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MNMpupoaa MenkoMacwTabHbIX Mo4 KornebaHui
B OUCKOODOpa3HbIX ranakTukax

.M. Fanues’, C.H. HyputauHos

Hauvonanshsii yausepcuteT PY3, Bysropogok, yn. YHusepcutetckas 4, 100176, TawkenT, Yabekucran
Monyyexa 25.06.2020

* Comresponding author: e-mail ganiev_jakhongir@mail.ru, Phone: +998 97 735 08 40

B nannoilt paGote paccMoTpena MPHPONA MOBEACHNHS METKOMACIITAOHEIX MO BOIMYIIEHNS B
ARCKO00pPazHBIX MOAENsX CHHPANLHLIX FanakTHK. [IpoBeNeHs! pacuersi rPABHTAIIOHHON He-
YCTOHYMBOCTH TODH3OHTANBLHEIX MENKOMACIUTROHBIX MOA BO3MYIIEHHH, TAKMX KaK
(m:Ny=(12;20) (14;20), (16;20) u (18;20), ra doHe HemHHEHHO HEPABHOBECHON MYNLCHPYIO-
el aHH30TPONHONH MOXENH CaMOrPaBHTHPYIOMEro Mucka. JUis KakIol H3 3THX MOX BO3MY-
IIEHHH MOCTPOSHS! KPHTHYECKHE JHATPAMME! MEeKIY BHPHANLHEIM NADAMETPOM H CTENEHLIO
BpallleHHd, 2 TaKXe BRIYHCIEHE! H CPaBHHBAOTCY HHKDEMEHTH HEyCTOHURBOCTEd mpw pas-
THYHBIX 3HAYEHHSX NapaMeTpa BpaileHHs. Pe3ynbTarthl pacueTos M cpaBHeHuH obnacreli ne-
YCTOHYHBOCTEH MOKashIBAOT, YTO C POCTOM CTENeHH MeIKoMacuTabHOCTH 00nacTs HeycToi-
SHBOCTEH CyXaeTcs MO Mepe yBeNW4eHHS a3dMYTanbHOIO BOIHOBOIO HHCHE M2, KDOME MO
Boamymenus (m;N)y=(14;20) B xputuuecknx mmarpammax, kpome cayqas (m;Ny=(18:20), =Ha-
Omonaercs HeDomsmas o0macts ycroiiuEBOCTH. B HHTepsante mnapaMerpa BpAUIEHHS
Q=c[0.2-1.0] xpussie Mons Boamymtenni (12;20), (14;20) r (16;20) nepecexatorcs apyT
IPYrOM T[pH HEKOTODHIX 3HAYEHHSX HHKDEMEHTa HeycrolumBocredi. Mona sBo3aMymmesus
(14;20) craHOBHTCH CaMOil BaXHOH, HauHHas C napaMerpa spamerus Q= 0.6,

Kaouessie €082 HeNMMHSIHHO-HECTAIMOHAPHEIC MOICTH, CAMOTPAEHTHPYIONIMIA THCK, TPABHTALIHOHHEN
HCYCTOHYHBOCTS, MEIKOMACIITAGHRIC MOIE BOIMVIICHWIL

In this paper, the nature of behavior of small-scale perturbation modes in disc-like galaxies is
considered. The gravitational instabilities of horizontal small-scale perturbation modes, such as
(m:Ny=(12;20) (14;20), (16:20) and (18;20) are calculated on the background of a nonlinear
nonequilibrium pulsating anisotropic model of a self-gravitating disk. For each of these pertur-
bation modes the critical diagrams between the virial parameter and the rotation degree are
constructed, and instability increments for different values of the rotation parameter were cal-
culated and compared. The results of calculations and comparisons of instability regions show
that with increasing the small-scale degree, the instability region decreases respectively to the
azimuthal wave number (except for case the mode m;N=14;20). In critical diagrams, except for
the case (m;N) = (1820), a small area of stability exist In the interval Q=< [0.2-1.0] the
curves of the perturbation modes (12;20), (14:20) and (16;20) intersects with each other at
some values of the instability increment and the perturbation mode (14;20) became the most
important starting from Q=0.6.

Keywords: nonlinear non-stationary models, self-gravitating disks, gravitational instability, small-scale
perturbation modes.
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I. Bsenenue %
MOzeNeH CaMOrPaBETHPYIOMEX CHCTEM NPEACTaBIs-
Uzyuerue meycToiuuBoCTe# AHCKOOGpasHEX et Gomemo# HETEpeC HE TONMBKO IS ANaKTHUECKHX,
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HO H JUIS H3YYEHHS Pa3NHYHLIX aKKPELHOHHBIX JHC-
xoB [1-7].

CTpykTypa AHCKOOOPA3HEIX TANAKTHK JOBOILHO
MHOrooOpazHa, B HEX HaOMIOJZArOTCS Kak KpYITHO-
MacmTabHele 00pa3oBaHws, Tak W PaslTAIHEIEC MEN-
komacmrabasie. MenkomacmrabEeME  06pazoBa-
HHSMH TANaKTHK SBJISIOTCS PACCESHHBIE 3BE3THEIC
cxomnenus (P3C), Monexynspusie obnaka (MO), ra-
30-mEUIEBEIE TyManHOCTH H Ap. I[Ipomeccsr dopmu-
POBaHUS YKa3aHHBIX 00pa30BaHAM W COOTBETCTBYIO-
mMAX WM OEepBOHAYANBHEIX INTPOTOOOIAKOB MOKHO
ODBSCHATL YaCTHYHO HEYCTOWYHBOCTSIMH KOHKDET-
HEIX MOJ] BO3MYINEHUH, TaK KaK OXHWM W3 OCHOBHEIX
hHU3MYECKHX MEXAHU3MOB IPOHCXOXZACHHS STHX
CTPYKTYp B TANakTHKaX B pAfAe APYTHEX AHCKO0Opas-
HEIX CaMOTPaBHTHPYIOUIMX CHCTEMAX SIBIISETCS
HAMEHHO TPaBHTAMOHHAS HeyCcTORImBOCTS [8-11].

'paBETanHOHHOE B3aWMOAECHCTBHE MEXIY pas-
HEIMH YacTIMH CHCTEMEI CKHMaeT BEemecTBO. DTOT
IpPOIECC Ha3bIBAIOT PABHTAIMOHHON WITH JKHHCOB-
ckoif HeycroiumBocTeio. OHa MPHEBOJWMT K mepepac-
TpPEeAeNSHAIO MACCHL, T.€. B OJHOH OOIacTH CHCTEMEI
IUIOTHOCTH PACTeT, B APYroi 00NacTd COOTBETCTBEH-
HO yMeHsmaercs [12].

B paborax [13, 14] Gbuth BEIMACIEHE! YMEPEHHO
menkue (N=10; m=4, 6, 8) MOABI s TOPSUHX»
TBEPAOTENLHO-BPAMAIOIAXCS AUCKOB HA OCHOBE
paBHOBeCHOM Mozenu bucHoBaroro-Korara u 3ems-
nospua [15]. TlomyueHel TO4YHBIE XapaKTepHc-
THUECKHE YPaBHEHHS X COOCTBEHHBIX HYACTOT H
SBHBIE BEID@XKEHHA I COOCTBEHHBIX (QYHKIHH.
HaiiieHsl pemenus He TONBKO ANS Memkomacmrab-
HBIX, HO TaKXKe H KPYIHOMACINTaOHbIX BO3MYIIEHHH,
¥ HE TONBKO Ui IIOYTH XOJOXHBIXY» (C opOuTamm,
ONMH3KAMHA K KPYroBEIM), HO H I «TOPSYHX» CHC-
TeM, B KOTOPEIX PafHalibHBIE H KPYTOBEIE CKOPOCTH
gacTHI OfHOro mopsaka. OxHaKko, 3TH HEYCTOWYH-
BOCTH HCCIIEIOBANACE TONBKO JUIA CTPOTO PaBHOBEC-
HOTO COCTOSHHS CAMOTPaBHTHPYIOMIET0 IHCKA.

II. ens xanHo¥ padoTs!

Habmogaemele CTpyKTYpHBIE 00pa3oBaHHS B
JUCKOOOPa3HEIX CaMOTPABHTHPYIOIMX CHCTEMax
bopMupyIOTCE B IEpHOJ HEIHHEHHO-HECTANHO-
HApHOH CTaJHH 3BOJIOIHY IallaKTHK.

B [16-19] aBTropamMu MOCTPOEHEI HEIHHEHHO
HECTAIMOHAPHBIE MOJENW AHWCKA C HW30TPONHOX H
aHHW30TPONHON JmWarpaMMamu ckopocreit. HMccneno-
BaHBl WHTEPECHBIE THIMHI HEYCTOWYWBOCTEH OIS TO-
PH30HTANLHEIX W BEPTHKANLHEIX KPYNHOMACINTal-
HEIX MOJ BO3MYINECHWH Ha (OHE HETWHEHHO Hepas-

©Axkagemus Hayk Pecnybnuku YabexucraH, TawkenT, 2021 1.

HOBECHOM MOZIENH CaMOTPaBHTHPYIONIEro AHCKA C
LENBIO HCCIE0BAHAS MPAPO/IE! KPYTTHOMACIITa0HEIX
CTPYKTYpHEIX oOpasomammit. Taxke Tam momydeHE!
KPUTHYECKHE  3aBHCHMOCTH, XapaKTEePH3YIOLIHE
TIPOUCXOXKAECHUE ITUX CTPYKTYPHEIX 00pa30BaHMH.

Kak MBI OTMETHIIH BHIIIE, C TOYKH 3PEHHS HaH-
Gonee MenkoMacmTaOHEIX MOJ BO3MYINEHHH OCHOB-
HBIMH CTPYKTYpPHBIME 00pa3zoBaHHSIMH AHCKOOOpas-
HEIX ToxcHcTeM ramakTHk cumrarorcs P3C m MO.
OHE onpeensioT rnodanbHOE CTPOSHHE JAWCKA TIa-
nmakTek. OEHAKO OO0 CHX TIOP OTCYTCTBYET AHAIH3
npobneM HX IPOHCXOKACHHS B AHCKOOOPAa3HLIX CHC-
TeMax, B YaCTHOCTH, JUIg Hamel [ anakTWkd, He BI-
MONHEH. B CBS3M C 3THM BO3HHKAET PSJ| HOBBIX BO-
npocoB. MoxHO mH OOLACHATL HX THOOANLHOE pac-
npejeNeHre COOTBETCTBYomeld Teopued ¢opmupo-
parus? He scHO, mpu kakux GU3HIECKHX YCIIOBHIX B
JUCKOOOPa3HEIX CHCTEMaX MOryT (OpPMHPOBATHCH
9TH OOBEKTEI, ¥ KaKOBEI XapaKTepHEIE BPEMEHA 3THX
SBIICHUH?

Ieneto0 JaHHOrO MOAXOAA ABIAETCH MOHCK MOJ
konebanui, OTBETCTBEHHHIX 3a 0OpasoBanme P3C
wne MO, u monarasck Ha HEX, c)oOpMynHpOBaTH OC-
HOBEI HOBOM TEOPHH X IMPOHCXOXACHHS B JHCKOOO-
pa3HBIX ranakTakax. MccnenoBanne CTPOEHHS 3THX
IWCKOB TpebyeT OTHENbHOrO aHaiu3a MENKOMac-
mTabHEIX MOA BO3MYINeHHs Ha (OHE pagHATEHO
MyIbCAPYOIIEH HEPaBHOBECHOM MOJENH CcaMmorpa-
BHTHPYIOIIErO THCKA,

B pa6ore [20] HypuraurossmM OblTa BHEpBEIE
co3qaHa HENTWHeWHO-HecTauHOHapHas MOAensL Oec-
CTONKHOBHTENEHOTO CAMOTPABHTHPYIOMETO IHCKA.
Jns ciyg9as aHW30TPOMHOM HENHHEHHOW MOIENH
HypHWTIWHOB BHIBENl HECTAUHOHAPHOE AWCIEPCHOH-
Hoe ypasHenne (HIY) B obmem BHAe Ans MyIbCH-
pyromei Moxei 6ecCTOTKHOBHTENLHONO CaMOTpa-
BHTHPYIOILIEro JIHCKa.

III. Mynncupyroniasi aHW30TPONHAS MOAEEL

B ocHOBe aHHON MOJENH HAXOAUTCS U3BECTHAS
H30TPOMHAs HENHHEHHO-IYJILCHPYIOMas MOk
Hypurausosa [20].

Y(rv,,v )= S S,
2nlIV1-Q°

[t—l—?z(l_é;)_(vr_va)z A —V,,)z:l- X(R‘r)‘
(1)

3zeck o, =0(0;0), Q — Oe3pa3MepHBIH mapamerp,
XapaKTepU3yIOMKi CTeNeHb BPAllEHHUs TBEPAOTENb-
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ROro qucka 0<Q<1. V, ¥ V, — paguansHas H TaH-
resHanbRas cKopocTH qacTal, gyekmaa [1(7) ameer
CMBICH koo hruHeHTE PACTSKEHHA H
TI(1) =14 Acosy(1=A*)", r=(y+Asiny)1-27)>72,
Monens NyJILCAPYET c aMIUTHTY J0H
A=1=(21/\U|),, rae (21 /|U]), smnsercs sHprats-
HBIM TlapaMeTpaM.

C nomomsio (1) MOXKHO MOCTPOHTH AHKHIOTPOTI-
HYI0 MOZIENh, YCPEAHHB (a30ByI0 MAOTHOCTS MO Ma-
paMeTpy Bpamenma

1
Yo = [ Pop(2)d 0. )
-1
3neck p(0)) — Becosas Qymxmax or Q. Jlerko mo-
CTPOHTE AHH3OTPONHYIO MOJENb, Oepi BECOBYIO
dysxumo B Bage p(Q)=2/n(1-°)"2. Tlocne urrer-

PHPOBAHHA W HEKOTOPbIX MPeoOPA3OBAHKA MOTY4HM
HETHHERHO MYyNLCHPYIOMY0 MOICTs ¢ AHW3IOTPOM-

HOH IHarpaMMoit CKOpOCTei:

Y. =Eu1[l+n(xv,— ., )xx

.3

><((l-r’/l'l’)(l-—l'lzvi)-l'l2 (v,-v,)z)
Janee many HaMACHO HECTAIMOHAPHOE IHCTMIEPCH-
ounoe ypasuerme (HIY) momerm (3). Ono wmeer
CHERYOUHH BH/

e (P) =y (N =1 x

N(N*-)II

(N° + N=m*)D, +im(N*+ N-m® )d,'
_(N+m=DI(N-m-1)!!

Yrm = .

(N +m)!(N =m)!!

v
dy,, dy=[EI

4

3aech

} i _dlBy
- d(cosh)

E=TP(yw)S(w,wi)a(y),

1 &P P,
L= WN—l Nel N
N [N +2 d(coshy’ d(oosh)] e,

W= 1+kwsw|
1+ Acosy

xav, ,

F.{cosh) — momaronm Jlexanapa, N, m — panramsHoe
# Z3MYTATHHOE BOJTHOBEIE YHCIA.

IV. PesysinTaTte pacuyeror

Ha ocrose nonyuensoro HAY (4) Mu n3ywwm
PAL KOHKPCTHBIX MEIKOMACINTAOHBIX MOZ BO3MY-
ICHMI 1A MyThCHPYIOMeH MoAenH Jucka: (m; N) =
(12: 20), (14; 20), (16; 20) u (18; 20). Hamu mno-
CTPOEHB! KPHTHYCCKHC IHArpaMMBl “BHPHAINLHBLH
NAPAMETP-CTENCHD BPACHHS ™ JUIN KaXIOH M3 3THX
MO H BLIMHCIEHB! COOTBETCTBYIOIME HHKPEMEHTHI
HEYCTOWTHBOCTEN,

Hanpuwmep, HIY ans caywas 7=12; N=20 nme-
€T CJIe AYHONIHIT BHL:
1
(1+ Acosy)*!

1=0,19

a(Whaao = Kipzoll),

)

30¢ECh

l(w)= T T (1 DSy wh )X XA +cos )™ sin” yady,

-

rA€ A — AMIUTHTY/IA NY/bCAUMM JHCKE, BRIPAKECHHE
g K12,20 aano B NpHIOKCHEH.

matd Ne20

L o

02 03 04 05 O ar
Qreega

o8 oo 1

Prcynox 1, Kpumitieckan 3aBHCUMOCTb BHPHATEHOIO OT-
HOLUGHHA OT napamerpa spawesus mna N=20; m=12,

Yucnennnsit pacuer HIV noxassisaer, uro s
Momel koneGanms m=12; N=20 meycroliusocTts Ha-
YHHACTCA CO 3HAYCHMS BHPHANBHOIO MNAapaMeTpa
(2771U 1), =0.094 n noxomur mo 0.413. Mexay

suavenwiMm  (27/|U|), =0.413+0.382  mmeercs

obnacts yerofunsocTH (pHc. 1).
Jna moasr xoneGanna m=14, N=20 pacuer HIIY
TIOKA3BIBAET, YTO HEVCTOHYHBOCTL HAYHMHACTCA CO

IHAYCHWS BHPHATEHOTO napametpa (27/|U|), =

@AxanemMun Hayk PecnyBnuky YsberucTan, TalKenT, 2021 .
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0.089 u noxommr po 0.431. Mexny sHaveHMaMH
(27/|U]), =0.386+0395 mmeercs  HeGonbmas

obnacTs yCTOMMMBOCTH, & MEKIy 3HAYCHHEM
(27/|U ), =0.401+0.43]1 mabmonaeTcs sBHO 3a-

METHBIH OCTPOB YeTolumBoCcTH (pic. 2).

mwid 20

os

o
e gy 02 Q3 04 0OE Qs QF ox 038 1
i

Pucynox 2. Kpurnueckas 2a8HCHMOCTE BHPHANLHOTO OT-
HOWeRNS OT napaMeTpa rpamenns s N=20, m=14,

B 1persenm caywac (m=16, N=20) mHeycroiram-
BOCTh HAYMHAETCA CO 3HAYCHHA BHPHAMLHOIO Napa-
metpa (27'/|U ), = 0.076 u noxomur no 0.397. Me-

aay suaucmwamu  (27/|U]), =0.369+0.394 na-
Gmonaercs apyroit ocTpos ycroiuusocTd (pHc. 3).

m=i;  NeGo

) o

03 Q23 04 23 A8 97T 08 O !
°

Prcynox 3. Kpumndeckas 3asicuMOCT: BIPHANLEHOTO OT-
HOIICHNHSA OT NapaMeTpa spamenna ans m=16; N=20.

HeycrofimsocTs B 9werseproM ciyyae (m=18,
N=20) naunHaeTca OT IHA“CHHA BHPHANBLHOIO napa-
merpa (27/|U ), =0.056 u poxomur mo 0.312. B

3TOM cayyae BooOme He Habmojaercs ocTposa yc-
TOHYHBOCTH, KaK B NEPBLIX Tpex cry4qasx (puc. 4).

©AxageMus Hayk PecnyBnukn YaSeruceras, TawresT, 20211

3amTPHXOBAHHEIC 30HK Ha pHCyHKax 1-4 onpe-
ensroT 00nmacT HeyctoiumsocTH. CnenosaresbHO,

st rkcuposarHoro N npH pocTe SHAYCHAS M

obnacTs HEYCTONYMBOCTH CYKAacTCd M MOCTCNICHHO
OCTPOB YCTOMMHBOCTH MOJKET HCHEIHYTh.

meis;  Nw20
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Pucynox 4, Kputnyeckas 3aBHCHMOCT: BHPHANLHOTO OT-
HOWICHHS OT MapaMeTpa spautenus s m=18; N=20.

W3 pHCyHKOB BHIIHO, 4TO IT0 MEpe POCTa CKOPO-
CTH BpAlICHHA MOJCTH MPOMCXOAMT pocT obnacTw
HeycroiuusocTH. C pocTOM 7Ke CTeneHH MemkoMac-
wTalHOCTH 00NACTS HEYCTOHIMBOCTH CyA&acTes.

Hamw Taxke BBEMHCIEHB! H CPABHHBAIOTCA HH-
KPEMCHTB!  HEYCTOHUMBOCTEH  MEIKOMacuITabHeIX
MO KoneOaHuit 11 pas/MuHLIX SHAYCHMIT napameT-
pa BpameHns (puc. 5).

Ha puc. 5 npeacraBieHsl WHKPEMEHTHI Heyc-
TOHYHBOCTEH BCEX MEIKOMACINTAOHRIX MOA KomeOa-

~ HWt TIPH PAsTHYHEIX SHAYCHWSX MapaMeTpa Bpamc-

. Korjga cicrema He BpPamlacTCA KPHBBIC HHKpC-
MCHTOB HCYCTONYMBOCTEH W3YHCHHBIX MOJ BO3MY-
MICHWH PACTIONIOKEHR B MMOPKAKe yOLBanWs mapa-
METpa /M, T.€. C YBEIHMYCHHEM IHAMCHHA A3HMYTalb-
HOTo BOJTHOBOTO YHC/IA HHKPEMCHT HEYCTOHYHMBOCTH
yMmenbinacres. Takoe NMOBENCHHE HHKPEMCHTAa Ha-
OmonaeTcs TONMBKO NMPH 3HAYCHMM MapaMeTpa Bpa-
meHns cucremsr Q= 0.0.

Korna cucremMa uMeeT Bpamenue, T.c. B HHTEp-
Basie mapametpa Bpamenus Q=e[02+1.0] moam
soamymeruit (12; 20), (14, 20) u (16, 20) nepecexa-
10TCA JPYT © JAPYTOM, CTHBAACH IPH HEKOTOPLIX 3Ha-
HEHHAX WHKPEMEHTA HeycToluHBOoCcTel, a Moja BO2-
myuenns (14; 20) ameer nanbonsiice 3Ha9eHAE HA-
KPEMeHTa, HAYHHAA CO 3HAYCHHA Mapamerpa sparme-
urs Q> 0.6. Hano ormeraTs, 9T0 C pOCcTOM CTene-
HY BpalIeHHs 3HAYEHAS HHKPEMEHTOR TaKKe PacTyT.
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Pucynox 5, Cpasnenne MHKPEMEHTOB HeycTouMBOCTell Beex MenkoMacitaGHex Mon konmeGamuit Uts pasmiuHbIX

3HAYCHUI napaMerpa BpamleHus.

V.

Buinonsensl pacqeTsl IPaBHTALUMOHHKIX HEyC-
ToitamBoCTEH s Mox Bosmywmenwmi (m; N) = (12;
20), (14, 20), (16; 20) u (18; 20). Mocrpoens! aua-
rpaMMel  KPUTHYECKON 3aBHCHMOCTH BHPHAILHOIO

3akmouenne

OTHOLICHKS OT MapaMerpa BPAleHWs, CPaBHUBAIOTCS
HHKPEMEHTHI HEYCTORUMBOCTEH MemKoMaciuTabHkIX
MOA KoneGaHmi I PasNAvHBIX 3HAYCHHN napamer-
pa Bpamenus. U3 puc. 1-4 suano, 4T0 Mo Mepe pocra
CKOPOCTH BpPAUICHHS MOJIENH BCErja NPOMCXOANT

@Axrapnemun Hayk PecnyGnuku Yabekucran, Tawkewr, 2021 r.
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pocr obnacTE HeycroigwsocTell. B cimyuae m=18;
N=20 pe rabnrozaercs OCTPOBA YCTOHYMBOCTH, B OC-
TambHEIX COy9adX MOXHO BHO HaOmomaTts Takoi
OCTpOB.

CpaBHeEHE HHKDEMEHTOB HEYCTOHYHBOCTEH
(pEc. 5) noka3uiBaeT, 4TO KOr/ia CHCTEMA He Bpallia-
€TCs, KDHBLIE HHKPEMEHTOB HEYCTOEYHBOCTEH pac-
MOIOXKEHbl B mopaake yOuBanms mapamerpa m. Ko-
r7Ia CHCTEMa BPalIaeTcH, T.€. B HHTEPBAle IapaMeTpa

spamenns Q=€ [0.2-1.0], Mozt Bosmymenmii (12;
20). (14; 20) = (16; 20) nepecexatoTcs APYT C ApY-
TOM, CAHBa#Ch NPH HEKOTOPHIX 3HAYEHHSX HHKpE-
MeHTa HeycrodumeBocTe. Mozaa so3mymenus (14
20) mmeer camoe OonbInOe 3HAYCHHE HHKDEMEHTA,
HagEHAd CO 3HAUCHHS [APaMETpa BpalNeHHS
Q=0.6 . C pocTomM cTenmeHH BpallcHHs 3HAYCHHS
HEKPEMEHTOR TaKKE PacTyT.

punoxkenune. Pacder BemauHHE! K2 ).

(ToxcTanngenM Bee BRIPAKEHAS N GVEKIHHA B (4) H BEEHCISEM MOITANHO KAKIYIO H3 HAX)

30705345

K mm o ens S|
1220 = 120259084288

[779((43648605 /128c7¢b" + 210¢'” + 72747675 /16384c%€'5b' —101846745 /128c%¢'°b' +

+101745¢7e*b* + 27776385/ 32¢ b —17955/ 2¢!"e?b? —3561075/8c2e®b® —130945815 /2048 b —
—4849845 / 65536ce'°b'® )i, + (—101846745/8e%b % +16787925/ 4e°b°c™* +1120314195/64c%!°b° +
+480134655/32768e'*b"c” —800224425/ 2048¢°b ¢ +21945¢%bc'® +3360942585/1024e™bc® —
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+11235631061655/1024e"*b°c'® — 445957797285 / 64c'%e' b7 —1473979815/ 8e*b°c'® + 16787925/ 4e°bc'® —
—130945815/2048e*b" )1 + (71662361085 / 8c°¢*b® —377545883715/ 2048¢7b' 6¢° +
+20061466289865 / 8192c e’ b'* —193475919001365 /16384¢”¢'*b'? + 3360942585 /1024e>b8c +
+49577467764825 / 2048'°b'c” — 45518078720205/ 2048¢ b5 —91464786945 / 64ce'%b* +
+557664345/8c' e*b* —3561075/8¢'%e" ), + (43648605 /1286 b'° + 7193712040515/ 256¢ 2™ *b7 —
—129243519405 / 2048e>*b'"c? + 6356560895685 / 4096e22b' c* —193475919001365/16384c5e?p" +
+146612477846835/ 4096c"e'®b'! —97410839120595 / 2048e'°h7c!? — 445957797285/ 64c *e!?b’ +
+9879134265/16¢'%€'°b —101846745 /8e%bc'® )1, + (487779442306065 /8192¢ '¢'b® +

+312567660405 / 512e**b'°c’ —15947672565825 / 2048¢7b'*c” +146612477846835/ 4096¢ e > b2 —
—1440403965 /128¢®b'®c — 2271939876841635/32768c ¢ *b'® — 45518078720205 / 2048 b5 +
+418252837275/128¢°e'?b* ~18804612645/128c!7e!%b? +27776385/32c %% )i, +
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+(1415489617707165 /16384c'%'*b” + 567431865 / 4e2°b'7c? - 6844814191215/ 2048e2*p 5c* =
+49577467764825 / 2048¢7b%c® - 2271939876841635 /32768 % b'! —97410839120595 / 2048 b 7c!2 +
+11235631061655 /1024eb c’* —116032541625 /128c'%e"b> — 101846745 /128e2%p1° +

+1120314195 / 64c'%'% )/, « (1415489617707165 /16384 2°b'° — 116032541625 /128¢ b5 +
+11235631061655 /1024e**b™c® —97410839120595 /2048e%%b'%c7 — 2271939876841635 /32768c 'e'%h® +
+49577467764825 /204855 — 6844814191215 /2048e b + 567431865/ 4c e b2 -
-101846745/128¢'%¢"* + 1120314195/ 64e™®b'%c)l,, + (487779442306065 /8192 22b° +

+418252837275 /128e**b"*c* - 45518078720205 / 2048 b c® — 2271939876841635 /32768¢'%2b% -
~1440403965 /128c'%e'%b + 146612477846835 / 4096¢2¢!%h7 —15947672565825 / 2048e'5pc™ =+
+312567660405 / 512¢bc'® — 18804612645 /128¢*b'7c? + 27776385 /32¢3°b'%)l,, + (43648605 /128¢c%'2 +
+7193712040515 /256¢’e™b'? — 445957797285 / 64e°b'c® - 97410839120595 / 2048e22b'%° +
+146612477846835/4096c"'e™b® —193475919001365 /16384ce'*b® + 6356560895685 / 4096e °h4c!* —
-129243519405/ 2048¢™b%c!” + 9879134265 /16e2*b5c® 101846745 /8e*"b'%c)l,, +

+(71662361085 /8c%eb"? — 45518078720205 / 2048e**b''c® + 49577467764825 / 2048e2b%° +
+3360942585 /1024e™*bc’® —193475919001365 /16384c'%2%b7 + 20061466289865 /8192¢ e *p® —
~377545883715 / 2048e'bc'® — 91464786945 / 64¢2*b c* + 557664345 /8c%e**b'7 —3561075 /8¢*%b'%)/,, +
+(60359305545 /32¢**b"c® — 445957797285 / 64e°b'%c” +11235631061655 /1024e%b%° +

+24923353455/ 2048¢'b%c'7 —15947672565825 / 2048¢22b%:!! 5 20061466289865 /81923205 —
-5068345066785 /16384c"e'®b* — 1473979815 /8e3°b'%c® + 16787925 / 4e32b'%c — 130945815 / 2048¢'%14)1,, +
+(4057895835 /16c*e™b"® + 418252837275 /128e2b'c® + 92345898645 / 4096¢'%!%h° —

6844814191215 /2048e**b%'? + 6356560895685 / 4096e2%b7c'? — 5068345066785 / 16384c e b’ —
-91464786945 / 64e®*bc® —112021245/8¢32b'7c? + 101745¢>b'° — 800224425 / 2048e'bc'%),, +
+(41410215/2c%e*%' — 116032541625 /128¢2b'%° + 312567660405 / 512e2*p%!! -
—377545883715/2048¢™b%" + 92345898645 / 4096¢c % 2°b* + 9879134265 /16e2*b %7 — 1119195 / 2¢34p % —
-1473979815 /8e°'b'‘c® — 56612240685 / 65536¢'*b2c'” + 72747675 /16384¢'%'¢ )l + (951615c2e>*b!7 +
+567431865 / 4e7b%c!® — 129243519405 / 2048e2*b7c!? + 24923353455 / 2048e2b5c! —

—18804612645 /128e*b " c® — 17955 /26707 — 112021245 /86320 c? + 557664345 /85313 —
-56612240685 / 65536e°b7c" + 480134655 /32768e'®bc'®)l;, + (16787925 / 4e37b' e —101846745 /8e3% %7
+3360942585 /1024e2*b%"* - 800224425/ 2048eb*c’® + 1120314195/ 64e2%p1%° +
+480134655/32768e™bc'” + 2194563b'%c — 1440403965 /128e2°b%:"! — 4849845 / 65536¢%% -

—1119195 /2e™b"c)l5 + (210e™*b" — 101846745 /128e25b%1° + 101745¢3*b"5c* + 27776385 /326 1c —
-17955/2e*b'c? 3561075 /8e3?bc® — 130945815 / 2048e2*b5c™* + 43648605 /128e%p7c12 —
—4849845/65536e™°bc’® + 72747675 /16384e2b7c%)l,, + 2608iQe((=305540235 / 2048e!2p13%: —

-1995 / 2bc'® — 43648605/ 65536e'°b7c? + 130945815/ 256e'%b''c® — 1526175 /8e*b ! —
—-101846745/128e"b°c'? + 101745/ 4e?b°c"® + 9258795 / 16eb7c!? + 72747675 / 4096 *p!5c* +
+440895/131072"¥"%)l, + (107544465 /16 cb® + 1805465025 /128c e®b® — 3477338865 /256c%%p'0 +
+5397877485 / 65536¢7e"*b'® — 182971425 /131072¢e'®b!® + 1995 / 2¢!° - 377055 / 4c'7e2b2 —

-4757697945 / 4096¢°¢*b™ + 12352555215/ 2048c7e'*b'% + 10886715 /8c'5e*b*)l, + (~13125105 / 4e*b3c'® +
+377055 / 4e?bc'® - 94673824245 /1024c%%b!! + 113966507655 / 4096¢ *b'3c® — 27804161385 /8192eb!5c* +
+35311721445/256¢'%b° + 456936795 /16e°b°c* 3027625965 /327! — 43648605 / 65536e2%° +
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+17011051785 /131072e*b7c? ), + (910922985 / 16e%b*c™ + 13125105 / 4c'7e*d? — 1355478329205 / 4096¢**b'c” +
+734504175405 /1024c% %" — 624776873175 /131072 b'c? + 537794462205 / 8192e¥b"c® ~ 181153614915/ 256¢"'e'"b* +
+10038670425 / 32¢"7e*b® — 101745/ 4c%e” + 5397877485 / 65536e™b"*c)l; + (~36011930535 / 64¢®b*c™ + 910922985 /16¢" ey’ —
—6457301876025 / 2048¢'%6b” + 9067517554095 / 4096¢'*b''c* — 1315478909735 /16384¢'%b1c® +

+2841078440655 / 32768 e 0! ~ 27804161385 / 8192e™b''c? + 260186689035 /128" %e"°b” ~ 10886715 / 8¢ *be'™ +
+T2747675 1 4096e76™°), + (36011930535 / 64ce*b* - 437433194205 /128¢e%® +16976779693965 / 2048 e'%* —
—36376092677925 / 4096¢b'%c” + 70102234897695 / 16384¢b"c” — 28796615589105 / 32768c°e b +

+537794462205 / 8192c%™b' — 4757697945 / 409687 2b'%c — 456936795 / 16e°b%c' + 1526175 / 8% )y +
+(~6848147357415/512¢%'b” + 437433194205 / 128¢'"b°c™ - 305540235 / 2048¢7b"? +

+90588503960955 / 4096¢" "™ —133892925160995 /81926%b''c* + 174186589920525 / 32768c % *p" ~
~11315478909735 /16384c'e™b" + 113966507655 / 4096670 c* — 10038670425 / 326*6°¢"® + 107544465 / 16e°be™ g +
+{~142481264361345 / 4096 b%"" + 6848147357415/ 512c7e'b® +323723094429735 / 8192¢"b'%% -
~655162385283315/ 32768 'c"*b" + 70102234897695 /16384c°c™b"* ~ 1355478329205 / 40966765 +

+12352555215 / 2048¢>'b"*c — 260186689035 /128¢*e""b* — 9258795 /16¢'%® + 3027625965 / 32¢Veb?)1; +
+(~2008258828631055 /32768e“b%"" + 142481264361345 / 409602 b7 - 16976779693963 / 2048¢'*e"*b° +
+3138386978624625 / 65536c"*b"" - 133892925160995 / 81925 ™ + 9067517554095 / 409667bc* -

~94673824245 /1024e*'b"c? + 181153614915/ 256¢'%'°b” + 130945815 / 2566™b' ~ 1805465025 /128%™ )iy +
+(~4845557363581935/ 65536¢%'*H'° + 2008258828631055 / 32768¢''e'*b® + 6457301876025 / 2048c e b -
—90588503960955 / 4096e"*b°c" +323723094429735 / 8192¢7e'b'? — 36376092677925 / 409667b'c* +

+734504175405 /1024eb'%c” - 35311721445 / 256c'7e%b? - 3477338865 / 256e™D"%c + 101846745 /128c"%%)1, +
+(~2008258828631055 /32768c%™b"" + 4845557363581935/ 65536c"""*b? — 734504175405 /1024¢'e'b’ +
+36376092677925 / 4096¢™*bc™ —323723094429735 /81926 Tc'? + 90588503960955 / 4096eb e’ -

~6457301876025 / 2048e2*b"c* + 3477338865/ 256¢'%¢'%b + 35311721445/ 256¢™b'Tc? — 101846745/ 128¢™b' )iy +
+(~142481264361345 / 409627 2b'%c” + 2008258828631055 /32768c°e™b'" + 94673824245 /1024¢e%b” -
—9067517554095 / 4096e"b*c"* +133892925160995 /8192¢'°b%:" —3138386978624625 / 65536¢ 'e™*b* +
+16976779693965 / 2048e™b' e’ ~ 181153614915/ 2566 "%c” — 1309458157 256¢"%" + 1805465025 /128¢™b ), +
+{~6848147357415/ 5126™'b"c® +142481264361345/ 4096c"c™b'! ~12352555215 / 2048¢"%e'*b +

+1355478329205 / 4096¢**bc' —70102234897695 / 16384¢'°b%c™ + 655162385283315 /32768c"e"™b” -
~323723094429735 /8192¢"%b” + 260186689035 / 128e%b"*c* + 9258795 /160™b'” — 3027625965 / 32e™b""e? )i, +
+{—437433194205 /1280™bc" + 6848147357415/ 512c7e>b'? + 305540235 / 2048ce'? ~ 113966507655 / 4096¢"*bc"” +
+11315478909735 /16384¢**h*c"® —174186589920525 /32768c e *b® + 133892925160995 / 8192c" e ™b"® -
-90588503960955 / 4096¢™b'%c” + 10038670425 / 326™b'%c® — 107544465 /16e™b' %), + (437433194205 /128% %" -
~36011930535 / 64 %b'c* + 4757697945 / 4096¢" be"® - 537794462205 / 8192¢'°b’c'® + 28796615589105 / 32768¢ "*b° —
—70102234897695 /16384c'%e™b” + 36376092677925 / 4096e2b%'° ~16976779693965 / 2048e™b''c* + 456936795 /16c%e™ b7 —
~1526175/ 80" ), +(=910922985 /16e™b'°c* + 36011930535 / 64¢®b"*c’ + 27804161385 /8192¢"b%" -
~2841078440655 / 32768¢e'*b* + 1315478909735 /16384 e™b® - 9067517554095 / 40966 0" +

+6457301876025 / 2048c>*b"'c” — 260186689035 / 128¢™b'%c” + 10886715 / 8¢™bc — 72747675 / 4096 Y5 +
+(=13125105/ 42" 7c? + 910922985 / 16c*™b" — 537794462205 / 8192c 6™’ + 624776873175 /131072’ -
—734504175405 /1024e™b°c'® + 1355478329205 / 4096e%b e + 181153614915 / 256eb''c* —10038670425 / 326™b'c® +
+101745 / 4e™b" - 5397877485 / 65536¢'°be’ ), + (~377055 / 4e™*b'%c + 13125105 / 4c'e™b'® + 3027625965 / 32" +
+27804161385 /8192cMe™b* — 113966507655 / 4096c™b%" + 94673824245 /1024 ¥bc" ~35311721445/ 256e™b'%c” -
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—456936795 /16e™"b'c® + 43648605 / 65536¢'%'® ~ 17011051785 /131072e'*b2%c"7 )i, + (~1805465025 / 12831 'c® +

+107544465 /16c%¥b"® — 5397877485 / 65536¢

3! + 4757697945 1 4096e2b°c™ + 3477338865 7 256 %% +

+182971425/131072c"bc'® + 377055 / 4c%e' 1995/ 26" — 12352555215 / 2048e2*b7c'2 — 10886715 /863" )i, +

+(1995/ 2e¥b'%c

—130945815/256eb%' ! + 1526175 /8e°7b e + 101846745 /128 %p'%°

—101745/ 4103 _

—9258795 /16¢b'%c” — 72747675 / 4096270 %™ + 305540235 / 2048 2*b%:"° — 440895 /131072c1%"® =

+43648605 / 65536c7b%c )y )]
b = siny, c=h+cosy, e=v1-A%.

MeranaHHbie

The nature of small-scale oscillation modes in
disk-like galaxies
J.M. Ganiev, S.N. Nuritdinov

National University of Uzbekistan, University Town, Universi-
tetskaya str. 4, 100176, Tashkent, Uzbekistan

In this paper, the nature of behavior of small-scale pertur-
bation modes in disc-like galaxies is considered. The gra-
vitational instabilities of horizontal small-scale perturba-
tion modes, such as (m:N)=(12:20) (14;20), (16;20) and
(18;20) are calculated on the background of a nonlinear
nonequilibrium pulsating anisotropic model of a self-
gravitating disk. For each of these perturbation modes the
critical diagrams between the virial parameter and the ro-
ation degree are constructed, and instability increments
for different values of the rotation parameter were calcu-
lated and compared. The results of calculations and com-
parisons of instability regions show that with increasing
the small-scale degree, the instability region decreases re-
spectively to the azimuthal wave number (except for case
the mode m;N=14;20). In critical diagrams, except for the
case (m:N) = (18;20), a small area of stability exist. In the
mterval Q=e [0.2-1.0] the curves of the perturbation
modes (12;20), (14;20) and (16;20) intersects with each
other at some values of the instability increment and the
perturbation mode (14;20) became the most important
szarting from Q=06.

Keywords: nonlinear non-stationary models, self-gravitating
disks, gravitational instability, small-scale perturbation modes
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JAuckcHMOH ralaKTHKAIapAa Maiina MacmTabnn
TeOpaHHII MOAANAPHHHHT TA0HATH

AK.M. Fanues, C.H. Hypataunos

Vabexcron ~ Mummiii  ymmeepcurern, Tanmabamap
maxap4acH, VYHHBEpCHTeT KydacH, 4-yii, TomkesT,
Vabexncron

Vwby wmpa, IUCKCHMOH TanakTHKanapaa Maiiza
mMacmrabmu  TebpaEmMIn  MomanapEHHET  TabmaTH
yprasmnmi. Majina macwtabom ropusoETan Tebpamum
nozanmapn (m:N)=(12;20) (14:20), (16:20) =a (18;20)
KHHMAaTHapE Y4yH V3rpasHTAUUANAHYBYH [HCKHHHT

SAxafemus Hayk PecnyGnui Ysbexuctan, TawsenT, 2021 .
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HOUM3HKIIH HOCTALMOHAD AHM30TPON MYJbCALMANAHYBUN
moznenn (onupa rpasuTauMoH GekapopnuknapH Xmucob-
kutobnapu amanra ommpunad. Ywly ranaénmanum
MOJANAPHHHHT Xap OupH y4yH BUpHan napamerp Ba
afMaKMII  JapakacH opacuua KPUTHK  JMarpammanap
ryswm. Iy Gunas Gupra GeKapopiMK WHKPEMERTIapH
XucobnaHaM Ba AlNAHMII TIAPAMETPUHNMHT TYpIH Xl
cultmaTnapuaa  Y3apo  commmTupuagn,  Xucob-kHTob
HATWXanapu Ba OGEKAPOPIMK COXAMAPHHHM COMMIITHPHIN
HATHIKANIAPHAAH, a3HMYTAN TYIKHH COHU M HUHT, Xamia
Maiina MacwraGmuiuk jpapaxacuHunr optud Gopuum
Ounan, moc paemwipa, m;N=14;,20 mopacnpan 6Gowka
Xomnapna Oexapopnwk coxacmHu kamaiiu® Gopwmmmm
kypum  mymxwn,  (m;N)=(18;20) xonman Gowmka yura
Xonma yHua Karra 6Ynamaran Gapxapopnuk coxanapu
Kysamunaan. Aifnanmm napamerpunuar Q=e [0.2-1.0]
MHTepBanuaa, ranaéunanuw mopanapu (12;20), (14;20) sa
(16,20) wuuur orpuw  uusaknapy  OGup-OGupu  OGunau
DexapopnuK MHKPEMEHTIAPUAMHT alipiM KHiiMATHApMIR
kecHimmmn  Kysatusnmy, Fanaéunanmu momacu (14;20),
aitnannm napaMerpuHuHr Q= 0.6 xuitmatugan Gounab
IHT KATTA WHKPEMEHT KuiiMaTura sra.

Kamir  cfaiap:  HOMMSMIOIM  HOCTALMOHAD  MOJICHS,
YIrpaRHTALMATIAHYRYM UCK, rpasHTaumon Bexapopnuk, maiina
mMacirrabny Moganap.

®Axapemus Hayk Pecnybnuku YaGekuoran, Tawkent, 2021 r.
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Monsipu3auuoHHble XapakTepUcTUKU Auddy3HO OTPaXKeHHOro
¥ NPOXOASILLEro U3Ny4YeHUs B cpefie C KOHeYHOW ONTUYECKOM

TONWMUHOU

M.M. Co6upog, X.10. Posukos’, B.Y. Py3u6oes

PepraHcKkui rocyaapcTBeHHsIi yHusepcuTeT, yn. Mypab6uiinap 19, 150100, deprana, Yabexuctan

MonyueHa 09.04.2021

* Corresponding author: e-mail fozigoviurabekt981@gmail com. Phone: +$98505348910

Paccuntanul crenenn nmomspusanny arddysHo Npoxosimero ¥ mub{dy3HO OTPaKEeHHOro Ha-
387 H3My4eHHs BCIEACTSHE MHOIOKPATHOrO DACCeSHHA B CNOSX MYTHOH Cpeasl C KOHEYHOi
ONTHYECKOH TOMUMHON, KOrza cpefa Bo30YXAANack HENONIPH3OBAHHLIM MOHOXPOMATHYE-
cxum HaTyuennes. Mccnenonansr o6pasosannd, HCIYE3HOBEHNS H HIMEHEHHS MONOKeHNA Hell-
TPadbHBIX TOYEK B VITIOBHLIX MOAAPH3ANHOHHLIX XAPAKTEPHCTHKAX BTOPHYHOIO HINyYeHHS B
3ZBHCHMOCTH OT yIJia OCBEINCHHS, ONTHYECKHX NApaMeTPOE M TeOMEeTPHYECKOH TONIMHEL
cpenel. Pacugrel nposenens! B pamkax Teopud S u T matpun Yanpapacekapa, passuTol 0o HO-
BOIi METOOHKE PacdéTa ypaBHeHHs NepeHoca NOoNgPH30BAHKEOr0 BIMYYEHHS B CPEaX C KOHey-
HbLIMH TONIIHHAMH.

Kmouesnie c10Ba: NONIPH30BAHHOE HTYUeHHe, ONTHYeckas toaumHa, S ® T marpumer,
HelTpanbHbIe TOYKE, CTENeRb NONAPH3ANEE.

The degrees of polarization of diffusively transmitted and diffusively reflected backward radia-
tion due to multiple scattering in layers of turbid medium with a finite optical thickness when
the medium was excited by unpolarized monochromatic radiation were calculated. The forma-
tion, disappearance, and changes in the position of neutral points in the angular polarization
characteristics of secondary radiation as a function of the illumination angle, optical parameters,
and geometric thickness of the medium were investigated. Calculations have been carried out
within the framework of the Chandrasekar theory and S and T matrices, developed by a new
method of calculating the polarized radiation transfer equation in media with finite thicknesses.

Keywords: polarized radiation, optical thickness, S- and T- matrices, neutral points, degree of polariza-
tion.

I. Beepenue

Kak m3sectro, Ans HaOMIOZeHHS 332 COCTOSHHEM
arMochephl H MOBEPXHOCTHIO 3eMIH, IIMPOKO HC-
DONBL3YIOTCS 30HAHPYIOLIHE YCTPOHCTBA, YCTaHOB-
TeHHEIE B IETATENLELIC aNNapaThl H COYTHEKH 3eM-
au. Co BpeMeHEM COBEPHIEHCTBYIOTCS METOAL! 30H-
IHPOBAHHS, CNIOCOOH Mepefayw ¥ PErHCTPAllHH CBE-
TOBBIX CHTHANOB H 00paboTKE MONy4eHHLIX AaHHEX.

hitps//doi.org/10.52304/v23i2.234

Hcnome3osanre B kavecTBE CHTHANOB MOISPH-
30BaHHOTO H3MY4YEeHHS NPHBOAHT K CYIIECTBEHHOMY
DaCITEPEHAI0 BO3MOXKHOCTH WONY9eEWS HH(OpMa-
UHHA O COCTOSHHH aTMOCQephl, YBETHIHBAETCS IHCIO
NapaMeTpoB, XapaXTepH3yIOmMHX (QH3Egeckoe co-
CTOSHHE aTMocephl, MOBHINAETCS TOYHOCTL H3Me-
pern# T.4. [1, 2]. Ilo 3ol mpmunne, Habmonaercs
OOCTOSHHBLIA HHTEPEC K 3TOH TeMe, B BCE BpeMs OHA
HaXOMHTCA B MOJIE 3PEHHS CIENHanHCTOoB [3-5].

Vol. 23, No.2, pp.11-20, 2021
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OnHo w3 sBleHWi, HAOMOAAEMBLIX B Mpomecce
MepeHoca MONAPA3ALMOHHOIO H3y4eHHs B CIOAX
armocdepsl, = 310 00pazoBaHAe HEHTPAIBHEIX TOHEK
nonspusannn babuue, Bprocrepa u Aparo (Bab, Br,
Ar). EcrecTBeHHBIC HEMONSIPU3OBAHHLIE COJHEUHEIE
Ny4d NpH nepexoje uepes ciou armocdepsl, B pe-
IYNETATE PACCESHUS HA BOIAYINHLIX AIPO3ONLHBIX
YacTHIAX ¥ Ha QIyKTyauusx MIOTHOCTH, MONAPH3Y-~
tores. [Ipu onpenenéHnLX 3HAYEHAIX YTIIOBR OCBe-
menns ¥ HaOIMOAGHHMsS CTENeHb IONSPH3ALUMA IIPO-
MICAWEro Yepea Cnou arMocheps! H3NyUCHHs PABHA
HymO, 00pa3yioTcsi TOUKH C HYNEBOH MONApH3aHEH.
AHaTOTHYHEIE HEHTpANLHLIE TOUKH HabmoparoTes u
CBEpPXY, KOrZla CONHEYHKI® JYHYH OTPAXKAIOTCA aTMO-
chepoit masan. DTu ToUkK HaskBatoTcH anTH-babune,
anta-Bpiocrep u antu-Aparo (Bab®, B, Ar®), Oun
HaOMOAaloTCs W3 BRICOTHLIX CAMONETOB, BO3MYUIHEIX
WApPOB M CIYTHHKOB. XapakTePUCTHKK 3THX TOHYEK
onucansl JarHO B kinaccuueckux paborax Yangpace-
kapa, Koynscona [6, 7] u mozxe B paborax Apyrux
asTopos [8]. HecMoTps Ha 3T0, C MOSBTERHEM HOBBIX
oBCTOATENBCTE K 3TOM TeMe NMEPHOAWHECKH BO3Bpa-
marores [9-11],

W3BecTHO, 9TO NPH 20HAWPOBAHAY MOBEPXHOCTH
3eMnu ¢ HEHTpAIBHBIX TOUEK, NMOMy4eHHBIEe (hoTO-
rpahuu uMeloT Gonee BLICOKOE Ka4ecTBO, 4eM W3 He-
HyneBwx Todek [1, 2]. Ilo aroii npaumHe ans Hase-
JEHUST ONTHUECKAX NPHGOPOE CIEAYET 3apaHee 3HaTh
TOMHOE MECTO NONOKEHHS HEeHTPanbHEIX TOYEK Ha
wIockocTH conueunolt seprukamu. [Tonoxenus neit-
TPAbHBIX TOYEK 3aBHCAT KAk OT MECTa IOJNOMKEeHHs
CONMHIA OTHOCHTENBHO 3CHUTA M yrna HabmojaeHus,
TaK ¥ OT 3HAYEHHH ONTHYECKAX TNapaMeTpoB CIOs
aTMoc(hepE! B BEICOTH HAOIOAEHNS.

HecMoTps Ha TO, WTO 3TH M JAPYrHC BONPOCH!
AMEIOT ONpefeNéNuLIe TeopeTHaeckue 000CHOBAHNS
A WMEKTCA METOABl WCCNefOoBaHHA, B TOCTenHee
BPEMs TIOMHUMACTCS BONPOC O TOBLIICHUM CTEICHN
TOYHOCTH 3THX pacuéros [12].

Brieperie Yanapacexapom Owin paspaboran me-
TOJi PELICHHS YPaBHEHWS MEepeHoca JUId HCCleoBa-
HUSL [OJNAPH3AMHOHHEIX XaPAKTEPHCTHK H3ITyHYeHHS,
pacnipocTpansionierocs 8 armocdepe, OCHOBAHHBIR
HAQ OpHHIOANAX HHBapHAHTHOCTH AMbapuymaHa [6).
Meron pacuéra Yanapacekapa, OCHOBaHHBIH HA Me-
Tojie S-Marpuikl, B TOW niM wHOM Gopme 10 CHX mop
ABJIACTCA OCHOBHBIM METOJOM pacuéra npH A3yueHHH
MOJIAPH3ATHORHBLIX ABICHUH B (hH3HKE aTMOCHEPHT.

ITosgree B paborax XK. Jlenobne u E. Usuenko,
T Muxyca, H. ¥Onpawesa [13, 14] mMeron peuenns
YPABHEHUS MEPeHOCa IO PH20BAHHOTO U3y HeHHS

®AkaneMus Hayk Pecnybnukv Yabekuctan, Tawkent, 2021 r.

Yanapacekapa Oeit 06obmen ¢ yuérom axropuso-
BAHHOrO BAJA S-MaTpHIEl OTHOCHTENLHO TONAPHEIX
YITIOB TAJAIOMEro ¥ PACCESHHOTO M3NYUCHHH, sSB-
JSIOLMXCS CHEACTBHEM INPHHIMNA B3aEMHOCTH. B
qacTHOCTH, Teopus Okuta ofobrerna s ucenexosa-
HUA TONAPAZAUAOHHON IIOMHHECLEHIIHA KPHCTAIIOR
py BO30YKICHAR €r0 Pe3OHAHCHEIM MITYYeHHEM, C
YYETOM CHEKTPATLHEIX XapPAKTEPHCTHK MONAPH30-
BaHHOTO M3MYyYEHAA W BIHAHUSA, MHOTOKPATHOTO 3€p-
K@ILHOrO OTPAKEHWS MW3IIYHeHHA OT BHYTPEHHEH
rpaRunel kpuctama. IlocTpoernas Teopus sddex-
THBHO TPHMEHANIACh [ M3YUEHHs NONSPH3ALMOH-
HBIX XapakTepHCTHK PE20HAHCHOIO WATYyHYeHUs B Ky-
OHUECKAX KPUCTANIAX M AHANH3A HKCIEPUMEHTANb-
HLIX CIEKTPOB OSKCHTOH-TIONAPHTOHHOH IJIOMHHEC-
LeHUWH B OJHOOCHKIX KpHeTamax [15-17].

OnBaxo, 3TH pacuérsl OBUTH TPOBEIEHE! B MOJIe-
nu nonybeckoneunoi cpexel. [ns usydenus armo-
chepHBIX NONIPH3IAUMOHHKIX ABNeHnil B pabore [18],
aTa Teopua 0000mena a1d cpes ¢ KOHCUHBIMHA OITH-
weckumu rommueamu. B [19] Gwimo paccmorpeno
BIAAHAC KPAaTHOCTH paccesHus Ha obpasoBaHue H
XapakTepUCTHKH HeHTpanbHbeX Towek, a B [20, 21]
WCCITEIOBAHO TOBECHNE HEHTPANLHEIX TOUEK B MO-
nenu monyGeckoHeYHOR cpeast. DTH pacuérsl Oeun
MPOBEEHE! ¢ LENEIO TPOBEPKH NMPABHILHOCTH HALIHX
NaHHBIX C pemeHuamMu aApyrux asropos, Conocras-
JICHHUS PE3YJIBTATOB YHCIEHHBIX PacdéToB, BBION-
HEHHBIX [0 HAWEH TEOPAW TIPH TeX XKe 3HAYEHHAX
MapaMeTpPoB, ¢ PACYETHRIMHA TAHHEIMH JPYTHX ABTO-
POB, B MpeAeiiax TOMHOCTH COBIAIAOT.

Hacrosmas crarhs MOCBALIEHA HCCIICAOBAHHIO
YIJIOBLIX XaPAKTEPHCTHK HEHTPANBHEIX TOUCK B pam-
kax Teopwu, passuroit B [18]. Kak 6rumo ynomswyTo
BEIIIE, XAPAKTEPHCTHKH HEHTPANbHEIX TOYEK J0CTa-
TOMHO XOPOIIO ONMMACAHKT B KiTaccHIecknXx paborax [6-
8). Ho B aTix paborax B omucannu, KacaloueMes Xa-
PAKTEPHCTHK TOYKH Aparo, eCTh HEKOTOPEIE MOMEH-
TEI, KOTOpPEIE TPeOyIOT YTOYHEHHS, 3TO OTPaXeHO B
MoHorpapusx no onrtuke armochepst (w-p, [1, 2,
22]). TTo aToi npruMHE, OCHOBHOC BHUMAHMEC HAMM
VIAEIEeHO ONpeeNeRHo XapakTepPHCTHK TOUKE Aparo.

II. Mocravoska 3anaun. OcHoBHBbIC ypaBHe-
HHA

ITycte Ha cnon armocthepsl najaeT mwiockas Mo-
HOXPOMATHYECKAA CBETOBAA BONHA C TMONHBIM MOTO-
koM nF ® pacnpocTpanseTcs B HaNpPaBJICHHH
Q,(0,,9,). B aToM ciyuae ypaBHeHHE i HHTCH-

cuBHOCTA I(T,Q) B BHje cronbua marpuusl Crokca
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I(Z,,1 ,U.,V) paccesnnoro W3my<4eHHs HA TeOMETPH-
seckofl rmy0OrEe (-2) MOKHO npeacTasuTs B Baze [6]:

WD i) [ P ) -
—TC’GP(—"’ /1, )P(, Q) )F
M

31¢eck OCh Z HaNpaRieHa NEPueHIHKYNIPHO BBEPX OT
TAOCKOCTH MaJeHHs MEepPBHYHOrO NOTOKa, | = cosh,

8, @ - TmNOMAPHLIC W asHMYTANBHREIE YTTIBI,
1=(0,,, +0)Z — ONTHYECKAS TONNIHHA CPEIBI, Cyer =
HCTHHHOC TOITIOMEHRe, ®, — aikbe10, KBaHTOBLIT
BHIXO OAHOKPaTHOro paccesums, P(€,0Q') - mar-
PHIA OJHOKPATHOTO PANCEBCKOr0 PAcCEesHMs pazMe-
poM (4x4), nanaomuit NOTOK TakkKe NPEACTABNAETCS
» suge cronbua marprusl Crokca F([i,b:,i‘;/,l';.) ;

Ucexons w3 nocrasnewnodl 3axnaum, ans ompege-
TeHHA pelucHHA yparHeHHs (1) HeoGXoauMO BRINON-
HEHHE CACAYIOMMX MPaHHIHBIX YCIOBHH,

I(7=0,—p,p)=0, (0<u<1), (2)
I(r=7,+1e)=0, (0<u<l). (3

HarencusnocTh mubdyzHo OTpakéHHOrO H
OPOLICAIEro Yepes CPEeAY HAMYHEHHA ONpeaenitorcs
sepes 8(7,,02,Q) n T(7,,2,8, ) marpums:, xoto-

Phli¢ CBA3AHB! C NaZRIOUIHM IIOTOKOM
I (1=0,0) = (&, / 4)8(7,, RQF(1=04,), (4)

I (1=71,0)=(3,/ 4)T(r, QQ)F(T=00,). (5
Ecna yuects, 4to S 8 T MaTpHusl yaoBnersopsior
NPHHEILKITY BIAHMHOCTH;

S(T, i @319, ) = ST K2 L),

L UHTRERTRER E { HTIRCIHTRE) B
TOTHa METOA pacuéra, npeanoxenuwnd B [13, 14],
MOXHO 0600IIMTE ® JUIS BEIMHCICHAS S('r,.ﬂ,ﬂo) "
T(7,,2,9Q ) marpun.

OTR MATPHUL! NPEACTABNNIOTCA B BHAE CYMMEI
TPEX HE3ABHCHMBIX CHIAraeMbIX:

8(1,,2,0,) = Q((3/ SV (1,, 1,1, ) +
+[A=pH =) SV (1, 9,9,)P” (1, 0,4, 9,) +

+ S(n(tl‘Q;nv ) PQ) (!-l,%'uo,% )}9
(6)

T(1,.Q.0,)=Q{(3/ )T (z,, .1, ) +
H( =)0 =) T (1, .09 )PV (1, 0=y, ) +
+1*2)(T|.QQ¢)P2(P‘.¢,‘#°.%)}.

(7)
3uauenus  ITHX  MaTPMl  ONpPEAENNIOTCH
mecTHaAuaTso X (i), Y(p) dyrxumamu. Bocems u3

mEx (mo wersipe) ompexensmor S, T marpuum w
o0pasyioT ABe CHCTEMbL! MATPHYHBLIX ypasHeHuil ¢
PasMEPROCTHIO (4x4), a OCTANLHEIC BOCCME B3aHMEO

HCCBA3AHHEIX CKANSPHEIX YPaBHEHHE OIpeAensior
SU T marpuns 1 SP,7% dyrxuua[18].

IL1. Cease mexay annfeno u onrudeckoit
TOIHHOM

TTony4ennbBIe HHTEIPANBHLIC YPABHCHAN 3aBHCAT
OT ABYX MapaMeTpos; @, anbOC/A0, KBARTOBLIM Bbi-
X0/l OIHOKPATHOI'O PACCEAHHA H T, ONTHYECKOH TOA-
WHAK Cpejibl. JTH JBE BETHYHHB B3AAMHO CBA3AHE!
H ONpPeIeNIFIOTCS Yepes ONTHYEeCKHEe NapaMeTpsl cpe-
Abl # TEOMETPHYECKOR TONUMHEL @, =0/ (0 +0)
n T=(u_, +0)z, rae O — HCTHHHOE TOIMOMWMEHNE,
0 — K03}()HEOHEEHT paccedHus, Z —rCOMETPHYECKAs
TONUTHHA CPeALL.

Mexay Tpems napaMeTpaMH MOKHO YCTAHOBHTE
cnexyromyo ces3b, Ecnm cpepa abcomorHo amccr-
NaTHBHASA, PACCESHHE B cpefe orcyTersyer 6 =0, B
3TOM Citydae npu | = |, ypaBHeHne neperoca (1) me-
pexomuT B 3akoH Jlamnepra-Byrepa,

=1 exp(-1), (8)

rae T=0__Z — ONTHYeCKas TONIIHHA cpexs Ges

paccerBarommx uentpos. [Ipn yuére paccesnns me-
aay ankOea0 H ONTHHECKOH TONIMHON HMeeTcd cie-
AYIOWas CeA3b

T=

Tos

= (9)

1-a,
rae Ty=0,_Z — ONTHY¢CKas TONIIMHA Cpean Ge3
ICRTPOR paccesnua. B ciyuae xoHcepsaramHo#t cpe-
asl, koraa o, = 1 dopmyny (9) Mmoxro nepenrcars B
CTEAYIOLIEM BHAC

T=1,/0,=1,. (10)

B ornmume or amccHnarmBHOMN CpEabl, B 3TOM
Ciiyqac ONTHYECKAad TONUIMHA CPe/kl ONpeaeniercs

TONLKO KOIPPHUHEHTOM DACCENHHS Cpemsl T, =O0I.

@Axagemun Hayk PecnyGnviy Ysbexucran, Tawxenr, 20211
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Hamenenne 3HAYEHAA ONTHYCCKOR TONUIMHL! CBA3a-
HO C H3MCHCHHEM TeOMETPHYECKOH IHPHHEI CPEAL.

B dopmyne (9) mMoxEO cienars ChHeAyOIyR
TepecTaHoBKy T, =0 2, =z, /1, rae I, =1/cal, -
xapakrepras amaaa. C yaérom aroro (9) nepenmmen
B CACAYIOUIEM BHAE:

1= t—’.i ;
1-a, 2,

Jns mavana TOYKH OTCYETa ONTHHECKON TOIIIH-
Hbl BHIOEpeM 2HAYECHHE T=Tp, COOTBETCTBYIOLIEE CITy-
yao @, = 0. B sToM ciywae senmwumAa z/Zo NMOKa3bl-
BACT OTHOCHTCABHOC H3IMCHCHHC ICOMCTPHYECKOR
TONUIHEEL CPefsl. 3eck crexyer obparnTs BHRMaHHE
Ha CIeAYIOIHe JBA MOMEHTS.

I. Ecmm onrAdeckAe napaMeTphl CPENE
MOCTOSHHEE, o=const, f__=const, Toraa @, =const
B 3TOM ciryqae onTHYECKad TONUHHA T H3MEHAETCH B
3aBHCHAMOCTH OT TCOMETPHYECKOH TONIIMHE! CPEIE!
z/z,, ¥ 370 PABHOCHIIEHO JO0ARICHAIO AN OTHATHIO
HOBOTO CIOK K Cpeje.

2. Ecnn = = const, TOrna H3MEHEHHE ONTHYECKOMH
TOMIMHN CPeAbl CBA3AHO TONBKO COOTHOLIEHHEM
MeXJIy ONTHYECKHMH NapamMerpamMs o _, H O, KOTO-
POC ONPENIENRET IHAUCHHEE @, .

(1

ITl. PesybTaThl YHCISHHBIX PACHETOR

HHTEHCHBHOCTH NPOMIEAWIEr0 H OTPAKEHHOrO
aTMOC(ICpOil CONTHECYHOTD HINYHCHHS ONPENSARIOTCT
no ¢opmynam (4) m (5) IMazmomee HEemongprso-

BaAHOE HINyYEHHE WMEeT CHCAYVIOUIHE NapaMeTphl
Croxca

F=F =(1/2)F,F,=F,=0. (12)

Crenens nongpH3alMy, KaK NPOMEAMIEro, TaK |
OTPaXKEHHOIO Ha3a] MUTYHeHHS PACCHHTAHA M0
dopmyme

P =U,=1)I(1,+1). (13)

Yri0BsIe XapPaKTEPHCTHKH PACCYHTAHLI O BCeH
MEPHAROHAILHON MJIOCKOCTH CONHCYHON BepTHKANA,

korma Y=@;—@=0,m.

PelueHnst CHCTEME! HENHHEHHBLIX HHTErPanbHEX
ypasHeHE#H ans X (p), Y(p) dysxumd, nposomuna
METONOM HTEPAIHi, THCIEHHO. B OTIHIHE OT APYTHX
paboT, HETErpUPOBaHME 1O NMPOCTPAHCTRY POBOMH-
nH He no nepemeHHol p=cosb, a mo 8 8 wHTEpBaNne

SAxanemus Hayx PecnyBnuxu YsGexucran, Tawxent, 2021 1.

[0°, 90°] & aeBsHOCTO OAHON Touke. Takoe H3IMeHe-
HHE TepeMEeHHON Mo3sonser Gonee TOYHO YYECThb
MPOCTPAHCTBEHHQOE pPacTpefeneHie WHTCHCHBHOCTH
paccesHHOr0 H3NyHeHRs.

Huxe npuBeeHE! Pe3yNBETATH PacyéTa YIMoBLIX
XdpaKTepHCTHK  MNONApH3aumi  Opoleauero
PacCcesHHOr0 Hasal HINyueHHs &g Tpéx Habopos
3HaYCHHN anbbeNo ¥ ONTHYECKOH TONUIHHELL

a) MpH O=Cl,./2, Hcxons w3 dopmynst (11),
mveen @, =1/3 m 1=(3/2)1,(z/2,),

b) npE = 0 BMeeM B, =0.5 uw 1= 214(2/2);

C) IpH G = 20m BMeeM B, =2/3 1 1=314(z/z).

B nepsos ciiy4ac OpH OQHOKPETHOM PacCeArEH
HOINIOUIEHHOE H3NYYCHHE B JBa pasa Oonsine, soM
paccedHHOE HAMy4WeHWe. BO BTOpPOM ciiyHae OHH
OJIMHAKOBEIE, B TPETBCM CIOYYae PACCEAHHOE
WaTy4eHRe B ABa pa3a Honmkine NornomesHoro.

PacuéTs! mpOBCACHK! [PH MNOCTONHHOM @, AN

aeyx 2navenu®t 1o 1;=0.1 ® 1,=0.5. Ilaruxparnoe
YBEIIHYEHHE ONTHHECKON TOMIIHHL BOZMOXKHO, KOraa
I=ZoH 2= 52 HIH O™ som H Oaucn=30 yom. ITO
COOTBETCTBYET CAYHaio, KOTAa MHO0 reoMeTpRYecKas
TomuuHa ciros, nuGo koadduuHenT nornomenns |3-
Ny4eHns YBENHYHBAETCH B N4ThL pas,

Ha prc. 1, 2 uprBefcHbl pesynbTarst pacqéra
YITIOBOA 3aRHCHMOCTH CTENCHH MOMSPH3ANHH [Mpo-
WeAWero H OTPAKEHHOrO HITYyHeHHH is cmyuas &)
(6=Cyw/2 ® ©,=1/3) npr Tpéx 3Hawennsx yrna
BO30YWACHHS,

Uz rpadmxos BHAHO, 9TO NpR SONBIIHX 3HANE-
HHAX Ll HA YITIOBBIX Xa8PAKTEPHCTHKAX MPOIIEAUIEro
W OTPaXCHHOrO Ha3aj HaMy4YeHHH HabmomaroTcs
Toneko Toukn babuue (Bab, Bab") i Bprocrepa (Br,
Br®). C nprbmmxenneM HCTOYHAKA OCBEINEHHA K IO-
pusonTy (6,=84°) Touxn Bprocrepa mcuesaoT, HO B
apyrof NONYIUTOCKOCTH MOABASIOTCS TOUKH Aparo
(Ar, Ar). Takoe noseacHHE TOUEK APAro Xapakrep-
HO K&K JUIS MPOINEAMmero, Tak M JUIS OTPAREHHOro
Ha3an warydenus. OIHAKO, ¢ YBEIHUEHHEM QNTHYE-
CKOH TOnmWHEN A0 1=0.75 B XapakTepHCTHKAX Mpo-
meAero HAUTYHeHHs Touka Aparo meuesaer (puc. 2,
kpuBag 1), B XapakTepHCTHKAX OTPAKEHHOrO HITY-
YeHHs KaYECTBEHHBIX H3IMeHeHnH He Habmonaercs.

Kak 6ui10 yka3aHo BbllIE, C POCTOM ONTHYECKOMH
TONIIHHALI YBEOHYHBACTCA BCPOATHOCTLH PACCCAHHS
HATYHMEHRSA, OTCIOMA CIeAyeT, 4To ToukH Aparo obpa-
3VIOTCH MPH HeDOMBIIMX YHCNAX PACCEAHHS, HEXEIH
toukn Babune n Bprocrepa.



X2DSKTEPUCTUKU AUPDPYIHO OTPAXKEHHOO U NPONYLLEeHHOro ... 15

A
t Y 4 12 12 12
i1 41 13 13 P25 13 13 11 41"
‘/-‘.-(\‘“\_ o o |
) \.y.\_(\ —— 2 S N —— F S SR e 58 P e = )_r:
» . =0 NS0 =30 -10 10 0 50 p.f‘/ - %
' . N 20 3 / / )
N\ . /
.’-._2. 2 R J/
\‘10 \ \ 1
" |40 v/
£ e N\ l \ / 2. /
) 60 / . /
3 N A ‘ o 3/
Bab* 1,23 N\ X 7oA 7 Bab123)
Brt 2.3 \ N2 N S / Br23
Arl N\ .K\ / N\ Ar® Y
V=@ -—@=n = e Y=g -p =0

Fmoymox: 1. Ovemenns NONOKERNA HElTPANLHBIX TOYCK 110 CONHEHHOMN BEPTHKANM B 38BHCHMOCTH OT YI7Ia OCBEUICHNS.
Comeme =axomures B noaynnockocTs =0 (Taxke i Ha OCTRABHBIX pHCYHKaX). ONTHYECKHE NAPAMETPR CPehl: a,=1/13
%0 15, yram ocsewenus: ho=0.1 (kpusmel, 1'), 1=0.25 (2, 2'), p=0.6 (3,3"). Ilyuxmupusie kpussie 1, 2, 3 - orpaxes-
et wITyHCHES, WHPHEE xpussie (17, 2', 3') - npomeaunie namyvenns. o ocu abcunce OTNOKENE! HONKPHBIE YT TR Ha-
Smomzsns 8 rpanycax. B nonosutensuoit wactn nonspusaumuy Macurad ysennuen s 4 pasa, CrpeikaMn yxasaHs! no-
Soweens HEATPAILHLIX TOHEK.

P

TN

y=¢,-0o=x v=0,-¢=0

Pucynok 2. Heuesnopenme Touks Aparo B nOASpH3ANMOKHLIX XaPAKTEPHCTHKAEX C YBEAMUEHREM ONTHYECKON TOMUMHL
cpenst. 3aeck @,=1/3 %=0.75; yram ocsemmenns Te xke, 970 ¥ Ha puc. 1.

Ha pmc. 3 noxazano M3MeHEHHE YITIOBOTO (OnrTHYecKHe NapaMeTpsl CPERL (yew = G, @, =0.5,
PaccTOAREA Mexay Touxamu BaGuwe u Bpiocrepa B 3HAYEHHA ONTHHECKOR TonmmMHEbl T =025 1= 1. U3

XBPAKTCPECTHKEX ~NPOMCAMWEr0 —WMYYCHEA B \oobuyos magmo, 4TO © POCTOM YITIOBOTO PACCTOS-
38BACHMOCTH OT Y& OCBEIMCHHA ANt Cydas b). oo yeroamuxs ormOCHTENRHO royg;.;;om yraosoe

@Axanemun Hayk PacnySnuku Yabexuctan, TawkenT, 2021 .
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PacCTOSHAE MEXKJLY TOUKAMH CHAYANA VBElHYHBAETCH,
HO ¢ NpHOMEXKEHHEM X 3€HATY YMEHBINAETCH, & B
3CHHTE OHH CIIHBAXOTCA B OJHON TOYKE H HCYE3aloT.
Taxoe noseneHnHe XapakTepHO | UL OTPAKEHHOTO

aanyyennd. [IpH ManwX 3HAYCHHSX ONTHYECKOH
romummasl, koraa T = 0.2 (1=0.1), B xapakTepacTHEAX
OTPKEHHOIO HIIYUCHHA TOYKA Aparo COXpassercs
Tonbko mpR SomemEX 3mageHHsx 6, m O (xp. 1)

ws%-ezo

Pucynox 3. Hauenenne yrnosoro paccrossus mexay rouxamu BaGune n BpiocTepa B nOAAPHIAUMOHHBEIX XapaxTepH-
CTHKAX OTPLKEHHOrO HAUMYHEHHA B 3ABHCHMOCTH OT yraa ocsemenns. 3necs 6,=0.5, Kpneme 1-5 paccumtanm npr

0.2, xp. 1'-5 npn v=1. Kpusum 1,1'; 2,2', 3,3"; 4,4"; 5,5’ coorsercreyior yrian ocsemenns po=0.1, 0.25, 0.6, 0.88, 1.

I'paduxy va prc. 4 1 5 paccunTask! NpH 3Hage-
HAAX 0=20m @, =2/3, =03 1 1=0.15, xorna se-
NHYRHA paccesHus Gonsme mornomerus. B ornmaume
OT NPEeALITYIAX CyHaes, Touka Aparo sabmogaercs
npe GONLUIAX 3HAYEHHSX YITIOB OcBeinenHs (pHc. 4,
Bo=76°, xpuBas 2), Taxke YBEIHYHBACTCH YITIOBOE
paccroaure Mexay Touxamu Babure u Bpiocrepa. C

pOCTOM 3HA4YEHHS ONTHYECKON TONIIMHEL YAORIE-
TBOpsIOUEro yenosuio T 2 2.9 (1,=0.5), B xapakrepn-
CTHKAX MPOUWETIEro HAMYHERAR HeATPaNbHEIE TOYKH
HcuezaoT (pHe. 5, kpuBnie 4, 4'), a 8 XapakTepHCTH-
KdX OTPRKCHHOrO HA3aj] HATYHCHHA TOYKH Babuue n
bpiocTepa COXpanAroTes.
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Pucynox 4. Hameseuns nonoaenns HeflTpatbHbiX TOYEK C yBeNHYeHMeM 3Havelns ambeno. 3nece @,=2/3, =03, yr-

75l OCBEINESHNS Te Ke, YTO ¥ Ha puc, 1.

DAkageMUR Hayk PecnyGnuin YsBexwcran, Tawsenr, 2021,
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Pucynox 5, HcuesnoBenne HElTPATLHBIX TOUEK HATYUEHHA C YBEIHUYEHHEM ONTHHECKOH Toiuutbl cpenst. Kpusuie 1,1';
2,2'; 3,3 paccunranst npu @,=2/3, 1=1.5, yrnu oceewenus Te ke, 9ro W Ha puc. 4. Kpussiv 4,4' coortsercrayior ciie-

ayroume napamerpet. @,=0,9, 7=4.5, Hy=0.6 (oTpaxceHHOE

C panbHeluuM yBeJIMdeHHEeM SHAYEHAH T yrilo-
BOE PACCTOSHHE MEXy HUMH OCTAETCH MOCTOAHHBIM,
# 370 coorsercTeyer pesyneraraM Karrasapa [8],
H3IMEHAETCS TONLKO C H3MEHEHHWeM 3HAa4YeHHs O, .

H-p, npu Bp = 53° ¢ usmenenneM 3navennit annbego
of ®,=2/3 (1=0.15) g0 &,= 0.9 (6=90tem, T = 4.5)
yrioBoe paccrosuue ysenugusaercs ot A6 = 30° mo
A = 40°,

[Tpr T—>00 cpeaa NEpeXoauT HAa MOAENH MOy~
Geckoreunoii cpeast (20, 21]. B sroM cirygae uATEH-
CHBHOCTB M [MONAPH3ALMAS OTPAXEHHOrO HA3a[M MANY-
HEHUA HE 3ABUCAT OT ONTHYECKON TOMUIMHLI W OCTa-
ércs Tonuko nmapamerp amsbeno. Heemorpa ma Takoe
VOPOIEHHE, BCe 0COOEHHOCTH HEHTPANBHBIX TOUEK B
XapaKTepHCTHKAX OTPAKEHHOrO HA3a[ HITYHCHHUS
COXpaHAIoTCA. YTIIOBBIE XapaKTEPHCTHKH KAYeCTBEH-
HO MMCIOT TAKOH JKe BHJ, 4TO H B CIy4ae Cpeis! ¢
KOHEYHOH TONIUHONK ANS OTPAKEHHOTO H3TYHEHHS
(puc. 5).

B 0opeknanHbix NOpUMEHEHMSX NpPHBEIEHHBIX
pacuéToB OCHOBHOE 3HAYEHME HMEET OnpeicieHue
nonoxeHuit Touek babwre m Bprocrepa B 3aBmcHMO-
CTH OT YIJIOBOI'O [OJIOMCHHS CONHIIA OTHOCHTEILHO
aenura [1, 2]. B tabn. | npuBexeHs! pesynsTarThl Ta-
KOro pacuéra NMpH 3HAYEHHAX ONTHYECKHX mapamer-
pOB, 9TO ¥ Ha puc. 3. OTMETHM, |TO Pe3y/LTaThl Ha-
WHX PacyETOB 3aMETHO OTIAYAKTCH OT PE3yNLTATOR
pacuéra, npusejernoro B [7], B obnacTu ocemenus
8y = 76°, rne mabmopaerca Touka Aparo. [na kpar-
KOCTH B Tab/AIe NPHBEACHE! 3HAYEHUS TONBKO HaM-

Hanyyenne — kpusas 4, npoweaiee — 4'),

Gonee xapakTepHLIX TOYek ocBeleHHs ua 91 Toyek
aenenna win 0 B unrepsane [0°,90°], W3 rabnuum
BHZIHO, YTO Ha BCEX yrnax HabmoOJeHus Mo colmHey-
HON BEPTHKAIM, W CBEPXY M CHU3Y arMocdepsl, huk-
cHpyerca mecTh Tovek, OAHAKO, W3 MPOH3BOILHOM
TOWKW HAOMIONCHWS BCErJd BHIHEI TONBKO HCTHIPE
TOYKH: TPH 3TOM Toukh Babume (Bab, Bab®) ocra-
HyTCS TakWMH, kak Owumu, a Toukwm Bpiocrepa (Br,
Br') u Aparo (Ar, Ar") MEHAIOTCA MeCTAMH B 3aBH-
CHMOCTH OT YTJIa OCBCILICHHUS.

B nmonspH3auMOHHEIX XapaKTEPUCTHKAX Kax
NPOIIEAMIEro, TAK W OTPAKEHHOIO H3YHYCHHA MaK-
CHMaJIbHEIE 3HAYEHMS NONSpAzaumn Habmoaaores
npH yenosun Wl =1-p® | xorma majalomme w Ha-
OmonaeMbie Ty9H B3aMMHO TMEPHCHAXKYNIpHE, W3
puc. 1-5 BHaHO, YTO C pocToM ankbeno 3HAUeHHE
MaKCHMaNBHONW monsprzanun nagaer, B ciyuae, xo-
rma @, =1/3 u 1 =015, 1 = 0.75, Makcumymst 110~
NAPU3ALMA MOYTH HE 3aBHCAT OT yITa OCBELICHHA U
COCTABIAIOT B cpenHeM 94-96%. C poctom 3raveHni
amsbeno, @,=2/3 u1=03, 1= 1.5, oToT MOKa3aATEHL
nanaer, ¥ B CPEeAHEM s MPOLICALIErO HATyYeHHs
cocraenser 60-67%, a Ans OTPANKEHHOrO COCTABMIACT
75-80%. TIpu @, = 0.9 u 1 = 4.5 nonspusams npo-
WeAmero uanyverns ymenbimaerca 10 53%, a orpa-
JKeHHOro Hazan Ha 73%.

OrMeTHM, 4TO B MONOKHTENBHON HACTH Xapak-
TEPHCTHK, TPHBEEHAEIX HA pHC. 1-5, xak mns mpo-
WEAUIero, Tak W S OTPAKEHHOrO H3TyHUEHHS MakK-

@AxaneMua Hayk PecnyGnuky Yabekucran, TawkeHT, 2021 r,
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CHMYM [ONSpH33IHE MEXKAY TOYKame babwee =
Bprocrepa Habmropaerca B Touke O = 8;. Dr1o ects
TOYKA, TAS HAXOAHTCE HCTOUHHWK OCBEIICHHS.

PezyneTarel HammX pacuéroB, NPEBEAEHHLX Ha
pHAC. 3, IpPH 3HAYEHHIX ONTHYECKHX NAPAMETPOB H
8y~ 53° cosmamaioT ¢ pesyneraramu pacuéTos Cexa-
pEl TIs TIpOmexmero u3mydeHHd ® KoyancoHa ang
OTpakeHHOro m3nydeHuEs [7]. Takue xe cosmageHHs
Ha0MOAArOTCS W B Pe3y/ILTaTaX Pacyéros, MpeacTas-
neHERX Ha pEc. 1, B comygae T = 0.2. Oamaxo, npe
T = 1 EMEIOTCT PacXOXICHAS M0 MakCEMyMy IOIs-
DH32lHHE H [0 YITOBOMY PAcCTOSHHIO MEXIAY TOYKa-
mu babmre ® Bproctepa Ha 20-25°, a monoxeHHS To-
gex Aparo B paborax Cexapur # Koynscosa se onpe-
OEHCeHEL

TlaneEwe MONgpH3aOWE ¢ YBEIHYCHHEM 3HA4e-
HEAZ anb0e0 ¥ ONTHYECKOH TONIIWHE CBI3aHO € POC-
TOM BEDOSTHOCTH DacCesHHH 33 CHET YBEIWICHHS
onTHYeckoH TomuuHLE. Cnexyer obpaTuTh BHEMAaHHE
Ha TO, 4TO JCMONZPH3aUHi B TOYKE MAKCHMyMa IIO-
TSpH3ANHA B NpPOMEAIleM H3IYYCHHH BHINE, YeM B
OTpaXeHHOM. JTO CBS33HO C TeM, YTO IpOoIIemes
H3MyYeHHE CPefHe CTATHYEeCKE TpPEeTepHeBacT Oob-
mee KOIHYECTRO DACCEsHHH, YeM oTpaxerHoe. I1o-
TOK, GOPMHDYIONIAH OTPaXEHHOE H3Ny4eHHEe, HE
00S3aTeNEHO MPOXOAWT BCHO ONTHYECKYIO TONIIHHY,
TaK KaK 9acTk NOTOKa QOpMHpYyeTcs H3 OXHO-, ABY-
KDaTHOTO H T.J. PACCEIHHOIO HaNyJIeHHS.

TaGauna 1. 3aBHCHMOCTH YTTOBOTO PacCTOSHHS HEHTPANLHEIX TOUEK OT TIONOXKEHHS CONHLA OTHOCHTSTLHO 2eHHTA
(s rpaz @, =0.5).

o 0 0,010,020.040,060,110.140,150,170,180,210,230,260,320,430,540,650,760,870.930.940,950,960,570,98 1
G, rpanf 90 89.488,7874 86,283,681 781080 79 177876574571.264357.049039928621019,117,114812.185 0

Otpamenzoe mayucane, =02
Bab [77.175875273972571,269868567868764363661.458552346438931.122.714813512,110,385 38 0
Br - - - - - - = = - - - 90 88184977169259,248229921019,117,114812.i85 O
Ar 77 77177178579.8804823849849862881- - - - - - - - - - - - - - -
Orpamessos HxTyHSeHNe, =1
Bab® - - - - - -~ 70568566465764362260057,049943,736828,621,114812970,5685121—- O
B - - - = = = T752771795,179880481082381,777871.262.251.528,621,019,117,114812185 0
N
Tpomexmee mnyzesne, t=0.2
Bab® (80,478, 77175273219 70,5692 67.866465.063,662,259252147339933524317,115014813,012185 ©
B - - - —-— - —- - — 90 89 88.186884376568259.248233525823520,117.1148121 0
AR 379.879.880481.0823836843862—- - - - - - - — - = — = = = = — -
Ipomeames wnyyeHne, =1

Bab® | 785765745 72.569.267,166365,064363,661,.960.057,049944637931,122,717,148 13512,185 0
Bt - - - - - - - - - 89488788,187485578,071.262,251536,827224322719,114885 0
A® |- 79879879880482384385590 - - - - — - — — - — — — — — — —  —

PazeHTas TeOpHA MO3BONSET PACCYHTATH HHTEH-
CHBHOCTE H MONSPH3ANHEID PacCesHHOrD CONMHEYHOrO
H3My9eHHS TO BCEM 23WMYTANLHEIM H TOISPHEM
TOYKa™M monychepsl arMocheps! Haj TOPH3OHTOM.
Ecie 20HZHpOBZHEE IPOBONHTE NONIPH3OBAHHEIM
H3TYYEHHEM, TOrJa MOIAPH3AIHOEHLIE XapaKTepH-
CTHKE BTOPHYHOTO W3NMy9eHHS KaUeCTBEHHO OTIWYa-
KOTCH OT XapaKTEPHCTHK HEeNONZPHE30BAHHOID ECTECT-
BEHHOIO CONHEYHOIO H3NYYeHHA. B NpHEBEAEHHBIX
BHINIE pacuy€rax CYMTanoCh, 9TO H3Iy4YeHHE MOHO-
XpOMaTHYeCKOe. IIOCTDOEHHYIO TEODHIO MOXKHO
0000muTE B A8 aHANH32 NONSPH3AUHOHHEIX XapaK-

©Axagemus Hayk PecriyGnuky Yabexuctan, TawxenT, 2021 T

TEPHCTHK OENoro CONHEYHOTo CBETA IO JacTOTHOMY
CHEKXTIpPY.

B xOHIE CTaThH CIENYET 32METHTE, UTO PACIETH
OPOBOIHIH TONBKO IIPH 3H34eHHAX ansdeno @, < 2/3,
KOrja B Cpeac EMEeeTCs 3aMETHOE NOMIIOIICHHE B 3TO
COOTBETCTBYET PEalbHOMY COCTOSHHIO aTMOCHepEL
TIpm 2HavenHsX @, > 2/3 TOYHOCTH pacuera 3Haue-
et dyexmeEi X(u), Y(u) ymessmarorcs. Korcepra-
THRHEIH cyda# TpedyeT OTHeNbHOr0 PacCMOTPEHHS.
Taxkas e npobnema BOZHAKAET H B CIYYac PEIICHHS
3anayd Mo MeToay pacuéra HYarnapacekapa.
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IV, 3axmouenue

Wccnenopansl yrnoBele MONAPH3ALAOHHLIE Xa-
paxrepuctukn auddysHo npomemmero u guddyzHO
OTPAKEHHOrO Ha3ajl, MHOTOKPATHO PACCESHHOrO €c-
TECTBEHHOrO HENOJSIPH3OBAHHOIO COMHEYHOTO M3y~
gerns B ciogx arMocdepsl. Pacaérhl npoBeleHBl B
pamxax teopun H-pysxuu#t s momyGeckoHewHEX
cpen u 0600mens! A cpefl ¢ KOHEYHBIMA TOMNIIHHA-
MH,

Onpeznenexsl IPaHULbLl NOABICHHS ¥ HCYE3HO-
BEHHSI HEUTPANbLHEIX TOYEK B 3aBHCHMOCTH OT ONTH~
qeckux napamerpoB cpeasl. [Tokazano, uro npu ma-
NBIX 3HAYCHHSX anbbeno o, < 1/3 nossnsercs Touka

Aparo npd ManulX 3HAYEHWSX YITIOB OCBEUIEHHA H
Habmouenns, koraa Conuue HaxoguTes BOMHZH ro-
pusonra (020,284°), u cnaGo 3aBucHT OT ONTHYe-
CKOW TONLLIAHEL

C ysemmucHueM 3HA4CHUA @, TO4ka Aparo no-

ABnAeTeA npu DombmmMx 3HaveHusx HabmoneHus u
oceemennd ((0=0p276°) u cHIBLHO 2aBUCHT OT 3HAYE-
HEg 1. Taxke yBelHUHBAeTCS YriIOBOE PacCTOAHWE
Meskay Toukamu babune u Bpiocrepa.

VBennuenue BKNAJA PACCCAHHOTO HAITYYCHHS
TIPHBOAUT K MCUE3HOBEHUIO TOUKH Aparo. B obnactu
O 2 20um @, 2 2/3 B T 2 29 B XapakTepHCTHKAX

MPOLIEAIEro HTyHCHHs, He3aBHCHMO OT YIna ocBe-
e, BCe HEHTPATbHLIE TOUYKH HeuesaroT. OHako,
B XapaKTepUCTHKaX OTPAKEHHOrO HA3al H3NyHeHH:
toukn Babune u Bprocrepa ocraiores.

Onpeneneno, 4o B MOAeNH moiybeckoHeqHOM
CPekl, KOria T — o0 YTIIOBbIE MONAPH3AUHOHHEIE Xa-
PaKTEPUCTHKA HMEIOT KAYeCTBEHHO aHANOrHYHLIA
BHJI, KAK B CIy4ae OTPAKEHHOrO HATyHdeHHs B cpenax
C KOHEYHOH TOMIMHON. DTOT pesyNbTaT NoKas3LIBaeT,
4yTo anA obpazoBaHHsl HEUTPaNLHBIX TOYeKk AOCTa-
TOUHO Y4ecTh BKJaJ PACCESHHOTO M3Ty4€HUs B MpH-
MOBEPXHOCTHOM CJI0€ Moy 6eckOHeuHOM cpeibl.

MeranaHHbie

The polarization characteristics of diffusively
transmitted and diffusively reflected radiation in
medium with a finite optical thickness

M.M. Sobirov, J.Yu. Rozikov and V.U. Ruziboey

Fergana State University, Murabbiylar str., 19, 150100, Fergana,
Uzbekistan
The degrees of polarization of diffusively transmitted and

diffusively reflected backward radiation due to multiple
scattering in layers of turbid medium with a finite optical

thickness when the medium was excited by unpolarized
monochromatic radiation were calculated. The formation,
disappearance, and changes in the position of neutral
points in the angular polarization characteristics of second-
ary radiation as a function of the illumination angle, optical
parameters, and geometric thickness of the medium were
investigated. Calculations have been carried out within the
framework of the Chandrasekar theory and S and T ma-
trices, developed by a new method of calculating the pola-
rized radiation transfer equation in media with finite thick-
nesses.

Keywords: polarized radiation, optical thickness, 8 and T ma-
trices, neutral points, degree of polarization.
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YexnH ONTHK KAIHHAMKKA ora Gyaran uyxm-v

napaan quddy: Vrram Ba Kairas  Ypyromk
OKHMIHH Ky TOIaHMI XaPAKTEPHCTHRAIADH
M.M. Cobupos, K.JO. Posuxos, B.Y. PymutGoen

Daprona pasnar yrusepcurerit, MypaO6uitnap x¥u, 19,
150100, dzprona, CcTON

Yexnu onTHK KagMEaMkka  3ra Gyaras  xmpa
MYXHTIAPAEH MOHOXPOMATHK KyTONAHMAaraH HypAaHu
OKHMHEM mddys YrHmH B2 KafTHIN  RapadHuzma,
couunmuin  Tygalinu  xytOramm  gapakacH  RasHnait
Ysrapumm  mazapuil Ypramwnras. Myxutaas $rras Ba
XaflTray MKKHIAMHM HYPNAHHI OKHMHHHAT KyTOmamwin
AAPAKACHHE VIrapHINN MYXHTHHHI ONTHK KaTHHIHIH,
ONTHK NApPaMeTpiapH Ba HYPAGHWIUHMHT TYWIHW Ba
KaiiTHn Gypuaknapura OOFAMKINTH, WYHWHIAEK Heiftpan
HYKTRJIADHUHr  OypuaK XapaxkTepHCTHKANADH — TAXIHI
stanras.  XwcoGnawnap, yCyRuna

©AxaneMun Hayx PecnyBnueu Ysbexuctas, TawxenT, 2021 r.

KyTOMAHTaH HYPNAaHHIL OKMMHHH HeKAH KATHHIHKIATH
MYXHTRAP/IA TAPKAANI TEHINAMANAPHHH CHHIN YCYTHHH
YMYMIAWITHPHIN ~ HATIRACHAA  OPRATH  OJIMHIAH,
TesrnamManap acocuna Saxapunras.

Kemr  cywiap:  KyVTOMHHII  XAPAKTOPHCTHKANIPH  OITIMK

ki, S sa T sarpuuanap, weitrpan wyxra, xvitaamau
aBpaKacH
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TeMnepaTypHas 3aBUCMMOCTb XMMUYECKOro NoTeHuuana
M 3acenleHHOCTU YPOBHSA JlaHaay ABYMEpPHOro 311eKTPOHHOro
rasa B NoCTOSSHHOM MarHUTHOM norne
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TIpoBenecH HHCICHHBIH pacdeT TEMIEPAaTyPHOH 3aBMCHMOCTH XMMHHECKOTO MOTEHIHANa MpH
pa3NMYHBIX 3HAYEHWSX (akTopa 3amofiHeHHMs Vv ypoBHs Jlammay. Hailiznena crenens
3aMONHEeHHA KaXaoro ypobHs Jlanaay B 3aBHCHMOCTH OT TeMmepaTyphl. IIpuBefeHa Taxke
HH3KOTEMIepaTypHas dopMyna 3aBucumocTH W(7/T, £f) HA OCHOBE pasNOXeHHS 3OMMep-
tenrza. O6cyxnaercs BINSHUE TETUIOBOrO BO30YKAEHHS, MPOUCXOAAIIEr0 KaK BHYTPH, TaK H
Mexay ypoeHsmu Jlanzay, Ha XuUMHYecKkuil NOTEHUMAan M 3aCeleHHOCTH YPOBHeH IaHHON
CHCTEMEI.

Kmo4eBnle 10Ba: TEPEepOCTPYKTYpa, KBaHTOBas SMa, ABYMEPHEIH 3IEKTPOHHLIN Tas3,
3aceNeHHOCTh YpoBHs Jlanjay, MarHHTHAs OCUMIUIALMSA, XHMHYECKHH MOTEeHLMAN, pasjioxe-
Hue 3oMmepdensaa, Mex- i BHYTPHYPOBHEBbIE BO30YXIEHHS.

A numerical calculation of the temperature dependence of the chemical potential for various
values of the filling factor v of the Landau level is carried out. The degree of filling of each
Landau level is found as a function of temperature. A low-temperature formula for the depen-
dence of (7T, er) based on the Sommerfeld expansion is also given. The influence of the in-
tra- and interlevel thermal excitations on changes in the chemical potential with temperature is
discussed.

Keywords: heterostructure, quantum well, two dimensional electron gas, Landau level popula-
tion, magnetic oscillations, chemical potential, expansion of Sommerfeld, inter- and intralevel

excitations.

I. Beegeuue

Ipu HanwYEE MArHETHOrO MOJIS, IIPHIOKEHHO-
r0 MEpHeHAWKYISIPHO IIOCKOCTH KBAaHTOBOM SMEL,
CIEeKTP HOCHTENeH CTAHOBHTCS MONTHOCTHIO JHC-
kpetEeM [1, 2]. C W3MEHEHHEM MArHHTHOIO TMOJA
MEHSETCS MONIOKeHAe ypoBHEH Jlanpaay, paccTOSHHUA
MEXIy HAMH, @ T4KXKe KPAaTHOCTH BEIPOXICHHS
ypoere#t. Korma yposens @epMu TepecekaeT ypo-
BeHb Jlagpmay, psAA TEPMOAWHAMHYECKHX BETHYHH
Pe3K0 H3MEHSIOTCSA. DTO HAOOAaeTCss B MarHWTHEIX
OCIIJINSALAOHHEIX SBIEHUSX, H-D, OCUMJUISIHAA MAar-
HETOCONPOTHBIIEHHH, BOCIIPHUMYHBOCTH,

https//doi.org/10.52304/.v23i2.235

XHMHYECKOr0 MOTEHIMana, HaMarHW4eHHOCTH, Tell-
0eMKOCTH H.T.71. [1-4]. U3 HaOnmromaeMeIX ocmmmis-
oW MOXHO ONPENeNdTh BaKHYI0 HHOOPMAIHIO O
30HHBIX [apaMeTpax CTPYKTYpPHL, TakHx Kak dddex-
THBHas Macca, KOHIEHTpanus, CIHHOBHIE pacien-
JICHHA H.T.1.

o HacTosdmero BpeMs INPOBEACHO OIPOMHOE
KOJIMYECTBO TEOPETHIECKHX PACYETOB, KOTOPHIE IIO-
CBSIINEHB! H3YYEHHIO TEPMOAMHAMHYECKAX BEIMIHH
B 3aBHCHMOCTH BEJIMYHHLI MAarHATHOrO MONs B, TeM-
neparypsl 7, KOHIEHTPAIWH 3TEKTPOHOB B KBAHTO-
BOH sIMe 75, 4 TaK)ke yIHpeHuIo ypoBas [, B-p [5-8].

Vol. 23, No.2, pp.21-26, 2021
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B obuwem cnywae ans takux pacderos Tpebyrorcs
YHC/ICHHBIE METOIBL

Hmxe GyieM HHTCPECOBATHCE HIMECHCHHEM XH-
MHYECKOr0 TOTCHIMANA NMPH (HKCHPOBAHHOM 3Ha-
YeHWH MarHHTHOro mong. Takas 3aBHMCHMOCTH MpH-
seaena B pabore [7] ans anexTPOHHOrO rasa B KBaH-
ToBo# sme GaAs. M3 aroft 3amACEMOCTH crneayer,
4TO nocreaHHit saceneHHbl yposeHb Jlampay 3a-
DONHER TOYHO HANONOBHAY (H-p, ML BTOPOro ypos-
Ha (haxtop 2anonHesws v = 2.5, % 4ETBEPTOro
YPOBHR V = 4.5), XHAMAYeCKWH MOTEHIHAT HE MEHS-
CTC® C TCMIICPAaTYpoi.

B cinygae v > 2.5 x@MHYecKHiT TOTERTHAN pac-
TeT, @ B chyqae v < 2,5 yMeHbIIAeTcs HelTAHERHO No
T, noxa kg?'/ I'<10, agect kz — xorcranTa Borsmma-
Ha. Ho npr paneneiiem pocre temneparypst ksl /
I'>10, obe 3asrcuMoOCTH € v # 2.5 TaxKe NOCTENCHED
CTaHOBATCE HE 3aBucsuME ot 7. Takmm obpazom,
npu Temneparypax kz7/>10 3asrcHMOCTE XHMHYE-
CKOTO MOTEHUMANA OT TeMIEPATYPHl OTCYTCTBYET H
nonaraercs du/dl'=0

Iene pgasnol paboTsl — H3YYATH 3aBHCHMOCTH
W(7) npy pasnEyHBIX 3HaYeHWSX (axTopa lanorHe-

HHS V B UIHPOKOM HHTepBane Temneparyp. Onpene-
THTH 3aNONHEHAE Kakjaoro yposns Jlasaay s 3aBm-

CHMOCTH OT Temneparypsl. ObcyanTs snusune Ten-
nosoro BoaOyKACHRS, MPOHCXOAAIMIENO KaK BHYTPH,
Tax ¥ Mexay yposasmu Jlannay, Ha W3MEHCHHE XH-
MIHECKOTD NOTEHIIHANA C TeMIIEPaTypoi.

II. Moaens

Jina 3anansOi Temneparypsl [, KORUEHTPAUHH
N5, NapamMeTpa YIIHPEHHH yposHs | # MarEMTHOrO
nons B xumwueckudt noresunan 2D-snexTpoHHOrO

raza (7, B, I') MoxHO HAATH H3I CIEAYIOMAX
ypasHeHE#H [5, 6, 8]

Tl _(e-g,) ;
ne Dhmzn:!mexp[ = }/(a,u.?)de.
(1)

3nech
1

exp[(e—p)/T]+1

dvaxums pacnpenencius Depmu-llapaxa, B xoTo-
polfl ans ympomerHs nonarand kpz = 1, mpH aTom
k, 7’7, g, — oneprernqeckne ypoenn Jlangay
(cnuHOBOE pacuierUieHHe ypoeHs He Oynaem
YYUTRIBATE) B ) — UHKIOTPORHAS IHEPTHS.

f(etp‘- T) -

(2)

©AKanemua Hayk Pecnybnuxy YaSexmceran, TawxesT, 20211

L =(n+(1/2)ha,

s 3
howp B L 116107 [_el] ()
m m' [ m, g ¥
m' — oabdexturnas wmacca anektpona. D -

OBYMEpHAd TMNOTHOCTH COCTOAHHA TMOM30HEI B
OTCYTCTBHE MATHHTHOrO MOMX, KOTOpas CBA3aHa ©
he cooTHOWEHHeM
7]
Dho=—,
nh

o ., @
D=—s=—413x10", [eV-cm’]

xh® m,
@axkTop  3aDONHEHHA
v=n,/ Dheo.

H3BecTHO, HTO BHICOKHE TEMICPATYPH! W/HIH
GonblMe 3HAYCHHA napameTpa yumpenus [~ Ao
CHIIBHO TIOAARMAIOT  AMIUIMTYISl  OCIIHILIALIHH.
Ucnonssyemsle HWKE B pacdeTaX  3HAYCHHA
yInHpenus yposHs Jlamnay orpaHHYeHbl YCIOBHEM
T'<0.1 he. D10 03HAYACT, ¥TO raycCHaHkl COOTBET-
CTBYIOMHX pasiHYHBIX YPOBHCH 3aMETHO HE
MepeKpuiBaloTCs. TIATENBLHLIE TECTOBLIC PacvCThl
MOKa3biBAIOT, YTO B ITHX YCIOBHAX ypasHenwe (1)
MOKHO NCPEITHCATL B BHJIC

onpeAclsaeTCs KaK

e
e 2
1 (e—¢,)
n; = Dheo —p—— - > e T)de
=0, [ ron| -5 Jrenn
i

(3)
B raxkoit ¢dopme samicH, OYCBHAHO, YTO CTENCHb
3ATI0JIHEHHA OTAENLHO B3ATOro yposas Jlanmay f, c

XOpOIICH TOYHOCTHIO paBHA
o +he'2 2
1 (e—g,)
= exp| - - (4 de,
7 "L,?znr [ 2r? ]f (&w.T)

v=>f,. (6)

Huxke Bce pactersl TPOBOMATCA HA TPHMEpPE
smarepuana GaAs. Hekoropsie napaMerpsl pac4eTos
yKa3anbi HENOCPEACTBEHHO Ha rpadHkax.

. Ocunansuus W(B) npu pasHLIX Temnepa-
Typax

Obcymum ocummnsnus W(B) ans Tpex sHavennit
Temneparypet 7 = 1, 10, 20 K. O6GuvHO 3KCHEpH-
MEHTANbHEIE TEMIIEPATYPEl HMETOT 3HA9CHHE TMOpPIi-
ka eanuny Kenssana, [lng toro urobwl ocumnmnsmu-
OHHBIE 3aBHCHMOCTH HETKO Pa3THYAIHCh, 3/eCh
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HCNONb30BaHHE Pa3HLIE MOPAAKH 3HA4YEHHH TeMnepa-
Typsl. PesyneTaTel pacueTOB 3THX 3aBHCHMOCTEHR
mpejcTarneHs Ha pHc. 1. W3 rpadwka sEmHEO, 9TO
NpH 3HAYEHHH MAarHETHOIO MO, COOTBETCTBYIOMEM
OONyHenoMy (HakTopy 3anonaeHus yposHs (v = 1.5,
2.5, 335), XxuMHAYecKHE NOTEHIHAT He 3aBHCHT OT
Temmeparypel. Copasa OT 3TEX Tod9ek, rae dakrop
3a0ONMHEHAS MEHBIIE MONOBHHHOIO 3aAMONHEHHS,
XAMHYECKEN MOTEHNHAT YMEHBINAETCA C TeMIlepa-
Typoi. Cnesa, rae dakTop 3anmonHeHus Honsme mo-
JIOBEHHOTO 3alONHEHHS, XHMHWUYECKHH NOTeHIHAal,
Ha000pOoT, PacTeT C TeMIepaTypoi.

Gahs: m'=0.067m, n,=05.:10"cm", =05 meV

T L] T, T T

W, maV

BT

Puacynok 1. Ocuunnsuus XeMudeckoro norenumnana 2D-
3NEKTPOHHOrO ra3a B KBaHTOBOH aMe GaAs B 3asHCHMO-
CTH OT MarHMTHOrO mons B npu nocrosssoM [=0.5 meV
s Tpex 3Hadenuit remmepatyps 7 =1, 10, 20 K. Crpen-
KAMH YK23aHLl TOYKH, COOTBETCTEVIOMHE NONYLEIOMY
thaxTopy zanonmenns. [ITpuxoBhie NpaMbie — YpPORHE
Jlarnay.

Taxum oOpazom, ecn¥ BenW9HHA MArHHTHOIO
nons (PHKCHPOBaHA, TO TEMIIEPATypHAS 3aBHCHMOCTD
XHEMHYECKOro moTeEnHana 2D-3nekTpoHHOre raza
3aBHCHT OT 3Ha4YeHUH ()aKTopa 3anonHeHns V.

IV. Temneparypnas 3aBHCHMOCTL XHMHYe-
CKOro noTeHUHa a

Iycte 3Heprug DepME TEXET BEYTPH YPORHS
Jlasnay c momepom M : g, ~¢,, . Tlpeanonaraercs,
9TO TEMIEpPATypa AOCTATOUWHO HE3K2 J << <hwm =
BCe EHxHWE M —1 ypOBHEM NONHOCTLIO 3aMONHEHBL
H HX KOHICHTPAIlHH HE MEHAIOTCH C TEMIIEParypoi,
Bepxuue ypossH n>M mnycrsi. Hac muTepecyer
H3MEHCHHE XHMHYECKOr0 MOTEHNHana BHYIDH
yposas M, B an4 Hero Ha ocHose (1) MoxHO Hamm-
caTh YparHEHRE

23
I exp[—(s;%)]de - I —'(E%f)-]f (e T)de(
7)

JleBas wacTh 3TOr0 ypaBHEHHS TONYYAETCH H3
(1) mpr T =0. [ina npasoii gacte (7) npamensem
pasnoxerre 3omMmepdensaa [9]

® °Y 2
[8@)f(e)de = [ g(e)de+ g @),
0 o

(e—¢,, ) ’
2

(8)
gle)= exp[—

Vcmorme T<<l’ TIO3BOIAET CUHTATE
MIOTHOCTE COCTOSHEH Z{E) MEANEHHO MEeHSIO-IueHCs
byexumeif mo cpasaeEE ¢ f(g,E). Brmumcams
HHTErpan, COXPaHHB NEpBHIH WISH DPasiOAkeHHA [0
CTEmeHsM X=u-¢gg, mocne HEKO-TOPEIX

YOPOINEHHEH AMEEM
2

2
pz8F+%(SF—8u)(§] , T'<<T, p~g.. (9)

W3 stoli QopMmynsl cmemyer, 4ro B ciyuae
€ >§,, XHMHYCCKHH TNOTEHUHAl KBaJpaTHIHO
pacTeT ¢ TEMIEePaTypoi, B IPOTHBHOM CiIy4ae, Korja
€-<8§,, OH YyMEHRIaeTci. ITO CBA3@HO C
HOBENCHHEM INOTHOCTH COCTOSHHH g(E), KOTOpad
MOHOTOHHO DacTeT, KOTAa € <§E,,, YMEHBIIaercs,
ECIH E; > €y, .

Qopmyna () mpenckasnBaeT HH3IKOTEMUEPa-
TYPHOE TMOBEACHHE XHMHYECKOTO NOTEHOHANA TDH
H3BECTHOM 3HA4YeHHH 3HeprEd @epmm sr. Ytobum
HalTH €F KaK QYHKOHIO YHCEN 3anonHenns v(n;,B)
HeoOX0AUMO pemHTs ypasserHe (1) mpr 7= 0. Bu-
YUCIHB HHTErpan, IOCIE HeKOTOPEIX YIPOUIeHHH

HMEEM
1& € —€ £

=—) |erf| =Y—= |+ ef| = || 10

s3] oo

Ecne yuects, 9ro =EkEHe yposEE n<M

OPaKTHYeCKH 3alONHEHH MONHOCTRIO, CYMMHDO-
sanne B (10) ynpomaercs, 7 AMeeM

1 Er —Cu ., .
v=M+§[erf( B ]+a‘f(J§l_J],M—[v]. (11)

Haxoren, mpr 3agaHHOM 3H29EHHH V 3aBHCHMOCTH
W(T) MoxHO HalTR W3 CHCTEMEl ypasHesHE (9) B
(11) (mcknIOYHE £ YHCHEHHD).

©AxafeMus Hayk PecnyGnuky YabexuctaH, TawxenT, 2021 1.
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I'padmk 310 38BHCHMOCTE MOKasaH Ha pHC. 2
(touxm). Tamke Ha pHEc. 2 OpeACTABASHE
TEMIIEpPaTyPHEIE 33BECHMOCTH XHMHIECKOTO
NOTCHIHANA, HaHJCHHEIC YHCIEHHRIM peIIeHHEM
ypaseeHud (1) mpu T = 0.6 meV ans pasnEeEEX
3HAYEHHH 9HCEN 3aN0HEHHS V.

Prcynox 2. 3aBHCHMOCTS XHMHYECKOro noresmnana 2D-
37eKTPOHHOTO Tasa OT TeMIIepaTypsl Alf TpeX 3HAYEHHH
gHCen 3anonHenus v=225 2.5 2.75.

W3 rpadEka BHAHO, ITO TPE JOCTATOYHO
HH3KEX Temmeparypax ! << I, xorga 3Heprus
®epmm  nmexAT  BHYTPE  ypoBEsS  Jlampay,
3MCKTPOHHBIA TIa3 JefiCTBHTENsHO BefgeT ceds
meTamauecki. [Ipr 6omsmux Temneparypax 7>>T
BITHSHHE YIIHpeHHs YpoBHS Hesamerno. C gane-
HCHIAM DOCTOM TEMIEPaTypH, XEMHAYCCKHR
MOTEHNHAT MEUICHHO YMEHbIIAETCS. DTO CBE33HO C
TEIUIOBEIM  TEPEXOAOM  3MEKTPOHOB  MEXAY
VDOBHSMH Jlannay, ero HETCHCHBHEOCTE
SKCTOHeHIHANLEO Mana ~ exp(—fin/T).

V. TemmepaTypHas 3aBHCHMOCTL 3acejleH-
HocTH ypoeHH Jlanaay

TIpr H3MEHEHHH TeMIepaTypsl MEHSIOTCS OTHO-
CHTEIBHBIE 3aceleHHOCTH ypoBHe# Jlagmay. C mo-
MOINEIC ypaBHeHHR (6) MOXKHO ONpeAeauTs 3aceleH-
HOCTH KaXJOr0 YPOBHA B 3aBHCHMOCTH oT I, I, v.
I'padEKRA 3THX 3aBHECHMOCTEH IPEACTABICHL! HA PHC.
3, rae saeprus PepMa IeXKHAT BONH3E BTOPOrO YpOB-
as Jlauzay.

IMockomexy I' > 0, Ha JaHEOM YPOBHE BOZMOKHO
BHYTDHYDOBHEBOE TEIUIOBOE BO30OYXKIEHHE, KOTOPOE
Ha rpauxe He nposensercs. Koraa 7 < T, B rpads-
KaX 3aBHCHMOCTL 3aCElICHHOCTH YPOBHEH OT Temme-
patypsl He Hamonaercs H3-32 3KCTIOHEHIH-

SAxanemus Hayk PecnyBnuky YaSexucras, TawkesT, 2021 T1.
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Pucysok 3. 3aBHCHMOCTH OTHOCHTE/ILHLIX 33CENIeHHOCTeR
yposHe#i Jlasnay OT TeMmmepaTypsl JUIS TpeX 3HAUCHHH
gucen 3anonnenus v =2.75 (a), 2.5 (3), 2.25 (¢) nns GaAs.
Tpuaszro: m" = 0.067 my, ns = 0.36x102% cm™, T = 0.5
meV.

aTbHOH ManocTe ~ exp(—Aw/ 7). Ora npossasercs B

obmacte 7 > T, npHdeM XapakTep H3IMEHEHHHR
33BUCHT OT IHAYSHWH WHCEN 2alONHEeHHs V JaHHOTO
(BTOpOrO) YpOBHA. 3aBHCHMOCTE OT TEMIIEPATYDH
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3aCeNneHHOCTH YpoBHE#H [, . B OCHOBHOM, Habmopa-
ercq g 2-ro YPOBHA W COCeaHux emy l-ro ® 3-ro
YypOBHEH.

B cirywae (@) sropo#t yposers Jlanaay 3anonsen
Sonsute nonosrukl, v = 2.75, sucprus PepMn nexuT
BBILIC BTOPOr0 3HCPreTHYECKOro YPOBHR €, >€,. C

poctoM Temmeparyphl, Haummas ¢ I 2 T,
JAOMHHHPYIOT TEITOBLIE TICPEXOAL! MEXIY YPOBHAME
€, —¢; . llpu srom, xax BuaHO 3 puc. 3(a),
3aCeNeHHOCTs 2-T0 YPORHS f; yMeHEImaeTcs, a 3-ro
YPOBHR fi pacTer, S3aceNeHHOCT: 1-ro  ypoBHA
Ha9MHAeT MEeHATHCR no3aHee. [Ipuunna Habmonenns
TAKOA KapTHHH 3aNIOMEETCHE B CHCAYIOMEM:
HHTEHCHBHOCTE TEIUIOBRIX MEPEXO0B MpPONOPHHO-
HAIbHA 3aCENeHHOCTH HAYANLHBIX f; H KONHYECTBY
ceobonHbiX KOHEWHBIX fr coctosami. [losromy
TCIIOBLIC MNCPEXOALl 2—3 HHTCHCHBHEE, YeM
nEpexousl 132,

AHWIOTHYHO MOXKHO CYMHTh ®W 0 ciydae (c),
(puc. 3), B xoropom 2-ff YpPOBCHL 3aNO/IHEH MeHee
nonosMHE v = 2.25. 3mech Temnosmle nepexoas
12 WATEeRCHBHEe, YeM nepexos 2—33, B moaToMy
OHH TPOABJIRIOTCA PAHBINE NpH Temneparypax 7' 21T

B cayugae (b) (puc. 3) 2-fi ypoBeusb 3anonHex
POBHO HaNOA0BHHY V = 2,5. MHTEHCHBHOCTH TerUlo-
BeIX mnepexogoB |—2 u 2-33 pasasl. Yucno
MEKTPOHOB, MOKBASIOMHX 2-# YpOBeHbL H MEPEXO-
AsEX Ha 3-# ypOBEHL, MNONHOCTHIO KOMIICH-
CHPYeTCS 3NEKTPOHAMH, NEPEeXOAMIMMHE H3 |-ro.
[Mosromy 2acenensocTs 2-ro ypoBsHs f> He MeHAeTCS
¢ TemMneparypoil.

V1. 3akmwouenue

B nmaunoft pafore kpaTko paccMOTpeHO
HIMCHEHHE  XHMHYECKOrO  MOTEHOHATA  NpH
prKCHpPOBAHHOM  3HAYCHMH MArHHTHOrO  NONA,
WT)|,, upm paaMIAEX 3HAYEHEHSX  (axTopa
3aMONHEHHS V B MIHPOKOM WHTEpBale TEMIEPaTyp.
Hapaay ¢ 9HCICHHBIMA DE3YNBTATAMH, NPRBOARTCK
H CPaBHHBAETCA HH3KOTCMNCPATYPHAS AHATHTH-
ueckas Gopmyna (cm. prc. 2).

OTm™eTRM, 9TO HE3KOTEMIEpaTypHas dopMmyna,
ONHChLIBAIONIAN 3aBHCHMOCTH K(TIT, g¢) (9) Ha ocHOBE
pazinoKeHHs 3ommepiensaa, HallieHa "
HCTIONL30BEHA M4 OOCYXKOCHHS  OCHWUIALHA
Tenmoemkocte B pabore [10). Drta dopmyna
NPEACKAILIBACT HHIKOTEMIIEPATYPHOE MMOBEACHHE
XHMHYECKOr0 NOTCHUHANE NPH W3IBECTHOM 3HAYCHWH

aneprun @epmu £ Mut npueenn u ypasnenne (10),

KOTOpPOE BHIPAKAET Er 4HEpe3 HHCHd 3anONHEHHs
v(ng, B). Oro ypaBHeHHe sBNZETCS TPAHCUCHACHT-
HbIM, NaTbHEAIIHE YIPOMEHHS HAMH HE YIAIHCE.

[Mpeacrasnens! Taxxe rpapuKH 3aBHCHMOCTH OT
TeMneparypsl 3aceneHrocTH yporus Jlammay s
pasnHYHEIX 3HaveHni dakTopa 3anonHeH#As (CM. pHC,
3). OOcyxneHEB! nNpPHYHHB! NPOXBACHHA TAKHX
3aBHCHMOCTCH.

MerasaHusie

The temperature dependence of the chemical po-
tential and the population of the Landau levels of
two dimensional electron gas in constant magnetic
field

B.T. Abdulazizov

Physical-Technical Institute, Uzbekistan Academy of
Sciences, Chingiz Aytmatov street 2B, 100084, Tashkent,
Uzbekistan

A numerical calculation of the temperature dependence of
the chemical potential for various values of the filling fac-
tor v of the Landau level is carried out. The degree of fill-
ing of each Landau level is found as a function of tem-
perature. A low-temperature formula for the dependence
of W7'T, &) based on the Sommerfeld expansion is also
given. The influence of the intra- and interlevel thermal
excitations on changes in the chemical potential with tem-
perature is discussed.

Keywords: heterostructure, quantum well, two dimensional elec-
tron gas, Landau level population, magnetic oscillations, chemi-
cal potential, expansion of Sommerfeld, inter- and intralovel ex-
citations
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Joumuii MarHuT MaHJOHHAAZ WKKH YaYaMiH
IEKTPOH Ta3HHHHI KHMEBHH NOTEHOHAIH Ba
JIanaay caTX,Iapura TeMrepaTypaHH GoOraHKIHry

B.T.Abayaazuasos

VP ®A Ousuxa-texHuka mHCTHTYTH, U Afitvaros
xyuacH 26, 100084, Tomkenr, Vabexucron

Jlangay carXmsm TyAREpHI (aKTODH V HEHT TYpAH
KHHMATAApHAA KHEMEBHH NOTEHNHANHHE TEMIeEpaTypara
OormanumuaR COHIH Xucobnaps  VTazunras.
Temmepatypara GoFmmk paewmza Xap Gup Jlamnay
CaTXHHH TYAZHPHITHIN JapakacH TONHATHH.
3ommepdensn  EfAnMachH acocHZA NACT  TEMMIepaTy-
panapna W(T/T, e¢) Gormanuum QopMynacH XaM KenTH-
punras. Jlanfxay CaTX7apH HYMZAarH XaMaa caTtxiaapapo
HCCHKIHK YHFOHWIINADHEW KHMEBHH MOTEHOHAIra Ba
KapanaéTrad CHCTEMaHW CaTXMApHHEH  TYIIHPHRITHI
IAPaKACHIA TABCHDH MYXOKaMa KHIHHIaH.

Kanut cj3nap: rerepoyTwmmap, KBaHT Vpa, WKKH
ymumammm  snexTpoH ras, Jlammay cartxsiapd, MarsuT
OCHHJUIALHACH, CATXJIAD KCHIIIHIH, KHMEBHH HOTEHIIHAN,

3ommepdensn  8HHIMacH, CaTYAapapo YHFOHHIINAPD,

CaTXjiap HYAOArH YHFOHHINNAD, CaTXIap TYNaTHTH.

SAxanemus Hayk PecniyGnuky YaGesucran, TalkeHT, 2021 1.
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AHU3OTPONUSA TPAHCNOPTHLIX U MArHUTOTPAHCNOPTHLIX
CBOMCTB 3nuUTakcuansHbiX cnoes GaMnAs, nony4yeHHbIX

METOAOM HU3KOTEeMrepaTypHOU MOMNEKYNApPHO-Ny4YeBOU
3MUTAKCUM
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B Hacrosmedi paboTe NpHBOAATCA PE3VILTATEL H3MEPEHHS TEMIESPATYPHOH 3aBHCHMOCTH CO-
npoTHBNcHHA Teepabx pactsopoB Gag.,Mn,As co 3magenuenm x=0.0156. Vcranosseno, uro
TEeMIEPaTypHLIE 33BHCHMOCTH CONPOTHRISHHS, W3MEpeHHBIE BAONL KDHCTANINYECKHX Oced
[110] u [110] & o6racti Temmepatyp Hmke 150 K, HOCAT CymecTsenHO pasmuumEsi Xapakrep.
ITokazaro, 9TO NpH TeMIepaTypax HIKE TeMmepaTypkl KiopH JanHbie Da3THYHE MOTYT OMTE
CBA3aHBI C 3HW3OTPONHel MarHHTHBIX CBOHCTB 3mMHTaxcHamsHoro ciod Gag.Mn.As, Torma
KaK IpH TeMIlepaTypax Bhiie TemnepaTtyphl Kiopn, HadmogaeMsie pasnHans MOTyT ObITh cB3-
3aHB! C AHH30TPONHKEH NONBIKHOCTH HOCHTENEH 3apAia, BOIHEKAIONIEH H3-3a HAMHYHS B 00b-
EME INHTAKCHANLHOTO ClI0N MPOCTPAHCTBEHHO OPHEHTHPOBAHHLIX CTPYKTYP.

Kmouessie c10Ba: MOTexynspHO-TyucBas snuTakcuz, GaMnAs, marmeroconporwsiesme. depponmar-
HHTHOS VIIOPSI0YCHHS, AHW30TPOITHSL

The temperature dependence of a resistance in solid solution Ga;;.,Mn.As with the x=0.0156
have been presented It was established that the temperature dependence of the resistance
measured along the crystal axes [110] and [110] in the temperature range below 150 K are sig-
nificantly different. It was shown that at the temperatures below the Curie temperature ob-
served difference can be associated with the anisotropy of the magnetic properties of the
Ga.oMn.As epitaxial layer, whereas at temperatures above the Curie temperature it may be
related to the anisotropy of the mobility of charge carriers that occurs due to the presence of
spatially oriented structures in the volume of the epitaxial layer.

Keywords : molecular beam epitaxy, GaMnAs, magnetoresistance, ferromagnetic state, anisotropy.
hitps/idoi org/10.52304/¥23i2.236

I. Beeaenue < ”
TYPHOH MONEKyNnspHO-TydeBoH smmtakcHE (HT

C w~omenTa oTkpuTEs mepexoaa teppo- MIID), Ga;yMnAs npEBNekaeT 3HAYHTENBHOE
MarseTHK-NMapaMarHeTHK B TBEPARIX pacTBOpPaX BHEMAaHHE HCCIenosarened, paforarommx B obnacTh
GagMn As, NONY9eHHERIX METOOM EH3KOTEMIIEPa-  MOMYNPOBOAHHKOBOTO MaTepHAaNoBefeHns. OIHEM

Vol. 23, No.2, pp.27-32, 2021
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u3 Haubonee mHTepecHX 3(pexros, nabmonaeMuix
8 nETakcHanbEBIX cnosx GaggMnAs, seasercs
AHH3OTPONHSE HX MArHHTHEX H MAarEHTOTPAHCIOPT-
HEIX xapakTeprcTrk. Heemorps Ha TO, 4TO HCCaea0-
Banmio aEH3oTponHE 8 Ga.yMn.As NOCRAIICHO 3HA-
YHTEILHOE KONHYIECTBO OPATHHATBHEIX IKCICPHMCH-
TansHeX pabor B 00630poR, B DONBIMHRCTRE M2 HAX
uccnenyercs amusorponus csoders  GagyMn.As,
HAXQASIErocs B COCTOAHNH (ieppPOMarHATRONO yno-
panovyenns. XOTs NPHPOLY BOSHHKHOBeHHS 3Ddex-
tos ammsorponmun B Ga, MnAs Bems3s cuWTaTh
OKOHYATeNLHO ycTanoBnesHoN, 8 paborax [1-4] no-
KA38HO, YTO BO3HHKHOBEHHWE AHR3OTPONHHM MAHHT-
HBEIX H MArHATOTpaEcnopTHLIX cBolicTB Gag.,Mn,As
CBAIANO ¢ ROINAKHOREHWEM B ODBEME IMHTAXCHANL-
HOMO  CI0%  NPOCTPAHCTBEHO-OPHCHTHPOBAHHLIX
crpyktyp. Hammame TakHX CTPYETYP MOO3BOJISET
NPEANONOKHTh, HTO IPPexThl AHHIOTPONHH MOTYT
Habmonareca B Gaj.Mn,As u 3a npenenaMu co-
CTOAHHA PEPPOMArHHTHOIO YIIOPAA0YEHHS.

B xamwoll pabore npHBOJATCA pe3yNLTATHI WC-
CACAOBAHHA AHH3OTPONAH TPAHCMOPTHRIX M MArHH-
TOTPAHCHOPTHLIX XAPAaKTEPHCTHK SMHTAKCHANBHEIX
cnoer Gag.yMnAs npr Temmeparypax, IexanmEx mno
obe croporst or Temneparypet Kiopn (7¢), nps xoro-
po# nabmonaercs nepexon Ga; . Mn.As B cocTosHHe
GeppOMArHHTHOrO YIOPAAOYCHHS.

II. Hccneayemble 0Dpa3ubl W METOAWKE JKC-
nepHMeHTa

Onurtakchansusie cnow  GagMnAs, ucene-
Aycmeic B fanHo# pabore, OUTH momywens! MpH MO~
moun meroaa HT MJID wa nomywsonupyromes noj-
noxxe GaAs ¢ xprcTannorpaduaeckofl oprenTanmed
(001). Mepea BEpamIHBAEIEM METAKCHATLHOMD €108
Ga(.n)MnAs ma nomnoxke GaAs npr Temmeparype
620°C smpammusancs bybpepusii cnoiit GaAs. [locne
ITOrQ Temmeparypa NOMTOXKKH ONycKamack 1o
275°C, B HAYHHANOCH BHIPAIIWBAHHE OCHOBHOIO
smmTakcaansHoro cros Gag . MnAs, Temmeparypa
apdysmonnon suciixa Mn B Iponecce BRIPAIMBAHHUA
cocrarnana 860°C. Konuentpaumo npamecr Mn B
HecneAyeMbix oDpasiax oOnpegensn# ¢ MOMOUILIO
SEKTPOHHO-30HJ0BOI0  MHKPO4HANW3A, KOTOpas
cocraguna 0.78 ar %, 4T0 COOTBETCTBYET IHAMCHHIO
x=0.0156. TonmmuHa nceneayeMsx ob6pasuos cocTas-
nana 300 aM. B uenom TeXHONOrMs NONYYeHHS 3MH-
TAKCHANBHRIX CJOCB COOTBETCTBOBANA ONHCAHHON B

[51.

©Axagemus Hayk PecnyBnum YaGemucran, Tawwesr, 20211

Pucywox 1. [ludpaxuuonHas KapTHHE, NOAYYEHHAs B
upouecce pocta 3nuraxcranenoil nuemxn Gag.yMn,As
smeroaon OB3
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Pucynox 2. PenrtresorpaMma HCCnemyemiiX  Croes

C‘m( l-x) MnxAs.

OanopoasocTs AMHTAKCHANEHOTO cos
Ga.yMn.As B Ipoiecce cro pocTa KOHTPOIHPOBATH
¢ MOMOMILIO METOAS AHOPAKLUHH OTPAKEHHLIX OBICT-
pux anextporos. [lonyuennnie aupaxTorpaMMBl
noKasanbl Ha pAc. |, ouw npejcrasnsior coboit cue-
TeMy TIONOCOBEIX peduiexcom, wro, cormacuo [6, 7],
CBHAETEILCTBYET O CTPYKTYPHOH OJAHOPOIAHOCTH
pacrymero 3unTakcrambAoro cnod. Mccnenosamns,
NPORENEHHBIE C MOMOMILIO PEHTTEHOCTPYKTYPHOIO
aHANH3a, TOKA3aIH, 4YTO B CINCKTPaX HCCIEA0BAHHLIX
00pa3nos HAOMOJAIOTC TONBKO pedIeKChl, COOTRET-
CTBYIOIHE OTPAKEHHAM OT ATOMHBIX [LIOCKOCTEH
GaAs (002) = GaAs (004) (puc. 2).Taknm obpazonm,
NaHHBIE PEHTTEHOCTPYKTYPHOID QHANH3A TAXKE CBH-
ACTENBCTBYIOT, UTO 00pasibl BASIOTCA OXHOPOAHLI-
MH H HE COAEPKaT BIIOUEHHH ApyTHX (as.

Wamepenns TPaHCNOPTHBIX W MATHHTOTPanCc-
TIOPTHEIX CBOHCTB HCCHEOYEMLIX 3NHTAKCHATLHLIX
CITOSB TMPOBOMMIH HETHIPEX30HAOBEIM MCETOLOM =
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reomerprn Ban-aep Ilay, 4ro nossonuno nposoanTs
A3MEPEHHA CONPOTHBIICHAA, MarHeTOCONPOTHBICHAS
# addexra Xonna B CARHOM HIMEPHTELHOM MEKIE.
Hamepenus MarseroconporusieHrs ®H  addexra
Xoua npoBOHAN NPH OPHCHTALMHE MArsWTHOrO Mo-
18 NEPHEHIRKYNAPHO K MOBEPXHOCTH o0pasua,

KornenTpannsa OCHOBHBIX HOCHTeNne# 3apsia B
HCCIEyeMRIX SITHTAKCHANBHEIX CIO%X, ONpenenéH-
rag npu temmeparype 300 K a3 uamepennit addexra
Xonna, cocrasana 7%10". 3pauenwe Temmeparypm
Kropw (7¢) HconemyeMex Cloes onpefensay cornac-
HO [8)] u3 H3Mepenudt anomansuoro spdexra Xonna,
xoropoe cocraruno 50 K [9].

IIl. Peaynbtatei u obcymaeHue

Ha puc. 3 npeacrasness! AauHbLe W3MEPEHHS
TEMNCPATYPHOR 3aBHCHMOCTH YJENLHOTO CONPOTHB-
NEeHAS HCCNCAYEMBIX 00pa3loB, H3MEPCHHLIC BAONL
kpucranamwecknx oceii [110] & [110].

0 50

A A

100 150 200 250 300
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Pucynox 3, Temneparyphas 3BHCHMOCTb YAGABHOIO CO-

NPOTHRICHNS, H3MepeHnas saoms oceit [110] (xpumas 1) n

[110] (xpusas 2).

Yrobhl HCKIOYHTE BIRARAE pasMepHRIX addex-
TOB, CBA3AHHBIX C DPA3NHYHEM PAcCTOAHHA MEKIY
KOHTAKTAMM, Pe3yNbTaThl H3IMEPEHHSA MPEACTARICHBI!
8 BHje BennuHHbl o 7), onpenensemon kax

pAT) = R(TY/R(300), (1)
rae R(300) - aTo conpoTHRieHHe, onpeaenéntoe npu
300K

M3 npeacrasieHEbIX 3aBHCRMOCTEH BHAHO, YTO
npu remneparypax amke 150 K B xapaxTepe temme-
PaTYPHBIX 3aBHCHMOCTER BEIHYHHE P, HAOMIOAAOT-
CA KaK KONMHYECTBEHHBIE, TAK H KAYCCTBCHHEIC pas-
naurs. Tak, B unrepsane remmeparyp 20-150 K,

CONpOTHBNCHAE, H3MEpeHHOe BAons ocw [110], ¢ mo-
HWKEHHEM TEMIIEPATYPHl YBENHUHBAETCH IHAYHTENb-
HO OBICTpEE, YeM CONMPOTHRIICHHE, HIMEPEHHOE BAONE
ocu [110). Kpome Toro, npi TeMneparypax, Gnmskex
k Tr, na sarmcamoctn p.(7), onpenenénmofft spons
ocu [110], npECyTCTBYET NOKAMLHLIA MaKCHMYM, TO-
ria Kak Ha 3aBHCHMOCTH p(7), onpeaenénHoi BIONL
ocr [170], npr Tex xe Temneparypax Habmonaercs
nHITL neperrl, COMPOBOKAMOWMACK 3aMejUTeRHeM
pOCTa COMPOTHRIECHAS C MOAMKERHEM TEMIIEPATypPhL.
Takum 00pasoM, HA TEMNEPATYPHLIX 3ABHCHMOCTAX
pA7), onpegenéHHEIX A KPHCTALTHYCCKHX oced
[110] u [110] mo%HO BRZmENATL ABE OGMACTH — 06-
NacTh KONWHMECTBEHHBIX paznuynil, Habmoaaomascs
B WHTepBane temneparyp or /- ao 150 K m obnacrs
KaYeCTBECHABIX pasnuunii, HabmogaemMas B HHTEpRATE
Temmneparyp ot 20 K go 7.

PaccMOTpHM BO3MOXHEIE MEXaHH3IMEl BOIHHK-
HOBeHHs HaOmogaeMoll HAMH AHH3OTPONHH 3aBHCH-
moctit p(7) Ha mam B3rnsi, aHA3OTPONHS BETHYH-
Hel p(7), Rabmojaemas B HHTEPBANE TEMIIEPATYpP OT
20 K no T, moker ObiTh CBA3daHA C AaHW3OTPONHEH
MarHHTHBIX cBoiicTR TBEPAOTO pacTropa
Gaj.oMn,As, maxoasmerocs B cocrosuun deppo-
MarguTHOrO YynopsaodcHus. BO3HHKHOBEHHE CHOR-
TaHHOR HamarswuyenHocTH B GaggMnAs moxer
NPHBOAHTE K BOZHHKHOBEHHIO MArHETOCONPOTHBIE-
HHA, BEMHYHHA H 3HAK KOTOPOrO 2aBHCAT OT yria
MEXJY HANPABRTICHHEM BEKTOPA CIOHTAHHON Hamar-
HHYEHHOCTH H HANPABIECHWEM NPOTEKAHAA 3MEKTPH-
geckoro Toka. CornacHo MWTeparypHEIM ZasasM [3,
10], ock nerwaiiimero HaMArHHYMBAHHS, CIEJOBa-
TEIRHO, B BEKTOP CNOHTAHHOH HAMATHHYCHHOCTH, B
IMHTAKCHANBHBIX cn0aX Ga.gMngAs, BrIpameHHsIx
Ha noanokkax GaAs, IeXHT B IIIOCKOCTH STHTAKCH-
anssoro cnoa. [Mosromy B cocrosuum deppomarsuT-
HOr0 YMOPANOYECHHS BEKTOP HAMATHHYCHHOCTH 00-
pasiia MOKET HaXOARTLCS N0 PA3NHYHLIME YITIAME K
ocam [110] 1 [110]. Ormersn, 4TO BeNHUHEA 3TOrO
yIia MOKET H3MEHATLCS C TEMICPATYPOH W 38BHCHT
OT COOTHOLICHHA 3PHEKTOB, CBAZAHHBIX C OAHOOCHOM
H IBYOCHOH @HH3O0TPONHEH B 3MHTAKCHANBHLIX CIOSX
Ga(l-x)Mn:As-

Takam o0pasom, TOKH, NPOTERAOMIHE BAONS
KpHcTannorpadpuyecknx Hanpasnersnit [110] u [110],
MOTYT OEITH pasmHIHEIM 00PA30M OPHEHTHPOBAHE! 110
OTHOMIEHHIO K BEKTOPY CNOHTAHHON HAMAIHHYEHHO-
CTH, HMTO MOXET ONpPEJeNsTh PAIMHYHLIL XapakTep
TeMIepaTypHOR 3aBHCHMOCTH pJ7) npE Temmepary-
pax Bmxe 7p.

BAxafemus Hayk PecnyBnvng Ysbexucran, Tawkesy, 20211
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Pucynox 4, MarneToconpoTHBIEHH® HCCITETYEMBIX CIOER
Gag.yMnAs, HAXOANINUXCH B COCTOAHUM (heppOMarHuT-
HOFO YIOPAZOUEHNs: @ — onpeaenéunoe auons ocw [110),
b ~ onpenenéunoe saons ocu [110].

O HanWuu® aHW30TPONTMM MArHHTHBIX CBOWCTB
MCCIey EMbIX SITUTAKCHANLHBIX CIIOEB, HAXOISIIUXCS
B COCTOSHUM (HePPOMArHUTHOIO YIOPSAOYEHHs, CBH-
JIeTeNILCTRYIOT TIPHBEAERHLIE HA PHC. 4 pPe3yIbTATEl
MIMEPENNs MATHETOCOTPOTHBNEGHMS, MPOBEASHHLIS
BIONL KpucTamnorpadguueckmx oceit [110] w [170].
Jlna ynobeTsa npegcTaBneRns BETMYHHA MArHeToCco-
TIPOTHBIIEHAS XapaKTepH30BaNach BETHYHHOH R,
ONpenenieMon KaK

R,=R(H)/ R(0), )

rae R(0) — 3ravenre COMPOTHRIEHHS, ONpeaenéHHoe
TPH HYJNEBOH HANPSIKEHHOCTH MACHATHOIO MONs, a
R(H) - 3uaucHwWe CONPOTHRICHHA, ONMPEACTENHOE
TIpA 3HAYEHWH MArHUTHOrO NoNst pasHoM M. B takom
TPEACTABIEHHH TIONOKHTENLHOMY MATHETOCONPO-
THBIICHHIO COOTBETCTBYET Benwuuna Ry > 1, a orpu-
narensHoMy Bemmuuna R, < 1.

®AKaneMus Hayk Pecnybnuku YabekucraH, Tawkent, 2021,

W3 npencrasneHHbX 3aBHCHMOCTEH BHIHO, YTO
MardeToCONpOTHBICHHE HCCIEAYeMBIX SIMHTAKCH-
AMbHKIX CIIOEB CYIIECTREHHEIM 00pa3oM 3aBHCHT OT
KpucTaorpaguveckoro HampapneHus. Tak ams Ha-
npasnerna [110] B obnactr monei#t mo 2000 Dpcren
Habmoaaercs MONOKHTENLHOE MardeTOCONnpoTHBIC-
HHUe, TOrjaa kak ang Hanpasiesus [110] nonoxurens-
HOE MAarHeTOCONPOTHBICHUE OTCYTCTBYET, OIHAKO B
obnacri moneit no 2000 3 mabmogaercs nnaro BeH-
ynHbl R DTH pesynbTarsl NOATBEPKMAIOT CHAENaH-
HOE paHee NMPEANONoAKEHAE O TOM, 4TO AHA30TPONHUS
BenmHaIAHE p,(7) smurakcuansroro cnos Gag.gMn,As
npu temneparypax Huxke I, MOxeT ORITh CBA3aHA C
AHA30TPONHEN €ro MarHHTHEIX CBOWCTB,

Oxnaxo npy remneparypax senme /¢, koraa mc-
CHEyeMBIC 3MHTAKCHANBHBIC CIIOW HAXOMITCH B Na-
pPaMarHATHOM COCTONHHH, Paliduui B BHJC 3aBACH-
Mocreit p(7), onmpeRenéHHEIX BIOTE PA3THIHEX KpA-=
CTALUTHYCCKHX Ocel, He MOTyT ObITh OOBLACHEHb! AHH-
30TPOMHAEH MArHMTHBIX CBOMCTB TBEPABIX PACTBOPOB
Gag.gMn,As. Ha nam p3rnap, sabmopaembi 8 uH-
Tepeane Temmeparyp 50—150 K adexr anusorporran
TeMIepaTypHoil 3aBHCHMOCTH YAEILHOrO COMPOTHER-
TeHus HCCIENYeMBIX IMATAKCHATBHEIX CIOCB MOXCT
ORITh CB3aH C HATHYHEM B UX 00beme paHee ynoMs-
HYTBHIX TIPOCTPAHCTBEHHO-OPHEHTHPOBAHHBIX CTPYK-
Typ. [pupona GopMHPOBAHHS TAKHX CTPYKTYP OCTa-
ercs K HACTOSIOEMY BPEMEHM OKOHMATENLHO HE VC-
TAHOBIIEHHON, HO MOXHO TPEANONOKUTL, HTO OHM
ofycrnosens! HamwuueM npedepeHIHATLALX HAr-
paBNeHud BCTPAHBAHUS OpAMECH Mn B Marpuuy
GaAs B npouecce pocTa SMUTAKCHAILHOTO ¢1os [1].
[Tpy 3TOM MOMKET BO3HMKATL HEONHOPOAHOCThL Pac-
npeneneHds npuMecd Mn BIONE Pa3METHBEIX KPH-
cramorpadiHecKnX HanpaBleHud (ake Takux, KO-
Topeie wis kpucTannuyeckoro GaAs sBnAlOTCA SKBH-
BalICHTHBIMH).

B ciy4ae Hanwumd HEOAHOPONHOTO paciipeje-
NeHus npuMecH Mn BIONE KPHCTANIMYECKHX OCeH
[110] u [110] obuapyxkenusie pazmuyns B Temuepa-
TYPHBIX 3aBACAMOCTAX py(7), OMpenenéHuLX BAOIEL
9THX KPHCTATHYECKHX OCeH, Ha Hall B3TNAA, MOTYT
OBITH CBA3aHBI C AHW3OTPONMCH TEMIEPATYPHOH 3a-
BHCHMOCTH MOABHIKHOCTH HOcHTened zapspa p. Us-
BECTHO, UTOQ TEMIICPATYpPHAR 3aBHCHMOCTL TIOHBHYK~-
HOCTH HOCHTENel 3apija B CHILHOJNErHPOBAHHEIX
TIONYTIPOBOJHUKAX ONpPENIENFeTCa MPOUeccaMt pac-
CesHWs HOCHTeNeH 3apaja Ha KonebaHWAX KpHCTAN-
mageckol pemerkn (GOHOHAX) W HOHHIUPOBAHHEIX
npamecax [11, 12]. Tlpn paccesnnm Ha oHOHAX
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TEMIIEPATYPHAS 3aBUCHMOCTE |1 MOXKET ObITh OnHcaHa

(hopmynoi
W =A7, (3)

rae A - xo3hduuuenT, He 3aBucs MR OT TeMnepary-
pBl, p — MOKa3aTenb CTENeHH, paBHEIN (—-1/2) wnu
(=3/2) B 3aBHCAMOCTH OT IOMHHHPYIOLIEro MeXa-
HuzMa (poHoHHOTO paccesnus. Paccesnne Ha HOHH-
IUPOBAHHON nNpHMEcH oOmHckIBaeTCA  hopmynoi
Bpykca-Xepaunra [11], koropas Moxer Gwith 3anmu-
caHa Kak

BT3/2
W(7) = NnCT)’ (4)

3neck B u C' ~ nocrosuHbie koagduunenrs, N, —
KOHIEHTPALUS paccenBalomux neHTpor. U3 dopmy-
nel (4) cnexyer, WTO HHTEHCHBHOCTH MPOLECCOB pac-
cestuusi M BUJ 3asucumocty (W(7) 3aBHCHT OT cpeaHe-
ro paccTOAHKA MCHAY PAacCCHBAIOUIMAMH LIEHTPAMH, B
KAYEeCTBE KOTOPHIX B HCCNEAyeMbiX obpasuax BICTY-
naroT aroMel Mn B noapewmerke Ga.

[Tpoueccur pororHOrO paccesuns npeobnanaror
npu Gonee BHICOKHX TeMMeparypax, TOTAa Kak pac-
CeAHHE HA WOHH3HPOBAHHEIX TMPHMECAX CTAHOBHTCH
JOMHHMPYIOWHM B 00macTH HU2KHX Temreparyp [12,
13]. Taxk, 8 GaAs, CHILHO JTerHPOBAHHOIO BRCMYTOM,
paccestHe JBLIPOK HA MOHM3MPOBAHHEIX MPHMECSX
CTAHOBHTCA JOMHHHPYIOUIMM [P  TeMIEparypax
Hmie (80-120) K B 3aBHCHMOCTH OT YPOBHS JIErHPO-
Banug [14],

Hexons u3 CKazaHHOro, MOKHO MPEANONOKHTS,
410 B ucenepyemox cnosx Gag.nMn.As npu Temne-
parypax Bbiue 150 K gomuHHpyroT npouecckl ¢o-
HOHHOT'O PACCEAHHA, TIPA KOTOPHIX HEOIHOPOAHOCTE
pacmpesielleHus MPUMECH He CKa3LIBAeTCs Ha Xapak-
Tepe paccesHHs HOCHTENeH 3apsia W paccesHrne Ho-
CHTE/eR 3apsja ABJIAETCA M30TPONHLIM, [losToMmy B
aTol 06NnacTH NMOABMIKHOCTb, H3IMCPCHHAA BONb K-
BUBANEHTHLIX KPHCTANNHYECKHX HANPABICHUH, npw
H3MCHEHHH TeMIepaTyphl OYAeT MEHAThLCS ORMHAKO-
BeiM 06paszom. ITpu Temneparypax mmke 150 K Brnan
paccesHns HAa HOHH3WPOBAHHEIX NPHMECSIX B 3aBH-
camocThb W(7) CraHOBATCA TOMAHHPYIOUIHM, TTOITOMY
HEOJHOPOJXHOCTL PACHIPEACIICHAS [PUMECH BIOMEL
PasTAYHBIX KPUCTANIMYECKHX OCeH MOMKET NpPHBO-
JWTh K AHH30TPOMHA MPOLECCOB PACCESHAS HOCHTE-
nei 3apaja M, Kak cneiacTere, Kk HabmoaaemuiM pas-
THYHAM B XapakTepe TeMIeparypHO# 3aBHCHMOCTH
UX NMOABWKHOCTH BJONGL PANTHYHRIX KPHCTANIOrpa-
(Guvueckux Hanpasnenuit, Tor dakr, 4To 3aBHCAMOCTE
pA7T) Bmome ocw [110] BeIpaxkena cuinHee, ueMm
Boms och [110] ¢ yueroM Bhile cKasaHHOro MOJKET

CBHJIETENLCTBOBATE O TOM, YTO JAHHOE HANPABICHHE
ABNAETCS NpPe(GEePCHUHANLHEIM [1PH  BCTPaMBAHWH
atomMoB Mn B MOMYMPOBOJIHAKOBYIO MATPHIYY PacTy-
WEro snuTakcHanbHoro cnos Gag.nMn.As.

IV. 3axmouenue

Taxum 06pazoM, MPOBEACHHLIC HAMH HCCIEHO-
BAHUSA MOKA3ATH HATMYHE AHW3OTPOIMH SNEKTpodu-
3UYECKAX CBOUCTB cnoer Gag.Mn As, MONy4YeHHBIX
merogoM HT MJID, nposenstomeiics B pasnaumun
TEMTIEPATYPHOR 3aBHCHMOCTH YIEILHOTO COMPOTHE-
JIeHUs, W3MEPEHHOro BJONL KPHCTANNorpahuIeckux
nanpasnennii [110] u [170]. TTpu srom xapaxrep Ha-
Omonaemerx stdexTor pauTHueH MpuU TeMrreparypax
Gomemx u Mensmmx Tc. Tlpu TeMmeparypax MeHs-
muX 7 AHA30TPONIHS PA3NAvHil B BHJE 3aBHCHMOCTH
p«(7T) cea3aHa, MO-BHAMMOMY, C QHH30TPONMHEH Mar-
muTHEIX cBoiicTE Gag.yMn.As, maxogsmerocs B co-
CTOSHAH (hePPOMArHHTHOIO YMOPSAOYEHHs, TOrja
KaK MpH TeMneparypax Gonbmmx 7, pasnavus 8 BA-
ne sapacuMocty p.(7) onpeaensiorTcs aHuloTponueit
zasucumoctd (7)), KoTopas NMOSBISETCA BCIEACTBHE
BO3HMUKHOBEHUS B 0OBEME PACTYIUErO 3MMTAKCHANL-
Horo cnos  Gag.yMnAs  mpocTpaHCTBEHHO-
OPHEHTHPOBAHHEIX CTPYKTYP, CBA3AHHEIX C HEOAHO-
POXHOCTHIO pacipeienenns npumecd Mn sioms pas-
JMUYHEIX KPHCTAUTHYECKUX HATPABIICHMIA.

Meraaganusie

Anisotropy of transport and magnetotransport
properties of GaMnAs epitaxial layers obtained by
low-tem perature molecular beam epitaxy

P.B. Parchinskiy', A.A. Nasirov', A.S. Gazizulina', A.
Arslanov', Dojin Kim?, O.M. Tursunkuloy®

! National University of Uzbekistan, Universitetskaya 4, 100176,
Tashkent, Uzbekistan

? Chungnam National University, Yuseong-ku, 305-764, Tagjon,
Korea

* Center of Advanced Technologies, Universitetskaya st. 7,
100174, Tashkent, Uzbekistan

The temperature dependence of a resistance in solid solu-
tion Gag.nMn,As with the x=0.0156 have been presented.
It was established that the temperature dependence of the
resistance measured along the crystal axes [110] and [170]
in the temperature range below 150 K are significantly dif-
ferent. It was shown that at the temperatures below the
Curie temperature observed difference can be associated
with the anisotropy of the magnetic properties of the
Gag.oMn,As epitaxial layer, whereas at temperatures
above the Curie temperature it may be related to the aniso-
tropy of the mobility of charge carriers that occurs due to
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the presence of spatially oriented structures in the volume
of the epitaxial layer.

Keywords: molecular beam epitaxy, GaMnAs, magnetoresis-
tance, ferromagnetic state, anisotropy.
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Macr xapopatiin MONEKYIAP UTAKCHA OPKAIH
omuHrad GaMnAs NuTaKeHan KaTJaMiaapuHuHr
TPAHCNOPT BA MACHETOTPAHCIOPT XYCYCHAT-
JIAPHHT AHHIOTPONUSICH

ILB. Hapunncknii', A.A. Hacupos', A.C. Taanayanna’,
A. Apcaanros’, Dojin Kim?, O.M. Typeynkyaos®
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* Chungnam National University, Yuseong-ku, 305-764, Taejon,
Korea
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Ywby wmakonaga x=0.0156 kuitmarura era Gynrau
Gaj.gMnAS  KATTHK  IPUTMANAPUHHHT  KapuiuauruHu
TeMnepaTtypara OGOFNMHKIMIHHUHT  YIualm  HATHKATAPKH
kenupunran. 150 K nran nacr remnepaTypanap opaniaruja
[110] Ba [110] kpucramnorpaduk Yknap 6yitnab ynuanran
KAPUWHMIMKHUHT — Temnepatrypara OormaHumm  Typimda
Gymimm  kysatunran. Kiopn Temneparypacmman mact
xapoparnapna, Oy dapxnap Gag.gMnAs snurakcnan

@Axkanemun Hayk Pecnybnuku Ysbekucran, Tawkenr, 2021 r.

KAT/IAM MArHHT XYCYCHATIAPHHUHT AHH30TPONuacH Gunan
Bormuk  Oymum  MymkuH,  Kropn  Temmepartypacuiau
IOKOpM  Xapopatnapia Kysatwiarad GapK  enurakcuan
KATIAMHMHT IHammnap 6Yiinua cTpykTypanusr 6up
xwi  O6Ynmaciury xmcobura xenmub HMKAZMraH sapsag
TAITYRUWIAD XAPAKATHAHIMTHHIHT aHN30TPONMACH Ounan
Gornmuk GYmumm MyMKHH,

Kamr cfwurap: wsonexynsp smarakenst, GaMnAs, marwmr
KapUIMIUK, (JEPPOMATHUT XOMAT, AHU30TPOTIHS.
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Hccneaosaso BAHSHHE 3MEKTPOHHOO 0GNydeRus mo qumoenca 1 54x10" anextpon/cn® Ha
CTPYKTYPHEIE MNapaMeTpel, pasMephl HAHOKPHCTAUIHTOB, MHKDOHANDSKCHHSE H COCKTPH
KOoMOMHAIWOHHOrO paccesHHs OHOCIOHHOI yraepoaHoii Harotpyoku (OCYHT). Otaygenne
3NEKTPOHAMH TIPHBOZHT K YBENHMYSHHIO DapaMETPOB DEINSTKH B HANpPAaBNeHHSX a H b of
47623 no 49378 A m ymembmenmio mo ock ¢ oT 3.9491 no 3.9469 A. Dmextponmoe
obyuenne CTHMYIHPYET POCT Pa3Mepa HaHOKpHCTanmuTos of 4.06 uv no 5.03 By, npusomuT
K CHOBHTY CNEKTPOB KOMOWHAUWOHHOTO paccesHHs B CTOPOHY Oonee BLICOKHX YACTOT H
yKassIBaeT Ha nosBnenue criexTpa 805 oM™, BH3BaHKOrO 0bpasoBanuen aedextos 8 OCYHT.

Kimouesnie (10BA: OIHOCHOMHBIE VIMEPOIHHE HaHOTPYOKM, OJMEKTPOHHEIM IVHOK, PauaHcKas
CHIEKTPOCKOIMHS, PEHTTeHOCTPVKTVPHEI aHATH3, NapaMeTps sueHKi.

The effect of electron irradiation up to fluence of 1.54x10" electron/cm’ on the structural pa-
rameterss, sizes of nanocrystallites, microstrains, and Raman spectra of a single-walled carbon
nanotube (SWCNT) was studied. Electron irradiation leads to an increase in the lattice parame-
ters in the a and b directions from 4.7623 A to 4.9378 A and a decrease along the ¢ axis from
39491 A to 3.9469 A_ Electron irradiation stimulates the growth of the nanocrystallite size
from 4.06 nm to 5.03 nm, leads to a shift of the Raman spectra towards higher frequencies, and
indicates the appearance of a spectrum at 805 cm ™, which is caused by the formation of de-
fects ina SWCNT.

Keywords: Single-walled carbon nanotubes, e-beam, Raman spectroscopy, XRD — analysis, cell parame-
ters.)

I. Introduction

A carbon nanotube is a convenient model object
with a simple structure, known locations and bonds
of carbon atoms, metallic and (or) semiconducting
conductivity. The results of a detailed study of a sin-
gle-walled carbon nanotube make it possible to use
them in the study of more complex multicomponent
nanocompounds, in which nitrogen, oxygen, hydro-
gen atoms, and sometimes heavier atoms are “incor-
porated-present” as impurities. Distortions intro-
duced by impurity atoms lead to a change in the

hitps//doi org/10.52304/.v2312.237

binding energy, displacement of carbon atoms from
the ideal position, and can also initiate a change in
symmetry.

Based on the relationship between the structure
and properties of materials [1], it can be assumed that
the introduction of defects (distortion, substitution)
into a single-walled carbon nanotube (SWCNT) will
lead to a change in its properties. It should be noted
that the same changes can be made to the structure of
a SWCNT under extemal influence (temperature,

Vol. 23, No.2, pp.33-39, 2021
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pressure and irradiation). In some cases, exposure to
radiation is the optimal and controllable way to study
the formation of defects and their effect on symmetry,
on the radial and tangential vibrations of carbon
atoms, on the structure and properties of a carbon
nanotube (CNT).

The structure of a SWCNT was investigated
from the very beginning of its preparation [2], in
which the existence of a unit cell with a hexagonal
structure was revealed. In many samples, along with
a SWCNT, graphite and impurities of metal catalysts
are present.

The physical and chemical properties diversity
of carbon nanomaterials are determined by the possi-
bility of influencing ther structure, as well as the
generation of different defects [3, 4]. At [4] details
the radiation defects that result from neutron flux and
gamma irradiation exposure in the SWCNT. In t, the
samples were irradiated with neutrons to 1.28x10"
n/cm*fluence and with gamma rays to 1.54x10"
ph/cm’ fluence.

One of the methods to change properties of
SWCNT is to generate radiation defects as a result of
electron beam exposure. Electron bombardment is
capable of creating radiation point defects, in con-
trast to the iradiation by low-energy photons, which
are mainly used to excite n-electron systems, and can
lead to the polarization of the molecules of the nano-
structures. The electron irradiation of SWCNT is not
only caused radiation defects, which will contribute
to the degradation of nanotubes, herewith the cros-
slinking appears due to the ruptured bonds and gen-
eration of vacancies.

The structure, topology, and size of CNTs are a
source of their outstanding mechanical and optical
properties and their electronic behavior. Raman spec-
troscopy is a valuable technique for determining the
diameter distribution, chirality, purity, and architec-
ture of CNTs [3-19]. Vibrational properties, electron-
ic structures, quality of the samples and diameter
characterization of the various carbon materials can
be analyzed by the Raman spectroscopy including
SWCNT, double-walled (DWCNT) [9] and multi-
walled (MWCNT) carbon nanotubes [3, 4, 17]
Changes in SWCNTs properties under irradiation
with protons of various energies (1~18 MeV) and
doses (3.0x107" ~ 2.2x1072 nC/um®) were studied in
[18] by using Raman spectroscopy. After the high-
energy proton irradiation (~18 MeV) no significant
change in Raman spectra was observed, however, af-
ter low-energy proton irradiations (1~6 MeV) some

© Academy of Sciences of Republic of Uzbekistan, 2021

of the semiconducting SWCNTs exhibited irradiation
mduced damage.

The most prominent Raman features
SWCNTs are the radial breathing modes (RBMs),
the higher frequency D (disordered), G (graphite)
and G’ (second-order Raman scattering from D-band
variation) modes [3]. Although the D, G, and G’
modes are found in graphite, the RBM 1s specific to
SWCNT and is representative of the isotropic radial
expansion of the tube.

Authors of [5] reported about the influence of
low energy e-beam (at 1 kV for 1 min, dosage
23x10% to 3.1x10™ electron/cm™) focused on the
single-walled carbon nanotube. After studying the ef-
fect of low-energy (100 keV) electron beam on the
deposited hvdrocarbon EBID and amorphous carbon
during the synthesis of SWNTs, they concluded that
the increase in D-mode electron beam in Raman
spectra is mainly due to amorphous rather than struc-
tural damage of SWNTs. Authors of [20] found that
SWCNTs exposed to focused electron beam were se-
verely deformed locally and neck-like features were
developed along the tube due to the removal of car-
bon atoms by knock-on displacements.

There are very few X-ray diffractometry (XRD)
studies of carbon nanotubes so far, especially,
SWCNTs and XRD analysis after the electron rradi-
ation effects.

It follows from the above literature data that al-
though the effect of gamma rays, protons, electrons,
and 1ons on a SWCNT has been studied [10, 21, 22],
a comprehensive study of the structure, microstress,
atomic vibrations, nanotube diameter, and nanocrys-
tallite size under electron iradiation of various
fluencies has not been practically investigated. The
purpose of the work is to determine the structure of
SWCNT and to study radiation defects under expo-
sure to high fluency of 2 MeV electron beam.

II. Experimental methods

We have used SWCNT nanopowder samples
(DL — 1.2-1.5 nm*2-5 pm) produced by Electric
Arc Discharge method at Sigma-Aldrich.

The samples were irradiated at the liner electron
accelerator Electronics-U003 at the Institute of Nuc-
lear Physics, Uzbekistan at the following e-beam pa-
rameters: electron energy 2 MeV, current density
0.17 pA/cm’®. The choice of such a value for the
energy and current density of the electron beam is as-
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sociated with the aim of avoiding heating of the sam-
ple, which leads to the appearance of an air impurity
(oxygen, nitrogen) inside a single-walled carbon na-
notube [23]. The samples were irradiated to integral
fluences 1.2x10"” and 1.6%10" electron/em’. Ther-
mal effects can be observed when nanotubes are irra-
diated with high energy electrons to high doses.
However in order to eliminate the thermal effects in
samples, they were irradiated at small current and
frequent stoppages. Then some relative changes were
checked whether they are present or absent. Samples
were inspected 1 hour after irradiation, 1 day after,
1 month and 5 months after and no change was ob-
served [14].

The SWCNTs were charactenzed by Raman
spectroscopy (Renishaw in Via Raman microscope)
using a 532 nm laser excitation source operated at
10 mW over a range 100-3200 cm™ and using a
1800 Umm(vis) grating. The XRD technique (Pana-
lytical Empyrean 3) was used to characterize struc-
ture of SWCNT following modes: X-ray voltage 40.0

kV, current 45.0 mA, scanning range 28y = 20°-120°,

scanning speed 2 deg/min and step size 26= 0.013°,
IIl. Experimental results and discussion

[IL1. X-ray diffraction

The diffraction patterns were obtained from the
raw XRD spectra by treatment with the Ritveld me-
thod using the Fullprof program (Fig. 1.).

1OOF LT N

20 W 0 x0 100
0%

Figure 1. X-ray diffraction pattern of initial SWCNT
structure. I — the difference between experimental and fit-
ted data, II — the peaks was found calculation, IIl — com-
parison of the experimental data with the fitted data using
the resolution function of the diffractometer.

Many space groups (Fd 3m, P6:/mmce, P6y/mc,
P6/mmm, R 3m) were studied and it was found
space group of SWCNT sample. SWCNT space

group consist of two phases: P6/mmm and P6;/mc
(x¥*=2.09). When the sample was analyzed as single-
phase the 3 (Bragg contrib.) was 10.7, the Bragg R-
factor was 82 3, Re-factor was 92.2.

The samples were irradiated with 1.18x 10" and
1.54x10"" electron/cm® fluency and the structure pa-
rameters were calculated (Tabl. 1).

Table 1. Initial and irradiated cell parameters of SWCNT.
Phase 1 is SWCNT and Phase 2 is graphite.

Fluence, ; a, b(A) c(A)
electron/cm Phasel | Phase2 | phase1 | Phase2
0 47623 24630 39491 69538
1.18x10" 48286 24647 39394 68383
1.54x10" 49378 25022 39469 69878

At 205~44° 2 phases correspondent, (200) and
(111) Bragg peaks from the first phase, (101) peak
from the second phase (Fig. 2, top). The (111) and
(101) peak intensity share are equal 0.

After different by high e-beam irradiation all the
experimental XRD patterns were compared and only
(200) diffraction peaks was clearly decreased and
shifted to higher angles with increasing the irradia-
tion fluence, which can be summarized as the nano-
particle size growth (Fig. 2, bottom).
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Figure 2. The XRD patterns of the imital (1) and
irradiated (2) samples at the refiection (002).
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C-C bond lengths of SWCNT was calculated
(Tabl. 2) using the Fullprof program.

Table 2. C-C bond lengths of SWCNT for pristine and
post irradiation sample.

Fluence,

electron/em® | % A | acics, A | acres A
0 1.453 2.749 3.109
1.54x107  1.452 2.851 3.199

IT1.2. Raman scattering

The radial breathing mode(RBM) bands are a
useful diagnostic tool for confirming the presence of
SWCNTs as well as depend on chirality and diameter
of SWCNTs. The RBM frequency is inversely pro-
portional to the diameter of the tube, making it an
important feature for determining the diameter distri-
bution in a sample and calculated using the expres-
sion wrpy=A/d+B, where A and Bare determined
experimentally [6], in [24] authors choice has a very
good quantitative agreement with other calculations

227 M

Opmy =——
RBM
dl

1 + CtnvdI2 (1) E

where C.,, quantifies the effect of the environment
on the RBM frequency and for most samples in the
literature present 0.056 nm > [24]. The RBM bands
of SWCNT were observed at 169 cm™ and 168 cm™
for pristine and post irradiation accordingly. From
the (1) equation was calculated the value of di: 1.42
nm for pristine sample (Fig. 3a), 1.43 nm for irradia-
tion sample at 1.54x10"” electron/cm? (Fig. 3b).

According to the nanotube diameters found
through the RBM bands, the chiral indices of the na-
notube were found to be for the pristine (18,0) and
for the post-irradiated (15,5) [25]. Armchair type is
always metallic (n=m) and the other two types, Zig-
zag (n=0 or m=0) and Chiral (n#m) can be either me-
tallic or semiconductor depending on their chiral
condition [26]. If (n—m) is divisible by 3 then the
tube is metallic and if (»—m) is not divisible by 3 then
the tube is a semiconductor. From this dependence it
can be said that the pristine sample is a metal, the ir-
radiated sample is a semiconductor.

As seen in RBM spectra distinct spectral intensi-
ty decrease was observed.

The G band is a tangential share mode of carbon
atoms that corresponds to the stretching mode in the
graphite plane [13] and depends on whether the na-
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notube is semiconducting or metallic [17]. Raman
spectra showed the G band at 1582 cm™ for pristine
sample (Fig. 3a). After 1.6x10" electron/cm? fluence
G peak was shifted to 1591 ecm™ and intensity was
decreased (Fig. 3b). The asymmetry of the G peak
(before and after electron irradiation) indicates that
the given spectrum consists of G' and G~ bonds,
where G~ (corresponds to transverse vibrations of
carbon atoms) is associated with charge transfer, and
G (corresponds to longitudinal vibrations of carbon
atoms) is due to metallic or semiconducting conduc-
tivity of a single-walled carbon nanotube.

One of the important results of this work is the
shift in the wave number of the G mode from
1582 cm™ in the initial state to 1591 cm™ after irrad-
iation with electrons. It is known that the value of
1582 c¢cm™ of the G mode corresponds to metallic
conductivity [19], and its change to 1591 cm™ may
indicate the semiconducting nature of the conductivi-
ty [19].

The D band is a longitudinal optical phonon and
is known as a disordered or defect (such as hetero-
atoms, vacancies, heptagon-pentagon pairs, kinks or
even the presence of impurities, etc.) mode because a
defect is required to elastically scatter in order for the
process to conserve momentum [12]. The D band
peaks were observed at the position 1331 cm™
(Fig. 3a) and 1337 em™ (Fig. 3b) for pristine and
post-irradiation accordingly. The D band intensity
after electron irradiation clearly increased 1s shown
was appeared radiation damages (Fig. 3a, 3b).

The G' band frequency is close to twice that of
the D band and is found from 2500 to 2900 cm™.
This is a second-order process from two zone boun-
dary LO phonons. The G’ band is an intrinsic proper-
ty of the nanotube and graphite, and present even in
defect-free nanotubes for which the D band is com-
pletely absent [14]. G’ band peaks to appear at 2653
cm™" and 2665 cm™ for pristine and post irradiation
accordingly.

The electron irradiation increased intensity ratio
of Ip/l; from 0.04 to 0.26. The intensity ratio can di-
rectly serve as a measure of CNT structural quality,
that is, the quality of the single-walled nanotube has
deteriorated.

The nanocrystallite size of the SWCNT has
enlarged [15] with the 1.54x10"electron/cm” fluence,
respectively and can see that by using Scherrer

equation (2).
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Figure 3. Raman spectra of SWCNT: a) pristine, ) at
1.6x10" electron/cm’” fluence.
kA

D= ;
BscosO

(2)

Here, D is nanocrystallite size, which may be
smaller or equal to the grain size; & is a dimension-
less shape factor, has a typical value ~0.9; A is the X-
ray wavelength, fs is the band width broadening at
half the maximum intensity associated with micro-
stress, in radians, 0 is the Bragg angle.

The formula (2) does not take into account the
presence of microstrain in the samples; therefore, the
dimensions of the coherent scattering regions in
highly deformable samples are not suitable for calcu-
lations.

For this, there 1s the Stokes formula:
BD = 4etg9 ? (3)

here & 1s the value of the relative strains of the crystal
lattice.

Taking into account that irradiation with high
energy electrons can lead to the appearance of micro-
strain in the sample, full width at half maximum (B)
of the experimental peaks can be represented as the
sum of the peak width due to microstrain () and the
peak width associated with grain size (Bp), i.e.

B=Bs+Bs- (4)

For this, we used the full width of the peaks at
half maximum and the integral intensities of the ref-
lections from 1 phase (200), (102), (103) and (222),
from 2 phase (002) and (200).

Di= 4.06 nm (£=8.42x10)
Dy 15=4.09 nm (s=8.11x107)
D s¢=5.03 nm (s=7.62x107)

Structure analysis of SWCNT showed the lattice
parameters were enlarged, the reason for these
changes were vacancies created by energetic elec-
trons. This mechanism was invoked by [21, 22 ] and
explain follow: the vacancies of SWCNT gave rise to
surface reconstructions and diameter got larger be-
cause of appeared double vacancy (DV) transforms
to an aggloration of five- and eight-membered rings
(Fig. 4).

Therefore carbon nanotubes can be called self-
healing materials.

Figure 4. SWCNT defects reconstructions. Double vacan-
cy (DV) transforms to an agglomeration of five- and eight-
membered rings in C-C bonds.

Thus, irradiation of z single-walled carbon
nanotube with electrons up to fluence of 1.54x10"
electron/cm® can be and stimulates the transition
from metallic to semiconducting conductivity. It
could be assumed that the increase in the intensity of
the D-mode after electron irradiation is associated
with an increase in the content of amorphous carbon.
However, the width of the peak in Raman spectros-
copy is less than =100 cm™, and also in the X-ray
diffraction pattern at small scattering angles, there is
no broad diffuse peak (halo) characteristic of
amorphous carbon.

All this indicates that irradiation does not pro-
mote the formation of amorphous carbon in a
SWCNT, but indicates the formation of other types
of defects (breaking of the C-C bond).
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IV. Conclusion

It was found that the initial sample of a single-
walled carbon nanotube is two-phase with hexagonal
phases with the space group P6/mmm and P63/mc.

Irradiation with electrons up to a fluency of
1.54x10" electron/cm” leads to an increase in the lat-
tice parameter a and & from 4.7623 A to 49378 A
and a decrease in the parameter ¢ from 3.9491 A to
39469 A.

Radiation treatment with electrons fluency of
1.54x10" electron/em” leads to an increase in the
size of nanocrystallites from 4.06 nm to 5.03 nm, as
well as a decrease in microstrain with an increase in
the electron fluence.

Irradiation of a SWCNT with electrons energy
of 2 MeV to the fluence of 1.54x10" electron/cm®
does not contribute to an increase in the graphite con-
tent in the SWCNT.

The value of the diameter of the SWCNT d =
1.42 nm after electron irradiation with a fluence of
1.54x10" electron/em” indicates a weak effect of
radiation on the initial nanotube diameter d = 1.43
nm. The (n, m) integers of nanotube was determined
to be (18, 0) and (15, 5), pristine and post irradiation,
respectively, and after irradiation the nanotube was
transferred from the metal to the semiconductor state.
This is also proved by the fact that the G mode fre-
quency is shifted to the right.

A Raman spectrum was found at 805 cm™,
which is due to the formation of defects induced by
electron irradiation with a fluence of 1.54x10" elec-
tron/em?.

It was found that electron irradiation leads to de-
terioration of the I//; quality of a single-walled car-
bon nanotube from 0.04 to 0.26. The C-C bonds after
irradiation were decreased.
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Oxopn  smeprusiim  saexkrponsiap  aacracu
TALCHpH  ocTHaarw  Gup  gesopam  yriiepoa
HAHOHAYANAp CTPYKTYpacH Ba paguaumsiBuii
HYKCOHJIAp

M.IO. Tammeron, LU, FOupamena

Vabekucron pecny6mmkacu @annap axamemnsicn Sapo
¢usukacn uHcTATYTH, MUp30-Yiyrbek Tymauu, YayrGex
proun, Xypocow xyuacn l-yit, 100214, Towxenr,
s6exncron

bup nesopim  yrmepoa  Hanosaiivanap  (BJYHH)
CTPYKTYpa napamerpnapura, HAHOKPHCTAIIINTAAD
yiuamura,  MHKPOKyWIaHMIIMra Ba  KOMOMHAUMOH
coummmu  cnekrpnapura  1.54x10"7 aneKTpon/cm’
(unoencraua  onexTpoHnap OMNaH HYpPAAHTHPHIIHHHP
TABCHPH  TANKMK  KWIMHIW,  DjekTponnap  Ounan
HYPIIAHTUPHLL  1TaHKapa napaMeTpiapiHuHr a Ba b
irynammmnapaa 4.7623 man 4.9378 A rawa opruwmra sa ¢
YK Oyiiwua 3.9491 paw 39469 A rawa omub wemmm.
Onekrpon Ounan wypnanTupuin Gup aemopnu yriaepos
HaHoHaluanapna wykconnmap xocun GYmummn  Tydaiinn
Hanoxpucramriap Yauanmuau 4.06 am nan 5.03 M raua
youuwmra Ba  KOMOMHALMOH COYMJIMLI  CHEKTPAAPHHM
HOKOPH HaCTOTa TOMOHId CHIDKMLUNTA ONU0 KeNau Xamzaa
805 cm™' cniextpu Xocun GYmmmmER KYpeaTau.

Kamr  c¥snap: Gup  nesopmu  yraepon  mamomaiiuanap,
OMEKTPOHNAP RacTacH, PamMam  CNCKTPOCKOMMICH, PEHTTCH
CTPYRTYPaBHit TAXTIUL, KATAK MAPAMCTRITaPH,
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B narmoit pabote onmeamsl METOABI CHHTE3R PAITHYHBIX HAHOCTPYKTYP ZnQ) B BOAHBIX pactsopax npu
HU3KHX TEMIEPATYPAX M MCCITETYETCS BIMSHAE PasMepa CHHTE3HPOBAHHEIX 06pa3LOR Ha CrieKTph! (JoTo-
momuHecteHH (DJT). Tlo Mepe ysenmuyueHHs AHaMETPa HAHOCTPYKTYD HAGMIOAAIOCH YMCHBINCHHE OT-
HOIWICHMS! MHTEHCUBHOCTH TI0/I0CHI Y TLTPA(HOICTOBOTO M3TYMEHHA K HHTCHCHBHOCTH MOIOCK! JKEITOrO
wsmytcHnn B crestpe OJI Bevio ofxapysxeHo, 9T0 MIMCHEHHC AMaMeTpa HAHOCTPYKTYpP oT 15 1M a0
1000 v NpHBOAMT K YMCHBIICHIIO WX IWHPHHL 3anpenierHoii somsr (Ey) or 3.28 10 3.21 oB. B nano-
CTpYyKTYpax ¢ mmamerpom Menee ~400 un, Gut0 06HapyKeHO, YTO SHEPTHS JANPEIEHHON J0HR CHAKLHO
3ABHCHT OT PAIMCPA HAHOCTPYKTYPHI H YTO CBA3H crabee, KOrA& pasMep HAHOCTPYKTYP MpoBbImat
400 wm.

Kmouesnie ciiopa: wanoctpyrtypst Zn0, doTomroMuHecueHums, aedexrsy, pasMepusiii sdidexr.

This paper describes methods for synthesizing different nanostructures of ZnQ in aqueous solutions at
low temperatures and examines the effect of the size of the synthesized samples on the photolumines-
cence (PL) spectra. As the diameters of the nanostructures increased, a decrease in the ratio of the intensi-
ty of the ultraviolet radiation band to the intensity of the yellow radiation band in the PL spectrum ob-
served. It is found that changing the diameters of nanostructures from 15 nm to 1000 nm leads to a de-
crease in their bandgap energy (£,) from 3.28 to 3.21 eV, When the diameters of the nanostructures were
less than ~400 nm, it was found that the energy of the band gap was strongly depend on the size of the
nanostructure, and that the bond was weaker as the size of the nanostructures exceeded 400 nm.

Keywords: ZnO nanostructures, photoluminescence, defects, scale effect

1. Introduction

ZnO 1s a widely studied metal oxide
semiconductor, due to its high transparency in the
visible region, large bandgap, non-toxic nature, high
exciton binding energy and abundant availability in
nature makes it a potential candidate for a variety of
applications such as gas sensors, transparent electrodes
in solar cells, photocatalysts, nanolasers,
photoluminescent devices, organic light-emitting
diodes, thin-film transistors and et al. [1, 2]. A wide
bandgap (3.37 eV at room temperature) makes ZnO a

hitps/dod org/10.52304/.v2312.238

promising material for photonic applications in the UV
and blue spectral range, while the high exciton-binding
energy (60 meV) allows efficient excitonic emission
even at room temperature [1]. Also, ZnO is
biocompatible which makes it suitable for biomedical
applications. In addition, ZnO is a chemically stable
and environmentally friendly material. Consequently,
there is considerable interest in studying ZnO in the
form of powders, single crystals, thin films, nanorods
and nanocrystals. A low-temperature aqueous solution
approach offers the potential for a much-lowered

Vol. 23, No.2, pp.40-44, 2021
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fabrication cost and scale-up production because it can
eliminate the complicated issues associated with high-
temperature manufacturing and vacuum processing.
Moreover, the typical growth temperatures are below
100°C, allowing the fabrication even on substrates
such as plastic, which are not allowed to be exposed at
higher temperatures.

Typically, a photoluminescence (PL) spectrum of
ZnO nanostructures consists of two parts: a near band
edge (NBE) emission centered at around 380 nm and
defect-related emission bands in the visible range [1].
The PL characteristics of ZnO nanostructures strongly
depend on their crystalline quality, which in turn are
determined by their size and growing conditions and
methods and post-grown treatment history. The defect-
related emission bands can appear in violet-blue (390
460 nm) or/and green (500-520 nm) or/and yellow-
orange (560—600 nm) or/and red (650 nm) ranges. The
interstitial oxygen or complexes formed with oxygen
have been ascribed to yellow-orange band [3-7]. Yel-
low-orange band is frequently observed m ZnO nano-
materials grown from water-contained solutions of Zn
compounds at relatively low temperatures. The most
obvious trend versus particle size is that the surface-to-
volume ratio increases for smaller particles and the
transport distance from any interior point to surface
traps and recombination sites decrease in the same
trend. In addition to the correlations between the
defects and the optical properties, one should also
notice that at the nanoscale the size not only directly
impacts the defect contents but also the optical
properties of materials. Examining PL spectra of
various ZnO nanostructures provide a way for us to
understand the roles of size and defects in the earlier
photoexcited processes. Despite the large body of
research devoted to size effect in ZnO nanostructures,
many questions remain regarding the optical and
electronic properties of these centres. The size of
nanostructures has a major impact on their optical,
crystalline, and electrical properties. There are many
contradictions in published scientific articles. Sharma
et al. [8] noted that when thickness of the film increas-
es, crystalline quality of ZnO thin films improves, in
contrast to Ref [9, 10] as the size of the nanostructures
increased, their optical quality decreased.

This work reports a systematic study of depen-
dence of the morphological and optical properties of
various ZnO nanostructures grown over glass sub-
strates. We have synthesized different 1D ZnO
nanorods using a low-temperature hydrothermal
method and ZnO nanocrystals using a chemical bath

deposition method. The relationships between size of
ZnO0 nanostructures and PL properties are revealed and
discussed. Our studies show that as the size of ZnO
nanostructures synthesized in aqueous solution at low
temperatures increased, the number of defects formed
in them increased and the maximum redshift of the PL
intensity occurred.

II. Experiment

ZnO nanorods have been synthesized through
hydrothermal route. Before ZnO nanorods are grown,
a seed layer was formed on the surface of the sub-
strates. Dip coating method has been applied to pre-
pare ZnO seed layer on substrates because of its low
cost and easy approach. All the reagents (Sigma-
Aldrich, 99%) used in the experiment were analyti-
cally pure and were used without further purification.
5 mM of zinc acetate dehydrate (ZnC,HsO.2H,0)
was dissolved into 40 ml of ethanol with stirring for
1 hour at room temperature for obtaining a clear ho-
mogenous solution. The stirred solution was taken in
a beaker and the substrates were dipped in the solu-
tion with different velocities using a handmade auto-
matic dip coating system and dried in air at room
temperature. The substrates with zinc acetate seed
layer were annealed at 200°C for 30 min in air to de-
compose zinc acetate into ZnO nanocrystals.

Growth of ZnO nanorods is carried out in the
following order: the aqueous solutions of zinc nitrate
hexahydrate (Zn(NO;),6H,0) and hexamethylenete-
tramine (CgH;,N,) were first prepared separately and
then they were mixed together. The resulting suspen-
sion was transferred into a Teflon-lined stainless steel
autoclave. The substrates with the ZnO seed layer
were placed face-down and without seed layer sub-
strates were placed on the bottom of the autoclave.
Finally, the autoclave was sealed and put into the wa-
ter thermostat bath. The hydrothermal reaction was
carried out at 90°C for 5 hours.

ZnO nanocrystals were synthesized by chemical
bath deposition method. The growth procedure was
designed as follows: 0.6586¢g zinc acetate dihydrate
(Zn(CH;3;C0O0),2H,0) was dissolved in a 30 ml me-
thanol solution under vigorous stirring at room tem-
perature (RT), then ultra-sonicated for 10 min. DI
water (10 ml) was added into the solution under stir-
ring. Glass substrates were placed in a row in the bot-
tom of the conical flask with the prepared solution.
The conical flask then was put into a water tank at a
constant temperature of 63°C for 24 h. After the expi-
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ration of the ZnO particle deposition process, the con-
ical flask was taken out and cooled to RT.

The emission spectra of ZnQ nanorods were ob-
tained using a photoluminescence set-up coupled to a
0.75 m monochromator with diffraction grating and
high sensitive photomultiplier tubes. As excitation
source, a longitudinally pumped nanosecond pulse N,
laser emitting at 337 nm (pulse duration ~6 ns, P ~15
kW, repetition rate 100 Hz) was used. Emission spec-
tra were recorded using a boxcar integrator with a
gate width of 40 ns.

The morphology of the ZnO nanostructures was
examined using a scanning electron microscope
(SEM) PHILIPS XL-30.

ITI. Results and discussion

Morphology and particle size of the synthesized

ZnO nanostructures are shown in Fig. 1. Crystallized
the seed particles of ZnO deposited on substrates
have a similar shape with an average size of 10-20
nm as shown in Fig. 1a.
Figure 1b displays SEM images of the as-grown ZnO
nanorods grown on the substrate with seed layer. As
can be seen, the hydrothermal growth method pro-
vided to synthesis a high density of uniform hex-
agonal nanorods approximately 50—70 nm in diame-
ter and the length around 0.9-1.1 pm. Simultaneously
with the vertically aligned ZnO nanorod grown on the
seed layer, homogeneous nanostructures of ZnO were
also deposited on glass substrate placed on the bot-
tom of the autoclave.

Figure 1. SEM images of ZnO nanostructures obtained by
scanning electron microscope: a) crystallized the seed par-
ticles, b) nanorods, ¢) microrods, d) nanocrystals.

These ZnO microrods possesses spindle-shaped and
hexagonal form and their length and diameter are
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18—20 and 0.5—1 pm, respectively. Microrods are lo-
cated chaotically and have predominantly horizontal
positions on the substrate. The ZnQ nanocrystals de-
posited on quartz substrates have the same regular
cone form with the average sizes of 300-500 nm as
shown in Fig. 1d.

Fig. 2 shows the decomposition of PL spectra of
as-grown ZnO nanostructures grown by aqueous
solution methods at low temperatures into Gaussian
components. The PL spectrum of crystallized the
seed particles contains only a strong band in the
ultraviolet range and no emission bands in the visible
range were observed. However, PL spectra of ZnO
nanostructures except only seed particles consist of
two peaks: narrow and strong in the UV range with
weak and broad emission bands in the visible range

The deconvolution of PL spectra into Gaussian
components helps to obtain more complete
information about the radiation bands in the
spectrum. The Gaussian deconvolution shows that
The PL spectra contain a sharp ultraviolet (UV) peak
located at 378-386 nm and weak violet band (VB)
391-402 nm and a broad yellow emission band (YB)
around 558-568 nm [11]. The UV peak was
attributed to near band edge emission or free exciton
of ZnO. The yellow and blue luminescence bands can
be attributed to intrinsic defects and/or their com-
plexes, considering that ZnO nanostructures were
synthesized without extraneous additions. At the hy-
drothermal synthesis method, the reaction runs in an
aqueous medium with excess oxygen, which facili-
tates the formation of zinc vacancies. Theoretical stu-
dies predict that under ZnO-synthesis conditions with

' excess oxygen the zinc-vacancy and interstitial oxy-

gen formation enthalpy is smaller than that for other
defects [12]; therefore, zinc vacancies can be domi-
nant defects. Taking into account these data and our
results, we can suggest that the violet PL band near
395-405 nm in ZnO nanostructures is also due to de-
fects related to zinc vacancies or their complexes. As
was theoretically predicted, the (0/—1) transition level
for a zinc vacancy lies above the top of the valence
band by ~0.45 [12] or ~0.3 eV [13] and the (—1/-2)
transition level lies above the top of the valence band
by ~0.8 [12] or 0.7 eV [13]. Hence, electron transi-
tions from the conduction band or a shallow donor
level to a singly charged acceptor level of a zinc va-
cancy can provide luminescence with a wavelength of
395450 nm [14].

The yellow band is often observed in zinc oxide
nanomaterials grown from aqueous solutions at
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relatively low temperatures and is usually attributed
to interstitial oxygen or complexes formed with the
participation of oxygen. A ratio of the intensity of the
ultraviolet emission to the intensity of the broadband
emission indicates an optical quality of
nanostructures. It is remarkable in Fig. 2 that the ratio
of the intensity of the ultraviolet emission to the in-
tensity of the broadband (visible) of PL emission
bands depends significantly on the size of the nano-
structures. As the diameters of the nanostructures in-
creased from 70 nm to 1000 nm,
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Figure 2. PL spectra of ZnO nanostructures and their
Gaussian components.

the ratio of the intensity of the ultraviolet radiation
band to the intensity of the yellow radiation band de-
creased from 7.5 to 3.2. This indicates that the size of
the as-grown nanostructures increases, the concentra-
tion of defects in them increases and their quality de-
teriorates [9, 10]. According to the authors in Ref.
[15], the yellow luminescence from ZnO structures
was not sensitive to the surface modifications of the
nanostructures and could be originated from the
defects localized in the bulk, not on the surface. Thus,
changes in the surface-to-volume ratio of ZnO
nanostructures should affect the violet and yellow
luminescence intensities in opposite directions. The

surface-to-volume ratio N can be expressed as:

For the a) crystallized seed particles, b) —
nanorods c¢) — nanocrystals d) — microrods, the
surface-to-volume ratio is ~200, ~30, ~11, ~6.
Obviously, the crystallized seed particles have more
advanced surface but small volume than that the other
nanostructures and the yellow luminescence band
will dominate in the PL spectrum ascribed from the
randomly deposited ZnO microrods.
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Figure 3. Variation of the maximum of the emission bands
depending on the size of ZnO nanostructures.

Fig. 3 shows the variation of the maximum of
the emission bands depending on the size of the
nanostructures. Maxima of the UV emission peak
belong to the near band edge transition level shifted
from 378 to 386 nm. This result indicates that when
the size of the structure increases from 15 to 1000
nm, the values of bandgap energy (E;) decreased
from 3.28 to 3.21 eV. According to the bandgap
energy (E,) of the bulk ZnO, these results can be at-
tributed to the optical confinement effect correspond
to the size and length of nanostructures [16, 17]. This
results show that as the size of the nanostructures
increases, the maxima of all emission peaks also
move toward larger wavelengths at the same time.
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The fact that the shifts of the maximums of all the
emission bands occur under the same law also
confirms that the values of bandgap energy is
shrinking.

The position of the maximum of the emission
peaks varies inversely with the size of the nanostruc-
tures (Fig. 3). When the size of the nanostructures
ranged from O to 400 nm, the width of the energy
band gap became strongly dependent on the size of
the nanostructure, and as the size of the
nanostructures increased from 400 nm, the width of
the energy band gap became weakly dependent on the
size of the nanostructures.

IV. Conclusion

We have successfully synthesized various
nanostructures of ZnO in an aqueous solution at low
temperatures. ZnO nanostructures ranged in diameter
from 15 to 1000 nm and exhibited a hexagonal
structure. It was found that the photoluminescence
spectra of nanostructures are strongly dependent on
their size. As the ratio of nanostructures to the
volume of water increased, so did the number of
defects in them. At the same time, the optical quality
of nanostructures deteriorated.

It was found that the position of the maximum of
the  observed radiation bands in  the
photoluminescence spectra of nanostructures is
inversely related to their diameters. When the
diameter of the nanostructures ranged from 0 to 400
nm, the width of the energy band gap became
strongly dependent on the size of the nanostructure,
and as the size of the nanostructures increased from
400 nm, the width of the energy band gap became
weakly dependent on the size of the nanostructures.
The maximums of all the emission bands occur under
the same law.
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ZnO HAHOCTPYKTYPHHMHI (OTOIHOMHHECLIEHLIHS
xoccanapura YIYaMHUHT TAbCUPH

P.P. Kanonor', B.H. Pycramona', I11.3. Vpesor', 3.111.
lllaimqmanonl‘z

'Hon-nnasma Ba nazep TEXHONOTHSANApH HHCTHTYTH, V3P
@®A, Oypmor itymu kyuacu, 33, 100125, TomkeHT,
V36exucron

*¥a6exucron  Mummii VuuBepcurters, VYHUBEpPCHTET
kyuacn 4, 100174, Tomkent, V3bexucron

Vmby wmmna macT XapopaTHa CyRIH 3pHTManapia
ZnO HUHT TypnM Xul HAHOCTPYKTYPAIADHHH CHHTE3
KUIHI yCeynapy 6aés Kummarad 6ynub, cuHTes KUIHHTaH
HamyHanap ymuamnapuruar goromroMunecueHuns (DJI)
CMEKTpIAPUra TAbCUPH TANKWK KHIHHraH. HanoCTpyKTY-
panapHUHT auaMeTpiapu omub Gopumm 6unas ®JI crex-
TpuAaru ynrpabuHadma HypIaHWIN TIOJI0CACH HHTEHCHB-
JMUTHHWHT CapHK HYpPJAHWLI T10JIOCACH MHTEHCHBIIMIHTa
HHucOaTH Kamaliumm Ky3aTungd. HauOoCTpYKTypanapHHHT
muamerprnapu 15 BM gas 1000 BM raua yarapumm ynap-
HHHT TAKMKJIAHTaH 30Ha sHepruscununr (E,) 3,28 5B nan
3,21 3B rava kamaiimmura omd6 Kenuinme aHuknasga. Ha-
HOCTPYKTypanapHuHr muaMerpnapu ~400 HM DaH kuumk
6ynraHuga, TAKUKIAHTAH 30HA JHEPrHACH HAHOCTPYKTY-
PAHUHT YIyaMura Kyuwid GOFNMK 3KaHIMTH, HOCTPYKTypa-
map ymuamu 400 HM gaH KaTTanalurad capu Oy GornaHum
Ky4CH3 eKaH/IHTH aHHKIaHAH.

Kamr cyanap: ZnO HaHOCTPYKTypajapH, (oTolFOMHHEC-
LeHIHs, HyKCOHIap, ymuaM 3¢ dexTy.
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[puBenens: pesynbTaThl HCCAEA0BAHNS HENECOOOPA3HOCTH MHOIONPOXOAHOMH CXEML! HAKAUKH
B Na3zepax ¢ COIHewHOH Hakaukoi. PaspaboTan BTOpHYHHIN KOHUEHTPATOD, COCOOCTRYIONINI
MHEOTOKpPaTHOMY IIPOXOAZICHHIO COMHETHBIX (JOTOHOE Yepes aKTHBHYIO cpexy. [Ipn mcnomsso-
BaHHA MHOTOIPOXONHOH CXeME! Hakadky Habmonaercs yeemwuensme Ha 12.5% crnextpos mo-
svurecnesnnE Nd:YAG B OKpecTHOCTH NMHRHE IreHepallH Ha WiHHe soxas 1064 au.

Kmouesrle ciosa: Jlazepl ¢ comHeuHOI HakauKkod, MEOTONpOXoaHas cxema Haxayxw, Nd:YAG, sto-
PHYHEL KOHLCHTPATOP.

Here we present the results of our study on the feasibility of a multi-pass pumping scheme in
solar lasers. A secondary concentrator has been developed to ensure the multiple passage of
solar photons through the active medium. When using a2 multi-pass pumping scheme, an in-
crease of 12.5% in the luminescence spectra of Nd:YAG is observed in the vicinity of the las-
ing line at a wavelength of 1064 nm.

Keywords: Solar lasers, multi-pass pumping scheme, Nd: YAG, secondary concentrator.

I. Imtroduction

It is obvious that one of the many factors in-
fluencing laser performance is the pumping scheme,
regardless of the type of optical laser. Since the first
realization of the celebrated Ruby laser using a flash-
tube, diverse types of pumping methods and schemes
are being used. Laser engineering requires important
considerations for pumping schemes such as stabili-
ty, efficiency, and convenience.

Pumping efficiency is more critical in solar
pumped lasers. Because, firstly, solar lasers usually
use a primary concentrator for focusing solar radia-
tion, meaning concentrated radiation energy. Second-
ly, the solar spectrum is very wide in comparison
with absorption spectra of the currently existing ac-
tive media. There are mainly three categories of

https//doiorg/10.52304/¥2312.239

pumping schemes in solar lasers: end-pumping [1,
2], side-pumping [3, 4] and end-side pumping
schemes. Obviously, each has advantages and disad-
vantages in a particular circumstance. A noteworthy
advantage of the end-pumping (or combined end-
side pumping) is a relative longevity of optical path
length inside an active medium ensuring efficient ab-
sorption of solar photons. However, when end-
pumping scheme is used, the possibility of solving
scaling up problems is severely limited [3], in addi-
tion, control of the cavity layout becomes more diffi-
cult. These two are essential features required to
generate powerful, high-quality beams. The indicated
problems of end-pumping easily attainable in side-
pumping schemes due to the lower pump efficiency
due to the small value of the optical path inside the
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active medium. However, this leads to low efficiency
when using a side-pumped scheme. However, the lat-
ter leads to a low conversion efficiency of lasers us-
ing a side-pumped scheme.

Recently, we proposed a way to mitigate the
lower pump efficiency problem in the side-pumping
scheme where the effectiveness of multi-pass scheme
is demonstrated using a simulation model based on
Monte-Carlo photon tracing method [5]. In this pa-
per, our aim is to experimentally study the feasibility
of a multi-pass pumping scheme under solar illumi-
nation using a Fresnel lens. In next section, we brief-
ly describe the experimental setup.

II. Experimental setup

We developed a new chamber with a retro-
reflector [6, 7] for side pumping. Figure 1 shows a
photo of the developed camera for multi-pass
transverse pumpmng. The camera was made of
aluminium and the interior surfaces were polished
and silver coated The intemal dimensions of the
camera are 14mmx30mmx35mm.

- —T b S e o S z

Figure 1. Chamber for multi-pass side pumping.

Concentrators based on a Fresnel lens [8], in
contrast to parabolic solar concentrators, have a more
smeared spot with a relatively large diameter with the
same dimensions of the Fresnel lens due to dispersion
in the material from which the lens is made. In this
regard, to reduce losses at the chamber inlet, we de-
signed a secondary concentrator with a cone shape.
The reverse side was coated with silver and served as
a retro reflector providing multi-pass pumping. The
reflection coefficient of the inner walls of the pump
chamber as well as of the retro-reflector was about
90%. Using this camera, the experimental setup
shown in Figure 2 was developed.

To measure the luminescence spectrum, an ASP-
150T spectrometer is used, which allows measure-
ments in the spectral range 170-1100 nm, which

@ Academy of Sciences of Republic of Uzbekistan, 2021

covers the luminescence spectra of Nd:YAG. As a
source of excitation, we used solar radiation concen-
trated by a small Fresnel lens with dimensions of
18x24 cm® with a focal length of about 30 cm and a
transmission of ~75%. The power at the focus of the
solar concentrator could reach up to 30 W with solar
radiation intensity of 950 W-m®, and the focal spot
diameter was ~5 mm. In the experiments, the active
element was cooled with distilled water to prevent
unwanted thermal effects.

Figure 2. Block diagram of the experimental setup and a
real image of the active medium.

ITl. Results and discussions

The experimental setup was used to measure the
luminescence spectra of the Nd:YAG laser medium
under excitation with concentrated solar radiation in
tum with and without the use of a retro-reflector
(front wall of the chamber with a conical secondary
concentrator, see Fig. 1) and compared the results.
Based on these comparisons, the effect of enhance-
ment of Nd: YAG luminescence due to the process
of multi-pass transverse pumping was estimated.

The following figures (Figs 3 and 4) show the
obtained luminescence spectra of Nd: YAG in the

* vicinity of the 1064 nm lasing line. As can be seen

from these spectra, when using a retro reflector (the
front wall of a chamber with a conical secondary
concentrator), an increase in luminescence is ob-
served in comparison with the spectrum obtained in
the absence of a retro reflector. Calculation of the
line area ratios in the wavelength range of
1050-1080 nm for cases with and without a retro ref-
lector showed that it was 1.125, that is, an increase of
12.5% 1s observed when using a retro reflector,
which confirms our idea of multi-pass pumping to
increase the efficiency of lasers with solar pumping.
As for the not very large magnitude of the amplifica-
tion effect, this can be explained by the not suffi-
ciently high reflection coefficient of the pump cham-
ber walls, which was about 90%. An increase in the
reflection coefficient to 97-98%, we assume, may al-
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low further improvement in the results of measuring
this amplification effect.
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Figure 3. Nd:YAG luminescence spectrum in a scheme

without a retro reflector,
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Figure 4. Nd:YAG luminescence spectrum in the scheme
with a retro reflector.

1V. Conclusion

A new multi-pass pumping camera — a laser
head for transversely pumped solar lasers has been
developed and created. An experimental study of the
luminescence spectra of Nd:YAG under excitation
by concentrated solar radiation has been carried out.
Application of a multi-pass pumping scheme enables
an increase of 12.5% in the luminescence spectra of
Nd:YAG is observed in the vicinity of the lasing line
at a wavelength of 1064 nm when the reflection coef-
ficient of the inner walls of the pump chamber is
about 90% confirming the practicality of the pro-
posed scheme in solar lasers
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Kyém nazepiapu yuyn KVn-yTHuLIH onTHK aam-
Jam cxeMacu e THBITHIMHH dKCIepH-MeHTAN
Yprauum

A.A. lepaneson , L Maiiznes, ©.A. lepmatosa,
IILA. Berumxynos, A.I'. Kaxxopos, ®.M. Kamomi-
munos, A.I'. Armboes

Hox-nnasma Ba nasep TeXHOAOrMsapi MHCTUTYTH, I¥pMoH
iy kyaacu 33, 100125, Towkenr, Yabexuceron

Kyéw nazepnapupa Kyn-YTHUUIH JaMJAL  CXEMACHHH
Kynnam wmaxcamra MyBoukiury 6Yiimua  yrxasuuran
TANKMKOT HaTokanapu kenmupwirad, Kyéuan kenaérran
toronnapuuHr Gaon MyXMT OpKAIM Ky Mapra YTum
UMKOHMHH Spatul OepyBuM WKKWIAMYH KOHUEHTpATop
wumab  wmwg. Kyn yraoum pamnam exemacupan
tolipanannnranga, Tynkun ysywmrn 1064 um  Gynran
renepauns wusnry  skuauga Nd:YAG nymmmecuencus
cnexTpuruHr 12.5% ra oumum Ky3aTunm.

Kamer cyasap: Kyéw nasepnapyw, xyn-ymawnm namma
exemach, Nd:YAG, MKkunaM4m KOHUEHTPATOoP.
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Paseuta Teopus (OpPMBI IMHHH pasMepHO-(OHOHHOTO TOrTOMIEHHS CBETA B Pa3MEepHO-
KBaHTOBaHHON MOITYTIPOBOJHHKOBOI! TIPOBONOKE MAMHHAPHYecKoil Gopmel. TTomyyens! somHo-
Bele YHKIMH H SHEPreTHYeCKHil CIeKTp 3/ekTpoHa. Ha ocHOBE 3THX BONHOBLIX QYHKIHH O~
pemeneH MaTPHUHLIH 3neMeHT onepatopa Oypbe pasnoxkenHs (OHOHA M MONYHeH raMHIbTO-
HUAH B3aMMOJEHCTBHS 3IeKTPOHA C OOBEMHBIMH ONTHUECKMMH (OHOHAMH. [l OLEHKH |ile-
HOB pAJa TEOPHH BO3MYIIEHHH HCIONL30BaHa CTaHAapTHas rpaduyeckas TexHuka. [lokazaHo,
4TO pa3sMEpPHO-()OHOHHOE [OIJIOLIEHHE COAEPKUT KBaAPATHUHYIO JIOTapH(OMHUECKYIO
cHHrynspHOCTh. IlONMyYensl 4YacTOTHBIE 3aBHCHMOCTH PE30HAHCHOTO Pa3MepHO-(HOHOHHOrO
TOTJIOMIECHHS, KOT/la NEPEX0 MeKIY YPOBHSIMH COMPOBOXIAETCS HCMYCKAHHEM ONTHYECKOro
tonona. Onpenenens! CneKTphl 3/1€KTPOH-QOHOHHOM CHCTEME! B CIy4de PE30HAHCHON CBA3M
MEXAy COCEHMMH ypoBHsAMH. ITokaszaHo, UTO pe3oHaHCHOe pa3MepHO-(OHOHHOE Moriole-
HUE paclIensAeTcs Ha IBa KOMITOHEHTa, PACCTOSHHE MeXy KOTOPEIMH CYIIEeCTBEeHHO Gonbie,
4yeM B oObeMHOM ciTyHae.

Kinouessie wiosa: dopmMa nHHHE, pasMepHO-(JOHOHHOE TTOTTIONIEHHE, MEXVPORHEREIE YACTOTHLIE
3aBHCUMOCTH, CMIEKTPEL, 3EKTPOH-({IOHOHHAN CHCTEMA, PACIIEIUICHHC JTHHHIA,

The theory of the shape of the line of size-phonon absorption of light in a size-quantized cylin-
drical semiconductor wire is developed. The wave functions and the energy spectrum of the
electron are obtained. On the basis of these wave functions, the matrix element of the Fourier
operator of the phonon expansion is determined, and the Hamiltonian of the interaction of an
electron with bulk optical phonons is obtained. To estimate the terms of the perturbation theory
series, a standard graphic technique is used. It is shown that the size-phonon absorption con-
tains a quadratic logarithmic singularity. The frequency dependences of the resonant size-
phonon absorption are obtained, when the transition between the levels is accompanied by the
emission of an optical phonon. The spectra of the electron-phonon system are determined in
the case of resonance coupling between adjacent levels. It is shown that the resonant size-
phonon absorption splits into two components, the distance between which is much greater
than in the bulk case.

Keywords: line shape, size-phonon absorption, frequency dependences between levels, spectra, electron-
phonon system, line splitting.

hittps//doi.org/10.52304/,v23i2.240

I. Bseaenue
[1]. Beumr cpenanel 3aMedaTenbHEIE OTKPHITHS B 00-

Bonee 50 ner Hasaj Hayanoch W3ydeHWE KBaH- 1acTH (H3AKH HA3KOPA3MEPHOTO TEKTPOHHOIO rasa
TOBEIX 3()(EKTOB B MOMYNPOBOHAKOBELIX CTPYKTYpax [2], ZOCTHIHYTHI MOPa3HTENLHEIE YCIEXH B TEXHONO-
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run [3], nocTpoeHsi HOBLIC ANeKTPOHHLIC [4] 1 onTo-
anexTpoHHkie [5] nprbopel. CeroaHs B du3nueckux
naboparopHax aKTHBHO NMpOjON#arOTes paboTsl, Ha-
NPABICHHLIC HA CO3JaHHC H HCC/IS0OBAHHE HOBAIX
KBAHTORKIX CTPYKTVP ¥ npubopor. DTH KBaHTOBHIE
CTPYKTYPH! B IPHOOPEI CTAHYT 3MEMEHTAMH GONBLLIHX
HHTETPANBLHBIX CXEM, CIHOCOOHBIX ¢ BHICOKOH CKOpO-
CTLIO mepepadoTaTh H XPaHHTH OMPOMHEE 0OBLEME!
uadopmanuu [4]. BoaMoxHO, 4TO yike uYepes He-
CKOJIBKO JICT HACTYNHT 3pa KBAHTOBOHA MOJIYNpPOBOA-
HEKOBOH 3MEXTPOHHKH.

OnTeyeckde H MarHeTOONTHYECKHE HCCIeao-
BaHHA HUIKOPA3MEPHBIX CTPYKTYD (KBAHTOBBIC SMEL
HHTKH ¥ TOYKH) B HACTOAIIEEC BPCMS HWHTEHCHBHO
pazsueatorcs [6-11).

Kak orMmewanocs B mateparype [7, 8, 5, 12-20],
HCCNE0BAHAE PEIOHAHCOB B MOTMOMICHHH, OOYCIOB-
MENNLIX BRYTPHIONNLIME ANEKTPONHEIME MEPeX0oa-
MH C YHACTHEM ONTHHYECKWX (OHOHOB, MOKET 1aTh
gennyio WHGOPMATIIO O NapaMeTpax JIEKTPORHOrO
9HEPreTHWEeCcKOro CMeKTpa H NoTeHuHane KoHbadH-
MEHTA.

B cBs3m ¢ 3THEM NpeAcCTAaBNfeTcs AKTYATLHLIM
HCCIENOBANAE BITAAHAA ONTHYCCKAX HOHOHOB HA MO~
FIONICHHE CBET2 SNCGKTPOHAMH B PA3MEpHO-
KBAHTOBAHHLIX TOMYNPOBOAHAKOBEIX MPOBONOKAX B
crry4ae, KOraa NeKTpoH-(POHOHHOE B3aHMOACHCTBHE
ACKaXACT HACTOTHYIO 33BHCHMOCTH MOrMOMEHHS.
Opaun u3 takux 3hdexkroB sBnAETCE pasMepHO-
toronnwit pezonanc [12-13, 20], npr xoropom mo-
romesRe csera 00YCNOBICHO MEPEXONaMH 3eK-
TPOHA MEXJy PAa3MCPHO-KBAHTOBAHHBIME YPOBHAMH
¢ yuacTHeM onTrueckoro hoxona

Ilens wHacrosme#t paloTel 3aKmOYaeTcy B
HCCNEOBAHHN  PaIMEPHO-(POHOHHOrO NOMMOMICHAS
UTCKTPOMArHATHOTO HITYYEHHS KBAsHOAHOMEDHBIM
KBAHTOBbIM KEHAIOM LMJIMHJAPHYECKOH (OpPMEL
Paccmarpusaerca  pasmepHo-oHOHHOE nornome-
AHe, KOTJIa PAcCTOSHHE MEKIY IABYMS YPOBHAMH
npoussonbiHoe. M3ywaloTcs HACTOTHHIE 3aBHCH-
MOCTH pa3sMepHO-(GOHOHHOIO MOrMONICHHS B CHyYae
Pe30OHAHCHOM CBA3H [ABYX COCEAHHX YpOBHEH, TO
€CTh, KOTZIa TEPEeXOX MeXAy ISTHMH YPORHAMH
COMPOBONKAACTCS HCITyCKaHHEeM ONTHYECKOro
thoHOHE.

II. MocranoBka 334a9M W OCHOBHBLIE COOTHO-
eHHs

PaccmoTpuM H30TPONHEIA MONYNPOBOAHHK KYy-
Ouveckolf CHHTOHHM ¢ napalonAYecKMM 3aKOHOM
HNHCIEPCRE SNEKTPOHOB. TeMmmneparypa M KOHUEHT-

pauds SNCKTPOHOB NPEANONAraloTes  AOCTATOYHO
HH3KAMH, TEK 4YTO 3aCe/ieH TONbKO HHAKHHI YPOBEHSL
PasMEpHOrO KBAHTOBAHWE B TONYIPOBOAHWKOBOMN
MPOBOJNIOKE, & ONTHYECKHE QOHOHEI He BO3DYKACHEL
SNEKTPOMATHATHOS HITYYCHHE MOTTIOMAETCS 38 CUeT
nepebpoca MeKTPOHOB Ha Gonee BHICOKHE YPOBHH C
HCITyCKaHHEM ONTHYECKOro (OHOHa.

B npuGmamennmr  3dpdexTHBHOR  MaccH
ypasaenne [lpegurrepa B  UHAHEAPAYECKOH
CHCTEME KOOPAHHAT HMEeT BHJ

WwWld 1d _1d_d -

— |ttt —+V \Z)=
= Ey(p,2).

(n

3nece m, — adekTHBHAZ Macca UIEKTPOH3, p =

(% ), [ =+/x* + ¥, x = psing, y =pcosa, tg © = x/y.
Mp) - asymepras, Oeckoseuno rnybokas,

chepuyeckd CHMMETPHYHAZ NOTeHUHATLHAS AM3,
3ajasaemas B BHAC

0 opmp<R

V = ’
) {w npEp2 R

(2)

rae R — panuyc nuomany MONEPeYHOro CeueHHN
NPOBONOKA W pemende ypaBHerus (1) zonmwHO

COOTBETCTBEHHO YAOBIETBOPATE TPaHHYIHLIM
YCIOBHAM
(p,z)#0
{“’ i) 3)
v(p,z)=0

Taxum obpasom, pemenne ypassuenus (1),
YHOBNETBOPSIOWICe TPAHWYHEIM ycrnoBHsM (3) =

HOPMHPDOBAHHOC HA SAHHHIY HMECT BH]

_expli(mo+k,2)]

. Jm( ),
\/IL, R‘Iml (bn )

v(p.z) (4)
rae

A, =b /R (4a)

Torma ypoBHH  JHEpPrHH  3MEKTPOHA B
KBaHTOBAHHON  MONYNPOBOJHHKOBON  NPOBONOKE
OMPENENTOC BEIPAKCHHEM
E(nk,)=0b} 12mR* + Wk2 | 2=E, + Wk2 | 2m,.

()

3aece J, ~ pynxumm Beccens nepsoro poaa nopsaaka
m [21], k. — BONHOBOI BEKTOP INEKTPOHA, XApaKTe-
pH3YIOIHE cBOOOIHOE ABIKECHHE BAONL OCH Z, M —

DAxagemus Hayk PecnyBnurn Ysbexworan, Talukesr, 2021 r
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L. -

a3UMYTaNbHOE  KBAHTOBOE  WHCJO,
HOPMHMPOBOYHEIH MHOXKHTCNS, b, — KOPHH (yHKIMK
Beccens, KOTOpsIC MpHBEACHE B Tabmaue,

Tabanua. 3HavcHRs kopHel Qyrkumn Beccens.

Cocroanue Is Ip id 2s
b, 2405 3832 5136 5520

Cocrosnue 3f 2p 2d 3s
b, 6380 7016 8417 8.654

B cioywae majzenma  cseroBoit  BommBL  S-
NONAPH3AUMHA 110 YoM 6 co CTOPOHBI AHINEKTPHKA
Jond TOTNOMEHHOH JHEPIHHE N0 OTHOIICHHIO K
JHEPTHE najaro e BOJTHBI onpeenseTcs

BhIpakeRHeM [22]

4 =cosGa(m)[cosO+J(a, /€, )—sin® GJ‘Z, (6)

Tle €, H € — CTATHYCCKAN IEKTPHYCCKAS TIPOHH-
LIACMOCTH COOTBETCTBCHHO MOMYNPOBOAHHKA M IH-
MEKTPHKA, © — HACTOTE MAJRIOMIETO 3NCKTPOMAr-
uurnoro mutydenus. Oymxupn afw) onpexenser
MACTOTHYHO 3a8BHCHMOCTE NOTTIOMCHAS, OHA BRIpaXKa-
eTCA uepes AByX4YAacTHYHBIH Koppenatop Ges,p)
[23]:

4n

a(@)=—r= S I)T ReG, (s,B).

oNe; ‘=

(7
rae
G (5.B)=
+40)

0 p 1‘ M ) 8
= Idte" Idk&o{ﬁ‘oe"'lmma;aae-# a;a'} ®

— o
3aect Fy =exp(~-pH)/ Spexp(-BH), s=—at+d, §-0,
B=T" T - remmeparypa, a,(a,) — oneparopu
poxaenns (YHAYTOXEHHS) 3MEKTPOHA B COCTOSHHH
a=(m, n, k.), 3 — noNHELGT raMEALTORRAHN ITEKTPOH-
(hOHOHHOH CHCTEMEI,

MarpuuHBIE 3MEMEHTEI ONEPATOPa MJIOTHOCTH

TOKA, BRIMHCICHHBIE HA OCHOBC BONMHOBBIX (YHKIHMH
(4) mmeer Bun

1) =ieRh™ (E, - E, )8(k! - k2 )x

(9)
X (8-&.-.“ < sm.m.-l ) R:':‘ ’

rae

©Axagemun Hayx Pecnybnuxu Yabexucran, Tawkedt, 2021 r

R:.:: = [J-d (bn )Jn‘-'l (bn )r' X

‘ ’ (10)
x [du s, (b,u)J . (b,u)

€ — ANEKTPAYCCKHT 3apajl NeKTPOHA.

BaanmogeficTeRe 3eKTPOHA ¢ OOLEMBEIMK
ONTHYECKHMH (OHOHAMH ONHCHIBAETCY T'AMHILTO-
HHAHOM

He = Y [CoT o (§)B; +3:0]aia,,

q

(11)

rae
C, =-i(ho) 4xeld 1V ()",
l,-(hlzm:mo)x, , o (12)
oy =(e* / 2hoyl, ) (7' —€3')
Jew(§) = ~arpuumsii anemenT oneparopa

exp(igr) , BHLIYMCTEHHEIA Ha OCHOBE BONHOBBIX
hymxuuit (4)

T (§)=8(k] = k7 =g, )

xexp[l(%)(m, -m, )]D,:': (gR), (13)

rac
D2 (qR) = 2[J 1 (8, ) (b )] x

! . (14)
%[, (,u)J o (qRU)T o (bye)
0

3necs by(b;) — oneparopul yumuToxeHus (poxne-
HEN) ONTHYCCKOre (OHOHA C BOSHOBBIM BEKTOPOM

6=(uny.q;): 6=\Jq:+qi , p — HACcToTra OnTH-

4yeckoro OHOHE, €. — BHICOKOMACTOTHAR JIH3INEK-
TpHYECKas TPOHHUAEMOCTE NONYNpOBOAHWKE, V' —
HOPMHPOBOYHKIE 00BeM.

IIL. Anaau: norjoueHHs ceera
1111, PazmepHo-bonoHHoE noromenue

Yrobht a36exars HATHITHE FPOMO3AKAX hopmy,
AansHeRuree PacCMOTpPCHHE neneco-o6pasao
MPOBECTH 1pH HEKOTOPBIX HaCTHBIX
NPEANONOKCHMNX, KOTOPHC HEC HCKAKAIOT kadecT-
BEHHYIO CTOPOHY SBIICHHSA.

Byaem cumTarth, 4TO 3aMONHEH TONLKO HHKHHN
YPOBEHL pa3MepHOTO KBanToBamds |s (m=0, n=1)
Ontaveckne doHoEW He Bo3DyxaeHL, a wacrora
cBeTa J0CTaTOYHE AnA mnepedpoca IMEKTPOHA Ha
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yposeHs 1p (m=1, n=1) u poxaenus oanoro GoHoHa.
W3 (6) u (7) BAAHO, YTO HEOAHOPOAHOCTH Cpeis! B
xoppenatope Gy, NPOABNACTCS TONLKO B 34BUCH-
MOCTH YPOBHEH 3HEPraH H MATPHYHLIX 3JICMCHTOB OT
KBaHTOBLIX wHcel. [losroMy s ero BBIYHCIEHHS
HNPUMEHACTCS CTaugapTHas rpagHyueckas TEXHHKA
[23]. Burmemum cmawana G,, B nHHEHHOM MO
3MEKTPOH-(DOHOHHOR CBA3M NPHONMAKEHHH, KOTOpOE
WMEET B/, COOTBETCTRYFOLUMMN rpaduky Ha puc. 1.

Pucywox 1. Tlpocreitumit rpaduk yrioBoil 4acru,
onpeaemmonii Ggy

G (5.8) = (1) x
3 N, [Cof s (@)

5 R, h (g, + @, ) (5 + fw,, )5 + (g, + )]
(15)
IMoncrasnas (9) u (15) B8 (7) u nepexoma or
CYMMHpPOBEHHSN TO k; M § K HMHTErpMpOBAHHIO,
MPOX3BOJY MHTErPHPOBAHHE MO MONAPHOMY YTy @,
MOTYYHM, YTO

a(m)/ a(0)=
_.J'drN (I)Idxj.yd Dn'x'iJ(":i_L]")) 8(1+1*=x?)’
(16)
rae
16, RI0 (OO
(0)—-\/—( )( )‘ |(‘°21+‘°o)(c°‘mz|)'
I=(0-0y; -0/,

= () 2m R (B2 - 87), ()
ITpu musxux temmeparypax No(f/) MOXHO 3aMeHHTH
crynenskodt, T.e. N,(1)=0(E, = E,=ho,t*) , rne
0(x) ecTh hyHKLHA Xenucaiiza, a
Ep=E,=(nn"/2m)n, , ny - xonuentpamms
9NEKTPOHOB Ha ypoeHE 1§ (m=0, n=1).

Taxum o6paszom, wmterpan 8 (16) mo f
obpesaercs ma f, = (n*hn, / 2mw,)"* .

MMpu T'>0

a(w)/ a(0)= i?r'd-:-=12[D* (T,0)+D_(T,1)], (18)

D: (r.1)=Tydy, IDlll‘(yR/ld

27 °
0 [y’+(ti F+t’)]
a mpu I'<0

a(m)/am)ni%m (1) + - (r}.0),
| -
(20)

(19)

Ty [PHORIL
o [}’2‘*(’1\/’1-'”)2]

a(w)=0, ecnn [[| 27
pasnokenns Moguduurposanubx Qyakuni Beccens
[10], Moxno moxasars, aro npr |[]—> 0 pasmepso-

(OHOHHOE MOIMONIEHAE COAEPKHT KBAAPATHUHYIO
norapupMUIEcKyIo CHHIYJIIPHOCTh, T.C.

(@) / eu(0) ~ (In|I])*.
Ecmm T3> 12, o, kax aro cnemyer 3 (18) u (19),
a(w)/ a(0) =1, /T,

IIL2. PezoHaHcHoe
B3auMojIefcTBHEe

(21)

. Ucnons3ys acuMnrorn-ueckue

2neKTpoH-hoHOHHOE

PaccmoTpum BaNHbIH cryvaii, Korja
Ky, = E =hoy, , u anextpoH, 3a0poLueHHs Ha ypo-
BeHb 1p (m=1, n=1), MOXeT UCIYCTHTEL ONTHYECKU
donon u nepeiitn wa yposenw ls (m=0, n=1). Ilpn
ITOM HENb35 OTPAHWIHTHCS JIMHEHHLIM 110 KOHCTanTe
CBAZM o MpuOmMkenueMm, tak kak rpaduxm Gonee
BLICOKHX TIOPA/IKOB NOrapuh)MUYECKH BEIHKH BOTH3H
qactor ©=2w,. Pesynerar cyMmHpoBaHus rpadm-

KOB CBOZHTCA k 3amene B Qynkumm Gy, (popmyna
(15)) 3HAMEHATEJIS [s+i(eg +,)] Ha
[s+i(0y, +@,)-X].

Dyuknus I, onpeaensiomas moBENACHHE [IOIT10-
meHns B 06nacTH peloHaHca, MPEJACTABNAETCA CyM-
MO HENPHBOAMMLIX rpaduKoOB, B KOTOPHIX (OHOH-
HEIE IMHHH PACIONOKEHE! HA BEPXHEM TOPH3OHTAN b=
HOM y4YacTKe cleBa OT BHewHel (GOHOHHON JMHWH
(puc. 2).

ODyuxuus L pasHa

@AKanemus Hayk PecnyGrnuky Yabexucran, Tawkenr, 2021 r,
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8.7a
I= =y —— ) (22)
NI+ A+12
- "—\
A Y
X X
Pucymox 2, ®parment rpaduka, Onpepensrouuii
dyHkumio Z,
rae
A=(0y =)/ . (23)

Vpasaenue s onpeieNieHus CNeKTpa Snek-
TPOH-(POHOHHOMN CHCTEMBI HMEET B

(24)

rae
e=I"+1%, n=2870. (25)
Ecmn A=0 (pezoraHCHEIH ciryvai,
E, = E, = hoy ), To xopHu ypasHenus (24) npu o =
0,02 (InSb) ByayT crexyroummy:

g = 0.15+0.267; €;=-0.3. (26)

Jns  monydeHMs  9ACTOTHOHW  3a8BHCHMOCTH
nornomenus neobxoxumo B Gopmyne (15) 2namena-

TCB [5+ (03, + @y )] 3AMEeHHTD Ha
[s+i(wy +a,)~X], sarem w3 (22) £ nmoncrasuts B

(15) n, nakoHew, NONy4YeHHOE BLIPAKEHHE MOACTANTD
& (7); momyaam

o »(DUR /1, | ydy
o(®)/ ot(0) = fa [ L= °2H F(T.t); (7)

0 Yo+t

0 -1
“rp i if] 2,
F(I,f)=Re— dx{[‘+t’+ -X +18} ]

“_J.; VL4 A+

(28)

[Tonaras A=0 u pasnenss BELIECTBEHHYIO H MHAMYIO
gactu B (28), nonyuum npu >0

a(w)/a(0)=
1 F(T.0)B(t)dt
—;El__ _z ﬂm A 3 2,23 o
{|:[I'+t —T) +2m ](F+t +1n )}
(29)
rae

@Akanemus Hayk PecnyBnuku Ysbekucran, TawkenT, 2021 r,

SO0 =[(C+2) +NT+2 (T +2) +02 %2,

(30)
Anamaupys (29), moxuO yBEmETh, WTO 3(dexT
cymecrser npu Mamux . Tax wro mpm * <[,
npeneBperas £ 1o cpasHenmio ¢ I, momydum npu
I=0:
a(w)/a(0)=

J'I

__f(l",O)_ 7 | diB(1);

- _.l -
T e

Korjga -n% sI's0,
a(m)/a(0)=

_1 (reni)” ijdtB(t)'
J2 (I-2+n2f3|,n+nu3)}"1(nzza 'lrl) !

(€2D)

(32)

W3 npusepeHnsx (popMyT BHIHO, YTO pasmep-
HO-()OHOHHOC  TOrMIOMCHHE B  IAITHHAPHYECKOM
MOYINPOBOAHMUKOBOW  NPOBOJIOKE  MMEET  JBa
MAKCHMYMA, KOTOPHIE PACTIONMKEHBI B  TOMKAX

[(=-n"" u T,=1""2 Paccroame mex1y
makcamymamu A =(3/2)n"*hw,, T.e. A=10.35 MaB

(InSb), uro cymecTrenHo Gonbire, YeM B 0OBeMHOM
cnyuae [24].

IV. Ob6cyxnenne pesyisTaToB

PaseuTas BHINE TEOPHS MPEACKASHIBACT PE3KOC
H3MEHEHHE CTIEKTPA PasMepHO-(DOHOHHOIO pe3oHaH-
cA B CIyHac PE3OHAHCHOH CBASH MEKIY YPOBHAMH
PasMEepHOr0 KBAaHTOBAHMA, T.C. KOTAA PACCTONHME
MEXKIY YPOBHAMM, YYACTBYIOIMMH B ONTHYECKOM
nepexoze, GIM3K0 K SHEPrUM JUIMHHOBOJIHOBOTO Oft-
THYeckoro Gomona £, — k| = hw, . Takan curyauns
BO3MOKHA B [IOTYIPOBOAHUKOBBLIX MPOBOIOKAX C pa-
AuycoM momepedHoro ceveHus R=32.5 um (InSb).
Jlurmm pasmMepHO-(HOHOHHOTO MOIMOMCHUA pacer-
JAKOTCA HA 1(BA KOMIOHEHTA, PACCTONHHC MEKIY KO-
TOPHIMM  OTIPEIENINETCH PE30HAHCHBIM  3JIEKTPOH-
¢ornonnbIM B3aumoelicTBueM. Benwuuna pacmen-
JIEHUS TIPH 3HAYEHMAX KOHCTAHTHI CBA3W i InSb
A=10.35 M3B cymecreenHo Gonsiie pacmeruieHms
JIMHUH B LMKIOTPOoH-GoHoHHOM pe3onance [25].
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B xakux BemecTBax CleAyeT OKHIATEH MOABIIE-
HHA PacCMOTPCHHOIO DAcLICIUICHHA NHHHH Ha JBa
KoMTIOHeHTa? 3TO AOIDKHE! ORITH KPHCTATITH C MaNoH
3(deKTHBHON Maccoil 3NEKTPOHOB, CPaBHHTENBHO
GomemIoi KOHCTAHTOM IMEKTPOH-POHOHHON CBA3H H
HE OYCHb MANOH NIMPHHOH 3anpemeHHoH 30HHL [lo-
ClIeJIHEE YCNOBHE HeOOXOMHMO Ul MpeHeOpexeHus
HenapaboNUYHOCTEI0 3aKOHA JHCIEPCHH SNEKTpOo-
HOB, 4T0 cAenaHo Beime. K TakWM BemecTBaM OTHO-
CATCS MHOTHE H3 COeAMHEHWH rpynms! A;Bs, Tak Kax
Y HHX KOHCTaHTa OJJIEKTPOH-QOHOHHOH CBI3H
o, ~ 0.0, mmpuna sanpemennol soms E, ~13B .
EctecTBenHo, 9TO B peankHO CHTYALHH THHWH pac-
IMUPSIOTCH, H KAPTHHA PAacIICIUICHHS CTAHOBHTCH
sMeHee oTieTHBOH. OIHAKO PacCMOTPEHHENN BRITE
MEXAHH3M DACCEAHHR HA ONTHYCCKUX (JOHOHAX ABIS-
€TCd Pe3K0 HEMOHOTOHHEIM (B OT/IMYHME OT AMCCHIIA-
THBHEIX MEXAHH3IMOB, KOTOPHIE MOHOTOHHO 3aBHCAT
OT BHEIIHEH 9acTOTH) H MOXET OBITH BRIASICH HA HX

dome.

Merananssie

Features of size-phonon absorption of light in cy-
lindrical wires

B.E. Eshpulatov, D.Sh. Khuzhanova, A.Sh. Khuzhanov

Samarkand branch of the Tashkent University of Informa-
tion Technologies named after Muhammad al-Khorezmiy.
Sh. Mirzo, 47A, 100140, Samarkand, Uzbekistan

The theory of the shape of the line of size-phonon absorp-
tion of light in a size-quantized cylindrical semiconductor
wire is developed. The wave functions and the energy
spectrum of the electron are obtained. On the basis of these
wave functions, the matrix element of the Fourier operator
of the phonon expansion is determined, and the Hamilto-
nian of the interaction of an electron with bulk optical
phonons is obtained. To estimate the terms of the perturba-
tion theory series, a standard graphic technique is used. It
is shown that the size-phonon absorption contains a qua-
dratic logarithmic singularity. The frequency dependences
of the resonant size-phonon absorption are obtained, when
the transition between the levels is accompanied by the
emission of an optical phonon. The spectra of the electron-
phonon system are determined in the case of resonance
coupling between adjacent levels. It is shown that the reso-
nant size- phonon absorption splits into two components,
the distance between which is much greater than in the
bulk case.

Keywords: line shape, size-phonon absorption, frequency depen-
dences between levels, spectra, electron-phonon system, line
splitting.
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MuauHapHK cEMIapaa SpYFAHKHHHT Yordamiau-
($hoHOH IOTHIHINH XYCYCHATIADH

B.3. Smnynaaros, JLII. Xyxarosa, A.IIl. Xyxanos

Myxamman an-Xopasuuii mommpar# ToikesT axSopor
TEXHOJOTHANAPA YHHBEPCHTeTHHHHT CaMapKasn tunuamm,
II1. Mupso, 47A, 100140, Camapkasz, Y3bexucror

¥V maamim-KeaKTHaRTaH ORIWHADHK SPHMYTKASTHGTH CHM-
73 EPYFIWKHWET YIHaMNE-GOHOH OTHNWIN YH3AFHHAHT
MaKTH HA3apHH Yprasuaras. JNeKTPOHHHHT TYIKHE
(GYHKOUACH Ba 3HEPreTHK CHOeKTpH aHHKAIaHTad. by
TymxaE dyHEKuEScH acocuna gosoHHEHET @Dyp’e KOMIIO-
HEHTACH MATPHIA INEMEHTH aHHKIaHraH Ba SNICKTPOHHHHT
xazmuil ontek Qomon Ounan ¥sapo TabcupE [ aMHIBTO-
HHaHH Tommirad. Tamadumap HAsapHSCH XaNIapUHH
faxonam yuyH CTRHEAPT rpadux Texsuxacuias poiinana-
HUNraH. YiuaMmiE-(OHOR IOTHNHINHIA KBAAPATHK JIOTap-
dMuK CHETYISPANK MAaRKYUHIH Kypcaminrad. PesonaHC
Vrmeanums-GoHON IOTHAMIIMHEUHT HACTOTAra OOFIHKINTH,
amepreTHK XonaTIap opacunard (apk onTHk QOHOH 3HeEp-
rHSCHTA TeHT OYIrasupar# yprasunrad. JneKTpoH-GoHOH
TH3WMAHNHAT CHSKTPAApH KYIIER 3HEPreTHK caTxnap opa-
cHAa pe30HaHCHAH OOFNMaHMIl  MaBXyAd OYyAraHHIA
aHuKIadrad. DyHIma ynuamnu-(JOHOH FOTHIMINH HKKATA
KOMIOHEHTAra aKpaNyind KYPCATHITaH Ba yiap OpacHIa-
ru Macoda XKMITH HaMyHaza OVnamurad aKpamTHIIgarira
KaparaHaa aHqa KaTTa 3KaHIHIH KyPCaTHATaH.

KanaT cyzaap: Juzuk wakms, yruaMni-OoH0H FOTHIHIN,
YacToTara OOFMHKNHK, XONaTiap OpacHfarH CIeKTpraap,
3nexkepoH-(OHOH TH3HMH, YHINKIAPHAHT KPATHIIH.
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B paGore ummnantauned woHos Ni° 8 Si B COMCTAKMM C OTKHIOM B NPHNOBEPXHOCTHOM CNOC
Si ua roybume 15-25 nm momywens mamoxpucraumvecxie gasst w emow NiSiy Ipn
D=8x10" ca™ thopaipoanacs HasonieHouHas rerepocTpyxTypa THna Si/NiSiy/Si. Bnepasie
OLEHEeHB! MINPHHE! 3ANPelIeHHLIX J0H HAROKpHoTannyYeckuX das u cnoes NiSiy, cosnansnix 8
npinosepxrocrioll obaact Si. Metoaamu 0iKe-3/1eKTPOHHOI CNEKTPOCKOMHY, PacTpoBoii
ANEKTPOHHON H ATOMHO-CHIOBOH MWKPOCKOMHN R3YWeHO (OPMAPOBANHE IMUTAKCHATHHEIX
cnoes NiSi; npi ocaxnesnn Ni & Si ¢ nocnegyiommn orxaroM. IToxasano, 5To npi TommH-
Hax h<150 A dopumupyrorcs ocrposkossie nnerku NiSi, IIIupis! Sanpemennsx 308 ocT-
poBkoB i nneHok NiSi; MPaKkTHUECKH He OTAHMAIOTCS APYr OT Apyra # coctasasior ~0.6 3B, a
IHEYUCHHA P OTAHYAIOTCH HA HECKONLKO MOPAAKOB.

Kaowessie croBa: HasoruieHss NiSky, crpyvktypa nosepxuoors, Ome-3NcKTPOMMAS CHICKTPOCKOITIA,
TRCpAOpAIHOE OCREICHIE, MOPHOTOTHE, rCTCPOCTPYRTYPA, MMPHHA 3aNPCUICHHON 30H, PacTposas
INCKTPOHHAN H ATOMHO-CIUTOBAL MHKPOCKOITHIL

In this work, by implantation of Ni” ions in Si in combination with annealing the nanocrystalline phases
and layers of NiSi; were obtained in near surface Si layer at the depth of 15-25 nm. At D=8x10" cm",
a nanofilm heterostructure of the Si/NiSiy/Si type was formed. For the first time, the band gap widths of
nanocrystalline phases and NiSi; lavers formed in near surface region of Si have been estimated. The
formation of cpitaxial layers of NiSi, during the deposition of Ni in Si with subscquent annesling has
been studied using Auger cloctron spectroscopy, scanning electron and stomic force microscopy, It is
shown that island films of NiSi; are formed at thicknesses #<150 A. The band gap of the islands and NSi;
films practically do not differ from each other and amounted 1o ~0.6 ¢V, and the values of p differ by
soveral orders of magnitude.

Keywords: NiSi; nanofilms, surface structure, Auger electron spectroscopy, solid-phase deposition,
morphology, heterostructure, band gap, scanning clectron and atomic force microscopy.

I. Beeaenne

Tlerepoctpykrypat  tHna  NiSiy/Si mmesor
Conemme MEPCNEKTHE B CO3AHAH HOBRIX NpROOPOB
(yHKUHOHANBHON 3NEKTPOHHKH, B YaCTHOCTH, B
coznanun CBY-Tpan3ucTopoB, AeTEXTOpoB Hamywue-
HHA, OMHYECKHX KOHTAKTOB ¥ HapbepHEIX CTPYKTYP

hitps//doi.org/10.52304/.v2312 241

[1-7]. BonemmmcTBO CRNEUHAHLIX $as obmaxator
CBOHCTBAMH, XapaKTCPHBIMH ans Meramnos [2].
DH3UKO-XEMHYECKAE CBOMCTBA TOHKAX H CBEPXTOH-
KAX MIEHOK XOPOIIO H3YYeHH TONLKO AIA CHIHIH-
noe Na, Ba, Pd m Co. B paborax [4, 8-10] noxasaxo,
4TO MpPH OTAHAre TOHKKX wieHok Co u Pd B kxpemuun
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NPOHCXOAHT HAHOCTPYKTYPHPOBaHHE IUIEHOK H 00-
pazoBaHHe CHIHUMAOB 3TEX Mertannos. Hawbonee
TOHKWE TUICHKH ¥ HaHOKpACTammmueckHe ¢asnl
CoSi;, BaSi; # NaSi; nomy4eHsl METOZOM HH3KO-
sueprerudeckoit (Ey<5 x3B) mosno# Gombapauporku
B COYETAHHHA ¢ oT&HTrOM [4, |1-14] Mcnons3osanue
cacremst  CoSiy/S1 8 MIIT = TIOIT crpyxrypax,
rnasHuM 00pazoM, 00yCNOBICHO €ro YHHKANLHEIME
IMEKTPO-PHIAHCCKHMH CBORCTBAMH H MANLIM 3JT€K-
TprYeckaM conporHBreHHeM (p=20-40 MxOwm-cm)
[15].

Jauuas paGora MOCBAIICHA H3YYEHHIO COCTABaE,
MOP(hONOrAR B INMEKTPORHON CTPYKTYPH Hanorie-
#ok NiS1;, nony4ensnix ua nosepxaocta Si(111) ¢
HCTIONBE3OBAHHEM METONA TBEpAO(A3HOro OCaKIEHHA
H HOHHOMN DoMDOapARPOBKH

IL

IMepex  OcaxACHHEM IMICHOK  KPEMHHEBRIC
obpasust Si(111) K3®-4.5 owsmmann nporpesoM B
YCNOBHSX CBEPXBBICOKOIO BAKYYMA (P=10"" Ta) nps
7=1100 K B teuyenne 2-3 wacos m 7=1400 K =
BEMITYTLCHOM pekuMe. [IpE  3TOM NOBEpXHOCTH
TOMHOCTHIO OYMINAeTCs OT Kucnoposa (B mpeaenax
wyscremrensuocTs O3C) u Ha xaprume JMD
YCTaHABAHBACTCA CTPYKTYPA XapakTepras ans 7% 7.

Ilepen HanbUIEHHEM TMPOBONOKH W3 ocobo wHc-
Toro Ni o0ekrakKHBAIH B TeUeHHe 56 9acom B Ba-
KYyMe HE Xy#&e 107 Ma CxopocTh HanbINeHHS Te-
HOK ONPCICTSNH NPCABADHTCIRHO C  HCIONB3O-
paEreM Merona ODC B COYETAHWHW C OTXKHIOM, OHA
cocrasuna ~0.5 A/mur. Hansuenne aromos Ni, npo-
rpes o6pa3nos, HCCIEAOBAaHHA HX cOCTAaBa H mapa-
METPOB 3HEPreTHUECKHX 20H C HCIOMBIOBAHHEM Me-
TOMOB OXe-2/ICKTPOHROA B yneTpadmonerosoit ¢o-
ToanekTporHof cnexrpockomEr (O9C n YOIC) =
H3MEPCHHEM HHTCHCHBHOCTH MNPOXOISIIEro uepes
obpaser CBETA NPOBOJMNY HA ONHOM K TOM JKe NpH-
Gope B YCIOBHSX CBEpXBLICOKOTO Bakyyma (P=107
I1a). Mopdonorsio noBepXHOCTH HIYSATH METONAMH
PAaCTPOBOR 3MEKTPOHHOR H &TOMHO-CHIOBOH MHKPO-
cxkormu (P3M 1 ACM). Hanmunenne Ni pazmuunolt
romumus (or 10 A no 100 A) nposomuns nps xom-
HATHOH TeMIeparype, npr 3roM ofpasyores cluiom-
HEle aMOP(HEIE MTEHKH, @ Ha rpaHune pasaena Ni/Si
ne rabmonanock 3aMeTHON B3anMomHddy3nn Ni B Si
7 Si s Ni. TTocne xakmoro mHKAA OCAKAEHAS MPOBO-
JUUTH TIPOTpeB. 3aMeTHad BanMomB(dy3ns aTroMoB,
obpasosarne cocxauern# Mexxy aromama Nir Sin
HEKOTOpas KPHCTAMNH3ALHA MICHKH H €€ pacnaj Ha
OCTPOBKH Habmoaanucs Haguran ¢ 7=550-600 K.

Meroanka 3RCEpHMEHTOB

SAKanemua Hayx PecnyGnuky Yabemiotan, Tawwent, 2021 1.

L DxkcnepHMeHTAIBHBIC Pe3YJILTATHI H HX
obcyxaenue

Tomuusa nnesxe NiSi; Oeina B 2.5-3 pasa
Sonwmie, yeM TonmuHA HankuierHoR mnenku Ni. Ha
puc. 1 npusegenn ACM-r300paxesHa MOBEPXHOCTH
Si(111) ¢ muenxoit NiSi; rommuao#k ~50 A Bummo,
YTO MICHKH HMEIOT OCTPOBKOBHIH XapakTep B (opme
KOHyca (MMM THpaMHALl) H HX BHICOTA JOXOAHT XO

Z.nm

002

Pucynox 1. ACM-usofpaxenns nosepxunocty Si(111) ¢
naenxoli NiSi; rosumsoii 50 A

7-8 um. Asanns POM-xapree nokasan, 9T0 OCTPOB-
kA BEMeioT GopMy MHOIOIDAHHHKA C JIHHCHHBIMH
pasmepama ~0.2-0.3 mxm. Paccrosane mexay ues-
TpaM® 2THX (az ~0.8-1 mrm. Kak BujarO H3 pHe. 1,
HApSAY C KPYNMHEIMH OCTPOBKAMH, HA NMOBEPXHOCTH
hopMEpYeTCT MHOXECTBO MEIKHX OCTPOBKOB (haz).
Hansscfiiee YBEIHYCHHE TONUMRELI NJIEHOK (BpeMe-
HE TBepaodazRoro ocakjAcHus) He MPHBOJAHT K 2a-
METHOMY POCTY BRICOTHI OCHOBHBIX OCTPOBKOB. [IpH
3TOM HaOMOAATOCE YBENWYEeHHE NOBEPXHOCTHRIX
PasMepoB KPYIHLIX OCTPOBKOB W YBEIHHEHWE pazMe-
pOB MenkHx OcTpoBkon. B cmyuae mmemkm NiSi c
=150 A npaxtwaeckn 80-85% nosepxsoct Si no-
kpoiBarorcs ocrposkamu NiSi; Pasmepu ocTpoBkos
cocraBnsior 0.3-0.5 mMem, Ilpr 3TOM Ha KapTHHE JH-
bpaxuur GRICTPLIX MEXTPOHOE OOHAPYXHBAIOTCH
KOHICHTPHYECKHE KONbUA, X3PaKTEPHLIC ANA MOTH-
KpucTannadecknx obpasuos. Ilo-Buaumomy, XoTs
nocie nporpesa npa 77 = 800 K npomcxommur xpH-
CTannH3alMs [IEHKH, OAHAKO KpHCTamnorpaheye-
CKHE HANPABNEHHS OTAENbHBIX KPHCTAIIOB HE COB-
nagaror apyr ¢ apyroM. Koanecuenuns ocTPOBKOE H
o0pasoBaRfe CIUIOMHON IICHKH MMPOHCXOANT TNpPH
tommmne ~200 A. Oanaxo npr sTolf TommmHe nueH-
KH TONYHalOTCA HEPABHOMEPHLIMA, & 3Haverns h
nexar B npeaenax 100-150 A. Hanbonee cosepmesn-
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HbIE OJHOPOJHKIE SMHUTaKcHanbHbie nmenkn NiSip
obpasyiores npu Tonupne 4 > 200 A nocne nporpe-
Ba mpu 7' = 950 K. Aranmns ACM u PAM muaobpaxe-
Hui coeMectHo ¢ ODC mokasam, HWTO NpH Maibix
ronnrax (h<10-15 A), maummas ¢ 7 = 750 K, npo-
HCXOIMT ToNTHOe uenapenue muenkn Ni. B unTepsa-
ne hy; = 20-60 A nocne nporpesa mpu 7' = 800 K =
Teuenne | yaca GOpPMHPOBAIKCE OCTPORKOBEIE MJIGH~
KH, a B HATEpBAne hy; = 80-200 A mocme mporpesa
npu 7' = 850-900 K - crmowmneie nnerkn NiSiz
Janerelimee yBenMyeHne BpeMEHH OTXKHTA HE TpH-
BOJIAT K 3aMETHOMY M3MEHEHHMIO COCTaBa W CTPYKTY-
pel ienok. Ilpu 7' = 1000 K wabmogancs pacman
nnexkyn Ha ocrposku ¥ nipu 7 = 1100 K — ee ucnape-
HHe,

F
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Pucynmok 2. 3aBucuMOCTh WHTEHCHBHOCTH [ Tmpoxons-
mero crerta ot aHepruw (GoToHoB Wk Si ¢ HAHOMIEHKOM
NiSi; Tomuunoii 2, A: /- 5; 2 ~200.

Ha puc. 2  npusegeHs!  3aBHCHMOCTH
MHTCHCHBHOCTH Npoxofsulero csera / oT sHeprin
dorounor hv gna Si ¢ maromnenkoit NiSi; romunuoi
h=50A uh=200A. Bo sropom ciyuae (cM. puc. 2)
PE3K0E YMCHBIICHHE MHTEHCHBHOCTH MPOXOXALIEro
ceera Habmogaercs nNpr AByX 3HaueHusx hv = 0.5 u
1.0 3B, koropweie cBA3aHLI C TOITIOMEHWEM CBETa
COOTBETCTBEHHO Ha  ydacrkax, MOKPBITHIX
HanoocTposkamMu NiSiy, M Ha y9acTkax, HE MOKphI-
ThiX NiSi;.

DkeTpanongums  STUX  KPUBRIX K ocH Av
nokaskiBaer, 9ro i NiSi; 3HAYCHHE IMMUPUHE! 3a-
npemennol 30uu £, ~0.6 2B, a anx Si ~1.1 »sB. B
cnyuae cnnownod mnenku NiSi; smagenne / pesko
yMeHBIIAETCS M0 HyJiA B uHTepBane hv = 0.5-0,6 2B,

Hayuenne npoduns pacrnpenenenns aromos Ni
mo rmybume cucremnt NiSiy/Si  mokazamo, WTo
TONIIMHA TEPEXOAHOr0 Ci10s, 00PasyIOUIerocs Mes Ly
menKoi u moaokkoi He npepsmaer S0-60 A, Dro
obkacusercs  ONH30CTEIO  [MAPAMCTPOB  KPMCTAl-
nwgeckolt pemerku Si (@=5.43 A) u NiSi; (a=5.41 A),
QopMUpOBAHME CHCTEMbl  CHIHLMA-KPEMHHH ¢
peakoif rpamuue BakHO NPH cosjaHEuM nprbOpos
CBY-anexTpornk# (TPaH3HCTOPOB, THOMOB, AETEKTO-
POB H3y4eHAS | Ap. ).

Huxe B Tabmaue npencraBneHbl XapakTepHC-
Taxkn Gopmupyiommxcs mienok NiSip/Si(111) npn
TBepAOda3HON SMUTAKCHA H 3HAYCHHS MX YAENbHBIX
COTIPOTHBIICHHH.

Tabmana, Xapaxkrepuctukn hopmupyroumxes nnesok NiSiy/Si(111) npn teeprodasHoll anuTakcnu W UX yrelbHbie

COMPOTHBIIEHUS
Homep obpasua hyi, A hsi,s A | Tower K Bua nieHkn p, MKOM-cM
1 15-20 50 800 OCTPOBKOBAs 2x10°
2 35-40 100 850 OCTPOBKOBAK 5x10?
3 50-60 150 850 OCTPOBKOBAS -
4 80 200 900 CITOWIHAN, H.0 100
5 200 550 950 CIUTOLIHAS, O 50

HEONHOPOHAS, — OAHOPOTHAS.

Buzno, 9T0 B cydae OCTPOBKOBOH TIJIEHKH 3HA-
YEHHE P OHMEHb BEICOKO. [IpH hms,’ =200A dopmu-

pyercs CIIomHas IUICHKA, OQHAKO 3HAYEHHE P He-
MHOro Gonbiue, ueM p IUICHKH ¢ TONHHON 550 A.
IMo-supumMomy, npu i = 200 A noxa eme nnenkn ne
HUMEHOT BLICOKOTIO COBEPIIEHCTBA.

Ha puc. 3 npuseaent! GOTO3NEKTPOHHLIE CIIEK-
Tper Si(111) m Si ¢ HaHOKpHCTAIITAMA W HAHOILIEH-
koit NiSi;, monyuennsie npu Av = 10.8 3B, Ilo ocn
abcumce OTIOKEHA SHEPTHS CBA3H TEKTPOHOB, OT-
CUMTAHHAR OTHOCHTENLHO yposHs @epmu. Buawmo,
qro GopMa W TMONOKEHHS OCHOBHEIX IHKOB TONCTOMH
nnenxn NiSi; (A =200 A) cymecrsenso otmmuarores

@Axagemun Hayk PecnyBnuku YaGekucran, Tawkewr, 2021 r.
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or dopMul B nmonoxenns nakos ang Si. IIpu stom B
cnexTpe oOHapyAHBAIOTCA NMHKH C JHEPruaME F, =
-03; -09; -2.2; 42 3B. Asamms3 3TOro crexTpa ®
cpaBHeHHe ero co crnexTpaMe Si B Ni aaer sosmox
HOCTE TPEANONOKATE, 9T0 MEk £, = 0.3 3B ¢op-
MHpyercs BeneacTsne rubpramzaumn My cocrosruft
kpeMmuns ® Ms cocrosumit Ni, mux E, = 09 3B —
Beneacrsne rubpuauzanun My cocrosgus St v M;
cocrosaua Ni, nux E,, = -2.2 3B - scneacreue rab-
puanzamaa M, cocrogrmrs Siu My cocrosaus Ni, a
mak E., = —4.2 3B, mo-samiMomy, OTHOCHTCS K Si.

M (E)

Esp 28 4 4 2 O=Ey

Pucynox 3. YOIC Si ¢ sanonnenxoii NiSi; Tomumsoit,
A: 0(4),50(2), 200 (3).

TMneuxu NiSi; ¢ h = 50 A mmesor ocTposkosk xa-
paKTep, TOITOMY B €ro CheKkTpe O0HAapYXRWBAOTCA
IMKH, XAPAKTCPHLIE Kax ans Si, Tak 1 NiSi;,
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Pucynox 4, 3asHCHMOCTH MHTEHCHBHOCTH NPOXOAAINEro
ceera oT 3deprun tororos mws Si(111), uMnnasTiposan-
soro nosamu Ni* ¢ E;=25 keV, npn nosax D, e 0 (1),
2x10" (2); 2x10" (3), 8x10" (4); 8x10'° (5), u oTTONKER-
soro npr 7=800-900 K.

@Axanemus Hayx Pecnybnuky YsGemuctan, Tawkest, 2021,

Taxkue e HccnezoBanus NPoBOAENH wix Si
(puc. 4), aMmiasTHpoBadsoro RosaMu Ni' ¢ 3mep-
rreit Eg=25 keV ® nozamu D, oM™ sucrsit Si (1),
2x10" (2); 2410 (3); 8x10" (4) 1 8x10"° (5).

TMocnensas n03a COOTBETCTBYET A03€ HACHIE-
Hux. Pesynerarst O9C nmokasanm, 4TO BO BCEX ciry-
988X MOCTHMIUIAHTAMHOHBIN OTHHT NPH TeMIIEpaTy-
pax 7=800, 850 n 900 K npmreoanT x GopMEpOBa-
HHIOQ 3MATAKCHATERLIX HAHOKPHCTALUTHYECKRX (az H
nanocnos NiSiz. TIpr stom ronmmen Hasodasw
NiS1; u nanocnos NiSi; Mano oTnEYalOTCS H COCTAB-
nsior ~10-12 mm. IMo-Buammomy a0 mosm D=10"
eM™ mamokpHeTamtEgeckme dasm NiSi; dopampy-
1orca B sazae chep [16-19], a npu D=10" cm™ nepe-
xoasT B opmy, GnHIKYI0 X UTHIICOMAY, W MPH
D=8x10"" em™ obpasyercs cnnommol omHOpoRHLIH
cnoii NiSi;. Pacuern! moxazanu, yro obneM mHamo-
xkpuctanuueckoi ¢asst NiSi; ana obpasua Ne 3 co-
craenser (1-1.2)x107™" en, a gns ofpazma Ned
(3-3.5)x107" e, Cpeanas riy6una GopmEpoBanms
HAHOCTPYKTYP NEKHT B NPHNOBEPXHOCTHAIX CIOAX
20-22 un,

Jnz orex ofpasnos GbUIH CHATH 3aBHCHMOCTH
HHTEHCHBHOCTH / NPOXOAXIIETD CRETA OT IHEPrHH
(amaEs BonER) GoTOHA B HETepBane iv=04-12 eV
(puc. 4). 3necw =lysi/ls;, rae Isi — AHTCHCHBHOCTD
CRETA, MpoXoafmero wepes greThi Si, a /ygin — we-
pe3 Si ¢ BuyTpensnMy Harohasamu (cnosamu) NiSiy.
U3 puc. 4 BuaHO, YTO B CIYHAC YHCTOrO KpeMHHA [
PE3KO yMeHbIuaeTCA, HaunHas ¢ hiv=1.0 eV, a B cay-
uge Si ¢ HanodasaMu NiSi; pe3koe yMeHbllerue [
HAOmogaeTca MpH ABYX SHAYMCHHAX 103u HoHOB NI
HaHOKPHCTALTHYECKOA (asbl, BTOPOEC YMEHBUICHHE
OTHOCHTCA K HE 3aKPHITHIM HaHohazaMH yHacTkam
Si. Dkerpanonsurs 3THX ydacTkoB KpaEBoi /(Av) k
ocu v gaer 3raveHne Fy; HCCHeAyeMEIX MATEPHATIOB.
Buaso, uro E; mwis uncroro Si cocrasnser 1.1 eV,
ans marodasst NiSi; ¢ ofsemonm (1-1.2)x107™* end® -
0.88 eV, mna manodazs ¢ obnemom (3-3.5)x107™
ex’ —0.77 eV, a ans cunomroro caos NiSiz — 0.57
eV. OTi pesynbTaThl MOKA3LIBAIOT, 4TO £, HAaHOKPH-
crannmaueckux daz snaunTensHo Gonwine, wem s
nasocnos NiSi.

1L 3axmouenue

Taxunm obpazom, Ha OCHOBE AHANH3IA IKCIEPH-
MCHTAILHLIX PE3YILTATOB MONKHO 3aKMHOYHTH, ¥TO B
npouecce TeepaofazHoro ocaxiaerHs Ni 8 Si s
COYCTEHHMH € OTHHIOM Ha nosepxsHocT® Si
(opMHpPYIOTCE IMHTAKCHANBHBEIC HaHOMneHKR NiSi).
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Tpu Tommunax h < 150 A nnesks wMeROT OCTPOB-
KOBBIM Xxapakrep. WM3-3a Gnu3octH mnapaMeTpos
pemerkn NiSi; mw Si ma rpamume NiSiy/Si =e
BO3HHKAeT 3aMETHOIr0 HANpsXKEHHS M, ClIeI0Ba-
TenkHO, (OpPMHApYETCS  CPaBHHTENBHO  y3KHit
nepexogHo#i  cmodt (5060 A).  IlImpuna
3anpemenHoi 30HB HAHOKPHCTATHYECKHX (a3 ¢
poctoM mx pasmepoB or (1-1.2)x107™® e g0
(3-3.5)x10"® oM umsmemanmace cmcrema THmA
Si/NiS1y/Si. Tlokazarno, uro E, uamocnoes NiSi,
pasia ~0.58 eV. IIpm BEICOKO3HEpreTHYECKOM
MMIaHTauAd AOHOB Ni' B 3aBHCHMOCTH OT 03I
HMOHOB B TIPHIIOBEPXHOCTHOM ciioe Si hopMHAPYIOTCS
HaHOKpHCTALTLL B cnod NiSis.

MeTtagaHHbie

Morphology, composition and surface structure of
NiSi./Si films obtained by solid-phase epitaxy

N.M. Mustafoeva, A.K. Tashatov

Karshi State University, Kuchabog str, 17, 180003,
Karshi, Uzbekistan

In this work, by implantation of Ni* ions in Si in combina-
tion with annealing the nanocrystalline phases and layers
of NiSi, were obtained in near surface Si layer at the depth
of 15-25 nm. At D = 8x10" cm™, a nanofilm heterostruc-
ture of the Si/NiSi,/Si type was formed. For the first time,
the band gap widths of nanocrystalline phases and NiSi,
layers formed in near surface region of Si have been esti-
mated. The formation of epitaxial layers of NiSi, during
the deposition of Ni in Si with subsequent annealing has
been studied using Auger electron spectroscopy, scanning
electron and atomic force microscopy. It is shown that isl-
and films of NiSi, are formed at thicknesses #<150 A. The
band gap of the islands and NSi, films practically do not
differ from each other and amounted to ~0.6 eV, and the
values of p differ by several orders of magnitude.

Keywords: NiSi; nanofilms, surface structure, Auger electron
spectroscopy, solid-phase deposition, morphology, heterostruc-
ture, band gap, scanning electron and atomic force microscopy.
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H.M. Mycraghoeaa, A K. Tawaros

Katruk dazamm  snurakens  yoyim  Gunan
OJIHHTAH NiSi/Si TLEHKACHHMHT 03a
mophonurusicuun,  TapkubuEM  Ba  CHpT
TYIHIHINHHH AHHIKIAW

H.M. Mycradoena, AK, Tawaros

Kapwn nasnar yuusepcurern Kyuabor 17, 180003, Kap-
um, VaGexncron

Vwby umpa Ni' wornapuuy Si 103acHra WMOmaBTagHS
KMIHIN Ba KEHHHIH KH3MpHID yoynu Gunad Si HuHr 103a
ocTH katnamupa 15-25 mm uykypnuxaa NiSi; suur
HAHOKpHCTANT (asanapy Ba KATAAMH XOCHI KHITHHTEH.
Womnap mosach D=8x10" cw™ GYnrampa Si/NiSiySi
TYPHAAMY HAHOKATIAMIM FeTEPOCTPYKTYPacH  XOCHA
bYnran. Brapuuun mapra Si HHHT 1038 KATHaMHAa XocHn
xumunras NiSi,  wawmoxpmcran  dasanapusunr Ba
KATIRMIAPHKHET 30HA KeHranknaps ammcaasams. Owmwe-
IEKTPOH CNEKTPOCKOMHR, PacTpiH JMEKTPOH Ba aToMm
KYWIAHHULTH  MHKPOCKOMNS  ycynnapu  éppamuns St
iosacuga Ni #w Yrxasmm  Ba  KeffMHEIH  KHIZIPHII
sapaitnnga NiSl; HHET 3MHTAKUMSCH KATIAMIAPHHWHT
maxmanrmy Ypramom. Karnavausr xamoomrn A<150
A 6ynrasna NiSi; HuMr oporyanm YCHIN AHMKARHIN.
NiSi; OpoNMMANAPHHAET BA MIEHKANEPHHHHT TAKHKIAHTAH
30Ha xenraurn Sup-Oupnaan dapk xuaMaciuTH Ba ~0.6
3B 12 TEHITHMIN SMMKIAHM AMMO yaapHEHT p GHp meua
mapaxana Gapk QUMM aHIKIEHITL

Mpmwmmnpouumnmm
MHKDOCKOIIMA

©Asanemus Hayxk PecnyGnuky YsGexuctau, Tawkent, 20211,
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OnTumMmusaums npoueccos razogasHoro nony4eHus
KPeMHUeBbIX U KpeMHU-repMaHueBbIX NNeHoK

B.M. ABaypaxmasos’, C.P. Boiiko, X.5. Awypos, LW.K. Kyukanos
VIHCTUTYT MOHHO-NNa3MEHHLIX W Na3epHbiX TexHonorui uM. Y. A Apudosa AH PYas, yn. Jopmox wynu, 33, 100125,

TawnxenT, Yabexucran
Monyvexa 01.04.2021

* Comresponding author: e-mall bogarab@mfil.ru, Phone. - +898-97-744-40.79

ORHEM 13 BAXHENLINX TEXHONOMMYECKHX MAPAMETPOB NPH ra3odasioM NONyHEeHHN JTHTaK-
cnaneHeX Kpemuuessix Si/St wmi rerepoctpyxryp tHna Si-Ge/Si ssaserca conepwanne
FaZ0reHHIA, OCAKIASMOro W3 rasoBoil (aibl NONYNPOBOIHMKA R NAPOrasorkil cMecn ¢ nosio-
poiaom. B paboTe Npeiokesa HOBAR METOANKA PACHCTA KOHUCHTPALUMH TCTPAXNOPIIE KpeM-
HUA WIH MoBoro Nerwpyiomero raloreNnaa & COCTABE NAPOra30BOil cMecH. JTa MeTomHKa 1a-
ér Gonee TONHOE COBTIAIEHNE C PEIVILTATAMH NPAMEIX HIMEPEHHT COICKANNA TCTPAXITOPH-
Q2 KPCMHHA, TPOBCASHHBIX paznmuHLIMI MeTonamn. Mcnomusopanie Hosoil METOAMKN pacté-
TA NO3BOJISET CHHIHNTE YPOBEHL Spaxa HA NPOAIBOACTEE | NOBLICHTE OAHOPOAHOCTH MapamMer-
POR HAPAUIHBAEMBIX CNOER MO 3aJABAEMLIM TOMIONHE W YASNLHOMY CONPOTHBACHMK) Kak
BHYTPH, TAK 0 MEAUIY NAPTHAMN HIrOTARIUBAEMEIX CTPYKTYP.

Kmoueanie ¢108a: ocancioHde ) rasosoil (adel, JQERICHMC NAPOB, KOHUCHTPAUWMS TCTPAXIOPHIA
KPCMHMR, IXIOBH NOTOK, JaBICHME B DCAKTOPC W B MCTEPHTETE, TOMIEPATYPA. HCMapHTeld,
O HOPORHOCTE NAPAMCTPOE HEPAMMBACMEIX CROEE,

One of the most important technological parameters in the gas-phase preparation of epitaxial
silicon S1/Si or heterostructures of the Si-Ge/Si type is the halogenide content in semiconduc-
tor deposited from the gas phase into a vapor-gas mixture with hydrogen. The paper proposes a
new method for calculating the concentration of silicon tetrachloride or any alloying halide in
the composition of the vapor-gas mixture. This technique gives a much more accurate agree-
ment with the results of direct measurements of the content of silicon tetrachloride, carried out
by various methods. The use of a new calculation method allows to reduce the level of rejects
m production and to increase the uniformity of the parameters of the layers being built up ac-
cording to the specified thickness and resistivity both within and between batches of manufac-
tured structures.

Keywords: vapor deposition, vapor pressure, silicon tetrachlonde concentration, gas flow, pressure in the resctor nnd
in the evaporator, evaporator temperature, unifonmity of the parameters of the lsyers being grown

. Bseagenue

Ocaxaenne marepHanoB W3 rasosoil dass B
npoueccax  BORXOPONHOTO  BOCCTAHOBNCHHS  HX
FaflOreHH/IOB ABJIACTCA OAHHM H3 CAMBIX pacmpo-
CTPaHEHHLIX Ha NPAKTHKE CHOCOGOB MOmydeHus
KpeMEHA, TepManns, Dopa, a Takaxe paga METamlos,
HAXOAAUINX MPHMCHEHHEE B ANEKTPOHRON TEXHHKE,

hitpa//doi.org/10.52304/ v23i2 242

KaKk HanpAMYIO, Tax H B Ka4eCTBE MErHPYIOUIHX
KOMNOHEHTOB A miesok Si # Ge, a Takie NIEHOK B
FETEPOINMHTAKCHATBHLIX  CTPYKTYpax, TMNEHKH *H
NOMUIONKH B KOTOPHIX BLINONHEHB! U3 PAINHYHLIX
NOTYNPOBOAHKKOBLIX  mMatepranos. Opsot  u3
PazHOBHAHOCTER  TAKAX  CTPYKTYP  SBASIOTCH

Vol. 23, No.2, pp.61-88, 2021
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SMUTAKCHANLHLIE  CIOW  TBEPABIX  PACTBOPOB
KpeMHHA-repMannii, OCAakICHHEIE HA KPEMHHEBhIE
nognoxkn  (DCTP  Si-Ge/Si), comepxkawme kak
OMWHAKOBYIO 110 TONIIHHE IUIEHKH KOHUEHTPAIWIO
Ge, Tak ¥ BapH30HHEIE, KOHIEHTPALMS repMaHus B
KOTOPEIX BO3pacTaeT K CBOGOAHOM INOBEPXHOCTH
nneukn [1, 2]. HeobxonumMo oT™MeTnTs, 4TO mpomece
BOZOPOAHOIO BOCCTAHOBICHUS MIPHMEHAETCS KaK g
H3rOTOBNEHAS  MACCHBHBIX  KPHCTANNOB,  H-p,
TTONAKPACTAIUIAYECKOr0 KpeMHusg-chipua [3], Tak u
AR TMONYHEHRS PasHOODPasHbIX MIEHOYHEIX CTPYK-
Typ [4]. HauBonee pacmpocrpanensl kpeMHUEBLIC
ofHOCHOMHEIe sHTakcRANbEEE crpykTyphl (KODC)
W KPEMHHEBBIC CTPYKTYPhl C JAWANEKTpHUe-cKol

waomauuedr (KCIOW), sBmgmommecs  OCHOBHBIM
nonygabpukaroM IS NPOM3BOACTBA  M3ACIHH
MHKPOAIEKTPOHUKH.

Hns  ynparnsemoro momyueHrs —Si-chipua,

KO3C, KCAU mmm rerepocTpykTyp C 3alaHHEIMH
MEKTPOPUIHYECKIMA  XapaKTEPHCTHKAME Heo6Xo-
JAMO 0BeCTIeYnTh TOYHOE 3a/laHke | TIONIepKaHne B
TEUCHHE BCEro TEXHOIOrHYECKOro [UKIA BEAH-YHHEI
OCHOBHBIX  TIapAMETPOB  ONEPALMH  OCAKICHHA
KPEMHHA W3 ra3oBoil (asel, BKMIOMAs TeMneparypy
MTOBEPXHOCTH OCAXIAEHHN, PACXO] HIM JIHHEHHYIO
CKOPOCTE Tepemetenus naporazosoi cmecu (ITT°C)
BJIONTb IIOBEPXHOCTH OCAKACHHUS H CONEPKAHME B Helt

FafloreHu 0B KpeMHus, Hanbomnee MPAMEHHUMEIMA H3
KOTOpeIX  sBigroTed  Tpuxiaopeunan  (SiHCl;) =
rerpaxnopus kpemums (SiCly) [5, 6], Crons e
BAXKHOE 3HAYCHHE MMECT NPABWILHOE 3ajlaHHe
KOHUCHTPALMK PeareHToB B Mapora3oBoil CMECH NpH
nomyqernn DCTP Si-Ge/Si [7, 8.

II. Ormcanue 06beKTa H METOAOB MCLICH0BA~
HHS

B paGore npuBefeHH JaHHEIE © HOBOW
METONMKE pacderTa COocTaBa ITAporasoBoil CMecH
(IT'C), xmHeTHKe OCHOBHBIX Omepaumii nomyuexHus
KO3C w KCIW = ;manazone BapeHpOBAHHA
HCXOAHEIX MAPAMETPOB TIPOIECca, MePeKphIBAOIIEM
00EMHO TpHMEHSEMBIE HA NPAKTHKE pexumul. Ha
puc. | npusesena ynpomeHHas ra3oBas CXeMma
yeranopkn Jurs  nonyuwerws KODC, KCOAU wunwm
rerepoctpykTyp Si-Ge/Si. Bujso, uro nocrynawouas
B peakrop [II'C diopmupyercs B cucreme c
ucnapurenavn  bapboraxkHoro  THma,  Tepmo-
CTATHPYEMLIMH TIPK 3aJaHHOK Temmeparype, [epes
KOTOphIE MPOMYCKAETCS HEeCYIMH ras BOAOPOA, a
PAcXojl BOJOPOJA Hepe3 KAkl ACTIAPWTENh H €ro
pacxoa B bafimacHol, TO ecTh pasbasmnsiowei THHuH,
OOBIMHO OMPENENAIOT € INOMOILIO [OMTABOYHLIX
pOTaMETPOB,

N
H

.| A
‘ wimiy
| -

11

S0 Geelh

Tt

Prcynox 1. Cxema ycTaHOBKYM HAPALIMBAHMS SMUTAKCHANBHBIX croeB kpemunus u ICTP Si-Ge npu seruposanuu Hapa-
LHBREMBIX CIOER NpUMeCHIO THTaHA, Bioku: A — rasopacnpenenutenbhbiii; b — poramerpos, B — ucnapurenu, I' - pe-

axropueii, Il — c6poc, Macnsameie 3aTBOpE! Ha ckpyG6ep.

Conepkanue TOro WM HWHOTO KOMIIOHEHTA B
II'C anst cHcTeMBbl ¢ HECKONBKHMH HCTAPHTENAMA
(prc. 1), vacTHBIM cllyyaeM KOTOPOro SBIAETCH
BHIDAKCHUC  JUIN  KOHIEHTPAUWH  OTAENLHOrO
xommonenTa, H-p SiCly, u oxHoro wcmapurens, Ha

®AKanemun Hayk Pecnybnuku YsbGekucran, TawkeHT, 2021 r.

NpakTHKe OOLIYHO PACCYHTHIBAIOT €  HCIOMNB30-
BarmeM Gopmymnsl Ampona [9 ]:
C= Fuf

TN ) v
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rae P, — nasneHse HACKIEHHOrO napa TeTpa-
XAOpHAA KPEeMHHA MPH 3a1aHHOW Temmeparype
ucnaputens, P — JjaBieEWe B CcHcTeMme, [ —
pazbanngiomuii NOTOK ra3a-HOCHTeNs, f — MOTOK
rasa-HOCHTCIIN Yepe3 HCIAPHTEh,

Ha npaxkTHKe HCIIONB3YIOT H APYroe BhIpaKCHHE,
TaKKe MOITy9eHHoe AMPOHOM,

i B.f
{F(P-p,)+ P}

H3 asammza suipaxkenns (1) cneayer, yro npm
P=P,, a 310 nerxo JXOCTHTAeTCA HA MPAKTHKE UIX
SiCly » SiHCl;, AMeommX CHNEHYIO 3aBHCHMOCTH
HERNCHHUA TIAPOB OT TEMTIEPATYPEI, HX KOHIEHT-PaHs
8 [II'C cranosurcs pasHo# GeckomeunoctTH (('=wx),
Cornacio (2) B atom cnywae C=1 BHE 3aBHCHMOCTH
0T COOTHOINCHHA M BEIHYHHE MOTOKOB rasa-
HOCHTeNS Wepe3 WenapuTens H B OalfnacHoi TuEAR, 8
TaKAKE CyMMapHOro 1OTOKA BOIOPOAA B peakTop

(2)

ITI. Hosan meToAMKa pacHera M ce IKCIepH-
MEHTANLHAR NpoBepKa

HeTtpyiHO BHIETH, UTO Pe3yNLTar pacuera mo
[9] B obonx cryyasx He uMeeT HHIHYECKOrO CMBICTA.
Ampor [9] npoeoamn pacder no  KawAOMY
HCOAPHTENIO H3 TNPEANONOKCHAA O 3aMKHYTOM
o0neme, B To BpeMs kak moboe obopyaosaHde 1
ocamjeHus H3 ra3oBoi a3 npejacrarnser coboi
OTKPHITYIO NPOTOYHYIO CHCTEMY, WTO XOpOMIO BHIHO
Ha cxeme puc. 1, cormacHo xoropoit III'C
popmupyercs B Gnoxe ncnmapaTenedl, OPOXOAHT
peakTOpPHEI ONOK, A€ H3 HEE B PeE3ynbTaTe
BOXOPOAROTO BOCCTAHOBJECHHS BRACIFIOT HacTh
HCKOMOTO TNONYNPOBOAHHKA HIH NErHPYIOWEro
KOMIIOHCHTA, @ 3aTeM OCTaTKH H rasoo0pasHule
nponyxTsl peakunn B Buge HCI, Hy, SiHCl;, SiCl,,
SiCly ® 1.1 nponyckatores wepes Gnox clpoca (JI) va
cxpybepp Ha HelTpanA3anuio B Janee Ha AOKHTAHHE
BOZOpOJA.

B yacTrOCTH, IR BEIBOAC BrpakeHus (2) 8 [9)
NPHHATO, YTO MOTOK  rasa-HOCHTeNs  depes
HCNAPETENb PaBer

kT
f—/-o (P—ij »
rae ﬁ — TOTOK Tasa Mo AaHHBIM pOoTaMeTpa; T -

Temneparypa B cucreme, K=P/T, rune P, T, -
AamjieHHE W TEMIIEPaTypa IIPH TAPHPOBKE POTAMETPA.

Takoro B MPOTOMHOR CHCTEME OBITL HE MOWKET.
TToTok raza-HOCHTENS Yepes HCNAPHTEIb — 3T0 H eCTh
cOOCTBEHHO MOTOK, HIMEPAEMBI POTAMETPOM.

[posenem Gonee crporuft pacuer cocrasa IT'C
H CACNacM 3TO C YHCTOM PEanbHOro H3OLITOYHOro
JaBICHHA B HCTIAPHTEIE, BOIHHKAOLIETO BCICACTBAE
CONPOTHRIEHHA Ta30BbIX KOMMYHHKAIRHE Ha MyTH H3
HCMApHTEN K PEAKTOPY ¥ OT peaKkTopa K ckpyooepy,
Kax 3T0 Bnepebie 6uuro npeanaxkeno B [10].

PacemoTpHM  cHcTeMYy € 27 DapannensHo
BKITIOMCHHBIMA HCUApPHTENAMH H J KOMIOHEHTAMH
(amanor sapuaHTa, NpPHBEJCHHOIO Ha pHC. 1)
Crnenaem criemyronme JonyINeHns:

— B CHCTEMC CNPaBC/ANMBLE 3aKOHM MACAILHOIO
rasa,

-  OWHIKOCTH B
B3aHMHO PacTBOPCHEI,

- HaceieEue H; KOMIIOHEHTAMH MPOHCXOMAT B
NOMTHOM  COOTBETCTEHH € HMX  pannosecHuim
NAPUHATLHLIM JaBITCHHEM.

B raxoit cmcreme pasbasnsmrommi nOTOK B

peaxTop paseH

HCOADHTENAX MOMHOCTBHIO

P.T
Tl

F=F,

rae Fy — noTox mo AaHmLIM poramerpa, M/c, Py —
JNaBICHHE B erpa, H/M'; P — nasnemue B
peaktope, H/M-, Ty — Temmeparypa H; ®a Bxoze B
cucremy, K; T — temmeparypa H; B peaxtope, K.
[Toroxk H; B /-Thii HcoapaTens B 9THX YCIOBHSX
Oyner paser

7

-’Tv (3)

f: f PP:
= i —
f To
rAe f; = NOTOK NO AaHHLIM poTaMeTpa M/c, Py —
RamieHne B poramerpa, B, T), P, - Temmepatypa
naenesde B wucnapurene. [lotrox H; us i-toro
HCHapyuTeNs B PEAKTOPe PaBeH

i T ;
=1 TP (3"

O6umi# norok H; 8 peakrop pasex

Fi=F+X 1,
i=l
T.C.

T n
=P—R(P,01«:, +y f,P,,].

t=i
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Jns oapHoro HcnapaTens no 3akony Bofins-
MapHOoTTa MOKHO 3aMMHCATH COOTHOIICHHE:

fuuP =f,{P, +2"j(x,P,>.]. @)

=l
rae fu. — morok NI'C w3 wenapwrens, Mm/c; (x), —
KOHIEHTPANA /~TOMH KHAKOCTH B /-TOM HCNEpATeNe;
P, — namnenue HACHIMCHHBIX TMAPOB ITOH KHAKOCTH
npe 7}, m —4HCIO0 KHAKAX KOMIOHEHTOB B CHCTEME.
W3z (4) cneayer

Jas =l ¥ Z(I
c =1
Bropoe cnaraemoe B (5) oTpaxaeT CyMMApHLIR
MOTOK [4pa MHAKHX KOMIOHCHTOR H3 HCHNApHTENSR.
IMorox j-ro xommoneHTAa HA /-rO HCHAPHTENd, Clejo-
BATENILHO, PaBEH

)

(x,P), .
P

i

(%) =/
a Ha BXOJI¢ B PEAKTOp C yqe'rou(3)

Tlonswif noTox napa j-ro KOMIOHEHTA B PEaKTop

ng(j-l)t' L [ol,zf_ﬁ( P)I

Cynmapmtﬂnomxnapaapcanopf=2f,

S ZZf - P,

j-l =1 ;

OTHOWeRHe NMOTOKAa Napa j-r0 KOMIOHEHTA K
obmemy noroxy H; onpepenurca xax /1, =f, / F

Zf—ﬁ(xjp )
nj iwl I
FoPy, "'zﬂpn
i=l

Monkras JA0nA J-rO KOMMOHEHTa B MaporasoBoi
CMECH R pEaKTOpe onpc,ncnac'rcu OTHOINCHHACM

Zf '—"'(x/ )i
M, = . (6)
RP, +2f,P +22f‘—1(le’),
J=t 1=l £
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Paccmorpem  Hanbonee  HHTEpecHBIE
NPAKTHKH YaCTHRIE CTy4aH.

1. Crcrema ¢ OHHM HCTHAPHTEACM B OAHHM
KoMnoHeHTOM. Monsnas nons xomnosenra B [ITC
OIHCHIBAETCH BEIDAKCHHEM

Ans

= ‘fPL . (7'1 )
RA+fF+[fF,
rae Fo, f ~— coorsercrBesHo norokd H;

pasbasnmommi # B HenapuTens, Py, P, ~ naBneHne B
AHHEH  pasbasnsiomlero noToka  (MPaKTHHECK®
AABJICHHC B peakrope, B Henapurene, P, — naBnenne
KOMIIOHEHTA HACHIIIEHHOrO TNapa TpH JaHHON

TEMNEPaType HCNEPHTENS.
2. Cacrema c ABYMH NapanienbHo
BRIIOHEHHBLIMH  MCHAPATCIAMH,  3alQIHCHHBIMK

ONHHM H TeM X€& KOMIOHEHTOM H TepMOCTaTHPO-
BAaHHLIMH NPH OJHHAXOBOH TeMIeparype,

KoruenTpauns pasua

o s

P+ [(R+P)+ fo(B+P,)’

rac fi. fa P, P — DOTOKH H JaBncHus
COOTBETCTBEHHO B NEPROM H BTOPOM HCNAPHTEAX.

3. Cucrema ¢ ABYMS HCIADHTENSMH: B MEPBOM
H3 HHX OJHH KOMIIOHEHT, BO BTOPOM, Hapsay C
OCHOBHBIM, HaXOJWTCA NErHPYIOUHHA KOMMOHCHT B
xoruenTpanaw X, Monsras gons  ocHOBHOrO
KOMIIOHEHTA PaBHa

'"TRB (P +g,)+f,[p +p‘,(1 -X)+P,X]
(7.3)

rae P\, P; — nasnesue B 1-oM ® 2-OM HCNApATENAX,
Py, Py; — nasneHne HACHLIIEHHOrO TApa OCHOBHOMO
KOMIOHERTa COOTBETCTBEHHO B 1-oM ®  2-0M
HCHApATENAX;, P — HaBNeRHe HACHINEHHOTO HApa
NErRPYIONIEro KOMNOHEHT4, AobasncHHOro 50 2-0if

(7.2)

HcnapETers.  MoneRas  Jons  JErHpyrOmero
KOMITOHEHTA paBHa
M, = LiFuX (7,4)

FB,+ (R +B,)+ fi[P. + Py (1= X) + P X]

Pacqernsie xpuswie no Ampory (yp-e 2) m
npeokenHofl HaMH MeTomEke OwUTH comocras-
TMEeHB C  Pe3yNbTaTaMH  MPAMBIX  H3MCPeHHH
KOHUCHTPAUME Terpaxiopraa xpemuax v I1C,
NPOBECHHLIX METOA8MH BLIMOPa/KHBAHHA MApPOB
SiCl,, npomyckaeMBIX 3a ONpEXENCHHLI MTPOMEXY-
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TOK BPEMEHH, C TIOCIEAYIOIIHM B3BEIIHBAHHEM
ucnaputens SiCl; HemocpeacTBeHHO B X0ze
SKCIUTyaTaudd TNpH TOCTOSHHOH TeMIepaType #
IIOCTOSSHHOM pacXofe BOAOpOAa 4Yepe3 HEro 1o
u3MeHeHnIo ypoeasa xuakoro SiCly B mcmaparene B
XOZ€ €ro OSKCIUTyaTaldH, a Takke C IIOMOIILIO
crenuankHO paspaboTaHHOro mpHOOpa-aHaTA3aTopa
cocraea ITI'C [11].

M a
10°

1.°C

1,0 1.5

rafe 10°

Pracynox 2. 3aBHCHMOCTH KOHUEHTPAUMH TETPAXIOPHIA
kpemuns B IIT'C (MoneH. nomi) oT TeMnepaTypsl (BepXHHit
PHCYHOK) HCHapHTeNlss 0pH CyMMapHOM mnoToke H,
6.7x107° M*/c u moToke yepes ucnaputens 0.75x107° M'/c
W OT pacxofia BOLOPOXA Hepe3 HCIapuTeNs (HHXKHHN pH-
CYHOK), TepMOCTaTHpPOBaHHLI! pd 295 K 1ipu cymMMapHOM
noroxe Bomopoxma 1.7x107° M/ (1) u 2.5x107 M/, Tynk-
THPOM TOKa3aH pacdér no AmMpoHny [9]; crumomHbie THHEAK
— pacyer 1o npemaraemMoii meromuke (7); «Gemsie» kpyxk-
k1 — BeiMopakuBaHue SiCly; yepHbie kBaipaTsl — B3BEIIH-
BaHHE HCIAPUTENs; YEPHbIE KPYXKKH — H3MEpPEHHe COCTaBa
IIT'C ¢ nomomsio npubopa-ananusaropa SiCly 8 TITC no
TennonpoeogHoctH [11]; KpectHku — ouenka pacxona
SiCly mo W3MEHEHWIO YPOBHS J>KHIAKOLO TETPAXJOPHAA
KpPEeMHHA.

PesynbraThl COMOCTaBNIEHAS TPHBEIEHE! Ha PHC.
2. Buzno, gro pacuer no ¢opmyne (7) (conomsse
KpHBEIE) ONH30K K 3KCIEPHMEHTY, B TO BPEMS Kak
pacder mno (2) CHITBEHO IIPOTABOPEYHAT
3KCIIEPHMEHTANBLHEIM JaHHBIM. PacxoxkaeHne pacye-
Ta N0 (2) C 3KCIEPHMEHTOM DPEe3KO BO3PACTAET MpH
MOBEIIICHHH TEMIIepaTypsl Hcmaputens sBemme 0°C.
To ecTb B JWama30HE TEMIEpPaTyp MCIAPUTENs,
OMA3KAX K KOMHATHOW, W BCIEICTBHE OTHOCHTENS-
HOH MNpPOCTOTHI ee OOecIedeHHsS H MOANEPKAHHL,
Hambonee ymorpeOndemas HA mpakTuke rpydas
omubdka B ouenke cocraea [II'C mo (2) Hem3zbexHa.
310 0CcO0EHHO XOpOIIO BHAHO M3 COMOCTABICHHS
PacdeTHEIX W  SKCOEPHMEHTAILHEIX  JaHHEIX,
TIONy4eHHLIX IIPH BapbHPOBAHAHM PACX0a BOXOPOXA
4yepes MCHapuTelb, TEePMOCTATHPOBAHHEIA IPH
KOMHATHOI Temmeparype (puc. 2). Pacaer cocrasa
[I'C no npeanaraeMoi HaMH METOIHKE, HA0DOPOT,
JZaeT XOpOWYK CXOAWMOCTB C OSKCIEPHEMEHTOM,
IOCKOJNBKY ~ BIEPBBIE  YUUTHIBAET  pEANbHEIC
H30BITOYHEIE TABIEHHAS B PEAKTOPE ¥ HCTIAPHTENE.

Taxum 06pa3oM, HOBas METOAUKA BIEPBLIE y4H-
TEIBA€T peanbHEle H3OLITOUHEIE JaBleHNs B HCNApH-
Telne ® B peakTtope. [locmemaee 0OCTOSTENLCTRBO
BITHAET HE TONBKO Ha NPaBUILHOCTh 3aJaHUS H MOJ-
Jiep)KaHusl KOHLEHTPAUHH TeTPaxnopuAa KPEeMHHS B
IIT'C, HO ¥ Ha KHHETHKY POCTA CIIOEB H HOJHKHO pac-
CMaTpHBaThCs Kak OJUH M3 OCHOBHBIX MapaMeTpoB
IPOIecca OCaX/ICHHUS.

IV. 3axnrouenue

Hcnons3oBanne pacuera 1o (7) mo3Bonger u3ro-
taBnuBaTh KODC wHWnH rereposNHTaKCHANLHBIE
cTpyktypsl Si-Ge/Si ¢ 3aJaHHEIMH CBOMCTBAMH, 2
TAKKe B IIPOH3BOACTBEHHEIX YCIOBHAX IONYYUTH
CYINECTBEHHKIH 3KOHOMUYeCcKui 3¢ dexT 3a cuéT mo-
BBIIEHWA OJNHOPONHOCTH TNapaMETPOB HApallH-
BAaEMBIX CIIOEB B 3THX CTPYKTypaxX. BaxHO, 4TO of-
HOPOZIHOCTE NapaMeTpoB 00ECHEeYHBAETCS H MEXKIY
HDapTHAMH, MONyYaeMbIX KaK Ha OZHOH, TaK W HA He-
CKONBKMX YCTAHOBKAX H, TEM CAMEIM, HOCTHTAETCH
CHMIKCHHE YPOBHS Opaka B MPOMBINUICHHOM IPOH3-
Bogcree KO3C, KCIIU Si-cripua u apyro# npoayx-
IHH, H3TOTOBJIIEHHE KOTOPOH BEJAETCA OCAKACHHEM H3
ra3oBOH a3kl

©Axagemus Hayk Pecnybnuku YsbekuctaH, TalukeHT, 2021 r.
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MeTtananubie

Optimization of the processes of gas-phase pro-
duction of silicon and silicon-germanium films

B.M. Abdurakhmanov, S.P. Boyko, Kh.B. Ashurov,
Sh.K. Kuchkanov

Institute of Ton-Plasma and Laser Technologies named af-
ter UA. Arifov, Durmon yuli str., 33, 100125, Tashkent,
Uzbekistan

One of the most important technological parameters in the
gas-phase preparation of epitaxial silicon Si/Si or heterost-
ructures of the Si-Ge/Si type is the halogenide content in
semiconductor deposited from the gas phase into a vapor-
gas mixture with hydrogen, The paper proposes a new me-
thod for calculating the concentration of silicon tetrachlo-
ride or any alloying halide in the composition of the vapor-
gas mixture. This technique gives a much more accurate
agreement with the results of direct measurements of the
content of silicon tetrachloride, carried out by various me-
thods. The use of a new calculation method allows to re-
duce the level of rejects in production and to increase the
uniformity of the parameters of the layers being built up
according to the specified thickness and resistivity both
within and between batches of manufactured structures.

Keywords: vapor deposition, vapor pressure, silicon tetrachloride
concentration, gas flow, pressure in the reactor and in the evapo-
rator, evaporator temperature, uniformity of the parameters of the
layers being grown.
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Kpemuuit Ba xpemunii-repManuii niéHKAIapUHU
rai  dazamm wmuaad YHKapHW KapaéHIapHHM
ONTHMAIAW TRPHIN

B.M. A6aypaxmanoe, C.P, Boiixo, X.B. Amypos, IILK.
Kyuxanor

V.A. Opudon nomuparu Mon-nnazma Ba nazep Texuono-
rusnapu uHctutyTH, JdypMon iymm kyw, 33, 100125,
Towxkent, Vabexucron

Onurakcuan kpemumit  Si/Si éxu Si-Ge/Si  tunmparn
reTepocTpyKTypanapun ras gazamy munald unxapuimgari
SHI MYXHM TEXHOJOrHK rapaMerprapaan Gupn Oy ras
(azacuman  Bogopoxn Guianm  OyrF-ras  apamamacuua
YeTupnnran ApEMYTRAITHYIE ranore’nT Tapknbump. By
HIIJa KpemHuil TeTpaxnopna éxkm Gy apanaumMacu
Tapkubuaarn Xap KauAafl Tanored KOHUEHTPALHMACHHH
xucobnamHuHr SHrKH yeynu Takand) kuuuran, Ywdy yoyn

Ouman  amManra OWMPHATAH  KPEMHUIl  Terpaxsiopns
TApKHOMHN  TYFPHAAH-TYFPH  YIYALT HATHKAJADM Kyna
Karra AHUKJIMKra 9ra. XucobnaurHuar SHTH

Merojonoruscunad poligananuu, Humad yukapuiuaa paj
ITHIN JAPAKACHHM nacalfTHpuin Ba MuuIad YHMKAPHITAH
KATMHJIMK B KAPUIMIHTHIA KOHCTPYKUMANAP MUMJa XaMm
yJap opacuja Xam Oenrusanrad KaJnHInK Ba KapUIianKra
kapab Gaprio aTHaaIMran KATIAMIAP MAPAMETPIAPHHIHE
BHp-XHIUTMIHHE OLIMPHILTA HMKOH Oepaj.

Kawmr  cyumap: raz  dasacuiad  8FATMINN,  TTPOXAOPMI
KPEMHMITHUHI  KOMUCHTPAUMACH, a3 OKMMM, pPCakTopad Ba
Gyrmammm  mocnamacwzarw  Gocum,  Gyrmanwm  xapopaTw,
VeTHPHARETTAH KATIAM NAPaMETPRAPHHHHI GHp XWIUIHIH,
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Pa3paboTrka rubkux opraHu4yeckux CONHEYHbIX 3NIeMEeHTOB
Ha ocHoBe TUeHo[2,3-fl6eH3ocypaHa U TUEHONUPPONAUOHA

3.A. 3axupoe’, U.U. TaxuBaes"', N.P. HypymGertosa', LK. HemaToe?, B.O Kysonaukos',

W.P. Goinasapos', ®.M. Pyzues’

"VIHCTUTYT UOHHO-NNASMEHHBIX U Na3sepHbX TexHonorui AH PYa, Oypmosn diynu 33, 100125, TawkenT, Yabeructan
2 TaLuxeHTCKWA rOCYASPCTBEHHBIA TEXHUNECKUA yHuBEpCuTeT, yn. YHueepcutetckan 4, 100174, TawxewT, YaBexucrau

Monyuena 27.08.2021
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B nacrosueit paGore mMut paspaborann opraswyeckuii CoNEedHbIl AMeMEHT J3 HOBOIO CHHTE-
snpoeanHoro nomimeps PTBFD Ha ochose ABYMEPHOrO CONPSOHKEHHOrO NOAMMEpa A0HOPHO-
AKUENTOPHOTO THIA W HCCASNOBANN €r0 XapaKTePHCTHKH CPABHHTENBHO € TPAMIIHORHEIM
marepuanod PBDTD. Oxazanocs, 9to 068 mOTHMEpPa HMEIOT CXOMHE ONTHYECKHE CBOMCTBA.
Hccnenoparine XRD noxazano, aro PTBFD umeer Sonee cuneiyio a-7 casab, yem PBDTD,
HTO MONPA3YMEBACT MAOTHYIO YKIAJKY NONHMEpHLIX uerneii. (Mortosonnrauueckye ceoficTsa
ObiIH HCCEN0BAHK! B PAIHYHEX KOMOMHALMAX NPH OAMHAKOBEIX YCNOBMSX H3FOTORNCHMS,
Opranuvecknit conseynsit anemenT #a cciose PTBFD noxasan 4.33% sdidexraenocta npe-
o0pa3zoBanus JHEPriaM NMpH Hanpekenud xonocroro xoms (V) mo 1.09 B, uro npuseno x
yayumesnso sddextusaoctn Ha 32% no cpastennio ¢ PBDTD.

Kuoaesnie caosa: Opranudeckue conHesnsie aneMentsi, Hexo{2,3-fl0ensodypan, conpa-
JCCHHBI MONHMED, CIEKTPSI NOrMOLWEHKS, HANPKACHHE XONOCTONO X0Ma.

In this work, we have developed an organic solar cell from a new synthesized polymer PTBFD
based on a two-dimensional conjugated polymer of the donor-acceptor type and comparatively
investigated its characteristics with the traditional PBDTD material. Both polymers showed
similar optical properties. XRD research showed that PTBFD has a more strong z-x bond than
PBDTD, which implies more compactt packing of polymer chains. The photovoltaic properties
were investigated in various combinations under the same manufacturing conditions. The or-
ganic solar cell based on PTBFD showed 4.33% energy conversion efficiency at open circuit
voltage (V) up to 1.09 V, resulting in a 32% improvement to comparision with PBDTD.

Keywords: Organic solar cells, thieno[2,3-f]benzofuran, conjugated polymer, absorption spectra, open
circuit voltage.

I. Beegenue

B nocnepsHe rombi OpraHEYEcKHE CONHEYHBIE
anementnl (OCD), marororngemsie B pacrsope ¢ 00%b-
emMueIM reTeponepexogom (OI'TT), npusnexnn Goms-
MWoe BHAMAHHE H3-332 NOPHACYLIHX MM BLIFOIHLIX
CBOMCTB, TaK#X Kak HH3Kas® CTOWMOCTh, JErKOCTE,
re0KOCTE, BOZIMOKHOCTL NPOH3BOACTBA C NMOMOUILIO
Texuonorus nevaru [1]. Ha ceroansmmuii nens 8

hetps//doi.org/10 52304/ v23i2,243

omronepexomusx QOC3 ma ocHose ¢dynnepena 3¢-
bexrasroCcTE npeobpasosanns 3ueprun (II13) npe-
samaer 11% [2, 3]. B OCD OITI axrmeamil cnoi
BCErZia BR/IOYAET CONPAKEHHBLIE MONHMEPLl B NPOH3-
BOAHOE (ynnepeHa (TakHe Kak METHIOBHI 3dup
[6,6]-benun-Cq-macnsnoii  kucnorst, PCeBM mnm
meTHnoBw 3dup [6,6]-beann-C71-mMacngmoli kucno-
a1, PC;\BM) [4, 5]. Hapsay ¢ paspaGorkoit npoms-

Vol. 23, No.2, pp.67-73, 2021
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BOJHEIX (ylepeHa, HOBEIE BLICOKO3Q(EKTHBHEIE
CONpPsXEHHBIE NOIAMEpH! Takxke He0OXOAWMO pa3BH-
BaTh N4 KOMMepJeckux menei B Gyaymenm [6]. Uro
KacaeTcsd HOBEIX CONPSDKEHHBIX MOJMMEPOB, HAHOO-
nee YCIENTHOW CTpaTerdnei WX paspabOoTKH SBIAETCH
HCIIONB30BaHAE JOHOPHO-AKLENTOPHOM COMOIEMEPH-
3anun. OCHOBHAS LENb COMPXKEHHOrO MOMAMEpPA CO-
CTOHT W3 YepeayIOIUXCs EAWHUL, OOraThix 3IeKTpO-
HaMH, ¥ eIHHHI, He COIepXaIlluX 3NeKTPOHEI BAONE
OCHOBHOH menw nomumepa [7]. DTo cBs3aHo C TeM,
9TO CONPSHKEHHEIE TTOMMEPE! XOHOp-akmenTop (-A)
obnazaroT OONBEITAMHA IPERMYLIIECTBAMHA:

1) HanWYHWeM MWPOKOTrO CHEKTPa MOIJIOMIEHHS,
HapsZy C BEICOKHAM KO3(h(HIMEHTOM SKCTHHKIIHH,
YTO TO3BONSET YJIABIHBATL DONBINE COMHEYHEIX (o-
TOHOB;

2) DOOXONAIUME W JIETKO HACTPauBAEMEIMH
YPOBHSIMH MONEKYNISIPHOM 3HEPTHH, YTO MPHBOAHT K
Sonbimemy BEIOOPY HOAXOASIIAX aKNENTOPOB;

3) DOBBIIEHHOH NOABMKHOCTHIO 3apsja, |TO
obnergaer paspeneHHe W TPAHCIOPTHPOBKY 3apsSIOB
[8].

IIpu paszpaborke BEICOKO3((HEKTHBHEIX MOITHME-
poB, conpsoxeHHEX ¢ J{-A, MoTAMeEpEl Ha OCHOBE THE-
u0[2,3-d]6enzotrodena (BDT) semsamm Gomsmoi
unTepec uccnenosareneid. B 2008 romy 6moxk BDT
ObU1 BIEpBHIE CHHTE3HPOBAH XOy W OPHMEHEH I
paspaborku OC3 [9]. ITocne 3Toro psa monHMepoB
Ha ocHOBe BDT OBUI CHHTE3WpOBaH W HCCIIEHOBaH
mna cosgaraa OCO MHOTHMH HCCITEeHOBaTEelbCKAMHA
rpynnamu. Hanpumep, 38erss BDT Guimm cononume-
pHU30BaHEl C u30uHAHTO [10], X@wHOKCcamaHOM [11],
THeHO[3,4-6]trodberom [12] u apyramm akuenTop-
HBIMH 3BeHbAMHE [13]. Cpezm 3THX MONTAMEPOB TOJH-
mephl Ha ocHoBe BDT ¢ aBymepabmvu (2D) KOHBIO-
THPOBAHHEIMA OOKOBEIMH HETSMH OONAaNA JTydIow-
MH XapaKTepHCTHKaMH, yeM nonuamepsl 1D Ha ocHOBE
BDT, B oTHOImEHWH NPOTSHKEHHOCTH, KOHBIOTHPOBa-
Hus, T0 BceMy mommmepy [14]. Kax amamor BDT,
tieno[2,3-d]6ersodypan (TBF) B xadecTBe HOBOIO
CTPOHTENBHOrO 0I0OKa mWMeeT OZHO THO(EHOBOE
komeno 3eeHEa BDT, 3amenerroe GypaHOBEIM KOMB-
noM. Oxupaercs, uro TBF Ha ocrHoBe mommmepos
Oyxer uMmers Gonee rmyGoKwmit 3HEpreTHUECKHH ypo-
Berb HOMO nns Gomee CHIBHOM 3MeKTpOOTpHIA-
TeNLHOCTH aTOMa KHCJIOPOA4 IO CPaBHEHHWIO C aro-
MOM CEpEI, B 3TO OyZeT MONe3HO jis MONYYEHHS Bhl-
cokoro Ve [15].

B To e BpeMs MeHbIITH pagayc QypaHa TakKe
MOXKET CJellaTh OCHOBHYIO Lenbk TBF Gonee miockoi
[16]. Ot xapaxrepucTukm genator 6rox TBF mMuOrO-

®Akanemus Hayk Pecnybnuku YabekuctaH, TawkeHT, 2021 .

obemaronmam s co3panus 3QGEeKTHBHEIX MOIAMeE-
poB korBoranun JI-A.

3oy ® ap. coobmmmr o HoOBoM 2D-mommmepe
PTBFT Ha OCHOBE allKHITHEHHI-3aMEIIEHHOr0 THEHO
[2,3-¢]6erzodypara (TBF) u Gersormaguazoma, xo-
TOpEIHA noka3seBaeT Honee Bricokyro DD (6.4% ¢ Vi
0.8 B), HAMHOro BBIIIE, YEM €r0 AHANOr TTONHMMEPA
PBDTT (3II3 4.9% ¢ Vi 0.75 B) [17]. B To e Bpe-
Mf O TIONAMEpaX C BRICOKAM HANPSKEHHEM, HPERbI-
maromuM | B npr #3roToBIEHHH YCTPOMCTB, A0 CHX
mop cOO0mANock peako. DTH XapPaKTEPUCTHAKH JeNa-
1ot 6nox TBF mHOrooOemaromum st co3ganus a¢-
(exTHBHEIX TOMAMEPOB kKoHBrOraumu J-A. OmHako B
HACTOsINee BPeMs HCCIEeOBaHUS IIOIAMEPOB Ha OC-
HOBe TBF BCE eme Jamexko OTCTAIOT OT MOJHMEDOB
BDT. VumteBas npemmymecrsa 6moxa TBF, meob-
XOIXEMO pa3pabaTeBaTh HOBHIE TIONEMEPE! HA OCHOBE
TBF u rccnenoBars uX GOTOIIEKTPHYECKHE CBOKCTBA
C IENBI0 JOCTIKEHHS 0oiee BHICOKHX XapaKTepUCTHK
[IPH BBICOKOM HANpPSUKEHHH W O0OraumieHWM MoImMe-
poe tana TBF,

II. Onmcanune 00L€KTAa H METOOB HCC/IEA0BA-
HUsS

Bce pearenTEl OBUTH TPHOOPETEHE! H3 KOMMEpP-
YeCKEX WCTOYHHKOB 0e3 JOMONHHUTENBHOH OYHCTKH.
Bce HOBEIE MONMAMEpE! CHHTE3HPOBand B UHCTHTYTE
OmosHepreTHKH W TexHONOrHH OmompemeccoB KHP.
2-(2-Ormnrexcun) THOGEH] CHHTE3HPOBANH COITACHO
nuTepaTypELM nasEeM [18], THeno[2,3-f] Genzody-
pas-4,8-1H0H2 TONy9and Mo OMMCAHHONW METOAMKE B
[17]. M1 cuETesmpoBamm cormaceo mammenv [19],
TPD nonysamu mo Meroxmke [20]. Cnexktpet UV-Vis

‘m3ygama Ha cnekrpodoroMerpe Agilent Cary 60.

Coexrpel ®JI cHuManu Ha cnekTpodoTomerpe Ocean
Optics H2000+. Pertrenosckyio aubpaknuio (XRD)
H3y4and IPH KOMHATHOM TEMIIEpaType Ha CIEKTPO-
merpe Bruker D8 ADVANCE c xerekropoM o0mieit
mwromany. TOMIUHY aKTEBHOTO CII0S 00pa3LoB H3Me-
psutH ¢ moMouIso npodunomMerpa Veeco Dektak 150.

IL1 H3roToBneHHe U XapaKTEPHUCTHKH YCTPO¥i-
cTBa

OCD ObUIH H3rOTOBIEHE! CIEAYIOIAM 00pa3oM:
CTEKIAHHBIE MOMTOXKH, mokperreie ITO (15 OM/cr?),
OBUITH OYHINCHEl JETEPreHTOM, ACHOHA3HPOBAHHOM
BOJIOH, alleTOHOM W W30MNPOIAIOBEIM CIHPTOM. TOH-
kutt cnoit (oxono 40 um) PEDOT: PSS (Bay-tron®
P4083, ¢mnerpamms 0.45 MKM) cHavana HaHeCHH
LHeHTPH(YTHPOBAHHEM Ha IPEABAPHTENLHO OYHINEH-
HEIE CTEKJITHHBIE MOANOXKH ¢ mokphitHeM ITO mpm
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3000 o6/maH, 3arem oroxrna npr 140°C s Teuenne
10 Mur npr o0wMuEEX ycnoBusx. Cmemanssii pac-
tBOp monEMmep PCyBM pacteopsmm B xnopGeszone
(XB) ¢ maccosrv cootromenneM 1:1.5 1 ¢rmsTpo-
Banu wepes QENLTP H3 momaTerpadTopsTHICHa ¢ MO~
pami 0.2 Mxm. CMetnanewil pacTBOp NepeMeInHBaii
10 9 npm Temmeparype okpyxaroureit cpemsl w 2 4
npu 80°C. 3areM akTHBHLIN CNOH HAHOCKIHM WEHTPH-
dyruposaruem fHa crexno ¢ noxpurraem 1TO, Momm-
dnmmporannsiM PEDOT PSS, u orkmranm ua rops-
yekt nawte npa 100°C 8 Teverme 20 Mun, uTo B HTOTE
Aasano akTABHBIE cnod TomumeOH 100-140 HM B 38-
BHCHMOCTH OT pa3Hod cKkOpOCTH epamends. OnrTh-
MUILHAA TONUHRA aKTHBHOTO CII0f COCTARNIANA OKONO
135 am. Tlocne aroro pactsop 0.2 mr/sor PFN B mera-
HOIEe HAHOCHIIH METOAOM uem'pnqyymponamu HE aK-
THRHBIA CIIOH, KOTOPLIA HMEN TOMIHRY OKONO 5 HM.
Ha saxmountensiom Irane, BhEpXkas MOLIOKKH B
cpene BEICOKHM Bakyymon (<6x107 y Topp), Tepaire-
CKH HanbUIANH cnoif amomeuHs (100 HM) Ha axkTHs-
HEIM CNOf 4Yepe3 TEeHEBRIC MACKH A ONpEAcNeHHsS
axTHBROH oOnacTH ycrpoficTBa. AKTHBHAA MIOWATL
npabopa, onpexenseMas TeHeBOH Mackolf, cocrasns-
na 0.1 ca’. XapakTepHCTHKE MUIOTHOCTH TOKA H Ha-
npsxerus (J-V) permcrprpoBany ¢ MOMOIIBIO H3Me-
purens Keithley 2420 npu cramzapraom obmy4erus
100 MBr/ea’ (AM 1,5 G) conHeunsIM CTHMYIRTOPOM
Newport. HETeHCHBBOCTL CBETa KaTHOPOBANH C TIO-
MOIMEIO CTAHAAPTHONO KPEMHHEBOTO CONHCYHOrO
AMEMEHTA.

III. Pesyasrarst u obcyxaenne

L1, Onmiveckne H  WIEKTPOXHMHYECKHE
cBoiicTBAa

Cuexrpst nornontenns UV PTBFD u PBDTD, &
BHIIE TOHKOH NIEHKH, W3IMEpeHHEIE B XJIOpodopMme,
noxasannl Ha puc. |. Kak PTBFD, rax w PBDTD no-
Ka3amH WMHPOKOC W WHTCHCHBHOE NOMIIOUICHWE B
Jjmianasone sagumoro ceera 400-650 sm. PTBFD u
PBDTD & ocros:OM o6nagand AByMs MOAOCaMH MO~
[JIOWICHHRA KAK B PACTBOPEHHOM, TAK H B IUICHOYHOM
COCTOSHHAX. A BBICOKO3IHCPreTHYeCKas monoca oT
300 o 400 am BoIEWKNA H3-33 NOKATHIOBAHHOIO -
n* nepexoga, HuskossepreTndeckas monoca 8 JHa-
nazore 400—650 uM Moxer OniTh NpunRcasa BHYT-
PHMOJIEKYNISPHOMY NEPEHOCY 3apsAa MEXAy aUeK-
Tpor-Borateiv noropaeM TBF (BDT) u anexrpon-
aepumETHEIM aknentopasiM TPD, xoropuie amano-
rRYHL ApYraM cononamepan D-A [21, 22]. uprsa
onTHYeckoR sanpemeHnoi 30uu (Eypy) onerusaercs

No HAYATy MONOKEHHR MMOITIOWEeHNs B mieHkax. On-
THYECKHE 3IHAYCHHR WIHPHHE 3aNpEUIeHHON 30HLI
1.83 3B u 1.85 3B paccunTans! COOTBETCTBEHHO JUIS
PTBFD & PBDTD.

T T T v T T

1,04

0.8

0.8+

044

Toromesne, onLet.

0.2

0.0 8
300 400

—~—~——
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600

JUnins somi, wa

Pucynox 1. UV-cnextpst PTBFD (1) u PBDTD (2).

T T —
500 700 800

B tabn. | npHBesieHn ONTHYECKAE JAHHbLIE,
BRIIOYAA JUTHHY BONHBI OCHOBHOrO MHKA NOr7iomie-
HHS, JUTHHY BONHBI Kpas MOITIOMEHHS H ONTHHCCKHE
3anpemennste 3086 (L) 1ms PTBFD 1 PBDTD.

Tabmmual, Onmuyecsie caoiicraa PTBFD n PBDTD.

Onmuvecxue PTBFD PBDTD.
coitcTea
Py (HM) 619 612
Aepan (HM) 678 670
Eox (3B) 183 1.85

Vposur sneprus HOMO u LUMO ans PTBFD
# PBDTD moryt ObiTh paccu#Tansi ¢ HCIONB30BAHH-
eM YpaBHeHMH, B KOTOPLIX (heppOLEeH HCIONB3OBANCS
B KQYECTBE BHYTPEHHEro crasjapra [24],

Enovo = —e(Vox + 4.80~V o),
ELDMO — —G(V,.d + 4.80—V;¢m,),

(1)
(2)

rie Vamo — ITANOHHLI yPOBEHE 3HEprud deppoiesa,
npr W3Meperuax oH paseH (.21 B, Ypornn suepram
HOMO r LUMO ans PTBFD Guutn onpeaenessl kak
=5.64 3B, —3.66 3B cOOTBETCTBEHHO, & YPOBHM IHEp-
rui HOMO 1 LUMO ana PBDTD 6winw paccunTans
kax —5.54 5B, —=3.67 3B cooTseTCTRERHO.
HecooTBeTCTBHE MEXIY MEKTPOXMMHYECKOR H
ONTHYCCKOH IMHPHHOR 3anpCleHHON 30HB MOKET

OwiTh pesynbTaroM norpaEMdHOre Gapsepa Memay

@Axagemus Hayk PecnyBnuky Ysbexvcran, Tawkes, 2021 1
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Pucynox 2. Jlnarpamma yposseii suepruu PTBFD u
PBDTD.

MOTAMEPHON TINEHKOH W TMOBEPXHOCTHIO 3JEKTPOAd
[25]. Kak mokaszano Ha puc. 2, Gonsimas pazHuna Me-
way ypoBaamua sHeprad HOMO ana PTBFD (unu
PBDTD) u PCyBM [23] Gyzner obecneummars ag-
dexTuBHEI NepeHoc/aucconrannio sapaa [26]. Xo-
poIIO W2BECTHO, UTO Vo MOMTH NPSIMO NPONOPUHO-
HalbHO pasHuue mexay yposaem HOMO nonumepa
n yposiem LUMO PC;BM [27], nosromy Gonee
rmyboknit yposens aneprun HOMO PTBFD, yem y
PBDTD, 6yner ciocoberrorars Gonee BeicokoMy Ve
B MOJMYHEHHLIX COITHEYHEIX 3]IEMEHTAX.

IIL2. PenrreHoBekas auppakuus

XRD perTrerosckux myded MCnonb3oBamyM JUIK
MCCHICAOBAHMS OBEACHHS NONMMEPHEIX Ieneil B
cromke. JlmarpaMmel peRTreHOBCKOM judpakuum
ckonszamero nagenns PTBFD u PBDTD B nnenke
[OKa3ansl HA pHC. 3.

‘ .(, T T L L} Al

038 4

Huvencusiocts, oTi.ei.

20(")

Pucynox 3. Perrrenorpammst ucxomusrx mienox PTBFD
n PBDTD,

@Akanemua Hayk PecnyGnuky YabekucraH, TawkenT, 2021 r.

Pucynox 4. Koncrpykuus yerpolicrsa, usroToriensoro
13 0BrIMHOrO OpraEnyeckoro GoToaTeMEHTa,

Kak BupHOo Ha puc. 3, PTBFD noxassisaer
CHIILHOE OTpaweHne npr 22.5° u3-3a €ro miocKocTH
(010), 4ro cooTReTCTBYET -1 paccTosumo 3.94 A. B
PBDTD ommaxo matmopanock Gonee cnaboe orpa-
skenue npu 21.5° p3-3a ero nnockocru (010), uro co-
OTBETCTBYET paccTOAHMIO ynakoskn n-n 4.14 A, Bo-
nee CHILHBIE ITHK OTPOKEHUS W MEHbLIEe paccTof-
uue p-p crakunra 8 PTBFD yxkasmBaror wa To, 9ro
PTBFD maMeeT cHIBHYIO TEHACHLMIO K KPUCTANIN3A-
mvH 1 Gonee MIOTHYIO YKIANKY Uenei, KOTopLie SB-
nsroTes GnaronpUATHBIMK UIA EpeHoca 3apaua [28].

I1L.3. @oTos1eKTpHYuecKue CROMCTRA

Yrobsl HCCIenoBaTh (POTOITEKTPHUECKHE Xa=
paxrepactara PTBFD, o6nemurie OCO ¢ rerepone-
pexonoM OBUTH H3TOTOBICHKI C WCIOMBIOBAHAEM
emecn PTBFD/PC BM B xagccrse akTHsHOro onos
co crpykrypo#t ycrpofictea ITO/PEDOT:PSS/ak-
TuBHLIH cnoii/PFN/AL (puc. 4). Axtasnuii cnoif Guun
HaHEeCeH HEeHTPU(YrHpOBAHHEM W3 PACTBOPA B XJIOp-
Genzone. Al Obin BeIOpaH B kauecTpe Karojaa s
cbopa snexTpoHOB ¢ TOHKHM cnoem PFN; koropsi#t
ABJIACTCH XOPOLIO W3BECTHREIM Mexk(]azHeIM Marepua-
JOM JUIS yIydIIeRAs (pOTOINEKTPHIECKAX XapakTe-
pucTuk, ONTHMH3HPOBAHHOE MACCOBOE COOTHOLIC-
aue PTBFD u PC7 BM cocraensno 1:1.5. UzsecTHo,
uto nobaBka Kk pacTBophremo, H-p 1,8-amomokrana
(JIMO), mrpaer sakHylo posis B onpenenernn pabo-
9UX XapakTepucTuk yerpoicrea, B nacrosmed pabo-
Te Onimu waroTomjenw ycrpoiictea PTBFD ¢ pas-
maaaeiva [IAO. Ha puc. 5a TokasaHkl KpHBLIC
BONLTAMNCPHBLIX  XapakTEPUCTHK Ui YCTPOHCTB
PTBFD/PC7BM npu pasnuuusix AobasneHssx 06b-
emax JINO. O6napysxeno, uro yerpoiicrso PTBFD ¢



PaspaboTka rubkux opraHn-eckux CONHEYHLIX 3NIeMEHTOB Ha OCHOBE ... 71

2 06.% JUO nmaer Ve = 1.2 B, Jo = 401 MAcN ™ &
FF 49.7%, B pesynerare uero JII3 cocrasmser
2.03%. Korga IO 6min yeemauer mo 3 06.%, 113
Owin ynyumes go 3.0% ¢ MOMOMIEIO YAYYIIEHHBX Jy
# FF (cum. Tabmuny 2). [Ipu gansaefinieM yBenHIeHHE
xomugectea JJUO Obuio oOHapyXeHO CHEXEHHE
TIPOH3BROANTENLHOCTH YCTPOECTRA.

3 v T T v T v T T
a

ITrornoeTs 10Ky, MA/CM”

(@)}

Thornocrs Toka, MA/CM

-8 L] T L

0.0 02 04 06 08 10 12
Hanpswenune, B
Pucynok S. BoneraMnepssie XapaKTepHCTHKH

torosnemerTos Ha ociose PTBFD:PC;;BM u PBDTD:
PC;;BM. a) PTBFD:PC;;BM npa pazsnuusnix 3HaveHnsx
JHO (pombuxu — npu 2% JHO, tpeyromsauxu — npu 4%
JHO, nepesépryTsie Tpeyronsauka — npe 3% JIHO); 6)
npu 3% JHO c orsmrom (xpywxzu — PBDTD: PC,,BM.
nepesépHyTHie Tpeyromsauks — PTBFD:PC;;BM).

OnHako MpH TeX XK€ YCIOBHAX H3TOTOBICHHS YCT-
POHCTB TOILKO YCTpOHCTBO Ha ocuose PBDTD noka-
3ano 3113 2.78% c Gonee Er3kmM J,.

Tepmmaeckuii orxur — 3ddekTHBHEI cnocod
YIYy4IIATE XapaKTepHCTHKA YCTPoHcTea. YTo0M H3y-
4YHTL BIHAHHE TepMHYecKOH 00OpadoTku Ha XapakTe-
PHCTHKH CONHCYHBIX 3NEMEHTOB, CMEIIanHas [IeHKA
PTBFD/PC7BM Onina Boigepkasa OpHE pasHLIX

Tataana 2. ®OTO3NEKTPHYECKHAES napamMeTpsl
nomumepos/PC;BM, mn3mepedsHmie npu  oCBEInEeHMH B
CMOZENHpOBAHHEIX ycnosusx AM 1.5G (100 MBr/cx?).

WA | e | %
mA/em’

PTBFD:PC;BM® 104 496 582 3.00

PBDTD:PC;,BM' 102 453 599 278

PTBFD:PC;;BM® 1.09 751 529 433

PBDTD:PC;;BM® 1.02 553 583 329

TeMIIepaTypax, B TeYeHHE DasHOTO BPEMCHH mepel
HaHeceHHEM Karoja. BHAHO, YTO onTEMH3HpOBaH-
HElE YCIOBHS TEPMHYECKOH 00paboTKHE COCTaBHIH
100°C B Tewenne 30 mumyr. POTOBOILTAHYECKHE
napamerprl yerpoiictea PTBFD/PC7BM ¢ repumue-
CKOH 00paboTkoH, mokasanssic Ha prc. 5b, cBmpc-
TenscTBytot, ¥ro I3 yerpoiicrea PTBFD/PC, BM
¢ yayumeREEIME Ji. 7.51 MA/en >, FF 52.9% 1 V. 10
1.09 B ysennuer a0 4.33%, 3to Ha 44% nyume no
CPaBHEHHIO C ycTpoHcTBOM De3 TepMmmueckol obpa-
Ootkd. W 370 sBnseTcs OAHHEM H3 CAMBIX BHICOKHX
3gaveHni Vo 8 OCD ¢ OXHHOYHEIM OOBEMHEIM reTe-
ponepexonoM. OHAKO B TEX K& ONTEMEIRPOBAHHEIX
ycrmoeEsax yerpoicteo PBDTD/PCBM aamo tonsxo
313 3.29% npu Ve =1.02 B, J. =5.53 mA/cn” & FF
583% (cm. Tabm 2). 3maudTeIRHOE MOBLIIEHHE
OpPOH3BOAMTENEHOCTH YycrpodcrBa B PTBFD mno
cpaeEerm:0 ¢ PBDTD, mur monmaraeM, CBf33HO ¢
ayqme# n-n ceg3e0 B PTBFD, 0 wem cBEgerenscT-
Byer mameperre XRD, xotopas Moxer obecmeuHTs
noxgxonautyo Mophonormo PC7BM u mygmmii nyTs
g meperoca ¥ cbopa ampox. Habmogaemoe Gonee
Beicokoe Voo mo 109 B B ycrpoiicree
PTBFD/PC7;BM obracrserce Gonee HE3KAM ypoB-
sHem 3HeprEE HOMO anz PTBFD u ponsio PFN.

IV. 3axmouenue

Hamm ©Opin paspaboraa OC3 =Ha ocHOBe
conpsxeHEnX mnomumepoe PTBFD m PBDTD.
OnTrYeck#e H®  3MEKTPOXUMHYECKHE CBOMCTBa,
[OBEACHAE MONEKYNAPHOH MEMOYKA B (OTO3MEKT-
pHYECKHE CBOHCTBA OLUIH CHCTEMHO HCCHEOBAHLL
Ob6a mommMepa NOKa3anH CXONHEIE ONTHYESCKHE
ceoiictea. PTBFD mmen memmOro Gomee y3kyio
OIEpHHEY 3anpelesHo# 308:L 1.83 3B, B 10 Bpems
KaKk IIHPHHA 3anpenieHHo# 30HH 1.85 3B Omma
ompegenera s PBDTD. PTBFD moxazan Gomee
rnybokai yposers saeprae HOMO, 5.64 3B, gro ra

SAxanemus Hayx PecnyGnuxi Ysbexuctan, TaiukenT, 20211
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0.10 3B muxe, vem y PBDTD. Hceneaorasne XRD
nokazano, uto PTBFD wmwmeer Oonee Ommzkui #-%
crekmEr, bem PBDTD. ®croanexrpugeckue
CBOHCTRAZ OBITH HCCHEZOBAHEI B  PaslHYHLIX
VCIOBHSX, OBDT MONYy9eH ONTEMHEIEpOBaEHEN 110
433% c Vi mo 1.09 B, 9To npuBeno x ynydimeHHIO
sdiexTrBEOCTE Ha 32% N0 CPaBHEHHIO ¢ YCTpOH-
crsoM Ha ocHose PBDTD/PC;BM mpu tex xe
VCIOBHEX. OTH  PpE3VABTATE  YKa3uIBAIOT Ha
MHOrooOeImarom#e NepcnexTHBL THeHO[2,3-h]0en-
30(ypaHOBOrO 3BeH2 I BHCOKO3(dexTHRHEEX
TONHMEPHBIX CONHEYHHIX 3/IEMEHTOB C BLEICOKHM
HANIPSKEHHEM.

Meragauusie

Development of flexible organic solar cells based
on thieno[2,3-f]benzofuran and thienopyrroldione

E.A. Zakhidov', LL Tajibaev', A.A. Saparbaev', Sh.K.
Nematov’, V.0. Knvondikov’, LR. Boynamrov', F.M.
Ruziev'

'Institute of Ion-Plasma and Laser Technologies of Uzbe-
kistan Academy of Sciences, Durmon yuli str. 33, 100125,
Tashkent, Uzbekistan

*Tashkent State Technical University, University str. 4,
100174, Tashkent, Uzbekistan

In this work, we have developed an organic solar cell from
a new synthesized polymer PTBFD based on a two-
dimensional conjugated polymer of the donor-acceptor
type and comparatively investigated its characteristics with
the traditional PBDTD material. Both polymers showed
similar optical properties. XRD research showed that
PTBFD has a more strong n-x bond than PBDTD, which
implies more compactt packing of polymer chains. The
photovoltaic properties were investigated in various com-
binations under the same manufacturing conditions. The
organic solar cell based on PTBFD showed 4.33% energy
conversion efficiency at open circuit voltage (V,.) up to
1.09 V, resulting in a 32% improvement to comparision
with PBDTD.

Keywords: Organic solar cells, thieno[2_3-flbenzofuran, conju-
gated polymer, absorption spectra, open circuit voltage.
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Tueno[2,3-f]Genzopypan Ba THEHONUPPOJIHOH
acocujaa SrWyBYaH OPraHMK Kyém 3aeMeHTIa-
PHHH HINI20 YHKHII

3.A 3axupos', MWLM Taxubaes’, A.A CanapGaes’,
LK. Hemaros?, B.O Kysonauxos', W.P. Boﬁnasapos',
®.M. Pyauen'

'"Y3P ®A Mon-rmasma sa nasep TeXHOIOTHANAPH MHCTHUTYTH,
Lypnow #ymu 33, 100123, TomxerT, Va6exucton

TomkeHT naBnar TEXHUKA YHUBEPCHTETH, YHHBEPCHTET K. 4,
100174, Tomxenr, Y36exuctom.

Mazkyp wmakomama 6u2 JOHOp-akmenTop TypHparu
OOFNIaHraH TMONMMED TYDHIOATH SHTU CHHTe3 KWIWHTAH
PTBFD acocupa OpraHHK Kyéll S31€MEHTHHM HILnad
UHKOHK Ba YHHHI XapaKTCPHCTHKaJapMHU aHBAaHABHIA
mMatepuan PBDTD Gunan xuécmii Tap3fa TagkaK KHIIHK.
Hxxana momaMep MaTepramyd XaM Jespid GHp XWX ONTHK
xoccanapra sra. XRD tagkuxornapn PTBFD nomamMeps
PBDTD nucbatan kKyTpok 7-7 GoFnapra 3ra 3KaHIHTHHH
kypcatiu. By 3ca momMMep 3aHJKHPHHH  3MYPOK
JKOMNAIMIIMHY aHrnatagy. OOoToBONLTaHK Xoccanap GHp
XuJl Taépnam IapoMTIapuza TypiH KOMOWHauusamapaa
Taakuk, KumeEm. PTBFD acocmparu opramuk Kyéur
anemenTH 1.09 B raua ounk 3amxup Kywranumuzna 4.33%
JHEepPrus Y3rapTHPHID CaMapajopiMrHHH KYpCAaTOW Ba
ymby  kypcatkuurm  PBDTD  Hucbatan  33%
AXIOUIAHUIITA OJTHO KeNu.

Kamr cy3map: Oprammk Kyém saemeHTIapu, THeHO[2,3-
f]6ermsodypan, GormaHraH NonmWMepnap, FOTHIMID CHEKTPH,
QUMK 3aHKHD Ky4WIAHWIIH.
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orpaHu4YeHHOro pasmMepa c noMmowb Pypse
MK-cnekTpomeTpum
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B axcnepimentax no ®ypse HK-cnextpomerpiit usyues pewunm HabyxaHus nomuMmeproit
memOpans Ha(HOH B BOZE, SANTON B KIOBETY, XEPRKTCPHBIH pasMcp KOTOPOH Nopsiaka Ton-
wnes menOpans. Mntepec x smam uccnencsanuaM obycnosnes TeM, 4To npu Habyxanuw
HadHOHA B KIOBETE, Pa3Mep KOTOPOH MHOrO Dosbule TOMUHHEI MeMOpans!, MPOHCXOMHT -
hexTHEHOE «pasMaTHIBAHHE? MONHMEPHBIX BONOKOH B 00ben o [1]. ator npouecc ue G
H3YHEH B CIyHae, Koraa obnacTs, KOTOPYIO 3aHHMAROT PasMOTAHHLIC MOMNMEPHEIE BONOKHA,
orpaHHYena pa3MepomM xioeeTh!. [Tokasano, ¥To B 3TOM ciiyvae BpeMeHHAS MHHAMHKA [1epexo-
5ia nomMepa 13 ruapodobroro B ruapodHILHOE COCTOSHRE NMEET Pall cneundimieckix oco-
BernocTedi, KOTOPhIC SABHCAT OT Pa3MEpPa KIORETHI, OT HIOTOMHOID COCTARA, CONCPMAHHS HO-
HOR R npensaprTensHoit o6paboTkn Boael. [Tponurannsie sofol nonuMmepHbie Membpasin Ha-
XOAST HIRPOKOE MPUMEHEHHE B HU3KOTEMNEePAaTypPHOl BOAOPOAHOR IHEPreTHRE, HCMONb3YIOT-
CA B NEKTPONH3EPAX, FeHEPaToPax BOAOPO/A, & TAKXKE B BOJIOPO/IHLIX TOMIHRHAIX ATeMeHTaX

Knouessie ciosa: Oypee MK-CreRTpOMETPAN, CRCKTP NMPONYCRAHAN, NOTHMCPHEE MenTpars, sudm-
oH, TAPODHOOROCTE H rHIPOPIILHOCTE,

In the experiments of Fourier IR spectrometry we studied the swelling mode of the Nafion po-
lymer membrane in water poured into cuvette, the characteristic size of which is on the order
of the membrane thickness. The interest in these studies is due to the fact that when Nafion
swells in a cell whose size is much larger than the membrane thickness, there is an effective
“unwinding” of polymer fibers into the volume of water [1]. However, this process has not
been studied in the case where the area that the unwound polymer fibers can occupy is limited
by the size of the cuvette. It is shown that, in this case, the temporal dynamics of the transition
of the polymer from the hydrophobic to the hydrophilic state has a number of specific features
that depend on the size of the cell, as well as on the isotopic composition, ion content, and pre-
treatment of water. The polymeric membranes impregnated with water, the study of which is
devoted to this work, are widely used in low-temperature hydrogen power engineering, in elec-
trolyzers, hydrogen generators, as well as in hydrogen fuel cells,

Keywords: Fourier infrared spectrometry, transmission spectrum, polvmer membranes, nafion, hydro-
phobic and hydrophilic states.

hitps/idoi.org/10.52304/ v2312 244

B nocnennee spems noNHMepELIe MeMOpans! 13

L
Denomes uapuona (Nafion™), paspaboransoro dupmoit

Vol. 23, No.2, pp.74-80, 2021
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DuPont, ogeHbr HHTEHCHBHO HccaeayioTcs (H-p. 00-
30p [2]). UnTepec kx 3THM HCCIEHOBAHHIM CBS33H C
TIPEMEHEHEEM HaQHOHA B HE3KQTEMIEPATYPHEIX BO-
JOPORHEIX 3neMenTax [3, 4]. Hadmor npeacrasnser
cobo#i momEMepHEN (TedIOHOBEIE) KapKkac C MOA-
IDETHIME KOHIEBRIMH cynbtorpynmamu. H3secrHo,
aT0 TeduroE rEapodioben, B TO BpeMs Kak Cyabdo-
TPYINEl OONANalOT THAPODENLHELIME CBOMCTBAME,
T.c. Habyxmmit B RoZe HadHOH oOmajaer amobH-
uIbHBIME CBOWCTBaMH, B MemOpane HadwuoHa
bopMHpDYETCS CTPYKTYpa THOA NHIHHIPHYECKHX
MHIEIN C 3aN0JHEHHLIMHE BOJOH KaHalaMH pa3Me-
poMm 2-3 M. Ha rpamune 3THX KaHan0B MPOHRCXOTHT
JUCCOMHANES KOHIEBHIX cynbhorpyni mo cxeme R-
SO;H+H,06R-SO; +H30", BHyTpenHss mnoBepx-
HOCTBL KaHAaNOB 3apikeHa OTpHIarensHO. IlosToMy
BHYTPb KaHanoB 3DHeKTHRHO BTATHRAIOTCS KATHOHL
[5], 9To HCMOAE3yeTcs ANA NPOCTPAHCTBEHHOrO pas-
zenenns momos H'  OH™ B ycramoekax mo Bojo-
POAHOH 3HEPreTHKE.

B Oonemmscree sxcnepaMenTansHEX pabor mo
Ha(QHOHY, KaK MNPaBHIO, HCCHEAyeTcs BHYTPeHH:AS
CTPYKTypa caMoro noaaEMepa. B To xe Bpems B pane
padoT OLUIE HCCNEeAOBaHEI CBOHCTBA CIOEB BOIEL
TIPHJIETalOIeH K TOBEPXHOCTHE NONHMepHOH MeMOpa-
ul, Tak, B MoHOTpadHH [6] OMECARE! 3KCIIEPAMERTE,
B KOTOPHIX OOHapyXeHO, 4TO OpH NOIPYXKESHHH
MemOpasnl HadHOHZ B BOZHYIO CYCIEH3HIO
KOIUTOHAHBIX ~ MHKpocdiep 3TH  MEHKpocheph
OTTAIKHBAIOTCE OT MeMOpaEs! Ha pacCTOSHHE
mopsaKka HECKONBKEX coTeH MEkpoH. OOmacts, H3
KOTOpOH 3¢Q(EeKTHRHO BRITANKHUBAIOTCS KOUIOHIHEIE
MHEKpOC(IEpEl, MONyYHNla Ha3BaHHE HCKIIOYEHHOH
soEe. M3BectrO, (cM., H-p, [7] ¥ upuBeneHHEEIE B
3TOi paboTe CCHUIKH), YTO TBEPAOTENbHAS NOLTOKKA
MOXET H3MEHSTHL CBOHCTB2 NpHIErarolled X HeHd
BOAEl TONBKO B mpefenax 1-2 MOHOCHOEB, T.€. B
MacmTabax HeCKONBKAX HAHOMETPOB.

IL. Marepuansl U MeToAR!

SKCHEpHMEHTH IPOBOJHIH HA SHATHTHYECKOM
@Dypee-COEKTPOMETPE OCM 2201 (000
«Wudpacnex», Poccas, Canxr-Ilerepbypr).
CnexTpoMeTp HMeN ClIeRyIONEE XapakTepHCTHKH:

— ChexTpansHEI mHanasor: 370-7800 ca;

— CHEKTPaNbHOE Pa3pelleHHe BO BCEM AMANaso-
me: 1.0 CM";

— abcomoTHas® NOTPEIIHOCTL BO BCEM AMANaso-
me: = 0.05 cn™.

Kaxk B B ONHCaHHHX paHEe 3KCHEepEMEHTax [8,
9], xo3ddHOEEET TpONyCKAHHS WMCCIENOBaH B
mmanasone 1.8-2.2 mxM (mo moBofy Buibopa 3TOr0
OHana30oHa CM. ZCTaNbHEIH KOMMEHTapHH B pabore
[7]). Uccnenorarnr mnacrrake Hapmona N117 (Sig-
ma Aldrich, USA) tommeso# 175 pum ¥ nnomamso
1x1 cv (puc. 1); xak Syzer ScHO H3 HamsHedmero,
O4eHBb BaKHO, 4TOOKR pazMep MNAcTHHOK Ha(HOHA
OBIT CTPOTO PHUKCHPOBAH.

=

s
S b
(U

[eEe=—

Pucysox 1. ®ororpadus miacTHHOK HahHOHA, HCNOME-
3yeMuIX B 3xcnepumerTe o @ypse MK-cnextpomerpan;
MIACTHHKA HMEOT OAWHAKOBYI TONIIHHY W MPHMEPHO
OZMHAKOBYIO (opMY.

IInacteExy HadHOHAZ TOMEmanH B TepMETHY-
HYIO KIOBeTY Mex 1y okHamu u3 CaF,; 70T Marepran
mpo3pageH ans  WK-a3nydeHHs  BO  BeeM
HCCIEIYEMOM CIEKTPansHOM AHAanasoHe (IMEHHO-
BOJIHOBAS IPaHHNA IPO3PaYHOCTH COOTBETCTBYET A =
3 um). B 3KcepEMeRTaxX Ka9eCTBO TOMHPOBKH OKOH
ABNSETCS BaXHEIM H  XapakTepHEIE  pa3sMep
IIepPOXOBaTOCTH OKOH BHIOpaH paEHEM 2.5-5 um.
Iepen xaxaeM  3KCIEPHEMEHTOM 3TH  OKHA
OpoMBIBanTE BOjoH kimacca Milli-Q = 3atem
BEICYIIHBATH C OJHOBDEMEHHEIM YAANECHHEM ILUTH
IDOTOKOM XHMHYECKH YHCTOrO 330T2 10 BHICOKAM
ZapneEHeM. PaccrosEme L MeXAy OKHaMH paBHO
TOIIHEE KIOBETH! B BAPLHPOBANOCE ¢ maromM 10 MM
B auanazose 180-1000 mxm.

Janee B KIOBETY 3aIHBAlIach BOJA, BAKHO, 9TO-
Onl 00BEM 3anHBaEMO# B KiOBETY XKHIKOCTH BCErja
TIPEBOCXOARI 0OBEM CaMOH KIOBETLL, T.e. eCliH MEl
sanHBaeM KHIKHHE o0pazen B OAHO H3 BXOAHEIX
OTBEPCTHH, TO H3 JAPYIOro OTBEPCTHS BOJA ACIKHA
BeTHBaTECE. OTBepCTHSA 3aXpHEBany TedIOHOBEIMHA
BCTaBKaMH, HO TPH 3TOM FEPMETHYHOCTE OTCYTCTBO-
Bajla, T.e. BCETHa COXpaHMICs HOCTYN BO3AyXa. B
KauecTBE HCCHEAYEMBIX XHAKHEX oOpazuos Owina
Hcnons3osara Boaa Milli-Q; yaensroe conporasne-
HAE B MOMEHT NONydYeHHs 00pa3ua CoCTaBifio

©Asanenus Hayk Pecnybnuku Ysbexuctas, TawxeHT, 20211,
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18 Mowm-cm, comepkanune neiitepus pasro 15711
ppm [10]; Takxke B psje sKCHepUMEHTOB GLUIO H3Y-
ueno Halyxanve nacTuiky wvagwona B obexHeHHON
no aedreprto Boxe (Deuterium depleted water, Al-
drich, USA, copepxanue neiirepus | ppm). Kpome
Toro, OBLUIH HCCTENOBaHBI MPHIOTOBIICHHBIC HA OC-
moee Milli-Q momer pactsopsr NaCl B amanazone
xonuentpauuii 1-107" M, a Taxwe Boja, nojsepr-
HyTas WHTEHCHBHOMY BCTPAXHBAHMIO Ha BHOpO-
mnarpopme Boprexke MSV-3500 na wacrore 20 I'u B
TEUEHHWE OJHOW MAHYTHL

IIT. DxcnepuMeHTANILHLIC PE3YILTATEI

Hamp Obinig CHATHI CHEKTPBI POIYCKAHUS IS
HahuOHa, KOTOPLIA BEIMAYMBAICH B PATUUHKIX
KHIKOCTAX ¢ WHTepsanoM 5 wmun. Ha pure. 2
NPUBEJICHEl THIMYHBIC CHEKTPhI npomyckaHua K,
CHATRIC C HMHTEPBAIOM 5 MHHYT HA BPEMEHHOM
uaTepsane 70</<100 muHYT B OOBIMHOK BOAE B
KIOBETE C paccTOAHMHeM Mexay okHamu L = 200 um.
Buano, uro koapdunuent nporyckauus K nnasuo
YMEHBIIAaeTCs 1Mo Mepe Habyxanus.

——1.0.70 min
f=H0. 78 min |
11,0, $0 mi
e 14,00, 85 min
[ 1,0, 90 i
== 1,0, 95 min
{10 100 min

i

T0 « 100 min, L = 200 ym
0.5 4

064

0.4 +4

Transiittance X'

024

-
1 Jd
o

Y
X () 20

Wavelength A, pm

Pucynox 2. Cnextprt koadduumenta nponyckanus K B
muanasone 1.8<A<2.2 um npn BHIMAYMBAHUM MIACTUHKA
uatuona B oburmoil Bome (comepxaune meiirepus 157

ppm); paccTosHHe MEeXAy okHamu kioBerst L=200 pm,
HHTEepBaN BpeMenn BhiMaunBarus 70<r<100 Mun,

Ha pmc. 3 npusesenst zasucuMoctd koadu-
UEHTA [PONYCKAHUS Ui BOAM, obexHeRHOH
nerrepuem (comepikanne aelitepus 3 ppm), B
KIOBETE C PACCTOSHHEM Mexay okHamu L = 200 pm ¢
unreppatom  0<¢<25  mmHYT. 3pmece =0
COOTBETCTBYET BPEMEHW 3a/HBKH *kHAKOro obpasna
B KIOBCTY M CHATHH CAMOrO MEPBOTO WAMEPEHUS,
KOTOpOE 3aHUMAET NMPHMEPHO 15 cexyH, T.e. camas

®Akagemun Hayk PecnyBnuku Yabekueran, TawkeHt, 2021 r.

mepBasg TOYKA HA STOM rpaduke COOTBETCTBYET
MomenTy Bpemenu /=30 cek. BuaHO, 49TO CHEKTpEI
NPaKTHYECKH OJMHAKOBEL i BCEX [ 31€ech e Mbl
MPUBOAKM CHEKTP TPONYCKaHMsA Ind 0ObIMHON BOJEI,
CHATHIA B MOMeHT BpemeHn (=30 cex, Dror cnekTp
CYLICCTBEHHO OTIHYAETCA OT COOTBETCTBYIOIIHX
CIEKTPORB IS BOALL, 0DeanenHol aefiTepuem.

OtMerum, uro B Hame#d pabore [11] uzydeHn!
CITeKTPEI MPOMYCKAHHA BOABI B jguanazone |.8—
2.2 MHKpPOHA B 3aBHCHMOCTH OT COJEpPIKAHMS
jgedtepus W momydeHo, uro  koaddunmenRT
nponycKkaHus OgMHAaKOB B amanazone 1<C<10* ppm,
T.e. ObHapyxennLni shdexT Re MoXxer OLITL cBA3aN
¢ PpalMAYHLIMH  MOTTIOLIATENLHLIME  XaPAKTEpKC-
THKaMH o6krHON 1 ofeaHenHoM Mo gedTepHo BORL
Mer cBa3biBaEM pasHHIY CHEKTPOB Ha puc. 3 ¢
OTCYTCTBHEM pA3MATEIBAHUS TONHMEPHBIX BOJIOKOH
B 0DCAHEHHOR 110 ASHTEPHIO BOJE W COOTBETCTBEHHO
C OTCYTCTBHEM B TOH BOJIE TTOJIOCTH.

— W, W s |
—— DDW, $ min |
— DIW, 10 0]
s DDW, 1S min
s DDW, 20 min|

~ DDW, 25 min!

- — 10,30 |
D e T
06+

044

104

0« 25 min, L= 200 ym
0.8+

Transmittance K

024

00 v T T T 1
14 1.9 20 20 2

Wavelength A, ym

Pacynok 3. Cnektpei xosdduumnenra mponyckanus »
nuanasone 1.8<A<2.2 pUM npy NOMELIEHWH TNACTHHKU
Hadmona B KioBeTy ¢ obemHenHolf 1o jefitepuio BOmOI;
paccrosHme Mexay oxkHamu L=200 pum, uaTepsan BpeMen
BeiMaunBaHug 30 cexyna</<25 munyT. Bepxuss xpunas —
criexrp koaduunenTa nMpomyckanus s oObIMHON BOAL!
1pH BpeMeny BhiMaunsarus = 30 c.

Ha OCHOBaHWH IMONYYEHHBIX CIEKTPOB MOXKHO
OLEHATHL YCPENHEHHYID 10 JUIMHE KIOBETHl L

kornerTpanuio Boasr (C,,). [lepenncas sakon Byrepa
B BHJAC:

I(t)=1I, exp(-xIC‘, (l,x)dx‘) = L,exp(-x(C, (1))L),
(M
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monyHaeM (Cw(l))=lh%z‘-. B sroii dopmyae

ygrera 3aBECEMOCTE (C,;) OT BpEMEHE BEIMAYHBAHHES
f KaK OT mapaMerpa.

Ha puc. 4 npueenenn 3asucamoctr {C.(1)) or
BPEMEHH BHIMA4YHBAHHA [ INIS KIOBET C PACCTOSHEEM
Mexxy oxaamm L = 180, 190, 200, 210 u 220 pm
ITysxTHpHEas NHEHA COOTBETCTBYET KOHUSHTPAUHH
Bomsl B cyxoM Hadwmore (C,); = 0.174 (6asosas

Time, min

Prcysox 4. 3aBHCHMOCTh CpenHell KOHLIEHTpaluHWH BOMBI
{C{t)y mpm 180<L<220 pum gns oOwuHOE BOAM
(conepxanne neiitepus 157 ppm). JMmHNCaNT TOMEUEHE!
«BTOpHIE CKauxkWy. Takke mpusefded rpadmx Ans
BhIMauHBaHHA HadHOHa B 00eIHEHHOH NO JeliTepHio Boze
(comepxanue xmefitepus | ppm). IltpuxoBas mmHud
cooTsercTRyer KoHuenTpauus somel (C,)=0.174 ans
cyxoro saduoHa.

Paccmorpam (s OTIpEeEeNeHHOCTH )
zasrcamMocte (C.(7)) ans L=180 pm. Bazso, gTo
KOHIOEHETPAHA BOOL HCNHTHBACT PE3KAH CKagOK
npumepHo uwepez 10 wmmE  HalyxaHms, 91O
CONPOBOKJAETCE CXIONLIRAHWEM MONOCTH. byiaem
Ha3piBaTk TAKOE PE3KOE H3MEHEHHE «(IIEPBEIM
ckagkom». J[lanee, mpmMepEo Ha 90-H MEEyTE
HaOyXaHHI NPOHCXOANT eIle OAHH CKA4YOK, KOTOPhIH
HE CBS33H CO CXJIONLIBAHHEM WOJIOCTH (BBIZEICHO
KOHTVDOM CHHEr0 NBeTa); OvAeM HashBaTh 3TO
BTOPEIM cKaukoM». OTMETHM, 9TO BTODHIE CKAUKH,
TONBKO C MEHBIIEH AMINMETYAOH, HAOMIOZAOTCS H
mns paccrosaER L = 190, 210 5 220 pM (seinenesn
COOTBETCTBYICIIHMHE KOHTYPaMH ).

Kax mokasanw Hall¥ H3MepeHHs, NEPBLIH CKa-
YOK CBA3aH CO CXJIONEIBGHHEM MOIOCTH, OpPH 3TOM
BCA TIOBEPXHOCTH TOMHMEpA MOKPHITA KHEIKOCTHIO,
9TO COOTBETCTBYET OOBIMHOMY peXuMy HabyXaHHS.

Taxam 0Opa3omM, BTOPO# CKaY0K MOXET ORITh CBS3aH
TOIBKO C JOCTATOYHO PE3XHM YBENHICHHEM KOHIEH-
TpamHE BOAH B 00neme camoi MemOparw. Jns mpo-
BEPKH 3TOH IHNOTE3hl MBI H3Y4aliH BPEMEeHHOH XOA
xornentpamua soast (C, (1)), =EEK“—(0I
kL,
Me MeMOpaHB! IpH €€ BhICKIXaHHH; 30echk Li=175 um
— TONIIMHA MIAaCTHHKH HapHOHAa. B 3TOM 3Kcmepm-
MeBTe MeMOpana HapHOHA BHIMAYHBANACEH B KIOBETE
C paccTosHAeM Mexay okHamu L=180 pum B Teuenne
t, =80 u 2 = 110 MHH, T.c. 0 ¥ HOCNE HACTYNIECHAL
BTOPOrO CKauKa. 3aTeM M BHTaCKHBalH MeMmOpaHy
H3 KIOBETHIL, H OHA BHICHIXaNa Ha BO3AYXE NPH KOM-
HaTHOH TeMmepatype (puc. 5). 3aBECHMOCTH XOH-
nenTpaurd BoAn (C.{f)); OT BpEMEeHH BLICEIXaHHS
Jutd BpeMeH HalyXa®HA {; ® f; pasmAgHE. JTO KOC-
BCHHO MOATBEPXAZET THIOTE3Y O TOM, YTO CKaY0K
sasucuMocTE (C,(f)) Ha pEC. 4 B HHTepBRane 1,<i<t,
CBS33H CO CTPYKTVDHLIMH H3MEHEHHSMH B 00LEMe
MeMOpaHE!, KOTOpEIE CONPOBOKAAIOTCS DE3KEM YBe-
NHYEHHEM cofepkaHus Bogsl. OTMeTHM, 9TO CTpYK-
TypHEC (Da30BEIE MEPEXONEl, KOTOPLIE MPOHCXOAST
BHYTDH NONHMEDHOH MAaTpHIOB NpH HaOyXaHHHE B
BOIE ¥ CONPOBOXKIAIOTCS DE3KEM POCTOM COZepiKa-
HHEA BOABI B 0OBeMe MeMOpaHBI, ONHCaHEBI, H-D, H B
pabore [12].

B 00be-

—o—HO, | 10mia)

5o

L] 451

—o—H O, 8 ma |

Pucynok 5. 3aBHCHMOCT CpepgHEH KOHUEHTDALHH BOXE!
(CAf))o oT Bpemesn { BuichIXaHHZ Ha(HOHAZ mociTe
BbLIMa4HB2aHHA B KIOBETC C PECCTORHHEM MEXKIY OKHaAMH
L=180 pm B Tegerne 80 u 110 munyT. MTtpuxopas muaus
cooteercTByeT kouueHTpaumn Bomul (C,);=0.174 zns
cyxoro HadHoHa.

Ilepexon mnBadmoma w3 rtEapodobHOrOo B
THADOQHILHOE  COCTOSHHE MPOHCXOZHT [pH
BLIMAaUHBaHHWH NIacTHEKE Eadwora N117 (tommmra
IDIACTHEKH 175 M@KpoH) B OOMMHOH NPHEPOXHOHR
Bofe (coxepxkanme achiteprs 157 ppm) B KioBeTe
HeorpaHHYeHHEOro obbema (Jamka [letpn).

SAxagemus Hayk Pecnybnusu Ysbexuctan, TawkeqT, 20211
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OuesnaHO, HTO NP TaKOM BEIMEYHBAHHH
OPORCXOJNT MPOPACTAHHE NONHMEPHLIX BONOKOH B
oOneM BOgW Ha paccrossse Xp=300 pM, B 3roM
ciydae nepexox B THAPODHILHOE COCTOSHHE
3asepluaeTcs Ha  Bpemesax 190<r<200 min.
Ouesuano, 9T0 AN nNacTHHKE Hadpmoma NI117,
xoropas mabyxaer B ofnwHON BONEe B KIOBETC C
paccrogHHeM Mexay oxsamm [=180 uwm, spdext
NpOPacTaHHA TOJARIEH 338 CYET IeOMETPHYECKOro
faxropa. Ha mam B3rnan, B 5TOM ciiydae nepexon B
rHAPOGRILHOE COCTOSHWE TPOHCXOAWT Tropasio
panbie, 4eM npH wabyxanum B gamke [lerpn. B
HONB3Y 9TOR THNOTE3HW TAKKE CBHACTEILCTRYIOT
sasuceEMoctr (C.(f)) ana xoser ¢ Tommmnranm L =
190, 210 u 220 pm. Jlns 3THX KIOBET BTOPOH# CKAMOK
TaKAe HACTYNAeT ropasfio paHbine, 4eM HacTynaer
nepexoxl B rHapodHIBHOE  COCTOSHHE [IPH
nabyxasun nomuMeproi MemOpanst B wamke [Merpu.
Taxun ofpazoM, MOXKHO CAENaTh BRIBOJA, ¥TO 3ddexr
NMPOPAcTaH®#s MONHMEPHEIX BOMOKOH BIHSET HA
kuHeTHKy Halyxamms memOpanwr uem ciabee sTor
s dexT BrIpaken, Tem OBICTPee HACTYNACT MEPEXOA
B rHapodmEROe cocTosEme, Mccnenoranus B aToM
HANPABICHHH NPOAOINKAIOTCA, W JAHHEI BEIBOX B
naneHefimem Syaer yTogHeH.

V. O6Gcyxaenne pesynstaTos

Kak yxe orMedanoch, 0cOSEHHOCTH BpeMeRHONR
AWHAMHKH [ONOCTH Mbl CBi3nBaeM ¢ 3ddexrom
TPOPAcTaniA MOMHMEPHEIX BONOKOH B 00BEM BOMIMIL.
3TOT BHIBOZI OCHOBAH HA OTCYTCTRHM 3TOH MONOCTH B
nojgc, obGnerycunod JAcHrcpHeM, Juig  KOTOpoH
spdexr NpPOpacTaHus OTCYTCTBYET. Ecnn
paccrosHHe [ MEXKIY OKHAMA KIOBETEl MEHBIIC
pasmepa Xy ofinacTu, BHYTpE KOTOPOH HpOpacTalor
NOJIHMEPHBIC BOJOKHA B ciiyuae "HeorpanndeHsoro”
pasMepa KIOBCTHI, TO TIPOpPocinHe B 00BEM BOAM
TIOMAMEPRLE BONOKAA Wemibewno yn@paloTes B
OKHA  KIOBCTHl, 4TO JOMKHO [NpHBECTH K
BOSHHKHOBECHHIO TTONA MEXAHHYECKHX HATPIKEHHT W
CB3EHHWIX C HWMH aedopmauui, T.e B JaHHOM
cryyae NPOSBNAIOTCA MHKPOPEONOrHYeCKHE
ceoficTea Habyxaromeid memOpann. Baxuo, wrto 3tH
HANPOKCHHA BOZHAKAIOT B CHCTEeME "CKpy4YcHHLIX"
NOMHMEPHEIX BONIOKOH, KOTOPLIC HCXOAHO 00naaaoT
raapohobHEIMA  cBOHCTBAMH, T.6 TNONOKEHHE
MONEKYNIEl BOALI, OKa3aBIICHCA B INPOMEAYTKaX
MeAULY TAKAMH BONOKHAMH, Gy AET HeyCTORIHBEIM.

Caeayer oxmpath, 49TO HA JAHHAMHKY
$OPMHPOBAHAR H CXIAONLBAHHA NONOCTH JOIKHEI
BIIHATE HAHOMY3ILPLKH PACTBOPEHHOIO rasa.

@AsaReMus Hayx PecnyBnukn Yabeuucoras, TawkesT, 20211

JleHCTBRTENLRO, HCCTeayeMbie IKHAKHE
obpasun He ObTA gerasmposansl [IpH pasmaruisa-
HHW TONHMEPHLX BONOKOH HA HOBEPXHOCTH THAPO-
dobuoft  mMemOpaHBl BOZHHKSIOT  BLICTYOR #
HEPOBHOCTH, KOTOphle HIPAIOT POlb LEHTPOB
HYKNCAUUn MOBEPXHOCTHEIX HAHONy3bipbkoe [13].
DTH HAHOMY3LPHKA "BLIHOCATCA" NMPOPACTAIONIHMHE
BONOKHAMH B CTOPOHY OKHA KIOBETH, B B mone
BOSHHKAIOWHEX MEXAHHYSCKAX HANPIKEAHH MOXET
NPOACXOANTH KOQJCCHeHIH (cxnonwiBanne)
HAHONY3LIPLKOB, WTO NOMKHO BHOCHTH BKJIAl B
popMrpoBaHKHEe NOIOCTH. DTO KOCBEHHO NOJATBEPK-
AACTCA PC3YNBTATAMM, MONYYCHHBIMA C BOIHBIMHA
pacreopame  NaCl, a rawke ¢ ofpasuams,
NOABEPTHY TRIME BCTPAXHBAHHIO.

He#icTeuTenbHO, Kak nokazaso B [12-14), =
BOJHEIX pacTsopax conmeif B obseMe XEAKOCTH
BOZHHKAIOT CTAa0HIMIUPO-BAHHLIC HOHAMH ra30Bbie
HAHOMY3LIpKE ¢ paauycom nopsaka 200 mm.
ObbseMuas NIOTHOCTH CTAOMIIH3HPOBAHHLIX HOHAMM
ra30BEIX HAHOMY3HLPL-KOB B JACHOHHIOBAHHOH BOIC
(Hanu4He HOHHOM KOMIIOHEHTHI B 3TOM CITy4ae
obycnosneno coberserHol aucconnanmed Monexyn
somet) n ~10° oM™, T.e. MEKIYy NOBEPXHOCTEHIO
memBpass nuomansio ~1 cM® B OKHOM KIOBETHI
maxomates  ~10° Hasomy3elpekoe. [lpm  3tom
BENHYAHA 77 33BHCHT OT KOHIEHTPAIHE JIEKTPONATA
C xax C", suxoas ma mmaro 7 ~10° oM™ npm
=0.1 M. Moxso  npeanonowuTs,  9TO
HEIHAYHTEILHOE 3aMEUTEHHE CXIONBBANKMA TOIOCTH
CBY3aHO HMEHHO C TOBHINCHHEM O0LEMHOM
IUIOTHOCTH HARONY3ILPLROD. Mo-maganony,
MEXAHW3IM, CBY3AHHEIN ¢ HAHOMY-2LIPLRAMH, JOTKEH
NPOSBNSTHCS W JUIS KIOBET, OKHA KOTOPHIX HMEHOT
PasHy10 IIEPOXOBATOCTD, npH KOHTaKTe
ruapohobroro NONHMEPHOTO BOJIOKHA H
TBEPAOTENLHON MOIOKKE HAHOMY3LIPLKH AOMKHLL
renepupoBarecs  Oonee oddexrHrHo HAa Oonee
mepoxoparoif nosepxnoct#, Ouesnaso, §TO ANK
Gonee meTaneAOro aHamH3a HEOOXOIHMO MPOBECTH
IKCNEPHMEHTRl C ACrasHpoBaHHoON Bogod. Oauako
MEXAHHIM, CRA3AHHLIR c TPHCYTCTBHEM
HAHOMY3LIPLKOB, HE MOKET OBITh KIIOMEBBIM JUIA

dopMupoBanns NONOCTH, MOCKONBKY HAHONY3HIPh-
KOB CITHIIKOM MAno.

V. 3akmouenne

Takam obpa3zom, OCHOBHOH MEXaHHIM
GOpMHEpPOBAHES MONOCTH — 3TO HMEHHO HCXOAHO
reapobobaele  CBOMCTBA MONHMEPHBIX BOJNIOKOH.
[Mockonuky mnacTueka HapmoOHE B nepudepHitaLX



UccnenosaHue HabyxaHus NonuMepHsIX MEMOPaH B KIOBETE OrpaHUyeHHOro pasMepa ...

79

06nacTSX KOHTAKTHDYeT C BOAOH, pa3MOTAaHHEE
NONEMEDHHE BONOKHZ C TCYCHHEM BpEeMeHH
IpEOOPETAIOT THAPOQHITLHEIE CRORCTBA, B ITONOCTE B
KOHIIE KOHIOB CXTOMBIBAETCA.
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Investigation of the swelling of polymer
membranes in a cuvette of limited size using
Fourier transform infrared spectrometry
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In the experiments of Fourier IR spectrometry we studied
the swelling mode of the Nafion polymer membrane in
water poured into cuvette, the characteristic size of which
is on the order of the membrane thickness. The interest in
these studies is due to the fact that when Nafion swellsina
cell whose size is much larger than the membrane thick-
ness, there is an effective “unwinding” of polymer fibers
into the volume of water [1]. However, this process has
not been studied in the case where the area that the un-
wound polymer fibers can occupy is limited by the size of
the cuvette. It is shown that, in this case, the temporal dy-
namics of the transition of the polymer from the hydro-
phobic to the hydrophilic state has a number of specific
features that depend on the size of the cell, as well as on
the isotopic composition, ion content, and pretreatment of
water. The polymeric membranes impregnated with water,
the study of which is devoted to this work, are widely used
in low-temperature hydrogen power engineering, in elec-
trolyzers, hydrogen generators, as well as in hydrogen fuel
cells.

Keywords: Fourier transform infrared spectrometry, transmis-
sion spectrum, polymer membranes, nafion, hydrophobic and
hydrophilic states
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@ypre HK-cnexTpoMeTpusicn épaaMmiaa SeKaaH-
raH  KaTTAOIWKAard  XV&Railpaga  noaumep
MeMOpaHaIapHHHT WHIIHITHHE Yprasim

H.®. Byuxus', JLM. Caéupos’, B.A. Kozaos®, LT.
Kypaes’, X.C. Xaiinapos®

'HE. Bayman sommpars [JasnaT TeXHHKS YHHBEPCHTETH,
2-um Baymas k., 3, 105005, Mocksa, Poccas

2A M. TIpoxopoB HOMHZArH Vaymuii duzuka sHCTHTYTH,
Basunos k., 38 yii, 119991, Mocksa, Poccus

*Camapkann narnat yEmBepcuTeTH, YHHBEPCHTET XHEGO-
Eu 15, 140104, Camapxanz, Yabexucras

Vmby umna ®ypre UK criexrpoMerpugcHaa VTkasunras
Taxpudanapna Ons HagmoH nmonEMep MeMOpaHACHHHHT
KiOBeTara KyHHMAraH CyBOard [OHUIMIO DEeXEMEHE
Y¥prasanK, YHUHT XapaKTepiH KaTTaldrd MEeMOpDaHAHHHT
KaNMEAWMH TapTuOuWpa. Ymly TagkEkoTniapra Ovaras
KH3HKHIIL, HaQHOHHHHT KaTTalury MemOpasa
KANMHHIHTHAAH KaTTapoK OVAra® KiOBeTada MIMINTaH[a,
CYB XaXMHTa MOMHEMED TONANAPHHN CAMapamy pDaBHInna
"ouwnmm"” commp Gynamm, me6 xapanram [1]. Asmvo, By
KAPAéH, OuMIMATaH NOAHMEp TONanapH 3ramiaus
MYMKHH GVnraE MalioH KIOBETEHWHT KATTANHTH OHAaH
YexnaHTaH Xonja yprasunmarad. Kypcatunraumzex, Oy
XONnja, NONHMEPHHHT TuApodod XomaThpas ruapodun
XOnaTra VTHIIHHWAT BaKITa OOFIHKIHK IHMHAMHKACH
KIOBETAHWHI  KaTTANMIUra, [IIYHUHIASK  M30TOMMK
Tapxkubura, WoH TapxmOmra Oornmk Oynras 6mp xatop

SAxagemus Hayk Pecnybnum Yabewucrtan, TatukenT, 2021,
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Yaura Xoc XycycHATNapra ara Ba CyBHM KaliTa Huuiaw
mymkud. [Mlysunrgex, Macanan, OHOMeAMTCHHA Ba
(hapmaxonoruang xenr Kymmanunuind cababnu swTubop
Gepunaym. Cysra cudrjwpwiras monumepuk MemOpa-
uanap, Oy wmr GarMumaHraH, mMacT Xapopatanm BOXOPON
JHEPreTHKACHNA  KEHr'  KYITaHuwnajgu, 9y Oy
MemOpaHanap 3eKTpoNusaTOpIapaa, BOZOpPOA TeHepa-
TOPNAPH/A, WYHWHIIEK, BOXOPON EKHIFM KaMepanaphia

HIJTATHITAIN,

Kamr  c¥umap:  Oype HK-criexrpomerpmsch,  ROR0poa
IHEPTETHRACH, HadhuoH, TIOMHMEP MemOpanaapu,
ruapodobaury sa rugpoduHry
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BnusHue HaHo4yacTuy SiO; Ha ¢pa3oByHO YCTOMYUBOCTDL
bYHKUUOHANBbHbIX NMOSU3NEKTPOSIUTOB
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MHCTUTYT MOHHO-NNAa3MEeHHbIX W NasepHbIx TexHonoruit umenn Y.A. Apudosa AH PYs, [lypmoH iynm 33, 100125,
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IMTosbiieHa CTAOHIBLHOCTE MOMHAIEKTPOIMTHOrO AHTHAANE3NOHHOrO COCTABA HODARNEHHEM
Hanouactuu Si0; kounentpauun or 0.1 o 1.0 mac.%. Henonssopamics HanovacTaust Si0;
mapku Aerosil pasmepom 100-200 HM, pacripeaeicHue no pasMepaM M TPEKMHT AHANA
KOTOPbIX nponssomim Ha anamsatTope NanoSight LM10. fucnepcras cpepga cocrosna wua
Onmmcrnmposantolt Boas. B kawecTse aHcnepcHoil (hassl HCMOML30BAHO HHIYCTPHATEHOE
Macito, Mccnemyemeie ofpasibl TOTOBMIR C MCMONb30BAHMEM BOAL! ¢ HanouacTHnamn Si0;,
0Dpasikl CpaBHEeHHS TOTOBIIIN AHATIONHYHO, HO ¢ GUAMCTHAMpPOBAHHOIT Bojoll 663 HaHovacTHL,
DazoByio yeroliunsocTs 00pa3uoB ONpenensay Yeped ONpefeeHHLIe NPOMEKYTKH BPEMEHH
M0 BBLIAGICHUIO AMCMEPCHOHHON a3kl W/HUNN MOABIEHMIO IPaHMILI paccrauBaHus oGpasua.
VYeenuuenne crabunsHoctu Ha 20% pocturHyTo oOpazoBaHHEM MOHOCIOS HAHOMACTHLL HA
MeskazHbIX rpaHuLax aucrnepeHoil dassl U Hecyluelt cpebl.

Kimnouesbie ¢I0BA: HAHOMACTHLLY, TTOTHIEKTPOIHT, AHOKCHA KPEMHHMS, CTAGHIEHOCTS, MOIMBHKAIDS,

The stability of the polyelectrolyte of anti-adhesive compound was increased by adding Si0,
nanoparticles with a concentration of 0.1 to 1.0 wt%. We used Aerosil $i0, nanoparticles with
a size of 100-200 nm, the size distribution and tracking analysis of which was performed on a
NanoSight LM10. An increase in stability by 20% was achieved by the formation of a mono-
layer of nanoparticles at the interphase boundaries of the dispersed phase and the carrier me-
dium. The bidistilled water was used as the dispersed medium, and industrial oil was used as
the dispersed phase. The test samples were prepared using water with SiO, nanoparticles, the
comparison samples were prepared similarly, but with bidistillated water without nanoparticles.
The phase stability of the samples was determined at certain intervals by the release of the dis-
persion phase and/or the appearance of the phase boundary of the sample, An increase in sta-
bility by 20% was achieved by the formation of a monolayer of nanoparticles at the interphase
boundaries of the dispersed phase and the carrier medium.

Keywords: nanoparticles, polyelectrolyte, silicon dioxide, stability, modification

https//doi.org/10.52304/.v23i2.245

I. Beeaenue reTepoOreHHoe pPaBHOBECHE MHOTOKOMIIOHEHTHBIX
chucTeM 03 XHMMHECKHX peakuui, MHPOKO TpAMe-
HSIOTCS HA NpakTHKe, WMEIOT OONbIIOe 3HAvuEHHE B
TAKAX OTPACIAX KaK CTPOMTENBCTBO, IAE OHH Npej-

HOHHBJICKTPOJTHTH CO CIIOXHBIM TEPMOJIHHAMH~
HECKUM MOBEACHUEM, MO3BOJAIOUIMM OCYIIECTBIATH

Vol. 23, No.2, pp.81-85, 2021
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CTaBJIEHEI, B YACTHOCTH, B KA4ECTBE Pa3/IelUTENbHRIX
arenToB. [Ing yCnemHoro peryniupoBaHus AHHAMAKH
MeXK(a3HBIX TPAHAIL B JIOCTHKCHHA TPOrHOZAPYEMO-
ro athexra B HOMHOM 0GLEME, B TAKAX CHCTEMaXx He-
0OXOAUMO HCHONBIOBAHHE WCXOMHBIX KOMIIOHEHTOB
¢ ueGonmbumMm pazbpocom koHueHTpauuit dynxumo-
HATLHOTO BEIIECTBA, & TAKKE MPUMEHEHHE MOIH(DH-
umppyownx  aobasox, npEAOMEAX HeoOXomHMbIe
IKCTUTYATAHOHHbIE TIapaMeTpel. B kadecTBe Takux
n06aBOK ZIOCTATOYHO YCHEIIHO WCHONbL3YETCH HAHO-
KpeMHeseM, T.e. ramodacTAusl Si0; ¢ auamerpom B
muanazone or 10 no 150 uM u kouuentpauwmeit or 0.1
(nobGasnsemMuIX B KauecTBe BOIHON cycnensun) go 10
maccoBrIX sonei (nobasnsemeix B cmecs). Ecnm yrom
cMaausarmns cocraenger 30°, sAepras oTphiBAa HAHO-
vactrn Si0; anamerpoM 15 uM ot Mexdasnol rpa-
HUIBI Boga/Macno jpocruraer ~40 kT, a B yenoemax
90° ysenwuusaercs yxe a0 ~2000 kT, T.e. npoucxo-
IUT npakTHYeckd HeoOpartamas axcopbuus HaHoua-
cran Ha Mexdasnoit mosepxuocta [1-3], B oTnHune
OT aHanormvHoro cmy4as s monexkyn ITAB, xoro-
phie HAXOJASTCd B AMHAMHHMECKOM ancopbumoHHOM
pasaoBecHH. TTosromy smynkcum, crabunusmpoBaH-
HLIC HAHOYACTHUAMM, KAk IPABHIO, XApaKTepH3y-
10TCA BEICOKOH (ha30BOi yCTOHHHBOCTLIO, 3aBHCAIIEH,
ONHAKO, OT JMHAMMKH  MeX(asHeIX TCpaHu,
CBA3AHHOM C KOMIUTEKCHKIM B3aMMOJEHCTBHEM BCEX
KOMMOHEHTOR MOMTH3NEKTPOIHTA,

B pabore paccMOTpeHEl 9JKCIIEPAMEHTHI [0
ucnons30Banmio HanodacTHn S10; s MoBkIIEHUs
crabmibHOCTH, CBA3aHHOW ¢ a3omoil  ycTodum-
BOCTEIO HOTHATEKTPOITATOR Ha npuMepe
paspaloTaHHOr0 ¥  3aMAaTEeNTOBAHHOTO  AHTH-
ANTEANOHHOrO PA3NENUTENBHOTO CMAZ0YHOI0 COCTARA,

KOTOPEIA  CYWICOTBCHHO  YIYHINACT  KA4CCTBO
bopmyeMoit  mosepxwocts  [4], ympomas ee
bunmmnyio  ormenky w  ofnmersas  yxom 3a
KOHTakTHOW  TOBEPXHOCTRIO  (opMul  3a  cyer

YIYUIICHUS aHTHAAE3MOHHEIX CBONCTB COCTABd, YTO
[O3BOIAET CYUIECTBEHHO CHH3HTL JHEPro3arparhl.
[Tponeccet, nporekaiolAe NpPH 5TOM B TaKHX
MONMUA3NEKTPONTATAX ~ CYMIECTBEHHO  3aBHCST  OT
NPHPOAL! CTAOHIU3APYIOMAX HAHOHACTHIL.

I, O6bexTsI M METOABI HCCICAOBAHMS

Crabunmuanpyiomee aeictere Hanowacrun Si0,
usyuanu B oOpasmax TNONHANEKTPONHTA AHTHAATE-
3HOHHOTO cocrasa obwemom 100 mn, nprrorom-
nexnoro mo peuentype [4] ¢ ocHoBHEIME (H3HKO-
XHMHYECKAMH IIapaMeTpaMi cornacHo tabm. 1.
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Tabauna 1. Ousnko-XUMHYECKHE TOKA3ATEN AHTHALre-
3HOHHOrO COCTaBa COrnacHo (4],

Haumenosanue rnoka- Enuuuua 3navenne
3aTeNs N3AMEpeHus

Throrwocts npu 20°C r/em’ 1.25
Bonopoaustii nokxasa- - 8-9
Tens pH

Maccosas fonst Macna mac.% 15
Maccosas Aos BOJIb! mac.% 15
Maccosas 1015 CBO- mac.% 2

BonHoi Lenoun B ne-
pecuere na NaOH

Hucnepcuonnas cpena cocrosna uz Guamerun-
THpOBAaHHOM BOABL B kauecTBe JHCIEPCHOHHOMN
(assl  HCMONB30BAHO — MHAYCTPHAITLHOE  MAcro.
Ucenenyemele  ofpasusl  roToBMIM  COITIacHo
npoueaype, onmmcanwoii B [4], ¢ HMcmonb3OBaHHEM
BOALl ¢ Hanouacruuamu Si0; OB6paszusl cpaBHeHHs
FOTOBHJIM AQHAIOTHYHO, HO ¢ OHIHCTHTHPOBAHHOH
BojoH 6e3 mamowacTnu, PazoByi0 ycToWUMBOCTE
ofpa3uoB  onmpemensnm  Hepe3  ONpeEAelCHHLIE
npoMeskyTkn Bpemenu (1 cyr., 10, 30, 60, 90, 100,
110, 120 cyTr.) MO BRIACTEHAIO AHCIEPCHORHON (haskl
W/MITA MOABJICHAIO IPAHMIE! paccianBanus obpasia.

Hns 9KCTIEPUMEHTA HCTIONB3OBAITH
ruapodobuele HanowacTHust Si0; mapku Aerosil
maamerpoM  or 100 mo 200 um. Cymmapras
KoOHueHTpauusa Hanouactuy Si0; B HenpepuBHO
¢aze cocrasmsma or 0.1 mo 1.0 wmac%, wuro
coorsercrayer 10'=10* wacTum/ao. Pacnpenenenue
HAHOYACTUL N0 pasMepaM B ROJHOW cpeje
onpenesayii ¢ mNOMOIILIO AHATH3ATOPA HAHOMACTHL]
Nanosight LMI10 ¢upmMer  Malvern  cornacHo
meroauke NTA (nanoparticles tracking ayalysis),
MCIONb3YyeMast JUIMHA BOIIHLL Nasepa 642 HM,

M. PesynbTaTh! 3KCIEPHMEHTA W UX AHAJIH3

B pesynerare crabunmszanmum aMymecHit  Ha
rpanunax pasaena ¢as obpasyercs cioil HaHOYACTHI
Momndmkaropa-cTabminsaropa, KOTOpelt  Mower
UMETh pasnuunyo crpykrypy. Kamnm aucnepcuoit
dazut oxpyxkensl cHOPMHPOBAHHLIMH BOZMONKHBIMH
CTPYKTYpaMH, TAKHMH Kak MOHOCION 4acTHIL,
Gucmolt wacTHN W pa3sBeTBICHHAA CETKA, COCTOAIAs
U3 arperaros wacTau (puc. 1).
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Pucynox 1. Crpykrypm craGunuaupyiomero cros

HanouncTHy, oOpasylomMecs MEKIY AMCICPCHOHHBIMA
asanu B awyiascun: (a) sosocnoii, (6) Gucnoit uw (8)
pa3BeTBNENHAs ceTKa arperatoa [2].

Mosocnoit  Teépamix vacTEu (pEc. la)
cTabHIH3ApYeT IHCIEPCHONEYIO Galy B TOM cayHae,
CCIM KpPAcBOH yrol CMa4YuMBAHHS HYACTHI BOJHOH
tasoit <90° (obemmo or 30° mo 70°) [2, 3). Ipu
VBENMMUEHHH KOHUEHTPAMHE HAHOWACTHI B CHCTEME
JIO OIPCACIEHHOr0 YPOBHS MPORCXOINT GopMBposa-
HHC HA NOBCPXHOCTH Kanens Oonee  [UIOTHO
VIARORAHHONO CHAON HAHOWACTHO W IIOABIICHHE
OACIoA B 0ONECTH KOHTAKTA TaKWX xanens (pac. 16).
Passermnémmas  cerxa arperatoe crabHAMINpYyeT
AHCIEPCHOHHYIO a3y B CIyuae arperauuy YacTHi B
AmcnepcHoHHOR  cpeae  (puc.  1B), olpasys
TPEXMEPHYIO CETRKY HAHOYACTHL, TMPEenATCYBYIOLIYIO
ABAKEHWIO M arperanny xanenmb [2 # CCLUIKH B Hel ],
NTA asamaz masodactau Si10;, noayveHHB ¢
nomoumkio Nanosight LM10 npencrasnes na puc. 2 1
paC. 3.

| Ay
\_ _

Pucywox 2. NTA awamiz 10"/mn mamowacrin SiO; B
BOZHOM pacTBope. B UEHTPE — pacnpejeieHue o
pasMepam, cnesa — COOTBETCTBYIOLINIT BHACOKAAD, CrpaBa
— 3D-rpadmx 3aBHCHMOCTM pPasMep YaCTHU-HHTEHCHB-
HOCTH-KOHIICHTPALHA.

Pucynox 3. NTA ananuz 10°/ma mamowacruu SiO; s
BOAHOM PAcCTBOPE: CNEBA — PAacHpefeneHne No pamMepam,
cipasa — 3D-rpadMK  3aBHCHMOCTH  HHTEHCHBHOCTS-
Pa3MEP-KORUCHTPALHA.

Pesynuratel onpenenenna (azoBoil ycrofuHBOCTH
HCCNIeOBAHHEIX 00Pa3nos NpeacTariess! B adm, 2,

TaGauua 2. CpaBHuTensHas IHHAMHKZ yCTOfYMBOCTH
HccaenyemMbix 00pasLoB AHTHAAre3ROHHOTO COCTABA C 0~
Gasnenuen HanouacTuu SiO; u ananoruwunoro odpaaua Gez
HAHOYACTHIL

Jimansma
tasoroit
YCTOInROCTH,

CyT.

=
L
=
g
&
100
10
120

Brigenenme
JMCTICPCHDH §
pammobpasue |2 |2 |2 (2 |2 |2 |10
CPaBHCHIN,
sac. %

[Tosmoe
PACCNOC

Betzenermc
ARCTIRPCHOT
hamsmcere- |2 |2 |2 |2 |2 |2 |2 |2
AyeMOM

oGpasue, mac.%

H3 rabnmus Buaso, 9TO HecneayeMuii obpasen
AHTHAITEINORHOTO COCTasa ¢ JobasnenweM HaHo9a-
ctan S10; coxpasser CcTalHILHOCTE B TedeHwWe
120 cyTok, B TO Bpema kax ofpasen cpasHeHns Oe3
HaHo4acTHu Ha 110 CyTKs nposBnieT NPH3HEKH NO-
ABNAIOMIETOCH PACCIIOCHAS H 3aBEpINALT TIONHOE pac-
cnoenne k 120 cyTram.

IV. Obcyxaesne pe3v/ibTATOR M JaKTIOYEHHE

Wcnons3osanne HAHOYACTHIL B KAYECTBE MOJH-
bHuMpyOmmX areHToB 00YCNOBICHO BHICOKOH XH-
MHYCCKOH AKTHBHOCTBHIO, CBA3aHHOH C BHICOKHMH
SHAYCHANMA WX YAETbHONH TTOBEPXHOCTH, MOCTHIA0-
mmsm 20 1000 M%/r, npE 3TOM OHE MOFYT OBITH Kak
NPHPOAHOrO, TAK H HCKYCCTBEHHOTO MPOHCXOMIC-
uus. Kak npasuno, npr MAmkIX KOHUEHTPAUHAX OT
0.01% mo 1-5% npHEMeHAeTCA NPEeABAPATENLHOE 10~
OaBnieHHe B AHCOEPCHOHHYIO CPEAY KOMITOMIHLIX
pacTeopoB HaHOWacTHU — 3onel. [Ipw noGamnmenmwm
HEHOYACTHII B MANKIX 038X BAXKHO AOCTHYL PaBHO-
MEPHOTO PACHpPEIC/ICHNS HaHOA00aBKH B Hecyuied
cpene. Jna 3TOro CAyXuT KHJKad HenpepuBHAs da-
3a. Hanogacrruw Si0; npa pazmepax or 10 go 200
HM HMEIOT YAENLHYIO NOBEPXHOCTE o1 180 M/r u Bo-
Jiee ¥ Tax Ke NPOSBNAIOT BHICOKYIO aKTHBHOCTS NPH
MATBIX KOHUEHTPALUHIX. Ja8BHCHMOCTH CKOPOCTH aj-
cOpOUAY HAHOYACTHI HA MeX(paIHON NOBEPXHOCTH B
3MYNBCHH CXOIHBI ¢ KHHCTHYCCKHMH KPHBLIMH aj-
copbumn mMonexyn [TAB sa rpaswue paszena das [5).
Jns omHcaEHA CKOPOCTH ancopbuM¥ HaHOYACTHO B
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[5] Gewmo mcmone30BaHO ypaBHEHHE, AHANOTHYHOE
YPABHEHHIO, HCIONE3YEMOMY UIS ONHCAHAA KMHETH-
KH MOHOMONEKYIsprO# ancopbuan Monexyn ITAB =
COOTBeTCTBHH ¢ Teopuel Jlenrmiopa:

dA/dt = k(A,~A),

rne A — amcopbuma, k — KOHCTaHTA CKOPOCTH
ajcopbuun, A, — paBHOBECHAs afcopOums, / — BpeMs.
Pemenue ypasHeHus afcopoumn HMeeT BAJI

A=A, [1-exp(—kt)].

3aBHCHMOCTE CTENEHH 3aNONHEHHS IOBEPXHOCTH
JIMCTIEPCHOHHOR thassl azicopbupOBaAHHEIMK
wanouactTHmamMu  SiO,  OT  BpeMeHM  XOpomo
OIMACKIBACTCE ITUM YPABHEHHEM TONLKO TMPH MAIKIX
3HAYEHUAX HOHHOW CHIIBI PACTBOPA, COCTABIMIOUIErO
AMCIIEPCHOHHYIO Cpey aMynbeuit, mpu /=50 Moms/M’
[5]. Tipu Gomee BEICOKMX 3HAYEHWUAX WOHHOU CHITBI
CTAHNAPTHOE  OTKJIOHEHHE pPACUSTHBIX  JAHHBLIX
Bospacraer. Tax, mpu wom=oi cume 2000 Moms/M
KATUTH Maciia cTabHIn3upOBaACh OMHAPHEIM CIIOEM
uwanovactuy Si0; Ilpu Gonee Bricokmx u Gonee
HA3KAX  3HAYEHHAX  HWOHHOW  CHIILI  CHCTEMa
0Ka3sIBaNach HEYyCTOWIUBOMH, Karm Macna
cOmuAANACE JAPYT € APYIOM 10 HYJIEBOI'O PACCTOSHUS,
HTO BBI3LIBACT ABICHUC KOWICCUCHINH B IMYITLCHH.
B [5] mcnonbsosancs MeToj JuHamMukK JlamkepeHa
JUIS ONMUCAHUA KWHETHKA JBMIKCHHS HAHOMACTHL W
aacnepcHo#t  dasel. [lpu sroM  paccmarpusanace
obparumas arperauns Hanoudactan Si0;, B TO Bpems
KaKk WX aacopOuoHg HA NOBEPXHOCTL Karenb macia
CUHTANach HeoOpaTHMOH B CBA3M C TEM, 9TO SHEPIHs
OTPBIBA HAHOUACTHI| OT MOBEPXHOCTH AHCMEPCHOH-
Ho#t dasel npesenmaer 1000 kT [6]. Pacaerm B [5]
TPOBOMAITHE € WCTIONBIOBAHWEM (DPHIMKO-XAMHATECKHX
napaMeTpPoB, MOMYYEHHBIX B HE3ABHCHMBIX (pH3HKO-
XHMHYECKHX skcnepumentax. J[lnamerp kanens
BRyTpeHHel  dasm  cocrasmam 1000 mxm.
MRrHERMATLEOE PAcCTOSHHE MEXKAY KAIIsMH Macia
npa rewepamun Obmto pasHo 200 mm. namerp
qactun  Si0; Oeur  pasEev 50 ®M, wWacTHIE
renepupoBanuck Ha paccrosHmu 10 M apyr or
npyra. JbgexkTasrocTs crabunu3anun 3aBrcena or
CKOPOCTH afcopOUMH HAHOYACTHI HA MOBEPXHOCTH
Kaneib, KOTOpag, B CBOIO O4epedb, 3aBHCENa OT
pasMepa H KOHUCHTPAUMH HaHOYacTHil W (u3HKO-
XHUMHYECKWX ITapaAMeTPOB AHCIEPCHORHOK (asel u
aucnepcHonHod  cpeust. B pesynwsrare  Omuno
I0Ka3aHO, 4TO npH wWomHoW cmae 2000 momb/m
macnepcuonHas (asa crabunusnposanack OaMHAp-
HEIM crioeM Hanouactuy S10,, 6e3 BOIHUKHOBEHHS ¢¢
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dnoxynaman. YaursiBas CTPYKTypHbIE 0COGCHHOCTR
BOJIHEIX PacTBOPOB anekTponurtos [7-10], a raxxke To
0DCTOATENLCTRO, YTO HCCHEJOBAHHAA CHCTEMA IO
buznko-xumuyeckuM ceoiicream [11-15] 6Gnuzka k

rmapamMeTpaM, pPaccMOTpeHHBIM B [5], MoxHO
yTBEpKJaTh, YTO W B JAHHOM  Ciiydae
crabmimzupyromee  jgeicreue  Hanowactan  Si0,

obycnosneno GoOpMHUPOBaHHEM OJMHAPHOTO HX CIOA
Ha Mex(asHbIX IPaHHIAX, 4TO OKasanochk HOCTAToqY-
HBIM I8 noBbiueHAs  (a3oBod  ycroduusocTH
CHCTEMBI.

MeTanannnie
Influence of SiO; nanoparticles on the polyelectro-
lyte anti-adhesive compound phase stability

S.Z. Mirzaev, K.B. Egamberdiev, B.A. Allaev, O.V.
Trunilina, S.K. Telaev

Institute of Ion-Plasma and Laser Technologies named
after U. A. Arifov of the Academy of Sciences of the RUz,
Durmon Yuli str., 33, 100125, Tashkent, Uzbekistan

The stability of the polyelectrolyte of anti-adhesive com-
pound was increased by adding SiO, nanoparticles with a
concentration of 0.1 to 1.0 wt%. We used Aerosil SiO; na-
noparticles with a size of 100-200 nm, the size distribution
and tracking analysis of which was performed on a Nano-
Sight LM10. An increase in stability by 20% was achieved
by the formation of a monolayer of nanoparticles at the in-
terphase boundaries of the dispersed phase and the carrier
medium. The bidistilled water was used as the dispersed
medium, and industrial oil was used as the dispersed phase.
The test samples were prepared using water with Si0, na-
noparticles, the comparison samples were prepared similar-
ly, but with bidistillated water without nanoparticles. The
phase stability of the samples was determined at certain in-
tervals by the release of the dispersion phase and/or the
appearance of the phase boundary of the sample. An in-
crease in stability by 20% was achieved by the formation
of a monolayer of nanoparticles at the interphase bounda-
ries of the dispersed phase and the carrier medium.

Keywords: nanoparticles, polyelectrolyte, silicon dioxide,
stability, modification
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DyHKUMOHAN MONHIIEKTPOIMTAAPHUHT (azaBuii
Gapkapopsmrura  Si0; wHaHo3appauanapHuHr
TALCHPH

C.3. Mupsaes, K.B, Srambepauen, 5. A, Annaes, O.B.
Tpyanauna, C.K. Tennes

Vabexncron Pecny6mikacn Dannap akagemuscuaunr VA,

Opudos nomuparn Mr-nnasva Ba nasep TEXHOMOrMsIAPH

uneruryt, Hypmon iy 33, 100125  Tomkenr,
30eKkucToH

SiO;nanozappanapruur konuentpamuscura 0.1 man 1.0%
MAC rava KYUBUMIIE MONHANEKTPONMTIN aHTHAIesH o
TapknOHMHr Gapkapopnurn owamn, Viuamnap 6¥itnua
rakcumaw Ba Tpexuur NanoSight LM10 ananusatopuna
Aerosil  mapxaymm  100-200 um  ymuamparn - SiO,
HaHO3Appanapy KYJUTAaNmIran Xoijga Kysatysinap omub
Gopunran. JIucrnepenanran Myxur GHmeTHANSUNANARTAT
CyBJIaH Tawkun Tonran. ducnepe dasa yuyn ungycrpnan
Molt mumarwirad, TaakMKoT KMAWHAETTaH WamyHanap
Si0; HaHo3appayany cys Ouan Taépnanran, TaKKocal

HAMyHanapu  Xyams Wy  yeynpa raitépnannb
HaHosappauaiu CcyB YpHura OHIMCTHANAHraH  CYB
watuarad,  TankukoT  KuIMHAETrAH  HAMYHANAPHA

MabIyM BaKT OPAIMFHIA Aucrepe (asaHmHT axpanuiuu
€KHM AKPANMIL HCrapaACHHUHT KYPUHULUIM OpKanu asaruii
Gapkapopiuri  anuknasaM.  MoHOKATIAM — HaHO3appa-
NnapHuHr  asapuit  OpaNMK  IMCHEPC uerapanapu  Ba
JMCnepe  MyXMTIapHM  naiijo KM HaTHxacuaa
Hapxapopnuk 20% ra ompHIIHN,

Kammr cfsnap:  Havozappanap, TOJAMIICKTPONMT, KpeMHMil
JAHOKCHIH, 6apKapOPIUK, MOIM(HKALMS
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