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20 AET

XYPHAAY "HAHO- U MMUKPOCUCTEMHAA TEXHUKA"

B nexabpe 1999 r. Bhien "HyneBoil Homep" XypHana "MHKpocUcTeMHast TeX-
HukKa", ndgaBaeMoro OOIIECTBOM C OrpaHMYEHHOU OTBETCTBEHHOCTHIO "M3mareinb-
ctBo "HoBole Texnomorun” (ISSN 1684-6419, 1999—2004 rr.). C 2005 1. XypHa
BBIXOIMT nox Ha3zBaHueM "HaHo- u MukpocucteMHas Texuuka" (ISSN 1813-8586).
HoBoe Ha3BaHMe OpMEHTUPOBAHO HA paclIMpeHUe MPoOJIeMaTUKU KypHaa ¢ yue-
TOM Pa3BUTHUS MUKPOCHUCTEMHON TEXHMKU W IEPeXoJa OT TeXHOJOTMYECKMX MpPU-
€MOB MUKPODJICKTPOHUKM K HAHOTEXHOJIOTUM C UCIIOIh30BaHUEM HAHOMATEPUAJIOB
JIJIS1 CO3MaHUsI HAHOCUCTEM.

Wnes cozpanus xXypHaia Obljia CBs3aHa ¢ KOHLIEHTpaLMel YCUINA poCCUCKUX
YUEHBbIX B HampaBlieHue, KoTopoe O0ypHo pasBuBaioch B CIHIA mnpu momaepxke
YnpapieHus MepcrneKTUBHBIX MCCIeN0BaHU MUHKCTEpCTBA 000poHbl (DARPA),
yrBepauBiiero B 1994 r. nporpammy "Microelectromechanical Systems" (MEMS),
a taxxke nocie yreepxuaenus Ilpasuteasctsom CIIA B 2000 1. mporpammsl "Ha-
LIMOHAJbHAs HAHOTEXHOJOTUYeCKass MHUIIMAaThBa" .

PaboTbl B 0071aCT HAHOTEXHOJIOTMI BO BCEM MUPE MPOAOKAIOTCS U B HACTOSIIEE
BpeMsl (CM. MPUIIOXKEHUE).

Cratbu, onyonukoBaHHble B XypHalle HMCT, mo3BoJuiand MOATOTOBUThCS K
GOopMUPOBAHNIO JTOKYMEHTOB sl npuHATUsa PacnopsikeHust I1paButenbctBa PD
ot 25 aBrycra 2006 1. Ne 1188-p u "[IporpaMMmbl KoopauHaIuu paboT B 00JIacTU
HAHOTEXHOJIOTUI M HaHoMmarepuanoB B Poccuiickoit ®enepaunu” ¢ 2007 r. Cpok
OKOHYaHMS AeicTBUs IIporpaMMbl HE YCTaHOBJICH.

B cootBeTcTBHNY ¢ TI1aHOM paboThl [1paBUTEIbCTBEHHON KOMUCCHY 110 BEICOKUM
TEXHOJIOTMSIM Y MHHOBAIMsIM, YTBepKAeHHBIM 3aMectuteseM Ilpencemarensa I1pa-
BuTeabcTBa Poccuiickoit Meaepannu, 3alylaHUPOBAHO PACCMOTPEHME BOIIPOCA O
Pa3BUTUM TIPUKJIAAHBIX HAHOTEXHOJIOTHI B 000POHHO-IIPOMBIIILIEHHOM KOMILIEKCE
U TEPCIEKTUBAX MCITOJIb30BAHMSI HAHOTEXHOJIOTMI IIPU CO3MaHUM TEXHUYECKUX
CPEeACTB CIelMaJbHOTO Ha3HAYEHMUSI.

[MapannensHo ¢ Ilporpammoii paszsuBaics u xxypHaa HMCT.

Llenbio MEXIUCIUIUIMHAPHOTO TEOPETUYECKOro 1 MPUKIATHOTO HAayYHO-TeXHM-
yeckoro XypHaiua "HaHo- 1 MUKpocuCcTeMHasI TEXHUKA" SIBIISIETCS OCBEIIEHME COB-
PEMEHHOTO COCTOSIHUSI, TEPCIIEKTUB U TeHACHIWI pa3BUTUSI HAHO- M MUKPOCHUC-
TEMHOI TeXHUKH, MPeICTaBIeHNE PE3YIbTaTOB UCCIEI0OBAHNI U pa3padOTOK, a TaK-
K€ MX BHEIPEHUS B pasidyHbie 00JIACTM HayKu, TEXHOJOTUM U IIPOM3BOACTBA.
MukpocucTeMHasl TeXxHUKa (microsystems engineering — MSE) Ha 6a3e TeXHOJOIUU
MUKpOCUCTeM (microsystems technology — MST) 1 MUKPO3JEKTPOMEXaHNYECKUX
cucreM (microelectromechanical systems — MEMS) vcnonab3yeT IUIaHApHBIE U 00b-
e€MHbIe KOHCTPYKIIMOHHBIE CBOMCTBA 3JIEMEHTOB IIPY CO3MaHNM HOBOTO ITOKOJICHUS
YCTPOMCTB, TPUOOPOB M MEXaHU3MOB ITOBBIIICHHOM CJIOXXKHOCTU, IPUMEHSIEMBbIX B pa-
JUOTEXHUKE, ONTHUKE, MAIIMHOCTPOSCHUHY, IIPUOOPOCTPOCHUM, XUMUU U OHMOMEIV-
LIMHE HA OCHOBE MUKPOSJIEKTPOHUKU U HAHOCUCTEM (nanosystems).

KitoueBbie clioBa, ONMCHIBAIOIIME COAEpXAHME >KypHaja: HAaHOTEXHOJOIUH,
30HI0Bas MUKPOCKOMMS, MUKPOMAILIMHBI 1 HAHOCUCTEMbI, MOJICKYJISIPHAST DJICKT-
pPOHMKA, OMOAKTUBHBIE HAHOTEXHOJIOTHUM, 3JIEMEHTHI JaTYMKOB U OMOYMITbI, MUKPO-
BIIEKTPOMEXaHNYECKUE CUCTEMbI, MUKPOOIITO3JIEKTPOMEXaHUUECKIE CUCTEMBI, OMO-
MUMKPOBJIEKTPOMEXaHNYECKUE CUCTEMbl, MUKPO- U HAHOBJIEKTPOHHBIE "CUCTEMbI-
Ha-KpucTauie".

Temaruueckue pasnebl XKypHaja: 3JIEMEHTbl MUKPO- M1 HAHOCUCTEMHOM TeXHU-
ku (MHCT); matepuanoBenueckue u TexHojorndyeckre ocHoBbl MHCT; HaHOTEeX-
HOJIOTUSI ¥ 30HAO0BAsA MUKPOCKOIIMS; MOJIEKYJISIpHAsT 2JIEKTPOHUKA U OHMO3JIEKTPO-

HAHO- 1 MUKPOCHUCTEMHASA TEXHUKA, Tom 21, Ne 12, 2019

699



700

HUKa; KOoHcTpyupoBanme u wMmoxaenmpoBanne MHCT; cucreMbl-Ha-KpuCTale;
npumeHenne MHCT.

C mag 2003 r. XypHaJ BBIIYCKaeTCs MPpU HaydYHO-METOANYECKOM PYKOBOJICTBE
OrneneHnus nHPOPMALIMOHHBIX TEXHOJOTUI 1 BRIUMCIUTEIBHBIX cucTeM Poccuii-
CKOI akageMuu Hayk, peopraHu3oBaHHoro ¢ 2008 r. B OTaeneHue HaHOTEXHOJIO-
ruii U1 uHpOPMaALIMOHHBIX TeXHOJIOIui Poccuiickoil akameMun Hayk.

C 2003 r. xxypaan HMCT BximioueH B "IlepedeHb pelLieH3UPYEMbIX HayUYHBIX 13-
JIaHWl, B KOTOPBIX JOJIKHBEI OBITH OIyOJMKOBAaHBEI OCHOBHEIE HAYYHBIE PE3YIbTaThl
JHUCCEPTAllMil HAa COMCKaHKWe YYEHOM CTeleH! KaHauaaTa HayK, Ha COMCKaHue yJe-
HOI1 cTeneHM AoKTopa Hayk (mo coctossiHuio Ha 09.08.2018)" mo cieayooiuM Ipymn-
MaM Hay4HBIX CIIEIUATBLHOCTEN M COOTBETCTBYIOIIUM MM oTpacisiM Hayku: 05.27.00 —
anekTponnka; 01.04.00 — ¢pusmka. 2KypHan BKIIOUEH TaKXKe B COCTaB XXYpHAJIOB Ha-
YUHOM 2JIEKTPOHHOI 0ubamnoreku — elibrary.ru.

Kypnan HMCT ykasaH B cocTaBe nepevyHs "PenieH3npyeMble HaydHbIe U30aHus,
BXOIAIIME B MEXIYHApPOIHbIe pedepaTBHBIC 0a3bl JAHHBIX M CUCTEMBI LIUTUPOBA-
HUSI, U B COOTBETCTBUU C ITYHKTOM 5 TipaBWI (DOPMHUPOBAHMS IIEPEUHS PELICH3U-
PYEMBIX HayYHBIX U3JAHUI, B KOTOPBIX JOKHBI OBITH OIyOJIMKOBAaHBI OCHOBHbIC
Hay4YHBIE pe3yJIbTaThl AUCCEPTALIMA Ha COMCKAHME YICHOM CTeIICHW KaHAuaaTa Ha-
VK, Ha COMCKaHUE YYEHOM CTelleHU JOKTopa HayK (majnee — IlepedyeHnb), yTBEpXK-
JEeHHBIX IMpukazoM MuHo6pHayku Poccun ot 12 nexabps 2016 r. Ne 1586 (3ape-
ructpupoBadH MunioctoMm Poccum 26 anpens 2017 1., peructpauoHHbIn Ne 46507),
BKIIoYeHHbIe B IlepedyeHs (1o coctossHuto Ha 25 ceHrsa6psa 2017 r.)". HMCT otHo-
CUTCS K XypHajlaM, B KOTOPHIX JOJDKHEI OBITh OIMYOJIMKOBAaHB OCHOBHBIE HAayUYHEIC
pe3yabTaThl IMCCEPTAlNil Ha COMCKAaHMEe YUYCHOM CTeIIeHM KaHAuaaTa HayK U y4ye-
HOM cTereHM JOKTOopa HayK mo cieayioiein orpaciau Hayku: 02.00.00 — xumuyec-
KHe HayKU.

Psin yHMBEpCUTETOB CTpaHBI IIPOBOIST OOYUYEHHE IO HAIIPABICHUSM ITOATOTOBKU
"HaHoTexHONMOrMM M MUKpocucTeMHasl TexHuka': CaHkr-IleTepOyprckuii rocy-
JIapCTBEHHBIN 3JeKTpoTexHMueckuii yHuBepcuteT "JIDTU" mm. B. U. YiupsHoBa
(JIenuna) — CII6I'DTY "JIDTU"; MUPBA — Poccuiickuii TeXHOJIOIMYECKUIA YHU-
BepcuteT; KOXHEBIN enepanbHbIii YHUBEPCUTET.

C 2005 1. XypHaJl ”HIEKCUpPYeTCsT B cucTeMe Poccuiickoro mHueKca HaydHOTO
uutuposanusg (PUHIL). B 2016 r. xXypHai BKIo4YeH B 6a3y naHHbIX Russian Science
Citation Index (RSCI) Ha mnardopme Web of Science. C 2014 r. cTaTbu UMEIOT 10-
MOJIHUTEJIbHBIN CIIMCOK JIUTepaTyphl Ha JaTuHule (References) u XypHan BKIOUeH
B MEXIyHApOIHYIO 0a3y TEXHUUECKOM JIMTepaTyphl Ha aHImiickoM s3bike INSPEC.
C 2017 r. crateam npucBaubaioT DOI.

C 2015 r. Bce cTaThM B OCHOBHOI MEYaTHOW BepCUU MEPEBOJAMINCEH C PYCCKOTO
Ha aHTJIMICKUI SI3BIK U XKYPHAaJl BKIIOYEH B MEXIYHAPOIHYIO pedepaTUBHYIO 0a3y
nmanHbix Chemical Abstracts (CA(pt), Chemical Abstracts Service (CAS)), koTopas
BKimoyeHa B Medline Ha mratdopme Web of Science.

B cootBercTBuu ¢ TpedboBanusimu PUHII ¢ 2018 r. B cocTaBe pegakKLiMOHHOTO CO-
BeTa 1 pegakimoHHoi kouternu XKypHaina HMCT posis ”HOCTpaHHBIX YJIEHOB CO-
crasnser 30 %.

TpancnutepupoBaHHoe Ha3BaHMe XypHaia NANO- I MIKROSISTEMNAYA
TEKNIKA u mnapamienbHoe Ha3BaHMe Ha aHmMiickoM s3bike NANO- and
MICROSYSTEMS TECHOLOGY.

Bripaxalo rnybokyo 0JaromapHOCTb BCeM WieHaM DPEICOBETa U PEAKOJIIETMU
xypHana HMCT, a Takxke aBTopaM cTaTeil 3a IJIOAOTBOPHOE COTPYAHUYECTBO B Te-
yeHue 20 serT.

Thaenwiii pedakmop scypuasa HMCT
0-p mexu. Hayk, npogh. II. II. Manvyes
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/M OAEAMPOBAHME

u KOHCTPYMPOBAHME MHCT

ODELLING

AND DESIGNING OF MNST

YAK 621.315.592:621.382

DOI: 10.17587/nmst.21.702-708

10. B. ®enopos, 171. KOHCTP., 3aM. aupekTopa, A. C. Byraes, 171. TeXHOJIOT, 3aM. TUPEKTOPA,
J. JI. T'naTiok, KaHz. TeXH. HayK, 3aB. J1a0., A. 10. IlaBnos, KaHa. TexH. HayK, 3aB. Jao0.,

0.

.
P.
.

C. MarBeeHnko, KaH/. TEXH. HayK, CT. Hayy. coTp., B. 0. I1aBaoB, M. Hay4. coTp.,

H. Cnanoeckuii, M. Hayd. cotp., K. H. Tomom, ma. Hayu. cotp., E. H. EHlomkuna, ri. cnelr,.,
P. T'anumeB, Hay4. cotp., M. B. Maiitama, MJ1. Hayy. coTp., A. B. 3yeB, Hayu. coTp.,

B. Kpanyxun, KaH/. TeXH. HayK, cT. Hayd. cotp., C. A. l'amkpesanase, 1-p TeXH. HayK, JUPEKTOD,

b. I'. IlyrunneB, aciupant, II. II. MajabueB, A-p TeXH. HayK, Hay4. pyKOBOAUTE/Ib NUHCTUTYTA,
MHCTUTYT CBEpXBBICOKOYACTOTHOM MOJIYIPOBOAHMKOBOMN 3JIEKTPOHUKHU Poccuiickoit akaneMun Hayk

(MCBUYIID PAH), r. Mocksa

MAKETUPOBAHMUE NMPUEMO-TNEPEAAIOLLIMX MOAYAEMN
5-MUAANMETPOBOTO AUATTA30OHA AAUH BOAH
HA BA3E OTEYECTBEHHbIX MOHOAUTHbIX UHTETPAAbHBIX CXEM

HA HUTPUAE TAAAUA

ITlocmynuna 6 pedaxyuro 16.09.2019

Paspabomana mexuono2us u320moBaeHUs MOHOAUMHbIX unmezpanvhvlx cxem (MHUC) na ocHose Humpuoa 2ainus 045 MUAAU-
Mempo60o2o OUANA30HA OAUH BOAH C HEBICULACMbIMU OMUYECKUMU KOHMAKMAMU U 0becneveHuem 00uwell 3eMau ¢ AUYe6ol CmopoHbl
kpucmaana. Ilo dannoi mexnonoeuu énepsvie 6 Poccuu paspabomansl u uzeomognensvi pad MUC pazruunoeo QyHKYUOHANbHOCO
Ha3HaveHuss OUANa3oHa OAUH 604H 5 MM, KOMOpble MO2ym Oblmb UCHOAb308AHL 045 CO30AHUSL 8bICOKOCKOPOCIMHBIX WUPOKONOAOC-
Hbix cucmem ceas3u. C ucnonvzosarnuem pazpabomannsix MUC co3danbl makemol npuemo-nepeoarouux yCmpoucme S-muiiumem -

P08020 OUana3oHa ONUH GOH.

Karoueevie caosa: Humpud eannus, MOHOAUMHAA UHmMe2PpalbHAA cXxema, npeo6pa3oeame/lb CucHala, cucmemasl CeA3U

BBenenune

Hunana3oH yactoT 57...66 I'T'u (5-MUImMMeTpOBBIi
IUANa30H JJIMH BOJIH) SIBJISIETCS HA CErOAHSILIHUMI
JIeHb CBOOOJHBIM LIMPOKOIMOJIOCHBIM pecypcoM. DTo
MO3BOJISIET PEAIM30BATh B HEM LLIMPOKOIIOJIOCHBIE BbI-
COKOCKOPOCTHBIE CUCTEMBI CBSI3U CO CKOPOCTBIO Mepe-
nayn gaHHbix Ao 10 I'éut/c. CuibHOE MOMIOLIEHUE
3JIEKTPOMAarHUTHBIX BOJH aTMOC(hEpPHBIM KUCIOPO-
noM — no 15 1b/kM B JaHHOM auana3oHe He MO3BO-
JISIeT OPraHU30BaTh CBSA3b Ha OOJIBIIINE PACCTOSIHUS, HO
yCTpaHsIeT mpooieMy MHTepdepeHIINY MeXIy CUTHa-
JJaMU OJIM3KO PACIIONOXEHHBIX CETei. DTO TaKXKe AaeT
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BO3MOXHOCTb CO3[IaBaTh KaHaJbl CITyTHUKOBOM CBSI-
3, 3allMIIEeHHbIE OT MOMeX M IepexBaTa MH(pOpMa-
LINY CO CTOPOHBI 3eMJi. Matblit pasMep JUTMHBI BOJTHBI
B 5-MWJIJTUMETPOBOM JHMAITa30He ITO3BOJISICT BCTPOUTH
B KPUCTAJIT C MUKPOCXEMOM KaK OTIeIbHBIC aHTEHHEI,
TaK 1 HeboJbIlNe aHTeHHBIE peleTk. Co3maHune oTe-
YECTBEHHON 3JIEMEHTHOM 0a3bl S5-MUJIMMETPOBOTO
JIYara3oHa IJIMH BOJIH Ha HUTPUIE TajUldsl OTKPbIBAaeT
BO3MOXHOCTHU IO peaM3alUu MajaorabapuUTHBIX BbI-
COKOTEMIIEPATYPHBIX U PagUallMOHHO-CTOMKHUX IIH-
POKOITOJIOCHBIX CBEPXCKOPOCTHBIX CUCTEM CBSI3W pa3-
JIMYHOTO Ha3HAYeHUS.




MoHoJuTHbIE HHTErpajbHbi€ CXEMbI
MHWUIMMETPOBOIO IHANA30HA AJTHH BOJIH

B pesynbrate BeimonHeHust psga HHUP nu OKP B
MCYBIIS PAH 6r11a pa3paboTraHa U BHEApPEHA TeX-
HoJyiorus usrotoBieHuss MUC Ha ocHOBe HUTpuUIA
TS TSI MAJTMMETPOBOTO JAMAIa3oHa IJIWH BOJTH
C HEBXWUTAaeMBIMA OMUYECKUMH KOHTaKTaMHU U obec-
MeYyeHreM OOllel 3eMJIM C JIMLEBOM CTOPOHBI KPUC-
Tajljla C MCIIOJb30BaHMEM OTEYECTBEHHBIX TeTepo-
crpykryp AlGaN/AIN/GaN Ha nmoajioxkax cardupa
U Kapobuaa kpeMHusi nmpousBoactsa 3A0 "Diama-Ma-
naxut'. Mcnonb3oBaHUE HEBXUTAEMbIX OMUYECKMX
KOHTAKTOB TTO3BOJIMJIO CHU3UTh YICIHbHOE KOHTAKTHOE
conpotusnenue K Al,Ga; _ ,N ¢ 0,5...0,6 Om - MM 110
0,15...0,2 OM * MM 1 COXpPaHUTh BEICOKOKAYECTBEHHbIN
pesbed KOHTAKTOB IJIs1 OCAEAYIOIINX TEXHOJOTYec-
KUx orepanuit. @opMupoBaHre MeTAITU3AIIAYT 3€MITH
C JIMLIEBOM CTOPOHBI KpHCTa/Ula 00eCIeYnao Haaex-
Hoe 3azemieHue anemMmeHToB MU C 6e3 Heobxoaumoc-
TU TpaBJIEHMSI CKBO3HBIX OTBEPCTMI B camdupe WId
Kapbuae kpemHus [1].

Ha cerogustiinunii nenp MCBYITID PAH 3aBep-
LM ONIBITHO-KOHCTPYKTOPCKYIO Pa0OTy MO CO3AaHUIO
KOMILJIEKTa O€CKOPITYCHBIX MOHOJUTHBIX MHTErpajb-
HBIX CXeM S5-MIJIJIMMETPOBOTO AMAIla30Ha UTMH BOJTH
no 3akazy MuHipomTopra Poccun. KoHCTpyKTHMBHO
Bce MUC BbINOMHEHBI B BUE KPUCTAJUIOB HA OCHOBE
HUTpUAA TaJlJIMS Ha TOJJIOXKEe camndupa B OecKop-
nycHoM ucnonHeHuu. MUC mpouuin HeoOXOAUMEIE
WUCTBITAHUS HA HAJEXXKHOCTh U OE30TKA3HOCTh U ObLIU
BKJIIOUEHBI B ceputo 5411.

ITo pesynbvratam BeintosiHeHUsT OKP Oblin yTBEpK-
neHsl TY Ha clieayiolre MOHOJIUTHBIE MHTETpaTbHbBIE
cxeMbl [2]:

— Manowymsmii ycuautens (MIITY) 5411YBO1H
6e3 anteHusl m MIIY 5411YBO1AH, unHTerpupo-
BaHHBIA C AHTEHHOW Ha OIHOM KpUCTAJIE
(AEHB.431130.293TY);

— ycunutenb MolHocTh (YM) 5411YBO02H 6e3 aH-
TeHHBI 1 YM 5411YB02AH, uHTerpupoBaHHBIA C aH-
TeHHOl Ha ogHoM Kpuctamie (AEHB.431120.294TY);

— npeobpa3oBaresib cUrHaia MpUEMHBIA
5411HCO01H (AEHB.431320.295TY), B ero cocraBe
I'VH, 6anancHbiii cMecutens 1 YITY.

ITomumo ykazaHHbIX Bbillie MUC Obutn peanuso-
BaHbI B BUIe OTACNbHbIX KprcTtainmoB MUC I'VH, 6a-
JIAaHCHBIM CMECUTETh, AaHTEHHBIM 3JIEMEHT, a TaKkKe
npueMo-Iepeaaroluii npeodpasoBareab CUrHaIA.

MUC MUY umeer ko3dduimeHT mepegadyd He
MeHee 15 nb npu kKoadpuirenTe ryma okosio 6 n1b u
Toke notpedseHust MeHee 100 MA. B pexxume 0oJbl1I0-
IO CHUTHaja B UMIMYJbCHOM PEXMME MO MUTAHUIO BbI-
xonHast momiHocTh MUC YM nocturaer 100 MmBT ripu
ToKe notpebneHus no 200 MA. JInHeiiHas BBIXOIHAS

moiHocTh paBHa 30...50 MBT. BeIxogHass MOIIHOCTb
MMUC I'VH B HenpepbiBHOM pexkuMme paBHa 30...40 MBt
npu HanpskeHuu nutanus 10 B. JIuHeiiHbIN nuana-
30H TepecTpoeHUs 4acToThl — He MeHee 2 ['T. Crekr-
pajbHas TJIOTHOCTh (Da30BBIX LIYMOB IPU OTCTPOMKE
100 kI'r cocraBnster —60 nbu/I'11, a Ipu OTCTpOITKe
1 MTI'u paBHa —90 nbH/T'11. I1pueMHBIi U MpUeMO-TIe-
penamuii mpeodpa3oBaresiu CUTHajla UMET Ko3gd-
¢uimeHT npeodbpazoBaHust He MeHee 0 n1b (TUIMYHO
5...10 1b) nmpu HanpstkeHuu nutaHus 10 B u Toke
notpedaeHuss MeHee 150 MA. BbIxogHasi MOIIHOCTb,
MoJBOAMMAsI K aHTeHHE, cocTaBisieT He MeHee 10 MBT
B HENIPEPBIBHOM pEKHME.

3KCHepHMeHTaJILHHe pe3yJIbTaThI

Bo3MoxkHbIe BapyaHTbl MCITOJb30BaHUSI KOMILIEK-
ta 5411 u gpyrux MUC 5-MUILIMMETPOBOrO AUAIA30-
Ha JJIMH BOJIH JJISI CO3[JaHUs TIePCHEKTUBHBIX CUCTEM
CBSI3M CXEMaTMYHO ITOKa3aHbl Ha puc. 1 (CM. TpeTbhiO
CTOPOHY OOJIOXKM).

CosmecTtHoe ucnonbzoBanue MUC I'VH u aHTeH-
HOTO 3JIeMEHTa TMO03BOJISIeT Peau30BaTh (PYHKIIMIO Te-
pelauyu paavocurHaia, Toraa Kak (byHKIMIO mpuema
o0ecIieyrBalOT aHTEHHBIM 3JIEeMEHT U mpeobpa3oBa-
tenb 5411HCO1H. Bo3moxHa Takke peanu3amnusi C
nomoubio MUC npueMo-nepenamiiero nmpeoopaso-
BaTeJisl CUrHaja, aHTeHHOTO 3JIeMeHTa M MaJIOLIyMsI-
wero ycunutenst 5411YBO1AH.

B 1ensx mpoBepKu BO3MOXHOCTU TPUMEHEHMS
MUC cepuun 5411 ang nmpakTU4YecKoOil peanu3zaluu
3JIEMEHTOB MPUEMO-TIEPEIAIOIINX MOIYIeH 5-MUJUIM-
METPOBOTO JAvana3oHa IJWH BOJH ObUIM M3TOTOBJIEHbI
MakKeThl MPMEMHMKA 1 nepeaaTyrmka. MakeTbl BbIOJ-
HEHBI Ha IleyaTHOM ruiaTe u3 marepuana Rogers 4350
pasmepoM 24 X 26 MM U TIpEACTaBISIOT cO0Oi TMb-
pUIHbIE cOOpKU, coaepxaiiue 6eckopnycHeie MUC.
B cocraB nepenarunka BxoasaT MUC aHTeHHOro sJe-
meHta 1 MUC T'YH. B cocraB mpueMHMKa BXOISIT
MMUC anteHHoro sneMeHTa 1 MUC npuemMHOro npe-
o6pazosarens curHana 541 1HCOIH. Kpucranabl MOH-
TUPOBAJIM Ha IJIaThl METOIOM MPUKICHKU U pa3BapKu
(puc. 2, CM. TPETbIO CTOPOHY OOJIOXKKI).

ITonyyeHHbIE MaKeTbl ObUIM MPOTECTUPOBAHDI
COBMECTHO, UMMTUPYS PaAVOIUMHUIO CBS3U, & UMEH-
HO: CUTHaJ ¢ MakeTa Iepenaryvka MPUHUMal MakKeT
MpUEeMHUKA M TIOC/Ie Mpeodpa3oBaHUs Ha MPOMEXKY-
touHyto yactoty (ITH) ero ¢uxkcupoBan aHaauzaTop
crexkTpa. B JaHHOM 2KCIiepuMMeHTe MPOTIKEHHOCTD
pamuoiuHuM Oblia orpanmdeHa 120 cMm, 4To OBLIO
00yCJIOBJIEHO pa3dMepoM JabdopaTopHoro ctoia. Ilpu
5TOM aHaJIM3aTop CHEKTpa AETEKTUPOBaJ CUTHAI C
MOIIHOCTbIO —54 n1BbM (puc. 3, cM. TpeThlO CTOPOHY
0010kKH1). BbII0 TakKe MPOKOHTPOJIMPOBAHO BIIMUS -
Hue HanpspkeHus: ynpapiaeHust ['YH oboux MakeToB
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Fig. 4. The measured dependences of the tuning range and EIRP of the transmitter prototype

Ha 4acToTy BbIXomHoro curHana ITYH. DddekTrnBHas
M30TPOIHO M3ny4yaeMasi MoliHocTh (DMMMM) nepena-
IOIIETO MaKeTa 1o pe3yJibTaTaM U3MepeHUl cocTaBuia
12...15 nbMm. U3mepenust DUUMM OblIM poBeAeHBI B
J1abopaTOPHbLIX YCJIOBUSX BHE O€33X0BOM KaMephl. 3a-
BUCHMOCTHU Auana3oHa mnepectpoeHus u UM ma-
KeTa TiepeaTdiKa B TMOPUIHOM WCIIONTHEHWH OT Ha-
MpsDKeHWs yIpaBieHUs TpUBeaeHbl Ha puc. 4.

Pe3ynbTaThl 9KCIIepuMeHTa HATJISIHO AEMOHCTPH-
PYIOT HE TOJBKO pabOTOCIIOCOOHOCTH MOJYYEHHBIX
MaKeTOB, HO M BO3MOXHOCTb IIPUMEHEHUS B 5-MUJI-
JIMMETPOBOM AMana3oHe IJUH BOJH IIUPOKO PacIpo-
CTPaHEHHOTO Ha OTEUECTBEHHBIX TTPEATTPUATHIX CTIO-
coba MOHTaxa KpUCTAJIOB, YTO HEMaJOBa>KHO [JIs
MPOU3BOJICTBA.

ITo pexomeHpauusiM MexXayHaApOOHOIO COIO3a
anekrpocBsa3u ITU-R P.525-2 ocnabiaeHue B cBOOOI-
HOM MPOCTPAHCTBE MEXIY U30TPOIHBIMM aHTEHHAMU
Lbf Ha 4yacToTe f W pacCTosiHUM d 1ejiecooOpa3Ho
pacCUMTHIBATh CAEAYIOIIMM 00pa3oM:

Ly = 32,4 + 201g(/) + 201g(d). (1)

CornacHo BbIpaxeHuio (1) ocimabieHne B CBO-
6omHOM ITpocTpaHCcTBe Ha yacTore 65 I'T'1 cocrasnser
70 n1b Ha paccrossHuu 120 cm, 82 a1b Ha paccrosHUU
5 m u 88 n1b Ha paccTosgaum 10 M. DTO TTO3BOISIET IATh
rpy0OyI0 OLIEHKY TpeAeIbHON NalbHOCTU CBSI3U MEXIY
paccMarpuBaeMbIMU MakeTaMu B 5...10 M. Takas najb-
HOCTb SIBJISIETCSI BIIOJIHE NOCTAaTOYHOM, HampuMmep, B
CHCTeMax CBSI3U MHTepHeTa "Belleit”.

IIponokeHreM TaHHOI pabOTHI CTajd0 OObEIUHE-
Hue Tpeobpas3oBaTesisi CUTHajla Ha OJHOM KpUCTajlie
BMeCTe ¢ IIpUEeMHOI U nepenaronieit anreHHaMu. [1pe-
obpazoBatesb curHana coctout u3d I'YH, 6anaHcHoro
cmecureniss 1 MIITY Ha Bxone Beicokoit yacToTsl (BY).
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[ns mprema v rnepenadyu UCMOJIb3yeTCsl OAUH U TOT Ke
I'VH, curhan ¢ xoTtoporo yepe3 AeluTeIb IOCTyIIaeT
Ha Mepenarollylo aHTeHHY U Ha TeTepOAMHHbIN BXOJ
cmecutens. I1pu npoekTupoBaHUM ObLUIM UCIIOJIb30Ba-
Hbl 3apEKOMEH/IOBABIIIME CE0sI CXeMOTeXHUYECKHe U
TOIOJIOrnYecKue peleHust cepuun 5411. Pesynbratom
maHHou pabotel cram MUC, nmoka3zaHHBIE Ha puc. 5.
Pasmep kpucranna coctasnsget 4,0 X 2,4 mm. JlaHHbIe
MMUC 6buIH TaKKe YCIEIIHO OonmpoOOBaHbI B COCTaBe
MakeTOB OIHOKPUCTAJbHBIX IpHEMO-TIepeaalolnx
YCTPOMCTB, TTOKa3aHHBIX Ha puc. 6. MaKeThl BBITION-
HEeHBI Ha MevyaTHOM TiaTe U3 Marepuaiia Rogers 4350
pasMepoM 35 X 25 MM. MOHTaX KpUCTaJJIOB OCYILECT-
BJIEH METOAOM IIpUKJIeiKu U pa3Bapku. DUNUM ma-
KeToB gocTturaet 12 nbwm.

Hackonbko HaM M3BECTHO, MpeoOpa3oBaTeId CUT-
Hajla S-MWIJIMMETPOBOIO auarna3oHa JIJMH BOJH CO
BCTPOEHHBIMU aHTEeHHAMM Ha TeTepOCTPYKTYpax HUT-

Puc. 5. @ororpadus KpucTajia npueMo-nepeaaoiero npeoopaso-
BaTeJisl CHTHAJIA CO BCTPOEHHBIMH AHTEHHAMH

Fig. 5. Photo of the chip of transmit-receive signal converter with built-

in antennas




Puc. 6. ®otorpadus MakeTa 0JHOKPHCTAJILHOTO NMPHEMO-TNIepeaaro-
1Iero yCTpoicTaa

Fig. 6. Photo of the single-chip transmit-receive prototype

pua rajiids Ha candupe ObLIU U3TOTOBJIEHBI BIIEPBbIE
B Mupe. 3a pyoexkoM paboThl 110 CO3MAHUIO MPUEMO-
nepenatoiux moayiei (ITIM) S5-munaumeTpoBoOro
Jrara3oHa JUIMH BOJH BBITIOTHSIIOTCS Ha OCHOBE TaAKMX
Matepuainon, Kak Si, SiGe, GaAs [3—9]. ITo pe3yib-
TaTaM padoOThl OBLIO IIOJYYEHO MSATh CBUAETEIBLCTB O
roCyJIapCTBEHHOU perucTpaluy TOIOJOTMU MHTET-
panbHOI MUKpocxeMbl [10—14].

3akioueHue

B xone paboThl Ha OCHOBE MOHOJUTHBIX WHTEr-
paJIbHBIX CXEM S5-MUJLJIMMETPOBOrO Auaria3oHa JJIWH
BosiH npousBoacta MCBYIID PAH 6butn pa3pabo-
TaHbl, U3TOTOBJEHBI W HCCJEIOBaHbl MaKeThl Y3JI0B
IpueMo-Iepeaalolnux Moayieit. PaborocrnocodHOCTD
MaKeTOB MOATBEePXKIeHa 3KCTIepUMeHTaIbHO. 3a(UK-
CUpPOBaHO 3HauYeHUEe 3(HEKTUBHONA U30TPOITHO U3ITY-
yaeMoii MoIIHOCTM Ha ypoBHe mo +15 nbwm. Ilpe-
JieJbHasl NaJIbHOCTb CBSI3U MEXIY MCCIeIOBAaHHBIMU
MakeTamu oleHuBaeTcsl B 5...10 M. PaccMoTpeHHbIe
MOHOJIUTHbIE MHTErPaIbHbIE CXEMbl MOTYT MOCIYKUTb
OCHOBO JJIs1 CO3/1aHUs MEePCIEKTUBHBIX paiualliOH-
HO CTOWKHX IIMPOKOIIOJOCHBIX CBEPXCKOPOCTHBIX
CHUCTEM CBSI3U.

Paboma evinosnena npu ¢unancoeoi noddepiicke
epanma PODU Ne 19-07-00683 A.
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A gallium nitride based technology with non-alloyed ohmic contacts and face-side ground metal was developed and implemented.
Using this technology, several V-band MMICs of different functionality have been designed and manufactured on Al,03 substrates
Jor the first time in Russian Federation. Among them there are LNA, PA, VCO, mixer, downconverter (consisting of VCO, mixer
and IF amplifier), as well as transmit/receive converter with on-chip transmit and receive antennas. Using these MM1Cs some work-
ing prototypes of transmit, receive and transmit/receive units were assembled and evaluated. "Hybrid"-style prototypes consist of
patch antenna chip with either VCO chip (TX) or downconverter chip (RX). "Monolitic "-style prototypes consist of single-chip trans-
mit/receive converter with two on-chip antennas. Both types of prototypes were assembled on PCBs with size as much as 24 X 26 mm
and 35 X 25 mm. Laboratory tests demonstrated operability of both kinds of prototypes. Measured EIRP of prototypes reached 15 dBm.
Length of radio link between prototypes during tests was limited to 120 cm due to free space availability and convenience to place
prototypes. Maximum radio link length for given prototypes is estimated to be no more than 5— 10 meters. These MMICs can become

a basis to construct wide-band high-speed communication systems.

As far as authors know this is the first time AlGaN/GaN/Al,03 V-band transmit-receive single chip MMIC with on-chip an-
tennas is reported.

Keywords: gallium nitride, monolithic integrated circuit, signal converter, communication systems
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Introduction closely located networks. It also makes it possible to
create satellite communication channels protected
from jamming and interception of information from the
Earth. A small size of the wavelength in the 5-millim-
eter range allows to integrate into a MMIC chip either

single antenna or small antenna array. Development of

The frequency band of 57...66 GHz (5-millimeter
band of the wavelengths) is a free broadband resource
today. It allows to realize in it the broadband high-
speed communication systems with the data transmis-
sion speed up to 10 Gbit/s. A strong absorption of the

electromagnetic waves in the atmospheric oxygen — up
to 15 dB/km in this range does not allow to organize
communication at long distances, but it solves the
problem of interference between the signals from the
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domestic V-band gallium nitride components opens
opportunities for realization of small-sized high-tem-
perature and radiation-resistant broadband superfast
various-purpose communication systems.




Monolithic integrated circuits
of the millimeter range of wavelengths

As a result of research and development works
ISChVPE of RAS developed and introduced tech-
niques for manufacturing of MMIC on the basis of gal-
lium nitride for the millimeter range of the wavelengths
with non-alloyed ohmic contacts and face-side ground
metal with the use of the domestic HEMT heter-
ostructures of AlIGaN/AIN/GaN on the substrates of
sapphire and carbide of silicon from Elma-Malakhit
Co. Use of non-alloyed ohmic contacts allowed us to
reduce the specific contact resistance to Al Ga; _ N
from 0.5...0.6 Q- mm down to 0.15...0.2 Q- mm and
preserve high-quality relief of the contacts for the sub-
sequent technological operations. Formation of face-
side ground metallization gave us a chance to ensure a
reliable grounding for the MMIC elements without a
necessity for etching of via holes in the sapphire or car-
bide of silicon [1].

Now ISVChPE of RAS has already finished devel-
opment of a set of packageless monolithic integrated
circuits of the 5-millimeter range of wavelengths to the
order of Minpromtorg of Russia. Structurally all MIC
are made in the form of dies on the basis of gallium ni-
tride on a sapphire substrate in the a packageless ver-
sion. MMIC have passed the necessary tests for a fail-
safe and non-failure operation and were included in the
series of 5411.

By the results of the research and development
works the following technical requirements to the mon-
olithic integrated circuits were approved [2]:

— 5411UVO1IN low-noise amplifier (LNA) without
antenna and 5411UV0O1AN LNA with on-chip antenna
(AEHB.431130.293TY);

— 5411UV02N power amplifier (PA) without an-
tenna and 5411UV02AN PA with on-chip antenna
(AENV.431120.294TU);

— 5411NSOIN (AENV.431320.295TU) receiving
signal converter composed of VCO, balanced mixer,
IFA.

Besides the MMICs mentioned above, the VCO
balanced mixer, an antenna element and also the trans-
mit-receive signal converter MMICs were realized in
the form of separate dies.

LNA has a transmission coefficient not less than
15 dB with the noise figure of about 6 dB and current
consumption less than 100 mA. In large signal mode
with pulsed power supply the output power of PA reaches
100 mW at the consumption current up to 200 mA. The
linear output power equals to 30...50 mW. The output
power of VCO in the continuous mode is equal to
30...40 mW at the supply voltage of 10 V. The linear
tuning range is not less than 2 GHz. The spectral den-
sity of the phase noise at 100 kHz offset is 60 dBc/Hz,

equals to 90 dBc/Hz at 1 MHz offset. The receive and
transmit-receive signal converters have the conversion
gain not less than 0 dB (5...10 dB typically) at the sup-
ply voltage of 10 V and the consumption current less
than 150 mA. The output power delivered to the an-
tenna is not less than 10 mW in the continuous mode.

Experimental results

Possible ways for use of 5411 set and other V-band
MMICs for creation of perspective communication
systems are schematically presented in fig. 1 (see the
3-rd side of cover).

Simultaneous use of VCO MMIC and antenna ele-
ment allows us to realize the function of transmission of
a radio signal, whereas the function of receiving is en-
sured by the antenna element and 5411NSOIN con-
verter. Combined use of a transmit-receive signal con-
verter MMIC, an antenna element and 5411UV01AN
low-noise amplifier is also possible.

For checking of the feasibility of application of MIC
of 5411series for a practical realization of the elements
of V-band transmit-receive modules prototypes of the
receiver and of the transmitter were manufactured.
They were assembled on Rogers 4350 printed circuit
board, with size of 24 X 26 mm, and they were hybrid
assemblies containing packageless MMICs. The trans-
mitter incorporated the antenna element and VCO.
The receiver consisted of the antenna element and
5411NSO1IN receiving signal converter. The dies were
mounted on the boards by the method of gluing and
wire bonding (fig. 2, see the 3-rd side of cover).

The manufactured prototypes were tested jointly,
imitating a radio communication line, namely: a signal
from the transmitter prototype was received by the re-
ceiver prototype and after its conversion to the inter-
mediate frequency (IF) it was detected by a spectrum
analyzer. In this experiment the length of the radio line
was limited to 120 cm because of the size of the labo-
ratory table. In this case the spectrum analyzer detected
a signal with a power of —54 dBm (fig. 3). The influence
of the tuning voltage of VCO of both prototypes on the
frequency of the output IF signal was also checked. The
measured effective isotropic radiated power (EIRP) of
the transmitting prototype was 12...15 dBm. Measure-
ments of EIRP were taken in laboratory conditions
without anechoic camera. The dependences of the tun-
ing range and EIRP of the transmitter prototype in its
hybrid version are presented in fig. 4.

The results of the experiment demonstrate clearly
not only operability of the received models, but also ap-
propriateness for V-band of die mounting method,
widespread at the domestic enterprises, which is impor-
tant for the production.
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According to ITU-R P.525-2 recommendations of
the International Telecommunication Union it is ad-
visable to calculate attenuation in the free space Ly, be-
tween isotropic antennas at frequency f and distance d
in the following way:

Lyr= 32,4 + 201g(f) + 201g(d). (1)

According to the expression (1) attenuation in the
free space at frequency of 65 GHz is 70 dB at the dis-
tance of 120 cm, 82 dB — at the distance of 5 m and
88 dB — at the distance of 10 m. This allows us to make
a rough estimation of the limit range of communication
between the considered prototypes as 5...10 m. Such a
range is quite sufficient, for example, for IoT commu-
nication systems.

This work was continued as signal converter with
built-in receiving and transmitting antennas. The signal
converter consists of VCO, a balanced mixer and LNA
at the input of high frequency (HF). For receiving and
transmitting the same VCO is used, a signal from which
through the divider comes to the transmitting antenna
and the heterodyne input of the mixer. During design-
ing the proved circuitry and topological solutions of
5411 series were used. The result of this work were is
shown in fig. 5. The chip size is 4.0 X 2.4 mm. These
MMICs were also successfully tested as prototypes of
the single-chip transmit-receive devices shown in fig. 6.
The prototypes were assembled on Rogers 4350 printed
circuit board, with the size of 35 X 25 mm. The dies
were mounted by the method of gluing and wire bond-
ing. EIRP of the prototypes reached 12 dBm.

As far as we know, V-band signal converters with the
built-in antennas on gallium nitride heterostructures on
sapphire were manufactured for the first time in the
world. Abroad the works on development of V-band
transmit-receive modules (TRM) are conducted on the
basis of such materials as Si, SiGe, and GaAs [3—9]. As
a result of the work five certificates were received on the
state registration of the topology of an integrated circuit
[10—14].

Conclusion

During the work, on the basis of V-band monolithic
integrated circuits ISVChPE, RAS, prototypes of the
parts of transmit-receive modules were developed,
manufactured and investigated. Operability of the pro-
totypes was confirmed experimentally. The measured
value of the effective isotropic radiated power was up to
+15 dBm. The limit range of communication between
the studied prototypes was estimated as 5...10 m. The
considered monolithic integrated circuits can serve as a
basis for development of perspective radiation-resistant
broadband superfast communication systems.
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IIposedenst pabomosl no co30anuio 6a3060U mexHoA02UU hopmuposaHus Kybuueckozo kapouda kpemuus (3C-SiC) Ha naac-
muHax Kpemuus (Si) 6 niasme 6bICOKOUACMOMHBIX, 8bICOKOHACMOMHBIX UHOYKYUOHHBIX U CBEPXBbICOKOUACOMHBIX PA3PAA08 DU
HU3Kom daenenuu. Yecmanoseaeno, ymo npouyecc gopmuposarus croee 3C-SiC na Si dondcer 6bimb MHO20CMAOUUHBIM, HO UH-
meepupo8aHHbiM, m. e. 00HA cmadus 00ANCHA C1e008amb 3a OpY2oll Oe3 pa3eakKyyMupo8anus pabouel Kamepbsl, MmoabkKo usmeHe-
HUeM pedcumos, 2a306bix cped u nodauell anekmpu4eckoeo cmeujenus. Ilpeonoxcenvr mexnonoeuueckue cmecu: Siky + CFy + Ar;
SiF, + CH, + Ar. Yemanoeneno, yumo wemoipexuacosas obpabomia é BYHU paspsade nozeonsem moduguyupoeamo kpemmuesyro (Si)
naacmury moawurou 375 mxkm 6 kapouo kpemnus (3C-SiC) na écto moawuny. Caedyem ommemumo, Ymo npu 3mMom nAACHMUHA
VMOHANACH HA MAKCUMANbHYI0 moaujury 120 mxm. B npednrazaemvix naazmenHvix memodax ghopmuposarus 3C-SiC na Si mem-
nepamyput He npesviuianu 800 °C. Crou 3C-SiC mocym 6bimb UCNO0Ab308aHYL 0451 CO30AHUSL MOUWHBIX HUMPUOHBIX npubopos 6 CBY
duanazone, cCUa08bIX NPUOOPOE U Opyeux U30eaul INeKMpPOHHOU MEXHUKU.

Karoueevie caoea: kyouueckuii kapoud kpemmuus, kpemuui, PECVD npouecc, kapboudusauus, mpasienue, oHucmea, caol,

naacmura

Beenenune

B HacTostiiee BpeMsl akTyallbHbI BOIIPOCHI LIIMPO-
KOTO HCTIOJIb30BAaHUSI B IPOMBIIIJICHHOCTH IIHPOKO-
30HHBIX TOJYIIPOBOJIHUKOB, OJHUM M3 KOTOPKIX SIB-
JIIeTC KapOuI KpeMHHS, HO TIPUMEHSIEMBIC CEeTOIHS
rekcaroHajabHble nonutunsl (4H u 6H) poporu. Ilo-
5TOMY BBIpaIlIMBaHME Ha KPEMHUN KYyOMUECKOTO TIOJIH-
tuna 3C-SiC 3HauYUTENIbHO CHUXXAET CTOMMOCTh TAKMX
miactiH — 3C-SiC Ha Si, 1a oH 1 60J1ee TEXHOJOTH-
YyeH — He TpeObyeTcsl MEeHATh CYIIECTBYIOLIME Mapll-
DPYTBI U3TOTOBJIEHUSI TPUOOPOB, & HEOOXOAMMO TOJBKO
J00aBUTh B HauaJle MapLIpyTa OJHY OIepaliio — Bbl-
pamuBanue 3C-SiC cios TpeOyeMoil TOMIIMHBI, a Ha
BBIXOJIE — KAY€CTBEHHO APYrue npubopbl — TEPMO-
CTOMKHWE, paguallMOHHO ycToWuuBbIe. B HacTosiei
paboTe clefaHa MOMNbITKA pa3pabOTKU MPUHLIMITUATIb-
HO HOBOH IUTa3MEHHOM TEXHOJOTHH (POPMUPOBAHMS
cioeB 3C-SiC Ha Si B oT/iMyMe OT TEPMUYECKUX Me-
topoB. Ham ynanock cpopmuposats cinoun 3C-SiC npu
Temrneparypax, He npebiuatommx 800 °C u Hmxe —

MOJOTrPeB OCYILECTBISIETCSI cCaMOl TIJ1a3MOI U OTYaCTH
CBY nonem. Hamu paccMOTpeHbI T1a3MBbl TPEX pas-
pSIIOB — TPaIMUMOHHOTO Bbicoko4yacToTHOro (BY)
paspsima B IUMOmHOM cucTeMme (wactoTa 13,56 MIm),
BbICOKOUYACTOTHOrO UHAYyKLIMOHHOTO (BUW), KOMOM-
Hauuu BY nuonHoro u BY MHIyKIIMOHHOTO, a TakXe
cBepxBbicokoyactoTHoro (CBY) paspsina (2,45 I'Tu) ¢
MarHuTHbIM mojieM (DUP — saeKTpOHHBIA LUKIIO-
TPOHHBIN pe3oHaHC). Huke MBI pacCMOTPUM HEKO-
TOpble OCOOEHHOCTH IJIa3Mbl 3TUX Pa3psIoB U MOJY-
YeHHBIC SKCIIEPUMEHTAbHBIC PE3yIbTaThI.

OcBoeHME IHUPOKO3OHHBIX MaTepuaaoB, IpexkKie
Bcero kapouaa kpeMHust (nanee — SiC) U HUTPUIOB
TPETbEU TPYIIIbl, CTAHOBUTCS OJHUM M3 IJIABHBIX Ha-
MpaBjieHUN pa3BUTUSI COBPEMEHHON TMOJYITPOBOIHM-
KOBOH 3JIEKTPOHUKH.

Cnocoon1 opmupoBanns SiC na Si

Ha ocHoBe aHaiu3a MPOrHO30B BEAYIIUX CIIELIMA-
JINCTOB B 00JIACTU TOJYIIPOBOIHUKOBOM 3JIEKTPOHU-
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KM, TIpEe3eHTalMid BeAylunX prpM Ha KOH(PEPEHIUSIX U
aHajM3a XypHaJbHBIX CTaTeil clejaH OOlIenpu3HaH-
HBII BBIBOJ O TOM, YTO MTOTEHIIMAIbHBIE BOSMOKHOCTH
MTOJTYTIPOBOIHUKOBEIX MaTepHUalloB — KPEeMHUS W ap-
CEeHUAA TaJUIMSI MPAKTUYECKU MOJHOCThIO MCUEpIIaHbl.
IIporpecc B obnactu pa3paboOTOK IPHUOOPOB HOBOTO
MTOKOJICHHUSI CBSI3aH C COBEPIIEHCTBOBAHMEM TEXHOJIO-
MU TIpUOOPOB Ha IMIMPOKO30HHBIX MTOJTYITPOBOIHUKAX
(SiC, GaN, anma3 u ap.). C TeXHOJIOTMYECKUM OCBO-
€HHeM JJaHHOTO KJlacca MaTepMuaioB CBSI3aHbl OXKIa-
HUS B CO3IaHMU HOBOIO MOKOJIEHUSI MPUOOPOB IS
BBICOKOTEMIIEPATYPHOIl CUJIOBOM M BBICOKOYACTOT-
HO# 2JIGKTPOHUKM, MPOABMKEHUE TMOTYIIPOBOAHUKO-
BOI OTITO3JIEKTPOHMKH B KOPOTKOBOJTHOBYIO YacTh B -
JIIMUMOTO U OJIMDKHETO YIbTpachHOoJeTOBOTO TMANa30HOB

CIEKTpa.
YuukansHble cBolicTBa SiC:
— OoyiplIag  IIMpWHA  3alpellleHHOW  30HBI

(2,3...3,3 3B a9 pa3snUUHBIX TTOJUTUITHBIX (DOPM);

— Ype3BbIYAHO BBICOKOE KPUTUYECKOE IoJIie Jia-
BUHHOrO 1podos (2...5 MmB/cm);

— TEIUIONPOBOAHOCTh (Agic = 3...5 Bt/(cMm - K)),
MIPEBOCXOSIIAs TP KOMHATHOM TeMIlepaType TeIUIo-
MMPOBOJIHOCTb MEJIU.

Bce ato ctaBut SiC B psn Hauboliee IepCIeKTHB-
HBIX MaTepuajoB BbICOKOTEMIIEpAaTypHOI, paaualiu-
OHHO CTOMKOI M CUJIOBOI 3JIeKTpOHMKHU [1].

IMonnoxxku SiC B MUPOBOI MpPaKTUKE UCIIOIb3YIOT
B OCHOBHOM IpHU pa3pabOTKe OTHEIbHBIX MPHUOOpPOB
BOEHHOTO U CITelIMaJbHOTO Ha3HAYeHUsI, Te Mpedb-
SIBJISIIOTCSI 0CO00 XeCTKHEe TpeOOBaHUS B COUETAHUM C
BBICOKMM ObICTpoOIeiicTBUEM. MaccoBoe MpUMEHEHHE
KapOMAOKPEMHUEBBIX U3AEIUIN 3JIEKTPOHHOU KOMIIO-
HeHTHOI 0a3nl (manee DKDB) coepxkmBaeTcsl BHICOKOM
crouMocThio Togioxkek SiC. IToatoMmy paspaboTka
nytei cHuxkeHust croumoct OKb Ha ocHoBe SiC sB-
JIsieTcsl aKkTyajJbHOUM mpobGiemoit. B Poccum ata mpo-
Osiema CTOMT HauboJiee OCTPO, YTO OOYCIOBICHO He-
00XOIMMOCTbIO UMITOPTO3aMEILIEHUSI TOPOTUX TOMJIO-
xeK (pupmbl CREE (CIIIA), Ha mocTaBKy KOTOPBIX B
Poccuiickyo @enepanuio HajloxeHo sMbapro. Cre-
JIOBaTeJIbHO, pa3paboTKa 3KOHOMUYECKU 3(PPeKTUB-
HOI TeXHOJOrMM (OPMUPOBAHUSI CTPYKTYp "KapOun
KpPeMHUS Ha KPEMHUM'"' SIBIIIETCS TTEPCIIEKTUBHBIM pe-
IIEHUEM YKa3aHHON MpPoOJeMbl, MOSBITCS TEXHUKO-
9KOHOMMWYECKUE YCIOBUS ISl MPOBEACHMST MacCIlITa0-
HBIX pa3pabOTOK pagualiMOHHO cTOMKUX usaenuii CBY
OKb u ux BHeApeHUs B IEPCIIEKTUBHbIE 00pa3Libl U3-
JeJUi pa3IMyHOro Ha3HayYeHUs.

Cy1iecTByeT MHOTO pa3jIMYHBIX CIIOCO00B hopMm-
poBaHust SiC Ha Si, B ocHoBHOM 3T0 mojutui 3C-SiC
Kak Ha IMOJC0sX, TaK U 0e3 MOJCI0eB ¢ NCIOIb30Ba-
HUEM Pa3IMYHbIX I'a30BbIX CUCTEM B KaueCTBE MCTOU-
HukoB Si u C, ¢ mpuMeHEeHNEeM B KaueCTBE UCTOUHM-
ka Si camoit momnoxku. Hampumep, B dusnko-tex-
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HuyeckoM nHcTUTyTe UM. A. @. Uodde paspaboran
0e30y(depHbIii MEeTOA BbIpalllMBaHUS MOHOKPHUCTAJ-
Jmyeckoro Kyondeckoro SiC Ha Si momioxkKax U3 Mo-
HocuJaHa U TpuxjopatuieHa npu Si/C = 1 Ha cTaH-
JTapTHOM O0OpPYAOBaHMHU C KBaplIEBOI OCHACTKOM IS
MOJIyUeHUs] 3TMUTAKCUAJIbHBIX CJI0eB KpeMHus [2],
T. e. B cpene SiH, + C,HCI; + H, npu temneparype
1050...1250 °C. IIpouecc MHOroCTaguHHBIA — IIpe-
JyCMaTpYBaIOILIMIA IMPOrpeB Si-MOAI0XKHU B aTMoche-
pe Bomopoaa npu atMoc(hepHOM AAaBJICHUU B TEUEHUE
10 MuH. DTOMY MpeallIecTBOBAla €lle U MePeKHUCHO-
aMMUayHasi OTMbIBKA U MPOAYBKA BOIOPOJOM B Teue-
Hue 1 4 mpu pacxone nocienHero 76 i/muH. Ilocie
10 MUH BBIIEPXUBAHUS B IMOTOKE BOAOPOIA ITPOBO-
JUJIM OTepalldio TPaBJI€HUSI B XJOPUCTOM BOIOPOJE
npu Temnepatype 1000 °C. 3aTtem npexkpaiiiaim nogady
HCI, nmosbimanu temneparypy Ao 1050 °C u TonbKo
nocjie atoro noaaBaau MoHocwiaH (0,03 n/MuH) u
MOTOK TPUXJIOPITUJIEHA (CKOPOCTh MOTOKA BOAOPOA
yepe3 6apooTep ¢ TPUXIOpaITIIIeHOM Obita 0,3 11/MUH).
B kauecTBe raza-HocuTessl peareHTOB MCIOJIb30BaIU
BOIOPOJ (CKOpOCTh moToka 87 n/mMuH). Kak BuguMm,
BCE€ JIOBOJIBHO CJIOXHO.

Boipainusanue 3C-SiC Ha Si npoBoauiu Ha miac-
tuHax KJ/Ib-10 ¢ opuentauuei (100) u (111).

Mpbl Tak TTOAPOOHO OMUCAIK 3TOT CIMOCOO TOJBKO
MOTOMY, YTO B 3TOI paboTe MpeuiokeH (CKopee BCero
BIIEPBBIE, aBTOp HE pacliojlaracT 6ojee paHHel WMH-
(opmanyeit) MHTErpUpPOBaHHBIN CIIOCOO BhbIpalUBA-
Hus cinoeB 3C-SiC Ha Si, cocTosimii 13 HECKOIbKIX
CcTaauil. DTO MEePEKIMKAECTCS C HAIUMU SKCIIEPUMEH-
TaMM, O KOTOPBIX MIOMAET peub HIXKeE.

CreqyeT OTMETUTbh MHTEPECHBIN CIOCOO caMoopra-
Hugytouleics: aHaotakimuu MoHo3C-SiC Ha Si noa-
soxke [3]. IIpouecc mpooast B BY nosie B nuamasoHe
temmnepatyp 1360...1380 °C B notoke Bonopona (H,)
0,3...0,5 n1/MuH ¢ 30HOIi U3 rpaduTa, rae oOpa3yTCs
neryune coenuHenus CH,, KoTopele nepeHocarcs Ha
Si-momnoxky. MctounukoM Si gBisieTcsl cama IOJ-
JIOXKa. DTo Bce 0e30ydepHbIe criocodonl. Heobxomumo
paccMOTpeTb U MeTolbl ¢ (DOPMUPOBAHUEM IIPOME-
JKyTOYHOTO TOPUCTOTO CJIOS IJIT MUHUMU3AIUKA Me-
XaHW4YecKux HanpsbkeHuit mexay ciaoem 3C-SiC u S,
BO3HMKAIOIINX BCJEACTBUE PACCOINIACOBAHUS TIEPUO-
IoB pemeTok (~20 %) W pasnmuuus TeMmIlepaTypHBIX
KO3(pDULIMEHTOB TMHEHHOTO paciupeHus (~8 %) [4].
B sr1o0ii pabote paccMmaTpuBaiu Tpu Tuia OydepHbIX
CJIOeB:

— KapOuauzauusi MOBEPXHOCTU KPEeMHMSI B yrIJjie-
pormoconaepxkallei riaa3Me IMpu TeMIepaTypax mopsaKa
1300 °C;

— HAHONOPUCTBIA KPEMHUMA;

— KapOUIM3UPOBAHHbBIN HAHOTIOPUCTBIN KPEMHUIA.

ABTOp pabOThl YTBEpPXKIAaeT, UTO MMWHUMAaJIbHBIN
YPOBEHb MEXaHUYECKUX HampsDKeHUH B CTPYKTypax




3C-SiC/Si MmoxeT OBITh JOCTUTHYT TIPY MCITOJIb30Ba-
HUU MOMIOXEK ¢ Oy(hepHbIM CI0eM M3 HAHOMOPHUC-
TOT'0 KPEMHUS TIPU TIPOBEISHUH TIpollecca B MHTEpBa-
se remneparyp 1350...1370 °C.

Hna cosmanust rerepoctpykryp n-3C-SiC/p-Si ¢
VIAYIIICHHBIMU 3JIEKTPOGU3NIECKUMUI XapaKTePUCTH -
KaMM{ HEOOXOOMMO MCIIOJb30BaTh B KauyecTBe Oydep-
HOTO CJTOST KapOMIU3NPOBaHHEIN HAHOTTOPUCTHIN KpeM-
HUii [4].

OrurakcuanbHbie cion 3C-SiC dopmupoBainch
13 PeaKkLIMOHHBIX ra3oB (5 %-Hblit pactBop CsHg (1po-
naH) B H,) u (5 %-nulit pactBop SiH, (MoHOCHIaH)
B Ar), B KaueCTBE TPAHCIIOPTHOI'O ra3a UCIOJIb30BaI1
sogopon (H,), mpourenmmit GUHULIHYIO OYMCTKY.
PaznenpHas mogaya MOHOCHIIaHA U ITPOITaHa MTO3BOJIS-
Jla BapbupoBaTh cooTHoleHue Si/C B ra3oBoil ¢ase.

IMonuepkHem, yTto pocT 3C-SiC ocylIecTBISLICS
py aTMOCc(epHOM ITaBICHNU B IUala30He TeMIIepa-
typ 1100...1390 °C, 66u1n nonyueHs! ciaou 3C-SiC Ha
Si tonmmnoi 0,5...3,0 MKM 0e3 BKJIIOUEHUIN IPYrux
MMOJINTUIIOB [4].

AHajormyHele ra3oBbie cmecu gy pocta 3C-SiC
ObLIM MCHOJb30BaHbI B padboTe [5].

B pa6Gotax [6] u [7] onmcaH crmocod ¢hopMupoBa-
HHUs TIPOMEXYTOYHOTO TIOPMCTOTO CJIOSI B IIpoliecce
pocta 3C-SiC Ha Si. IIponecc anmmTakcuajIbHOTO poc-
Ta MPOBOAUIICS MexXay Si IIacCTMHBI U ra30Boil (hazoit
(CO) npu HarpeBaHuu g0 1100...1400 °C u naBiaeHuu
P = 10...300 Pa. IIpoiecc mpoTeKaeT IO CIeaYIOIei
peaKkInu:

2Si + CO — SiC{ + SiO7T.

B sr10ii1 peakuum omHa Monekyna SiC obpasyeTcs
BMECTO JIByX aTOMOB Si, TaK KaK OfAWH aToM Si yaasi-
eTcsl U3 CUCTeMbl BMecTe ¢ razoM SiO, TakuM obOpa-

Puc. 1. Cxema BU mMakeTHO# yCTaHOBKH
Fig. 1. Circuit of the HF model installation
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Puc. 2. Cxema BUU n BUU + BY mMakeTHO# yCTAHOBKH
Fig. 2. Circuit of the HFI and HFI + HF model installations

30M 00pa3yroTcs Mopel B Si ruiacTuHe. MeToa Xopoll
BCEM, TOJBKO MPOTEKAeT MPU JOCTATOYHO BBICOKUX
TeMIepaTypax U UMeeT CaMOOTPaHWYEHHE 1O TOJIIIIH-
He — He 6osee 100 HM. DTO IPOMCXOAUT MOTOMY, YTO
ucnoab3yercs 1ud@y3rMOHHBIM CIIOCOO JOCTaBKMU YI-
Jiepojila K MeCTy peakLMu 4epe3 yxe chopMHUpOBaH-
Hbli cioit 3C-SiC 1 mogHUMATh TeMIepaTypy CBHILLIE
1400 °C pnsg mHTeHCMpUKAIMK IIpoliecca nudPys3nn
HEBO3MOXHO — KpPEeMHMH TMPOCTO pacIulaBUTCS
(T, = 1414,85 °C).

B Hacroseit paboTe Mbl IpeajgaraeM MeTobl ¢hop-
MUpoBaHUS Kyonueckoro Kapouma kpemuus (3C-SiC)
Ha KpeMHUM (Si) B HUBKOTEeMIIepaTypHOU IJ1a3Me BbI-
COKOYaCTOTHOTO, BEICOKOYACTOTHOTO MHAYKTUBHOTO U
CBEPXBBICOKOYACTOTHOrO pa3psiaoB. Bce uccienona-
HUS TIPOBOIMIIN Ha MAaKETHBIX YCTAaHOBKAX, CXeMBbI KO-
TOPBIX MIpeACTaBAeHbI Ha puc. 1—4.

Bce Halm TexHosornyeckue mpouecchl ObLId MHO-
TOCTaANMHBIMU W WX TIPOBOAWIIN B TIIa3Me TPU HU3-
KUX JaBjeHUsIX. B KauecTBe peareHTOB UCIOIb30BaIU
SiF,, CF4,CHy, H,, Ar. U3 Hux 00pa3oBbIBaIM Clie-
aywouue texHonornueckue cmecu: SiF, + CF4 + Ar;
SiF, + CH4 + Ar.

PaccMoTpum OoJiee neTaJbHO KaXIyl0 CTaaulo.

I cTamusi — TpOMBIBKA TEXHOJIOTMYECKOM CMEChIO

SiF, + CF, + Ar.
11 cTaausa — OYMUCTKA U TpaBJICHUE IMOBEPXHOCTU

SiF4 + Ar + Si — 2SiF,T + Ar wiu
SiF4 + H, + Ar + 3Si — 2SiF,T + 2SiHT + Ar.

AproH — JIeTKOMOHM3UpyeMasi ra3oBasl n1o0aBKa,
MO3TOMY TpeOyeTcs MEHbIIIE SHEPTruu isl obecrneye-
HUsI BBICOKOM CTENEeHU MOHM3ALMU Ta30BOM CMeCH, Aa
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Puc. 3. Cxema CBY makeTHOli yCTaHOBKH
Fig. 3. Circuit of the microwave model installation

1 06paGoTKa moBepxHOCTH Si MoHamu Ar' mosesHa
MPU OUYMUCTKE MTOBEPXHOCTHU.
III cragmsa — uUMIJIaHTaUs — KapOOHM3aLMs.
[TomaeM cMmenieHne "—" Ha ITIACTUHY Si ¥ IIPOBO-
JIMM IIPOLIECC B Ta30BOM CMECHU

SiF, + CF, + 4Si + Ar — SiCl + 4SiF,T + Ar.

AProH BBITNOJIHSIET TY Xe (YHKIIMIO, YTO U B CTa-
mum 11.

IV cragust — ¢popmupoBanue mieHku SiC

DTa cragus gBiseTcsl npopokeHueM crtaauu 111
TOJILKO 0€3 CMELIEHUsI, T. €.

SiF, + CF4 + Ar + Si — SiC{ + 4SiF,T + Ar.

Bce craguu m pe3ynbrarhl MOCJIE WX IIPOBEIEHUS
MOXHO M300pa3uTh rpapuyecku (puc. 5).
Xopowo "paboraet” u cmech SiF, + CHy + Ar:

SiF, + CHy + Ar — SiCl + 4HF + Ar. (1)

MoxHo pacnucath U TaK, yto yactb CHy ¢ momo-
b0 Ar B 1uiasme npeobpasyercs B auetwieH CyH,,
T. . 8CH4 - 4C,H, + 12H,.

Ha navanbHoMm atane (III cramus) mMoxer mpoTe-
KaTh TMpOLIeCC C MCIMOJIb30BaHMEM B KayeCTBE MCTOY-
HUKa Si caMoii ruacTuHbl. B nutepatype ecTb coo0-
meHue [8] o Takom mporiecce:

C,H, + 2Si - 2SiC + H,1, )
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T. €. uaeT snuTakcuaiabHbil pocT 3C-SiC npu tem-
neparypax 800...1100 °C npu masnerun 1-1077...
5-10"* Topp.

B Hanix (ruia3aMeHHbIX) YCJIOBUSIX BEPOSITHEE BCe-
ro mpotecc uier ¢ obpasosanueM He H,, a SiH,, T. e.
ecsim obpasyercs SiH, To mpoirecc MOXHO 3ammcaTh

C,H, + 4Si — 2SiCl + 2SiH. 3)
Ecimu obpasyerca SiH,, To MOXHO 3amucarb
C,H, + 3Si — 2SiC{ + SiH,T. 4)

Ecimn obpasyercsa SiH;, T0 OymeM umeTh cienyro-
LM MEXaHU3M:

3C,H, + 8Si — 6SiCl + 2SiH;". (5)

W HakoHel, e€ciy KOHEYHBIM IIPOAYKTOM Oyder
SiH4, To MOXHO 3anucarb

2C,H, + 5Si — 4SiCl + SiH,. (6)
. 6 6 l
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Puc. 4. Cxema makera CBY ycranoskn: /| — CBU-reneparop; 2 —
LMPKYJISITOP; 3 — BOJHOBOIHBIN TPaKT; 4 — ra3oBBOI; 5 — peak-
LIMOHHas KaMepa; 6 — K3-mopiieHb; 7 — 3JIeKTpoa-Ta3opacrpe-
NIeJIUTENb; § — MOAOrpeBaeMblii CTOJIMK Uit 00pa3loB; 9 — u3oJsi-
top; 10 — obpabaThiBacMasl TUIaCTUHA

Fig. 4. Circuit of the model microwave installation: 1 — microwave
generator;, 2 — circulator; 3 — waveguide path; 4 — gas-input; 5 —
reactionary camera; 6 — piston; 7 — electrode-gas-distributor; 8§ —
heated table for samples; 9 — insulator; 10 — the processed plate
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Puc. 5. I'padpuueckoe u300pakenne craamii mpomecca
Fig. 5. Graphic image of the process stages

Kak Bugxo mn3 peakuuit (3)—(6), Hapsgy ¢ obpa-
3oBaHueM SiC (3C-SiC) Bcerma oauMH WJIM JBa aToMa
KPEeMHMUS TIEPEBOMSITCS B JIETyUee COCTOSTHUE W yIalIsi-
I0TCSI U3 pelleTKH Si UICXOMHOM TiacTuHbl. TakuM 00-
pa3oM, YCTpaHsIeTCSl HATIPSDKEHHOE COCTOSTHUE MEXKIY
peirerkamu Si u SiC, BbI3BaHHOE OTJIMYMEM MX Mapa-
METpPOB.

B HameM cityyae ecTh M aNUTaKcUalbHbIN pocT 3C-
SiC no ypaBHeHuU10 (1) 1 BCce MPOMEXKYTOUHBIE peaKLuy
no npeppauienuio CHy B C,H, u ero peakuuu ¢ noa-
JIOXKOI 1o (2)—(6), KOTOpBle HEe OYEHb JITUTENBHBI.
Crnemyer cuutaTh, 4To peakuuu (2)—(6) poTeKaroT 1mo
auddy3snoHHoMy MexaHusmy, a (1) — sro PECVD-
MpOLIECC, KOTOPbINA OBICTPO OJOKUPYET
MpoTeKaHue peakiuii (2)—(6), yToHaM U~ -

Cnemyer cpa3y OTMETUTb, YTO B SKCIEPUMEHTAX
MBI BCeTaa HabIromaeM YyTOHeHWe MCXOMHBIX TIIaCTUH
Si B mpouecce ¢popmupoBanus cioeB 3C-SiC.

YMeHbIIIeHre TOMIINHBI TUTACTUHEI Si JIEKUT B I1a-
ma3oHe 70...120 MKM, 4TO TOBOPUT O TOM, UTO Si Bce-
TaKW ymajsieTcsl W, BeposiTHee BCEro, MpOTeKaloT 00a
Mpolecca — U 3NUTAKCHAJIbHBIA pocCT (IpeBalupyer),
n 1ubdysua aromos Si (B coenrHeHuax SiH,) yepes
3C-SiC, TOJIbKO TaK MOXHO OOBSICHUTh DKCIIEPUMEH-
TaJbHBINA (aKT YTOHEHUS TUIACTHH.

Crnenyer oOpaTUTh BHMMaHWE M Ha CJEAyIOLIYIO
0COOEHHOCTBH: MBI TIPOBOAVM MPOIIECCHl B IUIa3Me, a
5TO 3HAYMUT, UTO MOBEPXHOCTh IIACTUHEI Si 1 06pasy-
touierocs ciosi 3C-SiC noaepkeHbl OOMOapAUPOBKE
3apsKEHHBIMU YyacTUlaMu. T1py 3TOM IOJKHBI M 00-
pasyrorcs nedeKTsl CTPYKTYPBI — BaKaHCUH, KOTOPBIE
IbGYHAUPYIOT BHYTPbh KpHUCTaaia, a 3TO SKBMBa-
JICHTHO TOMY, YTO aTOMBI Si IBVXYTCS K TIOBEPXHOCTH,
rae "CBSI3BbIBAIOTCS' ¢ KOMITIOHEHTAMM HAIIMX Ta30BbIX
cpen u obpasyior 3C-SiC u SiH,, 1. €. MBI U3 CTpYK-
TYpbl MOHOKpHUCTasIa Si MepeBOAUM B JIETYy4e€ COCTO-
SIHWE OTHEJbHBIE aTOMBI Si M TEM CaMBIM COIIpSITaeM
pemretku 3C-SiC n turacTuHbI Si. DTO elle OTHO 00b-
SICHEHHWE YTOHEHUS TIJIAaCTUHBI U HAJIEXKHOCTH COTIPSI-
SKEHUST MAaTePUAJIOB ¢ OTIMYAIOIIMMICS TTapaMeTpaMu
pEIIETKH.

KoHeyHOo, HEOOXOAMMO IOTOJHUTENFHO pa3on-
paTbcs ¢ MeXaHM3MaMU MPOTEKAIOIINX TPOIIECCOB U
CTaBUThH CIeUAbHbIC PU3NIECKNE IKCIIEPUMEHTHI,
MOKa 3TO TOJBKO MPEAIOJI0XKEeHUE O MEXaHU3Me IKC-
MMepUMEHTAILHOTO (DaKTa — yYTOHEHUS.

SKCHC])HMCHT AJIbHAA 9aCTh

Kak ykaszpIBanoch Bblllie, BCE SKCIIEPUMEHTHI MPO-
BOJIMJIM Ha MaKEeTHBIX YCTaHOBKax (cM. puc. 1—4).

TpebyeTcsl, T. €. MEPEXOMIHOM CI0M OUEHb

By

TOHOK M He 00pa3yeTcsi MaKpoIiop, Kak

Harpes: nnaama + CBM

IIpU UCITIOJIb30BAHMM B KAa4Y€CTBE MCTOY-

6ea cmewgeHunn

Huka yriepoaa CO [6, 7]. B pabotax [6]

UHF

u [7] paccMOTpeH YUCTO TepPMUYECKUIA

Heating: plasma + UHF without a shift

I Y3MOHHBIN MPOLECC U MPeTOKEH-

HBI MeXaHN3M 00pa3oBaHMS IIOp TIPU

dopmuposBannu 3C-SiC Ha Si xopolo

OIMCHIBACT MPOTEKAIOLIMIA IIPOLIECC.

B Hamiem ciyyae TOHKWIA TTepexol-
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Hoii cioii BMecTe ¢ 3C-SiC Ha Bepuiu-
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Hax nupamMujg (3a CYET HMMIIaHTalun

C+) o0ecrneynBaloT XOpOolllee COIJIaco-
Banue peuetok Siu 3C-SiC u nanpHel-
MK TUIa3MOXMMMUYECKMM SOUTAKCHU- -
aJIbHBIN POCT CI0OEB TpeOyeMOil TOIIIN-
Hel 3C-SiC.
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5 20 32 45 50

Puc. 6. 3aBuCHMOCTD TOJIIMHBI IJIEHKH OT PACCTOSIHHS [0 CPe3a IIA3MOTPOHA
Fig. 6. Dependence of a film’s thickness on the distance from the plasmatron slice
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Puc. 7. 3aBHCHMOCTb TOJIIMHDLI IVIEHKH OT TEMIIEPATYpPbl
Fig. 7. Dependence of a film’s thickness on temperature
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Cnektp 17

300 pm
Cnexktp Bcrar. C 0] Si Br w Au Wror
Spectrum In Total
stat.
Cnektp 1 Oa 57,85 42,15 100,00
Spectrum 1 Yes

Puc. 8. Kyouueckuii kaponn kpemuusi Ha kpemunu (3C-SiC na Si)
Fig. 8. Cubic silicon carbide on silicon (3C-SiC on Si)
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OkcnepumeHtel Ha CBY ycra-
HOBKax (cM. puc. 3 u 4) nNpoBOAUIU
Kak ¢ HarpeBoM oOT Iuta3mbl 1 CBY
MoJisl, TaK U TMOAOTPEBOM MpEeAMET-
HOTO CTOJIMKAa C TIOMOILBIO JIaMII C
BJIEKTPUUECKHUM CMEIIEHUEM CTOJIU-
Ka ¢ MJIacTMHoM u 6e3 Hero. Ilnactu-
Hy TTOMEIIAJIA Ha pa3IMYHbIX PacCTO-
SIHMSIX OT MeCTa TeHepaluy TUTa3Mbl
(cpe3a KBaplieBOW CTEHKMU pPeaKTo-
pa). OCHOBHBIE pe3yabTaThl Ipel-
CTaBJIEHHI Ha puc. 6 u 7.

IIpoBonwiu 3KCIepUMEHTHl U
0 ABYXCTOPOHHEI 00paboTKe, Ipu
9TOM IIJIaCTUHY pacroJjiaraiu Bep-
TUKAJILHO B 00JIaCTH KaTylIeK (CM.
puc. 3) 6e3 BHellHero Harpesa. PocT
3C-SiC nHabawoganu Ha o0eux CTo-
pOHaXx IJIACTUHBI.

Kak npaBuio, Bpemsi HapalliiBa-
HUs coCTaBysUIo 1 4, BpeMs mpoayB-
K1 (IIpOMBIBKM) KaMephl paboueit
cMmechblio — 5...10 MuH, BpeMsT TpaB-
nenus — 15...30 MuH, BpeMsi KapOu-
auzaiu — 30...40 muH. ToamHb
chopMUpPOBAaHHBIX TUIECHOK COCTaB-
Jnsuim 3...7 mxm. [IpoBoauiau akcne-
PUMEHTBI U TIO TOPU3OHTATHLHOMY
pacmnoyIOXKEeHUIO TUIACTUH B TOW Xe
obnactu (cepenuHa KaTyllek), IS
39TOr0 KCMOJb30BaIU CIELMATbHYIO
KBaplieBYIO ITOACTABKY, U3TOTOBJIEH-
HYIO U3 TOHKOTO (I1aMeTpoM 3 MM)
1ITabuka.

Pesynbratel OBLIM aHAJOTUYHBI
BEPTUKAJIBLHOMY  PACIOJOXEHUIO
IUIAaCTUHEL. B sKcmepmMeHTax wuC-
MOJIb30BAIM KPEMHUEBbIE TUIACTUHbI
KIB12 ¢ opuenTauueii (100) u (111),
IuaMeTpoM 76 MM, pabouee HaBie-
mme P=1,1-10%..1,1- 1072 Topp.

IIpenBaputensHyio  Oe3Macis-
HYIO OTKA4Ky OCYIIECTBIISIIA B Te-
yenue 30...60 MUH NOpW JaBJIEHUU
1-107%...1- 107 Topp.

DkcnepuMeHThl ¢ BY paspsimamm
(cM. puc. 1 u 2) npoBoaWIN C TEMU
e iactuHamu KJIB12 u opueHTa-
musmu (100), (111). Bee texHomo-
TWYECKHUE CTaIuW TIPOXOIUINA TIPU
Tex Xe mapamerpax yrto u B CBY
paspsiie. Pesyabrarhl 3HAUUTENHHO
oTIMYanuch. Hampumep, miacTuHbI
Si (100), momelieHHbIe Ha Tpadu-
TOBBI MbeOECTal Ha PaCCTOSTHUU
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OfpaboTea cnexTpa :
MHAKOD He NPONYLIEHO

Map Put 06p '
KonwiecTao wrepaumi = 5

Onement  BoconoR % AToMHbit%

CK 37.43 5696
oK 8.26 9.44
FK 0.73 0.70
Mg K 0.16 0.12
SiK 49,59 a2y
CIK 0.21 0.11
Cak 0.09 0.04

Spectrum

Processing of the spectrum:

No peaks missed

: Parameters of processing: all elements (normalized)
' Number of iterations =5
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Puc. 9. Kyouyecknii kaponn kpemuusi Ha Kpemuann (3C-SiC na Si)
Fig. 9. Cubic silicon carbide on silicon (3C-SiC on Si)

20...30 MM oT uHIYKTOpA, 32 4 4 MOAUDULIMPOBATIUCH
Ha BCIO TOJILIMHY U YTOHSJIMCh HAa MaKCHMAaJbHYIO
touHy 120 MKM (MCXomHast ToauHa 375 MKM).

3a 1 4 0o0OpabOTKM TONIIMHBI CJIOEB JTOCTUTAIN
30...60 mxM. Korga x BUM paspsiay nogkiodaiach U
auonHas cucreMa (¢ yacroroit 13,56 MI'), cmeleHue
npoxoauiao 1o —860 B, 3a 1 4 06paboTK 0Opa3oBHI-
Bajack MemOpana 3C-SiC HacTOJBLKO TOHKasi, 4TO
pacceinangach Mpu IOMBITKE €€ M3BJICUYEHUS. DTO To-
BOPHT O TOM, YTO HapsIAy C TIpolleccaMy 00pa3oBaHMS
3C-SiC npotekanu (M OHM TIPEBATMPOBAJIN) IIPOLIEC-
Chl TpaBjieHuUs. DKcriepuMeHThl ¢ BY cucremamu mo-
KazaJli, YTO CMellleHre He JOJKHO npeBbiinath —50 B.
B stom ciydyae (opMupyrOTCSd KayeCTBEHHbIE CJIOU
toauuHou 30...40 mxMm. CooTHoleHue Si/C O6JU3KO0 K
CTEXHOMETPUYECKOMY. Pe3ylbTaThl TIpecTaBIeHB Ha
puc. 8§, 9.

3akiouyeHue

Ha maketnnsix obOpasmax BY, BUM, BUMN + BY,
CBY mi1a3zMeHHbIX TEXHOJOTMYECKUX YCTAaHOBOK Obl-
Ju copmupoBanbl ciou 3C-SiC nHa Si. g toro
4TOOBI CJIOM HE OTCJAauBajauCh OT Si (BBUAY pasHMULbI
mapamMeTpoB PelIeTKH) MPOIEecC AOMKEH OBITh MHO-
TOCTaAUHBIM U Olepalys TpaBIeHUsl 00s3aTesibHa U
IOJDKHA TIPENIIecTBOBaTh UMIUIAHTAIIMM W JajbHel-
lIeMy 3nuTakcuaibHoMy pocTy. ChopMUpOBaHHbBIE
takuM obpazom cioun 3C-SiC Ha Si MOXHO MCHOIb-
30BaTh IS CO3MAHUS CHJIOBBIX TIPHOOPOB, JaTINKOB,
KaK TMOJCION IS HUTPUIHBIX TPUOOPOB U T. 1. U 3a-
meHuThb noporue SiC nomnoxku CREE (CIA).

Ha cnoco6 CBY mmasmeHHOro GopMUpOBaHMS
IUTEHOK KyOMYeCcKOoro Kapomma KpeMHUST Ha KpeMHUHA
noaydyeH nareHt PO [9].
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Introduction

Now, among the topical questions of a broad use of
the wide-band semiconductors in industry is one of the
silicon carbide, but the hexagonal polytypes (4H and 6H)
applied today are expensive. Therefore, the growth of a
cubic polytype of 3C-SiC on silicon considerably re-
duces the cost of such plates — 3C-SiC on Si, besides
it is more technological — it does not require a change
of the existing routes in the devices’ production, it is
only necessary to add one more operation at the begin-
ning of a route — grows of a 3C-SiC layer of the re-
quired thickness, in order to get at the output qualita-
tively new products: heat- and radiation resistant de-
vices. The given work presents an attempt of develop-
ment of an essentially new plasma technology for
formation of 3C-SiC layers on Si, different from the
thermal methods. We managed to form 3C-SiC layers
at temperatures not exceeding 800 °C and below — the
heating was carried out by the plasma itself and partly
by the microwave field. We considered plasmas of three
discharges — a traditional high-frequency (HF), a dis-
charge in a diode system (13.56 MHz) of high-frequen-
cy induction (HFI), and a combination of HF diode
and HF induction, and also a superhigh-frequency (mi-
crowave) discharge (2.45 GHz) with a magnetic field
(ECR — electron cyclotron resonance). Below we will
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consider certain features of the plasma of the above dis-
charges and the received experimental results.

Development of the wide-band materials, first of all,
silicon carbide (further — SiC) and nitrides of the third
group, becomes one of the main directions in develop-
ment of modern semiconductor electronics.

On the basis of the analysis of the forecasts of the
leading experts in the area of the semiconductor elec-
tronics, presentations of the leading companies at con-
ferences and analysis of the journal articles, a univer-
sally recognized conclusion was drawn that the poten-
tial opportunities of the semiconductor materials — sil-
icon and arsenide of gallium were almost completely
exhausted. The progress in the field of development of
devices of a new generation is connected with improve-
ment of the technology of the devices on the wide-band
semiconductors (SiC, GaN, diamond, etc.). Expecta-
tions concerning development of a new generation of
devices for the high-temperature power and high-fre-
quency electronics, advance of the semiconductor op-
toelectronics into the short-wave part of the visible and
near ranges of the ultra-violet range are connected with
the technological mastering of this class of materials.

Unique properties of SiC:

— Big width of the forbidden zone (2.3...3.3 eV for
various polytypic forms);

— Extremely high critical field of the avalanche
breakdown (2...5 mV/cm);




— Heat conductivity (Agjc = 3...5 W/(cm * K)) sur-
passing the heat conductivity of copper at the room
temperature.

All this makes SiC one of the most promising ma-
terials for the high-temperature, radiation-resistant and
power electronics [1].

In world practice SiC substrates are mainly used for
development of certain military and special-purpose
devices known for their especially strict requirements in
combination with a high speed. Mass application of the
silicon carbide products in the electronic component
base (further — ECB) is restrained by high costs of the
SiC substrates. Therefore, development of methods
aimed to reduce the costs of ECB on the basis of SiC
is an urgent problem. In Russia this problem is partic-
ularly acute due to the necessity of import substitution
of the expensive substrates from CREE Company
(USA), on the delivery of which to the Russian Feder-
ation an embargo was imposed. Therefore, develop-
ment of an economically efficient technology for for-
mation of "silicon carbide on silicon" structures is a
promising solution to the above problem, because it will
create technical and economic conditions for carrying
out of large-scale R & D of the radiation-resistant mi-
crowave ECB products and their introduction in the
perspective samples of products for different purposes.

There are many various ways for formation of SiC
on Si, mainly, it is a 3C-SiC polytype both on sublay-
ers, and without sublayers, with the use of various gas
systems as sources of Si and C, with the use of the sub-
strate itself as the source of Si. For example, Physics
and Technology Institute named after A. F. loffe de-
veloped an unbuffered method for growing of a single-
crystal cubic SiC on Si substrates from monosilane and
trichlorethylene at Si/C = 1 on the standard quartz
equipment for receiving of the epitaxial layers of silicon
[2], i.e. in the SiH4 + C,HCI; + H, environment at the
temperature of 1050...1250 °C. It was a multistage proc-
ess envisaging warming up of a Si substrate in the at-
mosphere of hydrogen at the atmospheric pressure dur-
ing 10 min. It was also preceded by a peroxide-ammo-
niac washing and a hydrogen purging during 1 h with
consumption of 76 1/min of the latter. After 10 min in
a flow of hydrogen an operation of etching was per-
formed in hydrogen chloride at the temperature of
1000 °C. Then the supply of HCI was stopped, the tem-
perature was increased up to 1050 °C and only after that
the monosilane (0.03 1/min) and a flow of trichloreth-
ylene were introduced (the speed of the hydrogen flow
via the bubbler with trichlorethylene was 0.3 1/min).
As the gas carrier of the reagents hydrogen was used
(the speed of the flow was 87 1/min). As we see, eve-
rything was quite complicated. Growing of 3C-SiC on
Si was carried out on KDB-10 plates with orientation
of (100) and (111).

We described this process in detail only because in
this work we proposed (most likely, for the first time,
the author has no earlier information) an integrated
method for growing of 3C-SiC layers on Si consisting
of several stages. It coincided with the results of our ex-
periments described below.

We should mention an interesting way of a self-or-
ganized endotaction of mono 3C-SiC on a Si substrate
[3]. The process takes place in HF field in the range of
temperatures of 1360...1380 °C in a flow of hydrogen
(H,) 0f 0.3...0.5 I/min with a zone from graphite, where
CH, volatile compounds are formed, which are trans-
ferred to a Si substrate. The source of Si is the substrate
itself. All these are unbuffered methods. It is also nec-
essary to consider the methods with formation of an in-
termediate porous layer for minimization of the me-
chanical tensions between the 3C-SiC layer and Si,
arising due to a mismatch of the periods of the lattices
(~20 %) and differences in temperature coefficients of
linear expansion (~8 %) [4]. In this work three types of
buffer layers were considered:

— Carbonization of the silicon surface in the car-
bon-bearing plasma at temperatures of about 1300 °C;

— Nanoporous silicon,;

— Carbonized nanoporous silicon.

The author of the work believes that the minimal
level of the mechanical tensions in 3C-SiC/Si struc-
tures can be reached due to the use of the substrates
with a buffer layer from a nanoporous silicon during the
process in the range of temperatures of 1350...1370 °C.

For creation of n-3C-SiC/p-Si heterostructures with
improved electrophysical characteristics it is necessary
to use carbonized nanoporous silicon [4] as the buffer
layer.

Epitaxial 3C-SiC layers were formed from the reac-
tionary gases (5 % solution of C;Hg (propane) in H,)
and (5 % solution of SiH, (monosilane) in Ar), as the
transport gas the hydrogen (H,) was used, which un-
derwent finishing cleaning. Separate supply of the mo-
nosilane and propane allowed us to vary Si/C ratio in
the gas phase.

We should emphasize that the growth of 3C-SiC
was carried out at the atmospheric pressure, within the
range of temperatures of 1100...1390 °C, the obtained
3C-SiC on Si layers were 0.5...3.0 um-thick and with-
out inclusions of other polytypes [4].

Similar gas mixes for growth of 3C-SiC were used in
the work [5].

The works [6] and [7] describe the method for for-
mation of an intermediate porous layer in the course of
growth of 3C-SiC on Si. The process of the epitaxial
growth was carried out between Si of the plate and the
gas phase (CO) at heating up to 1100...1400 °C and
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pressure of P=10...300 Pa. The process goes according
to the following reaction:

2Si + CO — SiCl + SiOT.

In this reaction one molecule of SiC is formed in-
stead of two Si atoms, because one Si atom is removed
from system together with SiO gas, and thus the pores
in the Si plate are formed. The method is good in all re-
spects, only it proceeds at rather high temperatures
and has a self-restriction by thickness — not more than
100 nm. This is explained by the fact that the diffusion
method is used for delivery of carbon to the place of re-
action through the already formed layer of 3C-SiC and
it is not possible to raise the temperature over 1400 °C
for intensification of the diffusion process — the silicon
will just melt (7, = 1414.85 °C).

In the given work we propose the methods for for-
mation of cubic silicon carbide (3C-SIS) on silicon (Si)
in a low-temperature plasma of high-frequency, high-
frequency inductive and superhigh-frequency(micro-
wave) discharges. All the research works were conduct-
ed on model installations, the designs of which are pre-
sented in fig. 1—4.

All our technological processes were multistage ones
and were carried out in plasma at low pressures. SiF,,
CF,4, CHy, H,, Ar were used as reagents and the tech-
nological mixes of SiF, + CF, + Ar; SiF, + CHy + Ar
were formed from them.

Let us consider each stage in detail.

I stage — washing with the technological mix of

SiF, + CF, + Ar.
II stage — cleaning and etching of the surface of

SiF, + Ar + Si — 2SiF,T + Ar or
SiF, + H, + Ar + 3Si - 2SiF,T + 2SiHT + Ar.

Argon is an easily ionized gas additive, therefore,
less energy is required in order to ensure a high degree
of ionization of the gas mix, and the processing of the
surface of Si by Ar+ ions is useful for cleaning of the
surface.

III stage — implantation — carbonization.

We shift "—" to the Si plate and carry out the fol-
lowing process in the gas mix:

SiF, + CF, + 4Si + Ar — SiCl + 4SiF,T + Ar.

Argon performs the same function, as in the second
stage.

IV stage — formation of a SiC film.

This stage is a continuation of the third stage, only
without a shift, i.e.

SiF, + CF4 + Ar + Si — SiC{ + 4SiF,T + Ar.

All the stages and the results after their carrying out
can be presented graphically (fig. 5).

718 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 12, 2019

SiF, + CH,4 + Ar mix also "works" well:

SiF, + CH, + Ar — SiC{ + 4HF + Ar. (1)

It is also possible to present this so that by means of
Ar in plasma a part of CHy is transformed into acety-
1ene, C2H2, i.e. 8CH4 - 4C2H2 + 12H2

At the initial stage (the III stage) the process can
proceed with the use of Si of the plate itself as the
source.

In literature there is such a message [8]

C,H, + 2Si - 2SiC + H,", ()

i.e. the epitaxial growth of 3C-SiC proceeds at temper-
atures of 800...1100 °C under pressure of 1 1077...
5-10~* Torr.

In our (plasma) conditions, most likely, the process
goes with formation of not H,, but SiH  i.e. if SiH is
formed, then the process can be presented in the fol-
lowing way:

C,H, + 4Si - 2SiCl + 2SiH. 3)

If SiH, is formed, it is possible to put it down in the
following way:

C,H, + 3Si — 2SiC{ + SiH,™. (4)

If SiH; is formed, then we will have the following
mechanism:

3C,H, + 8Si — 6SiCl + 2SiH;T. (5)

And, at last, if the final product is SiHy, then it is
possible to write down the following:

2C,H, + 58i — 4SiCl + SiH,,. (6)

As it is visible from reactions (3)—(6), alongside
with formation of SiC (3C-SiC) we always transfer one
or two atoms of silicon into a volatile state and we re-
move it from the Si lattice of the initial plate. Thus, we
eliminate the tension between the lattices of Si and SiC
caused by the difference in their parameters.

In our case there is also an epitaxial growth of 3C-
SiC according to the equation (1) and all the interme-
diate reactions for transformation of CH, into C,H,
and its reaction with the substrate according to (2)—(6),
which are not very long. It is necessary to consider that
reactions (2)—(6) proceed according to the diffusive
mechanism, while (1) is a PECVD process which
quickly blocks the course of the reactions (2)—(6),
which is exactly what we need, i.e. the transitional layer
is very thin and it does not form macropores, like dur-
ing the use of carbon CO [6, 7] as a source. In the works
[6] and [7] a purely thermal diffusive process goes on
and the proposed mechanism for formation of the pores
during formation of 3C-SiC on Si describes well the
proceeding process.




In our case a thin transitional layer together with
3C-SiC at the tops of the pyramids (due to implanta-
tion of C+) ensures good coordination of the lattices
of Si and 3C-SiC and the further plasmochemical epi-
taxial growth of the 3C-SiC layers of the required
thickness.

We should underline at once that in the experiments
we always observe thinning of the initial plates of Si in
the course of formation of 3C-SiC layers.

Reduction of the thickness of the Si plate was within
the range of 70...120 um, which means that Si was in
the process of being removed and, most likely, both
processes proceeded — the epitaxial growth (which pre-
vailed) and also the diffusion of Si atoms (in the SiH,
compounds) through 3C-SiC, and this was the only
way it was possible to explain the experimental fact of
thinning of the plates.

It is necessary also to pay attention to the following
feature: we carry out the processes in plasma, and that
means that the surface of the Si plate and of the emerg-
ing 3C-SiC layer are subjected to bombing by the
charged particles. At that, the defects of the structure —
vacancies are formed, which diffuse inside the crystal,
and this is equivalent to movement of the Si atoms to
the surface where they bound with the components of
our gas environments and form 3C-SiC and SiH,, i.e.
we transfer separate Si atoms from the structure of the
Si monocrystal into a volatile state and by that we in-
terface the lattices of 3C-SiC and Si plate. It is one
more explanation of thinning of the plate and reliability
of the interface of the materials with different lattice pa-
rameters.

Of course, it is necessary to study additionally the
mechanisms of the proceeding processes and to under-
take special physical experiments, and, so far, it is only
an assumption concerning the mechanism of the ex-
perimental fact — thinning.

Experimental part

As it was stated above, all the experiments were con-
ducted on model installations (see fig. 1—4).

The experiments on the microwave installations
(see fig. 3 and 4) were carried out either with heating
from plasma and the microwave field, or with heating
of the subject table by means of lamps with an electric
shift of the table, with a plate or without it. The plate
was placed at various distances from the source of gen-
eration of plasma (a slice of the quartz wall of the re-
actor). The main results are presented in fig. 6 and 7.

There were also experiments with a bilateral
processing, at that, a plate was put vertically in the field
of coils (see fig. 3) without an external heating. Growth
of 3C-SiC was observed on both sides of the plate.

As a rule, the time of growth was 1 h, the time of a
purge (washing) of the camera with the working mix —

5...10 min, the time of etching — 15...30 min, the car-
bidization time was 30...40 min. The thicknesses of the
created films were 3...7 um. Experiments were also
conducted with a horizontal arrangement of the plates
in the same area (middle of the coils), and for this pur-
pose a special quartz support was used made from a thin
(3 mm diameter) spline.

The results were similar to the ones of the vertical
arrangement of the plate. The silicon plates used in the
experiments were KDB12 with orientation (100) and
(111), the diameter of 76 mm, and the working pressure
of P=1.1-10°..1.1- 1072 Torr.

A preliminary oil-free pumping was carried out within
30...60 min at the pressure of 1 - 1074... 1.1+ 107 Torr.

The experiments with HF discharges (see fig. 1 and 2)
were carried out with the same plates of KDB12 and
(100), (111) orientations. All the technological stages
were conducted at the same parameters as in case with
the microwave discharge. The results differed consid-
erably. For example, the plates of Si (100) placed on a
graphite pedestal at distances of 20...30 mm from the
inductor in 4 h were modified in all their thicknesses
and were thinned by the maximal thickness of 120 pm
(the initial thickness was 375 um).

In 1 h of processing the thicknesses of the layers
reached 30...60 um. When a diode system (with fre-
quency of 13.56 MHz) was also connected to HFI dis-
charge, the shift reached 860 V, and in 1 hour of process-
ing such a thin membrane of 3C-SiC was formed that it
went to pieces at an attempt of its extraction. That
means that alongside with the processes of formation of
3C-SiC there were also the processes of etching (and
they prevailed). The experiments with HF systems
demonstrated that a shift must not exceed —50 V. In
this case the qualitative layers with 30.40 um thickness
were formed. The Si/C ratio was close to the stoichio-
metric one. The results are presented in fig. 8 and 9.

Conclusion

3C-SiC layers on Si were formed on the model sam-
ples of HF, HFI, HFI + HF and microwave plasma
technological installations. In order to prevent the lay-
ers’ exfoliation from Si (because of the difference in the
lattice parameters) the process had to be a multistage
one and the operation of etching was obligatory and
had to precede to the implantation and the further epi-
taxial growth. Thus obtained layers of 3C-SiC on Si can
be used for development of the power devices, sensors,
sublayers for the nitride devices, etc. and they can be a
substitute for expensive SiC substrates from CREE
(USA).

The method of the microwave plasma formation of
films of the cubic carbide of silicon on silicon is pro-
tected by a patent of the Russian Federation [9].
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DOOPMUPOBAHUE NAEHOK NMOAYTNIPOBOAHUKOBOTO OKCHUAA TUTAHA
METOAOM MATHETPOHHOTI O HATIbIAEHUA

ITlocmynuna ¢ pedaxuuio 08.10.2019

Hpe@cma(meﬂa pa3pa6ambtsaeMaﬂ MEexXHOoA02UA NoAYUYeHUA MOHKUX N1E€HOK duokcuda mumana memooom MAacHenpoHHO20 pac-
NbLACHUA MUWEHU mUmaHa 6 ammocc])epe apeoHa u KL!CﬂOpOaa. BaKyyMHbllZ omaicue nAeHoK nocie HanovlieHus no360.4u1 noAy4unb
prnHOﬁflO‘iHble MOHOKpUcmaniiuyecKkue nieHKu duokcuoa mumaua 8 (])aae aHamasa. Monochucmaﬂ/lulmocmb NAEGHOK nodmeep—
Jcdaemcest uccredosanuem npoceelmea}ozqeli 3ﬂeKmp0HHOﬁ MUKDPOCKONUU 6blCOK020 pas3peuleHus, ICOM6LIH[1L{MOHH020 paccesrus

ceema U NIOMUHeCUeHuuu.

Karoueevie caosa: duoxcud mumana, akamas, npoceevuearoulaa 31eKmpoHHasil MUKpPOCKOnus, KOM6MHCZL4L{0HHO€ paccesiHue

ceema, MOMUHECUEHYUS, BAKAHCUS KUCA0pPOOa

BBenenue

Huokcun tura"a (TiO,) aBiaseTca TEXHONIOIHU-
YeCKM BaxKHBIM TOJYIIPOBOJHUKOBBIM COCIUHEHUEM,
MOCKOJIbKY 00JIafaeT PSIAOM CJIEIYIOIIMX YHUKATbHbBIX
CBOIMCTB: IIMPOKOI 3aIlpelleHHOi 30HOM [1]; BbICO-
KMM II0Ka3zaTtejieM IpejiomyieHus [2, 3]; OonblIoi au-
BJIEKTPUUECKOI MpoHULaeMocThbio [4, 5]. B cBs3u ¢
3TUM C MPAKTUYECKOU TOUKM 3pEeHUS] BaXKHbI €ro OIl-
THYECKHe U POoTOXUMMUYeCKHe cBoiicTBa [6, 7]. Kpome
TOro, o6jagasi MOJYNPOBOJIHUKOBBIMU CBOWCTBAMU,
OKCHJ TUTaHa MOXKET OBbITh MCMOJIb30BaH B KaueCTBe
JlaTyrKa KOHTPOJIsSI BO3AYIIHO-TOIUIMBHOW CMECH B aB-
TOMOOWJIBHBIX ABMTaTessax [8, 9]. Boicokas nuanexr-
puyecKas IMPOHUIIAEMOCTh PACIIMpPsIET BO3MOXHOCTH
npuMeHeHus: TiO, B 2JIEKTPOHUKE, HAIIPUMED, B Ka-
YeCcTBEe KOHAEHCATOpa U 3alIOMUHAIOIIETO YCTPOMCTRA.
JAuokcun TYTaHa UMeeT LIMPOKYIO 00J1acTh TOMOTEeH-
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HOCTH, TTO3TOMY BaXKHYIO POJIb UTPAIOT 1e(eKThl, CBSI-
3aHHBIE ¢ BakKaHcHUel Kucaoponaa. OMHUM M3 TaKMX Je-
(bekTOB SIB/ISIETCS] peKOMOUMHALIMOHHBIN LIEHTP Tit3 —
BakaHcus kuciopoga [10], KOTopslil UTpaeT BaskKHYIO
poJib B (DOTOKATAJIN3E.

BaxxHbIM HampaBieHUEeM sIBJIsIeTCs] OTpaboTKa TeX-
HOJIOTMM TIOJTYYeHMSI TOHKMX HaHOpa3MepHBIX IIe-
HOK JMOKCHMIAa TUTaHa HAHOMETPOBOW TOJILIMHBI U
HCCIIeTOBaHWE METOIOB MOIM(UKAIIMKA CBOMCTB ITaH-
HbIX TUIeHOK. Llenb HacTosleil paboTbl — MoJyYeHUe
KPUCTAJUTMYECKUX TUIEHOK TUOKCHUAA TUTaHA B MOMIM-
(bukanuu aHaraza v MCCleIOBaHUE UX CBOMCTB.

Pe3yabTaThl 3KCHIEPAMEHTOB M HX 00CYXKIeHHE

IlreHKM TMOKCUAA TUTaHA TTOJYYaIH TTOCPEICTBOM
MAarHeTpOHHOTO PacCITbUIEHUS TUTAHOBON MUIIEHU B
atoMocdepe aproHa W KHUCIOPOJAa Ha TEPMHUYECKHU




OKCHUIVPOBAaHHBIE TUIACTUHBI MOHOKPUCTAJUTMIECKOTO
kpemuus n-tuna (p, = 0,001...0,005 OM - cM) ToNM1LIM-
Hoit 460 mxm. TomimHa okcuma — 1,7 Mxm. Bes ce-
pusl TIOJUIOKEK Ha 3Tare IMOArOTOBKU IMOABEprajiach
THIPOMEXaHUUYECKON OYMCTKE OT 3arpsSiI3HEHUI Ha yC-
taHoBKe DNS Screen.

st ocaxaeHusl TOHKUX TUIEHOK HMCITOJb30BaIn
BBICOKOYACTOTHOE€ MAarHETPOHHOE paclbUIeHUE, Oya-
rogapsi 4emy yaajaoch TMOJYYWUThb TUIEHKU 3aJaHHOTO
coCTaBa, B TOM 4HUCJe cTexuoMeTpudyeckoro. PaccTosi-
HUE MEeXIy MUILIEHbIO W TOMJIOXKOMN JJIsI BCeX dKCIe-
PUMEHTOB ObLIO 3a(UKCUPOBAHO Ha YPOBHE 45 MM.
Hanbuienne toHkoi tuieHKH TiO, OCYLIECTBIAIOCH
U3 MUILLIEHU METAJUIMYECKOrO TUTAHA YUCTOTOM 99,97 %
B CMECH aproHa ¢ KMUCJIOPOIOM B OIIpeIeIeHHOM TIpo-
nopuuu. HemocpeAacTBEHHO Tepes HalbUIEHUEM ILjie-
HOK Ha TMOJUIOXKY MHIIEHb TPeIBapUTEIIBHO PaCITbI-
JISUIM Ha CIELMATIbHYIO 3aCJIOHKY, YTOObI YAQIUTh C
Hee CJIol oKcuaa, o0pa30BaBIIUIiCS BO BpeMsI IIpeIbl-
IYLIUX MPOLIECCOB.

OcrarouHoe JaBjieHWEe B BaKyyMHOU Kamepe Co-
crasnsuio 5+ 1076 mm pT. cT. Pabouee paBneHue puK-
CUPOBAJIOCh Ha ypOBHE 2 * 1074 MM pT. CT. MIPU pac-
MbUIEHUU B cpeae aproH/kuciaopon. [Togaua pabounx
ra3oB B KamMepy OCYIIECTBISJIACh C MOMOILbIO JIBYX
aBTOMATUYECKMX PEryJsITOPOB pacxoia rasa ¢ TOY-
HOCTBIO 3aJIaHUSI U TOUYHOCTBIO MOJIePXKAHUST Ta30BOM
cMecu 0,8 %, 4TO MO3BOJISLIO 3a7aBaTh KOHIICHTpA-
LIMIO Ta30B B paboueil ra3oBoi CMeCH aproH-KHUCJIOPO,
¢ ToyHocThio +1,6 %. OtHoweHue Ar/O, cocTaBisIo
20:5. TIpouecc mpoxoans MpU MOIIIHOCTU MarHeTpo-
Ha 200 Br.

TomumHy GopMUPYeMbIX TOHKOIIJIECHOYHEBIX CTPYK-
TYp MOXHO PEeryJIMpoBaTh JU0O 3agaHUeM 3HAUYCHUS
CKOPOCTHU pachblUIeHUS] 1 KOHTPOJIMPOBATh IO KBaplie-
BOMY HaTYMKYy, JIMOO IJIUTEIHHOCTBIO IIpollecca pac-
nblUieHus. TolMHa MOJIyYeHHbBIX CTPYKTYP COCTaBJIS -
na ~100 HM.

ITocne ocaxnaeHus yactb 006pa3loB ObLIa MOABEPT-
HyTa OTKWTY B BaKyyMHOU KaMepe TIpH TeMmIiepaType
650 °C B Teuenue 30 MuH.

TonmuHbl MIEHOK OBIIW ONPEIeJeHBI C TTOMO-
IO MPOGMIOMETPa, a UX BJIEMEHTHBI COCTaB —
MeTonoM Oxe-37eKTPOHHOH crieKTpocKonuu. CriekT-
PBI (POTOTIOMMHECLICHIIMU PETUCTPUPOBAIN TIPU KOM-
HaTHOW TeMmIlepaType ¢ IOMOIlIbl0 PamMaHOBCKOro
cnekTpoMeTpa. B kauecTBe MCTOUHMKA BO30OYKIEHUS
WCIIOJIb30Bai Jlazepbl ¢ JiaMHamMu BoiH 405, 532 u
785 HM.

CTpyKTypHBIE UCCIeT0BaHMs 00pa31ioB IMTPOBOAMIN
METOJIOM MPOCBEUMBAIOLIEN 3JIEKTPOHHON MUKPOCKO-
muu (IT9M) nipu yckopsitonieM Hanpsikenun 200 kB.
s Toro 4toOBI OXapaKTepHU30BaThb CTPYKTYPY HC-
cliefyeMbIX IIJIEHOK U MX (a30BbIil COCTAB U3MEPEHDI
IU(PaKIIMOHHBIE KApPTUHBI C Pa3JIMYHBIX YYaCTKOB
IJIeHKU. Pe3ynbTaThl MccaenoBaHusi METOJIOM MTPOCBeE-

YUBAWOILIEN 3JEKTPOHHON MUKPOCKOIUU BBICOKOTO
paspellieHus MpUBeAeHbI Ha puc. 1.

HudpakuvoHHas KapTUHA IUJIEHKU A0 OTXKMIa
(puc. 1, a) cogepxut mupokue Aucd@y3Hble KOJblIa,
Ha KOTOPBIX MMPUCYTCTBYIOT OTIEbHbIE pedieKchl. Ta-
Kasl KapTuHa Iudpakiuy oT BEIOpaHHOM 00J1aCTU Io-
BOPUT O TOM, YTO MOJy4YeHHasi UCXOAHAs TUIEHKA OK-
cHUla TUTaHA SBISIETCS aMOP(PHO-KPUCTAULINYECKOM,
npuyeM Kpuctajinueckasi (aza umeeT HeOOJbILION
pa3Mmep 3epHa. Y HaOJI0daeMbIX KPUCTAJJIOB HET BbI-
JIeJIEHHOM OpHeHTallM1, Ha UTO YKa3bIBaeT MpaKTUyec-
KM paBHOMEPHOE pacrpenelieHre KOHTpacTa B pas-
HbIX HaMpaBJIeHUSIX KPUCTAULINUECKUX MJIOCKOCTeN Ha
IUGpakLMOHHON KapTuHe. JlaHHBIE KPUCTAJUIMTHI
MOXHO Ha0momath Ha [TOM-u300pakeHusIX MCXOm-
HO#l TJIEHKU C BBICOKMM pa3pellieHWeM: OHU UMEIOT
Oosiee TeMHBIN KOHTpacT (puc. 1, ¢). Kpucrainbl nume-
10T HEeIpaBWIbHYI0 (HOPMY U HEpaBHOMEPHO pacripe-
JIieJIeHbl TI0 BCeil TouiuHe TeHku. CpeaHuit pasmep
TaKuX BKJIIOUYEeHUI cocTapiseT 15...30 HM. DTO Mo3Bo-
JIIeT clejaTh BBEIBOA O TOM, YTO B IIPOIECCE MarHeT-
POHHOrO OO0JYYEeHHUSI UMEIOT MECTO IMPOLECChl KpuUC-
TaJUITM3alnuy, OMHAKO HM3Kasl TeMIIepaTypa MOIIOXKA
HE JaeT BO3MOXHOCTU CHOPMUPOBATHCS MOJIMKPUC-
TAUTMYECKOU TUICHKE.

B 10 Xe BpeMst AudpakiiMOHHAas KapTWHA TUIEHKU
nocie orxkura rnpu 680 °C B TeyeHue 30 MUH, comep-
KUT TOJIBKO OTHEbHbIE sipKue peduiekcol (puc. 1, b).
Iupokue nuddy3HbIe MAKCUMYMbI OTCYTCTBYIOT, UTO
TOBOPHT O TOM, YTO IIOCJIE OTKWTA IIPU MCCIETyeMBbIX
YCIOBUSIX JaHHasl TJIEHKa UMeeT KPUCTaJIN4YecKylo
CTpyKTYpy. IIpu BeiOOpEe ONMHOYHBIX pedaeKCcoB, 00-
pasylolrx 3JeMeHTapHylo sdeiiky (puc. 1, b), uc-
TOJIL30BAJICS MPOTSKEHHBIN YIaCTOK IJICHKU. DTO M03-
BOJISIET ceiaTh BBIBO, UTO B IUIEHKE OKCUAA TUTaHa
mocjie oTXkura (GopMupyeTcsi MOHOKPUCTALIMYECKAsT
¢aza. JJonosHUTETEHEIM 10KAa3aTeIbCTBOM MOHOKPHC-
TAJUIMYHOCTUA 3TUX y4acTKOB ciyxaT IIDM-u3obpa-
JKEeHUSI, TIOJTyYeHHbIE METOIOM MUKPOCKOIIMM BBICOKO-
ro paspelleHusl, ¢ HabJIIoaaeMbIX y4acTKOB (puc. 1, d).
Ha nux xpucrannorpaguueckue IMJIOCKOCTU TMpea-
CTaBJISIOT COOOIl CIUIOLIHBIE HEMPepbIBAIOIIUECS JIU-
HUM, CTPOTO TMapaJijieJbHbIe IPYT APYTY.

Pesynbrarel pacuera audpakiiMOHHOW KapTUHBI
OT MOHOKPUCTAJUIMYECKOI0 yyacTKa IJIeHKHU MmoKa3a-
JIM, 4TO JaHHBIE OOJIACTM COOTBETCTBYIOT (pase aHa-
taza. Ha puc. 1, b npuBeneHa nudpakiimoHHasT Kap-
TUHa uccieayeMmoit rmueHku. OHa TpeacTaBiseT co-
0ol mepeceyeHre oOpaTHOM peleTKu (a3bl aHaTasza
(JCPDS 89-4921) c ocbio 30HbI [001].

HccrnenoBaHue CreKTpoB KOMOMHAIIMOHHOTO pac-
CesTHUS CBeTa IMmokKasaJio, 4To IocJie OTXKMIa B BAKyyMe
npu Temnepatype 650 °C B teueHne 30 MMH JUOKCUL
TUTaHA TEePEeXOJUT B KPUCTAIIMYECKOE COCTOSIHUE
MPEeUMYIIECTBEHHO B aJUIOTPOIMTHOM COCTOSIHUM aHaTa-
3a (puc. 2). Cpa3dy nocje MarHeTpOHHOIO HambUICHUSI
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IUICHKA TMOKCHMIA THTaHAa MMEET aMOpP(PHYIO CTPYK-
Typy. KoMOMHaIIMOHHOE paccesiHUuEe CBeTa OT Hee OT-
CYTCTBYET, a B CIIEKTPE TPOSIBISIOTCS TOJIBKO JIMHUN
KpeMHUeBOM moutoxku. [lociae oTkura mpoMCcXOauT
KpUCTa/UIM3alusl o0paslia MperMYIIeCTBEHHO B ajl-
JIOTPOITHOM MOIu(UKALMKU aHATa3a.

Hdnsa Bo30yXmeHus (POTONMIOMUHECLIEHINU LIEHTpa
Ti™3 — Bakancuu kucnopozna [10] B omxueitr UK 00-
JIACTH CIIEKTpa OBLT BEIOpAH Jla3ep C IJIMHON BOJIHEI 13-
qnydyeHust 785 HM. CrekTp (pOTOIIOMMHECLIEHLIMU MC-
cJIemyeMoro oopasiia, OTOXKEHHOTO TIPU TeMIlepaType
650 °C, nmpencrapiieH Ha puc. 3. [Tomoca 1,09...1,42 5B
¢ Makcumymom BOu3u 1,24 3B (A = 1003 M) 00yc-
JIOBJIEHA JIIOMUHECLIEHIMEN YKAa3aHHOTO BBIIIIE I[EHT-
pa. IToHaTs TIpHpomy HAGIIOJAEMOM MOJIOCH M3JTyde-
HUS MOXHO, €CJTM TIPUBJICYb AUATPAMMY 3JIEKTPOHHBIX

Tepexoa0B, KOTopasi n300paxkeHa Ha BCTaBKe pHC. 3,
npemioXxeHHyto B padore [10] mist nedekra, KOTOPbIi
BO3HUKAET B PE3YJIbTATE B3aMMOJCUCTBUS MOHA Tit3
U BaKaHCUM Kuciopoaa. M3nydyeHue npu mepexone
IyOOKOTO YPOBHSI B BaJIEHTHYIO 30HY HabJ10anoCh
paHee, MpU BO30YXXIEHUN OKCHUAA TUTaHA Ja3epaMu C
MEHBIIEH IJIMHON BOJHBI, KOTOPbIE OBLIM CIIOCOOHBI
BO30yIUTh U3JlydeHUE C 3Heprueil GpoTtoHoB 2,28 5B
[10]. DTo wmM3mMyyeHHE COOTBETCTBOBAJIO IMEpeXodam
BJIEKTPOHOB C YPOBHSI eheKTa B BAJICHTHYIO 30HY I10-
JyripoBogHuka. Hamu ObIIO 0OHapyXeHO M3JIydeHMe
MpU Mepexofax U3 30HbI MPOBOAMMOCTH Ha YPOBEHb
Jedekra ¢ sHeprueit GporoHoB 1,24 3B. BToT pe3yib-
TaT OBLT MOJYYeH MPU MCIOJB30BAHUU Jla3epa C IJIv-
HOI BOJIHBI 785 HM, KOTOpPbIM HE MOT BO3OYIUTH IO-
Jocy 2,28 5B. 3aMeTuM, UTO CymMMa dHEpruii usjyya-

TiO, anatase [0 0 1]

Puc. 1. Pe3yabTaTsl HcclieioBaHUS IUIEHOK JUOKCHIA THTAHA METOIOM NPOCBEYMBAIONIEH 3J1eKTPOHHOU MUKpocKomud (ITDM): a — nudpak-
TOrpaMMa MCXOMHOM IJICHKU; b — mudpakTorpaMma IUIEHKU Mocje oTkura; ¢ — [1DM-u3zobpaxkeHre KpUCTaUIUTAa AMOKCHAA TUTAHA MC-
xomgHo# mieHku ¢ yBeamyeHueM 800 000; d — [IOM-uzobpakeHne TIEHKH MOCTIe OTKUTA

Fig. 1. Results of the study of titanium dioxide films by transmission electron microscopy (TEM): a — diffractogram of the original film; b — diffractogram
of the film after annealing; ¢ — TEM-image of the crystallite of titanium dioxide of the original film with an increase of 800 000; d — TEM-image

of the film after annealing
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Puc. 2. CnekTpsl KOMOMHALMOHHOTO paccesiHUs CBETA TUOKCHIA TH-
Tana. Bo30yxknenune azepom ¢ aaunoit Boansl 405 um: / — obpaselr
cpasy IocJjie MarHeTpOHHOTO HalbUIeHUsI; 2 — TOCJIe OTXUTa TIPU
temmepatype 650 °C B teueHue 30 MUH; A — MUKKU, OTHOCSILIUECS
K aHaTta3y; R — nuku, oTHocsmMecs: K pyTuity; Si — MUK, OTHO-
csLMecs] K KpeMHUEBOM MOMIOXKE

Fig. 2. Raman spectra of titanium dioxide light. Excitation by a laser with
a wavelength of 405 nm: 1 — sample immediately after magnetron
sputtering; 2 — after annealing at a temperature of 650 °C for 30 min;
A-peaks related to anatase; R-peaks related to rutile; Si-peaks related
to silicon substrate

', arb.units

Intensity
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Puc. 3. Cnekrp (oToIOMIAHECHEHINA TUOKCHAA TUTAHA, OTOXKIKEH-
Horo npu Temneparype 650 °C (a1mHa BOJIHBI BO30YKIAIOIIEro ja3epa
785 uM). Ha BcTaBKe cxeMa M3JIyuyaTeJibHbIX ONITHYECKHX MEPEXO0/I0B

Fig. 3. Photoluminescence spectrum of titanium dioxide annealed at a
temperature of 650 °C (excitation laser wavelength 785 nm). On the
insert the scheme of radiative optical transitions

TEJbHBIX TMEPEXOJOB paBHA WIMPUHE 3alpelleHHOMN
30HBI IMOKCHIA TWUTaHa B (pase aHaTtaza — 3,52 3B.
OTO MOKa3bIBAET, YTO MPU OTXKMUIE IUIEHKA KpUCTas-
JnzyeTcsi. MOHOKPUCTAJIbl He paclpoOCTPaHSIIOTCS Ha
BCIO ITOBEPXHOCTb IIEHKU. [1JIeHKa SABAsIeTCS KPYITHO-
0JIOUHOI MOHOKPHUCTAJLINYECKOIA.

HMccnenoBanue JIOMUHECLIEHLIMU TakKXXe MOKa3bl-
BaeT, UYTO IOCJe OTXMra oOpaslibl OKCHAA TUTaHa
KPUCTANTU3YIOTCS.

3aKkmouenne

TakuMm o6pa3oM, B paboTe MOKA3aHO, UTO IIPU OT-
JKUTe B BAKYyMHOM KaMepe npu temieparype 650 °C B

teueHue 30 MuH amopdHas IUIeHKa IMOKCHAA TUTaHa
KPUCTATU3YETCS MPEUMYIIIECTBEHHO B (hopMe aHaTa-
3a M TOSIBJIIETCS T0JIOCA M3IYYeHUS C MaKCMMYMOM
1,24 5B. Jlna HabmoneHus stoii nojocel TiO, HeOO-
XOJIMMO BO30Y:KAAaTh JIa3epOM C JJIMHOM BOJIHBI 785 HM.
B sTOM ciiydyae mpoucxomauT BO30YXKAECHMHE LIEHTpa
Ti™3 — Bakancuu kucnopoza [10]. ITepexoas! ¢ LeHT-
pa B BAJICHTHYIO 30HY HE BO30YXIAIOTCsI, TaK KakK
9HEPTUs KBAaHTOB MCIOJIB3YEMOTO Ja3epa HeJOCTaTOU-
Ha. [TocieaHuil mepexon 1OCTATOYHO XOPOIIO OMUCAH
B HayuyHoi jautepatype [10] u co3maeT mojocy u3ny-
YEHUSI C MAKCUMYMOM B KPacHOM 00JIaCTH CIEKTpa U
BHepruei MakcumMyMa okoJio 2,2 3B. B cymme aHeprus
3TUX JBYX MEPexoa0B 0J11M3Ka K LIIMPUHE 3aMpelieHHOI
30HBI aHaTa3a.

Paboma svinoanena npu noddepicke Munucmepcmea
Hayku u evicuiel wkoavl. Tlpoekm 0004-2019-0002.
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Introduction

Titanium dioxide (TiO,) is a technologically impor-
tant semiconductor material because it has a large
number of unique properties: wide bandgap [1], high
refractive index [2, 3], and high dielectric constant
[4, 5]. According to this, optical and photochemical
properties of titanium dioxide thin films are important
[6, 7]. In addition, possessing semiconductor properties
this material can be used as a sensor for control of the
air-fuel mixes in the automobile engines [8, 9]. High di-
electric constant gives the more opportunities for ap-
plication of TiO, in electronics, for example, as a ca-
pacitor and a memory device.

Titanium dioxide has a wide area of homogeneity,
therefore, the defects of oxygen vacancy are played an
important role. One of such defects is Ti*3 recombina-
tion center — oxygen vacancy [10], which can be used
for the photocatalysis.

An important area is the development of a technol-
ogy of obtaining of the titanium dioxide nanostructures
and the research of methods of modification their prop-
erties. The main targer of this work is to obtain of the
crystaline titanium dioxide thin films of an anatase
phase and research of their properties.

1. Results of experiments and their discussion

The formation of films was carried out by deposi-
tion of titanium oxide on thermally oxidized n-type
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monocrystalline silicon wafers (p;~0.001...0.005 Q - cm)
with a thickness of 460 mm. The oxide thickness is
1.7 microns. At the preparation stage, the entire series
of substrates was hydromechanically cleaned on the
DNS Screen wafer cleaning machine.

For the deposition of thin films, high-frequency
magnetron sputtering was used, which made it possible
to obtain films of a desired chemical composition, in-
cluding stoichiometric. The distance between the tar-
get and the substrate for all experiments was fixed at
45 mm. The deposition of a thin film of TiO, was car-
ried out from a target of metallic titanium with a purity
0f99.97 % in gas mixture of argon with oxygen in a cer-
tain proportion. Before deposition of films onto the
substrate, the target was pre-sputtering onto a special
shutter in order to remove the oxide layer formed dur-
ing the previous processes.

The residual pressure in the vacuum chamber was
4+1077 Torr. The deposition was carried out at working
pressure of 2 - 1073 Torr in argon/oxygen atmosphere.
The supply of process gases to the chamber was carried
out using two automatic mass flow controllers, with an
accuracy of maintaining the gas mixture of £0.8 %,
which made it possible to set the concentration of gases
in the working gas mixture argon-oxygen with an ac-
curacy of £1.6 %. The Ar/O, relation was 20:5 sccm.
The power of magnetron during the process was about
of 200 W.




The thickness of the formed thin-film structures can
be adjusted either by setting the deposition rate and
monitored by a quartz sensor, or by the duration of the
deposition process. The thickness of the received struc-
tures was ~100 nm.

After the deposition, some of the samples were de-
termined to annealing in the vacuum chamber at the
temperature of 650 °C during 30 min.

The thicknesses of films were measured by a pro-
filometer, and their element composition — by the
method of Auger-electron spectroscopy. The photolu-
minescence spectra were recorded at a room tempera-
ture by a Raman spectrometer. As a source of excite-
ment, the lasers with the wavelengths of 405, 532 and
785 nm were used.

The structural properties of the samples were meas-
ured by the transmission electron microscopy (TEM) at
the accelerating voltage of 200 kV. For the characteri-
zation of the phacestructure of thin films the diffraction
pictures were measured from various sites of a film. The
results of investigations by the high resolution trans-
mission electron microscopy method are presents in
the fig. 1.

The diffraction pattern of the film before annealing
(fig. 1, a) contains wide diffusion rings, on which there
are separate reflections. Such a diffraction pattern from
the selected area means that the obtained initial titani-
um dioxide thin film is amorphous-crystalline, while
the crystalline phase has a small grain size. The ob-
served crystals do not have main orientation, which in-
dicates an almost uniform distribution of contrast be-
tween the crystal planes in the diffraction pattern.
These crystallites can be observed on TEM images of
the initial high-resolution film: they have a darker con-
trast (fig. 1, c¢). The crystals are irregular in shape and
unevenly distributed throughout the film thickness. The
average size of such inclusions is 15...30 nm. This allows
us to conclude that crystallization processes occur dur-
ing the magnetron deposition process, however, the low
temperature of the substrate prevents the formation of
a polycrystalline film.

At the same time, the diffraction pattern of the film,
but after annealing at 680 °C during 30 minutes, con-
tains only individual bright reflections (fig. 1, b). There
are have not a wide diffusion maxima, which means
that after annealing under the investigated conditions,
this film has a crystalline structure. When the individual
reflections forming the unit cells were isolated (fig. 1, b),
the wide part of the film was used. This allows us to
conclude that the after annealing the titanium dioxide
film have a single crystalline phase. In addition of the
monocrystallinity of these thin films are observed on
TEM images obtained by high resolution microscopy
method (fig. 1, d). On these pictures, the crystallo-

graphic planes are contains from continuous lines
which are parallel to each other.

The results of a calculation the diffraction pattern in
the single-crystal part of the film shown that these re-
gions correspond to the anatase phase. The diffraction
pattern of the film is shown in fig. 1, b. It represents by
intersection of the reciprocal lattice of the anatase
phase (JCPDS 89-4921) with the axis [001].

After annealing in vacuum at the temperature of
650 °C during 30 min the titanium dioxide switch to a
crystalline phase, mainly in the allotropic state of ana-
tase (fig. 2) it was demonstrate on the Raman scatter-
ing spectrum.

One the other hand the titanium dioxide has an
amorphous structure right after the deposition. It is not
possible to observe the pick of Raman scattering from
TiO, thin film, and only picks from the silicon sub-
strate appear in the spectrum. After annealing the sam-
ple goes to the crystalline state, in the allotropic form
of the anatase.

The laser with the wavelength of 785 nm was chosen
for the excitement of the photoluminescence Ti*3 cent-
er — oxygen vacancy [10] in the near IR area of the
spectrum. The spectrum of the photoluminescence of
the sample, annealed at the temperature of 650 °C, is
presented in fig. 3. The bandgap of 1.09...1.42 eV with
the maximum close to 1.24 eV (A = 1003 nm) is deter-
mined by the luminescence center which shown above.
It is possible to understand the nature of the observed
band of radiation, if we look at the diagram of the elec-
tron transitions presented in the insert of the fig. 3 pro-
posed in the work [10] for the defect, which is the re-
sults from interaction of Ti*3 ions with the oxygen va-
cancy. Earlier, the radiation during the transition from
a deep level to the valence band was observed, when the
titanium dioxide was excited by the lasers with the
smaller wavelengths, capable to excite radiation with
the energy of photons of 2.28 eV [10]. This radiation
corresponded to the transitions of the electrons from
the defect level to the valence band of a semiconductor.
We discovered radiation during transitions from the
conductive level to the defect level with the energy of
the photons of 1.24 eV. This result was obtain with the
use of the laser with the wavelength of 785 nm, which
could not excite of the band of 2.28 eV. We should
point out that the sum of the energies of the radiative
transitions is equal to the width of the band gap of the
titanium dioxide films in the anatase phase — 3.52 eV.
This means that during annealing the titanium dioxide
thin films become to a crystalline. The monocrystals do
not extend to the all of the surface of the film. This is
a large-block and single-crystal film.

The research of the luminescence also demonstrates
that the titanium dioxide thin film become to a crys-
talline after annealing of the samples.
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Conclusion

Thus, the work demonstrates that the amorphous
film of the titanium dioxide thin film become to a crys-
talline mainly in the form of anatase after annealing in
the vacuum chamber at the temperature of 650 °C for
30 min. The amorphous film of the titanium dioxide
become to the allotropic form of anatase, and a radia-
tive band appears with the maximum of 1.24 eV. For
observation of this band of TiO, is necessary to excita-
tions by a laser with the wavelength of 785 nm. In this
case the Ti™3 center — vacancy of oxygen is excited
[10]. The transitions from the center to the valence
band are not excited, because the energy of the quanta
of the employed laser is insufficient. The latter transi-
tion is described rather well in the scientific literature
[10] and it creates a radiative band with the maximum
in the red area of the spectrum and energy of the max-
imum of about 2.2 eV. The total energy of these two
transitions is close to the width of the bandgap of the
anatase.

The work was done with support of the Ministry of Sci-
ence and Higher Education. Project 0004-2019-0002.
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"Haumonanbhbiit HCCea0BaTeIbCKMiI TOMCKUIT TOCYIapCTBEHHBIN YHUBEPCUTET,

Ir ocymIapcTBeHHBIN HaydHbIH 1ieHTp PO AO "HITO "Opnon", 1. MockBa

COBPEMEHHOE COCTOSAHUE MCCAEAOBAHUN
B OBAACTU CO3AAHNA YHUTTOAAPHbBIX BAPBLEPHbIX CTPYKTYP
HA OCHOBE TEAAYPUAA KAAMUA U PTYTU

Ilocmynuna ¢ pedaxuuio 15.10.2019

IIpoananuzuposano cospemerHoe cocmosnue Ucciedo8anull 8 00aacmu co30aHUsL YHUNOASPHBIX OAPbEPHBIX CMPYKMYDP HA OC-
Hoge Monekyaapro-ayuesol snumakcuu n-HgCdTe 0aa ungpakpacHvix demekmopos ¢ NOHUNCEHHbIMU MeMHObIMU mokamu. T1o-
Kas3auo, umo 6apvepHvle cmpykmypsl muna nBn npedcmaeasom coboti aremepuamugy 041 co30anus GomoouoOHbIX NPUEMHUKO8
U3NYHeHUs1 cpeoHe0 U 0anbHe20 UHPPAKPACcHo20 duanasona. Paccmompenst ocHoeHble nymu MuHumMu3ayuu 6apvepa 04s ObipoK 6
BANEHMHOU 30He (homoUy8CmMEUMeNbHOU CIMPYKMYPbl HA OCHO8e Mealypuda Kaomus U pmymu n-muna npogooumMocmu.

Karoueewie caosa: ynunoaspuas cmpykmypa, 6apvepras cmpykmypa, HgCdTe, KPT, MJI1D, nBn, UK ¢pomoduod, gpomonpu-

eMHOoe YCmpoLicmeo
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BBenenune

HeobOxonuMocTh pa3paboTrku ¢OTONpUEMHBIX YCT-
POMCTB TPEThEro MOKOJIEHUS MPEeAbsIBISET MOBbIIICH-
Hble TpeboBaHus K UHPpakpacHbiM (UK) nerekTopam.
Cpenu OCHOBHBIX HampaBJieHU B 0OJacTU yiayudllie-
HUSI paboyMX XapaKTEPUCTUK (HOTOUYBCTBUTEIBHBIX
npubopHbIX cTpyKTyp MK nuamazoHa MOXHO Bblae-
JINTh MOBBILLIEHUE paboyeil TeMmepaTypbl, CHUXEHUE
CTOMMOCTH, MacChl U rabapUTHBIX pa3MepoB MpudOo-
poB [1, 2]. [TonynpoBOAHUKOBKIIA TBEPAbI PacTBOP
HgCdTe (teanypun xanmus u prytu, KPT) asasercs
uieabHbIM MaTepuaaoM ajs coznanusg MK nerekro-
poB. DTO 0O0YCJIOBIEHO, BO-IIEPBbIX, 3aBUCUMOCTbHIO
IIMPUHBI 3aMpellleHHOM 30HbI OT coaepxaHust CdTe,
BO-BTOPBIX, OOJBIIUMU ONTUYECKUMU KO3 duieH-
TaMM TIOTJIOIICHUS, CIEACTBUEM YETO SIBISIOTCS 0OJb-
1IMe 3HaYeHWsI KBAHTOBOM 3(p(heKTUBHOCTH, B-TPETHUX,
MeXaHU3MaMu peKoMOWHaLuU, obecrieuynBalolMMU
OoJsiblIee BpeMsl XXM3HU HOCUTEJIeH 3apsiia v BBICOKYIO
pabouyio TemrepaTypy, 1, B UeTBEepThbIX, KpaliHe clia-
0011 3aBUCUMOCTbIO TTIOCTOSIHHOM pEeleTKU OT COCTaBa
(4TO TIO3BOJISIET BbIpAlllMBaTh BbICOKOKAYECTBEHHbIE
MHOTOCJIOMHBIE TETEPOCTPYKTYPHI).

bnaropapss mepeunciaeHHbiM cBoiictBam HgCdTe
IIHAPOKO MPUMEHSIIOT MpU pa3paboTKax BhICOKOUYBCT-
BuTeJbHbIX MK 1eTeKTOpOB 1JIs pa3IMYHbIX CIIEKT-
panbHBIX obnacrteii [3]. MaTpuubl (hOKaabHOM’ MI0C-
koctu aas cpenHero (MWIR) u manbHero (LWIR)
CHEKTpaJIbHBIX JUAMa30HOB OOBIYHO MMEIOT TMOPUI-
HYIO apXMTEKTypy: (poTOCEHCOp Ha OCHOBE p—n-(Po-
toaguonoB n3 HgCdTe coBmemiaeTrcss ¢ KpeMHUEBO
cuuThIBalollleit cxemoit. Pabouue TemnepaTyphbl JeTeK-
TOPOB, TIPU KOTOPHIX BO3MOXHA peanu3aivs pexrma
OTpaHWYEHUS TIOPOTOBBIX XapaKTEPUCTUK IITyMaMu
(boHOBOTrO M3TY4YEHHUSI, OMNPEACISIOT TeHepalrOHHO-
pexoMOnmHaumoHHEIMU Mexanu3Mmamu B HgCdTe, om-
penesiolMMUA TEeMHOBBIE TOKM (11ymbl). s noaas-
JIEHUST TEMHOBBIX TOKOB TTPUXOIMTCST OXJIaXKIaTh YYBCT-
BUTEJIbHbIE 3JIEMEHThl (DOTONMPUEMHBIX YCTPOUCTB 10
JIOCTaTOYHO HU3KUX TemIiepaTyp (Harnpumep, a0 77 K
npu LWIR-gerektupoBanuu). KiioyeBbIM YCIOBU-
€M IIJIS1 CO3JaHuUsI BICOKOTEMIIEPATYPHOTO AeTeKTOopa
SIBJISIETCSI MUHUMMU3allusl TEIJIOBOM TeHepaluy B akK-
TUBHOI 00JacTU 0€3 CHIKEHMSI KBAaHTOBOI 3(deK-
tuBHOCTU. Cpeau BceX MEXaHM3MOB TEIUIOBOM re-
Hepanuu-pekoMouHauuu (I'P) B y3KO30HHBIX MOJTYy-
MPOBOJAHMKAX PEIIAIONIYIO POJIb UTPAIOT MEX3OHHBIE
oxe-mpouecchl (Oxe 1 u Oxe 7, uMeronie HauMeHb-
11IM€e MIOPOToBbIe SHEPTUM), a Takke I'P mo MexaHusmy
IHoxmn—Pun—Xomna (IIPX) yepe3 ypoBHM JOBY-
mek. MznyyarenbHass peKOMOWHALIMS OObIYHO HE OT-
paHMYMBaeT XapaKTEPUCTUKM IPABWIHHO CIIPOEKTH-
pOBaHHBIX IETEKTOPOB [4].

bapnepHbie CTPYKTYpbI

HanpHeliuii mporpecc uH(ppaKpacHBIX IeTEKTO-
poB Ha HgCdTe cBsizaH ¢ pa3BUTHEM TaKUX TEXHOJIO-
TUl TTOJTyYeHUsT MaTepraiia, Kak MOJIEKYJISIpHO-JTydeBast
snutakcust (MJID) u razodasHas arMTaKkcys U3 MeTajl-
oprannueckux coeamHeHuit (FrGBMOC, MOCVD).
OTU TEXHOJIOTUM TIO3BOJISIIOT BbIpallUBaTh IUIEHKU C
MPELM3MOHHO YIpaBISIeMbIM paclipeneeHueM KOM-
TMOHEHTHOTO COCTaBa U KOHILIEHTPALIMU JIETUPYIOLIEH
MpUMEeCH 10 TOJIIMHE. DTO MPEenoCTaBIsIeT BO3MOX-
HOCTM pa3pabOTOK HOBBIX ApXUTEKTYp IMPUOOPHBIX
CTPYKTYp, 0OecreunBalolnX, HapuMep, MOBBIIICHUE
paboueii TeMIiepaTypbl IETEKTOPOB 1 YIIPOIIEHUE TeX-
HOJIOTMYECKOT0 LIMKJIa X u3rotosiaeHus [5]. K HacTo-
SIIeMy MOMEHTY TpeaIoXeHO MHOXECTBO pas3jiny-
HBIX apXUTEKTYp OapbepHBbIX AETEKTOPOB Ha OCHOBE
HgCdTe, cpeay KOTOpbIX MPU UCTIOJIb30BAHUN METO A
MJID caMbIMU TepCHEKTUBHBIMU TPEACTABISIIOTCS
YHUTOJISIpHbIE KOHurypauuu (nBn- 1 NBv N-cTpyK-
TYphl), MO3BOJISIIOLIME YIIPOCTUTh TEXHOJOTUIO TMOJIY-
YeHUsI JETEKTOPOB U CHU3UTb TEMHOBBIC TOKU [6].

B 2006 r. npemioxeHa KOHUEILMS 6apbepHOii (o-
TOYYBCTBUTEJIBLHOW CTPYKTYPHI [7], KOTOPYIO KOHCTPYK-
THBHO YacTO CPaBHMBAIOT C KJIACCUYECKUM p—Hn-(POTO-
JuoaoM. Pasnnuus 3akiio4aroTcsi B TOM, YTO 00J1acThb
npoctpaHcTBeHHoro 3apsiga (OII3) p—n-nepexona
3aMeHeHa OapbepHbIM (ILIUPOKO30HHBIM) ciioeM B, a
p-00JIaCTh — KOHTAaKTHBIM cJioeM n-Tuma. Bo BTopom
n-CJIoe TIPOUCXOAUT TMOTJIOIIEHUE U3TydeHUsI. 3a cUeT
BBEACHUS LIMPOKO30OHHOIO Oapbepa IpU Mojaye Ha
CTPYKTYpY OTPULIATEJIbHOTO CMeIleHUs (OTpULlaTeNb-
HBI TOTEHIMaJl NMPUIOXEH K KOHTAaKTHOMY CJIOIO)
BO3HUKAET MOTEHIMAJbHBIA Oapbep ISl 3JEKTPOHOB
(IpOMCXOAUT MOJAABIEHNE TEMHOBBIX TOKOB OCHOBHBIX
HOCUTeJIeN 3apsiaa), HO IIPU 3TOM OTCYTCTBYeT Oapbep
JUISI HEOCHOBHBIX HOCHUTeNel 3apsaa (IbIpoK), BO3-
HUKIIKWX B pe3ynbTaTe ororeHepaiuu [8]. BeeneHue
6apbepHoro cios BMecto OI13 p—n-dortoauona cHu-
JKaeT BKJIAJ B TEMHOBOM TOK KOMIIOHEHTOB, CBSI3aH-
HbIX ¢ npoueccamu IIIPX, a Takke ¢ MOBEpXHOCTHOM
YTEUKOI.

KoHuenuusi nBn-cTpykTyp Oblla TMpemyioXeHa
(4 BriepBble peaJiM30BaHa Ha MpPaKTUKE) ISl JeTeK-
TOPOB Ha OCHOBe InAs-coeguHeHuit (rpyrmnmna A3B5) c
pa3pblBOM 30H Ha TeTeporpaHuliax BTOPOro THMIIA.
[IpennoxeHHas CTPYKTypa COCTOsIa TOJBKO U3 CJIOEB
n-TUIIA TIPOBOJUMOCTU C HEJIETUPOBAHHBIM OapbepoM
u3 InAsSb (u1u AlAsSb) [9]. OcoBGeHHOCTbIO TaKUX
JNIETEeKTOPOB SIBJSETCS TOYTU HYJEeBOW pa3pblB Ba-
JICHTHOM 30HBI Ha reTeporpaHuiie dapbepa U KOHTaK-
THOTO CJ10s1 TIpU 60JbIlION BbicoTe OGaphepa (> 1 3B) B
30He MNpoBOAMMOCTH. Pa3paboTku nBn-neTeKTopoB
Ha ocHOBe InAs-coeanHeHuI aKTUBHO MTPOAOJIKAIOTCS
[10, 11]. TeopeTnuecku ImokKa3aHoO, YTO nBn-neTeKTo-
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Puc. 1. Paccuurannbie 3aBUCHMOCTH 0OHAPYKHUTEJIbHOM CIOCOOHOC-
TH D* OT BHELIHEro CMeIeHus 1is 0apbepHoii (POTOYYBCTBUTEIbHOM
nB,n-crpykrypsi npu Temneparype 200 K npu pasimyHbIX 3HAYEHHAX

cOCTaBa IEHTPAJBHOro 1051 0apnepa [15]

Fig. 1. Calculated dependences of the detectivity D* on the external
voltage for the barrier photosensitive nB,n-structure at the temperature

of 200 K at various values of the composition of the central layer of the
barrier [15]

Pbl HA OCHOBE COeAMHEHUI TPYMIIbI AP MpU MOJHOM
peaqu3alyyu UX TMOTEHIMATbHBIX MPEUMYIIECTB CITO-
COOHBI KOHKYpUPOBaTh C TPaAULIMOHHBIMU IE€TEKTO-
pamu u3 HgCdTe [12].

B HacTosiiee Bpems1 pacnpocTpaHeHO co3laHue Ha
ocHoBe MJI® HgCdTe-doTtonnonos tuma » Ha p my-
TE€M UMIUIAHTAlUU B SMUTAKCUATbHYIO TJIEHKY MOHOB
Oopa (6e3 oTxura), a Takke (OTOAMONOB TUIA p HA 1
MOCPEACTBOM MMILIAHTALlMM UOHOB MBbIIIbSIKA U MOC-
Jienyouiero aktuBaimoHHoro otrxura. lns HgCdTe
Takke TMepCNeKTUBHO UCIOJIb30BaHUE #Bn-apXuTeK-
Typbl. DTO MOXET 00EeCIeYNTh 3HAUUTEIbHOE IIPEUMY-
1IECTBO Mepel TPaAMLIMOHHBIMU (hoTOoaMOAaMU (a TaK-
K€ IBYXCJIOMHBIMU TIaHAPHBIMH TeTepoTiepexoqaMu —
DLPH) B cuny noBbillieHUsI KauecTBa MaTepyalia B OT-
CYTCTBUM MOCTUMILIAHTAllMOHHBIX AedekToB [13, 14].
HMcknoueHre HeoOXOAUMOCTU TPOBEAECHUSI MOHHOM
UMIUIAaHTAaUUMKM (MHOTOA C IIOCJAEOYIOIIMM OTXXUIOM)
VIIPOCTUT TEXHOJIOTUIO CO3AaHusl aeTekTopoB. Ho
npu peanusauuu nBn-apxutektypbl B HgCdTe Bo3Hu-
KaeT mpobJiemMa, CBsI3aHHasl ¢ TeM, YTO JJIsl TeTeporpa-
Hu1L 6apsepHoro cios B HgCdTe xapakrepeH nepBblii
TUIT PACIIOJOXKEHUST DHEPreTUUECKUX 30H, YTO Moapa-
3yMeBaeT HEHYJIEBOM pa3phlB BaJIEeHTHOI 30HKI. Takoit
pa3pbIB 30H MPEMNSTCTBYET TOKY (DOTOHOCUTENIEN.

s pelieHuss 3ToW NpoOJeMbl Mpeaiaraioch
yBEJIMUYMBATh HANPSDKEHUE CMEIeHUsT Ha CTPYKTYype.
B paborte [15] ObUI0 MPOBEAEHO YMCIEHHOE MOJETU-
pOBaHME IHEPreTUYeCcKUX auarpamMMm (OTOUYBCTBU-
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TeJbHOM 1B, n-CTPyKTyphl C TOIVIOIIAIOIINAM CIOEM
Cdy »75Hgg 725Te, paccunranHbiM Ha cpenHioro MK
00JIacTh, U CO CJIOXHBIM TPEXCIONHBIM OapbepoM,
BKJIIOYAIOIIMM LeHTpasibHbIi cioit ¢ Cdy ¢Hgy 4Te u
JIBa OKPYKAIOIINX €T0 CJIOS C TIEPEMEHHBIM COCTaBOM.
Ha puc. 1 mokazaHbl pacCUMTaHHBIE 3aBUCHUMOCTH 00-
HApY>XUTEJbHOM CIIOCOOHOCTHM OT 3HAYE€HUsI BHEILIHE-
ro cMeuleHus npu remneparype 200 K. 3nece Np —
KOHIIEHTpAIUsI JOHOPHOM TTPUMECH B COOTBETCTBYIO-
IIIEM CJI0€ CTPYKTYPHI.

M3 npeacTaBieHHbIX Ha pUC. 1 KPUBBIX BUAHO, YTO
OGapbepHbIE CI0U C OOJIBIIMM COCTAaBOM 00ECIIEYMBAIOT
Jlydiivde 3HauyeHUsl OOHapyXKUTEJIbHONH CIOCOOHOCTHU
npuodopa, 4To o0bsICHsIeTCS OoJiee 2PHEKTUBHBIM K-
paHMPOBaHUEM TOKA OCHOBHBIX HOCHUTEJIEN 3apsiia B
CTPYKType OoJjiee IIMPOKO30HHBIM OapbepoMm. Ilpu
5TOM Hajnuue O6apbepa ISl IbIPOK B BAJIEHTHOI 30HE
00yCJIOBIMBAET HU3KME 3HAYEHUST OOHAPYKUTEIbHOM
CIIOCOOHOCTM TMpU HYJIEBOM BHEIIHEM CMELICHUU.
ITpu yBeIMYeHUM OTPULIATEIBHOTO BHEIIIHETO CMellie-
HUSI TeOMETPUsI MOTEHIINATBHBIX OaphepoB TIpeTepIIe-
BaeT CYyILIECTBEHHBIC NU3MEHEHMS KaK JIJIST JIEKTPOHOB,
TaKk W s Ablpok. [Ipu yBeauuyeHUU CMEIeHUsT BbI-
coTa Oapbepa ISl AbIPOK CTAHOBUTCSI MEHBbIIIE, YTO
yMeHblIaeT 6apbep sl ToKa HEOCHOBHBIX HOCUTEJeH
1 TIPUBOIUT K YBEJIWYCHHUIO OOHAPYXKHUTEJIBHON CITO-
cobHoctu. OMHAKO MPU CIUIIKOM OOJIbIINX 3HAYEHHU -
sax cmeuieHust (~0,4 B) cylecTBeHHBIM CTaHOBUTCS
U3MEHEeHUe TeoMeTpur Gapbepa B 30HE MTPOBOAUMOC-
TU: ero hopMa CTPeMUTCS K TPEeyTroJIbHOM, BO3pacTaeT
TYHHEJIbHAsl TPO3pavyHOCTh Oapbepa U yMEHbIIAETCs
3 HEKTUBHOCTh 9KPaHUPOBAHUSI TOKA OCHOBHBIX HO-
CUTEJIel, YTO TIPUBOIUT K MOCIEAYIOIIEMY CHIKEHUIO
3HAUCHUI OOHAPYXUTEJIbHOM CrOcOOHOCTU (puc. 2).
3nech E,, E, — sHeprum KpaeB 30HbI IIPOBOAUMOCTHI
¥ BAJICHTHOM 30HbI; E; — 9HEprust ypoBHsI ®epmn, a
Ef’ i Eﬁ p — OHEPIUM HEPaBHOBECHbBIX KBa3MYpOB-
Hell @epMu. CXomHbIe pe3yJIbTaThl MOJYYEHBI TAKXKE U
IpyruMu aBropamu [16, 17].

CTpyKTyphI ¢ 0apbepaMu p-THNA

Hpyrum moaxonoM K MUHMMU3ALIMKA pa3pbiBa Ba-
JICHTHOU 30HBI SBJSIETCS CO3JaHUE Oapbepa p-TuUMa
npoBoguMocT. B pabore [8] mokazaHa BO3MOXHOCTD
MPaKTUYECKHU TOJIHOTO yCTpaHeHUsl Oapbepa JJis Abl-
pOK (mpU omnpeaeeHHOM CMEIIEHUN) TTyTeM MpeLu-
3MOHHOIO AaKIIENTOPHOIO JIETUPOBaHUS OapbepHOM
o6iactu. Takoil moaxon MajaoIlepCIIEKTUBEH MIPU UC-
nojb3oBaHUM MJID U BO3MOXEH TOJBKO IpU BbIpa-
IIMBaHUM TeTepocTpykTyp Merogom MOCVD [18],
KOTOPBIA MO3BOJSET MOJYYaTh in Situ Marepuan Kak
JIOHOPHOTO, TaK U aKLENTOPHOTO TUIIOB MPOBOIUMOC-
ti. KpoMe 3toro, dopmupoBaHue GapbepHOro CJ0sI
p-TUIa NpUBeeT K BO3HUKHOBeHMIo OI13 BOIM3MU re-
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Fig. 2. Energy diagrams of the barrier photosensitive nB,n -structure at the temperature of 200 K in absence (a) and presence (b) of a bias [15]
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Fig. 3. Calculated band diagrams of the structures with the barriers of n- and p-types (a) and with a barrier in the form of a superlattice (b) at the

temperature of 80 K at a zero external voltage [19]

TepOrpaHull 6ApLEPHOTO CJIOSI, YTO BHI3OBET MHTEHCHUB-
Hylo reHepanuio no mexanusmy IIPX. ITosromy mpe-
HUMYILECTBO UCIIOJb30BaHUS Oapbepa, JIeTUPOBAHHOIO
aKIENTOPHOI MPUMECHIO, HE SIBJISIETCS OUYE€BUIHBIM.

CTpyKTypbl CO CBEPXPEHIETOYHbIMH OapbepamMu

st meroma MJID nydinie moaxoguT HaIlpaBJIeHHUE,
CBSI3aHHOE C MCIOJIb30BaHMEM MHOTOCIONHEIX 0apbe-
pOB, BKJI0oUasi 6apbephl B BUAe cBepxpelieTok [19]. Ha

puc. 3, a moKaszaHa pacCuMTaHHasl 30HHas IMarpaMmMa
aHAJOTUYHON CTPYKTYphl, Y KOTOPOM poJib Oapbepa
BBITIOJIHSIIOT OJHOPOAHbBIE CJIIOU K- U p-TUIIOB MPOBO-
aumoctu. 3aech E,., E, — 3Hepruu Kpaes 30HbI IIPO-
BOAMMOCTH U BaJICHTHOI 30HBI; £y — 3HEprust ypos-
Hs1 Pepmu. Pacuer sHepreTMuecKoii 30HHOM quarpam-
MBI CTPYKTYPBI, B KOTOPOI pOJIb Gapbepa BHITIOTHSIET
cBepxpeuietka (T3SL) HgTe/CdO’gngO’OSTe. Tonum-
Ha cioeB Cd 9sHg) gsTe Bo Becex paccMaTprBaeMbiX
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aBTOpaMM CJydasix COCTaBjsiia 28 HM, a TOJIIMHBI
cnoeB HgTe mpu mpoBeneHUU pacuyeToB BapbUpOBa-
Jmchk. MoaennpoBaHue ToKa3aao, YTO B TaKOU CHUCTe-
Me npu toimuHe cinoeB HgTe 5 HM MOMHOCTBIO yCT-
paHsieTCsl MOTEeHLMaAbHBII Oapbep B BaJ€HTHOM 30-
He 0e3 obpazoBaHust OI13 (puc. 3, b, Kpubie 5/28).
K coxaneHuio, aBTOpbl He Jal0T MH(MOPMAIIUIO O TOM,
KakKoe 4YMCJIo NepUo0B CBEPXPEIIETKY OHU 3aKJIalbl-
BaJId TIpU pacyeTax.

HanbHeiee pa3BUTUE 3TOT MTOAXO/ MOJYUYUI B pa-
6ote [20]. PacueTsl, IpoBeIeHHBIE C YYETOM KBAHTO-
BO-MEXaHWYECKOU TIPUPOIBI CBEPXPEIIEeTKN B Oapbep-
HOM cJloe, TMOKa3ajiu, YTO MpHU TOJIIMHAX O0apbhepoB
CdTe u am HgTe, paBubix 1,3 u 3,7 HM COOTBETCT-
BEHHO, JOCTUIaeTCs MaKCUMajlbHOE OTHOILEHUE bI-
POYHOTO TOKa K 3JIEKTPOHHOMY, €CJIM YUCJIO CIIOEB B
cBepxpenieTke Ipesbiimaet 12 [21]. Takke B padborax
STOM I'PYMITBI TEOPETUIECKU TTOKA3aHO, YTO CHUXKECHUE
Oapbepa B BaJIEHTHON 30HE BO3MOXHO IPU HEOAHO-
POIHOM pacIipenejIicHNH COCTaBa 1 JIeTUPYIOIIeH TIpy-
MecH B bapbepHOM cJjioe [22]. DKCIriepMMeHTaIbHO 3TU
cnocoObl CHIKEHMSI Oapbepa B BaJ€HTHOI 30HE 1e-
TaJIbHO MTPOPaboOTaHbl HE ObUIN.

Hpyroit mpobiieMoil nBn-1eTeKTOpoB Ha OCHOBE
HgCdTe sBnsiercsi HemocTtaToyHasi BbICOTA TOTEHIIM-
aJlbHOTO Oapbepa 1JIs1 3JeKTpoHOB (MeHee 1 3B), uTo
VBEJIMIMBACT BEPOSATHOCTH TYHHETMPOBAHMST DJIEKTPO-
HOB 4epe3 0apbep MM ero HaadaphepHOro MpeoaoJe-
Hus. JJ1s1 peleHus: 3Toil mpo0aeMbl HEOOXOIMM TIa-
TeJbHBIA MOAOOP TOJIIMHBLI Oapbepa, KOHLIEHTPALUK
JIeTUpYIoLle MpUuMecH B KOHTaKTHOM ciioe [23]. Bax-
HBIMU 3a7ayaMM NpPU WU3TOTOBJICHUU HBn-CTPYKTYp
SIBJISIETCS YCTpaHEHNE TOKOB ITOBEPXHOCTHOM YTEUKH,
a TakxKe BbIOOp MpaBWIbHONH KOHMUIypalluu KOHTaK-
TOB [8].

DKcnepaMeHTANIbHBIE 00pa3ubl nBn-1eTeKTOpOB
u3 HgCdTe

HecMoTpss Ha 3HAYMTENBHOE YMCIO ITYOIMKAIIWIA
(oko:10 100), moCBAIIEHHBIX TEOPETUYECKOMY OOOCHO-
BaHUIO TTOTCHIINAIBHEIX IPEUMYIIECTB # Bn-CTPYKTYp,
MU3BECTHBI TOJBKO €IMHUYHBIE IOIBITKU MPaKTUYEC-
Kol peanusauuu nBn-merexkropoB u3 HgCdTe. Brep-
Bole nBn-getektopbl Ha ocHoBe HgCdTe ¢ rpaHuy-
HOM UIMHOM BOJHHI 5,7 MKM Tipu 77 K ObLIM BhIpa-
mweHbl MeTomoM MJID (cuctema Riber 32 MBE) Ha
nomjioxke u3 oobeMHoro CdZnTe [23, 24]. ABTopamu
ObUIO YCTAaHOBJEHO, YTO BOJbT-aMIIepHasl XapakTe-
puctuka (BAX) onpenensiercst ¢popmoii bapbepa u 3a-
BUCHUT OT IPUJIOKEHHOTro cMellieHMs. B nuamasoHe
temmepatyp 180...250 K Habmonanu auddy3noHHoe
OrpaHUYeHHEe TEMHOBOIo Toka (MJIOTHOCTbh TOKa CO-
craBuna 1—3 A/CMz), rpu 0oJiee HU3KKUX TeEMIIepaTypax
TOK OB OTpaHWYEH reHepalreil yepe3 mMoBepXHOCT-
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Hble JTOBYIIKU. DOTOOTKIMK 3aBUCUT OT MPUIIOKEH-
Horo cMmeleHus1. CoracHo olleHKaM, MaKCUMallbHast
BHYTpPEHHSIsSI KBaHTOBasl 3((PEeKTUBHOCTh COCTaBUJIA
66 %. ABTOPBI He NPUBOAIT aOCOTIOTHBIX 3HAYEHUIA
CIEKTPAJIbHON YYBCTBUTEJbHOCTH, YTO 3aTPyIHSIET
OlIeHKY KadecTBa npubdopa. [Ipu BTOpoii pazpaboTke
HgCdTe nBn-cTpyKTyphl ¢ moMolilbio MeToga MJID
MMOJTy4eHBl 3HAYUTENIBHO MeEHbIIMe (TIPUMEPHO Ha
5 NOpsIAKOB) 3HAYEHMSI IJIOTHOCTM TEMHOBOIO TOKa
(3,74 - 1076 A/CM2 npu temneparype 77 K u cmele-
Huu 0,5 B) [25]. Takoii pa36poc pe3ynbTaTOB CBUIC-
TEJbCTBYET O HEOOXONMMOCTU CHUCTEMaTUUECKUX MC-
CJIeIOBaHMW 11 ONTUMM3AIIMU TTapaMeTPOB CTPYKTYP
U TEXHOJIOTUUYECKUX TMPOLIECCOB.

Hayunoit rpynmoii u3 ®panHumm Takke ObLIa
npeanpuHsaTa nonbsitka co3ganusgs MWIR nBn-cTpyk-
Typbl Ha ocHoBe MJI® HgCdTe ¢ acuMMeTpuYHBIM
GapbepHBIM CJIOEM 1 OMHOPOIHBIM JIETUPOBAaHKUEM [26].
HecMotpst Ha To yTO KBaHTOBasi 9 (HEKTUBHOCTh CO-
[JIaCHO olieHKaM gocturana 60 %, Habmomaan 6oJb-
1IMe 3HadeHus IIoTHocTh Toka mpu 77 K (okomo
1073 A/CM2). BAX uMenu BUI, KOTOPBIN 3HAUUTEIHHO
OTJIMYAJICS OT MpecKa3aHHOTO B pe3yJibTaTe MOACIM-
pOBaHUs, a UCCIECIOBAHUSI C TTOMOIIBIO MAacC-CITeKT-
POCKOTIMH BTOPUYHEBIX MOHOB TTOKA3aJIi, YTO pealbHOe
pacrpezeneHrue cocTaBa I0 TOJIIMHE TUICHKW 3HAYM-
TEJIbHO OTJIMYaeTcsl OT 3allJIaHUPOBAHHOTO.

I'pynmoii Istuno A. (CIIA) Obl1a npeanpuHsITa Mo-
MbITKa co3naHusl riaHapHoit LWIR nBn-cTpyKTyphl,
JUISL KOTOPOM HaOJI0Aad BBHICOKME 3HAYEHUSs ILIOT-
HOCTU TEMHOBOTO TOokKa (okoJjio 50 A/CM2 npu 77 K).
OcBellleHMEe MPUBOIUIO K HE3HAYUTEIbHOMY YBEJIU-
YEHMIO TOKA IIpU 00paTHOM CMEIIEHUU. ABTOPHI 00b-
SICHWIM Pe3yJIbTaThl HAIMYKEM TOKOB MOBEPXHOCTHOM
yTeYKHU. 3HAYEeHUs TIJIOTHOCTH TOKA UISI MU3TOTOBJICH-
HbIXx MWIR u LWIR nBn-cTpyKTyp Ha HECKOJILKO
TOPSINKOB TIPEBBIIIAIOT 3HAYEHUs, TpeacKa3aHHbIe
BBEIpaXkeHHeM 1T TeMHoBoro Toka MK merektopos
"Rule07" [27], 4TO MOXeT CBUAETEILCTBOBATh O OOJIb-
IIUX TOKAxX YTEUKH IO TEePUMETPY CTPYKTYPHI BCIIE-
CTBME HEIOCTAaTOYHOIO KavyecTBa MacCUBAlVM.

CTpyKTypbl C HEPABHOBECHBIM 00€IHEHHEM

OngHuM 13 crioco6oB nogapiieHust Oxe-IpoLeccoB,
He TpeOYIOIINM OXJIaXKIeHUs TOJIYIIPOBOIHNKA, SIB-
JISeTcsl co3JaHhe HepaBHOBECHOro obemHeHust [28].
TeMHOBBIE TOKM, OMNpEACIISIOIIAe pabouylo TeMIiepa-
TYpy BbICOKOUYBCTBUTENbHBIX MK neTekTopoB Ha oc-
HoBe HgCdTe, orpanuyeHsl npoueccamu Oxe-reHe-
pauuu. HeTpuBuanbHOM 3amaueii SIBJsSIETCSI CHUXKEHUE
TpeOOBAaHUI K OXJIAXIEHUIO NETEKTOPOB 0e3 yxyllie-
HMST pabourx XapakTepucTuK. KoHIenusi BBICOKOTEM -
nepatypHbix (HOT) cTpykTyp OocHOBaHa Ha TojaBiie-
Huu Oxe-I'P-nporieccoB myTeM CHMXKEHUS TETUIOBOM




KOHIIEHTpAIlMM HOCHUTEJEH 3apsga B ITOTJIOIIAIONIEM
c/ioe 10 3HAYEeHUI, KOTOpble MEHbIlIe PABHOBECHBIX.
B HOT perekTopax ucmoiab3yercsl CaabojieripoBaH-
HBII1 Y3KO30HHBIN MOIIOIIAIOIIUIA CIIOI, C OJHOU CTO-
POHBI KOTOPOTo (popMUPYETCSI TeTepoIiepexo, odece-
YUBAIOLIMI SKCKITIO3UI0 HOCUTENIEH 3apsiaa, a ¢ IPYyroi
CTOPOHBI (POPMUpPYETCSI TeTepoIriepexo, odbecreyrnBa-
IOIIMI 9KCTpaKUMIO HocuTenei 3apsaa. [lpu nomaue
00paTHOTO CMEIICHUS TTPOMCXOANT YMEHbIIIEHUE KOH-
LIEHTPALM1 HOCUTEJNIEH 3apsia B MOMIOLIAIOLIEM CJIOE,
YTO MpOsSIBISIETCS B moaaBieHUM OxKe-TpoLecCOB.
IMpoBeneHHBIE pacyeThl MOPOTOBBIX XapaKTEPHCTUK
nmokazaiu, 4ro ajag HOT MWIR-neTekTopoB pexum
OorpaHMYeHUs] IyMaMu (POHOBOIO U3JyUYEHUS peasiu-
gyetcst mpu Temnepatype 203 K (1mo cpaBHeHMIO ¢ TeM-
nepatypoit 155 K mist uneansHoro DLPH-nerekTopa),
a gnsg LWIR-gerekropa — mpu 145 K (102 K gns
DLPH-nerextopa). TemHoBoii Tok B Takux HOT ctpyk-
Typax COIJIaCHO pacyeTaM MeHbllle, 4yeM B GOoToaMoaax
¢ p—n-nepexonamu [29], a paboune XxapaKTepUCTUKU
MpU 3alaHHOU TeMmmepaType Jydue. B HacTosiee
BpeMms paspabateiBatorcss LWIR HOT OGapbepHbie
cTpykTypbel Ha ocHoBe MOCVD HgCdTe, comepxka-
IIAe p-CJIOU, I OBICTPOIAEHCTBYIOIIETO AETEKTUPO-
BaHus1 npu Temnepatype 230 K (mocturHyra obHapy-
KUTEIbHAsI CIIOCOOHOCTD, paBHas 2 * 10% cm - F]_IO’S/BT)
[4, 30]. Pazpabotkun HOT GapbepHBIX CTPYKTYp Ha OC-
HoBe MJID® HgCdTe noka B n1utepaType He OMUCaHHI.

CrpyKkTypbl ¢ apxurektypoii NBuv N-Tna

Eule ogHOM mMepCneKTUBHOM apXUTEKTYpOil YHMU-
MOJIIPHBIX OapbepHBbIX AETEKTOPOB Ha OocHOoBe MIJID
n-HgCdTe apnsietca NBv N-KoHburypaiiysi, mo3BoJisi-
10111251 TTIOBBICUTh PabOUyI0 TEMIEPATYPY JETEKTOPOB 3a
cuet nogasyieHust Oxe-I'P-nporieccoB. TeopeTnuecku
HgCdTe nerextopbl ¢ NBvN-apXUTEeKTypOil COXpaHs-
0T TEXHOJIOTMYECKME MperuMyllecTBa nBn-KoHpuUry-
palyu, HO TPU BTOM MOTYT IOKa3blBaThb MEHBIINE
TEMHOBBIE TOKU, YeM p—Hn-(pOoToauoabl U nBn-aeTek-
Topbl. NBuN-nipubop COOEpKUT YEThIPE CIO0SI N-TUIA:
BbICOKOJIETUPOBAHHBIM MOKPBIBAIOLLIUIA, CJIaboeru-
pOBaHHBI GapbepHBIi, C1a00JeTMPOBaHHBIN I1OTJIO-
LIAIOLIWI Y BBICOKOJIETUPOBAHHBINM HUXXHUI. Pa3pbiB
30HBI MPOBOJMMOCTA Ha IPaHUIIE MOTJIONLIAIONIETO U
0apbepHOTO CJIOEB IMPEMSITCTBYET TOKY 3JEKTPOHOB U3
MOKPBIBAIOIIETO K MOTIJIolIaolleMy cjiolo. B paBHO-
BECHBIX YCJIOBMSIX CYIIECTBYeT Oapbep B BaJIeHTHOM
30HE Ha rpaHulie 6apbepHOTO W MOMIOIIAIOIIEro CJIO-
€B, KOTOPbI OJIOKMPYET MEPEHOC AbIPOK B HampasJe-
HUU MOOKpbIBawouero cios. [lpu nomaye odbpaTHOro
cMelleHUs1 6apbep B BAJIEHTHOM 30HE YMEHbIIAETCS.
B pesyabTaTte 1bIpKr, BO3HUKAIOIIWE B MOTJIOIIAIOIIEM
CJIO€ BCJIEACTBUE TETIJIOBOM U ONITUYECKOU TeHEPALINH,
cobuparoTcsd B BepxHeM ciioe. ['paHuIa Mexy nmorjio-

LIAIOIIMM 1 0apbepHBIM (WIM IMOKPBIBAIOIIMM) CIOSIMU
obecrneyrnBaeT 3KCTPaKIUIO AbIPOK, a FPaHULIA MEXIY
MOTJIOLIAIOIIMM U HUXHUM CJIOSIMA — 3KCKJIIO3UIO.
B pesynbTare TepMoreHepupoBaHHbIE AbIPKU 2D dek-
TUBHO YIAISIOTCH U3 MOTJIOLIAIOIIETO CJIOS, KOHIIEH-
Tpalus AbIPOK CTAHOBUTCS 3HAYMUTEJbHO HUXE paB-
HOBECHBIX 3HaueHUMl. 1151 coxpaHeHUsI JIEKTPOHEK-
TPAJILHOCTU B TIOTJIOMIAIOIIEM CJIO€ KOHIIEHTPAIIUS
BJIEKTPOHOB TOXE CHUXAETCS HUXE PaBHOBECHOTO
3HauyeHus. ['P-npoueccol mo Oxe-MexaHU3My MOIaB-
JISIFOTCSI B CUJIy YMEHbIIEHUST 0O0lel KOHLUEeHTpaluu
HocuTeJiel B akTUBHOM ciioe. CoracHO pe3ysibTaTaM
MOJAENMpPOBaHUS HcHonab3oBaHue NBuvN-KoHpurypa-
LIMY TIO3BOJISIET CHU3UTH 3HAYEHUSI TEMHOBOTO TOKa,
YBEJIMYUTh OOHAPYXUTEIbHYIO CIIOCOOHOCTb U pabo-
yyio Temriepatypy (mo cpaBHeHuto ¢ nBn u DLPH), a
TaKXKe MCKIIIOYUTDH TEXHOIOTMYECKYIO IpoodieMy (op-
MUpPOBaHUs obJlacTeil p-Tura.

ABTOpamMu paboThl [25] OBLITIO MPOBEAEHO MOJEU-
poBaHue xapaktepuctuk MK geTekTopoB Ha OCHOBE
HgCdTe ¢ NBuN-apxurekrtypoii. PacueTHble 3Haue-
HUS TIJIOTHOCTM TEMHOBOIO TOKa JAETEKTOPOB IS
MWIR u LWIR-arana3oHoB Ha IOPsIOK (U1K 00JIb-
ue) Huxe, yeM mist nBn unu DLPH-getekTOopoB B
muanaszoHe temmnepatyp 50...225 K. PacueTHbie 3Ha-
YeHUsI MUKOBOM OOHAapYyXUTEJIbHON CIOCOOHOCTU
(D) mna MWIR-getekTopa cocrasuiau 6,01 - 10 u
2,36 - 1010 ¢pm - FHO’S/BT pu Temrieparypax 95 u 225 K
cooTBeTcTBEHHO. 3Hauenns D* mina LWIR-neTekTopa
coctasmm 2,37 - 1014 u 2,27 - 101 cm - rLLO’S/BT npu
50 u 95 K cooTBeTcTBeHHO. 3HAYeHUSI OOHApPYXHU-
TeJIbHOU CITIOCOOHOCTU OLIEHUBAJIM U3 MaKCUMaJIbHOM
YYBCTBUTEJIbHOCTH, pacCUMTAaHHOU B 0OoJjiee paHHUX
paborax [31, 32].

3akiouyeHue

Ha ocHoBaHMU MpoBeaeHHOro 0030pa MOXHO 3a-
KJIIOUUTD, UTO UCCAEA0BAHUS YHUIIOJISIPHBIX CTPYKTYD
Ha ocHoBe MJID n-HgCdTe mepcneKTUBHBI M1 MOTYT
MPUBECTU K CO3JAHUIO MPOPBLIBHOI TEXHOJIOTUM JIsI
MK nerekropoB. HecMoTps Ha onpeaeeHHbIA Teope-
TUYECKUI 3ades, IMPaKTUUYEeCKON pean3aluyu mpubdo-
POB MPETSTCTBYET OOMbIIOE YMCTIO HEPELLIEHHBIX (DyH-
JaMEHTAIBHBIX, KOHCTPYKTUBHBIX M TEXHOJIOTMIECKIX
3agad. Hannawme Gapbepa 1j1s1 ABIPOK B BaJIEHTHOM 30-
He B CTpPYKTypax nBn Ha ocHoBe Matepuana KPT tpe-
OyeT psiga TeXHOJIOTMYECKUX PEeIICHUI, KOTOPBIMU SIB-
JISIIOTCSI UCITOJIb30BaHUE OOJIBIIIMX 3HAYEHUI BHEIIIHE-
ro CMelleHUsI, YIIpPaBJIeHUEe napaMeTpaMu 6apbepHOIo
cllosl, BKJIOUYasl akKLenTOpHOe JierupoBaHue Oapbepa,
a TakXe MCIO0Jb30BaHWE MHOTOCJIOMHBIX CTPYKTYpP CO
CJIOXXHOM KOHCTPYKLMe O0apbepHOro CJ0s1, BKIIIOYast
Oapbephbl B BUJIE CBEPXPELIETOK.
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It is known that it is required deep cooling to achieve high sensitivity and reduced noise levels in semiconductor infrared (IR)
photodetectors. This is due to a quite high level of charge carriers thermal generation in the narrow band-gap semiconductor material.

In this regard, at present there are a lot of basic and applied research devoted to finding innovative ways to improve the per-
Jformance and reduce the cost of IR photodetectors, including the development of new types of photodetectors. One of the main trends
in the development of the technology of IR photodetectors is to increase the operating temperature of the device and seek a complete
rejection of cryogenic cooling systems that significantly increase the cost of the device and narrow its scope.

The current state of research in the development of unipolar barrier structures based on MBE n-HgCdTe for infrared detectors
with reduced dark currents is analyzed un this work. It is shown that barrier structures of the nBn type are an alternative for creating
IR photodiode receivers for medium and far infrared radiation range. At the moment, there are still a number of unsolved design
and technological problems in the development of such detectors. The presence of a barrier for holes in the valence band in nBn
structures based on HgCdTe requires a number of technological solutions: the use of large external bias values, control of the barrier
layer parameters, including acceptor doping of the barrier, and the use of multilayer structures with a complex barrier layer design,
including barriers in the form of superlattices.

Keywords: unipolar structure, barrier structure, HgCdTe, molecular-beam epitaxy, nBn, IR photodiod, IR photodetector

For citation:

Voitsekhovsky A. V., Kulchitsky N. A., Nesmelov S. N., Dzyadukh S. M., Gorn D. I. Current State of Research
in the Field of HgCdTe-based Unipolar Barrier Structures, Nano- i Mikrosistemnaya Tekhnika, 2019, vol. 21, no. 12,

pp. 726—737.
DOI: 10.17587/nmst.21.726-737

Introduction

Necessity for development of photodetectors of the
third generation imposes increased requirements to the
infrared (IR) detectors. Among the basic factors for im-
provement of the working characteristics of the photo-
sensitive instrument structures of the infrared range it is
possible to mention an increased working temperature,
low costs, smaller weight and overall dimensions of the
devices [1, 2]. Semiconductor solid solution of HgCdTe
(telluride of cadmium and mercury, CMT) is an ideal
material for development of IR detectors. This is due,
first of all, to the dependence of the width of the band
gap on the content of CdTe, secondly, to big optical co-
efficients of absorption, and hence, great values of the
quantum efficiency, thirdly, to the recombination
mechanisms ensuring longer lifetime of the charge car-
riers and higher working temperature, and, fourthly, to
an extremely weak dependence of the constant lattice
on the composition (which allows us to grow high-qual-
ity multilayered heterostructures).

Thanks to the above properties HgCdTe are widely
applied for development of highly sensitive IR detectors
for various spectral areas [3]. The focal plane matrixes
for the medium (MWIR) and long (LWIR) spectral
ranges usually have a hybrid architecture: a photosensor
on the basis of p—n photodiodes from HgCdTe is com-
bined with a silicon reading circuit. The working tem-
peratures of the detectors, at which a realization of the
mode of restriction of the threshold characteristics by
the noise of the background radiation is possible, are
determined by the generation-recombination mecha-
nisms in HgCdTe, defining the dark currents (noises).
For suppression of the dark currents it is necessary to
cool the sensitive elements of the photodetectors down
to rather low temperatures (for example, 77 K in case
of LWIR detection). A key condition for creation of a
high-temperature detector is minimization of the ther-
mal generation in the active area without a decrease of
the quantum efficiency. Among all the mechanisms of
the thermal generation-recombination (GR) in the
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narrow band semiconductors, the crucial role is played
by the band-to-band Auger processes (Auger 1 and
Auger 7, having the smallest threshold energy) and also
GR by Shockley—Read—Hall (SRH) mechanism
through the trap levels. The radiating recombination
usually does not limit the characteristics of the correctly
designed detectors [4].

Barrier structures

The further progress of the infrared detectors on the
basis of HgCdTe is connected with development of
such technologies for receiving of materials as the mo-
lecular beam epitaxy (MBE) and a gas-phase epitaxy
from metalorganic compounds (GPEMOC, MOCVD).
These technologies allow us to grow films with preci-
sion-controlled distribution of the component structure
and concentration of the alloying impurity by thickness.
This gives us opportunities for development of a new ar-
chitecture of the instrument structures ensuring, for ex-
ample, an increase of the working temperature of the
detectors and simplification of the technological cycle
for their production [5]. By the present moment there
are many various architectures of the barrier detectors
on the basis of HgCdTe, among which the most prom-
ising ones for use in MBE method are the unipolar con-
figurations (nBn- and NBuvN-structures} allowing us to
simplify the technology for obtaining of the detectors
and to lower the dark currents [6].

In 2006 the concept of the barrier photosensitive
structure was offered [7], which often is structurally com-
pared with the classical p—n photodiode. The distinc-
tions are that the spatial charge area (SCA) of p—n-junc-
tion is replaced with a barrier (wide-band) layer of B,
while the p-area — with the contact layer of n-type. In
the second n-layer an absorption of radiation takes
place. Due to introduction of a wide-band barrier when
a negative voltage is supplied to the structure (the neg-
ative potential is applied to the contact layer) a poten-
tial barrier for the electrons appears (a suppression of
the dark currents of the main charge carriers), but, at
the same time, there is no barrier for the minority
charge carriers (holes) resulting from the photogenera-
tion [8]. Introduction of a barrier layer instead of SCA
of the p—n photodiode reduces the contribution to the
dark current of the components connected with the
SRH processes and also with the surface leak.

The concept of nBn-structures was offered (and for
the first time realized in practice) for the detectors on
the basis of InAs compounds (A3B5group) with energy
gap of the heteroborders of the second type. The pro-
posed structure consisted only of the n-type conduc-
tivity layers with an unalloyed barrier from InAsSb
(or AlAsSb) [9]. A feature of such detectors was an al-
most zero rupture of the valence band on the heter-
oborder of the barrier and the contact layer with a big
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height of the barrier (>1 eV) in the conductivity band.
R & D works related to nBn-detectors on the basis of
InAs compounds are being continued actively [10, 11].
It was theoretically proved that the nBn-detectors on
the basis of the compounds of the AR group in case
of a full realization of their potential advantages could
compete with the traditional detectors from HgCdTe
[12].

Now a popular method is creation on the basis of
MBE HgCdTe of the photodiodes of n-type on p by im-
plantation of the ions of boron into an epitaxial film
(without annealing) and also of the photodiodes of
p-type on n by means of implantation of the ions of ar-
senic and subsequent activation annealing. For HgCdTe
the use of nBn-architecture is also promising. It can en-
sure a considerable advantage compared with the tra-
ditional photodiodes (and also two-layer planar heter-
ojunctions — DLPH) due to improvement of the qual-
ity of the material in absence of the post-implantation
defects [13, 14]. Elimination of the need for carrying
out of an ionic implantation (sometimes with a sub-
sequent annealing) will simplify the technology for
creation of the detectors. But during realization of the
nBn-architecture in HgCdTe a problem appears con-
nected with the fact that the first type of arrangement
of the energy bands is characteristic for the heterobor-
ders of the barrier layer in HgCdTe, which means a
nonzero rupture of the valence band. Such a rupture of
the bands hinders the current of the photocarriers.

As a solution to this problem it was proposed to in-
crease the bias voltage on the structure. In the work [15]
a numerical modeling was done of the energy diagrams
of the photosensitive nBnn-structure with the absorbing
layer of Cd ,75Hg, 7o5Te intended for an average IR
area and with a complex three-layer barrier including
the central layer with Cd, (Hg 4Te and two layers sur-
rounding it with a variable composition. Fig. 1 presents
the calculated dependences of the detectivity on the
size of the external voltageat the temperature of 200 K.

From the curves presented in fig. 1 it is visible that
the barrier layers with a bigger composition ensure bet-
ter values of the detectivity of a device, which is ex-
plained by a more effective shielding of the current of
the main charge carriers of the structure by a wider-
band barrier. At that, availability of a barrier for the
holes in the valence band determines low values of the
detectivity at a zero external voltage. At an increase of
the negative external voltage the geometry of the po-
tential barriers undergoes essential changes both for the
electrons, and for the holes. At an increase of the volt-
age the height of the barrier for the holes becomes less,
which reduces the barrier for the current of the minority
carriers and leads to an increase of the detectivity.
However, at too great values of the voltage (~0.4 V) a
change of the geometry of the barrier in the conduc-
tivity band becomes essential: its form aspires to a tri-




angular, the tunnel transparency of the barrier increas-
es, while the efficiency of shielding of the current of the
main carriers decreases, which results in the subsequent
decrease of the values of the detectivity (fig. 2). Similar
results were also received by the other authors [16, 17].

Structures with the p-type barriers

Another approach to minimization of a rupture of
the valence band is creation of a barrier of p-type con-
ductivity. The work [8] demonstrates a possibility of
almost complete elimination of the barrier to the holes
(at a certain bias) by a precision acceptor alloying of the
barrier area. Such an approach is unpromising when
MBE is used and is possible only for growth of the het-
erostructures by MOCVD method [18], which allows us
to receive in situ a material of both the donor, and the
acceptor types of conductivity. Besides, formation of a
barrier layer of p-type will lead to emergence of SCA
near the heteroborders of the barrier layer, which will
cause an intensive generation on the SRH mechanism.
Therefore, the advantage of the use of the barrier al-
loyed by an acceptor impurity is not obvious.

Structures with the superlattice barriers

The direction connected with the use of the multi-
layered barriers, including barriers in the form of su-
perlattices, suits MBE method better [19]. Fig. 3, a
presents the calculated zonal diagram of a similar
structure, in which the role of the barrier is played by
the uniform layers of n- and p-types of conductivity.
A calculation of the power zonal diagram of the struc-
ture, in which the role of the barrier was played by
Cd, 95Hg o5Te/HgTe superlattice consisting of 28 pe-
riods, demonstrated that in such a system the potential
barrier was eliminated completely in the valence band
without formation of SCA (fig. 3, b)

This approach got its further development in the
work [20]. The calculations done with account of the
quantum-mechanical nature of the superlattice in the
barrier layer demonstrated that at the thickness of the
barriers of CdTe and wells of HgTe equal to 1.3 and
3.7 um respectively, the maximal relation of the hole
current to the electron one was reached, if the number
of the layers in the superlattice exceeded 12 [21]. The
works of this group also theoretically proved that a de-
crease of the barrier in the valence band was possible at
a non-uniform distribution of the composition and the
alloying impurity in the barrier layer [22]. Experimen-
tally these methods of the barrier decrease in the va-
lence band were not elaborated in detail.

Another problem of the nBn-detectors on the basis
of HgCdTe is an insufficient height of the potential bar-
rier for electrons (less than 1 eV), which increases the
probability of tunneling of the electrons through the
barrier or over it. A solution to this problem requires

a careful selection of the thickness of the barrier and
concentration of the alloying impurity in the contact
layer [23]. Important tasks related to production of the
nBn-structures are elimination of the surface leak cur-
rents and selection of the correct configuration of the
contacts [8].

Experimental samples of the nBn-detectors
from HgCdTe

Despite a considerable number of publications
(about 100) devoted to the theoretical substantiation of
the potential advantages of the nBn-structures, only few
single attempts of a practical realization of the nBn-de-
tectors from HgCdTe are known. The first nBn-detec-
tors on the basis of HgCdTe with the boundary wave-
length of 5.7 um at 77 K were grown by the MBE meth-
od (Riber 32 MBE system) on a substrate from the vol-
ume CdZnTe [23, 24]. The authors discovered that the
volt-ampere characteristic (VAC) was defined by the
form of the barrier and depended on the applied volt-
age. Within the range of temperatures of 180...250 K a
diffusive restriction of the dark current was observed
(the density of the current was 1—3 A/ cmz), at the low-
er temperatures the current was limited by the genera-
tion through the surface traps. The photoresponse de-
pended on the applied voltage. According to estimates,
the maximal internal quantum efficiency was 66 %.
The authors do not present absolute values of the spec-
tral sensitivity, which complicates assessment of the
quality of a device. At the second development of
HgCdTe nBn-structure by means of the MBE method
the received values of the density of the dark current
(3.74 - 1076 A/cm2) were considerably smaller (approx-
imately by 5 orders) at the temperature of 77 K and a
voltage of 0.5 V) [25]. Such a spread of the results tes-
tifies to the necessity of the systematic research works
for optimization of the parameters of the structures and
the technological processes.

A scientific group from France also made an attempt
to create MWIR nBn-structure on the basis of MBE
HgCdTe with an asymmetric barrier layer and a uni-
form alloying [26]. In spite of the fact that, according
to estimates, the quantum efficiency reached 60 %,
great values of the density of current at 77 K were ob-
served (about 1073 A/cm?). VAC had an appearance
which differed considerably from the ones, predicted as
a result of modeling, and the research done by means
of mass spectroscopy of the secondary ions demonstrat-
ed that a real distribution of composition by the film
thickness differed considerably from what was expected.

Istuno A. Group (USA) made an attempt to create
a planar LWIR nBn-structure, for which high values of
the dark current density were observed (about 50 A/cm2
at 77 K). Lighting led to an insignificant increase of the
current at the reverse bias. The authors explained the
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results by the presence of the surface leak currents. The
values of the current density of the manufactured
MWIR and LWIR nBn-structures by several orders ex-
ceed the forecast values of the expression for the dark
current of IR Rule07 detectors [27], which can testify
to big leak currents on the perimeter of the structure
owing to the insufficient quality of the passivation.

Structures with a nonequilibrium depletion

One of the ways to suppress the Auger processes,
which do not require cooling of a semiconductor, is
creation of a nonequilibrium depletion [28]. The dark
currents, which determine the working temperature of
highly sensitive IR detectors on the basis of HgCdTe,
are limited by the Auger generation processes. An un-
common task is reduction of the requirements to cool-
ing of the detectors without deterioration of their work-
ing characteristics. The concept of high-temperature
(HOT) structures is based on suppression of the Auger
GR processes by a decrease of the thermal concentra-
tion of the charge carriers in the absorbing layer down
to the values, less than the equilibrium ones. In HOT
detectors a weakly doped narrow-band absorbing layer
is used, on the one side of which a heterojunction is
formed, ensuring exclusion of the charge carriers, and
on the other side — a heterojunction, ensuring extrac-
tion of the charge carriers. Supply of a reverse bias caus-
es a reduction of the concentration of the charge car-
riers in the absorbing layer, which is expressed in sup-
pression of the Auger processes. The carried-out calcu-
lations of the threshold characteristics demonstrated
that for HOT MWIR detectors the mode of restriction
by the noise of the background radiation is implement-
ed at the temperature of 203 K (in comparison with the
temperature of 155 K for an ideal DLPH detector),
while for the LWIR detector — at 145 K (102 K for the
DLPH detector). According to calculations, the dark
current in such HOT structures is less than in the pho-
todiodes with p—n junctions [29], while the working
characteristics at the set temperature are better. Now,
LWIR HOT barrier structures are being developed on
the basis of MOCVD HgCdTe containing p-layers, for
a high-speed detection at the temperature of 230 K
(the detectivity equal to 2- 10° cm- HZO'S/W was
reached) [4, 30]. Developments of HOT barrier struc-
tures on the basis of MBE HgCdTe have not been de-
scribed in literature yet.

Structures with the architecture of NBuN type

Another promising architecture of the unipolar
barrier detectors on the basis of MBE n-HgCdTe is
NBvN-xoudurypaums allowing us to increase the
working temperature of the detectors due to suppres-
sion of the Auger — GR processes. Theoretically,
HgCdTe detectors with NBv N architecture preserve the
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technological advantages of the nBn-configuration, but,
at the same time, they can demonstrate smaller dark
currents, than the p-n photodiodes and the nBn detec-
tors. An NBu N device contains four layers of the n-type:
a high-alloyed covering layer, a weakly doped barrier
layer, a weakly doped absorbing layer and a high-al-
loyed lower layer. A rupture of the conductivity band on
the border of the absorbing layer and the barrier layer
hinders the flow of the electrons from the covering layer
to the absorbing layer. In the equilibrium conditions
there is a barrier in the valence band on the border of
the barrier layer and the absorbing layer, which blocks
the transfer of the holes in the direction of the covering
layer. During supply of a reverse bias the barrier in the
valence band decreases. As a result, the holes appearing
in the absorbing layer owing to the thermal and optical
generation, gather in the top layer. The border between
the absorbing layer and the barrier (or covering) layer
ensures extraction of the holes, while the border be-
tween the absorbing layer and the lower layers ensures
exclusion. As a result, the thermogenerated holes are
removed effectively from the absorbing layer, and the
concentration of the holes becomes considerably lower
than the equilibrium values. For preservation of the
electroneutrality in the absorbing layer the concentra-
tion of the electrons decreases below the equilibrium
value, too. The GR processes on the Auger mechanism
are suppressed due to the reduction of the total con-
centration of the carriers in the active layer. According
to the results of modeling, the use of the NBuN con-
figuration allows us to reduce the values of the dark cur-
rent, to increase the detectivity and the working tem-
perature (in comparison with nBn and DLPH) and also
to exclude the technological problem of formation of
the areas of p-type.

The authors of the work [25] carried out modeling
of characteristics of the IR detectors on the basis of
HgCdTe with NBuN architecture. The calculated den-
sity values of the dark current for detectors of MWIR
and LWIR ranges were by an order (or even more) low-
er, than for nBn or DLPH detectors within the range of
temperatures from 50 up to 225 K. The calculated val-
ues of the peak detectivity (D*) for the MWIR detector
were 6.01-10' and 2.36-10'% c¢m- Hz"?/W at the
temperatures of 95 and 225 K, respectively. The values
of D* for the LWIR detector were 2.37-10'* and
2.27-10" ¢m - HZO'5/W at 50 and 95 K, respectively.
The values of the detectivity were estimated from the
maximal sensitivity calculated in the earlier works
[31, 32].

Conclusion

On the basis of the carried-out review it is possible
to conclude that the research works of the unipolar
structures on the basis of MBE n-HgCdTe are promis-




ing and can lead to development of a breakthrough
technology for the IR detectors. Despite a certain the-
oretical basis, a practical realization of the devices is
hindered by a large number of unresolved fundamental,
design and technological problems. Existence of a bar-
rier for the holes in the valence band in the nBn struc-
tures on the basis of CMT material demands a number
of technological solutions, among which are the follow-
ing: use of great values of the external voltage, control
of the parameters of the barrier layer, including an ac-
ceptor alloying of the barrier and also the use of the
multilayered structures with a complex design of the
barrier layer, including barriers in the form of the su-
perlattices.
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Paccuumana memnepamypa maxcumanvHo2o Hagpeea aKmueHoU 00aacmu mpaH3ucmopa 6 3a8UCUMOCIU OM HUCAA 3amE0pPo8, Ux
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Karoueevie caoea: HEMT-mpan3zucmop, modeauposanue meniogbix npoyeccos, mpansucmopst, GaN, eemepocmpykmypbt, Mo-

HOAUNMHblEe UHMeZPAbHble CXeMbl

BBenenue

TpaH3UCTOPBI C BHICOKOK TMOABUXKHOCTBIO 3JIEKT-
poHoB HEMT (high electron mobility transistors) Ha oc-
HOBE IIMPOKO30HHBIX TeTepocTpykTyp AlGaN/GaN
JIOCTaTOYHO TIPUBJIEKATENbHBI IS TIPUMEHEHUSI B
MoOIIHEIX npuemo-nepenatommnx CBY ycrpoiictBax u
JNIPYTUX CUJIOBBIX 3JIEMEHTaX 3JIEKTPOHUKMU BBUIY MX
OYEBUIHBIX TIPEUMYIIIECTB TIepel Y3KO30HHBIMU TTOJTY-
npoBogHuKamMu. OcHOBHBIM ITpeumyliiectBoM HEMT-
TPEaH3UCTOPOB SBJISIETCS BBICOKAsl yAeJbHAs MOIII-
HocTb (60see 10 Br/MM), 4TO MO3BOJISIET CYLLIECTBEHHO
VIIPOCTUTH TOIIOJIOTUIO MOHOJUTHBIX MHTETPalbHBIX
CXeM YCUJIUTEJIE MOIIHOCTHU, MOBBICUTH 3(GhEeKTUB-
HOCTb ¥ MaccorabapuTHBIE MapaMeTphbl. DTO CTUMYJIM -
pYeT U aKTyaJu3upyeT MHOTOUUCIEHHbIE pabOThI, 1ie-
JIbIO KOTOPBIX SIBJISIETCS YBEJIWYeHHe U Oe3 TOro Iu-
pokoii objsactu npuMmeHeHusi HEMT-TpaH3ucTopos.
OpHOI1 13 BaxXHBIX TpobieM mpu paspadborke HEMT
siBJIsieTcsl meperpeB [ 1], KOTopblii NPUBOAUT K yXy/I1Ie-
HUIO YaCTOTHBIX XapaKTepUCTUK, POCTY TOKA YTEUKH, a
TaKkxXe K HeoOpaTMMBbIM MpoleccaM, MPUBOISIIUM K
BBIXOIY YCTpolicTBa u3 cTposi [2]. B HacToseli pabote
HCCIIeMyeTCsl 3aBUCHUMOCTh MaKCMMAaJIbHOTO HarpeBa
aktuBHOI objactu HEMT-tpan3ucropos [3, 4] ot To-
rmoJjoruu [5, 6] ¢ TOMOIIBIO MOJAETMPOBAHNUS METOIOM
KOHEUYHBIX 3JIeMEHTOB. Pe3yabTaThl MpoBeJEHHOTO UC-
clieloBaHMS TTO3BOJISIT YCOBEPLIEHCTBOBATh KOHCTPYK-
LU0, YBEIUYUTh (P HEKTUBHOCTh U U3HOCOCTOMKOCTD
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YCTPOMCTB Ha 6a3e TPAaH3UCTOPOB C BHICOKOI MOIBUK-
HOCTBIO 2JIEKTPOHOB. BBy pacTyliieit monyasipHOCTU
HEMT-TpaH3ucTOpPOB U MX BBICOKOI BOCTpPeOOBaH-
HOCTH pe3yJIbTaThl MCCIEIOBAHMS MOTYT OKa3aThCs
MOJIE3HBIMU JIJISI BCEX MPOU3BOAUTENEH TPaH3MCTOPOB
MoJOOHOro TUIIA.

MeToauka MoaeIupOBaAHUS

CBY MUC npencrapiseT COO0M YCUIMTEIb MOIII-
HOCTH, OCHOBHBIM 3JIEMEHTOM KOTOPOIO SIBJISIETCS
TpaH3ucrop. B kauecTBe npumepa Ha puc. 1 (cMm. yer-
BEPTYIO0 CTOPOHY OOJIOXKKHW) TIpeAcTaBjieHa YIPOILLIEH-
Hast mogesb HEMT-TpaH3ucTopa ¢ BOCEMbIO 3aTBOpa-
MU, MpeaHa3HauyeHHasi IJIsi MPOBEAEHUS TEIJIOBOIO
pacyera.

B naHHoOI#4 TeNa0BO MoIE UCTOYHUKOM TETLIIOThI
SIBJISIETCS TOJ3aTBOpHAsl yacTb KaHaiga (. KoHTakT
MEXIy CJIOSIMU 3allaH UaeaqbHbIM. BeimeneHHas Kpac-
HBIM 00J1acTh ObLIa 3ajlaHa KaK OOBEKT, TeHEepUpylo-
LM TEMJIOTY.

CaoiicTBa Matepuaios [7, 8], mociayXuBlive B Ka-
YECTBE MCXOAHBIX JAHHBIX JUIS1 KOMITBIOTEPHOTO MOJIe-
JIMPOBaHUSI, TIPENCTABICHBI B TAOJIUIIE.

B pacueTtax ObUIM MPUHSATHI CAEAYIOIINE YCIOBUSI:
e TEIJIOOTBON MAEaNbHBbINM (NMPUHYAUTENBbHO 3aJaHa

TeMmIieparypa s nHa nomioxku 27 °C) [9];

e TeMIlepaTypa OKpYXalollleil cpenbl MU HavajabHas
temneparypa oobekTa 27 °C.




Pe3yJ1bTaTl)I MOJECIHPOBAHUA

Ha puc. 2 (cM. 4eTBepTylO CTOPOHY OOJIOXKKH)
MPEICTABICHO MOJYYEHHOE MOBEPXHOCTHOE pacrpe-
JieJieHUe TeMIepaTypbl ISl TpaH3UCTOpa C pacceuBa-
eMoil MolrHocTeio 1 BT.

IToBepxHOCTHOE pacnpeaeseHre TeMIepaTyphl 1Mo3-
BOJISIET OILIEHUTH CTETICHb JOKATU3allMN 30HBI MaKCH-
MajibHOro Harpesa Ha nosepxHoctu MHUC.

Ha puc. 3 (cM. 4eTBepTYyI0 CTOPOHY OOJIOXKKH) TIpe/-
CTaBJICHO MOJIyYeHHOE 00BbEMHOE pacnpeneicHue TeM-
TepaTypsl B BUIIE M30TEPMHUUECKUX ITOBEPXHOCTEA.

B uensx ucciaenoBaHus BAMSHUS TOMIOJOTMU TpaH-
3UCTOPOB HA MAaKCHMAJIbLHYIO TeMIIEpaTypy aKTUBHOM
o0ysacTu ObLla co3laHa MapaMeTpuyeckasi MOJIesb
MMUAC, B KOTOPOIi mOCIeA0BaTEIbHO IPOBOAUIN MO-
JeUPOBaHUE PA3IMUYHBIX KOH(MUTYpalUil TPaH3UCTO-
poB. B KauecTBe M3MEHsIEMbIX ITapaMeTPOB ObLIN BBE-
JICHBI:

e TEPEeMEHHOE YUCJIO 3aTBOPOB;
e TEPEeMEHHOE PACCTOSIHME MEXIY 3aTBOPaMU.

MonenupoBaHue TPOBOIMIA C MCITOIb30BaHUEM
JIBYX Pa3HBIX CITIOCOOOB BBEAEHUSI UICTOUHUKA TEILJIOThI.
B mepBoM cityyae Ha BCe 3aTBOPBI HE3aBUCUMO OT X
yucia ObLI0 MOJAHO a0COMIOTHOE 3HAYEHUE MOLTHOCTH,
paBHoe 0,3 Br. TeriooTBon — uaeaabHbIN, C TEMIIEpa-
typoit 27 °C [4]. dnunHa 3atBopoB — 100 MKM BO Bcex
ciydasx. Pazamep mommoxku — 3000 %2000 % 300 MxwM,
MaTepuaj NomIoXKU — carndup. Pe3yabratsl Moaeau-
pOBaHUs MpeACTaBICHbI Ha puC. 4.

ITo rpachukaM BUAHO, YTO pacIpeaeieHUe Bblaes -
€MOI MOIIHOCTH MeXIy OOJBIIMM YUCJIOM 3aTBOPOB
MO3BOJISIET CWJILHO CHMXaTb TeMIlepaTypy aKTUBHOM
obmactu. I1pu paccTosiHUM Mexmy 3aTBopaMu 10 MKM
pa3Hulia TemIlepatyp B ciydasix AByX u 10 3aTBOpoB
coctaBuiia 92 °C. MisamMeHeHHe pacCTOSIHUSI MeXy 3a-
TBOpaMHM TTO3BOJISICT CHU3UTh TEMIIEPATypy aKTHUBHOM
o6actu Ha 10...30 %.

Bo BTOpOM ciyyae Ha BCE€ 3aTBOpPBI MOIABAJICS
yAEIbHBIN TEIJIOBOM MOTOK, paBHBIM 1010 BT/M2. Pe-
3yJIBTATHl MOJEIMPOBAHMS TIPEACTABICHBI Ha pHUC. J.

CaoiicTea matepuaios CBY MUC
Properties of microwave MIC materials

T YaenbHast
IoT- eI10Ipo- ——
Mare- PyHxuns HOCTD, | BOMHOCT, | oyiyocts,
B MOJIEJHN 3 Bt/(m - K)
puan ; KT/M Jx/(xr - K)
Material Function Density Heat Specific
in the model ke 3 conductivity, heat
m . )
W/(m - K) J/(kg - K)
GaN TerepocTpykTypa 6070 130 490
AlGaN Heterostructure 5184 40 604
AlLO; | Iloanoxka 3965 35 730
sic | Substrate 3216 490 690
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Puc. 4. MakcumajbHas TeMIepaTypa akKTHBHOI 00JacTH TPaH3MC-
TOpa B 3aBHCUMOCTH OT YHCJIA 3aTBOPOB /N M PACCTOSIHUS MEXKIY HM-
MH. AOCOJIIOTHOE 3HAYeHne BblaenseMoii momuoctu 0,3 Bt

Fig. 4. Maximal temperature of the active area of the transistor depending
on the number of gates N and the distance between them. Absolute value
of the allocated power is 0.3 W
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Puc. 5. MakcumasnbHas TeMIepaTypa aKTHBHOI 00JacTH TpPaH3MC-
TOpa B 3aBUCHUMOCTH OT YHMCJIa 3aTBOPOB N M PACCTOSTHHS MEXKIY HU-

MH. YIeJbHas BbiaejasieMasi MOIHOCTD 1010 BT/M2

Fig. 5. Maximal temperature of the active area of the transistor depending
on the number of gates N and the distance between them. The specific

allocated power is 1070 W/m2

Ha puc. 5 BUaIHO, 4TO MU3MEHEHNE YMCIIa 3aTBOPOB
YBEJIMYMBAET MAaKCUMAJIbHYIO TeMIIepaTypy aKTUBHOM
00J1acTH, TaK KaK B JaHHOM cClTy4yae TIpY YBETMUYECHUH
YlCia 3aTBOPOB YBEJIMYMBAJIACh U CyMMapHasl BhIJe-
JisseMast MOIITHOCTh. PasHuIla TeMIepaTyp B Caydasx
IByx 1 10 3aTBOPOB U pacCTOSIHUS MexXay HUMU 10 MxM
coctaBuia 46 °C. U3MeHeHHe pacCTOSTHUSI MEXIY 3a-
TBOpPaMM MO3BOJIIET CHU3UTh TeMIIepaTypy aKTUBHOMI
obmactu Ha 10...33 %.
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3akioueHue

TpaH3ucTophl ¢ pacceuBaemMoil MoliHocThio 0,3 Bt
IIpY MajJoOM YHUCJIE 3aTBOPOB M PACCTOSTHUEM MEXIY
HUMM MOTYT HarpeBatbcs Oosiee yeM a0 150 °C, 4rto
OyJeT HeraTUBHO CKa3bIBaTbCS Ha pabOTOCMOCOOHOC-
™ uzaenusi. [Ipu paccemBaeMoii MOLIHOCTH, TTPOIIOP-
MOHAJBHO YBEJIWYMBAIOLIEICS C YMCIIOM 3aTBOPOB,
pa3HULA TeMMepaTyp B cilyyae M3MEHEHUs! paccTosi-
HUSI MEXIy HUMU ObLIa HanOosee ouyTuma. PazHuia
TeMmIlepaTyp akKTUBHOM 00J1acTy MPU U3MEHEHUU YUC-
Jla 3aTBOPOB U PACCTOSIHUS MEXAY HUMU MOXET J0-
crurath 100 °C, 4TO B yCI0OBUSIX peaIbHOM SKCILTyaTa-
LMY U3OEIUA MOXET UMETh KPUTHUYEeCKOe 3HaueHHUe.
ITonyyeHHbIE TaHHBIE IO HArPEeBY aKTUBHbBIX 00J1acTel
HEMT-TpaH31uCTOpOB pa3IMYHbIX TONOJOTUIA €llle Ha
aTane pa3padOTKU TOMOJIOTUU MOTYT OBbITh MOJIE3HBI
IUIS. BBIOOpA ONTUMAJILHOIO PACIIOJIOXEHUS 3JIeMEH-
TOB Ha MOHOJIMTHOM WMHTErpajibHOM CXeMe, a TakXke
JIJIST BBIOOpaA ONTUMAIBbHBIX pexkrmMoB padotst HEMT-
TpaH3UCTOpA.

Paboma evinoanena npu urancoeoli noodepicke
PODU (Homep epanma 19-29-03003mk).
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The main advantage of HEMT technology is a high power density (more than 10 W/mm), which allows us to significantly simplify
the topology of the integrated circuits of the power amplifiers and increase the efficiency and mass-dimensional parameters. One of
the important problems in designing of HEMT is overheating, which leads to a degradation of the frequency characteristics, an in-
crease of the leakage current, as well as irreversible processes resulting in failure of the devices. This paper presents an investigation
of the dependence between the topology and maximal heating of the transistors in the active area. The maximal heating was cal-
culated depending on the number of the gates, their lengths and the distances between them. The heating level difference with the
power distributed between 2 and 10 gates was 92 °C. The difference in heating with an increase of power was proportional to the
number for 2 and 10 gates and was equal to 46 °C. By increasing the distance between the gates it is possible to achieve up to 35 %

reduction in heating.
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Introduction

HEMT (high electron mobility transistors) on the
basis of the wide-band heterostructures of AIGaN/GaN
are rather attractive for application in powerful trans-
mitting-receiving microwave devices and other power
elements of electronics due to their obvious advantages
compared with the narrow-band semiconductors. The
main advantage of HEMT is a high specific power (over
10 W/mm), which allows us to simplify significantly the
topology of the monolithic integrated circuits of the
power amplifiers, and increase the efficiency and mass-
dimensional parameters. This encourages and makes
topical numerous works, the aim of which is an increase
of the already wide scope of application of HEMT tran-
sistors. One of the important problems involved in de-
velopment of HEMT is overheating [1], which leads to
a deterioration of the frequency characteristics, growth
of the leakage current and also irreversible processes re-
sulting in failures of the devices [2]. The given work
analyses the dependence of the maximal heating of the
active area of HEMT [3, 4] on the topology [5, 6] by
means of modeling by the method of the finite ele-
ments. The results of the conducted research will allow
us to improve the design, increase the efficiency and
wear resistance of the devices on the basis of the high
electron mobility transistors. In view of the growing
popularity of HEMT and high demand for them, the
results of the research may be useful for all producers of
transistors of this kind.

Modeling technique

A microwave monolithic integrated circuit (MIC) is
a power amplifier, the basic element of which is a tran-
sistor. Fig. 1 (see the 4-th side of cover) presents as an
example of a simplified HEMT model with eight gates
intended for carrying out of a thermal calculation.

In the given thermal model the source of warmth is
the subgate part of channel Q. The contact between the
layers is set as the ideal. The area marked by red was set
as the object, generating warmth.

The properties of the materials [7, 8], which served
as the basic data for the computer modeling, are pre-
sented in the table.

The calculations assume the following conditions:

The heat sink is ideal (the forcibly set temperature
of the substrate bottom is 27 °C) [9];

The ambient temperature and the initial tempera-
ture of the object are 27 °C.

Results of modeling

Fig. 2 (see the 4-th side of cover) presents the re-
ceived surface distribution of temperature for a transis-
tor with the dissipation power of 1 W.

The surface distribution of temperature allows us to
estimate the degree of localization of the zone of max-
imal heating on MIC surface.

Fig. 3 (see the 4-th side of cover) presents the re-
ceived volume distribution of temperature in the form
of isothermal surfaces.

For research of the influence of the transistors’ to-
pology on the maximal temperature of the active area,
a MIS parametrical model was created, in which mod-
eling of various configurations of transistors was carried
out consistently. The following changeable parameters
were introduced:

e Variable number of gates;
e Variable distance between the gates.

Modeling was carried out with the use of two different
ways for introduction of a source of warmth. In the first
case to all the gates, irrespective of their number, the ab-
solute value of power, equal to 0.3 W, was supplied. The
heat sink was ideal, with the temperature of 27 °C [4].
The length of all the gates was 100 um in all cases. The
size of the substrate was 3000 % 2000 % 300 um, substrate
material was sapphire. The results of modeling are pre-
sented in fig. 4.

From the diagrams it is visible that distribution of
the allocated power between a big number of gates al-
lows us to reduce radically the temperature of the active
area. At the distance of 10 um between the gates the dif-
ference in temperatures in cases of two and ten gates
was 92 °C. Variation of the distance between the gates
allows us to reduce the temperature of the active area
by 10...30 %.

In the second case, the specific thermal flow equal
to 1010 W/m2 was supplied to all the gates. The results
of modeling are presented in fig. 5.

In the figure it is visible that a change of the number
of the gates increases the maximal temperature, because
in this case the number of the gates increased and so did
the total allocated power. The difference in tempera-
tures in cases of two and ten gates and distances of
10 um between them was 46 °C. A change of the dis-
tance between the gates allows us to reduce the tem-
perature of the active area by 10...33 %.
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Conclusion

The transistors with the dissipated power of 0.3 W in
case of a small number of the gates and distance be-
tween them can heat up over 150 °C, which will have
a negative effect on the operability of a product. In case
of the dissipated power, increasing in proportion to the
number of the gates, the difference in temperatures,
when the distance between them changed, was most
considerable. The difference in temperatures of the ac-
tive area at a change of the number of the gates and the
distances between them can reach 100 °C, which in the
conditions of a real operation of products can be of
crucial importance. The data concerning heating of
the active areas of the HEMT of various topologies,
obtained at the stage of development of the topology,
can be useful for selection of the optimal arrangement
of the elements on a monolithic integrated circuit and
also for selection of the optimal operating modes of a
HEMT.
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MOUWHOCMb, 080UHOL MEMAAAUYECKUL 80AHOB00

Honroe Bpems teparepuosbiii (TT') nmanason yac-
TOT B JIUTEpAType U HayKe paccMaTpuBalicsl Kak "Tepa-
TepIOBLI TIpoBan" (ferahertz gap) — YTO OIIpEHCIIsI-
JIOCh TEXHOJIOTUYECKUMHU U TEXHUYECKUMM CJIOKHOC-
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TSIMU TIPU CO3JaHUU MCTOYHUKOB M JIeTeKTOpoB TI11
MU3JTyYeHUs B JAHHOM YaCTOTHOM JMAIa3oHe, a TakKxXKe
HaJW4MeM 3HauuTeabHOro moriomeHus TI' usayye-
HUSI IMapaMu BoAbl B aTMocdepe. B mocnenHee necsi-




TUieThe HaOJI0AaeTCsl CTpeMUTENbHOe ocBoeHue T11n
JIWara3oHa, 4To MPHUBEJIO K 3HAYNTEITLHOMY CYKEHUIO
"TeparepuoBoro mnposana” 10 avanaszoHa 6...10 TT,
YTO COOTBETCTBYET TaK Ha3biBaeMoii Reststrahlen band
I mosrynpoBogHUKoB A3B5. B mepBylo ouepenb 310
CBSI3aHO C Pa3BUTHEM ITOIXOMOB M TEXHOJIOTHI cO3a-
HUSI KBaHTOBO-KacKaaHbiX JjazepoB (KKJI), koToprie
paboTaloT B 1ajibHEM MHMPaKpaCHOM U TepareploBOM
nuanazoHax [1].

Co croponnl Bbicokux yacTtotr (10...30 TT'u) KKIJI
Ha ocHoBe InAs/AISb [2] u InGaAs/GaAsSb [3] rete-
POCTPYKTYp MPOAECMOHCTPUPOBAIM BO3MOXHOCTh TI'e-
Hepaluy Ha JUIMHAX BOJH 25 1 28 MKM, 4TO COOTBETCT-
ByeT yactotaMm 12,0 u 10,7 TI'n. Co cTopoHBI HU3KUX
yactor (1...6 TI') MmakcuMabHast 4acTOTa TeHepaLuy
KKIJI Ha ocHoBe GaAs/AlGaAs reTepoCTpyKTyphl CO-
craBuia 5,4 TT'u [4]. OgHako co3ganue KKJI Ha onu-
CaHHBIX BBIIIE MaTepuanax B mmamazoHe 6...10 TIm
HEBO3MOXHO BBUIY CHJIbHOTO ITOTJIOLIEHUST U3JTyde-
HUS Ha ONTUYECKUX (POHOHAX.

Hecmortpst Ha 3HaunTenbHbIM porpece TTn KKII ¢
TOYKM 3PEHUSI TaKUX XapaKTEepUCTHK, KakK paboyas
TeMIlepaTypa M BBIXOAHAS MOIITHOCTh, OCTAeTCS eIlle
MHOI0 BOMNPOCOB KacaTeJbHO 3JEKTPOHHOTO TpaHC-
TOpTa B YpE3BBIYAITHO CIIOKHBIX KBAHTOBBIX CUCTEMaX,
KOTOpEIE SIBISIIOTCS aKTUBHOM 00JIACTHIO TaHHBIX Jia-
3epoB. Hampumep, pazpaborka 0Oojiee 3¢ heKTUBHBIX
pabouux cxem TI'uy KKJI ¢ nomaBieHneM napasuTHBIX
KaHaJIOB TMPOBOAMMOCTH TpHBelIa K POCTY MaKCH-
MajbHOI paboueil Temmeparypsl ¢ 50 K B 2002 1. [5]
10 199,5 K B 2012 1. [6]. Joaroe Bpems TI'u KKJI cuu-
TaTUCh KPUOTEHHBIMUA TPUOOpPaMM, B KOTOPBHIX YHII
Jlazepa HeoOXOIMMO MOHTUPOBATh Ha XOJIOAHYIO TIJIaTy
3aJIMBHOTO KpHOCTaTa Wi Kpuopedpuxkeparopa 3a-
MKHYTOrO IIMKJa, 4YTO 3HAYMTEJIbHO OTpaHUYMBAJIO
"MajorabapuTHOCTL" M "3Heproa(pOeKTUBHOCTL" JaH-
Hbix TI'u ucrounukoB. OmMHAKO MPOAOKEHUE padoT
10 MCCIIEAOBAHMIO BJICKTPOHHOTO TPAHCIIOPTa M CO-
3MaHulo 6oJiee MPOIyMaHHBIX IM3aifHOB KackKaja Mmo3-
BOJIMJIM 4Yepe3 7 JIeT Mmocie "mpeablayliero pekopaa”
npoaemoHctpupoBaTh B 2019 r. TI'u KKJI ¢ makcu-
MaJibHOM paboueii Temrieparypoit 210 K u Tepmoanek-
TPUUYECKUM oXJIaxaeHueM [7], 4yto, 0e3yCIOBHO, SIBJISI-
€TCS PEeBOJIIOIIMOHHBIM pPEe3yJIbTaTOM C TOYKW 3PEHMS
BO3MOXHOCTH NMPUMEHEHMST TaHHBIX JIa3€POB.

Ha ceronnsimnuii nens T KKJI geMoHCTpupyoT
(heHOMEHaIbHBIE IJI1 JAHHOTO YaCTOTHOTO AMaIia3oHa
BBIXOAHBIE MOIITHOCTHA. PasHocTOpoHHee aeTalbHOe
HCclieaoBaHue 2J1eKTpoHHOro TpaHcnopTa B T KKJI
1 ONITUMM3AINS TU3aifHOB aKTUBHOM 00J1acTH pa3pa-
OaTbIBaeMbIX JlazepoB mo3Bojuau B 2017 r. mpope-
MOHCTPHUPOBATh BEIXOJHYIO MOIIHOCTH OKOJO 2,4 BT
npu Temrepatype 10 K B ummyabcHoM pexume (0KOJ0
1,8 BT mpu TemmnepaType KUIIeHUs XUIKOro a3ora) [8].
IIpu 5TOM HeT HUKAKUX COMHEHUI B TOM, YTO Jajib-

Heiue paboThl MO CO3daHUI0 OoJiee IPOAYMaHHBIX
pabounx cxem TT' KKJI mo3BoiSIT yBeIMYNUTD BHIXO -
HYIO MOIITHOCTb JTaHHBIX UCTOUHUKOB.

OnHako MpUBeAeHHbIE PeKOPAHbIE 3HAYEHUS ObI-
qu nionydyeHsl Ha KKJI ¢ wactotamMu usnydyeHus B
muanasone 3...4 TI'n. I1pu nmpoaBuzKeHWM 4acToT OT 3
K 1 TTu BeIXOgHBIE MOIIIHOCTH U paboume TeMIiepa-
TYpbI CYILIECTBEHHO CHUXKAIOTCSI, UTO CBSI3aHO C pas-
JIMYHBIMUA PU3NIECKUMU OTpaHUYeHUsIMU. B 1repByro
ouepesib 3TO CBSI3aHO C TEM, UTO 3HAUEHUE SHEPreTU-
YeCKOro 3a3opa Mexay pabournMu ypoBHSIMU (OKOJIO
8 MaB st yactotsl 2 TI') cTaHOBUTCSI CONTOCTAaBUMO
C DHEPreTUYECKMM YIIMPEHHEM IOA30H (€IWHUIIBI
MWLIMRJEKTPOH-BOJBT). [Ipr 9TOM yMeHblIaeTcs 3-
(beKTUBHOCTh MHXEKLMU 3JEKTPOHOB Ha BEPXHUU
JIa3epHbIi YpOBEHb, UTO TPEOYET MOMCKA HOBBIX CXEM
pa6otel TTu KKJI, B ToM 4Kciie HOBBIX CLIOCOOOB MH-
KEKIIMU BJIEKTpOHOB. CO CTOPOHBI BBICOKHUX YacTOT
(ot 3 mo 5 TT'u) pabounit nnanaszon TI'uy KKJI orpa-
HUYEH MOJIOCOM OCTAaTOYHBIX ydyeid B GaAs.

B KKJI uH(ppakpacHOro nmama3oHa XapaKTepHbIe
sHeprur (POTOHOB cocTaBisIOT nopsiaka 100 MaB, uto
MO3BOJISIET CO3MAaBaTh OTHOCUTEIHLHO TOHKHE Oapbep-
HbIE CJIOU MHXEKTOpa C SHEePreTUYEeCKUM paclierie-
HUEM BEpPXHETO Ja3epHOTO YPOBHS M YPOBHS MHXKEK-
topa nopsiaka 10 maB. B TT'u KKJI sHepruu ¢oToHOB
cocTapiaioT mopsaka 10 MaB, mosToMy s celek-
THUBHOM WHXEKIINA HEOOXOIMMBI MEHBIIINE 10 CpaB-
HeHuo ¢ MK KKJI sHepruu pacuiernsieHus (mopsiaka
1 Mm3B) U, COOTBETCTBEHHO, OOJIbIIINE TOJIIMHBI Oapb-
€pHOTO CJIoSI MHXXEKTOpa. DTO MPUBOIUT K IOTEpe
KOIrepeHTHOCTU MNpU TYHHEJIUPOBAHUU BJICKTPOHOB
(YMeHbIIIaeTCsl BEpOSITHOCTh TYHHEJIMPOBAHUS BCEI-
CTBUE YIIPYTMX MEXIOA30HHBIX MEXaHU3MOB paccesi-
Hus "dephasing scatterings') u cHuXaeT 3¢p(GeKTUB-
HOCTb 3JIEKTPOHHOTO TpaHCIIOpTa 4epe3 WHXKEKTOP.
TakuMm obpaszom, Aj1s1 yaydileHust Xxapaktepuctuk T
KKJI HeoOxonumo paspabaTbiBaThb HOBBIE CXEMBbI pa-
0OThl J1azepa C Y4YETOM BaXXHOCTU KOTE€PEHTHOCTHU
aJIeKTpoHHOro TpaHcrnopta B GaAs/AlGaAs MHoOro-
CJIOMHBIX T€TEPOCTPYKTYpaXx.

o HemaBHero BpemeHU B Poccuu He ObLIO HU
OIHOM HAay4YHOU Ipymnbl, OCBOUBILEN M3TOTOBJICHUE
nazepoB TI'm gumanaszona. C 2015 r. mo mHULIMATUBE
naypeata HoOenesckoit mpemun K. M. Andepona B
paMmkax KoJimabopauuu MHCTUTYTa cBepXBbicOKOYAC-
TOTHOM IIOJYIIPOBOAHUKOBON 3JIEKTPOHUKU HMMEHM
B. I'. MokepoBa PAH, Cankr-IlerepOyprckoro Axka-
nemmudeckoro yHupepcureta PAH u Muctutyra du-
3UKu MUKpOcTpyKTyp PAH Obuta Hauarta pabora mno
cozaanuio nepeoro oreyectseHHOro TT'u KKJI, B xo-
Jle KOTOpOUl ObUT MpoAeMOHCTpUpoBaH mepBbid TT1x
KKJI, mogHoCThIO U3TOTOBIEHHBIN B Poccuu, ¢ yac-
TOTOM TeHepauuu okojo 3,2 TIu [9]. YuacTtHuKam
KOJTabopaluy yaaJloCch OCBOUTDH pacyeT KOHCTPYKIIMU
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aktuBHOI1 obnactu TTu KKJI, mocTpocToByI0 TEXHO-
JIOTHIO U3TOTOBJIEHUS JBOMHOIO METAITMUYECKOTO BOJI-
HoBoga u coopky TT'u KKJI Ha TermiooTBoze.

B xope pa®oThl OB TIpemMIoXeHbl KOHCTPYKIIMHN
aktuBHOM o6nactu TTu KKJI Ha ocCHOBe TpexX U YeThbl-
pexX TYHHEJIbHO-CBSI3aHHBIX KBAHTOBBIX SIM C PE30HAH-
CHO-(POHOHHOM CXEeMOM IEeHOMYJ/ISILINN HIKHETO J1a3ep-
HOTO YPOBHSI U CUJION OCHUJLISITOpa AWaroHaJIbHOTO
u3jyyarolero nepexona f,; > 0,4 [10, 11]. IIposenen
pacuet criekTpoB ycuneHus TI'n KKJI B 3aBucumoctu
OT HAMPSIXXKEHHOCTH TPUJIOXEHHOIO 3JIEKTPUYECKOTO
MoJist U Temreparypsl [12].

Jns cozmanust TT'o KKJI ¢ ABOITHBIM MeTayyImyec-
KVM BOJTHOBOZIOM ObLja pa3paboTaHa TEXHOJIOIUS MOCT-
pocToBoit 00paboTku MHOTOCIOMHBIX GaAs/AlGaAs
rerepocTpykTyp [13]. IlpemnoxeH m ampoOupoBaH
OPUTHMHAIBHBIN CIIOCOO M3TOTOBJICHUS] BO3MYIITHBIX
moctoB 1y co3nanus T KKJI, paGoTarommx B He-
npepbiBHOM pexume [14]. IIpoBeneHo ucciaegoBaHue
apdexTuBHOCTU ByeKkTpryeckoi Hakauyky 1T KKJI
B 3aBMCMMOCTHU OT YMCJIa M PacIOJIOXKEHUS Ha Ja3ep-
HOM MOJIOCKE KOHTAaKTHBIX Iu1oianok [15]. Ha ocHoBe
YUCEHHOTO MOJEIMPOBAHUS pacIipeacJeHUs JIeKT-
puyecKkoro moTeHuMada B akTuBHo# objactu Tl
KKJI ompeneneHbl HEOOXOAMMBIE TOJIIIMHBLI BEPXHEM
metammu3anyy 1T KKJT pis MuHnMu3anmmy mageHus
HanpsDKEHUsT BOOJIb JJa3epHOTO IMOJIOCKa B clydyae He-
OJHOPOJHOIO MUTaHUSI TOKOM.

Ha cerognsunHuii geHb usrorosiaeHbl TT'n KKIJI
¢ vactotamu reHepamuu 2,3, 3,3, 3,8 u 5,0 TT'u u
MaKCcUMallbHOM paboueil TeMnepaTtypoii 6onee 100 K
[12, 16—18]. I[IpoBeneHO KMcCIeAOBAHNUE BIUSIHUS TEM-
repaTtypbl Ha MOPOTOBBI TOK U BBIXOJHYIO MOIITHOCTb
usrotoBieHHbIx TT' KKJI. TToka3zaHo, 4To npu yBe-
nmnyeHun temnepaTyphl ot 40 mo 58 K Habmiomaercs
HEe3HAUYMTEJIbHOEe YMEHBIIEHNE MOIITHOCTU M3JIy4eHUS
(Ha ~30 %), 4TO MO3BOJISICT UCIIOJIL30BATh LIS OXJIAXK-
nenus uzrotrosiaeHHbIx TT'u KKJI oTkauky rmapoB azo-
ta. OnpenesaeHo, YTo TeMIlepaTypHasi akTUBalLlUs UC-
myckanust LO-hoHOHOB "TopstunMu” 3J1eKTpOHAMU Ha
BEpPXHEM JIa3epHOM YPOBHE SIBJISIETCS] JOMUHUPYIOIIM
MexaHu3MoM paccestHus B ucciaeayembix TTn KKJT.

CoBMecTHO ¢ MHCTUTYTOM paiMOTEeXHUKHU U DJIeK-
TpoHuku umeHu B. A. KorenbHukoBa PAH npoBene-
Ho ucciaegoBanue cnekTpoB uaaydeHus: TT'o KKIJI me-
TonoM Pyphe-CIeKTPOCKONMNN B 3aBUCUMOCTH OT aM-
IUTATYIbl U JUIMTEJIbBHOCTU BO30YXAAIOIIETO UMITYJIbCa
Toka [17]. O6HapyxeHbI 5 deKT "mepeKauyKu" UHTEeH-
CUBHOCTH MEXIY COCEAHUMU MPOAOJbHBIMU MOAAMU
WU COBUI YaCTOThI CIIeKTpaJbHBIX nuHUM Ha 3,7 I'Ti
MpY yBeJIW4eHUH ToKa Ha 120 MA.

CoBMecTHO ¢ MOCKOBCKUM MeAarornyeckuM yHU-
BEPCUTETOM TMPOBEJCHO MCCIeIOBAHUE WMITYJIbCHOMN
reHepauuu KKJI ¢ ucronab3oBaHreM CBEPXITPOBOIHM -
KOBOTI'O 3JIeKTpOHHO-pa3orpesHoro 6oyiomerpa SHEB
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Ha ocHoBe NbN mienku [18]. B wyactHOCTH, OBLIO
MPOJAEMOHCTPUPOBAHO, UTO, Ojaromapsi ObICTpOMY
OTKJIMKY 00oMeTpa (~ 100 mc), mosiBisieTcs BO3MOXK-
HOCTb PErucTpUpOBaTh OYEHb KOPOTKUE WMITYJIbChI
uznyyeHuss KKJI. Bappupys mapamMeTpnl 3agaiollero
HUMITyJIbCa CMEILEHUs, MOXHO MCCJIeA0BaTh TMHAMMU-
Ky TIPOLIECCOB, MPOUCXOLAIIMX B T€TEPOCTPYKTYpE, B
YaCTHOCTH, U3y4aTb PEXMUM TIOSIBIEHUS] W 3aTyXaHUsl
reHepalyy B 3aBUCMMOCTU KaK OT IJIMTEIbHOCTHU 3a-
JaloLIero UMMyJibca, TaK U OT MTHOBEHHOI'O 3HAUEHUS
ero amriutyasl. I1py Mcnoib3oBaHUM TUIABHO Hapac-
TalIIEro 3aJarllero MMITyjJbca CMelleHUsT (hakKTu-
YeCKHU IMOSIBJISIETCSI BO3MOXKHOCTh MCCJIEI0BaTh 3aBUCH -
MOCTbh MOILIHOCTU T€Hepaluyd OT HampsLKeHUs (ToKa)
CMEILIEHUSI B peXXUMe "peaJbHOT0 BpeMeHU", aHAIU3U -
pys Mapy UMITyJbCOB — 3aaloldil UMITYJIbC U UM-
MyJIbC, T€HEPUPYEMbIII CBEPXIPOBOAHUKOBBIM 00JI0-
METPOM, C TIOMOILIbIO ocLuuIorpada.

CoBMecTHO ¢ bejopycckuM rocyaapCTBEHHBIM
VHUBEPCUTETOM pa3paboTaHa MOIETb pacdyeTa BOJIBT-
amnepHbiX (BAX) M MOIIHOCTHBIX XapaKTepUCTUK
KBaHTOBO-KaCKaJIHBIX JIa3epOB TeparepIioBOro auarna-
3oHa (TTu KKJI) Ha ocHOBe cuCTeMbl OanaHCHBIX
YPaBHECHUI IS JIOKAAU30BAaHHBIX COCTOSIHUM M CO-
CTOSIHUI KoHTUHYyMa [19]. na yuyera BausHUs aeda-
3MPOBKM Ha TIPOIIECCH TepeHOoca HOCUTENIeH 3apsima
MpeIoKeH MeTo Moau(UKallMi COOCTBEHHOTro 0a3u-
ca ypasHeHnus [llpenrHrepa myreM CHUDKEHUS TUTTIONb-
HbIX MOMEHTOB TYHHEJIbHO-CBSI3aHHBIX COCTOSIHUIA.
IIpoBeneHo cpaBHEHHE PACUYETHBIX M BKCIEPUMEH-
TaJlbHbIX JaHHbIX BAX 1 3aBUCMMOCTU MHTErpajibHOMI
WHTEHCUBHOCTU M3aydyeHMs1 oT Toka mjisg TI'u KKII ¢
yacrotoir reHepanuu 2,3 TI'n m HaiimeHO Xopoliee
COOTBETCTBME PACCUMTAHHBIX U BKCIIEPUMEHTAIBHBIX
3HAUYEHUI MOPOroBOro TOKa, TOKOBOIO JMara3oHa
reHepallMy M MaKCUMaJlbHOII paboyeil TemIiepary-
pol T, BrepBble paccunmTaH CIIEKTP MOMOBBIX I10-
tepb B TTy KKJI ¢ ABOTHBIM MeTa/UIMYE€CKHAM BOJTHO-
BOJIOM Ha OCHOBE 30/10Ta, Meau 1 cepedbpa [20—22].
Iloka3zaHo, YTO UCIOJIb30BaHMUE JBOWHOTO MeETaJIU-
YeCKOTO BOJIHOBOAA Ha OCHOBE cepebpa ITO3BOJISIET
YMEHBIINUTh ITOTEpU Ha 2...4 em ! o CpPaBHEHUIO C
BOJIHOBOJIOM Ha OCHOBE 30J10Ta, YTO J1aeT BO3MOX-
HOCTb MOBBICUTD 1}, Ha ~10 K. Ha naHHbIi MOMeEHT
nposeaeHo uizroropnenue TT'n KKJI ¢ Ag—Ag BoimHo-
BOJZIOM U TMPOBOJASTCS U3MEPEHUSI XapaKTePUCTUK W3-
TOTOBJICHHBIX JIa3€POB.
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For a long time, the terahertz (THz) range of fre-
quencies was considered in literature and science as "a
terahertz gap", which was due to the technological and
technical problems in development of the sources and
detectors of THz radiation in this frequency range, and
also to a considerable absorption of THz radiation by
the water vapors in the atmosphere. In the recent dec-
ade a rapid development of THz range has been ob-
served, which resulted in a considerable narrowing of
"the terahertz gap" to the 6...10 THz range, correspond-
ing to the so-called Reststrahlen band for A3B5 semi-
conductors. First of all, this is connected with elabora-
tion of the approaches and technologies for develop-
ment of the quantum -cascade lasers (QCL), which op-
erate in the distant infrared and terahertz ranges [1].

On the high-frequency side (10...30 THz), QCL
based on InAs/AlISb [2] and InGaAs/GaAsSb [3] het-
erostructures demonstrated a possibility of generation
on the wavelengths of 25 and 28 um, which correspond
to frequencies of 12.0 and 10.7 THz. On the low-fre-
quency side (1...6 THz), the maximal frequency of gen-
eration of QCL on the basis of GaAs/AlGaAs heter-
ostructure was 5.4 THz [4]. However, development of
QCL on the materials described above within the range
of 6...10 THz is impossible because of a strong absorp-
tion of radiation on the optical phonons.

Despite a significant progress of THz QCL from the
point of view of such characteristics as the working
temperature and the output power, still, there are many
questions concerning the electron transport in the ex-
tremely complex quantum systems, which are the active
areas of these lasers. For example, development of
more effective laser scheme of THz QCL with suppres-
sion of the parasitic channels of conductivity led to a
growth of the maximal operation temperature from

746 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 12, 2019

50 K in 2002 [5] up to 199.5 K in 2012 [6]. For a long
time THz QCL were considered as cryogenic devices,
in which the laser chip had to be mounted on a cold
board of the poured cryostat or cryo-refrigerator of the
closed cycle, which limited considerably "small sizes"
and "energy efficiency” of the given THz sources. How-
ever, continuation of the works for research of the elec-
tron transport and creation of improved designs of the
cascade made it possible in 7 years after "the previous
record” to demonstrate in 2019 THz QCL with the
maximal working temperature of 210 K and thermoe-
lectric cooling [7] which, certainly, was a revolution-
ary result from the point of view of application of these
lasers.

Today THz QCL demonstrate the output power,
phenomenal for this frequency range. A versatile de-
tailed research of the electron transport in THz QCL
and optimization of the designs of the active areas of the
developed lasers allowed us in 2017 to show the output
power of about 2.4 W at the temperature of 10 K in the
pulse mode (about 1.8 W at the temperature of liquid
nitrogen) [8]. At the same time there is no doubt that
the further R & D works will result in more efficient la-
ser scheme of THz QCL and allow us to increase the
output power of these sources.

However, the presented record values were received
on QCL with the radiation frequencies within the range
of 3...4 THz. With advance of the frequencies from 3 to
1 THz the output power and the operation tempera-
tures decrease significantly, which is connected with
various physical restrictions. First of all, this is connect-
ed with the fact that the value of the power gap between
the operating levels (about 8 meV for the frequency of
2 THz) becomes comparable with the power broaden-
ing of the subbands (units of milli electron volts). At the




same time the efficiency of injection of the electrons to
the top laser level decreases, which demands a search
for new scheme of operation of THz QCL, including
new methods for injection of the electrons. From the
side of the high frequencies (from 3 up to 5 THz) the
working range of THz QCL is limited by Reststrahlen
band for A3B5 semiconductors.

In QCL of the infrared range the characteristic en-
ergies of the photons equal to about 100 meV, which al-
lows us to create relatively thin barrier injector layers
with the energy of splitting of the top laser level and of
the level of injector of about 10 meV. In THz QCL the
energy of the photons equals to about 10 meV, there-
fore, a selective injection requires less, in comparison
with IR QCL, energy of splitting for (about 1 meV)
and, respectively, thicker barrier layer of the injector.
This leads to a loss of coherence during tunneling of
electrons (a probability of tunneling due to the elastic
subbands mechanisms of scattering, "dephasing scatter-
ings", decreases) and reduces the efficiency of the elec-
tron transport through the injector. Thus, in order to
improve the characteristics of THz QCL it is necessary
to develop new schemes for the laser operation, taking
into account the importance of coherence of the elec-
tron transport in GaAs/AlGaAs multilayered heter-
ostructures.

Until recently in Russia there was not a scientific
group which had mastered production of lasers of THz
range. In 2015, on the initiative of Zh. 1. Alferov, Nobel
Prize Winner, within the framework of collaboration of
the V. G. Mokerov Institute of super high-frequency
semiconductor electronics of RAS, St. Petersburg Ac-
ademic University of RAS and Institute of physics of
microstructures of RAS the work was started for devel-
opment of the first domestic THz QCL, during which
the first THz QCL made completely in Russia was
demonstrated with the frequency of generation of about
3.2 THz [9]. The collaboration participants managed to
master calculation of the active area of THz QCL, post-
growth techniques for fabrication of a double metal
waveguide and mounting of THz QCL on a heat sink.
During the work the designs of the THz QCL were pro-
posed with the active area on the basis of the three and
four tunnel-coupled quantum wells with a resonant-
phonon scheme for depopulation of the lower laser lev-
el and the oscillator strength of the diagonal radiating
transition of f5; > 0.4 [10, 11]. Calculations were car-
ried out of the gain spectra of THz QCL, depending on
the applied electric field and temperature [12].

For fabrication of THz QCL with a double metal
waveguide [13] a technology of the post-growth
processing of the multilayered GaAs/AlGaAs heter-
ostructures was developed. An original method was
proposed and approved for production of air bridges for
development of THz QCL operating in a continuous
mode [14]. A research was conducted of the efficiency
of the electric pumping of THz QCL depending on the

number and arrangement of the contact platforms on a
laser strip [15]. On the basis of the numerical modeling
of distribution of the electric potential in the THz QCL
active area the thicknesses of the top metallization of
THz QCL were determined, necessary for minimiza-
tion of the power failure along the laser strip in case of
a non-uniform current supply.

By the present moment THz QCL with the genera-
tion frequencies of 2.3, 3.3, 3.8 and 5.0 THz and with the
maximal working temperature over 100 K [12, 16—18]
were fabricated. A research was conducted of the influ-
ence of temperature on the threshold current and the
output power of the fabricated THz QCL. It was dem-
onstrated that with an increase of temperature from
40 up to 58 K an insignificant reduction of the radia-
tion power was observed (by ~30 %) which allowed us
to use pumping of nitrogen vapors for cooling of the
manufactured THz QCL. It was shown that the tem-
perature of activation of emission of LO phonons by
"hot" electrons on the top laser level was the dominat-
ing mechanism for scattering in the studied THz QCL.

Jointly with the Institute of Radio Engineering and
Electronics named after V. A. Kotelnikov of RAS a re-
search was conducted of the ranges of radiation of THz
QCL by Fourier spectroscopy method, depending on
the amplitude and duration of the exciting pulse of cur-
rent [17]. Effect of "transfer" of intensity was discovered
between the neighboring longitudinal modes and a shift
of frequency of the spectral lines by 3.7 GHz at an in-
crease of current by 120 mA.

Jointly with the Moscow Pedagogical University a
research was done of the pulse generation of QCL with
the use of SHEB, superconductor electron-heating bo-
lometer, on the basis of NbN film [18]. In particular,
it was demonstrated that, thanks to a quick response of
the bolometer (~100 ps), there was an opportunity to
record very short pulses of radiation of QCL. By varying
the parameters of the driving shift pulse, it is possible to
investigate the dynamics of the processes happening in
the heterostructure, in particular, to study the mode of
emergence and attenuation of the generation, depend-
ing on both the duration of the driving pulse, and on the
instant value of its amplitude. When using the smoothly
accruing driving shift pulse, actually, there is an oppor-
tunity to investigate the dependence of the power of
generation on the intensity (current) of the shift in the
"real time" mode, analyzing a pair of pulses — the driv-
ing pulse and the pulse generated by the superconduc-
tor bolometer by means of an oscillograph.

Jointly with the Belarussian State University a mod-
el was developed for calculation of the current-voltage
(I—V) and power characteristics of the quantum-cas-
cade lasers of the terahertz range (THz QCL) on the
basis of the system of the balance equations for the lo-
calized states and the states of continuum [19]. For tak-
ing into account the influence of dephasing on the
processes of transfer of the charge carriers, a method
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was proposed for modification of the own basis of the
Schrédinger equation by a decrease of the dipolar mo-
ments of the tunnel-coupled states. A comparison was
done of the calculated and experimental data of [—V
and the dependency of the integral intensity of radia-
tion on current for THz QCL with the frequency of
generation of 2.3 THz, and good correspondence was
found for the calculated and experimental values of the
threshold current, current range of generation and the
maximal working temperature of 7., . For the first
time the range of the mode losses in THz QCL with a
double metal waveguide on the basis of gold, copper
and silver was calculated [20—22]. It was demonstrated
that the use of a double metal waveguide on the basis
of silver made it possible to reduce losses by 2...4 em” !
in comparison with a waveguide on the basis of gold,
which allowed us to raise 7},,,, by ~10 K. By the present
moment, THz QCL with Ag—Ag waveguide has been
manufactured and measurements of characteristics of
the manufactured lasers are being taken.
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Pue. 1. Bapnants! npamenenns MUC cepan 5411 mis peammsanun pyaKnmii IpueMo-nepenaun pajiocirHala

Fig. 1. Ways for use of 5411 series MMICs for realization of the transmit-receive functions of a radio signal
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Fig. 2. Hybrid version of the prototypes
of V-band transmitter and receiver
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Fig. 3. Photo of the spectrum analyzer screen during testing
of the prototypes in the mode of imitation
of a radio communication line
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Fig. 1. Transistor model, where 2DEG
is a two-dimensional electron gas,
Q is the area emitting warmth
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Fig. 2. Result of modeling.
Surface distribution of temperature
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Fig. 3. Result of modeling.
Volume distribution of temperature
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