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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

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 19, Ne 5, 2017

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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