAsICh MO MOBEPXHOCTU
cepebpa 3a cueT BO3JCHCTBUS Ha TOBEPXHOCTb.

PacTexanne KiacTepoB CYIIECTBEHHO
HE 3aBHCHUT OT WX HAYaJbHOW JHEPruu IJs
MEHBILIETO KjacTepa M ciaabo 3aBUCHT s
Kyacrtepa ¢ Oosbiel dHepruei. [lomyueHHbII
pe3ysbTaT MOKa3bIBAET, YTO OONBIINI KIacTep
MOJIBEpraeTcss MeEHbIIeH JedopMaluy 4yem
MEHBIIUI KiacTep. JTO MOXKET OOBSCHEH ¢
TOYKH 3PEHHUS SHEPruu CBSA3H CBOOOJHBIX
KJIACTEPOB B CTPYKType. JleNCTBUTENBHO, TTPU
OK oHeprust cBs3u [JIs1 aTOMOB MEHBIIETO
knacrepa (2,503 sB/arom) menbie, uem ais
Oombiero knactepa (3,249 sB/atom). DHeprus
SIBIIIETCSl BO3PACTAIOIICH (PYHKIIMEH OT 4YHClia
aTOMOB B KiacTepe, Hu 3P(dEeKT 371ech
MOJITBEPKIAETCS TeM dbaxTom, 91O
OTHOCHUTENIbHAsl KOHIeHTpanus aromoB Co
BbIIlIE B OOJBIIOM KiacTepe, KOTOPHIM MMeeT
Oonbiryto 3Hepruto, ueM Ag. Takum oOpazom,
nedopMarusi  MEHbBIETO  KjacTepa  IMpu
B3aMMOJICMCTBUM C TIOBEPXHOCTHIO TpeOyeT
MEHBIIIE SHEepPruu Ha oauH atoMm. CpemHuit
Kod(urmeHT GopMbI KiacTepa OICHUBAIOTCS
B 10 cTarucTHYecKu HE3aBUCUMBIX CIIydasix.
CrangapTHble OTKJIOHEHHUS TOJBKO B TPH pasza
OombIe, YeM CTaHAapTHas OMMOKa CPEeTHEro
KJlacTepa IpeJAcTaBlIeHHOW Ha puc.3. OT10

JOKa3bIBAE€T, 4YTO MOUCIEPCHUSA pPE3YyIbTATOB
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J0CTaTO4YHO Majla [JI1 pPasHbIX KIaCTECPOB,
COOTHOICHUC CTOPOH c1a00 3aBUCHUT OT TOUKHU
MnaacHus UM OpUECHTAllUU KJIaCTEpa.

1V.3akaouenune

HenpepsiBHO COBEPILECHCTBYIOIINE
9KCIIEPUMEHTAJIbHBIE METOJIMKH I103BOJISIIOT B
HAcTosilee BpeMs IMOJIy4aThb YHUKAJIbHYIO
uHpOpPMALIMI0O U TOYHOCTh  W3MEPEHUs

XapaKTePUCTUK HAHOCTPYKTYP M  TOHKHX
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KJIaCTEpPOB MOYHO NpUOIU3UTHCS K
IIOJIyYEHUIO OJMHOYHBIX HAHOYAaCTHUI[ Ha
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Diffuziyadan keyin sovitish tezliklarini Si<Ni> ning elektrofizik hossalariga ta’siri

N.Turg‘unov?, B.Ergashev?, Q.Musayev?, A.Botirjonov?
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uy

Annotatsiya. Magolada kremniyga nikel atomlarini diffuziya sharoyitlari va undan keyingi issiglik bilan ishlovlarini
uning elektr o’'tkazuvchanligi va tok tashuvchilar harakatchanligiga tasirlarini o’rganish natijalari keltirilgan. Tajriba
natijasida 310+550 K haroratlarda gizdirish namunalar elekir o’'tkazuvchanligiga deyarli ta’sir etmasligi aniglandi,
garshilikni gisman o’zgartirishi tok tashuvchilar harakatchanligini o’zgarishi bilan tushuntiriladi.

Kalit so‘zlar: kremniy, nikel, diffuziya, legirlash, garshilik, xoll effekti, zaryad tashuvchi, harakatchanlik, termik ishlov

AHHoOTatsif. AHHOTatsif. B craTbe npuBeaeHbl pe3ynbTaThbl IKCMEPUMEHTamNbHbIX WCCNEAOoBaHUA BNUSAHWSA

ycnosui gucpcpysmm npu 1300 °C

Ha npouecc auddysmm atomoB Ni B Si. NokasaHo, 4YTO TepMoobGpaboTka,

npoeeaéHHas nocne avddysum B nitepsane temnepatyp 310-550 K, npaktnyecku He BRMSAET Ha aneKkTpuydeckme

cBonctBa Si<Ni>.

HesHaunTenbHoe W3MEHeHVWe YAENbHOro ConpoTUBEHUs (P) OOBACHSAETCS W3MEHeHUeM

NOABWXHOCTM HOCUTENEN TOKa B pesynbTaTe TepMoobpaboTku.
KntoueBble cnoBa: KpeMHWUW, HUKeNb, Anddysns, nermposaHne, conpoTueneHve, addekT xonna, Hocutens

3apsiaa, NoABWMKHOCTb, TepMoobpaboTKa.

I. Kirish.

Hozirgi davrda yarim  o‘tkazgichli
mikroelektronika sohasida turli kirishmalar bilan
legirlangan yarim o‘tkazgichli materiallardan keng
ko‘lamda foydalanilmoqda. Ular orasida aynigsa,
yarim o‘tkazgich materiallarning elektrofizik,
fotoelektrik, optik va mexanik xususiyatlariga
sezilarli ta’sir ko‘rsatuvchi, chuqur energiyali
sathlar hosil giluvchi 3 metall guruhi kirishma
elimentlari alohida ahamiyatga ega[l]. Bunday
materiallar yarim o‘tkazgichli diodlar, tranzistorlar,
termodatchiklar, namlikni o‘lchovchi va shunga
o‘hshash boshqa qurilmalarni ishlab chiqarishda
muhim ahamiyat kasb etadi.

Kremniyda hajmiy kirishma tuzilmalarini

hosil qgiluvchi nikel kirishma atomlari bilan
legirlangan  kremniy monokristallari  oldindan
berilgan kattaliklar asosida olinuvchi yarim

o‘tkazgichli materiallarni olish, hamda elektrofizik
parametrlarini boshgarish jihatdan keng imkoniyatli
materiallardan hisoblanadi.[2]

Yarimo*tkazgichli materiallar xususiyatlarini ularga
turli kirishmalar Kiritish yo‘li bilan boshgarish
hamda ular asosida vyaratilgan  asboblar
parametrlarini kompleks o‘rganish borasida hozirgi
kungacha muayyan ishlar amalga oshirilgan.
Aynigsa yuqori haroratlarda, ya’ni T = 1000-1250
°C  nikel bilan legirlangan  kremniyning
xususiyatlarini  o‘rganish ~ bo‘yicha  ko‘plab
eksperimental tadgiqotlar amalga o‘tkazilgan [3].
Ulardan olingan natijalar asosida nikel Kkirishma
atomlari  kremniyning elektrofizik, fotoelektrik,
optik va mexanik xususiyatlariga sezilarli ta’sir
ko‘rsatishi ma’lum  bo‘lgan.  Shuningdek,
kremniydagi nikel kirishma atomlari asosiy gismi
turli morfologik kattaliklarga ega bo‘lgan kirishma

tuzilmalarini  hosil qgilishga moyil bo‘lishligi
aniglangan [4]. Shularni e’tiborga olgan holda ilk
bor yanada yuqorirog bo‘lgan, ya’ni T = 1300 °C
haroratda kremniyda nikel diffuziyasi amalga
oshirildi va olingan namunalarning elektrofizik
parametrlari tahlil gilindi.

I1. Material va usullar

Tadgiqgotlar uchun dastlabki namunalar va n-
Si<Ni> namunalari tayyorlandi. Dastlabki namuna
sifatida Choxralskiy usulida o‘stirilgan, solishtirma
qarshiligi 0,3 Omesm bo‘lgan KEF markali kremniy
monokristallidan foydalanildi. To‘g‘ri burchakli
parallelepiped shaklida, o‘lchamlari 10x5x2 mm
bo‘lgan namunalarni tayyorlandi. Kirishma atomlari
tuzilmalarining kattaliklariga Si sirt holati va
diffuziyaviy tavlash mubhitining ta’sirini o‘rganish
magsadida quyidagi sharoitlarda Ni ni Si ga
diffuziyasi amalga oshirildi. Buning uchun Si
avvaldan distillangan suvda gaynatish yo‘li bilan,
hamda HF:HNO3 (1:2) eritmasida kimyoviy
usullarda tozalandi. So‘ngra ularning sirtiga bir
tomonlama va ikki tomonlama Ni metali 0,5 mkm
qalinlikda o‘tkazildi. Si sirtiga purkab yotkazilgan
Ni gatlamidan vakuum sharoitida (10™* bar)
diffuziyani amalga oshirish uchun kremniy
namunalarini  joylashtirishga imkon beradigan
maxsus ampulalar tayyorlandi. Tajribalar shuni
ko‘rsatdiki, bunday sharoitda namunalar hajmiga
kirishma atomlari deyarli bir tekisda kirib boradi.
Bir tomonlama va ikki tomonlama nikel
qatlamlariga ega bo‘lgan Si namunalari ampulalarga
joylashtirildi. Yakuniy natijalar mazkur usul
texnologiyasining soddaligi va uni eksperimental
tadqiqotlar uchun afzalligini ko‘rsatdi.[5]

Kremniyda nikel diffuziyasi T = 1300°C
haroratda t = 2 soat davomida maxsus pechda

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025



PHYSICS

amalga oshirildi. Diffuziya harorati platina-
platingaurodi termojuftlik (termoparalar) yordamida
nazorat gilib borildi va bunda diffuziya harorati
giymatidan chetlanishlar chegarasi £3 K ni tashkil
gildi. Diffuziyaviy gizdirilishdan keyin namunalar
tez (Vsov = 200 K/s) va sekin sovitish (Vsov = 1 K/s)
usullari bilan sovitildi. Diffuziyaviy gizdirilishdan
so‘ng namunalarni tez sovitish uchun ularni yupqa
yog* pardasi orqali suyuqlikka tushirib sovitildi bu
usulda sovitish tezligi ~1000°C/s ni tashkil etdi.
Sovitish  tezligini  oshirilishi, ayrim hollarda
namunalarning sirt gismida nisbatan Kkatta
o‘lchamdagi yoriqlar (treshina) ni hosil bo‘lishiga
olib keladi, ammo qo‘llanilgan usulda yupga yog*
pardasi namunaning yuzasini bunday buzilishlardan
himoya giladi. Shu tarzda olingan kompensirlangan
Si namunalarning sirt gismidagi metall atomlarining
diffuziyalanmay qolgan qoldiglarini, shuningdek
namunaning buzilgan sirt gatlamini olib tashlash
uchun karborundli kukun bilan har tomondan 30+50
mkm dan kirib tashlash (shlifovka) amalga oshirildi
va tozalandi. Zarur bo‘lgan hollarda, namunalar
sirtidan ko‘proq qatlamlarini olib tashlash zaruriyati
vujudga kelsa, u holda kimyoviy eritmalar edirish
bilan amalga oshirildi. O‘tkazilgan barcha
tajribalarda termik ishlov berish effektlarining
kremniy parametrlariga ta’sirini hisobga olish uchun
nazorat namunalaridan, ya’ni aynan bir xil
sharoitlarda ishlov berilib olingan, ammo kirishma
kiritilmagan namunalardan foydalanildi. Bundan
tashqari namunalariga yarimo ‘tkazgich
materiallarida  ishlov ~ berish  texnologiyasi
talablariga rioya qgilingan holda ular sirtiga fizik-
kimyoviy ishlov berildi.

I11. NATIJALAR VA MUHOKAMA

Mazkur ishda Ecopia HMS-7000 qurilmasi
yordamida Xoll effekti usulidan foydalanib,
kremniydagi nikel kirishma atomlarining elektr
aktiv atomlari konsentratsiyasi va harakatchanligini,
hamda  solishtirma garshilikni haroratga
bog‘ligligini o‘rganish natijalari keltirildi va ular
dastlabki namuna bilan taggoslandi. Xoll effekti
usulida o‘lchash uchun namunalarni 5x5x1,8 mm
o‘lchamli parallelepiped shaklida kesib olindi.
Tayyorlangan namunalarning elektrofizik
kattaliklarini o‘Ichash jarayoni harorat 310 K dan
510 K oralig‘ida oshirib borildi.

Tajribalar natijasida olingan dastlabki hamuna
va n-Si<Ni>  namunalarining  solishtirma
garshiligining haroratga bog‘liglik grafigi 1-rasmda
keltirilgan. Unga ko‘ra dastlabki namunada harorat
330 K ga ko‘tarilganda p ning qiymati ortib, 0.37
Omesm ni tashkil etadi. Harorat qiymatini 510 K ga
gadar oshirib borishda bu ko‘rsatkich asta-sekin
ko‘tarilib boradi va yakunda o‘zining eng katta
qiymatiga erishib, 0.89 Omesm ni tashkil qiladi (1-
rasm, 1-egri chizig).
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1-rasm. Solishtirma qarshilikning haroratga
bog‘ligligi: 1 — dastlabki namuna; 2 — tez sovitish
(Vsov = 200 K/s) usuli bilan olingan n-Si<Ni>
namunalar; 3 — sekin sovitish (vsov = 1 K/s) usuli
bilan olingan n-Si<Ni>namunalar.

Diffuziyaviy kuydirilgandan so‘ng tez sovitish
usuli bilan olingan n-Si<Ni> namunalarining p
giymati 310 K haroratda 0.43 Omesm ni tashkil etib,
haroratni 510 K ga gadar oshirib borilganda bu
ko‘rsatkich keskin oshib borishi kuzatildi (1-rasm,
2-egri chiziq). Bunda namunaning p qiymati
o‘zining maksimumiga erishib, 1.2 Omesm ni
tashkil etdi.

Diffuziyaviy kuydirilgandan so‘ng sekin
sovitish ~ usuli  bilan  olingan  n-Si<Ni>
namunalarining p qiymati 310 K haroratda 0.32
Omesm ni tashkil etib, haroratni 510 K ga qadar
oshirib borilganda bu ko‘rsatkich sezilarli darajada
oshib borishi kuzatildi (1-rasm, 3-egri chiziq).
Bunda namunaning p qiymati o°zining
maksimumiga erishib, 0.9 Omesm ni tashkil etdi.

2-rasmda T = 310 + 510 K harorat oralig‘ida
dastlabki va n n-Si<Ni> namunalari uchun zaryad

tashuvchilar harakatchanligining haroratga
bog‘liglik grafigi keltirilgan.
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2-rasm. Namunalardagi zaryad tashuvchilar
harakatchanligining haroratga bog‘ligligi: 1 —
dastlabki namuna; 2 — tez sovitish (Vsov = 200 K/s)
usuli bilan olingan n-Si<Ni> namunalar; 3 —sekin
sovitish (vsov = 1 K/s) usuli bilan olingan n-
Si<Ni> namunalar.
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Unga ko‘ra, harorat 310 K da dastlabki
namunaning p qiymati 1016 sm?/Ves ni tashkil etadi.
Xuddi shu haroratda tez sovitish usuli bilan olingan
n-Si<Ni>namunalari uchun p ning qiymati 1055
sm?/Ves ni, sekin sovitish usuli bilan olingan
namunalar uchun esa 10% sm*Ves ni tashkil etadi.
Harorat giymatini keyingi oshirib borish natijasida
barcha namunalar uchun ushbu ko‘rsatkich asta-
sekin kamayib boradi va harorat 510 K ga etganda p
ning giymatlari deyarli 2.5 barobarga kamayadi (1,
2, 3 — egri chiziglar).3-rasmda T = 310 = 510 K
harorat oralig‘ida dastlabki va n-Si<Ni> namunalari
uchun zaryad tashuvchilar konsentratsiyasi — n ning
haroratga bog‘liglik grafigi keltirilgan. Unga ko‘ra,
harorat 310 K da dastlabki namunaning n giymati
1.85x10'® sm™ ni tashkil giladi (3-rasm, 1-egri
chizig). Haroratni 310 K dan 390 K ga oshirib
borilganda ushbu namuna uchun n ning giymati
asta-sekin pasayib, 1.76x10'® sm™ ni tashkil etdi.
So‘ngra harorat giymatini 430 K ga gadar oshirib
borishda bu ko‘rsatkich oshib borib, 1.79x10'¢ sm™3
ni tashkil etdi. Haroratni 430 K dan 510 K gacha
keyingi oshirib borilganda n ning giymati asta-sekin
kamayib boradi va 510 K da u 0°zining minimumiga
erishib, 1.71x10'® sm™ giymatini tashkil etdi.
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3-rasm. Zaryad tashuvchilar

konsentratsiyasining haroratga bog‘ligligi: 1 —
dastlabki namuna; 2 — tez sovitish (Vsov = 200 K/s)
usuli bilan olingan n-Si<Ni> namunalar; 3 —sekin
sovitish (Vsov = 1 K/s) usuli bilan olingan n-
Si<Ni> namunalar.

Diffuziyaviy kuydirilgandan so‘ng tez
sovitish ~ usuli ~ bilan  olingan  n-Si<Ni>
namunalarining n qiymati 310 K da 1.38x10'¢ sm™
ni tashkil etdi. Harorat 310 K dan 510 K ga qgadar
oshirib borilganda n ning qiymati asta-sekin
kamayib boradi va harorat 510 K ga etganda uning
giymati 1.29x10% sm™ ni tashkil etib, o‘zining
minimumiga erishadi (3-rasm, 2-egri chizig). Sekin
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sovitish usuli bilan olingan n-Si<Ni> namunalarida
esa 310 K haroratda n ning qiymati 1.9x10 sm™ ni
tashkil etadi. Harorat giymatini 310 K dan 510 K ga
gadar oshirib borilganda namunaning n giymati,
bunda ham kamayib boradi va 510 K haroratda u
o‘zining minimumiga erishib, 1.75x10® sm3 ni
tashkil etadi (3-rasm, 3-egri chiziq).

IV. Hulosa.

Yugqoridagi olingan natijalardan ko‘rinib
turibdiki, dastlabki namuna 1573 K haroratda 2 soat
davomida diffuziyaviy kuydirishdan so‘ng tez
sovutilganda Ni atomlari migdori ~10* sm3, sekin
sovitish  usullari  bilan  olingan  n-Si<Ni>
namunalarida n taxminan o‘zgarmasligi ko‘rsatildi.
Bu namunalarni 310 K dan 510 K oraligda
tekshirilganda zaryad tashuvchilarning
konsentratsiyasi barcha namunalarning solishtirma
garshiligi ~2,8 barobarga oshib boradi. Bunday
holat ushbu namunalardagi zaryad tashuvchilar
harakatchanligining kamayishi bilan bog‘liq bo‘lib,
mazkur harorat intervalida u deyarli ~2,5 barobarga
kamayishi bilan izohlanadi. Elektr
o‘tkazuvchanlinng 310+550 K oralig‘ida nisbatan
bargarorligi Ni atomlarining Si panjarasida
mustahkam  joylashib,  ushbu  haroratlarda
chidamliligi tasdiglandi [6].
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AHHOTaumMA. ApceHup rannusi, kak WU MHOrMe Apyrve nonynpoBogHukn ASBS, sBnsetcs
Ba)XXHEWNLLUM MaTepuanoM A5isi CBepXDObICTPbIX 3MEKTPOHHbIX U ONTUYECKMX MPUOOPOB, HO OHU MOYTU
BCcerga cogepxaT ToveudHble AedeKkTbl KPpUCTanMyYeckon pelleTkn, pasMep KOTOpbIX paBeH pa3mepy
aTomoB peLleTku [1]. MpoBeaeHa akCNepuMeHTbI U U3ydeHa BnusiHMe Ag NnpMmMeca Ha BbICOKOBOMbTHbIX pP-
n® reteponepexogoB M npubOpoB Ha OCHOBe crnabonerMpoBaHHOrO Criosi apceHupa-ranmnus.
WccnepoBaHve BnusiHne npumecn Ag Ha MecTo nonoxeHust p-n® nepexofa, onpeaeneHa KoHLeHTpauums
W XapakTep pacnpeaerneHvus OCHOBHbIX HocuTenewm 3apsga, Anddy3MoHHas LNMHA HEOCHOBHbIX
HocuTenem 3apsga, MOABWKHOCTM HOceTernen 3apsga, BO3HUMKHOBEHWS NyOOKMX YpOBHENW B
cnabonernpoBaHHOro Cros apceHuga-rannms.

KnioueBble cnoBa. 'eTeponepexofbl, BbICOKOBOMbTHbIE p°-n° nepexodbl, cnabonerMpoBaHHble
cnou GaAs, npumecu, onddy3noHHbIe ANMHA, U NOABWKHOCTM HOCUTENEN 3apsaa, rnybokne ypoBHM.

Annotation. Gallium arsenide, like many other A3B® semiconductors, is an essential material for
ultrafast electronic and optical devices, but they almost always contain point defects in the crystal lattice,
the size of which is equal to the size of the lattice atoms [1]. Experiments have been carried out and the
influence of Ag impurity on high-voltage p°-n° heterojunctions and devices based on a lightly doped gallium
arsenide layer has been studied. A study of the influence of Ag impurities on the position of the p%n°
transition, the concentration and nature of the distribution of the majority charge carriers, the diffusion length
of minority charge carriers, the mobility of charge carriers, the occurrence of deep levels in a lightly doped

gallium arsenide layer were determined.

Keywords. Heterojunctions, high-voltage p°-n° junctions, lightly doped GaAs layers, impurities,
diffusion length, and charge carrier mobility, deep levels.

I.Introduction.

Carrying out research [2] on the creation
of powerful high-voltage switching device
structures based on lightly doped gallium
arsenide is associated with the need to search
for alternative principles for switching
electrical power in the subnano- and
picosecond time ranges [3,4,5]. Currently,
subnano- and picosecond pulse technology is
developing extremely rapidly, which is
associated with the needs of laser ranging and
radio transmitting technology; thermonuclear
energy, picosecond spectroscopy of liquids and
solids, topography and a number of areas of
conversion technology, as well as physical
experiment techniques require the creation of
semiconductor switches this power range,
which has the traditional advantages of
semiconductor devices: long service life,
reliability, high efficiency. and resistance to
external influences and instant readiness for
work [6].

An urgent task is to obtain epitaxial layers
and devices based on A®B® compounds (GaAs,
GaP) with specified and new properties, in
which the compensation of layers, the
distribution of the concentration of background
small impurities and defects with deep levels
(DL) are determined by the technological
conditions of melt crystallization. At the time of
the work, there were practically no
experimental studies on the influence of the
content of isovalent Ag impurity in the liquid
phase during the growth of GaAs epitaxial
layers on the concentration and type of intrinsic
lattice defects formed in this case, and there was
no sufficient understanding of the role and
nature of acceptor defects with deep-dose, as
well as donor type EL2 defects involved in
compensation of such a structure.

An urgent problem in the physics of
defects and semiconductors is the study of the
metastability of defects and their properties,
primarily the EL2 defect and the DX center in
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GaAs and AlGaAs, as well as other defects
formed during epitaxial growth and during their
radiation irradiation with protons and electrons.
The question is what is an EL2 defect - an
isolated antisite defect or its complex with
intersite arsenic, whether it can be formed in
GaAs grown from a solution-melt in Ga and
under radiation irradiation or not, just like DX-
the center is a defect with a negative correlation
energy, and if so, then whether it can go into the
metastable antibound state Ai of the
substitution donor was open until recently.Very
urgent problems are the identification of defects
in complex layered structures and the study of
physical characteristics in local areas of
semiconductor materials and devices. Electron
probe research methods meet these
requirements. By the time work began on the
study of materials and structures based on
epitaxial undoped GaAs, there were not
sufficient adequate electron probe methods for
determining the parameters of defects and
impurities in local areas of materials and
devices, as well as the uniformity in their
distribution. The need to develop such methods
has become an urgent task.The purpose of this
work is to grow, experimentally study and
identify new properties and nature of lattice
point defects with deep levels in epitaxial layers
and structures based on A3B5 compounds
(such as GaAs, ba Ga and GaAsAl), formed by
various methods of growth, annealing and
radiation irradiation of layers. Very urgent
problems are the identification of defects in
complex layered structures and the study of
physical characteristics in local areas of
semiconductor materials and devices [7,9].
Electron probe research methods meet these
requirements. By the time work began on the
study of materials and structures based on
epitaxial undoped GaAs, there was not
sufficient evidence of adequate electron probe
methods for determining the parameters of
defects and impurities in local areas of
materials and devices, as well as the uniformity
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in their distribution. The need to develop such
methods has become an urgent task.
I1.Method.

It is of interest to study the influence of
isovalent atoms on the process of formation of
smooth p°-n° transitions, since their use makes
it possible to change the concentration level and
spectrum of small impurities and deep-level
traps due to interaction with background
impurities in the melt and changes in intrinsic
point defects in epitaxial layers. Epitaxial
growth methods make it possible to combine in
time the process of crystallization of a
semiconductor material and the production of a
device structure. Gas transport, molecular beam
and liquid phase epitaxy (LPE) have become
the most widespread.

Deal joining of crystal lattices into a
semiconductor heterojunction is possible using
LPE. This method makes it possible to produce
not only two-layer but also multilayer
heterostructures. Understanding the role of
impurities and the resulting defects is of
decisive importance for explaining a number of
phenomena from diffusion to one-sided
injection, or for constructing a theory of
processes occurring in alloyed materials.

To achieve these goals, the following
set of tasks was solved [8,10,13]-Research and
determination of the influence of Ag impurity
on the main physical parameters of a lightly
doped gallium arsenide layer, such as: location
of high-voltage p°-n° junctions;

-diffusion lengths of minority charge carriers
and their mobility in lightly doped gallium
arsenide layers;

-optimization of the technology for producing
layers and structures with controlled defect
content to create new, efficient micro- and
optoelectronics devices;

-Development of electron probe methods for
studying the process of recombination and
spectroscopy of centers with deep levels in
local areas of epitaxial layers, based on
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recording the current induced by an electron
probe.

- Determination of the energy spectrum of
deep-level lattice defects and quantum states of
dots, as well as analysis of the influence on this
spectrum of both external and built-in electric
fields using ELTB spectroscopy under various
conditions ~ of  preliminary  reversible
isochronous, isothermal and optical annealing.
-Application of capacitance-voltage
measurements and transient spectroscopy of
deep-level spectroscopy to determine the
degradation mechanism of quantum well lasers.

It has been shown that both an increase
in the crystallization onset temperature during
the growth of GaAs from a solution-melt in Ga
and a change in the Ag content in the liquid
phase make it possible to control the
concentration and range of intrinsic acceptor
(HL2, HL5 and HF1) and donor (EL2) point
defects, compensation of layers and structures
[10,13].

Shown it has been shown that in situ
annealing of AlGaAs layers promotes the
formation of dislocation-free coherent QDs, the
annihilation of point lattice defects associated
with the formation of dislocations in the GaAs
matrix layer (EL2), localized at the
AlGaAs/GaAs heterointerface, and a decrease
in the concentration of other defects by an order
of magnitude.

A new scientific direction of research
that was formed in the process of carrying out

[N-Ne], em?

10]6—

1045}

10]4_
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this work is the study of new properties and the
nature of point lattice defects with deep levels
in epitaxial layers and structures based on A°B®
compounds (such as GaAs and GaAlAs), the
effects of their interaction with self-organizing
Ga/GaAs quantum dots using new methods for
studying centers with deep levels in local
regions of layered structures.
I11.Experimental.

To solve the problems, the following methods
were used: After growing the epitaxial
structures, the thickness of the layers, their
planarity and the location of the p°-n° transition
were first determined [.

To determine the location of the p°-n°
junction or space charge region (SCR), the
electro-optical effect method was used [12].
The electro-optical effect manifests itself in the
occurrence of double beam penetration in an
electric field. In the case of an epitaxial
structure with a p°n° junction, double beam
interference should occur in the SCR due to the
indication of optical anisotropy at the p°-n°
junction. During the studies, a MIC-5
microscope was used.

To determine the concentration and
nature of the distribution of the main charge
carriers, the capacitance-voltage method was
used using a mercury probe during layer-by-
layer etching of gallium arsenide layers. A
typical  distribution of charge carrier
concentration in one of the resulting p°-n°
structures is shown in Fig.1.

n?

20 40 60

80 100 120 140 h(mkm)

Fig. - 1. Concentration distributions charge carriers in one p®n° structures.
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He diffusion length of the NCC is the
most important characteristic of any
semiconductor  material  [6,11,14]. To
determine the diffusion length of the NCC in
lightly doped GaAs layers introduced with Ag
impurities, a method was used to study the
current distribution induced by a small-
diameter electron probe and is determined by
the expression

I =Tloexp ((

ro—Xx
)
where X - is the distance from the excitation
area to the p%-n° transition, rq is the radius of
the excitation area.
The diffusion lengths Lg in n° — GaAs,
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The measurements were carried out
using a jXA-5A scanning electron
microscope microanalyzer. Figure 2 shows the
dependence of the diffusion length of electrons
on the current in a lightly doped p° — GaAs layer
with a thickness of 35 microns. It can be seen
that starting with current densities j > 50 A/cm?,
the diffusion length Ln practically does not
change and reaches values of 75+85 um. The
increase in Ln in the region of lower currents is
apparently associated with the saturation of
electron capture centers.

The charge carrier mobilities were
determined by measuring the Hall effect in

determined by this method from the slope of the epl')tat);'?l layers grown on  semi-insulating
dependence Ln1 = f(x), reached 6+15 pm at zero substrates.
bias and increased to > 80 um at Uar = 100 V.
L, mkm

90

60 +

30

10° 10! 102 10° 107 j(Alem?)

Fig. - 2. Typical dependences L =f(i)in po=GaAs layers. 1 —po=5-10%cm3; 2 —-po=2-10'"®cm3.

He measurements were carried out by
the van der Pai method on samples with six
ohmic contacts obtained by fusing Indian drops
into the epitaxial layer. The values of electron
mobility in n°-GaAs layers are in the range =
50006000 cm?/V - sec, and the hole mobility
in  p°n%-GaAs layers is ~ 3000+5000
cm?/V - sec.

The results of studies of the mobility
of the main charge carriers in the nP-regions

showed that there is a high degree of
compensation in epitaxial nal layers Fig. - 3. As
follows from the figure, the degree of
compensation in the n® layer increases as it
approaches the p°-n° transition.

This nature of the mobility dependence may
indicate that the total concentration of charged
centers in the layer decreases with increasing
thickness of the n0O-layer and with decreasing
crystallization temperature of the layer.
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Fig. - 3. Electron mobility in the layer - lightly doped GaAs.
AC B~
y ' ‘
jid 2
100 150 200 250
Fig.-4. DLTS spectrum one of the samples doped with Ag impurity.
In the literature, these levels are largely determined by the deep acceptor A and

designated HL5, HL3, and HL2 [3-4]. The
recombination properties of the p° region are

B centers. In this case, these centers play the
main role in the p — part of the p° region.

0.5

| -ac,

T T
200 250

Fig. - 5. IR absorption spectrum doped with Ag at various operating temperatures.

p°-GaAs, they, detected by capacitance
spectroscopy (DLTS) and attributed to a growth
defect, are traps for holes, and their
concentration decreases exponentially with
decreasing growth temperature. The IR
absorption spectrum of these samples doped
with Ag impurities at temperatures from 20 °C

to 200 °C are presented in the Fig. - 5, and the
Kinetics of the influence of temperature in the
range from 20 °C to 200 °C at deep levels is
shown in Fig. - 6.

Along with shallow acceptors and
shallow donors, deep acceptors determine the
position of the p®-n° junction and the size of the
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SCR. The part of the p° layer adjacent to the
substrate has a relatively high concentration of
small acceptors, greater than the concentration
of small donors and sponge acceptors. As
mixing progresses from the substrate deeper

23

into the layer, the difference Ngm. — Nma
decreases and then becomes equal to zero and
changes sign, however, due to the presence of
deep acceptors (Fig. 6), the type of conductivity
of the layer does not change.

N, Ng,
1.5 77\
/ \
- -~ .
,/ ’ \}.
”-<
K4 W
1.0-¥ Nt
A T
.\‘
0.5 -
T T
0 10 20

Fig. - 6. Kinetics of workers’ influence temperatures on Gl samples doped with Ag.

If 0 < Nd.m.. — Nm.a < Nag., then the Fermi level
will be close to the position of the first deep
acceptor level - A. With further displacement
deeper into the layer, when Nag < Nam. — Nam.
< Nag, the Fermi level will approach the
position of the second level — B and further to
the third level — C.

Estimates show that the resistivity of the region

of non-field ionization of centers with levels A,
B and C at 300 K is 10° Ohm- cm or more.
Layer coordinate, where Ng.m. = Nam. + 2Nag. is
the location of the p®-n° transition. Further, in
the n%type layer, the electron concentration
will be determined by a decrease in Ng.m, — Nag.
Therefore, the p° region consists of two parts: a
low-resistance p® and a high-resistance i part,
and the p®-n° junction is located on the border
of the i and n° regions.

Scientific novelty of the work. All main
scientific results were obtaine for the first time.
- Methods have been develope for determining
the optical parameters of centers with deep
levels, recombination processes in local regions
of p°n® structures using electron probe and
separation in the spectra of BLTB signals
associated with quantum states of dots from
defects with deep levels.

The properties, conditions for the formation and
annealing of the EL2 defect and the NB1
acceptor defect with a level of (Ey + + 0.47) eV
in GaAs epitaxial layers grown from a melt
solution in Ga at crystallization onset
temperatures not exceeding 900°C were
discovered and studied.

The properties and conditions for the

formation of a bistable defect with the kinetics
of first-order configurational transformation
and parameters in a stable state coinciding with
the radiation E1 defect, the transformation
kinetics of which is determined by a single
jump of interstitial arsenic, were discovered and
studied; metastable level of the antibound
localized Al state of the OX center in doped
AlGaAs layers.
In  GaAs/AlGaAs heterostructures, the
influence of defects with deep levels on the
population of states of quantum dots has been
studied; Coulomb interaction between ionized
lattice defects and carriers localized in quantum
dots, with the formation of an electrostatic
dipole, the built-in field of which changes the
height of the potential barrier for the emission
and capture of carriers by the quantum dot.
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It has been shown that both an increase in the
temperature of the onset of crystallization
during the growth of GaAs from a solution-melt
in Ga and a change in the Ag content in the
liquid phase make it possible to control the
concentration and nomenclature of intrinsic
acceptor (HL2, HL5 and HF1) and donor (EL2)
point defects, layer compensation and
structures.

It has been shown that annealing of AlGaAs
layers promotes the formation of dislocation-
free coherent QDs, annihilation of lattice point
defects associated with the formation of
dislocations in the GaAs matrix layer (EL2),
localized at the GaAs/AlGaAs/ heterointerface,
and a decrease in the concentration of other
defects by an order of magnitude
IVV.Conclusions.

In conclusion, we note that

- The positions of the p°-n° transition or the
space charge region of the lightly doped GaAs
layer doped with Ag impurities are determined.
The thickness of the p° region is determined by
the values of the transmission coefficient and
the recombination properties of the resulting p°-
n® transitions [11,12,14].

— The nature and profile of the concentration
distribution of the main charge carriers
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Nikel bilan legirlangan Biy 5Sb, 5sTes termoelektrik materiallarning
elektrofizik xossalari

T.M.A3nmoB

Farg’ona davlat universiteti, O‘zbekiston, 150100, Farg’ona sh, murabbiylar ko‘chasi 19 uy

Annotatsiya. Magolada vismut va surma xalkogenidlari asosida mustahkamlangan termoelektrik materiallar olish
texnologiyasini ishlab chiqish, kontaktlashuvchi yuzalarning metallashtirishdan foydalangan holda samarali
kommutatsiya o‘tishlarini yaratish, kontakt oldi sohalaridagi diffuziya jarayonlarini o‘rganish magsad qilib olingan. Ushbu
magsadni amalga oshirish uchun Bi,Te, ggSeq 1, Va Big sSh; sTes asosidagi gattiq eritmalar nikel bilan legirlandi. Olingan
termoelektrik yarimo‘tkazgich namunalarning mexanik va galvanomagnit xossalari, kontaktga yaqgin sohalarda ro‘y
beradigan kommutatsiya materiallari va diffuziya jarayonlarining xossalari va termoelementlarning kommutatsiya
imkoniyatlari o‘rganilgan. Bi,Te;Ni termoelektrik yarimo‘tkazgich namunalarning temroEYUK koeffisiyentining
temperaturaga bog'ligligi solishtirma garshilig, Xoll koeffisiyenti va zaryad tashuvchilarning temperaturaga bog‘ligligi
o‘rganilgan.

Kalit so‘zlar: kommutatsiya, diffuziya jarayonlari, konsentratsiyasi, termojuft, legirlangan, vismut surma
xalkogenidlari, termoelektrik materiallar, metallashtirish, galvanomagnit xossalar, Xoll koeffisiyenti, zaryad tashuvchilar.

AHHOTaumAa. B ctatbe padpaboTaHa TEXHOMOrMS MNOMyYEHUS TEPMOSNEKTPUYECKUX MaTepuarioB Ha OCHOBE
XarnbKoreHnaoB BUCMYTa M CypbMbl, HanpaBneHHas Ha cosgaHne adeKTUBHBIX NEPEKTIOYEHNIN C UCTONb30BaHNEM
MeTannm3auum KOHTaKTHbIX MOBEPXHOCTEW, usydeHne Audy3MOHHBbIX MPOLECCOB Ha KOHTaKTHbIX 30Hax. [Ans
[OCTUXEHNA 3TON LieNn TBepAble PacTBOPbl Ha OCHOBe Bi,Te;ggSeq 1, U BigsSby sTez Bbinu neruposaHbl HUKENEM.
MexaHvnyeckne 1 ranbBaHOMarHWTHblIE CBOWCTBA MOMYyYEHHbIX MONYNpPOBOAHWMKOBLIX 06pasLoB, MaTtepuansl Ans
nepeknioYeHn Ha BrnM3kux K KOHTakTy obnactax n csoncTtBa anddysum mnsydeHsl. MiccneqosaHel TemnepaTypHble
3aBMCUMOCTM TEPMO3NEKTpudeckoro koaduumneHTa BizTes Ni nonynpoBogHukoBbix 06pasLoB, koadduumeHT Xonna
1 3aBMCMMOCTb 3apsifi0BbIX MEPEHOCHUKOB OT TeMepaTypsl.

KnioueBble cnoBa: nepeknioyeHune, AMddy3noHHbIE NPOLECCHI, KOHLEHTPaLUs, TEPMOSNEMEHT, NermpoBaHue,
XarbKoreHuabl BUCMYTa-CypbMbl, TEPMOIANEKTPUYECKNE MaTepuarnsl, MeTannnsaums, rarbBaHoMarHuTHbIE CBOWCTBA,
koadbpmumeHT Xonna, Hocutenu 3apsaga

I. Kirish.

Termoelektrik ~ sovutgichlar ~ an’anaviy
sovutish tizimlariga nisbatan juda ko‘p afzalliklarga
ega. Termoelektrik qurilmalar energiya ishlab
chigarishning muhim manbai sifatida ham

hususiyatlari  barqaror bo’lishi adabiyotlarda
keltirilgan ma’lumotlarni tahlil qilish asosida yangi
kommutatsiya materiallarini yaratish bo‘yicha
tadqgiqot olib borildi. Buning uchun Bi,Te, ggSeq 1,
va Biy sShy sTe; materiallari tanlab olindi. Bi, Te,

ishlatilishi mumkin, bunda isrof bo‘layotgan issiglik
energiyasi foydali elektr energiyasiga aylantirilishi
mumkin. Ushbu xususiyatlari va keng ko‘lamli
go‘llanilishiga garamasdan, termoelektrik
gurilmalardan  foydalanish  cheklangan. Tan
olnmayotganligining asosiy sababi shundaki,biz
haligacha hozirgi avlod elektronikasi uchun zarur
bo‘lgan sovutish samaradorligi va quvvat zichligiga
erisha olmayapmiz.

Yarimo‘tkazgichli materiallar ichida Bi,Tes,
Sbh,Te; va ular asosidagi termoelementlar 200~600
K oralig‘ida eng yaxshi termoelektrik xossalarga
ega.

n-turli materiallar orasida tarkibi 4-10mol %
miqdorida Bi,Se; galogenidlar bilan legirlangan
Bi,Te; — Bi,Se; qattig eritmalar  asosidagi
gotishmalar eng yuqori samaradorlikka ega. Bu
materiallarda xona temperaturasida eng yuqori
termoelektrik samaradorlik ta’minlanadi va (2,9 +
3,0) 1073 1/K ni tashkil etadi[1].

p-tipdagi Bi,Tes-Sh,Tes birikmaga turli
komponenetalarni kiritish bilan inert gaz bosimi
ostida olingan materiallarning  termoelektrik

Sb, Se asosga kirishmalar kiritilganda uning
termoelektrik hususiyatlarining barqaror bo’lishi
yarimo‘tkazgich  materiallarning  termoelektrik
xususiyatlari o’rganildi.

I1. Material va usullar

Bi TexssS€012 Va BiosShisTes asosida nikel
bilan legirlangan termoelektrik samaradorlik
giymatlarini saglagan, mustahkamlik darajasi yugori
bo‘lgan  termoelektrik  materiallar  olingani
kontaktlashish yuzalariga nikelning kimyoviy
usulda goplanishi Bi- SbhBa Pb-Sb pripoylari
bilan ishonchli aralashuvchanlikni ta’minlashi;
Pb—Sb va Bi — Sb evtektika pripoylarining
termoelektrik materiallar  bilan kontaktlashish
diffuziya koeffisiyentlari va aktivasiya energiyalari
aniglanganidan[6].

Bi,Te,ggSep1, Va BigsShysTe; qattiq
eritmalarni  nikel  bilan  legirlashda, ular
mustahkomlovchi ta’sirga eka ekanligi, ammo
misdan  fargli ravishda akseptorli ekanligi
o‘rnatilgan. Kompensatsiyalovchi donor
kiritmalarining miqdorini mos ravishda
orttirmasdan, fagat Ni tarkibining ortishi gotishma
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mustaxkamligining yanada ortishiga olib keladi,
ammo, bunda termoEYUK keskin kamayadi (1-
rasm). Massasi 0,4 % kiritma kiritilganda
materialning maksimal termo EYuK koeffisiyentiga
erishiladi.

“ﬂ. KQ i’
180 |-
160 |-

auVIK
140 |- 8,107 kg’ s
120 |- i
100 |- 10 kL
80 |- 8 F - 100
6 k .
60 |- ' | o
0| *r
0,01 0,05 0,1 Ni

1-rasm. Bi, Te; ggSeq 1, materialining siqilishida
termoEYUK, elektr o‘tkazuvchanlik va materialning
mustahkamlik chegarasining Ni kiritmaga
bog‘ligliklari (o—o0, A—a, ®—osj).

Mexanik regeneratsiyaning ortishi  bilan
birgalikda Ni tarkibi ortgan sari materialning termo
EYUKRning pasayishi kuzatiladi. Bunda termoEYuK
giymati 170 =+ 180°107® V bo‘lgan namunalar
sigilganda mexanik mustahkamlik chegarasi o,, 3,4
dan 4,2 kG/mm? gacha o‘zgaradi, bu esa mos
ravishda o,,Bi,Te;ggSey1, ga nisbatan 1,5 + 2
marotaba yugoridir[7].

2a-rasmda 0,05 % Ni bilan legirlangan
Sb, 5Big s Te;+3 massa % Te qattiq eritmaning, 2b-
rasmda esa aynan shu parametrlarning nikel bilan
legirlanmagan Sb, 5Bij sTe3+3 massa % Te qattiq
eritmaning temperaturaviy bog‘liqligi keltirilgan[8].
Rasmdan  ko‘rinib  turibdiki, nikel  bilan
lengirlanganda p —tipli materialning termoelektrik
xossalarida sezilarli o‘zgarishlar ro‘y bermaydi.

z,10°B™
o, kQ'm*

% W/m*K
o, uB/K

I 1600

I 1200

300 350 400 450 500

o, pV/K z,10° K*
%> LW/M*K
-3

300 350 400 450 500
T, K
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2-rasm. Sbl‘sBiO‘sTE3N’: (a), Sbl’sBiO‘sTe:; (b)

tarkibdagi gattiq eritmalarning temperaturaviy
bog‘ligliklari

I11. Natijalar va muhokama

Zaryad tashuvchilarining sochilishi  va
Bi,Te; + 0,04 massa % Ni qotishmaning zonali
strukturasi modelini sifatli o‘rnatilishini aniqlash
magsadida 77 = 300 K temperatura oralig‘idagi

termoEYuKning doimiy magnit maydonidagi
o‘zgarishlari tadqiq etildi.
225 =
= 150 «
g
=
75+
o T T T T
(0] 75 150 225 300
T (K)

3-rasm. Bi,Te3Ni qotishma uchun temroEYUK

koeffisiyentining temperaturaga bog‘liqligi.
Rasmdan ko‘rinib turibdiki, T < 180K
temperaturalarda termoEYuK (a) temperaturaga
proporsional o‘zgaradi, bu esa elektron gazning
degeneratsiya holatiga mos keladi va quyidagi

formula bilan ifodalanadi:
2
3

a_anomT( +_) 1)

33eh2p3

bu yerda k,- Bolsman doimiysi, m” - holatlar
zichligining samarali massasi, e - elektron zaryadi,
h - Plank doimiysi, p - zaryad tashuvchilar
konsentratsiyasi, (r + 3/2) - akustik sochilish
mexanizmi uchun sochilish parametri.

T>180 K temperaturalarda a giymatlarining
tezroq o‘sishi kuzatiladi, (1) formuladan ko‘rinib
turibdiki bu jarayon T = 250 + 260 K gacha davom
etadi, bundan so‘ng to‘yinish sodir bo‘ladi va
so‘ngra a giymati pasayadi. a ning bu hatti-harakati
tadgiq etilayotgan qotishmada Bi,Te; ga Xo0s
bo‘lgan murakkab valent zonaning mavjudligi bilan
talgin etiladi. T < 200 K past temperaturalarda
o‘tkazuvchanlik jarayonlarida asosan birinchi zona
osti, ya’ni holatlar zichligining samarali massasi
kamroq va Xoll harkatchanligi Rx yuqoriroq bo‘lgan
“yengil” kovaklar zona ostlari ishtirok etadi.
Temperatura ortishi bilan ba’zi “yengil” kovaklar
ikkinchi zona ostiga, holatlar zichligining samarali
massasi yuqori va harakatchanligi kichik bo‘lgan
zonaga o‘tadi. O‘tkazuvchanlik jarayonlarida
ikkinchi zona ostining “og‘ir” kovaklarining
ishtiroki ma’lum temperaturalarda birinchi zona osti
a zaryad tashuvchilariga nisbatan o, umumiy
temroEYUK giymatining ortishiga olib keladi.
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Bunda umumiy termoEYUK  quyidagicha
aniglanadi:
+
2n/3K2m* T
bu yerda w =5t h;’m% r+3/) @
3
o = ke—o [r + 5/2 +In —Z(ZMI;;;OT) 2] 4)

2mmgk,

01=2e( 02

T)3/2 Fo(W)Uy (2_2)3/2

(5)
el "2 gy — 48U, (&

02=2e( 2 )/2 (6)

bu yerda a1, oz, o1, 62, mos ravishda birinchi
va ikkinchi zona ostilarning termoEYUK va elektr
o‘tkazuvchanliklari, p* - keltirilgan Fermi sathi, Ae-

energetik tirgish kattaligi, F, —f xex —dx.

Umumiy termoEYUKning bunday hatti-
harakati ikkinchi belgining zaryad tashuvchilari,
ya’ni elektronlar ishtirok etadigan temperaturalarga
erishguncha, ya’ni oumumiy giymatiga ta’sir qila
boshlaguncha davom etadi. Bunda umumiy termo
EYUK quyidagicha aniglanadi:

_ X apop—anop

au - Z(Up+0h) (7)
bu vyerda @, o0, mos ravishda
o‘tkazuvchanlik  zonasi termo EYUK va

elektronlarning elektr o‘tkazuvchanliklari.

Ma’lum-ki, Bi,Tes, Sh,Tes;, PbTe va X.z.
murakkab zona tuzilmasiga ega bo‘lgan moddalar
uchun (bir xil belgiga ega ikki turdagi zaryad
tashuvchilar mavjud bo‘lganda) Xoll koeffisiyenti
sferik zonalar tahminida va kovaklarning bir xil
sochilish mexanizmida quyidagicha aniglanadi

— LIM#%"’Z&#% (8)
PeCo p1i1+p22

bu yerda A - kovaklarning sochilish
mexanizmini aniglovchi koeffitsiyent,
P11 Ba Py, MOS ravishda zona ostilardagi zaryad
tashuvchilarning konsentratsiyasi va
harakatchanligi.

Past temperatura sohalarida (T < 100 K)
zona ostilardagi kovaklarning natijaviy
konsentratsiyasini p = p; +p, deb hisoblash
mumbkin, u holda

_ p (+Py/P)[1+(P2/Py)b?]
R=Ro [1+(P,/P1)b]?
bu yerda R, =

(9)

~_4 = He
o peeCo  paeCol M
Yetarli darajadagi ishonch bilan biz “b”’ning

temperaturaga  kuchsiz ~ bog‘ligligini  taxmin
gilishimiz mumkin va bunda
R = Ry(p1/p2) (10)

ikkinchi zona ostida kovaklarning ortishi va
birinchisida kamayishi natijasida temperaturaning
ortishi R,. ning ham ortishiga olib keladi.

23

Zona ostilarning elektr o‘tkazuvchanliklari
teng bo‘lganda ag;,0, Xoll koeffisiyenti maksimal
giymatiga yetadi va bunda

12
Rinax = Ro (1:;:1) (12).

Maksimal giymatiga yetgach, R, Kkattalik
boshga kinetik koeffisiyentlar kabi asosan ikkinchi
zona osti zaryad tashuvchilari yordamida aniglanadi

va ularning konsentratsiyasining ortishi R, = 4

peC
ifodaga mos ravishda R, giymatining kamayishiga
olib keladi.

Ta’kidlab  o‘tamiz, murakkab  zonali
tuzilishga ega bo‘lgan yarim o‘tkazgichli materiallar
uchun maksimal R, ga erishiladigan
temperaturada R, va  ayyyy, Pparametrlarning
kombinatsiyasi bilan ba’zi zona parametrlarini

aniglash mumkin, masalan z“ Pa ga AE.
Zaryad tashuvchllarnlng harakatchanligi

uchun ikki zonali valent zona struktura modeli
uchun nazariya quyidagi ifodani beradi:

— #1101;#2102 (12)

bu yerda u,,u,- mos zona ostilardagi

kovaklarning harakatchanligi, p,,p, esa -
konsentratsiya.

Myxokama. O‘tkazuvchanlik jarayonida

elektronlarning ishtirokining namoyon bo‘lishi

temroEYuK ortishining sekinlashishiga, keyin esa
to‘yinishga va temperatura yanada ortishi bilan
uning (gitymatining pasayishiga olib keladi.
TermoEYuK giymatining pasayishiga yana tadgigot
temperaturasining hususiy o‘tkazuvchanlik sohasiga
yaqinlishishi ham sezirli ta’sir ko‘rsatadi, bu esa
temroEYuK giymatining eksponensial pasayishiga
olib keladi.

Shuningdek, zaryad tashuvchilarning Xoll
harakatchanligi va Xoll koeffisiyenti hisoblangan.
Tadgig etilayotgan materialning valent zona
tuzilishining nostandart tuzilishining tabiati Xoll
kofeffisiyentining temperaturaga bog‘ligligi bilan
ham tasdiglanadi (4-rasm).

15 4

R 107(m’KI)

75 150
T (K)

225 300

4-rasm. Bi,Te;Ni qotishma uchun Xoll
koeffisiyentining temperaturaga bog‘ligligi.
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Yugorida keltirilgan parametrlarni
anigqlamasdan turib harakatchanlikni to‘g‘ridan-
to‘g’ri  hisoblash  usullaridan  biri  magnit
maydonidagi qarshilikni o‘zgartirish ta’siridan
foydalanishdir.

% 10
E
0 . . .
100 200 300
T (K)
5-rasm. Bi,TezNi qotishma uchun magnit

maydonidagi solishtirma garshilikning o‘zgarishining
temperaturaga bog‘ligligi.

Yuqorida keltirilgan parametrlarni
aniqlamasdan turib harakatchanlikni to‘g‘ridan-

to‘g‘ri  hisoblash  usullaridan  biri  magnit
maydonidagi qarshilikni o‘zgartirish ta’siridan
foydalanishdir. ~ O‘zgarishning  temperaturaga

bog‘ligligi 6-rasmda Keltirilgan.
Birinchi zona osti uchun magnit maydondagi
qarshiligini o‘lchash
bp _ 2 1

p c 12 u
va ikkinchi zona ostining ustunlik harakati
uchun
b _ i
Pl B (14).
Shunday qilib, %p uchun formuladan ko‘rinib

turibdiki,  qarshilikning  o‘zgarishi  zaryad
tashuvchilarning harakatchanligining temperaturaga
bog‘ligkligi bilan aniglanadi. Valent zonasi
tuzilishining ikki zonali modelini hisobga olgan

holda, 80 + 150 K temperatura oralig‘ida %p ning

ortishiga ikkita sabab mavjud. Birinchidan, T < 6,
temperatura oralig‘ida harakatchanlikning ortishi,
ikkinchidan, birinchi zonadagi zaryad
tashuvchilarning konsentatsiyasining kamayishi va
mos  ravishda umumiy  harakatchanlikning
kamayishi.

T > 150 K temperatura oralig‘ida %p ning

kamayishi  holatlari ~ zichligining  samarali
massasining ortishi tufayli ikkinchi zona osti
tashuvchilarning harakatchanligining pasayishi,
panjaraning akustik tebranishlari bilan tarqgalishi
tufayli harakatchanlikning pasayishi bilan bog‘liq.

%p ning o‘zgarishi Xoll effekti va elektr

o‘tkazuvchanligining bir vaqtning o‘zida aniqlashda
hisoblangan harakatchanlik ma’lumotlari bilan
tasdiglanadi (6-rasm). O‘zgarishning temperaturaga
bog‘ligligi rasmdan ko‘rinib turibdi-ki, hagigatdan
ham T < 150 K kuzatiladi, T > 150 K dan

24

400 -

m/B*c)

"2 200 4

(0]

200 300

T(K)
6-rasm. Bi,Te;Ni qotishma uchun zaryad
tashuvchilarning temperaturaga bog‘ligligi.

yuqgorida esa ular kamayadi. Bi,Te; va uning
asosidagi gattiq eritmalarning bu hatti-harakati
(Rx-o) adabiyotlarda r* sochilish parametrining
o‘zgarishi bilan izohlangan.
IV. Xulosa.

TermoEYuK, elektr o‘tkazuvchanlik va
Xoll koeffisiyentini tadgiq etish asosida Bi,Tes
+0,04 massa% Ni qotishmasi vismut telluridining p-
tipiga xos bo‘lgan zaryad tashuvchilarning energiya
spektrini saglab golganligi aniglangan. 80 < 150 K
temperatura oralig‘idagi jarayonlarda holatlar
zichligi masasasi samaradorligi kichik bo‘lgan
shunga mos ravishda zaryad tashuvchilarning
harakatchanligi yugori bo‘lgan "yengil"
kovaklarning zona osti ishtrok etadi. T>200 K
temperaturalarda esa termoelektrik parametrlarning
giymatiga asosan "og‘ir" kovaklar hissa qo‘shadi.

0 100

Tadqiq etilayotgan barcha temperatura oralig‘ida
zaryad tashuvchilarning sochilish mexanizmi
o‘rnatilgan. "Yengil" va "og‘ir" kovaklarning
targalishi asosan panjaraning akustik tebranishlarida
sodir  bo‘lishi  ko‘rsatilgan.  Termoelektrik
parametrlardan zaryad tashuvchilarning sochilish
mexanizmini aniqlash bo‘yicha tadqiqotlar natijalari
magnit maydondagi qarshilikning o‘zgarishi
haqidagi ma’lumotlarga yaxshi muvofiglashadi.
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Kadmiy tellurid, kremniy oksidi va boshgariladigan xususiyatlarga ega kristall
kremniy asosidagi yarimo'tkazgich elementini matematik modellashtirish.

Sh. Abdullaev?, S. Otajonov?, J. Bokirov?

!Farg‘ona davlat texnika universiteti, O‘zbekiston, 150107, Farg‘ona, ko‘ch. Farg‘ona, 86

%Farg‘ona davlat universiteti professori, O*zbekiston, 150100, Farg‘ona shahri, Murabbiylar ko‘chasi, 19-uy.

Annotatsiya. Magolada boshga tashgi maydonni yaratish bilan go'shimcha tashqgi omillarni hisobga olgan holda
elektr o'tkazuvchanligi uchun umumiy dinamik tenglamani chiqarish bo'yicha tadgigot taqdim etilgan. asoslangan
illyustrativ misol, shuningdek berilgan yarimo'tkazgichlar va Si, bitta element tashkil. Tegishli tenglamani olish uchun
Helmgolts tenglamasining gisman prototipidan issiglik o'tkazuvchanlik tenglamasini to'g'ridan-to'g'ri chigarish usuli va
uni elektrostatik modellashtirishda Laplas tenglamasiga gisqartirish ko'rib chigiladi. Xulosa qilib aytganda, tenglamaning
0'zi, belgilangan model uchun chegara shartlari va uni amalga oshirish jarayonida olingan empirik ma'lumotlar
keltirilgan. Aniglanishicha, tashqi elektr maydoni va toj razryadidan foydalanganda yarimo'tkazgich elementining
kadmiy telluridi, kremniy oksidi va kristall kremniy ko'rinishidagi gatlamlari orasidagi potentsial to'siglar yo'golgan
gatlamlar zonalarida tekislanadi va issiglik bilan ishlov berishdan keyin CdTe ning tiklanishi ham davom etadi. Birinchi
marta Poole-Frenkel effekti CdTe-SiO2-Si geterostrukturasida, tashqi elektr maydoni ta'sirida chuqur darajadagi Ec-
0,70 eV yagin infraqizil spektrda yon tomonlarga siljishi kuzatiladi.

Kalit so‘zlar: Yarimo‘tkazgich element, kadmiy tellurid (CdTe), kremniy oksidi (SiO2), kristall kremniy (Si), elektr
o‘tkazuvchanlik, matematik modellashtirish, differensial tenglamalar.

AHHOTaumsA. B crtaTtbe npeacTaBneHO WccrefoBaHWe MO BbiBOAy OOLLEro AMHAaMUYECKOro ypaBHEHWS
3MNEKTPONPOBOAHOCTU, YYUTHIBAIOLLETO AOMOMHUTENbHBIE BHELUHUE (hakTOpbl C CO34aHUMEM WHOMO BHELUHEro Mnons.
UNIOCTPATMBHbLIV NPUMEP Ha OCHOBE, TaKKe NpUBEAEH NONMYNPOBOAHMKOB U Si, OpraHn3yoLLnX €4MHbIA arnemMeHT. Ans
nonyyYeHusi COOTBETCTBYHOLLETO ypaBHEHMS 3aTparMBaeTcs MeTo NPsiMOro BbIBOAA ypaBHEHMWS TENOMNPOBOAHOCTY U3
YacTUYHOro npoToTMna ypaBHeHus [enbmronbua C Mnocrnegywwum ero cBeAeHUMEM K ypaBHeHuto Jlannaca B
3MNeKTpocTaTU4eckoM MofenvpoBaHun. B 3akmioveHne npuMBOAATCS CaMO ypaBHEHWEe, rpaHuWyHble YCrnoBus And
yKa3aHHOMW MOAENW W 3MNUpUMYECKNe [AaHHble, MOSlydeHHble Mpu ee peanu3auun. YCTaHOBMEHO, YTO Mpu
MCMOMNb30BaHNM BHELLHErO 3MEeKTPUYECKOro Momns U KOPOHHOro paspsga noTeHumanbHble 6apbepbl Mexay crosmu
nonynpoBOAHUKOBOrO 3fIieMeHTa B Buae Tennypvaa kagMus, OKCuaa KpeMHUS 1 KPUCTaNIMYeCckoro KpeMHNs B 30Hax
WCTOLLEHHBIX CIOEB CrMaXuBaloTcs, a nocrne TepMoobpaboTkM BOCCTaHOBMEHWE Takke npoporkaetca CdTe.
BnepBble Habniogaetcs addekTa MNMyna-PpeHkens B retepocTpykType CdTe-SiO2-Si, cmeLleHne rmybokoro ypoBHS
Ec-0,703B B cTOpOHbLI B 6nvke MHpaKpacHOro crnekTpa nog BIUSHNEM BHELLHEro 3NeKTpu4eckoro nons

KnioueBble cnoBa: [lonynpoBoAHVKOBLIN anemeHT, Tennypua kagmus (CdTe), okeuag kpemuus (SiOz),
KpucTannuyecknin KpemHuin (Si), aneKkTponpoBOAHOCTb, MaTemMaTuyeckoe MopenupoBaHve, anddepeHumnanbHble
ypaBHEHMS.

|.BBenenne COOTBETCTBYIOIMX YypaBHeHHH. K Hacrosmemy
BPEMEHH  3MIIUpUYECKHE paboTsl B 3TOM

YBennuenue azHooOpazus JOCTYITHBIX
P p Y HarpaBJIeHHH aKTHBHO puMensiiotes [5-10; 12-16],

MaTrepuaioB C  Pa3IMYHBIMU  TPOBOJSIIMMHU
N o M B TOM qucIIe c HETIOCPE/ICTBEHHBIM

CBOWCTBAMH M MEPEMEHHON KOHIIEHTpAIued B HUX
UCIIOJIb30BaHUEM CHCTEM KBaHTOBOT'O

CBOOOJIHBIX 3apsi/IOB Pa3HOTO THIIA OTKPHIBAET
. MOJEJIMPOBaHMS, YUUTHIBAIOIUX addexTsr

OoyipIIME  BO3MOXKHOCTH  JUISI  COBPEMEHHOI
. TYHHEIUPOBAHUS, YaCTUIHOTO CO3JIaHHs

TEeXHUYECKOW Hayku. K duciy moaxomsmmx IMoj
3allyTaHHBIX JJIEKTPOHOB W JpYyrue KBAaHTOBBIE

NPUBEJICHHOE BBIIIE ONpEJENeHUEe OTHOCATCS
addexThl, CIIeTyIoIme u3 M3BECTHBIX

NOJYNPOBOAHUKA C Pa3lUYHOM CTPYKTYpOH ¢
UCIIOJIb30BAaHUEM  JIETMPOBaHMA HA  CMEXHBIX
Mmatepuanax [1-2; 11]. B 1o ke Bpems cymecTByeT
M TEXHOJIOTHS MCIIOJb30BaHUS MOJIYIPOBOIHUKOB
Ul CO3JaHMS OJHOMMEHHBIX JJIEMEHTOB, B

3akoHOMepHocTed [2; 7-11; 14-15]. IlomoGHas
pabora TaKke NPOBOAMIACH paHEe B paMKax
uccienosanuii CdTe-SiO2-Si [2-6; 8], uTo Taxxke
YIIOMHUHAETCS B JJAHHOM HcclienoBanun. OqHaKko B

. KaXJIOM u3 MpeICTaBICHHBIX Clly4yacB
Ka4yecTBE KOTOPBIX MOXKET BBICTYIATh U KPEMHHUH C
WCCIIEIOBAHNE HE TMPOBOJMIOCH AHAIUTUYECKHA C
€ro MPUMECSIMH, CPEIH KOTOPBIX MOXKET BBICTYIIATh
N o . WCTIOJIb30BaHUEM COOTBETCTBYIOIINX
YUCTHIA ~ KPUCTAUIMYECKHMH  KPEMHHI, CMech 9
nuddepeHIUaNbHbBIX ~ YPaBHEHHH B YaCTHBIX
KpeMHHUs1 U Oopa, kpemHus U (docdopa, a TakKke
MIPOU3BOIHBIX.

Jpyrue KOMOWHAIINH TTOTYTTPOBOJHHKOB [2-4; 7-12;
15-16]. W3BecTHBI Ha CETrOHAIIHUN JeHb
MaTE€MaTHYECKUI anmapaT sBIseTCS AUCKPETHBIM,
4YTO HCKIIOYaeT BO3MOXHOCTh ydeTa BCEX
HEOOXOAUMBIX IAPAMETPOB, YTO CO3AAET IIPodIIeMy,
COIJIACHO KOTOPOHM CIeNble 30Hbl MOTLYT OBITH

Ilpu ucCHonb30BaHMM HECKOJIBKUX 3JIEMEHTOB
TMOa p-n, N-p, p-Nn-p u n-p-n HeobdXoaUMO
CMOJICIMPOBATh CUTYallMIO, KOTOpas Morya Obl
OomHcaTh BBIOPAHHBIA CIIy4aid C  TIOMOIIBIO
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HEOIMPEACICHHBIMHA B TOM HUJIM UHOM CJIydac, Koraga
AHAIINBUPYETCA OAHO ABJICHUC. Hcxons 3 Bcex

Cdy = 132252336352p5d1“452p6d1n552
Tes, = 15%25*p835*p8d 104520010552 p*

I3TUX HOJ'IO)KGHI/II‘/'I, HaCTOAIICC SABJICHUC ABIISACTCA
AKTYaJIbHBIM.

=>n-(dle-2e"

Il. DxcnepuMeHTAIbHbIE PeE3YJIbTATHI
o0cyxaeHue.

H HX

[Mony4yeHbl HaHOKPUCTAJUTMYECKUE (pa3Mepsl
3eper cocrasisier 0,05-0,1 mxm) mné€aku CdTe na
noBepxHOcTh Si02 - Si. CdTe u npumecu Ag u Cu

ucnapsiauch B Bakyyme 10-5 wmwm.pr.cT. U3
OTHENbHBIX  HCHApPUTENEH  Ha  NPOTPETyIo
OKHCIICHHYIO  TOBepXHOcTh  Si.  BsaumHoe

pacnonoxenue cioeB ctpykrypsl CdTe - SiO2 - Si
U OMHYECKHX KOHTAKTOB K HUM CXEMaTU4eCKU
nokazaHo Ha puc.l. B Takoif cTpyKType
Q)OTOQYBCTBHTGHBHOCTI) YIIpaBJIACTCA oA
JEHCTBHEM BHEIIHMX BO3JECHCTBHI, TaKUX Kak
JNIEKTPUYECKOE TII0JI€ WIJIM KOPOHHBIA paspsiz,

KOTOpEIE MEHSIOT BCTPOCHHOI'O oJIsA B
I : I
CdT. e
T/ /7Si0:0777 77777
Si
) Al
Puc.1 B3aumHoe pacnonoxeHue  croeB

CTPYKTYpbl CdTe-SiO2 - Si. 1,2 — KOHTaKTbl; 3 —
BbIOPUPYHOLUNE KOHTAKTDI.

JMRJIEKTpUKE. B aTOM cityyae mumeeM «oOpaTHbBII»
moseBoii Tpansucrop tuma CdTe - SiO2 - Si, korma
YIIPABIAIONINN 3aps/] HAXOAUTCS MO CJIOEM

MOJTyTIPOBOJHHKA, & €0 MOBEPXHOCTh OCTAETCA
OTKPBITOM.

BeiBog muddepeHatbHOr0 ypaBHEHHS TOTO
WIA WHOTO THIIA OCHOBaH Ha NpeoOpa3oBaHUU
MMEIOIUXCS JTUCKPETHBIX JaHHBIX 10 0Ormen
METOMKE nuddepeHInaIbHOTO YpaBHEHUS
CMEXHOCTH. B naHHOM ciydyae HE00XOIMMO
BBIBECTH YpaBHEHHE 3JIEKTPONPOBOJHOCTU MO
JICHCTBHEM BHEIIHETO JJIEKTPOMArHUTHOTO TIOJIS,
JUIE  4ero HeoOXOJMMO BBIBECTH YpaBHEHHE
IEKTPONPOBOAHOCTH B UCXOAHOM BHJIE.

27

N3HavanbHO, 9TOOBI HOHSTh THII
HOJYTIPOBOJAHUKA TEJLTypUAa KaAMUs, HE0OX0IUMO
COCTaBUTb INpEACTaBICHHE 00  AIEKTPOHHBIX
000J104YKaxX KaXJ0ro 13 31eMeHTOoB (1).

W3 nonyyeHHOM KapTHHBI XOPOLIO BUAHO, YTO
KaJMUH, UCTIOIb3yeMbIi B COSAMHEHWH, UMeeT 2
JJMICKTPOHA Ha BHENIHEH O00O0JIOYKe, OJHAKO Ha
BHEMIHEW 000N0YKe Teurypa, KOTOPBIM OH
JIETUPOBAH, UMEETCSA 4 IJIEKTPOHA, KPOME TOTOo, 2
JJNIEKTPOHA  OTCYTCTBYIOT  OTHOCUTEIBHO -
opOUTaTM 110 3arloJHCHUS BHEIIHCH opOuTanu
TeTypa, TaK dYTO BCE COEAMHEHHWE UuMeeT 2
BHEIIHHUX AJIEKTpoHA. M3-32 3TOr0 B COCIUHEHUU
uMeeTcsl  OOJBIIOE  KOJNMYECTBO  CBOOOIHBIX
AJICKTPOHOB, OOIIEe YHUCIO KOTOPBIX MOXET OBITH
paccunTaHo B (2), B TOM YHCIIE U TI0 BBIYHCIEHHOMY
3apsy.

[ 1279044631192
o (O e mn
tege = (L2 107415 10405+ 107)+| 11390335852929 J
| 62404 - -
\ 13?,.90|‘.—1&31 192 4+ 11390335852929/

+{(127,0044631192 + 113.90335852929) « 166+ 10°F7) = 20 1664022240 s 10% =>
=5 g, = 0591751241

)

[TomyyeHHOE BBIpaKeHHE MOXHO HCIIOJIH30BaTh
Uil ypaBHeHHs [lyaccoHa SIIEKTPOCTATHKH C
AIIEKTPOHHOM TIIOTHOCTHIO (3), HO B TO K€ BpeMs
3TO ypaBHEHHE WCIONB3YEeTCS B TPEXMEPHOM
HPOCTPAHCTBE, MO3TOMY HEOOXOAWMO BBIYHCIHTH
KOJINYECTBO CBOOOJHBIX 3JEKTPOHOB B KAXKIOW U3
poeKui oo1el hopmsi (4).

M yz) ==t e = 766246518+ 10°
i TT X TSN RTE
L L Ly TN
P 0 15 107 052102 o
Mg = paaby = 1872135832 5 10+ 12100+ 151 102 £ 10710
=> {ny = pyacy = 1872135832« 10% £ 12410705 055 107210710 =>
e = pubov = 1872135832+ 102 ¢ 154102405+ 102 1010
ne=33690444980 (g, =1078350239 nkl
=>! n,=11232814998  => g, = 3594500798 nkl

n.=140410187 416667  \q, = 44.93125997 mkK|

(4)

3HaueHWs 3apsSOB  OTHOCHUTENBHO  KaXKIOH
IUIOCKOCTH  MOXKHO TIEPEBECTH B  3HAYCHUS
MMOTEHITHAJIOB, COTJIACHO (5), OTKyJa MOTEHITHAIIBI
OMPENIENAIOTCS  HEMOCPEICTBEHHO B KaXIOW U3
TUIOCKOCTEH, HO YTOOBI npeoOpazoBaTh
TMMOJIYYCHHBIC KOHCTAHTEI B (I)YHKIII/IIO, HCO6XO)II/IMO
HCIIOJIb30BaTh OTJIETBHO B3SATHIE
aNeKTpocTaTHdeckue ypaBHeHuss [lyaccoHa s
KaXIIOTO U3 N3MepeHuii (6).

B pesymprare oOmme Buabl (GopMupyemoi
(GyHKUIMM MOTYT OBITH CBE/IEHBI K €JUHOMY BUJY, B
TOT MOMCHT, KOrJla BBCACHHBLIC TpPHW KOHCTAHTBI
MOTYT IIOJIY4YUTh 3HAUCHUA, UCIIOJIb3YSA YKa3aHHBIC
B (5) BeNMUYMHBI B KAU€CTBE IPaHUYHBIX YCIOBUHA B

(7).
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BaxxHpIM  mpuMedaHWEM K TPEXMEpPHBIM
rpa¢ukamM OyJeT TaKKe BaXKHOCTh OIPECIICHHS

MMEHHO TOTO 3aKOHa, KOTOPBIi OHU
JNIEMOHCTPUPYIOT, B OTJIMYME OT I[OKa3aTeseH,
MPEACTaBICHHBIX B TpsaMmoir  ¢opme. Tak,

TPaHWYHBIE YCIIOBUS TETypUAa KaaMmus ObUIH
c(hopMyIMPOBaHBI HA PA3HBIX MaciTadax.
5 @, = 2577002266 % 101
@= %,r = p,} = 3766062717 » 1070 => { g, = 8590007552 + 10'°
@, = 1.073750944 ¢ 10*°

i‘?3=—q—”=-12I?<‘?243?‘2 dhe =~ || 1217.924372dx*
dx? & i '
a2 )
1 q’f = B = —4059747908 => ﬁ dip=- ﬂ 405_‘4?4?9080‘}-2 =
¥y- ]
O _ % _coracunns f dip=- ﬂ 5074 684.985 dz°
dz? &
L 4 0y = ~6089621862x" — £,x
== %E+ Cyp = —202.98?3954)’3 =Gy
% + Ly =—=2537 342.4432% - (2 (6)
walx) == + :-ﬁ'.i — 12179243720 - 20,x
vl ==
plE) =2t Jr.‘.f ~ 5 074 684 BEGZE = 20a7
/ Ga(12010-5) = =,
(z\,"Cf — 1217924372 » (1.2+ 10-7)2 — 26, {12+ 10-9) =)
\ = 1577002266 + L0 /
g5y W)=y ;e;, = — 1288501133 « 10"
== (.’r\.-'r;' — 4059747908005 « 102 = 20;(0.5 « 10-%) :) == 42950 377 b0
\ = BEOUOTSEL « 1017 / l
w15+ ) =~y &
[i\.l-'.'_,f — 5074 6B4BA5( 16 « 10-2) - 205, (1.5 « 1072) =)
\ = 1073750944 » 10** (7)
Cﬂeﬂy}OH_II/IM dTAaIllOM aHaJIn3a CTAaHET
AHAJIOTUYHOC paccMOTpEHUE CUTYyalun C
KPUCTAJUIMYECKUM  KPEMHUEM. HpI/I CO31aHuHn
IMOJIyIpOBOAHUKOBOT'O JJICMCHTAa B MOMCHT

KOHTaKTa TEJUTypHJa KaJMUs C KPHCTALUTHYECKUM
KpPEMHHEM IIepexo/1 JIEKTPOHOB Yepe3 CII0i oKkcuIa
KpPEMHHS TI03BOJISIET YCTAHOBUTH B3aMMOJICHCTBUE
MEXKITy dIIEMEHTaMH HOJTYTIPOBOAHUKOBOTO
JJIeMEHTa, B TOM 4YHCJIE€ W JUIsd HampaBICHUS
JIOIOJIHUTENNBHOTO noTeHnuana. OqHako 1y Toro,
9To0Bl  CMOJENUPOBATH CHUTYalMI0 MEpexoja,
HE00X0IMMO 00OpaTHTh BHUMAHHE Ha AJIEKTPOHHYIO
KOH(HTYpaILUIO KPUCTATUTNIECKOTO KpeMHUs (8).

Sil4d = 1522s2p63s2p2 (8)

W3 npexacraBieHHOH (GOPMYTUPOBKH XOPOLIO
BUJIHO, YTO Ha BHEITHEW OpOUTAIIN OTCYTCTBYIOT 4
3JIEKTPOHA WM UMEIOTCS 4 NBIpKU. AHAJOTHYHOE

MOJEIIMPOBAHNE MOXXHO NPOBECTH M IS
COCIMHEHHUS oKcHaa KPEMHHUS 9).
{SIi14 = 15%25%p®3sp*?
— 2 2and
Og = 1s°2s°p 9)
B oOpaszoBaBmieilicss  MOJEKyle  OKCHAA,

Onmarozmaps TOMy, 4TO B HEH IPUCYTCTBYIOT 2 aToMa
KHCJIOPOJa U OJIMH aTOM KPEMHHS, MOSBIISIOTCS 2
JIOTIOTHUTENbHBIE JTBIPKH, YTO MPEBPAIIAET OKCH
KPEMHHUS B MOJIOKUTEIbHBIN MOIYIPOBOIHUKOBBIN

28

aneMeHT. B pesynprare co3maercs KapTHHA, B
KOTOpOW TEeJTypUa KaIMHUSl SBISIETCS 3JIEMEHTOM,
HACBIICHHBIM CBOOOJHBIMU 3JICKTPOHAMH, OKCHJI

KpEeMHUS -  CBOOOJHBIMH  JBIPKaMH, a
KPUCTANIMYECKUN KpEeMHUH - BHOBb
OCBOOOMWBIIMMHCA dJeKTpoHamu. [lomydeHnHoe
COEJIMHEHNE MIPEICTaBISIET coboit

MOJTYTIPOBOJHHUKOBBIN 3IIeMeHT (QopMBl N-P-N, Tae
MEXIy KaXIOsIM M3 DJJEMEHTOB o0Opasyercs
B3auUMO/CICTBHE.

B MoMeHT 3ammycka Toka yepe3 TelTypua KaAMUs
C OJTHOM CTOPOHBI U KPUCTAJUTMYECKUM KPEMHHU C
JIpyrod, B MeCT€ KOHTAaKTa CJIOEB CO3/aeTcs
o0efHEHHBI cIoW, B TOT MOMEHT, KOrua
CBOOOZHBIE  DJIEKTPOHBI  TEIUIypHAa  KaJMHA
HACBIIIAIOT MIEPBHIE CII0BA OKCHIA KPEMHHUS C OJTHOM
CTOPOHBI, a CBOOOJIHBIC JIEKTPOHBI
KPUCTAJUTMYECKOTO KPEMHHSI BO3IEHCTBYIOT Ha
aHAJIOTHYHBIM 00pa30M OKCHJI C APYTO¥ CTOPOHBL. B
pe3ynbTaTe 00pa3yloTcs 2 O0O0CTHEHHBIX CIIOS,
MrpUHA KOTOPBIX MCHACTCA B 3aBUCHUMOCTHU HC
TOJIBKO OT TPUJIOKEHHOTO HANPSDKEHHS, HO U OT
BHEIIHET0 MCTOYHMKA. OMNHMCAaHHBIA B JaHHOM
clydae — TMEpexoJ  MOXHO  HM300pasuTh B
COOTBETCTBHH C pHUC. 2.

CdTe Si0, Si

&
cecosooace eeee‘/
E,

n-mn Pun

n-mn

Puc 2. Cxema mepeHoca 3JEKTPOHOB MEXIY
TEJULypUAOM  KaJAMHs, OKCHJIOM KpPEMHUS U
KPUCTAIUTMYECKUM KpeMHHeM Ho mmst Toro, 9To0sr
c(hopMUPOBaTh EIUHBIA 3aKOH, NPUMEHUMBIH K
KOKIOMYy H3 CIIOEB, HEOOXOIUMO  CO37aTh
TPaHUYHBIE YCIOBUS, KOTOPHIE HA TAHHBIII MOMEHT
chopmMupoBaHBl IS TEUTypHUia KaaMHs, a s
OKCHJa KpPEMHHS, HCXOAs U3 aHAIOTHYHOTO
pacdera, MOTYT OBITh TPEACTABICHBI CIEAYIOIIIM
o0Opa3om.

[lepBoHa"yasbHO  HEOOXOAMMO  TOJCYHUTATH
oO1miee KOJUYECTBO CBOOOAHBIX OTBEPCTHH M HMX
cymmapHbIi 3apsg (10).
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6926535053
S8 + 1+ T
2415991461933
7976926335035 + 2+ 15.99491461933/
¢ ((27.976926535085 + 2 + 1599491461933) ¢ 166+ 10°77) " =
=2 6409387529 4 10 =5 gg, = 0205100401 K1

[ 2304

g, = {0462 10702 1501077 4050 1077)

| +142897 ¢

(10)

Koropoe MOXHO ChopMYyIHpPOBaTh aHATOTHYHO
ANIEKTPOCTATHYECKOMY ypaBHeHHWIo Ilyaccona mms
nmanHod Moxenu (11), mocime dero paccuuTaTh
TJIOTHOCTh JIBIPOK c MPEJICTaBICHUEM
OTHOCHUTEIBHO Ka)XKIOM W3 INIOCKOCTEH, a TakkKe
Jlaliee pacCUUTaTh JABIPKU B KaXKJIOH M3 MIOCKOCTEN
U aHAJIOTUYHOC 3HAueHWE 3apsA70B B TEX IKE
TUIOCKOCTSX HccieayemMoro ciros (12).

o Q205100401
¥ R BB54=107 12 a0 46r 10«1 54107400 54107
6409387529 « 10 o
= & = 1857793487 + 0% =>
P a6+ 10 15+ 10205 102 PR

[nﬂ = paiby = 1857793467 = 10 + 46+ 107 + 15+ 107 x 107"
=

= 6714410613 + 102

bpyry.7) ==L =

My = pyacy = LBITTI3467 % 102 s 46+ 107« 054 10 2 1072 =>
N, = pbev = 1857793487 £ 10 + 15 107« 05 107 £ 107
n, = 12818775 060
n, =4 272925020

g, = 205100401 nk
=>
n, = 1393345115 « 101

=> 1, = 0.6836680032 nk

4 = 2229352184 mkK! (12)

BerunciieHHbIC 3HAYCHUS 3apsSJ0B MOTYT OBITh
chopMHUpOBaHBl B 3HAYCHUS HHIUBHIYaTbHBIX
MOTCHIIMANIOB Ha OCHOBE ONpeAeICHHUS IOTeHIIHAIA
HanpspKeHHOCTH 1ot (13).

0, = 48888663 41
0= 16296221140

!
p=2r=p = 3TETISRA 07 =
0, = 5313985154 5 104

(13)

B pesynbrare MOAEIMPOBAaHUS TPEXMEPHBIX
rpa)uKOB XOpOIIO BHAHO, YTO KAXKIBIA U3 HHUX
SIBJISIETCSI IVIAJIKUM U IIPOCTBIM, B OTJIMYHE OT ABYX
MIPEIBITYIUX TPUMEPOB, T/1e ObUIH 331eICTBOBAHBI
JIETUPOBAHHBIE COEIMHEHUs TEIUlypHula KaaMus U
OKCHJa KpeMHUs. B TaHHOM cilydae Moaenupyercs
YUCTBIM  KPUCTAUIMYECKUH KPEMHHMH, 4YTO H
MO3BOJIIET TOJIyYUTh TaKHe TIpaduKH, KOTOpBIE
KOPPENHPYIOT C PEATBHOCTBIO.

Ha ocHOBe moNydeHHBIX pe3yJIbTaTOB ObUIN
chopMynupoBaHbl 3 OTHENBHBIE MOJENU JUIst
TEeUTypuAa  KagMHs, OKCHJAa KPEeMHHS W
KPUCTAJUIMYECKOTO KPEMHHS, NMPUYEM B KaKIOM
ciydae (QYHKIUHM TPEICTaBICHBI B TPEXMEPHOM
npoctpancTBe. Ha camom gene, 6610 OBl JOTHYHO
PacmoIoKUTh Bce PyHKIHMU OPYT 3a IPYrOM, CO3/1aB
€IMHYI0 MOJIEJb MOJIYIPOBOJHUKOBOTO 3JIEMEHTA.

B pesynbrare Obula TONydYeHAa JUCKpETHAS
oOmas ¢dhopma OpPraHU30BAHHOTO
MOJIYPOBOAHUKOBOIO ~ 3JIEMEHTa, OJHAKO IIPH
OpraHM30BaHHOM SMIIUPUIECKOM pacuete
MOJy4eHHOE WU3MEHEHHE MOJXKET OBITh
MPEJICTABJICHO B COOTBETCTBUH C OOHAPYKEHHBIMH
MmokasateyiiMu. Tak, CIeKTpalibHble 3aBUCHMOCTH
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NpU  B3aUMOJCHCTBHM C BHEITHHUM KOPOHHBIM
paspsaIoM JIEMOHCTPHPYIOT M3MEHEHHE Ha puc. 1,

KOrJla  WM3MEHEHHWE  BBICOTBI 10  IIKajie
MOTCHIUAIBHOTO 0aphepa, HEOOXOIUMOro IS
MPEOAOJICHUS  DIIEKTPOHAMH,  MOXET  OBITh

MPEJICTABICHO COTJIACHO pUC. 3.
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Puc 4. CnekTpanbHbI XapakTep B3aumMoaencTBus
noa AeNCTBUEM BHELLUHEro 3reKTPOCTaTU4YecKoro
nons

3AKJ/IFOUEHME. B pe3ynbrarte nccieoBaHus
ObUT TpEJCTaBIEH AalTOPUTM  MOJICIIMPOBAHMS,
MO3BOJIIOIIMIA  ONMCHIBATh  SBJICHHS  Kjacca
JIEKTPOIPOBOJAHOCTU oJt BO3/ICHCTBHEM
BHEIIHETOo Tosa. B YaCTHOCTH, 00JIbIIIOE BHUMAHHUE
ObUIO  yAETIEHO  HENOCPEACTBEHHOMY  3Taly
MOJICJINPOBAHHUS B CTaTUYECKOM BUC
MOJTyTIPOBOJHUKOBOTO ~ AJIEMEHTa THMa  h-p-N,
COCTOALICTO M3 TeJUTypuAa KaaMHus, OKCHIA
KPEMHUSI U KPUCTAUIMYECKOTO  KPEMHHUS.
YcTaHOBNIEHO, YTO MO BIUSHUEM 3JIEKTPHIECKOTO
moJisi cMmemaeTcs rirybokuit yposens Ec-0,703B B
CTOpPOHBI B Oyimbke MH(]pa KpacHOro CHEKTpa u
OKCTIEPUMEHTATBHO JoKa3aHo dpdekra Ilyma-
DpeHkens.

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025



PHYSICS

Jluteparypsi:

[1]. Deng, Z., Li, K., Priimagi, A. et al. Light-steerable
locomotion using zero-elastic-energy modes. Nat. Mater.
(2024). https://doi.org/10.1038/s41563-024-02026-4

[2]. Lee, KJ., Cros, V. & Lee, HW. NUuayuupoBaHHbIit
QJICKTPHUICCKUM I10JIEM Op6HTaJ’ILHLII7[ yr‘J’IOBOﬁ MOMCHT B
merammax. Nat. Mater. 23, 1302-1304 (2024).
https://doi.org/10.1038/s41563-024-01978-x

[3]. JIuss, X., Wxkan, C., SIu, M. u ap. CewmeiictBO
CYINICPUOHHBIX HATPUCBLIX IPOBOJHMKOB HAa OCHOBE IBYX
AHHUOHOB I TIOJTHOCTBIO TBEPHAOTEIIBHBIX HanHﬁ-

HOHHBIX Garapeii. Nat. Mater (2024).
https://doi.org/10.1038/s41563- 024-02011-x
[4]. Tomxom K wWIOEHTHPHUKAIMKH W  CHHTE3Y

MeMpucTOpHBEIX norynpoBogaukos I1-V. Nat. Mater. 23,
1322-1323 (2024). https://doi.org/10.1038/s41563-024-
01991-0

[5]. Liu, L., Ji, Y., Bianchi, M. et al. MeractabunbHbI#
[IEHTarOHaJIbHbII JIBYMEPHBII Marepuarl,
CUHTE3UPOBAHHBIM METOIOM SIUTAKCUH, YIPABIAEMOU
cummetpueit. Nat. Mater. 23. 1339-1346 (2024).
https://doi.org/10.1038/s41563-024-01987-w

[6]. Li, Z., Zhai, L., Zhang, Q. et al. 1T'-moHnoc1OH
JMXaJbKOTeHHU A NIEPEXOTHOTO MeTaia,
cTa0mInM3npoBaHHbIle Ha HaHOmpoBomax 4H-Au, st
yIbTpadyBCTBUTEIbHOTO OOHapyxkeHms SERS. Nat.

Mater. 23,  1355-1362  (2024).  https:  //
doi.org/10.1038/s41563-024-01860-w

[7]. Muypa, M., Omneii, C., Huma, K. u ngp.
UeTblpeXKpaTHOE YBEIUYECHHE IUIOTHOCTH TOKa B

CBEPXMPOBOMHUKE HAa OCHOBE JKelie3a BBICAYMBAHUSI
SmFeAsO1-xHx. Nat. Mater. 23. 1370-1378 (2024).
https://doi.org/10.1038/s41563-024-01952-7

[8]. Hackett, L., Koppa, M., Smith, B. et al. ['urantckas
3IIEKTPOHHO-OIIOCPEAOBaHHasT (OHOHHAST HETMHEHHOCTh
B IIOJyNPOBOAHHKOBO-NBE30ICKTPHIECKAX  TeTe-
poctpykrypax. Nat. Mater. 23. 1386-1393 (2024). https:
/1 doi.org/10.1038/s41563-024-01882-4

30

[9]. Bae, J., Won, J., Kim, T. et al. Cation-eutaxy-enabled
I11-V-derived van der Waals crystals as memristive
semiconductors. Nat. Mater. 23, 1402-1410 (2024).
https://doi.org/10.1038/s41563-024-01986-x

[10]. Bamr, X., IMan, K., Csa, H. u np. Ycunenue
MOIIIHOCTH B THUAPOTEIEBOI TyCKOBOW YCTAHOBKE 3a CUET
pasnoma. Nat. Mater. 23, 1428-1435 (2024).
https://doi.org/10.1038/s41563-024-01955-4

[11]. Figgener, J., van Ouwerkerk, J., Haberschusz, D. et
aI. MHoroneTHue MoJeBLIC HU3MEPCHUA JOMAlIHUX
CUCTEM XpaHCHHA W HUX HCIIOJB30BAHUC JIsI OLCHKH

€MKOCTH. Nat Energy (2024).
https://doi.org/10.1038/s41560-024- 01620-9
[12]. Tpernaro, I. KomOunnpoBanme

¢dorosnexrprueckux smemeHToB. Nat Energy 9. 1052
(2024). https: // doi.org/10.1038/s41560-024-01647-y

[13]. Tubkoe yuacTHe 37IEKTPOCHHTE3a B THHAMHUICCKHX
peiHKax snexTposHeprrm. Nat Energy 9, 1062-1063
(2024). https: // doi.org/10.1038/s41560-024-01584-w

[14]. Choo, S., Lee, J., Sisik, B. et al. 'eomerpryeckuii
JM3afiH TEPMOAICKTPUUECKUX MATEPHAJIOB HAa OCHOBE
Cu2Se st MOBBIIEHHS BBIPAOOTKH 3JIEKTPOIHEPTHU.
Nat Energy 9, 1105-1116 (2024). https: //
doi.org/10.1038/s41560- 024-01589-5

[15]. Bamr, JIx., Yoproc, A.
NPOU3BOAUTEILHOCTH ISl yCTPOMCTB,
¢opmy. Nat Rev Mater 9, 738-751
https://doi.org/10.1038/s41578-024-00714-w

IloxazaTemu

HU3MECHAOIINX
(2024).

Mualliflar hagida ma’lumot

1. Otajonov Salim Madraximovich — f-m.f.d., professor,
Farg’ona davlat universiteti, Fizika kafedrasi, professor. E-mail:
otajonov_s@mail.ru. Tel.: +99893-643-14-33;

2. Abdullaev Sherzod Shuxratjon o’g’li — Farg‘ona davlat
texnika universiteti, Fizika kafedrasi, tayanch doktoranti. E-
mail: sherzod19962004@gmail.com.

Tel.: +99893-980-44-16;

3. Bokirov J- Farg’ona davlat universiteti, Fizika kafedrasi,
magstranti.

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025


mailto:otajonov_s@mail.
mailto:sherzod19962004@gmail.com

PHYSICS 31

Ikkilamchi qotishmalarning kristall tuzilishi
K.l.G‘aynazarova, D.Yusupova, B.Omonov

Farg‘ona davlat universiteti.

Annotatsiya. Ushbu maqolada ikkilamchi gotishmalarning erishi natijasida, qattiq eritmalarning uzluksiz
gatorini hosil gilishi va parallel joylashgan gatlamlari, gatlamning atomlari va ular hosil gilgan tekis olti burchakli panjara
hosil bo’lishi tushuntiriigan. Hozirgi vagtda 300-350 °C dan past haroratlarda ishlaydigan termoelektrik sovutish
moslamalari va termogeneratorlar uchun asosiy materiallar BizTes - Bi2Ses va Bi2Tes - Sh2Tes qattig eritmalaridir.

Ushbu qattiq eritmalarning tarkibiy qismlari bo‘lgan xalkogenidlar orasida vismut telluridi eng batafsil
o‘rganilgan. Buning sababi, birinchidan, vismut telluridining o‘zi ancha yuqori termoelektrik parametrlarga ega va
termoelektrik qurilmalarning dastlabki modellarida ishchi material sifatida keng qgo‘llanilgan. Ikkinchidan, legirlovchi
bilan uni p- va n-tipini olish mumkin edi. Va nihoyat, vismut telluridni juda mukammal monokristallar shaklida tayyorlash
oson edi. Bu ko'rib chigilayotgan qattiq eritmalarda jarayonlarni tartibga solish bo‘'yicha yagona nuqtai nazar yo‘q va
stexiometriyadagi siljish hagida batafsil ma’lumotlar yo‘q. Shundan, materiallarning ko‘p komponentliligi va kristall
panjarada turli xil atomlararo o‘zaro ta’sirlarning mavjudligi bilan izohlanadi.

Kalit so’zlar: olti burchakli elementar yacheyka, van der Vaals kuchlari, atom, ion, kristall panjara, gattiq eritma,
xalkogenid

AGcTpakT.B gaHHOM cTaTtbe 06bACHAETCS, YTO B pesynbTaTe NnaBneHns BTOPUYHBLIX CMaBoOB NPOUCXOANT
o6pas3oBaHMe HeMpepbIBHOrO psiaa TBepAblX pPacTBOPOB M oOpa3oBaHWe MapannenbHbiX COeB, aTOMOB CIosi U
obpasyemMoli MMW MIOCKOM reKkcaroHanbHOW pelleTkM. B HacTosillee BpeMs OCHOBHbIMW MaTepuanammu
TEPMO3EKTPUYECKMX OXIAXAALWUX YCTPONCTB 1 TepMOreHepaTopoB, paboTatowwmx npu Temnepartypax Huxe 300-
350 °C, agnsawoTca TBepable pacTBopbl Bi2Tes — Bi2Ses u BizTes — ShaTea.

Cpeau xanbKkoreHnaoB, BXOASALLMX B COCTaB 3TMX TBEPAbIX pacTBOPOB, Hanbonee NogpobHO U3yveH Tennypua,
BMCMYyTa. JTO CBHA3aHO, BO-MEPBbIX, C TeM, 4YTO Tennypug BucMyTa cam no cebe obnagaeT o4YeHb BbICOKMMU
TEPMO3IMEKTPUHECKMMMN NapameTpamu 1 LLMPOKO NCMONb30Barncs B kadyecTse paboyero matepmnana B paHHUX mogensx
TEPMOSEKTPUYECKNX YCTPONCTB. BO-BTOPBIX, C MOMOLLbI0 AOMNMHIA ero MoXHO 6bINo caenatb p- 1 N-Tunom. HakoHe,
TENNypua BWCMyTa NErko NofyyYnTb B BUAE O4YEHb COBEPLUEHHbIX MOHOKpUCTannoB. EQuHONM TOYkM 3peHust Ha
perynsiuuio NpoLeccoB B pacCMaTprBaeMbIX TBEPAbIX pacTBOpax HE CYLLECTBYET, a Takke HeT AeTarnbHblX CBEAEHUN
O caBure cTexvomeTpun. ITO OOBACHSAETCS MHOrOKOMMOHEHTHOCTbIO MaTepuanoB WM HanMMYMeEM pPasnuyHbIX
MEXaTOMHbIX B3aMMOLEVNCTBUIN B KPUCTANNMYECKON pELLETKE.

KnioueBble cnoBa: rekcaroHanbHasi 9nemMeHTapHas fyevika,
KpucTannuyeckas pelueTka, TBepabli pacTBOP, XanbKoreHua.

cunbl BaH-gep-Baanbca, atom, WoH,

I.Kirish

Hozirgi vaqtda shu kungacha o‘rganilib
kelingan barcha metodlardan fargli ravishda, inert
gaz bosimi ostida termoelektrik material olish
uchun ekologik toza elektr energiya olishda
atmosferaga  zarar  yetkazmaydigan  yuqori
samaradorlikka ega  bo’lgan  termoelektrik
materiallar orgali issiglik va elektr energiyasining
o'zaro konversiyasini amalga oshirish dolzarb
masalalardan biri hisoblanmoqda.

Termoelektrik gurilmalarni yaratishda yugori
termoelektrik hossalar va harakteristikalarga ega
bo’lgan vismut surma telluridi va selenidi asosidagi
termoelektrik materiallar  muhim hisoblanadi.
Shuning uchun biz yugoridagi materiallarning erish
haroratiga yetganda gomogenlashuv jarayoni sodir
bo‘lishini hamda BanenT 3onacu Ty3ununm, Zaryad
tashuvchilarning holati, harorat o’zgarishi bilan
“yengil” kovaklar va og'ir kovaklarning zonalararo
harakatlanishi nazarda tutgan holda taklif
etilayotgan usulda asosga stexiometrik tarkibdan
ortigcha migdor Te, Se va S Kkiritilganda
materialning valent zonasi tuzilishi noodatiy
xarakterga ega ekanligi, zaryad tashuvchilarning
holati harorat pastligi va konsentratsiya miqgdori
kattaligi natijasida yengil kovaklarning effektiv
massaga bog’ligligi hamda harakatchanlik kamroq

zaryad tashuvchilar aynimagan holatiga ega bo’lgan
ikkinchi tagzonaga-og’ir kovaklar zonasiga o tishi
nazariy tahlil gilingan. Yengil kovaklar va og'ir
kovaklarning zonalararo o’tishida p/y, bir-birini
o‘zaro  kompensatsiyalashi, = harakatchanlikni
o‘zgartirmagan holda, kristall panjara issiqlik
o‘tkazuvchanligini kamaytirish orqali termoelektrik
samaradorlikni oshirishini nazarda tutib ikkilamchi
gotishmalarning tuzilishini tushuntirilgan.
Tajribalardan  olingan  hulosalar  bo’yicha,
elektronlar va teshiklarning harakatchanligini
o‘rganish asosida p/y, nisbatni 2 marta orttirishga
erishish  mumkinligi ham keltirilgan. Umumiy
holatda, valent zonasi tuzilishining zaryad
tashuvchilarning harakatchanligi va ikki zonali
modeli  nazariyasi  zaryad tashuvchilarning
harakatchanligi ham formulalarda o0’z izohini
topgan. Zaryad tashuvchilarning harakatchanligi
yana elektron gazning degeneratsiya darajasiga,
holatlar zichligining effektiv massasiga, sochilish
mexanizmiga va haroratga bog'ligligi  ham
tushuntirib ketilgan.

Bundan tashqari o, o va a?c parametrlardan tashqari
massa yo’qotishlari ham foizlarda ko ‘rsatib
o’tilgan.  Yugqoridagilardan kelib chigqan holda,
inert gaz bosimi ostida tayyorlangan yuqori
mustahkamlik xususiyatlariga ega bo'lgan Bi.Tes va
Bi,Te; asosidagi termoelektrik materiallarga
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ortigcha kiritilgan xalkogenlar migdori ortishi bilan
elektr o‘tkazuvchanligi dastlab chizigli ortib
borishi, termoeyuk koeffitsiyenti chizigli kamayishi
kuzatilgan.

Bunday termoelektrik materiallar issiglik
energiyasini to‘g‘ridan-to‘g‘ri elektr energiyasiga
aylantirish uchun generatorlarda, muzlatgichlar,
termostatlar, konditsionerlar va boshga
qurilmalarda keng qo‘llaniladi. Shuning uchun
vismut telluridiga (Biz2Tes) asoslangan qattiq
eritmalar 200-600 K harorat oralig‘ida eng yaxshi
termoelektrik xususiyatlarga ega. Termoelektr
samaradorligi  oshgani  sayin  qurilmalarning
energiya xarakteristikalari yaxshilanadi. a, o va y
giymatlari o‘z navbatida moddaning asosiy fizik
parametrlariga bog‘liq, masalan, panjara issiqlik
o‘tkazuvchanligi yxp, harakatchanlik p va zaryad
tashuvchilarning samarali massasi m* va birinchi
taxminiy jihatdan bu parametrlar kiritilgan. Bi;Tes

asosidagi materiallardan tayyorlangan
termoelementlar ~ shoxlarining  tuzilishi  ham
termoelektr  samaradorligiga  sezilarli  ta’sir

ko‘rsatadi. Bu ushbu materiallarga xos bo‘lgan
elektr va issiqlik o‘tkazuvchanligining sezilarli
anizotropiyasi, shuningdek, kristallanish jarayonida
konsentratsiyaning bir  xilligini  shakllantirish
tendensiyasi bilan bog‘liq.

Ko’rib  chigilayotgan  tizim  qattiq
eritmalarning uzluksiz gatorini hosil qilishini
ko‘rsatdi. Ushbu tizim asosida u samarali

termoelektrik materialni yaratdi. Dastlab 50 mol
qotishma ishlatilgan. % Bi>Tes+ 50 mol.% Sh,Tes,
keyinchalik tarkibi 26 mol.% Bi,Tes + 74 mol
yugqori samaradorlikni ko‘rsatdi. % ShoTes + 3 wt.%
Te (stexiometriyadan yuqori tarkib). Bi;Tes
komponentining ba’zi o‘zgarishlari bilan (20 dan 30

mol% gacha), u hozirgi kungacha
termoelementlarning p-tarmogqlari sifatida
ishlatiladi.

Bi;Tes - Bi,Ses asosidagi termoelementning
n-tarmog‘i uchun termoelektrik materialni sintez
gilinganda eng yaxshi termoelektrik xususiyatlar 80
mol% Bi>Tes + 20 mol% Bi.Ses ning gattiq eritmasi
bilan  namoyon  bo‘ldi. Bu ikkilamchi
gotishmalarning  kristall ~ panjarasi  tuzilishi
o’rganilganda har bir elementlarning atomlari bir
qatorda va tartibli bo’lishi bilan birgalikda davriy
takrorlanuvchidir.

I1.Material va usullar

O‘rganishlar  shuni  ko'rsatdiki,
eritmalar kabi yarimo'tkazgichli
gotishma tarkibidagi ikkinchi komponentning
miqdori ortishi bilan  fononli issiglik
o'tkazuvchanligining harakatchanlikka garaganda
keskin oshishi kuzatiladi, buning natijasida
gotishmaning termoelektrik ko'rsatkichi,
boshlang'ich elementga nisbatan ortadi. Hozirda,

qattiq
materiallarda

32

eng yaxshi termoelektrik materiallarning ko'pchiligi
ikki yoki undan ortig elementlarning qattiqg
eritmalari yoki ikkilik birikmalaridir. Zamonaviy
texnikada past haroratlarda ishlaydigan
termoelektrik sovutish moslamalari va
termogeneratorlar uchun asosiy materiallar sifatida
nafaqgat vismut telluride, shuningdek Bi,Tes-Bi,Ses,
Bi.Tes-Sh,Te; asosidagi qgattiq eritmalar ham
go'llaniladi. Ko‘pincha termoelektrik qurilmalarda
ishlatiladigan namunalarda ko‘plab o‘lchovlar
o‘tkazilganda, Bi;Tes va uning gattiq eritmalari
yuqori darajada anizotropik bo‘lishiga garamay,
ularni o‘rganish hali ham ularning xossalari haqgida
bir qator foydali ma’lumotlarni olish imkonini
berdi. Masalan, har xil aralashmalarning ta’sirini
aniglash, xossalarining kuchli anizotropiyasiga ega
bo‘lmagan ayrim fizik miqdorlarni kattalik tartibi
bo‘yicha aniqlash kabi tafsilotlardir.

Bunday gattig gotishmalar olishning inert gaz
bosimi ostida eritish texnologiyasidan foydalandik.
Chunki boshga usullarning qator kamchiliklari
olinayotgan materialning nafagat elektrofizik
parametrlariga ta’siri balki uning kristall panjarasi
tuzilishini  tushuntirilishida ko’plab mavxum
tushunchalar  kuzatildi. Inert gaz bosimi ostida
olingan termoelektrik materiallarni termoelektrik
samaradorligini oshirish uchun Bi,Tes; va Bi,Ses
asosidagi  materiallarni  tarkibi ~ va ishchi
parametrlarini to'g'ri tanlash zarur. Buning uchun
olinayotgan har bir birikma hosil gilayotgan
elementlarning kristall panjara tuzilishini bilish ham
muhim  hisoblanadi. Ikkilamchi termoelektrik
materiallarni olish jarayonida xalkogenidlarni bir-
birida cheksiz erib, qattiq eritmalarning uzluksiz
gatorini hosil gilishi kerak. Bunda birikmalar bir xil
simmetriya sinfiga tegishli bo'lishi va yagin
parametrlarga ega bo'lgan panjaralarga ega bo'lishi,
bir-birining o'rnini bosuvchi atomlar o'lchamlari
jihatidan bir-biridan unchalik farg gilmasligi va
kimyoviy xossalariga yaqin bo'lishi kerak[3]. Hosil
bo‘lgan qattiq qotishmada, asosiy tarkibdagi
atomlar bilan bir xil zaryadga ega bo‘lgan kirishma
atomlari va neytral atomlar, tok tashuvchilarning
harakatchanligiga kuchsiz ta’sir ko‘rsatadi. Atom
o‘lchamidagi davriy nugsonlarda elektronlarning
sochilishi, kichik to‘lqin uzunligidagi fononlarda
sochilishga qaraganda kuchli bo‘lganligidan hamda
elektronlarning ko‘p sondagi atom potensialining
o‘rtacha ta’sirida kuchsiz sochilganligi tufayli w/y,,
nisbat ortadi.

Shunday qilib, Bi;Tes ning sovutish uchun
asosiy materiallarga aylandi.  Eksperimental
natijalarni  nazariy hisoblashlar ko‘rsatishicha,
termoelementni musbat tarmog‘i uchun olingan
Sb,Tes va Bi.Se; bilan qattig eritmalari
termoelementlarni Sh,Tes ni, kovakli BizTes ni
gattig eritmasiga almashtirish yo‘li bilan w/y,
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nisbatni 2 marta orttirishga erishish mumkin. 1- va
2-rasmlarda Bi,B"'; (BY'-Se, Te) qotishmalarining
gattig eritmalardagi elektronlar va teshiklarning
harakatchanligini o‘rganish natijalari keltirilgan.
Murakkab zonali yarimo’tkazgichlar uchun
R, maksimumga erishadigan haroratda R,., o, Va

6um Parametrlarni kombinatsiyasi orgali £2 P2 Ae

Z,pl
kabi zonaviy parametrlarni aniglash mumkin.
Valent zonasi tuzilishining ikki zonali modeli
nazariyasi zaryad tashuvchilarning harakatchanligi

uchun quyidagi ifodani beradi:

:H1P1+H2P2
p ' - -
Bu yerda pqy,u,- zonalardagi  teshiklar

harakatchanligi, a p;,p,- zonalardagi teshiklar
konsentratsiyasi.

Ma'lumki, umumiy holatda, zaryad
tashuvchilarning harakatchanligi

Halty
0.9

0.7 |

0.3

0.1

40 60 80

at.%

20 _
Bi;Te; BiiSe;

1-rasm. Nisbiy koordinatalarda anionlar va
kationlar almashinadigan qattiq eritmalardagi
elektronlar va teshiklarning harakatchanligi:1-p-

tip. 2-n-tip

_ VT Friap(0?)
K= 632 Fopuy 1O

Ho =
22 1o (koT) (r +2) Gf;(“;jz/ )2), (1) (1) formuladan
ma’lumki, zaryad tashuvchilarning harakatchanligi
elektron gazning degeneratsiya darajasiga, holatlar
zichligining effektiv massasiga, sochilish
mexanizmiga va haroratga bog'liq, shuning uchun
uni Holl effektini o'lchash orgali hisoblash, elektr

o'tkazuvchanligi va termoe.yu k. ni = r orgali
0

aniqlash qiyinchilik tug’diradi.

Termoelektrik materiallarning xizmatga
yarogliligi ZT o'lchovsiz termoelektrik ko'rsatkichi
bilan belgilanadi,
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2
7T = % -, (11)
Bu yerda T - mutlaq harorat, a - materialning
termoe.yu.k koeffitsienti, o - uning elektr

o'tkazuvchanligi, x - issiglik o'tkazuvchanligi.
Bi;Tes va BixSes asosdagi termoelektrik
gotishmalarda bir vagtning o'zida uchta parametrni
yaxshilash qiyin. Ularning ichida a - materialning
termoe.yu.kni  yoki o - uning elektr
o'tkazuvchanligini alohida nazorat gilish nisbatan
oson. Termoelektrik samaradorlikni yaxshilashning
turli usullari mavjud, masalan, asosga halkogen
sifatida elementlarning kiritish bilan ularning
kristall panjara tuzilishini o’rganishdir.

I1. Natijalar

Termoelektrik samaradorligi, Bi,Tes, BiSes
asosga qo‘shimcha kiritilgan tellur, selen va
oltingugurt miqdoriga bog‘liq ravishda
termoelektrik parametrlar o‘zgarishi o'rganildi.

o osme/v-s

200

150}

100 |

501

L L L
25 50
BiTe; ——==% SbyTe;

2- rasm. Anionlar va kationlar almashinadigan
gattiq eritmalardagi elektronlar va
teshiklarning harakatchanligi: 1-p-tip. 2-n-tip.

Olingan gotishmalardan tayyorlangan yarim
elementlarni toblash 390°C haroratda 17 soat
davomida vakuum darajasi 102 mm.sim.ust.
bo‘lgan kvars ampulalarda o‘tkazildi. Olingan
yarim elementlarning xarakteristikalari solishtirma
elektr o‘tkazuvchanligi o (Om™*- m?), termoelektr
yurituvchi kuch  koeffitsiyenti o (mkV/K) va
solishtirma issiglik o‘tkazuvchanligi y (kal/m-s-K)
larni aniglandi va ular asosida materialning aslligi
topildi.  Namunalarning  solishtirma  elektr
o‘tkazuvchanligi kompensatsiya usuli bilan doimiy
tokda, orasidagi masofa aniq bo‘lgan to‘rt zond
yordamida o‘lchandi. Termoeyuk xona haroratida
differensial wusul bilan o°lchandi. Bu holda,
namunadagi  8-15°C  bo‘lgan harorat farqi
namunaning pastki uchi xona haroratida bo‘lganda,
tashqi issiglik manbai bilan isitilib hosil gilindi.
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o va o larning haroratga  bog‘lanishi
tekshirilayotgan namunalar joylashgan muhit
(argon) haroratini  bosgichma-bosqich o‘lchash
bilan kompensatsiya sxemasi yordamida zond
usulida aniqlandi. Yuqori haroratlardagi o‘Ichashlar
ham, xona haroratida o‘tkazilgan usullar kabi
amalga oshirildi.

Bi,Te; birikmasining tuzilishini D%q4 (R3m)
fazo guruhi va parametrlari bilan rombedral sifatida
tasvirlab
ap = 10,45 A xp 24,8 (2)

3-rasmda Bi,Tez ning kristall panjara tuzilishi
ko‘rsatilgan. Stexiometrik tarkibga ega bo‘lgan
yaxshi tavlangan kukunlarning 300 K da
ar10,477 A X 24°9°32” (3)

O’lchamga ega bo’ladi.

Ko‘pincha Bi;Tes tuzilishini rombedral birlik
atomdan ko‘ra olti burchakli yordamida tasvirlash
qulayroqdir. Bunday katakning a va ¢ parametrlarini
ayirboshlash formulalari yordamida ay va o<z orgali
yozish mumkin

a = 2ag sing, c =3ag(1 + 2cos x)1/?
(4)
(3) va (4) birlashtirib, biz a va ¢ Bi;Tes

3-rasm. Bi,Tes rombedral olti burchak
yordamida tasvirlash

parametrlari uchun quyidagini olamiz
a = 4,3835+ 0,0005 A
c = 30,487 + 0,001 A (5)

Bi;Tes  strukturasi  uchinchi tartibli
simmetriya o°‘qiga perpendikulyar bo‘lgan (olti
burchakli panjaradagi ¢ 0°qi) murakkab qatlamlar -
kvintetlar to‘plami sifatida ifodalanishi mumkin.
Olti burchakli kristall panjara tuzilishida uchta
bunday kvinta mavjud. Har bir kvintet beshta oddiy
gatlamdan iborat (4-rasm). Alohida gatlamning
atomlari bir xil bo‘lib, tekis olti burchakli panjara
hosil giladi. Qatlamlar ketma-ketlik bilan almashadi
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-Te® - Bi- Te®- Bi - Te®-

Bunday holda, har bir keyingi gatlamning
atomlari oldingi gatlamning atomlari tomonidan
hosil gilingan uchburchaklar markazlari ustida
joylashgan (zich olti burchakli o‘rash).

Qatlamli strukturaning mavjudligi tufayli
Bi,Tes (0001) tekisliklar bo‘ylab osongina yorilib
ketadi.

Te® atomlari eng yaqin qo‘shnilari sifatida
oltita Bi atomiga ega (har bir qo‘shni gatlamdan
uchtadan). Te®, bir tomondan, uchta Bi atomiga,
ikkinchi tomondan, uchta Te®™ atomga bog‘langan.
Shunday qilib, panjarada tellur atomlari uchun
ikkita sezilarli darajada farq giladigan joy mavjud.
Shunga ko‘ra, Bi uchta qo‘shni Te®® va uchta Te®
ga ega. Aralash o‘tkazuvchanlikda Z qiymati ham
sezilarli darajada tarmoqli bo‘shligiga va
elektronlar va teshiklar uchun po (m*/mg)*?
parametrlarining nisbatiga bog‘liq. Maksimal
giymat Z zaryad tashuvchilarning ma’lum bir
konsentratsiyasiga to‘g‘ri keladi, bu legirlovchi
aralashmalarini kiritish yoki materialning tarkibini

stexiometrikga  nisbatan  o‘zgartirish  orqali

erishiladi.
s 0 AR e
Te SRP S T
IO e e
Bi ——————

{T7? —— o
BL — o ———

.t | R g | P

_Te

4-rasm.  Bi,Tes OIti burchakli kristall

panjara tuzilishidagi kvintetlar

IV.Muhokama

Inert gaz bosimi ostida olingan termoelektrik
gotishmalarni to‘yingan bug‘ining past bosimlarini
o‘lchashda Lengmyur va Knudsenning effuziya
usullari o’rganilib chiqildi. Ushbu usullarning
termoelektrik qotishmalarga ganday afzalliklari
borligi va kamchiliklari ham atroflicha o’rganilib
chiqildi. Lengmyurning ochiq yuzadan bug‘lanish
usulida ham past bosimli bug’ uchun, bug
ogimining molekulyar rejimi amalga oshirilganda
qo‘llaniladi. Lekin Lengmyur usulini ishlatishning
qiyinchiligi shundaki, ko‘p hollarda bug‘lanish
koeffitsiyentining noma’lumligi, o‘lchov
natijalarida, namunaning ichki va sirt haroratining
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fargi tufayli sezilarli xatolar kelib chigadi. Ushbu
kamchiliklar yetarli darajada ishonchli bo‘lmagan
natijalarga olib keladi. Shuning uchun biz to‘yingan
bug® bosimini aniglash uchun Knudsen usulidan
foydalandik. Lengmyur usuliga garaganda Knudsen
effuzion usulining afzalligi, uni gattig va suyuq
moddalar uchun ishlatilishi mumkinligi va nisbatan
aniqligi bilan bog‘liqdir. Bu hol qoldiq gaz bosimi
10* mm.sim.ust.dan past bo‘lganda
tekshirilayotgan moddaning ichki bug‘ bosimi 0,1
mm.sim.ust.dan oshmagan (Knudsen usuli) yoki 1
mm.sim.ust. (Lengmyur usuli) atrofida bo‘ladi.

Bi;Tes asosidagi materiallardan tayyorlangan
termoelementlar ~ shoxlarining  tuzilishi  ham
termoelektr ~ samaradorligiga  sezilarli  ta’sir

ko‘rsatadi. Bu ushbu materiallarga xos bo‘lgan
elektr va issiqlik o‘tkazuvchanligining sezilarli
anizotropiyasi, shuningdek, kristallanish jarayonida
konsentratsiyaning bir  xilligini  shakllantirish
tendensiyasi bilan bog‘liq. Shu bilan birga halkogen
kiritilishi bilan kristall panjaradagi buzilishlar
hamda unda atomlar joylashuvini nazarda tutish
zarur.

V.Hulosa

Inert gaz bosimi ostida Bi,Tes va Bi,Se; asosidagi
termoelektrik materiallarga ortigcha miqdor selen,
tellur va oltingugurt kiritish yo’li bilan amaliy
foydalanish uchun legirlashga yaroqli asosni tanlash
va asosga Kiritiladigan ortigcha xalkogenning
magbul miqdori tellur uchun 0,24 mol %, selen
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uchun 0,12 mol % va oltingugurt uchun 0,08 mol %
ekanligi ko‘rsatildi.
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ya’ni kristall panjaralar tuzilishi, ikkilamchi
termoelektrik materiallarga kiritilgan
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Bi,Te; kristallarida atomlararo bog‘lanishlar va elektron tuzilishining o‘ziga xos
xususiyatlari

D.A. Yusupova, S. Sirojiddinova, Q.Gaynazarova
Farg‘ona davlat universiteti

Annotatsiya. Mazkur maqolada vismut telluridi (Bi,Te;) yarimo‘tkazgich kristallarining atomlararo
bog‘lanishlari va elektron tuzilishining o'ziga xos xususiyatlari nazariy va eksperimental jihatdan o‘rganilgan.
Bi, Tes kristallarining trigonal singoniyada gatlamli strukturasi, uning termoelektrik xossalariga ta’sir qiluvchi
elektron zonalar strukturasidagi spin-orbital bog‘lanish hodisasi va gatlamlararo Van der Vaals kuchlarining
ahamiyati tahlil gilingan. Tadgigotda Mooser-Pearson, Lagrenaudie va Drabble-Goodman modellari
asosida Bi—Te atomlararo bog‘lanish turlari chuqur tadqgiq etilgan. Natijalarda Bi,Te; ning 60° li egizak
chegaralari mavjudligida elektron strukturasida sezilarli o‘zgarishlar yuzaga kelishi va bu holatlarning
materialning termoelektrik, optik va elektr xossalariga ta'siri ko‘rsatilgan. Mazkur tadqiqot Bi,Te; asosidagi
yangi termoelektrik va spintronik materiallarning rivojlanishiga muhim asos yaratishi mumkin.

Kalit so‘zlar: Vismut telluridi (Bi,Tes), termoelektrik material, trigonal singoniya, spin-orbital
bog‘lanish, proyeksiyalangan holatlar zichligi, atomlararo bog‘lanishlar, elektron struktura.

AHHOTaumMA. B paHHOM cTaTbe TEOpEeTMYECKU U IKCMNEPUMEHTasNIbHO M3Yy4eHbl OCOOGEHHOCTU
MEXaTOMHbIX CBSA3€N U 3NEKTPOHHOM CTPYKTYpPbl NOMYNpPOBOAHUKOBBLIX KPUCTaNsoB BUCMYTa Tennypuaa
(Bi,Tez). lMpoaHanuampoBaHa crouctas CTpykTypa KpucTtannoB Bi,Te; B TpuroHamneHOW CUHIOHWW,
AIBNEHNE CMWH-0POUTanbHONM CBSI3N B CTPYKTYPE SMEKTPOHHBLIX 30H, BMMAKOLLEE Ha TEPMOINIEKTPUYECKME
CBOWCTBa, U 3Ha4YeHUe MeXCcroeBbix cun BaH-gep-Baanbca. B nccnegoBaHuyM Ha ocHoBe mopenem
Mooser-Pearson, Lagrenaudie n Drabble-Goodman rny6oko naydeHbl TUMbl MeXXaTOMHbIX cBsideln Bi—Te.
B pesynbTatax nokasaHo, 4TO NpU HANN4YUN JBOMHUKOBBIX FpaHuL nog yrinomM 60° B 3NeKTpOHHOW CTPYKType
Bi,Te; BO3HWMKAIOT 3HaYUTENbHbIE W3MEHEHWs,, W MOKa3aHO BNWSHUME OTUX COCTOAHMM  Ha
TEPMOINEeKTpUYEcKne, oNTUYECKNE 1 ANeKTpudeckne CBoOMCTBa Mmatepuana. [laHHoe uccnegosaHve MoxeT
co3gaTbh BaXKHYH OCHOBY AN Pa3BUTMSA HOBbIX TEPMOINEKTPUYECKNX N CMIMHTPOHHBIX MaTepuarnoB Ha
ocHoBe Bi,Te;.

KnroueBble cnoBa: BucmyT Tennypua (Bi;Tes), TepMmoanekTpuyeckuin matepuarn, TpUroHanbHas
CVHIOHMS, CMWH-OpOUTanbHas CBs3b, NPOEUUPOBAHHAs MIIOTHOCTb COCTOSIHUA, MEXaTOMHblE CBSA3W,
3MeKTPOHHasi CTPYKTypa.

I.Kirish bo‘lishi aniglangan. Bu holatlar elektron

Samarali  termoelektrik  konversiya o'tkazuvchanlik va termoelektrik
xususiyatlari tufayli vismut telluridi (Bi, Tes ) samaradorlikka bevosita ta'sir gilishi gayd
yarimo‘tkazgichli ~ termoelektrik  material etilgan. Drabble va Goodman (1958)

sifatida keng tadqiq gilingan va shu sababli
zamonaviy texnologiyalar uchun juda muhim
ahamiyatga ega. So‘nggi vaqtlarda Bi, Te;
ning topologik izolyatorlik xususiyatlari ham
aniqlangan bo‘lib, bu spintronika va
elektronika sohalarida yangi imkoniyatlarni
yaratmoqda.Ushbu magolaning asosiy magsadi
Bi, Te; ning fizik-kimyoviy xususiyatlari,
elektron zonalar strukturasini nazariy va
eksperimental ma'lumotlarga asoslanib
chuqurroq tahlil gilishdan iborat.

Bi, Tes ning termoelektrik  va
topologik izolyator xususiyatlari bo‘yicha
ko‘plab ilmiy tadqiqotlar amalga oshirilgan.
Jumladan, Kim va boshgalar (2016) tomonidan
olib borilgan tadgigotda Bi, Tes
kristallaridagi 60° egizak chegaralar elektron
strukturasiga jiddiy ta’sir ko‘rsatishi va bu
chegaralarda yangi elektron holatlar hosil

tomonidan taklif etilgan model Bi, Tez ning
kimyoviy bog‘lanish tabiatini tushuntirib
bergan bo‘lib, unda qatlamlararo Van der Vaals
bog‘lanishlarining ahamiyati va atomlararo
gibridlashgan orbitallar orqali hosil bo‘lgan

bog‘lanishlar  tavsiflangan. Akhanda va
boshgalar (2021) tomonidan o'tkazilgan
eksperimental  tadgigotda esa Bi, Te;

kristalining termoelektrik xususiyatlari keng
harorat intervalida tekshirilgan va oltita
ekvivalent ellipsoid modelining samaradorligi
tasdiglangan. Ushbu adabiyotlar Bi, Te;
kristallarining kompleks fizik-kimyoviy va

elektron  xususiyatlarini  tushunish  uchun
muhim asos bo‘lib xizmat qiladi.
I1.Material va usullar

Tadgiqot obyekti sifatida trigonal

singoniyada kristallanadigan Bi, Te; tanlandi.
Kristall ~strukturasi va elektron tuzilish
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xususiyatlari nazariy hisob-kitoblar hamda
tajribaviy usullar (proyeksiyalangan holatlar
zichligi, spin-orbital bog‘lanish, egizak
chegaralar tahlili) yordamida o‘rganildi.
Atomlararo bog‘lanish turlari Mooser-Pearson,
Lagrenaudie va Drabble-Goodman modellari
orqali tahlil gilindi.

Bi, Te; — vismut va tellurning
birikmasi bo‘lib, kulrang kukun shakliga ega va
u vismut (I1) telluridi deb ham ataladi. Bu
yarimo ‘tkazgich bo‘lib, surma (antimoniy) yoki
selen bilan legirlanganda sovutish yoki
ko‘chma elektr energiyasi ishlab chiqarish
uchun samarali termoelektrik materialga
aylanadi. Bi, Te; topologik izolyator bo‘lgani
sababli, uning fizik xususiyatlari gatlam
qalinligiga bog‘liq holda o‘zgaradi va xona

a . b
« qq L. °.
o h Q (\o o7
oy ‘q:b #
qo R) b o\n\o
qthbo‘o
o 0
001] % % ®i
ob ho ob b
[010]
[210]
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haroratiga yagin sohada eng samarali
termoelektrik materiallardan biri hisoblanadi.
Uning noodatiy elektron tuzilishi va tor
ta’qiglangan zonasi termoelektrik xossalarini
belgilab beradi.

Vismut telluridi trigonal singoniyada
(R-3m, 166) kristallanadi. Ushbu kristall
tuzilishi 5 atomli gatlamlardan (Te-Bi-Te-Bi-
Te) iborat kvintet gatlamlardan tashkil topgan
bo‘lib, ular o‘zaro Van der Vaals kuchlari bilan
bog‘lanadi. Shu sababli u trigonal o‘qi (111
tekisligi) bo‘ylab oson ajraladi. 60° li egizak

chegaralar hosil bo‘lishida kristall
strukturalarning  aylanish  mexanizmi  va
qatlamlararo  bog‘lanishlarning  o‘zgarishi

muhim ahamiyat kasb etadi [3].

"
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1-rasm. Bi,Te; ning atom tuzilmalari: (a) Bi,Tez ning birlik katagi va (b) 60° egizak
chegarasiga ega bo‘lgan Bi,Te; tuzilmasi

Nuqtali qora chiziq 60° egizak
chegarasini ko‘rsatadi. (¢) Hajmiy Bi, Te;
uchun proyeksiyalangan holatlar zichligi, (d)
donachalar sohasi va (e) chegara sohasi (pastki
panel). Chegara sohasidagi proyeksiyalangan
holatlar zichligi grafiklarini chizish uchun
to‘rtta turli atom tanlangan (b-rasmda
belgilangan). To‘q ko‘k, to‘q sariq, qizil va
moviy rangdagi doiralar mos ravishda Te (1),
Te (2), Bi (1) vaBi (2) atomlariga to‘g‘ri keladi.
Uchala panel (c-e) wvalent zonaning
maksimumiga mos ravishda tekislangan.
Hisoblangan tagiglangan zona kengligi sariq
rang bilan soyali soha sifatida ko‘rsatilgan.

l-a rasmda Bi, Te;  kristalining
tetragonal birlik yacheykasi ko‘rsatilgan.

Bismut (Bi) atomlari binafsha rangda, Tellur
(Te) atomlari esa och sariq rangda tasvirlangan.
Kristallning asosiy yo‘nalishlari ko‘rsatilgan
([001] va [010]). 1-b rasmda esa Bi, Tes ning
60° egizak chegara tuzilmasi ko‘rsatilgan. Bu
yerda egizak chegara nuqtali gora chiziq bilan
belgilangan. Ushbu chegara atom
gatlamlarining  struktura  nomuvofigligini
yuzaga keltiradi. Chegara atrofidagi to‘rtta
atom maxsus belgilangan: Te(1) gora, Te(2)
to‘q sariq, Bi(1) qizil va Bi(2) ko‘k rangli
doiralar bilan belgilangan. Bu atomlar chegara
atrofidagi strukturaviy va elektron xossalarni
o‘rganish uchun tanlangan.
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2-rasm. Bi,Tej kristali uchun proyeksiyalangan holatlar zichligi diagrammalari: (a)
hajmiy holat, (b) donacha sohasi, (c) 60° egizak chegara sohasi uchun elektron holatlar
tagsimoti.

2-a rasmda sof Bi, Tes kristali uchun
proyeksiyalangan holatlar zichligi keltirilgan.
Bi va Te atomlari uchun proyeksiyalangan
holatlar zichligi juda o‘xshash, lekin Bi
atomlari uchun holatlar zichligi valent va
o‘tkazuvchanlik zonalarida yuqoriroq
bo‘lganligi ko‘rinadi. Taqiqlangan zona sariq
rangli soyali soha sifatida ko‘rsatilgan. 2-b
grafik donacha sohasidagi Bi va Te
atomlarining proyeksiyalangan holatlar
zichligini aks ettiradi. Bu grafikdan hajmiy
holatdagi proyeksiyalangan holatlar zichligi
bilan deyarli bir xil shaklga ega ekanligini
kuzatish mumkin. Bu donacha sohasida
elektron xossalar hajmiy Bi, Te; ga juda
yagin ekanligini bildiradi. 2-c rasmda esa 60°
egizak chegara hududi uchun proyeksiyalangan
holatlar zichligi diagrammasi ko‘rsatilgan.

2-rasmda keltirilgan grafikda sezilarli
o‘zgarishlar kuzatiladi. Chegara hududidagi
atomlarda (aynigsa Bi(1), Bi(2), Te(1), va
Te(2)) tagiglangan zona ichida yangi energetik
holatlar paydo bo‘lgan. Bi(1) atomida Bi-Bi
atomlari orasidagi qisqarish (3,11 A) tufayli
ta’qiqlangan zona ichida yangi to‘ldirilgan
holatlar vujudga kelgan (gizil chizig).

Te(2)-Te(2) qisqargan bog‘lanish (3,54
A) natijasida ta’giglangan zonada yangi
to‘ldirilgan holatlar (to‘q sariq chiziq) hosil
bo‘lgan. Bi(2) atomida esa o‘tkazuvchanlik
zonasining minimum yaqinida yangi bo‘sh

holatlar paydo bo‘lgan (ko‘k chiziq). (a—)
grafiklar valent zonaning maksimumi atrofida
tekislangan bo‘lib, energiya shkalasi (E-Ef)
Fermi energiyasiga nisbatan ko ‘rsatilgan.

Tadqiqot natijalari shuni ko‘rsatdiki,
Bi, Tez kristallari qatlamli struktura ega
bo‘lib, qatlamlar Van der Vaals kuchlari bilan
bog‘langan. Elektron tuzilish tahlillariga ko‘ra,
valent zona asosan Te atomlarining p-
orbitallari, o‘tkazuvchanlik zonasi esa Bi
atomlarining p-orbitallari bilan tashkil topgan.

Spin-orbital bog‘lanish hisobga olingan
tagdirda zona inversiyasi sodir bo‘lib,
ta’giglangan zona kengligi taxminan 0,11eV ga
kamayadi. Bi, Tes ning termoelektrik
samaradorligida oltita ekvivalent ellipsoidning
mavjudligi hal giluvchi rol o‘ynaydi. Shu bilan
birga, Bi-Te bog‘lanishlari kovalent va ion
bog‘lanishlar kombinatsiyasidan iborat bo‘lib,
bu  materialning  elektron va  optik
xususiyatlarini belgilaydi.

60° egizak chegara mavjud bo‘lgan
Bi, Te; kristallarida strukturaning o‘zgarishi
atomlararo masofalarning gisqgarishiga sabab
bo‘ladi. Natijada elektron strukturalarda
ta’giglangan zonada yangi holatlar paydo
bo‘lib, bu esa materialning elektron va optik
xossalariga  sezilarli  ta’sir  ko‘rsatishini
anglatadi. Aynigsa, chegara hududidagi Bi va
Te atomlarining elektron strukturasidagi
o‘zgarishlar materialning fizik xususiyatlariga
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(masalan, elektr o‘tkazuvchanligi, termik va
optik xususiyatlari) bevosita ta’sir qilishi
mumkin.

Bi, Tes; dagi atomlararo bog‘lanishlar
murakkab  xarakterga ega.  Atomlararo
masofalarni tagqoslaganda, Bi-Te bog‘lari
asosan kovalent tabiatga ega bo‘lib, ion
komponent ham mavjudligi kuzatiladi. Bi-Te,
bog‘lanishi (3,12 A) Bi-Te, (3,54 A) ga
nisbatan mustahkamroq bo‘lib, bu farq elektron
zichlikning tagsimlanishi bilan izohlanadi. Shu
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bilan birga, Te-Te masofalari (3,57 A) Van der

Vaals kuchlariga asoslangan zaif
bog‘lanishlarni ~ hosil  qilib,  kristalning
gatlamlarga oson ajralishini ta’minlaydi.

Bi, Tes ning elektron  zonalar

diagrammasi murakkab bo‘lib, kuchli spin-
orbital bog‘lanish ta’sirida energetik zonalar
tartibi o‘zgaradi. 3-rasmda Bi, Tes; yarim
o‘tkazgichning hisoblangan energetik zonalar
strukturasi keltirilgan:

: )
/\/\ ’;..'1

3 ' i > F
’-:J \ B r ‘I_1"‘-
0.5 A 1i |l \L

; AV

3 f \ l mal 2\ I )

G Z F G L Holat zichtigi

To'lqin vektorlar

a)

b) c)

3-rasm. Bi,Tez ning nazariy hisob-kitoblarga asoslangan energetik zonalar
diagrammasi

3-rasmda aks etgan vyashil chiziglar
spin-orbital bog‘lanish e’tiborga olinmagan,
gora chiziglar esa hisobga olingan holatga mos
keladi. 3-a rasm spin-orbital bog‘lanish hisobga
olingan (gora chizig) va olinmagan (yashil
chiziq) holatlarda Bi, Te; ning bog‘lanish
energiyasi spektri keltirilgan. Spin-orbital
bog‘lanish Kkiritilishi bilan zona oraligi ~0,11
eV gacha pasayib, valent va o‘tkazuvchanlik
zonalari ' nuqtasi atrofida joylarini
almashtiradi. 3-b rasm Bi, Te; ning elektron
holatlar zichligi grafiklari, bunda valent zona
asosan Te p-orbitalari, o‘tkazuvchanlik esa Bi

p-orbitalari bilan to‘yingan. 3-c rasmda
Bi, Te; kristallining  Brilluen  zonasi
ko‘rsatilgan.

Bi, Te; ning elektron holatlari zichligi
natijalariga ko‘ra, valent zona Te atomlarining
p-orbitallari, o‘tkazuvchanlik zonasi esa Bi
atomlarining p-orbitallaridan hosil bo‘ladi.
Bi, Tez ning zona tuzilishidagi o‘ziga xoslik

shundaki, valentlik va o‘tkazuvchanlik
zonalarining  ekstremum nugtalari  yuqori
simmetriyali T" nuqtasida emas. Spin-orbital
bog‘lanish tufayli Bi, Te; da zonalar
inversiyasi sodir bo‘ladi va natijada valent zona
maksimumlari  Brilluen zonasining boshga
nuqtalarida hosil bo‘ladi.

Nazariy va eksperimental tadgigotlar
shuni ko‘rsatadiki, Bi, Te; da energiyaning
bir xil giymatli sirtlari (Fermi sirtlari) oltita
ekvivalent ellipsoid shaklida tashkil topadi.
Boshgacha aytganda, valent zona yuqori holati
va o‘tkazuvchanlik zona pastki holati 6 ta
ekvivalent ellipsoid bilan tasvirlanishi mumkin.
Ushbu ko‘p ellipsoidli (olti- ellipsoidli) tuzilma
zaryad tashuvchilarning samarali massasini
kichik giladi va ellipsoidlar degeneratsiyasini
yuqori darajada ta’minlaydi. Aynan shu
xususiyat Bi, Tez ning termoelektrik material
sifatida yuqori samaradorligiga hissa qo‘shadi
— ko‘p sonli ekvivalent ellipsoidlar zaryad
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tashuvchilarining ko‘plab holatlarini ta’minlab,
elektr o‘tkazuvchanlikni oshiradi, bir vaqtning
o‘zida  Zeebek  koeffitsientini  sezilarli
pasaytirmasdan ushlab turishga imkon beradi.
Xoll effekti va Zeebek koeffitsienti o‘lchovlari
Bi, Te; da oltita ekvivalent ellipsoidli
modeldan foydalanish zarurligini ko‘rsatdi. Bu
ellipsoidlarning mavjudligi zaryad
tashuvchilarning samarali massasini
kamaytiradi, elektr o'tkazuvchanligini oshiradi

va yuqori termoelektrik  samaradorlikni
ta'minlaydi.
I11.Natijalar

Ushbu tadgigotda Bi, Te;

kristallarining atomlararo bog‘lanishlari va
elektron tuzilishi Mooser-Pearson, Lagrenaudie
va Drabble-Goodman modellari  hamda
zamonaviy usullar (DFT, BoltzTraP, STM,
FTIR) yordamida o‘rganildi. Tadqiqot
jarayonida Bi, Te; namunasi  trigonal
singoniyada (R-3m, 166) kristallanishi uchun
Bridgman usuli bilan sintez qilindi, bu yerda
erish harorati 585°C va kristallanish tezligi 1,2
mm/soat sifatida saglandi [9]. Kristallning
gatlamli tuzilishi rentgen diffraksiya (XRD)
yordamida tasdiglandi, natijada a = 4,386 A va
¢ = 30,487 A lattice parametrlari aniglandi [7].

Atomlararo bog‘lanishlar tahlilida Bi—
Te, bog‘lanish uzunligi 3,12 A, Bi-Te,
bog‘lanishi 3,54 A, Te-Te masofasi esa 3,57 A
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ekani aniglandi [8]. Bu giymatlar DFT hisob-
kitoblari ~ orgali  tasdiglanib, Bi-Te;
bog‘lanishining kovalent xarakteri 70% va ion
xarakteri 30% ga yaqin ekanligi ko‘rsatildi
[14]. Valent zona asosan Te atomlarining p-
orbitallaridan (75% hissasi), o‘tkazuvchanlik
zonasi esa Bi atomlarining p-orbitallaridan
(65%  hissasi) tashkil topgani PDOS
diagrammalarida aniglandi (2-rasm). Spin-
orbital  bog‘lanish  hisobga  olinganda,
ta’qiqlangan zona kengligi 0,15 eV dan 0,11 eV
gacha kamaydi, bu esa zona inversiyasiga olib
keldi [13].

60° egizak chegaralar mavjudligida Bi—
Bi masofasi 3,11 A ga, Te-Te masofasi esa 3,54
A ga qisqardi [3]. Bu o‘zgarishlar natijasida
ta’qiglangan zonada yangi energetik holatlar
paydo bo‘ldi: Bi(1) atomida Er (Fermi
energiyasi) dan -0,05 eV pastda to‘ldirilgan
holatlar, Te(2) atomida esa Er dan +0,03 eV
yuqgorida qo‘shimcha holatlar hosil bo‘ldi (2-
rasm, c-panel). STM skanerlash natijalariga
ko‘ra, egizak chegaralar atrofida sirt holatlari
zichligi 1,8 x 10 sm™ 2 ga yetdi, bu hajmiy
holatdan 2,5 baravar yuqori [15]. Ushbu
natijalar 3-rasmda keltirilgan energetik zonalar
diagrammasida ham tasdiglanadi, unda spin-
orbital bog‘lanishsiz (yashil chiziq) va
bog‘lanish bilan (qora chiziq) zonalarning
o‘zgarishi ko‘rsatilgan.

Bi:Tea: Haroratga bog'liq elektr o'tkazuvchanlik va Zeebek koeffitsienti

140000

110000

100 150 200

250 300 350

Harorat (K)

4-rasm: Bi,;Tesz ning haroratga bog‘lig elektr o‘tkazuvchanlik (o) va Zeebek
koeffitsienti (S) grafigi.

BoltzTraP usuli yordamida 77 K dan
380 K gacha harorat oralig‘ida termoelektrik
xususiyatlar hisoblandi [16]. Xona haroratida
(300 K) elektr o‘tkazuvchanlik 6 = 1,2 x 10°
S/m, Zeebek koeffitsienti S = 220 pV/K va
termal o‘tkazuvchanlik « = 1,5 W/mK
giymatlari gayd etildi [12]. Oltita ekvivalent

ellipsoid modeli zaryad tashuvchilarning
samarali massasini m* = 0,21 my (Mo —erkin
elektron massasi) ga kamaytirishi aniglandi, bu
elektr o‘tkazuvchanlikning oshishiga sabab
bo‘ldi [16]. FTIR spektroskopiyasi yordamida
300 K da ta’qiglangan zona kengligi optik
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jihatdan 0,13 eV deb o‘lchandi, bu spin-orbital
bog‘lanish ta’sirida 0,02 eV ga kamaydi [17].
X o°qi haroratni (77-380 K), Y o‘qi esa
o (ko‘k chizig, S/m) va S (qizil chiziq, pV/K)
qiymatlarini ko‘rsatadi. Grafikda 300 K da ¢ va
S ning maksimal giymatlari alohida belgilandi.
Tajriba davomida Bi, Te; namunasi
10 x 5 x 2 mm o‘lchamdagi monokristall
shaklida tayyorlanib, uning elektr xususiyatlari
to‘rt probli usul bilan o‘lchandi [9]. Optik
xususiyatlar  uchun  FTIR  spektrometri
(PerkinElmer Spectrum 100) 400-4000 sm™ !
diapazonida ishlatildi, natijalar 2% xatolik
bilan gayd etildi [17]. Ushbu natijalar Bi, Te;
ning termoelektrik va spintronik
go‘llanilishidagi yuqori potentsialini tasdigladi.

IVV.Muhokama

Bi, Tes  kristallaridagi  atomlararo
bog‘lanishlar va elektron tuzilishning o‘ziga
X0s xususiyatlari materialning termoelektrik va
topologik izolyator sifatidagi samaradorligini
belgilovchi asosiy omillar hisoblanadi. Tahlil
natijalariga  ko‘ra, Bi-Te; bog‘lanish
uzunliklari (3,12 A) Bi-Te, bog‘lanishlariga
(3,54 A) nisbatan qisqaroq bo‘lib, bu
bog‘lanishning kovalent xarakterga yaqinligini
va gisman ion komponentga ega ekanligini
ko‘rsatadi [7]. Te; —Te; masofalari esa (3,57
A) kovalent radiuslar yig‘indisidan katta, lekin
Van-der-Vaals radiuslari yig‘indisidan kichik
bo‘lib, qatlamlararo zaif bog‘lanishlarning
mavjudligini  tasdiglaydi [7]. Ushbu
xususiyatlar Bi, Tes ning trigonal
singoniyadagi qatlamli tuzilishini va uning
mexanik jihatdan oson ajralishini tushuntiradi
[3].

Mooser-Pearson modeli Bi, Te; da Te
atomlarining bog‘lanishidagi metallik
Xususiyatlarni soddalashtirilgan tarzda
izohlashga imkon beradi [4, 5]. Bu modelga
ko‘ra, Te atomlari koordinatsiyasida bo‘sh
orbitallar mavjudligi ta’kidlanadi, ammo bu
yondashuv  Bi, Tez  ning eksperimental
jihatdan tasdiglangan kichik ta’qiglangan
zonaga (~0,15-0,2 eV) ega yarimo‘tkazgich
ekanligini to‘liq tushuntira olmaydi [1].
Lagrenaudie modeli esa Bi atomlarini uch
valentli, Te atomlarini piramidal
koordinatsiyada bog‘langan deb hisoblab,
geometrik tuzilma va atomlararo masofalarni
tahlil qgilishga urinadi [6]. Birogq, bu modelda
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valent  elektronlarning  umumiy  sonini
hisoblashda noanigliklar mavjud [1, 2].
Drabble-Goodman modeli Bi, Tes  ning
atomlararo  bog‘lanishlarini  gibridlashuv
nazariyasi ~ asosida  tahlil  qilib, eng

muvaffagiyatli yondashuvlardan birini taklif
etadi [7]. Bu model Bi-Te; bog‘lanishining
gisgaligi (3,12 A) uning yuqori zichlikdagi

elektron  tagsimlanishiga ega ekanligini
tasdiglaydi [8].
Bi, Tes ning elektron tuzilishidagi

spin-orbital bog‘lanishning ahamiyati katta
bo‘lib, ta’qiqlangan zona kengligi taxminan
0,11 eV ga kamayadi va zonalarning inversiyasi
sodir bo‘ladi [8]. 60° egizak chegaralar
mavjudligida Bi-Bi (3,11 A) va Te-Te (3,54 A)
masofalarining qisqarishi ta’qiqlangan zonada
yangi energetik holatlarning paydo bo‘lishiga
olib keladi [3]. Bu holatlar materialning elektr

o‘tkazuvchanligini  oshirishi  bilan  birga,
termoelektrik samaradorlikka ijobiy ta’sir
ko‘rsatishi mumkin [9].

So‘nggi yillarda Bi, Tes

xususiyatlarini o‘rganishda zamonaviy usullar
go‘llanilmoqda. Masalan, zichlik funktsional
nazariyasi (DFT) asosidagi hisob-kitoblar
Bi, Tez ning elektron zonalari strukturasini,
spin-orbital bog‘lanish ta’sirini va topologik
sirt holatlarini aniq modellashtirish imkonini
beradi [13]. Bu usul proyeksiyalangan holatlar
zichligini (PDOS) hisoblash orgali Bi va Te
atomlarining  zonal tuzilishga qo‘shgan
hissasini batafsil ko‘rsatadi [14]. Shu bilan
birga, skanerlovchi tunnel mikroskopiyasi
(STM) yordamida Bi, Tez ning sirt holatlari
va egizak chegaralardagi defektlar atom
darajasida vizualizatsiya qilinadi, bu esa
topologik izolyator xususiyatlarini
eksperimental tasdiglashda muhim ahamiyatga
ega [15].

Bundan tashgari, BoltzTraP kodi
yordamida Bi, Te; ning termoelektrik
transport xususiyatlari (elektr o‘tkazuvchanlik,
Zeebek koeffitsienti va termal o‘tkazuvchanlik)
keng harorat oralig‘ida hisoblanadi [16]. Ushbu
usul oltita ekvivalent ellipsoid modelining
samaradorligini tasdiglab, zaryad
tashuvchilarning  samarali  massasi  va
degeneratsiyasini aniqlashda qo‘llaniladi [12].
Fourier transform infraqizil spektroskopiyasi
(FTIR) esa Bi, Te; ning optik xususiyatlarini,
xususan, ta’qiqlangan zona kengligi va spin-
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orbital bog‘lanish ta’sirini o‘rganishda yangi
imkoniyatlar ochadi [17]. Ushbu usullar
Bi, Tes ning fizik xususiyatlarini chuqurroq
tushunishga va uning termoelektrik hamda
spintronik qurilmalardagi potentsialini
oshirishga yordam beradi.

Modellarni taggoslash uchun 1-jadvalda
ularning  afzalliklari ~ va  kamchiliklari
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keltirilgan. Yangi usullar hisobga olinganda,
Drabble-Goodman  modeli  eksperimental
ma’lumotlar bilan yaxshi mos keladi, lekin
DFT va STM kabi zamonaviy usullar bilan
to‘ldirilganda yanada aniq natijalar berishi
mumkin.

1-jadval. Nazariy modellarning taqqoslanishi

izohlaydi [4, 5]

Model Afzalliklari Kamchiliklari
Mooser- Te atomlarining bog‘lanishidagi | Kichik ta’qiglangan zonali
Pearson metallik  komponentni  yaxshi | yarimo‘tkazgich xususiyatini

tushuntirishda yetarli emas [1]

Lagrenaudie

Atomlarning valent elektronlari

Elektronlar sonini hisoblashda noaniglik

[7]

va koordinatsiyasini aniq | mavjud,  yarimo‘tkazgichlikni  to‘liq
ifodalashga urinadi [6] izohlay olmaydi [2]
Drabble- Gibridlashuv asosidagi bog‘lanish | Elektron  struktura ~ ma’lumotlarini
Goodman mexanizmini yaxshi tushuntiradi | tushuntirishda yetarli aniglikka ega emas

[8]

2-jadvalda esa modellarning qo‘llanilishi va manbalari yangilangan holda keltirilgan.
2-jadval. Modellarning tagqgoslanishi va manbalari

Model/Usul Asosiy yo‘nalish Bi, Tes uchun qo‘llanilishi Manbalar
Mooser— Elektron tuzilma  va | Bi-Te bog‘larining qgisman | [4, 5]
Pearson kimyoviy bog‘lanish kovalent xarakteri
Lagrenaudie Geometrik  tuzilma va | Qatlamli tuzilma va Van-der- | [6]
simmetriya Vaals kuchlari
Drabble— Zonal struktura va | Egizak chegaralar va zonal | [7, 8]
Goodman defektlar tuzilishga ta’siri
DFT Elektron zichlik va zonal | Spin-orbital  bog‘lanish  va | [13, 14]
struktura topologik xususiyatlar
ST™M Sirt holatlari va defektlar Egizak chegaralar va topologik | [15]
sirt holatlari
BoltzTraP Termoelektrik  transport | Elektr  o‘tkazuvchanlik  va | [16]
xususiyatlari Zeebek koeffitsienti
FTIR Optik xususiyatlar Ta’qiglangan zona va spin- | [17]
orbital bog‘lanish ta’siri
Bi, Tes ning kelajakdagi qo‘llanilishi Ushbu maqgolada Bi, Tes

uchun gatlamlararo Van-der-Vaals kuchlarini
modifikatsiya qilish, legirlash (Sb yoki Se
bilan) va nanostrukturalash strategiyalari
foydali bo‘ladi [9, 11]. Spintronik qurilmalar
uchun sirt holatlarining bargarorligini oshirish
va chegara defektlarini boshgarish muhimdir
[10, 15].

Umuman olganda, Bi, Te3 ning
murakkab fizik-kimyoviy xususiyatlarini to‘liq
izohlash ~ uchun  ushbu modellarning
integratsiyalashgan yondashuvidan foydalanish
magsadga muvofiqdir.

V.Xulosalar

yarimo‘tkazgichining strukturaviy, kimyoviy
va elektron xususiyatlari eksperimental va
nazariy tahlillar asosida batafsil o‘rganildi.
Bi, Tes ning termoelektrik material sifatidagi
samaradorligini  oshiruvchi  asosiy  fizik
xususiyatlar, xususan, atomlararo bog‘lanishlar
va elektron struktura jihatlari alohida e’tiborga
olingan. Bi, Tes ning topologik izolyator
sifatidagi  xususiyatlari ~va  spin-orbital
bog‘lanishning termoelektrik samaradorlikka
ta’siri o‘rganilgan, bu esa materialning yuqori
samarali termoelektrik konversiya
xususiyatlarini  tushunishga yordam beradi.
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Spin-orbital bog‘lanishning ta’siri, aynigsa,
zona inversiyasi va yangi elektron holatlarining
hosil bo‘lishi, Bi, Tez ning elektr va termal
xossalarini sezilarli darajada yaxshilaydi.

Bi, Tes ning strukturaviy va elektron
tuzilishidagi o‘zgarishlar, aynigsa, egizak
chegaralar va kristall tuzilishining gatlamli
xarakteri, termoelektrik samaradorlikni yanada
oshirishi mumkin. Shu sababli, Bi, Te; ning
elektron va optik xususiyatlari, shuningdek,
atomlararo bog‘lanishlarning energetik
tagsimlanishi va spin-orbital bog‘lanishlarining
samarali modifikatsiyasi orgali rivojlanayotgan

termoelektrik texnologiyalarni qo‘llab-
quvvatlash mumkin.

Ushbu tadgigot natijalari  shuni
ko‘rsatadiki, Bi, Tez ning fizik-kimyoviy

xususiyatlari uning zamonaviy termoelektrik va
spintronika qurilmalaridagi potentsialini ancha

[11]. AsumoB T.M., XamtoxyHoBa M.3.,
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oshiradi. Olingan natijalar, aynigsa, Bi, Tes
asosidagi materiallarning yuqori termoelektrik
samaradorligini ta’minlashga qaratilgan yangi
strategiyalarni ~ ishlab  chigishda  muhim
ahamiyatga ega. Shu bilan birga, Bi, Tes ning
strukturaviy va elektron  xususiyatlarini
o‘rganish, ilgari surilgan yangi yondashuvlar
yordamida spintronika va termoelektrik
qurilmalarning yanada samarali va bargaror
bo‘lishiga yordam beradi.

Kelgusida, Bi, Tez ning termal, elektr
va optik xususiyatlarini yanada chuqurroq
o‘rganish, uning yangi qo‘llanish sohalarini
kengaytirishga, aynigsa, zamonaviy energiya
saglash va qayta tiklanadigan energiya
tizimlarida muvaffaqiyatli qo‘llash
imkoniyatlarini yaratishga yordam beradi.
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Vismut va surma xalkogenidlari asosidagi yupga pardali elementlarning
zeebek koeffitsientini harorat gradientiga bog‘ligligini to’rt zond usuli yordamida
o‘rganish
Sh.A.Maxmudov?, B.U.Omonov?, K.l.G‘aynazarova?

UDK 537.312.2:538.975
O‘zbekiston Respublikasi fanlar Akademiyasi Yadro fizikasi instituti®
Farg‘ona davlat universiteti?

Annotatsiya. Mazkur magolada vismut va surma xalkogenidlari (Bi,Te;—Sh,Tes) asosida tayyorlangan
yupga parda termoelektr elementlarining Zeebek koeffitsientini harorat gradientiga bog‘liglikda o‘rganish natijalari
bayon etiladi. Termoelektr materiallarning asosiy parametrlari, xususan, Zeebek effekti hamda Zeebek koeffitsienti
hagida nazariy ma’lumotlar keltirilib, ushbu fizik kattalikning mikro issiglik datchiklari hamda mikrotermoelektr
generatorlar yaratishdagi ahamiyati ta’kidlangan.

Tadqigotda to'rt zond usulidan foydalanilgan bo‘lib, harorat fargi (AT) orttirib borilganda hosil bo‘ladigan
termoelektrik kuchlanish (U) to‘g‘ridan-to‘g‘ri o'lchangan. Namunaning har ikki uchidagi haroratlar (T, va T,) gayd
qilinib, ularning farqgi (AT) va tegishli termoelektrik kuchlanish (U) giymatlari asosida Zeebek koeffitsienti (a) hisoblab
chigilgan. Olingan natijalar shuni ko‘rsatadiki, Bi,Tes—Sb,Te; asosidagi yupga pardalarda harorat gradienti ~15 K dan
~65 K gacha ortib borishi bilan Zeebek koeffitsienti 128 mkV/K dan 138 mkV/K gacha o‘zgarib turadi. Grafik tahlil
Zeebek koeffitsientining o'sish va pasayish jarayonlari tsiklik xarakterga ega ekanligini, bunga asosan zaryad
tashuvchilarning harorat bilan bog'liq sochilishi, mikrostrukturaviy nugsonlar va texnologik parametrlardagi kichik farglar
sabab bo'lishini tasdiglaydi.

Mualliflar Bi,Tes—Sb,Te; materiali nisbatan past harorat farglari sharoitidayam yuqori Zeebek koeffitsientini
saglab turishi termoelektrik datchiklar va generatorda samarali foydalanish uchun qulay xususiyat ekani hagida xulosa
chigarishadi. Xususan, harorat fargi 20-35K oralig‘ida a da pasayishlar, 40-65K dan boshlab esa qayta ortish
kuzatilgani, bu hodisalar materialdagi kristall panjara buzilishlari, elektron (yoki kovak)larning tarqalish xususiyatlari va
texnologik jarayonlarning ta’siri bilan bog‘liq ekanligi aniglanadi. Tadqigotlar shuni ko‘rsatadiki, to‘rt zond usuli
termoelektrik parametrlarni aniglashda kontakt garshiliklarini minimallashtirish orgali nisbatan anigroq va ishonchli
ma’lumotlarni olishga yordam beradi.

Magolada keltirilgan tajribaviy natijalar, bir tomondan, Bi,Te;—Sb,Te; moddasining termoelektrik
xususiyatlarini nazariy va amaliy jihatdan baholash imkonini bersa, boshga tomondan, kelgusida mikroenergetika va
sensor texnologiyalari sohasida dasturlarni rivojlantirishda ushbu materialning yugori samarador termosensor sifatidagi
ahamiyatini yana-da kuchaytiradi. Bunday yupqa parda shaklidagi materiallarda ikki oflchovli qatlam strukturalari va
nugsonlar termoelektrik xossalarga sezilarli ta’sir ko‘rsatadi, bu esa kelgusida tarkibni optimallashtirish, texnologik
jarayonni takomillashtirish hamda turli diapazondagi harorat farglari uchun sinovlarni kengaytirish zaruratini yuzaga
keltiradi.

Umuman olganda, magolada Bi,Te;—Sb,Te; asosidagi yupga parda termoelekir elementlarning harorat
gradienti oshgan sari Zeebek koeffitsienti izchil ravishda o‘zgarishi va asosan 130-135 mkV/K atrofida yuqori giymatni
saglab turishi ko‘rsatib berilgan. Ushbu xususiyatlar, o'z navbatida, mikro o‘lchamdagi issiglik datchiklari, termojuft
sensorlar va kichik termoelektr generatorlar ishlab chigish uchun istigbolli yo‘nalish hisoblanadi. Shuningdek, harorat
farqi ~65 K dan katta giymatlarda materialda yuz beradigan qo‘shimcha jarayonlarni (zaryad tashuvchilarning sochilish
usullari, donachalar chegaralaridagi potensial to‘siq yoki bar'yerlar mavjudligi va boshqalar) chuqur tadqiq etish,
natijalarni sanoat mikrodatchiklari hamda termoenergetik qurilmalar ishlab chiqarishda qo‘llash maqolaning
dolzarbligini yana-da oshiradi.

Kalit so‘zlar: Zeebek effekti, Zeebek koeffitsienti, Bi, Tes—Sh,Tes, termoelektrik kuchlanish, yupqga parda, to‘rt
zond usuli, harorat gradienti, zaryad tashuvchilarning sochilishi, mikrostrukturaviy nuqsonlar, termoelektr generator,
mikro issiqlik datchigi.

AHHOTaums. B gaHHol cTaTbe nNpeAcTaBneHbl pe3dynbTaThl UCCIIeA0BaHNA TemMnepaTypHON 3aBUCMMOCTH
koadppumumneHTa 3eebeka TOHKONNEHOYHBIX TEPMOSINEKTPUYECKUX ANIEMEHTOB HA OCHOBE BUCMYTa U cypbMbl (Bi,Te;—
Sh,Tes). PaccMoOTpeHbl OCHOBHbIE (PU3NYECKME ACNEKTbI TEPMOINEKTPUYECKMX MaTepmNanoB, B YaCTHOCTU adhdekT
3eebeka 1 3HayeHne koahdurumneHTa 3eebeka Npy co3gaHNM MUKPO-TEMNSOBLIX AATYMKOB Y MUKPO-
TEPMO3NEKTPUYECKNX FrEHEPATOPOB.

OKCnepuMeHT NpoBeaéH METOAOM YETbIPEX3OHAOBBLIX M3MEPEHUIA, NPY KOTOPOM HaMpPSMYK permcTpupyeTcs
TepMoanekTpoasmkyLlas cuna (tepmo-O[C, U) npu 3agaHHOM rpagmeHTe TemnepaTyp (AT). Ha ocHoBe M3MepeHHbIX
3HayeHUih TemnepaTtyp Ha KoHuax obpasua (T; u T,), a Takke cooTBeTCTByWOLWMUX BenuinH U Obin BblMUCIEH
koacpduumneHt 3eebeka (a). PesdynbTaThl MoOkasbiBaloT, YTO B AuanasoHe uamMeHeHnuss AT ot ~15K po ~65K
koadppumumneHT 3eebeka TOHKONNEHOYHBLIX 06pa3LoB Bi,Te;—Sh,Te; Bapbupyetca B npegenax 128-138 mkB/K. Mpu
3TOM, COrNacHO MOMNyYeHHbIM rpacuyeckuMm 3aBUCUMOCTAM, O MEHSIETCH HeNMHENHO 3a CYET YepepyloLmxcs 30H
pocta M CHWXeHus. OCHOBHbIMW MPUYMHAMK Takoro NoBeAeHUst ABMSAIOTCA paccesHWe HocuTenen 3sapsga npu
pasnuyHbIX TemnepaTypax, MUKPOCTPYKTYpHble AedeKTbl, @ Takke He3HauyuTenbHble pasnuyins B TEXHOMOrMYECKUX
napameTpax U3roToBEHNs MNEHOK.

ABTOpbI MOOYEPKMBAIOT, YTO CMOcobHOCTL MmaTepuana Bi,Tes;—Sb,Te; coxpaHaTb AOCTAaTOYHO BLICOKWIA
kKoacpduumeHt 3eebGeka npu OTHOCUTENBHO HebOmMbLIMX rpagueHTax TemnepaTyp (Ao ~65K) penaet ero
NnepcnekTMBHbIM  ONA  pa3paboTkym  YyBCTBUTENbHbIX TEPMOAATYMKOB W KOMMAKTHbIX  TEPMO3MEKTPUYECKMX
reHepaTopoB. BbisBNeHHOe umknnyeckoe naMeHeHne koaddurumeHTa 3eebeka (CHWkeHne B ananasoHe 20-35K u
Bo3pacTaHne npu 40-65K) oObsicHAETCAS OCOOEHHOCTSIMM KPUCTamnnMYecKor pPeliéTkM MNEHOYHbIX MaTepuanos,
B3aMMOAENCTBMAMMN Ha rpaHnLax 3épeH, a Takke cneyndukon SIeKTPOHHbLIX (MK AbIPOYHbIX) NPOLLECCoB B 06bLEME
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nnéHkn. MeTon 4YeTblpéX 30HOOB MO3BOMMIT MMHUMM3MPOBATbL KOHTAKTHbIE COMPOTUBIIEHWMS WM MonyynuTb Gonee
HaaéxXHble AaHHble 0 hopMmnpoBaHumn Tepmo-3C.

MNpvBeaéHHble pesynbTaTbl UMEKOT BadkKHOE MNPaKTUYecKoe 3HayeHWe ANs AanbHellen onTuMM3auunm
TEXHOMOMMMN NOSyYeHUs U NapaMeTpoB NNéHOK Bi,Te;—Sh,Tes, a Takke Npn NPOEKTUPOBaHUM MUKPOIHEPreTUYECKNX
YyCTPONCTB W TepmoceHcopoB. [lokasaHo, 4Tto Ana 6Gonee rnybokoro MOHMMAHUS MexaHu3Ma W3MEHEeHUs
TEPMOJNEKTPUYECKNX CBONCTB HEOOXOAMMbI AOMOMHUTENbHBIE WCCIIEAOBaHNA B PACLUMPEHHOM TemnepaTypHOM
AvanasoHe W MOoAEenuMpoBaHWE BIUSHUS CTPYKTYPHbIX hakTopoB (AedekTbl, Mex3épHoBble Gapbepbl, OKCUAHbIE
nnénkn un gp.). Takum obpasom, Hactosdwas paboTa [AEeMOHCTPUPYEeT MepCrneKTUBHOCTL MCMONb30BaHUS
TOHKOMMEHOYHBIX CTPYKTYp Bi,Te;—Sb,Te; B kayecTBe TEPMOINEKTPUYECKUX MaTepuarnosB B pasfnunyHbiXx obnacrax

MWKPOCEHCOPUKN Y MUKPOSHEPreTUKM.

KnioueBble cnoBa: acpdekt 3eebeka, koapduumeHT 3eebeka, Bi,Tes;—Sh,Tez, TepmMoaneKkTpoaBuXyLLas

cuna, ToHKaa nNNnéHka, 4YeTblpEX30HOOBbLIN METOA,

rpaguMeHT Temnepatypbl,

paccesiHue HocuTenen 3apsga,

MUKPOCTPYKTYPHbIE AedeKTbl, TEPMOINEKTPUYECKUI reHepaTop, MUKPO-TEMOBOM AATHUK.

I.Kirish

So‘nggi paytlarda turli fizik signallar va
kimyoviy reaktsiyalar natijasida yuzaga
keladigan issiglik energiyasini elektr signaliga
aylantiruvchi  mikro issiglik datchiklarini
rivojlantirishga qaratilgan tadgigotlar soni
sezilarli ravishda ortib bormoqda [1]. Turli
issiqlik datchiklari orasida, Zeebek effekti
asosida ishlovchi ko‘p termojuftli issiqlik
datchigi sensorlari yuqori sezgirlik, offsetning
(nol nuqtasi siljishi) yo‘qligi va tashqi
kuchlanishga ehtiyoj bo‘lmasligi kabi bir qator
afzalliklarga egadir [2]. Ko‘p termojuftli
issiqlik datchigi sensorlari infraqizil datchik,
mikrokalorimetr, psixrometr, root-mean-square
konvertor, elektromagnit maydon datchigi,
oqim o‘lchagich, vakuum datchigi hamda

Zeebek effekti - 1821-yilda Eston-
German fizigi Zeebek ikkita turli material
biriktirilganda va ularning tutash nuqgtalari turli
haroratlarda (T hamda T+AT) saglanganda,
temperaturalar fargiga (AT) mutanosib bo‘lgan
kuchlanish fargi (AU) hosil bo‘lishini kuzatgan.
Ushbu hodisa Zeebek effekti deb ataladi (1-
rasm). Materialda hosil bo‘ladigan
kuchlanishning harorat gradientiga nisbati
mazkur materialning o‘ziga xos Xususiyati
bo‘lib, “Zeebek koeffitsienti” (o) deb
nomlanadi [4]. Harorat fargi mobil zaryad
tashuvchilar (elektronlar yoki kovaklar)ni
sovuq tutashuv tomon harakatlanishga majbur
giladi va natijada issiq tutashuvda garama-
garshi zaryadlangan hamda harakatsiz yadrolar
goladi; bu esa termoelektrik kuchlanishning

akselerometr  kabi  ko‘plab  sohalarda paydo bo‘lishiga sabab bo‘ladi [5].
qo‘llanilishi mumkin [3].
/5 : T+AT
Material A
Material B
la >
U=aAT

1-rasm. Zeebek effektining soddalashtirilgan diagrammasi. A materiali bir uchida past harorat T ga
sovutilgan, ikkinchi uchida esa yuqori harorat (T+AT) bilan gizitilgan holda tasvirlangan [2].

Termoelektrik kuchlanish (U) quyidagi
(1) tenglama yordamida aniglanadi:

U=(aa—0s) AT (1)
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Bu yerda oa va ag mos ravishda A
hamda B materiallarning Zeebek
koeffitsientlari, AT esa tutash nugtalar
(kontaktlar) orasidagi harorat fargidir [1].

Zeebek koeffitsienti — termoelektr
hodisalarida, materialdagi harorat farqi sababli

I1. Material va usullar
Ushbu ishda

asosidagi yupga pardalarning

Bi, Te; —Sb, Tes
termoelektr

46

hosil bo‘ladigan termoelektrik kuchlanish
giymatini ifodalovchi fizik kattalikdir. Bu
koeffitsient materialning elektron tuzilishi va
temperaturaviy xossalarga bog‘liq.

xossalari, xususan, Zeebek koeffitsientining
harorat gradientiga bog‘liqligi to‘rt zond usuli
yordamida o‘lchandi.

2 —rasm. Yupga pardalarning Zeebek koeffitsientini to‘rt zond usuli bilan o‘lchash sxemasi. Bu xolda
termoelektrik kuchlanish (U) 1 va 4 zondlar orasida aniglandi.

2-rasmda keltirilgan o‘lchash
sxemasidan ko‘rinib turibdiki, namuna ustida
harorat farqi (AT) yaratiladi va uchta asosiy
fizik kattalik: namunaning haroratlari T1 va T»
hamda termoelektrik kuchlanish U gayd etiladi.
Shu ma’lumotlarga asosan harorat farqi ortgani
sayin Zeebek koeffitsientidagi (o) o‘zgarishlar
aniglanadi.

Mazkur tadgigotda ikki xil xususiyatga
e’tibor qaratish magsadga muvofiq bo‘ldi:
1.Harorat gradienti: AT ortishi bilan Zeebek
kuchlanishi U ham oshishi, ammo o ning har
doim ham qat’iy chiziqli o‘zgarishga ega
bo‘lmasligi mumkin.

2.Namuna tarkibi va galinligi: Namunaning
(Bi, Tes; —Sbh, Tes ) qalinligi va biroz turlicha
texnologik  sharoitda  olinishi  Zeebek
koeffitsientining qiymatlariga ma’lum darajada
ta’sir ko‘rsatadi[6].
I11.0lingan natijalar va ularni muhokama
gilish

Quyidagi 1-, 2- va 3-jadvallarda tajribaviy
o‘lchash natijalari keltirilgan. Har bir jadvalda
mos ravishda turli sharoitlarda tayyorlangan
namunaning AT (K), Ti, T2(K), o‘lchangan
termoelektrik  kuchlanish U (mkV) va
hisoblangan Zeebek koeffitsienti o (mkV/K)
qiymatlari ko‘rsatilgan.

1 — jadval
Ne 1 namuna
AT(K) T1(K) To(K) U(mkV) a(mkV/K)
15 277 292 2010 134
20 277 297 2620 131
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25 277 302 3250 130
30 277 307 3850 128,3
35 277 312 4600 131,43
40 277 317 5290 132,25
45 277 322 5970 132,7
50 277 327 6750 135
55 277 332 7360 133,8
60 277 337 8100 135
65 277 342 8900 136,9
2 — jadval
Ne 2 namuna
AT(K) T1(K) T2(K) U(mkV) a(mkV/K)
15 277 292 1950 130
20 277 297 2580 129
25 277 302 3280 131,2
30 277 307 3910 130,3
35 277 312 4620 132
40 277 317 5260 131,5
45 277 322 6000 133,3
50 277 327 6890 137,8
55 277 332 7320 133,1
60 277 337 8070 134,5
65 277 342 8800 135,4
3 - jadval
Ne 3 namuna
AT(K) T1(K) T2(K) U(mkV) a(mkV/K)
15 277 292 2030 135,3
20 277 297 2620 131
25 277 302 3310 132,4
30 277 307 3920 130,7
35 277 312 4540 129,7
40 277 317 5250 131,25
45 277 322 5860 130,2
50 277 327 6590 131,8
55 277 332 7300 132,73
60 277 337 8000 133,3
65 277 342 8720 134,15
Jadvallardagi  ma’lumotlar  shuni  sovutish sharoitlari keskin farglanganda) biroz

ko‘rsatadiki, har bir namuna uchun Zeebek
koeffitsientining giymati  128-138 mkV/K
oralig‘ida o‘zgarib turadi. Umuman olganda, 1-
jadvaldagi namuna Zeebek koeffitsienti
bo‘yicha I5K dan 65K gacha
a~130...136 mkV/K oralig‘ida bo‘lgan holda
0z miqdorda pasayish va ko‘tarilishlar
kuzatiladi (masalan, 30 K da 128,3 mkV/K ga
qisqa muddat pasayish, 65 K da 136,9 mkV/K
gacha o‘sish). 2-jadvalda keltirilgan namuna
harorat farqi 45-50 K atrofida (qizdirish va

yugoriroq giymat — ~137,8 mkV/K ko‘rsatadi,
so‘ng yana 133-135 mkV/K oralig‘iga gaytadi.
3-jadvaldagi namuna esa 15K da
135,3mkV/K, 35K da 129,7mkV/K gacha
pasayish, 65K da 134-135 mkV/K oralig‘ida
qayta o‘sish tendensiyasini namoyon qiladi[7].
Shu oflchovlarning barchasi 3-rasmda
birlashtirilib, har xil sharoitda olingan
namunalar Zeebek koeffitsientining harorat
farqiga (AT ga) bog‘ligligi grafik ko‘rinishda
aks ettirilgan. Grafikdan ko‘rish mumkinki:
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3 —rasm. Turli sharoitlarda olingan va turli galinlikdagi Bi,Tes—Sb,Tes yupqa pardalarining Zeebek
koeffitsientining harorat gradienti bo‘yicha o‘zgarishi.

1. Pasayish va o‘sishning tsiklik
xususiyatlari. Harorat farqi 2035 K oralig‘ida
barcha namunalar Zeebek koeffitsientining
nisbatan pasayish zonasini namoyon qiladi.
Buning sababi harorat ortishi bilan zaryad
tashuvchilarning (asosan elektronlar yoki
kovaklar) tarqalish mexanizmi va qo‘zg‘alishi
ortishi, shuningdek, ichki taranglik yoki panjara
buzilish joylarida sodir bo‘ladigan qo‘shimcha
sochilish omillari bo‘lishi mumkin. Harorat
fargi 40-65 K dan oshib borganida esa o
giymati yana ortib, taxminan 130-137 mkV/K
oralig‘iga chigmoqda.

2. Namunaning texnologik xususiyatlari.
Bi, Te; —Sh, Te; asosidagi yupga parda
materiallarining Zeebek koeffitsienti, odatda,
eng yuqori termoelektr xossalardan biri bo‘lgan
Bi, Te3 moddasiga Sb, Tes; ni qo‘shish
orgali  yaxshilanishi ~ mumkin.  Bunda
aralashmaning stoixiometrik nisbati, galinligi
hamda parda tayyorlash usulidagi (bug‘latish
tezligi, substrat harorati va boshgalar) kichik
farqlar termoelektr xossalarga sezilarli ta’sir
ko‘rsatadi. Jadvallardagi namuna Ne 1, Ne2 va
Ne 3 da aynan shu texnologik parametrlar biroz
farqlangan bo‘lib, grafiklardagi o o‘zgarishida
har bir namuna uchun of‘ziga xos “egri
chiziq”lar qayd etilgan.

3. Strukturaviy buzilishlar va sochilish
mexanizmlari. Yupga parda shaklida olingan

materiallarda to‘liq uch o‘lchamli kristall
panjara emas, balki ikki o‘Ichovli gatlamlararo
o‘zaro ta’sir, nuqsonlar, donachalar chegaralari
va oksidlanish kabi omillar muhim rol
o‘ynaydi. Bu omillar harorat ortishi bilan
zaryad tashuvchilarning sochilish xarakterini
o‘zgartiradi va a ning har xil harorat
diapazonlarida turlicha namoyon bo‘lishiga
sabab bo‘ladi. Masalan, 3-jadvalda 35-40 K da
kuzatilgan pasayish materialdagi qo‘shimcha
sochilish  kanallari faollashganidan darak
berishi mumkin.

4. Harorat fargi — termoelektr kuch
uyg‘unligi. To‘rt zond wusulida o‘lchash
jarayonida kontakt garshiliklari
minimallashtirilgan bo‘lib, namuna bo‘ylab
real termoelektrik kuchlanish to‘g‘ridan-to‘g‘ri
qayd etiladi. Jadvallar va rasmlardan ko‘rish
mumkinki, AT oshgani sayin termoelektrik
kuchlanish U giymati izchil ortib boradi. Bu
tabiiy ravishda Zeebek tenglamasi (1) ga ham
mos keladi:

U=(aa—as) AT,

bu yerda aa va as turli materiallarning
Zeebek koeffitsientlari (namunaga xos), AT
harorat fargi. Ushbu tenglamadan kelib chiggan
holda, a ning AT ga bog‘liq holda o‘zgarib
borishi kuzatilmoqgda[8].
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Umuman olganda, Bi, Te; —Sh, Te;
asosidagi yupga pardalar uchun termoelektrik
xususiyatlarning ijobiy ko‘rsatkichlarga ega
bo‘lishi (o0 = 130-135 mkV/K) ularni har xil
mikro issiglik datchiklari, termojuft sensorlar
va mikroenergetika qurilmalarida qo‘llash
imkoniyatini ko‘rsatadi. Jadvallardagi
natijalarga ko‘ra, harorat diapazoni 15-65K
oralig‘ida bu materiallar barqaror va nisbatan
yuqgori Zeebek koeffitsientini saglab turadi.
Bunda namunaning tuzilishi, kimyoviy tarkibi,
qalinligi hamda o‘lchashning aniq sharoitlari
(vakuum darajasi, namlik, substrat turi va
hokazo) a giymatlarida 2-5 mkV/K atrofida
farglar berishi mumkin.

Demak, tajribaviy o‘lchashlar asosida
Bi, Te; —Sh, Te; asosidagi yupga parda
termoelektr elementlarining harorat farqi
ortishi bilan Zeebek koeffitsienti
~128...138 mkV/K  oralig'ida  o‘zgarishi
aniglandi. Natijalar harorat gradientining
oshishi, materialning o‘ziga xos texnologik
xususiyatlari hamda namuna
mikrostrukturasidagi buzilishlar tufayli o da
uchraydigan pasayish/o‘sishlarga mos keladi.
Ushbu xususiyatlar termoelektr materiallarni
mikrosensor, mikrotermoelektr generator va
boshga qurilmalarni ishlab chigishda keng
qo‘llash uchun istigbolli ekanligini tasdiglaydi.

IVV.Xulosalar
Ushbu ishda Bi, Te; —Sb, Tes
asosidagi yupga parda termoelektr

elementlarining Zeebek koeffitsienti harorat
gradientiga bog‘ligligi to‘rt zond wusuli
yordamida sinchiklab o‘rganildi. Tajribaviy
ma’lumotlar shuni ko‘rsatdiki, harorat farqi
ortishi bilan hosil bo‘ladigan termoelektrik
kuchlanish U izchil ravishda oshadi, biroq
Zeebek koeffitsienti (o) ma’lum diapazonda
anchayin o‘zgaruvchan xususiyat namoyon
giladi. Xususan, o ning qiymati o‘rtacha
128...138 mkV/K oralig‘ida bo‘lib, harorat
fargi ~20-35K da pasayish, ~40-65K dan

yugoriroq diapazonda esa Yyana oshish
tendensiyasiga ega ekanligi kuzatildi.
Mazkur  of‘zgarishlar  quyidagi  asosiy

sabablarga borib tagaladi:

1. Zaryad tashuvchilarning harorat bilan
bog‘liq sochilishi: Harorat farqi ortishi bilan
elektronlar yoki  kovaklarning targalish-
e’lonlanish mexanizmlari o°‘zgaradi, buning
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natijasida o giymati va uning dinamikasi turli
harorat diapazonlarida turlicha kechadi.

2. Texnologik parametrlarning ta’siri:
Yupqga pardalarni olishda bug‘latish tezligi,
substrat  harorati,  kimyoviy tarkibning
stoixiometrik nisbatlari kabilar o‘zgarishi
Zeebek  koeffitsientining  giymatlari  va
o‘zgarish tendensiyalariga sezilarli ta’sir giladi.

3. Mikrostrukturaviy  nugsonlar  va
donachalar chegaralaridagi sochilish: Yupga
parda shaklida olingan materiallarda ikki
o‘lchovli gatlamlar, kristall panjara nugsonlari
hamda oksidlanish jarayonlari o qiymatini
stabil ushlab turish yoki uni o‘zgartirishda
muhim rol o‘ynaydi.

4. To‘rt zond usulining afzalligi: Bunday
o‘lchash  usuli  kontakt  qarshiliklarini
minimallashtirishga va haqigiy termoelektrik
kuchlanishni aniglashga yordam beradi, bu esa
olingan natijalarni etarlicha ishonchli giladi.

Umuman olganda, 15-65K harorat
farqi oralig‘ida Bi, Tes; —Sb, Te; asosidagi
yupga parda termoelektr materiallarida Zeebek
koeffitsienti bargaror ravishda yuqori giymat
(taxminan 130-135 mkV/K) namoyon qilishi
aniglandi. Bu holat ularning mikro issiglik
datchiklari, termojuft sensorlar hamda
mikroenergetika qurilmalarida qo‘llash
imkoniyatlari  yetarlicha yuqori ekanligini
tasdiglaydi. Tajribaviy o‘lchashlarda
kuzatilgan o da gisga muddatli
pasayish/o‘sishlar materialdagi kristall panjara,
nugsonlar, qgatlamlararo chegaralar hamda
harorat bilan bog‘liq ichki fizik-kimyoviy
jarayonlar  ta’sirida  vujudga  kelishini
ko‘rsatadi.

Mazkur natijalar, bir tomondan,
Bi, Te; —Sh, Te; moddasining termoelektrik
xususiyatlarini  yanada  optimallashtirish
magsadida texnologik parametrlarni nazorat
qilish zarurligini ko‘rsatsa, boshqa tomondan,
kichik hajmdagi (mikro) termogeneratorlar va
issiglik  datchiklarini  yaratishda  ushbu
materialning istigbolli ekanligiga dalil bo‘lib
xizmat qiladi. Shuningdek, harorat gradienti
oshgani  sari  termoelektr  xossalaridagi
o‘zgarishlarni yanada chuqur tadqiq qilish,
bog‘liglik mexanizmlarini nazariy modellash
hamda tajriba natijalarini Kkattaroq harorat
diapazonlariga ekstrapolyatsiya gilish
kelajakdagi muhim ilmiy yo‘nalishlardan biri
bo‘lishi mumkin.
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SnO,; metall oksid plyonkalarining gazga sezgirlik xususiyatlarini haroratga
bog’ligligi.

X.J. Mansurov, M.B. Rasulova, M.A. Zulunova, M.M. Xotamov, S.H. Ibroximov, J.S. Madaminjonov
Andijon davlat universiteti

Annotatsiya: Ushbu magolada SnO, plyonkalarining sezgirlik xususiyatlarini harorat bilan
bog'ligligi keltirilgan. Harorat oshgan sari plyonka yuzasidagi gaz molekulalari tezroq adsorbsiyalanadi, bu
esa ularning elektr o’tkazuvchanligini o’zgartiradi. Shuningdek, haroratning ta’siri gaz sezgirlik tizimining
javob tezligi va sezgirlik darajasini yaxshilaydi. Optimal harorat sensorlarning ishlash samaradorligini
oshirishda muhim ahamiyatga ega. Birog, juda yuqori haroratda plyonka materialining strukturaviy
bargarorligi va sezgirligi pasayishi mumkin, bu esa sensorning uzoq muddatli ishlashiga salbiy ta’sir
ko'rsatadi. Shuningdek ,izotermik gizdirishdan keyin sezgir element elektr garshiligi Rse ni gizdirgichdagi
kuchlanishga bog'ligligi eksperimental tadqigot gilinganda o’rganilgan. Natijalar shuni ko'rsatdiki,
namunalar izotermik gizdirishdan keyingi sezgir elementni garshiligi gizdirishda ham sovutishda ham
deyarli bir xil giymatga yaginlashganini, ularning maksimal fargi 10 % (0.5 kOm) ga tengligi kelib chigadi.

Kalit so'zlar: metall-oksid, yupga plyonka, gaz sensori, zol gel, qalay dioksidi

AHHOTauumA. B aTon ctaTbe paccMaTpyMBaeTCsl 3aBUCMMOCTb YyBCTBUTENBHOCTU NneHok SnO, oT
Temnepatypbl. C yBenmyeHnem TemnepaTtypbl MOMEKyrbl rada Ha NoBEpPXHOCTU MIEeHKN agcopbupytoTcs
ObICTpee, YTO U3MeHseT e€ 3NEKTPUYECKYD MPOBOAMMOCTb. Takke BMUSHWE TemnepaTypbl ynydwaet
CKOPOCTb OTKNMMKa U YypoBeHb YyBCTBUTEJIbHOCTU Fa30‘-IyBCTBI/ITeJ'IbHOI7I cuctembl. OnTumanbHas
TemnepaTtypa UMeEeT BaXKHOE 3HaYeHne 4518 NoBbIleHUs 3pdeKTUBHOCTUN paboTkl ceHcopoB. OgHako npwm
CINVLLKOM BbICOKOWM TeMMepaType MOXET CHU3UTbCS CTPYKTYpPHas cTabunbHOCTb MaTepuana nieHkn n eé
YYBCTBUTENMbHOCTb, YTO OTPULIATENBHO CKaXXETCA Ha OONITOBEYHOCTU ceHcopa. Takke Oblno npoBedeHo
3KCNeprMeHTanbHOe UccregoBaHNe 3aBUCUMOCTU 3MEKTPUYECKOrO COMPOTUBIIEHNUS YYBCTBUTENBHOMO
anemeHTa Rse nocne wun30TEPMWYECKOrO MNpOrpeBa OT HanpsKeHus Ha Harpesatene. Pesynbrathbl
nokasanu, 4To CONpOTMBIIEHME YYBCTBUTENBHOMO 3fIEMEHTA Nociie M30TEPMUYECKOro NPorpeBa CxoanTes
K NOYTN OQNHAKOBbIM 3HA4YEeHUAM KaK Nnpu Harpese, Tak U npn oxnaxaeHnun, ¢ MakCumaribHbIM pasnnymnem
okono 10% (0,5 kOm).

KnrouyeBble cnoBa: MeTansn-oKcua, TOHKas NMieHKa, ra3oBbll CEHCOP, 30Mb-Tefb, ANOKCUA ONoBa.

Abstract. This article examines the dependence of the sensitivity of SnO, films on temperature.
As the temperature increases, gas molecules adsorb more quickly on the surface of the film, which changes
its electrical conductivity. The effect of temperature also improves the response speed and sensitivity level
of the gas-sensitive system. The optimal temperature is crucial for enhancing the efficiency of sensor
performance. However, at excessively high temperatures, the structural stability of the film material and its
sensitivity may decrease, which negatively impacts the longevity of the sensor. An experimental study was
also conducted on the dependence of the electrical resistance of the sensitive element (Rse) after
isothermal heating on the voltage applied to the heater. The results showed that the resistance of the
sensitive element after isothermal heating converges to nearly the same values during both heating and
cooling, with a maximum difference of about 10% (0.5 kQ).

Keywords: metal oxide, thin film, gas sensor, sol-gel, tin dioxide.

| Kirish sifati monitoringi, ozig-ovgat mahsulotlarini

Buaunai  kunda metalloksidli qaz daYta ishlas_h, zaharli_ va portIO\'/ghi gazlarni
sensorlari gatrg]f-muhitni monitoring qilish%a, aniglash _kab| salomfatllk blla_n bog'liq so_halarda_l
shamollatish va tozalash tizimlarida, maishiy foydalanila boshladi[1,2]. Yillar davomida turli
texnika  va  avtomonbil sanoatida keng xil gazlarni aniglash uchun turli xil gaz sensori

go’llanilib, shuningdek, tog’-kon, kimyo va texpologiyala‘r i ) qo‘llanilggn, .jumladz.m,
metallurgiya sanoatida xavfli gazlarning ruxsat yim?.ok ﬂ:(azbg.whh’ Ielektrlf"klmgowy’ optik,
etilgan maksimal konsentratsiyasini aniglash aKUstik —kabl - Sensoriar. Har bir sensoming

uchun ham foydalanmogda. Asosan zararli yoki ishlash xarakteristikalari sezgirlik, aniglash
zaharli gaz sizib chigishi hagida insonlarni Chegarasi, selektivlik, tiklash va javob vaqti

- . . kabi xususiyatlarga asoslanadi. Shunday gaz
boxabar qilish uchun ovozli signal beradigan .
tizimlarni  ishlab chigaradigan an'anaviy sensorlariga, asosan, Sn0z, Zn0, In20s, WOs,

aniglash usullari doimo ishonchli emas ya’ni, CdQ’ . T'OZ. va  boshqa me'[fa“OkS.'d“
gaz kontsentratsiyasini aniq va tez vagtda Yarimo'tkazgichlar —gaz sensorlari  misol
o‘lchashni talab giladi. Sensorga asoslangan kelt'”Sh'm'.Z m,umkm.. . .

tizimlar shu tariga kundalik hayotga kirib keldi _ Yarimotkazgichli ~ metallooksidlar
hamda ular hozirda tibbiy diagnostika, havo 250Sidagi  sensorlaridan — biri — qalay  ikki
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oksidi(Sn0»)-3,6eV tagiglangan soha
kengligiga ega bo'lgan n-tipli yarimo'tkazgich
bo’lib, eng istigbolli material hisoblanadi.
Uning asosida kontaktlari orasidagi garshilikni
o’zgarishi bo’yicha havoda turli gazlarni qayd
qiluvchi rezistor ko’rinishidagi gaz sezgir
sensorlar tayyorlanadi. Ishchi kuchlanishni
o’zgartirmaganda gaz sensorlarini
miniatyurizatsiyasi kontaktlarning orasidagi
bo’shligda elektr maydonini oshiradi, bu esa
faol gatlam yuzasida ionosorbatsiyalangan gaz
zarralarini  ko’chirishni rag’batlantiradi va
gazga sezgir qurilmalarning xususiyatlariga
ta’sir giladi, bu tahlil gilingan gazning turini
aniglash uchun ishlatiladi[3]. Lekin bunday
gayd giluvchi elektron asboblarni amaliyotga
ommaviy ravishda qo’llash, keng miqyosda
ishlab chigarish uchun bir vaqtning o’zida
ularni  tanlash  xususiyatlarini,  yugori
sezgirligini va turg’unligini ta’minlashdagi
murakkabliklar muammosi hozirgacha to’la

o’rganilmagan.
I1. Adabiyotlar tahlili

SnO2 plyonkasining kristall tuzilishi
gazga sezgirlikka sezilarli ta’sir qiladi.

Gutierrez J., va boshg. "SnO2-based gas
sensors: synthesis, properties and applications"
(2013) tadqgigotlarida  SnO2ning  gazga
sezgirligiga tuzilishning ta’siri batafsil tahlil
gilingan[4]. SnO2 plyonkalarini turli elementlar
(masalan, metallar, metall oksidlari) bilan
legirlash yoki sirtini modifikatsiya gilish orgali
gazga sezgirlik  xususiyatlarini  sezilarli
darajada yaxshilash mumkin. Legirlash zaryad
tashuvchilar konsentratsiyasini o’zgartirishi,
katalitik faollikni oshirishi yoki selektivlikni
yaxshilashi mumkin. Fine, G. F., va boshqg.
"Metal oxide semi-conductor gas sensors in
environmental monitoring." (2006) tadgiqot
ishida legirlangan  SnO.  sensorlarining
ishlashiga ta’siri  muhokama qilingan[5].
Zhang, J., va boshg. "Enhanced gas sensing
properties of SnO- thin films prepared by sol-
gel method with doping of noble metals™ (2011)
tadgiqot ishida zol-gel wusuli bilan sintez
gilingan SnO plyonkalarini noyob metallar
(Au, Pt) Dbilan legirlash orgali gazga
sezgirlikning sezilarli darajada oshirilishi
hagida ma’lumot berilgan[6].

I11. Tadgigot metodologiyasi
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Gaz  sensorlari  yasash uchun
metallooksidlarni sintez qilishning bir necha
usullari mavjud bo’lib, ulardan biri zol gel
texnologiyasining cho’ktirish usulidir. Olingan
yupga qatlam kristallanishi, qoldiq gazlardan
ozod qilish va elektrik parametrlarini
turg’unlashtirish  uchun yuqori haroratli
kuydirish zarur bo’ladi. Buning uchun har bir
turdagi metallooksidlar uchun o’ziga xos taglik

materiallarini tanlash va asosiysi magbul
texnologik shart-sharoitlarni aniglash talab
gilinadi.

Shu jihatdan ushbu tadgigot ishimizda zol
gel texnologiyasining  cho’ktirish usulidan
foydalandik. Zol-gel usuli o’zining texnologik
jihatdan soddaligi, kamxarjliligi, atmosfera
bosimi ostida jarayonlarni amalga oshirish
imkoni borligi uchun eng qulay texnologik

jarayonlardan  biri  hisoblanadi. Bundan
tashgari, bunday wusulda olingan yupga
metallooksid plyonkalarni magbul
yarimo’tkazgichli ~ monokristall  kremniy

tagliklarga o’tkazish sanoatda ishlab chigarish
uchun oson moslasha oladigan materiallar
yaratish imkonini beradi [7].

Tadgigotda  SnO: plyonkalarini
yarimo’tkazgichli ~ monokristall ~ kremniy
tagliklarga cho’ktirish usuli bilan o’stirilgan.
SnOz yupga plyonkalarni olish texnologiyasi
bir nechta xususiyatlarga ega. Birinchidan,
qo’llash paytida har doim galinlikda farg bor
(tsentrafugalash paytida radial, suvga botirish
paytida chizigli), bu (yopishgoglik, tortish
tezligi yoki sentrafugalashda aylanish tezligiga)
bog’liq. Ikkinchidan, suvga cho’ktirish paytida
galinlikdagi fargni qoplash uchun har bir
gatlamdan keyin namunani 180° ga burish va
natijada bir xil qatlamlarni hosil qilish
kerak.SnO. yupga gatlami 100 ml izopropil
spirtli  aralashmasidan  olingan.  SnO:
plyonkasini sintez gilish uchun biz prekursor
sifatida 0,5 M molyar konsentratsiyali galay
xlorid  digidrat  [SnCl>-2H20]  tuzidan
foydalaniladi. Birinchidan, bu aralashma oq
rangga ega bo’ladi, stabilizator sifatida esa,
dietilamin (C4H11N, (Cz2Hs).NH) — 0.25 ml
qo’shiladi, so’ngra IKA RH basis 2 magnit
aralashtirgich yordamida 80°C li haroratda 60
dagiga vaqt mobaynida eritma rangini to’liq
shaffofga rangga o’tgunicha aralashtirildi. Bu
eritma xona haroratida 168 soat vaqt davomida
quritiladi, qurish jarayonida eritmalar rangini
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avval shaffofdan oggacha, keyin sarig rangga
o’zgartiriladi. Kremniy tagliklar ultratovushli
vannada distillangan suv va izopropil spirti
bilan tozalanadi.

Yupga qatlamlarni o’stirish uchun
avtomatik cho’ktirish qurilmasi qo’llanildi.
O’stirish jarayon 1,5 mm/s tezlikda gelga
cho’ktiriladi. 0.5 minut mobaynida gelda
turgandan so’ng yana shu tezlikda undan
chigarib olinadi. Olingan qatlam 200°C
haroratdagi pechga 0,5 dagida mobaynida
go’yiladi. Ushbu jarayon 40  marta
takrorlanadi.Qoldig organik moddalarni olib
tashlash va ZnO plyonkalarining kristall
tuzilishini olish uchun gatlamlarni ho’llash va
quritishdan so’ng, ular 450° C haroratda 30
dagiga davomida termik ishlov beriladi.

IVV.Natijalar va ularning tahlili

Olingan galay dioksidi yupga gatlamlari
asosida  tayyorlangan  gazlarga  sezgir
sensorlarni turg’unlik, sezgirlik va metrologik
parametrlariga issiglik ishlovlarini ta’sirlarini
o’rganildi.

Tadgigotlar uchun o’lchamlari 1x1 mm?
bo’lgan, mikroelektron texnologiyalar asosida
galay dioksidiga 1 % kremniy atomlari
qo’shilgan galinligi 250 nm atrofida bo’lgan
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namunalari olingan. Namuna yuzasiga 200x320
mkm? li 2 ta sezgir elementdan iborat va yupga
gatlamli gizdirgich va plastinkadan yasalgan,
oralaridagi masofa 10 mkm bo’lgan sezgir
kontaktlar olingan [8].

Sezgir elementlar garshiligini
gizdirgichdagi  kuchlanishga bog’lanishini
ularni qizdirish va sovutishdagi holatlarida
o’rganildi. Qizdirgichga qo’yilayotgan bir Xxil
kuchlanishlarda har xil kristalllar bir-biridan

fargli  haroratlarga qizishi ~ mumkinligini
etiborga olib, eksperimental tadqiqot ishlari
o’tkazildi. Qizdirgichdagi kuchlanishni
haroratga  nisbatan darajalab  olindi.
Qizdirgichdagi kuchlanishni harorat
darajalariga aylantirish uchun
Rn = Ryo(1a(T —Ty)) (1)

ifodasidan foydalanildi. Bu vyerda, Ru —
gizdirgichga kuchlanish berilgandagi

garshiligi, Om; Ruo — qizdirgichni Ugn=0 V
dagi garshiligi, Om; o — garshilikning harorat
koeffitsienti, C!: T — gizdirish harorati, °C; T2
=20 °C hona harorati.

1-jadvalda gizdirgichdagi
kuchlanishlarga mos keluvchi ishchi haroratlar
keltirilgan. Namunalar ishchi harorati 20-370°
C oralig’ida:

1-jadval
Qizdirgich haroratini undagi kuchlanishga bog’ligligi.(Kuchlanish manbai)
Usn. V 05 |1 15 |2 25 |3 35 |4 45 |5 55
BN,
T.°S 19 (50 |60 |95 (127 |[146 [204 (245 (282 (326 |367
1-rasmda R(U) bog’lanishni haroratda yarim soatdan bir necha soatgacha

gizdirishgacha olingan natijalar keltirilgan.
Aytish Kkerakki, sezgir elementni qarshiligi
gizdirishda ham sovutishda ham bir xil
giymatga gaytmadi. Ularning maksimal farqi
115 % (52 k Om) ga yetadi. Bu fargni
kamaytirish uchun sezgir gayd gilgichlarni
yana qayta ishlatish uchun uzluksiz yuqori

izotermik ravishda gizdirish kerak. Shuning
uchun namunalar izotermik ravishda Tconst=
370°C da o’lchanganda, 5,5 soat davomida
gizdirildi [9]. Qizdirish jarayonlari 4 soatga
yetgandan keyin sezgir elementlar garshiligini
to’yinishi ya’ni turg’unlashish kuzatildi (2-
jadval).

2-jadval

Rse ni izotermik qizdirish jarayonida vaqtga bog’lanishi

t,soat 025 |05 |1 |15 ]2 25 |3 35 |4 4.5 5 5.5
Rse, KOm | 8.5 46 |63 |81 |97 |132 |162 |181 |202.1 |202.3 |202.1 |202.2
Shuningdek izotermik qizdirishdan keyin eksperimental tadgigot gilinganda o’rganilgan.
sezgir element elektr qarshiligi Rse ni 2-rasmda namunalar izotermik gizdirishdan

gizdirgichdagi kuchlanishga  bog’ligligi

keyingi sezgir elementni garshiligi gizdirishda
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1l-rasm.Ugp qizdirgichda gizdirilgan (qizil
chiziq) so’ngra sovitilgan (ko’k chiziq) Rscga
bog’liqligi, sezgir elementlarni izotermik
gizdirishdan oldin (a) hamda keyin (b). [9]
O’tkazilgan tadqiqotlar shuni
ko’rsatdiki, sezgir elementning qarshiligi (Rse)
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ham sovutishda ham deyarli bir xil giymatga
yaqginlashganini ko’rish mumkin. Ularning
maksimal fargi 10 % (0.5 kOm) ga tengdir

V. Xulosa

gizdirish va sovutish jarayonlarida bir xil
giymatga qaytmasligi, sezilarli gisterezis
hodisasini namoyon qilishi mumkin. Ushbu
fargni kamaytirish uchun sezgir elementlarni
uzluksiz yuqori haroratda (Tconst = 370°C)
izotermik tarzda qizdirish talab etiladi.
Qizdirishning dastlabki 4 soatida garshilikning
sezilarli ~ o’zgarishi ~ kuzatilgan  bo’lsa,
keyinchalik u turg’unlashgan va sezgir
elementlar elektr garshiligining deyarli bir xil
giymatlarga yaqginlashishi kuzatilgan.

Izotermik gizdirishdan keyin olingan
natijalar sezgir element garshiligining gizdirish
va sovutish jarayonlarida sezilarli darajada
yaqginlashganligini ko’rsatdi, maksimal farq
atigi 10% ni tashkil etdi. Shunday qilib
tadgiqotlar izotermik gizdirish metallooksidlar
asosida olingan gazlarni qgayd qilgichlarni
elektr qgarshiligini oshiradi, ularni sirtdagi
kislorod atomlarini kimyoviy bog’lanishlaridan
ajratib, yupga gatlamlarda elektronlar
harakatini  kuchaytiradi, natijada olingan
elektron qurilmalarni sezgirligini, turg’unligini
oshiradi. Demak, izotermik qizdirish gaz
sezgichlarning  xususiyatlarini  yaxshilash
uchun muhim bosgich hisoblanadi.
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Structural, electrical and optical properties of nickel-doped zinc oxide

UDK.621.315.592.3:538.91
M.B.Rasulova, M.O.G’ofurjonova, S.H.lbroximov

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

Annotation. This study presents the results of investigating the effects of nickel doping atoms on
the structural, electrical, and optical properties of ZnO films obtained by the spray pyrolysis method. XRD
images indicate that the films possess a polycrystalline nature, with the intensity of the (002)
crystallographic direction being highest in ZnO and ZnO:Ni 1 at.% films. It was observed that for ZnO:Ni 3
and 5 at.% thin films, there is a shift from the (002) orientation to the (101) plane. The electrical properties
show that the electrical resistance of samples with Ni added is lower compared to pure ZnO. All samples
are n-type semiconductors with a carrier concentration of 10'8cm?® The maximum value of light
transmittance was found to be approximately 74%.

Keywords: Metal oxide, thin film, spray pyrolysis, X-ray diffraction, doping, crystal structure.

Annotatsiya. Ushbu tadgigotda sprey piroliz usuli bilan olingan ZnO plyonkalarining strukturaviy,
elektrik va optik xususiyatlariga nikel kirishma atomlarining ta'sirini o'rganish natijalari keltiriigan. XRD
tasvirlari shuni ko'rsatadiki, plyonkalar polikristall tabiatga ega, (002) kristallografik yo‘nalishining
intensivligi ZnO va ZnO:Ni 1 at.% plyonkalarida eng yuqori ekanligi, ZnO:Ni 3 va 5 at.% yupga
gatlamlarining (002) yo‘nalishidan (101) tekisligiga o‘zgarishi aniglandi. Elektr xossasi Ni qo‘shilgan
namunalar uchun elektr qarshiligi sof ZnO ga garaganda pasaygan. Barcha namunalar n-tipdagi
yarimo’tkazgich bo’lib, tok tashuvchilar kontsentratsiyasi 1018 sm3 ni tashkil qiladi. Yorug'lik
o‘tkazuvchanlikning maksimal giymati (~ 74%) ekanligi aniglandi.

Kalit so'zlar: Metall oksidi, yupga plyonka, sprey piroliz, rentgen nurlarining diffraksiyasi,
doping, kristall tuzilishi.

AHHOTauMAa. B aToM uccrnegoBaHMM NpuBeOeHbl pe3ynbTaThl U3YyYEeHWUst BRMSIHUS aTOMOB
HMKEeNEeBbIX CMIaBOB HA CTPYKTYPHbIE, SNEKTPUYECKNE U ONTUYECKUE CBOWCTBA NNEHOK ZnO, NOny4YeHHbIX
MeToaoM cnpen-nuponusa. PeHtreHoBckue gudppakumoHHble (XRD) nsobpaxeHus nokasbiBaloT, 4TO
NNEHKN MMEIT MNOMMKPUCTANNMYECKY0 CTPYKTYPY, NP STOM MHTEHCUBHOCTb KpucTannorpadguyeckon
opueHTaumm (002) gocturaet makcumyma anga nnéHok ZnO n ZnO:Ni npu 1 aT.%, B TO Bpems Kak Ans
nnéHok ZnO:Ni ¢ koHueHTpauusmu 3 n 5 at.% HabnogaeTca nameHeHme opueHtauum ¢ (002) Ha (101).
OnekTpuyeckMe CBOWCTBa MOKasblBAKT, 4YTO Ans obpa3uoB ¢ JobaBneHWEM HUKENst anekTpuyeckoe
COMNPOTMBIIEHNE CHUXXEHO MO CpaBHEHMIO ¢ YncTbiM ZnO. Bce obpasupl SBnsATCS NonynpoBogHMKamMm n-
TUNa, C KOHLEHTpaumnein HocuTenen Toka okono 108 cm®. MakcumanbHOe 3HaYeHue CBETOMPOMyCcKaHus
coctaBnseT (~74%).

KnroyeBble croBa: MeTannnyecknii oKCUA, TOHKas MNEHKa, Cnpemn-nMponns, peHTreHoBCKas
Andpakuus, JONUHT, KpUcTannuyeckasi CTpykTypa.

I.Introduction properties of ZnO. Furthermore, the behavior
and state of clusters formed by impurity atoms
of transition metals as a result of external
influences such as temperature, pressure, and
irradiation generate considerable scientific and
practical interest, especially in terms of
manipulating the electrophysical properties of
ZnO [3-4]. Depending on the doping method
employed, zinc oxide (ZnO) can exhibit n-type
or p-type conductivity. Doping ZnO films with
various elements, including group I
elements, transition metals, and rare earth
metals, has led to changes in their physical and
chemical properties, thereby enhancing their
suitability for a range of potential applications

[5].
However, a significant issue remains
regarding the dependence of the structural

Currently, metal oxide films, particularly zinc
oxide (ZnO), are considered a very promising
material for the development of visible and
ultraviolet-emitting semiconductor devices,
which is related to their bandgap of 3.37 eV
and relatively high conductivity for electrons
and holes [1-2]. The doping process can
significantly alter these properties, such as
narrowing the bandgap or changing the
conductivity of the material. The unique
physical properties exhibited by these thin
films are crucial for the advancement of solar
cell production utilizing this material.
Research has shown that impurity defects
arising from high-temperature diffusion
doping with transition metals have a
significant impact on the electrophysical
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properties of ZnO films on the concentration
of impurity atoms and the stability of device
operation, which has not been sufficiently
studied. Therefore, this research aims to
identify optimal conditions for doping thin
ZnO films with nickel (Ni) atoms and
discusses the results of X-ray diffraction
analysis of ZnO and Ni-doped ZnO thin films
containing ZnO with Ni (1 at.%, 3 at.%, 5
at.%). The ZnO and Ni-doped ZnO thin films
were effectively synthesized using the spray
pyrolysis method on glass substrates at an
approximate substrate temperature of 350°C.

I1.Materials and methods

To prepare the required sol solution,
zinc acetate (Zn(CH3;COQ),+2H,0) was used
as a precursor and isopropyl alcohol
(CH3;CH(OH)CH3) was used as a solvent.
Diethylamino (C4H;;N) was added as a
stabilizing agent along with nickel acetate
[Ni(CH3COO), 2H,0]. 1 gram of zinc acetate
and 0.013 to 0.065 (1 at.%, 3 at.% and 5 at.%)
grams of nickel acetate were dissolved in 100
ml of isopropyl alcohol. Then, 0.17 ml of
diethylamino was added dropwise to increase
the solubility of this mixture. The resulting
solution was stirred at 60° C at 1500 rpm using
a magnetic stirrer until it became clear. 1 ml of
hydrochloric acid was added to prevent the
hydrolysis of nickel acetate in aqueous
solution. The resulting mixtures were stirred at
room temperature for 30 minutes using an
IKARH basic2 magnetic stirrer. The
parameters for the deposition of nickel-doped
zinc oxide were set as follows: compressor
pressure 1.5 bar, distance from the aerosol
source to the substrate 80 cm, and solution
flow rate 7 ml/min. After the thin film was
grown, an isothermal annealing process was
performed at 500° C for 10 minutes to enhance
crystallization and reduce resistance. This
procedure resulted in the formation of 20
layers.

Structural analyses of the synthesized
thin films of metal oxides, in particular ZnO
and ZnO:Ni, were performed using an XRD-
6100 diffractometer. The XRD diffractometer
was operated at a voltage of 40 kV and a
current of 30 mA, with a scanning range of
20.0 to 80.0 degrees, a scanning rate of 2
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degrees per minute, and a step size of 0.02

degrees.
The electrical properties of nickel-doped
ZnO, i.e, the electrical resistance,

concentration, and mobility of current carriers,
were measured by the Van der Pauw method
and the Hall effect with a magnetic field
strength of 0.63 T. The optical properties of
the films were studied using a SPEKS SSP-
715 M spectrophotometer.

I11.Results and discussion

The XRD patterns of ZnO:Ni thin films
with ZnO and nickel concentrations of 1 at.%,
3 at.% and 5 at.% are presented in Figure 1. In
this diffraction pattern, a series of structural
diffuse reflections with different intensities
were observed in small-angle scattering. In
particular, high-intensity structural reflections
were observed in three crystallographic
directions. That is, corresponding to the (100)
crystallographic direction, diffuse reflections
corresponding to the spacing of planes with
d/n =0.2776 nm were observed in the
scattering angle 26=31.42°, corresponding to
the  (002)  crystallographic  direction,
corresponding to the spacing of planes with
d/n =0.2582 nm in the scattering angle
20=34.48°, corresponding to the spacing of
planes with d/n =0.250 nm in the scattering
angle 20=36.34°, corresponding to the (101)
crystallographic direction.

Among these observed reflections,
the structural line corresponding to the
crystallographic direction (002) has the highest
intensity (~105 imps? ), and we determined
the half-width of this reflection, which
indicates that the thinness of the peak half-
width (FWHM=3.6-10rad) indicates a much
higher degree of crystallinity of the grown
film. Also, when analyzing the experimental
results of this reflection, it was found that the
crystal lattice of the film grown at room
temperature is a=b=3.265 A and c¢=5.212 A,
respectively, which, in turn, indicates that the
ZnO layers have a wurtzite structure belonging
to the C6/mmc hexagonal crystal lattice space
group, and the zinc and oxygen have an
alternating arrangement in the unit cell of the
crystal lattice. At the same time, the
crystallographic direction of the X-ray
diffraction pattern of the sub crystallites in the
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undoped ZnO films with a size of ~ 39.5 nm
was determined from the experimental values
(002) of the reflection pattern.

At the same time, the X-ray diffraction
of ZnO:Ni thin films was described, the X-ray
pattern of which differs from that of the
undoped ZnO thin film. The elastic
background level of the diffuse reflection
observed in small-angle scattering decreases
with an increase in the amount of doped
atoms. That is, it indicates a decrease in the
unevenness of the crystal lattice of the main
background impurities of the oxygen atom
distribution in the thin films grown with an
increase in the amount of nickel atoms. In
order to study the effect of Ni atoms on the
structural properties of ZnO, the state of
structural reflections for the three main
crystallographic directions (100), (002) and
(101) was observed. That is, the diffuse
reflections corresponding to the (100)
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crystallographic direction, 20 =34.59° angle
scattering, and corresponding to the (101)
crystallographic direction, 20=36.34° angle
scattering are shifted to small angles by
Aa=0.05° and Ac=0.011°. Also, in the X-ray
diffraction pattern of layers doped with 5%
nickel atoms, an increase in the reflection
intensity for the (100) structural line by 15.9%
and for the (101) structural line by 31.9%. In
addition, the small-angle scattering (102),
(110), (200), (112) crystallographic directions
had 260 values 20 of 47.55°, 56.77°, 62.82° and
68.00°, respectively. It should be noted that
the intensity of the (002) crystallographic
direction is observed to be the highest in the
ZnO and ZnO:Ni 1 at.% films. The fact that
the dominant direction of the ZnO:Ni 3 and 5
at.% thin films changes to the (101) plane and
that other secondary phases of Ni or NiO are
not visible within the scanning range indicates
that the Zn*? atoms in the ZnO:Ni structure

crystallographic direction, 260 =31.47° angle can be replaced by Ni*? atoms [6].
scattering, corresponding to the (002)
a8 8
g8 & 8 o 8
g = g °
ZnO
— ZNO:Ni 1 at.%
p "‘J ——  ZnO:Ni 3 at.%
E N M ZnO:Ni 5 at.%
[ 2]
I
= —— .M'
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Figure 1. XRD patterns of ZnO and ZnO:Ni thin films.

Examination of the X-ray diffraction
(XRD) peaks shows that the ZnO and ZnO:Ni
samples can be classified as having a
hexagonal (wurtzite) structure. Nickel (0.69
°A) has a smaller ionic radius than zinc (0.74
°A), which accounts for the absence of

additional peaks during doping. The limited
ionic radius of nickel also ensures that the
wurtzite structure is not altered [6]. The XRD
patterns also show that the films have good
crystallinity, with crystallites oriented in
different planes. The primary peak positions
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are located at 26 values of 31.95°, 34.51° and
36.42°, while the secondary peaks are located
at 46.56°, 56.09°, 63.11° and 68.32°. It is
noteworthy that the intensity of the (002)
reflection is highest for ZnO and 1 at.%
ZnO:Ni films, suggesting a preferential
orientation along the (002) plane for these
samples. In contrast, for 3 and 5 at.% ZnO:Ni
thin films, the preferential orientation shifts to
the (101) plane. In addition, no secondary
phases of Ni or its oxides were detected within
the scan interval, indicating that Ni effectively
replaces Zn sites in the ZnO lattice [7].

The lattice defects formed in nickel-
doped ZnO thin films were analyzed for their
changes in the structural parameters of the
synthesized samples (Table 1). The lattice
constants (a,b,c) of the films grown at room
temperature were determined using the
following expression:
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a=h= A c= A
J3sin 6 sin®

The calculated lattice constants and their ratio
"c/a" are given in Table 1. The obtained values
20 of the lattice parameters, for the "a" and "c"
axes, indicate that they are consistent with the
wurtzite crystal structure [8]. The "c/a" ratio
confirms that the doped atoms can be
successfully incorporated into the ZnO crystal
lattice. The values of the grown crystallite size
are lower bound estimates. By comparing the
diffuse reflections and relative intensities
observed in XRD with the standard value of
the ZnO crystal structure (JCPDS card No. 01-
089-0510), the structural parameters of the
ZnO:Ni films were also calculated and the
results are given in Table 1.

1)

Table 1. Structural characteristics of ZnO:Ni films.

Crystallographic | Lattice constants Crystallite size D,
direction(g02), nm
(26),0

Samples a=b, (A) |c(A) |cla

ZnO 34.48 3.265 5.212 159 |395

ZnO:Ni 1 at.% 34.59 3.265 5.208 1.6 34.6

ZnO:Ni 3 at.% 34.56 3.264 5.206 1,6 38.8

ZnO:Ni 5 at.% 34.53 3.263 5.203 1.6 41.4

The analysis showed that the amount of
nickel added to the samples was reduced
compared to the undoped zinc oxide. The size
of the grown crystallites is calculated using the
Debye-Scherrer formula.

kA
- LcosO

)

where A is the radiation wavelength equal to
0.154 nm, 0 is the diffraction angle (half-width
at half-width at maximum intensity), B is the
physical broadening of the diffraction line
(FWHM - full-width at half-width at
maximum intensity), and the coefficient
k=0.91. Using expression (2), it is possible to
determine the sizes of subcrystallites, which

initially decreased when the Ni alloying was
1% (Dzn0=39,5 nm, and Dzno:Ni 1at.%=34,6 nm),
and then, with increasing nickel concentration,
the sizes of subcrystallites also increased
(Dzno:Ni 3at%=38,8 nm and Dzno:ni at%=41,4
nm). Based on the experimental values of
these structural parameters, it can be
concluded that doping ZnO with nickel atoms
in an amount of up to 1% increases the
crystallinity of the films, but this level
decreases when the nickel atoms are higher
than 3%.

Some changes were observed in the
lattice parameters of ZnO films with the
introduction of nickel atoms, which may be
due to the small difference in ionic radius
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between Zn?>* and Ni** ions. The lattice
constant ~ “a”  remains  approximately

unchanged, but the value of c decreases
slightly with increasing Ni atom concentration.
Depending on the Ni atom concentration, an
increase in intensity is observed in the (101)
crystallographic direction. It can be seen from
Table 1 that the crystallite size of the Ni:ZnO
samples increases with increasing nickel
concentration, which indicates that at high
concentrations, nickel atoms are located as
defects at the lattice sites, reducing the
crystallinity. The best crystallinity was
demonstrated at a nickel concentration of 1%.
The ionic radii of Ni** (0.69 A) and Zn?*
(0.74 A) ions are very close, and since they
have the same valence and the same structure,
Ni%* is easily replaced by Zn** , which does
not change the hexagonal structure of the ZnO
crystal lattice.

The lowest resistance and good linear
contacts for ZnO:Ni metal oxide films were
obtained by annealing them from silver (Ag) at
a temperature of 1500C. The electrical
properties of the prepared ZnO:Ni metal oxide
thin films were studied at room temperature by
the Van der Pauw method, and the
conductivity type was determined by a thermal
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probe, as well as by the Hall method. It was
found that the metal oxide layers were mainly
n-type in conductivity. To determine the
electrical conductivity of ZnO:Ni thin films,
the change in temperature up to 450 K was
measured using the four-probe method, and
the specific resistance of the layers was
determined using expression (3)

_7r-d.R1+R2.f

"2 2 ®)

o,

where, d is the sample thickness (cm); f — %

2

(%) is the relationship
1

According to the results of the study,
we can also see that the resistance decreases
with increasing Ni concentration. This
indicates that Ni has a donor property. It
should be noted that the electrical resistance
for the Ni-doped samples is lower than that of
pure ZnO. The electrical characteristics of
ZnO:Ni at room temperature are presented in
Table 2.

Table 2. Electrical characteristics of ZnO:Ni films

Relative Carrier Mobility, Type of

resistance, concentration sm™ sm?V 15t conductivi
Ne | Samples o(Q-sm) H( ) ty
1 |zZnO 0,69 1.19-10%8 7,61 n
ZnO:Ni lat.% 0.58 1.9-10%8 5.72 n
2 | ZnO:Ni 3at.% 1.24 7.9-10Y 6.31 n
3 | ZnO:Ni 5at.% 2.38 6.3:107 4.14 n

The decrease in resistance due to
alloying is understandable, since some Zn*2
atoms are replaced by Ni*? atoms, which can
only be replaced by Ni in cases where the 3d
shell is incomplete (3d® ) and near the bottom
of the conduction band. This addition of
conduction band states provides greater
electron conductivity and reduces resistance.

The optical transmittance of nickel-
doped ZnO films is obtained using expression
(4). The transmittance coefficient (T) of light
incident on the crystal is equal to the following
expression.

T=(-q) -expled) (4)
is equal to , from which the absorption
coefficient can be determined:

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025



PHYSICS

ozzélnT(l—q)2 (5)

As can be seen from the figure, at low
wavelengths (380 nm-420 nm) the
transmittance changes sharply, and at high
wavelengths (500 nm-800 nm) it remains
almost unchanged. A sharp decrease in
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band to the conduction band. The maximum
transmittance value (~ 74%) was obtained.
The transparency of the films decreases with
increasing Ni concentration. The decrease in
transparency in ZnO:Ni thin films is due to
several factors: nickel enters ZnO as point
defects, and these defects are located at the

transmittance is observed at ~ 380 nm, which ~ centers of light scattering, leading to a
can be associated with the absorption of Jecrease in transparency; increasing the
photon energy. Such light absorption means dislocation density; nickel defects create
that the incoming photons have sufficient additional energy levels.
energy to excite electrons from the valence
8.0 o
Zno
= ZnONi1at.%
gfu- ZnO:MNi3at.%
o ZnO:MNi5at.%
(]
4.0 J ] L, I I ! ] __'_ 1
200 400 500 00 To0 800
Wavelength, nm

Figure 2. Optical absorption spectra of ZnO:Ni thin films for various Ni concentrations.

These layers absorb light at certain
wavelengths and  reduce the overall
transparency; they can lead to the formation of
secondary phases such as nickel oxide (NiO).
Therefore, the decrease in transparency of
nickel-doped ZnO is primarily due to defect
formation, changes in energy fields, secondary
phases, and changes in microstructure.

The optical absorption spectra of
ZnO:Ni thin films are depicted in Figure 2.
The absorption limit is relatively large in the
wavelength range of 350-380 nm, and we can
see that the optical absorption values decrease
sharply for all samples in the wavelength
range of 380-400 nm. With increasing nickel

1VV.Conclusion

concentration, the absorption limits of the
films shift towards longer wavelengths, i.e.,
towards the red, which indicates a decrease in
the width of the forbidden band and an
improvement in the absorption in the visible
region. Such an optical absorption region
corresponds to a transition from the valence
band to the conduction band, and the shift of
the absorption edge to a lower energy side
creates energy levels formed by some specific
defects. This result has also been shown in
research works [9,10]. When doped atoms are
introduced into ZnO thin films, the absorption
of light depends on the above factors, as well
as on the change in the band gap

Based on the conducted experimental
studies and analysis of the obtained results, the
following conclusions can be drawn:
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It was found that the surface of the

deposited ZnO  films  exhibits  the
crystallographic direction (002) and consists of
blocks with a size of 39.5 nm, and has a
hexagonal crystal lattice with parameters
a=b=0.3265 nm and ¢=0.5212 nm.
It was found that the intensity of the
crystallographic direction (002) is highest in
ZnO and ZnO:Ni 1 at.% films. Also, the fact
that the dominant direction of the ZnO:Ni 3
and 5 at.% thin films changes to the (101)
plane and that other secondary phases of Ni or
NiO are not visible within the scanning range
indicates that the Zn*? atoms in the ZnO:Ni
structure can be replaced by Ni*? atoms.
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AnekTpodusanyeckne CBONCTBa KPEeMHUS B 3aBUCUMOCTM OT KNacTepoB NPUMECHbIX

aToOMOB
A.Kyp6aHoB, C.bakupoBa

AHHOTaUMA. YCTaHOBMEHO, 4YTO OOMnydYeHMe g- KBaHTaMuM MPMBOAWUT K YBEIIMYEHUIO KOHLEHTpauuu
npuUMecHbIX LieHTpoB Pt B n-Si<P,Pt>. OTHOCUTENBHO HMU3KME TeMNepaTypbl pacnaga 3TUX LLIEHTPOB M NPOBEAEHHbIN
aHanma no3BorsOT CBA3aTb UX C KOMMNEKCAMU MEXA0Y3€eMbHbIX aTOMOB NPUMECe C BakaHCUAMU.

KniouyeBble cnoBa: KpeMHUI, KnacTepbl MPUMECHBIX aTOMOB, raMMa obny4eHus, KoBaneHTHas paguyc,

HUKeIb, NnaTtunHa.

Annotation. It has been established that irradiation with g-quanta leads to an increase in the concentration
of Pt impurity centers in n-Si<P,Pt>. The relatively low decay temperatures of these centers and the analysis
performed allow us to associate them with complexes of interstitial impurity atoms with vacancies.

Key words: silicon, clusters of impurity atoms, gamma irradiation, covalence radiuc, nickel, platinium.

Annotatsiya. Gamma kvantlar bilan nurlantiriigan n-Si<P,Pt> namunalarda Pt kirishma markazlari
konsentratsiyasining ortishi aniglandi. Markazlarning nisbatan kichik emirilish haroratiga va amalga oshirilgan
tajribalar tahlillariga asoslanib, bunday markazlarni vakantsiyalar va tugunlararo kirishma atomlari komplekslari bilan

bog'lash mumkin.

Kalit so'zlar: kremniy, kirishma atomlari klasterlari, gamma nurlanish, kovalent radius, nikel, platina.

|.BBenenue

M3BeCTHO, YTO MNPEHMYIIECTCHHAs 4YacTh
IPHOOPOB MUKPOSTIEKTPOHUKH M ONTOIIEKTPOHUKH
W3TOTOBJIMBAIOTCS HA OCHOBE KPHCTAJLIMYECKOTO
kpemuaus. bomee 85 % doTornmexTpuueckux
npeoOpaszoBatesiell JHEPruu 0A3UPYIOTCS HA MOHO-
U TOJUKPUCTAUIMYECKUN KpemHui. Ilostomy
HOBBIILICHHE (DOTOUYBCTBHTEIBHOCTH HCXOHBIX
IUIACTHH ~ KPEMHHsS,  TPEIHA3HAYCHHBIX  JUIS
U3TOTOBJICHHS Ha UX OCHOBE (DOTOINEKTPHUECKUX
NpUOOPOB  SIBJIACTCS  OJHAM U3 MPAKTHYCCKH
3HAYUMBIX 3a/1a4 COBPEMEHHOTO
TIOJTyIIPOBOTHMKOBOTO ~ MaTepuanoBeieHus. Jlis
JOCTHDKEHUSI ITOW e HCIOJB3YIOTCS BechMa
pa3sHOOOpa3Hble  TEXHOJOTHYECKHE  IPHEMBI,
BKJIIOYAIOIIKE B ceOe TepMHUIECKYIO 00padoTky [1],
BBEJICHHE KJIACTEPOB MMPHMECHBIX aTtomoB [2,3],
paaralMoHHO-CTUMYUpytomee oOmyuenue [4],
(GopMHpOBaHHE  JIOMOJHUTENBHBIX  OOBEMHBIX
OappepoB [5] u T. m. Bsemenumem KiactepoB
MIPUMECHBIX aTOMOB B 00bEME KPEMHHUSI TI03BOJISET

€031aTh 00BEMHO-HAHOCTPYKTYPUPOBAHHBIE
MaTepuaibl, obnagaromue 0oyiee  MUPOKUMHU
(GYHKIIMOHATHHBIMU BO3MOKHOCTSIMH JUTSL

JJIEKTPOHUKA ®  ¢oTodHepreTuku  [6, 7],
¢dusznyecKre CBONCTBA KOTOPHIX €I1le HEIOCTATOYHO
W3yYCHBI. B Takux mMarepuaiax He TOJBKO HMEeTCs
BO3MOXXHOCTh ~ YIPaBIATh  (PyHAAMEHTaIbHBIMU
napaMeTpaMH KPEeMHHSI, HO H OOHAPY>KUBAFOTCS PSIJT
HOBBIX, €IIeé HE OOBICHEHHBIX (PHU3UIECKUX
SIBJICHUH, KOTOpBIC OTCYTCTBYIOT B
MOJTYTIPOBOJTHUKAX, JIETUPOBAHHBIX PA3TMYHBIMU
MPUMECHBIMH aTOMaMH, HO M B MaTepHaiax C

HaHOCTPYKTypaMu.  OCOOEHHOCTH  IOCIETHUX
MIO3BOJISIIOT Pa3paboTaTh W CO3JaTh HA MX OCHOBE
NPUHIUIHAIBHO HOBBIE KIJIACChl 3JIEKTPOHHBIX,
OTITO3JICKTPOHHBIX, HAHOAJIEKTPOHHBIX MPUOOPOB,
(OTOHMKM ¥ CIMHTPOHHWKH, a TaKxke Oosee
3¢ eKTUBHBIE COJHEYHBIE AIIeMEHTHI. I[loaTomy
KOMIICHCUPOBAHHBIH ~KpPEeMHHH C KJIacTepaMu
aTOMOB  TIpUMeceil,  TNpHBIIEKaeT  HMHTEPEC
uccienoBareie BO3MOXKHOCTbIO U3TOTOBJIEHUS Ha
€r0 OCHOBE PAa3IMYHBIX JAaTYUKOB, O00JIATAIONINX
NOBBIIIEHHOH TepMO — M paJHAIMOHHON
CTOMKOCTBIO.

OnHaKo B 3aBUCHMOCTH CBOHTB KPEMHHUS OT
MapaMeTpoB KJIACTEPOB aTOMOB MPHUMECEH M JT03BI
oOmydeHust cnabo wu3yueHa. B cBs3u ¢ 3Tum
MPECTaBIseT OONBIIOW HMHTEPEC HCCIeOBAHUS
piusHMe y- pamuanun ©Co Ha cBoiict Si<Ni>,
Si<Pt>u Si<P>.

I1. [ToaroroBka 00pa3uo0B U METOAUKA
JIKCIEPUMEHTA

O06pas3iibt M3TOTOBIIUIACH B BUJIE
MapalieNlenuIesioB pasMepoM 12x6x1,2 MM u
nojaBepranucy numdoske nopomkom M-14. Tlpu
3TOM o0co0oe BHUMaHHE YIENAJoCh IUIOCKO-

MapajuielbHOCTH W YUCTOTE€  IMOBEPXHOCTHU
00pasmos.
JlerupoBanue KpeMHUS HUKETIEM

OCYIIECTBISIOCH TEPpMOIN(DPY3MOHHHBIM METOZOM
B OTKpBITOM oObeMe (Ha Bo3myxe) u3 cios Ni,
HAaHECEHHOI0  Ha  MOBEPXHOCTh  IUIACTUHKHU
KpeMHHs, B uHTepBaie Temmeparyp 1200 °C B
TeueHue ~ 5 4acoB ¢ nocieayromum ObicTpbiM (11
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Tan) U memieHHbM (I Tum) oxnaxaeHuem, Mpu
9TOM IOJIy4eH KOMIEHCUPOBAaHHUN KpEeMHHM N-
Si<P,Ni>. Jlns  jerupoBaHusl — HMCIIOJb30BAIU
METaJUIMYECKYI0 HUKET YUCTOTOU 99,99 %.
JlerupoBaHHe TIJIATHHAM OCYIIECTBIISLIOCH
Takxe MeToaoM Tepmoauddysun npu ~1280 °C B

teyenue 10 wyacoB, mTpu ITOM  MOJY4YEH
KOMIIEHCUPOBaHHBIN KpeMHHit N-Si<P,Pt>
[TapannenbHO  HMCCIIENOBATINCH  0Opa3Ibl

KpeMHHsT N-Si<P> MpoXOIUBIIHE aHAIOTHYHYIO
TepMo0oOpaboTKy, HO 0€3 TpHUMecH HUKEIS W
IJIATUHBI — KOHTPOJIbHBIN KpeMHuH. {15 uzyuenus
AIEKTPOPUINICCKUX  CBOWCTB  JISTHPOBAHHOTO
maTtepuana mocine aupdy3un co BCeX CTOPOH
YAQISUIUCH TPUIOBEPXHOCTHBIM CJIOW TOJIIMHOU
50+100 MKMm.

Omudeckre KOHTaKThl Ha o00pasmbl  Si
NoJlyyalnu IyTeM TNpuliauBaHus ciiaBa Sn+in
(50%+50%) mpum  Ttemmeparype ~120 °C.
Wsrotoenenune auonoB HIOTTKM oOCyIIeCTBIAIOCH
nyTeM HambuleHHs Au U Sb Ha MONUPOBAHHYIO
MOBEPXHOCTh KPEMHHSI.

63

Panuarnmonnast obOpaboTka IIaCTUH
KPEMHUS ¥ CTPYKTYP Ha €ro OCHOBE ITPOBOINIACH B
none ramma-paguanuu °Co ¢ HHTEHCUBHOCTHIO 60
P/c B wmHCcTHTYTEe Snepnoit ¢usumku AH PVY3.
Temmeparypa npu obiyueHnn He npeBbimana 50
°C. Owmuueckwe KOHTAaKTBI M P-N  IMEPEeXOJIbl
II0JIy4€HBI cIIaBHBIM MeToioM nipu 400 °C.

I11. DxcniepuMeHTAIBLHBIE PE3YJIbTATHI H HX
o0cy:KneHue

B n-Si<Ni> oOHapyXeHBI IIEHTPBl C
sneprusimu nonmzarnuu Ec-0,19+0,02 3B (on=5-10"
15 ¢m?) u Ec-0,42+0,03 B (on = 8-1071% cm?) tonsko
npu Tepmudeckoir auddysuu He Hmxe 1200°C.
VYka3aHHBIE YPOBHM B HAIIUX 3KCICPUMEHTAX
OoOHapyKEHBI U B KOHTPOJIBHBIX 00pasiiax, XOTs U B
MEHBIIMX KOHIICHTPAIUSAX, IIO3TOMY MBI HE
CKJIOHHBI CBsI3aTh OTH YPOBHU C HHUKeneM. Ha
tabnuna 1 npuBeneHsl mapamerpsl mpumecedt Ni u
Pt B Si.

Tabnuna 1. [Tapamerpsl npumeceii Ni u Pt B Si

DnemMeHT Kosanentn | PactBopu | Koaddunuenr | Dnexkrpuyeckue ypoBHu (3B)
Bl paznyc MOCTb i dy3un
(A) pu npu 1100°C
1100°C (cm?ct)
(em)
Ni 1,17 7-10Y 3.10° Ec-(0.19); Ec-(0.42)
Ev+ (0.15); Ev+(0.35)
Pt 1,30 8.10%5 3.107 Ec- (0.24); Ec- (0.53)

CrniekTp PHEpPreTUYECKUX YPOBHEH MpuMecei
Pt (Ei, E2) B n-Si M HX KOHICHTpAIMU TPH
pa3IMYHbBIX TemnepaTypax Aud@y3uu npuBeIeHbI B

XOpOIIO  KOPPEIUPYIOT CO  3HAYCHUSMH,
MIpHUBECHHBIMH B JuTepatype [3-12]. Kak BuaHO 13
TaOIUIbI, YPPEKTUBHOCTH OOPa30BaHMs IIEHTPOB

tabn. 2 gns aByx pexumoB (I wm  Il) Pt B oOpasmax n-Si<P,Pt> MoxxHO cumTaTh
nocneAnPPy3MOHHOTO  OXJIAXKACHUS OOpas3loB. TNPAKTHUYECKH  HE3aBUCUMBIMH  OT  CKOPOCTHU
Haiinennple 3Ha4YeHHWs JHEPruid  HMOHU3AMMHK  Tocheaudy3HOHHOTO OXJIAXKICHUS.

Tabn.2. DHepruu MOHU3ALNN, KOHIIEHTPAI[MN U CEYEHUS 3aXBaTa 3JIEKTPOHOB IPUMECHBIX LIEHTPOB
B JISTUPOBAHHOM KPEMHHHU B 3aBHCUMOCTH OT TeMIepaTypbl AU y3un mpumMeceit U peskuMoB
nocienuddysnonnoro oxnaxaenus (I - mennennoe oxnaxaenue; Il - ObiIcTpoe oxaxaeHuE)

Tun o6pasios

DHepruy HOHM3AINHI, KOHLEHTPAIUHK (CM ™) U CEUeHHUS 3aXBaTa dIEKTPOHOB

" IIPUMECHBIX LICHTPOB
TeMIIEpaTypa
nuddysuu, °C [ \ I [ \ Il
n-Si<P,Pt> E1 = E-0.24+0.02eV | Ez=E:-0.53+0.03 eV

on =1,5-10~1° cm? on =1,6-10~16 ¢cm?
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850 1.92.10° 2.12.10%% | 1.25.108 2.0-10%
900 42108 31108 | 37.10%  4.2.108
930 3510% 4110 | 610 7-108
Ha puc. 11 npuBeneHsl U3MEHEHUs OOHapyXeHO, 4YTO B JISTUPOBAaHHOM H
KOHIEHTPAIlUU LIEHTPOB IUIATUHBI B KPEMHHMU OT KOHTPOJBHOM KPEMHHH B OCHOBHOM 00pa3yroTcs
103l Yy-KBaHTOB. Kak BMIHO M3 pHCYHKa, paaunanuoHHbie A- u E- nentpel. C pocToM 103bI

KOHIEHTpanusi 1eHTpa Ei1 mpakTtuyecku ocraercs
HEM3MEHHOM C pOCTOM JI03bl OOJNydeHHs, a
KOHIEHTpanus entpa Ez akinentopHoro xapakrepa
pacret, yBenuuuBasch Ha 20+30 % mnpu 1o03e
4,5-108 P, yro mo3BOJISIET HAM CBS3aTh ITOCIICIHHE
HEHTPbl €  KOMIUIEKCAMH  MEXJ0Y3eJIbHbIX
npumeceit (Pt) ¢ Bakancueil. s nmoaTBep:kaeHUs
9TOTO  TPENANOJIOKEHHUS  OBUIM  HCCIEeIOBaHbI
WU3MCHEHUS KOHICHTPAIMU NMPUMECHBIX [IEHTPOB B
3aBUCHUMOCTH OT TeMIIepaTypbl OTXKHUTA.

4

T

E1

10% /y/_,./—'/_'

M, om
w

=3

D, 10° Rad

Puc.1. 3aBucumMocTh KOHIEHTPALIUU TPUMECHBIX
LIEHTPOB OT ZI03bI Y-KBAaHTOB B 00pa3uax N-Si<Pt>
(E1, E2). Konnientpanuu 1ieHTPOB 0 00TydeHHSI
COOTBETCTBYIOT 3HaueHusM npu D=0.

E1

MA/A

1014 L

N, cm3

1013 L

L L L L L

50 100 150 200 250 300

T,°C
Puc.2. KoHneHTpanus nmpuMecHbIX 1ieHTpoB Pt B N-
Si<P> ot temnepatypsl omxura: E1=E-0,24 5B;
E2=E:0,533B.

Ha puc.2 nmpuBeneHsl B KadyecTBe MpHUMeEpa
pe3yabTathl s n-Si<P,Pt>. Kak Bumno, ¢ pocTom
TEMIEPATYpPbl OT)KUra, KOHLEHTpauus LeHTpa E:
yMmeHbIaeTcst HaunHas ¢ ~150°C, T.e. pacnaa 3Toro
LEHTpa NPOUCXOAUT B  JOBOJIBHO  HU3KHUX
TEMIIEPATYPaAX.

o0Jy4eHHs] KOHUEHTPALlUU pagualoOHHBIX A-
IIEHTPOB  PACTyT B oOpa3max n-Si<P,Pt>
(xonuentpanuu E-leHTpoB B 3THX o0O0pa3max
HaxoAdTCs B TpeAerax  YyBCTBUTEIBHOCTHU
npubopa, T.e. < 102 cmM3, a B KOHTpONBHOM
KpEMHHH  N-THIIA ~108  cm®), npuuem
3 PeKTUBHOCTh  00pa3oBaHUS  PaJMAIMOHHBIX
HEeHTpOB B oOpasmax | Tuma Oombine, 4em B
obOpasuax II Tuma. OTto cBsizaHo c Oonbliel
JOKaJIbHON HEOJJHOPOHOCTBIO MEJIEHHO
OXJIAKJICHHBIX  00pa3loB M3-3a  00pa3oBaHUs
CKOTUICHHH (BTOPOHM (ha3bl) TEXHOJOTHUECKUX U
BBEJCHHBIX  MpUMECeil,  BOKPYr  KOTOPBIX
BO3HUKAIOT  O0JIACTH  yNPYTruX  UCKaXKEHUM.
OTtmeTHM, 4TO HpU TOCTOSIHHOW  KOHLIEHTPALUU
BBeIeHHBIX npuMecei (~10 cm™) konmenTpanus
A- meHTpa BO3pacTaeT C POCTOM KOBAJIEHTHOTO
paanyca npumecei (puc.3.).

2

Au

1014 L

Na, cm -3

Puc.3. 3aBUCUMOCTb KOHIIEHTPALUU
pasvalvoOHHBIX A-LIEHTPOB OT KOBAJIEHTHOI'O
pamuyca B psay npumeceid Ni, Rh, Pt, Au npu no3e
y-kBanToB *°Co D= 2-108 P.

[Tockonpky KoOBajeHTHbIe paauyc Pt
3aMeTHO OoJbIlle, YeM KOBAJICHTHBIH paauyc
kpemuust (1.17 A), ykaszaHHble HampsKeHHbIE
00JIaCTH HMMEIOT XapakTep CHKaTUs U SBISIOTCS
CTOKaMM JUIsl  BakaHCHMM. OTO  YMEHBIIAET
BEPOSITHOCTh AHHUTWIISUU BaKaHCUU "
COOCTBEHHBIX MEXKI0Y3€JIbHBIX aTOMOB KPEMHHUS U
CIOCOOCTBYET K YBEIMYEHHIO KOHIEHTpaluu
pamuanmoHHbIX AedekToB. C Ipyroil CTOPOHHI,
CKaTHe  PELIETKH  BOKPYI  M30JMPOBAaHHBIX
y3€JIbHBIX MOJIOKEHHUIN YKa3aHHbBIX PUMECEHN TaKkKe
CHWJIBHO YMEHBIIAET BEPOATHOCTb pEAKUMH HX
BBITECHEHHMSI COOCTBEHHBIMH  MEX0Y3€JIbHBIMU
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aTOMaMH KpEeMHHUS. OTHM MOXHO OOBSICHUTH
MPAKTUYECKYl0 HE3aBUCHMOCTb  KOHLIEHTpalUu
neHTpa Ei1 oT 1mo3el 0OmydeHWs W CBsI3aTh 3TH
HEHTPbI C y3€JbHBIMH TOJOKEHUSMU IMPUMECEH.
HeOonpbmioit poct ux KoHueHtpauuu (puc.3)
TOBOPUTH TaK)Ke€ B IMOJIb3Y 3TOTO M TOTO, YTO MBI
cBsA3bIBa€M YpoBHH E2 co cnabo cBs3aHHBIMU
KOMIUIEKCAMH ~ MEXIOY3€JIbHBIX IpuUMecel ¢
BAaKaHCHUSIMU, TaK KaK TaKOM KOMILJIEKC MOXKET HE
TOJIBKO JIETKO pacrajgaThCsl, HO M MpEeBpallaThCs B
NpUMECh 3aMEIIEHUS W3-32 AHHUTHWIALMH €ro
KOMITOHEHTOB.

1V.3aka0uenue

Takum  o0Opa3oMm, MpOBEICHHBIE HAMHU
UCCIICTOBAHMS 0coOeHHOCTEeH o0pa3oBaHUA
paJMalMOHHBIX IIeHTPoB (THra A- u E-ieHTpoB) 1
NIOBEJICHUS TIPUMECHBIX LEHTPOB B N-TUI KPEMHHUHU
Opu  TaMMa-OOMydeHMH B  3aBHCUMOCTH  OT
napameTpoB  (pactBopuMocTH, Ko3(hdunuenra
mubdy3un U KOBAICHTHBIX pPaguycoOB) aTOMOB
npumeceit NI uw Pt, a Takke peKUMOB
nociean(Hy3HOHHOTO  OXJIXKICHUS, IO3BOJIMIN
BBISIBUTH ~ OTHOCHTEJBHYIO  POJIb  BaKaHCHH,
COOCTBEHHBIX MEKIO0Y3€JIbHBIX aTOMOB, a TaKKe
y3€NBHBIX W MEKAOY3eNbHBIX  TMOJOXCHHUU
pPAcCMOTPEHHBIX TIpHMeceil B  OOHApYXKEHHBIX
[IEHTpax.

B yactHOCTH, OOHapYX€HO, YTO 00IyUEeHHUE |-
KBaHTaMH IPUBOJIUT K YBEITMUYECHUIO KOHIIEHTPAIIUN
npuMecHbIX 1eHTpoB Ez = Ec-0.531+0.03 eV B n-
Si<P,Pt>. OTHOCHTENBPHO HH3KHE TEMIIEPATYPhI
pacmazga 3THX UEHTPOB M BHINIE IPOBEACHHBIN
aHalM3 TO3BOJIAIOT CBS3aTh HUX C KOMIUIEKCAaMHU
MEXI0Y3EIbHBIX aTOMOB IIPUMECEH C BAKAHCHSIMHU.

Jlureparypa

1. Sabah K. Bux, Richard G. Blair, Pawan K.
Gogna, Hohyun Lee, Gang Chen, Mildred S.
Dresselhaus, Richard B. Kaner, and Jean-Pierre
Fleurial. Nanostructured Bulk Silicon as an
Effective Thermoelectric Material // Adv. Funct.
Mater. 2009. VVol.19. P.2445.

2. Baxaoupxanos M.K., Hcamos C.b., 3uxpuinaes
H®., Hwese X M., Masnonos I'X., Kosewnuxoe
C.B., Hoooynnaes IlI.H  DyHKIIMOHAIbHBIC
BO3MOXHOCTU KPEMHUSA C HAHOKJIACTCpaMH aTOMOB

65

Maprasua // DnekTpoHHas 00paboTka MaTepHasoB.
2020, T.56(2), C.14.

3. Baunabuounos C.3., Kypbanose A.O. Kiacrepsl
aTOMOB TIPUMECH HHUKENId M UX BIUSHUE Ha
PEKOMOMHALIMOHHBIE CBOMCTBA KpeMHus // BecTHHK
MI'TY wum. H.D.baymana. Cepusi EcrecTBeHHbIC
Hayku. 2019. Ne2. C.81.

4. Yarykin N. and Weber J. Electrically Active
Copper—Nickel Complexes in p-Type Silicon //
Phys. Stat. Sol. C. 2017. Vol.14. P.1700005.

5. Vyvenko O. F., Buonassisi T., and Istratov A. A.
X-ray beam induced current—a synchrotron
radiation based technique for the in situ analysis of
recombination properties and chemical nature of
metal clusters in silicon // Journal of Applied
Physics. 2002. Vol.91. No. 6. P.3614.

6. Suxpunnaes H.3., Ucmaiinos b.K., Ucamos C.b.,
Tauunun C.A. TloBblIeHHE TEPMOCTAOMIIBHOCTH
KpeMHUss 1npu  ¢GopmupoBanuu //  Dusmka
MOJIYIPOBJIHUKOB U MUKPOAJIEKTpOHHKA. 2019. No5.
C. 45.

7. Bakhadyrkhanov M.K., Isamov S.B., Kenzhaev
Z.T., Melebaev D., Zikrillayev Kh.F., lkhtiyarova
G.A. Silicon photovoltaic cells with deep p-—n-
junction // Applied Solar Energy. 2020. Vol.56.
No.l. P.13.

8. Hwanun I'. T, Ilankos 3. J]., Auopees A. JI,
Ilonviyuxoe 1. B. VICTOYHUKM U TPUEMHHUKHU
m3nyuenusi. — Cankt IlerepOypr. IlonuTexHuka,
1991.

9. 3Baiinabuounose C., Kypbanos A.O. BiusHue
paaualMoOHHO-TEPMUYECKON 00pabOTKM Ha BpeMs
KU3HM  HOCUTENeW 3apsiga B KpeMHuH  //
IlerepOyprekuit  xypHan osnextpoHuku. 2018.
Ne3(92). C.11.

10. Maxxamos L., Kapumos M., Kypbanos A.O.,
Maxmyoos ll1.A., Kapaxooacaes A.K. K eonpocy
MmepmMocmadouIbHOCmu INEKMPOPUIULECKUX
ceoticme p-Si<P,Ni> u p-Si<P,Cu> // H3zeecmus
8y308. @uzuxa.—Tomck, 2005. -Buin.12. -C.80-82.
11. Istratov A.A., Weber E.R. Electrical properties
and recombination activity of copper, nickel and
cobalt in silicon. Appl. Phys. A, 1998, vol. 66, iss.
2, pp. 123-136.

12. Lindroos J., Fenning D. P., Backlund D.
J., Verlage E., Gorgulla A., Estreicher S. K., Savin
H., and Buonassisi T. Nickel: A very fast diffuser
in silicon // Journal of Applied Physics.
2013. Vol.113. P.204906.


https://aip.scitation.org/author/Lindroos%2C+J
https://aip.scitation.org/author/Fenning%2C+D+P
https://aip.scitation.org/author/Backlund%2C+D+J
https://aip.scitation.org/author/Verlage%2C+E
https://aip.scitation.org/author/Gorgulla%2C+A
https://aip.scitation.org/author/Estreicher%2C+S+K
https://aip.scitation.org/author/Savin%2C+H
https://aip.scitation.org/author/Buonassisi%2C+T

PHYSICS 66

Kr*ionlarining qora fosfor sirtidan kichik burchaklarga sochilishini tadqiq qilish
U.O. Kutliyev, O.A. Sattarova
Urganch davlat Universiteti, 14 H.Olimjon, Urganch, 220100, O zbekistan

Annotatsiya. Ushbu magolada Kr* targalgan ionlarining traektoriyasi va energiya tagsimotining
hisob-kitoblari, qora fosfor yuzasi bilan, boshlang'ich energiyaning kichik giymatlarida va bombardimon
gilayotgan ionlarining tushish burchagida, ketma-ket to’qnashuvlar usuli yordamida o’rganilgan. Bizning
hisob-kitoblarimiz shuni ko'rsatdiki, traektoriya shaklini tahlil gilish orgali sirt yarim kanallarining shakli
hagida ma'lumot olish mumkin. lonlarning sirt yarim kanaliga kirib borishi uchun kritik burchak aniglandi.
Bombardimon gilayotgan zarralarining tushish burchagi va boshlang'ich energiyasining kichik giymatlarida
ionlarning sirt atom seriyasidan va yarim kanal devoridan targalishi kuzatiladi. Ushbu parametrlarning
giymatining oshishi bilan ionlar yarim kanalning pastki gismidan targaladi va yarim kanalning pastki
gismidagi atomlarning joylashishi hagida ma'lumot olish mumkin. Olingan natijalar ion fokuslash, kanallash,
ionlarni implantatsiya qilish jarayonlarini o'rganishda gizigish uyg'otadi.

Kalit so'zlar. lonlarning targalishi, yarim kanal, kompyuterda modellashtirish, energiya tagsimoti,
ionlarning traektoriyasi.

AHHOTaumMa. B oTon cTaTbe npeacTaBneHbl pacyéTbl TPaeKTopUM U 3HepreTudeckme
pacnpefeneHns paccesiHHbIX MOHOB Kr* ¢ NoBepxHOCTb 4Y4épHoro doccopa nMpu MarnbiX 3HaYEHUSX
HayanbHOW 3Heprnv 1 yrna nageHnss 6omo6apAMpyoLLMX MOHOB C NMOMOLLIbIO MeToAa NPUBAMKEHN NapHbIX
CTONKHOBEHMN. Hawm pacyéTtbl nokasanu, 4YTo aHanuaupys dOopMy TPaekTopum MOXHO MOMy4nTb
uHcopmaumio o chopme NOBEPXHOCTHLIX MonykaHanos. OnpegeneHa KpuTUYeckast yron npoOHWKHOBEHUS
WMOHOB BO BHYTPb MOBEPXHOCTHOrO nonykaHana. Mpu Manbix 3HaYeHMsX yrna nageHust U HavanbHOW
aHeprun 6ombapampyowmx YacTuy, HabngaeTca paccesiHUs MOHOB OT NMOBEPXHOCTHOrO aTOMHOro psaa
1 CTeHKM nonykaHana. C yBennyeHusiM 3Ha4yeH1mn 3Tux napaMmeTpoB NPOUCXOAMUT PacCesiHUS MOHOB OT AHa
nonykaHana M MOXHO MOMy4YnTb WMHOPMALMI0O O PacrnofiokeHMn aToMOB Ha [He nonykaHana.
MonyyeHHble pesynbTaTbl NPeACTaBASIOT MHTEPEC MpPU U3YyYEeHUW NPOLLeCCOB MOHHOW (DOKYCUMPOBKMU,
KaHanMpoBaHUs, UMMaHTaunM NOHOB.

KniouyeBble cnoBa. PaccesHus WOHOB,
aHepreTM4eckne pacnpeaeneHusi, TPaekTopusi MOHOB.

Annotation. This article presents calculations of the trajectory and energy distributions of scattered
Kr* ions with a black phosphorus surface at low values of the initial energy and angle of incidence of
bombarding ions using the pair collision approximation method. Our calculations have shown that by
analyzing the shape of the trajectory, it is possible to obtain information about the shape of the surface half-
channels. The critical angle of ion penetration into the interior of the surface half-channel has been
determined. At low values of the angle of incidence and the initial energy of the bombarding patrticles, ion
scattering from the surface atomic series and the wall of the half-channel is observed. As the values of
these parameters increase, ions scatter from the bottom of the semichannel and information about the
arrangement of atoms at the bottom of the semichannel can be obtained. The results obtained are of
interest in studying the processes of ion focusing, channeling, and ion implantation.

Keywords. lon scattering, halfchannel, computer modeling, energy distributions, ion trajectory.

OHCPIrur M HaIlpaBJICHUA PACCCAHHBIX HMOHOB

nonykaHarn, KOMMNbOTEpHOE MoAeNnpoBaHUA,

|.BBenenus aHAIM3UPYeTCs TS MOTydeHHsI UHPOpMaIUU O

MaJ'IOyTJ'IOBOC pacceaHnue HOHOB- ITO cOCTaBe u CTPYKTYpE TIOBEPXHOCTH.
METOX nuccaeaoBanns MMOBEPXHOCTH  [[peumyiiecTBa 3TOTO MeETOAA SIBIAETCA -
MaTepuaoB, OCHOBAHHBIH ~HAa  YHPYIOM  BRICOKAas YyBCTBUTEIBHOCTH K BEPXHEMY
pacCesHHMH  HMOHOB €  MaJIbIMH  yIUIAMH  QTOMHOMY CJIOK0, - BO3MOXXHOCTH H3Yy4EHHS

OTKJIOHEHHSI. DTOT METOJ HCIONb3YeTCs s
aHaJIM3a COCTaBa, CTPYKTYPHI U CBOMCTB CaMbIX
BEPXHUX aTOMHBIX CIIO€B TOBEPXHOCTHU. B 3TOM
METO/IC HMCIONB3YIOTCS HU3KOIHEPreTUUIECKHE
nonbl (0,1-10 x3B), yamie Bcero MpPUMEHSIOT
Onaropoausie rasel (He* , Ne*, Art, Kr).
VoHBI HamMpaBiSIFOTCS TOJ MaJbIM YIJIOM K
noBepxHoctu obOpasma (1-10°). Paccesaue
MPOUCXOIUT B OCHOBHOM Ha aTOMax CaMbIX
BEPXHUX CJIOEB, TaK Kak BEPOATHOCTh
MPOHUKHOBEHUS BriyOb Mana. l3MeHeHue

JeTKMX W TSOKEIBIX  JJIEMEHTOB, -
OECKOHTaKTHBIN MeTO]] (HET HEOOXOAUMOCTH B
XUMHYECKHUX peakTuBax)[1-5].

Yepubiit ¢ochop umeer Takyoo QGopmy
KpUCTaJJIa, KOTOPYIO MOXKHO pa3JeluTh Ha
IJIOCKHE CJIOU TOJIIMHON BCETO B OJIMH aTOM.
YYuThIBasg, 4YTO CaMO BEIIECTBO SBISETCS
MOJIYIIPOBOJTHUKOM, TO B TIEPCIIEKTHBE Ha €ro
OCHOBE MOYKHO H3TOTaBIIMBaTh CBEPXTOHKHE
MIPOBOISAIINE TJICHKU TSt
BBICOKOA () (PEKTUBHBIX CUCTEM CBSI3H,
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MEIUIIMHCKON JTMAarHOCTUKH, 30HIUPOBAHUS
3eMIU Ha buznuecKux MPUHIUTIAX

¢doronnku[6-8]. Ho 4T00bI HCIIOIB30BATh €T0 B
MPOMBINIJICHHOCTH, HEOOXOAMMBI METOJIBI IS

HU3Yy4YCHUS €ro CBOMCTB u IIPOBCACHUA
SKCIICPUMCHTOB, KOTOPBIC I1O3BOJIMIIN OBl
CcO31aThb IUICHKY C H606XO,Z[I/IMBIMI/I

rapaMeTpaMu MoJ KOHKPETHbIE Lienn. B aToun
pabote MIPUBE/ICHbI pe3yNIbTaThI o
UCCIICIOBAaHHUIO TPACKTOPHH U SHEPreTUUYECKUE
pacmpesielienus paccesHHBIX HoHOB Kr' ¢
MOBEPXHOCTHIO 4€pHOTO (hochopa mpu ManbIx
3HAYEHUSX Ha4YaJlbHOM SHEPruM U  yria
najicHust 0oMOapIUpPyrOIUX HOHOB6-8].
Il.Meroa ucciienoBanus

[lpr Hammx pacdérax MBI HCIOIH30BAIN
METO/T anmnpoKCcUMaIus OMHAPHBIX
CTOJIKHOBEHUH. Amnnpokcumanusi OHHapHBIX
cronkHoBenuit (BCA) — 310 MerOn,
UCTIOJIb3YEMBII TSt MO/JICIIMPOBAHUS
B3aMMOJICHCTBHI OBICTPBIX YacTUI[ (MOHOB,
aTOMOB) C MaTEpUaJIOM. DTOT MOAXOJ LIHUPOKO
npuMeHsiercs B (Qu3uke TBEPAOro Teia,
pamuanoHHOW (U3MKE W TPH  aHAIH3e
MpoIeCCOB  MMIUTaHTanuu ~ uoHoB. BCA
npezrnoiaraeT, 4ro MpHd JBHKCHUU dYepe3
MaTepuan JacTuiia coBepIIaeT
MIOCJIEIOBATEIFHOCTD HE3aBUCHMBIX OMHAPHBIX
CTOJIKHOBEHHUI ¢ aromamu cpensl. IIpu stom

YYHUTBIBAKOTCS:
e 3aKkOH COXpaHEHHs  DHEpPrUU U
VMITYJIbCA.

o lloreHnuan B3aMMOIEHUCTBUS MEXAY
YyacTULIEH U aTOMaMU MUILIEHU.
e DHepreTHYecKue MOTEPH W Iepenaya
UMITyJIbCa aTOMaM.
MeTo no3BoJIsI€T MOJEINPOBATH TPEKU HOHOB
B MaTepuaie, UX riyOMHy NpOHUKHOBEHHS, a
TAaKKE€ IOTEpPU HDHEPrMM U IPOLECCHI
MOBPEXACHUS KPUCTAIIIMYECKOW  PEIIETKH.
JlocToMHCTBa M OTrpaHUYEHUs] 3TOr0 METOa
apnsores:  [Ipoctota W BbIUMCIUTENbHAsS
3P PEKTUBHOCTD, XOpoIlIee MPUOIMKEHHE IS
CpeoIHUX U BBICOKMX OdHepruii (>1 x3B),
noJIep>KKa mporpaMMHbIMH naketamu (SRIM,
MARLOWE, ASTAR)[9-12]. BCA ocraércs
KIIIOUEBBIM METOAOM JUISI MOJEIMPOBAHUS
HMOHHBIX IPOLIECCOB, OCOOEHHO B 00JaCTH

MOJTYTIPOBOTHUKOBBIX TEXHOJIOTHI u
paguamoHHON (PU3UKH.
I[HH OITMCAaHUS HNOH-aTOMHBIX

CTOJIKHOBEHHMM OBIJIa UCIIOJb30BaHa IIOTCHIIUAJI

67

bup3aka-I{urnepa-Jlurrmapka, KOTOpPBIN
MOJTyYCHHBIE PE3yJIbTaThl XOPOLIO COTIaCcyeTcs
C 9KCIIEPUMEHTAIBHBIMU JaHHBIMH[13].
NonHno-paccenBarenbHast

CHEKTPOCKOMUS UCIOJIb3yeTCs TUISE
OTIpeieIeHuUs bopmy MMOBEPXHOCTHBIX
MOJTyKaHAJIOB U COPT MOBEPXHOCTHBIX aTOMOB.
Hamu wuccienoBana paccesnusi noHoB Kr' ¢
MOBEpPXHOCThIO  4€pHOoro  ¢ocdopa. Ha
MMOBEPXHOCTHU oOpazyercst MOJIyKaHall,
npeacTaBlieHHo Ha puc.l. BumHo, 4ro nBe
ATOMBI docdopa PaCTIONIOKEHBI Ha
MOBEPXHOCTHOM clioe M JBa aroma ¢ocdopa
pacnojiokeH Ha BTOpoM cioe. IlnockocTHon
pemetka ¢ocdopa U IdIEMEHTapHAs sAueiika
MOKa3aHbl Ha BHJAX cBepXy. UepHsbril dochop
UMEET  YETHIPEXaTOMHYI0  3JIEMEHTapHYIO
SYEHKY €O CTPYKTYypoil «armchairy. Cnemyer
OTMETUTh, YTO TIyOMHA 3TOrO KaHalla paBHa
h=1,64 A, a mmpuna pasna a=4,43A. Ilpu
pacueTe HaMU BhIOpaHa MOJIOBHHA MOJIyKaHAaa,
KOTOPBIM Jaiibllle MOXXHO IOCIIEIOBATEIHHO
MOKPBIBATh BECh MOJTYKaHAT.

Puc.1.Ilonykanan, oOpa3oBaHHBIH Ha
noBepxHocTu 4y€pHoro ¢gocdopa.
I11.Ana1u3 u pe3yJabTaThl

Ha puc.2 mnpeacraBieHa TpaeKkTopuu
oHoB Kr', pacCesHHBIX OT MOBEPXHOCTH
ugproro docdopa mpu Eo= 1 xoB u y= 3°. U3z
pHCYHKa MOXKHO CKa3aTh, YTO B ATUX YCIOBHSX
HMOH HE NMPOHHUKaJ BO BHYTPh IOJIyKaHalla, HO
MOKa3bIBAET MOJIOBUHY MPUOIMKEHHYIO POpMY
MMOBEPXHOCTHOTO TMoOiyKaHaia. YtoObl Ooiee
TOYHO AaHAJIU3UPOBATh OTUX TPACKTOPUHU
pacCMOTPUM HECKOJIBKO TPAEKTOPUU HOHOB,
paccestHHbIX oT MTOBEPXHOCTHBIX
aToMoB(puc.2a). DTH TPACKTOPUU PACCESHHBIX
HMOHOB, KOTOpble HaOio/laeTcss B Haydaje
MOHHOU 60oMOapIMpOBKU (HavasbHbBIE
3HaUeHUs NpULEeIbHOW Touku). BuaHo, d4to
MaJaoUMi  MOH pacceuBaeTcs B  JIEBYIO
CTOPOHY. OTO OOBSCHSAETCS C TeM, 4YTO Ha
MOBEPXHOCTH JIBa aTOMbl P pacroyiosxeHsbl
oueHb Osm3ko. C yBeIUYEHUEM 3HAYEHUU
MPULIETBHOM TOYKH, Majaonas U paccestHHas
YacTh TPACKTOPUM HUMEIOT CHUMMETPUYHBIE
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dbopmbl. 3HaUeHHs] PHEPTrUU U KodhHIMEHT
CTOJIKHOBEHUS paccestHHbIX VOHOB
COOTBETCTBEHHO paBHO K 986 3B u 26. UToObI
paccMOTpeTh 0ojiee yCTOHYMBBIE O00JIACTH
paccesiHHbIX MOHOB HaMmH BbIOpaHa Ta 4acTh
TPAeKTOPUH, KOTOpask 4YyBCTBYETCS BIIUSHUE
noirykanama  (puc.26-c).  AHanmM3  ITHUX
TPAaCKTOPUU IIOKa3blBa€T, 4YTO HOHBI HE
IPOHUKIM BO BHYTpPh NoJykaHana. B aroit
obnactu TOXE TPaeKTOPUU IIOYTH
napasuiesIbHbI ¥ U3-3a 00Jiee OOBIION ITUPUHBI
3HaYeHUH  OSHepruu U Kod(hUIMeHt
cToJIKHOBeHUs yBenuuuBaeTcs (991 3B u 16,
cooTBeTrcTBeHHO). Ha  puc.3  mnokazana
TPAEKTOPHH  pacCessHHbIX HMOHOB  Kr' ¢
MOBEPXHOCTHIO 4€pHOTO (ocdopa mpu Eo= 1
B n y= 5°. VBenuuenus yrna mageHus
NPUBOJNUTh K TPOHUKHOBEHHIO MOHOB BO
BHYTph I[OJIyKaHaia eme Oolee 4YeTka
nokassiBas e€ ¢popmy. Ha puc.3a npencrasiena
TpaeKTopus paccestHHbIX HMOHOB oT
IIOBEPXHOCTHOIO aTOMHOro psna. CpaBHEHUs
3TUX TPaeKTOPUU c TPAeKTOPHUSIMHU
IIPEJICTABICHHONM Ha pHUC.2a IMOKa3bIBAa€T, 4TO
OHHU TOYTH OJAMHAKOBBI. 3HAUCHMs SHEPTUU U
KOA(Q(QUIMEHT CTOJIKHOBEHUSI PACCESTHHBIX
MOHOB COOTBETCTBEHHO paBHO K 978 3B n 20. A
CPaBHEHHUSI TPAEKTOPUH PACCESIHHBIX HOHOB OT

CTEHKM W JHa nonykaHama (puc.30,c)
OTIIMYAETCS OT TPACKTOPHH IOKA3aHHBIN Ha
puc.2c. OtauyMe COCTOMT B TOM, YTO

najaronias U paccesHHas 4YacTh TPACKTOPUHU
MOHOB CTaHOBWJIKCH elie 0oJiee mapasiesbHbl.
A TaKKe 3TU TPAEKTOPHM MOKa3bIBAIOT, UYTO
WOHBI TIPOHHWKJIM BO BHYTPb TOJyKaHaIa.
3HayeHUss  SHEpruM U KO3 UIMEHT
CTOJIKHOBEHHUSI OTHX pACCESHHBIX HOHOB
COOTBETCTBEHHO paBHO K 985 5B u 23-25.
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Ha puc.3. Tpaektopum noHoB Kr+, paccesiHHbIX OT
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50, a- OT NMOBEPXHOCTHbIX aTOMOB U OT 6- M c-
nosiykaHana.

Ha puc.4 mnpexacraBieHa TpaeKTOpUu
noHOB Kr®, paccessHHBIX OT TOBEPXHOCTH
uéproro pochopa mpu Eo= 3 k3B n y= 3°. Otn
TPAaeKTOPUHU  TOKa3bIBAlOT, UYTO HOHBI B
OCHOBHOM pAacCeMBAIHNCh OT IMOBEPXHOCTHBIX
aTOMOB U OT CT€HKH MoJiyKaHana. M3-3a manoun
3HAYEHUH YIJIa MaJeHHs], TapauIeIbHOCTh BCEX
TpaekTopuu  coxpanunucbk. Ha  puc.4a
Ope/CTaBiIeHa  XapakTepHble  TPAeKTOPUHU
paccesiHHBIX MOHOB OT TOBEPXHOCTHOTO aToMa
P. BugHo, 4TO Mpu ManbIX 3HAYEHUSX TOUYKHU

MIPUTCITUBAHUS MapajuieTbHOCTh TOXeE
COXpaHSETCH. 3HaueHUs SHEPruu u
Kod(urmeHT CTOJIKHOBEHUS 3TUX

paccesiHHbIX MOHOB COOTBETCTBEHHO PaBHO K
2960-2961 »B wm 22-24. C yBenmu4yeHHuEeM
3HaYeHUHU TOYKH MpuLienuBanus (puc.40,c) MoH
paccenBaeTcs OT CTEHKHM W JIHA IOJIyKaHaia,
IpU 3TOM He HalJII0JaeTcss paccessHus OT JHA
HOJIyKaHaa. 3HaYeHUsI SHEpPruu u
KOX(PUITUEHT CTOJIKHOBEHUS 3TUX
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paccestHHbIX MOHOB COOTBETCTBEHHO PaBHO K
2970 »B m 24-25. Ha puc.5 npencrarieHa
TpaekTopun WoHOB KI*, paccesHHBIX OT
noBepxHocTu u€pHoro ¢ocdopa npu Eo=3 kaB
u y= 59, Bugno, 4ro B 3TOHl 3Ha4YeHHH
HayaJIbHOW SHEPTUM U yIJjla MaJCHUS HOHOB,
OHM JOCTHTaJNCh JO [JHA I[OJyKaHalda |
paccerBaliuCh OT aTOMOB, PAcOJIOKEHHBIE Ha
nHe nonykaHana. Ha puc.5a mnpencrasiena

TPaeKToOpus paccessHHbIX MOHOB oT
IIOBEPXHOCTHOTO aTomMa. B »stom cmydae
3HaYeHUsT  DHEPruM U KOI(P(UIHMEHT
CTOJIKHOBEHHUSI OTHX PpAcCESHHBIX HOHOB

COOTBETCTBEHHO paBHO K 2929 5B u 18. A nHa

puc.50, ¢ TIOKa3aHa TpPAaeKTOPUU HOHOB,
paccestHHBIX OT CTEHKM W JIHA IOJyKaHaa.
3HaueHUsT  DHEpPruu U kodhpureHT
CTOJIKHOBEHHUS OTHUX PACCESHHBIX HOHOB

COOTBETCTBEHHO paBHO K 2953 5B wu 21.
YMeHbIIICHUs] 3HAYEHUN SHEPTUH PACCETHHBIX

MOHOB TII0Ka3bIBACT, YTO HOHBI IPOHHUKIIH
riy0ke BO BHYTpbh mmoiykanana. Ha pwuc.6
IpPEICTaBICHA  DJHEPreTHYCCKUIl  CIEKTP

paccestHHBIX HMOHOB KrI' ¢ TOBEPXHOCTBIO
uéproro pocdopa npu Eo= 1 k3B u y=3%n 5°.
DOHepreTuYeckii COCTOMT BCEr0 M3 OIHOIO
nuKa. JTo CBsi3aHa ¢ TeM, 4To 1pu Eo=1 k3B u
y= 3% u 5% smeprus paccesHHBIX MOHOB
omnyaetcs B mpomexytke 10 3B(puc.6a). 13-
MaJIol 3HaYeHWU DHEPTHU PACCESHHBIX MOHOB
OT TOBEPXHOCTHOTO aroMa W OT CTCHKH
NOJyKaHaJla OHU CJIMBAlOTCS B OJMH UK.
Crenyer OTMETHTh, YTO SHEPTUsl PACCESHHBIX
VMOHOB OT CTEHKHM MOJyKaHaja pPacIoJIOKeHa
BBICOKO DHEPTEeTUIECKOM YacTH, a
HHU3KOIHEPTEeTHYECKOI 4acTH CIIeKTpa
o0pa3oBaiachk 3a CYET MOHOB, PACCESIHHBIX OT
MMOBEPXHOCTHOTO aTOMHOTO psna. Ha puc.66
MOKa3aHa YHEPTeTUYECKHI CIIEKTP PACCESTHHBIX
nonoB Kr* ¢ nosepxuocthio uépaoro docdopa
npu Eo=3 k3B u y=3%u 5°.

BuiHO, 4TO B 3TOM Cllydae XOTsI MUKH
paccestHHBIX HOHOB OT IMOBEPXHOCTHOTO aToMa
W OT CTEHKH TOJyKaHalla TOXE CIUBAINCH B
oauH nuK. Ho ¢ yBennyeHneM 3HaYeHUU yriia
naJieHuss MOHOB THMK CMECTHJIAch B CTOPOHY
MaJlpIX YIJ0B. JTO TMOKa3bIBaeT, 4YTO IIPH
OOJIBIINX PHEPTHUSIX C YBEIMYCHUEM 3HAUYCHHU
yria mnajgeHuss OoMmOapAHMpYIOIIMX HOHOB
YMEHBIIIACTCSl DHEPIUs PACCESHHBIX HWOHOB.
OTO CBA3aHO C YBEJIMYCHHEM TIyOMHBI
MIPOHUKHOBEHUS HOHOB B TIOJTyHAKAJL.
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1A Ha puc.5. Tpaektopusa noHoB Kr+, paccesiHHbIX OT

nosepxHocTn YépHoro droccopa npu EO= 3 kaB wu
y=50, a- OT NOBEPXHOCTHbIX aTOMOB U OT O6- U c-
nonykaHana.

Ha puc.4. Tpaektopuss moHOB Kr+, paccesiHHbIX OT
noBepxHocTh YépHoro docdopa npu EO= 3 kaB n y=
30, a- OT NOBEPXHOCTHbIX aTOMOB M OT 6- U c-
nonykaHana.
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Ha puc.6. DHepreTrueckuil crekTp
paccesHHBIX HOHOB KI' ¢ TI0BEpXHOCTBIO
yépHoro gochopa npu Eo= 1 k3B(a) u 3

©9B(6), mpu y=3u 5°,

1V.3akaouenus

Hammn paccumtana TpaekTopum H
DHEPreTHUUECKUE PACIPENETICHHS PACCESTHHBIX
nonos Kr* ¢ mosepxnoctsio uépaoro docdopa
IIPY 3HAYEHUSIX HavalbHOM 3Heprun Eo= 1 k3B
u 3 x3B(6), mpu y= 3°u 5°. Tloxasano, uto mpn
Eo=1 B u npu y= 3° noHsl He cmoryr
IIPOHUKATh BO BHYTPb  ITOBEPXHOCTHOIO
nosykaHasna. C yBEeIMYEHHEM YyIJla MaIcHUS
(y=5°) GomGapmupyromux vactui mpu Eo=1
K3B mpoucxoauT NMpPOHMKHOBEHHS HOHOB BO
BHYTph nojykaHaia. IIpu 3Ttom paccesHus
IIPOUCXOOUT 33 CYET AaTOMHOM  CTEHKH
nonykaHana. llpy  3HaueHMM  HadanbHOU
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sHeprun  E¢=3K3B mpu  y=3°
OoMOapaUpyIONIe HWOHBI IMPOHHUKAIOT BO

BHYTpb MOJTyKaHaJla U HaOJII0JaeTCs pacCessHus
HOHOB OT CTEHKM MoOiyKaHaua. [lanpHeunmas
YBEJIMUEHHUS 3HAYCHUM YIJla NAaJcHHUs HOHOB
(y=5°) NpUBOAUTH K PACCESHUIO HOHOB OT JHA
MoJyKaHajla. OTU HUCCICAOBAHUS SBISIOTCS
UHTEPECHBIM IIPU  U3YYEHUU  IIPOLECCOB
MOHHOM (DOKYCHPOBKU ¥ UMIUTAHTAIHH.
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Yarimo‘tkazgichli tuzilmalarda injeksion kambag‘allashish effekti
X. Madaminov?, A. lkromov?, G. Xolyigitova?!, A.Abdurahmonov?, G. Teshaboyeva?®.
1Andijon davlat universiteti, 2Farg’ona davlat universiteti, Andijon shahri 30-maktab

Annotatsiya: Olinish usullari va turidagi tafovutga garamay, yarimo‘tkazgichli geterostrukturalar va
materiallar ma’lum kuchlanish diapazonida injeksion kambag‘allashish hodisasini kuzatish shartlari
o’rganildi. Aniglanishicha, ushbu hodisa issiglik maydoni, yorug’lik, magnit maydon va shu kabilar bilan
kuchli ta’sirlashuvda bo‘lar ekan. Maqolada keltirilgan tahliliy ma’lumotlari chuqur sathli markazlar holatini
o‘rganishda qo‘shimcha tadqiqot natijalari sifatida talgin etish mumkin.

Kalit so’zlar: injeksiya, rekombinatsiya, kontakt, ambipolyar dreyf, ambipolyar harakatchanlik,
kambag‘allashish.

AHHOTaumAa: HecmoTpsa Ha pasnuumsa B crnocobax MpUroTOBMEHUS U TUMNax, U3y4eHbl YCroBUst
HabnaeHns SBMEHUs WHXEKUMOHHOro obedHeHWss B onpedeneHHOM AuanasoHe  HanpshKeHWN
NonyrnpoBOAHUKOBBIX FETEPOCTPYKTYP M MaTepuanoB. YCTaHOBMEHO, YTO 3TO SIBMEHME BO3HUKaET Mpu
CWUIMbHOM BO30EWCTBUKM TEMMOBbIX MOMEN, CBeTa, MarHMTHbIX nornen u T. A. [NpeacraBneHHble B cTaTbe
aHanUTM4yeckne JaHHble MOXHO MHTEPNPETMPOBATh Kak AOMOJHUTENbHbIE pe3ynbTaTbl UCCNELOBaHUNA B
N3y4eHNN COCTOSAHMS TNyOOKUX LEHTPOB.

KntoueBble cnoBa: MHXeKUUsi, pPEKOMOMHaLWS, KOHTaKT, aMOunonspHeln agpend, ambunonspHas
NoaBWXHOCTb, 0begHEeHue.

Abstract: Despite the differences in the preparation methods and types, the conditions for
observing the injection depletion phenomenon in a certain range of voltages of semiconductor
heterostructures and materials have been studied. It has been established that this phenomenon occurs
under strong influence of thermal fields, light, magnetic fields, etc. The analytical data presented in the
article can be interpreted as additional results of research in studying the state of deep centers.

Key words: injection, recombination, contact, ambipolar drift, ambipolar mobility, depletion.

l. Kirish

Izolyatorlar va kuchsiz legirlangan
yarimo‘tkazgichlarda, ko‘plab holatlarda tok
ogimi bir yoki har ikkala turdagi zaryad
tashuvchilar yordamida boshqgarilishi mumkin.
Ushbu turdagi jarayonlar bir gancha
hodisalarga olib keladi, jumladan quvvat
qonuni  bo‘yicha  ogimlar,  volt-amper
xarakteristikadagi keskin o‘zgarishlar, salbiy
garshilik va tebranishlar. Bundan tashqari,
injeksiya effektlari rekombinatsiya va tutgich
markazlarga sezgir bo‘lganligi sababli, ular
ushbu markazlarning xususiyatlarini o‘rganish
uchun ishlatilishi mumkin.

Ushbu muammolar ikkita keng:
birlamchi injeksion hodisalar va ikkilamchi
injeksion  hodisalar  toifasiga  bo‘linadi.

Birlamchi injeksion tok fagat bir turdagi zaryad
tashuvchilar  yordamida boshgariladi va
garama-qarshi turdagi zaryad tashuvchilar
mavjudligiga bog‘lig emas. Bunday holda,
injeksiyalangan zaryad tashuvchilar fazoviy
zaryadni tashkil etadi, bu esa injeksion
kontaktlardagi maydonni kamaytiradi va
birlamchi injeksion fazoviy zaryad toklari bilan
bog‘lig bo‘lgan hodisalari yuzaga keltiradi.
Garchi tok faqat bir turdagi zaryad tashuvchilar
tomonidan “tashilsa” ham, ikkilamchi injeksiya

esa har ikkala turdagi zaryad tashuvchilar
tomonidan yuzaga keladigan tokni
boshqarishda rol o‘ynaydigan holatlar bilan
bog‘lig bo‘ladi. Aynan mana shu holat
injeksiya nazariyasida “ambipolyar”
tushunchalar (masalan, ambipolyar zaryad,
ambipolyar harakatchanlik, ambipolyar
diffyziya va shu kabilar) paydo bo‘lishiga
sabab bo‘ldi.

I1. Materiallar va usullar

Ikkilamchi injeksiyada fazofiy zaryad
sohasi odatda, erkin zaryad tashuvchilar
zichligining kichik gismigacha kamayadi. Bu
mexanizm, ko‘p hollarda, harakatchan yoki
tutgich zaryad tashuvchilarni gayta
joylashtirish orgali sodir bo‘ladi. Ko‘pincha
ikkilamchi injeksiyaviy jarayonlarda, bu holat
yuzaga kelganda, tok birlamchi zaryad
tashuvchili holatga nisbatan ancha Kkatta
bo‘lishi mumkin. Ikkilamchi injeksiya ikkala
zaryad tashuvchining mavjudligiga bog‘lig,
ya’ni ambipolyar, chunki rekombinatsiya
kinetikasi ushbu holatdagi asosiy omil
hisoblanadi. Ma’lumki, rekombinatsiya ikki
turda bo‘lishi mumkin (ya’ni, kovaklar va
elektronlar orasidagi rekombinatsiya ikkita
yo‘l: bimolekulyar (ya’ni, kovak-elektronlar
orasidagi rekombinatsiya) yoki bir yoki bir
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nechta lokallashgan rekombinatsiya markazlari
orgali amalga oshishi mumkin. Odatda,
ko‘pchilik tadqiqotchilar ikkinchi holni ko‘rib
chigadilar, chunki bu hol bimolekulyar holatga
nisbatan ko‘plab qiziqarli jarayolarni namoyon
giladi. Injeksiya darajasining o‘zgarishi bilan
rekombinatsion markaz sathlari to‘ldirilishi
ogibatida namunalarning volt-amper
xarakterikalari ko‘rinishlariga ham turlicha

ta’sir ko‘rsatilishi mumkin. Bu esa oz
navbatida ~ namunalardagi  tok  o‘tish
mexanizmlari  o‘zgarayotganligidan dalolat
beradi.

Keyingi o‘tkazilgan ko‘plab tadqiqotlar
yarimo‘tkazgichli strukturalarda ambipolyar
zaryad tashuvchilar harakatini o‘rganishga
bag‘ishlangan bo‘lib, ular asosan, ambipolyar
dreyf va ambipolyar diffuziya yo‘nalishlari bir-
biriga mos keladi deb faraz gilinadi [1]. Biroq,
ko‘p hollarda, ortigcha zaryad tashuvchilarning
maydonga qarama-qarshi diffuziyasi sodir
bo‘ladi. Bunday vaziyat, masalan p*-n-n*-diod
tuzilmalarda, n-n*-o‘tishdagi zaryad
tashuvchilarning to‘planishi  p*-n-o‘tishdagi
injeksiyadan ustunlik qilganda, ya’ni p(0) <
p(w)da amalga oshirilishi mumkin. Xuddi
shunday holat n*-n-n* diod tuzilmalarda sodir
bo‘ladi, bu yerda o‘ng tomonda n-n*-kontaktda
elektronlarning to‘planishi, chap tomonda esa
n*-n-kontaktda esa elektronlarning
kambag‘allashuvi sodir bo‘ladi [2].

Injeksiyaviy kambag‘allashish effekti
birinchi marta ikkilamchi injeksiya rejimida
ishlovchi  p-i-n  tuzilmalar uchun nazariy
jihatdan bashorat gilingan [3] bo‘lib, so‘ngra
turli  materiallarda, xususan, rux bilan
legirlangan [4, 5], oltin bilan legirlangan [6]
kremiydan, galliy arseniddan [7], germaniyli
kremniy qotishmasidan [8] tayyorlangan
yarimo‘tkazgichli ~ qurilmalarda  tajribada
kuzatilgan. So‘nggi yillarda esa ushbu effekt
turli yarimo‘tkazgichli qattiq eritmalarda,
xususan n-Si-p-(Siz)1x-y(Gez)x(GaAs)y [9], p-
Si-n-(Si2)1x(CdS)x [10], p-Si-n-(GaSh)1-x(Si2)x
[11] va n-GaAs-p-(InSb)1.x(Sn2)x [12] asosida
tayyorlangan tuzilmalarda, shuningdek, CdS-
CdTe getero‘tishli tuzilmalarda kuzatildi [13].

Injeksion  kambag‘allashish  effekti
o‘ziga xos effekt bo‘lib, nomidan kelib chiggan
holda, ikkita o‘zaro bir-biriga mos kelmaydigan
hodisalarni  mujassamlashtiradi:  injeksiya
(erkin zaryad tashuvchilarni purkash, ular bilan
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tuzilmaning asosini boyitish) va
kambag‘allashish (erkin zaryad tashuvchilarni
kamaytirish, olib tashlash). Bu effekt
nomuvozanatiy  zaryad  tashuvchilarning
ambipolyar diffuziyasi yo‘nalishi va chuqur
Kirishmalar zaryadining injeksion
modulyatsiyasi bilan xarakterlauvchi
ambipolyar dreyf yo‘nalishlarining bir-biriga
qarab yo‘nalgan holatlarida kuzatiladi.

Injeksion  kambag‘alashish  effekti
ikkilamchi injeksiya rejimida ishlovchi p-i-n
tuzilmalardan  o‘tuvchi  to‘g‘ri  toklarda
kuzatiladi, ammo uni amalga oshirish uchun bir
gator shartlar bajarilishi kerak. Dastlab to‘g‘ri
ulangan p-i-n tuzilmani ko‘rib chigaylik.
Stafeev tomonidan taklif gilingan
terminologiyaga ko‘ra, baza (i-gatlam), yupga
bo‘lmasligi  kerak, chunki kuzatilishi zarur
bo‘lgan effekt aynan i-qatlamda sodir bo‘ladi,
lekin u juda ham galin bo‘lmasligi kerak (bu
holda  ikkilamchi  injeksiyaning  dreyf
rejimining ustunligi yuzaga keladi). Bundan
tashqari ushbu effektni kuzatish uchun d (baza
galinligi) d/L > 1 (L - nomuvozanatiy zaryad
tashuvchilarning diffuziya uzunligi) shartga
bo‘ysunishi va d/L nisbatning giymatlari 2 - 7
oralig‘ida bo‘lishi kerak. Odatda, p-n- yoki p-i-
n-diodlardagi ikkilamchi injeksion
jarayonlarini ko‘rib chiqish uchun
qo‘llaniladigan asosiy tenglama kvazineytral i-
bazadagi erkin zaryad tashuvchilarning
ambipolyar harakatini tavsiflaydi.

Ushbu nazariyaga ko'ra, bunday volt-
amper xususiyatini kuzatish uchun bir gator
shartlar bajarilishi kerak:

1) p-i-n diodning bazasida yopishishni
(Et) va rekombinatsiyani (Er) ta‘minlaydigan
chuqur sathli markazlar bo‘lishi kerak. Bundan
tashqari, tok kuchining juda keng diapazonida
rekombinatsiya  markazlarining  to‘ldirish
deyarli o‘zgarmas saqglanishi kerak, bu esa
noasosiy zaryad tashuvchilarning yashash vaqti
doimiyligi (t ~ const)ni ta’minlaydi. Shu bilan
birga, yopishish markazlarini to‘ldirishda
sezilarli o‘zgarishlar yuz berishi kerak, Bu
ambipolyar dreyf tezligini modulyatsiya
gilishga yordam beradi. Shu o’rida aynan bitta
sath ham rekombinatsiya, ham yopishish uchun
javobgar bo‘lishi mumkin va uni to‘ldirishning

o‘zgarishi  amalda  ishlash ~ muddatini
o‘zgartirmaydi, lekin bu va giymatining
sezilarli modulyatsiyasi uchun yetarli. i-
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bazadagi chuqur
Xususiyatiga garab,
V~exp(law) 1)

sohalarning o‘ziga Xo0s

ifodadagi a parametri biroz o°zgaradi.

I! A i\ +
) [#] n n /
10 B 0
10-5 L
10% |
V~exp(laW)
107k
10%F /
-V . 60
10— a0
10-7 ; : U
107 10 10° ov

1-rasm. n-Si<Zn>dan tayyorlangan p-i-n diodning a)
gorng’ulikdagi; b) AL1075 turli LED bilan
yoritilgandagi volt-amper xarakteristikasi [5]

Shunday qilib, n-asos mustaqil
rekombinatsiya kanaliga va teshiklar uchun
alohida chuqur biriktirma darajasiga ega bo'lsa,

1

~ 2qDy Nt (2)
bu yerda N, - chuqur sathli yopishish
markazlariing kontsentratsiyasi.

2) p-n o'tish joyidagi zaryad

tashuvchilarning konsentratsiyasi n-n* o‘tish
joyidagi konsentratsiyadan kamroq bo‘lishi
kerak: p(0)<p(W) ya'ni diffuziya va dreyf bir-
biriga yo'naltirilgan.

3) Tokning kuchayishi | ~ V2
bog'ligligidan V ~ exp(laW)ga o'tishda
konsentratsiyaviy tagsimot egri chizig‘ida
mintaga paydo bo‘lishi  kerak, unda
konsentratsiya ~ ogim  kuchayishi  bilan
kamayadi, kontaktlarda esa u ortadi.
Konsentratsiya tagsimotida minimal paydo
bo‘lishi mumkin, u kuchaygan ogim bilan
chuqurlashib, n-n* kontaktiga o‘tadi. Ikkinchi
superchizigli gismga o‘tish bilan bu minimum
yo‘qolishi kerak va tagsimot yana monoton
ravishda ortadi.
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I11.Natijalar va muhokama

Odatda, p-n va p-i-n diodlarida noasosiy
zaryad tashuvchilar (bizning holatimizda
kovaklar) purkaladi (injektsiya qilinadi) va
natijada kovaklar konsentratsiyasining manfiy
gradiyenti hosil bo‘ladi, chunki baza qalinligi
bo‘yicha kovaklarning konsentratsiyasi
exponensial ravishda kamayadi.

Natijada, ikkilamchi injeksion
jarayonlarini ko'rib chiqishda qo‘llaniladigan
asosiy tenglamadagi kovaklaring bazaga
chuqur siljishini tavsiflovchi ikkinchi had
ishorasi “manfiy”’dan “musbat”ga o‘zgaradi,
ya’ni birinchi hadda tasvirlangan ambipolyar
diffuziya va ikkinchi hadda tasvirlangan
ambipolyar dreyf bir xil “musbat” ishoraga ega
bo‘lib, ularning ulushlari qo‘shiladi. Tabiiyki,
ushbu holat bazaga yetib borgan erkin
kovaklarning diffuziya va dreyf ta’sirida
ikkinchi  kontaktga  siljishini  anglatadi.
Boshqgacha qilib aytganda, dreyf diffuziyaning
ta’sirini kuchaytiradi. Bu holatni p-i-n struktura
uchun tadbiq etilsa, sal boshgacha vaziyatni
tasavvur  qilish mumkin. Agar ko‘rib
chigilayotgan to‘g‘ri tok yo‘nalishda i-n-
kontaktda elektronlar bilan birga
kvazineytrallik sharti tufayli kovaklar ham
to‘planadi (akkumulyatsiyalanadi). Natijada i-
n-kontaktdagi erkin zaryad tashuvchilar
kontsentratsiyasi p-i o‘tish kontaktdagiga
nisbatan ortib ketadi.

Bu turli sabablarga ko‘ra sodir bo‘lishi
mumekin, biz hozircha sabablarni muhokama
qilmaymiz. Ammo bu sodir bo‘lsa, u holda
kovaklar konsentratsiyasi gradiyenti ishorasi
“musbat” bo‘ladi. Bunda ikkilamchi injeksion
jarayonlarini ko‘rib chiqishda qo‘llaniladigan
asosiy tenglamaning ikkinchi hadi “manfiy”
ishoraga ega bo‘ladi. Fizik jihatdan bu holat
diffuziya va dreyfning bir-biriga garama-garshi
yo‘nalganligini anglatadi va shuning uchun
ma’lum bir kuchlanish diapazonida dreyf va
diffuziyaviy toklar odatdagidek bir-birini
kuchaytirmaydi, balki aksincha, bir-birini
susaytiradi. Natijada, bazadagi erkin zaryad
tashuvchilarning  konsentratsiyasi  odatdagi
injeksiyada bo‘lgani kabi tok ortishi bilan
ortmaydi, balki  kamayadi.  Effektning
“injeksion kambag’allashish” deb atalishining
sababi ham shu bilan izohlanadi.
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Ushbu effektni amalga oshirish shartlari
hagida batafsilroq to‘xtalib o‘tamiz. Ushbu

shartlarning eng muhimi  erkin  zaryad
tashuvchilarning konsentratsiyasi gradiyenti
ishorasining o‘zgarishi hisoblanadi. Buni

amalga oshirish uchun i-n kontakti “yaxshi”
bo‘lishi, ya’ni ko‘p sondagi elektronlar bilan
ta’minlashi va p-i kontakti “yomon” bo‘lishi,
ya’ni 0z sondagi kovaklarni purkashi kerak. Bu
dastlab texnologik jihatdan amalga
oshiriladigan holat hisoblansada, lekin u
qurilmaning ishlashi paytida ham paydo
bo‘lishi mumkin. Ma’lumki, ideal kontaktlar
uchun p(0) ~ J va p(d) ~ J munosabatlar,
noideal kontaktlar uchun esa nisbatan zaifroq
p(0) ~ J¥2 va p(d) ~ J¥2 munosabatlar orinli
bo‘ladi [14]. Agar p-i o‘tish joyi noideal p(0) ~
JY2 bo‘lsa va i-n o‘tish ideal p(d) ~ J bo‘lib
golsa, u holda i-n o‘tish joyidagi zaryad
tashuvchilarning konsentratsiyasi p-i o‘tish
joyidagidan kattaroq bo‘lishi mumkin; Shunga
ko‘ra, dp/dx gradiyentining ishorasi “musbat”
tomonga o‘zgaradi, ya’ni injektsiyaviy
kambag‘alashish effektini amalga oshirish
shartlari bajariladi.

Shunday qilib, olib borilgan tadgiqgotlar
shuni xulosa qilish imkonini beradiki, bu
barcha geterostrukturalar, materiallar,
o‘tkazuvchanlik turi va ularni ishlab chiqgarish
texnologiyalaridagi sezilarli farglarga garamay,
ancha keng kuchlanish oralig‘ida injeksion
kambag‘allashish effektini kuzatish bilan
tavsiflanadi. Kuzatilgan effekt uchun mas’ul
bo‘lgan chuqur kirishmalar tabiatini tushunish
uchun go‘shimcha tadgiqgotlar sifatida talgin
etiladi. Xususan, ushbu effektga turli xil tashqi

omillar (harorat, fotoqo‘zgalish, magnit
maydon va boshgalar)ning kuchli ta’siri
ma’lum bo‘lganligi sababli [14], bunday
tadgiqotlar chuqur sathli kirishmalar va
ularning tashqi omillar ta’siridagi hatti-
harakatlarini  tushunishga yordam berishi
shubhasiz.
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ZnO MmeTannookcua KaTnamMMHUHI ONTUK xoccanapu
X.A. Maxmygos'?, 3. MagamuHoBa®, M.A. KysnGoesa'
!Andijon davlat universiteti

’KokaHg yHMBepcuTeTn AHAWXKOH dunuanm.

AHHOTauusa: YwOy vwga onHa Tarnuknapra 305-refl TEXHOJNOMMACUMHUHE YYKTMpULW ycynuaa
y3tTupunraHd ZnO Xonn Kypunmacu épaamMmmaa yTkasyByaHnvk Typu(n), convwtmpma kapwwunurn (p =1,19
Om'cMm), TabKuknaHraH coxacu keHrnuru(3,2 aB), anekTpoHnap xapakatyaHnurn( p=3,53 cm?/B-c), Tok
TawyB4Mnap kKoHueHTpaumsacu(2:-1017 m-23) kabum Bup kaTop aNekTpodn3mnk xoccanapu aHnknagm. ZnO tonka
NNEHKACUHUHT HYP YTKasuL CneKTpuaaH, Kysra KypuHyBun Ba uHdpakmaun Hypnap govpacuga 80% paH
tokopu wadodnmkka ara skaHnurm xamaa wadponMKHNH GolwnaHFuy Yerapacu yntpabunadia Hyp
coxacura TyFpyu Kenuwin aHuknaHud OyHaan wadpdod 3nekTpoHuKa coxacuaa MLINOBYM SMEKTPOH
acbobco3numk coxacmaarm acocuii OMUN SKaHMUIM aHUKNaHAaN.

Kanut cy3nap: 30n, npekypcop, nepokcua, goToBONTanK, gucnepc, ren.

AHHoTauma: B gaHHoW paboTe C NOMOLLLIO TEXHOMOrMM COM-refle METOAOM OCaXAeHUs Ha
NOAMNOXKN BbINy BblpalleHbl TOHKMe NNéHkn ZnO, 1 ¢ NCNoNb30BaHMEM yCTPOMCTBa Xonna onpegeneHsl
PS4 UX ANeKTPodU3NYECKMX CBOMCTB: TUM NPoBOAMMOCTHU (n), yaenbHoe conpoTtusnexue (p = 1,19 Om-cm),
LWMpUHa 3anpeLLéHHon 3oHbl (3,2 3B), noaBWXHOCTL anekTpoHoB (U = 3,53 cm?B-c), KOHUEeHTpauus
HocuTenen Toka (2-10" m~3). M3 cnekTpa nponyckaHus TOHKOM MnéHkM ZnO yCTaHOBMEHO, YTO OHa
obnapaet npospayvHocTbio Bbiwe 80% B obnactm BMOAMMOrO U MHMPAKPACHOTNO U3NyyYeHus, a eé
HayanbHbI MOPOr MPO3PayYHOCTM NPUXOAUTCS Ha 0b6nacTb ynbTpadMoneToBoro U3nyyeHus. 3TO
NoATBEPXAAET €€ 3HAYMMOCTb Kak KIYeBOro mMaTepuarna B NPOM3BOACTBE 3NEKTPOHHbIX NpMOOpOB,
paboTatoLmx B 06nacti Npo3padvyHoOn dNeKTPOHUKM.

KnroueBble cnoBa: 305b, NpeKkypcop, nepokcug, oToBonbTanka, gucnepc, refnb.

Abstract: In this study, thin ZnO films were grown on substrates using the sol-gel deposition
method. A Hall effect device was used to determine several electrophysical properties of the films, including
the type of conductivity (n-type), specific resistivity (p = 1.19 Q-cm), band gap width (3.2 eV), electron
mobility (u = 3.53 cm?/V-s), and charge carrier concentration (2x10' m™3). The transmittance spectrum of
the ZnO thin film revealed that it has a transparency above 80% in the visible and infrared regions, and that
the initial transparency edge falls within the ultraviolet region. This confirms the material’s significance as
a key component in the development of electronic devices operating in the field of transparent electronics.

Keywords: sol, precursor, peroxide, photovoltaic, disperse, gel.

I.Kirish TOMOHHJIAH  HAHOYJIYaMJard METaJZIOOKCH]T

KaxoHHUHT KYTJIa0 WIMHUM TAaaKMKOT IUICHKAJIAPUHU OJWO, yhap acocujaa HoOED
MapKasiapu Ba €TaKuu OJIUMJIAPU  XOCCAJIM JJIEKTPOH KypuiMaiap spaTHlll
METAJIJIOOKCU]T  KaTJaMJIapHH YCTUpUII ~ MMKOHUSTIAPU Kypcatub oepaunap.
yCyJlIapuHU TakoMuJutamTupuil Ba amanuérra  IIpodeccopnap HI.Y. FOnnames, A.Hacupos
KyJutam Oyiinya KeHr kynamaaru unuiap onu6 Ba  I[1.b.  TlapumHckuiimap  TOMOHMIaH

60pUIMOKIA. Kymnanan aMepUKaIIuK
omumnap JIxepdpu bpunkep Ba lyrom Cmut

HaHOYuamaarn ZnO KaTjaamyiapuHu — 0yuo,
yIapHUHT  HOE0 (UMK  XOoccalapuHU
ypranaunap, SOOHWSUIMK —onumiap Omm

[Mwuyn, Caromn Tanumaronap TiO2, ZrO2 Ba
ZnO TUIeHKajmapw OJWHUO, ynap acocuaa
xapopar, EpyrIMKKa ce3rup Oynran Kaiia
Kwirnwiap tanépnanunap. Poccmsamuk C.H.
Pemb6e3a ZnO Ba SnO; nmieHKanapuHu OJIMHUII
yCYJUITapUHU ~ TaKOMWUIAIITUPUO, — anoxujaa
rasjapra CE3TUPJINTUHU OPTTUPHIIT
MYMKUHJIUTUHU KypcaTuO Oepaunap.
[lynunraex, wmamiakaTUMH3[a Xam
akazemuk C.3. 3aiilHAONIMHOB WIMWH )KaMOacH

ApUMYTKa3ruwM Ba maddod Tarnukmapra
TYpJIM TapKUOJAru MeTaIOKCH] KaTiamiiapu
YyeTupunuO, yimap acocua TallkKy TabCHpIapra
Ce3Tp Kalj KWiIrnuiap, UIyHUHTIEK, XOTHpa
JJIEMEHTIIAPUHU Tal€piam UMKOHHUATIAPHHA
KypcaTub 6epaunap.

3aMOHAaBUM  MHKPOIJIEKTPOHHMKA  Ba
9JIEKTPOH acOo01apra 6yaran HXTUEKHU KaJall
cypwaTiap Ounan opTHO OOPHIIH KaXOH OJIUM
Ba MyTaxacHClIapu OJAMra SIHTM TypJaru
JJIEKTPOH  KypUJIMAJIADHU  spaTUIl  €KHU
MaBXy[JapuHU sHaJa TaKOMHJUIAIITHPHIL
BazudamapuHu KYHMOK/1a. AHbaHaBUI
SIPUMYTKA3r 14N MoAaap y3
MMKOHUSTIAPUHUA Kapuio TYia HAMOEH KUINO
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2191178 Oxupru naltiapaa  TaIKUKOT
HyHanmumm Kyn QyHKIUSIH, FOKOPU CE3THPIIH,
TEXHOJIOTHK JKUXATJaH KyJail Ba TaHHApXJIapu
ap3oH Oynaran Moxmgamap —  MEPOKCHUJ,
METAJIOOKCH, Ky  TapkuOIM  KaTTHUK
spuTManap kabu Mojjanapra KapaTHJIMOKAA.
[y mabHO@ 30JIb-TENT YCYIU OWIaH KPEeMHHI

cuprura yCTUpWIran METAJLIOOKCH]L
IUICHKQJIAPUHU ~ OJIMIUHUHT  BHI  KyJau
TCXHOJIOTUK HIapouTIapuHU AHUKJIAI,

TaAKUKOTJIap MoOaiiHuaa Marepuauiap Ba
SHEPTHUs TEKAMKOPIUTUTA YBTUOOpP KapaTHiil,
METAJIJIOOKCUUIAPHUHT HOEO 21IEeKTpO(PHU3UK Ba
(OTORIIEKTPUK XOCCAJIAPUHM YpraHull, yJap
acocuJa Ta€piaHraH reTepoTy3HIMalapHUHT

KYJUIAHUIII ~ COXQJAPUHWHT  KCHTaHTHUPHII
noi3ap0 Bazudanup.
Madpdod  yTkazyBuan  okcuanap

OITO3JIEKTPOH KypUIMajap Uiuiad yukapuuia
MyXUM axamMHsIT KacO »dTaau. 3aMOHaBHI
MHUKPORJIEKTOPOH acO00CO3INKAA PYX OKCHIU
V3UHUHT rasra ce3yB4aH KOOMIUATH Tydanan
IOKOpH VpUHIIapHU TypaJu. bynnait
METAJIJIOOKCU/UIAPHUHT OJIMHUII YCYIIHU Xamja
TEPMUK WIUIOB Oepull HaTWXKacujia ro3ara
Kenaaurai — Ho€0 — Xxoccasapu  Oyiinua
¢oroBonTankaga (kuuuk OMiIM) Ba Typiu
razjgapHu cesruwiapaa (rokopu Omin) pyx
OKCHJI MJIeHKanapaan (doitnananmnamua. ZnO n
—Typ YTKazyBUaHJIMKA ara Oynran
ApUMYTKA3ruy OYnuO, YHMHI YTKa3yBUaHIUK
TYpUHH TEPMHUK UIIJIOB OEpHII EKHU JIETHUpPIIAII
OpKaIM OOIIKapuIll MyMKHH. MHUCOJ y4yH p-
TYyp YTKa3yBUaHIIMKKA era Oynran
MeTaIJIOOKCH Katiam onuin yauyH Mg, B, Ga,
P, N xkabu w™moanamap KupuTull Tanad
KuianHagu. by asca p-n ytunumm ¢GoToBosiTauk
KypwiMaiap WIDiad YHKapull HWMKOHWHHU

oepanu.[1]

. ZnO MeTANIOOKCH KATJIAMUHUHT
OJIMHUIIIH

3om-ren  ycynu (307-Ten  KapacHM)
apanammMa-spuTMaiapaaH TypiH
MaTepHaUIapHH  OJMIN JKapaSHJIApUHU V3
uyura osiagu. 301 Teln YCylnu KyHujaaru:

apajaimiMa  KOMIIOHEHTJIapu  TalépliaHar,
OJIMHTaH  apajammMa  30Jra  alJIaHuIIW;
TUAPONIN3 Ba  KOHJEHcalMs KapaéHiapu

épaamua xocusa OYIraH 301 refra aiylaHuIIg;
reJl TarjaukKa YCTHPUIL, OJIMHTaH MaxcCyJoT
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KYpPUTHUII XaMJla TEPMHUK HIILIOB OepuIll KaOu
TEXHOJIOTHK KapaéHJIapHH ¥3 UUUra OJIau.

3071 rest TEXHOJOTUSICHAA 3011 — Oy CYIOK
mucriepe (tapkuouna 1 amM man 100 HM raua
HaHO3appaJlap MaBXyJl COXa) MyXHT OYiuo0,
KAaTTHK HaHomucrepc (a3anapiaH TaIlKul
TOTAIH. Arap JICIIepC dazanap
KOHLIEHTpaLUsACU opTTHpUIICa, KATTUK
3appauanap KOHTaKT XOCHUJI OYiaau, HaTuxkaa
KOMIIO3ULIMOH MaTepuall Tell XOCHJ Oyiaju.
3071 XOoCHJI OYJIMIINIA Y9 YIYOBIN KJIACTEPIIH
Ty3WJIManap naiao oymamu.

Mertannookcug KaTJaMJIApHUHT
xoccanmapu (akaTruHa SJIEMEHTIAP TapKuoOu
OwnaHruHa »5Mmac, OaJKd YHUHT OJIMHHUII
ycyiuiapura xam O0ofiuk. TaHnaHraH oNMHHMII
TEXHOJIOTHSCH Ba METoIMKacura OOFJINK X0J1/1a
TapKUOMHM MYyKaMMaJUIalITUPULI, Talépiain
BaKTUHU Ba MILIA0 YMKApHII XapaKaTIapuHU
KaMaiTtupaaud. 30J-Te€l YCYJIMHUHI acoCui
ad3aTMKIIapuIaH oupu KHPHUIIIMa
KOMIIOHEHTJIApUHUHT  IOKOpU  Jlapakaja
TOMOTEHHU3AIMSIIAIITaHINTd  CaHaNaJAu. 30JI-
reJl  TEXHOJOTMsCHIAa  KaTiaM  XOCHJI
OYJIMIIMHUHT OXUPTU HATHXKACH KU3TUPHUII
BaKTM Ba YCTUpUII  ycynura  OOFJIHK.
Kuznupui BakTUHU y3aUTHUPHII OPKAIH 30J1-
rejl Y3UHUHT KOBYIIKOKJIUTUHU OPTTUPAIH, Oy
oca YTKasWiaéTraH Kamiamilap Ba CYHITH
YMYMHUH KaTjaM KaJUHJIUTUTa OOFIMK Oyianu.
3o1-resl  TEXHOJNOTHMSCH  €pramuia  IONKa
KaTjaMJIapHU CYIOKJIMKKa OOTHUpHII YCYJIH,
neHTpadyraii, SJIeKTPOKUMEBHM YTKa3uIl Ba
Oomka ycyuiapjaa XaM OJUII  MYMKHH.
CyloKJIMKKa UYYKTUPHUII  yCylIM  IOyHJAu
*KapaéHkM, OyHJa TarjuK CYIOKJIMKKa TYyia
gyKTHpUINO, XOHA Xapopatuia OelruiaHraH
Te3NUKaa KyTtapuwiaau. KaTiaMm KanmuHIurua
acocaH apaJlallilMaHUHT MOJISIP
KOHCEHTpAlMACH Ba  30JI-TEJIHUHI  OKMII
Te3nurura OYFnuK. Tarmmkka HYKCOHJIApCu3,
OMp TeKHC YCTUPHUII Y4YyH TarjivKAa YaHr,
Oomka 3appadanap OYyIMaciurd Ba Kariam
YCUIIHM YIyH MOC OYJTUIITN Kepak.

307-resn YTKa3ull TEXHOJOTUSCUHUHT
OMp KaH4Ya MyXHUM OKHXATJIapd MaBXKYy/l.
bupununan, ycTupuiga TETHUHT
KOBYIIKOKJIUTH, YYKTUPULIT ycynuaa
KYTapWJIUII TE3JIUTH, LeHTpadyranam ycynaa
alllaHuII Te3NMurura OOFJIMK XOJAa Xap IHUOM
OVp XU KATMHIIMKIA KaTJIamiiap XOCHIT KUJIHIIT
OupMyHYa Mypakkad xapaCHaup.

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025



PHYSICS

I11.Natijalar va muhokama

3o apananiMacuHu
pecypcop cudaruma
[Zn(CH3CO02)22H20] SpUTMA
KoHceHTparusacu 0,1 wMon/nm  m3ompomnui
ciuptugad doigananmwiu. Apanamma KA
RH basic 2 MarHuTiIum apajamTuprad
épnamuna apanamrupwind. Crabunmzatop
cudaTtyaa apajammara JU3THIAMUH 3JIEKTPOH
nuneTka Epaammga apanamma  maddod
XoJlaTra KeJAryHHYa TOMYMWIA0 KYIIWJIIH.
Ilnenka oymin ydyH Tau€p 301 XOCUJ KHJIMILLI
yUyH apanamma 5 coat MmoOailHuIa MyHTa3am
apalalITUPWIIA. YHIAH CYHT apanamma 168
coar cakjiaHau. by BakT gaBomHaa 3071
KOBYIIIKOKJIUTH, 3WWIATH OpPTHO Oopaau Ba
¥3apo OOFNMaHUII XOCWJI KWITaH KaTTHK
mucnepe (azanan cyrok (asza cu3ubd YuKaau Ba
y4 YIYOBIM KJAcTep TYy3WJIMa Tel XOCHI
Oynau. 3071 TapKUOH:

IIpexypcop- pyx
[Zn(CH3COO02)2-2H20]-2,19 1;

ApanamTiuprud — U30HOPONMI CIUPTH
(CsHgO, CH3CH(OH)CHz3)-100 mur;

Crabunmuzarop — nustinamut (C4H1aN,
(CoHs)2NH) — 0.75 mu.

OpUTMaHU KYJJIalllaH OJJIMH IIHIIA
TarJIMKIIap areToHa, H3OMPOIHII CTUPTH/IA Ba
JUCTHIIJIAaHTaH CyBJa YJITPATOBYILTM BaHHaJa
axmuia® IOBWJIAAW, IIYHAAH CYHT  yiap
KypUTHII  1e4yjaa 100° C xapoparzaa
KYPHUTHIIQIH.

MeTtannookcus Karjiam OJUII  YIyH
YYKTUPHUILIT yCynuaaH GoiimanaHuIIz.
Yyktupum ycynu OwiaH YCTHPWITaH IONKA
KaTJaMJIApHU OJTUIII TEXHOJIOTHICH OWUp HeuTa
xycycusiTnapra era. bupuHummaH, Kymiamr
naiTuga xXap JOWM KaIMHIWKAA ¢dapk Oop
(ceHTpadyramam malTUga paauWal, CyBra
6oTHupuII ManTuIa YU3HUKJIH), oy
(6MUIIKOKJITHK, TOPTUII  TE3JIUTU €xu
ceHTpadyramanaa  aillaHUII  TE3JTUTHTra)
Oornmuk. MKKWHUMIAH, CyBra YyKTHPUII
nanTHAa KAIMHINKAArd GapkKHy KoIlaml yayH
xap Oup KatnamaaH KeHUH HAbMYHAHH 180° ra
OypuIil Ba HaTHXaja OWp XWJI KaTjaMJIapHH
XOCHJI KHJTHII Kepak.[2]

1- pacmaa KypcaTwiraH TEXHHK
KypuiMara Imuiia YpHaTHIaAW Ba 5 CM/MUH
TE€3JMKAA Treira YyKTUpWIaad. 2 JaKuKa
MoOaliHuIa renjga TypraHfaH CYHT sHa Iy
TE3JMKAA YHAAH 4yuKapuO onuHaau. OJMHTaH

OJIMIII  yYyH
pyx acreraT

acTeTart
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kaTiiam 350°C xapopatnmaru nedra | gakuaa
MobaliHuaa Kyimiaau. Yoy xapaéu 20 mapra
Takpopyianaau. KoJauk opranuk MojgaiapHu
onmu0 Tanwiamm Ba ZnO TUIGHKAJTaApPUHUHT
KPHUCTAJLT TY3WIAIITUHI OJIHIII YayH
KaTJIamJIapHU XYIUIall Ba KYPUTHIIIAH CYHT,
yiap 550° C xapopataa 30 gakuka gaBOMHUA
TEPMUK UILJIOB OepuIIajy.

R agt I .

1- pacm. 1.1Muma tarnuk. 2. KOxopu
JUCTIEPC MYXHUTIIN KOJUIOH]] TH3HUM. 3.
bomkapys nynru.

Pyx acrerar mpekypcopiapu  Ba
KHCIIOpO MaHOalapuHUHT Oyfilapu IIMINa
fo3acura obopuiaaau. FOxkopu xapopatr (350—
600°C) Ba Oomkaiap MIAPOUTIAP TabCUPHUIA
Oy monmamap mmma cuptuga maddod ZnO
KaTJIaMUHU Xocu Kuaau[3]:

Zn(CH;C00),+0,—Zn0+COz+H;0

HI.ZnO  meTa/L100KCH]
ONTHK XOCCAJIapHu
Meramiookcnx IJIEHKAJITAPUHUHT
KaJIMHJIUTHUHHA aHMKJIaIIga MUU-4
UHTEPPEPEHITNOH MUKPOCKOITJIaH
¢oiigananmian. Xoul Kypuiamacu &Epaamuia
HAMYHAHUHT KyHUJaru: yTka3yBYaHIUK TYpH —

KaTJaMHWHHUHI
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N; comumTupMa Kapmwiird - p =1,19 Om-cm;
TabKUKJIAHTAH COXacH KeHriauru - 3,2 3B;
SJIEKTPOHJIAp  XapakaT4yawiauru - u=3,53
cM?/B'c; TOK TalIyBYMIap KOHIEHTPALMACH -
2:10 M3 kabu Oup Katop HNMEKTPOPUNK
Xoccanapd aHUKIAAM. YCTHPWITaH IUICHKA
KammHIAry ~ 0,55 MKM HU TalIKWJI STOU.

3,09 2,06 1,55 124 hv,sB
100 - h . h . h 1 .

80

60

40

MNponyckanue, %

20

T T T T T T T
400 600 800 1000 A HM

2-pacm. ZnO MIeHKaCUHHU HYpP YUKAPHIILI
(maddodamx)

2-pacMaa ZnO IUIGHKaCUHMHI HYp
YTKa3ull CHEKTpUIaH, Ky3ra KypUHYBYHM Ba
uHpaku3ua Hyprnap poupacuaa 80% maH
10KopH wapHoPIUruHu KYpHUILIIMU3 MyMKHH.
HladdodaukHuHr  OOLUTAHFUY  yerapacu
yintpabuHadIia Hyp coXxacura TyFpu Kenuo, Oy
sca ¥3 HaBOaTHIa Ky€ll SHEpreTukacu Ba
maddod dIEKTpOHHMKA COXACHIA HIILIOBYH
AJIEKTPOH acbobco3nap sApaTuliia  acocui
oMwuiapaad Oupu canamaau. [4,5] wiamuit
TaJAKUKOT MIUIapH Myauinpiaapu  307-Tel
yeynuaa yerupuwiarad ZnO Kpuctamiapu TYFpu

coxanu Ty3uiIMa SKAHJIUTUHU
TabKUJIalIuIap.
MabiyMku, FOTHJIHIL CIIEKTpHU

yerapaBuil KuiiMatu 10THIHII KodhdUineHTu
Ba [JICHKAHUHT HEPTeTUK TAbKUKJIAHTaH COXa
KEHIVIMTUHY aHUKJIAIl YYYH XaM KYJUTaHUIaIu.
Onunrax IUICHKaHUHT DHEPrETHK
TabKUKJIAHTAaH COXA KEHIJIUTMHU aHUKJIall
yUYyH Kyiunaru ¢popmynanas GoiganaHaMus:

1,24
E, = F (3.3.1)

by epaa A, — spumyTKasrud Ty3uima
TOMOHUZAH  IOTWIraH  EPYRIMK  TYJIKUH
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y3yHJIuru. ZnO HUHT SHEPTeTUK TabKUKJIAHTaH
coxa kenrmuru rpadukanm  (ahv)?=f(hv)
TYFpHJIall  OpKajdM  aHUKJIAHOu Ba Oy
xucobnamiap  Eg=3,2 5B okaunuruHu

KypcaTau.
1,24

Eg =7 (3.3.1)

by epna A, — ApuMyTKa3rud Ty3uiIMa
TOMOHUJAH  FOTHITaH  EpPYFIMK  TYJIKUH
y3yHJIurH. ZnO HUHT SHEPTreTUK TabKUKIaHTaH
coxa kenrmuru rpadpuxam  (ahv)®=f(hv)
TYFpHJIall  OpKajdM  aHUKJIAHOu Ba Oy
xucobnamiap  Eg=3,2 5B okamnurunu
KypcaTaH.

Oitna Tarnukiapura ycrupuiaran ZnO
IOTIKA TJICHKACUHUHT HYP VYTKa3UII
CHEKTPHJIaH, Ky3ra KYpUHYBUYM Ba HH(PAKU3UI
Hypaap pgoupacuga 80% 1aH  HOKOpH
mapdodimkka  dra  OKAHIUTH  Xama
mapdohIUKHUHAT ~ OONUIAaHFMY  dYerapacu
yaTpabuHadma Hyp coXacura TYFpU KeJUIIN
aHukiaanu® Oynmait maddod srnekTpoHHKa
cOXacuJla HIJIOBYM DJIEKTPOH acO00CO3IHK
COXacuJard  acocuii  OMHUJ  DKaHJIHUTU
aHUKJIaH/IH.
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Bir va ikki tomonlama sezgir quyosh elementlarini solishtirish

R. Aliev?t, M. Komilov?t, S. Aliyev?, J. Ziyoitdinov?, N. Mirzaalimov?

1Z. M. Bobur nomidagi Andijon davlat universiteti, O‘zbekiston, 170100, Andijan sh, Universitet ko‘chasi 129
2Andijon davlat texnika instituti, O‘zbekiston, 170100, Andijon sh, Boburshoh ko’chasi 56 uy.

Annotatsiya. Ushbu ishda fotonlarni yutish mexanizmlarini, fotogeneratsiya jarayonlarini va orqa va ikki
tomonlama yorug'lik sharoitida muvozanatsiz zaryad tashuvchilarni yig‘ish samaradorligini batafsil tahlil gilish orgali
ichki gatlamlarning dastlabki fizik parametrlari va ikki tomonlama yoritish moslamalarini loyihalash. Old tomonida p-n
o‘tishga ega bo‘lgan sezgir quyosh elementlari o‘rganildi. Quyosh batareyalarini o‘rganish uchun zamonaviy ragamli
simulyatsiya usuli ishlatilgan. Kremniy asosli quyosh elementlari modellari yuqori sirt yaqginida p-n birikmasini ajratib
turadigan p*-p-n* tuzilishini o'z ichiga oladi. p-sohaning kirishma kontsentratsiyasining oshishi VAX egri chizig'ining
keskinligini sezilarli darajada oshiradi, bu quyosh elementi va p-n o‘tishining sifati yaxshilanganidan dalolat beradi.
Xususan, 10% sm™ optimal kirishma kontsentratsiyasi samaradorlikni optimallashtirishda  kirishma
kontsentratsiyasining muhim rolini ko‘rsatib, eng yuqori samaradorlikni beradi. Bundan tashgari, kirishma
kontsentratsiyasining o‘zgarishi asosiy parametrlarga differentsial ta’sir ko'rsatadi. Ta'kidlash joizki, ochiq
kontaktlarning zanglashiga olib keladigan kuchlanishi, to'ldirish koeffitsiyenti, samaradorlik, maksimal chigish quvvati
va ketma-ket garshilik kirishma kontsentratsiyasining o‘zgarishiga aniq javob beradi. Shuning bilan kirishma
kontsentratsiyasining 102 sm™ dan 105> sm™2 gacha ko'tarilishi ushbu parametrlar bo'yicha sezilarli yaxshilanishlarga
olib keladi, bu quyosh elementi samaradorligini oshirishda aniq kirishmalar nazoratining ahamiyatini bildiradi. Bir
tomonlama hamda ikki tomonlama sezgir quyosh elementlarining fotoelektrik parametrlarini solishtirganda, ikki
tomonlama sezgir quyosh elementining gisqa tutashuv toki va salt ishlash kuchlanishi bir tomonlama sezgir quyosh
elementiga garaganda 2 marta va 18 mV ga katta ekanligi aniglandi.

Kalit so‘zlar: Kremniy, sentaurus TCAD, bir va ikki tomonlama sezgir quyosh elementi, kirishma konsentratsiyasi.

AHHOTaumsA. AHHoTauus. B gaHHon paboTe nyTem getanbHOro aHanm3a MexaHU3MoB MOrnoLleHust OTOHOB,
npoueccoB doToreHepaumn n acpdekTMBHOCTN cbopa HepaBHOBECHBLIX HOCUTENEN 3apsha B YCNOBUAX 3agHEro u
ABYCTOPOHHEro OCBELLEHUS WCCMedoBaHbl HayamnbHble U3NYeckMe napamMeTpbl BHYTPEHHUX CMOEB U
NPOeKTMpOBaHMe ABYCTOPOHHE OCBELL@eMbIX YCTPOWCTB. Bbinun n3yyeHbl YyBCTBUTENBHbIE COMHEYHbIE 3MIEMEHTbI C pP-
N NepexogoMm Ha nepefHew CTopoHe. [N MccnefoBaHUst COMNHEYHbIX 6aTtapen MCNoMb30BaH COBPEMEHHbI MeTos
uncposoro mogenuposaHus. Mogenn KpeMHUEBbLIX COMHEYHbIX ANIeMEHTOB BKMNOYaT B cebs CTpykTypy p*-p-n, B
KOTOPOW p-n Mepexon pacronioxeH BONu3nM noBepxHOCTU. [oBbIWEHME KOHLEHTpauum nervposaHusa p-obnactu
3HaYMTENbHO yBENUYMBAET KPYTU3HY BOMbT-amnepHon xapaktepuctuku (BAX), 4To cBMaeTensCcTByeT O NOBbILLEHWN
KayecTBa COMHEYHOro anemeHTa n p-n nepexoga. B yacTHocTn, onTMmanbHas KOHUeHTpauus nervposanmsa 10" cm™3
obecneymBaeT MakCcUManbHylo 3(EKTUBHOCTb, YTO NOAYEPKUBAET BAXHOCTb KOHTPOMS YPOBHA NEernpoBaHus Ang
ONTUMU3aLUN XapakTEPUCTMK CONTHEYHOrO SNeMeHTa.

Kpome Toro, nsmeHeHve KoOHLUEeHTpaLmmn nermpoBaHns okasbliBaeT anddepeHunpoBaHHoOE BNUSHWE Ha OCHOBHbIE
napameTpbl. Cnegyet OTMETUTb, YTO HanpsXXeHne Pa3oMKHYTOM Lenn, KoaddULMEHT 3anonHeHns, apdeKTUBHOCTb,
MakcuManbHas BbIXOOHAs MOLLHOCTb W MNOcrefoBaTeNlbHOe COMPOTUMBIIEHWE YYBCTBUTEMbHO pearvpyloT Ha
M3MEHeHWe KOHLeHTpaLmu nermpoBaHus. B yactHocTu, yBenuyeHne koHueHTpaumm nermposanus ¢ 10" cm™3 go 10"
CM ™3 MPMBOAUT K 3HA4YMTENbHOMY YNyULIEHWNIO AaHHBIX MapamMeTpoB, YTO NOATBEPXAAET BaXKHOCTb TOYHOIO KOHTPOMS
nervpoBaHnsa Ans noBblleHns 3peKTUBHOCTM COMHEYHOro aNemMeHTa.

Mpy cpaBHeHNM OTOINEKTPUYECKNX NapamMeTpOB OOHOCTOPOHHE U ABYCTOPOHHE YYBCTBUTENbHbBIX CONMHEYHbIX
9MNEMEHTOB YCTaHOBIEHO, YTO KOPOTKO3aMbIKaTeNbHbIM TOK W HamnpsbkeHue XOrocToro Xxoda [ABYCTOPOHHE
YyBCTBMTENbHOIO COSNTHEYHOro 3rneMeHTa Ha 2 pasa u 18 mB Gonblie, COOTBETCTBEHHO, YEeM Yy OOHOCTOPOHHE
YyBCTBUTENbHOIO CONTHEYHOrO ANeMeHTa.

KntoueBble cnoBa: kpemHuin, Centaurus TCAD, 0gHO- 1 ABYXCTOPOHHWI YyBCTBUTENbHBIN CONMTHEYHbIV 3NIEMEHT,
KOHLIEHTPaLUms KpULLMBI.

I. Kirish. kerak. Birog, ishlab chiquvchi quvvatning haqiqiy
qo‘shimcha o‘sishi 15% gacha [3, 4] da, ikkilamchi
nur qaytarilishini optimallashtirish orqgali ikki
tomonlama sezgir quyosh elementlarining chigish
guvvatini sezilarli darajada oshirish mumkinligi
taminlanadi. Ikki tomonlama sezgir quyosh
panellari global fotovoltaik bozorda 2025 yilda 40%
gacha va 2029 vyilda 60% gacha kengayishi
kutilmogda [5, 6]. Shuni ta’kidlash kerakki, ikki
tomonlama yoritilgan quyosh panellarining narxi
an’anaviy quyosh panellariga garaganda bir oz
yugoriroqdir [5, 7]. Adabiyotlarni tahlil gilish shuni
ko‘rsatadiki, ikki tomonlama sezgir quyosh
batareyalarining fotoelektrtik  parametrlarini
optimallashtirish va loyihalash bo‘yicha tadqiqotlar

Quyosh energiyasini fotovoltaik konvertatsiya gilish
yarimo ‘tkazgichli quyosh elementlaridan yig‘ilgan
guyosh panellari yordamida amalga oshiriladi.
So‘nggi o‘n yil ichida ikki tomonlama sezgir
kremniy asosli quyosh panellari bilan qo‘shma
korxonalarni joriy etish boshlandi. Ikki tomonlama
sezgir kremniy asosli quyosh panellariga an’anaviy
guyosh panellariga garaganda sezilarli darajada
ko‘proq energiya ishlab chiqaradi. Bu diffuziyali
quyosh nurlanishi tufayli zaryad tashuvchilarning
qo‘shimcha fotoelektrik effekt hosil bo‘lishining
hissasi bilan bog‘liq [1, 2]. Dastlabki hisob-
kitoblarga ko‘ra, ikki tomonlama sezgir quyosh
panellarining samaradorliklari 25% gacha yetishi
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soni yetarli emas. Deyarli ikki turdagi quyosh
elementlari fagat orga elektrodlarning joylashishida

farglanadi. Ikki tomonlama sezgir quyosh
elementlarining samaradorligini oshirish uchun
yarimo‘tkazgichning asosiy qismiga metall

nanozarrachalarni kiritish orgali amalga oshirilgan
yoritilgan yuzalarni teksturalashning zamonaviy
usullari [8, 9] va nanoplazmonik fototokni
kuchaytirish  imkoniyatlari ~ mavjud  emas.
O‘rgangan. PERC (Passivatsiyalangan emitterning
orga kontakti), PERT (passivlangan emitter orgasi
butunlay targalgan) va PERL (passivlangan emitter
orgasi mahalliy targalgan) kabi ikki tomonlama
sezgir quyosh elementlarining orga tomonida
lokalizatsiya gilingan emitter gatlamlari bilan
yanada murakkab dizaynlar ishlab chigilgan, ammo
Bunday namunalarning narxi an’anaviylarga
garaganda ancha yuqori [12, 13]. Orga yuzasida
emitter qatlami  bo‘lgan  bunday  quyosh
batareyalarida yuqori rekombinatsiya tezligining
salbiy ta’siri sezilarli bo‘ladi [14]. Quyosh
elementlarining asosiy fotovoltaik parametrlarining
degradatsiyasiga yordam beradigan tez-tez p-n
potentsial o‘tishlari mavjud . Yuqorida aytilganlarga

asoslanib, fotonlarni  yutish  mexanizmlarini,
fotogeneratsiya jarayonlarini va orga va ikki
tomonlama  yoritish  sharoitida ~ muvozanat
bo‘lmagan  zaryad  tashuvchilarni  yig‘ish

samaradorligini batafsil tahlil gilish orgali dastlabki
guwvvatni optimallashtirish mumkin deb taxmin
gilish tavsiya etiladi. Ichki gatlamlarning fizik
parametrlari va old tomonida n-p o‘tish bilan ikki
tomonlama sezgir quyosh elementlarining dizayni.
Ushbu  maqola  yuqorida  aytib  otilgan
muammolarni hal qgilishga bag‘ishlangan.

I1. Material va usullar

Bir tomonlama va ikki tomonlama yoritish
uchun mos bo‘lgan quyosh Dbatareyalarining
geometrik modelini yaratgandan so‘ng, raqamli
simulyatsiya jarayoni ikki bosgichda amalga
oshiriladi: optik wva elektr hisoblash. Optik
xususiyatlarni hisoblash uchun uchta asosiy usul
mavjud: Transfer Matrix Metodi (TMM), Nurlarni
kuzatish va nurlarning targalishi uchun keng
foydalaniladi. Har bir model quyosh batareyalarini
simulyatsiya qilish uchun ishlatilishi mumkin,
ammo bu simulyatsiya maqsadiga ko‘ra kattaliklarni
aniglashga bog‘lig. TMM asosan yupga gatlamli
planar quyosh elementlarini simulyatsiya gilish
uchun ishlatiladi. Chunki bunda elektr maydon
matritsalaridan foydalanadi va ichki interferensiyani
hisobga oladi, lekin yorug‘likning bir marttadan
ortig sinishi hisobga olinmaydi. Ushbu ishda biz
asosan ikki tomonlama quyosh batareyasiga e’tibor
qaratamiz va yorug‘likning bir nechta sinishi haqida
o‘ylash ahamiyatlidir.
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Shuning uchun, “Ray Tracing” usuli tanlanadi.
Ray tracing modelida nurlar soni yorug‘lik sifatida
ishlatiladi. Har bir nurni mustagil ravishda
boshgarish mumkin va har bir nur sinishidan keyin
uzatiladigan va aks ettiriladigan ikkita mustaqil
nurga bo‘linadi, bu populyatsiya deb ataladi. Agar
biz hech ganday taxmin gilmasak, hisoblash cheksiz
davom etishi mumkin. Hisoblashni to‘xtatish uchun
nurning tangidiy kuchi ishlatiladi. Agar nurning
kuchi tanqidiy quvvatdan yuqori bo‘lsa, hisoblash
shu nur uchun davom etadi, aks holda hisoblash
to‘xtatiladi, bu Monte-Karlo ragamli  usuli
yordamida hodisa kuchini o*zgartirish jarayonlarini,
aks ettirilgan va uzatilgan nur ogimini hisoblash
imkonini  beradi. gabul qilingan chegara
shartlarining  muayyan  shartlari.  Tushgan
yorug‘likning umumiy quvvatini so‘rilgan, qochib
ketgan va to‘xtagan nurlarning kuchlari yig‘indisi
sifatida yozish mumkin.
P.=P, +F, +PF 1)
Bu yerda: Py — yutilgan yorug‘lik nurining
guvvat; Pq — gaytgan yorug’lik nurlarning quvvati;
P, — o‘tgan yorug‘lik quvvati.

Yorug‘lik interfeysga tushganda, u
uzatiladigan va singan yorug‘liklarga bo‘linadi.
Olingan, o‘tadigan va singan yorug‘lik burchaklari
o‘rtasidagi munosabatni hisoblash uchun optik

chegara sharti sifatida  Snelli  gonunidan
foydalaniladi.

n _ sing

n, ~ sind (2)

Bu vyerda: 6 - tushayotgan yorug‘lik
burchagi va g — nurning sinishi burchagi.

Burchaklarga qo‘shimcha ravishda
tushuvchi, wuzatilgan va singan  yorug‘lik
energiyalari o‘rtasida bog‘liglik mavjud. Ray

Tracing metodida Fresnel koeffitsientlari asosan
energiya optik chegarasi sharti sifatida ishlatiladi.
N4 COSA—N, COSY

1y = A0SR COSY (3.1)

N4 COSa—Ny COSY

2n4 cos«
L Rry—— 3.2)
Bu yerda: n,; va n, — birinchi va ikkinchi
muhitlarning nur sindirish ko‘rsatkichlari; 7y -
singan yorug‘lik burchagi; ry va tg- Fresnel
koeffitsientlari.

Muhitda  yorug‘likning yutilishi ~ Burger
Lambert qonuni yordamida aniglanadi. Burger
Lamber formulasining o°zgartirilgan holatini
bo‘lgan  4-formuladan  foydalanib,  quyosh
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batareyasining aniq nugtasida optik generatsiyani
hisoblash mumkin.
Gopt(X! Y» Z) = I(X) Y» Z) [1 - Ie—al]

Bu yerda: a— muhitda yorug‘lik yutilish
koeffitsienti; | — namunadagi nur yo‘li uzunligi; I —
yorug‘lik intensivligi.

Fotogeneratsiyalangan eksitonlar p-n o‘tish
joyida hosil bo‘lgan ichki elektr maydoni tufayli
elektron va teshiklarga ajratiladi. Tashuvchilar
elektr maydoni (drift) va konsentratsiyalar fargi
(diffuziya) tufayli harakatlanishi mumkin. zaryad
tashuvchilarning drift va diffuziya tashishlarini
hisobga olish uchun drift-diffuziya modeli
go‘llaniladi. Drift diffuziya modeli uzluksizlik
tenglamasining shakllaridan biridir.

ad
V= Q(Rnet,n - Gnet,n) +q a_Ttl (5)

0
V]p = q(Rnet,p - Gnet,p) +q 6_2 (6)

Bu yerda: Ryern - Rpetp — e€lektronlar va
teshiklar uchun rekombinatsiya tezligi; Gpern —
Gret,p - €lektronlar va teshiklar uchun hosil bo‘lish
tezligi; J, n - va J, p — elektronlar va teshiklar
uchun ogim zichligi; n va p elektron va teshik
kontsentratsiyasi; g — elektron zaryadi.

Kremniyda zaryad o‘tkazish jarayonini
tavsiflash uchun Puasson formulasi yordamida
elektrostatik potentsial va elektr maydonning
tagsimlanishini aniglash kerak:

Ap=~T(p-n+Np—N») (V)

Bu yerda: € - dielektrik o‘tkazuvchanlik, N, va
N, - donorlar va akseptorlarning konsentratsiyasi.

n*-p-p* dagi potensiallarni hisobga olgan holda
o‘rganilayotgan  strukturadagi elektronlar va
teshiklar uchun ogim zichligini hisoblash, ularning
Volt-Amper  xarakteristikalarini (volt-amper
xarakteristikalari) hosil gilish imkonini berildi.
Shundan so‘ng, fotovoltaiklarning fundamental
nazariyasiga asoslanib, quyosh batareyalarining
asosiy fotovoltaik parametrlari aniglanadi.

I11. Natijalar va muhokama

n*-p-p* strukturaga ega ikki tomonlama sezgir
qguyosh elementlaridagi fotoelektrik energiyasini
o‘zgartirgichlari xususiyatlarini aniqlash uchun
ulardagi fotogeneratsiya va zaryad o‘tkazish
jarayonlarini bir xil tuzilishga ega an’anaviy bir

tomonlama sezgir quyosh elementlari bilan
solishtirish kerak.
Quyosh  elementlari  asosiy  fotoelektrik

parametrlar, spectral xarakteristika va volt amper
xarakteristikalari bilan ajralib turadi. Ushbu tadgigot
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ishida har ikkala turdagi quyosh elementining
afzalliklari va kamchiliklarini aniglash uchun bir va
ikki tomonlama sezgir quyosh elementlaridagi optik
va elektrofizik jarayonlarni aniglashga garatilgan.
Yoritish tomonlari sonini o‘zgartirish spektral
xususiyatlarga katta ta’sir ko‘rsatmaydi. Shu
sababli, tadgiqot ishida quyosh batareyalarining volt
amper xarakteriatikasiga e’tibor qaratishga qaror
gildik. 3-rasmda bir tomonlama old gismdan
yoritilgan kremniy n*-p-p* strukturalarning yaxlit
orqa kontaktlari bo‘lgan va p-soxaning turli xil
kirishma konsentrasiyalari bilan hisoblangan volt
amper xarakteristikalari ko‘rsatilgan: 10%;10'; 10%
sm3. p-soxadagi kirishma kontsentratsiyasining
oshishi bilan volt amper xarakteristikasining egri
chizig‘l yaxshilanadi. Volt amper
xarakteristikasining tikligi quyosh elementlari va p-
n o‘tish sifatini ko‘rsatadi. Shunday qilib, 3-
rasmdagi volt amper xususiyatlariga ko‘ra, 10*® sm
% p-soxa uchun kirishma kontsentratsiyasining eng
yaxshi giymatga ega ekanligi aniglandi. VVolt amper
xususiyatlarining o‘zgarishi Kirishma
kontsentratsiyasining va materiallarning
xususiyatlariga ta’siri bilan bog‘liq. Shu bilan birga,

konsentratsiyaning  optimal  giymati  boshga
tajribalar bilan mos keladi [9,10].
20 4
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Rasm 1. Old gismdan yoritilgan bir tomonlama
sezgir n*-p-p* strukturadagi quyosh elementining
turli  kirishma  konsentratsiyasi  kiritilgandagi
VAXsi.

Ushbu rasmda ko‘rsatilgan volt amper
xarakteristikalari ma’lumotlaridan  foydalangan
holda va  fotovoltaiklarning  fundamental
nazariyasiga asoslanib, 1-jadvalda berilgan kremniy
asosli quyosh elementlarining asosiy fotoelektrik
parametrlari aniglandi. Kirishma kontsentratsiyasi
10" sm™ dan 10 sm™ gacha ko‘tarilganda, qisqa
tutashuv tokidan tashqari salt ishlash kuchlanishi,
to‘ldirish koeffitsienti, foydali ish koeffitsiyenti,
maksimal chigish quvvati va ketma-ket garshilik
aniglandi. 10 sm® bo‘lgan quyosh elementining
gisga tutashuv toki 19 mA/sm? ni tashkil giladi va
barcha kontsentratsiyalar orasida eng yugori
giymatdir. p soxasining kirishma kontsentratsiyasini
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oshirish rekombinatsiya tezligini oshiradi va bir
vaqtning o‘zida o‘tkazuvchanlikni yaxshilaydi. p
soxadagi kirishma kontsentratsiyasi p-n o‘tish
bo‘ylab xosil bo‘ladigan potensialga ta’sir qiladi.
Ushbu xosil bo‘lgan potensial yorug‘lik ostida hosil
bo‘lgan elektron teshik juftlarining ajralishi va

harakatiga ta’sir qiladi. Optimal aniglangan
potensial ortigcha rekombinatsiyalarsiz
fotogeneratsiyada hosil gilingan zaryad

tashuvchilarni samarali to“plashni ta’'minlaydi.
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Salt ishlash  kuchlanish  xosil gilingan
potensialga proporsionaldir. Yugori giymatli salt
ishlash  kuchlanishi  potensialning  yaxshiroq
ekanligini anglatadi. Shunday gilib, kremniy asosli
bir tomonlama sezgir quyosh elementlari uchun 10°
sm konsentratsiyaga ega bo‘lganda 18.58 mA/sm?
ga teng bo‘lgan gisga tutashuv tokiga erishildi.

Bir tomonlama sezgir quyosh elementining fotoelektrik parametrlari

1-jadval
Np (sm3) Uoc (V) Jse(MA/sm?) FF Pmpp (wt) Rs (Om)
1018 0.438 18.85 0.534 4.41 1.427
10 0.456 19.00 0.740 6.41 3.123
101 0.510 18.58 0.788 7.47 3.157
Tajriba davomida ikki tomonlama sezgir Rasm 4-a. Ikki tomonlama sezgir quyosh elementinnig

quyosh elementi uchun dastlab yorug’lik nurini old
frontal gismidan nur tasir ettirilib (4-a rasm) so‘ng
orga gismidan tik yorug’lik nuri tasir ettirgan holda
natijalar aniglandi  (4-b  rasm). 4-rasmdagi
grafiklardan malum bo‘ldiki ikki tomonlama sezgir
bo‘lgan quyosh elementidan bazadagi kirishma
konsentratsiyasi 10 sm? bo‘lganda salt ishlash

kuchlanishi, foydali ish koeffitsiyenti hamda
maksimal quvvat nugtasi katta ekanligini aniglandi.
20
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old gismdan yoritilgan holatidagi VAXsi.
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Rasm 4-b. Ikki tomonlama sezgir quyosh elementinnig
orga gismdan yoritilgan holatidagi VAXGsi.

Quyosh  elementining  ikki ~ tomonlama
sezguvchan yuzasiga fagat old frontal va orga
gismidan yorug’lik nuri tasir ettirilishi natijasida
quyidagi jadval hosil gilindi.

Ikki tomonlama sezgir quyosh elementining oldi tomondan yoritilgan holati uchun
fotoelektrik parametrlari

2-jadval
Np (sm-%) Uoc (V) Jse(MA/sm?) FF Pmpp (Wt) Rs (Om)
103 0.438 11.13 0.503 2.45 1.242
10 0.456 11.03 0.723 3.64 5.758
101 0.504 10.91 0.788 4.33 5.510
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Ikki tomonlama sezgir quyosh elementining orga tomondan yoritilgan holati uchun
fotoelektrik parametrlari
3-jadval.
Np (sm3) Uoc (V) Jse(MA/sm?) FF Pmpp (Wt) Rs (Om)
1013 0.450 11.63 0.662 3.46 6.138
104 0.462 10.17 0.737 3.46 6.751
10% 0.498 8.24 0.785 3.22 5.713
Yuqoridagi  2-3-jadvallardan  ko‘rinadiki, 5-rasm Ikki tomonlama sezgir quyosh elementinnig old
guyosh nuri fagatgina old frontal gismidan Vaorga gismdan teng yoritilgan holatidagi VAXsi.

yoritganimizda undagi salt ishlash kuchlanishini
orga tomondan yoritganimizdagi giymatidan 1.2%
ga va maksimal quvvat nugtasi esa 34 % ga ortganini
ko‘rishimiz ~ mumkin.  Aynigsa  ketma-ket
garshilikning farglanishi asosiy o‘rin tutadi bu esa
kontaktlar orgasidagi qarshilikni bildirib 1.036
martta kichikligi aniglandi. Quyosh elementi uchun
eng muhum Kattalik bu salt ishlash hamda gisga
tutashuv tokidir. Yorug’lik nuri tajribamizdagi
guyosh elementiga bir vaqtda teng migdorda yorilib
uning VAX si olindi va dastlabki giymatlariga
solishtirildi.
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Ikki tomonlama sezgir quyosh elementining
old hamda orga gismini teng yoritilishi sharoitida p
soxasining turli xil kirishma kontsentratsiyasiga ega
bo‘lgan giymatlaridagi VAX lari: 10%%; 10%; 10
sm 5-rasmda ko‘rsatilgan. Ikki tomonlama sezgir
quyosh elementining 10® sm® va 10 sm?
konsentratsiyasi bo‘lgan p soxasining VAX sining
tikligi old tomonning yoritilishi uchun hisoblangan
VAX lariga garaganda ancha yaxshilangan. Ikki
tomonlama sezgir quyosh elementining fotoelektrik
giymatlari bir tomonlama sezgir quyosh elementiga
nisbatan yaxshilanganligini ko‘rish mumkin. Ikkala
tomonning yoritilishi uchun VAX sining sifatini
fagat old va orga yon yoritish sharoitlarining VAX
sining o‘rtacha sifatli deb hisoblash mumkin.

Quyosh elementiga har bir yuziga teng
yorug’lik oqimida nur tushish natijasida birgancha
elektrofizik kattaliklar aniglandi. Bunga ko‘ra bir
tomonlama yoritishdagiga nisbatan salt ishlash
kuchlanishi 1.05 martta gisga tutashuv toki zichligi
esa 2.52 martta Kkatta ekanligini ko‘rishimiz
mumkin.

Ikki tomonlama sezgir quyosh elementining ikkala tomondan teng yoritilgan holati uchun
fotoelektrik parametrlari

4-jadval
Np (sm-3) Uoc (V) Jsc(MA/sm?) FF Pmpp (wt) Rs (Om)
108 0.486 33.00 0.528 8.48 0.441
104 0.492 30.68 0.671 10.13 2.818
10% 0.528 27.52 0.780 11.33 2.268
IV. XULOSA. 15sm= giymatdagi kirishma konsentratsiyasi magbul

Ushbu tadgigot ishida bir va ikki tomonlama sezgir
quyosh elementi uchun p-soxasining ganday
optimal kirishma konsentratsiyasi aniglandi bunga
ko‘ra har ikkala turdagi quyosh elementi uchun 10

ekanligi aniglandi. Buning davomida ushbu eng
optimal deb topilgan kirishma konsentratsiyasida bir
va ikki tomonlama yorug‘likga sezgir quyosh
elementlariga turli tomonlariga nur tasiridagi
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fotoelektrik kattaliklari taggoslab giymatlar taxlil
gilindi. Ikki tomonlama sezgir quyosh elementiga
old va orqa gismdan teng yorug‘lik nuro tasiridagi
gisga tutashuv tok zichligi bir tomonlama sezgir
quyosh elementiga nisbhatan 8.94 mA/sm? ga katta
ekanligi aniglandi. Ikki tomonlama sezgir quyosh
elementining orga kontaktlari tor shaklada
bo‘lganligi sababli ulardagi ketma-ket garshilik
migdori bir tomonlama sezgir quyosh elementiga
nisbatan 0.889 om ga kichik ekanligi aniglandi.
Kelgusida ushbu ilmiy tadgigot ustida ularni ganday
yorug‘likga sezgirligini va nur qaytarishga qarshi
gatlamlar goplash istigbolli deb hisoblanadi. Chunki
sanoatda ikki tomonlama sezgir quyosh elementi bir
tomonlama sezgir quyosh elementiga nisbatan
kamroq galinlikga ega bo‘lad
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UDK 621. 22-226
Soploli reaktiv gidroturbinaga ega bo‘lgan mikro-ges ning iqtisodiy samaradorligi
tahlili

X.S.Ofsarov

Qo‘qon universiteti Andijon filiali, PhD

Annotatsiya. Ushbu maqolada past bosimli suv manbalarida elektr energiyasi ishlab chigarishga
garatilgan bo‘lib, unda 1,5 metr va undan yuqori suv bosimlariga ega bo‘lgan suv manbalarida samarali
ishlovchi soploli reaktiv gidroturbina tahlil etilgan. Soploli gidroturbina kichik tajriba namunasi yasalib
sinovdan o‘tkazilgan, sinov natijalari asosida 20 kW quvvatdagi gidroturbina generatori bilan birgalikdagi

narxi keltirilgan.

Kalit so‘zlar: gidroturbina, soplo, energiya, bosim, reaktiv, suv manbalari, mikro GES.

AGcTpakTHbIN. B gaHHOW cTaTbe OCHOBHOE BHUMaHWE yaensieTcsi BbipaboTke 3NeKTpOo3Heprum
M3 WCTOYHMKOB BOAbl HU3KOIO AaBIEHWsi, a TaKke aHanu3mpyeTcsl peakTuBHas TypbuHa c conrom,
apdekTnBHO paboTatoLas B UCTOYHMKAX BOAbI C AaBreHneM Boabl 1,5 meTpa u Bbiwe. M3rotoBneH m

ucnbiTaH HebonbLiown SKCI'IepVIMeHTaJ'IbeIﬂ o6pa3eu, COMoBOWN

rMapoTypOuHbI, Mo pesynbTatam

UCnbITaHWI ykasaHa LeHa ruapoTypOVHbl C reHepaTopoM MoLLHoCTbio 20 kBT.
KnioueBble crnoBa: ryapoTypbuHa, COMMo, SHeprusi, OaBneHue, CTPysi, WCTOYHWKU BOAbI,

Mukpol 3C.

Respublikamizda energiya tejovchi
texnologiyalarni joriy qilish va kichik quvvatli
gayta tiklanuvchi energiya manbalarini
rivojlantirish yuzasidan keng gamrovli chora-
tadbirlar amalga oshirilib, muayyan natijalarga
erishilmoqda. 2022-2026 yillarga
mo‘ljallangan Yangi O‘zbekistonning
taraqqiyot strategiyasida, jumladan, ‘2026
yilga kelib elektr energiyasi ishlab chigarish

ko‘rsatkichini  qo‘shimcha 30  milliard
kW-soatga oshirib, jami 100 milliard
KW-soatga yetkazish” bo‘yicha muhim
vazifalar belgilab berilgan [1].

Bundan tashqari O‘zbekiston

Respublikasi Vazirlar Mahkamasining 2022
yildagi 518-sonli “Qayta tiklanuvchi energiya

manbalari qurilmalarini ishlab chigarishni
jadallashtirish to‘g‘risida’gi qarori,
O‘zbekiston  Respublikasi  Prezidentining

2024-yildagi PQ-252-sonli “Gidroenergetika
sohasini  isloh  qilish  chora-tadbirlarini
jadallashtirish to‘g‘risida” gi qarori [2; 3]
hamda mazkur faoliyatga tegishli boshga
me’yoriy-huquqiy  hujjatlarda  belgilangan
vazifalarni amalga oshirishda olib borilyotgan
barcha tadgiqot ishlari dolzarb hisoblanadi.
Gidroenergetika tizimida past bosimli
suv manbalaridan foydalanishga yo‘naltirilgan
tadgigotlarni  amalga  oshirish  alohida
ahamiyatga ega. Chunki, 2-5 metr suv
bosimiga ega bo‘lgan gidroenergetik manbalar
barcha hududlarda ko‘plab mavjud [4, 5].
Shuning uchun katta-kichik daryolar,
ariq va kanallar hamda irrigatsiya tizimidagi

suv manbalaridan olinishi mumkin bo‘lgan
elektr energiyasini, ularda ishlatilishi mumkin
bo‘lgan gidroturbina va mikro-GES turlarini,
quvvatlarini  va sonini aniglash tegishli
hududlardagi ekotizim va yoqilg‘i resurslarini
tejashda o‘z salmog‘iga ega bo‘ladi. Shu
jumladan, O‘zbekiston Respublikasi
hududlardagi mavjud suv manbaalarida 2-5
metrgacha bo‘lgan past bosimni hosil qilib,
ulardan elektr energiyasi ishlab chiqgarish
ustuvor yo‘nalishlardan birini tashkil qiladi.
Aytilgan fikrlarga asosan Andijon viloyatidagi
mavjud suv manbalarining gidroenergetik
potensiali o‘rganildi [6, 7]. Quyida keltirilgan
1-jadvalda Andijon viloyatining tumanlar
kesimidagi yalpi gidroenergetik potensial
keltirilgan.

Hozirgacha barcha yalpi gidroenergetik
potensiallar suv bosimiga nisbatan
hisoblangan. Bizda esa suv ogimining Kinetik
energiyasi  bo‘yicha hisobladik.  Chunki
maxaliy sharoitda past bosimli ogar suvlardan
elektr energiya olish ko‘zda tutilgan.

1-jadvaldan  ko‘rinadiki,  Andijon
viloyati  hududidan oqib o‘tuvchi suv
manbaalarining yalpi gidroenergetik potensiali
o‘rtacha 104,4 10° GWl/yil ni tashkil etadi.
Agar bu energiyani 0,5% ni o‘zlashtirishni
amalga oshirilsa, Andijon viloyati hududini
o‘zida 522 GWlyil elektr energiyasini ishlab
chigarish imkoni vyaratiladi. Bu viloyatning
elektr energiyaga bo‘lgan ehtiyojini taxminan
10% ini goplash mumkin degani. Elektr
energiyasini ishlab chigaruvchi mikro, mini,
kichik va katta GES larning tashkiliy gismlari
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gidroturbina, gidroturbinaning aylanma energiyasini  boshqgarish va tagsimlash,
harakatini generatorga uzatuvchi qurilmalar, himoyalash  kabi  qo‘shimcha  qurilma
elektr generatori va undan olinadigan elektr elementlaridan tashkil topadi.

1-jadval

Andijon viloyati tumanlar kesimida yalpi gidroenergetik potensial [8]

Yalpi Yalpi
Tuman nomi gidroenergetik Tuman nomi gidroenergetik
potensial (GW/yil) potensial (GW/yil)
Bulogboshi tumani 0,02 10° Marxamat tumani 70,2 103
Asaka tumani 9,45 10° Oltinko‘1 tumani 3,2110°
Andijon tumani 1,10 10° Paxtaobod tumani 1,05 10°
Bo‘ston tumani 2,28 10° Baligchi tumani 15,3 10°
Jalaqudug tumani 6,21 10° Izboskan tumani 4,15 10°
Xo‘jaobod tumani 9,61 10° Shahrixon tumani 0,13 10°
Qo‘rg‘ontepa tumani 3,64 10° Ulug‘nor tumani 0,01 10°
Jami: 104,4 103GWlyil

8

5
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1-rasm. Ichki yo‘naltiruvchi konstruksiyali soploli reaktiv gidroturbinaning umumiy sxemasi.
1-suv kirish joyi; 2-val; 3-podshipnik; 4-salnik; 5-ichki yo‘naltiruvchi konstruksiyaning ta’'minot silindri; 6- yo‘naltiruvchi
konstruksiya kuraklari;
7- yo'naltiruvchi konstruksiyani ta’minot trubasiga qotirish joyi va boltlari;
8-gidroturbina ishchi g‘ildiragi silindri; 9-kauchukli salnik; 10-ishchi g‘ildiragi silindrini valga biriktiruvchi silindrli asos;
11-plotinaga qgotiriluvchi podshipnikli asos; 12-soploning suv kirish kanali; 13-soploning suv chigish kanali; 14-stator;
15-statorning suv gaytaruvchi ganotlari; 16-tashqi diffuzor.

Bu GESlarning asosiy ishchi organi farglanadi, ammo  GESlarning  golgan

gidroturbinalari suv manbalarining geografik
joylashuvi, elektr quvvati, suv miqdori va
bosimiga mos holda turli konstruksion va
energetik hamda texnik parametrlari bilan

elementlari umumiylikka ega. Gidroelektrik
stansiyalarning samaradorligi  gidroturbina
samaradorligiga bog‘liq bo‘lib, hozirda ishlab
chiqarilishi yo‘lga qo‘yilgan gidroturbinalar
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asosan yugori suv  bosimlarida yaxshi
samaradorlikka ega. Lekin kichik suv
bosimlarida ularning samaradorligi juda past
bo‘ladi. Shuni aytib o°tish kerakki bugungi
kunda yuqori gidroenergetik potensialga ega
bo‘lgan suv manbalari juda kam chunki ularni
soni chekli va deyarli barchasiga GESlar qurib
bo‘lingan. =~ Ammo  past  gidroenergetik
potensialga ega bo‘lgan suv manbalari barcha
hududlarda ko‘plab mavjud. Shu bois past
bosimli suv manbalarida samarali ishlovchi
gidroturbinalarni yaratish, mavjudlarini
takomillashtirish muhim masala hisoblanadi.

Hozirgi vaqgtdagi mavjud
gidroturbinalarga e’tibor qaratadigan bo‘lsak,
Nautilus  Water  Turbine  kompaniyasi

tomonidan taklif etilayotgan mikro GES
Frensis gidroturbinasi asosida tayyorlangan
bo‘lib, uning tezkorligi 46 ayl/min, katta suv
bosimlarida FIK 75% gacha yetadi. Elektr
generatori va boshqga go‘shimcha
qurilmalarsiz 10 kW quvvatdagi narxi $10
600 ni tashkil etadi.

Frensiss va Kaplan gidroturbinalari
asosida mikro-GES turbinalarini yasash, ya’ni
trubinalarning o‘lchamlari kichik bosimlarga
moslashtirilsa texnik qgiyinchiliklarga olib
kelish bilan birga FIK juda kichik bo‘ladi.
Misol tarigasida Fillipin, Lagunadagi Molavin
daryosi gidropotensialini hisoblashda olingan
natijani tekshirish mumeKin, Kaplan

89

gidroturbinasi asosidagi, nominal quvvati 2,3-
7,5 KW va 1,9-5,5 kW bo‘lgan ikkita mikro-
GES o‘rnatilib, mos holda 49,9% va 51,8%
FIK olishga erishgan. Shuningdek, Xitoy
davlati tadgigotchilari tomonidan kichik
bosimlarda ishlovchi sifonli, o‘qli
gidroturbina yaratilgan. Uning maksimal FIK
87%, 2,9 m dan yugori bosimlarda samarali
ishlaydi.

Ko‘rib o‘tilgan eng zamonaviy mikro
gidroturbinalarning tahlilidan ko‘rinadiki past
bosimli suv manbalarida ishlovchi reaktiv
gidroturbinalarni yaratish va ishlab chigarish
borasida hali qilinishi kerak bo‘lganishlar
yetarlicha.

1-rasmda past bosimlarda samarali
ishlashga mo‘ljallangan soploli
gidroturbinaning umumiy sxemasi keltirilgan.
Bunda bosim hosil giluvchi suv omboridan suv
oqimi 1 ta’minot trubasi orqali 5
yo‘naltiruvchi  konstruksiyaning  ta’minot
silindriga o‘tadi. So‘ng ta’minot silindri pastki
gismidagi maxsus darchalardan chigib, 6
yo‘naltiruvchi  kurakchalar ta’sirida tekis
burilib, 8 ishchi g‘ildirak silindriga
mahkamlangan soploning 12 Kkirish gismiga
yo‘naladi.  Soploning  kirishidagi  ichki

devoriga urilib ichki devorlarga aktiv kuch
bilan ta’sir etib qaytgan suv oqimi soploning
uchki gismida joylashgan 13 diffuzorli chigish
kanaliga

tomon harakatlanadi.

2-rasm. Tezlik maydonini oqim chizig‘i.

2-rasmda Soploli

gidroturbina ichki gismidagi

suyuqlikning  oqim  chizig‘i
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tasvirlangan bo‘lib, bu oqimning gidroturbina
ichidagi harakati va uning turli gismlaridagi
xususiyatlarini ko‘rsatadi. Oqim chizig‘i orqali
suyuqlikning yo‘nalishi, tezlik profillari, spiral
yoki turbulent ogim joylari, shuningdek,
suyuglikning  stansiya  tizimida  ganday
tagsimlanishi va energiya olish jarayoniga
ganday ta’sir ko‘rsatishi to‘g‘risida ma’lumot
olish imkonini beradi. Shuningdek, ogimning
erkin yoki to‘siq ostidagi harakatini tasvirlaydi,
bu esa tizimning samaradorligini oshirish
uchun kerakli optimallashtirishlar va shakl
takliflarini ishlab chigishda yordam beradi.
Mikro-GESning samarali ishlashini ta’minlash
uchun, bu oqim chizig‘i asosida suyuqlikning
harakatini aniq tahlil gilish muhimdir, chunki u
energiya ishlab chiqgarish jarayoniga bevosita
ta’sir ko‘rsatadi.

Yuqorida keltirilgan soploli
gidroturbinani tajriba sinovidan o‘tkazish uchun
uning kichik modeli tayyorlandi. Tayyorlangan
gidroturbina  tashkiliy  gismlari  quyidagi

o‘lchamlarga ega bo‘ldi:
e suv Kirish trubasi uzunligi 60mm, diametri
63 mm;
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e gidroturbina vali uzunligi 300 mm, diametri
18 mm,;

e gidroturbina asosiy suv ta’minot silindri
uzunligi 210 mm, diametri 80 mm;

e yo‘naltiruvchi  konstruksiya
gismining o‘lchamlari:

- ta’minot silindri 80 mm, diametri 76 mm;

- yo‘naltiruvchi kuraklar galinligi 1,5 mm,
uzunligi 15 mm, balandligi 16 mm;

- yo‘naltiruvchi kuraklar soni 8 ta;

e gidroturbina ishchi g‘ildiragi
balandligi 26 mm, diametri 120 mm;

e gidroturbina soplosining balandligi 15 mm,
suv kirish diametri 20 mm, suv chqish
diametri 14 mm:;

e gidroturbina soplolar soni 12 ta;

e gidroturbina statori tashqi diametri 180
mm;

e stator suv gaytaruvchi kuragining radial
yo‘nalishdagi o‘lchami 8 mm, vertikal
balandligi 20 mm;

e gidroturbina shkiv diametri 160 mm;

e gidroturbina massasi 2,6 kg

tashkiliy

silindri

3-rasm. Gidroturbina kichik
modelini

Ushbu gidroturbina namunasida h=2
metr suv bosimini sun’iy holda hosil qilish
orgali suv sarfi Q=15 I/s berilib, tajriba 10

marotaba  o‘tkazildi.  Tajribada  ishlab
chigarilgan elektr quvvati  (mikro-GES
quvvati),  milliampermetr va  voltmetr

ko‘rsatkichlari orqgali aniglanib, uning giymati
o‘rtacha Pmikroces=223,6 W ni tashkil etdi. Bu
hol uchun suvning dastlabki potensiali
quyidagi ifoda orgali aniglashimiz mumkin:

4-raém. Ichki yo‘naltiruvc ostukiyali droturbina
tajriba sinov modelini stendda sinash jarayoni

PSLIV = ngh
bu vyerda p=1000 kg/m® suvning
zichligi, g=9,81 m/s? ekanligini e’tiborga olib,
suvning to‘liq energiyasini aniqlash mumkin.
Tajriba modilidagi mikro-GES ning
samaradorligi quyidagicha aniglandi:

- I:)mikroGES _ IU

HmikroGES — P - ngh

suv

=76,3%
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Quyidagi  2-jadvalda  gidroturbina
kichik modelini tajriba stendida sinovidan
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o‘tkazishda olingan natijalar keltirilgan.

2-jadval

Gidroturbina Kichik modelini tajriba sinovidan o‘tkazish natijalari

Ne Q, m¥/s o, ayl/s U,V I, A P, W TmikroGES, %0
1 0,0151 12,1 221 1,013 223,9 75,6
2 0,0148 11,9 219 1,008 220,8 76,0
3 0,0153 12,2 225 1,018 229,1 76,3
4 0,0149 11,9 220 1,015 223,3 76,4
5 0,0147 11,8 218 1,013 220,8 76,6
6 0,0152 12,1 224 1,017 227.8 76,4
7 0,0148 11,9 218 1,014 221,1 76,1
8 0,0146 11,7 217 1,009 219,0 76,4
9 0,0151 12,1 223 1,018 227,0 76,6
10 0,0149 12,0 221 1,009 223,0 76,3
O'rtacha | 4 31494 12 2206 | 1,0134 223,6 76,3
giymati

Ushbu tajriba asosida 2 metr suv
ustuniga ega bo‘lgan suv manbasida 20 kW
quvvatga ega bo‘lgan mikro-GES qurish
uchun gidroturbina massasi 260 kg ni tashkil
gilib, uni tayyorlashdagi umumiy xarajat
taxminan 80 000 000 so‘mni tashkil etadi. 20
KW generator narxi 21400000 so‘m [9]
ekanligini e’tibor olib, 20 kW quvvatdagi
gidroturbina  generatori  bilan  birgalikda
taxminan 101 400 000 so‘mni ya’ni 8 000 $ ga
tushadi. Bu xar bir kW quvvatiga 400 $
degani. Hozirgi kunda ishlab chigarilayotgan
gidroturbinalar generatori bilan birgalikda 1
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Xoll effektining haroratga bog‘liqligini modernizatsiyalangan elektron
gurilma yordamida tadqiq qilish

X.J.Mansurov, B.M.Ergashev, G‘.G". Tojiboyev, J.S.Madaminjonov
Z. M. Bobur nomidagi Andijon davlat universiteti, O‘zbekiston, 170100, Andijan sh, Universitet ko‘chasi 129 uy

Annotatsiya. Mazkur maqolada zamonaviy mikroelektronika elementlari asosida ishlab chigilgan va shaxsiy
kompyuter bilan integratsiyalangan Xoll effektini oflchovchi tajriba qurilmasining tuzilishi, funksional imkoniyatlari
hamda u orqgali amalga oshiriladigan oflchov metodikasi bayon etilgan. Tadgiqotning asosiy magsadi — Xoll effekti
orgali yarimo‘tkazgich materiallarni elektrofizik hususiyatlarini o‘rganish, xususan, zaryad tashuvchilarning tabiati,
ularning konsentratsiyasi va harakatchanligi harorat, magnit maydoniga bog‘liglikda ganday o‘zgarishini aniglashdan
iborat.

Kalit so‘zlar: Xoll effekti, yarimo‘tkazgich materiallar, zaryad tashuvchilar, haroratga bog'liglik, magnit maydon, Xoll
kuchlanishi, to‘rt zondli o‘lchov, Shotki kontakt, mikrokontroller, Arduino

AHHoTatsif. B faHHOM cTaTbe M3NoXeHbl KOHCTPYKLMS, PYHKLMOHANbHbLIE BO3MOXHOCTU U METOAMKA U3MEePEHUI
3KCMEPUMEHTANbHOrO YCTPOMCTBa AN M3yyeHus addekta Xomnna, pa3paboTaHHOTO Ha OCHOBE COBPEMEHHbIX
MWKPOSMEKTPOHHbIX KOMMOHEHTOB W WHTErPUPOBAHHOTO C MEPCOHanbHbIM  KOMMbOTEPOM. OCHOBHOW LENbHO
uccnegoBaHnsa ABMSIETCH U3yYeHUEe MEXaHW3MOB 3NEKTPUYECKOro TpaHcrnopTa B NOMynpoBOAHUKOBBIX MaTtepuanax
nocpeactsom adpcdpekta Xonna, B 4acTHOCTWU, OnpefeneHne npvpoabl HOCMTEnen 3apsga, MX KOHUEeHTpauuu u

noABMXHOCTU B 3aBUCUMOCTU OT TeMnepaTypbl, MarHUTHOIo Nosid U 3N1IEKTPUYECKOro Toka.

KnioueBble cnoBa: addekt Xonna, nonynpoBoAHUKOBbIE MaTepuanbl, HOCUTENN 3apana, TemnepatypHas

3aBUCUMOCTb, MarHWTHOE [MOJNle, XOINIOBCKOE HamnpsikeHue,
MUKPOKOHTponnep, Arduino

. KIRISH.

Yarimo‘tkazgichlar  fizikasida elektr uzatish

mexanizmlarini chuqur tushunish uchun Xoll
effektini o‘rganish juda muhim hisoblanadi. Xoll
effekti orgali material ichida  zaryad
tashuvchilarning qganday turga mansub ekani,
ularning zichligi va harakatchanligi hagidagi asosiy
parametrlar aniglanishi mumkin. Aynigsa, bu effekt
harorat, tashgi magnit maydon yoki struktura
o‘zgarishlariga  qarab  materialning  elektr
xossalarida  yuzaga keladigan o‘zgarishlarni
baholashda keng qo‘llaniladi. Shu sababli, Xoll
effektini o‘rganish fizikaviy tajribalar,
yarimo‘tkazgichli qurilmalar ishlab chiqilishi va
materiallar modifikatsiyasi jarayonlarida muhim
vosita sifatida xizmat giladi. Xoll effekti birinchi bor
1879 yilda amerikalik fizik Edvin Xoll tomonidan
kashf etilgan. U magnit maydonda joylashgan va
elektr toki o‘tayotgan metall plastinka ichida
yo‘nalishi perpendikulyar bo‘lgan elektr kuchlanish
paydo bo‘lishini tajribaviy anigladi. Bu kuchlanish
zaryad tashuvchilarning magnit maydon bilan
o‘zaro ta’siri natijasida ularning yo‘nalishi og‘ib,
materialning yon tomonida to‘planishi tufayli
vujudga keladi. Bu holat, ya’ni transversal
yo‘nalishda hosil bo‘lgan kuchlanish, elektromotok
kuch sifatida kuzatilib, “Xoll kuchlanishi” deb
ataladi. Bu natija dastlab elektronlarning
mavjudligini tajribaviy yo‘l bilan tasdiglagan
muhim ilmiy qadam bo‘lgan. Xoll effektining noyob
jihati — u orqali materialning o‘ziga xos elektr
tabiati hagida  chuqur  ma’lumot  olish
mumkinligidadir. Zaryad tashuvchilarning musbat
yoki manfiy zaryadli ekanligini, ularning migdorini

YeTbIPEX3OHAOBLIN  MeToq, KOHTakT LUoTTKM,

va tashilish xususiyatlarini aniglash mumkin.
Masalan, metallarda zaryad tashuvchilar asosan
elektronlar bo‘lsa, ayrim yarimo‘tkazgichlarda
teshiklar — ya’ni musbat zaryad tashuvchilar ham
ustuvorlik qilishi mumkin[1]. Shu sababli, Xoll
effekti material ichidagi haqigiy transport
mexanizmini tushunishda va ularni
modellashtirishda o‘ziga xos "kalit" rolini o‘ynaydi.
Vaqt o‘tishi bilan Xoll effektining klassik
shaklidagina emas, balki uning turli
modifikatsiyalari ham o‘rganila boshlandi. Masalan,
kvant Xoll effekti, anomal Xoll effekti, topologik
izolyatorlardagi Xoll effekti kabi sohalar fizikada
yangi ufglarni ochdi. Shuningdek, Xoll effekti
haroratga bog‘liq bo‘lgan holatlarda, tashqi magnit
maydon qiymati o‘zgartirilganda yoki struktura
tarkibida diffuziya yoki ion implantatsiyasi
natijasida o‘zgarishlar yuz berganda qanday aks
etishini kuzatish orgali material holatidagi eng nozik
o‘zgarishlarni ham qayd etish mumkin. Amaliy
jihatdan qgaralganda, Xoll effektidan nafaqgat
laboratoriya tadqiqotlarida, balki sanoat o‘lchov
tizimlarida — masalan, magnit induksiya sensorlari,
zaryad tashuvchilarni  aniglovchi  qurilmalar,
kontaktli harorat yoki zichlik o‘lchagichlarda ham
keng foydalaniladi. Bu texnologiyalar bugungi

kunda robototexnika, avtomobilsozlik, mobil
telefonlar  va  boshga aglli  qurilmalar
texnologiyalarida go‘llanilmoqda. Mazkur

tadgiqotda to‘rt zondli kontakt usuli yordamida
yarimo‘tkazgich namunalarida Xoll kuchlanishini
o‘lchash orgali Xoll koeffitsientining haroratga
bog‘ligligi aniqlanadi[2].
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1-rasm Qurilmani umumiy ko‘rinishi

Bu usulda elektr kontaktlarning o‘zaro ta’sirini
minimallashtirish va o‘lchov anigligini oshirish
mumkin bo‘ladi. Olingan ma’lumotlar asosida
materialdagi elektr o‘tkazuvchanlik turi, zaryad
tashuvchilarning konsentratsiyasi va harakatchanlik
nisbatlari  baholanadi.  Aynigsa,  p-tipidagi
yarimo‘tkazgichlarda bu ko‘rsatkichlar texnologik
jarayonlar (legirlanish, diffuziya, implantatsiya)
samaradorligini  baholash uchun juda muhim
hisoblanadi.

QURILMANING TEXNIK
XARAKTERISTIKASI

Ne | O'lchov parametrlari Qiymati

1 Kirish kuchlanishi va chastotasi | ~220 V, 50 Hz
2 Temperatura o‘Ichash diapazoni | 300600 K

3 Magnit maydoni 4000 G

4 Namunaga berilayotgan tok 1+72 mA

5 | Xoll EYK 02500 mV

6 Qurilmaning o‘lchamlari 48 x 60 cm

7 | Og‘irligi 15 kg

Xoll effektini o‘rganish jarayoni nazariy bilimlarni
amaliy tajriba bilan bog‘lash, zamonaviy fizik-
eksperimental metodlarni egallash, shuningdek,
zamonaviy yarimo‘tkazgichli materiallar bilan
ishlash  ko‘nikmalarini  shakllantirish  nugtai
nazaridan ham muhimdir. Shu sababli ushbu ish
nafagat ilmiy, balki amaliy-pedagogik ahamiyatga
ham ega[3].

I1. Namunalarni tayyorlash

Namuna. Tajribaning muvaffagiyatli amalga
oshirilishi,  birinchi  navbatda, tayyorlangan
namunaga bevosita bog‘liqdir. Shu sababli,

namunani tayyorlash bosgichi ushbu ishning eng
muhim va mas’uliyatli qismi hisoblanadi. Mazkur
tajribada o‘rganilayotgan material sifatida Shotki
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baryeriga ega bo‘lgan yarimo‘tkazgich struktura
tanlab olindi. Shotki kontaktli yarimo‘tkazgichlar
yuqgori sezuvchanligi, kontaktli o‘tishlardagi aniq
xatti-harakatlari va tajriba uchun qulayliklar tufayli
bunday ishlarda keng qo‘llaniladi. Namunani
tanlashda uning elektr xossalari, ya’ni yo‘nalishli
elektr qarshiligi alohida e’tiborga olinadi. Shotki
barier mavjudligini namunaning ikki garama-garshi
tomonidagi elektr garshiliklarning farglanishi orgali
aniglash mumkin. Bu farq, odatda, bir tomonda
kontakt mavjudligi va boshga tomonda Shotki
kontakt hosil bo‘lishi bilan bog‘liq bo‘ladi. Tajriba
uchun namuna kvadrat shaklida tayyorlandi, bu esa
kontaktlarni simmetrik joylashtirish va o‘lchovlarni
anig olib borish uchun qulaylik yaratadi.
Tayyorlangan  plastinkani  kerakli  geometrik
o‘lchamlarga mos ravishda ehtiyotkorlik bilan
girgib olinadi, bunda yuzaning tekisligi va
chetlarining buzilishi uchramasligi  muhimdir,
chunki bunday holatlar elektr signalga ta’sir qilishi
mumkin. Keyinchalik namunani sirtini tozalash
ishlari olib boriladi. Bunda uning fagat bir tomoni
tozalab chigiladi. Tozalash uchun HF (fluorid
kislotasi) eritmasi ishlatiladi. Bu eritma suv bilan
1:10 nisbatda suyultirilib, namunaning oksidlangan
gatlamini samarali ravishda olib tashlash uchun
go‘llaniladi. Tozalashdan magsad — kontakt paydo
bo‘ladigan yuzani oksidlardan tozalab, yaxshi
kontakt hosil bo‘lishini ta’minlashdir. Shu bilan
birga, namunani fagat bir tomoni tozalanadi, boshga
tomoni esa tozalashdan saglanadi. Bunga sabab —
tajriba davomida namuna fagat bitta tomon orgali
metall zond bilan kontaktga kiradi. Ikkinchi tomon
esa kontakt hosil gilmasligi kerak, chunki bu tajriba
natijalarini buzishi yoki noto‘g‘ri ko‘rsatkichlar
chigishiga olib kelishi mumkin. Tozalanmagan
tomon elektr jihatdan izolyatsiyalangan holatda
saglanadi. Natijada, tayyorlangan namuna Shotki
barieriga ega bo‘lgan kontakt zonasini yaratish, Xoll
effekti uchun zarur bo‘lgan yassi geometrik shaklni
ta’minlash va yuqori aniqlikdagi o‘Ichovlar uchun
moslashtirish imkonini beradi[4].

Namunani o‘rnatish va zondlarni tayyorlash.
Metal zondi bilan Namunani ushlab turuvchi
moslamani metalga qotirib olamiz (2-rasm). Zond
sifatida ingichka boltlarning uchini ignaning
uchidek qilib olamiz. Namunani ushlab turuvchi
moslamadan zondlarga mos rezvalar ochib
zondlarni o‘tkazamiz. Namuna va zond orasida
amicheskiy kontakt hosil gilish uchun namunaning
zondlar tushadigan joyini yaxshilab tozalab Indiy-
Galliy evtektikani biroz miqdorda surtib olamiz.
Namunani tozalangan tarafini tepaga tozalanmagan
tarafini pastga qilib Namunani ushlab turuvchi
moslama ga qo‘yib zondlarni indiy galliy evtektika
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ustiga tushuramiz. Namuna va zondlar yaxshilab
gotirilganiga ishonch hosil gilamiz.

4 /

2-rasm. 1-namunani ushlab turuvchi moslama, 2-
namuna, 3- zondlar, 4- termojuftliklar, 5- metal
tutgich, 6- isitgich, 7-kreostat.

I11. Qurilmaning tavsifi

Xoll effektini o‘lchash va tahlil qilishga
mo‘ljallangan eksperimental qurilmaning prinsipial
elektr sxemasi 3-rasmda keltirilgan. Ushbu sxema
gurilmaning barcha asosiy funksional bloklarini,
ularning o‘zaro bog‘lanishini va signallar oqimini
aks ettiradi. Qurilma zamonaviy mikroelektronika
elementlari asosida ishlab chiqilgan bo‘lib, yuqori
aniglikdagi fizik kattaliklarni — magnit maydon
kuchi, Xoll kuchlanishi, tok giymati va harorat — ni
real vaqt rejimida o‘lchashga va boshqarishga
imkon beradi. Qurilmaning yuragi sifatida Arduino
UNO mikrokontrolleri xizmat giladi. U sensorlardan
kelayotgan ma’lumotlarni yig‘adi, ularni tahlil
giladi va mos ravishda qurilmaning boshga
gismlarini (masalan, motor, ventilyator, relelar)
boshgaradi. Arduino moduli orgali olingan barcha
o‘lchov ma’lumotlari USB interfeysi orqali shaxsiy
kompyuterga yuboriladi. Bu esa foydalanuvchiga
tajriba jarayonini dasturiy ta'minot orgali nazorat
gilish, real vaqgt rejimida monitoring gilish hamda
natijalarni saglash va tahlil gilish imkoniyatini
yaratadi. Sxemada ko‘rsatilganidek, magnit maydon
manbai sifatida elektromagnitdan foydalaniladi.
Magnit yadroning pozitsiyasi elektr dvigatel va
vintli mexanizm yordamida avtomatik tarzda
boshqgariladi. Bu orgali magnit induksiya giymatini
o‘zgartirish imkoniyati yaratiladi. GAUSS sensori
yordamida magnit maydon kuchi aniglanadi va
Arduino tomonidan gayta ishlanadi[5].

Namuna va qurilma o‘rtasidagi elektr alogalarni
to‘g‘ri tashkil etish — tajriba jarayonining muhim
bosqichidir. Bu nafaqat o‘lchovlarning anigligini
ta’minlaydi, balki tajriba xavfsizligi va qurilmaning
bargaror ishlashini ham kafolatlaydi. Buning uchun
namunadan  chigadigan  barcha  signallarni
qurilmaning boshgaruv sxemasi bilan mos holda
anig va tartibli ulash zarur. Mazkur qurilmada
namunadan jami 9 ta sim chigadi, va ularning har
biri ma’lum funksiyani bajaradi. Barcha simlar
qurilmaning tegishli ulanish blokiga (konnektorlar
orqali) ulanadi.
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3-rasm. Qurilmaning prinsipial sxemasi.

Qurilma elektr tarmog‘iga ulangach va USB
orgali kompyuterga bog‘langach, dasturiy ta’minot
Arduino moduli bilan alogani o‘rnatadi. Qurilma
ishga tushganda, elektromagnitlar avtomatik tarzda
boshlang‘ich holatga keladi. Bu holatda magnit
yadro kerakli pozitsiyani egallaydi va namunaga
maksimal magnit maydon uzatiladi. Birog, qurilma
va kompyuter o‘rtasida to‘liq sinxron alogani
ta’minlash ~ uchun, foydalanuvchi  dastlabki
bosgichda magnit maydonning intensivligini biroz
kamaytirishi (ya’ni elektromagnitni surishi) kerak
bo‘ladi. Bu — dastur tomonidan avtomatik ravishda
bajarilishi mumkin yoki foydalanuvchi tomonidan
boshgaruv interfeysi orgali amalga oshiriladi. Bu
bosqich qurilma va dasturiy interfeysning o‘zaro
mosligini tekshirish va kalibrlash uchun zarurdir.
Umuman olganda, o‘lchov zanjirlarini to‘g‘ri ulash
va qurilmani ish holatiga keltirish bosgichi
tajribaning barcha keyingi bosgichlarida aniqlik,
takrorlanuvchanlik va ishonchlilikni ta’minlashda
asosiy rol o‘ynaydi[6].

IV. Tajriba

Tajribani aniq o‘tkazishda bir nechta metodlar
ustuvor hisoblanib, ulardan Van der Pauw usuli —
namunadagi elektr garshiligi (rezistivlik) va Xoll
koeffitsientini o‘lchashda keng qo‘llaniladi. Ushbu
metodning asosiy ustunligi namunaning
geometrik shakli ganday bo‘lishidan qat’i nazar,
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agar u quyidagi shartlarga javob bersa, o‘lchovlarni

anig amalga oshirish imkonini berishidadir:
namunalar ikki o‘lchamli (ya’ni, qalinligiga
nisbatan eni ancha Kkatta) bo‘lishi, butun

(teshiklarsiz) bo‘lishi va elektrodlar namunani
tashqi konturi bo‘ylab joylashtirilgan bo‘lishi kerak.
Van der Pauw metodida to‘rt nuqtali kontakt
namunani atrofida joylashtiriladi. Bu esa uni chizigli
to‘rt zondli sxemadan ajratib turadi. Van der Pauw
usuli namunadagi o‘rtacha (yuzaviy) qarshilikni
aniqlaydi, chizigli to‘rt nuqtali usul esa faqat tok

oqimining  yo‘nalishi ~ bo‘yicha  qarshilikni
o‘lchaydi(4-rasm). Bu farq aynigsa anizotrop
(yo‘nalishga bog‘liq fizik xossalarga ega)

materiallarda muhim ahamiyatga ega bo‘ladi.
Bunday holatlarda Montgomery usuli qo‘llaniladi
— bu Van der Pauw usulining kengaytirilgan shakli
hisoblanadi[7].

4-rasm. Van der Pauw usuli yordamida elektr
garshiligi (rezistivlik) va Xoll koeffitsientini
o‘lchashda texnologiyasi

Tajriba  Xoll effektining har xil fizik
parametrlar — elektr toki, magnit maydon va
haroratga  bog‘ligligini  o‘rganish  magsadida

bosgichma-bosgich o‘tkaziladi. Tajriba davomida
asosiy o‘lchov kattaligi sifatida Xoll kuchlanishi
(EYK) aniglanadi. O°‘lchovlarning aniqligi va
izchilligini ta’minlash uchun har bir parametr
mustaqil o‘zgartiriladi, qolgan ikki parametr esa
doimiy holatda ushlab turiladi. Quyida tajribaning
bajarilish tartibi izchil bayon etiladi.

Dastlab, qurilma ishga tushiriladi va magnit
maydon hamda namunadagi harorat bargaror
holatda ushlab turiladi. Bu shartda sinov namunasi
ustiga kuchlanish beriladi va elektr tok hosil
gilinadi. Tok kuchi bosgichma-bosgich oshirib
boriladi, har bir giymatda Xoll kuchlanishi
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aniglanadi va yozib olinadi. Bu bosgichda magnit
maydonning giymati va harorat o‘zgartirilmaydi.
Olingan giymatlar asosida Xoll kuchlanishining tok
kuchiga bog‘liglik grafigi tuziladi. Bu natijalar
zaryad tashuvchilarning miqdori va harakatchanligi
haqida muhim ma’lumot beradi.

Ikkinchi bosgichda tok kuchi doimiy giymatda
saglanadi, ya’ni namunaga berilayotgan kuchlanish
o‘zgartirilmaydi. Endi esa magnit maydon
intensivligi  bosgichma-bosqich o°zgartiriladi —
elektromagnitning pozitsiyasi o‘zgartiriladi yoki
guvvat manbai orgali maydon kuchi tartibli ravishda
oshirib boriladi. Har bir magnit maydon giymatiga
mos ravishda yuzaga kelgan Xoll kuchlanishi
(EYK) o‘lchanadi va qayd qilinadi. Bu bosqich
orgali magnit maydon kuchi bilan Xoll effekti
o‘rtasidagi chiziqli bog‘liglik aniqlanadi.

Uchinchi bosgichda esa magnit maydon va tok
kuchi sobit holda saglanadi. Sinov namunasi isitgich
yoki sovitish tizimi yordamida turli haroratlarda
sinovdan o‘tkaziladi. Harorat qiymati o‘zgartirilgan
sari Xoll kuchlanishining o‘zgarishi aniqlanadi. Bu
tajriba orqgali zaryad tashuvchilarning haroratga
bog‘liq harakatchanligi va konsentratsiyasi haqida
xulosa chigariladi. Xususan, p-tip yoki n-tipdagi
yarimo‘tkazgichlarda tashuvchilar soni harorat
ortishi bilan qanday o‘zgarishi aniqlanishi mumkin.
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5-rasm. Tajriba orqali aniglangan zaryad
tashuvchilar harakatchanligini haroratga
bog‘liqligi.

Olingan ma’lumotlar asosida turli grafiklar
tuziladi va wular asosida materialning asosiy
elektrofizik parametrlari (konsentratsiya,
harakatchanlik, o‘tkazuvchanlik turi) aniglanadi (5-
rasm).
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Atom kuch mikroskopi: yarim o'tkazgichlar sohasida sirt morfologiyasini o‘rganish
uchun ilg‘or qurilma

N. Yunusaliyev, F. Abdulxayev, G. Tojiboyev
Z. M. Bobur nomidagi Andijon davlat universiteti, O‘zbekiston, 170100, Andijan sh, Universitet ko‘chasi 129 uy

Annotatsiya. Atom kuch mikroskopi (AKM) bugungi kunda nanoo‘lchamdagi sirt tahlili uchun eng ilg‘or va ishonchli
texnologiyalardan biri hisoblanadi. Ushbu magolada AKMning ishlash prinsipi, struktura elementlari, tasvirlash rejimlari,
shuningdek, uning materialshunoslikdagi amaliy qofllanilishlari chuqur vyoritib berilgan. AKM yordamida sirt
morfologiyasi va sir dag'allik darajalari sub-angstrem aniglikda aniglanadi, bu esa zamonaviy nano- va
mikrostrukturaviy materiallarning xususiyatlarini  o‘rganishda muhim ahamiyat kasb etadi. Aynigsa, sirt
topografiyasining mexanik, kimyoviy va funksional xossalarga ta’siri mavjud bo‘lgan holatlarda AKM eng sezgir
usullardan biri hisoblanadi.

Kalit so‘zlar: Atom kuch mikroskopi (AKM), sirt morfologiyasi, sirt dag‘alligi( Ra), o‘rtacha kvadratik dag‘allik (Rq),
nanoo‘lcham, kuchli spektroskopiya, materialshunoslik, yarim o‘tkazgichlar, sirt topografiyasi.

AHHOTaumsA. ATomHo-cunoBor mukpockon (ACM) Ha CerofHSALWHWA AeHb CYNTAETCS OOQHUM U3 CaMbIX NEPEOBbIX
W HageXHbIX UHCTPYMEHTOB 419 aHanvusa NoBEepXHOCTUM B HaHOpa3mMepHoM maclwTtabe. B gaHHon ctatbe nogpo6Ho
paccmoTpeHbl npuHUMn pabotbl ACM, ero KOHCTPYKTVMBHbIE 3MEMEHTbI, PEXWUMbl CKaHMpOBaHWSA, a Takke
npakTuyeckoe npuMeHeHne B obnacTtun matepuanosegeHns. C nomolubio ACM mopdonorns NnoBepXHOCTU 1 YPOBHU
LLIePOXOoBaTOCTM OMNpefensioTcs € Cy6aHrCTpeMHOM TOYHOCTbIO, YTO MMEEeT BaXHOe 3HayYeHue Mpu UsydeHuu
NMoBeJeHNs1 COBPEMEHHbIX HaHO- M MUKPOCTPYKTYPHbIX MaTepuanos. OcobeHHO B cnyyasx, korga Ttonorpadws
MOBEPXHOCTU BMMSAET Ha MeXaHU4Yeckne, Xummyeckme n yHKUMoHanbHble ceorcTBa, ACM aBnsieTcs 0AHMM M3 caMblX
YyBCTBUTENbHbIX METO4O0B.

KnioyeBble cnoBa: ATOomHO-cunosas Mukpockonus (ACM), Mopdomnorusi noBEepXHOCTH, LUepOXOoBaTOCTb
nosepxHoctn (Ra), cpegHekBagpaTUYHOe OTKMNOHeHue wepoxosatocTn (Rq), HaHopa3amepHbIn MacwTab, cunosas
CMEeKTPOCKONUs, MmaTepuanosegeHne, NonynpoBOAHUKM, TONorpadus NOBEPXHOCTH.

murakkab interfeys tizimlarini o‘rganishda beqiyos

I. KIRISH. . . o
vosita ekani namoyon gilinadi.
So‘nggi yillarda materialshunoslik, Il MATERIAL VA USULLAR
nanoelektronika, biologiya va polimerlar fizikasi :
kabi sohalarda nanoo‘lchamdagi tuzilmalarni Atom kuch mikroskopi (AKM), ba’zida

chuqur o‘rganishga bo‘lgan ehtiyoj keskin ortdi. Bu
ehtiyoj o‘z navbatida, yuqori fazoviy aniqlikda
ishlovchi sirt tahlil usullarining rivojlanishiga olib
keldi. Shu texnologiyalar ichida Atom kuch
mikroskopi (AKM) eng dolzarb va ko‘p qirrali
metodlardan biri sifatida ajralib turadi . AKM, ya’ni
Scanning Probe Microscopy (SPM)
texnologiyasining asosiy turlaridan biri bo‘lib, sirt
morfologiyasini sub-nanometr aniglikda tahlil gilish
imkonini beradi [1].

AKM o‘zining ishlash prinsipi bo‘yicha sirt
va zond uchi orasidagi atomar kuchlarni o‘Ichashga
asoslangan bo‘lib, teskari aloga tizimi yordamida
sirtning yugori aniglikdagi topografiyasini tiklashga
xizmat giladi. Aynan shu xususiyati tufayli u klassik
optik mikroskopiya yoki kontaktsiz profilometriya
usullaridan ustun bo‘lib, qattiq jismlar, biologik
to‘qimalar, polimerlar, yupqa qatlamlar va kompozit
materiallarni tahlil gilishda keng qo‘llaniladi [2].

Mazkur magolada AKM texnologiyasining ishlash
prinsipi, asosiy komponentlari, tasvirlash rejimlari,
sirt dag’alligini baholash metrikalari (Ra, Rq) va
kuchli  spektroskopiya imkoniyatlari  batafsil
yoritiladi. Shuningdek, o‘lchov aniqligiga ta’sir
etuvchi  skanlash  parametrlari,  metrologik
standartlar ~ va  qo‘llanilayotgan filtratsiya
texnikalarining samaradorligi muhokama qilinadi
[3]. AKMning materialshunoslikdagi hozirgi o‘rni
va istigbollari asosida, uning nanoo‘lchamdagi

skanerlovchi kuch mikroskopi (SFM) deb ham
ataladi, bu skanlovchi zond mikroskopiyasi (SPM)
ning ilg‘or shakli bo‘lib, o‘ta yuqori — sub-
nanometr darajadagi aniglikka ega. Bu esa optik
mikroskopiyaning difraksiyaviy cheklovidan ming
baravardan ortig aniglikda tasvir olish imkonini
beradi.

1-rasm. Atom kuch mikroskopi tasviri
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2-rasm. Atom kuch mikroskopining sxematik
kofiguratsiyasi.

Kantilever (1) — bu egiluvchan, prujinasimon
element bo‘lib, tayanch struktura (2) orqali
mahkamlangan. AKM (atom kuch mikroskopi) ning
ko‘plab konfiguratsiyalarida piezoelektrik element
(3), odatda keramik materialdan iborat bo‘lib,
kantileverda tebranishlarni uyg‘otadi. O‘tkir uchi
(4) bo‘lgan zond kantileverning erkin uchiga
joylashtiriladi va to‘g‘ridan-to‘g‘ri namuna sirtiga
(6) ta’sir ko‘rsatadi. Yuqori sezuvchanlikka ega
detektor (5) kantileverning egilishi va harakatini
doimiy ravishda gayd etadi; bu harakatlar
namunadan ta’sir etuvchi kuchlarga bog‘lig.
Namuna (6) esa namuna stoli (8) ustida mahkam
o‘rnatilgan.  Tizimda  joylashtirilgan  xyz-
harakatlaniturvchi  mexanizmi  (7) yordamida
namuna va uning stoli zondga (4) nisbatan uchta
fazoda (x, y va z yo‘nalishlarda) juda aniq siljitilishi
ta’minlanadi. Ko‘pgina AKM qurilmalarida bu
harakatlanuvchi mexanizm namunaga biriktiriladi,
ammo ayrim konfiguratsiyalarda uni zondga yoki
har ikkala komponentga alohida biriktirish mumkin.
Bu esa nisbiy harakatni to‘liq boshqarishga imkon
beradi.

AKM ish prinsipining asosi — zond uchi bilan
namuna o‘rtasidagi atom miqyosidagi o‘zaro
ta’sirlarni kantilever harakatidagi o‘zgarishlarga
aylantirishdan iborat. Ushbu o‘zgarishlar turli
yo‘llar bilan o‘lchanadi: kantileverning bevosita
egilish giymatlari, tashqi tebranish amplitudasidagi
farglar yoki rezonans chastotadagi siljishlar orgali.
Ana shu o‘lchovlar turli AKM tasvirlash
rejimlarining asosini tashkil giladi va material sirtini
yugori aniglikda tahlil gilish imkonini beradi.

Atom kuch mikroskopi (AKM) dagi detektor
(5) kantileverning egilish darajasini (ya’ni,
muvozanat holatiga nisbatan siljishini) o‘lchaydi va
uni elektr signaliga aylantiradi. Ushbu signal
intensivligi kantileverning egilishi (siljishi) bilan
proportsional bo‘lib, kuchlanish miqdori orqali sirt
va zond o‘rtasidagi o‘zaro ta’sir kuchlarini aniglash
imkonini beradi.

AKM  yordamida namunani  tasvirlash
jarayonida zond uchi namunaga to‘g‘ridan-to‘g‘ri
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tegadi va namuna x-y koordinatalar bo‘yicha
rasterli tarzda skan qilinadi. Skanlash davomida
zond bilan namuna orasidagi kuch doimiy bo‘lib
golishini ta’minlash uchun, odatda, elektron teskari
aloga (feedback) tizimi qo‘llaniladi. Ushbu tizim
kantilever egilishini kiruvchi signal sifatida gabul
qiladi va z 0°qi bo‘yicha zond tayanchi (2-rasmda 2
bilan) hamda namuna tayanchi (2-rasmda 8 bilan)
orasidagi masofani avtomatik tarzda sozlaydi.
Namuna X-—y yo‘nalishlarida siljigan sari, sirt
balandligidagi o‘zgarishlar kantilever egilishida
ham o‘z aksini topadi. Teskari aloga tizimi esa bu
o‘zgarishlarni kompensatsiya qiladi va zond
balandligini  shunday tartiblaydiki, kuchning
belgilangan qiymati (setpoint) doimiy bo‘lib qoladi.
Agar teskari aloga tizimi to‘g‘ri sozlangan bo‘lsa,
kantilever egilishi deyarli o‘zgarmaydi va chiquvchi
signal namuna sirtining real topografiyasini katta
aniglik bilan ifodalaydi. Tarixan, alternativ usul —
"doimiy balandlik rejimi" (constant-height mode)
ham qo‘llanilgan. Bu rejimda zond va namuna
o‘rtasidagi masofa doimiy saqlanadi, ya’ni hech
ganday teskari aloga mavjud emas. Bunda
kantilever egilishi fagat x—y o‘zgarishlarga bog‘liq
bo‘ladi va shu asosda sirt topografiyasi aniglanadi.
Ammo bu usul hozirda kam qo‘llaniladi, chunki
kuch nazorati yo‘qligi sababli zond yoki namuna
zarar ko‘rishi mumkin. Zamonaviy AKM ish
rejimlarida, hatto doimiy kuch rejimida ham,
odatda, kantilever egilishi va chiqgish signallari
birgalikda yozib olinadi. Bu esa teskari aloga
mexanizmi tomonidan e’tibordan chetda qolgan sirt
xususiyatlarini  aniglashda ~ yordam  beradi.
Skanerlash jarayonida AKM tomonidan olingan
barcha signal — masalan, sirt balandligi yoki
kantilever egilishi — ragamli shaklda kompyuter
orqali yozib olinadi va gayta ishlanadi [4]. Natijaviy
tasvirlar soxta rangli (pseudocolor) tasvirlar
ko‘rinishida ekran orqali aks ettiriladi, bunda har bir
piksel x-y tekislikdagi nugtani ifodalaydi, rang
intensivligi esa yozib olingan fizik signalga mos
keladi.

AKM  turli  ilmiy  sohalarda  keng
go‘llanilmoqda, jumladan: qattiq jism fizikasi,
yarim  o‘tkazgichlar  tadqiqoti, = molekulyar
muhandislik, polimerlar fizikasi, sirt kimyosi,
molekulyar biologiya, hujayra biologiyasi va
tibbiyot. Qattig jism fizikasida AKM individual
atomlarni aniqlash, atomlararo o‘zaro ta’sirlarni
tahlil qilish, shuningdek, atomlarning joylashuvi
o‘zgarishlari material xossalariga qanday ta’sir
qilishini o‘rganish imkonini beradi. Bu sohada
AKM hatto atom darajasidagi manipulyatsiyalar
orqali material holatini o‘zgartirishga xizmat qiladi.
Molekulyar  biologiyada esa AKM  ogsil
komplekslari va ularning tuzilma-mexanik holatini
tahlil qilishda muhim vosita sifatida qo‘llaniladi.
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Masalan, mikronaychalar (mikrotubulalar) ni
tasvirlash va ularning qattigligini o‘lchash imkonini
beradi. Hujayra biologiyasi sohasida AKM saraton
hujayralarini  sog‘lom hujayralardan farqlashda
ishlatiladi — bu farg hujayralarning mexanik
xossalarini  baholash orgali amalga oshiriladi.
Bundan tashqgari, AKM raqobatli muhitlardagi
hujayra-hujayra o‘zaro ta’sirlarini tahlil qilish,
membrana qattigligi va shaklni nazorat giluvchi
mexanizmlarni o‘rganishda ham qo‘llaniladi. Bunda
AKM zond orqgali hujayralarni bosish (indenting)
orgali noinvaziv va yuqori aniglikdagi fizik
baholarni amalga oshiradi.

mT .

a) b)
3-rasm. Atom kuch mikroskopi ishlash rejimlari: a)
Kontakt reimi; b) Tez-tez aloga rejimi.

AKM ishlash rejimlari zond uchining
namunaga nisbatan harakatiga asoslanib, uchta
asosiy tasvirlash rejimiga bo‘linadi: Kontakt rejimi
(Contact Mode) va Tez-tez aloga rejimi (Tapping
Mode).

Kontakt rejimi (statik rejim deb ham ataladi)da
zond uchi doimiy ravishda namunaga tegib turadi.
Bu usul yuqgori aniglikdagi  topografik
ma’lumotlarni olish imkonini beradi, chunki sirt va
zond o‘rtasidagi o‘zaro ta’sirlar kuchli bo‘ladi.
Aynan shu sababli, ushbu rejim gattiq yuzalarning
tuzilishini o‘rganish uchun juda qulay. Biroq,
yumshoq materiallarga nisbatan qo‘llanganda zond
uchining yeyilishi yoki namuna deformatsiyalanishi

mumkin [5].
Tez-tez aloga rejimi  (Tapping Mode),
shuningdek, intermittent contact, AC mode,

vibratsion rejim yoki amplituda modulyatsiyalangan
AKM (Amplitude Modulation AFM) deb ham
yuritiladi [6]. Bu rejimda kantilever belgilangan
chastotada tebranadi va zond uchi sirt bilan fagat
gisqga muddatli va takroriy aloga giladi. Bunday
rejim yon kuchlarning kamaytirilishiga olib keladi,
bu esa zond va namunani zarar ko‘rishidan himoya
giladi. Shu tufayli u yumshoq yoki nozik materiallar
uchun juda mos keladi [7]. Garchi bu rejimlar
tajribaviy jihatdan aniq farglansa-da, amplituda
modulyatsiyasi asosidagi AKM turlarida zond-sirt
o‘zaro ta’sir kuchlari parametrlar asosida
o‘zgartirilishi mumkin. Bu esa zaruratga qarab
kontaktli yoki kontaktga yaqin usullarni tanlash
imkonini beradi. AKMda topografik tasvir olish
zond uchining namuna sirtida harakatlanishi va har
bir x-y koordinata nuqtasida ma’lum bir
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o‘Ichanayotgan fizik parametr — masalan, nazorat
signali intensivligi — ni doimiy yozib borish orgali
amalga oshiriladi. Ushbu o‘lchovlar asosida hosil
bo‘lgan ma’lumotlar rangli tasvirga aylantiriladi,
bunda rang o‘zgarishlari o‘lchangan giymatlardagi
farglarni ifodalaydi. Odatda tasvir yonida rang
shkalasi beriladi, bu ranglar va intensivlik
giymatlari o‘rtasidagi moslikni ko‘rsatadi. AKMda
tasvir hosil gilish rejimlari z-yo‘nalishdagi teskari
aloga (feedback) tizimi mavjudligiga qarab
tasniflanadi. Bu tizim zond va namuna orasidagi
masofani doimiy ushlab turish uchun ishlatiladi va
sistemadagi  o‘lchov  signal intensivligiga
asoslanadi. Agar z- teskari aloga ishlatilsa,
tasvirlash usuli "doimiy XX rejimi" (constant XX
mode) deb yuritiladi; bu yerda "XX" — skanerlash
vaqtida doimiy saglanadigan parametrni anglatadi.
AKMda topografik tasvirlash odatda aynan shu
"doimiy XX rejimi" asosida bajariladi. Bunda z-
teskari aloga tizimi kantileverning harakatiga oid
parametr masalan, chastota, tebranish
amplitudasi yoki faza siljishi — ning giymatini
doimiy saglab turish uchun nazorat signalini
modulyatsiyalab zond va namunani ajratib turuvchi
masofani  uzluksiz sozlaydi. Bu tartib Z-
piezoelektrik elementga kuchlanish berish orgali
amalga oshiriladi, ya’ni namuna Z o‘qi bo‘yicha
yugoriga-pastga harakatlantiriladi, bu esa sirtning
aniglik bilan kuzatilishini va yugori aniglikdagi
tasvir hosil bo‘lishini ta’minlaydi.

AKM faqgatgina sirt tasvirini olish bilan
cheklanmay, balki kuchli spektroskopiya (force
spectroscopy) sohasida ham samarali qo‘llaniladi.
Bu metod yordamida zond uchi bilan namuna
orasidagi o‘zaro ta’sir kuchlari masofaga bog‘liq

holda  to‘g‘ridan-to‘g‘ri  o‘lchanadi. = Hosil
bo‘ladigan kuch-masofa egri chizig'i orqali
nanoo‘lchamdagi kontaktlar, atomlararo

bog‘lanishlar, Van der Waals va Kasimir kuchlari,
suyuqglikdagi eritish  kuchlari, hamda yakka
molekulalarning cho‘zilishi va wuzilishi kabi
hodisalar haqida muhim ma’lumotlar olinadi.
Bunday of‘lchovlar, aynigsa, suvli muhitda
polimerlarning sirtga adsorbsiyasi jarayonlarini
chuqur o‘rganishda keng qo‘llanilgan. Zamonaviy
AKM tizimlari pikonyuton darajasidagi kuchlarni
aniqlashga qodir bo‘lib, vertikal yo‘nalishdagi
aniqlik 0,1 nanometrdan yuqori bo‘ladi.

Kuchli spektroskopiya statik yoki dinamik
rejimda bajarilishi  mumkin. Statik rejimda
o‘Ichovlar kantileverning egilishi asosida olib
borilsa, dinamik rejim kantilever tebranishidagi
o‘zgarishlar orqali qo‘shimcha ma’lumot beradi.
Biroq bu usulda zond va namuna orasidagi masofani
aniq belgilash giyin, shuningdek, past gattiglikdagi
kantileverlar sirtga tortilib ketish xavfiga ega.
Ushbu muammolarni kamaytirish uchun ba’zi AKM
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tizimlari zond-sirt masofasini bevosita o‘lchaydigan
mexanizmlar bilan jihozlangan. Suyuglikda olib
boriladigan o‘Ichovlar yoki qattigqroq
kantileverlardan foydalanish orgali tortilish holati
kamaytiriladi, lekin bu holatda sezuvchanligi yuqori
bo‘lgan egilish sensorlari talab qilinadi. Bundan
tashqari, zondga kichik tebranish signali berish
orqali molekulalararo bog‘larning qattiqligi ham
baholanishi mumkin. Ushbu imkoniyatlar AKM
kuchli spektroskopiyasini nanoo‘lchamdagi
mexanik va sirt o‘zaro ta’sirlarini o‘rganish uchun
muhim texnologik vositaga aylantiradi.

Atom kuch mikroskopiyasi (AKM) uzoq
yillardan buyon sirt dag‘allik darajasini yuqori
aniglikda  aniglash va mikro- hamda
nanoo‘lchamdagi polimer tuzilmalaridagi buzilish
mexanizmlarini o‘rganish uchun kuchli texnika
sifatida tan olingan. Sirt tuzilmasini sub-angstrem
darajasida farglay olish qobiliyati zamonaviy
murakkab material tizimlarining xatti-harakatini
chuqur tushunishda tobora muhim ahamiyat kasb
etmoqda, aynigsa sirt morfologiyasi mexanik,
kimyoviy yoki funksional xossalarga bevosita ta’sir
ko‘rsatadigan holatlarda. Murakkab materiallarga
oid ilg‘or qo‘llanmalarda funksional interfeyslarni
taglid qilish yoki interfeysaro o‘zaro ta’sirlarni
kuchaytirish uchun sintetik va gibrid materiallar
asosida turli g‘ovakli arxitekturaviy tuzilmalar
yaratilmoqda. Endilikda ma’lumki, sirt namlanishi,
dag’alligi va topografiyasi kabi xossalar sirtning
tashgi muhit bilan o‘zaro ta’sirini belgilashda
muhim rol o‘ynaydi — bu xossalar goplamalar
sifati, yupga gatlamlarning yopishgogligi yoki
kompozit materiallar integratsiyasi kabi sohalarda
hal qiluvchi ahamiyatga ega. AKM an’anaviy
profilometriya usullari bilan solishtirganda ancha
yugqori lateral va vertikal aniqlikka ega bo‘lib, sirt
dag‘alliklarini nanoo‘lchamda tahlil gilishda juda
sezgir asbob sifatida ajralib turadi. Biroq, bunday
o‘lchovlarning aniqligi namunadagi balandlik
farglariga sezgir bo‘lgan skan parametrlariga
bog‘liq bo‘lishi mumkin. Natijada, o‘lchamlari
yuzlab mikrometrga yetadigan yirik g‘ovakli
(makrog‘ovakli) tuzilmalar uchun AKM har doim
ham optimal yechim bo‘la olmaydi, chunki ularning
topografik o‘zgarishlari mavjud AKM tizimlarining
ideal skanlash diapazonidan tashqariga chigadi.

Atom kuch mikroskopiyasi (AKM) orgali
olinadigan balandlik ma’lumotlari asosida sirt
dag‘aligini  o‘lchash, nanoo‘lchamdagi  sirt
morfologiyasi va interfeys holati hagida chuqur
tasavvur  hosil qgilish imkonini beradi. Sirt
metrologiyasida bu magsad uchun keng ko‘lamdagi
dag‘allik  parametrlari ishlab chigilgan bo‘lib,
ularning aksariyati vertikal og‘ishlarning statistik
tahliliga asoslangan. Bu og‘ishlar — odatda sirt
cho‘qgqilari deb yuritiladi — belgilangan o‘rtacha
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chizigga nisbatan farq sifatida aniglanadi. Shu
turdagi parametrlar orasida ikki o‘lchamli (2D) sirt
deskriptorlari — O‘rtacha  dag‘allik (Ra) va
o‘rtacha kvadratik dag‘allik (Rq) — mikro- va
nanoo‘lchamdagi  sirt profillarini  aniglashda
o‘zining sodda va samarali bo‘lishi tufayli keng
go‘llaniladi. Bu metrikalar sirtning ideal tekislikka
nisbatan ganchalik og‘ishini baholaydi hamda sirt
topografiyasining  murakkabligini  tavsiflashda
muhim rol o‘ynaydi [8].

Umuman olganda, har ganday sirtning
dag’alligi — bu sirt balandligining belgilangan
ma’lumotli profildan vertikal og‘ishlari asosida
aniglanadi. Aynigsa, Ra — ya’ni o‘rtacha dag‘allik
— eng keng qo‘llaniladigan parametr bo‘lib, u
matematik jihatdan quyidagi ifoda orgali aniglanadi:

1

Ra =~ Y1z (1)

Bu yerda N — o‘lchovda ishtirok etayotgan
umumiy nuqtalar soni, Zj esa sirtning o‘rtacha
balandligiga nisbatan har bir nugtadagi vertikal
og‘ish (balandlik farqi) ni bildiradi. Bunga qarama-
qarshi ravishda, o‘rtacha kvadratik dag‘allik (Rq)
sirtning o‘rtacha balandligidan bo‘lgan vertikal
og‘ishlar kvadratlarining o‘rtachasining kvadrat
ildizi sifatida aniglanadi [9]. Ra bilan solishtirganda,
Rq sirt profilidagi kichik noanigliklarga sezilarli
darajada yuqori sezuvchanlikka ega, bu esa ularning
modda ichki bir jinsliligi, o‘lchovdagi shovqin yoki
asbobning aniqligi bilan bog‘liq bo‘lishi mumkin.
Ushbu ortigcha sezuvchanlik Rq ni o‘rtacha
chiziqgdan katta og‘ishlar yoki chet qiymatlarga

nisbatan reaktivroq giladi va sirtning mayda
topografik nomuvofigliklarini aniglashda
samaraliroq bo‘lishini ta’minlaydi. Rq ning

matematik ifodasi quyidagicha beriladi:

’Z(Z )?
Rq = N] (2)

bu yerda N — o‘Ichovda ishtirok etuvchi ma’lumot
nugtalari soni, Zj esa j-tartibdagi nuqtaning o‘rtacha
chiziqqa nisbatan vertikal og‘ishini bildiradi. 1B va
4-rasmlarda sirt  dag’alligini tavsiflovchi ikkita
asosiy parametr — Ra va Rq grafik ko‘rinishda
tasvirlangan.

Ushbu parametrlarning keng qo‘llanilishiga
garamay, ular AKM orgali olingan tasvirlarning
piksellar anigligi va skan maydoniga juda sezuvchan
hisoblanadi. Bu esa hisoblangan dag‘allik
qiymatlarining aniqligiga sezilarli ta’sir ko‘rsatishi
mumkin. ASME va ISO metrologik standartlariga
ko‘ra, sirt dag’alligini baholashdan avval,
tasvirning qiyaligi va egri chizig‘ini (bow) tuzatish
uchun implitist (bilvosita) filtratsiya usullari,
masalan, tekislikka moslashtirish (plane fitting) kabi
yondashuvlardan foydalanish qat’iyan tavsiya
etiladi. Biroq, ushbu tuzatishlar noto‘g‘ri
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go‘llanilsa, soxta artefaktlar (sun’iy buzilishlar)
paydo bo‘lishi yoki haqiqiy sirt xossalari buzilishi
mumkin.  Bu esa  yakuniy  natijalarning
ishonchliligiga jiddiy salbiy ta’sir ko‘rsatadi [9].

4-rasm. Atom kuch mikroskopinoing sirt qo’polligini
aniglash grafigi: a) O’rtacha qo’pollik; b) O’rtacha
kvadratik qo’pollik
111. XULOSA.

Ushbu ishda atom kuch mikroskopi (AKM)
texnologiyasining yarim o'tkazgichlar sohasida sirt
morfologiyasini aniglashdagi imkoniyatlari keng
tahlil  qilindi.  Tahlillar  natijasida ~AKM
texnologiyasi nanoo‘lchamdagi sirt xususiyatlarini
sub-nanometr darajada Yyuqori aniglik bilan
o‘rganish imkoniyatini taqdim etishi ko‘rsatildi. Sirt
morfologiyasining (Ra, Rqg kabi) parametrlarini
aniglash, kuchli spektroskopiya orgali interfeysdagi
atomlararo kuchlarni tadqiq qilish imkoniyatlari,
yarim o'tkazgich materiallarining sifatini baholash
va texnologik jarayonlarni optimallashtirishda
muhim ahamiyat kasb etishi ta’kudlandi. AKM ayni
paytda nafaqat yarim o‘tkazgichlar texnologiyasida,
balki biologik to‘qimalar, polimerlar, kompozit
materiallar, tibbiy implantlar va hatto individual
molekulalarni ~ tahlil  gilishda  qo‘llanilish
imkoniyatlari muhokama gilindi. Bu esa AKMning
nafagat ilmiy tadgigotlarda, balki real sanoat va
texnologik amaliyotda ham dolzarbligini yana bir
bor tasdigladi [10].
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Pnevmotransport ventilyator parametorlarining parrak ishchi yuzasi silligligiga
bog’ligligi haqgida
X.Ismoilov

Z. M. Bobur nomidagi Andijon davlat universiteti, O‘zbekiston, 170100, Andijan sh, Universitet
ko‘chasi 129 uy

Annotatsiya. Magolada ventilyatorining parragi ishchi yuzasi silligligi darajasi 3 xil qilib
tayyorlangan. l-parrak ishchi yuzasiga ishlov berilmagan xolatda olingan, 2-parrak ishchi yuzasiga
mukammal ishlov berish orqali yuza notekisliklari yuqori darajada silliglangan va 3-parrak esa ishchi
yuzasiga polimer material qoplama sifatida qoplangan. Bu parraklarning ventilyator parametirlariga ta’siri
o‘rganilgan.

Kalit so‘zlar: Pnevmotransport, ko‘ndalang kesim yuzasi, quvur, paxta, ventilyator, aerodinamik
kuch, siklon, paxta g‘arami, quvurcha(patrubka), havo sarfi, parrak, termoreaktiv polimer.

AHHOTauma: B cratbe KkayecTBO paboyven MNOBEPXHOCTU BEHTUMATOpPA FOTOBAT YeTbipbMS
cnocobamu. 1-m Kycok Obin B3SIT B HeobGpaboTaHHOM COCTOSAHMMU, 2-M KYCOK maearnbHO 3alunundoBaH
HEPOBHOCTSAMU MOBEPXHOCTU MyTEM AOBOAKM pabo4vert MOBEpPXHOCTM, 3-I KYCOK HamnoXeH Ha pabouyto
NOBEPXHOCTb. NMOBEPXHOCTb B BMAE MOKPbITMSA U3 NOMMMEPHOro Matepmana. MiccneqoBaHo BAUSIHUE 3TUX

nonacTei Ha napameTpbl BEHTUNATOPA.
KnioueBble cnosa: [lHeBMOTpaHCMOPT,

nnowagb

nornepeyYHoro cedeHus, Tpyba, Bara,

BEHTUNATOP, a’poanHaMmnyeckada cuna, LUKIIOH, BaTHbIN 6apa6aH, pr6a, BO3,CI,yUJHbIl7I NOTOK, Tenno,

TEepMOpeaKkTMBHBIA NonnMep.

Abstract: In the article, the quality of the working surface of the fan is prepared in four ways. The
1st piece was taken in an untreated state, the 2nd piece was perfectly smoothed out the surface
irregularities by perfecting the working surface, and the 3rd piece was applied to the working surface as a
polymer material coating. The effect of these blades on the ventilator parameters has been studied.

Key words: Pneumotransport, cross-sectional area, pipe, cotton, fan, aerodynamic force, cyclone,
cotton drum, pipe, air flow, heat, thermoreactive polymer.

I.Kirish.

Pnevmotransportning asosiy
kamchiliklaridan biri uning energiya sarfi yuqori
bo’lib, unda faqatgina ventilyator elektr energiya
sarf giladi. Boshga elementlar, masalan, quwvur,
tosh  tutkichdagi  tirgishlar,  separatorning
tashqaridan havo so‘rishi, chig‘anoqlar, siklon
kabilarning aerodinamik garshiligi sababli sarf
bo‘ladigan bosim, quvvat va elektr energiyasi

ventilyator motori zimmasiga tushadi. Ya’ni,
barcha  aerodinamik  tizimlar, shuningdek
pnevmotransport ham energiya’ni ventilyator

vositasida sarflaydi. Bu degani, pnevmotransport
sarflaydigan quvvat va elektr energiyasi sarfi-bu
ventilyator sarflaydigan quvvat va elektr energiyasi
sarfi hisoblanadi[1,2]. Shuning uchun,
pnevmotransport  elektr  energiyasi  sarfini
kamaytirish uchun ventilyator elektr energiyasi
sarfini kamaytirish kerak bo‘ladi.

Undan tashqgari pnemotransport ventilyatori ishchi
gismlari parragi, parrak ganot gismi, ganotni
joylashish gradusi, parrakni qobigda ganday
joylashishi, hamda, ventilyator parragi ishchi
yuzasi  silliglik  darajasi  ham  ventilyator
sarflaydigan quvvat va elektr energiyasi sarfiga
ta’sir ko‘rsatadi[3,4].

I1.Material va usullar.

Ventilyator elektor energiyasi sarfi uning
quvvati sarfi ko‘rinishida namoyon bo‘ladi va uni
quyidagi tenglama yordamida aniglash mumkin:

N=I-U-= %,

Shuningdek, quvvatning quyidagi tenglamasi
ham mavjud:

N=M-w,

Ventilyator parragining qarshilik momenti
parrakning J, inersiya moment va qarshilik
kuchlarining Jq inersiya momentlari yig‘indisiga
teng:

M=],+]q

Bu erda, qarshilik kuchlarining inersiya
momenti quydagi 3 ta garshilik kuchlari inersiya
momentlari yig‘indisiga teng:

]q =Jan+Jm +]xq
Bu yerda, Jw — parrak osti podshipnigi

qgarshiligi momenti, J,, =m, - f, -?-ventilyator
matori valining qarshilik momenti va J,
havoning parrak aylanishiga garshilik momenti.
Havoning parrak aylanishiga garshilik
momenti ko‘rinishini quydagicha yozish mumkin:
]xq=k'p'1]2'7’l'5n
bu erda, k — havoning parrak aylanishiga
garshilik koefitsiyenti, n — kurak soni, S, —
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parrakning tezlik vektoriga tik tekislik bo‘yicha
yuzasi, m?.

Bu tenglamadagi k — koeffitsiyent, asosan
parrak shakliga uning yuzasi bilan havo orasidagi
ishqalanish koeffitsiyentiga bog‘liq.

Bunga ko‘ra, parrak ishchi yuzasi bilan havo
o‘rtasidagi ishqalanish koeffitsiyenti qanchalik
yugqori bo‘lsa, parrak qarshilik momenti, unga ko‘ra
esa ventilyator sarf giladigan quvvat va elektor
energiyasi sarfi shunchalik yuqori bo‘ladi.

I11. Natijalar va muhokama.

Amaliy  tadgigodlar  yugori  bosimga
ishlovchi markazdan qochma ventilyatorda amalga
oshirildi. Bu ventilyator yuritkichi 4 kVt quvatli
3000 ayl/min tezlikda aylanuvchi parraklarga ega
bo‘lib, u uzunligi 26 mgacha bo’lgan quvurlar
tizimiga ulangan.

1-parrakda olingan natijalarga ko’ra, ishchi
yuzasi g’adir-budirligi R,41,4 bo’lgan parrakda(1-
rasm), ya’ni, xozirda ishlatilayotgan
ventilyatorning kirish quvurchasi yopilganda to’liq
bosim 5250 Pa, ventilyatorning Kirish quvurchasiga
uzunligi 26 m bo’lgan quvurlar trassasiga ulangach
0,20 m masofadagi techikdan olingan olchov 3350
Pa statik bosim, 1880 Pa dinamik bosim va havo
tezligi 56 m/s ni tashkil giladi. Quvurning keyingi
metrlarida havo bosimi va tezligi pasayib boradi va
25,60 m da statik bosim 1180 Pa, dinamik bosim
1620 Pa va havo tezligi 52 m/s ni tashkil etadi.

2-parrakda olingan natijalarga ko’ra, ya’ni,
ishchi  yuzasi  g’adir-budirligi R,1,9 gacha
silliglangan  parrakda(2-rasm),  ventilyatorning
kirish quvurchasi yopilganda to’liq bosim 5700 Pa,
ventilyatorning kirish quvurchasiga uzunligi 26 m
bo’lgan quvurlar trassasiga ulangach 0,20 m
masofadagi teshikdan olingan olchov 3700 Pa
statik bosim, 2150 Pa dinamik bosim va havo
tezligi 60 m/s ni tashkil gildi. Quvurning kegingi
metrlaridagi havo bosimi va tezligi pasayib boradi
va 25,60 m da statik bosim 1510 Pa, dinamik bosim
1950 Pa va havo tezligi 57 m/s ni tashkil etdi.
3-parrakda olingan natijalarga ko’ra, ya’ni,
ventilyator parragi termoreaktiv kompozit polimer
material bilan goplangan va profilometr yordamida
parrak ishchi yuzasi g’adirbudirligi R.3,4 ekanligi
baxolandi(3-rasm). Olimgan o’lchovlarga ko’ra,
ventilyatorning kirish quvurchasi yopilganda to’liq
bosim 5500 Pa, kirish quvurchasi uzunligi 26
mgacha bo’lgan quvurlar trassasiga ulangach 0,20
m masofadagi teshikdan olingan olchov 3500 Pa
statik bosim, 2010 Pa dinamik bosim va havo
tezligi 58 m/s ni tashkil gildi. Quvurning keyingi
metrlaridagi havo bosimi va tezligi pasayib boradi
va 25,60 m da statik bosim 1300 Pa, dinamik bosim
1750 Pa va havo tezligi 54 m/s ni tashkil etadi.
Demak, ventilyator parragi ishchi yuzasi

103
gadirbudirligi  palimer bilan silliglansa ham
ventilyator ko’rsatkichlari sezilarli oshdi va

quvurdagi havo tezligi 4% ga ortganini ko’rishimiz
mumkin.

1-rasm. Xozirda ishlatilayotgan

ventilyatorning ishchi parragi

2-rasm. P1000 jilvir qog’ozida
isheni yuzasi jilvirlangan parrak

polimer material goplangan parrak

Tadgigot ishimizning yuza notekisliklariga
bogligligini  hisobga olgan holda, yuqgorida
tajribalarda  ishlatilgan  parraklarning  yuza
notekisliklari darajasi ganday ekanligini Andijon
mashinasozlik institutidagi “Micron-beta” nomli
profilometr ~ yordamida  aniglandi.  Avaliga
1-namuna sifatida, birinchi tajribada ishlatilgan
ishchi yuzasi siliglanmagan parrak g’adirbudirlik
ko'rsatkichlari ~ olindi  (1-jadval) va bu
ko’rsatkichlarga mos 3D ko’rinishdagi grafigi
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keltirildi(4-rasm). Bu jadvallarda olingan parrak
g’adirbudirlik ko’rsatkichlarini taxlil qilmaymiz
chunki, bularga mos 3D ko’rinishdagi grafiklar
taxlil fazifasini bajaradi.

2-namuna sifatida, ikkinchi tajribada
ishlatilgan ishchi yuzasi donadonlik ko’rsatkichi
P1000 bo’lgan jilvir qog’azda siliglangan parrak
g’adirbudirlik ko'rsatkichlari olindi (2-jadval)va bu
ko’rsatkichlarga mos 3D ko’rinishdagi grafigi
keltirildi(5-rasm).

104

3-namuna sifatida, uchinchi tajribada
ishlatilgan ishchi yuzasi termoreaktiv kompozit
polimer material qoplangan parrak g’adir-budirlik
ko rsatkichlari olindi (3-jadval)va bu

ko’rsatkichlarga mos 3D ko’rinishdagi grafigi
keltirildi(6-rasm).

4-rasm. 1-namunaning yuza l-namunaning yuza notekisliklarini
notekisliklarining 3 D ko rinishi yo nalishlar bo yicha.
1-namunaning yuza notekisliklari ko rsatkichlari.
1-jadval

Notekislik R: Ra H Rz, Rq Rku Rp Rv Rt
ko rsatkichlari

1-chiziq boyicha 4147 |9.853 |4767 [3952 |[1295 [3.609 |[3582 |[-21.22 -21.22
2-chiziq boyicha 4535 |10.46 |49.20 [4019 |[1395 [3.893 |[2811 | -42.38 -42.38
3-chiziq boyicha 39.66 | 9.317 |4047 [39.77 [11.68 |2.639 |[24.02 | -28.65 -28.65
4-chiziq boyicha 3859 [6.919 |3298 |[3252 [9550 |4.292 |[2326 |[-3578 -35.78
5-chiziq boyicha 3069 |[6.401 [3313 |[3394 9078 |[4771 |[2111 |-3762 -37.62
6-chiziq boyicha 4136 |7.960 [37.36 |3698 |11.18 [5409 |[2192 | -41.98 -41.98
7-chiziq boyicha 4381 |8409 |4117 |4146 | 1189 |4812 |[2075 | -40.71 -40.71
8-chiziq boyicha 4278 |9.646 |47.95 |[39.02 | 1289 [3285 [29.02 |[-3550 -35.50
9-chiziq boyicha 4199 |8173 |[3537 [3935 |4045 |[2929 |[2437 |[-2857 -28.57
10-chiziq boyicha 3921 |[8411 [3919 |[3673 |11.07 |[3164 |31.98 |-2273 -22.73
O'rtacha giymati 4139 |8556 |4045 |[3795 |11.47 [3.880 |[2604 |[-3351 59.56
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1,
-

5-rasm. 2-namunaning yuza
notekisliklarining 3 D ko rinishi

2-namunaning yuza notekisliklari ko rsatkichlari.

2-namunaning yuza notekislik
larini yo'nalishlar bo"yicha.

105

2-jadval
Notekislik R: Ra H R3; Rq Rku Rp Rv Rt
ko’rsatkichlari
1-chiziq boyicha 3.988 0.293 1.122 2.414 0.547 25.25 3.757 4.139 4.139
2-chizig boyicha 1.229 0.429 1.528 1.108 0.634 10.04 0.814 -3.084 -3.084
3-chiziq boyicha 1.165 0.183 0.737 1.238 0.232 3.201 0.590 -0.721 -0.721
4-chiziq boyicha 1.174 0.197 0.885 1.243 0.252 3.363 0.577 -0.794 -0.794
5-chizig boyicha 1.910 0.295 1.397 1.482 0.451 14.80 3.348 -1.798 -1.798
6-chizig boyicha 1.673 0.349 1.328 1.434 0.425 3.840 2.251 -0.988 -0.988
7-chizig boyicha 2.423 0.584 2.222 2.18 0.710 3.614 1.684 -2.256 -2.256
8-chiziq boyicha 2.985 0.320 1.252 1.985 0.505 32.47 4.867 -0.987 -0.987
9-chizig boyicha 1.847 0.243 1.069 1.555 0.336 7.003 2.070 -1.154 -1.154
10-chizig bo’yich 1.524 0.257 1.075 1471 0.319 2.915 0.815 -1.085 -1.085
O’rtacha giymati 1.992 0.315 1.262 1.611 0.441 10.65 2.077 -1.701 3.779

6-rasm. 3-namunaning yuza 3-namunaning yuza notekislik
notekisliklarining 3 D ko rinishi larini yo 'nalishlar bo yicha.
3-namunaning yuza notekisliklari ko rsatkichlari.

3-jadval
NOteklsllk RZ Ra H R3z Rq Rku Rp Rv Rt
ko'rsatkichlari
1-chiziq boyicha 7.318 0.745 3.076 7.754 1.121 11.16. 3.732 -7.389 -7.389
2-chizig boyicha 3.265 0.613 2.259 2.722 0.955 22.44 7.214 -1.812 -1.812
3-chizig boyicha 5.318 0.641 2.814 4.285 1.036 15.18 6.7836 -2.064 -2.064
4-chiziq boyicha 1.610 0.667 3.025 0.803 0.8725 3.360 1.589 -2.335 -2.335
5-chiziq boyicha 1.059 0.859 3.556 0.279 1.055 2.418 1.884 -2.389 -2.389
6-chizig boyicha 1.506 0.782 3.515 1.1660 0.99 2.542 2.291 -2.028 -2.028
7-chizig boyicha 1.114 0.565 1.943 0.770 0.648 1.853 1.283 -1.278 -1.278
8-chizig boyicha 3.208 1.042 4.607 3.701 1.321 3.119 2.051 -3.869 -3.869
9-chizig boyicha 5.299 1.325 5.312 5.779 1.651 3.137 2.659 -5.253 -5.253
10-chiziq ho’yich 4.484 0.968 3.832 5.163 1.199 2.673 3.926 -2.806 -2.806
O’rtacha giymati 3.418 0.821 3.394 3.242 1.085 6.790 3.341 -3.122 6.464
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IV.Xulosa.
Ventilyator parragini ishchi  yuzasining
g’adir-budirligini  yetarlicha  kamaytirmasdan

o’rnatish, uning ish unumiga ancha vaqtgacha ta’sir
giladi. Keyinchalik esa ventilyator ish davrida
uning parragi ishchi yuzasi mayda zarralar ta’sirida

silliglanadi va ventilyator ish unumi oshadi.
Albatta, ishchi yuzani silliglanishini kutish maqul
yo’l emas.

Ventilyator parragini ishchi yuzasining

g’adirbudirligini termoreaktiv kompozit polimer
material qoplash orgali silliglash biroz ventilyator
ish unumini ortishiga olib kelsada, o’z vaqtida

uning ish unumini eng yuqori bolishini
ta’minlamaydi.
Ventilyator parragini ishchi  yuzasining

g’adirbudirligini donadonligi P100, so’ng P1000 da
jilvirlab ishchi yuzani silligligini yugori darajaga
keltirish ventilyator ish unumini eng yuqori
bo’lishini ta’minlaydi. Shunga ko’ra, shlab
chigarishga vintelyator parraglarini yugori bosimda
quyish va uning ishchi yuzasini yugori darajada
silliglashni ta’vsiya qilinadi.
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Bounded differential games with greenwall-type controls
A.X.Akbarov

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

Annotatsiya. Ushbu magolada boshqaruvlarning kattaligi Gronuoll tipidagi chegaralanishlarda keltiriladigan
sodda harakatli quvish va qochish masalalari o’rganiladi. Quvish masalasini yechish uchun parallel yaqginlashish
strategiyasi (gisqacha, I -strategiya) taklif etiladi va uning yordamida tutishni kafolatlovchi yetarli shartlar aniglanadi.
Bunda gochuvchining yetishish sohasi va uning muhim hossalari keltiriladi. Qochish masalasini yechish uchun esa
gochish shartlari aniglanadi.

Kalit so‘zlar: Differensial o’yin; quvish; qochish; Gronuoll tengsizligi; quvlovchi; gochuvchi; strategiya;
yetishish sohasi.

AHHOTaums. B HacTosleln ctaTbe paccmaTpuBaloTCa 3a4ayv npecrnefoBaHusa U yberaHus npy npocTbiX
ABVDKEHUSIX UrPOKOB, KOrAa Ha BENMUYMHbI YNPaBEHNS UIPOKOB HanaraloTCA OrpaHMYeHnst MpUBOAsLLNE K HEKOTOPbIM
BMaam runepbonuyecknx pyHkumin. na peweHns 3agaqun npecrnefoBaHus npeanaraeTca crpaterus napannenbHoro
conuxeHnsi urpokoB (kopode, Il -cTpaTtervsi) u npu nomowm ee HaxoOuTCst YCrOBWSI 3aBepLUeHUs Wrpbl. 3aech
onpegensieTca ob6nactb JOCTUXUMOCTU yberatoLlero 1 NpuBOASTCA BaXHble ero cBoMcTBa. [nsa pelueHus 3agayu
yberaHnsa HaveHbl yCroBus 3aBepLUeHns Urpbl B Nonb3y yberatowero.

KnioueBble cnoa: [uddepeHumansHas urpa; lNpecnegosaHune; YknoHeHne; HepaseHcTBO [peHBanns;
MpecnepoBatens; Y6eratowmn; Ctpaterus; Obnacte JOCTUKUMOCTU.

Abstract. In the present paper, the simple motion pursuit-evasion problems with constraints given in the form
of Gronuoll type on the rates of controls are studied. For solving the pursuit problem, the strategy of parallel approach
(for brevity, II -strategy) is suggested and sufficient conditions guranteeing the pursuit are determined. Here, an
attainability domain of evader and its important properties are presented. For solving the evasion problem, escape

conditions are found.

Keywords: Differential game; Pursuit; Evasion; Gronwall’s inequality; Pursuer; Evader; Strategy; Attainability

domain.
I. Introduction.

In the Theory of Differential Games, on the
basis of the fundamental attitudes evolved by
L.S.Pontryagin [1] and N.N.Krasovskii [2], the
differential game is viewed as an optimal control
problem from the standpoint of either a pursuer or
an evader. The book ”Differential games” [3] by
American mathematician R.lsaacs consist of
particular game examples in which were studied
thoroughly and dedicated for new research.
L.A.Petrosyan investigated comprehensively some
of the game problems which were provided in [3],
and he specified his results in [4]. L.A.Petrosyan
introduced the term of parallel convergence strategy
(in short, TT -strategy) and used it in order to solve
the quality problems of differential game. Later on,
the TI -strategy brought about the development of
the way of pursuit in differential games of several
pursuers (see e.g. Pshenichnyi [5], Azamov [6],
Azamov and Samatov [7], Blagodatskikh and Petrov
[8], Chikrii [9], Grigorenko [10], Petrosyan and
Rikhsiev [11], Petrosyan and Mazalov [12],
Samatov [13]-[16]).

In the problems of differential games, on
control functions, geometric, integral or mixed
constraints are mainly imposed (Dar’in and
Kurzhanskii [17], Kornev and Lukoyanov [18],
Satimov [19], Ibragimov [20, 21]). In the works
[13]-[16], the concept of linear constraint, which
represents both geometric and integral constraints,
was first presented and similar options of the TT -
strategy were recommended in order for solving the

pursuit problem. However, constraints in the form of
integral type inequalities, which are imposed on
controls, have been bringing about a considerable
signification in numerous practical problems,
including economical, ecological and technical
problems (Aubin and Cellina [22], Pang and Stewart
[23]). In the work [24], for the first time, the
constraint of Gronwall type (shortly, Gr -constraint)
on controls was introduced, and in a certain sense,
this kind of constraint describes generalization of
geometric constraint. The notion of Gr -constraint is
arisen by the usage of Gronwall’s integral inequality
on control functions (Grénwall [25]).

In this paper, we study the pursuit-evasion
problems in a simple motion differential game under
H -constraints on the controls players. So as to
solve the pursuit problem, we suggest the IT -
strategy, which provides parallel approaching a
pursuer to an evader, and we get sufficient
conditions guaranteeing completion of pursuit. We
construct an attainability domain for the
completeness of solution of the pursuit problem. For
solving the evasion problem, we offer a specific
strategy to an evader and find sufficient conditions
guaranteeing evasion. Furthermore, in the evasion
game, we present a variation function of distance
between the players.

Il. Main part.

Let in space R", the controlled player P
(the Pursuer), follows another controlled player E
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(the Evader). Suppose X and y are 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

x=u, x(0)=x,, 1)
2)

correspondingly, where X,y,X,,Y,,u,veR", n>2;
X, and y, are the initial positions of the players at
the moment t =0, and assume x, #Y, .

y=v, y(0)=y,,

In the equation (1), u is the velocity vector
of the Pursuer and its temporal variation must be a

measurable function u(-):[0,4+00) »>R". On this

vector function, we put the constraint of type (in
short, H -constraint)

t
lu(t) |< pe™ + kJ'| u(s)|ds for almost every t >0,
0

®3)
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

t
[v(t) |< ge™ + kj |v(s)|ds for almost everyt >0,
0

(4)
where q is the parametric positive number. Denote

by V,, the set of all the measurable functions v(-)
that satisfy the constraint (4).

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].

108

Definition 2.1. Function u(-) = (u,(-),u,(),...,u,())
(v = (v (), v, ()yeav,()))  that  fulfills  the

constraint (3) (the constraint (4)) is termed a control
function of the Pursuer (of the Evader).

On account of the equations (1), (2), the
pairs (x,,u()), u()eU, and (y,,v()), v()eV,
originate the trajectories

X(t) = X, + ju(s)ds, yt) =y, + jv(s)ds

of the Pursuer and Evader correspondingly.

Definition 2.2. 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 2.3. 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() eV, , the equality x(z)=y(z) is
satisfied at some time 7z <[0,T(u)], where x(t),
y(t) are the solutions of the initial value problems

(5)
y=v(t), (6)

where t>0 and we term the number T(u) a
guaranteed completion time of pursuit.

X =u(t,v(t)), x(0) = X,,

y(0) =Y,

Definition 2.4. A function v:R, —R" is called a
strategy of the Evader if v(t) is a Lebesgue
measurable function with regard to t.

Definition 2.5. In the evasion game, it is said that a
strategy v(t) guarantees escape in the time interval

[0,+00) if, for any control function u(t)eU,, , the
relation x(t) = y(t) holds for all t>0, where x(t),
y(t) are the solutions of the initial value problems

()
(8)

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

X =u(t), x(0) = x,,

y=v(), y(0) = Yo

Lemma 2.1. (Gronwall’s inequality, [25]) If

t
|f(t)|§ae’bt+aj| f(s)|ds
0
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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

|u(t) |< u(t) for almost every t>0, 9

|v(t) [<o(t) for almost every t>0, (20)
where
u(t) = pchkt (1)
o(t) =qchkt. (12)

In terms of the works [24, 25, 27, 28], from
(9), (10), 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).

Problem 2. Solve the evasion problem in the
differential game (1)-(4).

Problem 3. Construct an attainability domain of the
Pursuer.

I11. 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

2(t) = xO - y® , 2= %~ Yo-

Definition 3.1. If p>q is valid, then the function

expressions

109

uH (t,V) = V_/lH (t,V)§O (13)

is called the parallel approach strategy or II,, -
strategy of the Pursuer, where

Ay OV) =V, E) + (v, E)F + 12 (D)~ VI,
& =122,

Proposition 3.1. For all (t,v)eR, xR", the
strategy (13) fulfills the equality

[uy, (V) = w(t) (14)
during pursuit.

Proposition 3.2. Let p>q be true. Then for all

(t,v)eR, xR", the scalar function A,(t,v) is

continuous, non-negative and bounded as
u@®—=|VvIs A, (V) < pu(t)+]v].

Lemma 3.1. Let p>q be satisfied. Then for the
equation

(15)

¥, (t)=0, (16)

there exists only one positive root with respect to t
and we express it by T, , where

" MOEEN —%sh kt

Proof. Let us consider some properties of
W, (t) in the following:

1) ¥, (0)=|z|>0;
2) ¥, (t) monotonically decreases with respect to
t,t>0;

3) Calculate the limit of ¥, (t) as t —+, i.e,,

t—o0

lim®,, () = !im(l Z, I—¥sh ktj = 0,

Lemma 3.1 has been proved. w

Below the following statement will be
proved.

Theorem 3.1. If p>q holds in the pursuit game

(1)-(4), then the strategy (13) guarantees
completion of pursuit in the time interval [0,T,].

Proof. Let v(-) eV,, be an optional control

function of the Evader. Then the Pursuer
implements the strategy u,, (t,v(t)) . On account of
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the equations (5), (6), we come to the unique initial
value problem

Z=u,, (t,v(t)) - v(t), 2(0) = z,
or from (13), the last equation will be
2= -2, (LV(D)E,, 2(0) = 2,

After integrating in the interval [0,t], we generate
the solution

2(t) = Ay (L,V()) 7, (17)

where

1

Ay (tv() =1-
1201

t

[ (s,u(s))ds.

0

It is obvious that d A, (t,v(-))/ dt <0 . Therefore, by

means of (11), (12), (15), the following estimations
might be written in turn;

AV <1 Tas) (o) s <

p—qqt _
<l-——| chksds=%¥, (1),
|zo|I° 1©

where W, (t) (16) is the identical function in
Lemma 3.1. It is known that ¥, (T,,) =0 holds on
the basis of Lemma 3.1 On the other hand, we have
A, V() <YW, (1), and as a consequence, there
exists some time 6€[0,T,] at which
A, (O,v())=0 is fulfilled. Thus, from (17) it
follows that z(@) =0, and this implies x(€) = y(6).

Below we present that the strategy (13)
satisfies the constraint (4) in the time interval
[0,T,] Let the Evader choose some arbitrary

control v(-) eV, . Then from (14) we may write the
following:

|u,, (t,v(t) |= pchkt = pe™ + pshkt =
— ekt t — np K !
= pe™ + kjo pchksds = pe™ + kjo [uy (s,v(s)) | ds.

The proof of Theorem 3.1 is complete. W
IV. Solution of the evasion problem

In this part, the evasion problem is
considered as a control problem from the standpoint
of the Evader. A special admissible strategy is
proposed for the Evader, and it is proved that the
proposed strategy guarantees escape under

110

sufficient conditions of evasion in the time interval
[0,+<0) .

Definition 4.1. In the evasion game (1)—(4), we say
the function

Vi (1) = =505, 120 (18)

a strategy of the Evader, where & =2z,/|z,| and

o(t) isgivenin (12).

Below the following statement will be
proved.

Theorem 4.1. Let p<q be fulfilled. Then the

strategy (18) guarantees escape in the interval
[0,+0) .

Proof. Suppose the Pursuer moves by some control
function u(-)eU,, . As for the Evader applies the

control function v, (t) in (18). Owing to the

equations (7), (8), we reach the unique initial value
problem

z=u(t) — vy (t), z(0) = z,.
Integrate in the interval [0,t] and obtain the solution
t t
(t)=z,— IOVH (s)ds + jou(s)ds.

For the absolute value of z(t), the following
estimations are valid:

|z(t) >

2z~ [ (s)ds‘ —‘ I;u(s)ds‘ >

>

~[j1u@s) 05 =

z, ¢t
Z, + ——| 5(s)ds
0 |ZO|L(>

=12, |+[ 5(s) ds —j|u(s) | ds.

According to (9), (11), (12), we get

| 2(t) [> ©(1), (19)

shkt. It can be seen that

where ®(t) =| z, |+ q; P

the function ®(t) has the following properties:
1) ®(0) =[z,[>0;

2) if p<q, then ®(t) is monotone increasing, that
is,

da(t)

=(q— p)chkt >0.
™ (a-p)
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From these properties, it proceeds that ®(t) >| z, |

holds for all t >0 and therefore, from (19) it follows
that z(t) =0 or x(t) = y(t).

The proof of Theorem 4.1 is complete. w

V. Dynamics of the attainability domain

If p>q issatisfied in the pursuit game (1)—
(4), then the Pursuer catches the Evader at some
points depending on control function v(-) eV, . The

set of such capture points can consist of some finite
set. Assume that the Evader chooses any control
function v(-))eV, and the Pursuer applies the

strategy (13). Then for each t <[0,z], define the
following trajectories

X(t) =X, + juH (s,v(s))ds, y(t)=y,+ j'v(s)ds

for the Evader and Pursuer respectively, where 7 is
the capture time. Now we construct the sets

R () =Ry (x(1), y(®) =

={w:glw-x®) = plw-y®}  (20)

PH (O) = PH (Xovyo) :{W3q|W—X0 |2 p|W— Yo |}.
for the pair of (x(t),y(t)). It is easy to verify that
y(t) e P, (t) forall te[0,7].

Theorem 5.1. If p>q is valid, then the set (20) is
equivalent to

Ry (1) = x(t) + A, (LV()IR(Z0)S + C(2))],
where S is a unit sphere whose center is on zero
point in the space R" and

2

R(Zo) zﬁl Zo |, C(Zo):_ P P Zo-

2 q2

Proof. From (20), we can write

R =x®) +{w:q|w|z p|w+z(t) [} = x(t) +

+{WI < qu 5 |z(t)|}
P —q

If we denote as

p2
W+quz(t)

2

R(2() = — | 2()], C(2(1) = ———2(0),
P —q P —q
then express the last equality as
P, (t) = x(t) + R(z(t))S + C(z(t)). (21)

111

According to (17), we attain
R(z(1)) = R(zo) Ay (t,V()),
C(z(1) =C(zo) Ay (t.V())
and thus, the formula (21) will be
Py (0) = x(1) + Ay (t,V()IR(2,)S + C(z,)]-
The proof of Theorem 5.1 is complete. w

Theorem 5.2. Let p>q be true. Then the multi-
valued mapping P, (t) is decreasing with regard to
embedding in respect to t on the interval [0,7],i.e.,
P,(t) > P, (t,) isvalidif 0<t <t, for t,t, €[0,7].

Proof. Initially, define the support
function F(P,(t),) for some yeR", |y|=1

([26]) and calculate its derivative with respect to t
as follows:

R (R, 0.0)= SR +
+Ay (GVE)IR(2,)S +C(2)L ) =
=<*<W>—W[R(zoquo),m.

Let us present that the inequality

<x'(t),w>—W[R(zo)ﬂcao),mso (22)
is satisfied for all t<[0,z]. For this purpose, we

perform some transformations on the constraint (4)
in the following:

VO p* _ &' ®)p’
p’—-q*>  p*-¢q°

q’ q
[v(t) [ (1+ Jg
p’-q’) p°-q

2

KA (1),

V(1) < —0— (22 (= V(D) P). (23)
P —q

By the function 4, (t,v(t)) in (13), we find
the equality

1OV = A VD) (A, (€ V() — V(D). &))-

Substitute it into (23) and after some simplifications,
we obtain
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wmf+zwiqgwmavgmwms

<22 (L V(D) pzq_ 2 (24)
Add the expression (4, (t,v(t))q’ / (p* —qz))2 to
both sides of (24) and bring to the canonical form

2

V) [* +2 o Ay (EVOXV(), &) +

4

2 q
X’H t, t PRIV
+ (t,V( ))(Io ) <

<24 V(D)

2 q
I E—) ,
(0 —qr) (t.v(®) o

2

V(1) + —— A, (L V(D)E,
p —q

Pq
<A, (t,v(t))m.
(25)
For any vector w eR",|w|=1,

the inequality

2

V(1) + —— A, (LV(D)E,| >
P —q

z<v<t>+ LY (t,v(t>)§o,w>
p-—q

is valid.

According to this inequality and (25), come
to the estimation

<w0+p Hava»a,><zﬂawa»pﬁ?

and simplify it as follows:

2

pZ}%wK
—q

<V(t), l//> - ﬂvH (t, V(t)) (1_ pz

< 2 V()
p

V(O = A, (VD) S ) + A (8, V(t)) <§o W) <

112

< (LV() =
p_

<X(t),{//>—
_ZH (t,V(t))[ qu |Z |— p2 2(20,(//>JS0,
12, | p -q
®u) -2 a0

17|

So, the relation (22) is true and it means that

%F(PH('[).I//)SO holds for any y €R", |y |=1.

The proof of Theorem 5.2 is complete. W
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A problem of identifying time-dependent coefficients in a time-fractional, space-
degenerate parabolic equation on a bounded domain

M. Ismoilov?l, Sh. Mahmudjonova?
L2Fergana State University, Murabbiylar Str.19, 150100, Fergana, Uzbekistan

AHHoTauua. B pgaHHoOM pabote paccmatpuBaeTcd WM uccrnegyetcs obpaTHad 3agada
noeHTUrKaLmMm 3aBUCALLMX OT BpPEMEHW KOIA(PMPULMEHTOB B BbIPOXKAEHHOM MO MNPOCTPAHCTBY
napabonnyeckom ypaBHeHUN C 4pOOHON NPON3BOAHOM MO BPEMEHU B OrpaHMYEHHON 0BnacTu NIoCKOCTMK.
[lokasaHbl CyllecTBOBaHWE U €OMHCTBEHHOCTb pELUEHMs paccmatpuBaemMon 3agadv. Ons JOCTUXEHUS
3TOro NCNonb3yrTCA CBOMCTBA PyHKUMI Beccens n Teopema o HenoaswxXHoW Tovke baHaxa.

KnroueBble cnoBa: BelpoXaeHHOe napabonuyeckoe ypaBHeHue, ApobHbIN anddepeHLmnanbHbIn
onepartop Pumana-JlnyeBunns, koacdpduuneHTHass obpatHaa 3agada, TeopeMa baHaxa o HenogBWMXXHOM
TOuKe.

Annotation. In the present paper, an inverse problem of identifying time-dependent coefficients in
a time-fractional, space-degenerate parabolic equation is formulated and studied in a bounded domain of
the plane. The existence and uniqueness of the solution to the considered problem are proved. To achieve
this, the properties of Bessel functions and the Banach fixed-point theorem are employed.

Key words: degenerate parabolic equation, Riemann-Liouville fractional differential operator,
inverse-coefficient problem, Banach fixed point theorem.

Annotatsiya. Ushbu magqolada tekislikning chegaralangan sohasida vaqt bo‘yicha kasr tartibli
hosila, fazoda buziladigan parabolik tipga tegishli tenglamada vaqgtga bog‘liq koeffitsientlarni aniglash
haqidagi teskari masala bayon qilingan va o‘rganilgan. Masalaning yechimi mavjudligi va yagonaligi
isbotlanilgan. Buning uchun Bessel funksiyalarining xossalari va Banaxning qo‘zg‘almas nugtani topish

haqidagi teoremasidan foydanilgan.

Kalit so‘zlar: buziladigan parabolik tipdagi tenglama, Riman-Liuvill ma’nosidagi kasr tartibli
operator, teskari masala, Banaxning qo‘zg‘almas nuqtani topish teoremasi.

LIntroduction

Inverse problems, particularly those
involving identifying source terms in systems
governed by time-fractional partial differential
equations (PDEs), have garnered significant
attention due to their wide-ranging practical
applications. In recent years, fractional differential
equations [1-4] have attracted considerable
attention due to their ability to more accurately
model various anomalous diffusion processes in
physics, biology, and engineering. Time-fractional
parabolic equations are of particular interest, as they
incorporate memory effects through fractional
derivatives, providing a more realistic description of
processes where classical models fall short [5-6].

In addition to initial-boundary value
problems, significant attention has been given to
inverse problems and those involving non-local
conditions for both one-term and multi-term time-
fractional diffusion equations. For instance, E.
Karimov et al. [7] examined a non-local initial
problem for a multi-term time-fractional equation
with spatial singularities. Similarly, M. Ruzhansky
et al. [8] analyzed non-local problems for time-
II.Formulation of the problem.

fractional diffusion-wave equations governed by
general operators with discrete spectra, establishing
existence and uniqueness results.  Further
contributions in this area include work [9] on
inverse source problems for space-degenerate time-
fractional heat equations, and [10], which addresses
inverse problems for multi-parameter space-time
fractional diffusion equations under non-local
conditions. Moreover, study [11] focuses on inverse
problems concerning the recovery of initial data for
solutions, classical in time and valued in the space
of periodic spatial distributions, for both time-
fractional diffusion and diffusion-wave equations.

However, these studies are limited to non-
degenerate time-fractional equations. In contrast,
boundary value problems—both local and non-
local—for degenerate partial differential equations
with fractional derivatives are still insufficiently
studied. Advancing research in this area holds
substantial theoretical and practical value, as such
equations  frequently appear in  modeling
phenomena in fields like gas and fluid dynamics,
small surface displacement theory, mathematical
biology, and others.
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In the rectangular domain Q= {(X,t) 0<x<l ,O <t<T } , we consider the following

equation
D (u(x,t) —u(x,0)) - (xu), +a(t)u(x,t) = p(t) f (x.t) (1)
where {U(X,t), p(t),(:](t)} are unknown functions, f(X,t) is known, and Dg; is the Riemann-
Liouville time fractional derivative of order & . O, ,B are given real numbers, such that O<a <1,
0<p<1l
Problem 1. A pair of {U(X,t), p(t), C](t)} functions, satisfying equation (1) in the domain, and

the following initial condition:

u(x,0) =e(x), 0<x<I, 2)
the following boundary conditions:

u(0,t) =u(,t) =0, 0<t<T, 3)
and the following over-determination condition:

|

_[a)i(x)u(x,t):hi(t), i=12, 0<t<T, @)

0

where Py (t), i =1,2 are given functions of t € [0, T].

Definition 1. The solution to Problem 1, we understand {U(X,t), P(t),ql(t)} such that
u(x,t) e C(Q).(x’u ), eC(Q),

Assuming that the functions @, and N satisfy the following assumptions:

" @,(x)eC[0,1]. @(0) =@ (1) =0, i =1,2;

|

2 h(t) eC'[0,T], ja)i (X)p(x)dx =h (0), i=12.
0

Let’s consider the following spectral problem

(xﬁx’(x))' =—AX (), )
X(0)=0, X(l)=0. (6)

We will show the existence of the eigenvalues and eigenfunctions of the problem {(5), (6)}. It is
known that the general solution of the (5) has the following form [12]

2\/1 X(2—ﬂ)/2
2-p

X(x)=x4?CJ +C,J_,

2\/1 (2512 , Rl
2-p

where p=(1— ,3) /(2- ﬁ) , C1 and C2 are arbitrary constants, J b (Z) is the Bessel function of the
first kind of order P defined by [13]

B ED (2
Jp(z)_nzz(; C(p+n+)n!”

F(Z) is the Euler’s gamma function [14].

Considering the series representations of the Bessel functions, obeying (7) to the condition (6), we
have the following equation
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J,(1)=0 ®)

where 1 =[2\ 2 1 (22— NP2,

It is known that equation (8) has a countable number of real roots that increase in absolute value
[12]. If we denote the N th positive root of the equation (8) as Hn , then we obtain the eigenvalues of the
problem {(5), (6)} as follows

4, =((2-a/2)61"27)", n=12,...

In (7), introducing A =/1n and taking C2 =0 and Cl =1, we find the eigenfunctions

corresponding to the eigenvalues ﬂn in the following form
X, (x)=xEP"2g [en(x/ |)<2*ﬁ>’2], n=12,.... )

Lemma 1. [15] The functions Xn (X), n=12,3,... defined by (9), form an orthogonal and

complete system in the interval [0, |] and

0, n#m,

Il Xn(x)Xm(x)dx:{ (10)
0 14

n!? n:m!

where v, =| 1°* 1 (2-2) |3%,,(6,).

p+1

We will seek a solution to the problem {(1), (2), (3)} in the form
u(x,t)=> X, (T, (1), (11)
n=1

here X n (X) is defined by (9) and Tn (t) is an unknown function.

We expand the given functions T (X,1), @(X) and by the system of functions {Xn (X)}:zl :
fxt)=> f.0X, 00, o(x)=> 0,X,(x), (12)
n=1 n=1

where T (t) = Vi jo' F(X)X. (X)X, g, = Vi jo'(p(x)xn(x)dx.

The desired functions T, (t) are obtained by applying the method of separation of variables to
equations (1), (12), and taking into account (2), we get

(0rT, ) (1) + AT, @) =F, (t.u, p.q, ),
T.(0) =9,

where F (t;u, p,q, )= p(t) f,(t) —q(t)T,(t).
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It is known, the initial-value problem (13) is equivalent in the space C[O,T] to the Volterra

integral equation of the second kind

T () =9, anl[—int“]+ j(t — r)a_l E,. [—ﬂn (t— r)a] p(z)f,(r)dzr -

t
J(t=2)"E, | ~A(t-7)" Ja(e)T, (r)dr. (14)
0
Lemma 2.[16] M € C(J)(J = [tO,T],tO S R+ = [0,00),T < +oo) and suppose that

m(t) <m, + LI (y) j: (t—s)'m(s)ds,t € J .
Then, we have
m(t) < mOE%l(L(t —tO)V),t el
where M, and L are nonnegative constants, ¥ € (0,1).

Estimating the function T_ (t) for te [O,T ] , we obtain the following integral inequality:

T ®<|@| +t 1| f. ]| P T (e +D) + HqHF‘l(a)E (t—2)*7 [T, (t)|dz.

where HqH =MaX, o lact) |, H p” =MaX o1 | p(t)]. H an =MaX o1 ‘ fn (t)‘ Applying
Lemma 2 to the last relation, we obtain the following estimate:

T < (|o, [+t £ ]I pI T (e +1)) E,,(Ilalt ) . (15)
Using equality (13), we obtain an estimate for G“Tn (t) :

OT, @< (A+ 1 al)(jp,|+t[ £, pI T (@ +D))E, (N gt )+ pll |f,].

Hence, we have established the following lemma:

Lemma 3. For Vt € [O,T] and for sufficiently large N, the estimates are valid

T O<(Jpu]+t[ £, pI T @ +D)E, (I gl t),

OT, @<L+ 1 al)(jp.|+t [ £, pI T (@ +D))E,, (N gt )+1 pll[f,].
Now, let us introduce the following operator

Lo=d/dx(x” de/dx).

We will define the compositions of L as
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Lp=L(Lo),...L"p=L(L(...(L(9))).

Lemma 4. Let ¢,L o, ..., Lm_lgo e C[0,1] and Lm(D el? (0, |) be such that the conditions
@(0)=¢(1)=0 and Li¢‘ o 0, Liw‘ L= 0 for 1=12,...,m—1 are satisfied, where Mme N
such that M > (5P + 2) / 4. Then the following inequality holds true

> A g <AL

n=1

|_2(o,|)

+00
—-2m+2
where A:Z/In meeep

n=1

Proof. Using the rule of integration by parts and considering the conditions of Lemma 4, one can
easily show that the following equality holds

(2. %,00) 01y = (=Y 2)" (L"0. X, (9) 2 0, - (16

Hence, applying (16), Cauchy-Schwarz and Bessel inequalities, we obtain

2 Al = AT (L0 X, (), = 2 A (L0 X, (0, <

o0 V2 o ) Y2
Sy ] (e, | <A

n=1

L2’

Since M > (5 p+ 2) / 4 | considering ﬂ’n ~N%in N —> +00, one can easily show that the series

A is convergent. Moreover, by the assumption of Lemma 4, HLm(DH < 400. Then, we can conclude that

~+00

. 1+p/2
the series Z/%n o/ |(Dn| converges.
n=1

Lemma 4 has been proved.

Formally, differentiating (11) term-by-term, we obtain the following series
~+00
a (2%
oru(x,t) =D 0T, (1) X, (). (17)
n=1
Since [xﬂux] =—AU, we have
X

B
]

Using the following formula [13]

3,00 =T v +1)(x/2)" T,(9).

<C Y (A ]ea|+ 20 F )X (%). (18)
n=1
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we rewrite X (X) as follows

X, () = AgIXT, | 6,(x/1)* " | (19)

where A=2""| (“‘1)/21“‘1 (1+ p) .

Considering the expression (19) of X, (X), we have

c, |orx3, ()]
n=1

Since ‘J_V (X)‘ <lforv> —1/2 , from the last, we obtain

(Aolen|+ A1 T.])

C,3 A g |+ A2 ]
n=1

. . 2 . .
Considering ﬁn ~ (9n at N — 400, we can conclude that the series of the last equality converges
under the assumptions of Lemma 4.

Let us derive an estimate for the norm of the difference between the solution of the original integral
equation (14) and the solution of the same equation when the functions p g, (Dn fn are perturbed. Let

T (t) denote the solution of (14) corresponding to the functions P, §, qon f that is

-|:n t) =9, anl(—/lnt“ ) + I; (t- T)aflEa,a (—ln (t— T)a) i(7) fn (r)dz -
_ L (t—7)"E, (-4t -2)")a@)T ()dr. (20)

Composing the difference T (t) —'fn (t) with the help of the (14) and (20) and introducing the
notations Tn('[)—fn(t) =T (t), p-p=p. q-G=0q, f —f =T we get the following

integral equation

T =5, . (~4t")+ [ -0 E, , (-4, -2 ) P, ()dr +
+H (t=0)E, . (-4, (-2)") p) T, (D)dr -

[ =", . (-4 E-)")T@T,()dz -

[, t-)"E, . (-4 E-)")a@)T, (D)dr @

is obtained:

From this, the following linear integral inequality for (I
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f,

T, (0] <|@,|+t*

BT+ 1)+t £, [ P (e + ) +
Halr @], -2 T (@)
Halt T @ +2)(je. +t7 | IPIT (@ +2))E, (Jalt”).

dr +

Using Lemma 2 from the last inequality, we arrive at the estimate:

.0 <{la@ ]+t
+Hat T e+ D) (|oo + | £l PIT @ + D)) E,., (1a(®) |t“)} E,..(Jd]t").

[BT (e + )+t £, I B[ + D)+

The following result for the uniqueness of the solution of the inverse problem {(1)-(4)}.

Now, we will determine the functions ((t) and P(t) from {(1) — (4)}, based on the contraction
mapping principle. Multiplying (1) into @, (X) , (i =1, 2) and integrating concerning over the segment

[O, | ], we get the following equation

j; @ (X)07u(x,t)dx —J'(:a)i (x)[xﬁux]X dX + q(t)ﬂ o (X)u(x,t)dx =
:p(t)j;cq(x)f(x,t)dx, i=12,  xe(0,), te(OT].

After integrating by parts, according to conditions {(2)-(4)} and 17, we obtain the equality

oeh (1)~ [ [ ¥ai(x) Julx dx + a@©)h () = pO) [ @ (x) F (x,t)dx 1 =1,2.(22)

Solving the last equation for the unknown functions P(t) and q(t), we obtain the following
integral equations for the unknowns:

p(t) = A_1(t)22: (-1)’h, (t){ﬁahi (t) - iﬂna)an (t; p; Q)} : (23)

i,j=1
i)

Q(t)=A1(t)i(—1){i n(t)wjn(a“hi(t)—iﬂnmen(t: p;q)ﬂ, (24)

i,j=1 n=1
i#l

where A(t) = hl(t)i f (O, —h, (t)io f (o, o = 'ja)i (X)X (x)dx.

Theorem 2. Let ‘A(t)‘ > A, >0 satisfied. Then, there exists a number T" € (0,T ), such that
there exists a unique solution p(t),q(t) eC [O,T*] of the inverse problem {(1)-(4)}.
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We consider the following operator
g=L[g]. (25)

where J = (gl, gz) = ( p(t); C](t)) is the unknown vector function. The components ( |_1, Lz) of L
are defined by the right-hand sides of (23) and (24):

LIG10 = 8 (®) - 470 X (D’ O AT, (0, 62). @

LIgI() = ge ) - A ) Y (-1)’ {Z f (0o, Y 40,T, (o, gz)} e

i,j=1
i#]

Let 0y = (U1, Uoy ) where gy (1) =A™ () D (<1)’h, ()0 Ny (1) ,

i,j=1
i#]

0 () = A0S ()Y f (), 0" ().

i,j=1 n=1

Let us consider the functional space of vector-valued functions J € C ( DT ) , equipped with a

norm defined by the following relation

| 9]} = max{max 4, 11|, (V)] Max, o 11| 9, ()]} -
Fix a number O > O and consider the ball
" (95,0)={9:19 - Gollepr, <}

Let us prove for an enough small T >0 the operator L maps the ball o' (go ) p) into itself.

For this aim, we find

<

|ILLGI) — 9o, ()] < 2050 A,

D T,(t9,59,)
n=1

<2083l TPl e+ D)E, (Jo )

n=1

” L,[9]1(t) — 9, (t)“ <2w, foAal <

> T.(t9:09,)
n=1

<20, T80 (Jea [+ T I g (e + DJE, . (01T,

n=1

where @ < AY? HLma)

vy o = MR oo b =22 F = Tl
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Here, we have used the estimate (15). According to Lemmas 3 and Lemma 4, the last series is
convergent. The functions on the right-hand side in these inequalities are monotone increasing to T .

Additionally, since the function {J(t) belongs to the ball ol (go ) p), the following inequality holds

l9ll< 2 +lgo 29)

Consequently, substituting ||g ” with O+ HQOH .in these inequalities only serves to tighten the

bounds. After making these substitutions, we get

L1 - GO < 2005"> ] + T 1,

o+l +0)E((0+ [oul) 7).

IL[91(t) - 96, (1) < 29, foAalzl(\conhT“H .|

*(p+ 9ol T (e + 1) B, (2 + 9l T).
These relations, together with (25), (26), and (27) imply the estimates

ILLg1(t) - 9o ®)] = max {|LLgI(t) - Gy O] |LLGIE) — 0o ]} <

< max {2fuA;', 20, T} 3 ([ + Tl (o + 00 )T (e + DB, (2 + 0 )T

n=1
Let T1 be a positive root of the equation

i T f
o 280 25| o LD ()

A, A, |3 ['(a+1)
Then, for T € [O,Tl] , we have L[g](t) e D' (go,p).

Now, let g(t) and §(t) be two functions in ol (go ) ,0) and estimate the distance between
their images L[Q](t) and L[§](t) in the space C[O,T] The function fn (t) associated with §(t) ,

satisfies (20) with the functions @, =(5n and fn = fn. By constructing the difference
L[g](t)— L[g](t) using (14) and (20) and then taking its norm, we obtain

|LLg)O - LIS < 20, Y I, (T5:0.) =T, (T: s )] <

20 )y T = RG] T g, - gl
“7A, ;{”% A e Y
e E L e AN ; _—
' ['a+1) (|(p”|+ (o +1) E0!11(”92”1- ) Ea,1(||gz||T )
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T, (T;gl;QZ)_Tn (T;gl; gz)”S

|L[91() - LG < 2eh, f 4

2600 _ A A A
Z{H -7+ I'a+1) " T(a+l)
|9, — G, T“ T £, [0 g, I ) o
’ IN'a+1) ‘(D”H Ia+1) Eavl(HQZHT ) anl(nguT )

Using inequality (15) and the estimate (18) with N
||g|| = ||g — g” = max{||gl — (jl”,”g2 - g~2||} , @, = @n and fn = fn , we continue the last

inequality in the following form:
|LLg1®) - LIGI®] < 20hAs Y T fulllg, = GulT (@ + D) +
n=1

o, = @[T T @+ 1) (g [+ T fllo) T @+ D) E, s (|97 Ens (l0T).
” L,[9](t) - Lz[g](t)” < 2w, foAalz{Ta ” fn””gl - g]”lﬂfl(a +1) +
n=1

"‘”gz - gznTaF_l(a +1)(|(pn| +T¢ ” fn||||gl||r_1(a "‘1)) Ea,l(”gz”-ra)} Ea,1(||g~2”Ta)(29)

Because J(t) and §(t) belong to the ball d' (go , p) , then for these functions takes place the
inequality (28). The function on the right-hand side in (29) at the factor ” g” is monotone increasing with

||g ” , ”g” ,and T . Consequently, replacing ” g ” and ” g” in (29) with O + ”g” will only strengthen the

inequality. Thus, we get

|LLg1®) - LG < 2heg' Y {T| £, [T (@ + D) +

n=1
AT T e +2)(Joo [+ T Fllg T (@ +2)) E, 1 (l0aIT) Eua (16217 lo - gl
ILL91(t) - LIGIM)| < 20, FoA" Y {T* | £ T (@ +1) +
n=1
AT T @+ D)o+ T fulllo T @ +2)) E,a (l02 )} Ene (00T o - gl
Hence, [|L[g](t) - LIGI(t)] < max{2amheA", 20, FyA, }Z{T [T (e +2) +

n=1

AT @+ D) (o |+ Tl g T e +D)E, 1 (10T} o (1607 )lg - gl
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Let T2 be a positive root of the equation

o0

132

max { 2, A,", 2, A AT £ |07 (@ + D) +TT (@ +1) x

n=1

(o + T I llgsl T (2 + 1)) E, (o T

)} Eus(lg:IT) =1

Then, for Te [O,Tz), the operator L contracts the distance between the elements

g(t),g(t) ECDT(gO,p). Hence, if we choose T <min(T1,T2), then the operator L is a

contraction on the ball @' (go ) ,0) . However, by the Banach theorem [17], the operator L has a unique

fixed point in the ball D' (go , p) , 1.e., there exists a unique solution of (26).Theorem 2 is proven.
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An inverse source problem for a fourth-order partial differential equation with two

lines of degeneracy

I. Khaydarov, M. Sobirjonova

Fergana State University, Murabbiylar Str.19, 150100, Fergana Uzbekistan

Annotation: In the present paper, an inverse boundary problem has been investigated for a fourth-
order partial differential equation that degenerates on the boundary of the considered domain. The solution
to the inverse problem is found in the form of a Fourier series. The existence and uniqueness of the solution

to the considered problem are proved.

Key words: the fourth order partial differential equation, inverse problem, spectral method, the
unigueness of the solution, the existence of the solution.

Annotatsiya: Ushbu maqgolada to‘rtinchi tartibli, soha chegarasida buziladigan xususiy hosilali
differensial tenglama uchun teskari chegaraviy masala o‘rganilgan. Teskari masalaning yechimi Furye
gatori ko'rinishida topilgan. Qaralgan masala yechimining mavjudligi va yagonaligi isbotlangan.

Kalit so‘zlar: to'rtinchi tartibli xususiy hosilali differensial tenglama, teskari masala, spektral usul,

yechimning yagonaligi, yechimning mavjudligi.
AHHOTauma: B Hactodwen pabote
anddepeHunanbHOro  ypaBHeEHUS

uccnepyeTtcs
YeTBEPTOro

obpaTHaa kpaeBas 3ajada [Agns

nopsagka, BblpOXaaKLleroca Ha rpaHuue

paccmaTpuBaemon obnactu. PelwweHne obpaTHon 3agadv nonydeHo B Buae psga Pypoe. [dokasaHbl
cyulecTtBoBaHne n eguHCTBEHHOCTb peLleHunsa paccmanMBaemoﬁ 3agauyun.

Knio4yeBble cnoBa:

andpdepeHumanbHoe ypaBHeHME 4YeTBEPTOro mnopsiaka C  YacTHbIMM

npou3BoAHbIMK, obpaTHasi 3agada, cnekTparnbHbil MeTod, eAUHCTBEHHOCTb PELLEHMs!, CyLLecTBOBaHMEe

peLleHus.
I.INTRODUCTION

Fractional calculus is a field of mathematical
analysis that deals with integrals and derivatives of
arbitrary (non-integer) order. In recent decades, it
has gained significant attention due to its broad
applications across science, engineering, and the
study of complex systems. For a deeper exploration
of the subject, readers may refer to sources [4], [3],
[7], [6]. as well as the references they contain.

In recent years, growing attention has been
directed toward the study of fractional versions of
differential equations of integer order. This rising
interest is driven by two key factors: firstly, these
equations often provide more precise models for
real-world processes; secondly, their investigation
represents a logical and significant advancement in
the field of differential equation theory.

Several studies, such as [12]-[14], have
looked at boundary and initial value problems for
fourth-order equations in one and two dimensions,
using a type of fractional time derivative called the
Caputo derivative. Interestingly, study [14] also
examines the related inverse problem. Other works,
including [15]-[17], explore similar problems using
different kinds of fractional derivatives, like the

I1.Formulation of the problem

Hilfer, Dzhribashyan-Nersesyan, and Riemann-
Liouville types. In addition, studies [18] and [19]
investigate both direct and inverse problems for a
more complex fourth-order equation that involves
the Hilfer derivative.

It's important to note that the studies
mentioned earlier mainly focus on non-degenerate
time-fractional equations. However, there has been
relatively little research on local and non-local
boundary value problems for degenerate partial
differential equations with fractional derivatives of
the unknown function. For more information on this
topic, the reader can refer to [5], [8], and the sources
cited within them. Studying boundary value
problems for these types of equations is valuable
both theoretically and practically, as they often arise
in mathematical models of various real-world
phenomena, including gas dynamics,
hydrodynamics, small surface deformations,
mathematical biology, and other scientific fields.

In this study, we introduce a unique
approach to proving the existence of a single
solution to an inverse problem for a fourth-order
partial differential equation that becomes
degenerate at the boundary of the domain being
analyzed.

In a rectangular domain €2 = {(X,t) 0<x<1l0<t< T} , We consider the following equation

. Dgiu(x,t)+[xﬂ (1-x)’ uxx(x,t)}

= f (x), (1)

XX

where - Dg; is Caputo fractional differential operator & order [6]
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1 Lg"(z)dz
F(n_a) d (t— Z)a—n+l !
a, B,y, T are given real numbers, such that O<er, 8,7 <1, T >0 and f(X) is an unknown

< Dyg(t)= (n=Re[a]+1,t>O)

function, F() is Euler’s gamma function [1].

Inverse problem. Show the existence and uniqueness of functions {U(X,t), f (X)} with the
following properties:
1 u(xt)eC(Q), ;Dyu(xt). (xﬂ(l—x)yuxx)
2. They satisfy equation (1) in the domain €2 ;
3. u(x,t) satisfies the following initial condition:
u(x,0)=¢(x), 0<x<1 )

X eC(Q), f eC(O,l);

X

and the boundary conditions:

u(Lt)=0, u,(Lt)=0, limx”(1-x) u,(xt)=0,

Xx—0

lim| x” (1= %) u, (1) | =0, 0<t<T, ®)

x—0

and the following over-determination condition
u(x,T)=w(x), xe[01], (4)
where gD(X) is a sufficiently smooth given function, such that q)(l) =0, go' (1) =0,

!

limx” (1-xY ¢"(x)=0 , lim| ¥’ (1-x)" ¢"(x) | =0.

x—0
First, we consider homogeneous equation corresponding to the equation (1), and seek a solution of

this homogeneous equation satisfying the condition (3) in the form u(X,t) =V(X)T (t) As a result,

with respect to V(X), we have the following spectral problem:

=[x @-x)v(x)] =av(x),  xe(0d), @

V(1)=0, V(1) =0, limx’ (1-x) v"(x) =0, lim| ¥’ (1-x) v'(x)| =0, (@

i.e. a problem finding those values of the parameter A for which there exist nontrivial solution of
equation (4) satisfying conditions (5).

Let’s investigate the problem {(4),(5)}. Assume that there exist eigenvalues of the spectral problem
{(4),(5)}. Considering this assumption, first, we will define the sign of the A . To do this, multiplying the

both sides of (4) to the function V(X)and integrating over [0,1], and using the rule of integration by
parts two times, considering the condition (5), we have

1 1
Aj.vz(x)dx =Ixﬁ (1-x) [v”(x)]2 dx.,
0 0
from which it follows that 4 > 0.

14
Let A =0. Then, form (1), we have [Xﬂ (l— X)y V"(X)J =0. It is easy to see that the

general solution of this equation has the following form
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v(x)= CI(X 2)2"’ (1-z) dz+CIx z)z7(1-z) " dz+Cx+C,,
0

where C i j = 1, 4 are arbitrary constants. Satisfying this function to the conditions (5), it is easy to

verify that V(X) = 0. Thus, we conclude that the problem {(4),(5)} can have nontrivial solutions only
for A >0.

Now, we will show the existence of the eigenvalues and eigenfunctions of the problem {(4),(5)}. In
order to this, we construct Green’s function of the problem {(4),(5)}. It is unique and represents as
follows:

O ey

(s—2)z""(1-z) " dz —x:[(s— 2)z7(1-z) " dz+

+s-l[(x—z)z‘ﬂ(l—z)_7dz—j.(x—z)zl‘ﬂ(l—z)_ydz, X<,
G(x,s)=1 ° N
(x—z)zl‘ﬁ(l—z)_ydz—sj(x—z)z‘ﬂ(l—z)_y dz +

0

O — <

+xj(s— 2)z77(1-2) " dz —.l[(s— 2)z"’ (1-2) " dz, X >S.

0 0
Then the problem {(4),(5)} will be equivalent to the integral equation [9]
1
:/IJG(x,s)v(s)ds. (6)
0

Since G(X,S) is symmetric, continuous, and positive (A > 0), then from the theory of integral
equations with symmetric kernels [10] it follows that equation (6) [hence problem {(4),(5)}] has a countable
set of eigenvalues O0<A <A, <A, <.. and corresponding orthonormal eigenfunctions
Vl(X),VZ(X),V3(X),... and, also any function g(X)e Lz[O,l] expands into a series in these

eigenfunctions, which converges on average.
1. Auxiliary lemmas

Let {Vk (X)}:;l and {ﬂk }:):1 be the eigenfunctions and eigenvalues of the spectral problem

{(4),(5)}, respectively. In our previous work [11], we proved the following lemmas:
Lemma 1. On the interval [0,1] the following series converge uniformly:

SV (X) & [VL(X)T [Xﬁ(l X)'v "(X)J2 = {[Xﬁ( X "(X)”

Lemma 2. Let the following conditions be fulfilled:
f(x), f'(x)eC[0,4], x"*(1-x)" £"(x) e L,[0,1], f(1)=0, f'(1)=
Then the following Bessel type inequality holds:

Zﬂkfz sixﬁ(l—x)y[f"(x)]zdx,
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here in after fk denotes Fourier coefficient of the function f (X) by the system of eigenfunctions

{Vk (X)}:: :

Lemma 3. Suppose that the following conditions hold:
f(x). £(x). %" (L-x)’ £7(x).[ %" (1-x)" ()| ec[oa],
|:Xﬁ (1_ X)7 f !!(X):|" S L2 [0,1],

f(1)=0. £'(1)=0, limx”(1-x)" "(x)=0. lim| X (L-x)’ f"(x)| =0.

Then the following Bessel type inequality holds:

B 1 n P
> AE sj{(xﬁ(l—x)y f"(x)) } dx .
k=1 0

Lemma 4. Let the following conditions be fulfilled

x), [Lf(x)] ec[01], x*(1-x)"*Lf(x)eL,(01),

f(1)=0, #/(1)=0, limx” (1-x)" £(x) =0, lim[ x” (1-x)’ +"(x)] =0.

x—0 x—0

=0.

x=1

Lf (x)‘X=1 =0, [ Lf (x)],

Then the following inequality holds true

gﬂfff s:[xﬁ(l—x)y {[Lf (x)}”}zdx. (7)

Proof. Using the equation (4), we can write
1

zf’sz:zf’zjf(x)vk(x)dx:zkﬂzif() (X)dx = Akmj'f [xﬂl x) v ()} dx

0

Hence, applying the rule of integration by part four times and considering the properties of the functions
f (X) and Vk(X), we get

Al = ﬂk”zi[x/” (1-x) f ”(X)T v, (X)dx = Akﬂzi L (X)V, (X)dx.

4
Replacing the function Vk(X) in the last integral with [Xﬂ (1— X)y Vd | A, and then applying

integration by parts two times to the resulting integral, we have

ﬂs/sz:l‘xﬂ/z(l_x)ylz[u( ] {/L(llzxﬂ/z(l x)yz ”( )}dx

/2 ”n
Thus, the number ﬂflz f, is the Fourier coefficient of the function xP2 (1— X)7 [Lf (X)] with

+00

_ /2
respect to the orthonormal system of functions {ikllzxﬂ 2 (1— X)y V¢ (X)} . Then, according to
k=1

Bessel’s inequality, we come to the inequality (7).
Lemma 4 has been proved.
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IVV. The existence of the solution to inverse problem
We will expand the functions U (X,t), (D(X), f into series with respect to the system of

functions {Vk (X)}:;1 by formulas, respectively,

u(x,t)=> T (t)v () 8)

e
k=1

f(x):kifkvk(x), gp(x)zg(pkvk(x). ©)

and

Moreover, we expand the function i/ ( X) by this system as follows

v (%)= 2w (x) 0
k=1

1
where Y/, = J‘y/(X)Vk (X)dX.
0

Substituting (8), (9) and (10) into the equation (1), initial condition (2) and the over-determination
condition (4), for defining Tk (t) and fk , we will have the following problem

¢ Do Ty (t) + AT, (t) = f,
T.(0)=9. (11)
T(T)=vw,.
It is easy to verify that from the problem (11), Tk (t) and fk can be found in the following forms

(@k — Y ) Ea,l(_ﬂ'kta) f,

+ (12)

1-E,,(-4T°) A

T (t):

fo =4 g+ — 0k 13)
‘ ¢ 1-E,,(-4T7)
Then, the formal solution to the inverse problem is given by
— 1_Eal(_/1kta)
u(x,t)= : — X), 14
( ) le 1_Ea,1(_2'kTa)(Wk (Pk)+¢k k( ) (14)
P2y +— v, (X). (15)
kzllﬂk il 1-E,,(-AT%) ()

where Eaﬁ ( Z) is Mittage-Leffler’s function [2]:
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E, ,(2)=Y ———.
v
“ =T (an+p)
Theorem 1. Let the functions ¢ and y/ satisfy the conditions Lemma 4. Then, the series defined
by (14) and (15) will be the unique solution to the inverse source problem.

Proof. First, we consider the series (14). It is known that for O < & <1 the following estimate is
valid for the Mittag-Leffler function [2]:

1 1
o SE.u(2)< —, 2>0.
1+T(1- a)z 1+T(Q+a) "z
Considering the above estimate, from (14), one can easily get

1-E, (A1)
1-E,,(-ATY)

= Zg|¢k”vk(x)|+§|V/k”vk(x)| = 22@@”%—#2\/2@'(“\3%? .

|u(x,t)|£§£

k=1

|§0k — Wy | + |¢k |J|Vk (X)| <

Hence, applying the Cauchy-Schwarz inequality, we have

S B[ S szk‘x’f

The series on the right-hand side of these inequalities converges uniformly in X € [0,1] due to

Lemma 1 and Lemma 2. Hence, the series on the left-hand side also converges uniformly in X on [0,1].
Therefore, the series (14) will be absolutely and uniformly convergent in €.

Now, we consider the series corresponding to the function [Xﬁ (1- x)7 uxx] . From (14),
XX
considering (4), we get

I < 1_Ea1_ ta /4 ”
‘[Xﬂ (1-x) U} < kZ;, 1 Ea,;((—ﬂ/ikT 0,)) (@ —vid) + ¢ [Xﬁ (1=x)"v (X)}
+00 1_ E _ a +00 +00
= kzﬂk [ 1_ anl((_j:.lt_a)) ‘(% - l//k)‘ + ‘¢k‘}‘vk (X)‘ < ZKZ&( ‘q)kHVk (X)‘ + kzﬂk "//k HVk (X)‘

:zgzs“\%\—‘vﬁhgzsﬂ \wk\—‘vg%)‘.

From here, using the Cauchy-Schwarz inequality, we obtain
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k=1 kl//i'k k=1

The series on the right-hand side of these inequalities converges uniformly in x ¢ [0,1] due to Lemma

SR 3 2% Vi (%) v, (M| 3 25 Ve (X)
S el 2 S K00 ) S PO o)

1 and Lemma 4. Hence, the series on the left-hand side also converges uniformly in X on [0,1]. Therefore,

the series corresponding to the function [xﬂ (1_ x)7 uxx:| will be absolutely and uniformly convergent
XX

in any compact D c Q.
Now, considering the series corresponding to the function f from (15), we get

100]< zmv (x)\!il O

Similarly, one can show convergence of these series under the assumptions of Theorem 1.
V.The uniqueness of the solution to the inverse problem

Assume that there exit two solutions {ul(x,t), fl(X)} and {uz(x,t), fZ(X)}. Let us denote
their difference by u(x,t):ul(x,t)—uz(x,t) and f(X): fl(X)— fz(X). Then the pair
{u(x,t), f (x)} should satisfy the following equation

CD§;u(x,t)+[x"3(1—x)7uxx(x,t)] =0, (16)

XX
Supplemented with the following conditions

u(Lt)=0, u,(Lt)=0, IXiLrolxﬂ(l—x)yuxx(x,t):O,

Ixiirg[xﬂ (1-x) uXX(x,t)}X =0, (17)
u(x,0)=0, u(x,T)=0, xe[0,1]. (18)

To establish the uniqueness of the solution, we consider following equality

ju xt dx keN (19)

Applying the operator DOt to both side of equation (19), we obtain
1

¢ Do (t) = I ¢ Dau (x,t)v, (x)dx.
0

Using the equation (1), this expression simplifies to

1

a e
L DET, (1) = j{[xﬁ(l_x) ua ()] + f}vk(x)dx.

0

Hence, considering the boundary conditions (17) and (18), we apply the integration rule twice and

rewrite the expression as follows
1

DT, (t):![xﬁ(l—x)yvlf(x)]”u(x,t)dx+ f.

From the last, taking into account the equations (4) and (19), we have
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c D&Tk (t) + AT, (t) = fk ’

140

(20) T,(0)=0, T, (T)=0. (21)

One can easily show that the solution to {(20),(21)} is given by fk =0 and Tk (O) =0. Since

the spectral problem {(4),(5)} is self-adjoint, its set of eigenfunctions {Vk (X)} is complete. Thus,
u(x,t)=0, f=0.

Therefore, we conclude that U, (X,t) =u, (X,

solution to the inverse source problem.
VI1.Conclusion

In the present paper, we consider an inverse-
source problem for a fourth-order, time-fractional,
space-degenerate partial differential equation in a
rectangular domain. By applying the method of
separation of variables, we obtain a spectral
problem for a fourth-order ordinary differential
equation. Since this equation has a degenerate
coefficient, we cannot find the eigenvalues and
eigenfunctions of this spectral problem in an
explicit form. However, by applying the theory of
integral equations with symmetric kernels, we
establish the existence and some properties of the
eigenvalues and eigenfunctions of this spectral
problem. Using these properties, we prove the
existence and uniqueness of the solution of the main
problem.
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On the accuracy of the 2" and 3 order Runge-Kutta methods for the quadratic

dynamical systems
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AHHoOTaumA. C mateMaTMyecKkon TOUKM 3pEHUS, CTPOroe onpenerieHne BepXHUX rpaHuL, pasHbIxX
MeXAy TOYHBIMU 1 NPUBAMXKEHHBIMU peLLeHuamMmn ang 3agayun Kowwu siensietcsa BaxkHon 3agaden. B naHHom
CcTaTby NPOBOAATCA 3TN BEPXHUE rpaHuLbl Ana MeToaoB PyHre-KyTTn onsa kBagpaTtuyHbIX AMHAMUYECKUX

CUCTEM.

KnroueBble cnoBa: YnucneHHoe nHterpuposaHme, metoq PyHre-KyTTel, MeTog DN-cnexenus, pag

Tewnnopa.

Abstract. From a mathematical point of view, rigorous determination of upper bounds between
exact and discrete solutions for the Cauchy problem is an important problem. In this paper, these upper
bounds are given for Runge-Kutta methods for quadratic dynamical systems.

Keywords: Numerical integration, Runge-Kutta method, DN-tracking method, Teylor series.

Annotatsiya. Matematik nuqgtai nazardan, Koshi muammosining aniq va taqribiy yechimlari
o'rtasidagi fargni yuqori chegarasini gat'iy aniglash muhim masala hisoblanadi. Ushbu magolada Runge-
Kutti usullari uchun bu yugori chegaralar kvadratik dinamik sistemalar uchun topilgan.

Kalit so'zlar: Sonli integrallash, Runge-Kutta usuli, DN-kuzatuv usuli, Teylor gatori.

I. Introduction

One of the main and effective methods for
numerical integration of systems of differential
equations are the well-known Runge-Kutta methods
[1-4]. The corresponding difference scheme is given
in almost all textbooks and monographs on
numerical analysis.

An estimate of the solution error is also
known, which has the form

|z(t) — z,| < CTelXhS (1)
where z(t) - exact solution of the Cauchy problem
z=f(2),2(0) =z,

z,, - corresponding approximate solution, i.e. z, =
z(nh).

But, the justification for assessment (1) in
all the literature available to us is carried out only at
a heuristic point of view. For example, in [1] an
estimate of type (1) is based on the definition

max

L= xosxsx0+X|fy,(x’ }/)l,

which is difficult to acceptable, because the value of
L will turn out to depend on the solutiony = y (x),
and it is, generally, unknown. Moreover, there is no
guarantee that on a given interval of values of the
argument [x,, xo, + X] the point (x,y (x)) remains
within some limited area, and in nonlinear systems,
as a rule, there are solutions that go to infinity in a
finite time.

In the paper [2], the definition of L is based
on the set U = {(x,y (x)) |x, < x < X}, therefore
remains undefined for the same reason.

In practice, this circumstance doesn't
usually cause significant concern. This is because
both the existence of a solution within a specific

range of the independent variable and a preliminary
(a priori) estimate for |y(x)| can often be determined
through physical considerations. Furthermore, the
accuracy of the approximation can be evaluated, for
instance, by observing the stabilization of solution
values as the integration step size is reduced.
However, assessments like (1) are often not very
effective due to the the e multiplier.

In 2008, A. Azamov proposed a new
method [5] for qualitative research of dynamic
systems, called the discrete-numerical tracking
method (abbreviated DN-tracking from the words
discrete-numerical). The essence of the method is to
use a numerical solution not for approximate
integration of the system, but to prove that the
dynamic system has one or another property, for
example, it has a closed trajectory. In this case,
naturally, one can rely on inequalities of the form
(1) only if there is a proof for it with the rigor that is
acceptable in mathematics.

This work is devoted to a rigorous proof of
an inequality of the form (1) for the 2" and 3™
orders Runge-Kutta methods.

I1. Materials and methods

Now, we consider the following Cauchy
problem given by a quadratic dynamical system
2= f(2),2(0) = z )
where f is a quadratic polynomial and z € R™.

Assume that the solution z(t) of system (2)
exists within the interval [0, T] and remains within
a pre-defined convex compact region K.

If system (2) is not integrable and lacks
symmetry, numerical methods must be employed to
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analyze the qualitative behavior of the system. where ki = hf(z,), ky = hf (z, + akqy),c; +
Mathematically, determining the upper bound ofthe ¢, = 1,2ac, = 1,n=0,N — 1;

accuracy of these numerical methods is crucial for We make some notations
making rigorous mathematical conclusions. my = max||f(2)||,my = max||df(z)/0z|, m,
In this work, we provide upper bounds for ZeK Fex 2
= max||0°f(2)/0z*|l,

the accuracy of the well-known second and third

order Runge-Kutta methods with integration step ~ Where ||| is Euclidean norm sign.
h =T/N, example, for 2" order: z,,, =z, +

ciki+cky, ()

I11. Results and discussion
Theorem 1. It holds
|z(h) — z;| < Ch3

2:mgmi+|3a—2|'m3-m,
12 ’

where C =

Proof.
k4 is defined, thus we know define k, as follows:

" . 2
k, = hf(z+ ak,) = h<f(z) + f'(2)ak, + M) =

2

2
= hf(2) + af '(2)f (2)h* + %f "@[f @), f(]n?
For 0 <t < h, we consider ¢(t) = z(t) — Z(t) function, where
Z=2zy+ c1k1(zg,t) + 2k (20, t) = 2o + c1f(2p)t +

2
+e, (f(ZO)t +af (20)f (2t + %f”(Zo)[f(Zo),f(Zo)]t?’)
In general, we should estimate |¢@(t)| function. To do this, we use the Taylor series formula
() = 2(6) = 2(6) = 9(0) + ¢ (Ot + L 2e2 1 (27O, _gy2q9  (4)
From (4), to estimate ¢ (t), we find ¢ (0), ¢’ (0), " (0) and @""(6) '
~ 9(0)=2(0)-2(0)=0 _
') =2(t) —z(t) = ¢'(0) = 2(0) — 2(0) = f(z0) — 2(0) =
= f(20) - c1f(20) — c2f (z9) =0 )
@"(t) =Z(t) — 2(t) = ¢"(0) = Z2(0) — 2(0) =
= f'(z0)f (z0) — zaczfl.(_'zo)f(zo) =0
"' () =Z(t) —2(0) =
= f"®OUF®, fFO1+ (f ’(t))zf (t) = 3C,a*f" (20)[f (20), f (20)]

Therefore, we have

t
0(t) = 2(6) — #(t) = @(0) + ¢’ (0)t+‘p ( ) 2 +f"’ 2!(9) (t — 6)2d6 =

0

t
24 9
=f(” ©) ¢~ 6y240
2
0
Now, it is time to estimate |¢@(t)]

t
j‘p 2(9) (t — 0)2do| <
0

0

(t — 0)2d0 =

lp()] =

t
O]
2

FUONFO), £O)] + (£/(8))°F(8) — 3C,a*" (20)[f (20), f (20)]| (t — 6)?d6 <

-J:
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t
1
sz 1——| my-m3 +m?- mo)(t—B)sz—
0
132 — 2| 1
=< 5 m%-m2+g-m0-m% t3 =
_ 2-mg-m{ +|3a— 2| m§-m, 3
B 12

2:mgm3+|3a—2|-mém,
12 '

by the condition 0 < t < h, |@(t)| < Ch3, where C

Theorem is proved.
Using Gronwall-Bellman inequality one can estimate the global error of Runge-Kutta 2" order

Theorem 2. Assume that z,, € K. It holds
emT 1

|z(nh) —z,| < C h?.

1

Let consider 3" order Runge-Kutta methods with integrating step h =
Zn+1 — Zn + Clkl + C2k2 + C3k3
ky = hf(zp + aky), ks = hf(zn + Bky + vk3),

c1+cp+c3 =1, baycz =1,
2ac, +2(B +¥)c3 = 1, 3a?c, +3(B +y)%c; =1,

kl = hf(zn);
n=0N-1;

Theorem 3. It holds
|z(h) — z;] < (C +1,(01)C,h)h*

where
_mom§ + 2|la + 2B + 2y — 2|mimym,
24
(10|ay|m§mim, + 10|a(B +y)Imgm3
120 ’
2 3 2
C, = max< a |y|m0m1m2’ |
12
la®y|lmgm3
\ 48

Proof. Similarly previous theorem for 0 < t < h, we consider ¢(t) = z(t) — Z(t) function, where Z =
k1(zo;t) = tf(z0), k2 (205 8) = f(zo)t +

J

Zy + ¢1k1(20,t) + c2ky (20, t) + c3k3(20, 1),
af'(z)f(zo)t* + %f”(Zo)UC(Zo),f(Zo)]t3 and k3(zo;t) = tf(zo + Bky +vky) =

- t(f(ZO) 1 @) Bl + 7)) + T2 (g 4y, )
=f(zo)t+ (B + V){ (Zo)f(zo)f +
+ {ay(f'<z0))2f<z0> A y) £ (zo)If 20), f(zm}

2
{ﬂf’(Zo)f”(Zo)[f(Zo),f(Zo)] +ay(B + V)f”(Zo)[f(Zo),f’(Zo)f(Zo)]}

azyz
+{ f”(Zo)[f’(zo)f(zo)'f’(Zo)f(Zo)]
+YEED o[, £ ol ), f(z0>]]}

a3y2

f"@|f' (20)f (20), f" (o) [f (20), f (20)]]t® +
aty 2

f”(Zo)[f”(Zo) [f (2o), f (20)), £ (20)[f (20), f (20)] ]t7
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It is easy to see that

@) = z(t) — 2(t) =

t

=@(0) + ¢’ (0)t + (puz(' ) 2 2+ go,;!(o) t3 + f ¢(2!(9) (t—0)3d6
9(0) = ¢'(0) = ¢"(0) = <p”’(()0) =0
So, we have
o) = f(pm( )(t - 6)3d6
Hence. 0

e@©O) = (f' @)’ f(@) +2f' @Df " DIf @, f@D] + 2f " DIf (Df @), f ()]
—{2af"(20)f" (20)[f (20), f ()] + 4B + V)" (2)[f (20), [ (20) f (20)1}
—{10ayf" (zo)[f ' (20)f (20), f ' (20) f (20)] + 10a(B
+1f"@)[f (20), f' (20)[f (o), f (20)]]30
- 30a2Vf"(Zo)[f’(Zo)f(Zo);f”(zo)[f(zo)rf(zo)]]ez

35
- 70(3Vf”(zo)[f”(Zo)[f(Zo)rf(Zo)]rf”(Zo)[f(Zo):f(Zo)]]93

lp™(6)] < |(f’(Z))3f(Z)| +21f'@f" @DIf @), f DIl + 2" @If ' (2)f (2), f (2]
+ {2af"(2o)f " (2o)[f (20), f (20)] + 4(B + V)" (20)[f (20), f' (20) f (20)]}]
+ [{10ayf" (20)[f' (20) f (20), ' (20)f (20)]
+ 10a(B + V)f”(Zo)[f(Zo);f”(zo)[f(zo);f(zo)]]}gl
+ |30a Vf”(Zo)[f’(Zo)f(Zo)’f”(zo)[f(zo)rf(zo)]]ez|

|—a Vf”(Zo)[f”(Zo)[f(Zo)’f(Zo)]'f”(Zo)[f(Zo):f(Zo)]]93

Therefore, upper bound for the function ¢(t) We obtain

@ (g @ (g
()] = f‘” © ¢ - oy de—f‘” ©)

0 0
t

1
< gf (momf + 2|a + 2B + 2y — 2|mimym,

(t —0)3d6

0
+ (10|ay|m3mym, + 10|a(B + y)|m3m3)6 + 30a?|y|mim,;m36°

35
+ - |a3y|m§m§93) (t —0)3de =

t
_ mom; + 2|a + 2 + 2y — 2lmgmym, j(t —0)3d6 +
0

6

t
10|ay|mZm?m, + 10|a(B + y)|m3m?
N |ay|momim, . la(B +v)Img 2[9(t—9)3d9+

0
t t

+5a2|y|mg’m1m%f¢92(t—9)3d6 +—|a ylmomzje (t —0)3do =

0 0
m0m1 +2|la + 2B + 2y — 2|lmimym, 4
+
24
10|ay|m§mim, + 10]a(B + y)Imgmj _  a®lylmgmym;
+ 120 + 12

t7<Ct*+C.A+t+tHS < (C+Co-t-1,(0D)e*

la3y|mgm3
48
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lp(h)| < (C+C.-h-1,(01))h*

where
_mem3 +2|a + 2B + 2y — 2|mimym,
B 24
(10|ay|mmim, + 10|a(B + y)|lmgm3 )
120 ’
2 3 2
C, = max/ alylmomym; >
12
la®y |mgm3
48

Theorem is proved.
Theorem 4. Assume that z,, € K. It holds
myT __

|z(nh) — z,| < (C + 1, (01)C*h)m—h2
1

1V. Conclusion

The global error arising from the approximate solution of the Cauchy problem for quadratic
dynamical systems using Runge-Kutta methods is estimated. This estimate can be used to rigorously prove
the existence of qualitative properties of dynamical systems, potentially leading to new directions in the
theory of dynamical systems.
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Kompleks sohada yo‘nalish bo‘yicha quvish masalasi

T.T. Ibaydullayev

Z. M. Bobur nomidagi Andijon davlat universiteti, O‘zbekiston, 170100, Andijan sh,

Universitet ko‘chasi 129 uy

Annotatsiya: Ushbu maqgolada kompleks o‘zgaruvchili tenglamalar bilan berilgan sodda
differensial o'yinda yo‘nalish bo'yicha quvish masalasi o‘rganilgan. Maqola so‘ngida gochish masalasi ham

garalgan.

Kalit so‘zlar: Differensial o'yin, quvish masalasi, qochish masalasi, strategiya, kompleks soha.
Annotation: In this paper, the pursuit problem along a direction is studied in a simple differential
game described by equations with complex variables. At the end of the paper, the evasion problem is also

considered.

Keywords: Differential game, pursuit problem, evasion problem, strategy, complex domain.
AHHOTauuAa: B gaHHoW cTaTbe paccmatpuBaeTcs 3agadva npecrnefoBaHus no HamnpaBreHuio B
anddepeHuranbHON Urpe 3agaHHbI NPOCTENLLNMN yPaBHEHMAMW KOMMNNEKCHOro Buaa. B koHue paboTbl

paccmoTpeHa 3agada yberaHus

KnioueBble cnoBa: [OuddepeHunancHas wrpa, 3agadya npecrefoBaHusi, 3agada yGeraHus,

CTpaTeFI/Iﬂ, KoOMnneKkcHada 06]‘IaCTb.
I.Kirish

Differensial o‘yinlar nazariyasidagi
masalalar asosan haqigiy sohalarda o‘rganilgan va
ko‘plab juda muhim natijalarga erishilgan. Bunda
R. Ayzeks, N.N.Krasovskiy hamda L.S.Pontryagin
va uning qator atogli shogirdlarining xizmatlari

beqgiyosdir. 2000-yillarning boshlarida,
L.S.Pontryaginning izdoshlaridan bo‘lmish atoqli
olim, Akademik N.Yu.Satimov gator ilmiy
anjumanlarda mutaxassislar e’tiborini

avvalgilaridan keskin farg giluvchi masalalarga,
Xususan, kompleks sohadagi o‘yinlarni tadqiq qilish
masalalariga jalb giluvchi ma’ruzalar bilan chiggan,
gator ilmiy maqolalar e’lon gildi. Bunday masalalar
jam bo‘lgan yo‘nalishlarni differensial o‘yinlar
nazariyasining istigbolli yo‘nalishlari deb atagan.
Kompleks soha uchun ular professor G*.Mo‘minov
bilan hammualliflikda ikkita ([1],[2]) maqola e’lon
gilganlar. Ular tegishli differensial o‘yinlarning
kompleks analogi bo‘lsada, lekin olingan natijalar u
gadar analogik emas, masalan, hagigiy sohada
sodda quvish masalasida quvlovchining tezligi
gochuvchining tezligidan katta bo‘lganda o‘yin
ma’lum vaqgtda tugaydi, lekin kompleks sohada
quvlovchining tezligi gochuvchining tezligidan
katta bo‘lganda ham qo‘shimcha shartlarda o‘yin
tugamaydigan strategiya qursa bo‘lishi kelib
chiggan. Umuman N.Yu.Satimov ta’kidlaganidek,
kompleks sohadagi o‘yinlarni tadqiq qilish ko‘p
jihatdan qulay, masalan, bir nechta xususiy hosilali
tenglamalar sistemasi bilan berilgan murakkab

o‘yin bitta kompleks differensial tenglama bilan
ifodalanuvchi o‘yinga keladi.

Bu sohadagi eng so‘nggi natija ushbu ishda
keltirilgan bo‘lib, unda [2] dagi natijalar ancha
yaxshilangan. Bu uchchala ishdan boshga ish ham
mavjud emas va ularning barchasida quvlovchining
strategiyasi qurilayotganda ragib boshgaruvining
har bir nugtadagi giymatlaridan foydalanilgan.

Mazkur ishda esa sodda differnsial
o‘yinning kompleks analogi o‘rganilgan bo‘lib,
unda quvish masalasi garalgan, quvlovchining
boshgaruvi  qurilayotganda esa,  gochuvchi
boshgaruvining har bir nugtadagi giymatidan emas,
balki uning ayrim nuqtalaridagi holatlaridan
foydalanilgan, ya’ni yo‘nalish bo‘yicha quvish
masalasi yechilgan. Bunda N.Yu.Satimovning
hagigiy sohadagi ishlaridan keng foydalanilgan.
Albatta, kam informatsiya bilan o‘yin tashkil
gilinganda natijada ham biroz kamchilik bo‘ladi.
Kamchilik shundaki, quvlovchi qochuvchining
ustiga emas balki, uning istalgancha kichik atrofiga
tushadi, ya’ni reduktiv koordinatalar sistemasida
aytadigan bo‘lsak, boshqgarilayotgan nuqta «0» ning
ustiga tushmaydiyu, ammo uning istalgancha kichik
€ atrofiga tushishi ko‘rsatilgan.

1. Masalaning qo‘yishi va asosiy natija. quvish
masalasi

Sodda bo‘lishi uchun bir yo‘la eng sodda
differensial o‘yinning reduktiv koordinatalar
sistemasidagi kompleks analogini bayon gilamiz.

Aytaylik kompleks tekislikda differensial
o‘yin (‘uyidagi eng sodda kompleks argumentli
differensial tenglama bilan ifodalangan bo‘Isin:
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w=—-u+v,w(zy) =w,, 1)

bu yerda, w = w(z) butun C- kompleks tekislikda
(z lar tekisligida) aniglangan analitik funksiya,
7,25 € C (zg =0 deb olamiz), wy-boshlang‘ich
holat, wy # 0; u va v - boshgaruv parametrlari, u-
quvish parametri, v- qochish parametri bo‘lib, u va
v - boshgaruv parametrlari deganda, mos ravishda
butun C- kompleks tekislikda aniglangan u = u(z)
va v=v(z), ze€C analitik funksiyalarni
tushinamiz. Shu munosabat bilan ularni boshgaruv

funksiyalari deb ayaymiz. Ular quyidagi
tengsizliklarni, ya’ni chegaralanishlarni
ganoatlantirsin:

lu(z)| <p,lv(z)|<ozecC, (2

Geometrik nugtai nazardan bu tengsizliklar
funksiyalar tekisligida markazlari koordinatalar
boshida bo‘lgan, radiuslari mos ravishda p va o
bo‘lgan doiralarni ifodalaydi [3]. Shuning uchun
ularni geometrik chegaralanishlar deb ataymiz.

Agar z argumentning z lar tekisligining
biror chegaralangan E sohasidagi uzluksiz
o‘zgarishlari uchun, w(z) funksiya ham w lar
tekisligida uzluksiz o‘zgarib [3], biror z =z' € E
da w(z) =0 bo‘lsa, u holda (1) o‘yin tugagan
hisoblanadi, yoki o‘yin quvlovchining foydasiga hal
bo‘ldan bo‘ladi. Yoki, yeterlicha kichk & > 0 soni
olinganida ham shunday z =2z € E topilsaki,
natijada |w(z")| < € tengsizlik o‘rinli bo‘lsa, ya’ni
w nugta 0 nugtaning ustiga emas, balki yetarlicha

kichik atrofiga tushsa ham o‘yin tugagan
hisoblanadi. O°‘yinning tugashi o‘rganiladigan
masala quvish masalasi deb yuritiladi. Bu-

guvlovchining magsadi. Aksincha, agar birorta ham
z € Cdaw(z) # 0bo‘lsa, uholda o‘yin tugamaydi,
yoki o‘yin gochuvchining foydasiga hal bo‘ldi deb
hisoblanadi. O‘yinning tugamasligi o‘rganiladigan
masala gochsh masalasi deb yuritiladi. Bu esa-
gochuvchining magsadi. Buning uchun
quvlovchining ixtiyorida u boshqgaruv parametri,
gochuvchining ixtiyorida esa v boshgaruv
parametri mavjud bo‘lib, o‘yinchilar (1) sistema
orgali w(z) funksiya o‘zgarishlariga o‘zlarining
magsadlariga muvofiq ta’sir giladilar. Quvish
masalasida boshlang‘ich holat va gochuvchining
boshgaruviga  bog‘lig  quvlovchining 2
cheklovlarni ganoatlantiruvchi shunday boshqaruvi

147
guriladiki, va yana chegaralangan E sohada
shunday nuqgta topiladiki, qochuvchining (2)
cheklovlarni ganoatlantiruvchi ixtiyoriy

boshgaruvida, w nugta 0 ga kelib tushsin yoki uning
istalgancha  kichik  atrofiga  kelib  tushsin.
Quvlovchining bu boshgaruvi odatda strategiya deb
yuritiladi. Qochish masalasida esa boshlang‘ich
holat va quvlovchining boshgaruviga bog‘liq
gochuvchining (2) cheklovlarni ganoatlantiruvchi
shunday boshqaruvi quriladiki, argumentlar
tekisligining ixtiyoriy nugtasida, quvlovchining (2)
cheklovlarni ganoatlantiruvchi ixtiyoriy
boshgaruvida, w nuqta 0 ga kelib tushmasligi
ko‘rsatiladi. Albatta, o‘yinning tugashi yoki
tugamasligi to‘g‘rsidagi bu tushunchalarga qat’iy
ta’riflar ham keltirish mumkin.

Ushbu magolada quvush masalasi garalgan
bo‘lib, unda quvlovchining strategiyasini qurishda
gochuvchining boshgaruvlaridan uzluksiz
foydalanilmaydi, balki chekli sondagi vaziyatlardan
foydalaniladi va bu o‘yinlar nazariyasida yo‘nalish
bo‘yicha quvish deb yuritiladi. Yo‘nalish bo‘yicha
quvish strategiyasi quvish masalasining gimmatini
oshiradi, birog shunga yarasha kamchiliklari ham
bo‘ladi, bu masalan, ushbu o‘yinda tekshirilayotgan
w  nugtaning aynan 0 ning  ustiga
tushmayotganligidan iborat. Magolaning so‘ngida
gochish  masalasining sodda yechimi ham
keltirilgan.

u=u(z) va v=v(z), z€C analitik
funksiyalar uchun (1) sistema kompleks sohada
Koshi masalasini ifodalaydi.

Lemma: Kompleks sohada (1) Koshi
masalasining yechimi ushbu

w(z) = wy + foz(—u(z) +v(z))dz €))

formula bilan ifodalanadi va bu yechim yagona
(zo = 0 deb olganmiz !).

Isboti:  u(z),v(z) funksiyalar butun
kompleks tekislikda analitik funksiyalar bo‘lgani
uchun integralning giymati integrallash yo‘liga
bog‘liq emas [3] va

% (fZZO(—u(z) +v(2)) dZ) = —u(z) + v(2).
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Bunga ko‘ra (3) ning har ikki tomonini
differensiallasak, uning (1) ni ganoatlantirishi kelib
chigadi. Boshlang‘ich shartning bajarilishi esa
ravshan.

Teorema 1: Agar (1) o‘yinda p > o bo‘lsa,
u holda |z| < ,')”i—a' doirada yo‘nalish bo‘yicha w

nugtani 0 nugtaning istalgancha kichik & atrofiga
tushurish mumkun.

Isbot. Quvlovchi strategiyasi gadamma-
gadam quriladi.

Birinchi gadamda v(z) funksiyani ixtiyoriy

analitik funksiya bo‘lsin deb, o‘yinni |z|] < =% 'W"l

sohada garaymiz, quvlovchining boshgaruvini esa
wy Yo‘nalish bo‘yicha quramiz:

[wol

Natijada, (1) ni yechib, ushbuni hosil
gilamiz:

u(z)=p

w(z) =wy—p IW Iz +f v(z)dz 4)

[wol

(4) ni z =2z, =—= nugtada hisoblaymiz va uni

baholaymiz:

W(z) = wo = piz, + [ v(z) dz =

fozl v(z)dz = wy,

wil < 3@ dz < 02, == |w .

Endi ikkinchi gadamga o‘tamiz, bunda w
nuqta yangi w; vaziyatni egallagan deb, barchasini
yana boshidan gaytaramiz. Bunlda (1) tenglama
quyidagi ko‘rinishda bo‘ladi:

w=-u+v,w(0) =w,.

Q)

(5) da aslida boshlang‘ich nugta 0 nugta emas, balki

[wol

z=z == nugta. Biz hisoblashlarni ixcham

bo‘lishi uchun boshlang‘ich nugta sifatida 0 ni
olyapmiz. Hisoblashlar nihoyasida albatta, chekli
doiradan chigib ketmayotganimizni boshlang‘ich
nuqtalar yigindisini topish bilan tekshiramiz.
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Bunda v(z) funksiyani yana ixtiyoriy

analitik funksiya bo‘lsin deb, o‘yinni |z| <I il

sohada garaymiz, quvlovchining boshgaruvini esa
w; yo‘nalish bo‘yicha quramiz:

u(z) =
Pwal 1|

Natijada, (5) ni yechib, ushbuni hosil
gilamiz:

w(z) = Z + f v(z)dz.  (6)

|W1|

6) ni z=2z, = nuqtada hisoblaymiz va uni

baholaymiz:
w(z) =wy —pitizy + [P v(2) dz =
fozz v(z)dz = wy,

2
Wl < [P lv@)l dz < 02, = 0 2 = (%) .

Shu kabi n-gadamda w nugta yangi w,
vaziyatni egallagan deb, barchasini yana boshidan

gaytaramiz. Bunlda (1) tenglama quyidagi
ko‘rinishda bo‘ladi
w=-u+v,w(0) =w,_4. (7
Bunda ham wv(z) funksiyani ixtiyoriy
[Wn—q]

analitik funksiya bo‘lsin deb, o‘yinni |z| <
sohada garaymiz, quvlovchining boshgaruvini esa
w,,_4 Yo‘nalish bo‘yicha quramiz:

n-1

u(z) =p

|Wn—1|

Natijada, (7) ni yechib, ushbuni hosil
gilamiz:

w(z) = wp_q p|W iz +f v(z)dz 8)
@) niz=z,= Wnal nugtada hisoblaymiz va uni
baholaymiz:

w(zp) = Wp_1 —p |w Zn + f v(z)dz =

fo v(2) dz = Wy,
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lwy| < foznlv(z)l dz < oz, = oWl _

p

o n

(%) Iwol.
Vahokazo, %< 1 ekanidan w nugta 0 nugtaning
yetarlicha kichik ¢ atrofiga tushguniga gadar ishni
davom ettiraveramiz, ya’ni chekli n gadamdan
so‘ng w nugta 0 nugtaning istalgancha Kkichik &
atrofiga tushadi:

n In——
Waal < (2) Iwol =&, n = M]H,

In2
P
bu yerda [-]-sonnong butun gismi (yetarlicha kichk

¢ larda Ivf_l < 1 va kasrdagi logarifmlar musbat).
0

Endi barcha boshlang‘ich nugtalarning

yig‘indisining chegaralanganligini ko‘rsatamiz:

7= Yhor2n < i1 zn < Ty M <

oo (a)“‘l _ Iwgl
—Dn=1\— Wyl = )
pZn—l P) | 0| p—c

ya’ni, z’ (< %) nugtada o‘yin yakunlanyapti.
Demak, |z| < l')“:—‘); ochiq chegaralangan

sohaning ichidan chigib ketmasdan, chekli , n =

n—<_
Iwol

[]n—g] + 1 gadamdan so‘ng w nugtani yo‘nalish
P

bo‘yicha boshqarib, 0 nugtaning istalgancha kichik
¢ atrofiga tushurish mumkin ekan.

Teorema isbotlanadi.

z va w nugtalar haqigiy bo‘ganda ushbu
o‘yinning haqiqiy sohadagi anologi hosil bo‘ladi va
olingan natijalar ham ustma-ust tushadi, bunda z
nuqta vagtni ifodalaydi.

I11. Qochish masalasining yechimi

Teorema 2: Agar (1) o‘yinda p < o bo‘lsa,
u holda ixtiyoriy z € C da w(z) # 0 bo‘ladi, ya’ni
o‘yin gochuvchining foydasiga hal bo‘ladi.

Isbot. Qochuvchining
quyidagicha quriladi:

strategiyasi

v(z) = u(z), z€C.

(9)

149

Bu joiz boshgaruv:
lv(2)| = lu(z)| <p<o,z€C.
(9) ni (3) ga go‘ysak,
w(z) =w, # 0.
Teorema isbotlanadi.
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An example for optimal control problem for binary infinite system
M.A. Muhammadjonova

Andijan state university, 170100 Andijan, Uzbekistan

AHHoOTaumA. OTa cTaTbs NOCBSILLEHA aHanNM3y KOHKPETHOIO NpUMepa, KOTOPbIV CIYXXUT B Ka4ecTBe
TemMaTU4yeckoro WccrnefoBaHus AONs  M3YYeHus 3ajadu  onTuUMarnbHOro ynpaeneHus. Cuctema,
paccmatpuBaemas B [OaHHOW paboTe, sBnsieTcss OECKOHEYHOMEPHOMW U onuchbiBaeTcsl OMHapHbLIMK
andpdepeHunansHbiMM - ypaBHeHsMU. 3aada  ynpaBreHus uccregyetca B pamkax runbbeproBa
npoctpaHcTBa [,. OgHOM M3 KNYeBbIX OCODEHHOCTEN OAHHOW 3ajayun SBMSeTca TO, YTO byHKUMS
yrNpaBneHns NogYMHAETCA WHTErparibHOMy OrpaHmyeHuio. B pesynbTate aHanmsa OUHaMWKU CUCTEMb
BbIBOAMTCS ypaBHEHUE, onpegensioliee onTMMarnbHoe BpeMs, He06Xx0aAMMoe Anst AOCTKEHUS] )KenaeMon
uenu. Kpome T0ro, ABHO KOHCTPYMpPYETCSA CTPYKTYpa ONTUMAarnbHOro ynpaBfieHusl, YTO NO3BONAET NOMyYnTb
norfHoe peLleHne 3agaqdv.

KnioueBble cnoa: OntumanbHOe ynpaBneHue, GeckoHeuyHas cuctema guddepeHumanbHbIX
ypaBHEHUIA, ONTUManbHOE BPEMS, MHTErpanbHOE OrpaHnyYeHne, A0NyCcTMMOeE ynpasreHue, rmnsbepToBo
NPOCTPaHCTBO.

Abstract. This paper is devoted to an analysis of a specific example that serves as a case study
for investigating an optimal control problem. The system under consideration is infinite-dimensional and is
described by binary differential equations. The control problem is examined within the framework of the
Hilbert space [,. A key feature of this problem is that the control function of the system is subject to an
integral constraint. By analyzing the system dynamics, we derive an equation that determines the optimal
time required to achieve the desired objective. Additionally, the structure of the optimal control is explicitly

constructed, providing a complete solution to the problem.
Keywords: Optimal control, infinite system of differential equations, optimal time, integral

constraint, admissible control, Hilbert space.

1. Introduction

Optimal control problems for infinite
systems of differential equations have obtained
significant attention in mathematical research due to
their broad applications in physics, engineering, and
economics. Among these, systems described by
binary differential equations hold a special place
because they provide a simplified yet powerful
framework for studying complex dynamical
behaviors. Such systems are often analyzed in the
context of Hilbert spaces, where the state variables
are represented as infinite sequences, allowing for
the application of advanced functional analysis
techniques.

In particular, optimal control problems for
infinite systems aim to determine control strategies
that minimize a given cost functional or achieve a
desired state transition in the shortest possible time,
subject to constraints on the control functions. The
study of such problems is closely related to the
decomposition method, which transforms partial
differential equations into infinite systems of

I1. Materials and methods

ordinary differential equations [1,2,5-7]. Moreover,
the imposition of integral constraints on the control
functions, as seen in [3,4,8,9], adds another layer of
complexity, requiring sophisticated mathematical
tools to address the challenges posed by the infinite-
dimensional setting. For example, Azamov et al. [1]
investigated the time-optimal problem for the heat
conductivity equation.

This paper sets the stage for examining an
example of an optimal control problem for a binary
infinite system. The focus will be on understanding
how the system's dynamics can be steered from a
given initial state to the origin of the Hilbert space
[, in the shortest time, under integral constraints on
the control functions. By drawing on the theoretical
frameworks and methodologies presented in works
such as [1,4,5-7], this example will illustrate the
intricate interplay between infinite-dimensional
systems, optimal control theory, and practical
applications.

An optimal control problem for the following infinite system of binary differential equations under

integral constraint on the control function

{ X, = —x; + wi, x,(0) = x4,
Vi = —2y; + wiz, ¥i(0) = yip,

i=12,.., (1)
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is studied in the Hilbert space [,, where w = (w11, W13, W31, Woo,...) is the control parameter.

Let
Z(t) = (Zl (t)' Z2 (t), e ) = (xl (t)' 1 (t)r X2 (t)' V2 (t), T )'

z;() = (x:(), y: (), 1) = /xiz(t) +y2®),i=12,..,
[°) 1/2 0 1/2
Izl = < () + yf(t))) zoll = (Z(xi% - y%))
i=1 i=1

2

Definition 1. We call the function w: [0; T] - 15,

(1)() = (wll ()' W12 ()r le(')r W32 ()r T )'

an admissible control if its coordinates w4 (t), wy2(t),0 <t < T,k = 1,2,..., are measurable and satisfy
the following integral constraint

Z J;)T (wil(S) + wiz(s)) ds < u?,

k=1
where w is a given positive number.
We denote the set of all admissible controls as S(u).

Problem. Determine an equation for the optimal time required to transfer the state of the system
(2) from the given intial state z, to the origin of the Hilbert space [,. Additionally, construct the optimal
control.

111. Results and discussion

For the matrices 4; = [_01 _02] ,i =1,2,..., 0f (1), the following property holds
. -t 0
et =" % )

which will be used later.

We know from [10] that if w () € S(u), then the given infinite system (1) has the following unique
solution for any positive number T

z;i(t) = etliz;y + fot e4ilt=g.(s)ds, i =1,2,..., (3)
This solution needs to belong to the space C(0,T; I;).

Let

—cA. —SA: e 0 e 0
VVl(t) = J; e Sip™54i ds = J;) [O eZS] . [0 eZS] ds =
[e?t —1

tr 2s |
[ ofes=| 2
olL0 e |l 0
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Where A; is the transpose matrix of 4;. The matrix W;(t) has its inverse for all t > 0. Indeed,

|eZt -1 1
0 2t at
_| 2 _(e#-1)(e*-1)
4
Thus, its inverse is
et —1 2
W_l 8 [ 4 0 ] [ezt -1 0 “
i ® (e?t — 1)(e%t — 1){ e?t — 1] 0 4
0 2 I_ e4t — 1
The equation
Z?O=1ZiOVVi_1(t)Z;0 = #2 (4)

is important to solve the Problem 1. The following theorem is the main result of this paper.

Theorem. The equation (4) has a unique root t = 7. The number T is the required optimal time to
steer the state z of the system (1) from z, to the origin of the space .

Proof. First, we denote

2 2
2x;,+4Y;,

fi®) = zoW ()2} = (e2t-1)(e*-1)’ ©)

Due to the following inequality

® ® 2 2 ® 2 2

Z £ = Z 2x;, + 4y, < Z 4x;y + 4y;, _
LT L@ - D - D) T L (e - e - 1)
1= 1= i=

4 ¢ 4 )
= (€2t — 1) (et — 1);(761'20 + yizo) = (€2t — 1)(e* — 1) ) ”ZOH ’

. . . 2 2
we can conclude the obtained series is convergent for z;, # 0,¢ > 0, where ¥.°|z;o|” = ||zo]|”. In other
words, the series is uniformly convergence to some function.

Secondly, every term of this series f;(t) is strictly decreasing function according to the (5), thus
Yoy zl-oWi_l(t)zi*0 is also strictly decreasing on (0, +0).

Thirdly, for z;; # 0

2x2 + 4y2
lim f(t) = li 0T ™o _ e
t-0+

ook (€2 — 1)(e® —1)
And lastly,

i i 2x2 + 4y>

. -1 s 10 i0
tETle ZioW; (t)zio B ltl—1>£Lrloo,z1 (et =1)(e** - 1) =
i= t=
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%) 2
. 4 2 2\ _ s 4'”ZOH _
< Jm T DEr D Zi_l(xw o) = lim e -1 -

To conclude, we proved that the series left-hand side of the equation (4) approaches +w ast — 0%,
is strictly decreasing on the interval (0, +c0), approaches 0 as t — +oo. Therefore, this implies that the
equation (4) has a unique root t = 7.

This completes the first part of the theorem.

Now, we prove the second part of it, which is that we will prove the time t = t is the optimal time
to steer the state z of the system (1) from z, to the origin of the space [,. First of all, we present following
lemma without its proof to use later.

Lemma 1. Let B(t),0 < t < 0, be a continuous matrix-function of the order n, and its determinant
be not identically 0 on [0, &]. Then, among the measurable functions w(-), w: [0,8] — R™, satisfying the
condition

6
f B(s)w(s)ds =z
0

the control defined at almost everywhere on [0, 8] by the formula

0
wo(s) = B*()F-1(0)2,0 < 5 < 0, F(9) = f B(s)B*(s) ds,
0

gives the minimum to the functional [} | (s)|? ds.
We construct the following control
wi(t) = —e W D)z, i=12,.., 0St<T. (6)

This shows that

T
z;(1) = eA® <Zl-0 + f e S w;(s) ds) =
0

T
= gA* <Zl-0 - f e 4ise ™AW (1) 2 ds) =
0

= Zjy — Wi(r)Wi_l(T)zio =Zzjy—Zp=0i=12,...

Thus, by using the control (6), we have z;(t) = 0, which means we can steer the state of the system from
z, to the origin [,. Next task is to show admissibility of the control (6). Since the equation (4), we have

ZL |wi(s)|” ds =ZL |e_AiSWi_1(T)Zio| ds =
i=1 i=1

0]

© T
= Z fo (e_Aise_AiSWi_l(T)Zio: Wi_l(T)Zio) ds = Z zigW; (D)z}y = u?.
i=1 '

=1
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The last task is to show for other controls except from (6), we have z(t) # 0,0 < t < T, for the
solution z(t) of the system (1). To do this, we assume contrary that there exists an admissible control
@(t) = (@1(t), @3(¢),...), defined for 0 < t < 7 such that z(r) = 0, where 0 < 6 < 7, i.e,,

0 _psn
J, €745 &;(s) ds = —z,. 7

Now consider the control w®(t) = (@} (t), w3y (t),...), defined for 0 < t < 6, where

L

Wl = —e "MW L0210, Wi(0) = [° e~Mie ™A ds,i = 1,2,....  (8)

This control satisfies equation (7). By lemma 1, it minimizes the functional

*. .8
I(w(-)):Zf |wi(s)| ds.
i=1"0

Substituting (9) into the functional I and using the fact that the series in (4) strictly decreases on the interval

(0, +0), we obtain

0]

[e0)

(B(O) =1 (wo(')) = Z zW; ' (0)z; > ZZiOWi_l(T)Z;O = u2.

=1

=1

This shows that the control @(t) = (a’)\l(t),@(t),...), is not admissible, leading to a contradiction. This

completes the proof of the theorem.

In this study, we solved an important
problem related to controlling an infinite system
described by binary differential equations. The main
goal was to find the optimal time needed to bring
the system from its starting state to the origin of the
Hilbert space [,. We also constructed the optimal
control strategy to achieve this. The key result is that
we found a unique equation for the optimal time.
This equation helps us calculate exactly how long it
will take to control the system efficiently. We
proved that this time is the shortest possible under
the given conditions, especially when there are
limits on the control function (called integral
constraints). To construct the optimal control, we
used a special formula. This formula ensures that
the system moves from its initial state to the desired
final state (the origin) in the shortest time. We also
checked that this control satisfies all the rules, like
the integral constraint. Additionally, we showed
that no other control can do a better job than the one
we constructed. If someone tries to use a different
control, it either won’t work or will take longer,
which is not optimal. This proves that our solution
is the best possible one.
1V. Conclusion

In this paper, we have analyzed an example
of an optimal control problem for an infinite system
described by binary differential equations in the
Hilbert space [,. The study focused on determining

the optimal time required to steer the system's state

from a given initial condition to the origin under
integral constraints imposed on the control
functions. By leveraging advanced mathematical
techniques and theoretical frameworks from prior
works, we derived an equation for the optimal time
and constructed the corresponding optimal control.
This research highlights the intricate relationship
between infinite-dimensional systems and optimal
control theory.
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Unique solvability of an inverse problem for a fourth order degenerate partial
differential equation

A. Rafikov?, S. Mirzag‘iyosova?
L2Fergana State University, Murabbiylar Str.19, 150100, Fergana Uzbekistan

Annotation. In this work, in a rectangular domain, we study an inverse problem for a fourth order
differential equation degenerating on the bound of the domain. By applying the method of separation of
variables to the considered problem, a spectral problem for an ordinary differential equation has been
obtained and the existence of eigenvalues and eigenfunctions of the spectral problem, which was proven
earlier, was used to find the solution of the inverse problem. The solution to the inverse source problem is
expressed as the sum of a Fourier series over the system of eigenfunctions of the spectral problem. The
uniform convergence of the series of solution was also proven.

Keywords: degenerate equation, an inverse problem, spectral method, the uniqueness of the
solution.

Annotatsiya. Ushbu maqolada to‘g‘ri to‘rtburchak sohada, sohaning chegarasida buziladigan
to'rtinchi tartibli differensial tenglama uchun teskari masala o‘rganilgan. O‘zgaruvchilarni ajratish usulidan
foydalanib, oddiy differensial tenglama uchun spektral masala hosil gilingan va ilgariroq isbotlangan
spektral masalaning xos sonlari va xos funksiyalarining mavjudligidan teskari masala yechimini topishda
foydalanilgan. Teskari masalaning yechimi, spektral maslaning xos funksiyalar sistemasi orqali Fure
gatorlariga yoyilgan. Yechimning bir giymatli yechilishi isbotlangan.

Kalit so‘zlar: buziladigan tenglama, teskari masala, spektral metod, yechim yagonaligi.

I.Introduction

The theory of inverse problems is a highly modern
and dynamic area within the field of partial
differential equations in mathematical physics.
Research in disciplines such as seismology,
geology, biology, and medicine is closely connected
to partial differential equations and the inverse
problems associated with them. These inverse
problems can involve determining unknown
coefficients, sources, or boundary conditions. In
recent years, many studies have been devoted to
exploring various inverse problems for different
types of equations in mathematical physics. Several
key works provide insights into the main categories
of inverse problems and the methods used to solve
them [1-5]. Additionally, more recent studies have
focused on inverse problems for non-classical
partial differential equations involving nonlocal
conditions [6-14]. For example, in [15], an inverse
problem with an integral overdetermination
condition is examined for complex heat transfer
equations, including the P1 approximation of the
stationary radiative transfer equation, where

u +u . +Au+qg(xu= f(x1),

sufficient conditions for unique solvability under
nonlocal constraints are established. In [16], an
inverse problem is studied for identifying a time-
dependent coefficient in a two-dimensional heat
equation with lonkin boundary conditions and an
integral energy overdetermination condition; the
problem’s global well-posedness is demonstrated
using a generalized Fourier method and solvability
of a Volterra integral equation of the second kind.
Furthermore, in [17], inverse problems are
investigated for a beam vibration equation to
determine both the source of vibrations and initial
conditions, with solutions expressed as series and
accompanied by proofs of existence and
uniqueness.

Let us now highlight studies on inverse problems
related to higher-order parabolic differential
equations, which are associated with phenomena
such as fire turbulence and chemical reactions. In
[18], inverse problems are considered where both

the unknown coefficient ([(X) and the solution
U(X,t) need to be determined for the equations:

u, +aq(xju .+ Au = f(x,1).

XXXX

Such inverse problems have been the focus of several studies. In [19], an inverse problem with an integral

condition is formulated for the equation
p(tu, +u

XXXX

+c(x,tHu= f(x,t),

where both the solution U(X,t) and the coefficient P(t) are to be determined. Inverse source problems
have also been explored in [20, 21]. Specifically, in [20], an inverse source problem is studied for the

equation
u, +u

XXXX

+c(x,Hu= f (x,t) +q(t)h(x,t),
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where both U(X,t) and the unknown function ((t) must be found. In [21], a more general form of the
source is considered, leading to the equation

U +u +a(xtu=f(xt)+ Y Ohxt).

In these studies, the author obtained both the solution U(X,t) and the unknown source functions q, (t)
for K=1,...,m. Inverse coefficient problems, where the goal is to determine both the solution U(X,1)
and the unknown coefficient a(t) , have been investigated for the following equations:
u,-u,, —u =atu+ f(xt), u,—au,  +u_ =at)u+ f(xt)
as discussed in [6, 22], respectively. In [7], an inverse problem was studied concerning the determination
of both the coefficient a(t) and a partial source term b(t) for the equation:
Uy — Uy, + U, — fU,, =a(u+bB)g(x,1) + f(x,1)

with a focus on establishing unique solvability.

In this paper, the aim is to study the uniqueness of the solution to the inverse problem for fourth-

order degenerate partial differential equations based on the works mentioned above.
I1. Formulation of the problem

In the domain €2 = {(X,t) 0<x<10<t< T} , we consider the following equation
CDgiu(x,t)+[x["uXX(x,t)}XX:f(x), 1)

where Dg; is Caputo fractional differential operator ¢ order [1]
, 1 9" (2)dz
¢Dgg(t)= par
F(n—a) O(t—z)
a .. T are given real numbers, such that 0<ar <1, 0< <1, T >0; f(x)is an unknown

function on Q2.
First, we introduce the definition of the regular solution of the equation (1).

XXXX

(n=[Re(y)]+1t>0),

Definition 1. A function u(x,t) satisfying in the domain €2 equation (1) and the following
o —
conditions u(x,t), u (x,t), x’u_(x,t), a—(x”’uxx(x,t))eC(Q), < Dgu(x,t),
X

(x"u,,)

In the domain Q, we study the existence and uniqueness of the solution of the following inverse
source problem for the equation (1):

Inverse problem. Show the existence and uniqueness of a pair of functions {U(X,t), f (X)} with

eC (Q) is called regular in the domain €2 solution of the equation (1).
X

X

the following properties:
1. u(x,t),ux(x,t),xﬂuxx(x,t),g(xﬁum(x,t))eC(ﬁ),
X

¢ Dru(x,t),[ Xu, (x,t) | eC(Q), f(x)eC(01);

2. They satisfy equation (1);
3. Satisfies the following initial condition, the boundary condition

u(x,0)=¢(x), xe[0,] @)
ou ou 0 40
u(Lt)=0, aX(o,t) 0, aX(l,t) 0, Imeoax[X axzj 0,0< SN
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where ¢ (X) is a given function continuous on [0,1], such that ¢(1) =0, ¢'(0)= 0.¢'(1)=0,

IirTJ [XﬂQ"(X)], = 0 and the following over-determination condition
u(x,T) =y (x), xe[0,1] (4)

where 1 (X) is a given function.
We considered homogeneous equation of the equation (1):

cDsu(xt)=—[ Xu, (xt)] . (xt)eQ.
and we have sought a solution of the homogeneous equation satisfying the conditions (3) in the form
u(x,t)=v(x)T(t). Then, with respect to the function T (t), we get the following equation

cDaT(t)+AT(t)=0 (5)
and with respect to 1( X ), we get the following spectral problem:

Lv=[x"v"(x)] =v(x), xe(0.); (©)
B e AN . d( _pdv
v(1)=0, v'(0)=0, v'(1)=0, legoldx(x dxzj 0, @

i.e. a problem finding those values of the parameter A for which there exist nontrivial solution of equation
(6) satisfying conditions (7).

Now we consider the following lemmas that are necessary to find the solution of the inverse
problem. These lemmas have been proved.

Lemma 1. Suppose the following conditions hold:

f(x). f'(x)ec[0,1]. x"?f"(x)eL[01]. f(1)=f'(1)=f'(0)=0.
Then the following Bessel type equality is valid:

2
Zﬁkfz xﬂ[f" x) ] dx. (8)
Particularly, it is possible to assert convergence of the series in (8).

Here in after fk denotes Fourier coefficient of the function f(X) by the system of

eigenfunctions V, (X)
Lemma 2. Suppose that the following conditions hold:

f(x), f'(x), xf‘f”(x),[xﬂf”(x)}'ec[o,l],[xﬂf”( )}'
f(1)=f'(0)= f(1)=0, Iimi(xﬁ d;f ]:o.

x-0 dx dx?

eL,[0.],

Then the following Bessel type equality is valid:

iﬂf fo < Jl'{(xﬁ f ”(x))”} dx. 9)

Particularly, it is possible to assert convergence of the series in (9).
I11. Study of the inverse problem

Let {Vk (X)}:;1 and {ﬂk (X)}:J:1 be the eigenfunctions and eigenvalues of the spectral problem
{(6).(N}-
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We will expand the functions U(X,t), @(X), f into series with respect to the system of

functions {Vk (X)}:;l by following formulas {(10),(11)}

w(x)=§;¢kvk(x), f(x)=§fkvk<x) (10

where ¢, and f_ are the Fourier coefficients of the functions ¢@(X) and f(X), respectively,

P = ico(X)vk(X)dx, f, =j f (X)v, (x)dx..

We will seek a solution of the inverse problem in the following form
u(x,t) = ZTk (t)vk (X)), (11)
k=1

where T, (t) is an unknown function.
Moreover, we expand the function l//(X) by this system as follows

v (X) = 2w (%), (12)

where 7/ (X) = kZl//kvk (x).
-1

Substituting (10),(11) and (12) into the equation (1), initial condition (2) and over-determination
condition (4), for defining T, (t) and f, , we will have the following problem

DT )+ AT (O =1, T(0) =9, T(T)=y.. (13)
It is easy to verify that from the (13), T, (t) and f, can be found in the following forms

_ELCAY) (o —w) fe _ Ao —w)
K 0= 1- Ea,l(_ﬂkTa) " ﬂk | fk A 1- Ea,l(_/lkTa) |

Then, the formal solution to the inverse source problem is given by

| (B, (-4t -1)

U(X’t):kzll 1-E_(-AT%) (o —w )+ o, [V (X), (14)
f(x):g ﬂchk—l_ﬂkE((plk(:Z_kr)a) v (%) (15)

Theorem 1. Let the functions ¢ and i/ satisfy the conditions of Lemma 1 and Lemma 2. Then,
the series defined by (14) and (15) will be the solution to the inverse source problem.

Proof. First, we consider the series (14). The following estimate for the Mittag-Leffler function is
proved, when O < ar <1

B <E,,(-2)< . - 2>0.
1+T(1-a)z ’ 1+T(l+a) "z

Considering the above estimate, from (14), we have
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E,.(-A4t")

-1

160

ux0] <>

k=1

1-E,,(-AT“

]

<23 o 00+ Dl v )] = 2X A o
k1 k1 k=1

Applying the Cauchy-Schwarz inequality, we

v ()] _
AT N

k=1

<[ Saorsl ‘X)j AL

) |¢k —Yy | + |¢k|]|vk (X)| <

4'§§\ﬁink‘

Vi ()]

s

Vi ()]

A

have

[Zﬁk NTL (X)]

The series on the right-hand side of these inequalities converges uniformly in X € [0,1] due to

Lemma 2 and Lemma 3. Hence, the series on the left-

hand side also converges uniformly in X on [0,1].

Therefore, the (14) series will be absolutely and uniformly convergent in 5 :

Now, we consider the series corresponding to the function [xﬂuxx(x,t)}
XX

considering (6), we get

. From (14),

= E, (A7) -1 " "
H:XﬁUXX(X,t):LX < é 1j’éa’1?_2:Ta) (2 —w) + o [Xﬂvk (X):| -

E,.(-A") -1
1-E,,(=AT")

[xﬁvﬁ(x

)]

< Zf:ﬂf/z ‘(p
k=1

‘((Dk _l//k)‘ + ‘(PK‘J‘VK (X)‘ < Ziﬂk ‘(DkHVk (X)‘ + iﬂk ‘l//kHVk (X)‘

‘ ‘Vk (X)‘

SYCILALY
\/Z +kZ=l‘/11< ‘l/jk‘ \/Z

Using the Cauchy-Schwarz inequality, we obtain

1

Vi (%)
T A

M 0]

N

Sl [zzs

[ Sape Eres Sang

V7 (X)

ji

Considering the series corresponding to the function f from (15), we get

Ao —wi]

HOE Z\mv (x)\+2’°1 e

u]< 23 . 09+ o [, 0.

We have already proven the convergence of the series above.

IV. CONCLUSION

In this paper, we investigate an inverse
problem for a fourth-order degenerate partial
differential equation defined in a rectangular
domain. By employing the method of separation of
variables, we reduce the problem to a spectral
problem for an ordinary differential equation. Due

to the presence of a degenerate coefficient, it is not
possible to explicitly determine the eigenvalues and
eigenfunctions of this spectral  problem.
Nevertheless, by utilizing the theory of integral
equations with symmetric kernels, we demonstrate
the existence and establish certain properties of the
eigenvalues and eigenfunctions. These results then
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allow us to prove both the existence and uniqueness
of the solution to the inverse problem.
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Katta miqyosdagi kiberhujumning ta’sirini o‘rganish
N.T.O‘rinov, Sh.A.Alijonov
Andijon davlat universiteti, 170100. Andijon sh.Universitet ko‘chasi 129. O‘zbekiston

Annotatsiya: Zamonaviy dunyoda raqamlashtirishning jadal rivojlanishi kiberxavfsizlikka bo‘lgan ehtiyojni
oshirib, katta migyosdagi kiberhujumlarning igtisodiy, ijtimoiy, texnologik va siyosiy sohalarga ta’sirini
dolzarb muammoga aylantirdi. Ushbu tadgiqot kiberhujumlarning ko‘p qirrali ogibatlarini tahlil gilishga
garatilgan bo'lib, ularning moliyaviy zarari, infratuzilma barqgarorligiga ta’siri, jamiyatdagi ishonch darajasiga
salbiy effekti va davlat xavfsizligiga xavf-xatarlarini o‘rganadi. Tadgigot mavjud kiberxavfsizlik choralarning
samaradorligini baholaydi va kelajakda bunday tahdidlarni oldini olish uchun strategik yondashuvlarni taklif
etadi. Ushbu ish kiberxavfsizlik sohasidagi mutaxassislar, davlat idoralari va xususiy sektor uchun amaliy
ahamiyatga ega bo‘lib, global xavf-xatarlarga garshi kurashda yangi yo‘nalishlarni belgilaydi.

Kalit so‘zlar: Kiberhujum, kiberxavfsizlik, iqtisodiy yo‘qotishlar, statistik tahlil, ransomware, phishing,
axborot ishonchliligi, texnologik tahdidlar, sun’iy intellekt, global hamkorlik.

Annotation:

In today’s rapidly digitalizing world, the growing need for cybersecurity has turned the economic, social,
technological, and political impacts of large-scale cyberattacks into a pressing issue. This research focuses
on analyzing the multifaceted consequences of cyberattacks, including their financial damage, impact on
infrastructure stability, negative effects on public trust, and threats to national security. The study evaluates
the effectiveness of existing cybersecurity measures and proposes strategic approaches to prevent such
threats in the future. This work holds practical significance for cybersecurity professionals, government
agencies, and the private sector, paving the way for new directions in combating global threats.
Keywords: Cyberattack, cybersecurity, economic losses, statistical analysis, ransomware, phishing,
information reliability, technological threats, artificial intelligence, global cooperation.

AHHOTauus:

B ycnosusx ctpemuTensHoOW uudpoBu3auum COBPEMEHHOTO Mupa notpebHocTb B knbepbesonacHoCcTu
3HauYUTENbHO BO3pPOCHa, a8 SKOHOMMUYECKUE, coLmarnbHble, TEXHONOrMYeckmne 1 NonmTnyeckme NnocneacTems
MacLTabHbIX kKnbepaTtak cTanu akTyansHon npobnemon. [laHHoe uccnegoBaHWe HanpasneHo Ha aHanus
MHOFOCTOPOHHMX NOCNEeACTBUNA Knbepartak, BKIoYas ux MHaHCOBbLIV ywepb, BNnsHMe Ha cTabunbHOCTb
WHMPACTPYKTYpbl, HEratMBHOE BO3OEWCTBME Ha YpPOBEHb OOLECTBEHHOro [JoBepust U Yrposbl
HaumoHanbHo 6e3onacHocTn. B pabote oueHvBaeTca aPEKTUBHOCTbL CyLLECTBYIOLINX Mep
KnbepbesonacHoOCTN U NpegnaratTcs cTpaternyeckne noaxodbl K NpefoTBpaLleHnio NogobHbIX yrpo3 B
Oyoywem. ViccrnegoBaHve WMeEET MpakTMYeckoe 3HavyeHWe pfns  crneuvanuctoB B obnacTtu
Knbepbe3onacHOCTN, TOCYOAPCTBEHHBIX YYPEXOEHUWW U  4YacTHOIO CekTopa, Onpefenss HoBble
HanpaBneHus B 6opbbe ¢ rmobanbHbIMK pUckamu.

KnroueBble cnoBa: Kubepartaka, knbepbes3onacHOCTb, SKOHOMUYECKME NOTEPU, CTAaTUCTUHECKUIN aHanu3,
BbIMoraTenbckoe 1O (ransomware), ULLMHL, HadeXHOCTb WHopMauun, TeXHONornvyeckme yrpossbl,
WCKYCCTBEHHBIV MHTENNEKT, rmobanbHoe COTPYaHUYECTBO.

L.Kirish

Ragamli texnologiyalar insoniyat hayotining
ajralmas qismiga aylandi. Bank operatsiyalaridan tortib,
sog‘ligni saqlash tizimlari, ta’lim platformalari va davlat
boshqaruvi jarayonlarigacha bo‘lgan sohalarda internet
va axborot tizimlari keng qo‘llanilmoqda. Biroq, bu
rivojlanish  kiberxavf-xatarlarning yangi shakllarini
keltirib chiqardi, ulardan eng xavflisi katta miqyosdagi
kiberhujumlardir. Ushbu hujumlar yirik korporatsiyalar,
davlat muassasalari va xalqaro tarmoqlarga qaratilgan
bo‘lib, ularning oqibatlari fagat moliyaviy yo‘qotishlar
bilan chegaralanmaydi, balki ijtimoiy barqarorlik,
infratuzilma ishonchliligi va hatto davlatlararo
munosabatlarga ham ta’sir qiladi.

Masalan, 2021-yilda AQShning Colonial
Pipeline kompaniyasiga qarshi amalga oshirilgan
ransomware hujumi mamlakatning sharqiy qismida
yoqilg‘i ta’minotidagi jiddiy uzilishlarga sabab bo‘ldi va
kompaniya 4.4 million dollar to‘lov to‘lashga majbur
bo‘ldi. Xuddi shunday, 2020-yilda SolarWinds tizimiga
qilingan kiberhujum AQSh hukumat idoralari va yuzlab
xususiy kompaniyalarning maxfiy ma’lumotlarini xavf
ostiga qo‘ydi, bu esa davlatlararo kiberurush xavfini

oshirdi. 2017-yilda NotPetya =zararli dasturi global
miqyosda 10 milliard dollardan ortiq zarar keltirib, yirik
kompaniyalarning faoliyatini bir necha hafta davomida
toxtatdi.

Bu hodisalar kiberxavfsizlikning nafaqat
texnologik, balki ijtimoiy, iqtisodiy va siyosiy muammo
ekanligini ko‘rsatadi. Kiberhujumlarning

murakkablashib borishi, masalan, sun’iy intellektga
asoslangan zararli dasturlarning paydo bo‘lishi, davlatlar
tomonidan qo‘llab-quvvatlanadigan
kiberoperatsiyalarning ko‘payishi va shaxsiy
ma’lumotlarni o‘g‘irlashga qaratilgan hujumlarning
ortishi ushbu tahdidning global miqyosda o‘rganilishi
zarurligini ta’kidlaydi. Shu sababli, ushbu tadqiqot katta
miqyosdagi  kiberhujumlarning iqtisodiy, ijtimoiy,
texnologik va siyosiy sohalarga ta’sirini chuqur tahlil
qilishga qaratilgan.

Tadqiqotning asosiy magsadlari quyidagicha:
1.Kiberhujumlarning qaysi sohalarga eng ko‘p zarar
yetkazishini aniqlash;
2.Ularning qisqa muddatli (moliyaviy yo‘qotishlar,
operatsion uzilishlar) va uzoq muddatli (ishonchsizlik,
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infratuzilma zaiflashuvi, siyosiy beqarorlik) oqibatlarini
baholash;

3.Mavjud kiberxavfsizlik choralarning samaradorligini
tahlil qilish;

4 Kelajakdagi hujumlarni oldini olish uchun strategik
tavsiyalar ishlab chiqish;
5.Kiberxavfsizlik sohasidagi
ahamiyatini ko‘rsatish.

Tadqiqot jarayonida statistik ma’lumotlar, ilmiy
adabiyotlar va real hayotdan olingan misollar tahlil
qilinadi. Ushbu yondashuv kiberhujumlarning ko‘p
qirrali ta’sirini tushunishga va ularga qarshi samarali
choralar ishlab chigishga yordam beradi. Tadqiqotning
natijalari akademik doiralar, kiberxavfsizlik
mutaxassislari, davlat idoralari va =xususiy sektor
vakillari uchun muhim ahamiyatga ega bo‘ladi.

Adabiyotlar tahlili

Kiberhujumlarning  ta’siri  bo‘yicha  olib
borilgan tadqiqotlar so‘nggi o‘n yillikda sezilarli
darajada ko‘paydi, bu esa wushbu muammoning
dolzarbligini tasdiqlaydi. Kaspersky Lab (2023)
tomonidan e’lon qilingan hisobotga ko‘ra, 2022-yilda
kiberhujumlar soni o‘tgan yilga nisbatan 25% ga oshgan.
Bu o‘sish asosan ransomware (to‘lov talab qiluvchi
zararli dasturlar), phishing (foydalanuvchi
ma’lumotlarini o‘g‘irlashga qaratilgan hujumlar) va
DDoS (xizmatdan foydalanishni rad etish) hujumlari
bilan bog‘liq. Hisobotda ta’kidlanishicha,
kiberjinoyatchilar tobora murakkab texnologiyalardan,
jumladan, sun’iy intellekt va mashinaviy o‘qitishdan
foydalanmoqda, bu esa an’anaviy xavfsizlik tizimlarini
samarasiz qilmoqda.

Smith va boshqalar (2021) o‘z tadgiqotlarida
kiberhujumlarning iqtisodiy oqibatlarini o‘rganib, yirik
kompaniyalar o‘rtacha 200 million AQSh dollari
miqdorida moliyaviy yo‘qotishlarga duch kelishini
aniqlagan. Ularning xulosalariga ko‘ra, bu zarar nafaqat
to‘g‘ridan-to‘g‘ri moliyaviy yo‘qotishlardan iborat, balki
aksiyalar narxining pasayishi, mijozlar ishonchining
yo‘qolishi, qonuniy jarimalar va operatsion xarajatlarni
ham o°z ichiga oladi. Masalan, 2017-yilda NotPetya
zararli dasturi global kompaniyalarga 10 milliard
dollardan  ortiq  zarar  keltirgan  bo‘lib, bu
kiberhujumlarning igtisodiy miqyosini yaqqol ko rsatadi.

[jtimoiy nuqtai nazardan, Jones (2020)
kiberhujumlarning jamiyatdagi ishonch darajasiga
ta’sirini o‘rganib, fuqarolar orasida axborot xavfsizligiga
nisbatan xavotirning oshishi va shaxsiy ma’lumotlarning

global hamkorlikning

oshkor bo‘lishidan keyingi psixologik ta’sirlarni
ta’kidlaydi. Unga ko‘ra, kiberhujumlar nafaqat
moliyaviy  zarar  keltiradi, balki  odamlarning

texnologiyaga bo‘lgan munosabatini o‘zgartirib, raqamli
xizmatlardan foydalanishni kamaytiradi. Masalan, 2021-
yilda Irlandiya sog‘ligni saqlash tizimiga qilingan
hujumdan so‘ng, aholining katta qismi onlayn tibbiy
xizmatlardan voz kechgan.

Texnologik jihatdan, Lee va Kim (2022)
infratuzilmaga qaratilgan kiberhujumlarning energiya,
transport va sog‘ligni saqlash tarmoqlarida uzoq
muddatli uzilishlarga olib kelishini ko‘rsatgan. Ularning
tadqiqotiga ko‘ra, 2021-yilda AQShda energiya
tarmoqlariga qilingan hujumlar o‘rtacha 2-3 hafta
davomida elektr ta’minotidagi muammolarni keltirib
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chigargan. Shu bilan birga, Brown (2019) davlatlar
tomonidan qo‘llab-quvvatlanadigan kiberhujumlarning
siyosiy oqibatlarini o‘rganib, bunday hodisalarning
xalqaro munosabatlarga ta’sirini ta’kidlaydi. SolarWinds

hujumi  AQSh-Rossiya  o‘rtasidagi  keskinlikni
oshirganiga misol bo‘la oladi.

Bundan tashqari, Cybersecurity and
Infrastructure ~ Security Agency (CISA, 2022)

ma’lumotlariga ko‘ra, kiberhujumlarning 40% dan
ortig‘i kichik va o‘rta biznesga qaratilgan bo‘lib, bu
korxonalar ko‘pincha yetarli xavfsizlik choralari bilan
ta’minlanmagan. IBM Security (2023) hisobotida esa
kiberhujumlarning o‘rtacha aniqlanish vaqti 200 kundan
oshishi qayd etilgan, bu esa zararni yanada oshiradi.
Mavjud adabiyotlarda kiberhujumlarning turli
sohalarga kompleks ta’sirini birgalikda o‘rganuvchi
tadqiqotlar yetarli emas. Ko‘p ishlar faqat bitta jihatga

(igtisodiy, ijtimoiy yoki texnologik) e’tibor qaratadi,

lekin ularning o‘zaro bog‘ligligi kam ko‘rib chiqiladi.

Shu bois, ushbu tadqiqot ushbu bo‘shligni to‘ldirishga

qaratilgan bo‘lib, statistik ma’lumotlar, real misollar va

ilmiy adabiyotlarni birlashtirib, kiberhujumlarning
kengroq manzarasini taqdim etadi.

Metodologiya

Ushbu tadqiqot katta miqyosdagi
kiberhujumlarning iqtisodiy, ijtimoiy, texnologik va
siyosiy sohalarga ta’sirini o‘rganish uchun kompleks
yondashuvga asoslanadi. Tadqiqotda sifatli va miqdoriy
usullarning kombinatsiyasi qo‘llanilgan bo‘lib, bu
kiberhujumlarning ko‘p qirrali xususiyatlarini tahlil
qilishda kengroq manzarani taqdim etishga imkon berdi.

Quyida tadqiqotda ishlatilgan asosiy metodlar,

ma’lumotlar manbalari, tahlil jarayonlari va ularning

amaliy qo‘llanilishi batafsil bayon etiladi.

1. Adabiyotlar tahlili

Tadqiqotning  birinchi  bosqichi  sifatida

kiberhujumlar bo‘yicha mavjud ilmiy adabiyotlar va
hisobotlar chuqur tahlil qilindi. Ushbu jarayonda 2018-
2023-yillar oralig‘ida nashr etilgan 70 dan ortiq manba,
jumladan, ilmiy maqolalar, kitoblar, konferensiya
materiallari va sanoat hisobotlari o‘rganildi. Asosiy
manbalar sifatida quyidagi nufuzli tashkilotlar va
nashrlar tanlandi:

- Kaspersky Lab: Yillik kiberxavfsizlik hisobotlari
(masalan, 2023-yil hisoboti).

- IBM Security: “Cost of a Data Breach” hisobotlari
(2018-2023).

- Statista:  Kiberjinoyatlar
ma’lumotlar.

- Cybersecurity and Infrastructure Security Agency
(CISA): Infratuzilmaga qaratilgan hujumlar
bo‘yicha hisobotlar.

- [lmiy jurnallar: “Journal of Cybersecurity Studies”,
“Technology and Security Journal” kabi nashrlar.

Adabiyotlar tahlili uchun sistematik yondashuv
qo‘llanildi: avval kiberhujumlarning turlari

(ransomware, phishing, DDoS), keyin ularning ta’sir

sohalari (iqtisodiy, ijtimoiy, texnologik) bo‘yicha

materiallar guruhlarga ajratildi. Har bir manba
ishonchliligi, dolzarbligi va metodologik mustahkamligi
nuqtai nazaridan baholandi. Masalan, IBM Security
hisobotlari katta hajmdagi empirik ma’lumotlarga
asoslanganligi sababli yuqori baholandi, Statista esa

bo‘yicha  statistik
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global statistikani taqdim etishdagi keng qamrovi uchun

tanlandi.

2. Statistik tahlil

Tadqiqotning miqdoriy qismi 2018-2023-yillar
davomida ro‘yxatga olingan kiberhujumlar bo‘yicha
statistik ma’lumotlarni  tahlil qilishga asoslandi.
Ma’lumotlar quyidagi manbalardan to‘plandi:

- IBM Security: Ma’lumotlar buzilishining o‘rtacha
qiymati va hujumlar chastotasi.

- Statista: Hujum turlari (ransomware, phishing,
DDoS) va ularning yillik o°sish sur’atlari.

- erizon Data Breach Investigations Report:
Hujumlarning geografik va sohaviy tagsimoti.

Statistik tahlil uchun quyidagi ko‘rsatkichlar

asos qilib olindi:
- Hujumlar soni (millionlarda).
- Iqtisodiy zarar (million va trillion dollarlarda).
- Hujum turlari bo‘yicha foizli tagsimot.
- Ta’sirlangan sohalarning soni va turi (energiya,
transport, sog‘ligni saqlash va boshgqalar).

Ma’lumotlarni tahlil qilishda Excel va SPSS
(Statistical Package for the Social Sciences) dasturlari
ishlatildi. Excel yordamida oddiy hisob-kitoblar
(o‘rtacha, foizli o‘sish) va vizualizatsiya (grafiklar,
jadvallar) amalga oshirildi. SPSS esa chuqurroq statistik
tahlil uchun qo‘llanildi, masalan:

- Regressiya tahlili: Hujumlar soni va iqtisodiy
zarar o‘rtasidagi bog‘liqlikni aniqlash.

- Dispersiya tahlili (ANOVA): Turli sohalardagi
zarar miqdorining farqlarini solishtirish.

- Tendensiya tahlili: Kiberhujumlarning yillik
o‘sish sur’atlarini bashorat qilish.

Masalan, 2020-yilda ransomware hujumlarining
keskin o‘sishi (623.3 million) pandemiya davridagi
uzoqdan ishlash tendensiyasi bilan bog‘ligligi regressiya
tahlili orqali tasdiglandi (R* = 0.87, p < 0.05).

3. Real misollar (Case Study)

Tadqiqotda kiberhujumlarning ta’sirini aniqroq
tushunish uchun real hayotdan olingan beshta yirik
hodisa batafsil o°‘rganildi:

1. Colonial Pipeline (2021): Ransomware hujumi, 4.4
million dollar to‘lov va 1 milliard dollarlik
infratuzilma zarari.

2. SolarWinds (2020): Davlat qo‘llovidagi hujum,
AQSh hukumat idoralari va 18,000 dan ortiq
tashkilotga ta’sir qildi.

3. NotPetya (2017): Global zarar 10 milliard dollardan
oshdi, Merck va Maersk kabi kompaniyalar eng ko‘p
zarar ko ‘rdi.

4. WannaCry (2017): 150 dan ortiq mamlakatda
200,000 dan ko‘p tizim zararlandi, sog‘ligni saqlash
tarmoqlari eng ko‘p ta’sirlandi.

5. Irlandiya sog‘ligni  saqlash  tizimi  (2021):
Ransomware hujumi, bir necha hafta davomida tibbiy
xizmatlar to‘xtadi.

Har bir misol uchun quyidagi jihatlar tahlil
qilindi: hujumning texnik xususiyatlari (masalan, zararli
dastur turi), iqtisodiy oqibatlari, ijtimoiy ta’siri va
davlatlarning javob choralari. Masalan, Colonial Pipeline
hujumi AQShda yoqilg‘i narxlarining 10% ga oshishiga
olib keldi, bu esa iqtisodiy va ijtimoiy barqarorlikka ta’sir
qildi.

4. Taqqoslash usuli
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Kiberxavfsizlik choralarning samaradorligini
baholash wuchun turli mamlakatlarda qo‘llanilgan
strategiyalar tagqoslandi:

- AQSh: CISA va NIST standartlari asosida xususiy
sektor bilan hamkorlik.

- Yevropa Ittifoqi: GDPR (General Data Protection
Regulation) qoidalari va ENISA (European Union
Agency for Cybersecurity) tashabbuslari.

- Xitoy: Davlat tomonidan qattiq nazorat qilinadigan
kiberxavfsizlik siyosati.

- Rossiya: Mustaqil kiberxavfsizlik tizimlari va
davlat qo‘llovidagi operatsiyalar.

Taqqoslashda quyidagi mezonlar asos qilib
olindi: hujumlarni aniqlash tezligi, zarar miqdorini
kamaytirish ~ darajasi va xalqaro hamkorlikning
samaradorligi. Masalan, Xitoyda davlat nazorati tufayli
hujumlarning 75% oldi olingan bo‘lsa, AQShda bu
ko‘rsatkich 60% atrofida bo‘lgan.

5. So‘rovnoma va mutaxassislar bilan suhbat

Tadqiqotning sifatli qismi sifatida
kiberxavfsizlik bo‘yicha 50 nafar mutaxassis (AQSh,
Yevropa, Osiyo va O‘rta Sharqdan) o‘rtasida so‘rovnoma
o‘tkazildi. So‘rovnoma onlayn shaklda Google Forms
orqali tarqatildi va quyidagi savollarni o‘z ichiga oldi:

- Eng xavfli kiberhujum turlari qaysilar?

- Mavjud xavfsizlik choralari qanchalik samarali?

- Kelajakdagi tahdidlarni oldini olish uchun ganday
strategiyalar zarur?

So‘rovda 5 balli Likert shkalasi (1 — umuman
rozi emasman, 5 — to‘lig roziman) ishlatildi. Natijalar
SPSS’da tahlil qilinib, o‘rtacha ballar va standart
og‘ishlar hisoblandi. Masalan, mutaxassislarning 78% i
ransomware’ni eng xavfli hujum turi deb baholadi
(o‘rtacha ball = 4.3, SD = 0.6). Bundan tashqari, 10 nafar
mutaxassis bilan chuqur suhbatlar o‘tkazildi, ularda
kiberxavfsizlikdagi zamonaviy muammolar va sun’iy
intellektning roli muhokama qilindi.

6. Ma’lumotlarni vizualizatsiya qilish

Tahlil natijalarini aniqroq taqdim etish uchun
ma’lumotlar vizualizatsiya qilindi. Excelda chiziqli
grafiklar (masalan, ransomware hujumlarining o‘sishi),
ustunli grafiklar (ma’lumotlar buzilishi qiymati) va doira
grafiklar (hujum turlari tagsimoti) tuzildi. SPSSda esa
qo‘shimcha statistik grafiklar, masalan, boxplot (zarar
miqdorining sohaviy tagsimoti) va scatter plot (hujumlar
soni va iqtisodiy zarar o‘rtasidagi bog‘liglik) yaratildi.

7. Ma’lumotlarning  ishonchliligi va
cheklovlar

Ma’lumotlarning ishonchliligini  ta’minlash
uchun faqat tasdiqlangan manbalar ishlatildi va har bir
statistik ko‘rsatkich bir nechta manba bilan tekshirildi

(triangulyatsiya usuli). Biroq, tadqiqotda ba’zi
cheklovlar mavjud:
- Ba’zi mamlakatlarda kiberhujumlar bo‘yicha

to‘lig ma’lumotlar ochiq emas (masalan, Xitoy va
Rossiya).
- Kichik bizneslardan kelgan zararlar to‘lig hisobga
olinmagan bo‘lishi mumkin.
- So‘rovnoma namunasi (50 kishi) global miqyosni
to‘liq qamrab ololmasligi mumkin.
Tadqiqot 2025-yil aprel oyidagi so’nggi
ma’lumotlarga asoslanib, kiberxavfsizlik sohasidagi eng
dolzarb tendensiyalarni aks ettiradi. Ushbu metodologiya
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kiberhujumlarning murakkab tabiatini tahlil qilishda har
tomonlama yondashuvni ta’minlaydi va natijalarning
ilmiy asoslanganligini kafolatlaydi.

II. Natijalar
Tadqiqot jarayonida to‘plangan ma’lumotlar va
amalga oshirilgan  tahlillar  katta  miqyosdagi

kiberhujumlarning iqtisodiy, ijtimoiy, texnologik va
siyosiy sohalarga chuqur va ko‘p qirrali ta’sirini aniq
ko‘rsatdi. Quyida ushbu natijalar har bir soha bo‘yicha
batafsil bayon etiladi, shuningdek, statistik ma’lumotlar
va real misollar bilan mustahkamlanadi.

1. Iqtisodiy zarar

Kiberhujumlarning iqtisodiy oqibatlari
tadqiqotning eng muhim natijalaridan biri sifatida
aniqlandi. Statista (2023) ma’lumotlariga ko‘ra, 2022-
yilda kiberjinoyatlarning global iqtisodiy zarari 8.4
trillion dollarni tashkil qildi, bu 2018-yildagi 3 trillion
dollardan 2.8 baravar oshishni ko‘rsatadi. IBM Security
(2023) hisobotida esa ma’lumotlar buzilishining o‘rtacha
qiymati 2018-yilda 3.86 million dollardan 2023-yilda
4.45 million dollarga ko‘tarilgani qayd etildi, bu 15.3%
o‘sishni anglatadi.

Real misollar bu ragamlarni yanada
aniqlashtiradi:
- Colonial Pipeline (2021): Hujum natijasida

kompaniya 4.4 million dollar to‘lov to‘ladi, ammo
infratuzilma zarari va yoqilg‘i ta’minotidagi
uzilishlar tufayli umumiy zarar 1 milliard dollardan
oshdi. AQShning sharqiy qismida yoqilg‘i narxlari
10-15% ga oshdi.

- NotPetya (2017): Global miqyosda 10 milliard
dollardan ortiq zarar keltirdi. Masalan, Merck
kompaniyasi 870 million dollar, Maersk esa 300
million dollar yo‘qotdi, bu esa aksiyalar narxining
pasayishi va operatsion xarajatlarni ham o‘z ichiga
oladi.

- 2022-yil tendensiyasi: Statista ma’lumotlariga ko‘ra,
ransomware hujumlari 620 million marta qayd etilib,
o‘rtacha to‘lov summasi 1 million dollardan oshdi.

Ushbu natijalar shuni ko‘rsatadiki,
kiberhujumlar nafaqat to‘g‘ridan-to‘g‘ri moliyaviy
yo’qotishlarga olib keladi, balki iqtisodiy zanjir

reaktsiyalarini (narxlar o‘sishi, ishlab chiqarishdagi

uzilishlar) ham keltirib chiqaradi. Kichik va o‘rta

bizneslar (KOB) alohida xavf ostida bo‘lib, CISA (2022)

ma’lumotlariga ko‘ra, KOB’larning 40% dan ortigi

kiberhujumlardan zarar ko ‘rgan, lekin ularning aksariyati
yetarli himoya choralariga ega emas.

2. Infratuzilma ta’siri

Kiberhujumlarning  infratuzilmaga  ta’siri
energetika, transport va sog‘ligni saqlash kabi muhim

sohalarda sezilarli darajada kuzatildi. Lee va Kim (2022)

tadqiqotiga ko‘ra, energiya tarmoqlariga qaratilgan

hujumlar o‘rtacha 2-3 hafta davomida uzilishlarga sabab

bo‘lgan. Statistik tahlil shuni ko‘rsatdiki, 2021-2023-

yillarda infratuzilmaga qaratilgan hujumlar soni 35% ga

oshgan.

- Ukraina energiya tarmogqlari (2021): Kiberhujum
natijasida 200,000 dan ortiq aholi bir necha kun
elektrsiz qoldi, bu esa qish mavsumida ijtimoiy
inqirozga olib keldi.
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- [Irlandiya sogligni saqlash tizimi (2021):
Ransomware hujumi tufayli bemorlarning elektron
fayllari bloklandi, shifoxonalar bir oy davomida
qo‘lda ishlashga majbur bo‘ldi, bu esa 80 million
yevro zarar keltirdi.

- Transport sohasi: Maersk kompaniyasiga qarshi
NotPetya hujumi global yuk tashish zanjirida 2
haftalik uzilishlarga olib keldi, bu esa 300 million
dollarlik yo‘qotishga sabab bo‘ldi.

Bu natijalar infratuzilmaning kiberhujumlarga
yuqori darajada zaif ekanligini va bunday hujumlarning
uzoq muddatli oqibatlarga olib kelishini ko‘rsatadi.
Masalan, energetika sohasidagi wuzilishlar iqtisodiy
faoliyatni pasaytiradi, sog‘ligni saqlashdagi muammolar
esa inson hayotiga xavf tug‘diradi.

3. Ijtimoiy oqibatlar

Kiberhujumlarning ijtimoiy ta’siri jamiyatdagi
ishonch darajasining pasayishi va psixologik stressning

oshishi sifatida namoyon bo‘ldi. Jones (2020)
ma’lumotlariga ko‘ra, AQShda 2021-yilda
kiberhujumdan keyin fuqarolar orasida shaxsiy

ma’lumotlar xavfsizligiga ishonch 30% ga kamaydi.

Tadgiqotda o‘tkazilgan so‘rovnoma natijalariga ko‘ra,

respondentlarning  65% 1 onlayn xizmatlardan

foydalanishni cheklagan (o‘rtacha ball = 4.1, SD = 0.7).

- WannaCry (2017): Buyuk Britaniyada sog‘ligni
saqlash tizimiga qilingan hujumdan so‘ng, aholining
40% 1 davlat xizmatlariga ishonchi pasayganini
bildirdi.

- Phishing hujumlari: Statista (2023) ma’lumotlariga
ko‘ra, 2022-yilda 30% kiberhujumlar phishing orqali
amalga oshirilgan bo‘lib, bu shaxsiy ma’lumotlarning
oshkor bo‘lishiga olib keldi va fuqarolar orasida
xavotirni oshirdi.

- Kichik bizneslar: KOB’larning 50% i hujumdan
keyin mijozlar ishonchini yo‘qotgan, bu esa ularning
daromadlariga 20-30% ta’sir qilgan (CISA, 2022).

Bu natijalar  kiberhujumlarning  nafaqat
texnologik, balki ijtimoiy barqarorlikka ham tahdid
solishini ko‘rsatadi. Ishonchsizlikning oshishi ragamli
iqtisodiyotning rivojlanishiga to‘sqinlik giladi.

4. Siyosiy ta’sir

Kiberhujumlarning siyosiy oqibatlari
davlatlararo munosabatlarga va milliy xavfsizlikka ta’siri
bilan o‘lchandi. Brown (2019) tadgiqotiga ko‘ra, davlat
go‘llovidagi hujumlar 2018-2023-yillarda 40% ga
oshgan.

- SolarWinds (2020): AQSh hukumat idoralariga garshi
hujum Rossiya bilan bog‘landi va AQSh-Rossiya
munosabatlarida yangi sanksiyalarga olib keldi. Hujum
18,000 dan ortiq tashkilotga ta’sir qildi.

- WannaCry (2017): Shimoliy Koreya bilan bog‘liq deb
taxmin qilingan hujum AQSh tomonidan qo‘shimcha
iqtisodiy choralar ko‘rishga sabab bo‘ldi.

- 2022-yil  Ukraina-Rossiya  konflikti: ~ Rossiya
tomonidan Ukraina infratuzilmasiga qarshi 200 dan
ortiq kiberhujum qayd etildi, bu esa xalqaro keskinlikni
oshirdi.

Statistik tahlil shuni ko‘rsatdiki, siyosiy
magsadli hujumlarning 60% 1 infratuzilmaga qaratilgan
bo‘lib, bu davlatlarning barqarorligiga jiddiy xavf
tug‘diradi.

5. Hujum turlari va xavfsizlik choralari
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Tadqiqotda hujum turlari bo‘yicha tagsimot
aniqlandi:

- Ransomware: 45% (Kaspersky Lab, 2023).

- Phishing: 30%.

- DDoS: 15%.

- Boshgalar: 10%.

Xavfsizlik choralari samaradorligi bo‘yicha:

- AQSh va Yevropa Ittifoqi: Strategiyalar 60% hollarda
samarali, lekin kichik bizneslarda bu ko ‘rsatkich 20%
dan past (CISA, 2022).

- Xitoy: Davlat nazorati tufayli 75% samaradorlik,
ammo shaffoflik yetishmaydi.

- Rossiya: Mustaqil tizimlar 50% samarali, lekin
xalqaro hamkorlik cheklangan.

Natijalar shuni ko‘rsatadiki, kiberhujumlarning
xilma-xilligi va murakkabligi oshib bormoqda, ammo
mavjud choralar zamonaviy tahdidlarga to‘liq mos
kelmagan.

III.Xulosa

Katta miqyosdagi kiberhujumlar zamonaviy
jamiyat uchun eng jiddiy va ko‘p qirrali tahdidlardan biri
sifatida aniqlandi. Tadqiqot natijalari kiberhujumlarning
trillionlab dollarlik iqtisodiy yo’qotishlar keltirishi,
infratuzilmani zaiflashtirishi, jamiyatda ishonchsizlikni
oshirishi va davlatlararo munosabatlarga putur
yetkazishini tasdiqladi. Ushbu bo‘limda natijalar
umumlashtirilib, kengroq kontekstda muhokama qilinadi
va kelajakdagi choralar bo‘yicha batafsil tavsiyalar
beriladi.
1.Igtisodiy jihat: Kiberhujumlar global iqtisodiyotga
yiliga 8-10 trillion dollar zarar keltirmoqda, bu jahon
iqtisodiy mahsulotining 10% ga yaqin qismini tashkil
qiladi (Cybersecurity Ventures, 2023). Bu zarar nafaqat
yirik korporatsiyalarga, balki kichik bizneslarga ham
ta’sir qiladi, chunki ularning 60% i hujumdan keyin 6 oy
ichida yopiladi (CISA, 2022).
2.Infratuzilma barqarorligi: Energiya, transport va
sog‘ligni saqlash kabi sohalardagi uzilishlar nafaqat
iqtisodiy, balki inson hayotiga ham xavf tug‘diradi.
Masalan, WannaCry hujumi Buyuk Britaniyada 19,000
tibbiy uchrashuvni bekor qildi.
3.5jtimoiy ta’sir: Ishonchsizlikning oshishi ragamli
xizmatlarning rivojlanishini sekinlashtiradi. So‘rovnoma
natijalariga ko‘ra, mutaxassislarning 85% i aholini
kiberxavfsizlik bo‘yicha o‘qitish zarurligini ta’kidlagan
(o‘rtacha ball =4.5, SD = 0.5).
4.Siyosiy oqibatlar: Davlat qo‘llovidagi hujumlar
xalqaro xavfsizlikka tahdid solmoqda. SolarWinds va
Ukraina hodisalari kiberurushning yangi shakli sifatida
qaralmoqda.

Mavjud choralarning bahosi

Tadqiqot shuni ko‘rsatdiki, mavjud
kiberxavfsizlik choralari qisman samarali bo‘lsa-da, ular
zamonaviy tahdidlarga to‘liq javob bera olmaydi.
Masalan, AQShda NIST standartlari va GDPR qoidalari
katta korporatsiyalar uchun foydali bo‘lgan bo‘lsa-da,
kichik bizneslar uchun qimmat va murakkab. Xitoydagi
yugqori samaradorlik (75%) davlat nazorati bilan bog‘liq,
ammo bu model demokratik davlatlarda qo‘llanilishi
qiyin. Mutaxassislar suhbatida 70% respondent sun’iy
intellektga asoslangan hujumlarning oshishi tufayli
an’anaviy himoya tizimlari eskirganini ta’kidlagan.
IV.Tavsiyalar
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Ushbu natijalarga asoslanib, kiberhujumlarga
qarshi kurashda quyidagi strategik tavsiyalar taklif
etiladi:

1. Investitsiyalarni oshirish: Hukumatlar va
xususiy sektor kiberxavfsizlikka yillik xarajatlarni
kamida 20% ga oshirishi kerak. Sun’iy intellektga
asoslangan himoya tizimlari (masalan, Deep Learning
algoritmlari) hujumlarni 30% tezroq aniqlaydi (IBM
Security, 2023).

2. Xalqaro hamkorlik: Kiberjinoyatlarga qarshi
global shartnoma qabul qilinishi zarur. Masalan, NATO
kabi tashkilotlar kiberxavfsizlik bo‘yicha birlashgan
strategiyani ishlab chiqishi mumkin.

3. Aholi xabardorligi: Ommaviy kampaniyalar
orqali fuqarolarni phishing va boshqa hujumlardan
himoyalanishga o‘rgatish. So‘rovnoma natijalariga ko‘ra,
aholining 60% i oddiy parol xavfsizligini bilmaydi.

4. Kichik bizneslarni qo‘llab-quvvatlash: Arzon
va samarali xavfsizlik yechimlari (masalan, bulutli
himoya xizmatlari) ishlab chiqilishi kerak. AQShda
KOB’lar uchun subsidiyalar 50% zarar miqdorini
kamaytirishi mumkin (CISA, 2022).

5. Siyosiy choralar: Davlat qo‘llovidagi
hujumlarga qarshi xalqaro sanksiyalar va diplomatik
muzokaralar kuchaytirilishi lozim. Masalan, SolarWinds
hujumidan keyin Rossiyaga qarshi qo‘shimcha iqtisodiy
choralar samara bergan.

6. Texnologik innovatsiyalar: Blockchain va
kvant kriptografiyasi kabi yangi texnologiyalar sinovdan
o‘tkazilishi kerak. Blockchain ma’lumotlar xavfsizligini
40% ga oshirishi mumkin (Kaspersky Lab, 2023).

Kelajakdagi tadqiqotlar uchun yo‘nalishlar

Tadqiqot kiberxavfsizlik sohasida bir qator
yangi savollarni keltirib chigardi:

- Sun’iy intellektga asoslangan hujumlarning
kelajakdagi evolyutsiyasi qanday bo‘ladi?

- Kichik mamlakatlar kiberxavfsizlikni
ta’minlay oladi?

- Ijtimoiy ishonchsizlikning uzoq muddatli iqtisodiy
oqibatlari ganday o‘lchanadi?

Ushbu tadqiqot kiberxavfsizlik sohasidagi
kelajakdagi ishlar uchun mustahkam asos yaratadi.
Kiberhujumlarning murakkabligi va chastotasi oshib
borayotgan bir paytda, global hamkorlik va innovatsion
yechimlar ushbu tahdidlarni yumshatishda muhim rol
o‘ynaydi. Tadqiqot natijalari nafaqat akademik doiralar,
balki siyosatchilar, biznes rahbarlari va oddiy fuqarolar
uchun ham amaliy ahamiyatga ega bo‘lib, raqamli
dunyoda xavfsiz kelajakni shakllantirishga xizmat qiladi.
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Noqat’iy mantiqgqa asoslangan boshqarish tizimini tabiiy gaz parametrlarini
boshgarishda qo’llanilishi

B.U. Shomirzayev
Andijon davlat universiteti, 170100. Andijon sh. Universitet ko’chasi 129.

Annotatsiya. Ushbu magolada katta axborot ogimlarini tahlil gilish va gayta ishlashga asoslangan
gaz sanoati tizimini boshgarishda yuzaga keladigan turli noaniglarni hisobga olish imkonini beruvchi
intellektual boshqgarish tizimlarini tashkil etish uchun nogat'iy mantiq apparatidan foydalanish masalasi
ko'rib chigilgan. Olingan natijalar ushbu sohadagi keyingi tadgiqotlar uchun asos bo’lib xizmat qilishi
mumkin.

Kalit so'zlar: nogat’iy mantiq, boshqaruv tizimi, gaz quvuri, rostlash, garor gabul gilish, bosim, sarf.

AHHOTauuA. B gaHHOM cTaTbe pPacCMOTPEHO WUCMOMb30BaHME annapaTta HevyeTKoW NOrvku ansd
opraHu3aumMm WHTENNeKTyanbHbIX CUCTEM YMpaBrieHUsl, KOTOPble MO3BOMAKT Y4UTbIBATb pPasfnyHble
HeonpeaeneHHOCTW, BO3HMKAKOLLME MpK yrpaBneHnn CUCTEMOMN ra3oBOM OTpacnM Ha OCHOBE aHanusa u
06paboTkn 6oMbLIMX MHPOPMALMOHHBIX NMOTOKOB. [MonyyYeHHble pe3ynbTaTbl MOryT MOCHYXWUTb OCHOBOM

Ans ganbHenLWwnx nccnegoBaHnin B aTon obnacTu.
KnwouyeBble cnosa:
NPUHATME peLLEeHUs, AaBrNeHne, pacxoa.

He4yeTKaaA Jiormka, cucrtemMa yrnpabsJieHuA,

rasornpoBod, perynvMpoBaHue,

Annotation. This article discusses the use of fuzzy logic to organize intelligent control systems that
allow for various uncertainties that arise when managing a gas industry system based on the analysis and
processing of large information flows. The results obtained can serve as a basis for further research in this

area.

Key words: fuzzy logic, control system, gas pipeline, regulation, decision making, pressure,

consumption.

I. Kirish

So‘nggi yillarda jahonning ko’plab
mamlakatlarida arzon energiya hisoblangan tabiiy gazga
bo’lgan ehtiyoj keskin ortib bormogda. Shuning uchun
ko’plab rivojlangan davlatlarda tabiiy gazni gazib olish,
gazni yer osti omborlarida saglash va transportirovka
qgilish jarayonidagi mavjud texnologiyalarni
takomillashtirish, texnologik agregatlarning ishlab
chigarish samaradorligi va quvvatini oshirish bo‘yicha
jadal izlanishlar olib borilmogda. Real texnologik
ob’ektlarni boshqarish uchun zamonaviy axborot
texnologiyalaridan foydalanish barcha sohalarni jadal
rivojlantirishda eng dolzarb vazifalardan biri bo‘lib, bu
boshqarish jarayonlarining sifatini yaxshilash va kam
energiya va resurs sarflari bilan samaradorlikni oshirish
imkonini beradi. Xususan tabiiy gazni gazib olish,
saglash va transportirovka gilishni boshgarishda yuzaga
keladigan turli noaniglarni hisobga olish imkonini
beruvchi intellektual boshgarish tizimlarini tashkil etish
ustuvor vazifalaridan hisoblanadi

Hozirgi kunda ma’lumotlar noanigligi sharoitida
turli texnologik jarayonlarini intellektual texnologiyalari
usullari asosida boshgarish tizimlarini zamonaviy
usullarini  yaratishning nazariy muammolarini hal
qilishga va ularning turli sohalarda amaliy qo‘llanilishiga
katta e’tibor qaratilmoqda. Turli tasodifiylik va noaniqlik
sharoitida texnologik jarayonlarni boshqarishda noqat’iy
mantiqqa asoslangan intellektual texnologiyalardan
foydalanish noqat’iy va moslashuvchan boshqarishning
keng ko‘lamli muammolarini hal qilishni ta’minlaydi.

Hozirgi vagtda O’zbekiston Respublikasida
barcha texnologik jarayonlar va ishlab chigarishni
avtomatlashtirish,  shuningdek ularni  boshgarish
sohalariga, shu jumladan gazni gazib olish, gazni yer osti
omborlarida  saglash va  transportirovka  qilish

jarayonlarini avtomatlashtirish va boshqarishda energiya
va resurslarning kam harajatliligini ta’minlash imkonini
beradigan zamonaviy boshqarish tizimlarini yaratishga
katta e’tibor berilmoqda [1, 2]. 2022-2026-yillarga

mo‘ljallangan  Yangi O’zbekistonning taraqqiyot
strategiyasida,  jumladan  «Sanoat  tarmogqlarida
yo‘qotishlarni kamaytirish va resurslarni ishlatish
samaradorligini  oshirish bo‘yicha ..., zamonaviy

energiya tejamkor texnologiyalar, asbob-uskunalar va
gayta tiklanuvchi energiya manbalarini joriy etish, gayta
tiklanuvchi energiya manbalari qurilmalarini ishlab
chiqarish va energiya samaradorlikni oshirish bo‘yicha
loyihalarni moliyalashtirish» vazifalari belgilangan.
Mazkur vazifalarni amalga oshirish uchun gazni
transportirovka qilishning texnologik jarayonlarini
yugori samarali intellektual boshgarish tizimlarini sintez
gilish va amalga oshirish dolzarb vazifalardan biri
hisoblanadi.

Tabiiy gazni va gaz kondensatini gazib olish,
saglash,  transportirovka  gilish va  tayyorlash
texnologiyalarining doimiy murakkablashuvi zamonaviy
axborot texnologiyalari va texnik vositalar yutuglaridan
foydalanib, noaniglik sharoitida texnologik jarayonlarni
boshgarishning yugori samarali usullari va algoritmlarini
ishlab chigishni talab giladi. Shu munosabat bilan gaz,
hamda gaz kondensatini ishlab chiqgarish, saglash va
transportirovka qilish qurilmalarining asosiy ishlash
ko‘rsatkichlarini  boshqarish  imkonini  beradigan
kompyuterli  texnologik boshgarish tizimini ishlab
chiqish zarur [3].

Katta axborot oqimlarini tahlil gilish va qayta
ishlashga asoslangan gaz sanoati tizimida mavjud turli
giymatlarning noaniqligi va o‘zgaruvchanligi dinamik
tizimlarning tavsifini bashorat qilishni sezilarli darajada
murakkablashtiradi, shu sababli ob’ektlarni boshqarish
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muammosini hal qilishni giyinlashtiradi. Bugungi kunda
gaz quduqlaridagi bu muammoni hal qilishda ko‘plab
an’anaviy yondashuvlar ma’lum, ammo ularning
barchasi cheklangan vaqt resurslariga bog‘liq, chunki
dinamik ob’ektlarni aynigsa noaniqlik sharoitida operativ
boshqarish qiyin [4]. Shu munosabat bilan ma’lumotlar
noaniqligi mavjud bo‘lganda yuqori darajada
muxtorlikka, ishonchlilikka, moslanuvchanlikka hamda
faoliyat sifati yuqori bo‘lgan turli xil texnik tizimlarni
yaratish zarurati tug‘iladi [5].

Tabily gaz sanoatidagi inshootlarda amalga
oshiriladigan murakkab texnologik jarayonlarning
mavjudligi, bir-biriga bog‘liq o‘lchanadigan
giymatlarning ko‘pligi va tashqi harorat, yerosti qatlam
bosimining o‘zgaruvchanligi, quvur va agregatlarning
ifloslanishi kabi tizim ishiga ta’sir etuvchi tashgi omillar
mavjuddir. Bular tizimning murakkabligi, ko‘p
o‘lchamliligi va nochiziqliligining xarakterli xususiyati
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hisoblanadi, bu esa zarur eksplutatsion xususiyatlarini va
tashqi muhit ta’sirini hisobga olgan holda tegishli
harakatni shakllantirish va oldindan hisobga olish
qobiliyati bilan operatsiyalar ketma-ketlikni
rejalashtirishni keng ko‘lamli funksional ta’minlash
uchun, shuningdek, uning joriy holatini faol
moslashtirishni  ta’minlovchi  maxsus, nostandart
usullarni talab etadi [3,5,6]. Bu talablar murakkab
dinamik ob’ektlarni zamonaviy intellektual boshqarish
vositalari va usullarini ishlab chiqish va mavjudlarini
yanada takomillashtirishni talab etadi.

Il. Material va usullar

Tabiiy gazni va gaz kondensatini gazib olish,
saglash, transportirovka gilish va tayyorlash texnologik
jarayonlarini modellashtirish uchun quvur liniyalari va
elektr jihozlarining holati va xususiyatlari to‘g‘risida
noaniq ma’lumotlardan foydalanishga to‘g‘ri keladi.
Quyidagi rasmda bu jarayonning modeli keltirilgan.

Quvurdagi gazning jgarshilik koeffitsienti

Kirishdagi gaz bosimi

Solishtirma garshilik

Quvur ichki diametri

Chigishdagi gaz bosimi

Chiqishdagi gaz bosimi farqi

Gaz harorati Chigishdagi gaz sarfi >
Gaz zichiei W
Namlik ] ] Atrof muhit harorati
Boshqarilayotgan ob’ektga tegishli ~ muammoni  shakllantirish,  shuningdek  masalada

ma’lumotlarni to‘plash bilan intellektual boshgarish
tizimini ishlab chigishning eng muhim vazifasi hal etilib
golinmaydi, undan tashqgari garor gabul gilish jarayonida
uni samarali gayta ishlashga imkon beradigan bilimlar
bazasining samarali modellarini yaratish va tanlash ham
muhim ahamiyat kasb etadi [5, 8]. Ma’lumotlar
noanigligi sharoitlarda ishlaydigan boshgarish tizimining
parametrlarini prognozlash, modellashtirish va ularni
moslashtirishning yugori samarali algoritmlarini ishlab
chigish, yugorida  keltirilgan vazifaga  oid
o‘rganilayotgan muammoli soha va ushbu sohada
garorlar qabul qilishning turli usullari to‘g‘risida kerakli
ma’lumotlarni 0z ichiga olishi mumkin bo‘lgan tegishli
bilimlar bazasini yaratish bilan bevosita bog‘liqdir [3,9].

Umumiy hollarda boshgarish jarayoni modelini
yaratishning  turli  xil yo‘llari mavjud. Bular
boshqgarilayotgan ob’ektning xususiyatlari, qo‘yilgan

IF A; THEN B4, ELSE IF A, THEN B,

bu yerda X; bazaviy to‘plamda aniglangan nogat’iy
ostto‘plamlar A; A,..., Av , Y bazaviy to‘plamdan
aniglangan noqat’iy ostto‘plamlar esa Vi Va,..., By ni
tashkil etadi.

Hp_p B (x,y) tegishlilik funksiyasi orqali «

IF A, THEN B, » qoida belgilanadi.

go‘llaniladigan matematik sxema bilan bog‘liq.

Boshqarish jarayoni modeli kompleksli xulosa
goidasiga asoslangan holda boshgarilayotgan tizimning
barcha sodir bo‘lishi mumkin bo‘lgan holatlarining
boshgarish  qarorlari  bilan o‘zaro munosabatini
tavsiflaydi [9,10]. Jarayonning modeli (X, R, Y) uchlik
shaklida berilgan bo‘lib, tizimning A; Kkirish va B;
chigishlari uchun X = {x4, x5, ..., %0}, Y =
{y1,¥2, ..., ¥} tayanch to‘plamlari mavjud; R - noqat’iy
“kirish-chigish”ning munosibligi. Texnologik goidalar
bilan ta’minlangan sifatli ma’lumotlar asosida ularning
Noqat’iy strategiyalarini to‘g‘ridan-to“g*ri
formallashtirish  orgali R  munosiblik quriladi.
Kuzatilayotgan tizimning ishlashi paytida boshgarish
jarayonining xususiyatlarini R munosiblik quyidagi
ifodalari shaklida tasvirlaydi:

..., ELSE IF Ay THEN By,
Qo‘llanilayotgan qoidalar orasidagi "AKS HOLDA"
bog‘lovchisi YoKI-bog‘lovchi sifatida tushuniladi,
chunki umumiy holda nogat’iy munosabat quyidagi
ko‘rinishdan iborat:
goida 1, YoKI 2-goida, YoKI .... Yoki N —
goida.

Umumiy holda R munosabati (1) da

ko’rsatilganidek aniglanadi:
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RzuRi=mm{mm0m(ﬂ¢@xwﬂJ=LN. (1)
i i
i
Noqat’ly ostto‘plam bilan ifodalanadigan kirish  qoidasiga muvofiq olinadi. V' uchun tegishlilik
holati va umumiy R munosabati ma’lum bo‘lgan holda,  funksiyasining gqiymati maksimal operatsiya bilan
ya’ni A noqat’iy hodisasi mavjud bo‘lsa, u holda hisoblanadi:

natijaviy harakat kompleksli xulosa qilish V'= AR

s = v (A (Y= v (G A (e, ) A 5 (X YD A 225 (%, y)) =

X e X X e X
)
S T D) PNt B S PPN O R
X e X X e X
=N Hy (y) = Hovre (y)
Tenglama (2) ko‘pincha noqat’iy xulosa Nogat’iy xulosaning eng muhim

chigarish tizimlarida qo‘llaniladi, chunki ma’lum modifikatsiyasini ko‘rib chiqamiz. Oddiylik uchun
tegishlilik funksiyalari bo‘lgan wushbu tenglamalar — ma’lumotlar bazasida quyida ko‘rsatilgan ikkita qoidalar
asosida yakuniy natijalar juda sodda tarzda hisoblab  mavjud deb taxmin gilaylik:

chigiladi va noqat’iy xulosa chigarish mexanizmining

grafik interpretatsiyasi taqdim etiladi.

Ri;: IFxis A; ANDyisB; THEN zis Cq,
Rz : IFxis A, AND yis B, THEN z is C,

bu yerda x, u - kirish o‘zgaruvchilarining nomlari; z - Birinchi (R1) va ikkinchi (Rz) goidalar uchun
chiquvchi o‘zgaruvchining nomi; A1, Az, By, By, Cq, Co-  rostlik  darajasi  quyidagi  (3) da keltirilgandek
tegishlilikning ma’lum funksiyalari. Berilgan Xo, Uo ifodalanishi mumkin:

giymatlari asosida zo o‘zgaruvchining aniq qiymatini

topish kerak.

a, ::uAl(Xo)/\:Llsl(yo) va a, = u,, (Xo)/\/uBz (yo)l (3)

bu yerda ﬂAi(Xo) va g (yo) - foydalanuvchi .Quyi.dagi shartnjng baj.ari.lishi gaz ganoatidggi
) k o ) ... . texnologik jarayonlarni hozirgi kundagi mavjud
talablari va qoidada ko‘rsatilgan ma’lumotlar o‘rtasidagi boshqarish tizimlarining barcha qiymatlar bo‘yicha eng

munosiblik darajasini aniqlaydi. yaxshi bajarilishini ta’minlay oladi:
I11. Natijalar va muhokama

F(X,X',..,UU',..)=C(M,M",..,.L,L',..)
bu yerda C - gaz gatlamlaridagi har bir vagt moment Truboprovod liniyasiga uzatilayotgan gaz
uchun magsadli funksiyasi, F - qgatlamlaridagi joriy = bosimining og‘ish kattaligi bilan fazzifikatsiya qilish
giymatlarini aniglaydigan funksiya [7]. uchun uch term tegishlilik funksiyalarining uchburchak

Nogat’iy  PID-rostlagichni amalga oshiruvchi  shaklidan foydalanamiz (1-rasm).
tizim MATLAB/FUZZY LOGIC TOOLBOX ilovasi
yordamida ishlab chigilgan.

_laix]
File Edit View
FIS Variables Membership function plots plot | 181
T T T T
Mapfiy Mul Musbat
g 1
/X
Hosilasi Kd 0
_ inr:n{ irariahla ™ q}-n"
Current Variable Current Membership Function {click on MF to select)
Mame Xato Name: [ Manfiy
Type input Type | trimf = I
Params | [-0.335 0.00661 0.491]
Range I [a 1]
Display Range | [0 1] | Help | Close | |
| Selected variable “Xato" |

1l-rasm. Gaz quvuridagi bosim o‘zgarishining tegishlilik funksiyasi.

Magistral gaz quvuri bosimining dV o‘zgarishi ~ olamiz. Gaz quvuridagi gaz bosimining o‘zgarish
tezligini gazni yer ostidan gazib olib truboprovod tezligini fazzifikatsiya qilish uchun biz tegishlilik
tizimiga uzatish jarayonini boshgarishning aniqligi va  funksiyasining monand shaklini O dan 4 gacha oraliqda
sifatini oshirish uchun hisoblaymiz. Bu uzatilayotgangaz ~ olamiz (2-rasm). Magistral gaz quvuridagi bosimni
bosimi 0 dan +1 gacha oraligda o‘zgarishi mumkin deb  rostlash uchun rostlagichning Klapanini ochish-yopish
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orqali  tartibga solinadi. Buning uchun biz  chigishidan kelib chigadigan Lper klapan holatini
mikroprotsessorli ~ boshqgarish ~ tizimi ~ modulining  o‘rnatish signalini ishlatamiz.
_ioix
File Edit View
FIS Variables Membership function plots plot W
Kichik ' nul ' ' " Kalta

BEE

Hosilasi  Kd 0 ; ; - - -
0 0.5 1.5 2 25 3 3.5 -
innut srarighls "lntanrg 1™
Current Variable Current Membership Function (click on MF to select)
Name Integrali Name | Kichik
Type input = | trimf j
Params | [-1.95 0.00826 1.853]
Range I [0 4]
Display Range | [0 4] Help | Close |
Selected variable "Integrali”

2-rasm. Gaz quvuridagi bosim o‘zgarishi tezligining tegishlilik funksiyasining ko‘rinishi.

Magistral gaz quvuridagi bosimni boshgarish
signalining shakllanishini 0 dan 20 gacha bo‘lgan
diapazonda ochish yoki yopish bilan belgilanadigan
tizimdagi  rostlagich  klapanining L  holatining
o‘zgarishini ta’minlaydi. Gazni yer ostidan gazib olib
truboprovod tizimiga uzatishdagi rostlagich klapanining
holatini boshqgarish noqat’ly mantigning lingvistik

o‘zgaruvchilaridagi uchta term bilan ifodalaymiz (3-
rasm). Agar gaz quvuridagi bosim belgilangan normadan
kam bo‘lsa va uning qiymati o‘zgarmasa, u holda klapan
gisman ochiladi. Nogat’iy lingvistik o‘zgaruvchilardan
foydalanib, biz ushbu qoidani quyidagicha yozamiz:

agar X=Mva I =Kva H=M bo‘lsa, u holda
Kp = Kt, Ki = Kt, Kp = K.

J} Membership Function Editor: V070121 N [u] 3
File Edit View
FIS Variables Membership function plots plot | 181
Kichik Ze ' Kalta

Hosilasi  Kd 0 g -
0 10 15 20
outnat srariahla " A"
Current Variable Current Membership Function (click on MF to select)
Mame Kp Hame I Kichik
Type output Type | trimf - I
Params |[—1D 0.001 10]
Range | [0:20]
Display Range [0 20) ‘ Help | Close | |
Selected variable "Kp” |

3-rasm. Rostlagich klapanini ochishning lingvistik o‘zgaruvchilari.

Yer ostidan qazib olib truboprovod tizimiga
uzatilayotgan gaz bosimi talab etilganidan kam bo‘lsa va
uning giymati kamayayotgan bo‘lsa, u holda gaz
bosimini talab etilgan darajaga yetkazish uchun klapan
to‘liq ochilishi kerak. Bu jarayon uchun ushbu qoidani
noqat’iy o‘zgaruvchilar orqali quyidagicha ifodalanishi
mumkin:

agar X=Mva I =Nva H=Ms bo‘lsa, u holda
Kp = Kt, Ki = Ze, Kp = Kt
Agar gazning quvurdagi bosimi talab
etilganidan yuqori bo‘lsa va uning qiymati vaqt
davomida o‘zgarmasa, u holda klapan gisman yopiladi.
Ushbu qoidani nogqat’iy lingvistik o‘zgaruvchilar orqali
quyidagicha ifodalanadi:
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agar X=Nva I =Kva H=M bo‘lsa, u holda Kp =
Ze, Ki = Kt, Kp =K.

Magistral truboprovod tizimiga uzatilayotgan
gaz bosimi talab etilganidan yugqori bo‘lsa va uning
giymati ortayotgan bo‘lsa, u holda klapanni to‘liq yopish
kerak bo‘lalt. Nogat’iy lingvistik o‘zgaruvchilar bmlan
ushbu qoidani quyidagicha ifodalaymiz:
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agar X=Msva | =Ktva H=Ms bo‘lsa, u holda Kp =
K, Ki = K, Kp = Kt.

Qolgan qoidalarni xuddi shu tarzda tuzamiz.
Agar yuqoridagi shartlarning barcha mumkin bo‘lgan
holatlarini tahlil gilsak, unda bu holda yigirma yettita
qoidalar tuzilishi mumkin (4-rasm).

_lo)x]
File Edit View Options
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4-rasm. Tuzilgan bilimlar bazasi va Rule Viewer nazorat oynasi.

Nogat’iy rostlagichga ehtiyoj paydo bo‘lishining
asosiy sabablaridan biri har doim holat datchigining
giymati ma’lum sonli giymatlar bilan o‘lchanadi.
Natijada o’lchov olib borilayotganda bu ma’lum bir
pozitsiyaga yaginlashganda har bir diskret datchik
shkalasi xatosi tufayli qo‘shni giymatgaga nisbatan
unchalik aniq bo‘lmagan holatni egallashligi aniglangan.

IV. Xulosa

Tavsiya etilgan noqat’iy rostlagichli boshqarish
tizimning ishlashini klassik PID-rostlagichli tizim bilan

Jarayon parametrlarining o‘zgarishini
noaniqligini hisobga olish uchun noqat’iy mantigdan
foydalanishga asoslangan usul taklif etiladi, bu esa
boshqarish jarayonida vujudga keladigan turli xil
noaniqliklarni hisobga olishga imkon beradi. Shu bilan
birga, noqat’iy mantiqgqa asoslangan PID-rostlagichli
kontroller bilan boshgqariluvchi, proporsional,
integrallovchi va  differensiallovchi  zanjirlaridagi
kuchaytirish koeffitsiyentlari statik emas, ya’ni tizimning
hozirgi vaqtdagi holatiga bog‘liq.
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5-rasm. Boshgqarish tizimlaridagi jarayonlar: sariq rangda ragamli klassik PID-rostlagich,
havorangda noqat’iy rostlagich.

tagqoslash imitatsion model natijalarida (5-
rasm) keltirilgan. Ushbu taqqoslash natijasida biz
noqat’iy PID- rostlagichli boshqarish tizimning o°z-
o‘zini sozlashi klassik PID-rostlagichli tizimdan yuqori
bo‘lib chiqdi degan xulosaga kelishimiz mumkin.

Intellektual nogqat’iy PID-rostlagichli tizimdan
foydalanish  an’anaviy = PlID-rostlagichli  tizimdan
ustundir. Klassik rostlagichni belgilangan darajadagi
o‘zgarishlarni sozlash uchun noqat’iy mexanizmni
moslashtirish mos va sodda usul bo‘lib, real vaqtda
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barcha turdagi murakkab jarayonlarga tatbiq etiladi. O’z-
o‘zini sozlovchi noqat’iy kontroller PID rostlagichning
Kp, Ki va Kd giymatlarini sozlash uchun ishlatiladi.
Tajribalar shuni ko‘rsatadiki, bosimni nazorat qilish
tizimining ishlashi an’anaviy PID-rostlagichli tizimga
nisbatan yaxshiroq va qonigarli.

Foydalanilgan adabiyotlar

[1] Shomirzaev B.U. Analysis of the pressure control
system in gas tubes with the use of the fuzzy logic controller
/I European Journal of Business and Social Sciences, 4"-
International Eduindex Multidisciplinary = Conference,
Switzerland, 2019. —pp.76-81.

[2] Tocte B.A. HeveTkne perynsatopbl B cucTemax
aBTomMartumdeckoro ynpaenenwnsa / B.M. Toctes - K.
«Pagnomatop», 2008. — 972 c.

[3] Shomirzaev B.U. Application of Fuzzy Logic in the
Gas Transportation Control System //  Universum:
TexHunyeckue Hayku. Poccuns 2021, Beinyck: 5(86), Yactb
6, cTp. 12-15.

[4] Siddikov I.X., Shomirzaev B. U. Gas Pressure and
Flow Control Algorithm in Main Gas Pipelines Using the
Fuzzy Logic Apparatus // International journal of
advanced research in science, Engineering and
technology. India 2019, Vol. 6, Issue 8, August 2019.

[5] Kapacesny A.M., CyxapeB M.I'., benuHckui A.B.,
OHeproadeKTUBHbBIE  PEXUMbI  Fa30TPaHCMNOPTHBLIX

173

cucTeM UM npuHuunbl ux obecneveHuss. — [asoBas
NpoMbILIeHHoCTb, Ne 1, 2012
[6] Womup3aeB B.Y. MNpumeHeHne HeYeTKoM CUCTEMbI
yrnpaBneHuss  ONnd  MOHUTOPWMHra W ynpaBneHus
napametpamu rasonposoaa // ILIM ham JAMIYET llimiy-
metodikaliq jurnal, Ne1.2024, cmp, 26-29.
[7] Cuppunkos UN.X., Uckanaapos 3.3. MogenvposaHue n
aHanM3 KadecTBa HEYEeTKOM CUCTeMbl YynpaBneHus
anekTpnpmsogom // Xumuyeckas texHornorns. KoHTponb
n ynpaeneHuve. TawkeHT, — Ne3. — 2014, — C.39-42.
[8] Womup3aee bB.Y. MopenupoBaHue npouecca
TPaHCNOPTUPOBKU MpupoaHoro rasa // MexayHapoaHbIn
Hay4YHO-06pasoBaTenbHbIV XypHan «Jlyywne
WHTenneKTyanbHble nccnegosaHusa», Ne1.Vol.24, 2024,
cmp, 83-90.
[9] Merat A. HeveTkoe mopenvposaHue u ynpasneHue /
A. MNerart. — M.: BuHowm, 2-e n3a., 2013. — 798 c.
[10] BekmypatoB T.®. Cucrematusauus 3agad
WHTENNEKTyarnbHbIX CUCTEM  MOOOEPXKKA  MPUHATUSA
pewennin // Mpobnembl MHPOPMATUKN U SHEPreTUKM.
TawkeHT, — 2003. -Ne4. — C. 24-35.
Muallif hagida ma’lumot.

Shomirzayev Bobirjon Urinbayevich —texnika
fanlari boyicha PhD, Andijon davlat universiteti, Axborot
texnologiyalari kafedrasi.

e-mail: shobabur@mail.ru, mesn: +998-90-774-86-28.

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025


mailto:shobabur@mail.ru

COMPUTER SCIENCES 174

UDK: 372.862

Bulutli xisoblashlarni ta’lim muassasalarida tadbiq gilish
G.A. Aliyeva,

Andijon davlat universiteti, Andijon, O‘zbekiston

AHHOTaumA. B gaHHON cTaTbe paccmaTpmBaloTCA BONPOCHI pa3BUTUS 0bnayvHbix TeXHornoru B obpasoBatensHOM
npouecce M HOPMaTUBHO-NPaBOBbIE MOAXOAbI K €ro pa3sutuio B Pecnybnuke Y3bekucrtaH, aHanus passButua obnadHbix
TEXHOMOIMI B CUCTEME, B YACTHOCTM, KOHLIENLMS ero pasBuTusi B cucteMe o6pa3oBaHnsl Ha OCHOBE HOPMaTUBHO-MPaBOBbIX
OOKYMEHTOB U OTPaXXeHWE MHEHWI O CTagum pa3BuTUA o6nayHbIX TEXHOMOMMIA B cucTemMe obpas3oBaHus.

KnioueBble cnoBa: O6pasoBaHve, WHMOPMAaUMOHHbIE TEXHOMOrMKU, obnayHble TexHonornu, 3PPEKTUBHOCT,
obpasoBaTenbHaa cpefja, y4yebHble MmaTepuanbl, nporpammMHoe obecneyeHue, WMHOPMALMOHHbIE  PeCcypChl,
NHMpPacTpyKTypa, negarormdeckne Kagpbl, obnayHble TEXHONOrMu, COBPEMEHHas MeToauka, IPAEKTUBHLIA MEeTOf,
npouecc HabnwaeHus, cuctema.

Abstract. This article examines issues related to the development of cloud technologies in the educational process
and regulatory and legal approaches to its development in the Republic of Uzbekistan, an analysis of the development of
cloud technologies in the education system, in particular, the concept of its development based on regulatory documents in
the education system, and the reflection of views on the stage of development of cloud technologies in the education system.

Keywords: Education, information technology, cloud technologies, efficiency, educational environment, educational
materials, software, information resources, infrastructure, teaching staff, cloud technology, modern methodology, effective
method, observation process, system.

Annotatsiya. Ushbu maqolada ta’lim jarayonida bulutli texnologiyalarning rivojlanishi va uni O‘zbekiston
Respublikasida rivojlantirish bo‘yicha me’yoriy-huquqiy yondashuvlar, tizimida bulutli texnologiyalarning rivojlanishi tahilili,
xususan, uni ta’lim tizimida me’yoriy-huquqiy hujjatlar asosida rivojlantirish konsepsiyasi va ta’lim tizimida bulutli
texnologiyalarning rivojlanish bosgichiga oid fikrlar o'z aksini topganligi haqgidagi masalalar ko’rib chigiladi.

Kalit so’zlar: Ta'lim, axborot texnologiyalari, bulutli texnologiyalar, samaradorlik, ta’lim muhiti, o‘quv materiallari,
dasturiy ta’'minot, axborot resurslari, infratuzilma, pedagog kadrlar, bulutli texnologiya, zamonaviy metodika, samarali usul,
kuzatuv jarayoni, tizim.

Kirish birchagida “Prilojeniye Google” bulgisiga kirish u yerdan

Bulutli texnologiyalarni va bulutli xisoblashlarni  ‘“Klass” ilovsiga kiriladi (2.2. - rasm). Bu ketma-ketlikni
ta’lim muassasalarida ganday tadbiq qilish mumkin? bajarish uchun foydalanuvchi, albatta Googleda ro‘yhatdan
Google kompaniyasi Google Apps for education bulutli o‘tgan bo‘lishi lozim. »
ilovani elektron talim sifatida taqdim etadi. Microsoft '~ . e : _—
kompaniyasi esa oliy o’quv yurti talabalariga Office 365 = 1 @
for education (Windows Azure in education) bulut
xizmatini tavsiya etadi. Bulutli xisoblashni (Cloud
Computing) maktablarga, oliy o’quv yurtlariga tadbiq Go gle
etish, o’quvchi va talabalarni bilim bilan yetarlicha
taminlaydi.

Ta’lim jarayoni uchun mo‘ljallangan maxsus
bulut texnologiyalar, ularning imkoniyatlari va ishlash
ko‘nikmalari

Quyida bulutli texnologiyani ta’limga joriy etishga
mo‘ljallangan servislar, ularning imkoniyatlari, va ularda T°
ishlash ko‘nikmalari yoritiladi.

Dunyoga mashhur Google kompaniyasining aynan
ta’lim jarayoniga mo‘ljallangan bulutli texnologiyaga
asoslangan hizmat turi mavjud bo‘lib, u Google Classroom Go gle
(Google for Education) deb yuritiladi. Google Classroom
ning imkoniyatlari unda ishlash ko‘nikmalarini yoritib
o‘tamiz.

Bu hizmatdan odatda qandaydir ma’lum bir o‘quv
muassasasi sifatida yoki yakka shaxs, ya’ni, professor-
o‘qituvchi sifatida foydalanish mumkin. Bu hizmat kirish va ]
foydalanish uchun intrenet tarmog‘iga ulangan holda undan 2.2. —rasm. Googlening asosiy ishchi oynasidan
https://www.google.com havola teriladi va asosiy oyna “Klass” ilovasiga kirish.
ochiladi (2.1. - rasm). Asosiy oynaning yuqori o‘ng

(% . = R . — . ¥
2.1.—rasm. Googlening asosiy ishchi oynasi.

Q
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“Klass” ilovasiga kirilganda quyidagi ishchi oyna

hosil bo‘ladi (2.3. - rasm).

2.3.—rasm. Google Classroomning asosiy ishchi
oynasi.
Yuqgoridagi rasmda tayyor oldi vyaratilgan kurs

mavjud bo‘lib, endi yangi kurs yaratamiz. Buning uchun

ishchi oynaning yuqori o‘ng bulchagida “+” belgisiga
Kiramiz, u yerdan “Sozdat kurs” gismini bosamiz va natijada

navbatdagi oyna hosil bo‘ladi (2.4.a, 2.4.b. — rasmlar).

175

bosiladi va nitijada yangi kurs yaratiladi va navabatdagi oyna
namoyon bo‘ladi (2.6. — rasm.).

P

Hactypnaw acocnapy 8a ax60poT TEXMONOrAnapy
TlscTyperss) weocnspu \ P
oo TGPy =N > 3.

Qi '&./'4 5

,
2.6. —rasm. Yangi yaratilgan kursning asosiy kurinishi.

Yaratilgan kursning asosiy oynasidagi quyidagi
narsalar 0‘z aksini topgan:

° Eng yugori gismida kursning nomi va
bo‘limning nomi;

° Navbatdagi qatorda “Kod kursa” ya’ni
kursning paroli aks etgan ixtiyoriy talaba yoki foydalanuvchi

® & @ » b o B .

e T T —— shu kodni terish orgaligina kurs kira oladi.
¢ & Do v g @

KRIC B YHEBHOM

2.4. —rasm. Yangi kurs yaratish. a- “Sozdat kurs”
gismiga kirish, b - “Sozdat kurs” gismiga kirgandan
keyingi oyna.

Bu bosgichda biz o‘quv muassasasi yoki yakka
shaxs, ya’ni o‘qituvchi sifatida kurs yaratishimizni tanlash
lozim bo‘ladi. Agar foydalanuvchi tomonidan yakka shaxs
sifatida kurs yatamoqchi bo‘lsa, oynadagi “Mne vse
ponyatno, i ya ne ispolzuyu Klass v uchebnom zavedenii”
gap oldidagi karakchaga sichgoncha tugmasini bosish orgali
belgi qo‘yiladi va “Prodoljit” tugmasini bosiladi. Ushbu
ketma ketlik amalga oshirilganidan so‘ng ekranda quyidagi
oyna hosil bo‘ladi (2.5. - rasm.)

Ushbu oynadagi bo‘limlar orqali “Nazvaniye
kursa” (kurs nomi), “Razdel” (Bo‘lim), “Predmet” (Fan) va
“Auditoriya” (Auditoriya)lar kiritiladi va “Sozdat” tugmasi

Asosiy oyna quyidagi uch bo‘limdan iborat:
o Lenta;

° Zadaniya;

. Polzovateli.

Birinchi bo‘lim, ya’ni, “Lenta” bo‘limida kurs
hagidagi umumiy ma’lumotlar beriladi, kursga yuklangan
barcha malumotlar hamda talabalarga yuklatilgan vazifa va
topshiriqlar haqgida to‘liq ma’lumotlar o‘z aksini topadi.

Ikkinchi ~ “Zadaniya”  bo‘limida  o‘qituvchi
tomonidan o°zlashtirilgan ma’lumotlar asosida topshiriq va
vazifalar berish hamda uni sozlash gismlari joylashgan.

Uchinchi “Polzovateli” bo‘limida esa kursdan
foydalanayotgan ishtirokchilar va ular haqidagi ma’lumotlar
beriladi. Undan tashqari bu bo‘limda ixtiyoriy
ishtirokchilarni, ya’ni, talabalar va o‘qituvchilarni kursga
taklif gilish imkoniyati mavjud.

Quyida bu uch bo‘lidan foydalanish va ularning
imkoniyatlari hagida to‘liq ma’lumotlar yoritib beriladi.

Navbatdagi eng asosiy vazifa “Lenta” bo‘limida
yaratilgan kursga o‘quv materiallarini yuklash kerak bo‘ladi.
Buning uchun asosiy ishi oynadan “Novaya zapis” tugmasi
bosiladi va navbatdagi oyna hosil bo‘ladi (2.7. — rasm).
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2.7. —rasm. Kursga o‘quv materiallarini yuklash oynasi.

Bu oynada birinchi navbatda mavzuning tartib
ragami va uning nomi yoziladi va undan so‘ng mavzu
yuzasidan barcha kerakli materiallar yuklanadi.

Materiallarni  o‘z  qurilmasidan  yuklamoqchi

bo‘lgan o‘qituvchi tomonidan oynada tasvirlangan ¢ belgi
ustiga bosiladi va qurilmasida mavjud bo‘lgan ixtiyoriy
formatdagi matn, taqdimot, video va audio ko‘rinishidagi
materiallarini yuklaydi.

Oynada tasvirlangan # belgi orgali oldindan
“Google Disk”’da mavjud fayl va materiallarni yuklashi
mumkin.

Oynadagi = belgidan foydalanib talabani mavzu
yuzasidan “YouTube” tarmog‘ida mavjud bo‘lgan video
materialga yo‘naltirish va yuklash mumkin.

So‘ngi “  belgidan orqali esa, qo‘shimcha
ravishda talaba foydalanishi mumkin bo‘lga havola (sseilka)
kliritiladi.

2.8. — rasm. O‘quv materiallarini yuklash oynalari.
Kerakli barcha ma’lumot va materiallar Kkiritib
bo‘lingandan sung oynadan “Opublikovat” tugmasi bosiladi.
Shu yo‘l orqali kursni tashkil etuvchi mavzular bo‘yicha
materiallar tarmoqqa yuklanadi hamda bu ma’lumotlar bul
ut sifatida foydalanuvchilarga taqdim etiladi (2.9. —
rasm).

Hactypnaw acocrapy 8a ax60poT TeoNoruanapy
[ecrypnas acocnspr ' 7

o e gpeZ5
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2.9. —rasm. “Google Classroom”da mavzu bo‘yicha
materiallar yuklanganidan kegingi ko‘rinish.

Shu ketma-ketlik asosida barcha mavzular bo‘yicha
materiallar yuklash mumkin. Natijada ixtiyoriy talaba
yuklangan materiallardan istalgan joyda va istalgan vaktda
foydalanishi mumkin. Buning uchun internet tarmog‘igi
ulanish talb etiladi xolos.

Bundan tashqari kursni yaratuvchi va boshgaruvchi
o‘qituvchi tomonidan mavzular bo‘yicha qo‘shimcha
materiallar yuklanishi, keraksizlari esa o‘chirilishi mumkin.
Umumiy holda aytganda, biron bir mavzu materiallarini
doimo gayta ishlash va takomillashtirib borish imkoniyatiga
ega bo‘ladi.

Kurs yaratuvchisi mavzular bo‘yicha talaba uchun
o‘zlashtirilishi kerak bo‘lgan materiallarni yuklab bo‘lgach,
kursdan  foydalanuvchi  talabalarning  o‘zlashtirish
darajalarini tekshirish uchun berilgan materiallar yuzasidan
topshiriq va vazifalar yuklashi kerak. Talabalar shu
yuklangan vazifalarni bajarish darajasiga garab baxolanadi.

Buning uchun o‘qituvchi yuqorida aytilgan asosiy
;lch bo‘limning “Zadaniya” qismiga kiradi (2.9. — rasm).

(79 s MU, =, e S S
2.9. —rasm. “Zadaniya” bo‘limining asosiy oynasi.
“Zadaniya” bo‘limidan “Sozdat” tugmasini bosish
orgali vazifa va topshiriglar yuklanadi va sozlanadi. Bu
bo‘limning afzallik tomoni shundaki, topshiriglarni test
ko‘rinshida, savol javob ko‘rinishida, variatlar shaklida,
yozma ijodiy ish shaklida va onlayn gisga savol javob
ko‘rishida berish mumkin. Topshiriq berilish jarayonida
o‘qituvchi topshiriqni bajarish va topshirish muddatini va
baholash mezonlarini ochiq ko‘rsatgan holda sozlaydi (2.10.
— rasm). Talaba shu sozlanmalarga garab topshiriq yoki
vazifani topshirish yani o‘qituvchiga yuborish sanasini va
topshiriqni  bajarganligi uchun olishi mumkin bo‘lgan
balldan habardor bo‘ladi.
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o‘zlashtirishi uchun imkoniyat yaratib beradi (2.12. - rasm).
“Zadamya bo 11m1n1ng asosiy vazifalari shulardan iborat.
i3 7T nn

+ " p—— e e

% o
-m ’ ~ A X LI =@
1 Q .
\: [t aa )
‘; s
. . ;
.10. —rasm. Topshiriq yuklash va sozlash oynasi. § — |
Dastavval, o‘qgituvchi topshiriq nomini kiritadi, AR A —
so‘ng topshirigni bajaruvchilar uchun izoh yoki bo‘lmasa 2.12. - rasm, “Google kalendar” uskunasi oyna5|
tushuntirish kiritadi. Oynadagi “Baller” qismidan talaba Navbatdagi bo‘lim bu “Polzovateli” bo‘lib, bu

topshirigni  bajarganligi uchun oladigan balini kiritib Yyerda kurs yaratuvchi o‘qituvchi, o‘zining yaratgan kursiga
qo‘yyadi, bu ball birdan yuzgachani tashkil etishi mumkin. boshqa o‘qituvchilarni va albatta talabalarni taklif etishi
Navbatdagi bosqichda o‘gituvchi topshiriqni bajarilishi mumkin (2 13 —rasm)

uchun muddat qo‘yadi va talaba shu muddat oralig‘ida e — = R
topshirigni bajarib o‘qituvchiga qayta yuborishi shart, ya’ni, = @ e 5@

internet tarmog‘idan kerakli hujjatni bulutga yuklaydi.
Topshirigni berish jarayonida o‘qituvchi topshiriq uchun

Npenonasartenu &

gisga nom tanlashi zarur, masalan: 1-birinchi joriy baxolash e

(1-JB). o
“Zadaniya” bo‘limida ham huddi mavzu

materiallari yuklangandek, topshirigni matn, tagdimot, video ontivedd Sl aeEs s

yoki audio shaklida yuklash imkoniyatini beruvchi belgili
buyruqglar mavjud. Bajarilishi va sozlanishi kera bo‘lgan
barcha ishlar yakunlanganidan so‘ng “Sozdat zadaniye”
tugmasi bosiladi va shu tariga talabaga topshiriq yoki vazifa g ;
yuklanad|(2 11. - rasm). 2.13. — rasm. “Polzovateli” bo‘limining asosiy |shch|

o o T TR Y oynasi.

B . Foydalanuvchilarni taklif etish quyidagi tartibda
amalga oshiriladi, ya’ni, agar kursga o‘qituvchilarni taklif
etmoqchi bo‘lsangiz “Prepodavateli” qismidagi 2 belgi
tanlanadi va taklif etmoqchi bo‘lgan o‘qituvchining elektron
R pochtasi yozilib “Priglasit” tugmasi bosiladi (2.14a. — rasm).
Kursga talabalargi taklif etish ham shu usulda amalga
oshiriladi, fagatgina boshlanishida talabalar  taklif
etilayotganligi sababli “Uchamiyesya” qismidagi belgi
ta?lanadi (2.14b. — rasm).

«

e e T

2.11. — rasm. Topshlrlq yaratish va sozlash qlsml
Yuqoridagi ishlar bajarilganidan so‘ng ekranda
quyldagl tasvif hosil bo 1ad1 (2 12. - rasm).

B -l o N AP N
2.12. — rasm. Topshiriq yuklanganidan keginyi ko‘rinish.
“Zadaniya” bo‘limining yana bir afzal tomonlaridan
biri bu yerdagi “Google kalendar” uskunasi orqali o‘qituvchi
navbatdagi mavzu materiallarini va topshiriglarini gachon
yuklashini belgilab qo‘yadi (dars jadvali singari). Bu esa
talabaning vaqtini tejash va boshga fanlarni ham
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2.14. —rasm. Kursga foydalanuvchilarni taklif etish
oynalarining ko‘rinishi: a — o‘gituvchilarni taklif etish
oynasi, b — talabalarni taklif etish oynasi.
Kursga foydalanuvchilar taklif etilganidan so‘ng

“Polzovateli” bo‘limining asosiy ishchi oynasi quyidagi
ko‘rinishni hosil giladi (2.15. - rasm).

« " G 0
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2.15. —rasm. Foydalanuvchilar takli etilgandan kegingi
oyna.

Barcha bo‘limlarda ishlar yakunlanganidan so‘ng
“Google Classroom”ning asosiy oynasi quyidagi holatga
keladi (2.16. - rasm).
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2.16. — rasm. Asosiy oyna ko‘rinishi.

Bu kabi bulutli texnologiyalarning yana birafzal
tomonlaridan biri bu, barcha yuklangan ma’lumotlar
“Google Disk”da saqlanadi (2.17. - rasm). Yuklangan
materiallarni shaxsiy qurilmalarda, ya’ni, kompyuter,
noutbuk, netbuk, planshet va smartfonlarda saglashning
xojati yo‘q. Bunda esa qo‘shimcha xotira qurilmalarini olib
yurish, saglash shart emas.

Yuqorida kursni yaratuvchi, ya’ni, boshqaruvchi
o‘qituvchi tomonidan kursni tashkil etish, talabalarga
topshiriq va vazifalar berish hamda foydalanuvchilarni taklif
etish bosqichlarini ko‘rib chiqdik. Endi esa foydalanuvchi
talaba tomonidan “Google Classroom”da bajarilishi mumkin
bo‘lgan ishlar va imkoniyatlarini ko‘rib chiqamiz.
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2.17. - rasm. “Google Disk”da saqlanayotgan kurs
materiallari.

Talaba kursga taklif etilganidan so‘ng uning
elektron pochtasiga taklif etilganligi to‘g ‘risida habar keladi.
Talaba shu habar orgali yaratilgan kursga kirishi va undan
foydalanishi mumkin (2.18. - rasm).

Talaba ham ishni “Google”ning “Google
Classroom” hizmatiga kirishdan boshlaydi. “Google
Classroom” xizmatiga kirgandan talaba tomonidan asosiy
ishchi oynaning yuqori o‘ng burchagida joylashgan “+”
belgisiga kiriladi va u yerdan “Prisoyedinitsya” kismini
tanlab sichgonchaning chap tugmasi bosiladi (2.19. — rasm).

Yuqgorida keltirilgan ketma-ketlik bajarilganidan
so‘ng ekranda taklif etilgan kursning “Kod kursa’si, ya’ni,
maxsus kodini Kiritish talab etiladi.. Talaba tomonidan bu

kodni kursning asosiy ichshi oynasidan olinadi va kerakli
joyga kiritiladi. So‘ngra “Prisoyedinitsya” tugmasi bosiladi
(2.20. — rasm). Shu yo‘l orqali talaba taklif etilgan kursga
klrlshl ta m1n1anad1
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2.19. —rasm. Talaba tomonidan taklif etilgan kursga
Kirish.
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2.20. —rasm. Kursning maxsus kodini kiritish.
Yugqorida yoritilgan usulda talaba o‘zi taklif etilgan

kursga kiradi. Kursga kirgaya o‘zi uchun kerak bo‘lgan fan
mavzulari bo‘yicha materiallar bilan tanishish imkoniyati
yaratiladi (2.21. — rasm). Ushbu yuklangan materiallardan
talaba istalgan vagtda va istalgan joyda foydalanishi
mumkin. Yuklangan materiallarni o‘zlashtiriganidan so‘ng,
o‘qituvchi tomonidan berilgan topshirigni bajarish orqali
kerakli ballarni yig‘ish imkoniyati yaratiladi.
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2.21. —rasm. Talaba kursga a’zo bo‘lganidan kegingi
ko‘rinish.

Talaba ma’lum bir mavzuni o‘zlashtirib
bo‘lganidan so‘ng, asosiy oynadagi “vse zadaniya”
tugmasini bosadi va shu yo‘l orqali o‘qituvchi bergan
topshiriq, uning topshirilish muddati va baholanish mezoni
bilan tanishadi. Qo‘yilgan talablar bilan tanishib bo‘lgan
talaba berilgan topshirigni bajarishga kirishishi mumkin
(2.22. - rasm).
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2.22. —rasm. “Vse zadaniya” bo‘limining asosiy
ko‘rinishi.

Vazifani bajarish jarayonida talaba “Google Disk”
da ajratilgan bulutda, ya’ni, ma’lumotlarni saqlash joyida
yangi hujjat, tagdimot, jadval va tasvirlar yaratishi mumkin.
Buning uchun oynadagi “Sozdat” tugmasi bosiladi (2.23. -
rasm).
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—rasm. Bulutda yangi hujjat yaratish oynasi.

Undan tashgari, talaba yuklatilgan topshirig
yuzasidan bajargan ishini bulutga fayl ko‘rinishida yuklashi
mumkin. Uning uchun oynadagi “Dobavit” tugmasi bosiladi
va yuklanishi kerak bo‘lgan material tanlanadi hamda
yuklanadi (2.23. - rasm).
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2.23. —rasm. Béjarilgan topshiriq faylini yuklash.

Kerakli vazifa bajarilib bo‘lganidan so‘ng yoki
bajarilgan topshiriq fayli yuklanib bo‘lgach oynadan “Sdat”
tugmasi tanlanadi va sichqonchaning chap tugmasi bosiladi
(2.24. - rasm). Shu usul orqali o‘qituvchi tomonidan berilgan
topshiriq bajariladi va bulutga yuklanadi.
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2.24. - rasm. Kerakli yuklangan fayllar va ularni
topshirish oynasi.

Talaba berilgan topshirigli  bajarib  bulutga
yuklagandan so‘ng, topshirigni bergan o‘gituvchi talaba
tomonidan bajarilgan bilan tanishib chigadi va talabani
baholaydi. Buning uchun o‘qituvchi tomonidan kursning
asosiy oynasidan “Vse zadaniya” bo‘limiga kiriladi va
talabalardan kelgan fayllar bilan tanishib chigadi (2.25. va
2.26. - rasmlar).
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2.25. —rasm. Talaaardan topshirigni bajarilganligi
to‘g‘risidagi fayllarning ko‘rinishi.

m. Talabalardan kelgan fayl bilan tanishish va
baholash oynasi.

Navbatdagi jarayonda o‘qituvchi, talaba tomonidan
bajarilgan vazifani baholab olgan balini talaba yuboradi.
Buning uchun “Rabotsr uchmixsya” bo‘limiga kirib
“Vernut” tugmasi bosiladi va kerakli izohni yozib kichik
oynadan “Vernut” tugmasi bosiladi (2.27. - rasm). Shu tariga
talabaga topshirigni bajarganligi uchun olgan bali yuboriladi
va talabani habardor gilinadi.
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2.27.-rasm. Talabaning olgan balini yuborish oynasi.

Yuqoridagi ketma-ketlik o‘qituvchi tomonidan
bajarilganidan so‘ng, talabaning profilida quyidagi oyna
hosil bo‘ladi (2.28. —rasm).

Agar talaba olgan balidan qgonigish hosil gilmasa,
topshirigni  bajarish muddati tugamaganga gadar yana
gaytadan vazifani bajarib yuborishi hamda qo‘shimcha ball
olishi mumkin. Buning uchun talaba tomonidan vazifani
gayta bajargan faylni bulutga yukllanadi va “Otpravit yemnryo
raz” tugmasini bosiladi 2.28. — rasm.

Talaba tomonidan bajarilgan barcha topshiriglar
fayllari bulutda, ya’ni, “Google Disk”da saqglanadi. Bu
saglangan materiallar qachchon zarur bo‘lsa “Google
Disk”dan olib foydalanish imkoniyati paydo bo‘ladi. Bu esa
talaba barcha hujjatlarini saglash uchun qushimcha xotira
qurilmalaridan foydalanish ehtiyojini yo‘qqa chigaradi.
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2.28. —rasm. Taiabaning baholanganidan kegingi
oynasining ko‘rinishi.

Yugqorida yoritib o‘tilgan “Google”
kompaniyasining ta’lim uchun joriy etgan bulutli
texnologiyasidan foydalanish, barcha foydalanuvchilarga
qulaylik va bir gator afzalliklarni tagdim etadi. Eng asosiysi
bu kabi bulutli texnologiyalardan ta’lim jarayonida
foydalanish talabalarning, fanni o‘zlashtirish
samaradorligiga sezilarli darajada ijobiy ta’sir ko‘rsatadi.
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Qo‘lda yozilgan ragamlarni elektron ma’lumotlar to‘plamiga aylantirish bosqichlari
M.N. Mahmudov.
Andijon davlat universiteti, 170100. Andijon sh.Universitet ko‘chasi 129. O‘zbekiston

Annotatsiya: Tadgigotning asosiy magsadi oliy ta’limda "Sun’iy intellekt asoslari”, "Ma’lumotlar tahlili",
"Neyron tarmoglar" kabi fanlarning amaliy mashg‘ulotlarida foydalanishga mo'ljallangan qo‘lda yozilgan
ragamlar to‘plamini ishlab chiqgish bosqichlari yoritilgan. Shuningdek python dasturlash tilida dasturi
tayyorlangan.

Kalit so‘zlar: Qo‘lda yozilgan ragamlar, ma’lumotlar to‘plami, sun’iy intellekt, neyron tarmoglar, MNIST,
EMNIST.

Abstract: The main purpose of the research is to conduct practical training in higher education in such
subjects as "Fundamentals of Artificial Intelligence", "Data Analysis", "Neural Networks". according to the
python programming language program.

Keywords: Handwritten numbers, dataset, artificial intelligence, neural networks, MNIST, EMNIST.
AHHoTauma: OCHOBHOWM LENb0 MCCMeAoBaHMS SBNAETCA MpOBeAeHWe MNpakTUYeCKOW MOArOTOBKM B
BbICLUEN LUKOSEe MO Takum npegmMeTtam, kak « OCHOBbI MCKYCCTBEHHOTO MHTENNekTay, «AHann3 gaHHbIX»,
«HenpoHHbIe ceTu». No NporpaMmMe Ha si3blke nporpamMmmmnpoBaHmns Python.

KnioueBble cnoBa: PykonvcHble undpbl, HAbop AaHHbIX, UCKYCCTBEHHbIV UHTEMMEKT, HEMPOHHbIE CETH,

MNIST, EMNIST.

I.Kirish

Hozirgi kunda dunyo va yurtimizda ham
sun’iy intellekt texnologiyalari kundalik
hayotimizga kirib kelmogda. Bunga bir misol
sifatida generativ til modellarini misol qilib
aytishim  mumkin.  2023-2025  vyillarni
o‘zidayoqg Open Al GPT-4, DeepSeek-R1,
Meta LIaMA 3, Google Gemini 2, XAl Grok 3
kabi generativ til modellari yaratildi va keng
omma tomonidan foydalanila boshlandi.

Shuningdek bizning yurtimizda ham
ushbu soha bo‘yicha chora tadbirlar amalga
oshirilayotganini Prezidentimizning
14.10.2024 yilda PQ-358-sonli  “Sun’iy
intellekt texnologiyalarini 2030-yilga qgadar
rivojlantirish strategiyasini tasdiglash
to‘g‘risida” gi garori misol bo‘la oladi [1].

Tadgiqot ishida gilingan barcha ishlarni
ochiq holatga internet tarmog‘iga
joylashtirilgan berilgan manzildan yuklab
olishingiz mumkin [2].

I1.Adabiyotlar tahlili

Qo‘lda yozilgan belgilar asosida
ma’lumotlar to‘plamini yaratish bo‘yicha ilk
ishlardan biri AQShning Milliy Standartlar va
Texnologiyalar Instituti (NIST) tomonidan olib
borilgan bo‘lib, bu yerda NIST-19 nomli
800,000 dan ortiq belgilar (ragamlar va harflar)
to‘plami yaratilgan [3].

Yann LeCun va boshgalar 1998-yilda
Gradientga asoslangan o‘rganish usullarini
go‘llagan holda hujjatni tanish tizimlarini
yaratgan va konvolyutsion neyron tarmoglar
asosida go‘lda yozilgan ragamlarni samarali
tasniflagan [4]. Yann LeCun tomonidan 28x28

piksel o‘lchamdagi 70,000 dona qo‘lda
yozilgan ragamlar bilan boyitilgan MNIST
ma’lumotlar to‘plami ishlab chigilgan [5].
2013-yilda Liu va boshqalar xitoycha
go‘l yozmalarni tanish bo‘yicha HCCR sohasi

uchun chuqur o‘rganish asosida yuqori
natijalarga erishgan [6].

2017-yilda Cohen va boshqalar
EMNIST  (Extended MNIST)  nomli

ma’lumotlar to‘plamini taklif gilgan bo‘lib, u
MNIST asosida harflarni ham gamrab olgan va
yanada murakkab tasniflash muammolarini hal
etishga xizmat giladi [7].

Metodologiya

Tadgiqotda qo‘lda yozilgan ragamlarni
talabalar to‘g‘ri yozilshlari uchun maxsus
andoza A4 formatida bo‘lib 36 satr va 26
ustundan iborat 7x7 mm o‘lchamga ega jadval
va talaba ism familiyasi yoziladigan
maydondan ibora. Andoza bo‘yicha bir
gog‘ozda 875 ta qo‘lda yozilgan ragamni
saglanadi.

Tajriba jarayonida andoza bo‘yicha
talabalarga hech ganday talablar go‘yilmagan
holda universitetning kompyuter ilmlari va
dasturlash texnologiyalari 3 kurs 27 nafar
talabalari 5 tadan gog‘ozda yozilgan 100 dan
ortig go‘l yozmalar to‘plab olindi. To‘plangan
go‘l yozmalardan 100 tasini saralab oldi va
uning asosida ma’lumot to‘plamining elektron
shakl tayyorlandi. Jami 81,600 dona
ragamlarning tasvirlari tayyorlandi.

Shuningdek mashhur MNIST
ma’lumotlar to‘plami asosida ishlaydigan
algoritmlarda ishlashi uchun maxsus 28x28
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piksel o‘lchamdagi tasvirlar ma’lumotlar
to‘plami ham yaratildi.
Ma’lumotlar to‘plami shakliga

keltirishda bir nechta muammolarga duch

kelindi, ular:
e Andoza asosida noto‘g‘ri tarzda chop
etilgan listlar;
e Andoza asosida sifatsiz chop etilgan
listlar;

e Qo‘lda yozib olingan ragamlar listlarini
skanerlashda noto‘g‘ri burchak ostida
ragamlashtirish;

e Talabalar noto‘g‘ri ma’lumot yozib
go‘yishi.

Yugorida aniglangan
namunasi  sifatida 1-rasmda ko‘rishimiz
mumkin. Rasmda ko‘rinib turgan
muammolarda bir listga printerdan chop etishda
xatolikka yo‘l qo‘yilgan natijada, skaner
yordamida to‘g‘ri tasvirni ragamlashtirilsa ham
natijda giyshiq shakldagi jadvalni ko‘rishimiz
mumkin. Jadvalning qiyshig bo‘lib qgo‘lishi
jadval ichidagi ragamlarni qirgib olish
imkonsiz va keraksiz bo‘lib goladi. Yozib
olingan listlar ko‘p bo‘lgani sari shu kabi
muammo ko‘payishi tabiiy. Natijada ma’lumot
to‘plash jarayonini jiddiy nazorat ostida

muammolarni

183

o‘tkazish kerak. Bu jarayon esa ko‘p vaqgtni
talab etadi.

Bizning tadgigotda talabalar ustida
bajarish jarayonida hech ganday nazorat va

cheklov qilinmadi. Natijada to‘plangan
ma’lumotlar ko‘plarida xato va kamchiliklar
mavjud. Umumiy go‘lda yozilgan

ma’lumotlarni to‘plab elektron ma’lumotlar
to‘plami shaklga o‘tkazish jarayoni quyidagi
bosqgichlarga bo‘lindi (1-rasmda berilgan blok-
sxemada ham ko‘rsatilgan):

e Talabalardan andoza asosida qo‘lda
yozilgan qog‘ozlarni to‘plab olish;

e Andoza bo‘yicha yozilmagan xato
qog‘ozlarni chigarib tashlash;

e Qolgan gog‘ozlarni skaner yordamida
elektron rasmga o‘tkazish;

e Rasmdan ragamlar yozilgan jadvalni
burchaklarini aniglash;

e Aniglangan burchaklar asosida jadvalni
to‘g‘ri burchakli shaklga o‘tkazish;

e Jadvaldagi ragamlarni girqgib olish;

e Ragamlarni qirgib olishda xato
ketmaganligini aniglash uchun
ragamlarning umumiy issiqlik xatirasini
yaratish;

e Qirgib olingan ragamlarni elektron baza
shaklida saglash.

Qo'l yozmalarni to'plash

4

Yo'q

To'g'n yozliganiikka
tekshinsh

Chiqarib yuborish

Skanerlash

‘ Yakunlash ,

Jadval burchaklarini aniglash

Elektron baza yaratish

Jadvalni to'g'rilash

l

l

IssIglik xantasini yaratish

Ragamiami qirgib okish

|

J

1-rasm. Qo‘lga yozilgan ragamlarni elektron ma’lumotlar to‘plamiga shakllantirish blok-sxemasi.

To‘plangan go‘l yozmalardan noto‘g‘ri
yozib qo‘yilganlarini chigarib  yuborildi.
Andoza asosida yozilgan qo‘l yozmalar to‘gri
ammo texnik sababga ko‘ra sifatsiz chop

etilgan yoki noto‘g‘ri burchak ostida skaner
gilingan yozmalarni olib qolindi. 2-rasmda
berilgandek noto‘g‘ri burchak ostida skaner
qgilib olingan tasvirlarni ko‘rishingiz mumkin.

Scientific Bulletin. Physical and Mathematical Research Vol 7. Iss 1. 2025



COMPUTER SCIENCES

184

3
|

'N 1 2 3 J_‘_! 6 7'1‘7 9 10 llll_z I &} 714‘15 16 "I!’ 19 ZD|ll 11—7_! 14’15
vlololele|eielo|bp |elololo|ololeleleloblor Plolo
L L | L2 -//J(,//////_Nf//////(rr//‘
212 2lz212lzl2l 2l Z| Az[z] 2] 2| 2| Z[ Z[Z| z|z | 2|zl 2 |z |z | =]
1215121315(21515/31312(8/2|3(3|3(3]3|3|3[3(2[3(2]3 (3
Slelulelulule wlu|v|vle|ala|alelv|v]evv v eele|e
S|8F1s 1515151555 5|50 | sl5 5|55 55 |5 [mlslz 5 |5
o|l£1b16|6161616 6166|666 (616|6|6|6\6166|6|616 1
"V\7I2\ 72 | 2| 2|2 | 7|2 |7 |7 |7 | 77|77 |7z 7| #= = == ]| =
syl ig iz lelgle | &g [2]elzz5|2(2]2|=%|z]e|s]lale]
121916199 4|9|4|¢|9|¢|9|9|g|g/9g]g|al¢ 79|59 5
[ojeleleleie|Clo|o|Clo|elo|e|e|o|olelololelo] dololo
B4 R4 A R4 Ed B Ed A R A B P E A R e E P P a A
2lelzlzl2|z|z|z|z]|z]|z]z|2[z[2]z| 2| 2| 2| z[ 2l zlz|zl= =]
3131313 33(3/3/3/3/3/3(5/31313/33|3|35/53 3lzlz 15
k420378 CAvArara v A ra v A A A A A A 2
31915151516 |5 |7|5 |5 5] |5|os |sls|505 50T |5 15 o]
el s tlelelelelslslelels lplelsla|a|élelé |66 ele i |
1|7 |FI7|7 |77 |77 |7 |7 | 7|7 (7|7 |7 |7 |7 |7 | 7| 7|7 = |7 | =|=
2121z zl2lei2(2]|2R|2]5(2(2[2]2|g|2(2 22|z ]slR
219191999 9|79 \9|9|7/5 |99 e |q|g|g]g|o| 9] g9 e
0leloleioiel Aole|glelolelolo ololole|ololelelolslo
i Ed 4l R B K o B R B R B B B e P I
zzz_iglzlz_gz__z_i_z‘z1223222 zlzl|zlz|z|Z]&]
121813131313\313| 3|22 3] 5 2[3]7 3] 3] 3] 3 35|3]3|3]33]
A A LA e A A A A A A AP A A 7 P2
|81515 191515 5151515 |5 |55 |5l5)5 (55| o|s5ls |5 |e
siflelelee lelelslelele |6lslele e 6 ble ke b wlblsls
;z7777_77797777777177,?7—:7;7?1;;
glele|21Z|2|8(8|g|#|Z|2|2|Z|=|2 225 g7zl 515
"‘?—5;??959?5‘5’55_5.5995‘_9_59-999,ﬂ}j
(1eleleleiolololpele|dlplgo elolodleoclololp o]
,l.//‘-(///{i/,.//—//f/}// d P A4 a Bard P
121z]2] 2]z ]2 [2]z|Z[z]Z]zZ]z | Z[Z|z Iz 2zl E o= 1=
- - P TN = = V(—:
313133 [3[3[3[3]313]5]3]> 3)3'53 EAEIEAEIEAERETEREY
4 t,uuwz/o_ou‘pivﬂ“zdu 1/[:/|b|(/ v|elly|ele|s 7|
3-KIDT: Ao Cichie e Reyop odate s

2-rasm. 069 tartib ragamlik skaner qilib olingan tasvir namunasi.

2-rasmda berilgan na’munada andozani chop
etishda list noto‘g‘ri burchak ostida bo‘lib
golganligi uchun gog‘ozda noto‘g‘ri burchak
ostida ragamlar jadvali chop etilgan.
Shuningdek boshqa sabab ya’ni skaner qilish
vaqgtida ham noto‘g‘ri burchak ostida ragamlar
jadvali bo‘lib golishi mumkin. Biz uchun eng
muhim talablar bu ragamlar to‘g‘ri yozilganligi
va ragamlar jadvali to‘g‘ri  burchakli
to‘rtburchak shaklida bo‘lish hisoblanadi. 2-
rasmda berilgan na’munada raqamlar yaxshi
yozilganligini  ko‘rishingiz mumkin, ammo
texnik sabablar ko‘ra ushbu gog‘oz ma’lumot
to‘plamini  shakllantirish  uchun yarogsiz
hisoblanadi. Berilgan tasvirning ragamlar
jadvallaridan ragamlarni to‘g‘ri qirqib olish
algoritmi yozildi. Algortim python dasturlash
tili, shuningdek qo‘shimcha kutubxonalar
numpy, pillow ishlatildi. Pillow — tasvirlarni

gayta ishlashga, numpy — matematik hisob
kitoblar uchun foydalanildi.

Berilgan andoza asosida rasmdan
ragamlar yozilgan jadvalni burchaklarini
aniglash funksiyasi yozildi. Funksiya berilgan
rasmning to‘rt burchagiga eng yaqgin bo‘lgan
to‘rt qora rangli nugtani aniglaydi. Natija
sifatida nugtalar koordinalari va jadvalning
o‘lchamlarini gaytaradi (funksiya toliq kodi 1-
listingda berilgan).

find_corners(image,
black_threshold, area, botpad,
pad)

Funksiya parametrlar quyidagi
vazifalarni bajaradi:

-image — pillow kutubxonasining Image sinfi
yordamida yuklab olingan rasm;
-black_threshold — 0 (qora) dan 255 (0Q)

gacha bo‘lgan son oralig‘i bo‘lib, nuqtani
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aniglashda eng Kkatta qiymat chegarasini
bildiradi;

- area — rasm burchaklaridan boshlab berilgan
giymatgacha kvadrat shakl oraligda nugtalarni
aniglash chegarasi (piksellarda);

-botpad - rasmning pastki gismida
go‘shimcha ma’lumotlarni chiqarib tashlash
tashlab  ketiladigan  giymat  chegarasi
(piksellarda);

185

-pad — rasmning burchaklaridan boshlab

berilgan giymatgacha tashlab ketish oralig‘i
(piksellarda).
qo‘l

Tadgigotda to‘plangan

yozmalarining jadval burchaklarini aniglash

uchun black threshold = 50, area = 400,
botpad = 300, pad = 20 giymatlar go‘yildi.
(Sizda bu giymatlar o ‘zgarishi mumkin).
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2-rasm. 069 tartib ragamlik tasvirdan ragamlar yozilgan jadvalni aniglash algoritmi natijasi
namunasi.

3-rasmda  burchaklari  aniglangan
na’munani ko‘rishingiz mumkin. Na’munda
ko‘k rangda berilgan rasm burchaklaridagi
kvadratlar gora nugtalarni aniglash sohalaridir,
bu yerda kvadrat eni va bo‘yi area parametriga
berilgan butun son. Kvadrat chizishning
boshlang‘ich nuqgtalari esa pad parametriga
berilgan butun son. Yashil nugtalar bilan
bo‘yalgan soha esa ragamlar jadvali bo‘lishi
mumkin bo‘lgan soha hisoblanadi, uning pastki

gismida qo‘shimcha ma’lumotlar ham aralashib
ketmasligi uchun botpad parametriga berilgan
butun songacha aniglanadi. Chizil rang bilan
chizilgan to‘rtburchak bu algoritm aniglagan
to‘rt nugta bo‘yicha chizilgan bo‘lib, ragamlar
jadvali  joylashgan  soha  hisoblanadi.
Na’munada bu jadval qiyshiq bo‘lib golganini
ko‘rishingiz mumkin.
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Algoritm ikki nugta orasida masofani
aniglash uchun Pifagor teoremasiga asoslanib
quyidagi funksiya ishlatildi':
distance(P, Q) = y/(Py — Qo)? + (P, — Q1) 1)

(1) - funksiyaning kodi lambda
funksiya sifatida find corners funksiyasi
ichida yozilgan:

distance = lambda p, q:
np.sqrt((p[@] - q[@])**2 + (p[1] -

Rasmning to‘rt burchagi mos ravishda chap-
yugori (0, 0), chap-past (0, height), ong-yuqori
(width, 0), ong-past (width, height) bu yerda
width, height rasmning eni va bo‘yi.
Yugoridagi anig giymatlarga eng yaqin bo‘lgan

q[1])**2) to‘rtta nugta ragamlar jadvalining to‘rt burchagi
nuqtalari hisoblanadi. Buni quyidagi funksiya
bo‘yicha aniglanadi:

corner = distance(P, Q;)min @)

Bu yerda P — rasmning to‘rt burchagi
koordinatalari bo‘lib mos ravshda xar Dbir
burchak uchun (0, 0), (0, height), (width, 0),
(width, height) nugtalarni olinadi. Q — bu
aniglangan qora nuqgtalar koordinatalari
to‘plami, Q; mos ravishda bitta nutga. (2) —

corner =

Nugtalarni aniglash sohasida (area)
toza bo‘lishi shart aks holda ragamlarni qgirgib
bo‘Imaydi. Bunday hollarda 3-rasmda berilgan
ko‘k kvadrat ichiga tushib qo‘lgan dog‘larni
grafik muharrirlar yordamida qo‘lda o‘chrib
yuborish kerak. Agar funksiya parametrlariga

funksiya bo‘yicha berilgan P nugta va Q
nuqtalar ichida eng yagin bo‘lgan nugta
gidiralayotga burchak nugtasi hisoblanadi.
Funksiya kodi lambda funksiya sifatida
find_corners funksiyasi ichida yozilgan:

lambda p, q: min(q, key=lambda qgi: distance(p, qi))

(area, black_threshold) kichik giymat
berilgan bo‘lib hech ganday nugtalar to‘pilmasa
dastur xatolik qaytaradi. Jadvalning eni va
bo‘yi aniglangan burchak nugtalari bo‘yicha
eng katta tomonlarni o‘zida saqglab qoladi.
(funksiya to‘liq kodi 1-listingda berilgan).

1-listing. Berilgan andoza asosida rasmdan ragamlar yozilgan jadvalni burchaklarini
aniglash funksiyasi
def find corners(image, black threshold, area, botpad, pad):

if image.mode != "L":

image = ImageOps.grayscale(image)
width, height = image.size
pixels = image.load()
black _points = []
for y in range(pad, area):

for x in range(pad, area):
wx = width - x
hy = height - y - botpad

if pixels[x, y] < black_threshold:
black_points.append((x, y))

if pixels[wx, y] < black threshold:
black_points.append((wx, y))

if pixels[x, hy] < black threshold:
black_points.append((x, hy))

1 Wikipedia contributors. (2025, April 11). Euclidean
distance. In Wikipedia, The Free Encyclopedia.
Retrieved  13:09,  April 14, 2025, from

https://en.wikipedia.org/w/index.php?title=Euclidean_di
stance&oldid=1284991926
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if pixels[wx, hy] < black_threshold:
black_points.append((wx, hy))
if not black_points:
print(black_threshold, "qora piksellar topilmadi!"
return [(0, @), (0, @), (8, @), (8, 9)], (8, 9)
distance = lambda p, q: np.sqrt((p[@] - q[@])**2 + (p[1] - q[1])**2)
corner = lambda p, q: min(q, key=lambda qi: distance(p, qi))
top_left = corner((9, 9), black_points)
top_right = corner((width, @), black_points)
bottom_left = corner((9, height), black points)
bottom_right = corner((width, height), black_points)
nwidth = max(top_right[@] - top_left[9], bottom_right[0] -
bottom_left[0])
nheight = max(bottom_left[1] - top_left[1], bottom_right[1l] -
top_right[1])
corners = [top_left, bottom_left, bottom_right, top_right]
return corners, (nwidth, nheight)

Funksiya parametrlar quyidagi
Berilgan andoza asosida rasm ichida vazifalarni bajaradi:
ragamlar  yozilgan jadvalni burchaklarini  image — pillow kutubxonasining Image sinfi
aniglangandan so‘ng, endi ragamlar yozilgan yordamida yuklab olingan rasm;
jadvaldan ragamlarni ajratib olish uchun image size — (width, height) ikki giymatdan
jadvalni to‘g‘ri burchakli to‘rtburchak Shakliga iborat to‘p|am bO‘lib, proyeksiya|anganda hosil
keltirish kerak. Buning uchun homografiya bo‘ladigan to*gri to‘rtburchak eni va bo‘yi;
proyeksiyasi (homography projection) [8, b 32-  corners — ragamlar jadvali aniglangan to‘rt
37], ikki chizigli interpolyatsiya (bilinear pyrchaklari.
interpolation) foydalanildi [9, b 123-128]. Yugoridagi funksiya berilgan corners
Adabiyotda berilgan funksiyalar yozishda yoordinatalar bo‘yicha image_size
murakkab, dastur kodlari esa boshga dasturlash o‘lchamga ega to‘gri burchaklik to‘rtburchak
tilida  berilgan. ~ Shu  sabab P'HOV‘Z’ shaklida image rasmning ichidan girgib beradi,
kutubxonasining _ Image.transform®  atiia sifati girgilgan rasmni qaytaradi. Bizning
funksiyasidan  foydalanilgan.  Aniglangan tadgiqotda image_size parametri (2080,
jadval burchaklari asosida to‘g‘ri to‘rtburchak 2880) giymatlarni tashkil etdi. (Sizda ushbu
shaklda proyeksiyaluvchi funksiya nomi giymat boshga bo ‘lishi mumkin).
quyidagicha (funksiya to‘lig kodi 2-listingda Berilgan 3-rasmda aniglangan jadval
berilgan): _ . _ burchaklari asosida to*g*ri to‘rtburchak shaklda
transform_image(image, image_size, ,royeksiyalangan  jadvalni  ko‘rishingiz
corners) mumkin.
2-listing. Berilgan andoza asosida rasmdan ragamlar yozilgan jadvalni burchaklarini aniglash
funksiyasi
def transform_image(image, image_size, corners):
new_image = image.transform(
image_size,
Image.QUAD,
tuple(coord for point in corners for coord in point),
Image.BILINEAR

)

2 Pillow Library Documentation. (2024).  https://pillow.readthedocs.io/en/stable/reference/lmage.
Image.transform Method. Pillow (PIL Fork) Project. html#PIL.Image.Image.transform
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3-rasm. 069 tartib ragamlik tasvirdan ragamlar yozilgan jadvalni to‘g‘irlash algoritmi natijasi

namunasi.

katak ajratilganligi sababli

uchun bir xil

shaklda

tayyorlab olindi. Endi jadval ichida yozilgan
ragamlarni qirgib olish qoldi. Jadvalning 1-satr
va ustuni biz uchun kerak emas, chunki u yerda
ma’lumotni to‘g‘ri yozilishiga kerakli tartib

to‘gri
o‘rin va ragamlar yozilgan. Xar bir ragam

Ragamlar jadvalini

olinsa yetarlikdir. Berilgan jadvalni ragamlarni
ajratib beruvchi funksiya quyidagicha yozilgan

ragamlarni qirgib olishda bir xil masofada
(funksiya to‘liq kodi 3-listingda berilgan):

crop_numbers(table_image, rows, columns, padxy):
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Funksiya parametrlar quyidagi
vazifalarni bajaradi:
table _image - qirgib olingan ragamlar

jadvalining rasmi;

rows — ragamlar jadvalining satrlar soni
(andozada bu 36 satrni tashkil etadi);

columns — ragamlar jadvalining ustunlar soni
(andozada bu 26 ustunni tashkil etadi);

padxy — bu girgib olish to‘rt tomon bo‘yicha
gancha piksel joy ajratib olish. Bu yerda

189

padxy bo‘lib,
katakchalarni

muhim bo‘lgan parametr
jadvalning chiziglari ya’ni
ajratishga  ishlatilgan  qora  qiziglarni
ragamlarga aralashib  ketmasligi  uchun
katakning tomonlaridan joy tashlash parametri
hisoblanadi. Bizning tadgigotda bu giymat 5
pikselni  tashkil etgan. Natijada 64x64
o‘lchamlik ragamlarga ajratilgan rasmlar hosil
bo‘ldi. (5-rasmda qirqib olingan ragamlar
namunasi kKo‘rsatilgan).

3-listing. Berilgan andoza asosida rasmdan ragamlar yozilgan jadvalni burchaklarini aniglash
funksiyasi

images = []
counter = 0

crop_h - padxy))

counter =
return images

def crop_numbers(table_image, rows, columns, padxy):

width, height = table_image.size
crop_w = width // columns
crop_h = height // rows

for y in range(crop_h, height, crop_h):
for x in range(crop_w, width, crop_w):
cropped = table_image.crop((x + padxy, y + padxy,

images.append((counter, cropped))
(counter + 1) % 10

X + crop_w - padxy, y +
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5-rasm. 069 tartib ragamlik tasvirning raqamlar yozilgan jadvalidan ragamlarni girqib olish
algoritmi natijasi namunasi.
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Tadgiqotda 100 ta qog‘ozda qo‘lda yozilgan
ragamlarni ajratishda gaysi gog‘ozda xatolik
ketganligini aniglashda xar bir gog‘ozda
ajratilgan  ragamlarning umumiy issiqlik
xaritasi nomlik grafik hosil gilinib, ushbu grafik
asosida to‘g‘rilanishi kerak bo‘lgan rasmni
aniglanadi.  (6-rasmda  to‘g‘ri  ajratilgan

190

ragamlarning grafigini ko‘rish mumkin, 7-
rasmda esa noto‘g‘ri ajratilgan ragamlarning
grafigini ko‘rish mumkin). Natijada issiglik
xaritalari yordamida xar bir ragamlar saglangan
papkalarni tekshirmasdan nechanchi ragamlik
ma’lumotda algoritm noto‘g‘ri ishlaganini
aniglash mumkin.

dataset/heatmap/Ue9
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6-rasm. 069 tartib ragamlik tasvirning ragamlar yozilgan jadvalidan ragamlarni to‘g‘ri qirgib olish
algoritmi natijasida hosil gilingan grafik namunasi.

dataset/heatmap/n70
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7-rasm. 070 tartib ragamlik tasvirning ragamlar yozilgan jadvalidan ragamlarni noto‘g‘ri qirgib
olish algoritmi natijasida hosil gilingan grafik namunasi.

I11. Natijalar

Tadgiqot davomida andoza bo‘yicha
jami 150 ta gog‘ozda qo‘lda yozilgan ragamlar
to‘plandi. Bulardan 100 eng saralari ajratib
elektron baza vyaratildi. Jami to‘plangan
ragamlar 87500 tani tashkil etdi. Ularning
umumiy issiglik xaritasi grafigini 8-rasmda,
MNIST ragamlar to‘plamining issiglik xaritasi
grafigini  9-rasmda berilgan. Tadgiqotda
tayyorlangan ma’lumotlar to‘plami  tiniq

emasligini ko‘ramiz. Buning sababi talabalarga
hech ganday talab go‘yilmaganligini sababdir.

Buning natijasida mashinali o‘qitish
yordamida neyron tarmoq modelini o‘gitish
davri ko‘prog bo‘lishiga sabab bo‘ldi, ammo
yaxshi taraflaridan bir sifatida tur xil tarzda
yozilgan ragamlarni aniglashda yaxshiroq
natijalarni ko‘rsatdi. Bir xil mashinali o‘gitish
algoritmi yordamida 8, 16, 32, 64 yashirin
gatlamga ega bo‘lgan neyron tarmoglarning
natijalarini 10-rasmda Ko‘rishingiz mumkin.
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Natijalarda ko rinib turibtiki tadgiqot davomida  xaritasi  tiniq emasligidir. Shu sababda
tayyorlangan go‘lda yozilgan ragamlar elektron  mashinali  o‘gitish  algoritmlarni  kutilgan
bazasida ko‘p kamchiliklar mavjudligini  natijalarni berishi uchun ko‘proq o‘qgitish
aniglandi. Eng katta kamchiliklardan bir bu davrlarini talab gilishini aniglandi.

umumiy holda olinganda ragamlarning issiqlik

dataset/asy-hwdd-30-28-heatmap
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8-rasm. Tadqgiqotda tayyorlangan qo‘lda yozilgan ragamlar ma’lumotlar bazasi issiqlik xaritasi.

-9 ragamlar issiglik xaritasi
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9-rasm. MNIST go‘lda yozilgan ragamlar ma’lumotlar bazasi issiqlik xaritasi.

Neyran tarmoq qatlamlari [784. 8, 10]
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Weyron karmoq qatamian [ 764, 32, 10]
".\ Tacliplot FGaivilar bagadl, oqitah vagt: 125361 sec
= B W MMIST ragamilar barssi, o'gitish vagli: 069.82 sec
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10-rasm. CNN algoritmi yordamida tadqiqot ragamlari va MNIST ragamlari bazasida o‘qitish
natijalari.

IVV.Xulosa va tavsiyalar
Tadgiqot ishida xulosa qilib inson omili
ishtirok etadigan jarayonlarda sun’iy intellekt
texnologiyalarini  joriy etishda ma’lumotlar
to‘plamining andozasini tayyorlash jarayoniga
jiddiy e’tibor qaratish kerak, shuningdek
ma’lumotlarni tayyorlashda belgilangan
kataklarning markazida ma’lumotlar yozilishini
nazorat gilish kerak.
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VIK 539.3
Mypakka6 wakngarv nnacTMHaNapHUHr TePMO- MarHUT-3N1aCTUKIUK MacanacuHu
€YMLl anropuTMmMmn Ba Xucobnaw Taxxpubanapu

M.K. Mirzaaxmedov, I.A.Ovxunov.

Andijon davlat universiteti, Andijon, O‘zbekiston

AHHOTaums. B cratbe npeacTaBneHbl BbIYUCAUTENbHBIN anroputM U Mogynu, paspaboTaHHble C
ucnonb3oBaHvemM meTtoda Hbiomapka, BapuauuMoHHoro metogna byGHoBa-l'anepkMHa M rayccoBCKOro YMCIIEHHOIO
MeToAa AN NOCTPOEHUs NOoCrnefoBaTenbHOCTU KOOPAUHATHLIX (YHKUMA (CTPYKTYP PeLUeHUin), COOTBETCTBYHOLLMX
3ajaHHbIM rPaHNYHbIM YCITOBUSIM C MCMONb30BaHMeEM MeToaa R-dbyHKkumi PeaveBa (RFM) ons yncneHHoro pelueHns
rPaHN4YHOM 3aJayn npouecca TepMOMarHUTOYnpyroro AedopMMPOBaHUA MarHUTOYNpyrmx MNAacTuH CrOXHOM
CTPYKTYPHON OPMbI.

KnioueBble cnoBa. Meton dyHkuuin PBaveBa, TepMO-MaHrHUTO-ynpyroctb, Hetomapk, ByGHOB-I"anepkuH,
["aycc, anroput™, Moaynb.

Abstract. In this work presents a computational algorithm and modules developed using the Newmark
method, Bubnov-Galerkin variational and Gaussian numerical methods to construct a sequence of coordinate
functions (solution structures) corresponding to the given boundary conditions for the numerical solution of the
boundary problem of the thermo-magneto-elastic deformation process of magnetoelastic plates of complex structural
shape.

Numerical results are obtained based on calculation experiments taking into account temperature and
magnetic field forces, and their values are shown in tables, and the deformation process is analyzed using the given
graphical diagrams.

Key words. Rvachev's Function Method, thermo-mangnite-elasticity, Newmark, Bubnov-Galerkin, Gauss,
algorithm, module.

AHHOTaumsa. Maskyp Makonaga Mypakkab KOHCTPYKUMSIBUIA Luakngarm MarHMTanacTuk nnacTuHanapHu
TEPMO-MaHIHUT-3M1aCTUKIUK AedopMaLUsanaHiLL XapaéHUHWU YerapaBuii MacanacuHW COHMU euvunwl yuyH 6epwunraH
YerapaBuii LiapTrapra Moc KenaguraH koopauHata (OyHKUMsiNapu KeTMa-KeTrnUrmHu (eummnap Ty3unmanapuHu)
B.J1. PBaueBHUHr R-cpyHKumsa ycynu (Rvachev’s Function Method, RFM) épgamuaa kypww, Hetomapk ycynu, By6Hos-
[anepkuH BapmaunoH Ba [aycc coHnu ycynnapHu Ouvpranukga kynnaraH xonga uvwnab uumkunrad xmucobna
anropuTMy va Moaynnapu KentupunraH.

XapopaTt Ba MarHuT MawmgoH KyunapuHu xucobra omnraH xonga xucobnail Taxpubanapu acocuaga COHMU
HaTwxkanap onvHagu Ba KuMmatnapwv xagsannapga kypcatmb 6epunaaun, gecdopmaumsananvw xapaéiu 6epunraH
rpachvk avarpammanap MUconuaa Taxnaun KunuHaau.

Kanut cy3nap: Rvachev's Function Method, Tepmo-maHrHuT-anactuknuk, Hetomapk, ByGHOB-I'anepkuH,
[aycc, anroputm, mogyn.

. Kupum UIUIad YUKWl MacalacHHH €dYMIl Oyiuua Typiu
TaJKUKOTJIap 0Jub GopuIraH.
I1.Anaduéraap TaxJmiau

Bucko-Ilacteprax MYXHTHIA YYUHYA
Japakaau nedopmanmsiaHauran IUTaCTHHKA
JIoOMpacuia HOJIOKAJI 3JACTHKIMK Ha3apuscura Kypa,
(YHKIMOHAN Tpagycild MaTepuaulapAaH Tah€piaHraH
MarHUT-3JeKTPO-TEPMOAJIACTUK ~ HAHOIJIACTHHKAHWHT
TEPMOMEXaHUK TeOpaHWII pPEaKIUICHHUHT Ha3apui
taxyunu  ypranwiarad [1]. MaranTto-3iekTpo-Tepmo-
9JIACTUK HAHOIUIACTMHA JacTiaOKW TallK{d SHEprus,
MarHuT MOTEHIAJUIap Ba XapopaT MYyXUTHTa TabCHPH
Oylinya HaTWKajmap oJraHnap. AilaHa IaKIaard

Cyurm  Hwmapna kymiad — TaaKUKOTIAp
Mypakkao HIaKJIJIaru TUIACTUHAJIAPHU
JedopmanusiaHmII XOJIaTIIAPHHA yprauuiira
Oarunuianran 6ynmmo0, ymoOy Macananap XO03Upry KyHJa
xaMm 3  gomsapOomurmHM - iykotMaraH.  Cababwm
[UIACTUHATIAP TYPJM COXaJard 3aMOHABUN TEXHHKa
KYpWIMaJTAPUHUHT  KOHCTPYKTHB  JJIEMCHTJIApUHH
TAIIKWJI JTMOKJA. by KypwiMma 3lieMEHTIapHHHHT
maKuiapy  Mypakka® 0ynm0, QoiinanaHunaguran
MaTepUAJUIAPHHUHT MEXaHHK XOCCallapu OWp KUHCIH
OynmaraH Ba H30TpOIN OYnraH TypJiapuiad Kymiad

nmuiad YHUKUJIMOK/A. Typnu coxaynapujaa
o KaTTUK MaxXKaMJIaHT'aH II€30KEpaAaMUK IUIACTUHKA YYYH
IIaCTHHATAPHUHT CTPYKTYpaBHI DJIEMEHTIIAp
. YHUHT OJIJI 03aJIapura Xapopar KU TabCHp KHiraHaa (
cmbaTI/ma KEHT KYJUTaHUJIUIIN, HIaKJIN Ba HII o
yerapaBuil mMapTIapHU XHUCOOTa OJITaH XOJJIa) TePMO-
IapOUTIAPUHHUHT MypaKKaOJIaIIHIIIH, Xycycas,
OJICKTPO-OJIAaCTUKIIMKHUHI' JWHAMHK AKCHCUMMETPUK
ANIEKTPOMArHUT Kywiap Ba XapoparT TabCHPH OCTHIA i
MYaMMOCHHHHT SIHTH EIHK e4MMH Kypuirad. Mcenkimk
Ky4WIaHHUII-1e(hOopMaIis XOJIATHHU xucoouan

yrkazyBuanmuruauHr  Jlopa-lllynman  runepOonmk
Hazapuscura acociaHum0, CTPYKTypajgard Xapopar
MaioHu AHMKJIAHTaH, CYHrpa TETHIUTA
9NIEKTPOINACTUKIMK MyaMMOCH TeKIupuiran [2].
UYeknaHran UHTErpal y3rapuuuiap KYpUHHUIIUAATH
V3rapyBUWJIApHH TYJIWUK OYIMaran a)xparuil yCyiu
épmaMuaa OJIMHTaH  XHUCOOJIaHTaH  MyHocadaTiap

MyamMMocu Joi3apd  OynmmO Koiamoknma. Mypakkad
MIaKJlard [ONKa IUIaCTHHAJap/a XapopaT TapKaJnil
JKapa€HJIapUHM  Ha3apuil  TaAKWK KWIMII, acocaH
KOMITIOTEp TEXHOJIOTHsUIapuIaH (olpanaHral xonia
yJIapHHU COHJIM MOJEJUIAIITUPHUIITA acoCIaHran. byHaait
YyerapaBuil MacajlaJJapHHHI ~ MaTEMaTHK MOJEIUIapu,
XHCOOJIaIl aJrOPUTMIIAPH Ba IACTYpUH MaKMyacHHH
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Oapkapop OynmaraH K XOJATHIA IUIACTHHKAHWUHT

XapopaTd Ba  KywlaHHII-IedopManus  XOJaTHHH
AHMKJIALI UMKOHHHU Oepanu. Ie3zoxepamux
IUIMTaNapaaru UCCHKJIIHK YTKa3yBUaHIUTHHUHT

TUIEpOONIMK Ha3apHACHMHM KYJUIAIIHUHT Y3UTa XOC
XYCYCHATH TaxJIWJI KWJIMHTAaH Ba TypJIU KaJIWHJINKIATH
9MaCTUK  THU3UMHUHT  HHEPTHANl  XYCYCHATIAPHUHH
XHUCO0Ta OJIUII 3apyPIIUTH KypCaTUIITaH.

Vuiby wumima [3] rurpotepMuK MyXHTAa HaHO-
IUIACTUHKAJIADHUHT ~ YM3MKJIM  TeOpaHMILIapu  Ba
OypayMiuiapu y4yH aHaJWTHK YCYJ TaKJUM JTHITaH.
Bekapopmuk xomucamapuHH KYpHO UHMKHII — YIYH
gm3uKm Oynmarad ¢pon KadpmaH atamanapy IutacTHHKA
KWHEMaTHKacHura KHPHUTHUIITaH. Jedopmanus
TPafM3HTUHUHT HOJOKAJ HAa3apHsACH COAJAIUTH Ba
TaxIMIMAa KYNpOK MapaMeTpiapHH Tanad Kuilagurad
6omka HOJIOKaJ dbopmynanapra HucOaTaH
KYJUTAHWIMIIY Y9yH KYpUO YHMKWITaH. XO03UPTH HAHO-
IUTACTUHKAJIAp TUTPOTEPMHUK MYXHUTAa OUPIalITHPHITaH
MAar"uuT-3JIEKTPO-3J1aCTUK KOHCTI/ITyHI/IHBI/Iﬁ TCHIJIaMara
STAIMTMHKM XUcoOra OJIraH XoJjJa MarHuT-3JeKTpo-
9MAaCTUK  IUIACTUHKAJAPHMHT  TEOpaHMIIapH  Ba
Oypaymin XapakaTjlapura HaHO-MHKECHArW TabCHpIIAp
TaKAUM STUJIF'aH Ba TUT'POTEPMUK IOK HaTHXKajJlapu XaM
kypuO umkwirad. byHnaH Tamkapu, TeOpaHUIUIAp Ba
Oypayimini  MyaMMOJIapy YYyH KpPUTHK Xapopariap
TaxJInJI KHWJIIMHIaH Ba 6I/Ip HCYTa HaHO-IIJIaCTHHKa
KoHpurypanuscu yuayH o6epuiran. R-funksiya nazaryasi
bo’yicha dastlabki ilmiy tadqiqotlar quyidagi sohalarda
amalga oshirilgan: geometrik obyektlarni optimal
joylashtirish (xususan optimal kesimlar (PBaues JI.B.,

1967;), tasvirlarni aniqlash (Cupomxa WU. b., 1976),
matematik dasturlash (PBaueB JI.B., 1967), konstruktiv
funksiyalar (Jlureua O.H., 1973; Pauyos B.JI., 1974),

matematik fizikaning chegaraviy masalalari (PBauos
B.J1.1977). So’ngi yillarda bu usuldan foydalangan
holda Kklassik mezonlarni ragamli amalga oshirish bilan
yangi natijalarga erishildi (Mapteiniok A.A., 1973)

I11.MaTtepna Ba ycyiiap
lamuneroH-OcTporpajackuil BapualuoH
MPUHLMIIMHUHT YMYMHUH KYPUHUILN

[(6K =511 —54)dt =0 )

Oy epaa: O —sapuanus K — KuHeTHK dHeprus 17 —
MOTEHIIMA YHEPTHS; A — TAIIKH XaKM Ba CUPT KyWIapH
OakapraH WIII.

Ilorencuan »Heprus, KHHETUK OJHEpPrus Ba
TallKM Kywiap WIIUJArd Y3rapuiUIapHUHT OJIMHTaH
HaTikadapu (2) QopMmynara anMalmITHpWIagd Ba
XapakaTHUHT YMyMUil TeH1aMacu oiauHaau. [7,9].
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o, Eh 0%, Eh wo’u, Eh oT a
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Ma3spyp TeHriamanap IOKopuaaru OOLLIaHFHY
(3) Ba uerapaswmii miaptnapuu (4) xycycuit xoiapuzia
euraaau[9].
MarauTiiacTuK IIacTHHAIAPHU
yerapaBuii MacajiaJIapHU e4HIll ;KapaéHHuHI
Xucodaam ajJropuTMu

1. bepwnran  werapaBuif =~ mapmiapra = MocC
KeNaJuraH  KoopauHata  (QyHKUMsUIapu  KeTMa-
KETJIUTMHU (eunmutap Ty3WIMaJIApUHH)
B.JI. Prauesrmar  R-pyHKmus  ycymu  (Rvachev’s

Function Method, RFM) épmamuna kypumi[4,1,10].

2. ®azoBmii Y3rapysuminapra byOHOB-Iamepkun
ycyJii HACOaTaH IUCKPETH3anus, JUCKPET TeHIJIaManap
ABHM JUCKpPEeT TeHrJaMaiapHu byOHoB-Tanepkun
BapHaIMOH yCyiu EpJaMuia KypHIl.

3. Juckper Ttenrnamanapuu euumn (Hpiomapk
ycynmu (nuHamuKa) €xu ['ayce ycymm (craTtmka), Xamaa
uUHTeprpajulapuu  xucobmam [aycc KkBajparypanap
yCcylii) Ba e€4YMMJIAp TY3WIMAJIAPUHUHT HOMabIyM
KOMITOHEHTAIApUHK ToruIr (anukan)[8].

4. B.JI.PBaueBnunr R-¢ynkums ycymu (RFM)
épaaMua KypwiraH edumilap TY3HJIMaJapH acocuia
HOMabiIyM QyHKOusuapan (U, V, W, T) Tomumr
(anuxiam)| 1,6].

IV.Harm:xanap

Mypakkab mIakijiara fonKa MiacTUHATAPHUHT
TEOMETPHUK YU3UKJIHU JePOopMaIUsUIaHUII MacallaJapuHu

€4yuIll  >KapaHUMHM  aBTOMATJIALUTUPUII  JACTypuil
MaXMyacH, IOKOpWAArd KEeNTHPWITaH  XHUCOOJIaII
AITOPUTMH ~ Ba JACTypHA MaXMYaHHWHT TapKHOMIA

Ty3unmacu (1-pacm) acocuna UIUIa0 YUKUIAIH
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g CEMAMACHEN IR i ‘
B0 SHEURLLLE MOaVIH |

Bomxapys soxyam ‘

Bagne gynknna
i(Memanapa, "lefrmen,
TPUrOHOMETPUR)
LR R

Mypakkad
COXALTAPAHHET
erapanaii
FRIE/ M ACHAL Y P

R-onepaunsaapan
ERCODMALT MOXY TR

sty (RFM) Anciianu eIy
1T Ba YATT |
Kupyurn LW ELIERTT Smeyesn
MAREYMOTARD MOTYAN THIHMEEE SR MARTYMOTAAP MOTYIN
ETETHTTY
J-(HH" REREIAMALARHN, ‘\.MN(’DQIJIJI &uf(l‘!d,lll.ll Moay/am
MAKVIZH NP
TMEKPeT TR AR e O TATAR BATHAATADIN SRR
) = i B AETLTPANLTAE MoTyan
1-pacm. lacTypumii Ma:KMYaHUHT TapKUOUii
TY3WJIMACH

IOnka Mypakka®d KOHCTPYKIMSBHH IIAKIJaru
IUTACTUHAJIAPHUHT TEPMO-3JIEKTPO-MarHUT-3IaCTHKIINK
MacaJlaCHHU €4l JKapaéHUHM aBTOMATJIALITHUPUIL
Makcaauaa HWIUIa0d YUKWITAH JacTypuid Ma)KMyaHWHT
Ty3WIMaBHi MOIyJUTapuHU Oatadcui Tabpudu Kyhnaa
&putnd OepuiraH:

Eyumiap Ty3njMacHHM MIAK/UIAHTHPUII Ba
xucob6iaam moayian — B.JI.PaueBnunr R-¢ynkuus
ycynu €paaMpaa TETHIIIM YerapaBuil mapTiapra Moc
KeIyBUM €4YMMJIap TY3WJIMACHHM INaK/UIAHTHUPUII Ba
yHTra OOFJIHMK XECOOIaIl HIUIAPHHHU 0JTHO OOpHMIIaIH.

Bomkapys moayiau Ymby wMoxynb
sIpaTHITaH JACTypU MaXMYaHHHT acocu 0ynuo, OyHIa
MacallaHi EYHUIIHWHT aBTOMATJAIUTHPHII JKapagHu
TYIHK OONIKapuiIau.

Mypakkad COXaHMHT yerapaBuii
TeHrJaaMacuHu makaaantupum moaymu (RFM) —
MasKyp  MOAyJlAa  Mypakkab KOH(MUTYpaIusIn
coxamapuu RFM ra acocmamran xomma, R-

(GYHKUOMSHUHT MaHTHKAR R-omepanmsiap Epmamunma
YM3UII Ba YIIOY COXAHWHT YerapaBUil TEHTIaMacHHH
AHATUTHK  KYpUHHINA [IAKWDIAHTHPUII — HIUIAPH
Oaxaputazy.

R-onepayuanapnu xucoonawm mooynu — 0Oy
Momynna 3ca, RFM acocmma makwniaHTHpWITaH
Mypakkad KOH(MUTYpaIusim IJTACTUHAJIAPHUHT
yerapaBuil TEHIJIamManapu KYpUHMILAArH R-
(GyHKCHSJIADHM Ba yJIApHUHT TETHIUIM TapTUOAaru
XOCHJIaJIApHHU XUCOOIaluIap aMmaira OIupHIIaIu.

Basuc ¢gyuxkuus (nonunom) ea yHume
xocunanapunu xucoonawm modyru — RFM acocuna
MIAKIDTAHTUPWITAH ~ SYUMIIAp Ty3WJIMacuiard 0as3uc
obyukucusiapaun ( Jlexxanapad napaxanu, YeOuiues,
TPUTOHOMETPHK, CIUIAifHIap Ba OomiKanap) TaHimab
ONWIIHK  Ba  YJIAPHUHT  TETHIUIM  TapTHOHArH
XOCWIATAPHHN XUCOOJIAII UILIAPU aMara OIIAPHIaIu.

Juckpem menznamanapuu wakiiaHmMupul
mooynu — Hiomapk Ba ByOnoB-I'anepkun ycymmapu
acocuja (hazoBwmii y3rapyBumiapra HUCOaTaH
TUCKPETIAIITHPHII STBHU  JHUCKPET TEHTJaMajlapHU
ITaKJDTAHTHPHUIIT aMaJira OIITHPIIIAIH.
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Muckpem menznamanapunu euuni Mooyau — s
Taycc kBajaparyp Gpopmynacu
xamga laycc  ycywiapu — épmamuaa  JHCKPET
TEHIJIaMajIap eUrIaam, SbHU e9umiIap J
TY3UJIMACHHUHT HOMabJIyM KOMIIOHEHTAIAP TOIMIIAIH.

Onunzan menznamanap MmMuUMUHU ewuwl
mooynu (OATT; YATT) — maszkyp MOAIyIjQ, OJJIHiA
muddepercuan teurmamanap tusumu (OJTT) Hromapk
YCyJAM OpKaId YH3WKIM aireOpak TeHriaMaiap
timsumura (UATT) onu6 kenmuaam Ba layce ycymu
épmamuma OJMHTAH TEHTJIamajap TH3UMH CUHIIAIH,
SBHU HOMABJIYMJIAp TOIMJIAIH. a

Xapopamuu Xucoonawm modyau — yuoy
Moyjia GOLUTAHFMY XapOpaTHH XUCOOra oiraH xolia
xapopar tacupuaa aeopmaius kapaéHuIaH KEeHHHTH
KYUYMIDIApHA XUCOOIaIn 0aKapuiiaiq.

Onunzan  HamudKcanapHu  cakiawl 64

L

o] b

unmezpayusanaw  mooynu  —  OyHIa  TaaKUK
KWIMHAETTaH  MacallaCHHW  CYMIIJa  SPHIIMITaH
HaTmkamap ¢ain KypuHHIIMOa cakiaHand. byHnoaH b

TalIKapy HaTWDKANApHU TaxJIM KWIMII Y49yH OoIIKa
JacTypiap OuiaH HHTETparys 0ynaau.

Kupyeuu mavaymomnap modynu —ymoy
MOJyNa MacajaHH e4MII Yy4yH 3apyp Oyiran
napameTpriapra KuiMatiap KUpUTHIIa . TONraH Mypakkao coxa.

Yukysuu mavaymomaap mooynu — MasKyp
MOJyJ/la MacaJlaHH E4YMIIJA SPULIMITAH HaTIbKanap
9KpaHra Yoo OTHJIAJH, SbHU COHJIM HaTIKaJlapHH 1
XKajBaj KypUHMIINAA Ba rpaduk Hatwkamaprm pacm O ={f = —[(x - a)’ + X22 -R*]=0};
KYpUHUIIUIA TacBUpIaiu [5]. 2R

MexaHuK Ky4iap TabCHPHUAA XapOpaTHH Q, ={f, = i[(xl +a)? +x2 —R?]= 0}

2-pacm. Typiu Mypakkad mak/JUIapAaH TAIIKHI

XHCOOra OJraH XojJa TEPMODJIACTUK IUIACTHHKAHUHT 2R
nepopmanmscu  Oyimua  xpcoOnam — Taxpudamapu 1

8 0 Y GYiinaG Q, ={f,=—(a*-x?)>0};
yrkasuwamun Ba OX KoopAuHata YKu OYyiiinad romnka 3 " %a
TUIACTUHKAHUHT nedopmanusicn HaTWXaJlapu

Q, ={f, =x,+b>0};

KEJITUPUIIIN.
Mypakka® IIaKigard IOnKa TEPMO-3IIEKTPO- o, ={f, = (b+cosx, —X,) > 0};
MarHUT-3JIaCTHK [UIACTHHAHUHT KUppajlapd Maxkam 5 s Aisinzx.
VpHatunanum (2-pacM), YHHMHT TE€OMETPHK YU3UKIH ;s 21
nehopManusICuHy, TEOMETPHK Ba MEXaHMK ) _gf _ (X +X%—r17) > 0};
mapaMeTpiapuHu - xucobuanr xapaéHH  KyHHaarada 6 6 2r B

amalra OlUpUIIaIN:
Kyiinna kypcaruiran Q  coxa derapacu  K{pub yuKuia€TraH COXaHHHT MaHTHKHH
TeHrnamacuin R-dyHkuums €ppamuna Ty3WIIHU KYpuO

. (dbopMyIacuHu Kyiuaara £ coxa Gunan Genrmmanum
yhuKamMu3. bu3  MaHTHKHA ~ (opMmyngama  MaHTHK

MYMKHUH
anreOpacHHUHT  OeNTHIapUHU R -pynkuusnapauar

Terunui  Oenrmnapun  OWiaH — ajJMAIITHPUII  OPKAJIN Q= O AQ, AO AQ, RO, A,
SpUILIAMU3:

By epman kenuG umkagukn R-QyHKkumsiap Tymmamm & T 1,b=1,h=0.02,r=0.1,v=023,
COH-CAaHOKCM3 Ba OyHMHr y4yH deknmaHran Ttymuk t=20,q=10,E =10"H / m*, T =50C.
GyHKOMSIap TH3MMH MaBXyZl dMmac. bupok, coxamap
Kypumn y4uyH ©Oapua R ¢yHKumamapm xepak »smac,

OJIMHIAH O€JrMiaHraH Xap KaHIald TapMoKJapra
Ternnud R QyHKIusITapuan Kypui Kugos.
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1-srcaosan - 0
0.0000031 0.0000036
TemnepaTrypaHu TemnepatrypaHu 0.4
X y XHco0ra oJIMaran XHCco0ra oJIraH - 0 0.0000058 0.0000067
xoaaa w (x,y,1) xoaa w (x,Y,1) 0.3 ' '
- 0 - 10
08 0 0 0.2 0.0000088 0.0000101
Oj7 0 0.0000036 0.0000041 0?1 0 0.0000111 0.0000128
- |0 0.0000326 0.0000375 oo 0.000012 0.0000138
0.6 010 0.0000111 0.0000128
0-5 0 0.0001254 0.0001441 0210 0.0000088 0.0000101
: 0 030 0.0000058 0.0000067
0.4 0.0003117 0.0003583 0410 0.0000031 0.0000036
N 0 0510 0.0000013 0.0000014
03 0.0005822 0.0006693 060 0.0000003 0.0000004
- 0 0710 0.00000004 0.00000004
0.2 0.0008781 0.0010095 08 10 0 o
o1 0 0.0011099 0.0012761 usyt) x(-1:1); y=0
0|0 0.0011979 0.0013771 T s T e A
0110 0.0011099 0.0012761 I\
0210 0.0008781 0.0010095 /y( \:\_
030 0.0005822 0.0006693 : / \
0410 0.0003117 0.0003583 _.4.-// » \'\,___ d
050 0.0001254 0.0001441 98 o5 44 42 } Y
06 1|0 0.0000326 0.0000375 T
0710 0.0000036 0.0000041 4-pacm. OX YKu 6¥ii1a6 0K NIACTHHKAHUHT
0810 0 0 XapopaTHHU Ba MarHuT Mai/IoH Ky4JapHH XHcoora
0JITaH X0J/1/1a V Ky4uiu 0yiinua negopmManusiiaHuIl
o RO ALY =0 ERARNER
A ’ 3-arcadsan
pald S Temneparypanu Temneparypanu
FT TN x |y | xucobraommaran XHCOOIa 0JIraH
2 '_,,.;f | b 3 . xomaa w (x,y,t) xoma w (x, 1)
e e P e | ° °
x . 0_7 0 0.00000004 0.00000004
3-pacm. Xapopar Ba 3J1eKTPO-MarHUT MaiiIon i
Kywiapu Tabcup octuaa Oz yku 6yiiinad mypakkao - 0 0.0000003 0.0000004
IAKJLJIY IONKA IUIACTHHKA X0JATHHH TaKKOCIANI 0.6
rpaguru. 05 0 0.0000013 0.0000015
2-s1cadsan -lo
Temneparypanu TemneparypaHu 0.4 0.0000031 0.0000036
% y XHco0ra ojiMaran Xpcoora oJiran _ 0
xoma W (x,,1) xoma w (x,,1) 0.3 0.0000058 0.0000068
- |0 0 0 |0 0.0000088 0.0000102
0.8 0.2
0 0 0.00000004 0.00000004 01 ° 0.0000111 0.0000129
; 0 0|0 0.000012 0.0000139
06 0.0000003 0.0000004 010 0.0000111 0.0000129
- |o 0210 0.0000088 0.0000102
0.5 0.0000013 0.0000014 030 0.0000058 0.0000068
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04 1|0 0.0000031 0.0000036
0510 0.0000013 0.0000015 0710 0.00000004 0.00000004
06 |0 0.0000003 0.0000004 0810 0 0
v(x, 1) x[-1:1],3=0
O INACTHI ILUEC TR —— ‘l'l‘le)—\lHlIllll-l.ll“‘llll\‘ mwamerunn
o,.ooocu;‘?\{
// \\
'; / 0,00000% \r‘;\\
7 O—0—l) . . .\ SO ¢ »
1 0.8 0,6 04 0.2 ]» 0,2 0,4 0,6 0,8 1
,000005 <
X yRU

5-pacm. Ox yKku 0¥iinad Mypakkad HIAKJIra 3ra I0nKa IVIAaCTHHAHUHT XapOPaTHHU BAa MAarHUT MaiaoH
KYWIAPHH XMco0ra oJirad xojaa vV Ky4yuu 0yitnya aegpopmanusaianuil rpaguru

V.XYJIIOCAJIAP

IOKkopuzmaru anropuT™M Ba MOZIYJI, YJIapHUHT
¥3apo OOFIAHMIIAPUAAH TALIKMI TONTaH MYPaKkad
MIaKJIJIard IJIAaCTHHANIAPHUHT YU3UKIN TEPMO-IJIKTPO-
MarHMT-3J1aCTHK JedopMals XOJAaTHHU XHCOOJall
xapaéHu amanra ommpwigy. IOmka TepmosnacTuk

IUTaCTUHATAPHUHT Typiu yerapa rapTiiapu
(Yerapamapu KaTTHK MaxKaMJIaHTaH, derapaiapu
HIapHHD MaxKaMJIaHTaH, yerapanaapu KaTTHK

MaxXKaMJIaHTaH MapKa3d SPKUH XOJaTIard, Oup TOMOHH
KaTTHK MaxKaMJIaHTaH, OOIIKa TOMOHJIAPW Ba MapKas3H
SPKUH XOJATAarh) acocHaa XHUCOONam Taxpubamapw
VTKa3man. XucoOam Taxxprudaaapuaa OJMHTaH COHIH
HATIKAIap JKaJBa/ulapa aKC STTHPHITaH, YJIAPHUHT
nedopmanmsulanuin - kapaéHu  OepuiraH  rpaduk
JUarpaMmmaiap MUCOJUIA TaX/IHI KHJIHHIH Ba TETUIILIH
XyJiocanap KeITUPHUITaH.

Xynoca VYpHHMAA WIYHM TakuajIall KOU3KU
HaTIKAlapura Kypa, XapoOpaTHH Ba 3JIEKTPO-MarHUT
Ky9IapHH IUIACTHHATAPHUHT JeopManus XOoJaTura
TABCUPHU STUINN aHUKIAHAW. XYCYyCaH, IOMKAa TEPMO-
MarHUTENACTUK TUTACTHUHAHWHT MapKa3uii MUHTaKachaa

Xapopar MYXHUM axamusTIra ara. Xwucobmari
HATIDKAlapyd IOYHH KYpcaTaguKH, Xapopar Oupo3
Oyncama, FomKa IUIACTHHKAHWHT JaedopMammscura
TabCUP KUJIAOH.
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UDK:511.352

Lagranj interpolyatsiyasini ragamli tizimda tez va samarali amalga oshirish
usullari.

N.K. Sayidova, H.U. Mamadaliyev.

Andijon davlat universiteti, Andijon, O‘zbekiston

AHHoOTauuA. B aTon ctatbe paccmaTpuBaloTcsi cnocobbl 3hdEKTUBHON peanusaumm narpaHxeBoWn
WHTEPMonaLMM C UCMOMb30BaHMEM MHTYUTUBHO NOHATHBLIX MHCTPYMEHTOB, Takux kak Excel n HTML, a Takxke
JavaScript. B To Bpems kak Excel ynobeH ans pacyeTta MHTEPNONALUUKN C UCMOSb30BaHMEM NPOCTbIX POpPMYI 1
VBA, HTML un JavaScript no3BonsoT Nofb3oBaTesnsiM co3aaBaTb MHTEPAKTUBHbIE BEG-NpunoxeHus. B ctatbe
noapobHO oOnucaHbl MNpPeuMmyLlecTBa, OrpaHuMyeHus W 3Tanbl  UCMOfMb30BaHWA 3TUX WHCTPYMEHTOB.
MuTepnonauma martepuanoB nonesHa s nonb3oBaTenen, KoTopble WWyT nepefoBble M MNpoCTble B
NCNONb30BaHUN peLLeHnsa B 0611acTy BblMUCAEHNIA, NPEOOCTaBNASA MPAKTUYECKUE PELLEHNS.

KnioueBble crnoBa. JlarpaHx, 3HauyeHue, KOIMMULMEHT, MHTEPNoONAUMS, NUHUSA, OuaroHanb, 3MEMEHT,
NONMHOM, oLIMOKa, annpoKcMMaLms.

Abstract. This article discusses how to effectively implement Lagrangian interpolation using intuitive
tools such as Excel and HTML, as well as JavaScript. While Excel is convenient for calculating interpolation
using simple formulas and VBA, HTML and JavaScript allow users to create interactive web applications. The
article details the benefits, limitations, and steps to use these tools. Material Interpolation is useful for users who
are looking for advanced and easy-to-use computational solutions, providing practical solutions.

Keywords. Lagrange, value, coefficient, interpolation, line, diagonal, element, polynomial, error, approximation.

Annotatsiya. Ushbu magolada Lagranj interpolatsiyasini Excel va HTML kabi intuitiv vositalar,
shuningdek, JavaScript orgali samarali amalga oshirish usullari ko‘rib chigiladi. Excel oddiy formulalar va VBA
yordamida interpolatsiyani hisoblashda qulay bo‘lsa, HTML va JavaScript foydalanuvchilar uchun interaktiv veb-
ilovalar yaratishga imkon beradi. Magolada ushbu vositalarning afzalliklari, cheklovlari va ulardan foydalanish
bosqichlari batafsil yoritiigan. Material interpolatsiya hisoblashda ilg‘or va qulay yechimlarni izlayotgan
foydalanuvchilar uchun foydali bo‘lib, amaliyotga mos yechimlarni tagdim etadi.

Kalit so‘zlar. Lagranj, giymat, koeffisent, interpolyasiya, satr, diagonal, element, ko‘phad,xatolik, tagribiy.

Mazkur

I.Kirish

Ragamli ~ tizimlarda  ma'lumotlarni
samarali va aniq gayta ishlash bugungi kunda
muhim masalalardan biri hisoblanadi. Aynigsa,
funksiyalarni  yaginlashtirish  va  uzluksiz
funksiyalarni diskret nuqgtalar orgali aniglash
zarurati ko‘plab ilmiy va texnologik sohalarda
dolzarb bo‘lib bormoqgda. Shu jihatdan Lagranj
interpolyatsiya usuli matematik va hisoblash
texnikalarida keng qo‘llaniladi.

Lagranj interpolyatsiyasi oddiy va
intuitiv yondashuvi bilan ajralib tursa-da, uning
to‘g‘ridan-to‘g‘ri qgo‘llanilishi katta hajmdagi
ma'lumotlar bilan ishlashda samaradorlik va

tezlik muammolariga olib kelishi mumkin.
Aynigsa,  yuqori  darajali polinomlarni
hisoblashda yuzaga keladigan kompyuter
resurslariga

bo‘lgan  talabni  optimallashtirish ~ muhim
ahamiyat kasb etadi. Shu sababli, Lagranj

interpolyatsiyasini samarali
amalga oshirish usullarini tadgiq etish bugungi
ilm-fan  va  texnologiyalarning  dolzarb
vazifalaridan biri sanaladi.

maqolada
interpolyatsiyasini ragamli tizimda samarali va
tez amalga oshirish uchun mavjud yondashuvlar,
optimallashtirish usullari va amaliy dasturiy
go‘llanmalar hagida so‘z yuritiladi. Magsad —
interpolyatsiya jarayonini maksimal darajada
samarali gilish va uni real vaqt rejimida go‘llash
imkoniyatlarini ko‘rib chigishdir.
I1.Masalaning go‘yilishi

Aksariyat hisoblash usullari masalaning
go‘yilishida gatnashadigan funktsiyalarni unga
biror muayyan manoda yagin va tuzilishi
soddaroq bo‘lgan funktsiyalarga almashtirish
g‘oyasiga asoslangan. Bu magolada
funktsiyalarni yaginlashtirish masalasining eng
sodda va juda keng qo‘llaniladigan qismi —
funktsiyalarni  interpolyatsiyalash ~ masalasi
ko‘rib chigiladi.

Lagranj

Interpolyatsiya masalasining moxiyati
quyidagidan iborat. Faraz qilaylik u=f(x}
funktsiya jadval ko‘rinishida berilgan bo‘lsin:

Yo = f(xo0), y1 = f(X1), ..., yn = f(Xn)
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Odatda interpolyatsiyalash masalasi quyidagicha
ko‘rinishda qo‘yiladi: Shundai n-tartiblidan
oshmagan R(X) = Rn(X) ko‘phad topish kerakki,
P(xi) berilgan xi(i=0,1,2,...,n) nuqgtalarda f(x)
bilan bir xil giymatlarni gabul qilsin, ya ni P(x;)
Bu masalaning geometrik ma'nosi quyidagidan
iborat:
darajasi p dan ortmaydigan shunday

y=Pn(X) =ax"+ax" + ... + an

(1)

ko‘phad qurilsinki, uning grafigi berilgan M; (xi,
ui) (i = 0,1, ... n) nugtalardan o‘tsin (1-rasm). Bu
erdagi xi (i=0,1,2,...n) nugtalar interpolyatsiya
tugun nuqtalari yoki tugunlar deyiladi. R(x) esa

VA

0 x x X

X X
interpolyatsiyalovchi funktsiya deyiladi.

1- rasm

Amalda topilgan R(x) interpolyatsion
formula  f(x) funktsiyaning berilgan X
argumentning  (interpolyatsiya  tugunlaridan
fargli) giymatlarini hisoblash uchun go‘llaniladi.
Ushbu operatsiya funktsiyani
interpolyatsiyalash deyiladi. (Agar
xe (ab) bo‘lsa interpolyatsiyalash
Xe (a,b) bo‘lsa, e
kstrapolyatsiyalash deyiladi).

Chekli ayirmalar va ularning xossalari

Faraz kilaylik argumentning o‘zaro teng
o‘zoklikda joylashgan Xi=xo+ih, AXi = Xj+1- Xi =
h = const (h-jadval kadami) giymatlarida f(x)
funktsiyaning moc ravishdagi yi=f(xi) qiymatlari
berilgan bo‘lIsin.

Birinchi tartibli chekli ayirmalar deb

A yi:f(Xi+1) - f(Xi) = Vi1 - Vi
(2)

ifodaga ikkinchi tartibli chekli ayirmalar deb
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A2 Vi=AAYi) = AYis1 - AYi = Yie2-2 Vi1 + Vi
(3)

ifodaga va xokazo n-tartibli chekli ayirmalar
deb
A yi= A(An-l Y|) — An-l Vi1 - An-l Vi
(4)
ifodaga aytiladi. Chekli ayirmalarni quyidagi 1-
jadval ko‘rinishida ham olish mumkin.

1-jadval
Xi | Vi | Ay | Ai | Ayi | Ay
Xo | Yo | Ayo | A%yo | Adyo | Atyo
X1 | Y1 | Ay | A%y1 | Alyo
X2 | Y2 | Ay2 | A%y,
X3 | Y3 | Ays
Xa | Ya

Lagranj interpolyasiyon formulasi.

Topilishi lozim bo‘lgan ko‘phadning
ko‘rinishini quyidagicha olaylik:

La(X) = a0 + a1 + ax® + ... + anX"

(5)

bu erda a (i =0,1,2, .., p) — noma’lum
o‘zgarmas koeffitsientlar. Shartga ko‘ra Ln(X)
funktsiya Xo, X1, ..., xn Interpolyatsiyalash
tugunlarida giymatlarga erishadi. Buni hisobga
olgan xolda ( 5) dan quyidagilarni topish
mumkin:

Xo interpolyatsiya tugunida
Ln(X1) = @0 + aix1 + agxi® + ... + anXs"
va nixoyat X, interpolyatsiya tugunida
Ln(Xn) = @0 + @1Xn + agXn® + ... + anXn"

Ushbu ifodalarni
ko‘rinishida yozsak:

tenglamalar tizimi
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ag +a1%g +a2x§ +..+anXg = Yo
ag +a1X +a2xl2 +o.tapX] =Yg

ag + X, +a2xr2] +Fo.+anXn =Y
(6)

bu erda xi va yi (1=0,1,2, ..., p) — berilgan
funktsiyaning jadval giymatlari. Bu tizimning
determinanti Xo, X1, X2, ..., Xn tugunlar ustma-ust
tushmagan holda noldan fargli bo‘ladi. Masala
mazmunidan ravshanki, Xo, X1, X2, ..., Xn NUqtalar
bir-biridan fargli, demak bu determinant noldan
farglidir. Shuning uchun ham ( 6) tizim va shu
bilan birga qo‘yilgan interpolyatsiya masalasi
yagona yechimga ega. Bu tizimni echib, ao, ai,
..., an larni topib ( 5) ga qo’ysak, La(x) ko‘phad
aniglanadi. Biz Ln(x) ning oshkor ko‘rinishini
topish uchun boshgacha yo‘l tutamiz. Avvalo
fundamental ko‘phadlar deb ataluvchi  Qi(x)
larni, ya ni

Q (Xj)=5ij{0’

1, azap 1= ] Oyreanoa
(7)

shartlarni kanoatlantiradigan n-darajali
ko‘phadlarni ko‘ramiz.

azap 1# | o6yreanoa

Ln<x>=§0 i@ (¥)
(8)

izlanayotgan interpolyatsion ko‘phad bo‘ladi. (
7) shartni kanoatlantiruvchi ko‘phad

(x=x0 Jx = ) . (X=X X = Xiy) ooe (X=5)
(i =x0 0% =x0) - (6 =X )4 =Xis1) - (% =%n)

(9)
ko‘rinishida bo‘ladi. ( 9) ni ( 8) ga qo‘ysak,

Qi(x)=

L (xg k) (X Sk i) (X=X
L,(x)= m
=2 o) 8- 1)

(10)
ko‘rinishdagi Lagranj interpolyatsion

formulasiga ega bo‘lamiz.

Bu formulaning xollarini

ko‘raylik:

Xususiy

201

n=1 bo‘lganda Lagranj ko‘phadi ikki nuqgtadan
o‘tuvchi to‘g‘ri chiziq tenglamasini beradi:

X — X X—X
Li(x)="""Fyo+ "2y (A1)
X1 =X Xo = %1
Agar p=2 bo‘lsa, u xolda kvadratik

interpolyatsion ko‘phadga ega bo‘lamiz, bu
ko‘phad uchta nugtadan o‘tuvchi va vertikal
0°‘qqa ega bo‘lgan parabolani aniglaydi:
) 1 (-9 Jx-x) :
(=3 )=o) ™ (kg =gt =xy)

(12)

L(x)= (t=xx-xy)

0
(Xo - Xl)(x() - Xz)

Yagqinlashish jarayoni shartlarini
o‘rganish

Endi Lagranj interpolyatsion
formulasining  qoldik, hadini  baholashni
ko‘ramiz. Agar biror [a,b] oraligda berilgan f (x)
funktsiyani Lna(X) interpolyatsion ko‘phad bilan
almashtirsak, ular interpolyatsiya tugunlarida
o‘zaro ustma-ust tushib, boshga nugtalarda esa
bir-biridan farg giladi. Shuning uchun qoldiq
hadning R(x) = f (x) - La(X) ko‘rinishini topish va
uni  baholash bilan shurullanish magsadga
muvofig. Buning uchun interpolyatsiya
tugunlarini o‘z ichiga oladigan [a,b] oraligda f
(x) funktsiya (n+1) tartibli f ™9 (x) uzluksiz
hosilaga ega deb faraz gilamiz.
Interpolyatsiyaning qoldig hadi R(x) uchun
quyidagi teorema o‘rinlidir:

Teorema. Agar f(x) funktsiya [a,b]
oraligda (n+)tartibli uzluksiz hosilaga ega
bo ‘Isa, u xolda interpolyatsiya goldig, hadini

n+l a)n+1(x)
f(a)_Ln(X): R(X): f( )(5) (n+l)!
(13)
ko ‘rinishda ifodalash mumkin. Bu erda & €
[a,b] bolib, umuman aytganda x ning
funktsiyasidir.

Misol. Agar In100, 1n101, 1n102,
1n103 larning giymatlari ma’lum bo‘lsa,
Lagranjning interpolyatsiey formulasi
yordamida 1n100,5 ni qanday aniglikda
hisoblash mumkin?

Yechish. Lagranj interpolyatsion
formulasining qoldiq hadi, agar n=3 bo‘lsa,
quyidagi ko‘rinishga ega bo‘ladi:
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1@

a2 o x ko x3)

Rs(x)=

Bizning xolda xo=100, x1=101, x»=102,
x3=103, x=100,5; 100<£<100,
Chunki f(x) = In x
da £ (4)(y)—_5 .
u xolda ¢ (x)= =
Shunday Kilib,

IR(1005) < 0

4 -05:05-15-25= 0,23-1078
(100)* - 41

Lagranj koefitsentlarini hisoblash.

X=X, Xo—X Xg—X, X, — X,
X, —Xo X=X, X —X, X, — X,
X, =X, X, =X, X—X, X—X,
X, —Xo X, =X, X, —X, X—X,

(10) Lagranj interpolyatsion
formulasining birinchi  koeffitsentini  topish
uchun diagonal elementlar ko‘paytmasini
birinchi satr elementlar ko‘paytmasiga bo‘lamiz.
Ikkinchi koeffitsentni topish uchun diagonal
elementlar  ko‘paytmasini  ikkinchi  satr
elementlar ko‘paytmasiga bo‘lamiz va hokazo.

Lagranj interpolatsiyasi Excel’da kichik
hajmdagi ma’lumotlar to‘plamini hisoblashda
ishlatilishi ~ mumkin. Excel’da  bunday
hisoblashni qo‘lda bajarish yoki VBA (Visual
Basic for Applications) yordamida
avtomatlashtirish mumkin.

Exsel dasturi ilk bor 1985 yilda tagdim
etilgan bo‘lsa-da, u bugungi kunda ham
muntazam ravishda yangilanib, zamonaviy
talablarga mos ravishda ishlatilmoqda.

Excel ragamli tizimlarda oddiy hisob-
kitoblarni amalga oshirish uchun juda qulay va
keng go‘llaniladigan vositadir.

Misol: Quyidagi ma’lumotlar to‘plamini
hisoblashni ko‘rib chigamiz:
e XxgQiymatlari: 1, 2, 3
e ygiymatlari: 2, 3,5
e X=2.5 uchun interpolatsiyani hisoblash.
Qadamlar:
1.Excelga quyidagi ma’lumotlarni kiriting:
A ustuni: x giymatlari (1, 2, 3).
B ustuni: y giymatlari (2, 3, 5).
D1: x=2.5 giymatini kiriting.
2.Har bir Li(x) uchun alohida formula Kiriting:
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LO(x):
((D1-B2)/(B1-B2))*((D1-B3)/(B1-B3))=((D1
-B2)/(B1-B2))*((D1-B3)/(B1-
B3))=((D1-B2)/(B1-B2))+((D1-B3)/(B1-B3))
L1(x):
((D1-B1)/(B2—-B1))*((D1-B3)/(B2-B3))=((D1
-B1)/(B2-B1))*((D1-B3)/(B2-
B3))=((D1-B1)/(B2-B1))+((D1-B3)/(B2-B3))
L2(x):
((D1-B1)/(B3—-B1))*((D1-B2)/(B3—B2))=((D1
-B1)/(B3-B1))*((D1-B2)/(B3-
B2))=((D1-B1)/(B3—B1))*((D1-B2)/(B3-B2))
Yakuniy interpolatsiya natijasini toping:

P(X) =L_0(x) \cdoty 0+ L _1(x)\cdoty 1+

L 2(x)\cdoty 2]

Ushbu natija barcha Li(x) va y; larni o‘zaro
ko‘paytirib, yig‘indisini topish orgali
hisoblanadi.
Lagranj interpolyatsion formulasini Excel
dasturi yordamida tuzish
Lagranj koefitsentlarini aniglashda quyidagi
jadvaldan foydalanamiz:

Xi Xo X1 X2 . Xn

Xo X-Xo Xo-X1 | Xo-X2 X0-Xn

X1 X1-Xo X-X1 X1-X2 X1-Xn

X2 X2-Xo X2-X1 X-X2 X2-Xn

Xn Xn'XO Xn'Xl Xn'X2 X'Xn
Lagranj interpolyatsion formulasining

birinchi koeffitsentini topish uchun diagonal
elementlar ko‘paytmasini birinchi satr elementlar
ko‘paytmasiga bo‘lamiz. Ikkinchi koeffitsentni
topish uchun diagonal elementlar ko‘paytmasini
ikkinchi satr elementlar ko‘paytmasiga bo‘lamiz
va hokazo. Topilgan koeffitsentlarni quyidagi.
Lagranj formulasiga go‘yamiz.

R L) G P Y P T

2 06 =%0)06 =X0) oo (6 =X )0 =Xi4) o (65 =X5)

Bu hisoblashlarni Excel dastutida bajarish tartibi
quyidagicha:

1) X ning giymatini kiritamiz: A2 ga x=
yozuvini, B2 ga giymatini masalan 3.

2) B2 katakchaning nomini x deb o‘zgartiramiz.
3) Yuqoridagi jadvalni tayyorlaymiz: berilgan Xi
larni biror ustunga joylashtiramiz, ular
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giymatini satrga olamiz, masalan B5-B10 ga
yozib, C4-H4 katakchlarning har biriga teng
belgisini go‘yib bu giymatlar ustida
sichgonchani so‘ng Enter ni bosib chigamiz; C5
katakchaga =$B5-C$4 formulani yozamiz va
unung nusxasni jadvalning golgan joylariga
go‘yamiz(lva2-rasm).
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% ‘=BS =BG =B7 =B8 =B9 =B10
=$B5-CH4

=

.

1-rasm

4) Diagonalda nollar hosil boladi, ularning har
birida formulani ochib birinch hadni x ga
almashtiramiz.(1-rasm).

12 4 8 8§ 10 12
20 2 4 & 48
4 2 0 2 4 6
B4 20 2 4
B 6 4 2 0 2
o a8 6 4 210 REl
12710 8 & 4 2 2=xCst
2-rasm.
% |FEBA =B =H7 =B3 =h3 =B10
. =-Ch4  =3B5-054 =3B5-E4 =5B5-FH4 =3B5-GH4 =3B5-HE4
4 =§BE-C34 =x-D§4  =$BE-E34 =$BE-F54 =$BE-G§4 =$BE-H54
£ =§B7-C54 =367-D54 =x-Ef4  =$B7-F54 =3E7-GS4 =§B7-H4
i =§B8-C34 =$B8-D34 =$BR-E34 =n-F54  =$B8-GH4 =$B0-H34
10 =$B9-C54 =$B9-D54 =$B9-E44 =$BY-F54 =x-GH4  =$BY-H54
12 =§E10-C34=3610-D54=5E10-E34=5B10-F 34 =3B10-G =x-Hp4

3-rasm.

5) Endi biror katakchaga diagonaldagi sonlarni
ko‘paytirb yozamiz (bizda J4da);

6) Har satr kopaytmasini hisoblaymiz( 3 -rasm)

7) Diagonaldagi sonlar ko‘paytmasini satrlar
kopaytmasiga bo‘lib chigamiz. Bu Lagranj
koeffitsientlari bo‘ladi.

8) Berilgan yi larni Lagranj koeffitsientlari
yonidagi ustunga yozamiz

9)Bu ikkala ustun  mos

ko‘paytiramiz(2-rasm).

elementlarini

Lagrang
=CS*DEE7*F§ G2 H10 hkosffitsertlari ]

=MNPOMEBEOCS: HS) =5%1%4405 12 =kE5*L5
=MNPOMEBEOCE: HE) =5%J%4405 13 =kE*LE
=MNPROMEBEOCT:HM) =5JE4407 16 =kF*LT
=MNFPOMEBEOCE:H) =5%J%4402 17 =kE2*L2
=MNFPOHMZBEOCS:HD) =§J5402 22 =kZ*L9
=MNFPOHMZBEOCIO:HIO) |=5J%4.110 |23 =k10*L10

Fx= =CYhhA{PAS: P11
4-rasm.
10) Olingan ko“paytmalar yig‘indisini
hisoblaymiz. Bu Lagrang ko‘phadi bo‘yicha x
nuqtadagi funktsiyaning tagribiy giymatidir(4 -
rasm). Misolda P(x)=10,9531
11) Boshga nugtadagi giymatni topish kerak
bo‘lsa, uni B2 katakchadagi sonni o‘rniga yozish
yetarli.(5-rasm).

A|lBIC|D[EJTFIG[HL ] J K L] ™M | N
i w= 300
B bz
‘ aerths
1 ¥ 2 4 B 8 10 12 g45n Wi
| &6 | 2 1' 2 -4 #0080 -3840 0,25 12 295313
| B | 4 2 -1' -2 4 B g 765 1,23 13 159551
L7 <] 4 2 -3' 2 4 5] 1162 05 16 13125
| & | d 5] 4 20 5 -2 4 -1920 042 17 B36712
| 9| 10 g 5] 4 2f 7 2 £3v6 0.2 22 -Z8E7Z
| 10 12] 10 g 5] 4 2 g -34560 0,03 23 DE261
i Pl 10,2531
5-rasm
Lagranj interpolyatsiyasini  Microsoft
Excel dasturi yordamida tez va samarali amalga
oshirish usullari  o‘rganildi. Interpolyatsion
ko‘phadlarni hisoblash uchun Excelning qulay
funksiyalaridan va avtomatlashtirilgan

formulalaridan foydalangan holda hisoblash
jarayonini soddalashtirish imkoniyati ko‘rsatildi.
Natijada, hisoblash anigligi oshirilib, xatolikni
baholash jarayoni samarali amalga oshirildi.
Ushbu yondashuv Excelning ilmiy va amaliy
masalalarni yechishda foydali vosita ekanligini
yana bir bor tasdiglaydi.

Agar hisoblash jarayoni kichikroq bo‘lsa,
Excel yoki VBA orqgali Lagranj
interpolatsiyasini amalga oshirish mumkin. VBA
yordamida dasturiy algoritmni yozish oson:

Agar Lagranj interpolatsiyasi ko‘p marta
go‘llanilishi yoki katta hajmdagi ma’lumotlar
ustida ishlash kerak bo‘lsa, VBA yordamida
funksiya yaratish qulay.

VBA kodi:

1. Excel menyusidan Alt + F11
tugmachasini bosib, VBA mubhiti oching.

2. Insert > Module ni tanlang va quyidagi
kodni Kiriting:
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Function Lagrangelnterpolation(xValues
As Range, yValues As Range, x As
Double) As Double

Dim i As Integer, j As Integer

Dim result As Double

Dim term As Double

result =0
For i =1 To xValues.Count
term = yValues(i)
For j =1 To xValues.Count
Ifi<>jThen
term = term * (x - xValues(j)) /
(xValues(i) - xValues(j))
End If
Next j
result = result + term
Next i

Lagrangelnterpolation = result
End Function

Kodning ishlash tartibi:

o xValues: x-larning diapazoni (masalan,
Al:A3A1:A3A1:A3).

e YyValues: y-larning diapazoni (masalan,
B1:B3B1:B3B1:B3).

« X: Interpolatsiya gilinishi kerak bo‘lgan
giymat.

VBA funksiyasidan foydalanish:

1. Excelga gayting va quyidagilarni
Kiriting:
o A ustuni: x giymatlari.
o B ustuni: y giymatlari.
o D1: Interpolatsiya gilinishi kerak
bo‘lgan x giymati.
2. E1 hujayrasida quyidagi funksiyani
yozing:

=Lagrangelnterpolation(A1:A3, B1:B3, D1)

Bu funksiya Lagranj interpolatsiyasi natijasini
avtomatik hisoblab beradi.

Afzalliklari:
Interfeysning qulayligi: Excel foydalanuvchi

uchun qulay bo‘lib, formulalar va VBA
yordamida intuitiv ishlash imkoniyatini beradi.
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Tezkor hisob-kitob: Oddiy va kichik hajmdagi
interpolatsiya vazifalarida tezkor natijalar
beradi.

Avtomatlashtirish imkoniyati: VBA
yordamida katta hajmdagi hisob-kitoblarni
avtomatlashtirish mumkin.

Vizualizatsiya vositalari: Excel grafiklari
yordamida interpolatsion polinomni chizish
oson.

Cheklovlari:

Katta hajmdagi ma’lumotlar: Excel Kkatta
hajmdagi ma’lumotlar bilan ishlashda nisbatan
sekin ishlaydi.
Komplekslik: Formulalarni qo‘lda Kkiritish
murakkab bo‘lishi mumkin, aynigsa, nugqtalar
soni oshib borsa.
Matematik cheklovlar: Tayyor matematik
kutubxonalarning yo‘qligi ba’zi murakkab
interpolatsion funksiyalarni giyinlashtiradi.
Excel  kichik  hajmdagi  Lagranj
interpolatsiyasi vazifalari uchun mos vositadir.
Oddiy formulalar yordamida tez natija olish
mumkin bo‘lsa, VBA orqali avtomatlashtirish bu
jarayonni keng migyosda qo‘llash imkonini
beradi. Agar interpolatsiya jarayoni ko‘p
takrorlanuvchi yoki murakkab bo‘lsa, Excel'dan
VBA bilan foydalanish juda samarali bo‘ladi.
Shu bilan birga, katta hajmdagi hisoblashlarda
yoki yuqori tezlik talab gilinadigan vaziyatlarda
Python, MATLAB vyoki Julia kabi maxsus
vositalarga murojaat gilish tavsiya etiladi.
HTML  foydalanuvchi interfeysini,
JavaScript esa hisoblash jarayonini ta’minlaydi.
Misol tarigasida Lagranj interpolatsiyasi uchun
oddiy veb-sahifa yaratamiz.

<IDOCTYPE html>
<html lang="en">
<head>
<meta charset="UTF-8">
<meta name="viewport"
content="width=device-width, initial-
scale=1.0">
<title>Lagranj Interpolatsiyasi</title>
<style>
body {
font-family: Arial, sans-serif;
margin: 20px;
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}
label, input, button {

margin: 10px O;
display: block;
}
table {
border-collapse: collapse;
width: 100%;
margin-top: 20px;
}
table, th, td {
border: 1px solid black;
}
th, td {
padding: 10px;
text-align: center;
}
</style>
</head>
<body>
<h1>Lagranj Interpolatsiyasi</h1>
<form id="interpolation-form">
<label for="x-values">X giymatlari (vergul
bilan ajratilgan):</label>
<input type="text" id="x-values"
placeholder="Masalan: 1,2,3">

<label for="y-values">Y giymatlari (vergul
bilan ajratilgan):</label>

<input type="text" id="y-values"
placeholder="Masalan: 2,3,5">

<label for="target-x">Interpolatsiya
nuqtasi X:</label>

<input type="number" id="target-x"
placeholder="Masalan: 2.5">

<button type="button"
onclick="calculateLagrange()">Hisoblash</butt
on>
</form>

<h2>Natija</h2>
<p id="result">Natija bu yerda
ko‘rsatiladi</p>

<script>
function calculateLagrange() {
/l Foydalanuvchi kiritgan ma'lumotlarni
olish
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const xValues =
document.getElementByld('x-
values').value.split(’,").map(Number);

const yValues =
document.getElementByld('y-
values').value.split(’,").map(Number);

const targetX =
parseFloat(document.getElementByld(‘target-
x").value);

if (xValues.length == yValues.length) {

document.getElementByld(‘result’).textContent
="Xva'Y giymatlari soni bir xil bo‘lishi
kerak!";

}

/l Lagranj interpolatsiya hisoblash

let result = 0;

for (leti=0; i <xValues.length; i++) {
let term = yValues[i];
for (let j = 0; j < xValues.length; j++)

if (il==)){
term *= (targetX - xValues[j]) /
(xValues]i] - xValues[j]);

¥

result += term;

return;

¥
// Natijani ko‘rsatish

document.getElementByld(‘result’).textContent
= "Interpolatsiya natijasi: P(${targetX}) =
${result.toFixed(4)};
}
</script>
</body>
</html>

HTML interfeysi:
Foydalanuvchi uchun oddiy forma mavjud
bo‘lib, bunda:

X va 'y giymatlarini vergul bilan ajratib Kiritish.

Interpolatsiya gilinishi kerak bo‘lgan nugtani (x)
kiritish.

Hisoblash uchun tugma va natijani chigarish
uchun joy ko‘rsatilgan.

1. JavaScript funksiyasi:
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Kiritilgan x va y qiymatlarini gqabul giladi va
ularni massivlarga o‘zgartiradi.

Lagranj interpolatsiya formulasidan foydalanib
hisoblashni amalga oshiradi.

Natijani foydalanuvchiga ko‘rsatadi.
2. Foydalanish tartibi:

Sahifani oching va x, y giymatlarini Kkiriting
(masalan, x=1,2,3 va y=2,3,5).

o Interpolatsiya gilinishi kerak bo‘lgan x
giymatini Kiriting (masalan, x=2.5).
o "Hisoblash" tugmasini bosing va natija

"Natija" bo‘limida ko‘rsatiladi.

Lagranj Interpolatsiyasi

x giymatlari (vergul bilan ajratilgan):

y giymatlari (vergul bilan ajratilgan):
‘ Interpolatsiya nuqtasi X:Hisoblash

Natija
Interpolatsiya natijasi: P(3) = 5.0000

HTML va JavaScript yordamida Lagranj
interpolatsiyasini  amalga  oshirish  Kichik
hajmdagi va interaktiv vazifalar uchun qulay
yechim hisoblanadi. Ushbu usul yordamida
foydalanuvchilarga tezkor natija tagdim etish,
interfeys orgali qulay ishlash imkonini beradi.
Katta hajmdagi yoki yuqori aniglik talab
gilinadigan hisob-kitoblar uchun esa boshqga
dasturlash tillariga murojaat gilish tavsiya etiladi.

Python matematika va ilmiy hisoblash sohasida
juda mashhur. Quyidagi kutubxonalar Lagranj
interpolatsiyasini amalga oshirishda yordam
beradi:

NumPy: Vektor va matritsalar bilan ishlashni
optimallashtiradi. NumPy yordamida
interpolatsion koeffitsiyentlarni samarali
hisoblash mumkin.
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SciPy: Matematik kutubxona bo‘lib, unda
maxsus scipy.interpolate.lagrange funksiyasi
mavjud. Bu funksiya orgali  Lagranj
interpolatsion polinomlarini osongina yaratish
mumkin.

SymPy: Simvolik hisoblash uchun ishlatiladi.
Agar analitik polinom ko‘rinishi kerak bo‘lsa,
SymPy ishlatiladi.

Misol:

python
from scipy.interpolate import lagrange

import numpy as np

x = np.array([1, 2, 3])

y =np.array([2, 3, 5])
polynomial = lagrange(x, )

print(polynomial)

MATLAB matematik hisoblash uchun kuchli
vosita hisoblanadi. Lagranj interpolatsiyasi
MATLAB yordamida quyidagi funksiyalar
orgali amalga oshiriladi:

« polyfit va polyval: Berilgan nugtalar
to‘plami uchun polinom
koeffitsiyentlarini hisoblash va
giymatlarni baholash uchun ishlatiladi.

o Custom scripts: Lagranj interpolatsiyasi
uchun go‘lda yozilgan skriptlardan
foydalanishingiz mumkin.

Misol:

matlab

x=[123];

y=[235];

P = polyfit(x, y, length(x)-1);
disp(P);

R tili statistik hisoblash va vizualizatsiya uchun
keng go‘llaniladi.

o stats::splinefun: Lagranj
interpolatsiyasini va boshga
interpolatsion funksiyalarni hisoblash
uchun ishlatiladi.
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Misol:

R

x<-c(1, 2, 3)

y<-c(2, 3, 5)

lagrange <- approxfun(x, y, method = "linear")
lagrange(2.5)

Lagranj interpolatsiyasini ragamli
tizimda samarali va tezkor amalga oshirish uchun
turli dasturlash tillari va hisoblash platformalari
mavjud. Tanlov jarayonida quyidagi mezonlarga
e'tibor garatish muhim:.

IImiy va umumiy magsadlar uchun:
Python: Oson o‘rganiladi, keng kutubxonalar
to‘plamiga ega (NumPy, SciPy), kichik va o‘rta
hajmdagi hisoblash vazifalari uchun samarali.
MATLAB: Matematik modellashtirish uchun
qulay, vizualizatsiya vositalari keng. Ta'lim va
ilmiy loyihalarda keng qo‘llaniladi.
Julia: Hisoblash tezligi yuqori, sintaksisi sodda,
ilmiy va texnik muhitda yangi, lekin istigbolli.
Yugori tezlik va yirik hisoblash uchun:
C++: Murakkab va resurs talab qiluvchi
hisoblash uchun mos, Eigen va Boost kabi kuchli
kutubxonalarga ega.
Fortran: An'anaviy ilmiy hisoblash tili, katta
hajmdagi ma'lumotlar uchun bargaror va
samarali.
Statistik va vizualizatsiya vazifalari uchun:
R: Statistik tahlil va ma'lumotlarni vizualizatsiya
gilishda kuchli. Kichik interpolatsiya vazifalari
uchun mos.
Excel/VBA: Oddiy va kichikrog hisob-kitoblar
uchun ishlatilishi mumkin, VBA orqali
moslashtirilgan funksiyalar yozish qulay.
Simvolik va analitik hisoblash uchun:
Wolfram Mathematica: Matematik tahlil va
polinomlarni aniglashda qulay, kuchli analitik
vositalarga ega.

Har bir dastur va platforma o‘ziga xo0s
afzalliklariga ega. Python va MATLAB kichik
va o‘rta loyihalar uchun universal yechim bo‘lsa,
C++ va Julia yuqori tezlikni talab giluvchi
murakkab vazifalar uchun qulay. R va Excel esa
sodda statistik vazifalar va tezkor tahlillar uchun
mos. Shunday qilib, interpolatsiya jarayoni talab
va texnik imkoniyatlarga garab eng mos vosita
bilan amalga oshirilishi lozim.

[1]
2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

(10]

(11]
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NMpumeHeHne UT-npoaykToB Ans o6y4eHUA KOMbMOTEPHOro NPOEKTUPOBaHUS B
cdepe TexHU4YecKoro obpasoBaHus.

C.)KamonguHoB, M.Abaynatn6os
Andijon davlat universiteti, 170100. Andijon sh.Universitet ko‘chasi 129. O‘zbekiston

AHHOTaLWIﬂZ B cratbe npmBeaeHbl OCHOBHbIE XapaKTepUCTUKN W aHann3 npuMeHeHunsa
KOMMbIOTEPHBIX CUCTEM ANA MaLIMHOCTPOUTENBHOIO MPOM3BOACTBA, KOTOpble NO3BONAT 3heKTMBHO
COKOHOMUTbL BCce obbsa3aTenbHble UM MaTepuarnbHble pecypCbl MPU MPOEKTUPOBAHUM TEXHOMOrMn U
npon3BoacTee HOBOM npoaykuun. KpaTKO n3noxxeHa OCHOBHbIE MOHATUA CUCTEMbI aBTOMAaTU3NPOBaAHHOIO
nNpoeKkTupoBaHusl, koTopble, 0bbeauHaer CAD (Computer Aided Design), CAM (Computer Aided
Modeling), CAE (Computer Aided Engineering) cuctembl. A Takke nepevncrieHbl 1 onncaHbl NporpaMMHbie
NpoOAYyKTbl Ha3Ha4dYeHHble AOnd aBToMaTu3auunm npoeKkTnpoBaHUA, KOTOPble 3HAYUTENbHO paclnpaeT
BO3MOXHOCTW BbIYUCIINUTENBHOIO 3KCMEPUMEHTA, YTO, B YACTHOCTMW, OAeT BO3MOXHOCTb U3 MHOXECTBa
BapuaHTOB TexHororuu BbiOpaTe Havbonee noaxoddwyld WM MNpPOrHo3MpoBaTb pes3ynbTat. 37O
no3BofsieT ObICTPO HaXOA4MTb ONTUMArbHbIE TEXHOJOTMYECKME PELUEHUS] MPU 3HAYUTENBHOM CHUXEHWU
pecypcoemMkocTn. B pgaHHOM cTaTtbe pacCMOTPEHO MNPUMMEHEHME KOMMbIOTEPHBIX CUCTEM  ANA
aBToOMaTU3aLMmn 1 pa3paboTKM HOBbIX TEXHOSOMMIA B MALUMHOCTPOUTENBHOM NPON3BOACTBE.

KniouyeBble cnoBa: KOMMbOTEPHbIE CUCTEMBI, aBTOMaTu3auus, CAlNP, mogenvpoBaHue, CUCTEMBI
CAM/CAD/CAE, 2D yepyeHue, 3D-mogenvpoBaHue.

Annotation:The article describes the main characteristics and analysis of the use of computer
systems for engineering production, which can effectively save all the required and material resources in
the design of technologies and the production of new products. The basic concepts of a computer-aided
design system are briefly described, which integrates CAD (Computer Aided Design), CAM (Computer
Aided Modeling), CAE (Computer Aided Engineering) systems. It also lists and describes software products
designed for design automation, which significantly expands the capabilities of a computational experiment,
which, in particular, makes it possible to choose the most suitable one or predict the result from a variety
of technology options. This allows you to quickly find the best technological solutions with a significant
reduction in resource consumption. This article discusses the use of computer systems for automation and
the development of new technologies in mechanical engineering.

Keywords: computer systems, automation, CAD, modeling, CAM / CAD / CAE systems, 2D
drawing, 3D modeling.

|.BBenenne

Co BpeMeHeM MaIllMHOCTPOEHHE U
aBTOMATU3UPOBAHHOE  IIPOEKTUPOBAHHE  C
HCII0JIb30BaHUEM MH(OPMaLIMOHHBIX
TEXHOJOTHMI B OTUX MPEANPUATUAX CTAIU
OIHUM M3 caMbIXx ObicTpopacTymux chep
npou3BoJicTBa. PaHbllle aBToMaTu3anus 6osee
OOLIMPHO BHEJpPUIACh B  MAapKETUHT U
KOPIIOPaTUBHOE yylpaBlIeHHE. A  CerogHs
aBTOMAaTH3alis YK€ OXBauyMBaeT IMpoLecc
IUIAHUPOBAaHMsI, Y4eT  MaTepUANbHBIX U
TOBApPHBIX LIEHHOCTEM, a TaK¥kKe
HEINOCPEICTBEHHO IPOU3BOJACTBO M MHOTHE
Ipyrue OpraHU3aI[MOHHbIE u
IIPOU3BOJICTBEHHBIE IPOLECCHI, XAPAKTEPHbIE
JUTSL MATMHOCTPOUTENBHBIX MPEATIPUATHI.

B TO e BpeMs mnpomoiKaercs u
HAay4YHO-TEXHUYECKUN  IPOrpecc, KOTOPBII
OTKPOET HOBBIE MHHOBAI[MOHHBIE TOPU3OHTHI
JUIsL MCCIIEIOBaHUM, a TaKkKe pelieHus Oosee
CJIOXKHBIX 3aJa4 YYEHBIMU ISl IPEAIPUITUN —
T.€. HOBBIE, 00JI€€ COBEPIICHHBIE MHCTPYMEHTHI
peleHus npobaem IIPOU3BOJICTBA
MAaIIMHOCTPOECHHUS.

B cBsA3M ¢ 3TUM HYXXHO NOJYEPKHYTH,
YTO  HUCHOJb30BaHUE  HMH(POPMAIIMOHHBIX
TEXHOJIOTUH u aBTOMAaTH3aLMs
MIPOU3BOJICTBEHHBIX MPOLECCOB - 3TO, MPEXKIE
BCETO, rapaHTHs BBICOKOM
KOHKYPEHTOCIIOCOOHOCTH, METOZIOB
IIPOM3BOJCTBA M yCIIEXa MPEANpPHUATHS B HX

COBEpPIIICHCTBOBAHUM.
Il.MeTonomorusi.

ITocTostHHOE pa3BuTHe "
COBEpIIICHCTBOBAHUE TEXHOJIOTHI
3HAYUTEIHLHO YCITOKHUITA poIiecc

MamHocTpoeHuss. Kpome Toro, Mbl BHINM,
YTO OHM HE TOJIBKO KOJHMYECTBEHHBbIE, HO U
KauecTBEHHbIE. JTO  CTaBUT OAWH W3
BOKHEHIINX [apaMeTpoB TMPOJAYKTa - €ro
HA/IeKHOCTh U JKecTkhe TpeboBaHHs. UTOOBI

IIOBBICUTH HaACXKHOCTBD, HeO6XO)II/IMO
BBIITOJIHUTH MHOXXCCTBO HAay4YHO-
HUCCICA0BATCIIbCKHUX )51 OIIBITHO-

KOHCTPYKTOPCKUX paboT 6e3 moTepu J10Bepusl.

UYrobsl obecrieunTh 3PPEKTUBHOCTD,
JCMCTBEHHOCTh W HAJEKHOCTh  HOBOTO
IPOAYKTa, Ha KaXJOM JTare >KU3HEHHOTrO
LUKJIa TPOAYKTa JOJDKEH OBITh pa3paboTaH
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KOMIUIEKCHBIM, XOPOLIO HWHTErPUPOBAHHBIN
NOJIXO/A K HCCIENOBaHMAM U pa3paboTkaM ¢
Ha0OpOM HEOOXOAWMBIX HHCTPYMEHTOB U
METO/I0B.

[Ipexne Bcero, BaXXHO NPABWIBHO H
IOJHOCTBIO ~ YCTAaHOBUTh  TpeOOBaHUA K
OyaymuM  mpoayKTaMm, uToObl  Hayarhb
npoeKTHpoBaHue. JlpyrumMu cioBaMu, camoe
IKCTPEMAJIBHOE - 3TO C€aMO€ TPYIHOE JUIs
IIOHUCKA, U B TO K€ BPEMs BaXKHOE 3aJlaHHE B
POCKTHPOBAHUH.

ITosTOMy, HE3aBUCUMO OT TOTO, LEJIBIO
TOrO0 HCCJENOBAaHUS  SBISETCS M3ydEHUE
IPOTrpaMMHBIX IPOJYKTOB PELIAIOIIUX 3a]aun
1o pa3paboTke CTCTIHATU3UPOBAHHBIX
UHCTPYMEHTOB IIPOEKTHUPOBAHUS
OPUMEHSEMBIX B MAIIMHOCTPOHUTEIBHBIX
OpeanpusTHIX Y30eKucTaHa.

DTO O0COOEHHO BEPHO MJI CIIOXKHBIX

UHTETPUPOBAHHBIX  INPOAYKTOB,  KOTOpBIE
00BEIUHSAIOT AJIEMEHTBI JJEKTPOHUKH,
MEKTPUKM U MexaHuku. g artoro
pa3pabaTbIBaOTCS u  paspabaTbIBarOTCs
CHCTEMBI aBTOMAaTH3UPOBAHHOIO
IIPOEKTUPOBAHUSA (CAIIP). MHorue

coBpeMenHbie cucteMbl CAIIP 00beauHsIOT HE
tolibko cucteMbl CAIIP, HO Taxke DJIEMEHTHI
cucteM CAE (takux xak Autodesk Inventor) u
naxe Texnojgoruu CAM (SolidWorks).

CAD (Computer Aided Design) -
ABTOMATH3HPOBAHHOE MIPOSKTUPOBAHHE.
[TpennazHaueH i pelieHus] TeOMETPUUECKUX
3a/1a4 TPOCKTHPOBAHMSI W CTPOUTEIHCTBA C
UCIIONIb30BAaHWEM HMHTEPAKTUBHBIX METOJIOB
BBIYHCITUTEIILHON reOMEeTPUH. 3a/1a4u YCIOBHO
nenarcs Ha tiockue (2D) u oovemusie (3D).
OHHM HMEIOT TIPOSKTHYIO JOKYMEHTAITUIO,
reoMeTpuuecKue OMOIMOTEKH CTAaHAAPTHBIX U

MOABAEHME | |
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CTaH/IaPTHBIX HIIEMEHTOB (kpemex,
accoptumMeHTt u T. J1.) 1 hopmbI TOKyMEHTOB.

CAM (Computer Aided Modeling) -
aBTOMATHU3HPOBAHHOE MOJIETTUPOBAaHUE
npousBojctBa. Cucremel CAM 3ameHuIn
METO/IbI PY4YHOTO MIPOrpaMMUPOBAHUS,
KOTOpbIE HE  MOMICPKUBAIOT  CIOXKHYIO
00pabOTKy KOMIIOHEHTOB C  TpeOyeMbIM
KaueCTBOM IMOBEPXHOCTH. [IpHHIMIT TPaKTHKU
3aKJII0YaeTCsi B TOM, YTOOBI aBTOMAaTHYECKHU

TE€HEpUPOBATH MIPOJYKT Ha OCHOBE
MaTeMaTH4eCKOM  MOAenM  MNpONyKTa U
3aJlaHHBIX  TEXHOJOTMYECKUX MapaMeTpOB.

CoBpemennbie CAM-cUCTEMBI BKIJIIOYAIOT B
cebss MOIyJIM s BUPTYaJbHOTO KOHTPOJIS
T€OMETPUUYECKOTO YIPaBICHUS KOH(MIUKTAMU
1 UX 00pabOTKH Iepe] BXOJOM B CHCTEMY, a
TaKkKe UHCTPYMEHTHI ajanTanuu
000opyI0BaHUS.

CAE (Computer Aided Engineering) -
ABTOMATHU3MPOBAHHAS CHCTEMa WH)XCHEPHBIX
pacueroB. OH B OCHOBHOM IpeJHA3HAuCH AJIs
peleHust THXeHEpHbIX 3a1a4. [ pazpaboTku
MIPOEKTAa ATH MPOTrPAMMHBIE TPOTYKTHI AETSATCS
Ha JIBE TPYIIIbI, TAKHEe KaK METOJbI pacuera.
TectupoBanue - 3T0 MPOIECC, KOTOPBIH pelaeT
oOpaTHyIO 3aja4y TMOJTy4YeHUsS MaKCUMaJbHO
JOMYCTUMBIX T€OMETPUUYECKUX TapaMeTpOB
KOHCTPYKLIMU Ha OCHOBE T€OMETPUHN U3ENINS U
OTpeIeNIEHUs] €ro CBOICTB, TaKUX KaK €ero
MIPOYHOCTb.

Xots cuctembl CAE 00bIMHO TOCTYITHBI
Ha PpBIHKE TMPOTPaMMHOTO  OOecreyeHusl,
CHEIMATM3UPOBAHHBIE  CHUCTEMBI  OOBIYHO
SBJITFOTCSI  TIPOJYKTOM ~ CaMHUX  KOMIIaHHM-
norpeduTenei.

Teupenumu CAD / CAM / CAE B
COOTHOIIIEHUU HCIONIB30BaHUS M BAXHOCTH
MIpUBEJICHBI Ha puc. .

BEAYLLLHEA

Biscomitypa

& 3D neuoTe
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i

Mo aEe R poRaH e CAL

Pl ammrmiin o v s CAD

R i T e A kb AT

TBEHD HMOAbICEaHHA
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Pucl. TeHaeHuun CAD / CAM / CAE B cOOTHOLLUEHMM NCNOSIb30BaHNA U BaXXHOCTW.
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Il. Ananmns.
st perieHus npobemM
MIPOU3BOJICTBEHHBIX MIPOIIECCOB B

COBPEMEHHOM MAalIMHOCTPOEHUU TpedyeTcs
npodecCOHaTBHOE HCIIOIB30BaHUE POTPAMM
MIPOEKTUPOBAHUS U MOJICIIUPOBAHUSI, KOTOPbHIE

HE00XOIUMBI JUIs pa3paboTku
TEXHOJOTUYECKUX  MOJIENICH,  aJeKBaTHBIX
peanbHbIM 00BEKTaM U sABIeHUIM. Ho cHauana
JUIE  9TOTO  MOJENW  TIPEeIBapUTEIHHO
HACTPauBalOT C UCIIOJIb30BAHUEM PE3YyIbTATOB
UCCIECOBAaHUN  TIOTOKOB W  IIapaMETPOB
BHYTPEHHEIO  COCTOSIHHSI ~ MOJIEJIIUPYEMOTO

0o0beKkTa. B 3TOM OCHOBHBIMM MapameTpamu
JUII  HaCTpOMKM MOJEIEM U  IPOEKTOB
BBIOMPAIOT COCTaBbl IOTOKOB, TaK Kak OHHU
0onee  UYYBCTBUTENIBHbI K  OTKJIOHEHHSIM
MOJEJIE OT pealbHBIX  XapaKTEPUCTHK
npoueccoB. KadecTBO NpoeKTHpOBaHHS U
pacyeTa HOBBIX TEXHOJOTHMUECKUX OOBEKTOB
3aBUCUT BO MHOI'OM OT TOYHOCTH MMEIOLIEHCS
uHpopmauuu o cocrtaBe chlppsi. Ilpu sTOM

MOJIeTN pa3pabaThiBaeMbIX 00BEKTOB
HEOOXO/JMMO HACTpaWBaTh Ha OCHOBAHUU
JAaHHBIX 00 OKCILTyaTaluu AHAJIOTUYHBIX

NEHCTBYIOMIUX OOBEKTOB.

Nmenno 31oT ¢dakt B CBOE Bpemsl HE
TOJIKO B MAalIMHOCTPOEHUHU, a B IEJIOM B
MPOMBIIIUICHHOCTH HMEET OCOOBIA XapakTep.
[Ipu 5TOM ns pelieHUs BBIIEU3TI0KEHHBIX
3a/1a4 CTOSIIIMX Tepesl MPOU3BOCTBEHHBIMU
npoleccaMi W CHelUaluCTaMu dTHX chep

W Jrest  Teck  Gnakze  Wrdow  Hep

Selact an cby=ck o = command
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IIMPOKO HCMONB3YIOTCS Hanbojee OOIIMPHO
OXBAaTHBAIOIIIECE BECh nporecc
IMPOCKTUPOBAHUSA, ACTAIM3alUsA HWHKCHCPHBIX

XapaKTEePUCTHK, u B KOHIIE-KOHIIOB,
WHXXEHEPHYIO MIPOBEPKY CBOMCTB
[IO/ITOTABIIMBAEMBIX KOHCTPYKIMN U JIeTalei,
MpOrpaMMHBIE KOMILJIEKCBI -
aBTOMATU3HPOBAaHHbBIC CUCTEMBI
MIPOCKTUPOBAHUSI.

Mpbl mpuBeseM HECKOIBKO TPUMEPOB
TaKUX [pOTrpamMM, TPHUMEHSIEMbIE U B
MaIIMHOCTPOCHHH Y30EKUCTaHAa U B JAPYIHX
CTpaHaxX MMEIOUIME Pa3BUTHIX  OTpaciieit
MAaIIMHOCTPOCHHS.

Haunnaem 310 HeOoBIIOr0 00BEMa, HO
MPEICIIbHO BbICOK03(D(heKTUBHOTO
OpPOrpaMMHOTO  TPOAYKTa  Ha3bIBaEMBIM
CATIA.

CATIA - »T0 crneuuanu3upoBaHHAs
WHTCPAKTHUBHAsE CHCTEMa, KOTOpas SBJSCTCS
OMHOW W3 Hamboyiee aBTOMATH3MPOBAHHBIX
CHCTEM MPOCKTUPOBaHUS (PUCYHOK 4).

Ora cucTeMa TIpPEACTaBIsIET COOOM
CHCTEMY  COBPEMEHHOTO  IPOCKTHPOBAHUS
(CAD), Texnonoruueckoro pazsutus (CAM) u
KOMIIBIOTEPHOTO ~ WH)KEHEPHOTO  aHalln3a
(CAE), xoropas coOupaer COBpEMEHHBIE
WHCTPYMEHTBI TPEXMEPHOTO MOETUPOBAHMS,
MTOJICUCTEMBI MO/JICITUPOBAHUS
TEXHOJIOTUYECKUX MPOLECCOB, MHCTPYMEHTHI U
WHCTPYMEHTBI.  COJIEPKUT  €IuHyl  0azy

rpaduuecKoi U TEKCTOBOU I/IH(bOI_[I/II/I.
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Puc.2. NMpumep TemaTnyeckoro uccnenosaHus B CATIA
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Puc.3. NMpumep nccnegosanusa B DesignCAD 3D Max

DesignCAD 3D Max  Takxe
npeaoCTaBIACT MOOWIIEHOE MOZACIIMPOBAHUC U
AHUMAaIuro. Kaxk IIOJIB30BAaTClib, BBl MOXKCTC
CO371aBaTh TPEXMEPHBIE MO OOBEKTOB,

9JIEKTPOHHBIC  CXEMBI
CoBpemeHHas BEpCHs

obecrieuenus IronCAD -
MTOKOJICHUE

211

JUISIATO MIPOTPAMMHBIN MPOAYKT, UCTIOIb3YIOIIMN 2-
MAaIIHHOCTPOUTEIBHOTOU 3-MepHOEe MojiemupoBanue (puc. 3).

U MHOroc¢ Japyroe.

IIPOrPaMMHOI0
3TO TOCHEIHee

po¢heCcCUOHATBHBIX

CHCTEM

KOHCTPYKIINU ,Z[BI/IFaTCHeﬁ, MCXaHHUYCCKHUC ABTOMATHU3UPOBAHHOI'O MPOCKTHPOBAHUS (pI/IC
JeTal MEXAaHHYECKUX W3JACHMA, IedyaTtHsie 4).
2 DR8N 28 IRONCAD DRATT 2017 - fScevet) o KN
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Puc.4. NMpumep uccnegoBanus B IronCAD
Dra cucTeMa, B CBOK OYEPEdb, HCHONB3YIOIMMHA  KIACCUYECKUE  METOMIBI
IPEICTaBIIAET coboii UHCTPYMEHT,  IIAPAMETPHYECKOTO MOJIEIUPOBAHKS "
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OpsIMOTO  PEJAKTHUPOBAHUS.
uHTepderic IronCAD MPEIOCTABIISIET
M10JIb30BATETIO MOIIHBIC WHCTPYMEHTBI
pucoBanusa. [lo cBouM (yHKIIMOHAILHBIM
BO3MOKHOCTSIM nporpamma SIBIISICTCS
koHKypentom gus  T-Flex,  AutoCAD,

IIporpamMMHBIi

KOMPAS 3D, SolidWorks. He cekper, uTo
yycie IOCIEIHUE

HAaHOTCXHOJIOTHMH, B TOM

212

JOCTUKCHUA B 06.H8.CTI/I Pa3sBUTHA,
pa3BUBAIOTCS co BPEMEHEM. B
WHXXUHUPUHIOBBIX KOMIIAHUAX €CTh TaK¥XKE
creluaibHble MIPOrpaMMBl, KOTOpBIE
MOJ/ICPKUBAIOT U PEAAKTUPYIOT MPOEKTHI,
CO3/IaHHbIE HA pa3HbIX MaTdopmax. [Ipumepsr
BritoyaroT NanoCAD.

530 (LD IO RAR SOTRALL DL [T e Jo
S

Puc.5. Mpumepbl cMcteMbl NpoeKkTopuBaHus B NanoCAD

Hoseitmass cucrtemMa mnporpaMMHOrO
obecrieyennss NanoCAD umMmeeT MHTYUTHBHO
HNOHATHBIN uHTepdelic, oluryro miaThopMy
JUIS pa3JInYHbIX 0o0NacTe U BKIOYAeT B cels
BCE OCHOBHble  0a30Bble  MHCTPYMEHTHI
IIPOEKTUPOBAHHUS. Jrto IIPOrpaMMHOE
oOecrieueHre SABISETCS OAHMM M3 JIYYIINUX
BapHUaHTOB s NEePEKITI0UYEHUS Ha
anbrepHaTuBHBIE cucteMbl CAIIP Onaromaps
HENOCPEJCTBEHHON  TOAJIEP)KKE  CaMoOro
nonynsipaoro ¢opmata CAIIP - dopmara

i

DWG wu  gpyrux  pemieHudl  CUCTEM
aBTOMATHU3MPOBAHHOTO ITPOEKTUPOBAHMSI.

JpyruM  BaXHBIM  NPOTPaMMHBIM
UHCTPYMEHTOM  JUIS  CHELUAJIUCTOB IO
[IPOEKTUPOBAHUIO W  JM3ailHy  SBISETCS
cucrema T-FLEX CAD. T-FLEX CAD -
3¢ exTUBHBIN WHCTPYMEHT JUIS
npodecCHoHaIbHOM eATENIbHOCTH AU3aiHepa.
On umeer 2D (2-mepnbli) yeprex, 3D (3-
MEpPHBIN ) MPOEKT-TNU3aNH.

T S T
v Tmel CM

i I

Puc.6. NMpumepbl cuctembl npoektopuBanusa B T-FLEX CAD.
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DTa mnporpaMma TakKe BKJIIOYAET B
cebs MOIYJTH JMHAMUYECKOTO i
OTPAaHUYEHHOTO aHanmu3a DJICMCHTOB.
YHUKQJIBHOCTh TPOTPAMMBI  3aKJIFOYACTCS B
TOM, 4YTO OHa SBJSETCA BeAyllell B Mupe
CHCTEMOM ABTOMAaTHU3UPOBAHHOTO
MIPOCKTUPOBAHUS c r€OMETPUUYECKON
napameTpu3anueid. bonee toro, sTa cucrema
ABJISIETCST HE TOJBKO TNPOCTOM, HO U
aBTOMAaTU3UPOBAHHON CHCTEMOH
MPOCKTUPOBAHUS, HMHXKEHEPHOTO aHaliu3a |
MOATOTOBKU TPOJIYKTOB JIFOOOM CIIO0KHOCTH
Ha3HAYECHUS.

[Taker MPUIIOKEHU I - 3TO
WHCTPYMEHTAJIbHASI Ccpefa, MpeaHa3HaueHHAs
VIS aBTOMATHU3AINH MPOEKTUPOBAHUS

CIIOXHBIX W3JCIIMA B MAIIMHOCTPOCHUU U
Ipyrux o0JacTsx.
IV .BEIBOIBI U 3aK/IIOUEHHE.

[lepcnekTuBsl pa3BUTHUSA
aBTOMAaTU3UPOBAHHBIX CHUCTEM
MIPOEKTUPOBAHUS u CTPOUTEIBCTBA,
WCIIOJIb3YEMBIX CErOJIHS B MAIIMHOCTPOCHHH,
TECHO  CBSI3aHbl C  COOTBETCTBYIOIIMMH
nporpammamMu. llenp 3ToM uWHTErpauuu -
YCTaHOBUTh TECHYIO CBA3b MEXIY

HHXXCHCPHBIMH pacCu€TaMu W YCPTCIKHBIMH
nporpamMmmamu. I/IHTCFpaHI/IOHHHe IIPOLECChI

MO3BOJIIIOT ~ MHTErpUpPOBAaTh  BCE  JTallbl
TE€XHOJIOTHYECKUX DPACUETOB, MOJAEIUPOBAHUS
" IPOEKTUPOBAHUS B eIMHOE
UH(POPMALIMOHHOE TPOCTPAHCTBO B pe3yibTaTe
aBTOMaTH3alNH, 4TO IPEeJOTBpAIAeT
JUINTEJIbHBIE LIUKJIBI pa3paboTKu

«MIPOEKTUPOBAHHE-AN3AH - TPOU3BOJICTBO -
anpoOarusy. CrnenoBaTenbHO, KOMIBIOTEPHBIE
TEXHOJIOTMM, KaKk M Bce JApyrue o0rnacTu,
SBJISIIOTCS BOXKHBIM HHCTPYMEHTOM B CO3JJaHUU
COBPEMEHHBIX TMPOAYKTOB M CpPEICTB B
MaIIMHOCTPOeHUU. OOBEKTHl M MPOJYKTHI
OBICTPO M OBICTPO CTAHOBATCSA OOBEKTAMHU
KOMITbIOTEPHOTO MOJIEIUPOBAHUS WIH
MoJenupoBaHus. Vcronb3yeTcst BO BceX BHIaX
MallMHOCTpOoeHHus. B HacTosmiee Bpems
KOMITBIOTEPHBIE ~ TEXHOJIOTHH  TTO3BOJISIOT
UCMOJNb30BaTh HE  TOJNBKO  CTaHJAPTHBIC
NporpaMMbl, HO ¥  INUPOKUH  CHEKTP
TEXHOJIOTUII Ha BCeX HTamax MpOU3BOJCTBA,
IPOCKTHPOBAHUE CTICINAT3UPOBAHHBIX
KOMITBIOTEPHBIX CeTeH, MOJeIMPOBaHHUE CETeH,
nmogady W 0o0pabOTKy JOKYMEHTAIlUh IO
IIPOCKTUPOBAHUIO CETEH.

213

BoNbIIMHCTBO  MAITMHOCTPOUTEIBHBIX
KOMIIaHUH UCIOJb3YIOT TEXHOJIOTUU
IIPOCTPAHCTBEHHOT' O MOJIEJIMPOBaHUS,
HEKOTOpbIE U3 KOTOPBIX SBIISIOTCS OCHOBHBIM
WHCTPYMEHTOM TIpH pa3pabOTKe INPOEKTHOU
JOKYMEHTaluU u TEXHOJIOTUYECKUX
npoueccoB. B cBowo ouepens, 3TO momoraer

pelnTh po0OsIeMbl B3aMMOJICHCTBHS
pPa3IMYHBIX TOJAPA3CICHUN  MOPEINPUSATHUS,
3aHUMAIOIIUXCS MIPOU3BOJICTBOM

MAaIIUHOCTPOUTEIIBHBIX PEATIPUITHH.
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MpaBuna ohopmnenns crarbu

1. B Havane crarten yKasbiaeTca Homep
no YHusepcansHoii AecATUYHo I Knaccudukauymu
(YOK). Oanee npuBoAsTes (kaxawiit pPa3 ¢ Hosoi}
CTPOK#):

1) Hasmawue crarby (CTPOYHBIMY Byksamm,
Hanpumep: QuddysnonHble Napametpkl atomos 3d
NepexoaHbIX anemeHToR B KPeMHUU);

2) bamunus, ums ¢ OT4ecTBo asTopa (-0B);

3) «xpartkas a8HHOTauMs Ha yaBekckom u
PYCCKOM  asblkax  (450-500 3HakoB ¢
npoGenamu), aHHOTaumun Bbigensercs Kypcueom u
OTAENSAETCH OT TeKcTa CTaThy MPONYycKoM cTpoku;

4) knioyeBbie cnosa (5-10).

. Teker crarey HabupaeTcs  wpucpramm
Times New Roman, Pasmep wpudra ~ 14 Kernei,
MEXCTPOYHbI MHTepean — OAMHapHLIA, nons ~
CBEpXy u CHusy 2 cm, cnesa 3 CM, cnpasa 1,5 cu;
absaubiii oteTyn - 125 oy, € 3nexkTpoHHoik
Bepcuen (Ha cnewke wunu kOMnakT-gucke). B
HassaHwum aiina ykasbisalores bamunus ¢
cneyuansbHocTs aeTopa, Hanpumep:
Quaura_Bakupos.

Mpu  ucnonsaosanuu
WpKTOB Npu Habope craTby
AROMXHBI BbITh NpeacTaeneHs
8BTOPCKOW 3NeKTPOHHOI nanke.

3. O6bem cratem (BKnoyas PUCYHKu, Tabnuupl
W Avarpammel) cocTaensieT He MeHee 8 NonHBIX
CTP2HUU (aHHOTaUMM, KlYeBble cnosa u Cn1cok
fuTepatypel He BXOAST B  aTOT o0bem).
OnTumManbHeIM ANz XypHana senseTcs o6b&M B 8-
10 cTpanuy.

4. ECNv B CTaTbi0 BKTOYEHb! Tabnuuel, cxemsl,
A1arpammel, pasnuyHsle rpacguyeckmne
0G03HaYEHNS, OHU AOMKHLI GbiTh HapucosaHsl
HEpPHBIM no Oenomy, vetko u spko onucaHsl,
AOMXHO ObITe HanucaHo nonHoe obbscHeHue
CoKpaLLleHu.

Bee pucyniu nyGnukyiorea Tonbko B YepHo-
Genoii ramme, nonHougeTHLIE unnioctpauuv Gyayr
AOCTYNHbI TONBLKO B 3M1EKTPOHHOM BEPCHU CTATbM.

opmynbl HeOGXOAMMO BBOAUTL B Tekcr B
CrneunanbHeIX KOMMBIOTEPHLIX NporpaMmax.

5. Ccbinkn Ha UCnonbaosaHHbie WCTOYHMKM
NPUBOAATCA Nocne YUTaThl B KBAAPATHBIX CKoBKax
C yKkasaHuem MOPSAKOBOrO HOMEpPa MCTONHMKA
UMTUPOBEHMA U CTpaHuUbl, Hanpumep [1. C.
25]. Cnucok nnTepatypel pacnonaraetcs nocne
TEKCTa CTaTby, HyMepyetcs (HauuHasg c nepsoro
HOMepa), npeABapsAeTcs croBom «Jlureparypan
 odopmnaeTcs B nopsake ynoMuHaHua unu
UATUPOBaHUA B TexcTe cTaTsy (He B ancasnTHom
nopaakel). MMog oaHum HOMepoM  gonycrumo
YKa3bIEATb TOMBKO OAWH MCTOMHMUK, Mpumeyanus
oopMnsATeS B Buge NOCTPaHUYHBIX CHOCOK,

AONONHUTENbHbIX
Takue LWpndThl
B pejakuuio B

Ans  kwur,  cBOPHWKOB,  MOHOrpadwit
yKaaelBaTCA MMeHa aBTopOB, MOMHOE Ha3BaHue
UCTOYHMKA, MHAEKC W3paHua (ropod, w3aarens u
roA n3nanus), obee KONMYECTBO CTpavuy. [ng
KYpHaneHbIX cTateil M ApYrux NEpUOAUNEcKnx
U3haHNA yKkasbiBaTCA WMA aBTOpa, Ha3eaHue
CTaTbu, HaseaHWe xypHana, rog W Homep, Homep
CTpaHuLel.

K cratee npunaraertcs wWHcbopMauus o6
asTopax:

- (hamunua, ums, oTYECTBO (nonHocThI0);

- y4eHan creneHb (Npy Hanu4mm);

- MecTo paGoTsl, 0TAen, AomkHOCTk (Ges
CoKpatLeHwii);

= 3M1EKTPOHHbI agpec;

- HOMep TenedoHa,

AHrnuiickui 6nok, npunaraemMsblii K ctaTbe,
BKNioyaer:

1) nepesoa Ha aHrnuiickui A3bIK Ha3BaHUS
cTatby,

2) aHrnuUcKuA BapuaHT hamunum, umeHn u
OT4ecTea aBTOpa, MEpesoA Ha3BaHus ero
OpraHusauum aHrnunckuit Asbik, Hanpumep: Anvar
H. Bakirov, Andijan State University, Andijan,
170100, str. University, 129 (Uzbekistan). E-mail:
agsu_info@edu.uz N

3) nepesoa Ha aHrnuiickuit [3bIK KMoYesblx
CnoB;

4) asTopecpepar (PacwupeHHyio
@HHOTaLIMIO) CTaTkbk Ha AHIMMIACKOM Si3bike (2500 -
3000 3Hakos ¢ npoGenamm) W MCXoaHbili TeKcT
aBTopedepata Ha fH3blke CTaThy (yabekckom /
pycckom).

BaxHo, yToBk! aBTopedbepar (paciumpenHas
aHHoTauus) Gkin CTPYKTYPUPOBaH B COOTBETCTBUU
C aHpom: KaKyk npobnemy pelwaer asTop (yenw
CTaTbW), Ha Kakom Marepuane, kakumu Metogamu,
XO4 vccnenosauus, BeiBoAbl, K KOTopeIM aBTOp
npuien (unu koTopsle Aokasan). Bce aTu MOMeHTbI
AOMKHBI  BbITb  NocnegosaTensHo W noruyso
U3noxeHel, AsTopedepar craTbu HE pomkeH
cogepxate W3NULWHero TEOpeTU3INpoBaHug, a,
Hao6opoT, orpaxars CYLWUHOCTHbIE  MOMEHTHI
NpoBeAeHHOro uccnenosanms,

$) aHrnuiickuin BapWaHT cnucka NuTepatypel
(References). B  cnucke CHa4yana paéres
TpaHcnuTepauna U0 aBTOpPa,  HasBaHus
UCTOYHMK@ U ero BLIXOAHBIX AaHHbIX. Oanee B
KBagpaTHelX  ckobkax NepeBo]  Ha3paHus
WCTOYHUKA Ha aHrAviCKWIn  A3bik. References
RonkeH O6biTb odopmneH B COOTBETCTEBMM Co
CTaHaapTom AMA-2010.
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