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®du13nKo-ToNonoruyeckoe MogenMpoBaHue XxapakTepucTmk
CY6MUKPOHHBLIX NOMEBbLIX TPAaH3UCTOPOB Ha apceHuae rannus
C y4eTOM paguaunoHHbIX 3 eKToB

C.B.OGoeHcKuii!

Huoicecopoockuti eocydapcmeennsiii ynugepcumem um. H.H.Jlobauesckozo
npocnexm I azapuna 23, Huosrcnuii Hoezopoo 603950, Poccus

B crarbe npencraieH 0030p MO METOAAaM MOJEIMPOBAHUS XapakTepucTuk GaAs
MOJIEBBIX TPAH3UCTOPOB C JUIMHOI KaHana 0,1—1 MKM, GYHKIMOHHPYIOIIUX B YCIOBHSAX
PpaZnaMOHHOTO BO3ICHCTBUSL.

Beeoenue

Pa3BuTHE MOIYNPOBOAHMKOBOI JJIEKTPOHUKH CBS3aHO C YMEHBLIEHHEM pPa3MepoB
AKTHBHBIX 00J1acTeil aKTHBHBIX AJIEMEHTOB (IMOJOB U TPAH3HCTOPOB), KOTOPHIE Ha CETro-
JHAIIHUHA 1eHb nocTurin 3Hadenuid 0,1 Mk u Menee. [IpunnunuanbHoe n3ameHenue Qu-
3MYECKHX IPOLECCOB ABIKEHUS 3JIEKTPOHOB B TAaKMX CTPYKTypaX MO3BOJIMIO MOBBICHTH
MIpe/IeNIbHBIE JaCTOThI, YMEHBIIUTH HEOOXOIUMYIO IJISI IEPEKITIOUSHNS YHEPTUIO, a TAKKe
CHHU3HTH JJIMHY JIMHUH Tiepelad TaHHBIX B HHTErpanbHbIx cxemax (MUC).

B mocnennue ronpl uueT ucciaenoBaHue B3aUMOACHCTBHS Pa3IMYHBIX BUIOB (OTOH-
HOTO U KOPITyCKYJISIPHOTO U3JIy4eHHH C COCTaBHBIMH YacTSIMU PaHOIICKTPOHHON ama-
paTypbl: UHTETPAJIbHBIMH CXEMaMH U JUCKPETHBIMH II0JIyIIPOBOJHUKOBBIMH IPHOOPAMHU.
C oJHO¥ CTOPOHBI, BXKHOCTH TTOIOOHBIX UCCIIEA0BaHUN 00yCIIOBIICHA PobIeMoit pagua-
LIMOHHOM CTOMKOCTH BOEHHBIX U KOCMHUUYECKUX CHCTEM, a C IPYrOf CTOPOHBI — Pa3BUTHEM
U Bce OOIBIIMM MPUMEHEHHEM PaJHAIlMOHHBIX TEXHONOTHYECKHX IPOIECCOB, HCIOJNb-
3YIOIIUXCS AT N3TOTOBICHHS U MCIBITAHUIN TOJTYIIPOBOJHUKOBEIX yCTpoHcTB. [Iprmene-
HHE MaTeMaTHIeCKHX MOJENIel MO3BOISIET HE TOIBKO SKOHOMHUTE BPEMsI M CPEICTBA, Tpe-
Oyemble ISt pa3pabOTKH ammaparypbl, HO 9acTO SIBISETCS €IMHCTBEHHO BO3MOXKHBIM
CPE/CTBOM, IO3BOJLSIIOIIMM HOHATh M HAIJISAHO TNPEACTaBUTH (PU3HUECKHE IPOIECCHI,
MPOTEKAIOMNE B CYOMHKPOHHBIX CTPYKTypax IOJIyIPOBOIHUKOBBIX IIPHOOPOB IIPH pa-
JIMAIMOHHOM BO3JICHCTBUH. AHaNN3 MPOLECCOB B IOJYNPOBOJHUKOBBIX MPHOOpax ¢ pas-
Mepamu Gosee 0,5-1 MKM U BIMSHUS PaAMallMOHHOTO W3JTyYSHUs] Ha OTH MPOLECCHI MPHU-
BegeH B [1-34].

Bo3nelicTBue paanalioHHOTO H3Iy4eHHs MPUBOAUT K 00pa3oBaHHIO Je(eKToB U
HOHM3AIMU TOTYNPOBOAHKUKA. PannarionHsie Ae(eKThl YCIOBHO MOXKHO pa3JelHUTh Ha
TOUYCYHBIC (BaKAaHCHS M aTOM B MEXIOY3JIMH), KOMIUIEKCHI Ie(EKTOB (HAIpHMep, BaKaH-
CHsI — aTOM IIPUMECH) M KJacTephl pagnanuoHHEIX aedexros (KP), T.e. ckomneHus To-
YEeYHBIX Ae(EKTOB U MX KOMIUIEKCOB, KOTOPEIE 00pa3yrOTCsI MPH BO3IEHCTBHU OBICTPBIX
HEWTPOHOB, KOCMHYECKHX IIPOTOHOB U OoJiee TsDKeNbIX YacTHL. TeHIeHIMs K yMeHbIIIe-
HHUIO Pa3MepOB aKTHBHBIX 00JacTell CyOMHKPOHHBIX IOJYNPOBOAHMKOBBIX IPHOOPOB
nMeeT (U3MYECKUe OrpaHUYEHUs, CBSA3aHHbIE: (a) C HEPAaBHOMEPHOCTBIO PACIPEICICHHS
Y KOHEYHBIM YHCJIOM TOYEYHBIX 3apSDKEHHBIX LICHTPOB (MOHOB NPUMECH, Ne()eKTOB U T.II.)
B npubopax; (0) ¢ pa3sMepoM HpOTHKEHHBIX o0acTeld mpocTpaHcTBeHHOTo 3apsaa (OI13)
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(p-n mepexonos, O6aprepoB LllorTku, KPJ] u T.m.), KOTOpBIE ONMPENESIOTCA yPOBHAMH
JIETHPOBAHUSI CIOEB MOIynpoBoaHuKa. [locnenHee orpannueHne Hanboee CyIeCTBEHHO
B IIEPCHEKTHBHBIX IIPHOOpax ¢ JIMHAMH aKTHBHBIX obmacreif 0,1 MKkM 1 MeHee.

B ycnoBusix pagmanioHHOro BO3JEHCTBUS YMEHBIICHUE Pa3MEpOB CTPYKTYp IIPHUBO-
JIUT K TPUHIMIHAIBHBIM U3MEHEHHSIM (QU3UKH PaboThl NpUOOPOB. DTH M3MEHEHHs CBSI-
3aHbI C TeM, 4TO: 1) XapaKTepHBbIE IPOCTPAHCTBEHHbIE MAacIITa0bl H3MEHEHHS JIIEKTPHUYe-
CKOTO TOJISi COMOCTaBUMBI C JUIMHAMM PETaKCallUd SHEPIrHU U MMITYJIbCA 3JEKTPOHOB H
JUTMHON cBOOOJIHOrO mpodera 3JIeKTPOHOB; 2) XapaKTepHble pa3Mephl pabouux obnacteit
mpubOpoB cpaBHUMEI ¢ paccrossHueM mexnay KPJI; 3) xapaktepHble pasMepbl pabodnmx
obmacteld mpubOpoB comocTaBuMbl ¢ pazmepamu KPJl; 4) moHm3mpymomee n3IydeHHe
pas3orpeBaeT >JIEKTPOHHBIM ra3, KOTOPHIH HE yCHEBaeT OCTHIBATH 3a BPEMEHa IIpoJieTa
paboueit obmacti TprOOPOB; 5) mpH 00ITydeHNH HEHTPOHAMHU IIPOMCXOJUT IepecTporka
MIPOTOHUPOBAHHEIX M30oyupylomux obnacrei MIC, uro ckaspiBaeTcst Ha Iporeccax mpoTe-
KaHMsl TOKa M (POTOUYBCTBHUTEIBHOCTH; 6) B3aUMOJCHCTBHE MOHU3UPYIOIINX HM3ITyUeHUH
(0cOoOCHHO Ja3epHbBIX) C HAHOMETPOBBIMU METAIUTMYCCKUMH 00BEKTAMU HMEET OCOOCHHO-
cTH; 7) paAualMOHHBIE TEXHOJIOTHYECKHE MPOLecChl (HapuMep, TeTTepUpOBaHKE) CyIle-
CTBEHHO M3MEHSIOT 3NIEKTPO(PU3NUECKUE XAPAKTEPUCTHKU MONYITPOBOJHUKA, YTO 3aMET-
HBIM 00pa3oM CKa3bIBaeTCs Ha Mporeccax (HOPMHPOBAHHS PAAUAIMOHHBIX NE(PEKTOB B
cyOMHKpPOHHBIX pHOOpax; 8) 3NMEKTPOHBI, pa3orHaHHble 10 dHepruit 0,5...1 3B Gonpmu-
MH 3JeKTpudeckuMu noisiMi (~ 100 kB/cM) B cyOMUKpPOHHEIX IpHOOpax, MOTYT IIPOHU-
KaTh ckBO3b KPJI, 9TO NMpHHOMIHAIBHO MEHSET IOIX0J K MOJASIUPOBAHUIO PaJHAIMOH-
HOU CTOMKOCTH PHOOPOB.

IMorsnomenne pagualMOHHOTO H3JIYYeHHS B CYOMHKDOHHBIX CTPYKTypax BOJIH3H
TPaHUIl pa3fena MaTephasoB MMEeT CBOM OCOOCHHOCTH. Pa3znuums B aTOMHBIX Becax,
IUIOTHOCTH, CEYCHUSX B3aUMOACHCTBHUA ¢ (OTOHAMM M OBICTPHIMH YaCTHLIAMH IOPOXKIa-
10T HEPaBHOBECHBIC MIPOLIECCH HA TPAHUIAX Pa3fiena, NPUBOIAIINE KaK K YCHICHHIO pa-
JUAIIOHHOTO BO3AEHCTBHSA, TaK U K €ro ocnadieHuio. XapakTepHble IIHHBI MPOSBICHUS
nogoOHBIX 3 (PEKTOB CPaBHUMEI C pa3MepaMu pabounx obilacTell COBPEMEHHBIX IPHOO-
poB (~ 0,05...0,1 MkM), TO3TOMY HEOJJHOPOJIHOCTH B Ie()eKTOOOPa30BAHUH U MOHU3AIINH,
pa3orpeBe IEKTPOHHOTO ra3a M BO3HUKHOBEHHH KBaHTOBO-pa3MepHbIX cTpykTyp KPJI
MPUBOAT K KaUECTBEHHOMY M3MEHEHHIO ITpoliecca IMPOTeKaH!sI TOKa B aKTUBHBIX obiac-
14X npubopoB. HecMoTpst Ha TO, YTO ATMMHBEI pabounx 00nacTell COBPEMEHHbIX MIPUOOPOB
CPaBHUMBI C JUIMHOH OECCTOIKHOBUTENBHOIO INPOJIETa 3JIEKTPOHOB U, Ka3anochk Obl, pa-
JUAIOHHBIE e(eKThl He JOJDKHBI BIUATh Ha (PyHKIMOHNPOBAaHKHE IPHOOPOB, MIPH HEKO-
TOPBIX 3HAYCHUSIX HAMPSHKEHHOCTEH 3IEKTPUUECKUX MOJIEH 3TO BIHMSHHUE BBI3BIBACT Va)u-
uienue XapaKTePUCTHK CyOMUKPOHHBIX IPHOOPOB.

Wnast cutyanus BO3HMKAaeT HA TPAHMIAX pasJela IOJYHNPOBOJHMKA C MeTaUIHde-
CKUM OOBEKTOM, MMEIOIIUM HAHOMETPOBBIE pa3Mepbl. HecMoTps Ha TO, 4TO mpolecc
B3aUMOJICHCTBUS PaJUallIOHHOTO M3JIY4YEHHs] C MHOTOCIOWHBIMU KOMITO3HLIMSIMU HOCHUT
ClTyJalfHbIH XapakTep, B HAHOMETPOBBIX 001ACTsAX, MPHIIETAIOIINX K TPAHIM HPOTSIKEH-
HBIX METAJUTMYECKUX OOBEKTOB, KJIACTEphl paJHallMOHHBIX Je(eKTOB 3a cueT dddexra
ycunnenust ¢iroeHca OyIyT pacloNOXKEHB! YHOPSAAOUYEHO, IO KpaHel Mepe, 1o AByM U3
Tpex koopauHart. [locnegHee MPUBOANT K CYIMIECTBEHHOMY M3MEHEHHIO TPAHCIIOPTA IIEK-
TPOHOB B TakHX obnacTsx. Heo6XxoanMo yunTEIBaTh HE TOIBKO MPOLECCH, IIPOTEKAIOIIHE
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BOJIN3M IBYMEPHBIX 00BEKTOB (IPaHUI] paszesa), HO M MPHHAMATE B pacdeT OJHOMEPHBIC
00BEKTHI: MPOTSHKEHHBIE TPAaHW METAJUIMYECKUX KOHTAaKTOB, Hernoukd KP/ u t.1. Tpely-
eTcss MOAM(HUIUPOBATE MaTEMAaTHIECKIE MOJIEIH [UIS aleKBAaTHOTO OIMCAHUS IIPOIECCOB
B CyOMUKPOHHBIX ITPUOOpPax, IPOBEICHNUS ONTHMHU3AUH UX KOHCTPYKIHUH (B TOM UYHCIE U
10 apaMeTpy “pajualvoHHasi CTOMKOCTB”) 1 00pabOTKH pe3ysIbTaTOB IKCIEPHUMEHTOB 1
HCTIBITAHUM.

Jlns ananu3a ABMOKEHUS] HOCUTENEH 3apsa B MOMYITPOBOJHUKOBOM MaTepHane 1 Mo-
JIETMPOBAHUS TOTJIOMIEHNST PAJANALIOHHOTO U3IydeHHs B MHOTOCIOWHBIX KOMITO3HIIUIX
pa3paboTaH ekl P MaTeMaTHIECKUX MOJEICH, B TOM YHCIIe, OCHOBAHHBIX Ha METOJIE
yacTul (C MCIONB30BaHUEM MaTeMaTHdeckol mpouexypsl Monre-Kapmo). o cux mop
IPU pacueTax pagualdOHHOW CTOHKOCTH CYyOMHKpPOHHBIX IOJIYIPOBOJHHUKOBEIX IPHOO-
POB HCIIONB30BAINCH YNPOLIEHHBIE METOIBI MOJIEIHPOBAHMS, OCHOBAHHBIE HAa 3aMEHE
HCCIIeayeMoro npudopa KBHBAICHTHOH CXeMOW. DTa METOIMKA OIpaBJaHa Ul IpHOo-
POB, MMEIOIMX MUKPOHHBIE TOIOJIOTHYECKHE HOPMBI, HO HE MO3BOJISIET YUECTh Iepeyrc-
JICHHBIC BbIIIC (pu3ndeckue 3PPEKThl, CBSI3aHHBIC ¢ CYOMUKPOHHBIMU pasMepaMu obiac-
Tel.

[ aHanu3a mporeccoB B CyOMHUKPOHHBIX MpHOOpax Tpedyercst coueTanue pu3nKo-
TOIOJIOTHYECKOT0 MOASIUPOBAHNUS (KBAa3UTUIPOJHHAMUYECKOE IIPUOIMKEHNE) C TIPHBIIE-
YeHHEeM METOJAa YacTHIl Ha OCHOBe mpouexypsl Monrte-Kapmo. Hanbosnee BaxHBIM Tipe-
HUMYILIECTBOM B ITOJOOHOM COYETaHNHM METOMOB SIBIISIETCSI BO3MOXHOCTH KOMIIIEKCHOTO
aHaNM3a IPOIECCOB MOHM3AIUH, Ne(eKTO0Opa3oBaHMs M 3JIEKTPOHHOTO TPAHCIOpTa B
MHOT'OCJIOWHBIX HAHOMETPOBBIX CTpyKTypax. bnaromaps wucnosib3oBaHuio (u3mKo-
TOIOJIOTMYECKUX MOJIeJIel MOIyNPOBOAHUKOBBIX MPUOOPOB, KOTOPHIE B TOM HJIM MHOM
NPUONIKEHUH PACCUUTHIBAIOT PeabHOE JBIDKEHHE HOCHUTENEH 3apsija, 3a cUeT M3MeHe-
HUs yCIOBHH MpPOTEKaHHs 3JIEKTPOHOB YIAETCs MOJAESIUPOBATh MEPEUHCICHHBIE BBIIIE
MPOLECCHI, TTONTydasi pealbHyl0 KapTHHY B3aUMOJCHCTBUS HIICKTPOHOB C M3MEHSIOIINMH-
csl BO BpeMEHH HaHOMETPOBBIMH cTpykTypamu KP/I. [IpuMeHnTEIHO K CyOMUKPOHHBIM
npubopam Takast paboTa paHee He IPOBOIHIACE.

OTCyTCTBHE €IUHOTO IIOJXO0Ja K MOJACIMPOBAHNIO KOMIUIEKCHOTO DPaJHaIlIOHHOTO
BO3JICHCTBUSI Ha CYOMHUKpPOHHBIE MOJYNPOBOIHUKOBEIE NMPUOOPHI M OTIIMYUE B DKCIIEPHU-
MEHTAJIBHBIX JaHHBIX MO PaJal[HOHHON CTOMKOCTH Ul OTEYECTBEHHBIX M 3apyOeiKHBIX
CcyOMHKpOHHBIX NPHOOPOB 00ycrIaBIMBaeT HEOOXOAMMOCTh Pa3pabOTKU 3aKOHUEHHON
CHCTEMBI PacYeTHO-3KCIEPUMEHTATIBHBIX METOA0B MOJECIHPOBAHUS PAANALIUOHHOTO BO3-
JeUCTBUS Ha CyOMHUKPOHHBIE TTOIYIIPOBOJHUKOBEIE MPUOOPEL. [IByMepHOE U TpeXMepHOe
HECTAI[OHAPHOE MOJICTTMPOBAHNE JBIDKCHHS HOCHUTENEH 3apsaa MpH BO3ACHCTBUM KBaH-
TOB M OBICTPBIX YACTHII, a TAKKE pacdeT paclpe/eNIeHUs TeIlIa B MOIYNPOBOIHUKOBBIX
CTPYKTypax IO3BOJISIET B AMHAMHKE H3ydaTh MPOIECCH NepepacipeelIeH s KOHIEHTpa-
LMY ¥ SHEPIHU HOCUTENEH 3apsia, dJIEKTPHYECKOTo IOJsl U 00YCIOBICHHBIX UMH JJIEK-
TpUYeckuxX TOKoB. [locrnenHee BechbMa BakHO IpH 00pabOTKe Pe3yJIbTaTOB IKCIIEPHUMEH-
TOB, KOT/Ia 332 U3MEPEHHBIMH 3aBUCHMOCTSIMU TOKOB M HAaNpPsHKEHUH OT BPEMEHH CKpbIBa-
I0TCSl KOMITJIEKCHBIE TPOIECCHl B3aUMOAEHCTBHS 3EKTPOHHOTO ra3a ¢ KPUCTAINIECKOH
PELIETKOH U paJualliOHHBIM H3ITyIeHHEM.

IIpemaraemelii ans aHanmM3a ASHCTBHS paJnalidd Ha MPUOOPHI TEOPETHIECKUH MOJ-
XOJI JOJDKEH IO03BOJIATH: 1) IPOBOJNTH pacdeT MPOCTPaHCTBEHHOHN CTpyKTypsl KPJI u ux
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pacrpeneneHus: B MPOCTPAHCTBE Kak B OAHOPOIHOM MaTepHaie, Tak M B MHOTOCIOHBIX
KOMITO3UIIMAX; 2) MOJICITUPOBATH OECCTOIKHOBUTEIBHOE IBH)KEHHE DIICKTPOHOB H MPEPHI-
BaIOIINE 3TO JBHKCHHE MPOLECCHl CTOJKHOBEHUH C PaJHallMOHHBIMH Je(EKTaMH, pac-
CUYHTHIBATh (PYHKIIUU pacrpeieNICHUs SJICKTPOHOB 10 YHEPTHH U 3aII0JIHCHUE SHEpreTHYC-
CKHX JIOJIMH; 3) UCIOJIB30BATh Pe3yJIbTaThl AaHATUTHYECKUX PACUETOB M SKCIIEPUMEHTAIb-
HBIC JJAHHBIC B KQUECTBE HAYAILHBIX U T'PAHUYHBIX YCJIOBHH; 4) IPOBOJUTH pacyeT CTaTu-
YEeCKUX M AUHAMHUYECKUX IapaMeTpOB IOJyPOBOJHUKOBBIX IPHOOPOB U painOTEeXHUYE-
CKHX CXEM B IIEJIOM.

DKCIIEpUMEHTAIIbHBIC HCCIEAOBAHUS ONMMCAHHBIX BBIIIE MPOIECCOB TPEOYIOT MpUMe-
HEHHMs KOMIUICKCHOTO IOIXOJa K aHajdH3y MapaMeTpoB MaTrepuana, MHOTOCIOWHBIX
CTPYKTYp u TpuOopoB. XKenaTeapbHO B paMKax OJHOTO aHAIM3UPYEMOro 00BEKTa MPOBO-
JIUTHh KOMIUIEKC M3MEPEHUM, TO3BOJISIONINI ONPEIeTUTh MAKCUMAIIbHOE YHCIIO MapaMeT-
POB Kak MaTtepuaia, Tak U npudopa. Panee momo0OHbBII OIX0 HE HCIONB30BAJICS BBUAY
JIPYTUX MPOCTPAHCTBEHHBIX MACIITA00B (XapaKTepHBIX UIMH) MPOTEKAEMbBIX MPOIIECCOB.
OTHOCHTENILHO OOJIBIINE Pa3MEpPhbl UCCIICAYEMbIX MPHOOPOB MO3BOJISIIM OOXOAUTHCS He-
CKOJIBKUMH 00BEKTaMH, YIOOHBIMH [UIS T€X WIM HHBIX U3MEPEHHH.

Llenv pabomwvr — pa3pabOTKa METOAOB U CPEACTB PacyETHO-3KCIIEPUMEHTAIBHOTO
MOJIETUPOBAHUS (PU3MIECKUX MPOIIECCOB B CYyOMHKPOHHBIX apCCHUATAITHEBBIX TOYTIPO-
BOJHHUKOBBIX MPUOOpax ¢ Y4ETOM Pa3sMEPHBIX W PagdaldOHHBIX 3P (eKToB. Pesymprare
MIPOBENICHHOW pabOoThI OIyOIMKOBAHEI B paboTax [24-69], Ha OCHOBE KOTOPHIX M HAIHCaH
HACTOSIIIHIA 0030p.

Hccneoosanue anekmpogusuueckux xapakmepucmuk ynumaxcuaibiolx GaAs
CIMPYKMYpP CYOMUKPOHHBIX ROIYRPOSOOHUKOBHIX NPUOOPOE NPU PAOUAUUOHHOM
6030eiicmeuu

C 1eTIbI0 NOJTYyYEHUsT HCXOAHBIX AaHHBIX JUIS CO3/IaHUS MOJieNied CyOMHKPOHHBIX I10-
JIYHPOBOJHUKOBBIX NPHOOPOB OBUI IPOBEJICH aHAIN3 MpolLecca B3auMOJCHCTBHS paaua-
LHOHHOTO HM3Iy4eHHsI ¢ CyOMHMKPOHHBIMH MOJYTIPOBOJHUKOBBIMU CTpyKTypamu. Hmeto-
[IMecs B JUTEpaType aHaIUTHYeCKHe OLUeHKH U Monenu [3-8, 10-19] yrouHeHsl, HCXOas
13 TIOSIBUBINUXCS B TOCIEIHUE TOABI SKCIICPHIMECHTAIBHBIX JAHHBIX W PE3yIbTaTOB KOM-
MBIOTEPHBIX SKcnepuMeHToB [30,33,58,62,63] . Paspaborana Moaens Kiactepa paguani-
OHHBIX Je(eKTOB KaK YacTHIHO IIPO3PAYHOTO JUIT HOCHTEJEH 3apsga BEICOKOH DHEPTUH
(0,3 ... 1 3B) obpa3oBanus.

B xoze Bbluncienuit Ui Kaxao0i U3 sHepruii nepsuynoro aroma — 10, 25, 50, 100,
200 u 400 x»B OpuM paccuntansl o 300 KackagoB CTONKHOBEHWH. B kaxaom kackane
MIPOBOAMJIICS IOJCYET YHciaa cyOKkmacTepoB paguanuoHHbIX nedexTtoB (CKPI) ¢ yuerom
UX pacrlpejieNieHus 10 pa3MepaM U PacueT CPEIHET0 PACCTOSHUS MEXIy CyOKIacTepamMu
(puc.1,2). O6mas kapTrHa TakoBa: MpH HEUTPOHHOM 00mydeHun GaAs u Si B MOIyIpo-
BoxHUKax Bo3HMKalOT KPJI ¢ XxapakTepHBIM pa3zMepoM cyOkimacTepoB okoio 10 HM u pac-
crostaueM Mexay HuMH 10...40 M B GaAs 1 30...80 HM B Si. [IockonbKy y TOpSIYHX JJIeK-
TpoHOB (¢ 3Heprueit 6omnpmie 0,3 3B) mmiHa cBOOOAHOTO MpoOera MMeeT BETMYNHY MEHEE
5...10 HM, TO CTOJKHOBEHHMs DJIEKTPOHOB C CyOKJIacTepaMH MOXKHO paccMaTpHBaTh OT-
JIETIBHO.
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C menmpio MOCHEYIOMETO MOAENMPOBAHMS IPOLECCOB OBICTPOTO BOCCTAHOBIICHUS
IapaMeTpoB CyOMHKPOHHBIX NMPHOOPOB IMOCIIE UMITYIbca HEHTPOHHOTO H3IydeHHs pac-
CMaTpPUBAINCH Iporiecch popmupoBanus obnactu cradmisHoro KPP/ B GaAs. B omimune
or kpemHHsa, GaAs XapaKTepU3HPYETCs] NMPAKTUYCCKH HEIOJBIDKHBIMU BaKaHCHAMH H
OOJIBIIMM pa3HOOOpa3eM KOMIUIEKCOB TOYEYHBIX aedekroB. IlosTomMy Ha mocienHeit
craguu (opMUpPOBaHUs KiacTepa ero (GopMa M 3apsi, onpeAeNsromuid nojue B ooaacTu
MIPOCTPAHCTBEHHOTro 3apsna cyOkmactepoB KPJI, OymyT ompenensatscst mepecTpoHKoOM
KOMIIIEKCOB JIe()eKTOB BOKPYI OTHOCHTEJIHO HEHOJBIKHOTO M CTAaOMIBbHOTO sinpa. B
cpenneM, npu obmydennu GaAs HelTponamu ¢ sHepruedd 1,5 MaB B KPJI oGpasyercs
2...10 ycroifunBbix cyOknactepa. OII3 cyOkimacTepoB OOBEOMHSIOTCS B €AWHOE IIETOE,
MIPEMATCTBYIOIIEE JIBIKEHHIO HU3KOIHEPTeTHIHBIX JIEKTPOHOB, a JJICKTPOHEI C YHEPIHs-
Mmu Gonee 0,2..0,5 3B MoryT mponerats Mexnay cyOkiactepamu. Ilockombky pasdpoc
BEJINYMH PACCTOSHUH MEXITy CyOKIacTepaMH BEIHK, TO MPAKTHIECKH B KaXKIOM KJlacTepe
Hailnercsa “orBepcTHE”, Yepe3 KOTOPOE rOpsyYMid 3JEKTPOH CMOXKET IPOHUKHYTh CKBO3b
KPJI (puc.2).

Jlns MonenupoBaHHs HMOHU3ALMOHHBIX TOKOB B CyOMMKPOHHBIX MOJYMPOBOJHUKO-
BBIX IPUOOpax MpH raMMa-o0dy4eHUH HCCIE0BAJICsA MPOIECC Pa3orpeBa IEKTPOHHOTO
raza 3a cuer poxnaeHus ramma-kBaHTamu (50...5000 x3B) mepBHYHBIX 3IEKTPOHOB
(30...500 ®eB) m mocmemylomeil TeHepanWd BTOPHYHBIX 3JIEKTPOHOB C OSHEPTUSMH
0,2...1 3B [36]. TToxa3aHo, 4TO pe3yibTHpYyIOmas (GYHKIHsS PacIpeneineHus IeKTPOHOB
II0 PHEPTUH B MOMEHT raMMa-o0iy4eHus ¢ To9HOCThI0 10...20 % MoxeT OBITh alIpoKCH-
MHpPOBaHa M3BECTHBIM BBIPAXKEHUEM JUI MAKCBEJUIOBCKOro pacmpeneinenus. ITocinenHee
M03BOJISIET MCHONB30BaTh KBAa3UTUAPOJMHAMUYECKOE IPHOIIDKEHHE NPU aHANU3e IIpo-
LIECCOB B CYOMHKpPOHHBIX MPUOOpPax B MOMEHT raMMa-OOIy4eHHS U YUUTHIBaTh TaKUM
00pa3oM U3MEHEHHEe SHEPTHHU 3JIEKTPOHHOTO ra3a, MPUBOJIAIIEEe K M3MEHEHUIO MPOCTPaH-
CTBEHHOTO PACTIPEEeIeHNs] HOCUTENeH 3apsiaa, UX CKOPOCTH, BBICOKOYACTOTHBIX U CTaTH-
YECKHUX NapaMeTpoB MpHOOpa B LEJIOM.

Ha ocHoBe pe3ynbTaToB MOIEIMPOBAHHS IIPOIECCOB B3aMMOIEHCTBHS paIUaIllOH-
HBIX M3JIyYeHUH ¢ CyOMHKPOHHBIMHU MOTYTPOBOAHHKOBBEIMU CTPYKTYpaMH MOKA3aHO, YTO
W3-32 HAJIMYUS MEXaHWYECKMX HAaNpsDKeHWH, ONNM30CTH TpaHMI] pa3jena MeTalll-
MOJTYTIPOBOIHUK, HAHOMETPOBOW TOJIIMHBI HEPEXOIHBIX M aKTHBHBIX CJIOEB HPHOOPOB
HPUMECHO-IeeKTHAsE CHCTEMA CTPYKTYPbl CYyOMHUKPOHHBIX NPHOOPOB OTIMYACTCS OT
00pasIoB ¢ MUKPOHHBIMU pasMepami. [IpeanokeH sKcreprMeHTaIbHBIN MOAX0A K aHa-
JU3Y TPOLECCOB B CyOMHKpPOHHBIX GaAs mpudopax MpH pagualliOHHOM BO3IECHCTBUH.

Hcxons U3 COBOKYITHOCTH aHAJIM3UPYEMBIX IPOIIECCOB, OBLTH BEIOPAHBI CTPYKTYpa U
napaMeTphl UCCIEAYyEeMBIX 00pa3loB, BEIIEICHB OCHOBHBIC U BTOPOCTCIIEHHBIC CTPYKTY-
psl. BEI6op 00pa3noB npoBoguiIcs TakK, YTOOB! HCCIeyeMble IIPOIECCH pa3aelsuINCh, T.¢.
B OJIHMX THHAx 00pa3loB OCHOBHBIMH OBLIM IIPOLECCHI, CBSI3aHHBIE C M3MEHEHHEM KOH-
LEHTPALUK U MOJBIXHOCTH HOCHUTEJEH 3apsija, a B IPyTUX — MpeBaIHpoBain d(pdeKTs!
6aITMCTUYIECKOTO ABMKEHUSI 3JEKTPOHOB. ONTHMANBHBIM ISl TPOBEJICHUSI MOMOOHBIX
n3MepeHuid sABJsieTcsl moneBoi Tpausuctop ¢ 3atBopoM lllortkm (IITLI). Anamus ero
BOJIBT-AMIIEPHBIX W BOJNBT-(papafHBIX XapaKTEPUCTHUK IO3BOJSIET MONYYHTh HE TOIBKO
Npo(UIN pacTpeneeHns KOHIIEHTPAIUU IeKTPOHOB U UX MOABWKHOCTH TI0 IIyOUHE, HO
U 3aBUCHMOCTH CKOPOCTH HOCHTEJIEH 3apsiia OT 3JIeKTpHuecKkoro mois. Bee ato, B coBo-
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KYIHOCTH C HaJW4YHEM B PacropshDKeHUH aBTopa kBasubaumctudeckux [ITII ¢ saddek-
TUBHOW INMHON 3aTBOpa MeHee 30 HM, ONMPEAENMIIO MOTYyNPOBOAHHKOBYIO CTPYKTYpY
tuna IITII xak OCHOBHYO JUI IPOBEACHUS 3KCIEPUMEHTANBHBIX HccilenoBaHuil (47,48,
52,54].

ELS— 10100 xaB 25 ¢

§ [ [ I|;|50 k3B ~|400
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Size of a subcluster, A Distance between subclusters, nm
Puc. 1 Puc. 2

Pacnpenenenne cyOknacTepoB 1o pa3- 3aBHCHMOCTH CDPEIHETO DPAacCTOSHUS MEXIy
MepaM B KacKaJe CTOJKHOBEHHH JUIS  HEIPO3PaYHBIMH JUIS JIEKTPOHOB OOJIACTIMU
pa3sIMYHBIX HadalbHBIX SHEPrHH IMep- CyOKIacTepoB OT JHEPIMH 3JIEKTpOHA B N-
BUYHOTro aroma. JlanHele npuBelneHbl (GaAs: KOHIIEHTpAIMs JETHPYIOLENH MPUMecH
nns Ga, BHepsieMoro B GaAs [50] 6107eM™ - ( — ), 10%em? -
(- - -). Hudpamu yxazaHna sHeprus epBUIHO-
ro aroma Ga (B x3B). D - pa3mep 3a3opa me-
MKy KJIAcTepaMH IIPH KOTOPOM CYIIECTBEH-
HBIM CTAaHOBUTCA KBaHTOBOE oTpaxkeHue [50]

st conocraBnenust 3phexToB B CyOMHKPOHHBIX U MUKPOHHBIX CTPYKTYypax Hccie-
nosanuck [ITHI ¢ nnmunamu 3atBopa: 30 M, 250 HM, 330HM, 500 HM, 700 HM, 1 MKM, 2
MKM, 10 MkM, 20 MkM, 50 MkM. J[71s yyeTa BIMSHUS TeMIIEpaTypbl Ha pe3yIbTaThl U3Me-
pennii pasmuuanucs mMommusie IITI ¢ paGoueit TemmepaTypoii B kanane okono 150° C, u
manourymsimue IITII ¢ mpakTuuecku KOMHaTHON TemnepaTypoi kaHana. lllupuna tpan-
3UCTOPOB BapbupoBaiach oT 25 10 4800 MKM, a MIMpPUHA OJHOW CEKLUUU M3MEHSUIACh OT
12 mo 1000 mxm. [nst Gojnee IeTaabHBIX SKCIEPUMEHTOB ITOJOUPANNCH CTPYKTYpHI, Ha
KOTOPBIX OBLIM WU3rOTOBJIEHBI TPAH3UCTOPHI C 3...5 PasiIMYHBIMH JUTMHAMU 3aTBOpA, NP
9TOM COIIOCTaBJICHUE Pe3yJIbTaTOB M3MEPEHHUH NMPOBOJWIOCH TOJIBKO B IpeAeiax OIHOH
KOHKPETHOH CTPYKTypbl. Mexay co0oil CTpyKTypbl CPaBHUBAINCH 10 YCPEAHEHHBIM
JIaHHBIM. J{OTIONHUTENbHBIE M3MEPEHUs] MpoBOAMINCh HA auoaax IIIoTTKH, TeCTOBBIX
JNIEMEeHTaxX AJISI U3MEPEHNUsT KOHTAaKTHBIX CONMPOTHBICHHN M CONPOTUBIICHUI MeTalIH3a-
uH, o0pasax KpucTamwioB u cTpyktyp ant UK cmektpockonmu, SMUICOMETPHH U XOII-
JIOBCKHX U3MEPEHHUI.
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JInst cTaTHYecKuX M3MEPeHNH XapaKTepHUCTUK 00pa3IoB HCIONIB30BANICS XapaKTepHo-
rpad J12-56 u m3meputenu emxocta E7-12 u E7-14. JIng npoBeneHnss eMKOCTHOH CIIEK-
TPOCKOIINH TIyOOKHX YPOBHEH HCIIONIBb30BAJICS CIEUAIBHEBIA CTEH, TIO3BOJISIONIHMN IPO-
BOJUTH U3MEpEHUs IpU cKaHupoBaHuu 1o temmneparype ot 77 K no 300 K. Taxxe cnenu-
albHO pa3paboTaH METOJ HECTAIMOHAPHON TOKOBOW CIIEKTPOCKOIMH, MPEIHA3HAUYCHHBIH
JUIsl aHaJIM3a OBICTPOIIPOTEKAIOIIEH peslakcaluy IIIyOOKHX YPOBHEH I0CIIe MMITYJILCHOTO
pazuanyvoHHOTO BO3IEHCTBHA. BricokouacToTHbIe n3Mepenus xapakrepuctuk [ITIHI (ko-
3 HULIHMEHTB] YCHICHUS M LIIyMa ¥ BBIXOJHAsi MOIIHOCTb) HPOBOIMINCH 10 CTaHIAPTHON
METOJIHKE.

Jlns aHanmmsa mpoueccoB OBICTPOr0 BOCCTAHOBIIEHHS XapAKTEPHCTHK CyOMUKPOHHBIX
[T npu WMOyIECHOM pAJMAIlIOHHOM BO3ACHCTBHH HCHOJIB30BAIUCH YCTAaHOBKH
HUNUC (Koneunsrit Iloms3oBatens 2): KABKA3, Apryment u 1.1. Mccnenoanoch
BIIMSIHUE UMITyJibca ramMmma-o0mydenus Ha GaAs [1TI ¢ muHo# kanana 10; 1; 0,5; 0,25 u
0,1 MxM. J[mUTEeNBHOCTh MMITyJIbCa FaMMa-u3inydeHus: cocranisuia 20...30 HC, MOIIHOCTh
10351 — 10 3-10"° I'p/c, cpenuss sueprus kBantoB — 1 MaB. Perucrpuposaincs goroTok B
MIOJIEBOM TPAH3HMCTOPE B MOMEHT M HENOCPEICTBEHHO I0CIIE PAAUALMOHHOTO OOIyYeHUs
(puc.3). JOmoaHUTENEHO PErHCTPUPOBAICS (POTOTOK BO BCTPEUHO-IUTHIPEBOM (HoTOE-
TekTope [25, 54-57]. bnaromaps MajgoMy BpeMEHH XXM3HH B HPOTOHHPOBAHHOM CIIOE i-
GaAs OTKIHK (OTOAETEKTOpA MOBTOPSUT (HOPMY UMITYIIbCA TaMMa-00TyIeHHSL.

AHanu3 pe3yiabTaToOB M3MEPEHMH BBIABIII JBA TIyOOKMX YPOBHS, OTBEUAIOMINX 32
nonroBpeMeHHbIe (10 100 MKc) H3MEHEHHUs] TOKa TpaH3HCTOpoB. [lonoxxeHne n riry6uHa
3ajIeraHysl ypOBHEH COBHAIM C Pe3yJIbTaTaMH €MKOCTHOH CHEKTPOCKONUH. DKCIEepPHMEH-
TaJIbHAasl 3aBUCHMOCTb XOPOLIO AIIIPOKCUMUPYETCS CyMMOM BYX JKCIIOHEHT C Pa3HBIMHU
3HaKaMH, COOTBETCTBYIOIIUX JBYM THIIaM jaedektoB. [lo BennunHe koddduimenTos me-
pel SKCIIOHEHTaMH ObUIH BBIYMCIICHBI KOHIEHTPAUUK 1e(eKTOB, a 0 XapaKTepHbIM Bpe-
MEHaM Mepe3apsKu OleHEHa ITyOWHa 3ajeraHHs >HEPreTHYEcKOro YpOBHS Je(eKToB.
Iomydens! crenyomtue pesynsratsr: E,— 0,8 9B ¢ konnentpammeii 10 cm™ n E—~ 0,4 5B
¢ koHuenTpammei 3-10' em™

Ha BTOpOM 3Tamne u3mepeHuil npoBOAUIACH PETUCTPALIUS 3aBUCUMOCTEN TOKa TpaH-
3HCTOPOB OT BPEMEHH NPH BO3ACHCTBHM MMIYJIbca HEHTPOHHOTO W3IydeHHs (puc.4) c
drmoercom mopsiaka 3-10™ m/em®. 3adUKCHPOBAH MPOIECC MEPECTPOIKH KOMITICKCOB
paguanMoHHBIX Ae(EeKTOB B MIUIMCEKYHIHOM JauanasoHe. AHanu3 BBIXOJHBEIX BAX
TPaH3UCTOPOB, CHATHIX 4epe3 KaKIble 5 MC IOCJIe HEHTPOHHOTO MMITYJBCA, TTO3BOJIIII
OLICHUTH IIyOMHY 3ajJeraHusi ypoBHEH, COOTBETCTBYIOIINX PAJUAllIOHHBIM Ae(eKTaM B
3alpenieHHOH 30He. AHaN3 YKCIIEPUMEHTANIbHBIX JaHHBIX U Pe3yJbTaThl pacyera MoKa-
3aJM, 4YTO NPOMCXOIMT IepecTpoiika cTpykTypbl oboiouku KP/I. XapakrepHoe Bpems
MEePEeCTPOHKHU cocTaBisieT S5...15 Mc, a KOHIEHTpauus pajualliOHHBIX Je(eKTOB 3a 3TO
BpEMsI yMEHBIIAETCS Ha MOPSIOK.

C menpio aHanm3a MPOIECCOB B CYOMHUKPOHHBIX MPHOOpax MpHU KOMIUIEKCHOM pa-
UAIMOHHOM OOJTyYeHHH HCCIeI0oBaIHuCh mpouecchl popmupoBanus KPPl B moxynpoBoa-
HHKe ¢ OOJIBIION KOHIIEHTPALMeH TOUSYHBIX PaMalliOHHEIX JIeEeKTOB P NPOTOHHOM I
MOCJIeIyIoIeM HeHTpoHHOM obOiydernu GaAs. B cBs3u ¢ Tem, uto compotuBieHne o6-
pasioB npu OONBIIUX J03aX U (IIFOEHCAX OOJYYCHUs BEIMKO, HAUOOJIEe TOUYHBIM METO-
JIOM M3MEPEHUsI OKa3aiach ONTHYECKH HHIYLHPYyeMasi TOKOBAsl CIIEKTPOCKOIHNS TITyOOKUX
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YpOBHEW paauanroHHBIX AedektoB. s mpoBeneHUs M3MEpEHUH uccienoBaics GoTo-
YyBCTBHUTEJIFHBIN  DJIEMEHT, KOHCTPYKTHBHO NPEACTABISAIOIINA COO0H BCTpPEYHO-
IITBIPEBYIO CUCTEMY JICKTPOJOB, M3TOTOBICHHYIO Ha ocHOBe GaAs IOIyH30IMpYOmuit
nomroxku (AIUII-4) ¢ smuTakcHanbHEIM HenerupoBanusiM cioem (10 em™), 06pabo-
TaHHOU Tpemst 1o3amu npoToHoB 1o 0,1 ... 2 MxKn kaxnas u sneprusmu 30, 60 u 90 k3B,
COOTBETCTBEHHO. PaccTosiHue MexXly KOHTaKTaMU BapbUPOBAJIOCH B npejenax 5...50 MkMm.
Berpeuno-miteipeBass  cTpykTypa cocrtosuia u3  10..50 mrTelped (uiMHAa IITBIpS —
0,1...1 mm, mupuna — 10...25 mxm). CozgaBaemas IpOTOHAMH 00JacTh TOIMMHON 10 1,2
MKM OT IIOBEPXHOCTH IIPOTOHUPOBAHHASI YMEHBIIIATa TEMHOBOE COIPOTHBIEHHE CTPYKTYP
Ha opsAnokK u 6oinee. [1ogoOHBIE CTOM UCHONB3YIOTCS TSI H30IAMH KOHTAKTHBIX TLIOMIA-
nok IITIII ot akTHBHOIT 00JIaCTH TPAaH3UCTOPA U APYT OT APYTa.

Nexp(-t/t;)-N,exp(-t/t, )\wﬂt')
e N

\“h-.-

Puc. 3 Puc. 4
Hampspxenne na Harpyske IITIHI ¢ mmumoit  Pemakcarmus BAX  cyOMumkpoHHOTO
kaHana 0,1 mMxm (BepxHumit siyd) u Hanpspke- [ITI mocie oGiydeHHs HMITyJIBCOM
HHe Ha QoroneTekTope (HWKHUK JIyd) NMpU  HEHTpOHOB. BepxHuii Jiyd — Hampsbke-
OJTHOBPEMEHHOM OOJIyYeHUH PEHTICHOBCKHM- HHE, IPONOPIHOHAIBLHOE TOKY CTOKa
MH KBaHTamu: BepxHuit nyd — 500 mB/wi; IITIH: nanpsokenue 3atBop-uctok U,,=
HwkHUHA 1y4 — 200 MB/kn; passeptka — 250 -1 B; HampsbkeHue Ha CTOKE MUII000-
He/kin. CTpenkod ykazaH MOMEHT BosneiicT- pasHoe 0...5 B; pasBepTka — 2 MC/KIL.
BUs u3nyuyeHus. BoicokouacroTHas HaBoaka HukHMHA Jyd — curHanm ¢ JeTekTopa
0 MOMEHTa H3Iy4eHHs OOBICHSACTCS dJIEK- HEHTPOHHOTO U3IIydYEHHS
TPOMAarHUTHBIM I10JIEM PEHTTCHOBCKON yCTa-
HOBKHU

3aBHCHUMOCTHU TOKA BCTPEYHO-IITHIPEBOTO (POTOAECTEKTOPA IPH OCBEIICHUH OT JUTHHBI
BOJIHBI TIPHBEJCHA Ha pPHUC.5. YMeHbIICHHE (OTOUYBCTBUTEIBHOCTU TPH HEHTPOHHOM
00JTy4eHNH CBS3aHO C HAMYUEM MOTCHIUAIBHON sIMBbI Jist HbIpok B obsactu KPJI. Tlo-
clIe[IHee MIPUBOJNT K 3aXBaTy U OBICTPOH PEeKOMOHMHAIMH JIBIPOK Yepe3 Ae(heKTHBIC YPOB-
HU B OKPECTHOCTH KJIaCTepa paauaiMoHHbIX fAedekroB. TokoBas crnekTpockomnus (puc.6)
oKasaja, 4TO MPH HEHTPOHHOM OOJYYCHHH MPOMCXOAUT MEPECTPOKa KOMILICKCOB pa-
UALMOHHBIX Ne(EeKTOB, CO31aHHBIX MPOTOHAMHU (MEJIKHE YPOBHHU B 3aMpPEIICHHOMN 30HE),

209



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

B Oonee kpymaeie KP/I. Ilpum 3ToM (OTOUYBCTBHTEIHFHOCTH OOpa3lOB I KBAHTOB C
SHEPrHUAMH BONMM3M Kpas (yHIaMEHTAIBHOTO IOTJIOMIEHHS cIab0 3aBUCHT OT JO3BI IaM-
Ma-o6yuenns 1o 10° Tp u dmoenca neitrponnoro o6mydenus 1o 10 cm™. Togo6ubie
CTPYKTYpBI C YCIIEXOM INIPHUMEHSUINCH B KauecTBE PaJHallIOHHO-CTOHKHX (DOTOHETEKTO-
poB. IlponeMoHcTpHpOBaHa pabOTOCIOCOOHOCTh M BBICOKAS paJMaLIOHHAs CTOMKOCTBH
UC dotoneperirouarens Ha OCHOBE BCTPEYHO-IITHIPeBOi cTpykTypsl u IITIII, ucnons-
3yIOIIErocs B Ka4eCTBE KOMMYTHPYIOIETO 3I€MEHTA.

5 E2 E3 E4 ES
initial 0,14-0238 030,498 0,6-0,75B 0,7-0,8 5B
r A AR
c 4
5 % ‘ D=105G . - /\
£ ~Fy=10"sm”’/~"\ F,=0sm*
§3 4 5 r .
£ D=10-G 547 5
© g 5
327" e’ 1
9 / E ! g
e il 14 =2 ! i
alv Fr=10"sm £ N
1D=10*G RPN AR
| o P TiE ey 0
750 800 850 900 950 80 160 240 320
Wavelength, nm T.K
Puc. 5 Puc. 6

3aBucumoct (oroToka i-GaAs BCTpeqHO-
LITBIPEBOM CTPYKTYpbl C o0OpaboTaHHOI

CHGKTpH OIITHYCCKH I/IH,Z[yL[I/IpOBaHHOﬁ
TOKOBOU CIIEKTPOCKOIINU (bOTOCOl'IpOTI/IB-

JIEHUH 1OCie pajinalliOHHOTO BO3JEHCT-
BUS: MCXOAHBIE 00pa3ubl — 1; mo3a ram-
ma-kBauTOB — 10* I'p 1 drroerc HelTpo-
moB 10" cm? — 2; nosa raMma-KBaHTOB
10° I'p — 3; 103a raMMa-KBaHTOB 10° Ipnu
(ur0eHC HEHUTPOHOB 10" em™ — 4. Caep-
Xy yKazaHa TIIIyOMHa 3aJieraHus W TUII
YpOBHS B 3anpelieHHoi 30He GaAs

nporoHamMu  (30; 60; 90 xdB nmo3oit
1,4-10"%cm™ mist kaxnoil sHeprum) pabo-
yell 001acThio U 00Iy4EeHHOTO OBICTPBIMU
Heiitponamu (<En> =1 Mb5B) u ramma-
kBanTamu (<Ey>=1 M»>B)

Mooenuposanue osuricenus nocumenei 3apaoa 6 cyomuxkponnvix GaAs
HOJIYNPOBOOHUKOGBIX CMPYKINYPAX RPU NPOMOHHOM, 2AMMA U HEUMPOHHOM
6030eiicmeuu

IIpu cokpamenun MHBI paboueil obraacTH cyOMHKpPOHHBIX IMOIYIPOBOAHHUKOBBIX
npubopoB 10 50..500 HM CYIIECTBEHHBIMH CTAHOBSTCS S(P(PEKTh OAIUTUCTHYECKOTO H
KBa3MOATUCTHYECKOTO JIBHKCHHUS JJIEKTPOHOB B CHUIIbHO-HEOJOPOAHBIX 3JICKTPUUCCKUX
moisax [1,22,23]. B oToM cinyyae aHanM3 pagHaliOHHON CTOWKOCTH TPEIIIOJIaraeT Hc-
MOJIE30BaHME JIBYX- WM TPEXMEPHOTO HPHONIIDKEHUS M ydeTa psiia HOBBIX 3(deKToB,
CBSI3aHHBIX C Pa30TPEBOM DJIEKTPOHHOTO Tra3a IPH paJualliOHHOM BO3JEHCTBHM M pac-
CessHHEeM HOCHUTeNIeH Ha paJuanuoHHbIX aedexrax. g aHanu3a paJgualioOHHOTO BO3ZEH-
CTBHS Ha CyOMUKpPOHHBIE MOJYTTPOBOIHUKOBBIE NPUOOPBI OBUT UCIIOIB30BaH KBAa3UTHAPO-
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nuHamuuaecknii metor (KI'M) onmcanus npmkeHust Hocutenen 3apsna [1,22,24,35,37,39,
40,42,45,46,53,59-61]. [na onpexneneHuss U3MCHEHHS BPEMEH peNlaKCalliil DHEPTHH H
HMITyJIbca, CpeAHeH SHepruu U ApeiioBoil CKOPOCTH DPIEKTPOHOB, APYTUX HMapaMeTPOB
MOJTYTIPOBOAHMKOBOTO MaTepHaia IpH PagdalliOHHOM BO3JEHCTBUH HCIIOIB30BANICS Me-
Tox Mounre-Kapio [32,36,63].

Ipu ycpenHeHnH 1o aHCAMOJIIO JIEKTPOHOB MOAEIMPOBAIUCEH IIPOLIECCHl OECCTONK-
HOBUTEJIBHOTO IBMKEHMS 3JIEKTPOHOB B KOPOTKMX (GaAs CTpyKTypax, MpephIBacMble
paccestHeM Ha ()OHOHAX, MOHAX JICTHPYIOLISH PUMECH, U MEXKJIOJIMHHBIMH TIEPEX0laMH.
Jlns ydera TOYEHUHBIX AE(EKTOB BBOIWICS JOMONHHUTEIBHBI MEXaHH3M MAaJIOyTJIOBOTO
paccesHHS Ha OCHOBE TIOTCHIMANa B3auMoeiicTBHs bpykca-Xeppurra (a Taxke Konsen-
na-Baiickonda). Bzammonetictsue Hocurened 3apsima ¢ CKPJ] paccmarpuBanoch Kak
YIPyroe paccesiHie Ha BKJIIOUEHHSX, OKPYKEHHBIX 00JIaCTBIO MPOCTPAHCTBEHHOTO 3aps-
Jla, ¢ paHIOMHU3MPYIONIMM YTJIOBBIM pacrpeneneHneM. Pasmep obmactu, Onokupyromieit
IIOTOK 3JIEKTPOHOB, 3aBHCEN OT SHEPIUU HAJIETAIOILEro 3JIEKTPOHA COIIACHO pe3yJibTaTaM
pacuera pazmepo CKP/I.

Ilo maHHBIM O CPeAHHX PACCTOSIHUIX MEXIY CyOKIacTepaMH M CpeTHEM KOIUYECTBE
cyOKJIacTepOB B KacKajle CTOIKHOBEHHI OLIEHWBANIACh UX KOHIEHTparus. Takke HCHob-
30BaJach  JKCIEPUMEHTANbHas  OIEHKa  KOHIEHTPAalMHd  TOYCYHBIX  He(EeKTOB
Npa =K, (F, ) F, , rae N,; — KOHIIEHTpalUs TOYeYHbIX JepeKToB; [, — hmoeHc HeHTpo-

HoB. Koapduuuent K,; (F,,) uMeer BenmuuuHy okono 50 cM™'. Cpennss KOHIEHTpAIHs
cyOKJIacTepoB BBIOMpalaCh Ha OCHOBE OPUTHHAIIBHBIX 3KCHEPUMEHTATbHBIX JaHHBIX,
COIVIACYIOIIUXCS C pe3ylbTaTaMH M3MEpeHuil Apyrux asropoB N, = K,.(F,)-F,, rae

Ny — KOHLEHTpALHs Pa3yMopsIodeHHEX obnacteit. pu dumoencax 10'...10"%cm™ kon-
neHTpamms Kmactepos cocrasmser 10°...10%cm ™, tak uro xospduument K, (F,) ~
0,2 cm ™. Vrounenne K,q 1 K IpOBOJMIIOCK ITyTEM MX BapbUPOBAHHUS TAK, YTOObI BHIYKUC-
JICHHOE 3HA4YeHHE KOHIEHTPAIMU ¥ MOJBIKHOCTH JJIEKTPOHOB COOTBETCTBOBAJIO JKCIIE-
PUMEHTAJIBHBIM JAHHBIM ¥ TAaHHBIM CIIEKTPOCKONNY TTyOOKMX ypoBHEH. JIIs pa3IuaHbIX
00pasI1oB ¥ yCIIOBHIT SKCIIEPUMEHTOB 3HaUeHUs KO3()(UIUESHTOB KOIebaIuch B Ipeaenax
K,g~41..63 em™ 1 K, ~0,16...0,24 oM™

KpaTko pe3ynbTaTsl MOISITHPOBAHNS MIEKTPOHHOTO TPAHCIIOPTA MIPU PaIHallHOHHOM
BO3JICHCTBUH CBOJITCS K cieayrounieMy. B ciydae paccesHus Ha TOYEUHBIX Ae(eKTax C
POCTOM HMX KOHLIEHTPALUM JJIMHA Ne0acBCKOr0 SKPaHUPOBAHUS YBEIMYUBACTCH, T.€. pac-
CEesSHHE OCTAETCSl MaJIOYIJIOBBIM, HO YMEHBILIACTCS CPEHEe PACCTOSHUE MEXIy pacceu-
BAIOILIMMH LICHTPAMH, YTO NPUBOIHUT K YBEIMYCHHIO YAaCTOTHI PACCESHHUS. DTO OTIHYME
MEXIy paccesHHeM Ha PaJMalliOHHBIX AC(QEKTaX W aToMax MOHM3MPOBAHHOI Ipumecu
(U1 KOTOPOIT YacTOTa paccesHUsl He MEHsETCs, a pacTeT CPEIXHUN YroJI PpacCesHuUs) MpH-
BOIHT K TOMY, 4TO IS ONMHAKOBOI KoHIeHTpamuu atoMos mpumecu (10'® em™) u to-
YEYHBIX Je()eKTOB 3aBUCHMOCTH JIpeii()oBOI CKOPOCTH M BPEMEHH pellaKCalliy UMITyJIbca
ornuuarores Ha 10...15%.

Ha puc.7 u 8 mpezacTasieHbl 3aBUCUMOCTH peii(pOoBON CKOPOCTH, MOIABHKHOCTH U
BpeMEH pelaKcaluy SHEPTUd M UMITyJbca 3JIEKTpoHOB B GaAs 10 U mocie oOiaydeHHs
npoToHamM. HecMOTpst Ha MaJIOyIJIOBOM XapakKTep pacCesHMs SJICKTPOHOB Ha 3apshKeH-
HBIX PaJMALMOHHBIX Ie(eKTax, 3HAUUTEIBHOE YBEIMUYCHUE YaCTOThI PACCESIHHS IIPUBOIUT
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K YMEHBIICHHUIO JUTHHBI CBOOOIHOTO Mpobera 1, Kak CIeACTBHE, K IMAICHHIO TTOBIKHOCTH
u apeiidoBoit ckopoctu. C Apyroil CTOPOHBI, YMEHBIIEHHE CKOPOCTH Habopa SHEpPruu
JJICKTPOHOB BBI3BIBAET YMEHBIICHHE BEPOSTHOCTH HM3IYYEHHS ONTHYCCKUX (DOHOHOB H
MEXJIOJIMHHBIX [IEPEXO0JI0B, B PE3yJIbTATE YEr0 BPEeMs pellaKCalluy SJHEPrUU yBeIMYUBaCT-
csl. DKCIepUMEHTANBHBIE JaHHbIEe ToJTydeHbl Ha ocHoBe aHanu3a BAX IITII, oGmyyen-
HbIX nipoToHam# (20...100 k3B).

15 4000 0,2
- 1 | 1
il A\ i -
@ ¥ 13000 -
gOQ L' )\ [t T ®
2T PN [ :,, >
~ =]
| et 2000 - 0.1%=
E 06 u//; \\\ el B\I\) \e S
<% [N S p NN ®
> /\\ ) ~
o3 L 3SREL s 11000 <
/i e =
04 = 0 0 Si 0
0 5 0 15 20 0 02 04 0,6 08
E, kV/sm Wev
Puc. 7 Puc. 8

3aBucuMoCTH JpeiioBoi CKOpOCcTH V  3aBHCHMOCTH BPEMEHH pellaKCalliy SHEPTUH

( ) B GaAs, MOJBMXHOCTH W (- - =) B T, ( ) B GaAs, ummynsca 7, (- - -) B GaAs

GaAs u (— ) B Si or HampspkeHHOCTH ¥ ( —) B Si OT cpefHEeH SHEPTUH IIEKTPOHOB

3JIEKTPUYECKOrO TOJIA JUI PasIMYHOM Ul pas3IM4HOM J103bl IPOTOHOB: D, = 0 em™-
2 . :

103kl MpoToHoB: D, = 0 eM™ — 1; D, = 1; D, = 210" em™ - 2; D,= 410" em? — 3;

14 2 4 2 -
2:10" em™ - 2; D, = 4107 cm™ — 3. okcnepuMmenransubie namubie — A, [l Kon-
3HAYKAMH OTMCUEHEI: PE3yNbTAT aHATH- penrpauus npumecd 6-10'7 cm™ B GaAs u
THYECKOW OLIEHKHU — [ |; SKCTIEpUMEHTaIb- 107em> B Si

Hble qaHHble — A. KOHIeHTpaIusl mpruMe-
cn 6:10"7 em™ B GaAs u 10" em™ B Si

HccnenoBanoch HM3MEHEHHE BCIUIECKa Ipel(OBOW CKOPOCTH B CYOMHKPOHHBIX
CTpyKTypax. BiusHne ToueuHbIX AeeKTOB Ha aMIUINTYAY BCIUIECKA YMEHBIIAETCS MPH
YBEIMYEHHN HANPSDKEHHOCTH dJeKTpudeckoro moms. s moned menee 25 xB/cm B
CTPYKTypax UIMHOH 250 HM NPHUCYTCTBHE TOYEUHBIX JC(PEKTOB ¢ KOHIEHTpAIHEH, cpas-
HUMOW C KOHIIGHTpaluel Jerupymoleil npuMecH, NPUBOIUT K IMOJABICHHIO d(derTa
BecIuiecka ckopocTu. [ HeoOnyueHHbIX GaAs CTPYKTYp YKa3aHHBIH (akT UMEET MECTO
npu anuHe obpasia Beimie 1000 M. s noneit mopsaka 100 kB/cm (pabouue moss B
cyomukponubix IITI) sddekT Berecka cCKOPOCTH MPOSIBISIETCS AaXke MPU KOHIIEHTpa-
nusx aedexroB B 2...5 pa3 Beime. ITo 00yCIaBINBaeT yYBEIWYCHIE paldaliOHHON CTOH-
kocTh cyOMuKkpoHHBIX [1TIII.

HccnenoBanock BIUSIHAE HEUTPOHHOTO OOITydEHUS Ha MEKTPODH3UIESCKHIE XapaKTe-

uctukn n-GaAs ¢ pasiM4HOl KOHUeHTpauuei Jerupyiomeit npumecy: 10" u 107cm
b
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YTO COOTBETCTBYET YPOBHSM JIETUPOBAHUS Oy(EepHOTO CIIOS M KaHalla MOJIEBOTO TPaH3U-
cTopa. bemmm paccuntansl (puc.9) W IKCIEPUMEHTAIFHO W3MEPEHBI 3aBHCUMOCTH IMOJ-
BIDKHOCTH U CKOpOCTH B GaAs OT HalpspKEHHOCTH DIIEKTPUYECKOTO I0JISL, a TaKXKe 3aBH-
CHMOCTH BPEMEH PEJIaKCAI[MH SHEPTHU M UMITyJbca OT SHEPTUH JJICKTPOHOB B HEOOIY-
YEHHBIX U 00JTyYeHHBIX HEHTpOHaMHU o0pa3siax.

Kak ¥ B cilyuae IpOTOHHOTrO OOJIy4eHHs], pacCesHUE Ha KIIACTEpax PaauallMOHHBIX
ne()eKTOB MPHUBOAUT K YMCHBIUICHUIO BPEMEHH PENAKCAlUM MMITYJIbCa, MOABMKHOCTH U
CKOPOCTH 3JIEKTPOHOB IpHU 3HEPrusix »3nekTpoHoB MeHee 0,4 3B (puc.9, 10). bnaromaps
PaHZOMHU3HPYIOMEMY XapaKTepy paccesHus Ha Pas3yNMopsJOYEHHBIX OOIACTAX paccesH-
HBIE Ha3aJ IEKTPOHBI TOPMO3ATCS NEKTPUIECKUM MOJIEeM. DTOT MPOIECC 0 HEKOTOPOi
CTENEeHU aHAIOTWYEH COPOCY SHEpruy IpH T€HEpalMd ONTHYECKOTro (OHOHA, YTO KOM-
MIEHCUPYET BIMSHHUE TOYEYHBIX JEe()EeKTOB M 00yCIaBIMBAET CIa0yl0 TyBCTBHTEIBHOCTD
BPEMEHH PEeJTaKCalliy SHEPTuH K (IroeHcy HEHTPOHHOTO 00Ty deHUS.

Vi3mMeHeHue BpeMeH pellakcaluyl SHEPIHy M UMITYJIbca IPUBOAUT K U3MEHEHHIO 3ace-
JeHHocTH oiuH. Hanbosee cuilbHO 9TH U3MEHEHHS CKa3bIBalOTCs Ha dddexTe yoeraHus.
YBenuueHne BpeMeHH pelakcalliil SHEPTHU B TUana3oHe dHeprui aiaekTpoHoB 1o 0,3 3B
Jlaxe MPU MalbIX JEKTPUUECKUX NOJsX 2...4 KB/CM NPUBOAUT K BO3PAaCTAHHIO SHEPTUU
3NIEKTPOHOB [0 T€X MOP, ITOKAa He HAYHETCSl MEeXJOINHHOE paccesHie. UyBCTBUTEIBHOCTD
3¢ eKTa K HATHIHIO PaTualiOHHBIX Te(EKTOB CKa3bIBaeTCs Ha yBenudeHHH (B 1,5 pasza)
HaNpsHKEHHOCTH YJICKTPHYECKOTO II0JISI, COOTBETCTBYIOMIEH MaKCHMyMYy CTaIl[HOHapHOM
IpeiioBOH CKOPOCTH JTEKTPOHOB B OOIYIEHHOM HeHTpoHaMu MaTepuaie (puc.9).

BnusiHEe MOHM3UPYIOIIET0 W3Ny4YeHHs Ha NEPeHOC JIEKTPOHOB B CYOMHKPOHHBIX
CTPYKTYypax paccMaTpPHBAIOCh KaK B HEOOJYUEHHBIX, TaK U B NPEIBAPUTENHHO O0IydYeH-
HBIX HEHTpPOHaMH CTPYKTypaX. Pacuer mpoBoauics A OJHOPOAHBIX CTPYKTYp AIHHOM
100, 250, 500 u 1000 M ¢ KOHIEHTpaLueit erupyromei npumecy 10' cm™. Ha puc.12
MIPUBEACHBI 3aBUCHMOCTH CpeqHel ApeiioBOil CKOPOCTH M SHEPTHU DIEKTPOHOB OT Ha-
MIPSDKCHHOCTH AJICKTPUYECKOTO OIS IpH raMMa-o0mydennu. [Ipu £<4 xB/cm Habmrona-
eTcsl IBYKPAaTHOE YBEIMUECHHIE SHEPTUH HJICKTPOHOB IIPH 00Iy4EHNH, KOTOPOE IIPUBOJNT K
ITUKPATHOMY YBEJIMUYCHHUIO 3acelieHHOCTH L-mommubl (puc.13). Cpenmmss npeiidoBast
CKOPOCTB 3JIEKTPOHOB YMEHBIIACTCSI C MOSBICHHEM HepaBHOBECHBIX Hocutened. C onHOi
CTOPOHBI, 3TO OOYCJIOBJICHO YBEJIMYCHHEM HACEICHHOCTH BEPXHHUX JOJIMH, XapaKTepH-
3yroumxcst 0oplieil 3pPpeKTHBHON Maccoil, a ¢ APYroil CTOPOHbBI, yMEHbIICHUEM Apei-
(hoBOIt CKOPOCTH B KaXKAOH U3 DOMHH. DKCIIEpHMEHTAIbHbIE HCCIEI0BAHUS JAH XOPO-
IIee COBMAJCHIE TEOPHUH U SKCIIEPUMEHTA.
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2 8000 4 0,4
\ 2
o \ 6000 3TN 0,3
= T » 17 ) A
5 & PR : 2
~ 1 Leooo 3 5 o2 0,272
e LR nY A it - "~
% 5 < s |3m 5
s 2t o e $ p (7]
0,84 éix.\ 2000 17 I 0,1
-{/; -2 4% ; &
firzuan Si
o 0 0
5 10 0 0,2 0,4 0,6
E, kV/sm W,eV
Puc. 9 Puc. 10
3aBrcuMOCTH ApeiidoBoit ckopocTn (—) 1 3aBUCUMOCTH BPEMEHHU peNlaKcalluy dHep-
HOJBHXXHOCTH (- - -) oneKTpoHoB B GaAsu  ruu 7, (- - -) U uMIynsca 7, (——)

Si OT HampsSYKEHHOCTH 3JIEKTPUYECKOTO  ICKTPOHOB OT CPEJHEH SHEpruH 3ieK-
nojsi: 6e3 obiyuenus — 1 u 2; nocne odiy- TpoHoB B GaAs u Si: 6e3 obmyuenus — 1
qenns dumroeHcoM Heittporos 10 eM? —3  u 2; mocie oGmydeHns (IIOCHCOM Heii-
u 4. Konuenrpamus nernpyomteit mpume- tponoB 10" em™ — 3 u 4. Konuenrpaums
cm: 10 em™ — 11 3; 107 em® -2 u 4. nerupyromeii npumecu: 10" em>—1u3;
DKcnepuMeHTalbHBIe JaHHbIe - [, A, V, 0, 107cm™ — 2 u 4. DKcrepuMeHTATbHBIE
., 0 nmaHHbIE - [, A, 0, ®

4 W, eV Puc. 11
3aBUCUMOCTU CpeIHEeH 3sHepruu
IEKTPOHOB OT IPOJOJIKUTEIb-

3 HOCTU JEUCTBHUS 3JIEKTPUUECKOTO
nonst [42]: HeoOnyueHHbIH GaAs
— 1 u 3; GaAs oGiryueHHBIH (itr0-
eHcoM HeirporoB 10" cm™” — 2
4; GaAs o0irydeHHBIH 103011 po-

4 ToHOB 0,2 MkKn — 5 u 6. Hamps-

. > KEHHOCTb IEKTPUUECKOIrO IOJIS:

10 20 tps 32kB/em—1,2u5; 2 xB/em — 3,

4u6

0,3

- 0,2

0,1

JleiicTBHEe MOHM3MPYIOIIETO U3JIYYCHUS Ha CTPYKTYPbI C PaJAHallMOHHBIMU JedeKTa-
MH HCCIIEI0BANOCh B CTpyKType mnuHoi 100 HM. ['eHeparis HepaBHOBECHBIX HOCHTENCH
NPUBOAUT K YBEIMYECHHIO CPEJHEH SHEPrHU SJIEKTPOHOB U ITIOBBIMICHUIO BEPOSTHOCTH
MEKIOJMHHOTO paccestHus. PaccesiHne Ha nedexrax, HAa00OPOT, COKpaIIaeT BpeMsl CBO-
6oqHOrO Hpodera, yMEHBIIAET CPEIHION BSHEPrHI0, NPHOOPETaeMyI0 SIIEKTPOHAMU 3a
npo0er, U yBeIMYMBAeT HacelIeHHOCTh B ['-nonune. B pesynbraTe nprcyTCTBUE paayany-
OHHBIX Je()EKTOB YBEIMYMBACT CPEIHIO NPEH(OBYI0 CKOPOCTH B MOMEHT BO3JCHCTBHS
raMMa-usiaydeHus B 2 u Oonee pa3 B nossix 6osnee 80 kB/cm (puc.14). Ilockonbky Takue
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OJIA SIBJISFOTCS. pabounmu Ut cyOMukpoHHBIX [ITII, To maHHBIA pe3ynbTaT BaXKeH I
MIPOTHO3UPOBAHMS HEOOPATHMBIX OTKA30B M3-3a HEKOHTPOIHPYEMOTO yBEINUCHUS TOKA B
MOMEHT O0JTyYeHHS.

0,1
N Lt
01
1 10 1000'01 W 10 100
E, KV/sm E, kV/sm
Puc. 12 Puc. 13

TeopeTnueckre 3aBUCHMOCTH CPEAHHX
npeiidoBoil CKOPOCTH ( — ) U PHEPTUH
9JIEKTPOHOB (- - -) OT HANPSHKEHHOCTH
JNIEKTPUIECKOTO MO B OTCYTCTBHE
W3JTy4YeHUs ¥ TP OOIyYeHUH ITOTOKOM
raMMa-KBaHTOB B CTPYKTYpe UIMHOM
100 aM

3aBHCHMOCTH paCHpENeNeHUs] TOPSIINX
251eKTpoHoB 1o I, L — nomuHaM 30HBL
npoBoguMoctd GaAs CTpyKTypbl JJIMHOM
100 HM OT HaNpPSIKEHHOCTH BJIEKTpHYC-
CKOTO MOJS TNpU OONYyYEHUH ITIOTOKOM
ramMm-kBanToB: 0 I'p/c — 1; 5-10° I'p/c—2;
10" Tp/c — 3

) &'N:%( 0 G/ Puc. 14
o 3 - \{\ |10 3aBHCHMOCTH CpemHeH ApeloBoil cKo-
IS / " > 10 Gls pPOCTH 3JIEKTPOHOB (IUIMHA CTPYKTYpbI
~ 2+ \“«/ 100 HM) OT HANPSDKEHHOCTH DJIEKTpUYe-
g , / / \ CKOTO TOJIs JIO ( ) u mocne (- - -)
s 1+ 1011 Gls o6myuenns Heiitponamn (2-10" em?) B
| OTCYTCTBHE TaMMa-H3JIyueHUS M IIpH
0 f ‘ 00JTy4eHHH TaMMa-KBaHTaMHU
0 50 100 150
E, kV/sm

Crporuii mepexos K KBa3HI'HAPOJMHAMHYCCKOMY IPHUOIMKEHHIO BO3MOXEH JIMILb
IIPY MAKCBEJUIOBCKOM PAaCIIpeNeNICHUH 3JIEKTPOHOB Mo Hepruu. Kak mokaseiBator pacue-
ThI, B GaAs Kak JI0, TaK U [10CJIe HEHTPOHHOTO 00JIy4eHHs pacpeieNieHIe JIEKTPOHOB TI0
sHeprud B L m X 1ojMHAaX MakcBEIUIOBCKOE, a B ['-70JHMHE OTIMYAETCSl OT MaKCBEJIOB-
CKOT'O TOJIBKO B OOJIBIIUX TIOJAX, KOIJa 3aCEIE€HHOCTb 3TOH NonuHbI Mana. [Ipu Mopenu-
POBAaHMHU raMMa-00JIy4YEeHHs pacueThl GQyHKIMH PacHpEeIeHUs JIEKTPOHOB MO SHEPrUu
MPOBOIWINCH AJsL CTPYKTYpbl anuHOi 100 HM u HampspkeHHocTH moinst 20 kB/cM, npu
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KOTOPOH JOCTHTajloCh MaKCHMalbHOE 3HAueHHE Apei(OBOH CKOPOCTH DICKTPOHOB B
crpykrype. Ilpn yBenmuennn Momuoctr 10361 ot 5-10° 1o 510" Tp/c mons xoHueHTpa-
IUX “TOPSTIUX” IEKTPOHOB YBENMUHBACTCS OT 8,5 10 85% KOHIIEHTpanuy paBHOBECHBIX
JNEKTPOHOB. B menom, mpu ramMma-oOmydeHnn BUJ (QYHKIMH PACTIPEICTCHHUS OCTAETCS
OJIM3KHM K MaKCBEIUIOBCKOMY.

OCHOBHBIMH YPaBHEHUSIMH, ONPEACIIONIMMHI TPAHCIIOPT HOCHUTENEH 3apsiia B KBa-
3UTHAPOMHAMUYECKOM HPHOJIVDKEHUH, SIBISIIOTCS: ypaBHeHUs [lyaccoHa, HempepbhIBHO-
cTH, OanaHca PHEPIUM M UMITyJIbca HOCHTEJICH 3apsi/ia, a TAKKe BBIPAKCHUS IS IUIOTHO-
CTH TOKa M [TI0OTOKA SHEPTUH IICKTPOHOB [24],

AV = i(n(Fn)_N+(Fn)+N_(Fn)),
£

N

dmVO(F,) __ o m(Y)

dt _Tp(Fn)U(Fn)»
%:HV,JMG—R,
q

=(V,j j.E)+GW, —
a ( a]W)+(]n’ )+ e TW(Fn)

Jn ==qno(F,) +qV(D(F, n(F,)),
Jw =—n(F, Wo(F,)+V(D(F, n(F,W),

; (M

, . CE
]t=]+5,E=—VV,

rae V — moreHuuas; n — KOHLEHTpaLUs 3JE€KTPOHOB; N,, N— KOHLUEHTpaLUH IOI0XKU-
TEJIbHO U OTPHULATENIFHO 3apsHKEHHBIX HMOHOB (JOHOPOB, AKIENTOPOB, paJHallMOHHBIX
nedeKToB); j, j; — MUIOTHOCTH AJIEKTPOHHOTO M TMOJHOTO TOKA; jy — IUIOTHOCTH MOTOKA
SHEPTHU 3IEKTPOHOB; W, W, — HepaBHOBECHAs M PAaBHOBECHAs] SHEPIUs HIIEKTPOHA COOT-
BETCTBEHHO; 7,, — BPEMs PENIAKCALIMM SHEPTUH; 7, — BPEMS PENAKCAlUM UMILYJIbCa; /M —
s¢dexTrBHAs Macca dmmekTpoHa; D — kodddunnent auddysun 31ekTpoHoB; L — apeldo-
Basi CKOPOCTh JNIEKTPOHOB; E — HAaNpsHKEHHOCTD 3JIEKTPUUECKOTO IOJIS; & — AMIICKTPHU-
YecKasi MPOHMIAEMOCTh; F, — (IIOCHC HEWTPOHOB; ¢ — aOCONIOTHAs BENUYMHA 3apsina
anekTpoHa; G — ko3 UIMEHT reHepauuy HOCUTeNel 3apsiaa npu BO3IEHCTBUH U3ITyde-
HUs (YYUTBIBaeTCA TOJIBKO B MOMEHT neiictus MN); R — xoddduuneHT pekoMOnHAIH
(Y4HTBIBaETCS TONBKO B MOMEHT M HETIOCPEICTBEHHO Tocie aeiictsus MN); W, — cpenusist
SHEPTHs TeHEPUPYEMOTO 3IeKTpOoHa (YIUTHIBACTCS TONBEKO B MOMEHT nerctaust V).
IMporeccs HEMOKAIBHOTO pa3orpeBa AJIEKTPOHHOTO Ta3a B PE3KO HEOTHOPOIHBIX
NEKTPUIECKHUX TMOJSIX, BO3HUKAIONIME B KaHaJle CYyOMUKPOHHBIX MOJIEBBIX TPAH3UCTOPOB
NIPU paJHallMOHHOM BO3JEHCTBUH, ONPENEISIIOT CKOPOCTh PA3rOHA M TOPMOXKEHUS dJIeK-
TPOHOB TNPU UX JABWKEHUH BJONb KaHala TPAH3UCTOpAa. DTU MPOIECCH YUUTHIBAIOTCS
KOPPEKTHO OJyiarozaps BBEICHUIO B KBAa3UTHAPOIMHAMHYECKYIO MOJENb ypaBHEHUH Oa-
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JIAHCA YHEPTHH M UMITYJIbCa, KOO(Q(UINEHTH KOTOPBIX 3aBUCAT OT PAIMAllMOHHOTO BO3-
ZecTBus.

Ipu MonenMpoBaHUN MPOIECCOB HOHHM3AINH, CBI3aHHBIX C POXKIEHHEM IEKTPOHHO-
JIBIPOYHBIX TTap, KOJIMUECTBO ypaBHEHHH B cucteMe (1) HeoOX0oIuMO yBEIHIUTh, 100aBUB
aHAJOTMYHbIE BBIPKEHMS IS IVIOTHOCTH TOKA JBIPOK M MOTOKA SHEPTHH, a TAKXKe ypaB-
HEHUE HENPephIBHOCTU JUIS JIBIPOYHOW KOMIIOHEHTHI TOKA. IIOCKOJIBKY ITOJIBHXKHOCTD
IIpok B GaAs Ha MOPAAOK MEHbIIIE, UM Y NIEKTPOHOB, 8 KOHLIEHTPAIUs AbIPOK CPaBHH-
BAeTCsl ¢ KOHIEHTpAIMell 37MEKTPOHOB B KaHalle TPAaH3HCTOpPAa TOJBKO MPH MOIIHOCTAX
no3el Beimre 10! T'p/c, To yder mpomeccoB Beruiecka CKOPOCTH M HHBIX OCOGECHHOCTEH
HECTALMOHAPHOTO M HEOKAIFHOTO N3MEHEHHUS SHEPTHH ABIPOK B MEHBIIECH CTENEHH CKa-
3BIBAaETCS HA PEe3yJIbTaTaX pacdeTa IMapaMeTpoB TPAaH3UCTOPOB. TeM He MeHee, [P pacye-
Te pacmpeneneHus siekrpudeckoro moins B kanane ITTI B MomeHT pmeiicTBHsi ramMma-
H3ITydeHUs 3apsi/l ABIPOK YUUTHIBAJIICS HAPSTY C MIPOLECCOM PEKOMOMHAIIIH.

Hecmotpst Ha T0, uto B I1TII n305s111ust 3aTBOpaA OCYIIECTBISIETCS ¢ TOMOMIBIO Oapb-
epa IIoTTKH, ANIIEKTPUUECKUE CIIOM UCTIONb3YIOTCS TS aCCHBALUK OTKPHITOH MOBEpX-
HocTu GaAs. Pe3ynbTaTel 3KCIIEpUMEHTOB MOKAa3alld, YTO HAKOIJIEHHE 3apsjia B JU3NIEK-
TPUYECKHX CIIOSAX MOXKET M3MeHsATh BAX TpaH3ucTopoB Ha BenuuuHy 5...10%, uTo 00b-
SICHSIETCS BBICOKHM YPOBHEM JIETHPOBAHHS KaHAJIA HCCIETYEMbIX CyOMUKPOHHBIX TPAaH3H-
cTopoB. JIJIs1 MTOJHOTHI OMMCAHKS MPOLECCOB B TPAH3UCTOPE B MOJIEIb OBLT BKJIIOUEH Me-
XaHM3M, YYUTHIBAIONIMN HAKOIUICHHE 3apsiaa Ha moBepxHocTH GaAs. Ilyrem BBemeHUs
JIOTIOJTHUTEIIFHOTO 3apsi/ia B TPAHUIHBIC Y3JIbI PACUETHOH CETKH yIaBaJIOCh MOJACIHPOBATh
TIPUITIOBEPXHOCTHBIN M3rH0 30H, T.€. yBEIW4eHHe mpoBoauMocTH kanana [TTII.

Ha puc.15 npuBeneHsl pe3ysbTaThl pacdeTa 3aBUCUMOCTU CKOPOCTU 3JIEKTPOHOB OT
KOOpPAMHATHI, MOIyYeHHbIE C MOMOIBbI0 MeTona MoHTe-Kapio, B KBa3suruapoiHaMuye-
CKOM H JIOKJIBHO-IIOJIEBOM NpUOMMKeHHsAX. COMOCTaBICHB! 3aBUCUMOCTH JUIsL HEOOIy-
YEHHOTO U 00ydeHHoro HelTpoHamu GaAs B ciydyae TpeX PasiHyYHBIX pacHpeaeiIeHHU
JNEKTPUIECKOT0 TOJS OT KOOpAWHATHL. J|jist y100cTBa cpaBHEHHS BUA MOJEIBHON (QyHK-
1Y, ONMCHIBAIOIICH 3aBHCHMOCTD HAIPSHKEHHOCTH JIEKTPHUUECKOTO TIOJS OT KOOPAUHA-
THI, OBUI BEIOpaH OAWHAKOBBIM. JTO — (hyHKIHS, omuMchIBaromas pactpexnenenne ['aycca.
AMIUMTYy 12 TIOJIst BO BCeX ciiydasix paBHsuiack 90 kB/cM, a mapameTpsl, ONKCHIBAIOIINE B
pacnpenenenun ['aycca cpenHee 3HaY€HHE M JUCIEPCUIO, MAaCIITAOMPOBAINCh M PaBHS-
JINCh, COOTBETCTBEHHO 102, 103, 10* um. Hnst umne 6onee 10 MKM NpH HaNpPsOKEHHOCTH
nosist 90 kB/cM 3aBHCHMOCTB CKOPOCTH OT KOODAMHATHI, ONpeleiseMast MO JOKaIbHO-
MIOJIEBON MOJIENH, CTAHOBHUTCS OMM3KOH K TOYHBIM pe3ylbTaTaM, MOTyYCHHBIM METOIOM
Monte-Kapno. Ilpu ymMeHbIIeHHH HapsHKEHHOCTH TMOJs 10 3HadeHuil meHee 20 kB/cwm,
kotopoe peanmmsyercss B [ITII ¢ mmuHON kanana Gonee 2..3 MKM MpH TpaJdIIMOHHOM
nuTaHuy 5 B, pe3ynsTaThl pacuera 1o JOKaJbHO-TIONEBOH MOJCIN KOPPEIHPYIOT C pac-
gyeraMu 1o Metony Monte-Kapno npu qimHax kanana Ooinee 3 mxM. KBasurnaponuna-
MHYECKOE TPHOIIKEHIE KOPPEKTHO OIMCHIBAET NMPOLECCHI IS BCEX IMPEACTABICHHBIX
JUTMH U (IIIOCHCOB HEHTPOHHOTO OOJyuYeHHs, a ‘‘yceueHHas] KBa3UTHAPOIMHAMUKA” MPU
JUTMHAX 3aTBopa Oojee 1 MKM.
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3aBHCHMOCTH CKOPOCTH 3JIEKTPOHOB OT KOOPJHMHATBI, PACCUMTAHHBIC IS KOJOKOJIO00-
Pa3HOrO paclpeseNieHns] HANPsHKEHHOCTU 3JIEKTPHUYECKOTO MOJIS: B JIOKAIBHO-MONEBOM
npubnmkennu — JIIT; B kBasuruapoauHamMuueckoM npubmmkennu — KI'; ycedeHHOM KBa-
3UTHIPOIUHAMUYECKOM NPHOMMKEeHNH (T.e. 0e3 ydera ypaBHEHHsS OallaHCAa SHEPIUH);
MetonoM Monre-Kapio - MK. bes mefitponnoro o6myuenus — JII1, KI', KI'Y u MK; no-
cire Hertponnoro oomydenus — KI'(Fn) m MK(Fn)

Teopemuueckue u IKCHEPUMEHMANBbHbIE UCCIE006AHUA PAOUAUUOHHBIX
Ihpexkmoe 6 GaAs cyomMuKpoOHHBIX ROIEBLIX MPAHZUCHOPAX C 3AMEOPOM
Llommku

C nenpio OLEHKN ypOBHEH CTOMKOCTH CYOMHKPOHHBIX ITOJIEBBIX TPAaH3UCTOPOB MPO-
BE/ICHO JKCIEPUMEHTAIEHOE M TEOPETHYECKOe HCCIEIOBaHUE MPOLECCOB B CyOMUKpPOH-
HBIX IOJIEBBIX TPaH3MCTOpax c 3arBopoM LLIoTTKM mpu paguanioHHOM 00MydeHHH [24,
26,37,40,42,45,48,60,63]. C uenpio BEIOOpa ONTHMAIBHOW MaTeMaTHUECKOW MOJIEIH OIl-
penensics npeaena MPUMEHHMOCTH JIOKAJIbHO-MONEBON U KBa3UIUAPOANHAMUYECKOH Mo-
neneld. Bemm mpoBeeHB! UCCIIeI0BAaHNS BIMSHISA HEHTPOHHOTO OONydYCHHUSI HA XapakTe-
puctuku n-GaAs TpaH3UCTOPOB ¢ UIMHHOM 3aTBopa 10 MrM; 5 MkwM; 1,5 Mim; 0,75 MKM;
0,5 mxMm; 0,25 mxm; 30 HM (puc.16). B mocnennem ciydae jiMHa KaHajga TPAH3UCTOpA
OIIPEENSCTCS BEIMYNHON 00JIaCTH IPOCTPAHCTBEHHOTO 3apsijia 3aTBOPA U B 3aBUCUMOCTH
OT HanpspKeHUH Ha 3aTBope U croke umeeT BenuuuHy 50...150 M. M3Mepsnuch TOk Ha-
CBIIIEHUS, BBIXOJHAS MOIIHOCTh U K03 ¢uuuent ycwnenus 1T na pabounx wacrorax
(cM. Tabunuity). [TokazaHo, 4TO JTOKaJIBHO-TIONIEBAst MOJIEINb a/ICKBATHO OMMCHIBAET IIPOLIEC-
CBl B TPAH3UCTOPAX C JUTMHOM 3aTBoOpa Oosee 1...2 MKM.

Jns anpobanuy KBasMIMAPOAWHAMHYECKONH MOJENN MPOBOJMUIOCH CPaBHEHHE pe-
3yNbTaToB pacueTa Aerpananuu xapakrepuctuk [ITL npu HelitpoHHOM 00IMy4eHHH (CM.
TabJHILy) C YI€TOM 3aBUCHMOCTH BPEMEH pellaKCalliil SHEPTHUH B UMITyJIbca OT (IroeHca
HEWTPOHHOTO BO3JEHCTBUS U Ge3 ydera 31oro ddexra. OTKIOHEHHE PACCUMTAHHBIX OT
sKcriepuMeHTanbHo u3MepeHHsIx BAX TITII no obmydenns cocrasisiio He 6onee 10%.
OTKJIOHEHHE PacCUNTAaHHBIX OT M3MepeHHBIX BAX mocie o6iaydeHust cocTaBisuio Gonee
60% s mMozmenu Oe3 ydera jaerpamainud BpeMEH penakcanuu; meHee 20% mpu yuere
(npuBezneHo B Tabnuue). Tarxke SKCIEPUMEHTAIBHO U3MEPSIIMCh 3aBUCUMOCTH TOKA CTO-
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Ka Tpan3ucropa (Lg = 30aM) npu 00IydYEeHUH UMITYJIbCOM FaMMa-U3IydeHUs Ha yCTaHOB-
ke UI'YP. TlokazaHo, 4TO TEOPETUUYECKU PACCUMTAHHBIE U HKCIEPUMEHTAIBHO U3MEPEH-
HBIE 3aBICUMOCTH OoTJIndaroTcst Ha 20%.

Puc. 16
MHUKpOhOTOCHIMOK  TIOTIeped-
HOT'O CEYEHMs IIO0JIEBOIO TpaH-
3UcTOpa ¢ V-KaHaBKOW B 00-
mactu 3arBopa (V-IITL), mo-
nydeHHsli Ha POM JEOL
(MOM PAH). Yposau nerupo-
BaHus cinoeB GaAs: n” Oydep —
10" em?, n kaman — 6:10'7 em”
3; n+ — KOHTaKTHBIH cioif — 10"
cM™. MeTanusaius 3aTBopa —
Au ¢ noacnoem uz W. Pamuyc
3aKpyIJIeHUs ocTpus V-3aTBopa
—15 M

HUccnenoBanacy orpuuarensHas auddepenuuanphas npoBoaumocts (OIT) Hop-
MaJIbHO 3aKpbIToro kBasubammucTraeckoro V-IITII. Tlpu MONOXUTENBHBIX CMENICHHUSIX
0...0,2 B na 3arBope u 0,5...1,5 B Ha cToke, coorBercTByrommx O/II1 TpaH3ucTopa, Ha-
Omomanack reHepanusa Ha vactotax 32...38 I'T'm. Pa3bpoc wacToTel reHepanuu TpaH3H-
CTOpPOB, M3TOTOBJICHHBIX Ha OJHOM MOIYyNPOBOAHHKOBOH CTPYKTYpe, COCTABIAI OKOJIO
1 I'Tu npu mupuHe nojiocs! renepupyemoro curdana 20 MI'u. MomsocTts cursana goc-
turana 1 MBTt Ha 1 MM mmpUHEL 3aTBOpA, a €T0 aMIUTHTYJa HMela MAKCHMYM IIPH Harps-
skeHuH Ha ctoke 0,7 B m yMeHbIIanack B ABa-TpU pasa MpU W3MEHCHUH HANPSDKCHUS 10
0,5 B (mu mo 1,5 B). DddhexTUBHOCTD 37EKTPOHHOM MEpeCcTPONKH YaCTOTHI IIPH H3MEHe-
HUM HanpsbkeHus croka — 1 ['Ty/B.

BricokouacTOTHBIE XapaKTEPHCTHKH MpUOOpa MpH BO3ACHCTBUU HOHU3UPYIOIIETO
M3JTYYEHUs UCCIEIO0BAUCH C TIOMOINBIO cBeToanoaa (40 MBT, 0,85 MkM), pasMemeHHOTo
B M3MEPHUTEILHOM cTeHfe. [Ipu ocBemeHnn Kodp@UIIUCHT yCHICHUs IO MOITHOCTH YBe-
muuBaincs Ha 0,1...0,3 nb, uto o0bsacHsTOCH NyumuM cornacoBanueM V-IITII ¢ m3me-
putenbHOU cucTemoid. [lluprHA MOIOCHI TEHEPHPYEMOro CUTHaJa ciabo 3aBHcena OT
MOIITHOCTU H3Iy4€HHs, a YyacToTa IeHepallMy yMeHbIlanach npHu ocBemeHud Ha 20...30
MTI'u. Ilpu Hanpsokenun 0,5 B 3adukcHpoBaH pekUM BKITIOUYEHHS TeHEPAIMU ¢ HOMOIIBIO
OCBEILICHUS.
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Tabmuma
DKcIlepuMeHTaNbHO u3MepeHHble xapakTepucTuku [ITI. B ckoOkax yka3aHBI 3HaYCHUS,

PpacCUUTAaHHBIC I10 KB%HFHHpOI(HHaMH‘IeCKOﬁ MOICIIN

= s 9 ><'\ O ) )
z e 5151 o 2 § ! '}8“ z,
- = ~ = g E S = g ® = o LE
= o ~ = = 3} = S & < 3
E = 8 —~ o £ = o e E 7 3 g °
= < Sy g g 52 = < EB 5| 25
< & & 5 5 & 0 ® \g o o = 5% ¢ 5 8 &
< o [SE =" « > S B m
s B = OE 5 & & = g ° 8 SO ~ 9 B = s
o oo s 2 K TR = £ 89 g =
Zc |gS gz |2Bge| 2 |2z |25¢
< I 5} v; < ?é ) ql::) B SN = 5 o =
"D 278 E |3sz | 37 |2EE|ic
X3 |¢ |£8 |§EZ | § |FEz|gc¢
g z = o » S g8 |k z
o E O 3 5 2 N
E £ 5E = = A=
1800
1200
0,75 (1950) 75(8)/
0,5 7/18 1,5/1,2 (1250) /
/4800 /1380 4,8 (5)
850 (820)
(1450)
250 (270) 250 (280)
8(8,9)
0,5 /600 1,4 12 /29 1,9/1,5 / /
/5,4(5,5)
160 (200) 140 (150)
15(17)/ 8(9,1)/ 5(.,6)/
0,25 /100 3 37/70 1,6 /1,2 )
9(8.2) 4,5(5.4) 3,1(4)
0,17/ 50.4)/ 5(6,2)/ 1(1,1)/
5 60 /100 0,9 /0,7
25 3,3(3,1) 2,8(3,2) | 0,65 (0,6)

[ocne obmyuennss V-IITIL weiitponamu (<E>=1 M»sB) npubops! nenunuchk Ha aBe
HepaBHbIe Tpynmbl. B mepsoii rpymnme (80...90% ucnbsiTanHBIX 00pa31oB) HAOIIOIAIOCH
JIBYKpPaTHOE YMEHBIICHHE KPYTH3HBI ¥ KOG (HUIEHTa yCUICHNs TpaH3ucTopa B 1,5 — 3
pasa ipn dumoercax 5-10" e, Tloce HelTpoHHOro 06ydeHns pmoercom 10" oM™
XapaKTepPHCTHKN T€HEPHPYyEeMOTro CHTHAJIA OCTAINCH Oe3 M3MEHEHWH, a mpu (UIoeHce
510" em™? aMIUIUTyZla TeHepHpyeMOro CHrHajla yMmeHsInmiaack Ha 60 %. Bo BTopoit
rpymre (10...15 % ucnbITaHHEIX 00pa3IoB) HAaOMIOAANIOCH YIydIICHHEe BEICOKOYACTOTHBIX
napaMeTpoB TpaH3ucTopa B 1,3...1,5 paza.

[Ipruunsl Bo3HukHOBeHUsT OJII] ¥ BBHICOKOYACTOTHOM reHEpaluu HCCIEeIOBAUCH C
MOMOUIbIO JIByMEPHOM KBa3sUTHApOAMHaMHUYecKOil mozenu. [lokazaHo, 4To reHepauus
CBsI3aHa C MEXIOJIMHHBIMU IIEPEX0laMH, U OOBSICHSCTCS YMEHBIICHHEM JUIMHBI OaJuIu-

220



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

CTHYECKOTO IPOJIeTa MEKTPOHOB MPH YBENUYCHUH MIPOJOIBHOTO IEKTPUIECKOTO MO B
kanane V-IITHI. ITocnennee npuBOIUT K yMEHBIIEHUIO CPEAHEN CKOPOCTH 3JEKTPOHOB U
TOKA CTOKa B IIEJIOM IIPH YBEJIMUCHUH HApPsDKeHUs Ha cToke. Pasmep oOpasma, rae Bo3-
MOXKHA pean3alysl MEKTOIUHHBIX IMEePEXO/0B, ONPENENSCTCS OTHOIICHHEM CKOPOCTH
JIEKTPOHOB K YaCTOTE MEKAOJIUHHBIX nepexonoB. st anekTpoHoB B GaAs 1o NOpsaIKy
BEJINYMHBI OH CpaBHUM ¢ jiuuHOI kanHanma V-IITII (50...100 mM). [Tockonbky mpoBoau-
MOCTh TIPUKOHTAKTHOH N’ 06JaCTH H3MEHSET CBOE CONPOTUBICHHUE MPH (BIIFOeHCAX Hei-
TpoHoB mopsaka 10'® cM™, a caM mpolecc MEKIOMHHHOTO MEPEXOaa HE UyBCTBHTEICH K
obmyuennio 10 dmoencos 3...5-10"° cM™, To paamanMoHHAs CTOMKOCTb TeHepaTopa Ha
ocHoBe V-IITII 3HaYMTENBHO BHIIIE, YeM KIaCCHUECKOro auoaa I'anHa. 9To 000CHOBaHO
C TIOMOIIBIO KBA3UTUAPOIUHAMUIECKOH MOAENH.

ITpoBeneHO FKCIEPUMEHTANBPHOE U TEOPETHUECKOE HCCIIEIOBAHUE BHICOKOUYACTOTHBIX
mrymoB B V-IITHI npu paguanioHHOM BO3AeHCTBUU. {1 SKCIIEPUMEHTOB M3 UMEBIIETO-
cs1 Habopa TPaH3UCTOPOB OBUTH BBHIOpAHBI IPHOOPHI C ONTUMAIBHONW IIMPHHOI 3aTBOpa
JUIL KaXIOTO W3 YacTOTHBIX jauana3oHoB: 200 MKM (BXOJHAasi €MKOCTh 3aTBODP-HCTOK
C,=0,15 n®) — gma 12 I'Tu, 100 — mxm (C,,=0,08 nd) mna 37 T, 50 mrm
(C.,=0,05 1d) — mng 60 I'Tu. Tox HachILEHUS TPAH3UCTOPOB COCTABISI OKOJIO 7 MA
(npu mmpunre 3atBopa 50 MkMm). Kpytusna 6osee 450 MCm/mMm. OOnacTu HanpsDKeHUH Ha
3aTBOpE M CTOKE, IPU KOTOPBIX BO3HUKAIH T'€HEpalys H yCUIICHUE TPAaH3UCTOpa, HE Tepe-
KPBIBATMCh. MUHIMAaNBHBIN KO (UIMEHT IIyMa 3apeTHCTPHPOBAH B HOPMAIIBHO 3aKphI-
THIX TPaH3UCTOPAX MPH MMOJa4e Ha 3aTBOP MOCTOsSHHOrO cMemeHus +0,1+0,3 B. Moxpenu-
pOBaHHUE MOKA3aJlo, YTO 3TO OOBACHAETCS BO3HUKHOBEHHEM BHPTYaTbHOTO HHXKEKTOPA B
obJyracTi MCTOKa Ipu mojade nuTaHus. Ha puc.17 mokazaHo AHO 30HHOHM JUarpaMMbl B
aktuBHOI obmactu IITII u BIIeNIeHA 00IACTh MHXKEKIINH, ITOCTABIISIONIAsT BHICOKODHEP-
TeTHYECKHE JJIEKTPOHBI B KaHa TpaH3ucropa. CMBIKaHHME IMTOTEHIMAIBEHOTO Oapbepa,
obpa3oBanHOro KoHTakTOM III0TTKH, M TOTEHIMAIEHOTO Oaphepa KaHaI-OyhepHsbIil coit
o0pasyeT XapaKTepHYIO CeNI000pasHyl0 CTPYKTYpY HHXekTopa. dopma HHKEKTOpa OI-
pexnensiercs npoduiIeM pacrpesieNeHus JIETHPYIOIEeH NPUMECH U HANpsHKCHUEM, T0JaH-
HBIM Ha KOHTAKTHI CTOKA U 3aTBOPA, YTO IO3BOJISET YIPABISATH TOKOM TPAH3HCTOPA.

ONeKTPOHBI BIETAIOT B HIXKEKTOP CO CIyYalHBIM HAMpPaBICHHEM BEKTOpa CKOPOCTH
U TIpH IIPOJIETE 10 HeMy YIPYTO OTPaXKaloTCsl OT CTEHOK. B pesymbrare meicTBms mpo-
JIOBHOTO TOJISE M3MEHSICTCS YIIIOBOE paclpe/elieHIe BBUICTAIONINX U3 WHXKEKTOPA 3JIeK-
TPOHOB TaK, YTO MAaKCUMyM PaCIIpe/IeJICHNs COBIIAJAaeT C OChI0 HH)KEKTOpa, a yroJ Bopoca
SIIEKTPOHOB B 06JIACTH KaHana coctabisier 50...60° k rpanuie paszena 6yQepHbIi Cloii-
KaHaJ.

Ha puc.18 npeacraBieHs! 3aBUCUMOCTH CPeIHEN SHEPTUH NIEKTPOHOB OT KOOPANHA-
THI JJIs1 ONTUMAIIBHOW M HEONTUMATBHON TPAeKTOPHH ABMKEHHUS 3IEKTPOHOB. [TockoIbKy
Ha CTOK TPAaH3HCTOpa IMojaeTcs HampspkeHue 2..3 B, To mnmuHa kaHana (ompepernsemast
OII3 3atBopa) cocrasmster 0,15...0,2 MKkM. MakcHMyM SHEPTHH 3IEKTPOHHOTO Trasa IpH-
XOJIUTCSI HA CTOKOBBIA Kpail 3aTBOpa, YTO OOBSCHACTCS MAaKCHMAJIBHBIM 2JIEKTPHUECKUM
noseM B 3Toi obyacty. I[Ipn 00Iy4eHHH OTOKOM TaMMa-KBaHTOB ITPOHMCXOINT Pa3orpeB
3JIEKTPOHHOT'O Ta3a.

221



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

Puc. 17
TonoxeHue IHA 30HBI IPO-
BOJMMOCTH B aKTHBHOH 00-
nactu [ITHI ¢ V-o6pasHoit

Drain

0,2 Y, mkm onapkoi: x — KOOpIMHATA
® BJIOJIb KaHalla TPAH3UCTOPa; y
%’ 0 9,14 — KOOpIMHATA OT TOBEPXHO-
05 0.26 CTH BIILyOb CTPYKTYpBI
Yo w & o «+ ™ w °
S Tma e S M
= = o [e=] L}
X, mkm

Koopaunata MakcuMyMa MeXIOIUHHOTO paccestHust (puc.19 u 20) B oTcyTCTBHE 00-
Jy4eHHs! COBMAAAET C KOOPUHATON MaKCHMyMa 3aBUCHMOCTH SHEPTHHU OT paccTosHus. B
obmactu 0,2...0,4 MKM BO3MO>KHBI MEXIOJIMHHBIC MTEPEXO/IbI, KOTOPbIE MPUBOAAT K 00pa-
30BaHHUIO CTATUYECKOTo AoMeHa. IIpu obirydeHHn CTPYKTYphl HOTOKOM I'aMMa-KBAaHTOB
nmoMeH cMmemnaercs Ha 70 ... 90 HM GimKe K HCTOKY. JTO MPOUCXOJHT BCIECICTBHE IEpe-
CTPOMKH pacmpereneHus eKTPOHOB IIPU TeHEpallny HEPaBHOBECHBIX HOCHUTENICH. YBe-
JIMYEHHUE DHEPTUH JIEKTPOHOB B 00JACTH MH)KEKTOpPA MPUBOAUT K YMEHBIICHUIO WHTCH-
CHBHOCTH NPUMECHOTO paccestHusl B oonactu ¢ koopaunaramu 0...0,15 mxm. Yacrora
paccesHHs Ha MPUMECSX CYLIECTBEHHO 3aBHCHUT OT JOJMHBI, B KOTOPOH HaXOAWTCS pac-
CEHBAEMBIH 3NIEKTPOH, YTO OOYyCIaBIMBAET BO3PACTAHHE HHTEHCHBHOCTH IPHMECHOTO
paccessHHA B 00/1aCTH CTaTHIECKOTO JOMEHA.

OTHCaHHbBIE TIPOLECCH TPH MOIIHOCTH 10361 10° I'p/c MPHBOIST K YXYAWICHAIO KO-
s¢dumnmenra myma (F) npubau3nuTensHO B 1,5 pasza mpH ydere pa3orpeBa 3JIeKTPOHHOTO
rasa M NpaKkTHIeCKH He M3MEHSIOT F Ge3 ydera pasorpesa (T.€. IIPH y4eTe TOJBKO M3Me-
HEHUs] KOHIICHTpallM HOCHTeNeil 3apsga). OTo OOBACHSAETCS TeM, 4YTO Y-IapaMeTpel
[T HayMHAIOT CYIIECTBEHHO H3MEHSTHCS TOJIBKO TOTJa, KOTAa WOHM30BAHHBIE JJIEK-
TPOHBI BHOCAT CYIIECTBEHHBIN BKJIaJ B MPOBOAUMOCTh KaHana, T.€. IPU MOIIHOCTU J03bI
onee 10° Ip/c. B To %e BpeMs OTBETCTBEHHAS 3a ITYMBbI TUCIIEPCHS TOKA CTOKA HAYMHACT
MEHATBCS PaHbIIE M3-32 TOTO, YTO CPEAHSS DHEPIHUs 3JIEKTPOHHOTO Tasa BBIIIE, YEM MO
o0ydeHus.

C moMonIbio KBa3UTUAPOIMHAMIIECKOH MOJIENN POBEICHO MCCIIENOBAHNE IIPOIeC-
COB BOCCTaHOBJIEHHSI BBICOKOYACTOTHBIX Xapakrepuctuk [ITII mocne Bo3aeHcTBUS ram-
Ma- ¥ HEHTPOHHOTO UMITyJIbca (OBICTpPBIN OTXKHT). ONHpasch Ha pe3yJIbTaThl SKCIEPUMEH-
TQJIBHBIX HCCIICNOBAaHUI 3aBHCHMOCTH KOHIICHTpALWH TIIyOOKHX YPOBHEH OT BpeMEHH
MOCJIe MMITYJICHOTO PaJHalliOHHOTO OONyuYeHusl MmoKa3aHo, 4Tto xapakrepucTuku [1TII
BOCCTaHaBJIMBaOTC B TedeHue 3..30 Mc Mmocie HMIyibca HEHTPOHHOTrO OOydYeHUs
dmoercom 10™... 10"%cm™ 1 B Teuenne 10...50 MKC MOCITE HMITyITbCA TAMMA-0GITy dCHHIS
mosocTsio go3sr 10'°...10" Tp/e.
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3aBUCUMOCTU CPEIHEH JHEPruM DICKTPO-
HOB 0T koopauHaTsl B V-IITIII npu ramma-
o0JIy4eHHH: HEONTHMAlbHAS TPAaECKTOPHS
nBxeHus — 1; ontuManbHas — 2. O003Ha-
YEHHs: SHEPrUsl MEXJONMHHOTO Tepexoaa
— Wr; sHeprus omntuyeckoro (oHoHa -
W
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Puc. 19

3aBHCHMOCTH HHTCHCHBHOCTEH pacCesHHs
OT KOOPJMHATHI BJIOJIb ONTHMAIbHON TpaeK-
TOpPUU JBWXKEHUs dJekTpoHoB B V-ITTIHI
IpY TaMMa-00JIydeHHH: MEXJOJIMHHOE pac-
cesiHHE — 1; paccesHHe Ha MpuMmecsx — 2;
OINITHYECKOE paccesiHue — 3

Puc. 20
3aBUCUMOCTH  WHTEHCHUBHOCTEH
paccesiHUsl 0T KOOPAWHATHI BAOJb
HEONTUMAJIBHOU TPacKTOPHH
JBHXKEHUA 31eKTpoHOB B V-IITLI
MpH TaMMa-OOJTy4YEeHUH: MEXKIO-
JMHHOE paccesHue — 1; pacces-
HUE Ha MpUMECSIX — 2; ONTHYe-
CKoe paccestHue — 3

Hepasnogecnsle npoyeccol Ha ZpaHuyax paszoena Memani-noaynpoeooHuK 6
cyomuxponnvix GaAs nonegvix mpanzucmopax ¢ 3ameopom Lllommxu

Ba)xHBIM acmeKkToM NpoOIeMbl MOJISIHPOBAHUS PaJHallMOHHON CTOHKOCTH SIBIISIETCSI
MHOTOCJIOHHOCT HOJIyTIPOBOJHHUKOBEIX CTPYKTYp, HCIIOIB3YEMBIX B COBPEMEHHBIX CyO-
MHKPOHHBIX Nprbopax. Hanbosee cmiibHO BIMSHHE pagualdyl IPOSBISETCS B CTPYKTY-
pax, TJe DIEKTPOHBI JBIDKYTCS BJIOJH TPAaHHIl pa3jiena, Tak Kak Jrobas Moxudukanus
MOCJIeTHEN CKa3bIBAaeTCsl HAa BCEM ITyTH JABIKEHUsS 31eKTpoHOB. CoueTaHne MaTepUanoB C
Pa3NINYHBIMU IUIOTHOCTSIMU U aTOMHBIMH BECaMH IPHBOJMT K AUCOANAHCY B MOTJIOICHUH
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M3ITy4YeHNs Ha rpaHune. Eciu paHbine 3To Kacanoch JIMIIb IPpoLecca HOHU3AIK B obac-
TAX, TPUMBIKAIOIIUX K TPpaHULAM paszzaena (3¢GQeKT yCuIeHus MOIIHOCTH J03bI), TO Cei-
9ac B CTPYKTypax ¢ TOJIIMHAMHM CJIOEB Mopsiaka 10 HM M TpaHHUIAMU pa3jielia MopsiKa
1 HM criemyeT y4IWMTHIBaTH HEPaBHOBECHOCTH HpH AedekrooOpasoBannu (d3dexr ycume-
Hus aroeHca). Mccenenorano Bnusiaue 3¢ (GeKTa yCHICHUs] MOITHOCTU JT03bI B (hITFOCHCA
Ha paJMalMOHHYIO CTOWKOCTh KBasuOawmmctnueckoro IITHI ¢ mmmHOW KaHanma
0,01...0,1 mxm [36, 48, 63].

TeopeTHueckn U SKCIEPUMEHTANBHO TPOBeIeHo cpaBHeHue mpoueccos B [ITHI ¢ Al
1 Au 3arBopoM uHOH 0,25 MKM mpu ramMma-oOaydeHuH. TeopeTHYecKH pacCUUTaHBI
ko urrents! ycunenus u nryma [ITI npu ramma-o6aydennn. [TokazaHo, 4To 3¢ dext
YCHJIEHHSI MOIIHOCTH 03Bl CHIDKAET pPaJHaIllMOHHYIO CTOMKOCTh TPAaH3UCTOpa ¢ Au 3a-
TBOpoM B 2...3 pa3za. HelirporHoe o0rydeHre MHOTOCTIONHBIX KOMIO3UIUI HHIYILHPYET
BOpOC OoJiee TSHKENBIX aTOMOB U3 COCEIHHX CJIOEB M BBI3BIBACT B ITOJYIPOBOIHHUKE IIPO-
siBiieHue dpdekTa ycnieHus ¢iroeHca HeHTpoHHOro oOurydeHus. s pacuera KOJIH9IecT-
Ba BBUICTEBIINX aTOMOB M3 0oJiee INIOTHOTO MaTepHana B MEHee IUIOTHBII yYHUTHIBAIACh
KOHIICHTpALIUs aTOMOB BEILIECTBA M OTHOIICHHE CEUCHUI B3aUMO/ICICTBHS OBICTPBIX HEl-
TpoHOB ¢ atomMaMu Au 1 Ga (As) (0T 2 10 4 B 3aBUCHMOCTH OT SHEpruu HeiftpoHa). bia-
rojiapsi pa3Iu4uIo JIKMH Mpobera BhUIETEBIINX U3 COCETHEr0 MaTepyala aToMOB, Ha Ipa-
HUIAX pa3ziesia MOXKET HaOI0JaThCs KaK YBEIMUECHHE KOHIICHTPALUH Ae(EeKTOB, TaK U UX
ymenbireHre. CyIIecTBeHHBIE M3MEHEHHs KOHICHTPAlWM Ae(EeKTOB HAOMIOAIOTCSA Ha
paccrosHusx MeHee 100 HM oT rpaHHIB! pasaena (puc.21), a BeqMUMHA KOHIEHTPAIUN
neexToB, [0 CPAaBHEHUIO C pealM3yonieics B IyOrHe MaTepuaia, MOKeT U3MEHAThCS B
HECKOJIBKO pa3s.

IMpu HEWTPOHHOM OOJTyYEHHH MHOTOCIOWHBIX KOMIIO3ULIKIT HabIroaeTcst oOpaTHOe
paccestHie BTOPHYHBIX aTOMOB M KaHAJMPOBAaHHE aTOMOB B CIOsIX OoJiee JIErKHX Mare-
puanos. IlocrnenHee MPUBOAWT K M3MEHEHHIO NPOCTPAHCTBEHHOTO PACHpEneleHHs Ie-
(EeKTOB M CHOCOOCTBYET HEKOTOPOMY YBEIMYEHHIO KOHIEHTPAIMH NEPEKTOB B CIOSX
JIETKUX MAaTepHalIoB, Hampumep, B mojcioe Ti u npuieratomem cioe GaAs 3aTBOpHOM
komnozunuu Au-Ti-GaAs.

HccnenoBaHO BO3HMKHOBEHHE KJIACTEPOB paJUAllMOHHBIX Je(eKTOB B KaHaje V-
[ITII 1Ha rpanune ¢ Au 3aTBopoM. biaronaps BHEApEHUIO CMELIEHHBIX HEHTpOHaMu aTo-
MOB 30JI0Ta W3 3aTBOpa B Ipuieraromuii ciaoii GaAs B kaHale TpaH3MCTOpa obpasyercs
nosbimieHHas KoHueHTpauuss KPII. Pasmep OII3 kmactepoB Oyner ompenensiThes ypoB-
HEM JIETUPOBAHUS MOTYIPOBOAHKKA, TIPHIIETaroniero kK Meramry. Ilockombky pamuyc 3a-
kpyrneHus: octpus 3arBopa (10...15 uHM) comoctaBum ¢ pazmepamu KP/I, To Bo3HHKaeT
curyanus, korja miotasie KPJl oOpasyror B kaHaje TpaH3HCTOpa YHOPSIOYECHHYIO Iie-
MOYKY IT0J] OCTPHEM 3aTBOpA IIONEPEeK JMHHH TOKA AIEKTPOHOB. [109TOMY B CTpyKTypax
V-IITHI npyu ux obay4eHHH HEUTPOHHBIM IIOTOKOM MOJKET HaOJIOAAThCs MPOLIECC CaMo-
COMIACOBAaHHOTO 00Pa30BaHMs MPO3PAYHBIX JUISI DJICKTPOHOB oTBepcTHii Mexkay KP/I.
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1 /Au-GaAs
1,67 \ALO;GaAs
| Ge-GaAs Puc. 21
s 1,2 / Pacnipenienienust KOHUEHTpAMK paraliy-
o) . OHHBIX JedekToB no riyouHe GaAs cios
Z0,8 | / _ npu OoONyYyeHHH HEHUTpOHAMM CIEKTpa
air-GaAs JIeNIeHUs ABYXCIIOMHBIX KOMIIO3ULIMHI THUIIA
04 Al-GaAs Mmarepuai-GaAs
0 25 50 75 100
Y, nm

Bo3HUKHOBEHHE OTBEpCTHI B KaHaJe TPAH3UCTOpa MPUBOAUT K IPOCTPAHCTBEHHOMY
nepepacnpeeeHHI0 TNOTHOCTH ToKa. ITockonbKy MHXKEKIMs 3JEKTPOHOB B KaHal J0C-
TUTAETCsl 3a CYET YMEHBIUEHUs] Oapbepa WHXKEKTOpPA MPOAOIBHBIM MONEM KaHama, TO
BOPOC UIEKTPOHOB Oy/AeT aBTOMATHUECKU NMPOHCXOJUTh HAIIPOTHUB KBAaHTOBO-PAa3MEPHBIX
OTBEPCTHH, T.e. TaM, TJe NMPOAOJHHOE MOJe KaHala He OnokupoBaHo obmacteio KP/I.
IMostomy pacnpenenenue Toka B kanane [1TII craneTr TpexMepHBIM, a BEpOITHOCTH Oa-
JIICTHYECKOTO IPOJIeTa HIIEKTPOHA depe3 OTBepCcTHE Bo3pacTeT. Pa3dpoc B pasmepe oT-
BEPCTHI, UX CONPOTHBICHHUH, a 3HAUNT, U KOJIMUECTBE BOPACHIBAEMBIX B OTBEPCTHUE JJIEK-
TPOHOB OyJIeT ONpeeIIATh BENNIUHY n3MeHeHui napamerpos ITTIII.

Pacyersl KOHIIEHTpALMU TOYSUYHBIX Ie(eKToB, cpeaHux paccrosuuii mexxay KPI u
auamerpa O3 KiIacTepoB MOKa3aim, uTo npH (uiroeHcax HeifrpoHoB Gomee 3-10°cm™
peanusyeTcsa cuTyarus, koraa cpeanee paccrosaue mexny CKPJl 6yzer comocraBumo ¢
JUTMHON BOJIHBI 3JIEKTPOHOB, YTO MpUBEAET K oOpa3zosanuto B kaHane V-IITI cnenudu-
YEeCKOH CTPYKTYpHI, yiydliaoomeid paboty tpansuctopa (puc.22). [''myObuHa, Ha KOTOPOi
IpOSBIITETCS 9P PEKT, COCTaBISAET OKOIO 50 HM.

Viryumenue napamerpoB I1TII Bo3MOXHO 3a cueT oxBaTa TOKOIPOBOJSIINX OTBEpP-
CTH yNIPaBIISIOIINM II0JIEM 3aTBOPa CO BCEX CTOPOH, aHasornaHoro mporeccam B [ITIH ¢
ropprpoBaHHBIM 3aTBOPOM. [10CKOJIBKY pa3mMephbl OTBEPCTHH MMEIOT BEJIMYHHY ITOpSIKa
JUTMHBI BOJIHBI 3JIEKTPOHA, B HEKOTOPHIX M3 HUX IIPH ONPENENCHHBIX HAPSDKEHUIX CMe-
IIEHMsI 3aTBOPa MPOUCXOAUT KBAHTOBO-pa3MEpHOE ABWXKEHHE HOocuTesell 3apsjaa, KOTo-
poe, B OTHAEIBHBIX CIydasx, yBeIMUYMBAeT KPyTU3Hy TpaHiucTopa. CorimacHo pacueram,
HaJIM4YHe OTBEPCTHH NMPHUBOIWUT K YBEIHUYCHHIO KPYTH3HBI TpaH3HuCTOpa B 1,5..2 pasa u
Goree.

OKCIepUMeHTAIBHO 3aUKCHPOBAHO, YTO TIOCTE OOMydeHHsI HEHTPOHAMH KpyTH3HA
BAX nexotopsix V-IITII yBenmuuBanack, 9To IPHBOJUIO K YBEIHUSHUIO KO3 (HHUIIHCH-
Ta YCWICHHs TpaH3HCTOpa. B oTimume OT HEHTPOHHOro, NMPU MPOTOHHOM OOIY4EHHH
CTPYKTYpBI paJaliMOHHbIC Ae(EeKThl He 00pa3yloT KBAaHTOBO-Pa3MEPHBIX OTBEPCTHH, U
XapaKTEePUCTUKK TPAH3UCTOPAa MOHOTOHHO YMEHBIIAIOTCS ¢ HAO0pOM (iIroeHca.
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Puc. 22

Pacnipenenenne nepexToB mo riyouHe B
ctpykrype Au-Ti—-GaAs Tpu HHKEKIUH
noHoB Au c suepruei 100 k3B B GaAs,
MOJTyYeHHOE C IOMOIIBI0 pacdyeTa MeTo-
oM Monrte-Kapno. Bun Ha 3atBop u
CeUeHHe KaHala C PajualliOHHBIMH Je-
(heKTaMM CO CTOPOHBI HCTOKA. 3HAYKOM &
yKa3aHO HampaBJeHHE JBIKECHHS 3JeK-
TPOHOB B CTOPOHY CTOKa 4Yepe3 HaHOpas3-
MepHble oTBepcTrs Mexxay KPJl (ykaza-
HBl TyHKTUPOM). 3ampeIieHHbIC s
IBIDKEHHS D3JIEKTPOHOB 00NacTd mpo-
CTPaHCTBEHHOTO 3apsia 3arBopa H Oy-
¢epHOrO  CNOSL  yKasaHBl  IITPUX-
MYHKTHPOM

Au Gate

GaAs -channel

AHanu3 u3MeHeHHs napameTpoB Bcero Habopa uccnenyembix IITIH ¢ paznuunoii
JUITMHOM 3aTBOpa IOKa3aj, YTO NPH yMEHBIICHWH JUIMHBI KaHalla [0 3HAYCHHH mopsaka
pasmepoB KPJI mpu oOiydeHun HaOMIOmaeTCS CYIIECTBEHHOE YBEIWYECHHE AWUCIIEPCHU
IapaMeTpoB NPHOOPOB TAK, YTO B OTAEGNIBHBIX CIIydasxX (IPH MalbIX AJIMHAX KaHANa) 3TH
napaMeTpsl MOTYT yiaydmunThes. [logoOHast 3aBHCHMOCTE OOBSCHSICTCS CyIIECTBEHHBIMH
HEOJHOPOJHOCTSIMU B pactpenenennn aepexros B [ITII ¢ mansiMu o6beMamu paboueit
obnactu.

IIposiBiienne 3¢gdexra yeuiieHus QJaroeHca B MAJTOLIYyMsIeM N0J1eBOM TPaH3H-
cTope Ha OCHOBe reTepocTpyKTypbl GaAs/AlGaAs ¢ HIHPOKO30HHBIM Oy(depHbIM
cioeM. Pazpaborana rerepoctpykrypa GaAs/AlGaAs ¢ MOIyTUPOBaHHBIM JICTUPOBAHH-
eM s ToJIeBoro TpaH3ucropa ¢ Oapeepom LllorTku. M3rotoBieHHBI Ha ee Oaze V-
o6pasnbnii [1TII mMen NCKITIOYUTETBHO BEICOKHE paboune XapaKTepHCTHKH IS Iproopa
¢ JlerupoBaHHbIM KaHanoM. KpyTusHa BBIXOJHOM XapakTepuCTHKHM jJocTturaga 550
MCM/MM, a ero BBICOKOYACTOTHBIE XapaKTEPHCTHKH CPABHUMBI C XapaKTEPUCTHKAMH
HEMT npubopos. TeopeTnueckn moka3aHo, YTo MposiBIeHHE d(pdeKTa caMoCorIacoBaH-
Horo BBeneHus KPJl B kaHas TaKoro TpaH3HUCTOpa MPHUBEAET K YIIyUIICHUIO €T0 XapaKTe-
PHCTHK, TIPHYEM 32 CUET U30JIALIH Oy(PEepHOTo CII0s SHEPreTHISCKHM OapbepoM yIrydiiie-
HHE XapaKTepHCTHK TpaH3UcTopa OyzaeT Oosee 3HauuTenbHbIM, 4eM B V-IITI Ha 00bIu-
HOM FrOMOCTPYKTYpE.

HccnenoBana HaHOMETPOBass MOTU(HKALUSA CyOMUKPOHHBIX (GaAs CTPYKTYp METO-
JIOM 3JIEKTPOJUHAMUYCCKON JIOKAIM3al[Md ONTHYECKOTO0 W3IydeHHUs. TpaJunuOHHBIN
IIyTh YMEHBIICHHS Pa3MEpOB DJIEMEHTOB BIUIOTH J0 HAaHOMETPOB, OCHOBAHHBIA Ha HC-
TMIOJTE30BaHUN OOBIYHBIX ONTHYECKUX HMPHUHIUIIOB, TPEOYEeT COOTBETCTBYIOIIETO yMEHbIIIe-
HUS JUIMHBI BOJHBI M3JIyYeHHS TaK, YTOOBI OHAa OCTaBalach MEHBIIE Pa3MepoB MOIUpu-
upyeMoro o0bekTa. s HaHOMETPOBBIX 0OBEKTOB TAKOM MOAXOJ O3HA4YaeT Mepexoi K
PEHTT€HOBCKMM [UIMHAM BOJIH, YTO COIPSDKEHO C OOJBIIMMHU TEXHUYECKUMHU TPYAHOCTS-
MHu 1 3aTpatamu. C Ipyroil CTOPOHBI, H3BECTHO, YTO UCIIOIb30BAHUE IEKTPOMATHUTHOTO
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M3ITy4YeHUs] Ha HU3KUX 4acToTax, Hampumep, 50 I'm, mouTtn Bceraa mpoucxoduT B obiac-
TAX MHOTO MEHBINE [UIMHBI BONHBIL. J{I ONMHMCaHUS MPOUCXOASAIINX 3/€Ch MPOIECCOB HC-
TIOJTB3YIOTCS HE ONTHYECKHE IIPUHIUIIEL, @ KITACCHIECKHH JIEKTPOANHAMHIESCKHH TTOIXOI.
JUIs JoKanM3alii MOIIHOCTH INIPUMEHSIIOTCS MPOTSDKEHHBIE METaUTHYECKHEe OOBEKTHI,
OIIMH M3 pa3MepoB KOTOPHIX MEHBIIE JUIMHBI BOJHBI (HalpUMeEp, MPOBOJ, SKPaH H T.1.).
EnuHCTBO MpUpPOB! 2IEKTPOMArHUTHOTO M ONITHYECKOTO M3ITyYeHUs MpPEANoNaraer, yro
JNMEKTPOAUHAMUYECKHE TIPUHLUIBI JIOKAIU3ALUKY TEPEMEHHOTO IMOJsS NMPUMEHHMBI U B
onTHyeckoM uamnasoHe. I[IpeanoskeHo HCIONB30BaTh 3MEKTPOJMHAMUYECKHH CIIOCOO
JIOKAJTM3ALIH ONTHYECKOTO M3Ty4eHUs] B 00IacTsX, CYNMIECTBEHHO MEHBIINX JUIMHBI BOJ-
HbI, aHAJIOTUYHBIM TOMY, KOTOPBIM peanu3yercs ¢ NOMOILbI0 aHTeHH. [IpuMenenue mo-
JIOOHOTO TOX0Ja MO3BOIMIO MOAU(UINPOBATH CBOIMCTBA BEIECTBA B HAHOMETPOBBIX
00JIacTsIX C ITOMOINIBIO JIA3ePHOTO HM3IY4YEHHs C JUIMHOW BOJHBI, CYIIECTBEHHO IPEBHI-
mIaromei pasMeps! MOIUPUIMPYEeMOi 00JIacTH, YTO BECbMa aKTyaJbHO UIS U3TOTOBIIE-
HUS TIOJTYTIPOBOJHUKOBBIX IPHOOPOB HAHOIIIEKTPOHUKH.

TpaH3ucTOpBI ¢ AIUHOI 3aTBOPa (0JIbILE U NOPSAAKA JVIMHBI BOJHbBI H3J1y4eHH.
HccnenoBanue neiicTBHs Ja3epHOro 0OIydeHHs (C 3Heprueil KBaHTOB MEHbIIE IIMPHHBI
3amperieHHol 3086 GaAs) Ha 1T ¢ mnuHoit 3atBopa ot 10 mo 0,5 MM mpu 00IydeHUH
CTPYKTYPBI C JIUIEBON M O0OpaTHOH CTOPOHBI TOKA3al0, YTO M3MEHEHUE XapaKTEePHCTHK
pubOpOB MOZOOHO APYT APYTy. DTO OOBACHICTCS MaJIBIM IOTJIOMICHUEM H3IIyYCHHUS B
GaAs u TIaBHOU CTPYKTypOH ONTHYECKOTO IOJs, KOTOpPOEe MEHSeTcss Ha Macmralax,
CPaBHHAMBIX C JUIMHOW BOJHBI. TeOpeTHUeCKH OICHEHHas CpPeNHss TeMIeparypa HM-
MyJILCHOTO pa3orpesa kanana cocrapisiia 200...300 °C. M3MeHeHne XapaKTEPUCTUK CBSI-
3aHO C TeHepalyeil U TepMOCTHMYJIMPOBaHHOW auddy3nell aToMOB B 00JacTH KaHalla
IIT, a Takxe 3aXBaTOM JICKTPOHOB Ha JIOBYIIKH, BO3HUKIINE TIPU JIA3EPHOM OOJIy4EHUH.
3aBUCHMOCTb CKOPOCTH W3MEHEHHsI XapaKTEPHCTHK TPAH3HCTOPOB OT MOIIHOCTU H3ITyde-
HUS IMEET TTOpOroBbIi xapakrep. [Ipy yMeHbIIEHNH MOIIHOCTH U3IydeHus 10 2 MJx 3a
UMITyJIbC XapakrepucTuku [1T He u3MeHsuce.

Tpansucropsl ¢ 3¢(peKTHBHON JJIMHONH 3aTBOPAa MEHbIIE NJIUHBI BOJIHBI. [Ipu
nazepHoM obyuenun IIT ¢ V-00pa3HBIM 3aTBOPOM C JIMIIEBOIM CTOPOHBI M3MEHCHHUE Ma-
paMeTpoB MOJOOHO UIMHOKaHAJIBHBIM TpaH3ucTopaMm. OGirydeHne ¢ 00paTHOH CTOPOHBI
3a cyeT AU(paKIUK U3ITydeHHs Ha KIMHOBHIHOM 3aTBOPE U JIOKAM3ALMN BBIICIISBILEHCS
SHEPTHHU B 00IACTH KaHaJla TPAH3UCTOPA MPUBOJMIO K KaUeCTBEHHO MHOM Moaudukanun
cTpyKTypbl. Kak mokasan aHaJlu3 BOJBT-aMIEPHBIX M BOJbT-(apagHbIX XapaKTepPUCTHK,
00J1aCTh MOBBIIIEHHOTO HEPTOBBIAEICHHS ObIIIa COCPEOTOUCHA OKOJIO OCTPHS 3aTBOPA, a
ee pasmepsl (~ 0,1 MKM) OBUIH CYIIECTBEHHO MEHBIIE JJIMHBI BOJHBI Ja3ePHOTO U3ITyde-
uusa (1,06 mxm). CpenHsist TeMmepaTypa pa3orpeBa KaHalla, BBIYHCICHHAS IO SKCIIEpH-
MEHTAJIBHBIM 3HAYEHHUSM TOKY CTOKA M 3aTBOpPa TPAH3UCTOPA B MOMEHT OOIydeHHs, UMe-
na Benmnurny 100...400 °C, mpuueM BeJIMUMHA TEMIIEPATyphI Pasorpesa ciiabo BIMsIa Ha
HHTEHCUBHOCTH nposiBieHus dddexra. B IIT ¢ oomacteio OIl Ha BAX B 3aBUCcHMOCTH
OT CTENEeHH MOAU(HKALMK CTPYKTYPbI HAOIOAAIOCh OITHOE HIIM YaCTHYHOE MOAABICHHE
npouecca renepanu. [TogoOHbIH 3h(GeKT MONOKNUTENbHBIH, TaK KaK MO3BOJISIET HOBBICHTh
cTaOMIFHOCTH yCHIIeHHs TpaH3ucropa [29,35,41,63,61].

Tpan3ucropsl ¢ 3pGeKTUBHON AINHON 3aTBOPA MEeHbIE JJIMHbI BOJIHbI HU3J1y-
YeHHsI, NPeIBAPUTETLHO T0ABEPrHyThIe HEHTPOHHOMY 06ayueHHio (3...6-10" em™?).
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[ocxne mefitponnoro oomyyenus [1T ¢ V-00pa3HbIM 3aTBOPOM COXPaHSUIN yCHUIATEIBHBIC
U TeHEePaTOPHBIE CIIOCOOHOCTH, HO aOCOTIOTHBIE 3HAUYEHHUS TAPaMETPOB M3MEHSIINCH, KaK
3TO TMOKa3aHo Beimre. Ilociae MoqupUKAIK CTPYKTYPBI TPAH3UCTOPOB OJHOKPATHBIM HM-
IyJTbCOM JIa3€PHOTO H3ITydYEeHUs, B HUX ObUIAa IIOJTHOCTHIO IIOJABJICHA OTPHIATEIIbHAS
muddepeHnransias IPOBOJUMOCTD, XOTSl YCHJIMTEIBHBIC CBOWCTBAa COXPaHSINCH (Ha
HECKOJIBKO XYAIIEM YPOBHE, 4eM JI0 Jla3epHOro ooOmydeHus). OOinydeHHe TpaH3UCTOPOB
OJHOKPATHBIM J1a3epHBIM HUMITYJIbCOM ¢ yMeHblIeHHOH Ha 80...90% MOIIHOCTBIO MPUBO-
IO K YBEJIMYEHUIO TOKA CTOKA TPAH3UCTOpA IPU COXPAaHEHWH TCHEPAIMH, YTO OBbLIO
pacueHeHo Kak Moaudukanus orBepeTaid Mexay KP/I.

Bnusnue paouayuonHsix mexnoi02uiecKux npoyeccos Ha paouayuoHHyI0
cmoiikocmy GaAs cyOMUKpOHHBIX HOJIE6LIX MPAH3UCIOPOE

J1J1s OBBILIIEHUS] pailalliOHHON CTOMKOCTH M BBICOKOYACTOTHBIX CBOWMCTB CyOMUK-
ponubix IITII npemnoxkeHo HCHONB30BaTh PaJHallIOHHBIE TEXHOJIOTHUECKUE MPOLECCHI:
MarHeTpOHHOE HANBUICHHE 3aTBOpA C MOCJIEAYIOMUM O0IydeHHEM TPaH3UCTOPA JIOKANb-
HBIM 3JCKTPOHHBIM IIy4KOM M HOHHO-Iy4€BOE AalbHOJACHCTBYIOIIECE IE€TTEPUPOBAHUE.
INoka3aHo, 4TO MCHOJIB30BAaHHWE MAarHETPOHHOTO HAIBUICHHS] METaUIM3aluu Oapsepa mo-
3BOJISIET YIIyUIIUTh XapakTepucTuky cyomukporHbIx [T, B ToM uucie u ero paguanu-
OHHYIO CTOHMKOCTbB, IyTeM MOAU(DHUKAIMK I'PAHMIBI pa3jiesia METauI-NOIyIPOBOAHUK B
cioe mopsiaka 2...5 HM, npuBojsieil k u3sMeHeHno BAX 3aTBOp-MCTOK U 3aTBOP-CTOK U
YMEHBIICHUIO HEIWHEHHBIX MCKaXEHHWH mpruoopa. DKCHEPHUMEHTATbHO M TEOPETHUECKU
HCCIIEA0BAHO BIUSIHUE OOITydEeHHs IMyYKOM JJIEKTPOHOB 3a30pa MEXKAy 3aTBOPOM H CTO-
koM MorHoro cyomukpornHoro IITII Ha ero BEICOKOYAaCTOTHBIE XapaKTEPUCTUKH U pa-
JUALUOHHYI0 cTOHMKOCTh. Ha OCHOBaHMU pe3yJIbTaTOB MCCIEAOBAHUS PACHPEACICHUS
MUKpOILIa3M 10 aHaIU3y KapTUHbI YICKTPOIIOMHHECLICHIIMY B BUIUMOM JHANa30HE I0-
Ka3aHo, yTo Onaronaps Gosiee paBHOMEPHOMY PacIpeJIeIeHUIO TOKA B KaHAJIe TPAH3UCTO-
pa U M3MEHEHHIO HAIPsDKEHUS MPO00s YIydIIAIOTCSl KAK BEICOKOYACTOTHBIE XapaKTepH-
CTHMKHU TPAH3MCTOPA, TaK U €ro pajualdoHHAas CTOMKOCTh. TeopeTnueckue pacueTsl Moj-
TBEPKAIOTCS IKCTIEPUMEHTOM.

[IpoBenen kpaTkuil aHanu3 pe3ysbTaTOB HKCHEPUMEHTAIBHBIX UCCIEIOBAHUMN IPO-
neccos crapenus [ITL. PaccmoTpens! mpoiiecchl BHITOPAHUsS TPAH3UCTOPOB, BHE3AITHbIE
OTKa3bl, IIOCTEHCHHAs Jerpajanys [apaMeTpoB, UCCICAOBAHO BIUSHHUE IIOBEPXHOCTH
kaHana Ha mapametpsl I1TI, a Taxke BiIMSHHE MOATOXKU M OydepHOro ciost Ha Bpe-
MeHHyI0 ctabuibHocTh [ITIH. IToka3aHo, YTO IMyTH MOBBINIEHHS! CTAOMIBHOCTH CyOMUK-
ponubIx IITII u uHTErpajIbHBIX CXEM Ha MX OCHOBE COBIIAJAIOT C TPEOOBAHUSIMU IIO IO-
BBILICHHIO PaHal[MOHHOMN CTOWKOCTH PHOOPOB.

HccnenoBaHo TMOBBIMICHHE PAJAMALHOHHON CTOMKOCTH CYOMHKPOHHBIX ITOJIEBBIX
TPaH3UCTOPOB NPH AATBHOJCHCTBYIONIEM HOHHO-Ty4YeBOM reTTepupoBanmu [27,28,34,38,
43,44,49,64]. IlokazaHo, 4TO B pe3yJbTaTe OMEPALUH NATbHOIACHCTBYIOIIETO HOHHO-
JIy4eBOTO TeTTCpHPOBAHUS (MOHAMH aproHa ¥ BOAOPO/A) 3a CUET NEPECTPOIKH U PEeKOM-
OuHanuy neeKToB Ha rpaHUNAX pasjeia MOTyIPOBOAHHKOBEIX CJIOEB B 00JIaCTH KaHala
XapaKTePUCTHKU TPAH3UCTOPOB YJIYUIIAIOTCS. 3aperMCTPUPOBAHO YKpYUYEHHE HPOQHIIS
pacrpeleneHuss JIETUpYIOIel MNpUMeCH U YBEIWYEHUE IOJBIXKHOCTH 3JIEKTPOHOB
(puc.23), xotopsie npusenu k 10...30 % yBenudeHHI0 KPyTU3HBI TpaH3HCcTOpa. OTMEUEHO
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YMEHBIIEHHE pa3dpoca HANPsLKEHUH MpoO0si HCTOK-3aTBOP U 3aTBOP-CTOK, UTO MO3BOJIH-
JIO IOAHSATH MPOLEHT BBIXOJa TOAHBIX MPUOOPOB. AHAIN3 KapT pacmlpeereHus mapaMeT-
POB TPaH3UCTOPOB IO ILIOMIAAH IUIACTUHBI BBIABUI ONTHMAJIBHOE COYETAHUE TUIIOB IeT-
TEpUPYIOIUX HOHOB. HamGompmmmii moxoKuTeNbHEIN 3QdEKT MposSBIIsUICS NpH 00IIytde-
HHUH aproHOM, MEHBIIHH (P QEKT — MPH KOMIIEKCHOM OOJIy4eHH! aproHOM U BOJIOPOJIOM,
a o0JrydeHHe BOJIOPOJIOM HPHBOIMIO K OTPHIATEIFHOMY d((deKTy yXymmeHus napamer-
poB npuOOpOB. BinsHUEe KOMIUIEKCHOTO BO3JEHCTBUS OOBSCHEHO C TOYKH 3PEHUS Iepe-
ctpoiiku KPJ/] nmpu mocienoBaTebHOM 00IyYSHHN HOHAMHU Pa3IMYHBIX Macc.

10 4800 6,0
: 4,5
E= ¥ A
5 1 4400 5, \ \\
~ 1 3 Tsp /

"o 1 Noogl’ - ™~
A / yA < 1] 2 i
> 0,1 lo—4000 S 15
= To 2 \

2’ N 0.0
0,01 3600 0 2,5 5 75 10
0 005 01 015 02 y 5_ D
Y, mkm F,, x107"sm-
Puc. 23 Puc. 24

VYcepennensusle o 30 m3MepeHUAM IIpo-
b pacrpeneneHus Mo TiayOuHe: Mof-
BIDKHOCTH — | ¥ 1°; KOHLIEHTpaLu# 3JeK-
TPOHOB — 2 1 2’°; 10 reTTepupoBanus — 1
H 2; mociie rerrepupoBanus 1’ u 2’

VYcpenuennsle mo 15 obpasuam 3aBu-
cUMOCTH KO3 QHIMEeHTa YCHICHHS MO
moruHoctu IITIH ot duroenca Heii-
TPOHHOTO OOJyYEeHHs: HE TIeTTepUpo-
BaHHbIE — |; IIPeBAPUTENBHO TeTTEPH-

poBaHHbIC — 2

ITpoBeseHO comocTaBIeHNE BIMSHIS HOHHO-TyYeBOTO U JlazepHOro m3nydeHus (1,06
MKM, 30 MJ[k B UMITyJIbCE UTMTETBHOCTHIO 10 HC), TECHEPHPYIONIUX YIPYTHE BOJHBI, HA
xapakTepucTk GaAs moneBbIX TpaH3ucTopos ¢ 3aTBopoM LHortku (IITIL). Mnentnuy-
HOCTb IIPOLIECCOB JAJIbHOACHCTBYIOIIETO FeTTEPUPOBAHUS IIPH HOHHOM U JIa3epPHOM 00-
Jy4eHHU CTPYKTYp MOKAa3bIBACT, YTO U3MEHEHHE NMapaMeTPOB CTPYKTYP BBI3BaHO TeHepa-
LUel yIpyTrux BOJH, BO3HUKAIOUINX HA OOPaTHOMU, MOAJ0KEYHOU CTOPOHE CTPYKTYPHI H
PacIpOoCTPAHSIONMNXCS Yepe3 HOUIOKKY K IPUOOPHOH CTOPOHE.

HccnenoBana paguanuoHHasi CTOMKOCTs GaAs IOJEBBIX TPAH3HCTOPOB C 3aTBOPOM
oTTKN mMoOCIIe MOHHO-JIyYEBOTO TeTTEPUPOBAaHMs. XapaKkTep HaONIOAABIIMXCS H3MEHe-
HUIl napaMeTpoB CTPYKTYp NpPHU HOHHO-Iy4E€BOM TI'€TTEPUPOBAaHUU IIOKa3bIBAET, YTO B
pe3yJIbTaTe HOHHOIO OOJIy4eHUsSI CHUXKAeTCsl KOHLEHTpalus KpucTamworpadhuyeckux je-
(eKTOB, HEraTHBHO BJIMSIOIIMX HA IOJBMXKHOCTb M KOHIICHTPALMIO HOCHTENEH 3apsia B
MpUOOPHBIX CIOSIX TPAH3UCTOPHBIX KOMIO3MIMH. [losrydeHHbIe pe3ynbTaThl CBUAETENb-
CTBYIOT O TOM, YTO IpPEABapHTENIBHOE OOIy4YeHHE MOHAMH YCKOPSET PEelaKCalOHHYIO
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MEPECTPOHKY KOMIIOHEHTOB NPHMECHO-IE(PEKTHOTO COCTaBa KaXKAOTO M3 0Opa3yOMIHX
TPAH3UCTOPHYIO CTPYKTYPY CJIOEB M MPHUTPAHUYHBIX oOyacTedt Mexay HuMH. OZHUM H3
CJIC/ICTBHUI 3TOTO SIBIISIETCS] CHIDKCHHE KOHIIEHTPAIIMN OTBETCTBCHHBIX 32 BO3HHKHOBCHHUE
IIyOOKHMX ypOBHEH IpH BO3JCHCTBUH HEWTPOHOB (hOHOBEBIX NPHMECEH U aHTHCTPYKTYp-
HbIX nedekroB. [TokazaHo, YTO pajHManMoOHHAs CTOMKOCTh cyOmukpoHHbIX [ITI, mpo-
HIEANINX IPOLEAYPy HOHHO-Ty4EeBOTO TeTTepPHPOBAHNS, TIOBBIIIAETCS B 2 U OoJiee pa3 Kak
M0 CTaTHYECKUM (KPYTH3HA), TaK M II0 BBICOKOYACTOTHBIM (KOI(PQUIMEHT yCHUICHHUS)
napameTpam (puc.24).

Buisoowt

1. IlpensnoxeH pacyeTHO-IKCIIEPUMEHTAIBHBII METOA MOJAECTUPOBAHMS BO3AEHCTBUSA
HEWTPOHHOTO, IPOTOHHOTO M raMMa-u3Jy4eHuil Ha cyoMukpoHHble (BioTh 10 0,05...0,1
MKM) TOJTyTIPOBOJHUKOBBIE IPHOOPHI C MCIOJIB30BAHUEM KOMIUIEKCHOH MOJIEIH, TTO3BO-
JIAIOILEH:

1) aHanM3MpOBaTH MpOIECCH 00pa30BaHUA M CTAOWIM3ALUM KIACTEPOB pagHariv-
OHHBIX Je(EKTOB U TOUCUHBIX NE(PEKTOB, HOHM3AIUH B MHOTOCIOHWHBIX (C Ha-
HOMETPOBOH TOJIIHOHN CJI0EB) TBEPAOTEIBHBIX CTPYKTYpax;

2) MopmenupoBaTh IPOIECCH KBa3HOALINCTUYECKOTO TPAHCIIOPTa 3JIEKTPOHOB B
CYOMMKPOHHBIX CTPYKTYpax C PaiMallMOHHBIMHM Ie(pEKTaMH U pPacCUMTHIBATH
MapaMeTphl MOITYTIPOBOJIHUKOBBIX MaTepHAIOB;

3) yuHTHIBaTH HEOTHOPOMHOCTH SHEPTOBBIAEICHHUS NPH TOTJIOMICHUN PaJHaIlloH-
HOTO M3JTy4YeHUs], MPUBOMASIINE K HEPAaBHOBECHBIM 3(eKTaM Ha IpaHUIax Ha-
HOMETPOBEIX CJIOEB TBEPAOTEIBHBIX CTPYKTYP MPUOOPOB;

4) paccuMTHIBaTh CTATHYECKUE M BHICOKOYACTOTHEBIE XapaKTEPUCTHKH CyOMHKPOH-
HBIX ITOJIYIPOBOIHUKOBBIX NPHOOPOB NIPH paJHallMOHHOM BO3IEHCTBUH, BKIIIO-
yasi HeCTalMOHAPHBIE IPOIECCHl B MOMEHT M HETOCPEACTBEHHO IOCIe paana-
IHOHHOTO UMITYJIbCA.

2. OnpezeneHsl JOMUHHUPYIOIHE MEXaHU3MbI JErpafaliiy 3IeKTPOPU3NIeCcKuX ma-
paMeTpoB CyOMHKPOHHBIX apCEHUATATIIMEBBIX CTPYKTYpP NpPU PajUallHOHHOM BO3JEUCT-
Buu. [lokazaHo, yTo Onmaronapsi BRICOKOHM CpeHeH SHEpTuH dIEKTPOHBI MOTYT IPOHUKATH
MEXIy OTACITBHBIMHU YacTsAMH (CyOKJIacTepaMu) KIacTepOB PagHallOHHBIX Ne(eKToB. B
pe3ynbTaTte pacueToB MeTonoM Monre-Kapio u JonomHUTeTbHOTO 0000IeHNs SKCIepH-
MEHTAJBHBIX JTaHHBIX (M3BECTHBIX M3 JINTEPATypbl M OPUTMHAIBHBIX) IOJYYeHBI Xapak-
TEpHBIC Pa3Mephl KJIACTEPOB PaJHalOHHBIX Ae(dekToB B Siu GaAs, X pacrpe/eneHue B
MIPOCTPAHCTBE M (popma, paccUMTaHbl XapaKTepHbIE pa3Mepsl 00JacTell MPOCTPaHCTBEH-
HOro 3apsina. Ananu3 npoueccoB cradbunusanuu KPJ[ BeisiBin mopor oOpa3zoBaHus cTa-
6unbHoro cyoxnacrepa B KP/I. TTokaszano, uyro KPJ] cocTOUT U3 MIIOTHBIX CyOKIACTEPOB C
XapakTepHbIMH pa3Mepamu 4...15 HM, a paccTOSHHME MEXIy HHMH HMEeT BEIUYHHY
3...20 am. ITocnennee oOycnaBnrBaeT NPOHUKHOBEHHE TOPSIYHUX IJICKTPOHOB MEKAY CyO-
kiactepamu B KP/I, uto nmpuBoauT k npeobiaganuio 3Toro addexra B KBasHOaIHCTHIE-
ckoM IITI Hax MexaHM3MaMH, JOMHHUPYIOMNUMH B IPHOOpaX ¢ MHKPOHHBIMH TOIIOJIO-
TMYECKMMH HOpMaMH (M3MEHEHHEe KOHIICHTPAIUK U MOABHKHOCTH JJIEKTPOHOB).

3. Ha ocHoBe merona MonTte-Kapno pa3paboTraHa Mojelb TpaHCIIOpTa HOCUTEICH
3apsfa B CyOMHUKPOHHBIX IMOJIYHNPOBOAHUKOBBIX CTPYKTypax, COAEpPXKAIUX paJualioH-

230



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

HBIE Je(EKTH Pa3UIHbIX Pa3sMepoB (OT TOUEUHBIX [0 HAHOMETPOBBIX HEMPO3PAUHBIX
BKJTIOYEHHUH KJIACTEPOB PaAUALMOHHBIX Ie()EKTOB), yUUTHIBAIONIAsl PA30TPEB HIIEKTPOHHO-
rO ra3a B MOMEHT OOJydeHUs IIOTOKOM TaMMa-KBaHTOB, a TakKe B OOJIBIINX IIEKTpHYE-
ckux noisix (~100 kB/cm), xapakTepHBIX Il CyOMHKpPOHHBIX NpHOOpoB. Paccumrano
HN3MEHEHUE 3aBHCHMOCTEH BpEMEH pelakcallii SHEeprHH, UMITyjlbca M Koddduunenrta
1 dy3uu 37IEKTPOHOB NPH pagHallMOHHOM O0ydeHHH. B pesynbraTe MOAEIUpOBaHUS
TPAHCIIOPTa 3JIEKTPOHOB B CYOMHKPOHHBIX IIOJIEBBIX TPAH3HCTOPAX MOKA3aHO, YTO IPH
00JTy4eHHH TONYIPOBOJHUKOBBIX CTPYKTYP C pa3MepaMu MeHbIIE AJIHMHBI pellaKcaluH
sHepruu (MeHbme 0,5 MKM) W3-3a T€HEpallMid HEPaBHOBECHBIX HOCHUTENEH 3apsiga dIeK-
TPOHHBIH ra3 pa3orpeBaeTcs, 4TO BIMSIET HAa TPAHCIIOPT SIEKTPOHOB B TAKHX CTPYKTypax.
OyHKIUS pacipeieNieHns HIEKTPOHOB B 3TOM CIIydae UMeeT OJIM3KHH K MaKCBEJIOBCKO-
My BUJ, a CpEIHsS SHEPrus HOHU30BAHHBIX 3JIEKTpOHOB cocTaBiier 0,24 3B. IlokaszaHo,
9YTO0 HamOoJiee CHIBHO IOJOOHBINH 3((EKT MPOSBISLETCS B TBEPIAOTENBHBIX CTPYKTypax
TpaH3UCTOPOB ¢ JUIHHOM kaHana 0,05...0,1 MKM, rlile HOHU30BaHHbBIE TOPSYUE AIIEKTPOHBI
HE yCHEBAIOT OCTHITh BIUIOTh IO X BTATHBAHUS B KOHTAKTHI.

4. CoznaHbl JIByMEpHbIE HECTallMOHapHbIC (U3UKO-TOMOJIOIMYECKHE MOACNH CyO-
MHKpPOHHBIX ITOJIEBBIX TPAH3UCTOPOB B KBa3UTHIPOAUHAMUYECKOM HPHUOIMKEHHHU C yue-
TOM paJHaIlIOHHOTO BO3/eHcTBus. Pa3zpaborana TpexmepHas MOJENb MEpeHOca Temia B
CTPYKTypax cyOMHUKpOHHBIX MHOTOCeKIHOHHBIX [ITL cpenneit momrHocTr. Ha 6a3e aTux
Mozerneit pa3paboTaHBl METOABI pacdeTa Jerpagalliii YaCTOTHBIX U IIYMOBBIX XapaKTepH-
CTHK TOJIEBBIX TPaH3UCTOPOB. Pa3zpaborana Mosenb CyOMUKPOHHBIX ITOJICBBIX TPAH3HCTO-
poB, obwvenuHsomas Merox Monre-Kapo, KBa3suruapoguHaMuueckoe IpHOIKEeHHEe 1
METOJ] IKBHBAICHTHOH CXeMbl. MoJeny peann3oBaHbl B BUJE NPOrpaMM YHCICHHOTO
MOJICIMPOBAHUs. DKCIIEPUMEHTAIbHAs anpoOalus MOJENH M0Ka3ajia, YTO ONTUMAJIbHOE
COYETaHHE METOJIOB MO3BOJISIET PACCUUTBIBATH MPOLIECCHl B CYOMHKPOHHBIX GaAs CTpyK-
Typax | HOJYTPOBOJHUKOBEIX IPUOOPax C BEICOKOH TOYHOCTEIO (20%), B TOM 4ncie mpu
00JTydeHHN CTPYKTYp HEHTPOHHBIM, IPOTOHHBIM U TaMMa-00JyYeHUEM.

5. B pe3ynbTate TEOPETHYECKUX PACUETOB MOKA3aHO, YTO I MOJIEIHPOBAHUS IIPO-
LIECCOB B CYOMUKpPOHHBIX CTpyKTypax GaAs IOJEBBIX TPaH3UCTOPOB HEOOXOAUMO YUH-
THIBAaTh U3MEHEHHE BPEMEH pellakcalliyl SHEPIUy M UMITYJIbca JIEKTPOHOB, a TAKXKe Paso-
IPEB 2JIEKTPOHHOIO Ta3a NPH BO3ACHCTBUM Ha CTPYKTYPHI MIPOTOHHOTO, HEUTPOHHOTO H
ramma-usiayuyeHus. [IpoBeneH cpaBHUTENbHBIN aHAIM3 PaJMallMOHHOW CTOMKOCTH IOJIe-
BBIX TPaH3UCTOPOB ¢ JuIMHOHN KaHana 0,1; 0,25; 0,5; 1; 5 u 50 mxm. Ilokazano, uto Jj0-
KaJbHO-TI0JIEBOE MIPUONMIKEHNE aIeKBAaTHO ONMHUCHIBACT MPOIECCH! B MOJIEBBIX TPAH3UCTO-
pax ¢ anuHOW KaHana 3.4 MKM K Oonee, a KBa3HTHAPOIUHAMHUYECKOE MPUOIIMKEHUE
CIpaBeAINBO I JIIOOBIX JIMH KaHaja. [IpoBereHO MoOJEIMpoBaHHE HECTAIIMOHAPHBIX
IIPOLIECCOB B CYOMUKPOHHBIX TPAH3UCTOPAaX B MOMEHT M HEIOCPEICTBEHHO IIOCIIE pajua-
LIMOHHOTO BO3JeHcTBUs. [loka3aHO, 4TO Ha MPOLECC BOCCTAHOBIICHUS! BEICOKOYACTOTHBIX
CBOMCTB TPaH3UCTOPOB OOJBLIYIO POJIb OKa3bIBAIOT IPOLECCH Mepe3apsaKy IIyOOKHX
9HEPIeTUYECKUX YPOBHEH, BBOAMMBIX B CYOMHKPOHHBIC CTPYKTYPBI TPaH3HCTOPOB BO
BpEMsI TEXHOJIOTHYECKUX ONEPALUi U MPU 00Iy4eHUH HEUTPOHHBIM U MPOTOHHBIM H3IYy-
YEHHEM.

6. TeopeTH4ecKN M IKCIIEPUMEHTAIFHO HCCIIEA0BaHBI 3()(EKTH YCHICHUS MOLIHO-
CTH 1036 ¥ (UIIOEHCA B MHOTOCIIOWHBIX KOMITO3UIMSX IT0J[3aTBOPHOTO y3/1a CyOMUKpPOH-
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HBIX TIOJIEBBIX TPAH3UCTOPOB C XapaKTEPHBIMH TOJMIIUHAMHU cioeB 5...50 M. [lokazaHo,
YTO HAJIM4YHE 30JI0TOTO 3aTBOpA MPHBOAWT K HEPABHOBECHBIM IIPOIECCaM HA TPAHHIE
paznena Au-GaAs, KOTOpBEIE YBEIMUYHBAIOT HEOTHOPOIHOCTH JHEPrOBBIACNICHUS B 3..4
pa3a. IToka3ano, uro Grarofaps HEOTHOPOTHOMY AeheKkTo00pa3oBaHUIO U 3PPEKTy yCH-
neHust (iIroeHca, TPy HEWTPOHHOM OOJyYeHHH KBa3MOAJUIMCTHYECKUX IIOJIEBBIX TPaH3H-
CTOpPOB B KaHaJle TPAH3UCTOpa (GOPMHUPYIOTCSI HAHOpPa3MEPHBIE OTBEPCTUS MEXIy pajua-
uoHHbIMH Jeekramu. [lepecTpoiika mpolecca JBHKCHHS JICKTPOHOB 4epe3 AedeKT-
HYIO CTPYKTYpPYy MOXET B HEKOTOPBIX CIIydasX MPHBOIUTH K YIYYIIEHHIO MapaMeTpoB
TpaH3UCTOpOB B 1,5...2 pa3a 3a c4eT KBaHTOBO-MEXaHHIECKHX MPOLECCOB MPOXOKACHUS
JNIEKTPOHOB Yepe3 HaHOPa3MEPHBIE OTBEPCTHSL.

7. C menbro obecrieueHns 3aJlaHHBIX yPOBHEH painanioHHON CTOMKOCTH pa3paboTa-
Ha TEXHOJIOTUS aJbHOJEHCTBYIOMET0 HOHHO-JIy4eBOI0 TeTTEPHPOBAHHS, ITOBHIIIAOIIAS
pagMaIMoOHHYI0 CTOHKOCTh CyOMHMKPOHHBIX IOJICBBIX TPAH3UCTOPOB. B pesymprate mc-
CJIC/IOBAaHMS BIMSIHUSI HOHHO-TYYEBOTO M JJa3ePHOT0 JajbHOIEHCTBYIOIIETO reTTeprupoBa-
HUS Ha DJIEKTPUYECKUE XapakTepucTuki GaAs n'nn’ CTPYKTYp ¢ H3TOTOBIEHHBIMH Ha HHX
MOJEBBIMM TpaH3UCTOpaMK ¢ 3aTBOpoM IIOTTKM MOKa3aHO, YTO CXOJCTBO MPOLECCOB
TeTTepPUPOBaHUS MPH BO3AEHCTBUM HOHHO-ITy4YEBOTO H JIA3€PHOTO U3Iy4YeHHI 0OBSICHSIET-
Csl aHAJOTMYHBIMH MEXaHU3MaMH TEHEpallMd YNpyrux BOJIH B IOIYNPOBOAHHKOBOI
CTPYKTYpe, MPUBOAAMUMU K MOIU(UKAINM TPaHUIl pa3fena >MUTAKCHAIBHBIA CIOH —
MOJIOKKA W METaJUI-TIONIyIIPOBOJHUK B HMCCIIEAYEMbIX CTpyKTypax. KommekcHoe Hei-
TPOHHOE U JIa3epHOe 0o0JTydeHHe CyOMHKPOHHBIX CTPYKTYp KBasuOammuctuaeckux ITTIII
¢ mmuHoi kanana 0,05..0,1 MKM TO3BONIIET CO3/aTh B KaHale TPaH3UCTOPOB OCOOYIO
CTPYKTYpPY PaJMallIOHHBIX Je(EeKTOB, IIPU KOTOPOil oTpuuaTenabHas auddepeHnnaipHas
MPOBOJUMOCTb TPAH3UCTOPA COXPAHSETCS, a BBICOKOYACTOTHBIE CBOMCTBA TPaH3MCTOpA
yITy4IIaroTCs.

IpemnoxkeH KOMIUIEKCHBIN MOAXOA K UCCIEAOBAHUIO IEKTPODU3UIESCKIX MapaMeT-
POB CYOMHKpPOHHBIX CTPYKTYp HOJIEBBIX TPaH3UCTOPOB, KOTOPBIN IO3BONMII MOTYyYUTH
JIOCTOBEPHBIE Pe3yJIbTaThl U OLCHUTH BKJIAJ HEOJHOPOAHOCTEH M TPpaHMI] pa3ziena B Mpo-
L[eCCHl B3aUMOJICUCTBUS PaAHAlMOHHOTO M3ITyUSHHUS CO CTPYKTYpaMH. DKCIIepUMEHTaNb-
HO MCCIIEJJOBAaHO BIIMSIHUE MMITYJILCHOI'O FaMMa- W HEHTPOHHOTO WM3JIy4eHHIl Ha HecTa-
LIMOHApHBIE MPOILECCHl I'eHEepalH, OBICTPOrO OTXKHIa, IEPECTPOHKN U Tepe3apsiiku Jie-
(eKTOB pa3mUYHON MPUPOIBI, MIPUBOASAIINE K U3MEHEHHIO MapaMeTpoB CTPYKTYp B 2...10
pas.

IIpemioxena crnenuanbHas NpoToHHas 00padoTka GaAs, MO3BONAIONIAS HCIONB30-
BaTh MOJOOHYIO CTPYKTYpYy B KadeCTBE paJHaIllHOHHO-CTOHKOro (otomerekropa. Hcce-
JIOBaHBI MPOLECCH KOMIIEKCHOTO MPOTOHHO-HEHTPOHHOTO M FaMMa-TIPOTOHHOT'O BO3JIeH-
CTBHS PaJMAlMOHHOTO M3JIyYeHHS Ha XapaKTEPUCTHUKH pPaJUAllIOHHO-CTOHKHX (oToxe-
TekTopoB. [lokazaHo, 4yro OGiaromaps HepecTpoiike CTPYKTYphbl IIyOOKHMX ypOBHEH B
CTPYKTYpe (OTOUYBCTBUTEIHEHOCTh COXPAHSETCS] HEM3MEHHOU B 1Marna3oHe (UIIOSHCOB J10
10" em™.

DKCIepUMEHTaIbHO HCCIIeI0BaHbl MPOLIECCH B CyOMUKPOHHBIX M KBa3HOAIMCTHYE-
CKHUX TIONICBBIX TPAH3UCTOPaxX HPH IIPOTOHHOM, HEHTPOHHOM M ramma-oOmydenun. Ilpo-
BEe/ICHbI M3MepeHHs Aerpajanun cratndecknx (BAX, xpyTHs3Ha, eMKOCTH) U TUHAMHYE-
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ckuX (K03()(OUIMEHTHl YCUIICHHS U IIyMa) MapaMeTpoB CYOMHUKPOHHBIX (B TOM YHCIE C
nHoH karana 0,05...0,1 MKM) TpaH3HCTOPOB MPH PAJHAIIOHHOM OOTYYECHHH.

OKCIepUMEHTAIBHO TT0Ka3aHo, YTO B PEXXUME MEXONMHHON TeHepaluy KBa3noOa-
JHCTHYECKHUH MoIeBoi TpaH3uctop (¢ ammHoi kanana 0.05...0.1 MKM) IMeeT Ha MOPSIOK
MEHBIIYI0 YyBCTBUTEIBHOCTH K pPaJHallHOHHOMY OOJYyYSHHIO YeM KJIACCHUYECKUH ANOK
lanna. B pexxume ycuineHust MOoZOOHBIA TPaH3HCTOP MPOJEMOHCTPUPOBAT CTOHKOCTH K
HElfTPOHHOMY OGITyYeHHIO BIUIOTH 10 3...5-10'° cM ™%, Kk 103e ramma-o6mydenus go 10° T'p,
U K MOIITHOCTH JIO3BI TAMMa-00JTyIeHH s CBBIIIIE 3-10" I'p/e.

Ha ocHOBe 3KCHepHMEHTANBHBIX JAaHHBIX MTOKa3aHo, 4YTo Oiaromapst Tudpakiuy or-
TUYECKOT0 W3Iy4eHHs Ha ocTpue V-o0pazHoro 3arBopa kBasubammuctuyeckoro IITIII
ylaeTcs JIOKalInu30BaTh 3HEPTOBBIICICHHE M3IyUeHUs] B OOJACTSX, CYIECTBEHHO MEHb-
KX JUTHHBI BOJHBL, U MOAU(HIPOBATs 00JACTh KaHala TPAH3UCTOPA, B TOM UHCIIE IPH
HaJIMIMH B HEH paJUalliOHHBIX Je(heKTOB.

DKCIepUMEeHTAIBHO alpOoONPOBaHa TEXHOJIOTHS MAarHETPOHHOTO HATIBUICHUS 3aTBOpa
MommHoro cyomukponsnoro IITII ¢ mocnexyromei AOMOTHUTENBHOH 00pabOTKOHM moO-
BepxHOCTH GaAs MeXTy 3aTBOPOM M CTOKOM DJIEKTPOHHBIM OOTyUeHUEM, HO3BOJISIOMIAs
YIIy4IIUTh BBICOKOYACTOTHBIE MTapaMeTpPhbl U paJUalluOHHYIO0 CTOMKOCTh TPaH3UCTOpa B 2
u Oonee pas.

OKCIepUMEHTalbHO —ampoOHpoBaHa MpoleAypa JadbHOAEHCTBYIOIETO HOHHO-
Jy4eBOTO TeTTepHPOBAHUS, yIydllarolias BbICOKOYACTOTHBIE TapaMeTphl U paJHaIlloH-
HYIO CTOHKOCTh MOIIHBIX CyOMHKPOHHBIX MOJIEBBIX TPAH3UCTOPOB B 2...3 pasa.

Pesynprater pabotel ucnonb3oBanbl B HHI'Y mpu mocraHOBKe y4eOHBIX KypCOB
“TBepmoTensHasl AMEKTpoHMKA”, “MomennpoBaHye MOJYIPOBOJHUKOBEIX IPHOOPOB” M
IIPU TIOJITOTOBKE JTA0OPATOPHOTO MPAKTHKyMa IO Kypcy “Pu3nka IOIIyIpOBOJHUKOBBIX
npubopoB”.

Pabora BbIONHEHA NPU YAaCTUYHOM mMmojyepxke rpaHta no npoexkty HATO SfP-
973799 IlonynpoBonHUKH. ABTOp KpailHe IpU3HATENEH CBOMM KOJUleraM 3a OOJBIIYO
MOMOIIb TPH TOJTOTOBKE CTaThu. Pa3fen, MOCBAIIEHHBIH MOJAEIMPOBAHHIO TPAaHCIOPTA
JJIEKTPOHOB B CYOMHUKpOHHBIX (GaAs CTpyKTypaX, HammcaH B COaBTOPCTBE C
H.B./[lemapunoii. DkcriepiMeHTaJIbHBIE JaHHBIEC MO BHICOKOYACTOTHBIM MapaMmeTpaM Io-
JIEBBIX TPAH3UCTOPOB JrobGe3no mpenocraBieHsl M.A.KuraesbiM u A.I'.DedenoBbim.
Oco0yto 6maromapaocts aBTop BhlpaxkaeT B.K.Kucenery, A.H.KauemnieBy, B.A.Ko3znosy,
J.B.I'pomosy, B.T.I'pomory, B.JI.Cxynosy, JI.1.Terensb6aymy u A.B.SIkumoBy 3a 1ieH-
HBIE 3aMEYaHMsI, PEKOMEHIAIMU U NPEJUIOKEHHs, KOTOPbIE aBTOP MOJIYy4HII B X0ze 00Cy-
KJICHUS MaTEePUaAIOB PadOTHL.
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Simulation of the characteristics of submicron GaAs field-effect transistors
with radiation-induced defects

S.V.Obolensky”
Nizhni Novgorod State University, 23 Gagarin Ave., Nizhni Novgorod 603950, Russia

Introduction

Further development of semiconductor electronics is associated with reducing the
size of the effective regions for active elements (diodes and transistors), which to date has
reached the values of 0.1 um and less. The fundamental change in the physical processes
underlying electron mobility in such structures has made it possible to extend the cut-off
frequencies to a higher limit, reduce the switching energy, and decrease the length of the
data transmission lines in integral circuits (IC).

In recent years the interaction between various types of photon and corpuscular radia-
tion and the components of radioelectronic apparatus (ICs and discrete semiconductor
devices) has become a subject of growing research. The importance of these investiga-
tions is attributed, on one hand, to the problem of the radiation resistance of military and
space systems and, on the other hand, to the development and ever increasing application
of the radiation technological processes for fabrication and testing of semiconductor de-
vices. The use of mathematical models not only allows for savings in time and materials
required for apparatus development, but often is the only possible means that helps under-
stand and visualize the physical processes going on in submicron structures of semicon-
ductor devices under the impact of radiation [1-24].

Exposure to irradiation gives rise to defects and ionization in a semiconductor.
Radiation-induced defects can be arbitrarily divided into point defects (vacancy and atom
in interstitial position), defect complexes (for example, vacancy-impurity atom), and
radiation defects clusters (RDC), i.e., aggregations of point defects and their complexes
forming under the action of fast neutrons, cosmic protons and heavier particles. The
tendency for the active regions of submicron semiconductor devices to decrease is
physically limited by a) the inhomogeneity and finite number of charged point centers
(impurity ions, defects, etc.) in the devices: b) the size of extensive space-charge regions
(SCR) (p-n transitions, Schottky barriers, RDC, etc.) which are determined by the extent
of doping of semiconductor layers. The latter is most important for advanced devices with
the lengths of the active regions reaching 0.1 pm and less.

In structures of reduced dimensions a radiation impact leads to radical changes in the
physics underlying the device operation, which are due to a number of factors:

1) the characteristic spatial scale of electric field variation is comparable with the relaxa-
tion lengths of the energy and electron pulse and the electron mean free path;

2) the characteristic dimensions of the device operation regions are comparable with the
distance between the radiation defects clusters;

2 Phone: +7-8312-656032; Fax: +7-8312-656416; E-mail: obolensk@rf.unn.ru
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3) the characteristic dimensions of the device operation regions are comparable with those
of RDC;

4) ionizing radiation heats up the electron gas that has no time to cool off in transit
through the device operation region;

5) under neutron irradiation the proton-insulating regions of ICs undergo a structural
change, which affects the current flow processes and photosensitivity;

6) interaction between ionizing radiations (particularly, laser’s) and nanometer metal ob-
jects has some specific features;

7) the radiation technological processes (for example, gettering) largely alter electro-
physical properties of a semiconductor, which has a noticeable effect on formation of
radiation-induced defects in submicron devices;

8) the electrons accelerated to energies of 0.5...1 eV by high electric fields (~ 100
kW/cm) in submicron devices are able to penetrate RDC, which calls for a radically dif-
ferent approach to modeling of the radiation resistance for these devices.

Absorption of radiation in the interface areas of submicron structures is specific. The
differences in atomic weights, density, the photons /fast particles interaction cross-
sections give rise to nonequilibrium processes at the interfaces, which both enhance and
weaken the radiation effect. The characteristic lengths at which such effects exhibit activ-
ity are comparable with the sizes of active regions in up-to-date devices (~ 0.05...0.1
um), therefore, irregularities in the defect formation and ionization, electron gas heating
and springing of quantum-size structures RDC lead to qualitative changes in the process
of current flow through the active regions of a device. Although the lengths of the active
regions in such devices compare well with the length of a collision-free path of electrons
and, seemingly, the radiation defects should not have any impact on device operation, this
influence does show up at certain values of the electric field strength as improvement in
the characteristics of submicron devices.

The situation is different at the interfaces between a semiconductor and a metal ob-
ject of nanometer dimensions. Despite the random character of interaction between radia-
tion and multilayer compositions, the nanometer-size areas adjoining the faces of ex-
tended metal objects have RDC arranged in an ordered fashion along at least two of the
three coordinates due to a higher fluence. This circumstance brings about essential
changes in the electron transport in such regions. One has to take account of not just the
processes going on near two-dimensional objects (interfaces), but of one-dimensional
objects too, i.e., extended faces of metal contacts, RDC chains, etc. The mathematical
models have to be modified to ensure adequate description of the physical processes in
submicron devices, optimization of the latter’s design (for radiation stability also), and
processing of the experimental and tests data.

A number of mathematical models have been developed for a study on a charge car-
rier transport in semiconductor material and for simulation of the radiation absorption in
multilayer structures, including models based on the method of particles (involving the
Monte-Carlo method). Yet, the radiation resistance of submicron semiconductor devices
has so far been designed with simplified simulation techniques, by substituting the device
to be studied for an equivalent circuit. Such an approach is justified when applied to de-
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vices having micron topology norms, but it fails to account for the above physical effects
stemming from the submicron dimensionality of the active regions.

To analyze the processes in submicron devices will take a combination of physical
and topological modeling (a quasi hydrodynamic approximation) involving the method of
particles based on Monte-Carlo technique. The major advantage offered by such a combi-
nation is a possibility to carry out a complex analysis of the processes of ionization, defect
formation and electron transport in multilayer nanometer structures. Owing to the physi-
cal-topological models of semiconductor devices, that in some approximation simulate the
real transport of charge carriers, it is possible, by changing the electron flow conditions, to
model the above processes thus gaining an insight into the electrons interaction with vary-
ing-in-time nanometers structures of RDC. Such work has never been done on submicron
devices yet.

Lack of a unified approach to modeling of a complex radiation effect on submicron
semiconductor devices and the difference in the experimental data on radiation resistance
for submicron devices of domestic and foreign manufacturers call for development of a
complete system of design and experimental techniques. Two-dimensional and three-
dimensional nonstationary simulation of the charge carriers transport as affected by
quanta and fast particles, and calculations of a heat distribution in semiconductor struc-
tures enable one to study the dynamics of the processes of charge carrier concentra-
tion/energy redistribution, the electric field and electric currents determined by the above
factors. The latter is particularly important in processing of the experimental results, when
measured time dependences of currents and voltages imply complex processes of interac-
tion of the electron gas with the crystal lattice and radiation.

The proposed theoretical method for analyzing radiation effects on devices is sup-
posed to enable 1) design of a spatial structure of RDC and their space distribution both in
uniform material and in multilayer compositions; 2) modeling of collision-free electron
motion and the processes of collisions with the radiation defects, hindering this motion;
calculation of the electron energy distribution functions and the energy valley occupation;
3) using the results of theoretical calculations and experimental data for the initial and
boundary conditions; 4) design of the static and dynamic parameters of semiconductor
devices and radioelectronic systems in general.

Experimental investigations of the above processes require that a complex approach
be taken to a parameter analysis of materials, multilayer structures and devices. For one
test object it is advisable to make the entire variety of measurements in order to determine
as many parameters as possible for both material and device. Such an approach has never
been used before because of a different spatial scale (characteristic lengths) of the proc-
esses.

The objective of this work is to develop the methods and means for the design and
experimental modeling of physical processes in submicron GaAs semiconductor devices,
taking into account the dimensionality and radiation effects [25-69].
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Study of the electrophysical characteristics of epitaxial GaAs structures in
submicron semiconductor devices under irradiation

To acquire initial data for developing the models of submicron devices, a study was
carried out on the process of interaction between radiation and submicron semiconductor
structures. The theoretical estimates and models available in literature [3-8, 10-19] were
specified based on the experimental data and results of computer-aided experiments of
recent years. A model for a radiation defect cluster as a formation partly transparent for
high-energy charge carriers (0.3...1 e¢V) has been developed [30,33,58,62,63].

In the course of calculations 300 collision cascades were designed for each energy of
a primary atom: 10, 25, 50, 100, 200 and 400 keV. In each cascade, the radiation defects
subclusters (RDSC) were counted taking into account their size- and mean-
intersubcluster-distance distributions (Fig.1, page 207). The result of the above proce-
dures shows that neutron irradiation of GaAs and Si gives rise to formation of RDC in
semiconductors, with the characteristic size of subclusters being close to 10 nm and the
distances between them varying as 10...40 nm in GaAs and 30...80 nm in Si. Since the
mean free path of hot electrons (energies above 0.3 eV) is shorter than 5...10 nm, their
collisions with subclusters should be considered separately.

Fig.1, page 207. Size distribution of subclusters in a collision cascade for different initial
energies of a primary atom. The data are given for Ga implanted in GaAs [50].

With a view to modeling the processes of rapid recovery of submicron device pa-
rameters after the action of a neutron radiation pulse we studied the processes of a stable
RDC region formation in GaAs. Unlike silicon, GaAs is characterized by practically im-
mobile vacancies and a much wider variety of point defects complexes. Therefore, at the
final stage of formation, a cluster’s shape and the charge which specifies the field in the
space-charge region of radiation defects subclusters will be determined by rearrangement
of the defects complexes around a relatively stationary and stable core. On average, 2...10
stable subclusters are formed in RDC by irradiation of GaAs with neutrons of 1.5 MeV
energy. The space-charge regions of subclusters merge into one large aggregation pre-
venting movement of low-energy electrons, whereas electrons with energies above 0.2-0.7
eV can penetrate between the subclusters. As the distance between subclusters varies
within a broad range, practically every cluster has a “hole” through which a hot electron
can penetrate into RDC (Fig.2, page 207).

Fig.2, page 207. Mean distance between electron-opaque subcluster regions as a function
of electron energy in n-GaAs: dopant concentration 6-10'7 cm™ — (- ); 10" cm™ = ().
Figures indicate the energy of the Ga primary atom (in keV). D is the size of the gap be-
tween clusters, at which quantum reflection becomes significant [50].

To enable modeling of ionization currents in submicron devices under gamma radia-
tion, we studied the process of electron gas heating through generation of primary elec-
trons (30...500 keV) by gamma quanta (50...5000 keV) and a subsequent generation of
secondary electrons with the energies 0.2...1 eV [36]. It is shown that the resulting energy
distribution function of electrons at the time of y-irradiation can be approximated with a
10...20% accuracy by the well-known expression for the Maxwellian distribution. The
latter allows application of a quasihydrodynamic approximation to analysis of the proc-
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esses arising in submicron devices exposed to y-irradiation, thus accounting for the varia-
tion of the electron gas energy that brings about a change in the spatial distribution and
rate of charge carriers as well as in the high-frequency and static parameters of device on
the whole.

Based on the results of modeling the processes of interaction between radiation and
submicron semiconductor structures it has been shown that due to mechanical stresses, the
proximity of metal-semiconductor interfaces, the nanometer thickness of transition and
active layers, the impurity-defect system of the structure in submicron devices differs
from that of micron-size samples. An experimental approach to analysis of the processes
taking place in submicron GaAs devices under irradiation is proposed.

The structure and the parameters of test samples were picked with regard to the vari-
ety of the processes to be analyzed, and structures were divided into major and minor
ones. The samples were selected so as to differentiate between the processes under study,
i.e., in some samples the dominating effects were those related to changes in the concen-
tration and mobility of charge carriers, while in others the effects of a ballistic motion of
electrons prevailed. An optimal device for such measurements is a Schottky-gate field
effect transistor (Schottky-gate FET). Analysis of its current-voltage and capacity-voltage
characteristics yields both the profiles of electron density distribution and electron mobil-
ity across the structure, and the dependence of the charge-carrier velocity on electric field.
All of the above, and the fact that quasi ballistic Schottky-gate FET with the effective
length of the gate under 30 nm are available with the author of hereof determined the
choice of a semiconductor structure of the Schottky FET type as the main object for ex-
perimental research [47, 48, 52, 54].

To compare the effects arising in submicron and micron devices we studied a FET
structure with the gate lengths varying as 30 nm, 250 nm, 330 nm, 500 nm, 700 nm, 2 pm,
10 pm, 20 pm, and 50 um. The temperature influence on measurement results was ac-
counted for by using different FET — high-power ones with about 150°C working tem-
perature in the channel, and low-noise FET with a practically room temperature in the
channel. The transistor width varied from 25 to 4800 pm with the width of one section
varying in a 12-1000 um range. For detailed experiments we used transistor structures
with the gate having 3...5 different lengths, the measurement results were compared only
for one structure. The structures were compared based on averaged data. Additional
measurements were taken on Schottky diodes, test elements for measuring contact and
metallization resistance, on samples of crystals and structures used for IR spectroscopy,
ellipsometry, and Hall effect measurements.

Static measurements of the sample characteristics were conducted on I-V meter L2-
56 and C-V meter E7-12 and E7-14. Capacitance spectroscopy of the deep levels was
carried out on a special setup enabling measurements during temperature scanning in a
77 K — 300 K range. Besides, a method of nonstationary current spectroscopy was spe-
cially developed for analyzing the process of fast relaxation of deep levels after the action
of pulsed radiation. High-frequency measurements of the Schottky-gate FET characteris-
tics (amplification and noise factors, output power) were conducted in the conventional
technique.
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Investigations into the processes of fast recovery of submicron FET characteristics
under pulsed radiation were carried out on KAVKAZ, Argument etc. systems available
with the NIIIS research institutes (End User 2). A study was done on the effect of a
gamma-radiation pulse on GaAs FET with the channel length of 10; 1; 0.5; 0.25 and

0.1 m. The gamma pulse duration was 20...30 ns, the dose rate reached 3-10" G/s], the
average quantum energy being 1MeV. A photocurrent was detected in the field effect
transistor at- and immediately after the irradiation impact (Fig.3). Besides, photocurrent
was detected in a interdigital photodetector [25, 54-57]. Due to a short lifetime in the pro-
ton-insulating GaAs layer, the photodetector response was of the same form as the gamma
radiation pulse.

Fig.3, page 209. Load voltage of FET with a 0.1 um channel length (upper branch) and
photodetector voltage (lower branch) under simultaneous irradiation by X-ray quanta:
upper branch — 500 mV/point; lower branch — 200 mV/point; time scan —250 ns/point.
The arrow indicates the instance of the radiation impact. The noise prior to irradiation
instance is due to the electromagnetic field of the x-ray setup.

Analysis of the measurement results has revealed two deep levels responsible for du-
rable (to 100 ps) changes of current in the transistors. The position and depth of the layers
were in agreement with the capacitance spectroscopy data. The experimental dependence
is favorably approximated by the sum of two exponents of different signs corresponding
to two kinds of defects. The coefficients preceding the exponents were used to calculate
the concentrations-, and the characteristic recharge times - the depth of the energy level of
the defects. The obtained results are as follows: E. = 0.8 eV for 10" cm™ concentration,
E.=0.4 ¢V for 3-10" cm™ concentration.

At a second stage of measurements the transistor current was measured versus time
under the action of a neutron radiation pulse (Fig.4, page 209) with the fluence on order of
310" em™. The process of rearrangement of the radiation-induced defects complexes
within a millisecond range was detected. By analyzing the resulting I-C characteristics of
the transistors, which were taken every 5 ms after the impact of a neutron pulse, it was
possible to estimate the depth of the levels corresponding to the radiation effects in the
forbidden band. Analysis of the experimental data and the calculation results have both
shown restructuring of the RDC shell to be taking place.

Fig.4, page 209. Relaxation of I-C characteristics of submicron FET after irradiation with
a neutron pulse. Upper branch is the voltage proportional to the FET drain current:
gate-source voltage U = -1 V; drain-source voltage is sawtooth-like, 0...5 V;

time-base — 2 ms/point. Lower branch is a signal from neutron radiation detector.

The characteristic time of the restructuring process is 5...15 ms over which the radia-
tion defects concentration decreases by an order of magnitude.

With a view to analysis of the effects produced by complex radiation on submicron
devices, a study was carried out on RDC formation processes in a semiconductor with a
high concentration of point radiation defects under proton- and, following it, neutron irra-
diation of GaAs. Since the samples resistance is high at large doses and fluences of irra-

"1 G/s =100 rad/s
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diation, the measurement technique providing highest precision proved to be an optically
induced current spectroscopy of deep levels of the radiation effects. For measurements,
we studied a photosensitive element that structurally is a interdigital system of electrodes
based on a GaAs semi-insulating substrate with an epitaxial undoped layer (10" cm™),
irradiated with 3 doses of protons 0.1...2 puCl each and varying in energy as 30, 60 and 90
keV. The interelectrode distance varied within a 5...50 um range. The interdigital struc-
ture consisted of 10...50 pins (a pin length was 0.1...1 mm for a width of 10...25 pum).
The proton-insulating region of a thickness reaching down to 1.2 um from the surface
reduced the dark resistance of the structures by more than an order of magnitude. Such
layers are used for insulating the FET contact areas against one another and against the
active regions of the transistor.

Dependences of the interdigital photodetector current on wavelength under irradia-
tion are shown in Fig.5, page 210. A reduction in the photosensitivity by neutron irradia-
tion is associated with the potential well for the holes, existing in the RDC region. It is
responsible for the capture and fast recombination of holes through the defect levels in the
vicinity of a radiation defects cluster. The current spectroscopy analysis (Fig.6, page 210)
has shown the protons-induced defect complexes (shallow levels in the forbidden band) to
restructure under neutron irradiation into larger RDC. The photosensitivity of samples to
quanta with the energies approaching the fundamental absorption edge in this case was
only slightly dependent on the dose of gamma-irradiation (to 10° G) and on the fluence of
neutron radiation (to 10" ¢cm™). Such structures have been successfully used as radiation-
resistant photodetectors. High performance and high radiation resistance of the IC pho-
toswitch based on a interdigital structure and FET, which is used as a commutator ele-
ment.

Fig.5, page 210. Dependencies of photocurrent for i-GaAs interdigital structure with
proton-irradiated (1.4-10' cm™ dose per energy of 30; 60; and 90 keV) active region,
irradiated by fast neutrons (<En>= 1 MeV) and gamma-quanta (<Ey> =1 MeV).

Fig.6, page 210. The spectra of optically induced current spectroscopy of photoresistance
after irradiation impact: initial samples — 1; a 10* G dose of gamma quanta and 10'* cm™
neutron fluence — 4; a 10° G dose of gamma quanta — 3; a 10> G dose of gamma quanta
and 10" ¢cm™ neutron fluence — 4. On top: depth and type of level in the forbidden band
of GaAs.

Modeling of charge carrier transport in submicron GaAs semiconductor structures
under proton, gamma and neutron irradiation

When the active region of submicron semiconductor devices shrinks to lengths of
50...500 nm, the effects of ballistic and quasiballistic transport of electrons in highly-
inhomogeneous electric fields come into particular prominence [1,22,23]. In this case, a
radiation resistance analysis is supposed to involve two- or three-dimensional approxima-
tion and account for a number of new effects arising from heating of the electron gas un-
der irradiation and scattering of the carriers on the radiation-induced defects. To analyse
the radiation effects on submicron semiconductor devices, we used a quasihydrodynamic
method (QHM) for describing the charge carriers transport [1,22,24,35,37,39,40,42.45,
46,53,59-61]. The Monte-Carlo method was used to determine the variation of the en-
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ergy/pulse relaxation times, the average energy and the drift velocity of electrons, and
also other parameters of semiconductor material exposed to irradiation [32,36,63].

By averaging over the ensemble of electrons we simulated the processes of collision-
free electron transport in short GaAs structures, which were interrupted by scattering on
the phonons, dopant ions and by intervalley transitions.

An additional mechanism of small-angle scattering, involving the Brooks-Herring
(and also Conwell-Weiskopf ) interaction potential was introduced to account for the
point defects. The charge carriers interaction with RDSC was regarded as an elastic scat-
tering on the impurities enclosed in the space-charge region, with a randomizing angular
distribution. According to the RDSC size calculation results, the size of the area blocking
the electron flow depended on the energy of an incoming electron.

The data on the mean distances between subclusters and the average amount of sub-
clusters in a collision cascade were used for estimating subcluster concentration. Besides,
we used the experimental estimate of the point defects concentration, Nyg = K(F,)-F, ,
where N4 is the point defects concentration, F,, the neutron radiation fluence. The value
of coefficient K4 (F,) is about 50 cm’'. The average concentration of subclusters was
picked based on the original experimental data that were in agreement with the measure-
ment results provided by other authors:

Ny = Kg(Fpo)-Fy, where Ny, is the concentration of disordered regions. For fluence
values of 10™...10'® cm? the cluster concentration is 10'%...10'3 cm?, so the coefficient
Kg(F,) = 0.2 cm™. The values for K,q and K, were specified by varying these coefficients
so as to have the calculated values of electron concentration and mobility fit the experi-
mental- and deep level spectroscopy data. For different samples and experimental condi-
tions these quantities varied as: Kpq ~ 41...63 em™ and Ky, ~0.16...0.24 cm™.

Briefly, the results of modeling the radiation-affected electron transport can be sum-
marized as follows. In the case of scattering at point defects, the rise in their concentration
causes an increase in the Debye screening length, i.e., the scattering remains to be small-
angle but the average distance between the scattering centers decreases, which results in a
higher scattering frequency. This distinction between the processes of scattering on radia-
tion defects and on atoms of ionized impurity (in which case the scattering frequency does
not change, while the mean angle of scattering increases) is the reason why, for the same
concentrations of impurity atoms (10'® cm™) and point defects, the dependences of the
drift velocity and the momentum relaxation times differ by 10...15%.

Figs 7 (page 212) and 8 (page 212) demonstrate the dependences of a drift velocity,
mobility and relaxation times of the electron energy and momentum in GaAs before- and
after proton irradiation. Despite a small-angle pattern of the electron scattering on charged
radiation defects, a largely increased frequency of the scattering causes a decrease in the
mean free path and, following it, a drastic reduction in the mobility and drift velocity. On
the other hand, a decreasing rate of building up energy by the electrons means there is less
probability of emission from optical phonons and intervalley transitions, so, the energy
relaxation time increases. The experimental data were obtained by analysis of the current-
voltage characteristics of proton-irradiated (20...100 keV) FET.

A study was done on variation of a drift velocity burst in submicron structures. The
influence of point defects on the burst amplitude is reduced with an increasing strength of
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the electric field. For fields under 25 kV/cm in structures of a 250 nm length the presence
of point defects in a concentration comparable with that of the doping impurity causes
suppression of the velocity burst. In GaAs structures not exposed to radiation the same
effect takes place when a sample length exceeds 1000 nm. At fields of about 100 kV/cm
(working field strengths in submicron FET) the effect of velocity burst shows up even at
defect concentrations being 2...5 times higher, which determines a higher radiation resis-
tance of submicron FET.

Fig.7, page 212. Drift velocity v ( - ) in GaAs, mobility p (---) in GaAs and (- ) Si as a
function of electric field strength for different proton dosage: D, =0 em” - 1; D, =2 10"
em? —2; D, =4 10" ¢cm™ — 3. The analytical result is shown by [, the experimental data
— by A. Impurity concentration: 6:10'7 cm™ in GaAs and 10'7 cm™ in Si.

Fig.8, page 212. Energy relaxation time t (-) in GaAs and pulse relaxation time t (---) in
GaAs and (-) in Si as functions of the mean energy of electrons for different proton doses:
D, =0 cm?—1; D,=2 10" em™ % D,= 410" em™3; experimental data are shown by A, [.
Impurity concentration: 6-10'” cm™ in GaAs and 10" cm™ in Si.

We investigated the influence of neutron irradiation on the electrophysical parame-
ters of n-GaAs varying in a dopant concentration as 10'> and 10" em™, which corre-
sponds to the doping levels in a buffer layer and a field-effect transistor channel.

Dependences of the electron mobility and velocity in GaAs on electric field, as well
as dependences of the energy / momentum relaxation times on electron energy in the neu-
tron-irradiated samples and in samples unaffected by radiation have been calculated
(Fig.9, page 214) and experimentally measured.

Fig.9, page 214. Dependences of the drift velocity (-) and mobility (---) of electrons in
GaAs and Si on electric field: without irradiation —1 and 2; after irradiation with neutron
fluence of 10" cm™ — 3 and 4. Dopant concentration: 10'> cm™ — 1 and 3; 107 cm™ — 2
and 4. Experimental data: [, A, V, o, e, 0.

As with the proton irradiation effect, scattering on the radiation defects clusters re-
duces the momentum relaxation time, the mobility and velocity of electrons with energies
lower than 0.4 eV (Figs.9, 10, page 214). Due to a randomizing character of scattering on
the disordered regions the back-scattered electrons are decelerated by the electric field.
This process is to a certain extent similar to the energy release through generation of an
optical phonon, which compensates for the influence of point defects and determines a
weak sensitivity of the energy relaxation time to the neutron irradiation fluence.

Fig.10, page 214. Electron energy, t (---), and pulse, T (-), relaxation times versus mean
energy of electrons in GaAs and Si: without irradiation — 1 and 2; after irradiation with
neutron fluence of 10> cm? — 3 and 4. Dopant concentration: 10" ¢cm™? - 1 and 3; 10"
cm? -2 and 4. Experimental data are shown by [, A, o, e.

Variation of the energy / momentum relaxation times brings about a change in the
valley population. The influence of such changes is biggest on the runaway effect. A rise
in the energy relaxation time within the electron energy range to 0.3 eV even at low elec-
tric fields of 2...4 kV/cm causes the electron energy to increase until intervalley scattering
is launched. The effect sensitivity to the radiation defects shows up through an increase
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(1.5-fold) in the electric field strength, which corresponds to the maximal stationary drift
velocity of electrons in the neutron-irradiated material (Fig.9).

Fig.11, page 214. Electron mean energy as a function of the electric field duration: GaAs
unaffected by radiation — 1 and 3; GaAs irradiated by 10'> cm™ fluence of neutrons — 2
and 4; GaAs irradiated by a proton dose of 2-10'* cm™ — 5 and 6. Electric field strength:
3.2kV/em—1.2and 5; 2 kV/cm — 3,4 and 6.

The effect of ionizing radiation on electron transport in submicron structures was
considered for structures both unexposed- and exposed to neutron irradiation. Calcula-
tions were performed for uniform structures of 100, 250, 500 and 1000 nm length, having
10 ¢m™ dopant concentration. Fig.12 (page 215) shows mean drift velocity and energy
of electrons as functions of the electric field strength under gamma-irradiation.

Fig.12, page 215. Theoretical dependencies of the average velocity (-) and energy (---) of
electrons on electric field strength in the absence of radiation and under gamma-quanta
irradiation in a structure of 100 nm length.

At E<4 kV/cm the electron energy doubles under the radiation impact, which results
in a 5-fold increase in population of the L-valley (Fig.13, page 215). The mean drift ve-
locity of electrons decreases with the appearance of nonequilibrium carriers. On one hand,
this occurs due to increasing population of the upper valleys, which are characterized by a
high effective mass, on the other hand — through a decrease in the drift velocity in either
valley. The experimental findings showed good agreement with theory.

Fig.13, page 215. Hot electrons distribution over the I', L — conduction band valleys of a
100 nm-length GaAs structure as a function of the electric field under irradiation with a
gamma-quanta flux: 0 G/s — 1; 5-10° G/s — 2; 10'° G/s — 3.

The effect of ionizing radiation on structures with radiation-induced defects was
studied on a 1000 nm-length structure. Generation of nonequilibrium carriers results in a
higher mean energy of electrons and a greater probability of intervalley scattering. Scat-
tering on the defects, on the contrary, reduces the mean free time and the average energy
acquired by electrons over the free path, and increases the population in the I'-valley. As a
result, the presence of radiation defects causes the mean drift velocity to increase at a
gamma-irradiation instance 2-fold and more in fields over 80 kV/cm (Fig.14, page 215).
As these are the working strengths of electric field for submicron FET, the above result is
important in terms of predicting irreversible failures through uncontrolled rise in the cur-
rent at irradiation.

Fig.14, page 215. Mean drift velocity of electrons (100 nm length of structure) versus
electric field strength before (-) and after () neutron irradiation (2-10"* cm™) without
and in the presence of gamma irradiation.

A rigorous approach to the quasi-hydrodynamic approximation is possible only given
the Maxwellian energy distribution of electrons. According to the calculations, both —
prior to neutron irradiation and after the impact — the electron energy distribution in the L-
and X valleys is of the Maxwellian type, and in the I valley it differs from the Maxwel-
lian distribution only in high fields, when the population of this valley is low. In modeling
of gamma-irradiation the electron energy distribution function was calculated for a struc-
ture of 100 nm length and a field strength of 20 kV/cm at which the maximal value of
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electron drift velocity in a structure was achieved. When the dose is increased from 5-10°
to 5-10'° Gf/s, the fraction of “hot” electrons increases from 8.5 to 85% of the concentra-
tion of equilibrium electrons. On the whole, the type of a distribution function at gamma
irradiation is close to Maxwellian distribution.

The basic equations defining charge carrier transport in a quasi-hydrodynamic ap-
proximation are the Poisson equations, the continuity, energy balance and charge carrier
momentum equations, and also expressions for the densities of current and electron en-
ergy flux [24], see (1), page 216. Here V is the potential; n is the electron concentration;
N., N. are the concentrations of positively and negatively charged ions (donors, acceptors,
radiation defects); j, j, are the densities of the electron current and total current; j,, is the
density of the electron energy flux; W, W, are the nonequilibrium and equilibrium energy
of electron, respectively; 7, is the energy relaxation time; 7, is the momentum relaxation
time; m is the effective electron mass; D the diffusion coefficient of electrons; v is the
electron drift velocity; E the electric field strength; & the dielectric constant; F, the neu-
tron fluence; q the electron charge modulus; G is the coefficient of charge carrier genera-
tion under irradiation (allowed for only at the time of irradiation); R the recombination
coefficient (allowed for only at and immediately after the irradiation impact); W, is the
mean energy of a generated electron (allowed for only at the action of irradiation).

The effects of nonlocal heating of gas in highly inhomogeneous electric fields, aris-
ing in the channels of submicron field-effect transistors under irradiation determine the
acceleration and deceleration velocities of electrons in transit along the transistor channel.
These processes are appropriately taken into account by introduction into the quasi-
hydrodynamic model of the balance equations for energy and momentum whose coeffi-
cients depend on a radiation impact.

When simulating ionization processes that are responsible for production of electron-
hole pairs, set (1) has to be extended to include similar expressions for the hole current
and energy flux densities, and also the continuity equation for the hole component of cur-
rent. Since the hole mobility in GaAs is by an order of magnitude lower than electron
mobility, and the hole concentration is comparable with the electron concentration in the
transistor channel at dose rates above 10'! G/, including the velocity burst effects and
other features of nonstationary and nonlocal variation of the holes energy week influence
on the results of transistor parameters calculation. Yet, the hole charge, just as the recom-
bination processes, was taken into account in designing electric field distribution in the
FET channel under gamma irradiation.

Although a FET gate is isolated by a Schottky barrier, dielectric layers are used for
passivation of the open surface of GaAs. The experimental results have shown that charge
accumulation in dielectric layers may cause a change in the I-C characteristics of FET by
5...10%, which is due to a high doping level in the channel of submicron transistors in
question. To provide adequate description of the FET processes, the model was completed
with a mechanism taking account of charge accumulation on the GaAs surface. By intro-
ducing additional charge into the boundary nodes of the calculation mesh it was possible
to simulate the near-surface bend of the conduction bands, i.e., increase the FET channel
conductivity.

248



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

Fig.15 (page 218) shows the results of calculations of the electron velocity depend-
ence on coordinate, obtained with the Monte-Carlo method within the quasi-
hydrodynamic and drift-diffusion approximations. A comparison is made between the
coordinate dependencies for GaAs unaffected and affected by neutron radiation for three
different patterns of electric field distribution. For convenience, the same form of a model
function was used to describe a dependence of the electric field strength on coordinate.
This is the function describing the Gaussian distribution. The field amplitude in all cases
was 90 kV/cm, and the parameters that in the Gaussian distribution define the mean value
and dispersion were scaled to be 10% 10°, 10 nm. For lengths over 10 pm at a 90 kV/cm
field the coordinate dependence of the velocity, as determined within the drift-diffusion
model, is close to the calculation accuracy yielded by the Monte-Carlo method. At fields
under 20 kV/cm, which is the case for FET with the channel longer than 2...3 pm at con-
ventional voltage of 5 V, the results obtained within the drift-diffusion model correlate
with the Monte-Carlo simulations, when the channel length exceeds 3 um. The quasi-
hydrodynamic approximation provides an adequate description of the effects in FET with
all of the above lengths and values of neutron fluence, whereas the truncated quasi-
hydrodynamic model serves this purpose for gate lengths over 1 um.

Fig.15, page 218. Electron velocity as a function of coordinate, calculated for a bell-like
distribution of the electric field: DD stands for drift-diffusion approximation; QH denotes
quasi-hydrodynamic approximation; QH denotes truncated quasi-hydrodynamic model
(i.e., without the energy balance equation); MC stands for the Monte-Carlo method. DD,
QH and MC show the curves obtained without neutron irradiation; QH(Fn) and MC(Fn) —
the curves after neutron irradiation.

Theoretical and experimental study of radiation effects in GaAs submicron
Schottky-gate field-effect transistors

A theoretical and experimental study of the effects induced in submicron Schottky-
gate field-effect transistors by irradiation was carried out in order to evaluate the transistor
resistance to radiation [24,26,37,40,42,45,48,60,63]. An optimal mathematical model was
selected by determining the applicability limit of the drift-diffusion and quasi-
hydrodynamic approximations. The effect of neutron irradiation on the characteristics of
n-GaAs transistors with the gate length varying as 10 um; 5 pm; 1.5 pm; 0.75 um; 0.5
pm; 0.25 pum; 30 nm was investigated (Fig.16, page 219). In the latter case the length of
the transistor channel is determined by the size of the gate space charge region and,
depending on gate and drain voltage, is equal to 50...150 nm.

Fig.16, page 219. Microphotograph of the cross-section of FET with a V-groove in the
gate region (V-FET), obtained with the scanning electron microscope JEOL facility (IPM
RAS). Doping of the GaAs layers: n” buffer — 10"*cm™, n channel — 6 10'7 cm™; n* con-
tact layer — 10°cm™. Gate metallization: Au with a W sublayer. The V-gate tip curvature
radius is 15 nm.

Measurements were taken on a saturation current, output power and FET gain coeffi-
cient at the working frequencies (see the Table on page 220). It was shown that the drift-
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diffusion model provides adequate description of the effects in transistors with the gate
length above 1...2 pm.

Table, page 220. Experimental measurements of FET characteristics. In brackets are the
values calculated within the quasi-hydrodynamic model

Channel length, pm /Gate width, pm

Neutron fluence, x 10" u /cm?

Working frequency, GHz / Limiting amplification frequency, GHz

Calculated value of charge carrier concentration in FET channel before

and after irradiation, x 10"7cm?

Saturation current before and after irradiation, mA

Power gain at the working frequency before and after irradiation, dB

Output power at the working frequency before and after irradiation, mW

The quasi-hydrodynamic model was checked by comparing the results of the calcula-
tions of FET parameters degradation by neutron irradiation (see the Table), taking into
account dependencies of the energy/momentum relaxation times on neutron fluence and
without this effect. The difference between the calculations and the experimentally meas-
ured I-C characteristics of FET after irradiation was more than 60% for the model ignor-
ing the relaxation times degradation and under 20% with the account of this effect (see the
Table). We also measured dependencies of the drain current in a transistor (Lg = 30 nm)
exposed to gamma irradiation on the IGUR facility. It was found out that the theoretical
and experimentally measured dependencies differ by 20%.

Investigation was carried out into a negative differential conductivity (NDC) of a
normally off quasi-ballistic V-FET. At a positive bias of 0...0.4 V on the gate and
0.5...1.5 V on the drain, which correspond to the transistor NDC, a generation occurred at
frequencies of 32...38 GHz. A spread in the generation frequency for transistors based on
the same semiconductor structure was about 1GHz for a 20 MHz bandwidth of a gener-
ated signal. The signal power was 1 mW per 1 mm gate width, its amplitude reaching a
maximum at a drain voltage of 0,7 V and decreasing 2-3-fold with a change in the voltage
to 0.5 V (or to 1.5 V). The efficiency of the electron frequency tuning to a varying drain
voltage is 1 GHz/V.

High-frequency characteristics of FET under ionizing irradiation were studied with a
light-emitting diode (40 mW, 0.55 um) incorporated into the measuring facility. Under
the irradiation impact the power gain increased by 0.1...0.3 dB, which was attributed to a
better match between the V-FET and the measuring system. A generated signal bandwidth
showed a weak dependence on radiation power, and the generation frequency decreased
by 20...30 MHz. At a voltage of 0.5 V the generation mode was switched on by irradia-
tion.

After a neutron irradiation treatment (<E>=1 MeV) the transistors were divided into
two unequal groups. In one group (80...90% of samples tested) the FET transconductance
was observed to reduce to half of its original value and the gain decreased 1.5-3 times at
fluence values of 5-10"°cm™. After neutron irradiation with a 10">cm™ fluence the gener-
ated signal characteristics remained unchanged, and at fluence of 5-10"°cm™ the signal
amplitude decreased by 60%. In the second group (10...15 of samples tested) the FET
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high-frequency parameters were found to improve 1.3...1.5 times. This effect is dealt
with in Chapter 4.

The reasons behind the effects of NDC and high-frequency generation were studied
within a 2D quasi-hydrodynamic model. It was shown that the generation relates to inter-
valley transitions and is due to a decrease in the length of the ballistic electron transport
with an increasing longitudinal electric field in the V-FET channel. The latter circum-
stance leads to a lower mean velocity of the electrons and drain current on the whole at a
higher drain voltage. The size of a sample area in which intervalley transitions can possi-
bly be realized is determined by the ratio of electron velocity to frequency of the interval-
ley transitions. For GaAs electrons it compares in the order of magnitude with the length
of a V-FET channel (50...100 nm). Since the conductivity of the n+ region lying near the
contact changes resistance through the action of neutron fluence of about 10'"°cm™, and
the intervalley transition process is in itself insensitive to irradiation at fluence values
below 3...5-10"*cm™, the radiation resistance of a V-FET based generator is much higher
than that of the classical Gunn diode. This conclusion has been substantiated within the
quasi-hydrodynamic model.

Experimental and theoretical study of a high-frequency noise in a V-FET under irra-
diation was carried out. For experiments, of the available set of transistors we picked FET
with an optimal gate width for either frequency range: 200 pum (gate-source input capacity
Cy= 0.15 pF) for 12 GHz, 100 um (Cgy =0.08 pF) for 37 GHz, 50 um (C,=0.05 pF) for
60 GHz. The FET saturation current was about 7 mA (for a 50 um gate width). The re-
gions of the gate- and drain voltage values at which the generation and transistor gain
coefficient occurred did not overlap. The noise factor minimum was recorded in normally
off transistors by applying a positive bias voltage of +0,1-0,3 V to the gate. Simulations
have shown this to be attributed to a virtual injector emerging in the source region at
power supply. Fig.17 (page 222) is diagram of the conduction band bottom in FET active
area with the injection region (marked), which supplies high-energy electrons into the
transistor channel. The Schottky-contact-formed potential barrier and the channel-buffer-
layer potential barrier link up producing a characteristic saddle-like structure of the injec-
tor. The injector form is determined by the dopant distribution profile and by the voltage
applied to the gate and drain contacts, which allows for controlling the transistor current.

Fig.17, page 222. Position of the conduction band bottom in the active region of FET with
a V-shaped groove: x is the coordinate along the transistor channel; y is the coordinate
directed from surface into the structure depth.

The electrons fly into the injector with a random sense of velocity vector and, when
traveling through it, get reflected by the walls. The longitudinal field causes a change in
the angular distribution of the electrons coming out of the injector, such that the distribu-
tion maximum coincides with the injector axis, and the angle of electrons injection into
the channel is 50...60° to the buffer layer — channel interface.

Fig.18 (page 223) shows electron mean energy as a function of coordinate for an op-
timal and non-optimal trajectory of electron movement. Since voltage applied to the tran-
sistor drain is 2...3 V, the channel length (determined by SCR of the gate) is 0.15...0.2
pm. The electron gas energy maximum falls on the drain edge of the gate, which is be-
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cause the electric field is highest in this area. Irradiation by a flow of gamma-quanta
causes heating of the electron gas.

Fig.18, page 223. Mean electron energy as a function of coordinate in V-FET under
gamma-irradiation: non—optimal trajectory of movement — 1; optimal trajectory — 2.
Wr.L is the energy of intervalley transition; Wop is the energy of optical phonon.

The coordinate of the intervalley scattering maximum (Figs.19, page 223, and 20,
page 223) in the absence of irradiation coincides with that of the peak of the energy de-
pendence on distance. In the interval; 0.2...0.4 um there is a possibility for intervalley
transitions that lead to formation of a static domain. By irradiation of structure with a flow
of gamma-quanta the domain shifts by 70...90 nm closer to the source. This occurs
through a change in the electron distribution at generation of nonequilibrium carriers. An
increase in the electron energy in the injector region reduces intensity of the impurity
scattering in the region with the coordinates 0...0.15 um. The frequency of impurity scat-
tering largely depends on the valley containing the electron, which conditions a higher
intensity of the impurity scattering in the static domain area.

Fig.19, page 223. Scattering intensity as a function of the coordinate along the optimal
trajectory of electron movement in V-FET at gamma-irradiation: intervalley scattering —
1; impurity scattering — 2; optical phonon scattering — 3

Fig.20, page 223. Scattering intensity versus coordinate along the nonoptimal trajectory of
electrons movement in V-FET under gamma-irradiation: intervalley scattering —1; impu-
rity scattering — 2; optical phonon scattering — 3.

The above processes at dose rates of 10° G/s degrade the noise factor (F) 1.5-fold
with the electron gas heating taken into account, and leave F practically unchanged when
the heating is ignored (i.e., only changes in the concentration of charge carriers are in-
cluded). This can be explained by the fact that the Y-parameters of FET start changing
dramatically only when ionized electrons have contributed essentially in the channel con-
ductivity, i.e., at dose rates over 10° G/s. At the same time, a change in the drain current
dispersion which is responsible for the noise shows up earlier because the mean energy of
the electron gas is higher than it was before the irradiation.

The quasi-hydrodynamic model was used to investigate the processes of recovery of
the FET high-frequency response after the action of gamma- and neutron pulses (fast an-
nealing). Based on the results of experimental study on a time dependence of the deep
levels concentration after a pulsed radiation impact, it was shown that the FET character-
istics recover within 3...30 ms after a neutron radiation pulse of 10'...10">cm™ fluence
and within 10...50 ps after a pulse of gamma radiation with a dose rate of 10'°...10'" G/s.

Nonequilibrium processes at metal-semiconductor interface in GaAs submicron
Schottky-gate field-effect transistors

An important aspect in the problem of radiation resistance simulation is multilayer
composition of semiconductor structures used in up-to-date submicron devices. Radiation
effects are strongest in structures where electrons move along interfaces, since any modi-
fication of the latter tells on the entire electron path. A combination of materials with
different densities and atomic weights leads to disbalance in the radiation absorption at an
interface. If earlier this was the case only for ionization processes in the interface-adjacent
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areas (a higher dose rate effect?), with the structures in use currently, that feature a layer
thickness of about 10 nm and interfaces of about 1 nm, one should account for the non-
equilibrium process of defect formation (amplification fluence effect). The effect of a
higher dose rate and a higher fluence on the radiation resistance of a quasi—ballistic FET
with the channel length of 0.01...0.1 um has been studied [36,48,63].

The processes induced by gamma-irradiation in FET with Al and Au gate of 0,25 um
length were compared theoretically and experimentally. The amplification coefficient and
noise factor of FET under gamma-irradiation were calculated theoretically. It was shown
that the effect of an increased dose rate reduces the radiation resistance of the Au gate
transistor 2...3 times. Neutron irradiation of multilayer compositions causes injection of
heavier atoms from the neighboring layers thus inducing a amplification fluence effect in
a semiconductor. To estimate the number of atoms knocked out of a higher-density mate-
rial into that with a lower density, we took into account the atoms concentration in matter
and the ratio of the fast neutrons — Au, Ga (As) atoms interaction cross-sections (2-4 de-
pending on neutron energy). Due to a difference in the free paths of atoms flying out of a
neighboring material, the interface areas may feature both an increase and a decrease in
the defects concentration. Appreciable changes in the defect concentration are observed at
distances less than 100 nm from the interface (Fig.21, page 225), and the value of defect
concentration may change manifold as compared to that in the material depth.

Fig.21, page 225. Distribution of the radiation defects concentration across the GaAs layer
under irradiation of the material-GaAs type two-layer compositions with fission-spectrum
neutrons.

Neutron irradiation of multilayer structures induces back-scattering of the secondary
atoms and canalization of atoms in the lighter material layers. The latter brings about a
change in the spatial distribution of the defects and facilitates an increase of the defect
concentration in the layers of lighter materials, for example, in the Ti sublayer and in the
close-lying GaAs layer of the gate composition Au-Ti-GaAs.

Formation of radiation defects clusters in the V-FET channel at the Au gate interface
has been investigated. The Au atoms driven out of the gate into the adjacent GaAs layer
by neutron irradiation largely contribute to RDC concentration in the transistor channel.
The size of the space-charge region of clusters will depend on the doping level of a semi-
conductor adjacent to metal. As the gate tip curvature radius (10...15 nm) is comparable
with the RDC dimensions, it so happens that tightly-packed RDC form an ordered chain
in the transistor channel under the gate tip across the electron current lines. Therefore,
neutron irradiation of V-FET structures may give rise to self-consistent formation of elec-
tron-transparent reach-through holes in RDC.

The latter effect leads to a spatial redistribution of the current density. Since electrons
injection into the channel is made possible by reducing the injector barrier with the longi-
tudinal field of the channel, it will proceed opposite the quantum-size holes, i.e., where
the longitudinal field is not blocked by the RDC region. Therefore, the current distribution
in the FET channel will become three-dimensional, which means a higher probability of a
fly ballistic electron through a hole. The spread in the hole sizes, resistance and, hence, in
the quantity of the electrons injected into a hole will determine the magnitude of the FET
parameter variation.
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Calculations of a point defects concentration, mean distances between RDC, and a
cluster’s SCR diameter have shown that at neutron fluence values above 3 10"°cm™ it is
possible that the mean distance between RDSC will compare with the electrons wave-
length, which will be followed by formation of a specific structure in the V-FET channel,
that will upgrade the transistor performance (Fig.22, page 226). The depth of the effect is
about 50 nm.

Fig.22, page 226. Defects distribution into the depth of Au-Ti-GaAs structure by injection
of Au ions with a 100 keV energy in GaAs, obtained with the Monte-Carlo method. Gate
and channel cross-section views from the source side. Symbol ® indicates the direction of
electron transport towards the source through nanosize holes between RDC (shown by
dash). Space-charge regions of gate and buffer layer, forbidden for electron transport, are
shown by dash-dot line.

It is possible to upgrade the FET parameters by applying the controlling field of the
gate to current-conducting holes from all sides, as is the case in goffered-gate FET. Since
the hole sizes are on order of the electron wavelength, some of the holes, given a certain
bias voltage on gate, feature a quantum-size motion of charge carriers, which in some
cases increases the transistor transconductance. According to the calculations, the pres-
ence of holes causes the FET transconductance to increase 1.5...2 times and more.

It was found out experimentally that after neutron irradiation the transconductance of
the I-C curves for some V-FET increased, which resulted in a higher amplification coeffi-
cient of the transistor. Unlike the neutron irradiation effects, the impact of protons on the
structure does not cause the radiation defects to produce quantum-size holes, and FET
characteristics are decreasing monotonously with a higher fluence.

Analysis of the parameters variation for the entire set of FET in question, which var-
ied in the gate length, has shown an irradiation-induced decrease in the channel length to
values on order of RDC dimensions to cause an appreciable dispersion of the FET pa-
rameters, such that these parameters can be upgraded in some cases (given short channel
lengths). This dependence is explained by the essential inhomogeneities in distribution of
the defects in FET with small active regions.

In [59] was studied amplification fluence effect in a low-noise field-effect transistor
on the base of GaAs/AlGaAs heterostructure with a broadband buffer layer.

A GaAs/AlGaAs heterostructure with a modulated doping for a Schottky-gate field-
effect transistor has been developed. The V-shaped FET created on its base demonstrated
super high working characteristics for a doped-channel device. The transconductance of
the [-V characteristic reached 550 mS/mm and the high-frequency response compared
with the characteristics of HEMT. It was shown theoretically that the effect of self-
consistent formation of RDC in the channel of such a transistor will improve the latter’s
parameters, this improvement being more substantial owing to the energy-barrier isolation
of the buffer layer, than in V-FET based on ordinary homostructure.

Nanometer modification of submicron GaAs structures was investigated with the
method of electrodynamic localization of optical radiation. In the conventional technique
for reducing the sizes of elements down to nanometers, which involves basic optical prin-
ciples, it is critical that the radiation wavelength be decreased correspondingly, so that it
remains smaller than the sizes of the element under modification. For nanometer objects
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such an approach implies having to do with the x-ray wavelengths, which is highly com-
plicated technically and costly. On the other hand, it is known that low-frequency radia-
tion (say, 50 Hz) is nearly always used in regions of a much smaller scale than a wave-
length. The effects occurring in these regions are described within the classical electrody-
namic approach rather than based on the optical principles. Energy localization is effected
by means of extended metal objects with one size being much smaller than a wavelength
(for example, a wire, a screen, etc.). The sameness of nature of electromagnetic and opti-
cal radiation implies that the electromagnetic principles of alternating field localization
are also applicable to the optical range. We propose an electrodynamic method for local-
ization of optical radiation in regions much smaller than a wavelength, which is similar to
the technique involving antennas. This approach enabled modification of material proper-
ties in nanometer-size regions using laser radiation at a wavelength largely in excess of
the modified region dimensions, which is important for semiconductor nanoelectronics
manufacturing.

Transistors with the gate length larger than- and on order of wavelength.

A study carried out on laser irradiation effects (quanta energy less than GaAs forbid-
den band width) on field-effect transistors with the gate length varying from 10 nm to 0.5
wm and the structure irradiated from both face and rear sides has shown that the transistor
characteristics undergo similar changes. It is accounted for by a low absorption of radia-
tion in GaAs and a smooth structure of the optical field that is varying on a scale compa-
rable with a wavelength. The theoretical estimate of the average temperature of pulsed
heating of the channel was 200...300°C. The characteristics change due to generation and
temperature-induced diffusion of atoms in the FET channel area and also through trapping
of electrons, induced by laser irradiation. Dependence of the rate of transistor parameters
variation on radiation power has a threshold character. When power was reduced to 2 mJ
per pulse, the FET characteristics remained unchanged.

Transistors with the effective gate length shorter than wavelength.

By laser irradiation of V-gate FET from the face side the variation of their parameters
is similar to what happens in long-channel transistors. Irradiation from the backside, due
to diffraction at the wedge-like gate and localization of the released energy within the
channel area, brought about a qualitatively different modification of the structure. As
shown by analysis of the current-voltage and capacity-voltage characteristics, the region
of the most effective energy release was near the gate tip, with the dimensions much
smaller than the laser wavelength (1.06 um). The average temperature of the channel
heating, as calculated from the experimental data on the drain current and transistor gate
at an irradiation instance, was 100...400°C. It should be noted that the value of heating
temperature had a weak influence on the radiation effect. FET having NDC on the I-C
curves exhibited, depending on an extent of the structure modification, either full or par-
tial suppression of generation. This is a positive effect because it contributes to the tran-
sistor gain stability [29,35,41,63,61].

Transistors with the effective gate length shorter than the radiation wavelength, pre-
treated with neutron irradiation (3...6-10"> cm?). After the neutron irradiation, V-gate
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FET exhibited the same amplification and generation capabilities, but the absolute values
of the parameters were different, as shown above. A single-pulse impact of laser radiation
caused total suppression of the negative differential conductivity in the structures, al-
though they retained their amplification properties (at a somewhat worse level than before
the irradiation). By irradiation of FET with a single pulse of a power reduced by
80...90%, their drain current increased and the generation remained, which was inter-
preted as modification of holes between RDC.

The influence of radiation technological processes on the radiation resistance of
GaAs submicron field-effect transistors

To upgrade the radiation resistance and high-frequency characteristics of submicron
FET was propose using the radiation technological processes such as magnetron deposi-
tion of gate with a successive irradiation of transistor by a local electron beam, and elec-
tron-beam long-range gettering. It is shown that by using magnetron deposition towards
barrier metallization one can improve the characteristics of submicron FET, including its
radiation resistance, through modification of the metal-semiconductor interface in a layer
of about 2...5 nm, which leads to a change in the gate-source, gate-drain I-C characteris-
tics and reduces nonlinear distortions of the device. The effect of an electron-beam irra-
diation of the gap between the gate and the drain of a high-power submicron FET on high-
frequency response and radiation stability of the transistor has been studied theoretically
and experimentally. Examination of the distribution of microplasmas, based on the data
for electroluminescence in the visible range has shown that, owing to a higher uniformity
of the current distribution in the transistor channel and to a change in the threshold volt-
age the FET gets upgraded for both high-frequency response and radiation stability. The
theoretical results have been confirmed by experiment.

A brief analysis of the experimental results obtained in a study of the aging processes
in FET has been done [27,28,34,38,43,44,49,64]. The effects in question include transistor
burning, sudden failures, gradual degradation of the parameters; the channel surface influ-
ence on the FET parameters, and the substrate/ buffer layer effects on a time stability of
FET have been investigated. It is shown that ways of upgrading stability of submicron
FET and integral circuits on their base rely on the same requirements as used for upgrad-
ing the radiation resistance of the transistors.

A research was conducted on improvement of a submicron FET radiation resistance
by long-range ion-beam gettering (by Ar and H ions). It was shown that this operation
upgraded the transistor characteristics owing to the restructuring and recombination of the
defects at the interfaces of semiconductor layers in the channel area. The dopant distribu-
tion profile was observed to induce more abrupt and the electron mobility to increase
(Fig.23, page 229), which led to a 10...30% rise in the transistor transconductance. The
spread in the source-gate and gate-drain breakdown voltage decreased, which resulted in a
higher yield of quality transistors. Analysis of the maps of the FET parameters distribu-
tion over the substrate area has revealed an optimal combination of the gettering ions
types. The biggest positive effect showed up by Ar irradiation, a lesser one was observed
under complex Ar-H ions irradiation, and hydrogen irradiation produced a negative effect
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by degrading the FET parameters. The result of the complex radiation impact is explained
by the RDC restructuring under irradiation with ions of varied masses.

Fig.23, page 229. Depth distribution profiles averaged over 30 measurement results:
mobility —1 and 1’; electron concentration — 2 and 2’; after gettering — 1” and 2°.

The effects of the ion-beam- and laser radiation (1.06 pm, 30 J in a 10 ns long pulse),
generating elastic waves, on the characteristics of GaAs Schottky-gate field-effect transis-
tors (FET) have been compared. The identity of the long-range gettering processes in-
duced in the structures by ion-beam and laser irradiation indicates that variation of the
structure parameters occurs through generation of elastic waves, which arise on the rear,
substrate side of the structure and propagate through the substrate towards the transistor
side.

The radiation resistance of GaAs Schottky-gate FET after ion-beam gettering was in-
vestigated. The character of the changes observed in the structure parameters by ion-beam
gettering shows that the latter effect reduces the concentration of crystallographic defects
which tell negatively on the mobility and concentration of charge carriers in the semicon-
ductor layers of the compositions in question. The obtained results provide evidence that
preliminary ion bombardment facilitates relaxation restructuring of the components of the
impurity-defect composition in either layer forming the transistor structure and in the
interface areas. One effect of this process is a lower concentration of background impurity
and antistructural defects, responsible for deep levels formation under neutron irradiation.
It is shown that the radiation resistance of submicron FET subjected to the ion-beam get-
tering procedure is increased two times and over for both the static (transconductance)
and the high-frequency (amplification coefficient) parameters (Fig.24, page 229).

Fig.24, page 229. Dependencies of FET power gain on neutron radiation fluence, aver-
aged over 15 samples: not subjected to gettering — 1; preliminary gettering — 2.

Conclusions

- A theoretical and experimental method for simulating effects of neutron, proton, and
gamma-radiation on submicron (down to 0.05...0.1 um) semiconductor devices is pro-
posed. The method is based on a complex model that enables: 1) analysis of the proc-
esses of formation and stabilization of radiation defect clusters and point defects, ioni-
zation in multilayer (nanometer thickness of layers) solid state structures; 2) simulating
the processes of quasiballistic electron transport in submicron structures with radia-
tion-induced defects and designing parameters of semiconductor materials; 3) account-
ing for the irregularities of energy release through absorption of radiation, that give
rise to nonequilibrium effects at the interfaces between the nanometer layers in the
solid state structure of devices; 4) simulation of the static and high-frequency charac-
teristics of submicron semiconductor devices under irradiation, including nonstationary
processes at the time- and immediately after a radiation pulse.

- The dominating mechanisms behind degradation of the electrophysical parameters of
submicron GaAs structures under irradiation have been identified. It is shown that, ow-
ing to a high mean energy, electrons can penetrate between some parts (subclusters) of
the radiation defects clusters (RDC). Based on the Monte-Carlo simulation results and
generalization of the experimental data (known from literature and obtained origi-
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nally), the characteristic dimensions, distribution and form of the radiation defect clus-
ters in Si and GaAs were determined, the characteristic dimensions of space charge re-
gions were calculated. Analysis of the RDC stabilization processes revealed a thresh-
old for a stable subcluster formation in RDC. It is shown that an RDC consists of sub-
clusters with characteristic sizes of 4...15 nm, the separation between them is 3...20
nm. The latter factor allows for penetration of hot electrons between subclusters in
RDC, which conditions the dominance of this effect in the quasi—ballistic FET unlike
in devices with micron design rules where the governing mechanisms is a variation of
the concentration and mobility of electrons.

- A model of the charge-carrier transport in submicron semiconductor structures with
radiation defects of various dimensions (from point to nanometer opaque clusters of
radiation defects) has been developed based on the Monte-Carlo method, taking into
account heating of the electron gas at the time of irradiation with a gamma-quanta flow
and in high electric fields (~100 kW/cm) characteristic for submicron devices. The ra-
diation—induced changes in the dependences of the energy /pulse relaxation times and
the electrons diffusion coefficient were calculated. Simulations of electron transport in
submicron field-effect transistors have shown the electron gas to heat up due to genera-
tion of nonequilibrium charge carriers under irradiation of semiconductor structures
measuring less than the energy relaxation length (under 0.5 um); this heating affects
electron transport in such structures. The electron distribution function in this case is
close to the Maxwellian form, and the mean energy of the ionized electrons is 0.24 eV.
It is shown that this effect is strongest in the solid state structures of transistors with
the channel length of 0.05...0.1 pm, in which ionized electrons do not have the time to
cool off before they are pulled into the contacts.

- Two-dimensional nonstationary physical-topological models of submicron field-effect
transistors have been developed within a quasi-hydrodynamic approximation including
the radiation effect. A three-dimensional model of heat transfer in the structures of
submicron multisection average-power FET was also developed. Based on these mod-
els, the methods have been designed for simulating a degradation of the frequency and
noise characteristics of field-effect transistors. A model of submicron field-effect tran-
sistors, combining the Monte-Carlo technique, the quasi-hydrodynamic approximation
and the equivalent circuit method has been worked out. The above models are realized
as a numerical simulation software. Experimental checkup of the model has shown that
the optimal combination of the methods allows for high-accuracy (20%) calculation of
physical processes in submicron GaAs structures and semiconductor devices, including
effects induced by the neutron, proton, and gamma irradiation of the above structures.

- Theoretical calculations have shown that in simulation of the effects in submicron
GaAs structures of FET it is critical to take account of the changes in the electron en-
ergy and momentum relaxation times and also of the electron gas heating induced by
proton, neutron and gamma-irradiation of structures. A comparative analysis of the ra-
diation resistance of FET with the channel length varying as 0.1; 0.25; 0.5; 1; 5 and 50
pum was carried out. It is shown that the local-field approximation provides an adequate
description of the effects in field-effect transistors with a channel length of 3...4 um
and over, while the quasi-hydrodynamic approximation is valid for any length of a
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channel. The nonstationary processes arising in submicron transistors at- and immedi-
ately after a radiation impact have been simulated. It is shown that recovery of the
high-frequency characteristics of FET is largely influenced by the processes of re-
charging the deep energy levels introduced in the submicron structures of transistors
during processing and by neutron and proton irradiation.

- Dose rate and fluence enhancement effects in the multilayer compositions of the near-
gate node in submicron field-effect transistors with characteristic layer thickness in the
range 5...50 nm have been studied theoretically and experimentally. It is shown that
the Au of the gate causes nonequilibrium processes to occur at the Au-GaAs interface,
which enhance the inhomogeneity of energy release 3...4 times. Nonuniformity of the
defect formation process and the fluence enhancement effect under neutron irradiation
of quasiballistic FET were found to be responsible for nano-size holes appearing
amidst the radiation defects in the transistor channel. Restructuring of the electron
movement through a defect structure may in some cases bring about improvement of
the transistor parameters by a factor of 1,5...2 owing to the quantum-mechanical proc-
esses of the electron transport through the nanometer-scale holes.

- To meet the desired radiation resistance standards, a long-range ion-beam gettering
technology has been developed towards increasing the radiation resistance of submi-
cron field-effect transistors. A study on the influence of anion-beam and laser long-
range gettering of the electrical properties of GaAs n+nn- structures with Schottky-
gate FET has shown that similarity of the gettering processes on exposure to ion-beam-
and to laser radiation depends on the similarity between the mechanisms of elastic
waves generation in a semiconductor structure, leading to modification of the epitaxial
layer-substrate -and metal-semiconductor interfaces in the structures of interest. A
complex neutron-laser irradiation of submicron structures in quasi-—ballistic FET with
the channel length of 0.05...0.1 um provides for a specific structuring of radiation de-
fects in the transistor channel, such that the negative differential conductivity of the
transistor is maintained and its high-frequency characteristics are improved.

- A complex technique for investigating electrophysical parameters of FET submicron
structures is proposed. This method allowed obtaining reliable data and evaluating the
contribution made by inhomogeneities and interfaces in the processes of interaction be-
tween the radiation and the structures. The effect of pulsed gamma- and neutron irra-
diation on the nonstationary processes of generation, fast annealing, restructuring and
recharging of dissimilar defects, causing a 2...10-fold variation of the structure pa-
rameters, was studied experimentally. Specific proton treatment of GaAs towards ap-
plication of such a structure as radiation-resistant photodetector is proposed. A study
was carried out into the effects of complex proton-neutron- and gamma-proton radia-
tion on the parameters of radiation-resistant photodetectors. It is shown that restructur-
ing of the deep levels in the structure helps keep the photosensitivity unchanged within
a fluence range to 10" cm™.

- Experimental investigation of the processes arising in submicron and quasi—ballistic
field-effect transistors under proton, neutron and gamma-irradiation has been carried
out. Measurements were made to evaluate degradation of the static (I-C characteristics,

259



Tpynst 3-ro coBemanus 1o npoekty HATO SfP-973799 Semiconductors. Hukuuit Hosropox, 2003

steepness, capacitance) and dynamic (gain and noise factor) parameters of submicron
transistors (including FET with a 0.05...0.1 um channel length) under irradiation.
It is shown experimentally that the radiation sensitivity of a quasi—ballistic FET
(0.05...0.1um channel length) in the intervalley generation mode is by an order of
magnitude less than that of a classical Gunn diode. In the amplification mode this tran-
sistor has demonstrated resistance to neutron irradiation up to 3...5-10"° cm?, to
gall’r(}ma-radiation dose up to 10° G, and to dose rates of gamma-irradiation above 3
10 G/s.
Based on the experimental data it is shown that the optical radiation diffraction at the
tip of a V-shaped gate of a quasi-ballistic FET makes possible localization of the ra-
diation energy release in regions much smaller than the radiation wavelength, and
modification of the transistor channel including when it contains radiation-induced de-
fects.
The technology for magnetron deposition of a high-power submicron FET gate, fol-
lowed by further electron irradiation treatment of the GaAs surface between the gate
and the sink, which upgrades the high-frequency response and radiation resistance of
the transistor 2 and more times, has been approved experimentally.
Experimentally approved is the long-range ion-beam gettering technique enabling
2...3-fold improvement of high-frequency parameters and radiation resistance of high-
power submicron field-effect transistors.

The results obtained through this work have been used at the Nizhni Novgorod State

University in preparing a course of lectures on “Solid-state electronics”, “Simulation of
semiconductor devices”, and laboratory works within the “Physics of semiconductor de-
vices” program.

This investigation was supported by the NATO in the framework of the “Science for

Peace” Project SfP-973799 with the universities of Nizhni Novgorod and Eindhoven as
partners.
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