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B ctaTtbe paccMOTpeHbl aKkTyasibHble
BOMPOCHI MOBbILLIEHUS 3P PEKTUBHOCTN
OrTO3/1eKTPOHHbIX YCTPOWCTB

Ha OCHOBE HOBbIX MaTepuasios.

OTMe4eHo, 4To Hanbosiee nepcrneKTUBHbIM
HarnpasJieHueMm nccsief0BaHNN ABNsIeTCS
NpoeKkTUpoBaHue MnoJsyrnpoBOAHUKOBbIX
MaTepunasioB C MOMOLYbIO COOCTBEHHbIX
N30TOMNOB XUMNYECKUX 3JIeMEHTOB. Tak,
O4YUNCTKA OT TSXKEJIbIX U3OTOMOB NUCXOAHbBIX
BeLlyecTB roBbilaeT 6bicTpoaeiicTBue
OrTO3/1eKTPOHHbIX YCTPOWCTB, KBAHTOBYIO
3¢ PEeKTUBHOCTb, YYBCTBUTEJIbHOCTb
poTonpuémHukoB. Hanbonbiumii a¢ppekr ot
N30TONUYEeCKOM OYNCTKN MOXKHO MOJIy4UThb
AJ1s1 HAHOCTPYKTYPUPOBaHHOIro matepuana
(cBepxpeLwwéTok). Ero npumeHeHne no3BosMT
co3aartb 60s1ee 4yBCTBUTEJIbHbIE MPUGOPbI
AJI1 HOYHOIr 0 BUAEHUS, COJIHEYHbIX OaTapei,
cuctem obecrneyeHus 6eaonacHocTu,
mMeauunHCKOro obopynoBaHus,
¢doTonpuéEmMHuKN cBepxainHHOro
UH@pakKpacHOro guanasoHa.

Knro4eBbie cnoBa: onTo3/1eKTPOHVIKE, CBSI3b,
N30TOrbl, 0YNCTKA, KBAHTOBasi 3¢pPEKTUBHOCTb,
CBEPXPELLETKN.
|
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lidar F. MUZAFAROV mpaticnopma (MUHT),

Mocksa, Poccus.

JIGKTPOHMKA U OTITO3JIEKTPOHUKA KaK
€€ cocTaBHasl YaCTb SIBJISTIOTCS OCHO-
BOI1 BBICOKOTEXHOJOTUYHBIX OTpac-
Jieit MupoBoii mHayctpuu. K HUM oTHOCATCS
TPOU3BOACTBA BHICOKOCKOPOCTHBIX TEJIEKOM -
MYHUKALIMOHHBIX CUCTEM, YCTPOMCTB obecIie-
YeHMS 0e30ITaCHOCTH, METUIIMHCKUX TUarHO-
CTUYECKUX MPUOOPOB, BJIEMEHTHON 0a3bl
KBaHTOBBIX CUCTEM Mepenauyn U o0padboTKu
uHdopMmauu U T.4. OOuH U3 TPUOPUTETOB
30ech — pa3paboTKa MOJYIPOBOIHUKOBBIX
MaTepHuaJoB Ha HOBBIX (DU3UKO-TEXHOJIOTH-
YeCKUX MPUHIIMIIAX U aHAJIU3 BO3MOXHOCTEM
MPOM3BOJCTBA HAHOCTPYKTYP HOBOTO MOKO-
neHus [1].
Takum mepcneKTUBHBIM HampaBlieHUEM
B ONTORJIEKTPOHUKE CTasia paboTa ¢ U30TOTH -
YeCKMMHU MaTepuajaMu. DTO MoJiogast 00-
JIaCTh HayKM, 3aHMMAIOIIAasICs MPOESKTUPOBa-
HUEM TTOJYTIPOBOIHUKOB C ITOMOIIILIO COOCT-
BEHHBIX M30TOMOB XMMUYECKUX DJIEMEHTOB
JUTST TTOJTydeHUsT HOBBIX 3((EKTOB U OITO-
9JICKTPOHHBIX xapakTepucTuk. [Ipumepom
M30TONMMYECKOTO MaTepuaga MOXET ObITh
pa3HOBUAHOCTH Tpaduta — rpadeH. s uc-
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TOJIB30BAHUS B 2JIEKTPOHUKE €T0 YHUKATIbHBIX ~ PUHY Eg —Ha 0,06 5B; 2) Benmuuny m, ,— BJBA
CBOIICTB HEOOXOAMMO «OTKPBITHE 3aMPEIIEH- pa3a. DTO MPUBEAET MPEUMYIIECTBEHHO K MO~
HOM 30HbI» [2, 12]. UckoMblii 2 (HEKT MOXXHO  BBIIIEHUIO KO3(hdUILIMEHTA MOTI0IIEeHUS
MOJyYUTh ITyTEM TMOBBILIEHUS MPOLIEHTHOTO U KBaHTOBOH 3(PHeKTUBHOCTH.

coJepKaHus TsKeynoro uszorona. IIpotuBo- Crnenyet OTMEeTUTb, UTO HauboJiblIee
MOJIOXKHOE HaMpaBjieHWe MTPOeKTUPOBAHUS —  BJIMSIHUE Ha OINTO3JEKTPOHHbIE XapaKTepu-
M30TOITMYECKast OUMCTKA MCXOMHOTO BellecT-  cTUKM Mateprana PIT oka3piBaeT KBAHTOBAST
Ba OT TSXKEJIBIX U30TOIOB. 3(bGhEKTUBHOCTS 1.

VMeHbllleHHe KOHLEHTPALUUM TIXKETBIX W3BecTHO, 4yTO KBaHTOBasA 3(p(HEeKTUB-
M30TOMOB B UCXOJHOM XMMUYECKOM BJIEMEH-  HOCTb OLIeHUBaeTCsl (hopMyJioii [8]:
TE YJIydllIaeT ONTORJIEKTPOHHBIE XapakTepu- m = [—e, (nH

CTUKU TTOJIYIIPOBOOHUKOBOIO MaTepuana, Tae o — Kod(hPUIIMEHT ITOTIOIIeHUs, d — TOJI-
MOBBIIIAs MPeXae BCero ObICTPOAEMCTBME IIMHA oOpasua.

npuOOpOB. [1J1s1 3TOTr0 MPpUMEHSIETCS TEXHOJI0- Koadduuuent nornoieHus [9]:
rus razosoro ueHtpudyruposanus (F'IP). 4= K [ — E,, ()

3areM M30TOMMYECKH OUUIIEHHOE BEIIECTBO

ucnonb3yercst anst GpopMupoBaHus HaHo- DA€ hv — oHeprus gorona (npousseneHue
CTPYKTYP METOIOM MOJIEKYJISPHO-TYIeBOIi noctossHHO# I1naHka 1 4acToThI cBeTa). 3a-
srurakenn (MJ1D) [1, 4, 5]. OcBoGoxaenne BUCHMOCTD Koa(dduieHTa moriomeHus or
MCXOMHOTO XUMUYECKOTO deMeHTa oT 2HEPruu poToHa o =f{hv) — NpsAMO nponop-
TSDKEIBIX M30TOIIOB MO3BOJISIET yMeHbluTy UWMOHANbHAsA. M3 rpaduka 3aBUCMMOCTH oL =
JedeKThl KPUCTAUIMYECKON PEIIETKA U Me- f(hv) nnst apcenuna rainust [9] MOXHO pac-

XaHMYECKMe HAMPSDKEHMS MexXLy ciiosivu [1].  CUMTaTh K09 (UIMEHT NPONOpLUHOHANbHO-
ctu K, MCXofis U3 COOTHOLIEHMS

OLLEHKA USOTOMUYECKOIo J04 — — 1
MATEPUAJIA 0,8.10" = K/1,5 1,42,( j . (3)
Db HEKTUBHOCTL YMEHBIIEHUS] KOHIIEHT- CrienoatenbHo, K=2,827+ 10" (cM 3B2),

panunmn TSKEBIX U30TOTIOB B IOJyIIpoOBOJAHU -
KaxX MOKHO OLICHUTb Ha IPUMCPEC YIYUIICHUA
CBOWCTB apccHuIa raJuivsd rnmpu €ro uCIroJb30-

Tak, mocJjie u30TONMNYECKOM OYNCTKY raji-
JIAST OT TSIKEJTBIX M30TOIOB KO3(PPUIIUEHT

® .. (@I1). D MTOTJIOIICHUS OYICT:
BaHMU B (DOTONIPUEMHUKE . OTH yiy4- _ 7 3
IIEHUS OTPpaXKaloTCs MPEXIE BCETO Ha TTOBHI- a=2,827-10"1,5-1,36 =

MeHUU Koa(hUIMeHTa MOTJOMIEHUS o
¥ KBAaHTOBOU 3(h(heKTUBHOCTU MaTepuraa 1.
N3oTonmyeckuii coctaB rajiius B Kpu-
crayie GaAs uMeeT CeayoUInii MOPsIToK:
60,1 % npuxonutcst Ha uzoton “Gan 39,9 % —
Ha 6ostee TSLKENbIN n3oton "'Ga.
CHUXeHUe KOHIeHTpauuu 'Ga MOXHO
TPaKTOBaTh KaK yMEHbIIIEHNE KOJTUYEeCTBA N 7
. .. st TonmuuHou d = 10-% cm Ha OCHOBaHUM
neeKTOB B KPUCTATMIECKOM peléTke, KO- .
. dbopmyn (1)-(4) momryaum:
TOpoe OTpa3uTcs Ha 3(hGHEKTUBHOM Macce
HOCHTEJICH 3apsiia, HAIPUMeP, SIEKTPOHa m, , | g L0ss10%10*

=1,058-10", (i] 4)
cm
Db GEeKTUBHOCTh U30TOITIECCKON OUMCTKI
rajuinsl 3aKJII049aeTcsl B MTOBBILIEHUHY KBAHTO-
BO#1 5 (HEKTUBHOCTU 3a CYET YBEIUYEHUS
koadduimenTa nornoimeHus. K mpumepy,
JUJ11 0OBEMHOIO KPUCTAJIA U3 apCeHUIa Taj-

¥ LIMPUHE 3aNpeIeHHON 30HbI £ . Bosmox- T 1,23 pasza. (5)
HbIE MacIITabbl USMEHEHWIA m_, 1 £ MOXHO I-e™

OLIEHUTH MO MaTepuanaM nyonukauuu [7], To ecTh BeMUYMHA M TOCAE OYUCTKU OT
B KOTOPOW MPUBEACHBI Pe3YyJIbTaThl UCCIENO-  TSIKEBIX M30TOMOB YBEJIMUMIIach B 1,23 paza.
BaHUI 3aBUCUMOCTU I(D(HEKTUBHOUN Macchl M3BecTHO, uTO KBaHTOBas adeKTruB-

9JIEKTPOHA Y LLIMPUHBI 3aMPEILIEHHON 30HBI OT  HOCTb | OMpPEe/sIeT YyBCTBUTEIbHOCTD, 00-
U3MEHEHUN KOHLEHTPALUU JIETUPYIOIIUX HapPyXUTEIbHYIO CITOCOOHOCTh MaTepualia
aTOMOB B MOHOKpHUcCTa/U1ax apceHuaa raumst.  ®OI1 u, riaBHoe, BeMMunHy GoToToKa [8].
Tak, yMeHbIIeHNE KOHLUEHTpaunn TsokEnoro  OTcloga OTHOIIEHUE MOIIHOCTEH CUTHaia
uzotona "/Ga B KpUCTaJie apceHuIa Tajutusl K mymy Ha Boixoge PIT p? JI0 U TIoCJIe

sbIxpn
Ha aBa ImopsakKka MOXET YMECHBIIWTD: 1) M- M30TOIMMYECKON OYMCTKU OOBEMHOIO KpH-
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Puc. 1. CBepxpeLuéTku
(MKS1) Ha n3otonax
KpeMHus (a — KBaHTOBasi
ama, b — 6apbep).
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craina Takke yeauuutcs B 1,23 paza. Dto
MPUBENET K YMEHBIIEHUIO BEPOSITHOCTHU
OwMOKU P, 1 yIy4lIEHUIO KA4eCTBa pUéMa
onTuieckux curHanos [10].

Bonee apdexkTuBHBIM MaTepuaIOM IS
(boTOTIPUEMHUKOB SIBIISTIOTCSI HAHOCTPYKTYPBI.
OTO — MHOXECTBEHHBIE KBAHTOBbBIE SIMbI
(MKA) u cBepxpemétku (CBP), cocTosiime
W3 YepeioBaHusI CJI0EB, HATIPUMED, apCeHUIa
rayuTust (SIMbI) ¥ aJTIOMUHATA aPCEHUIA TAJLTUS
(6apbepbl) WM U30TOIOB KpeMHUs (puc.l)
[1]. Otmuums mexxny MKS u CBP B pazmepax
anb (m1g CBP a =5b < 6 um).

s KBAaHTOBBIX SIM 3HaueHUE d UMEeT
nopsinok d = 10-° cm (10um). O1crona popmy-
na (1) mist pacuéra ) nmpeobpasyercs [6]:

N= o (©6)
[Mocne nzoronuyeckoii OUUCTKY TTOTyIUM
crenylone u3MeHeHusI (yBeJInueHe ) KBaH-
TOBO 3(P(HEeKTUBHOCTH /IJI5T apCeHUA TAILITUS
B pacuére Ha OJIHY KBAHTOBYIO SIMY:
1,06410*10°°

~1,325 pasa.
0.8:10°10°° .

10 100
< 100

Puc. 2. BasucumocTs P, = f(Q) ans ®I16e3 ounctku (P,) n c ounctkoii (P,).

TakuMm 00pa3oMm, B pe3yJibTaTe U30TOMHNYE-
CKoOIt ourcTKy MaTepraia B Buge MK B 1,325
pasa yBeuuuTcs 1, 9yBcTBUTENbHOCTH DI,
00HAPYXUTETbHASI CIIOCOOHOCTD U (POTOTOK,
BeJIMYMHA P’ o OTIPCIEIISIIONIAST KAYECTBO
npuéma OII.

NMOBbILLEHUE KAHECTBA
DOTOMPUEMA

Hcnonb3ys mojydeHHbI pe3yabTaT OT
M30TONUYECKOM ouncTky Matepuana OI1 Ha
MKS, a uMeHHO, yBeJIMUeHUEe 3HAYSHU It
napamerpa Q°u p?, - P, . 4 Q%) 6onee
yeM B 1,3 pasa, paccuuTaemM BepPOSITHOCTh
omnbKu P, 1 aHOMaJbHYIO MMOTPELIHOCTh

87 [8] cootBercTBEHHO MO hopmynam (7)
u (8):

2
By = —exp| L2t |, (7)
\/2ﬂpew¢n

&% =I2P . 8)
Ha puc. 2 npeacrasieHbl rpauKu Bepo-

arHocTh ommoku miss I Ha maTepuane

¢ ouyucTkoir P = f(Q) n 6e3 0OUUCTKHN

ouwo4
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Ta0imuna 1

BepoarnocTs ommOKu Ha Bbixoe (HOTONPHEMHMKA 10 OYUCTKH P ¥ NOCIIe H30TONHIECKOH

OYMCTKH P
pzq,n Pom ooy
50 0,142+ 10 1,54-10°
100 1,12+101 1,68+ 101
200 1,08+ 102 2,810
> K > K
m= 2 eXp p sbixghn / 2 eXp p sbixghn ,
\’l Kp:wcdm 2” 4'2 pszblxq)n 2” 4'2 (9)
i K-1 .
m= («/E)-exp %2) =4/1,325 exp(mj =1L51 paza

P =/f(Q) OT TAKENBIX U30TOIOB, TIOCTPOEH-
HBbIC Ha ocCHOBaHUU (DopmMysl (7).

[Toce M30TOMMYECKOI OYMCTKA MaTePH-
aJ1a BEPOSATHOCTb OLIMOKU P, yMEHbIIAETCS
Ha HECKOJIBKO TTOPSIIKOB.

D GeKTUBHOCTh OYNCTKU MaTepualia OT
TSDKEJTBIX M30TOTIOB B UMCJICHHOM BBIPAXKCHUH
npencTaBieHa B Tadauie 1. B Heit mpuBeneHbI
3HAYCHUS BEPOSITHOCTEH OIMMOKMU J0 M30TO-
nuyeckoit ourctku matepuaia ®I1 u mocie
Hee.

Ha ocHoBaHUM pacCUMTaHHBIX 3HAYCHUI
BEPOSITHOCTHU OLIMOKM B TaOmuie 1 MOXHO
OIICHUTH, BO CKOJIBKO pa3 YIYJIITUTCS Ka4eCT-
BO IIpUéMa ONTUYECKUX CUTHAJIOB 3a CUET
TOBBIIICHUS TEXHUYECKUX (OITOICKTPOH-
HBIX) XapaKTePHUCTUK ITOIYIIPOBOTHUKOBOTO
MaTepHaa (apceHuaa TajuIns) TTOcie U30TO-
MUYCCKOI OYMCTKY (TTOBHIIIICHUS KBAHTOBOM
3 GHEKTUBHOCTH, IyBCTBUTEILHOCTH, YMEHb-
IIeHus nrymMoB). Tak, 171 MUHUMAaJIBHO JOITY-
CTMMOTO 3HaYeHus p°, M 50, obecnieunBa-
IOLIETO BEPOATHOCTH OmMOKM 0,421 10°°
cornmacHo ¢dopmyre (7), ouncTKa MaTepHuaza
MO3BOJUT CHU3UTh BEPOSITHOCTHh OIIMOKM
B 11,51 paza. CrmenaTh pacyéT BO3MOXKHOTO
BBIMTPHIIIIA 71 TIO YYUIIICHUIO KAYeCTBA MOX-
HO ¢ moMo1ibio popmyisl (9), tne K= 1,325 —
KO3 PUINEHT YBEJINUYEHUS OTHOIICHUS
MOIITHOCTEM CUTHAaJa M IITyMa Ha BBIXOJIE
oronpuémHuuka (6).

3HavYeHNE BBIMTPHIIIA /1 32 CUET OUMCTKU
TOJTyIIPOBOTHUKOBOTO MaTepuaja (hOTOIpH-
€MHUKA 3aBUCUT OT BEIMYUHBI p°, g AKOID-
¢dunnenra K.

Kpome kBanToBoit addexktusHoctu PIT
TIOCJIe OUYMCTKH OT TSDKEIBIX M30TOIOB KPH-
CTaJUIOB TaJuIvg YJIyYyllaTcs U Apyrue Xxapak-
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TEPUCTUKU MaTepuaa. MI3BecTHO, YTO OUUCT-
Ka OT TSKEJIBIX M30TOIOB KPEMHUSI IT03BOJIH -
JIa YBEJIMYUTH OBbICTPOAEHCTBUE MUKPOIIPO-
LeccopoB 0oJjice 4eM B JBa pa3a 3a CUET
yYMeHBIIIeHUsI 3(PHEKTUBHOM MaCCHI JIEKTPO-
HOB Y IIOBBIILIEHUS ITOABUKHOCTH HOCUTEIEH
3apsgaa [3]. Emé 6onpmmii addexT 3a cuét
0oJ1ee MOABIKHBIX HOCUTENE 3apsina B AsGa
MOXHO OXMIATh OT apCEHUIA FaJlIHSI.

NM30TOMUYECKUE CBEPXPELLETKU

HanGonee nmepcneKTUBHBIM MaTepuaIoM
JUTSI OIITORJIEKTPOHUKH B PA3JIMYHBIX O0IACTSIX
TexHuKU Hapsiny ¢ MK asnsiores moymnpo-
BOIHMKOBBIE cBepxpeeTku (CBP), koTopbie
XapaKTepU3YIOTCs pacilielieHueM SHepreTh-
YeCcKUX ypOBHEl M 00pa3oBaHMEM IMOI30H
MPOBOIMMOCTH U 1lIeJIeil B KBAHTOBBIX sIMaX.

M3MeHsIst MU30TOMMYECKUI COCTaB MaTepU-~
ajia, HarmpuMmep, apCeHKua rajuiusi, MOXHO
BBIOUPATh PACIIONIOXEHUE DHEPreTUYECKUX
MOA30H B KBAHTOBBIX sIMaX U LIUPUHY SHEP-
reruaeckux meneit B CBP (puc. 1) mrst mpo-
€KTUPOBAHKS HOBBIX IOJIYIIPOBOAHUKOB. DTO
MPOUCXOINT 3a CUET M3MEeHEeHU 2P PHEeKTUB-
HOIi MacChl ICKTPOHA M, , ¥ LUIMPHHBI 3a1pe-
IIEHHOM 30HBI Eg MaTepuralia KBAaHTOBBIX SIM.

IlIupuHa 11eeii U MoA30H IPOBOAUMOCTHU
OIIpeIe/ISIeTCSI ICXOAHBIM MaTePUAJIOM, a TAK-
Ke LIMPUHOI 6apbepoB U siM. [1pu nmpoekTu-
POBaHMM ONTORJIEKTPOHHBIX ITPUOOPOB, 10-
nyctuM, ¢ GoToadeKToM Ha MEKITOA30HHBIX
rnepexojax, BaxHo A0OUTbCs TpebOyeMoit
LIMPUHBI SHEPIETUYECKOIA 111EJIM 1 KOJIMYECT-
Ba MOJ30H B KBAHTOBOI siMe. TOJIbKO OIHUM
MoI00POM MapaMeTPOB a U b siM 1151 BRIOpaH-
HOI0 MaTepuasa TPYIHO MOJYUYUTh XKeIaeMblid
pe3yJIbTar.
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a)

C moMoIIIb0 U30TONMYECKOM HAHOWH-
xeHepun moneiab CBP mo3BoinsieT co3nma-
BaTh HOBBIC MaTepHajbl C 3apaHee 3aJaH-
HBIMH OTITORJICKTPOHHBIMU XapaKTEPUCTH -
kamu [1].

Kak yxe oTMeuasnoch, TSXKENbIe U30TOIbI
MOXHO paccMaTpuBaTh KakK Ae(eKThl KpH-
CTAJTTTIECKOM PEIIETKY, KOTOPHIC 3HAYNTEITh-
HO BIIMSIIOT Ha BJICKTPUYCCKUE, ONTUICCKHIE
1 MEXaHWUYECKME CBOMCTBA MaTepuaa.

MexaHU3M BIUSHUS Ae(PEKTOB KpUCTAII-
JIMYECKOM peIIETKY Ha TOABUKHOCTD dJICK-
TPOHOB MOXHO OIIEHUTH COIJIACHO KJIaCCH-
YeCKOI TEOPUH SJIEKTPOIIPOBOTHOCTH. TaK,
pPaBHOYCKOPEHHOE IBUXCHME BJICKTPOHA
B KpUCTAJIJIE IO ACHCTBUEM DIIEKTPUICCKO-
ro TOJISI 3aKaHYMBACTCS CTOJIKHOBEHUEM
¢ n1e(eKTOM KPUCTAJUIMICCKON PEIIEéTKHN
[11]. TTpu aTOM mpHOOpeTEHHAS CKOPOCTh
B HAITPaBJIICHUHU BJICKTPUUECKOTO TTOJIS TTa-
JIaeT MPaKTUIECKU IO HYJS, 3aTEM OIISITh
HauyMHAaeTCsI YCKOpeHMe 3JeKTpoHa. Llukn
«YCKOpEHUE—pacCcesIHNuE» MOBTOPSAETCS
CHOBa M MHOTO pa3. CpeaHee pacCTOSTHHE,
IIPOJIETaeMOE JIEKTPOHOM OT CTOJIKHOBEHUS
IO CTOJIKHOBEHMSI, Ha3bIBaeTCS MJIMHOMN
cBoOomgHOTO mMpobera. Jdnsa Kpucraaiion
KPEMHUS U3BECTHO, YTO ITOCJIE OYUCTKHU OT
TSKEIBIX M30TOITOB #Si, %Si, KoTOphIE CO-
CTaBIISIIOT IpuMepHO 8 % BceX aTOMOB,
IMOIBUXHOCTD 3JIEKTPOHOB IMOBBICUIACH
B IBa pa3za [3].
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FRUE.),

6)

Puc. 3. 3aBucumocTu aHepreTundeckux yposHer CBP [0 v nocsie 04NUCTKN rasnins oT TSOKEJbIX U30TOIMOB.

J1J1s €CTECTBEHHOTO rajUlvsl, KOTOPBIA CO-
CTOUT U3 ABYX U30TOTIOB (“Ga — 60,1 %, "'Ga —
39,9 %), ouncTKa KpucTajlia oT uzoromna ’'Ga
MOXET IOBBICUTD MMOABMXKHOCTb 3JICKTPOHOB
6osee uem B aBa pa3a. C y4éToM TOro, 4To
TaJTnii Jierde KpeMHus (oTHomreHne 3ddex-
TUBHBIX Macc m,, Ui Si 1 Ga paBHO 2,84),
MOXHO OXUAaTh 00JbIIero 3¢ @ekra oT U30-
TOIMYECKOM ouncTk. Kpome Toro, Kojauue-
CTBO LIMKJIOB «YCKOPEHUE — PaCCesTHUE» s
rajuisi OyaeT OOJIbLIE IO CPABHEHUIO C KPEM-
HMEM, a CJICI0BATEIbHO, M OYUCTKA OKAXKETCS
6omee adpdpexTuBHOM. B caygae KpeMHUS
CTOJIKHOBEHMUSI C TSKEIBIM M30TOIIOM IIPOKC-
XOIISIT B CPEIHEM Yepe3 KaX/Ible IEBSTh AaTOMOB,
JUISI TaJUTAsI — IPUMEPHO Yepe3 KaxK/Ible 1Ba.

OneHKy 3¢ deKTa OT OUMCTKH OT TKEITBIX
M30TOMNOB KPUCTAJLJIOB TaJJIUS [IJIsS CBEPX-
PEIIETOK MOXHO ITOJIyYUTh C IOMOILBIO Ma-
TEMaTUYECKOrO0 MOJAEIMPOBAHUS 3aBUCUMO-
CTH DHEPreTUYCCKUX YPOBHEM OT LIMPUHBI
ambl. Tak, 3HaueHue 3P GeKTUBHONM MacChl
B pe3yJibTaTe OUMCTKHU OT TSIKEJIBIX M30TOIIOB
rajiinst MOXeT YMEHbIIUThCS B IBa pasa, T.e.
cocTaBuTh Bennauny 0,067/(2 *m ). 3HaueHue
3aIpeIl€HHOM 30HbI IMOCAE OYMCTKU MOXKET
yMeHbIIUThCS Ha 0,06 5B, T.e. cTath 1,424—
0,06 = 1,364 2B |7].

Ha puc. 3 npeacraBiieHbl pe3yJbTaThl Ma-
TeMaTUYECKOr0 MOJEIMPOBAHMS PACIIpeaeIie-
HUS 3HepreTndeckux 30H 111 CBP u3 apce-
HUIA TaJUIMsI U aJIIOMMHATA apCeHUIA FaJUIus
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0€3 OYMCTKM TaJUIus OT TSXKEIBIX U30TOIOB
(puc. 3a) u c ounctkoii (puc. 30).

PacyéTt mMpuHbl SHEPTeTUYECKON 1IEeIn
B KBAaHTOBOM sIMe JIJII TIapaMeTpoB a = b =
4 Hm TIOKa3aJl, YTO OYMCTKA YMEHbIIIAeT II1-
PVIHY MIepBOIi SHepreTUYecKom e Ha 3 ma B,
U 9TO MOXET OBITh CYILIECTBEHHBIM (DAKTOPOM
JUTSL AOCTUKEHUST OTIPEIeIEHHOM IJTMHHOBOJI-
HOBOIi rpaHulbl poToaddekra, Hampumep,
B cUcTeMax oOecrieueHus! 0€30MacHOCTH,
npudopax oOHapyXeHUs OMaCHbBIX BEIECTB,
OLIEHKM KayecTBa MPOAYKTOB U T.I.

Takum oOGpa3oM, HA OCHOBAaHUMU MaTeMa-
TUYECKOTO MOJIEJIMPOBAHUS JOKA3aHbI U3ME-
HEHMSI ONMTORJIEKTPOHHBIX XapaKTepPUCTUK
(pacmpeaeeHUEe 3HEPTETUYECKUX 30H
B cTpykType CBP) nocie ounctku matepuania
OT TSDKEBIX U30TOMOB rauiusg. C moMOIIbIo
unzotonuyeckux CBP MoXHO mpoeKTUpoBaTh
HOBBIE MTOJTYITPOBOIHUKOBBIE MaTePUAJIbI TSI
(hoTONMpUEMHUKOB CBEPXJIMHHOTO MHOPa-
KpacHoro auamna3oHa (aTMochepHOe OKHO
C IJTMHOM BOJIHBI cBeTa 10 20 MKM), KOTOPBIE
HEBO3MOXHO CO3/1aTh OOBIYHBIM MTYTEM.

BbiBO4bl

HN3MmeHeHre U30TOMMUYECKOTO COCTaBa
HWCXOIHOTO TMOJYIPOBOJHUKA BIUSIET HA OI-
TORJIEKTPOHHBIE XapaKTEePUCTUKU MaTepuaia
(TTOIBVXKHOCTHh HOCUTEJIEH 3apsina, MUPUHY
3aIMpelEHHON 30HbI, KBAHTOBYIO 3(pheKTUB-
HOCTb U T.JI.).

ITpu co3maHuy U30TOMUYECKUX MaTepUa-
JIOB MOKHO TIOBBIIIATH VJIA TTOHWXATh TIPO-
LIEHTHOE COAEpXaHUE TSXKEIBIX U30TOIMOB
B BellecTBe. Tak, OUMCTKA TaJUTUS OT TSKEIBIX
M30TOMNOB (MaTepuayia apceHuaa rauius do-
TONPUEMHUKA) YBEIUUYUBAECT OTHOIIICHUE
MOIITHOCTe# curHaja u iryma Ha Bbixoge OI1
U YMEHBIIIAeT HA HECKOJIBKO MTOPSAKOB BEpO-
SITHOCTb OIITMOKU.

HawuGosee nepcneKTMBHBIM HAIIPABJICHU -
€M SIBJIIETCS CO3IaH1e U30TOIMMUYECKUX CBEPX-
PENIETOK (HAHOCTPYKTYP HOBOTO TTOKOJICHUS ).
Ha ocnoBe MCBP moryT OBITH TTOJTydeHBI
HOBBIE MTOJTYITPOBOIHUKOBBIE MAaTePUAJIBI TS
3¢ HEKTUBHBIX TPUOOPOB HOYHOTO BUJIECHUS
(TeTuToBMU30pHI), COTHEUHBIX OaTapeii, yjiaB-
JIMBAIOIINX TEMHBIE (POTOHBI, CUCTEM ObecTTe-

YyeHUsI 0€301TaCHOCTHU, MEIMITMHCKOTO 000pY-
JIOBAaHUS U T.1.

Kpowme Toro, mzoronuueckasi oumcrka
UCXOAHOTO XUMUYECKOTO 3JI€MEHTa OT
TSKEJIBIX U30TOIOB MO3BOJIUT CO31aBaTh 00-
Jiee YyBCTBUTEJIbHbIE MUKCEIN (HOTOKaMep
1 00J1ee KauecTBeHHBIC (3(pDeKTUBHBIC) CHC-
TeMbl BUIAEOHAOM0AeHUS, (POTOMPUEMHUKU
CBEPXJIMHHOTO MH(PAKPACHOTO IMANa30Ha.

B pe3synbrare npeacTaBieHHBIX UCCIEN0-
BaHUI TOKa3aHO BIMSIHUE OYUCTKHU Ha OITO-
9JIEKTPOHHbBIE XapaKTEPUCTUKU OOBEMHOTO
(yHKIMOHAJIBHOTO MaTepuasa U COOTBET-
CTBEHHO Ha IIMPUHY IHEPTETUUECKUX IIesei
B KBaHTOBBIX cTpyKTypax (CBP).
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ABSTRACT

The current problems of increasing the efficiency
of optoelectronic devices with the help of new
materials are considered in the article. It is noted
that the most promising direction of research is the
design of semiconductor materials using the own
isotopes of chemical elements. Thus, purification
from heavy isotopes increases the speed of

optoelectronic devices, quantum efficiency,
sensitivity of photodetectors. The greatest effect of
isotope purification can be obtained for a
nanostructured material (superlattices). This new
semiconductor material will create more sensitive
instruments for night vision, solar panels, safety
systems, medical equipment, ultra-long-range
infrared photodetectors.

Keywords: optoelectronics, communication, isotopes, purification, quantum efficiency, superlattices.

Background. Electronics and optoelectronics as
its component are the basis of high-tech industries of
the world industry. These include production of high-
speed telecommunications systems, safety devices,
medical diagnostic devices, the elemental base of
quantum systems for transmission and processing of
information, etc. One of the priorities here is
development of semiconductor materials operating
on new physical and technological principles and
analysis of the possibilities of nanotechnology for
production of new-generation nanostructures [1].

Such a promising direction in optoelectronics
became the work with isotopic materials. This is a
young field of science engaged in the design of
semiconductors using own isotopes of chemical
elements to obtain new effects and optoelectronic
characteristics. An example of an isotopic material
can be a variety of graphite — graphene. To use its
unique properties in electronics, it is necessary to
«open the bandgap» [2, 12]. The desired effect can
be obtained by increasing the percentage of heavy
isotope. The opposite direction of design is isotopic
purification of the initial material from heavy
isotopes.

The decrease in concentration of heavy isotopes
in the initial chemical element improves the
optoelectronic characteristics of the semiconductor
material, increasing primarily the speed of the
instruments. For this, the technology of gas
centrifugation (GCF) is used. The isotopically purified
substance is then used to form nanostructures by
molecular beam epitaxy (MBE) [1, 4, 5]. Releasing
the initial chemical element from heavy isotopes can
reduce crystal lattice defects and mechanical stresses
between layers [1].

Objective. The objective of the authors is to
consider new materials in optoelectronics.

Methods. The authors use general scientific and
engineering methods, comparative analysis,
mathematical method.

Results.

Estimation of isotopic material

The effectiveness of reducing the concentration
of heavy isotopes in semiconductors can be assessed
using the example of improving the properties of
gallium arsenide when used in a photodetector (PD).
These improvements are primarily reflected in the
increase in the absorption coefficient o. and in the
quantum efficiency of the material n.

The isotopic composition of gallium in a crystal GaAs
is of the following order: 60,1 % is attributed to the
isotope %°Ga and 39,9 % — to the heavier isotope ”'Ga.
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The decrease in the concentration of ”'Ga can be
interpreted as a reduction in the number of defects in
the crystal lattice, which will affect the effective mass
of charge carriers, for example, the electron m_and
the band gap E, - The possible scales of the changes
of m_ and Eg can be estimated from the publication
[7], which shows the results of studies of the
dependence of the effective electron mass and the
band gap width on changes in the concentration of
doping atoms in gallium arsenide single crystals. Thus,
a decrease in the concentration of the heavy isotope
7'Ga in a gallium arsenide crystal by two orders of
magnitude can reduce: 1) the width Eg -by 0,06 eV;
2) the value of m .- by two times. This will lead mainly
to an increase in the absorption coefficient and
quantum efficiency.

It should be noted that the quantum efficiency n
has the greatest influence on the optoelectronic
characteristics of PD material.

It is known that quantum efficiency is estimated
by the formula [8]:

n=1-e%, (1)
where o — absorption coefficient, d — thickness of a
sample.

Absorption coefficient [9]:

a=K\kv-E,, (2)

where hv — photon energy (the product of the Planck
constantand the frequency of light). The dependence
of the absorption coefficient on the photon energy o.
=1f(hv) is directly proportional. From the graph of the
dependence a.=f(hv) for gallium arsenide [9], we can
calculate the proportionality coefficient K, starting
from the relation
0,8:10" = K 1,5—1,42,[L). (3)
cm

Hence, K=2,827-10%(cm eV'72).

Thus, after isotope purification of gallium from
heavy isotopes, the absorption coefficient will be:

o =2,827.10%/1,5-1,36 =1,058-10°, (LJ (4)
cm

The efficiency of isotopic gallium purification is to
increase the quantum efficiency by increasing the
absorption coefficient. For example, for a bulk crystal
of gallium arsenide of thickness d = 10~ cm on the
basis of formulas (1)—-(4), we obtain:

1- 671,058-10"-104
=1,23 times. (5)
1-e

Thatis, the value of v after purification from heavy

isotopes increased by 1,23 times.

~0.8+10*+107*
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Pic. 1. Superlattices (MQW) on silicon isotopes (a — quantum well, b —barrier).

It is known that the quantum efficiency n
determines the sensitivity, the detectability of PD
material and, most importantly, the magnitude of the
photocurrent [8]. Hence, the ratio of the signal-to-
noise power at the output of PD p? = before and after
the isotope purification of the Buik crystal also
increases by 1,23 times. This will lead to a decrease
in the probability of an error P, and an improvement
in the reception quality of optical signals [10].

The most effective material for photodetectors
are nanostructures. These are multiple quantum wells
(MQW) and superlattices (SL) consisting of alternating
layers, for example, gallium arsenide (well) and
gallium arsenide aluminate (barriers) or silicon
isotopes (Pic. 1) [1]. Differences between MQW and
SLinsizesaandb(forSLa=b<6nm).

For quantum wells, the value of d is of the order
of d =10°%cm (10 nm). Hence formula (1) for
calculation of n is transformed into [6]:

N= 0oy (6)
After isotopic purification, we obtain the following
changes (increase) in quantum efficiency for gallium
arsenide per quantum well:

1,06410%+10°
0,8-10%+10°

Thus, as a result of isotopic purification of the
material in the form of MQW, n, the sensitivity of the
photoconductivity, the detecting power and the
photocurrent, the value of p? determining the

outpd’

reception quality of PD, will increase by 1,325 times.

=1,325 times.

Improving the quality of photo reception

Using the result obtained from isotopic purification
of PD material on MQW, namely, an increase in the
values of the parameter Q? and p®,,  (p®,,.,= 4 &)
by more than 1,3 times, we calculate the error
probability P, _and the anomalous error Zan [8])
respectively according to the formulas (7) and (8):

2
P, = ——enp| 2222 | (7)
Z”Pozumd 4

&, = 12P, . (8)

Pic. 2 shows the error probability graphs for PD
ona material with a purification P, =1(Q)and without
purification P, = f(Q) from heavy isotopes based on
the formula (7).

After isotopic purification of the material, the
probability oferror P, decreases by several orders
of magnitude.

The efficiency of purification of the material from
heavy isotopes in numerical terms is presented in
Table 1. It gives the values of the error probabilities
before the isotopic purification of PD material and
after it.

Based on the calculated error probability values
in Table 1, it is possible to estimate how many times
the quality of reception of optical signals will improve
by increasing the technical (optoelectronic)
characteristics of a semiconductor material (gallium
arsenide) after isotopic purification (increasing
quantum efficiency, sensitivity, noise reduction).
Thus, for a minimum allowable value pzoutp += 90, which

e

10

100

Pic. 2. Dependence P, = f(Q) for PD without purification (P,) and with purification (P,).
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Table 1

Error probability at the output of
photodetector before purification P, and after
isotopic purification P

errpur

P o

50 0,142+ 10° 1,54+10°¢
100 1,12+1012 1,68+ 101
200 1,08+102 2,8+10%

provides the error probability 0,421+ 107 according
to the formula (7), purification of the material will
reduce the probability of error by 11,51 times. To
calculate the possible gain m forimproving the quality
can be as follows: where K = 1,325 — coefficient of
increase in the ratio of signal power and noise at the
output of the photodetector (6).

The value of the gain m due to purification of the
semiconductor material of the photodetector
depends on the value of pzoutpd and the coefficient K.

In addition to the quantum efficiency of PD after
purification from heavy isotopes of gallium crystals,
other characteristics of the material also improve. It
is known that purification from heavy silicon isotopes
has allowed to increase speed of microprocessors
more than twice due to reduction of the effective mass
of electrons and increase of mobility of charge carriers
[3]. An even greater effect due to more mobile charge
carriers in AsGa can be expected from gallium
arsenide.

Isotopic superlattices

The most promising material for optoelectronics
in various fields of technology, along with MQW, are
semiconductor superlattices (SL), which are
characterized by splitting of energy levels and
formation of conductivity subbands and gaps in
quantum wells.

By changing the isotopic composition of the
material, for example, gallium arsenide, it is possible
to choose the location of energy subbands in the
quantum wells and the width of the energy gaps in SL
(Pic. 1) for design of new semiconductors. This is due

_ pazutpd K

to changes in the effective mass of the electron m_,
and the width of the band gap E s of the quantum well
material.

The width of the slits and the conductivity
subbands is determined by the initial material, and
also by the width of the barriers and wells. When
designing optoelectronic devices, for example, with
a photoelectric effect at intersubband transitions, it
is important to achieve the required width of the
energy gap and the number of subbands in the
quantum well. It is difficult to obtain the desired result
only with the selection of the parameters a and b of
wells for the selected material.

With the help of isotopic nanoengineering, the SL
model allows the creation of new materials with
predetermined optoelectronic characteristics [1].

As already noted, heavy isotopes can be regarded
as crystal lattice defects that significantly affect the
electrical, optical and mechanical properties of the
material.

The mechanism of influence of crystal lattice
defects on mobility of electrons can be estimated
according to the classical theory of electrical
conductivity. Thus, the uniformly accelerated
motion of an electron in a crystal under the action
of an electric field terminates in a collision with a
crystal lattice defect [11]. In this case, the acquired
velocity in the direction of the electric field drops
practically to zero, then the acceleration of the
electron again begins. The «acceleration —
scattering» cycle is repeated again and again many
times. The average distance traveled by an electron
from a collision to a collision is called the mean free
run. For silicon crystals, it is known that after
purification from heavy isotopes 2°Si, 3°Si, which
constitute about 8 % of all atoms, the mobility of
electrons has doubled [3].

For natural gallium, which consists of two isotopes
(%°Ga — 60,1 %; ""Ga — 39,9 %), purification of the
crystal from the isotope ”'Ga can increase the electron
mobility by more than two times. Taking into account
the fact that gallium is lighter than silicon (the ratio of
effective mass m_, for Si and Ga is 2,84), we can
expect a greater effect from isotopic purification. In

2 pazutpd
m= exp / exp| —
\/ K pfutpd 27 [ 42 J \/ mepd 27 [ 42

K}

(9)

B - [
m= (\/E)-exp [/)"“"”14(12(1)] =4/1,325 exp(%) =11,51 times,
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Pic. 3. Dependences of the energy levels of SL before and after purification of gallium from heavy isotopes.
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addition, the number of «acceleration — scattering»
cycles for gallium will be greater in comparison with
silicon, and consequently, purification will be more
effective. In the case of silicon, collisions with a heavy
isotope occur on average every nine atoms, for
gallium, approximately every two.

Estimation of the effect of purification from heavy
isotopes of gallium crystals for superlattices can be
obtained by mathematical modeling of the
dependence of the energy levels on the width of the
well. Thus, the value of the effective mass as a result
of purification from heavy isotopes of gallium can be
reduced by two times, i. e. to make the value 0,067/
(2:m,). The value of the band gap after purification
can be reduced by 0,06 eV, i. e. become 1,424-0,06
=1,364¢eV[7].

Pic. 3 presents the results of mathematical
modeling of distribution of energy bands for SL from
gallium arsenide and gallium arsenide aluminate
without purification of gallium from heavy isotopes
(Pic. 3a) and with purification ( Pic. 3b).

Calculating the width of the energy gap in the
quantum well for the parameters a = b = 4 nm has
shown that purification reduces the width of the first
energy gap by 3 meV, and this can be a significant
factor for achieving a certain long-wavelength
photoeffect boundary, for example, in safety systems,
devices for detection of hazardous substances,
product quality assessment, etc.

Thus, on the basis of mathematical modeling,
changes in the optoelectronic characteristics
(distribution of energy bands in SL structure) after
purification of the material from heavy isotopes of
gallium have been proved. With the help of isotopic
SL, it is possible to design new semiconductor
materials for ultra-long-range infrared photodetectors
(an atmospheric window with a wavelength of light up
to 20 um) that cannot be created in the usual way.

Conclusions. A change in the isotopic
composition of the initial semiconductor affects the
optoelectronic characteristics of the material (mobility
of charge carriers, width of the band gap, quantum
efficiency, etc.).

When creating isotopic materials, it is possible to
increase or decrease the percentage of heavy
isotopes in a substance. Thus, purification of gallium
from heavy isotopes (gallium arsenide material of the
photodetector) increases the signal-to-noise power
ratio at the output of PD and reduces by several orders
of magnitude the probability of error.

The most promising direction is creation of
isotopic superlattices (new-generation
nanostructures). On the basis of ISL, new
semiconductor materials can be obtained for effective
night vision devices (thermal imagers), solar batteries
that capture dark photons, safety systems, medical
equipment, etc.

In addition, isotopic purification of the original
chemical element from heavy isotopes will allow
creating more sensitive pixels of cameras and higher-
quality (effective) video surveillance systems,
photodetectors of ultra-long infrared range.

The studies have proved once again the effect
of purification on the optoelectronic characteristics
of a bulk functional material and, correspondingly,
on the width of energy gaps in quantum structures
(SL).
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