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TEPATEPUEBOE U3AYYHEHUE INMUTAKCUAABHDBIX HU3KOTEMITEPATYPHbIX
GaAs CTPYKTYP HA NMOAAOXKAX GaAs (100) 1 (111)A

Ilocmynuna 6 pedaxuyuro 28.11.2016

2

IIpednoxncernsvl u Memooom MONCKYAAPHO-AYHEBOU SNUMAKCUU 8blpatyeHbl cmpykmypsl Ha ocHoge L T-GaAs caoee, codepicaujue
aezupyroujue sxeuducmanmusie o-caou Si. s pocma ucnoav3osaruce hodaroxcku GaAs ¢ kpucmannoepaguueckol opueHmayuen
(100) u (111)A. Memodom mepacepyesoli cheKmpocKonuu Uccaedosana 3ghhekmusHocms eeHepayuu U 0emeKmuposanus mepa-
eepuyesoeo (Tly) uznyuenus cmpykmypamu, Ha NOBEPXHOCMU KOMOPbIX OblAU U320MOBAEHbL MUKPONOAOCKOBble (hOMONPosodauue
anmennol. Tenepayus Ty uznyuenus npoucxoounra npu obayHeHuu 3a30pa aHmMeHHsl HemMmoceKyHOHbIMU ONMUMECKUMU Aa3ep-
Hotmu umnyavcamu. Ilokazano, ymo amnaumyoa Tly uzayvenus om gpomonpogoosueii anmenuol Ha LT-GaAs/GaAs (111)A 6
2,0 pa3 6oavuie, uem om marxou xce anmernvl Ha LT-GaAs/GaAs (100). Béavuyro spghexmusnocms eenepayuu TIy uzayuenus
caedyem npunucams 0Co6eHHOCMAM Kpucmanauyeckou cmpykmyput naenok LT-GaAs, evipawernbix Ha nooroxckax GaAs (111)A:
noauxpucmaniuuHocmu naenku LT-GaAs u npeumyujecmeeHHOMY 6CMpPAuBaHut0 NpumMecHslx amomog Si 6 yaawl As, a He Ga,
8caedcmeue 4ee0 OHU Uepaiom poib AKUenmopos, a He 0OHOPOG.

Karoueevie caoea: amgpomepnas npumecs, kpucmaniozpapuueckas opuenmayus nootoxcku (111)A, mukpononrockosas aw-
MEHHA, MOACKYAAPHO-AY4e8as SNUMarcus, Huskomemnepamyphoii GaAs, npeyunumamol MblubsKa, mepazepyesoe UsNy4eHue,
gomonposodsuas mepaeepyesas aHmMeHHA

BBenenne

TeparepueBasi CIIeKTPOCKOITMSI C BDEMEHHBIM pas3-
pELICHMEM — aKTyaJbHbIA Y aKTUBHO pa3BUBAIOLIMI-
Csl B HACTOSI1Iee BpeMsI METOJ IMarHOCTUKU Pa3IMUHbIX
MaTepragoB U OMOJIOTMYECKUX O0BEKTOB C IMTOMOIIbBIO
MaJIOMHTEHCUBHOTO 3JIEKTPOMArHUTHOTO W3JIyYeHUs
TeparepueBoro avanazoHa yactot (100 I'Tix ... 3 TT'm).
s reHepaliiy ¥ AeTEKTUPOBAHUS TeparepleBOro 13-
JIyUeHUSI B OTOM METO/Ie MCIOJb3YIOTCsI (hOTOMPOBO-
nsue aHnTeHHBI (DI aHTeHHBI) HAa OCHOBE crielu@u-
YeCKUX MOJIYyITPOBOJHUKOBBIX MaTepuanoB. K Takum
MaTepuajgaM OTHOCSTCS Oe3nedeKTHbIe MOHOKPUCTAJI-
Jundeckue tieHkU GaAs [1] u mneHku GaAs, BbIpa-
IIEHHbIE METOAOM MOJIEKYISIPHO-JIyYEBOM SMUTAKCUU
MPpU NOHUXEHHOW TeMrepaType NMomaioxku (low-tem-
perature GaAs, LT-GaAs) [2].

IMoHuxeHHag TeMIlepaTypa pocTa IIPUBOJIUT K TO-
MY, UTO pEeUCITapeHNE MBIIIbLSIKA C TIOBEPXHOCTU PACTY-
IIeY IUIEHKY IOJABJIEHO, U OHA 3axBarbiBaeT 10 1,5 %
M30BITOYHBIX aTOMOB MBIIIbsIKa (B TO BpeMsl KakK B
ctexuoMeTpuueckoM coennHeHnn GaAs atomoB Ga u
As poBHO 1o 50 %) [3—5]. BcaencTBue 3Toro niaeHKa
LT-GaAs obiamaeT BEICOKON KOHIIEHTpaUue aHTU-
CTPYKTYPHBIX 1€(QeKTOB Ass, (aToM As B y3jie aToMa
Ga) nopsaka 1020 cm3 [6]. B 3apskeHHOM COCTOS-
HUU Asaa 3TU Ie(eKThl ASUCTBYIOT KaK JIOBYLUIKHU JJ1s1
SJIEKTPOHOB U TEM CaMBbIM O0€CITEUMBAIOT KpaiiHe Ma-
JIoe BpeMsl XM3HU (POTOBO30YXKIESHHBIX JIEKTPOHOB
(MeHee TMMKOCEKYHbI) [7].

Hns1 yBenuvyeHUs] KOHLICHTpaLWK 3apsKeHHbIX Je-

+
(bekroB As, Matepuan LT-GaAs Ierupyior akienTop-
HOM IIpuMechlo (Kak IpaBwmio, oepuieMm) [7]. B pa-
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6otax [8, 9] mokazaHo, yTo cTpyKTyphl LT-GaAs:Be
MOTYT OBbITh MCITOJIb30BaHbI B OMTO3JIEKTPOHHBIX YCT-
poiCcTBaxX TeparepleBOro Irara3oHa 4acToT, IpuYeM
TaKkMe YCTPOMCTBAa MMEIOT JydylllvMe IapaMeTphbl IO
CPaBHEHMIO C YCTpOCTBaMU Ha 6a3e HeJleTUPOBAHHO-
ro LT-GaAs. OgHako u3-3a BbICOKOI TOKCMYHOCTU Be
€ro MCIOJb30BaHUE MPU MOJEKYISIPHO-JIy4eBON SMU-
Takcuu (MJID) B mociegHee BpeMsi CHUKAETCSI U MaJlo
pacmpocTpaHeHO B IMPOMBIIUIEHHOM IPOU3BOICTBE,
MMOCKOJIBKY TpeOyeT MOIIOJHUTENIbHBIX Mep Oe3omac-
HocTtu. Kpome Toro, Hanmuue B ycraHoBke MJID uc-
TOYHMKa Be NpuBOAUT K TMOBBILIEHUIO (POHOBOM MpU-
MeCH p-THUIa, YTO OTPULIATEJbHO CKa3bIBACTCS Ha Ka-
YecTBEe B MOCJEAYIOIIEM BhIpallliBaeMbIX B Hell rete-
POCTPYKTYp K-THIIA.

XOpOIIIO M3BECTHO, YTO KPEMHUM TIPOSIBIISIET SIPKO
BbIpaxkeHHbIE aM(OTepHbIe CBOMCTBAa KaK JIETMPYIO-
111asi MIPUMECh B SMMUTAaKCUATbHbBIX TJIeHKax GaAs, Bbl-
paileHHBIX Ha nomjoxkax GaAs ¢ Kpucramiorpadu-
yeckoil opueHTaumeir (111)A mpu cTaHAAPTHBIX TEM-
neparypax pocta (500...600 °C). B aTom ciayyae, MeHsIsT
COOTHOLIEHHWE MOTOKOB MbILIbSIKA U TAJLIUS y, HA MO -
noxke GaAs (111)A MOXHO BBIpaCTUTh JETHUPOBaH-
Hble KpeMHueM ciiou GaAs Kak ¢ #-, TaK U C p-TUIIOM
nposoauMoctu [10, 11]. OnHako nerupyouie CBOnCT-
Ba Si B uieHkax LT-GaAs, BeIpallleHHBIX Ha TTOAJIOX-
ke GaAs (111)A, Toka He UCCIIEIOBAINCE.

B nannoit pabote uccienyercsl reHepalus U ae-
TeKTHUPOBAHME TeparepleBOro M3TydeHHUs (HOTOIPO-
BOJSIIIMMM aHTEHHAMM Ha JIETMPOBAaHHbIX aToMaMu Si
ieHkax LT-GaAs, anuTakcuajlbHO BbIpallleHHbBIX Ha
noioxkax GaAs Kak co CTaHIAPTHON KpUCTaJLJIOTpa-
¢uueckoit opueHrauueir (100), Tak ¥ ¢ oprueHTaLIMElH
(I11)A. enap paboThl — YCTaHOBUTh, HA KAKOM MOA-
JIOXXKe snuTakcuanbHas 1ieHka LT-GaAs obnagaer
JIYYIIMU KauyeCcTBaMU KaK MaTepuat Ijist oTompoBoO-
Jisieit TepareplieBoil aHTeHHbI. [Ipu 3ToM uMeeTcs B
BUAY, 4TO Ha KauectBa IjieHKu LT-GaAs Bnusier He
TOJILKO BO3MOXXHOE MpOsIBJIeHUEe aM(POTepHOCTH aTo-
MOB Si, HO U OCOOEHHOCTU KPUCTAILIUUYECKON CTPYK-
Typbl, mpuobpeTaeMble TieHKoi LT-GaAs npu pocte
Ha pa3HbIX moajoxkax. Kpome Toro, cBoiicTBa uccie-
nyembix DI1 aHTeHH CpaBHUBAIOTCS CO CBOMCTBAMM
TPaaULMOHHO MPUMEHSIEMOro IJisl TeX Xe liejeil He-
JIMHeWHOTo KpucTtamia ZnTe.

Oopa3upl ¥ Meromuka TI'n 3KcnmepuMeHTa

Hccnenyemble B naHHON paboTe oOpasiibl OfMHAa-
KOBOT'O CJIOEBOTO IM3aiiHa ObUIM BBIpAIIEHBI Ha TIO-
nyusonupytoiux nomioxkax GaAs (100) u (111)A
metogomM MIJID. Oo6pazen Ha nmoanoxke GaAs (100)
obo3Hauaetcs B panbHeiineM LT-GaAs/GaAs (100)
(Homep pocToBoro npoiecca 975-3.3), a obpasell Ha
nomnoxke GaAs (111)A — LT-GaAs/GaAs (111)A
(HoMep pocToBoro Tipoliecca 978-6.3). [luzaitH ob6pas-
LIOB IIpeAcTaBieH Ha puc. 1. OOpa3ibl COCTOST U3 ABYX
cioeB: ciog i-GaAs TomuyHo# 0,2 MKM, BBIpallieHHO-
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1-GaAs (0.2 um)

1-GaAs (noamoxka)
(substrate)

Puc. 1. JIuzaiin cTpykTyp
Fig. 1. Design of the samples

ro ripu temmneparype 560 °C, u ciost LT-GaAs tommuu-
Hoii 1 MKM, BbIpalieHHoro nmpu temneparype 230 °C.
Cnoit LT-GaAs coaepXuT Tpu d-C10si KpeMHMUSI, pac-
MOJIOXXKEeHHBIE Ha paccTosiHUU 0,255 MKM IpyT OT ApY-
ra. KonueHntpauust N atomoB Si B Kax0M U3 5-CJIOEB
ykasaHa Ha puc. 1. OTHouieHue nMoTokoB As, 1 Ga Bo
BpeMs pocta cocrtabisiiio ~20. ITocie pocra oOpa3iibl
OBLTM TIOABEPTHYTHI OTKUTY B KaMepe pocTa yCTaHOB-
k1 MJID B noroke As, rpu remneparype 590 °C B Te-
yeHue 1 4.

Hns uccnenoBaHusl TUHAMUKU (DOTOBO3OYKIEH-
HBIX HOCHUTEJIeH 3apsiga IMPOBOAWIN M3MEpPECHUs WH-
TEHCUBHOCTU OTPaXKEHHOTO Jy4ya 30HAMPOBAHMS KaK
(GyHKIMM BpeMeHM 3aIepXKU MEXITY BO30YKIarOIITM
U 30HIUPYIOLIUM UMITyJIbcaMU (METOIUKA "HAaKauKh —
30HAMpoBaHMs"). B KauecTBe MCTOUYHUKA ONTUYECKON
HaKaykKyd MCITOJIb30Bald TBEPAOTEIbHBIM Jiazep Ha
KpHUCTaJTe cardupa, JerMpoOBaHHOTO MOHAMM THTaHa,
¢ niuHoit BojHEL 800 HM (3Heprus ¢ortoHa 1,55 3B),
IJIUTEJIbHOCTHIO nMITyabca 100 ¢c 1 yacToToii ciieno-
BaHUs UMITyJibcoB 80 MI'11. ITnoTHOCTH cpeaHelt Mol -
HOCTM Hakayku coctapisuia 1,104 - 103 BT/CM2, 30H-
mupoBanus — 0,111 ¢ 103 BT/CMz.

Ha noBepxHOCTHU BbIpallleHHbIX 00pa31li0B METOAOM
(oTonuTorpacun ObLIM M3rOTOBJIEHBI MUKPOIIOJIOC-
KOBbIe (hOTONPOBOSIIIME aHTeHHb. OHU MPEeNCTaBIISI-
10T coboit omuueckue koHTakThl Ti/Au (50/800 HM) B
BUJE ABYX MapalIeIbHBIX ITOJIOCOK puHOoi 100 MKM
U ¢ paccTosiHueM Mexay HuMu 200 MKM.

Onruyeckoe U3nydeHre HaKauku (poKyCcupoBaioch
B IIATHO AWAMETPOM ~12 MKM MEXAy 3JIeKTpOIaMU
O®IT anTeHHBI. I TOCTHKEHUST ONITUMAJIBHBIX YCI0-
Buit reHepauu TI' u3nydyeHus MITHO Jiyya HaKauykKu
OBbUIO CABUHYTO K aHOAHOMY 31eKTpoay PI1 aHTeHHHI,
MOCKOJIbKY 3JIEKTPUYECKOE MOJIE MEXIY ABYMSI TaJIEKO
OTCTOSIIIIUMY METATNISCKUMY TMHEHHBIMU 3JIEKTPO-
JaMM CUJIbHO HEOAHOPOIHO M KOHLIEHTPUPYETCS BO3-
e anoma [12, 13]. Ilpu renepamum TI'1 msnydeHus
O®IT aHTeHHAMM K UX KOHTAKTaM MPUKJIaIbIBaJIOCh Ha-
TIpSCKEHNE CMEIIEHUST, TEM CaMbIM CO3IaBaJIOCh BHEIII-
Hee 2JIeKTpUYECKOoe T0JIe B 3a30pe MEXIY KOHTaKTa-
MM, KOTOPOE YCKOPsI0 (POTOBO3OYKAEHHBIE HOCUTEIU




3apsga. HampsokeHue cMelleHUsT Ba-
perpoBasioch B muama3one 0...60 B.

B kxauecTBe meTekTOpa HMCIIOIbL30-
BaJlid HEJIMHEWHbIA KpucTtaaa ZnTe.
B cxeMe ¢ HelMHEHHO-ONTUYECKUM
KpuctajioM ZnTe ODpUHUMII JeTEK-
tupoBanusg TI'1 M3My4eHUS OCHOBaH
Ha METOJE 2JEKTPOOIITUIECKOIO CTPO-
OMpOBaHUSI LIMPOKOrO TeparepLeBoro
AMITYJIbCa KOPOTKUMU (PEMTOCEKYH/I -
HeIMU umnyiabcamu [14, 15]. Ilpu-
HUMIT paboOThl OCHOBAaH Ha B3aMMO-
JNEeWCTBUY TepareplieBoro u OonTuyec-
KOTO U3JIyYEeHUI B HEJIMHEHOU cpele
3a CYeT MOIYJISILIUU (ha3bl ONTUYECKO-
ro U3JyYeHMsI TeparepleBOi BOJHOIA.
CkanupoBaHue (a3pl TepareplieBoi
BOJIHBI OCYILECTBJISIETCSI C MTOMOIIbIO
BPEMEHHOW JIMHUM 3aI¢ PXKKU.

Kpucrananyeckas cTpykTypa
00pa3unon

Kak BUIHO M3 JTaHHBIX MPOCBEUYMBA-
IOLIEN PACTPOBOU 3JIEKTPOHHON MUK-
pockoruu (ITPOM) Ha puc. 2 U Kak
MOKAa3aHO C TMOMOIIbIO 3JIEKTPOHHOM
nugpakunm, oopasenr LT-GaAs/GaAs
(100) saBastercst MOHOKpUCTaIIMYecKuM. Kpome Toro,
B obpasue LT-GaAs/GaAs (100) oT4eTIMBO BUIHBI
TJTIOCKOCTU C TOBBIIIIEHHON KOHILEHTpauuei mpenu-
MUTaTOB AS, KOTOPbIE COOTBETCTBYIOT 5-Si CIIOSIM.

Bbonee neranbHOE MCcIeq0BaHUE OTACIbHBIX YUacT-
koB oopasua LT-GaAs/GaAs (100) ¢ moMolliblo Tpo-
CBEUMBAIOILIEH 3J€KTPOHHOW MHUKPOCKOIIMM IT03BO-
JIWJIO YMCJEHHO OXapaKTepu30BaTb paclpeaesieHue
npeuunuTtaToB As. Ha puc. 2, b 3T naHHbIE MpeacTaB-
JIEHbl B yIOOHOM ISl BU3yaJlbHOTO BOCIHPUSITHUS I'pa-
¢uyeckom Buae. Kak BumHo, pacrnpeneneHmue mpeum-
MUTATOB AS MO ITyOMHe (MOKa3aHo CIUIOLIHOMN JTUHUEH
Ha puc. 2, b) 4eTKO COOTBETCTBYET DPACIIOJOXEHUIO
5-Si cioeB: TuiockocTH 3-Si CI0eB CIIyKaT TJIOCKOCTSI -
MM aKKyMyJSIUMM mpeuunuTtaToB As. HeonrHakoBbIM
OKa3bIBaeTCSd U CPEIHUIN OUaMeTp MPELUIIUTATOB AsS,
o0pazoBaBIlIMXCS Ha pa3Hoi ToawuHe ciaost LT-GaAs
(rokasaH IITPUXOBOU TUHUEH Ha puc. 2, b). Haubonb-
UM CPEIHUM AUMAMETPOM 00JIafaloT MpeuUunuTaThl B
camoit HxHel oonactu LT-GaAs, a mo mepe pocra
LT-GaAs cnosg guaMeTp MNPEeLUIIUTATOB B CpeaHEM
YMEHbIIAETCs (32 UCKIIIOUEHUEM caMOil BepxHel 00-
nactu). Takoe u3aMeHeHHUe CPEAHEro pa3mMepa Mmpeu-
MUTATOB MOXET OBbITh CBSI3aHO C T€M, YTO BO BpeMs
¢opMmupoBaHUs §-Si CI0EB yXKe MPOUCXOIUT OTXKUT
3a CYeT paaualMOHHOrO HarpeBa OT ropsiyero Kpem-
HHEBOTO MOJIEKYJISIPHOTO MICTOYHMKA (B HAIIIEM CIyJae
Ts; = 1120 °C). Bpema ¢popmupoBanus 8-Si cj10eB ObLIO
JIOCTaTOYHO OOJIBIIMM — 2 MUH, 2 MUH 30 ¢ 1 3 MMH JIJ11
81-, 82- u 83-cioeB coOTBeTCTBEeHHO. TakuMm 00pasom,

CpeaHuvih guameTp NpeyunuTaTos, HM
Average precipitate diameter, nm

8 & & 2 e

KOHUEeHTpauua NpeynunuTaTos, cM™3
Precipitate concentration, cm™3
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Puc. 2. TemuonoanHoe BoicokoyrioBoe ITIPDM-uzoopaxenne oopasua LT-GaAs/GaAs
(100) (a) m npocTpaHCTBEHHOE pacnpenesieHne NPelUNUTATOB MbIlbsAKA B HeM (b)

Fig. 2. Dark-field high-angle STEM image of LT-GaAs/GaAs (100) sample (a) and a spatial
distribution of the arsenic precipitates in it (b)

yeM Hike pacriojoxeHa oomacte LT-GaAs, Tem Oosiee
JUTUTENIbHBIN OTXKUT OHAa WCHBLITHIBAET YK€ B Tpoliecce
pocTa, B pe3yJbTaTre 4ero IPeLlunuTaTel As oObean-
HSI0TCSI B 60Jiee KPYITHBIE, a MX YUCIO YMEHbIIAeTCs.
O BO3MOXXHOCTH JOTIOTHUTEIHLHOTO OTKUATA OT HATPETHIX
MOJIEKYJISIPHBIX UCTOUHUKOB coo01IaeTcsl B padote [J].

Kaxk BuaHoO 13 puc. 3 1 Kak MoKa3aHO C MOMOILbIO
Iudpakum 37eKTpoHoB, obpaseny LT-GaAs/GaAs

npéuunmaTbl
Precipitates

Puc. 3. TemHononbHOe BbICOKOYTIIOBoe ITPDM-H300pakenne 00-
pa3ua LT-GaAs/GaAs (111)A

Fig. 3. Dark-field high-angle STEM image of LT-GaAs/GaAs (111)A
sample
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Puc. 4. ACM-u3o0paxenus nosepxuoctu odpasuoB LT-GaAs/GaAs (100) (a) mn

LT-GaAs/GaAs (111A (b)

Fig. 4. AFM images of the samples LT-GaAs/GaAs (100) (a) and LT-GaAs/GaAs (111)A (b)

(111)A nMeeT MOHOKPUCTALTUYECKYIO HUXKHIOIO YaCTh
LT-GaAs cnos tonmuHoi ~200 HM, Bblllie KOTOPOI
LT-GaAs-ciioit cTaHOBUTCS MOIUKPUCTAIINYECKIM.
B MoHokpucramimueckoit obnactu LT-GaAs Bonu3u
TPaHUIBI C HIDKHUM BBICOKOTEMIIEPATypHBIM Oyde-
poM HabJogaeTCsl CKOIUIEHUE TPELMITUTATOB MBI b-
dKa ¢ KOHIEHTpauei ~2 * 1016 cm 3. IMomukpucran-
JIMYecKasi 00JIaCTb COCTOUT M3 BEPTUKAIBHBIX PacIIy-
PSIOIIMXCSl KBEPXY KPUCTAJUIMTOB, CPEeIHsIsSl IIMpUHA
KOTOPBIX B BepXHel yacTu coctapisgeT 70 HM, a cpel-
Hs1s1 BbIicoTa — 250 HM. KpucTaniuTel pa3opueHTHpO-
BaHHI B IIMPOKOM JMAITa30He YIJIOB. B YACTHOCTH, Ha
HEKOTOPBIX 2JICKTPOHOTrpaMMax OMHOBPEMEHHO 3a(puK-
cupoBaHbl pediekcsl oT miaockocteir (111) u (100),
T. €. YTOJI pa3opyeHTAllMM B TaHHOM CjydJae TpUHU-
MaeT 3HaueHue ~55°.

Kak BumHO u3 puc. 4, MOBEPXHOCTb OOpasla
LT-GaAs/GaAs (100) rmamkast, ee cpeaHeKBaapa-
TUYHas 1epoxoBaTocTh coctanisier 0,9 HM. TToBepx-
HocTb oOpasiua LT-GaAs/GaAs (111)A uMeeT 3epHUC-

|
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! ) v 19
| D e
| 5¢& 975 nocne omkura
| >3, anneal
I g8 10
I E ©
| ] 5 -3
| 210
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! £
| £~ 10°
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! -5
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Sample 978
Rq=10.3 nm

THII penbed ¢ XapaKTePHBIM pa3MepoM
3epeH 100...150 HM, ee cpegHeKBampa-
TAYHAS IIIepOXOBATOCTb COCTABIISAET
10,3 HM. DT HaHHbIE COINIACYIOTCS
¢ MOHOKPUCTAJUIMYHOCTBIO 0Opasiia
LT-GaAs/GaAs (100) u nonukpuc-
TaJUIMIHOCTHIO BEPXHEW 9acTy obpas-
ma LT-GaAs/GaAs (111)A.

Ha puc. 5 npuBeneHb! KpuBbie 1ud-
pakuuonHoro orpaxeHust (KJO) wmc-
caenyembix oopasuoB. Ha KO Heo-
ToxckeHHoro obopasma LT-GaAs/GaAs
(100), xpoMe mNuUKa MOIJOXKH, CO-
OTBETCTBYIOIIIETO CTAHIAPTHOMY IIa-
pametrpy pewetkun GaAs 5,653 A,
TTOSIBITSIETCS WHTEHCUBHBIA UK TIPU
20 = 65,966°, COOTBETCTBYIOLLUI KPUC-
Tamadeckoii  cTpykrype LT-GaAs ¢
YBEJIMUEHHBIM MApaMETPOM peLIeTKH 5,662 A. Dror
MUK TMOJHOCTBIO MCYE3aeT IMOocje OTXKUra, YTO CBU-
JMIETETBCTBYET O MOTEepPe KPUCTATUUECKON pelreTKOM
LT-GaAs u30bITOUYHBIX aTOMOB MHEIIIbSIKA, KOTOPHIE
BBIIEIIAIOTCS B TPEUMITATATHI, HaOMomaeMbie Ha
puc. 2, a. KO obpasua LT-GaAs/GaAs (111)A He
CONEPKUT HUKAKMX TOIMOJTHUTEIbHBIX MUKOB, KPOME
MMKa OT TOMIOXKH, M TPAKTUICCKN HE M3MEHSIETCS
rnocJjie OTXura. OTv JaHHbIe CTAHOBATCS MOHSTHBI, €C-
JI1 y4eCTh TTOJMKPUCTAJUTMIECKUI XapakTep obpasia
LT-GaAs/GaAs (111)A, u MOTyT CBUAECTEILCTBOBATD O
TOM, YTO B JAHHOM CJIydae TIpU TN TaKCUATEHOM pOC-
Te Ha TtoutoXkKax GaAs (111)A oboralieHre KpucTa-
JINYEeCKON PelIeTKA N30BITOYHBIMU aTOMaMU AS TIPO-
WCXOIMT B MEHBIIIEH CTeNeHW, YeM Ha TOIJIOXKAaxX
GaAs (100).

DnekTpodusnueckue JaHHbIE yaaloCh U3MEPUTH
TOJBKO Ha HEOTOXKEHHBIX 00pasliaX, IMOCKOJbKY
ToCJIe OTKWTa O0pas3lloB WX YAEIbHOE COIPOTHBIIE-
HUe BO3pacTaeT Ha HECKOJIbKO mopsakoB. Hocurenu

978 6e3 omkura
as-grown

|

|

|

T 10 !
S S 10? 978 nocne omxura !
o annealed !

2E |
o ® 10* |
=6 I
g5 10! !
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26,5 27,0 27,5 28,0 |
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Puc. 5. K10 obpa3ua LT-GaAs/GaAs (100), orpakenue ot miockocreii (400) (a) u odpasua LT-GaAs/GaAs (111)A, oTpaxenue oT mioc-

Kocreii (111) (b)

Fig. 5. §/20-CDR of LT-GaAs/GaAs (100) sample, reflection from planes (400) (a) and LT-GaAs/GaAs (111)A sample, reflection from planes (111) (b)
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Puc. 6. Bpemennas 3aBUCMMOCTb M3MeHeHHs1 KO3 (UIMEHTa OTPaKeHUs, U3MEPEHHAS] ONTHYECKOH METONMKON "HAKAYKM — 30HIMPOBAHUA":
a — s obpasua LT-GaAs/GaAs (100); b — mnst obpasua LT-GaAs/GaAs (111)A
Fig. 6. Time dependence of the change of the reflection coefficient, measured by the optical method of "pumping-probing”: a — for LT-GaAs/GaAs

(100); b — for LT-GaAs/GaAs (111)A sample

3apsina B obpasie LT-GaAs/GaAs (100) — snekTpo-
HBI, UX MOABUXHOCTL p, = 10 CM2/(B *C), KOHLIEHT-
pauua n, = 1,8 1014 CM_3, yAEIBbHOE COIPOTHUBIIC-
Hue 3550 Om-:cm. Hocurtenu 3apsima B oOpa3slie
LT-GaAs/GaAs (111)A — npIpkd, UX TOABUXHOCTD
n, =90 CMZ/(B * ¢), KOHLeHTpauwst n, = 1,3 - 104 em3,
yaeabHoe conpotusiaeHue 530 Owm - cm. Takum oOpa-
30M, MOXHO TIPEAIIOJIOXNUTh, 4YTO B mieHKe LT-GaAs
(111)A atromnl Si BcTpanBaroTcs B y3ibl As, a He Ga,
M CTAHOBSITCS aKIETITOPaMU, a He JOHOPAMU 3JIEKTPO-
HOB. MOXHO IpPEAIONIOXUTb, YTO BCIEACTBUE ITOTO
JIEKTPOHBI MEPEXOIAT C YPOBHEH AedeKTOB Asg, Ha
aKIIENITOPHbIE YPOBHU, BCIAEACTBUE UETO YBEINUUBACT-
Csl KOHLICHTpALMsI aKTUBHBIX Ae(DEKTOB Asga.

Bpems xu3nu (poToBO30YKIEHHBIX HOCHTEIEH 3apaaa

ITockoabky reHepaumsi TeparepleBbiX UMIYJIbCOB
BO3MOXHA TIPW B3aMMOICHCTBUU (PEMTOCEKYHIHBIX
ONTUYECKUX UMITYJIbCOB C (DOTOMPOBOASIIIMMU TOTY-
MPOBOJIHMUKOBBIMU TJIEHKAMU, 00JIafaioliMy MaJlbIM
BpPEMEHEM XKU3HU (POTOBO30YKIEHHBIX HOCUTEJIEH 3a-
psama (PH3) [12], npencTaBisieTcsl MHTEPECHBIM OlIe-
HUTb BIUSIHAE OPMEHTALIMU TTOIJTIOXKH Ha BPeMsI 3K13-
Hu ®H3 B urenkax LT-GaAs. 151 3T0ro 66U10 MpoBe-
JeHo uccienoBanne nuHaMuku ®H3 ¢ momoiipio Me-
TOIWKH ONITUYECKOM "HaKayKW — 30HIUpoBaHus" [16].

Ha puc. 6 n3o6paxkeHbl XapaKTepHbIe 3aBUCHMOCTH
U3MeHeHUs K03 dulmeHTa oTpaxkeHus: AR oT Bpeme-
HuU 1 wieHoK LT-GaAs, BeIpallleHHBIX Ha MOAJIOX-
Kax ¢ pa3jiMyHoi opueHTauueir. BumHo, 4To BO30yXK-
JIEeHUE DJIEKTPOHHON MOICHCTEMbl IMOJIYIPOBOIHUKA
¢otoHamu ¢ sHeprueit 1,55 3B npuBoauUT K pe3koMy
W3MEHeHUI0 KoadduireHTa oTpaxkeHusl cBeTa C TOi
>Xe 3Heprueit ¢otroHoB. M3MeHeHUEe TTPOUCXOAUT Ha
BpeMEHM MOpsAKa IIUTEIbHOCTH UMITyibca. Janmee
(hoTOMHAYLMPOBAHHBIN CUTHAN PeJIaAKCUPYET IKCIIO-

HEHIMAJIbHO. [JIsT moy4yeHUsT KOJIMYECTBEHHOTO OIIH-
caHusl HabIogaeMoil pejakcauuu Obla MpoOBeAcHA
anIpOKCUMAIINS SKCIIEPUMEHTAILHBIX JAHHBIX Ha OC-
HOBE TT0AX0/a, pa3pabOTaHHOrO paHee IJisl OMMCAHUS
AHAJIOTUYHBIX MPOLIECCOB B IOJIyIIpoBogHMKaxX [17]:

W2 t

A%Q(t) = ge[at—l] {erf(ﬁlj + l} +

2
w 13
B (‘Er_j I w
{erf{;}— Z-—j + 1} , (1)

+ 5 e
€ T; — CpeaHee BpeMs KU3HU OCHOBHbIX PH3; 1) —
cpenHee BpeMs Xu3HM HeocHOoBHBIX DH3; w — mim-
TeJIbHOCTb UMMYJIbca a3epa; A, B — ammnutynsl. Bpe-
mst xku3Hu OH3 nst o6oux 00pas3LoB NpeAcTaBIeHBI B
Tabi. 1. BunHo, 4To XapakTepHOE BpeMsl XXKU3HU T JUIs
0001X 00pa3LOB IIPUMEPHO OJUHAKOBO, a BpeMsI XU 3-
HU 1, uig obpasua LT-GaAs/GaAs (111)A okasanoch
B 120 pa3 6onbiue, yeM 151 obpasua LT-GaAs/GaAs
(100). Ha ocHOBaHUM 3TOr0 MOXHO CAeJaTh BBIBOI O
TOM, YTO U3MEHEHHME OPUEHTAIIMKN KpUCTAIOorpadu-
YeCKOW MJIOCKOCTU MOIJIOXKU MMEET CYIIECTBEHHOE

Ta6auua 1
Table 1
M3mepennoe BpemMs JKN3HH OCHOBHBIX (T;) H HEOCHOBHBIX (T;)
(hoToB030YKIEHHBIX HOCHTEJIEl 3apsaa
Measured lifetime of {he basic (1) anfi nonbasic (t))
photoexcited charge carriers

O6pazenn

Sample > PS 2 PS
LT-GaAs/GaAs (100) 0,2 0,5
LT-GaAs/GaAs (111)A 0,3 60
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lexepartop: antenna LT-GaAs(100), aetektop: aHTenna LT-GaAs (111)A
Emitter: antenna LT-GaAs(100), detector: antenna LT-GaAs (111)A
I:‘;;;pa'mp: aHTeHHa LT-GaAs(111)A, aeTekTop: aHteHHa LT-GaAs (100)
Emitter: antenna LT-GaAs{111)A, detector: antenna LT-GaAs (100)

~r—r—'7r T T r7r 71 -rr-rrrrrrrrorr-r

Amnnutyga, ycn. eq.
Amplitude, arb. units

2 3 4 5 6 7 8 98 10
3afepxka, nc
Time delay, ps

Fenepatop: aHTenHa LT-GaAs(100), aeTextop: aHTenHa LT-GaAs (111)A
Emitter: antenna LT-GaAs(100), detector: antenna LT-GaAs (111)A
-F;r;zpa"rop: anTenda LT-GaAs(111)A, aetekrop: anTexna LT-GaAs (100)
Emitter: antenna LT-GaAs(111)A, detector: antenna LT-GaAs (100)

]
[
LAY

AMnnutyaa, ycn. eq
Amplitude, arb. units

00 05 10 15 20 25 30 35 40
3anepxka, nc
Time delay, ps

b)

Puc. 7. I'enepauus u nerekruposanue TT'n m3aydenns B pa3iMyHbIX NApPaX aHTEHH: @ — BpeMeHHas 3aBucuMocTs Tl uznydyeHus; b — yac-

ToTHbIN criektp TT'u uznyyenus

Fig. 7. Generation and detection of THz radiation in various pairs of antennas: a — time dependence of THz radiation; b — frequency spectrum of

THz radiation

BJIMSTHUE Ha BpeMsl XU3HU HeocHOBHBIX PH3, B TO
BpeMsl KaK BpeMs XU3HM OCHOBHBLIX @H3 mipu sTOoM
MOYTH HE U3MEHSIETCSI.

TI'enepammsa u aerekrupoBanue TI'n u3aydeHus

B pesynbrate anammsa crektpoB TI1 curHasnos,
nsnyyaembix OI1 anreHHamMu U KpuctamwioMm ZnTe,
MOJTyYeHbl YMCIIEHHbIE XapaKTEPUCTUKU CIIEKTPOB, KO-

TOpBIC IPUBEICHBI B Ta0JI. 2 (CIIEKTPHI OAPOOHO aHa-
Jusupytorcst B padore [18]). Tlonoca usnyyeHust or-
penensiach Kak IUara3oH 4acToT, B KOTOPOM M3JIyda-
etcsa 50 % wATETpaNbHON WHTEHCUBHOCTH, TIPU 3TOM
MHTCHCUBHOCTb Ha TPAHUYHBIX 4acCTOTax (fj/2)min U
(f1/2) max IPUOIN3UTEIPHO OANHAKOBA.

Kpome Toro, 6bu1 mocTaBjieH 3KCIEPUMEHT, B KO-
TOopoM reHepaTtopoM TIT m3nmydeHMsT ABISAIACH OTHA

Tabuuua 2
Table 2

XapakTepuCcTHKH U3J1ydeHus HeJuHeiiHoro kpuctamia ZnTe, naeHok u ®@II anTenH, K KOTOPbIM NMPHJIOKEHO Hanpspkenue 60 B,
B auana3one vacror 0...5 TI'n [18]

Characteristics of radiation of ZnTe nonlinear crystal, films and PC antennas, to which voltage of 60 V was applied,
in the range of frequencies of 0...5 THz [18]

Inenka LT-GaAs ®IT antenHa Ha LT-GaAs
LT-GaAs Film PC antenna on LT-GaAs
[TapameTp criekTpa U3Iy4eHUs!
Parameter of the spectrum of radiation ZnTe g;)ﬁsmg(&% Gre]tzlsm(%)llql()a A Gn;)ﬁg (E)IK(;Ba) Gllz);ﬂ(olxlql()a A
Substrate Substrate Substrate Substrate
GaAs (100) | GaAs (111)A GaAs (100) GaAs (111)A
(/1 /2)min» TIL* 1,00 ~0,5%* 0,60 0,42 0,28
1 /Z)min’
(/172 maxs Tl"u"; 2,37 ~3,5%* 2,17 1,97 1,58
1 /2)max7 THz
vpuna nonocer uznyyeHus, Tl 1,37 ~3,0%* 1,57 1,55 1,30
Radiation band, THZ
HopMmupoBaHHast uHTerpaibHas amrvtyaa TIi usinyueHust ~0,014** 0,050 2,30 4,52
Normalized integral amplitude of THz radiation
* [lorpemrHocTh onpeneaeHus: YacToThl coctaBisieT 0,04 TT.
* The frequency determination error is =0.04 THz.
** BeJIMYMHBI YKa3aHbl OLUEHOYHO, TaK KaK MaJjlasi MUHTEHCUBHOCTb CUTHAJa 3aTpyAHsIa aHaJIU3 ero CreKTpa.
** The values are presented as estimates, because the low signal amplitude complicated analysis of its spectrum.
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13 aHTeHH, a IeTeKTopoM — BTopas. [lomyyeHHbBIe pe-
3yJIbTaThI MPEJCTaBIeHbl Ha pyc. 7. BUuaHO, 4TO y maphl
anteHH LT-GaAs/GaAs (111)A — LT-GaAs/GaAs
(100) a3 peKTUBHOCTD Mpeodpa3oBaHUsI ONTUUECKOM
HaKayky B KOJeOaHMA ra3a CBOOOTHBIX 3JICKTPOHOB
BhILIE, yeM Yy Tmapbl aHTeHH LT-GaAs/GaAs (100) —
— LT-GaAs/GaAs (111)A, ctpenka obo3HavyaeT Ha-
npasiaeHue TT'u usnyuyenusi. MHrerpaibHas aMIuiuTy-
na TI'u uznydeHus, U31y4aeMoro u AeTeKTUPYeMOro B
IepBOil mape aHTeHH, B ~1,2 pa3a Oosblie, 4yeM BO
BTOPOil mape aHTeHH, Npu 3ToM dopMma crnektpa T
W3Ty4eHUs Ka4eCTBEHHO He M3MEHSIETCS IIPH MCITOJb-
30BaHMM Pa3HbIX Map aHTEHH.

3akioueHune

B nanHoii paboTe moKa3aHO, YTO U3MEHEHUE OpU-
EHTallMd Kpuctauiorpaduyeckoil IUIOCKOCTU TOJ-
JIOXXKH MMeeT CYIIeCTBeHHOE BIMSTHUE Ha BPeMST KI3-
HU HEOCHOBHBIX (DOTOBO30YKAEHHBIX HOCUTENEH 3a-
psma, B TO BpeMsT KaK BpeMs KU3HU OCHOBHBIX (POTO-
BO30YKIEHHBIX HOCUTEJIEH 3apsiaa Py 3TOM IOUTH He
M3MEHSIeTCS.

Taxcke mokazano, yro miueHku LT-GaAs Ha moj-
noxkax GaAs (100) u (111)A renepupytor TT' uzny-
yeHue B auamnazoHe no 3 TI'u mpu obGiaydyeHMU HX
(beMTOCeKyHIHBIMU HMITYJIbCAMM Jlazepa C IJIUHOMU
BostHbI 800 HM 1 gnuTeabHOCThIO 100 dbc. AMIUIUTYIA
TI'o uznyyenus ot mieHku LT-GaAs Ha momioxke
GaAs (111)A B 3,4 pasza GoJjblie, YeM OT IUICHKU
LT-GaAs Ha cunrynsipHoit nomioxke GaAs (100).
Ammutyga TT'u uznydenust ot ®I1 aHTeHHBI B BUIe
JIBYX mapajielibHbix mosiocoK Ti/Au mmpunHoi 100
MKM M C paccTosiHueM Mexny HuMu 200 MKM, u3ro-
TOBJICHHBIX Ha TTOBEPXHOCTH 3TUX IUICHOK, MPU TIPHU-
JIOXXKeHUH HanpskeHust 60 B K KOHTaKTaM aHTEHHbBI Ha
JIBa TOpsIIKa MPEeBOCXOAUT aMIIuTyay TT'1 usnyyeHust
OT COOTBETCTBYIOILLIMX TIJIEHOK 0€3 aHTEHH. AMILIUTYAA
TT'u nznyyenuss ot DI antenHsl Ha LT-GaAs/GaAs
(111)A B 2,0 pa3 6ombire, gem ot Takoi xxe @I aH-
teHHbI Ha LT-GaAs/GaAs (100).

Jlyuamme coiictBa ®@IT anTeHH Ha ieHKax LT-GaAs
Ha momioxkax (111)A mo cpaBHEHMIO C IUIEHKaAMU
LT-GaAs Ha nmomnoxkax (100) crmemyeT mpunucaTh
0COOEHHOCTSIM KPUCTAJUTMUECKON CTPYKTYPHI TUIEHOK
LT-GaAs, o06pa3yioluuMcsl Ipyu UCIOJIb30BAaHUU IO/ -
Joxku GaAs (111)A. DT 0COOEHHOCTH ClenyIolIue:
MOJMKpPUCTAINIMYHOCTD IuieHKH LT-GaAs u obpaso-
BaHME NMPUMECHbBIMM aTOMaMu Si aKIIENTOPHbIX, a He
JOHOPHBIX BJHEPTreTUIECKNX YPOBHEH OOYCIOBICHEI
TEM, UTO aTOMbI Si BCTPaUBAIOTCS TPEUMYIIIECTBEHHO B
y37bl As, a He Ga.

Paboma npoeedena npu noddepiycke epanma
No 14.750.31.0034 u Poccutickoeo Ponda Pyndamern-
manvhbix  uccredoganuli  (epanmot No 17-32-80057,
No 16-29-03294 ogpu_m).
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on GaAs (100) and (111)A Substrates

Received on November 28, 2016
Accepted on December 14, 2016

The efficiency of terahertz radiation generation of in the bandwidth up to 3 THz by photoconductive strip-line antennas on
low-temperature-grown GaAs was investigated by means of time-domain terahertz spectroscopy. LT-GaAs films were grown by
molecular beam epitaxy on substrates GaAs with orientation (100) and (111)A and contained equidistant Si 5-layers. Generation
and detection of THz-radiation realized when LT-GaAs film or photoconductive antenna gap was illuminated by 100 fs laser puls-
es with the wavelength of 800 nm. The amplitude of THz-radiation from LT-GaAs/GaAs (111)A—based antenna was shown to
be 2.0 times larger than one from LT-GaAs/GaAs (100)—based antenna. This may be explain by the features of LT-GaAs/GaAs
(111)A film crystal structure: this film is polycrystalline, and doping Si atoms in this film mainly insert in Ga-sites, resulting in
p-type conductivity.
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Introduction

THz time domain spectroscopy is a topical and
developing method for diagnostics of materials and
biological objects by means of a low-intensity elec-
tromagnetic radiation of the THz radiation range
(100 GHz ... 3 THz), for generation and detection of
THz radiation within the method of specific semicon-
ductor materials. Among such materials are faultless
single crystal GaAs films [1] and GaAs films, grown by
molecular-beam epitaxy at a lowered temperature (low-
temperature GaAs, LT-GaAs) [2].
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Lower temperature of growth leads to the fact that
re-evaporation of arsenic from the surface of a growing
film is suppressed, and it grasps up to 1.5 % of the ex-
cess arsenic atoms (in a stoichiometric compound of
GaAs the atoms of Ga and As make 50 %) [3—5]. Due
to this LT-GaAs film possesses a high concentration of
the antisite defects Asg, (As atom in the Ga lattice site)
to an order of 102 cm™3 [6]. In a ionized condition
(Asaa) those defects operate as traps for the electrons
and provide a very brief lifetime for the photoexcited
electrons (less than a picosecond) [7].




In order to increase the concentration of the ionized
antisites AsJéa LT-GaAs are doped with an acceptor
impurity (by beryllium, as a rule) [7]. LT-GaAs:Be
structures can be used in the optoelectronic devices of
THz radiation range of frequencies, at that, such de-
vices have better parameters in comparison with the de-
vices based on undoped LT-GaAs [8, 9]. However, be-
cause of high toxicity of Be its use in the molecular-
beam epitaxy (MBE) decreases and it is not widely used
in the industrial productions, because it demands ad-
ditional safety measures. Besides, presence of a Be
source in MBE installation leads to an increase of the
background impurity of p-type, which affects negatively
the quality of the subsequent heterostructures of n-type
grown in it.

It is well-known that silicon demonstrates strongly
pronounced amphoteric properties as an doping impu-
rity in the epitaxial GaAs films grown on GaAs sub-
strates with a crystallographic orientation (111)A at the
standard temperatures of growth (500...600 °C). In this
case, by changing the correlation of the flows of arsenic
and gallium on a GaAs (111)A substrate it is possible to
grow GaAs layers doped with silicon with both n- and
p-type of conductivities [10, 11]. However, the doping
properties of Si in LT-GaAs films grown on GaAs
(111)A substrate have not been investigated yet.

This work presents studies of the generation and
detection of THz radiation by the photoconductive
(PC) antennas on Si-doped LT-GaAs films, epitaxially
grown on GaAs substrates of both crystallographic ori-
entation (100) and (111)A orientation. The aim of the
work is to establish, on which substrate the LT-GaAs
film possesses better qualities for the photoconductive
THz antennas. At that, it should be taken into account,
that the qualities of LT-GaAs film are influenced not
only by a possible appearance of an amphoteric char-
acter of Si atoms, but also by the specific features of the
crystal structure acquired by LT-GaAs films growing on
different substrates. Besides, the properties of the in-
vestigated PC antennas are compared with the proper-
ties of the nonlinear ZnTe crystal traditionally applied
for the same purposes.

Samples and technique of THz experiment

The investigated samples of identical layer designs
were grown by MBE on the semi-insulating GaAs (100)
and (111)A substrates. The sample on GaAs (100) sub-
strate was marked as LT-GaAs/GaAs (100) (the number
of the growth process — 975-3.3), and the sample on
GaAs (111)A substrate — LT-GaAs/GaAs (111)A (the
number of the process — 978-6.3). The design of the
samples is presented in fig.1. The samples consist of
two layers: 0.2 um thick i-GaAs layer grown at 560 °C,
and 1 pm thick LT-GaAs layer grown at 230 °C. The
LT-GaAs layer contains three §-layers of silicon, locat-

ed at a distance of 0.255 um from each other. The con-
centration of Si atoms in each of §-layers is presented
in fig. 1. The As, and Ga flow ratio during the growth
was ~20. After the growth the samples were annealed
in the growth chamber in the flow of As, at 590 °C
during 1 h.

For research of the photoexited charge carriers
dynamics the intensity of the reflected probing beam
as a function of time delay between the exciting and
the probing pulses ("pumping-probing" technique) was
measured. As a source of optical pumping a solid-state
laser on a sapphire crystal doped with titanium ions
with the wavelength of 800 nm (energy of a photon of
1.55 eV), duration of a pulse of 100 fs and repetition
frequency of 80 MHz. The density of the average
pumping power was 1.104 - 103 W/cm2, of probing —
0.111+10° W/cm?.

The microstrip PC antennas were made by the pho-
tolithography on the surface of the samples. The anten-
nas consist of the ohmic contacts of Ti/Au (50/800 nm)
in the form of two parallel strips with width of 100 pm
and with the distance between them of 200 um.

The optical pumping radiation was focused in a spot
with diameter of ~12 um between the electrodes of a
PC antenna. For achievement of the optimum condi-
tions for generation of THz radiation the spot of the
pumping beam was shifted to the positive electrode of
the PC antenna, because the electric field between the
two metal linear electrodes situated far from each other
was very heterogeneous and concentrated near the pos-
itive electrode [12, 13]. During generation of THz ra-
diation by PC antennas a bias voltage was applied to
their contacts, and thus an external electric field was
created in the gap between the contacts, which accel-
erated the photoexcited charge carriers. The bias volt-
age varied within the range of 0...60 V.

As the detector, a nonlinear ZnTe crystal was used.
In the circuit with a nonlinear optical ZnTe crystal the
principle of detection of THz radiation was used based
on the method of electro-optical strobing of a wide THz
radiation pulse by brief femtosecond pulses [14, 15].
The operating principle was based on interaction of
THz radiation and optical radiation in the nonlinear
environment due to modulation of the phase of the op-
tical radiation by a THz wave. Phase scanning of the
THz wave was carried out by means of a time delay line.

Crystal structure of the samples

As it is apparent from the data of the scanning trans-
mission electron microscopy (STEM) in fig. 2, and as it
was demonstrated by means of the electrondiffraction,
the sample of LT-GaAs/GaAs (100) was a single crys-
tal. Besides, in the sample of LT-GaAs/GaAs (100) the
planes are clearly visible with a higher concentration of
the As precipitates, which correspond to §-Si layers.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 9, 2017 523




A more detailed research of separate areas of
LT-GaAs/GaAs (100) sample by means of the trans-
mission electron microscopy allowed us to estimate the
As precipitates distribution. These data are shown on
Fig. 2, b in a graphic form, convenient for visual per-
ception. Apparently, the distribution of the As precip-
itates in depth (shown by a continuous line) corre-
sponds precisely to the arrangement of 5-Si layers: the
planes of 5-Si layers serve as the accumulation planes
for the As precipitates. The average diameter of the As
precipitatesformed on different thicknesses of LT-GaAs
layer is also uneven (shown by a stroke line). The great-
est average diameter is typical for the precipitates in the
lowermost area of LT-GaAs, and in the process of
growth of LT-GaAs layer the average diameter of the
precipitates decreases (except for the uppermost area).
Such a change of the average size of the precipitates can
be connected with the fact that during formation of §-Si
layers the annealing occurs already due to the radiation
heating from a hot silicon molecular source (in our case
Tg; = 1120 °C). The formation time of 3-Si layers is
long enough — 2 min., 2 min. 30 s and 3 min. for 81-,
82- and &3-layers, accordingly. Thus, the lower is the
location of LT-GaAs area, the longer is the annealing
in the growth process, as a result of which the As pre-
cipitates are integrated in bigger ones, while their number
diminishes. A possibility of additional annealing from
the heated molecular sources is presented in [5].

As it is apparent from fig. 3 and as it was demonstrated
by means of electron diffraction, the LT-GaAs/GaAs
(I11)A sample has a single-crystal bottom part of
LT-GaAs layer with thickness of ~200 nm, above
which LT-GaAs layer becomes polycrystalline. In the
single-crystal LT-GaAs area, near the border with
the bottom high-temperature buffer, an accumulation
of the precipitates of arsenic with concentration of
~2-10' ¢cm™3 is observed. The polycrystalline area
consists of the vertical top-broadened crystallites with
an average top width of 70 nm and an average height
of 250 nm. The crystallites are misoriented in a wide
range of angles: in particular, some electron diffrac-
tion patterns simultaneously recorded reflexes from
planes (111) and (100), i.e. in this case, the misorien-
tation angle accepts the value of ~55°.

As one can see from fig. 4, the surface of sample
LT-GaAs/GaAs (100) is smooth, its root-mean-
square roughness is 0.9 nm. The surface of sample
LT-GaAs/GaAs (111)A has a granular morphology
with the typical grain size of 100—150 nm, its root-
mean-square roughness is 10.3 nm. These data agree
with the single-crystalline structure of LT-GaAs/GaAs
(100) sample and the polycrystalline structure of the top
part of LT-GaAs/GaAs (111)A sample.

Fig. 5 presents the curves of the diffraction reflec-
tion (CDR) of the investigated samples. On CDR of as-
grown sample LT-GaAs/GaAs (100), besides the peak
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of the substrate corresponding to the standard param-
eter of lattice of GaAs 5.653 A, an intensive peak ap-
pears at 20 = 65.966°, corresponding to the crystal
structure of LT-GaAs with an increased lattice param-
eter of 5.662 A. This peak disappears completely after
the annealing, which testifies to the fact that the crystal
lattice of LT-GaAs loses the superfluous atoms of ar-
senic, which are allocated into the precipitates, ob-
served in fig. 2, a. CDR of LT-GaAs/GaAs (111) sam-
ple does not contain additional peaks, besides the peak
from the substrate, and it practically does not change
after annealing. These data become clear, if we consider
the polycrystalline character of LT-GaAs/GaAs (111)A
sample, and they can testify to the fact that in this case
at an epitaxial growth on substrates of GaAs (111)A an
enrichment of the crystal lattice by the excess As at-
oms occurs to a lesser degree, than on GaAs (100) sub-
strates.

It was possible to measure the electrophysical pa-
rameters only on the unannealed samples, because after
annealing of the samples their specific resistance in-
creases by several orders. In LT-GaAs/GaAs (100)
sample the charge carriers are the electrons, their
mobility is equal to p, = 10 cm2/ (V +s), concentration
n, = 1.8% 1014 cm_3, and specific resistance —
3550 Q-cm. In LT-GaAs/GaAs (111)A sample the
charge carriers are the holes, their mobility is equal to
Hy = 90 cm2/(V- s), concentration n, = 1.3%10% em ™3,
specific resistance — 530 Q * cm. Thus, it is possible to
assume, that in LT-GaAs (111)A film the atoms of Si
are embedded into the sites of As, instead of Ga, and
become acceptors, instead of donors of the electrons. It
is possible to assume, that due to this the electrons pass
from the levels of Asg, defects to the acceptor lerils,
owing to which the concentration of the active Asg,
defects increases.

Lifetime of the photorexcited charge carriers

Since generation of THz pulses is possible during in-
teraction of the femtosecond optical pulses with the
photoconductive semiconductor films possessing short
lifetime of the photoexcited charge carriers (PCC) [12],
it would be interesting to evaluate the influence of ori-
entation of a substrate on the lifetime of (PCC) in
LT-GaAs films. For this purpose a research was carried
out of the dynamics of PCC by means of the optical
"pumping — probing” method [16].

Fig. 6 presents characteristic dependences of the
change of the reflection coefficient AR on time for
LT-GaAs films grown on substrates with various orien-
tations. It is visible, that excitation of the electron sub-
system of a semiconductor by the photons with energy
of 1.55 eV leads to a sharp change of the light reflec-
tion coefficient with the same energy of the photons.
A change occurs roughly in the time of duration of a




pulse. Then, the photoinduced signal relaxes exponen-
tially. For obtaining of a quantity description of the ob-
servable relaxation an approximation was done of the
experimental data on the basis of the approach devel-
oped earlier for description of the similar processes in
semiconductors [17]:
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where t; — average lifetime of the basic PCC, 1, — av-
erage lifetime of nonbasic PCC, w — duration of a
laser pulse, 4, B — amplitudes. The lifetimes of PCC
for both samples are presented in table 1. It is visible
that the typical lifetime 1 for both samples is roughly
the same, while the lifetime t, for LT-GaAs/GaAs
(111)A sample turns out to be 120 longer, than for
LT-GaAs/GaAs (100) sample. On the basis of this it is
possible to draw a conclusion that a change of orienta-
tion of the crystallographic substrate plane has an es-
sential influence on the lifetime of the nonbasic PCC,
while the lifetime of the basic PCC almost does not
change.

Generation and detection of THz radiation

As a result of the analysis of the spectra of the THz
signals radiated by PC antennas and crystal ZnTe, the
numerical characteristics of the spectra were obtained,
which are presented in table 2 (the spectra are ana-
lyzed in detail in [18]). The radiation strip was defined
as a range of the frequencies, in which 50 % of the in-
tegral intensity were radiated, at that, the intensity on
the boundary frequencies (f}/))min and (fj2)max Was
approximately identical.

Besides an experiment was carried out, in which the
THz radiation generator was one of the antennas, and
its detector was the second one. The received results are
presented in fig. 7. It is visible, that the pair of antennas
LT-GaAs/GaAs (111)A — LT-GaAs/GaAs (100) has
the efficiency of transformation of the optical pumping
into fluctuations of gas of the free electrons higher, than
that of the pair of antennas LT-GaAs/GaAs (100) —
— LT-GaAs/GaAs (111)A, the arrow designates the
direction of THz-radiation. The integral amplitude of
the THz radiation, radiated and detected in the first
pair of antennas, is ~1.2 times more than in the second
pair of antennas, at that, the form of the spectrum of
THz radiation qualitatively does not change in case of
the use of different pairs of antennas.

Conclusion

The given work demonstrates that a change of the
substrate orientation has an essential influence on the
lifetime of the nonbasic photoexcited charge carriers,
while the lifetime of the basic photoexcited charge car-
riers almost does not change.

It is also demonstrated that LT-GaAs films on sub-
strates of GaAs (100) and (111)A substrates generate
THz radiation in the range up to 3 THz during their
irradiation by 100 fs laser pulses with the wavelength
of 800 nm. The amplitude of THz radiation from
LT-GaAs film on a substrate of GaAs (111)A is
3.4 times more than from LT-GaAs film on a singular
substrate of GaAs (100). The amplitude of THz radia-
tion from PC antennas in the form of two parallel
strips of Ti/Au with the width of 100 um and distance
of 200 um between them, made on the surface of these
films, due to application of voltage of 60 V to the an-
tenna contacts surpasses the amplitude of THz radia-
tion from the corresponding films without antennas by
two orders. The amplitude of THz radiation from PC
antennas on LT-GaAs/GaAs (111)A is 2.0 times more
than from same PC antennas on LT-GaAs/GaAs (100).

The best properties of PC antennas on LT-GaAs films
on (111)A substrates in comparison with LT-GaAs
films on (100) substrates should be attributed to the fea-
tures of the crystal structure of LT-GaAs films formed
due to the use of GaAs (111)A substrate. These features
are the following: polycrystalline character of LT-GaAs
films and formation by the doping Si atoms the accep-
tor energy levels, because Si atoms are embedded main-
ly in As sites instead of Ga ones.

The work was done with support of grant
No 14.750.31.0034 and the Russian Fund of Basic Re-
searches (grants No 17-32-80057, Ne 16-29-03294 ofi m).
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MHCTUTYT CBEepXBBICOKOYACTOTHOM MOJYITPOBOJHMUKOBOM 3JEKTPOHUKU Poccuiickoit akageMun Hayk

(MCBUYII® PAH), r. Mocksa

M3YHEHUE AEOOPMALUMNOHHOIO NMOAS B CAOAX METAMOP®HOIO
CTYMNMEHYATOIO bY®EPA HA OCHOBE TPOUHbBIX PACTBOPOB In,Al, _,As
METOAOM NMOCTPOEHMA KAPT OBPATHOI O INMPOCTPAHCTBA

Ilocmynuna 6 pedaxyuio 17.11.2016

Memodom nocmpoerust kapm 00pamHO20 NPOCMPAHCIMEA U HA OCHOGE AUHEUHOU Meopuu Ynpyeocmu NOAYHeHO NPOCMPAHC-
meenHoe pacnpedenerue 0CMamo4HbIX YRpyaux 0eopmayuil 6 c1osax MemamopihrHozo cmynen4amozo 0ygepa, evipaujeHHo20 me-
mo0oM MONCKYAAPHO-AYHEEOU INUMAKCUU HA OCHOe mpolinbix pacmeopoe In, Al; _ \ As na nodroxcke (001) GaAs. Tlokasano, 4mo
¢ yuemom nonpasxu Ha 3ghgpexm deghopmayuonHo20 YNPOUHEHUS NPOCMPAHCMBEHHOE pachpedeseHue Ynpyeux 0eopmayuli 6 caosax
CMYneH4amo20 memamopprozo 0ygepa NOOMUHAEMCS MOMY dHce (PEeHOMEHOA02UHECKOMY 3AKOHY, KOMOPbIU ONUCHIBACM NPOUECC

CMPYKMYPHOU peaakcayuy 8 00HOCAOUHbIX 2emepoCmpyKmypax.

Karoueeste caosa: eemepocmpykmypa, cmynenuamoiii Oygep, mpexoceeas ougpaxmomempus, oopamHoe npocmpaHcmaeo,

deghopmayuontoe nose

BBenenune

Hcnonb3zyemble B NpubOpax CBEpXBbICOKOYAC-
toTHOi (CBY) moaynpoBOAHUKOBOM 3JIEKTPOHUKM
(HammpuMep, B TPAaH3UCTOPaX C BHICOKOU MOABUXKHOC-
ThIO BJIEKTPOHOB — high electron mobility transistors,
HEMTSs) rerepocTpyKTyphl (HampuMep, reTepoCcTPyK-
Typbl AllnAs/AlGaAs/AlInAs) BbIpalmmBaioTcs, Kak
MpaBUI0, HA MOHOKPUCTaJIbHBIX MOMI0XKax GaAs c
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opuentauueid (001) MeTogoM MOJEKYISIPHO-JTy4eBOM
snutakcun (MJID). ITockoJbKy IMapaMeTp pelIeTKu
aKTUBHBIX CJIO€B TPaH3UCTOpa (KBAaHTOBOM SIMBI) IIpe-
BBIIIAET ITapaMeTp pelreTku nomioxku GaAs, HEMT
CONEPKUT B KaUeCTBE IeMIDUPYIOLIETO dJIeMEeHTa Me-
tamopdHbIii 6ydep (MM-6ydep).

MM -0ydep mpencTaBiisieT co00i NepexoaHyIo 00-
JIJaCTh C MPOCTPAHCTBEHHBIM U3MEHEHUEM Tepuroja pe-




IIETKHU, YTO B CJIydyae Ha3BaHHBIX BBHIIIE T€TEPOCTPYK-
Typ JOCTUTAETCs MyTeM U3MEHEHUSI CONEPKaHUS WH-
nus. Jquzaitn MM-0ydepa, T. €. XxapakTep U3MEHEHUST
coAepXXaHUsI UHAMS B POCTPAHCTBE, MOXKET ObITh pa3-
JIMYHBIM: OH MOXET OBbITh cTymeHYaTbiM [1—3] wiu
JuHeitHbiM [2, 3]. Tlpu BeipamnBanuu MM-0ydepa
OIIHOBPEMEHHO C 3MUTAKCUATbHBIM POCTOM ITPOUCXO-
JIUT TIPOLIECC CTPYKTYPHOU peslakcalluy, KOTOPBIA CO-
MPOBOXIAECTCA IeHepaleid IUCIOKALUA HECOOTBETCT-
BUSI U pacHpoCTpaHeHUEM IMPOpaCTAIOLIMX AUCIOKA-
Ui (MpeACTaBISIONINX COOOM TUCTOKAIIMOHHBIE TIeT-
JI, 3aMKHYTbIE Ha AUCIOKALIMU HECOOTBETCTBUS [4]) B
BepxHue ciou HEMT BIJIOTh 10 aKTUBHBIX CJIOEB.

B TexHonorum co3gaHusi TeTEPOCTPYKTYp HaM-
OoJiblliee paclpoOCTpaHEHUE MOJYYWIM MHOTOCIIOM-
Hble cTyneHuatble MM-0ydepbl BBUIAY OTHOCUTEb-
HOI MPOCTOTHI MX U3TOTOBJIEHUS. YacTo B CTyIeHYaTOM
MM-6ydepe B KayecTBe IOIMOJTHUTEILHOTO BJIEMEHTA
KOHCTPYKIIUM TPUCYTCTBYET MHBEpPCHAsI CTYNEHb —
CJION ¢ TIOHMXKEHHbBIM cofiepkaHueM In 1o cpaBHEHUIO
C HUXepacHoJOXEeHHOU crymneHblo [5]. OCHOBHBIM
3JIEMEHTOM KOHCTpyKIIMu MM-0ydepa saBisieTcs: 6e3-
JUCIIOKAIIMOHHBIN CJI0M, 00pa3ymolIMIiCS B BEepXHEM
yactu Oydepa; 3TOT CJI0i, B CBOIO OUepeb, MOXET ObITh
HCTOJIb30BaH B KauyecTBe IMJIATGOPMBbI sl CO3AaHMS
WHBEPCHOW CTyneHu. TeopeTuyeckoe O0OOCHOBaHUE
BO3MOXHOCTU 00pa3oBaHUsl Oe3AMCIOKALMOHHOIO
CJIOSI B OJHOCJIONHOM Oydepe mepeMeHHOTO cocTaBa
(T. €. C UBMEHSIIOIMMCS] IEPUOIOM PELLETKU) ObLIO Ja-
HO B paborte [6]. [laHHag TeopeTrudecKast MOIED MPE -
CTaBJIsIeT cOOOM aHaAIU3 UBMEHEHMSI SHEPTUU CUCTEMBbI
C U3MEHSTIOIIMMCS TTIEPUOIOM PEIIETKH TP €€ CTPEeM-
JICHUM K paBHOBecuIo. B pabore [6] moka3aHO, 4TO 00-
pazoBaHue O€3MMCIOKALIMOHHOIO CJI0S 0OecreyrBaeT
3HAUUTENIbHBIN SHEePreTuYeCcKuii BHIMIphlil. C 001IMX
no3uuuii obpa3zoBaHue OE3AMCIOKALIMOHHOIO CJIOS
MOXHO paccMaTpuBaTh KakK OAWH W3 MEXaHU3MOB
CTPYKTYPHOI penakcaldi. YpPOBEeHb OCTAaTOYHBIX YII-
pyrux necdopMaluii B 3TOM CJIoe SIBJIsSEeTCSl BaxKHe-
LIEW XapaKTEPUCTUKOM BCEH KOHCTPYKLIMU T'€TEPOCT-
DPYKTYpPBbI, a BbISIBJIEHUE 3aKOHOMEPHOCTEN, JiexKallluX B
OCHOBe (opMHUpOBaHUS OE3MUCIOKALIMOHHOIO CJIOsI
MM-0ydepa, saBIseTcsl aKTyaJbHOU 3amadeii, pelie-
HHE KOTOPOM BaxKHO JIs1 pa3pabOTKy (PU3UYECKUX OC-
HOB TEXHOJIOTMU CO3[aHUSI TETEPOCTPYKTYD.

Haubonee moapobHO mpolecc CTPYKTYpHO pe-
JlakcaluMu ObL1 M3y4yeH MJIsi OJMHOCJONMHBIX T'eTepoCT-
pykryp cocraBa InGa; _ ,As (mpu x = 0,05...0,25),
BbIpallieHHbIX MeTonoM MJIE Ha nomioxkax GaAs ¢
opueHraiueit (001). bblio ycTaHOBJIEHO, YTO B OAHO-
CJIOMHBIX TETEPOCTPYKTYpax CTPYKTYpHasl pesiakcalusi
XapaKTepu3yeTcsl TpeMsl CTaIusIMU: MeIJICHHOM, ObICc-
Tpoli U (pMHANBHOI CTaauell HachlllleHUsl. MemjieH-
Hasl CTaausl 3aKJI0YaeTcsl B MPOHUKHOBEHUM pelle-
TOYHBIX AUCIOKALMA U3 MOMJIOXKHU B SMUTAKCUAIb-
HBI CJIOM C MX MOCHEAYIOIIUM WCKPUBJIECHUEM, UYTO

MOpUBOAUT K 0Opa3oBaHMI0O Ha MexX@a3HOoil rpaHUIle
JIMCIOKalMil HecoOTBETCTBUS. BricTpas ctanusi — 310
cTanusl MyJbTUIUTMKAIIUM ITUCIOKAIIMN HECOOTBETCT-
BUSI U CKOJIBXXEHMS UX AUCIOKALIMOHHBIX MeTeb; 3Ta
cTamvs MPOTeKaeT MPU TOJIIMHE SMUTaKCUAIBHOTO
ciosg nopstaka 100...800 um. Tperbsa cTagust HaOJIO-
JaeTcs MpU TOJIIMHE 3MUTAKCUAIbHOTO clios Oosee
800 uM. Ha »T10il cTaguu MpoOMCXOAUT TOPMOXKEHUE
CKOJIBXXEHUS AUCIOKAIIMOHHBIX TeTeIb, UTO O0YCIOB-
J1eHo 3¢dexkToM aedOopMALMOHHOTO YIIPOYHEHUSI.
7151 OBICTPOIA CTAAUM CTPYKTYPHOU pefakcalluu 3KC-
MEePUMEHTAJIbHBIM IyTeM ObLI MOJyYeH psii YMUCIEeH-
HBIX COOTHOIIEHUI, YCTaHABIMBAIOIIMX CBSI3b MEXIY
3HAYEHMEM OCTAaTOUYHBIX YIPYrux aedopMauuii cxa-
THS ¥ TOJIIMHOM 3NUTaKcuaabHoro ciost [7—9]. B pa-
6ot1e [7] ObLIIO TTOKA3aHO, YTO MEXIY OCTAaTOUHOM Je-
dopmanmeit cxaTus U TONIIMUHON 3MUTAKCUATBHOTO
CJI0s1 CylllecTBYeT oOpaTHasi KBaJpaTHO-KOpHeBasi 3a-
BUCUMOCTb. B Oojee mo3nHux pabotax [8, 9] mexny
STUMU IBYMS BeJIMYMHAMM ObLIa yCTaHOBJIEHA 00paT-
HO-TIPOIOPLUMOHAIbHAsI 3aBUCMMOCTb. BhIsiBJIeHHbIE B
pabote [7] u paboTax [8, 9] 3aKOHOMEPHOCTU OBICTPOA
CTauM CTPYKTYPHOI pejlakcaluy CBOASITCS] K Pa3HbIM
¢pU3NYECKMM MPUHIWNAM: K IIPUHIUITY OajaHca dHep-
TUA MEXIY OBMXKYILIEUCS AUCIOKALMEN U OKpyXKaro-
IIMM €€ YIPYTUM KOHTUHYYMOM [10] win K NpUuHLUITY
OanaHca cui, JEMCTBYIOIIMX Ha CKOJIB3SIIYIO AUCIO-
Kauuio [11]. CyluiecTBoBaHME B OIHOCJIOMHBIX TeTe-
POCTPYKTypax 0OpaTHO-MPONOPLMOHAIBHON 3aBHCH-
MOCTHY MeXIy OCTaTOYHBIMM YIIPYTUMU AedopMalius-
MU CXXaTUsl SMUTAKCUAJIBLHOIO CJ0SI U €r0 TOJLIMHON
BBITEKAET TaKXke M3 "TeOMEeTpPUUYEeCKOro IpuHIuma"
[12], koTOpHBIl ycTaHaBAMBaeT B 00J1acTU Mexk(a3HoM
TPaHUIIBI 0OPATHO-TIPONOPIIMOHAIBHYIO 3aBUCUMOCTh
MEXIy JUHEWHBIM pa3MepoM AedopMallMOHHOIO T0-
Jisl OTHEJbHOM AMCIOKALIMM U TUIOTHOCTBIO AMCIIOKA-
LIMIA HECOOTBETCTBHUSI.

Llenblo maHHOM CTaTbU SIBJISIETCS OTIpeneIcHUe
MPOCTPAHCTBEHHOI'O pacrpeie/ieHus OCTaTOYHBIX yII-
pyrux nedopMauuii B caosx ctryneH4yaroro MM-0yde-
pa — negopMalMOHHOTO MOJISl — JJIS BBISIBJCHUS BO3-
MOXHOCTH IIPUMEHEHUS (PEeHOMEHOJIOIrMYeCKOTro Mo -
X0Ja K OMUCAHUIO Tpolecca CTPYKTYPHOI pesiakca-
LIMA B MHOTOCJIOMHBIX TOHKOIIJIEHOUHBIX CHUCTEMaXx.
B otiuuume ot omHocnoiiHOro Oycdepa ImepeMeHHOro
cocTaBa cTyleH4YaTbli MM-0Oydep mo3BojsieTr uc-
M0JIb30BaTh TAKOW METO/ CTPYKTYPHOTO aHaJn3a, Kak
peHtreHorpacdus. Hanbosnee agmekBaTHBIM PEHTIEHO-
rpauyeckuM MeTOIOM H3YyUeHHUS! CTPYKTYPHOTO CO-
CTOSIHUSI 3JeMeHTOB KoHcTpykKumu MHEMT (meta-
morphic HEMT) sBisiercsi MeTon MOCTPOEHMST KapT
00paTHOTro MPOCTPAHCTBA, TaK KaK 3TOT METO[ MT03BO-
JISIeT y4ecTb 3(PPEeKT MPOCTPaHCTBEHHON pa3opHeH-
TallMy SIUTAKCUATbHBIX ClIoeB — 3GhdEKT, KOTOPbIi
MIPUCYTCTBYET B MHOTOCJONHBIX T€TePOCTPYKTYpax,
OCOOEHHO B Cllyyae MX BbIpallMBaHWS HAa BULIMHAJb-
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HbIX oBepxHOCTsX [13]. MeTox mocTpoeHus: KapT 00-
pPaTHOTO MPOCTPAHCTBA SIBUJICS DKCIEPUMEHTAIbHbIM
6a3ncoM JaHHOI paboThl. ILIeHHOCTh HACTOSILEro 1c-
CJIeIOBaHUSI 3aKJIIOYAETCSI B TOM, YTO OHO TO3BOJISIET
ONITUMMU3UPOBATh KOHCTPYKIIMIO U TEXHOJOTUIO U3T0-
ToBiieHUs1 MM-0Oydepa. Huxe mist o6o3HaueHuUst re-
TepOCTPYKTYphl ¢ MM-0ydepoM OyaeM MCIIOIb30BaTh
abopesuatypy MHEMT.

1. DrcnepuMeHTANIbHAS YACTh

Koucmpykuyus u uzeomoesenue MHEMT. B pabore
6b11a uccienobana MHEMT, BeipallieHHasi Ha BULIM-
HaJTBHOM TTOBEPXHOCTH MOMIOXKNA GaAs ¢ OpUeHTaIIH -
eit (001) ¢ yrmoMm otkjiaoHeHUs 2° Ha ycraHoBKe MJID
RIBER 32P. T'erepocTpykTypa cocTosijia U3 aKTUB-
HbIX clioeB InAlAs/InGaAs/InAlAs ¢ MOIBHOI moneit
uHaua Xp,, paBHoii 0,394, M ILIECTUCTYNEHYATOro
MM-6ydepa ¢ TonuHoi Kaxmaoro cios 0,2 MKM, KO-
TOPBIN BKITIOYAN B ceOsT MHBEPCHYIO CTyIeHb. M3MeHe-
HUE MOJIBHOM OJIM UHAMS B TBEpAOM pacTBope InAlAs
IIpHU Mepexoe OT ogHol ctyneHu MM-0ydepa K apy-
roil paBHAJIOCH IJis MEPBbIX yeThipex cryneHeit 0,1,
s ngroi ctyneHu — 0,08, B miectoit (MHBEpCHOI)
cTyrnieHu MoJjbHas nojs In 6su1a paBHa 0,394. Takoe
Ke coaepxkaHue In ObIO B 000MX OapbepHbBIX CIOSIX

E n* Ing.4Gag cAs 15 ma :
: 12 Ing 304Alg g0sAS 12 um :
| 10 | ssivg=7102 w2 ) s |
1K Ing 394Alg 606AS 3 nu :
: 8 Ing 4Gag ¢As 18 um :
1 Ing 304Alo 606AS 200 1w :
| s Ino 304Al s06AS 200 v |
s Ing 43Aly26AS 200 v :
: 4 Ing 4Gag 6As 20w &3 :
1 BE Ing 30Alg 0As 200 1m E‘E :
1 Ing 20Aly soAS 200mn |5
| Ing oAl 0pAS 200 1m :
: GaAs (noanoxka/substrate) :

Puc. 1. CxemaTuueckoe npencrapiesne MHEMT c kBaHTOBO# sIMOIi
AllnAs/AlGaAs/AllnAs co crynenyatsiv MM-0ydepom, cocTosimum
W3 MIECTH SMHUTAKCHANBHBIX CJI0EB, BKJIOYAS MHBEPCHYIO CTYNEHb.
Hudpamy 0603HAUYEHBI KOHCTPYKLIMOHHBIC 3JIEMEHTHI T'eTepOCT-
pyKTYpbl: [—5 — cryneHu MM-0ydepa ¢ yBeJIMYMBAIOILKUMCS CO-
nepxaHueM In, 6 — MHBepCcHast CTyNeHb, 7 — HWDKHUIN OapbepHBIiA
cjoii, & — KBaHTOBas siMma, 9 — cneiicep, /0 — §-cioii, 11 — Bepx-
HU GapbepHBIN CI0#, 12 — K3II-ClIoi

Fig. 1. Schematic presentation of MHEMT with a quantum well
AllnAs/AlGaAs/AlInAs, with a step-graded M M-buffer with six epitaxial
layers, including an inverse step. Figures designate the constructive onal
elements of the heterostructure: 1—5 — steps of the MM-buffer with an
increasing content of In, 6 — inverse step, 7 — bottom barrier layer,
8 — quantum well, 9 — spacer, 10 — S-layer, 11 — top barrier layer,
12 — cap-layer
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MHEMT. To4yHOCTb CO3JaHUSI KEJIAEMOI'0 YPOBHS
koHueHTpauuu In B cnosx MM-0ydepa cocrtapisiia
£0,005X},. Cnou crynenyaroro MM-6ydepa Bbipallm-
Baju npu Temriepatype noaioxku 400 °C npu nmocto-
STHHOM TeMTIIepaType MCTOYHMKA aTIOMUHUS U CKOPO-
ctu pocra cios 0,5 mxm/4. [IpepbiBaHnEe pocTa MeXAy
cryneHIMu MM-0ydepa He npoBoauiaock. HukHumit
GapbepHblii coit coctaBa Ing 394Al) 6o6AS BBIPALLM-
Bajicsa mipu temriepatype 500 °C m mMen TOJNIUHY
0,2 MKM, T. €. TaKyIO Xe, Kak 1 ctynenu MM-0ydepa.
CocTaB 3J1€MEHTOB KOHCTPYKIMHU T€TePOCTPYKTYPHI
KOHTPOJIMPOBAJIA TeMIIepaTypoil MOJEKYISIPHBIX MC-
touHukoB In, Al, Ga, As u Si Ha OCHOBe KaJIJUOPOBKM
TeMIlepaTypHOi 3aBUCHMOCTU MOJEKYISIPHBIX TOTO-
koB. Cxematuueckoe mnpeacrapieHne MHEMT nano
Ha puc. 1.

Penmeenoeckas ceemka. PeHTreHOBCKas CbhbeMKa
ObLIa BBIMOJIHEHA B TPEXOCEBOM T'€OMETPUU C UCITOJIb-
30BaHMEM MNpeLM3nOHHOro gudpakromerpa SmartlLab
9 kW B mollaroBoM pexume U MEAHOM H3JTyuyeHUU
Ka(l). B kauecTBe KpucTasuia-aHajaud3aTopa OBLIT MC-
MmoJjib30BaH MoHoKpucTamn Ge ¢ opueHTtauuei (002).
CbeMky Besin B ABYX oTpaxkeHusx 004 u 224 (B moJjo-
JKEHUU CKOJIB3SIIIET0 OTPaXKeHMS) B peXXMMe TaK Ha-
3bIBa€MOTO0 (0 — 20)-CKaHMPOBAHMSI, KOTOPOE 3aKJIIO-
yaeTcs B CheMKe obOpasua mo meroay bparra — bpeH-
TaHO MPU PA3TUYHBIX UCXOAHBIX YIJIOBBIX OTKJIOHEHU-
SIX TIOJUTOXKM OT yria bparra, 4yTo gocTuraeTcs 3a c4eT
MoBopoTa oOpa3ia Ha (PUKCUPOBAHHbBIN yroia Awm OT-
HOCUTEJIbHO OMHOM M3 KpUCcTajiorpadguueckux oceit
tuna <110>. Bo BpeMsi cbeMKU IMPOBOIWIN PErucTpa-
M0 TU(hParupoBaHHOTO PEHTTEHOBCKOIO U3JTyYEHUSs
JUTT BRIOPAHHOTO OTPaXeHUS ITyTeM CKaHWPOBAaHUS
BIIOJIb BEKTOpa paccesHus Hy,:. Hyy (cummeTpudHas
cbeMKa) U H,y, (acuMMeTpuuHas cbeMka). [1pu cum-
MeTpUYHOI cheMKe (oTpaxkeHue 004) HavyaiabHOE TO-
JIoXKeHHe o0paslia COOTBETCTBOBAJIO MOJOXEHUIO MO/~
Jioxkku non yrioMm bparra (Ao = 0). Ilpu acummer-
pu4yHOIl cheMKe (oTpaxkeHue 224) BapbUpPOBAJIUCH
3Ha4YeHUs hkl, 4TO TIO3BOJINIIO PA3IOKUTD BEKTOP Hyyy
10 HampaBjeHUsIM oOpaTHoro npoctpaHctBa [001] u
[110]. bonee monpoGHO pexum (o — 20)-cKaHUpPOBa-
HUS onucaH B pabote [14]. O6pasel miIsi peHTIeHOB-
CKOI1 cheMKU uMen pa3mepsl 1,5 X 1,5 cm.

2. DKcnepuMeHTAJIbHbIE Pe3YJIbTAThI

Kapmur obpammuoeo npocmpancmea. PeHTreHOBCKas
ChEMKa B peXXKMME TPEXOCEBOI0 CKAaHUPOBAHUSI I103BO-
JISIET ITOCTPOUTD KapThl 0OPaTHOrO MPOCTPAHCTBA, KO-
TOPBIC TIPEACTABIISIOT CO00I KOHTYPBI pABHOM MHTECH-
CUBHOCTU TM(PParupoBaHHOTO PEHTTEHOBCKOTO M3JY-
YeHMS, TIpEACTaBICHHBIC B OCSX IPOCTPAHCTBa, 00pat-
HOI'O I10 OTHOIIEHUIO K KPUCTAJLIMYECKOM peLLIeTKe.
IlyyHOCTM M30KOHIEHTPAIIMOHHBIX KOHTYPOB Mpe.-
CTaBJISTIOT c000#1 MHTEep(PEepEeHIIMOHHBIE PEHTTEHOBC-




(25 ‘Obnactb cnos 4

1
Region of layer 4

Ha KapTe oOpaTHOIO IPOCTPAHCTBA
nng orpaxenus 004 xapakrepusyer
COOTBETCTBYIOIIAS KpWBasl Kada-
HUSl, TToKa3aHHas Ha puc. 3. Bua-
HO, YTO 00JacTh Au¢parupoBaHHO-
IO OTpaXXeHWUsI, COOTBETCTBYIOLIAS
CIIOI0 4, 3HAYUTEJIBHO LIWPE B YIJIO-
BOM BBIpAXXECHWU II0 CPaBHEHUIO C
JPYTUMU HEOCHOBHBIMHU pEHTIe-
HOBCKMMH MaKcuMyMamu. [1pmam-
HaMM OTCYTCTBMSI Ha KapTax oOpart-
HOTO TIPOCTPAHCTBA YETKO BBIpa-
JKEHHOTO PEHTTeHOBCKOTO MAaKCH-
MyMa IJIST C10ST 4 SIBIISIETCST OJIM30CTh
KOHLEHTpauuu In B 3TOM cioe u
cinosix 6 (7), a TakkKe, BO3MOXHO,

Puc. 2. Kaprol o0paTHoro npocrpancrsa njs pediekcos 004 (a) u 224 B reoMeTpHH CKOJIb-
3smero orpaxkenus (b), CHATbIE IPH OJHOM M TOM XKe asuMyTaibHOM yriie. [ludpamu 0603-
HaueHsl cion MM-0ycdepa, oTBeTCTBEeHHbIE 32 NMOSBJIEHHE COOTBETCTBYIONIEro pediekca

Fig. 2. The reciprocal space maps for reflexes 004 (a) and 224 in the position of a grazing exit
(b) at the same azimuthal angle. Figures designate the MM-buffer layers responsible for

occurrence of a corresponding reflex

KHe MaKCUMYMbI, KOTOpbIE SIBJISIFOTCS HEOCHOBHBIMU
PEHTTEHOBCKMMU MAaKCHUMyMaMH ITI0 OTHOIIEHHWIO K
PEHTIeHOBCKOMY MaKCHMYMY OT MOMJOXKHU. AKTyaslb-
HBIMM OCSIMM OOpPaTHOTrO IMPOCTPAHCTBA I SIUTAK-
cuanbHbIX cioeB MHEMT, BblpallieHHOI Ha MOAJI0X-
ke (001) GaAs, sapasitorcst ocu [110] (ock Y) U och
[001] (och Z). 3a Havayl0 KOOPAMHAT OOPATHOIO IIPO-
CTpaHCTBa MPMHUMAaETCS TOUKa, 3a1aBacMasi BEKTOPOM
paccesiHUSI OT TOJIOXKM — OCHOBHOI'O PEHTIE€HOBC-
Koro Makcumyma. Takum o0pa3oM, KOOpIAMHATHI Myd-
HOCTeii (HEOCHOBHBIX PEHTTEHOBCKMX MaKCHUMYMOB)
OIPENEIIAIOTCSA BEKTOPaAMH ¢ lo(qy) " qq1(q,), KOTOpBIE
MPeaCTaBIsIOT COO0K OTKJIOHEeHUS (BAOJIb COOTBETCT-
BYIOILMX OCEi 00PaTHOIO MPOCTPAHCTBA) OT MOJOXKEHUS
OCHOBHOTO PEHTICHOBCKOTO Makcumyma Hy,,, BO3-
HI(;I(ﬁaIOLl_Izezl:‘O oT momioxku. HabGop BekTOpOB q204,
q, WM g, SIBISCTCS JOCTATOYHBIM JUIs ONPEICICHNUsI
BEPTUKAIBLHOIO UM JaTepajbHOTO MEPUOIOB PEeILIeTKU
JMAHHOTO SIUTAKCHUAIBHOTO CJIOS, a TaKXKe IJIsT OIurca-
HUsl J1ehOpMallMOHHOTO COCTOSIHUSI KaXIOro CJos
MM-0ydepa Ha OCHOBE JTUHEMHOM TEOPUU YIIPYTOCTHU.

KapTtbl o6paTHOro mpocTpaHCTBa MCCJIEIOBAHHOM
MHEMT niist oqHOTO M3 a3UMMYTaJIbHbBIX YIJIOB IIPUBE-
JIeHbI Ha pUC. 2. DTU KapThl UMEIOT JOBOJLHO CJI0XHOE
CcTpoeHue, 6aromapsi YaCTUYHOMY IEPEKPHITUIO ped-
JIKCOB, a TaKXe OTCYTCTBUIO YETKO BBIPAXKEHHOIO
pednexkca as ciios 4. XapakTtep B3aMMHOIO pacIio-
JIOXKEHUSI HEOCHOBHBIX PEHTTEHOBCKMX MaKCHUMYMOB

cuibHasg neeKTHOCTh CIos1 4, BBI-
3BaHHasl TIPOIIECCOM CTPYKTYPHOI
penakcaluuu (HUxe OyayT MpuBeae-
HBl JKCIIEpUMEHTAJbHBIE JTOoKa3a-
TeJIbCTBA BBICKA3aHHOTO IPEAIo-
JoxeHust). CusibHas Je(eKTHOCTb
cinost 4 mpubauxaer ero ¢ TOYKHU
3peHUs1 CTPYKTYPHOTO COCTOSIHUSI K
aMop(dHBIM MaTepuasaMm, KOTOpbIe
XapaKTePU3YIOTCSI IIIMPOKUMU PEHT-
T€HOBCKUMU MaKCMMyMaMU Ha Tud-
pakTorpammax [135]. B Liensix Haxox-
JEeHUSI TOYHOTO TIIOJIOXKEHWS Ha Kaprax o0paTHOTO
MPOCTPAHCTBA PEHTT€HOBCKUX MAaKCUMYMOB JIJISI CJIO-
€B 3 u 4 Oblla UCIOJb30BaHA TEXHUKA MOJIEJIUPOBa-
HUS CKaHA PEHTITeHOBCKOTO IU(PParupoBaHHOIO U3JTy-
yeHus1 HabopoM rayccraHoB [16], cripaBemiBas s
otpaxeHuss 004, MolydeHHOIO B YCJIOBUSIX CUMMET-

Moanoxka

O6nactb cros 4 Substrate

10%+ Region of layer 4

WUmnynbcbl
Counts
—
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o«
ul

-
o
IM

10' #]
10° ; . . , . :
-15000 -10000  -5000 0

Yrnosoe nonoxeHue obpasua, yrn. ¢
Specimen angle, arcsec

Puc. 3. KpuBas kauanus, nonyuyennas B orpaxennu 004. Iludppamn
o0o3Hauenbl cion MM-0ydepa, oTBeTCTBEHHbIE 32 MOSIBJIEHHE CO-
OTBeTCTBYIOIIEro peduiekca

Fig. 3. Rocking curve, received in reflection 004. Figures designate the
MM-buffer layers responsible for occurrence of a corresponding reflex
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PUYHOM cheMKU. /laHHas TeXHUKA MMO3BOJISIET OIpee-
JIUTh JIJIS1 9TUX CJI0E€B 3HAYEHMST BEKTOPOB q204 u q204
(mpuHUMasl 3a 3TW 3HAYEHUS MeIWaHBl COOTBETCTBY-
ouuMx rayccuaHoB). [Ipu nmpoBeaeHUM MojaeIMpoBa-
HUS MBI CYUTAIH, YTO CJIOM 6 M 7 (MHBEPCHAsl CTYIIeHb
U HUXKHMIA OapbepHBIN CIOI) XapaKTepU3YIOTCs Of-
HUM CHJIIBHBIM pedeKcoM, KOTOpbIi Ha KapTax 00-
paTHOro TMPOCTPAHCTBA HAaXOAUTCS MexXay pedJiek-
COM, COOTBETCTBYIOLLIMM CJI0I0 3, U 001acThio audpa-
TMPOBAHHOTO PEHTIEHOBCKOTO U3TyYeHUsl, COOTBETCT-
BytolIeit ciow 4. TakuMm oOpa3oM, YMCIO raycCHaHOB
PV MOMEIMPOBAHUYN TIPUHUMAIIA paBHBIM 6. 3Hade-
HHUs BCEX BEKTOPOB q§24 ObLIM OIlpeesieHbl HEero-
CpPeJICTBEHHO Ha KapTax oOpaTHOTO IMpOCTpaHCTBa 3a
HUCKJIOUYEHUEM BEKTOpa q§24 1151 cyost 4 (TexHuka ra-
YCCUAHOB JIJIsSI OTpaxXeHUs 224, OJy4eHHOro B YCJIO-
BUSIX aCUMMETPUYHOU CBHEMKHU, HE MPUMEHUMA).
3HaYyeHMsI BEKTOPOB 0OPaTHOTO IIPOCTPAHCTBA (3a HC-
KJII0YeHHEeM BEeKTOpa q§24) MpUBEACHBI B Ta0. 1.

IHegopmayuonnoe none croee MM-6ypepa. 3HaueHust
BEKTOPOB OOPaTHOIO MPOCTPAHCTBA 4204, q304 u q§24
MO3BOJISAIOT OINPENEIUTh BEIMYMHEL [(a; — ag)/a] [001]
u [(a)— ag)/agl 110}, TR @ 1 aj — COOTBETCTBEHHO Bep-
TUKAJbHBIN W JJaTepaJIbHBIN TIEPUOIBI PEIIETKH CJIOST;
a, — TIEPUOJL PELLETKM MOMLIOXKHU. B cooTBeTcTBUN C
pa6oToit [17]

004

—a
(% s) =% 004 ° (1)
ds 71001 4/a +q,

224

(auias) STz 2 394 )
45 7110 27" /ag+ Q,

rae

Q)2/24 — q)2;24 _ q204‘ (3)

Broipaxenue (3) yuutTbiBaeT 3(p¢eKT IpOCTpPaHCT-
BEHHOI pasopUeHTAllMM STMUTAKCUAJBHBIX CJIOEB OT-
HocuTeabHO momioxku GaAs. B ciaydae paBeHCTBa
VIpyrux aedopmauuii e;; U ey, a TakKe OTCYTCTBUSA
HEeIMaroHaJbHOTO KOMIIOHEHTa TeH30pa YIpyroi ae-
dopmManuu ey, (3TM yCIOBHA B JaHHOI pabore IMpu-

Tabmuma 1
Table 1
3HayeHHsI BEKTOPOB 0OPATHOrO MPOCTPAHCTBA

Values of the vectors of the reciprocal space

Croit 1 2 3 4 5 6(7)
Layer

004 —1| —61,38/—107,42|—150,66|—187,08 | —256,04 | —176,78
q; > um

004 -1 253 1,27 0,51 —10,75 | —12,67 | —12,67
qy b l"lm

224 —1| —25,58| —53,27| —82,95| — —140,24 [—140,24
q, > um
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HUMAIOTCS alipyuopy), BEJIMYUHEL [(a, — ay)/a] [001] ¥
[(a) — ag)/agl[110] COOTBETCTBYIOT MOIHBIM (OTHOCH-
TeJbHO MOMIOXKM GaAs) neopmauuam e33 U g
(e11 = [(a) — ag)/agl{1007), KOTOPBIE SIBISIIOTCSI AMArO-
HaJIbBHBIMY KOMITIOHEHTaMU1 COOTBETCTBYIOIIETO TEH30-
pa. (ITpu nepexoae ot ocu [110] — akTyanbHOro Kpuc-
Tajiorpaguuyeckoro HampapieHuss — K ocu [100]
chopMyTHpOBaHHEIE BBIIIE YCIOBHS 00ECTIEYMBAIOT
PaBEHCTBO MEXIY SKCIIEPUMEHTAJbHOM BEIUYMHOM
[(a) — ag)/agl[110) 1 BeTNUNHOM £1.) BenunHbl £33 1
€] TIO3BOJISIIOT HAa OCHOBE JIMHEMHON TEOPUU YIIpPY-
FOCTM PACCUMUTATH MAapaMETP PACCOIJIACOBAHUS &) =
= (ag — ay)/ay, TIE ag — NEPUOJ MOJHOCTBLIO PEIAKCHU -
POBaHHOM PEIIeTKHA JaHHOTO SIMUTAKCHUATBLHOTO CIIOS.
IIpocreiiimmM cnocoOoOM pacyeTa OCTaTOYHBIX YII-
pyrux aecdopMaluii B SIMMTaAKCUATBHBIX CJIOSIX MHOTO-
CJIOMHBIX TOHKOTIUJICHOYHBIX CHCTEM SIBIISIETCS TIpE-
CTaBJICHHE O TOM, YTO B KaXIOM 3IHUTaKCUAIbHOM
cioe MM-6ydepa ynpyrue HanpsikeHus o33 (T. €. Ha-
npstxeHust Baosib ocu [001]) orcyrcTBytor. Ilpu Ta-
KOM TTOAX0/Ie¢ MHOTOCJIOMHAS TOHKOITJICHOYHAs CUCTE-
Ma CBOJIUTCS K HAOOPY OMHOCIOMHBIX IeTePOCTPYK-
TYp, V KOTOPBIX STHUTAKCUAIBHBIN CION MMEET CBO-
OOIHYIO TTOBEPXHOCTb, YTO MO3BOJISIET CYIIECTBEHHO
VIIPOCTUTH 3amavy. B aToM ciydae mist KpUCTaUIOB Ky-
OMYECKOl CUHTOHUM MEXIY YIPYTUMM aedopManusi-
MM €| U e33 B COOTBETCTBUM C 3aKOHOM ['yka Oyzer
CIIpaBEJTUBBIM CJIEIyIOIlee COOTHOLIEHUE:

e _ 20,

4)

b
€11 Ci

rae Cyj;u Cjy — K03 OULUEHTHI yIIPYToil XKECTKOCTH.
Ynpyrue nedopmanuu e; u mapaMeTp paccoriacoBa-
HUA gy B KPUCTAIIaX KyOMYECKOH CMHIOHUM CBA3aHbI
MEXIy co00ii cooTHOIIeHUEeM [18]

€ii = & ~ €0 (5)
KOTOpOE MO3BOJISIET OMpPENeuTh YIpyrue nedopma-
LIMU OTHOCUTEJIBHO TOUIOKKN B KaXKIOM 3IHMTAKCH-
aJIbHOM cJIo€. YUuThIBas BeipakeHus (4) u (5), MOXHO
NI0Ka3aTh, YTO MapaMeTp PacCOrIaCOBAHUSA &, U TIOJ-
Hble 1eOpPMaLNU €33 U &1 (BEITMYMHBI, OIpEAEse-
MbI€ 9KCIIEPUMEHTAJIbHO) CBSI3aHbI MEXIY COOOM clie-
JIYVIOIIMM 00pa3oM:

I R N Yo (€33 — &11)- (6)

DKCIepUMEHTAIbHbIE 3HAYCHU S 8(3’3) u 8(1’1) (i — HO-

i
MEp CJ'IO?I), a TaKXKE€ pE3yJabTaThbl pacy€Ta BEJINYUH SE))
i
" 6(11) , BBIIIOJIHCHHBIC Ha OCHOBC 3KCIICPUMCEHTAJIbHbBIX

JaHHBIX, IIPEACTaBIeHBI B Ta0a. 2. B pacuerax mepuon
peiretku GaAs ObLT MPUHSIT B COOTBETCTBUU C pabo-




Tabnuua 2
Table 2
ITosHbie nedopmManuu, mapaMeTp PaccorjacoBAHUS W OCTATOYHAS
ynpyras nedopmamnus cxartus B crynensx MM-0ydepa
Full deformations, parameter of disregistry and the residual
elastic deformation of compression in the MM-buffer steps

Croit 1 2 3 4 5 6(7)
Layer

g3y, X1072 | 8,751| 15,416| 21,756| 27,158| 37,545| 25,626

e X107 | 5,650( 10,987 16,956| 25,498| 25,498| 25,498
gy, X107 7,237| 13,192| 19,380 26,331| 31,514 25,562
e, X107 | =1,59 | =2,21 | —2,42 | —0,83 | —6,02 | —0,06

toit [19] paBHbIM 0,565321 M. Heobxommmble mipn
pacyeTax 3HayeHUs KO3(P(OULMEHTOB YIPYroil XecT-
koctu Cy; n Cj, TpoiiHbIX pacTBOpoB In, Al; _ As

OBLIM IIOJy4€HBI HA OCHOBAHMU 3akKoHa Berappa, uc-

X051 U3 COOTBETCTBYIOIIMX JAHHBIX IJISI XUMMUECKHUX

coeauHenuit InAs u AlAs [20]. I1puBeneHHbIe B TaOI. 2
4 4

3HAYEHUS 86) u 9(11) ObLIM OIlpejieieHbl Ha OCHOBE

4 5
paBC€HCTBa 8(11) = 8(11), KOTOPO€ BLITCKACT M3 aHa-

Jiu3a ycaoBUl (hopMUPOBaHUST OE3AUCIOKAIIMOHHOTO
cios [6]. BeanucmokallMoOHHOE CTPOCHUE TISATOM CTY-
neHn MM-0ydepa XopoIlIo BUIHO U3 puc. 4, Ha KOTO-
pPOM TIPUBENEHO IONEPEYHOE 3NIEKTPOHHO-MUKPOCKO-
nuyeckoe nsodbpaxkenne MHEMT (moiydyeHHoe ¢ mo-
MOIIBIO TIPOCBEYNBAIOIIETO 3JIEKTPOHHOTO MIUKPOCKO-
ma Jeol 2010 npu yckopsoieM Hanpstbkenuu 200 xB).

4 5
OTMCTI/IM, YTO PAaBCHCTBO 8(] 1) = 8(1 1) TIO3BOJIACT OII-

224

PEeaCINTb BEKTOP qy IJIA CJ10A 4, BBIYMCJICHHOC Ta-

KHNM O6p8.30M 3HaA4YCHHMEC BCKTOpa q}2,24

KapToil 00paTHOTO IIPOCTPAHCTBA IJISI OTpaxkeHus 224
(cM. puc. 2, b). I3 npuBeaeHHbIX B Tab1. 2 JAaHHBIX
BUIIHO, YTO MHBEPCHAS CTYIIEHb (& TAaKKe HUXKHUI Gapb-
epHEBIN CIIOIf), XapaKTepu3yeTcsl 3HAYNUTETbHO MEHb-
IIMM 3HA4YeHUWEM OCTaTOYHON YIIpyroii aecdopmanuun
O CPAaBHEHUIO C IPYTUMU CJIOSIMU, UYTO COOTBETCTBYET
WUIE0JOTUM CO3AaHUSI MHBEPCHON CTYNEHU B KOHCT-
pykuuu MM-0Oydepa [21]. IBa 3TUX CTPYKTYPHBIX
3JIeMEHTa HUKAKOTO BIVSHMS Ha XapaKTep pacrpene-
JIEHUSI OCTATOYHBIX YIPYrux AecdopMalMil B MEPBbIX
sITU cTyneHssx MM-0ydepa He 0Ka3bIBalOT U B Jajlb-
HelillleM MbI X paccMaTpuBaTh He OyneM. CieayeT oT-
METUTb, YTO MPUBEACHHbIE B Ta0J. 2 3HAUeHUs mapa-
MeTpa paccorjacoBaHUsl MEHbIIIE, YeM COOTBETCTBYIO-
1I¥e 3HaYEHUS &), PACCYUTAHHBIE HA OCHOBE 3aKOHA

corjiacyercd C

Berapna. Takoe nosoxeHue Aea 00yCI0BAEHO MO-BU-
JIMMOMY CYILIECTBOBAHMEM B SIMTaKCUAJIbHBIX CJIOSAX
MHEMT cxuMarommx HanpsokeHUH 633, HATM4YKUe KO-

TOPbIX ACJIACT (1)I/I3I/I‘ICCKYIO CUTyallUIO MOXOXeM yac-
TUYHO Ha Cleqaﬁ BCECTOPOHHETO CXKaTu. Tem He me-

Hee NMpUHUMaeMas B JaHHOI paboTe MoJeb yIpyroro
COCTOSIHUSI CHUCTEMbI CJIOEB TPABWJIBHO OIMChIBAeT
CTPYKTYPHOE COCTOSIHME O€3AMCI0KAIIMOHHOTO CJIOS U
MHBEPCHOU CTYIIEHU — OCHOBHBIX KOHCTPYKIIMOHHBIX
ajieMeHToB MM-0ydepa.

3. MonaeaupoBanue 1e¢opMalMOHHOTO MOJIS
Ha OCHOBE TeOMEeTPHYECKOro MPHHIMNA

IIpocTpaHcTBeHHOE pacmpeneleHre OCTaTOYHOM
yrpyrou gedopMainuy npuBeaeHo Ha puc. 5. U3 pu-
CYHKa OTYETJINBO BUIHO, YTO pacipeaeeHre COCTOUT

OJUI0XKKA
substrate

300 am

Puc. 4. DiekTpoHHO-MHKpOcKonnyeckoe uzoopaxkenne MHEMT.
IIaraa crynesr MM-0ydepa npeacrapisieT co0oii Oe3aucioKamm-
OHHBIH CJIOH

Fig. 4. Electron-microscope image of MHEMT. The fifth step of
MM-buffer represents a dislocation-free layer

00 02 04 06 08 10

PaccTosiHne oT noanoxk1, MKM
Distance from the substrate, um

Puc. 5. lepopmanmonnoe nojie B NATH HIKHUX cTyneHsx MM-0y-
tepa
Fig. 5. Strain field in five bottom steps of MM-buffer
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U3 IBYX YacTeil: "TbemecTasa”, OTHOCSIIETOCS K HUX-
HUM 4YeThIpeM cTylieHIM MM-0ydepa, n nedpopmanmi-
OHHOTrO "BCITIeCKa", XapaKTepU3YIOIIEro CTPYKTYPHOE
COCTOSIHUME TISITOM cTyneHu. Takum oOpa3oM, TaHHbIE
PEHTTEHOCTPYKTYPHOTO aHaln3a COOTBETCTBYIOT BbI-
MOJIHEHHOMY B JAHHOU paboTe 3JeKTPOHHO-MUKPO-
CKOMMYECKOMY MCCIIeA0BaHUIO (CM. puc. 4).

VYcranoBneHHoe B paborax [8, 9] yucioBoe coor-
HOIIIEHUE MEXIY OCTATOUHBIMU Ae(pOopMaLMIMU CXKa-
TUS U TOJIIMHOW cjoda cocrtaBa In,Ga; _ ,As (npu
x = 0,05...0,25), BbIpaleHHoro Ha nomioxke (001)
GaAs, nMeeT BUJI

k
= = 7
|e11| 7’ (7

Iae 4 — TOJIIMHA 3MUTAKCUAIBHOIO CJIOsI; K — KOH-
cranra, paBHag 0,8 £ 0,1 aM. I[TonydeHHBIE B HaAIINX
UCCIIEIOBAHUSIX PE3YIBTATHl TAKXE MOXHO OIUCATh
Mmoxoxei (hopMysoit, KoTopasi UMeeT CAeAYIOII BUI;

af _ k
|‘311|_|e‘1n1}|_ W’ (8)

e A9 — TonuyHa Ge3IMCIOKALMOHHOTO crosl; e‘f’{l —
ocTaTtouyHas ynpyras aecdopmalius cxatusi B 6e3auc-
JIOKAlIMOHHOM CJIOE; eﬂ — CpeaHssl ocTaToyHas yI-
pyrast necopmalius cxKaTus B HUXKHUX YEThIpeX CTy-
neHsix MM-06ydepa. Bennuuna eﬂ XapakKTepusyeT
CHUCTEMY, COCTOSILIYIO M3 YEThIpeX HUXKHUX CTyIEeHEM
MM-0ydepa, Kak earHOe LIeJI0e, U OIPeaeIsieTcsl Co-
m1acHo [22] BeIpaXXeHUEM

()
v ;enhi

e T = )
o
rie h; — TOJNIMHA [-TO €10 (CTYNEHU), | UBMEHAETCH
oT 1 10 4. 3HaueHUe (PeHOMEHOJIOIMYECKOM KOHCTAaH-
THI k B HaleM ciydae coctanisieT 0,85 HM, UTO JocTa-
TOYHO OJM3KO K BeJIWYMHE Kk, IMOJYyYEeHHOI B paboTax
HancTaHa [8, 9]. ®U3NKO-XMMHUUYECKHE CBOMCTBA pac-
TBOpOB InAlAs 1 InGaAs noKHBI OBITH OJIM3KU, TaK
Kak OJIU3KM CBOMCTBA XUMUYECKUX coeqruHeHU GaAs
n AlAs (3TU cOoemMHEHUS UMEIOT OJHY M Ty XK€ KpHcC-
TaJUIMYECKYIO PEIIeTKY, MPaKTUYECKN paBHbIE TTepUO-
IIbl peleToK M OJM3KMEe 3HauYeHUsT KO3(pPUIMeHTOB
VIIPYTOil XECTKOCTH) M, CJIeI0BaTeIbHO, pelakcaly-
OHHbIE MPOLECCHl B OAHOCTOMHBIX SMUTAKCHUATBHBIX
reTepocTpykTrypax co ciosimu InAlAs u InGaAs moiok-
Hbl XapaKTepu30BaTbCs OMAHON M TOH ke (heHOMEHO-
JIoTnyeckoi KoHcTtaHTo. CrenoBaTesibHO, B Ulleallb-
HOM cJlydyae CTPYKTypHOM peslakcanuu B MM-0ydepe
(T. e., Korma CTpyKTypHasl pejlakcalusl B HUXXKHUX CTY-
neHsx Oydepa MPOUCXOAUT MOJTHOCThIO) OCTaTOYHAs
yrpyrast aegopMauus B 0e3IUCIOKALIMOHHOM CJIOE
JIOJKHA oIlpenensaTbesl BohipaxeHueM (7). OrTiauuume
MPEIOXKEHHOTO HaMU OOOOIIEHUS OT MOAEIBHOTO
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OITMCaHMs Mpollecca CTPYKTYPHOI pelaKCalluu B CTY-
neHyatroM MM-0ydepe [23], onuparolerocst Ha Ipe-
CTAaBJICHUSI O TIOJTHOM CTPYKTYPHOM pejakcauuud B
HUXKHUX cTyneHsix MM-0ydepa, 3akouaeTcs: B TOM,
YTO B HEM YYUTHIBAEeTCSI BIUSHUE "3aMOpPOKEHHOTO"
nehopMallMOHHOIO MOJIsI, BOBHUKHOBEHUE KOTOPOTO
00ycyioBieHO 3 dekToM aedopMallMOHHOTO yIpOY-
HEHUSI, UMEIOIIIETO MECTO B HIDKHUX (TT€PBBIX YEThI-
pex) ctyneHsx Oydepa. Ha BO3BMOXHOCTb CyIIECTBO-
BaHUS "3aMOPOXEHHOTr0" ne(OpMalOHHOTO TOJST B
CJIOUCTBIX MHOTOCJONHBIX CHCTeMaX YKa3blBaJIOCh B
pabote [24] nmpu MOJEIbHOM OIMCAHUU MOBEAEHUS
CHUCTEeMbI AUCIOKAILIMI B TAKUX OOBEKTaX.

CosmnageHne 3HaUeHUN (PeHOMEHOJIOTUMIEKIX KOH-
CTaHT JJISI OJHOCJIOMHBIX U MHOTOCJIONHBIX CTyIEH-
YyaTbIX TETEPOCTPYKTYp (B IMOCHeAHEM ciydyae ¢ ydye-
ToM 3¢ deKkTa "3aMOpPOKEeHHOI" YIIpyroil nedopMaiiim)
MO3BOJISIET CO3AaTh HA OCHOBE "'TeOMETPUUECKOTO MPUH-
muma" [12], BeIpakeHHEM KOTOPOTO SIBISIOTCS (pop-
Myabl (7) u (8), 1OCTaTOUHO MPOCTOIl rpacpuuecKuii
METOJ pacueTa IPEemebHOTO 3HAYEHMST OCTATOYHBIX
yIOpYTUx nedopMalmii cxkaTus ¥ TOJIIIMHBI 631K CII0-
KallMOHHOTO CJIOSI B OJIHOCJIOMHOM Oydepe ¢ Hempe-
PBIBHO MEHSIOIIMMCS (10 JIMHEMHOMY 3aKOHY) Iapa-
METPOM paccoryacoBaHus gy. B ocHOBe MeToaa JIEXUT
YTBep:KIEeHNE, UTO TPOIECC CTPYKTYPHON perakcauu
KOHTPOJIMPYETCS TIPOU3BEACHUEM gyh, (h, — Hekad
KpUTHUYECKasT TOJIIMHA CJI0s, 3aBUCAIIAS HESBHBIM
00pa3oM OT MapaMeTpa paccoriacoBaHus €), KOTOPOE
SABJIFETCA BEJIMYMHON MOCTOSHHOM, HE 3aBUCHLIEHA OT
TOJIILIMHBI MUTAKCUAIBHOTO cyios 4. B ciryyae, koraa
TOJILMHA SMUTAKCUAILHOTO ¢J1od /1 < h,, CTPYKTypHas
penakcauud He npoucxoaut. Ilpu ycnosun h > h, B
SMUTAKCUATLHOM CJIO€ pa3BUBaeTCs IPOIECC CTPYK-
TYPHOU peJlaKcallii, KOTOPHI 00eCIeYBaeT PaBeHCT-
BO lej{|h = ggh,. CBSI3b MEXIY OCTaTOYHOI yIpPyroi
nedopMalieil M TONIIWHONW 3IMUTAKCUATBLHOTO CIIOSI
WUTIOCTpUpPYeT puc. 6 (och Aedhopmaliuii Ha pUCYHKE
0003HaYeHa 0000ILEHHBIM CUMBOJIOM &, a TIOJIHAS Je-
(opMmalua B JaTepaJlbHOM HAIPAaBIEHUU g1 — CUM-
BoJIoM Ag). [loka3zaHHBIC HaA pHUC. 6 TIOIIAIN TIPSIMO-
YTOJbHUKOB (0003HAUEHBI CUMBOJIOM .S) paBHBI MEX-
Iy coboil (B COOTBETCTBUM C JaHHBIMU pabort [§, 9]
S = 0,8 HM), uTO OobOecmeumBaeT corjiacue TAaHHOIO
MeTola pacueta |eq;| ¢ BeipakeHHeM (5) M MMO3BOJISIET
MIPaBWIHHO OTIPEIETNUTh 3HAYCHNE OCTATOYHOU YIIpy-
roit necdbopmaimu. Ha puc. 7 rnokazaHa omHocCJIOWHAas
TETEPOCTPYKTYpa C MAapaMETPOM PACCOITIACOBAHUA &,
3HAYeHHE KOTOPOTO M3MEHSETCS IO TOJIIMHE CI0s A
JMHEHBIM 00pasoM. OTcekaemas MpsAMOii gy(z) MJI0-
IIaab TPEyroJbHUKA S paBHA ILIOIIAAM TPSIMOYTOIb-
HMKOB, TT0OKa3aHHBIX Ha puc. 6. HeTpymHo mokasatsb,
YTO B 3TOM CJIyJae TOJIIMHA Oe3aMCIIOKAIIMOHHOIO
CJIOS () OTIPEAETIAETCS BbIPAXEHUEM

p = 2—5, (10)

(04




IIe o — MOZY/Ib TPOU3BOIHOM |dey/dz|, a ocTatouHas
nedopmarust cKaTusl £, Ha MOBEPXHOCTH CJI0sI (B TOY-
ke z = 0) OyneTr paBHa

e(z=0) =g, = J25a. (11)

HpOBCpI/IM INPUMCHUMOCTDb JAaHHOIO METOAda K pac-
YE€Ty TOJIIMHDBI 0e3IMUCIOKAIIMOHHOIO CJIOSI U CO3[aH-
HOM B HEM OCTAaTOYHOWM I[C(bOpMaL[I/II/I CXaTud B OTHO-

Crow Moanoxka
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Lo 3 _
Ag |
0 h z
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Cnoin | Moanoxka
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Puc. 6. I'padpuyeckoe u300paxkeHne npouecca CTPYKTYPHOIl pejak-
calyu B OIHOCJIOHHBIX FeTEePOCTPYKTYpax ¢ MeHblueil (@) u 0oJbei
(b) TOMMMHON 3MUTAKCHAJIBHOIO CJIOS

Fig. 6. Graphic image of the strain relief in the single-layer heterostruc-
tures with smaller (a) and bigger (b) thickness of the epitaxial layer

Moanoxka
substrate

Puc. 7. I'paduueckoe n300pakeHue npouecca CTPyKTYpPHO# peJiak-
calMM B OJHOCJIOHHOM reTepocTpyKType, IJIsl KOTOPOi crpaBeuB
JINHEAHBIA 3aKOH H3MEHEHHS apaMeTpa PaccorJacoBaHus B SNMUTAK-
CHAJIHOM ClJioe

Fig. 7. Graphic image of the strain relief in a single-layer heterostructure,
for which the linear law of variation of the misfit in the epitaxial layer
is fair
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Distance from the substrate, um

Puc. 8. IIpocTpancTBeHHOE pacnpenesieHHe NapaMeTpa paccorjiaco-
BaHWS B HIDKHUX NATH cTynensx MM-0ydepa, nojiyueHHOe B paMKax
MO/IeJI MHOTOCJIOWHO# CHCTeMbI HA00POM 3NMUTAKCHAJIBHBIX CJIOEB CO
CBOOOIHOI MOBEPXHOCTHIO. 3AKOH M3MEHEHHs MAPaMeTpa Paccoria-
COBaHMS OJIM30K K JIMHEHHOMY

Fig. 8. Spatial distribution of the misfit in the bottom five steps of the MM-
buffer, received within the framework of modelling of the multilayer
system by a set of the epitaxial layers with a free surface. The law of
variation of the misfit close to the linear one

meHun udydyeHHoir MHEMT, cuurasi, 4To MCHOIb3Yye-
Moe B paboTe MpUOJMXKEeHUe, paccMaTpuBarollee CTy-
neHvaTblii MM-0ydep Kak Habop CJI0eB O CBOOOIHOM
TMOBEPXHOCTBIO, aJeKBATHO OMMCBLIBAET CTPYKTYpHOE
COCTOsSIHUE CTyleHei Oydepa. B aToM ciaydyae B coOT-
BETCTBUM CO CTPOEHHMEM CTyIleHYaToro oydepa ympy-
ras nechopMaliusi cxxaTtusl B 0e311CI0KaIlMOHHOM CJI0e
|e‘11j17 | (¢ mompaBkoit Ha 3¢(deKT "3aMOPOKEHHOTO" e~
(hopMaiiMoHHOroO 10Js1) OyAeT YCpeAHEHHOU BeJIUYU-
HOI GyHKIMK &(7) Ha oTpe3ke 0 < 7 < z; B OAHOCIION-
HOM Oydepe nmepeMeHHOro cocraBa. Takum oOpa3oM,
B CTyneH4aToM Oydepe |e‘1017 | =&/2 = /250 /2. Bos-
MOXHOCTb NMPUMEHEHUsI TaHHOTO METOoAa K M3YyYyeH-
Hoiit MHEMT wumoctpupyet puc. 8, Ha KOTOPOM I10-
Ka3aHO MPOCTPaHCTBEHHOE pacmnpeaeieHrue napamer-
pa paccorjacoBaHUsA &, B IEPBBIX IATU CTYNEHIX
MM-6ydepa. Bunno, yro pacnpeneneHue y(z) 6ams-
KO K JUHEHOMY ¢ TpagueHToM 3,1 * 107 um~ L. Pac-
yeT Ha ocHoBaHuU opmyia (10) u (11) gaeT 3HaueHUE
zp =230 M 1 |eff17| =3,5- 1073, 4T0 HECKOIBKO OT-
JIMYAeTCcss OT COOTBETCTBYIOLIMX IKCIEPUMEHTATbHBIX
sHauenmit: 7y = 200 am u (|e{) | — €%} ]) = 4,25+ 1073,
M3 3T0r0 MOXHO ClesiaTh BbIBOJ, YTO O€3aMCIOKALM-
OHHBIN ciioit MM-06ydepa B nanHoii MHEMT, kak
KOHCTPYKLMOHHBIM 3JIEMEHT, HECYylIMil OCHOBHYIO
CTPYKTYPHYIO Harpy3kKy, nepeHamnpsikeH. M3 Hammx
pacyeToB CIIEAYET, YTO ONTHMAJIbHAS TOJIIIMHA 3TOTO
ciosg paBHa 230 HM. YBelmyeHMe TOJILMHEI Oe3amc-
JIOKAIIMOHHOTO CJI0S1 MOJDKHO MPUBECTU K YMEHbIIIe-
HUIO yIpyroi nedopmauuu cxkaTusi U, cleaoBaTesib-
HO, K YMEHBIIEHUIO YPOBHSI CXKMMAIOIIMX HaIpsiKe-
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HU, YTO NOJIKHO ITTOJIOKMTENBbHO CKa3aThCsl Ha Ka-
YeCcTBE IMOCICAYIOUINX SIUTAKCUANILHBIX CI0EB U, KaK
ClIeNCTBUE, IPUBECTU K VYIIYYIIEHUIO 3JIEKTpOopU3n-
YeCKMX MapaMeTpoB ABYMEPHOIO 3JIEKTPOHHOIO ra3a B
KBAaHTOBOI SIME.

3akmouenue

Ha npumepe crynenyatoro MM-0ydepa mokasa-
HO, YTO IMOAXOJ K CJIOUCTOI TOHKOIJICHOYHOMN CUCTe-
Me KaK Habopy OTHEIbHBIX SMMTAaKCHUAIBHBIX CJIOEB
CO CBOOOJHOI MOBEPXHOCTHIO MO3BOJISIET PACCUUTATD
3HaYeHNE OCTAaTOYHOM YIIPYroi necdopmaluu CxKaTus
B KaX1Ioi cTynmeHu Oydepa 1 BBISIBUTH OOLIME 3aKO-
HOMEPHOCTH MPOTEKaHUS TIpoliecca CTPYKTYPHOM pe-
JIaKcallMi B MHOTOCJIOMHBIX U OTHOCJIOMHBIX IeTepo-
cTpyKrypax. HecMoTpst Ha cylliecTBOBaHUE BCIIEACTBHE
nedopMallMOHHOTO YIIPOUYHEeHHUS B cliosix MM -0ydepa
CXKMMAIOIINX BEePTUKAIbHBIX HAMpPSKEeHUI, TPUOIM-
KaIUX (PU3UUECKYI0 CUTYallMI0 B KaXKIOM SITUTaK-
CHAJIBHOM CJIOE K CTyJalo BCECTOPOHHETO CXKaTusl, T0-
JMIOOHBIN MOAXOM MPaBUJIbHO OIMKMCHIBAET CTPYKTYpPHOE
COCTOSTHME TaKMX BaxKHBIX KOHCTPYKLIMOHHBIX 3JI€-
MEHTOB cTyleHdatroro MM-0ydepa, Kak 6e3aucio-
KallMOHHBII CJIOil U MHBepcHas cryreHb. IlompaBka
Ha 3 dexT aehopMallMOHHOIO YIIPOYHEHUS B HIXK-
HUX cTyreHssx MM-0ydepa mo3BonsieT MoayduTh ¢e-
HOMEHOJIOTHYECKOe OINKMCaHue Tpoliecca CTPYKTYPHOM
pesakcalMy aHaJIOTMYHOE TOMY, KOTOpOe YCTaHOBJIE-
HO JUIsl ONHOCJONHBIX TeTepocTpykTyp. Ha ocHoBe
MpeIOKEHHOro Moaxona sl cTyneHyaroro MM-0y-
¢epa ObL1 paspaboraH rpaduyecKuii METOHd pacdeTa
TOJIILMHBI 0€3TUCIOKALIMOHHOIO CJIOSI U CO3/IaBaeMoi
B HEM yIpyroil nepopMaliny CXKaTHs.
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Introduction

The heterostructures (for example, AllnAs/AlGaAs/
AllnAs), used in the devices of the microwave (MW)
semi-conductor electronics (for example, in the tran-
sistors with high mobility of electrons — high electron
mobility transistors, HEMT5), are grown, as a rule, on
GaAS single crystal substrates with (001) orientation by
the method of molecular-beam epitaxy (MBE). Since
the lattice parameter of the transistor’s active layers
(quantum well) exceeds the lattice parameter of GaAs
substrate, a HEMT contains a metamorphic buffer
(MM-buffer) as a damping constructive element.

MM -buffer is a transitive area with a spatial varia-
tion of the lattice spacing, which, in case of the above
heterostructures, is reached by changing of the content
of indium. The design of MM-buffer, i.e. character of
variation of the content of indium in the space, can be
various: it can be a step-graded one [1—3] or a linear
one [2, 3]. The epitaxial growth of the MM-buffer oc-
curs simultaneously with a strain relief, which is ac-
companied by generation of misfit dislocations and
spreading of threading dislocations (being the disloca-
tion loops closed on the misfit dislocations [4]) in the
top layers of HEMT, up to the active layers.

In development of the heterostructures the most
wide-spread technology is the creation of the multi-lay-
er step-graded MM-buffers, because of a relative sim-

plicity of their manufacturing. Often, the step-graded
MM -buffer contains, as an additional element of the
design, an inverse step — a layer with smaller content
of In in comparison with a lower-level step [5]. The
main element of the design of the MM-buffer is a dis-
location-free layer formed in the upper part of the buft-
er; this layer, in its turn, can be used as a platform for
creation of an inverse step. A theoretical substantiation
of a possibility of formation of a dislocation-free layer
in the single-layer buffer of a variable composition
(i.e., with a variable lattice spacing) was presented in
[6]. The given theoretical model is an analysis of energy
variation in the system with the changing lattice spacing
when the system tends to an equilibrium. In the work
[6] it is shown, that formation of a dislocation-free layer
ensures a considerable gain of energy. From a general
standpoint, formation of a dislocation-free layer can be
considered as one of the mechanisms of a strain relief.
The level of the residual elastic strains in this layer is the
major characteristic of the whole design of the heter-
ostructure, while discovery of the laws underlying the
formation of a dislocation-free layer of the MM -buffer,
is a topical task, important for elaboration of the phys-
ical foundations for the development of the technology
of the heterostructures manufacturing.

In more detail the process of a strain relief was stud-
ied for the single-layer heterostructures of In Ga; _ ,As
composition (at x = 0.05...0.25), grown by MBE on
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GaAs substrates with (001) orientation. It was estab-
lished that in the single-layer heterostructures the strain
relief was characterized by three stages: slow, fast and
final stage of saturation. The slow stage consists in pen-
etration of the lattice dislocations from a substrate into
the epitaxial layer with their subsequent curvature,
which leads to formation of misfit dislocations at the in-
terphase boundary. The fast stage is the stage of multi-
plication of the misfit dislocations and sliding of their
dislocation loops; this stage proceeds at the thickness of
the epitaxial layer of about 100—800 nm. The third
stage is observed at the thickness of the epitaxial layer
more than 800 nm. This stage is characterized by brak-
ing of the sliding of the dislocation loops, caused by the
effect of work hardening. For the fast stage of strain re-
lief the authors experimentally received a number of the
numerical correlations establishing a connection be-
tween the value of the residual elastic compressive
strain and the thickness of the epitaxial layer [7—9]. In
[7] it is demonstrated, that between the residual com-
pressive strain and the thickness of the epitaxial layer
there is an inverse square-root dependence. In later
works [8, 9] an inversely proportional dependence was
established between these two values. The laws of the
fast stage of the strain relief discovered in [7] and [8, 9]
boil down to different physical principles: to the prin-
ciple of the balance of energies between the moving dis-
location and the elastic continuum surrounding it [10]
or to the principle of the balance of forces acting on the
sliding dislocation [11]. Existence in the single-layer
heterostructures of an inversely proportional depend-
ence between the value of the residual elastic com-
pressive strain and the thickness of the epitaxial layer
also follows from "the geometrical principle” [12],
which establishes that in the region near the interphase
boundary there is an inversely proportional depend-
ence between the linear size of the strain field caused
by a single dislocation and the density of the misfit dis-
locations.

The aim of the given article is determination of the
spatial distribution of the residual elastic strains in the
layers of a step-graded MM-buffer —strain field — for
revealing of a possibility of application of a phenome-
nological approach to description of the strain relief in
the multilayer thin-film systems. Unlike a single-layer
buffer of variable composition, a step-graded MM -buffer
allows us to use such a method of the structural analysis
as X-ray analysis. The most adequate method for stud-
ying of the structural state of the constructive elements
of MHEMT (metamorphic HEMT) design is the re-
ciprocal space mapping, because this method allows us
to take into account the effect the spatial misorientation
of the epitaxial layers — the effect, which is present in
the multilayer heterostructures, especially in case, when
they are grown on the vicinal surfaces [13]. The recip-
rocal space mapping became an experimental basis for
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the given work. The value of the present research con-
sists in the fact that it allows to optimize the design and
technology for manufacturing of the MM-buffer. For
designation of a heterostructure with MM-buffer we
shall use abbreviation MHEMT.

1. Experimental part

Design and manufacturing of MHEMT. The work was
devoted to investigation of MHEMT, grown on the vic-
inal surfaces of GaAs substrate with (001) orientation,
with a deviation angle of 2°, using a RIBER 32P instal-
lation. The heterostructure consisted of the active lay-
ers of InAlAs/InGaAs/InAlAs with a mole fraction of
indium, Xj,, equal to 0.394, and siX-step MM-buffers
with the thickness of each layer of 0.2 um, which in-
cluded an inverse step. Variation of the mole fraction of
indium in a solid solution of InAlAs during transition
from one step of MM-buffer to another for the first four
steps was equal to 0.1, for the fifth step it was 0.08. In
the sixth (inverse) step the mole fraction of indium was
equal to 0.394. The same content of In was in both bar-
rier layers of MHEMT. Accuracy of creation of the de-
sirable level of concentration of indium in the MM -buff-
er layers was £0.005.X;,,. The layers of the step-graded
MM-buffer were grown at the substrate temperature of
400 °C at a constant temperature of the source of alu-
minum with the layer growth rate of 0.5 um/hour. The
growth between the MM -buffer steps was not interrupt-
ed. The bottom barrier layer of Ing 394 Al go6AS com-
position was grown at temperature of 500 °C and it had
thickness of 0.2 um, i.e. same, as the MM-buffer steps.
Composition of the constructive elements of the heter-
ostructure was controlled by the temperature of the mo-
lecular sources of In, Al, Ga, As and Si on the basis of
calibration of the temperature dependence of the mo-
lecular beams. A schematic presentation of MHEMT is
given in fig. 1.

X-ray recording. X-ray recording was done in a
three-axial geometry with the use of a SmartLab 9 kW
X-ray precise diffractometer in a step-by-step mode and
copper irradiation of Ko1)- Ge single crystal with (002)
orientation was used as a crystal-analyzer. Recording
was done in two reflections of 004 and 224 (in the po-
sition of a grazing exit) in the mode of the so-called
(o — 20)-scanning, which consisted in application of
Bragg-Brentano technique at various initial angular de-
viations of a substrate from the Bragg angle, which is
reached due to a turn of the sample by a fixed angle Aw
about a <110> crystallographic axis. For the selected
reflection during recording a detection of the diffract-
ed X-ray radiation was done by scanning along the
scattering vector Hy;;: Hyy, (symmetric recording) and
Hyy,4 (asymmetric recording). For the symmetric re-
cording (reflection 004) the initial position of the sam-
ple corresponded to substrate position at the Bragg




maximum (Ao = 0). For the asymmetric recording (re-
flection 224) the value of Akl varied, which made it pos-
sible to decompose vector H,,, along the directions of
the reciprocal space [001] and [110]. In more details
the mode of (w — 2 0)-scanning is described in [14].
The sample for the X-ray recording had dimensions of
1.5 x 1.5 cm.

2. Experimental results

Reciprocal space maps. X-ray recording in the mode
of the three-axial scanning allows us to plot the recip-
rocal space maps, which represent contours of the equal
intensity of the diffracted X-ray radiation, presented in
the axes of space which is reciprocal relative to the crys-
tal lattice. Antinodes of the isoconcentration contours
represent interferential X-ray maxima, which are minor
ones in relation to the major X-ray maximum corre-
sponding to a substrate. The actual axes of the recipro-
cal space for the epitaxial layers of MHEMT, grown on
(001) GaAs substrate, are axis [110] (axis Y) and axis
[001] (axis Z). As the origin of the coordinates of the re-
ciprocal space we accept the point set by the scattering
vector corresponding to the substrate — the major X-ray
maximum. Thus, the antinode coordinates (of the mi-
nor X-ray maxima) are determined by vectors g, (qy)
and ¢y, (¢,), which represent deviations (along the
corresponding axes of the reciprocal space) from the po-
sition of the major X-ray max1mum H nk . arising from
the substrate. The set of vectors q , q004 and q224
is sufficient for determination of the Vertlcal and lat-
eral spacing of the lattice of a given epitaxial layer, and
also for description of the strain state of each layer of
the MM-buffer on the basis of the linear theory of
elasticity.

The reciprocal space maps of investigated MHEMT
for one of the azimuthal angles, are presented in fig. 2.
These maps have a rather complex structure, due to a
partial overlapping of the reflexes, and also absence of
a clearly pronounced reflex for layer 4. The character of
the relative positioning of the minor X-ray maxima on
the reciprocal space map for reflection 004 is charac-
terized by the corresponding rocking curve, presented
in fig. 3. It is visible, that the area of the diffracted ra-
diation, corresponding to layer 4, is much wider in an-
gular terms in comparison with other minor X-ray
maxima. The reasons for absence of a clearly pro-
nounced X-ray maximum for layer 4 on the reciprocal
space maps is the affinity of concentration of In in this
layer and layers 6 (7), and also, probably, a strong de-
fectiveness of layer 4 caused by the process of a strain
relief (below we will present the experimental proofs of
this). From the point of view of a structural state a strong
defectiveness of layer 4 makes it close to the amorphous
materials, which are characterized by wide X-ray maxi-
ma on diffraction patterns [15]. In order to find the ex-

act position of the X-ray maxima for layers 3 and 4 on
the reciprocal space maps we used the technique of
modeling of scan of X-ray diffracted radiation by a set
of Gaussians [16], which is fair for 004 reflection re-
ceived in the conditions of the symmetric recording.
This technique allows us to determine the values of vec-
tors q004 and q004 for these layers (accepting for these
Values the medians of the corresponding Gaussians).
During modeling we considered, that layers 6 and 7
(the inverse step and the bottom barrier layer) were
characterized by one strong reflex, which on the recip-
rocal space maps was between the reflex, corresponding
to layer 3, and the area of the diffracted X-ray radiation,
corresponding to layer 4. Thus, the number of Gaus-
sians during modehng was assumed as equal to 6. The
values of all vectors q were determmed directly on
the reciprocal space maps except vector qy 4 for layer 4
(the technique of Gaussians for reflection 224, ob-
tained in the conditions of the asymmetric recording,
was inapplicable). The values of the vectors of the re-
ciprocal space (except for vector q§24) are presented
in Table 1.

Strain field in the layers of MM-buffer. Values of the
vectors of the reciprocal space q204, qgo“ and q§24
low us to determine the quantities [(a;, — as)/as][om]
and [(a) — ay)/agl119}, Where a; and gjare, accordingly,
the vertical and lateral spacing of the layer’s lattice, a; —
lattice spacing of the substrate. According to the work
[17]

. —a 2O

( - S) T (D

ds 7 1001] 4/a +q,

224
() 6)

a; /110 3/2/ N Q224’
where

QJ2;24 _ ‘1)2;24 _ 11304- 3)

Expression (3) takes into account the effect of the
spatial misorientation of the epitaxial layers relatively to
GaAs substrate. In case of equality of the elastic strains
eq; and ey, and also absence of a diagonal off component
of the tensor of the elastic strain e;, (in this work the con-
ditions are accepted a priori), [(a; — ay)/aglpg1y and
[(a— as)/as][l 10] correspond to full (in relation to GaAs
substrate) strains 33 and g1y (g1; = [(g) — ay)/agl[100))s
which are diagonal components of the corresponding
tensor. (During transition from axis [110] — actual
crystallographic direction — to axis [100] the formulat-
ed conditions ensure equality between the experimental
value of [(a) — ay)/al11o; and full strain €;;.). The quan-
tities 53 and &, allow us to calculate on the basis of the
linear theory of elasticity the misfit ¢y = (ap — a,)/a,
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where ap — spacing of the fully relaxed lattice of the
given epitaxial layer.

The simplest method for calculation of the residual
elastic strains in the epitaxial layers of the multilayer
thin-film systems is an idea that in every epitaxial layer
of the MM-buffer the elastic stresses o35 (that is, stress-
es along axis [001]) are absent. At such an approach the
multilayer thin-film system boils down to a set of sin-
gle-layer heterostructures, the epitaxial layer of which
has a free surface, which allows us to simplify the prob-
lem essentially. In this case for the crystals of the cubic
system between the elastic strains e and es3, in ac-
cordance with Hook law, the following correlation will
be fair:

ez3 __2Cph 4
2= -2 )
€11 11

where C|; u C}, are elastic stiffness coefficients. Elastic
strains e; and the misfit g in the crystals of the cubic
system are connected between themselves by the fol-
lowing relation [18]

€ = €jj T € (5)
which allows us to determine the elastic strains rela-
tively to a substrate in every epitaxial layer. Considering
(4) and (5), it is possible to show, that the misfit g, and
full strains e33 and &;; (whose values are obtained ex-
perimentally) are connected among themselves in the

following way:

ii

2C,

eaey, Cn e ©

€)= €33

The experimental values of 8(3’ and e(l) (i is the
number of the layer), and also the results of calculatlon
of 38) and elll) , done on the basis of the experimental
data, are presented in Table 2. In the calculations the
lattice spacing of GaAs, in accordance with [19], is ac-
cepted as equal to 0.565321 nm. Cj and Cj, necessary
for calculation of the elasticity stiffness coefficients of
In,Al, _ As triple solutions were obtained on the basis
of Vegard’s law, proceeding from the corresponding da-
ta for the chemical compounds of InAs and AlAs [20].
The values of ¢, and e(1 1) presented in Table 2 were
obtained on the basis of equality 8(1 1) = 8(1 1) , which re-
sults from the analysis of the conditions for formation
of a dislocation-free layer [6]. The dislocation-free
structure of the fifth step of the MM-buffer is well vis-
ible in fig. 4, which presents a cross-section electron-
microscopic image of MHEMT (received by means of
a Jeol 2010 transmission electron microscope at the ac-
celerating voltage of 200 kV). We should point out that
equality 8(11) = 8(11) allows us to determine Vector qy24
for layer 4; thus calculated value of vector q agrees
with the reciprocal space map for 224 reflection (see
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fig. 2, b). From the data presented in Table 2 it is vis-
ible, that the inverse step (and also the bottom barrier
layer) are characterized by a considerably smaller value
of the residual elastic strain in comparison with the oth-
er layers, which corresponds to the ideology of creation
of an inverse step in the MM-buffer design [21]. These
two constructive elements have no influence on the
character of distribution of the residual elastic strains in
the first five steps of MM-buffer and we will not con-
sider them below. It is necessary to point out, that the
values of the misfit presented in Table 2 are less, than
the corresponding values of g calculated on the basis of
Vegard law. Such a state of affairs is, apparently, due to
the existence in the epitaxial layers of MHEMT of the
compressive stresses o33, the presence of which makes
the physical situation somewhat similar to a case of a
uniform compression. Nevertheless, the model of elas-
tic state of the system of layers, accepted in the given
work, describes correctly the structural state of the dis-
location-free layer and of the inverse step — the basic
constructive elements of the MM-buffer.

3. Modeling of the strain field on the basis
of a geometrical principle

The spatial distribution of the residual elastic strain
is presented in fig. 5. It is obvious that the distribution
consists of two parts: "a pedestal” relating to the bot-
tom four steps of the MM-buffer, and a deformation
"splash” characterizing the structural state of the fifth
step. Thus, the data of the X-ray structural analysis cor-
respond to the electron-microscope research imple-
mented in the given work (see fig. 4).

The numerical relation between the residual com-
pressive strain and thickness of the layer of In,Ga; _ ,As
composition (at x = 0.05...0.25), grown on (001) GaAs
substrate, established in [8, 9], looks like the following:

k
== 7
le 1 1| 7’ (7)
where 4 — thickness of the epitaxial layer, k — constant
equal to 0.8 £ 0.1 nm. The results received in our re-
search can also be described by a similar formula, which
looks like the following:

€] = leffl = <5 ®)

where h%" — thickness of the dislocation-free layer;
dfl . . . .. .
e] — residual elastlc compressive strain in the dislo-
cation-free layer; e11 — average residual elastic com-
pressive strain in the bottom four steps of the MM-buff-
er. The value of e‘f‘f characterizes the system consist-
ing of four bottom steps of the MM-buffer, as one




unit, and according to [22] it is defined by the follow-
ing expression:

(l)
ayv ze
ell - ) (9)

where h; — thickness of i-layer (step), i varies from 1 up
to 4. The value of the phenomenological constant k, in
our case, equals to 0.85 nm, which is close enough to
the value of k, received in the works by Dunstan [8, 9].
The physical-chemical properties of InAlAs and In-
GaAs solutions should be close, because the chemical
properties of GaAs and AlAs compounds are close
(these compounds have the same crystal lattices, prac-
tically identical lattice spacing and close values of the
elastic stiffness coefficients), hence, the relaxation
processes in the single-layer epitaxial heterostructures
with the layers of InAlAs and InGaAs should be charac-
terized by the same phenomenological constant. Hence,
in an ideal case of a strain relief in the MM-buffer
(that is, when the strain relief in the bottom steps of the
buffer occurs completely) the residual elastic strain in
the dislocation-free layer should be defined by the ex-
pression (7). The difference of the generalization,
which we offer, from the modeling description of the
process of the strain relief in a step-graded MM -buffer
[23], based on the ideas of a complete strain relief in
the bottom steps of the MM -buffer, consists in the fact
that it takes into account the influence of the "frozen"
strain field, appearance of which is caused by the ef-
fect of the work hardening, taking place in the bottom
(first four) buffer steps. A possibility of the existence
of "a frozen" strain field in the layered multilayer sys-
tems was mentioned in [24] in the modeling descrip-
tion of the behavior of the system of dislocations in
such objects.

The coincidence of the phenomenological constants
for the single-layer and multilayer step-graded heter-
ostructures (in the latter case with account of the effect
of "the frozen" elastic strain) allows us to create on the
basis of "the geometrical principle"” [12], expressed in
formulas (7) and (8), a rather simple graphic method
for calculation of the limiting values of the residual
elastic compressive strains and thickness of the dislo-
cation-free layer in a single-layer buffer with a contin-
uously varying (under the linear law) the misfit . The
method is based on the statement, that the process of
the strain relief is controlled by the product of gyh,.
(h. — a certain critical thickness of the layer, depend-
ing in the implicit image of the misfit g,), which is a
constant value, not dependent on the thickness of the
epitaxial layer 4. In case, when the thickness of the epi-
taxial layer & < h,, a strain relief does not occur. At
h > h. a process of a strain relief develops in the epi-
taxial layer, which ensures equality |e;|# = egh,. A con-

nection between the residual elastic strain and thickness
of the epitaxial layer is illustrated by fig. 6 (the axis of
the deformations in the figure is designated by a gen-
eralized symbol ¢, while the full strain in the lateral di-
rection ¢, — by the symbol Ag). The areas of the rec-
tangles presented in fig. 6 (designated by symbol S) are
equal to each other (in accordance with the data [8, 9]
S = 0.8 nm), which ensures agreement of the given
method of calculation of |e;;| with expression (5) and
allows to determine correctly the value of the residual
elastic strain. Fig. 7 presents a single-layer heterostruc-
ture with the misfit g, the value of which varies by the
thickness of layer 4 in a linear way. The area of the tri-
angle S cut off by the straight line g((z) is equal to the
areas of the rectangles presented in fig. 6. It is not dif-
ficult to show that in this case the thickness of the dis-
location-free layer of z; is determined by the following
expression:

p = 2—S, (10)

o

where o — modulus of the rate of grade |dey/dz|, while
the residual compressive strain g at the surface of the
layer (at point z = 0) will be equal to
e(z=0)=¢g,= 25a. (11)
Let us check applicability of the given method to
calculation of the thickness of the dislocation-free layer
and the residual compressive strain created in it in re-
lation to the studied MHEMT, assuming, that the used
approximation, considering the step-graded MM-buff-
er as a set of layers with a free surface, describes ade-
quately the structural state of the buffer’s steps. In this
case, in accordance with the design of the step-graded
buffer, the elastic compressive strain in a dislocation-
free layer |e1{Z | (with correction for the effect of the
"frozen" strain field) will be the averaged value of func-
tion &(z) in segment 0 < z < z; in the single-layer buffer
of a Var1able composition. Thus, in the step-graded
buffer |e11 | = ¢,/2 = /280 /2. A possibility of applica-
tion of the given method to the studied MHEMT is il-
lustrated by fig. 8, which shows a spatial distribution of
the misfit g, in the first five steps of the MM-buffer. It
is visible that distribution of so(z) is close to the linear
one with a gradient of 3.1 * 107° I Calculation on
the basis of formulas (10) and (1 1) gives the values of
2% =230 nm and || = 3.5+ 1073, which differ a little
from the correspondmg experimental values: z, = 200 nm
and (|e15l | — le{]) = 4.25-10" 3. Proceeding from
these data it is poss1ble to draw a conclusmn, that the
dislocation-free layer of the MM-buffer in the given
MHEMT, as a constructive element bearing the basic
structural load, is overstressed. From our calculations it
follows, that the optimal thickness of the layer is equal
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to 230 nm. An increase of the thickness of the dislo-
cation-free layer will lead to reduction of the elastic
compressive strain and, hence, to reduction of the lev-
el of the compressive stresses, which should affect pos-
itively the quality of the subsequent epitaxial layers
and, as consequence, improve the electric-physical
parameters of the two-dimensional electron gas in a
quantum well.

Conclusion

An example of the step-graded MM-buffer shows
that the approach to the layered thin-film system as a
set of separate epitaxial layers with a free surface al-
lows us to calculate the value of the residual elastic
compressive strain in each step of the buffer and to re-
veal general laws of behavior of a strain relief in the
multilayer and single-layer heterostructures. Despite
the existence due to work hardening in the layers of
MM-buffer of the compressive vertical stresses ap-
proaching the physical situation in each epitaxial lay-
er to a case of a uniform compression, such an ap-
proach describes correctly the structural state of such
important constructive elements of the step-graded
MM -buffer as a dislocation-free layer and an inverse
step. A correction for the effect of work hardening in
the bottom steps of the MM -buffer allows us to receive
a phenomenological description of the strain relief
similar to the one established for the single-layer het-
erostructures. On the basis of the offered approach a
graphic method was developed for calculation in the
step-graded MM -buffer of the thickness of the dislo-
cation-free layer and the elastic compressive strain
created in it.
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MEPEXOA OT CMAABHOM K HECMAABHOM TEXHOAOTUU
OMUYECKUX KOHTAKTOB P POCTE AUATIA3OHA
PABOYNX HACTOT CBH MUC HA OCHOBE HUTPUAA TAAAUA

Ilocmynuna 6 pedaxuyuro 05.07.2017

IIpedcmaenenst pe3yssmamol CpAGHEHUs CNAABHOU MEXHOA0UU POPMUPOBAHUSA OMUHECKUX KOHMAKMOB C HECHAAGHOU 8 Map-
wpyme uzeomogaenus CBY nosegvix mpan3ucmopos u cxem Ha ux ocHose. [lepeuucienvl mpe608aHUs K OMUYECKUM KOHMAKMAM,
npedsseasemvie npu uzeomosnsenuu CBY nosesvix mpanzucmopos. [lokazano, umo 3amena cnaagHou MexHoN0UU OMUYECKUX KOH-
MAaKmos8 HecnAAGHOU MexHoA02Uell NO360AUM 00ecneYums pocm 4acmomHbiX NAPaAMempos mpaH3ucmopos U cxem Ha ux 0CHO8e
He MOoAbKO 3a cyem YMeHbUeHUs YOeabH020 CONPOMUBAEHUS, HO U 3A CHem OMCYMCMeEUs 8biCOKOMeMNepamypHo2o CHAAGAeHUS
MPAOULUOHHBIX OMUHECKUX KOHMAKMO8, 06ecneuusaoueeo nadkuii peaved nosepxHoCmu KOHMAKMHOU Memaiiu3ayuu, Heoo-
X0OUMbLL 0151 MOUH020 nuUcbleanus 3ameopos lllommiu é paccmoanue cmok — ucmok CBY noaeeoco mpansucmopa.

Karouesvte caosa: numpuo earnus, omuteckui KOHmMaKkm, noAe80U MpPaH3UCMOp, CHAABHAS MEXHOA0US, HECHAAGHAs MeX-
Hon02Us1, YOeabHOe KOHMAKmMHoe COnpomusaenue, Mopghoaoeus, 60CnpoU38o00UMOCHb

BBenenne

B Poccum, xak u 3a py0exxoMm, TEXHOJIOTUM CO3Aa-
HUSI U3aeuil cBepxBbicokouacToTHON (CBY) anmekt-
POHUKHU OTHECEHBI K KPUTUIECKUM TexHoJorusiM. Oco-
OEHHOCTb TEKYIIEro MOMEHTa — HOBbIE TEXHOJIOTUU
CBY 31eKTpOHUKHU TOJBKO pa3padaThIBAIOTCS, BJie-
MeHTHas 0a3a elle co31aeTcsl, PhIHKU TOJbKO (hOpMU-
pytored [1]. CaHTUMETPOBEIN 1 MIJUTUMETPOBBIN T1a-
MMa30HBI IJIMH BOJIH MPEIACTABIISIOT OOJIBIION MHTEPEC
C TOYKM 3peHUsS MHOTOMDYHKIMOHATBHBIX TPYIIOXKE-
Huii. Cioga MOXHO OTHECTU: BbICOKOIIPOU3BOIUTEb-
Hble KaHaJbl TOYKA-TOUKa C MPOMYCKHOI CITOCOOHOC-
Thi0 140/155 M6UT/c; MarucTpanabHble COCAUHEHUS C
yactotamu 7,9...8,4 I'T1; cuctemMbl pagapoB, BKIIOYast
PJIC ¢ cuHTe3upoBaHHOI amepTypoii, aHTEHHbIE pe-
IIETKU C 3JIEKTPOHHBIM CKaHUPOBAHUEM M aKTHUBHBIC
(dasupoBanHbIe aHTeHHBIE peleTKu (ADAP); amma-
paTypy CUCTEM M KOMILUIEKCOB HAaBUTIallMd W CBSI3U;
CUMYJISITOPbI U 000pYyAOBaHWeE ISl TECTUpOBaHUS [2].
IIpn ocBoeHun yactoTHoro auanaszoHa Beime 10 I'Ti

OB cieIaH BBIBOJ O HEOOXOAMMOCTHU IIPOBEACHMS UC-
cJieOBAHU TTO0 ONITUMM3ALUU Pslia TEXHOJOTMYECKUX
onepauuii usroropieHnuss CBY TpaH3UCTOPOB U cxeM
Ha ux ocHoBe. [Ipu paszpaboTKe MOHOJMUTHBIX MHTET-
panbHbIX cxeM (MU C) caHTUMETPOBOIO U MUJLJIMMET-
POBOI0 YaCTOTHBIX IMAIIa30HOB IJIAHWPOBAJIOCH BHEI-
PUTH TEXHOJIOTUIO HECIJIABHBIX OMUYECKUX KOHTaK-
ToB. PaccMOTpUM TNpUUYMHBI HEOOXOAMMON 3aMEHBI
TPaIMIMOHHBIX CIUIABHBIX OMUYECKUX KOHTAaKTOB Ha
HECIJIaBHYIO TEXHOJIOTUIO MPHU pocTe pabovero auana-
30Ha 4acToT, u3roronisieMbix MUC.

MeToapl GopMHPOBAHNS OMHUYECKHX KOHTAKTOB.
CniiaBHble M HECIUIABHbIE OMUYECKHE KOHTAKTbI

OMMYecKre KOHTAaKTHl K CTPYKTypaM Ha OCHOBE
HUTpUIA Taius GOPMUPYIOTCS AByMsI METOJAMMU: C
TMOMOIBIO CIJIABHOW M HECIUIaBHOM TexHoJioruii [3].

OMuyecKre KOHTAKThl K HUTPUIY Tajuiusl, (hopMU-
pyeMBIEe C HCTIOJIb30BAHNEM BBICOKOTEMIIEPATYPHOTO
obicTporo Tepmudeckoro otrxkura (RTA) monyuwnu
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Ha3BaHME CIJIABHOTO OMHUYECKOTO KOHTaKTa M HaIILIN
IIUPOKOE NMPUMEHEHUE B MEPBbIX PabOTax Mo MOJeBbIM
CBUY tpaH3ucropam.

MOXHO BBIIEIWTH JABAa OCHOBHBIX 3Tana (hOpMU-
pPOBaHMS CIUIABHBIX KOHTAaKTOB K Te€TePOCTPYKTYpe
AlGaN/GaN.

1. Ilodbop cucmemvr memasauzayuu. JIas1 co3gaHus
OMHYECKOI0 KOHTAaKTa K MOJYIIPOBOAHMKAM A-TUIA HA
ocHoBe GaN uyalle BCero MCHoJb3yIOT MHOTOKOMIIO-
HEHTHbIE KOHTAKThl Ha ocHOBe Ti, oOpa3yroliye B IIpo-
lecce TepMooOpabOTKU COeTUHEHNsI ¢ HU3KOI pabo-
Toi BbixoJa [4]. Huskoe compoTuBlieH e OMUUECKOTO
koHTakTa Metayur — GaN (1o 107°—1077 Om-cm?
MPU BBICOKMX KOHLEHTPALIUSIX HOCUTEIEeH B MOJYIPO-
BOJIHMKE) OOBIYHO CBSI3bIBAIOT C OOpa3oBaHUEM Ba-
KaHCHUil azoTa 3a cueT B3aumozeictBust GalN ¢ maTe-
puaioM KoHTakTa, Hanpumep Ti. Takue BakaHCUM
azoTa o0pa3yloT HapyLIEHHbIH CJIOW MOJI KOHTAKTOM,
WTPAIOIINI POJIb CJIBHOJIETUPOBAHHOTO CJIOST.

2. Ilod6op pexcumos mepmuueckoii oopabomru. Ilon-
60p TemmepaTypsl, BpeMEHHN OTXWTa, a TaKXKe KPUBOU
HarpeBa. OTXXUT TIPOBOIST B UHEPTHOM cpene.

®dopMHUpOBaHNE CIUIABHBIX OMHYECKMX KOHTAaKTOB

K rerepoctpykrypam AlGaN/GaN 3akioyaercs B Oc-

HOBHOM B BBIOOpE KOMITO3UIIMM W 3KCIIEPUMEHTAIb-

HOM MCCJIEIOBAHUU BIWSHMS pa3HbIX HAOOPOB KOM-

MO3ULUU (1O TOJIIMHE CJI0€B), TMOO BIUSHUS OTHOTO

CJI0S1 KOMITO3ULIMU TIOCJIe CTAaHAAPTHBIX TEPMUUYECKUX

00paboTOK Ha KOHEYHOE YyIeJIbHOE€ KOHTAaKTHOE CO-

MPOTUBJEHUE U MOPGOJIOTUIO TOBEPXHOCTU KOHTAKTA

(M3MepeHue 111epOXOBATOCTH).

OO0pa3oBaHH€ HeCTIaBHbIX OMWYECKUX KOHTAaKTOB
naeT K cribHoJerupoBanHoMy GaN, 3a cueT 3TOro
ero MOXHO paccMmarpuBaTh Kak Oapbep IloTTkM C
HU3KUM WU Y3KUM TOTeHINAIBHBIM O0apbepoM. [1o-
35TOMY MEXaHM3M IPOTeKaHUS TOKa Yepe3 TaKue OMMU-
YeCcKMe KOHTAKThl HOCHUT XapaKTep TYHHEIUPOBaHUS
WM TI0JIEBOM aMuUccum [4].

MeToabl HeCIUIaBHBIX OMUYECKUX KOHTAKTOB MOX-
HO IIOJEJUTH IO CAEAYIOIIUM criocodam ¢hopMupoBa-
HUS cuiabHoiernpoBaHHoro GaN:

e TIpeABapUTENIbHOE JIETUPOBAaHUE 3alIMTHOTO (KOH-
TaKTHOTO) CJIOS B IPOLIECCE POCTa IeTepOCTPYK-
TYpHI;

e MOHHOE JIETMPOBaHME OOJIacTel ITOA OMUYECKUe
KOHTaKTHI,

e JlOpalliMBaHue cujbHoserupoBaHHoro GaN yepes
MpeaBapuTeIbHO C(OOPMUPOBAHHYIO MACKY.

IIpu ucroyib30BaHUU CUJIBHOJETMPOBAHHOIO 3a-
IIUTHOTO (KOHTaKTHOro) cioss GaN, chopMHUpOBaH-
HOTO TIPM POCTE TeTePOCTPYKTYPHI, HEOOXOIUMO yIa-
JINTh CUJIBHOJIETMPOBAHHBIN MOJYMPOBOAHUK B 00J1ac-
TH MEXIY OMHUYECKUMM KOHTaKTaMu. st popmupo-
BaHus1 CBY moJieBbIX TpaH3UMCTOPOB Ha CTPYKTYpax
n+—GaN/A1GaN/GaN rnocjie co3naHusi NpudOpHOI
MU30JISIIMK U HaMbLIEHUSI KOHTAKTHOM MeTaiM3aluu
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HYXHO CEJIKTUBHO TIJIa3MOXMMMUYECKUM TpaBJICHUEM
B XJI0pcomepxalieil cpeae yaaautb n' -GaN 10 6apb-
epHoro cios1 AlGaN. HaHocuMmasi meTamu3auus Ha
n*-GaN mnosBossieT cpasy IMOoJIyYUTh OMUYECKMIT KOH-
TakT 0e3 TepMUYeCcKOro oTxura. IIpu 3ToM mpoucxo-
JUT TIJIa3MEHHOE BO3JEMCTBHME B pe3yJibTaTe TpaBlie-
Hust GaN Ha GapbepHBIi CJIOI, C BHECEHUEM B MOI3a-
TBOPHYIO 00J1aCTh J1e(EKTOB.

®dopmupoBanue cribHONErnpoBaHHOTO GaN MoH-
HOW UMIUIAHTALUENA TPOXOIUT B JBa ATAla, MOHHAs
AMITIAHTAllAs KpeMHUs (3aTOHKA TIPUMECH) depes
MpeaBapUTEILHO CHPOPMUPOBAHHYIO MACKy U MOCIE-
IVIOIII BBICOKOTEMIIEPATYPHBIN OTXUT (pa3roHKa
uiu aktuBaumsl npumecu). Ilocne dopmupoBaHus
obyracTeit, JIeTUPOBAHHBIX KPEMHUEM, BBITTIOTHSIECTCS
KOHTaKTHasl MeTa/uiu3alvsi, He TpeOylolasi BbICOKO-
TeMmIiepaTypHoil o0padoTku. VM cronbp30BaHEe NOHHOM
MMIUIAaHTAlMU 110J, OMUYECKHE KOHTAKThI PUBOIUT K
00pa30BaHNIO BHICOKOM TIJIOTHOCTH JIe(EeKTOB BO Bpe-
Ms$I BBICOKOTEMIIEPATYpHOI'O OTXUIa B HEUMILIAHTU-
POBaHHBIX 00JIaCTSIX.

Ha ceronnsimiHuii 1eHb HanboJsiee pacnpoCTPaHEH-
Hasl TEXHOJIOTMST HECTUIABHBIX OMUYECKUX KOHTAKTOB K
rerepocTpyktypaM AlGaN/GaN — TeXHOJOTUs 3ITH-
TaKCUAJIbHO MOpallMBaeMOro CUJIbHOJEIMPOBAHHOTO
GaN B OKHax MoJi OMUYECK1UE KOHTAKThl yepe3 Ipea-
BapuUTeJIbHO copMmupoBaHHYI0 Macky [5—8]. Cytb
MeToaa 3aKiIyaeTcs B (OPMUPOBAHUM TUDIIEKTPU-
YeCcKOW Macku Ha TreTepoCTpyKType, 3aTeM (hOpMU-
pOBaHME B AMBJIEKTPUKE OKOH IOJ OMUYECKHUE KOH-
TaKTbl, MUTAKCHANBHBINA pocT n'-GaN Tpu Temrte-
patypax nopsaka 800 °C, KoTopble HUXE€ POCTOBBIX
TeMIIepaTyp TeTePOCTPYKTYPHI, YIaJeHUE TUIICKTPHU-
YeCKOM MacKy U HaIbIJICHUE METAIIM3allii KOHTaKTa
Ha n -GaN. B HeKOTOpbIX BApHAHTax Mepel SMUTAK-
CHAJIbHBIM POCTOM TUIA3MOXMMUYECKU Yepe3 AUJIEK-
TPUYECKYIO MAcCKy 3arTyOisioTCs 10 YPOBHS IByMEPHO-
ro ajekTpoHHoro raza (2DEG). CxemaTtuyecku cxeMa
(opmurpoBaHMST HECIITIaBHBIX OMUYECKIX KOHTAKTOB C
JopallBaeMbIM n"-GaN mokasaHa Ha puc. 1.

HocToMHCTBAaMY HECIUIAaBHBIX OMUYECKUX KOHTaK-
ToB K rerepocTpyktype AlGaN/GaN sBisiioTcsl XO-
polias BOCIIPOUM3BOAUMOCTh (3aBUCUMOCTD COITPOTHUB-
JIeHUs B OCHOBHOM OT JjiermpoBaHHoro GaN); xopo-
1masi MOp(oJIOTMsl KOHTAKTOB, KOTOpPash OMpeaeIsieTcs
TOJIBKO IIIePOXOBATOCTHIO TTOBEPXHOCTH IO METAJIIN -
3all1I0 1 BHECEHHBIMM AeheKTaMU caMoii MeTaJlJiM3a-
1IMW; HU3KOe cornpoTuBiaeHue. Hemocratok — HeoOxo-
JMMOCTb B MCIIOJb30BAaHUU BBICOKOTEXHOJOTMYHOTO
JIIOPOTOCTOSIIIETO 000PYIOBAHNSI.

Hns peanuzauuu CBY TpaH3UCTOPOB € HeCILIaB-
HBIMM OMUYECKMMU KOHTaKTaMu Oblla BbIOpaHa TeX-
HOJIOTHS C OOpallliBaHWEM CUJIBHOJIETHPOBAHHOIO
GaN, Tak KaK B Hell OTCYTCTBYIOT IJJa3MOXMMUYECKOE
Bo3zaeiicTBMe Ha OapbepHbIid cioil AlGaN U BbICOKO-
temriepaTypHast aktuBauusi (6osee 1000 °C) mepen
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Puc. 1. CxemaTHueckoe u300paxkenne HCNOJIb30BAHNUS AOPAIMBAEMOT0 CHIbHOIernpoBaHHoro GalN npu (opMHPOBAHMH HECTLIABHBIX OMHYECKHX
koHTakTOB K AlGaN/GaN: a — 6e3 3arty6neHust no yposHs 2DEG; b — c 3arnyonenuem no yposhst 2DEG

Fig. 1. Regrown heavily doped GaN use in fabrication of non-alloyed ohmic contacts to AlIGaN/GaN: a — without penetration down to 2DEG level;

b — with penetration down to 2DEG level

HaHeceHWeM KOHTaKTHON Mertanu3anuu. [Ipu stom
¢opMuUpyeMbIe TUBICKTPUUYECKIE MOKPHITUAS IJISI CO-
3IaHUSI MACKU TIOJ, POCT CIYKaT 3allUTHBIM CJIOEM JJIsI
aKTUMBHBIX 00JacTeil reTepocTpyKTyphl. Ha peanmsa-
LIMIO HECTUIaBHBIX OMMYECKHUX KOHTAKTOB C UCIOJIb30-
BaHMEM IUAJIEKTPUUECKON MACKU MOMA POCT CUJIBHO-
snerupoBaHHoro GaN ObuT nmosiydyeH ImaTeHT Poccuiic-
kot Mdenepanum [9].

TpeOoBaHHA K OMHYECKAM KOHTAKTAM
NpH W3rOTOBJIEHUH TOJIEBBIX TPAH3UCTOPOB
HA TeTePOCTPYKTYPaX HA OCHOBE HATPHIA TaJLIHsA

Ha stane wW3rotoBiieHWsI OMUYECKUX KOHTAKTOB
MOJIEBOTO TPaH3UCTOPA OHU JOJIKHBI YAOBJIETBOPSTH
HEKOTOPHbIM TpeOoBaHUsIM. OJHO M3 OCHOBHBIX Tpe-
00BaHMI1 — HU3KOE YIEeJIbHOE KOHTAKTHOE COMPOTUB-
JIeHHe U BOCIIPOU3BOAMMOCTb. [ToMHMO 3TOro omu-
YeCKMe KOHTAKThl JOJDKHBI MMETHh BBICOKYIO TPOBO-
JUMOCTb, XOPOIIYI0 aAre3ul0 MeTajIoB K IOJIyIpo-
BOJIHUKY, TEMJIOBYID YCTOWUYMBOCTb, OAHOPOJHOCTH
IrpaHULIbl KOHTAaKTa, TEXHOJOTMYHOCTh ((popMupoBa-
HUE KOHTaKTa IOCTYIMHBIMKW METOAAMM), BBICOKYIO
KOPPO3UIHYIO CTOMKOCTD, XOPOILIIYI0 MOP(OJIIOTHIO M0-
BEPXHOCTU METAJUIM3ALNMU.

YMeHbllIeHUE yAeIbHOTO KOHTAKTHOTO COMPOTUB-
JIeHUSI K TeTepOCTPYKType BIUSET Ha JOCTYIl K ABY-
MEPHOMY 3JIEKTPOHHOMY Ta3y TeTepOCTPYKTYpbI, U
COOTBETCTBEHHO Ha CTaTMYEeCKME U JMHAMUYeCKue
XapaKTEPUCTUKU MOJIEBBIX TPaH3UCTOPOB. I[losTomy
yMEHbIIIEHNE KOHTAKTHOTO COMPOTUBICHUS TIPUBEIET
K MUHUMM3ALUU TTapa3uTHBIX COMPOTUBICHUNA TPU-
6opa. OMTHUMU U3 OCHOBHBIX YaCTOTHBIX MapaMeTPOB
CBUY moneBoro TpaH3uCTOpa SIBJISIIOTCS €r0 TpaHU4-
HBIE€ YaCTOThI YCUJIEHUA 10 TOKY F; M IO MOIIHOCTH
F

max:
I -1
F,= 27{4%’} + Co(Ry+Rp | (1)

Ve

rae R, R; — conpoTusieHne UCTOKA 1 CToKa; Coo —
€MKOCTb 3aTBOP — MCTOK; U, — JIpei(oBas CKOPOCTb
9/IeKTPOHA; L, — IIMHA 3aTBOPA;

Ft
Finax = ; ()

max
C
(R,+ Rg+ R)) gD+ng_d
Ces

1€ gp — BBIXOAHAs NPOBOAUMOCTD; g,, — KPYTU3HA,;
Cgy 1 Cyg — EMKOCTH 3aTBOP — CTOK U 3aTBOP — KC-
TOK; R; — BHYTPEHHEE CONPOTUBJIEHUE 3aTBOP — MUC-
TOK; Rg — COMNpPOTUBJIEHUE 3aTBOPA; Rg — CONMpPOTUB-
JIeHe UCTOK — 3aTBOP.

B BeIpaxkeHussx naHHbIX napameTpoB (1) u (2) Bua-
Ha 3aBHCUMOCTb YaCTOTHBIX TapaMeTpoB OT COIPO-
THUBJICHUS MCTOKA, CTOKA ¥ BHYTPEHHETO COIPOTHUBJIE-
Hus 3aTBop — McToK [10].

Takum 006pa3oM, yMEHBILIEHUE YIAEIBHOTO COIIPO-
THUBJICHUS] OMUYECKUX KOHTAKTOB MO3BOJIUT YIYULLIUTh
napaMeTphbl MOJIEBOrO TPaH3UCTOpa, HA OCHOBE KOTO-
pbIX (HOPMUPYIOTCSI MOHOJIMTHBIE MHTErpajbHbIE CXe-
Mbl. [Tpu TpaagMLIMOHHON CIJIABHOM TEXHOJIOTUU YIEb-
HO€ COMpPOTUBJIEHUE cocTaBisieT 00bIuHO 0,5 OM * MM,
Nnpu HecruiaBHOW TexHosioruu — 0,15 OM * MMm.

Buenpenue TexHoaoruv (popMUpOBaHUS OMUYEC-
KMX KOHTAaKTOB B IPOMBIIIJIEHHOE MPOU3BOACTBO U
HCIOJIb30BaHUE €€ MPU HUCCIeIOBAaHUM MPUOOPOB Ha
HUTpUIE Tajliusl TpeOyIOT XOpolleid BOCIPOU3BOIU-
MOCTH pe3yjbTaTa (POpMUPOBAHUS KOHTAaKTOB. To
€CTh pe3yJIbTaT OJKEH 3aBUCETb OT MEHbILIEero Yyncia
rnapaMeTpoB Tpoiiecca (HOPMHUPOBAHUS OMUYECKOTO
KoHTakTa. [1pu TpaaguLIMOHHOM CIUIAaBHON TE€XHOJOTUHU
KOHEYHBIN pe3yJibTaT 3aBUCUT OT OOJIBLIIOTO YMCIIa Ma-
paMeTpoOB: 3TO TOJIIMHA KaXIOro CJI0s1 KOMITO3ULIMU
METALIU3AIMUM OMUYECKOTO KOHTAKTa; TEMIEPATYpa;
BpeMsI CILIaBJI€HUSI KOMITO3ULIMU U BIUIABJIEHUS B 1O-
JIYIPOBOIHUWK; KpuUBasi HarpeBa. Pabouuit nuamnazoH
TeMmIiepaTyp cruiaBieHus — y3Kuidl. [Ipu HecruiaBHOM
TEXHOJIOTUM PE3yJbTaT OMNpenessieTCss KaueCTBOM
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Puc. 2. ®ororpadun mopdosiornd ciiiaBHbIX (a) ¥ HECIUIABHBIX (b) OMHYECKHX KOHTAKTOB, NMOJyYeHHbIE B ONTHYECKOM MHKPOCKOIE
Fig. 2. Photographs of the morphology of alloyed (a) and non-alloyed (b) ohmic contacts obtained with optical microscope

c(hOpMUPOBAHHOIO CUJIbHOJETUPOBAHHOTO MOJYIPO-
BOJHMKA TMOJ MeTa/UIM3aleii OMMYECKOro KOHTAaKTa.

B mutaHe TexHONIOrMYeCKOH peann3aiuy CIiJIaBHbIE
OMMYECKHe KOHTaKThl MpocThl. HeobxonuMo HaHeCcTH
COCTaB KOMITO3ULIUU METAJLTU3ALMM OMUYECKOTO KOH-
TakKkTa C COOTIOJEHUEM BCEX TOIIMH CJIOEB, OCJE Ha-
HECEHMSI TIPOBECTH OTXKUT B MHEPTHOM cpefie B OIpe-
NleJIEeHHOM WHTepBaje temneparyp. [locne crutasie-
HUS HOPMUPYETCs pa3BUTHINM peibed MeTalau3aluu,
YTO HE TO3BOJISIET MCIIOJb30BaTh JaHHBINA CIOU IJIs
¢dopmupoBaHus nepudepun npudbopa U METOK s
3JIEKTPOHHO-JIYyYeBO JuTOorpacuu. DTo 3aTpyAHSIET
BrnMchiBaHue 3aTBopa LLIOTTKU B paccTosiHUME CTOK —
HUCTOK, YCJOXHSS TakuM oOpa3zoM ¢opMUpOBaHUE
NpUOOPOB C MAJIbIM PACCTOSIHUEM CTOK — MCTOK IpHU
U3TOTOBJIEHUM TMPUOOPOB, paboTarolnXx B 6ojiee Bbl-
COKOM YacTOTHOM JMara3oHe.

HecmnnaBHble oMuUYecKue KOHTAKThI 3a CYET OT-
CYTCTBUSI BBICOKOTEMIIEpaTypHOIl OOpabOTKU TMocCie
HaHECeHHUsI coCTaBa METaUIM3allMyd KOHTaKTa IMO3BO-
JISIIOT COXPaHUTb TNAaAKUUN pefibed U POBHYIO TpaHUILY
OMUYECKHUX KOHTAKTOB IOJIEBOIO TPAaH3UCTOPA B CXe-
Me. DTO JaeT BO3BMOXHOCTb (hOPMUPOBATh METKU ISt
9JIEKTPOHHO-JIyYeBOM JUTOrpapuu B OJHOM CJIOE C
MeTaJuiu3alueld KOHTaKTOB, UTO 00ecrieurBaeT JayJlliee
BIMCBIBAHME MEXIAY OMUYECKMMHU KOHTaKTaMHU IoJie-
BOT'O TPaH3UCTOPA, PACCTOSIHUE MEXAY KOTOPBIMU MO-
JKET COCTaBJISITh HECKOJIBKO MUKPOMETPOB. Mopdoio-
rust cOPMUPOBAHHBIX OMHYECKMX KOHTAaKTOB Ha TeC-
TOBBIX 2JIEMEHTaX JUISl CIUIABHBIX U HECIIJIaBHBIX OMU-
YeCKMX KOHTAaKTOB IOKa3aHa Ha puc. 2.

Kaxk mokasbiBaeT 3apyOekHasi MpakTuKa, IJis J0-
CTVDKEHMSI MaKCMMAaJbHOIO pe3yjbTaTa Ha TIeTepo-
CTPYKTypax Ha OCHOBE HUTPHUJA rajuius UCIOJIb3YETCS
TEXHOJIOTMST HECTIJIABHBIX OMUYECKHX KOHTaKTOB. I1o-
JIydeH TIpeles MO TPAHWYHOU 4YacTOTe YCWIEHUS IO
TOKY JUISI TETEPOCTPYKTYP Ha OCHOBE HUTPUAA TaJlIUs
B 2013 r., KoTtopbiii coctaBu 454 I'T11 3a cueT UCTONb-
30BaHMST TEXHOJOTMU HECIUIAaBHBIX OMUYECKUX KOH-
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TaKTOB K JBYMEPHOMY 3JIEKTPOHHOMY ra3y M TEXHO-
Jjoruu camocoBMellieHus [11]. ITpu aToMm mimHa 3aTBO-
pa coctaBmia 20 HM, a pacCTOSIHUE CTOK — MCTOK —
120 HM.

3aMeHa CIUIaBHOM TeXHOJIOTUM (QOpMUPOBaHUS
OMMYECKMX KOHTAKTOB HA HECILJIABHYIO, IOMMMO
YIY4YLIEHUs] YAEJIbHOTO COIPOTUBICHUSI OMUYECKMX
KOHTaKTOB, MO3BOJIUT OTKA3aThCSl OT BEICOKOTEMIIEpa-
TYPHOT'O OTXUTra, YTO OOECITeUUT JIyulliee BIIUChIBAaHUE
3aTBopa LLIOTTKM 1 yMEHBIIUT PACCTOSIHUE CTOK — UC-
TOK JIJI1 BOCITPOM3BOAMMON pean3aliuy MpoeKTOB Ha
yacTOTHbIe Auana3oHbl Beiiie 10 I'T1 Ha reTepocTpyk-
Typax AlGaN/GaN.

CpaBHeHHe YACTOTHBIX XapAKTEPUCTHK MOJEBBIX
TPAH3UCTOPOB C OMHYECKHMH KOHTAKTAMM,
H3rOTOBJIEHHbBIMH Pa3HBIMH METOAAMM

Hdna oleHKM BKJaga Mapa3uTHOTO COIPOTHBIIE-
HUSI OMIYECKNX KOHTAaKTOB B YACTOTHBIC XapaKTepuC-
TUKH TIOJIEBOTO TPAH3MCTOpPAa CPABHUM XapaKTEepPHC-
TUKW TECTOBBIX TPAaH3MCTOPOB OOWHAKOBOH TOIOJIO-
ruu (2 X 50 MKM), U3TOTOBJICHHBIX Ha CXOXHX KOHC-
TPYKIHSIX TETEPOCTPYKTYP C OMMHAKOBBIMU 3aTBOPaAMHU
IO CIUIABHOW U HECIUIABHOW TEXHOJIOTUSM OMUYECKUX
KOHTaKTOB. JlaHHBIE CpaBHEHMS IIPEICTaBIISINCh U
00CyXIanuch Ha POCCUNCKUX U MEXITYHAPOIHBIX KOH-
depenuusix [12—135].

7151 M3roTOBJIEHUS TTOJIEBOTO TPAH3MCTOpa Ha Te-
tepocTpykTtype AlGaN/GaN HeoOXoauMo BBIMOJIHE-
HUE CJIEAYIOIINX KITIOUEBbIX 3TAIOB:

e (GopMUpoBaHUE MNPUOOPHON M3OJSLMU 3a CYET
IJIA3MOXMMHMYECKOTO TPaBJICHMSI aKTUBHBIX CJIOEB
TeTepOCTPYKTYPbl B MeCTax 3JIEKTPUUYECKOTO pas-
phIBa TI0 TIOJIYTIPOBOTHUKY;

e (opMUpOBaHME OMHUYECKMX KOHTAKTOB (JIMOO
CIIaBHAsA, TMOO HECIIaBHAS TEXHOJIOTHH);

o (dopmupoBanue 3arBopa LLIoTTKH, co3maHmne CIoX-
HOro mpodWis B pe3UCTUBHOM Macke, ¢ Mocjeny-
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Puc. 3. YacToTHbIE XaPAKTEPUCTHKH TECTOBBIX TPAH3MCTOPOB C CyMMapHO# mupuHoi 3aTteopa 100 Mkm 1 aymnoi 0,12 MKM, M3roTOBJIEHHBIX
co ciuiapHbivH (RTA) n neciuiapasiMi (NonRTA) oMuyecKAME KOHTAKTAMHE: @ — FPAHUYHAS YaCTOTa yCUJIEHUS 10 TOKY; b — rpaHUYHAs YacToTa

YCUJIIEHUA TTO MOIIIHOCTU

Fig. 3. Frequency-response characteristics of test transistors with the total gate width of 100 um and total length of 0.12 um fabricated with alloyed
(RTA) and non-alloyed (nonRTA) ohmic contacts: a — current-gain cut-off frequency; b — maximum power-gain frequency

IOIIUM HAITBUICHUEM MEeTaJUIM3alui BBITIPSIMIISIIO-
IIEro KOHTaKTa;

e (GopMUpoBaHUE MAacCCUBAIlMU AKTUBHBIX O0JaCTeid,
KOTOpOE TIPOXOINT B ABE CTAIMU: TIJIa3MOXUMUUIEC-
KOe HaHeCeHWEe NMAJIEKTPUUYECKON IUICHKHU, 3aTeM
yepe3 pe3MCTUBHYIO MACKy yIajeHHe TU3IeKTPUKa
M0 PUCYHKY MacCUBalVM.

IIpu craBHON TEXHOJOTMM MCIIOJIL30BAIM KJlac-
CHYECKYI0 CHCTEMY METAJUTM3allM OMUYECKOTO KOH-
takta Ti/Al/Ni/Au ¢ tommmuamu 25/150/80/60 Hm
COOTBETCTBEHHO. TepMuuyeckyro o0pabOTKy IpOBO-
aunu ripu remnepatype 820 °C B reueHue 20 ¢ B cpede
azota [12]. YnenbHOoe KOHTAaKTHOE COMPOTUBIIEHUE
CIUTaBHBIX oMHuueckux KoHtakToB Ti/Al/Ni/Au cocta-
Bujio 0,5 OM * MMm.

Ilpn HecIaBHOM TEXHOJOTUM C OOpPAIIMBaeMbIM
n"-GaN npenBapuTenbHO (GOPMUPYETCS] IUDNEKTPH-
Yyeckas Macka, 9yepe3 KOTOPYIO OcakaaeTcs CHIIBHOIIEe-
rupoBaHHbIE GaN MeTOAOM MOJIEKYISIPHOI JIydeBOi
snuTakcun. TakuM o0pa3oM, cO3MaeTCsT CHITBHOJET -
pPOBaHHBII CJIOW TOJYIPOBOJHUKA TOA KOHTAaKTHYIO
MeTaJIIN3alMI0, KOTOpash He TpeOyeT MOIOTHUTEIb-
HOTO BBICOKOTeMIMepaTypHoro otxkura [14]. YaenabHoe
KOHTaKTHOE COIIPOTHBIICHUE, TTOJyYeHHOE IS He-
CIUTaBHBIX JOPAIINBAEMBIX OMUYECKIX KOHTAKTOB, CO-
craBuiio 0,15 OM * MM.

ITo orpaboTaHHOMY MapILPyTy U3TOTOBJIEHUS TPaAH-
3UCTOpOB Ha retepocTpyktypax AlGaN/GaN, conep-

JKallleMy OCHOBHBIE 3TaIlbl, OIMMCAHHBIC BHIIIE, OBUIN
M3TrOTOBJIEHBI TECTOBBIE TPAH3UCTOPHI JIJIs1 POBEACHUS
YaCTOTHBIX U3MepeHMit. B pabore Mcronab3oBaiu re-
TEPOCTPYKTYPHI C OAMHAKOBBIMU TOJIIMHAMM aKTUB-
HBIX ciioeB. CpaBHMBAINU TPAH3UCTOPHI CO CIUIABHBI-
MU U HECIUIaBHBIMU OMUYECKMMU KOHTAKTaMU, KOTO-
pble UMEIOT JBa 3aTBOpa IIUPUHON 50 MKM M IJIMHOMN
0,12 MKM.

s ouenku xapakrepuctTuk B CBY auanaszoHe uc-
MOJIb30BAIM NPEUMU3UOHHBIM BEKTOPHBII aHAIM3aTOP
E8361A dupmbl AgilentTechnologies, paGoTtaiolinii B
nuranaszoHe 10 MIm...67 I'Tu. Pe3ynbTaTsl n3mMepeHMit
IPaHUYHOM YaCTOThI YCUJIEHUS 110 TOKY (F) 1 110 MOLL-
HOCTU (F,5,) A TIOJYYEHHBIX ITOJIEBBIX TPaH3UC-
TOPOB MOKa3aHbl Ha puc. 3. I TpaH3UCTOPOB CO
CIIaBHBIMM OMMYECKUMU KOHTakTamu F, = 66,13 I'T,
F.x = 141,25 TTu, nng TpaH3MCTOPOB C HECILIAB-
HBIMM OMUYECKMMM KOHTakTamu F; = 92,59 ITw,
Fax = 199,53 I'Tw.

IlokazaHo, 4TO BKJaa TMapa3uTHOTO COIPOTHUBIIE-
HUS MUCTOKA TTIOJIEBOTO TPAH3MCTOPA B BEIPAXKEHUHU Tpa-
HUYHOU 4aCTOThl YCUJIEHMS IO TOKY MPUBOAUT K 3a-
METHOMY M3MEHEHHUIO €e 3HAueHMs], a TaK KakK Ipa-
HUYHAs 4acToTa YCWJIEHUs MO MOIIHOCTU SIBJISIETCS
GyHkuueii ot Fy, To ¥ 3HaYeHue F,, TIpU U3MEHEHUU
YAEJIbLHOTO COIPOTUBJICHUSI OMMYECKMX KOHTaKTOB
TakXe U3MEHUJIOCH.
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3akioueHue

BHenmpeHne TEXHOJOTMM HECIIABHBIX OMMYECKHX
KOHTAaKTOB JaeT BO3MOXHOCTb YIYYIIUTb YAaCTOTHbIE
XapaKTePUCTUKNA TPAH3UCTOPOB 3a CUYET YMEHBIICHUS
COINPOTHUBJICHUS UCTOKA, YIYUIIUTh TEXHOJOIMYHOCTh
WX U3rOTOBJICHUS, MTO3BOJUT YUTU OT MpoOJieM pacTe-
KaHUS, U3BMEHEHMST pa3MepoB U (DOPM CITJIABHBIX OMU-
YeCKUX KOHTAKTOB, YTO 00JIeryaeT BIIMChIBAHUE 3aTBO-
pPOB B PacCTOSTHUE CTOK — MCTOK, KOTOPOE MOXET CO-
CTaBJISITh HECKOJILKO MUKPOMETPOB.

IMpennoxkeHHast ¥ peannu30BaHHAsI TEXHOJIOTHUS He-
CIUTAaBHBIX OMMUYECKUX KOHTAKTOB K Te€TepOCTPYKTYypaM
AlGaN/GaN mno3Boyinia OJIyYUTh yIeJbHOE KOHTAK-
THoe compotusiieHue 0,15 OM * MM, He ycTylaloliee
MUPOBBIM aHAJIOTaM, UTO B KOHEYHOM CUETE CKAa3aJloCh
Ha IapaMeTpax IOoJIeBOro TpaH3uctopa. KpyTuszHa
TpaH3UCTOpPa BBIPOCIIAa, N3MEPEHMST YaCTOTHBIX XapaK-
TEPUCTUK TTOKA3aJIU YIy4lIeHUE TPAHWYHOMN YaCTOTHI
YCWJIEHUS TI0 TOKY W TTO0 MOIITHOCTH IS MOJYYSHHBIX
MOJIEBBIX TPAH3UCTOPOB C HECTUIABHBIMU OMUYECKUMU
KoHTakTaMu (F; = 92,59 I'Tu, F,,, = 199,53 I'Tu) u
TTOKa3aJIM peKOpAHBIE 3HAUYEeHNS Tt Poccuu B maHHOM
o0JacTu.

Paboma ewvinoanena npu ¢unaucoeoii nodoepoicke
Munobpnayku Poccuu (coeaauienue o npedocmagieHuu
cybcuduu Ne 14.607.21.0124, ynuxanvuwiii udenmughu-
xamop npoexma RFMEFI60715X0124).
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This paper presents a comparison of the results of the alloyed technology for formation of ohmic contacts with a non-alloyed one
in the manufacturing route of the microwave field-effect transistors (FETs) and circuits based on them. It also presents the re-
quirements for the ohmic contacts for manufacture of the microwave FETs. For the microwave FETs with non-alloyed ohmic contacts
a technology was chosen with a regrown doped GaN, due to absence in it of a plasma-chemical effect on the AIGaN barrier layer,
during removal of the doped GaN protective layer and high-temperature activation of the implanted doped impurity (more than
1000 °C) before application of a contact metallization. The author shows that a replacement of the alloyed technology for formation
of the ohmic contacts with a non-alloyed one could increase the frequency parameters of the transistors and circuits based on them
not only due to reduction of the resistivity, but also due to absence of a high-temperature fusion of the traditional ohmic contacts,
the fact, which ensures a smooth relief of the surface of contact metallization, necessary for an accurate insertion of Schottky gates
into the drain-source distance of a microwave FET. The resistivity of the manufactured traditional alloyed ohmic contacts was
0.5 Q- mm, for the non-melting points, resistivity of 0.15 2 - mm was obtained. The manufactured test transistors with the non-al-
loyed ohmic contacts demonstrated the best frequency characteristics.

Keywords: gallium nitride, ohmic contact, field-effect transistor, alloyed technology, non-alloyed technology, specific contact re-
sistance, morphology, reproducibility
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Introduction

Microwave electronics fabrication technologies are
considered critical both in Russia and abroad. The to-
day’s feature is that the new technologies for microwave
electronics and related components are yet under de-
velopment, and the related markets are emerging [1].
Centimeter- and millimeter wavelength ranges are of
great interest as regards versatile applications, these can
be high-end point-to-point channels with the through-
put of 140/155 Mb/s; trunk connections with the fre-
quencies within the range of 7.9 to 8.4 GHz; radar sys-
tems, including synthetic-aperture radars; antenna ar-
rays, electronically scanned arrays and active phased
array antennae; navigation and communication sys-
tems’ equipment; simulators and testing equipment [2].
Investigations in the frequency range beyond 10 GHz
have led to a conclusion about the necessity to optimize
a number of technologies used in the fabrication of mi-
crowave transistors and circuits based thereon. Introduc-
tion of the non-alloyed ohmic contact technology was
meant to take place at cm- and mm-wavelength range
monolithic integrated circuit (MIC) development.

Let us consider the reasons why the conventional al-
loyed ohmic contact fabrication technology should be

replaced with the non-alloyed one in order to widen the
working frequency range of the fabricated MICs.

Ohmic contact fabrication methods.
Alloyed and non-alloyed ohmic contacts

There are two methods to form ohmic contacts to
gallium nitride-based structures: using either alloyed or
non-alloyed technique [3].

Ohmic contacts to gallium nitride fabricated by
high-temperature rapid thermal annealing (RTA) were
named alloyed ohmic contacts and were widely used in
the early works on microwave FETs.

One can recognize two basic stages of an alloyed
ohmic contact fabrication to a AlGaN/GaN heter-
ostructure.

1. Metallization system selection. To form an ohmic
contact to an n-type semiconductor, they mostly use
multicomponent Ti-based contacts, which form low
work function compounds under thermal treatment [4].
Low resistivity of a metal-GaN ohmic contact (as low
as 107°—1077Q-cm?ata high carrier concentration in
the semiconductor) is usually related with nitrogen va-
cancies appearance due to GaN interaction with a con-
ductor material, for example, with Ti. The nitrogen va-
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cancies form a damage layer under the contact, which
plays the role of a heavily doped layer.

2. Thermal treatment mode selection: selection of an-
nealing temperature, duration, and heating curve. The
annealing is carried out in inert atmosphere.

Fabrication of alloyed ohmic contacts to AlGaN/GaN
heterostructures consists mostly in the selection of a
composition and experimental study of the composi-
tion versions’ (differing in layer thickness) effects or
those of an individual layer of the composition on the
contact resistivity and contact surface smoothness
(roughness measuring) after standard thermal treat-
ment procedures.

Non-alloyed ohmic contact is formed to heavily
doped GaN, and so it can be viewed upon as a Schottky
barrier with a low or narrow potential barrier. This
makes the nature of electric current flow through the
ohmic contacts of this type to be that of tunneling or
field emission [4].

Non-alloyed methods of ohmic contact fabrication
differ in the following ways of heavily doped GaN for-
mation:

o Preliminary doping the protective (contact) layer in
the course of heterostructure growth;

e lon-implantation doping of ohmic contact regions;

e Heavily doped GaN regrowth with a previously
formed mask.

If a heavily doped protective (contact) GaN layer
formed at the heterostructure growing is used, it is nec-
essary to remove the heavily doped conductor from the
area between the ohmic contacts. To fabricate FETs on
n"-GaN/AlGaN/GaN structures, after the device iso-
lation and contact metallization deposition are realized,
it is necessary to use plasma-enhanced chemical etch-
ing in a chlorine-containing medium for n*-GaN se-
lective removal down to the barrier AlGaN layer. After
that, metallization of n*-GaN layer makes it possible to
fabricate the ohmic contact directly, avoiding the high-
temperature annealing procedure. This technique also
implies plasma action onto the barrier layer (as the re-
sult of GaN etching) with defect introduction into the
gate region.

Heavily doped GaN fabrication by ion implanta-
tion is performed in two stages: silicon ion implanta-
tion (prediffusion) using a preliminary formed mask
and the following high-temperature annealing (drive-
in diffusion or impurity activation). After Si-doped re-
gions creation, the contact metallization is carried
out, which does not demand high-temperature treat-
ment. The use of ion implantation for ohmic contact
fabrication leads to a high defect density appearance in
the non-implanted areas during the high temperature
annealing.

Today, the most popular fabrication technique for
non-alloyed ohmic contacts to AlIGaN/GaN heter-
ostructures is that of heavily doped GaN epitaxial re-
growth for the ohmic contacts using a preformed mask
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[5—8]. The core of the method consists in a dielectric
mask formation on a heterostructure, then making
ohmic contact windows in the dielectric; n*-GaN epi-
taxial growth at temperature about 800 °C, which is
lower than the heterostructure growing temperature;
dielectric mask removal, and contact metallization
deposition onto the n"-GaN layer. Some versions of
the technique imply plasma chemical penetration down
to 2D electron gas (2D EG) layer using a dielectric
mask, before the epitaxial growth. In the Fig. I, the
block diagram of non-alloyed ohmic contact fabrica-
tion method with n"-GaN regrowth is presented.

Advantages of the non-alloyed contacts to
AlGaN/GaN heterostructure are their good reproduc-
ibility (their resistivity being dependent mostly on
doped GaN); good morphology of the contacts deter-
mined only by the man-made metallization defects and
roughness of the surface subject to metallization. The
disadvantage of the technique is the use of costly high-
tech equipment.

For the fabrication of microwave transistors with
non-alloyed ohmic contacts, a technology with heavily
doped GaN regrowth was selected, since it does not in-
volve either plasma chemical action onto AlGaN bar-
rier layer, or the high-temperature (over 1000 °C) ac-
tivation before the contact metallization deposition.
Simultaneously, the dielectric coatings fabricated as the
growth masks serve as the protective layers for the het-
erostructure’s active regions. A Patent of Russian Fed-
eration was acquired for the method of non-alloyed
ohmic contact realization using a dielectric mask for
heavily doped GaN growth [9].

Requirements to ohmic contacts used for FET
fabrication on GaN-based heterostructures

To be used as a field-effect transistor’s component,
an ohmic contact should meet certain requirements.
One of the basic requirements is low contact resistivity
and reproducibility. Besides, the ohmic contacts must
possess high conductance, good metal adhesion to the
semiconductor, thermal stability, contact boundary ho-
mogeneity, manufacturability (contact produceability
by available methods), high corrosion resistance, and
good metallization surface morphology.

Reduction of the resistivity of a contact to a het-
erostructure affects the access to the heterostructure’s
2D electron gas and, consequently, FET’s static and
dynamic characteristics. Therefore, the reduction of
resistivity will lead to the minimization of the parasitic
resistances of a device. One of the basic frequency pa-
rameters of a microwave FET are its current-gain cut-
off frequency (F,) and maximum power-gain (Fy,,,)
frequency.
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where R and R, are source- and drain resistance, re-
spectively; Cgs is gate-source capacitance; v, is electron
drift velocity; L, is gate length.
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where gp is output conductance, g, is transconduct-
ance, ng and Cgs are gate-drain and gate-source ca-
pacitance, respectively; R; is internal resistance, Rg is
gate resistance, and Ry is source-gate resistance.

As can be seen from (1) and (2) for F;and F,,, pa-
rameters, the frequency parameters are obviously de-
pendent on the source- and drain resistances and in-
ternal gate-source resistance [10]. So, reduction of the
ohmic contact resistivity will make it possible to im-
prove the characteristics of a FET, which serves the
base of MIC formation. With the traditional alloyed
technology, the resistivity usually makes 0.5 Q* mm,;
with the non-alloyed technology it makes 0.15 Q * mm.

For the new ohmic contact fabrication technology
introduction into industrial production and its use in
research in gallium nitride-based devices, it is necessary
that the results of contact fabrication be reproducible,
which means that the resulting ohmic contact must de-
pend on as small number of the parameters of its fab-
rication technology as possible. With the traditional al-
loyed technology, the final result depends on a great
number of parameters: the thickness of each layer of
ohmic contact metallizing composition, temperature
and time of the composition annealing and alloying in-
to the semiconductor, and a heating curve shape. The
working temperature range of the annealing is narrow.
With the non-alloying technology, the result is deter-
mined by the quality of heavily doped semiconductor
under the ohmic contact metallization.

As regards technological implementation, the al-
loyed ohmic contacts are easy. It is necessary to deposit
an ohmic contact metallizing composition, observing
all layer thickness parameters and after that to carry out
the annealing in inert atmosphere within a certain tem-
perature range. After the annealing, a developed metal-
lization relief is fabricated, which prevents using this layer
for the device’s periphery formation or making marks for
electron-beam lithography. This hinders Schottky gate
insertion into the drain-source gap, thus complicating
the fabrication of devices with a small drain-source dis-
tance and a higher frequency working range.

Non-alloyed ohmic contacts, on the contrary, pro-
vide for the smooth relief and an even FET’s ohmic
contact boundary in the circuit, due to the absence of
the high-temperature treatment after the contact met-
allizing composition deposition. This provides an op-
portunity to form the marks for electron-beam lithog-
raphy in the same layer with the contact metallization,
this ensuring more accurate placing between the FET’s

ohmic contacts, which might be separated with a space
of a few micrometers. Morphology of the fabricated
ohmic contacts in the test samples of alloyed and non-
alloyed ohmic contacts is shown in the Fig. 2.

As it is evident from the foreign experience, to achieve
maximum result with GaN-based heterostructures, the
non-alloyed ohmic contact technology is preferable. The
limit of the current-gain cutoff-frequency for GaN-based
heterostructures was determined in 2013 and made
454 GHz. This was due to the use of non-alloyed ohmic
contact to 2DEG and self-alignement technology [11].
In the test sample, the gate length made 20 nm and the
drain-source distance was 120 nm.

Besides the improvement of ohmic contact resistivity,
passage to the non-alloyed ohmic contact fabrication
technology will make it possible to eliminate the high-
temperature annealing stage (this, in turn, ensuring the
more precise placement of Schottky gate) and to reduce
the drain-source distance for the reproducible realization
of projects on microwave FETs for frequencies higher
than 10 GHz on AlGaN/GaN heterostructures.

Comparison of frequency behavior of FETSs
with ohmic contacts fabricated by the different methods

To estimate the contribution of ohmic contact’s
parasitic resistance into the frequency-response char-
acteristics, let us compare the characteristics of test
transistors of the same topology (2 X 5 um), with alike
heterostructure structures, and similar gates, but com-
prising ohmic contacts fabricated by the alloyed and
non-alloyed technologies. The comparison results were
presented and discussed at Russian and international
conferences [12—15].

For the fabrication of a field-effect transistor on
AlGaN/GaN heterostructure, the following key stages
should be realized:

e Device isolation fabrication by plasma-assisted
chemical etching of the active layers of the heter-
ostructure at the sites of electrical rupture at the
semiconductor;

e Ohmic contacts fabrication following either alloyed,
or non-alloyed technique;

o Schottky gate fabrication, a complex profile creation
with a resist mask with subsequent rectifying contact
metallization deposition;

e Active regions passivation realized in two stages:
plasma chemical deposition of a dielectric film and
subsequent dielectric removal according to a pattern
defined with a resist mask.

Classical Ti/Al/Ni/Au system for ohmic contact
metallization was used in the alloyed technology. The
layer thickness values were 25/150/80/60 nm, respec-
tively. The thermal treatment was conducted under ni-
trogen at 820 °C for 20 s [12]. Contact resistivity of the
alloyed Ti/Al/Ni/Au ohmic contacts made 0.5 Q * mm.

The non-alloyed technology implies n*-GaN re-
growing with a preliminary formed dielectric mask used
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for heavily doped GaN deposition by the molecular
beam epitaxy method. In this way, a heavily doped
semiconductor layer is prepared for further contact
metallization, which does not need the additional high
temperature annealing [14]. Resistivity of the non-al-
loyed ohmic contacts was 0.15 Q * mm.

Test transistors on AlGaN/GaN heterostructures for
frequency measurements were produced following the
proven route containing the key stages discussed above.
Heterostructures with active layers of equal thickness
were used. The transistors with the alloyed and non-al-
loyed ohmic contacts possessing two gates with the
width of 50 um and length of 0.12 um were compared.

To evaluate frequency characteristics in the micro-
wave range, E8361A precision vector analyzer from
AgilentTechnologies with the working range from
10 MHz to 67 GHz was used. The results of measuring
the current-gain cut-off frequency (F,) and maximum
power-gain frequency (F,,,) for the fabricated FETs
are presented in the Fig. 3. For the transistors with
the alloyed ohmic contacts, F, = 66.13 GHz and
Fax = 141.25 GHz; for those with the non-alloyed ohm-
ic contacts, F; =92.59 GHz and F,,, = 199.53 GHz.

Contribution of FET source’s parasitic resistance in
the expression (1) for the current-gain cut-off frequen-
cy (F) changes its value considerably; since the maxi-
mum power-gain frequency (F,,,) is the function of £,
F_ .. value also has changed upon ohmic contact resis-

,max
tivity change.

Conclusion

Introduction of the non-alloyed ohmic contact
technology provides an opportunity to enhance the fre-
quency-response characteristics of FETs by reduction
of source resistance and to improve their produceabil-
ity; passage to the new technology will help to avoid
problems caused by spreading, as well as those related
to changes in alloyed contact dimensions and shape,
and this will facilitate gate matching to the drain-source
distance, which might be equal to a few micrometers.

The offered and realized technology for fabrication
of non-alloyed ohmic contacts to AlIGaN/GaN heter-
ostructures ensured achievement of contact resistivity
of 0.15 Q - mm, which is in line with the world analogs.
Consequently, FET parameters were also changed: the
transconductance of the transistor increased, and meas-
urements have shown an improvement of current-gain
cut-off frequency (F, = 92.59 GHz) and maximum
power-gain frequency (F,,,, = 199.53 GHz), these be-

max
ing the record figures for Russia in this field.
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Bsenenue

IIpu xpaHeHUU U TPaHCIIOPTUPOBKE MPOU3BOIU-
MBIX B TTOPSIIKE HAYYHO-HCCIIEI0BATEIbCKUX U OTIBIT-
HO-KOHCTPYKTOPCKUX Pa0dOT €IMHUYHBIX TOJYHpO-
BOAHUKOBBIX KpucTtaaioB (ITK) TpaH3ucTopoB, UHTE-
rpajbHBIX MUKPOCXeM Ha A3Bs, MUKpO3sJeKTpOMeEXa-
Huyeckux cucteM (MOMC), kpemHuii Ha camndupe
(KHC), cBerognonubix uHaukatopo (CHUJL), kBaH-
ToBO-KackagHoro jadepa (KKJI) moryr morpeboBaTh-
cd crneuMajabHble (OpUIMHAJIbHBIE) KOHTEMHEpPHI, a
MHOCTpaHHbIe (PMPMBI TPUHUMAIOT 3aKa3bl HA UX MOC-
TaBKy, 00beMOM, Harpumep, He MeHee 400 aK3eMILIsI-
POB C siueiikaMu OJHOTO TUIopasMepa. Takoe mosoxe-
HHE HATOJIKHYJIO Ha MBICIIb O TIOIBITKE BOCTIONB30BaTh-
cg 3D-meyaThlo (DaHHYIO TEXHOJIOTMIO MCIOJIb3YIOT
Mnpu (HOPMUPOBAHUM PAZTUUHBIX CIOXHBIX OObEKTOB
HEXXMBOH MPUPOABI U3 OPTaHMYECKMX U HeOpraHuJec-
KHUX MaTepuayioB) IJIs WM3TOTOBJIEHUSI KOHTeWHepa C
HeoOxoauMbIMU TapamerpaMu. IToTpeboBanoch pas-
paboTaTh KOMIIBIOTEPHYIO MOJEeJb KOHTeiiHepa, Io-
JIo0paTh MaTepuaj, TeXHOJOTUIo 3D-neyaTu 1 UCHO-
HUTEJIS.

Co3nanue KOMIBIOTEPHOI Moen
H BBIOOp MaTepHaa

3a oOpasel I TpeXMEPHOM KOMITbIOTEPHOM MO-
ey Oynyiiero oobeKTa ObLI IIPUHST KOHTEHHEp Gup-
Mbl Entegris ¢ KOPpeKTUPOBKOI Ha HEOOXOMUMbIE pa3-
MepHI STYeeK.

[Tpy TPOEKTUPOBAHWH CIIOKHOW WHINBUAYATHHOMN
¢opmbl KoHTeliHepoB B HalieM ciydae mist TTK KKJI
[1, 2] Ha mepBBIX 3Tanax OBLIO MPOTECTUPOBAHO HE-
CKOJIBKO TIPOTPaMM TI0 TTPOEKTUPOBAHUIO, TAKUX KaK
AutoCad, Komnac, SolidWorks, Blender, OpenSCAD
[3]. B pesynbraTe MBI OCTAaHOBWJIMCH Ha IIPOrpaMme
OpenSCAD (puc. 1), ynoOHOI O MOAEIUPOBAHUSL.
B sToii mporpamMe ObLT HamucaH ajlroput™m (Gopmu-
pOBaHMSI KOHTEITHEepa, COXpaHEeHHbI B hopmate *.stl,
MPUroIHOM Ui mevyatu Ha 3D-nmpuHTepe.

Ilocne co3maHMsl KOMIMBIOTEPHON MOAEIU KOH-
TeliHepa ObLI BbIOpaH MaTepuall C aHTUCTATUYECKU -
MM CBOMCTBaMM, aHAJIOTUYHBIMU MaTepuaity (pupMbl
Entegris — ABS-nnacTuk, OH SIBASIETCSI MPOIYKTOM
TIPUBUTON COMOUMEPU3AIUU TPEX MOHOMEPOB: aKpH-
JJIoHUTpua (OeclBETHAS XKUKOCTh C PE3KUM 3aI1axoM),
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Puc. 1. IIpoexktupoBanune konreiinepa ajas KKJI B OpenSCAD
Fig. 1. Designing of a container for QCL in OpenSCAD

OyragveHa (OecLBETHBIM ra3 ¢ XxapakTepHbIM HeMnpu-
SITHBIM 3araxoM) M cTuposa (GecuBeTHasl XUAKOCTD C
pe3KNM 3araxoM), MPUIeM CTaTHUECKUI COTIOIMMED

CTHpOJIa U aKPUJIOHUTPHUJIA 00pa3yeT KeCTKYIO MaTpu-

Iy, B KOTOPOI pacIipenesieHbl YaCTUIIB KaydyKa pa3-

MepOoM 10 1 MKM.

K mocrouHcTBam ABS-mnacTvka cieayeTr OTHECTH:

e MEXaHMYECKYIO MPOYHOCTb M YIapONPOYHOCT;

e OTIMYHYIO TEIJIOOTAAYY;

e JIOJITOBEYHOCT;

e BJIArO- U MACJIOCTOUKOCTD;

e CTOMKOCTbH K IIEJI0YaM 1 KUCIIOTaM;

e IIMPOKHUI IMANAa30H KCILTyaTallMOHHBIX TEMIepa-
Typ — ot —40 mo +113 °C;

e BBEICHUE aHTHCTATHUYSCKMUX JOOABOK, TTPEIOTBPAIa-
IOLLMX OCelaHue MbLUIM Ha TOBEPXHOCTU MaTepuaa;

e HM3KYIO CTOMMOCTD;

e pACTBOPMMOCTBH B alleTOHe (YTO TIO3BOJISIET HeE
TOJIBKO CKJIEMBATh AeTaau u3 ABS, HO TakXe crja-
KABaTh C €T0 TTOMOIILI0 HEPOBHYIO TTOBEPXHOCTB).
M3 HemocTaTKOB HAIO YIOMSHYTD CIICAYIOIINE:

o 11pu Temmneparype Bbiie 500 °C BO3MOXHO BHIAE-
JIeHUe 1IMaHOBOIOPO/aA;

e BbICOKas Tepmoycaznka 0,4...0,7 %;

e pabouas TeMmIlepaTypa HaXOOWUTCA B JIHAIla30HE
210...270 °C; ipu pabote ¢ HUTbIO ABS olyiaeTcs
CJIa0BIi 3aITax TopsTYero IIacTUKA.

Anpo6amus

JJ1s1 TIpoGHOM peanu3aly KOMITbIOTEPHOM MomeaIu
B MaTepuajie, B Ka4YeCTBE MCIOJHUTEISI, OC/Ie OIpee-
JICHHBIX TIOUCKOB, OblIa BhiOpaHa ¢pupma "KEH-TAY".
OHa okazajach OJHOW M3 HEMHOTMX B MoOCKBe U
OMMKaNIIMX TOPOJIAX, KOTOPBIE B3SIJIMCH BBIITOJHUTD
3D-neyath U3 aHTUCTATUYECKOTO MaTepuara.
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INegats HalIero M3means BBITIOTHSUIN IO TEXHOJIO-
ruu FDM (Fused Deposition Modeling — meton moc-
JIoiiHOTO HaruaBieHus ). OHa 3aKJIoYaeTcsl B CIeaylo-
1meM. BoimaBiauBarolass roJioBKa ¢ KOHTPOJUMPYEMOM
TEeMIIepaTypoil pa3orpeBaeT A0 MOJYKUIKOTO COCTOS-
HUSI HUTU U3 ABS-TinacTvka, BOCKa WM TMOJIMKapOo-
HaTa, U C BBICOKOW TOYHOCTBIO IMOAAET IMOJTYYEeHHbIMH
TEPMOITIACTUIHBIN MOIETUPYIOIINIT MaTepral TOHKH!-
MM CJIOSIMM Ha pabouyio moBepxHocTh 3D-mpuHTepa.
Ciom HaHOCATCS APYT Ha APYra, COCAVHSIOTCS MEXIY
co0oil U OTBEepIEBAIOT, IOCTEIIEHHO (OPMUPYST TOTO-
Boe maaenne. [lociioifHast mevaTh pacIuIaBIeHHOM 10~
JIMMEPHON HUTHIO MPUMEHSIETCS IS TTOIYIeHUS eau-
HUYHBIX U3JENUNA, NMPUOIMKEHHBIX MO CBOUM (DYyHK-
LMOHATBLHBIM BO3MOXHOCTSIM K CEPUMHBIM U3IEITUSIM,
a Takxke JJIs U3rOTOBJIEHMSI BBIILIABsIEMbIX (POpM IS
JIATHSI METAJIJIOB.

Ha puc. 2 u 3, npemocTaBleHHBIX (UPMOIi
"KEH-TAY", HarmsggHO OoTpakeHa reyaTh U3Ie/Ius Ha
3D-npunrepe Markforged Mark I1.

ITocne pacnieyaTbiBaHUs YAQISIIOTCS TTepBOHAYAb-
HBIE TIOAIEPXKUBAOIINE CTPYKTYPHI I U3IEINE TOTOBO
K NpuMeHeHu1o (puc. 4).

Ha touyHocTh M mpousBoauTesbHOCTh 3D-mevyatu
METOIOM MOCIIOMHOTO HarlIaBJIeHNE MaTepruaJoB OKa-
3BIBAIOT BIMSTHUE CIIEAyIOINe (GaKTOPHI:

e pacmojIOXEHUE IeTajiu B pabodeil 30HE (BHIOOD
TEXHOJOTUUECKUX 0a3);

e ycCaIKa MaTepHaia IIPU OTBEPXKICHUN U KOpoOJIe-
HUe JeTajel mpu OOMNOJHUTEIbHOI 00paboTKe
(10 moaMMepu3alun);

e TOYHOCTH MO3UIIMOHUPOBAHUS TUIAT(OPMHBI;

e JuaMeTp (OKyCHUPYIOIIEro-QopMUPYIOIIETO OT-
BEPCTHUS TOJIOBKU 3KCTPYAEpa NPUHTEDA;

e TOJIIMHA CJOST (C YYETOM MEPEeKPBITUS CMEXHBIX
CJIOEB).




BusyanbHblil aHanmU3 MeToAa MOCIOMHOTO HaruiaB-
JeHust Ha 3D-mpuHTEepe TO3BOJUI ONPEIeIUTh €ro
TEXHOJOTUYECKHNE BO3MOXHOCTU, MPOBECTU KIIACCU-
¢uxkauuio (GakTopoB, OKa3bIBAIOIIMX BAUSHUE Ha Ka-
YEeCTBO U CKOPOCTb U3rOTOBJICHUS MOJEJIEH, BbIACIUTD
TEXHOJIOTMYECKME CBOMCTBA MaTepUaIOB U MapaMeTphl
npoluecca popMooOpa3oBaHUS IIPOTOTUIIOB IeTaJIeH,
a TakXKe OTpa3’uTb B3aUMMOCBS3b TEXHOJOTHMYECKHUX
CBOICTB MaTepMajioB C MapamMeTpaMM TEXHOJIOTMYEC-
KOTO IIpoliecca NOCIOMHOTO HAIUIABJICHUS NeTallel Ha
3D-npuHTepe moa ympaBlieHHeM CIeLUUaIbHOIO Mpo-
IPaAaMMHOIO OOECIeUeHMUsI.

I'eomeTpuueckass CTaOMJILHOCTh U TOUHOCTh MOJE-
JIeli CyIIECTBEHHO 3aBUCST OT TUIIA MaTepualia U BO3-
JICUCTBUS OKPYKAIOLLEN CPEMbI.

Puc. 2. Havano neyatn — meyaTh NOAEPKUBAIOMIEH CTPYKTYPbI
Fig. 2. Beginning of printing — printing of the supporting structure

Puc. 3. PacneyaTtaHnas monaepxuBaoiiasi CTPYKTYpa NOA SYEHKH
KoHTeiinepa s KKJI

Fig. 3. The printed supporting structure for the cells of a QCL container

Puc. 4. T'orowiii Koureitnep ¢ ITK KKJI
Fig. 4. Ready container with SCC QLC

3akiouyeHune

Hacrosmuii onbIT moka3aa BO3MOXHOCTUA U MepC-
MEeKTUBbI MCHoab3oBaHug 3D-TeyaTt Kak Uisl M3ro-
TOBJICHUS PA30BbIX O0BEKTOB, TaK U JIJIsI MEJIKOCEpUii-
HOTO IIPOM3BOICTBA.

ITpu ucneiTaHusix koHteliHepa mist KKJI Ha aHTu-
CTaTUYHOCTH ONpeAe/IeHO 3HAaUeHUEe COMPOTUBIICHUS,
paBHoe 0,5 MOM, — Takoe Xe, KaK 1 'y MPOAYKTa KOM-
nanuu Entegris. Pasamepsl KoHTeliHepa mis KKIJI mos-
HOCTBIO COOTBETCTBYIOT ITPOSKTUPYEMBIM.

Texuonorusg 3D-1edyaTn e1ie He COBCEM HICaTbHA.
EcTtb Heckonbko mpobyieM, KOTOpble MOTYT MPUBECTHU
K JOBOJIbHO HEOXMIAHHBIM pe3yiabrataM. Hampumep,
IpUHTEp, ITedaTass HeCKOJIbKO AeTajieil OMHOBPEMEH-
HO, MOXET HameyaraTb UX CLEIUIEHHBIMUA MEXIy CO-
ooii. Enre ogHoit mpobiieMoid SIB/ISIETCS TO, UTO BBUIY
MOCJOMHOTO IOCTPOCHUS NETAIU, HUXHUM CII0U MO-
KET He BBIAEPXKATh TSOKECTH BEPXHUX CJIOEB, U TOIIA
MPOMCXOOUT paspylueHue aetaiau. Ilepen meyaTrsio He-
00XOaMMO TIIATEJIbHO MPOPadOTaTh KOMIBIOTEPHYIO
MOJIENb, YTOOBI pe3yJbTaT MOJYYMICS TaKUM, KaKUM
€ro OXMIAIOT YBUICTD.

B co3zmanum mopeneir ¢ momoubio 3D-mpuHTEepa
MOJHOCTBIO OTCYTCTBYET OTpaHMYeHME Ha OU3aiiH U
CJIOXXHOCTh (hOPMbI, UTO IMO3BOJISIET cleaaTh UHIUBU-
JIyaJlbHOe U opuruHajibHoe usaenune. Henabsst He yro-
MSIHYTb, YTO TTOMUMO KoHTeiHepoB s I1K, ¢ nomo-
1IbIO JAaHHOU TEXHOJIOTMU MOXHO HameyaTaTh 00bekK-
ThI pa3IMYHON CJIIOKHOCTU HE TOJIbKO U3 IJIaCTHKA, HO
W U3 Pa3IMUHbIX METAJJIOB M Jaxe KepaMMKH, 3aKa3
KOTOPbIX Yepe3 CTOPOHHIOI0 OPraHU3aL1I0 MOXKET ObITh
CBSI3aH C PSIIOM ONpeneIeHHBIX TPYAHOCTEN B OILIaTe,
MepechblIKe U CKOPOCTH MOJYyYEHMS, U TakkKe B MpU-
00peTeHUH eIMHUYHbIX AeTajell TpU MOCTaBKe TOJbKO
OOJIbIION TTapTUU.

Hccaedosarnue ebinonneno npu GuHaHcoeol nodoepic-
xe epanma Illpezudenma P® No 14.W01.16.6081-MK.
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Introduction

Storage and transportation of individual semi-con-
ductor crystals (SCC) — transistors, microcircuits on
A3;Bs, microelectromechanical systems (MEMS), sili-
con on sapphire (SOS), light-emitting diode (LED) in-
dicators, quantum-cascade lasers (QCL) manufactured
in the process of R&D may require special containers.
The complication is so, that foreign companies order
deliveries, for example, not less than 400 copies with
cells of one standard size. This situation prompted an
idea to take advantage of 3D printing (the technology
used for formation of complex objects of lifeless nature
from organic and inorganic materials) for manufactur-
ing containers with required parameters. It was neces-
sary to develop a computer model of the container to
select material and technology for printing and a com-
pany, which would implement this.

Creating a computer model and choosing a material

As a prototype for a three-dimensional computer
model of the object, a container from Entegris company
was taken with an adjustment to the required cell sizes.

During designing of a complex individual form of
the containers, in our case for SCC QCL [1, 2], in the
first stages several designing programs were tested, such
as AutoCad, Compass, SolidWorks, Blender, and
OpenSCAD [3]. We selected OpenSCAD program
(fig. 1) as most convenient for modeling. The algorithm
for formation of the container, preserved in *.stl for-
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mat, suitable for printing on a 3D printer, was written
in this program.

When the computer model was ready, the material
with the antistatic properties, similar to a material from
Entegris — ABS plastic, was selected. It was a product
of the implanted copolymerization of three monomers:
acrylonitrile (colorless liquid with a pungent smell),
butadiene (colorless gas with unpleasant smell) and sty-
rene (colorless liquid with a pungent smell), at that, the
static copolymer of styrene and acrylonitrile forms a
rigid matrix, in which particles of rubber up to 1 mi-
crometer in size are distributed.

The advantages of ABS plastic are:

e Mechanical and shock resistance;

e Excellent heat emission;

e Durability;

e Water and oil resistance;

e Resistance to alkalis and acids;

o Wide range of operational temperatures — from —40
up to +113 °C;

¢ Introduction of antistatic additives preventing sedi-
mentation of dust on the surface of a material;

e Low cost;

¢ Solubility in acetone (which allows to glue together
parts from ABS and to smooth a rough surface with
its help).

e Among its disadvantages are:

e Hydrocyanic emission is possible at temperatures
over 500 °C;

o High heat shrinkage — 0.4...0.7 %;




e The working temperature is within the range of
210...270 °C; during the work with an ABS thread a
weak smell of a hot plastic is felt.

Approbation

For a trial implementation of the computer model in
a material, after a certain search, CAN-TOUCH Com-
pany was chosen. It was one of the few companies in
Moscow and the nearest cities, which was ready to im-
plement 3D printing from an antistatic material.

Printing of the product was carried out by FDM
technology (Fused Deposition Modeling — the method
of level-by-level fusing). It consists in the following: the
extruding head with a controllable temperature warms
a thread from the ABS plastic, wax or polycarbonate up
to a semi-fluid state, and with high accuracy deposits
thin layers of thermoplastic modeling material on the
working surface of the 3D printer. The layers are de-
posited on each other, get connected to each other and
harden, gradually forming a product. The fused depo-
sition modeling by a fused polymeric thread is applied
for producing individual products that are close in their
functionality to serial products as well as for manufac-
turing melted forms for moulding of metals.

Fig. 2 and 3 provided by CAN-TOUCH Company
visually present the manufacturing of a product on
Markforged Mark II 3D printer.

After printing the initial supporting structures are re-
moved and a product is ready for use (fig. 4).

The following factors influence the accuracy and
productivity of the fused deposition modeling of mate-
rials:

o Positioning of a work piece in the working zone (se-
lection of the technological bases);

¢ Shrinkage of a material during hardening and buck-
ling of the work pieces during additional processing

(before polymerization);

e Accuracy in positioning of a platform;

e Diameter of the focusing-forming aperture of the
extruder head of the printer;

e Thickness of a layer (with account of overlapping of
the adjacent layers).

Visual analysis the fused deposition modeling meth-
od on a 3D printer allowed to reveal its technological
opportunities, to classify the factors influencing quality
and speed of manufacturing the models, to define the
technological properties of the materials and the proc-
ess parameters of forming the prototypes of parts, and
also to reflect interrelation of the technological prop-
erties of the materials with parameters of the fused dep-
osition modeling on a 3D printer under control of spe-
cial software.

Geometrical stability and precision of the models
essentially depend on the type of a material and influ-
ence of the environment.

Conclusion

The present experience has shown the possibilities
and prospects of using 3D printing for manufacturing
both single objects, and for small-scale production.

The antistatic tests of the QCL containers revealed
the value of resistance as equal to 0.5 megaohm, the same
as of the product by Entegris Company. The dimensions
of the QCL container corresponded fully to the expect-
ed parameters.

The 3D printing technology is not ideal yet. There
are several problems, which can produce unexpected
results. For example, when several parts are printed si-
multaneously, they can stick to each other. Another
problem is that due to a level-by-level design of a work
piece its bottom layer may not withstand the weight of
its top layers and then the work piece could be de-
stroyed. Before printing it is necessary to design care-
fully a computer model, so that the result would be as
expected.

There are no restrictions concerning the design and
complexity of the forms, which allows us to manufac-
ture individual and original products in creating mod-
els by means of a 3D printer. It is necessary to mention,
that by means of this technology besides the SCC con-
tainers it is possible to print objects of various complex-
ity from plastics and various metals (even ceramics), the
order of which through different organizations can be
linked with a number of certain difficulties connected
with delivery of only big batches, with payment, trans-
fer and terms speed of supply and acquisition of single
parts.

The research was done with the financial support of
grant No 14.W01.16.6081-MK of the President of the
Russian Federation.
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XAPAKTEPUCTUKU DAEKTPOOINTUHECKOTO INMPEOBPA3OBAHMA
COBPEMEHHbIX AA3EPHbIX MU3AYYATEAEM NMPU PACMNPEAEAEHUNU
MO ONTUYECKOMY BOAOKHY OINMOPHbIX PAAMOCUTHAAOB
AELUMMETPOBOTIO AHNATIA3OHA

Ilocmynuna 6 pedaxyuro 07.11.2016

Ilpusoodsmcs pezyavbmamol CUCMeMAMU4ecKo20 IKCHEPUMEHMANbHO20 UCCAE008AHUSL XAPAKMEPUCIUK IAeKmMPOONMU1ECcK020
npeoopas’oeanus ONOPHLIX PAOUOCUCHAN08 OeUUMempo8o2o OUANA30HA C NOMOWLIO Hauboaee PACHPOCMPAHEHHbIX 68 COBPEMEHHOU
npakmuke aAasepuvix uzayyameneti. CpagHeHue KA04e8bIX MEeXHUYeCKUX noKazamenei noaynpoeooHUKOBbIX A1A3eP08 C MOPUEBbIM
U NOBEPXHOCMHBIM U3AYHEHUEeM NOKA3aA0 3AMemHOe NPeuMyuecmao nepeoeo U3 HuXx no uyMosbiM XapaKmepucmukam U AuHet-
HOCMU 21eKMPOONMuU4ecK020 npeodpazosanus. Tem He MeHee, cOOmeemcmaue napamempos 31eKmpoonmu4ecKoeo npeoobpasosa-
HUsl NPedssBAAeMbIM 8 CUCMEMAX PAChpede]eHUsi OCHOBHbIM MeXHUYeCKUM Mmpeb08aHUIM 6 COBOKYNHOCMU C NOYMU HA NOPAOOK
MeHbUell MOWHOCIbI) NOMPEeOAeHUs N0 CPABHEHUIO C AA3ePOM C MOPUEBbIM U3LYHeHUeM obecnedusaem 3¢pexmueHocms aa3epa
¢ nosepxnocmuuvim uznyyenuem muna VCSEL 013 ananoeosvix coeQuHUmMeNbHbIX AUHUL U OMHOCUMEAbHO Heboabuux pacnpede-
AUMENbHBIX cemell, a maKice 8 MOOUNbHbIX U OOPMOBLIX NPUMEHEHUSIX.

Karoueevie caosa: paouogomonuxa, 60410KOHHO-ONMUYECKAS AUHUSL PACNPEOeNeHUS ONOPHBIX U UHPOPMAUUOHHBIX PadUocUe-
HAA08, 21eKMPOONMUUEcKoe npeodpazoeanue paduocueHaios, Aasep ¢ pacnpeoeseHHol 0opamuoU céa3bl0, NOBEPXHOCHMHO U3Y-
uarowul aasep ¢ eepmukanrvHvim pezonamopom (VCSEL), cmamuueckue u OuHamuveckKue XxapaKxmepucmuxu

Beenenne 00YMX YacCTOT BIUIOTh 10 T€parepleBOro JAuMana3oHa,
yTo o00ecrneyrnBaeT BO3MOXHOCTb YBEJIWYEHUSI HUX
OBICTPONENCTBUSI M IIPOIYCKHOII CIOCOOHOCTH B CO-
OTBETCTBUU C COBPEMEHHBIMU TpeOOBaHUSIMMU. Ipyroe
HarpaBjieHUe paauo(@OTOHUKU COCTOUT B YIy4IlIEHUU
TaKTUKO-TEXHUYECKUX MOKa3aTesJell CylIeCTBYIOLINX
paarocpencTB, TaKUX KakK 1Moj0ca MPONyCKaHUs, JAu-
HaMMYECKWI Nuara3oH, 3JIeKTpPOMAarHWTHasi COBMeC-
TUMOCTb, UMUTOCTOMKOCTh, MaccorabapuTHbIe Xapak-
TEPUCTUKHU, OJlaromapsi YeMy AAHHBIM MOIXOJ MOXKET
ObITb MPUMEHEH TPaKTUYECKM BO BCEX BUAAX Paauo-
5JIEKTPOHHON amnmapaTypbl BOEHHOTO U IPaXIaHCKOIo
Ha3HauYeHUi, a Takxke B U3MEpUTeNIbHOI TexHuKe. Ero
cKopelilliee BHeIpEeHUE MO3BOJIUT HE TOJBKO PELIUTh
Omxaiilye 3aga4y OTeYECTBEHHOU paano3JIeKTPOH-
HO# MPOMBILIJIEHHOCTU U MPOMBILIJIEHHOCTU CPEJCTB
CBSI3U B 00JIACTU MMITOPTO3aMEILIEHUS, HO U CYLIECT-
BEHHO MOBBICUTH 0OOPOHOCITIOCOOHOCTD, & TAKXKE KOH-
KYpPEeHTOCITIOCOOHOCTb U 3KCIMOPTHBIN MOTEHIIMAI POC-

Kak m3BecTtHO, Havyano XXI cTojeTuss B MUPOBOM
MpakTUKe pa3pabOTKU PaAUOIIEKTPOHHBIX CHUCTEM
(PBC) rpaxmaHCKOro ¥ BOGHHOTO Ha3HAYEeHMIA OTMeE-
YEeHO MHTEHCUBHBIM Pa3BUTHUEM HOBOI'O, OCHOBAaHHO-
ro Ha JOCTYDKEHMSIX cBepxBbicokoudacToTHO (CBY)
OINTO3JIEKTPOHUKU U (POTOHUKU MPUHLIMIIA TTOCTpOe-
HUSI — MUKPOBOJTHOBOM (I)OTOHI/IKI/II (Microwave pho-
tonics) [1—3]. JlaHHasi TexHoJiorusl obnagaeT TMoMI-
TBEPXKAEHHBIM B HacCToslllee BpeMs IOTEHLIMaJIOM
MIPUMEHEHUs MPAKTUYECKU BO BCEX BUIAX PAaUODJIeK-
TPOHHOM amrmaparypbl: paauocBsa3u (Haubosee IpKUM
MIPUMEPOM SIBJIIETCS TIPUMEHEHHEe B OEeCIIPOBOIHBIX
UHGOPMALIMOHHO-TEJIEKOMMYHUKALIMOHHBIX CUCTEMAaX
nsiToro nokonenus (5 G) [4]), paguooKauuy, paguo-
9JIEKTPOHHOTO TMPOTUBOACUCTBUS, paaMOHABUTALIMU
[5], mpexae Bcero, ¢ TOUKU 3peHUs TOBBILLIEHUS pa-

1 B Poccuu B KauecTBe IMOJIHOTO 3KBUBAJIEHTA nojgydyuni pac-

MPOCTpaHEeHUE TepMUH "paaroGOTOHUKA", U MBI €ro OyaeM Mpuaep-
JKUBATbCS B NaJIbHEHIIEM U3JIOXEHHUM.
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HaxomneHHBI K HACTOSIIEMY BpeMEHU MUPOBOM
ONBIT Pa3pabOTKW paauoarnapatypbl IMoKasaj, 4TO
3 PeKTUBHOCTh PagrO(DOTOHHOIO MOAX0AAa B TPaKTaX
(opmupoBaHMs U 0OPabOTKM PAAMOCUTHAJIOB 3a CUET
paciiMpeHusi MTHOBEHHOM IOJIOCHI MPOMYCKaHUSI U
JTUHAMMYECKOTo Jvara3oHa Bo3pacTaeT 1o Mepe yBe-
JIMYeHUsl ee paboyeil 4acTOThl, a UMEHHO, HAUMHAas C
X-auana3oHa. TeM He MeHee, ellle OJHO €ro MpeumMy-
1IECTBO, OOYCJIOBJICHHOE HU3KMMU MOTEPSIMU TpU
repegaye CUTHAJIOB IO ONTUYECKOMY BOJOKHY (Me-
Hee 0,2 1b/xM), obecrieunsio pacmpocTpaHeHUE JaH-
HOTO TOJX0/a 1axe B [1ara3oHe 1e1IMMETPOBbIX BOJIH
(IMB). TUNUYHBIMU TIPUMEPAMU SBJISIIOTCST TPAKThI
pacrnipesieieHUs] OMOPHBIX M MH(MOPMALMOHHBIX pa-
JMUOCUTHAJIOB MO TIOJIOTHY MHOTO3JIEMEHTHOU (ha3u-
poBaHHOI aHTeHHO# pemeTkn (PAP) m aHamOroBBHIE
coenuHutebHbie TMHUY (ACJI) pazauyHOoro Ha3Haye-
HUSI, KOTOpbIE TPAAULIMOHHO CTPOSITCS Ha 6a3e Koak-
cuaJbHBIX Kabeneii. B yacTHOCTH, 9TO MOXET OBITH I1e-
penaya MpUHSITOrO paadMoOCUTHala OT YCTaHOBJIEHHOM
Ha BBICOKOW MauTe aHTeHHBbI B PACIOJOXEHHbIN Ha
3eMJIe IIYHKT JajibHelinel oopadoTku. Haiile cpaBHu-
TeJbHOE WCCleAoBaHMe [6] TMoKaszajo, 4To MpenMy-
111eCTBO BOJIOKOHHO-ontuueckoit ACJI ¢ yyeTom noTepb
MpU DJEKTPOONITUYECKOM U OMNTUKO-2JEKTPUUYECKOM
peo0pa3oBaHMUIX paguOCUTHajla 00ecIieunBaeTCs B
9TOM JIMalla3oHe yXXe MpHu JUIMHE Hepa3BETBJIECHHOIO
yuacTtka KoakcuaibHoit ACJI okoiio 40 m.

Kaxk u3BectHo [5], TMIIMUHAsA cxema paaruo¢OTOH-
Hoii muHum (P®JT) C-nuamaszona (1530...1565 HM) co-
IEPXKUT YeThbIpe NMPUHLUUIHMATLHBIX 3JEeMEHTa: OCy-
LLIECTBJISIOIINIA (DOPMUPOBAHUE ONITUYECKOM HeCylIei
MOJIyITPOBOAHUKOBBIN Ja3epHblid Moayab (ITJIM), yn-
PABJISIOIMI UHTEHCUBHOCTBIO ONITUYECKON Hecyllei
M0 3aKOHY U3MEHEHUs MepeaaBaeMoro paauocuryaia
BHEIIHUI onTudyeckuii Mmonynsitop (OM), obecrieun-
BalOIIMi TMEPeHOC MOIYJIUPOBAHHOTO OMNTUYECKOTO
CHUTHaJIa B TOYKY ITpHMeMa BOJJOKOHHO-ONTUYECKUI Ka-
0es1b Ha 6a3e OHOMOJOBOTO BOJIOKHA U OCYLIECTBIISI -
IOIIMK 00paTHOE ONTUKO-3JIEKTpUYECKoe Mpeobdpa-
3oBaHMe GoroanomHblii Momynb (DPAM). Hammuwme
BBICOKOJIMHETHOTO BHellIHero OM naeT BO3MOXHOCTh
paciMpeHus nuHaMmuyeckoro nuamnazoHa PDJI B co-
OTBETCTBUM C TpeOOBAaHUSAMU K Mepeaadye aHaJIO0TOBbIX
paguoOCUTHAJIOB [5], 0oAHAKO 3HAYMUTEILHO YBEJIMYMBa-
€T €€ CTOMMOCTb, UTO KPUTUYHO JIJIsI JAHHOTO MTpUMe-
HeHus. CleqoBaTeIbHO, MPEACTABISAET MPAKTUISCKUIA
WHTEpeC MUCIOJIb30BaHMe YIIpolneHHo# cxeMbl PDJI ¢
copmeleHuem B ITTJIM dyHkuuii popmMupoBaHus u
MOZYJISILMU ONTUYECKOM HEeCYIIel, KaK 3TO MPUHSTO B
LHU(POBBIX TeJIEKOMMYHUKALIMOHHBIX BOJJOKOHHO-OTI-
tnueckux cuctemax (TBOC), co ckopocThio mepenayun
1o HeckoJibkux I'out/c. OgHako B JaHHOM ciiydyae K Mo-
JIYIIPOBOIHMKOBOMY JIazepHOMY uany4darento (ITJIN),
SIBJISTIOIIEMYCST KITIOUEBBIM aeMeHToM [1JIM, momu-
MO TpeOOBaHMI MO COOTBETCTBUIO ITMPUHBI ITOJOCHI
MOIYJISIIIMM U 3aA€PXKKU BKJIIOUEHHUS, KaK B LIU(pPo-

Bbix TBOC, npeabsBisioTCsl TOMOJIHUTEIbHBIE BaxK-
HbIE TPEOOBAHUS ITO0 YMEHBIIIEHUIO BHOCUMBIX IIIYMOB
W HEJIMHENMHBIX UCKAXEHUN B peXXUMe OOJIbILIOTO CUT-
HaJjla, KOTOpbIe BMECTE MOJKHBI COOTBETCTBOBATh TPE-
OyemMoMy TMHAMMYECKOMY IMAITa30HYy Iepeaadu pago-
curHajioB. OCHOBBIBAsICh Ha 3TOM, B JAHHOI CTaThe
MPUBOASATCS Pe3ybTaThl CUCTEMAaTHYECKOTO IKCIIECPU-
MEHTaJIbHOI'O MCCJAEA0BAHMS KITIOUYEBbIX TEXHUYECKUX
MokKasaTejieil KayecTBa 3JEKTPOOITUYECKOTO IIPeos-
pa3oBaHUs 1JIsk 000X MCIIOJIb3yEMbIX B COBPEMEHHOI
npaktuke TurnoB ITJIM. ABTopbl BeIpaxkaroT HaIEXIy,
YTO IPUBEACHHBIE B CTaThe JaHHBIE OYIyT IOJIE3HBI KaK
CIIPaBOYHbIC CBEACHUS IJIs1 pa3pabOTYMKOB paanodo-
TOHHOM ammapaTyphbl BHIILIEYKa3aHHOTO HAa3HAYCHUSI.

O0BEKThI HCCIEeA0BAHUSA
H NOPAIOK NMPOBeAECHA HCIBITAHU

B HacTosiee Bpemst u3BecTHbI aBa kiacca ITJIN: ¢
TOPLIEBBIM M3JIydeHUEM U C TTOBEPXHOCTHBIM M3JTyye-
HueM. Haubosee MpPOKO IpUMEHSIeMBIMU IIpeacTa-
BUTEJISIMU TIEPBOTO Kjlacca sIBJISIIOTCSl pa3BUTHIE €lle B
TIPOIIUIOM CTOJIETUY Jia3ephl ¢ pe3oHaTopoM Dadbpn —
ITepo (JIP®DIT) u 1a3epsl ¢ pacrpeaeaeHHON 00paTHOM
cBs3bio (JIPOC, DFB lazer) [7]. IlepBblit U3 HUX TIpu
MOIYJISILIMM TOKAa WHKEKIHUM OOJBIIUM paguOCUTHA-
JIOM TIEpEXOAUT B MHOTOYACTOTHEIN PEXUM, MTOITOMY
He Haumen npuMeHeHus B PDJI. Bropoit — ocrtaeTcs
OIHOYACTOTHbIM, MHaye "MMHAMUYECKHU OIHOYACTOT-
HBIM", B CBSI3M C YeM ITOJIyUYMJI cCaMoe IIUPOKOe pac-
MPOCTPaHEHUE B COBPEMEHHBIX BbICOKOCKOPOCTHBIX
HU(PPOBBIX X BEICOKOYACTOTHEIX aHanoroBeix TBOC.
Kpome Toro, B 90-x romax mpoIUIOro CTOJETUS 3a
pybexxoM HayaJloCb MHTEHCUBHOE Pa3BUTHE BTOPOIrO
Kj1acca — TIOBEPXHOCTHO-M3JIYYaOIIUX Ja3epoB C
BEpPTUKAIbHBIM KaHAJOM pacIpOCTpaHEHUs U3Iyde-
HUSI B MUKpOpe3oHaTope (MHOCTpaHHasi abOpeBuary-
pa VCSEL). B cBs13u ¢ ero 10CTOMHCTBAMU 10 CpaB-
HeHuto ¢ JIPOC, Hanpumep, Majioil MOIITHOCTbIO MOT-
pebieHus, S5KOHOMUYHOCTbIO TMPOMU3BOICTBA, OoJiee
c/1aboil TeMIlepaTypHOI 3aBUCUMOCTBIO DHEPreTHIeC-
KOl XapaKTepUCTUKHU, MPUMEHEHUEe JaHHOTO Ja3epa
SIBJIACTCS ONHMM W3 TICPCIIEKTUBHBIX HaNpaBICHUU
pPa3BUTHUS JOKAIbHBIX BOJTOKOHHO-ONTUYECKUX CETEH
paznuyHoro HaszHaueHMsi. [1ogpoOHO AOCTOUHCTBA,
HEeIIOCTaTKM, OCHOBHBIE TTapaMeTPhl U PeXXUMBI pabo-
Tel VCSEL onucansl B [§].

Taxkum 006pa3om, B KauecTBe OOBEKTOB MCCIeI0Ba-
HUS BBIOpaHbI TpU BapyuaHTa KoprycupoBaHHbIX TTJIN
(ITJIM), kaxablii U3 KOTOPBIX MMeJI BCTPOSHHBIN Y3el
OTNTUYECKOI CBSI3M B BUJIE OTpe3Ka CTAaHIAPTHOTO OfI-
HOMOJIOBOTO BOJIOKHA C BUJIKOI ONTHUYECKOIO pa3beMa
tuna FC/APC Ha KoHIe:

e TEPMOCTATUPOBAHHBIN Ja3ep € paclpeiacaeHHON
obpartnoii cBsa3b0 (JIPOC-TC);

e HetrepmocTtatupoBaHHblil JIPOC (JIPOC-HT);

e TIOBEPXHOCTHO-U3JIyYaIOIINi JI1a3ep C BEePTUKATb-

HbeIM pe3oHaTopoMm (VCSEL).
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KoppekTHoCcTh pe3yiabTatoB ucnbiTaHusa B JIMB-
Mana3oHe obecrieurBagach 3a CYET YCTAHOBKU Kax-
nmoro IIJIM B cneumajabHO pa3pabOTaHHYIO M3MEPHU-
TEJIbHYIO KaMepy, BKIJIIOYAIOIIIYIO IO LIeTIY MTOABEACHUS
MOJYJUPYIOLLETr0 paauoCUTHaia po3eTKy 3JeKTpuyec-
KOro pazbema turna SMA, KOpOTKYI0 MUKPOIIOJIOCKO-
BYIO JIMHUIO C XapaKTePUCTUUECKUM COMPOTUBJIEHUEM
50 OM ¥ Lienb COMIacOBaHUS C BXOJHBIM MMIIEAAHCOM
ITJIN Ha kaxnoit yactore usmepeHust (KCBH He 60-
nee 1,2). JIasg nuamepeHuii ObUin BEIOpaHbI TPU HanbO-
Jiee YacTo UCIOJIb3yeMble POCCUUCKMMU pa3padoTyrKa-
MM YaCTOTbI OITOPHOTO PaIMOCUTHasa B HUXKHEN U BepX-
Heit yactax JIMB-auamasona: 360, 450 u 2500 MIw.

HMcnblTaHus MPOBOAMIIM B CJIEOYIOIIEM COTJIAco-
BaHHOM mnopsake. [Ipexae Bcero uamepsiiu sHepre-
TUYecKUe (BaTT-aMIlepHbIe) xapakTepucTuku (BTtAX)
00BEKTOB MCCIIEOBaHUSI B JAMAIia3oHe MOCTOSTHHBIX
TOKOB CMeEIEHHUs OT Mopora 10 Hayaja objlacTu Ha-
chiieHus. Ha ocHOBe MOJTy4eHHBIX pe3y/bTaToOB ONpe-
JIeJISLI: TIOPOTOBbBIN TOK, T depeHInaIbHYI0 KBAHTO-
BYI0O 9(®dEKTUBHOCTh (KPYTU3HY XapaKTEPUCTUKU),
ONTUMAJIbHYIO pabovyl0 TOUKY IJIsI pexkrma MOIYJIsi-
LYK OOJIBIIMM paguOCUTHANIOM (CepearHa JMHEeHHO-
ro yyactka BTAX), nmorpebsieMylo MOIIIHOCTb B 3TOM
touke. [lpenBapuTebHO OIEHMBAIM MaKCHMAaJIBHO
JIOMTYCTUMYIO MOUIHOCTb MOIYJMPYIOILIET0 pamruoCur-
Hasia (Mo pazMaxy ToKa MOAYJISILIMU B TIpejeax JuHel -
Horo yuyactka BTAX). B BeiOpaHHOI1 paboueii Touke
kaxaoro ITJIN uaMmepsiivu 4aCTOTHO-MOAYISLIMOHHYIO
xapakTepuctuky (UYMX) B MajlOCUTHAILHOM peXUME
Moaysiunu. Ha ocHoBe moTy4eHHBIX pe3yabTaTOB OIl-
pelesiid MoJ0Cy MOAYJISIUMU MO YpoBHIO —3 n1b Ha
BCEX YacTOTax M3MEpPEeHMs, TI0 KOTOPOil OlLeHUBAJH,
Ha KaKMX 13 BEIOPAHHBIX YaCTOT PaAMOCUTHAIOB OyIyT
MPOBOIUTHLCS MajbHENIIIME MCCAeNOBAaHUS KaXIOro
00beKTa.

Hayee MPOBOOMIM CEPUIO M3MEPEHUI IIYMOBBIX
xapaktepuctuk I1JIM Ha BbIOpaHHBIX YacCTOTaX MOJIY-
JISILIMY, BKJIIOYasi BHOCUMBIM aMIIUTYIHBIN 1IYM, KO-
Topblii B PDJI npenMyllieCTBEHHO OINpenessieTcs Tak
Ha3bIBa€MbIM OTHOCUTEIbHBIM LITYMOM MHTEHCUBHOC-
™ (RIN) nasepa, 1 BHOCUMbIiI OTHOIOJIOCHBIN (ha30-
BBl LITYM B IOJIOCE OTCTPOEK OT PaaroyacTOTHON He-
cymeit 10 I'ry ... 10 MI'n. B 3akmmouyeHue 11t KaXXmoro
00BbeKTa Ha KaxXaoi MOAYIUPYIOIIEH YacTOTe u3Mepsi-
I TUHAMUYECKYIO XapaKTepUCTHKy Tepenadun PDJI
(ot Bxoma Momynupymoliero curtana I1JIM go Beixoma
obpastoBoro ®JIM) Ha 6a3e JaHHOTO Jla3epa B PeXKu-
Me OoJbLIOro Monyaupymwollero curdana. Ilo pesysb-
TaTaM M3MEpPEeHUI Ha KaXI0i 4acToTe MOIYJISIILIMU OIl-
penenasin KoadgdunueHt nepegaun PAJI B tnHeitHOM
pexXXuMe U ypOBEHb MOIIIHOCTY BXOIHOTO PaAUOCHTHA-
Jia TpY OTKJIOHeHUU JaHHOM XapakTepucTuku Ha 1 nb
OT JIMHEHOM 3aBUCUMOCTH. 3aTeM, UCIOJb3ys JaH-
Hble MapaMeTphbl, a TakKXXe 3HauYeHUsI CIeKTpaJbHOM
IUIOTHOCTY MOILHOCTHU 1iiyMa Ha Beixoae P®JI, momy-
yeHHbIe B xoae uaMepeHuit RIN, paccumTeiBaiu nu-
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HamMu4deckuii auana3oH PMJI Ha 6a3e gaHHOTrO Jazepa
M0 KOMIIpeccun KoaddulmeHTa nepegayn [5].

B xauecTBe 00pa3LOBOTO ONTUKO-3JI€KTPUIECKO-
ro rnpeodpaszoBatesisl B X0Ae U3MEPEHUI AMHAMUYEC-
KHUX XapaKTepucTuk ucnonb3oBaau DM momenu
XPDV3120 mpowmsBoactBa Finisar, CIIA (monoca
nponyckanus 75 I'T, TeMHoBoi1 TOK He 6onee 100 HA,
MOIIIHOCTh HACHIIIEHUS TT0 BXOAy He MeHee 16 MBT),
MpUMEHEHNEe KOTOPOTO MPaKTUUYECKU YCTpaHSET BIM-
gare ®JIM Ha pesynbTaThl U3MepeHuii. Mamepenue
JUHAMUYECKUX XapaKTepUCTUK MPOBOAWIM C IOMO-
B0 BEICOKOTOYHBIX COBPEMEHHBIX IPHOOPOB (DHPMBI
Keysight Technologies, B 4aCTHOCTU, MaJIOLIYMSIILIETO
CUHTE3UPOBAHHOIO TeHepaTopa paJuOCUTHATOB MO-
genn N5181B, BeKTopHOro aHaiaud3aTopa liereil Mo-
nemn E8363B, ananuszatopa cnektpa momei N9020A
U aHanu3atopa dazoBoro 1ryma moaenu E5052B, uto
obecrneynio KOppeKTHOCTh MOTYYeHHbIX JaHHbIX. M3-
MEpEeHUST IPOBOAMIN B HOPMAIbHBIX KIMMATHIECKUX
ycnoBusiX nipu Temmnepatype okojio 23 °C. B cBs3u ¢
OTMEUEHHOM BbIllIe C1a00i TeMIepaTypHOU YyBCTBU-
tenbHOCTBIO VCSEL B maHHOM ciyyae OTCYTCTBYET
HEOO0XOINMOCTD 3K€CTKOM TEMITepaTypHOI CTa0MIm3a-
LMUU KPUCTAJUIA, YTO OYAET CHEJIAHO MPU MCHBITAHUU
JIPOC. B xonme u3MepeHU#l MCIOAb30BAJIM CTaHAAPT-
HbIe METOIMKH MCITBITAHWI B OIITUYECKOM IHMAIa3oHe,
a Takxe pa3paboTaHHbIE Ha 0a3e M3BECTHBIX METOMIOB
WCTBITAHWA XapaKTEPUCTUK BBICOKOYACTOTHOTO pa-
JIMO000pYIOBaHMSI HeCcTaHIAPTHbIE METOAMKM, TOMI-
poOHOe omnucaHrue KOTOPBIX MpUBeneHOo B [9].

Pe3ynbTaThl u3Mepenuii

1. Bamm-amnepuvte xapaxmepucmuxu

Ha puc. 1 npeacraBneHa BTAX nazepa ¢ pacmnpe-
JleJIECHHOM 00paTHOM CBsI3bIO, KOTOPAs B CBSI3U C MPU-
MeHeHueM B oboux IIJIM omHoro u TOro xe Tuia
IIJIN Oymer omMHAKOBOM IJISI OOOMX TECTUPYEMBIX
npubopos. Kak cienyet u3 rpadurka, HoporoBbiii TOK

o 10 20 30 40 50 60 7O &0 90 100 110 120 130 140
ToK cmeweHna (MA)
Bias current (mA)

Puc. 1. Barr-amnepHas XapakTepucTHKa Jia3epa C pacnpeaeseHHOu
00paTHOi CBA3BIO

Fig. 1. Watt-current characteristic of the DFB laser under test




Optical power (mW)
OnTHyeckan MOWHOCTL (MBT)

0 2 4 6 8 10 12 14 16
Tok cmeleHuna (MA)
Bias current (mA)

Puc. 2. Barr-amnepnas xapakrepuctuka jga3epa tuna VCSEL
Fig. 2. Watt-current characteristic of the VCSEL under test

Inop = 7.5 MA, auddepeHLaabHasg KBaHToBast 3¢-
(bexTMBHOCTH B HavaJie JMHeitHOTO y4yacTka 0,14 B1/A,
cepeivHa JMHeHoro yJyacTka Iy = 65 MA. I1pu sTom
COOCTBEHHasl MoTpedssieMasi MOLIHOCTb Jiazepa Co-
orBercTBYeT 110 MBT. Tak:ke MOXHO IpeaBapUTeIb-
HO OLICHUTh JOIMYCTMMOE 3HauyeHUe pa3zMaxa TokKa
MOAYJSILIMM B IIpenenax JUHEMHOro ydactka BTAX
OT MUHUMAILHOTO /. = 20 MA 10 MaKCMMaJbHOTO
Lyaxe = 110 MA. TIpy 5THX 3HaYEHUSAX MaKCUMaJlbHAsI
MOIIHOCTb MOIYJIMPYIOLIEro CUTHAJIa Ha BXOJe Jla3epa
Oyzer coorBeTcTBOBaTh Py = 50 MBT (17 n1bm).

Ha puc. 2 npencraBiena BTAX apyroro ucmbl-
tyemoro ITJIN Tuna VCSEL. Kak cienyet u3 rpadu-
Ka, IOPOTOBBIM TOK Inop = 2,5 MA, nuddepeHLnanb-
Hasl KBaHTOBasi 3(HeKTUBHOCTh B Havaje JUHEeHHO-
ro yuactka 0,17 Bt/A, cepeanHa TMHENHOTO y4acTKa
Iy = 9 MA. Ilpu 3T0M COOCTBEHHas MOTpedIAEMast
MOIIHOCTb J1a3zepa cooTBeTcTByeT 15 MBT. Taxke Mox-
HO TMpEeNBapUTEIbHO OLEHUTH AOIMYCTUMOE 3HAuyeHUE
pa3Maxa ToKa MOIYJISIIIAN B TIpeIeIax JMHEWHOTO yJac-
TKa BTAX or MuHMMaIbHOIO I, = 4 MA 10 Makcu-
MaJIbHOTO Iy, . = 14 MA. TIpu 3TUX 3HaYEHUAX MAKCU-
MaJibHasi MOIIIHOCTb MOAYJIMPYIOIIETO CUTHAIA Ha BXO-
ne nasepa Oyzet coorseTcTBoBaTh Py = 1 MBT (0 1bMm).

M3 pe3yabTaToB U3MEPEHUI M TTOCIEAYIOIIMX pac-
YeTOB MOXHO ClIeJIaTh clienyoliue BeiBoAbl. ITo cpas-
Henuto ¢ JIPOC IIJIM na 6aze VCSEL o6Gnamaer B
3 pa3a MEeHbIIKUM TTOPOroBbIM TOKOM U B 1,2 paza 601b-
e KPYTU3HOU SHEPreTUYECKON XapaKTEePUCTUKMU,
Onarogapst yeMy notpeobiisieMass UM MOLIIHOCTh B pabo-
Yyeil TouKe MmojydyaeTcs IIOYTH Ha Mopsaaok (B 7,3 pasa)
MeHblIe. KpoMe Toro, Tpedbyemass MOLIHOCTb paauo-
curHaja ajis ero 3¢ GeKTUBHON MOAyIsIUU OyneT Ha
17 nb menbe. O6a mapameTpa o0ecneYMBaIOT €ro
MPEUMYIIECTBO B MOOMJIbHBIX U OOPTOBBIX MPUMEHE-
Husx. OpgHako K poctouHctBam ITJIM Ha 6aze JIPOC
OTHOCSITCSI TOpa3ao OOJIblINE MOIIHOCTh U3JYyYEHUS B
paboueii Touke (B 5 pa3) U NPOTKEHHOCTb JIMHEMHOTO
yuactka BTAX (B 9 pa3), uro, Kak OyaeT clieoBaTh U3

pe3yJIbTaTOB JaJbHEHNIIMX UCIBITAHUH, oOecIieunBaeT
CYIIECTBEHHO MEHBIIIVE MOTEPU W OOJBIIAN TUHAMU-
YeCKMI TMaIa3oH 3JIEKTPOONTUYECKOTO MTpeodpa3oBa-
HUS PaIAOCUTHANIA.

2. Yacmommno-mooyaauuonnvle Xapaxmepucmuxu

Ha puc. 3 npeacraBieHbl U3MEePEHHbBIE MaJTOCUT-
HambHble YMX Bcex Tpex OOBEKTOB HCCJICIOBAHUS
JUTS TIOCTOSTHHOTO CMEIIEHUSI B BBIOpAHHOW B Mpe-
IBIOYIIEM ITyHKTe paboueil TOuke, HOPMUPOBAHHBIE
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Puc. 3. YacToTHO-MOAYIALMOHHBIE XAPAKTEPUCTHKH HCHBITYEMBIX
I1JIM na 6a3e JIPOC-TC (a), JIPOC-HT (b) u VCSEL (c)

Fig. 3. Frequency characteristics of the laser modules under test: a —
based on DFB laser with temperature control; b — based on DFB laser
without temperature control; ¢ — based on VCSEL
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Ha yactote 10 MTI'u. Kak cinenyer u3 rpacdukoB, Ijs
ITIJIM na 6aze JIPOC-TC mnonoca MOIYJSLIMU IO
ypoBH10 —3 n1b cootBerctByeT 2 I'T1, ang ITJIM Ha Ga-
3e IPOC-HT — 3 I'Tu, mig ITJIM nHa 6a3e VCSEL —
5,8 I'Tu. W3 pe3ynbraToB M3MEPEHMNIA MOXHO CIIeJIaTh
cnenytouve BoiBoabl. KoadpuuueHnt nepemaun YMX
ITJIM na 6aze JIPOC-TC nepaBHOMEpeH B paboueit
I0JIOCE YacTOT C OTKJIoHeHueM =2 ab or cpeaHero
3HAUYEHUSI M cJabo chajaeT 3a mpeaejaMu I0JIOChI
IIPOITYCKAHUSI, YTO OOBIYHO CBSI3aHO C BJIMSIHUEM Ia-
Pa3UTHBIX 2JIeMeHTOB mpu MoHTaxe I1JIM B xopy-
ce. YMX ocTaibHBIX ABYX OOBEKTOB HCCIEI0BaHMUS
MpakTUYECKU paBHOMEpPHA B paboueii MoJjioce 4acToT
M JOCTaTOYHO PE3KO CMaAaeT 3a MpeaeaaMUu TMOJOChI
nponyckanus. HegoctatouHo mupokas monaoca He-
nocpeacTBeHHON Monyiasuun oopasua ITJIM Ha 6ase
JIPOC-TC no3BoJseT poBOAUTh AaJbHEHNIINE U3Me-
peHUs TOJIbKO B HUxKHe# yactu JIM B-ananazona. Ilo-
JIoCa OCTAJIbHBIX ABYX OOBEKTOB MCCECIOBaHUS 00Oec-
MeYrBaeT BO3MOXHOCTD MPOBEACHUS JATbHENIINX UC-
clleloBaHMM Ha BCeX TpeX BbIOpaHHBIX YacTOTaXx.

3. Xapaxmepucmuxu wiyma uHmMeHcueHoCmu

Xapakrepuctuku RIN 1151 0601x 00beKTOB UCCIe-
noBaHMs Ha 6asze JIPOC moayyuauch NpuMepHO OJu-
HaKOBBIMU. Pe3ynbTaThl U3MEepeHUsI C TTOCTISIYIOIINM
pacuetoM RIN mpu pas3nauyHBIX TOKax CMELIEHUST B
npenenax JuHeiHoro yyactka BTAX (cwm. puc. 1) npu-
BeleHbI Ha pHC. 4, Te Ha YyacToTax Moayasaunu 360 u
450 MTI'1; ykazans! 3HayeHust RIN misa ITJIM nHa Gase
JIPOC-TC u JIPOC-HT, a Ha yacrote 2500 MI'y —
tosibko mst I[TJIM Ha 6aze JIPOC-HT. Ananoruuneie
xapaktepuctuku I1JIM na 6aze VCSEL npu paznuy-
HbIX TOKaX CMELIEHUs B Mpeaesax JMHEHHOro yyacTka
BTAX (cM. puc. 2) npuBeaeHsl Ha puc. 5. Kak cienyer
u3 rpaduKoB, NMPU YBEJUUYEHUM TOKA CMEILEHUs ypo-
BeHb IIYMOB WHTEHCUBHOCTH ITIJIABHO YMEHBIIACTCS
Ha TIePBBIX JIBYX YAacTOTaX MOAYJSLIMU B Ipeaenaax oT
—152 no —166 nbu/Tu mng JIPOC u or —146 mo
—157 nbu/T'u nng VCSEL u Ha yacrote 2500 MI'ny —
B mipenmerax oT —142 no —156 nbu/T' g JIPOC u ot

—r—360 MI'y (260 MHz)

=450 MI"u (450 MHz)

i 7510 M0 (25000 MFHz)

RIN (dBc/Hz)
RIN (abu/T'u)

Tox (MA)
Current (mA)

Puc. 4. Xapakrepuctuku RIN ncnbityemsix I1IJIM na 6aze JIPOC

Fig. 4. RIN characteristics of the laser modules under test based on DFB
laser
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i 3650 ML (360 MHz)
== 450 MI'u (450 MHz)

2500 My (25060 MHz)

RIN (dBc/Hz)
RIN (abu/Tu)
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Current (mA)

Puc. 5. Xapakrepuctukn RIN ucnbiryembix IIJIM na 6aze VCSEL
Fig. 5. RIN characteristics of the laser modules under test based on VCSEL

—136 no —148 nbnu/I'u ms VCSEL. U3 pesynbratoB
M3MEPEHUI U MOCIeAYIOLIUX PACUETOB MOXHO CeJIaTh
cienytolue BbiBoAbl. YpoBeHb RIN Bcex Tpex o0bek-
TOB MCCJEAOBAaHUS MMEET TeHACHLMIO K CYIIEeCTBEH-
Homy (Ha 11...14 n1B) yMeHbllIeHUIO 10 Mepe yBeanuve-
HUSI TOKAa CMellleHUs. 3HayeHMsT IITyMOB WHTEHCHUB-
Hocty mist ITJIM Ha 6ase VCSEL Ha Bcex Tpex yacTo-
Tax paguocurHajoB Ha 8...10 1b Brille Mo cpaBHEHUIO
¢ I1JIM na 6a3e JIPOC. ITonyyeHHbBIE B pe3yabTaTe 13-
MepeHuit xapaktepuctuku RIN 151 oboux TUIOB
IIJIN cyiiecTBEHHO BBIIIE XapaKTEPUCTUK APOOOBBIX
1 TETIJIOBBIX IIIyMOB Ha Bbixome MM, mosToMy UMeH-
HO OHU OIPEAEJISIIOT OTHOIIIEHWE CUTHAJ/IIIyM Ha BbI-
xone PDJI.

4. Xapaxmepucmuxu ¢hazoeozo wyma

OCO0EHHOCTb NTaHHOW, KPUTUYHOM JJISI CUCTEMBI
pacIipefie;ieH!s] OMOPHBIX PaIMOCUTHAIOB XapaKTe-
PUCTUKU COCTOMUT B TOM, YTO 3HaU€HUs (ha30BOro 1y-
Ma B CBSI3HM CO CJIOXKHOCTBIO U3MEPEHMS, KaK ITPaBUIIO,
OTCYTCTBYIOT B CIlelIM(PUKaLMIX TPOM3BOAUTENCH Ja-
3epoB. BciemcTBue 3TOTO ee MCCIeIOBaHUIO YAEICHO
ocoboe BHMMaHMe B HacToslei cratbe. Ha puc. 6—8
MIpeACTaBIeHBl XapaKTEPUCTUKNA OTHOIIOJIOCHOTO (ha-
30BOTO IIIyMa BCEX TPeX OOBEKTOB MCCASIOBAHUS, 13-
MEpPEHHBIX TIpU OKpyxXKalouieil temmneparype 23 °C co-
OTBETCTBEHHO Ha 4acTOTax pagnocurHaioB 360, 450 u
2500 MTI'u B monoce orctpoek 10 I'ixy ... 10 MTI'u. Kak
caemyeT U3 rpaUKOB, TIPU YBETMUYEHUH YACTOTHI OT-
CTPOIKM YpOBeHb (Pa30BOro IiIymMa IIaBHO YMEHbIIIa-
€TCSA Ha TIePBBIX ABYX YAaCTOTaX MOIYJISIIUM B TIpEIe-
nax ot —104 mo —154 nbu/T'u g JTPOC u ot —99 o
—138 nbu/T'u pnsg VCSEL, a Ha yacToTe paguoCUTHa-
na 2500 MI'n — B mpenenax or —90 no —129 nbn/I'1
st JJIPOC-HT u or —90 mo —118 nbu/I'u nnsa
VCSEL. Eme onHoli 3agaveii, pelaeMoil B XoIe JaH-
HBIX UCIBbITAHUI, ObLJIa OLICHKA BJIMSIHUS Ha XapakTe-
pUCTHKY a30BOTO IIIyMa Jia3epa TOBBIIMICHHONW TeM-
nepatypsl. Takoil pexxuM paboThl ObL1 co3aaHd B [1JIM
Ha 6aze JIPOC-TC nyreM yBeJlMYEHUSI TeMIIepaTyphbl
JnaszepHoro Kpuctawia 10 40 °C ¢ moMolIblo BCTPOEH-
HOI cXxeMmbl TepMocTaTMpoBaHus. Ilpumep xapakTte-




pUCTHKM (DA30BOTO IIymMa Ha YacTOTe paavoCUTHaIa
450 MTI'u npeacrasieH Ha puc. 9. CpaBHeHMe ¢ aHa-
JiornyHo# xapaktepuctukoit npu 23 °C (cMm. puc. 7)
MoKa3bIBaeT yBeanueHue (asoBoro myma Ha 5...7 nb,
HaynHas ¢ orcTpoiiku 1 kI mpu NmpuOIU3UTETBHO
COBMAIAIONIMX YPOBHSX IUISI MEHBIIIMX OTCTPOEK.

M3 pe3ynbraToB U3MEPEHUI U MOCIEAYIOIINX pac-
YETOB MOXHO CHeJIaTh CJIeAyIole BbIBOAbI. YPOBEHD
¢a30BOro IymMa BcCeX TpeX OOBEKTOB HCCIEAOBAHUS
MMeeT TeHICHLMI0 K cyllecTBeHHOMY (okosio 40 nb
st JIPOC u okono 30 1b mist VCSEL) yMeHblleHU1o
MO Mepe YBEJMYEHMST YaCTOThl OTCTPONKHM OT paguo-
yactoTHo#t Hecyuleli. B TIJIM Ha 6a3e JIPOC BHe 3a-
BUCHMMOCTHU OT HaJUYMs UM OTCYTCTBUSI TEPMOCTATU-
pPOBaHUS JIa3epHOTO KpUCTaljla HabII01al0TCsl TIOUTH

—e— JTPOC-TC (@)
—&— JIPOC-HT (b)
—=— VCSEL (¢)

100

z)
o,

[ I
[ I
[ I
[ I
[ I
) I
\% E I I
I8 =120 I
I= = - I
18 -0 I
I 2= - I
| o 2140 |
188 |
| E 2 =150 -— |
: -160 |- :
! -170 |- :
[ L I
| ~180 PRI BT R WYY BRI M AR TIIT BT
| 10 100 1000 10000 100000 10¢ 107
I Yactora oterpoiiku, ['n I
I Offset frequency (Hz) I
L e e e e e e e e e e e e e e e e e e e e e e e - —— - =

Puc. 6. XapakTepuCTHKH OJHONOJIOCHOTO ()a30BOIO IIyMa MCCJIELY-
€MBbIX JIa3ePHBIX MOAYJIeii HA YacTOTe MOAYJIMPYIOIIEro PAAUOCUTHANA
360 MI'n

Fig. 6. Single-sideband phase noise characteristics of the laser modules
under test at modulation frequency 360 MHz
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Puc. 7. XapakTepucTHKH OAHONOJIOCHOTO (a30BOro myma ucciemy-
eMBbIX JIa3ePHBIX MOAYJIeii Ha 4YacTOTe MOAYJIMPYIOIIEro PaAHOCUTHAIA
450 MTI'u

Fig. 7. Single-sideband phase noise characteristics of the laser modules
under test at modulation frequency 450 MHz
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Puc. 8. XapakrepucTKu 0AHONONOCHOTO (h)a30BOr0 IIYyMa MCCIERY-
€MBIX JIA3ePHBIX MOAYJIEi HA YACTOTE MOAYIMPYIONIET0 PATHOCHTHANIA
2500 MTI'n

Fig. 8. Single-sideband phase noise characteristics of the laser modules
under test at modulation frequency 2500 MHz
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Puc. 9. Xapakrepuctuka ognonosocsoro ¢asosoro myma IIJIM na
0a3e JIPOC-TC na yactore Moay.mpyiomero paaaocuraana 450 MI'y
npyu Harpese Ja3epHoro Kpucrauia no 40 °C

Fig. 9. Single-sideband phase noise characteristic of the laser modules
under test at modulation frequency 450 MHz when the laser chip is
heated up to 40 °C

WIEHTUYHbIE XapaKTepUCTUKU (a3oBOro Iyma Ha
00enx 4yacToTax M3MepeHMs. YBeJIMYeHUE OKpYxKaio-
11eil TemriepaTypbl IPUBOAUT K 3aMETHOMY yBeJIUYe-
HUIO (ha3oBOro IIyma, TeM He MeHee, ero YpoBHM OC-
TAlOTCS TIPUEMJIEMBIMM UIST OOJBIIMHCTBA TIPUMEHE-
Huit. 3HadyeHus ¢asosoro myma mag ITJIM Ha 6Gase
VCSEL Ha Bcex Tpex 4acToTax paJMOCUTHAJIOB IO
cpaBHeHu1o ¢ I1JIM Ha 6aze JTIPOC npumepHO COB-
MajgamT MpU MajbiX OTCcTpoiikax. OgHaKo, HaUMHas ¢
yacTtoTel orcTpoiiku 100 I'm, cKOpocTh CHUKEHUS
ypoBHs myma y VCSEL 3amemisiercst Tak, 4YTo IIpH OT-
crpoiikax caiiie 10 k' pasHocTh npesbimaet 10 nb.
ITonyyeHHblE B pe3yjibTaTe M3MEPEHUM s 000MX
anoB [1JI ypoBHM ¢a30BOro IymMa CyIIeCTBEHHO
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OoJbliie 3HaUYeHMsT co3gaBaemblix JaszepoM (RIN) npo-
0OBBIX 1IyMOB Ha BbIxoge ®JIM, mo3TOMY MMEHHO
OHM OTIPEIEISTIOT Ka4yeCTBO CUTHAjIa Ha BeIxome PDJI
BOJIM3U OT PagroO4YacTOTHOM HECYIIE.

5. Xapaxmepucmuxu nepedauu é pexcume
004bw020 Modyaupyrwuiezo paduocuzHala

MaxkcuMaibHblii YPOBEHb BXOMHON MOIIHOCTU B
JTMHeHOM pexknme padboTel PDJI Ha 6a3ze Kaxkaoro u3
00BEKTOB HCCIENOBaHMS ObLI MPeaBAPUTENLHO Olie-
HEeH B M. 1 1aHHOrOo pas3aesia ¢ UCIOJIb30BaHUEM CTa-
TUYECKOU 3HepreTuyeckoil xapakrepuctuku ITJIN.
B maHHOM MyHKTe OH YTOUHSIETCSI TTyTeM HCCleI0Ba-
HUS TUHAMMWYECKON XapaKTepUCTUKU Tepenaun PDJI
B pexXuMe 00JIbIIOT0 paAuoCUTHaIa Ha KaXXa0i 13 BbI-
OpaHHBIX YaCTOT MOAYIsILMU. BeaeacTBre ncnosab3o-
BaHus onuHakoBbiX TMNOB [IJIN B oboux ITJIM Ha

E=360Mru (360 MHz)
-| —e— 450Mru (450 MHz)
LA 2500Mmry (2500 MHz)

Output power (dBm)

Buixognaa mowHocTs, ABM

2 4 6 8 10 12 14 16 18 20 22
BxogHas MowHoCTE, ABM
Input power (dBm)

Puc. 10. Xapakrepuctuku nepenaun P®JI B pexxnme 6osbimoro pa-
nuocurdana ¢ I1IJIM na 6a3e na3epa ¢ pacnpenesieHHOW 0DpaTHOI
CBA3BIO

Fig. 10. Large-signal mode transfer characteristics of microwave-
photonics link including DFB-based laser module
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Puc. 11. Xapakrepucrukn nepenauu PDJI B pexume 00JbiIoro pa-
nuocurdasa ¢ IIJIM uHa 6a3e moBepXHOCTHO-H3JIy4AaIOIIEro Jasepa ¢
BepTHKaJIbHBIM pe3onaTtopom (VCSEL)

Fig. 11. Large-signal mode transfer characteristics of microwave-
photonics link including VCSEL-based laser module
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JIunamuyecknii nuanazon P®JI no 1-a1b
Kommpeccun ko3¢ dunmenta nepenayd, 16/T'y
Dynamic range of RPL by 1-dB
compression of the transmission coefficient, dB/Hz

Yacrora monynsiimu, MI'ig

Tun TTJIA Frequency of modulation, MHz
Type of SCLE
360 450 2500
JIPOC 137,5 139 133
DFB
VCSEL 124 123,7 118,7

06aze JIPOC wucnbiTeiBasuch Tojbko I1JIM Ha Gaze
JIPOC-HT u VCSEL.

Pesynbrarsl u3aMepeHuil npruBeneHbl Ha puc. 10 u 11.
Kaxk cnenyer u3 puc. 10, nng obpasua I1JIM Ha 0aze
JIPOC onpenensieMblii IPUMEPHO B CEpEIUHE JIMHE -
HOTO ydyacTka (BXogHas MolIHOCTh 13 1bM) Koaddu-
LIMEHT Tiepenauyun cocrtasisgeT —33,5 nb Ha yacrorte
360 MTI'u, —31,5 n1b Ha yactote 450 MI'i u —31 nb Ha
yactote 2500 MTI'u1. YpoBeHb BXOJHOU MOILIIHOCTH TPU
KOMIIpeccur KoagdulmeHTa nepemsauu Ha 1 n1b —
MPUOIN3NTETLHO OOWHAKOBBIM Ha dYacTtoTax 360 u
450 MTI'u, cocraBiussa 22 n1bM, 1 yMeHbIIaeTCs Ha Yac-
tote mMomyisuuu 2500 MI'n mo 19 nbM. Kak cnenyer
u3 puc. 11, ms oopasua I1JIM Ha 6aze VCSEL omnpe-
JeJisieMblii TIPUMEPHO B cepeauHe TUHEMHOro yyacTka
(BxomHast MOITHOCTh —2 n1bM) kKoadduineHT nepena-
YW MPaKTUYECKU coBMaa Ha yactorax 360 u 450 MTI'n,
coctapisiss —32 nb, n ymensiaercsa no —33,5 a1b Ha
yactote 2500 MTI'. YpoBeHb BXOAHOM MOLIHOCTU IIPU
KoMIIpeccuu KoagduumeHTa nepemaud Ha 1 n1b —
MPUMEPHO OJMHAKOBBLII Ha BCEX TPEX 4acTOTaxX U CO-
otBeTcTBYeT 7 nbMm. IlpuBeneHHbIC BhIlIE JaHHBIC, a
TakXke M3MepeHHble B xoae ucciaegoBaHusi RIN 3Ha-
YeHUSI CIIEKTPAbHOM MJIOTHOCTA MOIIHOCTH 1IIyMa Ha
BeIXOAEe oOpasnoBoro MJIM IO3BOISIOT paccUUTaTh
JuHamMudyeckuii nuanazoH P®JI mo komripeccum Ko-
sa¢pdunmenTa nepenaun Ha 1 1b. Ero 3Hayenus npu-
BeIEeHbI B TaOIMLIE

M3 pe3yabTaToB U3MepeHU 1 MPUBEASCHHbBIX B Ta0-
JINLIE pacuyeToOB MOXKHO ClieJIaTh CJIEAYIOLIKe BBIBOJBI.
VYpoBeHb BXOAHOM MOIIIHOCTHU MPU KOMITPECCUN KO3(h-
¢unuenTa nepegauun Ha 1 1b pst [TJIM Ha 6aze TIPOC
Ha BCEX TPEeX YacTrorax pamuocurHanoB Ha 12...15 nb
Bbllle no cpaBHeHMIo ¢ I1JIM Ha 6aze VCSEL, urto
obecrneuynBaeT ropasao 0ojiee BHICOKYIO CTeTIeHb JIM-
HEWHOCTU €ro XapaKTePUCTUKU BJIEKTPOOITUUECKOTO
npeoOpa3oBaHUsl B pexXuMe OOJIbIIOr0 MOIYJIUPYIO-
mero curHajua. IlomyyeHHble 3HaYEHUS, 0OCOOEHHO IS
VCSEL, cyliecTBeHHO MPeBbILIAIOT Pe3yabTaThl OLICH-
KM MaKCMMaJIbHOM MOILHOCTU MOAYJIUPYIOLIEr0o CUT-
HaJjla Ha BXOJge Jlazepa B IpeAeiax JUHEMHOIo yyacTKa
ero BTAX (cM. 1. 1 HacTosiero pasaena), UTo CBUIE-
TEJbCTBYET O HEKOPPEKTHOCTH YacCTO MCITOJIb3YeMOTro
ornpeaeseHus TUHEMHOCTH Jlazepa Ha 0as3e ero craTu-
YeCKOM XapaKTepPUCTUKU 3JIEKTPOONTUUECKOTO Mpeosd-
pasoBaHusl. Takoe yBeJlMueHUe BepXHEil TpaHUIIbI AU~




HaMM4ecKoro auamnazoHa P®JI nmpu cpaBHUMBIX JTaH-
HBIX 0 KO3GhMUILIMEHTY Nepeaadyu B pexXume 00JbIIO0-
rO CUTHajJa W CIEeKTPAJIbHON IUIOTHOCTH MOIITHOCTH
myMa Ha Bbixone @JIM mpuBeso K ero 3Ha4YuTeIbHO-
My pacuupeHuto mist ITJIM Ha 6a3e JIPOC no cpas-
Henuro ¢ [1JIM Ha 6aze VCSEL.

3akimouyeHue

OO1IMM BBIBOJOM M3 PE3YJIbTaTOB IIPOBEIEHHBIX
WUCITBITAHWI SBJISIETCS TO, YTO JaXkKe IIMPOKO PacIipo-
CTpaHEHHBIE JIa3epHbIE M3JIydaTeNIM IIPUTOAHBI IS
5KOHOMMYHOI'O MCHOJb30BAaHUSI B TpaKTax pacripeje-
JIEHWS OTIOPHBIX M MH(POPMALIMOHHBIX PagUOCUTHAJIOB
JIMB-auana3oHa ¥ B BOJOKOHHO-ONTUYECKMX aHa-
JIOTOBBIX COEIMHUTENILHBIX JIMHUSAX nepenaun JIMB-
pagrocurHanoB. CpaBHEHUE KITIOUEBBIX TEXHUYECKUX
rokasaTeJjieil IByx HauboJiee pacrpoCTpaHEHHBIX B Ha-
cTosiiee BpeMsI KJIAaCcCOB MOYIIPOBOJHUKOBBIX Jia3e-
POB — C TOPLIEBBIM U TTIOBEPXHOCTHBIM U3JTyYeHUEM —
I0KAa3aJl0 3aMETHOE IPEUMYILIECTBO MEPBOrO M3 HUX
MO LIYMOBBIM XapaKTepUCTUKAM U JUHEHHOCTU 3JIeK-
TPOONTUYECKOTO ITpeodpa3zoBanusi. TeM He MeHee, CO-
OTBETCTBHME MTApAMETPOB 3NEKTPOONTUYECKOIO MPeod-
pa3oBaHUS NpPeabsBISIEMbIM B CUCTEMaXx paclipeielie-
HUSI OCHOBHBIM TEXHWYECKHM TPeOOBAHUSIM B COBO-
KYITHOCTH C TIOYTH Ha TOPSIIOK MEHBIIIeH MOIITHOCTBIO
norpebyieHus: no cpaBHeHuto ¢ JIPOC obecneunBaet
sdpdexTuBHOCTE VCSEL 114 1esoro psima paccMoT-
PEHHBIX BO BBEACHMU aHAJIOTOBBIX COEIMHUTEIbHBIX
JIMHUI U OTHOCUTEJIbHO HEOOJIBILIUX paclpeaeauTelb-
HBIX CETei, a TaK:Ke B MOOMJIbHBIX M OOPTOBBIX ITPHU-

MeHeHussX. KoHKpeTHEIN BEIOOp — 3a pa3paboTYMKOM
arnmnaparypsbl.

Paboma evinoanena npu noddepyucke Murnobprayku
Poccuu (wmugp npoexkma RFMEFI60715X0138).

Asmoput svipaxcarom 6aazodaprnocms OAO "Jlazepc-
Kom" 3a npedocmaenenHvle 041 UCCAe008aHUS 00PA3Ybl.
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The article presents the results of the systematic experimental studies and detailed comparison of the characteristics of the electro-
optical conversion of UHF-band reference radio signals by means of a direct modulation of the laser emitters, most widely used in
modern practice. Comparison of the key technical parameters of the edge-emitting and surface-emitting semiconductor lasers dem-
onstrated a significant advantage of the former in terms of the noise characteristics and linearity of the electro-optical conversion.
However, correspondence of the parameters of the electro-optical conversion to the basic technical demands in the distribution sys-
tems in combination with an almost ten-times lower power consumption than that of an edge-emitting laser, ensures efficiency of a
VCSEL-type surface-emitting laser for the analogue connecting lines and relatively small-scaled distribution networks, and also for

the mobile, avionic and on-board applications.
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Introduction

In practice of the radio-electronic systems (RES) for
the civil and military purposes the beginning of the 21%
century was marked by an intensive development based
on the achievements of the microwave frequency (MF)
optoelectronics and photonics’ construction principle —
microwave photonics1 [1—3]. The given technology
possesses a confirmed potential of application in the
radio-electronic equipment: radio communications
(a vivid example is wireless information-telecommuni-
cation systems of the fifth generation (5 G) [4]), radars,
radio-electronic counteraction, radio navigation [5],
first of all, from the point of view of raising of the work-
ing frequencies up to THz range, which increases their
speed and carrier capacity in accordance with the re-
quirements. Another direction of photonics consists in
improvement of the tactical-technical characteristics
of the existing radio technologies, such as a pass-band,
dynamic range, electromagnetic compatibility, imita-
tion resistance, and weight-size characteristics, due to
which the approach can be applied practically to all
kinds of the radio-electronic equipment for military
and civil purposes, and also to the measuring technol-
ogies. Its introduction will allow us to solve the imme-
diate tasks of the domestic radio-electronic industry
and communication industry in the import-substitu-
tion area and to raise considerably the defensibility,
competitiveness and an export potential of the Russian
technologies in the short-term and long-term pros-
pects.

The experience accumulated in development of the
radio equipment demonstrates that the efficiency of the
radio-photonic approach to the paths of formation and
processing of radio signals due to expansion of the in-
stant transmission band and the dynamic range increas-
es with an increase of the working frequency, beginning
from the X-range. Another advantage, which is low sig-
nal losses during transmission via the optical fibers (less
than 0.2 dB/km), ensured spreading of the approach
even to the ultra-high frequency band (UHFB). Typical
examples are the paths for distribution of the reference
and information radio signals on the curtain of a mul-
tielement phased-array antenna (PAA) and analogue
connecting lines (ACL), which traditionally are based
on the coaxial cables. In particular, this can be a trans-
mission of the radio signal, received from an aerial fixed
on a high mast, to the point of its further processing lo-

'In Russia the term of "radio photonics” is widely used as its full
equivalent, and we will adhere to it in our article.
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cated on the earth. Our research [6] demonstrated, that
an advantage of the fiber-optical ACL, with account of
the losses during the electro-optical and optical-electric
transformations of a radio signal, is ensured in this
bande already at the length of an unbranched site of a
coaxial ACL of about 40 m.

As is known [5], a typical circuit of a radio photonic
line (RPL) of S-band (1530—1565 nm) contains four
basic elements: a semi-conductor laser module (SCLM),
which forms optical carrier (OC); external optical mod-
ulator (OM), which controls the intensity of OC by the
law of change of the transmitted radio signal; a fiber-
optical cable based on a single-mode fiber and ensuring
transmission of the modulated optical signal to the
point of reception; and a photodiode module (PDM),
which ensures a reverse optical-electric transformation.
Availability of a high-line external OM provides an op-
portunity to expand the dynamic range of RPL in ac-
cordance with the requirements to transmission of the
analogue radio signals [5], however, it increases its cost,
which is critical for its application. Hence, the use of a
simplified circuit of RPL with a combination in SCLM
of the functions for formation and modulation of OC,
as it is accepted in the digital telecommunication fib-
er-optical systems (TFOS) with a speed of transmis-
sion up to several Gbit/s, is of interest. However, to a
semi-conductor laser emitter (SCLE), a key element
of SCLM, besides the requirements concerning corre-
spondence of a modulation strip width and turn-on de-
lay as in digital TFOS, there are additional demands
concerning the reduction of the introduced noises and
nonlinear distortions in the mode of a big signal, which
together should correspond to the required dynamic
range of transmission of the radio signals. Proceeding
from this, the given article presents the results of a sys-
tematic research of the key technical indicators of the
quality of the electro-optical transformation for both
types of SCLE used in modern practice. The authors
express their hope, that the presented data will be useful
as a reference material for the developers of the radio
photonic equipment for the above-stated purpose.

Objects of research and procedure
for carrying out of tests

There are two known classes of SCLE: with an edge
emission and with a surface emission. The most widely
applied lasers of the first type are the lasers developed
in the previous century with Fabry-Perot resonator
(FPRL) and lasers with a distributed feedback (DFB la-
sers) [7]. The first one of them during modulation of an




injection current by a big radio signal passes into a mul-
tifrequency mode, and because of this it has not found
applications in RPL. The second laser remains a single-
frequency one, or "dynamically single-frequency laser”,
due to which it became widely used in the high-speed
digital and high-frequency analogue TFOS. Besides, in
1990s an intensive development of the second class —
surface-emitting lasers with a vertical channel of dis-
tribution of emission in the microresonator (the for-
eign abbreviation is VCSEL) began abroad. Due to its
advantages in comparison with DFB, for example, a
low power consumption, profitability of manufacture,
weaker temperature dependence of the power charac-
teristic, application of the given laser is one of perspec-
tive directions for development of the local different-
purpose fiber-optical networks. Advantages, drawbacks,
key parameters and operating modes of VCSEL are de-
scribed in detail in [8].

Thus, as objects of research three versions of cased
SCLE (SCLM) were chosen, each of which had an em-
bedded node of optical communication in the form of
a piece of standard single-mode fiber with a plug of an
optical socket of FC/APC type at the end:

e temperature-controlled distributed feedback laser

(DFB-TC);

e non-temperature-controlled DFB (DFB-NTC);
o surface-emitting laser with a vertical resonator

(VCSEL).

Correctness of the results in UHFB band was en-
sured due to installation of SCLM in a specially devel-
oped measuring chamber including by connecting cir-
cuit SMA electric socket for the modulating radio sig-
nal, a short microstrip line with a characteristic resist-
ance of 50 Q and a coordination circuit with the
entrance impedance of SCLE on each frequency of
measurement (VSWR not more than 1.2). For meas-
urements three frequencies of the reference radio signal
most frequently used by the Russian developers in the
bottom and top parts of the UHFB band were chosen:
360, 450 and 2500 MHz.

Tests were done in the following co-ordinated order.
First of all, the power characteristics (watt-ampere
characteristics) (WAC) of the objects were measured in
the range of direct bias currents from a threshold up to
beginning of the saturation area. The received results
were used to define: the threshold current, differential
quantum efficiency (characteristic steepness), optimal
working point for the modulation mode of a big radio
signal (middle of the linear site of WAC), and power
consumption in this point. The maximal admissible
power of the modulating radio signal was preliminary
estimated (by the modulation current swing within a
linear site of WAC). In the selected working point of
every SCLE the frequency-modulated characteristic
(FMC) was measured in a low-signal modulation
mode. On the basis of the received results the modula-

tion strip was determined by the level —3 dB on the fre-
quencies of measurement, by which it was decided, on
which radio signals the further researches of each object
will be carried out.

Then a series of measurements of the noise charac-
teristics of SCLE were done on the selected frequencies
of modulation, including the introduced amplitude
noise, which in RPL was mainly defined by the so-called
relative intensity noise (RIN) of a laser, and the intro-
duced single-strip phase noise in the strip of the offsets
from the carrier of radio-frequency of 10 Hz ... 10 MHz.
For each object on each modulating frequency a dy-
namic characteristic of RPL transmission was measured
(from the input of the modulating signal of SCLE up to
the output of the exemplary PDM) on the basis of the
given laser in the mode of a big modulating signal. By
the results of measurements on each frequency of mod-
ulation the transmission coefficient of RPL was defined
in the linear mode, as well as the level of power of the
input radio signal in case of deviation of the given char-
acteristic by 1 dB from the linear dependence. Using
the given parameters, and also the values of the spectral
density of the noise power on the output of RPL, re-
ceived during measurements of RIN, the dynamic
range of RPL was calculated on the basis of the given
laser by compression of the transmission coefficient [5].

During the measurements of the dynamic charac-
teristics as an exemplary optical-electric converter,
PDM XPDV3120 from Finisar, USA, was used (pass-
band — 75 GHz, dark current — not more than 100 nA,
saturation power on the input — not less than 16 mW),
application of which practically eliminated the influ-
ence of PDM on the results of measurements. Meas-
urement of the dynamic characteristics was done by
means of high-precision devices from Keysight Tech-
nologies Co., in particular, N5181B low-noise synthe-
sized generator of radio signals, E8363B vector analyzer
of circuits, N9020A spectrum analyzer and E5052B
phase noise analyzer, which ensured correctness of the
received data. The measurements were done in normal
climatic conditions, at nearby 23 °C. Due to the above
mentioned low-temperature sensitivity of VCSEL there
was no necessity in a rigid temperature stabilization of
a crystal, which will be done during testing of DFB.
During the measurements the standard techniques in
the optical range were used, as well as the non-standard
methods developed on the basis of the tests of charac-
teristics of high-frequency radio equipment, a detailed
description of which is presented in [9].

Results of measurements
1. Watt-ampere characteristics

Fig. 1 presents WAC of a laser with the distributed
feedback, which due to application of the same SCLE
in both SCLM, will be identical for both tested devices.
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As it follows from the diagram, the threshold current is
Inop = 7.5 mA, the differential quantum efficiency in
the beginning of the linear site is 0.14 W/A, and the
middle of the linear site is /) = 65 mA. At that, the own
power consumption of the laser corresponds to 110 mW.
Also it is possible to estimate preliminary the admissible
current swing of modulation within the linear site of
WAC the from minimal /;, = 20 mA up to the max-
imal /., = 110 mA. At these values the maximal power
of the modulating signal at the laser input will corre-
spond to Py, = 50 mW (17 dBm).

Fig. 2 presents WAC of another tested SCLE
VCSEL. As one can see in the diagram, the threshold
current is I, = 2.5 mA, the differential quantum ef-
ficiency at the beginning of the linear site — 0.17 W/A,
the middle of linear site — /; = 9 mA. At that, the own
power consumption of the laser equals to 15 mW. It is
also possible to estimate the preliminary admissible
current swing of modulation within the linear site of
WAC from the minimal /,;, = 4 mA up to the max-
imal /,,, = 14 mA. At these values the maximal power
of the modulating signal at the laser input will be
P, = 1 mW (0 dBm).

From the results of the measurements and calcula-
tions it is possible to draw certain conclusions. In com-
parison with DFB, SCLE on the basis of VCSEL has
3 times lower threshold current and 1.2 times bigger
steepness of the power characteristic, thanks to which
the power consumption in the working point turns out
almost 7.3 times less. Besides, the demanded power of
a radio signal for its effective modulation will be by
17 dB less. Both parameters ensure advantages for the
mobile and onboard applications. However, the advan-
tages of SCLE on the basis of DFB include much bigger
power of emission in the working point (5 times) and
extent of the linear site of WAC (9 times), which, as it
will follow from the results of the further tests, ensures
essentially smaller losses and bigger dynamic range of
the electro-optical transformation of a radio signal.

2. Frequency-modulation characteristics

Fig. 3 presents the measured low-signal FMC of all
the three objects for a constant displacement in the
working point chosen in the previous item, normalized
on 10 MHz frequency. As it follows from the diagrams,
for SCLM on the basis of DBF-NTC the modulation
strip by level —3 dB corresponds to 2 GHz, for SCLM
on the basis of DBF-NT — 3 GHz, for SCLM on the
basis of VCSEL — 5.8 GHz. From the results of the
measurements it is possible to draw conclusions. The
transmission coefficient of FMC of SCLM on the basis
of the DBF-TC is non-uniform in the working strip of
frequencies with a deviation =2 dB from the average
value and falls down slightly outside of the pass-band,
which is usually connected with the influence of the
parasitic elements during installation of SCLE in a case.
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FMC of the other two objects of research is practically
even in the working strip of the frequencies and falls
down sharply enough outside of the pass-band. The in-
sufficiently wide strip of direct modulation of SCLM
sample on the basis of the DFB-TC allows us to do
measurements only in the bottom part of UHFB range.
The strip of the other two objects of research provides
a possibility for carrying out of the research on all the
three selected frequencies.

3. Characteristics of the intensity noise

Characteristics of RIN for both objects of research
on the basis of DFB turned out approximately identical.
The results of the measurement with calculation of RIN
at various bias currents within the linear site of WAC
(see fig. 1) are presented in fig. 4, where on the fre-
quencies of modulation of 360 and 450 MHz RIN are
presented for SCLM on the basis of DFB-TC and
DFB-NTC, while on frequency of 2500 MHz — only
for SCLM on the basis of DFB-NTC. Similar char-
acteristics of SCLM on the basis of VCSEL at various
bias currents within the linear site of WAC (see fig. 2)
are presented in fig. 5. As it follows from the diagrams,
in case of an increase of the bias current, the level of
the intensity noises smoothly decreases on the first
two frequencies of modulation within the limits from
—152 down to —166 dBn/Hz for DFB and from
—146 down to —157 dBn/Hz for VCSEL, and on fre-
quency of 2500 MHz — within the limits from —142
down to —156 dBn/Hz for DFB and from —136 down
to —148 dBn/Hz for VCSEL. From the results of the
measurements and calculations it is possible to draw
certain conclusions. RIN level of all the three objects of
research tends to an essential (by 11...14 dB) reduction
in the process of increase of the bias current. The in-
tensity noises for SCLM on the basis of VCSEL on all
the three frequencies of the radio signals are by 8...10 dB
higher in comparison with SCLM on the basis of DFB.
RIN characteristics obtained as the result of measure-
ments for both types of SCLE are essentially higher
than the characteristics of the shot and thermal noises
at the output of PDM, therefore, exactly they deter-
mine the signal/noise ratio at the output of RPL.

4. Characteristics of the phase noise

A feature critical for the system of distribution of the
reference radio signals’ characteristic consists in the
fact that, as a rule, the phase noise, due to complexity
of measurement, is absent in the specifications of the
laser manufacturers. Thereof, this article devotes spe-
cial attention to its research. Fig. 6—8 present charac-
teristics of a single-strip phase noise of all the three ob-
jects of the research, measured at 23 °C on the radio sig-
nal frequencies of 360, 450 and 2500 MHz in the offset
strip of 10 Hz ... 10 MHz. As it follows from the dia-
grams, during an increase of the offset frequency the level




of the phase noise decreases smoothly on the first two
frequencies of modulation within the limits from —104
down to —154 dBn/Hz for DFB and from —99 down to
—138 dBn/Hz for VCSEL, and on the radio signal fre-
quency of 2500 MHz — within the limits from —90 down
to —129 dBn/Hz for DFB-NTC and from —90 down to
—118 dBn/Hz for VCSEL. Another task, which had to
be solved during the tests, was estimation of the influ-
ence of higher temperature on the characteristic of the
phase noise of the laser. Such an operating mode was
created in SCLM on the basis of the DFB-TC by in-
creasing the temperature of the laser crystal up to 40 °C
by means of an embedded thermostating circuit. An ex-
ample of the phase noise characteristic on the radio sig-
nal frequency of 450 MHz is presented in fig. 9. A com-
parison with a similar characteristic at 23 °C (see fig. 7)
shows an increase of the phase noise by 5...7 dB, be-
ginning from the offset of 1 kHz at approximately co-
inciding levels for the smaller offsets.

From the results of the measurements and calcula-
tions it is possible to draw certain conclusions. The level
of the phase noise of all the three objects of research
tends to an essential (nearby 40 dB for DFB and nearby
30 dB for VCSEL) reduction in the process of increas-
ing of a radio-frequency offset from the frequency car-
rier. In SCLM on the basis of DFB, regardless of ther-
mostating of a laser crystal, almost identical character-
istics of the phase noise on both frequencies of meas-
urement are observed. A temperature increase leads to
an appreciable increase of the phase noise, neverthe-
less, its levels remain acceptable for most applications.
The phase noise for SCLM on the basis of VCSEL on
all the three frequencies of the radio signals in compar-
ison with SCLM on the basis of DFB approximately
coincides in case of small offsets. However, beginning
from the offset frequency of 100 Hz, the rate of de-
crease of the noise level of VCSEL is slowed down so,
that at the offsets from over 10 kHz the difference ex-
ceeds 10 dB. The levels of the phase noise received for
both types of SCLE are essentially higher than the val-
ues of the shot noise created by a laser (RIN) on the
output of PDM, therefore, exactly they determine the
quality of a signal on the output of RPL near a radio-
frequency carrier.

5. Transmission characteristics
in the mode of a big modulating radio signal

The maximal level of the input power in the linear
operating mode of RPL on the basis of each of the ob-
jects is estimated in item 1 of the given section with the
use of a static power characteristic of SCLE. In the giv-
en item it was specified by research of the dynamic
characteristic of RPL transmission in the mode of a big
radio signal on each of the selected frequencies of mod-
ulation. Due to the use of identical types of SCLE in

both SCLM on the basis of DFB only SCLM on the ba-
sis of LROS-NTC and VCSEL were tested.

As it follows from fig. 10, for the sample of SCLM on
the basis of DFB the coefficient of transmission deter-
mined roughly in the middle of the linear site (input pow-
er of 13 dBm) was —33.5 dB on frequency of 360 MHz,
—31.5 dB on frequency of 450 MHz and —31 dB on
frequency of 2500 MHz. The input power level in case
of compression of the transmission coefficient by 1 dB
was roughly the same on the frequencies of 360 and
450 MHz, being equal to 22 dBm, decreased on the
frequency of modulation of 2500 MHz down to 19 dBm.
As it follows from fig. 11, for the sample of SCLM on
the basis of VCSEL, the coefficient of transmission de-
termined roughly in the middle of the linear site (input
power of —2 dBm) practically coincided on the fre-
quencies of 360 and 450 MHz, being equal to —32 dB,
and lessened down —33.5 dB on the frequency of
2500 MHz. The level of the input power during com-
pression of the coefficient of transmission by 1 dB was
about identical on all the three frequencies and corre-
sponded to 7 dBm. The presented data and also the val-
ues of the spectral density of the noise power measured
at the output of exemplary PDM during investigation of
RIN allow us to calculate the dynamic range of RPL by
the compression of the transmission coefficient by 1 dB.
Its values are presented in the table below.

From the measurements and calculations presented
in the table it is possible to draw certain conclusions.
The level of the input power during compression of the
transmission coefficient by 1 dB for SCLM on the basis
of DFB on all the three frequencies of the radio signals
is by 12...15 dB higher in comparison with SCLM on
the basis of VCSEL, which ensures a much higher de-
gree of linearity of its characteristic of the electro-op-
tical transformation in the mode of a big modulating
signal. The received values, especially for VCSEL, es-
sentially exceed the results of estimation of the maximal
capacity of the modulating signal on the input of the la-
ser within the linear site of its WAC (see item 1 of the
present section), which testifies to an incorrectness of
the frequently used definition of linearity of a laser on
the basis of its static characteristic of the electro-optical
transformation. Such an increase of the top limit of the
dynamic range of RPL at comparable data on the
transmission coefficient in the mode of a big signal
and spectral density of the noise power at the output
of PDM led to its considerable expansion for SCLM
on the basis of DFB in comparison with SCLM on the
basis of VCSEL.

Conclusion

A general conclusion from the results of the tests is
that even the widespread laser emitters are suitable for
the economic use in the paths of distribution of the ref-
erence and information radio signals of UHFB range
and in the fiber-optical analogue connecting lines for
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transmission of UHFB radio signals. Comparison of the
key technical indicators of the two most widespread
classes of the semi-conductor lasers: with an edge emis-
sion and a surface emission — demonstrated an appre-
ciable advantage of the former of them by the noise
characteristics and linearity of the electro-optical
transformation. However, correspondence of the pa-
rameters of the electro-optical transformation, pre-
sented in the distribution systems, to the basic techni-
cal requirements in combination with almost 10 times
smaller power of consumption in comparison with
DFB ensures efficiency of VCSEL for a variety of the
analogue connecting lines and relatively small distribu-
tion networks, and also for the mobile and onboard ap-
plications. A concrete choice is the right of the devel-
opers of the equipment.

The work was done with support of the Ministry of Sci-
ence and Education of Russia (the code number of the
project is RFMEFI60715X0138).

The authors express their gratitude to Lazerskom Co.
for the samples provided for the research.
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MHTETPUPOBAHHbBIE AHTEHHbI AAS1 UCTTOAb3OBAHUA

B CUCTEMAX HA KPUCTAAAE

Ilocmynuna 6 pedaxyuro 21.11.2016

Paccmampuearomes eapuanmor nAGHAPHBIX aHMeHH 045 duanasonos yacmom 5, 10— 12 u 60 I'Ty. Anmennbi peaiu3o6amnsvt Ha
nodaoxckax GaAs u cangupa no MuKponoaocko8ou mexnonaoeuu. AHmeHnHol 001a0arom WUpoKoU duazpammol HanpaeAeHHOCmu U

moeym Oblmb UHmMezpupoBaHsvl 6 cucmemsl Ha Kpucma.inie.

Karoueevie caoea: cucmemor Ha Kpucmanine, MUKponoaocKoesle dHneHHbl, Humpu() eannus, apceHua eainus

BBenenune

MUKpOIOJIOCKOBBIE aHTEHHBI SIBJISIOTCS IHUPOKO
pacnpocTpaHeHHBIM TUTIOM aHT€HH, TTPU 3TOM CYIIleC-
TByeT OOJIbIIIOE pa3HOOOpa3re KOHCTPYKIIMI KaK OJ1-
HOUYHBIX aHTEHH, TaK M aHTEHHBIX pelleTok. MukKpo-
ITOJIOCKOBBIE AHTEHHBI M3TOTaBIMBAIOTCSA ITI€YaTHOM
TeXHOJIOTHEM, 3a4acTyl0 B €IUMHOM TE€XHOJIOTHUUYECKOM
LIWKJIe C aKTUBHBIMU 3JIEMEHTAMM CXeMBI 1 00J1aIaioT
pPSIOM MPEUMMYLIECTB, MO CPAaBHEHUIO C OOBIYHBIMU
MUKPOBOJHOBBIMU aHTEHHAMU:

e TIPOCTOTAa KOHCTPYKIIMU, KOMIIAKTHOCTD, TIaHApP-

HOCTb, MaJlasi Macca;

e TMPOCTOTA MACCOBOTO MPOU3BOJCTBA, BHICOKASI TOU-

HOCTh 32 CUET MCIOJb30BaHUS IMEYaTHON TEXHO-

JIOTUU;
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e JIETKasi MHTETPaIsI C IPYTUMH MOHOJTUTHBIMM MH-
terpajdbHbiIMu cxemMamu (MUC) Ha omHoil moa-
JIOXKE;

e BO3MOXHOCTb MOJYYUTh HE TOJbKO JUHEHHBIN TUIT
MOJISIPU3aLIMM, HO W KPYTOBOM W SIITUTITHYECKUI
[1, 2].

K ocHOBHBIM HegOCTaTKaM MOXHO OTHECTH:

e Y3KYIO LIUPUHY MOJOCHI;

e MaJjioe YCUJICHUE;

e CPaBHUTEJILHO MaJyIO IOMYCTUMYIO MOILIHOCTD.
MukporojockoBasi aHTeHHa B MpocTeiilieit hopme

COCTOMT M3 M3JIy4yaTelsisl, PacroJio(KeHHOTO Ha OTHOM

CTOPOHE AMBJIEKTPUUECKON TMOMIOXKHU, U 3eMJISTHOIO

MPOBOJHUKA C APYrOM CTOPOHBI (Takasi aHTEHHa Ha-

3piBaeTcsl MoHormoseM) [3]. Tlona usayyaTenem moapa-




Puc. 1. AHTeHHA-MOHONOJIb C KAPAHOMIHOM
JIMArpamMMoii HampaBJIeHHOCTH

Fig. 1. Antenna-monopole with a cardioid
directivity diagram

3yMeBaeTcs MPOBOAAILIAS ILIOLIanKa, KOTopas B 00-
1eM ciiyyae MMeeT MpOou3BOJIbHYIO0 ¢dopmy. Pabouas
M0J10Ca AHTEHHbI OMPEAEISIETCS M0 IUANa30Hy, B KOTO-
poM obpaTHbIE IToTepU UMEIOT 3HaueHue meHee —10 ob.

ITosoca 9acToOT CyIIECTBEHHO 3aBUCUT OT TOIIOJIO-
ruu [1]. A3MeHsIsa pacIoJioXeHHUe U pa3Mep 3eMJIsI-
HOI TIJIOCKOCTHU OTHOCUTEJIbHO M3JIydaTessi, MOXHO
MOJIYYUTh pPa3IM4YHyl0 (GopMy auarpamMMbl Hampas-
JICHHOCTH.

Ha puc. 1 mokaszaH BHEIIHUI BU IIPOCTOM MPSIMO-
YroJIbHOWM aHTEeHHBbI. TakxXe IIMPOKO MUCIOJIb3YIOTCS
MPOCThIE reoMeTpuueckue (GopMbl — KBaJapaTHBIE,
KpYIJble, TPEYroJibHble, TOJIYKPYIJIbIe U KOJbIEBBIE.
MoryT ObITb MCIOJb30BaHbI U HEOOBIYHbIE (DOPMBEI,
HampuMep, aHTeHHbl BuBanbau.

YcrpoiicTBa Ha 6a3e MHTErPUPOBAHHBIX AHTEHHBIX
3JIEMEHTOB JIeXKaT B OCHOBE HE TOJIBKO COBPEMEHHbBIX
CUCTEM Mepenauyu JaHHBbIX, HaBUTallUU, CBS3U U pa-
JIHUOJIOKAIIMA, HO U B Pa3HOOOPa3HbIX MMHUATIOPHBIX
CeHcopax U AaT4yMKax JUIsl CUCTEM OXPAaHHOU CUTHAIM -
3allMy, OMpeAeeHUs] MOJIOKEHUSI 1 CKOPOCTU Tepe-
MeIIeHUsI OOBEKTOB U T. .

KoHCTpyKIIHS aHTEHHOTO 3JieMeHTa
g 9actot 5 m 10—12 I'T'n

Pa3pabotaHbl CTPYKTYpHBIE CXEMBI BCTPOCHHBIX
aHTeHH s Auana3oHoB yacTor 5 I'Tu u 10...12 T'Tg
JUTS TIOCTIEAYIOIIETO M3TOTOBICHHUSI C MCIIOb30BaHUEM
PHEMT rerepocTpykTyp Ha nmomioxkax GaAs. Beioop
KOHCTPYKIIMM TMTACCUBHOTO aHTEHHOTO 3JIeMEHTa TIPO-
BOIWJICSI CPEeNM pelleHWiI ¢ BO3MOXHOCTBIO TUIaHAp-
HOM peanu3aluu. biraromapsi BBICOKOM AU3JIEKTpUYEC-
KOH MpoHuLIaeMocT noanoxku GaAs (e = 12,9) pas-
Mepbl aHTEHHBI YAAIOCh MAKCUMAIbHO YMEHBIINTD.

BbuM M3roTOBJICHB aHTEHHBI IBYX TUTIOB: MUKPO-
MTOJIOCKOBBIE AHTEHHBI B BHUJE MOHOIIOJNS CJIOXKHOM
¢opmbl Tuna "BuBanpau" (puc. 2) u MpsIMOYTOJIbHbIE
aHTeHHBI (puc. 3). JloctonHcTBamMu MoHomoei "Bu-

Puc. 2. MUKPONOJOCKOBbIE AHTEHHbI B BUIE MOHONOJISA CJIOXKHOU (POPMBI: @ — JIJISl YaCTOThHI
10...12 I'Tu; b — st gactotsl 5 I'Tix

Fig. 2. Microstrip antennas in the form of a monopole of a complex shape: a — for the frequency
of 10...12 GHz; b — for the frequency of 5 GHz

BaJIbAU" SBJISIIOTCSI MaJible pa3Mepbl M LIMPOKasl MOJI0-
ca mporyckanus [4—5].

Pacuer u onTtumuzanusi aHTeHH IMPOBOIWINCH B
cpele 371eKTPOMarHuTHOro MonaeaupoBanus ADS koM-
nanuu Keysight Technologies. PacueTHbie 3aBUCHUMOC-
T aHTeHHBIX 2JIEMEHTOB TIpeICTaBlIeHbI Ha puc. 4. U3
rpa¢uka BuaHo, 4yTo B auanasone 10...12 I'Tu motepu
OTpakeHUsI aHTEHHOTO 3jieMeHTa MeHee —22 1B, a npu
yactote 5 I'To —17 ob.

Pa3mepsl aHTEHH COCTaBIISIIOT ~6 X 6 MM JUISI yac-
toTel 5 Ty u 6 X 3 MM mig yactor 10...12 I'Tw. Toin-
IIMHA MOMIOXKU 0,6 MM.

DoTtorpapuu NMpSIMOYTOJIBLHBIX AHTEHH 4YacToOT 5 U
10...12 I'Tu, pa3BapeHHbIX Ha ILIATy ¢ KOAKCHUAJIbHBIM
BBIBOJIOM JUTSI TIPOBEIECHUSI M3MEPEHUI IruarpaMM Ha-
MpaBJIeHHOCTH, MPEACTaBICHbI HA pUC. 5.

Pesynbrathl u3aMepenuii anteHH it yactoT 5 I'T
n 10...12 I'Tu ipeacraBieHsl Ha puc. 6 u 7.

Puc. 3. AHTeHHDI# 3/IeMEeHT B BHJe MPAMOYTOJIbHOT0 MOHOMOJS: 0 —
st yactothl 10...12 I'Tu; b — mnst yactotst 5 T

Fig. 3. Antenna element in the form of a rectangular monopole: a — for
the frequency of 10...12 GHz; b — for the frequency of 5 GHz
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Curva e,

Freq, GHz

Puc. 4. 3apucumocts S11 aHTEHHOro 3J1EMEHTA OT YACTOTBI: @ — IS
5TTu, b — msa 10...12 T'Tu

Fig. 4. Dependence of S11 antenna element on the frequency: a — for
5 GHz, b — for 10...12 GHz

Puc. 5. ®ororpadnu aHTeHH, Pa3BapeHHbIX HA MIATY ¢ KOAKCHAIb-
HBIM BBIXOOM: g — Ji1s1 yacToThl 5 I'T1r; b — mrst wactote! 10...12 I'Tx

Fig. 5. Photos of the antennas, welded on a board with a coaxial outlet:
a — for the frequency of 5 GHz; b — for the frequency of 10...12 GHz

Kak BugHO M3 pUCYHKOB, AUarpaMMbl HallpaBJIeH-
HOCTU OJIM3KM K KapAWOUAHBIM, MAaKCUMyM U3Jyye-
HUS TIePIICHANKYISIPEH TTOBEPXHOCTH aHTCHHBI.

MuKponoJiocKoBasi aHTEHHA
s V-Iuana3oHa 4actor

MUuKpOIOJ0CKOBbIE aHTEHHBI [JIs1 Ararna3oHa yac-
TOT 57...64 I'T1 paccunTaHbl M U3rOTOBJIEHBI TAKXKE B
JIByX BapuaHTaX: MOHOIIOJIb B BUJE Kpyra M MpsIMO-
yroiabHoit opMbl. Dotorpadpuu KpUCTALIIOB aHTEHH
npeacraBieHbl Ha puc. 8. [IpsAMOYroibHBINM TUIT MO-
HOMOJIS ABJISETCS HauboJjiee MOMYISIPHBIM M XOPOIIIO
U3yYEHHBIM TUIOM. MOHOMOJb B BUJE Kpyra odjaagaet
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COITOCTaBMMBIM ITPOIOJIBHBIM Pa3MepoM, HO MEHBIIEH
3aHMMaeMOl IUIolIaabio. Pa3Mepsl aHTEHH: AuameTp
Kpyra 730 MKM, pa3Mephl IIPSIMOYTOJIbHOIO MOHOIIO-
g 735 X 650 mxm. O6a BapmaHTa pacCUUTHIBAIINCH
IUIs. peaju3aliiyd Ha MOIJIOXKe camndupa TOJIMHON
430 MKM C TeTepOCTPYKTYpPOIi HUTpHUIA TasIusl.

i v3MepeHnsT nuarpaMM HalpaBJICHHOCTH aH-
TeHH V-auana3oHa yactoT (50...75 I'T'u) Hemocpeact-
BEHHO Ha TJIacTUHE Obl1 pa3paboTaH cleluMalbHbII
U3MEpUTENbHBIN cTeHn (puc. 9). JluarpammMa Hampas-
JIEHHOCTHU U3MePSIETCS ¢ TIOMOIIBIO JabopaTOpHOI aH-
TEHHbI, PACIIOJOXEHHONH Ha pacCTOSTHUU R OT ucce-
JyeMoil aHTeHHHbI. JlJabopaTopHasi aHTeHHA 3aKperLie-
Ha Ha CIIeIIMaJIbHOM ITOBOPOTHOM MEXaHM3ME TaKUM
00pa3oM, 4ToObI 00ECTIEUUTH €€ IBVKEHUE I10 1yre OK-
PY>XHOCTH, B LIEHTPe KOTOPOI pacIojoXeHa ucciaeay-
eMasl aHTeHHa, ¢ 11aroM 5°, Ipu 3TOM paccTosiHue R
MeXIy aHTeHHaMU OCTaeTCs HeM3MEHHEIM [6].

B cocraB cTeHma BXOmST: BEKTOPHBIM aHAIM3aTOP
Henei gaa nuanasoHa ot 10 MI'n no 67 I'Tl, na6o-
paTopHas pynopHas aHTeHHa auamna3oHa 50...75 I'Tw,
CBY 30Ha 1 30HIOBBII CTOJI.

M3mepeHus: nuarpaMMbl HampaBJeHHOCTU MTPOBO-
JWIX B ABYX INIOCKOCTAX: ZX (BOOJIb OCU CUMMETPUU
aHTeHHbI) U ZY (MeprneHAUKYJIIPHO OCU CUMMETPUH)
(puc. 9, a). [Ipu 3TOM B IJIOCKOCTH ZY AMama3oH Bpa-
IIEHUS PYIIOPHOI aHTeHHBI cocTaBua 180°, B TO BpeMst
Kak B 1uiockoctd ZX — tonbko Ha 130°. Yron moBo-
poTa pyoOpHOI aHTEHHBI OTPAHUYNBAIICS TabAPUTHEI-
MM pa3MepaMu 30HAOBOIO CTOJa W PacCloOXEeHUEM
30HIOIEPKATEIS.

Ha puc. 10 npeacTtapiieHbl AMarpaMMbl HalpaBJIeH -
HOCTM aHTeHHBI B MUHMMYMe TTOTeph OTpaXeHUs Ha
yactote 58 I'Tu. B mimockoctu ZY uzmepeHust ObLIU
MNpoBeAeHbI B ABYX IUIOCKOCTSIX MOJISIpU3aLIMU.

F5 GHz 1739
S Lk GHz 96195

a1 & S04 GHz 13623

>5 GHz 1.5866

& b GHz 99850

24

2 N

18 \

- \\ Bt

12

§11,d8

Puc. 6. Vi3amMepeHnble MOTEPH OTPAKEHHSI AHTEHHOrO dJIEMEHTA IS
yactothl 5 I'T'ny

Fig. 6. Measured losses of reflection of the antenna element for the
frequency of 5 GHz




Puc. 7. JIlmarpamMmpl HAIPABJIEHHOCTH AHTEHH: a — JUJIs1 yacToThl 5 ['T1; b — g nuanasona

10...12 I'T

Fig. 7. Antenna directivity diagrams: a — for the frequency of 5 GHz; b — for the band

of 10...12 GHz

Kax BunHo 13 puc. 10, nnarpam-
Ma HalpaBJIeHHOCTU OJM3Ka K Kap-
nuouaHou. TTocKoJIbKY u3MepeHust
00pa3loB MPOBOAWIM HEIMOCPEACT-
BEHHO Ha IUIaCTHMHE, MeTa/Iu3alus
cocegHux oopasznoB MUC u usme-
putenbHast ocHactka (CBY 30Hz,
30HIOAEPKATEb, 30HIOBBIA CTOM)
HUCKaxaau nuarpaMMmy HarpabJieH-
HOCTU aHTEHHBI, YeM MOXHO O0b-
SICHUTb M3PE3aHHOCTb MOJYYEHHBIX
xapakTepuctuk. HecmoTpsi Ha 3TO
MOJyYeHHbIe pe3yJbTaThl 10CTATOY-
HO XOPOIIO COOTBETCTBYIOT pacyeT-
HBIM JaHHBIM.

Ha puc. 11 npencraBieHbl U3Me-
peHHbIE TrarpaMMbl HampaBJIeHHOC-
™ MUC manomymsiiero ycuinre-
g (MIITY) ¢ aHTeHHO Ha YacToTe
57,4 I'Tu 1 aHTEeHHBI C TOU Xe MU3-
MEPUTEJBHOMW OCHACTKOM, HO C OT-
KIIIOUeHHBIM ycuiauteneM [7]. BBu-
Iy HAJIMYMST 30HAO0B /151 TOfaYr Ha-
TIPSDKeHUS TUTAaHWS Y CMEILIeHUS Ha
YCUJIUTENb, PACITOJOXEHHBIX BIOJIb
MPOJOJIbHBIX CTOPOH KpUCTalla, U3-
MepeHusi ObUIM TPOBEICHBI B Orpa-
HUYEHHOM JMafa3oHe YIJOBBIX KO-
opauHat (ot —20 go +20°).

PesynbTaThl M3MepeHUlt mokasa-
JIA, YTO MPU U3MEPEHUSIX AHTEHHBI C
paboTalIIMM yCUIUTENEM M3Tyde-
Hue anteHHBI Ha 20 b Oosblire, yem
MpU UBMEPEHUSIX UHTETPUPOBAHHOMN
aHTeHHbl 0e3 ycwiutenass. OmpHako
BUII JIUarpaMMbl HarpaBJeHHOCTHU

Puc. 8. ®otorpaduu KpUCTALIIOB AHTEHH
V-1nana3oHa JByX THIIOB: @ — KPYroBasi aH-
TeHHa; b — MPSIMOYTOJIbHAsI aHTEHHA

Fig. 8. Photos of the crystals of the antennas of
the V-band of two types: a — circular antenna;
b — rectangular antenna

BexTopHbiit aHanusaTop uenei
Vector network analyzer

AxTEeHHa
Antenna

A

R
F4 v
14
I
YCTPOWCTBO
Device under test

Puc. 9. Crena nyis usmepennsi muarpammbl Hanpasiennocta MUC co BCTpoeHHO# aHTEHHOI
s V-Mana3oHa 4acToT: g — cXeMaThyeckoe n300pakeHue creHaa; b — dpororpadust creHaa
Fig. 9. Stand for measurement of the directivity diagram of MIC with a built in antenna for the
frequencies: a — a diagrammatic representation of the stand; b — photo of the stand

Puc. 10. lnarpaMmbl HanpaBJeHHOCTH aHTEHHbI, M3MepeHHbIe HAa YactoTte 58 I'T'n B ABYX
IJIOCKOCTSX MOJSAPU3AIMHU: @ — B 1UIocKocTu ZY; b — B mnockoctu ZX

Fig. 10. Diagrams of the antenna directivity measured on the frequency of 58 GHz in two planes
of polarization: a — in the plane of ZY; b — in the plane of ZX
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Puc. 11. U3mepennas nuarpamma Hanpasiennocta MUC MIITY ¢
AHTEHHOi 1 aHTeHHbI HA Bxoae MIITY ornenbno Ha wacrore 57,4 I'Tix

Fig. 11. Measured directivity diagram of MIC LNA with an antenna and
an antenna at the input of LNA separately on the frequency of 57.4 GHz

SIBJISIETCSl MCKaXEHHbIM B CBsA3M ¢ Hanuuuem CBY
30H/1a ¥ 30HIOB NUTaHUS ¢ Tpex cropoH oTr MUC.

3akiouenue

ITpoBeneHHbBIE MCCIeNOBaHMST TTOKa3aid BO3MOX-
HOCTb M3TOTOBJIEHUSI MMKPOIIOJOCKOBBIX aHTEHH He-
MOCPEICTBEHHO Ha KPUCTaJLJIe Ha MOAJOXKaxX candu-
pa ¥ apceHuaa TaJuTis TSI IITMPOKOTO AMara3oHa yac-
ToT: OoT 5 o 60 I'Tu. ITpomoibHBIE pa3sMepsl aHTEHH
BapbUPYIOTCS B 3aBUCMMOCTM OT 4acToThl oT 0,7 (ms
60 I'T) mo 6 MM (s 5 I'T). MaTerpamust aHTeHHBI
Ha KpUCTaJJl MO3BOJIsIeT MUHMMU3UPOBATh TOTEPU B
TpakTe 1 TOOUTHCS XOPOIIETO COrJIaCOBaHUSI AHTEHHBI
¢ MHUC. HsmepeHue auarpaMMbl HampaBIEHHOCTU
aHTEeHHBI IJI1 MIJIJIMMETPOBOTO TMana3oHa ITMH BOJTH

MMPOBOIMIJIOCH 30HAOBBIM CITOCOOOM BBHIY CIOXHOCTU
MOHTaxa KpUCTalJla ¢ aHTeHHOI B 1aty. HecmoTps
Ha 3TO, IOJyYeHHBIE Pe3YIbTaThl XOPOIIIO COIIACYIOT-
csl: IMarpaMMbl HampaBJIeHHOCTE aHTeHH TUIa "MoO-
HOMOJIL" OJIU3KM K KapAVWOUIHBIM.

Paboma evinoanena npu @uHancosol noddepiicke
Munobpnayku P® (coenawenue o npedocmasneruu cyo-
cuduu No 14.607.21.0087, ynuxanrvHolii udenmuguxa-
mop npoekma RFMEFI60714X0087).
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The author considers versions of the planar antennas for the frequency bands of 5 GHz, 10— 12 GHz and 60 GHz. The conducted
research demonstrated a possibility of production of the microstrip antennas directly on a sapphire and gallium arsenide substrates
Jfor a wide range of frequencies: from 5 up to 60 GHz. The longitudinal dimensions of the antennas depend on the frequency and
range from 0.7 mm (for 60 GHz) up to 6 mm (for 5 GHz). Integration of an antenna on a chip allows to minimize the path loss
and to achieve good matching with the MMIC. Measurement of the antenna pattern for the millimeter wavelength range was carried
out by the probe method directly on a wafer because of a problem with mounting of a chip with antenna on a board. Metallization
of the neighboring MMIC and measuring equipment (microwave probe, probe holder, probe table) distorted the antenna pattern.
Despite this, the results obtained are in good agreement: antenna patterns are close to the cardioids pattern.
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Introduction

Microstrip antennas are widespread, at that there is
a great variety of the designs of single antennas and an-
tenna arrays. The microstrip antennas are produced by
a printing technology, often in a single technological
cycle with the active circuit elements, and have a
number of advantages in comparison with the regular
microstrip antennas:

o Simplicity of design, compactness, planarity, small
weight;

e Simplicity of a mass production, high accuracy due
to the use of the printing technology;

o Easy integration with the other MIC (monolithic in-
tegrated circuits) on one substrate;

¢ Possibility to obtain not only a linear type of polar-
ization, but also a circular and an elliptic ones [1, 2].
Among its basic drawbacks are:

e Narrow width of a strip;

e Small amplification;

o Relatively small admissible power.

In an elementary form a microstrip antenna con-
sists of an emitter located on one side of a dielectric
substrate and an earthing conductor on the other side
(such an antenna is called a monopole) [3]. The emit-
ter is a conducting platform, which in general, can be
of any form. The working strip of the antenna is de-
fined by the band, in which the return loss is less than
—10 dB.

The frequency band depends essentially on the to-
pology [1]. By changing the arrangement and the size
of the earthing plane in relation to the emitter it is pos-
sible to obtain various forms of the directivity diagram.

Fig. 1 presents a view of a simple rectangular anten-
na. Other simple geometrical forms — square, round,
triangular, semicircular and ring are also widely used.
Unusual forms, for example, Vivaldi's antennas, can al-
so be used.

The devices based on the integrated antenna ele-
ments underlie not only the modern systems of data
transmission, navigation, communication and radiolo-
cation, they are also used in various tiny sensors for the
systems of the security alarm, positioning and velocity
determination of the moving of objects, etc.

Design of an antenna element for the frequencies
of 5 and 10—12 GHz

Block diagrams of the built in antennas were devel-
oped for the frequency bands of 5 GHz and 10...12 GHz

for a subsequent manufacturing with the use of PHEMT
heterostructures on GaAs substrates. The design of a
passive antenna element was selected from among so-
lutions with a possibility of a planar realization. Due
to a high dielectric permeability of the GaAs substrate
(e = 12.9) the dimensions of the antenna were reduced
as much as possible.

Antennas of two types were manufactured: micros-
trip antennas in the form of a monopole of a complex
form of Vivaldi type (fig. 2) and rectangular antennas
(fig. 3). The advantages of the Vivaldi monopoles are
small dimensions and a wide pass-band [4—35].

Calculation and optimization of the antennas were
done in ADS environment of electromagnetic mode-
ling from Keysight Technologies Co. The estimated de-
pendences of the antenna elements are presented in fig-
ure 4. From the diagram it is visible, that in the range
of 10—12 GHz the loss of reflection of an antenna el-
ement is less than — 22 dB, and at the frequency of
5 GHz —17 dB.

The sizes of the antennas were ~6 X 6 mm for the
frequency of 5 GHz and 6 X 3 mm for the frequencies
of 10...12 GHz. The thickness of a substrate was
0.6 mm.

Photos of the rectangular antennas for the frequen-
cies of 5 and 10...12 GHz, welded on a board with a co-
axial outlet for carrying out of measurements of the di-
rectivity diagrams, are presented in fig. 5.

The results of measurements of the antennas for the
frequencies of 5 GHz and 10...12 GHz are presented in
fig. 6 and 7.

As one can see, the directivity diagrams are close to
the cardioid ones, the emission maximum is perpen-
dicular to the antenna’s surface.

Microstrip antenna
for the V-band of frequencies

The microstrip antennas for the frequency band of
57...64 GHz were calculated and manufactured also in
two versions: monopoles of the circle and rectangular
forms. Photos of the crystals of the antennas are pre-
sented in fig. 8. The rectangular monopole is the most
popular and well studied type. The monopole in the
form of a circle has a comparable longitudinal size, but
occupies smaller area. Dimensions of the antennas: di-
ameter of the circle — 730 pm, dimensions of the rec-
tangular monopole — 735 X 650 um. Both versions
were calculated for realization on a sapphire substrate
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with thickness of 430 um and heterostructure of gallium
nitride.

For measurement of the directivity diagrams of the
antennas of the V-band of frequencies (50...75 GHz)
directly on a board a special measuring stand was de-
veloped (fig. 9). The directivity diagram was measured
by means of a laboratory antenna located at distance R
from the investigated antenna. The laboratory antenna
was fixed on the special rotary mechanism, in order to
ensure its movement via a circle arch, in the centre
which the investigated antenna was located, with a step
of 5°, at that distance R between the antennas remained
invariable [6].

The composition of the stand included: a vector
analyzer of circuits for the range from 10 MHz up to
67 GHz, a laboratory horn antenna for the range of
50...75 GHz, a microwave probe and a probe table.

Measurements of the directivity diagram were done
in two planes: ZX (along the axis of symmetry of the an-
tenna) and ZY (perpendicularly to the axes of symme-
try) (fig. 9). Thus, in plane ZY the rotation range of the
horn antenna was 180°, while in plane ZX — only 130°.
The turn angle of the horn antenna was limited by the
overall dimensions of the probe table and position of
the probe-holder.

Fig. 10 presents the directivity diagrams of the an-
tenna in the minimum of losses of reflection on the fre-
quency of 58 GHz. In the plane of ZY the measure-
ments were done in two planes of polarization. As one
can see, the directivity diagram is close to the cardioid
one. Since the measurements of the samples were done
directly on a plate, the metallization of the neighboring
samples of MIC and measuring equipment (microwave
probe, probe-holder, probe table) distorted the direc-
tivity diagram of the antenna, explains the irregularity
of the received characteristics. Despite this, the re-
ceived results correspond to the calculated data well
enough.

Fig. 11 presents measurements of the directivity di-
agram of MIC of a low-noise amplifier (LNA) with an
antenna for the frequency of 57.4 GHz and an antenna
with the same measuring equipment, but a discon-
nected amplifier [7]. Because of the presence of the
probes for ensuring a voltage supply and a shift to the
amplifier, located along the longitudinal sides of the
crystal, the measurements were done within a limited
range of the angular co-ordinates (from —20° up
to +20°).

The results of the measurements demonstrated that
during the measurements of the antenna with a working
amplifier the emission of the antenna was 20 dB more
than during the measurements of the integrated anten-
na without an amplifier. However, the view of the di-
rectivity diagram was distorted due to the presence of a
microwave probe and the supply probes from three
sides from MIC.
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Conclusion

The carried out research works demonstrated a
possibility for manufacturing of the microstrip anten-
nas directly on a crystal, on the sapphire and gallium
arsenide substrates for a wide range of frequencies:
from 5 up to 60 GHz. The longitudinal dimensions of
the antennas vary depending on frequency from
0.7 mm (for 60 GHz) up to 6 mm (for 5 GHz). Inte-
gration of the antenna on a crystal allows us to min-
imize the losses in a path and to achieve a better co-
ordination of the antenna with MIC. The measure-
ment of the directivity diagram of the antenna for the
millimeter band of the wavelengths was done by the
probe method because of the complexity of installa-
tion of a crystal with an antenna on a board. Despite
this, the received results agree well: the directivity di-
agrams of the antennas of the monopole type are close
to the cardioid ones.

The work was done with the financial support of the
Ministry of Education and Science of Russia (grant agree-
ment No 14.607.21.0087, unique identifier of the project —
RFMEFI60714X0087).
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LIEA U 3AAAYN, BBITTIOAHSAEMBbIE )XKYPHAAOM
"HAHO- U MUKPOCUCTEMHASA TEXHUKA"

HensamMu MeXIUCLMIUIMHAPHOTO TEOPETUYECKOTO U
MIPUKIIATHOTO HAyYHO-TEXHUYIECKOro XypHana "HaHo-
U MUKPOCHUCTEMHAsl TEXHUKA" SIBJISIIOTCSI OCBELLIEHUE
COBPEMEHHOTO COCTOSIHUSI, TIEPCIIEKTUB W TEHACHIIWIA
pa3BUTHS HAHO- M MHKPOCUCTEMHOM TeXHWUKWU, TIpEe-
CTaBJICHUE PE3yJIbTaTOB MCCIICAOBAHUN U pa3paboTOK, a
TaKKe X BHEIPEHUS B pa3IMYHEBIC 00JIaCTH HAyKHU, TeX-
HOJIOTMHU Y TPOU3BOACTBA, C MEPUOIUYHOCTHIO 12 BbI-
ITyCKOB B TOII HA PYCCKOM M aHTJIMIACKOM SI3BIKaX B OC-
HOBHOM TeYaTHON BepcuU. MUKpOCUCTeMHAasl TEXHUKA
(microsystems engineering — MSE) Ha 6a3e TexHOJOTUHA
MUKpocUucteM (microsystems technology — MST) u Mux-
PORJIEKTPOMEXaHUYECKUX CUCTeM (microelectromecha-
nical systems — MEMS) ucnonb3yeT riaHapHble U 00b-
€MHbIe KOHCTPYKLIMOHHBIE CBOMCTBA 3JIEMEHTOB IpHU
CO3IaHNY HOBOTO MOKOJIEHUST YCTPOMCTB, IPUOOPOB U
MEXaHM3MOB MOBBILLIEHHON CIOXXHOCTH, TPUMEHSIEMbIX
B pamMOTEXHUKE, ONTUKE, MAITMHOCTPOSCHUH, TIPUOO-
POCTPOEHUU, XUMUU U OMOMEAULIMHE HA OCHOBE MUK-
PO2JEKTPOHUKHU U HAHOCUCTEM (nanosystems).

KmodyeBble ClTOBa, ONMCHIBAIOIINE COIEPKAHME
JKypHajla: HaHOTEXHOJIOTMU, 30HIO0Bas MUKPOCKOIMSI,
MMKPOMAIIIMHBI 1 HAHOCUCTEMBI, MOJICKYJISIpHAsT 3JIeK-
TPOHUKA, OMOAKTUBHbIE HAHOTEXHOJOIUU, DJIEMEHTHI
JaTIYMKOB M OMOYUIIBI, MUKPOIIEKTPOMEXaHNIECKIE
CHCTEMBI, MHWKPOOITO3JIEKTPOMEXaHTIECKIE CHUCTE-
MBI, OMOMUKPOSJIEKTPOMEXaHUUECKHE CUCTEMbI, MUK-
pPO- U HAHOBJIEKTPOHHBIE "CUCTeMbI-Ha-KpuUcTaJie".

C 2005 r. xxypHay1 BBIXOOWT I1oJ, Ha3BaHueM "HaHo-
n MukpocrcremHas texanka', ISSN 1813-8586, panee
SKypHaJI BEIXOIWJI B TIeYaTH ITOI Ha3BaHWEM "'MUKpO-
cucreMmHasa texauka”, ISSN 1684-6419, 1999—2004 rr.
HoBoe HazBaHME OPUEHTUPOBAHO HA pacIIMpeHNE PO~
0JIeMaTUKU XKypHaJla ¢ y9eTOM Pa3BUTHSI MUKPOCUCTEM -
HOW TEXHWKH U TIepeXoa OT TEXHOJIOTTIECKUX TIPHEMOB
MUKPOIJIEKTPOHUKHU K HAHOTEXHOJIOTMHU C UCIIOJIb30Ba-
HHEeM HaHOMAaTePHAaJIOB IJIST CO3MAHMSI HAHOCHCTEM.

TpacnutepupoBaHHOe HazBaHue XypHajia NANO-
I MIKROSISTEMNAYA TEKNIKA u napamienb-
HOe Ha3BaHMe Ha aHrauiickoM sizeike NANO- and
MICROSYSTEMS TECHOLOGY.

3amaueii xxypHaina "HaHo- 1 MMKpOCUCTEMHAasl TeX-
HUKA" gIBJIIETCST oOecreyeHre COOTBETCTBUSI TpeOoBa-
HMSIM, TIPEOBSIBISIEMbIM MEXIYHapOIHO! pedepaTuB-
HOI 0a30il JaHHBIX Scopus Npu MyOJMKAIIMU HayYHBIX
crarteid U1 0030pOB, U OE3YCIOBHOIO COOJIOACHUS BCEX
rojoxeHnit Komekca 3TUKKM HAyYHBIX ITyOJMKAIIMIA.
B cocraBe penakiMOHHOTO coBeTa U peAaKLMOHHOMN
KOJIJIETUU JOJISI THOCTPAHHBIX YIeHOB cocTapisieT 10 %.

C mag 2003 r. XypHaj BbITyCKaeTcsl MpU Hay4HO-
MEeTOANYEeCKOM pyKoBoacTBe OTneeHsT NHGOPMALIM-
OHHBIX TEXHOJIOTUI M BBIYMCIUTENBHBIX crucTteM Poc-
CUICKOI aKaJeMUU HayK, peopranuzoBaHHoro ¢ 2008 r.
B OtaeneHNe HAHOTEXHOJOTHI M MH(MOPMALIMOHHBIX
TexHoJioruii Poccuiickoil akajeMun Hayk.

C 2014 r. cTaTbu UMEIOT TOMOJHUTEIbHBIN CIIUCOK
qutepatypbl Ha jatuHuile (References) u xypHan
BKJIIOYEH B MEXXIYHApPOIHYIO 0a3y TeXHUYECKOM JIuTe-
parypsl Ha aHriauiickom s3bike INSPEC.

C 2015 1. Bce cTaTbu IepeBOASTCS HA aHTJIMHACKUIA
SI3BIK B OCHOBHOM TI€YaTHOM BepCHUM W XXKypHAaJT BKITIO-
YyeH B MexxayHapoaHyto 6a3y Chemical Abstracts Service
(CAS), xotopag Bxoaut B Medline Ha uiathopme Web
of Science.

B 2003 r. xypHan BkiatoueH B I[lepedueHb Hayu-
HBIX 1 HaydyHo-TexHudyeckux uzgaHuit BAK Poccun.
C 2015 r. xxypHai Bouues B oOHoBIeHHBIN [lepeueHn
pEeLIEH3MPYEMbIX BEAYLIUX HAYYHBIX PEUTUHIOBBIX OTe-
YECTBEHHBIX M3IAaHNI, B KOTOPBIX JOJKHBI OBITH OITyO-
JIMKOBAHbI OCHOBHBIE PE3YJIbTaThl AUCCEPTALIMI Ha CO-
HWCKaHWe YICHBIX CTeTeHel KaHauaaTa 1 JOKTopa Ha-
VK TI0 TeXHUYEeCKUM, (DU3NKO-MaTeMaTHIeCKNUM W XU~
mudeckuM Haykam. B 2016 1. XypHaj BKJIIO4eH B 6asy
naHHbix Russian Science Citation Index (RSCI) Ha
mnargopme Web of Science.

C 2005 r. xypHan uHaekcupyercst B cucteme Poc-
CHIICKOIo MHAeKca HayyHoro nutupoanus (PUHILI).
C 2017 r. cratbsaMm npucBausaoT DOI.

Tematnueckre pasfelibl XKypHala: JIEeMeHThI MUK-
po- 1 HaHocucTtemHoll TexHuku (MHCT); marepua-
JIOBeYeCKre M TexHoyjorndyeckue ocHoBel MHCT;
HAHOTEXHOJIOTHS U 30HI0Basi MUKPOCKOTIHSI; MOJIEKY-
JIIpHAS 3JIEKTPOHUKA U OMO3JIEKTPOHNKA; KOHCTPYH-
poBanue u mogpesupoBanne MHCT; cucrembl-Ha-
kpucrayie; npumenenne MHCT.

Tematuueckue pyopuku 1mo HoMeHkKiIaType BAK:

01.04.00 ®PU3HUKA: 01.04.10. dusuka MoaymIpo-
BogHuKoB; 01.04.15. ®Pusuka M TEXHOJIOIMSI HAHO-
CTPYKTYp, aTOMHasl U MOJIEKyJisspHas (pu3uka.

02.00.00 XUMMNYECKHWE HAYKMU: 02.00.21 Xu-
MUSI TBEPIOTO Tela.

05.27.00 DJIEKTPOHUKA: 05.27.01. TBepmoTenb-
Hasl 3JeKTPOHMKA, PaTUO3JIeKTPOHHBIE KOMIIOHEHTHI,
MMKPO- U HAHOBJIEKTPOHUKA, TPUOOPHI HA KBAHTOBBIX
addekrax; 05.27.06. TexHosoruss u 00OpydOBaHUE
JUIST IPOU3BOJICTBA TOJYIIPOBOJHUKOB, MaTepuaaoB U
MPUOOPOB IEKTPOHHON TEXHUKM.

C 1999 r. aHHOTaLMU CTaTeil U KJIIOYEBbIE CIOBa Ha
PYCCKOM M aHTJIMMCKOM SI3bIKaX JOCTYITHBI B pa3meie —
"[Tonck aHHOTAUMIt U cTaTeil”, U CTATbU HA PYCCKOM
(c 1999 r.) u anrnuiickoM (¢ 2015 r.) siI3bIKax Haxo-
JSITCS B OECIJIATHOM "OTJIOXKEHHOM' OTKPBITOM JOCTY-
e (popmart pdf) B pazneme — "ApxuB crateii ¢ 1999 r.",
Ha caitax XypHaaa: http://www.microsystems.ru;
http://www.novtex.ru/nmst/.

ITy6nukanus crateit — OecrnaTHast. 2KypHai pac-
MPOCTPaAHSIETCS TIO0 TOAMMCKE OCHOBHOTO II€YAaTHOTO
u3gaHusl BHyTpU Poccuu v s 3apy0exXHbIX TOATMC-
yuKOB. TpeboBaHUs K CTaTbsIM ISl MyOJMKALMU U
YCJIOBUSI TOAIMMCKM JOCTYIHBI Ha caifTe >XypHaia
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http://www.microsystems.ru/. Pykonucu crateii mpu-
HUMAaeT OTBETCTBEHHBIN ceKpeTaph XypHaia JIbIcCeHKO
AHTOHMHA BukrtopoBHa (nmst@novtex.ru, Ten/dakc:
+ 7 (499) 269-55-10). B ogHOM HOMepe XypHaja aB-
TOPOM (COaBTOPOM) MOXKET ObITH OMYOJIMKOBAHA TOJIb-
KO OIIHA CTaThs ITOCJIE TOJOXHUTEIBHOTO PEelleH3UPO-
BaHUSI PeAKOJUIETHE.

[Mpencrasurenu UsmarennctBa OO0 "HoBoie Tex-
HoOJIOTUU" BXOIIT B poccuiickuii KoMuTer mo 3Tuke

Hay4yHBIX ITyOJMKalLMii, OCHOBHOM 3agayeil KOTOPOTro
sIBJIsSIETCsl pa3paboTKa IMpaBWI U MPUHLUIOB 3TUKU B
Hay4YHO-U3IATEILCKOM TIPOLIECCE, U C MOJOXEHUSIMU
Konekca aTku HaydHbIX MyOJUKAIIMA MOXHO O3HAKO-
MUTBHCS Ha oUILIMAIbLHOM caiite — www.publicet.org.

Hwvxe mpuBeneHO OpUEHTUPOBOYHOE CONEPKAHWE
MyOIMKALMK HAaYYHBIX CTaTell 1 0030pOB 10 MUKPO- 1
HaHocuctemHoi TexHuke (MHCT) no pasagenam (cM.
Ta0uILy).

Pasnenbt OpHEeHTHPOBOYHOE COMepXKaHUe MyOIUuKaALUN
DIeMEeHThI e YyBCTBUTEJIbHBIE JIEMEHTBI M MpeodpaszoBaTe/in MHGopMaLmu 1jsi GU3NIECKUX BETUUNH, XUMUUECKUX JIEMEHTOB,
MHCT OMOJOTUYECKUX MATepUAJIOB, JaTYMKHU
® UCIOJHUTEIbHBIC YCTPOMCTBA U MEPEKIIoYaTe i, MUKPOMEXaHU3Mbl, MUKPOMHCTPYMEHT, MUKpO3epKaja
® UCTOYHMKHU 3HEPrMM W JBUXKEHUS — MUKPOJBUTATEIN, MUKPOTYPOUHBI U MUKPOCUCTEMBI 9HEProodecredeHust
® MWKPO3JIEKTPOMEXaHUYECKUE U MUKPOOIITOAIEKTpoMexaHnueckue crucreMsl (MOMC/MOBMC)
e pamno- 1 CBY MUKpO3IEKTpOMEXaHNYECKHUE (DUIBTPhI
e (HOTOHHBIE KPHCTAJUIBI
® TEXHOJIOTUYECKUE MUKPOCUCTEMBI
® MUKpPOMAIIWHBI
MartepuaioBea- | ® Marepuaybl MOBEPXHOCTHOM U OOBEMHON MUKPOMEXaHUKHU
YeCKUE U TEXHO- | ® TEXHOJOTMYECKUEe Orepaluu
JIOTUYECKUE ® TpeXMepHbIe TEXHOJOTUU
ocHoBbl MHCT | ¢ HM3KOpa3MepHbIe CTPYKTYpPbI
e anantuBHble ("yMHbIE") MaTepUaIbl
e cneuuanbHblie TexHosorut MHCT — LIGA-TexHos0TMsI, KOPIYCKY/ISIPHO-TTy4eBoe MUKpodopMoodpasoBaHue,
BOJIOKOHHA$I TEXHOJIOTHSI
HaHotexHono- | e 30HIOBBINM MHCTpYMeHT it CTM u ACM
TUSl M 30H/IOBasl | ® MHOTO30HIOBasI NMAMSITh
MUKPOCKOTTHST ® MarHWTO-, MTb€30- U CETHETOIEKTPUKHA C HAHOKPUCTAJTUTAMU
e 30HI0Basi MUKPOCKOITHsI OPTaHMYECKMX U HEOPTaHUYECKUX MaTepuasioB
® HAHOTeTEPOCTPYKTYPbI U MPUOOPHI HA UX OCHOBE
® HAHO3JIEKTPOMEXaHUUECKHUE DIIEMEHThI
® HAHOMAILUWHBI
MonekyasipHasi | © GUOTEXHUYECKUE MUKPOCHCTEMBI M OMOPEAKTOPHI
3JICKTPOHUKA e "nmaboparopusi Ha kpuctamie”, ouounnsl, JHK-uumner u JJHK-npoueccopst
1 OMOBJIeK- e OpraHM4yecKue U TMOJUMEpPHbIe TOTYIPOBOAHUKHA U KOHTAKTHI
TPOHHMKA e TIpUOOPBI U CUCTEMBI C UCIIOJIb30BAHUEM MOJICKYJISIPHBIX OOBEKTOB B KAYECTBE 2JIEMEHTHOM 0a3bl BHIUMCIUTENBHBIX
YCTPOMCTB
e KBa3MOMOJIOTMYECKUE HEWpOCeTeBble MOAXOAbI ISl BBIYMCICHUI U aHAIU3a pelIeHUit
e OuomuKpossieKTpomexaHuueckue cucreMbl (buoMIOMC)
® MOJICKYJISIpHasl 2JIEKTPOHMKA
® OMOAKTUBHBIE HAHOTEXHOJIOTHH
KoHcTpynpoBa- | ¢ MoaenupoBaHKMe W MPOEKTHPOBAHME MaTepUajIoB, MpoleccoB U amemeHToB MHCT
HUE U MOIIE/IN- | ® KOHCTPYMPOBaHWE MUKPOMAIIWH U HAHOCHUCTEM
poBanue MHCT | ¢ CAIIP ot MHCT
® yIpaBjeHUEe MUKPOCUCTEMAMM U MX pacIpeie]eHHbBIMU COOOLIeCTBaMU
Cucremsl- ® MoOJeIMpOBaHue, MPOEKTUPOBAHNE U KOHCTPYMPOBAHUE OMHOKPUCTAIBHBIX YCTPOMCTB M MUKPOMAILIMH
Ha-KpuCTaJuIe ® MCTOYHUKU M TIPUEMHUKH TEParepleBoro U3rydeHus
® CIIEKTpOAHaIN3aTOPhI
® MUKpPO- ¥ HAHOJIEKTPOHHbBIE "CUCTeMbI-Ha-KpUCTa/Ule" ¢ pa3IMYHbIMU (DYHKIIMOHAIBHBIMU 3JIEMEHTaMK U OJIOKaMu
IIpumeneHue ® KOHCTPYyMpPOBaHME MPUOOPOB 1 MUKPOMAIIIMH Ha OCHOBe 3jieMeHTHoi 6a3bt MHCT
MCT e cOopKa, UCIBITAHUS U CepPTUDUKALIMS MaKPOCUCTEM
e aBKa- M aBTORJIEKTPOHHBbIE KOMITOHEHTH! U 010k Ha ocHoBe MHCT
¢ MUHHU- U MUKPOPOOOTOTEXHUYECKHME CUCTEMbl HA3¢MHOTO M MOI3EMHOI0, HAABOAHOTO M MOABOAHOTO, BO3MYIIIHOTO
M KOCMUYECKOTo 0a3upoBaHusI
HNudbopmanus ® HayyHO-TeXHMYECKHE KOH(DepeHLINn
e BBICTAaBKM B 00JIaCTM HAyKM, TEXHOJIOTMU U TTPOU3BOICTBA

ThasHulii pedakmop xcyprana 0-p mexu. Hayk, npogh. I1. I1. Manvyes

Anpec penakiyu xypHana: 107076, Mocka, CtpombIHCKUit Tiep., 4. TenedoH penakimu xypHana (499) 269-5510. E-mail: nmst@novtex.ru
JKypHan 3apeructpupoan B DeiepaibHOI ClyX6€ Mo Haa30py 3a COOJIONEHUEM 3aKOHOIATENILCTBA B C(hepe MacCOBBIX KOMMYHUKALIMIA 1 OXpaHE KYJIBTYPHOTO HaC/IEINsI.

CauzeTenbeTBO 0 peructpauuu [TW Ne 77-18289 ot 06.09.04.
Texnuueckuii penakrop 7. A. lllaykas. Koppexktop E. B. Komuccaposa.

Cpano B Ha6op 21.07.2017. TMoanucaxo B mevars 26.08.2017. @opmat 60x88 1/8. 3akaz MC0917. LleHa noroBopHast

Opurunan-maker OOO «AnBaHcen comonrH3». Orneyarano B OO0 «AnBaHcen comoirH3». 119071, r. Mocksa, Jlenudckuii ip-T, a. 19, ctp. 1. CaiiT: www.aov.ru
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BeccmeHHbIM pyKOBoAMTeﬁéM
naboparopmm OHWUJT COY
AaBndeTca 4.T.H., npodeccop

Munxamn EBceeBny benkuH

AokepoBa B locymapcTBeHHOM 00pa30BaTeIFHOM YUPEKICHAN BHCIIETO TMpodeccnonaabiaoro obpa-
30BaHMA « MOCKOBCKHMI TOCY[apCTBEHHHN WHCTHTYT PaIMOTEXHUKHW, DJICKTPOHHKA W aBTOMAaTHKA»
(MHPOA) 6p11a co3nana O0bequHeHHas Hay YHO-ACCIICIOBaTEIIbCKasd JadbopaTopusa « CBEpXBHICOKOYA-
CTOTHBIC M ONTOYJICKTpoHHKE yeTpoiicTBay (OHNII COY), yupenurenavu kotopoit 66 MCBYIID
PAH m MUPDA.

[Honoxkenue, cormanmenne u upukas o cosganmn OHUII COY pasmemens na caitre UCBYIID PAH
http:/mew.isvch.ru/podrazd/.

O6mas nmesie OHUJI COY coctont B passatam B Poccuy HOBOTO HayYHO-TEXHOJIOTHICCKOTO Ha-
mpaBJicHAA — pagunodoTonnka (MHEOCTpaHHbIi dkBuBajiecHT Microwave Photonics). Bo ucnosmenne ee
pemaanuch KOHKpPEeTHRC HayYHble, IMPOU3BOJICTBEHHBIEC W yUeOHBe 3aaud B 00JIACTH HCCIICIOBAHNS,
pa3paboTKH, MPOEKTAPOBANHSA W OMBITHOTO Mpor3BojicTBa I3t CBY MAKpOIEKTPOHAKA H MAKPO-
(OTOHMKH JUTA TIe pCIEKTABHBIX TEJIECKOMMYHAKAITAOHHBIX W PaIAOIOKaAONARX mpuMenenwii. 1o pe-
3yJIFTaTaM HCCJICNOBAHANA W pa3paboToK omyOmkoBaHO 0koJio 70 cTaTeil B OTEYeCTBEHHBIX W HHO-
CTPaHHBIX JKypHAJaX W MaTepraiax MeKIYHapOIHEX KoHpepennuii, 3amaTtenrosano 7 PUJI, nnanst
2 monorpadum u 10 yuebmsix nocodmit. B konme 2015 roma OHWUJI COY Bomuia B cocTaB opraHi30BaH-
moro B MUPDA mayuno-rexmnonormiueckoro nenrpa « Uarerpampnas paguodoronmkay (HTL] UPD).
D710 TPHUBEJIO K KOPPEKIHAHA OCHOBHOM JEATEIILHOCTH JJabopatopun, 1, Haumnaas ¢ 2016 roma, 8 OHNUJI
COY noyunym pa3BATHE CJICAYIONHE IATh HAYYHO-TEXHAYCCKAX HAIIPABIJICHWIA:

e MHOTO(GYHKIMOHATbHBE (POTOHHBIC MATETPATTHHBIC CXEMHI;
e PpaAODICKTPOHHBIC YCTPONCTBA W CHCTEMH Ha Oa3e METOIOB U CPENICTB pa/imo(POTOHAKY;
e KOMIIOHEHTHas 0a3a W ammaparypa JUHCHHOTO TPaKTa CBEPXCKOPOCTHHX MAPPOBHIX U CBEPXIMHAPO-

KOTIOJIOCHBIX aHAJIOTOBHIX BOJIOKOHHO-ONTHYECKAX CUCTEM;

ammapaTypa u TeJICKOMMYHAKAITMOHABIE CHCTEMBI BOJIOKOHHO->(upHOI cTpyKTYpH (RoF);

TeparepiieBas GpoToHuKa.

Ilo pesynpTaTam mccienoBanmii U paspadborok 2016 r. omyomkoBano 10 craTeit B 0Te4eCTBEHHBX
W WHOCTPAHHBIX JKypHAJaX W MaTeprajiaX M TyHapoTHHX KoHdepenuii, moryyen matent na P/,
H3MaH0 2 YYeOHBIX MOCOOHS.

B obpazoparenpiom miane cutavmu OHUIT COY nposeneno odyuenne corpyaaukoB MPO-11omoc
B pamKkax Hanpapiienus 4 « Imkenep-pa3paboTIiK TeJIEKOMMYHUKAIIMOHHO almapaTyphl B BOJIOKOH-
HO-OINTHYCCKHAX CHCTEM CBA3H» IIPOTPaMMH o1Ie pexkalomeit mojaroroskn Pocaano (2011-2012 1r.). Ha-
guaasd ¢ 2015 1., ekeroHo MpoBOIATCS MEPEHOATOTOBKA COTPYAHUKOB BETYNIUX MPETIPAATAIN pajao-
TeXHAYecKoil oTpacym 1o nporpamme «Potonnka u pajmoGoTORNKA B PATHOIICKTPOHHBIX CUCTEMAax
CBEPXBHICOKOYACTOTHOTO JTHANIA30HAY.




RAITH ONmK >

NANOFABRICATION
O6bepmHAA peweHnn

INEeKTPOHHO-Ny4YeBOM NUTOrpadnyecKmnin Komnnekc
Raith VOYAGER

VOYAGER - 570 HOBbII TpMBOP Knacca BbICOKOMPOW3BOAUTENbHbBIX 3NEKTPOHHO-TyYeBbIX TMTOrPados;
MOCTPOEH Ha MHHOBaLMOHHOM TexHonorun Raith eWrite. PekomeHgoBaH B 0611aCTAX, CBA3AHHbIX

Kak C CepUMHbIM NPOM3BOACTBOM, Tak M C Hay4YHO-MCCNefoBaTeNbCKMM paboTami, rae TpebyeTcs BbicOKan
NPOU3BOANTENBHOCTD U MaKCMMyM MPOCTPAHCTBEHHOIO pa3pelleHuns. VIHHOBALMOHHAA apXmnTeKkTypa

1 BbICOKME MOKa3aTenu cneumdukaumm paspaboTaHbl A1A NOAYUYEHWA TOUHBIX PE3yNLTaTOB MPW BbICOKOM
CKOPOCTM 3KCMOHMPOBAHMA M NPU BECbMa HWU3KOWM CTOMMOCTM BnaaeHus npubopom. VOYAGER, Takum
0bpa3om, CHKaeT bapbep 41a AocTyna B chepy NpodeccroHanbHOM, OPUEHTUPOBAHHOM Ha BbICOKYIO
NPON3BOANTENBHOCTb 3NEKTPOHHO-yYEBON NUTOrpadum.

VOYAGER - nepBgas cuctema,

B KOTOPOV peasin3oBaHa HOBas

} TexHonorua Raith eWrite.

; ; : OHa obbeamnHaeT B cebe
VOYAGER Cneumanv3npoBaHHYIo «BblaeneH-

' —_ HYI0» apXUTEKTYPY N1EKTPOHHO-

NyYEeBOWN KOJTOHHDI 1 MaTTEPH-

reHepatopa, MO3BONALLYH0

OCYLLeCTBNATL aBTOMATM3aLMIO

KannbpoBOK CUCTEMBI 1 BbICOKYIO

CKOPOCTb NPV CEPUNHOM

NpPOW3BOACTBE.

Konuyenuuio VOYAGER noguepkuBaer:

» VHHOBALMOHHAA apXUTEKTYPa CACTEMDI

»  CHUXEHHblE TPebOoBaHUA K YCNOBMAM SKCM/TyaTaLmm B MOMeLEeHUI
1 Manoe 3aH1MMaemMoe NPOCTPAHCTBO

» NPOW3BOAMTENBHOCTb 3KCMOHMPOBaHWA 6onee 1 cm?/uac

» HEeBbICOKaA CTOMMOCTb BNaAeHUA

Moppo6Hee uuTaiiTe Ha cailTe optecgroup.com
B pa3aene O6opynosaHne/Matepmnanosepenmne/liutorpadpua/dneKTpoHHO-nyuesblie nuTorpadoi

8-800-2000-567

WWW.O0 ptecg FrOUpP.COM  [EEErSEEseese unm no ccbinke: http://optecgroup.com/equipment/Elektronno-luchevye_litografy/raith-voyager @

29, 513-576. Unpekcor: 79493 («Pocmedarspy), 27849 («lIpecca Poccnm»)
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