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CO3AAHUE MNEPBOTO OTEYHECTBEHHOTI O KBAHTOBO-KACKAAHOI O AA3EPA
TEPATEPLIOBOI O AUATIASOHA HYACTOT

Ilocmynuna 6 pedaxyuro 03.11.2016

IIpodemoncmpuposan nepewviii omeuecmeeHHblll K8AHMOB0-KACKAOHbILL aa3ep mepaeepyoo2o duanazona (TIy KKJI), uzeo-
moenennbiil 6 pamxax xoarabopayuu CII6 AY PAH u HCBYI12 PAH. Aemopamu 6vina npednojiceHa KOHCMPYKYUS AKMUBHOU
ooaacmu Tly KKJI na ocnose mpex myHHEAbHO-CEA3AHHBIX KBAHMOBHIX M C Pe30HAHCHO-(OHOHHBIM MEXAHUIMOM OenOnyAAyUl
HUMICHe20 1A3ePH020 YPOBHS, pazpabomarvl mexuosoeus pocma mHo2ocaolinvlx GaAs/AlGaAs-eemepocmpyxmyp (228 kackada)
MemoooM MOAEKYAAPHO-NYUKOBOL SNUMAKCUL U NOCMPOCMOo8ast 0bpabomka eemepocmpykmyp 045 uzeomoenerus Tly KKJI. Uc-
C1e008aHUSL BONBM-AMNEPHBIX U U3AYHAMenbHbIX Xapakmepucmuk uzeomosnenuvix TIy KKJI, nposedennvie 6 HOM PAH, noo-
meepicoarom CMUMYAUPOBAHHbII XapaKmep uziy4eHus 6 ucciedyemvix npubopax. Ilocmpocmosas obpabomka 6vina anpooupo-
eana Ha eemepocmpykmypax upmet Trion Technology (CIIA).

Karoueevte caosa: keanmogo-kackaduvle aazepsl, mepazepyossiii duanasor, GaAs/AlGaAs-eemepocmpyKkmypol, mMyHHeAbHO-

CB8A30HHblEe K8AHNOBbIE AMbL, p€30HaHCHO-(,b0HOHHbll; odusaiin

BBenenune

KBaHTOBO-KacKamgHbIe Ja3epbl, OCHOBAaHHBIC Ha ITe-
pexomax 3JIEKTPOHOB MEXIY YPOBHSIMM BHYTPH 30HBI
npoBoauMocTU TetepocTpykTyp GaAs/AlGaAs, siBusi-
JOTCSI YHUKQJIbHBIMU HMCTOYHUKAMU TeparepiioBOro
ussydeHus. laHHbIe ycTpoiicTBa paboTaloT B auarna-
3oHe vacTtoT 1,2...5,0 TI'iy (06e3 ncnonb3oBaHus 60b-
LIMX MaTHUTHBIX TOJIEH) B HEMPEPHIBHOM PEXUME C
BBIXOJAHOU MolHOCTbIO Oojiee 200 MBT [1] 1 B um-
MYJIbCHOM PEXMMeE C MMUKOBOI MOIHOCThIO 60siee 1 BT.
Ha ocHoBe pa3nuyHbIX NMPUHLUIIOB (MUKPO3JIEKTPO-
MEXaHWYEeCKOTo, MCITOJb30BaHMS BHEIIHETO pe30Ha-
TOpa U Jp.) ObUIa JOCTUTHYTA MEPECTPOiKa YaCTOThI Te-
parepioBoro KBaHToBo-kackamnHoro jazepa (TT'u KKJT)
Ha 300 I'Tu u Gonee. Kpome TOro, Ha ceromHsIIIHUI
neHb ipoaemMoHcTpupoBaHbl TI ' KKJI B pexxume yac-
TOTHOM TI'peOEHKM CO CIIEKTpPaJIbHOM IMOJ0COoi Oosee

1 TI'xx [2]. DTO OTKpBIBAET MEPCIIEKTUBHI ITO pa3padoT-
ke TI'u cnektpomerpoB Ha ocHoBe TT' KKJI ¢ 601b-
LIMM OTHOLIIEHUEM CUTHAJI/IIyM (TeopeTudecku 0osee
60 nb na 3 TI'w).

ITomumo Toro uro TTu KKIJI siBaseTcss yHUKaIb-
HbIM ucTouyHUKOM TT'11 u3TydeHust, JaHHbIE YCTPOUCT-
Ba MOXXHO MCMOJIb30BaThb B Ka4e€CTBE JIOKAJIBbHOTO OC-
LMJUISITOpa IJIsl TeTePOAMHHOrO JeTeKTUPOBAHUS, T.€.
pelaTth 3amady Io gerekTupoBaHuio TI'L uznydeHusl.
CnexrpanbHas mupuHa reHepauuun TTo KKIJI ¢ pac-
npeaeaeHHON 00paTHON CBSI3bIO COCTABJSIET AECSITKU
KWJIOTEPL, YTO MPUBEJIO K UCMOJb30BAHUIO T€TePOAU-
HOB Ha X OCHOBE TIpHU 3aItycke aspoctatoB NASA mjis
pelleHMs] COBPEMEHHbIX acTpo(U3NIECKUX 3aaau.

C y4yeToM TOCTEAHUX TOCTUXEHUN B TEXHOJIOTUU
TI'u KKJI aktyanbHOI cTana 3agaya UCCaeI0BaHUS U
paspabotku cucteM TT1 Budyanusaluu, MOCTPOESHUS
n3obpaxeHuit oobekToB B TI'1l ciekTpe ¢ mpuMeHe-
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nuem TI'u KKJI. B kauectBe ne-
TEKTOPOB B JAAHHBIX CHUCTEMax yc-
MeIIHO TMPUMEHSIOTCS MHMKpPOOO-
JIOMETPUYECKUE MaTPHUIIBI, TO3BO-
JISTIOIINE TOCTUYD OTHOIIEHMST CUT-
Hai/wuym Oosnee 300 mpu yactorte
zanucu 20 KaapoB B cexkyHay [3].
bbuta mokazaHa BO3MOXHOCTb Te-
pareploBoOil BU3yalu3aluu O0beK-
TOB, yIAJE€HHbIX Ha Oojiee 4yeM Ha
25 m ot uctounuka (TI'uy KKJI) [4].

AJIbTepHATUBHBIM TTOIXOAOM IO
CO3MaHUIO CHUCTEM TepareploBoit
BU3yaJM3allNy B PEXUME PeasbHO-
IO BPEMEHU SIBJISIETCS] MCIIOJIb30Ba-

400

200

Hue os¢deKkTa caMOCMEIIMBaHUSI
(self-mixing) B TT'u KKJI, npu ko-
topoMm TT11 u3ayyeHue oTpaxkaercs

OT BHEIIHEN MMUILEHU O6paTHO B e

pe3oHaTop Jia3epa U MHTepdepupy-
eT (cMellIuBaeTcs) ¢ 3JIeKTpoMar-
HUTHBIM T10JIEM BHYTPUY pe30HATOpPA
[5, 6]. B nanHowm ciydae TT'n KKJI
OygeT OJHOBPEMEHHO BBIITOJIHSITH
(GYHKLIMKY UICTOYHUKA, CMECUTENS U
JeTeKTopa. DTO 3HAYUTENIBHO YII-
POCTUT KOHCTPYKLIMH TeparepLioBbIX CUCTEM Y YMEHb-
LIUT UX CTOMMOCTb.

Paszpaborka TT'u KKIJI sBasiercst akTyanbHOI 3a-
Jaueil 1Sl co3gaHus CUCTEM U3MEPEHUsI CKOPOCTU U
TMEePEMEILCHUN YIAJIEHHbIX MUILIEHE, U3BMEPEHUN Ba-
puauuu T KoadduumeHTa oTpakeHUs MUILIEHEH,
a TakoKe IS yOaJeHHOTO OOHApYKeHMs CKPBITBIX 00b-
€KTOB M TTOCTPOECHMSI UX JABYMEPHBIX U TPEXMEPHBIX
n300paxkeHut, T.e. IJIT JOCMOTPOBBIX CHCTEM 0€30-
MacCHOCTHU, YTO KpaliHe BaxkHO IJIsl TIPpeaOTBpalleHUSI
TeppPOpPUCTUYECKUX aTakK. B To ke Bpemss o paborax
Haz cozmanueM TT KKJI B Poccun no 2016 r. He co-
001IIAIOCh.

Llenbio maHHO# pabOTHI SIBISIETCS AEMOHCTpALIMSI
nepBoro oreyectBeHHOTO TI'y KKJI, m3roroBieHHOTO
B pamkax kKojimabopaunuu CII6 AY PAH u UCBYIID
PAH.

(~12 kB/cm)

Pa3paboTka KOHCTPYKIIMH aKTHBHO# 00JacTH
TI'ny KKJI

Ha ocHoBe uMcIeHHOro ¥ CaMOCOrIacoBaHHOTO pe-
IIeHUsT cucTeMbl ypaBHeHUi LllpeauHrepa B IpnoIm-
xeHuu a¢dexTruBHoit Maccel 1 IlyaccoHa ObLIM uC-
cJieIOBaHbl 3aBUCUMOCTU TTOJOXKEHUST JIEKTPOHHBIX
YPOBHEM U CUJIbI OCLIUJUISITOPA MEPEeX0A0B OT MPUIIO-
KeHHoro asiektpuueckoro nojist aist TT'u KKJT ¢ pe-
30HAHCHO-(OHOHHBIM JM3afHOM Ha OCHOBE KacKaja,
COCTOSILLIETO MX TPeX KBAaHTOBLIX siM [7, 8]. IuHamuKa
HocuTeNeil 3apsiia moi AeHCTBUEM TMPUIOXEHHOTO
BJIEKTPUYECKOTO TIOJISI paccMaTpuBalach B paMKax
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Puc. 1. Paccuurannbie noJjieBblie 3aBUCMMOCTH IJIOTHOCTH TOKA (J) M Ko3dduumenta ycu-
aenns B TT'LL KKJI-rerepocrpykrype npn 10 K. Ha BcTaBke — 30HHas amarpaMMa u BOJI-
HOBbIE (DYHKIMHU DJIEKTPOHOB B JIEKTPHYECKOM MOJI€, COOTBETCTBYIOIEM MOPOTY reHepanuu

Fig. 1. Current density — (J) and gain factor field dependences calculated for THz QCL’s
heterostruture at 10K. Inset: band diagram and wave functions of electrons in the electric field
close to the generation threshold (~12 kV/cm)

MeToJa HepaBHOBeCHbIX (GyHKLUI ['puHa ¢ yyeTom
MPOILIECCOB JIEKTPOH-(OHOHHOTO B3aMMOICHCTBUS U
paccestHUSI 3JIGKTPOHOB Ha TIPUMECSIX U IIIepOX0BATOC-
TSX rereporpaHul. B pesynbraTe Oblla oIlpeaejieHa
KOHCTpYKLMsI MHorocsioiiHoii GaAs/AlGaAs-rerepo-
CTPYKTYPBI C IMaroHaJIbHBIMU U3JTyJYaTeIbHBIMU Tepe-
XOIaMU M CUJION ocumuiATopa nepexona f; = 0,425.
Kpome Toro, B pesyiabrare pacueToB ObLIO OLIEHEHO
3HauYeHUe KoadduimeHTa yCuIeHus TPOeKTUPYEMOTO
TTI'u KKIJI (puc. 1).

DNUTAKCHATBHDIA CHHTE3 MHOTOCJIOMHBIX
rerepocTpykTyp GaAs/AlGaAs

[MpemnoxkeHHass KOHCTPYKIIMS  MHOTOCITOMHBIX
GaAs/AlGaAs-TeTepoCTpyKTyp ObljIa BhIpallleHa Me-
TOAOM MOJIEKYJIIPHO-ITyYKOBOM 3MUTAKCUM Ha ycTa-
HoBKe Riber 21. PocT ocyiecTBisicss Ha OJyU30JIU -
pytomx nomioxkax GaAs (100), obGecneunBarolImx
coryiacoBaHue napameTpoB peiietku ¢ GaAs/AlGaAs,
YTO Ba>KHO BBUJY OOJIBILION TOJIMUHBI (0K0JIO 10 MKM)
Bceil CTpyKTyphl. JIJIsT yMEHbIIEHUsT TOJIIIMHbBI Tepe-
XOIHBIX CJI0eB OBUIM WCIIOJBb30BaHBI CIEIIUATbHBIC
BBICOKOCKOPOCTHBIE 3aCJIOHKH, OOeCIIeUrBaIoLIne Bpe-
M TIEPEKITIOUeHUSI aTIOMUHUEBOTO U TaJUTMEBOTO T10-
ToKOB He 6osee 0,15 c. Poct ocyliecTBsICS B MbIIIb-
SIK-CTAOMIM3MPOBAHHBIX YCIOBUSIX C TeMIIepaTypoit
ocaxneHusi, koutpoaupyemoit MK nupomerpom. Co-
CTOSTHUE POCTOBOM MOBEPXHOCTU KOHTPOIMPOBATIOCH
C TOMOIIbIO AuGpaKIMU ObICTPHIX 3JEKTPOHOB Ha
oTpaxeHue. McciaemoBaHme CTPYKTYPHBIX ITapameT-




POB C MOMOILBIO PEHTIEHOBCKUX KPUBBLIX KauaHUS U
BHEPIUU MEX30HHbBIX ONTUYECKUX TTEPEXOJ0B C MOMO-
1IbI0 (POTOJIOMUHECLICHIIMU Y BBIPALLIEHHBIX CTPYK-
Typ NoApoOHO onucaHo B padote [9]. BuipailieHHbIE
FeTepOCTPYKTYPhl 00JIaJal0T PE3KUMU TeTepOrpaHu-
LlaMU 3MUTAKCUAIbHBIX CJIOE€B, YTO MOATBEPXKIAIOT
CHUMKMU IIPOCBEUYMBAIOLIECH 3JIEKTPOHHON MUKPOCKO-
nuu (ITOM, puc. 2).

ITocTpocToBas 00paGoTKa MHOrOCJIOMHBIX
GaAs/AlGaAs-reTepocTpyKTyp

Hust cozmanms TT'u KKJI 6bu1a ncnonb3oBaHa cxe-
Ma IBOMHOIO METaJJIMYeCKOro BOJIHOBO/A, B KOTOPO
aKTHBHasl 00JIaCTh 3aKJIHOYAETCS] MEX]y ABYMSI MeTasl-
JIMYECKUMU cJlosiMU. Takoli BOJTHOBOA obecreuynBaeT
0oJiee CWJIbHYIO JIOKAIM3alMIO TMOJISI U MEHbIIIUE TO0-
TepH MO CPABHEHMIO C TJIA3MOHHBIM BOJIHOBOIOM, XO-
TSI TAKOW TMOAXOJA 3HAUYUTEIbHO YCJIOXHSIET MOCTPOC-
TOBYIO 00pabOTKY CTPYKTYD.

MHorochnoiinyto GaAs/AlGaAs-reTepocTpyKkTypy
cpalIMBagd METOIOM TEPMOKOMIIPECCUOHHOTO CO-
€AMHEHUSI C MPOBOASILIEH MOMIOXKKONW-HOCUTEIEM
n+-GaAs. 3aTeM TpPOBOAMJIOCH TIOCJIEIOBATEIHLHOE
CTpaBJIMBaHUE UCXOAHOU mMomnoxku GaAs 10 cTom-
ciost AlGaAs ¢ BEICOKUM colepkaHueM Al, a 3aTeM U
CaMOro CTOII-CJIOST, TOCJIe YeTro CBepXy HAHOCUJIACh Me-
tannu3anus Ti/Au, KoTopasi ciy>kKuiia B KaueCTBe Mac-
KU JIJ151 CYXOT'O TPaBJIEHUsI TPEOHEBBIX ME3aIM0JOCKOB U
B KauecTBe BepxHero ayiekTpoaa TI'n KKII. B pe3yib-
tate aktuBHasi obiacth TI'u KKIJI ToniumHoi okoJio
10 MKM oKa3bIBajach OrpaHUYEHHON ABYMSI MeTaJlIM-
yeckuMu ciaossmMu. IlogpoOGHOe ommcaHue IIpo1EecCcoB
(opmupoBaHMs IBOMHOIO METAUIMYECKOTO BOJIHOBO-
Ja nmaHo B pabore [10].

IIpu usroronennu peszoHatopa Mabpu — Ilepo
KUCIOJIb30BAJIaCh OMepalmsl pacKaablBaHUSI TPEOHEBBIX
mezanonockoB TI'u KKIJI. Jlns ynydineHus KayecTBa
CKOJIOB MOMJIOXKa-HOCUTeNb nt+-GaAs yToHs1ach A0
TommuHbl ~ 150 MxMm. KpoMe Toro, omepaiiuio packa-
JIbIBAHUS TaKXe YIpouaeT popMupoBaHue rpeOHeBbIX
ME3aIloJIOCKOB C TaK Ha3blBaeMbIMHM IUTedamMu. Ha
CHUMKE PacTPOBOI0 2JEKTPOHHOTO MUKPOCKOIA U300-
paxen ckoia topua TI'uy KKJI ¢ mreuamu (puc. 3). Yu-
bl MOHTUPOBAIMCh HA MEIHbII TEMIONPOBO, SIBJISI-
IOIIUIACS HUKHUM KOHTAaKTOM K CTPYKTYpe.

WUccaenosanue usrorosieHHbix TI'm KKJI

WNamepenue wusrorosiaeHHbix TI'u KKJI mposo-
aunochk B MHetutyTe (pusuku Mukpoctpyktyp PAH
(M®M PAH). Ha puc. 4 mpencraBiieHbI BOJIbT-aMIIep-
Hble xapakTepuctuku (BAX) M 3aBUCMMOCTU MHTEH-
CUBHOCTHU MHTErpajbHOTO U3JyYEHUs OT TOKA ISl UC-
cnenyemoro TT'u KKJI. Haauume pe3koro msjaoma Ha
BAX (0,32...0,42 A) cBsizdaHO ¢ 0Opa30BaHUEM JIOMeE-
HOB 2JIEKTPUYECKOTO MOJISI BHYTPHU Ja3epHOM CTPYKTY-

n-contact GaAs

GaAs/AlGaAs
Active region

Puc. 2. TIDM-u300pakeHne AKTHBHOW 00JACTH MHOTOCIOWHOM
GaAs/AlGaAs-reTepoCcTpyKTypbl

Fig. 2. TEM of the active area of the multilayer GaAs/AlGaAs-hetero-
structure

Puc. 3. POM-u3oo6paxenne ckoaa TTu KKJI
Fig. 3. SEM image of THz QCL cleavage

Puc. 4. BAX (cnuiomHas iMHUs1) ¥ 3aBUCHMOCTH MHTEHCHMBHOCTH W3-
JiydeHusi OT TOKa (myHKTHpHas junusi) ucciaexyemoro TI'm KKJI

Fig. 4. CVC (full line) and emission intensity against current plot (dotted
line) for THz QCL under study
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Puc. 5. Cnekrp n3nyyenusi TT'u KKJI Ha ocHoBe rerepocTpyKTypbl
¢upmbr Trion Technology npu Temnepatype 20 u 60 K

Fig. 5. Emission spectra of THz QCL based on the heterostructure from
Trion Technology at 20 K and 60 K

pbl. danee BAX npereprnieBaeT pe3Kuii U3J0M, CBUIE-
TEJbCTBYIOIIUI O MPUOIMKEHUU "HUXHEro" ypOBHSI
WHXEKTOpa K "BepxHeMy' paboueMy JIa3epHOMY YPOB-
HIO, YTO CMocoOCTBYeT 3(hGhEeKTUBHOMY TYHHEIMPOBA-
HUIO BJIEKTPOHOB M OBICTPOMY POCTY TOKA Yepe3 CTPYyK-
Typy. Ha 3aBucnmMocTn MHTErpasbHON MHTEHCUBHOC-
TM OT TOKa BUIHO, 4TO 13710M Ha BAX mipu Toke 0,42 A
(280 A/CMz) COOTBETCTBYET HAUaJly Pe3KOIro pocTa MH-
TEHCUBHOCTM M3JYYCHUS, UTO SIBJISIETCS TMPU3HAKOM
BO3HUKHOBEHUSI B CTPYKType CTUMYJIUPOBAHHOTO W3-
JIy4eHMUSI.

Anpo6amus TexHoyoruu n3roropjiennsa TTn KKJI

st anpobanuuy pa3pabOTaHHON TEXHOJIOTUM Oblila
ucrojb3oBaHa MHorocnoiHass GaAs/AlGaAs-rerepo-
CTPYKTypa, u3roronjieHHas ¢pupmoii Trion Technology
(CHIA). TerepocTpykTypa uMeeT pe30HaHCHO-(hO-
HOHHBIN AY3aliH Ha OCHOBE TPEX KBAHTOBBIX SIM U pac-
cyMTaHa MOJ 4YacToTy u3iaydeHust BOau3u 3,2 Tl
AHAJIOTMYHO OMNKMCAHHOM BbIIIE MOCTPOCTOBOM 0Opa-
0OTKe ObLJIM M3rOTOBJIEHBI TPEOHEBbIE ME3aIOJOCKHU C
wprHoi 100 MkM. MOHTaX JaHHBIX YUIIOB ObLT BbI-
noimaed B AO "HUMU "Momoc” um. M. @. Crenbmaxa”.
B M®M PAH 6b11 u3MepeH CreKTp U3Iy4yeHUs] U3ro-
toByieHHbIX TT KKIJI (puc. 5). B cnekTpe usnyyeHus
MPUCYTCTBYET CIEKTpaibHasl JUHUS HA YacToTe BOJIM-
31 109 em !, uro cootBerctByeT 3,2 TT'u. ITpu Temne-
patype 20 K Ha criekTpe mpucyTcTByeT OoJjiee ciabast
cnekTpanbHas JuHus Boau3u 107,5 CM_I, COOTBETCT-
BYIOLLAsl MPOAOJBHOI MOJE pe30HaTOpA.

3akimouyeHue

Hecmotps Ha oTcyTcTBHE 3ane1a B Poccun B obac-
™1 cozganus TTu KKIJI, aBTopamu paGoThl B mepuo
¢ 2015 o 2017 rr. ynaaoch OCBOMTh IPOEKTUPOBaHUE
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nun3aiiHa aktuBHo# oOmactu TI'n KKJI, paspaborath
TEXHOJIOTUIO CUHTe3a MHorocaoitHbix GaAs/AlGaAs-
TeTEePOCTPYKTYP METOIOM MOJEKYISIPHO-ITYYKOBOMI
SMUTAKCUM, a TaKxKe OTpadoTaTh MPOLIECCHl MTOCTPOC-
TOBOIA 00paOOTKM BbIPAILEHHBIX T'€TEPOCTPYKTYpP IJIsI
coznanud TI'u KKJI ¢ IBOMHBIM METATMYECKM BOJI-
HOBOIOM. MccnenoBaHus BOJbT-aMIIEPHBIX U U3JTyda-
TeJbHBIX XapakTepuCTUK u3roToBiaeHHbIX TT KKIJI,
nposeaeHHble B UPM PAH, nmoareBepxxaaloT cTUMY-
JIMPOBAHHBIM XapakTep M3JydeHUs B HCCIEIyeMbIX
npubopax. s anpobanyu NoCTpOCTOBOM 00padbOTKu
obu1 u3rotosieH TT'u KKJI Ha ocHOBe reTepocTpyKTy-
pbl dupMbl Trion Technology (CILIA). B cnekTpe us-
ayyeHusi nanHoro TT'u KKIJI mpucyrcrByeT criekt-
pasbHast IMHUS Ha yactoTe BOm3K 109 cmM ™!, uto co-
oteetcTByeT 3,2 Tl

Asmopul evipadcarom 6aa200apHocmb cOMPYOHUKAM
HOM PAH B. U. T'aspunenxo, K. B. Mapemvsinuny u
A. B. Hkonnukoey 3a uzmepernus uzeomoenennvix Ty KKJT
u compyonuxy AO "HUH "lloaoc” um. M. @. Cmenw-
maxa" A. U. lanunosy 3a coopky uunoe Tly KKJI.

Paboma evinoanena npu @urancosol noddepiicke
Ipanma Ilpesudenma Ne MK-6081.2016.8.
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The first terahertz quantum-cascade laser (THz QCL) made in Russia in collaboration between SPhAU RAS and IUHFSE RAS
was demonstrated. The design of the active region of THz QCL based on the three quantum wells with the resonant-phonon de-
population scheme was proposed. A molecular beam epitaxy growth of the multilayer GaAs/AlGaAs heterostructures (228 cascades)
was developed. Studies of I-V and of the emission characteristics of the fabricated THz QCL conducted in IPM RAS confirmed the
nature of the stimulated emission in the test devices. The postgrowth processing was tested on the heterostructures from Trion Tech-

nology Co. (USA).
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Introduction

Quantum cascade lasers (QCLs) based on electron tran-
sitions between energy levels within a conduction band in a
GaAs/AlGaAs heterostructure are the unique sources of ter-
ahertz radiation. The devices operate in the 1.2...5.0 THz ra-
diation range, without strong magnetic fields utilization, with
the output power of more than 200 mW [1] in a continuous-
wave mode and with the peak output power exceeding 1 W in
a pulsed mode. Basing on a number of principles (microelec-
tromechanical principle, external resonator application etc.),
terahertz quantum cascade laser’s (THz QCL’s) frequency tun-
ing range expansion toward 300 GHz and more is achieved.
Besides, THz CQLs emitting over a spectral bandwidth of
1THz are demonstrated in a frequency comb operation mode
[2], this opening a prospect of the development of a THz
QCL-based THz spectrometer with a greater signal/noise ra-
tio (theoretically, more than 60 dB per 3 THz).

Besides being a unique THz radiation source, the title de-
vice can be used as a local oscillator for heterodyne detection
and thus provide an opportunity to solve the problem of THz
radiation detection. Spectral range covered by the radiation
generated by a THz QCL with a distributed feedback makes
tens of KHz, this fact having lead to THz QCL-based het-
erodynes use in NASA aerostats for solving astrophysical
problems.

The achievements in THz QCL technology make topical
the task of the research and development of THz visualization
systems and object imaging in the THz range using THz QCL.
Microbolometer arrays ensuring signal-to-noise ratio over
300 at sampling frequency of 20 frame in second are success-
fully used for detectors [3]. A possibility is demonstrated of

THz visualization of objects situated more than 25 m away
from the source (THz QCL) [4].

An alternative approach to building real-time THz visu-
alization systems is the use of the self-mixing effect in THz
QCL, when the THz radiation is reflected from an external
target back into a laser’s resonator and interferes (gets mixed)
with the electromagnetic field inside the resonator [5, 6]. THz
QCL in this case will function simultaneously as a source, a
mixer, and a detector, which will simplify the structure of
THz systems and reduce their cost.

A THz QCL development is a topical task for construction
of systems for target velocity and displacement distant meas-
uring and those for measuring the target’s THz reflection fac-
tor variations and distant object detection and 2D and 3D im-
aging, this making THz QCL development important for in-
spection systems, which is extremely important for terrorist
attack prevention. At the same time, no efforts on THz QCL
creation undertaken in Russia have been reported before 2016.

The aim of the present work is to demonstrate the first do-
mestic THz QCL.

Development of THz QCL active area design

The dependences of electron energy levels location and
the transition oscillator strength upon the electric field ap-
plied for a THz QCL with resonance-phonon depopulation
scheme and a cascade of three quantum wells are investigated
on the basis of numerical and self-consistent solution to the
system of Schridinger’s equations in effective-mass and Pois-
son approximations, [7, 8]. Charge carrier dynamics under
the applied electric field’s impact is considered in terms of
nonequilibrium Green’s functions method with the account
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for electron-phonon interaction and electron scattering on
admixtures and roughness of heteroboundaries. As a result,
the structure of a multilayer GaAs/AlGaAs heterostructure
with diagonal radiative transitions and the oscillator strength
Jf>1 = 0.425 is determined. Also, the estimated value of the gain
factor of the THz QCL under construction is calculated (fig. 1).

Epitaxial synthesis of multilayer GaAs/AlGaAs
heterostructures

The offered structure of multilayer GaAs/AlGaAs heter-
ostructures is grown by molecular-beam epitaxy on a Riber
21 system. The growth was realized on semi-insulating
GaAs (100) wafers providing for lattice parameters coordina-
tion with those of GaAs/AlGaAs heterostructure, which is
important because of considerable thickness (about 10 um) of
the whole structure. Special high-speed shutters were used, in
order to reduce the thickness of the transition layers. The shut-
ters ensured that the time of the pattern change from Al- to Ga
source did not exceed 0.15 s. The growth was realized in ar-
senic-stabilized conditions, with the sedimentation tempera-
ture controlled with an IR pyrometer. The growing surface
condition in-situ control was carried out by the high-energy
electron diffraction method.

Structural parameters of the grown multilayer heterostruc-
tures were studied using X-ray rocking curves; their band-to-
band optical transition energy was investigated with the use of
photoluminescence and is reported in detail in [9].

In the heterostructures obtained, the heteroboundaries of
the epitaxial layers are very sharp, this being proved with the
transmission electron microscopy (TEM, fig. 2).

Post-growth processing of multilayer GaAs/AlGaAs
heterostructures

In order to build a THz QCL, a double metal waveguide
structure was used, in which the active area is placed be-
tween two metal layers. Such a waveguide ensures stronger
field localization and lower losses, as compared to a plasmon
waveguide, though this approach makes the post-growth
structure processing more complicated.

The GaAs/AlGaAs heterostructure was joined with a con-
ducting n+-GaAs wafer with a thermocompression bonding
with subsequent wet etching of the initial GaAs wafer until the
AlGaAs stop-layer rich in Al was reached. After etching the
AlGaAs stop-layer, Ti/Au metallization was made, which
served simultaneously as a mask for ridge mesostrips dry etching
and as the top electrode of the THz QCL. Finally, the active
area of the THz QCL with the thickness of about 10 pm turned
out to be limited with two metal layers. The double metal
waveguide formation is described in more details in [10].

At Fabry-Perot resonator fabrication, THz QCL’s ridge
mesostrip cleavage was used. To improve the cleavage quality,
the n+-GaAs wafer thickness was reduced to ~150 um. Be-
sides, cleavage facilitates the formation of the ridge mesostrips
with "shoulders”. One can see a THz QCL end cleavage in the
scanning electron microscope picture (fig. 3). The chips were
mounted onto a copper heat sink, which also served as the
bottom contact of the structure.

Study of fabricated THz QCLs

The performances of the THz QCLs made were measured
at the Institute for Physics of Microstructures RAS (IPM RAS).
Current-voltage (I—V) characteristics and total radiation in-
tensity vs. current plot for the THz QCL under study are pre-
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sented in the fig. 4. Presence of a knee in the [—V charac-
teristics (0.32...0.42 A) is related to the electric field domains
formation inside the laser structure. Further, I—V character-
istics undergoes a sharp bend associated with the "lower level"
of the injector approaching the laser’s "upper" working level,
this promoting efficient tunneling of electrons and fast growth
of the electron current across the structure. In the plot of in-
tegral current intensity vs. current dependence, one can see
that the bend in I—V characteristics at the current of 0.42 A
(280 A/cmz) correlates with the sharp increase in radiation,
which indicates the beginning of stimulated emission in the
structure.

THz QCL fabrication technology testing

For testing the THz QCL fabrication technology, a mul-
tilayer GaAs/AlGaAs heterostructure from Trion Technology
(USA) was used. The heterostructure had a three quantum
well based phonon-resonance design and it was calculated for
the radiation frequency of about 3.2 THz. In the way similar
to the post-growth treatment described above, 100 um wide
ridge mesostrips were produced.

Chips were mounted at NII Polyus JSC. The emission
spectrum of the fabricated THz QCLs was measured at IPM
RAS (fig. 5). In the emission spectrum, a spectral line is
present near the frequency of 109 cm™ !, which corresponds
with 3.2 THz. At 20 K, a weaker line is present in the spec-
trum near 107.5 cm_l, this corresponding with the longitu-
dinal mode of the resonator.

Conclusion

Despite the absence of a groundwork for THz QCL fabrica-
tion in Russia, the authors succeeded in designing a THz QCL’s
active area, the development of multilayer GaAs/AlGaAs het-
erostructure synthesis technique using molecular-beam epi-
taxy, working out in detail the grown structure post-growth
processing for building a THz QCL with a double metal
waveguide; all this has been done within the period from 2015
to 2017.

Investigation of THz QCL’s current-voltage characteris-
tics carried out at IPM RAS, has proved the stimulated nature
of the emission in the studied devices. In order to test the
post-growth processing technique, a THz QCL was fabricated
on the basis of a heterostructure from Trion Technology
Company (USA). In the emission spectrum of the device, a
spectral line is present near the frequency of 109 cm™ !, which
corresponds with 3.2 THz.

The Authors are thankful to the research fellows from IPM
RAS V. I. Gavrilenko, K. V. Marem yanin, and A. V. lkonnikov
for measuring the characteristics of the fabricated THz QCLs.

The Authors are also grateful to the scientific associate of the
NII Polyus JSC A. 1. Danilov for mounting chips for THz QCL.
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HA INMYTU K PEAAU3ALIMU TEPATEPLIOBbIX AA3EPOB
HA OCHOBE TFPAOEHOBbBIX TETEPOCTPYKTYP

Ilocmynuna ¢ pedakyuio 24.11.2016

Ilpeocmaesnenvt Hedagnue pe3yavmamot, NOAYHEHHbIE G3AUMOOCUICIMBYIOWUMY SPDYRNAMU POCCULICKUX U SANOHCKUX UCCAe008a~
mesnell, Ha NYmu peaiu3ayuy mepazepyo8bix 1a3epos Ha 0CHOBe ePAPEH0BbIX 2eMmepOCMPYKMYP € INeKmpueckou (UHICEKUUOHHOLL)
Hakaukou. Paccmampuearomes déa muna mepaeepyosvix epagheHo8bix 1a3epos: Aa3epvl Ha 0CHO8e 0OHOCAOUHOU U MHOCOCAOUHOU
epagenosuix p-i-n eemepocmpykmyp ¢ 00K08bIMU P- U N-UHICCKMUPYIOUWUMU 00AACMAMU, UCHOABIYIOUUE MENCIOHHbIE GHYM -
DUCAOTIHBIE ULYYAMENbHbIE Nepexo0bl, U Aa3epbl HA OCHO8E 08OUHBIX ePAPEHOBbIX 2emepOoCmpPYKmYyp €O CA0AMU, PA30eAeHHbIMU
MYHHEAbHbIM OaPbEPHbIM CA0eM U UHOUBUOYANbHBIMU KOHMAKMAMU K KANCOOMY CA0I0, UCHOAB3YIOUUE Pe30HAHCHO-MYHHEAbHbIE
BHYMPU3OHHbBIE MEICCAOUHbIE Nepexodbl, CONPosolciaemble ULYHeHUEM GOMOHOE.

Karoueesvie caoea: mepaeepyosoe usnyuenue, epagher, eemepocmpyKkmypa, UHGEPCHAs 3ACEAeHHOCMb, Aa3ep

BBenenune

Teparepuosbiii (TT') nMana3oH 3AeKTPOMarHUTHO-
ro M3Jy4YeHUs PacIoIOKEH MEXAY MUKPOBOJIHOBBIM
U ONTUYECKUM CMeKTpaJbHbIMU obyacTaMu (puc. 1).
DTOT Auana3oH MOKPbIBA€T YACTOThl MOJIEKYISIPHBIX
KoJie0aHUii B ra3ax M >KMJIKOCTSIX M 4acTOThl KoJieba-
HUI pelleTKy TBepabIX Tea. Ha aToM ocHOBaHBI MHO-
TOUMCJIEHHbIE YXe CYLIEeCTBYIOILIMEe U Oyaylide Mnpu-
MmeHeHus TI1 uznaydeHus BKIIOYAIOLIME: paanoacT-
POHOMMUIO, HOUHOE BUJAECHUE, CKPBITYIO CBS3b MEXIY
KOCMHMYECKUMH ammaparaMd W B JIOKAJbHBIX KOM-
MbIOTEPHBIX CETIX, ACTEKTUPOBAHME OTPABISIONIMX
¥ B3PBIBUATHIX BEIIECTB, MOHUTOPUHT OKpPYXKaIOIIEH
cpenbl, MEIMIIMHCKYIO TUarHOCTUKY W ap. Hecmotps
Ha MHOTOJIETHUE YCUJIMS U 3aMeydaTesibHbIe JOCTUXKe-
HUsS B 2JIGKTPOHUKE CBEPXBBICOKMX YaCTOT M (HOTO-
HUKe, peaiu3alysi KOMIIAKTHbIX, JOCTATOYHO MOLI-
HbIX U 3¢ dexkTuBHbIX TI' npubopoB, paboTamIIMX
NpU TpUeMIeMbIX TeMrepaTypax (T.e. IpU KOMHAaT-

HBIX TeMIlepaTypax Wiu, No-KpaliHell Mepe, Mpu yme-
PEHHOM OXJIAXACHUM), OCTaeTCS HEPEIIeHHOM IIpo-
OneMoii. BBuay mpaktudyeckux M (yHIaMeHTaJbHbIX
CJIOXHOCTeH 1Mpokoro ucnosb3oBanust Tl uzmy-
YEeHUsI B MUPOBOH HAyYHO-TEXHUYECKOW JUTepaType
BO3HMK TepMuH TI'1 "menn".

ITpuGops! 1 cUCTEeMBI HA X OCHOBE, JTUKBHUIUPY-
oluMe 3Ty "1eab", MOTYT OBITh peaJiM30BaHbl HA OC-
HOBE TBEPIOTEJbHBIX CTPYKTYpP W, TpPeXIe BCero, Imo-
JYTIPOBOAHUKOBBIX T€TEPOCTPYKTYP U3 CPAaBHUTEIHHO
TPAAUIIMOHHBIX MaTepUaJioB M, B OCOOEHHOCTH, HO-
BbIX MaTepuanoB. Hanbonblinii ycnex B mpoaBuxKe-
HuM BHYTpb TT1I "menn" cBsg3aH ¢ pa3pabOTKOIi pe3o-
HaHCHO-TYHHeJbHbIX auoaoB (PT) [1] u KBaHTOBBIX
kackanHbix naszepoB (KKJI) [2] Ha ocHOBe coeauHe-
auii 111—V, nmepekpwiBatommx TT1r "mens" cooTBeTCT-
BEHHO C MUKPOBOJIHOBOI 1 (DOTOHHOI "cTOpoH". I1yTh
OT U300PETEHUS ATUX IIPUOOPOB 10 UX BOIUIOIIEHUS B
paboTaolux o0paslax 3aHsT HECKOJIbKO AecsITuIe-
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Terahertz

Microwave

HbIM. XOTS TIEpPBbIE BKCIIEPUMEH-
TajbHble pPabOThl MO peaju3aluu
ctumyaupoBaHHoro TT' uznydyeHust
u3 rpadeHa, MpoBeIeHHbIE YHUBEP-
cutetom Toxoky B fAmnoHum [10] u

X-rays OCHOBaHHbLIC Ha HallUMX TEOPECTU-

Infrared Visible UV
[ |

YECKUX HCCJICOOBAHMAX, OKa3aJIHCh

) ) ’ ’ 10 ' " ' 12 ' 13 )
10 10 10 10

Frequency, Hz

14
10

Puc. 1. CnekTp 3JIeKTPOMATHUTHOTO U3Jy4eHus (IMana3oHbl)
Fig. 1. Spectrum of electromagnetic radiation (spectral ranges)

tuit. TeM He MeHee ocTaeTCsi MHOTO ITPUHILIMITUATIbHBIX
M TEXHUYECKUX HEPEIICHHBIX TTPO0JIeM, HallpuMep pa-
6ota B obsiactu Bbiiie 2 TI'y (nast PT) u B o61actu
6...10 TT' (mna KKJI), a Takke CylIeCTBEHHOE IMOBBI-
1IEHWE BBIXOMHON MOIIHOCTH U T. A. TakuM oopazom,
AKTUBHBIN TTOMCK myTeit mepekpbitus TI "menn” etre
BIEPEIU.

J1oBOJIBHO OBICTPO TOCJIE BIICUAT/ISIOIINX JEMOHCT-
pauuii YHUKaJIbHBIX CBOMCTB rpacdeHa [3] — marepu-
aja, TpeACTaB/IsIolIero co00i MOHOCION aTOMOB yT-
Jiepona, ObLT TIPeIIOXKeH, B YaCTHOCTU HaMU, LIEJbIi
psil pa3HOOOPa3HBIX MPUOOPOB HAa OCHOBE rpadeHo-
BBIX CJIOEB M TETePOCTPYKTYp U3 HuX. Cloa OTHOCITCS
JETEKTOPbl U MOAYJISITOPBI 2JIEKTPOMATHUTHOIO U3Jy-
YyeHMsI B pa3HBIX o0JIacTsax ero cmekrpa, 1T doto-
MUKCepbl, Ipuoopbl TI'1 MIa3MOHUKMU U APYTHUE YCT-
poiicTBa.

Oco60 MOXHO OTMETUTb MNPEMIOXEHHbIE KOH-
uenuuu TTu nazepoB ¢ ontuueckoi [4—7] u uH-
KeKIMOHHOU [8, 9] Hakaukoit. Cnieuu@puKoi Takux
J1a3epoB SBJISIETCS OTCYTCTBUE (MJIM OYEHb Majas
IIMpUHA) 3alpelieHHOW 30HbI. biarogapsi aTomy
rpaeH MoxeT morjoiaTth U udnydyatbh Kak Tl ¢o-
TOHBI, TaK U (OTOHBI YJIbTPA(PUOJIETOBOrO AMana3o-
Ha. becuieneBoit sHepreTuyeckKuii CriekTp rpadeHa,
SIBJISTIOIIMIACST OOJIBIIMM HEAOCTATKOM ISl €T0 MC-
MOJIb30BaHMS B IM(POBHIX CXeMax, 3HAYMUTEIbHO pac-
LIUPSIET BO3BMOXKXHOCTHU ero nmpumMeHeHust B TT11 aek-
TpoHuKe U (poroHuke. HeodbxoguMo OTMETUTH, YTO
"mpoBan” oxugaemoil TpacdeHOBOI "peBojoLUU" B
0071acTU OOJBIIMX LMUMPPOBBIX MHTETPAIbHBIX CXEM
MOXeT ObITh KOMIIEHCHUPOBAH IPOTPeccOM B paspa-
0OTKe aHAJIOTOBbIX CUCTEM, OCOOEHHO YUUTHIBASI Mpe-
KpacHbIe TpPAaHCMIOPTHbIE W ITIJIa3MOHHBIE CBOWCTBA
rpaeHOBBIX CJIOEB.

Haxkauka rpaceHOBOro cj1osi HOCpeaCTBOM I'eHepa-
LIMU DJIEKTPOHOB U IbIPOK CBETOM WJIM 3a CUET UX UH-
JKEKIIMY TIPUBOANT K M3JIydaTeTbHONM peKOMOWHAIIUMN
1 TeHepaluu U3JIydyeHusl ¢ TOBOJIbHO Majioil SHepruei
(boTOHOB BCIEACTBME HYJIEBOW 3HEPreTUYecKon Iiie-
JIM MEXIY 30HOU MPOBOAUMOCTU U BAJIECHTHOM 30HOM.
IIpn mocraTouHO CHIILHOM HakKayke U 3(PPEeKTUBHOMN
(OTOHHOIT 00paTHOI CBSI3M PEKOMOMHAILIMOHHOE U3-
JIydUeHHE MOXET CTaTb CYIIECTBEHHO CTUMYJIMPOBAH-
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JIOBOJILHO OOHAIeKNBAIOIIMMU, ObI-
JIO SICHO, YTO OINTHYECKass Hakauka
(IoMHUMO €€ MOHSITHBIX HeymoOCTB)
He SIBJISIETCS] JOCTAaTOYHO 3 (PEKTUB-
HbIM MeTojioM. [leso B TOM, UTO Te-
HEepUPOBaHHbIE CBETOM (C DHEpruei
(oroHoB 1,5...2,0 3B) a2yIeKTpOHHO-IBIPOYHbIE Tapbl
MOJIYYaIOT P POXKICHUN OOJIBIIYIO 9HEPTUIO, YTO Be-
JET K MOBBbILIEHUIO UX 3(DGhEKTUBHON TEMMepaTyphl.
IMocnenHee 3aTpyaHsET peayn3alnio MHBEPCHO 3ace-
JieHHoctH [11], HeoOXooMMOIt 11 Ja3epHOi reHepa-
uuu. Hanpotus, npu MXXKEKIMOHHON HaKauyke 3JIeKT-
POHOB U JIBIPOK B rpaceHOBBIN C0H (MM HECKOJIbKO
napajuieJIbHbIX C10€B) 13 OOKOBBIX KOHTAKTOB 3 dek-
TUBHas TeMIiepaTypa 3JIeKTPOHHO-IBIPOUHO TJ1a3Mbl
0JIM3Ka K TeMmIiepaTtype peleTKy UIu MOXET ObITh Aa-
Ke Huxke ee [12].

MHKeKnuoHHbIE JIa3epbl HA OCHOBE Ipa)eHOBbIX
TeTePOCTPYKTYP C p-i-n nepexoaamu

CTpyKTYphl TIpEIIOKEHHBIX HAMHW WHXEKIIMOH-
HbIX J1a3epoB [§8, 9] Ha OCHOBE OJHOTO WJIM HECKOJIb-
KHX (Ie30pMEHTUPOBAHHBIX IPYT OTHOCHUTENBHO APY-
ra, "twisted") rpacdeHOBBIX CJIOEB IOKa3aHBl CXeMa-
TUYECKHU Ha puc. 2, a u b. B cTpykType nepBoro Turia

Puc. 2. IIpononsHbie (JaTepajibHbie) Ja3epHble p-i-n reTepoCTPyK-
TYPbl HA OCHOBE TPa()eHOBBIX CJIOEB C XHMHYECKHM H "dJIeKTpHYEC-
KHM" JIeTHPOBaHUEM p- U n-00JacTeil M HeJIerHPOBAHHOM i-00J1aCTBIO
(mymHoi 2L) mexny 3aTBopaMu: V' — HanpspKeHHe MeXAy MCTOKOM
H CTOKOM, 32TBOPHbIE HANPSKEHUs! V), W ¥, AMEIOT NPOTHBONOIOKHbIE
NOJISIPHOCTH

Fig. 2. Lateral laser p-i-n heterostructures based on graphene layers with
chemical and "electric" dopiung of the p- and n-regions (with length 2L)
between the gates: V is the source-drain voltage, V,, and V, are the gate
voltages of the opposite polarity




V=0

Conduction band
[ ]

[¢]

Puc. 3. 3onnbie quarpamMmbl (Mpo)uiIM NMOTEHIHUANA) B p-i-Nn reTe-
pocTpyKType npu HyJieBom (a) u npu npsimom (b) cmemenusix (V= 0
u V> 0 cOOTBETCTBEHHO): KPYXXKI COOTBETCTBYIOT SJIEKTPOHAM B 30-
He TIPOBOANMOCTH rpad)eHa U AbIPKaM B €T0 BaJICHTHOIT 30He; BOJI-
HHCTasl CTPeKa OMUCHIBAET MEX30HHBIN MEPEXOl C M3TyYeHUEM
TTu ¢porona

Fig. 3. Band diagrams (potential profiles) for graphene p-i-n heter-
ostructure at (a) zeroth bias and (b) forward bias (V = 0 and V > 0,
respectively): opaque and open circles correspond to electrons in the
graphene conduction band and holes in its valence band: wavy arrow in-
dicates the interband transition with THz photon emission

p- 1 n-obj1act QOPMUPYIOTCS COOTBETCTBYIOIIMM X1~
MUYECKUM JIeTUpOBaHUEM. B cTpykType BTOporo Tumna
3TU 00J1aCTU 00pPa3yroTCsl HOCUTEISIMU, UAYLIMPOBaH-
HBIMU TIOTEHLIMAJaMU 3aTBOPOB MPOTUBOIOJOXKHOM
MOJISIPHOCTH.

30HHBIE AUArpaMMbl OOCYXIAeMBbIX T'€TEPOCTPYK-
Typ TIPU HYJEBOM CMEIIEHUU U MPU MPSIMOM CMellle-
HUU TI0Ka3aHbl Ha puc. 3, a u b,
COOTBETCTBEHHO.

JlezopueHTtauus P e

3aHHOU Ha puc. 2 (s ciydyasi OMHOTO cjios rpade-
Ha). B aTux rerepocTpykTypax MeTalIMYeCKue 3a-
TBOPBI B MPOJOJbHOM HallpaBA€HUU HUMEJU Tepuo-
NMYECKYIo MUI000pa3Hylo ¢popMy, Kak Ha puc. 4, 4TO
obecrneuynBaio pacrpeaeeHHY 0OpaTHYIO CBSI3b JJIs
TT' uznydeHus, palpoCcTPaHsIIONIErocsl BIOJb KpaeB
3aTBOpoOB. [Ipu mpsMoM cMellleHUU p-i-n mepexonaa
HaOJogaiach omHomomoBas smuccust TI' usmyde-
Hus ¢ yactotoit 5,2 T (CM. CIIeKTpbl U3TYYEHUST Ha
puc. 5) npu temmneparype 100 K. Drta yactora coot-
BETCTBYET MEPHOAY 3aTBOPHON MUI000pa3HON CTPYK-
Typel. CrHekTpajbHasi LIMPUHA JMHUU WU3JTyUYEeHUS
TaKke XOpOIIO COIIacyeTcs C pe3yabTaTaMu MOMAE/N-
posanus [12, 13]. B oOpa3uax 6e3 pacnpeaeieHHON

THz radiation 50

Puc. 4. Buapl 1a3epHbIX CTPYKTYP C pacnpeaesieHHOi 00paTHOi cBs-
3bl0, MOJIyYeHHbIE C OMOMIBIO ONTHYECKOTO U CKAHUPYIOUIETO JJIeK-
TponHoro mukpockomnos [12]: S, D, G1 u G2 cOOTBETCTBYIOT UCTOKY,
CTOKY U 3aTBOpaM.

Fig. 4. View of the laser structures with the distributed feedback obtained
using optical and scanning tunneling microscopes [12]: S, D, G1, and
G2 corresponds to the source, drain, and gates

cjioeB (fwisf) IPUBOAUT C MOJABIE-
HUIO MEXCJIOEBOIrO B3aWMOJEICT-
BUSI, TaK YTO Bce rpacheHOBBIE CIIOU
B MHOT'OCJIOMHOM IreTepoOCTPYKTYpe
MMEIOT oauHaKoBble (InpakoBc-
KNE€) DHEepreTUYecKue CIEKTPHI,
Takue Xe, KaK U OTIEJbHBIN U30-

. uni

JIOXXHOCTh rpaduty u ourpadeHo-
BbIM CTPYKTYpam).
B uyacTHOCTM, HAMU U HAIIKMMU

Intensity, arb

20 v

= -2.00 .

KoJileraMu  ObLIM  peajiu30BaHbI
TeTePOCTPYKTYPHl THUIIA ITOJIEBOTO
TpaH3MCTOpPa C IByMs 3aTBOpaMM Ha
ocHOBe rpadeHoBoro cios (puc. 4),
B KOTOPbIX (DOPMUPOBAJIUCH IJIOC-
KH€ 2JIEKTPUYECKN MHIYIIUPOBAH-
Hble p-i-n Tiepexonbl. B 1enom
W3TOTOBJICHHBIE TEeTePOCTPYKTYPHI
(cM. puc. 4) COOTBETCTBYIOT MOKa-
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Frequency, THz

Puc. 5. Cnexrpsl TI'n u3ayyeHus, reHepUPOBAHHOTO NMPH MHBEPCHO# 3aCEIEHHOCTH B reTe-
POCTPYKTYpE ¢ 0AHIM rpad)eHOBBIM CJI0EM, TOKA3AHHOI HA PUC. 4, IPH PA3HBIX HANPSIKEHUAX
npsIMOro CMeIleHnsl HCTOK-CToK u Temneparype 7= 100 K [12]

Fig. 5. Spectra of THz radiation generated at the population inversion in a single-graphene-layer
heterostructure shown in Fig. 4 at different forward bias voltages and temperature T = 100 K [ 12]
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b G‘raphene layers

- Silicon
back gate

Puc. 6. JIsyxcioiinas rpageHoBas reTepoCTPYKTYpa C HHIANBHIYAJb-
HBIMH KOHTAKTAMH K KaXKIOMY CJIOIO

Fig. 6. Double-graphene-layer heterostructure with separately contacted
layers

00paTHOM CBA3M SMUCCHOHHBIN CTIIEKTP OBLIT JOBOJb-
HO HpoK (Heckonbko TT). XoTs mojgydeHHbIE pe-
3yJIbTaThl SBJSIIOTCS TIpeIBapUTeIbHBIMU, HabJI01ae-
masg TT'o smuccusi MOXeET ObITh MHTEPIIPETHUpPOBaHa
KaK MEX30HHOE Jla3upoBaHMe, OOYCIOBJIEHHOE WH-
BepCcHUe 3aCeIeHHOCTH MHXEKTUPOBAHHBIX 3JIEKTPO-
HOB U JBIPOK.

OnHako (yHKIMOHMpOBaHUE oOcyxaaeMbix TT1i
J1a3epOB MOXKET OCJOXHSThCS psimoM dakrtopoB. On-
HUM W3 HUX SIBJISICTCSI BHYTPM30HHOE HETIPSIMOE TI0-
riolueHue (GoToHOB "CBOOOAHBIMU' 3JIETPOHAMMU U
JIbIpkaMu (tiorsoieHue JIpyae). MuHUMU3a1LMS 3TOTO
apdekTa TpedyeT UCIIO0Jb30BaHUS JOCTATOYHO COBEp-
LIEHHBIX I'pah€HOBBIX CJIOEB, B YACTHOCTH CJIOEB C OT-

CMOTPEHHBIX BBIIIE, OBUIM TIPEITOXEHBI Ja3epbl Ha
OCHOBE IpYIrUX rpadeHOBBIX TETEPOCTPYKTYp. B yacTt-
HOCTHU, TaKMe Jia3epbl MOTYT BKJIIOUaTh JABa rpadeHo-
BBIX CJIOS, pa3feieHHbIX OapbepHbIM cioeM U3 hBN
WA OPYroro aHaJOrMYHOro Marepuaiga M HMMEIOLIUX
pasjiesibHble KOHTAKThl K Kaxaomy u3 cioeB [18—22].
Ha puc. 6 cxemaTudecky mokasaH BUJ TaKOU Jiazep-
HOIl TeTepoCTPyKTyphbl. [lpuiioxkeHue HampsKeHUs
MEXIY 9TUMU CJOSIMU NMPUBOIUT K (HOPMUPOBAHUIO
JIBYMEPHOTO 3JIEKTPOHHOTO ra3a B OJIHOM CJIO€ U JBY-
MEpPHOTO ABIPOYHOTrO Tra3a B Ipyrom. B pesynbraTte Bo3-
HUKaEeT MEeXCJIOMHAs MIHBEPCHUS 3aCeJIEHHOCTEeH, KOTO-
pasi MOXeT ObITb MCHOJIb30BaHA [Jisl JIa3UPOBaHUS
nocpeactBoM uziaydeHus: TI' ¢poToHOB pu pe3oHaH-
CHO-TYHHEJIbHBIX Mepexofax MeXAy CI0sIMU. 30HHast
Juarpamma Uik 3Toro ciiyyasli mokasaHa Ha puc. 7, a.
Ha puc. 7, b, nis1 cpaBHeHMs II0Ka3aHa 30HHAs OMa-
rpamma p-i-n jasepa (¢ AByMsl He3aBUCMMbIMU Ipade-
HOBBIMM CJIOSIMU), PACCMOTPEHHOTO BbIIIE U UCIOJb-
3YIOIIETO BEPTUKAJIbHbIE MEX30HHBIE BHYTPUCTONHbBIE
nepexonbl. TI'u u3aydyeHHe TMPU MEXCIOWHBIX TYH-
HEJIbHBIX Tepexojilax MEXIy COCTOSIHUSIMU B TeX Xe
SHEPTEeTUYECKUX 30HaX U MPU BHYTPHUCIOWHBIX TIepe-
X0Jax MMEeT pa3Hylo MOJISIpU3aliuIo BCJIEICTBUE pa3-
JIMYus B MpaBuiax otoopa. OTCYTCTBME MPOAOJbHOMI
KoMnoHeHThl TT1I 3jIeKTpuYecKoro Imojs B cllydae,
COOTBETCTBYIOIIIEM DPUC. 7, @, O3HAYaeT OTCYTCTBUE
JIpyneBckoro mnorjioueHust. CreayeTr, oaHaKko, 3aMe-
TUTb, YTO OCYILIECTBIEHUE JlazepHOro ¢ dekra B Io-

HOCHUTEJIbBHO BBICOKOI TOABUXKHOC-
ThIO MHXEKTUPOBAHHBIX 3JIEKTPO-
HOB U ObIpoK. [TpobneMa HempsIMbIX
MepPexXoJ0B 3JIEKTPOHOB U JABIPOK,
CBSI3aHHBIX C UX pacCesTHUEM C ydac-
THEM (POTOHOB, MOXKET OBITh pElle-
Ha (WU, 1o KpaliHel Mepe, cMsirye-
Ha) C IIOMOIIbIO MCHOJIb30BAHUS
"NeKOpUpOBaHHBIX" TpaeHOBBIX T'e-
TEPOCTPYKTYpP, HAIpUMeEp C CeleK-
TUBHBIM JISTUPOBaHUEM, OCOOEHHO
CTPYKTYp Ha OCHOBe TpacheHOBbBIX
oucnoeB [13—17]. PaGouue Temme-
paTypbl MOTYT ObITh TAK>K€ MOBBILIE-
HBI TIPU UCITOJIb30BAHUM PE30HAHC-
HBIX CTPYKTYp C YJAy4YlIEHHOU 100-
POTHOCTBIO.

Jla3zepbl Ha OCHOBE JABOHBIX
rpa)eHOBbIX reTepoCTPYTYP

ITomumo nazepHbIX TrpacdeHo-
BBIX TETEPOCTPYKTYp, WCIOIB3YIO-
IIUX MEX30HHBIE W3JIyJaTeIbHbIC
Tepexoanl TP MHBEPCHOM 3acelieH-
HOCTM BHYTPM TpaceHOBOTO CJIOS
(MM BHYTPU KaXJIOro CJI0s1 B MHO-
TOCJIOMHBIX TETEPOCTPYKTYpax), pac-
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Puc. 7. 3oHHas auarpaMma ABYXCJIOiHOI rpadeHoBOil reTepoCTpyKTYphl (a) THNA MOKa-
3aHHOIi HA puc. 6 [18] npu npuIoKEHHOM HANPSKEHUN MEKAY CIOSIMH U HEHYJIEBO# HIEJIbI0
Mexay /IupakoBckumu TouKamMu A (p — 3Heprusi @epmMu 3JIEKTPOHOB M IBIPOK); CTPEJIKH
NMOKa3bIBAIOT TYHHEJIbHbIE MEPeX0abl MEXKIY COCTOSHHSAMH B 30HAX MPOBOJUMOCTH (c—C)
M BAJIEHTHBIX 30HaX (v—vV) pa3HbIX CJI0EB, cOnMpoBoxaaembie udinydenueM TI'n ¢poTonoB ¢
aHeprueil ho (BoJHUCTbIe JuHUM). J0HHAS AMArpaMMa moxoxeil rpageHoBoii reTepocrt-
PYKTYPbI C HHXKEKIHEli JJIEKTPOHOB U JbIPOK C KOHTAKTOB B KAXK/blii CJI0ii; BOJHUCTbIE JIM-
HHM TMOKA3bIBAIOT BEPTHUKAJIbHbIE BHYTPUCJIOUHbIE H3IydaTe bHble nepexoabl (b)

Fig. 7. Band diagram of a double-graphene layer heterostructure similar to that shown in Fig. 6.
[ 18] at an voltage applied between the graphene layers at the spacing between the Dirac points A
equal to zero (u is the electron and hole Fermi energies) (a); Arrows indicate the tunnel transitions
between the states in the conduction bands (c—c) and the valence bands (v—v) of different layers
accompanied by theemission of photons with energy how. Band diagram of a similar heterostructure
with the injection of electrons and holes into each layer from the side contacts; wavy lines indicate
vertical intralayerl radiative transitions (b)
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Puc. 8. IIpumepsi cniekrpoB TT'n u3yyenus u3 AByXcioiHbIX rpade-
HOBBIX IFeTEPOCTPYKTYP C MEIKCJIOHHOH HHBEPCHEli 3aCEeJICHHOCTH NPH
T= 100 K u pa3HbIX NPUIOKEHHBIX HANPSKEHUAX

Fig. 8. Examples of the spectra of the THz radiation emitted from a
double-graphene-layer heterostructure with the interlayer population
inversion at T = 100 K at different voltages

JIOOHBIX TETEPOCTPYKTYpaX TpeOyeT AOCTAaTOUHO TOYHOM
B3aUMHOIM OpPUEHTALIUU CJIOEB.

OMUCCUs U3TyYeHUsT U3 NBOMHBIX rpacheHOBBIX Te-
TepOCTPYKTYp ¢ OapbepHBIM ciioeM hBN B ycioBusix
3JIEKTPUUECKU-UHAYLIUPOBAHHOW UHBEPCHOU 3aCEJICH-
HOCTHU MEXJY CJIOSIMU U PE30HAHCHO-TYHHEJbHBIX U3-
JygyaTteabHbix nepexonax npu 7' = 100 K B quarazone
2...6 TI'u 6bUTa HeJaBHO OOHapy:KeHa SKCIIEpUMEH-
TanbHO [23]. MHTerpanbHass MOIIHOCTb M3IyYEeHUS
COCTaBJIsIJIa OKOJIO 7 HBT/MKMZ. Ha puc. 8 mokazaHbl
MPUMEPbI MOJIyUeHHbBIX CIIEKTPaIbHBIX XapaKTEPUCTUK
BBIXOISIIETO U3JTyYEeHUS.

3akimoueHue

BnepBrie npemioxeHbl, TEOPETUYECKU OOOCHOBA-
Hbl, peJIM30BaHbl U SKCIEPUMEHTAIBHO UCCIEA0BAHBI
TFETEPOCTPYKTYPHI ABYX TUIIOB HA OCHOBE IrpaeHOBBIX
cioeB st TT' rpaceHOBBIX J1azepoB U BhisiBiaeHa 1T
SMUCCUSI U3 ITUX MPUOOPOB, CBSI3aHHAS C 3JIEKTPU-
YECKOM HAKAYKOM, IIPUBOISILECH K MHBEPCUU 3aCEIICH-
HocTel. [lojlyyeHHbIe 3KCIEpUMEHTAIbHBIE ITaHHBIE
BCEJISIIOT YBEPEHHOCTb B YCHELIHOM OCYIIECTBIEHUU
3((HEKTUBHBIX KOMMAKTHBIX UCTOUYHUKOB TI' m3my-
YeHUsI Ha OCHOBE TpadeHOBbIX TeTEPOCTPYKTYP, B UacT-
HocTu rpadeHoBbix TT11 1a3epos.

Aemopbl 6aaeodaphbl 6cem unenam Hawel Heghop-
MAALHOU  MeNCOYHAPOOHOU KOMAHObI, 6 0CcobeHHOCmU
M. C. llypy (Rensselaer Polytechnic Institute, Troy,
USA), B. Mumuny (University at Buffalo, Buffalo, USA),
A. Camo, C. baybanea Tombemy, /. fHoas (Tohoku

University, Sendai, Japan), B. 4. Anrewkuny, A. A. Jly-
ounosy (Mncmumym @usuxku muxpocmpykmyp PAH,
Huxcuuii Hoeeopod, Poccus), /. Ceunuyogy (Mockos-
cKUll (huzurxo-mexnuueckui uHcmumym, Jloaeonpyomwiii,
Poccus) 3a naodomeoproe compyonuuecmeo. B. H. Poi-
acutl npuznamenen makxce B. E. Kapacuky (Mockog-
CKUll 20cy0apcmeerHblil MexXHUYeCKUll YHUGepCumem um.
H. B. baymana, Mockea, Poccus) u II. II. Manvyesy
(Hucmumym ceexevicoko4acmomuol noaynpoeooHUuKo-
6ot anexkmpornuku PAH, Mockea, Poccus) 3a nodoepaic-
Ky u cmumyaupyroujue OUcKyccuul.

CnucoK JMTepaTypbl

1. Maekawa T., Kanaya H., Suzuki S., Asada M. Oscilla-
tions up to 1,92 THz in resonant tunneling diode by reducing
conduction loss // Appl. Phys. Express 2016. Vol 9. P. 024101-1-4.

2. Vitiello M. S., Scalari G., Williams B., De Natale P.
Quantum cascade lasers: 20 years of challenges // Opt. Express
2015. Vol. 23. P. 5167—5182.

3. Castro Neto A. H., Guinea F., Peres N. M. R., Novose-
lov K. S., Geim A. K. The electronic properties of graphene //
Rev. Mod. Phys. 2009. Vol. 81. P. 109—162.

4. Ryzhii V., Ryzhii M., Otsuji T. Negative dynamic con-
ductivity of graphene with optica pumping // J. Appl. Phys. 2007.
Vol. 101. P. 083114-1-4.

5. Ryzhii V., Ryzhii M., Satou A., Otsuji T., Dubinov A. A.,
Aleshkin V. Ya. Feasibility of terahertz lasing in optically pumped
epitaxial multiple graphene layer structures // J. Appl. Phys.
2009. Vol. 106. P. 084507-1-6.

6. Dubinov A. A., Aleshkin V. Ya., Ryzhii M., Otsuji T.,
Ryzhii V. Terahertz laser with optically pumped graphene layers
and Fabri-Perot resonator // Appl. Phys. Express 2009. Vol. 2.
P. 0292301-1-3.

7. Ryzhii V., Dubinov A. A., Otsuji T., Mitin V., Shur M. S.
Terahertz lasers based on optically pumped multiple graphene
structures with slot-line and dielectric waveguides // J. Appl.
Phys. 2010. Vol.107. P. 054505-1-5.

8. Ryzhii M., Ryzhii V. Injection and population inversion in
electrically induced p-n junction in graphene with split gates //
Jpn. J. Appl. Phys. 2007. Vol. 46. P. L151—L153.

9. Ryzhii V., Ryzhii M., Mitin V., Otsuji T. Toward the cre-
ation of terahertz graphene injection laser // J. Appl. Phys. 2011,
Vol. 110. P. 094503-1-9.

10. Otsuji T., Boubanga-Tombet S., Satou A., Suemitsu M.,
Ryzhii V. Spectroscopic study of ultrafast carrier dynamics and
terahertz amplified stimulated emission in optically pumped
graphene // J. Infrared Milli Terahz. Waves. 2012, Vol. 33.
P. 825—838.

11. Ryzhii V., Ryzhii M., Mitin V., Satou A., Otsuji T. Effect
of heating and cooling of photogenerated electron-hole plasma
in optically pumped graphene on population inversion // Jpn. J.
Appl. Phys. 2011. Vol. 50. P. 094001-1-9.

12. Tamamushi G., Watanabe T., Dubinov A., Suemitsu T.,
Satou A., Ryzhii M., Ryzhii V., Otsuji T. Current-injection te-
rahertz lasing in graphene-channel field effect transistors //
WINDS16: 2016 International Workshop on Innovative Nanos-
cale Devices and Systems Abstracts, p. 18, Big Island Hawaii,
USA, 4—9 Dec. 2016.

13. Tamamushi G., Watanabe T., Mitsushio, Dubinov A. A.,
Satou A., Suemitsu T., Ryzhii M., Ryzhii V., Otsuji T. Current-
injection lasing in distributed-feedback dual-gate graphene chan-
nel transistor // Proc. SPIE. March 2017. Vol. 1011.

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 5, 2017 269




14. Svintsov D., Ryzhii V., Otsuji T. Negative dynamic Drude
conductivity in pumped graphene // Appl. Phys. Express 2015.
Vol. 7. P. 115101-1-4.

15. Svintsov D., Otsuji T., Mitin V., Shur M. S., Ryzhii V.
Negative terahertz conductivity in disordered graphene bilayers
with pupulation inversion // Appl. Phys. Lett. 2015. Vol. 106.
P. 113501-1-4.

16. Ryzhii V., Otsuji T., Ryzhii M., Mitin V., Shur M. S. Ef-
fect of indirect interband transitions on terahertz conductivity in
"decorated" graphene bilayer heterostructures // Lithuanian J.
Phys. 2015. Vol. 55. P. 243—248.

17. Ryzhii V., Ryzhii M., Mitin V., Shur M. S., Otsuji T.
Negative terahertz conductivity in remotely doped granene bilayer
heterostructures // J. Appl. Phys. 2015. Vol. 118. P. 183105-1-5.

18. Ryzhii V., Semenikhin I., Ryzhii M., Svintsov D., Vyur-
kov V., Satou A., Otsuji T. Double injection in graphene p-i-n
structures // J. Appl. Phys. 2013. Vol. 113. P. 244505-1-9.

19. Ryzhii V., Dubinov A. A., Otsuji T., Aleshkin V. Ya.,
Ryzhii M., Shur M. Double-graphene-layer terahertz laser: con-

cept, charactereisrics, and comparison // Opt. Express 2013.
Vol. 21. P. 31567—31577.

20. Dubinov A., A., Aleshkin V. Y., Ryzhii V., Shur M. S.,
Otsuji T. Surface-plasmons lasing indouble-graphene-layer
structures // J. Appl. Phys. 2014 Vol. 115. P. 044511-1-4.

21. Ryzhii M., Ryzhii V., Otsuji T., Maltzev P. P., Lei-
man V. G., Ryabova N., Mitin V. Double injection, resonant-
tunneling recombination, and current-voltage characteristics in
double-graphene-layer structures // J. Appl. Phys. 2014. Vol. 115.
P. 024506-1-8.

22. Dubinov A. A., Bylinkin A., Aleshkin V. Ya., Ryzhii V.,
Otsuji T., Svintsov D. Ultra-compact injection terahertz laser
using the resonant inter-layer radiative transitions in multi-
graphene-layer structure // Opt. Express 2016. Vol. 26.
P. 29603.

23. Yadav D., BoubangaTombet S., Watanabe T., Arnold S.,
Ryzhii V., Otsuji T. Terahertz wave generation and detection in
double-graphene layered van der Waals heterostructures // 2D
Materials 2016. Vol. 3. P. 045009-1-8.

V. 1. Ryzhii, D. Sc., Prof., Corr. Member of RAS, Principle Researcher, e-mail: vryzhii@gmail.com
Institute of Ultra High Frequency Semiconductor Electronics, RAS, Moscow, 117105, Russia

M. V. Ryzhii, D. Sc., Associate Prof., e-mail: m-ryzhii@u-aizu.ac.jp

Department of Computer Sci. and Eng., University of Aizu, Aizu-Wakamatsu, Japan

T. Otsuji, Doctor of Eng. Prof., e-mail: otsuji@riec.tohoku.ac.jp

Research Institute of Electrical Communication, Tohoku University, Sendai, Japan

Corresponding author:

Ryzhii Viktor I., Professor, Corr. Member of RAS, Lead Researcher, Institute of Ultra High Frequency Semiconductor
Electronics, RAS, Moscow, 117105, Russian Federation, e-mail: vryzhii@gmail.com

Toward Realization or Terahertz Lasers Based on Graphene Heterostructures

Received on November 24, 2016
Accepted on November 30, 2016

We report on recent achievements by the groups of the Russian and Japanese researchers toward the implementation of terahertz
lasers based on graphene heterostructures with the electrical (injection) pumping. Two types of graphene-based lasers are discussed:
lasers based on a single- and multiple graphene-layer p-i-n heterostructures with the side p- and n-injecting v regions using the in-
terband intralayers radiative transitions and lasers based on double-graphene-layer heterostructures comprizing the individually
contacted graphene layers separated by a tunneling barrier layer, using the resonant-tunneling photon-assisted intraband interlayer

transitions.
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Introduction

The terahertz (THz) range of the electromagnetic radi-
ation is located between the microwave and optical spectral
ranges (Fig. 1). The THz range covers the frequencies of
molecular oscillation in gases and liquids and the frequen-
cies of the lattice vibrations in solids. This is the reason for
the exesting and future applications of the THz radiation in
different fields, including: radioastronomy, night vision,
covert communications between spacecrafts and in local
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computer networks, detection of poisonous and exploding
substences, environmental monitoring, medical diagnostics,
and so on.

Despite long-time efforts and remarkable achievements in
the microwave electronics I photonics, the realization of
compact, sufficiently powerful and effective THz devices, op-
erating at reasonable (i.e., at room temperature or, at least, at
a moderate cooling), is still challenhing. Due to the practical
and fundamental problems limiting a wide use of the THz ra-




diation, the term THz gap is frequently used in the world sci-
entific and engineering literature. The devices and the systems
based of these devices covering this gap might be implement-
ed using the solid-state structures, first of all semiconductor
heterostructures based on the relatively non-traditional ma-
terials, particularly, new materials.

The greatest success in the cpenetration into the THz gap
is associated with the development resonant-tunneling diodes
(RTDs) [1] and quantum cascade lasers (QCL) [2] on the ba-
sis of III—V compounds, "moving" from the microwave is
photonic ranges, respectively. The way from the invention of
these devices to the embodiement in working samples has tak-
en decades. Nevertheless, there are many unsolved funda-
mental and engineering problems, for instance, the operation
of RTDs at the frequencies higher than 2 THz and of QCLs
in the range 6—10 THz, as well as substantial increase in the
output power and so on. Thus, the active research toward the
covering of the THz gap is still ahead.

Rather soon after impressive demonstrations of the unique
properties of graphene [3] — a material, which constitutes a
monol;ayer of carbon atoms — a variety of different devices
based on graphene layers was proposed. These devices include
detectors and modulators of the electromagnetic radiation for
different regions of its spectrum, THz photomixers, THz plas-
monic devices and other devices.

We would like to point out the proposed concepts of THz
lasers with the optical [4—7] and electrical (injection) [8, 9]
pumping. The special feature of the proposed lasers is asso-
ciated with absence of the energy gap (or its small value) be-
tween the conduction and valence bands in graphene layers.

Due to the latter, graphen is able to absorb and emit both
THz photons and ultraviolet photons.

The gapless energy of graphene layers, which is a draw-
back for its applications in the digital circuits. Substantially
widens the potential of graphene in THz electronics and pho-
tonics. One can say that the failature of the expected graphene
"revolution” in the area of large integrated digital circuits, can
be compencated by the progress in the development of analog
electron systems, particularly, considering excellent transport
and plasmonic properties of graphene layers.

Pumping of a graphene layer due to the electron and hole
generation by the absorbed light and due to the injection leads
to the radiative recombination and the generation of radiation
with a relatively small photon energy owing to the zeros en-
ergy gap between the conduction and valence bands.

At a sufficiently strong pumping and the existence of an
effective photonic feedback, the recombination radiation
can became essentially stimulated. Although the first exper-
imental papers on the realization of the stimulated THz
emission, conducted in Tohoku University, Japan [10] and
based on our theoretical predictions, had been really encour-
aging, it was clear that the optical pumping (apart from its ev-
ident inconvenience) is not a sufficiently effective pumping
method. The point is that the electron-hole pairs generated by
light (with the photon energy in the range 1.5—2.0 eV) re-
ceive by their birth a large energy, that results in the rise of
their effective temperature. The latter hampers the popula-
tion inversion achievement [11], necessary for lasing. Con-
trary, at the electron and hole injection pumping into a
graphene layer (or into several parallel graphene layers) from
the side contacts, the electron-hole plasma effective tem-
perature is close to the lattice temperature or even can be
lower than the latter [12].

Injection laser based on graphene heterostructures
with p-i-n junctions

Schematic views of the proposed by us injection lasers
[8, 9] based on a single- or multiple-graphene layers (disori-
ented with respect to each other, twisted) are shown in Fig. 2.
In the device of the first type (Fig. 2, @), the p- and n-regions
are formed by the pertinent doping. In the heterostructure
shown in Fig. 2, b, these regions are filled by the carriers in-
duced due to the gate potentials of the opposite polarities.
Fig. 3, aand 3, b show the band diagrams of the heterostruc-
tures in question at the zero and forward biases, respectively.
The layer disorientatioin (twist) gives rise to the suppression.

Of the inter-layer interaction, so that all the graphene lay-
ers have the analogous (Dirac’s) energy spectra, the same as
an isolated graphene layer (in contrast to graphite and graph-
ene bilayers).

We and our collaborators implemented the heterostruc-
tures like the dual-gate field-effect transistor based on graph-
ene layer with the lateral electrically-induced p-i-n junction.
In general, the fabricated samples (see Fig. 4.) are similar to
that shown in Fig. 2, b for the case of a single-graphene-layer.
Metal gates in these heterostructures are the tooth-like as
shown in Fig. 4, that enable the distributed feedback for the
THz radiation, propagating along the gate edges.

In particular, at the direct p-i-n junction bias, a single-mode
emission of THz radiation with the frequency about 5.2 THz
was observed (see the spectra in Fig. 5) at the temperature
T = 100 K. This frequency corresponds to the period of the
tooth-like edges of the gates. The width of the spectral line al-
so is in agreement with the modeling results [12, 13].

In the samples without the distributed feedback, the emis-
sion spectra were rather wide (several THz). Although the ob-
tained results are preliminary, the observed THz emission can
be interpreted as the interband lasing associated with the pop-
ulation inversion of the injected electrons and holes.

The operation of the THz lasers under consideration, par-
ticularly, at higher temperatures can be complicated by a
number of factors. One of them is the intraband photon ab-
sorption by the "free" electrons and holes (Drude absorption).

To minimize this effect, one needs to use sufficiently per-
fect graphene layers with the elevated mobility of the inject-
ed electrons and holes. The problem of the indirect electron
and hole transitions associated with their scattering assisted
by the photons, can be solved (or, at least, softened) using
the "decorated" graphen heterostructures, for example, the
heterostructures with the selective doping and, particularly,
the heterostructures based on graphene bilayers [13—17].
The operation temperature might also be enhanced using the
distributed feadback resonant cavities with the elevated
quality factor.

Lasers based on double-graphene layer

Apart from the laser graphene heterostructures, using the
interband radiative transitions at the population inversion in-
side the graphene layer (or inside of each graphene layers in
multiple-graphene-layer heterostructures) considered above,
the laser based on other graphene heterostructures were pro-
posed.

In particular, these lasers can momprize two individually
contacted graphene layers, separated by a barrier layer made
of hBN or other similar materials [18—22]. Fig. 6 shows the
sketch of such laser structure. The application of the bias volt-
age between the graphene layers, provides the formation of
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the two-dimensional electron gas in one layer and the two-di-
mensional hole gas in the other. As a result, the inter-layer
population inversion arises, which can be used for lasing due
to the THz photon emission accompanied by the tunneling
transitions between the layers. The pertinent band diagram is
shown in Fig. 7, a.

Fig. 7, b shows for the comparison the band diagram of
p-i-n laser (with two independent graphen layers), considered
above, which utilizes the vertical interband inter-layer tran-
sitions. The THz emission at the inter-layer tunneling tran-
sitions between the states in the same energy bands and at the
intra-layer transitions ehibits different polarization because of
the distinction in the selection rules. The absence of the lat-
eral component of the THz electric field in the case corre-
sponding to Fig. 7, a implies the absence of the Drude ab-
sorption. It worth, nevertheless, noting that the realization of
lasing in such heterostructures requires a sufficiently precise
mutual layer orientation.

The radiation emission from the double-graphene-layer
heterostructures with hBN barrier layer under the conditions
of the electrically-induced population inversion between the
layers and the resonant-tunneling radiative transitions at
T =100 K in the range 2—6 THz was recently detected ex-
perimentally [23]. The integral emitted power was estimated
to be 7 pW/ pmz. Fig. 8 shows the examples of the obtained
spectral characteristics of the output radiation.

Conclusion

Graphene-based heterostructures of two types for the la-
sers, operating in the THz frequency range, were proposed,
theoretically substantiated, and experimentally realized for
the first time. The THz emission associated with the electrical
pumping, leading to the population inversion was observed.

The obatained experimental data support the feasibility of
the successful implementation of effective and compact THz
sradiation sources based on graphene heterostructures, in par-
ticular, graphene-based THz lasers.
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TEXHOAOI'UA U3TOTOBAEHNA U PASPABOTKA MOHOAUTHBbLIX
UHTETPAAbHbIX CXEM HA OCHOBE HUTPUAA TAAAUA
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IIpedcmaesnena mexnonoeus U3eo0mogaAeHuUss MOHOAUMHBIX UHMESPAAbHbIX CXeM Ha 0CHOGe HUMPUOAQ 2aniusl, 8KAIOHAIOWAn ma-
KUe OCHOGHble IMAanbl U320MOo6AeHUs, KAK (POPpMUPOBAHUe NPUOOPHOU Me3aU304AUUU; GopmMuposanue HegbinpamMaaoueso (omu-
YecKk020) KOHMAKmMa K eemepocmpykmype, onepayuy Komopsix 00ecneyusaiom Gopmuposanue pe3ucmopos, HUiICHUX 00KAadok
KoHOeHcamopos, uHdyKmugHocmei, (hopmuposanue guinpamiaoueeo Kkonmaxkma (3ameopa Illommiu) k eemepocmpykmype;
naccusayus 3ameopa, Gopmuposanue KOHOEHCAMOPHO20 OUINEKMPUKA; POPMUPOBAHUE NEPBO2O YPOBHS MEMANAUZAUUU U 8epPX -
HUX 00KNA00K KOHOCHCAmMopo8, (hopMUPOBAHUE MeNCINEKMPUHEeCKUX COeOUHeHUll 6 gude "8030YULHbIX MOCMO8"; hopmuposarue
MENCINeKMPUHECKUX COCOUHEHULL, 00eCneuusalowux oouwyio 3emMar; WAUGoeKa nAacmuHbl; pe3Kka nAacmuHbl Ha KPUCMAnibl, Om-
bpaxoeka; nocadka Kpucmannoé Ha menioomeod. Ilo dannoil mexnonoeuu ¢ Uncmumyme c8epxevbicoK04acmomHuoll noaAynpoeoo-
Hukoeou anexkmporuku PAH Obiau pazpabomansl U u3eomogieHbl MOHOAUMHbIE UHMESDAAbHbIe CXeMbl CAHMUMEMPOBO2O U MU~
AUMEMPOB020 YACMOMHBIX OUANA30H08, COOMEEMCMBYIOWUe MUPOGOMY MEXHUYECKOMY YPOBHIO 8 OGHHOU 00Aacmu MeXHUKU.

Karoueesvie caosa: Humpuo earnus, MOHOAUMHAS UHMESPANbHASA CXeMA, YCUAUMENb MOWHOCIU, MANOUWLYMAWUL YCUAUmMENb,
MEeXHOA02US, MEXHOA0UMECKULI MAPUPYM, MeXHON0UMEeCKAs ONepayus, noaegol mpaH3ucmop, OMu4ecKue KOHmakmaol, 3ameop
Lllommiu, mexcanexkmpuueckue coeOuHeHus:

CaHTUMETPOBBIA U MUJJIMMETPOBBIN TMANa30HbI
JUTMH BOJIH MPEACTABJSIOT OOJIbIION MHTEpEeC ¢ TOY-
KA 3peHus MHOTO(PYHKIIMOHAIBHBIX TPUIOKCHUIA.
Ciola MOXHO OTHECTHU: BBICOKOTPOU3BOAUTEbHbBIE
KaHajbl TOYKAa-TOYKa C MPOMYCKHON CIMOCOOHOCThIO
140/155 M6uT/c; MarucTpalibHble COeIMHEHUS C Yac-
totamu 7,9...8,4 I'T'w; cuctemnl pagapoB, Bkitouast PJIC
C CUHTE3UPOBAHHOI anmepTypoil, aHTEHHbIE pelIeTKU
C DJIEKTPOHHBIM CKAHMPOBAHUEM U aKTHUBHbIE (ha33u-
poBaHHbIe aHTeHHbIe pelieTkn (ADPAP); anmapatypy

BBenenune

ITpu paspaboTke COBpPEMEHHBIX YCTPOMCTB KOM-
MEpUYeCcKoro M BOGHHOIO Ha3HAYeHUsI MOCTOSIHHO
yXecTovarTcsl TpeOOBaHUSI, TPEAbSIBIIsIEMbIe K UX 3(h-
(beKTUBHOCTU U PKOHOMUYHOCTH. JaHHasg TeHAEHLIMS
00ycJ0BJIeHa MHOTUMHU (haKTOpaMu, BapbUPYIOLLIUMMU -
csl OT mpo0bJieM ¢ obecrieyeHueM HeOOXOIMMOTO Tell-
JIOBOTO pexuMa 10 TpeOOBaHUiI K 3Hepromnotpedsie-
HUIO BCE CHCTEMBI B 1IeJIOM. B 5THX yCIOBHMSIX Tpu-
MEHEeHUE BbICOKOI((HEKTUBHBIX CBEPXBbICOKOYACTOT-

HBIX MOHOJIUTHBIX MHTeTpaibHBIX cxeM (CBY MMUC)
MO3BOJISIET HE TOJIBKO IMTOHU3UTh MACCY aInapaTyphl 1O
CpaBHEHUIO C CUCTEMaMM, UCITOJIb3YIOIIUMHU BOJTHOBO-
JIbl, HO U TIOBBICUTh CTOMKOCTb CUCTEMbI K BUOpALIUU,
a TakXKe YIPOCTUTh €€ HACTPOMKY (3a cueT IMpuMeHe-
HUS OOJIBIIIOTO YKMCIA OJHOTUITHBIX IUCKPETHBIX YCU-
nuteneit) [1].

CHUCTEM M KOMIUIEKCOB HAaBUTALIMU U CBSI3U; CUMYJISI-
TOPBI M 000OPYAOBAHUE ST TECTUPOBAHMSI.

Ha ocHoBaHMU MpOBEAEHHOIO aHAIM3a COBPEMEH-
Horo cocTossHUsT pazpabotrok MUC mist caHTUMETpO-
BOTO U MWIJIMMETPOBOIO YACTOTHBIX OUATa30HOB 3a
pyoexoMm u ombita pador MCBUYII® PAH, momyuen-
Horo B xone BbinogaHeHus pssaa HUP B nipeawigyiiye
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roabl [2—5], ObU1 caenaH BBIBOA O HEOOXOOUMOCTHU
MPOBEICHUST UCCACAOBAHUI MO ONTUMM3ALMU Dsaa
TEXHOJIOTMUECKNX OTIepalldii M3TOTOBICHUS TPaH3MC-
TOPOB U cxeM Ha ux ocHose. IIpu pazpadborke MUC
CaHTHMETPOBOTO U MUJIJTUMETPOBOIO YACTOTHBIX JMa-
Ma30HOB TJIAHMPOBAJIOCh BHEAPUTH TEXHOJOTUIO HeE-
BXUTaeMbIX OMUYECKUX KOHTAKTOB, ONTUMU3UPOBATh
npoduib 3atrBopa HIoTTKU 1 00eCIieunTh O0LIYIO 3eM-
JIIO C JIMLEBOW CTOPOHBI KpUCTajsla, YTO Ha HUTPUJIE
rajuvs B Poccuu elie He ObLIO peau30BaHO MpU 13-
rorosnenun CBY MUC.

s UM3roToBJAEHUSI OKCHEPUMEHTAIbHBIX 00-
pasuoB MHMC ucCnoiab3oBaluCh OTEUECTBEHHBIE
AlGaN/AIN/GaN HEMT-rerepocTpyKTypbl Ha MOj-
JIOXKKax cardupa 1 Kapoujga KpeMHUs IIPOMU3BOICTBA
3A0 "BDnma-Manaxur".

IIpu msroropnenuu MMUC B enmHOM TEXHOJIOIU-
YeCKOM LIMKJIEe (DOPMUPYIOTCS KaK MacCUBHBIE, TaK U
AKTUBHBIE 3JIEMEHTBI CXeMbI, 00ECIICUMBAIOIINE PeasTi -
3anuio npoekra MUC mist He0OOXOAMMOTO YaCTOTHOTO
nuanazoHa. I1py M3roToBiIeHUU IIPUOOPOB COCTABIISI-
€TCsl TeXHOJIOTUUYECKUI MaplUpyT M3IeJIUsI, COCTOsI-
LIMI U3 TTOCIEeN0BATEIbHO BBIMOJHSIEMbIX TEXHOJIOTHU -
yeckux orepauuit. [Ipy 3ToM psii TEXHOJOTMUECKUX
ornepaurii MOXHO OOBEAMHUTbL B TPYMIY OINepauui,
OTBEYAIOIIYIO0 32 BBIMOJHEHHUE BTarna (GopMUPOBAHUS
yacTu Oymyiiero npudopa.

B npouecce uzrorosnenuss MMC Ha ocHOBe HUT-
puaa raavs HEoOXOAMMO BBIMOJHEHUE CIEAYIOLIUX
OCHOBHBIX 3TanoB: (popMUpOBaHUE TPUOOPHOI Me3a-
U30JSILUN; (POPMUPOBAHUE HEBBIMPSIMIISIONIETO (OMU-
YeCKOro) KOHTAaKTa K TeTepPOCTPYKTYpE, MPU KOTOPOI
obecnieynBaeTcst GOPMUPOBAHNE PE3UCTOPOB, HIDKHMX
00KJIaJ0K KOHIEHCATOPOB, MHAYKTUBHOCTEM; (hopMU-
poBaHMe BBINIPAMIISIIONIEro KoHTakTa (3aTBopa Ilot-
TKM) K TeTepOCTpyKType; MmaccuBalMsl 3atBopa, dop-
MHUPOBaHME KOHAEHCATOPHOIO AUBJIEKTpUKa; (hOpMU-
pOBaHUE TMEPBOrO YPOBHSI META/UIM3aLlMU U BEPXHUX
00KJIaI0K KOHAEHCATOPOB; (DOPMUPOBAHIE MEXIJIEKT-
PUYECKMX COEAMHEHW B BUAEC "BO3AYILIHBIX MOC-
TOB"; (DOPMUPOBAHUE MEXKDIJIECKTPUUCCKUX COCAUHE-
HUM, obecreunBarolIMX OOIIYI0 3eMIIIo; HLIM(OBKa
TUIACTUHBI; pe3Ka IUIaCTUHBI Ha KPMUCTaJIbl; OTOpa-
KOBKa; Mocajka KpUcTaaaoB Ha TeriooTBo. ITocre-
JIOBaTeJIbHOE BBIMOJHEHHUE BCEX OCHOBHBIX 3TaIloOB
SIBJISIETCS HEOOXOMMMBIM yCJIOBUEM MOJTYYEeHUS pabo-
TocnocobHoit MUC.

PaccmoTpuM 0COOEHHOCTM 1 Ha3HAUEHUE KaXI0ro
13 OCHOBHBIX 3TaloB MapliipyTa usrorosiaeHuss MUC
Ha OCHOBE HUTpHWJA Taulus Uil CAHTUMETPOBOTO M
MWUIMMETPOBOTO AUara3zoHoB yacToT. [Ipu aTom om-
TUMU3AINS 3TAroB GOPpMUPOBAHUS OMHUYECKMX KOH-
TaKTOB M MACcCUBAIIMU MO3BOJUT YMEHBIIUTDH BIUSHUE
napa3uTHBIX CONPOTUBICHUNA U €eMKOCTEH Ha 4acTOT-
Hble XapakTepuctnku oynyuieit MUC [6]. Dran dop-
MupoBaHMsl KOHTakTa IIIOTTKM OTBevyaeT 3a 4acToT-
Hble xapakTepuctuku CBY tpan3uctopos u MUC Ha
HUX OCHOBE [3].
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®opmuposanne npuoopuoii mesanzoasuun MUC
HA OCHOBE HUTPHIA TAJLIHS

ITon ¢opmupoBaHueM Me3bl IOAPa3yMEBAIOT CO-
3[IaHUE CTPYKTYPbl Ha TeTEPOINUTAKCUAIBHOM TIac-
TUHE C TMPOBOASIIMMU (AaKTUBHBIMU) U HETIPOBOJISI-
IIIUMU CIIOSIMU C MIOMOIIbIO TPABJIEHUSI TTOBEPXHOCTU
retTepocTpyKTyphl. Llenb onepauyuu — otaeleHUe ak-
TUBHBIX 00J1aCTeii, HA KOTOPHIX (POPMUPYIOTCS MPHU-
OOpHBI, APYT OT Jpyra, YTOObI U30€KaTh ANEKTPUUECKO-
ro KOHTaKTa MexXay npubopamMu 1 seMeHTaMu Oyay-
LIEW CXEMBI.

Kak mpaBuio, mist opMUpOBaHUS H3OJSILIUU B
BUAE ME3aCTPYKTYPbl UCIOIb3YIOT IBE TPYIIbl METO-
JIOB: TaK Ha3bIBaeMble XUAKKUE U cyxue. st peanu-
3allMM 3Tara HeOoOXOAMMO BBIMOJHEHHUE CIEAYIOLINX
TeXHOJIOTMYECKUX orepauuit: Qotoautorpadust pu-
CyHKa Me3bl, TpaBJeHUE MOJYyIPOBOAHUKA, yaaIcHUE
(GOTOPEe3UCTUBHON MACKU, KOHTPOJIb TJIyOUHBI TpaB-
JIEHUST TIOTYTIPOBOIHUKA.

"Kuakue" MeTonbl MpeanoaraloT UCIOJb30BaHNe
KUIKOCTHBIX PACTBOPOB TSI XUMUYECKOTO TPaBICHUS
He3alMIIEeHHbIX (OTOPE3UCTOM YYACTKOB MOJYIPO-
BOJIHMKA. DTU METObI SIBJISIIOTCSI MTPOCTHIMU B pea-
JIU3alMU U He TPEOYIOT CJIIOXKHOIO TEeXHOJIOTUYECKOTO
obopynoBaHus. Ho ripu paboTe ¢ reTepocTpyKTypaMu
AlGaN/GaN "xugkuit" MeTol He TOJY4YWJT pacripo-
CTpaHEHMsI, TaK KaK M3-3a CUJIbHON XMMUYECKOI CBSI-
31 B GaN Tskea0 mogoopaTh pacTBOPHI, IMO3BOJISIO-
KMe XUMUYECKU MPOTPaBUTh MOJynpoBoAHUK. Co-
ob1aercss o (OTOCTUMYJIUPOBAHHOM 3JEKTPOXUMMU--
yeckoM TpaBieHud GaN, HO HaHHBI METON CUJIbHO
3aBUCUT OT MHOTUX TapaMeTpoB U SIBJSETCS TLIOXO
Bocrpou3BoauMbIM [7]. Ilo aToit mpuyuHe pacrpo-
cTpaHeHwMe Tojryannu "cyxue" mertoasl. Hamu ncnons-
3yeTCsI METOM TUIA3MOXUMHUYECKOTO TPaBJICHUS B UH-
OyKTUBHO-cBs13aHHOU iaszme (MCIT) rerepocTpyk-
Typel AlGaN/GaN. N CII mo3BosseT moayJyaTh 60Jb-
LIYIO TJIOTHOCTh MOHOB B TPOIIECCE TPaBJIEHUS, UYTO
JlaeT BO3MOXHOCTb YBEJIMYMBAThb CKOPOCTb TpaBJe-
HUSI TIpYM MaJsibIX 3HaUYeHMsIX sHepruu. [lpu Tpasie-
Huwu reteponapbl AlGaN/GaN ucnoiab3yioT B OCHOB-
HoM cMmech Cly ¢ BCl; u Ar. JlanHasg KoMOMHALMA
MO3BOJISIET MOJYYaTh JOCTATOUHO OOJIbIINE CKOPOCTU
TpaBJICHUSI.

[1pw M3roTOBIEHNM TTOJIEBBIX TPAH3MCTOPOB Ha Te-
TepocTpyKTypax Ha ocHoBe GaN TumnmuyHasl riyornHa
npubopHoii Me3ansomsaunu cocrasiser 20,0...30,0 HM.
Hcnonb3yembie noaynpoBogHuku — AlGaN u GaN,
a Takke TMOMIOXKM IJII MX SMUTAKCUAIbHOTO POCTa
Al,O3 u SiC — marepuaibl, IPO3payHble B BUIMMOM
nuarnasoHe. I[Ipy ykazaHHOW TUNMYHON INTyOMHE ME3bl
MOCAEIYIIIUI 3Tall KOHTaKTHOU doTtoautorpadpumn
OMMUYECKMX KOHTAaKTOB 3aTPyOHEH M3-3a CJIIOKHOCTU
coBMellleHUs1 (oTolradsoHa co chopMUPOBaAaHHBIM
TOITOJIOTUYECKUM PUCYHKOM HM3OJISIIIMU Ha TUIACTUHE.
B cBs3u ¢ 3TUM ObLTO pelleHo (GopMUpOBaTh MpHU-




OOpHYI0 ME3au30JSILIUI0 OOJIblleil TIyOMHBI (OKOJIO
80,0 um). ITpu 3TOM He TpeOyeTCsl BLICOKMUX CKOPOCTE
tpaBneHus, poctatouHo 20,0...30,0 am/MuH. Takas
CKOPOCTb ObllIa JOCTUTHYTA HA MMeEIOLLEiCs] YyCTaHOB-
Ke miaazMoxumuueckoro tpasieHuss SI 500 ¢ mucrosb-
soBanueM cpeabl BCl; + Ar. B pannoit cmecu BCljy
HCTIONIb3yeTCsd KaK XUMUYECKN aKTUBHas cpema, a Ar
BBEJCH JUIsI MOAACPXKAHUSI pa3psiia B Kamepe U Jac-
TUYHOTO ydyacTusl B mpouecce TpaBieHus. [Tpu muas-
MOXMMMYECKOM TPaBJIECHUU UCTIOIb30Banach (potope-
3MCTUBHASI MacKa, YTO HaKJIaJbIBaeT JOMOJHUTEIbHbIE
TpeOOBaHUS K TIPOIIECCY: HEOOXOMMMOCTh OTBEACHMS
TEIJIOTBI OT BCEH IUIOLIAAM ITOJYNPOBOIHUKOBOM
IUTACTUHBI BO M30ekaHMe TeperpeBa (poTopesncTa, Ko-
TOPBII NPUBOJUT K U3MEHEHUIO TEOMETPUU MACKU U K
MOCJIEIYIOLINM TPYAHOCTSIM MPU €€ CHATUU. YCTaHOB-
Ka mpeaycMaTpMBaeT CUCTEMY OXJIAXICHUS B BUIE
001yBa 00OpPaTHOM CTOPOHBI TTIOTOKOM Te€JIvs, HO 3TOr0O
0Ka3aJI0Ch HEJOCTAaTOYHO JIJIsT KOMIIEHCAIIUN TIepeTpe-
Ba, BO3HUKAIOWIETO TMPU JIUTEIbHBIX mpoueccax. st
OTBOJIA TEIJIOTHI OBIIO peIIeHO pa30omBaTh IIpOIIecC
TpaBJICHUSI HA TIOCJIeIOBATeIbHbIE CTYIIEHU C Tepephbl-
BOM B TpaBJICHUM.

B nrore cpena BCl; (30 scem) + Ar (50 sccm), nas-
neHue B Kamepe 8§ [la, cMmellleHue Ha HUXXHEM DJIEKT-
poae 170 B obecrieunu B COBOKYITHOCTU CKOPOCTh
TpaBieHUs Topsanka 25,0 um/mMuH. [Ipu TpaBiaeHun
npolecc pa3douBaercss Ha UMKAL "30 ¢ TpaBiaeHUE —
nepepsiB 1 MuH". YKMCI0 LIMKIIOB BEIOMpPAETCS B 3aBU-
CUMOCTU OT IIyOMHBI Me3bl. Tak KakK HCIOJb3yeMble
TeTepOCTPYKTYPHI HEe MMEIOT 3alllUTHOTO CJIOSI, TO Tie-
pel 3aIyCKOM IreTepOCTPYKTYpa IMOKPhIBACTCS TOHKUM
cinoeM SizNy, Urparollero pojb 3allMTHOIO cjios Oa-
pbepa cTpyKTyphl. [loaTOMy nepen TpaBlieHHEM IPU-
OOpPHOU M30JISILIMK B OKHAX TPaBJCHUSI FeTePOCTPYK-
TYpbl TOHKUU TUSJIEKTPUK yHaIsIeTcs Bo ropcomep-
Kallleil Taa3Me B TOM Ke YCTaHOBKE MJIa3MOXMMUYeC-
KOTO TpaBIJICHUS.

Taxum obpazom, 11t GopMUPOBaAHUS TTPUOOPHOI
me3zau3onsauuu  mus  rerepoctpykryp AlGaN/GaN
BBITIOJTHSTIOTCS CJICAYIOIINE TEXHOJOTMUECKHE OIlepa-

Puc. 1. Tect nas npoBepkd NpuOOPHOI Me3au30ISAIUH
Fig. 1. Device mesa isolation testing

uuu: poroauTorpadusi OKOH TpaBJIEHUS IIOJYIIPOBOI-
HUKa, yAaJleHue TOHKOro AUBJIEKTPUKA MJIa3MOXUMMU--
YeCKUM TpaBJieHHWEeM, IJIa3MOXMMUYECKOe TpaBJeHUE
MOJIYTIPOBOAHMKA, CHSTHE (POTOPE3UCTUBHON MacKu U
KOHTPOJIb TJIyOMHBI TpaBJAeHUS TTOJTYITPOBOJHMUKA.

DJIEKTPUUECKUNT KOHTPOJIb NMPUOOPHOIN Me3au30-
JISUMU Ha BBITPABJIECHHBIX y4acTKaxX OCYIIECTBISICTCS
Ha CcIeuMajJbHOM TeCcTe IS MPOBEPKU HU3OJSILIUU
(BHELIHUI BUJ TecTa IIpUBeAeH Ha puc. 1) mocie dop-
MUPOBAHUSI OMUYECKMX KOHTAKTOB K I€TEPOCTPYKTY-
pe. 151 maHHOTO TecTa CHUMAETCs 3aBUCUMOCTD TOKa
YTeUKU OT HAMPSKEHUSI.

®DopMHPOBaHHE OMHYECKIX KOHTAKTOB
K reTepoCcTPyKTYpaM Ha OCHOBE HUTPHAA TaJlIus

Otan GopMUPOBAHUSI OMUUYECKHUX KOHTAKTOB I1O-
nesoro CBY TtpaH3ucTopa gomkeH o0ecIrieunBaTh MU-
HUMaJbHOE€ KOHTAaKTHOE COIPOTUBIEHUSI K TeTepo-
CTPYKTYype U 00ecreurBaTh TeXHOJOTMYHOCTD MOCeIy-
omux omnepauuii. C pocToM IIMPUHBI 3allpellieHHOMI
30HbI TETEPOCTPYKTYPbI (Eg) COINPOTUBJECHUE KOHTAK-
Ta Bo3pacTaeT. [ co3maHus OMUYECKOrO0 KOHTaKTa
K n-GaN yailie BCero Ucrnoib3yloT MHOTOKOMITOHEHT-
HbI€ KOHTAKTHI Ha ocHOBe Ti, oOpasyloiue B IIpolec-
ce TepMOoOoOpPabdOTKM COCAMHEHUSI C HU3KOI paboToi
BbIxoAa. Huzkoe conmpoTuBiIeHUE OMUYECKOTO KOH-
TakTa MeTalsl — GaN 0OBIYHO CBSI3BIBAIOT C 00Pa30-
BaHMEM BaKaHCHUI a30Ta 3a CUET B3aMMOACHCTBUS
GaN c marepuajioM KoHTakTa, Harpumep Ti. Mcnonb-
30BaHME MHOTOKOMITOHEHTHBIX KOHTAKTOB Ha OCHOBE
Ti/Al ¢ mocnenytoleit TepMooOpPabOTKON 0becTIeun-
BAeT yIeJbHOE KOHTAKTHOE COMPOTUBJICHUE TMOPSAKa
0,5...0,6 Om - MM K Al Ga; _ N, npu 3TOM BBICOKO-
TeMIepaTypHbI OTKUT OMUYECKMX KOHTAKTOB 10 TEM-
nepatyp 750...900 °C npuBOAUT K UBMEHEHUIO pesibe-
¢a u Kpasi KOHTAaKTHOM MeTaUIM3alluu.

ITonyyeHre HU3KMUX KOHTAKTHBIX COMPOTUBICHUI
0e3 BbICOKOTEMIIEpaTypHOIl 00pabOTKU U COXpaHEeHUe
penbeda BO3MOXHO MpU (POPMUPOBAHUU OMUYECKOTO
KOHTaKTa K cujibHoJerupoBaHHoMy GaN.

Takum o6pa3oMm, MeToabl (POPMUPOBAHUSI OMU-
YeCKMX KOHTAKTOB K retepocTpykrypam AlGaN/GaN
MOKHO pa3feuTh Ha JBa TUIA TEXHOJOTUIA: BXUrae-
Masl (CrijiaBHasi) U HeBXuraemasi (HecrlaBHasl) TeXHO-
Joruu OpMUPOBAHUSI OMUUYECKMX KOHTAKTOB [8].

Hns usrorosnenuss CBY MU C Ha ocHOBe HUTpU-
Jla TaJUIMSI MCMO0JIb30Baach HEBXUTraeMash TeXHOJIOTUS
dopmupoBaHus KoHtaktoB. Ho takke B MCBYIID
oTpaboTaHa BXuUraemasi TeXHOJOIMsl OMUYECKUX KOH-
TaKTOB K HUTPUAHBIM T'eTePOCTPYKTypaM Ha OCHOBE
Si/Al kak anbTepHaTUBHBIM BapUaHT MPU OTCYTCTBUU
HeoOXoauMOoro o0opymoBaHUS IsT (OPMUPOBAHUS
HEBXMTaeMbIX OMUUECKUX KOHTAKTOB [9, 10].

OnuuieM Kaxayio M3 TeXHOJOorui hbopMUpoBaHUs
OMUYECKHUX KOHTAaKTOB Iipu uarorosieHun MUC Ha
OCHOBE HUTpPUAA TaJlaus.
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Bxuraemble (cniaBHble) OMHYECKHE KOHTAKThI HA
ocuoBe Si/Al K HuTpuay ramamsa. KoHtakt Metamn —
MTOJTYTIPOBOMHUK, (DOPMUPYEMBIil ¢ MCITOIh30BaHUEM
BBICOKOTEMIIEPaTYPHOI'O OBICTPOrO TEPMUUYECKOTO OT-
xura (bTO), moayuyun Ha3zBaHUe "BXHUTaeMbIii OMU-
YeCKMI KOHTAKT' W Hallles LIMPOKOe MPUMEHEHUEe B
nepBbix padoTax no nojesbiM CBY TpaH3ucropaM Ha
retepocTpykTypax AlGaN/GaN.

MOKHO BBIAEIUTH ABE OCHOBHbIE CTaauU (POPMU-
pOBaHUS BXWTaeMOTO KOHTAaKTa K TETePOCTPYKTYpe
AlGaN/GaN:

e TOI0OP CUCTEMbl METALIM3ALUU OMUIECKOTO KOH-
TakTa K rerepoctpykrype AlGaN/GaN;

e T10100p TepMUUYECKOU 00pabOTKM — MOAO0p TEM-
repaTypbl, BpEMEHU OTXKHWra, a TakKe KPUBOM Ha-
rpeBa. OTKUT MMPOBOASAT B MHEPTHOU CpeJie.
Knaccuueckue cucTteMbl MeTaTM3allMd Ha OCHO-

Be Ti/Al gBasiIOTCSI OMHUMM U3 CaMbIX LIUPOKO MC-

MOJIb3YEMBIX BO BXKMTA€MBIX OMMYECKMX KOHTaKTaX K

HUTpUIHBIM reTepocTpykTypam AlGaN/GaN. O6pa-

3oBanue coequHeHuit TiN u AIN mpuBoguT K co3ma-

HUIO a30THBIX BaKaHCUIl B MOJYIPOBOAHUKE Y IpaHU-

Bl KOHTaKTa, OJHAKO TPeOyeT IPU 3TOM BBICOKUX

Temiepatyp Tepmooopadotku (6osiee 800 °C). bonee

Toro, coenuHeHue TiN obGsamaer Majioil paboOTOl BbI-

X074, 4TO TIPUBOIUT K YMEHBIIIEHUIO COITPOTUBIICHUS

OMUYECKOro KoHTakTa. OIHAKO CKJIOHHOCTb K OKMC-

JeHuto Ti u Al TpeOGyeT MCIOJb30BaHUSI AaHTUKOPPO-

3UOHHOTO cjiost Au. bosee Toro, coennHenust Al ¢ Au

WMEIOT TeHACHIINIO 00pa30BhIBATLCS HA TPAHUIIE KOH-

TakTa, YBEJMYMBas, TAKUM 00pa3oM, 3HAUeHUE KOH-

TaKTHOTO COIIPOTUBIICHUS M YXyOIIas MOPdOIOTHio

nocje oTxura. B cBsi3u ¢ 9TUM MOSBISIETCS HEOOXO-

JIUMOCTD WCITOTh30BaHUsI GapbepHOTO CJIOST, TIPETISTCT-

Bytouiero auddysun Al B HampaBlieHUM BepXHEro

cjiog Au 1 jerko nuddyHaupyioniero Au B CTOpOHY

TOJTYTIPOBOAHUKA. BBITO TIPOaeMOHCTPUPOBAHO, YTO

OapbepHbIe CJIOM OTUX METAIJIOB MPU BHICOKUX TEM-

reparypax pa3OoWBalOTCSI Ha OTAENbHBIE HEOOJbIINe

¢paxkuuu, cozganasi, TaKUM 00pa3oM, 1IEIU IIs1 Aug-

(by3um mMeTasioB CKBO3b OapbepHbIid ciioii [11].

B uensix yayduenust MopdoJioruu Obljla CHUXeHa
TeMreparypa TepMooOpabOTKM OMUYECKUX KOHTaK-
TOB J10 675...725 °C, npy 3TOM COXPaHUJIOCh HU3KOE
3HAY€HUE COIPOTUBJIEHUSI KOHTAKTOB. JIi1s1 popmu-
pOBaHUST OMUUYECKNX KOHTAKTOB ¢ HU3KMM 3HAYCHU -
€M YIeJbHOTO KOHTAaKTHOTO COIPOTUBIICHUS B TPaau-
LIMOHHOH cuUcTeMe MeTaTM3alMi OMMYECKMX KOH-
takToB Ti/Al/Ni/Au mpoBOASAT TeMIIepaTypPHBIN OTKUT
npu Temrepartypax Bbiie 800 °C, mpu KOTOpbIX 00pa-
gyeTcst Heooxoaumasi ToiuHa TiN [12]. JIast ymeHb-
LLIEHMST TeMIIepaTyphl OTXKUTA 1 3HAYEHUST KOHTAKTHOTO
COITPOTUBJICHMS B 3TY CUCTEMY METAJIIU3AIlUN BBOIST
nepea nepBbIM ciioeM Ti TOHKUi ciioit Si, urparoiui
poJib nerupylonieii npumecu [13]. Haimune KoHTakKT-
Horo cios1 Si B koMno3unuu Ha ocHoBe Si/Ti/Al ripu
temriepatrypax otxkura Huxe 700 °C npuBoauUT K 00-
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pasoBaHuio coenuHenui TiSi, 6e3 obpasoBanus TiN
[14]. Takum obpazom, cioit Ti ObUI MCKIIOUEH M3
cocTaBa MeTaJlJIU3allMM, MOCKOJbKY MOMEHsIaCh €ro
pOJib — B3aMeH 00pa30BaHMsI a30THBIX BaKaHCUU UAET
YMEHbIIIEHUE KOHIEHTpPALlMM MPUMECHBIX aTOMOB Si
B KOMIO3UILIMH.

Takum ob6pazom, 11T (HOPMUPOBAHUS BXKUTAEMBIX
OMUYECKMX KOHTAKTOB HEOOXOAMMO BBIMIOJHEHUE Clie-
JYIOIIMX TeXHOJOrnYecKux onepaiuii. [Tocae Tpasie-
HUs MPUOOPHOI Me3aM30JSILUMU Ha TeTePOCTPYKTYPY
AlGaN/GaN uyepe3 ABYXCJIOMHYIO CUCTEMY HAHOCHUT-
Cs KOHTaKTHas KOMITO3MIIMS BXUTaeMOW MeTaylIu-
3allMM OMMYECKUX KOHTAaKTOB TePMUUECKUM (pe3unc-
TUBHBIM) METOJIOM B Bakyyme coctaBa Si (7,5 Hm) —
Al (50 nm) — Ti (25 Hm) — Au (50 Hm). TTepen ocax-
JIeHMeM MeTaJlIn3alliu MTPOBOAUTCS CHSITUE OKCUIOB B
pactsope HCI:H,O. [Totom ocyuiecTBiasieTcs TepMu-
yeckasi o0paboTKa JaHHOW MeTajuiM3aluuu B cpeje
azoTa. 3areM (hOpMUPYETCs CJION MeTa/IM3alluu Mo-
BEPX OMMYECKMX KOHTAKTOB M Ha APYIMX yyacTKax re-
TEPOCTPYKTYPHI IJIsI CO3MaHUsI TOMOJOTUYECKUX DJIe-
MEHTOB CXEMbI U METOK ISl BJIEKTPOHHO-TYYEBOM JTH -
torpacduu (BJIJI) 3aTtBopoB IllorTku. MeTauium3anus
Ti/Au ocaxmaeTcsl TepMHUUECKUM (PE3UCTUBHBIM) Me-
TOJOM B BaKyyMe IO JBYXCJIOWHOU cucteMe oTope-
31CTOB.

Hcrnonb3oBaHne BXHWTaeMOM KOMIIO3WIIMK Ha OC-
HoBe Si/Al MO3BOAUIO YAYYIIUTh MOP(HOJOTUI0 OMU-
YeCKMX KOHTaKTOB, MOJYYUTb 3HAYEHUsS YIEIbHOTO
KOHTaKTHOT'O COINPOTUBJICHUSI, HE YCTyIalollue 3Haue-
HUSIM, MOJIy4aeMbIM C UCITOJIb30BaHMEM KOMITO3ULIMIA
Ha ocHoBe Ti/Al, kotopoe coctaBuio 0,35 Om * MMm.
[Ipy 2TOM AaHHBIA COCTAaB OMHUYECKUX KOHTAKTOB
obecrieurMBaeT HE3HAUMTEJbHbIE W3MEHEHHUs 3Haye-
HUI YAEeJbHOTO KOHTAaKTHOI'O COMPOTHBICHUS B IIM-
POKOM Jrara3oHe TeMIIepaTyp OTXKHUTa, YTO MTOBBIIIAET
TEXHOJIOTUYHOCTh M BOCIIPOM3BOAMMOCTH IpoIiecca
TepMOOOpPaOOTKM OMUYECKMX KOHTAaKTOB IO CpaBHe-
HUIO ¢ KoMmo3ulusiMu Ha ocHoBe Ti/Al [9, 10].

Hep:xuraemble (HecmiaBHble) OMUYECKHE KOHTAKTDI
K HUTpuay rammmsa. Ha ceronHsiiiHuii JeHb Haubosiee
pacrnpocTpaHeHHasl TeXHOJIOTMSI HECIIAaBHbIX OMUYEC-
KMX KOHTakKTOB K rerepoctpyktypam AlGaN/GaN —
TEXHOJIOTUSI BMUTAKCUAIbHO AOPAIIMBAEMOTO CUJILHO-
ngerupoBaHHoro GaN B OKHax MOI OMUYECKHUE KOH-
TaKThl Yepes3 MpeaBapuTebHO c(hOpMUPOBAHHYIO Mac-
Ky [15]. CyTb MeTozaa 3akjtouaercs: B GOpMUPOBAHUU
JIVDJIEKTPUYECKOM MacKu Ha TeTepoCTPYKTYype, 3aTeM
B (bOPMUPOBAHUU B AMDJICKTPUKE OKOH MOJ OMUYEC-
KMe KOHTAKThl, SIIUTAaKCUAIbHOM POCTE n"-GaN, yaa-
JICHUM JU3JIEKTPUUYECKOM MaCKU U HANIbUJIEHUW MeTaJl-
JM3anUu KoHTtakta Ha n' -GaN. B HEKOTOPBIX Bapu-
aHTax TepeJ SMUTAKCUaJIbHBIM POCTOM T1JIa3MOXUMM-
YecKu uepe3 AUBJIEKTPUUECKYI0 MacKy 3ariyOJisioTcst
JI0 YPOBHSI ABYMepHOTO 3jeKTpoHHoro raza (2DEG).
CxemaTtuyecku (OpMUPOBAHME HEBXUIAaeMbIX OMU-




BHenpeHue TEeXHOIOIMU HEBXU-
raeMbIX OMMUYECKUX KOHTaKTOB K Te-
tepoctpyktypam AlGaN/GaN mo3-
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Puc. 2. CxemaTnyeckoe H300paxkeHne MCNOJb30BAHUS JOPANIMBAEMOr0 CHJIbHOJIETMPOBAH-
Horo GaN npu popMUPOBAHMH HEBKUTaeMbIX OMHYECKHX KOHTAKTOB K AlGaN/GaN: ¢ — 6e3
3arnyoaeHust 1o ypoBHs 2DEG, b — c¢ 3arnyonenuem no ypoBHs 2DEG

Fig. 2. Regrown highly doped GaN use in non-alloyed ohmic contacts to AlGaN/GaN fabrication:
a) without penetration down to 2DEG level, b) with penetration down to 2DEG level

YeCKMX KOHTAKTOB C gopaluBaeMbiM n' -GaN moka-
3aHO Ha puc. 2.

bnaronaps BBeneHuIo mpuMecy Si TPOUCXOIUT Bbl-
poxaeHue nojymnpoponasinero GaN, KOTOphIi J0KEeH
HaXOIUTbCS B HEMOCPEACTBEHHOM KOHTaKTe ¢ obJjac-
ThbIO JIByMepHOro 3jekTpoHHoro raza (2DEG). Jleru-
poBaHWE HUTpWIA TaJaus MPOBOAUTCS B Mpolecce
OCaXJIEHUSI C TTOMOIIbIO YCTAHOBJIEHHOIO B POCTOBOM
KaMepe MOJIEKYISIPHOTO MCTOYHMKA KpeMHus. Bax-
HO ToJA00paTh BEPHYIO KOHILIEHTPALIMIO JIETUPYIOLIEH
mpuMecHu B ocaxaaeMoM HuTpuzae raumsa. C omHoOI
CTOPOHBI, YBEJUYEHUE KOHLIEHTpALuU Si, KOTOPbIH
BBICTYIIa€T B POJM JOHOPHOM MPUMECH, TTO3BOJSIET
MOBBICUTb KOHLEHTPALIMIO DJEKTPOHOB M TMOHU3UTh
comnpoTuBieHue KoHTtakTta. C Ipyroid CTOpPOHbBI, MpuU
Ype3MEepHOM TMOBBIIICHUM KOHILIEHTpallMu Si TpPOBO-
JUMOCTb KOHTaKTa HauMHaeT Iajaarh, a KpeMHUM Tie-
pecTaeT paBHOMEPHO pacTBOpPsITbcs B 00beMe GalN u
00pa3yeT IOMOJHUTEIbHbIE Ae(EeKThl 1 KOHIJIOMEPAThI.

Hnst peanuzanuu CBY TpaH3MCTOPOB ¢ HEBXUra-
€MbIMU OMMUYECKMMU KOHTaKTamMu Oblla BbIOpaHa
TEXHOJIOTHS ¢ JOpallliBaHUEM CUJIbHOJIETHUPOBAHHO-
ro GaN MoJeKyaapHo-IyuyeBoii sanuTtakcueit (MJ1D),
TaK KaK B HeW OTCYTCTBYIOT IJIa3MOXMMUYECKOE BO3-
JeiicTBre Ha OapbepHblii cioit AlGaN, kak npu dop-
MUPOBAaHUU KOHTAaKTOB K CHUJIbHOJETMPOBAaHHOMY 3a-
LIIUTHOMY CJIOIO, M BBICOKOTEeMIIepaTypHas aKTUBAIIMS
(6onee 1000 °C) nmepea HaHEeCeHUEM KOHTAKTHON Me-
TaJuIM3aluyd TIpu POPMHUPOBAHUM OMMYECKOTO KOH-
TakTa K 00J1acTSIM JIeTUPOBAHHbBIX Si MIOHHON MMIUIaH-
tanueit. [Ipu aToM popmupyembie TUIIEKTPUUECKUE
MOKPBITUS JUISI CO3MaHWSI MacKu IIOJ POCT CIIyXKat
3alllMTHBIM CJIOEM JJIs1 aKTUBHBIX O0JacTeil retepo-
CTPYKTYDHI.

J1OCTOMHCTBOM HEBXMIa€MbIX OMUYECKUX KOHTAK-
TOB K rerepocTpykType AlGaN/GaN sBiseTcs Xopo-
111asi BOCPOU3BOAMMOCTD (3aBUCMMOCTb COINPOTHUBJIE-
HUSI B OCHOBHOM OT JierupoBaHHoro GaN), xopouiast
MOp(}OJIOrUs KOHTAKTOB, OMpeaesieMasl TOJIbKO Iie-
POXOBATOCTbIO MOBEPXHOCTH MO/ METAUIU3ALUI0 U
BHECEHHBIMHU Ne(heKTaMU caMOil MeTalIM3allu, HU3-
KO€ COMpPOTUBJIEHNE; HETOCTATKOM — HEOOXOAUMOCTh
B HCIIOJIb30BAHUU BBICOKOTEXHOJOTUYHOIO JTOPOTO-
CTOSIIETO 00OPYIOBAHUSI.
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OTKa3aTbCsl OT BBICOKOTEMIIEpaTyp-
HBIX MPOLIECCOB 00paboTKMU chop-
MHMPOBAHHOW Ha TIOJIYIPOBOITHUKE
MeTaJUIU3aluu.

IIpouenypa ocaxmeHUsT CUIBHO-
nerupoBaHHoro GaN Mpu M3roTOB-
nennn MU C Ha ocHOBe HUTpHIA TAJIJINS IIPOBOAMIIACH
Ha reTepoCTpyKType ¢ 6apbepHbIM ciioeM AlGaN/AIN.
J1s1 MackvMpoBaHUsI TMOBEPXHOCTU CTPYKTYpPbl Oblia
HCTIOJIb30BaHa IBYXCJIOMHAS CHUCTEMa JM3JICKTPUKOB
SisNy/SiO, [16]. AM31eKTPUKM OCAXAATUCH TLUIA3MO-
XMMMWYECKUM METOJ0M Ha ycrtaHoBke Plasmalab Sys-
tem 100 ¢pupmbl Oxford ¢ UCTOUHMKOM MHAYKTUBHO
CBA3aHHOM TU1a3Mbl. Si;Ny ocaxnancsa U3 CMeCH ra3oB
N, (10 sccm) + SiH, (12 scem) npu nasnenuu 8 mTopp,
temnepatype 250 °C u momnHoctu MCIT 800 Bt Ha
cTaguu 1nepen (GopMupoBaHUMEM IIPUOOPHON Me3a-
nzonauuu. SiO, ocaxnancsa u3 cMmecu rasoB N,O
(23 sccm) + SiHy (6 sccm) npu nasiaeHuu 4 mTopp,
temmnepatype 300 °C u momHoctu MCIT 500 Br. [da-
Jlee ¢ moMoliblo (oTtoautorpacdhun GopMUpPYIOTCS
"OKHA" MOJ KOHTAKThl B Au3JeKTpuke. OOBIUHO 3Ty
oIrepalrio Ha3bIBAaIOT "BCKPBITHE OKOH AUBJICKTpHUKA".
st BCKPBITUSI 3TUX OKOH HEO0O0XOOMMO C(OPMUPO-
BaTh MacKy M3 MaTepHaia, CKOPOCTb TPaBJICHUS KOTO-
pOro HIXE CKOPOCTHM TPaBJICHMSI AUBJIEKTPUKA TP
JPYIUX OAMHAKOBBIX YCI0BUSX. TunuuHoe opMupo-
BaHMe MacKW TIPOMCXOIUT Ha y4acTKe (POTOIMTOTpa-
(UM ¥ COCTOUT U3 HAaHECEHUs Ha pabouylo TIACTUHY
C IW3JIEKTPUKOM (OTOpe3nCcTa HEOOXOMMMON TOIIIM -
HbI, COBMEILIEHUST M KCTIOHUPOBAHUST PUCYHKA MaCKHU
IJIST TPaBJICHMS TUBJIEKTPUKA, CYIIKNA (hOTOpe3ncTa Ha
IUTaCTUHE, TPOsSBKU M 3amyoiuBaHus macku. Ilocre
dopmupoBaHusT (POTOPE3UCTUBHON MacKu pabdoydast
IUTACTUHA TIOJBEPraeTCs OTepaliy TPaBICHMUS.

TpaBneHue IURAEKTPUUECKUX CJIOEB Yepe3 npeaBa-
puTeIbHO c(hOPMHUPOBAHHYIO (POTOPE3NCTUBHYIO Mac-
Ky OCYILECTBJISICTCS TJIa3MOXUMUYECKUM METOIOM B
cmecu SFg u O, Ha yCTaHOBKE IJIa3MOXMMUYECKOTO
tpasienus: SI 500.

Ilocne cHATHS (HOTOPE3UCTUBHONM MACKM IIPOBO-
auTcs miasmoxumMmudeckoe TpapieHue AlGaN u GaN
yepes chopMUPOBAHHYIO AUDJIEKTPUUECKYIO MACKY B
cmecu BCl; n Ar Ha Toit ke ycTaHOBKe. BO3MOXHO
nocaenytouiee TpapaeHue AlGaN n GaN 6e3 cHATUSA
(GOTOPE3NCTUBHON MaCKM, HETOCPEACTBEHHO Cpas3y
MocJie TJIa3MOXMMUUYECKOTO TPaBICHUS OUIICKTPU-
koB. Takag cucremMa MacKMpOBaHUs He BIUSET Ha
CBOMCTBA TTOBEPXHOCTU TETEPOCTPYKTYPHI U C MTOMO-
meio MJID nenaer poct cribHonernpoBanHoro GaN
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Puc. 3. PDM-u300paxkenue nocjie SNUTAKCHATILHOTO POCTA CHUJIBHO-
nernpoBanHoro GaN 1o QUAJIEKTPHYECKOH MacKe

Fig. 3. SEM image obtained after the highly doped GaN epitaxial growing
with the dielectric mask

CEJICKTUBHBIM — POCT IMTPOMCXOAUT TOJIBKO B yUacTKax,
TIe TURJIeKTpruIeckas Macka BeITpaBieHa. Ha retepo-
CTPYKTYPY €O CHOPMUPOBAHHON IMIJIEKTPUUYECKOM
MAacKoil OMWYEeCKMX KOHTAaKTOB OCaXKIaeTCs CUIbLHO-
nerupoBaHHbIl GaN B yctaHoBKe MJID npu temrie-
patype 850 °C. M3o0paxeHue mocje pocTa Ha pacTpo-
BOM BJIEKTPOHHOM MuKpockorne (POM) nokazaHo Ha
puc. 3, TAe BUAHO, YTO POCT MAET TOJBKO B chopMu-
poBaHHBIX OKHax. [Tocite ocaxkmeHUs CUITBHOJIETHPO-
BaHHoro GaN TMPOUCXOAUT yAaJeHUe AUBJICKTpUUeC-
KO MacKM B XHMIKOM pacTBope 6y(GhepHOTO TpaBUTE-
ag (HF:NH4F:H,0 = 1:3:7). Ha cdopmupoBaHHbIE
cuJibHOJlerupoBaHHblie obgactu GaN ocaxpaaercs: Me-
TaJUIM3alsg OMUYECKIX KOHTAKTOB. 7151 3TOTO C TI0-
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i bl n™-GaN

Maasvoxivirgeckoe Tpartedne AlGaN
qepes Ty e §oTOpesnc THEHYI0 MACKY
Dry etching ALG

Poct n+ GaN qepes macky Si0,
Growth n-GaN

Si0y ° 5i0.
AlGaN/GaN AlGaN/GaN

Vaazenne sackn Si0;

Removing Si02 mask

<0TOIITOr padiist OMITIECKIIX KOHTAKTOB Il HaMbLIEHIe
Photolithography and ohmic contacts deposition

MOIIbIO ONTUYECKOU (hoToauTorpauu hopmupyer-
csl IByXCJOWHAasi Macka, B BaKyyMe OCYIIECTBISIETCS
HaITbUICHWE METANTU3alMU HEBKUTAeMbIX OMUYECKIX
koHTakToB Cr/Pd/Au ¢ nocneaywoimum "B3pbIBOM"
doTope3ncTuBHOI Macku. JlaHHAsT cMCcTeMa MeTaJlIn -
3alUU HEe TPeOyeT MOCASAYIOINX TePMUIECKUX obpa-
6otok. I'pacdmueckn mociaegoBaTeIBLHOCTh OIEpalvit
(GopMUPOBaHUST HEBKUTAEMbBIX OMUUECKUX KOHTAKTOB
rokaszaHa Ha puc. 4.

Hcnonp3oBaHne TeXHOJOTUN (GOPMUPOBAHUS He-
BXKMIaeMbIX OMUYECKMX KOHTAKTOB K F€TEPOCTPYKTY-
pe AlGaN/GaN T03BOJMIIO OTKa3aThCSI OT BHICOKO-
TeMIIepPaTypHBIX MPOLIECCOB 00pabOTKU. 3a CUET ITOTO
yIaeTcsl COXpPaHWTb BBICOKOKAUECTBEHHBIN petbed
KOHTAKTOB IS TTOCJIEAYIOIINX TEXHOJOTMUECKUX OTle-
pauuit, a Takxke MoJiyyaTb OMUYECKUE KOHTAKThI C
yaeabHbIM corpotusiieHueM 0,15...0,2 Owm « MM, 4yTO
SIBJISIETCSl PE3yJIbTaTOM MUPOBOTO ypoBHS. Ilpu 3TOoM
MeTaJUT3aIis OMUYEeCKUX KOHTAaKTOB W METOK IS
BJIJI 3atBopoB LLIOTTKM MPOBOAUTCSI B OMHOM TEXHO-
JIOTUYEeCKOM TIpoliecce HaNbUICHUS MeTaTU3allim.

@opmMupoBaHie BHIMPSAMIISIONIET0 KOHTAKTA
(zatBopa IIIoTTKH) K reTepocTpykTypam
HA OCHOBE HHUTPHAA TaJlIus

Kaxk n3BectHo, CBY nmapaMeTpbl COBpeMEHHBIX TT0-
JeBbix CBY TpaH3UCTOPOB Ha rereporepexoaax riap-
HBIM 00pa3oM OMpenessioTCsl mapameTpaMu 3aTBOpa
[17]. Hanpumep, mpeaesibHasi yactoTta YCUJIEHUSI MO
TOKY f; = G,/2nGys = V,i/L,, T.c. OOPaTHO HPOIOP-
LMOHaJIbHA JUIMHE 3aTBopa L,, rae G,, — BHYTPEH-
HSIST KPYTU3HA, Cgs — €MKOCTb 3aTBOP-MCTOK, V,; —
npeiicdoBasi CKOPOCTh 3JEKTPOHOB. [ TpaH3uCTO-
pOB CAHTUMETPOBOTO JMAaIia3oHa
HEeo0XOIUMO UMETh Lg < 0,25 MKM.
BMmecte ¢ TeM, B COOTBETCTBUM C
dopmynoit Pykyu, Kod3OEOULUEHT
IIyMa MOXKET OBITh TpEACTaBIcH B
Bune Fyp =1+ K,ng /Gm(Rg+ R,
rae K; — KOMIIEHCUPYIOLIMIA KO3(-
dulmeHT, Rg " R; — CONpOTUBJIEHUE
3aTBOpa M MCTOKA COOTBETCTBEHHO.
Orcioga MOXHO OLIEHUTb TpeOoBa-
HUSI K CEUYEHMIO 3aTBOpa: moJaras
R, = pWym R = ps/Wg, e pgy 1
Py — VAEJIbHBIE CONIPOTUBJIEHU 3a-
TBopa U uctoka (OM*MM) COOT-
BETCTBEHHO, a Wg — IlIMpHHA 3a-

L
°
°
o8

‘Vaanenne oTopesncra
Photoresist removing

AlGaN/GaN

Puc. 4. IlocaenosatebHOCTb Onepanuii (HOPMAPOBAHNS HEBKUTAEMBIX OMHIECKHX KOHTAKTOB
Fig. 4. Sequence of operations fulfilled for non-alloyed ohmic contact fabrication
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Vaaaeane goropesncra
Photoresist removing
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TBOpa, W CYWTas, 4YTO IS OMNTHU-
MaJIbHOTO TpaHBI/ICTO%)a R, = R,
NONYy4UM p, = py/ Wg. Tak, eciu
Pe = 0,2 Om * mMm, W, = 20 MKM, TTO-
JydaeM 3HadeHue p, = 500 OM - MM,
OTKy#a cJeayeT, 4YTo B clydae

MM 3aTBOpa CYMMAapHOW TOJIIIIM-
Hoit 0,6 MKM cedeHMe 3aTBOpa




JIOJKHO OBITH He MeHee 0,4 MKMZ. JInst 6omee HU3KUX
YacTOT MPUMEHSIIOTCSl Oojiee IMPOKUE TPAH3UCTOPHI,
CJIeIoBaTeNIbHO, CeUYeHNEe 3aTBOPA JOJIKHO OBIThH elle
Oosbiie. O4YEBUAHO, YTO OJHOBPEMEHHO IOJYYMTb
MaJIylo JUIMHY 3aTBopa M OOJIBIIIOE CeYCHUE MOKHO
TOJIBKO B TOM CJIydae, ecjid 3aTBOp UMeeT Iprudoodpas-
Hyto (uau T-o0pasHyo) ¢opmy. [TosTomy akTyaiabHa
3ajaya IoJiyueHusi Tpru0boo0pa3HOro 3aTBOpa ¢ pa3HbIM
HabOpOM JUTMH 3aTBOPOB ISl 006ecreuyeHusl IIMPOKOTO
cnekTpa Bo3MOXHBIX yacToT CBY TpaH3ucTOopoB 1
CXEM Ha MX OCHOBe.

Takum o6pazom, nonyueHue MUC ycunurteneit
JUJIS1 OTIpeeJIEHHOIO YaCTOTHOTO Auarna3oHa ornpese-
JISIETCS MaTepHuaaoM TOJIYIIPOBOTHNKA W TeOMETpHUei
3aTBOpA.

dopmMupoBaHue TpO00OPA3HOTO 3aTBOPA COCTOUT
U3 CEOYIOIIMX KIIOUEBBIX OMepalnii:

e DJIEKTPOHHO-JIyUeBast JTUTOTPAdUS TS TTOTydeHUS
npoduas Oyayiiero 3aTBoOpa;

e HaHeCeHWE 3aTBOPHON MeTaJlIM3alliM;

e "B3pBIB" BJIEKTPOHHOI'O PE3UCTA.

PaccmorpumM ctaguio hopMupoBaHust Tpudooopas-
HOro npoguisl B pe3ucTe.

IMocne germmparanuy Ha TUTUTKE TIPU TeMIIepaTy-
pe 120 °C B teueHue 15...20 MUH Ha MIACTUHY METO-
IOM TIeHTPpU(YTrUpoOBaHUS HAHOCUJIACh MHOTOCIIOM-
Hasl cucTeMa 3JeKTPOHHBIX PE3UCTOB C MPOMEXKYTOU-
HOM cylkoi Ha miautke. CucreMa COCTOUT U3 CJIOEB
PMMA950K/PMGI/Cononumep/PMGI/PMMA950K
obuieit TonumHOM okojio 1,3 mkm. IlocienoBaTesnb-
HOCTh CJTIOEB U WX TOJIIWHBI OBUIH ONITUMU3UPOBAHBI
JUTSL pa3aebHOrO 9KCIOHUPOBAHUS UM KOHTPOJUPYe-
MOTO TIPOSIBICHUSI TpUO000Opa3HbIX Mpoduieil ¢ pa3-
mepaMu HuxxHelt yactu ot 0,1 go 0,25 MKM B 3aBu-
CUMOCTH OT YaCTOTHOTO auara3zoHa oynyieit MUC Ha
HUTpPUIE Talus.

[MoaroroBiaeHHass TIacTWMHA SKCIOHUPOBAJIach B
YCTAaHOBKE DJIEKTPOHHO-JYYEBOIO 3KCIOHUPOBAHUS
Raith150-TWO (nutorpad). IlepBbiMU 5KCIOHMpPOBA-
JINCh BEpXHUE 00JaCcTU 3aTBOPOB IMPUHOK 0,8 MKM,
a TakXe 3aTBOPHbIE TUIOLIAAKKM (MepBOE IKCIIOHUPO-
BaHue). [lasiee mMpoBOAUIOCH MOCIEA0BATEIbHOE TTPO-
SIBJICHHE BEPXHMX TPEX CJOEB Pe3UCTa B COOTBETCT-
Bytouiux nposiputensix (MUBK: UTIC — 1:1, 101A,
MUBK:UTIC — 1:3).

ITocse aToro oCcyuecTBISIIOCh BTOPOE SKCITOHUPO-
BaHue 17151 GOPMUPOBAHUS JTUTOrpaduu noj CyoHOX-
KM 3aTBOPOB C HEOOXOAMMBIM HOMUHAJIBHBIM pa3me-
POM U JOMOJIHEHUEM 103bl Ha TUlolaakax. Jlansee npo-
SIBJISUTUCH HUDKHME 1[BA CJIOSI pe3UCTa.

B pesynbTaTe ObUI chOpMUPOBAH TPUOOOOPA3HBII
npoduib IposSBIeHHBIX obyacTeil B pe3ucre. Ilocie
3TOTO MPOBOIMIIACH 3aYMCTKA B KUCIOPOTHON TuIa3Me
¢ nomouibto yctaHoBku I1XO-001T (2 MuH B ropu-
30HTATLHOM TTOJIOKEHWH) OT OCTAaTKOB PE3NCTa Ha THE
MPOSIBJICHHBIX 00JaCTeN.

IMoce 3a4nCTKM B KUCIIOPOTHOM TTa3Me HaHOCH -
Jlachb HeoOXxonumasl 3aTBOpHasi MeTauiM3aiius.

3aTBopHas MeTaJIM3alus MPOBOAMIACH Ha yCTa-
HOBKE BaKyyMHOTO HAIBIJICHUS TepMUYECKUM (pe-
3UCTMBHBIM) MeToAoM. IlocienoBaTesbHO HaIbLIs-
muck cion Ni(600 A) u Au(5400 A) u3 Bonbdpamo-
BBIX JIoJo4YeK. "B3pbIB" MeTa/iM3auuu MpOBOIUIICS
B arietoHe n nuMmetuindgopmamuae (JIM®D) (mas pac-
TBopeHus cioeB PMGI). [Tociae oTMBIBKY MIaCTUHBI
B IEMOHW30BAaHHON BOJE IPOBOIMIACH ITACCUBAIIMS
JABYXCIOMHBIM M3eKTpUKoM Al,O3/SizN, Heobxo-
JTUMOW TOJIIIIUHBI.

IlaccuBamus 3aTBopa, hopMupoBanue
KOHJIEHCATOPHOTO JMAJIEKTPUKA

[MaccuBanyst TPOXOIUT B JIBE CTaJAWU: HAHECCHME
JIVDJIEKTPUYECKOM TIJIEHKU Ha BCIO TUIACTUHY; TpaBJie-
HHUE TUJIEKTPUUIECKON TUIEHKN Yepe3 (hOTOPEe3UCTHB-
HYIO Macky.

[Tocie popmupoBaHUsT 3aTBOpa Ha IUIACTHHE Ha ee
MMOBEPXHOCTh HEOOXOAMMO HAHECTU TAaCCUBUPYIOIIUI
TVDJIEKTPUK TSI 3allUTHI OT BO3IACHCTBUST OKPYKalo-
LIel cpenbl U YMEHbIIEHUsI MOBEPXHOCTHBIX 3 dheK-
ToB. Takke MAHHBIN AMBICKTPUK MCITOIB3YeTCS IS
(bopMUpOBaHMSI MACCUBHBIX DJEMEHTOB, TaKMX Kak
KOHIeHcaTophl. Mcronb3oBanach ABYXCIOMHAS CUCTeE-
Ma IU3JIEKTPUKOB: OKcull amomunus (Al,Os), ocax-
JaeMbIii METOIOM aTOMHO-CJIOEBOTO OCaXKIEeHUs TPU
temneparype 300 °C, u mIa3sMOXUMHWYECKUN HUTPUIL
kpemHus (SizNy), nonyyaemerii B UCII Ha ycTaHOBKE
MJIa3MOXUMHUYECKOTO OCAXKIEHMST AURJIEKTpUKOB Plas-
malab System 100. OcaxneHue TU3aeKTprKa OCyIIeCT-
BJISIOCH B cpelie cMecu MoHocuaaHa (SiHy, = 12 scecm)
¢ azotoM (N, = 11 sccm) npy MOIIHOCTU MCTOYHMKA
WCIT 800 B, Temnepatype 300 °C u gaBieHUM B Ka-
mepe 8 mTopp. I1pu aTom ocaxaanacek Tpedyemast TOJI-
IIMHA AUBJICKTPUKOB JUIS TIOTYYeHUs] eMKOCTEeil KOH-
JIEHCAaTOPOB, 3aJI0KEHHbIX B pazpadaTbiBaembie MU C.
st obecrnieyeHus TpedyeMOl MUTpaIlMKd OCaXKIaeMo-
T'O BEIIECTBA 10 TTOBEPXHOCTU TeMITepaTypa MOITOXKKHU
onu1a 300 °C.

CremyeT OTMETUTD, UTO KAa4eCTBO IJICHOK CHJIBHO
3aBUCUT OT MHOIMX MapaMeTpoB Ipolecca OcCaxmie-
HHS, TAaKUX KaK TUT peakTopa, MCIOJb3yeMble Ta3bl,
Marepual MoUIoXKeK, TeMreparypa NojaoxeK, JaBie-
Hue B Kamepe, BYU MoOIIHOCTB, pacCTOsIHUE MEXAY
3JIEKTPOIAMU, TTapIIaIbHOE JaBICHNE peareHTOB, CKO-
pOCTb OTKAUYKH, MaTepual U TeOMETPUS 3JIEKTPOIOB.

Takum obpaszoM, IJIs1 MOJYYEHUS! TJIEHOK oIlpene-
JIEHHOTO KavyecTBa HEOOXOIMMO PEIIUTh MHOTOKPUTE-
puanbHyIo 3agady. Kak mpaBuito, mapaMeTphl IIpoliec-
ca ocaxIeHUs IMANEKTPUMKAa KOPPEeKTHUPYIOTCS, MoKa
He OyIeT ImojiydeHa OUBJIeKTpudecKas IUIeHKa, yI0B-
JIETBOPSIIONIAS TIPEAbIBISIEMbIM K Hell TPeOOBaHUSIM.

Ecnmu B ciayyae maccMBaIllMM TTOBEPXHOCTH ITOJY-
MMPOBOAHUKA HYKHO MOKPBITh AUIIEKTPUKOM TOJIHKO
TUTOCKOCTh TTOJTYTTPOBOIHMKA, TO TIPH TTAaCCUBALINM 3a-
TBOPOB HY>KHO 00€CII€UUTh XOPOIIYI0 KOH(POPMHOCTb,
4TOOBI AUBJIEKTPUK PAaBHOMEPHO CeJI Ha Tprudooopas-
HbII 3aTBOP Kak CBEpXY LLISMbI, TaK U Moja Heil. Me-

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 5, 2017 279



Puc. 5. POM-u300paxkenue rpu0000pa3Horo 3aTeopa nocJje naccu-
BAIMM HATPHIOM KPeMHHsI HA MONEPEYHOM cpe3e

Fig. 5. SEM image of the cross-section of a mushroom-like gate after
passivation with silicon nitride

TOI aTOMHO-CJIOEBOTO OCaXXACHUS AURJIECKTPUUECKUX
TUIEHOK O0ecreuyuBaeT HeOOXOAMMY KOH(POPMHOCTh
U TpedyeT ISl MaCCUBAIlMU MOBEPXHOCTU OCAXKICHUS
TOHKUX cjioeB mnopsiaka 10 um. [list obecnieyeHust He-
00XOIMMBbIX MapaMeTPOB KOHAEHCATOPOB (IMTPOOUBHbBIC
HaIpsKEHUsT U eMKOCTh) cBepxy Al,O; ocaxmaercs
SisN,4 Tpedyemoit mis nanHoit MUC tosiumHbl, 06bI4-
HO 3T0 TonuuHbI mopstaka 0,1...0,3 mxm. Mukpodoro-
rpadus ImpuMepa noydyeHHoro 3arBopa ¢ L, ~ 250 um
MocJjie maccuBalMy MpencTaBjieHa Ha puc. J.

IToce ¢opmupoBaHMS CIUIOLIHON IIJIEHKM M-
afiekTpuka Qopmupyercss (oTtope3rcTUBHas Macka
OKOH /IS TIJTa3MOXMMUYECKOTO YAIeHUST TU3JIEKTPU -
Ka, OCTaBJsIsl AUDJCKTPUK B MeECTax MacCUBalUM aK-
TUBHBIX objiacTeil u OyaylmMx KoHjaeHcaToposB. Ilnas-
Moo0Opasymolliasl cpefia B peakTope B MepBYIO ouepeib
JIOJKHA 00ecrneYyrBaTh HEOOXOIUMYIO CKOPOCTh TpaB-
JIGHUSI, CeJISKTUBHOCTb M aHu3o0Tponuio. Kak usBecrt-
HO, IJISI TpaBJeHUS KPEMHUsS UM €r0 COeNMHEHUI uC-
MONB3YIOT (PTOpcoAepKaie ra3pl. Yaiie Bcero mc-
MOJIB3YIOT YIJIePOAHbIE raJoreHCoAepKallue CoenuHe-
HUS, UMeloLIe o0lIee Ha3BaHUe "XyamoHbl". OO0LIMe
HEeIOCTaTKW STOM IPYIIbl ra30B — BO3MOXHOCTh 00-
pa3oBaHMSI TOKCUYHBIX TPOAYKTOB B MPOIIECCE TpaB-
JIEHUS1, CKJIOHHOCTb K MOJIMMEPU3aluu, BO3MOXHOCThb
00pa3oBaHMsI JIEMEHTAPHOIO yIyiepoaa Ha oopabdaThl-
BaeMOI MOBEPXHOCTU (JUISI TTPOCTHIX XJIaJOHOB). st
MoJaBfAeHMsT IBYX MmocjeaHux 3¢h@eKToB B padouuii
raz 4yacTto no0aBisitoT Kuciaopon. M3 apyrux ¢bropco-
JepKalluX ra3oB cienyeT OTMETUThb LIECTU(DTOPUCTYIO
cepy SFg, npumMeHeHne KOTOPOM MO3BOJISET JOCTUYDL
BBICOKMX CKOPOCTEIl TpaBjieHUsI 0€3 OCaxkKACHUSI Ha
TMOBEPXHOCTU TBEPIBIX MPOAYKTOB Pa3IOXKEHUS MC-
xo[Horo ra3za. Yucrtolii GTop NpakTUYeCKu He mpuMe-
HSETCS U3-3a CBOEH BbICOKOM XMMUYECKON aKTMBHOC-
TH 1O OTHOILIEHUIO K KOHCTPYKIIMOHHBIM MaTepualiaM
TEXHOJIOTMYECKOTro 000pYIOBaHUS U TOKCUYHOCTH.

s TpaBiaeHMST IBYXCIOMHOTO AUAJIEKTpHUKA TIPU-
MEHSIM YCTAaHOBKY IJIa3MOXUMMYECKOTO TPaBJICHMS
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SI 500: s Tpasienust SizN,4 ucnonab3oBagach cpeaa
wectudropuctoit cepol SFg (15 scem) ¢ KucinopoaoM
O, (4 sccm), pabouee napnaeHue 6,2 Ila, MolHOCTH
WCII ucrounuka 200 Br; nig mocienyoliero Tpas-
JIeHUd 4epe3 Ty ke (poTope3ncTuBHy0 Macky Al,O;
ucnoab3oBanack cpega BCly (7 scem) ¢ aproHom Ar
(14 sccm), pabouee maBneHue 1 IMa, mowmHocTs MCII
ucrouHuka 8§00 Br, mournocts BY 20 Bt. Caenyer ot-
METUTb, YTO MPU TPABACHUU NMINEKTPUKA AJIs MOJ-
HO# YBEpEHHOCTU CTPaBIMBAHUS IUDJIEKTPUIECKOTO
CJI0S1 HEOOXOIUM HE3HAUMTENIbHbIN MepeTpaB.

TpaBneHue AUAAEKTPUKA HEOOXOAMMO MPOBOIUTD
C TIepeTpaBoOM:

— M3-32 HEOAHOPOAHOCTHU TOJIIMHBI AUDJIEKTPUKA
o tactuHe (10 % OT TONIIUHEI);

— 13-3a HEOMHOPOJHOCTU CKOPOCTU TPABJICHUS U~
anekTpuka (5 % OT TONIIVHBI).

ITocne dopmupoBaHMs TacCUBALMM C TIIACTUHBI
cHUMaeTcs (hOoTOpe3rCTUBHAS Macka 1 jaejaeTcs cle-
nmyromiast autorpadus moa "B3peIB” Wi (GOpMUpPOBa-
HUs MEPBOro ypOBHSI METANTU3ALIUY.

Takum obpazom, 11 GOpMUPOBAHUS MACCUBALIUU
3aTBOPA U KOHAEHCATOPHOTO AUAJIEKTPUKA HEOOXOAM -
MO BBITIOJTHEHUE CJIEAYIOIINX TEXHOJOTUUYECKUX OTle-
pauuii: HaHeceHue TuieHKNn Al,O; METOIOM aTOMHO-
CJIOEBOT0 OCAXACHUS; TIIa3MOXMMUYECKOE OCaKACHUE
mieHKU SisNy; doronmTorpadus OKOH NmacCUBaLuy 1
OynylIMX KOHAEHCATOPOB; IJIa3MOXUMUYECKOE TpaB-
JeHue nociuenosarenbHo SizNy u Al,O3; cHarue do-
TOPE3UCTUBHOU MacKH.

IIpu 5TOM B 0061aCTU MEXAY OMUYECKUMU KOHTaK-
TaM¥ JUIST TTACCUBAILIMU 3aTBOpPA JOCTATOYHO TOJBKO
cnosd 1ieHku Al,Os3, Takum 006pa3oM, MUHUMU3KPY-
FOTCS TTapa3UTHBIE EMKOCTH 3aTBOP — CTOK M 3aTBOP —
HUCTOK.

Wcnonbzosanne rerepoctpyktyp SiN, /AlGaN/
AIN/GaN, rae ocaxaeHue NacCMBUPYIOIIETo Cos in
situ SiN, IpoBOAMTCA TOCJIE POCTa CTPYKTYPhI He-
IMOCPENCTBEHHO B POCTOBOII KaMmepe, IO3BOJISIET WC-
MOJIb30BaTh ATOT IURJEKTPUK B KQUeCTBE MAaCCUBUPYIO-
mero 3arBop LoTTtku. Iy TaKMX CTPYKTYp CTaBUTCS
3alavya yaajieHusl AUDJIeKTpUKa B objgactu hbopMUpo-
BaHUS 3aTBopa. TpaH3uctopsl ¢ 3aTBopamu IIloTTkH],
c(OpPMUPOBAHHBIMU uepe3 AUaNeKTpUK SiN,, BbIpa-
IIEHHBIN B OMHOM POCTOBOI KaMepe C TeTePOCTPYKTY-
poii, He TpeOyIOT JOMOJHUTENbHOI MaccuBauuu. Mc-
NoJ1b30BaHKe in situ SiN, crocOOCTBYET yBEJINUEHUIO
KOHIICHTpAIlUM OCHOBHBIX HOCHUTEJICH M3-3a HeWTpa-
JIM3alMu 3apsiia Ha MOBEPXHOCTH 3a CUET MacCUBAlIMH,
YMEHBIIIEHUIO pejlaKcalliy, YMEHBIIICHUIO YHCIa Je-
¢dexToB U 1epoxoBaTocTu ToBepxHocTH AlGaN, u
npy 5TOM in situ SiN, BBIITOJHSIET POJIb 3AILUTHOIO
ciost moBepxHocTu [18]. Tlocne dopmmpoBanHmus 3a-
TBOpa HEOOXOOMMO OCaXKIEeHUE MUIIEKTPUKA TOJbKO
st hopmupoBaHust KoHaeHcaTopoB MUC. Mcnonb-
30BaHME JAHHOW TMaccuBallMy peaanu3yeTcs IMpu MC-
MTOJTb30BAaHNM BXKUTAEMBIX OMUUECKHUX KOHTaKTOB, TaK
KakK MpU HEBXUTAeMOM TEXHOJOTMU MPU yIATCHUU AU -




BJIEKTPUUECKON MAacKU IOA POCT CHJIbHOJETUPOBAH-
Horo GaN naccuBupyromuit cioi in situ SiN, Takxke
CTPaBJIMBAETCS B KMIKOCTHOM TpaBUTEJIE.

®opMupOBaHHE TEPBOTO YPOBHSA METAJITH3ANAN
U BEPXHUX OOKJIAIOK KOHAEHCATOPOB

ITocne opmMupoBaHus IMaccMBalMM Ha IUIACTUHE
CO3/aeTcsl JBYXCJIOMHAsl pe3UCTMBHAs MackKa, ITOCIe
Yero IIacTUHaA TTOABEPTaeTCs 3a4MCTKe U HATTBUICHUTO
MeTaJIJIOB.

3aunCTKa BBHITIOJHSIETCS] HETIOCPEACTBEHHO IIepen
MPOLIECCOM HAIBIJICHUSI B YCTAHOBKE IIa3MOXUMMU-
yeckoro TpasieHust SI 500 B cpene Ar (50 sccm) npu
nasieHuu 2 I[la B KOMOMHMPOBAHHOM PEXMME peak-
TuBHOro noHHoro tpasienuss (PUT) 8 UCII. Cwme-
LLIEHUe HAa HUXHeM 3jieKTpojae cocTaisiio 50 B. Insa
MpenoTBpallleHUs TieperpeBa (hOTOPe3NCTUBHONM Mac-
KU TIPOIIECC OCYIIECTBIISIETCST B IIMKINISCKOM PEXM-
Me. Kaxnplii MK COCTOUT M3 ABAALATUCEKYHIHOIO
TpaBJICHUST B aproHe W TPEXMUHYTHOTO IIepephIBa.
Bcero Takoii LIMKIJI IOBTOpsSIETCS 4eThipe pa3za. 3a-
YUCTKa Tieped BaKyYMHBIM HaINBUICHHEM OOECITeum-
BaeT JIYUIIYIO aare3uio Mexay MeTautamu. [locie ta-
KO 3aUMCTKM TUTACTUHA 3aTPyKaeTcsl B yCTAHOBKY Ba-
KYYMHOTO HaIbJICHUS] TEPMUUECKUM (PE3UCTUBHBIM)
METOJOM, B KOTOPOIi IIPOBOAUTCS HAIIBLICHKE MeTall-
JoB Ti (50 um)/Au (500 HM). [Tpu 3TOM TUTAH CIAYXKUT
aJIFe3MOHHBIM CJIOEM, a 30JI0TO — KOHTaKTHbIM. [Toc-
Jie HaITbIJIEHUST OCYIIECTBIIsAeTCS "B3phIB" (poTOpEe3ncTa
U TIPOBOASTCS HEOOXOIUMBIC U3MEPEHMSI B TECTOBBIX
MOJIYJISIX.

DopMupoBaHne MEXKIJIEKTPHIECKUX COETMHEHUI
B BHjE "BO3IYIIHBIX MOCTOB"

Btopoii ypoBeHb MeTaIM3alUU, DJIEKTPUYECKU
COCMHSIIONINI 3JIEeMEHTHI Ha TUTACTHHE, BBITTOJTHSIETCS
B BUJe "BO3AYLIHBIX MOCTOB". B ¢BsI3M ¢ TeM 4TO 00-
11ast TOJIIMHA MOCTa TOJKHA COCTABIATh 3 MKM (TOJI-
1IMHA TaJIbBAHUYECKOTO 30JI0Ta 2,3 MKM), €€ Hapalllu-
BalOT rajbBaHU4YecKUM MeTonoM. CHavaja OoCyllecT-
BIISTIOT (DOTONMMTOTpaHUI0 MOCTOBOTO pPE3UCTa, OIpe-
JEJISIIOIIero BbICOTY MOCTA, 3aTeM C(OPMUPOBAHHbBIMI
PUCYHOK B (POTOPE3UCTE MOABEPraeTCsl BO3ICHCTBUIO
TemIiepaTypbl. B pesyabTaTe Kpasi hoTope3ucTa "3aribl-
BaroT", 00pa3yst MOJIOTHIA Kpaii, HeOOXOMUMBIN IS He-
Pa3pbIBHOTO HAMbLIEHUS 3aTPAaBOYHOIO CJIOSI MeTaslia.
Ilocne aTOro Ha ycTaHOBKE BaKyyMHOTO HaIlbUICHMS
TePMUUYECKAM (PE3UCTUBHBIM) METOIOM HATIBLISIOT
3atpaBouHbiii cioii Ti/Au/Ti (50 Hm/500 HM/20 HM).
INepen HambIIeHWEM IS JTyYIIeil aare3uy TPOBOIST
3a4YMCTKY B aproHe Ha yCTAHOBKE IJ1Ia3MOXUMUYECKOTO
tpasieHus SI 500 mo onucaHHoI Bblllie MeToauke. [1o
3aTPaBOYHOMY CJIOIO JeaaloT poTtoauTorpaduio Hapa-
LIMBaHUs ralbBaHMUECKOro 30510Ta. HapaiyBanue BbI-
MTOJTHSIOT HA YCTaHOBKE TaTbBAHNYECKOTO OCAKICHMUS
3oota Valenza 2400V2 B BbITSZKHOM 1Kady, mocie
Yero HeHYXXHBIE YJaCTKM 3aTpaBOYHOTO CJIOS Ha o-
TOPE3UCTE YAAISIOT KUAKOCTHBIM XMMUUYECKUM TpaB-

Puc. 6. POM-u3o06paxenne "Bo3aymHoro Mmocra"
Fig. 6. SEM image of an "air bridge"

nenneM (KXT). dunuimHoOM orepanueit ipu ¢dop-
MUPOBAaHUU "BO3MYIITHBIX MOCTOB" SIBIISICTCST yaajdeHUE
ITOJIMOCTOBOTO (POTOpE3UCTAa.

TakuM 06pa3oM, MeKXCI0ITHasT N30SI OCYIIECT-
BJIIETCSI C IIOMOIIBIO BO3AYIIHBIX MOCTOB BBICOTOM
2 MKM ¥ TOJIIMHOM 3 MKM. M300paxkeHne Takoro "Bo3-
IYIITHOTO MOCTa" TTOKa3aHo Ha puc. 6.

@opmMHpOBaHHE MEKIIEKTPHIECKHX COEAMHEHHIA,
00ecneynBaAIOIIMX O0UIYI0 3eMITI0

JInst coeIMHEHUsT O0LIMX 3JEKTPOAOB (Yallle BCEro
3eMJISTHOT0) MCIIOJIb3YIOT KOIJIaHAPHbIE MOJOCKU, 00-
LM HUKHUAR 2JIEKTPOA Ha OOpaTHOI CTOpOHE Ijiac-
TUHBI 1100 JTOMOJIHUTENbHBI YPOBEHb 3JCKTpUYEC-
KOTO COCIWHEHMST Ha JIMIIEBOM CTOPOHE TIJIACTUHBI Ha
U30JIUPYIOLLEM CIIOC.

B npouecce pazpabotku MUC Ha reTepoCcTpyKTy-
pax AlGaN/GaN na nomnoxkax SiC u Al,O5 canTu-
METPOBOIr0 M MWJIJIMMETPOBOIO AMANa3OHOB JIMH
BOJIH TIpeJBapUTeIbHbIC UCCIEIOBAHUS MTOKA3aIU, YTO
coznanue Takux MUC Ha ocHOBe KOIUIaHApHOU TeX-
HOJIOTUM KpaiiHe 3aTpYyIHUTEJIbHO BBUAY MPOOJEM C
obecrnieyeHeM YCTOMUYMBOCTU IMOMOOHBIX CUCTEM U
HaJM4yrieM YacTOTHO-3aBUCUMBbIX (ha30BbIX HAOETOB MO
OOLIMM TIPOBOJHUKAM. DTO IIPOSIBIISIETCS yKe IMPU T10-
BBIIICHUN YCUJIEHUSI M BBIXOAHOUW MoimmHoctu MUC
ycunuteas MouHoctu (YM). 3a pybexxom MUC Ha
ocHoBe rerepocTpykTyp AlGaN/GaN, kak nmpaBuJio,
MU3TOTOBJISIIOT 110 MMKPOIIOJOCKOBOM TEXHOJIOTUH,
MoJpa3yMeBaolieil TpaBJIeHNe CKBO3HBIX OTBEPCTHUI
CKBO3b MOI0XKY. OJTHAKO 3TO CBSI3AHO C CEPbEe3HBIMU
TEXHOJOTMYECKUMU TPYAHOCTIMU. YacTUUHO pelie-
HUE JaHHOM IPOOJIeMBl MOXET OBITh O0JIETYeHO IIpU
rnepexojie K reTepoCTPyKTypaM Ha KPEMHUEBBIX IMO[I-
JIOXXKaX, HO B HAcTOsIIIee BpeMsl TaKne TeTepOCTPYK-
TYpbl €lle UCCICAYIOTCS.

B pesynbraTe ObLI0 HallIeHO KOHCTPYKTOPCKO-TEX-
HOJIOTMYECKOEe pellieHUe JAHHOU MpoOJeMbl, 3aKII0-
yarolmeecsl B CO3MaHWUM "3a3eMIISTIONIEH TITOCKOCTH"
Haj JIULEBO MOBEPXHOCThIO IJIACTUHBI C YXKE U3ro-
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TOBJICHHBIMU aKTUBHbIMU M TaccuBHbIMU CBY aie-
MEHTaMU TOBEpX CJOS MOJUMMEPHOIo AM3JIEKTpUKa
tommHoit 10...15 MkM (crienmanbHOro (poToiaka, pas-
padotanHoro UBC PAH). Ilpu 3ToM COOTBETCTBY1O-
1€ 2JIEMEHTBI 3a3eMJISIIOT Yyepe3 OTBEPCTUSI B CJIOE
(poTonaka, 0OMHOBPEMEHHO BBIMOJHSIOLIETO POJIb 3a-
IIIUTHOW MacCUBalAU.

PazpaboTtanHblii ¢oTONAK MpencTaBiIsIeT CcoO0Ooit
KOMITO3UIIMIO, BKJIIOUAKOIIYIO TTPEKYPCOp BBICOKOTEP-
MOCTOMKOIO IToJiuMepa (aHajora MoJuMMuIa) U CBe-
TOUYYBCTBUTEJIbHBIM KOMITOHEHT XUHOHANA3UIHOTO TH-
Ma, aHAJIOTMYHYIO CBETOYYBCTBUTEIIBHOMY KOMITOHEH-
Ty, IPUMEHSIEMOMY B OOBIYHBIX MO3UTUBHBIX (hOTOPE-
sucrax Tuna @I1 383 u OIT 051.

ITpumeHeHue GoToIaKOB HE TpeOyeT crielabHO-
ro obopyaoBaHus. Pabota ¢ HUMU OCyIIIECTBISIETCS Ha
CTAaHIAPTHBIX JUTOrpaUIECKUX YCTAHOBKAX C MC-
MOJIb30BAaHUEM AYTOBBIX PTYTHBIX Jamn (A PLI).

C yyeToM peKoMeHJaluii u3roroBureseil orona-
Ka OblI pa3paboTaH MapUIpyT TOMOJHUTEIbHOTO YPOB-
HSI MEXDJIEKTPUUECKUX COEAMHEHUI, obecreunBaio-
1WA KaK 3alIATy CXeMbl, TaK W OOIIYI0 3eMJTIO.

Ha nonjoxky ¢ M3roToBJI€HHBIMU CXEMaMM 1IEHT-
pudyrupoBaHMeM HaHOCHUTCS TEepBbIN cioil doTosa-
Ka, MOocJie Yero CTYMeHYaTo OCYLIECTBSEeTCS CILIONI-
HO€ 2KCITOHMpOBaHWE M 3aayO0JIMBaHUE B CTaTUYeC-
KOI1 TIeuke B MHepTHOM cpeae azota: 150 °C — 15 muH,
200 °C — 15 muH, 250 °C — 15 muH, 350 °C — 30 MuH.
Takum obGpazom, dopMupyeTcsi MepBbIiA aare3MoH-
HBII coit ¢oTonaka TomuHoi 2 MKM. CILUIOLIHOE
9KCIIOHUpPOBaHUE pesbeda 6e3 111adsoHa HEOOXOAUMO
JUIST pas3yioKeHUsT CBETOUYBCTBUTEIbHOIO KOMITOHEH-
Ta, UHA4Ye MpU TepMOo3aayOJuBaHUU C(POPMUPOBAHHO-

ro MHUKpopenabeda BO3MOXKHO BCITYYMBaHHUE TIJICHKU
WIM TIosiBJIeHUEe IbIpoK ("pbIObMX IJ1a3") 3a cueT pas-
JIOXEHUSI CBETOUYBCTBUTEILHOTO COCTMHEHMS C BbIIEe-
JIEHWEM a30Ta TIpU TeMIiepaType 3amy0amBaHus.
3areM MOBTOPHO HAHOCATCS JIBa CJIOS JlaKa (TakxKe
HeHTpudyrupoBaHvem) uisi (opMUPOBAHUSI KOHEU-
HOIM TONIIMHBI u3onupytoiero ciost (12...15 Mxm).
CoBMelleHre U 9KCIIOHMPOBaHUE (DOTOJIaKa OCYILECT-
BIIIETCS Ha YCTAHOBKE MPEIM3WOHHON KOHTAaKTHOMW
¢doronmurorpapuu SUSS MJIB4 IR. IIposiBieHue BbI-
nonHgaoT 0,3 %-M BOIHBIM PAacTBOPOM €IKOro Ka-
Jusl. 3aTeM MPOBOAUTCS CTYINeHYaToe 3aay0nMBaHue
10 BBIIIEONTMCAHHON cXeMe B MHEPTHOM cpele a3orTa.

ITonHoe 3ambLIeHHE ITOBEPXHOCTU (oToJIaKa Co
copMUIpOBaHHEIM pelbepoM MeTaymm3aumeir Ti/Au
(50 uM/500 HM) ocyluecTBIsIeTCS] HA YCTaHOBKE Ba-
KYYMHOTO HAaITBIJICHUST TEPMUUYECKUM (PE3UCTUBHBIM)
metoaoM. HenmocpencrBeHHO nepen HaNbUIEHUEM Bbl-
TTOJTHSIETCS TIA3MOXMMMUYECKasl 3aUMCTKa B OKHaX ¢o-
ToJIaKa JUTS yIaJeHUsT HUKHETo 3a1y0JIeHHOTO aare3u-
OHHOTO CJ10s. 3ayucTKa TMPOUCXOAUT Ha YCTAaHOBKE
rasMoxumudeckoro tpasiaenus SI 500 B cpene O, ¢
MOCJEAYIONIMM KOHTPOJEM B ONTUYECKOM MUKPO-
ckore. TakuM obpa3zom, 1ocijie HarblLieHUsT GopMu-
pyeTcs 2JIEKTPUYECKUIT KOHTAKT, KOTOPbIA COeNMHSIET
OO 3JIEKTPO, JIeXAIIWi Ha HeIIPOBOASIIEM MaTe-
puaje, yepe3 okHa B (poTosake.

ITo HambUIEHHOMY MeTally aejaeTcss (POTOJIUTO-
rpadus oO0TpaBa JUIIHEN MeTauTM3allii Ha TTOBEpX-
HocTu ¢oronaka. [To doronurorpaduyeckoii Macke
KUIKOCTHBIM XUMHWYECKUM TpaBICHUEM YIaJIsSIeTCS
He3auuieHHas: MeTtauiuzauusa. ChopMUpoBaHHBIH
PUCYHOK METaJUIM3allii BepXHE "3eMJIn" yTOIIIAeTCs
raJIbBAHMYECKUM OCaKICHUEM 30J10-
Ta. s ynaneHus ¢poTojiaka ¢ 0po-
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CxeMaTUYeCKM OCHOBHBIE 3Tallbl

Puc. 7. OcHOBHbIE 3TAaNbl TEXHOJOTHYECKOro MapuipyTa "mmueBoi” croponst MUC
Fig. 7. Main stages of the engineering route of MIC'’s "face" part fabrication
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TEXHOJIOI'MYECCKOro Mapupyra usro-

toBiteHuss MUC "nuuesoil” 4vactu
MoKa3aHbI Ha puc. 7.




Peayu3anus texnoJoruu usrorosaennss MUC
HA OCHOBE HMTPHJA TaJLIHs, Pa3padoTaHHBIX
TONOJIOTHYECKUX PEIICHHi )11 CAHTHMETPOBOrO
W MHJUTHMETPOBOTO YACTOTHBIX JHAMA30HOB

OnucaHHas TEXHOJIOTHS TTPOM3BOJCTBA ObLia BHEI -
pena B MCBYII® PAH u ycnienHo ucnojib3oBaHa st
co3naHusl 1Mpokoir HoMmeHkJatypsl MUC mist pas-
JIMYHBIX YAaCTOTHBIX Auara3oHoB, BIIoTh A0 70 I'Tu
[19—25].

B yactHOCTH, pazpaboTaH U U3roTtosjieH YM nua-
nazoHa 8...12 I'Tu, oTauuuTenbHOM OCOOEHHOCTBHIO
KOTOPOTO SIBJISIETCS €70 OJJHOKACKaAHAas! KOHCTPYKIIMSI.
IIpu pas3paboTke OMHOKACKAAHBIX YCUJIUTENEH Cy-
1LIECTBYIOT CJIOXKHOCTH C 00ecredyeHUEM YCTOMUMBOCTU
CXEMBbI, a TaKXKe C HEOOXOIMMOCTbIO JOCTHUXKEHUS BbI-
COKHUX YCUJIUTEbHBIX U MOIIIHOCTHBIX XapaKTepPUCTUK
eAMHUYHOTO Kackaja. B cBsi3u ¢ 3TUM yHUKaJIbHBIMU
BO3MOXHOCTSIMM 00JIaJlaeT KacKaJaHasl cXeMa BKJIoue-
HUSI TPAH3UCTOPOB, KOTOpasi OCOOEHHO MHTEpecHa B
HUTpUI-TAIMEeBOI TexHoJoruu. K qoctonHcTBam Ta-
KO CXeMBbl MOXHO OTHECTU YBEJMUYEeHUE SHEpreTH-
yecKoil 3¢ GEeKTUBHOCTU U CHUKEHUE MOTPedIsieMOoil
moitHoctH. ITo Hammm cBeaeHusiM, MU C nogo6HoOit
KOHCTPYKLIMM Ha HUTPUAE TaJIKsl U3rOTOBJIEHA BIIEp-
Bble B Poccum.

Puc. 8. @otorpadusa kpuctamia MUC YM caHTHMETPOBOrO AMa-
na3oHa

Fig. 8. Fabricated §—12 GHz PA MIC chip

Puc. 9. Buemnnii Bug MUC YM caHTHMETPOBOTO AMANIA30HA, CMOH-
THPOBAHHOTO B U3MEPUTEJBHYI0 OCHACTKY

Fig. 9. Centimeter-range PA’s MIC assembled into a gaging accessory
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Puc. 10. 3aBucuMOCTb BBIXOAHO# MOIIHOCTH M K03 duumenTa ycu-
senuss MUC YM caHTHMETPOBOro AMANA30HA OT MOIHOCTH HA BXO/1e
npy HanpsoKeHusix matanus ot 20 xo 50 B

Fig. 10. Centimeter-range PA’s MIC’s out power and amplification
factor dependence on input power at the supply voltages from 20 to 50 V

Buenrnumii Bua m3roroBiaeHHOTo Kpucrtaiia MUC
VM mnocie npoBeaeHUsT BCEX TEXHOJOTMYECKMX OIle-
paluii mokasaH Ha puc. 8. /IMHa 3aTBopa TpaH3UCTO-
poB cocTtanisieT 0,25 MKM, a ero ooias rnepudepuss —
6,4 MM. Ycuiuteau ObLIM M3rOTOBJIEHBI Ha TETEPO-
crpyktype AlGaN/AIN/GaN Ha nomjioxke cardupa.
Pasmep kpucramia cocrasisget 1,57 X 1,71 mm.

JInst mpoBeneHusI UBMEPEHUIt TToJydeHHbIe 00pas-
LIl OBUTM CMOHTUPOBAHBI Ha TEIIJIOOTBOM, B OCHACTKY,
MokKa3zaHHY0 Ha puc. 9. MiaMepeHus1 BIXOAHON MOLII-
HOCTHU TIPOBOJMJIM B UMIYJILCHOM pPEXUME IO IUTa-
HUIO MPU IJTUTEJIbHOCTU UMITYJIbca 1 MKC 1 CKBaXKHOC-
™ 100, HanpskeHue utanus no 50 B. Ilpu Hanps-
KeHuu utanus 50 B nuHeliHasa BEIXOIHAsE MOITHOCTD
(Py) mocturaer 3 Br, uto coorsercTByeT 34,8 nbwMm,
corsacHo ¢opmyie Py, = 10 - log;o(P,w). Tok mot-
pebnennst He 6onee 0,8 A, mpn 3ToM KO3(pPULIMEHT
yewsienust (Kp) cocrasisieT okosio 15 n1b (puc. 10).

ITpumepoM NpuMeHEeHUsl BBIILIEONTMCAHHOMN TeXHO-
JIOTMM TMPOU3BOACTBA B MWIJIMMETPOBOM AMAIia3oHe
JIJTMH BOJIH CJIYXKUT pa3padoTKa KOMILIEKTa MUKPOCXEM
¢ pabounmn yactoramu 57...64 I'T'n Ha carupoBoi
notoxke [26—30]. B cocraB KOMIUIEKTa BOLLIN Te-
HepaTop, yrpabisiemblil HanpsokeHueM (I'YH), 6anaHc-
HBII CMECUTENIb, YCUJINUTEb MULIMMETPOBOTO JUara-
30HAa, YCUJIUTEIb MpoMexyTouHolt yactoTel (YIIY),
aHTteHHa. [TomMuMoO 3TOro, ObUIM U3rOTOBJIEHBI YCUIN-
TeJIM C MHTErPUPOBAHHBIMU MPUEMHON M Tepeaaro-
lIell aHTeHHaMU, a TakXe MHOTO(GYHKIMOHAJIbHbIE
MPUEMHBIN U TIpUeMoNepenatolnii mpeodpaszoBaresin
curHana B cocrtaBe I'YH, cmecutens, YIIU (cucrema
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Puc. 11. Buemmnnii Bux MUC I'VH
Fig. 11. Appearance of VCO MMIC

Ha kpuctamie) (puc. 11—15). Hackonbko u3BECTHO
aBTOpaM, MOAOOHbIE MHOTOMYHKIIMOHATbHbIE HUTPUI-
raJlyiieBble MMKPOCXEMbI Mpeodpa3oBaTesieil curHaza
Ha candUupoBbIX IMOJJI0XKAX U3rOTOBJEHBI BIEPBbIE
B Mupe.

MUC ycunutens MWIIAMETPOBOTO auara3oHa
4acTOT B 3aBUCMMOCTU OT paboyeil TOUKM MOXET Cly-
JKUTh B KauecTBe MajolnymMmsiero yeuwaurenas (MILY)
wii YM. Yceunurenb UMeEET YeTbpe Kackaaa, JUIMHa 3a-

TBOpa coctaniser 0,14 MkM. B MajocurHaIbHOM peKu-
Me Ko3(ppuLMeHT nepesadun (Knep) COCTaBJISIET HE Me-
Hee 15 1b npu koaddunmenre yma (K;) okono 6 1b
n Toke norpebnenus meree 100 MA (puc. 16). B pexu-
Me OOJIbIIOrO CUTHAJa B UMITYJIbCHOM PEXHUME IO TH-
TaHUIO BBIXOAHAsE MOILHOCTL (P, ) nocturaer 100 MBr
(20 nbm) nipu kosdpdunmente yewenus (Kp) no 20 n1b
U ToKe noTpedaeHus He 6osee 200 MA (puc. 17). JIu-
HeliHas BbIXOAHAast MOIIHOCTh cocTansieT 30...50 MBT.
Boixognas wmomHocte MUC TYH cocrabisieT
30...40 mBrt. /InanazoH nepecTpoiiKu 4acTOThl HE Me-
Hee 3 I'Tu. CTaGuabHOCTb YaCTOTHI TeHepallluu OT Ha-
npskeHust nutaHust He xyxke 200 MI'u/B npu Hanpsi-
xkenuu nutanusg 10 B (puc. 18).
MHorohyHKIIMOHAIbHbIE TpUEeMHas W MpPUEMO-
nepearolas MUKpPOCXeMbl TIpeoOpa3oBaTesieli CUTHA-
Jla UMEIOT TUIIOBOK KO3(p(uUIIMeHT mpeodpa3oBaHMsI
wntoc 10 nb mpu HanpsokeHUU muTaHus He 6osee 10 B
U Toke noTpebsieHust 1o 150 MA. BeixogHast MOLIHOCTh
repearolero KaHajaa coctapiseT He MeHee 10 MBT.
MukpocxemMaM YCUJIUTEIsT MUJUIMMETPOBOTO aua-
IMa30Ha ¥ TMIPUEeMHOTO Ipeobpa3oBaTessi CUTHAIA TIPH-
CBOEHBI CJIEAyIOUIMEe YCIOBHbIE 0003HAYCHUS:
e MIIY 6e3 anterHsr — 5411YBO1H;
e MIIIY, uHTerpupOBaHHbLII C AaHTEHHOI Ha OJHOM
kpuctamie, — 5411YBO1AH;
e YM 06e3 anteHHbl — 5411YBO02H;
e YM, MHTErpMpOBaHHBIII C AHTEHHOW Ha OIHOM
kpuctamie, 5411YB02AH;

Puc. 12. Buemnuii Buxn MUC ycuuress MEJLIEMET-
POBOrO JHana3oHa

Fig. 12. Appearance of millimeter-wave PA MMIC

Puc. 14. Buemnnii Bung MU C npuemMHoro npeodpasoBarelisi CUTHAIA
Fig. 14. Appearance of a receiving signal converter’s MMIC
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Puc. 13. Buemnuii Bun MUC MIIIY ¢ MHTErpupOBAHHOI NPHUEMHO AHTEHHOW
Fig. 13. Appearance of LNA MMIC with an integrated receiving antenna

|

Puc. 15. Buemmnnii Bux MUC npuemonepenaomero npeoopa3ona-
TeJisl CUTHAJIA

Fig. 15. Appearance of a transceiving signal converter’s MMIC
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Puc. 16. Xapakrepucruku MUC ycuinrelisi MUJLUIAMETPOBOTO TMANA30HA B MAJIOCHT-

HAJIBHOM peXume
Fig. 16. Small-signal performance of millimeter-wave amplifier MMIC
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Puc. 17. Xapakrepuctuknu MUC ycuintesis MILUTAMETPOBOTO THAMA30HA B PeXUMe

00JIbIIOr0 CHUTHAJA
Fig. 17. Large-signal performance of millimeter-wave amplifier MMIC

Puc. 18. 3aBucumocTb YactoTsl BbixoaHoro curiaja MUC I'VH ot
YOPaBJIAIOLIEr0 HANPSIKEHUS

Fig. 18. Oscillation frequency versus control voltage of VCO MMIC
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This paper presents a technology for manufacturing of the monolithic integrated circuits based on gallium nitride. This technology
includes such basic steps as formation of the mesa-isolation; formation of the ohmic contacts to a heterostructure (it ensures formation
of the resistors, the bottom capacitors’ plates and inductors); formation of Schottky gates to a heterostructure; the gates’ passivation; for-
mation of the capacitors' dielectric; formation of the first-level metallization and the top capacitors' plates; formation of the electrical
connections in the form of "the air bridges" and common ground; grinding of the wafers; dicing (cutting of wafers into crystals),; screening
test (sorting out); planting crystals on a heat sink. The ohmic contacts were formed using the non-alloyed technology with a highly doped
growth of GaN under the ohmic contacts. It ensured a smooth surface and a low value of the specific contact resistance of the ohmic
contacts, equal to 0.15 Q- mm. Schottky T-gates were formed with 0.14 um and 0.25 um lengths for the centimeter and millimeter fre-
quency bands. The formation of a common ground was performed from the face side through a non-conductive layer of a polymer di-
electric. The monolithic integrated circuits of the power amplifier, the low-noise amplifier, the voltage controlled oscillator and the in-
termediate frequency amplifier were manufactured with the use of this technology. Their specifications correspond to the world-class level.

Keywords: gallium nitride, monolithic integrated circuit, power amplifier, low noise amplifier, technology, process route, process
step, field effect transistor, ohmic contacts, Schottky gate, electrical connection
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Introduction

Electronic devices of commercial and military purpose
should meet extremely strict requirements, as regards their
performance and efficiency. This condition results from the
action of many factors, from problems with the necessary
thermal conditions provision to the energy saving require-
ments to a system as a whole. High-efficiency microwave
monolithic integrated circuit (MMIC) application makes it
possible to reduce the mass of equipment, as compared to that
of the systems with waveguides, to increase the system’s vi-
bration resistance, and to facilitate the adjustment (by using
standard discrete amplifiers) [1].

Centimeter- and millimeter wavelength ranges are prom-
ising as regards their versatile applications such as high-duty
point-to-point telecommunications links of the capacity of
140/155 Mb/s; trunk connections with the frequencies within
the range of 7.9 to 8.4 GHz; radar systems, including syn-
thetic-aperture radars; electronically scanned arrays and ac-
tive phased antenna arrays; navigation and communications
systems’ equipment; simulators and testing equipment.

Analysis of both the state of affairs in centimeter- and mil-
limeter-range monolithic integrated circuit (MIC) develop-
ment in foreign countries and the experience of the Institute
of Ultra-High Frequency Semiconductor Electronics RAS
(IUHFSE RAS) obtained in the course of R & D works car-
ried out in the recent years [2—5] has led the authors to the
conclusion about the necessity to research the possibility to
optimize some technologic stages of fabrication of transistors
and circuits based thereon. It has been planned to introduce the
non-alloyed ohmic contact technique, to optimize Schottky
gate profile and to provide a common ground at a crystal’s
front side, which has not been realized in GaN-based MMIC
fabrication in Russia.

To fabricate pilot MIC samples, the domestic AlIGaN/
AIN/GaN HEMT heterostructures on sapphire- and silicon
carbide substrates from Elma-Malakhit JSC were used.

At MIC fabrication, the passive and active elements of the
circuit ensuring MIC layout realization for a specified fre-
quency range are fabricated within a single technologic cycle.
On a device fabrication, a technology route is designed that
comprises sequential technologic operations. Additionally,
some technologic operations can be united into a group of op-
erations responsible for the fabrication of a part of future de-
vice’s elements.

In the course of GaN-based MIC fabrication, it is necessary
to realize the main formation stages: device mesa isolation; fab-
rication of a non-rectifying (ohmic) contact to the heterostruc-
ture that will ensure resistors, capacitor’s bottom plates, and in-
ductors fabrication; fabrication of a rectifying contact to the
heterostructure (Schottky barrier gate); the gate’s and capaci-
tor’s dielectric passivation; first layer and capacitor’s top plates
metallization; making electric component connectors in the
form of "air bridges" and a common ground; wafer backgrind-
ing; wafer dicing; screening (rejection); chip planting onto a
heatsink. Successive realization of the above operations is the
necessary condition for serviceable MIC fabrication.

Let us consider the features and purpose of each of the
main stages of a centimeter- and millimeter frequency range
GaN-based MIC fabrication. Also, it should be pointed out
that optimization of ohmic contact fabrication and passiva-
tion processes will reduce parasitic resistances’ and — capac-
itances’ effects on the frequency characteristics of the future
MIC [6]. Schottky contact fabrication stage is responsible for
the microwave transistors’ frequency characteristics and for
those of MICs based on these transistors [5].

Device mesa isolation fabrication
for gallium nitride based MICs

Mesa isolation fabrication implies the creation of a struc-
ture on a heteroepitaxial plate with conductive (active) and
nonconductive layers by etching the heterostructure surface.
The purpose of the operation is to separate the individual ac-
tive areas intended for a device fabrication to avoid the elec-
trical contact between the units and circuit’s elements.

Two groups of methods, "wet" and "dry" ones, are used for
mesa-shaped isolation formation. To realize this stage, the
following technologic operations are to be performed: mesa
image photomasking, semiconductor etching, photoresist
mask removal, and etch depth control.

The "wet" method implies using liquid solutions for chem-
ical etching the semiconductor surface areas free from a pho-
toresist film. The "wet" method is easy and does not require
any complicated equipment. The method, though, is not very
popular for dealing with AlIGaN/GaN heterostructures, since
it is difficult to find solutions capable of chemical etching the
semiconductor with a very strong chemical bond in GaN.
Photostimulated electrochemical GaN etching has been re-
ported [7], but the method is strongly dependent on many
factors and poorly reproducible. For this reason, "dry" etching
methods are more popular. For AIGaN/GaN heterostructure
"dry" etching, we used plasma chemical etching in inductively
coupled plasma (ICP). The use of ICP provides for a higher
ion density, this ensuring an increase in the etching rate at a
low power consumption. To etch AIGaN/GaN hetero pair,
they usually use the mixture of Cl,, BCl;, and Ar. This com-
bination ensures rather high etching rates.

At GaN-based heterostructure field-effect transistor man-
ufacture, the typical mesa isolation depth makes 20.0 to
30.0 nm. The semiconductors used (AlGaN and GaN), as well
as the substrates for their epitaxial growth (Al,O5 and SiC),
are the materials transparent in the visible spectrum. At the
mentioned typical "mesa” depth, it is difficult to realize con-
tact photolithography of the ohmic contacts because of the
difficulty in photomask alignment with the topologic image of
the isolation patterned on the wafer. In this connection, we
decided to form mesa isolation of increased depth (about
80.0 nm). In this case, there was no need for high etching
rates: 20.0 to 30.0 nm/min rate was quite sufficient. This rate
was achieved on SI 500 plasma chemical etching installation
with the use of BCl; + Ar medium. Boron trichloride is used
as the chemically active medium, while the role of Ar is the
discharge maintenance in a chamber and, to some extent,
participation in the etching process. The use of the photoresist
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mask in the plasma chemical etching process imposed addi-
tional requirements: the necessity of heat removal from the
whole area of the semiconductor wafer to avoid the photoresist
film overheating, which may lead to changes in the mask ge-
ometry and subsequent complication of its removal. The instal-
lation comprises a cooling system, that is, the blow-off of the
backside with a helium flux, but it turned out to be insufficient
for compensation of the overheating at a long-standing process.
To remove the heat the decision was taken to divide the etching
process into successive stages with pauses between them.

The use of a medium consisting of BCl3 (30 sccm) + Ar
(50 sccm), the gas pressure of 8 Pa, and the 170 V bias applied
to the bottom electrode resulted in etching rate maintenance
at the level of about 25.0 nm/min. The etching process was
realized in cycles: 30 s of etching — a 1-min pause. The
number of cycles was selected depending on the depth of the
"mesa". Since the heterostructures used did not possess a pro-
tective layer, before the start of the process the heterostructure
was coated with a thin layer of Si3Ny, which played the role
of a protective barrier for the heterostructure. Prior to mesa
isolation etching, the thin dielectric film is removed from the
heterostructure’s etching windows with fluorine-containing
plasma on the same SI 500 plasma chemical etching tool.

To summarize, to form mesa isolation for AlGaN/GaN
heterostructures, the following technologic operations were
carried out: semiconductor’s etching windows photomasking,
thin dielectric layer removal by plasma chemical etching,
semiconductor plasma chemical etching, photoresist mask re-
moval, and etch depth control.

Electrical testing of the mesa isolation at the etched sites
of the semiconductor is carried out after the ohmic contacts
to the heterostructure are fabricated. Testing is realized using
a special paste for isolation (quality) control (the image of the
paste is provided in the fig. 1). Leakage current vs. voltage plot
is built for the specific kind of paste.

Fabrication of ohmic contacts to gallium nitride-based
heterostructures

At the stage of the ohmic contacts to a field-effect micro-
wave transistor (FEMT) fabrication, the minimum contact
resistance to the heterostructure and the manufacturability of
further operations should be ensured. Contact resistance
grows with an increase in the heterostructure’s band gap (Eg)
width. To make an ohmic contact to n-GaN, they mostly use
Ti-based multicomponent contacts, whose thermal treatment
yields compounds with a low work function. The low resist-
ance of the metal-GaN contact is usually believed to be due
to nitrogen’s vacancies formation as a result of GaN interac-
tion with the contact material, for instance, with Ti. The use
of Ti/Al-based multicomponent contacts followed with ther-
mal treatment provides for the specific contact resistance to
Al Ga; _ N, of about 0.5...0.6 Q- mm, taking into account
that ohmic contact high-temperature annealing at 750...900 °C
leads to changes in contact metallization’s edge and relief.

Low contact resistance provision without the high-tem-
perature treatment and with the relief preservation is possible
via an ohmic contact fabrication to highly doped GaN.

Thus, there are two types of technologies available for
ohmic contacts to AIGaN/GaN heterostructures fabrication:
alloyed and non-alloyed technologies [8].

For GaN-based MMIC fabrication, the non-alloyed con-
tact formation technology was used. The alloyed technology
for ohmic contacts to nitride Si/Al-based heterostructures has
also been developed at IUHFSE RAS as the alternative meth-

288 HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 5, 2017

od provided the necessary equipment for the non-alloyed
contacts formation may be absent [9, 10].

The both technologies for ohmic contact formation in the
process of GaN-based MMIC fabrication are described below.

Si/Al-based alloyed ohmic contacts to gallium nitride

Metal-semiconductor contact formed using high-temper-
ature rapid thermal annealing (RTA) has been called the "al-
loyed ohmic contact"; it has been used in the first works on
microwave FETs on AIGaN/GaN heterostructures.

It is possible to distinct two main stages in the process of
alloyed contact to AlGaN/GaN heterostructre fabrication:

e selection of a method for ohmic contact to AlGaN/GaN
heterostructure metallization;

e selection of a thermal treatment technique: temperature,
annealing duration, and heating curve. The annealing is
carried out in an inert medium.

Classical metallization systems based on Ti/Al are the ones
widely used in the alloyed ohmic contacts to AIGaN/GaN het-
erostructures. Titanium- and aluminum nitrides formation
leads to nitrogen vacancies appearance at the contact bound-
ary of the semiconductor, but the process requires treatment
at elevated temperatures (over 800 °C). Moreover, the work
function of TiN is low, which results in ohmic contact resist-
ance reduction. Titanium’s and aluminum’s liability to oxida-
tion, though, implies the use of an anticorrosion layer of Au.
Besides, the products of Al-Au interaction usually are formed
at the contact boundary, this increasing the contact resistance
and deteriorating the post-anneal surface morphology. The
existence of these difficulties suggests the need for a barrier lay-
er preventing both Al diffusion toward the top Au layer and easy
Au diffusion toward the semiconductor. Unfortunately, at high
temperatures, the barrier layers of these metals were demon-
strated to break into separate small fragments, thus offering gaps
for the metals diffusion through the barrier layer [11].

To improve the morphology, the ohmic contact thermal
treatment temperature was lowered to 675...725 °C, this leav-
ing unchanged the low contacts’ resistance value. To fabricate
low specific resistance Ti/Al/Ni/Au ohmic contacts using the
traditional metallization technique, annealing is carried out at
temperature over 800 °C, at which the necessary thickness of
TiN layer is achieved [12]. To decrease the annealing tem-
perature and to reduce the contact resistance, a thin layer of
Si is introduced into the metallization system before the first
Ti layer. The silicon layer is intended to act as a dopant [13].
Annealing realized at a temperature below 700 °C, the pres-
ence of the contact Si layer in the Si/Ti/Al-based composi-
tion provides for titanium silicides (TiSi,), but not titanium
nitride (TiN), formation [14].

So, the Ti layer was excluded from the metallization struc-
ture, because the role of Ti has changed: instead of nitrogen
vacancies formation, reduction of Si impurity atoms concen-
tration in the composition takes place.

Thus, for alloyed ohmic contact fabrication, the following
technologic operations should be fulfilled. After mesa isola-
tion etching, the contact composition of the ohmic contact
alloyed metallization is applied onto the AIGaN/GaN heter-
ostructure through a two-layer system. The metallization is
performed by the thermal resist method in vacuum containing
Si (7.5 nm) — Al (50 nm) — Ti (25 nm) — Au (50 nm). Prior
to the metallization deposition, oxides are removed in
HCI:H,0 solution. After that, thermal treatment of the met-
allization is carried out under nitrogen, this followed with




metallization layer formation over the ohmic contacts and on
top of the other parts of the heterostructure, in order to create
the circuit’s topological elements and the alignment markers
for electron-beam lithography (EBL) of Schottky barrier
gates. Ti/Au metallization is deposited by the thermal resist
method in vacuum with the two-layer photoresist system.

The use of the alloyed Si/Al-based composition made it
possible to improve the morphology of the ohmic contacts
and to obtain contacts with the specific contact resistance val-
ues equal to those of the contacts produced using Ti/Al-based
compositions (0.35 Q- mm). Also, the ohmic contact com-
position ensures the insignificance of changes in specific con-
tact resistance within a wide range of annealing temperatures,
this enhancing the ohmic contact thermal treatment process-
ability and reproducibility as compared to those of composi-
tions based on Ti/Al [9, 10].

Non-alloyed ohmic contacts to gallium nitride

The most popular technology for the manufacture of non-
alloyed ohmic contacts to AIGaN/GaN heterostructures is
that of highly doped GaN epitaxial regrowth in windows for
the ohmic contacts with a preliminary formed mask [15]. The
essence of the approach consists in a dielectric mask forma-
tion on a heterostructure, then ohmic contact-intended win-
dows formation in the dielectric, n*-GaN epitaxial growing,
the dielectric mask removal, and, finally, the contact’s metals
sputtering onto n"-GaN. In some versions of the technique,
before the epitaxial growth, the plasma chemical treatment
goes deeper through the dielectric mask, down to the two-di-
mensional electron gas (2DEG) level. Schematically, the for-
mation of non-alloyed ohmic contacts with regrown n"-GaN
is presented in the fig. 2.

Owing to the Si admixture, the degeneracy of semicon-
ducting GaN occurs, the latter staying in the direct contact
with the 2DEG region. Gallium nitride doping is carried out
via deposition using a molecular Si source situated in the
growing chamber. It is important to select the dopant con-
centration in the deposited GaN. On the one hand, increasing
the concentration of Si (behaving as a donor admixture) pro-
vides the opportunity to increase the concentration of elec-
trons and to reduce the contact’s resistance. On the other
hand, an excessive increase in Si concentration leads to a de-
crease in contact’s conductivity, and Si atoms distribution
over GaN volume becomes nonuniform, this resulting in ad-
ditional defects and conglomerates formation.

The technology with highly doped GaN regrowth by mo-
lecular-beam epitaxy (MBE) was chosen for MMIC realiza-
tion, since it does not involve either the plasma chemical ac-
tion upon AlGaN barrier layer at fabrication of contacts to the
highly doped protective layer, or the high-temperature (over
1000 °C) activation before contact metallization. The dielec-
tric coatings formed for the growth mask creation serve the
protective layer for the active regions of the heterosructure.

Advantages of the non-alloyed ohmic contacts to the
AlGaN/GaN are their good reproducibility (the resistance
depending mostly on doped GaN); good contact’s morphol-
ogy determined only by the roughness of the metallized sur-
face and the man-made defects of the metallization; low re-
sistance. The drawback of the method is the necessity to use
the expensive high-technology equipment.

The introduction of the technology of non-alloyed ohmic
contacts to AlGaN/GaN heterostructures provided the op-
portunity to avoid the disadvantages of classical alloyed con-
tacts. Using the non-alloyed contacts, one can avoid the high-

temperature thermal treatment of a metallization formed on
the semiconductor.

Highly doped GaN deposition was carried out on the het-
erostructure with AIGaN/AIN barrier layer. For masking the
structure’s surface, the two-layer dielectric system SizN,4/SiO,
[16] was used. The dielectrics were deposited by the plasma
chemical method on the Plasmalab System 100 tool from Ox-
ford Instruments Company with an inductively coupled plas-
ma (ICP) source. Silicon nitride (SizN,4) was deposited from
N, (10 sccm) + SiH, (12 sccm) gas mixture under the pres-
sure of 8 mTorr, and ICP power of 800 W. Si;N, deposition
was carried out prior to the device mesa isolation. Silicon ox-
ide (SiO,) was deposited from N,O (23 sccm) + SiH, (6 sccm)
gas mixture, under the pressure of 4 mTorr, ICP power of
500 W, at 300 °C. After that, the windows for contacts were
formed in the dielectric layer. This operation is usually called
"opening the contact windows". To open the windows, it is
necessary to form a mask of a material with etching rate lower
than that of the dielectric, the other conditions being equal.
Typically, the mask is formed on the photolithography area
and the process consists in the application of a photoresist of
needed thickness onto a working wafer with the dielectric,
alignment and writing the mask image for etching the dielec-
tric, drying the photoresist on the wafer, and, finally, the
mask development and hardening. After the photoresist mask
is formed, the working wafer etching is realized.

Etching the dielectric layers with the preliminary formed
photoresist mask is realized by the plasma chemical method
in the SF¢ + O, gas mixture on SI 500 installation.

After the removal of the photoresist mask, AlGaN- and
GaN plasma chemical etching is carried out with the formed
dielectric mask in BCI5 + Ar gas mixture on the same instal-
lation. AIGaN- and GaN etching is possible without photore-
sistive mask removal immediately after plasma chemical etch-
ing the dielectrics. Masking of this kind does not affect the
properties of the heterostructure surface and, when com-
bined with MBE, makes highly doped GaN growth selective:
the growth takes place only in the regions where the dielec-
tric mask was etched. Highly doped GaN deposition onto
the heterostructure with the formed dielectric ohmic contact
mask was performed in the MBE installation at 8§50 °C. In
the SEM image obtained after the growth (fig. 3), one can
notice that the growth occurred only in the preliminary
formed windows. After the highly doped GaN deposition,
the dielectric mask is removed in the buffer etchant solution
(HF:NH4F:H,O0 = 1:3:7). Ohmic contact metallization is
deposited onto the thus formed highly doped regions of
GaN. With this purpose, a two-layer mask is formed using
optical photolithography and the non-alloyed ohmic contact
Cr/Pd/Au metallization is realized by sputtering in vacuum
with the subsequent photoresist mask "explosion”. The met-
allization system does not need thermal treatment. The se-
quence of operations fulfilled for non-alloyed ohmic contact
fabrication is presented in the fig. 4.

The use of the technology of fabrication of non-alloyed
ohmic contacts to AlGaN/GaN heterostructure made it pos-
sible to eliminate the high-temperature treatment from the
GaN-based MIC fabrication procedure and thus enabled us
to preserve the high-quality contact relief for further techno-
logic operations and also to obtain the ohmic contacts with
the specific resistance of 0.15...0.2 Q - mm, this being a world-
level achievement. Moreover, metallization of the ohmic
contacts and alignment markers for EBL of Schottky gates are
realized in a single metallization operation.
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Formation of a gallium nitride based rectifying contact
(Schottky gate) to heterostructures

As is generally known, the microwave parameters of
modern field effect microwave transistors on heterotransi-
tions are determined mostly by the gate’s parameters [17].
For example, the current-amplification cutoff frequency var-
ies inversely as the gate length L, as ruled with the formula
Ji = Gyp/2nGyy = V,i/L,, Where G, stands for transconduct-
ance, C, for gate-source capacitance, and V,, for electron
drift velocity. For centimeter-range transistors, it is necessary
that Lg be less than 0.25 um. At the same time, according to
the Fukui formula, the noise factor can be represented as
Fy=1+ K/fL, G, (R, + Ry), where K;is the compensating
factor and R, and R are the gate’s and source’s resistance val-
ues, respectively. From this expression, one can estimate the
requirements to the gate cross-section: provided Rg = ngg
and R, = p,/ Wg, where Pg and p; are the specific resistance
values (Q - mm) of the gate and source, respectively, and Wg
is the gate width, and under the assumption that R, =2Rs for
the optimal transistor, we will obtain p, = py/ W, . So,
pg = 0.2Qmmand W, = 20 ym will produce p, = 500 Q - mm.
From here it follows that in the case of usual metallization of
the total thickness of 0.6 um, the gate cross-section should not
be less than 0.4 um2. For lower frequencies, the wider tran-
sistors are used; consequently, the gate cross-section should
be even bigger. It is evident, that a small gate length and a big
cross-section can be obtained simultaneously only if the gate
has a mushroom-like (or a T-like) shape. For this reason, why
the task of fabrication of a mushroom-like gate set containing
the gates of various lengths, to provide a wide spectrum of
possible frequencies of microwave transistors and circuitry
based thereon becomes topical.

Thus, fabrication of MIC amplifiers for a specific frequen-
cy range is determined by the choice of a semiconductor ma-
terial and gate geometry.

Mushroom-shaped gate fabrication consists of the follow-
ing key operations:

e clectron-beam lithography formation for the gate’s profile;
e gate metallization application;
e 'lift-of" process of the e-beam resist.

Let us consider the stage of a mushroom-like profile fab-
rication in the resist.

After the dehydration on a hotplate at 120 °C for over 15
to 20 min, a multilayer e-beam resist system was applied onto
the wafer via whirling and intermediate drying on the hot-
plate. The system consists of PMMA950K/PMGI/Copoly-
mer/PMGI/PMMA950K layers of the total thickness of
1.3 um. The sequence and thickness of the layers were opti-
mized as for the independent exposition and controlled de-
velopment of the mushroom-like profiles with the lower part
size from 0.1 to 0.25 pm, depending on the GaN-based MIC’s
frequency range.

The prepared wafer was exposed in Raith150-TWO
e-beam lithography writer. The upper regions of the gates
(width 0.8 pum) and the gate contacts were exposed first (the
first exposition). After that, three upper layers of the resist
were sequentially developed in the appropriate developers
(MIBK:IPS 1:1, 101A, and MIBK:IPS 1:3, respectively).

Then, the second exposition was carried out to form the
lithography for the gates’ "sublegs" of the needed nominal di-
mensions and dose completion/addition on the gates’ con-
tacts. Further two underlayers of the resist were developed.
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As a result, a mushroom-like profile of the developed ar-
eas was formed in the resist. Afterwards, the photoresist ox-
ygen-plasma stripping at the bottom of the developed regions
was carried out in the plasma chemical deposition system
PKhO-001T (2 min in horizontal position).

After the oxygen-plasma stripping, the necessary gate met-
allization was applied in a thermal vapor deposition system.
Layers of Ni (60 nm) and Au (540 nm) were sputtered sequen-
tially from tungsten boats. The metallization was "exploded" in
acetone and dimethyl formamide (DMF), the latter acting as a
solvent for poly (methyl glutarimide) (PMGI) layers. After rins-
ing the wafer in deionized water, it was passivated with the two-
layer Al,O5/Si3N, dielectric of required thickness.

Gate passivation and capacitor dielectric fabrication

Passivation is conducted in two stages: first, a dielectric
film deposition onto the whole wafer area and, second, the di-
electric film etching with a photoresist mask.

After the gate formation on the wafer, it was necessary to
coat the wafer surface with a passivating dielectric to protect
it from the environment and to reduce the skin effects. A di-
electric is also used in fabrication of passive elements like ca-
pacitors. We have used the two-layer system of alumina
(Al,O3) deposited by the atomic layer method at 300 °C and
silicon nitride (Si;N,4) obtained by plasma-enhanced chem-
ical vapor deposition with ICP in the Plasmalab System 100
tool. The dielectric deposition was realized in monosilane
(SiHy, 12 sccm) mixture with nitrogen (N,, 11 sccm), with
the inductively coupled plasma source power of 800 W, under
the pressure of 8 mTorr, and at the temperature of 300 °C. In
these conditions, the dielectric thickness was provided that
was needed for the capacitors’ capacity meet the requirements
specified for MICs under development. To ensure the re-
quired deposited substance migration over the surface, the
substrate temperature was 300 °C.

It should be pointed out that the film quality strongly de-
pends on many deposition parameters such as the kind of re-
actor, gases used, substrate’s material and temperature, pres-
sure in the chamber, microwave power, distance between the
electrodes, partial pressure of the reagents, pump speed, and
the electrodes’ material and geometry.

And so, to obtain films of desired quality, it is necessary
to solve a multicriterion problem. As a rule, the dielectric
deposition parameters are adjusted until the produced dielec-
tric film meets the necessary requirements.

While in a case of semiconductor’s surface passivation on-
ly the plane of the semiconductor should be coated with a di-
electric, at gate passivation, good conformity is to be ensured
for the dielectric film to cover evenly the top and the un-
derneath of a mushroom-shaped gate’s "hat". The atomic
layer deposition of dielectric films provides for the necessary
conformity and requires thin layers about 10-nm thick to be
deposited for the surface passivation. To ensure the capac-
itors’ parameters (breakdown voltage- and capacitance val-
ues), SizN, layer of the needed thickness (usually of the order
of 0.1...0.3 um) is deposited over the Al,O5 layer. A micro-
photography of a sample of a gate with L, ~ 250 um obtained
after the passivation is presented in the fig. 5.

After the continuous dielectric film fabrication, they pro-
ceed to a photoresist window mask formation for plasma
chemical removal of the dielectric from the wafer, except
from the regions of active domain passivation and those of the
future capacitors fabrication. The plasma-originating medium
in the reactor should provide for the necessary etch rate, -se-




lectivity and — anisotropy. It is well known that fluorine-con-
taining gases are used for etching silicon and its compounds:
these gases are mostly halogen-containing carbon compounds
known under the DuPont brand name "Freon". The draw-
backs shared by the members of this group of etchants are the
possibility of toxic compounds formation in the course of
etching, propensity to polymerize, and the possibility of ele-
mental carbon formation on the surface under treatment (par-
ticularly true for the simple representatives of the Freon fam-
ily). To suppress two last effects, they often add oxygen to a
working gas. From the other fluorine-containing gases, atten-
tion is to be paid to sulfur hexafluoride SFg; the use of this gas
makes it possible to reach a high etch rate without the hard
products of the initial gas decomposition deteriorating the
surface. Pure fluorine is practically never used because of its
high toxicity and chemical activity, as regards the structural
materials of the technological equipment.

To etch the two-layer dielectric, the plasma chemical
etching system SI 500 was used; for SizN, etching, SFg
(15 sccm) + O, (4 scem) medium under the working pressure
of 6.2 Pa was applied, ICP source power was 200 W. For the
subsequent etching with the same Al,O5 photoresist mask,
BClj (7 sccm) medium with Ar (14 sccm) was used under the
working pressure of 1 Pa, ICP source power of 800 W, and the
microwave power of 20 W. One should keep in mind that to
be quite sure if the dielectric stripping via plasma chemical
etching is complete, a little "over-etch" is necessary.

The "over-etch" is needed because of:

e nonuniformity of the dielectric layer thickness over the
substrate (10 % of thickness);
o nonuniformity of the dielectric etch rate (5 % of thickness).

When the passivation is completed, the photoresist mask
is removed from the plate and the lithography for the "explo-
sion" is made for the first metallization layer fabrication.

So, the following technologic operations should be per-
formed for the gate passivation and capacitor’s dielectric fab-
rication: Al,O5 film layering by the atomic-layer deposition;
SisNy film plasma chemical deposition; photolithography of
passivation windows and future capacitors; Si;N, and Al,O;
layers sequential plasma chemical etching; photoresist mask
removal.

In the domain between the ohmic contacts the only Al;O5
layer is enough for the gate passivation, and this is also the
way to minimize the gate-drain/source parasitic capacitances.

The use of SiN,/AlGaN/AIN/GaN heterostructures, when
SiN , passivation layer in sifu deposition is carried out after the
structure growth directly in the growing chamber, makes it
possible to use the dielectric as a Schottky gate passivator. For
the structures of that kind, the task is the dielectric removal
from the region of the gate fabrication. For transistors with
Schottky gates fabricated via SiN, dielectric growth in the
same growing chamber with the heterostructure no additional
passivation is needed. The in situ use of SiN, promotes an in-
crease in the majority carrier concentration, due to the charge
neutralization at the surface via passivation; it also favors re-
laxation reduction and a decrease in the number of defects
and in the AlGaN surface roughness. Besides, the in situ SiN
film serves as the surface protective layer [18]. After the gate
fabrication, dielectric deposition is necessary only for MIC’s
capacitors fabrication. The mentioned passivation is used in
the alloyed ohmic contact technique, since in the non-alloyed
technique the passivating in situ SiN, layer is weared away in
a liquid etchant along with the dielectric mask for highly
doped GaN growing.

First metallization level and capacitors’ top plates
fabrication

After passivation fabrication, a two-layer photoresist mask
is created on the wafer, after which the wafer substrate is
stripped and subject to metal deposition.

Stripping is carried out directly before the deposition oper-
ation in the plasma chemical etching system SI 500 in Ar me-
dium (50 sccm) under the pressure of 2 Pa in the combined re-
active ion etching (RIE) mode in ICP. Bottom electrode bias
was 50 V. To avoid the photoresist mask overheating, the proc-
ess was realized in a cyclic mode. A cycle comprised 20-s etch-
ing under Ar and a 3-min pause. The cycle was repeated
4 times. Stripping prior to vacuum deposition provides for bet-
ter metal-to-metal adhesion. After stripping, the wafer is placed
into an installation for thermal resist vacuum deposition, where
Ti (50 nm)/Au (500 nm) metal layers are deposited, titanium
forming the adhesion layer and gold serving the contact mate-
rial. After the deposition, the photoresist is "exploded" and the
necessary measurements are conducted in testing modules.

Electrical component interconnects fabrication
in the form of "air bridges"

The second metallization level interconnecting the ele-
ments on a substrate is performed in the form of "air bridges".
Taking into account that the total bridge thickness should be
3 um (gold plate thickness is 2.3 um), it is extended by the
gold plating. First, a photolithography of a bridge resist de-
termining the bridge’s height is created, after which the pat-
terned photoresist is subject to thermal treatment, this leading
to photoresist edges fritting and formation of a mildly sloping
margin necessary for metal seed layer continuous sputtering.
After that, Ti/Au/Ti (50 nm/500 nm/20 nm) seed layer was
sputtered by the thermal resist method. To enhance the adhe-
sion, prior to the seed layer sputtering, stripping is performed
in Ar in the plasma chemical etching system SI 500 following
the procedure described above. Photolithography for gold-plate
building-up is made over the seed layer. To form a gold buildup,
the gold-plating system Valenza 2400V2 was used under a hood.
The unnecessary regions of the seed layer on the photoresist
were removed by wet chemical etching (WCE). The final op-
eration of "air bridge" formation was stripping the resist from
under the bridge regions of the substrate wafer.

Thus, the interlayer isolation is achieved using 2-um high
and 3-um thick "air bridges". The image of an "air bridge" is
presented in the fig. 6.

Fabrication of electrical interconnects
for a common ground provision

For common electrodes (mostly the ground ones) they use
coplanar strips, a common bottom electrode on the backside
of the substrate, or an additional electrical connection level
over the isolation layer on the face of the substrate.

In the course of development of AlGaN/GaN heter-
ostructure-based MICs on SiC and Al,O5 substrates for cm-
and mm wavelength ranges, it has been shown by the prelim-
inary research that creation of MICs of this type on the basis
of coplanar technology would be rather difficult, taking into
account problems with making stable the systems of this sort
and the existence of frequency-dependent phase incursions in
common conductors/wires. It shows already at amplification
enhancement and increasing the output power of power am-
plifiers” (PAs’) MICs. Foreign producers use mainly the micro-
strip technology for AIGaN/GaN heterostructure-based MIC
fabrication, which implies through holes etching in the sub-
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strate. This is associated, though, with considerable techno-
logic difficulties. Finding a solution to the problem can be, to
some part, facilitated by passage to the heterostructures on sil-
icon substrates, but these heterostructures are being studied yet.

As a result, a design- and engineering solution to the prob-
lem was found; it consisted in creation of a ground plane
above the face of a wafer bearing the ready-made active and
passive microwave components over the 10- to 15-um thick
polymer dielectric layer (a photo lacquer developed at the In-
stitute of Macromolecular Compounds RAS). The corre-
sponding elements are grounded through the holes in the pho-
to lacquer layer. At the same time, the photo lacquer plays the
role of protective passivation. The lacquer is a composition
comprising a precursor of a highly thermostable polymer (an
analog of a polyimide) and a photosensitive component of
type quinone diazide used in ordinary FP 383 and FP 051
positive photoresists. Photo lacquer application does not re-
quire any special equipment. It can be used in a standard li-
thography system with an arc mercury lamp.

A pattern for the additional electrical connection layer
providing the common ground and the whole circuit protec-
tion has been developed, taking into account recommenda-
tions of the photo lacquer developers.

The first photo lacquer layer is applied by whirling onto a
substrate with the ready circuits; after that, blanket exposure
and hardening are performed stepwise in a static furnace un-
der nitrogen: 15 min at 150 °C, 15 min at 200 °C, 15 min at
250 °C, and 30 min at 350 °C. In this way, the first adhesion
2-um photo lacgeur layer is formed. Relief blanket exposure
without a pattern/mask is necessary for the photosensitive
component decomposition, or, upon the fabricated microrelief
thermal hardening, film swelling might occur or holes (fish
eyes) might appear because of photosensitive compound de-
composition with nitrogen release at hardening temperature.

After that, two lacquer layers are applied again (also by
whirling) to fabricate the isolation layer of needed total thick-
ness (12 to 15 um). Photo lacquer alignment/registration and
exposure is realized on the precision contact photolithogra-
phy system SUSS MJB4 IR. The development is carried out
using 0.3 % aqueous solution of potassium hydroxide. Next,
stepwise hardening is conducted in the inert nitrogen medium
following the procedure described above.

Complete sputtering of the photo lacquer surface bearing
the fabricated relief with Ti/Au (50 nm/500 nm) metallization
is realized on a system for vacuum deposition by the thermal
resist method. Sputtering is preceded with photo lacquer win-
dows plasma chemical stripping, in order to remove the lower
hardened adhesion layer. Stripping is carried out on SI 500
plasma chemical etching system in O, medium, with subse-
quent control with an optic microscope. Thus, the common-
ground electric contact lying on a nonconductive material
and interconnecting the electrodes through the windows in
the photo lacquer layer is fabricate.

Over the sputtered metal, a photolithography is made to re-
move excess metallization on the photo lacquer surface. Using
this photolithographic mask, the unprotected metallization is
removed by wet chemical etching. The fabricated pattern of the
"top ground" metallization is thickened via gold plating. To re-
move the photo lacquer dfrom the "cutting/dicing" lines and
contact pads, the photo lacquer is etched plasma chemically
with the fabricated metal mask in O, medium on SI 500 system.

After the electrical interconnect fabrication, the route of
the GaN-based MIC’s "face" part fabrication is finished. This
operation is followed by the wafer’s backside chemical me-
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chanical polishing in Logitech PM5 system, dicing by con-
trolled laser thermal cleavage, irregular dies rejection, and
planting onto a heatsink using a thermal interface. The main
stages of the engineering route of MIC’s "face" part fabrica-
tion are presented in a diagram form in the fig. 7.

Realization of GaN based MIC fabrication technology
in topological solutions for cm- and mm frequency ranges

The above production technology has been introduced at
IUHFSE RAS and used for fabrication of a wide range of
MIC:s for various frequency ranges up to 70 GHz [19—25].

In particular, a single-stage 8—12 GHz power amplifier
(PA) is designed and fabricated. There are certain difficulties
in single-stage PA development related to the circuit stability
and necessity to achieve high gain- and power performances
of the single cascade. In this respect, the cascode configura-
tion of transistor connection possesses the unique capabilities
and the configuration is especially promising in GaN tech-
nology. Among the cascode configuration’s advantages are an
increase in energy efficiency and reduction of power con-
sumption. As far as we know, a GaN-based MIC of this con-
figuration has not been earlier fabricated in Russia.

The outlook of the fabricated PAs MICs chip after all man-
ufacture operations is presented in the fig. 8. The transistors’
gate length is 0.25 um with a total width of 6.4 mm. The am-
plifiers are fabricated on a AlGaN/AIN/GaN heterostructure
on a sapphire substrate. Chip dimensions are 1.57 X 1.71 mm.
For measurements conduction, the samples were mounted
on a heatsink into the accessory shown in the fig. 9. Output
power measurements were carried out in the pulsed power
mode: at pulse duration of 1 ps, the off-duty ratio equal to
100, and the supply voltage up to 50 V. At the supply voltage
of 50 V, the linear output power (P,,) reaches 3 W, this
corresponding with 34.8 dBm, in accordance to the formula
Pigm = 10 -logyg (Pyw)- The current consumption is below
0.8 A, the gain (Kp) is about 15 dB (fig. 10).

Development of MMICs set with the working frequencies
of 57-64 GHz on a sapphire substrate [26—30] is an example
of the above production technology application in the mil-
limeter wavelength range. The set comprises a voltage-con-
trolled oscillator (VCO), a balanced mixer, a millimeter-wave
amplifier, an intermediate-frequency amplifier (IFA), and an
antenna. Besides, the amplifiers with integrated receiving and
transmitting antennas are fabricated, as well as versatile re-
ceiving and transceiving signal converters comprising VCO,
mixer and IFA (system-on-chip) (fig. 11—15). As far as the
authors know, this is the first time such multifunction gal-
lium-nitride signal converters chips on sapphire substrates
have been fabricated anywhere in the world.

Millimeter-wave amplifier’s MMIC may serve as a low-
noise amplifier (LNA) or a power amplifier, depending on the
bias. The amplifier has 4 stages. The gate length is 0.14 um.
At the small-signal mode, the gain is 15 dB or higher with the
noise figure of about 6 dB and current consumption of less than
100 mA (fig. 16). At large-signal operation in the pulsed power
mode, the output powerreaches 100 mW (20 dBm) with the
gain up to 20 dB and current consumption not exceeding
200 mA (fig. 17). The linear output power is 30—50 mW.

The output power of VCO is 30 to 40 mW. Frequency tun-
ing range more than 3 GHz. The oscillation frequency sta-
bility against the supply voltage is no worse than 200 MHz/V
at the supply voltage of 10 V (fig. 18).

Versatile receiving and transceiving signal converters
MMICs have typical conversion gain of plus 10 dB at the sup-




ply voltage up to 10 V and current consumption below 150 mA.
The transmitting channel’s output power is 10 mW or more.
The MMICs of the mm-range amplifier and receiving sig-
nal converter were given the following reference designations:
e LNA without an antenna: 5411UVO0IN;
e LNA integrated with an antenna on a single chip:
5411UVO01AN;
PA without an antenna: 5411UV02N;
PA integrated with an antenna on a single chip:
5411UV02AN;
e signal converter MMIC comprising a mixer, VCO and
IFA on a single chip: 5411NSO1N.
The directory page of the MMIC set is available at the
IUHFSE RAS homepage http://isvch.ru in the section "De-
velopments".

Conclusion

The use of GaN-based monolithic integrated circuits
technology made it possible to realize the engineering solutions
for centimeter- and millimeter wave PA, LNA, VCO and IFA
compartible to the foreign analogs with respect to their per-
formance. The gate length of T-shaped gates is 0.14 um for
mm-wave and 0.25 pm cm-wave transistors.

The MICs can be used in car radars, radio locating de-
vices, and high-rate channels of ground-based and satellite
communications.

The research was supported by the Ministry of Education
and Science of the Russian Federation (Grant Agreement
no. 14.607.21.0011; the unique identifier of the Project:
RFMEFI60714X0011).
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MHCTUTYT CBEpXBBICOKOYACTOTHOM MOJYIIPOBOJHUKOBOM 371eKTpOHUKU Poccuiickoii akageMun Hayk

(UCBYIID PAH), r. Mocksa

PASPABOTKA MATEPUAAOB N ®OTOINPOBOAALWNX AHTEHH
HA UX OCHOBE AAl TEHEPALIMU U AETEKTUPOBAHUSA MMITYAbCHOTO
U HEMPEPbIBHOTI'O TEPATEPLIOBOTO (Tlu) U3AYHEHUA

ITlocmynuna 6 pedaxyuio 01.11.2016

Ilokazano, umo In 39Ga, s,As obnadaem evicokoil sghpexmusnocmoro onmuxo-TIy Koneepcuu, a maKice umeem WUPOKUil
cnexmp uznyuenus enaoms do 6 TIy. Paszpabomana ocnacmka ¢ gomonposodsueii anmennoii (PA) ¢ menioomeodom na ne-
yamuyto naamy. Ilokasano, 4ymo ucnonb308anue menioomeooa no3eoasiem cHusums padouyro memnepamypy DPA na 16—40 %.
Paspabomannsie PA na ochose LT GaAs u Ing 35Ga ) 5As ¢ Qunamuueckum duanazonom no unmencusnocmu 6 2—3 nopsoka ume-

tom cnexkmp eenepauuu 0o 3 Tly.

Karoueesnie caosa: mepacepyosoe uzayuenue, homonpogoosujue anmenHul, omoagpgexm lembepa, homonpogodauuil ma-

mepuan, InGaAs, GaAs, nuskomemnepamypHoiti GaAs

BBenenune

Mznyuenue TteparepuoBoro (TT'1) auamasoHa
(0,1...10 TT'u) HaxoOMT BaKHOE MpPAKTUUYECKOE MpPHU-
MEHeHWEe B 00JIACTU CITEKTPOCKOIMU (OOHapyKeHHe
B3PBIBYATHIX BEIIECTB M BPEIHBIX Ta30B), MEIUITMHBI
(IMarHocTvka pakoBbIX OINyXoJeii), 6e30MacHOCTH,
ouonorum u T.0. Kpome Toro, B aBTOMOOUJIHHOI,
aBUALIMOHHON U KOCMMYECKOI MPOMBILIIEHHOCTU He-
00XOIMMBI Bce OoJiee COBEepIIEHHBIE CUCTEMBl Hepas-
pYIIAIOIIEeTr0 KOHTPOJIS.

Dotonposoasiure aHTeHHbI (DA) ABISIOTCS Tep-
CIIEKTUBHBIMM MCTOYHUKAMM WUMITYJIbCHOTO U HETpe-
pbiBHOTO M3nydyeHus TT'u nguarmazona vacror [1]. Ilpu
o0JlydeHNM aKTUBHOM objactT DA ONTUYECKUM U3-
JlydeHUeM B (DOTOMPOBOJISILEM CI0€ AHTEHHbBI POXK/IA-
10TCsl HOTOBO3OYKACHHbIE HOCUTEU 3apsifia, KOTOPhIE
BIIOCIICACTBUN PA3ICNISIIOTCS U YCKOPSIIOTCS TIPUJIO-
JKEHHBIM K KOHTaKTHBIM a2yiekTpoaaM DA snekTpu-
yeckuM mojieM. PazneneHue ¢poToBo30yXaeHHBIX HO-
CUTeJIel 3apsina MPUBOIUT K MOSIBICHUIO TUIOJBLHOTO
MOMEHTA, KOTOPBINA SIBISICTCSI NICTOYHUKOM TeHEPUPY-
emoro TI'n uanydyeHus. B oTiimuue OoT APYrux UCTOU-
HUKOB TIII M3IydeHWsI, TIPUHLMIT pabOThI KOTOPBIX
OCHOBAaH Ha HEJIMHEMHBIX ONITMYECKMX Ipolieccax, PA
MOTYT MOTEHLUMAIbHO OOECIEeUUTh BBICOKYIO 3dbeK-
TUBHOCTb ONTUKO-TT'11 KOHBepcruUu. B oCHOBHOM B Ka-
yecTBe (hoTONpoBOAALIEeTO cyios Wi DA UCTIONb3YIOT
JBa MaTepuaia: "HH3KOTeMITepaTypHEIi" (low-tempe-
rature grown — LT GaAs) [2, 3] u InGaAs [4]. I1epBblii
MIPUMEHSIIOT IJIT CO3MaHus MCTOYHMKOB TI'T mamyde-
HUS TIOJ OINTUYECKylo Hakauky ~800 HM, a BTOpoOii
MO3BOJISIET paboTaTh ¢ GoJiee NTMHHOBOJTHOBOM ONTH-
4yecKoi Hakaykoii B auarasone 1,0...1,6 mxwm [5].

AJnbTepHAaTUBHBIM MCTOYHUKOM TIL u3aydyeHuUs
SIBJISIIOTCSI (DOTONPOBOASIIME MCTOYHUKM Ha OCHOBE
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poroadpdekra Jlembepa. JlaHHbiil adekT 3akmoua-
€TCSsl B BOBHUMKHOBEHUHU JIEKTPUUECKOTO TOJIsI B TTOTY-
MPOBOAHUKE TIPY BO3AEHCTBUM HA HEro (eMTOCEeKYH-
JHBIMU ONITUYECKMMU UMITYJIbCAMU 3a CUET pasHULIbI B
koo dpuumentax 1ud@y3un 3JIeKTPOHOB U IBIPOK [6]
U HE CBSI3aH C BJIMUSIHUEM BCTPOEHHOTO 3JeKTpUYeC-
Koro moJsi. BBumy OOJIBIIOTO COOTHOIUECHMS Ou-
(by3MOHHBIX MOABMXKHOCTEH 32JIEKTPOHOB U JBIPOK
In,Ga; _ ,As aBiisieTcs XOPOLIMM KaHANAATOM IS CO-
3gaHus uctouHuka TT'1 reHepaluyu Ha oCHOBE (hOTO-
apdexra dembepa.

B Hacros1ieit paboTe puBeneHbl Pe3yIbTaThl pa3-
padorox MCBYIID PAH B obnactu co3maHust U uC-
cnenobanusa marepuanos LT GaAs u In,Ga, _ , As g
x > 0,4 m @A Ha X OCHOBE IS TeHEepaIuy IIMPOKO-
nonocHoro TT'L uznyyeHusl.

I'enepamust TT'n u3myvenns B LT GaAs
H In0,38G30’62AS

OO0pa3ubl CTpyKTyp s reHepanuu 1T msmyde-
HUs ObLIM BbIpAIIEHbI METOAOM MOJIEKYISIPHO-JIyUe-
Boit aniutakcuu (MJID) Ha yctaHoBke Riber 32P. B ka-
YeCcTBE MOMJOXKKHU MCIIOAb30BaIM TIJIACTUHBI TOJY-
usonupytoutero GaAs. ITockonbky B Ing 33Gag ¢rAs
BO3HMKAeT CHJIBHOE PaCCOIIaCOBAHME O ApaMeTpy
KPUCTALTMYECKOUN pelIeTKU ¢ moanoxkoi GaAs, nis
pocTa JAaHHOro (OTOINPOBOASIIEr0 MaTrepuana OblI
KUCIOJIb30BAaH CTYINeHYaTblii MeTaMopdHbIi Oydep
(MB). Cxematmyeckoe u300paxkeHHE Ha IIpUMeEpe
KOHCTpyKLIMHK obpasua Inj 33Ga ¢pAs ¢ MbB, a takxe
[10CIIEIOBATENBHOCTD POCTOBBIX TTPOLIECCOB MPUBELE-
Hbl B pabore [7]. TomuuHa (OTONPOBOISILETO CI0OS
Inj 33Gaj 6rAs Obita paBua 1,0 MKM, Temmeparypa
pocra coctasisina 490 °C. Jlns cpaBHeHUS Obl1 Bbl-
pameH oopazen; LT GaAs ¢ poTonpoBoAsIIINM CI0EM
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Puc. 1. Bpemennas auHaMuka (poTOBO30YKIEHHBIX HOCHTEJIEH 3apsia
anst Ing 33Gay 6,As ¢ MbB npu pasHoii JHepriy ONTHYECKOi HAKAYKH

Fig. 1. Time-resolved dynamics of the photoexited charge carriers for
In ) 35Gay ¢,As with MB at different energies of the optical pumping

GaAs TomuHoi 0,75 MKM Ha JIeTMpOBaHHOM Oydepe
n + GaAs tomuuHoit 0,25 MKM Tak, 4ToObI cyMMap-
Hasl TOJIIIMHA aKTUBHBIX CJI0EB Oblla paBHA NEPBOMY
o0pasiy.

Cnexrp TI'u uznyyeHus: onpenessuin Mo BpeMeH-
HOIT hopme, 3aperuCTPUPOBAHHON C MOMOILLBIO CIEK-
TPOCKOIIUY C BPEMEHHBIM paspelueHueM (time-domain
spectroscopy — TDS). amepenunst npoBoauiau B UTTD
PAH. Ontuueckass Hakayka BBITTOJHSIACH UMITYJIbC-
HbIM u3nydyeHueM Ti:S-nazepa ¢ iMHOM BoJHbBI 800 HM
U JJUTebHOCTHIO 50 (¢ (3HEprust UMMYJIbCOB COCTaB-
nsgna 800 Mk, yacToTa ClAeHOBAHUS MMITYJILCOB —
1,0 xI'u, auametp myuka 7,0 mm) [8].

BpemeHHy0 n1uHaMuKy (hOTOBO30YKAEHHBIX HOCU -
Teseit sapana a4 Ing 33Gag ¢oAs ¢ Mb uccnenosanu ¢
MOMOILBIO CXEMBI "FfaKaqKé—soHJ:mpOBaHMe" B T€o-
METpUM OTpPakeHMS CBETa OT MOBEPXHOCTH OOpasiia
MpU KOMHATHOU TeMmneparype. Pe3ynbrathbl

U3MepeHuld puBeaeHbl Ha puc. 1. Hakau- F——— -
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Puc. 2. Bpemennas ¢opma TT'n umnysibca, u3mMepeHHas 1Jist IBYX HC-
cirenyembix o6pasuos (Ing 33Gag 6As u LT GaAs)

Fig. 2. Wave form of a THz pulse measured for the two investigated
samples (Ing 39Ga ) ¢pAs and LT GaAs)

cueT ucnojb3oBaHusg Mb 1o cpaBHeHMIO ¢ geeKT-
HbeIM LT GaAs. BaxxHo OTMETHUTb, UTO YBEJIMYCHUE
BpeMeHU X13HU (DOTOBO30OYKIEHHbBIX HOCUTENEH 3apsi-
Jla He TIOBJIMSUIO HAa MHTeHCUBHOCTh TT'1l reHepauuu B
Ing 33Gay 6As, a, HAPOTUB, IPUBEJIO K €€ CYLIECTBEH-
HOMY YBEJIMUCHMIO 3a CUYET BKJIaga ¢poroaddexkra JdeM-
oepa B TI'g reHepaumio.

Ha puc. 2 npuseneHa BpemeHHast (popma TI'y nm-
nynsca (Ety,), U3MepeHHas [Uld JBYX MCCIENAYyEMBbIX
o6pasuoB. C nomoiupio Dypbe-Tipeodpa3oBaHUs OT
BOJIHOBO# (hopMbl ObLT TosyueH crnektp T usnyye-
Husg (puc. 3).

BunHo, yto MouHoCTh M3nyyeHus P,,; B obpasie
Inj 53Gaj ¢oAs ¢ Mb Ha nBa nopsaka NpeBOCXOAUT
aﬁa{noruqhylo BesmmunHy miasg LT GaAs. K tomy xe
ero 4YacTOTHBIM AMamna3oH MMeEEeT IIUPOKUM CIEeKTp
n3nydeHus BIUIOTH 10 6,0 TI'u. DT0 cBA3aHO C TeMm,

Ka OCYILECTBJISIIACh C TIOMOIIIbIO BO3IEHC-
TBUSA (PEMTOCEKYHIHBIM JIa3¢POM C IBYMSI
pasHbIMU (QJIIOEHCAMU C BHepruein 45 u
580 Mk/I>K. DKCMOHEHIIMAIBbHO anMmpoOKCU-
MMPYs] BPEMEHHYIO0 KOMIIOHEHTY, COOT-
BETCTBYIOIIYIO JUTNTETHLHOM 3aepkKe (Apy-

BPEMCHEM HpC6BIBaHI/I$I QJICKTpOHa Ha
YPOBHE€ JIOBYIIKMN OO MOME€HTA €ro pCKOM-

(LT GaA

VpoBeHs myma’

OMHALMKU C JBIPKOW B BaJEHTHOI 30HE),
MBI TIOJTYYUJIN BpeMsl XKU3HU (POTOBO3OYK-

JIIEHHBIX HOCUTEJIEN 3apsaa T.
XapakTepHble 3HAUEHMs T HAXOAATCA B
nuanazoHe 10...15 nc aisa obenx sHepruii .
Hakayku. To, yto t musa Ing 33Gag gHAs
6onbiie, uem mig LT GaAs [9]’, SBISIETCSI
CJIEICTBMEM BBLICOKOM IOABMKHOCTU HO-
cuteneit 3apsina B cioe Ing 33Gag grAs 3a
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Puc. 3. Cnekrp TTu umnyabca, MOCTPOEHHDbIA i ABYX HCCJEAyeMbIX 00pa3ioB
(Ino’ssGaO’ﬁzAS u LT GaAS) [11]

Fig. 3. Spectrum of a THz pulse constructed for the two investigated samples
(Ing 35Gay s2As and LT GaAs) [11]
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CTPYKType cOoCTaBMIa ~10_5, YTO Ha He-

CKOJIbKO TMopsiikoB Bbilie, yemM B LT
GaAs. B pganpHeiilieM 3TO MO3BOJUT MC-
MMOJIb30BaTh JAaHHbII Marepuan B (POTO-
IIPOBOISIINX UCTOUYHUKAX Ha OCHOBE JlaTe-
panbHOro (otoapdekra dembepa [12].

Pa3paboTka doTonpoBoaAIIMX AHTEHH
U MCCJIeIOBAHNE UX 3JIEKTPHIECKUX
M TEIUIOBBIX CBOMCTB

OcHoBHOe TipuMeHeHne DA CBSI3aHO C
cucteMamu TT'1 crieKTpocKONuUu AJ1s aHa-
JIn3a OMOJOTMYECKUX OOBEKTOB, B3pbIBUa-
TBIX BELIECTB U XOJIOJHOTO OPYKHS, a TAKXKE
JUUIST Teparuu HeJoO0pOKaueCTBEHHbBIX OIy-
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XOJIel, B 4aCTHOCTH TIPU TMATHOCTHUKE pa-
Ka Koxu [13].

Puc. 4. 3aBucumoctp ammutyasl T u3nydenust ot 3Heprum Hakauyku gemroce-
KYHIHOTO asepa st oGpasua Ing 33Gay 6,As ¢ Mb B orapumuyeckom macurade.

Ha BcTaBKe npuBeneHa JaHHAS 3aBUCMMOCTH B JIMHEHOM MacuiTade

Fig. 4. Dependence of the amplitude of the THz radiation on the energy of pumping of
a femtosecond laser for Ing 35Ga,) s,As sample with M B in a logarithmic scale. The insert

st yBenuueHust 9pOEeKTUBHOCTU OTI-
tuko-TT'1 KouBepcuu B MDA mpUMEHSIOT-
Cs pa3uuHbIe moaxoasn! [15]: pacmmpernue
akTUBHON objactu PA, ucHoib30BaHUE

presents the given dependence in a linear scale

Bug cnepegu
Front view

Bug caagu
Back view

30 mm
30 mm

Puc. 5. CopoeKTHpOBaHHAS OCHACTKA HA OCHOBE TEKCTOJIMTOBOM miathl ¢ DA s
noMeleHus B AepxKaTteb ¢ (pokycupywomeii qun3oi 1na usmepenus TI'n curnana

Fig. 5. Equipment on the basis of a textolite board with PCA designed for the holder

with a focusing lens for measurement of the THz signals

yTo BKJIan B reHepauuto Tl usnydyeHusi B obpasiie
Ing 33Gag 6pAs ¢ Mb, nomnmo yckopeHust GoToBO3-
OY>XIEeHHBIX HOCUTEJIEH BCTPOCHHBIM 3JIEKTPUUECKUM
noyieM, BHocuT potoaddekT demoepa [10]. Ha puc. 4
TpUBeeHa 3aBUCUMOCTb aMIUTyasl TI usnydeHus
OT DHEPruy Hakauyku (heMTOCEKYHIHOTIO Ja3epa Eopt
s obpasua Ing 33Gag oAs ¢ Mb. Buano, yro amm-
mutyna TT'n I/ISJI}’"ICHI/IS;I JIMHEeTHO BO3pacTaeT B JIoTa-
pudMUUYECKOM MacluTabe ¢ yBeJIUYCHUEM DHEpPruu
HaKauyKU.

pu nocTikeHn SHEPrun HaKauku Eqy~ 110 MK
JaHHAs 3aBUCUMOCTH BBIXOIWT Ha HACBIIIEHUE, YTO
CBSI3aHO C YMEHBIIIEHUEM TTOABUKHOCTH 3JIEKTPOHOB B
¢oronposomsitem cioe Ing 33Ga grAs. Ilpn nocra-
TOYHO MaJIOM ONTUYECKOM (I)JIIOCHC’C (~40 MKI[)K/CMz)
apPexkTuBHOCTL onTUKO-TIII KOHBEpCUM B TaKoOil
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IJTA3MOHHBIX HAHOAHTEHH, CO3MaHUe TPEX-
MEpHBIX TUTA3MOHHBIX KOHTAaKTOB U [Ip.
| HecMmoTpst Ha DOCTUTHYTBIE YyCIIeXH B 00-
i smacty umkeHepun ®A, oHU KpaliHe MOMI-
: BEepKEHbl BO3ACHCTBUIO TEMHOBBIX TOKOB
I [16]. DTo CcompoBOXIOAETCS BbIACICHUEM
: JkoyaeBoil Teriothl [17, 18] omHOBpe-
: MEHHO C HarpeBOM OT BO3IEUCTBUS OITH-
| YeCKOIl HaKaukKM Ja3epoM, UTO MPUBOAUT K
: TETJIOBOMY MPOOOI0 aHTEHHHBI.
i MpbI NIpoBeu UcCIeq0BaHNe DIIEKTPU-
| UECKMX M TEIUIOBHIX, a TAKXKE YaCTOTHBIX
| coiictB DA Ha ocHoBe LT GaAs u
| Inj 33Gag goAs ¢ Mb 1 npenoxunm opu-
! TMHAJBHBIA CITOCOO MOHTaXXa KPUCTAJIIIOB
DA Ha TEKCTOJUTOBYIO MIATy 0e3 MpUKJIe-
WBaHMUSI KPEeMHHEBOM JIMH3BI HEITOCPEIC-
TBEHHO Ha aHTEHHY, C BO3MOXHOCTBIO OT-
BOJia TEIUIOThl OT aKTMBHOI objactu. Ta-
Kasg ocHactka ¢ MDA Ha TEKCTOJIMTOBOI
I1aTe MOXeT ObITh MOMellleHa B AepxXKaTesb ¢ (PoKy-
CUpYIOLLIEe JTMH30M Wil IIpoBeaeHus udmepeHuin TIo
curHana. s dopmupoBannss PA Ha BbIpalIEeHHBIX
CTPYKTypax OblL1 pa3paboTaH M MU3rOTOBJIEH (hoTOIIa0-
JIOH, COAepXKallMi HeCKOJIbKO Pa3JIMUHBIX TUIIOB aH-
TEHH ¢ KOHTAaKTHBIMU TUTOIIaaKaMu. Pe3ky rmracTuHb
Ha oTAebHbIe KpucTauibl DA OCYIIECTBIISIN METOIOM
JICKOBOM pe3kn. OcHacTKa [T Aepkareist ¢ (poKycH-
pylolLei TMH301 17151 TipoBeaeHus u3mepenuii TT' cur-
Hasia ObLTa M3rOTOBJIEHA HAa OCHOBE MEYaTHOM IIaThl
13 POTBIrMPOBAHHOTO C ABYX CTOPOH CTEKIIOTEKCTOIM -
Ta (puc. 5). IlocremoBaTeabHOCTb TEXHOJOTMUECKUX
onepanuii moapoOHO onucaHa B padote [19].
WM3mepeHusT BOJbT-aMMEPHBIX XapaKTEPUCTUK
(BAX) npoBoaunu nipu 300 K Ha 30HA0BOI cTaHLIMU
C UTOJbYATBIMU 30HIAMHU, TTOIKITIOYEHHOMN K U3MEPH-
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Puc. 6. Crpykrypa A u KapTuHa pacnpejesieHHs IIOTHOCTH Teln-
JoBbiesenns B poronposonsieM cioe (Ing 33Gag rAs, V3 =10 B).

CrpeJiku yKa3bIBalOT HANpPaBJIeHUE IJIEKTPUYECKOTO MO

Fig. 6. PCA structure and a picture of distribution of the density of the
thermal emission in the photoconducting layer (In 35Ga ) 554s, Vi = 10

V). The arrows indicate the direction of the electric field

TEJTI0 XapaKTePUCTUK TTOIYITPOBOIHUKOBBIX TTPUOOPOB
Tektronix 370A Curve Tracer.

HccnenoBaHue mnpoleccoB MpoTeKaHUsI TOKA U
JKOoyseBa HarpeBa B doTtompoBofsineM ciioe DA
OBLIO MPOBEIEHO C TTOMOIILIO MOJIETUPOBAHMST METO-
JIOM KOHEUYHBIX 3jieMeHTOB B Iporpamme COMSOL
Multiphysics. Ctpykrypa ®A u KapTuHa pacnpeie-
JIeHUS IIJIOTHOCTU [LKOYJieBa HarpeBa Py Ha mpumepe
In 53Ga, ¢HAs mpencrasieHa Ha puc. 6. BuaHo, uto
MaKCHMaJlbHasl [IOTHOCTb TEIUIOBBIICICHUSI COCPe-
JIOTOYEHA y KPaeB MeTaUIM3aluuu (CTpeJKaMu MoKa-
3aHO HampaBJieHUE BJIEKTPUYECKOro IoJisi). Makcu-
MaJIbHbIE PACYETHble 3HAYeHUS Py I TEMHOBOIO
ToKa cocrasnsior 7,43 x 1012 BT/M3 anst @A na LT
GaAs npu npuaoxeHuu Hanpstkenus V, = 15 B u
3,72 x 10'3 Br/m® ans @A na Ing 33Gag 6)As mpu
V, =10 B.

Ha puc. 7 npuBeneHo cCpaBHEHUE 3SKCIEPUMEH-
TadbHBIX U TeopeTmdeckux BAX mma DA Ha ocHOBe
JIBYX MCCJIEeTyeMbIX MaTepuasioB. BunHo, 4To TeopeTu-
yeckad Kpupad 1 TemHoBoro toka /; (COMSOL)
XOPOLIO COIJIACYEeTCA C SKCIEPUMEHTANIbHOM 1; (€Xp.).
BosneiictBue Ha DA (peMTOCEKYHIHBIM UMITYJIECOM C
sHeprueit Hakauku ~1 MIx (mivHa BoiaHbl 800 HM)
TMPUBOINT K TIOSIBJICHUIO HABEICHHOTO (oToToKa I,
", KaK CIeACTBHE, K BO3PACTAHMIO JIKOYJIEBOI Ter-
J0Thl Py. PacyeTHble MaKCUMAaJIbHbIE 3HAUEHUS BEJIN-
4UHBI Py yueToM (OTO- U TEMHOBOTO TOKOB COCTaB-
10T Py~ 3,02 X 1013 BT/M3 s @A Ha LT GaAs npu
V, =15 B u Py~ 822 x 10'3 Br/m® s DA ma
Inj 53Ga ¢,As ipu V), = 10 B. Takum o6pa3om, BO3-
JIHCTBIE ONTUYECKOH HAKAYKI JIA3ePOM TIPHBOIUT K
Bo3pactanuio Py B 4 pasa 1ia @A na LT GaAs u 60-
nee yeM B 2 pasa st PA Ha Ing 33Gag grAs.

Ha puc. 8 npuBeneHbl paccuMTaHHbIC TEMIIEPATyp-
HO-BpPEeMEHHBbIe 3aBUCUMOCTH paboThl PA Ha OCHOBE
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Puc. 7. CpaBHenue sKcniepuMeHTAIBHOM U TeopeTHyecKoii BAX c yue-
TOM BiMsiHuSA (POTOTOKA M 0e3 yyera poroToka aasi PA Ha ocHose LT
GaAs npu V= 15 B (a) u Ha ocnose Inj 33Gay 6,As npu V=10 B (b)

Fig. 7. Comparison of the experimental and theoretical VAC taking into
account the influence of a photocurrent and without a photocurrent for
PCA on the basis of LT GaAs at V), = 15 V (a) and on the basis of
1”0.380‘10.62’45 at Vb =10 V(b)
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Puc. 8. Paccuurannbie TemnepaTypHbie 3aBucumMocTy padotsl @A na
ocrose LT GaAs (ma ¥, = 15 B) u Inj 33Gaj 6,As ¢ Mb (ans

Vy = 10 B) or BpeMenn npu HenpephIBHOM NPOTEKAHMH TOKA C Ten-
JI0OOTBOJIOM M 0e3 Hero

Fig. 8 The calculated temperature dependences of operation of PCA on
the basis of LT GaAs (for V), = 15 V) and In 35Ga) s,As with MB (for

V,, =10V) on time at a continuous current with a heat sink and without it
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@A Ha ocHoee LT GaAs
PCAon LT GaAs

1E-5 | L 'r'-.

Prel' arb. un.

1E-8

Puc. 9. Cnextp TT'n ummysibca, nocrpoennbiii 1iisi @A na LT GaAs,
npy npuioxenny nanpsxennsa V; = 0u 20 B

Fig. 9. Spectrum of a THz pulse constructed for PCA on LT GaAs at
the applied voltage of V), = 0 and 20 V

1E-4

@A Ha ocHoBe Ino_aaGaoszAs

165 PCAonin, Ga As

Pre‘, arb. un.

1E6 |

Puc. 10. Coekrp TI'm wmmyabca, moctpoennsiii ana P®A Ha
Ing 33Gay gyAs, npu npunoxenny Hanpskennst V; =0u 5 B

Fig. 10. Spectrum of a THz pulse constructed for PCA on In 39Ga,) s5As
at the applied voltage of V), = 0 and 5V

LT GaAs c yuetoMm OTBOJA TEIIOThl HAa TEKCTOJIUTO-
BYyIO IuiaTy U 0e3 OoTBOJa TEIUIOThl. BuaHO, 4TO MC-
MOJb30BaHKE TEIJI00TBOAA HAa TEKCTOJUTOBYIO MJIATY
MTO3BOJISIET YMEHBIINUTh Pab0OUyIo TeMIlepaTypy aHTeH-
Hbl Ha 16 % mis DA Ha ocHoBe LT GaAs u Ha 40 %
nna @A na ocHose Inj 33Ga 6pAs ¢ Mb. Crour ot-
MeTUThb, uyTo ®A Ha LT GaAs 6e3 TEMJI00TBOA MOUYTH
He HarpeBaeTCs W BBIXOAUT Ha HACHIIICHWE IO TeM-
rneparype B TeueHue 3—4 MUH, B TO BpeMsl Kak DA Ha
Inj 33Gag 6pAs NCMBITHIBACT CKAYOK C IPALUECHTOM I10
teMmrneparype ot 25 mo 35 °C. Ilockombky P®A Ha
Ing 33Gay gyAs nMeeT GOMbLINIA TEMHOBOI TOK U, CO-
OTBETCTBEHHO, OOJIbIIIE MKOYIEBOUM TETUIOTHI BBIIEISI -
€TCS1 B €NMHUILY BPEMEHU, TO MCIIOJIb30BaHUE TEILIO-
OTBOZSIIEN TTOBEPXHOCTU ITO3BOJISIET CKOMITEHCHPO-
BaTh HETATUBHOE BO3IEMCTBME TEMHOBOTO TOKA Ha pa-
00Ty aHTEHHBI.

Ha puc. 9 u 10 npusenens! crektpsl TI'n uzmy-
yeHust st AByx uccienyembix @A Ha LT GaAs n
Ing 33Gag gpAs ¢ MB. BunHo, 4to IMHaMUYECKuUii
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Iyana3oH (II0 OCU OpAMHAT) MO M3JIy4yaeMOI MOILILI-
HOCTH COCTaBJIIeT MPUMEPHO JBa MopsiaKa sl o0enx
anteHH. [Ipunoxenne Hanpskenus Vy, = 20 B x @A
Ha LT GaAs npuBOAUT K YBEJIUUYEHUIO WHTCHCUB-
Hoctu TT'11 reHepauuu Gojiee yeM Ha MOPSIIOK, B TO
BpeMs KaK NpUJIOXKeHUe HanpskeHus V, = 5 B k A
Ha Inj 33Ga ¢HAS yBeIMYMBAET UHTEHCUBHOCTh HE3HA-
YUTEITHHO. BépogTHo, 3TO CBSI3aHO C T€M, YTO aHTEH-
HBI ¢ oronpoBoiAuM cnoeM Ing 33Gay ¢HAs criib-
Hee "TeKyT', IO3TOMY JUIST HUX JOMOTHUTENBHO TpeOy-
€TCS BBITPABIMBATL ME3Y, YTOObI YMEHBLINUTD /.

3akinouyeHue

B pabote mpuBeneHbl pe3yabTaThl pa3pabOTOK U
ncciaegoBaHusl ¢GoTornpoBoadMX MmarepuaiaoB LT
GaAs u In Ga; _ ,As (114 x > 0,4) 1 aHTEHH Ha UX OC-
HoBe 11 reHepauuu TT'u uznydyenus. IlokazaHo, 4To
Inj 33Gay 6pAs ¢ Mb nmMeer 1MpoKuii CIIeKTp n3iyye-
Hust (mo 6 TI'm), a Takke BBICOKYIO MHTEHCHMBHOCTh
TTu reHepalMu, KOTopasli Ha JiBa MOpPsiIKa MPeBOCXO-
JIUT aHanornuHyto Benuuuny 1jst LT GaAs. Ha ocHoBe
YKa3aHHBIX MarepuajoB paspaboranbl MA, KOTOpbIe
OBbLIM CMOHTHMPOBAaHbI Ha TEKCTOJWTOBYIO TIaTy IJIsSI
OTBOJIa TETJIOTHl OT aKTUBHOI 00JIaCTU aHTeHHBI. BbI-
JIO TIOKA3aHO, YTO MCITOJb30BaHME TETUIOOTBOAA T03-
BOJISIET CHU3UTH pabouyto temmeparypy PA ot 16 mo
40 % B 3aBUCHMOCTH OT (POTOMPOBOASIIETO MaTEPHUa-
na. U3MepeHunst yacTOTHBIX XapakTepucTuk @A Ha oc-
HoBe LT GaAs u Inj 33Gag ¢,As ¢ Mb nokasanu, 4to
06€ aHTEeHHBI UMEIOT cnerp usnydyeHus no 3 TT.

Asmoput evipadcarom 61a200apHoCmb COMPYOHUKAM
UIID PAH U. E. Uasxosy, b. B. llluwkuny u P. A. Ax-
MeOICanogy 3a UmMepeHusi CneKmpoCcKoOnuu ¢ 8peMeHHbIM
paspeuienuem 041 omonpoeodsuux mamepuanros LT
GaAs u Ing 35Ga ) ¢pAs, compyonuxam MUPIA A. M. by-
pakosy, . H. Xycaunosy, E. JI. Muwunoii 3a uzmepe-
Hus PA Ha ocHOBe YKA3AHHBIX MaAMepuanios, a makaice
compyonukam MCBYIID PAH JI. H. Chanoeckomy u
0. A. Pybany 3a nomowp 6 uzeomosaernuu DA u mou-
masic Kpucmaniog aHmeHH Ha NAGMY.

Paboma eévinosnena npu wacmuuHoi (huHaHcoeoll noo-
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1t was demonstrated that In) 39Ga s,As was characterized by a high efficiency of the optical-THz conversion and by a broadband
spectra up to 6 THz. Rigging was developed with a photoconductive antenna (PCA) and a heat sink connected to a printed circuit board.
It was also demonstrated that the use of a heat sink reduced the temperature of PCA by 16—40 %. The PCA developed on the basis
of LT GaAs and In 35Ga,) s,As and with the dynamic range of intensity of 2—3 orders had the spectra of generation up to 3 THz.
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Introduction

Radiation of the terahertz (THz) range (0.1...10 THz)
finds important applications in spectroscopy (detection of ex-
plosives and harmful gases), medicine (diagnostics of cancer
tumours), security, biology, etc. Besides, the automobile, avi-
ation and space industries require more efficient systems of
nondestructive control.

The photoconducting antennas (PCA) are promising
sources of the pulse and continuous THz radiation [1]. An op-
tical irradiation of the active area of PCA generates the pho-
toexited charge carriers in its photoconducting layer, which
are divided and accelerated by the electric field applied to the
contact electrodes of PCA. Division of the photoexited charge
carriers leads to appearance of a dipole moment, which is a
source of the generated THz radiation. Unlike other sources
of the THz radiation, the operating principle of which is based
on nonlinear optical processes, PCA can potentially ensure
high efficiency of the optical-THz conversion. As the photo-
conducting layer for PCA the low-temperature grown — LT
GaAs [2, 3] and InGaAs [4] are used. The former is applied
for creation of THz radiation sources for the optical pumping
of ~800 nm, the latter allows us to work with a more long-
wave optical pumping within the range of 1.0...1.6 pm [5].

The alternative sources of THz radiation are the photo-
conducting sources on the basis of the photo-Dember effect.
It consists in appearance of the electric field in a semicon-
ductor under the influence of the femtosecond optical pulses
on it, due to the difference in the coefficients of diffusion of
the electrons and holes [6], and it is not connected with the
influence of the embedded electric field. Due to a big corre-
lation of the diffusion mobilities of the electons and the holes
In,Ga, _ ,As is a good candidate for creation of THz source
generation on the basis of the photo-Dember effect.

The work presents the results of ISVChPE of RAS in the
field of research and development of LT GaAs and In,Ga; _ | As
materials for x > 0.4 and PCA on their basis for generation of
a broadband THz radiation.

Generation of THz radiation in LT GaAs
and In0.38Gao_62AS

The samples of the structures for generation of THz radia-
tion were grown by the method of the molecule-beam epitaxy
(MME) on Riber 32P installation. As a substrate the plates of
semi-insulating GaAs were used. Since in Inj33Gaj¢rAs a
strong mismatch may occur on the parameter of a crystal lat-
tice with GaAs substrate, for growth of a photoconducting
material the stepped metamorphic buffer (MB) was used.
A schematic image of the design of Ing33Gag 6rAs sample
with MB, and also the sequence of the growth processes are
presented in [7]. The thickness of Inj 33Ga ¢,As photocon-
ducting layer was equal to 1.0 um, the growth temperature
was 490 °C. For comparison reasons, a sample of LT GaAs
with the thickness of the photoconducting layer of GaAs of
0.75 pm was grown on the alloyed buffer of n + GaAs with
thickness of 0.25 um, so that the total thickness of the active
layers was equal to the first sample.

The spectrum of THz radiation was determined by the time
form recorded by means of the time-domain spectroscopy —
TDS. Measurements were done in IAP of RAS. The optical
pumping was carried out by the pulse radiation of a Ti:S laser
with the wavelength of 800 nm and duration of 50 fs (energy
of the pulses was equal to 800 uJ, the frequency of their se-
quence — 1.0 kHz, diameter of the beam — 7.0 mm) [8].
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The time dynamics of the photoexited charge carriers for
Inj 33Ga ¢,As with MB was investigated by means of the
"pumping-probing" scheme in the geometry of the light re-
flection from the surface of a sample at the room temperature.
The results of the measurements are presented in fig. 1. The
pumping was carried out by means of a femtosecond laser
with two different fluences with the energy of 45 and 580 uJ.
Exponentially, by approximating the time component corre-
sponding to a long delay (this component is connected with
the time of an electron’s stay at the trap level till the moment
of its recombination with a hole in the valency zone), we got
the time of the life of the photoexited carriers of the t charges.

The typical values of t are within the range of 10...15 ps for
both energies of pumping. The fact that © for Inj 33Gay ¢,As is
more than for LT GaAs [9] is a consequence of high mobility
of the charge carriers in Ing 33Ga 6yAs layer due to the use
of MB in comparison with the defective LT GaAs. It is im-
portant to point out, that the increase of the lifetime of the
photoexited charge carriers did not affect the intensity of the
THz generation in Inj 33Ga ¢,As, but led to its essential in-
crease due to contribution of the photo-Dember effect to the
THz generation.

Fig. 2 presents the time form of THz pulse (£7y,) meas-
ured for the two investigated samples. By means of the Fou-
rier transform the range of the THz radiation was obtained
from a wave form (fig. 3).

It is visible, that the power of radiation P, in
Inj 33Gag ¢Asc sample with MB by two orders surpasses the
similar value of LT GaAs. Besides, its frequency range has a
wide spectrum of radiation, up to 6.0 THz. This is connected
with the fact that besides the acceleration of the photoexited
carriers by the embedded electric field, a contribution to
generation of the THz radiation in sample Ing 33Gag grAsc
with MB is brought by the photo-Dember effect [10]. Fig.4
presents the dependence of the amplitude of the THz radia-
tion on the energy of pumping of the femtosecond laser Ejpt
for Ingy 33Gag grAsc sample with MB. It is visible, that the am-
plitude of the THz radiation increases linearly in a logarith-
mic scale with an increase of the energy of pumping.

When the energy of pumping reaches Eopi ~ 110 uJ the
given dependence comes to the level of saturation, which is
connected with a lower mobility of the electrons in the pho-
toconducting layer of In 33Ga ¢,As. At a rather small optical
fluence (~40 pJ /cmz) the efficiency of the optical-THz con-
version in such a structure was ~107> , which is by several or-
ders higher than in LT GaAs. Later it will allow us to use the
given material in the photoconducting sources on the basis of
the lateral photo-Dember effect [12].

Development of the photoconducting antennas
and study of their electric and thermal properties

The basic application of PCA is connected with the systems
of the THz spectroscopy for analysis of biological objects, ex-
plosives and cold arms, and also for therapy of malignant tu-
mors, in particular, during diagnostics of a skin cancer [13].

In order to increase the efficiency of the optical-THz con-
version in PCA various approaches are applied [15]: extension
of the active area of PCA, use of plasmon nanoantennas, de-
velopment of 3D plasmon contacts, etc. Notwithstanding the
success in the field of PCA engineering, they are extremely sub-
jected to the influence of the dark currents [16]. This is accom-
panied by allocation of the Joulean heat [17, 18] simultaneously
with heating under the influence of an optical pumping laser,
which leads to a thermal breakdown of an antenna.




We carried out research of the electric, thermal and also
frequency properties of PCA on the basis of LT GaAs and
Inj 33Ga 4,As with MB and offered a way of installation of
PCA crystals on a textolite board without gluing of a silicon
lens directly to an antenna with a possibility of a heat sink from
the active area. Such equipment with PCA on a textolite board
can be placed in a holder with a focusing lens for carrying out
of measurements of the THz signals. For formation of PCA on
the grown structures a photo mask was developed and manu-
factured containing several various types of antennas with the
contact platforms. The plates were cut in PCA crystals by a disk
cutter. The device for the holder with a focusing lens for meas-
urement of THz signals was made of a printed-circuit board
from a glass-fiber plastic, foil-coated on both sides (fig. 5). The
sequence of operations is described in detail in [19].

Measurements of the volt-ampere characteristics (VAC)
were done at 300 K on a probe station with needle probes,
connected to Tektronix 370A Curve Tracer, measuring in-
strument of characteristics of the semi-conductor devices.

Research of the processes of the current behavior and
Joule heating in the photoconducting layer of PCA was done
by means of simulation by the method of final elements in
COMSOL Multiphysics program. The structure of PCA and
a picture of distribution of the density of the Joule heating Py
are presented in fig. 6 on the example of Inj 33Gay gyAsis. It
is visible that the maximal density of the thermal emission is
concentrated at the edges of metallization (the arrows show
the direction of the electric field). The maximal calculated
values of Py for the dark current are 7.43 x 1012 W/m? for
PCA on LT GaAs at the applied voltage V;, = 15 V and
3.72 x 10" W/m? for PCA on Inj 33Gay ¢)As at ¥, = 10 V.

Fig. 7 presents a comparison of the experimental and
theoretical VAC for PCA on the basis of the two investigated
materials. It is visible, that the theoretical curve of the dark
current /; (COMSOL) agrees well with the experimental 7,
(exp.). The influence of femtosecond pulse with the pump-
ing energy of ~1 mJ (wavelength 800 nm) on PCA leads to
appearance of an induced photocurrent /; and growth of
Joule heating Py. The maximal calculation data of Py tak-
ing into account the photo- and dark currents are equal to
Py~ 3.02 x 10'3 W/m? for PCA on LT GaAs at V, = 15V
and Py~ 8.22 x 103 W/m? for PCA on Ing 33Gay ¢,As at
V,, = 10 V. Thus, the influence of an optical pumping by a la-
ser leads to a 4-times increase of Py for PCA on LT GaAs and
more than 2 times for PCA on Ing 33Ga ¢,As.

Fig.8 presents the calculated temperature-time dependen-
cies of operation of PCA on the basis of LT GaAs with account
of a heat sink to a textile board and without a heat sink. It is vis-
ible, that the use of a heat sink to a textolite board allows us to
reduce the working temperature of an antenna by 16 % for PCA
on the basis of LT GaAs and by 40 % for PCA on the basis of
In 33Gay ¢rAs with MB. It should be pointed out that PCA on
the basis of LT GaAs without a heat-conducting path almost
does not heat up and comes to saturation by temperature during
3—4 min., while PCA on In, 33Ga, 4,As demonstrates a jump
with a gradient by temperature from 25 up to 35 °C. Since PCA
on Ing 33Gay 6»As has a higher dark current and more of Joule
heating is emitted in a unit of time, the use of a heat-removing
surface allows us to compensate for the negative influence of the
dark current on operation of the antenna.

Fig. 9 and 10 present the spectra of the THz radiation for
the two investigated PCA on LT GaAs and Ing 33Ga ¢,As
with MB. It is visible, that the dynamic range (by the axis of
ordinates) by the radiation power is about two orders for both

antennas. Application of voltage V, = 20 V to PCA on LT
GaAs leads to an increase of the intensity of the THz gener-
ation by more, than 10 times, at that, application of voltage
V, =5 Vto PCA on Ing 33Ga 4,As increases the intensity on-
ly insignificantly. Possibly, this is connected with the fact that
the antennas with a photoconducting layer of Inj 33Ga ,As
"flow" more intensively, therefore, they require additional
etching of mesa to reduce /.

Conclusion

The work presents the research of the photoconducting
materials of LT GaAs and In,Ga; _ ,As (for x > 0.4) and an-
tennas on their basis for generation of the THz radiation. It
was demonstrated, that In; ;3Ga 4,As with MB had the spec-
trum of radiation up to 6 THz, and also a high intensity of the
THz generation, which by two orders surpassed the similar
value for LT GaAs. On the basis of the specified materials
PCA were developed, assembled on a textolite board, to en-
sure a heat sink from the active area of the antenna. It was
demonstrated, that the use of a heat sink made it possible to
lower the working temperature of PCA from 16 up to 40 %,
depending on a photoconducting material. The measure-
ments of the frequency characteristics of PCA on the basis of
LT GaAs and Inj 33Gag ¢,As with MB proved that both an-
tennas had the spectrum of radiation up to 3 THz.
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MHCTUTYT CBEpXBLICOKOYACTOTHOI I1OJYIIPOBOIHUKOBON 371eKTPOHUKM Poccuiickoil akagemuu Hayk, I. MockBa

HEPA3PYLWIAIOWIMUE METOAbI KOHTPOAA APCEHUAHbBIX
M HUTPUAHDbIX TETEPOCTPYKTYP C KBAHTOBOM IMOM

Ilocmynuna 6 pedakuuro 11.11.2017

Paccmampuearomes Hepaspyuwarouue memoosi KOHMPOAS HUMPUOHBIX U APCCHUOHbIX 2emepoCmPYKmyp ¢ KEAHMOBOU SMOU:
CNEKMPOCKONUSs (POMOMOMUHECUCHUUU, PEHM2CHOBCKAsL OUMDPAKMOMEMPUsL, uzmeperue 016m-papaonsix xapaxmepucmuk. O0o-
SICHEHbl OCHOBHbIE NPUHUUNLL IMUX MemOo008 U epaHuybl ux npumenumocmu. Onucanvi 0COOeHHOCMU NPUMEHEHUs. SMUX MeM0008
K HUMpUOHbIM U apceHudHvim eemepocmpykmypam (Al, Ga, In)N u (Al, Ga, In)As, a makaice ux pazruqus.

Karoueesvie caosa: nanocmpykmypol, 6046m-gapaouvie XapaKmepucmuxu, GomostoMUHECUeHyusl, PeHmeeH08CKas Ouppak-

Yusi, Hepa3pyuanwull anaius

BBenenune

CoBpeMeHHbIe TeHACHIIMU Pa3BUTHSI TEXHOJOTUU
HEMT (high electron mobility transistor) HarmpaBJIeHbI
Ha yTOHEHHE 0apbepHOTO CJIOSI MOJIYIPOBOJIHUKOBOM
reTepOCTPYKTYPHI NJI YMEHBIIEHUS T10A3aTBOPHOM
€MKOCTH, YTOOBI 00ecreunTh 00Jiee BEICOKME pabounie
YaCcTOThI TPAH3UCTOPOB. PazpaboTka MOHOJIUTHBIX UH-
TerpajbHbIX cXeM Ha ocHoBe HEM'T 3HaunTebHO yi-
poIaeTcsl TPy MCIOIb30BAaHUU CHUCTEM aBTOMATH3M-
POBAHHOTO MPOeKTUpoBaHMs. sl IpUMEHeHuUsl cuc-
TeM aBTOMaTU3MPOBAHHOTO MPOEKTUPOBAHUSI HEOOXO-
JVMbBI MOJIEJIU, JAIOLIe KOMITJIEKCHOE TpeacTaBIeHUe
0 TeTEepOCTPYKTYpe: COCTOSIHME CJI0eB, 00pa3ylolInux
JIBYMEPHYIO TTOTCHIIMATbHYIO MY, HaJTUIUEe U IPUPO-
Ja 2JEKTPOHHBIX JIOBYLIEK, KOHUEHTpauusi U MO.I-
BUIKHOCTD 3JIEKTPOHOB B KaHaJabHOM ciioe. [Toatomy
Hepaspylalolil KOHTPOJAb MCXOAHBIX I'€TePOCTPYK-
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Typ SIBASIETCS OAHUM M3 KJIIOYEBHIX MOMEHTOB TMPU
MPOEKTUPOBAHUU W U3TOTOBJICHUM MOHOJMTHBIX MH-
TerpajibHbIX cxeM. B paboTe paccMOTpeHbl OCHOBHBIE
METOJbl Hepa3pyllaollero KOHTPOJS MOJYyIpPOBOI-
HUKOBBIX TETEPOCTPYKTYp C KBAHTOBBIMU SIMAMM U
JBYMEPHBIM 2JIEKTPOHHBIM Ta30M — KaK apCeHUIHBIX
(Al, Ga, In)As, takx u HuTpuaHbix (Al, Ga, In)N.
[TepBble OOBIYHO BBIPALIMBAIOT METOIOM MOJIEKYJISIp-
HO-JTy4yeBO# anuTakcuu Ha rnojioxkax GaAs (100) u
InP (100), a BTopble — METOAOM METaJUIOPraHUYeCKOM
razodasHoii snurakcuu Ha nomnoxkax Al,O5 (0001) u
6H-SiC (0001).

1. CoekTpockonus ()oTOIOMUHECICHIIMH

KayecTBO TONYIIPOBOTHUKOBBIX TeTEPOCTPYKTYP
MOKHO KOHTPOJMPOBATH CITEKTPOCKOIMMEH (HOTOI0-
muHecteHuuu (OJI) [1]. DTOT MeTOA MPUMEHNM K ITO-
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Fig. 1. PL spectrum of a nitride structure in the ultra-violet range; a — from the work [2]; b — from the work [5]

JIYTIPOBOAHUKOBBIM COCAMHEHUSIM, B KOTOPBIX Tepe-
X071 (pOTOBO30YXKIEHHOIO 3JIEKTPOHA U3 30HbI MPOBO-
IVMOCTH B BaJICHTHYIO 30HY HE COIIPOBOXKIAETCS ITO-
Tepell uUmnysabca (MPSMOR TIepexona, MPsSIMO30HHbBIE
MOJTYTIPOBOAHUKHM). K HUM OTHOCSITCS KaK apCeHUIbI,
TaK U HUTpUAbl MeTasioB 111 rpyrmnbl nepuoanyeckoi
cucteMbl (3a uckioueHueM AlAs). Mi3amepeHue criek-
TPOCKOIUU (POTOIIOMUHECLIEHLIUU TPEOYET OXJIAXKIE-
HUS 00pasiloB XOTsS OBl M0 TeMITepaTypbl KUTICHWS
xuakoro azora (77 K), 3a cuer aToro yBeanuuBaeTcs
MHTEHCUBHOCTb PETUCTPUPYEMOTO JTIOMUHECLIEHTHOTO
W3Ty9eHUs W, caMoe TJIaBHOE, pa3pelnarTcs OJM3KO
pacrojio)KeHHbIe TTMKK Ha CHEeKTpax.

JlloMuHEeCUEHTHOEe M3JyYeHHUe apCEeHUAHBIX TeTe-
poctpyktyp (Al, Ga, In)As nexut B o0ieM B Oosee
HU3KO2HEPIreTUYeCKol 00JacTu 3JeKTPOMArHUTHOTO
crnektpa (0,5...2,4 3B) nmo cpaBHEHUIO C JIOMUHEC-
LIEHTHBIM U3JIyYeHUEM HUTPUIHBIX TETePOCTPYKTYP
(Al, Ga, In)N (0,9...5,5 3B). I[Tpu ®JI 060MX TUTIOB Te-
TEPOCTPYKTYP HAOMIONAIOTCS CIEAYIOIINE TUITBI M3JTy-
YyaTeJbHbIX 2JIEKTPOHHBIX IEPEXOA0B: 4epe3 3ampe-
ILIEHHYIO 30HY 00beMHOro matepuaina (kpaesas MDJI),
MEXIY YPOBHSIMU pa3MepHOIro KBAaHTOBAHUSI JIEKTPO-
HOB M IBIPOK B KBAaHTOBBIX SIMaX, a TAKKE C YPOBHEU
npumeceil nin neheKToB B BAJCHTHYIO 30HY.

I'erepoctpykTypel Ha ocHoBe GaN (Al Ga,_,N/GaN
wm In Ga; _ N/GaN), Bozoyxnaembie 1azepom (PDJI)
WIM 3JIEKTPOHHBIM ITyYKOM (KaTOAOJIOMUHECLEHIINS ),
TeHEePUPYIOT COOCTBEHHOE M3TyYeHWe B HECKOJBKUX
Jyana3oHax: yJabTpadroieTOBOM, BUAUMOM U OJIMXK-
HeM MHGbPaKpacHOM.

B ynbTpadmoneToBoM auama3oHe MposIBIISIETCS TaK
Ha3bIBaeMasl KpaeBasi/okoJjiokpaeBass @JI (aHri. Tep-
MUH near-band-edge emission), KoTopasi BbI3BaHa pe-
KOMOMHaIIMeil 9KCUTOHOB B 00beMHOM cioe GaNlN.
Takasa ®DJI o6s13aTeALHO MPOSIBUT Ce0ST HAa CIEKTpax
HUTPUIHBIX T€TEPOCTPYKTYP, TaK Kak Marepuan GaN
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MIPUCYTCTBYET M TOMUHUPYET BO BCEX HUTPUIHBIX Te-
TepocTpyKTypax (puc. 1). OCHOBHOH MUK C SHEPreTH-
YeCcKUM TojioxkeHueMm 3,456 3B (TemmiepaTypa namepe-
nuit 15 K [2]), 3,468 3B (10 K [3]), 3,484 5B (10 K [4])
BbI3BaH PEKOMOMHAIIMEN 3KCHUTOHOB, CBSI3aHHBIX Ha
HENTpaIbHBIX MEJIKUX JOHOpax (aHTJ. TepMUH donor-
bound exciton, DBE). MeHee MHTEHCUBHbIE TTUKU BbI-
3BaHbl OAMHOYHOI M ABOMHOI (DOHOHHOI PEIUIMKOI
pekomouHaruu DBE (3,369 n 3,269 3B coorBercT-
BeHHO [2]; B paboTe [3] mepBasi hOHOHHAasI periMKa Ha
3,406 3B). B muieHKax ¢ 04eHb BBICOKMM COBEpIIEHC-
TBOM KPUCTa/UIMYECKON CTPYKTYPbI, BbIPALLIEHHBIX Ha
noanoxkax GaN, npu temrieparype usmepeHuit 15 K
B ciektpe PJI B obnactu 3,3...3,5 3B paspeinaercs no-
BOJIBHO MHOT'O OTIEJbHBIX MUKOB [5]. U3 HUX nBa Ha-
nboee MHTEHCUBHBIX MMKA C SHEPTeTUISCKUMHU TT0-
noxeHusimu 3,4720 u 3,4728 3B BbI3BaHbI peKOMOU-
Hauueil A-3KCUTOHOB, CBSI3aHHBIX Ha HEUTpaJbHBIX
menkux gpoHopax (DBE): kucinopone u KpeMHUM CO-
OTBETCTBEHHO. MeHee MHTEHCUBHBIC MUKN BbI3BAHBI:
peKoMOMHaIMel A-3KCUTOHOB, CBSI3aHHBIX HA HEMUT-
paTbHOM MEJTKOM HEUACHTU(UITNPOBAHHOM aKIIETITO-
pe (3,4673 5B); OBYX2JEKTPOHHOM pPeKOMOMHALIME
A-3KCUTOHOB, CBSI3aHHBIX Ha HEWTPaJIbHBIX MEIKMX
noHopax O u Si (3,4475 u 3,4512 3B cooTBeTCTBEH-
HO); pekoMOuHaireil B-3KCUTOHOB, CBSA3aHHBIX Ha
HEUTpaJbHBIX MeJIKUX goHopax O u Si; pekoMOUHa-
et cBoboaHbIX A- u B-akcutoHoB. Eciu usmepe-
HUS IPOBOIST TIPU HEAOCTATOYHO HU3KOI TeMITepaTy-
pe (30...77 K [6]), TO B TaKuX cJIy4asix TOHKasl SKCH-
TOHHasI CTPYKTypa He pas3jinJaeTcs, BUIECH TJIaBHBIM
o0Opa3oM ymmpeHHbI ocHoBHOM MK DBE. I1pu yBe-
nnueHum nedektHocty reHok GaN (Hampumep, ec-
JIM TIOHMZKAETCsl TeMIlepaTypa pocTa IieHOK oT 680 mo
500 °C mpu MOCVD [7] nn6o0 TIeHKM BBIpallMBaIOT-
cs1 Ha nomioxkax Si [7, 8]) MHTEHCUBHOCTDb IMKa Kpa-
eBoii DJI, KOTOpBI B 3TOM cllydae TakxKe He paspe-
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Puc. 2. KoppeasnmuonHass 3aBUCHMOCTb NOJymmpunbl muka OJI
KBAHTOBO# SIMbI Ino’7A10’3AS/In0’75G30,25AS/In0’7A10’3AS npu T=77K
OT KOHIIEHTPAIWH JABYMEPHOT0 3JIEKTPOHHOTO Ta3a n,, FWHM — full
width of half maximum

Fig. 2. Correlative dependence of the semi-width of PL peak of the
quantum well of the Iny Al 3As/In 75Ga ) 55As/Iny Al ;As at T =77 K
on the concentration of two-dimensional electronic gas n,p, FWHM —
Sfull width of half maximum
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Puc. 3. KoppeisimoHnasi 3aBUCHMOCTb MHTeHCHMBHOCTH Jinnuu DJI
KBAHTOBO# IMbl OT MOJIBMXKHOCTH 3JIeKTpoHOB npu 7= 77 K

Fig. 3. Correlative dependence of the intensity of PL line of a quantum
well on the mobility of electrons at T = 77 K
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Puc. 4. Cnekrp ®JI nenernposannoii mienku GaN B BUIHMOM H YJIb-
TpaduoseToBoM AuanasoHax [4]

Fig. 4. PL spectrum of the unalloyed GaN film in the visible and ultra-
violet ranges [4]
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1IaeTCS Ha OTHEJIbHBIC JIMHUM, YMEHBIIIAETCS, U 3TOT
IMMK MOXET JaXe BOBCe McUe3HyTb. Kpome TOTO, B
yABTPAhHUOJIETOBOM AUAIa30He TaKKe HAXOAUTCS TTMK
OT DKCHUTOHOB, CHJIBHO CBSI3aHHBIX Ha TPOTSKEHHBIX
nedexrax, B YaCTHOCTU Ha JUCJIOKAlLUsX (ero sHepre-
Taeckoe nosioxxenue 3,370 3B [9] mbo 3,404 3B [8]).
B pabore [10] moka3aHO, 4TO, aHaAJIU3UPYsT 3aBUCH-
MOCTb UHTEHCUBHOCTH KpaeBoil DJI anuTakcuanbHOM
mieHkrn GaN OT MHTEHCUBHOCTU (hOTOBO30YKACHMS,
MOXHO CIelaTh BBIBOA O TUIOTHOCTU OUCIIOKAIIMi B
IUTEHKEe W Ka4eCTBEHHO CPaBHUTH pa3HbIe TIJICHKU T10
3TOMY TapaMeTpy.

Taxke B ynabTpadrojieTOBOM Auamna3oHe Mpu HucC-
cienoBaHuu rerepoctpyktyp AlGaN/GaN ¢ KBaHTO-
BbIMU siMaMu TposiasieTcsa PDJI, cBsazaHHas ¢ mepe-
XOJlaMM 3JICKTPOHOB MEXKIYy YPOBHSIMH pPa3MepHOTO
KBaHTOBaHUs B KBaHToBOi sMe [3, 11]. C moMomibio
HCCIIEIOBAaHUST TEMIIEPAaTypHOM 3aBUCUMOCTU TTIOJY-
LLIMPUHBI MUKOB (POTOTIOMUHECLIEHLIMU, OOYCIOBICH-
HBIX U3JIy4yaTeJIbHBIMU TIEPEX0aaMu DJIEKTPOHOB MEXK-
Iy SJIGKTPOHHBIMU W JBIPOYHBIMU YPOBHSIMHU pa3Mep-
HOTO KBaHTOBaHMSI B KBAHTOBOM sIM€, MOKHO OLIEHUTh
KOHIICHTPAIIAIO 3JIEKTPOHOB B KBAHTOBOU sIMe TETEPO-
CTPYKTYpHI [12]. DTO cripaBeaJIMBO TakxKe U IJIs1 apce-
HUJHBIX reTepocTpykTyp [13], Kak mokazaHo Ha puc. 2.
A 1o mHTeHCcHBHOCTH DJI KBaHTOBOI SIMBI MOXHO
OLICHUTD ITOJBMKHOCTD 3JIEKTPOHOB [13], Kak mokasza-
HO Ha pucC. 3, TaK KaK ¥ Ta U Ipyrast BeTMINHA 3aBUCUT
OT 1e(EeKTHOCTU TeTePOCTPYKTYPHI.

B nuamazoHe BMAMMOIO M3JyYEHMST MPOSIBISETCS
Tak HaseBaeMas "xenras' PJI (aHTIA. TepMuH yellow
luminescence). B cnektpe ®JI HabmomaeTcsi O4eHb
IIMPOKMI MUK B obmactu 1,5...2,5 3B ¢ Mmakcumymom
BOMM3M 2,2 3B (puc. 4), KOTOpbIii BBI3BaH MEPEXOIOM
3JIEKTPOHOB M3 30HBI IMPOBOAMMOCTH WJIM C YPOBHEMU
MEJIKMX JOHOPOB Ha YPOBHU IIyOOKHX aKlieNTOpPOB B
oobeMHOM citoe GaN. Takasg DJI Takxke MPOSBIISIETCS
Ha CITeKTpaxX HUTPUIHBIX TeTepOCTPYKTYp. B KauecTBe
IyOOKHMX aKlenTopoB paccMarpuBaroTcst atombl C, Fe,
BakaHcun Ga u xomruiekeol Vg,—Oy (BakaHcus raj-
nust — atoM O B y3ne N). MoiHag "xenras" ®JI cBu-
JIETEILCTBYET O OOJIBIIION KOHIIEHTPAIINN HeXKeIaTelb-
HbIX (POHOBBIX MpUMeceil U 1eheKTOB B UCCIeayeMOM
IUIEHKE WJIU TeTepoCTpyKType. Hanmnune nHTeHCUBHOM
"xenToi" (POTOTOMUHECLEHIIUM HENOCPeACTBEHHO
CBSI3aHO C YMEHbIIIEHUEM HaleXKHOCTH [14] u ObICTpO-
nevictust [15] CBY-tpan3ucropoB Ha GaN.

B otmmume ot okosnokpaeBoii MJI, MHTEHCUBHOCTD
KOTOpOI JIMHEMHO YBEJIUYMBACTCS TMPU YBEJIMUECHUU
WHTEHCUBHOCTHA BO30YXXIAIOIIETO Ja3epa, WHTCHCHB-
HocThb "xenroil" MJI nmpu 3TOM BBIXOIMUT Ha HachIIe-
HuUe (puc. 5), YTO COrJIaCyeTcs C MPOCTOM MOJEIIBIO pe-
KOMOMHAIIUM Yepe3 IOJI0CY SHEePreTUIeCKUX COCTOSI-
HUI TJyOOKO BHYTPM 3aripeleHHo# 30HbI [16]. U3
3TOTO CJIEIyeT, YTO MPU CPABHEHUM WHTECHCUBHOCTH
"xxenToi" n okojokpaeBoil MJI a1g oLeHKM KayecTBa
KPUCTAJTIMIECKON CTPYKTYphl 0Opa3la HeoOXOAMMO
YUUTBIBAaTb MHTEHCUBHOCTb BO30YKIEHUSI.
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Fig. 5. Diagram of the dependence of the intensity of the "yellow" and
boundary PL on the intensity of photoexcitation [16]

B pa6ore [4] pa3zpaboTaH MeTOI OLIEHKM KOHIIEHT-
pauuy rIyOOKHMX aKLeNTOPOB, OTBETCTBEHHBIX 34 "XKeJl-
Tyo" @DJI, ¢ TOMOILIBIO U3MEPEHUST 3aBUCUMOCTH WH-
TeHcuBHOCTU "Xenroil” PJI [y; OT MHTEHCUBHOCTU
(horoBo30YXKIEHUSA Py 1 mocieayoLeil annpokcuma-
IIAU 3TOU 3KCTIEPUMEHTAITBHON 3aBUCUMOCTH CJIEIYIO-
et hopmyoii:

Iy, = Min(1+ Elerp). (1
at N

rae N — KOHILEeHTpalus TJyOOKHX aKIenTopoB (Moj-
TOHSIEMBII TTapaMeTp B JTaHHOM BBIPaXEHUM); o. — KO-
3(h@GULMEHT MOIJOIIEeHUS Ja3epHOTO M3IYYEHUS C
JnuHo# BoaHbI 325 HM B GaN (o ~ 10° CM_]); T — Bpe-
M$l KM3HU 2JIEKTPOHA Ha YPOBHSIX ITyOOKMX aKLENTO-
poB (t = 0,4 Mc corlacHO UBMEPEHHOMY 3KCITOHEHIIM -
aJJbHOMY 3aTyXaHUI0 WHTEHCUBHOCTH "kentoit" @JI
M0CJIE UMITYJIbCHOTO BO30YXIEHUSA); 1,y — KBAHTOBAs
3POEKTUBHOCTD (N, = Iy, /Py = 4 % cornacHo npsi-
MBIM M3MEpeHUSIM CTaHAapTHOTO 00pasiia). DTOT Me-
TOI TIPUMEHUM JJISI JOCTATOYHO TOJCTHIX TIeHOK GaN
(6onee 1 MKM) M ISl HE CIMIIKOM OOJIbLION MHTEH-
cuBHOCTHU (hoToBO30YKneHus1 (meHee 100 BT/CMZ). Co-
rIacHo emy B pabdore [4] N= 3,3 10" em73. B omn-
yue ot okosiokpaeBoit MJI, Koropas 3aTyxaeT TIpH IO-
BBILICHUU TeMIlepaTypbl uamepeHuii, "xenras" OJI,
HAo0OpOT, CTAHOBUTCSI HECKOJIBLKO 00Jiee MHTEHCUB-
HOM MpU MOBBIIIEHUU TeMIIepaTypbl U3MepeHuit [4].

B 6mmxnem MK -guanazone nposipisiercss MJI, BbI-
3BaHHAs BHYTPEHHUMM 3JICKTPOHHBIMU TepeXomgaMu
B MPUMECHBIX aToMax 3d-371eMeHTOB: V3t (0,931 »B),
Co®" (1,047 5B), Ti*?" wm Cr** (1,190 sB), Fe’*
(1,300 3B) [17, 18].

Ha sHepretuueckoe mojioxeHUe KpaeBoii/OKoJO-
kpaeBoii DJI oka3bIBaeT BAMSHUE HE TOJbKO M3MEHE-
HUE cocTaBa IJIGHKM, HO TaKXe U OCTaTOUYHOE YMpy-
roe HampsDKeHUE B BhIpallleHHOM ieHKe. CpaBHUBAS
SHEPreTMYEeCKoe IMOJOXEeHUEe MUKa KpaeBoii/0KOJo-
kpaeBoit DJI, u3MepeHHOI OT pa3HbIX yUACTKOB IIJIac-
THHBI, MOXXHO CIeJaTh BbIBOA O HEOIHOPOAHOM pac-

npeaesieHU YIPYrux HaMpsoKeHW B IJIAaCTHHE, Kak
[MOKAa3aHO Ha puc. 6 (IIpY 3TOM HYKHO OTAEUTh BIM-
SIHUE HEOJAHOPOIHOCTH IIJIACTUHBI MO COCTABY HA CABUT
nukoB DJI, Hanmpumep, OMpeaBapUTEIbHO OIpPEAeInB
HEOIHOPOIHOCTb COCTaBa C MOMOIIBIO PEHTTEHOBCKOM
audpakromeTpun) [2]. YkazaHHbII MeTOA OTHOCUTCS
[JTABHBIM 00pa3oM K HUTPUIHBIM TeTepOCTPYKTypaM, B
KOTOPBIX 3HAYEHUS OCTATOYHBIX YIIPYTUX HATpsKe-
HU 3HAUMTEIBLHO OOJblIE, YEM B apceHUIHBIX. Takxe
BKJIaJIbl B U3BMEHEHME COCTABA M BHYTPEHHETO YIIPYTo-
ro HAIpPsSDKEHUST MOXKXHO pase/IuTh ¢ TTOMOIIbIO COB-
MECTHOTO MPUMEHEHMST CIEKTPOCKONUU KOMOWHALI -
OHHOTO paccessHHsI cBeTa M criekTpockormu DJI mis
KUCCJIeI0OBaHUSI HUTPUIAHBIX CTPYKTYp [19], Kak moka-
3aHO Ha puc. 7.
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Puc. 6. Cnekrp @JI rerepoctpykryps Al ,4Gay 74N/GaN, nsme-
PEHHBIA B Pa3HBIX TOYKAX MJIACTUHBI [2]

Fig. 6. PL spectrum of Al ,,Ga 7sN/GaN heterostructure measured in
different points of a plate [2]
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Ke" [19]
Fig. 7. "Film composition — elastic stress in a film" diagram [19]
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AHanMM3 HUTPUAHBIX TETEPOCTPYKTYP METOIOM
CMEKTPOCKONUU (hOTOJTIOMUHECUEHIMU OTJIMYAETCS
OT aHajM3a apCeHUIHBIX TETEPOCTPYKTYP TEM, UTO
TpeOyeT MCIONb30BaHUsI 00jee KOPOTKOBOJHOBOTO
Jlazepa (c JIMHOI BoJIHBI MeHee 350 HM, Hampumep,
He-Cd nasep ¢ ninHoi BoHBI 325 HM), a Takxke Tud-
PAKIMOHHOM pELIETKM MOHOXpoMmaropa ¢ OOJblieit
I0THOCTHIO WTPUX0B (1200 mau 2400 WTPUXOB/MM),
B TO BpeMsl KakK IJig aHaJu3a apCeHUIHbIX TeTepo-
CTPYKTYp TOAXOIWT Jia3ep C IUTMHON BOJHBI MeHee
630 M 1 pemretka 600 IWITPUXOB/MM.

2. PentreHoBckas audpakroMeTpusi

Yartie BCero MpUMEHSIOT CIICAYIONINE PEXXUMBI MC-
CJIeIOBaHMsI TETEPOCTPYKTYP METOAOM PEHTTEHOBCKOI
nudpakromeTpuu: 0/20-cKaHUPOBAHUE; ®-CKAHUPO-
BaHMe; KapTorpadupoBaHUe pacCesHUSI PEHTIEHOBC-
KOTO M3JIy4EeHUS B YIJIOBBIX KOOPIMHATAX JIMOO B 00-
paTHOM TIPOCTPAHCTBE. APCEHUIHBIC TETEPOCTPYKTYPHI
ObLIM MCCJIeNOBaHbl METOJOM PEHTIeHOBCKON Au-
pPaKTOMETPHMH B OTIMCAHHBIX BEIIIE pesKMax B paboTax
[20—23], a HUTpUAHbBIE TETEPOCTPYKTYPHI — B padoTax
[24—30].

KpuBble mnpakKiIMOHHOTO OTPaXKeHMS, CHATHIC B
pexuMe 0/20-cKaHMPOBaHMST OMHOBPEMEHHO OT KpHC-
Tajorpadguyeckux IMJIOCKOCTe ¢ CUMMETPUUYHBIMU
1 aCUMMETPUIHBIMU WHIEKCAMHU, TAI0T BO3MOXKHOCTD
OIpeNeaUTh MapameTp pelIeTKM MOHOKPUCTALINYEC-
KOTO MaTepHayia B HECKOJbKUX HAIIPaBJICHUSX, IPU-
yeM KpUBbIe TU(GPAKIIMOHHOTO OTPaXKeHUs coaepxKat
MHMOpMAINIO 0 MapaMeTpax PeIIeTKH BCeX CII0EB Ie-
TEPOCTPYKTYPhl. M3 TONyUYEeHHBIX JaHHBIX AEJaeTCs
BBIBOJI O COCTaBe MaTepuaja M YIpyroi aedopManun
KpUCTaJUTMUECKOl pelreTkn. KpoMe Toro, crieluanm-
3UpPOBAHHOE IPOrpaMMHOE obecrieueHre MO3BOJISIeT
MOJIETMPOBATh KPUBYIO TU(MPAKITMOHHOTO OTPaKEHUS
OT CJIOKHOM MHOTOCJIOMHOI TeTepOCTPYKTYPhI U MO~
TOHSITH €€ IO/l SKCIIEPUMEHTAIBHO N3MEPEHHYIO, Baph-
UpYysl TOJIIMHBL U COCTaB cy1oeB. Takum o00pa3zomM MOXK-
HO OompenesIuTh TOJLIMHBI U COCTaB clioeB (puc. 8).

Kpusble nubpakilMOHHOIO OTpa>kKeHMsI, CHSIThbIC B
pexuMe ®»-CKaHWPOBAHUSI, JalOT BO3MOXHOCTb IO
MOJYLIMPUHE TTMKA OT MJIEHKU OLICHUTh pa3opueHTa-
ouoo  (MO3aMYHOCTh) KPUCTAJUTMUECKONW CTPYKTYPHI
MJIEHKU, BBI3BAaHHYIO JIOKAJbHBIMU HMCKAXCHUSIMU U
MOBOPOTAMU KPUCTAJUTMYECKOM CTPYKTYPHI BOKPYT
CYILIECTBYIOIIMX B IJIEHKE IMUCIOKALIMI, a TaKXe J0-
MEHHOI CTPYKTYpoi TmjaeHKU. TemM caMbIM MOXKHO
OLIEHUTh TUIOTHOCTh OWCIOKAIIMA W pa3Mephl ITOMe-
HoB. B pabore [5] mokasaHo, uto miueHka GaN, BbI-
paiieHHas1 Ha nojyioxke GaN, uMeeT MpUMepHO Ta-
Kyl0 e MOJYIIMPUHY o-THUKa, KaK M TOUIOXKa
(53"/52" npu orpaxxeHuu ot riockocrteit (002) mieH-
Ku/moanoxku, 145"/137" npu orpaxkeHUM OT ILJIOC-
kocrteii (102), 54"/42" nipu oTpaxkeHUM OT MJIOCKOCTEN
(104)), yTo TOBOPUT 00 OUE€Hb BLICOKOM COBEPIIIECHCTBE
KpUCTa/UIMYEeCKON CTPYKTYphl MeHKM GaN Ha mon-
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Puc. 8. DKcnepuMeHTaIbHAS M PACCYNTAHHAS KpUBbIe A pPaKINOH-
HOTO0 OTPaXKeHHs (@) U KapTa pacccesinus B yriioBbIX Koopaunatax (b)
s orpaxenns (0002). Ha BctaBke — onpe/esieHHOe B pe3yJbTare
ANNpOKCHMALMH pacnpejejeHHe cOCTaBa M ynpyroii aedopmanuu B
rpaguenTHoM cioe Al Ga; _ (N [31]

Fig. 8 The experimental curves and the calculated curves of the
diffractional reflexion (a) and a map of scattering in the angular co-
ordinates (b) for reflexion (0002). The insert presents a distribution of
the composition and elastic deformation determined as a result of an
approximation in the gradient layer of Al.Ga; _ N [31]

noxke GaN. B pabote [32] mo moaylupuHe o-mnuKa
GaN o1ueHeHBI pa3Mepbl CTOJI0YATHIX JOMEHOB, 00Opa-
30BaBIIMXCS B rerepocTpykTypax AlGaN/GaAs, Bbipa-
nieHHbIX MeTogoM MOCVD Ha nomnoxkax ¢-Al,Os, u
ITOKa3aHo, YTO YBEJMYCHUE pa3MepoOB JOMEHOB IPH-
BOJIMT K YBEJIMUYCHUIO MOJBMXKHOCTU 3JIEKTPOHOB.

KapTbl paccesiHusl peHTTEHOBCKOT'O M3JTyYeHUsT COB-
MellalT B cebe TOCTOMHCTBA 0/20- U ®-CKaHUpOBa-
HUSI, OJHAKO OHU TPeOyIoT OOJIbIIETO0 BpeMEHM Ha-
KOILIeHUsI curHazia (ata rnpobjemMa pelraercs UCrob-
30BaHMEM MOIIIHOTO MCTOYHUKA U3JIY4YeHUs], HApu-
Mep cHMHXpoTpoHa). KapThl paccessHusl II03BOJISIIOT
Jy4iMM o0pa3oM anmpoKCUMUPOBATh SKCIEPUMEH-
TaJIbHbIE JaHHbIE PACYETHBIMU, OCOOEHHO 3TO KacaeT-
cs1 1 ¢y3HOro paccessHusI peHTT€HOBCKOIO M3JIyde-
HUs1, BbI3BAHHOTO AMCIoKalusIMu. CpaBHEHUE IKCIIe-
PUMEHTAIbHBIX U BBIYMCIEHHBIX KapT paccestHUsI Mo3-
BOJISIET ONPEeAeIUTh IIJIOTHOCTh AuCiIoKaluii. B padore
[33] mokaszaHo, YTO UCTIOJIb30BAHUE FEOMETPUUN CKOJIb-
34111eT0 MaJeHUsT Mmydyka (peaau3yercsl MOJHOE BHYT-
peHHee OoTpaxkeHHe, TIPY 3TOM TadalolINil U OTpakeH-
HBII MyYKM HampaBjieHbl MOJ OYEHb MaJbIM YIJIOM
(0,6°) K TOBEpXHOCTH 00pa3lia) Py U3MEPEHNHN KapT
paccestHUsI TIO3BOJISIET BABOE YMEHBIIIUTh MOTPEITHOCTh
ornpeaesieHus] TJIOTHOCTM KpaeBbIX MpopacTalolux




nucinokanuii B rieHke GalN Ha candgupe 1Mo cpaBHe-
HUIO C MCTOJIb30BAHUEM T€OMETPUU OOBIYHOIO Aud-
PaKIIMOHHOTO OTPaXXeHUs ITyYyKa OT CUMMETPUIHBIX U
ACUMMETPUYHBIX KpUCTALIOrpapuyecKux IJIOCKOC-
Teii. OMHAKO HEJOCTATOK FTEOMETPUM CKOJIB3SIIIEro na-
JIEHUST 3aKJI0YaeTcs B TOM, YTO BUHTOBBIE AMCIOKA-
LIMU HE BBISIBJISIIOTCSI, B TO BpeMsI KaK U3MEpPEeHUeE KapT
paccessHUSI B TEOMETPUU OOBIYHOTO AUMPPAKIITMOHHOTO
OTPaXeHUsI OT CUMMETPUYHBIX W aCUMMETPUYHBIX
TUTOCKOCTE# TO3BOJISIET Pa3deivuTh BKJIAI IpopacTa-
IOIIMX KPaeBbIX U BUHTOBBIX AMCJIOKALIMI. 3HAUSHMS
CyMMapHO# TIJIOTHOCTU AMCJIOKallMii B 3TOW pabote
OBLIY TTOATBEPKACHBI ONPeNeeHUEM TIIOTHOCTU SIMOK
TpaBJIEHUSI.

DOnuTakcualbHasi MHOTOCJIOMHASI TeTEPOCTPYKTypa
Ha ocHoBe GaN sBJsieTCsl yIIpyro HaIlpsLKeHHOM B pe-
3yJbTaTe AEMCTBUSI HECKOIbKUX (DaKTopoB: 1) pasziu-
yue K03 (ULIMEHTOB TepMUUECKOro paciiuuperus GaN
U MaTepuaja MoajoxKu (3TOT (akTop HAUMHAET WT-
paThb PoOJIb MPH OXJIAKIACHUM TIJIACTUHBI OT TeMITepaTy-
pbI pocTa 10 KOMHATHOM TeMIlepaTyphbl, B pe3yjbTaTe
cioit GaN Ha momioxke Al,O3 CTAaHOBUTCH CXKaTbIM,
a Ha notoxke 6H-SiC — pacTaHyTBIM); 2) HEOTHO-
POIHBII HArpeB reTEPOCTPYKTYPHI B MPOLIECCe SMUTAK-
CHAJIbHOTO POCTa; 3) HECOOTBETCTBUE ITIOCTOSIHHBIX pe-
etk GaN u Matepuana NoayIoxXku; 4) odpazoBaHue
JIe(eKTOB B IPOLIECCE SIIUTAKCUAIBHOTO pocTa (00bIY-
HO 3TO MPUBOIUT K pacTIrUBaroLIeMy YIIPYroMy Hampsi-
KeHU10). Bo3HuKIee B MJIEHKE yIpyroe HarpsikKeHue
MOXET BbI3BaTh cieaytolne 3(PPeKThbl: U3r1d rmiacTu-
HBI [34]; mosiBIeHUE TpelUMH B 1ieHKe [35]; orciioe-
HUE TIJIEHKM OT IMOJUIOXKKH; 00pa3oBaHMe AUCIOKAIIUIA
HecooTBeTCTBUS [36]. Pammyc KpMBHU3HBI TIACTUHBL R
omnpenaensiercs popmynoit CToyHU:

2

R= ( Esubstrate hsubstrate Q)
b
l7Vsubsz‘raz‘ 66ﬁlmhﬁlm
rne Esubstrate A Vubstrate — MOAYID fOnra u xoao-

¢uument Ilyaccona Marepuana MOMMOXKU; Ag,pcrare
u hﬁlm — TOJILIIMHA MOJJIOXKU W TOJIIMHA TUICHKU;
O fijm — YIPYIOe HaNpPsDKEHUE B TICHKE. ®opmymna Cro-
YHU MTPUMEHMMA K TOHKUM HaNpsLKEHHBIM MJICHKaM Ha
CPaBHUTEJIBHO TOJCTBIX MOMIOXKAX (Mg <K Agypsprase)-
I1poru6 miaeHKu Az onpenensieTcss BblpakKeHUeM

D2

Az~ o (3)
rne D — nuameTp miaacTUHbL. OOBIYHO TJIACTUHBI C
HUTPUIHBIMU CTPYKTYpaMU UMEIOT paglyC KpUBU3HBI
5...10 M, 1 iporu® ABYXAIOMMOBBIX IUIACTUH COCTaB-
agetr 30...60 mxMm [37]. TIpn 0cOGEHHO CHJILHOM YII-
pyroM HampsKeHUU TUICHKM KPUBU3HA TUIACTUHBI
CTAHOBUTCSI He chepuvecKor, a LUIMHAPUYECKOMN.
KpuBu3Ha miacTuHbl, KakK ¥ HaJIMUYME OUCIOKAIIUIA B

reTepoCTPYKTYpe, TMPUBOIUT K YIIUPEHUIO ®-TTMKOB.
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Puc. 9. 3asucumoctb nonymupunbl o-nuka cios GaN na c-Al,O;

npu otpaxkennu (0006) ot BLICOTbI PEHTTEHOBCKOIO IyYKa MPH pa3-
JINYHOM pajuyce KpuBU3HbI miaacTunbl [38]

Fig. 9. Dependence of the semi-width of w-peak of GaN layer on c-Al,03

at reflexion (0006) from the height of an x-ray beam at various curvature
radiuses of a plate [38]

Bxian KpuBM3HBI TJIACTMHBI B 3TO YIIMPEHHUE CTaHO-
BUTCS OCOOCHHO 3aMETHBIM IPU MCCJICIOBAHUU BbI-
COKOKA4YeCTBEHHBIX HUTPUAHBIX TETEPOCTPYKTYP C Ma-
JIO TJIOTHOCTBIO OUCIOKALMii. ABTOpPBI paOoThl [38]
MOKa3ajy, YTO MPU OTPAKEHUM OT CUMMETPUUHBIX
rurockocTteit (0006) BKJag KpUBU3HBI TUTACTUHBI MOXK-
HO MUHUMU3UPOBATH, YMEHBIIIAST BBICOTY PEHTTCHOB-
CKOTO Iy4yKa C MOMOILbIO UBMEHEHUST IIUPUHBI 11U
KoutuMaropa (puc. 9) JMOO HCIOb3Yys He LIyl
IUIaCTUHY, a MaJIeHbKUU ee (parMeHT (ILJI0LIaAblO
HECKOJIbKO KBaIpaTHBIX MUJUIMMETPOB); TIpaBaa, Mpu
9TOM YMEHBIIIUTCS MHTEHCUBHOCTD OTPaXKEHHOTO ITyY-
Ka. [l apceHUAHBIX CTPYKTYP B CUJIY UX CPaBHUTEb-
HO MaJioro yrpyroro HanpsekeHus (~ 10 MITa mo cpaB-
HeHuto ¢ ~450 MIla B HUTPUIAHBIX TeTePOCTPYKTYpPaX)
BIMSTHUE KPVWBU3HBI TUTACTUHBI Ha TIONMYIITUPUHY ®-TIH-
KOB 3HAYUTEJIbHO MEHBIIIE.

3. BoabT-hapaausiii MmeTon
HCCJIeIOBAHASA T€TEPOCTPYKTYP

BoubT-hapagHbie MeTOABI U3MEPEHUSI IapaMeTPOB
MOJIYIIPOBOAHMKOB OCHOBAHbI Ha OMpeNeeHUN 3aBU-
CUMOCTHU €EMKOCTHU CTPYKTYPbI, 00YCJIOBJIEHHON HaJIU-
yueM OO0BEMHOTO 3apsiia B MPUIOBEPXHOCTHOMN 00-
JIACTH TMOJIyITPOBOAHMKA, OT MPUIIOKEHHOTO K Hell Ha-
npsokeHus [39]. OnHOBpeMeHHO Ha CTPYKTYPY MOTYT
OKa3bIBaTh BIMSTHUE IpyTrue (haKTopbl, KOTOPbIE MOTYT
BapbUPOBAThCS TPU M3MepeHusax. K HUM oTHocITCS
BO3MIEICTBME HA CTPYKTYPY BHELIHETO (hOTOAKTUBHOTO
M3TYYEHUS W €€ HarpeBaHMe 10 ONpeaeIeHHOMY 3a-
KOHY. EMKOCTb, BOZHMKAIOIIYIO 33 CUET MOIJIOLIECHUS
U3Jy4yeHusl, B TIEPBOM Cilydyae Ha3bIBalOT (POTOEMKOC-
ThIO, @ BO BTOPOM CJlydyae — TePMOCTUMYJIMPOBAHHOMN
eMKOCTbI0. JIpyroil OTJIMYUTEbHONH OCOOEHHOCTHIO
METOMOB SIBJIICTCS HATMUME IBYX JEKTPUUCCKUX CUT-
HaJIOB, MOJIaBacMbIX Ha CTPYKTYpy. [lepBblit curHan —
9TO TTOCTOSTHHOE HaIpsikKeHue (HampsokeHUe CMelle-
HUSI), KOTOpoe oOecIeuyrBaeT MOMAACPKKY padoueit
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TOYKM MpHOOpa, BTOPOI CUTHAI — TepeMeHHOe Ha-
NpsiKeHWe Majoil aMIUTUTYAbl (M3MEPUTEbHBIA CUT-
HaJl), HEOOXOAUMOE JIJIsi U3MEPEHUSI COOCTBEHHO €M-
KOCTHM CTPYKTYphl. B OCHOBe BOJBLT-(hapaaHbIX METO-
JIOB U3MEPEHMUSI JIEXKUT 3JEKTPOHHASI TeOopusl MPUIIO-
BEPXHOCTHOI 00JIaCTU MPOCTPAHCTBEHHOTO 3apsaa U
auddepeHIMaTbHON MOBEPXHOCTHOM emMKkocTu. [lo-
3TOMY BaxKHBIM MOMEHTOM U3MEPUTEIHLHOTO TPOILIeC-
ca sBJseTCSl MOHMMaHUe (U3MYECKUX MPOLECCOB,
MPOUCXOASIIMX B MOJTYMPOBOJHUKOBBIX CTPYKTYpax,
KOTOpbIE MPUBOAST K MOSIBICHUIO €eMKOCTH.

HaHopa3smepHble CTPYKTYypbl TMpakTUUYeCKM BCeraa
CO3AIOT Ha OCHOBE TJIEHOK TOJIIMHOMN MOPSIAKA IECsIT-
KOB (€IMHMI) HAHOMETPOB JINOO M3 TOHKOIUIEHOUHBIX
MHOrocjaouHbiXx cTpykKTyp [40]. IloHsiTHO, 4TO mpHU
TPAHCIOPTE 3JICKTPOHOB BAOJb WIM IOMNEPEK TaKoit
TUICHKY WJIA CTPYKTYPhI OCHOBHOE BIMSIHME Ha BCE TIPO-
11iecchl OyAyT OKa3bIBaTh MapaMeTphbl TPaHULIbI pa3nena
(uHTepdeiic) u NpUNOBEpXHOCTHBIX obsacTeil. [Tpouc-
XOIMT 3axXBaT 2JEKTPOHOB JIOKAJIbHBIMU YPOBHSIMU Ha
TpaHULIE pasfena, 4To MNPUBOAUT K OOpa30BaHUIO
BCTPOEHHBIX 3apsaoB. Pojib TaKMX MMOBEPXHOCTHBIX 3a-
PSIIOB MOXET UIpaTh U BHEIIHEe 3JIEKTPUUECcKoe MoJie.

Ecnu K KoHaeHcaTopy, OJHOI 13 00KJIaJ0K KOTOPO-
To SIBJISIETCS TIaCTMHA MOJYMPOBOAHUKA, MPUIOKUTh
BJIEKTPUUECKOE T10JI€, TO BOJMU3M MOBEPXHOCTH TMOCE -
HEero BO3HMKHET MHAYLMPOBAHHBIN 3apsid. DTOT 3apsif
CO3/1aeTCsl MOJABVMKHBIMU HOCUTESIMU 3apsiia, MpU-
CYTCTBYIOIIIMMM B TMoJynpoBoaHuKe. [TosiBUBIIMIACS
3apsill SKpaHUPYeT OCTalbHON 00beM MOJTYITPOBOIHU -
Ka OT MPOHUKHOBEHHUS BHEIITHETO 3JIeK-

TPUYECKOTO TOJIS. o __

B 3aBucuMocTM OT COOTHOILIEHUS
pabort Beixona (ypoBHeit depMu) Mate-
pHUAJIOB W TUIIA ITPOBOAUMOCTH TIONY-
MMPOBOJIHUKA TIPU KOHTAKTe MeTajula C
MOJIyITPOBOJHUKOM BO3MOXKHBI YEThIPE
curyaruu. [1py 3ToM B IBYX CUTYALIUSIX
HabomaeTcsT BO3HMKHOBEHWE 00OTa-
LIIEHHOTI'O CJIOST, 4 B IBYX JAPYTUX CUTYya-

LUSIX — OOEAHEHHOIro M JaxKe MHBEPC- L — - - ==

Horo cyoeB. Eciu mosyyaercsi obora-
IIEHHBIN CJIOM, TO AJIS1 HOCUTENEn 3a-
psia TIpu UX IBUKEHWU U3 MaTeprasa B
MaTtepuajl He oOpa3yeTcsl MOTeHLMAlb-

Horo Oapbepa. Ecinm ke cioil mosyda- FP-————— -
eTCsl O0€IHEHHbIA — MOTEHLMAIbHbIN N |

Oapbep eCcTb. DTOT Oapbep M IIOJIYUM

HazBaHue 6apbepa Illorrku (muox IloT- Me 1/m

dopma Takoro Gapbepa CyLIECTBEH-
HO OTJIMYaeTcsl OT (hopMbl OAPhEPOB C
HeMmeTa/uinueckumu BelectBamu. Ca-
MO€ IJIaBHOE — BeplliMHa 6apbepa UMe-
€T TPEYrojbHy0 (OpMYy, T. €. TOJLIMHA
€ro SIBHO YMEHBILAETCs MpPH MPUOJIU-
KEHUU DHEPruy 4YacTUL, K BEPLUMHE.

TKK) [41]. 3
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B pesynabraTe 3TOro mosiBASETCS BO3MOXHOCTH TYH-
HEJIbHOTO TMepexo/ia, BEPOSITHOCTL KOTOPOTO MOBbIIIA-
€TCSI TTI0 Mepe MPHUOTMKEHUS K BePIINHE TTOTCHITNATb-
Horo Oapnepa.

Ha puc. 10 mpeacraBiieHa TUIIMYHAs HEPreTH-
yeckas Juarpamma nepexona MeTaul—IIoMIyTPOBOIHUK
n-TUIA B PaBHOBECHOM COCTOSIHUM (0e3 BHEIIHEro
aJIeKTpuyecKoro 1osst). Ha aTom ke pucyHKe Imoka-
3aHO pacrpenejeHue HocuTeneil 3apsina. [TockonbKy
9JIEKTPOHOB B MeTa/UIe HAMHOTO OOJIbIIIe, MBI BUIUM
TOJIKO YacTb pacrpeaencHus [42].

B niockocTy KOHTaKTa 3/€Ch MPUCYTCTBYET pa3phiB
30H AE (-, mOTeHLMaNIbHBIX 0apbepoB IBa, U OHU pa3-
HBIE 10 3HaueHu10: AE,,, — Gapbep IId 3JEKTPOHOB
MeTaJula; gy — IS 3JIEKTPOHOB IOJYIIPOBOJHMKA.

YToObl paccunTaTh pacrpeacsieHue dJIeKTPUIeCcKo-
ro MOTEHIIMajla B MeCTe KOHTaKTa, HeOOXOAMMO pe-
nTh ypaBHeHue Ilyaccona. B mpeanonoxeHun odem-
HeHus (B 00eIHEHHOM CJioe BOJU3U MeTaJllypruyec-
KOI IpaHUIIbl OTCYTCTBYIOT HOCUTEM 3apsiia) 3apsia B
00eTHEHHOI 00J1aCTH MPOTSXKEHHOCTBIO & 00YCIOBIEH
3apslaMy MOHU3UPOBAHHBIX NOHOPOB Np. B sTtom
cllydyae peleHue ypaBHEHMUS JaeT CAeAyIolne pe3yib-
TaThl (puc. 11):

c0ii
depletion layer
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Puc. 10. DHepreTnyeckas AMarpaMMa ¥ KOHIEHTPAIUS HOCUTeJIEi 3apsiia B PABHOBEC-
HOM Tepexoie MeTALI—IOJIYNPOBOJIHUK

Fig. 10. Energy diagram and concentration of the charge carriers in the metal—semiconductor
equilibrium transition

Puc. 11. Pacnpenenenune npumecu, 3apsiia, HANPSZKEHHOCTH JJIEKTPUYECKOTO MOJIS H O~
TeHnuana B nepexoxe IlorTku

Fig. 11. Distribution of an impurity, charge, intensity of the electric field and potential in
Schottky transition




Puc. 12. OkBuBanenTHasa cxema auoaa Ilorrku
Fig. 12. An equivalent scheme of Schottky diode
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Puc. 13. Cxema ycranosku 1yt CV-u3mepenuii: / — 30HIOBBIH CTOJ,;
2— 9BM; 3 — LCR uaMeputeib; 4 — UICTOYHUK HATIPSKEHUST CME-
LIEHUS; 5 — MOIYJISITOp; 6 — reHeparop, usmepureab C u R

Fig. 13. Scheme of installation for CV measurements: 1 — probe table;
2 — computer; 3 — LCR measuring instrument; 4 — source of bias
voltage; 5 — modulator; 6 — generator, measuring instrument of C and R

31ech g, — AMDIEKTPUYECKAsA TIPOHULAEMOCTD IOy~
MPOBOJHUKA.
M3 ypaBHeHUs1 (5) MOXHO MOJYYUTh, YTO & =

ZSSSO

N (9o — U), re ) — KOHTaKTHast pa3HOCTh 110~
D

TeHUMan10B, a U — npuiioxxeHHoe HanpsikeHue. [1po-
CTPAHCTBEHHbIN 3apsii B MOJYyNpoBoAHUKeE [43]

O, = gNpdS = SJZSSSOqND(@O -0, (6)

rae S — mowanb nepexona Llorrku.
Ilo omnpeneneHnio eMKOCTh — CKOPOCTh M3MEHE-
HUA 3apsaa MpY M3MEeHEHWW TPUJIOXKEHHOTO Harps-

XeHus, T. e. C= Z—g W3meHeHue 3apsiga B nepexoe

CBSI3aHO C M3MEHEHUEM TOJIIUHBI 00JIacTU OoOeqHe-
HUSI, KOTOpas 3aBUCUT OT NPUJIOKEHHOIO HaIIpsKe-
Hus1. Takum oGpaszom,

SSSOqND _ SSSOS‘ (7)

c=S

BbIpasuM IMOJIHOE HaIpsDKEHUE, MPUIOKEHHOE K
Iepexoy, Yepe3 eMKOCTh:

2

— qSSSON DS
= ; .

2C

DTO COOTHOIIIEHNE IMOKA3bIBAET, YTO TpamK 3aBU-
CUMOCTHU KBajJpaTa BeJIMYMHBI, OOPATHOI €MKOCTH, OT
HalpAXKECHUA CMECIICHUA JOJIKEH ITPEACTABIATD co0oit
NpSIMYIO0 JIMHUIO. 3Hasl HAKJIOH 3TOM JIMHUM, MOXHO
OINpEACINTb YPOBCHDL JICTUPOBAHUA ITOJYIIPOBOJHUKA

Np, a TouKa nepeceyeHus NpsAMON ¢ OCbl0 abcuuce
JaeT 3HaueHue ¢, Ha npakTtuke HauboJsiee cepbe3Has

¢~ U ®)

HETOYHOCTb BO3HUKAET MPU OINpENEIEeHUU ¢ IO TIe-
pecedeHuIo rpadrKka ¢ OChIO HAIPSDKEHMI, YTO Xe Ka-
CaeTcsl HaKJIOHA KPUBOW, TO OH OOBIYHO TIO3BOJISIET J0-
BOJIbHO TOYHO OIPENS/IUTh KOHLIEHTPALIUIO TTPUMECH.

DKBUBaleHTHas cxema auoaa IlloTTku mpeacraB-
JieHa Ha puc. 12 [44, 45].

Pesucrop R, mpencrapiasger cob0i CONPOTUBIEHNE
o0beMa IIOJIyIIpOBOAHMKA (COMPOTHUBIEHUE 0a3bl), a
R, — HeqmHeliHOe CONMPOTUBICHHE COOCTBEHHO Mepe-
xona IlloTTkm, 3aBucsIIee OT TIPUIOXKEHHOTO HAIpPsI-
SKEHUSI.

YcTraHoBKa ISl U3MEpPEHUi BOJbT-(hapagHbIX Xxa-
PaKTepUCTUK SBJISIETCS  TIPOrPpaMMHO-amIapaTHBIM
KOMILJIEKCOM, JUISI U3MEPEHUS €MKOCTM Ha KOTOPOM
Ha reTepoCTPYKTYypy mojaeTcsl aBa curHaia. [lepBblit
CUTHaJI BblpaOaThiBaeT HAIPSKEHUE CMELeHUSsT, 00ec-
rneyuBampuiee MOAAEPXKKY padoueil Touku Mpudopa
(ompemeIeHHBIN 3TN0 30H), BTOPOIl — M3MEPUTEIb-
HBII CUTHaJI B BUAE MEPEMEHHOr0 HampsKeHusl, KO-
TOPBII TTO3BOJISIET OMPENeTNTh MU GepeHINATHEHYIO
€MKOCTb reTepoCTPYKTYyphl. CxemMa yCTaHOBKM, Ha KO-
TOPOI MPOBOISIT U3MEPEHUsI, IToKa3aHa Ha puc. 13.

3akinouenue

OCco0eHHOCTU KPUCTAJUIMYECKONW CTPYKTYpbl Tere-
POCTPYKTYp Ha 0asze IMOJyNpOBOIHUKOBBIX COEIUHE-
HUU TPYIIIBI A’B yI00HEee U MPOILle BCETO MOTYT OBbITh
JMarHOCTHMPOBAHbI C MOMOILBIO CIEKTPOCKONMUU (o-
TOJIOMUHECLICHLIMY, PEHTTEHOBCKOM TU(PaKTOMETPUU
U U3MEpeHMsI BOJbT-(papagHbIX XapaKTEePUCTUK (UTO
KacaeTcsl ONTHUYECKONW MUKPOCKOIMU, TO €€ TOXEe aK-
TUBHO MCMOJIb3YIOT, HO OHA JAeT OrpaHUYEHHYIO UH-
dopmanuio JUIIb O COCTOSIHUU TTOBEPXHOCTU TeTepo-
CTPYKTYP). DTU METOJIbI SIBJISIIOTCSI Hepa3pylLlIalolMMKU
(TIpu ycJIoBUM, UTO 00OpPYIOBaHKE MO3BOJISIET ITOMEC-
TUTb B HEro MCCJEAyeMYyH IUIACTUHY LieaukoM). Mx
3 PEeKTUBHO NPUMEHSIOT ISl IMAarHOCTUKU TeTepo-
CTPYKTYp Kak Ha ocHoBe apceHunoB (Al, Ga, In)As,
Tak 1 Ha ocHoBe HUTpuAOB (Al, Ga, In)N. Crekrpo-
ckonus (OTOTIOMUHECLIEHLIMHA MO3BOJISIET OLEHUTD
KOHLEHTPALMIO TOUEUHBIX 1e(DeKTOB (B TOM UMCIIE He-
>KeJaTeJIbHbIX (DOHOBBIX MPUMECEIT) B T€TePOCTPYKTY-
pe. PeHTreHoBckas augpakToMeTpusi TTO3BOJSIET Olie-
HUTb TIJIOTHOCTh IBYMEPHBIX (B TOM UMCJIC Pa3IMYHBIX
JUCIOKAIMiT) U TpeXMEpPHBIX Ae(EKTOB B MOHOKPUC-
TAJUIMYECKOM MaTepuaje, COCTaB M TOJIIWHY CJIOeB
TeTepOCTPYKTYPhI, YIIpyrue HampsikeHus B HuUx. O06-
asi METOAMKA aHaJIn3a OYeHb TTOXO0Xa U apCeHMUI -
HBIX U HUTPUAHBIX T€TEPOCTPYKTYP, OMHAKO B CIyyae
HUTPUIHBIX TeTEPOCTPYKTYpP TPUXOANTCS YUUTHIBATH
ropasno OObIINe 3HAYEHHUS YIIPYTOTO HAPSIKEHUS U
KPUBU3HBI TIJIACTUH, YTO MPUBOAUT K 3HAYMTEIBbHO
0oJiee CUJILHOMY CIOBUTY TTMKA KpaeBOil/OKOJIOKpaeBOii
(OTOMOMUHECLIEHIIMHY, a TAKXKE K 3HAUUTEJIbHO OoJiee
CHJIBHOMY YIIUPEHUIO IMUKa Ha »-KPUBBIX TUMPAKIIN-
OHHOTO OTPaXeHMUsI; MOocaeaHEe 0OCTOSITEILCTBO MPU-
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BOJUT K 3aBbILLIEHHOU OlLIEHKE TJIOTHOCTU AMCIIOKA-
Ui 1 TpedyeT MUHUMU3ALUU 3P deKkTa KPUBU3HbI
TJIACTUH.

N3 anexTpodu3nyeckrx METOIOB HEpa3pyllale-
o KOHTpPOJISI HauboJjiee NPUMEHUM BOJIbT-DapaaHblii
Meton. OH MO3BOJISIET ONPEAECTIUTh paclpeaeieHUe 3a-
pSIIOB TIO TJIyOMHE TeTepOCTPYKTYPhl U BBISIBUTH O0-
JIACTU JIETUPOBAHMUsI, 3aPSIKeHHbBIE LIEHTPbI U 3JEKTPO-
Hbl B KBAHTOBOW SIME.
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Munobprayku PD (coenauienue o npedocmasneHuu cyo-
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mop npoekma RFMEF160714X0011).
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Introduction

Development of HEMT (high electron mobility transis-
tor) technology is aimed at thinning of the barrier layer of the
semi-conductor heterostructure, and reduction of the subgate
capacity in order to ensure higher working frequencies of the
transistors. Development of monolithic integrated circuits on

the basis of HEMT becomes simpler with the use of the com-
puter-aided design. Their application requires models, which
give a comprehensive idea about a heterostructure: the state
of the layers forming a two-dimensional potential well, avail-
ability and nature of the electronic traPL, concentration and
mobility of the electrons in the channel layer. Therefore, the
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nondestructing control of the initial heterostructures is one of
the key moments in designing and manufacturing of the mon-
olithic integrated circuits. The work presents the basic meth-
ods of the nondestructing control of the semi-conductor het-
erostructures with quantum wells and two-dimensional elec-
tronic gas: both the arsenide (Al, Ga, In)As and the nitride
(Al, Ga, In)N ones. The former are usually grown by molecule-
beam epitaxy on the substrates of GaAs (100) and InP (100),
and the latter — by metalorganic gas-cycle epitaxy on the sub-
strates of Al,O53 (0001) and 6H-SiC (0001).

1. Photoluminescence Spectroscopy

The quality of the semi-conductor heterostructures can be
controlled by means of spectroscopy of photoluminescence
(PL) [1]. This method is applicable to the semi-conductor
compounds, in which the transition of a photo-exited elec-
tron from the conductivity zone into the valency zone is not
accompanied by a loss of an impulse (direct transition, direct
band semiconductors). Among them are arsenides and ni-
trides of the III group of the periodic system (except AlAs).
Measurement of PL demands cooling of samples down to the
temperature of boiling of liquid nitrogen (77 K), due to this
the intensity of the recorded luminescent radiation increases
and, which is the most important thing, the closely located
peaks on the spectra are resolved.

Luminescent radiation of the arsenide heterostructures
(Al, Ga, In)As lays in a lower energy area of the electromag-
netic spectrum (0.5...2.4 eV) in comparison with the lumi-
nescent radiation of the nitride heterostructures (Al, Ga, In)N
(0.9...5.5 V). In case of PL of both types of the heterostruc-
tures the following types of the radiating electronic transitions
are observed: through the forbidden zone of the volume ma-
terial (boundary PL), between the levels of the dimensional
quantization of the electrons and wells in the quantum wells,
and also from the levels of impurities or defects into the va-
lency zone.

The heterostructures on the basis of GaN (Al,Ga;_,N/GaN
or In,Ga,_ N/GaN), exited by a laser (PL) or an electronic
beam (cathodoluminescence), generate their own radiation in
several bands: UV, visible and near IR.

In the UV range the near-band-edge emission PL is present,
caused by a recombination of the excitons in the volume layer
of GaN. Such PL will necessarily reveal itself in the spectra
of the nitride heterostructures, because GaN material is present
and it dominates in all the nitride heterostructures (fig. 1). The
basic peak with a power position of 3.456 eV (temperature
of measurements — 15 K [2]), 3.468 eV (10 K [3]), 3.484 eV
(10 K [4]) is caused by a recombination of the excitons, con-
nected on neutral small donors (donor-bound excitons, DBE).
Less intensive peaks are caused by the single and double pho-
non replicas of DBE recombination (3.369 and 3.269 ¢V, ac-
cordingly [2]; in [3] the first phonon replica — 3.406 eV). In
the films with a very high degree of perfection of the crystal
structure grown on GaN substrates at the temperature of meas-
urements of 15 K in PL spectrum in the area of 3.3...3.5 eV
rather many separate peaks are admissible [5]. Out of them
two the most intensive peaks with the power positions of
3.4720 and 3.4728 eV are caused by a recombination of A-ex-
citons, connected on donor-bound excitons (DBE): oxygen
and silicon, accordingly. The less intensive peaks are caused:
by a recombination of A-excitons, connected on the neutral
small unidentified acceptor (3.4673 eV); two-electron recom-
bination of A-excitons, connected on donor-bound excitons
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of O and Si (3.4475 and 3.4512 eV, accordingly); recombi-
nation of B-excitons, connected on donor-bound excitons of
O and Si; recombination of free A- and B-excitons. If the
measurements are done at an insufficiently low temperature
(30...77 K [6]), then the thin exciton structure is not distin-
guished, and the widened basic peak of DBE is mainly visible.
With an increase of the deficiency of GaN films (for example,
if the growth temperature of the films goes from 680 down to
500 °C at MOCVD [7] or, if the films are grown on Si sub-
strates [7, 8]), the intensity of the peak boundary PL, which
in this case also is not admitted to separate lines, decreases
and the peak can even disappear at all. Besides, in the UV
range there is also a peak from the excitons, strongly con-
nected on the lengthy defects, in particular, on dislocations
(its power position is 3.370 eV [9] or 3.404 eV [8]). In 10] it
is shown, that when analyzing the dependence of the intensity
of the boundary PL of the epitaxial GaN films on the intensity
of photoexcitation, it is possible to draw a conclusion on the
density of the dislocations in a film and to compare qualita-
tively different films by this parameter.

Also in the UV range during research of AlGaN/GaN het-
erostructures with the quantum wells PL appears, connected
with the transitions of the electrons between the levels of the
dimensional quantization in a quantum well [3, 11]. By means
of research of the temperature dependence of the semi-widths
of the photoluminescence peaks caused by the radiating tran-
sitions of electrons between the electron and the well levels of
the dimensional quantization in a quantum well, it is possible
to estimate the concentration of electrons in a quantum well
of a heterostructure [12]. This is also fair for the arsenide het-
erostructures [13] (fig. 2, @), by the intensity of PL of a quan-
tum well it is possible to estimate the mobility of the electrons
[13] (fig. 3), because both values depend on the deficiency of
a heterostructure.

In the range of the visible radiation a "yellow" PL (yellow
luminescence) is revealed. In PL spectrum a very wide peak is
observed in the area of 1.52.5 eV with the maximum close to
2.2 eV (fig. 4), which is caused by transition of the electrons
from the zone of conductivity or from the levels of small do-
nors to the levels of the deep acceptors in the volume layer of
GaN. Such PL is also visible on in the spectra of the nitride
heterostructures. As deep acceptors the atoms of C, Fe, vacan-
cies of Ga and complexes of V;,—Oy (vacancy of gallium —
atom of O in the N node) are considered. A powerful "yellow"
PL testifies to a big concentration of an undesirable back-
ground impurities and defects in the investigated film or het-
erostructure. Presence of an intensive "yellow" PL is directly
connected with a decrease of reliability [14] and speed [15] of
the microwave transistors on GaN.

Unlike the near-boundary PL, the intensity of which in-
creases linearly with an increase of the intensity of the excit-
ing laser, the intensity of the yellow PL comes to a saturation
(fig. 5), which agrees well with a simple model of a recom-
bination through a strip of the power states deeply inside of
the forbidden zone [16]. From this it follows, that during a
comparison of the intensity of the "yellow" and the near-
boundary PL for estimation of the quality of a crystal structure
of a sample it is necessary to consider the intensity of the ex-
citation.

In [4] a method was developed for estimation of the con-
centration of the deep acceptors responsible for the "yellow"
PL by means of measurement of the dependence of the in-
tensity of the "yellow" PL Iy; on the intensity of photoexci-




tation P, and the subsequent approximation of this experi-
mental dependence by the following formula:

Iy = X1+ Xerp), (M

where N — concentration of the deep acceptors (an adjusted
parameter in the given expression), o — absorption coeffi-
cient of the laser radiation with the wavelength of 325 nm in
GaN (o ~ 103 cm_l); t — lifetime of an electron on the lev-
els of the deep acceptors (t ~ 0.4 ms, according to the meas-
ured exponential attenuation of the "yellow" PL after a pulse
excitation), n,,, — quantum efficiency (N, = Iy /Py =4 %
according to the direct measurements of a standard sam-
ple). The method is applicable for thick films of GaN (over
1 micrometer) and not too high intensity of photoexcitation
(below 100 W/cmz). According to it, in the work [4]
N =3.3-10" cm™3. Unlike the near-boundary PL, which
attenuates with a rise of the temperature of measurements,
yellow PL, on the contrary, becomes a little more intensive
with the rise of the temperature of measurements [4].

In the near IR range PL appears, caused by the internal
electronic transitions in the impurity he impurity atoms of
3D elements: V3T (0.931 eV), Co®" (1.047 eV), Ti*" or Cr**
(1.190 eV), Fe>* (1.300 eV) [17, 18].

The power position of the boundary/near-boundary PL is
influenced not only by the change of a film composition, but
also and by the residual elastic stress in the grown film. Com-
paring the power position of the peak of the boundary/near-
boundary PL, measured from different sites of a plate, it is
possible to draw a conclusion on a non-uniform distribution
of the elastic stress in the plate (fig. 6) (it is necessary to sep-
arate the influence of the heterogeneity of a plate by compo-
sition on the shift of PL peaks, for example, preliminary hav-
ing defined the heterogeneity of the composition by means of
x-ray diffractometry) [2]. The above method concerns mainly
the nitride heterostructures, in which the values of the resid-
ual elastic stresses are much higher, than in the arsenide ones.
Also, the contributions to the changes of the composition and
of the internal elastic stress can be divided by means of a joint
application of the spectroscopy of a combinational scattering
of light and spectroscopy of PL for research of the nitride
structures [19] (fig. 7).

Analysis of the nitride heterostructures by the method of
spectroscopy of photoluminescence differs from the analysis
of the arsenide heterostructures by the fact that it demands the
use of a more short-wave laser (with the wavelength less than
350 nm), for example, He-Cd laser with the wavelength of
325 nm), and also a diffraction lattice of the monochromator
with a higher density of the strokes (1200 or 2400 strokes/mm),
while for the analysis of the arsenide heterostructures a laser
with the wavelength less than 630 nm and a lattice of
600 strokes/mm is suitable.

2. X-ray Diffractometry

The most frequently applied modes of research of the
heterostructures by the method of x-ray diffractometry are:
0/20-scanning, o-scanning, mapping of scattering of the x-ray
radiation in the angular co-ordinates or in the reverse space.
The arsenide heterostructures are investigated by the method
of x-ray diffractometry in the modes described in [20—23],
and the nitride ones — in [24—30].

The curves of the diffraction reflexion, recorded in the
mode of 0/20-scanning simultaneously from the crystallo-
graphic planes with the symmetric and asymmetric indexes,
give a chance to determine the parameter of a lattice of a
monocrystal material in several directions, at that, the curves
of the diffractional reflexion contain information on the pa-
rameters of the lattices of all the layers of a heterostructure.
From the received data a conclusion is made about the com-
position of a material and elastic deformation of a crystal lat-
tice. Besides, the software allows us to model a curve of the
diffractional reflexion from a complex multilayered heter-
ostructure and adjust it to the experimentally measured one,
varying the thicknesses and compositions of the layers. Thus,
it is possible to determine the thicknesses and compositions of
the layers (fig. 8).

The curves of the diffractional reflexion, recorded in the
mode of m-scanning, give a chance by the semi-width of the
peak from a film to estimate the off-orientation (mosaicity) of
the crystal structure of the film, caused by the local distortions
and turns of the crystal structure round the dislocations ex-
isting in the film, and also the domain structure of a film.
Thereby it is possible to estimate the density of the disloca-
tions and the dimensions of the domains. In [5] it is shown,
that GaN film grown on GaN substrate has about the same
semi-width of w-peak, as the substrate (53"/52" at reflexion
from the planes (002) of the films/substrates, 145"/137 "at re-
flexion from the planes (102), 54"/42" at reflexion from the
planes (104)), which means a very high degree of perfection
of the crystal structure of GaN film on GaN substrate. In [32]
by the semi-width of w-peak of GaN the sizes of the columnar
domains formed in AlGaN/GaAs heterostructures, grown by
MOCVD method on c¢-Al,O5 substrates, are estimated, and
also it is shown, that an increase of the sizes of the domains
leads to a higher mobility of the electrons.

Maps of scattering of the x-ray radiation combine the ad-
vantages of 0/20- and w-scannings, however, they demand
more time for signal accumulation (the problem is solved by
the use of a powerful source of radiation, synchrotron, for ex-
ample). Maps of scattering allow us to approximate in the best
way the experimental data by the calculated ones, especially
this concerns the diffusive scattering of the x-ray radiation
caused by dislocations. Comparison of the experimental and
calculated maps of scattering allows us to determine the den-
sity of the dislocations. In [33] it is shown, that the use of the
geometry of a sliding and falling beam (the full internal re-
flexion is realized, at that, the falling and the reflected beams
are directed at very small angle (0.6°) to the surface of the
sample) during measurement of the maps of scattering allows
us to halve the error of determination of the density of the
boundary sprouting dislocations in GaN film on sapphire in
comparison with the use of the geometry of a regular diffrac-
tional reflexion of a beam from the symmetric and asymmet-
ric crystallographic planes. However, a drawback of the ge-
ometry of a sliding fall is that the screw dislocations are not
revealed, while the measurement of the maps of scattering in
the geometry of a regular diffractional reflexion from the sym-
metric and asymmetric planes allows us to divide the contri-
bution of the sprouting boundary and screw dislocations. The
values of the total density of the dislocations are confirmed by
determination of the density of the pits of etching.

The epitaxial multilayered heterostructure on the basis of
GaN is characterized by an elastic stress, which is due to sev-
eral factors: 1) differences in the coefficients of thermal ex-
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pansion of GaN and of the substrate material (the coefficient
begins to play its role during cooling of a plate from the tem-
perature of growth down to the room temperature, and as a
result, the GaN layer on Al,O5 substrate becomes com-
pressed, and on the 6H-SiC substrate — stretched); 2) non-
uniform heating of the heterostructure in the process of the
epitaxial growth; 3) discrepancy of the constants of the GaN
lattice and the substrate material; 4) formation of defects in
the process of the epitaxial growth (usually this leads to a
stretching elastic stress). The elastic stress arising in a film can
cause bending of a plate [34]; occurrence of cracks in the film
[35]; delamination of the film from a substrate; and formation
of dislocations of discrepancy [36]. The radius of curvature of
plate R is determined by Stoney formula:

2
R= [ Esubsrrate j hsubstrate (2)
b
1- Vsubstrate 6Gﬁlmhﬁlm
where Egpoare A0 Voporae— Young modulus and Poisson's

ratio of the material of the substrate, Ag,;g.qe and hg, —
thicknesses of the substrate and the film, o4, — elastic stress
in the film. Stoney formula is applicable to the thin intense
films on the relatively thick substrates (/g,, < Agpgrar)- The
film deflection Az is determined by the following expression:

A7~ = 3)

where D — diameter of a plate. Usually, the plates with the
nitride structures have the curvature radius of 5...10 m, and
the deflection of the two-inch plates equals to 30...60 mi-
crometers [37]. In case of a strong elastic stress of a film the
curvature of a plate becomes not spherical, but cylindrical.
The curvature of a plate, just like presence of dislocations in
a heterostructure, leads to broadening of w-peaks. The con-
tribution of the curvature of a plate to this broadening be-
comes especially noticeable during research of the high-qual-
ity nitride heterostructures with a small density of the dislo-
cations. In [38] the authors demonstrated, that at a reflexion
from the symmetric planes (0006) a contribution of the cur-
vature of a plate can be minimized by reducing the height of
the x-ray beam by means of changing the width of the colli-
mator crack (fig. 9), or by using not the whole plate, but its
small fragment (with the area of several square millimeters);
however, at that, the intensity of the reflected beam will be re-
duced. For the arsenide structures due to their rather small
elastic stress (~10 MPa in comparison with ~450 MPa in the
nitride heterostructures) the influence of the curvature of a
plate on the semi-width of w-peaks is considerably less.

3. Capacity-voltage Method of Research
of the Heterostructures

The capacity-voltage measurement of the parameters of
the semiconductors are based on determination of the de-
pendence of the capacity of a structure, which is due to the
presence of a volume charge in the near-surface area of the
semiconductor, on the voltage applied to it [39]. Simultane-
ously the structure may be influenced by the other factors,
which can vary during the measurements. Among them are
the influence on the structure of an external photoactive ra-
diation and its heating under a certain law. The capacity aris-
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ing due to absorption of radiation, in the first case is called
photocapacity, and in the second case — thermostimulated
capacity. Another distinctive feature of the methods is pres-
ence of two electric signals supplied to the structure. The first
signal is a constant voltage (bias voltage), which ensures sup-
port for the working point of the device, and the second signal
is an alternating voltage of a small amplitude (measuring sig-
nal), necessary for measurement of the capacity of the struc-
ture. The capacity-voltage methods are based on the electron
theory of the near-surface area of a spatial charge and differ-
ential surface capacity. Therefore, an important point of the
measurement is understanding of the physical processes oc-
curring in the semiconductor structures, which lead to ap-
pearance of a capacity.

The nanosized structures are practically always created on
the basis of the films with thickness of tens (units) of nanom-
eters or from thin-film multilayered structures [40]. It is clear,
that during transportation of the electrons lengthways or
across a film or a structure the basic influence on the proc-
esses will be rendered by the boundary (interface) parameters
and the near-surface areas. The electrons are captured by the
local levels on the boundary, which leads to formation of the
embedded charges. The role of such surface charges can also
be played by an external electric field.

If an electric field is applied to the condenser, one of the
facings of which is a semiconductor plate, an induced charge
appears near its surface. This charge is created by the mobile
charge carriers, which are present in a semiconductor. The
appearing charge shields the rest of the volume of the semi-
conductor from penetration of an external electric field.

Depending on a correlation of the work functions (Fermi
levels) of the materials and conductivity of a semiconductor
during a contact of a metal with a semiconductor, four situ-
ations are possible. In two situations appearance of an en-
riched layer is observed, and in two other ones — of a depleted
and even inverse layers. If an enriched layer is obtained, then
for the charge carriers during their movement from a material
into a material no potential barrier will be formed. If the layer
turns out to be impoverished, there is a potential barrier. This
barrier is called Schottky barrier (Schottky diode) [41].

The form of such a barrier essentially differs from the form
of the barriers with nonmetallic substances. The most impor-
tant thing is that the barrier’s top has a triangular form, i.e.
its thickness obviously decreases, when the energy of particles
approach the top. As a result a possibility appears for a tunnel
transition, the probability of which raises with approaching of
the top of a potential barrier.

Fig. 10 presents a typical power diagram of a metal-sem-
iconductor transition of n-type in an equilibrium state (with-
out an external electric field). The same figure presents a dis-
tribution of the charge carriers. Since there are much more
electrons in the metal, only a part of it is visible [42].

In the contact plane here there is a rupture of zones AE;
there are two potential barriers and they are different in values:
AE),, is a barrier for the electrons of the metal, and g, — for
the electrons of the semiconductor.

In order to calculate the distribution of the electric po-
tential in the contact place, it is necessary to solve Poisson
equation. In case of depletion (there are no charge carriers in
the depleted layer near the metallurgical boundary) the charge
in the depleted area with the length of 8 is determined by the




charges of the ionized donors of Np. In this case the equation
will produce the following results (fig. 11):

E= =9 Ny@s — x); 4
Yo p(8 = x); (4)

—__9 — 2
¢ = 28580 ND(6 x) + (pn/n’ (5)

here ¢, — dielectric permeability of the semiconductor.

2
From equation (5) we can get 6 = % (9o— U), where
D

gy — contact potential difference and U — applied voltage.
The spatial charge is in the semiconductor [43]

0, = qNpdS = §,/2e.e0qNp(9y—U), (6)

where S — area of Schottky transition.

By definition, the capacity is the speed of change of a
charge during the change of the applied voltage, i.e. C= Z_IQJ
Change of the charge in the transition is connected with a
change of the thickness of the depletion area, which depends
on the applied voltage. Thus,

€,0dNp _ &8

c=3S
2(pp-U) 3

(7

Let us express the full voltage, applied to the transition,
through the capacity:

qgsgoNDS2

2¢? ®

o) — U=

This correlation shows that the diagram of the dependence
of a square of value, inverse capacity, on the bias voltage
should be a straight line. Knowing the inclination of this line,
it is possible to determine the level of doping of semiconduc-
tor Np, while the point of crossing of the straight line with the
axis of abscissa gives value ¢. In practice the most serious dis-
crepancy arises at definition of ¢, on crossing of the diagram
with the axis of voltage; as far as the inclination of the curve
is concerned, it usually allows us to determine precisely
enough the concentration of an impurity.

The equivalent scheme of Schottky diode is presented in
fig. 12 [44, 45].

Resistor Ry is the resistance of the volume of the semi-
conductor (resistance of base), and R, — nonlinear resist-
ance of Schottky transition proper, depending on the applied
voltage.

The installation for measurement of the capacity-voltage
characteristics is a software-hardware complex, which is used
to supply two signals to the heterostructure for measuring of
the capacity. The first signal develops the bias voltage ensur-
ing support for the working point of the device (a certain
bending of the zones), the second one is a measuring signal
in the form of an alternating voltage, which allows us to de-
termine the differential capacity of a heterostructure. The
scheme of the installation, on which the measurements are
done, is presented in fig. 13.

Conclusion

The specific features of the crystal structure of the heter-
ostructures on the basis of semi-conductor compounds of
group A3B? are more convenient and can be most easily di-
agnosed by means of photoluminescence spectroscopy, x-ray
diffractometry and measurements of the capacity-voltage
characteristics (as far as the optical microscopy is concerned,
it is actively used, too, but it provides limited information and
only about the state of the surface of the heterostructures).
These are nondestructing methods (provided that equipment
makes it possible to insert the investigated plate entirely in it).
They are effectively applied for diagnostics of the heter-
ostructures on the basis of arsenides (Al, Ga, In)As and ni-
trides (Al, Ga, In)N. The photoluminescence spectroscopy
allows us to estimate the concentration of the dot defects (in-
cluding the undesirable background impurities) in a heter-
ostructure. The x-ray diffractometry allows us to estimate the
density of the two-dimensional (including various disloca-
tions) and three-dimensional defects in a monocrystal mate-
rial, composition and thickness of the layers of a heterostruc-
ture, and the elastic stresses in them. The general technique
of the analysis for the arsenide heterostructures and the nitride
heterostructures is very similar, however, in case of the nitride
heterostructures it is necessary to consider much bigger values
of the elastic stresses and curvatures of the plates, which re-
sults in a bigger shift of the peak of the boundary/near-bound-
ary photoluminescence, and also to a wider peak on w-curves
of the diffractional reflexion; the latter circumstance leads to an
overestimated estimation of the density of the dislocations and
demands minimization of the curvature effect of the plates.

Out of the electrophysical methods of the nondestructing
control the most widely applied is the capacity-voltage meth-
od. It allows to determine the distribution of charges by the
depth of a heterostructure and to reveal the doping areas, the
charged centers and the electrons in a quantum well.

The work was done with a financial support of the Ministry
of FEducation and Science of Russia (grant agreement
No 14.607.21.0011, the unique identifier of the project —
RFMEF160714X0011).

References

1. Gruzdov V. V., Kolkovskij Yu. V., Kontsevoj Yu. A. Kontrol'
novykh tekhnologij v tverdotelnoj SVCH ehlektronike, Moscow,
Tekhnosfera, 2016, 328 p. (in Russian).

2. Bhat T. N., Dolmanan S. B., Dikme Y., Tan H. R., Bera L. K.,
Tripathy S. Structural and optical properties of AlxGa;_,N/GaN
high electron mobility transistor structures grown on 200 mm diam-
eter Si(111) substrates, Journal of Vacuum Science & Technology B,
2014, vol. 32, pp. 021206.

3. Fang C. Y., Lin C. F., Edward Yi Chang, Feng M. S. A study
of subbands in AlIGaN/GaN high-electron-mobility transistor struc-
tures using low-temperature photoluminescence spectroscopy, Ap-
plied Physics Letters, 2002, vol. 80, pp. 4558 (3).

4. Reshchikov M. A. Determination of acceptor concentration
in GaN from photoluminescence, Applied Physics Letters, 2006, vol.
88, pp. 202104 (3).

5. Reshchikov M. A., Huang D., Yun F., He L., Morko¢ H.,
Reynolds D. C., Park S. S., Lee K. Y. Photoluminescence of GaN
grown by molecular-beam epitaxy on a freestanding GaN template,
Applied Physics Letters, 2001, vol. 79, pp. 3779 (3).

6. Khan M. A., Skogman R. A., Van Hove J. M., Krishnan-
kutty S., Kolbas R. M. Photoluminescence characteristics of
AlGaNGaNAIGaN quantum wells, Applied Physics Letters, 1990,
vol. 56, pp. 1257 (3).

7. Dissanayake A., Lin J. Y., Jiang H. X., Yu Z. J., Edgar J. H.
Low temperature epitaxial growth and photoluminescence character-
ization of GaN, Applied Physics Letters, 1994, vol. 65, pp. 2317 (5).

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 5, 2017 315




8. Benyoucef M., Kuball M., Beaumont B., Gibart P. Raman
mapping, photoluminescence investigations, and finite element anal-
ysis of epitaxial lateral overgrown GaN on silicon substrates, Applied
Physics Letters, 2002, vol. 80, pp. 2275.

9. Buyanova 1. A., Wagner Mt., Chen W. M., Monemar B.,
Lindstrom J. L., Amano H., Akasaki I. Photoluminescence of GaN:
Effect of electron irradiation, Applied Physics Letters, 1998, vol. 73,
pp. 2968 (3).

10. Bessolov V. N., Evstropov V. V., Kompan M. E., Mesh M. V.
Fotolyuminestsentsiya GaN: zavisimost' ot intensivnosti vozbuzh-
deniya, Fizika i tekhnika poluprovodnikov, 2002, vol. 36, is. 10,
pp. 1207—1210 (in Russian).

11. Guan Sun, Yujie J. Ding, Guangyu Liu, Huang G. S., Hong-
ping Zhao, Nelson Tansu, Jacob B. Khurgin. Photoluminescence emis-
sion in deep ultraviolet region from GaN/AIN asymmetric-coupled
quantum wells, Applied Physics Letters, 2010, vol. 97, pp. 021904 (4).

12. Yu P. W., Jogai B., Rogers T. J., Martin P. A., Ballingall J. M.
Temperature dependence of photoluminescence linewidth in modu-
lation doped PLeudomorphic high electron mobility transistor
Aleal,XAs/InyGal,yAs/GaAs structures, Appl. Phys. Lett., 1994,
vol. 65, pp. 3263—3265.

13. Galiev G. B., Klimov E. A., Klochkov A. N., Lavrukhin D. V.,
Pushkarev S. S., Mal'tsev P. P. Fotolyuminestsentnye issledovaniya
metamorfnykh nanogeterostruktur In0.7A10.3As/In0.75Ga0.25As/
In0.7A10.3As na podlozhkakh GaAs, Fizika i tekhnika poluprovodnik-
ov, 2014, vol. 48, vyp. 5, pp. 658—666 (in Russian).

14. Kikkawa T., Makiyama K., Ohki T., Kanamura M., Imani-
shi K., Hara N., Joshin K. High performance and high reliability
AlGaN/GaN HEMTs, Phys. Stat. Solidi (a), 2009, vol. 206, is. 6,
pp. 1135—1144.

15. Saarinen K., Laine T., Kuisma S., Nissild J., Hautojarvi P.,
Dobrzynski L., Baranowski J. M., Pakula K., Stepniewski R., Wo-
jdak M., Wysmolek A., Suski T., Leszczynski M., Grzegory I., Po-
rowski S., Phys. Rev. Lett., 1997, vol. 79, pp. 3030—3033.

16. Singh R., Molnar R. J., Unli M. S., Moustakas T. D. In-
tensity dependence of photoluminescence in GaN thin films, Appl.
Phys. Lett., 1994, vol. 64, 336 p.

17. Baur J., Kaufmann U., Kunzer M., Schneider J., Amano H.,
Akasaki 1., Detchprohm T., Hiramatsu K. Photoluminescence of re-
sidual transition metal impurities in GaN, Appl. Phys. Lett., 1995, vol.
67, pp. 1140 (3).

18. Pressel K., Nilsson S., Heitz R., Hoffmann A., Meyer B. K.
Photoluminescence study of the 1.047 eV emission in GaN, Journal
of Applied Physics, 1996, vol. 79, pp. 3214 (3).

19. Gkrana V., Filintoglou K., Arvanitidis J., Christofilos D.,
Bazioti C., Dimitrakopulos G. P., Katsikini M., Ves S., Kourouk-
lis G. A., Zoumakis N., Georgakilas A., Iliopoulos E., Applied Physics
Letters, 2014, vol. 105, pp. 092107 (7).

20. Galiev G. B., Klimov E. A., Grekhov M. M., Pushkarev S. S.,
Lavrukhin D. V., Mal'tsev P. P. Strukturnye i fotolyuminestsentnye
svojstva nizkotemperaturnogo GaAs, vyrashhennogo na podlozhkakh
GaAs (100) i GaAs (111)A, FTP, 2016, vol. 50, is. 2, pp. 195—203
(in Russian).

21. Galiev G. B., Vasil'evskij I. S., Klimov E. A., Klochkov A. N.,
Lavrukhin D. V., Pushkaryov S. S., Mal'tsev P. P. Foto-
lyuminestsentnye svojstva modulirovanno-legirovannykh struktur
InxAl, _ As/InyGa;_ As/InxAl, _, As s napryazhennymi nanovstav-
kami InAs i GaAs v évantovoj yame, Fizika i tekhnika poluprovod-
nikov, 2015, vol. 49, is. 9, pp. 1243—1253 (in Russian).

22. Galiev G. B., Vasil'evskij I. S., Klimov E. A., Klochkov A. N.,
Lavrukhin D. V., Pushkaryov S. S., Mal'tsev P. P. Osobennosti fo-
tolyuminestsentsii HEMT-nanogeterostruktur s sostavnoj kvantovoj
yamoj InAlAs/InGaAs/InAs/InGaAs/InAlAs, Fizika i tekhnika polu-
provodnikov, 2015, vol. 49, is. 2, pp. 241—248 (in Russian).

23. Vasil'evskij I. S., Pushkarev S. S., Grekhov M. M., Vini-
chenko A. N., Lavrukhin D. V., Kolentsova O. S. Osobennosti diag-
nostiki metamorfnykh nanogeterostruktur InAlAs/InGaAs/InAlAs me-
todom vysokorazreshayushhej rentgenovskoj difraktometrii v rezhime
wo-skanirovaniya, FTP, 2016, vol. 50, is. 4, pp. 567—573 (in Russian).

24. Wu M. F., Shude Yao, Vantomme A., Hogg S. M., Lang-
ouche G., Li J., Zhang G. Y. Strain in AlGaN layer studied by Ru-
therford backscattering/channeling and X-ray diffraction, J. Vac. Sci.
Technol. B., 1999, vol. 17, pp. 1502—1506.

316 HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 5, 2017

25. Torabi A., Hoke W. E., Mosca J. J., Siddiqui J. J., Hal-
lock R. B., Kennedy T. D. Influence of AIN nucleation layer on the
epitaxy of GaN/AlGaN high electron mobility transistor structure and
wafer curvature, J. Vac. Sci. Technol. B., 2005, vol. 23, pp. 1194—1198.

26. Kyutt R. N., Mosina G. N., Shheglov M. P., Sorokin L. M.
Defektnaya struktura sverkhreshyotok AlGaN/GaN, vyrashhennykh
metodom MOCVD na sapfire, Fizika tvyordogo tela, 2006, vol. 48,
is. 8, pp. 1491—1497 (in Russian).

27. Zhenyang Zhong, Ambacher O., Link A., Holy V., Stangl J.,
Lechner R. T., Roch T., Bauer G. Influence of GaN domain size on
the electron mobility of two-dimensional electron gases in Al-
GaN/GaN heterostructures determined by X-ray reflectivity and dif-
fraction, Appl. Phys. Lett., 2002, vol. 80, pp. 3521—3523.

28. Yue Jun Sun, Oliver Brandt, Tian Yu Liu, Trampert A.,
Ploog K. H., Blasing J., Krost A. Determination of the azimuthal
orientational spread of GaN films by X-ray diffraction, Appl. Phys.
Lett., 2002, vol. 81, pp. 4928—4930.

29. Chierchia R., Bottcher T., Heinke H., Einfeldt S., Figge S.,
Hommel D. Microstructure of heteroepitaxial GaN revealed by X-ray
diffraction, J. Appl. Phys., 2003, vol. 93, pp. 8918—8925.

30. Reiher A., Blising J., Dadgar A., Krost A. Depth-resolving
structural analysis of GaN layers by skew angle X-ray diffraction, Appl.
Phys. Lett., 2004, vol. 84, pp. 3537—3539.

31. Kuchuk A. V., Stanchu H. V., Chen Li, Ware M. E.,
Mazur Yu. I., Kladko V. P., Belyaev A. E., Salamo G. J. Measuring
the depth profiles of strain/composition in AlGaN-graded layer by
high resolution X-ray diffraction, J. of Appl. Phys., 2014, vol. 116,
pp. 224302.

32. Zhong Z., Ambacher O., Link A., Holy V., Stangl J., Lech-
ner R. T., Roch T., Bauer G. Influence of GaN domain size on the
electron mobility of two-dimensional electron gases in AlGaN/GaN
heterostructures determined by x-ray reflectivity and diffraction,
Appl. Phys. Lett., 2002, vol. 80, pp. 3521.

33. Barchuk M., Holy V., Miljevi B., Krause B., Baumbach T.
Grazing-incidence X-ray diffraction from GaN epitaxial layers with
threading dislocations, Appl. Phys. Lett., 2011, vol. 98, pp. 021912 (4).

34. Dobrynin A. V. O primenimosti formuly Stoni dlya raschyota
mekhanicheskikh napryazhenij v tolstykh plyonkakh i pokrytiyakh,
Pisma v ZHTF, 1997, vol. 23, no. 18, pp. 32—36 (in Russian).

35. Einfeldt S., Diefielberg M., Heinke H., Hommel D., Rudloff D.,
Christen J., Davis R. F. Strain in cracked AlGaN layers, J. Appl.
Phys., 2002, vol. 92, pp. 118—123.

36. Voronenkov V. V. Optimizatsiya tekhnologicheskikh uslovij
ehpitaksial'nogo rosta tolstykh sloev nitrida galliya: dis. kand. fiz.-
mat. nauk: 01.04.10. Sankt-Peterburg, 2015, 175 p. (in Russian).

37. Yuseong Jang, Won Rae Kim, Dong-Hyun Jang, Jong-In Shim,
Dong-Soo Shin. Analysis of the stress distribution in the nonuniform-
ly bent GaN thin film grown on a sapphire substrate, Journal of Ap-
plied Physics, 2010, vol. 107, pp. 113537 (5).

38. Moram M. A., Vickers M. E., Kappers M. J., Humph-
reys C. J. The effect of wafer curvature on X-ray rocking curves from
gallium nitride films, J. Appl. Phys., 2008, vol. 103, pp. 093528 (4).

39. Strel'chenko S. S., Lebedev V. V. Soedineniya A3B5, Mos-
cow, Metallurgiya, 1984, 121 p. (in Russian).

40. Fedorov Yu. V. Shirokozonnye geterostruktury (Al,Ga,In)N i
pribory na ikh osnove dlya millimetrovogo diapazona dlin voln,
EHLEKTRONIKA: nauka, tekhnologiya, biznes, 2011, vol. 2 (00108),
pp. 92—107 (in Russian).

41. Ivanov P. A., Potapov A. S., Nikolaev A. E., Lundin V. V.,
Sakharov A. V., TSatsul'nikov A. F., Afanas'ev A. V., Romanov A. A.,
Osachev E. V. Vol't-faradnye kharakteristiki MDP struktur
(Al/Ti)/Al,O5/n-GaN, Fizika i tekhnika poluprovodnikov, 2015, vol. 49,
no. 8, pp. 1061—1064 (in Russian).

42. Pasynkov V. V., Chirkin L. K. Poluprovodnikovye pribory:
uchebnik dlya vuzov, Moscow, Vyssh. shk., 1987. (in Russian).

43. Medvedev S. P. Fizika poluprovodnikovykh i mikroehlektronnykh
priborov (bipolyarnye pribory): ucheb. pos., Penza, 1996. (in Russian).

44. Maler R., Kejmins T. Ehlementy integral'nykh skhem, Mos-
cow, Mir, 1989. (in Russian).

45. Ruban O. A. Issledovanie polyarizatsii v geterostrukturakh s
kvantovoj yamoj AIGaN/GaN metodom vol't-faradnykh kharakter-
istik, Nano- i mikrosistemnaya tekhnika, 2016, no. 11, pp. 675—680
(in Russian).




VIK 621.382
H. B. IIlaBpyk, Hayu. coTp., e-mail: kolg @mail.ru,

DOI: 10.17587/nmst.19.317-320

C. B. Peapkun, KaHI. TeXH. HayK, Bel. Hayd. coTp., e-mail: sergeiredckin@yandex.ru,
A. A. TpodumoB, M. Hayu. coTp., e-mail: aa-trofimov@yandex.ru,

H. E. UBanoBa, nHXeHep-1CCIIeI0BaTE b,

®DenepanbHOE TOCYIapCTBEHHOE OIOMKETHOE YUpeXkIeHNe HayKu
MHCTUTYT CBEpXBBICOKOYACTOTHOM MOJIYIIPOBOAHMKOBOM 3J1€KTPOHUKM Poccuiickoil akageMuun Hayk

A. C. CKpunHMYeHKO, BeJl. MHXEHED,

OAO HayuyHo-uccaegoBaTeIbCKUii MHCTUTYT TOYHOTO MAalllMHOCTPOEHMS, T. 3eJIeHOorpas
B. C. KonapareHko, 1-p TexH. HayK, npod., e-mail: vsk1950@mail.ru,

B. B. Creipan, n1abopaHT, e-mail: st-slava@bk.ru,

DU3NKO-TeXHOJTOTUUECKUI MHCTUTYT, MOCKOBCKMIA TE€XHOJIOTUYECKUIA YHUBCPCUTCT

PASAEAEHUE NMOAYINMPOBOAHUKOBbLIX NMAACTUH
13 TBEPAOTO MATEPUAAA HA KPUCTAAADI

Ilocmynuna 6 pedaxyuro 21.10.2016

IIposedenvt pabomul no pazdeseHuro NOAYRPOBOOHUKOBHIX NAACMUH cangupa duamempom 52 mm u moawurou 90 mkm Ha
omadenbHble KPUCMAAAbL C NOMOULbI0 Memooda AA3epHO20 YRPABAsemMo20 mepmopackanvieanus. Ilpogedens: uccaedoganus no pesie
NOAUKPUCIANIUYECKUX AAMAZHBIX NAACMUH, @ pe3yAbmame KOmopbix npedaodicer Mmemoo dpaemeHmupoganus NAacmut Ha Kpuc-

mannvl — fla3€prlIZ NAA3MOXUMUYECKUU MemOod PE3KU.

Karouegvie caosa: pa3aeﬂeﬂue cand)upoebtx naacmuHr, 1a3epHoe ynpaeademoe mepmopacKaibleanue, 1a3epHad naasmoxumu -

yeckKas pesxka

BBenenue

B nmonynpoBoIHUKOBON MUKPOSJIEKTPOHUKE TBEP-
Ible MaTepHaJlbl TIJIACTUH MPEACTaBICHBI B OCHOBHOM
carupoM, KapomaoM KPpeMHUS U HUTPUIOM TaJUIHSI.
CJIOXXHOCTD pasfesieHus] TaKUX IJIaCTUH Ha KpUCTal-
JIBI OOBSICHSIETCS HE TOJIBKO TBEPIOCTHIO M XPYITKOC-
ThIO MaTepuaa, HO U TeM, YTO MPU CHOPMUPOBAHHBIX
Ha TITaCTUHE 3JIeMEHTaX M MEXK3JIEMEHTHBIX COeTIMHE-
HUsX TpeOyeTcsl BbICOKasi TOUHOCTh pasfesieHusl, He-
JIOCTaTOK KOTOPOI MIPUBOIUT K TTOBBIIIEHHOMY OpaKy.
[ToydeHHBIe KPUCTAJUTBI SIBIISIIOTCS 3aTOTOBKAMU JIJIsT
MPOM3BOMCTBA MOJIYITPOBOIHUKOBBIX MPUOOPOB, TO-
3TOMY TPeOOBaHUS K KaueCTBY IIPOBEICHUS OTepariuu
pasneneHusT BHICOKMU.

PazneneHue miaacTMHBI Ha KPUCTAIIbI OCYIIECT-
BJISIETCS, KaK MPaBUJIO, HA KOHEYHBIX CTaaUSIX IMPOU3-
BOJCTBEHHOTO ITMKJIa, M3TOTOBJICHNUE TNIACTUHBI — TPY-
JOEMKHIA MpOoliecC, OHA UMEET BbICOKYIO0 CTOMMOCTb,
YTO OIpeessieT OTBETCTBEHHOCTD Olepalliu pasaesie-
HUSI U €€ BaXKHOE MECTO BO BCEi TEXHOJIOTMYECKOM 11e-
TTOYKEe TTPOU3BOJICTBA TTOTYIIPOBOIHUKOBBIX IPUOOPOB.

BHe 3aBHCUMOCTH OT MeTOAa pas3neeHUs MIacTu-
HBI Ha KPUCTAJTI OCHOBHBIMU TPEOOBAHUSIMHM K JTaH-
HOI1 oTepamny sSIBIISTIOTCS:

— BBICOKMI TIPOLIEHT BHIXOJA TOTHBIX KPUCTAJLIOB;

— BBICOKAas NMPOM3BOAUTEIBHOCTh 000PYI0BAHMS;

— TeoMeTpuUecKass TOYHOCTh KPUCTAJIIOB,

— HU3KUN YPOBEHb CKOJIOB MO KpasiM KPUCTAJLJIOB;

— DKOHOMMWYHOCTb.

MeToapl pa3jiesieHds MOJYNPOBOIHUKOBBIX IJIACTHH
W3 TBEPAOTr0 MATepHaja HA KPUCTAJLIbI

Mg pasgeleHusT TTOJYIPOBOIHUKOBBIX TUIACTUH
Ha otaenabHble Kpuctawibl MCBYITD PAH B cotpya-

HUYECTBE C MapTHEpaMM MPUMEHSIET pa3InyHbIe Me-
Toawel [1, 2].

CKBO3HOE pasziesieHue TIJIACTUHBI Ha KPUCTAJLIbI
METOIOM AMCKOBOI Pe3K! TIPU TPaBIIIBHOM TTOI00pe
PEXMMOB PE3KM M MHCTPYMEHTa HaeT BO3MOXHOCTh
IoJIy4aTh pe3bl 0e3 CKOJIOB M CTPOTO BEPTHKAIBHBIC
rpaHu KpucTaaioB. OMHAKO MPU HEKOTOPbIX YCIOBUSIX
JMAHHBIA METOJ HENPUMEHUM B CUJIY BBICOKON CTOM-
MOCTH pacxoOJHbIX MaTepuaion [1].

Hcmronb3oBanre i pasnelieHus TUIACTMH MeToaa
JIa3epHOTro yIpanjisieMoro TepmMopackanbiBanus (JIVT)
[3, 4] obecnieunBaeT BHICOKYIO TTPOU3BOUTEIbHOCTD U
0e31eeKTHYI0O KPOMKY, MOBBIIIAIOLIYIO MPOYHOCTD
U3AENINS B HECKOIBKO pas.

C momombsio meroma JIVT peanuzoBaHO pa3sne-
JieHue candupoBbIX IJIACTUH (AMAMETpOM 52 MM,
TomuKHOM 90 MKM) CO CTPYKTYypaMM Ha KPUCTAJIJIbL.
Pe3ky myacTvH BBIMOJHSUIM Ha JIa3epHON YCTaHOBKE
MJIIT1-1060/355. Ilpu pe3ke IUIaCTUH B IIEPBOM Ha-
MpaBJIeHNHU TTIepBOHAYAILHO Ha Kparo IIACTUHBI HAaHO-
CIT KOPOTKHE Haapesbl, obecreyrBalolme "3apoxie-
Hue" pasaensromux TpeH MetogoM JIVT. Ipu pes-
K€ BO BTOPOM HampaBJeHUM i1 00ecrieueHrsl CKBO3-
HBIX Pa3IelIIIoNINX TPEIINH HAaHOCUTCS HETrTyOOKUIA
Hazpe3 1o Bcel JuHuM pesa. [1pu mocienyioliem Ha-
rpeBe JINHUM Hazapesa JasepHbIM IIydkoM CO,-sazepa
7 TIOCJICAYIOIIETO OXJIAXKICHWs 30HBI HAarpeBa ¢ ITOMO-
LIbIO XJTaJareHTa MporcXoauT 00pa3oBaHue CKBO3HOM
Pasnesole TPEUIMHDI.

CkopocTb pe3ku miaactTuHbl metogaom JIVT cocra-
Buia 450 mm/c.

I HaHeceHMsl JOKaJbHBIX Haape30B IJIMHOMN
150 MKM Ha Kpato IJIacTUHbI PpU pe3Ke B ITePBOM Ha-
MpaBJeHUU U HAaHECEeHUsI Halpe30B MO BCeil IIMHE pe-
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Puc. 1. Pexxymmii moxyns MJITI1-1060/355
Fig. 1. MLPI-1060/355 cutting module

Puc. 2. JIunnu pe3a 1 niacTHHbI B IEPBOM HANPABJIEHUH € TIOMOIILIO
JIYT CO,-na3epom u 1MHAM pe3a 2 BO BTOPOM HANPABJIEHUH C Npes-

BapuTeIbHbIM HaApe3om YD-nazepom

Fig. 2. Cut line 1 of plate 1 in the first direction by means of LCT and
CO, laser, and cut line 2 in the second direction with a preliminary notch

done by UV laser

3a BO BTOPOM HaITpaBJICHUU UCITOb30BaM Y D-mmazep
¢ JJIMHOW BOJIHBI M3iydyeHus 355 HM. ['nyOuHa Han-
pe3a cocrapisieT 12...15 MKM, a lIMpUHA Haape3a —
8...10 MxM. Ha puc. 1 nokasaH pexyuiuit MoayJb, a Ha
puc. 2 — pe3yabTaT pasaeaeHus candupoBbIX MJIACTUH
Ha OTAeabHBIe KpucTtauibl MetogoM JIVT, Kotopslit
obecrneunBaeT BbICOKOE KauyeCcTBO B MEPBOM U BTOPOM
HaIpaBJICHMSIX.

B MCBYIID PAH pa3paboTtaH HOBbII MeTOJ (hpar-
MEHTUPOBAHUS TUIACTUH HAa KPUCTAIbI — JIa3epPHbII
TUIa3MOXUMMYECKUT MeTon pe3ku. CyTh MeTona ja-
3epHOM IIA3MOXMMHMYECKON pe3KM 3aKIIIoJacTCs B
TOM, YTO TMPOLIECC MPOBOAUTCS B IJ1a3Me HU3KOTO JaB-
JIeHus B aTMOc(epe Ta30B, KOTOPhIe B MOHU3NPOBAH-
HOM COCTOSIHUM aKTMBHO B3aWMOJCHCTBYIOT C MOBEpP-
XHOCTBIO TIOJTYTIPOBOTHUKOBOM TIACTUHBI U3 TBEPIAOTO
Marepuajga U MepeBOJsIT €ro B JIETy4yrle COCAUHEHMSI,
KOTOpBIE 3BaKyMPYIOTCSI U3 PEaKIIMOHHON KaMephl C
TMOMOIIIBI0 BaKYYMHOTO Hacoca [5].

I1na3ma nomkuraercss B (pOKyce J1a3epHOTro jaydya U
MOKET IepeMelIaThcs B Hy>KHOM HaITpaBJIeHUH T10 00-
pabaTbhiBaeMOIi MOBEPXHOCTH JTUOO C MOMOILbIO OINTH-
YeCKOIM CHUCTEMBI, JIMOO TTOCPEICTBOM MEXaHNIECKOTO
nepemMelleHusi camoro oopasua. CKOpocTb pe3KM Mo
pPa3IMYHBIM KPUCTAJUIOTPAaUUECKUM OCSM TIPAKTH-
YecKku ofrHaKoBa. JIaHHBI METOJ JUIIEH OCHOBHOTO
1 HamboJiee BaXKHOTO HEIOCTaTKa TPATWUIIMOHHOM Jia-
3epHOI pe3ku (puc. 3), KOTOPBIM SIBJSIETCSI BHIOPOC
Marepuajga u3 00JacTy pe3a U ero ocaxIeHue Ha yxe
cchopMUpoBaHHbIE TPUOOPHBIE CTPYKTYPHI, YTO a0CO-
JIIOTHO HEOOIYCTUMO IPU Mepexoae K TOMOJOTUM
MpubOpoOB ¢ HaHOpa3Mmepamu [6].

B nanHOM ciyyae ObLT MCIIOJb30BaH Jia3ep Ha ma-
pax Meau ¢ IIMHOM BoaHbBI 510,6 1 578,2 HM, yacTOTOM
cieaoBaHust UMIyJbcoB 10 kIl 1 1T TEIbHOCTHIO UM-
nynbcoB 20 He. CpeaHsist MOITHOCTh U3JTyUYeHUS B ITyU-
ke coctaBuiia 10 B, nmukoBasi MOLLIHOCTb U3JYYEHUST —
50 kBt, KITA 1 %; nnametp myuka 20 MM, IIITHO (po-
KycupoBkH 10 MKM, pacXoauMOCTh ITydKa, OlIM3Kas K
IUPaAKIMOHHOM.

B kauecTBe m1a3mMo00pasyroliieil ra3oBoil cpeibl uc-
nosb3oBanu cmech CF4 + O,, a Takxke cmech O, + Ar.

Ha puc. 4 u 5 npencraBieHbl pe3yabTaThl Ja3epHOI
MJIa3MOXUMUYECKOM PE3KU AJIMA3ZHOW MOJUKPUCTAT-
JIMYecKkoi TmiaacTuHbel. Kak MOXHO 3aMeTUTb, pe3Ka
MAHHBIM METOIOM OOeCTIeUMBAET OTCYTCTBHE KaKWX-
MO0 MOCTOPOHHUX YIJIEPOJHBIX MaTepuaaoB Ha IO-
BEPXHOCTH TUIACTHHEI.

Puc. 5 neMoHCTpUpyeT cpaBHEHUE pe3yJibTaTa Jia-
3EpPHOI TIJIa3MOXMMMYECKON pe3Ku (JIeBasi 4acTb) U

NuHuA pesa
The cut line

Puc. 3. Pe3yabTaT TpaaMunoHHOI Ja3epHOi
PE3KH MIACTHHBI U3 MOJMKPUCTALIHIECKOTO
anMasa

Fig. 3. Result of a traditional laser cut of a
plate from a polycrystalline diamond
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Puc. 4. O0muii BUA pe3a MIACTHHBI U3 MO-
JIMKPUCTAJIMYECKOTO ajIMa3a METOIOM Jia-
3ePHOI MJIA3MOXMMHYECKOH Pe3KH

Fig. 4. General view of the cut of a plate from
a polycrystalline diamond by the method of
laser plasma-chemical cutting

Puc. 5. Bua KpUCTa/JUIMTOB MOJMKPHCTAJ-
JIMYECKOH aJMa3HOM IUIACTHHBI MOCJe Ja-
3epHOi MIA3MOXMMHYECKOI Pe3KH U CKOJa
Fig. 5. View of the crystalline particles of the
polycrystalline diamond plate after the laser
plasma-chemical cutting and chipping




CKOJIa IJIaCTUMHBI (mpaBas 4acTth). Kak BUIHO, OHM
WIEHTUYHBI, YTO SBJISIETCSI 10KA3aTeJIbCTBOM OTCYTC-
TBUSI MOAM(DUKALIMHU TTOJUKPUCTAIIMYECKOTO ajaMasa
B METOJIE JIa3€PHOI MJIa3MOXUMUYECKOUN PE3KU.

3aKkioueHue

IMpu pasmeneHuu TIAaCTMH Ha OTHCITbHBIE KPHC-
TaJlJIbl, colepKaliue cpopMUpoOBaHHbIE TTOTYITPOBOI-
HUKOBBIE MpPUOOPBI, TpeOyeTCsT BBICOKASI TOUHOCTb.
Metoa s1a3epHOTO YIpaBIsieMOTro TepMOpacKasbliBa-
HUSI CIIOCOOEH 00EeCIEYUTh BICOKYIO IIPOMU3BOAUTEIb-
HOCTh U 0e31eeKTHYI0 KPOMKY, Ojarogapst 4emy I10-
BBILLIAETCSI IPOYHOCTD M3IEIINSI.

JOCTOMHCTBOM METOIA JIa3epHOM IIJIa3MOXMMU-
YeCcKOI pe3Ku B IJla3Me HU3KOIO JABJIEHUSI B aTMOC-
(dbepe Ta3oB gBISIETCS OTCYTCTBUE BHIOpOCA MaTepuaa
13 00J1aCTH pe3a U ero OcaxIaeHUs Ha yxXe cpopMupo-
BaHHBIE IPUOOPHBIC CTPYKTYPBI, YTO UTPAET BAXKHYIO
pOJIb TIpH TIepeXoe K TOTOJIOTUM TTPUOOPOB ¢ HAHO-
pasMepaMu.

Paboma evinoanena npu gunancosoii noodepicke Mu-
Hucmepcmea obpazoeanuss u Hayku P® (coenawenue o
npedocmaenenuu cyocuduu Ne 14.607.21.0011, yrnukano-
Hbld udenmughukamop npoekma RFMEF160714X0011).
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Splitting of Semiconductor Plates from Hard Materials into Crystals
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Semiconductor plates of sapphire with diameter of 52 mm and thickness of 90 micrometers were split into separate crystals by
means of the method of laser controlled thermosplitting. Research was done concerning cutting of the polycrystalline diamond plates,
as a result of which the method of fragmentation of plates into crystals was offered — the laser plasma-chemical method of cutting.
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Introduction

In the semiconductor microelectronics the hard materi-
als of plates are represented basically by sapphire and silicon
carbide. The problem with their splitting into crystals is de-
termined by their hardness and fragility and also by the fact
that the elements generated on a plate and the inter-element
bonds require high precision of splitting, and lack of it results

in high waste. The received crystals are the preparations for
manufacture of the semiconductor devices, therefore, the
quality requirements to the splitting operation are very high.

As a rule, splitting of a plate into crystals is carried out
at the final stages of the production cycle, at that, a plate
comprises a lot of labor and material inputs, which deter-
mine its high cost and responsibility of the splitting, and its
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important place in manufacture of the semi-conductor de-
vices.

Regardless of the method of splitting of a plate into crys-
tals, the basic requirements to the operation are the following:

— high percent of output of the suitable crystals;

— high efficiency of the equipment;

— geometrical precision of the crystals;

— low level of chipping along the edges of the crystals;

— economic efficiency.

Methods of splitting of the semi-conductor plates
from hard materials into crystals

IUHFSE of RAS in cooperation with partners applies var-
ious methods of splitting of the semi-conductor plates into
separate crystals [1, 2].

Through splitting of a plate into crystals by a disk cutting with
a correct selection of the modes and tools gives a chance to re-
ceive cuts without chipping and with strictly vertical sides of the
crystals. However, under certain conditions the method is inap-
plicable, because of the high costs of the expendable materials [1].

Use of the laser controlled thermosplitting (LCT) [3, 4]
ensures high efficiency and faultless edge, several times in-
creasing the products’ durability.

By means of LCT splitting of the sapphire plates (with di-
ameter of 52 mm, thickness of 90 um) with structures into crys-
tals was realized. The cutting was done on MLP1-1060/355 in-
stallation. During cutting of plates in the first direction, origi-
nally, on the brink of a plate short notches were done ensuring
"origin" of the dividing cracks by LCT method. During cutting
in the second direction, in order to ensure through dividing
cracks, a superficial notch was done along all the line of a cut.
As a result of the subsequent heating of the line of the cut by
CO, laser beam and subsequent cooling of the zone of heating
by means of a coolant a through dividing crack was formed. The
speed of cutting of the plate by LCT method was 450 mm/s.

For making of local notches with the length of 150 microm-
eters on the brink of a plate during cutting in the first direction
and making notches along all the length of the cut in the second
direction an UV laser was used with the wavelength of radiation
of 355 nm. The depth of the notch was 12—15 pm, and its
width — 8—10 um. Fig. 1 demonstrates the cutting module,
and fig. 2 — the result of splitting of the sapphire plates into
separate crystals by LCT method, which ensured high quality,
both in the first and in the second directions.

IUHFSE of RAS developed the method of fragmentation
of plates into crystals — the laser plasma-chemical method of
cutting. The essence of the method is that the process takes
place in a low pressure plasma, in the atmosphere of gases,
which, in the ionized state, interact actively with the surface
of the semiconductor plate from a hard material and trans-
form it into the volatile compounds, which are evacuated
from the reaction chamber by means of a vacuum pump [5].

Plasma is ignited in the focus of a laser beam and can
move in the necessary direction on the processed surface, ei-
ther by means of an optical system, or by means of a me-
chanical movement of the sample itself. The speed of cutting
via various crystallographic axes is practically the same. The
method is free of the basic and most important drawback of
the traditional laser cutting, which is emission of a material
from the area of cutting and its sedimentation on the formed

instrument structures, which is absolutely inadmissible in
transition to topology of the nanosized devices [6].

In the given case it was a copper vapor laser with the wave-
length of 510.6 nm and 578.2 nm, pulse repetition frequency
of 10 kHz and duration of pulses of 20 ns. The average radiation
power in the beam was 10 W, the peak radiation power —
50 kW, coefficient of efficiency — 1 %, bean diameter —
20 mm, focusing spot — 10 um, and the beam divergence was
close to the diffraction one. As the plasma-forming gas environ-
ment CF, + O, mixture was used and also mixture of O, + Ar.

Fig. 4 and 5 present the results of the laser plasma-chem-
ical cutting of a diamond polycrystalline plate. As it is possible
to notice, the given method of cutting ensures absence of ex-
traneous carbon materials on the plate surface.

Fig. 5 demonstrates comparison of the result of the laser
plasma-chemical cutting (left part) and chip of the plate (right
part). Apparently, they are identical, which proves absence of
modification of the polycrystalline diamond in the method of
laser plasma-chemical cutting.

Conclusion

Splitting of plates into separate crystals containing the
formed semiconductor devices requires high precision. The
method of the laser controlled thermosplitting can ensure
high efficiency and a faultless edge, which improves durability
of the products.

An advantage of the method of the laser plasma-chemical
cutting in a low-pressure plasma and in a gas atmosphere is
the absence of the material exhausted from the cut area and
of its sedimentation on the already formed instrument struc-
tures, which plays an important role in transition to the to-
pology of the nanosized devices.

The work was done with the financial support of the Ministry
of Education and Science of the Russian Federation (grant
agreement No 14.607.21.0011, unique project identifier —
RFMEFI160714X0011).
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