


C.A. Tamkpenupse

: 0CYAAPCTBEHHOE 6IOAKETHOE YupexaeHMe HaykM MWHCTHTYT CBEPXBBICOKOYACTOTHOR
nonynpoeoaHuKOBOW 3nexrpouku Poccuitckoit axapemun nayx (ACBYMD PAH) 6bin cozpan Mocranoenenuem
NMpesnauyma PAH Ne 109 or 16 anpens 2002 ropa no unnuuaruee Ynena-koppecnonpenta PAH Bnagummupa
Ipuropbeuya MokepoBa, KOTOpBIW H CTan nepBbiM AHPEKTOPOM HHCTHTYTA. C COMOrO HAYANG CYlWeCTBOBAHMKS
HHCTHTYTA ero paboty noaAepxanu Bepywmue yuenbie crpanbl — Jlaypear Hob6eneeckol npemuu akagemmk
Xopec Ueanoeny Andepoe, akapemuxn KOpui Bacunbeeny lynses, Anexcanpp Jleonuposuy Acees, l0pac
Kapnoeuu Moxena. C sueaps 2014 ropa yupepurenem MUCBYMI PAH senserca DepepanbHoe areHTcrso
HOYYHbIX OPFAHH3A LK.

30 net naszan B.I. Mokepoe Hauan paboTy no GOPpMUPOBAHMIO HAYYHOTO KONNEKTUBA MHCTUTYTA:
B 1983 1. — B cocraee otaena HUM monekynapHoi snekTpormkm 1 3asoaa «Mukpow» (r. 3eneHorpag),
a c 1989r. — 8 cocrase LleHtpa mHcTMTYTO paamoTexHukn 1 snekTpoHukn um. B.A. KotenbHukosa
PAH. B aanHom HaydHom konnektuse ¢ 1983 1. no celt aeHb Tpyamtca 3aseayiolmin nabopatopuen,
1-p dus.-mar. nayk [.b. Tanues. B 2002 ropy MCBYI2 PAH cran camoctoarenbHom opraHusatpen,
koTopyto uneH-koppecnonaent PAH B.I. Mokepos sosmasnan 8 2002-2008 roaax.

B 2008 —2009 rr. uuctutyT Bo3masnan a-p ¢us.-mar. Hayk [O.A. Matsees, ¢ 2010 no 2016 .
apekTopom UHcTUTyTa Bbin 3acnyxeHHbiit aeatens Hayku Pocanitckon Pepepaumnu, 4-p TexH. Hayk,
npodeccop I.I1. Manbues, a ¢ 2016 r. no HacTogllee BpEMA IMPEKTOPOM ABAAETCA [I-p TEXH. HAYK,
npodeccop C.A. lamkpenuaze.

HeatenbHOCTb MHCTUTYTA CBA3AHA C NPOBEAEHUEM GYHAAMEHTANBHBIX M TOMUCKOBBIX MCCIEAOBAHWHM,
NPUKNAaHbIX paspaboTok B obnactu ceepxebicokouactotHoi (CBY) u kpartne sbicokouactotHon (KBY)
MONYNPOBOAHUKOBOM SNEKTPOHUKM, B TOM YUCTIE MO CIEAYIOLMM HANPABIEHUAM:

® TEeXHONOrMa U GU3UKA KBAHTOBO-PASMEPHBIX CTPYKTYP, pa3paboTKa HOBbIX KIACCOB BbICOKOYA-
CTOTHBIX FETEPOCTPYKTYPHBIX NPUBOPOE.;

® pPACYET M MOAENMPOBAHME reTEPOCTPYKTYPHBIX YHUNOAAPHBIX M GUNONIpHbIX NPUOOPOB HA YACTOTSI
g0 200-250 Ty v BbILWE;

® pa3paboTKa CUCTEM HA KPUCTANNE C UHTEMPUPOBAHHBIMKM OHTEHHAMM M YCHITUTENAMM A8 AMANA-
3oHa yacrot 1o 50—250 [Tu u retepoctpyktypHbix CBY MOHOMUTHBIX MHTErPAnbHBIX CXEM AR CU-
cTem6ecnpoBoaHOM CBA3M, BOPTOBLIX PAAAPOB, PALMOYNPABNAEMBIX B3PHIBATENEN, BHICOKOUYBCT-
BMTESIbHBIX PAAMOMETPOB M T.4,;

® MUKPO- U HOHOTEXHONOMMM GOPMUPOBAHUA KOPOTKOKAHAMbHBIX reTepocTpykTypHbix CBY npubopos,
cosnaHue Teparepuoebix ycrponcrs gna yactot ot 300 go 900 MMy,

e pa3paboTKa TEXHONOMMM NPOU3BOACTBA HOBbIX MATEPMANOB 1 CTPYKTYP Ang CBY n KBY snektpoHmkm.

MCBYIS PAH aenaetca nupepom B ctpaHe B chepe paspaboTku TEXHONOTMI U3TOTOBNEHMS 13-
penuit CBY 3nekTpoHUKM HO OCHOBE HUTPUAHBIX reTepocTpykTyp. Passutue npubopos Ha HuTpuge
rannus aBngeTca npuoputeTHoiM Hanpasnenuem CBY snektporukm 8 Poccun 1 B Mupe.

Co3a0H AM3AMH-LEHTD MOLENMPOBAHMSA, MPOEKTUPOBAHMA U TEXHONOTMYECKOM PA3PABOTKM HAHO-
retepocTpykTypHbix CBY TpansncTopos m CBY MOHOAWTHBIX MHTErPAbHBIX CXEM NOJ, PYKOBOACTBOM
MABHOTO KOHCTPYKTOPA — 3amectutend aupektopa no HAUOKP KO.B. ®epoposa.

B UCBYIN2 PAH npoBoautca noctoaHHo AencTByiowmin cemMuHap «l loTeHumanbHbie BO3SMOXHOCTH
CO30AHUA HOHOTETEPOCTPYKTYP ANg Teparepuosoro auanasona yacrot (cesiwe 300 [Mu) Tenekommy-
HUKALUMOHHBIX CUCTEM», PYKOBOIMUT MM YneH-koppecnoHaeHt PAH, n-p dus.-mar. Hayk B.A. Poixui.

PesynbTaThl MCCIEAOBAHMI NO CO3AAHMIO TBEPAOTENbHBIX TEPArEPLOBbIX YCTPONUCTB NPU3HAHBI HA-
yuHbIM coobuectsom Poceuu.

Croe 15-netve co ana ocHosanua konnektus MCBYID PAH sctpeuaer ¢ onTMMUM3MOM, OKTUBHO
ocsauneag Hosble pybexu CBY snektponmkm.

Hupextop MCBYIT2 PAH  p-p TexH. Hayk, npodeccop C.A, Tamkpenugse
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AuanasoHa yacror (cebiwe 300 M)
TENIEKOMMYHUKALMOHHbBIX CUCTEM

PyxoBoautenns cemuHapa:
rnasHeid Hay4Hei cotpyaHmk MCBYIM3 PAH, un.-kopp. PAH, Penxui B.A.

3aM. pyKoBoaMTENS: 30M. AMPEKTOPa no Hay4Hou pabote MCBYIM3 PAH,
K.¢.-M.H. [1.C. NoHomapes, e-mail: ponomarey_dmitr@mail.ru

CemuHap 6bin opranmnsosar 8 2011 . no uHnumatuee akagemunka PAH O K. [Noxens — noveTHoro unerHa YueHoro coseta
WMCBHI2 PAH, segyliero HayuHoro cotpyanmka LlenTpa dusmieckmx n TexHonormueckmx Hayk MHcTutyTa drankmn nonynpo-
BoaHmkoB & . Bunsrioce (Jlntea), B xone soinonHenns HUP «ccnenosanmne BosmMoxHOCTEN CO3AAHMA HAHOTETEPOCTPYKTYP
ons Teparepuosoro ananasora 4actoT (cesiwe 300 M) TenekoMmyHMKAUMOHHBIX CUCTEM> (FOCYAAPCTBEHHbIA KOHTRAKT MEXY
NCBYIMS PAH 1 Murmcrepcteom obpasosanus u Hayku PO N2 14.740.11.0869 ot «29» anpens 201 1r.), pykosoamtenem

KOTOPOM OH 4BIIANCA.

WN3nadansHo cemmHap Gbin NOCBALIEH MCCEOOBAHMIO BO3AEMCTBUA SMNEKTPOMATHUTHEIX BOMH TEPArepLOBOrO AMANA3oHd
(TMu) B reTepocTpykTypax Ha ocHose monapHbix nonynposogHukos. 1O.K. Moxenol emecte ¢ cotpyarmkamm MICBYIMS PAH
EHINM MPEANOXEHE METOIE ONPEaeneHms AperdoBoi CKOPOCTH HOoCUTENEN Toka B TpaHaucTopHsix (HEMT) retepoctpykrypax,
a & nabopatopnn A.d.-m.H. [.b. Tannesa Geinn paspaboTaHs Takie CTPYKTYPLI ¢ COCTABHOM KBOHTOBOWM AMOM, YTO NMO3BOAMIO
YBENUUMUTL APEMPOBYIO CKOPOCTL 3N1eKTPoHOB B KaHane HEMT B Heckonbko pas. Takke B xofe 0bCyXaAeH M Ha CeMMHAPE Bbinu
NPeanoXeHsl CTRYKTYPL C NpOGUNem NerMpPOBAHMS B BULE HOHOHMTEM U3 ATOMOB ONOBA, KOTOPbIE BNOCNEACTBMM BbiNk SKCNepU-
MEHTANbHO peann3oBaHs B nabopatopmm A.C. byraesa.

Ha dotorpadum usobpaxers cotpyanrkm MICBYIMS PAH mecte ¢ KO K. TMoxenon Ha oaHom 13 cemmHapos B 2013 1.
K coxanenmio, 8 2014 rogy IOpac Kapnosmu ckoponocTUxHO CKOHUANCS M CEMUHAP MPULLTOCh NPEPBATL HA HEKOTOPOE BREMS.

C 2015 ropa pykosogutenem cemuHapa sensetcs un.-kopp. PAH B, Poixui, npodeccop emeritus yHnsepcuteta Aitsy m
npodeccop yHmeepcuteta Toxoky (AnoHmsa).

BaxHo otmeTnTs, 4to cemuHap nprobpen mexayHapodHuii cratye. Ewe 8 2013 rogy cpeim NpmridLleHHsIX AOKIALYMKOB
6uinu npodeccop Kambpuaxa (Hitachi Cambridge Laboratory) Anapeit Anekcees, a Takxe saseayiowmi nabopatopueit 1 Ha-
YuHBI cOTPYAHMK MHCTUTYTG TexHudeckor duamkm n matepuanoseaerius g r. bynanewte (MTA TTK MFA, Budapest, Hungary),
npodeccopa XK. 3onHan u H. Harm.

B HaCTOSLMI MOMEHT HO CeMMHAPE OBCYXIAIOTCS CEAyIoLME AKTYANbHBIE BOMPOCH], CBA3AHHbIE C OCBOeHMem TTL ama-
MA30HA YACTOT:

1. Paspabotka nepsoro B Poceun Tl keaHToBO-KACKOAHOMO NA3EpA.

2. PaspaboTka MaTepranos M GOTONPOBOIILLMX AHTEHH HA MX OCHOBE 1St TEHERALIM 1 IETEKTUPROBAHMS TIL M3nyueHMs.

3. PaspabBotka uctourmkos Tl ManydeHrs Ho OcHOBE TpAadeHd U T.4.

C 2015 ropa HA cemmHape HEOOHOKPATHO BLICTYNAIOT YYACTHUKM eXerogHon MexayHapoLHOM TeparepuoBoi koHde-
perum RJUSE (Russian-Japan-USA-European symposium), ogHum 13 opraHmnsatopos kotopoit sensetcs B.IA. Pexumi.



B atom roay 6-i cemunap cocrourca 9 mions 2017 r. no appecy:

WUCBYMS PAH npu noppepxke 000 «ONTIK» ¢ 2012 roga npoBOAMT eXeroaHbIi Mex-
AYHAPOAHBIH HAYYHO-NPAKTHYECKMIt CeMuHap nonb3oBarteneid obopymosanus Raith:
«JInexTpoHHo-nyYesas nurorpadus Ha o6opypoeanun Raith: ot upen go peanusaymum».

r. Mockea, np. Haropwwiit, a.7, kopnyc 1, Maneiit san, (Havano s 10:00).

Mudbopmaums Ha caiite isvch.ru v no Ten. 8 (499) 123-44-64.

PykoBoauTens ceMMHApd MABHBIA KOHCTPYKTOP — 3AMECTHUTENb OMPEKTORd

no HUOKP MCRYIS PAH 10. B. ®epgopos

@epepanbHoe rocyaapcTeeHHoe 6lopKeTHoe yupexaenne Haykn MHCTHTYT cBepXBbICOKOUUCTOTHON
nonynpoeoaHMKOBOI 3nekTponnkn Poccuiickoii akapemun nayk (HCBHM PAH)

YCTaHOBKH 3NEKTPOHHO-Ny4eBOM NUTOrpaduu Ans H3roToBNEHHUS MOHONMUTHBIX MHTETPANbHbBIX
cxem CBY u KBY puanasonos 8 nonoce 30—110 Ty na HEMT rpansucropax

RAITH150-TWO, 2008 r.
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EXEMECSYHBIN MEXIUCIIUTUINHAPHBINA TEOPETUYECKUIN U IPUKIATHOM HAYYHO-TEXHUYECKUI KYPHAI

XypHan BkJlio4eH B MexayHapofHble 6a3bl faHHbIX Ha nnatdopme Web of Science: Chemical Abstracts Service (CAS), kotopasi Bxoout B Medline,
1 Russian Science Citation Index (RSCI).
XypHan nHaekcupyetcs B cuctemMe POCCUIACKOTO MHAEKCA HayyHOro umTupoBanms (PUHLL) u BknioyeH B MexayHapoaHyto 6a3y INSPEC
11 B NEPEYEHD HAYYHBIX U HAYYHO-TEXHMYECKMX M3aanuin BAK Poccumn no TexHmyeckum, Gpuanko-MatemaTnieckum U XUMUYECKUM HaykaM.
KypHan BbINyCKaeTcs Npy Hay4HO-METOAMYECKOM PYKOBOACTBE OTAENEHNS HAHOTEXHONOMMIA 1 UHDOPMALMOHHBIX TEXHONOTMiA POCCUIACKOI akanemMun Hayk
Crarbm umetot DOI 1 neyataloTcs B XypHanie Ha PYCCKOM M aHIIMIACKOM 3blkax
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CO3AAHMUE MNEPBOTO OTEYHECTBEHHOT O KBAHTOBO-KACKAAHOT O AA3EPA
TEPATEPLIOBOIO AUATTA3ZOHA HYACTOT

Ilocmynuna é pedaxyuro 03.11.2016

IIpodemoncmpuposan nepewvili omeuecmeeHHblll K8AHMOB0-KACKAOHbIL Aazep mepazepyosoeo duanazona (TIy KKJI), uzeo-
moeaennbill 6 pamkax koarabopayuu CII6 AY PAH u HCBYI1D PAH. Aémopamu 6biia npednodcena KOHCMPYKYus aKmueHol
obaracmu Tly KKJI Ha ochose mpex myHHeAbHO-CEA3AHHbIX KBAHMOBbIX M C PE30HAHCHO-(OHOHHBIM MEXAHUBMOM OeNONYAAUUYU
HUJICHe20 1a3epH020 YPOBHS, paspabomarvl mexHosoeuss pocma muozocaolinvlx GaAs/AlGaAs-eemepocmpykmyp (228 kackada)
MemooomM MOAEKYAAPHO-NYUKOBOL SNUMAKCUL U NOCMPOocmosas obpabomka eemepocmpykmyp o5 uzeomoenenuss Tly KKJI. Hc-
CAe008aHUSL BONbM-AMNEPHBIX U UBAYHAMENbHbIX Xapakmepucmuk uzeomoenenuvix TIy KKJI, nposedennvie 6 UOM PAH, nood-
meepicoarom CMUMyAUPOBAHHbII XapaKmep uziy4eHus 6 ucciedyemvix npubopax. Ilocmpocmosas obpabomka bviaa anpodupo-
6aHa Ha eemepocmpykmypax upmet Trion Technology (CILA).

Karouesnie caosa: keanmogo-kackadusie nazepul, mepazepyosuiii ouanason, GaAs/AlGaAs-eemepocmpykmypoi, MyHHeAbHO-

C6A30HHble K6AHMOBbLE AMbl, pe30HaHCHO—¢0HOHHbIﬁ ouzaiin

BBenenune

KBaHTOBO-KacKagHbIe Jla3epbl, OCHOBAaHHBIE Ha TIe-
pexoJax 3JeKTPOHOB MEXAY YPOBHSIMU BHYTPU 30HBI
MPOBOIUMOCTU TeTepocTpykTyp GaAs/AlGaAs, siBisi-
I0TCSl YHUKAJIBHBIMM MCTOYHMKAMM TeparepiioBOro
usnydyeHus. JlaHHbIe ycTpoiicTBa paboTaloT B Avarna-
3oHe yactoT 1,2...5,0 TT'y (6e3 ncnonb3oBaHus 60JIb-
IIUX MarHUTHBIX T0JIeil) B HENPEPHIBHOM PEXUME C
BBIXOAHOU MolIHOCTbIO O6osee 200 MBT [1] 1 B um-
MYyJIbCHOM PeXUMe ¢ TTMKOBOM MOIIHOCThIO Oojiee 1 BT.
Ha ocHoBe pa3iuyHbIX MPUHLIUIOB (MUKPOIJIEKTPO-
MEXaHWYECKOTO, MCITOJIb30BaHUSI BHEIIHETO PEe30Ha-
TOpa u JIp.) ObUIa JOCTUTHYTA MEPECTPOIiKa YaCTOThI Te-
parepLioBoro kBaHToBo-KackanHoro jiasepa (TT KKJT)
Ha 300 I'Tu u Gonee. Kpome TOro, Ha CeromHsIIHUN
neHb npoaeMoHcTpupoBaHbl TI'y KKJI B pexxume yac-
TOTHOM TI'peOEHKM CO CIIEKTpaJIbHOM IOJ0COoi Oosee

1 TI'1x [2]. DTO OTKpBIBAET MEPCIEKTUBHI ITO pa3padoT-
ke TT'u cnektpomeTpoB Ha ocHoBe TTu KKJI ¢ 6051b-
IIMM OTHOILIEHUEM CUTHAJ/IIyM (TeopeTUYeCcKU bosiee
60 nb na 3 TI'm).

ITomumo Toro uro TI'u KKIJI siBasieTcss yHUKAIb-
HBIM ucTOUHUKOM TT'11 u3nyyeHus:, fTaHHbIE YCTPOMCT-
Ba MOXHO MCITOJIb30BaTh B KaUueCTBE JIOKAIBHOTO OC-
LHWISITOpa I/ TeTePOAUHHOIO AETEKTUPOBAHMSI, T.€.
peliaTth 3agady 1o AeTekTupoBaHuio TI uzmydeHuUs.
CnexrtpanbHas mmpuHa reHepauuu TT KKJI ¢ pac-
MpeaeeHHO 0OpaTHON CBSI3bIO COCTaBISIET AECSATKU
KWJIOTEPII, YTO MTPUBEJIO K MCITOJb30BAHUIO TeTEPOIU-
HOB Ha MX OCHOBE IpU 3allycKe aspoctatoB NASA st
pelleHus COBPeMEHHBIX acTpo(r3nUecKux 3aaauy.

C y4eToM mocjaeNHUX JOCTUXEHUI B TEXHOJOTUU
TI'nm KKJI akTyanpHOM cTana 3amadya UCCIeI0BAaHUS U
pa3paboTku cucteM TT1 Budyaiauszaluu, MOCTPOEHUS
n3oopaxeHuit oobekToB B TI'1I criekTpe ¢ mMpuMeHe-
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HueM TT'u KKJI. B kxauecTtBe ne-
TEKTOPOB B JIaHHBLIX CHUCTEMax ycC-

'O BPpEMCHU ABJIACTCA HUCITIO0Jb30Ba-

2854

Hue 3¢deKTa camMOCMelIMBaHUS
(self-mixing) B TT'u KKJI, nmpu Ko-
topoM TT1 u3nyyeHue oTpaxaercs
OT BHEIIHEH MUIIEHU OOpaTHO B -
pe3oHaTop J1azepa 1 mHTepdepupy-
eT (cMellIMBaeTcsI) C BJeKTpoMar-
HUTHBIM TT0JIEM BHYTPH pe30oHaTopa
[5, 6]. B nanHoM ciyyae TT'n KKJI
OyZeT OTHOBPEMEHHO BBITIOTHSITH
(YHKIINY MCTOYHWKA, CMECUTENIS U
JIeTeKTopa. DTO 3HAYMUTEILHO YII-
POCTUT KOHCTPYKIINH T€PAreploOBLIX CUCTEM U YMEHb-
AT UX CTOUMOCTb.

Paszpaborka TT'u KKIJI siBisiercst akTyanbHOI 3a-
Jayei sl CO3MaHusl CUCTEM M3MEPEeHHUs] CKOPOCTU U
NEepPEMEILICHUI YIAJICHHBIX MUILLIEHE, U3MEPEHUI Ba-
puanuu T KoadduMeHTa oTpakeHUsT MUIIEHEH,
a TakxKe JUISl YIaJIeHHOTO OOHapyXXeHUST CKPBIThIX 00b-
€KTOB U TIOCTPOEHUS MX IBYMEPHBIX M TPEXMEPHBIX
M300paxkeHui, T.e. I JOCMOTPOBEIX CHUCTeM 6e30-
MaCHOCTH, YTO KpaiiHe BaXKHO IJis MpeaoTBpallleHUS
TepPOPUCTHYECKUX aTaK. B To Xe Bpems o paborax
Han co3ganueM TI'n KKJI B Poccun no 2016 r. He co-
00111aJ10Ch.

Lenbio maHHOM pabOTHI SBASIETCS NEMOHCTpALIUS
nepBoro oreuectBeHHoro TI'y KKJI, uarorosineHHOro
B pamkax kosutabopanuu CI16 AY PAH u UCBYIID
PAH.

|

|
MEeIIHO TMPUMEHSIOTCS MHUKpPOOO- : 1400 - o
JIOMETPUYECKUE MATPULIBI, ITO3BO- : 120 0'_ °
JISTIOIIAE JOCTHYD OTHOIIEHUST CHUT- | -
Hai/iuym 6osee 300 mpu yacToTte : 1000
armucu 20 kagpoB B cekyHay [3]. I e
Bbruta mokazaHa BO3MOXHOCTbH Te- : g 800
pareplioBoil BU3yalIU3aLUA OObEK- | <
TOB, yOaJleHHBIX Ha Oojice 4eM Ha I~ 600
25 M ot ucrounuka (TTo KKJT) [4]. : I

AJNbTepHATUBHBIM ITOAXOIOM IO | 400

CO3MIaHUIO0 CHUCTEM TepareploBoit :
BU3YyaJIM3aLMU B PEXUME PeabHO- : 200

|

|

|

|

|

|

(~12 kB/cm)

Pa3padoTKa KOHCTPYKIMH aKTHBHOM 00JacTH
TI'm KKJI

Ha ocHoBe 4MCIeHHOrO ¥ CaMOCOTIaCOBAaHHOTIO pe-
1IeHus1 cuctembl ypaBHeHuii [llpenuHrepa B mpuoau-
XeHuM 3¢ GeKTUuBHON Macchl U IlyaccoHa ObUIM HC-
clieloBaHbl 3aBUCUMOCTU TIOJIOKEHUST JEKTPOHHBIX
YPOBHEU U CUJIBI OCHUJUISITOPA MEPEXOA0B OT MPUIIO-
KeHHoro anekrpuueckoro nous i TT'u KKJT ¢ pe-
30HAHCHO-(OHOHHBIM JM3afHOM Ha OCHOBE KacKaja,
COCTOSIIIIETO MX TPeX KBAHTOBBIX siM [7, 8]. [IuHamuka
HOcUTeJIell 3apsima mnoj AeHCTBMEM MPUIIOXKEHHOTO
BJIEKTPUYECKOTr0 II0JISI paccMaTpvBajach B paMKax
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Puc. 1. Paccunrannbie noJjieBblie 3aBUCMMOCTH ILIOTHOCTH ToOKa (J) H Ko3dduumenta ycu-
senns B TTLI KKJI-rerepoctpykrype npu 10 K. Ha BcTaBke — 30HHAs 1uarpamMma u BOJI-
HOBbI€ (DYHKIMH JIEKTPOHOB B IJEKTPHYECKOM MOJIe, COOTBETCTBYIONEM 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)

MeTola HepaBHOBECHBIX (YHKUMIT ['pmHa ¢ ydyeToM
MPOLIECCOB 2JIEKTPOH-(OHOHHOTO B3aMOIEHCTBUS U
paccesTHHSI 3JICKTPOHOB Ha IIPUMECSX U IIIEPOXOBaTOC-
TSIX reTeporpaHuil. B pesyinbraTe OblLIa ompeaeseHa
KOHCTpYKLMSI MHorocjoiiHoi GaAs/AlGaAs-retepo-
CTPYKTYPBI C IMaroHaJbHBIMM M3TyYaTeIbHBIMU TIepe-
XOIaMHU M CUJION ocuuuiATopa nepexona f; = 0,425.
Kpome Toro, B pesynbTare pacyeToB OBLIO OLIEHEHO
3HaYeHe KO3 GUIIMEHTa YCHICHUS TIPOSKTUPYEMOTO
TTu KKJI (puc. 1).

DNUTAKCHATBHDIA CMHTE3 MHOTOCIOMHBIX
rerepocTpykTyp GaAs/AlGaAs

IpemnoxeHHass KOHCTPYKIMS  MHOTOCITOMHBIX
GaAs/AlGaAs-TreTepoCTpyKTyp ObLla BhIpallleHa Me-
TOIOM MOJIEKYJISIPHO-TTyYKOBOIM SMMUTAKCUM Ha yCTa-
HoBKe Riber 21. PocT ocylecTBsICs Ha MOTYU30JIM -
pytoux nomioxkax GaAs (100), obecrneynBarOIINX
cormacoBaHue mapameTpoB pelueTku ¢ GaAs/AlGaAs,
YTO BaxKHO BBULY OOJIbIION TOIIIMHBI (0K0JIO 10 MKM)
Bceil cTpyKTyphl. JlIsl yMeHbIlIeHUs TOJIIMHbBI TIepe-
XOOHBIX CJIOeB OBUIM WCIOJB30BaHBI CICITHABHBIC
BBICOKOCKOPOCTHbIE 3aCJIOHKM, 00eCrieurBaloII1e Bpe-
MsI TIEPEKITIOUEHUS aTIOMUHUEBOTO M TaJUIMEBOTO T10-
TOKOB He 0ojiee 0,15 ¢. PocT ocyliiecTBIIsICS B MBI b-
SIK-CTaOMIM3UPOBAHHBIX YCIOBUAX C TeMIIEpaTypoi
ocaxneHusi, Koutpoaupyemoit UK nupomerpom. Co-
CTOSTHHE€ POCTOBOM MOBEPXHOCTU KOHTPOIMPOBAIOCH
C TMOMOIIbI0 AuGpaKiMd ObICTPHIX 3JEKTPOHOB Ha
oTpaxeHue. McciaemoBaHne CTPYKTYpPHBIX IapaMmeT-




POB C MOMOIUIBIO PEHTTEHOBCKMX KPUBBLIX Ka4aHUS U
SHEPTUH MEX30HHBIX ONTHYECKHX TIEPEXOI0B C TTOMO-
b0 (DOTOMIOMUHECLIEHIIMK Y BBIPAIEHHBIX CTPYK-
Typ NoApoOHO omnucaHo B pabdote [9]. BeipallieHHbIE
reTepOCTPYKTYpPhl 00JIaJal0T PEe3KMMU TeTepOrpaHu-
IaMU SMUTAKCHATBHBIX CJIOE€B, YTO ITOATBEPKAAIOT
CHUMKH TIPOCBEUYMBAIONIEH 3JIEKTPOHHON MHKPOCKO-
nuu (IT9M, puc. 2).

IMocTpocToBasi 06padOTKa MHOTOCJIOMHBIX
GaAs/AlGaAs-reTepoCcTpyKTyp

Hst comanma TT'u KKJI 6bu1a nconb3oBaHa cxe-
Ma JIBOMHOIO METAZTMYECKOTO BOJTHOBOAA, B KOTOPO
aKTUBHAsA 00JIACTh 3aKIIFOYAETCS MEXIY ABYMSI MeTajl-
JIMYECKUMU ciiosiMu. Takoil BOJTHOBOA obecrieurBaeT
6oJlee CIIIHHYIO JIOKAJTU3AIIWIO TIOJIST M MEHBIINE T10-
TEpH IO CPAaBHEHMIO C IJIA3MOHHBIM BOJHOBOJIOM, XO-
TS TaKOW TMOAXOHA 3HAYUTEIBLHO YCIOXHSIET IOCTPOC-
TOBYIO 00pabOTKY CTPYKTYD.

MHorocnoitHyto GaAs/AlGaAs-reTepocTpykTypy
cpallMBaJd METOJOM TEPMOKOMIIPECCUOHHOTO CO-
€IUHEHUsI C TMPOBOASAIIECH TMOMIOXKON-HOCUTEIEM
n+-GaAs. 3areM NOpPOBOIMIOCH IIOCJIENOBATENBHOE
CTpaBJIMBaHUE WCXOMHON MomIoXKU GaAs 10 CTOm-
cnost AlGaAs ¢ BBICOKUMM coliep:kaHueM Al, a 3ateM u
CaMOTo CTOI-CJI081, MOCJIe Yero CBEpXy HaHOCUIACh Me-
tamau3auus Ti/Au, KoTopast CayKujia B KaYeCTBe Mac-
KM JIJTS CYXOTO TpaBIIeHUS TpeOHEBBIX ME3aIOJIOCKOB U
B KauecTBe BepxHero ayekTpoaa TT'n KKJII. B pe3yib-
tare akTuBHas ooOsacte TT'u KKJI ToniuHo# okojo
10 MKM OKa3bIBajlaCh OrpaHUYEHHON ABYMSI METaUI-
yeckumu ciosimu. ITogpoOHOe ommcaHue IPOIECCOB
(hopMupoBaHUST TBOMHOIO METAUIMYECKOTO BOJTHOBO-
Ja na”o B pabore [10].

IMpu msroroBiaeHnm pe3oHaTopa Padbpu — Ilepo
HCIO0JIb30BAIACh ONEpallUsl PACKaIbIBAHUSI TPEOHEBBIX
MeszanosiockoB TTu KKJI. [ng yaydiieHus: kKayecTBa
CKOJIOB TMOJIOXKa-HOCcUTeNb nt+-GaAs yToHsIach 10
ToMUHEL ~ 150 MkM. Kpome Toro, omnepanuio packa-
JIBIBaHUS TaKXke yrpolaeT GopMUpoBaHUeE rpeOHEBbBIX
ME3aIlojIOCKOB € TaK Ha3biBaéMbIMHU IUTedyamMu. Ha
CHMMKE PacTPOBOTO 3JIEKTPOHHOTO MUKPOCKOTIA M300-
paxeH ckou Topua TI'u KKJI ¢ mneyamu (puc. 3). Yu-
Tl MOHTHPOBAJIMCH HAa MEIHBIN TETUIOMPOBO/, SIBIISI-
IOIIMICS HMKHUM KOHTaKTOM K CTPYKTYpe.

HUccaenosanue n3roroBjeHHbIX TI'nm KKJI

Msamepenue wusroroieHHblx TI'n KKJI mposo-
aunock B MHcTuTyTe (hu3ukum MUKpocTpykTyp PAH
(M®M PAH). Ha puc. 4 ipencraBiieHb BOJIbT-aMIIeP-
Hble xapakTepucTuku (BAX) M 3aBUCUMOCTU MHTEH-
CHBHOCTU MHTETPAJILHOTO M3JTYYEHMS OT TOKA IJIST VIC-
cnegyemoro TI'uy KKJI. Hanuume pe3koro msznoma Ha
BAX (0,32...0,42 A) cBsi3aHO ¢ 00pa3oBaHUEM JIOMeE-
HOB 2JIEKTPUUYECKOTO TOJISI BHYTPU JIa3epHOI CTPYKTY-

n-contact GaAs

GaAs/AlGaAs
Active region

Puc. 2. IIDM-u300paxkenne aKTHBHOW 00JACTH MHOrOCJIOHHOMK
GaAs/AlGaAs-reTepocTpyKkTypbl

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

Puc. 3. PODM-u3oopaxenne ckoaa Ty KKJI
Fig. 3. SEM image of THz QCL cleavage

Puc. 4. BAX (cnuiomHas JIMHAS) ¥ 3aBUCHMOCTH MHTEHCHMBHOCTH U3-
JIyYeHHsi OT TOKa (MyHKTHpHas junus) ucciaeayemoro Ty KKJT

Fig. 4. CVC (full line) and emission intensity against current plot (dotted
line) for THz QCL under study
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Puc. 5. Cnexrp n3nyyenuss TI'u KKJI Ha ocHOBe rerepocTpyKTyphbl
¢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

pol. Janee BAX npeTtepneBaeT pe3Kuil U3J10M, CBUIE-
TEJILCTBYIOIIMI O NMPUOJMKEHNM "HMKHEro" YpOBHS
WHXEKTOpa K "BepxHeMy" pabouemy JIa3epHOMY YPOB-
HIO, YTO CITOCOOCTBYET 3¢ (PEeKTUBHOMY TYHHEIUPOBA-
HUIO 3JIEKTPOHOB U OLICTPOMY POCTY TOKA Uyepe3 CTPYK-
Typy. Ha 3aBucmMocCTH MHTETpaJbHON MHTEHCHBHOC-
TH OT TOKa BUIHO, 4To 1310M Ha BAX mipu Toke 0,42 A
(280 A/CM2) COOTBETCTBYET Hayayly pe3KOro pocra huH-
TEHCUBHOCTU W3JYYEHUSI, YTO SIBJSIETCS MPU3HAKOM
BO3HMKHOBEHUS B CTPYKTYpPE CTUMYJIMPOBAHHOTO W3-
JIy4eHUSI.

Anpo6amus TexHoyiorud nsroropjienns TI'n KKJI

Jlnst anpobanuy pa3paboTaHHON TeXHOJIOTUM OblLila
ucrojib3oBaHa MHorocioliHasa GaAs/AlGaAs-retepo-
CTPYKTypa, u3rotosjieHHas ¢pupmoii Trion Technology
(CIOA). TerepocTpykTypa MMeEET pPe30HaHCHO-(¢O-
HOHHBIN 1M3aliH Ha OCHOBE TPE€X KBAHTOBBIX SIM U pac-
CYMTaHa TOA 4YacTOTy u3nydeHus: Boausu 3,2 Tl
AHaJIOTUYHO OINMCAHHON BhbIIIE ITOCTPOCTOBOI 0bOpa-
0OTKe OBLIIM M3TOTOBJICHBLI TPEOHEBELIE ME3aITOJIOCKH C
mwmprHoit 100 MkM. MOHTaX JaHHBIX YMIIOB ObLI BbI-
roiHeH B AO "HUU "Tlomoc” mm. M. @. CrenpMaxa”.
B N®M PAH 6bL1 U3MepeH CIEeKTp U3y4YeHUs] U3ro-
toBiaeHHBIX TT KKIJI (puc. 5). B cnekTpe usnydeHust
MPUCYTCTBYET CIIEKTpaJibHAsH JIMHUS HA YacTOTE BOJIM-
31 109 em ™!, o cootBercTByeT 3,2 TI'u. ITpu Temne-
patype 20 K Ha criekTpe nmpucyTcTByeT OoJiee ciabast
cnekTpaibHasl JuHus Boau3u 107,5 CM_l, COOTBETCT-
BYIOILIAsl TIPOJOJILHOM MOJIe pe30HaTopa.

3akmouyenue

Hecmotpst Ha oTcyTcTBME 3anena B Poccun B obnac-
™ co3ganus TI'n KKJI, aBTopamu paboThl B EpUOI
¢ 2015 mo 2017 rr. ygaaoch OCBOUThH MPOESKTHUPOBAHME
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nuzaiiHa aktuBHoit oOmactu TI'm KKJI, pa3paboTtath
TEXHOJIOTUIO CUHTe3a MHorocioiHbix GaAs/AlGaAs-
TeTepPOCTPYKTYP METOIOM MOJIEKYISIPHO-ITYYKOBOM
SMUTAKCUU, a TAKXKE OTPabOTAaTh MPOLIECChl MOCTPOC-
TOBOII 00paOOTKM BbIPAILEHHBIX T'€TEPOCTPYKTYpP IS
cozganud T KKJI ¢ IBOMHBIM MeTaLIMYECKUM BOJI-
HOBOJOM. MccienoBaHus BOJIbT-aMIIEPHBIX U U3TyYa-
TeJIbHBIX XapakTepucTUK u3rotoBiaeHHbIX TIu KKIJI,
npoBeneHHbie B UPM PAH, moaTeepkaaloT CTUMY-
JIMPOBAHHBIA XapakTep W3IyUdeHUS B HCCIEAyeMBIX
npuodopax. s anpobanyy NoCTpOCTOBOM 00pabOTKM
o1 uzrotosieH TT'u KKJI Ha ocHOBe reTepoCTpyKTy-
pbl pupMmbl Trion Technology (CILA). B criekrpe u3-
gydyeHust maHHoro TI'u KKJI mpucyrctByeT criekrt-
pajbHas JUHUS Ha yactote BOM3u 109 em !, gro co-
otBercTByeT 3,2 TI'w.

Asmopul ebipaxcarom 64a200apHOCMb COMPYOHUKAM
HUDOM PAH B. U. Taspunenko, K. B. Mapemvsnuny u
A. B. Hxonnukogy 3a usmeperus uzeomoenenuvix Ty KKJT
u compyonuxy AO "HUH "llonroc” um. M. @. Cmenn-
maxa" A. U. Hanunosy 3a coopky uunoé Tly KKJI.

Paboma evinoanena npu @urancosol noddepicke
Iparnma Ilpezudenma Noe MK-6081.2016.8.
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The first terahertz quantum-cascade laser (THz QCL) made in Russia in collaboration between SPbAU 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
JS>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 pm. 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 [—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
Jor 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.

The work was supported by the Russian President’s grant no.
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HA INMYTU K PEAAU3ALNUN TEPATEPLIOBbIX AA3EPOB
HA OCHOBE IrPA®EHOBbBIX TETEPOCTPYKTYP

Ilocmynuna 6 pedaxyuro 24.11.2016

IIpedcmaesaenvt HedagHue pe3yrvmamol, NOAYHEHHbIE B3AUMOOCUCBYIOUUMY SPYNNAMU POCCULICKUX U SNOHCKUX UCCAe008a-
measell, Ha NyMu Peaiu3ayuy mepacepyo8uix 1a3epos Ha 0CHOBe ePAPEH0BbIX eemepoCmPYKmYyp ¢ INeKmpueckou (UHICEKUUOHHOIL)
Hakaukou. Paccmampuearomes 06a muna mepaeepyosvix epagheHo8uix 1a3epos: Aa3epbl HA 0CHO8e 0OHOCAOUHOU U MHOLOCAOUHOU
2pageHosbix p-i-n eemepocmpykmyp ¢ 00K08bIMU P- U N-UHICEKMUPYIOWUMU 00AaCMAMU, UCNOALIVIOUUE MENC30HHbIEe BHYM -
PUCAOTIHbIE U3LYHamenbHble Nepexoobl, U 1a3epbl HA OCHO8e 0BOUHBIX ePAPDEHOBbIX 2eMepoOCmpPYKMYpP CO CAOAMU, PA30eNeHHbIMU
MYHHEAbHBIM OAPLEPHBIM CA0eM U UHOUBUOYANbHBIMU KOHMAKMAMU K KANCOOMY CA0I0, UCHOAb3YIOUUE PE30HAHCHO-MYHHEeAbHblE
BHYMPU3OHHbBIE MENCCAOUHBlE Nepexodbl, CONnPosoNcoaemble U3LyUeHUeM GHomoHos.

Karoueegvie caosa: mepacepyosoe uznyuenue, epaghet, eemepocmpyKkmypa, UH8epCHAs 3aceAeHHOCMb, Aa3ep

Bsenenune

Teparepuosbiii (TT'11) 1Mana3oH 31€KTPOMarHUTHO-
ro U3JyYEeHUs PACIOOXEH MEXIY MUKPOBOJIHOBBIM
W ONTUYECKMM CIIEKTpajJbHBIMU oOnactsMmu (puc. 1).
DTOT AuarnaszoH MOKPHIBAET YaCTOThI MOJEKYJSIPHBIX
KoJe0aHuii B ra3ax M >KUIKOCTSIX U 4acTOThl KoJjieba-
HUI peleTku TBepabix Teja. Ha 3ToM OCHOBaHbI MHO-
TOUMCJIEHHBIE YK€ CYIIECTBYIOIIME U Oyaylliue Mpu-
MeHeHusd Tl u3nyyeHus BKIIOYAIOILIME: PaauoaCT-
POHOMUIO, HOUHOE BUACHHUE, CKPBITYIO CBS3b MEXIY
KOCMMYECKMMM amiapataMyd U B JOKAIbHBIX KOM-
MbIOTEPHBIX CETSAX, NETEKTMPOBAHUE OTPABJSIONINX
M B3pbIBYATHIX BELIECTB, MOHUTOPUHI OKpYKalollek
cpenbl, MEIMIIMHCKYIO TWarHOCTUMKY M ap. HecMotps
Ha MHOTOJIETHUE YCUJIMSI U 3aMedaTesibHble JOCTUXKe-
HUS B DJIGKTPOHUKE CBEPXBBICOKUX YacCTOT U (POTO-
HUKE, peaju3alus KOMMAKTHBIX, JOCTATOYHO MOIII-
HBIX U 3(dexkTuBHbIX TT MpubOOpoB, paboTarolInX
MpU MpUEeMJIEMbIX TemIieparypax (T.e. Ipyu KOMHaT-

HBIX TeMmIlepaTypax WM, Io-KpaiiHel Mepe, Mpu yMme-
PEHHOM OXJIAXXIEHWM), OCTAeTCS HEPeIIeHHOM IIpo-
O61emoii. BBuny mpaktuyeckKux M (PyHIaMeHTaIbHBIX
CJIOXKHOCTEH IIMPOKOro ucrnojb3oBaHus T uzmy-
YeHUs] B MUPOBOIN HAyYHO-TEXHUUYECKOU JINTepaType
BO3HUK TepMuH TT1 "mens".

IIpuGopbl 1 cUCTEMBI Ha UX OCHOBE, JIMKBUIUPY-
IolIMe 3Ty "HIeNb", MOTYT OBITh peali30BaHbl HAa OC-
HOBE TBEPAOTEJbHBIX CTPYKTYpP M, IIpEeXIe BCero, mo-
JIYTIPOBOTHUKOBBIX TETEPOCTPYKTYP U3 CPAaBHUTEIHHO
TPaAWIIMOHHEIX MaTepPUaoB M, B OCOOEHHOCTH, HO-
BbIX MaTepuanoB. Hanbonblnii ycrex B IIPOABUKE-
HuM BHYTpb TT1 "menn" cBsi3aH ¢ pa3paboOTKOii pe3o-
HaHCHO-TYHHeJIbHbIX AuoaoB (PT/I) [1] u KBaHTOBBIX
kackagHbix JiazepoB (KKJI) [2] Ha ocHOBe coemauHe-
auii 11—V, mepekpoiBatommx TI'11 "mens" cooTBeTcT-
BEHHO C MUKPOBOJIHOBOi 1 (hOoTOHHOI "cTopoH". ITyTh
OT M300pEeTEHUS 3TUX IIPUOOPOB 10 X BOILUIOIIEHUS B
paboTtapnux obpasliax 3aHsUT HECKOJIbKO AecsITuJIe-
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Terahertz Infrared Vlillile

HBIM. XOTS TIEpBbIE BKCIIEPUMEH-
TaJbHble PabOThl MO peau3aluu
ctumyaupoBaHHoro TT' uznydyeHust
U3 rpadeHa, IpoBeACHHbIE YHUBEP-
cutetoM Toxoky B fAmnoHum [10] u

uv OCHOBaHHBLIC Ha HalIMUX TCOPCTU-

YECKHNX HCCICOOBAHUAX, OKa3aJINCh

L] L] L] L) L) P L) 12 L 13 L] 14 T
10 10 10 10 10

Frequency, Hz

Puc. 1. CniekTp 3JIeKTPOMATHUTHOTO M3JIy4eHUs (IUANa30HbI)
Fig. 1. Spectrum of electromagnetic radiation (spectral ranges)

Tiil. TeM He MeHee 0cTaeTCsl MHOTO ITPUHIINITHATBHBIX
1 TEXHUYECKMX HepelIeHHBIX TPo0JeM, HalIpuMep pa-
6ota B obsnactu Beie 2 TI'y (mast PT) u B o6iaactu
6...10 TT' (mna KKJT), a Takke CyleCTBEHHOE MTOBBI-
IIEeHWEe BBIXOAHOW MOIIIHOCTH U T. 1. TakuM 00pa3oMm,
aKTUBHBIN TOMCK myTelt mepekpbiTus TI1 "menn” eme

BIiEpeau.
JIoBOJILHO OBICTPO TOCJIE BIICUYAT/ISTIOIINX JEMOHCT-
paluii YHMKAJIbHBIX CBOMCTB rpadeHa [3] — maTtepu-

ajia, TIpeACTaBJISIIONIETO CO00M MOHOCJIONM aTOMOB yT-
Jlepona, ObLT TIpeMIoXKeH, B YJaCTHOCTM HaMU, LIEJIbIi
psio pa3HOOOpa3HBIX IMPUOOPOB Ha OCHOBE IpadeHO-
BBIX CJIOEB M TeTepOCTPYKTYp 13 HUX. Cioga OTHOCSITCS
JIETEKTOPbl U MOAYJISITOPBI 2JIEKTPOMArHUTHOTO U3JTy-
YyeHusl B pa3HbIX objactsx ero crekrpa, TT'u ¢dorto-
MUKCepbI, Tpuoopsl TI'1I m1a3MOHUKU U APYrue ycT-
poMCTBa.

Oco060 MOXHO OTMETUTb IpemIOXKEeHHbIE KOH-
uenuuu TTu ngasepoB ¢ ontuueckou [4—7] U uH-
XKeKUMoHHOU [8, 9] Hakaukoi. CrieunduKoil Takux
JIa3epoB SBJISIETCS OTCYTCTBME (MJIM OYEeHb Majasi
LIMpUHA) 3alpelieHHONH 30Hbl. biarogapsi sToMy
rpacdeH MOXeT IMorolarh U uanydarh Kak TT'u ¢o-
TOHBI, TaK U (POTOHBI YJIbTPa(PHOJETOBOIO AMaNa3o-
Ha. becuieneBoit sHepreTuyecKuii CIekTp rpadena,
SIBISIIOIIMIACST OOJIBIIMM HEAOCTAaTKOM IS €r0 UC-
MMOJIb30BaHMSI B IIM(POBBIX CXEMax, 3HAUMTEIBHO pac-
LIUPSIET BO3MOXHOCTHU ero mpumeHeHust B TT'1 snek-
TpoHuKe U (poroHuke. HeodbxoguMo OTMETUTH, UTO
"npoBan" oxumaeMoil rpadgeHOBOil "peBooOLMU" B
obnacTu OOJBIIUX LUMPPOBBIX MHTETPAIbHBIX CXEM
MOXeT OBbITh KOMIIEHCHMPOBAH IPOrpeccoM B paspa-
0OTKe aHaJIOTOBBIX CUCTEM, OCOOEHHO yUYUThIBas Mpe-
KpacHble TPAHCIOPTHBIE W TIJIa3MOHHBIE CBOMCTBA
rpageHOBBIX CIOEB.

Haxkauka rpaceHOBOIo cji0sl MOCPEeICTBOM I'eHepa-
LIMU 3JIEKTPOHOB U JBIPOK CBETOM WJIM 32 CUET UX UH-
KEKIIMY TIPUBOAUT K M3TydaTeIbHOW PeKOMOWHAILINHU
1 TeHepaliu U3JIy4eHUs C TOBOJIbHO Majoil sHepruemn
(GOTOHOB BCJIEACTBUE HYJIEBON SHEPreTUUYECKOM Ilie-
JIA MEXIY 30HOU MPOBOJAUMMOCTH U BaJIECHTHOM 30HOM.
IIpn mocraTouyHO CMIBLHOIM Hakadyke M 3(P@PeKTUBHOI
¢GOTOHHOI OOpaTHOM CBSI3M PEKOMOMHAIIMOHHOE M3-
JIydeHHE MOXET CTaTb CYILLECTBEHHO CTUMYJUPOBAH-
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JIOBOJILHO OOHAIeXUBAIOIIMMU, ObI-
JIO SICHO, YTO ONTHYECKash Hakayka
(MoMHUMO €€ MOHSITHBIX HEYZOOCTB)
He SBJIIETCSI JOCTaTOUYHO 3(PPeKTUB-
HbIM MeTonoM. Jleo B TOM, UTO re-
HepUpOBaHHbIE CBETOM (C BHEpruei
(otoHoB 1,5...2,0 5B) 2/1eKTPOHHO-ABIPOYHbBIE AP
MOJTyYaroT MPU POXKIESHUM OOJIBIIYIO SHEPTUIO, UTO Be-
JeT K MOBBILIECHUIO UX 3¢hGEKTUBHON TeMmepaTyphl.
IMocnenHee 3aTpymIHSIET peaanu3aliio MHBEPCHOM 3ace-
JeHHocTH [11], HeoOxoauMO¥ ISl Ja3epHOI TreHepa-
unu. HampoTus, npu MKeKIIMOHHONW HaKavyKe 2JIeKT-
POHOB U JBIPOK B IpaceHOBbIN CJIOK (MJIM HECKOJIBKO
MapayjieJIbHbIX CI0€B) U3 OOKOBBIX KOHTAKTOB 3(h(ek-
TUBHAasI TeMIlepaTypa 3JIeKTPOHHO-ABIPOYHON IIa3Mbl
0M3Ka K TeMmIiepatype peleTKyd Uil MOXET ObIThb Ja-
XKe Huke ee [12].

HNuxekuuonnbie Ja3epbl HA 0CHOBe Tpad)eHOBBIX
reTepoCTpYKTYp € p-i-n nepexoaamMu

CTpyKTypHl TpPEITOXKEHHBIX HaMM WHXEKIIMOH-
HBIX Ja3epoB [8, 9] Ha OCHOBE OXHOIO MU HECKOJIb-
KMX (I€30pMEHTHPOBAHHEIX IPYT OTHOCHTEIIHHO IPY-
ra, "twisted") rpadeHOBBIX CJIO€B MOKAa3aHBI CXeMa-
TAYECKU Ha puUC. 2, a 1 b. B cTpyKType mepBOro Tuma

Puc. 2. IIponosbHbie (1aTepajibHbIe) Jia3epHbIE p-i-n T€TEPOCTPYK-
TYpPbl HA OCHOBE rpad)eHOBBIX CJI0EB C XHMHYECKHM H "3JIeKTpHYeC-
KHM" JIETHPOBAHMEM pP- U n-00JIACTEl ¥ HEJIETUPOBAHHO I-001aCTbIO
(nmuHoit 2 L) mexny 3aTBopamu: V — HanpspkeHHe MeXIY MCTOKOM
H CTOKOM, 3aTBOPHbI€ HANPSKEHHS V), M ¥, HMEI0T NPOTHBOIOI0XKHbIE
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




Energy

Puc. 3. 3onnbie quarpamMmsl (MpouiM MOTEHIMANA) B p-i-n reTe-
POCTpYKType npu Hyjxesom (a) u npu npsmom (b) cmemenusix (V= 0
H V> 0 cCOOTBETCTBEHHO): KPYKKU COOTBETCTBYIOT 3JIEKTPOHAM B 30-
He MPOBOAUMOCTY rpadeHa U AbIPKaM B €T0 BAJICHTHOI 30HE; BOJ-
HUCTasl CTPEJKa OMMCHIBAET MEX30HHBIN TEPEXOl C U3ITyYeHUEeM
TI'u dorona

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- U n-06J1acTi POPMUPYIOTCSI COOTBETCTBYIOLINM XM~
MMYECKMM JIeTMpOBaHUEM. B cTpykType BTOporo tumna
9TU 00J1aCTU 00pa3yIOTCS HOCUTENSIMU, UAYLIMPOBaH-
HBIMM TOTEHLMAJIaMU 3aTBOPOB MPOTHUBOMOJOXKHOM
MOJISIPHOCTH.

30HHBIE AMArpaMMbl OOCYXXIAeMBIX T'€TepPOCTPYK-
Typ TIPU HYJEBOM CMEIIEHUU U MpU MPSIMOM CMellle-
HUM II0Ka3aHbl Ha puc. 3, a u b,
COOTBETCTBEHHO.

JlezopueHTauus P s

3aHHOI Ha puc. 2 (I ciiy4yasi OMHOTO cjiosl Tpade-
Ha). B aTuX rerepocTpykTypax MeTa/UIMYEeCKue 3a-
TBOPBI B MPOIOJTHLHOM HANpaBJIEHUU WMEIU TIePUO-
JUYeCKyIo MuioobpasHylo opmy, Kak Ha puc. 4, 4To
o0ecreuyunBalio pacrpeaeeHHYI0 00paTHYIO CBSI3b IS
TI'a uznydeHus, palpoCTPaAHSIONIETOCs BIOJb KpaeB
3aTBOpoOB. [Ipu mpsiMOM cMmellleHUuU p-i-n Tepexoaa
HaOmojganach omHoMonoBas smuccust TI'u uzmyde-
HuUs ¢ yactoroit 5,2 T (cM. crieKTphl U3AYyYEeHUST Ha
puc. 5) npu temneparype 100 K. Drta yacrora coot-
BETCTBYET I€PUOAY 3aTBOPHON MUI000Pa3HON CTPYK-
Typbl. CrieKTpajibHas IIMPUHA JUHUKU U3JIYyYEHUS
TakKXe XOpOIIO COIJIacyeTcsl C pe3yjbTaTaMu MO -
poanus [12, 13]. B oOpa3max 6e3 pacrnpenenecHHOI

THz radiation 50 um

Puc. 4. Buapl 1a3epHBIX CTPYKTYP € pacnpene/ieHHOi 00paTHOIi CBs-
3b10, MOJIyYeHHbIE C OMOLIbIO ONTHYECKOTO M CKAHUPYIOLIETO JJIeK-
TpoHHoro mukpockonos [12]: S, D, G1 u G2 cOOTBETCTBYIOT UCTOKY,
CTOKY ¥ 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

ciioeB (twisf) IpUBOAUT C MOMAABJIE-
HUIO MEXCJIOE€BOr0 B3aMMOIEUCT-
BHSI, TaK YTO BCe rpa)€HOBBIE CIION
B MHOT'OCJIOMHOM TreTepOCTPYKTYpE
UMEIT oauHaKoBble (JIupakoBc-
KMe) DHEepreTUuYecKue CIIEKTpHhI,
Takue ke, KaK U OTIeJIbHbII U30-

- unl

JIOXXHOCTh Tpaduty u ourpadeHo-
BBIM CTPYKTYpam).
B vacTHOCTHM, HAMU U HAILIUMU

Intensity, arb

20 v

KoJIjleraMu ObUIM  peaiu30BaHbI
reTepOCTPYKTYPhl THUIIA I10JIEBOTO
TPaH3KMCTOPA C IBYMsI 3aTBOpaMU Ha
ocHoOBe I'paeHoBoro cios (puc. 4),
B KOTOPbIX (hOPMUPOBATIUCH TLIOC-
KWe BJIEKTPUYECKN MHIYIIMPOBAH-
Hble p-i-n Tiepexoibl. B 1eiaom
W3TOTOBJICHHBIE TETEPOCTPYKTYPHI
(cM. puc. 4) COOTBETCTBYIOT MOKa-
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Puc. 5. Cnekrpoi TI'y n3/1ydenus, reHepupoBAHHOTO NPH WHBEPCHOI 32CEIEHHOCTH B reTe-
POCTPYKTYpe ¢ OHIM rpad)eHOBBIM CJI0EM, TOKA3AHHOI HA PUC. 4, IPH PA3HBIX HANPSIKEHAAX
NpsSIMOTO CMeIeHHsI MCTOK-CTOK 1 Temneparype 7= 100 K [12]

Fig. 5. Spectra of TH 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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Puc. 6. [Isyxcioiinas rpacgeHOBast reTepoCTPYKTYpa C MHIANBHIYAJIb-
HBIMH KOHTAKTAMH K KaXKIOMY CJIOI0

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

00paTHOM CBSI3W BMUCCHUOHHBIU CIEKTP ObLT TOBOJIb-
HO MpoK (Heckoabko TT'1m). XoTs moaydeHHbIE pe-
3yJbTAThI SIBJISIOTCS TIpeBapUTEIbHBIMU, HabI01a¢e-
masg TT'w smuccust MOXeT ObITh MHTEpPIIpeTHpOBaHA
KaK MEX30HHOE JIa3upOoBaHUE, OOYCIOBJIEHHOE WH-
BepCcHUel 3aCeIeHHOCTH MHXEKTUPOBAHHBIX 3JIEKTPO-
HOB U JBIPOK.

OpHako (yHKUMOHUpOBaHME OOcyxmaeMbix TIIr
JIa3epOB MOXKET OCJIOXHSTbCS psinoM (akropoB. On-
HUM M3 HUX SBJISIETCSI BHYTPU3OHHOE HETpsSMOe Io-
rinoineHre (poToHOB "CBOOOAHBIMU" BSJIETPOHAMU U
nbipkamu (rornoieHue pyae). MUHUMMU3ALUS 3TOTO
apdekTa TpebdyeT UCIO0JIb30BaHUS JOCTATOYHO COBEp-
IIEHHBIX TpaeHOBBIX CJ0EB, B YACTHOCTU CJIOEB C OT-

CMOTPEHHBIX BbIlIE, ObLIA MPEMTOXEHBI JIa3epbl Ha
OCHOBE IpYTMX IrpadeHOBBIX TETEPOCTPYKTYpP. B yacT-
HOCTHM, TaKue Jia3epbl MOTYT BKJIIOUaTh ABa rpadeHo-
BBIX CJIOSI, pa3lelieHHBIX OapbepHBIM ciaoeM u3 hBN
WIM OPYroro aHajJOrMYHOIo MaTrepuaga U UMEIOLIMX
pasjie/ibHble KOHTAaKThl K Kaxaomy u3 ciioeB [18—22].
Ha puc. 6 cxemaThyecKu IOKa3aH BUA TaKOil J1azep-
HON reTepocTpyKTyphl. [IpunoxeHue HamnpsKeHUs
MEXAYy 3TUMU CJIOSIMU TPUBOIUT K (HOPMUPOBAHUIO
JIBYMEPHOTO 3JIEKTPOHHOTO ra3a B OJIHOM CJIO€ U JABY-
MEPHOTO AbIPOYHOTO Ta3a B IpyroM. B pesynbrare Bo3-
HUKAeT MEXCJIOMHAs NHBEPCUS 3aCEJIEHHOCTEM, KOTO-
pasi MOXeT ObITb MCIIOJIb30BaHa [JIs1 JIa3UPOBaHUSI
nocpeacTBoM uznydeHus: TT' poToHOB mpu pe3oHaH-
CHO-TYHHEJIbHBIX Mepexofax MeXAY CA0sIMU. 30HHas
JuarpamMma JJisi 3TOro cilyyas mokasaHa Ha puc. 7, a.
Ha puc. 7, b, nns1 cpaBHeHUsI TIOKa3aHa 30HHAsI JUa-
rpamma p-i-n jasepa (c AByMsl He3aBUCUMBIMM Tpade-
HOBBIMU CJIOSIMU), PACCMOTPEHHOTO BbIlIE€ U UCITOJb-
3YIOIIETO BEPTUKAIbHbIE MEXX30HHbBIE BHYTPUCIOMHbBIE
nepexoabl. Tl u3nyyeHUe TPU MEXCIOWHBIX TyH-
HEJIbHBIX TIepexojax MEXAY COCTOSIHUSIMU B TeX XKe
SHEPreTUYECKUX 30HaX W MPU BHYTPUCIOWHBIX Mepe-
X0JlaxX UMEET Pa3HYIO MOJISIPU3ALIMIO BCIEACTBUE pa3-
JINYKMS B MpaBuiax oroopa. OTCYyTCTBHUE MPOAOJIbHOMN
KoMIoHeHThl TI'1 3eKTpuYecKoro IoJsl B ciydae,
COOTBETCTBYIOLIEM pUC. 7, a, O3HAYaeT OTCYTCTBHUE
JIpyaeBckoro mnorjgouleHust. Creayer, oAHaKo, 3ame-
TUTh, YTO OCYIIECTBJIEHUE Ja3epHOro 3¢¢eKra B I0-

HOCHUTEJbHO BbICOKOUW MOABUXKHOC-
ThI0 WHXEKTUPOBAHHBIX 3JIEKTPO-
HOB U nbIpoK. [TpobGiema HenpsiMbIX
MEePeXoioB 3JIEKTPOHOB W JIbIPOK,
CBSI3aHHBIX C UX PACCESTHUEM C y4ac-
THEM (POTOHOB, MOXKET ObITh pellie-
Ha (WU, TTo KpaliHel Mepe, cMsrye-
Ha) C TIOMOIUIbIO MCIIOJb30BAHMUS
"IeKOpUPOBaHHBIX" rpaeHOBBIX Te-
TEPOCTPYKTYp, Hampumep C ceek-
TUBHBIM JIETUPOBAHUEM, OCOOEHHO
CTPYKTYp Ha OCHOBe TIpaceHOBBIX
obucnoeB [13—17]. Pabouue Temme-
paTypbl MOTYT OBITh TAKXKE MOBBILIE-
HbI TIPU MCMOJIb30BAHUU PE3OHAHC-
HBIX CTPYKTYP C YJIYYILIEHHOM 100-
POTHOCTBIO.

Jlazepbl HA OCHOBE JBOIHBIX
rpad)eHOBbIX reTepoCcTpyTyp

ITomuMo nazepHbIX TrpadeHo-
BBIX TE€TEPOCTPYKTYP, MCIIOJIb3YIO-
IIUX MEX30HHBIC U3JIydyaTeIbHbIE
repexoibl Mpyu UHBEPCHON 3acesieH-
HOCTH BHYTpHM TIpach€HOBOTO CJIOS
(MM BHYTPM KaXKJIOro CJ10$s1 B MHO-
TOCJIOMHBIX TETEPOCTPYKTYpax), pac-
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Puc. 7. 3onHas auarpamMma JABYXCJIOiHO# rpadenoBoii rerepocTpykTypsl (@) THNA MOKa-
3aHHOIA HA puc. 6 [18] npu NPUIOKEHHOM HANPSIKEHUH MEXKIY CIOSIMH M HEHYJIEBO HIEJIbI0
Mexny JIupakoBcKuMH TouKaMi A (p — 3Heprusi @epmu 3J1€KTPOHOB M IBIPOK); CTPEJIKH
NMOKa3bIBAIOT TYHHEJIbHbIE NMEPEX0Abl MeXKIY COCTOSHHSAMH B 30HaX MPOBOIUMOCTH (c—C)
M BAJIEHTHBIX 30HaX (v—vV) pa3HbIX CJI0EB, conmpoBoxaaembie udiaydyenuneM TI'n ¢poTonos ¢
JHeprueil ho (BoJHUCTbIE JHHUM). 30HHAS AMArpaMMa MOXoxKeil rpad)eHOBON reTepocT-
PYKTYPbI C HHXKEKIHEii JJIEKTPOHOB M JBIPOK C KOHTAKTOB B KAXK/Iblii CJI0ii; BOJHHCTHIE JIH-
HHM TOKA3bIBAIOT BEePTHKAJbHbIE BHYTPHCJIOWHbIE U3JIydaTebHbie mepexoapbl (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 (1 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 cnekrpoB TT'n u3ydenus n3 AByXcJoiHbIX rpade-
HOBBIX FeTEPOCTPYKTYP C MEXKCJIOHHO MHBEPCHEl 3aCeIeHHOCTH NMPU
T = 100 K n pa3HbIX NPHIOKEHHBIX HANPSIKEHAIX

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 TPeOYyeT 1OCTATOUHO TOUHOM
B3aUMHOM OpUEHTALIMU CJIOEB.

DMuccUsl U3TyYEHMST U3 TBOMHBIX I'pacheHOBBIX I'e-
TepOCTPYKTYp ¢ OaphepHBEIM cioeM hBN B yciaoBusix
3JIEKTPUYECKU-UHAYLIMPOBAHHON MHBEPCHOM 3aCEJICH-
HOCTHU MEXIy CJIOSIMU U Pe30HAHCHO-TYHHEJIbHBIX 13-
JyvaTeabHbix nepexogax npu 7'= 100 K B nuamazoHe
2...6 TI'u 6pUTa HemaBHO OOHapyKeHa SKCIepUMeEH-
TanbHO [23]. MHTerpanbHasg MOILIHOCTb W3JIyYEeHUS
COCTaBJIsIJTa OKOJIO 7 HBT/MKM2. Ha puc. 8 nokazaHbl
MPUMeEPHI MOJYYEHHbIX CIIEKTPATbHBIX XapaKTEePUCTUK
BBIXOJSILIETO U3TyYEHUS.

3akmouenue

BnepBble mpemioXeHbl, TEOPETUYECKU O0OOCHOBA-
Hbl, pEAUTM30BaHbl U 3KCTIEPUMEHTAJIBHO UCCJIEN0BAHbI
reTepPOCTPYKTYPhI ABYX TUIIOB HA OCHOBE I'pa)eHOBBIX
cioeB 1t TT' rpacdeHOBBIX J1a3epoB U BbisiBiieHa TI'1x
SMUCCUSI U3 3TUX NPUOOPOB, CBSI3aHHAsI C 3JEKTPU-
YECKOU HAKAYKOM, IIPUBOIMILEN K UHBEPCUM 3aCEJICH -
HocTeit. [lonyyeHHBIe 2KCIepUMEHTaJIbHbIe JaHHbIE
BCEJISIIOT YBEPEHHOCTb B YCIEIIHOM OCYILECTBIEHUN
3¢ HEKTUBHBIX KOMMAKTHBIX UCTOYHUKOB TI'l muzmy-
YeHUsI Ha OCHOBE TpadeHOBbIX T€TEPOCTPYKTYP, B YACT-
HocTu TpadeHoBbIx TT1 1azepos..
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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, a), 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, a and 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-nlaser (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'USA UTOTOBAEHNA U PASPABOTKA MOHOAUTHBbLIX
MHTETPAAbHbIX CXEM HA OCHOBE HUTPUAA TAAAUA

Ilocmynuna 6 pedaxuyuro 14.11.2016

IIpedcmasnena mexnonoeus u3e0moeAeHUsE MOHOAUMHBIX UHMESPAAbHbIX CXEM HA OCHO8e HUMPUOQ 2aiAusl, KAIOYAIOWAs ma-
KUe OCHOBHble 3MAanvl U3e0moseaeHusl, KaK (opmuposanue npubopHol me3au3oiayuu; Qopmuposanue Hegvinpmasioueco (omu-
4eCcKk020) KOHMAKma K 2emepocmpyKkmype, Onepauuu KOmopulx obecne4uearom (hopmupoganue pe3ucmopos, HUNCHUX 00KAa0oK
KOHOeHcamopos, UHOYKmueHocmell; Gopmuposanue ebinpamaaoueo konmakma (3ameopa Illlommku) k eemepocmpykmype;
naccugayus 3ameopa, Qopmuposarue KOHOEHCAmopHo20 OUIIeKMPUKA; POPMUPOBAHUE NePE020 YPOBHS MEMAAIU3AUUY U EePX-
HUX 00K1a00K KOHOeHCamopos,; YopMUpo8arue MelcINeKmpuecKux coeOuHeHull 6 eude "6030YULHbIX MOCMO8"; hopmuposarue
MeAHCINeKMPUUECKUX COeOUHEHULL, 00eCne4UBaruux 00Uy 3eMar; WaupoeKa nAacmuHbl, pe3Ka RAACMUHbL Ha KPUCMAAbl, OMm-
bpakoska; nocadka Kpucmannos Ha menioomeod. Ilo dannou mexnonoeuu 6 HHcmumyme c6epxebicOKO4ACMOMHOU NOAYNPOEOO-
Hukoeou anekmponuku PAH 6viau pazpabomansl u u32o0moeneHsi MOHOAUMHbIE UHMEZPANbHbIE CXeMbl CAHMUMEMPOBO20 U MU~
AUMEMPOB020 HACMOMHBIX OUANA30HO8, COOMBEMCMBYIOUUe MUPOBOMY MEXHUHECKOMY YPOGHIO 6 OaHHOU 001acmu MexXHUKU.

Karouegvie croea: nHumpuo eannus, MOHOAUMHAS UHMESPAAbHAS CXEMA, YCUAUMENL MOWHOCIU, MAAOWYMAWUT YCUAUmMEeND,
MexHoN02Usl, MEeXHOA0UYECKULI MaPUPYym, MeXHOA02U1ecKds onepayus, noaeeoll mpaH3ucmop, oMuvecKue KOHmMaKmeol, 3ameop
Lllommiu, mexcasekmpuueckue coeOuHeHus

Benenne CaHTUMETPOBBI M MWJUIMMETPOBBIM THAITa30HbI
JUTMH BOJIH MPEICTABJISIOT OOJIBIIION MHTEPEC C TOU-
KU 3peHUsT MHOTO(PYHKLMOHAJIbHBIX IPUIOXEHUIA.
Cioga MOXHO OTHECTH: BBICOKOITPOU3BOIUTEIIBHEIE
KaHaJibl TOYKa-TOYKa C IPOIYCKHOM CIIOCOOHOCTHIO
140/155 M6wur/c; MarucTpaibHble COEIMHEHUS C Yac-
totamu 7,9...8,4 I'T'i; cucremsl pagapos, Bkirodass PJIC
C CHHTE3MPOBAHHOM amepTypoil, aHTeHHBIE PEIICTKU
C 3JICKTPOHHBIM CKAHMPOBAaHMEM M aKTUBHBIC (ha33m-

ITpu paspaboTKe COBPEMEHHBIX YCTPOUCTB KOM-
MEpUYecKoro M BOEHHOIO0 Ha3HayeHHUsl MOCTOSIHHO
yKeCToualoTcsl TpeOOBaHMSsI, MPpeabsiBisieMble K UX 3¢h-
(hbeKTMBHOCTH 1 5KOHOMUYHOCTHU. [laHHasI TeHIEHIIUS
00ycJIoBJIeHa MHOTUMHU (DaKTOpaMu, BapbUPYIOIIUMU -
csl OT Ipo0bJjieM ¢ obecrieyeHreM HEeOOXOIAUMOTIO TeIl-
JIOBOTO pexuMa 10 TpeOOBaHUII K 3Hepromnorpedsie-
HUIO BCell CHUCTEMBI B 1IeJIOM. B 3THX yCIIOBHSIX mpu-

MeHEeHME BbICOKO3(hGhEKTUBHBIX CBEPXBBICOKOYACTOT-
HBbIX MOHOJIUTHBIX UHTerpaibHbIX cxeM (CBY MHUC)
MO3BOJISIET HE TOJIBKO TOHU3UTh MAcCy armnaparyphl o
CPaBHEHUIO C CUCTEMaMM, UCTIOJIb3YIOLIMMHU BOJTHOBO-
IIbI, HO ¥ TIOBBICUTH CTOMKOCTbh CUCTEMBI K BUOpAIIUH,
a Takke YIPOCTUTh € HACTPOMKY (3a cueT MpuMeHe-
HUS GOJIBLIIOTO YMCJIAa OMHOTUITHBIX JUCKPETHBIX YCU-
gurenent) [1].

poBaHHBIe aHTeHHbIe pelieTku (ADPAP); anmapatypy
CHCTEM M KOMIUIEKCOB HaBUTALIMW U CBSI3U; CUMYJISI-
TOPBI U 00OPYIOBAHUE JUISI TECTUPOBAHUS.

Ha ocHoBaHMM NTpOBeAEHHOIO aHaAIM3a COBPEMEH-
HOTO cOCTOsIHUSI pa3padborok MUC nng caHTUMETpO-
BOr0 ¥ MWJIJIUMETPOBOIO YACTOTHHIX AMAMNA30HOB 3a
pyoexoM u ombita padbor UCBUYIID PAH, monyueH-
Horo B xojle BuinosHeHUs psaga HUP B npenwinyiye
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roasl [2—5], ObL1 caenaH BHIBOL O HEOOXOAMMOCTU
MPOBEJAEHUST UCCAENOBAaHUI IO ONTUMU3ALMU psina
TEXHOJIOTMYECKHX OIepalldii M3rOTOBICHUS TPaH3MUC-
TOpPOB U cxeM Ha ux ocHoBe. IIpu pazpaborke MUC
CaHTUMETPOBOTIO Y MUJIJIUMETPOBOTO YACTOTHBIX JMa-
MMa30HOB TUIAHWPOBAJIOCh BHEAPUTH TEXHOJIOTUIO He-
BXXUTAeMBIX OMIYECKIUX KOHTAKTOB, ONTUMHU3NPOBAThH
npoduib 3aTBopa IIoTTKU 1 06ecIIeunTh O0ILIYIO 3eM-
JIIO C JIMLEBOW CTOPOHBI KpUCTasla, YTO Ha HUTPUIE
rauusg B Poccuu elie He OBLIO pean30BaHO MpU MU3-
rorosiaeHuu CBY MUC.

Jst  M3rOTOBJIEHUSI 2KCMEPUMEHTAJbHBIX 00-
pasuoB MHMC uHCHonb30BaJuCh OTEYECTBEHHBIE
AlGaN/AIN/GaN HEMT-rerepocTpyKTypbl Ha MOJ-
JIOXKax carndupa 1 Kapouna KpeMHUs TIPOU3BOICTBA
3A0 "Bnma-Mamaxut".

IIpu msroropnenun MUC B enuHOM TEXHOIOIU-
YeCKOM LIMKJIe (POpMUPYIOTCSI KaK MAacCUBHbBIE, TaK U
AKTUBHBIE 3JIEMEHTBI CXeMbI, 00ECITeUMBAIOIIE PeasT-
3anuio nmpoekra MUC st He0OXOIMMOTO YaCTOTHOTO
nuanaszoHa. [Ipu u3roToBjiieHUHU MPUOOPOB COCTABIIS-
€TCSl TEXHOJIOTUYECKMIA MaplIpyT M3IeJIUs, COCTOS-
1A U3 TIOC/Ie0BATEIbHO BBIMOJHIEMbIX TEXHOJIOTH -
yeckux orepanuit. [Ipm 3ToM psii TEXHOJIOTMYECKHMX
ornepauuil MOXHO OOBEIMHUTL B TPYIIY OMepaluid,
OTBEYAIOIIYI0 3a BBIMOJHEHUE 3Tana (GopMUPOBAHMS
yacTu OyayIiero nmpuoopa.

B npouecce uzrorosieHnss MM C Ha ocHOBe HUT-
puja rajavs HeoOXOAUMO BBIMOJHEHUE CIIEAYIOLIMX
OCHOBHBIX 3TanoB: ¢opMUpOBaHUE MPUOOPHOI Me3a-
U30JISILMK; (POPMUPOBAHUE HEBBIMPSIMIISIONIETO (OMU-
YECKOro) KOHTAKTa K TeTepOCTPYKTYpe, MPU KOTOPO
obOecreurBaeTcsl GOpMUPOBAHUE PEUCTOPOB, HUKHUX
00KJTaI0K KOHIIEHCATOPOB, MHAYKTUBHOCTEMH; (hOpMU-
pOBaHME BBINIpAMJISIONIEro KoHTakTa (3atBopa Ilot-
TKW) K TeTepOCTPYKType; MaccuBalusl 3aTBopa, (op-
MUpPOBaHME KOHICHCATOPHOTO MUAJIEKTPUKaA; (popMu-
pOBaHUE TEPBOro YPOBHSI METAJUIM3AllMU U BEPXHMUX
00K/IaI0K KOHAEHCATOPOB; (DOPMUPOBAHUE MEXIJIEKT-
pUYECKUX COEAMHEHUN B BuUAE "BO3AYLIHBIX MOC-
TOB"; (DOPMUPOBAHNE MEXDIEKTPUUYECKUX COEIMHE-
HUM, oOecneynBamIIMX OOIIYI0 3eMJII0; LIIUPOBKA
IUTACTUHBI; pe3Ka TJaCcTMHBI Ha KPUCTaJLIbl; OTOpa-
KOBKa; Mocajka KpucTaaioB Ha TeriooTBoAd. ITocie-
JIOBaTeJIbHOE BBIMTOJHEHUE BCEX OCHOBHBIX 3TaloB
SIBJISIETCSI HEOOXOAMMBIM YCJIOBHEM ITOIyYeHUsI pabo-
TocnocodbHoit MUC.

PaccMmoTpuM 0COOGEHHOCTU 1 Ha3HAUEHHE KaXKIIOro
13 OCHOBHBIX 3TaNoB MapuipyTta usrorosjieus MUC
Ha OCHOBE HWUTpUIA TAJUTAS UISI CAHTUMETPOBOTO U
MWIJIMMETPOBOIO IMana3oHoB yactoT. [1pu aToM om-
TUMU3AINS 3TAaroB (POPMUPOBAHUS OMUIECKUX KOH-
TaKTOB Y MaCcCUBAlLlUU MO3BOJUT YMEHBIIUTD BIUSHUE
Mapa3vUTHBIX COMPOTUBIIEHUI M €MKOCTEeH Ha 4acTOT-
Hble xapakTepuctuku oynyuieit MUC [6]. Bran dop-
MUpOBaHUS KoHTakTa IIIOTTKM OTBevyaeT 3a 4acToT-
Hble xapakTepucTuku CBY tpansuctopoB u MUC Ha
HX OCHOBe [5].
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®opmupoBanue npudoopHoi Me3an3oasamua MUC
Ha OCHOBE HMTPHAA TaJLINs

ITon cdopmMupoBaHmMeM Me3Bl ITOAPA3yMEBAIOT CO-
3IaHUE CTPYKTYPbl Ha TeTEPOINMUTAKCUAIBHON TuIac-
TUHE C TIPOBOASIIMMHU (AaKTUBHBIMU) U HETIPOBOISI-
MMM CJIOSIMUA C MOMOIIbBIO TPABJIEHUSI TOBEPXHOCTHU
reTepocTpyKryphbl. Llenb onepaiu — oTaejleHUe akK-
TUBHBIX 00JIacTeli, Ha KOTOPBIX (POPMUPYIOTCS IIPU-
0OpBI, APYT OT JApyra, YTOObl U30EXKATh ITEKTPUIECKO-
ro KOHTaKTa MeXay mNpudopamMu 1 3JieMeHTaMu Oymy-
LIEW CXEMBI.

Kak mpaBuiio, misi ¢hpopMUpOBaHUS HU3OJSLUU B
BUJIE€ ME3aCTPYKTYPhl UCIIONbL3YIOT IBE TPYIIIbl METO-
JIOB: TaK Ha3bIBaeMble XUAKWE U cyxme. s peanu-
3allMM 9Tarna HeoOXOIMMO BBIMTOJHEHUE CIASAYIOLIMX
TEXHOJIOTMUECKNX Ollepanuii: doromutorpadust pu-
CyHKa Me3bl, TpaBJIeHWEe MOJYIPOBOIHMKA, yIaJeHUe
(oTOpe3nCTUBHONM MACKH, KOHTPOIb TIYOMHEI TPaB-
JIEHUS TIOJTYTIPOBOIHUKA.

"ZKuakue" MeToabl MpearoaraoT UCIIOJIb30BaHe
KMIKOCTHBIX PACTBOPOB M1 XMMUYECKOTO TPABICHUS
He3alIUIIEHHbIX (POTOPE3UCTOM YYACTKOB MOJYIPO-
BOIHMKA. DTH METONBI SIBJISIIOTCSI TIPOCTHIMU B pea-
JIU3alMd U He TPEOYIOT CJIIOKHOIO TEXHOJOTMYECKOTO
obopynoBaHusi. Ho pu paboTe ¢ rerepocTpyKTypamu
AlGaN/GaN "xugkuit" MeToj He TOJIY4YUJI pacIipo-
CTpaHeHMs, TaK KaK M3-3a CUJIBHON XUMUYECKOM CBSI-
31 B GaN TsoKeno momo0paTh pacTBOPHI, IO3BOJISIIO-
e XUMWYECKH TIPOTPABUThL MOJYIPOBOTHUK. Co-
ob61aeTcsd o (OTOCTUMYJIUPOBAHHOM 3JIEKTPOXUMM-
yeckoM TpapiieHun GaN, HO MaHHbIA METOJ CHUJIbHO
3aBUCHAT OT MHOTHMX ITapaMeTPOB U SIBIIACTCSI TUIOXO
BOCIIpou3BoauMbBIM [7]. Tlo 3Toil mpuyuHe pacipo-
cTpaHeHue TToayyuian "cyxue" Metoabl. Hamu ncmoss-
3yeTcsl METOJ TIa3MOXUMHUYECKOTO TPaBJIeHUS] B MH-
IyKTUBHO-cBsi3aHHOUM miaszme (MCIT) rerepocTpyk-
Typel AlGaN/GaN. M CII no3BoiisgeT nonyvaTb 00J1b-
1IYI0 TJIOTHOCTh MOHOB B MpOLIECCe TPaBJCHUS, YTO
JlaeT BO3MOXHOCTb YBEJMUYMBATH CKOPOCTH TpaBlie-
HUS TIpYM MaJIbIX 3HaYeHUsX dHepruu. Ilpu Tpasie-
Huu retepornapbl AlIGaN/GaN ucnoab3yloT B OCHOB-
HoM cMech Cl, ¢ BCl; u Ar. JlanHas KoMOMHaLus
MO3BOJIIET MOAY4YaTh AOCTATOUHO OOJIbIINE CKOPOCTHU
TpaBJICHMSI.

I1py M3roTOBICHUM TIOJIEBEIX TPAH3UCTOPOB Ha Te-
TepoCTpyKTypax Ha ocHoBe GaN TunmyHas riyouHa
npubopHoi Me3an3osstuu coctapisgeT 20,0...30,0 Hm.
Hcnons3yembie noaynpoBogHuku — AlGaN u GaN,
a TakXke MOMJIOXKM IJIsI UX 3MUTAKCHAIbHOTO POCTa
Al,O3 u SiC — marepuaibl, IPO3payHble B BUIMMOM
nuamnasoHe. Ilpy ykazaHHOI TUIWYHON IIyOMHE ME3bl
MOCJIeAYIOIINI 3Tal KOHTAKTHOW (oToauTorpadun
OMUYECKHUX KOHTAKTOB 3aTPyIHEH M3-3a CJIOXHOCTU
coBMellleHUsT ¢oTolabaoHa co chopMUPOBAHHBIM
TOIOJIOTUIECKUM PUCYHKOM M3OJISIIIMY Ha TIJIAaCTUHE.
B cBg3u ¢ aTuM ObUTO pelleHo GopMUPOBATH MpPU-




OOpHYI0O Me3aMu30JIILIUI0 OOoJIblliell TIyOMHBI (OKOJIO
80,0 uMm). ITpu 5TOM He TpeOyeTCsl BLICOKMX CKOPOCTei
tpaBineHus, pocrtatouHo 20,0...30,0 am/MuH. Takas
CKOpOCTb ObllIa JOCTUTHYTA HA UMEIOLIECsl YCTaHOB-
Ke mrazMoxumuueckoro tpasieHus SI 500 ¢ ucmomnb-
3oBanueM cpenbl BCl; + Ar. B nannoit cmecu BCly
HCTIONB3YeTCs KaK XMMHWYECKN aKTUBHas cpema, a Ar
BBeIeH UISI TIOJIepXKaHMSI pa3psiia B KamMepe U dac-
TUYHOTO yyacTusl B mpoiiecce TpasieHus. [Ipu ras-
MOXMMUUYECKOM TPaBJICHUU UCIIOIb30BaJIach (poTOpE-
3UCTUBHAs MacKa, YTO HaKJIabIBaeT JOMOJIHUTEIbHbIC
TpeboBaHUS K MpoLecCy: HEOOXOAUMOCTh OTBEIECHUS
TEIUIOTBl OT BCEH IUIOLIAAM ITOJYNPOBOIHUKOBOM
IJIACTUHBI BO M30eXKaHMe TeperpeBa PoTope3ncTa, Ko-
TOPHIA MPUBOJUT K U3MEHEHUIO TEOMETPUH MACKU U K
MTOCTICAYIOIIM TPYIHOCTSIM IPU €€ CHATUU. Y CTaHOB-
Ka MpeaycMaTpUBaeT CUCTEMY OXJaXKACHUS B BUIE
001yBa 00paTHOM CTOPOHBI TTOTOKOM TeJIMsI, HO 3TOTrO
0Ka3aJI0Ch HEJIOCTATOUHO JIJIT KOMIIEHCAIIUU TIeperpe-
Ba, BO3HMKAIOIIETO MPU JUIMTEIbHBIX Mpoueccax. s
OTBOIIA TEIIOTHI OBLIO pPEIIeHO pa30oMBaTh IIPOIIECC
TpaBJIEHUSI HA MOCJIeI0BaTe/IbHbIC CTYIIEHU C TIepephl-
BOM B TpaBJICHUM.

B nrore cpena BCl5 (30 sccm) + Ar (50 sccm), naB-
nenue B Kamepe 8 Ila, cMellleHe HAa HUXKHEM DJIeKT-
poae 170 B obecrneynnn B COBOKYIMHOCTU CKOPOCTb
TpaBieHus mopsanka 25,0 um/muH. [Ipu TpaBieHuU
npoiiecc pazouBaercsl Ha UMKIbl "30 ¢ TpaBleHUEe —
nepepblB 1 MuH". YKCIO LIMKIOB BHIOMpPAETCI B 3aBU-
CUMOCTU OT MIyOMHBI Me3bl. Tak KakK HUCIOJb3yeMble
TeTepOCTPYKTYPHI HEe MMEIOT 3aIlIUTHOTO CJIOS, TO TIe-
pel 3aIlyCKOM IeTepOCTPYKTypa IMOKPHIBAETCSI TOHKUM
cinoeM SizNy, Urparollero pojb 3alMTHOIO cjos Oa-
pbepa cTpykTyphl. [loaTOMY Iepen TpaBleHUEM MPU-
OOpHOI M30JALUMU B OKHAX TpaBJIEeHUSI TeTepOCTPYK-
TYpbl TOHKUI ITU3JIEKTPUK yoaisieTcs Bo (pTopcomep-
JKallle# Ta3Me B TOM Xe YCTaHOBKE IJIa3MOXUMUYEC-
KOTO TpaBJICHMUSI.

Takum obpaszom, I popMUpOBaHKST TTPUOOPHOI
Me3au30auuu  Iast retepocTpykTyp AlGaN/GaN
BBITIOJTHSIIOTCS CJIEAYIOIINE TEXHOJOTUUYECKHE oIlepa-

Puc. 1. Tect ang npoBepkH NpUOOPHOH Me3an30.IAMNH
Fig. 1. Device mesa isolation testing

uu: ¢poroauTorpadusi OKOH TpaBIeHUs IIOJIYIIPOBOI-
HUKa, yAaJleHue TOHKOro AUDJIEKTPUKA TIa3MOXUMU-
YyeCKMM TpaBJIEHUEM, TJIa3MOXMMMUYECKOE TpaBJieHUE
MOJYIIPOBOAHUKA, CHATHE (POTOPE3UCTUBHON MaCKU U
KOHTPOJIb [JIyOMHBI TpaBJe€HUS MOJYIPOBOIHMKA.

DJIeKTpUYECKUA KOHTPOJIb TPUOOPHON Me3an30-
JISSUMU Ha BBITPABJEHHBIX y4acTKaX OCYLIECTBIISIETCS
Ha CIeuMaJbHOM TeCcTe IS MPOBEPKU H3OJSILIUU
(BHeLIHMI BUJI TecTa TIpUBEACH Ha puc. 1) rocie ¢op-
MUPOBaHUSI OMUYECKUX KOHTAKTOB K TeTEPOCTPYKTY-
pe. 1151 MTAaHHOTO TeCcTa CHUMAETCSI 3aBUCUMOCTh TOKA
YTeUKU OT HANPSIKEHUSI.

@opMHupoBaHHEe OMHYECKHX KOHTAKTOB
K IreTepoCTPYKTYpaM HA OCHOBE HMTPHAA TaJlIus

OTan GopMUPOBaAHUSI OMUYECKHUX KOHTAKTOB I1O-
nesoro CBY tpaH3ucTopa goKeH 00ecreynBaTh MU-
HUMaJIbHOE€ KOHTaKTHOE COIPOTUBIEHUS K TIeTepo-
CTPYKTYpe 1 00ecreurBaTh TeXHOJOTMYHOCTD TOCeTy-
fouux onepanuii. C pocTOM IIMPUHBI 3aMpeleHHON
30HBI TeTePOCTPYKTYPbI (Eg) COIMPOTUBJIEHUE KOHTaK-
Ta Bo3pacTaeT. g co3gaHusa OMUYECKOTO KOHTAaKTa
K n-GaN uyaliie Bcero MCroyib3yl0T MHOTOKOMITOHEHT-
HbIe KOHTaKThI Ha OcHOBe Ti, oOpa3yioliue B IIpoliec-
ce TepMOOOpPaOdOTKMU COCAMHEHUS C HU3KOM paboToi
BbIxoga. Huzkoe compoTuBiIeHUE OMUYECKOIO KOH-
takTa MeTajl — GaN 0OBIYHO CBSA3BIBAIOT C 00pa30-
BaHMEM BaKaHCUM a30Ta 3a CYET B3aUMOACHCTBUS
GaN ¢ marepuanoM KoHTakTa, Harpumep Ti. MUcnonb-
30BaHME MHOTOKOMITOHEHTHBIX KOHTAaKTOB Ha OCHOBE
Ti/Al ¢ mocnenyroieii TepMooOpabOTKOM 0becTIeyn-
BaeT yAeJbHOE KOHTAKTHOE CONMpPOTHUBJICHUE MOpPSIAKA
0,5...0,6 Om - MM Kk Al,Ga; _ \N, pu 3TOM BBICOKO-
TeMIIepaTypHbIN OTXKUT OMUYECKUX KOHTAKTOB 10 TEM-
nepatyp 750...900 °C npuBOaUT K UBMEHEHUIO PEjibe-
(a u Kpasg KOHTAKTHOI MeTaJUIM3aI1U.

IMonyyeHre HU3KUX KOHTAKTHBIX COMPOTHUBICHUM
0e3 BBICOKOTEMIIEpaTypHOIl 00pabOTKU U COXpaHeHUe
pelibepa BO3MOXKHO IIpU (POPMUPOBAHUN OMUYECKOTO
KOHTaKTa K CujbHOJerupoBaHHoMmy GaN.

Takum o6pa3zom, MeToabl (POPMUPOBAHUSI OMU-
YeCKUX KOHTAKTOB K rerepoctpykrypaMm AlGaN/GaN
MOXHO pa3JeuTh Ha JBa TUIA TEXHOJIOTUIA: BXMTIae-
Mas (CrijiaBHasi) U HeBXuraemas (HecIUlaBHas1) TEXHO-
Jjoruu OPMUPOBAHUSI OMUYECKUX KOHTAKTOB [8].

Hust m3roroBneHust CBY MU C Ha ocHOBe HUTPU-
Jla TaJLJIUST MCTIOJIb30BaJIaCh HEBXUTaeMasi TEXHOJIOTHS
(opmupoBanuss KoHtaktoB. Ho takxke B MCBUIID
oTpaboTaHa BXUraemasi TeXHOJOTUSI OMUYECKUX KOH-
TaKTOB K HUTPUIHBIM Te€TEPOCTPYKTYpaM Ha OCHOBE
Si/Al kak ajnbTepHATUBHBIM BapyuaHT MPU OTCYTCTBUU
Heo0XoauMOro o0opyaoBaHUS I (POPMUPOBAHUS
HEBXMTaeMbIX OMMYECKUX KOHTAKTOB [9, 10].

OnuileM Kaxayr U3 TeXHOJOrUi (OpMUPOBAHMS
OMUMYECKMX KOHTAKTOB mpu u3rotosieHun MUC Ha
OCHOBE HUTPUIA TaJUIUSI.
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Bxuraemble (crniiaBHbIE) OMHYECKHE KOHTAKTBI HA
ocnoBe Si/Al K muTpuay rauma. KoHTakt Metamn —
MTOJTYTIPOBOMHUK, (DOPMHUPYEMBI C HMCIOJIB30BaHUEM
BBICOKOTEMITIEPaTYpPHOIO OBICTPOro TEPMUUYECKOTO OT-
xura (BTO), momyunn Ha3BaHWe "BXUTaeMBI OMU-
YeCKMI KOHTAKT' M Halles] LIMPOKOe MPUMEHEHUE B
nepBbix padorax nmo noseBbiM CBY TpaH3ucTopaM Ha
rerepocTpykrypax AlGaN/GaN.

MOKHO BBIIEIUTh ABE OCHOBHbIE CTaaun (popMuU-
pOBaHUS BXWUTaeMOTO KOHTaKTa K TETEPOCTPYKTYpe
AlGaN/GaN:

e TOA0Op CUCTEMbl METAJUTM3ALIMM OMUYECKOTO KOH-
TakTa K rerepoctpykrype AlGaN/GaN;

e II0I0Op TEPMUYECKON 00pabOTKM — MOAO0Op TEM-
repaTrypbl, BpEMEHM OTXXMra, a Takxe KpUBOMl Ha-
rpeBa. OTXUT MPOBOISAT B MHEPTHOM cpejie.
Knaccuueckre cucTteMbl MeTaIIM3allM Ha OCHO-

Be Ti/Al ABISIIOTCS OOHUMU U3 CaMbIX LIMPOKO MC-

ITOJIb3YeMBIX BO BXXUTAa€MBIX OMHUYECKHUX KOHTAKTax K

HUTpUIHBIM TreTepocTpykTypaM AlGaN/GaN. O6pa-

3oBaHue coeauHeHUil TiN u AIN npuBoAuUT K co3na-

HUIO a30THBIX BAKQaHCUH B MOJYIIPOBOAHMKE Y TPaHU-

Il KOHTaKTa, OXHAKO TpeOyeT MPU 3TOM BBICOKUX

Temriepatyp Tepmoobpadorku (6osnee 800 °C). Bonaee

Toro, coenuHeHue TiN o0samaer Mayiioil paboTOl BbI-

X07a, YTO TIPUBOIUT K YMEHBIIIEHUIO COIPOTHUBICHUS

OMMYECKOT0 KOHTakTa. OIHAKO CKIOHHOCTH K OKHC-

seHuto Ti u Al TpeOyeT UCMOJb30BaHUSI AaHTUKOPPO-

3MOHHOTO ciost Au. bosee Toro, coenuHeHust Al ¢ Au

AMEIOT TeHACHIINIO 00pa30BLIBATLCS Ha TPaAHMIIE KOH-

TaKkTa, yBeJW4YMBas, TaKUM 00pa3oM, 3HAUeHHUE KOH-

TaKTHOTO COITPOTUBIICHUS W YyXyAIIas MOPdOIOTHIo

MocJje oTXura. B cBgI3u ¢ 3TUM MOSBISIETCS HEOOXO-

JTHUMOCTD MCIIOIb30BaHUS GapbepHOTO CIIOS, TIPETIATCT-

Bytouiero auddysum Al B HampaBieHUU BEpXHETO

cjiosg Au 1 jerko guddyHaupylonero Au B CTOpOHY

MTOJTYTIPOBOAHUKA. BBUTO MpoaeMOHCTPpUPOBAHO, UYTO

OapbepHbI€ CJIOM 3TUX METAJJIOB MPU BHICOKUX TEM-

reparypax pa30oWBaOTCS Ha OTHEIBbHBIC HEOOJBIINE

dpakumnu, cozganas, TaKUM 00pa3oM, 1LUeJI 11 Aud-

¢y3umu MeTajuioB CKBO3b OapbepHbIi cioit [11].

B uensax yayuieHuss MopdoJioruu Obljla CHUXeHa
TeMmIeparypa TepMooOpabOTKU OMUYECKMX KOHTaK-
TOB 10 675...725 °C, mpu 3TOM COXpPaHUIOCh HU3KOE
3HAYe€HUE COIPOTUBICHUS KOHTaKToB. [ys1 hopMu-
pOBaHMST OMUYECKUX KOHTAKTOB C HU3KUM 3HAYEHU-
€M YIEJIbHOTO KOHTAaKTHOTO COIIPOTHBIICHUS B TPaau-
LIMOHHOM CHCTeMe MeTalIM3aluud OMUYECKUX KOH-
takToB Ti/Al/Ni/Au npoBOIST TeMIIepaTyPHBII OTKUT
npu Temrepatypax Bbie 800 °C, mpu KOTOpBIX 00pa-
gyeTcst Heooxonumas toiimuaa TiN [12]. [Iast ymeHb-
ILIEHUS TeMIIepaTypbl OTXKUTa U 3HAUEHUSI KOHTAKTHOTO
COTIPOTUBJICHUS B 3Ty CUCTEMY METAIITU3AIINN BBOIST
repen mepBuIM cioeM Ti ToHKuii ciaoit Si, urparoumii
poiib nerupytonieii npumecu [13]. Hammune KoHTakKT-
Horo cjos Si B komro3uimu Ha ocHoBe Si/Ti/Al mipu
temneparypax orxkura Himke 700 °C nmpuBoguT K 00-
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pasoBanuio coenuHenuil TiSi, 6e3 obpasosanusa TiN
[14]. Takum obGpaszom, cioil Ti ObLI MCKIIOUEH U3
coCTaBa MeTaJJIU3alMM, MOCKOJbKY MOMEHsSIaCh €ro
pOJb — B3aMeH 00pa30BaHMSsI a30THBIX BaKaHCUU WIET
YMEHbIIIEHUE KOHLEHTpAluKU MPUMECHBIX aTOMOB Si
B KOMIIO3UILIMU.

Takum obpazom, 17151 POPMUPOBAHUS BXKUTAEMBbIX
OMMYECKMX KOHTAKTOB HEOOXOAMMO BBITTOJIHEHUE Clie-
IYIOIIUX TeXHOJornyeckux omnepauuit. [Tocie Tpasie-
HUSI IPUOOPHON ME3au30JISILUU HA TETEPOCTPYKTYPY
AlGaN/GaN uepe3 ABYXCIOWHYIO CUCTEMY HAHOCUT-
Csl KOHTaKTHasl KOMITO3UIIMSI BXUTaeMOM MeTaJlIu-
3alMM OMUYECKMX KOHTAKTOB TEPMUUECKUM (pe3uc-
TUBHBIM) METOIOM B Bakyyme cocrtasa Si (7,5 Hm) —
Al (50 am) — Ti (25 am) — Au (50 am). Tlepen ocax-
JIeHeM MeTaJUIM3allii TPOBOAUTCS CHSITUE OKCUIOB B
pactsope HCI:H,O. ITorom ocyuiecTBisieTcss TepMu-
yeckass 00paboTKa AaHHOU MeTauiM3allud B Cpejie
azora. 3aTeM (popMUpYETCsl CIOW MeTaIM3aluu Mo-
BEpX OMMYECKMX KOHTAKTOB U Ha JPYIUX y4yacTKax re-
TEPOCTPYKTYPHI [JIs1 CO3MaHUsI TOIOJOTMYECKUX dJie-
MEHTOB CXeMbI M1 METOK JUISl 3JIEKTPOHHO-TYyYeBOM JIU-
torpaduu (BJIJI) 3atBopoB IlloTTkKM. MeTtamiu3anus
Ti/Au ocaxngaercss TepMUYECKUM (PE3UCTUBHBIM) Me-
TOAOM B BaKyyMe 1O ABYXCJIOMHOU cucteme (hoTope-
3UCTOB.

Hcrionp3oBaHre BXHUTAeMOW KOMITO3UIIMMA Ha OC-
HoBe Si/Al MO3BOIMIO YAYYIIUTE MOP(HOIOTUIO OMU-
YeCKUX KOHTAKTOB, IOJYYMTH 3HAYEHMS YIETHHOTO
KOHTaKTHOTO COMPOTUBJICHUSI, HE YCTyIallue 3Haue-
HUSIM, TIOJTyYaeMbIM C MCITOJb30BaHHEM KOMITO3UIIUIA
Ha ocHoBe Ti/Al, kotopoe coctaBuyio 0,35 Om * MM.
IIpu >TOM AaHHBIA COCTAaB OMUYECKMX KOHTAKTOB
obecrieunMBaeT He3HAUYUTEJbHbIE W3MEHEHHUsI 3Haye-
HUI yIeJIbHOTO KOHTAKTHOTO CONPOTUBJAEHUS B ILIU-
POKOM AHMaIia3oHe TeMIlepaTyp OTKHTa, YTO TTOBLIIIAeT
TEXHOJIOTMYHOCTh M BOCIIPOM3BOAMMOCTD IIpoliecca
TEpMOOOPAOOTKM OMMYECKUX KOHTAaKTOB MO CpaBHE-
HUIO ¢ KoMno3ulusMu Ha ocHoBe Ti/Al [9, 10].

HeBxuraemble (HecliaBHblEe) OMHYECKHE KOHTAKTDI
K HuTpuay rauma. Ha ceroansiiiHuii neHs Haubosee
pacnpocTpaHeHHasl TeXHOJIOTUSI HECTIJIABHbIX OMUYEC-
KHUX KOHTaKTOB K rerepocTpyktypam AlGaN/GaN —
TEXHOJIOTUSI SIMTUTAKCUATBHO I0PallMBAEMOI0 CUJIHHO-
JerupoBaHHoro GaN B OKHax MO OMUYECKHE KOH-
TaKThl Yepe3 npeaBapuTebHO COOPMUPOBAHHYIO Mac-
Ky [15]. CyTb MeToma 3akiouyaercsl B (popMUPOBAHUU
JIU2JIEKTPUUYECKOM MacKM Ha TeTepoCTPYKType, 3aTeM
B (POPMUPOBAHUY B JUBJEKTPUKE OKOH ITOJ OMUYEC-
KM€ KOHTAKThl, AIIMTaKCUAILHOM POCTE n*-GaN, yaa-
JIEHUY TUAJIeKTPUIECKON MaCKU M HAITBIJICHUN METall-
JM3auun KoHTtakta Ha 1 -GaN. B HEKOTOPBIX Bapu-
aHTax Tepel SMUTaKCUATBHBIM POCTOM IIIa3MOXUMMU-
YECKU 4Yepe3 MUDJIEKTPUYECKYI0 MAcKy 3arayosstioTcs
JI0 YPOBHSI ABYMepHOTo 3jeKTpoHHoro raza (2DEG).
CxeMatnyecku ¢hOpMHpPOBAHME HEBXHUTa€MbIX OMU-
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Puc. 2. CxemaTnyeckoe M300paKeHne UCIOIb30BAHMS I0PAMIMBAEMOr0 CHILHOJIETHPOBAH-
Horo GaN npu (opMHPOBAHMH HEBKUTaeMbIX OMHYECKHX KOHTAKTOB K AlGaN/GaN: a — 0e3
3arnyoneHust 1o ypoBHs 2DEG, b — c¢ 3arnyoneHuem 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

4eCKMX KOHTAKTOB ¢ goparnuBaeMbiM n' -GaN moka-
3aHO Ha puc. 2.

Bbnaronapst BBeneHMI0 mpruMecu Si MPOUCXOAUT Bbl-
poxaeHue mnoJrynpoBoasinero GaN, KOTOPHI JOKeH
HaXOJIUTbCSI B HEMOCPEACTBEHHOM KOHTaKTe ¢ obJjac-
ThIO ABYMEPHOTO 3JeKTpoHHOro raza (2DEG). Jleru-
poBaHHWE HUTPUIA TaJvs MPOBOAUTCS B Ipolecce
OCaXJIEHUS C MOMOILbIO YCTAHOBJIEHHOTO B POCTOBOM
KaMepe MOJIEKYISIPHOTO MCTOYHMKA KpeMHUs. Bax-
HO 1oA00paTh BEPHYIO KOHLIEHTPALIMIO JIETUPYIOLIei
MprUMecH B ocaxkmgaeMoM HuUTpuae raummsa. C omHOMU
CTOPOHBI, YBEJMYEHUE KOHLIEHTpPALMU Si, KOTOPbIi
BBICTYIIA€T B POJIM JOHOPHOU IIPUMECH, ITO3BOJISIET
MOBBICUTh KOHUEHTPALMIO 3JEKTPOHOB M MOHU3UTH
COMpOTUBJEHUE KOHTakTa. C Apyroil CTOPOHBI, MpU
Ype3MEepHOM TMOBBILIEHUU KOHLIEHTpaluM Si MpOBO-
JTUMOCTb KOHTaKTa HauMHaeT MajaaTh, a KpEMHUM Tie-
pecraeT paBHOMEPHO pacTBOPAThbCS B o0beme GaN u
00pasyeT NOTMOJHUTEIbHbIC Ae(EeKThl 1 KOHIJIOMEPAThI.

Hns peanuzanuu CBY TpaH3UCTOPOB C HEBXUTa-
€MbIMU OMHUYECKMMU KOHTaKTaMu Oblja BbIOpaHa
TEXHOJIOTHS C JOpallliBaHUEM CUJIBHOJIETHPOBAHHO-
ro GaN MonekyasipHO-JIydyeBoit sanurakcueit (MJID),
TaK KaK B Heil OTCYTCTBYIOT IJIa3MOXMMUYECKOE BO3-
JIeiictBue Ha OapbepHblid cioii AlGaN, kak npu dop-
MUWPOBaHUM KOHTAKTOB K CHUJIbHOJIETMPOBAHHOMY 3a-
IIUTHOMY CJIOI0, M BBICOKOTEMIIEpaTypHasl aKTHBaLIMS
(6onee 1000 °C) nepen HaHECEHHEM KOHTAKTHOW Me-
TaJUIM3aluud TIpA POPMUPOBAHNN OMHYECKOTO KOH-
TakTa K 00J1acTSIM JerMpOBaHHbBIX Si MIOHHOM UMILIaH-
tamueit. [1pu 3ToM popMupyeMble TUAICKTPUICCKHEC
MOKPBITUS ISl CO3JaHUsSI MAckKu IOA POCT CIyXar
3alIMTHBIM CJIOEM ISl aKTMBHBIX OOjiacTeil reTepo-
CTPYKTYDBHI.

JIOCTOMHCTBOM HEBXUTAaeMbIX OMUYECKMX KOHTaK-
TOB K rerepocTpykrype AlGaN/GaN sBisieTcst Xopo-
11ast BOCIIPOU3BOIAUMOCTD (3aBUCUMOCTb COMPOTUBJIE-
HUSI B OCHOBHOM OT JjerupoBaHHoro GaN), xopoiias
MopdoJIorisl KOHTAaKTOB, OMNpesensieMasl TOJIbKO 1ie-
POXOBATOCTbIO MOBEPXHOCTU TOA METAJUIM3ALMI0 U
BHECEHHBIMU IedeKTaMy caMoil MeTaJITM3aluu, HU3-
KO€ COMPOTUBJIEHUE; HEJOCTaATKOM — HEOOXOAUMOCTh
B HCIOJIb30BAHUU BBICOKOTEXHOJIOTUYHOIO IOPOTO-
CTOSILLIETO 0OOPYAOBAHUSL.
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OTKa3aTbCsl OT BBICOKOTEMIIEpATyp-
HBIX IIpOLIECCOB 00paboTKM cop-
MHMPOBAaHHON Ha IOJYIIPOBOTHUKE
MeTaJUTU3alH.

ITpouenypa ocaxiaeHUs CUIbHO-
ngerupoBaHHoro GaN Mpu U3roTOB-
nennu MU C Ha ocHOBe HUTpHA TAJIJIAS IIPOBOIMIIACH
Ha TeTepoCTpyKType ¢ GapbepHbIM cltioeM AlGaN/AIN.
1T MacKMpOBaHUS TTOBEPXHOCTH CTPYKTYPHI ObIIa
HCTIONIb30BaHa ABYXCJOWHAS CHUCTEMa JUDJICKTPUKOB
SizNy/SiO, [16]. Iua1eKTPUKM OCAXKIATUCh TIa3MO-
XUMUYECKUM METOmOM Ha ycrtaHoBke Plasmalab Sys-
tem 100 ¢pupmbl Oxford ¢ MCTOUHUKOM MHIYKTUBHO
CBA3aHHOM MIa3Mbl. Si;N, ocaxmancst U3 cMecH ra3os
N, (10 sccm) + SiH, (12 sccm) mpu nasnenuu 8 mTopp,
temneparype 250 °C u momnuoctu MCII 800 Bt Ha
craguu Iepen (GopMuUpoBaHMEM IIPUOOPHOI Me3a-
uszonauuu. SiO, ocaxpanca u3 cMecu rasos N,O
(23 sccm) + SiHy (6 sccm) npu nasiaenuu 4 mTopp,
temnepatype 300 °C u mouHoctu MUCIT 500 Br. Jla-
Jiee ¢ moMollblo ¢oroaurorpadbuu GopMUpyOTCS
"0KHA" MOJ KOHTaKThl B IM3JIeKTpuKe. OOBIUHO 3Ty
oITepallfio Ha3bIBAIOT "BCKPBITHE OKOH AN3JICKTPUKA".
JJ1sT BCKPBITUSI 3TUX OKOH HEOoO0XOaMMO c(hOpMUPO-
BaTh MacKy M3 MaTepuaia, CKOPOCTh TPaBIeHUS KOTO-
pOro HIKE CKOPOCTH TpaBICHMS NMINEKTPUKA TIPU
JPYIMX OAMHAKOBBIX YCIOBUSIX. TunuuHoe opMupo-
BaHMWe MAacK{ IPOMCXOIMT Ha ydacTKe (OTOIUTOTpa-
(1M 1 coCTOUT U3 HaHECEHUsT Ha pabouyio TIACTUHY
C IUDJIEKTPUKOM (hOTOPE3MCTa HEOOXOMIUMOM TOJIIM-
HbI, COBMEILIEHUS ¥ SKCIIOHMPOBAHMS PUCYHKA MaCKU
IUTST TPaBJICHUS OUBJICKTPHKA, CYIIKHA (DOTOPEe3nCTa Ha
IUIaCTUHE, IPOSBKU U 3amyonuBaHus macku. Ilocie
dopmupoBaHnsT (POTOPE3UCTUBHON MacKu pabdoyast
IUTACTUHA TIOIBEpPraeTcs onepaliy TPaBJICHMSI.

TpaBneHue IURAEKTPUIECKMX CJIOEB Yepe3 MpeaBa-
pUTEJIbHO C(OOPMUPOBAHHYIO (POTOPE3UCTHUBHYIO Mac-
KY OCYIIECTBJSETCS IJIa3MOXHUMUYECKUM METOJIOM B
cmecu SFg n O, Ha yCTaHOBKE IJIa3MOXMMHUYECKOTO
tpaBiaeHus SI 500.

IMoce cHaTHUA GOTOPE3UCTUBHON MACKH TIPOBO-
IuTcs tiazMoxuMmuyeckoe TpapieHue AlGaN u GaN
yepe3 cpopMUPOBAHHYIO ITUIIEKTPUUCCKYI0O MAacKy B
cmecu BCl; n Ar Ha Toit Xe ycraHOBKe. Bo3mMoXHO
nociaenyouee TpapieHne AlGaN u GaN 0e3 cHATUS
(oTOpe3nCTUBHON MacCKM, HETIOCPEACTBEHHO Cpa3y
MocJie TJIa3MOXMMHMYECKOTO TpaBJICHUSI TUINEKTPU-
koB. Takas cucremMa MacKMpOBaHUS HE BIUSET Ha
CBOICTBAa MTOBEPXHOCTU TE€TEPOCTPYKTYPHI U C TIOMO-
mpio MJID nemaer poct cuibHoJleTupoBaHHoro GaN
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Puc. 3. PDM-u300paxkenne nocjie SNUTAKCHAJIBHOTO POCTA CHIBHO-
aeruposantoro GaN mo AM3JIEKTPHYECKOH MacKe

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

CEJIEKTUBHBIM — POCT MMPOUCXOIUT TOJBKO B YUacTKax,
IIe TusJIeKTprIecKas Macka BEITpaBieHa. Ha retepo-
CTPYKTYpPY €O CHOPMHUPOBAHHON AUBIEKTPUUECKOM
MAacKOM OMMYECKMX KOHTAKTOB OCAXIAaeTcs CHIbHO-
nerupoBaHHbIE GaN B yctaHoBKe MJID mpu temrie-
patype 850 °C. M300paxeHue Moce pocTa Ha pacTpo-
BOM BJIEKTPOHHOM MUKpockore (POM) nokaszaHo Ha
puc. 3, rae BUAHO, YTO POCT UACT TOJBKO B c(hOpMU-
poBaHHBIX OKHax. [locie ocaxkmeHUsI CUITBHOJIETHPO-
BaHHOro GaN mpoucxoauT yaajeHue OAU3JAeKTpuyec-
KOI MacKH B XMIKOM pacTBope 0y¢depHOTro TpaBHUTe-
aa (HF:NH4F:H,0 = 1:3:7). Ha cdpopmupoBaHHbie
cuiibHOJierupoBaHHbIe ob61actu GaN ocaxnaercs: Me-
TAJIJIA3ALUs OMUUECKUX KOHTAKTOB. JIJIsl 3TOro ¢ Io-

Hasnecenne niiassoxnvieckoro $i0;
8i0:> deposition

Maasmoximardeckoe TpaBtedne Si0;
qepe3 Y OTOPeUCTIHBHYI0 MACKY

Dry etching Si02

il ] n™-GaN

Maasvoximideckoe Tparienne AlGaN
qepe3 Ty e $oTOpenc THEHYH MACKY

Dry etching AIGaN

Poct n+ GaN gepes macky $i0;
Growth n*GaN

ETR ® 5i0a
AlGaN/GaN AlGaN/GaN

Vaaxenne mackn Si0;

Removing Si02 mask

<$oToaNTOr padIist OMITIECKIIX KOHTAKTOR I HaMbLIeHITe
Photolithography and ohmic contacts deposition

MOIIBIO ONTUYECKON (hoTonuTorpapuu hopMupyer-
csl IByXCJIOMHAs MacKa, B BaKyyMe OCYIIECTBIIsIETCS
HanblUIeHWE METALIU3aLMU HEBXUTaeMbIX OMUYECKUX
koHTakToB Cr/Pd/Au ¢ mocneayioliuM "B3pbIBOM"
(hoTopesucTuBHOUM Macku. [laHHas1 cucTeMa MeTaslliu-
3allMM He TpeOyeT IMOCIenyIOIIUX TepMUIECKIX o0pa-
0otok. I'pacdmuecku MocaenoBaTeIbHOCTb OMepaluii
(opMupoBaHMS HEBXKUTAEMBIX OMUUECKUX KOHTAKTOB
rokaszaHa Ha puc. 4.

HMcnonb3oBaHue TEXHOJOTMU (POPMUPOBAHUS He-
BXUIaeMbIX OMUYECKHUX KOHTAKTOB K F€TEPOCTPYKTY-
pe AlGaN/GaN no3BoJIMJIO OTKa3aTbCsl OT BBICOKO-
TEeMIEePaTypHbBIX MPOLIECCOB 0OPA0OTKHU. 3a CYET ITOTO
YAAeTCsl COXPaHUTb BBICOKOKAUYECTBEHHBIN pesibed
KOHTAKTOB JIJIsI TIOCIEIYIOIIMX TEXHOJOTUYECKUX OTIe-
paluii, a Takxke MoJiyyaTb OMMYECKUE KOHTAKThl C
yaenbHbIM comnpotuBieHueM 0,15...0,2 Om - MM, 4TO
SIBJIIETCSl pe3yJbTaTOM MUPOBOro ypoBHs. Ilpu 3Tom
METaJUIM3alisl OMUYECKUX KOHTAaKTOB M METOK st
BJIJI 3atBOopoB LIOTTKM MPOBOAUTCSA B OAHOM TE€XHO-
JIOTUYECKOM MPOLIECCe HAIbLIEHUS] MeTaUTM3alluu.

®opMupoBaHAe BHIMPAMISIONIET0 KOHTAKTA
(3aTBopa IIloTTKH) K reTepocTpyKTypam
HA OCHOBE HHTPHAA TAJIMS

Kaxk usectHo, CBY nmapaMeTpbl COBpeMEHHBIX T0-
JieBbix CBY TpaH3MCTOPOB Ha reTeporepexoaax riaB-
HBIM O0pa3oM OMpenessioTcs MapaMmeTpaMH 3aTBopa
[17]. Hanmpumep, mpeaenbHas yactoTa YCUJIEHUS MO
TOKY f; = Gm/ZTchs ~ es/Lg, T.e. OOpaTHO MPOIOP-
LIMOHaJIbHA JUIMHE 3aTBopa L,, rae G,, — BHYTPEH-
HSIST KpYTU3HA, Cgs — €MKOCTb 3aTBOP-UCTOK, V,, —
npelidoBasi CKOpPOCTh 3JEKTPOHOB. s TpaH3uCTO-
pOB CaHTMMETPOBOTO JHMAIla30Ha
HEeo0XOIUMO UMETh Lg < 0,25 MKM.
BMecte ¢ TeM, B COOTBETCTBUM C
dbopmynoit Dykyu, Kod3hGULIUEHT
IIyMa MOXET OBITh TPEICTaBICH B
Bune Fp =1+ K,ng /Gm(Rg+ R,
rae K; — KOMIIEHCUPYIOLIMIA KO3(-
umeHT, Rg 1 R; — CONpOTUBJIEHNE
3aTBOpa M HMCTOKA COOTBETCTBEHHO.
Orcroga MOXHO OLIEHWUTb TpeboBa-
HUS K CEYEeHMIO 3aTBopa: mosaras
Rg = ng/Vg n R; = ps/Ing, e p, u
pg — VAEJIbHBIE CONTPOTUBJIEHUA 3a-
TBopa U uctoka (OM*MM) COOT-
BETCTBEHHO, a Wg — IIMpUHA 3a-

°
°

°

o8

Vaanenne gorop eancra
Photoresist removing

AlGaN/GaN

Puc. 4. IlocnenoBaTeabHOCTb onepanuii GoOpMHEPOBAHHS HEBKUTAEMBIX OMHYECKIX KOHTAKTOB
Fig. 4. Sequence of operations fulfilled for non-alloyed ohmic contact fabrication
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| TBOpa, M CUMTas, YTO M/l OMNTH-
! MaJIbHOTO TPAH3UCTOpPA Rg= R,
I — 2

| HONY4UM p, = py/ Wg. Tak, eciu
: Pg = 0,2 OMm * MM, W, = 20 MKM, T1O-
| JlyJaeM 3HAYCHUE p, = 500 OM * MM,
| OTKyla CclemyeT, 4To B Clydae
LIMA 3aTBOpa CYMMAapHOM TOJIMU-
Hoit 0,6 MKM cedeHMe 3aTBOpa




JIOKHO OBITH He MeHee 0,4 MKMZ. Jnst 6oee HU3KUX
4acTOT MPUMEHSIIOTCSI 60jiee LIMPOKUE TPaH3UCTODHI,
clemoBaTeNIbHO, CEUeHNWE 3aTBOpPA JOJLDKHO OBITH ellle
oosbiie. O4YEBUAHO, YTO OIHOBPEMEHHO IOJIYYHUTb
MaJlyio JUIMHY 3aTBOpa M OOJIBIIOE CEYCHME MOKHO
TOJIBKO B TOM CJIydae, €CJId 3aTBOp UMeeT rpudoodpas-
Hyto (i T-obpasznyro) ¢opmy. [ToaToMy akryanbHa
3a7aya I10JlydeHusI rpru0000pa3HOro 3aTBOpa ¢ pa3HbIM
HabOPOM JJIMH 3aTBOPOB ISl 006ecredyeHu sl IIIMPOKOTro
cnekTpa Bo3MoxHBIX yactor CBY TpaH3uCTOpOB 1
CXEeM Ha MX OCHOBe.

Takum obGpazom, noaydeHne MUC ycunuteneit
IUIS1 OIpeesIeHHOI0 YaCTOTHOrO AMarna3oHa onpene-
JISIETCS MaTepuajoM TIOJIYIIPOBOAHUKA M TeOMETpHUei
3aTBOpA.

dopMupoBaHUe TPOOO0OPA3ZHOTO 3aTBOPA COCTOUT
U3 CJIEAYIOLIMX KIIOUYEeBbIX ONepalluii;

e DJIEKTPOHHO-JIy4eBast TUTOTPAdUS I MOTyICHUS
npodust Oymylilero 3aTBopa;

e HaHECEeHWEe 3aTBOPHOM MeTaJUTM3allnH;

e "B3pBLIB" BJICKTPOHHOTO PE3UCTA.

PaccMorpumMm crtaguio hopmupoBaHms Tprubooopas-
HOTO NMpOoduIs B pe3ucre.

IMocne germaparanyy Ha TUIUTKE TIPA TeMIIEpaTy-
pe 120 °C B teuenue 15...20 MUH Ha MJIACTUHY METO-
IIOM TIeHTpU(PYrupoBaHUS HAHOCUJIACh MHOTOCJIOI-
Hasl cucTeMa JIEKTPOHHBIX PE3UCTOB C MPOMEXYTOU-
HOM cylkoi Ha miutke. CucremMa COCTOUT U3 CJIOEB
PMMA950K/PMGI/Comommmep/PMGI/PMMA950K
obuieit TomuuHoN okoyio 1,3 mxm. IlocienoBaTelb-
HOCTB CJIOEB M MX TOJIIWHBI OBUTM ONTUMU3UPOBAHBI
JUIS pa3aebHOrO 3KCIOHUPOBAHUS M KOHTPOJMpYe-
MOTO IIPOSIBIEHUsI TpUO000pa3HBIX Mpoduiieir ¢ pas-
MepamMu HuxHen yactu ot 0,1 mo 0,25 MKM B 3aBU-
CHUMOCTHU OT YaCTOTHOIO Auarna3oHa oyaymeit MUC Ha
HUTPUJIE TaJUIHSI.

IMonroroBiaeHHasT TUIACTMHA SKCIIOHUPOBAIach B
YCTAaHOBKE 3JICKTPOHHO-JTYYEBOTO SKCIIOHUPOBAHUS
Raith150-TWO (nutorpad). IlepBbIMU 3KCIIOHUPOBa-
JIUCh BepXHHUE 00J1aCTU 3aTBOPOB 1IKUPUHON 0,8 MKM,
a TaKXXe 3aTBOPHbIE IUIOIIAAKHU (MepBOE SKCIOHUPO-
BaHue). [lajiee mpoBOAMIOCH MOCIE10BaTeIbHOE MPO-
sIBJICHME BEPXHUX TPEX CJI0EB PEe3UCTa B COOTBETCT-
Byrowmux mnpossurensix (MUBK:UIIC — 1:1, 101A,
MMUBK:UIIC — 1:3).

ITocite 3TOTO OCYIIECTBIISIIOCH BTOPOE SKCITOHMPO-
BaHue 151 GOpMUPOBaHUS JIUTOrpacduu Moj CyOHOX-
K1 3aTBOPOB C HEOOXOAMMBIM HOMUHAIBHBIM pa3Me-
POM U JOTIOJTHEHHEM J103bl Ha TIolaaKax. danee rpo-
SIBJISIMCh HUXKHUE JBa CJIOS Pe3UCTa.

B pesynbrare Ob11 chopMupoBaH IrpmbOOOOpa3HBIN
npoduiib MposIBIEHHBIX obyacTeil B pe3ucte. Ilocie
5TOTO MPOBOIMIIACH 3aYMCTKA B KUCIOPOTHOM TIIa3Me
¢ nmomouibio ycraHoBku I[1XO-001T (2 MuH B ropu-
30HTAJILHOM TTOJIOKEHWH) OT OCTAaTKOB PE3NCTa Ha THE
MPOSIBJICHHBIX 00J1aCTel.

IMocite 3a4nCTKM B KUCIIOPOTHOM TIa3Me HaHOCH-
Jlach HeoOxonumMasl 3aTBOpHasi MeTauIu3aliusl.

3aTBopHasl MeTaJlIM3alus MPpOBOAMIACh HA yCTa-
HOBKE BaKyyMHOIO HaIlbLICHUSI TEePMMYECKUM (pe-
3UCTUBHBIM) MeToaoM. IlociemoBaresbHO HaMbLIs-
muck cion Ni(600 A) u Au(5400 A) u3 Bonbdhpamo-
BBIX JIogouyeK. "B3pbiB" MeTanmimzaluu MpOBOIMICS
B arieToHe u quMmeTuindopmamuae (AM®P) (masa pac-
tBopeHus cioeB PMGI). [Tocne oTMBIBKY MJIaCTUHBI
B IEMOHM30BAaHHOI BOIE IMPOBOIMJIACH ITaCCHUBAIIMS
JBYXCJIOMHBIM In21eKTpuKoM Al,O3/SizN, Heobxo-
ITUMOWM TOJILIVHBI.

IIaccuBanus 3aTBopa, opMupoBanue
KOHIEHCATOPHOIO IHIJIEKTPHKA

IMaccuBamst TPOXOAUT B IBE CTaAWM: HAaHECCHUE
JUAJIEKTPUUYECKON TIJICHKM Ha BCIO TIJIACTUHY; TpaBJie-
HUE TUAIeKTPUUISCKON TIIIEHKN 4epe3 (OTOPEe3NCTHB-
HYIO MAacKy.

IMocie popmupoBaHMsT 3aTBOPa Ha IUIACTUHE Ha ee
MOBEPXHOCTh HEOOXOAUMO HAHECTH MAaCCUBUPYIOLINIA
IUDJIEKTPUK TS 3aIUTH OT BO3OEHCTBUSI OKPYKalo-
1Iei cpelbl U YMEHBIIEHUSI TTOBEPXHOCTHBIX 3(dek-
TOB. Takke HAHHBIM AUBIEKTPUK WCIOIb3YETCS ISt
(opMUpOBaHMS TTACCUBHBIX 3JIEMEHTOB, TaKMX Kak
KoHzeHcatophl. Mcrionb3oBaiach AByXCIOMHAs CUCTE-
Ma JIM3JIEKTPUKOB: OKcul amomuHus (Al,O5), ocax-
JaeMbIii METOIOM aTOMHO-CJIO€BOTO OCAXACHUSI MpPHU
temmeparype 300 °C, 1 nmiaa3sMOXUMUYECKUIA HUTPU/L
kpemHus (Si3Ny), nonyyaemslii B UCII Ha ycTaHOBKe
TJIa3MOXUMUYECKOTO OCAXKIAEHMST MUAEeKTpUKOB Plas-
malab System 100. OcaxxneHue TU3JIeKTPUKa OCYIIeCT-
BJISLIOCH B cpefie cMecu MoHocunana (SiH, = 12 scem)
¢ azoroM (N, = 11 sccm) npy MOIIHOCTU MCTOYHMKA
HCII 800 Br, remneparype 300 °C u gaBieHUU B Ka-
Mepe 8 mTopp. I1pu 3TOM Oocaxknanach Tpedyemasl TOJI-
IIWHA IU3JIEKTPUKOB [JI MOJIYYEHUS €eMKOCTE KOH-
JIEHCAaTOPOB, 3aJIOKEHHbIX B pazpadaTeiBaeMbie MUC.
st obecneyeHusT TpedyeMoil MUTpaLlMM OcaXkaaeMo-
r'O BellleCTBa 10 MMOBEPXHOCTHU TeMIlepaTypa MOMJIOKKU
obu1a 300 °C.

CrenyeT OTMETUTD, YTO KAa4eCTBO IJICHOK CHJIBHO
3aBUCUT OT MHOTUX MapaMeTpoB Ipolecca Ocaxie-
HUS, TAKUX KaK TUIl PeaKTopa, MCIIOJb3yeMble Tra3bl,
MartepuaJ MoJAJ0XeK, TeMIlepaTypa MOMJIOXeK, AaBje-
Hue B Kamepe, BYU MOIIHOCTb, pacCTOSIHUE MEXAY
3JICKTPOIAMU, TTapIaIbHOE JaBJIEHHE PearcHTOB, CKO-
POCTb OTKAUYKM, MaTepuajl U TeOMETPUSI SJIEKTPOIOB.

Takum obpa3oM, IJIsT MOJTYYSHMS TIEHOK OITpesie-
JICHHOTO Ka4yeCcTBa HeOOXOAMMO PEIIUTh MHOTOKPUTE-
puanbHYyIo 3amady. Kak mpaBmito, mapaMeTphl IIpoliec-
ca OCaxXIeHUSI AUBJIEKTpUKA KOPPEKTUPYIOTCSI, MOKa
He OyJeT MmoJjiyueHa AU3JeKTpuyeckasi rjieHkKa, yaoB-
JIETBOPSIIOLIAs MPeIbsBAsIeMbIM K Hell TpeOOBaHUSIM.

Ecam B ciydae TraccwBallMM TTOBEPXHOCTH TIOJTY-
MPOBOJHNKA HYXXHO MOKPBITh IU3JICKTPUKOM TOJIBKO
TUTOCKOCTbH TTOTYITPOBOIHMKA, TO TIPH TTACCUBAIINN 3a-
TBOPOB HY>KHO 00€CIeYUTh XOPOILIYIO0 KOH(POPMHOCTb,
YTOOBI AU3JEKTPUK PAaBHOMEPHO CeJl Ha rpuboodpas-
HBI 3aTBOP KaK CBEpXy LLJIAIBI, TaK U o1 Heil. Me-
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Puc. 5. POM-u300paxkenne rpud0000pa3HoOro 3aTsopa mnocje naccu-
BAlMM HATPUIOM KPEMHHS HA MONEPEYHOM cpe3e

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

TOI aTOMHO-CJIOEBOTO OCaXKACHUS AUBEKTPUUECKUX
IUIEHOK o0ecreuyrBaeT He0oOXOAUMY0 KOH(POPMHOCTh
U TpedyeT ISl MaccuBallMy MOBEPXHOCTU OCAXKICHMS
TOHKUX cjioeB nopsiaka 10 um. st obecnieyeHus He-
00XOMMBIX MapaMeTPOB KOHIEHCATOPOB (MMPOOMBHbBIE
HaIpsDKEHUs U eMKOCTh) cBepXy Al,O; ocaxnaerca
SisN,4 Tpedyemoit nig nannoit MU C tonmmHel, 06b14-
HO 3T0 ToaiuHkbI ropsaka 0,1...0,3 Mxm. Mukpodgoto-
rpagust mpuMepa IMoJIydeHHOTO 3aTtBopa ¢ L, ~ 250 HMm
MocJjie maccUBallMM MpeacTaBieHa Ha puc. J.

ITocnie ¢dopmupoBaHMs CIUIOLIHON IUICHKM M-
aJieKTpuKa (opmupyercs: (poTope3rcTUBHas Macka
OKOH JIJISI TJIa3MOXMMMWYECKOTO YAIeHUS TU3JIEKTPU -
Ka, OCTaBJsIsl AUDBJIEKTPUK B MeCTaxX MacCUBallMM aK-
TUBHBIX O0JIacTell 1 OyaylIux KoHaeHcaTopoB. I1nas-
MooOpa3syolliasi cpeia B peakTope B MEPBYIO OUepelb
JI0JDKHA o0ecrneyrBaTh HEOOXOAUMYIO CKOPOCTh TpaB-
JIEHUSI, CeJIeKTUBHOCTb M aHu30Tponuio. Kak usBect-
HO, JUIS TpaBJIeHUS] KPEMHUSI U €ro COeMMHEHUN MC-
MoJIB3YIOT (hTopcoaepxkalive raspl. Yaiie Bcero uc-
MOJI3YIOT YIJIEPOAHbIE TaJIoreHCoAepKalle COeIuHe -
HUS, UMelollre oblllee Ha3BaHUe "xj1agoHbl". O0LIMe
HEIOCTaTKU 3TOW TPYIIbI Ta30B — BO3MOXHOCTh 00-
pa3oBaHMSI TOKCHMYHBIX MPOAYKTOB B IPOIIECCE TpaB-
JIEHUSI, CKIIOHHOCTb K MOJUMEPU3aIi, BO3MOXHOCTD
00pa3oBaHUs JIEMEHTAPHOTO yIjiepojaa Ha oOpabaThl-
BaeMOI IMOBEPXHOCTU (1T MPOCTHIX XJIamoHOB). s
MnoAaBJeHUsT OBYX MochaeaHux 3¢dekroB B pabouuit
ra3z yacTto no0aBisitor Kuciaopon. M3 apyrux ¢bropco-
JlepXKalliux ra3oB caenyeT OTMETUTh LIECTU(DTOPUCTYIO
cepy SFg, npumeHeHre KOTOPOM MO3BOJISET JOCTUYD
BBICOKHX CKOPOCTEl TpaBjieHUsI 0e3 ocaxXIeHUs Ha
MMOBEPXHOCTU TBEPIBIX MPOIYKTOB Pa3JIOKEHUS HC-
XOJIHOTO raza. YucTtolii GTOp MpakTUYECKU He TIpUuMe-
HSIETCS U3-3a CBOEW BBICOKOW XMMHUYECKOW aKTUBHOC-
TH TI0 OTHOILIEHUIO K KOHCTPYKIIMOHHBIM MaTepuaiam
TEXHOJIOTMYECKOIro 000pyI0BaHUSI U TOKCUYHOCTH.

st TpaBJAEHUS IBYXCJIOMHOTO AUBJEKTPUKA MPU-
MEHSUIM YCTAHOBKY IJIa3MOXUMMUYECKOTO TpaBJIEHMUS
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ST 500: mna Tpasaenus Si;Ny ucnosnb3oBasach cpena
mectudropuctoit cepel SFg (15 sccm) ¢ Kucioponom
O, (4 sccm), pabouee nasiaeHue 6,2 Ila, MOIIHOCTD
MCII ncrounuka 200 Br; m1a mociaemyioniero Tpas-
JieHUs 4yepe3 Ty Xe (PoTope3sucTuBHyI0 MacKy Al,Os
ucnojb3oBanack cpena BClsy (7 scem) ¢ apronom Ar
(14 sccm), pabouee maBinenue 1 Ila, mourHocts MUCII
ucrounuka 800 Br, momnocts BY 20 Bt. Cnenyer ot-
METHTh, UYTO TIPW TPaBJICHUW INIJICKTPUKA IS TIOJ-
HOM YBEpEHHOCTHU CTPaBIMBAHUS IUBJIEKTPUIECKOTO
CJI0ST HeOOXOIUM HEe3HAUYMTENIBHBIN IepeTpasB.

TpaBneHue AUdAEKTpUKA HEOOXOAMMO IMPOBOIUTD
C TepeTpaBoM:

— 13-3a HEOMHOPOJAHOCTH TOJILMHBI AUDJIEKTPUKA
no 1wiactue (10 % OT TONILUHBL);

— W3-3a HEOTHOPOIHOCTH CKOPOCTH TPABJICHHUS TN~
anekTpuka (5 % OT TONIIUHBI).

IMTocne dopmupoBaHMs TMACCUBALMU C TIACTUHBI
CHUMaeTcs (hOTOpe3nCTUBHAS Macka U JIeJlaeTcsl cie-
maytotnast urTorpadus moa "B3peIB” Wi ¢hopMUpOBa-
HUs MIEPBOTO YPOBHSI METaUIM3allUU.

Takum o6pazoM, 111 (OPMUPOBAHUS MAaCCUBALIAN
3aTBOpa M KOHIEHCATOPHOTO TUIJIEKTPUKA HEOOXOMM -
MO BBITIOJIHEHHUE CEAYIOIINMX TEXHOJOTUYECKUX OTe-
pauuii: HaHeceHue TuieHKU Al,O3; METOoOM aTOMHO-
CJIOEBOTO OCaXKACHUS; TIJIa3MOXMMUUECKOE OCaKACHUE
rieHKH SisNy; dhoroaurorpadus OKOH nacCuBaluu 1
OyaylIMX KOHAEHCATOPOB; IJIa3MOXMMUYECKOE TpaB-
Jenue nocaenosarenbHO SisNy u Al,Os; cHaATHE (o-
TOPE3UCTUBHOM MacKM.

IIpu 3TOM B 00aCTU MEXIY OMUYECKMMU KOHTaK-
TaMM JUTS TTaCCUBALIMM 3aTBOpA JOCTATOYHO TOJIBKO
cnod 1ieHku Al,Os, Takum 006pa3oM, MUHUMU3UPY-
FOTCS TTapa3MTHBIE EMKOCTH 3aTBOP — CTOK M 3aTBOP —
HCTOK.

HcnonszoBanue rerepoctpyktyp SiN, /AlGaN/
AIN/GaN, rae ocaxjaeHue NacCUBUPYIOLIEro CI0s in
situ SiN, mpoBoauTCA IMOCIE POCTa CTPYKTYPhI HE-
MOCPEJACTBEHHO B POCTOBOI Kamepe, MO3BOJISIET MC-
MOJIb30BaTh 3TOT AUAJIEKTPUK B KQUeCTBE MACCUBUPYIO-
mero 3atBop HIotTku. sl TaKUX CTPYKTYp CTaBUTCS
3amaya yaajJeHus OU3JeKTpruKa B objactu ¢hopMupo-
BaHMs 3aTBopa. TpaH3ucTopbl ¢ 3arBopamu IloTTKM,
c(OpMUPOBAHHBIMU Yepe3 AuaeKTpuk SiN,, BbIpa-
ILICHHBIA B OOHOU POCTOBOM KaMepe C reTePOCTPYKTY-
poii, He TPeOYIOT DOMOIHUTEILHOM MaccuBauu. Mc-
NoJib30BaHKe in situ SiN, crOCOOCTBYET YBEINYEHUIO
KOHIICHTPAIlMX OCHOBHBIX HOCUTEJIeH M3-3a HeWTpa-
JIU3alMK 3apsia Ha MOBEPXHOCTH 3a CUET MacCUBalMH,
YMEHBIIIEHUIO peJlaKcallii, YMEHBIIIEHUIO YKCIa Jie-
¢dexToB M 1IepoxoBatocTh ToBepxHocTu AlGaN, u
npu 3ToM in situ SiN . BBIMOJHAET POJIb 3aLIUTHOIO
ciios moBepxHocTtu [18]. IMocie dopmupoBanHmst 3a-
TBOpa HEOOXOAMMO OCaXKIEeHUE MUIJIEKTPUKA TOJIHKO
st ¢popMmupoBanust KoHgeHcatopoB MUC. Ucmonb-
30BaHME NaHHOW IMAacCUBALIUM peau3yeTcsl TIpU MC-
TOJTE30BAaHNM BXHUTAEMBIX OMHYECKMX KOHTAaKTOB, TaK
KaK Mpyu HEBXUTaeMOM TEXHOJIOTUY MIPH yAAJTeHUU T -




SJIEKTPUYECKOM MACKU TOJ POCT CUJILHOJETMPOBAH-
Horo GaN naccuBupyowmuii cioii in situ SiN . Takxe
CTpaBJIMBAaeTCd B XXKUIKOCTHOM TpaBUTEIIE.

@DopMHupoBaHKE MEPBOr0 YPOBHA METALIN3ANUH
H BePXHUX OOKJIANOK KOHIAEHCATOPOB

IMTocne opmMupoBaHMs ITacCUBALMK HA IUIACTHHE
co3maeTcs ABYXCJIOMHAsl pEe3UCTMBHAs MackKa, ITOCIe
Yero IJIACTUHA TTOABEPTaeTCsT 3aYMCTKE 1 HAITBUICHUIO
METaJIJIOB.

3auncTKa BBITIOJHSETCS HETOCPENCTBEHHO IIepen
MPOLIECCOM HAIbUIEHUSI B YCTaHOBKE ILIa3MOXUMM-
yeckoro TpasieHus SI 500 B cpene Ar (50 sccm) npu
nasieHuu 2 [la B KOMOMHUPOBAaHHOM PEeXMMeE peak-
TuBHOrO MoHHoro tpasieHuss (PUT) B UCII. Cme-
LIeHWE Ha HUXKHEM 3JieKTpoae coctasisuio 50 B. Jlns
MpeAoTBpalleHUs TieperpeBa GhOTOPE3UCTUBHOMN Mac-
KU TIPOIIECC OCYIIECTBISACTCS B IIUKINISCKOM PEXM-
Me. Kaxnmplii IUKJI COCTOUT U3 ABAALIATUCEKYHIHOIO
TpaBIIeHUS B aproHe W TPEXMUHYTHOTO IIepephIBa.
Bcero Takoif LIMKJI ITOBTOpPSIETCSI YeThIpe pasa. 3a-
YHUCTKa TIepell BAKYYMHBIM HAIBIJICHUEM OOeCIIeun-
BaeT JIYUIIYIO aare3uio Mexmy MeTautamu. [locie Ta-
KOI 3aUMCTKM TUTACTHHA 3arpyXaeTcs B YCTAHOBKY Ba-
KYYMHOTO HAambIJIEHUS] TePMUUYECKUM (PE3UCTUBHBIM)
METOJOM, B KOTOPOI IIPOBOAUTCS HAIbLICHUE MeTall-
JioB Ti (50 Hm)/Au (500 HM). TTpy 3TOM TUTAH CAYXKUT
aJIFe3MOHHBIM CJIOEM, a 30JI0TO — KOHTaKTHBIM. Iloc-
JIe HaITbIJIEHNS OCYIIECTBIIIeTCS "B3pBIB" (poTOpE3ncTa
Y TIPOBOISITCS HEOOXOAMMBIC M3MEPEHMSI B TECTOBBIX
MOMYJISIX.

®DopMupoBaHHEe MEXKIIEKTPHIECKHX COETMHEHMI
B BHje "BO3IYNIHBIX MOCTOB"

Btopoii ypoBeHb MeTaJUIM3alMH, 3JICKTPUUECKU
COEIMHSIOLINIA 3JIEMEHThI Ha TUIACTHHE, BBIITOJIHSIETCS
B BUJE "BO3AYILIHBIX MOCTOB". B cBsI3u ¢ TeM 4TO 06-
11asT TOJIIMHA MOCTA OJIKHA COCTABJISITh 3 MKM (TOJI-
LIMHA TaJIbBAHMYECKOTIO 30J10Ta 2,3 MKM), €€ Hapall-
BalOT TajJlbBaHWMYECKMM MeTomoM. CHavajla OCyILecT-
BJITIOT (DOTOJNUTOTPaUI0 MOCTOBOTO pE3MCTa, OIpe-
JIEJISIIONIETO BBICOTY MOCTa, 3aTeM C(OPMUPOBAHHBIN
PUCYHOK B (pOTOpE3UCTE MMOABEPTaeTCsS BO3MECHCTBUIO
TeMmIiepaTypbl. B pesynbraTe Kpasi hoTope3ucTa "3aribl-
BaloT", 00pa3ys IMOJIOTHil Kpaii, HeOOXOIUMBII IS He-
Pa3phIBHOTO HAITBUICHUS 3aTPAaBOYHOTO CJIOST MeTaJljIa.
IToce aToro Ha ycTaHOBKE BaKyyMHOTO HamlbLICHUS
TEPMUYECKUM (PE3UCTUBHBIM) METOIOM HAITBIISIOT
3aTpaBouHblil ciaoit Ti/Au/Ti (50 amM/500 HM/20 HM).
Ilepen HambIIeHWEM IS JIyYIIEeil aare3uy MPOBOIST
3aYMCTKY B aproHe Ha YCTaHOBKE TJIa3MOXUMUYECKOTO
tpaBieHus S1 500 nmo onucaHHo# Bbilie MeToauke. ITo
3aTpaBOYHOMY CJIOIO AeJaloT (porosmrorpaduio Hapa-
IIMBaHUs FaJlbBAHUYECKOTO 30/10Ta. HapallimBaHue BbI-
TTOJTHSIIOT Ha YCTAHOBKE TaIbBAHMYECKOTO OCAXKICHMS
3onota Valenza 2400V2 B BBITSDKHOM 1Kady, Mmocie
Yero HEHYXXHBbIE YIaCTKM 3aTPaBOYHOIO CJIosS Ha ¢o-
TOPE3UCTE YAASIOT XUIKOCTHBIM XUMUYECKUM TpaB-

Puc. 6. POM-u300paxkenune "Bo3aymHoro Mmocra”
Fig. 6. SEM image of an "air bridge"

neHeM (KXT). dunauinHOM omnepanueit pu ¢dop-
MHUPOBAHUY "BO3MYIIHBIX MOCTOB" SIBJISIETCST yAAJICHUE
TOAMOCTOBOTO (poTOpe3ucTa.

Takum 06pa3oM, MeXCITOITHAST N3OSN OCYIIECT-
BJIACTCSL C ITOMOIIBIO BO3IYIIHBIX MOCTOB BBICOTOM
2 MKM ¥ TOJIIMHON 3 MKM. M300paskeHne Takoro "Bo3-
IYITHOTO MocTa" ToKa3aHo Ha puc. 6.

®opmMHpoBaHHE MEKIIEKTPHIECKHX COETUHEHHIA,
of0ecneynBaONIMX O0UIYI0 3eMJII0

[nst coenMHEeHUST OOLIMUX 3JEKTPOAOB (Yallle BCEro
3EMJISTHOT0) MCIOJIb3YIOT KOIJIaHAPHbIE TTOJOCKU, 00-
LM HIDKHAR 3JIEKTPOA, Ha OOpaTHOI CTOpOHE IIjiac-
TUHBI JTMOO JOMOTHUTEIbHBIM YPOBEHb 3JEKTpHUYEC-
KOTO COeIMHEHMST Ha JIMIIEBOM CTOPOHE TIACTUHBI Ha
U30JIUPYIOLLEM CIIoe.

B nipouiecce paspadborku MUC Ha reTrepocTpyKTy-
pax AlGaN/GaN Ha nomnoxkax SiC u Al,O5 canrtu-
METPOBOTO W MIITUMETPOBOTO IHMAIla30HOB JJINMH
BOJIH TIpeBapUTeIbHbIC UCCAEIOBAHUS TTOKA3aIH, YTO
coznaHue Takux MMC Ha ocHOBe KOIJJaHApHOU Tex-
HOJIOTUM KpaliHe 3aTPYAHUTENIbHO BBUIY MpPOOJEM C
obecrieuyeHUEM YCTOMUYMBOCTU MHOOOOHBIX CHUCTEM U
HaJM4YUeM YaCTOTHO-3aBUCUMBbIX (ha30BbIX HAOETOB MO
O0IIMM TTPOBOAHUKAM. DTO MPOSBISIETCS YK€ IPU T10-
BBHILIIEHUN YCUJIEHUSI M BBIXOXHOUW MoimHoctu MUC
ycunutesss moiiHoctu (YM). 3a pydexom MUC Ha
ocHoBe TerepocTpykTyp AlGaN/GaN, Kak IpaBuio,
M3TOTOBJISIIOT 110 MMKPOIIOJIOCKOBOI TEXHOJOTHMU,
MOAPAa3yMEBAOIIEU TPABJICHUE CKBO3HBIX OTBEPCTUN
CKBO3b MOIOXKKY. OJHAKO 3TO CBSI3aHO C Cepbe3HBIMU
TEXHOJOTUUECKMMU TPYAHOCTIMU. YacTUUHO pele-
HUE JaHHOM IPOOJIEMBI MOXET OBITh OOJIErYeHO IIpH
nepexojie K reTepoCcTpyKTypaM Ha KPEeMHUEBbIX IMO[-
JIOXXKaxX, HO B HACTOsAIIee BpeMs TaKHe TeTePOCTPYK-
TYpBI €le UCCIEeIYIOTCS.

B pesynbTaTe ObLI0O HalIEHO KOHCTPYKTOPCKO-TEX-
HOJIOTUYECKOEe pellleHWe JAaHHOM MpOoOJIeMbl, 3aKIIIO-
qaloleecss B CO3MaHUM "3a3eMIISIIOIIEH TIJTIOCKOCTH"
Haj JULEBOI MOBEPXHOCTBIO TJIACTUHBI C YXe M3ro-
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TOBJIEHHBIMM aKTUBHBIMU M IaccuBHbIMU CBY aie-
MEHTaMHU IOBEPX CJIOSI MOJMMEPHOIO AUBJIEKTpUKA
tomuuHoi 10...15 MM (crieruanabHoro (porojaka, pas-
pa6oranHoro UBC PAH). IlIpu 3ToM COOTBETCTBYIO-
1€ JEMEHTHI 3a3eMJISIOT yepe3 OTBEPCTUSI B CJIOe
(doTonaka, OMHOBPEMEHHO BBITIOJHSIONIETO POJIb 3a-
IIATHOUN MaccuBalUM.

PaspaboranHblil (oOTONMAK MPEeacTaBisIeT COOOM
KOMIO3UILIMIO, BKJIIOUAIOIIYIO TTPEKYPCOP BBICOKOTEP-
MOCTOMKOTIO IojiuMepa (aHajiora MoJMUMUIA) U CBe-
TOYYBCTBUTEIBHBIN KOMITOHEHT XMHOHINA3WIHOTO TH-
I1a, aHAJIOTUYHYIO CBETOYYBCTBUTEJIBHOMY KOMITOHEH -
Ty, TIPUMEHAEMOMY B OOBIYHBIX TIO3UTUBHEIX (hOTOpE-
sucrax Tuna @IT 383 u OIT 051.

ITpumeHeHMe PoTOIAKOB HE TpeOyeT crielajlbHO-
ro obopynoBaHus. Pabota ¢ HUMM OCYILIEeCTBIISIETCST HA
CTAHIAPTHBHIX JUTOrpadUIYECKUX YCTAaHOBKAaxX C HC-
MOJIb30BAaHUEM JAYTOBBIX PTYTHBIX Jamm ([ PII).

C yyeToM peKOMeHJaluii U3roToBuTeei porona-
Ka ObLI pa3paboTaH MapLIpyT JOMOJHUTEIbHOIO YPOB-
HSI MEXDJIeKTPUUYECKHUX COENMHEHUI, oOecreynBaro-
IIMIA KaK 3alllUTy CXeMbI, TaK 1 OOIIYI0 3eMJIIO.

Ha nonioxky ¢ M3roToBJIeHHBIMU CXeMaMM 1IEHT-
pudyrupoBaHueM HAHOCUTCS IEPBBIA CI0OK (hoTOJIA-
Ka, TOCJIe Yero CTYMeHYaTo OCYIIECTBISIETCS CILIONI-
HO€ 2KCIIOHMPOBaHUE M 3aayO0jvMBaHUE B CTaTUYEC-
KOI1 Teuke B mHepTHOM cpexe azoTa: 150 °C — 15 muH,
200 °C — 15 muH, 250 °C — 15 muH, 350 °C — 30 MuH.
Takum obpaszom, dopmMuUpyeTcsi MEPBbIA aare3MoH-
HBbII cioil doTonaka TomuuHoi 2 MKM. CrioliHoe
9KCITOHUpOBaHUE pesbeda 6e3 11adjsoHa HeOOXOAUMO
JUISL pa3ioXeHUs] CBETOUYBCTBUTEIbHOIO KOMITOHEH-
Ta, UHa4e IIpU TepMO3aay0JIMBaHUU C(POPMUPOBAHHO-

ro MHKpopenbeda BO3MOXKHO BCIyYMBaHHUE IIJICHKU
WJIM TIosiBJIeHre ObIpoK ("pbIObUX TJ1a3") 3a cueT pas-
JIOXKEHUS CBETOUYBCTBUTEIHLHOIO COETMHEHMS C BbIIE-
JIEHEM a30Ta IpU TeMmIiepaType 3amy0anBaHus.
3aTeM MOBTOPHO HAHOCSITCS JABa CJIOS Jlaka (Takke
LeHTpUdyrupoBaHueM) g (GOpMUPOBAHUS KOHEU-
HOH TOJIIMHBI u3oaupyouiero ciaos (12...15 MxM).
CoBMelleHrEe 1 9KCIIOHMpPOBaHUe (OToJIaKa OCYILECT-
BIISIETCS HAa YCTAHOBKE NPEIM3MOHHON KOHTAKTHOM
¢oronutorpacdun SUSS MIB4 IR. IIposiBieHue BbI-
nonHaT 0,3 %-M BOOHBLIM PAacTBOPOM €IKOrO Ka-
Jusl. 3aTeM MPOBOIUTCS CTYyNEHYATOe 3aayOIMBaHUe
10 BBILICONTMCAHHOM cCXeMe B MHEPTHOM cpelie a3oTa.

IlonHoOe 3ambLieHUE MOBEPXHOCTH (poToaka co
copmupoBaHHBIM penbedom MeTammm3anueit Ti/Au
(50 HM/500 HM) ocCyllecTBIISIETCSI HAa YCTaHOBKE Ba-
KYYMHOTO HAITbIJICHUSI TEPMUUECKUM (PE3MCTUBHBIM )
MetonoM. HemmocpencTBeHHO Tepen HATTBIJICHUEM BBI-
MOJTHSIETCS TIa3MOXUMHUYECKas 3a4MCTKa B OKHaX do-
TOJIaKa IJTS yIaJeHNS HIDKHETO 3aMy6IeHHOTO aare3u-
OHHOTO CJIosl. 3a4YMCTKa MPOUCXOAMT Ha YCTAaHOBKE
nasmoxumudeckoro tpasiaeHus SI 500 B cpene O, ¢
MOCJENYIOUIMM KOHTPOJEM B OINTUYECKOM MUKPO-
ckore. TakuMm o0Opa3zoMm, mocjie HanblIeHUs (HOpPMU-
pyeTcs 3JIEKTPUIECKUIA KOHTAKT, KOTOPHBIN COeTMHSIET
0O0LIMI BJEKTPO, JIEXAIlWii Ha HETIPOBOSIIEM MaTe-
puaie, 4yepe3 OKHa B (poromake.

Ilo HambuleHHOMY MeTajuly AenaeTcsl (OTOJMUTO-
rpadus obTpaBa JUITHEH MeTaTM3alliy Ha ITOBEpX-
Hoctu ¢ortonaka. [To doronurorpadpuueckoit Macke
KUIKOCTHBIM XUMHWYECKUM TPaBJICHUEM YIAISETCS
He3aluineHHass MmeTamiu3auus. ChopMUpoBaHHBIN
PUCYHOK METaJNIN3alluU BepXHel "3eMan” yToaeTcs
raJIbBaHUYECKUM OCaXKICHHMEM 30J10-
ta. /g ynaneHus: ¢poronaka ¢ 10po-
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Fig. 7. Main stages of the engineering route of MIC’s "face" part fabrication
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TEXHOJOI'MYC€CKOro Mmapuipyra m3ro-

toBiieHust MUC "nuueBoil” 4yactu
MoKa3aHbBI Ha puc. 7.




Peasm3anusa texnoJioruu usrorosiaenns MUC
HA OCHOBE HATPHJA TaJLIHs, Pa3padoTaAHHBIX
TONOJOTHYECKUX PENICHHi i1 CAHTHMETPOBOrO
H MIJUIHMETPOBOr0 YaCTOTHBIX JUMANA30HOB

OmnucanHas TEXHOJIOTHS IIPOM3BOACTBA ObLIa BHE/I -
peHa B UCBYIID PAH u ycneuiHo Kcrojib3oBaHa st
co3naHusl 1Mpokoi HomeHkiatypsl MUC mns pas-
JIMYIHBIX YaCTOTHBIX AMAaIta3oHoB, BIIOTH 10 70 I'To
[19—25].

B yactHOCTHM, pa3paboTaH U M3rotoBjieH YM nua-
nmazoHa §...12 I'Tu, oTaIMYMTEIbHON OCOOEHHOCTHIO
KOTOPOTO SIBJISIETCSI €r0 OAHOKACKaAHasi KOHCTPYKIIUS.
IIpu paspaborke OmHOKACKAAHBLIX YCUIWTeNel cy-
LLIECTBYIOT CJIOKHOCTH C 00ecrieueHUEM YCTOMUMBOCTU
CXEMBI, a TAKXKe C HEOOXOOMMOCTBIO JOCTVKEHUS BbI-
COKMX YCUJIUTEBHBIX M MOILIHOCTHBIX XapaKTepUCTUK
eIMHUYHOTO Kackana. B cBSI3M ¢ 3TUM YHUKAIBLHBIMUA
BO3MOXXHOCTSIMHU 00JIaJaeT KacKaaHasi cxema BKJIIoUe-
HUSI TPaH3UCTOPOB, KOTOpasi OCOOEHHO MHTEepecHa B
HUTPpUI-TaJIIMeBOI TexHoaoruu. K qocTomHcTBaM Ta-
KO CXeMbl MOXHO OTHECTU YBEJUYECHUE SHEpPreTH-
yecKoil 3¢ (GEeKTUBHOCTU U CHUXXEHUE MOTpebisieMoit
momtHocTth. ITo HammMm cBegeHussM, MU C nogo6HoOi

KOHCTPYKLMU HAa HUTPUE TaJlJIUSI UTOTOBJIEHA BIIEp-
Bble B Poccun.

Puc. 8. @otorpadusa kpuctasia MUC YM caHTHMETPOBOrO AMAa-
nasoHa

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

Puc. 9. Buemnnii Bug MUAC YM caHTHMETPOBOTO JUANA30HA, CMOH-
THPOBAHHOTO B M3MEPHTEJIbHYI0 OCHACTKY

Fig. 9. Centimeter-range PA’s MIC assembled into a gaging accessory
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Puc. 10. 3aBucumMocTb BbIXOAHO#H MOIHOCTH M KO3 duumenTa ycu-
aenuss MUC YM caHTHMETPOBOro AMANa30HA OT MOIHOCTH HA BXOJie
NP4 HANpPsKeHusAX nutanus 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

Bueurnuii Bun u3roroieHHOro Kpucramia MUC
VM 1nocie npoBeAeHUsI BCEX TEXHOJOTMYECKUX OIle-
paluii mokasaH Ha puc. 8. /InrHa 3aTBopa TpaH3UCTO-
poB cocTaBiseT 0,25 MKM, a ero obas repudepus —
6,4 MM. Ycunutenu ObLIM M3TOTOBJIEHBI HAa TETEPO-
crpykrype AlGaN/AIN/GaN Ha noajioxke carndgupa.
Pasmep kpucramia cocrasnsieT 1,57 X 1,71 mm.

s TipoBeieHUs UBMEPEHUI TTOJyYeHHbIe 00pas-
bl OBUTM CMOHTUPOBAHBI HA TEIJIOOTBOJ, B OCHACTKY,
MOKa3aHHYyIo Ha puc. 9. MU3MepeHNs] BBIXOTHOM MOIII-
HOCTHU TIPOBOJUIIM B UMIYJILCHOM pEXHUMeE I10 ITUTa-
HUIO TIPU IJTATETbHOCTH UMITYJTbca 1 MKC 1 CKBaXKHOC-
ta 100, HanpsekeHue nuTanust 1o 50 B. Ilpu Hamps-
xkeHun mtanus 50 B nuHeitHass BBIXOIHAST MOIITHOCTh
(P mocturaet 3 Br, uto coorsercTByeT 34,8 n1bMm,
coracHo ¢opmyie Py, = 10 - logo(P,w). Tok mor-
pebsennst He 6osnee 0,8 A, mpu 3ToM KO3(G(IULIMEHT
yeunenus (Kp) cocrasiser okono 15 1b (puc. 10).

IMpuMepoM pUMeHEHHS BBIIICOTTMCAHHOM TEXHO-
JIOTUM TPOM3BOACTBA B MWIIMMETPOBOM OMAIla30HE
JUTFTH BOJIH CJIy3KUT pPa3paboTKa KOMIUIEKTa MUKPOCXEM
¢ pabounmu yactotamu 57...64 I'T'n Ha cardupoBoit
nmomtoxke [26—30]. B cocraB KOMIUIEKTa BOLLJIN Te-
HepaTop, yrpabjsemblit HanpskeHueM (I'YH), 6anaHc-
HBIII CMeCUTE b, YCUINTEIb MUIJIUMETPOBOIO Avara-
30Ha, YCUJIUTEIb MpoMexyTouHoit yactoTel (YIIY),
aHTteHHa. [TomMuMo 3TOrO, OBLUIM M3TOTOBJIEHHI YCUIN-
TeJIW ¢ MHTETPUPOBAHHBIMM TPUEMHOU U TIepemaro-
1Ieil aHTeHHAMU, a TakXKe MHOTO(YHKIIMOHAIbHbIE
MPUEMHBIA W TIpUeMOIIepeaaloInii TIpeodpa3oBaTein
curHazia B coctaBe I'YH, cmecurens, YITU (cuctema
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Puc. 11. Buemmnuii sBun MUC I'YH
Fig. 11. Appearance of VCO MMIC

Ha kpucramie) (puc. 11—15). Hackoiabko M3BEeCTHO
aBTopaM, MoJ0OHbBIE MHOTO(DYHKIIMOHAIbHbBIE HUTPUI-
raJiyiieBble MUKPOCXEMBbI IpeoOpa3oBaTesieil cUrHaua
Ha can@upoBbIX MOMJOXKAX M3TOTOBJIEHbI BIIEPBbIE
B MUDE.

MUC ycunutenss MWIIAMETPOBOIO auara3oHa
4acTOT B 3aBUCUMOCTHU OT paboueil TOUKU MOXKET CIIy-
KUTh B KauecTBe MajoluyMsiuero yeuaurens (MIY)
wi YM. Ycunurenb UMeeT YeThlpe Kackana, JJIMHA 3a-

TBOpa coctasiser 0,14 MkM. B MajlocUTHaJIBHOM peXXu-
Me Koa(ppuIreHT nepenadymn (Knep) COCTaBJISIET HE Me-
Hee 15 n1b npu xoaddunmente uyma (K ;) okono 6 1b
u Toke norpedineHust menee 100 MA (puc. 16). B pexu-
Me OOJIbIIIOrO CUTHAJIa B UMITYJIbCHOM PEXMME IO TH-
TaHUIO BBIXOAHAs MOLUHOCTb (Py ;) nocturaer 100 MBr
(20 1bm) nipu ko bunmente yeuenus (Kp) no 20 n1b
U Toke notpebsieHus He 6osee 200 MA (puc. 17). Jlu-
HeliHasi BbIXoAHas1 MOLIHOCTh cocTapisieT 30...50 mBrT.
BoixogHasi momHocts MUC TYH cocrapisieT
30...40 mBrt. /InanazoH nepecTpoiiku 4acTOThl HE Me-
Hee 3 I'Tu. CTabuabHOCTh YAaCTOThI TeHEepalliu OT Ha-
npstkeHus: nutanus He xyxe 200 MI'u/B npu Hampsi-
keHuu nutanus 10 B (puc. 18).
MHoro¢pyHKIMOHAJbHbIE MPUEMHAass U TMPUEMO-
repenaoias MUKpOCXEeMBI IIpeobpa3oBartesieil CUTHA-
JlJa UMEIOT TUMOBON KO3(p(dULIMEHT ITpeodpa3oBaHUS
mwnoc 10 nb nmpu HanpsokeHUU muTaHus He 6ojee 10 B
M ToKe notpebaeHust 1o 150 MA. BeIxomHast MOIITHOCTh
rnepenaiollero KaHajaa cocrapiusieT He meHee 10 MBT.
MukpocxemMaM YCUIUTENST MWLIUMETPOBOIO Aua-
Ma3oHa M MMPUEeMHOIO Ipeodpa3oBaTesiss CUTHaIA TIPH-
CBOEHBI CJIENYIOIME YCIOBHbIE 0003HAUYECHUS:
e MIIIY 6e3 antennsr — 5411YBO1H;
e MIIIY, uHTerpupOBaHHbII C AaHTEHHOI HAa OJTHOM
kpucramte, — 5411YBO1AH;
e YM 06e3 antenHsl — 5411YB02H;
e YM, MHTErpMpOBaHHBII C AHTEHHON Ha OXHOM
kpuctamie, 5411YB02AH;

Puc. 12. Buemnuii Bunx MUC ycunureliss MHJLUIAMET-
POBOIO AMANa3oHa

Fig. 12. Appearance of millimeter-wave PA MMIC

Puc. 13. Buemmnnit pux MUC MIITY ¢ MHTerpupoBaHHOi NMPHEMHOI AHTEHHOM
Fig. 13. Appearance of LNA MMIC with an integrated receiving antenna

Puc. 14. Buemnnii Buax MUC npuemMHoro npeodopasoBareisi CHrHAJIA
Fig. 14. Appearance of a receiving signal converter’s MMIC
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Puc. 15. Buemnnii Bug MUC npuemonepenaoiero npeoopasosa-
TeJisl CHrHAJA

Fig. 15. Appearance of a transceiving signal converter’s MMIC




o

Puc. 16. Xapakrepucruku MUC ycunuTelisi MUJUIMMETPOBOTO THANA30HA B MAJIOCHT-

HAJILHOM pexume
Fig. 16. Small-signal performance of millimeter-wave amplifier MMIC
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Puc. 17. Xapakrepuctnuku MUC ycnminrens MILUIMMETPOBOTO THANA30HA B PeXNME

00JIBIIOr0 CHrHANa
Fig. 17. Large-signal performance of millimeter-wave amplifier MMIC
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Puc. 18. 3aBucumocTts yacToTsl BoixoaHoro curaajia MUC I'VH ot
YOPaBJIAIOMIEr0 HANPSKEHUS

Fig. 18. Oscillation frequency versus control voltage of VCO MMIC

e TIpeoOpa3oBaTesib CUTHAIA B COCTABE: CMECHUTEb, Te-
teponyH, YITY Ha onHoMm kpuctaimie — 541 1HCO1H.
CnpaBounblii 1uct Kommiekta MUC goctyneH Ha

caiite UCBYTII®D PAH: http://isvch.ru B paznene "Pa3-

pabotku".

3akimouenue

HMcnonb3oBaHUE TEXHOJIOTUM U3TOTOBJIEHUSI MOHO-
JIMTHBIX MHTETPAJIbHBIX CXEM Ha OCHOBE HUTpHUIA rall-
JIUSI TIO3BOJIMJIO PeajiM30BaTh TEXHUUECKUE pelIeHUS
JUISI CAHTUMETPOBOIO M MUJUIMMETPOBOTO YACTOTHBIX
nmara3oHoB B Buge MUC YM, MIITY, I'VH u VIIY,
HE yCTynalolllMe MO CBOMX XapaKTepUCTUMKaM 3apy-
OexXHbIM aHajoraMm. IIpu 3TOM TOIIOJIOTMYECKUIA pa3-
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| Mep HOXKHM rpubooOpasHOro 3arBopa
i CBY TpaH3ucTopa a8 MUUIMMETPOBOIO
: nuara3oHa coctaBui 0,14 MKM, a 11 caH-
I tumeTrpoBoro — 0,25 MKM.

: Paszpaboranusie MUC moryt OBITh
| MCIOJIb30BaHbl B aBTOMOOWJIbHBIX paja-
| pax, YCTpOWCTBaX PaIMOJIOKALIMH, OBICT-
| pONEHCTBYIOLLIMX KaHajlax HAa3eMHOU U
| MEXCIYTHUKOBOI CBSI3H.

|

Paboma evinoanena npu @uUHAHCOBOL
noddepicke Munucmepcmea o6pazoeanus
u Hayku PD (coenawenue o npedocmasne-
Huu cybcuduu No 14.607.21.0011, yuu-
KaabHull  udenmugpukamop  npoekma
RFMEFI60714X0011).
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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 Q2 - 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 AlGaN/
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 AlGaN/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 AlGaN/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 AlIGaN/GaN hetero pair,
they usually use the mixture of Cl,, BCl5, 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,O3 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 Si;Ny, 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-
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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 AlIGaN/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 sclection 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 AlGaN/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 AlGaN/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 nt-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,/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 (Si;N,) was deposited from
N, (10 sccm) + SiH,4 (12 sccm) gas mixture under the pres-
sure of 8 mTorr, and ICP power of 800 W. SizN, 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 SFg + 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 BCl; + Ar gas mixture on the same instal-
lation. AlIGaN- 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,0 = 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 AIGaN/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 = Gp/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 Ry = py/W,, where p, 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, = pys/ Wy . So,
pg = 0.2Q - mmand W, = 20 pm 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 umz. 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 electron-beam lithography formation for the gate’s profile;
e gate metallization application;
o 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 um) 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,0O5/Si;Ny 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;Ny) 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), Si3Ny 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 pm 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 SF; 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 sccm) 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,O; photoresist mask,
BCl; (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);
e 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; SizN4 and Al;O5
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 sifu 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 sifu 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,O; 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-pum 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 lacqeur 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 pm). 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 (VCQO), 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 pm.
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: 5411UVOIN;
e LNA integrated with an antenna on a single chip:
5411UVO01AN;
PA without an antenna: 5411UVO02N;
e PA integrated with an antenna on a single chip:
5411UV02AN;
e signal converter MMIC comprising a mixer, VCO and
IFA on a single chip: 5411NSO1IN.
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:
RFEMEFI60714X0011).
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PA3PABOTKA MATEPUAAOB U ®OTOIPOBOAALWLIMNX AHTEHH
HA UX OCHOBE AAl TEHEPALIMU U AETEKTUPOBAHUA MMITYAbBCHOTO
M HEMPEPbIBHOT'O TEPATEPLIOBOIO (Tlu) U3AYYEHUA

ITlocmynuna ¢ pedaxyuio 01.11.2016

Ilokasano, umo In 39Ga, s,As obnadaem evicokoli sghgpexmusrnocmoro onmuxo-T1y Koneepcuu, a maKice umeem WupoKuil
cnexmp uznyuenus enaoms 0o 6 TIy. PaspaGomana ocnacmka ¢ gomonposodsiueii anmennoii (PA) ¢ mensoomeodom na ne-
uamuyio naamy. [lokazano, Y¥mo ucnoavb308anue meni00meooa no3eossem chuzums pabouyro memnepamypy ©PA na 16—40 %.
Paspabomannsie PA na ocnose LT GaAs u In 35Ga 55As ¢ Qunamuueckum duanazonom no uHmMeHCUgHoCmu 6 2— 3 nopsioka ume-

om cnekmp eenepayuu 0o 3 Tly.

Karoueegvie croea: mepacepyosoe uzayvenue, pomonpogodsaujue anmeHHsl, homospgexm embepa, pomonpoeodsuuii ma-

mepuan, InGaAs, GaAs, nuzxomemnepamypuoiti GaAs

BBenenue

HMznyuyenune TteparepuoBoro (TTu) auanasoHa
(0,1...10 TT) HaxoOUT BaxKHOE MpPaKTUUECKOE MpPU-
MeHeHUEe B 00J1aCTU CIIEKTPOCKOMUM (0OHapyxkeHue
B3pBIBYATHIX BEIIECTB U BPEIHBIX Ta30B), MEAUIINHEI
(ImarHocTvka pakKoOBBIX OITyXOJieil), Oe30IMacHOCTH,
ouonorun u T.0. Kpome Toro, B aBTOMOOUJIBHOIM,
aBUALIMOHHOW MU KOCMMYECKOI MPOMBILIJIEHHOCTH He-
00XoaMMBbI Bce 00jiee COBEPILIEHHBIE CUCTEMbI HEpas-
PYILIAIOIIETO KOHTPOJIS.

®otonpoponsiue aHTeHHbl (PA) SBSIOTCS Tep-
CIIEKTUBHBIMA MCTOYHWKAMM WMITYJILCHOTO U HETIpe-
peiBHOrO M3nydyeHus TI' auamazona yactot [1]. Ilpu
0o0JIydeHUM aKTUBHOI objacT PA ONTUYECKUM WU3-
JIydeHUEeM B (DOTOMIPOBOISIIEM CI0€ aHTEHHBI pOXKIa-
10TCs1 HOTOBO30YKACHHBIE HOCUTENU 3apsifia, KOTOPhIe
BIOCIIEACTBUM Pa3IeNISIOTCS U YCKOPSIIOTCS TIPHIIO-
JKEHHBIM K KOHTaKTHBIM 3jieKTpoaaM DA snaekTpu-
yeckuM mojieM. PazneneHue ¢poToBO30YyXAEHHBIX HO-
cUTeJell 3apsiaa MPUBOIUT K MOSIBACHUIO TUITOJBHOTO
MOMEHTA, KOTOPHBIU SABIISIETCS NICTOYHUKOM TeHEPHUPY-
emoro TI'u uznydyeHus. B oTimuue oT APYrux MCTOY-
HukoB TTU u3nyYeHUs], TPUHLUMUIT PAOOThl KOTOPHIX
OCHOBAaH Ha HEJIMHEMHBIX ONTUYEeCKUX mpolieccax, PA
MOTYT MOTEHLUAJbHO OOECIeYMTh BBICOKYIO dhdeK-
TUBHOCTb OoNTUKO-TT' 11 KOHBepcruUu. B 0CHOBHOM B Ka-
yecTBe (horornposoasdiero cios 11 DA UCTIONb3YIOT
IIBa MaTepuajia: "HHM3KOTeMIlepaTypHbeIi" (low-tempe-
rature grown — LT GaAs) [2, 3] u InGaAs [4]. [TepBbiit
MIPUMEHSIIOT IJI CO3MaHUsS MCTOYHMKOB TI'T m3myde-
HUS IOJ ONTUYECKylo Hakauky ~800 HM, a BTOpoil
MO3BoJIsSIET paboTaTh ¢ 0oJiee NIMHHOBOJIHOBOI ONTH-
yecKoi Hakaykoil B auamasone 1,0...1,6 mxm [5].

AJNBTepHATUBHBIM MCTOYHMKOM TI'1 um3nyyeHus
SIBJISIIOTCST (DOTOIPOBOASIIIIME MCTOYHMKMA HAa OCHOBE
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doroadpdekra Iemoepa. JlanHbiil adekT 3akmoua-
€TCs B BOSHUKHOBEHUH 3JIEKTPUIECKOTO TTOJIST B TTOTY-
MPOBOAHUKE TIPU BO3AEHCTBMU Ha HETO (DEMTOCEKYH-
JTHBIMU OTITHYECKUMU UMITYJIECAMU 3a CUET PAa3HUIIBI B
Koa(pdpuumreHTax 1udpdy3nn 3JeKTPOHOB U IBIPOK [6]
1 HE CBSI3aH C BIUSHUEM BCTPOCHHOTO 3JIEKTPHUUYEC-
KOro 1oJisi. BBuagy OOJBIIOrO COOTHOLIEHUS IuU(-
(by3MOHHBIX TOABMXHOCTEH 3JEKTPOHOB U IBIPOK
In,Ga; _ As aABiseTCA XOPOIIUM KaHIAUAATOM ISl CO-
3naHus ucroyHuka T reHepaunu Ha ocHOBE (HOTO-
a¢pdekra dembepa.

B Hacrosieit paboTe npuBeaeHBI pe3yIbTaThl pa3-
padorok MCBYII® PAH B obmactu co3gaHUsI U MC-
cnenosanusd marepuanos LT GaAsu In,Ga,; _ As inda
x > 0,4 1 ®A Ha UX OCHOBE JJII TeHepalluy IINPOKO-
noysiocHoro TT' uznmyyeHus.

I'enepamus TT'n m3nyvenns B LT GaAs
H In0’38GaO,62AS

OOpa3ubl CTpyKTyp mjid reHepamum TI'n uzayde-
HUs ObUIM BBIPAILlEHb METOAOM MOJEKYJISIPHO-JTyYe-
Boil anutakcuu (MJID) Ha yctaHoBKe Riber 32P. B ka-
YeCTBE MOMJIOXKHU MCIIOJb30BaJIM ITIJIACTMHBI TOJY-
usonupytoutero GaAs. Ilockonbky B Inj 33Gag ¢ As
BO3HHMKAET CHJIBHOE PACCOIACOBAHME O TAPaMeTpy
KPUCTAJIMYECKOU pelieTKu ¢ noanoxkoi GaAs, ns
pocta naHHOTro (OTONMPOBOMASAIIETO MaTepuaga ObLl
HCIOJb30BaH CTyINeHYaTbli MeTamMopdHBbIil Oydep
(MB). Cxematmyeckoe u300paxkeHHE Ha IIpUMEpe
KoHCTpyKumu obpasua Inj 33Gag ¢oAs ¢ MbB, a takxe
I10CJIE10BATENBHOCTD POCTOBBIX MPOLIECCOB MPUBE/IE-
HbI B pabore [7]. TommuHa (OTONPOBOMSILETO CJIOS
ln0,38GaO’62As obuta paBHa 1,0 MKM, TeMmmepaTypa
pocta coctasisna 490 °C. JInsa cpaBHeHUS ObLT Bbl-
paueH oopasen; LT GaAs ¢ ¢poTonpoBoAsSIIINM CI0EM
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Puc. 1. BpemeHnas quHaMika (poToB030YKIEHHBIX HOCHTEJIEH 3apana
st Ing 33Gay 67As ¢ MB npu pasHoil SHepriy ONTHIECKON HAKAYKH

Fig. 1. Time-resolved dynamics of the photoexited charge carriers for
Ing 56Gay ¢,As with MB at different energies of the optical pumping

GaAs TonuuHoi 0,75 MKM Ha JJerupoBaHHOM Oydepe
n + GaAs tomuHoit 0,25 MKM Tak, 4TOObI CyMMap-
Hasl TOJIIIMHA aKTUBHBIX CJI0€B OBIJIa paBHA TIEPBOMY
obpa3iy.

Cnexrp TI' uznydyeHus: ompenesiiv 1Mo BpeMeH-
HOM1 (hopMe, 3aperuCTPUPOBAHHOM C TTOMOIIIBIO CIIEK-
TPOCKOITMHU C BpeMEHHBIM pa3peliueHueM (time-domain
spectroscopy — TDS). Namepenust nposoauiau B UTID
PAH. OnTtuueckas Hakayka BBITIOJIHSIIACH MMITYJIBC-
HBIM usitydeHuem Ti:S-nmazepa ¢ mmmHo BoiaHb 800 HM
U JUTUTEIbHOCTBIO 50 (bc (3HEpPIrus UMMYJIbCOB COCTAB-
msma 800 MK, yacToTa ClAeHOBaHMS MMITYJILCOB —
1,0 xI'u, nuametp nyuyka 7,0 mm) [8].

BpemeHHy0 1MHaMUKY (hOTOBO30YKAEHHbBIX HOCH -
Tesei 3apana 14 Ing 33Gag 6oAs ¢ Mb uccnenosanu ¢
TMTOMOIIIBIO CXEMBI "H,aKa‘{KE’I—SOH)II/IpOBaHI/Ie" B reo-
METPUM OTPaKEHMSI CBETa OT IMOBEPXHOCTH O0Opasiia
MIpU KOMHATHOM TeMIiepatype. Pe3ynmbpraThl
U3MepeHuii mpuBeneHbl Ha puc. 1. Hakau-
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Puc. 2. Bpemennas ¢opma TTu umnyibca, u3MepeHHast 11 ABYX HC-
caenyemsix o6pasuos (Ing 33Gag 6As u LT GaAs)

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

cueT ucnoab3oBaHusa Mb mo cpaBHeHMIO ¢ AedeKT-
HeIM LT GaAs. BaxxHo OTMETHTH, UTO yBEJIMUYCHUE
BpeMEHU XU3HU (DOTOBO30YKIEHHbBIX HOCUTENEH 3apsi-
Jla He TIOBJIMSUIO HAa MHTEHCUBHOCTh TT'1l reHepaunu B
Inj 33Gag 6)As, a, HANPOTHB, MPUBEJIO K €€ CYLIECTBCH-
HOMY YBEJIMUEHUIO 3a cueT BKJana potoadpdekra Iem-
o6epa B TI' renepanmio.

Ha puc. 2 nmpuseneHa BpemeHHast dopma TI' um-
nynbca (Ety,), U3MEpeHHas [Uld JBYX MCCJIEAYyEMBIX
o6pasoB. C nomoupo Dypre-nipeobpa3oBaHUsT OT
BOJIHOBOI (hopMBI ObUT moIydeH crnektp TI' uamyde-
Hug (puc. 3).

BunHo, 4T0 MOIUHOCTH U3Iy4eHUs P,,; B 0Opasie
Inj 33Gajy goAs ¢ Mb Ha nBa mopsaka NpeBOCXOAUT
aHénoruqhylo BenuunHy misg LT GaAs. K tomy xe
€ro 4YacCTOTHBIM Auamna3oH UMEET IIMPOKUN CIEeKTp
n3nydeHus BIUIoTh 10 6,0 TI'u. DTo cBsI3aHO ¢ TeM,

Ka OCYIIECTBJISIIaCh ¢ MOMOIIbIO BO3aeiic-
TBUSA (PEMTOCEKYHIHBIM JIa3€POM C ABYMS
pasHbIMU (IIIOEHCAMM C BHepruein 45 u
580 Mk/I>K. DKCMOHEHILIMAIBbHO alMmpOKCH-
MHpYST BPEMEHHYIO KOMIIOHEHTY, COOT-
BETCTBYIOIIYIO JJTUTEIBHOM 3amepxkKe (Ipy-
TMMH CJIOBaMU, 3Ta KOMITOHEHTA CBsI3aHa C
BpEMEHEM IpeObIBaHMSI dJIEKTpPOHA Ha
YPOBHE JIOBYIIKA JO MOMEHTA €r0 PeKOM-
OMHALIMKU C IBIPKOM B BaJICHTHOI 30HE),
MbI MOJIYYWJIU BpeMs XKU3HU (DOTOBO30YXK-

YpoeeHE IyMa
Noise level

JIICHHBIX HOCUTEJIEN 3apsiaa t.
XapakTepHble 3HaYeHUsI T HaXOmSITCS B
nuanazoHe 10...15 mnc ais oGenx sHepruii
Hakauku. To, yro t© mua Ing33Gag ¢rAs
6ombiie, uem misg LT GaAs [9]’, SBISIETCS]
CJIeICTBUEM BBICOKOI TMOABUXKHOCTU HO-
cuteneit 3apsina B cioe Ing 33Gay grAs 3a

Puc. 3. Cnektp TT'y umnyjibca, NOCTPOEHHBIH IS JBYX HCCJEAYEMBIX 00pa3uoB
(In0,38Ga0,62As u LT GaAs) [11]

Fig. 3. Spectrum of a THz pulse constructed for the two investigated samples
(Ing 36Gag s5As and LT GaAs) [11]
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CTPYKTYype COCTaBMJja ~10_5, YTO Ha He-

CKOJILKO TopsakoB Bbilie, yemM B LT
GaAs. B ganpHeliiemM 3TO MO3BOJUT MUC-
MOJIb30BaTh JaHHBI Matepuan B (HOTO-
MPOBOISIINX NUICTOYHNKAX HA OCHOBE JIaTe-
panbHoOro (oroadpdekra dembepa [12].

Pa3zpaboTka poTonpoBOASIMIMX AHTEHH
H HCCJIEIOBAHME UX JJIEKTPHIECKHX
M TEILIOBBIX CBOMCTB

OcnHoBHOe TTpuMeHeHne PA CBSI3aHO ¢
cucteMamu TT1 crieKTpoCcKONuuU Jisl aHa-
Ju3a OUOJIOTMYECKUX OOBEKTOB, B3phIBUA-
TBIX BELLECTB 1 XOJIOJHOTO OPYKHsI, a TAKXKE
IIJIsS. Tepaluu HeloOpOKayeCTBEHHBIX OIy-
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XOJieif, B YaCTHOCTH TIpU TMATHOCTUKE pa-
Ka Koxwu [13].
Hnst yBenmueHus: 3pOEKTUBHOCTU OII-

Puc. 4. 3apucumocts ammautyasl T u3iydennst or 3Heprum Hakauku gemroce-
KYHHOTO Jasepa anst o0pasua Ing 33Gag ¢;As ¢ MB B norapudmudeckom macmrade.

Ha BcTaBke mpuBeieHa JaHHAS 3aBHCHMOCTH B JIMHEHOM MacuiTade

Fig. 4. Dependence of the amplitude of the THz radiation on the energy of pumping of
a femtosecond laser for In;) ;5Ga ) s,As sample with MB in a logarithmic scale. The insert

tuko-TT'11 kouBepcuu B MDA IPUMEHSIOT-
cs1 pa3sIMuHble noaxoasl [15]: paciuupeHue
akTMBHOI ob6nactu DA, McHojib3oBaHUE

presents the given dependence in a linear scale

Bug cnepegu
Front view

Bug czagm
Back view

30 Mmm
30 mm

Puc. 5. CnpoeKTHpOBaHHAS OCHACTKA HA OCHOBE TEKCTOIMTOBOM miathl ¢ DA nis
noMeleH st B Aepxkareib ¢ (oKycupyiomei Jun3oi 1 n3mepenuss 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 reHepaunuio TT1 msnydyeHuss B oOpasie
Inj 33Gaj 6rAs ¢ MB, nomnmo yckopeHust GoTOBO3-
OYXKIeHHBIX HOCHUTEJICH BCTPOCHHBIM JIEKTPUUYECKUM
rmoJjieM, BHocuT potoaddekr demoepa [10]. Ha puc. 4
TpUBeJeHA 3aBUCUMOCTh aMIunTyasl T namydeHust
OT DHEPruy Hakauykyu (eMTOCEKYHIHOTO Ja3epa EOpt
s obpasua Ing 35Gag oAs ¢ Mb. Bunno, yro ami-
mutyna TT'o 1/13113’1qu1/1;’1 JIMHEHO BO3pacTaeT B Jiora-
pudMHUUYEeCKOM MacllTabe ¢ yBEJIWYEHUEM OHEpruu
HaKa4yKU.

[pu nocTvxeHn SHeprun Hakauku Eqy~ 110 MK
JAHHAsl 3aBUCHMOCTH BBIXOIWT Ha HACBIIIEHWE, YTO
CBSI3aHO C YMEHBIIIEHUEM TTOABUKHOCTHY 3JIEKTPOHOB B
¢otonposomsitem cioe Ing 33Gag grAs. Ilpu nocra-
TOYHO MajJIOM OITUYECKOM (I;JIIOCHCC (~40 MKI[)K/CMz)
apdexTuBHOCTL onTUKO-TIII KOHBEpCcMM B TaKoit
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IUTA3MOHHBIX HAHOAHTEHH, CO3IaHne TPeX-
MEpPHBIX IIJIa3MOHHBIX KOHTAaKTOB U [p.
| HecMoTpst Ha JOCTUTHYTBIE YCITEXW B 00-
| nacty uHxxeHepun MA, OHU KpaliHe o[-
| Bep>KEHBI BO3ICHCTBHIO TEMHOBEIX TOKOB
I [16]. DTO compoBOXOaeTCsl BblAEICHUEM
: KoyneBoit temothl [17, 18] omHoBpe-
! MEHHO C HarpeBOM OT BO3IEUCTBUS OITH-
| YeCcKOU HaKayKHu Ja3epoM, UTO IPUBOAUT K
: TEeIIOBOMY MPOOOI0 aHTEHHBI.
| MbI ipoBeu UCCea0BaHUE DIIEKTPU-
| YeCKUX W TETIOBBIX, a TaKXKe YaCTOTHBIX
| ceoiictB ®PA Ha ocHoBe LT GaAs u
| Inj 33Gag goAs ¢ Mb u npennoxun opu-
l TMHAJIBHBIN CITOCO0 MOHTaXka KPHUCTAJIJIOB
DA Ha TEKCTOJIMTOBYIO TJ1aTy O3 MpUKJe-
WBAaHUSI KPEeMHUEBOM JIMH3BI HEITTOCPEIC-
TBEHHO Ha aHTEHHY, C BO3MOXHOCTBIO OT-
BOJa TEIJIOThl OT aKTUBHOM obyiactu. Ta-
Kag ocHactka ¢ MDA Ha TEKCTOJUTOBOI
TTaTe MOXeT OBITh TTOMellleHa B AepxXKaTellb ¢ (POKy-
cUpYIOLlel JIMH30M M mpoBeaeHus uamepeHuin TI'ix
curHama. JIma ¢opmupoBannss MDA Ha BBIpaIIEHHBIX
CTPYKTypax ObUI pa3paboTaH M M3rOTOBJIEH (oToIIad-
JIOH, coaepxXalluil HECKOJIbKO pa3UYHbIX TUIIOB aH-
TeHH ¢ KOHTaKTHBIMU TUTOIIAAKaMU. Pe3Ky TIacTUHBI
Ha OTIeIbHble KpucTamibl PA OCylLeCTBIISUIM METOIOM
JUCcKoBoM pe3ku. OcHacTKa ISl aepxKartessi ¢ (DOKyCH-
pyIolLLEeH TMH30M 111 TpoBeaecHUs u3aMepenuii TT'1 cur-
Haja ObLla M3rOTOBJIEHA HAa OCHOBE IMEYaTHOM IIaThl
13 (HOJIBLIMPOBAHHOTO C IBYX CTOPOH CTEKJIOTEKCTOJIM -
ta (puc. 5). IlocienoBaTebHOCTh TEXHOJOTUYSCKUX
orepaluii TogpoOHOo omucaHa B padote [19].
HM3MepeHust BOJbT-aMIIEPHBIX XapaKTEPUCTUK
(BAX) npoBoaunu nipu 300 K Ha 30HA0BOI CTaHLIMU
C WUroJIbYaThbIMU 30HIAMMU, TTOJKIIOYEHHON K U3MEPU-
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Puc. 6. Ctpykrypa @A u KapTuHa pacnpeiesieHisl IIOTHOCTH Tel-
JoBbiaeseHus B horonposonsmeM cioe (Ing 33Gag grAs, V=10 B).
CrpesiKH yKa3bIBAIOT HANPABJIEHHE JJIEKTPUYECKOrO HOJIs

Fig. 6. PCA structure and a picture of distribution of the density of the
thermal emission in the photoconducting layer (In 35Ga ) ¢2As, V), = 10

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

TEJII0 XapaKTEPUCTUK ITOJYIIPOBOIHUKOBBIX IPUOOPOB
Tektronix 370A Curve Tracer.

HccnenoBanne mpoileccoB TPOTEKaHUsS TOKa M
IKoyseBa HarpeBa B dorompoBomsineM cioe DA
OBLIO MMPOBEACHO C IIOMOIIIBI0O MOIETUPOBAHUS METO-
JIOM KOHEYHBIX 3jeMeHTOB B mnporpamme COMSOL
Multiphysics. Ctpykrypa ®PA u KapTUHa pacripeje-
JIeHUs TIJIOTHOCTH JUKOYJieBa Harpesa Py Ha mpumMepe
Ing 33Gay grAs npexcraBieHa Ha puc. 6. BuiHo, uto
MaKCHMaJibHasi TUIOTHOCTh TETJIOBBINETIEHUSI COCpe-
JMOTOYEHA y KpaeB MeTaJTn3alnu (CTpeIKaMu MoKa-
3aHO HampaBJIeHHE BJIEKTPUYECKOro moJjs). Makcu-
MaJIbHbIE PacyeTHble 3HAUe€HUA Py NI TEMHOBOIO
TOKa coctasistior 7,43 x 1012 BT/M3 anst A na LT
GaAs npu npunoxeHuu HampsikeHus V, = 15 B u
3,72 x 103 Br/M® mns @A na Ing 33Gag 6yAs mpu
V, =10 B.

Ha puc. 7 mpuBeneHo cpaBHeHUE 3KCIIEPUMEH-
TadbHBIX M TeopeTnueckux BAX mma DA Ha ocHOBe
NBYX MCCJIeMIyeMbIX MaTepuaJioB. BUmHo, 4To TeopeTu-
yeckad Kpupad 1A TemMHoBoro toka /; (COMSOL)
XOPOLLO COIJIACYETCS € 3KCIIEPUMEHTAIbHOM 1, (eXp.).
BozneiictBue Ha DA heMTOCEKYHIHBIM UMITYJIBCOM C
sHepruei Hakauyku ~1 mMJx (mamHa BojHBI 800 HM)
TNPUBONT K TOSIBJICHUIO HABEICHHOTO (oToTOKA [,
1, KaK CJeACTBHE, K BO3pACTaHUIO IKOYJIEBOM TEII-
JI0ThL Py PacueTHbIE MaKCUMAIILHBIE 3HAYECHUS BEJIU-
4UHBI Py C yueToM (OTO- U TEMHOBOTIO TOKOB COCTAB-
10T Py~ 3,02 X 1013 BT/M3 111 DA Ha LT GaAs npu
Vy =15 Bu Py~ 822 x 10'° Br/m® s @A na
Ing 33Gag 6pAs mpu Vj, = 10 B. Takum oGpazom, Bo3-
JIEeWCTBUE ONTUIECKOM HaKadyKM JIa3epoOM IPUBOIUT K
Bo3pactanuio Py B 4 pasa nia @A na LT GaAs u 60-
niee yeM B 2 pasa it PA Ha Ing 33Gag grAs.

Ha puc. 8 npuBeneHbl pacCYUTaHHBIE TEMIIEPATYP-
HO-BpEMEHHBIe 3aBUCHMMOCTH paboTel A Ha OCHOBe
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Puc. 7. CpaBnenne 3kcnepuMeHTaIbHON U TeopeTHyeckoii BAX ¢ yye-
TOM BJMsiHUA (POTOTOKA U Oe3 yueTa ¢oToToka s PA na ocuose LT
GaAs npu V= 15 B (a) u Ha ocHoBe Ing 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
Il’lo'_%)Gao'ézAS at Vb =10 V(b)
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Puc. 8. Paccunrannbie TemnepatypHbie 3aBucumoct padotsl DA na
octose LT GaAs (ana V¥, = 15 B) n Ing 33Gay 6,As ¢ MB (ans

Vy = 10 B) or BpemMenn npu HeNpepbIBHOM NPOTEKAHAH TOKA C Ten-
JIOOTBOJIOM 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 ) 34Ga 4,As with MB (for

Vy, = 10'V) on time at a continuous current with a heat sink and without it
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Puc. 9. Cnektp TT'u ummysbca, nocrpoennbiii ansi @A na LT GaAs,
npy NpuioxeHny nanpsokenna 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
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Puc. 10. Cnmekrp TI'm wmmyabca, mocrpoenublii anss ®A Ha
In 33Gay gyAs, npu npuiIoKeHn: Hanpszkenust V, =0u 5 B

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

LT GaAs c yueTroMm OTBOJa TEIUIOThl Ha TEKCTOJIUTO-
ByIO IUIaTy U 0e3 OoTBoJa TEIUIOThl. BumgHO, 4TO MC-
MTOJTb30BaHKE TEIJIOOTBOAA HAa TEKCTOJNMTOBYIO TUIATY
ITO3BOJISIET YMEHBIIINTEL Pab0UyI0 TeMITepaTypy aHTeH-
Hbl Ha 16 % nns DA Ha ocHoBe LT GaAs u Ha 40 %
a1 @A Ha ocHose Inj 33Gag ¢,As ¢ MB. Crour or-
MeTUTh, yTo A Ha LT GaAs 6e3 TEMJI00TBOAA MOYTH
HE HarpeBacTCs M BBIXOIWT Ha HACBIIICHHWE IO TEM-
rnepartype B TeueHue 3—4 MUH, B TO BpeMs Kak DA Ha
Inj 33Gaj ¢AS UCIIBITBIBAET CKAYOK C TPAJUEHTOM II0
TeM’nepaTglpe or 25 no 35 °C. INlockompky DA Ha
Ing 33Gaj gyAs nMeeT GOMbLUINIA TEMHOBOIA TOK H, €CO-
OTBETCTBEHHO, OOJIbIIIE IKOYJIEBOI TEIUIOTHI BBIACIISI -
eTCs B €NMHUILY BPEMEHU, TO MCIIOJIb30BaHUE TEILIO-
OTBOISIICH TTOBEPXHOCTH TIO3BOJIIET CKOMITICHCHPO-
BaTh HETaTUBHOE BO3JEHCTBME TEMHOBOTO TOKa Ha pa-
00Ty aHTEHHHI.

Ha puc. 9 u 10 npusenennl cnexkTpbl Tl uzny-
yeHUst s aAByx ucciaenyeMblx @A Ha LT GaAs u
Ing 33Gag gpAs ¢ MB. BuznHo, 4to nMHaMUYECKuMii
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Juamna3zoH (II0 OcM OpAMHAT) MO M3JIy4yaeMO MOIII-
HOCTM COCTaBJIsIeT MPUMEPHO NIBa MOpsiaKa ISl 00erx
anteHH. [Ipunoxenue nanpsxenusa Vy, = 20 B k A
Ha LT GaAs mpuBOAUT K YBEIWYEHUIO MHTEHCHUB-
Hoctu TT'1 reHepauuu 6ojiee yeM Ha MOPSIAOK, B TO
BPEMA KaK NPUJIOXeHUe HanpskeHus V, = 5 B k DA
Ha Ing 33Ga 6HAs yBEIMYMBAET UHTEHCUBHOCTh HE3HA-
YUTEIBHO. BEpPOSITHO, 9TO CBSI3AHO C TEM, YTO AHTEH-
Hbl ¢ (oronpoBoaaiuM cioeM Ing 33Gag ¢oAs crib-
Hee "TeKyT", IO3TOMY JJISI HUX JOTOTHUTENBHO TpeOy-
€TCsl BBITPABJIMBATh M3y, YTOObI YMEHBIUUTD /.

3akmoueHune

B pabore mpuBeneHbl pe3yabTaThl pa3pabOTOK U
ucciaenoBaHus (QoromnpoBondiux Mmarepuanos LT
GaAsu In Ga; _ \As (14 x > 0,4) ¥ aHTEHH Ha UX OC-
HoBe mis1 reHepauuu 1T n3nydenus. IlokazaHo, 4To
Inj 33Gaj ¢oAs ¢ Mb nmMeeT 1IMPOKUIA CIIEKTP M3JTyde-
HUSI (mo 6 TI 1), a TaKX€ BBICOKYIO MHTEHCHBHOCTb
TTI'1 reHepanmy, KOTOpash Ha IBa MOPSIIKA TTPEBOCXO-
JIUT aHanoruuHyto BenuuuHy 1 LT GaAs. Ha ocHoBe
YKa3aHHBIX MaTepuajoB pa3paboTaHbl MDA, KOTOpEIE
ObLJIM CMOHTHMPOBAHBI Ha TEKCTOJWUTOBYIO ITLIATy IJIS
OTBOJIa TEIIOTHI OT aKTUBHOI 00J1aCTU aHTeHHBI. BbI-
JIO TIOKA3aHO, YTO MCIIOJIb30BaHMUE TETUIOOTBOMIA T03-
BOJISIET CHU3UTH pabouyio temmeparypy ®A ot 16 no
40 % B 3aBUCUMOCTH OT (DOTOITPOBOASAIIETO MaTeEPUaA-
Ja. M3MepeHus 4yacTOTHBIX XapakTepucTuk MA Ha oc-
HoBe LT GaAs u Ing 33Gag 6oAs ¢ Mb nokasanu, 4to
06€ aHTCHHBI UMEIOT cnerp usnyyeHus go 3 T
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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 um [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; _ ,Asis 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 Inj33Gag gr)As 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 ¢rAs sample
with MB, and also the sequence of the growth processes are
presented in [7]. The thickness of Inj 33Ga g,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 fime-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 pJ, 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 53Gag ¢,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 pJ.
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 1 are within the range of 10...15 ps for
both energies of pumping. The fact that t for Inj 33Ga ¢,As is
more than for LT GaAs [9] is a consequence of high mobility
of the charge carriers in Ing 33Ga 6oAs 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 33Gay ¢pAs, 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 (E7y,) 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 ¢oAsc 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 Inj 33Ga 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 Eqpt
for Ing 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 wJ 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 ~ 1075, 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 53Ga) ¢,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 33Gag 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 /;
(exp.). The influence of femtosecond pulse with the pump-
ing energy of ~1 mJ (wavelength 800 nm) on PCA Ieads 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
Ing 33Ga) ¢,As 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, 6,As demonstrates a jump
with a gradient by temperature from 25 up to 35 °C. Since PCA
on In 33Gay pAs 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 33Gay ¢rAs
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 ¥}, = 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, =5V to PCA on In( 53Ga 4,As increases the intensity on-
ly insignificantly. Possibly, this is connected with the fact that
the antennas with a photoconducting layer of In; ;3Ga ¢,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 Inj ;3Ga 6,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 33Ga, ¢»As with MB proved that both an-
tennas had the spectrum of radiation up to 3 THz.
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MHCTUTYT CBepXBHICOKOYACTOTHOM IMOJYIIPOBOAHUKOBOI 3IeKTpOHUKM Poccuiickoit akageMuun Hayk, I. MockBa

HEPA3PYLWWAIOWWIME METOAbI KOHTPOAA APCEHUAHbBIX
N HUTPUAHbBIX TETEPOCTPYKTYP C KBAHTOBOM IMOM

Ilocmynuna 6 pedaxyuro 11.11.2017

Paccmampusaromes Hepaspyuwarouue memoosi KOHMPOASL HUMPUOHBIX U APCEHUOHbIX 2eMepOCMPYKmYyp ¢ KEAHMOBOU AMOU:
CHeKmPOCKONUs (POMOAOMUHECUCHUUU, PEHM2EHO8CKAs OUDPaKmomempus, usmeperue 01om-papaonvix xapaxmepucmuk. O6o-
SACHEHbl OCHOBHbIe NPUHUUNDI SMUX Mem0008 U ePaHulbl ux npumenumocmu. Onucanvi 0COOEHHOCMU NPUMEHEHUS IMUX Memo00s
K HUMPUOHbIM U apceHuoHvim eemepocmpykmypam (Al, Ga, In)N u (Al, Ga, In)As, a makace ux pazauqus.

Karoueesvie caosa: nanocmpykmypol, 604bm-ghapadusie XapaKmepucmuku, GomosroMutecyeHyus, peHmeeHoe8ckas ougpar-

Yusi, Hepaspyuarowull aHaiu3

BBenenune

CoBpeMeHHbIE TeHIAEHIUU PA3BUTUSI TEXHOJOTUU
HEMT (high electron mobility transistor) HampaBiaeHbI
Ha yTOHEHUEe 0apbepHOro CJIosl MOJYIPOBOAHUKOBOM
reTepOCTPYKTYPHI IJII YMEHBIIEHUS I10A3aTBOPHOM
€MKOCTH, UTOObI 00ecIieunTh 0oJiee BHICOKKE paboune
YacTOThI TPAH3UCTOPOB. PazpaboTka MOHOMUTHBIX MH-
TerpajbHbIX cXeM Ha ocHoBe HEMT 3HauuTensHO yIi-
polaeTcsl TIpyU MCMHOJb30BAaHUM CHUCTEM aBTOMATH3M-
POBaHHOIO MPOeKTUpoBaHUs. sl MpUMEHEeHUsI CUC-
TeM aBTOMAaTU3UPOBAHHOTO MPOEKTUPOBAHUS HEOOXO-
JTHUMBI MOZIEJIU, JAIOIIKE KOMILJIEKCHOE TIpeICcTaBIeHIE
O TeTepOCTPYKTYpe: COCTOSIHME CJI0EB, 0Opa3ylolInX
JNIBYMEPHYIO TTOTEHIIMATBHYIO MY, HaJIM4re U MPUPO-
Jla 23JEKTPOHHBIX JIOBYIIEK, KOHLIEHTpALUUs W TOMI-
BUXKHOCTDH 3JIGKTPOHOB B KaHaJIbHOM ciioe. IloaTomy
Hepa3pylIalolMil KOHTPOJIb UCXOAHBIX TeTepPOCTPYK-
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TYp SBISIETCSI ONHUM M3 KJIIOYEBBIX MOMEHTOB IpU
MPOEKTUPOBAHUU M M3TOTOBJICHUM MOHOJIMTHBIX MH-
TerpaJIbHBIX cXeM. B paGoTe paccMOTpeHBI OCHOBHBIC
METOIBl Hepa3pyllIaloliero KOHTPOJIS IOJYIPOBOMI-
HUKOBBIX T'€TEPOCTPYKTYP C KBAHTOBBIMM SIMAMHU U
JIBYMEPHBIM 3JICKTPOHHBIM I'a30M — KaK apCeHUIHBIX
(Al, Ga, In)As, tTak u HutpugHbix (Al, Ga, In)N.
ITepBble OOBIYHO BHIPAIMBAIOT METOIOM MOJIEKYIISIP-
HO-JIy4eBOI 3MUTakcuu Ha momioxkax GaAs (100) u
InP (100), a Bropble — METOAOM META/UIOPTaHUYECKOM
razodazHoii anuTakcuu Ha rnoutoxkax Al,O5 (0001) n
6H-SiC (0001).

1. CnexkTpockonusi (hOTOIOMHUHECICHIINH

KadyecTBO TONYIIPOBOTHUKOBBIX TETEPOCTPYKTYP
MOXXHO KOHTPOJWPOBATh CITEKTPOCKOIMEN (POTOIO-
MuHecueHuyu (PJT) [1]. DTOT MeTox TPUMEHNM K T10-
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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]

JIyIIPOBOAHUKOBBEIM COEIMHEHUSIM, B KOTOPKIX Ilepe-
X0 GOTOBO3OYKIEHHOTO 3JIEKTPOHA M3 30HKI IIPOBO-
JIUMOCTU B BaJICHTHYIO 30HY HE COIPOBOXIAETCS IO~
Tepeil umIysbca (MpSIMOM Tiepexol, MPSIMO30HHBIE
MTOJTYTIPOBOMHUKHN). K HUM OTHOCATCSA KaK apCeHUIHI,
TaK 1 HUTpUAbLl MeTaioB 111 rpynmsl nepuoguueckoi
cucTteMbl (3a uckioueHueM AlAs). 3aMepeHue criek-
TPOCKONNHU (POTOTIOMUHECLICHLIMU TPeOyeT oXIaxKae-
HUs 00pa3lloB XOTA OBl OO TeMITepaTypbl KUTICHMUS
xwunkoro azota (77 K), 3a cueT 3TOro yBeImynBaeTCs
MHTEHCUBHOCTh PETMCTPUPYEMOTO JTIOMUHECIEHTHOTO
W3JIy4eHUs M, caMOe TJIABHOE, pa3pelnalTcs OJM3KO
pacnonoXeHHbIE MUKU Ha CIEKTpax.

JlloMMHecLeHTHOe M3JydeHUe apCeHUAHBIX TeTe-
poctpyktyp (Al, Ga, In)As nmexut B o01iemM B Oosee
HU3KOZHEPIreTUUYEeCKON 00JIACTU 3JEKTPOMATrHUTHOIO
cnektpa (0,5...2,4 3B) nmo cpaBHEHUIO C JIOMUHEC-
LIEHTHBIM M3JIydeHUEM HUTPUIHBIX TeTePOCTPYKTYP
(Al, Ga, In)N (0,9...5,5 3B). ITpu ®JI 060MX THUIIOB Te-
TEPOCTPYKTYP HAOIONAIOTCS CIIeIYIOLINe TUITBI U3JTY-
yaTeJbHBIX 3JEKTPOHHBIX MEPEXOAO0B: uyepe3 3arpe-
IIEHHYI0 30Hy 00beMHOro MaTepmana (Kpaeas ®JI),
MEXIy YPOBHSIMU Pa3MEPHOT0 KBAHTOBAHMUSI DJIEKTPO-
HOB U IBIPOK B KBAaHTOBBIX SIMaX, a TAKKE C YPOBHEMH
npuMeceil UK Ae(PeKTOB B BAICHTHYIO 30HY.

I'erepoctpykTypbl Ha ocHoBe GaN (Al,Ga,_,N/GaN
wm In, Ga; _ N/GaN), Bo30yxnaemsble s1azepom (PJI)
WU 3JIEKTPOHHBIM MYYKOM (KaTOOOJIOMUHECLIEHIINST),
TeHEPUPYIOT COOCTBEHHOE M3JIyYeHUE B HECKOJIbKUX
Jyana3oHax: yJabTpadroeTOBOM, BUAMMOM U OJIMXK-
HeM HH(ppaKpacHOM.

B ynsTpadmoneToBoM auarazoHe MposBISETCS Tak
HasbIBaeMasl KpaeBasi/okojokpaeBast DJI (aHri. tep-
MUWH near-band-edge emission), KoTopasi BbI3BaHa pe-
KOMOMHalIMeil 3KCUTOHOB B oObeMHOM cioe GaNlN.
Takasg ®JI ob6s13aTeILHO MPOSIBUT Ce0ST HA CIEKTpax
HUTPUAHBIX TeTePOCTPYKTYP, TaK Kak matepuayn GaN
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MIPUCYTCTBYET U JOMUHHUPYET BO BCEX HUTPUIHBIX Te-
TepocTpykTypax (puc. 1). OCHOBHOI MUK C 3HEPreTU-
yecKMUM TojioxkeHueM 3,456 5B (Temriepatypa usmepe-
Huii 15 K [2]), 3,468 aB (10 K [3]), 3,484 B (10 K [4])
BbI3BaH PEKOMOMHAIIMEN SKCHUTOHOB, CBSI3AaHHBIX Ha
HEUTpaBHBIX MEJIKUX JOHOpPaxX (aHTJI. TepMHUH donor-
bound exciton, DBE). MeHee UHTEeHCUBHbBIE ITUKU BhI-
3BaHbl OAMHOYHON M JABOIHOI (P)OHOHHOM PErUIMKOM
pekomouHanun DBE (3,369 u 3,269 5B cootBercT-
BeHHO [2]; B pabore [3] nepBas (hOHOHHAas peruiMKa Ha
3,406 3B). B ruteHKax ¢ 04eHb BBICOKMM COBEpIIIEHC-
TBOM KPHUCTAJUTMUECKOM CTPYKTYPHI, BEIpAIlIeHHBIX Ha
nomnoxkax GaN, npu temreparype uamepeHuii 15 K
B ciektpe PJI B obnacrtu 3,3...3,5 5B paspemaercs no-
BOJIbHO MHOTI'O OTIEJbHBIX MUKOB [5]. I3 HUX aBa Ha-
1boyiee MHTEHCUBHBIX MUKA C SHEPTeTUYECKUMU T10-
noxenusimu 3,4720 u 3,4728 3B BeI3BaHBI peKOMOU-
HauuMeil A-3KCUTOHOB, CBSI3aHHBIX HAa HEUTPaJbHBIX
menkux noHopax (DBE): kucnopone u KpeMHUU CO-
OTBETCTBEHHO. MeHee MHTEHCUBHBIC MUKW BBI3BAHbI:
pekoMOuHalei A-3KCUTOHOB, CBSI3AaHHBIX Ha HEWT-
paJbHOM MEJTKOM HEeUIeHTU(MHUIINPOBAHHOM aKIIEIITO-
pe (3,4673 3B); ABYX2JIEKTPOHHON PEKOMOMHALIMEN
A-5KCUTOHOB, CBSI3aHHBIX Ha HEHUTPAIbHBIX MEJIKHUX
poHopax O u Si (3,4475 u 3,4512 3B cooTBEeTCTBEH-
HO); pekoMOuHalueii B-3KCUTOHOB, CBsSI3aHHBLIX Ha
HeUTpalbHBIX MeJKUX noHopax O u Si; pekoMOuHa-
e cBobomHbIX A- 1 B-skcutoHoB. Eciu m3mepe-
HUSI TIPOBOAAT IIPU HEAOCTATOYHO HU3KOM TeMIlepaTy-
pe (30...77 K [6]), TO B TaKuX ciIydasx TOHKasi 9KCH-
TOHHAsI CTPYKTypa He pa3IMJaeTcsi, BUIEH TIaBHBIM
obpa3oM ymmpeHHbI ocHoBHO# kK DBE. Ilpu yBe-
JndyeHun nedeKTHocTH mieHok GaN (Hampumep, ec-
JI TIOHMZKAETCsl TeMIIepaTypa pocTa IieHoK ot 680 mo
500 °C nmpu MOCVD [7] 1ubo0 1jieHKH BbIpallliBarOT-
cs Ha momtoxkkax Si [7, 8]) MHTEeHCUBHOCTH MUKa Kpa-
eBoit DJI, KOTOPHI B 3TOM Cllyyae TakkKe He paspe-
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Fig. 2. Correlative dependence of the semi-width of PL peak of the
quantum well of the Ingy Al 34s/Iny 75Ga 55As/Ing Al ;As at T =77 K
on the concentration of two-dimensional electronic gas nyp FWHM —
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Fig. 3. Correlative dependence of the intensity of PL line of a quantum
well on the mobility of electrons at T = 77 K

WHTeHcueHOCTL @J1, yen. eq,.

PL intensity, arb. units

Puc. 4. Cnekrp DJI nenernposannoii mienku GaN B BUIUMOM H YJib-
TpaduoieToBoM auanasonax [4]

Fig. 4. PL spectrum of the unalloyed GaN film in the visible and ultra-
violet ranges [4]
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IIAeTCS HA OTHEJbHbIC JIMHUM, YMEHBIIAETCS, U 3TOT
MUK MOXET JaXe BOBCe MCUYe3HyThb. Kpome Toro, B
yABTPadrOJIETOBOM JMaNa30He TakKKe HAXOMUTCS MUK
OT 3KCHUTOHOB, CHJIBHO CBSI3aHHBIX Ha TPOTSKEHHBIX
nedexrax, B YaCTHOCTM Ha JUCIOKaluUsx (ero sHepre-
Thuyeckoe nojoxeHue 3,370 3B [9] nubo 3,404 3B [8]).
B pa6ore [10] moka3aHo, 4TO, aHAJU3UPYS 3aBUCU-
MOCTh MHTEHCUBHOCTU KpaeBoii PJI snmnTakcuaibHOM
mwieHku GaN oT MHTEeHCUBHOCTU (hOTOBO3OYXKIECHUS,
MOXHO CIeNaTh BBIBOI O TUIOTHOCTU IUCIIOKALIMi B
IJICHKEe W KaYeCTBEHHO CPaBHUTH pa3HBIe TJICHKH TI0
3TOMY TapaMeTpy.

Taxke B yabTpachHOJETOBOM IHMANa30HE MPU HC-
cnenoBaHuM retepoctpyktyp AlGaN/GaN ¢ KBaHTO-
BbIMU siMamMu TiposiBisieTcss DJI, cBsizaHHas c nepe-
XOIaMM 3JIEKTPOHOB MEXIy YPOBHIMU pPa3MEpPHOTO
KBaHTOBaHMs B KBaHTOBOM siMe [3, 11]. C momonibio
HCCIIEAOBAaHMST TeMIIepaTypHOU 3aBUCMMOCTHU TIOJY-
IIUPUHBI TUKOB (hOTOTIOMUHECIICHIINH, O0YCIOBIICH-
HBIX M3JTy4aTeJIbHBIMU MEPeX0JaMM JIEKTPOHOB MeX-
Iy 3JIEKTPOHHBIMHU W IBIPOYHBIMU YPOBHSIMHU pa3Mep-
HOTO KBAaHTOBaHMSI B KBAHTOBOI SIME, MOXHO OLIEHUTD
KOHIIEHTPAIINIO 3JIEKTPOHOB B KBAHTOBOM SIME TeTePO-
CTPYKTYpHI [12]. DTO cripaBeauBO TakxKe U JJIs1 apce-
HUIHBIX TeTepocTpyKTyp [13], KaK 1moka3aHo Ha puc. 2.
A 1o mHTeHCcHMBHOCTH PJI KBAaHTOBOI SIMBI MOXHO
OLICHUTDb ITOJBMKHOCTD 3JIeKTPOHOB [13], Kak mokasa-
HO Ha pHC. 3, TaK KaK ¥ Ta ¥ ApyTasi BeIMYNHA 3aBUCUT
OT Ae(DEeKTHOCTU TeTePOCTPYKTYPHI.

B nuamazoHe BUAMMOIO M3TYyYeHUS TMPOSBISETCS
Tak HaspiBaeMmas "xenras' @JI (aHmi. TepmuH yellow
luminescence). B cnektpe ®JI HabmomaeTcsl OYeHb
IIMPOKMI MUK B obmactu 1,5...2,5 3B ¢ Makcumymom
BOM3M 2,2 3B (puc. 4), KOTOphIii BbI3BaH TMePexX0a0M
BJIEKTPOHOB M3 30HBI IMPOBOAMMOCTU WM C YPOBHEMH
MEJIKIX JOHOPOB Ha YPOBHHM TIYOOKMX aKIIENITOPOB B
oobeMHOM ciioe GaN. Takasa ®PJI TakxKe MposIBISETCS
Ha CITeKTpaX HUTPUIHBIX TeTePOCTPYKTYp. B KauecTBe
[JIyOOKHMX aKlenTopoB paccMaTpuBatotcs atombl C, Fe,
BakaHcuu Ga u komIekcol Vig,—Oy (BakaHcus rai-
st — atoM O B y3ie N). MomHas "xenras” ®JI cBu-
JIETEBCTBYET O OOJIBIIION KOHIIEHTPAIIUN HexXelaTelb-
HBIX (DOHOBBIX TTpUMeceil u n1eheKTOB B UCCeIyeMON
TJIEHKE WJIU TeTepoCTpyKType. Hanmune nHTeHCUBHOM
"xenTon" (POTOTOMUHECLHEHIIMM HENOCPEACTBEHHO
CBSI3aHO C YMEHbIIIeHHeM HanexXHoCcTU [14] u ObIicTpo-
neiictus [15] CBY-tpan3ucropoB Ha GaN.

B ortimume ot okonokpaeBoit @JI, THTEHCUBHOCTh
KOTOpPOH JIMHEMHO YBEJIMYMBAETCS IMPU YBEIMYEHUU
MHTEHCUBHOCTH BO30YXXHAIOIIETO J1a3epa, MHTCHCHUB-
HocTb "Xenroil" PJI mpyu 3TOM BBIXOJUT Ha HACKIIIE-
Hue (puc. 5), YTO COINIacyeTcs ¢ IMPOCTOM MOMIEIIbIO pe-
KOMOMHAIINK Yepe3 TOJIOCY SHEPTeTHUECKUX COCTOSI-
HUI TJyOOKO BHYTPM 3allpellieHHOX 30HBI [16]. U3
3TOTO CJIEAyeT, YTO MPU CPaBHEHWM WHTCHCUBHOCTHU
"sxxenroit" 1 okosiokpaeBoit MJI ajis1 oLleHKU KauecTBa
KPUCTAJIJIMUECKON CTPYKTYyphl 0Opa3lia HeoOXOIUMO
YUUTHIBATh UHTEHCUBHOCTb BO30OYKAECHUSI.
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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 pa6orte [4] paspaboTaH MeTOI OLIEHKM KOHIIEHT-
paluu IyOOKMX aKIIeTOPOB, OTBETCTBEHHBIX 3a "XKeJl-
Ty0" ®JI, ¢ MOMOIIbIO U3MEPEHUST 3aBUCUMOCTH WH-
TeHcUBHOCTU "Xedaroil” PJI [y, oT MHTEeHCHBHOCTU
(horoBo30OYXKIEHUA Py 1 mocieayolleii annpokcuma-
IIUU 3TOW SKCIEPUMEHTATBHON 3aBUCUMOCTH CIIETYI0-
et popmynoii:

Iy, = Min(1+ Blerp)), (1)
ot N

rae N — KOHILIEHTpalus TTyOOKUX aKIernTopoB (Moj-
TOHSIEMBII TapaMeTp B JaHHOM BBIPaXKEHUU); o, — KO-
3(PUIIMEHT NOMIOIIEHNUST Ja3epHOI0 M3JIyYeHUS C
anuHoi BoaHbI 325 HM B GaN (a ~ 10° CM_I); T — Bpe-
M$ KM3HU 3JIEKTPOHA HAa YPOBHSX ITTyOOKMX aKIEINTO-
poB (t = 0,4 Mc corlacHO U3MEPEHHOMY SKCIIOHEHIIM -
aJlbHOMY 3aTyXaHWI0 WHTEHCUBHOCTU 'kentoil" DJI
0CJIE UMITYJIbCHOTO BO3OYXIEHMUS); 1,y — KBAHTOBAs
3MOEKTUBHOCTD (N oy = Iyy /Py = 4 % cornacHo npsi-
MBIM M3MEPEHUSIM CTaHIApPTHOro oopasla). DTOT Me-
TOA IPUMEHUM [IJI1 JOCTATOYHO TOJCThIX MJIeHOK GaN
(6onee 1 MKM) M 1151 HE CIMIIKOM OOJIBILION MHTEH-
cuBHOCTU (POTOBO30YKHeHMs1 (MeHee 100 BT/CM2). Co-
[JIacHO emy B pabote [4] N= 3,3 10" em3. B ormim-
yre oT oKojiokpaeBoit MJI, KoTopas 3aTyxaeT IpH I0-
BBILLIEHUM TeMIlepaTypbl u3MepeHuit, "xenras"' OJI,
Ha00OPOT, CTAHOBUTCS HECKOJNBKO OoJiee MHTCHCHUB-
HOI TIpU MOBBIIIEHUM TeMIIepaTypbl U3MepeHU [4].

B 6mxnem MK -nuamnasone nposisisiercss MJ1, BbI-
3BaHHAs BHYTPEHHUMM 3JIEKTPOHHBIMU TIepeXOomdaMu
B MPUMECHbBIX aToMaX 3d-3JIeMEHTOB: V3t (0,931 »B),
Co”" (1,047 »B), Ti*" wm Cr** (1,190 »B), Fe’*t
(1,300 3B) [17, 18].

Ha sHepreTmueckoe moiioxkeHHe KpaeBoii/OKOJIO-
kpaeBoit PJI okaspIBaeT BIUSHUE HE TOJbKO U3MEHE-
HHE COCTaBa IUIEHKW, HO TaKKe W OCTAaTOYHOE YIIPY-
roe HampsKeHWe B BbIpallleHHOM IieHKe. CpaBHUBAs
SHEPTETUYECKOE TIOJIOKEHWE THMKa KpaeBOl/OKOJO-
kpaeBoit DJI, usaMepeHHOI OT pa3HBIX YY4ACTKOB IjIac-
TUHBI, MOXXHO CIieJlaTh BbIBOA O HEOMHOPOAHOM pac-

MpeaeIeHN YIPYTUX HaNpsDKeHU B IJIACTHHE, Kak
MOKAa3aHO Ha pUC. 6 (IIpU 3TOM HYXHO OTAEIUTH BJI-
SIHME HEOTHOPOIHOCTH TIACTUHBI [0 COCTAaBY Ha CIABUT
mukoB ®DJI, Hampumep, IpeaBapUTEILHO OIPEACIUB
HEOJIHOPOIHOCTb COCTaBa C MOMOIIbIO PEHTTEHOBCKOM
audpakromeTpun) [2]. YKazaHHbII METOA OTHOCUTCS
IJIaBHBIM 00pa3oM K HUTPUIHBIM FeTEPOCTPYKTYpaM, B
KOTOPBIX 3HAYEHUs] OCTATOUYHBIX YIPYIMX Harpske-
HUI 3HAYUTEJIBHO 0OJIbIIIE, YeM B apCeHUIHBIX. Takxke
BKJIAIBl B U3MEHEHME COCTaBa M BHYTPEHHETO YIIPYTo-
To HampsKeHUs MOXHO pPa3lesIuTh C IMOMOIIbIO COB-
MECTHOT'O IMPUMEHEHMUS CIIEKTPOCKOIMMN KOMOUHAIIU -
OHHOT'O paccesTHUsI cBeTa M crieKrpockoruu POJI mist
HCCIeIOBaHUS HUTPUAHBIX CTPYKTYp [19], Kak moka-
3aHO Ha puc. 7.
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Fig. 6. PL spectrum of Al ,,Ga 7sN/GaN heterostructure measured in
different points of a plate [2]
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AHanU3 HUTPUIHBIX TETEPOCTPYKTYP METOAOM
CHEKTPOCKONUU (POTOTIOMUHECLEHIIUN OTIMYAeTCS
OT aHa/JM3a apCEHUAHBIX TeTePOCTPYKTYpP TEM, 4TO
TpeOyeT MCIOJAb30BaHUSI 00Jice KOPOTKOBOJIHOBOTO
nmasepa (c mauHOM BoaHBI MeHee 350 HM, Hampumep,
He-Cd nasep ¢ mmHoi# BoIHBI 325 HM), a Takxke aud-
PaKLMOHHOM peIIeTKA MOHOXpoMaropa ¢ OOJbIIeit
IUIOTHOCTBIO TPUXOB (1200 v 2400 mTpuxoB/MM),
B TO BpeMsl KakK s aHajlu3a apCeHUAHbIX I'eTepo-
CTPYKTYp NHOAXOAUT Jia3ep C JJIMHONM BOJIHBI MEHee
630 HM 1 pemetka 600 IITPUXOB/MM.

2. PentrenoBckas nudpaKkToMeTpus

Yaire BCero MpUMEHSIOT CIIEAYIOIINE PEXUMBI HC-
CJIeIOBAHUSI TETEPOCTPYKTYP METOAOM PEHTTEHOBCKOM
IudpakToMeTpun: 0/20-cKaHUPOBaHUE, ®-CKAHUPO-
BaHUe; KapTorpad®upoBaHUe pacCessHUs PEHTIeHOBC-
KOT'O M3JIyUeHUSI B YIJIOBBIX KOOpAMHATax J1ubo B 00-
paTHOM TIPOCTPAHCTBE. APCEHUIHBIC TETEPOCTPYKTYPHI
ObUTM MCCJIEIOBaHbl METOAOM PEHTIeHOBCKOUN Aud-
PaKTOMETPHUU B OIIMCAHHBIX BHIIIE peXUMax B paboTax
[20—23], a HUTpPUIHBIE TETEPOCTPYKTYPHI — B paboTax
[24—30].

KpuBble mrppakKIMOHHOTO OTpaskeHUsI, CHSITHIC B
pexxume 0/20-cKaHUPOBAaHUST OMHOBPEMEHHO OT KpPHC-
TajIorpadUIeCcKnX TUIOCKOCTEN C CUMMETPUYHBIMHU
A ACUMMETPUIHBIMUA WHIEKCAMU, MAI0T BO3MOXHOCTD
ONpefeUTh NapamMeTp PeleTKM MOHOKPUCTALINYEC-
KOTO MaTepHayla B HECKOJIbKMX HAIIPaBIICHUAX, TIPU-
YyeM KpHUBbIe AUMPPAKIIMOHHOTO OTpaxKeHUsI comepkaT
nHGOpMalMIo O MapaMeTpax pelieTKU BCeX CIOeB Tre-
TEPOCTPYKTYphl. M3 TONMydeHHBIX JAHHBIX AeJIaeTCs
BBIBOJI O COCTaBe Marepuaia W yrpyroi aedopmanuu
KpUCTaJUIMUECKOl pereTkr. KpoMe Toro, crieuanm-
3UPOBAHHOE IPOrpaMMHOE OOecreyeHue MO3BOJISIET
MOZIENPOBATh KPUBYIO NTM(MPAKIIMOHHOTO OTPAKEHMUS
OT CJIOXKHOI MHOTOCJIOMHOI TeTepOCTPYKTYPhI U MO -
TOHSATh €€ MOoJI 9KCIEPUMEHTAIbHO U3MEPEHHYIO, Baphb-
HpYs TOJIIMHEL ¥ COCTaB cJioeB. TakuM oO0pa3oM MOX-
HO OMpeIeSUTh TOJIIIMHbBI U COCTaB cioeB (puc. §).

KpuBble nrdpakliIMOHHOTO OTpaxke€HUsI, CHSITbIE B
peXnMe ®»-CKaHUPOBAHUS, JalOT BO3MOXHOCTb IO
MOJYLIUPUHE MUKA OT IUIEHKX OLIEHUTh pa3opueHTa-
oo  (MO3aMYHOCTh) KPUCTAUTMUECKON CTPYKTYPHI
IUIEHKU, BBI3BAaHHYIO JIOKAJbHBIMUA MCKAXEHUSIMU U
IMOBOPOTAMU KPHCTAJUIMIECKON CTPYKTYPHI BOKPYT
CYLIECTBYIOIIMX B IUIEHKE IMCIOKALMHI, a TaKXKe IO-
MEHHOI CTPYKTYpOH IJIeHKU. TeM caMbIM MOXKHO
OLIEHUTh TUIOTHOCTH TUCIIOKAIM M pa3Mephl TOMeE-
HoB. B pa6ote [5] moka3aHo, uto miaeHka GaN, BbI-
paiieHHas1 Ha nojyioxke GaN, umeeT NpuMepHO Ta-
Kyl0 e TMOJYIIUMPUHY o-TUKa, KaK U IOMI0XKKa
(53"/52" npu otpaxxeHuu ot rockocreit (002) rieH-
KM/mognoxku, 145"/137" npu orpaxkeHUM OT TLIOC-
kocteit (102), 54"/42" npu OTpakeHUHU OT MIOCKOCTE
(104)), yTo rOBOPUT 00 OYEHb BLICOKOM COBEPIIIEHCTBE
KpUCTaJUIMYECKON CTPYKTYypbl MiaeHku GaN Ha moj-
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Puc. 8. DkcnepuMeHTANIBHAS M PACCUNTAHHASA KPUBbIe T(pPaKINOH-
HOTO0 OTpaxeHus (@) M KapTa pacccesiHus B YIJI0BbIX KoopauHaTax (b)
s otpaxenns (0002). Ha BctaBke — onpenesieHHOe B pe3yJibTaTe
ANNPOKCHUMAIMHK pacnpeseieHne cOCTaBa W ynpyroi aedopManuu B
rpaauentHoMm 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]

Jnoxke GaN. B pa6ore [32] o mojyliMpuHe o-IuKa
GaN oleHeHbl pa3Mepbl CTOJ0YATBIX JOMEHOB, 00pa-
30BaBIIMXCS B reTepocTpykTypax AlGaN/GaAs, BbIpa-
meHHbIX MeTogoM MOCVD Ha noanoxkax c-Al,O5, u
ITOKA3aHo, YTO YBEJWYEHNE Pa3MepOB JOMEHOB IPU-
BOAUT K YBEJMUYEHMIO TTOABUKHOCTU 3JEKTPOHOB.

KapTbl paccesiHusi peHTTEHOBCKOTO U3JTyYeHUsT COB-
MelIaT B cebe mocToMHCTBa 0/20- U m-CKaHUPOBa-
HUS, OOJHAKO OHM TPeOYyIOT OOJIbIIEero BpeMEeHM Ha-
KOILJIEHUsI CUTHaIa (3Ta IpobjieMa pelaeTcst UCTONb-
30BaHUMEM MOIIHOTO MCTOYHUKA U3JyYECHUSI, HAPU-
Mep cuHXpoTpoHa). KapTel paccessHusl I103BOJISIOT
JyduIMM 00pa3oM anmnmpoKCUMMUPOBATh 3KCIIEPUMEH-
TaJbHbIE JAHHBIE PACYETHBIMU, OCOOEHHO 3TO KacaeT-
cs1 1ug¢y3HOro paccesiHusI peHTT€HOBCKOTO U3JIy4ye-
HUS1, BBI3BAHHOTO IMCIoKalusiMu. CpaBHEHUE 9KCIe-
PUMEHTAIbHBIX U BBIYMCIEHHbBIX KapT paccesiHUs Mo3-
BOJISIET ONPEACIUTh IJIOTHOCTD AucIoKauuii. B pabote
[33] mokaszaHo, YTO MCITOJIb30BaHME T€OMETPUM CKOJIb-
3d11ero najeHus nydyka (peaqusyercss MOJHOE BHYT-
peHHee oTpaxkeHHe, IIPU 3TOM TagalolIuil 1 OTpaXKeH-
HbIi MyYKU HaIpapJieHbl MOJ OYEHb MaJbIM YIJIOM
(0,6°) k MoBepXHOCTH 00pa31iia) TP U3MEPESHUN KapT
paccestHUsI TI03BOJISIET BABOE YMEHBIIUTh MOTPEITHOCTh
ornpeneeHus] TUIOTHOCTU KpPaeBbIX IPOPACTAIOLIUX




aucnoxkauuii B rieHke GalN Ha candgupe Mo cpaBHe-
HMIO C HCMOJIb30BAHUEM T€OMETPUU OOBIYHOTO Au-
PaKIIMOHHOTO OTPaXXeHUS ITyYKa OT CUMMETPUIHBIX U
aCUMMETPUYHBIX KpUCTaIOrpaMyecKux IJIOCKOC-
Teii. OIHAKO HEAOCTATOK T€OMETPUM CKOJIB3SIILETO Ma-
JEHUsT 3aKJII0YaeTcs B TOM, YTO BMHTOBBIC AMCIIOKA-
LIMW HE BBISIBJISIIOTCS, B TO BpeMsI KaK U3MepeHUe KapT
paccesiHUSI B TeOMETPUU OOBIYHOIO AU(PaKLIMOHHOTO
OTPaXXEeHUSI OT CUMMETPUYHBIX W aCUMMETPUYHBIX
IUTOCKOCTEH MO3BOJISIET Pa3ldeuTh BKJIad IpopacTa-
IOIIMX KPaeBbIX U BUHTOBBIX AMCJIOKALIMIA. 3HAUSHMS
CYMMapHO# IJIOTHOCTU JIMUCIOKAlUUK B 3TOK padote
OBLITU MOATBEPKACHBI OIpeaeJeHUEM TUIOTHOCTU SIMOK
TpaBJICHUSI.

DnuTakcuaibHasi MHOTOCJIOMHAsI TeTePOCTPYKTYpa
Ha ocHoBe GaN sBJsgeTcs YIpyro HanpsLKeHHOM B pe-
3yJbTaTe ACUCTBUSI HECKOJIbKUX (hakTOpoB: 1) paznu-
yre Ko3(hGUINEHTOB TepMUUeCKOro paciiuuperus GaN
U MaTepuaia MoAJOXKHU (3TOT (pakKTOp HAUMHAET UT-
paTh poJib MPU OXJAXKAEHUHN TIJIACTUHBI OT TEMIEpaTy-
pBI pocTa 10 KOMHATHOH TeMIlepaTyphl, B pe3yJbTaTe
cioit GaN Ha momtoxke Al,O3 CTaHOBUTCS CXKaThIM,
a Ha nomioxke 6H-SiC — pacTsaHyTbIM); 2) HEOZHO-
POIHBIN HArpeB reTepOCTPYKTYPHI B MPOLIecce SIMUTaK-
CHAJIbHOTO POCTa; 3) HECOOTBETCTBUE ITIOCTOSIHHBIX pe-
wetkn GaN 1 Matepuana nomioxku; 4) oopazoBaHue
JIeeKTOB B IPOLIeCCe SIUTAKCUAIbHOIO pocTa (00bIu-
HO 3TO MIPUBOJUT K PACTITUBAIOIIEMY YIIPYTOMY Hampsi-
KeHu1o). BodHuKIlee B IJIeHKe yIpyroe HarpsikeHue
MOXET BBI3BaTh cleaytolire 3 GeKThl: M3TU0 MIacTu-
Hbl [34]; osiBIeHWe TpelluH B IieHke [35]; oTcnoe-
HUE TIJICHKU OT TMOUIOXKH; 00pa3oBaHue UCTOKAIIMA
HecooTBeTCTBHA [36]. Pagnyc KpWMBU3HBI TUTACTUHEL R
onpenaensiercs popmynoit CToyHuU:

2

R= [ Esubstrate hsubstrate Q)
1- Vsubstrat 6Gﬂlmhﬁlm
rae Esubstrate A Vsupstrate — MOIYIb fOHnra n K030-

¢uuuent Ilyaccona marepuana NOMTOXKHU; Ag,pcpire
W hgp,, — TOJIIMHA MOMTOXKM M TOJIIMHA TUICHKH;
O fijm — YHPYyroe Hanpspkenue B uieHke. @opmyiia Cro-
YHU NIPUMEHKMMA K TOHKVM HaNpsLKEHHBIM MJIEHKaM Ha
CPaBHUTEJIBHO TOJCTBIX MOMIOXKAX (Mg K Agypiirare)-
IIporu6 mueHku Az ompenessieTcsl BhIpakeHUeM

D2

Az~ o (3)
rne D — nuameTp ruiacTUHbL. OOBIYHO IJIACTUHBI C
HUTPUIHBIMU CTPYKTYpaMU UMEIOT PalUyC KPUBU3HBI
5...10 M, u iporu® ABYXAIONMOBBIX IIACTUH COCTaB-
ager 30...60 mxMm [37]. TIpy 0cOGEHHO CMJILHOM YII-
pYroM HampsiKeHUU TUIEHKW KpUBM3HA TUIACTUHBI
CTAaHOBUTCSI He cdepuyeckoi, a HUIUHAPUYECKOM.
KpuBr3Ha 1macTuHbBI, KaK U HaJTMYKUe AUCTOKALIUI B

TeTepOCTPYKTYpE, MPUBOAUT K YIIUPEHUIO »-TTHUKOB.
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Puc. 9. 3aBucumocTs nonymupunbl o-nuka cios GaN Ha c-Al, O3

npu orpaxkenun (0006) ot BLICOTBI PEHTTEHOBCKOIO My4Ka MpH pa3-
JIMYHOM pajauyce KpUBU3HBI miacTunbl [38]

Fig. 9. Dependence of the semi-width of w-peak of GaN layer on c-Al,0;

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

Bxnag KpuBU3HBI IUIACTUHBI B 3TO YIIMPEHUE CTAHO-
BUTCS OCOOCHHO 3aMETHBIM MPHU MCCJICIOBAHNUU BHI-
COKOKAUeCTBEHHBIX HUTPUIHBIX TETEPOCTPYKTYP C Ma-
JIOI TIOTHOCTBIO JUCIOKAIMii. ABTOpBI paboThl [38]
MoKasajau, YTO IPU OTPAXKEHUU OT CUMMETPUUHBIX
mrockocteit (0006) BKJ1ag KPUBU3HBI TUTACTUHBI MOXK-
HO MMHUMM3UPOBATh, YMEHbIIIAsA BEICOTY PEHTTEHOB-
CKOI'0 MyYyKa C MOMOILbIO U3MEHEHUS IIUPUHBI 1EIn
Ko/utuMaTopa (puc. 9) JMOO MCIOJb3Yys He eIyl
IUIaCTUHY, a MaJeHbKUU ee (parMeHT (ILIOLIAAbIO
HECKOJILKO KBaIpaTHBIX MUJUIMMETPOB); TIpaBaa, MpH
5TOM YMEHBIINUTCS MHTEHCUBHOCTD OTPAXXEHHOTO ITy4-
Ka. JIJ1s1 apceHUIHBIX CTPYKTYP B CUJIY UX CPaBHUTEIb-
HO MaJioro ympyroro HanpstkeHus (~ 10 MITa no cpaB-
HeHuto ¢ ~450 MIla B HUTPUIHBIX T€TEPOCTPYKTYpaXx)
BIVISTHAE KPUBU3HBI TIACTHHBI HA MOJIYIIUPUHY o-TI1-
KOB 3HAUMUTEIbHO MEHBIIIE.

3. BoabT-(apaanblii MeTox,
HCCJIEIOBAHNUS TETEPOCTPYKTYP

BonbT-hapagHbie MeTOALI U3MEPEHMSI TapaMeTPOB
MOJIYIIPOBOAHUKOB OCHOBAHbI Ha OMNpeneeHUN 3aBU-
CHMOCTHY €MKOCTH CTPYKTYPHI, 00YCIOBICHHOM HaIN-
yreM 00bEeMHOro 3apsiia B MPUIIOBEPXHOCTHON 00-
JIACTH TIOJTIYTIPOBOIHMKA, OT IPHIIOKEHHOTO K Hell Ha-
npskeHus [39]. OnHOBpeMEHHO Ha CTPYKTYPY MOTYT
OKa3bIBaTh BIMSIHUAE IpyTue GakTopbl, KOTOPBIE MOTYT
BapbUpPOBAThCS MPU M3MepeHUsXx. K HUM OTHOCITCS
BO3JIEMCTBUE HA CTPYKTYPY BHELIHETO (hOTOAKTUBHOTO
W3Ty4eHUs] M €€ HarpeBaHMe 110 OIpeacIeHHOMY 3a-
KOHy. EMKOCTb, BOZHMKAIOIILYIO 32 CYET MOIJIOLIEHUS
M3JTy4eHUs], B TIEPBOM CiIydae Ha3bIBalOT (hOTOEMKOC-
ThIO, & BO BTOPOM Cllydae — T€PMOCTUMYJIUPOBAHHOM
€MKOCTBIO. JIpyroil OTIMYMTETHHON OCOOEHHOCTHIO
METOMIOB SIBJISIETCS] HATMYME ABYX DJIEKTPUIECKUX CUT-
HaJIOB, TTOIaBaeMEbIX Ha CTPYKTYpy. [1epBEIif cuTHaIT —
9TO MOCTOSTHHOE HaIpsKeHHe (HammpsikeHue cMelle-
HUsI), KOTOopoe oOecrneuyuBaeT MOAIEpKKY paboueit
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TOYKMU MpUOOpa, BTOPOIl CHUTHAJI — IepeMeHHOe Ha-
NpsDKeHe Majloil aMIUIMTYIbl (M3MEPUTENbHbBII CUT-
Hasl), HEOOXOAUMOE IIJII U3MEPEHUSI COOCTBEHHO €M-
KOCTHU CTPYKTYphl. B oCHOBe BOJIbT-(hapaaHbIX METO-
JIOB U3MEPEHUS JIEXKUT 3JEKTPOHHAs TeOpus TIPUIIO-
BEPXHOCTHOH 00J1aCTU MPOCTPAHCTBEHHOTO 3apsiaa U
nuddepeHIMaTbHONH MOBEPXHOCTHOM eMKocTu. [lo-
3TOMY BaxKHBIM MOMEHTOM M3MEPUTEIBLHOTO TPOLIeC-
ca sBJsIEeTCSl NMOHMMaHUEe (QU3UYECKUX MPOLECCOB,
MIPOUCXOMAIINX B MOJYIIPOBOTHUKOBEIX CTPYKTypax,
KOTOpbIE MPUBOAMIT K IMOSIBICHUIO €MKOCTH.

Hanopa3mepHble CTPYKTYypHI TIPaKTUYECKH BCerma
CO31al0T Ha OCHOBE TUIEHOK TOJILIMHOM MOPSIAKA 1ECST-
KOB (€IMHMI) HAHOMETPOB JINOO U3 TOHKOTUIEHOUYHBIX
MHOTOCIOMHBIX CTpyKTyp [40]. TloHSITHO, 4TO mpHU
TPAHCIIOPTE B3JIEKTPOHOB BAOJb WM TOMEPEK TaKOi
IJIEHKU WX CTPYKTYPBI OCHOBHOE BIIMSTHME Ha BCE TIPO-
11iecchl OyIyT OKa3bIBaTh MapaMeTpbl TPaHUIIbl pas3nesia
(uHTepdeiic) u MpUNOBEPXHOCTHBIX obsacteid. ITpouc-
XOIMT 3axXBaT 2JEKTPOHOB JIOKATbHBIMU YPOBHSIMHU Ha
rpaHUlle pasdesia, 4YTO MNPUBOAUT K OOPA30BAHUIO
BCTPOEHHBIX 3apsiaoB. Pojib TakMX MMOBEPXHOCTHBIX 3a-
PsIIOB MOXET UIPaTh M BHEIHEE 3JIEKTPUUECKOoe MoJie.

Ecnu K KoHaeHcaTopy, OJHOI U3 00KJIag0K KOTOPO-
ro SBJSIETCS TUIAaCTMHA MOJYNPOBOAHMKA, MPUIOXUTH
3JIEKTPUIECKOE TOJIe, TO BOJIM3U ITOBEPXHOCTH TIOCTIE -
HEro BO3HUMKHET UHAYLIMPOBAHHBIN 3apsiA. DTOT 3apsii
co3maeTcsl TTOABMKHBIMM HOCHUTENISIMU 3apsiia, TpH-
CYTCTBYIOIIIMMU B MoJiynpoBogHuKe. [TosiBUBIIMIACS
3apsii SKPAHUPYET OCTAIBHON 00BEM MOITYITPOBOIHU-
Ka OT MPOHUKHOBEHMSI BHEIITHETO 3JIeK-

TPUYECKOIO ITOJIA. P ————— =

B 3aBuCMMOCTM OT COOTHOILIEHUS
pabot Beixona (ypoBHeit depmu) Mate-
pUayoB M TUIIA HPOBOAUMOCTU TIONY-
MMPOBOJHUKA TPU KOHTAKTe MeTajlia C
MMOJIYIIPOBOAHUKOM BO3MOXKHBI YEThIPE
cutyauuu. I1py 3ToM B ABYX CUTYyaLUsIX
HaO0gaeTCsT BO3HMKHOBEHWE 00oTa-
LLIEHHOTI'O CJIOSI, 4 B IBYX JAPYTUX CUTYya-

LYsIX — OoOEeIHEHHOTO M Jaxe MHBEPC- L — - — = =

Horo cjoeB. Ecau moisygaercst obora-
LLIEHHBIA CJIOK, TO AJIsI HOCUTEJIEH 3a-
psiaa Ipu MX IBMKEHWHU U3 MaTepuaja B
MaTepMaj He oOpa3yeTcsl HOTEeHLIMAb-

Horo Gapnepa. Ecim ke ciioil mosyda- P-————— -
eTcsl 00eMHEHHBIA — MOTeHLMAaIbHbII N |

Oapbep ecTh. DTOT Oapbep U TMOJYyUUII

HazBaHue O6apbepa IllorTku (muon Ilot- Me 1/m

®opma Takoro Gapbepa CylIeCTBEH-
HO OTJIMYaeTcss oT (OpMbI OAPLEPOB C
HeMeTajuinyeckumu BelectBamu. Ca-
MoO¢ INIaBHOE — BepllinHa 0apbepa UMe-
€T TPEeYTOJIbHYIO (OpMY, T. €. TOJIINHA
€ro SIBHO YMEHBILIA€TCS MpPU MPHOJIU-
KEHUM SHEPrMM YacTUL K BepIUKMHE.

ki) [41]. E
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B pesynbTaTe 3TOro MOSIBISIETCS BO3MOXKHOCTH TYH-
HEJIbHOTO Mepexoa, BepOSITHOCTb KOTOPOro MOBbIIIIA-
€TCS IO Mepe MPUOKEHNS K BepIIMHE TTOTEHITNATb-
HOro Oapnepa.

Ha puc. 10 mpeacraBiieHa TUIIMYHAS SHEPreTH-
yeckasl uarpaMmma Iepexona MeTauI—IOTyTIPOBOIHUK
n-TUIA B PaBHOBECHOM COCTOSIHUM (0€3 BHEIIHEro
3JIEKTpUYECKOro 1ossi). Ha aTom ke pucyHkKe IokKa-
3aHO pacmpeleieHue HocuTenei 3apsiaa. [Tockoybky
3JIEKTPOHOB B MeTajule HAMHOTO OOJIbIlIe, Mbl BUIUM
TOJIBKO YacThb pacnpeneiaecHus [42].

B mockocTy KOHTaKTa 31eCh IPUCYTCTBYET Pa3phiB
30H AE; MOTeHUMAIbHBIX 0apbepOB [Ba, U OHU pa3-
HBIE 10 3HaYeHUI0: AE),, — Gapbep JUld 3JIEKTPOHOB
MeTaja; gey — Ul 3JEKTPOHOB MOJYIIPOBOIHMKA.

YT1o0bI paccunTaTh pacrpeaeaecHUe dIeKTPUIECKO-
ro TMOTEHIMajla B MeCTe KOHTaKTa, HEOOXOIMMO pe-
nTh ypaBHeHue Ilyaccona. B npeamnonoxenuu odes-
HeHUs1 (B 0OeTHEHHOM Cjioe BOJM3U MeTaJlIypruyec-
KOI I'paHUIIbl OTCYTCTBYIOT HOCUTENM 3apsia) 3apsil B
00eTHEeHHOM 00J1aCTH MPOTIXKEHHOCTHIO 8 00YCI0BJIEH
3apsAlaMyu MOHU3UPOBAHHBIX IOHOPOB Np. B sTOoM
cllyyae pellieHue ypaBHEeHUs JaeT Cleaylolue pe3yib-
Tathl (puc. 11):

c0ii
depletion layer

E= =9 NG5 - x); )
2e8

® p(® =X + op /- ()

2e 8 n/n
= Me n-n/n & :
C |
i |
................ T \ ; : |
| TyHHETHpOBaHHE i N
—tunneling . E. |
“r AE O6caHeHHBII :
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Puc. 10. DHepreTnyeckasi AMarpaMMa M KOHIIEHTPAIWsA HOCHTEJNEi 3apsia B PaBHOBEC-
HOM nepexojie MeTaJI—IoJyNPOBOJHUK

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

Puc. 11. Pacnpenenenne npumecH, 3apsiia, HANPSZKEHHOCTH 3JIEKTPAYECKOTO MOJIS U TI0-
Tennuaya B nepexone IlorTku

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




Puc. 12. DkpuBanenTHas cxema quoaa IlorTku
Fig. 12. An equivalent scheme of Schottky diode
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Puc. 13. Cxema ycranosku 1yisi CV-u3mepenuii: / — 30HIOBBIN CTOJ,;
2 — 9BM; 3 — LCR uamepurenb; 4 — UCTOUHUK HAMPSIKEHUSI CMe-
LIEHUS; 5 — MOAYJIITOp; 6 — reHeparop, usmepureib 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

3nech €, — AMBJIEKTPUYECKasl IPOHULAEMOCTb MOJIy-
MTPOBOIHUKA.
M3 ypaBHeHUS (5) MOXHO MOJY4YUTh, YTO & =

28580

N (99— U), re gy — KOHTaKTHast pa3HOCTb T10-
D

TeHLUanoB, a U — npunoxeHHoe HanpskeHue. I1po-
CTPaHCTBEHHBIN 3apsifi B MOJYIpoBogHUKE [43]

0, = gNpdS = SA/2sssoqND((p07 U, (6)

rae S — maomanp nepexona lorTkm.
Ilo ompeneaeHUI0 eMKOCTh — CKOPOCTh M3MEHE-
HUS 3apsiia IpyU U3MEHEHUM TPUJIOKEHHOIO HaIpsi-

xeHus, T. e. C= Z—g M3MmeHeHmne 3apsiga B Tepexoje

CBSI3aHO C M3MEHEHUEM TOJIIUHBI O0JIacTU OOeIHe-
HUSI, KOTOpasl 3aBUCUT OT NPUJIOKEHHOI'O HaIlpsiKe-
Hus. Takum oGpasom,

eegqdNp  e50S
2(QD()—U) 5

BI)IpaSI/IM IIOJTHOC HAIIPAKCHUEC, TTPUIIOXKECHHOC K
nepexony, 4€pe3 €MKOCTh:

c=3S (7

2

_ qegyNpS
= L

2C

DTO COOTHOIIEHNE TTOKA3BIBACT, YTO rpaduK 3aBU-
CHMOCTH KBajipaTa BeJIMYMHbI, 0OPaTHOM €MKOCTH, OT
HaTNPsTKEHNST CMEIICHUS TOJDKEeH TIPEACTaBISIT COOOM
MPSIMYIO JIMHMIO. 3Hasl HAKJIOH 3TOM JIMHUU, MOXHO
OTIpeIeNTUTh YPOBEHb JIETUPOBAHUS ITOJTYITPOBOTHUKA
Np, a TouKka nepeceyeHust MpsIMOii ¢ Ocblo abcuuce
JaeT 3HayeHue ¢y. Ha npakrtuke Haubosee cepbe3Hast

¢~ U 8)

HETOYHOCTb BO3HUKAET MPU OINpPENEJeHUH ¢y MO Ie-
pecedeHnIo rpadrKa ¢ OChIO HAIPSDKEHMI, YTO Xe Ka-
CaeTcd HAaKJIOHA KPUBOM, TO OH OOBIYHO MO3BOJISIET I0-
BOJIbHO TOYHO OIPEIEINTh KOHIIEHTPALIUIO TPYMECH.

OkBUBaJeHTHas cxema auona IlloTTku mpencras-
JieHa Ha puc. 12 [44, 43].

Pesucrop R, mpezncrapiser co60il CONPOTUBIEHNE
o0beMa IOJYyIPOBOIHMKA (COMPOTUBJIECHUE 0a3bl), a
R, — HeqmHeliHOE CONMPOTUBICHNE COOCTBEHHO Mepe-
xona IlloTTkM, 3aBUCHIIEe OT MPUIOXKEHHOTO HAmIps-
JKEeHUs.

YcraHoBKa A1 M3MEpPEeHMI BOJBT-(hapagaHbIX Xa-
PaKTepPUCTUK SIBJISIETCS  TIPOTPpaMMHO-aIapaTHBIM
KOMILJIEKCOM, [UISI U3MEPEHUsT €eMKOCTH Ha KOTOPOM
Ha reTepoCTPYKTYpy TojgaeTcs aBa curHaia. [lepBblii
CUT'HaJI BbIpabaThiBaeT HapsKeHe CMeIleHus, ooec-
reyuBalolliee MoJACPXKY paboueil Touku mnpubdopa
(ompenesieHHbIN U3rub 30H), BTOPO — U3MEpPUTESb-
HbII CUTHaJI B BUJAE MEPEMEHHOI0 HampsKeHUsI, KO-
TOPBII TIO3BOJIIET OIpEAeTNTh AU depeHINATBHYIO
€MKOCTb IreTepoCTPYKTypbl. CxeMa YCTaHOBKM, Ha KO-
TOPOIi MPOBOASIT U3MEPEHUsI, TIOKa3aHa Ha puc. 13.

3akiouyeHue

OCOOEHHOCTU KPUCTAJUIMYECKON CTPYKTYphI reTe-
POCTPYKTYp Ha 0ase MOJyIPOBOJHUKOBBIX COEIMHE-
HUU TPYIIIHI A’B yIoOHee U MPOoILEe BCETrO MOTYT ObITh
JIMarHOCTHPOBAaHBI C MOMOILBIO CIEKTPOCKONMHU (o-
TOJIOMUHECLICHLIMU, PEHTTEHOBCKOM AU(paKTOMETPUMN
U U3MEepeHUsI BOJbT-(papamHbIX XapaKTEPUCTUK (UTO
KacaeTcsl ONTUYECKO MUKPOCKOIUU, TO €€ TOXE aK-
TUBHO UCIOJIb3YIOT, HO OHA JAeT OrpaHWYEHHYIO WH-
(opmalnvio JUIb O COCTOSIHUY MTOBEPXHOCTU I'eTepo-
CTPYKTYpP). DTU METO/bI SIBJISIIOTCS Hepa3pyllamluMu
(TIpu ycJ10BUHU, YTO 00OpYIOBAaHUE TMO3BOJISIET ITIOMEC-
TUTh B HEro HcCCAeIyeMylo IUIaCTUHY LieJIMKom). Mx
3(OEKTUBHO NPUMEHSIOT MJISI IUArHOCTUKU TeTepo-
CTPYKTYp Kak Ha ocHoBe apceHuaoB (Al, Ga, In)As,
TaKk 1 Ha ocHoBe HUTpuUIoB (Al, Ga, In)N. Cnexkrpo-
ckomnusl (OTOTIOMUHECLIEHLIMUA MO3BOJISIET OLEHUTD
KOHIIEHTPALIMIO TOYEUHBIX 1e(DeKTOB (B TOM UUCIIE He-
JKeJIaTeJIbHBIX (DOHOBBIX MPUMECEIT) B T€TePOCTPYKTY-
pe. PeHTreHoBckas augpakToMeTpus TO3BOJISIET Olie-
HUTD TJIOTHOCTh IBYMEPHBIX (B TOM YMCJI€ Pa3IMUHBIX
JUCIOKAlMi) U TpeXMEPHBIX Ae(PEKTOB B MOHOKPUC-
TaJUIMYECKOM MaTepuaje, COCTaB U TOJIIUHY CJIOEB
reTepOCTPYKTYPhI, YIPYrUe HarnpspkeHus B HUX. O0-
1asi METOAMKA aHAJIN3a OYeHb ITOXOXa JUIST apCeHMI-
HBIX M HUTPUAHBIX T€TEPOCTPYKTYP, OJHAKO B CiIydae
HUTPUIHBIX TETEPOCTPYKTYP MPUXOAUTCS YYUTHIBATh
ropasmo OOJIbIIKE 3HAYEHUS YIIPYTOr0 HAIPSDKEHUS U
KPUBU3HBI TIJIACTMH, YTO MPUBOAUT K 3HAYUTEIbHO
0oJiee CUJTLHOMY CIOBUTY TTMKA KpaeBOI/OKOJIOKpAeBOi
(boToMOMUHECIICHIIMY, a TAKXKE K 3HAUUTEJbHO OoJiee
CUJIBHOMY YIIMPEHUIO TTNKa Ha ®-KPUBBIX TU(PAKIIN-
OHHOTO OTpaxkKeHUsI; MocjaenHee 00CTOATENbCTBO MPU-
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BOJIUT K 3aBbIILIEHHOU OlIEHKE IJOTHOCTU AWCIOKA-
Ui ¥ TpeOyeT MUHUMU3ALUU 3P dekTa KpUBU3HBI
TUIaCTHUH.

M3 anexTpodu3nyeckux METOIOB HEpa3pyllamlle-
IO KOHTPOJsI Haubojee MPUMEHUM BOJIbT-(hapaaHbli
MeTo. OH TMO3BOJISIET ONPEAEIUTD pacnpeneseHre 3a-
pSIIOB TIO TNyOWHE TeTePOCTPYKTYPHl U BBISIBUTH OO0-
JIaCTU JIETUPOBaHUsI, 3apsSKeHHBIE LEHTPBI U 3JIEKTPO-
HBI B KBAHTOBOM SIME.

Paboma ewvinoanena npu ¢unancoeoii nodoepoicke
Munobprayku PD (coerauenue o npedocmasaenuu cyo-
cuduu No 14.607.21.0011, ynuxanvuwili udenmugpuxa-
mop npoexkma 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 e¢V) in comparison with the lumi-
nescent radiation of the nitride heterostructures (Al, Ga, In)N
(0.9...5.5 eV). 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 eV, 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 = Hin(1+ Xerp), ()

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 ~ 10° 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 06/20-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 w-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,O3 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= [ Esubszmtej hsubstrate (2)
9
1=V upsirare) 60 ﬁlmhﬁlm
where Egpcae A0d Vo perae— Young modulus and Poisson's

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

bl\-)

Az = (3)

oo
=

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 § is determined by the




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

E= 9 Npy5 — x); 4
Yo p(d — X); 4)

- __4q — 2
¢ = 28380 ZVD(8 x) + (pn/rp (5)

here ¢, — dielectric permeability of the semiconductor.

2eg
aNp
gy — contact potential difference and U — applied voltage.
The spatial charge is in the semiconductor [43]

QS = qNDBS = S /ZESEOCIND((pO— U) N (6)

where S — area of Schottky transition.
By definition, the capacity is the speed of change of a

From equation (5) we can get & = (9g— U), where

charge during the change of the applied voltage, i.e. C= ZI_IQ/
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,

e€oqdNp _ &&S

c=3S
2(pp-U) 3

(7

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

qSAYSONDSZ

20? ®

oo — 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 Education and Science of Russia (grant agreement
No 14.607.21.0011, the unique identifier of the project —
RFMEFI160714X0011).
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IIposedensr pabomor no pazdeseHuro noAYnPoOBOOHUKOBbIX naacmuH cangupa ouamempom 52 mm u moawunou 90 mkm Ha
omadenvHble KPUCMANAbI C NOMOUBIO Memo0da Aa3epPH020 YRPABASeM020 mepMopackanbieanus. Ilpogedens: ucciedosanus no pesie
NOAUKPUCMANAUMECKUX AAMA3HBIX NAACMUH, 8 pe3yibmame KOmopbix npedaodiceH memoo hpaemeHmupoganus NAACmut Ha Kpuc-

manansl — /1a3epr1Li NAG3MOXUMUYECKUT MemOod pe3KU.

Karoueevie caosa: pasdenenue candupoguix naacmun, Aa3epHoe ynpasisemoe mepmopackalbléanue, 1a3epHas naa3moxumu-

uecKkas peska

Bsenenune

B nmonynpoBOITHUKOBOI MUKPOSJIEKTPOHUKE TBEP-
JIble MaTepHalIbl TIJIACTUH TPEACTaBICHBl B OCHOBHOM
carndupoM, KapoMuaoM KPpeMHUS U HUTPUIOM TaJUTHS.
CJIOXHOCTD pasfesieHus] TaKuX TJIAaCTUH Ha KpUCTal-
JIBI OOBSICHSIETCS HE TOJIBKO TBEPHOCTHIO M XPYITKOC-
ThIO MaTepualia, HO U TeM, UYTO IIpU cPOPMUPOBAHHBIX
Ha TIJIaCTUHE 3JIEMEHTaX M MEX3JIEMEHTHBIX COCTUHE -
HUSIX TpeOyeTcsl BbICOKAasi TOUHOCTb pa3fesieHus, He-
JIOCTAaTOK KOTOPOI MPUBOINT K ITOBBIIIEHHOMY OpaKy.
IMomyyeHHBIE KPUCTAJUTBI SIBJITIOTCST 3aTOTOBKAMU TSI
MPOU3BOJCTBA MOJYIPOBOTHUKOBLIX MPUOOPOB, MO-
3TOMY TPeOOBAHMS K Ka4eCTBY ITPOBEICHUS OTepaIlin
pasneseHusT BHICOKMU.

Paznenenve 1uracTMHBI Ha KPUCTAJUIBI OCYIIECT-
BJIIETCS, KaK MPaBUIO, HA KOHEYHBIX CTaaUsIX MPOU3-
BOACTBEHHOTO ITMKJIA, U3TOTOBJICHNE TITIACTUHBI — TPY-
JIOEMKHUI1 Mpoliecc, OHA MMEET BBICOKYI0 CTOMMOCTb,
YTO OMpeIesIsieT OTBETCTBEHHOCTh OTIEpaIliy pas3ielie-
HUS U €€ BaXKHOE MECTO BO BCE TEXHOJIOTMYECKOM 11e-
MTOYKE TIPOM3BOACTBA ITOIYIIPOBOTHNKOBBIX ITIPUOOPOB.

BHe 3aBrcuMOCTU OT MeTOAa pas3neeHUs TJIacTu-
HBI Ha KPUCTAJUTBl OCHOBHBIMM TPeOOBaHUSIMU K JTaH-
HOI OTlepalny SIBISIIOTCS:

— BBICOKMI TIPOLIEHT BBIXOJA TOAHBIX KPUCTAJLIIOB;

— BBbICOKasl MPOU3BOAUTEIBHOCTh 000OPYI0BaAHMS;

— TeoMeTpHhUYecKast TOYHOCTb KPHUCTAJUIOB,;

— HU3KUH YPOBEHb CKOJIOB IO KpasiM KPUCTaJLJIOB;

— 9KOHOMUYHOCTb.

MeToapl pa3aesieHus] NOJYNPOBOAHUKOBBIX IJIACTHH
M3 TBEPAOT0 MATEpHAJA HA KPUCTAJLIbI

Mg pasgelleHUsT TOJYITPOBOTHUKOBBIX TUIACTHH
Ha otaenbHble KpucTtayuibl MCBYIID PAH B coTpyn-

HWYECTBE C MapTHepaMM TPUMEHSIET pa3IMyHbIe Me-
tonml [1, 2].

CKBO3HO€ pasnefieHHe IIaCTMHBI Ha KPUCTAJLIBI
METOIOM AMCKOBOM Pe3KHU TPU MPaBWIHLHOM TTOIO0pe
pPEXXMMOB PE3KM M MHCTPYMEHTa AAeT BO3MOXHOCTh
Mmojy4aTh pe3bl 0e3 CKOJIOB M CTPOTO BePTHKAJIBLHBIC
rpady KpucTamioB. OmMHAKO TP HEKOTOPHIX YCIOBUSIX
JAHHBIA METOI HENPUMEHKUM B CUJIY BBICOKOH CTOM-
MOCTH PacXOJHBIX MaTepHajoB [1].

Hcrionp3oBanue Mg pasfelieHus TUIACTUH MeToaa
JIa3epHOTO YIIPaBIsieMOTo TepMopacKaiabiBaHus (JIVT)
[3, 4] oGecrnieunBaeT BbICOKYIO TMTPOU3BOAUTEILHOCTD U
0e3nedeKTHYI0O KPOMKY, MOBBIIIAIOLIYI0O MPOYHOCTD
W3IENTNS B HECKOIBKO pas.

C momomnio Mmetoma JIVT peanuzoBaHo pasie-
JieHue camn@upoBbIX IUIACTUH (AUaMETpOM 52 MM,
ToJMHON 90 MKM) CO CTPYKTypaMu Ha KpUCTaJUIbI.
Pe3ky mracTWH BBHITIONHSIA Ha Jla3epHON YCTaHOBKE
MJIIT1-1060/355. Tlpu pe3ke ruIacTWH B MEPBOM Ha-
TpaBJICHNHN TTepBOHAYAEHO Ha KParo MIACTHHEI HAaHO-
CSIT KOPOTKHE HaApe3bl, 00ecreunBalolue "3apoxie-
Hue" pasgensiomnx TpeiuH MetogoM JIVT. Tlpu pes-
K€ BO BTOPOM HalpaBjieHUU [Jis1 obecrieueHusl CKBO3-
HBIX Pa3melISTIONINX TPEIIUWH HAHOCUTCS HETTyOOKWA
Hajzpe3 1Mo Bcelt auHuM pe3a. [lpu mocnenytoiem Ha-
rpeBe JIMHUU Hajapesa jasepHbIM IydkoMm CO,-nazepa
¥ TIOCJIEAYIONIEeTO OXJIAXKICHWS 30HBI HarpeBa ¢ TTOMO-
1IbIO XJIaJareHTa MporuCXOIUT 00pa3oBaHuEe CKBO3HOM
pasnendroueil TpenHbI.

CkopocTb pe3ku miaactuHbl metonom JIVT cocra-
Bunaa 450 mm/c.

Hna HaHeceHUsl JOKaJIbHBIX HAIpe30B IJUHOMN
150 MKM Ha Kpalo IJIaCTUHbI ITpY pe3Ke B IepBOM Ha-
MpaBJeHUU U HAHECEHUsI HaApe30B MO0 BCell IJIMHEe pe-
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Puc. 1. Pexxymuii moxyns MJITI1-1060/355
Fig. 1. MLPI1-1060/355 cutting module

Puc. 2. JIuauu pe3a 1 miacTHHbI B IEPBOM HANPABJIEHHH C IOMOLIbIO
JIYT CO,-na3epom 1 iMHAM pe3a 2 BO BTOPOM HANPABJIEHUH C NpeJ-

BapuTelbHbIM 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

32 BO BTOPOM HarpaBieHUN UCIonb3oBam Y D-tazep
C IJIVMHOM BOJIHBI M3nydyeHust 355 HM. ['mybuHa Haz-
pe3a cocrasisgeT 12...15 MKM, a IlIMpUHA Haape3a —
8...10 MxM. Ha puc. 1 nokasaH pexyinit Moayib, a Ha
puc. 2 — pe3yJabTaT pa3aeaeHus candUupoBbIX IMJIACTUH
Ha OTAedbHble KpuUCTaabl MetoaoMm JIYT, KoTopblit
obecrneynBaeT BbICOKOE KaueCTBO B IEPBOM 1 BTOPOM
HamnpaBJICHUSIX.

B MCBYIID PAH paspaboTtaH HOBEIII MeTo[, (ppar-
MEHTUPOBaHUS TUIACTUH Ha KPUCTAJLIbI — JIa3epPHbIM
IIa3MoOXuMuueckuii meron pe3ku. CyTh MeTona Ja-
3€PHOIN IUIA3MOXUMUYECKON PE3KU 3aKIIIOYAECTCHI B
TOM, UTO TIPOLIECC TPOBOAUTCS B IJ1a3Me HU3KOT'O J1aB-
JIeHns B aTMocdepe ra30B, KOTOPhIe B MOHM3UPOBAH-
HOM COCTOSIHUM aKTUBHO B3aMMOJIEICTBYIOT C MOBEP-
XHOCTBIO TTOJIYIIPOBOTHUKOBOM TIACTUHEI U3 TBEPIOTO
maTtepuaja 1 MepeBOIsIT ero B JeTy4rue COeAMHEHMUS,
KOTOphIE 3BaKyUPYIOTCS U3 PEaKLIMOHHON KaMephl C
MOMOIIIBI0 BaKYyMHOTO Hacoca [5].

IInasma momxuraeTcsa B (hOKyce JTJa3epHOTo Jiyya U
MOXKET MepeMelaThCcs B Hy>KHOM HarpaBIeHUH 10 00-
pabaTbiBaeMOI TTOBEPXHOCTH JIUOO ¢ TOMOILbIO ONTH-
YeCKON CUCTEMBI, INOO TTOCPEACTBOM MEXaHNIeCKOTO
nepeMelleHus: camoro oopasua. CKOpoCTb pe3KM Mo
pPa3IMYHBIM KpUCTAUIOrpaUuecKuM OCSIM TPaKTH-
YyecKu oJuHakoBa. JIaHHbBII MeTO/ JIMILIEH OCHOBHOTO
1 HaubOoJiee BaXXHOTO HEJOCTAaTKAa TPaAULIMOHHOM Jia-
3epHOUl pe3ku (puc. 3), KOTOPbIM SIBJISIETCSI BHIOPOC
maTepuaja U3 o0JacTU pe3a U ero ocaxaeHue Ha yxe
cchopMurpoBaHHbBIE MPUOOPHBIE CTPYKTYPHI, YTO abCO-
JIIOTHO HEIOMYCTUMO MpU Iepexoje K TOIOJOTruu
npubOpoB ¢ HaHOpa3MepaMu [6].

B naHHOM cityyae ObLT MCMOJB30BAH Jla3ep Ha Ma-
pax Meau ¢ IauHO#M BoaHb! 510,6 u 578,2 HM, yacToTOi
cienoBaHus UMITYIbCOB 10 K11 1 IIMTETbHOCTBIO M-
nyabcoB 20 He. CpeaHsist MOLTHOCTh U3TyYEHUS B ITy4-
Ke coctaBwia 10 BT, mrkoBast MOIITHOCTh M3Iy4eHUST —
50 xBt, KITA 1 %; nnametp nyuka 20 MM, TIITHO (po-
KycupoBKH 10 MKM, pacXxoguMOCTh ITydyKa, OaM3Kas K
IN(PaKIIMOHHOIM.

B xauecTtBe 11a3M000pa3yioliieil ra30BoOil Cpeabl UC-
nonb3oBanmu cmech CF4 + O,, a Takxke cmech O, + Ar.

Ha puc. 4 u 5 npeacraBlieHbI pe3yJIbTaThl Ja3ePHOK
MJ1a3MOXMMUYECKON PE3KU AJIMA3ZHOU IOJUKPUCTAI-
JIM4eckKoi muacTuHbl. Kak MOXHO 3aMeTuThb, pe3Ka
JAHHBIM METOJOM OOEeCIIeUMBAcT OTCYTCTBUE KaKWX-
JINOO MOCTOPOHHMX YIJIEPOAHBIX MaTepuajoB Ha IO-
BEPXHOCTU TIJIACTUHEL.

Puc. 5 neMoHcTpupyeT cpaBHeHUe pe3yjbTaTa Jia-
3epHOI TIJIa3MOXMMMYECKON pe3Ku (JieBast 4acTb) U

Nwvnmua pesa
The cut line

Puc. 3. Pe3yibTaT TpaaMuuoHHOI Ja3epHOI
PE3KH IJIACTHHBI U3 MOJUKPUCTAILINYECKOTO
anMasza

Fig. 3. Result of a traditional laser cut of a
plate from a polycrystalline diamond
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Puc. 4. O0mmii B pe3a MIACTHHBI U3 NO-
JIMKPHCTAJUIMYECKOTO AJIMa3a METOAOM Jia-
3epHOM MJIa3MOXMMHYECKOI pe3Kn

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 KpUCTaJUIMTOB MOJMKPUCTAJ-
JIMYECKO AJIMA3HOM IUIACTHHBI MOCJE Jia-
3epHOi MIA3MOXMMHYECKOi Pe3KH U CKOJIa
Fig. 5. View of the crystalline particles of the
polycrystalline diamond plate after the laser
plasma-chemical cutting and chipping




CKOJIa IUIaCTUHBI (IIpaBas 4acTh). Kak BUIHO, OHU
WIEHTUYHBI, UTO SIBJISIETCSl 10KAa3aTeJbCTBOM OTCYTC-
TBUSI MOAM(UKALIMU TTOJUKPUCTAIMYECKOTO aaMasa
B METOJIE JIA3€PHON MJIa3MOXUMUYECKON PE3KU.

3akmouenne

Ilpu paszmeneHUM TUIACTUH Ha OTHEJIbHbIE KpHUC-
TaJulbl, copepxkalire copMUPOBAaHHBIEC MTOJTYIIPOBOI-
HUKOBBIE IPUOOpPHI, TpeOyeTcsT BBICOKASI TOYHOCTb.
Meron na3epHOro YIpabjsieMOro TepMOpacKajblBa-
HUS CIIOCO0EH 00eCIeYrTh BHICOKYIO IIPOU3BOIUTEIb-
HOCTb U 0e3nedeKTHYI0 KPOMKY, O1aroaapsi yeMy Io-
BBILIAETCS MPOYHOCTH U3IENIMSI.

JOCTOMHCTBOM METONA Ja3epHON IJIa3MOXUMMU-
YeCcKO# pe3Ku B IJIa3Me HU3KOIO AaBJIeHUSI B aTMOC-
(hepe razos sIBISIETCS OTCYTCTBHE BhIOpOCA MaTepuaia
13 00J1aCTH pe3a U ero OCAXKIEHMS Ha yKe cchopMUpO-
BaHHBIEC MPUOOPHBIE CTPYKTYPHI, UTO UTPAET BAXKHYIO
pOJIb TIpU Mepexojie K TOMOJOTUM MPUOOPOB C HAHO-
pasMepamu.

Paboma evinoanena npu gunarcosoii noodepcke Mu-
Hucmepcmea o6pazosanusi u Hayku P® (coerawenue o
npedocmaenenuu cyocuouu No 14.607.21.0011, ynukans-
Hotll udenmugpurxamop npoexma 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 pum, and its
width — 8—10 pum. 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 CF4 + 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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