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C TOMOIIIbIO MATEMATUYECKOTO MOJIEJIMPOBAHUSI KacKala CMEIIEHUH B IBYX IITMPOKO30HHBIX MOJYITPOBOI-
HMKAaX Ha OCHOBe rajuiis — okcuae rauud (Ga,03) n Hutpune ramus (GaN) — paccMOTpeHbI 0COOEHHO-
¢ty reHepanuu nap OpeHkesns Mpyu paccestHUM MPOTOHOB ¢ 3Heprueit 8 u 15 M»>B. BriepBbie paccuntaHo
KOJIMYECTBO CMEIIEHUI, CO31aBaeMbIX HE TOJIBKO MTEPBUYHO BHIOUTHIMU aTOMaMU, HO U aTOMaMU OT/Ia4H,
reHeprupyeMbIMU B Kackaaax cMelleHuit. PacyeTsl moka3aiu, 4To Mpu MPOTOHHOM OOJTyYeHU U, HAIIPUMED,
Ga,03, 107151 BaKaHCHUIi B MOAPELIETKE KUCIOPOa, CO3AAHHBIX HEMOCPEACTBEHHO IPOTOHAMM,, COCTABJISIET
Bcero 12%. OcranbHble 88% co3maioTcs aToMaMy OTAAYM B KACKaIHBIX Mpolieccax. JJist monpereTky raj-
JIVST OTH HUGPHI cOCTaBISIOT 25 1 75% cooTBeTcTBeHHO. [103TOMY Ipoliecchl KOMITEHCAIIUH ITPOBOANMO-
ctu GaN u Ga,03, HabnogaeMble TPY MPOTOHHOM OOJIYYeHUM, OyLyT ONPEAENISIThCS [NyOOKMMU LEHTPA-
MM, CO3MTaHHBIMU HE MIEPBUYHO BHIOMTHIMU aTOMaMU, a aTOMaMM OTIa4u, 00pa30BaBIIMMUCS B KacKamax
cmenieHuit. [IpoBeneHo cpaBHEHUE € SKCIIEPUMEHTAIBHBIMUA JAHHBIMM, W OlieHeHa f0Jist map PpeHkes,

MHUCCOLMUPYIOLINX B IIpolecce O0IydeHUs.

KroueBbie cjioBa: IIPOTOHHOE OOJIydeHMEe, OKCUI TaJUINST, HUTPUI TAJUTAS, pagualliOHHbIE Je(EKTHI, YAC-
JIEHHO€ MOJEIMPOBaHUe, KaCKaJaHbIe Ipolecchl, mapa OpeHKes.

DOI: 10.31857/S1028096023120099, EDN: BHSYBZ

BBEJEHUWE

DPPeKTUBHOCTh IIPOLIECCa BTOPUYHOTO pammva-
HOMOHHOTO Ne(eKTO00pa30BaHMS B ITOIYIIPOBOIHM -
Kax oIlpelnessieTcsl MpeXae BCero TeM, HAaCKOJIbKO
MOJTHO MPOUCXOIUT AUCCOLMALMS TIEPBUYHO CO3IaH-
HBIX paauallMOHHBIX AedekToB — map PpeHKenss —
BaKaHCUsSI—MEXY3elbHbIli aToM. Ha ycToitunBOCTb
FeHETUYECKU POACTBEHHOI maphl MpeHKeNsT CUITBHO
BIUSIET 3apsiIOBOE COCTOSTHUE €€ KOMITOHEHT [1—4].
Takum o6paszoM, npoliecc nuccounanuu rnap OpeH-
KeJisl OIpeesieTCsl B OCHOBHOM IBYMSI (DaKTOpaMU:
UX pacrpelelIeHUEM MO PACCTOSTHUIO MEXKIY KOMIIO-
HEHTaMU U HaJIuYMeM BJIEKTPOHOB U JBIPOK, 00y-
CJIABJIVIBAIOIIMX Mepe3apsiiKy KOMIIOHEHT. ATOMBI
oTHaYU, a, cJeAoBaTeIbHO, U Tapbl dpeHKesss, MOTyT
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00pa3oBEIBATHCS JIMOO MMPU B3aMMOACHCTBUM C ITPO-
TOHaMM (TaK Ha3biBaeMble IEPBUYHO BHIOUTHIE aTO-
MBI), TU00 B KaCKaIHBIX Mpolieccax IMpU B3auMOAei-
CTBUH TIEPBUYHO BHIOMTHIX aTOMOB OOJIBIIION SHEPIrUU
C aToMaMH pelLIeTKH (TaK Ha3bIBaeMbI€ BTOPUYHO
BLIOMTEIE aTOMBI). PaHee B [5, 6] OBLII0 M3y4eHO 00-
pazoBaHUE paguallMOHHBIX 1€(PEeKTOB IPU TOPMOXKE-
HHUU TIPOTOHOB C 3HEprueit mopsiaka M>B B Hanbo-
Jiee M3y4YeHHOM K HACTOSIIIIEMY BPEMEHM IIUPOKO-
30HHOM ITOJIyIPOBOIHUKE — Kapouae kpeMHus SiC.
B [5] 6bU10 aHATMTUYECKU W3YYEHO TOJIBKO 00pa3o-
BaHMeE MEPBUYHO BHIOMTHIX aTOMOB IIPU B3aUMOIEIi-
CTBUU C TIPOTOHAMMU ¢ dHeprueit 8 m 15 M»>B u one-
HEHBI TaK Ha3bIBacMble KO(MMUIINESHTHI pa3MHOXe-
Hus1. B [6] peleHa Goiee ciioxXHas 3aga4a — BIIepBbIe



64 KO3JIOBCKHWM u ap.

100 -

80+ O
Si

E . M3B

20

0 02 04 06 08 1.0
E,, M3B

Puc. 1. 3aBucuMocTb MaKCUMaNbHOI oHepruu E,,,, me-
pPEIaHHOIl aTOMy PELIETKM OCHOBHBIX LIMPOKO3OHHBIX
MOJIyTIPOBOAHMKOB, OT 3Hepruu OoMOapaupyroLero
2J1eKTpOHA E,.

YMCJIEHHO paccuyuTaHO oOpa3oBaHMEe Ne(HEKTOB B
KacKaJIHBIX TIpolieccax Mpyu MPOTOHHOM OOIyYeHUN
SiC. Ilenpio HacTosIIei padOTHI OBIJIO TIPOBEICHUE
AHAJIOTUYHBIX UCCISAOBAHUI IBYX MHTEHCUBHO pa3-
BUBAIOIIMXCS B HACTOSIIEe BpeMsl IIMPOKO30HHBIX
MOJIYIPOBOIHUKAX HA OCHOBE TAJIJINSI — OKCUZIA Tal-
st (Ga,0s) u Hutpuaa rauus (GaN).

METOJINKA S5KCITEPUMEHTA

11 9UCIEeHHOTO MOAEIMPOBAHUS TOPMOKEHMUS
npotoHoB B SiC wucCmofb30BajM MakeT MporpaMM
Stopping and Range of Ions in Matter (SRIM) [7], oc-
HOBaHHBII HAa TEOPETUUYECKUX MOJEIISIX, OTIMCAHHBIX
B [8]. PacueT mpoBomuiu B pexkxnMe Full Cascade.

KimroueBoii mapameTp, HEOOXOMMMBIiA IS TIPOBE-
JIEHUSI Pac4yeTOB, — IIOPOrOBasi SHEPTUsI CMEIIeHUS
aTtoma u3 y3ja peuietku (noapeuietku) (£,). s HO-
BBIX TAJUIMEBBIX ITMPOKO30HHBIX IOIYIIPOBOIHUKOB
MOJIyYeHUE NOCTOBEPHBIX 3HAYCHUI Mapamerpa E,
MpeacTaBisieT ocodyro MmpoodjeMy. OcTaHOBUMCS Ha
3TOM BoIIpoce rmoapooHee. HauboJliee TOUHBIM METO-
JIOM OTIpeIeJICHUS TIOPOTrOBOIi dHEPTruU 1edeKTo00-
paszoBaHusl E; B moiapenierkax MOJIyNpOBOIHUKOB
SIBJISIETCSI MCCIeNOBaHNE 3aBUCMOCTEM ITapaMeTpOB
00JIy4YeHHOTO ITOJIyIPOBOIHUKA OT SHEPTUU OoMOap-
IUpYIOIMX 3JIeKTpoHOB. Kak M3BeCcTHO, aToOMy pe-
LIeTKU Maccoii M (MaccoBoe Yucio A) TIpu yIpyrom
B3aMMOACUCTBUU C PEISITUBUCTCKUM BJICKTPOHOM C
sHeprueid E, u maccoil m MOXeT ObIThb IlepelaHa
sHeprus F, 3HaueHHe KOTOPOIi JIEXKUT B Mpelieaax oT
HYJIS1 10 MaKCUMaJIbHOM:

MMOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHbBIE UCCJIELOBAHUS

v = 2E(E, +2m,c) [ Mc® =
= E,(E, +1.022)/(4694) [M2B].

IIpu E,,,,, pABHOW NOPOTOBOi1 3HEPrUuM 00pa30BaAHUA
nedekra E,; dopmyna (1) onpenensieT rpaHUYHYIO
SHEPTUIO DJIEKTPOHA £, ,,, BbIILIE KOTOPO# HAYMHAIOT
reHepupoBaThbCs MEePBUUHBbIE TOYEUHbBIE He(heKThI
BaKaHCUSI—MeXY3eIbHbIii aToM (rmapa MdpeHkens).
Ha puc. 1 npencrasneHa nojydyeHHast o gpopmyiie (1)
3aBUCUMOCTD JJIs1 MSATU XUMUYECKUX DJIEMEHTOB, 00-
pas3ylolliux TPU OCHOBHBIX IIMPOKO3OHHBIX MOJY-
npoBogHuka — SiC, GaN, Ga,0;.

K HacrosgmiemMy BpeMeHU TOCTOBEepHasl paboTa 1o
ornpeneseHuo E; BBINOJHEHA TOJBKO JIsl Kapouaa
kpemHus. B [9, 10] 66110 mokazaHo, 4TO TIpU 00JIyUe-
HUM KapOuaa KpEeMHHUSI MMUHUMaIbHbBIC 3HAYeHUS
rPAaHUYHOM PHEPIUU JIEKTPOHOB, IIPU KOTOPBIX Ha-
O1romaeTcst oOpa3zoBaHMUE pagUAllMOHHBIX Ie(eKTOB,
B ITOApEIIeTKE aTOMOB KPEMHMSI COCTaBISIOT ~250 K3 B,
a B moapelieTke aroMoB yriepona ~90 kaB. IToporo-
Basi HEeprusi 00pa3oBaHMs paauallMOHHEIX 1e(DEeKTOB
B KapOuae KpeMHUs, oripeaeaeHHas o popmyie (1),
COCTaBJISIeT IJIsI MOAPEIIeTK KpeMHUs ~24 3B, mis
noapemeTky yriepoaa ~18 3B. OTtoenbHO OTMETUM,
YTO IJIs1 KapOuaa KpeMHMsI JOCTOBEPHO YCTaHOBJIE-
HO, YTO 3a UBMEHEHMUE DJIEKTPOPU3INIECKUX CBOIICTB
npu OOJIyYEHUM OTBETCTBEHHBI pagudallOHHBIC Ie-
¢deKThI, 00pa3yoIIecs: TOJIbKO B MOAPEIIETKE aTo-
MOB yriepona [1, 11].

i1 raJyiueBbIX OWHAPHBIX MOJYTPOBOJIHUKOB
9HepreTMYeckre MOpory OIpelesieHbl C JOCTaTou-
HOIf TOYHOCTBIO TOJIBKO B Cilyyae apceHuaa Tajiius,
CTPOTO rOBOPSI, HE OTHOCSIIIETOCS K IIMPOKO30HHBIM
MOJTYTIPOBOIHUKAM B CUJTy CPaBHUTEIBLHO HEOOJbIIION
IIMPUHBI 3apeieHHoMn 301 (1.45 3B). [1o naHHbBIM
[12, 13] sHepreTudeckue nmoporu B GaAs COCTaBIISIIOT
~9.8 3B B 06eux nonpeurerkax. TinatesabHOEe U3yye-
HYe MPUPOJIbl PAIMALIMOHHBIX 1e(eKTOB, 00pa3ylo-
muxcs B GaAs, B YACTHOCTU IPU IIPOTOHHOM 001y~
YeHWU, TMO3BOJIUIO YCTAaHOBUTb, UTO U3MEHEHUE
CBOICTB CBSI3aHO C paaUallIMOHHBIMU AedheKTaMu B
noapeineTke Mbibsika [1, 12]. TeHetuuecku pon-
CTBEHHbIE NedeKThl B MOApelIeTKe rajuiisi akTUBHO
PEKOMOMHUPYIOT yXe TpU KOMHATHOM TeMmIieparype.

£ (1)

Homnroe BpeMs TOPOroBoe 3HaYE€HUE SHEPTUU MO~
psaaka 10 3B cuuTanu npuemMyieMbIM 1Jis TaJIMEBOM
MOJPEIIETKH U B IBYX HOBBIX MaTepUaiax — OKCUIE 1
Hutpuzae raums. Kak BumHo u3 puc. 1, rpaHUYHAs
SHEPrusl 3JEKTPOHOB, MPU KOTOPOM aTOMy TajuIvsl
nepenaercs sHeprust ~10 3B, coctaBiasger ~250 k3B.
OnHako B aMamna3oHe 3HEepPIuU OOMOapaupyIOIInX
a51eKTpoHOB 200—400 k3B B HUTpUAE Ta/UTUS BIUSI-
Hue 00JlydeHMe Ha CBOMCTBa MaTepualia He ObLIO 3a-
pernctpuposano [1]. B [14] Ha ocHOBe 3KcIIeprUMeH-
TaJIbHBIX JaHHBIX ObLIa cieIaHa HOBasI OLIEHKA ITOPO-
ra:. E(Ga) = 20.53B. B atoMm ciyyae rpaHu4YHas
SHEPIUsl BJIEKTPOHOB 10 dopmyiie (1) cocrasiser
450 x»B. INo3xe B [15] yrouHuim rpaHUIHYIO DHEP-
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Ta6mumua 1. KonuuecTBo cMmemieHuit, co3nanHbix B mwieHke o-Ga,05 (p = 6.44 r/em’, E(Ga) = 253B; E4O) = 28 oB)
TOJIIIMHOM 50 MKM B IEPBUYHBIX U BTOPUYHBIX CTOJIKHOBEHMSX, B pacyeTe Ha OAMH IIPOTOH

Bakancuu, co3naHHbIe TPOTOHOM |  BakaHcum, 06pa3oBaHHBIE .
CyMMa BakaHCUI
E,, MaB | Ilonpemerka npu 006pa3oBaHWU TIEPBUYHO B Kackaje IepBUYHO
B MOApeIIeTKax
BBIOMTBIX aTOMOB BBIOUTBIX AaTOMOB

8 Ga 0.88 2.75 3.63

(0] 0.35 2.78 3.13

15 Ga 0.45 1.35 1.80

(0] 0.18 1.35 1.53

Tabmmua 2. KonudecTBo cMenieHnit, co3naHHbIX B TieHKe GaN (p = 6.1 r/cM?, E(Ga)=20.52B, E,(N) =10.8 3B)
TOJIIMHON 50 MKM B TT€pBUYHBIX U BTOPUYHBIX CTOJIKHOBEHUSIX, B pacyeTe Ha OAMH IMPOTOH

BakaHcuu, co3maHHbIE TPOTOHOM BakaHcuu, o6pazoBaHHbIC .
CyMMa BakaHCHIA
E,, MaB | TNonpemerka npu 06pa3oBaHUM TIEPBUYHO B Kackafie IepBUYHO
B MoJIpenIeTKax
BBIOMTBHIX AaTOMOB BBIOMTBHIX AaTOMOB

g Ga 1.12 4.17 5.29

N 0.57 6.62 7.19

15 Ga 0.57 2.25 2.82

N 0.28 6.44 6.72

TUIO BJIEKTPOHOB, IIPU KOTOPOH B HUTPUAE TaJUIUS
n3MeHsieTcs portomoMuHecteHus, — 440 ka3B. BTo
COOTBETCTBYET nopory ~19 a3B. 3HauUTEILHO CIOX-
Hee cO 3HAaYCHNEM OPOTOBOM HEPTUHU B IOAPEIIIET-
ke azoTta. B [14] npuBonuTtcs 3HayeHue 10.8 3B. D10
COOTBETCTBYET TPAaHUYHON OSHEPrUU BJICKTPOHOB
(cormacHo (1)) Bcero 65 k3B. B [15] Takast rpaHnuHast
SHepTud He OblIa OOHapy:KeHa. ABTOpHI [ 15] mpenito-
JIOXKUJIN, YTO TeHETUYECKU POACTBEHHbIE 1e(DEKTHI B
MOAPEIIETKE a30Ta aKTUBHO PEKOMOMHUPYIOT YK€
py KOMHATHOM TeMIlepaType.

B [16], yka3biBag Ha HEAOCTATKM METOIMKU, UC-
MOJb30BaHHON B [15], MpemnoaoXuid, 4To Mopor
OyZeT BbIlIE pa3a B MojTopa. 3[ech Xe MpuBeleM
TeopeTrueckue oueHkKu s GalN, BBIITOJHEHHBIE
B [17] MeTomoM MoseKkyasipHOid fuHaAaMuUKU, — 45 3B
st atoma rajust u 100 B mist atoma azora. Kak u
OXMIAJI0Ch, HauOoIee TSLKenask CUTyalus C oIpeae-
JICHEM 3HEPreTUYeCKUX MOPOTOB CJIOXMUIACH s
caMoro “mMoJ040T0” MHUPOKO30HHOTO MOJYyHIPOAOB-
HUKa — okcuaa rayums. [1psaMble sKcnepruMeHTHI 10
onpezaeneHuto E; elie He mpoBoauiauck. B pacuerax
WCTOIB3YIOT TeopeTndeckue oleHKH 25 (Ga) u 28 B
(O), cnemannsie B [18—20].

PE3VJIbTATbBI 1 UX OBCYXIEHHWE

B 1a61. 1—3 npuBeaeHsbl pe3yabTaThl YUCIEHHOTO
MOJIeJIMPOBaHUS KOJTMYECTBA BAKaHCUI B ITOJpeIIeT-
Kax LIMPOKO30OHHOTO TOJYyNPOBONHUKA Ha OCHOBE
raung (GaN, Ga,0;) u nist cpaBHeHud B SiC, a Tak-
>Ke TIOJIHOTO YMCJjla BaKaHCUM B pacyeTe Ha manaro-
Uit Ha TUTEHKY ITPoToH. B TpeTbnx rpadax tadm. 1-3

TMOBEPXHOCTb. PEHTTEHOBCKHUE, CUHXPOTPOHHBIE U HEUTPOHHBIE UICCIEJOBAHUA  Ne 12

MPUBEICHBI PE3YJIbTAThl CTOJIKHOBEHMIA MPOTOHOB
C aToOMaMy 00eUX MOIPEILIETOK U3ydaeMbIX OMHAPHBIX
LM POKO30HHBIX MTOIYIIPOBOTHUKOB. Crieayloniye rpa-
GBI OTpakaloT KOJIMYECTBO BaKAHCHIA, CO3NAHHBIX B
MoJpelIeTKax aToMaMu oTanayu. Hampumep, aToMbl
rajuinsi B OKCUJIEe TaJlJIusI MOTYT BEIOMBATBCS U3 Y3JI0B
aToOMaMHM OTAA4yM JII000M mMpupoasl (B paBHOI cTe-
MeHU U TaJuIus, U Kucjiopoaa). B maTeiX KoJIoHKax
MpEeACTaBJIEHO O0llee KOJIMYECTBO BaKaHCUil, oopa-
3YIOLIMXCS B IJIEHKE TOMIMHONM 50 MKM. YKaxeM,
YTO aHaJM3 IpoBoauiics npu cratuctuke 100 TeIcay
yIIaBIIMX Ha IUVICHKY IPOTOHOB.

IIpoBenem aHanM3 pe3yabTaTOB YUCIEHHOTO pac-
yeTa, TMPEACTaBICHHBIX B Tadn. 1—3, m cpaBHUM C
AHAJIMTUYECKUMU BbIpaxkeHUsIMU. 119 aHaJIuTU4e-
CKOTO BBIpaXXeHMUsI UCITOJIb3yeM KIIaCCUYECKYIO hop-
MYy pe3epdOopaoBCKOTO pacCesHUSI, OIMMChIBAIO-
IIyI0 CeYeHUEe MOJyYeHUsI aTOMOM OTAAa4ud C aTOM-
HBIM HOMEpPOM A U 3apSA0BbIM YUCIIOM Z DHEPTUU
6ompiie E, TIpU B3aMMONECHCTBUM C IIPOTOHOM C
oHepruei E:

o, = (/4ne,)’n(Z’¢" m, | ME E,) =
=2.6% 101122/(4AEP[3B]E[,[3B]) [GapH].

JlaHHbIe Taba. 1 MO3BOJISIOT CledaTh HECKOJIbKO
BBIBOJIOB: C YMEHbIIIEHUEM PHEPTHMU MPOTOHOB MPU-
MepHO B 1Ba pa3a (oT 15 mo 8 MaB) B comtacuu c 3a-
KOHOM pe3epdopaoBcKoro paccesHus (¢popmyna (2))
B 9TO X€ YMCJIO pa3 JOIKHO YBEJIUUUTHCS U CEYEHUE
CTOJIKHOBEHUM G U, KaK CJIeICTBUE, KOJUYECTBO Ba-
KaHCUIi, co3JaBaeMbIX HEMOCPEACTBEHHO IMTPOTOHOM.
CornacHO JaHHBIM, IPUBEICHHBIM B TpeThell rpade,

()
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Ta0muna 3. Konnyectso cMeleHuit, co3naHHbIx B IuieHke SiC (p = 3.21 /oM, E(Si) =24 5B, E;(C) = 18 3B) TomuuHoit
50 MKM B IEPBUYHBIX U1 BTOPUYHBIX CTOJTKHOBEHUSIX, B pacueTe Ha OMUH MPOTOH

BakaHcum, co3naHHbIEe TIPOTOHOM BakaHcuu, o6pa3oBaHHbBIE .
CyMMa BakaHCHIA
E,, MaB | Tlonpemerka npu 06pa3oBaHUM IIEPBUYHO B KacKaJe epBUYHO
B MofpenIeTkax
BBIOMTBHIX aTOMOB BBIOMTBHIX aTOMOB

g Si 0.52 1.44 1.96

C 0.30 1.75 2.05

15 Si 0.27 0.69 0.96

C 0.15 0.84 0.99

3Ta 3aKOHOMEPHOCThb XOPOIIIO MPOCIEKUBACTCS IS
aTOMOB 00€HX TTOIPEIICTOK. DTOT BBIBOM, UCITOIb3Y-
€M I033Ke, CPAaBHMBAsI paCUeTHBIE Pe3y/IbTaThl C OKCIIe-
PUMEHTATILHBIMU JAHHBIMHU, TTOJTYYEHHBIMU TIPU MIPO-
MEXXYTOYHBIX 3HAaUCHUSIX d3Hepruu (oT 8 1o 15 M»B).

Hpyras xapakTepucTHKa pe3epdopaoBCKOro 3a-
KOHA — 3aBUCUMOCTh G  Z%/(AE,;) — 04eHb XOPOILO
TPOCMATPUBAETCS B KOJIMYECTBE PACCESTHUI TIPOTOHA,
HarnpuMep, Ha atoMax Ga u O (tabn. 1-3, rpadsr 3).
CormracHO 3TOM 3aBUCMMOCTH KOJIMYECTBO BaKaHCHUIA
Nrpa (ITBA — nepBUYHO BBIOUTHIE aTOMBI), CO3JaH-
HBIX HEIOCPEICTBEHHO MPOTOHAMM B TOIpEIIeTKE
rauns (Nppa = O44V), B 2.5 pa3a 0oJbliie, 4eM B MO -
pelreTKe KMCaopoma, HECMOTPsI Ha TO, YTO KOHIICH-
Tpays N aTOMOB KMCJIOPO/Ia B OKCHJIE TAJUTHSI OOJIBIIIS
KOHILIEHTPALIMM aTOMOB rayuus B 1.5 pasa (5.67 x 10?2
n 3.78 X 10?2 cM~ COOTBETCTBEHHO).

OnHako B KacKagHOM ITIpoliecce KOJIMYECTBO CO-
37aBaeMbIX BAKaHCUIlI B 00GeMX MOApelIeTKax Mpu-
MEPHO OAMHAKOBO. YacTo ucnonb3yeMble B INTEpa-
Type TaK Ha3bIBaeMble KO3(M(OUIIMEHTHI pa3MHOXE-
HUs (V), paBHbIE OTHOLIEHUIO MOJHOTO KOJIMYECTBA

e =

S L O
T
d /

Yucno BaKaHCHIA/TT

—_——
1 1 1 1 1 1 J

9 10 11 12 13 14 15
DHeprus npotoHa, M>B

[oze]

Puc. 2. 3aBUCMMOCTh KOJTMYECTBA CMEIEHWI, cO3IaBae-
MbIX B MEPBUYHBIX (KBaApaTbl) U BTOPUYHBIX (KPY>KKH)
npoueccax, B iieHke Ga,03, B pacyere Ha OIUH IIPOTOH
OT DHEPIMU MPOTOHOB: CIUIOLIHBIE CUMBOJIBI — CMellle-
HUSI B TTOIPELLIETKE TaJulusl; MyCThbie CUMBOJIBI — CMeELIe-
HMSI B TIOIpelIeTKe Kuciaopona. Pacyer mo mporpamme
SRIM [7] B cirydae o6ayuenust oopasuos Ga,O3 Tommm-
Hoit 50 MmxM. TpeyrolbHUKaMu 0603HaYeHbBI CYMMBI BAKaH-
CHii, co3maBaeMbIX B MoApeIIeTKax B 000UX Mpolieccax.

MMOBEPXHOCTb. PEHTTEHOBCKUWE, CUHXPOTPOHHBIE U HEUTPOHHbBIE UCCJIELOBAHUS

BakaHcuit (i map @peHKens) Nep K KOJIMIECTBY
BaKaHCHi1, 00pa30BaHHBIX ITEPBUYHO BEIOMTHLIMU aTO-
MaMWU T\jpa, COCTABISIOT B citydae Ga,O; mst moape-
IIeTKU Kucjiopona 8.5, ms ramus 4.0.

[1pu ipoTOHHOM O0JIyYeHUH JOJISI BAKAHCHIA, CO-
30aHHBIX HEITOCPEACTBEHHO IIPOTOHAMM, COCTABIISICT
12% nnst nmonpenteTku kuciaopona. OcranbHble 88%
CO3[AI0TCSI aTOMaMM OTHAaYM B KacKagHBIX IIPOLEC-
cax. Jlyist mogpemeTK KpeMHUS 3TU IM@pPhl COCTaB-
10T 25 n 75% coorBercTBeHHO. [loHOE KOMMye-
CTBO BBOJIMMEBIX BAKaHCUM HAa OAWH IIPOTOH COCTaB-
nset mist Ga,05 3.33, ma GaN 9.54, mna SiC 1.95.
Ot uudpbl MOTYT KOCBEHHO TOBOPUTh O OymylIeii
pagualOHHOII CTOMKOCTUA IIPUOOPOB HAa OCHOBE
TpeX paccMaTpUBAE€MBIX ITMPOKO30HHBIX MHOJIYIIPO-
BOIHHMKOB II0 OTHOIIEHMUIO K MPOTOHHOMY OOIyYe-
Hu1o. bojee TouHas oleHKa BO3MOXKHA MOCJIE yCTa-
HOBJICHUSI IJIST Ka3KI0OTO TTOJIYIIPOBOIHNKA PEaJIbHOTO
BTOPUYHOTO Ae(EeKTOOOpa30BaHUS B KaXKIOM IToape-
meTke. Ha puc. 2 npencraBieHa 3aBUCUMOCTD KOJIM-
YecTBa BaKaHCHIT, CO31aBacMBbIX B TIEPBUYHBIX 1 BTO-
PWYHBIX TTpolieccax, OT SHEPTUU IIPOTOHOB.

CPABHEHME C 5KCITEPUMEHTOM

Kax n3BecTHO, BBeleHNEe paguallMOHHbBIX TedeK-
TOB B IIUPOKO30HHBIN MOJYIPOBOIHUK CO3IAET LTy~
GOKMe YPOBHHU, MPUBOISIINE K YMEHBIICHUIO KOH-
LEHTpALUM SJIEKTPOHOB B 30HE MIPOBOAVMOCTH (JJIsT
7-TUTA) ¥ KOMIIEHCAITUY TTPOBOAMMOCTH MaTepHaJa.
Tab6n. 1—3 moKa3pIBaIOT, YTO ITPOIECCHI KOMITEHCA-
LIMA TIPOBOJMMOCTU BCEX TPeX MNOJIYIPOBOTHUKOB
OYyIyT OIPeNeNsThCA NIyOOKUMHU LIEHTPaMU, CO3aH-
HBIMU HE TIEPBUYHO BLIOUTHIMU ATOMaMM, a AaTOMaMU
oTAayu, oOpa30BaBIIMXCS B KacKadgax CMEICHUIA.
Jlns cpaBHEHUST OyIeM MCIIOJbh30BaTh SKCIIEPUMEH-
TallbHbIE TaHHBIC, TTOJyYeHHBIC IJISI Pa3HbIX ITOJY-
MMPOBOJHUKOB €IWHBIM CIIOCOOOM — U3MepeHUEeM
2JIEKTpO(pU3NIeCKUX (ralbBAHUUYECKUX WU €eMKOCT-
HbIX) cBoMCTB 6apbepa IlloTTku [21—24]. B aTux pa-
0o0Tax Ha OCHOBE CTaHIAPTHOM (DOPMYJIbI pACCUNTHI-
BaJIM CKOPOCTH yIaJIeHUsI HOCUTEJIeH 3apsiaa 1,:

n, = (n, —n)/D, 3)
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IJe 1y U 1 — KOHLIEHTpAllMM HOCUTENeN 3apsiia B 1O~
JIyIPpOBOAHUKE OO M IIocjie OOJydeHUSI COOTBET-
CTBEHHO, D — mo3a 00y4eHUsl.

B HacTosei padore ObLIUM UCTTOIB30BaHBI TIPO-
TOHBI ¢ 3Heprueid 8§ MaB npu obiydyeHMU HUTPUIA
rayuis 1 kapomna kpemuaus. B [1, 21, 22] Te xe 110-
JIYIIPOBOAHUKM OOJyYajad MPOTOHAMU C BHeprueii
15 M3B. JIng okcuma rajnansg ObUTA MCITOIb30BaHBI
JTaHHBIE BCETO OBYX CYIIECTBYIOIIMX padoT [23, 24],
B KOTOPBIX TIPOBOAMIIN OOTyYeHHe MTPOTOHAMM C SHEP-
rueii 10 M»sB. lanHbie CcyMMUpPOBaHBI B Ta01. 4.

Hauynem cpaBHeHue ¢ HauboJiee U3YyYEeHHOTO 3a
COpPOK JIET IIMPOKO30HHOIO TMOJYNPOBOIHUKA —
¢ kapouaa kpemHus. Kak BumHo u3 Tadj. 4, mpu 00-
JIy4eHUU MPOTOHaMU ¢ dHeprueit 15 MaB 1, coctas-
aset 50—60 cM~!, B TO BpeMsl Kak Tgp B MOAPELIETKE
yriepoga cocrasisier 198 cm~!. 3nauur, or 25 1o 30%
map @peHkeJs B oapelleTKe yriepoaa u3deraet pe-
KoMOuHalLuu. biuskue nubpbl NOJy4YarTcs U B CIy-
yae oOJy4YeHMs KapOuma KpeMHHUSI IIpOTOHAMHU C
aHeprueii 8§ MaB.

Bonee cioxHast cutyaiyst CKJiaablBaeTcs 1151 MOo-
JIYIIPOBOOHMKA CO BCETO JIMIIb IBANLATUIETHEM MC-
Topueil — HUTpuAa rajaaus. JlaHHble, TOJyYeHHbIE U
B Hacrosiieii padore, u B [21, 22] (Tab:a. 4), mokasbl-
BalOT, YTO CKOPOCTh YyAaJleHUsI HOCUTENICH 3apsiaa
MIPUMEPHO B YETHIPE pa3a MEHbIIIE, YeM CKOPOCTH 00-
pazoBaHUsI paAallMOHHBIX 1e(hEeKTOB B MOAPEIIETKE
rajanusi. Eciau cripaBemivBa rumoresa, BbICKa3aHHAas
B [15], o mpeobnamaroiieit poJau UMEHHO 3TOM Mmoape-
IIETKH, TO Pa3delIsIioTcs TakKe MpuMepHo 25% map
Ddpenkenst, 06pa30BaBIINXCS B HOIPEIIETKE TaUIHSI.
OTMeTHM, UYTO MpOBeaeHHEBIC B [21, 22] aKCTIepUMeH-
Thl BBITIOJIHEHBI Ha CJOSX HUTpUAA Tajulusl, BbIpa-
IIEHHBIX METOIOM XJOPMIHO-TUAPUIHOM Ta3zodas-
Hoi snutakcuu. Hnsg cimoeB GaN, BeIpalieHHBIX
pa3aIUYHBIMU METOJAMU, B JIMTEpAType MPUBOASATCS
pas3iuuyHble 3HaYE€HUS mapaMmeTpa 1,. Tak, npu oau-
HAKOBOII »HEpIruM IIPOTOHOB (Hampumep, 1 M»aB)
MOKHO BCTPETUTH B JIMTEpAType 3HAUCHUsA 1), oT 440
10 3880 cm~! [25, 26].

Hakonen, oGpatumcsl K IOC/IeIHEMY, CaMOMY
MOJIOAOMY M3 paccMaTpUBaeMbIX IIMPOKO30HHBIX
MOJIYTIPOBOJHUKOB — OKCHUIY Tajuiusi. DKCIepUMEH-
Thl MO0 OMNpPEIEEHUIO 1|, ObUIM BBITTOJHEHBI TOJBHKO
B TIocjienHue IIITh JieT [23, 24]. ITonydyeHHBIE 3Ha4e-
HuUs 1, coctaBmim 235.7 [23] u ~400 cm~! [24]. Pac-
YeTHbIC 3HAUYCHUS Tpp B CIy4ac OOJIyYeHUST oKcuaa
rajuiusi ipotToHamu c aHeprueit 10 MaB cocrapisitor
575 cm~! g nompemerku raug 1 480 cm~! s
MoapeleTKy Kuciaopoaa (tada. 2). Ecau npennona-
ratb yyacTue pamrdalMOHHBIX Ae(EKTOB 00enX MO -
pelmeTok B KoMIleHcauuu npoBoaumoctu Ga,0s;,
TO CTeIeHb nucconuanuu nap Mpexkens o6ymer ot 25
10 40%.

CpaBHUBas 3KCIIEpUMEHTAJIbHBIC 3HAUCHUS Ia-
pamerpa 1, 1J1s TPeX aHATU3UPYEMBIX TTOJYyIPOBO/-
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Taomna 4. CpaBHEeHUE pacYeTHBIX CKOPOCTe 0Opa3oBa-
HUs niap PpeHKess Npp U SKCNEPUMEHTATBHBIX CKOPOCTEit
yaaJieHusI HOCUTeJell 3apsiga M, B TPeX LIIMPOKO30HHBIX
MOJIYITPOBOIHUKOB IMPU O0Iy4YEHU U TPOTOHAMU C IHEPTrUeit
Heckobko MaB

E,, MaB IMonpewrerka NEp, cM !
Oxkcuf rajust
Ga 575
10 o 480
Ne» cM ™! 235.7 [23]
400 [24]
Hwurpwun ramnus
Ga 1058
8 N 1438
N, cM ™! 235-260
Hutpun ramnus
Ga 564
15 N 1344
Ne» cM ™! 130—145 [21, 22]
Kap6wunm kpemHust
Si 392
8 C 410
Mg M| 110—130
Kapbun kpeMHuUst
Si 192
15 C 198
Ne» cM~! 50—60 [1]

HUKOB, MOXHO CKa3aTbh, YTO KOJIMYECTBO pagudalivi-
OHHBIX Ie(PEKTOB, CO3MaBaEMBbIX IIPU IIPOTOHHOM 00-
JIyY4EHUU B OKCHUIE U HUTPUIE TaJUIUsl, TOCTATOYHO
0J1M3KO0€; OJHAKO 3TO KOJWYECTBO MPUMEPHO BIBOE
MpeBHIIIAET KOJIUIECTBO PAIUALIMOHHBIX 1e(DEKTOB B
KapOue KpeMHUSI.

3AKJIIOYEHHME

BriepBbIe ¢ TOMOIIBIO MATEMATHIECKOTO MOIEITH-
pPOBaHUsI PACCUMTAHO KOJMYECTBO CMEIICHUM, CO-
3MaBaeMbIX HE TOJILKO TIEPBUYHO BHIOUTHIMU aTOMaMMU,
HO U aTOMaM¥ OTHa4YH, TeHEPUPYEeMBIMH B KacKamax
CMEIIEHU B IBYX ITMPOKO30HHBIX MOJIYIIPOBOIHM-
Kax Ha OCHOBe rajumist — okcuaa raumus (Ga,0;) u
Hutpuaa raausa (GaN) mpu paccessHUM IPOTOHOB C
sHeprueii 8 u 15 MaB.

B xone mpoBeneHHBIX UCCIEAOBAHUIA OBLIO yCTa-
HOBIJIEHO, YTO TTOJITHOE KOJIMYECTBO BBOAUMBIX BaKaH-
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CUIi Ha OIWH MPOTOH coctasiser it Ga,0; 3.33,
st GaN 9.54, nna SiC 1.95. Otu uudpsl Moryt
JINIIb KOCBEHHO TOBOPUTH O paIuallMOHHOM CTOMKO-
CTM MpUOOPOB Ha OCHOBE TPEX paccMaTpUBaAEMbIX
IIIUPOKO30HHBIX MOJIYIPOBOIHUKOB MO OTHOILIEHUIO
K MPOTOHHOMY OOJyuyeHuto. bojiee TouHas olleHKa
BO3MOXHAa MOCJe YCTAHOBICHUS TSI KaXKIOTO TIOJTy-
MPOBOJIHUKA PEAIbHOTO BTOPUYHOTO paarallMOHHO-
ro neexrooOpa3zoBaHus B KaxXKIOi rmoapemieTke [27,
28]. Iloka3aHO, YTO MPU IPOTOHHOM OOJIyYeHUHU JO-
JIs BAKAHCH, CO3JaHHBIX HEMOCPEACTBEHHO TPOTO-
HaMM, BO BCeX ITOIpelleTKaXx He IpeBhIIIaeT 25%.
OcranbHbBle 75% co3maioTcs aToMaM OTAAYM B Kac-
KaaHbIX mpolieccax. [ToaToMy mpoiiecchl KOMMIeHca-
LIMY TPOBOJAMMOCTU TaJlIMEeBbIX IMPOKO30OHHbBIX MO-
JIYTIDOBOJHUMKOB, HaOjogaemMble MpU MPOTOHHOM
0o0ydeHUU, OyayT OIpEeneasIThCs ITyOOKMMM 1I€H-
TpaMM, CO3JaHHBLIMU HE MEPBUUYHO BBIOUTHIMU aTO-
MaMu, a aTOMaMU OTJa4u, 0Opa30BaBIIIMXCS B KacKa-
nax cMmeleHuii. [TpoBeaeHo cpaBHEHNE pacueTHBIX U
9KCIIepUMEHTAIbHBIX JaHHBIX, HA OCHOBE KOTOPOTO
YCTaHOBJIEHO, YTO moJs map PpeHKelsl, TUCCONN-
pyIOIIMX Ha OTAEJIbHBIE KOMIIOHEHTBHI, COCTAaBJISET
ot 25 10 40%.
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Formation of Radiation Defects in Wide-Band Semiconductors Based on Gallium
(Ga,0;, GaN) under Proton Irradiation
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Using mathematical modeling of the displacement cascade in two wide-gap semiconductors based on galli-
um, gallium oxide (Ga,03) and gallium nitride (GaN), the features of the generation of Frenkel pairs during
the scattering of protons with energies of 8 and 15 MeV are considered. The number of displacements created
not only by primary knocked-on atoms, but also by recoil atoms generated in displacement cascades is calcu-
lated for the first time. Calculations have shown that under proton irradiation of Ga,0j3, for example, the
fraction of vacancies in the oxygen sublattice created directly by protons is only 12%. The remaining 88% are
created by recoil atoms in cascade processes. For the gallium sublattice, these fractions are 25 and 75%, re-
spectively. Therefore, the processes of compensating the conductivity of GaN and Ga,05 observed under
proton irradiation will be determined by deep centers created not by primary knocked-on atoms, but by recoil
atoms formed in displacement cascades. A comparison with experimental data is made, and the fraction of
Frenkel pairs dissociating during irradiation is estimated.

Keywords: proton irradiation, gallium oxide, gallium nitride, radiation defects, numerical simulation, cas-
cade processes, Frenkel pair.
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