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Q'lAHOTEXHOAOrMM

1 30HAOBAA MUKPOCKOINA

ANOTECHNOLOGY

AND SCANNING PROBE MICROSCOPY

VK 537.533.35
IO. B. JlapuoHoBs, cT. Hayy. coTp., luv@kapella.gpi.ru,

HMuctutyt obieit pusuku uMm. A. M. IIpoxopoa PAH, Mocksa

BAPUALINA N30OBbPAXKEHUS BbICTYIA B XOAE
EfO MHOTOKPATHOIO CKAHUPOBAHUA B HU3KOBOAbBTHOM POM

Ilocmynuna e pedakyuro 14.04.2016

Sagurcuposana croxucHas 8apuayus U300padiceHus 8bICMyna, cqhopmMupo8anHo20 Ha NOBEPXHOCMU KPeMHUsl, NPU MHO2OKpam-
HbIX e20 CKAHUPOBAHUSAX C NAY3AMU 8 HU3KO0BOAbMHOM PACMPOBOM INeKMPOHHOM MUKDPOCKOne. SeneHue 00sscHeHO HasedeHuem
21eKmpuU4ecK0e0 3apaoa 8 NPUNOGePXHOCMHOM CA0e KDEMHUS U 0COOeHHOCHbIO 0CaXNCOeHUs KOHMAMUHAYUOHHOU NAEHKU 8 SMOM

pedcume CKAHUPOBAHUSI.

Karoueevie caosa: nanomemponoeus, peavedpnas cmpykmypa, HuU3K06oabmuuil POM, pexcum ckanuposaHus ¢ naysamu, KoH-

mamuHayus, no8epxXHoCcCmuas ouggysus

Beenenue

M300paxxeHnss MHUKPOIJIEKTPOHHBIX CTPYKTYp B
pacTpoBOM 3JIEKTPOHHOM MUKpockore (POM-1n306-
paxeHus) 00bIYHO (DOPMUPYIOTCS MYyYKOM MEIJICH-
HBIX BTOPUYHBIX 3JIeKTpoHOB (MB3), amutupyembix
UX MOBEPXHOCTbIO. DMHUCCUSI 3aBUCUT OT HaKJIOHA
Y4aCTKOB ITOBEPXHOCTU U OT paboThI Bhixoga MBD u3
HUX, KOTOpasi ONPENEIISIETCS COCTOSIHUEM €€ MOBEpPX-
HOCTU (B TOM YHCJIe TIPUITOBEPXHOCTHBIM 3apsiioM,
HaBOAMMBIM TafaroliumM myukom). Ilysok MBD mipu
MaJIOil BHEPTUHU 3JEKTPOHOB B MaAAIOIIEM MYYKE OCO-
00 YyBCTBUTEINIEH K MMapaMeTpaM CKaHUpoBaHuss POM
U 2JIEKTPUUYECKUM CBOMCTBaM Martepuaia. Tak, mpu
BapualMyd 3Hepruu sjekTpoHoB myuyka (0...2 k3B)
smuccust MB3 ycrieBaeT 10CTUYb MAKCUMyMa U YMEHb-
IIATbCS, TPU 3TOM OMUCCHOHHBIH TOK MOXET OBITH
MeHble WM 0oJibllie TOKAa B MagaroieM mnydyke. He-
COBMNAajJieHNEe TOKOB B MajalollleM M 3MUTUPOBAHHOM
My4yKax BeJeT K HaKOIUIEHUIO 3apsifia, MPUBOISILIEMY
K Bapuauuu noroka MBD u, ciemoBaTeabHO, U300-
paxkeHwusl.

Tononornyeckue ctpyktypsl Mmepbsl MIITIC-2K [1],
npegHa3HaueHHOM mist moBepku POM u ACM, BbBI-
MTOJTHEHBI B BEICOKOOMHOM KPEMHMH, KOTOPBII caM T10
cebe crocobeH HaKaIIMBaTh MOBEPXHOCTHBIN 3apsi B
X0JI¢ CKAaHUPOBaHUSI MOBEPXHOCTU. OJHAKO CTPYKTY-
Dbl TTOKPBITHI €CTECTBEHHBIM CJI0EM OKCHJA, KOTOPbIM
MOXKET XpaHUTb HaBEICHHBIN 3aps ITOCIe OKOHYAHMS
CKaHMpoBaHMS. Bpems HakoIieHus 3apsiia u ero pe-
JIaKcalluM MOXET 3aBUCETh OT MapaMeTPOB HENpPepbI-

BaeMOTO CKaHWPOBAHWS CTPYKTYp W HPOXOJIKUTETb-
HOCTH T1ay3 MeXIy CKaHaMMU.

Ha ctpyktypax mepst MIITIC-2K yxe mpoBeaeHO
HECKOJIbKO METPOJIOTHYECKUX HMCCIICIOBAHUIA B HU3-
KOBOJIBTHOM peXMMe CKaHUpOBaHUs (Hampumep, [2]),
OIHAKO MCCJIEAOBAaHUSI YYBCTBUTEIbHOCTU M300paxe-
HUSI K Bapyaliy IMapaMeTpoOB CKAaHUPOBAHUS IO CETo
BpeMeHU Hem3BecTHHI. Llenp Hamreit paGoTel — orle-
HUTH BIMSTHYE STUX ITapaMeTPOB Ha BapyaIIUIO IINPH-
HbI BepxHero ocHoBaHus (BO) BeICTynIOB — OIHOI U3
OCHOBHBIX U3MEPSIEMbIX BEJIMYMH JJIs1 9TOW MEphl.

YcaoBus 3KcnepuMeHTa

b1 MHOrOKpaTHO OTCKaHMPOBAHBI JBa BBHICTYIIA
TECT-00BEKTa C TOIIOJOTHUEH, MOJOOHON TOMOJOTUH
Mepbl MIITIC-2K. TecT-00beKThl OBUIM PACIIOIOXKE-
HBbI Ha OJHOH ItacTuHe KpeMHust KOD 4.5. O6a BbI-
cryna ckaHupoBaiu B POM S4800 rmyukom ¢ aHepruei
aJ1IeKTpoHOB 1 k3B npu pabouyeM otpeske 4,8 MM Tipu
BpEMEHM CKaHMpPOBaHUs OOHOro m3oodpaxeHus 10 c.
H3o6pakenne BricTyna 1 hpuKcupoBaaoch Ipy YBEJIH-
yeHuu 80.000X, nzobpaxkeHue BbICTyNa 2 — MpU yBe-
JndyeHun 35.000X. ObGa BbICTYIa HEMPEPHIBHO CKaHU-
posanu 16 pas, rmocie 4ero gejanach naysa Ha ~14 MuH.
Hanee ckaHMPOBaHUS MPOAOIKAIUA B HEIIPEPbhIBAEMOM
pexxume. Pe3yabTaThl Kaxaoro CKaHMpOBAHMSI U300-
paxxeHus1 (GMKCUPOBAIUCH B KOMIIbIOTEPE, TTOC/IE Yero
00pabaThIBaICh C IIOMOLIBIO IIPOTPaMMbl 00pabOTKI
M aHajauM3a M300pakeHUi Ha OCHOBE IIPOTrpaMMHOI
watpopmbl NDPL [3]. ITepBbIM pe3yabTaToOM pabOThI
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Puc. 1. U3menenns kpussix BC B X071€ naTH n0CJI€10BATENBHBIX CKA-
HHPOBAHWIA ¢ May30ii BpICTYNA 2: @ — KPUBbIE COOTBETCTBYIOT JIEBOIA
YacTH BBICTYIIA; b — €ro CepeAnHe, ¢ — ero npaBoii yactu. Kpusble
(—2u — 1), nony4yeHHbIe A0 May3bl, MOYTH coBManawT, Kpusas (0)
(cpa3y mocJie Tay3bl) 3aMEeTHO OTJIMYaeTCsl OT HUX, KpuBbIe (+ 1, +2)
COOTBETCTBYIOT cKaHaM rociie ckaHa (0)

Fig. 1. Change of VC during five successive scans with a pause of the
projection 2: a — the curves correspond to the left part of the ledge; b —
to the middle one, ¢ — to the right one. Curves (—2 and —1) before the
pause are almost identical, the curve (0) (after a pause) is markedly
different from them, curves (+1, +2) correspond to the scans after the
scan (0)
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MporpamMMbl SIBJISIIOTCS KpuBble BuaeocurHana (BC),
MpeACTaBISoNIMEe CO00i1 3aBUCUMOCTH aMILIUTyabl BC
OT IOJIOXEHMS MyYKa B KaXIOW CTPOKE CKAaHUPOBaHUS
(g xaxaoro u3 2560 MKceseit, COCTABISIOIUX CTPO-
Ky). Jlanee Ha U300pakeHUN BbIOMpAJICS Yy4acTOK, CO-
craBieHHbI 20 mocienoBaTebHbIMU CTpOKaMU (CKa-
HaMmu), "TIpUBSI3aHHBIN" K OMOPHOI TOUKE — JIOKAJTbHO-
My nedekTy Ha uzodpaxkeHuu. [Iporpamma nmpoBoauia
ycpenHenne amruiutyn BC mo Bcem 20 ctpokam st
KaXkIoro U3 MUKceeit B cTpoke. ITpuBs3ka yyacTka cka-
HMPOBaHUSI K OMOPHOI TOYKE ITO3BOJMJIA CPaBHUBATh
kpuBble BC, TTo/Ty4eHHBIC B pa3HBIX CKaHaX BHICTYIIA.

PesyabTaThl

Ha puc. 1, a—c npeacraBieHbl Tpyu Habopa KPpUBBIX
BC, coOTBEeTCTBYIOIMX HAYAJIbHOMY, CEPEAUHHOMY U
KOHEYHOMY yJacTKaM CKaHa T BeICTyMa 2. B Kaxkmom
Habope MPHUCYTCTBYIOT ISATh KPUBBIX, OTOOPaKATOIINX
BapHUalvi0 aMIUTUTYABI IS TSTH TOCIEI0BaTEIbHBIX
cKkaHOB. JIBa MepBBIX CKaHa MpeAIIecTBOBAIM May3e
(cM. kpuBble —2 1 — 1), OIWH CKaH BBIMOJHEH Cpa3y
nocie nay3nl (Kpusas 0), ckansl (+1/) u (+2) — cne-
nJoBanu cpasdy 3a ckaHoM (0). st ymoOcTBa COImocTaB-
JIEHUsI KPUBBIX OHU ObLIM CMEILEHBbI 10 ocsiM X u Y
BUJIHO, YTO 3HAYEHUs aMIUIMTYIbl Bcex KpuBblx BC
MMPAaKTUYEeCKN COBITAZAOT B TOYKE C KOOPIMHATAMU
(910, 270), COOTBETCTBYIOLIEH ITPOXOXACHUIO ITydyKa
M0 CepearHe BBICTYIIA.

Kak BumHO, Tay3a B MOCIIeA0BATEIBHOCTH CKAHOB
MPUBOAUT K M3MeHeHMIo0 (opmbl KpuBbix BC. Tak,
YMEHbIIIaeTCsl KOHTPACT AJISI BCeX KPUBBIX (CPaBHUTE
kpuBble (—2, —1) u octanbHble). JII0OOMBITHO, UTO
HUCXOMHBINA KOHTpAcT KpuBoit BC (He moka3aHa) pe3-
KO YBEJIMYWICS YK€ TIOCJIe TIEPBBIX CKAHOB, TIPU 3TOM
€r0 MCXOAHO CUMMETPUYHASI OTHOCUTEIBHO CePeIMHBI
(bopma okazanach HECUMMETPUYHON M COXpaHUJIACH
JIJIs1 BceX KpuBbIX Ha puc. 1. Kak BugHoO u3 puc. 1, npu
yMeHblleHn KoHTpacTta BC cpa3y mocie nayssl Ipo-
M30IIJIO M pe3KOoe YIIMPEHUE CPeIHUX YYaCTKOB KpU-
BbIX (CM. puc. 1, b, kpussie + 1, +2). [1pu 3TOM yyacrt-
K1 KpuBbIX BC, cOOTBETCTBYIOIIME 1 JIEBOMY, W TIPABO-
My CKJIOHaM BbICcTyTa (CM. pucC. 1, @ 1 ¢) corIacOBaHHO
CMECTWJIMCH BJI€BO (TP HEM3MEHHOM IOJIOKEHUU Ce-
peIVHBI KPUBHIX), T. €. KpuBasi BC HeKOH(pOPMHO 13-
MeHua cBow ¢opmy. IlomodbHoe nusmeHeHue GoOpMbl
kpuBoii BC 3a¢ukcupoBaHO TakxXKe IMpU CKaHUPOBaA-
HUM BbICTyMA 1.

Bapuanuu cepeauHHbIX yuacTkoB KpuBoii BC B xo-
JIe CKaHWPOBaHUs TMO3BOJWIM OLIEHUTb WU3MEHEHUS
3HAUCHUI IIUPUHBI BepXHero ocHoBaHMs (BO) BrICTy-
noB W. B coorBeTcTBUM ¢ METOAMKO# paboOTHI [4] 3HA-
YeHWS MPUHBI W N3MepsINCh KaK PacCTOSTHUS MEX-
Iy cepelMHAaMM CMEXHBIX Y4aCTKOB M3MEHEHUS aMII-
JIUTYIbI, PACTIONIOKEHHBIX MEXIY NMMKaMU anIpOKCH-
mupoBaHHoO# kpuBoil BC (cm. puc. 1, b). Ha puc. 2
TIpeACTaBICHB M3MEHEHWS 3HAYeHWI BEINMYMHBEI W
JIJIS1 BBICTYIIOB 1 M 2 B X0lie UX MOC/IeN0BaTeIbHbIX CKa-
HUpoBaHUll ¢ nay3amu (Kpusble [ u 2). KaaubGpoBKy
pPacCTOSIHUS 110 OCU CKAaHUPOBAHUSI OCYILIECTBIISIIN MO
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Puc. 2. 3meHenne mupunbl BEPXHEro OCHOBaHMS BbICTYNOB 1 U 2 B
XO0Jie MX MOCJIeA0BATE/IbHbIX CKAHNPOBAHUI C MAay30ii

Fig. 2. Change of the width of the upper base of the projections 1 and 2
during consecutive scans with a pause

MIepromy B PAacIOJIOXEHUN COCETHUX BBICTYIIOB, W3-
BECTHOMY C BBICOKOM TOYHOCThIO. Ha 00enx KpuBBIX
Ha puc. 2 3aMeTeH KBa3UIepUOAUYECKUIA IITyM B 3Ha-
YEHUSIX LIUPUHBI, pa3MaX aMIUIUTYIbl KOTOPOTO CO-
craBisieT okojo 2 HM. (BocnpouzBoauMocTh 3Haue-
HUI IIUPUHBL B OMHOM U TOH Xe TOUKe MPOduUIs Bbl-
CTyIla MO MHOTOKPaTHO BOCIPOW3BOAUMBIM KPUBBIM
BC coctaBuna 1...2 HM). DTOT 1LIyM He CKpBIBaeT,
OJIHAKO, CJIOXHYIO AMHAMUKY M3MEHEHUS pa3MepoB,
UMEIOIIYI0 O01IMe YEPTHI ISl MCCIeTOBaHHbBIX 00pa3-
10B. Tak, HaJIMuMe nay3bl MPUBOJUT B O0OMX CiIydasix
K PE3KOMY YMEHbIICHUIO 3HAYEHU I IIUPUHBI (CKAYOK
pa3MepoB ISt KpuBoit / Ha puc. 2 gocturaeT ~10 HM).
Bapuanuio nzo0paxkeHuil 1 IepexoaHbIe IPOLIECChl Ha
KpuBbIX BC BbI3BIBAIOT KaK Havyajao CKaHUPOBaHMSI,
TaK 1 nay3bl. HauanbHble Bapualuyy 3aMeTHBI T Kpy-
BeIx I m 2 B ckaHax (—16...—13) Ha puc. 2. YMeHb-
meHue W npu ylIMpeHUM CpeIHUX y4acTKOB KPUBOM
(cm. puc. 1, b) onpenensieTcss pe3KUM YMEHBIIEHUEM
KOHTpacTa cpeaHero yyactka kpusoit BC.

IIpencraBneHHass fMHAMUKA U3MEHEHUM 3HAYeHU I
IIUPUHBI BBICTYIIA MPOTUBOPEUMT IIPEACTABICHUIO O
€e YBEJIMYEHUM B XONIe MOCIeN0BaTEIbHbIX CKAaHUPO-
BaHMI BBICTyNaA B pe3yJibTaTe OCaXXAEHUS KOHTaMM-
HAlIMOHHOM TUIEHKU. 3aMETHBIM TPEHI K YIIUPEHUIO
BBICTYIIOB MPOSIBIISIETCS JIMIIb HA CKaHaXx, MOCIeayI0-
KX 3a Nay30i, JUIs1 KaXXA0i U3 KpuBbIX. UIMEHHO 3TOT
TPEeH]I, MO-BUAUMOMY, OOBSICHSIETCS POCTOM KOHTaMMU-
HallMOHHOW TUIEHKHU.

OO0cyxnenue pe3yJbTaTOB

HeMoHOTOHHBIN XapakTep HM3MEHEHUS (QOPMBI
kpuBbix BC M 1IUpUHBI BEPXHETO OCHOBAHMS B psIIy
MoCJieI0BaTeIbHbIX CKAHUPOBAHUM BBICTYIIA B HU3KO-
BoJIbTHOM POM oTOoOpaxaeT CIOXHYI0 KapTUHY (u-
3WYECKUX TPOIIECCOB Ha ero moBepxHocTu. OHa He
MOXET ObITh CBeleHa K MOHOTOHHOMY YIIMPEHUIO BbI-

CTYIIa BCJIENCTBUE OCAXKIEHUS TIJIEHKH, BO3HUKATOIIIE-
MYy NpM CKAaHUPOBAaHUM BBLICTYIIA B BBHICOKOBOJBTHOM
POM. Ho u ocaxjaeHue MJIEHKU B HM3KOBOJbTHOM
POM pomKkHO OTIMYATBCS OT COOTBETCTBYIOIIETO B
BbICOKOBOJIbTHOM POM.

HeicTBUTENbHO, NTPU MAJIOW HEPIUM 3JIEKTPOHOB
3aMETHO YMEHBILAETCS] Y4aCTOK ITOBEPXHOCTHU, KO-
TOPOTO MOCTUTAIOT OOPATHO pacCesHHBIE DJIEKTPOHBI
(OP3) u3 nomnoxku, poxnawoume MBD y camoii ee
rpaHulibl. Ecau npu sHepruu saektpoHoB 20 k2B Tta-
KO y4acTOK ONpeaessieTcsl paauycoM Kpyra Ha Io-
BEPXHOCTU B ~2,7 MKM [5], To nipu aHepruu 1 kaB 3ToT
paguyc JOKeH COKpaTUThbes 10 ~20 HM. MBD, pox-
neHHble motokoM OPD 1 BbIxoasIye U3 MOBEPXHOC-
THU, B3AaUMOJEUCTBYIOT C MOABUXHBIMU YIJIEBOAOPO/I -
HbeiMu yactuamMu (YBY), npuBoast K BbiCaXXKMBaHUIO
MOCJIEMTHUX Ha 3Ty TTOBEPXHOCTh M 0Opa30BaHMIO TUICH-
K. BereacTBue npakTHyeckoro paBeHCTBa IIolanei
yyacTKa CKaHUPOBAHMS U yyacTka smuccuu MBO u3
MMOBEPXHOCTH B HM3KOBOJILTHOM POM cdopmupo-
BaHHas TJICHKA He TODKHA 3aMEeTHO BBIXOAUTD 3a TIpe-
JeIbl ydyacTKa CKaHMpOBaHUS. Takoe COOTHOIIeHUE
TUTOIIA/Iel 3aMETHO OTJIMYAeTCsl OT COOTBETCTBYIOLIE-
IO COOTHOLUEHUS JIsI BBICOKOBOJIbTHOrO POM, rme
yyacToK smuccuu MBD HaMHOro mpesbllllaeT IUIO-
1Iaab cKaHupoBaHus. B pesynbrate, OoJjiblllasl 4acTb
YBY BricaxkuBaeTcs 3a IpeaeaMu y9acTKa CKaHUpPO-
BaHUsI, KOTOPBI OCTaeTcs CBOOOIHBIM OT KOHTaMMU-
Hauuu. B ciyyae HuU3koBoJIbTHOr0 POM G10KMpoBKa
noaBrkHBIX YBY 3a npenenamu o61acTy cCKaHMpPOBa-
HUSI HE TIPOMCXOIUT 1 OHU MOYTH BCE OCAKIAIOTCS Ha
yyacTke ckaHupoBaHusl. [ToaToMy yuivMpeHue B 3TOM
cayJyae IOJKHO TIPOMCXOOUTH IMPEUMYIIECTBEHHO B
XOJIe CKaHMPOBAHMS, a Tay3bl He CITOCOOHBI BIMSATh HA
BTOT mpolecc (B BHICOKOBOJNBTHOM POM yiupenue B
XOJIe CKaHMPOBAHUS OTCYTCTBYET, & CKaYOK LIMPUHBI
MPOUCXOIUT cpasy ITocjie Tay3sl [6]).

IMoarBepkaeHue MpearnoaaraeMoro Xxapakrepa yum-
pexnss BO BBICTYIIOB peACTaBiIeHO Ha puc. 3. DKCIIe-
PUMEHT OBIJT TIPOBEIeH B M3MepuTelbHOM POM S9260
(Hitachi) npu sHepruu 371eKTpoHOB B Iyuke 0,8 k3B u
Toke 6 MA. M3o6paxeHe BBICTYIIOB (pOPMUPOBAIOCH
nocaenoBaTeabHO 50 pa3 6e3 npepbIBaHUsI CKaHUWPOBa-
HUsI, MOCJe Yero MPOUCXOAUIN may3bl Ha 1—2 MUH U
JIajgbHEHIIee TPONODKEHe CKAaHMPOBAaHMS (HEeTIpephI-
Baembie ckaHbl: 1—50, 51—100, 101—150, cm. puc. 3).
B cBoto ouepenp, Kaxnoe u3 50 ckaHMpoOBaHUI, B pe-
3yJbTaTe KOTOPOro (popMUpOBaAIOCh OAHO U300paxke-
HUe, TOJy4yajaoch ycpeaHeHueM Mo 32 HemnpepbiBae-
MBIM CKaHaM. DTO MO3BOJIMJIO Pe3KO YMEHBIIIUTD BIIH-
SHUE IIYMOB Ha u3o0paxeHue. Tak, ecayu Ha puc. 2
IIYMBI IPUBOIAT K Bapualuu mmpuHbel BO npu cka-
HUPOBAHMUSIX B ~2 HM, TO Ha PUC. 3 OHU YMEHbILIAIOTCS
10 0,2...0,3 M.

M3 puc. 3 BUAHO, UTO yIIUPEHUE TPOUCXOAUT TTOY-
TU TMOJHOCTBIO B XOZI€ HEIMTPEPhIBAEMbIX CKAHUPOBaHUIA,
a Tay3bl TPUBOIST JIMIIb K OTHOCHUTEJIBLHO CIaboMy
yBeJIWUYeHUI0 yiuupeHus: (1o ~0,5 HM 3a omHy May3y).
IMocnenHue ymypeHus: He HOCST, OAHAKO, CKauK000-
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Fig. 3. Dynamics of widening of UB at 150 scans of the two protrusions
(SEM §9260). The areas of accelerated widening after the pause are visible

pa3HOro Xapakrepa, KOTOPble MOXHO CBSI3aTh C KOH-
TaMUHALIMOHHBIM POCTOM TOCjIe nay3bl (Kak B BbICO-
KOBOJIbTHOM POM), oHu npoucxonsr 3a 3—12 cKaHOB.

JI1000MBITHO, YTO TEMIT YIIUPEHUS pa3iuyeH IS
BBICTYNOB 1 M 2, a Takke /IS BbIcTyna 1 mpu nepBoi
7 TIOCJICIHEH TTOCIeI0BaTeIbHOCTH IIUKIIOB CKAaHUPO-
BaHUS. DTO CBUAETEILCTBYET O CYIIECTBOBAHWUM BIIM-
SIOIIMX Ha 3TOT TEMIT BEJIWYMH, KOTOPHIE CBS3aHBI C
00BEKTOM KOHTPOJISI, @ HE C PEXKMMOM CKaHUPOBaHMUSI.
[Mo-BuamMoMy, IMEHHO 3TO M IIPUBEJIO K pa3HBIM Ha-
KJIoHaMm KpuBbIX / 1 2 Ha puc. 3. B pabore [2] 3aduk-
CHPOBaH Pe3yabTaT pa3HOM CKOPOCTU YIIUPEHUS IJIS
BBICTYTIOB, KOTOPbIE TI0 Pa3HOMY CKaHUPOBAJIM, HO U
M0 pa3HOMY pa3Melllayii Ha TecT-00bekTe. B 310l pa-
60Te HeT yOeaUTEeTbHBIX CBUIETEILCTB, YTO pa3HMIIA B
VIIUPEeHUHW He MOTJa OBITh CBSI3aHA C pa3sHBIM pa3Me-
IIEHUEM BBICTYIIOB.

HaunbGonee 3ameTHass 0COOEHHOCTb KpPHUBBIX Ha
puc. 1| — HEMOHOTOHHOE M3ME€HEeHUe UX (OpPMBI, a
KPUBBIX Ha pUC. 2, 3 — OTHOCHUTEJIIBHO PE3KOe U3Me-
HeHue mMpuHbl BO nocne nay3. Ha Haun B3rjsia, atu
0COOCHHOCTH MOXHO OOBSICHUTH HaBeICHUEM M pe-
Jlakcalpeil TPOCTPAaHCTBEHHOIO 3apsga B IIPUIIO-
BEPXHOCTHOM CJIO€ BBICTYIA U CBSI3AHHBIM C 3TUM W3-
MeHeHMeM sMuccu MBD u3 moBepXHOCTH BBICTYIIA.
[IpenmonoXxuTenbHO, 3apsm MPUXOOUT B COCTOSTHUE
ITWHAMMYECKOTO PaBHOBECHS TTOCJIe HaYala CKaHMPO-
BaHUI U May3bl CO cKaHa 5—6 mis KpuBbiX | U 2 Ha
puUc. 2 U OposIBIsIeTCS B JOCTHXKEHUM MEHbBIIMX 3Ha-
yeHuil mmpuHbl BO. Ilocne may3 Ha obeux KpUBBIX
OTYETIIMBO TIPOSIBIISTIOTCST TPSHIB! K YBETMUEHUIO IITH-
PUHBI, UTO MBI CBSI3BIBAEM C PE3YIbTATOM OCAXKICHUS
KOHTaMMHalIMOHHOU tuieHku. Ha puc. 3 3adpukcupo-
BaHO OTHOCUTEJIbHO PE3KOE YBEJIMUYEHUE POCTa pa3me-
pOB, TaKKe CBsI3aHHOE ¢ may3amu. OTCyTCTBHE CKad-
KOOOpa3HOro U3MEHEHUST pa3MepPOB II0CJIe May3bl (Xa-
PaKTEepHOTO JISI BHICOKOBOJbTHOrO POM) 1 Bapuaius
YCKOPEHMST POCTa IMPUHBI Ha Pa3HbIX y4acTKaxX Kpu-
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BBIX YOXXIAIOT B TOM, YTO MIPUYMHON STUX NU3MEHEHU
TakXke SIBJISIeTCS] BapuallMs 3apsiaa Mocie May3bl.

B pab6ote [7] npeanoaoxeHo, YTO TeMIT YIIUPEHUS
MOXET OINpeAessIThCSl 3HAYEHEM HAKOIJIEHHOTO 3apsi-
na. Eciiv Ha pa3HbIX BBICTyIaX HaKarlJMBaeTCsl pa3HbIi
3apsiI, TO CKOPOCTh POCTa KOHTAMUHAIIMOHHOM TIeH-
KM Ha 3TUX BBICTYNax CIIOCOOHA BapbMpoOBaThecs (Kak
Ha KpuBoi I, puc. 3). U3MeHeHre HAKOIIJIEHHOTO 3a-
psiia rocJie rnay3 crocooHO U3MEHUTh U CKOPOCTh pocTa
rieHku (puc. 3, kpusas [, ckanbl 1—50 u 100—150).

ITockosbKy Bapualiys 3HaYeHU IIMPUHbBI BBICTY-
Ia B IIOC/IeI0BATEIbHOCTH CKaHOB OMpeAeIsIeTcs, Kak
0Ka3aJIoCh, HECKOJbKUMHU MPUYMHAMU, TO KOHTaAMU-
HAIlMOHHOE YIIMPEHKE BLICTYIIOB CIEIYET ONPEICIISITh
B YCJIOBUSX, MCKITIOYAIOIINX BO3IEHCTBIE HA M3MeEpsI-
eMYIO BeJIMUUHY BIUSIOIMINX (PakTOpoB. OQHUM U3 Ta-
KX (pakTopoB MOXKET OBITh (hOPMUPOBAHUE ITOIIIO-
BepXHOCTHOTO 3apsiaa. [10CKONBKY TP ITePBOM CKaHM-
pPOBaHUU PaBHOBECHOE COCTOSTHHME 3apsia He JOCTHUTA-
€TCs, TO YIIMPEHUE CIEAYeT OIpPeeisiTh KaK pa3HUILy
B 3HAYEHMSIX IIMPUHBI IIPU TIOCJIEAHEM U TICPBOM CKa-
Hax II0CJIe YCTaHOBJICHMSI 3apsSIZIOBOIO PAaBHOBECHSI.

3akmouenune

M3obpaxeHue BbICTylla B HU3KOBOJBTHOM POM,
KpYBas BUAEOCHUTHAJIA OT HETO U TEOMETPUUYECKME pa3-
MEpbl €T0 BEPXHETO OCHOBAaHWSI CIIOCOOHBI HEMOHO-
TOHHO WJIM HEpaBHOMEPHO U3MEHSThCS B XOAE€ MHO-
TOKpPaTHOTO CKaHMUPOBAHUS 3TOM CTPYKTYphl. Takoii
XapakTep UBMEHEHUI YyCUIMBAETCS IPU HAUIMYMU Nay3
B CKAHMPOBAHUM. B 4aCTHOCTU, BBISIBIIEHO HEKOHGDOP-
MHO€ M3MeHeHHue aMIuIuTyabsl kpuBbix BC Ha yyact-
KaX, COOTBETCTBYIOILIUX JIEBOW U IMPABON YacTAM BbI-
crymna. Oty Bapuauuu npoduias BC 3aTpysHsSOT uc-
MOJIb30BAaHUE METOAMKN U3MEPEHUST PA3MEPOB BBICTYMA
[4], ecnu u3MepeHUsT MPOBOASIT MHOTOKPATHO C May-
3aMU MeXAy HUMU. 3aTpydHEHUS! NOJKHbI BO3HUK-
HYTb HE TOJIbKO MPU UZMEPEHUU F€OMETPUUECKUX Ma-
paMeTpPOB BHICTYNA, HO U TIPYA U3MEPEHUN YBETUYEHUS
POM u nuamerpa ero Imydka.

OO0OHapyXeHHbIe SIBJICHUSI OOBSICHEHbI Bapuallueit
BJIEKTPUUYECKOro 3apsiia B MPUIOBEPXHOCTHOM CJIOE
BBICTYIIa, KOTOpas BAusieT Ha aMuccuio MBD u3 Hero.
Bapuanus 3apsiaa onpenesnsieTcss M mapaMeTpamu cKa-
HUPOBAaHUS, U PACTIOJIOKEHUEM CKAHUPYEMOTO BBICTY-
Ma Mo OTHOIIEHUIO K COCETHUM CTPYKTypaM.

Hpyryio 4acTb WM3MEHEHUU pa3MepoB BEepPXHETO
OCHOBaHMs BBICTYyNa MOXHO OOBSICHUTb Pe3yJbTaTOM
(opMupoBaHUSI KOHTAMMHALMOHHOMW TIJIEHKW Ha €ro
MOBEPXHOCTU. BhIICHUIOCH, UTO MOJENb €€ hOpMU-
pOBaHUsI OTJIMYHA OT COOTBETCTBYIOLIEH MOJETN st
My4yKa C BBICOKON 3HEpruei 3jieKTpoHoB. OKa3ajaoch,
YTO KOHTAMWHALIMOHHOE YIIUPEHUE 3aBUCUT OT pac-
TMOJIOKEHUS BBICTYIIA 10 OTHOLLIEHUIO K APYTUM CTPYK-
TypaM U OT COCTOSIHUSI €r0 MOBEPXHOCTH.

Aemop 6aaeooapum B. b. Mumrwoxasesa u 0. B. Oze-
PUHA 3a NpoGedeHUe IKCHePUMEHMO8 NO KOHMAMUHAYUU
ebicmynoe 6 POM.
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Low-Voltage SEM: Repeated Scans of a Protrusion None Monotonically Change

its Image

Stability of metrological parameters of a measure in time is its important property. This quality is subjected to a test by exposure
of a protrusion from a linear measure in the nanometer range produced on a silicon surface to an electron beam in vacuum. A com-
plex variation of the protrusion image under repeated scans of the electron beam with pauses arises in a low voltage SEM. The phe-
nomenon is explained by assumption that the electric charge induced by the electron beam in the under-surface silicon layer is chang-
ing with time. These changes influence the emission of the slow secondary electrons from the silicon surface, which form the measure
image. An additional reason for the image variation is deposition of a contamination film, which forms under low-voltage scans on
the surface and enlarges the width of the protrusion.

Keywords: nanometrology, relief structure, low-voltage SEM, scanning regime with pauses, contamination, surface diffusion of

the hydrocarbon particles

Introduction

Images of microelectronic structures in the scan-
ning electron microscope (SEM-images) are generally
formed by a beam of slow secondary electrons (SSE),
emitted by their surface. Emission depends on the slope
of surface’s portions, and the work function of SSE
which is determined by the state of its surface (includ-
ing the near-surface charge induced by the incident
beam). SSE beam at a low electrons’ energy in the in-
cident beam is sensitive to the parameters of SEM scan-
ning and electrical properties of the material. Thus, at
the electron beam energy variation (0...2 keV), the SSE
emission reaches a maximum and declines. At this, the
emission current can be smaller or larger than the cur-
rent in the incident beam. The mismatch of currents in
the incident and emitted beams leads to charge accu-
mulation, leading to variations of SSE flow and, hence,
the image.

The topological structure of MSHPS-2K measure [1]
for verification of SEM and AFM are made in high-re-
sistivity silicon, which is able to accumulate surface
charge during the scanning of surface. However, the
structures are covered with a natural oxide layer that can
store the induced charge after the scan is completed. The
time for charge accumulation and its relaxation may de-
pend on the parameters of uninterrupted scanning of
structures and duration of pauses between the scans.

The metrology research were made on MSHPS-2K
structures in low-voltage scanning mode [2], but the
studies of sensitivity of an image to variations of scanning
parameters hitherto unknown. The purpose of the work
is to assess the impact of parameters on the variation of
the width of the upper base (UB) of the projections —
one of the main measured values for this measure.

Experimental conditions

Two projections of the test object with the topology,
same with the topology of MSHPS-2K measure were
scanned. Test-objects located on the same silicon wafer
KEF 4.5. Both projections were scanned by SEM
S4800 by the beam with electron energy of 1 keV at an
operating interval of 4.8 mm at the scanning time of
10 s. The projection of image 1 was recorded with the
zoom of 80.000X, projection of image 2 — with the
zoom of 35.000X. Both projections were continuously
scanned 16 times with pauses for ~14 min. Further
scanning was continued in uninterruptible mode. The
scanning results were recorded in computer, then proc-
essed by image processing and analysis software on
NDPL platform [3]. The first results are the video
curves (VC), representing the dependencies of the VC
amplitude from the beam position in each scanning line
(for each of the 2560 pixels that make the line). Then
the site was selected on image, composed of 20 con-
secutive rows (scans), "tied" to the reference point —
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local defect in the image. The software conducted av-
eraging of the amplitudes by 20 rows for each of pixel
in a row. Binding of the scanning site to the reference
point has allowed to compare the video curves obtained
in different scans of a projection.

Results

Fig. 1, a—c presents three sets of VC curves corre-
sponding to the initial, middle and final sections of the
scan of the projection 2. Each set contains five curves
that represent variation in amplitude for five consecu-
tive scans. The first two scans preceded to a pause
(curves —2 and — 1), one scan was made immediately
after a pause (curve 0), scans (+/) and (+2) followed
the scan (0). For ease of reference, the curves are shift-
ed along the axes X and Y it is seen that all VC curves’
amplitude practically coincide at the point with coor-
dinates (910, 270) corresponding to the beam passing
through the middle of a projection.

The pause in scan sequence leads to a change in the
shape of VCs. Thus, the contrast is lowered for all
curves (compare the curves (—2, —I) and the rest). Cu-
riously, that the original contrast of the curve (not
shown) increased sharply after the first scans, while it
initially symmetrical relative to the middle of the shape
became asymmetrical and was retained for all of the
curves in fig. 1. As can be seen, with a decrease of the
VC contrast immediately after the pause, a sharp wid-
ening of the middle sections of the curves has occurred
(fig. 1, b, curves 1, 2). At this, the plots of the VC curves
corresponding to the left and the right sides of the pro-
jection (fig. 1, a and c) consistently shifted to the left
(at a fixed position of the curves’ middle), i.e., the VC
curve non-conformably changed its shape. Such a
change in shape of VC curve was recorded by scanning
of the projection 1.

Variations of VC’s middle sections during the scan
allowed to estimate changes in the upper base of pro-
jections W. In accordance with the procedure [4], the
width W was measured as the distance between the
centers of adjacent sections of the amplitude changes
located between the peaks of the approximated VC
curve (fig. 1, b). Fig. 2 shows changes in the value of W
for the projections / and 2 in the course of their suc-
cessive scans with pauses (curves / and 2).

The calibration of the distance along the scanning
axis was carried out on period in the location of the
neighboring protrusions, known with high accuracy. On
both curves visible quasi-periodic noise in the values of
the width, the amplitude of which is about 2 nm. (The
reproducibility of the width in the same point of the
profile of the protrusion repeatedly reproducible curves
VS was 1...2 nm). This noise does not hide, however,
the complex dynamics of the dimensions that have
something in common for the studied samples. So, a
pause leads in both cases to a dramatic reduction in the
width (leap size for the curve 1 in fig. 2 reaches ~10 nm).
The variation of images and transition processes on
curves VS call as the beginning of a scan and pause. The
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initial variation notable for curves 1 and 2 in the scans
(—16...—13). Reducing W for widening the middle parts
of the curve (fig. 1, b) is defined by a sharp decrease of
the contrast of the middle part of the curve entirely.

Presents the dynamics of changes in the width of the
ledge is contrary to the idea of its increase during suc-
cessive scans of the protrusion resulting from the dep-
osition contamination of the film. A noticeable trend
towards broadening of the tabs appears only on the
scans subsequent to the pause for each of the curves. It
was it, apparently, due to the growth of this film.

Discussion of results

Non monotonic change of the shape of the curves
VS and the width of the upper base in a series of con-
secutive scans of the protrusion in the low voltage SEM
shows a complicated picture of physical processes on its
surface. It can't be reduced to monotonic broadening of
the protrusion due to the deposition of the film, ap-
pearing when scanning of the projection in the high-
voltage REM. But the film deposition in low-voltage
SEM must be different from the corresponding in the
high voltage SEM.

Indeed, when low-energy electrons significantly de-
creases of the area of the surface which reach back scat-
tered electrons (BEE) of the substrate, giving birth to
MBE at the edge of it. If at electron energy of 20 keV
such a plot is determined by the radius of the circle on
the surface of ~2.7 um [5], at the energy 1 keV, this ra-
dius should be reduced to ~20 nm. MAE, born WEM
flow in and out of the surface, interact with movable
hydrocarbon particles (UHF), leading to planting the
last on this surface and the formation of the film. Owing
to the practical equality of the areas of the scan and plot
of the emission of MBE from the surface in the low
voltage SEM of the formed film must not significantly
exceed the limits of the scanning site. This ratio of areas
is markedly different from the corresponding ratio for
high-voltage SEM where the site of emission of MBE
is much higher than the scanning area. As a result, most
part of the UHF landed beyond the site of the scan,
which remains free from contamination. In the case of
low-voltage RAM lock mobile UHF outside of the scan
is not happening, and they are almost all deposited on
the scanning site. The broadening in this case should
occur predominantly during the scan and pause are not
able to influence the process (in the high-voltage SEM
widening during the scan is missing and the jump in
width occurs immediately after a pause [6]).

Confirmation of the expected nature of broadening
IN the projections shown in fig. 3. The experiment was
carried out in measuring S9260 SEM (Hitachi) with en-
ergy of electrons in the beam is 0.8 keV and a current
of 6 PA. The image of the protrusions were formed suc-
cessively 50 times without any interruption of scanning,
and then occurred a pause for 1—2 min and further
continuation of scan (non-interruptible scans: 1—50,
51—100, 101—150, fig. 3). Each of the 50 scans, which
formed one image was obtained by averaging 32 scans




uninterrupted. It is possible to reduce the influence of
noise on the image. So, if in fig. 2 noise lead to variation
IN the width in the scan ~2 nm, fig. 3 they are reduced
to 0.2...0.3 nm.

Fig. 3 shows that the broadening takes place almost
entirely during an uninterrupted scan, and pause only
lead to a relatively weak increase of the broadening
(up to ~0.5 nm per pause). The recent widening are
not, however, the intermittent character, which can be
linked to contamination growth after a pause (as in
high-voltage SEM), they occur in 3 to 12 scans.

Interestingly, the rate of broadening is different for
the projections 1 and 2, as well as for projection 1, with
the first and last sequence of scanning cycles. This sug-
gests an influence on the rate values associated with the
test object, not scan mode. Apparently, this has led to
different slopes of the curves / and 2in fig. 3. In [2] was
the result of different rates of widening for the projec-
tions, which has scanned, and placed on the test object.
In this work there is convincing evidence that the dif-
ference in the broadening could not be associated with
a different placement of the protrusions.

The most notable feature of the curves in fig. 1 —
non-monotonic change in shape, and the curves in
fig. 2, 3 is a relatively abrupt change UB width after a
pause. In our view, these features can be attributed to
the guidance and relaxation of space charge in the sur-
face layer of the projection, and the associated change
in emission of MBE from the surface of the ledge. Pre-
sumably, the charge reaches a state of dynamic equi-
librium after the start of the scan and pause the scan 5
and 6 for curves 7 and 2in fig. 2 and appears to achieve
smaller widths. After a pause on both curves clearly vis-
ible trends to increase of width, which we attribute to
the result of deposition contamination film. In fig. 3
recorded a relatively sharp increase in growth, also as-
sociated with pauses. The absence of abrupt changes in
the dimensions after a pause (characteristic of high-
voltage SEM) and variation of the accelerating growth
of the width in different parts of the curves imply that
the cause of variation is also the variation of the charge
after a pause.

In [7] assumed that the rate of widening may be de-
termined by the value of accumulated charge. If on dif-
ferent ledges of different charge accumulates, the
growth rate contaminazioni film on the tips is able to
vary (as in curve I, fig. 3). The change in accumulated
charge after a pause can change and the growth rate of
the film (fig. 3, curve I, scans 1—50 and 100—150).

Since the variation of the width of the protrusion in
a sequence of scans is determined, as it turned out, for
several reasons, contamination broadening of the pro-
trusions should be determined without influence on the
measured quantity influencing factors. One such factor
may be the formation of sub-surface charge. As with the
first scan, the equilibrium charge state is not reached,
the widening should be defined as the difference in
widths when the last and first scans after the establish-
ment of charge balance.

Conclusion

The image of the projection in the low voltage SEM,
the curve of signal from it and the geometric dimen-
sions of the upper base capable of non-monotonic ir-
regularly vary during repeated scanning of this struc-
ture. Such nature of changes increases with the pres-
ence of pauses in the scan. In particular, the non-con-
formal change in the amplitude curves of the armed
forces on the portions corresponding left and right parts
of the ledge. These variations of the profile of the armed
forces complicate the use of methods of measurement
of dimensions of the projection [4], if they spend many
times with pauses between them. Difficulties must arise
in the measurement of geometrical parameters of the
projection and the measurement of the increase in SEM
and the diameter of its beam.

The observed phenomena are explained by the var-
iation of the electric charge in the surface layer of the
projection, which affects emissions of MBE from it.
The variation of the charge is determined by the scan
settings and location of the scanned projection in rela-
tion to neighboring structures.

The other part of changes of the size of the upper
base of the protrusion can be explained by the result of
the formation of contaminations film on its surface. It
turned out that the model of its formation is different
from the model for the beam with high energy elec-
trons. It turned out that contamination broadening de-
pends on the location of the projection relative to other
structures and from the state of its surface.

The author thanks V. B. Mityukhlyaev and Yu. V. Oze-
rin for conducting experiments on the contamination of the
protrusions in the SEM.
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Yucaenno npomodeauposaro dea eapuarnma koncmpykyuu CBY MIM C-nepexarouamens ¢ pazauyHsiMu MOAUMUHAMU MeMO-
panvl. Onpedenena MaKCUMAanbHAs cMAOUAbHAS Yacmoma pabomsl U MUHUMAAbHOe U3MeHeHUe emKocmu npu pabome. Paccmom-

PEeHbl OJuHamuueckue npoueccol 60 6pemsA NepeKNro4eHus.

Karoueevie caosa: MOMC, MCT, CBY nepexarouamenv, memopana, memoo KOHEUHbIX 21eMeHmMO08, M0Oeauposanue, OuHa-
MUKa, 31eKmpocmamuiecKoe npumsjicerue, snekmpocmamuyeckas emkocms, B4 mexuuka, 6oavghpam

BBenenue

B HacTtosiee Bpemss MOMC-niepekiatouaTenu siB-
JIIIOTCSI LIIUPOKO PACIPOCTPaHEHHBIMU U3AECTUSIMU
MUKPOCHUCTEMHOM TEXHUKH, TIPUMEHSEMbIMU B pa3-
mmuHor BY texnuke [1, 2]. Ix KoHcTpyupoBaHUE C
y4eTOM TpeOOBaHUS MIUTEIbHOU pPabOThl C MHOTO-
MUWJUIMOHHBIM YMCJIOM ILIMKJIOB HarpyxXkeHusi TpeOyeT
TIIATEILHOTO aHajIM3a HaNpssKeHHO-IedOopMUpoBaH-
HOTO COCTOSIHUSI MEMOPaHHBIX 3JIEMEHTOB IEPEKIIIO-
yaTesisl ¢ LeJbI0 N30exXaTh MPOSIBIACHUI B HUX 3¢ deK-
TOB IIJITACTUYHOCTU U Toi3ydyecTu. s pacuera mapa-
METPOB MOJOOHBIX CUCTEM UCTMOJIb3YIOT KaK aHAJIUTH -
yeckuit moaxon [3, 4], Tak W 4YMCAEHHbIE METOIbI, B
YaCTHOCTH, METOJ KOHEYHBIX 3JIEeMEHTOB [5—7], KOTO-
pbIii B JAHHOM cCiydae SBJsIeTCsl Oosiee MpPearnoyTy-
TeJIbHBIM, XOTSI U PECYPCOEMKUM.

B Hacrosiieit pabote mpencTaBieHbl Pe3yabTaThbl
yrciieHHoro moaenupoBanuss CBY MOMC-nepekiio-
yaresis AByX KOHCTPYKIUI B CTATUMECKOM M JUHAMMU-
yecKoM pexumax. MccienoBaHO BIMSIHAE T€OMETPH-
YeCKUX XapaKTepUCTUK MeMOpaHbl, aMIUIUTYAbI U Yac-
TOTBI TIPUTITUBAIONIETO HATIPSKEHUsI Ha YCIOBUS pa-
0O0THI MEepeKITIoYaTesl.
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KOHCprKl.l](Iﬂ H MaTeMaTH4eCKasa MoaeJib
nepexKnoyaTeisa

KoHcTpykuimu paccMaTpuBaeMbIX IepeKiioyare-
Jieil mpeAcTaBiaeHbl Ha puc. 1 u 2.

T'eomMeTpruecKre mapaMeTpbl MepeKIodaTe e

Tommmua MmeMOpaHbl A . .. ... .......... 0,1; 0,4; 0,7 Mxm
Hnpuna 3asemisiomero anekTpona W) 290 MxM
[lIupuHa curHaabHOTO 25eKTpoma W ... ... 120 MKkM
Mwnpuna memOpansr My .. .............. 100 Mxm
Mwupnna moctuka M, .. ... .......... 300 Mxm

JlnvHa y3Koit MemMOpaHbl Ly .. ........... 600 MKM

JimnHa mmpokoit MemOpansl Ly . ..... . ... 580 MKM
nprna memOpaHbI B y3Koii yactTn K| . . . .. 100 MM
[lInpnna MeMOpaHbl B IIMPOKOM yacTn K, 300 MKkM

3a30p H . ..o 4 MKM

KoHcTpykiimy oT/IM4aroTCs CIOCOOOM KpeTUIeHUS
MeMOpaHbl K HECYLLIMM oropaM, IIUPUHON U (popMoii
MeMOpaHbI, a TakKKe yJYacTKaMM MeTajuIM3aluu, Ha
KOTOpbIE TTOAAETCS YIIpaBJSIONIee HaNpsikeHue. B ne-
pexiouyaresie ¢ y3Koil MeMOpaHOil MOCIEOHSISI Kpe-
MUTCS K YeThIpeM OINopaM Majioil TJIOLIAaad U YIpaB-
JISIIOIee HAIIpSDKEHME ITOJAeTCs Ha 3KpaHUpPYIOIIue
BJIeKTpoabl KoraHapHoit CBY nuHUM, a B epeKIIio-




yarejie C LIMPOKOW MeMOpaHOil OHa
KpenuTcsl K ABYM LIMPOKMM OINopaM U
HanpsDKEHWE TOJAeTCsl Ha CUTHAJIb-
HBIA 3JIEKTPOJ JTUHUU.

Tak kxak CBY nepexmouarenu
MOJDKHBI  BBIAEPXKUBATh MWLIMOHBI
LIMKJIOB HAarpy>kKeHus, MaTeprag MeM0-
paHbl JOJDKEH 00JamaTh BBICOKOM
CTOMKOCTBIO K IJIACTUYECKUM Aedop-
MalusM, MOoJ3y4ecTH U TeMIlepaTyp-
HO# cTtabuabHOCTHIO [8, 9]. bnura
MpoBeneHa YMCIeHHas OlleHKa Iulac-
TUYeCKUX JedopMaliMii  IIUPOKOM
MeMOpaHbl TOJNIIMHONW 1,5 MKM, U3-
TOTOBJICHHOU U3 BoJibhpamMa U aio-
MUHMUS O] BO3AEHCTBUEM CUIbI OT 0
o 1,6 MH, obecrieunBalolieit MakCu-
MaJIbHbII MPOrud MeMOpaHbI B €€ LICH-
Tpe 10 2...2,5 mxm (puc. 3). Y3 nipen-
CTaBJICHHBIX Ha pUC. 3 JaHHBIX ClIEy-
€T, YTO BOJib(hpaM MeHee MOoIBEepKEH
MJ1aCTUYECKOMY J1e(DOPMUPOBAHUIO U
CIoco0eH BbIAEPXUBaTh 6€3 IJIacTu-
yeckux aedopMaldii 00JblINe BelIu-
YWHBI TTPOrMoa.

B MemOpaHax 06enx KOHCTPYKLIUIA
MepexKyroyaTessi UMeeTcsl MacCUB OT-
BepcTHii pazMepaMu 7 X7 MKM IS
cHmkeHusd 3ddekTa aspoguHaMMU-
YECKOIo COMPOTUBIICHNUSI BO3Ayxa Mpu
cpabaTeiBaHMU Tepekiatouarens. Ha
SKpaHUPYIOILIUE U CUTHAJIbHBIN 2JIeK-
TpOAbl KOTJIAaHAPHOM JIMHUM HaHeCceH
CJION OURJIEKTPUKA TOJIUUHON MpU-
0M3UTENbHO 1 MKM, MpeaoxpaHsio-
IIUI JIMHUIO OT KOPOTKOTO 3aMblKa-
HUs MemOpaHoit. Ilomroxka auHUM
BBINTOJIHEHA W3 AMAJIEKTpUKA TOJIIM-
Ho#t 50 MKM U 1UBJEKTPUUYECKOM Mpo-
HULAEMOCThIO g, = 10.

MonenupoBaHue pabOThI IEPEKITIO-
yaTesisi OCYILIEeCTBISIZIOCh METOJOM KO-
HEYHBIX 3JIEMEHTOB B TaK Ha3bIBae-
moii coupled-field mocranoske [10].
OO01IMit aITOPUTM peLIeHUs TIPU 3TOM
BBITJISIIAT CJICTYIOIIMM 00pa3oMm:

Pacuem anexkmpuueckux noneti —>
— Pacuem cunvt anexkmpocmamuueckoeo
npumsaxcenus — Onpedenerue npoeudba

Membparbl no0 deticmeuem
aneKmpocmamuxy —

— Ilepepacuem Hoeoll kKonpueypayuu
21eKMPU1ecKo20 Noas ¢ y4emom
uzMeHusuelcss opmol Memoparsl —>
— Pacuem snekmpuueckux noseu 6
HOBOU eeomempull.

MemBpaHa

Membrane

Nognomka
Substrate

Puc. 1. Dckn3 nepexmodarens, Nonepeynbiid paspes: W — mmprHa s3KpaHUPYIOLIETO
971eKTpoJa; W, — IMpHUHA CUTHATBHOTO 371eKTpo/a; H — BbICOTa 3a30pa, /i — TOJLIMHA
MeMOpaHbI

Fig. 1. Sketch of the switch, cross-section; W; — width of the screening electrode; W, — width
of the alarm electrode; H — height of the gap; h — thickness of the membrane
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Puc. 2. Dcku3 nepekioyaresisi, BUI CBEpXy: @ — BapUaHT NePEKITI0YaTesIsl C y3KO MeM-
OpaHoil; b — BapuaHT MepekIoYaTesisi ¢ LUPOKO MeMOpaHO

Fig. 2. Sketch of the switch, top view: a — switch with a narrow membrane; b — switch with
a wide membrane
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Puc. 3. [Inactuyeckue nedopManun MeMOpaHbl NepekIioYaTeis ¢ MUAPOKO MeMOpPaHOii
Fig. 3. Plastic deformations of the membrane of the switch with a wide membrane
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PacyeT BBIMTONHSIETCS B TPU BBIYMCIMTEIBHBIX
aTana:

1. PacueT cumibl 3JIEKTPOCTAaTUYECKOro IpYKMMa
UCXOMS1 U3 KOH(UTYpALIUU 3JEKTPUYECKOIO IMOJISI.

2. Pacuer HampskeHHO-Ie(OPMUPOBAHHOIO CO-
CTOSIHUSI MeMOpaHbl TOoJ AeHCTBUEM ITOHIEPOMOTOP-
HOM CHJIBL.

3. PacueT HOBOI KOH(UTYpALMU 3JEKTPOCTaTUYEC-
KOTO TI0JIs.

ITonnepoMoTopHasi cuja 3JeKTPOCTaTUUYECKOIO
MPUTSKEHUST BBIYUCIISIETCS COIVIACHO OMpeAesIeHUIO
MMOBEPXHOCTHOTO TeH3opa Makcsesa [10]:

T, = —%SO(E'E)n + eg(n - BE,

rae £ — HaIpsoKeHHOCTDb 2JIEKTPUUYECKOTO MOJist; # —
HOpMaJlb K TOBEPXHOCTU MEMOpaHbI; gy — 3JIEKTPU-
yecKasl TIOCTOSTHHasI.

st onmucaHusi MeXaHUYECKUX CBOMCTB MeMOpPaHbI
B LIEJISIX KOPPEKTHOIO yyeTa HEJIMHEWHOCTU MOBeIe-
HUSI TOHKOI MeMOpaHbI IpU MPOTrbde UCIOIb30Baach
monenb MypHarana [11]:

W, = %(x + oy 1P — 2l + %(1+ om I~

rae [, m, n — MoayJau yrnpyroctu MypHaraHa; A, p —
napametpsl Jlame; W, — sHeprusa nepopmaunu; 1y, I,
I3 — vnBapuaHThl TeH3opa Aedopmauunii I'puna —
Jlarpanxa:

Il=81+82+83;
L =gy * g183 +ee3;
I3 = g18983;

€], €, €3 — IJIaBHbIE KOMIIOHEHTBI TeH30pa aedop-
Malui.

Pacuetr nedopmariuii MemMOpaHbl OCYIIECTBISIETCS
peieHueM ypaBHeHus1 Komwm [10]:

rae p — IUIOTHOCTh MaTepuaina; C —
teH3op aepopmanuit Komm — I'pu-
Ha;, ¢ — TeH30p Jedopmanuii; S —
BTOpOI TeH30p HampsikeHuit Iluo-
el — Kupxropda; ¢ — TeH30p Ha-
NPsDKEHWIA; S — HavaJbHbIE HATIPS -
Xenust; S, - n = T, ® — onepauus
MPSIMOTO TTPOU3BENECHUSI.

ou o
== =V-FS P38
2 I _E
at Igz\- 3 T
12825
F=1+ Veu 257, |
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e & I .
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=+ 0.1 mEMm (Lum)

3aTeM IoJydeHHbIe 3HAUYeHMSI CMELeHUIA MeMOpa-
Hbl TPAHCHOPMUPOBATUCH B CMEILIEHUST CETKU KOHEY-
HBIX 2JIEMEHTOB 10 MeTony Diiiepa — Jlarpanxa [12],
YTO TMO3BOJMJIO KOPPEKTHO MPOBOIUTH MepepacyeT
BJIEKTPUYECKOTO TIOJIST Ha KaxKIoM Iirare urepanuii. Ho-
Bbl€ KOOPAMHATHI Xy, V), Zy EAMHUYHOIO Y3J1a B MOMEHT
BPEMEHU ¢ BBIYUCIISIOTCS CIAEAYIOIIMM 00pa3oMm:

x() = X(Xo, )]09 Z()> t)’
Yo = W(Xo, Yo, 4y, 0);
Z() = Z(XOJ )]03 Z()s t)’

rne Xy, Yy, Z; — KOOpAMHATHI €IWHUYHOIO Yy3Ja
MOJABUXHOW CETKM B HayaJlbHbIi MOMEHT BPEMEHM;
(x, y, 7) — moABIKHAsI cucTeMa KoopauHar; (X, Y, Z) —
MaTepuajbHasi CUCTeMa KOOpAMHAT.

MarepuanbHbie KoopauHathl X, Y, Z, y3na saBis-
I0TCSI QYHKUMSIMU T€OMETPUYECKUX (T.€. UCXOIHbIX)
KOOpAWHAT Xg, Yg, Zg U GYHKUNMHU, ONpeAesIone ux
cMelleHusl ¥ (B JAaHHOM cllydyae — pe3yJibTaT BbIUMC-
JIEHUI CMeIleHUs] MeMOpaHbI):

XO = X(X: Yg; Zg: u)a
Y= Y(X, Y, Z, w);
Zy= AX, Y, Zy, u).

B o01ieM BUIE COOTHOIIEHUE MEXIY KOOPAWHAT-
HBIMHM CUCTEMAaMM 3aITMCBIBAETCS KakK

x = flX, ) = flgXg w), 1);
X = g(Xg, u);
X, = h(X,, i),

rae f, g, h — BeKTOpHble QYHKIIUU; f — BpeMsl; | — HO-
Mep uTepaluu nepepaszoueHusi. UcxomHbIMU U DUK-
CUPOBAaHHBIMU BO BPEMEHMU SIBJISIIOTCS T€oMeTpuyec-
KH1E KOOPAMHATBI X,.

2 3 4 5 (4] 7 8
Hanpaxenue, B
Voltage, V

=== = 0.4 MKEM (1L m) 0.7 mMEm (1em)

Puc. 4. 3aBucumMocTh mpornda meHTpa MeMOpaHbl MEPEKTIOYATENS C Y3KOi MeMOpaHoil OT
NPUJIOKEHHOTO HAMPSIKEHHs MPH Pa3HBIX ee TOJMMHAX

Fig. 4. Dependence of the deflection of the centre of the membrane of the switch with a narrow
membrane on voltage in case of its different thicknesses




Hedopmaliust 371eMEHTOB IIPOBO-
INTCI Kak JedopManust BUPTyallb-
HBIX MaTepuanoB. PaccuuTthiBaeTcs
MUHUMYM BSHepruud aedopMauuu
o0beMa ¢ MOABMXKHOM ceTKoit V-

_ ko, o2
W= gf)(%(!l -»+fu-n ) av,

Ine w U kK — BUPTYyaJlbHbIE CABU-

FOBbIA M OOBEMHbBIA MOIYJIU;, UH-

BapuaHTel J = det(Vy®x), [} =

= J 23Sp((Vy®x)"+ V y®x); Sp —

orepanusl BbIYMCIIEHUS Cliela MaT-

PUIIBL.

Kpurtepuem 3aBepuieHus1 pacye-
Ta MaKCUMAJIbHOTO 3JIeKTPOCTaTH-
YECKOT0 HaMpsSIKeHUST MPYKUMa SIB-
JISIIOCh  AOCTUXKEHUE HayaJbHOTro
KOHTAaKTa TOMIOXKUA U MeMOpaHHBI.
OpnHako HermocpeJACTBEHHO KOHTaK-
THas 3amadya He pellajach M3-3a He-
BO3MOXHOCTH peaav3alru KOHeu-
HBIX BJIEMEHTOB HYJIEBOI TOJIIMHbI
B TaHHOI MOJEJIHU, YTO HEOOXOAUMO
JIJISI MOJIeJIMpOBaHMsI KOHTaKTa. Pac-
CMAaTpUBAJIOCH JIBA TUIIA pacueTa:

e KBAa3MCTaTUYECKUI — JIs1 ompe-
JeJCHUS TIPEAeIbHOTO 3JIeKTPH-
YECKOI'o HampsiKeHUsl U MOCTPO-
€HUS 3aBUCUMOCTA €MKOCTH Tie-
pektoyaresss OT MPUIOKEHHOTO
HarpsiKeHUs;

e JIWHAMWYECKWIA, IUISI MCClIeq0Ba-
HUSI paboThl Tepekioyaressi B
paboueM pexxuMe.

Pe3yabTaThl H 00CyXKIeHHe

Keasucmamuueckuii pacuem. Pe-
3yJbTaThl KBa3UCTAaTUYECKOIO pac-
yera CBY MOMC-niepeximouares
npeacraBieHbl Ha puc. 4 u 5. Cre-
IyeT OTMETUTHb ITOCTATOYHO CHUJIIb-
HYI0 UYyBCTBUTEIBLHOCTbH MeMOpaHbI
TepeKimovaresis K TMPHIOXKEHHOMY
HATIPSDKEHUIO TI0CJIe TPEBBILIEHUS
HEKOTOPOTO MOPOTrOBOrO 3HAYEHUS,
YTO TIOATBEPXKIAeTCA pe3yabTaTaMu
JIpyrux uccinegosanuii [3, 4, 13, 14].
Tax, mpu HamnpsikeHusx Bbile 2,2,
5,2 u 8,1 B mig MemMOpaH TONIIMHOM
0,1, 0,4 n 0,7 MKM COOTBETCTBEHHO
3aBUCUMOCTh MaKCUMAaJIbHOTO IIPO-
rm6a MeMOpaHBI OT HaMpPSKEHUS
ACHMIITOTUYECKY TIPHOTIIKAETCT K
ocH Y, UTO CBUAETENBLCTBYET O Mepe-
X0Jle pexXuMa paboThl OT CBOOOAHO-
ro nmporuda K KOHTaKTy M CO37aeT
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Puc. 5. 3aBUCHMOCTb JIEKTPUYECKOl €MKOCTH MEPEKII0YaTelisi OT NMPUJIOKEHHOTo Hamps-
JKeHHs MpPH pa3HbIX ee TOMUHAX: @ — y3Kasi MeMOpaHa; b — 1Mpokass MeMOpaHa

Fig. 5. Dependence of the electric capacity of the switch on voltage in case of its different
thicknesses: a — narrow membrane; b — wide membrane
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Puc. 6. 3aBucuMocTb npornda HeHTpa MeMOPAHbI OT BPEMEHH W NPUJIOKEHHOTO HATIPSKEHUS
npu yactore 1 KI'm: ¢ — y3kast MeMOpaHa; b — 1IMpokass MeMOpaHa

Fig. 6. Dependence of the deflection of the membrane centre on time and voltage at frequency
of 1 kHz; a — narrow membrane; b — wide membrane
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Puc. 7. 3aBuCHMOCTD IOHAEPOMOTOPHO# CHJIbI, EHCTBYIOMIEH HA Y3KYI0 MEMOPaHY, OT NPH-
JIOKEHHOro HampsikeHus (Tommmua 0,1 Mxm)

Fig. 7. Dependence of the ponderomotive force influencing the narrow membrane on the applied
voltage (thickness of 0.1 micrometers)
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Fig. 8. Deflection of a narrow membrane with thickness of 0.1 micrometers in various moments:
a — displacement: b — speed
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Puc. 9. Ckopoctb nporuda y3koit MeMopaHbl TomuHOi 0,7 MKM B 3aBUCMMOCTH OT BPEMEHH

Fig. 9. Speed of deflection of the narrow membrane with thickness of 0.7 micrometers depending
on time

670 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 11, 2016

orpeaeIeHHbIe TPYAHOCTU TP MO-
JeJMpOBaHUN — IOBEIEHUE MeMO-
paHBl B TWHAMHKE CJIOXHO OTCIIe-
JUTb IIPU HAMPSDKEHMSIX MOPsIAKa Ha-
MIpsSCKEHNST TIpUTSDKeHms. Ha mpak-
THKE Takoe SIBJIeHWE O3HayaeT, 4To
HamnpsikeHue, pyu KOTOPOM MPOUC-
XOIUT 3HAUYMTEJbHBIN POCT CMeIle-
HUI U €MKOCTH, SIBJISIETCSI HAIIpsIXKe-
HUEM TIePEeKITIOYCHUS.

Junamuueckuii pacuem. B nuna-
MHYECKOM pacyeTe Ha 3JICKTPOIBI
MOJAaBaJICs CUTHAJI CUHYCOMIATbHOMN
(hopMbI C aMIUINTYI0M, paBHOM OIl-
peleJeHHOMY paHee IpeaeabHOMY
HaMpsKeHUIO JUIST KaXKIOW TOJIILIM-
HBI MeMOpaHbl. PacueT mpoBoauics
B Mpenesaax OAHOIO MOJyNepruoaa.
B kauectBe xapakrepHbix pisi CBY
MBMC-nepekioyareseil 4yacToT Ie-
peKJItoueHrsl BBIOUPAIMChH ABE Yac-
totel: 1 u 0,1 k' [13, 14]. Makcu-
MaJIbHBIM TIpOrud MeMOpaHbl oOlle-
HUBAJICS IO CMEILIEHUSIM €€ TeOMET-
pUYECKOTO LIEHTpA.

IIpy 4yacToTe mnEepeKIIOYESHUS
1 xI'u y3kasg meMmOpaHa IpOSIBISIET
CJIOXHBIN, HEMOHOTOHHBIN XapakTep
W3MEHeHUs1 cMmelleHuin (puc. 6, a),
oOHapyXuBasi CXOJACTBO C M3BECT-
HBIM B TexHuKe MOMC gBneHueM
snap-through effect [16—18]. ITomno6-
HOe sIBJIeHMEe HaOJomaeTcs W Mpu
pelleHMM KBa3uCTaTMYeCKOU 3ana-
Yy 11 TOHKOM Y3KOI MeMOpaHbI
(HEeMOHOTOHHOE TOBEIEHUE MPOrU-
0a TMpM HU3KMX HANPSOKEHMSIX Ha
puc. 4). ITongepoMoTOpHasi cuja B
3TOM CJly4yae TakxXe MPOSIBAsIeT He-
MOHOTOHHBIM xapaktep (puc. 7),
YTO CBSI3aHO C XapaKTepoM Iporuda
MeMOpaHBHI.

IIpocnexuBaercss  yBeJIMYEeHUE
MOHOTOHHOCTH TTOBEICHUSI MeMOpa-
HBI C POCTOM €€ TOJIIMHBI. Tak, Ha
tommuHe 0,7 MKM HOmoOHOTO "nIpe-
Oe3ra” B KoneOaHUAX TPAKTUUECKU
He 3aMeTHO. B ciyyae ncrnonb3oBa-
HUS1 OoJiee LIMPOKOM M, COOTBETC-
TBEHHO, 0oJiee XKEeCTKON MeMOpaHbI
9 deKT He TPOoSBISETCS NaXxe Ha
tormuHe 0,1 MKM (cM. puc. 6, b).

Ha puc. 8 npencraBiaeHbl mpo-
JOJIbHBIE CPEAMHHBIE TTPOGUIN He-
¢dopMupoBaHHOI Y3KOI MeMOpaHBI
B pa3JIMYHbIE MOMEHTHI OT BPEMEHM.
N3 pucyHka cieayer, 4To BHayaje
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Puc. 10. 3aBucumocTts nporuda HeHTpa y3koii MeMOpaHbI OT BpeMeHH U NMPHJIOKEHHOTO Ha-

npszkenns npu yacrore 0,1 k'

Fig. 10. Dependence of deflection of the centre of the narrow membrane on time and voltage at

frequency of 0.1 kHz

(mo momeHTa BpemeHu 0,067 Mc) mporudaroTCs: TONb-
KO T€ YaCTU MeMOpaHbl, UYTO HAXOASTCS BOJU3M TMPU-
TSITUBAIOIINX 3JIEKTPOAOB, a YXe 3aTeM IPUXOIUT B
IBIDKEHVE LIEHTp, B pe3yjbTaTe 4ero rmo MemOpaHe
MIPOXOINT "BOJHA" TIEPEMEHHON CKOPOCTH, KOTOpast
IIpYd YBEJIUYECHUU TOJIUMHBI MeMOpaHbl 10 0,7 MKM
npakTuuecku ucyesaet (puc. 9). I1pu yacrore Kone-
b6anuii 0,1 xI'n y3kas MmemMOpaHa IIpOSIBJISIET 3HAYM-
TeJIbHO 00Jiee MOHOTOHHBIN pexkuM pabotsl (puc. 10),
OHAKO MPW MaJIbIX CMEIIeHMSIX B Hadaje Ipolecca
nmporuda CHOBa 3aMeTeH HEKOTOpHIi "mpebdesr”, aHa-
JIOTUYHBIA paHee PacCMOTPEHHOMY ITOBEICHUIO.

3aKkmouenne

ITIpomonenupoBaHo HeckoJabKo BapuaHToB CBY
MepeKIoyaTesis ¢ MeMOpaHaAMM Pa3IMIHOM TOJIIIMHBI
U KoHdurypaimy. ONTUMaJIbHBIM MaTepruagoM MeM-
OpaHbI TS TIPEUTOKEHHBIX KOHCTPYKIII C TOUKH 3pe-
HUS NOJTOBEYHOCTU U HAAECXKHOCTH SIBISIETCS BOJIb-
¢pam. [Tnacrmueckue nepopMaliia BO BpeMsI paOOTHI
repekIoyaTesiss OTCYyTCTBYIOT, UTO 00eCTIeurMBaeT BbI-
COKYI0 HaJIe’KHOCTb cucTeMbl. CorjacHO paccuMTaH-
HBIM pEeXMMaM pabOTBl YacTOTa TEPEKIIOUEHUS IS
paccMoTpeHHbIX cucteM coctapisieT 0,1 kI (1 xI'),
a HampsiKeHUe nepekiaodeHus — He oonee 8§ B (17 B)
JUISL Y3KOM M 1IMPOKOl MeMOpaHbl COOTBETCTBEHHO.
EMmkocTh mepekitouarensi Mpu cpadaTblBAHUM CO-
craBigeT He MeHee 0,6 nd. YcraHoBIEeHA 3HAYUTEIb-
Hasl 3aBUCMMOCTb XapakTepa IMepeKIIOYeHUsT OT TOJI-
IIMHBI 1 KOHUrypauuy MeMOpaHbl, TakxKe OOHapy-
JKeHa cyoxHas dopma cMelleHuit ToHkoit (0,1 MKM)
MeMOpaHbl B 3aBUCMMOCTM OT HaIpsDKeHHUs. Y3Kas
MeMOpaHa Ha MOCTUKE MPU BBICOKOI YacToTe pabOThI
(1 xI') paboTaeT HEMOHOTOHHO, COBepIlIasi BOJIHOO0-
pa3Hble KojieOaHUs. YMEHBIIUTh TaKo 3(deKT BO3-
MOXHO, YBEJIUUMUB XECTKOCTh (T.€. TONIIMHY U ILINPU-
HY) MeMOpaHbl WJIM K€ 3HAYUTEeJIbHO CHU3UB YacTOTY
MPUTSATUBAIOIIEro HampsKeHusi. TakuM oOpa3oMm, U3

»+++200 Hanpasenue (anA 0.1 mem) (Voltage (0.1 umy))

BBIOpAHHBIX JABYX KOHCTPYKLMI

25 Haubojee ONTUMAIbHON SIBISETCS
b2 g IIMpoKasi MeMOpaHa, KoTopasi obec-
1 15 £ MeYynBaeT MOHOTOHHBIN TPOTU6 Mpu

%S CPAaBHUTEJIBHO MAaJIOM HAaNpsSKEHUN

! Eg NpUTSKeHUsT U Bbicokoil miss CBY

= MepeKsIIouaTesieil YacToThl paboTHI.
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Simulation of the Dynamics of Operation of RF MEMS Switch

Two designs of RF MEMS switch with different configurations and thicknesses of the membranes were simulated in 3D geometry.
Coupled-field finite elements time-domain sequential simulation with Eulerian-Lagrangian elements was used. Two switch designs
with different stiffnesses and membrane thicknesses were simulated. The maximal operational frequency and switching capacity were
calculated. The dynamical processes during the operational cycle were investigated, as well as the time instability and the snap-

through effect.
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Introduction

MEMS switches are widespread microsystem prod-
ucts applied in RF devices [1, 2]. Their designs, taking
into account the requirements of a long operation with
mullions of loading cycles, demand a deep analysis of
the shape of deformation of the membrane switch in or-
der to avoid plasticity and fatigue in them. For calcu-
lation of such systems an analytical approach is often
used [3, 4], as well as numerical methods, in particular,
the FEM analysis [5—7], which is more preferable, al-
though it is resource-intensive.

The given work presents the results of numerical
modeling of RF MEMS switch of two designs in the
static and time-domain modes, and studies the influ-
ence of the geometrical characteristics of the mem-
brane, amplitude and frequency of the actuation volt-
age on the operating conditions of the switch.

Switch design and model

Designs of the switches are presented in fig. 1 and 2.

Geometrical parameters of the switches
Thickness of the membrane 2 . .. .......... 0.1; 0.4; 0.7 um

Width of the grounding electrode W; .. ... ... 290 um
Width of the alarm electrode W . .......... 120 pm
Width of the membrane M; .............. 100 pm
Width of the bridge M, ................. 300 pm
Length of the narrow membrane L; . ........ 600 pm
Length of the wide membrane L, .......... 580 pm
Width of the membrane in the narrow part K; . 100 um
Width of the membrane in the wide part K, ... 300 um
Gap H . ... . e 4 um

The designs differ by the method of membrane sup-
porting, by the width and form of the membrane, and
also by the sections of metallization, where the control
voltage is supplied. In the switch with a narrow mem-
brane the latter is fastened to four supportive surfaces of
a small area, and the actuation voltage is applied to the
screening electrodes of a coplanar RF line, while in the
switch with a wide membrane it is fastened to two wide

672 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 11, 2016

supports and the voltage is applied to the actuation
electrode of the line.

Since RF switches have to withstand millions of the
loading cycles, the membrane material should have
high resistance to the plastic deformations and fatigue,
also temperature stability [8, 9]. A numerical simulation
was done of the plastic deformations of a wide mem-
brane with 1.5 pm thickness made from tungsten and
aluminum under the influence of a force from 0 up to
1.6 mN, ensuring the maximal deflection of the mem-
brane in its centre up to 2...2.5 um (fig. 3). From the
presented data it follows, that tungsten is less subjected
to the plastic deformations and can withstand relatively
big deflections without any plastic deformations.

In the membranes of both designs of the switch there
is a number of holes with sizes of 7x7 pm to avoid aero-
dynamic resistance of the air during the switch opera-
tion. The screening and actuation electrodes of the co-
planar line are covered with a dielectric layer with
thickness of about 1 um protecting the line from a short
circuit by membrane. The substrate is made of a die-
lectric with thickness of 50 um and dielectric permea-
bility of €, = 10.

Modeling of operation of the switch was carried out
by FEM in coupled-field form [10]. At that, the solu-
tion algoritm is the following:

Calculation of the electric fields — Calculation of the
electrostatic actuation force — Definition of a deflection
of the membrane under the influence of electrostatics —

— Recalculation of a new configuration of the electric
field with account of the changed membrane shape —
— Calculation of the electric fields in a new geometry.

The calculation is carried out in three computing
stages:

1. Calculation of the electrostatic actuating force,
calculated from the configuration of the electric field.

2. Calculation of the membrane deformed shape un-
der the action of the electrostatic force.




3. Calculation of a new configuration of the elec-
trostatic field.

The ponderomotive force of electrostatic actuation
is calculated according to the definition of the Maxwell
surface tensor [10]:

T,= —%SO(E'E)H + eg(n* E)E,

where E — electric field; # — normal to the membrane
surface; &, — electric constant.

For description of the mechanical properties of the
membrane and influence of the nonlinearity of behaviour
during a deflection the Murnaghan model was used [11]:

W, = %(1 + o 1P — 2uly + %(l+ 2m) I} —

where [, m, n — modules of elasticity of Murnaghan; A,
pn — Lame parameters; W, — energy of deformation; /|,
b, I — invariants of Green-Lagrange deformation
tensor:

Iy =g + & tes;

L =15y * g183 +ee3;
I3 = g1&pe3;

€1, &, €3 — main components the deformation tensor.
Calculation of the membrane deformations was car-
ried out by solution of Cauchy equation [10]:

a2
p—-—%‘ =V:-F:.S;
or
F=1+ V®u;
S = Sad+ C:8=Sad+6;
Sad = SO + Sext’

where p — density; C — Cauchy—Gtreen tensor of de-
formations; — second Piola-Kirchhoff stress tensor;
c — stress tensor; 8, — initial stresses; S, n = T,
® — operation of direct product.

The calculated values of the displacement of the
membrane were transformed into mesh displacement
via ALE method [12], which made it possible to recal-
culate the electric field at any stage of iterations. New
coordinates of x, ¥y, gy unit node in the 7 time moment
are calculated in the following way:

x() = x(XO’ )/0, Z()’ t);
Z() = Z(X07 }]05 ZO: t)a

where X, Y, Z; — co-ordinates of the moving mesh
node during the initial moment of time; (x, y, 27) —
moving system of co-ordinates; (X, Y, Z) — material
system of co-ordinates.

Material co-ordinates X, Y, Z, of the node are the
functions of the geometrical (initial) Xp Yy Z, frame
and function u, defining their displacements (in this

case — the result of calculations of displacement of the
membrane):
XO = X(Xa )Tga Zga Ll),

YO = Y(Xs Yg: Zga u)s
Zy= ZX, Yy Z,, w).

In a general view the correlation between the co-or-
dinate systems is written in the following way:

x = flX, 0 = flgXy w), 1);
X = g(Xg, w);
X, = h(X,, i),

where f, g, h — vector functions; ¢t — time; i — number
of the meshing iteration. The initial and fixed in time
are the geometrical co-ordinates of Xg.

Deformation of the elements is calculated as a de-
formation of the virtual materials. The minimum of en-
ergy of deformation of the volume with a moving mesh
V'is calculated:

_ k. 2
W= gf)(g(ll ko ) av,

where p and k — virtual displacement and volume mod-

ules; invariants J = det(V y®x), I} = J 2 3Sp((V X@x)’ .

* Vx®x); Sp — operation of calculation of the spur of

matrix.

The finishing criterion of actuation voltage calcula-
tion was the achievement of the initial contact of the
substrate and the membrane. However, the contact
problem was not solved directly, because of zero thick-
ness elements realization difficulties in our model,
which is necessary for a contact modeling. Two types of
calculation were considered:

e quasi-static analysis for definition of the actuation
voltage and construction of the dependence of the
capacity of the switch on the applied voltage;

e dynamic, time-domain analysis for switch work sim-
ulation in the operating conditions.

Results and discussion

Quasi-static calculation. The results of calculation
of RF MEMS switch are presented in fig. 4 and 5. It is
important to mention a very high sensitivity of the
switch membrane to the applied voltage after an ex-
ceeding of the threshold value, which is proved by the
results of other researches [3, 4, 13, 14]. Thus at volt-
ages over 2.2, 5.2 and 8.1 V for the membranes with
thickness of 0.1, 0.4 and 0.7 um the dependence of the
maximal deflection of the membrane on the voltage as-
ymptotically comes nearer to axis Y, which testifies to
transition of the mode of operation from a free deflec-
tion to a contact and creates certain difficulties during
modeling — the behavior of the membrane during op-
eration cycle is quite difficult to simulate at the voltages
close to actuation voltage. This means, that the voltage
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which produces considerable growth of displacements
and capacity, is the actuation voltage.

Dynamic calculation. In this case a signal of a sinu-
soidal shape with the amplitude equal to the earlier de-
termined actuation voltage for any membrane thickness
was supplied to the electrodes. The calculation was
done within one half-cycle. As characteristic for RF
MEMS switches frequencies of switching two frequen-
cies were selected: 1 and 0.1 kHz [13, 14]. The maximal
deflection of the membrane was estimated by the dis-
placement of its geometrical centre.

At the switching frequency of 1 kHz the narrow
membrane revealed a complex, nonmonotonic charac-
ter of displacement behavior (fig. 6, a), which is similar
to well-known snap-through effect [16—18]. A similar
phenomenon is observed while simulating a quasi-static
model for a thin narrow membrane (a nonmonotonic
deflection at low voltages (fig. 4). The electrostatic force
also demonstrates a nonmonotonic character (fig. 7),
which is strongly connected with the character of de-
flection of the membrane.

An increase in the monotony of the behavior of the
membrane with the growth of its thickness is traced,
thus at thickness of 0.7 pm a similar "bounce" in fluc-
tuations is practically not noticeable. In case of a wider
and, accordingly, more rigid membrane the effect is not
visible even on the thickness of 0.1 um (fig. 6, b).

Fig. 8 presents longitudinal median profiles of the
deformed narrow membrane in various moments of
time. At the beginning (till the moment of time of
0.067 ms) only the membrane parts, which are close to
the actuation electrodes, are deflected, and only then
the centre begins to move, and as a result "a wave" of
a variable speed goes on the membrane and practically
disappears with an increase of the thickness of the
membrane up to 0.7 micrometers (fig. 9). At the 0.1 kHz
the narrow membrane shows a much more monotonous
operating mode (fig. 10), however, in case of small dis-
placements at the beginning of the deflection process an
appreciable "bounce" similar to the behavior considered
above is observed again.

Conclusion

Two versions of RF switch with membranes of var-
ious thicknesses and configurations were modeled.
From the point of view of durability and reliability the
optimal material for the offered designs is tungsten.
There are no plastic deformations in a switch during its
operation, which ensures high reliability of the system.
According to the calculated cases, the frequency of
switching for the considered systems is 0.1 kHz (1 kHz),
and the voltage of switching is not more than 8 V (17 V)
for the narrow and the wide membranes relatively. The
switch capacity during operation is not less than 0.6 pF.
The dependence of the character of switching on the
thickness and configuration of the membrane was es-
tablished, and a complex form of displacements of a
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thin (0.1 um) membrane depending on voltage was dis-
covered. A narrow membrane on the bridge at high fre-
quency (1 kHz) works in a nonmonotonous mode with
wavy fluctuations. It is possible to reduce the effect by
increasing the rigidity (i.e. thickness and width) of the
membrane or by lowering considerably the frequency of
the actuation voltage. Thus, out of the selected designs
the most optimal is the wide membrane, which ensures
a monotonous deflection at a rather small voltage of at-
traction and high for RF switches frequency of work.
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Hccnedosana penakcayus 6 bapvepiom croe AlGaN/GaN eemepocmpykmyp Ha 0CHO8e u3MepeHull 60AbM-hapaoHbiX Xapax-
mepucmuxk GaN-HEMT. Onpedenenvt pacnpedenenue 31eKmMpoHHOU NAOMHOCMU U 8HYMPEHHee 31eKmpocmamuyeckoe none, a
makxce noaspusayus ¢ GalN eemepocmpykmype. B pamiax moouguyuposannoi modeau Ambaxepa paccuumana nve3031eKmpu-
uecKkas coOCMaeAaWas noAapu3ayuu. AHAAU3 NOAYYEHHbIX 3HAYEHUT NOAAPU3AUUYU NO360AUA PACCHUMAMb CIENeHb PeaaKcayuu
6 bapvepHom caoe eemepocmpykmypul. boiiu obHapysceHvl IneKkmponHbie A08yuwiky. Takum 06pazom, Obiia NOKA3AHA 803MOMNC-
HOCMb NPUMEHeHUs! 80AbM-PapaoHbiX XapaKmepucmux 04 OUeHKU Ka4ecmea KpUcmaiiu4eckol cmpykmypol 0apbepHoeo cA0s 8

AlGaN/GaN eemepocmpykmype.

Karoueevie caosa: Hanocmpykmypul, HUmMpUoO eanus, 8046m-Gapaorsvie XapaKmepucmuku, nbe309ggdexm

Beenenune

TpaH3UCTOPbI C BHICOKOH MOABUKHOCTBIO JIEKTPO-
HoB HEMT (High-electron-mobility transistor) Ha OCHOBe
LIMPOKO30HHBIX TeTepocTpyKTyp AlGaN/GaN 1upoko
MPUMEHSIIOTCS B MOLIHBIX IpueMo-nepenarmoinnx CBY-
ycTpoiicTBax ¢ padbounmMu yacrotamu cBbie 8 I'Tix [1].
B ocnoBe HEMT nexuT rerepocTpykrypa ¢ JIByXMep-
HBIM 3JIEKTPOHHBIM Ta30M B KBaHTOBOI1 sIME.

s MoaemMpoBaHMS U MIOCIIEAYIOIIETO N3TOTOBJIE-
Hust CBY npubopos Ha ocHoBe GaN HEMT Heob6xo-
IUMO MMETh KOMIIJIEKCHOE MPEeICTaBICHUE O TeTepO-
CTPYKTYp€: COCTOSIHHE CJIOEB, 00pa3yIoIIMX KBAHTOBYIO
sIMy, HaJIM4re 2JIEKTPOHHBIX JIOBYILIIEK W KOHIIEHTpA-
LIMSI 2JIGKTPOHOB B KaHAJIbHOM clioe. B retepocTpyk-
Typax AlGaN/GaN nossipHasg npupoaa CoeauHeHU
GaN u AlGaN npuBOIUT K UX CIIOHTaHHOMN MOJsI-
pu3anun Psp [2, 3]. Kpome Toro, u3-3a pacTsiruBaro-
IIMX JIaTepaIbHBIX HAMpSKEeHWI Ha TpaHUIIE pasaesia
AlGaN/GaN, BbI3BaHHBIX PacCOIJIaCOBAaHUEM KpHUC-
TAJUIMIECKUX PEIIETOK, BO3HHKACT Ibe303JICKTPH-
yecKasl MOJISIprA3alnst sz [4, 5]. B utore Ha rpaHulie
pasngena AlGaN/GaN BO3HMKAaeT cyMMapHas IOJIsI-
pusauus P, KoTopasd IPUBOAUT K BOZHUKHOBEHUIO
BCTPOEHHOTIO 3JIEKTpUUeCcKoro moJjs. JlaHHoe moie
BBI3BIBACT HAKOTUICHUE 3apsIIOB B KBAHTOBOM sIMe, 00-
pasys ABYMEPHBIN 3JIEKTPOHHBIN Iras.

s uaMepeHus: mnapameTpoB MOJYIPOBOIHUKOBBIX
MaTepuajoB B HACTOSIEE BPEMST UCIOJb3YyeTCsl 00b-

1I0€ YKCJIO pa3HOOOpa3HbIX METONOB. OTHUM U3 HUX
SIBIISIETCSI METOJI BOJIbT-(hapagHBIX XapaKTEePUCTHK.
OnHOi U3 OTJIMYUTESbHBIX YEPT STUX METOIOB SIBJISI-
eTCsl TO, UTO MCCIEIyeTCsI HE MOHOJUTHBINM MOJYITPO-
BOJHMK, & CTPYKTYpa Ha OCHOBE MOJYIIPOBOAHNKA, 00-
JlafaroIiasi eMKOCThIO: METAJUT — TOJYIIPOBOIHUK, Me-
TaJUl — JUBJIEKTPUK — moaynpoBogHukK (MITT-cTpyk-
Typa) Ui p—n-nepexon. C MX MOMOILbIO MPOBOIAST
U3MEPEHMsST KOHILIEHTpAllUU JIETUPYIOLIUX MpUMeceit,
TTyOOKMX YPOBHEM M MX XapaKTEePUCTUK, TeHEPAIlIMOH-
HOTO BpEeMEHU HEepaBHOBECHBIX HOCHUTENei 3apsiia,
TJIOTHOCTU MOBEPXHOCTHBIX COCTOSIHUI U UX pacipe-
JIeJieHUs TIo 3HeprusiM [6, 7]. B Hactosieir pabore
ObUI MCTIOJIb30BaH METOJ UBMEPEHUS BOJIbT-(PapagHbIX
xapakTepuctuk (BDOX).

Ilenpio HacTosleir paboOThl SIBASIETCS pa3paboTKa
crocoba i MPOBeACHUS aHaIM3a KayecTBa Oapbep-
HBIX CJI0€B TeTepOCTPYKTYPHI ¢ moMolnbio BOX.

SKCHepﬂMeﬂTaJleaﬂ 4acTb

HccnemoBamuchk rterepocTpykTyphl AlGaN/GaN,
BbIPALEHHbIE HA MOMIOXKax Al,O3 METOIOM OCax-
JIEHUST MeTaJUIOPTaHMYeCKUX COeIMHEHUI U3 ra3000-
pasHoii ¢asel (MOC-rugpuaHoil snuTakcuu). s
ycuseHus: nbe303ddekra OblI MCIOJb30BaH CJIOU
AIN tommuuoi 0,7 HM, IepuoI KpUCTAIMYECKOM
pelIeTKy a 3Toro cjost MeHbline yeM y GaN u AlGaN
(agan = 0,316 HM M ap = 0,311 HM COOTBETCTBEHHO
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Puc. 1. 3onnas nnarpamma HEMT AlGaN/GaN. Ha BbiHOCe noka-
3aHO HANpPaBJIEHHE NbE303JIEKTPUIECKOi moyspu3amuu B cioe AIN:
AE_, — pa3Hula B 3HaueHuu 3Hepruu cios u GaN; N(x) — npoduiib
pacrnpe/esieHrst 3JIEKTPOHOB B KBAHTOBOIA siMe

Fig. 1. Zone diagram of HEMT AlGaN/GaN. In the output — direction
of the piezoelectric polarization in AIN layer: AE, — difference in energy
of the layer and GaN, N(x) — distribution profile of electrons in a
quantum well
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Puc. 2. Cxema cji0€B ¥ TOJIMHBI TETEPOCTPYKTYP HCCJIEyeMbIX 00-
pasuoB: a — obpa3ell 1; b — obpaselr 2

Fig. 2. Diagram of the layers and thickness of the heterostructures of the
investigated samples: a — sample 1; b — sample 2
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Fig. 3. Diagram (a) and a photographic image (b) of the test transistor
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[7]). B ucciaepyeMbIX rerepocTpykTypax ObLia cgop-
MHpPOBaHa KBaHTOBAs SIMa C TPEYTrOJbHBIM IMOTEHIIM -
aJbHbIM TIpoduieM Ha rereporpaHuue AIN/GaN.
30HHas auarpamMma TreTepoCTPYKTYPbI C TPEYroJbHOM
KBaHTOBOU SIMOW TpejicTaBjieHa Ha puc. 1.

KoHcTpykiims ucciiefoBaHHBIX TETEPOCTPYKTYP CXe-
MaTU4ecKd MpeacraBieHa Ha puc. 2. Mccienyembie
TreTEPOCTPYKTYPhl pa3ivyajuch TOJIIMHOM M CcOCTa-
BOM OapbepHoOro cios. B rerepoctpykTtype odpasua 2
(puc. 2, b) ObLT chopMuUpOBaH OapbEepHBI CIOM
Al 29Gag 71N TONILKMHOI 24 HM, a B TeTEPOCTPYKTYpe
oo6pasua 1 (puc. 2, a) 6611 chopMUpPOBaH OapbepHBIi
cnoit Aly 3,Gag ¢gN TomuunHoit 14 um. Benencrsue
MEHbIIIEe} TONMUHBI 0apbepHOTro cJiosl oopasel 1 umen
MEHBIIIYIO TMOA3aTBOPHYIO €MKOCTb, YTO ITO3BOJISIET
MOoJy4yuTh 00Jiee BHICOKMIA AMana3oH paboyux yacTorT.

[ns mpoBeaeHusT BOJbT-(apagHbIX U3BMEPEHUI Ha
TTOBEPXHOCTH UCCIIAYEMBIX TETEPOCTPYKTYP OBLIN CO-
3MaHbl TECTOBBIE IBYX3aTBOPHbBIEC TPAaH3UCTOPHI. Tomo-
Jorust U ¢ororpadpuyeckue U300paKeHUs] TECTOBBIX
TPaH3UCTOPOB IOKa3aHbl Ha puc. 3. Mcnonb3oBaHue
MMOAOOHOM TOTIOJIOTUY TTO3BOJIIET TTPOBOIUTE N3MEPE-
Hue BOX.

CHstue BOX npoBoauaochk ¢ MOMOLLIbIO MpUdopa
Hewlett-Packard Precision LCR Meter. I1pu usmepe-
HUSIX MCIIOJb30BAIMCh OMMYECKHMIT KOHTAKT (CTOK) U
koHTakT [loTTKHM (3aTBOP).

Pe3yabTaThl 1 X 00CYKIeHHS

M3mepennsie BOX mokasaHbl HA puc. 4.
PacnpeneneHust KOHLIEHTpAIIMM HOCUTEIICH 3apsi-
Ja N oT pacCTOsTHUSI OT MOBEPXHOCTHU oOpaslia x (puc. 5)
pPacCUNTHIBAIN C TIOMOIIBIO CTAHTAPTHOU ITPOLIETYPHI
auddepeHLmpoBaHus [9]:
3

Nx) = =
eceyS” €

rme e — 3apsii dIEKTPOHA;, &€ — AUBIIEKTpUUYecKas

NPOHULIAEMOCTb; &) — IUDIEKTPUYECKAs IIOCTOSHHAS,
C — u3MepeHHas eMKOCTh; .S — IUIOIIaabh KOHTaKTa
HloTTkM!.

W3 puc. 5, a BUAHO, YTO B OTJIU-
yue oT obpasua 2 B oOpasle 1 muku
COOTBETCTBYIOT HE TOJIbKO KBAHTOBOI
siME, HO U 3apsLKeHHBIM JIOBYILIKAM,
MpUYeM KOHIEHTpalUs HOCUTENEeH
3apsi/ia B JAHHBIX JIOBYIIKAaX JOCTUTra-
€T 3HAYEHU, CPABHUMBIX C KBAaHTO-
BOIi SIMOI1. DTO TOBOPUT O TOM, YTO B
0apbepHOM CJIO€ TIPUCYTCTBYIOT JIO-
BYLUKHU JUIS1 DJIEKTPOHOB.

g omnpeneneHuss 3KCNEPUMEH-
TaJbHOTO 3HAYEHUs IMOJISIpU3alun
P, ObUIO UCIOJIB30BAHO ClIeAyIO-

exp
11€€ BbIPpa>XCHMUE:

Poy = —( — 1)80% G
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Fig. 4. CVC diagrams for sample 1 (a) and sample 2 (b)
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Fig. 5. Diagrams of distribution of electronic density in the heterostructures for sample 1 (a) and

sample 2 (b)

dna pacuera Nbe302JEKTPUUECKON COCTaBISIO-
1Ieil moJjsgpu3anuu Obljla MogMdUIMpoBaHa MOICIb
Ambaxepa [10] myTem 3aMeHbI MTOJIHOCTBIO YIIpyToje-
¢opmupoBaHHoro ciosi GaN, BeIpallleHHOro Ha pe-
JlakcupoBaHoM ciioe AIGaN, Ha MOJHOCTbIO YIIPYro-
necdopmMupoBaHHbIi cioii AIN, BeIpallleHHbIN Ha pe-
JlakcupoBaHoM cioe GaN, Tak Kak B HCCIEAyeMbIX
reTepoCTpyKTypax Oblia cpopMUpOBaHa TPeyrojbHas
KBaHTOBAs sIMa, a He MPSIMOYToJibHAsI, KaK 3TO ObLIO
cieysaHo B Moneiau AMbaxepa. PesynbraTom 3TOrO $SIB-
JISIeTCsl COBNaJieHre HallpaBIeHUM Mbe303JeKTpUuyec-
KOU M CIIOHTAHHOW COCTAaBJISIOIINX TMOJISIPU3ALUNA.
CyMMapHas noJisipu3anusl, SIBJISIOIIAsCs CYTePIO3UIII-
eif COCTaBJISIIOIIMX, CO3aeT IoJie, MPUBOASILIEEe K BO3-
HUKHOBEHUIO 3JIEKTPOHOB B KBaHTOBOI siMe. I1be3o-

DKCIePUMEHTAJIbHbIE H PACUETHBIE 3HAYECHHS NMOJISPU3ANUA
B MCCJIEYEMbIX reTepOCTPYKTYpax
Experimental and calculated values of polarization
in the investigated heterostructures

PacueTHble 3HAUEHUST
No P Calculated values
obpasua “p R, %
Samples C/ m? Py Py, Pyms
C/m?2 C/m? C/m?
1 —0,095 90,4
—0,052 —0,09 —0,142
2 —0,138 7,7

P_-P
R=|1--22_"S21100 %. (4)
sz

PesynbTaThl NpuBeAeHbI B Tabu-
ue. Bugno, uyro aist oOpasua 2 omnpe-
JIeJICHHOE U3 3KCIEepUMMEHTa 3Haue-
HUe ToNSIpU3aluiu Pexp COBMAJaeT C
paccyMTaHHbIM CyMMapHBIM 3Haue-
HUeM nonspusaumu Py, OT0 OObACHAETCA TEM, YTO
OapbepHbBIN CJIO MMeEET HU3KYIO CTeNeHb peJlaKCcalllu.
B obpaste 1 P,,, coBnanaer co 3Ha4YCHUEM JUIsI CIIOH-
TaHHOM TONSIpU3aLU Psp, YTO TOBOPUT OO0 OTCYTCTBUU
MbE303JIEKTPUUECKON KOMITOHEHThI B JaHHOM oOpa3slie
BCJIEICTBYE BBICOKOM CTeneHu penakcauuu R. OTo 00b-
SICHSIETCSl MpOTeKaHWeM Ipollecca IJIaCTUYECKOM ae-
¢dopmamum. Tak Kak Ha pacnpelneieHUN 3JeKTPOHHOI
TUIOTHOCTHU B OapbepHBIX CIOSIX (PUC. S, a) IPUCYTCTBY-
IOT JIOBYIIKH, TO MOXKHO IIPEIITOJIOXUTh, YTO UMH $SIB-
JISIIOTCSL 3apsKEHHBIE TUCI0KAUMOHHbIe TuHuu [11]. Y3
JAHHBIX, MPEACTaBICHHbBIX B TaOJUIIE, MOKXHO CHEIaTh
BBIBOJI, YTO B 00pa3siie 2 0apbepHBIE CJION TIACTUYECKH
neOpMUPOBAHBI, TAK KaK 3KCIIEPUMEHTAIBHOE 3HAYe-
HUE MOJISIpU3alliy COBNAAET C PAaCCUUTAHHOM 110 MOIU-
uumpoBaHHoOI Moaes i AMOaxepa, YTO MPUBOAUT K TO-
My, UTO JIOBYILIKM He 00pa3yloTcsi, U 3TO BUIHO U3 pac-
mpenesieHrs 3JIEKTPOHHOM TUIOTHOCTHU (puc. 5, b).

3akiouyeHue

B pesyabraTe pacuera mpoduis KOHLEHTpaUMu
3JIEKTPOHOB, OCHOBAHHOM Ha n3MepeHnn BOX, 6uumH
OOHapyXeHbI 2JIEKTPOHHbIE JIOBYIIKHU, IIPUPOIY KOTO-
PBIX MOXXHO MHTEPIIPETUPOBATH KaK 3apssKeHHBIC TUC-
JIOKAlIMOHHbIE JIMHUM B OapbepHOM cjioe oOpasma 1.
Taxkxke ObUIO OINpeaeIeHO OTCYTCTBUE 3apsiKEHHBIX
JUCIIOKAIIMOHHBIX JIMHUI B oOpasie 2.
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C noMoliplo pacyeTa MoJgpu3alid Ha OCHOBa-
HUM 3KCNEPUMEHTAIBHBIX JAHHBIX U MOAU(UIIMPO-
BaHHOI Moneu AmOaxepa Oblia onpenejcHa CTerneHb
penakcauuu 0apbepHBIX CIOEB B UCCIEIYyEMbIX reTe-
POCTPYKTYypax.

ITpennoxxeHHbIE METO TTO3BOJISIET OMPEAEIUTh He-
00XoaMMbIe 7151 CO3aHUsI MOHOJIMTHOM MHTETPabHOMU
cxembl (MUC) mapamerpnl. B ciyuae ucronb3oBaHUs
PTYTHOTO 30HJA MPEIOKEHHBIA METOJ MPUMEHUM B
KayecTBEe BXOJHOIO KOHTPOJIS TUTACTUH JJIs1 YTOUHEHUSI
pacueTHOi Moaenu mpu co3gaHuu MUC, B pesyib-
TaTe YEro YBEJIWUYMBAETCS BBIXOJ T'OJHBIX 3JIEMEHTOB
U YMEHbIIIAETCsl pacXol JOPOrOCTOSIIIMX MaTepUasIoB.

Paboma ewvinoanena npu ¢unancoeoli nodoepoicke
Munobpuayxu P® (coenawenue o npedocmaeénenuu cy6-
cuduu No 14.607.21.0124, ynuxanvhoiii udenmugura-
mop npoexkma RFMEFI60715X0124).
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Investigation of Polarization in the Quantum Well Heterostructures of AlIGaN/GaN
by the Method of Current-Voltage Characteristics

Relaxation in the barrier layer of AlGaN/GaN heterostructures was studied on the basis of measurements of the current-voltage
characteristics of GaN-HEMT. The electron density distribution and internal electrostatic field were determined, as well as polar-
ization in the GaN heterostructure. Within the framework of the modified Ambacher model the piezoelectric component of polar-
ization was calculated. An analysis of the obtained polarization values made it possible to calculate the degree of relaxation in the
barrier layer of the heterostructure, where electronic traps were discovered. Thus, feasibility of application of the current-voltage
characteristics for evaluation of the quality of the crystal structure of the barrier layer in the AlGaN/GaN heterostructure was proved.

Keywords: nanostructures, gallium nitride, current-voltage characteristics, piezoelectric effect

Introduction

The transistors with high-electron-mobility (HEMT)
based on wide-zone AIGaN/GaN heterostructures are
applied in powerful receiving-transmitting microwave
devices with the working frequencies over 8 GHz [1].
At the heart of HEMT is a heterostructure with two-di-
mensional electron gas in a quantum well.

For modeling and manufacture of the microwave
devices on the basis of GaN HEMT it is necessary to
have an idea about the heterostructure: state of the lay-
ers forming a quantum well, presence of the electron
traps and concentration of electrons in the channel lay-
er. In AlGaN/GaN heterostructures the polar nature of
GaN and AlGaN compounds leads to their spontane-
ous polarization Py, [2, 3]. Besides, because of the

p
stretching lateral strains on the border of AlGaN/GaN
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section, caused by a mismatch of the crystal lattices, a
piezoelectric polarization sz [4, 5] appears. As a result
on the border of AlGaN/GaN section an aggregate po-
larization Py, appears, which leads to occurrence of an
embedded electric field. The given field causes accu-
mulation of charges in a quantum well, forming a two-
dimensional electron gas.

For measurement of the parameters of the semi-
conductor materials many methods are used. One of
them is the method of the current-voltage characteris-
tics (CVC). One of the distinctive features is the fact
that the investigated semiconductor is not monolithic,
but is a structure on the basis of a semiconductor pos-
sessing a capacity: metal — semiconductor, metal — di-
electric — semiconductor (MIS structure) or p—n junc-
tion. With their help measurements are done of the




concentrations of the alloying impurities, deep levels
and their characteristics, generation time of the non-
equilibrium charge carriers, density of the surface states
and their distribution by energies [6, 7]. In the present
work the CVC method of measurement is used. The
aim is development of a method for analysis of the qual-
ity of the barrier layers of a heterostructure by means
of CVC.

Experimental Part

AlGaN/GaN heterostructures were investigated,
which were grown on Al,O5 substrates by deposition of
the metalorganic compounds from the gaseous phase
(MOS hydride epitaxy). For enhancing of the piezoe-
lectric effect an AIN layer was used with thickness of
0.7 nm, the a period of the crystal lattice of this layer
was less than that of GaN and AlGaN (ag,n = 0.316 nm
and a,py = 0.311 nm, accordingly [7]). In the inves-
tigated heterostructures a quantum well with a trian-
gular potential profile on AIN/GaN heteroborder was
formed. The zone diagram of the heterostructure with
a triangular quantum well is presented in fig. 1.

The designs of the investigated heterostructures are
presented in fig. 2. The heterostructures differed by the
thickness and structure of the barrier layers. In the het-
erostructure of sample 2 (fig. 2, b) Al ,9Ga 7N barrier
layer was formed with thickness of 24 nm, and in the
heterostructure of sample 1 (fig. 2, a) — barrier layer of
Alj 3,Gag ¢gN with thickness of 14 nm. Owing to its
smaller thickness, the barrier layer of sample 1 had
smaller subgate capacity, which made it possible to get
a higher range of the working frequencies.

For measurement of CVC on a surface of the het-
erostructures the test two-gate transistors were created.
The topology and photographic images of the test tran-
sistors are shown in fig. 3. Use of such topology allows
us to do CVC measurement.

Reading was done by means of Hewlett-Packard Pre-
cision LCR Meter. During the measurements the ohmic
contact (drain) and Schottky contact (gate) were used.

Results and their discussions

The results are presented in fig. 4. Distributions of the
concentrations of the charge carriers N from the distance
from the surface of sample x (fig. 5) were calculated by
means of a standard differentiation procedure [9]:

3
Neo = —<— 48, ()
ecg)S

where e — electron charge; ¢ — dielectric permeability;
g9 — dielectric constant; C — measured capacity; S —
area of Schottky contact.

From fig. 5, a it is visible that, unlike in sample 2, in
sample 1 the peaks correspond not only to the quantum
well, but also to the charged traps, and the concentration
of the charge carriers in the given traps reaches the val-
ues, comparable with a quantum well. This means that in
the barrier layer there are traps for electrons.

For the experimental determination of polarization
P, the following expression was used:

QW=—@—D%%5 ©)

For calculation of the piezoelectric component of
polarization the Ambacher model was modified [10] by
replacement of the completely elastodeformed GaN
layer grown on a relaxed AlGaN layer, with a com-
pletely elastodeformed AIN layer on relaxed GaN layer,
because in the investigated heterostructures a triangular
quantum well was formed, and not a rectangular one,
as it was in the Ambacher model. The result is coinci-
dence of the directions of the piezoelectric and spon-
taneous components of polarization. The total polari-
zation, which is a superposition of the components,
creates a field leading to occurrence of electrons in a
quantum well. The piezoelectric component sz was
calculated by the following formula:

p =29 %, . C13 3)
224 ag 31 33 C33 >

where ay — lattice value for GaN; a — lattice for AIN;
e31, e33 — piezoelectric moduli of AIN; Cy5, C33 — fac-
tors of elastic rigidity AIN.

The piezoelectric component of polarization corre-
sponds to the completely elastodeformed barrier layer.
The relaxation degree is defined from the relation of the
piezoelectric components of polarization determined
from an experiment, through measurement, and from the
modified Ambacher model, according to the expression:

P,__P
R=|1--22_"52/100 %. )
PP 4

The results are presented in the table. For sample 2
polarization P,,, defined from the experiment coin-
cides with the calculated total polarization P,,,. This is
explained by the fact that the barrier layer has a low de-
gree of relaxation. In sample 1 P,,, coincides with the
value for spontaneous polarization Psp which testifies to
absence of a piezoelectric component in it owing to a
high degree of relaxation R. This is explained by the on-
going plastic deformation. Since in distribution of the
electronic density in the barrier layers (fig. 5, a) there
are traps, it is possible to assume, that they are the
charged dislocation lines [11]. From table data it is pos-
sible to draw a conclusion, that in sample 2 the barrier
layers are plastically deformed, because the experimen-
tal value of polarization will coincide with the one cal-
culated by the modified Ambacher model, which leads
to the fact that traps are not formed, and this is visible
from the distribution of the electronic density (fig. 5, b).

Conclusion

As a result of calculation of the profile of the con-
centration of electrons, based on measurement, the
electronic traps were discovered, the character of which
can be interpreted as charged dislocation lines, in the
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barrier layer of sample 1. Also, absence of the charged
dislocation lines in sample 2 was proved.

By means of calculation of polarization on the basis
of the experimental data and modified Ambacher mod-
el the degree of relaxation of the barrier layers in the in-
vestigated heterostructures was defined.

The proposed method allows us to define the param-
eters, necessary for development of a monolithic inte-
grated circuit (MIC). In case of a mercury probe, the
method is applicable as the input control of the plates for
specification of the calculated model for development of
MIC, which increases the output of the suitable elements
and decreases the cost of expensive materials.

The work was done with the financial support of the
Ministry of Education and Science of RF (grant agree-
ment No 14.607.21.0124, the unique identifier of the
project is REMEFI60715X0124).
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AHAAUTUYECKOE PELUIEHME NAOCKOW HECTALUIMOHAPHOM 3AAAYU
TEMAOIMPOBOAHOCTU AA1 ®OTOHHO-KPUCTAAANYHECKOTO BOAOKHA

C BO3AYWHbBIM CEPAEHHUKOM

Ilocmynuaa é pedaxyuro 18.04.2016

IIpedcmaeaerno anarumuueckoe peuienue nAOCKOU HeCMAUUOHAPHOU 3a0a4u menionpo8ooOHOCmU 0451 HO8020 MUNA ONMuYec-
K020 8010KHA — MUKDOCMPYKMYPUPOBAHHO20 ((hOMOHHO-KPUCMANIUMECK020) B0A0KHA C 8030VUUHbBIM CEPOSYHUKOM, NpUobpema-
1oue2o 6ce 60AbULYIO NONYAAPHOCMb 045 CO30AHUS B0A0KOHHO-ONMUYECKUX eUPOCKON08. Anarumuueckoe peuieHue 0biao NOAYYEHO
C NOMOWbIO Memoda UHMeSPANbHbIX NPeodPa306anuil U y4umoléaem AUsSHUE HA 80A0KHO HECMAUUOHAPHO2O0 PAOUANbHO2O Men-
106020 8030€UCMBUSL, USMEHSIOWe20C N0 NPOU3BOALHOMY 3AKOHY. Jlis uacmuoeo cayuas, Koeoa meniogoe o3oelicmeue Hocum
2aPMOHUMECKUT XapaKmep, NOAY4eHO peuierue, 0COOeHHOCMbIO KOMOPOo2o AGASLeMC NPAKMUYECKU NOAHOe UCKAI0oYeHUe HeobXo-
dumocmu UCnOAb306AHUS YUCACHHBIX MemM0008 npu M0o0eaupo8aHuu.

Karoueeote caosa: (j)omOHHo—Kpucma/muweCKoe B0/N0KHO, MUKPOCMPYKMYPUPOBAHHOE 60/10KHO, 80/10KOHHO-ONMUYECKULL cupocKon,
aHaiumu4eckoe peuierue, Memod UHmMe2paNbHblX npeo6pa306aﬂuﬁ, naocKas HecmauUoHapHas 3adaua men/lonpoeoaﬁocmu

BBenenue

K nHacTtosimeMy BpeMeHM pa3paboTaH psii HOBBIX
TUITOB ONTUYECKUX BOJIOKOH, 00JIaJarolUX YHUKAJIb-
HBIMU CBOICTBaMHU, OOYCJIOBIMBAIOIIUMU WX BOCTpE-
OOBAaHHOCTH [JII CO3JaHUS PAa3IMYHBIX ONMTUYECKHUX
YCTPOMCTB M B TOM 4YMCJIE BOJIOKOHHO-OINMTHYECKHUX
rupockonoB (BOI') [1—6]. ®oTOHHO-KpHUCTAITNYEC-
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KHe BOJIOKHA WJIM MUKpOCTpyKTypupoBaHHbIe (MC)
BOJIOKHA — OJIMH M3 HOBBIX TUIIOB ONTUYECKHUX BOJIO-
KOH, MpuoOpeTaroliuii Bce OOJbIIYI0 MOMYJISIPHOCTh
JUJIS. TIOCTPOEHUS U CO3[laHWSl BOJIOKOHHBIX JIa3€PHBIX
CUCTEM U HEJIMHEUHO-OINTUYECCKUX YCTPOMCTB, IIPEMd-
Ha3HAUYEHHBIX IS PElIeHUs LIMPOKOro Kpyra Hayy-
HBIX M TexHoJIormdecknx 3azad [2—S5]. CBeToBOIBI




Puc. 1. V300paxenns nonepevyHbIX ceYeHHii HEKOTOPHIX THIIOB MAKPOCTPYKTYPHPOBAHHBIX BOJOKOH: @, b — BOJIOKHA C MaJIbIM Pa3MEpPOM Cep-
JIUEBUHBI U BBICOKMM KOHTPACTOM IOKa3arelsieil MpesioMIeHUs] CepaLeBUHbI U 000104ku; ¢, d —MC BOJIOKHO C T0JIOi CepaLeBUHOM

Fig. 1. Images of cross-sections of some types of PCF: (a, b) — fibers with a small size of the core and high contrast of the indexes of refraction of

the core and cladding; (c, d) — PCF with a hollow core

3TOro Kjacca MNpeACTaBISIOT COOON M3rOTOBJIEHHYIO

13 TJIABJICHOTO KBaplia WIKM IPYroro Marepuajia HaHO-

WA MUKPOCTPYKTYPY C NMEPUOANYECKON UM anepuo-

JUYECKON CUCTEeMOM LMIAMHAPUYECKUX BO3AYLIHBIX

OTBEPCTUI, OPUEHTUPOBAHHBIX BIOJb OCHU BOJIOKHA

(puc. 1) [2, 3]. YHukanbHbie cBoiicTBa MC BOJIOKOH C

MoJI0#1 cepaleBUHOM (puc. 1, ¢, d) onpeae i UX UC-

MOJIb30BaHUE MJISI BOJJOKOHHO-OMTUYECKUX TUPOCKO-

nos [3, 5, 6].

Tem He MeHee psii BOIIPOCOB MCIoJb30oBaHUsI MC
BOJIOKHA C BO3AYILIHbIM cepaeuHukom ajist BOT ocra-
€TCs He MCClIeqoBaHHbIM. Tak, He B TTOJIHON Mepe MC-
CJIeIOBaHO BJMSIHUE HeCTallMOHAPHBIX TeMIlepaTyp-
HbIX Bo3aeiicTBuii Ha MC BOJIOKHO, TOTAA KakK Takue
BO3AEMCTBYSI MOTYT MPUBECTU K AedopMaliui BOJIOK-
Ha W, COOTBETCTBEHHO, K MI3BMEHEHUIO €r0 ONTUYECKUX
XapaKTEePUCTHK.

Llenbio pabOTHI SIBJISIETCSI IOCTPOEHUE aHAIMTUYEC-
KOro pelleHMs] TJIOCKOM 3amayd TerIoNpOBOIHOCTH
JJ11 (POTOHHO-KPUCTAJUIMYECKOTO BOJIOKHA C BO3IYIII-
HBIM CepJEYHUKOM B YCJIOBHUSIX HECTal[MOHAPHOTO pa-
IUAJIbHOTO TEIJIOBOTO BO3IEHCTBMS Ha HETO.

J10CTOMHCTBOM aHAIMTUYECKOTO PEIIeHUs, B OTIM -
4yre OT KOHEYHO-3JIEMEHTHOTO MOJEIMPOBAHMUS, SIBJISI-
eTCcsl TO, YTO IS ONpeneseHusl MoJjsl TeMIepaTypbl B
MOJIeJIM B OMNpeJe/IeHHbIi MOMEHT BpeMEHM He HaJo
BBIYMCJISITH TI0JIS1 TEMITEpaTyp B MPEALIEeCTBYIOLINE MO-
MEHTBHI BpeMeHM. Pe3yabTaThl pacyeToB C IMOMOIIBIO
AHAJIUTUYECKOro pelleHUs] He 3aBUCIT OT 3HAYEHMSI
1ara pacyera, oT pa30MeHUsI MOJIEJIM Ha KOHEYHbIE 2J1e-
MeHTbl U T.1. COOTBETCTBEHHO, CYIIECTBEHHO YMEHb-
IIAIOTCS KaK BPeMsl MOAEIMPOBAHUS, TaK U TpeOOBaHUS
K anmnapaTHOMY M MPOrpaMMHOMY 00eCIeueHHIO.

st mocTuzkeHMsl IIOCTaBJIEHHOM lieau B padote
MOCTaBJEHbI U PEIICHbI Cleaylolre 3a1a4n:

e TIOCTPOEHA W aHAJWUTUYECKH, C TTOMOLIBI0O METona
WHTErpajibHbIX TTpeo0pa3oBaHuii, pellieHa TJIocKast
HecTallMoHapHas 3ajaya TerIONPOBOAHOCTU ISl
MC BoJIOKHA C BO3AYLIHBIM CEPAEYHMKOM, HaXO-
JSIIMMCS TIOJl HeCTallMOHAPHBIM TETUIOBBIM BO3-
neiictBueM. 711 yacTHOTO ciiydasi, KOraa TerjioBoe
BO3JEMCTBME HOCUT TapMOHMYECKMIA XapakTep,
ITOJTy4eHO pellleHne, 0COOEHHOCTHIO KOTOPOTO SIB-
JISIETCS TIOJIHOE MCKJII0OUeHNE HEeOOXOAUMOCTH HC-
MOJIb30BAHMST YMCICHHBIX METOIOB MPU MOJEINPO-

BaHWM HECTAIIMOHAPHOTO TETJIOBOTO BO3ACHCTBHS
Ha BOJIOKHO);

e pa3paboTaHO MpOrpaMMHOE OOECIeUCHUE, pear-
3ylolllee ITOCTPOSHHOE pellieHre; MPoBepeHa aleK-
BaTHOCTb ITOJIYYEHHOTO aHAJIUTUYECKOTO PellieHMS],
MPOBENEHO CPaBHEHUE PE3YIbTATOB, MOJYyYaeMbIX C
MOMOIIBIO aHAJITUTUYECKOTO pPEllIeHUS U B YHUBEP-
CaJbHOU IIpOoTrpaMMe KOHEUHO-3JIEMEHTHOTO MOJIe-
JupoBaHus ANSYS.

ITocTaHoBKA MJIOCKOH HECTAIMOHAPHOM 3a1a4u
TemjionposoaHocT Ajaa MC BoJioKHA

s mocTpoeHUs MaTeMaTU4YecKoi MOoAeau OyneM
paccmaTpuBath MC BOJOKHO KaK MJIMHHBIA ITOJIBIA
JIBYCJIOUHBIA UWJIMHIAP, HA BHEIIHUNA CJIOM KOTOPOIro
JIEUCTBYIOT HECTALIMOHAPHBIE TEMIIEPATYPHBIE BO3MY-
weHus (puc. 2). Takaa naeanuszamnust BO3MOXHa, Tak
KaK CYILEeCTBYET KBaAPYIOJbHBI COCOO HAMOTKU
BOJIOKHA, MPU KOTOPOM PAaBHOOTCTOSIIME OT LIEHTpa
TOYKM BOJIOKHA pacriojaraiTrcs B GU3M4YecKu paBHBIX
ycaoBusix [7].

IlepBbIM (BHYTPEHHMM) CJIOEM SIBJISIETCS HEOOHO-
POAHBINM HUAUHAD [, IPEeACTaBISIIONIMI COO0I MUKPO-

Puc. 2. JIBycaoiiHbIii MaMHID
Fig. 2. Two-layer cylinder
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Puc. 3. Ilonepeynoe cevenne MC Bosokna: / — Bo3nyx; 2 — MC
0005104Ka; 3 — KOXYX

Fig. 3. Cross-section of PCF: 1 — air; 2— honeycomb cladding; 3 — jacket

CTPYKTypUpOBaHHY10 000J0uKy (MC obosnouka). MC
000JI0YKa MMeeT BHI COT M ¢ (PU3NUECKHe XapaKTe-
PUCTUKU 3aBUCAT [8, 9] oT unciaa, pacnoaoXeHUsS U
BUJA BO3MYIIHBIX OoTBepcTuii (puc. 3). Ilpu mocrpoe-
HUM MaTeMaTU4YeCKOi MOIeJM B JTaHHOW paboTe mpu-
Humaioch, yTo MC obojiouka mpeacTaBiseT coOoi
SYCUCTYI0 CTPYKTYPY, SYEMKM KOTOPOM HMEIOT BMI
ectTurpaHHukoB. Torna, coraacHo [8, 9], Takywo 0060-
JIOUKY MOXHO paccMaTpUBaTh KaK CITJIOIIHOE aHU30-
TPOITHOE TeJO, TJIOTHOCTh KOTOPOTO OymeT olpene-
JIaThed 1o opmyie [9]

p = (I —n)py, (1)

Izi€e po — IUIOTHOCTb KBapua; p U 1 — IJIOTHOCTb U I0-
puctoctb MC 0007104KM COOTBETCTBEHHO.

ITopucrocth 000JI04KH M JOKHA OBITH MEHbIIIE 1.
3HaueHue n = (0 o3HAyaeT OTCYTCTBME OTBEPCTUU B
000JI0UKE.

BropbiM (BHEILIHUM) cJI0eM SIBJISIETCSI OAHOPOIHBIM
LWJIMHID, MPEeACTaB/ISIOIINKA co00i 3alllUTHYIO 000-
JIOUKY BOJIOKHA M3 akpujaTa.

Tak Kak UMJIMHAPHI JJIMHHBIE U TEIUIOBOE BO3-
JIeiCTBEe Ha BOJOKHE SBJISIETCS TOJbKO (PYHKUMEH
BpEeMEHH, TO pelllaeMas 3agaya OyneT oceCUMMeTprY -
HOH, U pacrpeaeneHue TeMIiepaTypbl BHYTPU LIAJIUH-
JIpoB OyneM IlojlaraTb (PYHKLMSIMU TOJBKO paaualib-
HOI KOOpAMHATHI ¥ U BpeMeHH f. O603HaUYMM pacIipe-
JeJICHUEe TeMITepaTyphl B IEPBOM M BTOPOM LIMUIMHIPaX
dyukuuamu 1) = Ti(r, ) u T, = TH(r, 1) cooTBETC-
TBeHHO. Takske MPeaItoaoKUM, YTO B HAYaJIbHBII MO-
MEHT BpEMEHU pacrpenesieHre TeMiepaTyp B LIMJIMH-
ape onpenensnock yukumein Ty ;= Ty (r), i =1, 2.
Temneparypa cpeiabl BHYTpU I10JIOTO oﬁsepcma nep-
BOTO LIMJIMHJpA U BOKPYT BHEIIIHE! MOBEPXHOCTHU BTO-
poro uuinHapa npumem paBHot T, (7)) u T, ,(f) co-
OTBETCTBEHHO. PagnaibHasi KOOPAMHATA F TSI nepeoeo
LUWIMHApA U3MEHSETCA B npenenax Ry < r < Ry; nna
eémopo2o MIMHIpa Ry < r< R,.
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VpaBHeHus1, onpeaessaionie 3aaady TeIUIOIpPOBOI-
HOCTH 11 paccMaTrpuBaeMoii cuctembl [10], Oymyr
WMETh CIEAYIOIIUN BUL:

2
oTy(r. 1) _ 2 o Tyr, t)+16Ti(r, 1) =12 Q)
ot 1 arz r or s s
Ti(r, 0) = T (n); (3)
oT(r, 1)
M—e—|  ~ TRy, ) = T y(0) = 0; (4)
r=R,
0T,(r, 1)
M|+ ap(Ty(Ry, ) = T 5(0) = 0; (5)
r=R,
T(Ry, 1) = Ty(Ry, 1);
oT(r, 1) oT5(r, 1)
M—F— =5 ; (6)
r= Rl r= Rl
rae A, a? = Li/cp;, o —KO3h@ULMEHTBI TEIIONPO-

BOIHOCTH, TEMIIEPATYPOIIPOBOAHOCTH U TETUIOOTIAYN
COOTBETCTBEHHO; ¢; — YJEJIbHAsA TEIUIOEMKOCTb; p; —
IUIOTHOCTD; { = 1, 2 — HOMep LWIMHIpA.

CootHoureHus (3) MpeacTaBIsIIOT COOOM Hadalb-
HbI€ YCJIOBUS IJIsI paccMaTpuBaeMoi 3agauyu. Terio-
OOMEH CO cpefoll uepe3 BHYTPEHHIO U BHEIIHIOIO
IMOBEPXHOCTHU OIpeaesieTcs BoipaxkeHussMu (4) u (5)
COOTBETCTBEHHO. BhipaxkeHus (6) OMUCHIBAIOT YCIJIO-
BMSI COBMECTHOCTH.

AHaMTHYECKOE pelieHne

AHaTUTUYECKOe pellleHre HecTallMOHapHOM 3ama-
YU TEIUTOMPOBOAHOCTH (2)—(6) TOJIYINM C TTOMOIIEBIO
MeToJla MHTEerpaJibHbIX TNpeodpazoBaHuii [11]. OTme-
THUM, YTO TOMbITKA MOJYYEHUS] aHATUTUYECKOTO pelle-
HUSI paccMaTpyBaeMoOU 3a1auu ObuIa cAeaHa B paboTe
[12], HO ITpU 5TOM TeMIlepaTyphl CPeAbl Tc) 1uT, ¢,2 1O~
JlarajJuch MOCTOSTHHBIMU.

Hcnonb3zyem cieayrolee MHTErpajibHOe Mpeodpa-
30BaHue [11] misi UCKIIOYEHUST KOOPAWHATHI 7, BAOIb
KOTOPOI CBOMCTBa paccMaTpyMBaeMOro LUJIMHIpA Me-
HSAIOTCA CTYIIEHYATo Npu r = R; (y-mapamerp):

R
_ Ayl
T, = —é [ 1 Ty(ry, DK (r)dry +
al R(]
R2
M
+ 5 [Ty, 0K, (ry)dry,
a2 R1

WM B Oojiee KpaTkoil hopme

_ }‘i !

T,0= % = | nTr 0k (r)dr;=
i=1247 R, ’
=T, + Ty, (0, (7
R_,<r<R, i=1,2.

1




SAnpo Ki,y(ri) WHTeTpaJIbHOro mnpeodpa3zoBaHust (7)
SIBJIIETCS PELIEHUEM, OMpenesisieMbIM C TOUYHOCTBIO
JI0 TIOCTOSIHHOTO MHOXWUTes1, ypaBHeHus Ltypma —
JInyBuLIst ¢ COOTBETCTBYIOIIMMU OJHOPOAHBIMU I'pa-
HUYHBIMU YCJIOBUSIMU:

2 2
TR 1R g =,
drl. r; dri a’ ’
Ri_,<r<R, i=1,2 (8)
dK, . (r)
1
npu r, = Ry h —Y—d K5 (1) = 0; (10)
npu rp = ry = Ry Ky () = Ky (r);
dK (r ) dkK, (1)
! =, o
| 2

Pemienuem ypaBHeHus (8) OyaeT ciemyrollee Bbl-
paxeHue:

L) = 4 JO[ lrj + Bi,yn%K%ri], (12)

Y Y
rae Jo(—”rlj u YO{—”ri] — COOTBETCTBEHHO (hYHKLIMM
a; a
1 1

Beccens u HeiitmaHa iepBOTo poja HYJI€BOTO TIOPSIIKA;
Y, — h- NEACTBUTENLHBIN MONOXUTEILHBIN KOPEHD
XapaKTepUCTUIeCKOTo ypaBHeHUs 3amaun Lltypma —
JInyBuiist.

HocrosiuHeie 4, ., B ,, B , HAXONATCS U3 IPaHMY-
HbIX ycaoBUl (9)— (12) HOCTOHHHaH Al OIpeNeseT-
CSl U3 CIIEAYIONIETO YCIIOBUS HOpMI/IpOBKI/I saapa Ki,y("i):

R
A
I
m—1

m=l,2a

2
Km’ v (r,dry,
m

B pesynbraTe BolpaxkeHus: 11t A;
IYIOIIUIA BUI;

i,y Bj ,uMeloT crie-

_ . &1 ,(Ry
Ay = Dih (Ro)lg .y By = — o= A

T Ry b7
&, 4(Ry) )
Ay, =Df (R)L| ; By, =~ f2 (Ri) 2. (13)

rae
J2a,a,
le y”2L7 T, yalLl v

D, =

b

2
Zl,y = kl[Rl (Ll,v + Lz’y) - RO(L3,y + L4’y)];

B ) 2 2.2 )
Ly = MR (L, + Lg ) — Ry (L7, + Lg )]
L. = PARLS Y, YR

= J1.,(Ro)Jy Z) 8 A(Ro) Xy

.fiy(RO)Jl( ) gly(RO)Y](R]j

_ TRy) TRy .

Ly, = /i (R al] gl,y<Ro>Yo(al ;
YR YR

Ly=ﬁ¢mh—%—a¢&mﬂi;

Ls ., =5, (Ry)Jy zz-j — & (R) Y

N

_ TRy _ ).

L., = f2,{(R)J; a—zj &R %)
_ Ta R, TRy
Ly, —fz,y(Rz)Jo[ 22 ] — 8,4(Ry) Yo[a—z
YR, le
= /o, (R o) & (R Yy %)

1

rr
a;)

XapaKTepUCTUYECKOE YpaBHEHUE IJIsl OIpeiesie-
HUS 7, UMEET CIEeIYIOINil BUA:

gly(r) a‘]()(ﬂ']_‘_( 1)l+ly l]](r
fi (D) = a,.YO[aL’j + (-1t 1%:‘ Yl[

i

al ”Y ”Y az ”Y ”Y

ITpumeHsist uHTerpajabHoe MpeobpasoBaHue (7) K
ypaBHEHUIO (2), MOJy4YUM

R.
Ao 6Ti(r[~, 1)
S S M S Y
:2,2 a? Riilrl at LY, (rl) rl
R. 2
! o T(r,t oT(r, t
=L2 R, or; Fi o
= 0. (15)

IlepBas cymma B BoIpaxkeHuu (15) mpencraBisieT
co0oi1 n300paxkeHNe YaCTHOM ITPOM3BOIHON IO Bpe-
MEHU:

= R
dT, (n _ ﬁ jl raT(r,, )
dt 1 2,2
1 1

K, (rydr. (16)

>

aRl

B3siB HTErpajibl BO BTOPOIl CYyMME B BbIPaXKEHUU
(15) mmo yactsaM 2 pasa, yUuThIBasi YCIOBUSI COBMECT-
HoctH (6) m (11), u rpannuHBIe yeaoBus (4), (5), (9),
(10), moayynM BTOPYIO CYMMY B CJIEIYIOLIEM BUJE:

R. 2

PO TA(r, 1)

2 7":’ .[ T lzl +

=12 "R, or ri or

= OLlROI(l, Yn (RO)

oT(r, 1)
1oL JK,-,yn<r,~>dr,~=

i

TC, ](l‘) + (12R2 K2’ T (Rz) TC, 2(f) -

—n T, (. (17)
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Takum obpa3oM, ypaBHeHUE (2) ¢ HAYAIbHBIMU YC-
nmoBusiMH (3)—(6), 3ammMcaHHOE B M300pakeHUSIX, OY-
JIET UMETh CIICAYIOIINI BUI;

dT, (1)
dt

7 =
+ Yn TY" (t) = alROKLY,, (RO)TC, l(t) +

TR Ky, (R)T. (1) (18)

Tyn 0) = TO’Yn’
e 7, 0.y — n3obpaxkeHue HavyanbHOro ycuoBus (3);

R.

RJ rTo Ar) K, (rydr. (19)
i1

_ A
T = >
R o>
Peitenuem cucremnl (18) Oynet caemyroinast (hyHK-
LIV

2

T, 0=e"(Cy, +5, ) (20)

e
t
S, (0= g (arRy Ky, (R)T, () +
2
Yl
+ G2R2K2, T (R2) Tc’z(t))e dt, (21)

CO,Y,, »= TO,y,,'

OOpaTHbIe TIpeoOpa30BaHUsl, YUUTLIBAs HOPMUPO-
BaHHOCTb sipa, HaligeM 1o ¢opMmyie

I(r;, 1) = i T ., ) K; . (ry). (22)

n=1

PaccMoTpum YacTHBIA ciayyaii, Korma HadajibHas
TeMIieparypa IUJINHIPOB MOCTOSHHA U HE 3aBUCUT OT
panuaabHoi KoopanHathl, U GyHKunu 71, () u T, »(7)
MOTYT OBbITb BbIPa>K€Hbl FTAPMOHUYECKUMU ’(bYHKL[I/I?iMI/II

To, () = To, ; = const;
TC’ (0 = ;Zlc’icos(mc,it + o, Ds (23)

tne A, j, o j» ¢ ; (i =1, 2) — amIumnryza, 4acrora u
caBUr ¢a3bl COOTBETCTBEHHO.

Torna, BEIYMCIISISI MHTErpasl B BeipaxkeHuu (19), mo-
JIy4uM CIIeAYIOLIYI0 (hOPMYIy 11 BHIYUCTEHUS 7| 0.y,

_ ATh .
To, = > ’—O”{R,{Aiy Jl(Y_”RJ +
e iS00 y,a; T a

1

Y Y
+ B, %{aéRJ] — R _ I(Ai,ynJl(iRilj +

1 1

+ B, Yo[y;'fkilj”. (24)

1
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HMuterpan B BelpaxeHuu (21) Takke BBHIYUCISIETCS
AHAIUTUYECKM, U B pe3yjbTaTe MOJyYuM Cleayloliee
BBIpaXXeHUE 1151 Sy (0):

n

A
Sy, (0 = a1 Ro Ky, (Ry)— - rile
(Dc,l+yn

2
Tt A
x [Xl,vn(t)e —¢LY”(¢)} TRy Ky, (Ry) 552 x
wc,2+yn
2

x [, 0" = 4y, 0] (25)

rae QyHKIMH ; v (¢, v () uMeroT clenyroluit
2 Yn 2 Yn
BUL:

. 2
X, v,,(t) = mc’ism(coc’,-t + o, D+, cos(mc’,-t + o, PE

2 .
biy (0 = 1acos(o, ) + 0 sinle, ). (26)

Torga, cornacHo dopmyne (22), BeIpaxkeHUE IS
onpeneiaeHust temnepaTypbl B MC BOJOKHE, HaXos-
LIEMCSI MOJI HECTALIMOHAPHBIM TEIUIOBLIM BO3IE€ICTBU -
€M, U3MEHSIOLLIMMCSI TI0 TApMOHUYECKOMY 3aKOHY (23),
MMEET BUI:

2 (= ot Ac 1
Tr, )= Zl(TO,Yne ' +a1R0K1,Yn(R0) 2 = e
n= O 1T,

2
_rynt
x [Xl’yn(t) ~ 4y, (Ve } + Ry Ky, (Ry) %

Ac2 it
x 552 [, (0= by, 00 ] K () 27)

(’Jc,2+yn

Oyuxkuun  Ty(r;, ), onpenensieMble BbIPaKEHUEM
(27), npeacTaBasioT OO0 aHATUTUUYECKOE pelleHe
HeCTallMOHAPHON 3a1aul TeIIONPOBOIAHOCTH (2)—(6)
B CJIyyae TEIUIOBBIX BO3ACWCTBUM, MEHSIOIIUXCS II0
rapMOHMYECKOMY 3aKOHY (23), 1 HauaJbHOM TeMIiepa-
Type MC 000/I04KM U KOXyXa, HE MEHSIOLIEHCs Mo
panvaabHON KOOpPAWHATE.

Takum ob6pa3om, W11 onpeaeaeHUs TeMIIEpaTyphl B
MC BosnokHe Heobxoaumo: u3 ypaBHeHus (14) ompe-
JEJIATh COOCTBEHHBIE YUCIA v,,; I KaXI0rO v, HAUTh
s1po K; - (r;), onpenenuB 3HaueHU KO3(DOULMEHTOB
o opmyiam (13); BRIUMCIUTD N300paKeHre Hadalb-
HOTO ycioBus 1o ¢dopMmyne (24); BOCIONIb30BaBIINCh
cooTHolleHueM (27), BBIYUCAUTL TeMnepaTypy B MC
000J10YKe MJIU B KOXYXe B MOMEHT BpeMEHU .

Komnmeepﬂoe MOIEC/IHMPOBAHUE

Hdnsa peanus3alid MOCTPOCHHBIX MaTeMaTUYECKUX
Mofeneil ObLI0 pa3paboTaHO CIeIUATN3UPOBAHHOE
nporpaMMmHoe obecrieuenue MicroFiberTermo, ¢ 1o-
MOIIIBI0O KOTOPOTO OBUIO TIPOMOIEINPOBAHO BIUSHUE
TeMIepaTypbl BHellIHe# cpenbl Ha MC BOJIOKHO C TI0-
pucrocthio 0 % (omHOpOmHBIHM KBapi), 60 % (n = 0,6)
190 % (m = 0,9) u reoMeTpUYECKUMU TIapaMeTpaMu
Ry = 20 Mxm, Ry = 120 MxM, R, = 220 MM [8].




IIpu MopenupoBaHUM OBLIU
MPUHSTHI Clieayolue Guznyec-
KH€ M TeTUIOBBIE XapaKTepUCTH-
KM KBapua: p = 2,2 F/CM3, MO-
nynb ynpyroctu E = 72,4 I'lla,
v=20,17, » = 1,38 Br/(M":°C),
o= 1-10"% Br/(cm?-°C), ¢ =
= 740 Ix/(xr-°C). lnst BojO-
KOH C Pa3jIMYHOU IOPUCTOCTHIO
(pmsmyeckue mapamMeTphl BBI-
YUCJISUTA TI0 COOTBETCTBYIOIIUM
¢dopmynam, TEIUIOBEIE ITapaMeT-
Pl He u3MeHsuch [8, 13].

®usnyeckre M TEIUIOBBIC Xa-
PAKTEPUCTUKU 3aLLUTHOTO KOXY-
xa u3 akpunata: p = 0,88 F/CM3,
E=0,5Tla, v = 0,37, A =

Puc. 4. Mogems MC
BoJiokHa B ANSYS

Fig. 4. Model of air-core = 0,18 Bt/(M*°C), a = 2,3 X

PCF in ANSYS 107* Br/(em%-°C), ¢ =

= 750 OIx/(xr-°C) [8, 13].

Ha nepBoM »Tame Obl1a mpoBeieHa IpoBepKa
MPaBWIBHOCTU TPOTPAMMHOW U aJTOPUTMUYECKOUN
peanu3alMu MoJay4YeHHOro B paboTe aHAIUTUYECKOTO
pelieHus: paccMaTpuBaeMoi 3amadu. st 9Toro ObI-
Jla TIOCTpOeHa MoIejb B YHUBEPCAJIbHOU Mporpam-
M€ KOHEYHO-3JeMEeHTHOro mopenupoBaHusi ANSYS
(puc. 4).

Ha puc. 5 nmokazaHo u3MeHeHUE TeMIlepaTypbl Ha
rpanuue MC o6os04ku u Koxyxa (r = Ry) g MC
BOJIOKOH C pa3IM4Hoil mopucroctbio — 0 % (n = 0),
60 % (n=10,6) m90 % (n =10,9).

IIpu MomeaMpoBaHUM I0JATagoCh, YTO HadaJlbHas
TeMmIiepaTtypa BoJjioKHa Obuia paBHa 0 °C, KOXyX ObLI
TEIJIOM30JMPOBaH, TeMIlepaTypa BHYTPU BO3AYIITHOTO
cepJeyHMKa NpuHUMaiach paBHoi 20 °C.

M3 puc. 5 BuaHO, YTO pasivuude 3HAYEHUI TeM-
nepaTtypbl, MoJiydyaeMbIX C TTOMOIIbIO pa3paboTaHHO-
ro mporpamMMHoro obtecrneueHust MicroFiberTermo u
ANSYS, cocrapnsieT He 6onee 5 %, 4TO MOATBEPXKIAET
KOPPEKTHOCTb QJITOPUTMUYECKOM peasn3aiiiyu IOCT-
POEHHOTro aHaJIUTUYECKOTO PELIeHNS.

Ha BTOopoM aTare 0b110 MPOBEIEHO KOMITBIOTEPHOE
MoaenupoBaHue ¢ rmomoiubio MicroFiberTermo Bausi-
HUS TMOCTOSIHHBIX M M3MEHSIIOIIMXCS 10 TapMOHUYEC-
KOMY 3aKOHY TEIUIOBBIX Bo3aekcTBuii Ha MC BoloKHa
¢ pa3mmyHoii mopuctocthbio: 0 % (n=0), 60 % (n = 0,6)
190 % (n =0,9).

Ha puc. 6 mokazan rpaduk M3MeHEHUs TeMIIepa-
TYPBL B TOUKE 7 = R| B Clly4ae OTCYTCTBHs TEILIOO0-
MEHa ¢ BO3AYIIHbIM CEPASYHUKOM, MOJTYYEHHBIN C TTO-
Moltblo MicroFiberTermo. Temnepatypy cpeabl BOKPYT
BOJIOKHA TpuHMUManu paBHoil 40 °C, HayanbHas TeM-
neparypa BosokHa 6bu1a paBHa 0 °C. Ha puc. 7 moka-
3aHO M3MEHEHNe TeMIepaTyphl 1Mo paauaibHON KOop-
JuHaTe B MOMeHT Bpemenu f = 0,06 ¢ Ha rpanuie MC
000JI04KM U KOXYyXa (r = R;).
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Puc. 5. U3menenne temneparypsl Ha rpanune MC 000/104Ku H KO-

Kyxa: I, 3, 5 — pewrenue ANSYS npu nn =0, 0,6 u 0,9 coorBerc-

TBeHHO; 2, 4, 6 — perenue MicroFiberTermo npun =0, 0,6 u 0,9

Fig. 5. Temperature change on the border of MS cladding and jacket:

1, 3, 5 — ANSYS solution at n = 0, 0.6 and 0.9, accordingly, 2, 4, 6 —

MicroFiberTermo solution at n = 0, 0.6 and 0.9

====1

—

Puc. 6. N3menenne Temneparypel B Touke ¥ = Ry: /1 —n =0; 2 —
n=0,6;3—m=0,9
Fig. 6. Temperature changeatr=R;: 1 —n=0;2—n=0.6;3—n=09
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Puc. 7. U3menenue temmepaTypsl MO paauycy B MOMEHT BpPeMEHH
t=0,06c:/—m=0,2—nm=0,6;3—m=09

Fig. 7. Temperature change by radius at time: t = 0.06 s: 1 — n = 0;
2—n=063—n=09
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Puc. 8. 3mMeHenne TemMnepaTypsl Npu ¥ = R U rAapMOHMYECKOM H3-
MeHenuH 10 [ —n=0;2—n = 0,6;3—n=0,9; 4— T.»
Fig. 8. Temperature change at r = R; and harmonic T, »: 1 —n =0;
2—n=063—1n=09%4—-T,,

Kak BumHO u3 puc. 5 u puc. 6, yeM GOJIbLIIE IO-
PUCTOCTb BOJIOKHA, TEM ObICTpee TeMIepaTypa B TOU-
K€ 7 = R, CTAaHOBUTCA PaBHOW TeMIIEpaType OKpyxka-
fo1Iei cpeapl. JIpyruMu cioBaMu, 4eM 00JIbliie TOpUC-
TOCTb BOJIOKHA, TeM OBICTpee BEIpaBHUBAeTCS TeMITe-
patypa B HEM.

M3 puc. 7 caenyet, 4To U3MEHEHUE TeMIIEpaTyphbl B
MC 060104YKe HOCUT IPaKTUUECKU JIMHEWHbBIN XapaK-
Tep, ¥ 9YeM OOJIbIIIe IIOPUCTOCTh, TEM MEHBIIIEe YTOJT Ha-
KJIOHA 3TOM IpsSIMOl K ocu r. Tak, eciiu TaHTeHC yIia
HakJioHa rpu 1 = 0 coctaBui 3,28 - 10_5, Tornipun =0,9
TaHTE€HC HAKJIOHa paseH 6,11 - 1070, Ilepenan Temme-
patypsl B BojiokHe 1 = 0 u n = 0,9 cocraBuia 0,0507 u
0,0315 °C cootBeTcTBeHHO. TO €cThb, UeM OoJbliIe IOo-
puctoctb MC 000JI04KM, TeM MEHbIIe Tepenas TeM-
repartyp B Heil M, CJeIoBaTeIbHO, TEM MEHBIIE OXU-
naeMble nedopMaliiy, BBI3BIBAEMBIE TEMIIEPATypPHBI-
MM TpagleHTaMMU.

Ha puc. 8 nokazaH rpac¢uk u3MeHEeHUsI TeMIlepa-
TYpbl B TOYKE ¥ = R; IIpU rapMOHUYECKOM 3aKOHE U3-
MEHEHUsI TeMIepatypbl cpeiabl T, , BOKPYT KOXyXa.
Amrnrtyna A, , npUHUMAIach paﬁHOI?I 40 °C, yacrTora
o, 2 = 0,01 pan/c, casur dasst ¢, 5 = 0. Termoo6meH
C BO3IYIIHBIM CEpASYHUKOM OTCYTCTBOBajl. Hauasb-
Has TemIepartypa BojiokHa paBHa 0 °C.

Kak BumHO U3 puc. §, Ipu rapMOHUYECKU M3MEHSI-
touteiics tremneparype 7T, , rpaduK TeMIepaTypbl 11
BojiokHa ¢ 1 = 0,9 B YCTAHOBHBILEMCSI PEKMME TIPaK-
TUYECKU TOBTOpSIeT Tpauk TC, 7.

MaxkcumaibHas TeMmneparypa 7, ¢,2 LOCTHTAeTCsl mep-
BBIIf pa3 B MOMEHT BpeMeHHM ¢ = 317 ¢, Torga Kak MaK-
cUMaJTbHasl TeMreparypa B BojlokHax cn =0un = 0,9
MepBbIi pa3 gocturaercs npu 1 = 353 cu t= 338 c co-
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OTBETCTBEHHO. Pa3zHMIIa MAaKCMMAJIbHBIX TEMITEPATYPBI
T, , n Temriepatypel B BoJokHe ¢ 1 = 0,9 cocraBiser
1,i4 °C. PazHuua MakCUMaJIbHBIX TeMneparypbl 7, o u
TeMIepaTypbl B BoJIOKHE ¢ 1 = 0 cocTaBisieT 3,49 °C.
Takum ob6pa3oM, U3 puc. 8 ciemyeT, 4To 4YeM OOJIbIle
TMOPUCTOCTh BOJIOKHA, TEM TeMIlepaTypa ObIcTpee pea-
TUpyeT Ha WM3MEHEHHE TeMITepaTyphl OKpYXKaIOLIe
cpensl. ClienoBaTeIbHO, TEMIIEPATypHbBIC TPAINECHTHI B
TaKOM BOJIOKHE OyIyT MeHbllle, Y4eM B OObIYHOM BO-
JIOKHE, M, COOTBETCTBEHHO, CJCIyeT OXHUIATh MEHb-
LIKMX TeMIepaTypHbIX AedhopMalMii, BbI3bIBAEMbIX Ta-
KVAMW TpamrueHTaMU.

3akiouyeHune

B paboTe mocTpoeHO aHAIUTUYECKOE pelleHUe
MJIOCKOW HECTALlMOHAPHOM 3aJa4yu TEIUIOIPOBOIHOC-
TH JJISI HOBOTO TUIIA ONITUYECKOTO BOJTOKHA — MUKPO-
CTPYKTYPUPOBAHHOTO BOJIOKHA C BO3AYLIHBIM Cepley-
HUKOM, NMPUOOPETAIOLIETO BCEe OOJMBIIYIO 3HAYUMOCTD
JUTSE CO3IAaHUS BOJOKOHHO-ONTUYECKUX TMPOCKOTMOB.
AHaMTHYecKoe pelieHre ObLI0 MOJyYeHO ¢ MOMOUIbIO
MeTo/a MHTErpajibHbIX MpeoOpa3oBaHUl, OHO YUYWThI-
BaeT BJAWSHWE Ha BOJIOKHO HECTAallMOHAPHOIO pajau-
QJTBHOTO TETIJIOBOTO BO3EUCTBUS, U3MEHSIIOIIETOCS IO
MPOU3BOJILHOMY 3aKOHY.

i1 yacTHOTO cilydasi, KOTrJa TEeTJI0BOE BO3JEHUCT-
BUE HOCHUT TApPMOHWYECKUI XapakTep, MOJy4eHO aHa-
JIMTUYECKOE pEIlIeHUE, OCOOEHHOCThIO KOTOPOTO SIB-
JIIeTCSl MPAKTUYECKU MOJTHOE UCKITIOYEHUE HEOOXOIM -
MOCTU MCMOJIb30BAaHUS YMCIEHHBIX METOJOB MPU MO-
JEJTMPOBAHUN.

KonuuecTBeHHO MOKa3aHO, YTO 4eM OOJbLIE MO-
PUCTOCTb BOJIOKHA, TEM €T0 TeEMIepaTypa ObICTpee pe-
arupyeT Ha M3MCHCHUE TEMIIEPaTypbl OKPYXKarolleh
cpeapl. TemrnepaTypHble TpaiueHThl B TAKOM BOJIOKHE
OydyT MeHbllIe, 4yeM B OOBIYHOM BOJIOKHE, U, COOT-
BETCTBEHHO, OYJIYyT MEHbIIIE OXUIAEMbI€ BbI3bIBa€Mble
TaKMMM TpaiuMeHTaMM TeMIepaTrypHbie aedhopMaliuu,
KOTOpPBIC SIBJISIOTCSI OMHOUW W3 TJIABHBIX TIPUYUH TEM-
nepaTypHoro apeiia B BOJOKOHHO-ONTUYECKUX M-
pocKorax.
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Analytical Solution for a Plane Nonstationary Heat Conduction Problem

for the Air-core Photonic Band-gap Fibers

The authors present an analytical solution for a plane nonstationary problem of heat conduction for a new type of optical fibers —
microstructured (photonic-crystal) fibers with an air core, which is becoming increasingly popular for development of the fiber optic
gyroscopes. The analytical solution was obtained by using the method of the integral transformations, and it takes into account the
nonstationary radial thermal influence, changing according to an arbitrary law. For the particular case, in which the thermal in-
[fluence varies by harmonic law, the authors obtained a solution, which allows them to avoid almost completely the use of the nu-

merical methods for computer modeling.

Keywords: photonic bandgap fibers, microstructured optical fibers, fiber optic gyroscope, thermal influence, nonstationary radial

thermal influence

Introduction

A number of optical fibers with the unique proper-
ties necessary for creation of optical devices, including,
fiber-optical gyroscopes (VOG) [1—6] was developed.
Photonic-crystal fibers (PCF) or microstructured (MS)
fibers are a new type of optical fibers, popular for de-
velopment of the fiber laser systems and nonlinear-op-
tical devices for a wide range of scientific and techno-
logical objectives [2—5]. Light guides of this class are
nano- or microstructures made of a fused quartz or an-
other material with a periodic or aperiodic system of cyl-
inder air apertures arranged along the fiber axis (fig. 1)
[2, 3]. The unique properties of PCFs with a hollow
core (fig. 1, ¢, d) determined their use for the fiber-op-
tical gyroscopes [3, 5, 6].

Nevertheless, certain questions concerning VOG
applications of the air-core PCFs have not been suffi-
ciently studied yet. This refers to the non-stationary
temperature influences on PCFs, whereas such influ-
ences can cause deformation of the fibers and change
their optical characteristics.

The aim of the work is construction of an analytical
solution to the plane problem of heat conduction for
the photonic-crystal fibers with an air core in the con-
ditions of a radial thermal impact on it.

An advantage of the analytical solution, in contrast
to finite element modeling, is that for definition of a
field of temperature at a certain moment it is not nec-
essary to calculate the fields of temperatures at the pre-

vious moments of time. The results of calculations by

means of the analytical solution do not depend on a step

of calculation, splitting of a model into finite elements,
etc. Accordingly, this essentially decreases the time of
modeling and requirements to hardware and software.

For achievement of the set aim the following tasks
were set and solved:

¢ By means of the method of integral transformations
the plane nonstationary problem of heat conduction
of PCF with an air core subjected to a non-station-
ary thermal influence was constructed and analyti-
cally solved. For a particular case, when the thermal
influence varies by harmonic law, a solution was ob-
tained, a specific feature of which is a complete re-
jection of the numerical methods for modeling of
the thermal influence on the PCF.

o Original software that implements the obtained so-
lution was developed; adequacy of the analytical so-
lution was verified and the results of the analytical
solution were compared also in the multipurpose fi-
nite element program ANSYS.

Statement of a plane nonstationary problem
of heat conduction for PCFs

For construction of a mathematical model we will
consider PCF as a long hollow two-layer cylinder, the
external layer of which is subjected to non-stationary
temperature disturbances (fig. 2). Such idealization is
possible, because there is a quadrupole way of winding of
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a fiber, within which the points of the fiber, equidistant
from the centre, are in physically equal conditions [7].

The inner layer is a heterogeneous cylinder /, rep-
resenting a microstructured cladding (MS cladding).
MS cladding looks like a honeycomb and its physical
characteristics depend [8, 9] on the number, arrange-
ment and kind of the air apertures (fig. 3). For con-
struction of the mathematical model it was assumed,
that the MS cladding represents a cell structure, the
cells of which look like hexahedrons. Then, according
to [8, 9], the cladding can be considered as a continu-
ous anisotropic body, the density of which is defined
under the following formula [9]

p = (1= n)py, (1)

where p, — quartz density; p and n — density and po-
rosity of the MS cladding.

Porosity of cladding n should be less than 1. Value
n = 0 means absence of apertures in it. The external lay-
er is a homogeneous cylinder representing the fiber’s
protective jacket from acrylate.

Since the cylinders are long and thermal influence
on the fiber is only a time function, the problem to be
solved will be axisymmetric, and the distribution of
temperature inside the cylinders will be considered as
the functions of the radial coordinate r and time 7. Let
us designate the distribution of temperature in the in-
ternal and external cylinders as functions 7} = Ti(r, 1)
and T, = T5(r, 1). Let us also assume, that at the initial
moment of time the distribution of temperatures in the
cylinder was determined by functions 7, ; = T; (1),
i = 1, 2. The temperature of the environment inside the
hollow aperture of the first cylinder and around the ex-
ternal surface of the second cylinder we will assume as
equal to 7, 1(?) and T 5(9). The radial coordinate r for
the first cylinder changes within the limits of Ry <r< Ry;
and for the second cylinder — R; < r< R,.

The equations defining the nonstationary problem
of heat conduction for considered system [10] will have
the following appearance:

2
oT(r, t O T(r,ty 10T(rt
() _ 2 (TTR0 10T D) o
ot ort r or
Ti(r, 0) = Ty, (r); 3)
oT(r, 1)
7»16— —a(T1(Ry, ) = T, 1(0) = 0; (4)
r r=R,
oTy(r, 1)
P +tay(Ty(Ry, ) = T 2()) = 05 (5)
r=R,
T\(Ry, ) = TH(Ry, 0);
oT(r, 1) oT,(r, 1)
Mgr =2 R G)
r=R, r=R,
where 4, a = M\j/c;p;» o; — coefficients of heat con-

ductmty, thermal dlfoSWlty and heat transfer; ¢; — the
specific heat; p; — density; i = 1, 2 — cylinder number.
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Expressions (3) represent the initial conditions for
the considered problem. Heat exchange with the envi-
ronment through the internal and external surfaces is
defined by expressions (4) and (5). Expressions (6) de-
scribe compatibility conditions.

Analytical solution

We will get the analytical solution to the non-sta-
tionary problem of heat conduction (2)—(6) with the
help of integral transformations [11]. We should point
out, that an attempt to get an analytical solution for the
problem was made in [12], but the environment tem-
peratures 7. | and T, , were thought to be constants.

We will use an 1ntegra1 transformation [11] to exclude
coordinate r, along which the properties of the consid-
ered cylinder vary stepwise at » = R| (y-parameter):

Rl

_ 7‘1

T, (= [ 1 Ty(ry, 0K (ry)dry +
al R(]
1,

+ 2 j rTy(ry, DKy (ry)dry,
a2 Rl

or in a brief form:

RI
J riT(ry DK (r)dr; =

1,

_ A
l

i= 1 2
=Ty, (0 + Ty (0, (7)
Ri_,<r<R, i=1,2.
Kernel X; . (r;) of the integral transformation (7) is a
solution Wthh is determined up to a constant factor, of

Sturm — Liouville problem with the corresponding ho-
mogeneous boundary conditions:

2 2
dKiy(rp 19K,y (r)=0
dr? rpoodr 2 ’
i 1
R_1<ri<R, i=12; ®)
at rp = Ry A 7"("—1) — oy Ky () = 0; )
r
dK, (r))
at rz = R2 7\,243;2_2 + a2K2,y(r2) = 0’ (10)
at r = = R] Kl Y(rl) = K2 y(r2);
1 drl drz

Solution of the equation (8) will be the following ex-
pression:

L) = 4 JO( rJ + Bi,yn}’o[%rij, (12)

where J (g’rl) and Y({L—”ri] — functions of Bessel and
i i

Neumann of the first kind of a zero order; y,, — n —real




root of the characteristic equation of Sturm — Liouville
problem.

Constants 4, ., B ., B, , are deduced from the
boundary condltlons (9) (12) Constant Al is found
from the kernel K; (r) normalization condltlon:

:z,—;" I Tk G =

m

As a result the expressions for 4, ., B; , acquire the

i,y
following form:

_ . _ &Ry
4 ' val,v(RO)le’ Bl,v - JTi(TO)AI’Y’

R
~Dy, - a3)

Ay = Doy Ry By = =7
>V

where
2a,a
D [ 192 :
|2, &L, +2, dL

2
Z = 7‘1[R1 (Ll,v + szy) — RO(L3,y + L4’y)];

2,2 2 2,2 2
Ly = MR (L, + Lg ) — R (L7, + Lg )];

Lo =f (R TR1] = RYYR
y =N R ol —= | ~ &1,,(Rp) Yo

1
YR1
Ly . = Ni,,(Ro)/ - _gl,y(RO)Yl
1
YR YR
L3 Y fl,y(RO)']O[a_O - gl,y(RO) YO Oj
1

R
L0 g (R Y| 2

YR YR
L., =za,y<R2>Jo(a—22 — & (R)Y, —22]

— | T & (RN ==

A;
gi’y(r) o JO[aJ + (— 1)1 + lYa iy ['é[]

i i
_ r i+ 1Yy (yr
Ji(r) = oY + =D =1 =
’ a; a; \4;
The characteristic equation for definition of vy,
looks like:

al ’Y ’Y a2 ,Y ,Y

Applying of the integral transformation (7) to the
equation (2), we will get:
P G
I i

2
ZaiR71 ot

K; ., (rydr; =

oT(r,t
1270 )J K, (rydr;=

R; {a T

7‘1 I r;
L2 "R, ar,. rz or;

= 0. (15)

The first sum in expression (15) is the image of a
partial time derivative:

T R:
dT, (1) _ W

aT(r,t)

i 1

dt = 2 2 Ir
l i—

lyn(rl-)dr,-. (16)
a; R; 1

Taking integrals in the second sum of expression (15)
in parts 2 times with account of compatibility (6) and
(11), and boundary conditions (4), (5), (9), (10), we
will get the second sum in the following form:

oT«r, 1)
DY 3 1 lal
i=1,2 "R, or; Fi or

=R Ky, (R)Te (1) T aaRy Ky (R) T (1) =

R (2
T TA(r, 1)
{ = ]Ki,yn(ri)d"iz

- T, . (17)

Thus, the equation (2) with entry conditions (3)—(6)
represented in images will look like:

T L 2T ()= ayRyKy . (R)T, 108 +
i Yn yn(t)_a‘l 0 len( 0 Te 1(0)
TR Ky , (R)T. (1) (18)
Tyn(o) = T0>Vn’
where T v = image of the entry condition (3);
R
_ }"i
To,, = 2.5 [ T, () K; ., (rpdr.  (19)
noisTagd g T ¥

Solution of the system (18) will be the following
function:
2

T, (0 =e¢"(Cy, +5, 1) (20)

where

S, () = I (0 Ry Ky, (R)T, 1(1) +

2

Tc,2(t))ey” dt; 1)

CO, " » = TO, _

+ (XzRZ sz Y, (Rz)
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Considering normalization of the kernel, we will
find the inverse transformation in accordance with the
following formula

T(r;, 1) = il T, (0K, (). (22)

Let us consider a particular case, when the initial
temperature of the cylinders is constant and does not
depend on the radial coordinate and functions 7, ((7)
and T, ,(#) can be expressed by the harmonic functions:

Ty, {r) = Ty, ; = const;
TC, l(t) = “AC, iCOS(wC, lt + (‘PC, l)’ (23)

where A, ;, o, ; ¢ ; (i=1,2) — amplitude, frequency
and phase shift.

Then, by calculation of the integral in expression
(19) we will get the formula for calculation of 7"0, -

= My y
To., = OV R A S| 2R+
=3 g, { ’( b l(a- ’j

1

Y Y
+ Bi,yn Yo(ﬁRJJ R~ I(Ai,yn‘]l[a":_Ri—lj +

1
Y
+ B, YO[ZI#R[ m (24)
1

The integral in expression (21) is also calculated an-
alytically, and, as a result, we get the following expres-
sion for Sy (7):

A
SYn (7) = alROKl,yn (RO)_._Q._.?_’..I_..Z X
(OC, 1 +y”
ot 2
X[Xl,yn(t)ey _¢1’Yn(t)J +0(2R2K2,Y,,(R2)2#24 %
(DC,2+Yn

2
Yt

X |:X2,yn(f)e - ¢2,vn(t)} (25)

where functions Xiy (r) and (1)1-,y (%) look like the fol-
lowing: ! !

: 2
Xi, yn(t) = o Sin(o, ;1 + @, ;) + 7,080 ;1 + @, );

0y (D = Ypcos(o, ) + o jsin(p, ). (26)

Then, according to formula (22), the expression for
determination of temperature in PCF subjected to non-
stationary thermal influence, changing by the harmonic
law (23), looks like:

7—'l'("l" t)= Zl[ 7—'(),Yn ¢
n=

2
7’Ynt ‘ﬂ'c, 1
+a1R0Kl,yn (RO) D) 4 X

(Dc, 1 +Yn

2
_Ynt
X 11, 0 = b1y, 0" |+ 0aRyKy | (R)

Ac o it
X ﬁ [XZ,y,, (H — ¢2’Yn (He " H Ki,y,, (). 27)

(Dc,2+yn
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Functions T«(r;, 1), determined by expression (27),
represent an analytical solution for a non-stationary
problem of heat conduction (2)—(6) in case of the ther-
mal influences varying in according to the harmonic
law (23), and initial temperature of PCF cladding and
jacket not changing by the radial coordinate.

Thus, for determination of temperature in PCF it is
necessary: to determine the eigenvalues v, of the equa-
tion (14); to find kernel Ki, for each y,, having de-
fined coefficients according to formulas (13); to calcu-
late the image of the initial condition according to for-
mula (24); taking advantage of expression (27), to cal-
culate temperature of any point of PCF cladding or
jacket at a given time f.

Computer modeling

For implementation of the mathematical models the
original MicroFiberTermo software was developed, with
the help of which the authors modeled the influence of
the environment on PCF with porosity of 0 % (homo-
geneous quartz), 60 % (n = 0.6) and 90 % (n = 0.9)
and geometrical parameters Ry = 20 um, R; = 120 pm,
Ry =220 pm [8].

For the simulation the following physical and ther-
mal characteristics of quarts were taken into account:
p =22 g/em’, E = 724 GPa, v = 0.17, 1 =
= 1.38 W/(m-°C), o = 1-107% W/(cm?-°C), ¢ =
= 740 J/(kg - °C). For the fibers with various porosities
the physical parameters were calculated by correspond-
ing formulas, while the thermal parameters did not
change [8, 13].

Physical and thermal characteristics of the protec-
tive acrylate jacket: p = 0.88 g/cm3, E=0.5GPa,v=
=0.37,A=0.18 W/(m - °C), a. = 2.3 - 104 W/(cm?- °C),
c=7501J/(kg-°C) [8, 13].

At the first stage the correctness of the program and
algorithmic realization of the obtained analytical solu-
tion of the considered problem was verified. For this
purpose a model was constructed in ANSYS, a multi-
purpose finite element program (fig. 4).

Fig. 5 demonstrates a temperature change on border
of MS cladding and jacket (» = R;) for PCFs with var-
ious porosities — 0 % (n =0), 60 % (n = 0.6) and 90 %
(n =0.9).

For the simulation it was assumed, that the initial
temperature of the fiber was equal to 0 °C, the jacket
was thermally insulated, and the temperature in the air
core was equal to 20 °C.

The fig. 5 shows that the difference in temperatures
received by means of the developed MicroFiberTermo
software and ANSYS was not more than 5 %, which
confirmed the correctness of the algorithmic realization
of the obtained analytical solution.

At the second stage by means of MicroFiberTermo
a computer simulation was done of the constant and
changing by the harmonic law thermal influences on




PCFs with various porosities: 0 % (n = 0), 60 %
(mn=0.6) and 90 % (n = 0.9).

Fig.6 presents a plot of the change of temperature in
point » = R, in case of absence of a heat exchange with
the air core. The temperature of the environment around
the fiber was assumed as equal to 40 °C, the initial tem-
perature of the fiber was 0 °C. Fig. 7 change of tem-
perature by a radial coordinate at the moment ¢ = 0.06
on the border of MS cladding and jacket (r = R)).

As one can see in fig. 5 and fig. 6, the higher is the
porosity of the fiber, the sooner the temperature in
point »= Ry becomes equal to the ambient temperature.
In other words, the higher is the porosity of the fiber,
the sooner the temperature in it is leveled out.

From fig. 7 it follows, that the temperature change

in MS cladding has practically a linear character, and
the higher is the porosity, the less is the angle of incli-
nation of this straight line to axis . Thus, if the tan, ent
of the angle of inclination at n =0is 3.28-10"
n = 0.9 it is equal to 6.11 - 10-°. Temperature dlffer—
ence in the fiber n = 0 and n = 0.9 was 0.0507 °C and
0.0315 °C. That is, the higher was the porosity of MS
cladding, the less was the difference of temperatures in
it, and, hence, the less were the expected deformations
caused by the temperature gradients.

Fig. 8 presents a plot of change of temperature in
point » = R; at the harmonic law of change of tem-
perature of environment 7, 2 around the jacket. Am-
plitude .2 Was assumed as equal to 40 °C, frequency

= 0.01 rad/s, phase shift ¢, , = 0. Heat exchange
w1th the air core was absent. The initial temperature of
the fiber was equal to 0 °C.

As can be seen from fig. 8, the graph of temperature
for the fiber with n = 0.9 at a steady state is objectively
identical to the graph of temperature TC’ 2

For the first time the maximal temperature 7, , was
reached at time ¢ = 317 s, whereas the maximal tem-
peratures in the fibers with n = 0 and n = 0.9 for the
first times were reached at r = 353 s and 7= 338 s, ac-
cordingly. The difference between the maximal temper-
ature T, , and temperature in the fiber with n = 0.9 was
1.14 C "The difference between the maximal temper-
ature T, , and temperature in the fiber with n = 0 was
3.49 C Thus it follows, that the higher is the porosity
of the fiber, the sooner the temperature reacts to a
change of temperature of the environment. Hence, the
temperature gradients in such a fiber will be less, than
in a regular fiber, and smaller temperature deformations
caused by the gradients should be expected.

Conclusion

This work presents construction of an analytical so-
lution for a plane non-stationary problem for a new op-
tical fiber — air-core PCF, which acquires an increas-
ing importance for development of the fiber-optical
gyroscopes. The analytical solution was obtained by

means of integral transformations, and it takes into ac-
count the non-stationary radial thermal influence chang-
ing in accordance with the arbitrary law.

For a particular case, when the thermal influence
conforms to harmonic law, an analytical solution was
obtained, a specific feature of which was the almost
complete exclusion of the need to use numerical meth-
ods during modeling.

It was quantitatively demonstrated, that the higher
was the porosity of a fiber, the sooner its temperature
reacted to the change of the ambient temperature. The
temperature gradients in such a fiber were less, than in
a regular fiber, and, accordingly, the temperature de-
formations caused by the gradients, one of the major
reasons for a temperature drift in the fiber-optical gy-
roscopes, were less expected.
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MbE3O2AEKTPUYMECKUE CBOMCTBA U TMAPOCTATUYECKUE MAPAMETPDI
HOBOIO 2—0—2-KOMITO3UTA HA OCHOBE KPUCTAAAA

PEAAKCOPA-CETHETO2SAEKTPUKA

Ilocmynuna é pedaxyuro 20.04.2016

Bnepevie uccredosannvi aghghexmusHsie nvezoanexmpuueckue ceolcmea U cUOPOCMAmu4ecKuti OMKAUK KOMHO3UMA CO C8A3HOCMbIO
2—0—2. Komnosum codepicum napasieabHo coeounenHbie caou 06yx munoe — kpucmann 0, 67Pb(Mg 1/3Nb/3)03—0,33PbTiO3 u
"sicarovenus ceenemorepamuru muna PbTiO3; — noausmunen”. [lokasana ka04eeas poab ynpyeoii GHU30MpOonUU cA0es, CO0epICausux
ceeHemoxepaMch u noaumep, 6 (hopmMupoBaHULU EbICOKUX 3HaweHuu eu@pocmamuuecxux nvezok0appuyuenmos d, ~ I nka/H,

e, ~20Kn/ M Kkeadpama napamempa npuema dy g, ~ 1071

Iy dpyeux napamempog 2—0—2-Komnozuma.

Karouesvie caosa: kpucmain penakcopa-cecHemodNeKmMpuKa, CeeHemoKepamuka, HOAUIMUAEH, MUKPOLeOMEmpPUs, Nbe30-
Koaghgpuyuenmol, eudpocmamu4eckuii nbe3031eKmpueckKull OmKAUK

BBenenune

Kpucramisl TBepAbIX pacTBOPOB PelaKCOPOB-CET-
HeToeKTPUKOB (1 — x)Pb(Mg; /3Nb2 /3)03—beTiO3
(PMN—xPT) u (1 — y)Pb(Zn; ;3Nb;/3)O3—yPbTiO;
(PZN—yPT) co cTpyKTypoii THMa MepoOBCKUTA U C CO-
cTaBaMM BOJM3U MOPMOTPOIHOM (ha30BOM TI'PaHUIIBI
MIPEAICTABIISIOT MHTEPEC KaK Mbe303JIEKTPUIECKIIE KOM-
IMOHEHTHI COBPEMEHHBIX KOMITO3UTOB [1—4]. ®opmu-
pOBaHUE OIpeAesIeHHbIX JOMEHHBIX CTPYKTYp (domain
engineering) [5] v nmonsipu3alivsi KpUCTaaJI0OB BAOJb 3a-
JTAHHOTO KpHCTaJIorpadmuecKoro HampasieHus (Ha-
npumep, [001], [011] wiu [111] mepoBCKUTOBOI siueii-
KHA) OTKPBIBAIOT HOBBIE BO3MOXKHOCTHM YIIPABICHUS
(pMBMIECKIMU CBOMCTBAMH IThe30aKTUBHBIX KOMITO3M -
TOB [3, 4]. Cpenu komMno3uToB Ha ocHoBe PMN—xPT
wim PZN—yPT, uccienoBaHHBIX B IIOCJIEIHEE OECSI-
THJIeTE, HanboJiee pacIIpOCTPAaHEHHBIMU SIBIISIIOTCS
MaTepuajbl co cBsi3HocTsIMU 1—3 u 2—2 [1—4]. He-
CMOTPST Ha OTHOCHUTEIHLHO MPOCTYI0 MUKPOT€OMETPHUIO
2—2-KOMIIO3UTa 10 HACTOSIIEro0 BpeMEHU B JIUTepa-
Type YIOSISI0Ch MaJlo BHUMAHUSI BOIIPOCAM, CBSI3aH-
HBIM C ynydlueHueM 3¢ (GeKTUBHBIX ITapaMeTPOB 3TOTO
Matepuana. TeM He MeHee, HEaBHO TMOJY4YeH U UC-
cjleq0oBaH KOMITO3UT [6] Tuma 2—2 "cerHeToKepaMuKa
(CK) tuna PZT — rereporeHHblii moaumep". Ciou re-
TEPOTEHHOT0 MOJUMEPA COMEPXKAT BKIIOUEHUSI HEOP-
raHUYECKOro KOMITIOHEHTa (HarpuMmep, rpadura, Kpem-
HUSA WA PpeppuTa CTPOHILMS), YTO TIPUBOIUAT K YIIyd-
IIEHNIO0 HEKOTOPHIX MapaMeTPOB KOMITO3UTA II0 CPaB-
HEHUIO C TPaIULIMOHHBIM 2—2-KoMmo3utom "CK —
nonumep”. Hampumep, nipu no0aBlIeHNM BKIIOUEHUM
(eppuTa CTPOHLIMS B MOJTMMEPHbBIE CJIOU TOCTUTAOTCS
Oosiee BbICOKME 3HaYeHUsI KoaddulimeHTa 3J1eKTpo-
MexaHnueckoi cBsizu (KBC) kf, COOTBETCTBYIOLIETO
TOJIIMHHON Moje KoJjiebanuii [6].

B Hacrosieit pabote MBI paccMaTprBaeM ImapameT-
pPBI HOBOTO TPEXKOMITOHEHTHOTO KOMIIO3UTa, B KOTO-
POM KpHUCTaJUIMYECKUE CJIOM, 00siajalolie BbICOKON
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MMbe30aKTUBHOCTBIO, B3aMMOJEINCTBYIOT C TeTePOTreHHBI -
MM CJIOSIMU, coaepxKalyuMu u3oupoBaHHble CK BKIO-
yenwms. Llenb cTatby — MpoaHaJIM3UPOBaTh POJIb CIIOEB
"CK — moysmMep" B (popMUPOBAHUM ITbE303JIEKTPU-
YECKUX CBOMCTB Y TUAPOCTATUYECKOTO OTKIIMKA KOMITO-
3uTa TMIa 2—2 Ha ocHoBe Kpuctaysia PMN—xPT.

CTpyKTypa HOBOTO KOMIO3UTA
u ero 3¢ dexTUBHbIE NAPAMETPbI

HMccnenyeMBlif KOMIIO3UT TIPEACTAaBISACT COOOM
CHCTEMY NapajljieIbHO COCAMHEHHBIX CJI0€B, Yepedy-
IOILIMXCA PETYIApHO BAOJIL ocu OX; (puc. 1). Croii nep-
BOTO THMIIA MPEACTaBICH KPUCTAJUIOM pejlakcopa-cer-
HETORJIEKTPHKA, TJIABHBIE KPHCTALTOrpadrIecKre OCH
xotoporo X |0X;, Y|OX,, Z|OX;, a cnoHnTaHHas mo-
JISIpU3aIus Pg )||Z. CJioii BTOPOTo TUMa MPeACTaBIIsIET
coboit cucrtemy "CK-BkimoueHus — monumep” (CM.
BCTaBKy Ha puc. 1), a chepounanbHas dopma CK-
BKJIIOUEHUS B CUCTeMe KoopauHar (X;X,X3) 3amaerca
OIIHUM W3 CJICAYIOIINX YPaBHEHUIA:

(x/a)? + (/a)? + (x/az)? = 1 (1)
(st Komrosura-1);

(x1/a3)* + (xp/ap)? + (x3/a))* = 1 2)
(nn1s1 KomIio3ura-2);

(x/ap)? + (x/az)? + (x/a)? =1 (3)

(st KomIio3uTa-3).

[Mpennonaraercs, 4YT0 3HaYEHUS @; HIOCTOSHHBI 110
BCEMY KOMITIO3UTHOMY 00paslly M 3HAYUTEJbHO MEHb-
1Ie TOJIUMHBI ero otaeabHoro ciosi. CK-BKioueHUs
pacrnpezesieHbl BHYTPU MOJMMEPHON Cpelbl TaK, YTO
HUX LEHTPbl CUMMETPUU HAXOASITCSl B BEepIIMHAX Mpsi-
MOYTOJIbHOTO Tapajuiefenuiena. TakuMm o0pa3oMm,
KOMIIO3UT, CXeMaTUUYeCKU MPeACTaBJICHHBII Ha puc. 1,
oInuchiBaeTcs CBsA3HOCThIO 2—0—2. Humxe Mbl pac-
CMaTpuBaeM TpU MOAU(UKALIMM JAHHOTO KOMITO3UTA,




Puc. 1. CxemaTnyeckoe uzodpaxenne 2—0—2-komno3ura "Kpuc-
tamn — CK — momamep”. (X} X;X3) — npsiMoyro/ibHasi cucTeMa Ko-
OpAMHAT, 00beMHAasi KOHLEHTPALUS CJIOEB MePBOTO TUIA (KPUCTAILT)
paBHa m, 00beMHast KOHLIeHTpalusl cjioeB Broporo tuma (CK — mo-
JIUMEp, CM. BCTaBKY) paBHa | — m. OO0bemMHast KOHLIEHTpauus che-
pouanbHbix CK-BKITIOUEHMI BHYTPY MOJIMMEPHOI CPelibl B CJIOE BTO-
pOro TUIa paBHa m;, UIMHBI TTonyoceit CK-BKIIIOUeHNs paBHEBL a) U a3

Fig. 1. Schematic of 2—0—2-composite "crystal — FC — polymer".
(X;X,X3) — a rectangular system of co-ordinates, volume concentration

of layers of the first type (crystal) is equal to m, volume concentration
of the layers of the second type (FC — polymer, inclusion) is equal to
1 — m. Volume concentration of the spheroidal FC inclusions inside the
polymeric environment in the layer of the second type is equal fo m;, the

lengths of FC semiaxes of inclusion are equal to a; and a;

CK-Bki11o4eHUsI B KOTOPOM OPMEHTHUPOBAHBI COIJIAC-
Ho (1)—(3).

st onpenenennst 3¢ GEKTUBHBIX 3JIEKTPOMEXaHN -
YyeCKuX CBOUCTB 2—(0—2-KOMMNO3UTa Mbl UCIMOJIb3yeM
MaTPUYHBIM MeTon (CTpYKTypa TuUma 2—2) U METOJ
apdextuBHOro nojs (ciaou tumna 0—3) [4]. Dddek-
TUBHBIE JIEKTPOMEXaHUYECKUE CBOMCTBA KOMITO3UTA
ABIAIOTCA PyHKUMAMU X*(m, m;, p;), TO€ p; = a;/ay —
OTHOLIEHME IJIMH Ilojiyoceil cdepoumanbHoro CK-
prioueHus1 u3 (1)—(3). B kauectBe X™ BbICTymNawT
MbE30MOLILYJIN d;-kj, yOpyrue MoAaTIUuBOCTH SZE npu
9JIEKTpUYECKOM Tosie £ = const Wiy IU3JIeKTpUyec-
Kre TIPOHUIIAeMOCTH a;; MEXaHWYECK! CBOOOTHOTO
oOpasua.

OcHoBBIBasiCh Ha 3HaHUM 3(POEKTUBHBIX CBOMCTB
X*(m, m;, p;) KOMIIO3UTa, Mbl UCCJIENYEM €r0 T'MAPO-
CTaTUYECKHUE Mbe30K0IGDMULIMEHTDI

dy =dy3 +dy, + dyy, g, =853 8 T gy
e, =eytey ey, 4)
KBaJpar rapaMeTrpa npuemMa

(0})” = d, g, (5)
u KoC
kh = d; /(s;F 3", (6)

e shE = s1 + s2E + s’gf + 2(5"1‘2E + s’ff + s”2<3E) —
rMApocTaTHuecKasl yrnpyrasi MojaTauBOCTh npu E =

= const. [Tbe30k0adduLmeHTs! d) , g, U ) 13 (4) xa-
PaKTEPU3YIOT MbE30aKTUBHOCTb U Mbe304YBCTBUTEb-
HOCTb KOMIIO3MTa ITOJ JeUCTBUEM TUAPOCTATUIECKO-
ro papiaeHus. Ilpy ruapocTaTMYECKOM BO3AEHCTBUM
(QZ )2 n3 (5) xapakTepu3yeT OTHOIICHHWE "CUTHAT —
mym", a k; n3 (6) — 3¢pdPeKTUBHOCTh MTpeodpa3oBa-
HUS MEXaHWYEeCKOM SHEPTUU B JICKTPUUECKYIO, U Ha-
06opoT. HamoMHuM, 4TO Ibe30K03MPUIIeHThI U3 (4)
CBSI3aHbl MeEXay CO00il B COOTBETCTBUM C (hOpPMY-
JaMU [4] Nbe303JIEKTPUUECKON CPEIbl d = ;‘;’gj’ij
din = ekfsff

KomrmoHeHT, ¢opMUpYIOLINI CIOI TIepBOro TH-
Ta, IIpeICTaBIsIeT cO00i MONISIPU30BaHHBIN BIOJb Ha-
npasiaeHus [001] mepoBCKUTOBOM STUEMKU KPUCTAJLI
PMN—0,33PT [7] ¢ mbe3oMomyIssMu dg}) ~107° Kn/H.
KomnoHeHTamu cioeB BToporo tuna spisitorcsi CK
MoauduuuposanHoro PbTiO5 [8] u nonustunen [9].
Br160p TTOCIETHMX CBSI3aH C OOJTBIITNM Pa3TnIrNeM MeXK-
Iy X YIPYTUMU TOAATIMBOCTSIMU, a TAKXKe C OTHOCH-
TeJTbHO HEOONBIINMU Z[I/IBIICKTpI/I‘{eCKI/IMI/I MIpOHMIIAC-
Moctsimu CK 8(2) /€0 [8]. AHanu3 cBoiiCTB
CJI0S1 BTOPOTO TI/I]‘Ia B koMmno3ute-1 (opueHrtauuss CK
BKJIIOUCHUII B HEM ITOKAa3aHa Ha BCTaBKe puc. 1) mo-
Ka3bIBaeT, YTO IMbE30OMOIYIU af3 9TOro CJ0s1 MpHU
0 < m <0,31 0,01 <p; <100 y10oBIETBOPAIOT YCIOBUIO
|d | < 10 nKn/H [10]. BeneactBue HU3KOM Tbe30-
aKTI/IBHOCTI/I JAHHOTO CJIOST TI0 CPAaBHEHUIO C Mbe30aK-
TUBHOCTBIO 1ot PMN—O0,33PT B nanbHeiiem Oyaem
CUMUTATh KOMMO3UT (pUC. 1) COCTOSAIIMM U3 Mbe30aK-
THUBHBIX CJIOEB IIEPBOTO TUIIA U TThe30IIaCCUBHBIX CJIOEB
BTOPOrO THUIIA.

IIbe303;1eKTpHYECKHE CBOHCTBA
U THAPOCTATHYECKMIA OTKINK 2—(0—2-KoMmo3uTa

MaxkcuMyMBI GOJTBIIMHCTBA TUAPOCTATUISCKIX T1a-
paMeTpoB u3 dopmMyi (4)—(6) nMeroT 60jiee BHICOKHE
3HaueHUs B ciaydyae kommnosuta-1 (cm. tabnuiy). bo-
Jiee BHICOKHE 3HAYCHNUSI Max e, JOCTUTAIOTCS ISt KOM-
TMO3UTa-2 MO0 CPaBHEHMIO C NPYTMMHU MOIW(pUKALINS-
MH. JIOCTaTOYHO HU3KUE 00BEMHbIE KOHLIEHTPALIUU M1,
COOTBeTCTByIOLIME maxg,, max[(Q), ] u maxkj,,
CBSI3aHBI C CYIIECTBEHHBIM BIMSTHUEM TUJICKTPIUEC-
KOii TIPOHULIAEMOCTH £33 Ha JaHHBIE THAPOCTATHYEC-
Kue TmapameTpbl. [lpn yBenmmuyeHUM OOBEMHOM KOH-
LIEHTPALUU M TUDJICKTPUYECKast IPOHULIAEMOCTD €35
BO3pacTaeT MOCTATOYHO MEIJICHHO IT0 CPAaBHEHMIO C
IIbE30OMOLYJISIMU |d§j| (puc. 2), BIMAOIIMMA HA TUJ-
POCTaTUYECKUI OTKJIMK KOMITO3UTa B ILIMPOKOM KOH-
LEHTPALlMOHHOM HMHTEepBaje. YMepeHHbIe 0ObeMHEIE
KOHLIEHTPALIUH M1, TIPH KOTOPbIX HaGMo1aeTCst maxd),
(cMm. Tabauily), OOBSICHSIOTCS PasIMYUSIMU MEXIY
KOHLIEHTPALIMOHHBIMUA 3aBUCUMOCTSIMHU d§j (puc. 2)
BCJICACTBUE BIMSTHUS TPaHMIIL pasieiia pas3Inanii Mex-
Iy YIIPYTUMU CBOMCTBaMM cJIoeB. JI0CTaTOYHO BBICOKHUE
KOHLIGHTPALIMK m, TIPM KOTOPBIX JOCTUraeTcsl maxe),
(cM. Tabauily), yKa3bIBalOT Ha BaXXKHYIO POJIb YIIPYTUX
CBOWCTB CJIOEB B (POPMUPOBAHUM TMAPOCTATUYECKOTO
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MakcuMyMbl THAPOCTATHYECKHX NMbe30K03((PHUIHEHTOB d,’f (8 nKa / H),
gF 8mMB'm/H)u e} (8 Kn/m?), ksanpara napamerpa npuema (Q;)>

I [

I [

(8 10712 1a~12) 4 KBC k; 2—0—2-kommo3nTa ! 0+ !

"kpucrassi PMN—0,33PT — CK monuduuuposannoro : -1004 :

PbTiO; — mommatunen” npu p; = 100 U pa3nu4HbIX m; [ \

Maxima of the hydrostatic piezoelectric coefficients a’Z‘ (in pC/N), : 2001 :

g,’qk (inmV+-m/ N) and e;f (in C/mZ), squared figure of merit (QZ)Z I -300+ [

(in 10712 Pa™'2) and ECF k' of the 2—0—2-composite "crystal PMN—0.33PT — FC : 400 |

modified PbTiO3 — polyethylene” at p; = 100 and different values of m; | 500 |

I [

m; | maxd, maxg) maxe; |[max[(Q})’]| maxk} ! 7 !

| -12004 |

Kommnosurt-1 ! ‘

Composite-1 ! '14000 !

0,05 986 (0,219) |1730 (0,005)]19,2 (0,937)| 391 (0,022) | 0,593 (0,038) : A :

0,10{ 1030 (0,219) {1730 (0,005)|18,3 (0,914)| 419 (0,023) | 0,678 (0,048) | %, |

0,15] 1050 (0,222) | 1670 (0,006) 17,7 (0,907) | 416 (0,025) | 0,722 (0,058) I [

0,20 1050 (0,227) {1590 (0,006)|17,1 (0,905)| 402 (0,027) | 0,749 (0,068) I 2001 [

0,25 1040 (0,232) | 1490 (0,007)|16,7 (0,906) | 383 (0,029) | 0,767 (0,077) ! ‘

0,30 1040 (0,239) | 1400 (0,007)|16,3 (0,911)| 361 (0,031) | 0,780 (0,087) : 4004 :

Kommno3sur-2 ! !

Composite-2 : 6001 :

0,05| 514 (0,375) | 338 (0,017) |20,8 (0,954)|46,9 (0,060)| 0,187 (0,074) | .800 4 |

0,10 420 (0,453) | 188 (0,030) 20,7 (0,953)|24,7 (0,098)| 0,147 (0,124) | |

0,15] 360 (0,511) | 126 (0,043) |20,7 (0,952)|15,7 (0,134)| 0,126 (0,175) I -1000 |

0,20| 316 (0,559) | 92,5 (0,057) 20,6 (0,950)|11,0 (0,167)| 0,112 (0,229) ! !

0,25| 282 (0,601) | 71,6 (0,071) 20,5 (0,949)|8,05 (0,199)| 0,102 (0,286) ! -1200+ !

0,30| 254 (0,641) | 58,6 (0,084) (20,4 (0,948)|6,15 (0,228)[0,0948 (0,345) : 1400 :

Kommno3sur-3 : 0 :

Composite-3 | a* |

0,05| 468 (0,399) | 295 (0,016) | 19,2 (0,927)]32,8 (0,059)| 0,229 (0,151) | * |

0,10 374 (0,494) | 148 (0,027) |18,3 (0,914)|14,9 (0,107)| 0,216 (0,304) I 2800+ [

0,15| 317 (0,563) |92,7 (0,041) {17,7 (0,907)|8,78 (0,157)| 0,212 (0,437) I ‘

0,20| 276 (0,620) | 64,6 (0,056) [17,1 (0,905)|5,85 (0,204)| 0,210 (0,545) ! 2700+ !

0,25 246 (0,672) | 47,9 (0,074) | 16,7 (0,906) 4,17 (0,250)| 0,208 (0,625) : :

0,30| 222 (0,719) | 37,2 (0,093) [16,3 (0,911)|3,10 (0,293)| 0,206 (0,685) | 26004 |

I [

[Ipumeuyanndg. 1. B ckobkax ykazaHa OObeMHasi KOHLIEHTpaLUsl M, I [

MpY KOTOPOIiA JOCTUraeTCsi MaKCHMMYM JTAaHHOTO TapameTpa KOMITO3UTA. I 2500+ \

2. Kak crnemyer w3 3KCHepUMMEHTAJIBHBIX NOaHHBIX |[7], Kpuctamn I |

PMN—0,33PT xapakrepusyercs TUOPOCTATMUECKUMU MapamMeTpamMu ! 24005, ‘

d¥ =160 nKin/H, g& = 220 mB-m/H, ¢ = 15,5 Kn/m%, (Q})? = : pros 1

=0,3521072 [la™!, k7 = 0,167. : . : : ' <

Notes. 1. In parantheses the volume fraction of m is indicated, at which ! 0 02 e c 08 08 !

the maximum of the given parameter of the composite is achieved. IL __________________________ J

2. As follows from the experimental data [7], crystal PMN—0.33PT is

characterized by hydrostatic parameters d;f = 160 pC/N, g;’; = Puc. 2. TIvesomonymn dy;, nKi/H komnosura-1 npu m; = 0,1

=220mV-m/N, e} = 15.5 C/m?, (QZ‘)2: 035210772 Pa~1, ki =0.167. Fig. 20 Il’zezoelectrlc coefficients d3;, pC/N of composite-1 at
m; =

oTkimka 2—(0—2-kommno3uta. B 3101 0bnacTu m opu-
eHtausg U dopma CK-BKIIOUEHUI WUrpalOT MacCUB-
HYIO POJib, YTO B KOHEUHOM WTOI€ NMPUBOIMT K He-
OOJIBLLIMM PA3TUYUAM MEXIY 3HAYEHUSIMU max e;‘l npu
PasIMYHbIX m; (CM. Tabyniy). 3HaMEHATEIbHO, YTO Ta-
KKe HeOOJIbIINE pa3Indyusl HaOII0aal0TCs B IIIMPOKOM
unrepsaie 0,01 < p; < 100.

OO0paTM BHMMaHME TakKXKe Ha HEMOHOTOHHOE W3-
MEHEHME TTbe30MOIyJIei d; ; I m = const u u3Me-
HeHUU p; (puc. 2). i3MeHeHue pacrnojioKeHus Kpu-
BBIX d;‘ j TIDH p; ~ 1 cBsI3aHO C TEPEXOJ0M OT BBITSIHY-
Toii popmbl CK-Briouenuit (p; < 1) K CIUIIOLIEHHON
dopme (p; > 1). Takoil mepexon NPUBOIUT K CYLIECT-
BEHHBIM U3MEHEHUSIM YIIPYTUX CBOMCTB CJIOEB BTOPO-
ro tuna. [lo HalleMy MHEHUIO, IPUCYTCTBUE CUIIBHO
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crunoiieHHbIX CK-Brintouennii (p; > 1), opueHTUpO-
BaHHBIX COTJIacHO ypaBHeHHIO (1), cmocobcTByeT 00-
Jee 3(pHEeKTUBHOMY TOBBIIIEHUIO THAPOCTATUYSCKUX
mapameTpoB (4)—(6). braromaps takum CK-BKiTioue-
HUSIM JOCTUTAETCS 3HAUMTEbHAs YIIpyras aHU30TpO-
MHST CJIOST BTOPOTO THUIIA, YTO BIIMSIET Ha ITbE303JICKT-
pUYECKMII OTKIMK M OajaHC IThbe30K03(UIIMEeHTOB
koMno3uta u3 (4). CoracHO HalllUM JaHHBIM, MpU
p; = 100 oTHOLIEHNs MOJIYJIE YIIPYTOCTH CJI0S1 BTOPO-
ro TUIIAa U3MEHSIOTCS CAEAYIOILIUM 00pa3oMm:

SV /s = =470, 555 /s = 3,39 (m; = 0,05);
S /8D = =452, s50 /50 = 5,69 (m; = 0,10);
ST /8D = =425, 850 /7 = 13,9 (m; = 0,30).




DTU OTHOUIEHUS CYIIECTBEHHO
BJIMSIIOT HA TTb€30MOYJIN d; ;¥ Ipy-
rue rapameTphl.

I'pacduku Ha puc. 3 MOKa3bIBAIOT,
yro BiusHue CK-BkimoueHumii Ha
TUAPOCTATUYECKUE MapaMeTphl KOM-
mo3uTa-1 CyIECTBEHHO ViKe IIpH
o0beMHoOM KoHLieHTpauuu CK-BKITIO-
yenuii m; = 0,10. TIpu 3TOM BBICO-

1, m=01,5=01| o0
2, m=01,5,=05

3 m=01,p=1 350
4 m=01,,=15

5 m=01,,=5 | 30
6 m=01,,=10| o5
7, m=01,5=50
8 m=01,p=100 20044
8 m=0

: 150

e R I R e

KM€ 3HAYEHUsl p; CIIOCOOCTBYIOT

o
o
b
o
Y

4ecKux mapamerpos d, (puc. 3, a), [ m=ot
" PI- .
(0;)* (puc. 3, b) u k;, (puc. 3, d).
Mexay 3TUMM TapaMeTpamMyd Ha- 2112 :,fo
O110MaeTCsl KOPPEIsIus BCIeICTBUE j ﬁ:f"w

cesaseit [4] (Q))%~ (d))? u k) ~ dj .
Bmecrte ¢ Tem GoJiee BbICOKME 3HA-
4eHUsi e, B Komrosure-1 mocrura-
1ored nipu p; < 1 (puc. 3, ¢), a yer-
KOii KOpPEeJSILIAY MEXIY d) U e, He

16

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

OOJIbLIMM 3HAYEHUSIM TUAPOCTATU- I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

HaOoAaeTCs M3-3a BIAWSIHUS YIIPY-

TMX CBOUCTB AHMU3O0TPOIIHbLIX CJIOCB b=

nByx tunoB. Kpupast 9 Ha puc. 3, a
IIOKa3bIBAET, YTO 3HAYCHME maxd)
POACTBEHHOro 2—2-KOMIIO3UTa B
IBa C JUIIHUM pa3a MEHbIIE, YyeM
maxd, xommosuta-1 npu p; = 100
(cM. KpuByIO & Ha puc. 3, a).

Hccnenyemblii KoMIlo3uT-1 uH-
TepeceH M KaK MaTepraj ¢ BEICOKOI
MMbE30YyBCTBUTEILHOCTBIO (puC. 4).
I[Ipu >TOM mNbHE30KOADPULIMEHTHI
833 M g, YMCHBIIAIOTCS C YBEJU-
YyeHUeM OObEMHOI KOHLEHTpaLuU
Kpuctajjia m (T.e. CJI0EB C BbICOKON
JIVRJIEKTPUYECKON ITPOHMIIAEMOCTbHIO
8(33)’6), HO TIPOSIBJISIIOT 3aMETHYIO
CTaOMJIBHOCTh ~ MpPU  YBEJIMYECHUU
0o0beMHOM KoHueHTpauun CK m;.
ITpu p; > 1 Biuanue CK-Bkiroye-
HUII Ha OU2JIEKTPUYECCKYIO TTPOHU-
LAEMOCTb £33 KOMIIO3MTa-1 yme-
pEHHOe, YTO TMO3BOJISIET YIepXKHU-
BaTh GOJIBIINE 3HAYCHUS g, U g33
(puc. 4) B LLIMPOKUX MHTEPBAJIaX m
n mi.

BDddekTuBHBIC rmapaMeTphl
2—0—2-KoMIIo3UTa MOXHO CpaB-
HUTb C U3BECTHBIMU XapaKTePUCTH -
KaM#u 2—2-KOMIIO3UTOB "KpHUCTaJUI pejlakcopa-cer-
HETOZJIEKTPpUKA — TOJIMMeEp", TTOCKOIBKY B JIMTEpa-
Type OTCYTCTBYIOT AaHHbIe Mo 2—0—2-KOMII03UTaM
Ha ocHoBe PMN—xPT, PZN—yPT unu poncTBeHHbIX
KpuctamioB. Hanpumep, cornacHo naHHbIM [3], 2—2-
KOMMO3UTHI Ha 0OCHOBe KpucTaioB PMN—xPT, nossi-
pu3oBaHHBIX BOOJb [011] mepoBCKUTOBOM SYEMKM, Xa-
PaKTEepU3YIOTCS 3HAYCHUSIMUI d; = (100...570) nKn/H,
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Puc. 3. T'mapocraTmueckne mapamerpel Kommosnra-1 npu m; = 0,1: nbesomonyns dj,
nKn/H (a), xBanpar napamerpa nprema ( Qj, )2, 10712 12! (b), nbe3okoahPuLMEHT €j ,

KJI/M2 (c), KBC k; (d). Kpusast 9 Ha rpacduike a nmoctpoeHa majisi 2—2-KOMITO3UTa "KpPUC-
taut PMN—0,33PT — nmonustuieH"

Fig. 3. Hydrostatic parameters of composite-1 at m; = 0.1: piezoelectric coefficient d; , pC/N, (a)

squared figure of merit ( Q), )2, 10712 pa! (b), piezoelectric coefficient ej,, C/ mZ(c), ECF kj, (d).
Curve 9 on diagram a was constructed for 2—2-composite "crystal PMN—0.33PT— polyethylene”

Puc. 4. ITve3okoadpdpuument g3;, MB - M/H (a) u ruapocraTuyeckuii nbe3okoddduuuent

&y » MB *M/H (b) Komno3ura-1 npu p; = 100 n pasnmuneIXx m; u m

Fig. 4. Piezoelectric coefficient g%;, mV +m/N (a) and hydrostatic piezoelectric coefficient gj, ,
mV m/N (b) of composite-1 at p; = 100 and different values of m; and m

g, = (12..161) MB-M/H u (Q})> = (1,9..92) X
x 10712 Ma™!. Mo maunbm [4] 3Hayenusa maxdj =
= 237 nKn/H, maxg) = 441 MB - m/H u max[( Q) )?] =
=33,6- 10712 MMTa~! gocruratorcst B 2—2-KOMMIO3KTE
"[011]-monsgpuzoBanHbiil kKpuctamn PZN—0,07PT —
anactomep”. [lepeunciaeHHbIe BRIIIE TTapaMeTPhl 2—2-
KOMIIO3UTOB YCTYNAlOT IIapaMeTpaM, OTHOCSILLIMMCSI
MpeX/e BCEro K KOMIO3uTy-1 (cM. puc. 3, 4 v Tabauiy).
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3akioueHue

B HacTosieit padote BrepBble MpoaHaIU3UpPOBa-
HBI IThE302JICKTPUYECKIE CBOMCTBA U TUAPOCTATHYIEC-
Kue mmapameTphl (4)—(6) HoBoro 2—(0—2-KoMITO31Ta
"KpUCTaJ pefakcopa-ceraerosnekrpuka — CK turma
PbTiO; — nonumep" npu Tpex BapuaHTax OpPUEHTa-
uuu CK-BxioueHuit cormacHo dopmynam (1)—(3).
IToxazana BaxkHas1 poJIb AaHU3O0TPOIIMY YIIPYTHUX CBOMCTB
cnoeB BToporo Tumna "CK — nonumep” co CBI3HOCTBIO
0—3 B (popMUpPOBAaHMM BHICOKMX 3HAUYECHUI TUAPOCTA-
TUYECKUX TMapaMeTpoB Kommosuta. [IpuBeaeHbl WH-
TepBajibl 0OBEMHBIX KOHILEHTpAIMii KpUCTaia m, B
KOTOPBIX JOCTUTaIOTCS OOJbIIME 3HAYCHUS FI/LZ[]JOCTa—
TUYECKUX IThe30K03(OUIINEHTOB dh, gh, eh, KBaj-
parta napaMmeTpa npuema ( Qh )2 u KBC kh KOMIIO3H1TA
Ha ocHoBe Kpuctayuta PMN—O0,33PT, nonspu3oBaH-
Horo Baojib [001]. ITo coBokynmHOCTU 3((PEeKTUBHBIX
MapaMeTpoOB MOXHO KOHCTaTMpPOBAThb, YTO HAHHBIN
2—0—2-KOMIIO3UT HE MMEET aHaJIOrOB Cpeau MCCe-
JIOBaHHbIX paHee KOMITIO3UTOB TUIA 2—2 U MpeacTaB-
JIIET MHTepec IS THUAPOAKYCTUYECKMX MU IThe30CEH-
COPHBIX TPUMEHEHUIA.

Aemoput 6aazodapHbt 0. m. H., npogh. Ilanuuy A. E.,
0. ¢.-m. H., npogp. Caxnenko B. II., 0. m. H., npog. He-
cmeposy A. A., 0. m. u., npog. Ilapunosy U. A. (FODY,
Pocmoe-na-Zlony) u Prof. Dr. C. R. Bowen (University of
Bath, bam, Beauxobpumanus) 3a unmepec Kk memamuie
UCCAe008aHULl COBPEMEHHBIX Nbe30INeKMPUHECKUX Md-
mepuanos u yeHHvle 3ameyanus. llpukiadnvie HayuHble
uccaedosanus npogedensvt npu QUHarHcosol noddepoicke

Munobpnayxu Poccuu (npoekm RFMEFI5S7814X0088) ¢
ucnoavzoeanuem ooopyooganus IIKIT "Boicokue mexuo-
aoeuu” HODY.
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Piezoelectric Properties and Hydrostatic Parameters of the Novel
2—0—2 Composite Based on a Relaxor-Ferroelectric Single Crystal

The effective piezoelectric properties and hydrostatic response of the 2—0—2 composite based on the relaxor-ferroelectric single
crystal were studied for the first time. The aim of the present paper is to analyze the role of the ceramic/polymer layers during for-
mation of the piezoelectric properties and the related hydrostatic parameters of the aforementioned composite. The composite rep-
resents a system of parallel-connected layers of the following two types. The first type of the layers is the [001]-poled domain-en-
gineered 0.67Pb(Mg; /3Nb 2/3)0 3—0 33PbTiO; single crystal. The second type of the layers contains inclusions of the PbTiO ;-type
of ferroelectric ceramic dtstrzbuted in a polyethylene matrix. The key role of the elastic anisotropy of the ceramic-polymer layers
is proved by the hlgh values of the hydrostatic piezoelectric coefficients d, ~ I nC/N, e} ~ 20 C/m2 squared figure of merit
d, g, ~1 071 pa~! and other parameters of the studied 2—0—2 composite. Its performance has no analogs among the modern
piezo-active 2—2 type composites.

Keywords: relaxor-ferroelectric single crystal, ferroelectric ceramic, polyethylene, connectivity, microgeometry, piezoelectric co-
efficients, hydrostatic piezoelectric response, figure of merit, electromechanical coupling factor, elastic anisotropy

Introduction

Crystals of solid solutions of relaxor-ferroelectric mate-
rials (I — x)Pb(Mg; 3Nb, 3)03—xPbTiO3 (PMN—xPT)
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with the structure of the perovskite type and composi-
tions close to the morphotropic phase boundary are of
interest as piezoelectric components of composites
[1—4]. Domain engineering [5] and polarization of
crystals along a set direction (for example, [001], [011]




or [111] of a perovskite unit cell) open opportunities for
control of the physical properties of the piezo-active
composites [3, 4]. Among the investigated composites
based on PMN—xPT or PZN—yPT the most wide-
spread are the materials with 1—3 and 2—2 connectiv-
ities [1—4]. Notwithstanding a rather simple microge-
ometry of 2—2-composites, not much attention was
given in literature to the questions connected with im-
provement of the effective parameters of this material.
Nevertheless, the composite [6] of the 2—2 "ferroelec-
tric ceramics (FC) PZT — heterogencous polymer"
type was manufactured and investigated. Layers of the
heterogeneous polymer contain inclusions of an inorgan-
ic component (graphite, silicon or strontium ferrite),
which leads to improvement of the parameters of the
composite in comparison to the traditional 2—2-com-
posite "FC — polymer". For example, addition of in-
clusions of strontium ferrite in the polymeric layers im-
proves the values of the electromechanical coupling
factor (ECF) k;‘ , corresponding to the thickness oscil-
lation mode [6].

In the present work we consider parameters of a
novel three-component composite, in which the crystal
layers with high piezo-activity interact with the heter-
ogeneous layers containing isolated FC inclusions. The
aim of the message is to analyze the role of "FC — pol-
ymer" layers in formation of the piezoelectric properties
and the hydrostatic response of the 2—2 type composite
based on PMN—xPT crystal.

Structure of the novel composite
and its effective parameters

The composite is a system of parallel-connected lay-
ers alternating regularly along the axis OX; (fig. 1). The
layer of the first type is represented by a crystal of relaxor-
ferroelectric, the main crystallographic axes of which are
X ||0X1, Y ||0X2, Z|0X;, and spontaneous polarization
is P V|| Z. The layer of the second type is "FC inclusions
— polymer system (insert in fig. 1), while the spheroi-
dal form of inclusion of FC in the (X;X,Xj3) co-ordinate
system is set by one of the equations:

(x/a)? + (x/a)? + (x/az)? = 1 (1)
(for composite-1);

(x/az)? + (x/ap)? + (x/a)? =1 2)
(for composite-2);

(x/a)? + (x/az)? + (x/a)? =1 3)

(for composite-3).

It is assumed, that g; is constant in the whole sample
and is considerably less than the thickness of its separate
layer. FC inclusions are distributed in the polymeric
medium, so that their centers of symmetry are in apices
of a rectangular parallelepiped. Thus, the composite
shown in fig. 1 is described by 2—0—2 connectivity.
Below we consider three modifications of the given

composite, wherein the FC inclusions are oriented ac-
cording to (1)—(3).

For determination of the effective electromechani-
cal properties of the 2—0—2-composite we will use the
matrix method (structure of the 2—2 type) and the ef-
fective field method (layers of the 0—3 type) [4]. The
effective electromechanical properties of the composite
are functions X*(m, m;, p;), where p; = a,/a5 is a ratio
of the lengths of the semiaxes of the spheroidal FC in-
clusion from (1)—(3). The role of X* is played by the
piezoelectric moduli, elastic compliances of s’;f at the
electric field £ = const or dielectric permittivities s;;
in a mechanically free state.

On the basis of knowledge of the effective properties
of X*(m, m;, p;) composite, we will investigate its hy-
drostatic piezoelectric coefficients:

* * * * * % * %
dy =dy; +dyy +dy, g, =831 83 T &35

x _ % * *
al’ld eh - 333 + 632 + 331, (4)

squared figure of merit

(0} =d g (5)

and ECF
_ dh/(S*E *0)1/2 (6)

where s;£ =s’;1 + 558 + s3E +ostE + 515+ s55E) —
the hydrostatic elastic compliance at £= const. The pi-
ezoelectric coefficients d;, g, and e, from (4) char-
acterize the piezo-activity and piezo-sensitivity of the
composite under action of the ;drostatical pressure. At
the hydrostatic mﬂuence (Qh) from (5) characterizes
the "signal — noise" ratio, and kh from (6) character-
izes the efficiency of transformation of the mechanical
energy into electric energy and vice-versa. We should re-
mind, that the piezoelectric coefficients from (4) are
linked among themselves according to formulas [4] of the
piezoelectric medium a’;‘j = s}‘; g}j and d;, = ezfs}f )

The component forming the layer of the first type
represents a poled PMN—O0.33PT crystal [7] with pie-
zoelectric coefficients dé-) ~107? C/N, the direction
of the crystal polarization is [001] of the perovskite unit
cell. Components of the layers of the second type are
modified PbTiO; FC [8] and polyethylene [9]. Selec-
tion of the latter is connected with big distinctions be-
tween their elastic compliances, and also with rather
small dielectric permittivities of FC ¢ p) ° feg~ 102 [8].
Analysis of properties of the layer of the second type in
composite-1 (FC orientation of inclusions in it is
shown in the insert of ﬁg 1) demonstrates, that the pi-
ezoelectric moduli d3 )" of this layer at0<m;<0.3and
0.01 < p; < 100 meet condruon |d3 | <10 pC/N [10].
Because of a low piezo-activity of the given layer in
comparison to the piezo-activity of PMN—O0.33PT lay-
er, hereinafter we will consider that the composite (fig. 1)
consists of the piezo-active layers of the first type and
the piezo-passive layers of the second type.
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Piezoelectric properties and hydrostatic response
of the 2—0—2-composite

Maxima of most hydrostatic parameters from for-
mulas (4)—(6) have higher values in case of compos-
ite-1 (table). Higher values of maxez are achieved for
composite-2 in comparison to the other modifications.
Rather low volume concentrations m, corresponding to
maxg),, max[( 0}, )2] and maxkj, are connected with a
considerable influence of dielectric permittivity g§§’ on
the hydrostatic parameters. With an increase of the
volume concentrations of m, the dielectric permittivity
823 increases slowly in comparison with the piezoelec-
tric coefficients |a’3 | (fig. 2), influencing the hydrostatic
response of the compos1te in a wide volume-fraction
range. The moderate volume fractions of m, at which
max d; (table) is observed, are explained by the distinc-
tions between the volume-fraction dependences d3
(fig. 2) due to the influence of the section borders of the
distinctions between the elastic properties of the layers.
Rather high concentrations of m, at which maxez is
achieved, point to the important role of the elastic
properties of the layers in formation of the hydrostatic
response of the 2—0—2-composite. In this m range, the
orientation and shape of inclusions play a passive role,
which finally leads to small distinctions between the
values of maxe), at various values of m;. It is significant,
that such small distinctions are observed in a wide range
of 0.01 < p; < 100.

Let us also pay attention to a non-monotonic
change of the piezoelectric moduli a’3 at m = const and
change of p; (fig. 2). The change in arrangement of
curves a’3 at p; ~ 1 is connected with transition from
a prolate shape of FC inclusions (p; < 1) to a one (p; > 1).
Such a transition leads to essential changes of the elas-
tic properties of the layers of the second type. In our
opinion, the presence of strongly oblate FC inclusions
(p; > 1), focused according to the equation (1), pro-
motes a more effective increase of the hydrostatic pa-
rameters (4)—(6). Due to such FC inclusions an elastic
anisotropy of the layer of the second type is achieved,
which influences the piezoelectric response and the bal-
ance of the piezoelectric coefficients of the composite
from (4). According to our data, at p; = 100 the ratios
of the elastic constants of the layer of the second type
change as follows:

ST /s = =470, 55 /s = 3.39 (m; = 0.05);
(m)

ST /8D = —4.52, 3 /5" =569 (m; = 0.10);

ST s = =425, 8850 /s = 13.9 (m; = 0.30).

These ratios essentially influence the piezoelectric
coefficients d; y and other parameters.

Diagrams in fig. 3 show, that the influence of FC in-
clusions on the hydrostatic parameters of composite-1
is essential already at the volume fraction of FC inclu-

698 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 11, 2016

sions m; = 0.10. At that, high p; values to larger values
of the hydrostatic parameters dh (fig. 3, a), (Qh)
(fig. 3, b) and kh (fig. 3, d). Between these parameters
a correlation is observed owing to relations [4]
(0;)? ~ (d;)?* and kj ~ d;. At the same time high
values of e, in composite-1 are achieved at p; < 1
(fig. 3, ¢), while there is no a clear correlation between
d), and e because of the influence of the elastic prop-
erties of the anisotropic layers of two types. The curve 9
in fig. 3, a shows, that the value of max d; of the related
2—2-composite is less than a half of the maxdz value
of composite-1 at p; = 100 (curve 8 in fig. 3, a).

The investigated composite-1 is of interest as a ma-
terial with a high piezo-sensitivity (fig. 4). At that, the
piezoelectric coefficients g’§3 gz decrease with an in-
crease of the volume concentration of crystal m (i.e.
layers with a high dielectric permittivity 3(33)’6), but
demonstrate stability at an increase in the volume frac-
tion of FC m;. At p; > 1 the influence of FC inclusions
on the dielectric permittivity ¢35 of composite-1 is
moderate, which makes it possible to maintain high g;‘l
and g§3 (fig. 4) in wide ranges of m and m,.

Effective parameters of the 2—0—2-composite can
be compared with the known characteristics of 2—2-
composites of "relaxor-ferroelectric crystal — polymer”,
because in literature there are no data on 2—0—2-com-
posites based on PMN—xPT, PZN—yPT or related
crystals. For example, according to [3], 2—2-com-
posites based on PMN—xPT crystals, poled along
[011] of the perovskite unit cell, are characterized by

= (100...570) pC/N, gh = (12...161) mV - m/N and
(Qh )2 =(1.9...92) - 10~12 pa—l. According to work [4],
values of maxdj, =237 pC/N, maxg), = 441 mV - m/N
and max[( 0})?] = 33.6+ 10712 Pa~! are achieved in a
2—2-composite "[011]-polarized crystal PZN—0.07PT —
elastometer”. The above-enumerated parameters of the
2—2-composites concede to the parameters related,
first of all, to composite-1 (fig. 3, 4 and table).

Conclusion

The authors of the work have been the first to ana-
lyze the piezoelectric properties and hydrostatic param-
eters (4)—(6) of the novel 2—0—2-composite of the
"relaxor-ferroelectric crystal — PbTiO; FC — polymer”
type, including three versions of orientation of FC in-
clusions according to formulas (1)—(3). They demon-
strated the role of anisotropy of the elastic properties
of the layers of the second type "FC — polymer" with
0—3 connectivity at the formation of high hydrostatic
composite parameters. They also presented crystal vol-
ume-fraction ranges m, in which high hydrostatic pie-
zoelectric coefﬁc1ents kh, gh and eh, squared figure
of merit ( Qh) and ECF kh were achieved for the com-
posite based on PMN—0.33PT crystal, polarized along
[001]. By the sum total of the effective parameters it is
possible to ascertain, that the 2—0—2-composite has
no analogues among the investigated 2—2 composites




and is of interest for hydroacoustic and piezo-sensor
applications.
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SAEKTPO®U3UYECKME CBOMCTBA MAEHOK (Sn0O,) (ZnO), _, (x = 0...0,5)

AAS MPO3PAYHOM SAEKTPOHUKU

Ilocmynuna é pedaxyuro 26.04.2016

Tonkue naenku nepemenno2o cocmasa (Sn0,), (Zn0); _ , (x = 0...0,5) uzeomoénernst memooom UOHHO-AY4E6020 PACNbIACHUS
6 ammocgepe Ar muwenei, cocmaenennvix u3z nonocoxk SnO, u ZnO. Hccredosano énusnue 21emMeHmMHO20 cOCmasa NAeHoK
(Sn0y) (Zn0); _ . Ha ux cmpyKkmypy, sneKmpopusu4eckue u onmu4ecKue c:eoﬁcmea. Onpeodenervl ONMUMANbHBIE COOMHOULCHUS
0KCUO08 YUHKA U 0108a 0451 UCNOAb308AHUS NAEHOK 68 NPUOOPAX NPO3PA4HOU INEKMPOHUKU.

Karoueeuvie caosa: Kepamu4eckKasa mMuuleHb, UOHHO-/1Y4es0e Hanbvlienue, /1eMEeHMHbIL cocmae, 3neKkmpuvecKue ceozicmea, on-

muueckue ceolicmea

BBenenne

LI1poKO30HHBIE METAIIOOKCUIHBIEC IMOJIYIPOBOI-
Huku SnO,, ZnO, In,O3 u apyrue 061a4a0T IUPU-
HOI1 3arpellleHHO# 30HbBI 6osiee 3 3B [1], mpo3payHbl
B BUAMMOI 00JACTU ONTUYECKOTO CIIeKTpa W MpUMe-
HSIIOTCS IPY U3TOTOBJIEHUM COJTHEUHBIX DJIEMEHTOB [2],
MPO3payHbIX TOKOMPOBOISAIINX MOKPBITUI [3], Tose-

BBIX TPAH3MUCTOPOB [4], JaTYMKOB ra3oB [5] u apyrux
M3AEIUA 2IeKTPOHUKU. JIJIsI MCIOJb30BaHMSI OKCHI-
HBIX TOJIYIPOBOJHUKOB B Pa3IMYHBIX MUKDPOSJIEKT-
POHHBIX IPUOOPAX MaTePHUAbI INIEHOK JOJIKHBI 00J1a-
JaTh KOHKPETHBIMU 3JIEKTPOPUIMYCCKUMH IapaMeT-
paMU U YIOBJIETBOPSTH OINpeaeIeHHBIM TPeOOBaHUSIM
K 3HAYCHUSIM KOHLEHTPALMU U TMOABVXHOCTH HOCH-
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TeJIelt 3apsmoB, a TakKKe K BeTMYMHE MTPO3PAYHOCTH B
BUIMMOM JAMaria3oHe ONTUYecKoro cmnekrpa. is us-
MEHEHMST 3JIEKTPUUECKUX CBOMCTB METAIZIOOKCHIIOB
MOHO MCIIOJIb30BaTh JETUPOBaHUE MPUMECSIMU WU
CUHTE3 MHOTOKOMIIOHEHTHBIX OKCHMAO0B, Hampumep,
SnO, ¢ nobaskamu ZnO [6].

Ilenb ctaTbu — MccClien0BaTh BAUSIHUE 3JIEMEHTHO-
ro cocrana IjaeHok (Sn0O,) (Zn0O), _ ,npu x=0...0,5
Ha UX 2J1eKTpoU3MYEeCKUe CBONCTBA U OLICHUTh BO3-
MOXXHOCTH TTPUMEHEHUST MHOTOKOMITOHEHTHBIX MeTall-
JIOOKCUAHBIX TUICHOK B U3AEIUSIX MPO3PAYHOMN 3J1EKT-
POHUKM.

MaTepHaJII)I H METOAHUKA IKCHEPHUMEHTA

Ha nmepBoM 3Tame M3roToBjeHUs] TOHKUX TLJIEHOK
(Sn0,),(Zn0O); _ , ruapOTEPMATLHBIM METOLOM ObLIN
cuHTe3upoBaHbl nopouwku ZnO (99,97 %) u SnO,
(99,97 %) c pazamepom 3epeH 7 1 4,8 HM COOTBETCTBEH-
HO [6]. 3aTeM U3 MOPOIIKOB METAIOOKCHIOB METO-
JIOM CYXOTro IpeccoBaHUsI ObUIM M3TOTOBJIIEHBI Kepa-
MUYECKHE HaBeCKU pa3MepoM 1X7,5 cm.

Kepamnyeckue Hasecku ZnO u SnO, 6bu11 chop-
MUPOBaHbl B HAOOPHYIO MUILEHb [7] A1 MOHHO-JIy-
yeBOro pacnbuieHus [8]. MuileHb HMMeeT OOIIYIO
IJIMHY 27 ¢M, IIMPUHY 7,5 CM 1 COIepXUT 23 HaBECKU
ZnO u 4 nasecku SnO, (puc. 1). B kayectse nmomio-

JKeK JUIS HAITbUICHUS TIJICHOK MCIIONb30BaIMCh CTEKIIA
JJIS1 MUKpoIipenapartoB (2,5% 7,5 cM), CIIeKTp Npomyc-
KaHUS KOTOPKIX U3BeCTeH. [10110KK1 3aKpeIUIsInCh B
YCTaHOBKE pacIblIeHUs] Ha paccTostHUM 80 MM Tapai-
JIeJTbHO MUIIIEHU. PacTipiieHre MUIIIEHN TIPOBOIMIIOCH
B aTMoc(epe aproHa moj JaBjJeHUEeM 6 X 1074 Topp.
Bpemsa npouecca — 300 MuH mpu TemIiepaType ITOA-
noxxku 80 °C.

PeHTreHoBCcKMiT MUKpOaHaIU3 00pa3loB OCYIIECT-
BIISUICSI METOJOM SHEProAMCIEPCUOHHOTO aHalln3a
BTOPMYHBIX 3JIEKTPOHOB Ha mpuoope JXA-840 B cie-
JIVIOIIEM pexXuMe paboThl: YCKOPSIIOIee HaIpsKeHUe
ot 10 oo 15 k3B, nuaMmerp myuka nopsiaka 1 MKM, TOU-
HOCTH OTIpEIeICHUST 3JIEMEHTHOTO COCTaBa TMOpPSIIKa
0,01 aT. % I1s1 TSXKENBIX METAJLIOB.

HM3mepenre TONIWHBI HAIBUICHHBIX 00pas3lioB
MMPOBOIMIOCH Ha MHTEepGEPEHIIMOHHOM MUKPOCKOIIE
MHUHN-4.

IToBepXHOCTHOE COIPOTUBIIEHHE TOHKMX ILJIEHOK
U3MEPSJIOCh YETHIPEX30HA0BBIM METOAOM Ha YCTAHOB-
ke IINYC-4. 11 onpeneneHns yaeJIbHOTO COIIPOTUB-
JICHUSI TIOBEPXHOCTHOE COMPOTUBIIEHNE YMHOXKAJIOCh
Ha TONIIWHY TUTeHKU. [Inana3oH n3MepeHUil TTOBepX-
HOCTHOI'O COIIPOTUBJIEHUSI COCTaBUII O,l...lO7 Om/O ¢
MOTPEITHOCThIO +4,5 %. PaccrossHne Mexay 30HIaMU
B YETBIPEX30HI0BOM rojoBKe paBHO (1 + 0,02) mM.

CreneHb KpUCTALIM3allUM OOpas3LoB U

MX (a30Bblii COCTaB MCCIEAOBAINCH METO-

| = |

% o ©3 b el w e~ w [=:3 9 o
[ F g g 2 E £ E: £ 2 ] [ oM peHTreHoBcKoil audpakuuu (XRD) Ha
| g = § = o = = §' § g |
| ¢ i 3 g | 8| 8§ | & ] g8 | 8 . cnekrpomerpe Bruker 2D Phazer.

3 3 g § 3 3 3 g g o
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: : popenbede MCCIeayeMbIX TOHKUX TLUICHOK.
107 I Paspelraioniasi cnocoOOHOCTh TaHHOIO Me-
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ol 2 3 4 5 6 7 8 10 1 1O BepTUKauM. Busyaniusanusi IpOBOAM-
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Puc. 1. Pacnpenenenue aTtoMoB 0/10Ba, IMHKA W KHCJIOPOAAa B IUIEHKAaX Pe3yabTaThl H HX 00CYXKIEHHE

(Sn0,) (ZnO); _ ,; B HIDKHEl YACTH PHCYHKA PACIOJIOKEHA CXeMa pa3MelleHus

HaBecok ZnO u SnO, Broxs vumenu. B BepxHeii 9acTu puCyHKa NOKa3aHo pac-
MOJIOJKEeHNe 00PA3IOB M MX YIJIOBbIX (DPATMEHTOB LIS IJEMEHTHOTO AHAIN3A

Fig. 1. Distribution of the atoms of tin, zinc and oxygen in (Sn0,) (Zn0); _ | films;
the bottom part of the figure depicts placement of Zn O and Sn O, shots along the target.
The top part of the figure presents arrangement of the samples and their angular

fragments for an element analysis
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YCTaHOBJICHO, YTO CPEIHSS TONILIMHA Ha-
NBIJIEHHBIX TJIEHOK (SnO,) (Zn0), _ , co-
crapmsier 2,9 = 0,1 MKM, clemoBaTeIbHO,
CpemHSISI CKOPOCTh pOCTa TIJICHOK He TIPEBHI-
LIACT Vg, = 10 HM/MUH.




Ha puc. 1 npuBeneHsI pacnpeaene-
HME 3JIeMEHTHOTO COCTaBa aTOMOB Z1,
Sn u O B o6pasmax Ne 1—10 (BepxHsst
YacTh PUCYHKA) M pa3MellleHUe HaBe-
cok ZnO u SnO, B10JIb pacbUIAEMOIA
MUILIEHU (B HUXKHEM YacTU PUCYHKA).
AHa3 3JIEMEHTHOTO COCTaBa HaITbI-
JIEHHBIX 00pa31oB IM0Ka3aJl, YTO B 00-
JJaCTU C MaJIbIM YMCJIIOM HaBEeCOK
SnO, (B o6pasuax Ne 6—10) KoH1IEH-
Tpaiusi aTOMOB 0JIOBa MEHsIeTcsl oT 4
no 1 ar. %, yto coorBeTrcTBYET 12 M
3 ar. % SnO, cooTBeTCTBEHHO. B 00-
Jlacti obpasoB Ne 1...4, roe nMeror-
cd TPU HaBEeCKM OKCHUAA OJjioBa U
10 HaBecOK OoKCHJa LIMHKA, KOJUYec-
TBO LIMHKA IIPMMEPHO B JIBa pa3a 00JIb-
e KonmdectBa ojioBa (30 ar. % Zn u
16 at. % Sn cootrBeTcTBeHHO). Pac-
MpeneieHue 3JeMEHTOB Sn U Zn o
BceM obpasiam cocTaBuio ot 16,53 o
0,96 ar. % nns onoBa u ot 28,66 MO
48,64 at. % nng Zn, 94TO OTpPaXKEeHO B
tabis. 1. Takum oOGpa3oM, BEIOpaHHOE
pa3MeleHre KepaMUIeCKUX HaBeCOK
ZnO un SnO, B COCTaBHOW MULIEHU
ITO3BOJIMJIO M3rOTOBUTH HAOOp obpas-
1oB (Sn0,) (Zn0O); _ , co 3HAYECHU-
mu x = 0,03...0,5.

I[lo maAHBIM peHTreHO(ha30BOTO
aHajiM3a BCE HambUICHHBIE ILICHKU
UMeI aMOpGhHYIO CTPYKTYpY.

Ha puc. 2 u B 1a01. 2 1j1s1 00pa3uoB

n B 7|8|9.11|12|13|14|15.1?||8|(B|2[I|21|22|23|2d|25|23|2?|
[ ]zno [ sno:

Puc. 2. 3aBucumocts koHuentpanyu 7 (1) (JieBasi ocb), a TAKIKE NOJBIMIKHOCTH HOCUTEJIEH 3a-
pana p (2) u yaenbHoro conpotussienus p (3) (mpasas och) B mienkax (Sn0,),(ZnO), _
OT 3JIEMEHTHOTO COCTaBa J10 OTXKura. Pa3menienne o0pa3uoB npuBeAeHO BBEPXY U HABECOK
ZnO n SnO, BHH3Y pHCYHKA
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Fig. 2. Dependence of concentration n (1) (left axis), and also mobility of the charge carriers
4 (2) and specific resistance p (3) (the right axis) in (Sn0y)(Zn0); _ | films on the element
composition before annealing. Placement of the samples is presented in the upper part and of
Zn0 and SnO, shots in the lower part of the figure

Ne 2—9 npuBeaeHbl 3HAYEHUS yIEJIbHBIX COMPOTUB- JIelt 3apsiga, onpeneneHHbIX U3 3¢ dekTa Xomna. Kak
JIeHUI, u3MepeHHbIX 1o Metoay Ban nep Ilay, a Takke BUJHO Ha PUC. 2, BJIEKTPOCONPOTUBIIEHNE aMOP(hHBIX
3Ha4YCHUA KOHHGHTpaHI/Iﬁ U TIOABMXXHOCTEN HOCHUTE- IIJICHOK MOHOTOHHO CHUMXKAC€TCA OT p = 14,5 OM: cM
Tabauua 1
Pacnpenenenne konnenTpanuu atomMoB Zn, Sn 1 O B 3aBHCHMOCTH OT HOMepa 00pa3ua v nojoxenus Ha mumenn ZTO
Distribution of the concentrations of Zn, Sn and O atoms depending on a sample’s number and position on ZTO target foble !
Zn, at. % 28,66 30,73 27,21 27,84 36,64 40,7 41,48 44,11 46,31 46,63 48,64
Sn, at. % 13,78 16,53 14,86 13,72 13,89 10,03 6,85 3,95 1,77 0,97 0,96
0O, at. % 54,18 54,97 57,19 57,91 48,42 48,46 51,07 51,31 51,27 51,99 49,9
No of sample 1,1 1,2 2 3 4 5 6 7 8 9 10
d, cm. 0 2.5 5 7,5 10 12,5 15 17,5 20 22,5 25
Tabnuua 2
Pacnpenesenue yaeabHOro CONpOTHBJIEHNs p, KOHIEHTPAIMHA 71 M NOABHKHOCTH | HOCHTeJNIel 3apana B odpasnax (Sn0,),(Zn0),_, no orxura
Distribution of specific resistance p, concentration n and mobility u of the charge carriers in samples (Sn0,)(Zn0);_, before annealir]t:ble ?
Sn, at. % 14,86 13,72 13,89 10,03 6,85 3,95 1,77 0,97
Ne of sample 2 3 4 5 6 7 8 9
p, Q-cm 14,5 9 9 0,39 0,1 0,1 0,2 0,07
w, cm?/V+s 7 17 10 18 45 120 116 150
Hy, cm 3 6- 1016 4-10' 6-10'° 9-10"7 1-10" 5-10"7 3- 10" 6-10"7
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Puc. 3. CnexkTp npomyckanusa TOHKMX mienok (SnO,).(ZnO), _ ,
(odpa3upt Ne 5 — Ne 7)

Fig. 3. Transmission spectrum of thin films (Sn05),(Zn0); _ . (samples
Ne5— Ne7)

Ha obpasie Ne 2 (50 at. % SnO,) no p = 0,07 Om - cm
Ha obpasue Ne 9 (3 ar. % SnO,). Tak ke MOHOTOHHO
C YMeHbLIEHMEM KoHUeHTpauuu SnO, B IUIEHKax
(Sn0O,) (Zn0O); _ , BO3pacTaeT B HECKOJILKO pa3 MoJ-
BUXKHOCTb HOCUTEJIEH 3apsiaa.

Haubonee mHTEpecHO B HCCeIOBAaHHBIX aMopd-
HBIX MIeHKax (Sn0O,) (Zn0); _ , moBeleH1e KOHIIEH-
TpauMu HOCUTENIel 3apsiia, KOoTopasi M3MEHseTCsl OT
(4...6) - 1010 cm™3 B obpasiax No 2—4 (comepkaHue
Sn0O, 50 u 40 at. % cootsetctBenHO) 10 1018 cM™> B
ob6pasuax Ne 5 (30 at. % SnO,) u Ne 6 (20 at. % Sn0O,),
3aTeM CHMXaercs 10 ypoBHS (3...6) + 107 M3 B 06-
pasuax Ne 7—9 (12 u 3 ar. % SnO, cOOTBETCTBEHHO).
Takoe nmoBeneHNE MOXET OBITh O0YCJIIOBIEHO M3MEHE-
HUSAMU (ha30BOTO COCTaBa CUHTE3WPOBAHHEIX TUIEHOK.

B o6pasuax (SnO,) (Zn0O), _ , ¢ GonplmM cozep-
xkaHueM SnO, (6osee 20 at. %) paHee ObLIM OOHapyxe-
HBI IB€ MHOTOKOMITOHEHTHBIE KpHUCTaTIecKue (Gop-
MBI, @ UMEHHO TPUTOHAJIbHBINA UIbMEHUT (ZnSnOy3) [9]
u Kybuyeckas wmnuHenb (Zn,SnOy) [10]. Pasza uib-
MEHMTa 00JialaeT OrpaHUYEHHOU TepMUYECKOl cTa-
OMJILHOCTBIO U, HAalpUMep, B 0ObEMHBIX 00pa3ax Ime-
pexon u3 dasel ZnSnO3 B dasel Zny,SnOy4 1 SnO, Ha-
omomaercd npu temneparype Huke 600 °C, HO cKoO-
pocTh Tepexona odeHb Maja [9]. Kak Obu1o mokasaHo
panee [10], mupuHa 3anpeleHHOM 30HbI Zn,Sn0,4 co-
crapisiet 3,35 3B. Takum o6pa3oM, B COOTBETCTBUMU C
cootHoweHusAMHU a3 ZnO u SnO, MOXHO Ipeano-
JIOXUTb, 4TO TIeHKU (oOpasubl Ne 2...4) comepxar
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Puc. 4. CnexTpbl norjomenns TOHKUX niaenok (Sn0,),(ZnO); _ .
(o0pa3upt Ne 5 — Ne 7) nasi npsiMO30HHBIX (DYHIAMEHTAJIBHBIX Te-
PeEX0I0B B KOOPAMHATAX (czhv)2 = flhv)

Fig. 4. Spectra of absorption of thin films (SnO,) (Zn0),; _ . (samples

No 5 — No 7) for the direct band fundamental junctions in (cah V)z =f(hv)
coordinates

I nm

Puc. 5. Mukpopeabed Tonkoii nienkun ZnO—SnO, ¢ KoHuenTpanuei
aromoB Sn 10,11 ar. %, Zn 41,03 ar. % (a); npoduab pacnpeneneHust
HEOIHOPOIHOCTEl moBepxHOCTH (HM) IieHKH (o0pazen Ne 8) (b)

Fig. 5. Microrelief of the thin film of ZnO—SnQO, with the concentration

of atoms of Sn of 10.11 at. %, of Zn of 41.03 at. % (a), profile of distribution
of the surface heterogeneities (nm) of the film (sample Ne 8) (b)




amopdnyio pasy ZnSnOj; (cootHoueHue Zn0O:SnO, peibeda (a) u npoduss pacnopeneaeHUsI HEOAHOPOI -

Kak 1:1), a oopasusl Ne 5...7 comepkat amopdHyto da- HocTell moBepxHOCTU (b) (oOpaszen, Ne 8§ — KOHLIEHT-
3y Zn,Sn0, (cootHowenue Zn0O:Sn0O, kak 2:1), Ko- pauus atomoB Sn 10,1 at. %, Zn 41,0 at. %). Ha uc-
TOpasi XapaKTepU3yeTcsl JOCTATOYHO HU3KMMU 3Have- cJiefOBaHHOM TIJIOLIAAM TMepenaj BhICOT penbeda co-
HUSIMU YAEJIBHOTO COIIPOTUBIECHUS U MOXKET OBITh HC- craBuj nopsaka 14 uM. I1o npoduiio pacnpeneneHus

ITOJIb30BaHa B aMOpGHOM BUIE IS
HM3TOTOBJICHUS TIPO3PAYHBIX TTPOBO-
ISIIIAX CJIOEB B (DOTOBOJIBTANKE WU
MPOBOISIIMX MCTOKA, CTOKA M 3a-
TBOpa TOHKOIIJICHOYHOTO ITOJIEBOTO
TpaH3ucTOpA.

OnTuyeckne CBOMCTBA aMopd-
HBIX TUIEHOK (SnO,),(Zn0); _ | pas-
HOTO COCTaBa OLIEHUBAINCH C TOUYKHU
3peHUs] MX TMPO3PayHOCTU B BUIM-
MOM OVana3oHe CBeTa M 3HAYCHMI
IIMPUHBI 3ampelleHHoi 30HbBI. Ha
puc. 3 TIpuBeIeHBI CIIEKTPHI TIPOITYC-
KaHus obopasuoB Ne 5..7, comepxka-
wmx ¢asy Zn,SnO4. O6HapyXKEHO,
YTO MPO3PAYHOCTh BCEX OOPa3lOB B
BUIMMOM IHMarna30He MMeeT 3Haue-
ausa T = 70..90 %, naubonbiieit
npo3pauHocteio T = 90 % xapakre-
pusyetcst oopazerr Ne 5. M3 uHTep-
(hbepeHLIMOHHOM YacTH CIeKTpa Ipo-
IMyCKaHMS BBINTOJTHEHA OILIEHKAa 3Ha-
YeHU KO3(D(UIIMEHTOB Ipenomiie-
HUSI HCCIEeIOBaHHBIX TIeHOK [11],
KOTOpBI€ paBHBI # = 2,3 111 o6pasua
Ne 5, n = 2,6 g obpasua Ne 6 u
n = 2,3 mig obpasna No 7.

CrieKTpsl TIOTJIOIICHUST B KOOP-
JUHAaTax (cxhv)2 = f(hv) nnst 3THX 00-
pa31oB IpuBeneHbI Ha puc. 4. Ycra-
HOBJICHO, 4YTO CIIEKTp MOIJIOIICHUS
IJICHOK XOPOIIIO CIIPSMIISIETCS B KO-
opauHaTax (ahv)2 = f(hv), 4yTO CBU-
JIETSIBCTBYET O TIPSIMBIX MEX30H-
HbIx nepexoaax [1]. [upuHa 3ampe-
IIeHHON 30HBI 00pa3moB No 5—7
coctaister 3 £ 0,1 3B n ymeHbia-
€TCS 10 Mepe POCTa KOHIIEHTPALNHU
Zn B obpazuax. ITonydyeHHble 3HaUeE-
Hust AE, MeHblIe, YeM M3MEPECHHbIC
paHee y MaccUBHBIX oOpa3noB [10],
MMO-BUAVMOMY, M3-3a OOJIBIION Ie-
(GeKTHOCTM UM M30BbITKAa BaKaHCHUIA
KHCIOpOa B HAITbICHHBIX TUIEHKAX.

CkaHMpOBaHUE TTOBEPXHOCTH 00-
pasloB C MCMOJb30BAHUEM aTOMHO-
CHJIOBOTO MMKPOCKOTIA ITTO3BOJIMIIO
MOJYYUTh MPEACTaBICHUE O MUKPO-
peabede mccaeayeMbIX TOHKUX TTe-
HOK (Sn0O,) (Zn0O), _ ,. Ha puc. 5
TIPUBEICHBI M300paXkeHUs] MUKPO-
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Puc. 6. XRD anamm3 Tonkux mieHok (Sn0,),(ZnO); _ , nocxe orxura npu 7'= 580 °C B
Tedenne 6 u: a — obpaszer; Ne 2 ¢ cootHomenneMm ZnO u SnO, Kak 1:1; b — obpasen; Ne 5
¢ cootHoweHueM ZnO u SnO, kak 2:1; ¢ — obpasen Ne 9, conepxawmit 97 % ZnO

Fig. 6. XRD analysis of thin films (Sn0y)(Zn0); _ , after annealing at T = 580 °C during 6 h:
a — sample Ne 2 with correlation of ZnO and SnO, of 1:1; b — sample Ne 5 with correlation
of ZnO and Sn0O, of 2:1; ¢ — sample No 9, containing 97 % of ZnO

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 11, 2016 703



BBICOTHI HEOTHOPOJHOCTE MOXHO BU3yaJbHO OlIe-
HUTb pa3Mep MOBEPXHOCTHHIX arJioMepaToB, HAXOIsI-
IIMXCS Ha ITOBEPXHOCTU 00pa3lla, KOTOPhIA COCTaB-
qsteT oT 10 go 18 um. Ilpu ananuse oOpa3loB ¢ pas-
JuyHoi KoHueHTpauueir ZnO u SnO, ObUIO BbIAC-
HEHO, YTO IIpW YBEJIWYEHUM OOJM OKCHAA IIUHKA B
o0pa3uax 1epoxoBaTOCTh MOBEPXHOCTH INIEHKU CHU-
KaeTcs.

JnuUTeNnbHBI BBHICOKOTEMIEPATYPHbIM OTXUI Ha
BO3/yXe METAJIOOKCUIHBIX TUIEHOK MTPUBOAUT K UX A0-
OKMCJICHUIO ¥ KpUcTaum3amuu [6]. Hampumep, mieHKa
SnO, KpucCTaLIM3yeTCs MOC/e HECKOJIbKMX YacOB OT-
kura Ha Bozayxe npu 500 °C, a miaeHka ZnO Kpucrai-
nm3yetcd nipu Temneparypax Boie 570 °C. Ha puc. 6
npencrasieH XRD ananus mieHok (Sn0,) (Zn0); _
(oopasubl Ne 2, Ne 5 1 Ne 9) nocyie oTkura rmpu TeM-
repatype 580 °C B TeueHue 6 4. Y Bcex o6pa3ioB Ioc-
JIe OTKWTa YBEeJIMYMJIACh MPo3pavyHocTh Ha (5...10) % u
BO3POCIIO 3JIEKTPOCONPOTUBICHNE 3a CUET JOOKHUCIIE-
HUS TJICHOK Ha BO3IyXe.

O6pazenr Ne 2 (puc. 6, a), comepxKalluii BIBOE
OoJblle aTOMOB Zn 1O CPaBHEHUIO C aTOMaMM OJIOBa,
TOJIbKO HayaJl KpUCTAJUIM30BaThesl B (pase Zn,SnOy,
OCTaBasiCb B OCHOBHOM B aMOp(HOM COCTOSTHUM. To
ecTtb amopdHasa ¢dasa Zn,SnO4 NpPOABIAET BLICOKYIO
ycToM4MBOCTh ITpu BbICOKUX (580 °C) temmeparypax.
PentreHoBckuii criekTp obpasua Ne 2 (puc. 6, a) cBu-
JIeTeJIbCTBYET O er0 aMOpP(GHOM COCTOSSHUU C HEOOJIb-
LIMM NPUCYTCTBUEM KPUCTATINYECKOM (asbl ZnySnOy,.
D1H 06pa3LBl UMEIOT B CBOEM COCTaBe IPUMEPHO ONIH-
HakoBoe KonmyectBo ZnO u SnO, (1:1) u moryt co-
Jepxathb ¢asbl Kak mibMeHura (ZnSnQOs3), Tak U 1UI1-
Hemu (Zn,SnO,). OgHAKO Ha PEHTIEHOIPAMME Ha-
0JII0AI0TCS TOJNBKO c1abble MUKKU Zn,SnOy,, BO3ZMOX-
HO, U3-32 HU3KON TEPMUUECKON YCTOMYMBOCTU (pa3bl
ZnSnO5, nepexondileii Mpu TepMoodpadboTke B dasy
Zn,Sn0Oy [9].

O6pazerr Ne 5 xapaktepusyeTcsi COOTHOIICHUEM
Zn0O u SnO, Kak 2:1 u B ero cocraBe Haubosee BEPO-
ATHO npucyrctBue ¢asbl Zn,SnOy4. OTO npenmnoso-
XKEeHME TIOATBEPKAACTCS CTPYKTYPO PEeHTIeHOBCKOTO
criektpa (puc. 6, b), KOTOPHIil CBUICTENIECTBYET O Ha-
JIMYUU KPUCTAJUIMYeCKOi da3bl Zn,SnO4 M MHTEH-
CHUBHBIX peduiiekcax oT iockocreit (311) u (622).

IMnenka ZnO, conepxaiuas MeHee 3 aT. % SnO,,
nocje TepMooopadoTku Ha Bo3dayxe npu 580 °C B Te-
yeHHe 6 Y Havaja KpUCTajuIM3oBaThbes (puc. 6, c).
[upoxkue pedieKchl Ha peHTTeHOBCKOM CIIEKTPE yKa-
3bIBAIOT Ha MaJiblii pazMep 3epeH KpuctajioB ZnO.

Takum o0pa3zoM, 37eKTpodU3MYECKUe CBONCTBA
o00pasiioB Ne 5—Neo 7, Hanbosee MOIXOISIIINX IO CBO-
UM MapaMeTpaMm s MCHOJIb30BaHUS B IIPO3pavHO
BJIEKTPOHUKE, O0YCJIOBJICHbBI HAIMYMEM B UX COCTaBe
(aspl KyOnueckoil mmnuHenan Zn,SnO,.
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3akiouyeHune

ITnenku nepemenHoro cocrasa (Sn0,),(Zn0O); _ ,
¢ x = 0...0,5 uzroroBneHbl paclbUIEHUEM COCTABHOW
MMUILEHU U3 KepaMuuecKux ¢pparmeHTos ZnO u Sn0O,.
YcraHOBJIEH XapaKTep BIAWSIHUS 3JIEMEHTHOTO COCTaBa
MJIEHOK Ha UX 3JIeKTpUUYECKHEe U ONITUYECKUE CBONCTBRA
1 OOHaApyXeHO, YTO BCE IUJIEHKH B aMOP(HOM COCTO-
SIHUM MMEIOT BBICOKYIO 3JIEKTPOIPOBOIHOCTb U TMPO-
3pavyHOCTh B BUAVWMOM JHWAITa30HEe CBETa.

HauGoaplieit 3JeKTpOIpOBOAHOCTHIO 00Jaaal0T
rwieHku cocrasa (SnO,) (ZnO); _ , B COOTHOLIEHUU
2:1, nmpu KoTopoM obpasyeTcs aza KyOM4eCcKOo 1IIu-
Hesm Zn,SnOy. DTH MJIEHKU B aMOPGHOM BUIE MOTYT
HCTIOJIb30BATLCS B IMPO3PAUYHOI JIEKTPOHUKE B Kayec-
TBE MPOBOJSIIUX CJIOEB U MOKPHITUIA JIMOO B KAUeCTBE
MCTOKA, CTOKa 1 3aTBOPA TOHKOIUIEHOYHOTO TOJIEBOTO
TpaH3ucTOpA.

Paboma evinoanena npu gurancosoli noddepicke 20-
cydapcmeeHH020 3a0aHUS MUHUCMEPCMBAa HAYKU U 00pa-
3o06anus PO epanm Ne 3.574.2014/K na evinoanenue na-
VUHO-UCCAe008aMeAbCKOU pabombl 6 cihepe HAYUHOU Oe-
AMEAbHOCMU.
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Electrophysical Properties of (SnO,),(ZnO), _, (x = 0...0.5) Films
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Thin films of variable composition (Sn0,)(Zn0); _ . (x = 0 0.5) were prepared in the Ar environment by the method of ion-
beam sputtering of targets composed from SnO, and ZnO bars. The influence of the element composition of (Sn0,),(Zn0); _ .
(x = 0...0.5) films on their structure, electrophysical and optical properties was investigated. The optimal proportions of zinc and
tin oxides for application of the films in the devices for transparent electronics were determined.
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Introduction

Wide-zone metal-oxide semiconductors of SnO,,
ZnO, In,05 have the width of the forbidden zone more
than 3 eV [1], they are transparent in the visible spec-
trum and are applied for manufacture of the solar ele-
ments [2], transparent current-carrying coatings [3],
field transistors [4], gas sensors [5] and other products.
For use of the oxide semiconductors in the microelec-
tronic devices the materials of the films should have
concrete parameters and meet certain requirements to
the concentration and mobility of the charge carriers,
and also to the transparency in the visible range of the
optical spectrum. The electric properties of the metallic
oxides can be changed due to doping, use of impurities
or synthesis of multicomponent oxides, for example,
SnO, with additives of ZnO [6].

The aim of the article is to investigate the influence of
the composition of films (SnO,) (ZnO),; _ ,atx=0...0.5
on their electrophysical properties and to estimate a
possibility of application of the multicomponent me-
tallic oxide films in the products of transparent elec-
tronics.

Materials and methods of the experiment

At the first stage of production of (SnO,) (ZnO); _ ,
thin films by the hydrothermal method the powders of
Zn0 (99.97 %) and SnO, (99.97 %) were synthesized
with the grain sizes of 7 and 4.8 nm [6]. Then ceramic
shots (1x7.5 ¢cm in size) were made from the powders
of the metallic oxides by the method of dry pressing.

The ceramic shots of ZnO and SnO, were formed
into a composite target [7] for the ion-beam scattering
[8]. The target had length of 27 cm, width of 7.5 cm
and contained 23 shots of ZnO and 4 shots of SnO,

(fig. 1). Glasses were used as substrates for the micro-
preparations (2.5%7.5 cm) with the known transmis-
sion spectrum. The substrates were fixed in the scat-
tering installation at the distance of 80 mm, parallel to
the target. The target scattering was done in the argon
atmosphere under pressure of 6 X 1074 Torr. The proc-
ess time was 300 min at the substrate temperature of
80 °C.

The X-ray microanalysis of the samples was carried
out by the energy-dispersive analysis of the secondary
electrons on JXA-840 device in the following mode: the
accelerating voltage was from 10 up to 15 keV, the di-
ameter of the beam was about 1 micrometer, the accu-
racy of the element composition was about 0.01 at. %
for the heavy metals. Measurement of the thickness of
the deposited samples was done on MII-4 interferential
microscope. Surface resistance of the thin films was
measured by the four-probe method on TsIUS-4 in-
stallation. For determination of the specific resistance,
the surface resistance was multiplied by the thickness of
the film. The range of measurements of the surface re-
sistance was 0.1...107 Q/0 with an error of £4.5 %. The
distance between the probes in the four-probe head was
equal to (1 £0.02) mm.

The degree of crystallization of the samples and their
phase composition was investigated by x-ray diffraction
(XRD) on Bruker 2D Phazer spectrometer.

The optical properties of the synthesized films were
investigated by means of SPEKS CPP-715M two-beam
spectrometer. The films’ transmission spectrum was de-
termined, on the basis of which the absorption coeffi-
cient was calculated and the width of the forbidden
zone of the metallic oxide films of different composi-
tions was defined.
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Scanning of the surface by FemtoScan — 001 atom-
ic-force microscope provided an idea about the micro-
relief of the thin films. The resolution power of the
method was 0.1...1 nm (horizontal) and 0.01 nm (ver-
tical). Visualization was done by means of the computer
graphics in the form of 3D- and 2D-images. Accuracy
of positioning of the needle was 2 A. Measurement er-
ror equaled to 2.5 %.

Results and their discussion

It was established that the average thickness of the
films (SnO,) (Zn0O), _ , was equal to 2.9 £ 0.1 um,
and the average speed of their growth did not exceed
Vep = 10 nm/min.

Fig. 1 presents distribution of the element compo-
sition of the atoms of Zn, Sn and O in samples No 1—
10 (upper part of the figure) and placement of the sam-
ples of ZnO and SnO, along the scattered target (lower
part of the figure). Analysis of the element composition
of the samples demonstrated, that in the area with a
small number of samples of SnO, (samples Ne 6—10)
the concentration of the atoms of tin varied from 4 to
1 at. %, which corresponded, accordingly, to 12 and
3 at. % of SnO,, In the field of samples No 1—4,
where there were three shots of tin oxide and 10 shots
of zinc oxide, the quantity of zinc was approximately
twice as much as that of tin (30 at. % of Zn and 16 at.
% of Sn). Distribution of Sn and Zn in all the samples
was from 16.53 up to 0.96 at. % of tin and from 28.66
up to 48.64 at. % of Zn (table. 1). Thus, the chosen
placement of the ceramic shots of ZnO and SnO, in a
compound target allowed to make a set of samples
(Sn0,) (Zn0O), _ , with values of x = 0.03...0.5.

According to the data of the X-ray-phase analysis,
all the films had an amorphous structure. Fig. 2 and table
2 present for samples Ne 2—9 the values of the specific
resistance measured by the method of Van der Pauw, and
also the values of the concentrations and the mobility of
the charge carriers defined from the effect of Hall. Ap-
parently, the electrical resistance of the amorphous films
monotonously decreases from p = 14.5 Q - cm on sample
Ne 2 (50 at. % of SnO,) down to p = 0.07 Q- cm on
sample Ne 9 (3 at. % of SnO,). In the same monoto-
nous way, with the reduction of the concentration of
SnO, in (SnO,) (Zn0O), _ , films the mobility of the
charge carriers increased several times.

Of most interest in (SnO,) (Zn0O), _ , amorphous
films was the behavior of the concentration of the
charge carriers, which changed from (4...6) * 10'® cm ™3
in samples Ne 2—4 (content of SnO, 50 at. % and
40 at. %) up to 10'® cm™3 in samples Ne 5 (30 at. % of
SnO,) and Ne 6 (20 at. % of SnO,), then decreased
down to the level of (3...6)- 107 ¢cm™3 in samples
Ne 7—9 (12 at. % and 3 at. % of SnO,, accordingly).
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Such a behavior could be caused by the changes in the
phase composition of the synthesized films.

In samples (SnO,) (Zn0), _ , with a big content of
SnO, (over 20 at. %) two multi-component crystal
forms were discovered earlier, namely, trigonal ilmenite
(ZnSnO3) [9] and cubic spinel (Zn,SnOy,) [10]. The
phase of ilmenite had a limited thermal stability and,
for example, in the volume samples a transition from
the phase of ZnSnOj into the phases of Zn,SnO, and
SnO, was observed at temperature below 600 °C, but
the speed of the transition was very slow [9]. As it was
demonstrated above [10], the width of the forbidden
zone of Zn,SnO, was 3.35 eV. Thus, according to the
correlations of the phases of ZnO and SnO, it is
possible to assume, that the films (samples Ne 2...4)
contained the amorphous phase of ZnSnOj5 (correla-
tion of ZnO:SnO, was 1:1), and samples Ne 5...7 con-
tained the amorphous phase of Zn,SnOy (correlation of
Zn0:Sn0O, was 2:1), which was characterized by rather
low values of the specific resistance and could be used
in the amorphous form for manufacturing of the trans-
parent conducting layers in photovoltaics or the con-
ducting source, drain and gate of a thin-film field
transistor.

The optical properties of the amorphous films
(Sn0O,) (Zn0), _ , of different compositions were es-
timated from the point of view of their transparency in
the visible range of light and values of the width of the
forbidden zone. Fig. 3 presents transmission spectra in
the visible range of light of samples Ne 5...7, contain-
ing phase Zn,SnO,. It was discovered that the trans-
parency of the samples in the visible range had values
of T = 70..90 %, and sample Ne 5 had the highest
transparency of 7= 90 %. Concerning the interferen-
tial part of the transmission spectrum an estimation was
done of the values of the refraction coefficients of the
films [11], which were n = 2.3 for sample Ne 5, n = 2.6
for sample Noe 6 and » = 2.3 for sample Ne 7.

The absorption spectra in the co-ordinates
(onhv)2 = f(hv) for these samples are presented in fig. 4.
It was established that the absorption spectra of the films
was well rectified in the co-ordinates (ochv)2 = f(hv),
which testified to the presence of straight inter-zone
junctions [1]. The width of the forbidden zone of
samples No 5—7 had the value of 3 * 0.1 eV and it
diminished with the growth of concentration of Zn in
the samples. The obtained values of AEg were smaller
than the ones of the earlier measured massive samples
[10], apparently, due to the higher defectiveness and
excessive vacancies of hydrogen in the deposited
films.

Scanning of the surfaces of the samples with the use
of an atomic-force microscope provided an idea
about the microrelief of the investigated thin films
(Sn0O,) (ZnO), _ ,. Fig. 5 presents the microrelief im-




ages (a) and the profile of distribution of the surface
heterogeneities (b) (sample Ne 8 — the concentration
of the atoms of Sn was 10.1 at. %, of Zn — 41.0 at. %).
On the area the difference in the relief heights was
about 14 nm. By the profile of distribution of the
height heterogeneities it was possible to estimate the
size of the surface agglomerates, which was from 10 up
to 18 nm. As a result of the analysis of the samples with
various concentrations of ZnO and SnQO, it was found
out, that with an increase of the share of zinc oxide in
the samples the roughness of the film surface de-
creased.

A prolonged high-temperature annealing of the
films in the air leads to their additional oxidation and
crystallization [6]. For example, SnO, film crystallizes
after several hours of annealing in the air at 500 °C, while
ZnO film crystallizes at the temperature over 570 °C.
Fig. 6 presents XRD analysis of (SnO,)(ZnO), _ ,
films (samples Ne 2, Ne 5 and Ne 9) after annealing at
580 °C during 6 hours. After annealing the transparency
of all the samples increased by (5...10) % and so did the
electrical resistance due to additional oxidation of the
films in the air.

Sample Ne 2 (fig. 6, a) containing twice as much of
Zn atoms in comparison with the atoms of tin, just
started to crystallize in Zn,SnO, phase, remaining in
the amorphous state. That is, the amorphous phase
of Zn,SnO, demonstrates high stability at tempera-
tures up to 580 °C. The x-ray spectrum of sample No 2
(fig. 6, a) testifies to its amorphous state with a small
presence of the crystal phase of Zn,SnO,4. These sam-
ples have in their composition roughly the same quan-
tity of ZnO and SnO, (1:1) and may contain ilmenite
(ZnSn0O3) and spinels (Zn,SnO,4). However, only weak
peaks of Zn,SnO, are observed in the roentgenogram,
probably due to a low thermal stability of ZnSnO; dur-
ing transition to Zn,SnO, phase [9].

Sample Ne 5 is characterized by correlation of ZnO
and SnO, of 2:1, and presence of Zn,SnO,4 phase is
most probable in its composition. This assumption is
proved by the X-ray spectrum (fig. 6, b), which testifies
to the presence of the crystal phase of Zn,SnO,4 and
intensive reflexes from the planes (311) and (622).

ZnO film, containing less than 3 at. % of SnO, after
a thermal processing in the air at 580 °C during 6 hours,
began to crystallize (fig. 6, ¢). The wide reflexes in the
X-ray spectrum point to the small dimensions of ZnO
crystal grains.

Thus, the electrophysical properties of samples
No 5—No 7, the most suitable by their parameters for
the transparent electronics, are explained by the pres-
ence in their composition of the phase of the cubic spi-
nel of Zn,SnOy,.

Conclusion

Films of variable composition of (SnO,) (Zn0O); _ |
with x = 0...0.5 were made by scattering of a compound
target from the ceramic fragments of ZnO and SnO,.
The authors established the character of the influence
of the element composition of the films on their elec-
trical and optical properties and discovered that all the
films in the amorphous state had high electroconduc-
tivity and transparency in the visible range of light.

Films of (SnO,)(Zn0), _ , composition had the
highest electroconductivity in correlation of 2:1, at
which the phase of the cubic spinel of Zn,SnO, was
formed. These films in an amorphous form can be used
in the transparent electronics as the conductor layers
and coverings, or as a source, drain and gate of a thin-
film field transistor.

The work was carried out with the financial support for
R & D of the Ministry of Science and Education of the
Russian Federation (grant Ne 3.574.2014/K).

References

1. Wager J. F. Transparent electronics, Science, 2003,
vol. 300, pp. 1245—1246.

2. Ooa T. Z., Chandrab R. D., Yantaraa N., Prabhakarb R. R.
Zinc Tin Oxide (ZTO) electron transporting buffer layer in in-
verted organic solar cell, Organic Electronics, 2012, vol. 13,
pp. 870—874.

3. Minami T., Nanto H., Shooji S., Takata S. The stability
of zinc oxide transparent electrodes fabricated by R. F. magne-
tron sputtering, Thin Solid Films, 1984, vol. 111, pp. 167—174.

4. Gorrn P., Holzer P., Riedl T., Kowalsky W. Stability of
transparent zinc tin oxide transistors under bias stress, Appl. Phys.
Lett., 2007, vol. 90, pp. 063502.

5. Lampe V., Muller J. Thin film oxygen sensors made of re-
actively sputtered ZnO, Sens. Actuators, 1989, vol. 18, pp. 269—284.

6. Rembeza S. 1., Kosheleva N. N., Rembeza E. S., Svis-
tova T. V., Plotnikova E. Ju., Suvaci E., Ozel E., Tuncolu G.,
Agiksari C. Fizika i tehnika poluprovodnikov, 2014, vol. 48, no. 8,
pp. 1147—1151 (in Russian).

7. Rembeza S. 1., Kosheleva N. N., Rembeza E. S., Svis-
tova T. V., Plotnikova E. Ju., Agapov B. L., Grechkina M. V.
Nano- i mikrosistemnaja tehnika, 2014, vol. 8, no. 8, pp. 32—36
(in Russian).

8. Zolotuhin 1. V., Kalinin Ju. E., Stognej O. V. Novye
napravlenija fizicheskogo materialovedenija (New directions of
physical materials science), Voronezh, VGU, 2000, 360 p.
(in Russian)

9. Kovacheva D., Petrov K. Preparation of crystalline
ZnSnO; from Li,SnO; by low-temperature ion exchange, Solid
State Ilonics, 1998, vol. 109, pp. 327—332.

10. Young D. L., Moutinho H., Yan Y., Coutts T. J. Growth
and characterization of radio frequency magnetron sputter-de-
posited zinc stannate, Zn,SnQy, thin films, J. Appl. Phys., 2002,
vol. 92, pp. 310—319.

11. Rembeza S. I., Sinel'nikov B. M., Rembeza E. S., Kar-
gin N. N. Fizicheskie metody issledovanija materialov tverdo-
tel'noj jelektroniki (Physical research methods of materials solid
state electronics), Stavropol: SevKavGTU, 2002, 432 p.
(in Russian)

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 11, 2016 707



VK 621.382.032.21

T. A. JaumamHa, KaHa. TexH. HayK, npod., e-mail: dantil23@mail.ru, . A. YncroenoBa, KaHa. TeXH. HayK,
moir., e-mail: innachist@mail.ru, A. A. IlonoB, cTyneHT, e-mail: part.94@yandex.ru
ToMCcKMiT rocymapCTBEeHHBI YHUBEPCUTET CUCTEM YITPABICHNST W PamUO3JIEKTPOHUKH, T. TOMCK

OOPMUPOBAHUE MUKPOPEABE®A U UCCAEAOBAHUE ETO BAUAHAA
HA KOOOOUUUNEHT ONTUYHECKOTIO BbIBOAA CBETOAUOAA

HA OCHOBE GaN

Ilocmynuna é pedaxyuro 10.05.2016

Hccnedosaro eausuue npoceemasrouux NOKPuIMULL HA C8emosvleodaueli nosepxHocmu ceéemoduoda Ha ocHose GaN npu Ha-
AUMUU 8 HUX MUKDPOpeabeha pazau4Hol KOHpUaypayuu Ha Ko3Q@uuyuenm onmu4eckoo evi600a. Jns peuleHus noCmasieHHoU 3a-
0a4u paspadomana mexnono2us Gopmuposanus mukpopessedha é nokpbimusax Ha ochoge SiO, u peanu308aHo MooeaUpoBanue eauU-
AHUS Pa3Mepos U KOHQuU2ypayuu mMukpopervepa Ha Ko3ghguuyuenm onmu4eckozo ev/6004.

Karoueewie caosa: ceemoouoo na ochose GalN, mukpopenvedh, Mukpoocmpus, Ko3g@uuyueHm onmu4ecKozo 8uli800a, 31eKm-
POHHO-AYYe8as Aumoepagus, npamas KOHMaKmuas gomoaumoepapus, npoceemasrouue onmuyeckue nokpsimus, NEMO LED

BBenenune

B Hacrosiee BpeMs OQHOM M3 OCHOBHBIX 3a1a4 B
MCCJIENOBAHUY TIONYIIPOBOIHUKOBBIX CBETONMONOB Ha
OCHOBE HMUTpUJIA TajjIusg U €ro TBEPIABIX PaCTBOPOB
ABJISIETCA YBEJIMYEHHUE BHEIIHETO KBAHTOBOIO BBIXOJA
ceeroguona [1].

BHeniHuii KBAHTOBBIA BBIXO U3JTyYEHUS 1, CBE-
TOAMOAHOTO KPUCTAJLIA ONPEIEIAETC ABYMs OCHOB-
HBIMU TTapaMeTpaMu: BHYTPEHHUM KBaHTOBBIM BbIXO-
JIOM mM;,; 1 KO3(POULMUEHTOM ONTUYECKOTO BLIBOAA

Nextract
Next = NinMextract.

BDddekT MoJMHOro BHYTPEHHETO OTpaXKeHUs, 3a-
KJTIOYAIOIINICS B JIOKAIM3allMM CBeTa BHYTPU CTPYK-
TYpbl CBETOAMOMA, CHUXKAET BEPOSITHOCTh Bbixona dho-
TOHOB 3a TIpelesIbl MOJYIMpoBoAHUKA. [1osTOMYy BBO-
IUTCST KOIGhGUIIMEHT ONTUYECKOTO BbIBOIA W3JIyye-
HUsI, OTIpeaessieMblid KaK OTHOIIIEHUE Yucia POTOHOB,
MU3JYYEHHBIX CBETOAMOAOM, K yncay (OTOHOB, obpa-
30BaHHbIX B aKTUBHOW 00JIaCTU B €AMHUILY BPEMEHU
[2]. KoadduuueHT onTUIecKoro BEIBOA MOXHO Olle-
HUTH CJIEAYIOLIMM 00pa3oM:

n - _P/(hv)
extract Pint /( hv ) >

rae P — MOIIHOCTb ONTUYECKOrO M3JTYyYEeHUsI, BbIXO-
JALIEro 3a Ipeenbl ceeroamona; P, — MOLIHOCTb
OINTUYECKOTO U3JIyYeHUS] U3 aKTUBHOI 00J1acTh; hv —
9Heprus (POToHA.

Takum obGpa3oMm, 3(pdeKT MOJHOT0O BHYTPEHHEro
OTpaXkeHUsl Ha I'paHMIIe MaTepuasa ¢ BbICOKOW OMNTH-
YEeCKOU IJIOTHOCTHIO (IOJYMPOBOIHMKA) U MaTepua-
Jla ¢ HU3KOM ONTHUYECKOM TJIOTHOCThIO (candupoBoit
MOMIOXKN M (MJIM) BO3MyXa) SBISIETCS KIIIOYEBBIM
¢akTopoM, orpaHMYMBaIOIIUM 3¢ GEKTUBHOCTD BBIBO-
na ceta. 11 CBETOAMOMHBIX KPHUCTAJIJIOB Ha OCHOBE
InGaN/GaN-reTepocTpyKTyp KpUTUYECKUIA YyTOa CO-
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crapisieT ~23° (mokazatenu npenomaeHus GaN u can-
dupa coorBerctBeHHO 2,5 M 1,6). TakuMm o0paszom,
JIIIIb MaJiast yacTh (POTOHOB, MANAIOIIMX HA TPAHUILLY
paszmena IO yrjioMm, JieXamum B auanasode 0...23°,
CITOCOOHA TTOKUHYTh KPUCTAJLI.

INoBbIIeHWe BHEITHETO KBAHTOBOTO BHIXOIA M3JTY-
YeHHUS BO3MOXKHO 3a CUET CO3[JaHUs PACCEUBAIOIIMX
CBET MOBEPXHOCTEH M WCITOJIb30BaHUS ITPOCBETIISIO-
X ONTUYECKUX TTOKPBITHIA.

Ilenbio naHHOI paboOTHI sABIsIETCS pa3paboTka Tex-
HoJIoruKd (hOpMUPOBAHMUSI MUKpoOpeabeda B MPOCBET-
JITIOIINAX TIOKPBITUSX W MOIEIMpoBaHne Ko3(hGUIII-
€HTa ONTUYECKOTO BBHIBOIA.

TexHonorus ¢popmupoBanus MUKpopebeda
¢ MOMOIIBIO JJIEKTPOHHO-Ty4eBOi JuTorpadun

TexHonorust GopMupoBaHUSI MUKPOPEIbE(PHBIX I10-
BEPXHOCTEI B MPOCBETJISIIOIIMX MOKPHITUSIX pa3pada-
ThIBAJIACh Ha NMpuMepe MIeHoK SiO, ¢ UCTIONIb30BaHU-
€M BJIEKTPOHHO-JIYy4eBOM JUTOrpauy U KOHTAKTHOM
(otonutorpaduu. Criocod U3roTOBJIEHUST CBETOAMOA
C UCIIOJIb30BaHUEM MUKpOpebeda B IPOCBETIISIONIEM
MMOKPBITHH, TIOJIy4eHHOM METOIOM 3JICKTPOHHO-TTy4e-
BOI1 uTOorpacduu, 3allMileH maTeHToM [3].

Hns1 co3manus MUKpopeibeda METOIOM SIIEKTPOH-
HO-JIy4eBOil JMTOrpadru Ha TOJYIPOBOIHUKOBYIO
TUIACTUHY HAHOCUJIACh IUIeHKa SiO, ¢ OMOLLBIO I1a3-
Moxumuyeckoro ocaxaeHus: (ITXO) TomuHoi 80 HM.
PesuctuBHYy10 Macky ¢hopMUpOBaiv B CJIOE MO3UTUB-
Horo pe3ucta [IMMA 950. DKcrioHMpOBaHUE U COB-
MellleHUE OCYIIECTBISAIOCH Ha 3JIEKTPOHHOM JIUTOTpa-
de Raith 150™° ¢ yckopsiommMm HanpsikerneM 30 kB
U 10301 3KcroHupoBaHust D = 450 MKK.H/CM2. DKc-
TTOHNPOBAaHHBIE 00JIACTH pe3UCTa TIPOSIBIISIINCH B CME-
CHU OPTraHMYECKUX PACTBOPUTENEH METUIN300yTHUIIKE-
TOHA U U30IIPONMIIOBOTO CITUpTa. BpeMs mpostBieHMsT
OTIPEAETISITIOCHh IKCIIEPUMEHTAILHO 10 KAYeCTBY BCKPbI-
ThIX OKOH B pe3ucte. Yepes MoaydyeHHYIO Pe3UCTUB-
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Puc. 1. M300paxenue mukpopeibeda, noayyennoro s cioe SiO, me-
TO/IOM 3JIEKTPOHHO-JIy4€eBOii JInTorpadun (BpeMs TpaBJjeHus1 00pa3na
40 ¢)

Fig. 1. Image of the microrelief received in SiO, layer by the method of
electron-beam lithography (time of etching of the sample was 40 s)

HYIO MacKy C 1MaMeTpoM OKOH 0,5 MKM U pacCTOSIHU-
eM Mexny HuMu 0,5 MKM MpOBOAMJIOCH U3OTPOIHOE
tpasyieHue cinos SiO,. KoHTposb nomy4eHHOro n3006-
paxeHus B SiO) OCYLIECTBIAICA C MOMOILBIO 3JIEKT-
poHHoro Mukpockomna Raith 150™Y°. Bux Mukpopeis-
eda ompeneasuicss BpeMeHeM TpaBineHus. Ha puc. 1
MpeACTaBIeHO Mu300paxkeHue MUKpopebeda, moiy-
YeHHOro B cioe SiO, METONOM 3JIEKTPOHHO-Ty4eBOMI
JuTorpadun.

M3 puc. 1 BumHO, 4TO MOCJE TpaBJIE€HUS B TEUEHNUE
40 c uMeeTcs peryjsipHasi CTPyKTypa B BUIE KPYIJIbIX
orsepcTuii B cnoe SiO, riaybunoii 70 HM, AMaMeTpOM
460 aM u paccrosHueM Mmexmy HuMH 130 um. Irot-
HOCTh OTBEpPCTHUI cocTapisiia 2,8 108 H.IT./CM2. Mex-
ay yriayonenusmu B cioe SiO, obpasyeTcsi MUKpOpe-
Jibed B BUJIE MUPAMUIOK, KOTOPbIE PACIIONOXEHbI Ha
crurowtHoM cioe SiO, Tommunoi 10 Hm. ITpu ysenu-
YEHUU BpPEMEHU TpasjieHus 10 85 ¢ B cioe SiO, obpa-
3yeTcsl MUKpopebed B BUIe MUKPOOCTPHUIA C PeTyIIsip-
HOI cTpykTypoi. TakuM oOpa3zoM, Mpu pean3aluu
MEeToJia BJIEKTPOHHO-JIyueBOI JIuTOorpacuu 3a cuetT u3-
MEHEHM BpeMEHHU TpaBieHus ciod SiO, MOXHO yII-
paBiIsITb KOH(UTypaLueir MUKpopebeda.

TexnoJiorusi opMupoBaHNsA MUKpoOpeJibedha
¢ MOMOIBI0 KOHTAKTHO# (hoToMTOrpacun

dns dopMupoBaHUST MUKPOOCTPUIA METOAOM Mpsi-
MO 1 00paTHOM ("B3pHIBHOM"') KOHTAKTHOM (DOTOIM-
Torpacduu MCIOJb30Bajgach ABYXCJIOWHAsT Macka Ha
ocHoBe pe3ucToB DPI1-40 — DII-05111y-0,5. Bkc-
MOHMPOBaHUE MPOBOIMUIOCH uepe3 (hOTolIabIOH C
JuamMeTpoM oTBepcTuit 1,31 MKM U pacCTOSTHUU MEXIY
okHamu 1,43 MmxM. MeTomom oOpaTHoOit (poToIMTOTpa-
¢un B cnoe SiO, ObLIM MOJTYYEHBI MUKPOOCTPUS B BU-
Jie yCEYEeHHBIX Tpanelnii BEICoToi 439 HM, pasMepom
BepxHero ocHoBaHMs 1,384 MKM, pa3MepoOM HUXKHETO

ocHoBaHug 1,83 MM (puc. 2). [1noTHOCTH OCcTpHii co-
crasiser 2,5+ 107 H.IT./CMz.

Mukpopenbed, oTydeHHbBI METOAOM MPSIMOii (po-
TonmuTorpadmu, TIPEACTaBIIgeT COOOM YITOpsSmOYeHHBIE,
MeCTaMU COeAUHEHHbIC MEXIY OO0 MUKPOOCTPHUSI B
ocrasuemcs cioe SiO,. Beicora octpuit 439 HM, pac-
CTOSIHHE MEXIy HUMMU 1,5 MKM, TuaMeTp HIXKHETo OCc-
HoBaHusg 0,43 MxM. IIJOTHOCTH OCTpHMII COCTaBiIsIET
1,6 - 108 wr./cm?.

MogenupoBanue ko3 dpunmeHTa
ONTHYECKOTO BHIBOJA

Hns1 ucciaemoBaHUsl BAWSHUSI MUKpOpeabedHOo
MOBEPXHOCTH Ha KO3(hGULMEHT ONTUYECKOTO BbIBOAA
OBbLIO TIPOBENEHO MOIEIMPOBAHME C TMOMOIIBIO IPO-
rpammHoro npoaykta NEMO LED, pazpa6oraHHoOro
Ha Kadenpe ¢usnueckoit snekrpoHnku TYCVYP [4].

JlaHHBII MPOrpaMMHBIN MPOAYKT MO3BOJISIET MO-
JeJMpoBaTh paclnpoCTpaHEHUE CBETOBOIO Jyya B
MHOTOCJIOMHBIX CTPYKTYypax C pa3HBIM ITOKa3aTejeM
MpeJIOMJIEHUS CI0eB, a TaKXKe MCCIeq0BaTh BIUSHUE
MUKPOPEITbeHBIX TPOCBETIAIONINX TOKPBITUI Ha
OTHOCHUTEJIbHOE YMCJIO KBAHTOB CBETa, MOKMHYBIIUX
KpucTaul (Ko3(hGULIKMEHT ONTUYECKOTO BbIBOJA).

it mccienoBaHus BIUSIHYS MUKpopesibeda, cop-
MUPOBAHHOIO B MPOCBETIIAIOILEM MOKPBLITUM U3 SiO,
u ITO c onTuyeckoit TOMIIMHOMK A/2, B IPOrpaMMHOM
npoaykre NEMO LED Orinia paspaboraHa Moaeib, B
KOTOpO¥i OOKOBbIE M HUXXHSISI TpaHU KpHUcCTajya HUT-
puaa rajums (Mokasaresib IPeJIOMIEHUS NGaN = 2,9)
3aKpBIBATIMCH OTpakaroluM MateprasoM. Ha BepxHiolo
CBETOBBIBOJISIIIYIO T'PaHb KPUCTAJLJIa HAHOCUJIACh TOH-
Kasl TUIEHKa ¢ MEHBIIIMM, YeM Y HUTpUIA TaJulus, T10-
KaszarejieM MpeJoMJICHUS (nSio2 = 1,43, niro = 1,9),
a B Heill (dopmupoBajicsi MUKpoOpenabed pazIuuyHOun
KoHdurypauuu (puc. 3). MznyyeHue B JTaHHOI CTPYK-
Type BO3HUKAET B CJIOC HUTPHUAA TaJJIUS.

rrrErE

" Datn 17 Dec 201
User Name = OWEST  Time 14:44:12

EHT = 21.00kV Signal A = SE2
WD = 163 mm

Puc. 2. M300paxkenne mukpopeibeda, noayyensoro B ciaoe SiO, me-
TOAOM 00paTHOIi (hoToauTOorpaduun

Fig. 2. Image of the microrelief received in SiO, layer by the method of
reverse photolithography
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B ONTHYECKOM MNOKPHITHH

Fig. 3. Modeling presentation of the structure with a microrelief in an
optical coating
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Puc. 4. 3aBucumocts K03(p¢uumenTa onTHYECKOTro BHIBOAA OT COOT-
HOLIEHUsI MIMPHHA/BBICOTA MUKPOOCTPHS

Fig. 4. Dependence of the optical output coefficient on the width/height
correlation of a micropoint

HanHast Mozmenb TMO3BOJIsIET McciienoBath 3¢ dex-
TUBHOCTb BBIBOJIA CBETA C BEPXHEl I'PaHU, IIOCKOJIbKY
VUUTBIBAIOTCS KBAHTHI, HE WCITBITABIINE OTPaXKeHMUS
IIPY IIPOXOKACHUU I'PAaHMIIBI MEXKIY aKTUBHOI 00J1ac-
ThiIO U cBeTOBBIBOASIIIUM ciioeM (GaN). Onpenensis
OTHOCHUTEJIbHOE YMCJIO KBAHTOB, BBILIEIIINX C BEpX-
Heil TpaHM IPHU Pa3IUIHBIX KOH(GUTYPALUSIX MUKDPO-
peabedHOI TTOBEPXHOCTH, MOXHO OIICHWBATDH BIIMS-
HHMe MUKpopenbeda Ha Ko3(h(PUIMEHT ONTHYECKOTO
BBIBOZIa CBETOAMOIA.

Anamm3 pe3yibTaTOB MOACIMPOBAHUA

AHaJIn3 NIOJTyYEHHBIX PE3YIbTaTOB MOJETUPOBAHMS
MOKAa3bIBAET, YTO JUISL CTPYKTYPbI 0€3 MPOCBETIAIOLIE-
IO TMOKPbITUSA 3HaYE€HUE KOIPHULIMEHTA ONITUYECKOTO
BBIBOJIA COCTABIISAET A,y = 0,37. CrienoBaTesibHO, U3
KPUCTaJUIa BBILIUIO TONBKO 37 % BceX (GOTOHOB, IPO-
HIeJINX B CBETOBBIBOAAWIMIA cioii GaN M3 akTus-
HoM obyiactu. HaHeceHue mNpOCBETISIONIMX TOKPBITUM
MPUBOIMT K YBEJIMYEHUIO KO3(DPHLIMEHTa ONTUYECKO-
ro BbIBOIA: WA IUIEHKU SiO, OBLIO IIOIyYEHO 3Haue-
Hue h,p. = 0,41, a g tenku 1TO A, = 0,43.
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DdopMmupoBaHUe MUKPOPETbe(HON TTOBEPXHOCTH
B NIPOCBETIIAIOIEM NMOKphITUU U3 SiO, B BUIe nupa-
MMIIOK, TIOJIY9eHHBIX METOIOM 2JIEKTPOHHO-JTYIeBOU
JuTorpaduu, NIPUBOIUT K YBEIUUYEHUIO KOd(hDuLireH-
Ta ONTUYECKOIO BBIBOAA IO 3HAYEHUS A,y = 0,44.
AHaJIOTUYHBIE Pe3yJIbTaThl OBLIU MOJYyYEHBI IJI51 MUK-
popeabeda, cHOpMUPOBAHHOTO METOAOM OOpaTHOM
KOHTaKTHOM (poTonuTorpaduu.

YCTaHOBIEHO, YTO YMEHbIIIEHUE PACCTOSTHUSI MEX-
Iy TTHpaMUIKAMHU TIPUBOAUT K MaJbHEHIeMy YBeIu-
YEHMIO YMCJIa KBAHTOB CBETA, BBILLIECAIIMX U3 KPUCTaI-
J1a, TIPY COXpaHEHWH COOTHOIIECHMS pa3MepOB HIKHE-
ro OCHOBaHMS NMUPaMUIKM K BepxHeMmy 3:1, 4To cOOT-
BETCTBYET YIJIy TIpU OCHOBaHUH 56,3°.

ITpu MopenupoBaHUU MUKpoOpeibeda B BUAE MUK-
POOCTPUIT U3MEHSJIOCHh COOTHOLLIEHUE IIMPUHBI U BbI-
COTbl MUKPOOCTpUSI b/h, a TaKxKe pacCTOSHUE MEXIY
oCTpusIMHU. bBbUIO yCTaHOBJEHO, 4YTO HAUOOJBIIUM
3HaYeHNeM K03 PUIIMEeHTa ONTHYECKOTO BBIBOAA 00-
JIagaloT CTPYKTYPBI C MUKPOpETbeHON MOBEPXHOC-
ThIO, IJIE OCHOBAHUE OCTPHUSI COM3MEPHMO C €ro BhICO-
TOM M 3JIEMEHTBI MUKpOpeibeda pacItoaoXeHbI TIOT-
HO IIPYT K Apyry (puc. 4).

st CTpyKTYp € cooTHollueHuem b/h = 4/3 ObuIO
MOJIy4EeHO MaKCUMAaJlbHOe 3HaueHue Kod(hUIMEHTa
OINTUYECKOTO BBIBOAA: M,y pqer = 51 % IUIS IPOCBETIIS-
fouero nokpeitust u3 ITO u A ~ 45,6 % nns riaeH-
ku u3 SiO,.

extract

3akmoueHune

YCTaHOBJIEHO, YTO HAJIWYME MPOCBET/SIONINX TTOK-
pbITUIT U OpMUPOBaHUE MUKpopeabeda B HUX MPU-
BOIUT K YBEJIMYEHUIO KO3(P(DUILIMEHTA OITHUYECKOTO
BbIBoJa. Pa3paboTaHHbIE TEXHOJOTMU (POPMUPOBAHUS
MUKpopebeda B MPOCBETISIONINX MOKPBITUSX TTO3BO-
JISIOT 00€CTIeUNTh PEryJsipHYIO CTPYKTYPY C BBICOKOI
TUIOTHOCTBIO OCTPUiA 107...108 ILT./CM~.

Hau6oap1mii KoaghhulMeHT ONTUYECKOIo BEIBOIA
JIOCTUTAeTCS MPU BBIMIOJHEHUM TPeOYyeMOro COOTHO-
IIEHUST TEOMETPUUYECKIX Pa3MepoB M KOH(UTyparuu
MMKpopenbeda, 00ecreurBaloIIMX YToJ MUKPOPEbe-
(a nmpu ocHoBaHuu nopsiaka 50...60°.
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Formation of a Microrelief and Research of its Influence on the Optical Output

Coefficient of GaN-based LED

This work is devoted to investigation of the influence on the light output coefficient of the antireflective coatings with different con-
figurations of the micro-relief formed on the light output surface of GaN-based LED. The technology of the micro-relief fabrication in
Si0, based antireflective coatings was developed with the use of the electron-beam lithography (EBL) and contact photolithography.
In case of EBL the configuration of the micro-relief depends on the etching time. A regular microstructure consisting of pyramids or mi-
croedges was obtained and its density equaled to 2.8+ 1 0® em™2. Simulation of the influence of the microrelief of various proportions
and configurations on the optical output coefficient was implemented in NEMO LED software. It was discovered, that the micro-relief
fabrication with the electron-beam lithography and contact photolithography increased the optical output coefficient. The pyramidal mi-
cro-relief surface of SiO, antireflective coating, which was obtained by EBL, increases the optical output coefficient up to 0.44.

Keywords: GaN based LED, micro-relief, microedges, optical output coefficient, electron-beam lithography, contact photoli-
thography, antireflective coatings, NEMO LED software, microstructure, density of microedges

Introduction

One of the primary goals in the research of the semi-
conductor light-emitting diodes based on gallium ni-
tride and its solid solutions is an increase of the external
quantum efficiency of a light-emitting diode [1].

The external quantum efficiency n,,, of a light-emit-
ting diode crystal is defined by two key parameters: an
internal quantum efficiency n;,, and the optical output
coefficient M, pqer

Next = NinMextract

The effect of total internal reflection, consisting in
localization of the light inside the structure of a light-
emitting diode, reduces probability of the photons’ es-
cape from a semiconductor. Therefore, a coefficient of
optical output of radiation is introduced, defined as the
relation of the number of the photons radiated by a
light-emitting diode, to the number of the photons
formed in the active area in a unit of time [2]. The op-
tical output coefficient can be estimated as follows:

= _P/(hv)
Nextract Pint /(hv)’

where P — power of the optical radiation escaping from
a light-emitting diode; P;,, — power of the optical ra-
diation from the active area; Av — energy of a photon.

Thus, the effect of total internal reflection on the
border of a material with a high optical density (semi-
conductor) and a material with a low optical density
(a sapphire substrate or air) is the key factor limiting the
efficiency of the output of light. For the light-emitting
diode crystals based on InGaN/GaN-heterostructures
the critical angle is ~23° (the refractive indexes of GaN
and sapphire are 2.5 and 1.6). Thus, only a small part
of the photons falling on the section border at an angle
within the range of 0...23° can leave a crystal.

An increase of the external quantum efficiency is
possible due to creation of the light-dispersing surfaces
and use of the antireflective coatings.

The aim of the work is development of a technology
for formation of a microrelief in the antireflective coat-
ings and simulation of the optical output coefficient.

Technology for formation of a microrelief by means
of the electron-beam lithography

Formation of the microrelief surfaces in the antire-
flective coatings was developed on the example of SiO,
films with the use of the electron-beam lithography and
contact photolithography. The method for manufacture
of a light-emitting diode with the use of microrelief in
the antireflective coatings, received by electron-beam
lithography, is protected by a patent [3].

For creation of a microrelief by means of an elec-
tron-beam lithography a SiO, film with thickness of
80 nm was deposited on a semi-conductor substrate by
means of plasma-chemical deposition (PCD). A resis-
tive mask was formed in the layer of PMMA 950 pos-
itive resist. Exposure and combination were carried
out on Raith 150™° electronic lithographer with
accelerating voltage of 30 kV and exposure dose of
D =450 umC/cm~. The exposed areas of the resist were
developed in a mix of organic solvents of methyl iso-
butyl ketone and isopropyl alcohol. Time of develop-
ment was determined by the quality of the windows
opened in the resist. Through a resistive mask with di-
ameter of its windows of 0.5 um and the distance be-
tween them of 0.5 um an isotropic etching of SiO, layer
was done. The image control in SiO, was carried out by
means of Raith 150™° electronic microscope. Image of
the microrelief was defined by the etching time. Fig. 1
presents an image of the microrelief received in SiO,
layer by the electron-beam lithography.

From fig.1 it is visible, that after etching during 40 s
a regular structure appears in the form of round apertured
in SiO, layer with depth of 70 nm, diameter of 460 nm
and the distance between them of 130 nm. The density
of the apertures was 2.8 - 108 pieces/cmz. Between the
deepenings in SiO, layer a microrelief was formed in
the form of pyramids, located on a continuous layer of
SiO, with thickness of 10 nm. If the etching time was
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increased up to 85 s, a microrelief was formed in SiO,
layer in the form of microedges with a regular structure.
Thus, during the electron-beam lithography due to the
change of the time of etching of SiO, layer it was pos-
sible to control the configuration of the microrelief.

Formation of a microrelief by the contact
photolithography

For formation of the microedges by the direct and
reverse ("explosive") contact photolithography a two-
layer mask on the basis of ERP-40—FP-051Shu-0.5 re-
sists was used. Exposure was done through a photo
mask with aperture diameters of 1.31 um and the dis-
tance between the windows of 1.43 micrometers. Due
to the reverse lithography in SiO, layer microedges were
obtained in the form of truncated trapeziums with the
height of 439 nm, the size of the top base of 1.384 um,
and the bottom base of 1.83 um (fig. 2). The density of
the edges was equal to 2.5 - 107 pieces/cm~.

The microrelief obtained by the direct photolithog-
raphy was a set of ordered microedges locally connect-
ed between themselves in the remaining SiO, layer.
The height of the points was 439 nm, the distance be-
tween them was 1.5 um, the diameter of the bottom
basis was 0.43 um. The density of the points was
1.6 - 108 pieces/cm?.

Modeling of the optical output coefficient

For research of the influence of a microrelief surface
on the optical output coefficient, simulation was done
by means of NEMO LED software developed in the
Chair of Physical Electronics of Tomsk State Univer-
sity of Control Systems and Radioelectronics [4]. The
given product allows us to model propagation of a light
beam in the multilayered structures with different re-
fraction indexes of the layers, and investigate the influ-
ence of the microrelief antireflective coatings on the
relative number of the quanta of light, which escaped
from the crystal (optical output coefficient).

For research of the influence of the microrelief in the
antireflective coatings from SiO, and ITO with optical
thickness of /2 in NEMO LED software, a model was
developed, in which the lateral and bottom faces of the
crystal of gallium nitride (refraction index ng,N = 2.5)
were covered by a reflecting material. On the top light-
extracting face of the crystal side a thin film was depos-
ited with a smaller, than that of gallium nitride, refraction
index (ng;q, = 1.43, nipg = 1.9), and a micro relief of
various contzlgurations was formed in it (fig. 3). Radiation
in the structure arose in the layer of gallium nitride.

The given model allows us to investigate the effi-
ciency of the output of light from the top face, because
it takes into account the quanta, which had no reflec-
tion during the passage of the border between the active
area and the light-extracting layer (GaN). By defining
the relative number of the quanta, which left the top face
at various configurations of the microrelief surface, it is
possible to estimate the influence of a microrelief on the
coefficient of optical output of a light-emitting diode.
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Analysis of the results of simulation

Analysis of the received results shows, that for a
structure without an antireflective coating the optical
output coefficient is 4,,,,., = 0.37. Hence, the crystal
was left by 37 % of the photons, which came into the
light-extracting layer of GaN from the active area.
Deposition of the antireflective coatings increased this
coefficient: for SiO, film we received A, ., = 0.41,
and for ITO film — A, = 0.43.

Formation of a microrelief surface in an antireflec-
tive coating from SiO, in the form of pyramids, ob-
tained by the electron-beam lithography, resulted in
an increase of the optical output coefficient up to
Noxtracs = 0.44. Similar results were received for a micro-
relief formed by the reverse contact photolithography.

It was established, that reduction of the distance be-
tween the pyramids resulted in the further increase of
the number of quanta of light, which escaped from the
crystal, with preservation of the correlation of the sizes
of the bottom basis of a pyramid to the top one of 3:1,
which corresponds to the angle at the basis — 56.3°.

During simulation of a microrelief in the form of
microedges the correlation between the width and
height of the microedge b/h changed, and so did the
distance between the points. It was established, that the
greatest optical output coefficient was in the structures
with a microrelief surface, where the edge’s basis was
commensurable with its height, and the microrelief el-
ements were located densely to each other (fig. 4).

For the structures with the correlation of b/h = 4/3
the maximal value of the optical output coefficient was
received: A,y = 51 % for the antireflective coating
from ITO and & ~ 45.6 % for the SiO, film.

extract
Conclusion

It was established, that presence of the antireflective
coatings and formation of a microrelief in them in-
creased the optical output coefficient. The technologies
developed for formation of a microrelief in the antire-
flective coatings allow us to ensure a regular structure
with a high density of edges — 107...10° pieces/cm2.

The greatest optical output coefficient can be
reached at the demanded correlation of the geometrical
sizes and configuration of the microrelief, which ensure
a microrelief angle at the basis of about 50...60°.
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BbICOKOYACTOTHAA MUKPODSAEKTPOHUKA HA CTPYKTYPAX

C KPEMHMEBBIMU NMOAAOXKAMHU

Ilocmynuna 6 pedaxyuro 21.04.2016

OcHogHas yeav paspabomku HOB020 NOKOAeHUs noaynpoeodHukossix CBY ycmpoiicme 0as co30anus coépemeHHOU bechpo-
600HOU annapamypsi HAPOAOX03AUCMBEEHH020, B0EHHO2O U KOCMUYECK020 HA3HAYEHUs — CHUJICeHUe Nompebasemou MOuHoCmu,
B03MOIICHOCHb 00PAOOMKU BbICOKOCKOPOCMHbIX NOMOK08 0aHHbIX. B pamkax dannotl pabomel evinoanen 00630p nPpUHYUNOE co3oa-
HUsl MPAH3UCMOPHBIX CIMPYKIMYD U MOHOAUMHbIX uHmeepanrvhoix CBY yecmpoticmeé Ha ocHoge noaynpo8oOHUK08bIX CIMPYKMYD, ume-
FOWUX 6 cB0eM cocmaege KpemHuesyo nooaoxcky. K maxum cmpykmypam omHocames Kak cOOCMEeHHO NAACMUNbL MOHOKPUCMAA-
AUMECK020 KPeMHUSL ¢ NPUOOPHBIMU CAOAMU KPEMHUS PA3AUMHO20 MUNA NPOBOOUMOCIU, MAK U 2emepoCcmpyKmypbl muna "KpemHul
Ha uzonamope” u "GaN na kpemuuu". [Iposeden cpasHumenvHblll AHAAU3 XAPAKMEPUCMUK MPAHIUCIOPHBIX CIMPYKMYD PA3NUHHO0
KOHCMPYKMUBH020 ucnoanerus. Onucvl8aromes 0CHOGHble Npuemsl hoOpMUPOGaHUs NOAYNPOBOOHUKOBBIX NPUOOPHBIX CA0E8.

Karoueevie caosa: monorumnsie CBY unmeepanvrole cxemol, KpeMHuesbie mpaH3ucmopsl, eemepocmpykmypot, SiGe, GaN

Bsenenune

B 00603pumoii nepcrnekTuBe JUAUPYIOIIYIO pOJib B
KayeCcTBe OCHOBHOIO IMOJYIPOBOAHUKOBOIO MaTepua-
Jla COXpaHUT KpeMHUI (M KpeMHUEBBIE TEXHOJIOTUU).
C ucnoyib30BaHUEM KPEMHUEBBIX TTOIOXEK IMPOU3BO-
JIUTCST OKOJIO 95 % Bcex MOyNPOBOIHUKOBEIX ITPUGO-
poB. KpeMHuil siBasieTca OJHUM W3 HaubOoJjee Ojaro-
MPUSATHBIX MaTEPUAJIOB 1O 3(PPEKTUBHON MOIIHOCTU
B auamnasoHe 100...2000 MTI'u. BoablinHCTBO COBpe-
MEHHBIX MUKpPOIMpoleccopoB peanzoBaHbl B KMOII-
0asuce, MOCKOJIbKY OH 00ecreuyrBaeT MUHUMAaJIbHOE
CTaTUYECKOE SHEePrornoTpedseHre U OUeHb MaJioe TOT-
peblieHrne Ha HU3KUX M CPEeIHUX pabOyMX 4acTOTax,
a TakXe BBICOKYIO TUIOTHOCTb YIMAKOBKU 3JEMEHTOB
(TIpoeKTHBIE HOPMBI B CEpUIHOM ITPOM3BOICTBE CO-
crapisitoT 0,13 MKM) M IIPOCTOTY TEXHOJOIMYECKOM
peanmm3anuu [1—3].

Hosble matepuanbsl GaN, SiC mosBonuiau yayd-
IIATh CTATUIECKIE, TMHAMWYECKIE U TETIOBEIE TTapa-
MeTpbl CBY Tpanauctopos. [IpopelB B 0b6JacTu co-
3naHust MolIHBIX GaN TpaH3UCTOPOB CTajl BO3MOXEH
Oiaromapsi pa3pabOTKe TEXHOJOIUMU SIUTAKCUAIHLHOTO
BbIpalllMBaHUSI HUTPUAA TaJIvsl Ha IJIaCTMHAX KpeM-
HUS ¢ Kpucrtauiorpadpudyeckoin opueHtaumein (111)
auameTrpoM A0 150 mm.

B npenyaraemoii pabote paccMOTpeHbl 0COOEHHOC-
TU TIpoeKTUpoBaHus U usrotonneHus CBY TpaHzuc-

TOPOB Ha CTPYKTYypax, ColiepKallluX KpeMHUEBYIO Ijac-
TUHY B KaueCTBE HeCyllleil KOHCTPYKIIUU.

HMHTerpanbHbie cXeMbl HA 00bEMHOM KPEeMHHH
u Ha cTpykTtypax KHHA

Kpemuuessie ounonsipubie, MOSFET- u LDMOS-
TPaH3MCTOPBI 3aHUMAIOT CYIIECTBEHHYIO JOJIO PBIHKA
JIJTSL armapaTypbl B auaraszone g0 2 I'T.

bunonapHast KpeMHUeBasT TEXHOJIOTHSI Hambolee
pacrpocTpaHeHa, oTpaboTaHa, U TIPOIYKTHI Ha €€ OC-
HOBe TTOJTy4JaloTcs 6osee aemeBeIMIA. Hammprmep, 60716-
mmHcTBOo CBY Tpan3ucTopoB kommaHuu Advanced
Power Technology 17151 aBUOHMKM U pafapoB sIBJISIIOT-
csl OuroasapHbiMu [4].

B nocnenHue roasl 3aMeTHa TEHASHLIMS TTepexona K
texHosnorun LDMOS (Laterally Diffused Metal Oxide
Semiconductors), KkoTopasi o0ecrnedyrBaeT HanWIydlliue
XapaKTEePUCTUKU TPAH3UCTOPOB, TaKWX KaK JIMHEH-
HOCTb, YCWJIEHHE, TeTUIOBbIC PEKMMBI, YCTOMYMBOCTD K
paccomiacoBaHuto, Beicokuii KITJI, 3amac mo pacceu-
BaeMOIi MOIIIHOCTH, HaJexXHOCTb [5]. CylllecTBYIOT 1Ba
OCHOBHBIX Kj1acca KoHCTpyKuuit LDMOS-tpaH3ucro-
poB. [lepBBIii OCHOBBIBAETCSI Ha WCIIOJNB30BAHNN 3K-
paHa 15 obecredyeHus U30JISIIUM CTOKA OT 3aTBOpa U
YMEHBIIIEHUSI eMKOCTH o0paTHOH cBsi3u. Kak mpaBu-
JIO, TaKyl0 KOHCTPYKILIMIO TIPUMEHSIOT TIPU JUTUHE 3a-
TBopa 0,5 MkM (puc. 1). BTopoii Kilacc KOHCTpYKLMiA
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Puc. 1. BeprukaabHblii pa3pe3 CTPYKTYpbI s4eiiku Tunosoro LDMOS-
TPAH3UCTOPA, HCMOJIL3YIOMIEr0 3a3eMJIEHHbIH 3KpaH: /| — UCTOK; 2 —

p T -momnoxxa; 3 — NPUGOPHELA CIOM (06IACTH He IeTaTu3HpoBa-
HbI); 4 — CTOK; 5 — IMOA3aTBOPHBIN AUBJIEKTPUK; 6 — 3aTBOp; 7 —
MeTaJlIM3upoBaHHas objactb; M1 — metamr 1; M2 — mertamn 2
Fig. 1. Vertical section of the cell structure of LDMOS transistor using
an earthed screen: 1 — source; 2 — p+-substrate; 3 — instrument layer
(the areas are not detailed); 4 — drain; 5 — subgate dielectric; 6 — gate;
7 — metallized area; M1 — metal 1; M2 — metal 2

Puc. 2. BeprukanbHblii pa3pe3 CTPYKTYpbI sideiiku Tunosoro LDMOS-
TPAH3UCTOPA, HCHOJb3YIOIIET0 3a3eMJIEHHYI0 METALIMYECKYl0 00-

Jacte: /| — UCTOK: 2 — p+—n0ﬂno>m<a; 3 — npubOpHBIi cnoit (00-
JIACTM HEe JETaJIM3UpOBaHbl); 4 — CTOK; 5 — TIOI3aTBOPHBIN IU-
3JIEKTPUK; 6 — 3aTBOp; 7 — 3KpaH; M1 — metamn 1; M2 — merasr 2
Fig. 2. Vertical section of the cell structure of a typical LDMOS transistor

using an earthed metalized area: 1 — source; 2 — p*-substrate; 3 —
instrument layer (the areas are not detailed); 4 — drain; 5 — subgate
dielectric; 6 — gate; 7 — screen; M1 — metal 1; M2 — metal 2

(ucnonb3yeTcst TIpU AJuHE 3aTBopa MeHee 0,5 MKM)
OCHOBBIBAeTCS Ha TIPUMEHCHNH 3a3¢MJICHHOM MeTa-
JINYECKOM 00J1aCTU U MO3BOJSIET HE TOJIBKO YMEHBIINTD
€MKOCTb OOpaTHOM CBA3MW, HO W TOHM3WTh 3HAUCHHE
Ipeiida ToKa MeXIY CTOKOM U 3aTBOpoM (puc. 2) [6].
LDMOS-tpaH3UCcTOpHI LIeJIeCO00pa3HO MPUMEHSTh IS
paboTtel Ha yactoTax nopsaka 1 I'Tu; mpu 3ToMm obec-
MeynBaeTcsi MOIIHOCTL B Harpy3ke mo 300 Bt B nMm-
MMyJIbCHOM pexXume padotsl [4].

IToneBkle TpaH3UCTOPHI Ha rerepocTpykTypax KHU
B HacTosIIee BpeMs SIBISTIOTCS CAMBIMM BBICOKOYAC-
TOTHBIMU U3 BCEX TUIIOB TPAH3UCTOPOB (HAmIpUMep,
3,3 TT'u B Bapuante IBM). BricTponeiicTBue 3T0r0 TM-
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I1a TPaH3UCTOPOB OCHOBAHO HA YBEJIMUYEHUU TTONBUXK-
HOCTH 3JIEKTPOHOB B KaHaJjle, YTO JOCTUraeTCsl BCIAESACT-
BHE IIPOCTPAHCTBEHHOTO Pa3IeIeHNsT TTPOBOISIIETO Ka-
HaJla 1 MOHM3MPOBAHHBIX MTPMMECHBIX LIEHTPOB. B Ha-
crosiiee BpeMsi HauOOJbILINE YCIIeXH TOCTUTHYTHI B
pa3paboTKe MaJOIIYyMSIIIUX TOJIEBBIX TPAH3UMCTOPOB
Ha TeTepOCTPYKTYpax, KOTOPbIE IIIMPOKO UCHOIb3YIOT-
cs B CIIYTHUKOBBIX CHCTeMaX CBsI3M. Tak, Ha 4acToTe
S =20 I'Tu nocturHyt KoadduumeHt mwyma K, MmeHee
1 1b npu xoadpuumente ycunenusa K, = 12 n1b, Ha
yacrore /= 40 I'Tu K, < 2 n1b npu Kp =7 nb [7].
ITorepu CBY uznyyeHust uHTerpaibHboix cxem (MC)
Ha o0beMHOM KpeMHuM, ctaHgaptHeix KHU NC u
onrtumusupoBaHHbIX KHW M C Ha BBICOKOOMHBIX MO/ -
Joxkax Ha yactoTe 10 I'Tn cocTaBisiloT COOTBETCT-
BenHo —20, —30 u —60 b [8].

B pesynbTaTte McciaenoBaHUsl BbICOKOYACTOTHBIX U
mymoBbIx cBoiictB KHHU n-MOII-TpaH3ucTOpOoB M3
oubaroreku oreuectBeHHO KHU KMOII-TexHom0-
TUU C TIPOeKTHBIMU HOopMaMmHu (0,35 MKM yCTaHOBJIEHO,
YTO 3HAYEHUS YACTOThl €IMHUYHOIO YCUJIEHUS U MaK-
CUMaJIbHOM 4YacTOThI reHepainuu coctasistor 15...20
n 90 I'Tu cooTBETCTBEHHO, YTO MOATBEPXKIAET BO3-
MOXHOCTb peaJiM3allii YCUJIUTEIbHBIX, CMECUTEJIb-
HbIX U reHepatopHbix MC ¢ pabouumM amamna3oHOM
gactoT 1,2...1,65 I'Tu. INpoBeaecHHAas 3KCIIepUMEH-
TaJlbHas1 OLIEHKA YPOBHE! CTOMKOCTU pa3dpabOTaHHBIX
(byHKUIMOHAJIBHBIX OJIOKOB K JI030BOMY U UMITYJIbCHO-
MY BO3IEUCTBUIO MOHU3UpYIolero usnydenus (M)
MOKa3bIBAET, YTO TUPUCTOPHBINA 3(PdEKT U KaracTpo-
(brueckue oTKasbl He OOHAPYXKUBAIOTCI A0 YPOBHS
5-10'2 exm./c [9].

OcobeHHoctu Heknaccuyeckux MOII-cTpyKTyp
npuBeAeHbI B padore [10].

CTpyKTYpbl HA OCHOBE IOJYNPOBOJIHHKOBOTO
COeIMHEeHUsI KPeMHMII—repMaHuii

PaGoune 4acTOThI JIyUIIMX COBPEMEHHBIX "UYMCTO"
KpPEMHHUEBBIX MpUOOPOB He mpeBbllaoT 15...25 I'T.
OmHaKo MHOTHE TTOIBMXKHEIE O€CTIPOBOIHBIE CUCTEMBI
JOJDKHBI paboTaTh Ha yactoTax 6osee 30 I'Tu [11].

M3MmeHeHMe MIUPHUHBI 3aMpellleHHOM 30HBI KpeM-
HUA 3a cYeT J00aBJIeHUS TepMaHUs U YCTAaHOBJIECHUS
oIpeieIeHHOro Npoduisi ero pacrpeaeaeHus MpUBesio
K TMOoJy4eHu10 HoBoro matepuaia (SiGe) ¢ MHTepeCHbI-
MU MOJYIPOBOAHUKOBBIMU CBOMCTBaMU. COBEPILIEHCT-
BoBaHUe SiGe-TpaH3UCTOPOB MPUBEIO K TOSIBICHUIO
KpeMHuii-repmanueBbix buKMOII-cxeM, uyTo mociy-
SKUJIO Pa3BUTHIO CaMOTO TIEPCIIEKTUBHOTO HaIIpaBlie-
HUs paboT B obsactu SiGe-TeXHOJIOTUN — O0beauHEe-
Hue rerepoTpaH3uctopoB (I'bBT) co cneumnanusupo-
BaHHbIMU KMJIII-31eMeHTamu.

K ocnoBHBEIM goctomHcTBaM SiGe-I'BT B cpaBHe-
HUU ¢ KPEMHHUEBBIMHA OUTIONISIPHBIMHA TPAH3UCTOPaMHU
OTHOCSTCS: OoJiee BbICOKasi MaKCMMaJIbHAs 4acToTa Te-
Hepauuu (mo 120 I'Tu); Hu3KkKMi KoahGUIIMEeHT 11yMa




SiGe channel

Puc. 3. Crpykrypa SiGe TMOIIT
Fig. 3. Structure of SiGe HMOS

(I'BT ¢ mupuHO 5MUTTEpHOM Noaock 0,18 MKM nMme-
eT Koapdunment myma 0,4 1b Ha yactore 2 I'T'1r); BbI-
cokue KoaDULUUEHT ycuaeHus 1o MoiHoctu u KIT/T
B pexXuMe ycmieHus MonrHoctH (mo 70 %). st 6071b-
ITMHCTBA O€CTIPOBOIHBIX CHCTEM CBSI3M, PaOOTAIOIINX
B muanazone 900 MI'u...2,4 I'Tu, npuBieKaTeIbHOCTh
SiGe ycTpoiCTB 3aKia04aeTcss B BOBMOXHOCTHU YJIyd-
LIEHUSI IPYTUX XapaKTePUCTUK CUCTEMBbI, B MEPBYIO
ouepenb — MoTpednsiemoil MourHocTn [12—14]. Ha
CETOIHSIIIHUI IeHb pa3pabdoTaH caMblii OBICTPOIEIICT-
Bytouuii SiGe TpaH3UCTOP C MUHMMAJIbHBIM TOMOJIO-
ruyeckum paszmepoM 0,13 MKM M ¢ MakCUMaJIbHOM
yactotoit 798 I'Tn [15].

Pemute 1npobsieMy CHMXEHUSI TIOTpeOJisieMoit
MOIIIHOCTU C mpeonojieHrneM 3(hGeKTOB KOPOTKOro U
Y3KOT0 KaHajaa M YMEHbIIEHUS TOJIIMHBI MOA3aTBOP-
HOTO IM3jIeKTpuKa 10 5...10 HM mo3BOJISIET TEXHOIOTHS
MOII-TpausuctopoB ¢ Si/SiGe reTepoCTpyKTYpHBIM
kaHajioM (SiGe I'MOIIT). Crpykrypa takoro SiGe
I'MOII u3obpaxena Ha puc. 3. M3-3a pa3HBIX IIOCTO-
SIHHBIX pelleTKU Ha rpaHulle cruiaBa Si/SiGe nosipisi-
I0TCSI IBYMEPHEBIE YIIPYTHe HAIIPsSLKeHU AeOopMaIiim.
DTH HaNpsLKeHUS MPUBOAAT K YBEJIMUYEHUIO TTOABUX-
HOCTU HOCHUTEJIe B KaHajle TpaH3UCTOpa, YTO IpU-
BOJUT K YBEJUUYEHUIO OBICTPOAEHCTBUS TPAH3UCTOPA U
YMEHBIIIEHUIO COMPOTUBIICHMS KaHaja [16].

OCHOBHBIM KOHCTPYKTUBHBIM oTinunem SiGe Ou-
MOJISIPHBIX TPAH3UCTOPOB OT TPAIUIIMOHHBIX KPEMHM-
€BBIX SIBJISIETCSI 00J1aCTh 0a3bl, KOTopasi (popMUpyeTCs
JINOO 3MUTaKCUEl, TMO0 MIOHHON MMILIaHTalluen rep-
Manus [17]. s anuTakcraabHOTO BhIpalllMBaHUS 1TO-
JIYTTPOBOAHUKOBBIX CTPYKTYp SiGe ucnosib3yercs npe-
WMYLIECTBEHHO METOA MOJIEKYJSIPHO-ITYYKOBOM SIU-
takcun (MII1D) [18—23].

I'erepocTpykTypnl Ha ocHoBe GaN

VYaayHoe coueTaHue 3JIEKTPOGUINUECKUX CBOMCTB
MO3BOJISIET co3aaBaTh MpuOOphl Ha ocHoBe GaN ¢
PEKOPIHO BBICOKMMH IMapaMeTpaMM Ha 4acToTax A0
100 I'Tx n Benme [24—28]. Jo3oBbie 3pdeKThl B Ha-

HOTETePOCTPYKTYPHBIX ITOJIEBBIX TPaH3UCTOpax ¢ 3a-
tBopoM IllorTkn Ha GaN HauuMHAT MPOSIBISITHCS
MpHY JOCTATOUHO BBICOKMX (ITOpSAKA 100 pan) ypoBHSX
Nnpu 00Jy4eHUHU raMMma-KBaHTaMu. CTpyKTypHbIe Je-
(hexThl Tpu BO3AEHCTBUU (ParOeHCAMU TPOTOHOB U
OBICTPBIX PEAKTOPHBIX HEMTPOHOB HE OKa3bIBAIOT
CYLIECTBEHHOTO BJIMSHUS Ha XapakTtepuctuku GaN
TPaH3UCTOPHBIX HAHOTETEPOCTPYKTYP IO YPOBHEN I1O-
psaKa 104 cM™2 B ciiydyae 00Jy4eHUsST BBICOKOSHEP-
TeTUYHBIMY MOHAMU Ierpananus XxapakTrepuctuk GaN
TPaH3MCTOPHBIX CTPYKTYP HAOII0MaeTCs NPU YPOBHSIX
101010 em 2w CYIIIECTBEHHO 3aBUCUT OT DHEPTUAUN
1 aTOMHOI'O HOMepa MOHOB [29].

OCHOBHBIE BJIEKTpUUYECKUE U (PUBUKO-XUMUYECKIE
cBoiictBa GaN, a Takxe aHaIu3 pa3BUTHS MTOJTYITPOBOI-
HMKOBBIX TPUOOPOB Ha TETEPOCTPYKTYpax, B TOM UHUCTIe
u Ha GaN-on-Si, npuBeaeHs! B padortax [30—45]. Oue-
BUJIHO, YTO UCCIIEMOBAHMUSI, Pa3pabOTKX U MPOU3BOICT-
BO OPHMEHTUPOBAHBI MPEX/E BCEIrO Ha CUJIOBYIO DJIEKT-
POHUKY U MOHOJIUTHBIE MHTerpanbHble cxeMbl (MUC).
IMpnmenenne GaN tpaH3ucTOpoB B ycTpoiictBax CBY
JMara3oHa pacCMOTpPeHO B paborax [46—58].

IMonnoxky A 3MUTAKCUANbHBIX CTPYKTyp GaN
JOJKHBI UMETh MUHUMAJIbHOE PACXOXIEHUE C HUTPU-
oM rajuius 1o mapamerpaMm peuretku u KTP, xopo-
1LLIYIO TeTIJIONPOBOAHOCTD ISl CHSTHS TETUJIOBBIX OTpa-
HUYEHUI U XOpOIlIue U30JUpyIole CBOCTBA, 0bec-
neyuBatoire Mauble nmotepu Ha CBY; B Hacrosiiee
BpeMsl 3TUM TpeOOBaHUSIM OTBEYAIOT TOMJIOXKU U3
Al,O3, SiC u Si(111) [59]. MeTone! BblpalliBaHus Ha
nomnoxkax Si(111) auamerpom go 150 MM MIeHOK
GaN, npurogHbix misg uzrotosienuss HEMT npuse-
IeHsl B [60, 61].

B otnuune oT KpeMHHEBBIX TPUOOPOB Ha TeTepo-
CTPYKTypax KpeMHuii-Ha-gusnekTpuke (KHJI), npu-
0opHbIii cioit GaN oka3bIBaeTCs BCTPOEHHBIM B MHO-
TOCJIOVHYI0O KOMIIO3UIIMIO, OHA YaCTh KOTOPOH, CO-
MPSIKeHHAs! € TOTOXKKOM, CIYXKUT 11 CHUKEHMST Je-
(beKTHOCTH M YpOBHSI MEXaHMUECKMX HAIMPSDKCHUI, a
Japyrasi (rmoasaTBOpHasi 00JlacTb) — JUJISI YIpPaBJIEHUS
YCJIOBUSIMU TIPOTEKAHMSI TOKA B KaHaje [62—67].

Ha puc. 4 u 5 (cM. TpeTbl0O CTOPOHY OOJIOXKU)
MpeacTaBieHbl TTOMepPeUYHbIe CEUeHUsT MOLIHOTO TpaH-
suctopa pupmel NEC GaN [45] na Si u HEMT-1pan-
3ACTOPA C IOA3aTBOPHBIM IU3JIEKTpUKOM 13 HfO,,
00ecIeunBamIIUM CHUXEeHUE TOKOB yTeuku [45]. Ha
puc. 6 mpencTaBieH GparMeHT IONEPEYHOI0 CeUCHUS
COBMEILEHHON CXeMbl Ha KPEMHHUEBBIX MOIJOXKaX,
M3TOTaBIMBAEMBIX C MCITOJIb30BAHUEM MPUOOPHBIX CJIO-
eB GaN u Si, u Tonongoruyeckuii pucyHok M/II Ha
p-Si 1 GaN HEMT-tpansucropos [68]. TexHosoru-
yeckuii mpouecc GopMUpPOBaHUSI CBETOAMOMOB Ha OC-
HoBe GaN, B KOTOPbIX KpeMHMEBast MOJI0KKa UCITOJb-
3yeTcsl KaK BCIOMOraTesIbHbI MaTepuall, MpeacTaB-
JIeH Ha puc. 7 (CM. TpeTbIO CTOpOHY 0010xKu) [70].

KomMmepuecku nocrynabeie GaN ycHJIMTeNIN U TpaH-
3UCTOPbl HECMOTPSI Ha OYEBUIHbIE TPEUMYILECTBA Or-
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Puc. 6. ITonepeuHoe ceyenne CTPYKTYPbI H TONOJOTMYECKHil PHCYHOK
MJIII na p-Si u GaN HEMT-Tpan3uctopos

Fig. 6. Cross-section of the structure and a topological figure of MIS on
p-Si and GaN HEMT transistors

paHnYeHbI Arana3oHoM 10 4...6 I'T'1; BepxHss yactoTta
nccienoBaTeIbckux 00opasios nocturaet 90 I'Tu. Oxn-
HaKO MHOTHME UCCJIe0BaTe]IM YBEPEHbI B TOM, UTO YC-
TpoiicTBa Ha ocHoBe GaN B CKOPOM BpPeMEHM BBITEC-
HAT MaTepuan GaAs U3 00J1aCTU MOLIHBIX YCUTTUTEIEH.

3aKkmouyenue

OmHUM 13 MPUOPUTETHBIX HAIIPABICHUM Pa3BUTHUS
COBpEMEHHOI (U3UKHU MOJYIMPOBOAHUKOB SIBJISIETCS
pa3BUTHE TEXHOJIOTMM (HDOPMUPOBAHUS TE€TEPOCTPYK-
Typ, KOTOpOE HEOOXOIMMO ISl YAYYIIeHUS TapaMeT-
POB TPUOOPOB TBEPAOTEIbHOM MMKPOIIEKTPOHUKMU.
Cpeny pa3IMYHBIX MOJYIPOBOIHUKOBBIX MaTepUAIIOB
KPEMHUH SIBISIETCSI OCHOBHBIM MaTepuajioM MUKpPO-
3JIEKTPOHUKHU. DTO CBSI3aHO ¢ YHUKAIBHBIM COUETaHM -
€M €r0 CBOMCTB M BHICOKMM YPOBHEM TEXHOJIOTUM CHUH-
Te3a ATOro MaTepuaja u MpubopoB Ha €ro OCHOBE.

AKTYaJIbHOCTb TTOMCKOBBIX MCCIEIOBAHUM U pa3pa-
0otk TexHosoruii m3rorobneHuss KHM-waHorpaH-
3UCTOPOB M MHTETPATILHBIX CXEM OIpeaesiaeTcs Ipe-
KJe BCEro TeM, YTO B 0003pUMOM OYyAylLIEM MPOrHO-
3UpyeTcsl pa3paboTKa W MPOM3BOACTBO Ha OCHOBE
KHMUM-cTpyKTyp CHCTEM TMIareploBOro U TepabUTHO-
ro J1arna3oHOB.
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High-Frequency Microelectronics Based on Silicon Substrate Structures

A major goal of development of the new-generation semiconductor microwave devices for modern wireless applications in the eco-
nomic, military and space sectors is reduction of the consumed energy and fast data processing. This study presents a review of the
principles for development of the transistor structures and monolithic integrated microwave devices based on the semiconductor struc-
tures comprising a silicon substrate. Those structures include both the single-crystalline silicon wafers themselves with the device sil-
icon layers of different conductivity types and the heterostructures of the "silicon-on-insulator” and "GaN-on-silicon" types. Char-
acteristics of different designs of the transistor structures were comparatively analyzed, and the basic methods for formation of the

semiconductor device layers were described.
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Introduction

In the foreseeable future the leading role of the basic semi-
conductor material will still be played by silicon (and its tech-
nologies), 95 % of all the semi-conductor devices are pro-
duced with the use of the silicon substrates. Silicon is one of
the optimal materials by its effective power in the range of
100—2000 MHz. Most of the microprocessors are realized in
CMOS basis, because it ensures a minimal static energy con-
sumption and small consumption on low and medium work-
ing frequencies, high density of packing of elements (design
standards in a batch production are 0.13 micrometers) and
simplicity of realization [1—3].

New GaN, SiC materials allowed to improve the static,
dynamic and thermal parameters of the microwave transis-
tors. A breakthrough in the field of development of powerful
GaN transistors became possible due to invention of epitaxial
growth of GaN on the silicon wafers with crystallographic ori-
entation (111) and diameter up to 150 mm.

The given work presents features of designing and manu-
facturing of the microwave transistors on the structures con-
taining a silicon wafer as the bearing design.

Integrated circuits on volume silicon and SOI structures

Silicon bipolar, MOSFET and LDMOS transistors have
an essential share of the market of equipment in the range up
to 2 GHz.

The bipolar silicon technology is most wide-spread, well-
developed, and the products on its basis turn out to be cheaper.
For example, most of the microwave transistors from Advanced
Power Technology Co. for avionics and radars are bipolar [4].

There is an obvious trend for transition to LDMOS tech-
nology (Laterally Diffused Metal Oxide Semiconductors),
which ensures the best characteristics of the transistors, such
as linearity, amplification, thermal modes, stability to a mis-
match, coefficient of efficiency, dissipated power reserve and
reliability, [5]. There are two basic designs of LDMOS tran-
sistors. The first is based on the use of a screen to ensure in-
sulation of a drain from a gate and reduction of the feedback
capacity. As a rule, such a design is applied at the length of
a gate of 0.5 um (fig. 1). The second design (length of a gate
is less than 0.5 pm) is based on application of the earthed met-
al area and it allows to reduce the feedback capacity and to
lower the current drift between the drain and the gate (fig. 2)
[6]. It is more expedient to apply LDMOS transistors for work
on frequencies of about 1GHz; at that, the power is ensured
at a load up to 300 W in a pulse operating mode [4].

Field transistors on SOI heterostructures are the most
high-frequency ones of all the transistors (for example, 3.3 THz
in IBM version). Their speed of operation is based on increase
of mobility of electrons in the channel, which is achieved due
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to a space division of the conductive channel and the ionized
impurity centers. The greatest success was achieved in devel-
opment of the low-noise field transistors on the heterostruc-
tures, which are used in the satellite communication systems.
Thus, on frequency /= 20 GHz the noise coefficient of K
less than 1 dB was reached at amplification coefficient of
K, =12 dB, on frequency /=40 GHz K, <2 dB at K, =7 dB
[7]. The losses of the microwave radiation of the integrated
circuits (IC) on volume silicon, standard SOI IC and optimized
SOI IC on high-resistance substrates on frequency 10 GHz
were, accordingly —20, —30 and —60 dB [8].

As a result of research of the high-frequency and noise
properties of SOI #n-MOS transistors from the library of do-
mestic SOI CMOS technologies with design norms of 0.35 pm
it was established, that the frequencies of the unity gain and
maximal generation were 15...20 and 90 GHz, accordingly,
which confirmed a possibility of realization of the amplifying,
mixing and generating IC with the working range of frequen-
cies of 1.21.65 GHz. An experimental estimation of the levels
of resistance of the functional units to a doze and pulse in-
fluence of the ionizing radiation (IR) shows that a tiristor ef-
fect and catastrophic failures are not observed up to the level
of 5-10'2 units/s [9]. Features of nonclassical MOS struc-
tures are presented in [10].

Structures on the basis of silicon-germanium
semi-conductor compound

The working frequencies of the best modern "purely sili-
con" devices do not exceed 1525 GHz. However, many mo-
bile wireless systems have to work on the frequencies exceed-
ing 30 GHz [11].

Change of the width of the forbidden zone of silicon at the
expense of addition of germanium and establishment of a pro-
file of its distribution led to obtaining of a new material (SiGe)
with interesting semi-conductor properties. Improvement of
SiGe transistors led to appearance of silicon-germanium
BiCMOS circuits, which promoted development of the most
promising direction of works in the field of SiGe technology —
integration of the heterotransistors (HBT) with special
CMOS elements.

Among the advantages of SiGe-HBT in comparison with
the silicon bipolar transistors are: higher maximal frequency
of generation (up to 120 GHz), low noise coefficient (HBT
with the width of the emitter strip of 0.18 um has the noise
coefficient of 0.4 dB on frequency of 2 GHz), amplification
coefficient on power and coefficient of efficiency in the mode
of power amplification (up to 70 %). For most wireless com-
munication systems working in the range of 900 MHz ... of
2.4 GHz, the SiGe devices are promising because of the po-
tentials for improvement of the other characteristics of the




system, first of all — power consumption [12—14]. The high-
est-speed SiGe transistor was developed with the minimal
topological size of 0.13 micrometers and maximal frequency
of 798 GHz [15].

The problem of a decrease of the power consumption with
overcoming of the effects of the short and narrow channel and
reduction of the thickness of the subgate dielectric down to
510 nm can be solved by means of MOS transistor technology
with Si/SiGe heterostructure channel (SiGe HMOS). The
structure of such SiGe HMOS is presented in fig. 3. Because
of different constants of the lattice on the border of Si/SiGe
alloy the two-dimensional elastic stresses of deformation ap-
pear. They lead to an increase of mobility of the carriers in the
transistor channel, a speed increase of the transistor and re-
duction of the resistance of the channel [16].

The basic design distinction of SiGe bipolar transistors
from the silicon ones is the area of the base, which is formed
by either epitaxy, or ionic implantation of germanium [17].
For the epitaxial growth of SiGe semi-conductor structures
the molecular beam epitaxy (MBE) is used [18—23].

Heterostructures on GaN basis

A successful combination of the electrophysical properties
allows us to develop devices on the basis of GaN with the
record-breaking high parameters on frequencies up to 100 GHz
and over [24—28]. The doze effects in the nanoheterostruc-
tured field transistors with Schottky-gate on GaN begin to be
visible at high (about 100 rad) levels at a gamma-quantum ir-
radiation. The structural defects under the influence of proton
fluences and fast reactor neutrons do not affect the charac-
teristics of GaN transistor nanoheterostructures up to the lev-
els of about 10'* cm™2. In case of an irradiation by high-en-
ergy ions a degradation of the characteristics of GaN transis-
tor structures is observed at the levels of 10'°...10'" cm™2 and
it depends on the energy and atomic number of the ions [29].

The basic electric and physical-chemical properties of
GaN, the analysis of development of the semi-conductor de-
vices on heterostructures, including on GaN-on-Si, are pre-
sented in the works [30—45]. It is obvious, that research and
development, and manufacture are focused on the power
electronics and monolithic integrated circuits (MIC). Appli-
cation of GaN transistors in the microwave range devices is
considered in [46—58].

Substrates for the epitaxial GaN structures should have a
minimal divergence with GaN by the lattice and coefficient
of thermal expansion parameters, good heat conductivity for
removal of the thermal restrictions and good insulating prop-
erties ensuring small losses on the microwave frequency; these
requirements are met by the substrates from Al,O5, SiC and
Si(111) [59]. The methods for growing of GaN films, suitable
for manufacture of HEMT, on the substrates with diameter
up to 150 mm, are presented in [60—61].

Unlike the silicon devices on heterostructures of silicon-
on-dielectric (SOD), the instrument layer of GaN appears
embedded into a multilayer composition, one part of which,
interfaced with the substrate, promotes a decrease of the de-
fectiveness and of the level of mechanical stresses, while an-
other (subgate area) — ensures control of the conditions for
passing of a current in the channel [62—67].

Fig. 4 and 5 (see 3-rd side of the cover) present cross-sec-
tions of a powerful GaN transistor from NEC Co [45] on Si
and a HEMT transistor with a subgate dielectric from HfO,,
which ensures a decrease of the leak currents [45]. Fig. 6 (see
3-rd the side of cover) presents a fragment of a cross-section

of a combined circuit on the silicon substrates made with the
use of GaN and Si instrument layers, and a topological figure
of MIS on p-Si and GaN HEMT transistors [68]. The tech-
nological process for formation of the light-emitting diodes
on the basis of GaN, in which a silicon substrate is used as an
auxiliary material, is presented in fig. 7 [70].

The commercially available GaN amplifiers and transis-
tors, despite their advantages, are limited by the range of
4...6 GHz; the top frequency of the examined samples
reached 90 GHz. However, many researchers believe that the
devices on the basis of GaN will soon supplant the GaAs ma-
terial in the area of powerful amplifiers.

Conclusion

One of the priority directions of development of the modern
physics of semiconductors is the technology for formation of
the heterostructures, which is necessary for improvement of the
parameters of the solid-state microelectronic devices. Among
the semiconductors, silicon is the basic material for microelec-
tronics and this is due to a unique combination of its properties
and a high level of synthesis of this material and devices.

The importance of the basic research and development of
the manufacturing techniques of SOI nanotransistors and 1C
is defined, first of all, by the fact that good prospects are pre-
dicted for development and manufacture of the gigahertz and
terabit ranges on the basis of SOI in the foreseeable future.

References

1. Kozlov Yu. F. Sovremennoe sostoyanie i problemy obespe-
cheniya elektronnoj promyshlennosti RF special'nymi materialami.
URL: www.sciteclibrary.ru/techcourier/expert/doc_kozlovl.doc

2. Bodnar' D. Moschnye SVCh-tranzistory i korpusa dlya rossijskogo
i zarubezhnyh rynkov, Elektronnye komponenty, 2013, no. 1, pp. 1—6.

3. Budyakov A. S. Sostoyanie i perspektivy SVCh i KVCh MIS na
osnove kremnievyh tehnologij klassa sistema na kristalle, 7verdotel naya
elektronika. Slozhnye funkcionalnye bloki REA. Materialy nauchno-teh-
nicheskoj konferencii, Moscow: MNTORES im. A. S. Popova, 2011, 214 p.

4. Sharopin Yu. SVCh — tranzistory kompanii Advanced Power
Technology dlya avioniki i radarov, Komponenty i tehnologii, 2006, no. 1,
pp. 108—110.

5. Moschnye SVCh-tranzistory Philips Semiconductors. URL:
http://vk.com/cxem_net_payalnik

6. Farmikoun G., Bouri F., Berger Dzh. i dr. Tehnologiya moschnyh
SVCh LDMOS-tranzistorov dlya radarnyh peredatchikov L-diapazona i
aviacionnyh primenenij, Komponenty i tehnologii, 2007, no. 10, pp. 14—16.

7. Zavrazhnov Yu. V., Kaganova 1. 1., Mazel' E. Z. i dr.; Pod red.
E. Z. Mazelya. Moschnye vysokochastotnye tranzistory. Moscow: Radio
isvyaz', 1985. 176 p.

8. Aseev A. L., Popov B. P., Volodin V. P., Maryutin V. N. Per-
spektivy primeneniya struktur kremnij-na-izolyatore v mikro- i nano-
elektronike i mikrosistemnoj tehnike, Mikrosistemnaya tehnika, 2002,
no. 9, pp. 3.

9. Elesin V. V., Nazarova G. N., Chukov G. V., Kabal'nov Yu. A.,
Titarenko A. A. Issledovanie vozmozhnosti razrabotki radiacionno-sto-
jkih BIS navigacionnogo naznacheniya po otechestvennoj KMOP KNI
tehnologii s normami 0.35 mkm, Mikro'elektronika, 2012, vol. 41, no. 4,
pp. 291—303.

10. Majskaya V. Buduschee tranzistornyh struktur. Naskol'ko
spravedliv zakon Mura? Elektronika: NTB, 2002, no. 3, pp. 64—67.

11. Valentinova M. SiGe-tehnologiya — process poshel, Elektronika
NTB, 1999, no. 5—6.

12. Gromov D. V., Krasnyuk A. A. Materialovedenie dlya mikro- i
nano‘elektroniki: Uchebnoe posobie. Moscow, MIFI, 2008, 156 p.

13. Perevezencev A. V. SVCh tverdotel'nye priemnye moduli na
GaN i SiGe gibridnyh i monolitnyh ingtegral'nyh shemah, Avroreferat
dissertacii na soiskanie uchenoj stepeni kandidata tehnicheskih nauk,
Moscow, 2012.

14. Samyj bystryj tranzistor. URL: http://www.osp.ru/pcworld/

15. Novyj rekord bystrodejstviva SiGe tranzistorov. URL: http://
phys.org/news/2014-02-silicon-germanium-chip.htm

16. Li P., Liao W. Analysis of Si/SiGe channel pMOSFETs for deep-
submicron scaling, Solis-State Electronics, 2002, no. 46, pp. 39—44.

17. Lombardo S., Pinto A., Raineri V., Ward P., Campisano S. U.
Si/Ge,Siy — , HBTs with the Ge,Si; _ , base formed by high dose Ge im-
plantation in Si, /EDM, 1995, pp. 1019—1022.

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 11, 2016 719



18. Razrabotka metodov molekulyarno-puchkovoj ‘epitaksii dlya
vyraschivaniya mnogoslojnyh poluprovodnikovyh struktur na osnove
kremniya, germaniya i tverdogo rastvora kremnij-germanij. URL:
http://www.nifti.unn.ru/

19. Matveev A., Denisov S. A., Chalkov V. Yu., Shengurov V. G.,
Stepihova M. V., Drozdov M. N. i dr. Periodicheskie geterostruktury
Si/SiGe, vyraschennye na si(100) iz atomarnogo potoka Si i molekul-
yarnogo potoka monogermana, Fizika tverdogo tela.Vestnik NNGU im.
N. I. Lobachevskogo, 2014, no. 1 (2), pp. 84—87.

20. Lobanov D. N., Novikov A. V., Krasil'nik Z. F. Metod molekul-
yarno-puchkovoj ‘epitaksii i ego primenenie dlya formirovaniya SiGe na-
nostruktur Praktikum. Nizhnij Novgorod, NNGU, 2010. 37 p.

21. Denisov C. A. Molekulyarno-puchkovaya epitaksiya iz sublima-
cionnogo istochnika sloev kremniya i geterostruktur SiGe/Si na sapfire.
Avtoreferat dissertacii na soiskanie uchenoj stepeni kandidata fiziko-
matematicheskih nauk, N. Novgorod, 2012.

22. Alekseev A., Filaretov A., Chalyj V., Pogorel'skij Yu. Mole-
kulyarno-puchkovaya epitaksiya. Oborudovanie i rezul'taty. URL:
http://www.nanometer.ru/.

23. SimiTEg STE 3532. Ustanovka molekulyarno-puchkovoj epitaksii.
URL: http://www.rusnanonet.ru/

24. Lavrent'ev M., Gelerman D. Novoe pokolenie tverdotel'nyh usi-
litelej moschnosti v sistemah sputnikovoj svyazi i veschaniya, PERVAYa
MILYa, 2013, no. 3, pp. 64—67.

25. Vasil'ev A. G., Kolkovskij Yu. V., Koncevoj Yu. A. SVCh pribory
i ustrojstva na shirokozonnyh poluprovodnikah, Moscow: TEHNOSFERA,
2011, 416 p.

26. Fedorov Yu. Shirokozonnye geterostruktury i pribory na ih os-
nove dlya millimetrovogo diapazona dlin voln, ELEKTRONIKA NTB,
2011, no. 2, pp. 92—107.

27. Danilin V. N., Zhukova T. A. i dr. Tranzistor na GaN poka samyj
"krepkij oreshek”, ELEKTRONIKA: NTB, 2005, no. 4, pp. 20—29.

28. Kulikov E. V., Moskalyuk V. A. Vysokochastotnye parametry ni-
trida galliya, Tehnika i pribory SVCh, 2008, no. 2, pp. 48—52.

29. Gromov D. V., Matveev Yu. A., Nazarova G. N. Issledovanie
vliyaniya ioniziruyuschih izluchenij na harakteristiki geterostrukturnyh
polevyh tranzistorov na nitride galliya, Problemy razrabotki perspektivnyh
mikro- i nano'elektronnyh sistem-2012. Sbornik trudov, Moscow, IPPM
RAN, 2012, pp. 598—603.

30. Samsonov G. V., Kulik O. P., Polischuk V. S. Poluchenie i me-
tody analiza nitridov, Kiev, Naukova dumka, 1976, 316 p.

31. Minsky M. S., White M., Liu E. J. Room-temperature pho-
toenhanced wet etching of GaN, Appl. Phys. Lett., 1996, vol. 68,
no. 11, pp. 1531—1533.

32. Perspektivy rynka silovyh ustrojstv na osnove tehnologii GaN-on-Si.
URL: www. russianelectronics.ru/leader—r/review/doc/62109/

33. Kischinskij A. A. Tverdotel'nye SVCh usiliteli moschnosti na ni-
tride galliya — sostoyanie i perspektivy razvitiya. Materialy 19 Krymskoj
konferencii "SVCh tehnika i telekommunikacionnye tehnologii”, Sevas-
topol', Veber, 2009, vol. 1, pp. 11—16.

34. Alekseev A., Krasovickij D., Petrov S. i dr. Mnogoslojnye geter-
ostruktury AIN/AlGaN/ GaN/AlGaN — osnova novoj komponentnoj
bazy tverdotel'noj SVCh-"elektroniki, Komponenty i tehnologii, 2008,
no. 2, pp. 138—142.

35. Nikitin D. Obzor GaN- tranzistorov kompanii United Monolithic
Semiconductors, Komponenty i tehnologii, 2013, no. 2, pp. 132—133.

36. Avetisyan L. Usilitel' Do erti i ego realizaciya na komponentah
kompanii Gree, Sovremennaya elektronika, 2012, no. 5, pp. 62—65.

37. Vasil'ev A., Danilin V., Zhukova T. Novoe pokolenie polu-
provodnikovyh materialov i priborov: cherez GaN k almazu, Elektronika
NTB, 2007, no. 4, pp. 68—76.

38. Gol'cova M. Moschnye GaN-tranzistoryistinno revolyucion-
naya tehnologiya, FElektronika NTB, 2012, no. 4, pp. 86—100.

39. Turkin A. Obzor razvitiya tehnologii poluprovodnikovyh geter-
ostruktur na osnove nitrida galliya (GaN), Poluprovodnikovaya svetoteh-
nika, 2011, no. 6, pp. 6—9.

40. Vojtovich V., Gordeev A., Dumanevich A. Si, GaAs, SiC, GaN —
silovaya elektronika. Sravnenie, novye vozmozhnosti, Silovaya ele-
ktronika, 2010, no. 5, pp. 4—10.

41. Makdonal'd T. Preimuschestva silovyh priborov na baze GaN ot
International Rectifier, Novosti elektroniki, 2010, no. 7.

42. GaN power transistors eliminate current collapse, cut power loss.
URL: www.eetasia.com/ART_8800639119_765245_NP_a4849b54. HTM

<file:///C:\Documents%20and %20Settings\svk. NI11S\Rabochij%20stol\
www.eetasia.com\ART_8800639119_765245_NP_a4849b54. HTM>.

43. URL: <http://www.nec.com/>" \t "_blank.

44. Seok O., Ahn W., Han M.-K. High-breakdown voltage and low
on-resistance AlGaN/GaN on Si MOS-HEMTs employing anextended
TaN gate on HfO, gate insulator./ doi: 10.1049/¢1.2013.0697, P. 425.

45. Nanotehnologii v elektronike. Pod red. Yu. A. Chaplygina. Mos-
cow: Tehnosfera, 2005. 448 p.

46. Janssen P. B., van Heijningen M., Provenzano G. et al. X-band
Robust AIGaN/GaN ReceiverMMICs with over 41 dBm Power Handling,
Compound Semiconductor Integrated Circuits Symposium, 2008.

47. Bettidi A., Corsaro F., Cetronio A. ct al. X-Band GaN-HEMT
LNA Performance versus Robustness Trade-Off, EuMIC, 2009.

48. Mokerov V. G., Kuznecov A. L., Fedorov Yu. V. i dr. AIGaN/
GaN-SVCh HEMT-tranzistory s probivnym napryazheniem vyshe
100V i s predel'noj chastotoj usileniya po moschnosti f max do 100 GGec,
Fizika i tehnika poluprovodnikov, 2009, vol. 43, iss. 4, pp. 561—567.

49. Kokolov A. A., Cherkashin M. V. Postroenie i harakteristiki
SVCh monolitnyh usilitelej moschnosti na osnove poluprovodnikovyh
materialov GaAs i GaN, Doklady TUSURa, dekabr' 2011, no. 2 (24),
chast' 2, pp. 17—23.

50. Micovic M. W-band GaN MMIC with 842 mW output power /
M. Micovic, A. Kurdoghlian, K. Shinohara et. al., Microwave Sympo-
sium Digest (MTT), 2010 IEEE MTT-S International. 23—28 May,
2010, pp. 237—239.

51. Vikulov I. GaN-mikroshemy priemoperedayuschih modulej AFAR:
evropejskie razrabotki, ELEKTRONIKA NTB, 2009, no. 7, pp. 90—97.

52. URL: <http://pa.compeljournal.ru/>.

53. Singhal S. et al. Qualification and Reliability of a GaN Process
Platform, CS MANTECH Conference, May 14—17, 2007, pp. 83—86.

54. Schuh P. GaN MMIC based T/R-Module Front-End for
X-Band Applications, EwMIC Conference Proceedings, 2008, pp. 274—2717.

55. Majskaya V. SVCh — poluprodnikovye tehnologii-status raven.
No u kogo on ravnee? Elementnaya baza elektroniki, 2006, Ne 5.

56. Gromov D. V., Krasnyuk A. A. Materialovedenie dlya mikro- i
nanoelektroniki: Uchebnoe posobie, Moscow: MIFI, 2008. 156 p.

57. Dvoesherstov M. Yu., Cherednik V. 1., Belyaev A. V., Deni-
sova A. V., Sidorin A. P. Geteroepitaksial'nye struktury AIN/Al,Oj5 i
GaN/Al,O5 dlya akustoelektronnyh SVCh ustrojstv, Sovremennye nau-
koemkie tehnologii. Fiziko-matematicheskie nauki, 2010, no. 9, pp. 24—30.

58. Sidorin A. P., Belyaev A. V., Dvoesherstov M. Yu. i dr. Teh-
nologiya izgotovleniya SWR-BAW akustoelektronnyh rezonatorov na os-
nove geteroepitaksial'nyh struktur AIN/GaN/Si(111), Sbornik trudov
nauchnoj konferencii "Sessiya Nauchnogo soveta RAN po akustike i XXV ses-
siya Rossijskogo akusticheskogo obschestva”, 2012, vol. 1, pp. 288—290.

59. Molekulyarno-luchevaya epitaksiya i geterostruktury. Perevod s
anglijskogo. Pod redakciej akad. Zh. I. Alferova i d-ra fiz.-mat. nauk
prof. Yu. V. Shmarceva, Moscow: Mir, 1989, 589 p.

60. Katalog firmy Eudyna Device. URL: www.eudyna.com/e/prod-
uctse/newproduct-se/gan_hemt_era.html.

61. Sharofidinov Sh. Sh., Golovatenko A. A., Nikitina I. P., Sere-
dova N. V., Mynbaeva M. G., Bugrov V. E., Odnoblyudov M. A.,
Stepanov S. 1., Nikolaev V. 1. Tolstye epitaksial'nye sloi nitrida galliya
na kremnievoj podlozhke, Materials Physics and Mechanics 22 (2015),
pp. 53—58.

62. Sorokin L. M., Kalmykov A. E., Bessolov V. N. i dr. Struktur-
naya harakterizaciya epitaksial'nyh sloev GaN na kremnii: vliyanie
bufernyh sloev, Pisma v ZhTF, 2011, vol. 37, iss. 7, pp. 72—78.

63. Buzynin Yu. N., Drozdov Yu. N., Drozdov M. N. i dr. Geteroepi-
taksial'nye plenki GaN na podlozhkah kremniya s bufernymi sloyami na
osnove poristogo materiala, Izvestiva RAN, seriya FIZIChESKAYa, 2008,
vol. 72, no. 11, pp. 1583—1587.

64. URL: www.albany.edu/WBGOptronixlab/research/research.

65. Bessolov V. N., Luk'yanov A. V., Kukushkin S. A. i dr. Polu-
provodnikovyj pribor. Patent RF Ne 2446511, opubl. 27.03.2012.

66. Patent SShA No 6610144, 2000.

67. Patent SShA No 7612361, 2009.

68. URL: <http://eecs-newsletter.edu/wp-cjntent/uhloads/2009/11/
palacion_fig.png>.

69. Bogdanovich B. Yu., Grafutin V. 1., Kalugin V. V. i dr. Tehnologii
i metody issledovaniya struktur KNI: Moscow, MI"ET, 2003. 289 p.

70. Xiong Chi, Pernice W., Ryu K. K. et al. Integrated GaN phot-
onic circuits on silicon (100) for second harmonic generation, OPTICS
EXPRESS, 2011, vol. 19, no. 11, pp. 10462—10470.

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 21.09.2016. [Moanucano B meyars 22.10.2016. @opmat 60x88 1/8. 3akaz MC1116. LleHa noroBopHast
Opurunan-maker OO0 «AnBaHcen comonrH3». Orneyarano B OO0 «AnBaHcen comoirH3». 119071, r. Mocksa, Jlenudckuii ip-1, a. 19, ctp. 1. CaiiT: www.aov.ru

720 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 11, 2016




