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Fig. 1. Circuit of a 3D-microsystem with SU-8 as the interlaminar dielectric layer.
The thickness of the photopolymeric layers is from 10 up to 40 pm
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Fig. 2. Circuit of a multilayered printed-circuit board with the polymeric optical waveguides.

The thickness of the photopolymeric layers is from 5 up to 100 pm
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METOAbI HAHECEHUS TOACTbIX CAOEB XUAKUX ®OTOINMOAUMEPOB

BbICOKOM BA3KOCTH

Ilocmynuna 6 pedaxyuro 25.11.2016

Ilpusodumces cucmemamu3ayus OCHOBHBIX MEMO008 HAHECeHUs NOKPLIMUIL U3 JHCUOKUX (POMOUYECMBUMENbHbIX HOAUMEDOS,
NPUMEHSeMbIX 8 HAHO- U MUKpomexHoao2usx. Jlaiomcs pekomeHOauuu no 6vl00py memooa HaAHeCeHUsi MoOACMbIX CA0e6 (Pomo-
noaumepos (10...250 mkm) Ha NPsAMOY201bHbIE 3A20MOBKU C OMHOCUMENbHO 8bICOKUM peavedhom 2...35 MKMm.

Karoueevie caosa: memoo Hamecenus noAUMEpHO2O0 NOKPbIMUS, HCUOKUU homope3ucm, (omonosumep GbiCOKOU 6A3KOCMU,

pe/zbedmaﬂ NOBEPXHOCMb, NPAMOY201bHAA 3A20MO6KA

BBenenune

TunoBeie TOJIIUHBI (POTOPE3UCTUBHBIX ITIOKPHI-
TUH, UCIIOJb3YEMBbIX B TPOU3BOJICTBE MUKPOIJIEKTPO-
HUKU, HE TPEBHIIIAIOT 2 MKM C JIOITYCKOM Ha HepaB-
HOMEPHOCTh OKPHITUA 1...5 % I10 IJIOIIAAN 3aroTOB-
KM (Ha MOMEHT HalMCaHUSI CTaTbU MaKCUMaJIbHbIN
IUaMeTp TTOJYIMPOBOIHMKOBBIX IIACTUH, UCIIOJb3ye-
MBIX B PD, cocraBmser 200 MM, B mupe — 300 MM).

B mpousBoncTBe MHOIOCIOMHBIX IMEYaTHBIX ILIaT
MPU U3TOTOBJIEHUH BHYTPEHHMX CJIOEB 0€3 OTBEPCTUI
MIPUMEHSIIOT XUAKUE MO3UTUBHBIE (POTOPE3UCTHI, HA-
HocuMble TomuHoM oT 0,1 10 5 MKM ¢ IOITyCKOM Ha
HEPaBHOMEPHOCTh MOKPHITUS He xyxe 10 % 1o mio-
1AW 3aTOTOBKU, pa3Mep KOTOPOil BMECTE C TEXHOJIO-
TMYECKUMMU MOaIMU MoxXeT nocturatbh 400 X 500 mm.

B nocnenHee necsituieTve BO3HMKJIIA MTOTPEOHOCTh
B (DOPMUPOBAHNM MUKPO- U HAHOCTPYKTYP C UCITOJb-
30BaHueM (hOTOIUTOrpachUUYeCcKrX MPOLIECCOB MpUMe-
HUTEJIBHO K TOJICTBIM CJIOSIM (DOTOUYBCTBUTEIBHBIX
nojuMepoB. ToJIMHA TAKUX CJIOEB COCTABJISET OT Je-
CSTKOB JI0 HECKOJIBKUX COTEH MUKPOMETPOB, a Tpebo-
BaHUS MO HEPABHOMEPHOCTHU TMOKPBITUS IO TLIOIIAIN
3arOTOBKM — €IWHUIIbI TTPOLIEHTOB.

Kuakue (pOTOYYBCTBUTE/IbHBIE MOJUMEPDI

CaMblil pacnipocTpaHEHHBI TIpeacTaBUTeb (HOTO-
MHOJUMEPOB, HAHOCUMBIX TOJIIWHOM OT JOJEU MUKPO-
MeTpa J0 coTeH MUKpomeTpoB, — SU-8 (MicroChem,

CIIIA). Bto HeraTUBHBIM (POTOUYBCTBUTEIbHBIN Ma-
TepraJl Ha OCHOBE 3TMOKCHIHOW CMOJBI CO CIIEKT-
paJTbHON YYBCTBUTENBHOCTBIO K i-TWHUM (365 HM),
TTO3BOJISTIONINI TTOJTy4aTh CTPYKTYPBI C BBICOKMM ac-
MEeKTHbIM OoTHouIeHueM. M3HavanbHo SU-8 ucronb-
30BaJICs B KauecTBe (hOTOpPE3UCTA TIPHU M3TOTOBICHUN
MaTpull 1J11 MUKPO(OPMOBaHNSI MUKPOTEILJIOOOMEH -
HUKOB, JIeTaJiei MUKPOPEAYKTOPOB M MUKPOJIBUTATE -
JIeli, MUKPOIIOPUCTHIX MEeMOpaH M TOMY MOAOOHBIX
uzgenuit mo LIGA-texHonoruu (Lithographie, Galva-
noformung, Abformung — Hem. [1]). Ho oH MoxeT uc-
MOJIb30BaThCsl U B KauyeCTBe WM3OJISILIMOHHOTO KOHCT-
PYKIIMOHHOTO MaTepuaia (puc. 1, cM. BTOPYIO CTOPOHY
000xKk1) B 3D-MUKpocucTeMax, a TAKXKe B KaUeCTBe
OCHOBHOTO MaTepuaja IpH CO3TaHUM TeparepleBhIX
BOJIHOBOJIOB CO CBEPXHU3KMMHU TOTepsMHU [2, 3].

B cBs131 ¢ HEOOXOAMMOCTBIO TTOBBIIIEHUS CKOPOCTH
nepeaayr MHGOPMALUU BHYTPU YCTPOKNCTB, a TaKxKe
MEXIy HUMU TP UX OOBEOIWHEHNH B CIOXHBIE OBIC-
TPOINENCTBYIOIINE CHUCTEMbl BEAYTCS MOMCKU KOHCT-
PYKTOPCKO-TEXHOJIOTMIECKUX PEIleHUI TT0 CO3TaHUIO
MOJIMMEPHBIX ONTUYECKMX COeOUHEHMI (puUC. 2, CM.
BTOPYIO CTOPOHY OOJIOXKKM).

B o01ieM Buie onTUYeCcKUe COENMHEHUS — 3TO Tia-
HapHbIE TTOJIMMEPHBIE BOTHOBOAKI [4—6], cocTostIe
13 HOTOUYBCTBUTENIBHON cepAueBuHbI (aHrI. Core),
U (doTouyBcTBUTEIbHON o00osouku (aHri. Clad).
O06oJiouKa mpy 3TOM UMeeT Oosiee HU3KUM K03 hu-
LIMEHT MPeJIOMJIEHMST TI0 CPaBHEHUIO C CEepILEBUHOM
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(TTpenIMOYTUTENHHO OTAMYME B TPEThEM 3HAKe ITOCTe
3aIsITOM).

Pa3paboTkoif ONTUYECKUX TIOJUMEPOB, KOTOPBIC
COBMECTHMBI CO CTAaHAAPTHBIMM IpolleccaMu (PoTo-
JmTorpadui, 3aHNMAIOTCS TaKe KOMITaHWUH, Kak Dow
Chemical (CIIIA), Dow Corning (CIIIA), MicroChem
Corp (CIIIA), Exxelis (Benukoopurtanusi), Chemoptics
(FOxnas Kopest), Optical Interlinks (CIIIA) u np. [7, 8].

OTINYUTEIbHBIM CBOMCTBOM 3THX (POTOMOIMME-
pPOB, BaXHbIM MpPU peaTu3allMd TEeXHOJIOTMYECKOro
poliecca, SIBISETCS UX OTHOCUTENIBHO BBICOKAS BSI3-
KOCTb. 3HaU€HUsI JMHAMUYECKOTr0 U KMHEMaTUYeCKO-
ro Ko3(pOUIMEHTOB BI3KOCTU HEKOTOPBIX KUIKUX
doTope3ucToB U HOTOMOIMMEPOB MPU HOPMATBHBIX
YCJIOBUSIX TIpUBEAEHbI B Ta0d. 1.

Hecmotpst Ha BocTpeOOBaHHOCTb, METOIbI HAHECE -
HUS TOACThIX (10 500 MKM) C10€B HEraTMBHBIX (pOTO-
MOJMMEPOB BBICOKOI BSI3KOCTU Ha KPYITHOIrabapuT-
Hbl€ MPSIMOYTOJIbHbIE 3arOTOBKU O CUX IOpP HE HC-
CJIeIOBaHBI B TOJTHOU Mepe, paBHO KaK M METOIBI MX
TepMOOOPaOOTKM, SKCIIOHMPOBaHMS M mposiBKM. Ha
OCHOBE aHaJM3a MCTOYHWKOB WH(pOpMAIK, OCHOB-
Hasl 4acTh KOTOPBIX MpeICTaBleHa B CIMCKE JIUTEpa-
Typbl [9—15], 1 DaHHBIX MpousBoauTENEel (HOTOMO-
JINMEPOB IIJIT U3TOTOBJICHUSI ONTUYECKUX BOJHOBO-
noB (LightLink XP-6701A w LightLink XP-5202A (Dow
Chemical), OE-4140 UV u OFE-4141 (Dow Corning),
EpoCore n EpoClad (Micro resist tehnology GmbH),
Ormocore n Ormoclad (Micro resist tehnology GmbH))
cocTapjieHa Ta0J. 2, TO3BOJISIONIAs OPUEHTUPOBATHCS

Tabmuua 1
Table 1

Baskoctb Kunkux ¢oronoaumepos U GoTope3ucTon
Viscosity of the liquid photopolymers and photoresists

HaumenoBanue doTononmmepa
Photopolymers

JuHaMuyeckast BSI3KOCTb, I1a ¢
Dynamic viscosity, Pa* s

MicroChem Corp (CILA)
Micro Chem Corp (USA)

SU-8 cepun 2010 0,45
SU-8 series 2010

SU-8 cepun 2015 1,5

SU-8 series 2015

SU-8 cepun 2025 5,49
SU-8 series 2025

SU-8 cepum 2035 8,59
SU-8§ series 2035

SU-8 cepun 2075 27,2
SU-8§ series 2075

SU-8 cepun 2100 55,67
SU-8 series 2100

SU-8 cepum 2150 99,04

SU-8 series 2150
Dow Chemical (CLLA)
Dow Chemical (USA)

Cyclotene 4022-35 Her manHbIX
Not available
Cyclotene 4024-40 "
Cyclotene 4026-46 —"—

Cyclotene XUS35078 type 3 —"—

MicroChem Corp (CILIA)
MicroChem Corp (USA)

EpoClad (EpoCore) cepuu 5 0,39
EpoClad (EpoCore) series 5

EpoClad (EpoCore) cepuu 10 1,01
EpoClad (EpoCore) series 10

EpoClad (EpoCore) cepunu 20 3,57
EpoClad (EpoCore) series 20

EpoClad (EpoCore) 14,4

MicroChem Corp (CLLA)
Micro Chem Corp (USA)

OrmoCore 2,9

OrmoClad 2,5
000 "®pact-M" (PD)

DI1385 Het naHHbBIX

FP385 Not available

dI19120 "

FP9120

KuHemarnueckast BI3KOCTb, M2/C I[Mpumenenune
Kinematic viscosity, m%/s Applications
0,00038 HeratusHblil hoTOpe3ucT, mpoliec-
Cbl MoJtydyeHust aneMeHToB MOMC,
0,00125 lab-on-chip, 1M31eKTpUUECKUE CIIOU
B HM3KOUYACTOTHBIX MUKPOKOMMYTa-
0,0045 LIMOHHBIX TUIaTaX Ha KepaMU4YeCKOM
OCHOBaHUU
0.007 Negative photoresist, processes for ob-
’ taining of MEMS elements, lab-on-
0.022 chip, dielectric layers in the low-fre-
’ quency microswitching boards on a ce-
0.045 ramic basis
0,08
0,000192 HNuanexkrpuyeckue cion B CBY tura-
TaX 1 MMKPOKOMMYTAllMOHHBIX TLJIa-
0,00035 TaXx Ha KEPAMUYECKOM OCHOBaHUU
0,0011 Dielectric layers in the microwave
0.00195 boards and microswitching boards on
’ a ceramic basis
0,00033 OnTuyeckrue CoeIuHEHUs
Optical assemblages
0,00085
0,003
0,012
Het nanHbIX Onrtuyeckre cCoeqMHEHUS
Not available Optical assemblages
6,5 - 10— [MosutusHbIi poTopesuct
Positive photoresist
15-10~°
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B ME€TOJaX HAHCCCHUA XKUIKHX (I)OTOHOJII/IMﬁpOB B 3a-
BUCHUMOCTHU OT MX BA3KOCTH.

MeTO,I[I)l, OCHOBAHHbBIC HA JTO3MPOBAHUH

MeTtoabpl, OCHOBaHHBIC Ha JO3MPOBAaHUU, 3aKJTI09a-
IOTCS B TOM, YTO CPEIHSISI TOJIIMHA TTOKPBITUS OTIpe-
NiesieTcsl 00beMOM TO3MPYEMOTo TIoJIMMepa, pa3Mepa-
MM U KOHUTYypalyeil MHCTPYMEHTA, 3a30PpOM MEXIY
paboueil MOBEPXHOCTHI0O MHCTPYMEHTA M TTOMJIOXKKOM,
a TakKe CKOPOCTBIO IepeMElleHUsI MHCTPYMEHTa W
MMOJIOXKM OTHOCUTENIBHO Npyr npyra. TommpHa mo-
JIy4aeMOro IOKPBITHSI IIPYU 3TOM HE 3aBHCHUT OT PEo-
JIOTMYECKHX MapaMeTpPOB HAHOCUMOTO SKUIKOTO TTOJTH-
Mepa. K TakuM MeTomaM OTHOCATCS 1lieJieBOe M 3KC-
TPY3MOHHOE HaHECeHWe, HAaHEeCEHWE TOJIMBOM W JIp.
(Tabu. 2).

Illeaeeoii memoo namecenusn. Kuakuii moammep
BBITECHSIETCS M3 PACIPENEIUTENbHON €MKOCTU Yepe3
1IeJIb METAJJINUYECKOI0 MHCTPYMEHTA Ha IBVXYIIYIO-
¢ ojoxKy. I1lpu aToM 3a30p mexny 3aaHeit pabo-
Yyeil MOBEPXHOCTbIO MHCTPYMEHTA M TMOMJIOXKOMN 3a-
TOJIHEH MOJMMEPOM, a 3a30p MEXIy NepeaHen pabo-
Yyeii MOBEPXHOCThIO MHCTPYMEHTA U IOJIOXKKOM MO-
XeT ObITh 3aIlOJJHEH YaCTUYHO WM MOJHOCTBhIO. Bce
9TO MMHMMU3UPYET 3aXBaT BO3IyXa MPU HAHECEHUU
MOJIMMEpA.

B ciyyae 1ieneBoro HaHeceHUsI HaMOOJIbIIIEE BJIM-
SHUE Ha BBIOOP TEXHOJOIMYECKUX ITapaMeTPOB IIPO-
Iecca HaHEeCEHUs OKAa3bIBAIOT KANWJUISPHBIE CHIIBI U
CWJIBI BSI3KOCTU. PaszMep 3a30pa MeXIy MHCTPYMEHTOM
1 TIOMJIOKKOM BBIIEPXMBAETCS B MHTEPBaJie OT 2 0
10 monmy4yaeMBbIX TOJIIMH MOKPHITHS.

Drcmpy3uonnvtii Memoo nanecenus. B skcTpy3noH-
HOM METOJIE HaHECEHME TTOJTMMEPHOTO ITOKPHITUS MPO-
MCXOOUT aHAJOTMYHO IIEJIEBOMY METOLY, C TOi pas-
HUILIEH, YTO XXUIKUI TTOJTUMEP HEe CMAuyMBaeT BHELIHUE
MMOBEPXHOCTU WHCTPYMEHTa. 3a30p MeXIy WHCTPY-
MEHTOM U TIOMIOXKOU cocTtaBisieT mo 100 ToimmH
MOKpBITUS. [IpM MHOTOKPAaTHOM YBEJIMYEHUM 3a30pa
KUAKOCTh OTHOCHUTEJIBHO MajOW BI3KOCTU HAYMHAET
TeYb MOJ JeCTBUEM IPAaBUTALIMOHHBIX CHJT TIEPIIEH I -
KYJISIPHO OCHOBAHMIO MOJJIOXKKHW U TTOJTy4aeTCsd METOJ,
3aHaBeca.

IIleneBoit M 3KCTPY3MOHHBI METONBI SIBIISIIOTCS
IOBOJIbHO TMOKMMHU. C MOMOILIBIO OJHOIO U TOTO K€
MHCTPYMEHTA MOXXHO HAHECTU ITIOKPBLITUS BSI3KOCTHIO
OT goseit 1o HeckoabKux aecsiTkoB Ila - c. CkopocTh
nepeMeIeHUs] IIOMJIOXKKA OTHOCHUTEJIbHO WHCTPY-
MeHTa (OCHOBHOM TEXHOJOTMYECKUI MapaMeTp mpo-
1ecca HaHeCEeHMs) TIPU 3TOM MOXeT MeHsIThCs ot 0,1
go >10 m/c. IleneBbIM METOAOM MOXHO HAHECTHU
OIHOBPEMEHHO HECKOJIbKO CJI0€B, YTO OIKCHIBAETCS
MHOECTBOM MaTEHTOB Ha YCTPOMCTBO pabOYero MHCT-
pYMEHTa, HO HEe CWJILHO PaCIIPOCTPaHEHO B IIPOM3-
BOJICTBE.
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C momollbIO 1eJeBOro MeTojga HaHocsITcs (poTo-
YYBCTBUTEJIbHbIE MaTepuasibl ((hOTOPE3UCThI), MATHUT-
HbIe CYCIIEH3UU, BOCK, aAre3WBBbI, CHUIMKOHBI, TTEHBI.
MoryT OBITh HAHECEHBI PaCIUIaBbl METAJNIOB M Opra-
HUYEeCKUX MaTepHaioB Majioil BI3KOCTH.

s HaHeceHUs MaTepuajoB BBICOKON BI3KOCTU
MIPUMEHSIETCST SKCTPY3MOHHBI METOI.

Memoo nanecenus noaueom. MeTon HaHeCeHUs
KUIKYX TMOJMMEPOB MOJUBOM MOXET OBbITh OCYILECT-
BJIEH Ha 00OPYJIOBaHUHU JJISI 1LIEJIEBOTO U SKCTPY3UOH-
HOTro MeTona (Ipu BhICOTE 3a30pa MeXIY UHCTPYMEH-
ToM U nogyoxkoi ot 0,05 mo 0,2 m). OTauunTeaIbHAas
0COOEHHOCTh METOJA 3aKJloyaeTcss B CBOOOAHOM mMa-
JIEeHUU KUIKOTO TOoJIMMepa Ha TOBEPXHOCTH JBIKY-
merics noaioxku. HaHeceHue moivBOM MMeeT JBa
IJIABHBIX JIOCTOMHCTBA: C €r0 MTOMOIIBI0 MOXHO HaHO-
CUTb TOHKVE MOKPBITUSI HA HEPOBHbIE MOBEPXHOCTH, U
MpolLIeCC HAHECEHUS MOXET OCYIIECTBIISITHCSA Ha O0JIb-
mux ckopoctax (ot 0,7 mo 10 m/c), obecrieunBaoOIIIX
BBICOKYIO TIPOM3BOIUTENIBHOCTh. HaHeceHre Ha He-
POBHYIO TTOBEPXHOCTh BO3MOXKHO Oj1aromapsi OTHOCH -
TeJIBbHO OOJIBIION CKOPOCTH CTOJTKHOBEHUS KUIKOCTU
C TIOJTOXKKOM, YTO HAMHOTO TIPEBHIIIAET CKOPOCTh 13-
MEHEHMUSI BBICOTHI peJibeda Ha MOBepPXHOCTU. bobline
CKOPOCTH HaHEeCEeHHUs TOXEe TOCTUTAIOTCS Oiaromapst
BBICOKOI CKOPOCTU CTOJKHOBEHUS XXUIKOCTU (BSI3-
kocthio oT 0,004 mo 0,08 Ila-c) ¢ momnoxxkoit. [JaB-
JIEHUE, BO3HMKAIOIIee B MeCTe KOHTAKTa XXUIKOCTH C
MTOJUTOXKOM, BBITECHSIET BO3AYX, KOTOPBIA MOT OBI
0Ka3aThCsl 3aMePThIM MEXIY MOBEPXHOCTHIO MOITOXK-
K1 1 TIOJIMMEPHBIM TTOKPHITHEM.

IlepBoe mMpoMEITIITICHHOE TIPUMEHEHNE METOIa Ha-
HECeHUs TOJMBOM OBbLJIO OCYILECTBAEHO IpU MPOMU3-
BOZCTBE IIOKOMana. biraromapss BO3MOXHOCTH HaHeCe-
HUSI MOJUMEPHBIX MOKPBITUI HAa HEPOBHBIE MOBEPX-
HOCTH METOJ HaHECEeHUS ITOJIMBOM CTall JOBOJBHO
pacrnpocTpaHeHHbIM B MeOeIbHOM MPOMBILITIEHHOCTH.
Cpenn Ipyrux MacCOBBIX TTPOU3BOJCTB, MCITONB3YIO-
IIUX METOJ HAaHECEHUs MOJUBOM, MOXHO BBIAEIUTD
IIPOM3BOICTBO (DOTOILJICHOK, aTIOMUHUEBOM (POIbIU 1
ro)pupoBaHHOIO KapTOHa.

Memoo ckoavzawmezo nanecenus. llleneBoit Meton
M3HAYaJbHO HE OBbLI MpemHa3HavyeH IJIsI HaHECEHUS
6oJtee YeM OIHOTO cJios 3a pa3. [TorpedHOCTL HaHeCe-
HUS 32 pa3 HECKOJIbKHUX CJIOEB TonuMepa (Il JOCTH-
SKEHUST TpeOyeMoil TONIIMHBI WJIM MHOTOCITONHOCTH
MOKPBITHSI) BO3HUKJIA B MHAYCTPUU (POTOILIEHOK, B
CBSI3U ¢ YeM B 1956 1. OBIT M300peTeH METOH, CKOJb-
3S1Ero HaHECEHMUSI.

MHCTpyMeHT [1d HaHeCeHUsl XXUAKUX MOJUMEPOB
CKOJIB3SIIINM METOIOM COCTOUT U3 HECKOJIbKUX IIeIe-
BbIX TOPJIOBMH, PACMOJIOKEHHBIX B HAKJIOHHOM T1JIOC-
KOCTH. 3a30p MeXIy WHCTPYMEHTOM W ITOABVKHBIM
PYJIOHOM TMOKOro ocHoBaHus cocrapiseT 0,2...0,4 MM.
Hnsa ympaBiieHUsI TIPOIIECCOM PETYIUPYIOT CKOPOCTh
HaHeceHus1 (ot 0,1 10 4 M/c), a TakKe BEJIMYUHY Ba-




KyyMma TI0Jl 30HOM KOHTaKTa XUAIKOCTH U MaTepuaja
OCHOBaHUS (104...103 [Ta). OGwIast ToJMHA MOJU-
MEPHOTO MOKPHITUS, TIOJIyIeHHAsT METOIOM CKOJIb3s5I-
IIero HaHECEeHWs, Ha TpPaKTUKE PEeAKO IPEBHIIIACT
100 MKM.

A3po3oavHoe u yavmpazeykosoe pacnolienue. [1aH-
HBIA METOJl UCIOJB3YETCS IS HAHECEHUS TTOKPBITAN
U3 MaJOBSA3KMUX XKUIKUX TOJUMEPOB, Hampumep, ¢o-
TOPE3UCTOB C OOJIBIIUM CONEPXXAHUEM PACTBOPUTEIIS.
B npoluecce pacnbuieHUS XKUAKOCTh M3MEIbYaeTCsl
Ha Karuid JUaMeTpoM B HECKOJIbKO MUKPOMETPOB.
Ilnenka dopmupyercs B MPOLIECCE OCAXKIECHUS ITUX
Kamnejab Ha IMOBEPXHOCTb 3aroTOBKU. PacmblieHueM
MOXHO CO3[IaTh PaBHOE MO TOJIIWHE MOKPBITME Ha
CJIOXXHOM peibeHOM ITOBEPXHOCTH, HO M3-3a UcHape-
HUST PACTBOPUTEJISI B TIPOLIECCE PACTIBUIEHUS 3TO TTOK-
pbITHE OYAET UMETH TOCTATOYHO BBICOKYIO 1IEPOXOBa-
TOCTb, CONTOCTABUMYIO C PAIMyCOM Kareb.

Cpeny MHXEHEepOB-TEXHOJOTOB OTMEUEHO €CTeCT-
BEHHOE CTpeMJICHUE MOHU3UTh BI3KOCTh KUIAKUX (O-
TOIOJIMMEPOB TyTEM T00aBJIE€HUSI COOTBETCTBYIOLIMX
pactBopuTteseid. [1pu LieneHanpaBieHHOM U3MEHEHUU
CTPYKTYPHO-PEOJIOTMYECKUX CBOMCTB XUIKOTO TTOJIM-
Mepa clieJlyeT YYUTbIBaTh, UTO B PE3YJIbTATe MOJYUUTCS
(oTononuMep, 3a KayecTBa KOTOPOTO €ro Mpou3BO-
JIUTEIb HE HECET OTBETCTBEHHOCTU, W B cllyyae Mpu-
MeHeHMsT pa3baBiieHHOro ¢oTomMaTeprasa B KaueCTBe
KOHCTPYKLIMOHHOTO HEOOXOAMMO OYJET OCYILEeCTBUTh
ero InpeaBapuTebHbIe J1abopaTOpHbIE UCCIEAOBAHMS
U UCTIbITaHUS. J1J1s1 MOHUXKEHUS BA3KOCTH (hOTOPE3UC-
TOB (MaTepuaaoB, IPUMEHSIEMbIX B KQUeCTBE BPEMEH -
HBIX TEXHOJIOTUYECKUX MOKPBHITUI) TaKOM C10Cco0 mo-
HUXXEHUSI BI3KOCTU MPUEMJIEM, HO COTIPSLKEH C JJH-
TEJbHBIM TIepeMellInBaHNEM, 00e3raXKMBaHUEM U CY-
IIECTBEHHbIM HW3MEHEHUEM TMapaMeTpoB OIllepaluu
CYILLIKA HaHECEHHOTO CJIOs.

MeTOIlLI HAHECCHUA, OCHOBAHHbIC HA YJIAJICHHH
C MOBEPXHOCTH 3arOTOBKH H30BITOYHOTO
KomyecTBa (poronommepa

K MeTomam, ocCHOBaHHBIM Ha yHaJeHUU C MOBEp-
XHOCTHU 3aroTOBKM M30BITOYHOTO KojnuyecTBa ¢oTOo-
MOJUMepPa, OTHOCSITCS BBICOKONPOU3BOAUTEIbHbBIE
MPOLIECCHl BAJTKOBOTO HAHECEHUSI, HAHECEHUE pPaKe-
JieM (HOXOM), OKyHaHue, LIeHTpUuGyrupoBaHue (CM.
TabJ. 2) U uUx pa3HOBUAHOCTHU. [Ipu 3TOM TOJIIMHA
MOJy4yaeMoOro IOKPBHITUSI BO MHOIOM OIpenesseTcs
peoJIOrMYeCKUMU CBOMCTBAMM HAHOCHUMOTO XKUIKOTO
MoJMMepa U 3aBUCUT OT COOTBETCTBYIOIIMX UM TEXHO-
JIOTUYECKUX PEXKUMOB HAHECEHUS.

Baaxoeoe nanecenue. BaikoBoe HaHeceHUE — IIPO-
1iecc, Py KOTOPOM Ha HEMPEePBIBHO IBUXKYILIECs TOo-
BEPXHOCTM C MTOMOUIBIO ABYX M OoJjiee BpallalolIUXCs
BAJIKOB CO3/1a€TCsl TOHKUI CJIOM XWIKOro MojuMepa.
TonmuHa MOKPHITUST TIPU 3TOM ONpenessieTcsl pa3mMe-

pOM 3a30opa MeXIy BaJKaMH, a TaKXe CKOpPOCTBIO U
HamnpaBJIeHUEM MX BpallleHUS.

PasnuuaroT 1Be pa3HOBUIHOCTHA BaJIKOBOTO HaHE-
ceHMsI: TIpsiMOe BaJikoBoe HaHeceHue (Direct roll
coating), TIpA KOTOPOM BaJIKW BpaIIalOTCS B TPOTH-
BOTIOJIOKHBIX HAaMpaBJIeHUSX U OOpaTHOE BAJIKOBOE
HaHeceHue (Reverse roll coating), Tpyu KOTOPOM BaJIKU
BpalllaloTcsl B OMHOM HarpapjieHuu. HaHeceHue 1io-
JIMMEPHOTO TIOKPHITUS paKesleM SIBIISICTCSI YaCTHBIM
cJyJyaeM BaJIKOBOT'O HaHECEHMsI, KOTaa OJHa MOBEPX-
HOCTB (Jallle MOUTOKKA) OCTAeTCS HETTOABUKHOIM.

CyuiecTByeT OOJBIIOE YWUCIO Pa3HOBUIHOCTEH
000pyIOBaHMS IJTSI BAJIKOBOTO HAHECEHUSI, B TOM YWC-
JIe 1 HaHeCeHMs pakejieM. DT0 000pyIOBaHUE SIBJISIET-
cs OTHOCUTEJILHO TIPOCTBIM B CBOEH peanm3alliui, HO
yCTyMaeT M0 TOYHOCTH TaKMM MeToJaM, OCHOBaHHBIM
Ha JO3MPOBAHWHM, KaK IeIeBOe U SKCTPY3NOHHOE.

[IpssMoe HaHeceHWe BaJIKAMM Yallle MCIIOJB3YeTCsT
J71s1 GopMUpOBaHMS Ha TTOAJIOXKAX Oe3 pelibeda TTOK-
poertrit TommmAoi or 10 10 60 MKM M3 MaJOBSI3KNX
KUAKOCTeH mpu ckopocTu npoiecca ot 0,05 o 1 m/c.
Cpeny HeTOCTAaTKOB TPSIMOTO HaHECEHWs BaJKaMu
MOXHO BBIACJIUTH MaJible BSI3KOCTU HAHOCUMBIX KM~
KVX TIOJIMMEPOB U YYBCTBUTEIBHOCTH TOJIIINHBI HAHO-
CHUMOTO CJIOS K 3a30py MEXAY BalKaMu U CKOPOCTU UX
BpaieHusa. M3-3a HemocTaTOYHON COTJIACOBAHHOCTH
CKOpPOCTEii BpallleH!s BaJIKOB U HEBEPHO BBIOPAHHOTO
3a30pa MEXAY HUMM IIOSIBISIETCS TaK Ha3bIBaeMOe
"opebpeHne” MOBEPXHOCTM HAHOCHMMOIO ITOKPBHITHS.
JaHHbIi gedeKT MOXeT ObITh YMEHbIIEH IIPU YBEIM-
YEeHNU 3a30pa MEXIy BaJlKaMU, YMEHbBIIEHUN CKOPO-
CTU UX BpallleHMST WU CHIDKEHUM BSI3KOCTU XKUIKOTO
nonuMepa. B kpaitHeM cirydyae CHU3KArOT TpeOOBaHMS K
PaBHOMEPHOCTHU TOJIIMHB HAHOCHMOTO MTOKPBITUSI.

O6paTHOe HaHeCeHWE BaJKaMU SIBJSIETCS OJHUM
u3 Haubosee rubkux MetoaoB. C ero MoMoIuIbo MOX-
HO HAHOCHUTh CJIOU MOJUMEPOB BSI3KOCThIO OT 0,02 10
50 ITa - ¢ TonumHo#i oT 10 10 500 MKM TpU OUYE€Hb BbI-
cokux ckopoctsx (ot 0,05 mo 10 M/c). K cyiiecTBeH-
HBIM HEIOCTaTKaM METOIa MOXXHO OTHECTH BBICOKYIO
1IEpOXOBATOCTh HAHOCHMMOIO MOKPBITHUSI, OOYCJIOB-
JICHHYIO HEKOHTPOJIUPYEMBIM MCITApEHNEM PacTBOPH-
TeJIsl U3-3a BBICOKUX CKOPOCTEH HAaHECEHMSI U BbICO-
KyI0 CTOMMOCTb O0OpYIOBAaHMS, OPUCHTUPOBAHHOTO
Ha MaccoBOe MPOU3BOACTBO.

71T MHOTOHOMEHKJTATYPHOTO EAWHUIHOTO W MeJ-
KOCEPUMHOI0 MPOM3BOACTBA BJIEKTPOHHBIX M3IEIUM,
xapakTtepHoro mist P, o6a 3TMX MeToma SIBJISIOTCS W3-
OBITOYHO MTPOU3BOIUTEIbHBIMU U TTOUYTH HE TIPUMEHSI -
FOTCS TIPY HaHECEHUUW JTOPOTOCTOSIINX (POTOUYBCTBH -
TeJbHBIX MaTepPUAJIOB.

Hanecenue ncecmxum pakxeaem. HaneceHue pake-
JIeM — TIpoliecc, TIPA KOTOPOM BHavayie (hOpMUPYETCsI
TOJICTBIM CJIOM MOKPBITUS. ToJIIIMHA TOro CJIos 3a-
TeM M3MeHSeTCS (PEeTyInupyeTcs) ¢ TTOMOIIBIO 3aKpell-
JICHHOTO HOXa (pakeJst), HaxoJslilerocsi Ha Tpebye-
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MO BBICOTE HaJl TOBEPXHOCTHIO MOMTOXKHU. ToMImHa
IMOKPBITHST 3aBUCUT OT 3a30pa MeXAy paboueil 4acThio
paKkeJsl U TTOBEPXHOCTBIO MOMIOXKHU, a TaKXe OT yIjia
cKoca paboueil TJIOCKOCTU pakesiss. MeToa MCIoJb3y-
eTcs U1 HaHeceHUs cyioeB TofamuHou 50...2500 Mxkm
KUAKUX MOJMMEPOB BsI3KocThlo oT 1 mgo 10 Ila-c.
CkopocTh HaHeceHUsI MoXeT BapbupoBathbcsa ot 0,05
1o 2 M/c. [MaBHBIMM HeTOCTaTKaAMU METOIA SIBJISIETCS
CKJIOHHOCTDb MOKPBITUSI K TMOSIBJIEHUIO MOJIOC C HEeNlOo-
CTAaTOYHOU WJIM M3OBLITOYHOM TOJIIMHON MOoJMMepa, a
Take YYBCTBUTEJIBHOCTh K TOUHOCTH I'€OMETpUYec-
Kol (hopMbI MOJTOXKKM (HemapasuieJIbHOCTU €€ MoBep-
XHOCTE#, OTKJIOHEHUS OT IJIOCKOCTHOCTH).

TonirHa MOKPBITUSI 3aBUCUT OT pa3Mepa 3a3zopa
MeXIy pabodeil 4acThIo pakest M TOBEPXHOCTHIO MO -
JIOXXKU. OOBIYHO TOJIIIMHA MOKPBLITUSI COCTABISIET OT
0,5 no 1 pazmepa 3a3opa. B ciyuyasgx HaHeCeHUs TOH-
KHUX CJIOEB TOJIIMHA TMOKPBITUS CTAHOBUTCS OYEHbD
YYBCTBUTEJIFHONM K HEPAaBHOMEPHOCTH OCHOBAHMS U
paboueil yacTu paxesisi, HATUYHUIO JOKaJbHbIX AeheK-
TOB Ha paboyeil YacTH MOJIOTHA paKess U APYTUM CITy-
YaliHbIM M3MEHEeHUsIM 3a3opa. [Ipu HenmpaBUIbHO yc-
TaHOBJIEHHOM HaKJIOHE I10JIOTHA pakes (BEIOOpe yria
paboueil TUTOCKOCTH pakejs) HaHOCHMOE ITOKPBITHE
OyJeT HepaBHOMEPHBIM MO TOJIIUHE, BOBHUKHET 2(-
ekt psou.

Hanecenue eubxum pakxeaem. JJaHHBIN MeTON UC-
MOJIb3YyeTCs IJI1 HaHEeCeHUs MUHEpPaJbHbIX MUIMEH-
TOB, JaTeKca W APYTUX QYHKIMOHATBHBIX MTOKPHI-
TUS Ha Oymary mpu OOJbLIMX CKOPOCTSX. TUIIMUYHEIE
pa3mepsl Takux Hoxelt coctapistior 0,25...0,5 MM To-
wuHa 1 ot 20 go 100 MM 1o gnuHe. CKOPOCTh HaHe-
CeHUsT MOXeT nocTurath 20 M/C TIpU BI3KOCTSIX MOJM-
mepoB oT 0,05 mo 20 I1a -« ¢, a ToJNILIMHA TTOKPHITUS CO-
cTaBisaTh OT 15 1o 150 MKM.

JaHHBIN MeTOH TaKKe WCIIONB3YeTCS IS BHIPaB-
HUBaHUS MOKPHITUS U3 BA3KUX MOJTUMEPOB.

Hanecenue 6030ymnvim noxcom. TouHee ObLIO ObI
Ha3bIBaTh 3TOT METOHA "METOIOM BBIPABHUBAHUS BO3-
JIYIITHBIM HOXKOM", TIOCKOJIbKY HaHECEHHE pean3yeTcs
IPYTUM CIIOCOOOM, HampuMep, pakejeM, IOJUBOM,
OKYHaHWEM W T.AI. BO3mylrHble HOXWM MCITOIb3YIOTCS
IUIS1 yoajaeHWsT U30BITKOB XMIKHMX TOJMMEpPOB C T0-
BEPXHOCTH 3aTOTOBOK TIPW JOCTIKEHUU OIIPEICIICH-
HOM TOJNIIMHBI TOKPBITUS, CYIIIKHU, OXJIAXKICHWS KU -
KUX TIOKPHBITU, IUTST CO3MAHMST JOTIOTHUTEIBHOTO TaB-
sneHus. Cepbe3HOEe OrpaHMYEHUE MO MPUMEHUMOCTHU
JMAHHOTO CIToco0a — HM3Kasi paBHOMEPHOCTDH TOJIIIIN-
Hbl MOJMMEPHOIO TMOKPBHITUSI, HAHOCMMOI'O Ha 3aro-
TOBKH C peTbeOM, XapaKTePHBIM JUIST U3ICINI SIIeK-
TPOHHOU MPOMBILIJIEHHOCTH.

Hanecenue memoodom oxynanusa. Meton HaHeceHUS
OKYHaHUEM SIBJISIETCS OMHUM W3 TIEPBBIX METOIOB Ha-
HECEHUS MOKPBITUIM U3 KUAKUX MOJUMEPOB U 10 CUX
IOp IIMMPOKO WCIONB3YETCSI, MOCKOJIBKY ITO3BOJISIET
peasiu3oBaTh HAaHECEHUE MOJMMEPHOIO MOKPHITUS Ha
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HEIJIOCKUE U/UJIN HEXEeCTKUE MMOBEPXHOCTH. J1o 1306-
peTeHMusI YCTPOUCTB, peaanu3yIoOlIMX METOIbl JTO3UPO-
BaHUSI, OKyHAHHWE MCIOJIb30BAIIOCH [IJIsI U3TOTOBJICHUS
(otomneHok. Ha maHHBIE MOMEHT OOJIBIION pacXon
JIOPOTOCTOSIIIUX TOJUMEPOB, HEBO3MOXHOCTbh HaHe-
CEHMSs CJIOSI Ha OJHY CTOPOHY IUIOCKOM 3arOTOBKHU, a
TaK>Ke BbICOKAasl HEpaBHOMEPHOCTh MOJIy4aeMOro MoK~
PBITUS TI0 TOJIIMHE, CAEIAJIM 3TOT METOA HeaKTyallb-
HBIM B ITPOU3BOACTBE 3JIEKTPOHHBIX U ONTO3JEKTPOH-
HBIX M3OEJUIA Ha OCHOBE MJIaHAPHBIX TEXHOJOTHMA.

Ilenmpudpyeuposanue. llentpudyrupoBanme — Ha
JAHHBIA MOMEHT CaMblii paclpOCTPaHEHHBIA U XOPO-
110 M3YYCHHBIM METOI HaHeCeHUs (DOTOITOTMMEPHBIX
MOKPBHITUI Ha 3arOTOBKM B MUKPOBJIEKTPOHHON Ipo-
MBIIIeHHOCTH. OTpaHndeHre Ha TIPUMEHEHHE 3TOTO
MeToJa HaKJIaJblBaeT Hajduuyue peibeda Ha MOBepX-
HOCTH 3aTOTOBKM, a TaKXe BBICOKME TpeOOBaHUS K
PaBHOMEPHOCTH MMOKPHITHS MO TOMIIMHE WIS (POTOM-
Torpauu BHICOKOIO pa3pellieHusl.

Yacro penbed Ha MOBEPXHOCTU MOMIOXKEK MOXKET
MMEeTh FeOMETpUYECKME IapaMeTphl 0ojiee 1 MKM 1o
BBICOTE M OT IECSITKOB IO COTEH MUKPOMETPOB 10 IIIM-
puHe. BoabIIMHCTBO (DaKTOPOB, CBSI3AHHBIX C BhIPAB-
HUBaHUEM TOJIUMHBI (POTOMOJMMEPHOTO MOKPHITUS
BO BpeMs LIEHTPUDYTUPOBAHUS U TIOCIIE HETO, XOPOIIIO
M3y4YeHbl U MOTYT OBITH MpeackasaHbl. OQHMUM U3 IJ1aB-
HBIX (DAKTOPOB, BIUSIONINX HAa Ka4ecTBO (popMupye-
MOTO TIOKPBITHS, SIBJISIETCS IIMPUHA pesbeda Ha To-
BEpPXHOCTU 3aroTtoBku. Ilpuemnemoil miaHapusauuu
MOXHO OXXHMIIATh BO BpeMsI IIEHTPU(PYTUPOBAHMS 3aT0-
TOBKH C peJibepoM 1mprHoil MeHee 50 MKM, a Gonee
BBICOKOW TUIOCKOCTHOCTHM BEPXHEN MOBEPXHOCTHU TTOK-
pbiTUS — Tipu 1MpuHe MeHee 10 mxm. CTerneHb Ija-
Hapu3aluy 3aBUCUT U OT COCEIHUX 3JIEMEHTOB Pesib-
eda: MoKprITHE BOKPYT U30JIMPOBAHHOTO BBICTYIIA XY-
K€ TIoAJaeTcsl TjaHapu3aluy, YeM Haj TJIOTHO pac-
TTOJIOKEHHBIMM BBICTYTIAMMU.

Peonornueckue cBoiicTBa XUAKUX (POTOMOIUME-
pOB TOXE BIMSIOT Ha CTelleHb BhIPABHMBAHMUS CJIOS
BO BpeMs HaHeceHUs. KuUIKue MOJIMMEpHI, KOTOPhIe
MMEIOT 0OJIBIIYIO BSI3KOCTb M 0O0JbllIee 0OBEMHOE CO-
Jep>KaHue TBepAOi (hpakLuM, Jydlle IJIaHApU3UPY-
1otcs. [Tocne ueHTpUyrupoBaHUS IPU MOCISAYIOLIEM
HarpeBe MOXHO JOCTUYb YIYUIIECHUS CTEIIEHH TIJIaHa-
pU3alu, HO MPpU MpUHe penbeda cpbiie 200 MKM
caMoIlaHapu3alus OKa3biBaeTCsI HEIOCTaTOYHOM,
YTOOBI IMOJYYUTh BBICOKYIO ILIOCKOCTHOCTh BEpXHEW
MMOBEPXHOCTH MOKPHITHSI.

Bri0op MeTOna HaHeCeHHus

Cpeny pacCMOTPEHHBIX METOIOB HAaHECEHMS TTOJIH -
MEPHBIX MOKPBITUM HAMOOJBIINN WHTEpPEC IS €IU-
HUYHOTO U MEJIKOCEPUMHOTO MPOU3BOACTBA U3IECIUNA
3JIEKTPOHHOW W ONTOX3JIEKTPOHHOW TEXHUKHW MPEM-




Tabauua 3

Table 3
MeToapl HAaHECEHHS TOJICTBIX CJIOEB KUIKHX (hOTOMOJIMMEPOB M WX TEXHOJOTHYECKHE BO3MOKHOCTH
Methods of deposition of thick layers of the liquid photopolymers and their technological opportunities
O6ecneunBaeMble TEXHOJIOTUUECKHUE TPeOOBAHMUS
Ensured technology requirements
OGBEMHOe Penved Ha moBepx-
TonuunHa conepxa- Pasmep HOCTH TIO[LTOXKH.
TomuuHa/MUHU-
HaHOCUMO- HUe TBep- MOTOXKU o
BsizkocTb, " ®opmMma MaJIbHBIN 3a30p, Pacxon
IO TOKPBI- noi ¢pak- axb, a#b,
No Merton Ma-c TMOITOXKHU MKM dorononumepa
THSI, MKM e unu, % MM . .
n/m Methods Thickness Viscosity, Volume Form of the Size of the Relief on the Consumption
. Pa-s substrate surface of the of a photopolymere
of coating, content substrate a X b, .
. . substrate. Thick-
micrometers of the solid a#b, mm mimal back
fraction, % ness/mm{ma ack-
’ lash, micrometers
100...350) x Von=
<20 | > []] Vo>V,
20 20 10,005...1,2|1,2..20| 63..77 O (100...500) 18/50 35/250 | _ Vooro o> Vioxp
1 |LlleneBoii X X X X X | X X X X X
Slot
2 | DKCTpy3UOH- X X X X | x X X
HbIN
Extrusion
3 | Pacnbuienue X X X | x X X X X
a3p030JIbHOE
Aerosol spray
4 | PacnbiieHue X X X | x X X X X
YJIBTPa3BYKO-
BOE
Ultrasound
spray
5 |Hanecenme X X X X X | x X X X X
pakesneM
Knife coating
6 |Lentpudy- X X X X X X
TMpOBaHKE
Centrifugation
Ipumeyanue: Vo — 06beM M01aBACMOro Ha MOMIOXKY doTtoromumepa, Vo, — 06beM MOKPBITHS.
Note: Vrp — volume of the photopolymer submitted to the substrate of the photopolymer, Vi, — volume of coating.

CTaBJISIOT IIECTh METOMIOB, Pe3yIbTaThl aHAIM3a KOTO-
pBIX IPUBEIEHBI B Ta0J. 3.

Ha ocHoBaHMM cpaBHEHHMSI METOIOB HaHECECHUS
BSI3KMX (POTOMOIMMEPOB Ha KpyHMHOradbapuTHbIE 3a-
TOTOBKH TIPSIMOYTOJILHOM (DOPMBI ¢ pelibehOM Ha T0-
BepXHOCTHU (Tabi. 3) MOXHO CAesiaTh BBIBOA O ligjie-
COO0pa3HOCTH MPUMEHEHUS O0OPYIOBaHMS, peaii-
3YIOLLIETO HAHECEHUE JINOO LIENEBBIM METOAOM, JIMOO
HaHeceHUe pakejieM. Takoe TeXHOJIOTMIecKoe 000py-
JIOBaHUE MPEICTaBIeHO Ha PbIHKE CAEAYIOIIUMU MpPO-
nsBogurensmu: nTact (CILA), Nordson Extrusion Dies
Industries (CILIA), EuroTech Inc. (I'epmanus), GMA
Machinery Enterprise Co., Ltd. (TaiiBanb), TSE Troller
AG (Iseituapusi), Coating Tech Slot Dies Corporate
(CIHIA) u np.

3akmouenne

IlIpu BbIOOPE TEXHOJIOTMYECKOTO O0OpPYIOBaHUS
JUTISI HAHECEHMS TOJICTBIX CJIOEB BSIBKUX (DOTOPE3UCTOB,
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npuMeHsieMbiX B MOMC-TexHOon0ruu, AOCTaTOYHO
OCTaHOBMTb CBOI1 BBIOOP HA OTHOM M3 BApUAHTOB COB-
PEMEHHOTo 00OpYA0BaHMS, PeAIU3YIOLIETO METO/ Ha-
HeceHUs1 (POTOpe3nCTa LEeHTPUDYTMPOBAHUEM.

s Tpor3BOJACTBAa MHOTOCIOMHBIX MeYaTHbIX I1J1aT
C TOJMMEPHBIMU ONTUYECKUMU MEXCOEAUHEHUSIMU
ui 3D-mukpocucteM ¢ (OTOMOJMMEPOM B KaUeCTBe
JIU2JIEKTPUYECKUX CJIOEB PEKOMEHIyeTCsl BbIOMpaTh
000pyJd0oBaHUWE, pealu3ylolllee HaHeCEHUE pakKeieM
WIH 1LEJIEBBIM METOIOM, TTOCKOJIbKY OHO 0becreuymrBa-
€T BbICOKHE TpeOOBaHUsI MO PABHOMEPHOCTU HAHOCU -
MBIX MTOKPBITUI U3 BI3KUX (POTOMOJMMEPOB HA KPYII-
HoOpMaTHbIE MPSIMOYTOJIbHbIE 3arOTOBKHA C OTHOCU-
TEJbHO BBICOKMM peibe(poM Ha MOBEPXHOCTU.
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The basic trends for higher speed of the radio-electronic devices resulted in development of the corresponding technologies
(3D-microsystems of monolithic electronic modules on ceramic heat-spreading planes and multilayered printed-circuit boards with
integral optical interconnections and the internal component placement).

The level of integration in the given cases sets requirements to the thickness of the dielectric layers, which are connected with
the thicknesses of such embedded elements, as low-profile or thin-film passive components (R, C, L), thinned crystals, vertically

radiating lasers, micromirrors, etc.

In this connection for the given technologies one of the primary tasks is development of the dielectric layers with thickness from
units up to several hundreds of micrometers. Photopolymers ensure the necessary dielectric, optical, mechanical and other indicators,

which make them suitable as the constructional materials.

The thickness and uniformity of a deposited coating in many respects depend on the viscosity of a photopolymer, which imposes
restrictions on selection of a method for its application. This article presents a system of the basic methods for deposition of coatings
Jfrom the liquid photosensitive polymers applied in the nano- and microtechnologies, and recommendations for selection of a method
for deposition of the thick layers of the photopolymers (10...500 um) on the rectangular work pieces with a relief (2...35 um).

Keywords: polymer layer coating method, liquid photoresist, high-viscosity photopolymer, relief surface, large-sized rectangular

substrate
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Introduction

Typical thicknesses of the photoresistive coatings in
the microelectronic productions do not exceed 2 um
with the admission for the non-uniformity of a coating
of 1...5 % on the workpiece area (at the moment of
writing of the article the maximal diameter of the
semi-conductor plates in the Russian Federation was
200 mm, and in the world — 300 mm).

During manufacturing of the inner layers without
apertures the productions of the multilayered printed-
circuit boards apply liquid positive photoresists of
thickness from 0.1 up to 5 um with the admission for
the non-uniformity of coating not worse than 10 % on
the workpiece area, the size of which with the techno-
logical fields can reach 400 x 500 mm.

A demand appeared for formation of the micro- and
nanostructures and the use of the photolithographic
processes with reference to the thick layers of the pho-
tosensitive polymers. The thickness of the layers is from
tens up to several hundreds of micrometers, and the re-
quirement concerning the non-uniformity of a coating
on the workpiece area — units of a percent.

Liquid photosensitive polymers

The most widespread photopolymer, the deposited
layer of which can have thickness from fractions of a
micrometer up to hundreds of micrometers, is SU-8
(MicroChem, USA). It is a negative photosensitive ma-
terial based on epoxy resin with the spectral sensitivity
to the i-line (365 nm), allowing to obtain structures
with high aspect relation. Initially SU-8 was used as a
photoresist in manufacturing of matrixes for microfor-
mation of the micro-heat exchangers, parts of micro-
reducers and micromotors, microporous membranes
and similar products by LIGA-technology (Lithogra-
phie, Galvanoformung, Abformung [1]). But it can also
be used as a quality insulation material (fig. 1, see the
2-nd side of cover) in 3D-microsystems, and also as a
basis for development of the terahertz wave guides with
ultralow losses [2, 3].

In connection with the necessity to increase the
speed of information transfer inside the devices and be-
tween them because of their integration into complex
high-speed systems the search is going on for solutions
concerning the development of polymeric optical con-
nections (fig. 2, see the 2-nd side of cover).

In a general the optical connections are the planar
polymeric wave guides [4—6] consisting of a photosen-
sitive core (Core) and a photosensitive cover (Clad).
The clad has a lower factor of refraction in comparison
with the core (the preferable difference is in the third
sign after point).

The optical polymers compatible with the standard
photolithography are being developed by Dow Chemi-

cal, Optical Interlinks, Dow Corning, Micro Chem Corp
(USA), Exxelis (Great Britain), Chemoptics (South Ko-
rea) and other companies [7, §].

A distinctive feature of the photopolymers, impor-
tant for realization of the technological process, is their
rather high viscosity. The values of the dynamic and
kinematic coefficients of viscosity of certain liquid pho-
toresists and photopolymers under normal conditions
are presented in table 1.

Deposition of thick (up to 500 um) layers of the neg-
ative photopolymers of high viscosity on large-sized
rectangular workpieces, as well as their heat treatment,
exposure and development, have not been fully inves-
tigated. On the basis of the analysis of the information
sources, the most of which are presented in literature
[9—15], and the data provided by the manufacturers of
the photopolymers for the optical waveguides (Light-
Link XP-6701A and LightLink XP-5202A (Dow Chem-
ical), OE-4140 UV and OFE-4141 (Dow Corning), Epo-
Core and EpoClad, Ormocore and Ormoclad (Micro re-
sist technology Gmb H)) table 2 was compiled, presenting
the methods of deposition of the liquid photopolymers
depending on their viscosity.

Methods based on dispensing

The methods of dispensing are based on the fact that
the average thickness of a coating is determined by the
volume of the dispensed polymer, the sizes and config-
uration of a tool, the backlash between the working sur-
face of the tool and the substrate, and the speed of
movement of the tool and of the substrate in relation to
each other. The thickness of a coating does not depend
on the rheological parameters of a liquid polymer.
Among the methods are the slot and extrusion coatings,
curtain coating, etc. (table 2).

Slot coating. A liquid polymer is displaced from a
distributive capacity through a slot of a metal tool on a
moving substrate. Thus the backlash between the back
working surface of the tool and the substrate is filled
with the polymer, and the backlash between the forward
working surface of the tool and the substrate can be
filled partially or completely. All this minimizes the air
capture during the polymer deposition.

In case of the slot coating the greatest influence on
the selection of the technological parameters of depo-
sition is rendered by the capillary forces and the forces
of viscosity. The size of the backlash between the tool
and the substrate is maintained from 2 up to 10 ob-
tained thicknesses of coating.

Extrusion coating. The extrusion method of depo-
sition is similar to the slot one with the difference that
a liquid polymer does not moisten the external surfac-
es of the tool. The backlash between the tool and the
substrate is up to 100 thicknesses of the coating. In
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case of a multiple increase of the backlash the liquid
of a relatively low viscosity begins to flow under the
action of the gravitational forces perpendicular to the
basis of the substrate and the effect of a curtain is pro-
duced.

The slot and extrusion coatings are flexible enough.
By means of the same tool it is possible to deposit coat-
ings with viscosity from fractions up to several tens of
Pa - s. The speed of movement of the substrate in rela-
tion to the tool (the basic technological parameter of
deposition) can vary from 0.1 up to =10 m/s. By the slot
method it is possible to deposit simultaneously several
layers, which are described by numerous patents for the
device of the working tool, but the method is not wide-
spread in production.

By means of the slot method the photosensitive ma-
terials (photoresists), magnetic suspensions, wax, adhe-
sive, silicons and foams are deposited. Also the melts of
metals and organic materials of low viscosity can be de-
posited.

For deposition of the materials of high viscosity the
extrusion method is applied.

Curtain coating. The curtain method of deposition
can be carried out on the equipment for the slot and
extrusion methods (at the height of the backlash be-
tween the tool and the substrate from 0.05 up to 0.2 m).
Its distinctive feature is a free falling of the liquid pol-
ymer on the surface of the moving substrate. The cur-
tain deposition has two main advantages: it is possible
to deposit thin coatings on rough surfaces, and depo-
sition can be carried out at high speeds (from 0.7 up to
10 m/s), which ensure high efficiency. The deposition
on a rough surface is possible due to a relatively high
speed of collision of a liquid with a substrate, which is
much higher than the speed of a change of the height of
the relief on the surface. The high speeds of deposition
are also reached thanks to the high speed of collision
of a liquid (with viscosity from 0.004 up to 0.08 Pa - s)
with a substrate. The pressure in the place of the con-
tact of a liquid with a substrate ejects the air, which
could appear locked between the surface of a substrate
and a polymeric coating.

The first industrial application of the method was
carried out by a chocolate manufacture. Due to a pos-
sibility of deposition of the polymeric coatings on the
rough surfaces, the curtain method of deposition is
rather wide-spread in the furniture industry. Among the
other mass productions using the method it is possible
to mention the productions of films, aluminum foil and
the corrugated cardboard.

Slide coating. Initially the slot method was not in-
tended for deposition of more than one layer at a time.
The necessity for deposition of several layers of a pol-
ymer at once (for achievement of the demanded thick-
ness or multiple layers of coatings) appeared in the
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film industry, where in 1956 the method of slide dep-
osition was invented.

The tool for deposition of the polymers by the slide
method consists of several slot mouths located in an in-
clined plane. The backlash between the tool and the
mobile roll of the flexible basis equals to 0.2...0.4 mm.
The control is effected of the speed of deposition
(from 0.1 up to 4 m/s) and also of the vacuum under
the zone of contact of the liquid and the basis material
(104... 103 Pa). In practice the total thickness of the pol-
ymeric coating received by the given method rarely ex-
ceeds 100 micrometers.

Aerosol and ultrasonic spray. The given method is
used for deposition of coatings from the low-viscosity
liquid polymers, for example, photoresists with a big
content of solvent. For dispersion the liquid is crushed
in drops with diameter of several micrometers. A film
is formed during sedimentation of those drops on the
surface of a workpiece. By dispersion it is possible to
create an even by thickness coating on a complex relief
surface, but because of the solvent’s evaporation during
dispersion the coating will have a roughness compara-
ble with the radius of the drops.

Technologists tend to lower the viscosity of the lig-
uid photopolymers by adding of the corresponding sol-
vents. At a purposeful change of the structural-rheolog-
ical properties of a liquid polymer it is necessary to take
into account that the manufacturer does not bear re-
sponsibility for the quality of the photopolymer ob-
tained as a result, and in case of application of a diluted
photographic material as a constructional material it is
necessary to carry out its preliminary laboratory re-
search and tests. In order to lower the viscosity of the
photoresists (the materials applied as temporary tech-
nological coatings) the method of lowering the viscosity
is acceptable, but is connected with long hashing, de-
gassing and essential change of the parameters of the
operation of drying of the deposited layer.

The methods of deposition based on removal
of the superfluous quantity of the photopolymer
from the surface of a workpiece

The methods based on removal of the superfluous
quantity of the photopolymer from the surface of a work-
piece include the high-efficiency processes of the roll
coating, knife coating, dip, centrifugation (see table 2)
and their versions. At that, the thickness of the received
coating in many respects is determined by the rheolog-
ical properties of a liquid polymer and depends on the
corresponding technological modes of deposition.

Roll coating. Roll coating is the process, during
which by means of rotating rolls a thin layer of a liquid
polymer is created on a continuously moving surface.
The thickness of a coating is determined by the size of




a backlash between the rolls and also by the speed and
direction of their rotation.

There are two versions of the roll coating: direct
coating (Direct roll coating) — the rolls rotate in the op-
posite directions and reverse coating (Reverse roll coat-
ing) — the rolls rotate in one direction. The knife coat-
ing is a special case of the roll coating, when one surface
(usually the substrate) remains motionless.

There are many versions of the equipment for the
roll coating, including the knife coating. This equip-
ment is rather simple, but less accurate compared with
the methods based on dispensing (slot and extrusion).

The direct coating by rolls is more often used for for-
mation on the substrates without a relief of the coatings
with thicknesses from 10 up to 60 um from low-viscos-
ity liquids at the speed from 0.05 to 1 m/s. Among the
drawbacks of the direct roll coating are low viscosity of
the liquid polymers and sensitivity of the thickness of
the deposited layer to the backlash between the rolls
and the speeds of their rotation. An insufficient coor-
dination of the speeds of rotation of the rolls and an in-
correctly selected backlash cause ribbing of the surfaces
of the deposited coating. The defect can be reduced due
to increase of the backlash between the rolls, decrease
of the speed of their rotation or decrease of viscosity of
a liquid polymer. As a last resort, the requirements to
uniformity of the thickness of a deposited coating can
be lowered.

The reverse roll coating is one of the most flexible
methods. With its help it is possible to deposit layers
of polymers with viscosity from 0.02 up to 50 Pa -+ s and
thickness from 10 up to 500 um at very high speeds
(0.05...10 m/s). Among its drawbacks are a high rough-
ness of the coating caused by an uncontrollable evap-
oration of the solvent because of high speeds of depo-
sition and high cost of the equipment intended for mass
production.

For a multiproduct individual and small-scale man-
ufacture of the electronic devices, typical for the Rus-
sian Federation, both methods are superfluously pro-
ductive and are almost not applied for deposition of the
expensive photosensitive materials.

Rigid knife coating. Knife coating is a process,
which in the beginning forms a thick coating layer.
Then the thickness of the layer changes (it is controlled)
by means of a knife fixed on the demanded height over
the substrate surface. The thickness of a coating depends
on the backlash between the working part of the knife
and the substrate surface, and also on the skew angle of
the working plane of the knife. The method is used for
deposition of layers with thickness of 50...2500 um of
the liquid polymers with viscosity from 1 up to 10 Pa - s.
The speed of deposition can vary from 0.05 up to 2 m/c.
Its main drawbacks are a trend to occurrence of strips
with an insufficient or superfluous thickness of a poly-

mer, and also sensitivity to the accuracy of the geomet-
rical form of the substrate (lack of parallelism of the
surfaces, deviations from the planeness).

The thickness of a coating depends on the size of the
backlash between the working part of a knife and the
substrate surface. Usually the thickness of a coating is
from 0.5 up to 1 size of the backlash. In cases of thin
layers the thickness of a coating is very sensitive to the
non-uniformity of the basis and the working part of the
knife, to presence of the local defects on the working
part of the blade of the knife and to other casual chang-
es of the backlash. An incorrectly established inclina-
tion of the blade of the knife (selection of the angle of
the working plane of the knife) causes non-uniformly of
the thickness of the coating and ripples.

Flexible knife coating. The method is used for coat-
ing of the mineral pigments, latex or other functional
coatings on a paper at high speeds. The typical sizes
of the knives are 0.25...0.5 mm — thickness, and
20...100 mm — length. The seed of deposition of coat-
ing can reach 20 m/s at viscosities of the polymers of
0.05...20 Pa-s, and the thickness of a coating varies
from 15 up to 150 um.

The method is also used for alignment of a coating
from the viscous polymers.

Air knife coating. 1t would be more correctly to call
it "an air knife alignment method", because a coating is
realized by another method, for example, knife, cur-
tain, dip, etc. The air knives are used for removal of the
surpluses of the liquid polymers from the surface of the
workpieces for achievement of a certain thickness of a
coating, drying, cooling of the liquid coatings, and cre-
ation of an additional pressure. A serious restriction for
application of the method is a low uniformity of the
thickness of the polymeric coating deposited on the
workpieces with a relief, typical for the products of
electronic industry.

Dip coating. This is one of the first methods for dep-
osition of coatings from the liquid polymers and it is
widely used, because it allows a deposition of a poly-
meric coating on the nonplanar and nonrigid surfaces.
Before the invention of the dispensing devices, the dip
method was used for manufacturing of films. A big
consumption of expensive polymers, impossibility of
deposition of a layer on one side of a flat workpiece,
and also a high non-uniformity of a coating by thick-
ness, made the method irrelevant for manufacture of
the electronic and optoelectronic products on the ba-
sis of the planar technologies.

Centrifugation. It is the most widespread and well
studied method of deposition of photopolymeric coat-
ings on the workpieces in the microelectronic industry.
Application of the method is restricted by presence of
a relief on the workpiece surfaces, and also by high re-
quirements to the uniformity of a coating by thickness
for the high resolution photolithography.
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The relief on a surface of the substrates can often
have geometrical parameters more than 1 um of height
and from tens up to hundreds of micrometers of
width. Most factors of alignment of the thickness of
the photopolymeric coating during the centrifugation
and after it are well studied and can be predicted. One
of the primary factors influencing the quality of the
coating is the width of the relief on the surface of a
workpiece. An acceptable planarization can be ex-
pected during the centrifugation of a workpiece with
a relief and a width less than 50 um, while a higher
planeness of the top surface of a coating can be ex-
pected at the width less than 10 um. The degree of
planarization depends on the neighboring elements of
a relief: the coating around the isolated ledge is less
subjected to planarization, than the one over the
densely located ledges.

The rheological properties of the liquid photopoly-
mers influence the degree of alignment of a layer during
deposition. The liquid polymers, which have higher vis-
cosity and bigger volume content of a solid fraction, are
better planarized. After the centrifugation and heating
it is possible to reach a better degree of planarization,
but at the width of a relief over 200 pm the self-planari-
zation appears to be insufficient for obtaining of a high
planeness of the top surface of a coating.

Selection of a method of coating

Out of the considered methods for deposition of the
polymeric coatings of the greatest interest for the indi-
vidual and small-scale manufactures of the electronic
and optoelectronic products are the 6 methods, the re-
sults of the analysis of which are presented in table 3.

On the basis of comparison of the methods of dep-
osition of the viscous photopolymers on large-sized
workpieces of a rectangular form with a relief on the
surface (table 3) it is possible to draw a conclusion on
the expediency of application of the equipment for the
slot coating or knife coating. In the market such tech-
nological equipment is presented by the following man-
ufacturers: nTact, Coating Tech Slot Dies Corporate
(USA), Nordson Extrusion Dies Industries (USA), Euro-
Tech Inc. (Germany), GMA Machinery Enterprise Co.,
Ltd. (Taiwan), TSE Troller AG (Switzerland), and
others.

Conclusion

When selecting the equipment for deposition of
thick layers of the viscous photoresists applied in
MEMS technologies, it is enough to choose one of the
variants of the equipment realizing the method of dep-
osition of a photoresist by centrifugation.
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For manufacture of the multilayered printed-circuit
boards with the polymeric optical interconnections or
3D-microsystems with a photopolymer as a dielectric
layer, it is recommended to choose the equipment re-
alizing the knife coating or the slot coating, because it
meets high requirements of the uniformity of the coat-
ings of the viscous photopolymers on the large-sized
rectangular workpieces with rather high relief on the
surface.
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APCEHUA TAAAUA U TIPUBOPbI HAHO-, MUKPO- 1 ONTOSAEKTPOHUKHA
HA ETO OCHOBE

Ilocmynuna 6 pedaxuyuro 12.12.2016

IIpuseden anaausz cospemerno2o cocmosinus pvinka GaAs u npubopoe na eeo ochose. O0un u3 Haubosee OGbICMPOPACMYUSUX
Ce2MeHmMO08 MUKPOINEKMPOHUKU CEEPXBbICOKUX yacmom — 3mo unmeepanvhole cxemol (U C) na GaAs das mobuavHol menegpo-
Huu. B nocaeonee decamunemue polHOK MOOUALHOU C8A3U OeMOHCMpPUpyem cmpemumensvhbviil pocm. [1oamomy mupoeou pviHoK ap-
ceHuda 2annus 6ypHo pazeusaemcs. Poinok noonoxcex GaAs k 2017 2., coenacro npoenozam, cocmasum 3,6 MAH K6. OHUMO8 U
650 man doan. Ommeuaemesi, ¥mo HA OAHHBII MOMEHM POCCULICKUU pbiHOK Mamepuanos (GaAs u 0p.) umeem He3HAUUMEAbHBLU
00semM U 6 Oauxcaiuell nepcnekmuege He 00CMUSHem YPOGHs, HeobXx00UM020 015 NOSBACHUS KOHKYPEHMOCHOCOOH020 HA MUPOBOM
YposHe omeyecmaerHo2o npousgodumens. Cneyuukoi poccuiickoeo puiHKa A6A51emcs HU3Kas, N0 CPAGHEHUI0 ¢ MUPOBOU, 0015
2padc0aHcK020 PuIHKA MUKPOINeKmpoHUuKU. /lo HedagHeeo 8pemenuU 0CHO8HAs NOMPeOHOCMb Ome4ecmeeHHbIX Npou3godumeneli pa-
0uU021eKMPOHHBIX U meneKoMMyHuKauuonHovix cucmem ¢ CBY UC nokpuvieanrace 3a cuem 3apybexcHvix nocmaeok. [lpu smom na-
YUOHANbHDBIE NPOU3BO0UMENU 3AHUMANYU HA PIHKE HUULY NOAYRPOBOOHUK0BOU NPOOYKYUYU 0451 BOEHHBIX YCIMPOUCME, Ybe NPUMEHEHUe
UCKAI0YAem 803MOXUCHOCMb UCNOAb308AHUS UMNOPMHbIX KomnoHenmog. C 2015 e. noseasiomes npoekmol noo seudou Pocasexm-
POHUKU ¢ yuacmuem pada UHCmumymoe no npouseodcmey naacmut GaAs. B mo jice epems cyujecmayem noHUManue, Ymo 04s co-
30aHUS MAMEPUAN08 COBPEMEHHOLL 31eKMPOHHOU KOMNOHEeHMHOU 6a3bl 6 Poccuu Heobxodumo pazsueams npou3eoocmea 0cooo yuc-
MbIX cOeOUHeHUU U UCXOOHbIX KoMNoHenmos. [Ipedcmasasemcs, ymo 045 3mMo20 HeoOX00UMO UCNO0Ab308AMb CYUECMBYIOUWULL U XO-
pouto cebsn nokazasuiuii mexanuzm DPedepanrvhvix yeseevix npoepamm "Cmpameeuveckue mamepuanst”.

Karoueevte caosa: apcenud eannus, poiHoK, yeHsl, cnpoc, nompebaeHue, Cbipbegbie pe3epesl, 0COO0UUCIbIL 2atAUl U MbIUbIK

Apcennp rajma (GaAs) — oCHOBHOI MaTepHaj p-HEMT). C npoMbllUieHHBIM OCBOEHUEM Ipoliec-
CBY -3,1eKTPOHUKH coB 00paboTku m1acTuH GaAs muametpoM 150 MM cy-
ILIECTBEHHO CHU3WIAch cToumMocTth p-HEMT-npubo-
B cepennnae 60-x rr. XX Beka B CIIA mox srumoit poB. DTO 00ecneumnsao Ux HIMPOKOE pacipoCcTpaHeHUE
US Department of Defense (DoD) Ob111 HauaThl UCCIe- BO BCE€ CEKTOpa MPUMEHEHMS, OT MOOWJIbHBIX Teedo-
JoBaHus cBoiicTB (GaAs, KOTOpHIE
3aBepIIMINCE pa3paboOTKOM WHTeT-
panbHbix cxem (MC) Bbicokoro
OBICTPOJEUCTBUS, UCIIONb3YEMbIX B
"MHTEJUIEKTYyaIbHBIX" CHCTEMAaXx yII-
paBJIeHUSI OTHEM U B CYIEPKOM-
neorepax. DoD ¢duHaHCHpOBal
nporpammy paszpaborku MC tuma
MIMIC (Microwave/Millimeter Wave
Monolitic Integrated Circuits), B moc-
nenywoieM — MAFET-cxem (Mic-
rowave Analog Front end Technology)
(puc. 1). B HacTosi111ee BpeMsl TIpo-
MbinieHHOCTh GaAs-UC, B ocHOB-
HOM, BBIITyCKaeT MPUOOPHI HA TOJIe-
BBIX TPAH3UCTOPAX C YIIPABJISTIOIIAM
p—n nepexonoM (JFET), noyieBbie
TpaH3UCTOPHI ¢ 3aTBopoM IlloTTKuI
(MESFET — Metal Semiconductors
Field Effect Transistor) u GaAs-TiceB-
HOMODQHEIE  TETEPOCTPYKTYD HH? Puc. 1. lunamMuka pa3BuTus poiHKa npudopos Ha GaAs 1999—2016 rr. (mapa gosu. CIIIA)
MOJIeBble TPAH3UCTOPHI C BBICOKOI [14].
MOJBMXXHOCTBIO 2J1eKTpoHOB (GaAs Fig. 1. Dynamics of GaAs device market development in 1999—2016 (thousand million USD) [14]

MIMIC

MAFET

PoiHok npubopos Ha GaAs, mapa ponn CLUA
Revenurs, (bin USD)

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
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Tabauua 1
Table 1

OcHoBHbIE THIIBI NPHOOPOB Ha ocHOBe GaAs
Main types of GaAs devices

[TpuGopsl
Device

CrpyKTypa
Structure

HasHaueHue
Purpose

Onurtakcuanbhble ciion GaAlAs, GaAsP
umu InGaAsP na GaAs

GaAlAs, GaAsP, or InGaAsP-on-GaAs
epitaxial layers

Caeromuonsl (CJI)

or UK- no YD-obmactu
Light-emitting diodes (LED)
from IR- to UF region

CJI craHgapTHOM SIPKOCTH — IS MHAMKATOPOB, IIUMPOBIX
nuciieeB 1 MK-uzmyuareneit; CJ1 MOBBILLIEHHONW SIPKOCTA — JUISI
MOJCBETOK, WUTIOMUHALIMU, CUTHAJIIBHBIX YCTPOMCTB, yKa3aTesei,
aBTOMOOMJIbHBIX OTHEM

Standard brightness LEDs: indicators, digital displays and IR radia-
tors, high brightness LEDs for accent lights, illuminations, signaling
devices, indicators, car lights

OcnoBa — GaAlAs u InGaAsP
GaAlAs- and InGaAsP wafers

JlazepHble quOIbBI
Laser diodes

s ycrpoiicTB 3amucu u cuntbiBanuss CD u DVD-auckos,

B TE€JIEKOMMYHUKAIIMOHHBIX ycTpolicTBax, BOJIC, Meauiuxe,
MPUHTEpax, ISl HAaKaYKy TBEPIOTEJIbHBIX JIa3ePOB

CD- and DVD recorders and readers; telecommunication devices;
fiber-optical communication lines; medicine; printers; solid-state

lasers pumping

DnuTakcUabHBIE CJIOU JIETUPOBAHHOTO
GalnAs i AlGalnP Ha Ge

CoJsHeuHble OaTapeu
Solar batteries

layers

Doped GalnAs or AlGalnP-on-Ge epitaxial

J17151 GOPTOBBIX UICTOYHMKOB IMUTAHUST KOCMUYECKHUX aIlapaToB;
pacTeT PbIHOK Ha3eMHBIX OaTapeil TaKOro THIA.

On-board power sources for space vehicles; market of ground-based
batteries of the type is growing

OnurakcuanbHble cion GalnP,
GalnAs, AlGalnP u ap. Ha GaAs
Epitaxial layers of GalnP, GalnAs,
AlGalnP etc on GaAs

AnHasioroBble U LU POBbIE
VHTETPAJIbHBIE CXEMBI
Analog and digital
integrated circuits

BBICOKOCKOPOCTHBIE JIOTHUYECKHE BI0KH, KOMMYHUKAIIMOHHBIC
GJIOKM JUTSI TeIEKOMMYHUKALIMOHHBIX CUCTEM; YCHIIUTEIU MOIII-
HOCTH [IJIS1 MOOMJIbHBIX Tee(OHOB

High-speed logical blocks; communications units of telecommunica-
tion systems; power amplifiers for mobile phones

HOB U 0a30BbIX CTAHLIMI OO PagapoB U CUCTEM CBSI3U
MWIJIMMETPOBOro auamna3oHa [1, 2].

OcHOBHBIE TUIIBI TIPUOOPOB Ha ocHOBe (GaAs mpu-
BelleHbI B Ta0J1. 1 1 Ha puc. 2 (CM. TPETbIO CTOPOHY 00-
J0XKu) [3—8].

Crnioco0bI nmoJryueHnsi MOHOKpHCTALIOB GaAs

B anexTpoHuKe HaubOoJblIee IIPUMEHEHUE UMEIOT
cienyroume MaTepuabl:

1. Tonymzonupytowmmii (ITM) GaAs ¢ BBICOKUM
VIETBHBIM COMTPOTUBIEHUEM (107 OM - cMm). Takoit ma-
Teprajl NCIOJb3YETCsI TIPU M3TOTOBJICHUM BHICOKOYAC-
TOTHbIX UC U IUCKPETHBIX MUKPOIJIEKTPOHHBIX MTPH-
o6opos. /s ITM-GaAs BbICOKOE yaeJIbHOe COMPOTUB-
JIeHue obecIieurBaeTcs TeM, yTo ypoBeHb Depmu B ce-
pearHe 3ampelleHHOM 30HbI 3aKperuisieTcsl baaromapsi
CYILIECTBOBAHUIO TNTyOOKOTO JOHOPHOTO LIEHTpa, W3-
BecTHoro kak EL2 u cBSI3aHHOTO ¢ COOCTBEHHBIMU
aHTUCTPYKTYpHbIMU AedekTamu GaAs. Poib KoMIieH-
CUPYIOLIMX MEJKMX aKlLEeNTOPOB BBLIMOJHSIOT aTOMbI
(oHOBOIT TIpUMeCH yIiiepoaa U aHTUCTPYKTYPHBIE e-
¢extbl GaAs. [ToMMMO BBICOKOTO YAEJIbHOIO COIpPO-
TUBJIEHUST, MOHOKpHUCTA/LUIBI [TN-GaAs mo/KHBI UIMETh
BBICOKME 3HAUEHUsI MOABUXKHOCTU HOCHUTENEH 3apsina
U BBICOKYIO MaKpO- U MUKPOCKOIUYECKYIO OIHOPOI-
HOCTb pacripeicJIeH!sI CBOMCTB KaK B MTOIIEPEYHOM Ce-
YEHWM, TaK U 10 JJIMHE BbIPAILIEHHBIX CIUTKOB.

2. JlerupoBanHsbiii kpemHuem (I1IT) GaAs n-tuma
MPOBOAMMOCTU C HU3KOU TJIOTHOCTBIO AMCIOKAIIUA.
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MOHOKpPHUCTAIIIBI CUJIBHO JIETUPOBAHHOIO KPEeMHUEM
(1017...1018 CM_3) GaAs, TOMMMO BBICOKOI IIPOBOIM-
MOCTU, JOOJKHBI MMETh ITOCTAaTOYHO COBEPIIEHHYIO
KPUCTALTUUECKYIO CTPYKTYpy. [IpurogHsiMu ajist po-
MU3BOJICTBA CBETOIMOIOB CYUTAOTCS MOHOKPHCTAILIEI C
TUIOTHOCTBIO AUCIOKalui Ny < 10* CM_2, a Juisl Jla3e-
poB — ¢ Np<2- 103 cm™2. Taxkoit maTtepual UCIOJb-
3yeTcsl B ONTORJIEKTPOHUKE ISl U3TOTOBJICHUST MHXKEK-
LIMOHHEIX J1a3€POB, CBETO- U (POTOAUOAOB, (POTOKATO-
JoB. Takue KpucCTallbl SIBASIIOTCSI MaTepUaaoM JIst
reHepaTopoB CBY-konebanuii, X IPUMEHSIOT TS U3-
TOTOBJIEHUS TYHHEJIBHBIX IUO0B, CIIOCOOHBIX paboTaTh
npu OoJjiee BHICOKUX TeMIIepaTypax, YeM KpeMHUEBbIE,
M Ha 0oJjiee BBICOKMX YacTOTaX, YeM IepMaHUEBbIE.

3. MoHOKpUCTaJIbl apCceHWIa rajius, JerupoBaH-
HbIE XPOMOM. DTOT MaTepuaj UCIOb3yeTcsl B UH(pa-
KPAaCHOM OITHKE.

4. MOHOKpHUCTAJIJIBI apCceHua rajuius, JerupoBaH-
HbIe [IUHKOM WIX TeJUIypoM. Takue MOHOKPMCTAJIIbI
MPUMEHSIIOT B TTPOU3BOJCTBE ONMTOINEKTPOHHBIX MPU-
0O0opoB.

HMcxoaHblit nonukpucranandyeckuii GaAs oObIYHO
MOJIyyaroT MyTeM peaklMy MapoB MbIIIbsKa C MeTas-
JIMYECKUM TaJlJIieM IPU BBICOKOI TeMrepaType B 3a-
MasiHHBIX KBapleBbIX amITyjiax. Kak rnpaBuiio, eMKOCTh
C MBIILIBSIKOM, PACIIOJIOXKEHHYIO B OJHOM KOHIIE aM-
MyJIbl, HarpeBaloT 10 TeMmItepaTypsl 891K, B pe3ynbTaTe
Yyero JaBJieHUE TTapOB MBIIIbSIKA B aMITyJIe BO3pacTaeT
g0 1 aTMm., 4TO HEOOXOAMMO MJISI TIOJYUYEHUSI CTEXUO-




I
|
[

w
| = i .
| g 250 Liton Airton, 1991 —
[T
! E‘C;nn
| ,r*}j r
'S E :
Iy ® Westinghouse, 1984 ,l
‘ m o

S — 150 - . g ga—
'3 g
®
| &S .

[T Bell laboratories, 1971 .
| = 5 100 i T e
I RSRE, -
| = 1964, nepsbiii !
| Cg[ MK . "
[ 50 ——— e —
| S — /
| S,
‘ O
‘ 0
| 1955 1965 1975 1985 1995

Puc. 3. /lnunaMuKa pa3BUTHS BhIpamMBaHusS KpuctawioB GaAs merogom Yoxpajabckoro
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Fig. 3. Dynamics of the LEC-CZ method development: ingot mass and diameter growth

MeTpuueckoro GaAs. IMapbsl MbllIbsIKA B3aUMOAEICT-
BYIOT C METAJNTMYECKUM TaJIJINEM, KOTOPBIN HAXOAUTCS
B APYroM KOHIIE aMITyJIbl B JIOMOYKE M3 KBaplia Wu
nupoauTuueckoro Hutpuaa 6opa (PBN) npu temne-
patype 1511 K. ITocne Toro Kak MbIIIbSIK ITOJTHOCTBIO
npopearupyer ¢ rajjiieMm, oopasyercsl MOJUKpPUCTATI-
Junydeckas 3arpyzka GaAs.

B mpombiliiieHHOM MPOM3BOJACTBE MOHOKPMCTAJI-
JioB GaAs MCHONb3YIOT TPYU METONIA BbIpalllMBaHUSI:
MeToa HoxpaabCKOro ¢ XUIKOCTHOI repMeru3alueit
pacrmiaBa ciioeM 6opHoro anruapuaa ( Liquid Encapsu-
lated Czochralski — LEC), MeToln TOpPU30HTAIbHOM
HamnpaBleHHON KpUCTAIIM3alMU B NIBYX BapUaHTaXx:
"mo bpumxkmeny" (Horizontal Bridgman — HB) wunu
KPUCTAJUTM3ALIMKY B IBMKYILIEMCS TpalueHTe TeMIiepa-
typol (Horizontal Gradient Freeze — HGF) u meTon Bep-
TUKaJIbHOM HamnpaBieHHo# kpuctamumsauuu (BHK) B
Tex xe AByx BapuaHTax (Vertical Bridgman — VB u
Vertical Gradient Freeze — VGF).

B ycTaHOBKY 11 BBITATUBAHUSI KPUCTAIIJIOB METO-
moM YoxpanbCKOro 3arpyXaroT ITOJUKPUCTALIAYEC-
KUt ciuToK GaAs B TUIJIE C HAPY>KHBIM IpachUTOBBIM
ayieMeHTOM. (GaAs pacIiaBjisSIlOT TIpU TeMIleparype,
6us3koit Kk 1511 K, ¥ KpucTal BBITITMBAIOT B MHEP-
THOM aTMocdepe Mo TaBIeHNEM, KOTOPOE MOXET M3-
MeHaTbes oT enuHull 1o 100 atM. PacrniaB apcenunna
rajiJivs 3aKJIl04eH B 000J104Ky 13 okcuia 6opa (B,05),
KOTOpas MpeIoTBpalliaeT pacraji pacriiaBa.

JAnHaMuKa pa3BUTHUS METOJa B YaCTH pOCTa 3HAYE-
HUI 3arpy3Kd U IMaMeTpa BBEIPAIIMBAEMOTO KPHCTAI-
Jla TIpMBeJieHa Ha puc. 3.

3a nocneaHue 40 netr B CBY mojgynpoBOIHUKO-
BOIl TIPOMBILIJIEHHOCTH HaOMI0NaeTcsl YBeJIWYCHUE
muametpa mactuH GaAs ¢ 50 mo 150 MM, Tak Kak 3T0
CHUXaeT 3aTpaThl Ha IIPOU3BOACTBO IPUOOPOB KaK
MUHUMYM Ha 20...25 % mnpu KaxiaoM Ilepexoje Ha

2005 2015

OonplMii guameTp. B Hacrosgiiee
! BpeMsl MPOMBILIJIEHHOCTh MPeuMy-
l IIECTBEHHO WCHOJB3YeT IUIACTUHBI
| auametpoMm 150 mm. Oxupaercs,
| 9TO WCITOJNBh30BaHWE IUIACTWH IHa-
: meTrpoM 150 MM ITPOIOIIKUTCS B IIPO-
| rHo3upyemoM Tiepuoae mo 2020 r.
: 3a CYeT 3HAUYUTEIbHBIX WMHBECTH-
! LM, OCYILIECTBIEHHBIX TAKUM KPYII-
: HBIM IIpou3BomuTeaeM, Kak WIN
| Semiconductor (TaiiBaHb) B Momep-
| HU3AIUI0 U CTPOUTEIBCTBO HOBBIX
} 3aBOJIOB JUISl TPOM3BOACTBA IJIACTUH
| nuametrpoM 150 mMm. CrneayeTr oTMme-
| TWUTb, YTO OTPAaC]b ABUXETCS B CTO-
! pPOHY pa3BUTHUSI TEXHOJIOTMU TLIac-
‘ TuH auameTpom 200 MM, U OIIBITHOE
MPOU3BOACTBO, KaK OXUIAETCs, MO-
gaBuTcd K KoHiy 2018 r. Uccneno-
BaTeau u3 CToH(OPACKOTo YHUBEP-
cureta pabOTAIOT HaA CO3MaHUEM
TEXHOJIOTUM TPOM3BOJACTBA MPUOOPOB Ha IIJIACTUHE
GaAs aguamerpom 200 Mm.

B nocnennue roasl B pazButun meroga VGF BbI-
pamBaHusl GaAs NosIBUIACh HOBAsl TEHACHLIMST — Tie-
pexo K TPYIIIIOBOMY ITOJYHEIIPEPBIBHOMY BBIPAIIIM-
BaHMUIO.

Hcnonn3zopanne GaAs B npoU3BOACTBE
3JIEKTPOHHBIX MPHOOPOB

ITprMeHUMOCTb pa3IMYHBIX TEXHOJIOIMI BhIpAILM-
BaHus GaAs U1 3JIEKTPOHHBIX TIpUOOPOB MpUBEAeHA
B TaOI. 2.

Tabauua 2
Table 2
IIpuMeHIMOCTh Pa3JMYHBIX TEXHOJIOTHI BhipamuBanusa GaAs

Applicability of GaAs single crystal ingots obtained by specific pulling
techniques for use in electronic devices of various types

Ipeanouturesnb-
[TpuGopsl Tun nipubopa Hasl TeXHOJIOTUSI
Device Type of device Preferable
technique
[ToneBbie TPaH3UCTOPHI YHUIIONSIPHBI LEC
MeTaJUl — TOJIyTIPOBO/I- TPAH3UCTOP
HUuK (MESFET) Unipolar transistor
Metal-semiconductor
field-effect transistors
(MESFET)
CBY-TpaH3ucTopbl YHunonspHelit LEC
(HEMTD TPaH3UCTOP
High electron mobility Unipolar transistor
transistor (HEMT)

TpaH3UCTOPHI C TeTEPO- BunonsipHbIit BHK mu6o LEC

nepexonom (HBT) TPaH3UCTOP VDS or LEC
Heterojunction bipolar Bipolar transistor

transistors (HBT)

JlazepHbie 1 cBeTomnoasl | ONTO3IEKTPOHUKA BHK
Lasers and light emitting Optoelectronics VDS

diodes
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Marepuan, monydeHHbi mMetogoM BHK, umeer
0oJiee HU3KYIO IUTIOTHOCTh AMCIOKAlUi, HO MaTepual
LEC obnagaet 06osiee OMHOPOOHBIM pacIipeleeHueM
MUCITOKAIIMI IO TUTOLIAAW TUTacTWHEL. YTO Kacaercs
2JIEKTPUUYECKH aKTUBHBIX KOMILIEKCOB FL2, To Kpuc-
TaJlIbl, ToJiyueHHble MeTogoM LEC, umeror Ooliee
OIHOPOIHOE pacIpeneicHUe 3TUX AeDEeKTOB U, KaK
cjencTBue, 0oJjiee OMHOPOAHOE pacIpeneeHUe yaeab-
HOTO CONPOTUBJICHUS T10 TUIOIIAAU TIIacCTUHBI. Kpome
TOr0, MOHOKPUCTAJLJIbI, BbIpallleHHbie MeTogoM BHK,
HMEIOT ce0eCTOMMOCTh BbIIlIE€, YEM BbIpallleHHbIE Me-
tonoM LEC. D10 00yClI0BIEHO MEHbIIEH CKOPOCTHIO
Kpuctayum3auuu (B 4—5 pa3) U UCKIIOUEHUEM OTIle-
panuu TMOBTOPHOTO 3arpaBiuBaHus. CpaBHUBAs CO-
BOKYIHOCTb XapaKTepUCTUK, MPUCYIIUX Pa3IUYHbIM
METOIaM BHIPAIIMBAHMS, MOXHO I10JIaraTh, YTO B OJIM-
Kaiiive rofasl oba Metoaa OymyT MPUCYTCTBOBATb Ha
PbIHKE B TIPpUOIU3UTENIbHO PaBHBIX M0JsX (Tabj. 2).

Ha ocHoBe apceHmuaa rauimsi Takxke M3roTaBIvBa-
10T cBetonuonnl (CJ1). M3o6perenne nepBruix CJI, n3-
JIy4JalolX MOHOXPOMATUYECKUN CBET MPU IMOAKIIIO-
YEHUM K UICTOYHUKY TOKA, OTHOCUTCS K 1960-M rogam.
Ho 1980-x Huzkas sipkocTb, orcyrctBue CJI cuHero u
0eJ10TOo IIBETOB, a TAKXKE BEICOKME 3aTpaThl Ha X TIPO-
MU3BOJCTBO OIpaHUYMBAIU UX MpuMeHeHue — CJI uc-
ITOJIB30BAJIM B HAPYXKHBIX 3JEKTPOHHBIX TAa0JIO, MU
000pyI0BaM CHUCTEMbl DPEryJIMpOBaHUSI JOPOXKHOTO
JIBVDKEHUSI, IPUMEHSUTM B ONITOBOJIOKOHHBIX CHCTeMax
nepeaayd NAaHHBIX W MEIUIIMHCKOM OOOpPYIOBaHUU.
ITosiBneHue cBEpXbSIPKMX, a TAKXKE CUHUX (B cepeaIrHe
1990-x rogoB) u Genbix CJI (B Hayane XXI Beka) u
ITOCTOSTHHOE CHIDKEHUE CTOMMOCTH TIO3BOJIMJIN MC-
moib3oBaTh CJI B KayecTBe WHIWKATOPOB PEXMMOB
paboTHI AMEKTPOHHBIX YCTPOMCTB, B IOICBETKE XKHII-
KOKPUCTAINTMISCKIX SKPAaHOB Pa3IMIHBIX TTPUOOPOB.
BriocnenctBuu npuMeHeHUE CBETOAMOMIOB OCHOBHBIX
IBETOB (KPAaCHOTO, CMHETO M 3eJICHOTO) TO3BOJIMIIO
KOHCTPYHUPOBATh U3 HUX AMCILIEN C BHIBOIOM ITOJTHO-
BeTHO rpadpuku u aHumanuu. Cpok ciyxosr CJI
IpeBhIIIaeT B 6—8 pa3 IOJrOBEYHOCTh JTIOMUHECIICH -
THBIX JIAMII, OTHOCUTEIbHAsI TIPOCTOTa B paboTe ¢ HU-
MU Ha 3Talie COOpPKM MU3AEIUiA, OTCYTCTBUE HEOOXOAM-
MOCTH B PETYISIPHOM OOCITY>KMBAaHWU IIEJIAIOT 3TU WC-
TOYHUKM CBeTa 0oJjiee KOHKYPEHTOCHOCOOHBIMM IO
CpaBHEHMIO C GoJiee TPATUIIMOHHBIMU — Ta30pa3psii-
HbIMU, JIIOMUHECUEHTHBIMU JJaMIIaM1 Y JlaMIIaMU1 Ha-
KaJMBaHWSI.

CJI cocTouT M3 snUTaKcHadbHBIX ciaoeB GaAlAs,
GaAsP win InGaAsP Ha nomgnoxke uz GaAs j1nb0
GaP. CI u3 AlGalnP, GaAsP na nmomnoxkax GaP
U3y4yaloT CBET OT OJieHO-3esieHoro 10 KpacHoro. CJI
u3 AlGaAs Ha nomgioxkax GaAs M31y4yaloT CBEeT OT
KpacHOTo 10 MH(pakpacHoro. CBeTOMMOIHAS MHIYC-
TpHsI BCTYITMJIa B HOBBII 3TaIl pa3BUTHsI, YTO 00YCJIOB-
JIEHO BBIOOPOM SIpKMX U cBepxbsipkux CI mist co3na-
HMSI CUCTEM OOILIer0 OCBEIIeHUSI HOBOTO MOKOJIEHUS,
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IJie OHU 3aMEHSIOT TPAAULIMOHHbBIC JIAMITBHI HaKaJBa-
HUSI U JIIOMMHECLICHTHbIE JlamIibl. Bcero B mupe ce-
rogHs: paboraior 6ojsiee 2500 peakTOpoOB MJISI MPOU3-
BOZCTBA CBETOOWOMTHBIX CTPYKTYP METOIOM 3ITUTAKCUN
METaJUI00OPraHNYeCKUX COeAMHEHNM U3 Ta30BOM (pa3bl
(MOCVD-snutakcum). s obecrnieyeHus1 UX padOThI
ucnonb3yercs 60...80 T rajyiis B TOA B BUAE METAIO-
OpPTaHMYEeCKUX COCAMHEHWI (TPUMETUITAJUTUIA 1 Ap.)
BBICOKOI YMCTOTBI M TIPUMEPHO TaKOE K& KOJIMYECTBO
0CO00YMCTOrO MbIlibsiKa [9].

PBIHOK TOJIyNPOBOIHUKOBBIX M3EJIHii
Ha ocHoBe GaAs

OCHOBHBIMM TIPOU3BOAUTENSIMU  TTOJTYIIPOBOIHU-
KOBBIX M3/IEJINII Ha OCHOBE apCeHUIA TaJUTHST SIBJISTIOT-
cst komnanuu RFMD v Skyworks, Avago Technologies
u TriQuint, SEI (Sumitomo FElectric Industries), Sony,
Panasonic v Mitsubishi FElectric (EC, CIIIA, SInonus),
Win Semiconductor (TaiiBanb) [11—14]. Cneuuduxoit
POCCHICKOTO phIHKA SIBJIIETCSl HU3KAsI, 10 CPABHEHUIO
C MUPOBOI1, TOJISI TPpakAaHCKOTO phIHKA. /1o HemaBHe-
ro BPEMEHU OCHOBHAsl MOTPEOHOCTb OTEYECTBEHHBIX
MIPOU3BOIUTENICH PATUOSIEKTPOHHBIX M TEICKOMMY-
HukanuoHHbIX cucteM B CBY-MC nmokpwiBamach 3a
cueT 3apy0OexXHbIX IMOoCcTaBoOK. IIpy 3TOM OTeYeCTBEH-
Hbl€ TTPOU3BOAUTENIM 3aHUMAJIM Ha PbIHKE HUIIY MO-
JIYIIPOBOAHUKOBOM TMPOAYKLUMHU [JII BOEHHBIX YCT-
poiictB. B Poccuu MpOMBIIUIEHHO BBIITyCKaeMble U
paspabateiBaeMble CBY MC Ha yacToTsl Boiie 6 I'TIn
0asupyloTcsi Ha ToJieBbIX TpaHauctopax MESFET.
B nacrostiiee Bpemst B MCBYITD PAH u psange apyrux
POCCUICKUX MpPEAIPUITA BeneTcs padoTa 1o pa3pa-
0OTKE M OpraHu3alM BbIIIyCKa 0ojiee COBPEMEHHBIX
CBY UC, npeumylieCTBEHHO ST HYXI OOOPOHHO-
MpoMmbiluieHHoro Komiiekca [10]. IIpoekThl Haxo-
JSITCS B pa3jIMYHON CTaAuU TOTOBHOCTH.

IlepcrnekTuBbl pa3BUTHSI MUPOBOIO U POCCUIICKOIO
peiHKa GaAs mocTaToyHO OJaronpusTHH (puc. 4, cM.
TPEThIO CTOPOHY OOJIOKKM).

OmHako, HECMOTPS Ha pOCT pBIHKA apCceHMIa Tajl-
st (peIHOK TMoa1oXeK GaAs kK 2017 r., Kak oxXujgaer-
csl, COCTaBUT 3,6 MJIH KB. MI0WMOB 1 650 MIIH TOJIT.),
B (DM3MUYECKUX MTOKA3aTESIX MUPOBOI PHIHOK apCeHU-
Jla TAJUTAST OCTAHETCS JOCTATOYHO MaJIBIM TTO0 MUPOBBIM
Mepkam — 10 700—1000 t/rox. dnsa Poccun ata uud-
pa coctaBuT, BUIUMoO, 5—10 T/TOom, maxe MpU ITOJI-
HOM 3aMelIeHUU MMIIOpTa U BBIMOJHEHUU MPOrpaMm
pa3Butus oTedyecTBeHHOU CBY-MUKpO31€KTPOHUKHN
1o 2020 r.

Crenyer OoTMETHUTh, UTO B HacTosliee Bpems B Poc-
CUU HET MPOMBILIJIEHHOTO MPOU3BOACTBA MOJIYU30JIH-
pytomiero (ITN) GaAs mnsgs CBY-npumenenwmii. Ilot-
peOHOCTH MOKPHIBAIOTCS 3a cueT umnopTa. B Poccun
OCTaJI0Ch IIPOMU3BOACTBO JiermpoBaHHOTO GaAs s
OMNTO2JIEKTPOHHBIX MpuMeHeHuit — [1I1-GaAs npous-
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n30aBUTbCSI OT cobJla3dHa 3KOHO-
MMH Ha 3TOM paszfiese, Koraa Mnpo-
rpaMMBl TOCYIApCTBEHHOM TTOmIe-
PXKU 10 CHIOMUHYTHBIM 3KOHOMMU-
YyeCcKMM NpUYMHAM "BKJIodaroTcs”
C MOMEHTa CcO37aHusl MPUOOPHOI

HUA IMMOJIYIITPOBOOHUMKOBBIX KpHUCTAJI-
JIOB U MaT€puraJoB AJid HUX.
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Puc. 5. lunamuka 3kcnopra v umnopra u3 P@® kpucramwioB U miactuH GaAs mo JaHHBIM
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Fig. 5. Dynamics of export and import from Russia of GaAs crystals and wafers according to the

custom department (in thousand $): 1 — export; 2 — import

BOJSIT B HEOOJIBIIIOM KoJIMuecTBe B MOckoBcKoM OAQO
"Tupenmet" (I'ocymapCTBEHHBIII HayYHO-HCCIIEIOBA-
TEJbCKUN U MPOEKTHBI UHCTUTYT PeIKOMETaLInYec-
KO TMPOMBIIIJIEHHOCTH, MPEIIPUITHE TOCKOpIIOpa-
v PocatoMm), a Takke Ha 3eJIeHOTPaICKOM TTpeaTIpy-
atun "Dinma-Mamaxut” [9, 10, 15].

BMmecTe ¢ TeM MOTpeGHOCTh OTEUECTBEHHBIX TP~
NpuUSITURA B apceHuae raums pacteT. Ha puc. 5 npu-
BellcHa JMHAMWKA SKCIIOpTa M UMITOPTA KPUCTAJIOB U
mwiactuH GaAs (TaMoOXeHHasl CTOMMOCTb I10 JaHHbBIM
®DTC B THICIYAX OJIApOB B roja) [9].

Bunno, uro ummnopr B PO GaAs pacrer. [1pu sTom
abCOJIIOTHBIE LIM(PBI TOCTABOK HAXOASITCS B TMAIa3o0-
He g0 1,5 T/rom.

C 2015 1. AO "PocanekTpoHmnka" pa3pabaTbIBacT
PSI TPOEKTOB IO IMPOMBIILIJIEHHOMY BBINTYCKY TIJIaCTUH
IIT1-GaAs u ITN-GaAs B Poccuu.

3akmoueHue

B cpenne- u goarocpouyHoil nepcrieKTUBe JaHHBIN
cekTop Oynmer pactu. Ha maHHBIA MOMEHT POCCHIAC-
KU PBIHOK CMEeUMATbHBIX MaTepUaoOB IJis IMPOU3-
BOJICTBA IIOJYIIPOBOJIHUKOBBIX COEIMHEHUM IS DJIeK-
TPOHHO-KOMITOHeHTHOI 0a3bl (GaAs u np.) mMeer
HEe3HAauYUTeJbHbI 00beM U B OJMXKaillleil mepcriek-
THBE HE JOCTUTHET YPOBHSI, HEOOXOAMMOIO JIsl TO-
SIBJICHUSI KOHKYPEHTOCIIOCOOHOIO OT€YECTBEHHOTIO
MPOU3BOAUTENSI, Jaxe IPU YCIOBUU BBIOJIHEHUS
ImporpaMM MMIopTo3aMelleHus. B To xxe BpeMs cy-
LLIECTBYET MOHUMMaHUe, YTO JJIs1 CO3AaHUSI COBpEMEH-
HOM 3JIEKTPOHHOW KOMIIOHEHTHOI 6a3bl B Poccum
HEeoO0X0AMMO pa3BUBaTh MPOU3BOICTBA OCOO0 UMCTHIX
COEIMHECHUM.

IIpencraBisercst, 4TO OJIsI 3TOr0 HEOOXOIUMO MHC-
MOJIb30BaTh CYIIECTBYIOLIMIA 1 XOPOILIO ce0s1 IToKa3aB-
it MexaHusM @DefepaiabHBIX 1IEJIEBBIX ITPOrpaMM
"Crparermyeckue Marepuaubl’. HeobxogmMmo TOJIBKO
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The analysis of the current state of the market and GaAs-based devices. One of the fastest growing segments of microwave mi-
croelectronics is an integrated circuit (IC) on GaAs for mobile telephony. In the last decade, the mobile market is showing rapid
growth. Therefore, the global market for gallium arsenide is booming. The market for GaAs substrates by 2017, according to fore-
casts, will amount to 3.6 million sq inch and 650 million $. It is noted that currently the Russian market of materials (Gads, etc.)
is very small and, in the short term will not reach the level required for the emergence of a globally competitive domestic producers.
The specifics of the Russian market is low compared to the world, the share of the civilian market of microelectronics. Until recently,
a major demand of domestic manufacturers of electronic and telecommunication systems was covered by foreign supplies. While na-
tional manufacturers have occupied a niche in the market of semiconductor products for military devices, whose use precludes the
use of imported components. From 2015, there are projects under the auspices of Roselektronika with the participation of several
institutions for the production of GaAs wafers. At the same time, there is an understanding that the creation of modern electronic
component base in Russia it is necessary to develop production of high pure compounds. It appears that it is necessary to use an
existing and well-behaved showing a mechanism of Federal target programs "Strategic materials”.
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Gallium arsenide (GaAs):
the basic material of microwave electronics

Studies of GaAs properties started in USA under the
aegis of the US Department of Defense (DoD) in the mid-
60s of XX century. The studies resulted in the develop-
ment of fast-response integrated circuits (ICs) used in
"intelligent"(smart) fire control systems and supercom-
puters. DoD financed the program of IC of MIMIC (Mi-
crowave/ Millimeter Wave Monolithic Integrated Circuif)
type development; later on, MIMIC program was re-
placed with a MAFET program, the one of Microwave
Analog Front End Technology development (Fig. 1).

Production of GaAs ICs consists mostly of the man-
ufacture of devices with p—n Junction Field-FEffect
Transistors (JFET), field-effect transistors with Schottky
gate (MESFET, Metal Semiconductors Field Effect
Transistor), and GaAs Pseudomorphic High FElectron
Mobility Transistors (GaAs PHEMT).

The cost of PHEMT devices has been reduced con-
siderably with the industry mastering treatment of GaAs
wafers with the diameter of 150 mm. The fall in price
resulted in PHEMS equipment becoming popular
across numerous application areas from mobile phones
and base stations to radars and millimeter-range com-
munications systems [1, 2].

Main types of GaAs-based devices are presented in
Table 1 and Fig. 2 (see the 3-rd side of cover) [3—8].

212 HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 19, Ne 4, 2017

GaAs single crystal production methods

Following materials are the most widely used in
electronics:

1. Semi-insulating (SI) GaAs with high specific re-
sistance (107 Q- cm). The material is used in microwave
IC and discrete microelectronic device production. The
high specific resistance of SI-GaAs is explained by mid-
gap Fermi level being pinned due to the existence of a
deep donor center known as EL?2 related to the intrinsic
antisite defects of GaAs. Residual carbon admixture at-
oms and the antisite GaAs defects play the role of com-
pensating shallow acceptors. SI-GaAs monocrystals
should also demonstrate a high carrier mobility and high
macro- and microscopic homogeneity of properties dis-
tribution over cross-sections and along the ingot’s length.

2. n-Type Si-doped GaAs (SC) with low dislocation
density. Heavily Si-doped (10'7...10'® cm™3) GaAs single
crystals should possess a perfect enough crystal structure.
Crystals with the dislocation density N, < 10* cm™2 are
considered to be fit for light diode production, while
those with the density Ny < 2- 103 cm ™2 are used in la-
ser production. The material is used in optoelectronics
for injection lasers, light- and photodiodes and photo-
cathodes production. The crystals serve a material for
microwave generators; they are also used for the man-
ufacture of tunnel diodes capable of operation at higher
temperatures than silicon-based ones and on higher fre-
quencies than germanium-based ones.




3. GaAs crystals doped with chromium. The mate-
rial is applied in infrared optics.

4. Zinc- or tellurium-doped GaAs single crystals are
used in optoelectronic device production.

Initial polycrystalline GaAs is usually obtained by
arsenic vapors reaction with metal gallium in a sealed
quartz ampoule at high temperature. As a rule, a con-
tainer with arsenic located at the end of the ampoule is
heated up to 891 K, which leads to arsenic vapors pres-
sure in the ampoule reaching 1 atm necessary for sto-
ichiometric GaAs formation. Arsenic vapors interact
with metal gallium placed at the other end of the am-
poule in a boat made of quartz or pyrolytic boron ni-
tride (PBN) at 1511 K. After the reaction is completed,
a charge of polycrystalline GaAs is obtained.

For GaAs single crystal industrial growth, they use
Czochralski method based on melt liquid encapsulation
(Liquid Encapsulated Czochralski — LEC) with a layer of
boron anhydride, horizontal directional solidification
method in its two versions: Horizontal Bridgman (HB) or
crystallization in moving temperature gradient (Horizon-
tal Gradient Freeze — HGF), and vertical directional so-
lidification (VDS) method in the same two versions: Ver-
tical Bridgman (VB) or Vertical Gradient Freeze — VGF).

Czochralski crystal puller is charged with a polycrys-
talline GaAs ingot in a crucible with an external graphite
element. GaAs is melted at about 1511 K, and a crystal
is pulled in an inert atmosphere under pressure varying
from units to 100 atm. Gallium arsenide melt is covered
with liquid boron oxide (B,03) to prevent melt decom-
position. In Fig. 3, dynamics of Czochralski method de-
velopment is presented as regards an increase in both
charge amount and the diameter of the grown crystal.

Over four decades, the diameter of GaAs wafers pro-
duced by the microwave industry increased from 50 to
150 mm; each passage for a greater diameter yielded
minimum 20 to 25 % decrease in a device production
cost. Wafers with the diameter of 150 mm are the ones
mainly used in industry. The use of these wafers is ex-
pected to be continued up to the year 2020, due to con-
siderable investments WIN Semiconductor, a major pro-
ducer from Taiwan, has made into modernization and
new foundries construction for 150-mm wafers produc-
tion. It should be mentioned that industry tends toward
the development of 200-mm wafers fabrication tech-
nology, the pilot 200-mm wafer production is expected
to be realized by the end of 2018. Stanford University
researchers work at the development of a technology to
produce devices operating on 200-mm GaAs wafers.

A new trend has appeared in the development of
VGH method of GaAs single crystals growing: transi-
tion to a semicontinuous multi-pulling technique.

Use of GaAs in electronic device production

Certain GaAs single crystal growing techniques ap-
plicability for various electronic devices fabrication is
presented in Table 2.

The dislocation density of the material obtained by
VDS technique is lower than that of the material pro-
duced by LEC technology, but the latter has more even
dislocation distribution over the wafer area. As to elec-
trically active EL2 complexes, defect distribution over
the wafer area and, consequently, that of specific re-
sistance are more homogeneous in LEC crystals. Be-
sides, the production cost of monocrystals obtained by
VDS method is higher than that of wafers produced by
LEC technique. This is due to 4 to 5 times lower crys-
tallization rate and avoidance of repeated seeding in a
case of LEC technology use. Comparison of properties
of the products obtained by these methods enables us to
believe that the market shares of the both methods will
be about equal in the next few years (Table 2).

Gallium arsenide is used also in light diode (LED)
production. Initially, light diodes emitting monochro-
matic light on connection to a current source were in-
vented in the 60s of the last century. Up to the 80s, the
light diode application was limited by their low bright-
ness, the absence of white- and blue LEDs, and a high
cost of production. LEDs were used in outdoor light
panels and in traffic regulation systems’ equipment;
they also used the first LEDs in fiber-optic data trans-
mission systems and medical equipment. The appear-
ance of super bright and blue diodes (in mid90s), as well
as white ones (in the beginning of XXI ¢) and constant
decrease in prices, made it possible to use light diodes
in electronic device’s operation mode indicators and for
various devices’ LCD screen backlights. Later on, the
use of primary-color LEDs (red, blue, and green ones)
provided the possibility to build displays supporting
full-color graphics and animation.

Life time of LEDs being 6 to 8 times longer than
that of luminescent lamps, comparative easiness of as-
semblage, the absence of the need for regular mainte-
nance — all these make LEDs more competitive than
traditional light sources: gas-discharge luminescent and
incandescent lamps.

LED consists of GaAlAs-, GaAsP-, or InGaAsP
epitaxial layer on a GaAs- or GaP wafer. LEDs with Al-
GalnP- or GaAsP on a GaP wafer emit light within the
range from pale-green to red; radiation of LEDs with
AlGaAs on a GaAs wafer occupy the red (visible) to in-
frared part of the spectrum.

LED industry has entered a new phase of develop-
ment due to the use of bright and super bright LEDs for
new-generation general lighting systems, where they
have replaced traditional incandescent and gas-discharge
luminescent lamps. All in all, more than 2500 reactors
for light-emitting diode structures fabrication by the
method of organometallic compounds epitaxy from gas
phase, or metalorganic chemical vapor deposition
(MOCVD epitaxy), presently work across the globe.
To maintain their operation, 60 to 80 tons of Ga as
high-purity organometallic compounds (trimethylgal-
lium etc.) and about the same quantity of high-purity
arsenic are used [9].
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Market of GaAs-based semiconductor products

Major producers of GaAs-based semiconductor
items are RFMD and Skyworks, Avago Technologies and
TriQuint, SEI (Sumitomo Electric Industries), Sony, Pa-
nasonic and Mitsubishi Electric (EU, USA, Japan), and
Win Semiconductor (Taiwan) companies [11—14]. The
feature of the Russian market is a small share of civil
market, as compared to that in the world market. The
main demand of domestic radioelectronic and telecom-
munications system producers for SHF ICs was satisfied
by foreign suppliers, while the domestic producers occu-
pied the niche of semiconductor products for military
equipment. Microwave integrated circuits operating at
frequencies exceeding 6 GHz produced and engineered
by Russian industry are based on MESFET field-effect
transistors. Development and organization of production
of up-to-date microwave integrated circuits (intended
mostly for the defense-industrial sector) are under way at
the Institute for Microwave Semiconductor Electronics
RAS and some other Russian enterprises [10], the
projects being in different stages of implementation.

Prospects of global and Russian GaAs markets de-
velopment are rather favorable (Fig. 4, see the 3-rd
side of cover). Nevertheless, despite the growth of
GaAs market (GaAs wafer market is expected to reach
3.6 million square inches and $650 M), the world
GaAs market will keep being rather small, if expressed
with physical parameters, that is, it will make up to
700—1000 tons per year (TPY). For Russia the market
size apparently will be 5 to 10 TPY, even provided the
whole import substitution takes place and programs of
domestic microwave electronics development by 2020 are
realized.

It should be noted that there is no domestic produc-
tion of SI-GaAs for microwave purposes. The demand
for it is satisfied with imports. In Russia, doped GaAs
production remains active as a small-scale semiconduc-
tor GaAs production at GIREDMET (Federal State
Research and Design Institute of Rare Metal Industry
of Rosatom State Corporation, Moscow) and at Elma-
Malakhit enterprise (Zelenograd) [9, 10, 15]. Mean-
while, Russian enterprises need more and more GaAs.
Dynamics of GaAs crystals and wafers export/import is
presented in Fig. 5 (customs value, thousand USD per
year, according to the Federal Customs Service’s data)
[11—14].

GaAs Importation to Russia is obviously growing,
the absolute volume of delivery making up to 1.5 TPY.

Ruselectronics JSC has been realizing a number
of projects on both semiconducting (SC) GaAs and
SI-GaAs wafers industrial production in Russia since
2015.

Conclusion

The considered sector will grow in both medium-
and long-term outlooks. Russian market of special ma-
terials necessary for the production of compound sem-
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iconductors for electronic components (GaAs etc.) has
a small value and it is unlikely to reach the level nec-
essary for the competitive domestic producer to emerge,
even provided the import substitution programs are re-
alized. At the same time, there exists an understanding
that the creation of modern electronic component base
in Russia is necessary to develop the high purity sub-
stance production. It looks reasonable to use the exist-
ing and well-behaved mechanism of the Federal target
programs "Strategic materials”". It is urgent that the
temptation of saving funds at the expense of this part of
the Program be overcome now, when due to momen-
tary economic reasons, Government support programs
are put into action at the moment of instrument struc-
ture design, escaping stages of semiconductor crystal-
and the related material fabrication.
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BAMAHUE MOHU3UPYIOLLIMNX UBAYHEHUN HA DAEKTPOO®U3NYECKUE
CBOMCTBA XAAbKOTEHUAOB SAEMEHTOB MEPBOM IPYMMbI

Ilocmynuna 6 pedaxuyuro 22.01.2017

Bausinue 0bnyuenus 6bicOKOIHEP2EMUMHbIMU NEKMPOHAMU HA NAPAMEMPbl XAAbKOLEHUOOE 31eMEHM08 NePeoli epynnbl NOKA-
3bleaem, 4mo 31eKmponpoeooHocms u ko3ggpuyuenm mepmoIlC ne uzmensromes 0o onpedeieHHOU 003bl, 3amem ¢ yeeiudeHuem
00361 00/1yHeHUs INeKMPONPOBOOHOCHb YMeHbulaemcs, a Kodpguyuenm mepmoIC yseaunusaemces. Obayuenue 6blcOK0OIHepee-
MUYHBIMU INEKMPOHAMU NO36045eM COBEPUIEHCTNBOBAMb CBOLICMBA COeOUHEHUT XANbK02EHUN08 INEMEHMOE8 Nepeoll epynnbl U ON-

mumusupoeantv UxX mepmosieKkmpuvecKue napamempasl.

Karouesnie caoea: mamepuan, dobpomnocms, cmpykmypa, omacue, degpekm, obayuenue, c8oUCme0, KOHUeHmMpauus, napamemp

BBenenne

B mocneaHue rombl HOMYYWIN IIPAKTAYECKOE TIPU-
MEHEHME TEeXHOJOTHUYECKMEe TpolecChl 00paboTKU
MaTepuasioB, CTPYKTYpP U IIPUOOPOB MOTOKAMU IIPOHU-
Kamllel 1 HerpoHuKawlei panuauuu. Hocurenamu
SHEPTUU B 3TUX IIPOILIECCax SIBISIOTCS OBICTpPHIE Yac-
TULBI (MOHBI, 3JIEKTPOHBI, UHOTAa HEHTPOHKI), a TaK-
€ KBAaHTBI PEHTTEHOBCKOTO U ONTUYECKOTO U3JTyde-
Huit. TexHoJOorn4yeckme IPOLIECChl paadallMOHHONI
00paboTKM, Mpoucxoisiiue 0e3 3aMeTHOTO HarpeBa
o0pasla, MHUIUMPYIOTCS BO3AECUCTBUEM YCKOPEHHBIX
MOHOB U BJIEKTPOHOB WM y-u3nydyeHueM. Bozneiict-
BUE€ CBSI3aHO C O0Opa3oBaHMEM pagdallMOHHBIX Hapy-
IIEHUIA U CTUMYJISILIMENA XMUMUYECKUX peakuuil. boJib-
IIMHCTBO TPOLIECCOB pagvallMOHHON 00pabOTKU OC-
HOBaHO Ha 00pa30BaHUU B CTPYKTYpax paaralluOHHBIX
HapyweHuit [1—3].

PaauanuonHoe JiernpoBanue CoeIMHEHHH

ITo xapakTepy TEXHOJOTMUECKOTO BO3IECTBUS CY-
IIECTBYIOT JABE TPYIIbI MPOLECCOB:

e KOHTPOJMpPYEMOE BBEACHME paauallMOHHbBIX Hapy-
IIEHU Ha CTaAMU U3TOTOBJIEHMS OTHEIbHBIX dJIe-
MEHTOB CTPYKTYpPbI, COBEPIIAEMOE JIOKAIBHO C UC-
MOJIb30BAaHUEM Pa3IMUYHBIX MACOK;

e YIIpaBJIEHUE NEKTPUYECKUMU MMapamMeTpaMu TOTO-
BBIX IIPMOOPOB, COBEPIIAEMOE TOCe UX TePMETH-
3a0UM WM Tepell Hel CIUIOLIHBIMM TOTOKaMU
OBICTPBIX YACTUIL, OOJyYalOIINX BeCh MPpUOOp MU
CTPYKTYDY.

IMTonyyeHue Tex WJIM MHBIX CBOMCTB MaTepUaliOB
MPOMCXOAUT TMyTeM KOHTPOJMPYEMOTO BBEACHUS B
KpUCTa Ae(eKTOB pelleTKU OIpeAeeHHOTO TUIIA.
OOpasylolyecs 1o AeACTBUEM IPOHUKAIOIIETO U3-
JIyueHUsI paavaloHHble Oe(heKThl 3JEKTPUUECKU Be-
IyT cebs aHaJIOTUYHO JOHOpaM M akKIeNTopaMm, uMe-
IOIIMM XMMUYECKYIO TTPUPOY. B CBA3U C 3TUM MOXHO

WCIIOJIB30BaTh paguallMOHHOE JIETUPOBAHME CILJIABOB
JJ11 U3MeHeHus ux cBoicTB. IIpoHuKaloliee uziy-
YeHUe NMPUBOAUT K YCTOMUMBBIM U3MEHEHUSIM XapaK-
TePUCTUK MaTepuajoB, KOTOPbIE COXPAHSIIOTCS B pa-
OoueM jauarnazoHe TemnepaTyp. CoBeplIeHCTBOBaAHUE
CBOMCTB MaTepHaJOB Ha OCHOBE XaJIbKOT€HUIOB 3JIc-
MEHTOB MEePBOIA IPYIIbl U MOBBILLIEHWE UX TEPMO3JIEK-
TpUUYeCcKoil 3(pHeKTUBHOCTU, KOTOpas SIBJISIETCS OC-
HOBHBIM ITapaMeTPOM, OIIPeIeISIONIUM XapaKTepuC-
TUKU MpeoOpa3oBaTensi U 00JacTh UX MPUMEHEHMUS,
00YCJIOBJIEHO yBeJIMYEHUEM TpeOOBaHUIA 1 HEOOXOaM-
MOCTbIO TIOBbILLIEHUST 3(PPEKTUBHOCTU TIpeoOdpa3oBa-
TeJel Mpu 3KCIUTyaTaluu.

ITpu obayyeHUM MaTepraloB YaCTULIAMU BBICOKHX
SHEPruii B HUX BO3HHUKAET OOJIBIIOE pa3zHOOOpasue
CTPYKTYPHBIX HapyllIeHUI, YaCTb KOTOPbIX BOCCTaHAB-
JuBaeTcsl (OTXKUraeTcsl) cpasy Mocje MpeKpalleHust
00JIlydyeHUs1, a YaCTh MpPEACTaBIsIeT CO00I yCTOMUMBbBIE
00pa3oBaHUsl, COXPAHSIIOUIMECS AOJIroe BpeMs, U UX
paspylieHue MPOUCXOAMUT JIUIIbL MPU BBICOKOTEMIIE-
paTypHOM HarpeBaHMU KpuctauioB. [locie B3anmo-
JeCTBUS UBJIyUeHUS C BELIECTBOM MaTepualia B Ioc-
JIeAHEM B MEPBYIO ouepedb MOSIBISIIOTCS MPOCTEHIIIe
TOYEUYHbIE pagUallMOHHO-CTPYKTYpHbIE NeheKThl —
U30JIMPOBaHHbIE BaKaHCUU (AKUENTOPbl) U MEXIO-
y3eJIbHbI€ aTOMbI (JOHOpPHI). ClleayIolM 11aroM siB-
JISIETCSI UX B3aMMOJEMCTBUE C aTOMaMy OCTATOUYHBIX U
JIETUPYIOIIMX TpuMeceil. B pesyiabrare 3TOro B3au-
MOJIECTBYS TIPOUCXOIUT 0Opa3oBaHUE CIOXHbBIX yC-
TOMYMBBIX KOMILIEKCOB. BO3MOXHOCTb 0Opa3oBaHUsI
TaKMX KOMILIEKCOB OOYCJOBIMBAETCSI OOJbBIION MOJI-
BIKHOCTBIO KOMIIOHEHT Tmap PpeHKens, a TakKke Ha-
JuyreM 6apbepa 1Sl aHHUTUISI MU BaKaHCHUI U MEX-
JOY3€JIbHBIX aTOMOB.

CKopocTb 00pa3oBaHUs paauallMOHHBIX LIEHTPOB
3aBUCUT OT YCJIOBUI 0OJiyueHUs (BUI SHEPTUU, WH-
TerpajJibHbli MOTOK W MHTEHCUBHOCTb W3JIyYEeHUS,
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TeMIlepaTypa) U OT UCXOJHOTO COCTOSIHUS KpUCTasIa
(TUN TPOBOAMMOCTH, KOHLIEHTPALIMSI HOCUTEJIEH, TUIOT-
HOCTb IMcIoKauuu). EcTecTBeHHO, UTO, U3MEHSIS YC-
JIOBMSI OOJIyYeHHsI M UICXOIHOE COCTOSIHME MaTepuala,
MOXHO YNPaBJIsATh KUHETUKON HAKOTIIJIEHUS pajualiu-
OHHBIX LIEHTPOB M U3MEHSTh CBOMCTBA MaTepuaa.

CBoJicTBa peaJbHbIX KPUCTALIOB (3JEKTPO- U TeIl-
JIOIPOBOIHOCTD) CBSI3aHbI C MPUCYTCTBUEM aTOMHBIX
TOUEYHBIX Ae¢heKToB. I1oaTOMy M3MEeHeHne Yucaa Ie-
¢eKTOB 1oj eiicTBUEM MTPOHUKAIOLIEH paaualun Be-
JIET K U3MEHEHUIO OCHOBHBIX 3JIEKTpOPU3NUECKUX Ta-
pamerpoB MartepuainoB [4, 5]. Tunbsl pagmaliOHHBIX
HapylIeHU! 1 UX BIUSIHUE HA OCHOBHBIE CBOMCTBA 00-
JIydaeMbIX KPUCTAJIJIOB 3aBUCST OT CTPYKTYPHI pelleT-
KU, CTPOEHUSI IHEPreTUUYEeCKUX 30H, a TaKXe OT MpH-
POIBI U SHEPTUH OOMOApAVPYIOIIX YACTHUIIL.

Bamsinue 001yueHus Ha 3JeKTpodu3nIecKne CBOiCTBa
coeauHeHu

HM3MmeHeHue a1eKTpodu3nyecKux rnapaMmeTpoB Ma-
TepUaJIoB MO NEeUCTBUMEM MPOHMKAIOILEH pagualuu
MO3BOJISIET HAIPABICHHO M3MEHSTh 3JEKTPUYECKHE
rnmapamMeTpbl TpuOOpPOB.

DKcrepuMeHTaJIbHbIe Pe3yJIbTaThl MCCAEIO0BAHUM
BJIMSIHUSL OOJYYEHUSI BBICOKOPHEPTETUYHBIMU DJIEKT-
pOHaMM Ha MapaMeTpbl XaJbKOT€HUIIOB MEIU U cepeo-
pa moKasaJii, 4YTO 3JIeKTPOIIPOBOIHOCTD U KO3 uUIIM-
eHT TepMoD/IC He U3MEHSI0TCS B IMpeaesax Mmorpel-
HOCTH U3MEPEHUI 10 103 MopsiaKa 10'6 SJI/CMZ, 3aTeM
3JIEKTPONPOBOJHOCTh YMEHBIIAETCSI C YBEJIUYECHUEM
J103bl 00JIydyeHus1, a koahduuneHT TepMoDC yBenu-
yuBaeTcs. Ciabast 3aBUCUMOCTb 3JIEKTPOITPOBOTHOCTH
u koadduuueHta TepMoIC oT 1036l A0 1016 C—)J‘I/CM2
CBUJETENBCTBYET O JUHAMWUYHOM DPAaBHOBECUMU MEXIY
MpoLecCOM 00pa3oBaHUsl paauallMOHHbIX 1e(EKTOB U
WX aHHUTWISILIMEN B Mpollecce oTkura. Tak Kak mare-
puai, coiepxauuii 1epeKTbl paaiallMOHHOTO MPOUC-
XOXIEeHUsI, TIpeacTaB/sieT CO00i HEYCTOMUYMBYIO CHUC-
TeMy, TO TIpU TeMIlepaType, OTIMYHOUN OT HYJIs, OyaeT
MPOUCXOAUTh OTXKUT paguauuoHHBIX AedekToB. [Ipu
JMAJIbHEHUIIIEM YBEJIMYEHUU TOTOKA BJIEKTPONPOBOJI-
HoCTb U Koa(dduimeHT TepMoIIC n3MeHs0TCs 3a
CYET KOMIIEHCAIlMM aKLENTOPHBIX LIEHTPOB AOHOpa-
MM, CO3jaBaeMbIMU B TTpoliecce 00JydyeHus1 oOpaslioB.
[Ipu o6nyyeHnu seKTpoHaMHu ¢ 3Heprueit 1o 10 MaB
00pasyloTcsl ToueuHble AePeKThl — BaKaHCUU U MeX-
Joy3eJbHble aToMbl. OOpa30BaHUIO TOUYEUHBIX JeheK-
TOB IIpU OOJYyYEHUU CBUAETENBbCTBYET U TOT (PaKT, 4TO
TEIUIONPOBOAHOCTb YMEHBILIAETCS C YBEJIMYEHUEM I10-
TOKa B pe3yJibTaTe TMOBBIIIEHUS paccesiHUs (POHOHOB
Ha aedexTax.

Ilpu obGnyyeHuMM 0O0Opa3ylroTcsd, MO-BUAUMOMY, U
HeWTpalbHble Ace(eKThl, TMpeacTaBsiolie CO0o
KOMILIEKCHI BakaHcusl — OOHOpP. B mpouecce o0my-
YEHUSI KOHIEHTpPAlMM KOMIIEHCHUPYIOIIUX JOHOPOB
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YBEJUYMBAIOTCI W COOTBETCTBEHHO YMEHBIIAIOTCS
KOHLIEHTpallMK akuenTopoB. OIHAKO JTOMUHMUPYIO-
LIMM MPOLIECCOM SIBJISIETCS YMEHbIIEHNE KOHLIEHTpa-
LIMK aKLEeNTOPHBIX LIeHTpoB. ClenoBaTebHO, IPUYK-
HOW YMEHBILIEHUSI KOHILIEHTPALMM HOCUTEJIE 3apsaa
SIBJISIETCS HE MPOCTask KOMITIEHCALIMS aKLIENMITOPHbBIX CO-
CTOSTHUUW JTOHOPHBIMM, a MOTEPS aKIENTOPaMU CBOCH
3JIEKTPUUECKON aKTUBHOCTH.

Hns ctabunvsaluy napaMmeTpoB UCCIeayeMbIX CO-
eIMHEHUI MTPOBOAUTCS OTXKUI. B mpoliecce oTxkura,
KOTOpBI HAaUMHAETCs C pacrana HauboJiee ciabocBsi-
3aHHBIX KOMILUIEKCOB, HApSy C aHHUTUJISILIUEN BaKaH-
CHUIl M MEXIOY3eIbHBIX aTOMOB UIET MPOIIECC UX Te-
peBona B Oonee ycroitunBoe coctosiHue. IlocmenHuit
cliefyeT paccMaTpuBaTh KakK Iepexoj]l CUCTeMbl B HO-
BOE€ KBa3MPAaBHOBECHOE COCTOSIHUE, COOTBETCTBYIOIIICE
JTAaHHOU TemImepaTtype orxura. PekomOruHalus BakaH-
CUI U MEXIOY3eJbHbIX aTOMOB M3-3a KYyJOHOBCKOIO
B3aMMOJEMCTBUS MEXIY HUMU MTPUBOAUT K YMEHbIIIE-
HUIO KOHLIEHTpAILIMU M30JIMPOBAHHbBIX BaKaHCUH, CITO-
COOHBIX y4acCTBOBaTh B KOMILJIEKCOOOpPa30BaHWM, B pe-
3yJIbTaTe Yero HabJI10JaeTcsl YMeHbllIeHUe KOHLIEHTpa-
LIMM BBOAMMBIX OOJyYeHUEM LICHTPOB.

Wcxonst U3 TOro, 4To cucTeMa MoJBUKHBIX TIEPBUY-
HBIX 1€(EKTOB W 3JIEKTPOHHO-IBIPOYHBIN Ta3 TOJKHbI
MPUIATU K KBa3UPABHOBECUIO, KOTOPOE XapaKTepu3y-
€TCsI MUHMMYMOM CBOOOJIHOI 3HEPIUHU, TO B ILIMPOKO-
30HHBIX MaTepuajaXx MUHUMYM CBOOOJHOU 3HEpPruu
JIOCTUTAETCSl 3a CUET IMOHMXKEHUS] DHEPTUU CUCTEMBbI
MpU 3aXBaTE HOCUTEJIEH 3apsia Ha yPOBHU JAe(PEKTOB,
oOpasyroluxcs Ipu odiydyeHun. B maTepuane p-tumna
IJI1  yCTAaHOBJIEHUS KBa3UpPaBHOBECHUSI HEOOXOIMMO
MpeuMylIeCTBeHHOe 00pa3oBaHUE Ae(DEKTOB C JOHOP-
HBIMU YPOBHSIMU, HanboJiee 0J1M3KUMU K 30HE ITPOBO-
aumoctu. ITo Mepe mpubIMXKeHUsT K COOCTBEHHOM 30-
HE CKOPOCTb HAaKOTUIEHUS Je(DEeKTOB TaHHOIO TUIIA Ma-
JlaeT, TaK KaK YMEHBILAETCSI BBIMTPBILL SHEPTUU, 00yC-
JIOBJICHHBIH TIEPeX0J0M CBOOOMHBIX HOCUTEIEH 3apsiaa
Ha YpOBHU Ae(EKTOB, U, BCIEACTBHE 3TOTO, B IIMPO-
KO30HHBIX MaTepuaiax XaJbKOreHUIOB MeIU WHBEp-
CUSI TUIMA MTPOBOJVMMOCTH HE HACTYMAET.

IMoBbilieHUs1 3(P(PEeKTUBHOCTU MOXHO JIOCTUYb
TaK>Ke MyTeM BbIOOpa ONTUMAaJILHOTO MHTEpBasia pado-
yyX TEMIEpaTyp IJs1 JaHHOro Marepuana. Ilpu uzme-
HEHUU TEMIIEPATYPbl B 00J1aCTU MPUMECHOK MPOBOAM -
MOCTU KOHLIEHTpallusl HOCUTEJeH 3apsiia CoXpaHseTcs
MOCTOSIHHOM (TIperoaraeTcs, YTo MpUMeCHbBIE YPOB-
HU TOJHOCTbIO MOHM3MPOBAHBI) U, CJIEI0BaTEIbHO,
COXPAHSIOTCS YCJIOBUS JOCTHXXEHUSI MaKCUMaJIbHOW
3 dEKTUBHOCTU MaTepuaia NpU KOHIEHTpaLUU HO-
cUTEJIe 3apsia, paBHOW ONTUMAIBHOU KOHIIEHTpa-
uuu. IToaTomMy ¢ 10CTaTOUYHO XOpOIllielt TOUHOCTHIO Be-
JIMUMHY TEIJIONPOBOIHOCTA MOXHO paccMaTpuBaTh
MPOCTO KaK TETJIOMPOBOJHOCTD PEILIETKH.




3akioueHune

ITpoBeneHHbIE MCCAEAOBAHUS M aHAJIM3 TMOKa3bl-
BalOT, YTO COBEPILIEHCTBOBaHME CBOMCTB MaTepraioB
IUIS1 TJIEHOYHBIX TpeoOpa3oBaTesieil CBOAUTCS K TO-
JIYYEHUIO MaKCHMaJIbHOI'O 3HAYECHUST TePMODBJIEKTPU-
YeCcKOl TOOPOTHOCTH, KOTOpAsl SIBJISIETCS OCHOBHBIM
rapaMeTpoM, ONpPenessIONIMM XapaKTepUCTUKU Tep-
MO3JIEKTpUUecKoro marepuaina. ObjiyueHue BbICOKO-
DHEPreTUYHBIMU 3JIEKTPOHAMM II03BOJISIET COBEP-
ILIEHCTBOBaTbh CBOMCTBA COEAVMHEHMI XaJIbKOT€HUIOB
5JIEMEHTOB TE€PBOM TPYNIbl U ONTUMMU3MPOBATH HX
TEPMO3JIEKTPUUECKHE MapaMeTphl.
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Obtaining of those or other material properties takes place by controlled introduction of defects in the crystal lattice of a particular
type. Penetrating radiation leads to changes in electrophysical parameters of the basic materials and produce sustainable change
of their characteristics, which are saved in the working temperature range. Influence of irradiation with high-energy by electrons
on the parameters of chalcogenides elements of the first group shows that the value of the electrical conductivity and the thermoelectric
coefficient does not are changed to a certain dose, and then with increasing radiation dose decreases the electrical conductivity, and
thermoelectric coefficient increases. Irradiation with high-energy by electrons allows to improve the properties of chalcogenides com-
pounds of elements of the first group, and optimize their thermoelectric parameters.
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Introduction

The technological processes for processing of mate-
rials, structures and devices by the flows of the pene-
trating and nonpenetrating radiation got practical ap-
plication. The energy carriers are the fast particles
(ions, electrons, sometimes neutrons), and also the
quanta of the x-ray and optical radiations. The techno-
logical processes of the radiation processing occurring
without an appreciable heating of the samples are ini-
tiated by the influence of the accelerated ions and elec-
trons, or y-radiation. The influence is connected with
formation of the radiation deffects and stimulation of
the chemical reactions. Most of the processes of the ra-

diation processing are based on formation of the radi-
ation deffects in the structures [1—3].

Radiation doping of the compounds

By the character of the influence the processes can
be divided into two groups:

« controllable introduction of the radiation deffects at
the stage of manufacturing of the separate elements
of the structure, implemented locally with the use of
various masks;

o control of the electric parameters of the ready de-
vices, implemented after their hermetic sealing or
before it by the continuous flows of the fast particles
irradiating a device or a structure.
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The properties of the materials are obtained under a
controllable introduction of certain lattice defects into
a crystal. The electric behavior of the radiation defects
formed under the influence of the penetrating radiation
is similar to that of the donors and the acceptors having
a chemical nature. In this connection it is possible to
use the radiation doping of alloys for changing of their
properties. The penetrating radiation leads to stable
changes of the characteristics of the materials, which
remain within the working range of temperatures. Im-
provement of the properties of the materials on the ba-
sis of the chalcogenide elements of the first group and
increase of their thermoelectric efficiency, which is a
key parameter defining the characteristics of a trans-
ducer and the areas of their application, is due to the
higher requirements and the necessity to increase the
efficiency of the transducers.

Irradiation of the materials by the high-energy par-
ticles causes a variety of the structural deffects in them,
some of which are restored (annealed) after termination
of the irradiation, while some of them become the
steady formations remaining for a long time, and their
destruction occurs only at a high-temperature heating
of the crystals. After interaction of the radiation with a
material substance in the latter first of all elementary
dot radiation-structural defects — isolated vacancies
(acceptors) and interstitial atoms (donors) appear. The
next stage is their interaction with the atoms of the re-
sidual and alloying impurities. As a result of the inter-
action, formation of the steady complexes occurs. Fea-
sibility of their formation is due to a high mobility of the
components of Frenkel pairs, and also presence of a
barrier for annihilation of the vacancies and the inter-
stitial atoms.

The speed of formation of the radiation centers de-
pends on the irradiation conditions (kind of energy, in-
tegral flow and intensity of radiation, temperature) and
on the initial state of a crystal (conductivity type, con-
centration of the carriers, disposition density). It is nat-
ural, that, by changing the conditions of irradiation and
the initial state of a material it is possible to control the
kinetics of accumulation of the radiation centers and to
change the properties of a material.

The properties of the real crystals (electric and heat
conductivities) are connected with the presence of the
atomic point defects. Therefore, a change of the
number of defects under the influence of the penetrat-
ing radiation leads to a change of the basic electrophys-
ical parameters of the materials [4, 5]. Types of radia-
tion deffects and their influence on the basic properties
of the crystals depend on the structure of the lattice and
of the energy zones, and the nature and energy of the
bombarding particles.
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Influence of irradiation on the electrophysical
properties of the compounds

Change of the electrophysical parameters of the ma-
terials under the influence of a penetrating radiation al-
lows us to control the change of the electric parameters
of the devices.

The results of the research of the influence of the ir-
radiation by high-energy electrons on the parameters of
the chalcogenides of copper and silver demonstrate,
that the electroconductivity and the thermoelectric co-
efficient do not change within a possible error of meas-
urements up to the doses of about 1016 el/cmz, then the
electroconductivity decreases with an increase of the
dose of irradiation, while the thermoelectric coefficient
increases. Weak dependence of the electroconductivity
and of the thermoelectric coefficient on a dose below
1016 el/cm2 testifies to a dynamical balance between
the formation of the radiation defects and their anni-
hilation during annealing. Since the material contain-
ing the defects of a radiation origin is an unstable sys-
tem, at the temperature, which is different from zero,
an annealing of the radiation defects occurs. At a fur-
ther increase of the flow the electroconductivity and the
thermoelectric coefficient change due to the compen-
sation for the acceptor centers by the donors created
during the irradiation of the samples. During irradiation
by the electrons with energy up to 10 MeV the point de-
fects — the vacancies and interstitial atoms are formed.
The formation of the point defects testifies to the fact
that the heat conductivity decreases with a flow increase
at a higher scattering of the phonons on the defects.

Apparently, during the irradiation the neutral de-
fects are also formed, representing the vacancy-donor
complexes. During irradiation the concentration of the
compensating donors increases and the concentrations
of the acceptors decrease. However, the diminishing
concentration of the acceptor centers plays the domi-
nating role. Hence, the reason for reduction of the con-
centration of the charge carriers is not a simple com-
pensation for the acceptor states by the donor ones, but
the loss of the electric activity by the acceptors.

For stabilization of the parameters of the investigat-
ed compounds an annealing is done. During the an-
nealing, which begins with a disintegration of the most
loosely coupled complexes, alongside with the annihi-
lation of the vacancies and interstitial atoms, their
transfer to a steadier state occurs. The latter should be
considered as a transition of the system into a new qua-
si-equilibrium state corresponding to the given temper-
ature of annealing. A recombination of the vacancies
and the interstitial atoms because of Coulomb interac-
tions between them leads to a reduction of the concen-
tration of the isolated vacancies, capable to participate
in the complex formation. As a result there is a reduc-
tion of the concentration of the centers introduced by
the irradiation.




Recognizing that the system of the mobile primary
defects and the electron-hole gas should come to a qua-
si-equilibrium characterized by a minimum of free en-
ergy, in the wide-band materials the minimum of the
free energy is reached due to a fall of energy of the sys-
tem during capture of the charge carriers on the levels
of the defects formed during irradiation. In a material
of p-type the quasi-equilibrium demands primary for-
mation of the defects with the donor levels closest to the
zone of conductivity. While approaching the own zone
the speed of accumulation of the defects of the given
type falls, because the gain of energy caused by transi-
tion of the free charge carriers to the levels of defects,
and thereof, in the wide-band materials of chalcoge-
nides of copper, the inversion of the type of conduc-
tivity does not occur.

Higher efficiency can also be reached by selection of
the optimal interval of the working temperatures for a
material. At a change of the temperature in the area of
the impurity conductivity the concentration of the
charge carriers remains constant (it is assumed, that the
impurity levels are completely ionized) and, hence, the
conditions are preserved for achievement of the peak
efficiency of a material at the concentration of the
charge carriers equal to the optimal concentration.
Therefore, with a good enough reason the heat conduc-

tivity can be considered as the heat conductivity of a
lattice.

Conclusion

The carried out research and the analysis show, that
improvement of the properties of the materials for the
film transducers boils down to obtaining of the maximal
thermoelectric good quality, which is a key parameter
defining the characteristics of a thermoelectric materi-
al. An irradiation by high-energy electrons allows us to
improve the properties of the compounds of the chal-
cogenide elements of the first group, and to optimize
their thermoelectric parameters.
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ONTUMU3ALUNSA TOALLNHDBI ITOAAOXKAU NMPUBOPHbBIX MAACTUH CAINMOUPA

N KAPBUAA KPEMHWA

ITlocmynuna 6 pedaxyuro 11.11.2016

IIposedensr pabomovl nO ONMUMUAUUU MOAWUHB NOOAONCKU NPUOOPHBIX NAACMUH CAnuUpa u Kapouoa KpemHus ¢ u3eomos-
JNEHHbIMU HA HUX CEEPXBbICOKOYACHOMHBIMU MOHOAUMHbIMU unmeezpanvhbimu cxemamu (CBY MHUC). Yemanoenen onmumanvHoili
duana3on MoAWUHbL NOONOICKU NPUOOPHBIX NAACMUH cangupa u Kapouoa kpemHus, ucxods uz meniosgvioeseruss CBY MUC u de-
Gopmayuu naacmunvl 6creocmeue 6HYMPEHHUX HANPANCEHUT, BbI36AHHBIX PACCOAACOBAHUEM KPUCMAAAUHECKUX PeulemoK Mame-
PUaNa NOOAONCKU U BbIPAUECHHO20 Ha nooaoxcke caos GaN.

Karoueevte caoea: npubopuvie naacmunst cangupa u kapouda xpemuus, CBY MHUC, moswuna noosoxcku npubopHbix

naacmuHn

BBenenne

IIpeumyinectBa n nepcnektuBHocTh CBY TexHO-
Jioruit v mpubopoB Ha ocHoBe GaN B HacTosllee Bpe-
Ms TIpU3HAHbI MHOTMMM OTE€YECTBEHHBIMM M 3apy-
O0exkHbIMM yuyeHbIMU [1—8]. CBepXBBICOKOYACTOTHbIE
MOHOJUTHBIE UHTerpaibHble cxeMbl (CBY MUC) Ha
ocHoBe HuTpuaa ramius (GaN) cnocoOHBI paboTaTh

B LIIMPOKOM TeMIIEpaTypHOM AMANa30He U B XKECTKUX
pagvalMOHHBIX YCJIOBUSX, YTO B IIEPBYIO OUYEpelb BaxK-
HO /I KOCMHUYECKON IMPOMBIIIJIEHHOCTA, aTOMHOM
SHEePreTMKW MU BOEHHOro mpuMeHeHus. B Hacrosiee
BpeMsI MaTepuajaMu IJIsl MOIJIOXKEK IIPU IIPOU3BOACT-
Be paaualnoHHo croiikux CBY MUC Ha HUTPUAHBIX
reTepOCTPYKTYpax SIBJSIOTCS candup u Kapoua Kpem-
Husa. CBY nipubopsl Ha ocHoBe GaN reTepoCTpyKTyp
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HWMEIOT BBICOKYIO YAETbHYIO MOIIHOCTb, YTO TpeOyeT
3(@PEeKTUBHOrO TEIIOOTBEAEHUS IS PabOTarolIEeTo
U3IEIUsI. DTOMY CIMOCOOCTBYET YMEHbILIEHUE TOJIIM-
HbI MOJJIOXKHU, BBHITIOJTHSIEMOE C MOMOILbIO THU(OBa-
HUsT U nonupoBaHusi. OJHAKO CBONCTBA HUTPUIIOB
MPUHILIUMITMATIBHO OTJIMYAIOTCS OT CBOMCTB APYTUX MO~
JIyIpoBOAHMKOB. Tak, MJIOTHOCTh AMCIOKALUN (I1-
HEMHBIX HAPYIIEHUI CTPYKTYPHI, CBSI3aHHBIX C Pa3HU-
lIeil mapaMeTpoB pELIeTKM MaTepualia IMOIOXKU U
BhIpallieHHOro Ha Hel ciaosa GaN u K03 PUIeHTOB
TEPMMUYECKOTO PaCIlUPEeHUsI, a TaKKe MPUCYTCTBUEM
MeXaHWYECKUX HAIPSLKeHU B CTPYKTYpe) B HUTPH-
Jlax Ha MITb MOPSIAKOB BEJWUYMHBI BBIIIE, YeM, CKa-
XeM, B apceHuae ramius [9]. Yrpyrue HanpsokeHuUs
B BBIpAIlIeHHOM Ha Tomioxke cioe GaN, Hen306exKHO
BO3HMKAIOIIIME BCJIEACTBUE PACCOIIACOBAHUSI KpUC-
Tayummdyeckux peueTok GaN 1 NOmMIOXKHU, IPU YMEHb-
IIEHWM TOJIIMHBI TOMIOXKHA BO3pacTaloT oOpaTHO
MIPOMOPIIMOHAIBLHO TOJIIIMHE TTOIJIOXKH, YTO 3aTPYI-
HseT paboTy C IJIACTMHOW Ha pa3JIMYHBbIX dTamnax u
CIOCOOHO TIPUBECTM K pa3pylleHUI0 MNpuOOpHOI
TUTACTUHBI.

TakuMm 06pa3oM, 3a1aua 3aKJII0YAETCI B ONTUMU3A-
LIMK TOJILLUHBI TTOUIOXKH MPUOOPHBIX TJIACTUH carl-
¢upa 1 KapObuga KpeMHUsI UCXOMAsl U3 TEIUIOBbIAEE-
HUSI TpUOOPOB U AeopMalliy TIACTUHBI BCIEACTBUE
BHYTPEHHMX HaIIPsSDKeHUIA.

Pacnpenenenne Temneparypst CBY MUC
B 3aBHCHMOCTH OT MaTepHaja
H TOJIIIMHBI MONJIOKKH

Pabory CBY MUC B TepMuHax Terionepeaayu
MOXHO OIMCaTh KakK MpOolEecC TeHepalluu TEeIIOThI
BHYTPEHHUM TEIJIOBBIM UCTOYHUKOM, TIPOIIECC TIepe-
HOcCa TEeIUIOThI B Cpelie, a TakkKe AUccumalueil Terio-
1ol [10]. CBY MUC npencrapisieT COO0M MaJTOIIyMSsI-
LIWA YCUIUTEJb, BBIMTOJHEHHBIA MO IBYXKACKAIHOU
cxeme [11, 12]. B TerutoBoit Mmonenu TpaH3UCTOpa UC-
TOYHMKOM TEIUIOTHI SIBJISIETCS MOA3aTBOPHASI 4YacTh

CaoiicTea marepuaios CBY MUC
Properties of the materials of the microwave MIC

[LioT- Ternonpo- | Tertoem-
DyHKIMSA HOCTb, BOJIHOCTb, KOCTb,
Marepuan B MOJEIN «r /M3 Br/m-K | OIx-kr/K
Material Function ; Heat Heat
. Density, - .
in the model % | conductivity, | capacity,
kg/m W/m-K | J-kg/K
GaN I'etrepoctpyktypa| 6070 130 490
AlGaN Heterostructure 5184 40 604
Al,O5 IMomioxka 3965 35 730
Substrate
SiC IMomioxka 3216 490 690
Substrate
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KaHajna. KOHTakKT MeXay ClIosSIMA CUMTaeM Waeaslb-
HeIM. CBY MU C 3agaHa Kak 0ObeKT, FTeHe pUPYIOLINiA
TeruioTy 3HaueHueMm 1 BT, ncxonst u3 uamMepuTeabHbIX
JaHHBIX BKCIEpUMEHTAIbHBIX oOpa3uoB. McciegoBa-
HUE pacrnpenesieHus] TeMrepaTypbl Ipudopa MpoBOAM -
JIN C TIOMOIIBIO KOMITBIOTEPHOTO MOAEIMPOBAHUSI.

B pacuerax mpumMmeHsIIM ypaBHEHME TeILJIOIIPOBO/I -
HOCTHU:

=\ —=+—=+—=
6x2 6y2 0z2

C —_—
PP o

2 2 2
oT oT oT
aT—x[ J+qv, (1)

IJ€ ¢, — MOLIHOCTb BHYTPEHHEIO MCTOYHMKA TEILIO-
Thl; A — KO3((PUUMEHT TerJIONpPOBOAHOCTU, p —
IJIOTHOCTb BELLECTBA; C, — TEIUIOEMKOCTb BELICCTBA
MpU MOCTOSIHHOM JaBiieHuu; T — TeMmeparypa B Ipo-
Lecce paboOThI.

HuddepeHunanbHoe ypaBHeHMe (1) peraercss Me-
TOAOM KOHEUHBIX 3JIeMeHTOB [13] mpu rpaHUYHBIX yC-

JIOBHSIX TPETHETO poja:

(&) =-2a- 1), ®)

rae o — KoabduuueHT Tertooraayu; 7, — remmepa-
Typa OKpPYKallIero MpocTPaHCTBa; # — MOAYJb BeK-
TOpa HOpMaJIH.

B pacuerax ObUIM IIPUHSITHI CJIEOYIOLIUE YCIOBUSI:
TEIIOOTBOJ, UAeaIbHbIN (TPUHYAUTENIBHO 3aJjaHa TeM-
mnepartypa Ijis IHa NOMIOXKHU, paBHasa 27 °C); TeMme-
partypa okpyxatouieii cpenpl 27 °C; HayajabHas TeMIIe-
patypa oobekTa 27 °C. CBoiicTBa MaTepualioB, B3SITbIE
U3 JINTePaTypPHbIX UCTOYHUKOB 1 TOCTYKUBIINME B Ka-
YeCTBE MCXOIHBIX TaHHBIX IJIsI KOMITBIOTEPHOTO MOJIE-
JINPOBAHUsI, TIPEJCTABICHBI B TaOIULIE.

ITyreM KOMIBbIOTEPHOTO MOJEIUPOBAHUS ObLIU TTO-
JIyUeHbl pacrpeiesieHus1 TeMIepaTypbl KpucTaljia B
BUJIE U30MIOBEPXHOCTEM TSI pa3IMYHBIX MaTePUAJIOB U
TOJIMH NojioxeK (puc. 1 u 2). [IBeToBast TeMnepa-
TypHas 1IKaja JaeT MpeAcTaBlIieHUe O XapaKTepe pac-
MpeaeieHus TeIUIoThl B pexxume padorsl CBY MUC.
s HarsIIHOCTU paclipeiesieHre TeEMIIEpaTyphl B 3a-
BUCUMOCTU OT ToaIIMHbI noajaoxku CBY MUC pas
JIBYX TUIIOB MaTepUajIOB MOJJIOXKHN CBEJICHO B rpauK
(puc. 3).

IpeacraBiaeHHbIE M30MOBEPXHOCTU U Tpaduk
HaIJISIIHO JEMOHCTPUPYIOT MpeuMyllecTBa Kapouaa
KpEeMHUSI Tiepe] carnupoM B YaCcTU TEILIOOTBEICHUS.

3aBUCMMOCTb MPOrHOA MPHOOPHOI IIACTHHDI
OT MaTepHajia U TOJIIUHbI MOAJIOKKH

Ponb ynpyrux HampsokeHHWid B BbIpallleHHOM Ha
nomimoxke cioe GaN, Hen30eXKHO BO3HUKAIOIINX
BCJIEJICTBME PACCOIIACOBAaHUSI KPUCTALUTMUECKUX pe-
mretrok GaN U MOIJI0XKHW, MPY YMEHbBILIEHUW TOJIILIM -
HBI MOUTOKKHM Bo3pacTaer. JJaHHBIN acrekT BbIpaxka-
eTCd B YBEJIMYEHUU pajuyca KPUBU3HBI NMPUOOPHOM




Haonosepxuocts T, °C
100.7 Isosurface

Haonosepxnoets T, °C
Isosurface

5 9293 1500
1500 1000 929 150

1000 6924
1000 85.15 1000

3% 500
59.26
0
69.61 Q o 54
28
- 200 -0 y

54.06

500

46.28 19.32
38.51 3433

30.74 2934

Puc. 1. TpexmepHoe mpeicTaBjieHne pacnpeaesieHHs] TeMIEpaTypbl KPUCTALUIA B BHIE M30NMOBEPXHOCTEN IS MONJIOKKHA canupa TOJIMUHOR
500 mxm (@) u 50 mxm (b) npu Tennosbinenenun CBY MUC 1 Br

Fig. 1. Three-dimensional presentation of the distribution of temperature of a crystal in the form of isosurfaces for a substrate of sapphire with thickness
of 500 um (a) and 50 um (b) at the thermal emission of the microwave MIC of 1 W
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Puc. 2. TpexmepHoe npeacTaBjieHne pacnpeneieHust TeMnepaTypbl KPUCTAJIIA B BUIE H30MOBEPXHOCTE ISl MOAJIOKKH KapOMAA KPeMHHs TOJI-
muHoi 500 MkMm (a) u 50 mxm (b) npu Temnosbinesennn CBY4 MUC 1 Br

Fig. 2. Three-dimensional presentation of the distribution of temperature of a crystal in the form of isosurfaces for a substrate of silicon carbide with
thickness of 500 um (a) and 50 um (b) at the thermal emission of the microwave MIC of 1 W
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Puc. 3. Pacnpenenenne remnepatypsi kpuctania CB4 MUC ot Tou-
MMHbI MOJJIOKKH JJIs candupa ¥ Kapouaa KpeMHHS NMPH TEIJIOBbI-
nenenun 1 Bt: / — candup; 2 — SiC

Fig. 3. Distribution of temperature of the crystal of the microwave MIC
depending on the thickness of a substrate for sapphire and silicon carbide
at the thermal emission of 1 W: 1 — sapphire; 2 — SiC
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Puc. 4. 3aBucumMocTh nMporuéa NPUOOPHOI IIACTHHBI OT TOJIIHHbBI
nomnoxkun: /| — candup; 2 — SiC
Fig. 4. Dependence of deflection of an instrument plate on thickness of
a substrate: 1 — sapphire; 2 — SiC
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Puc. 5. IIporn® npuOOpHO# MIACTHHBI KAPOMIA KPEMHHS: TOJIIMHA
mnactunbl 130 MM, nporud cocrasaser 108 Mxm

Fig. 5. Deflection of an instrument plate of the silicon carbide. Thickness
of the plate — 130 um, deflection — 108 um

st ompenesieHUs1 3HaUYE€HUSI TTOMIOXKU AZ (pa3HU-
bl MEXIY MAaKCUMAJIBbHOM 1 MUHMMAaJbHON BBICOTOM
IUIACTUHBI) UCIOJIb3YEM Cieaylollee BoipakeHue [15]:

d2

-8R’
rae d — nuameTp moanoxku. B pacyerax Obuin mc-

MOJIb30BAHBI 3HAYCHUS U3 JUTEPATYPHBIX MCTOYHU-
KOB [16—18] E6H-SiC = 503 FHa, VeH-SIiC — 0,18,

d=15 cwm; of (mommoxka 6H-SiC) = 310 MIla; of
(momnoxka Al,O3) = 760 MIla.

Ha puc. 4 npeacrtabieH moay4eHHbIN rpaduk 3a-
BUCHMOCTH ITPOruba MoMIOKKM AZ OT €€ TOJILUUHBI /.

PaccuntanHble 3aBUCMMOCTH Iporubda npuOoOpHOit
IUIACTUHBI OT OCTATOYHOI TOJIIMUHBI MOMJIOXKU CO-
[JIACYIOTCSI C 9KCIEepUMEHTaJbHBIMU JaHHBIMU. Ha
puc. 5 IpeAcTaBlIeH U3MEPEHHBIN ¢ TOMOILBIO TPOdU-
JIOMETpa TPOTUO ABYXAIOMMOBOI MPHUOOPHOM TIACTH-
HBI KapOujga KpeMHUs Ha JjiuHe 44 MM IIpU TOJILLIMHE
MmoaJ0XKu 130 MKMm.

Az 4)
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OnTUMH3ANMS TOJIIHHBI MOATOXKKH NPHOOPHBIX
IIaCTHH camdupa U Kapouaa KpeMHus

ONTUMaJIbHYIO TOJIIUHY TIOMIOXKU MPUOOPHBIX
IUIACTUH candupa ¥ Kapouaa KpeMHUS OIpeaessiv
MCXOJsl U3 COBMECTHOI'O CpaBHEHMsI M aHajiu3a rpa-
(¢uka pacnpeneneHus Temneparypbl Kpucramia CBY
MMC ot TOMUMHBI MOIJTOXKM IJIsT caripupa u Kapou-
Ja kpeMHus 1ipu TemioBbiaenenun CBY MUC 1 Br,
a Takxxe rpaguka 3aBUCMMOCTU Mporubda mpubOOpHbBIX
IUIACTUH OT TOJIUMHBI TOJJIOXKH.

DKCcIepuMeHTaJIbHO YCTaHOBJIEHA paboyasl TeMIie-
patypa CBY MUC, koropas cocrasiser 85 °C. B ue-
JISIX TIpeAyTpexXaeHusl oTKasa MpUOOpPOB BCJIEACTBUE
HEKOHTPOJIMPYEMOTO TOBBILLIEHUST TeMIIepaTyphl, IS
CPaBHUTEJIbHOIO aHaliu3a IpU oNpelaeseHUU OITH-
MaJIbHOM TOJIIIMHBI MOMJIOXKU MCMOJb30BaJIM CHU-
keHHoe Ha 10 % 3HaueHue TeMIlepaTyphl.

ITo pa3iuuyHbBIM OliEeHKaM TMepeaoBbie 3apydex-
Hble KOMIIAHUM PabOTaIOT C IUIACTUHAMM TOJIIIUHOMN
100...120 mxm [19]. JanHast TonmmHa OOYCJIOBJIEHA
TEM, YTO KaXyllascs MPOCTOTa 3aJa4y IO YTOHEHUIO
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Puc. 6. CpaBHenne u ananmu3 rpaduka pacnpeesieHus] TEMIIEPATYPbI
kpucraaia CBY MUC ot ToamuHbI NOANOXKKH 1151 candupa u kap-
Ouaa Kpemuus npu temiosbiienennd 1 Br, a Takke rpaduka 3aBu-
CHMOCTH MPOruda npuOOPHLIX MIACTHH OT TOJNIMHbBI MOMAJIOKKHA: | —
cancdup; 2 — SiC

Fig. 6. Comparison of the diagram of distribution of temperature of the
microwave MIC crystal depending on thickness of a substrate for the
sapphire and silicon carbide at a thermal emission of 1 W, and also a
diagram of dependence of deflection of the instrument plates on the
thickness of a substrate: 1 — sapphire; 2 — SiC




IUTACTUH SIBIsIETCS oOMaHuuBoOi. InacTuHa, mocryna-
IollIasl Ha CTaAUIO0 YTOHEHUSI 0OpaTHOM CTOPOHBI, MPO-
XOIUT MHOTOUYHCJIEHHBIE 3TaIlbl (DOPMHUPOBAHUS JIETH-
POBaHHBIX CJI0E€B B 00beMe IUIACTUHBI, a Takxke (op-
MUPOBaHUE Pa3HOOOPA3HBIX OTUINEKTPUYECKUX U Me-
TaJUIMYECKMX CJIOEB Ha €€ TIOBEPXHOCTU. B pesyibraTe
B IUIACTMHE BO3HMKAIOT 3HAUYUTEJIbHbIE BHYTPEHHUE
HaNpsDKEHUST. DTU HAIPSDKeHUSI SIBJISTIOTCS OCHOBHOM
NpUYMHON AedhopMaliMy, pUcKa MOBPEeXIeHU U 005
miacTuH. KpoMe Toro, aKcepMMeHTaNbHO YCTAaHOB-
JIEHO, YTO ToJlMHa maacTuHbl 100 MKM 1 MeHee 3a-
TPYIHSIET pabOTy orepaTopa C Hell U yBeJIWUMBAET
PUCK MEXaHUYECKOro IMOBPEXICHUs B MOCIEAYIOLIMNX
Mpolieccax OTKJeUBaHUs, U3MEPEHUST U Pe3KU Ha
kpuctamnsl CBY MUC.

TakuM 00pa3oM, MOJYYEHHBIHA ITyTeM CpaBHEHMUS
rpacduKOB pacmlpeaeyeHusl TeMIepaTypbl KpucTauia
U 3aBUCHMOCTU IIporuOa MOpMOOPHBIX IJIACTUH OT
TOJILIMHBI TTOJJIOXKW PACYETHBIA ONTUMabHbBINA T1a-
Ma30H TOJIIMHBI TOIOXKM TPUOOPHBIX TUIACTUH
candupa u Kapouaa KpeMHHUs C U3TOTOBJIEHHBIMU Ha
Hux CBY MUC rtemnosbiaenenuemM 1 BT coctaBui
110...150 Mxm (puc. 6).

3akmouenue

ITyteM nccnenoBaHus pacrpeaeaeHus: TeMrepary-
pbl kpuctainia CBY MUC ¢ moMolibio KOMIbIOTEP-
HOTO MOJEIMPOBaHUS, a TAaKXKe CPaBHEHUS TOJyYeH-
HBIX TaHHBIX C PACCUYMTAHHBIMU 3aBUCUMOCTSIMU 3HA-
yeHMd Ipormba MNpUOOPHBIX IUIACTUH candupa u
KapOuaa KpeMHHUSI OT TOJIIMHBI MOIJIOXKHU, 00YCI0B-
JIEHHBIX YIPYTUMU HaMPSKEeHUSIMH B BRIPAIlIeHHOM Ha
nomioxke ciaoe GaN, KoTopble HeM30€KHO BO3HUKA-
10T BCJIEICTBME PACCOIJIaCOBaHUSI KPUCTAUNIMYECKUX
pemetok GaN u Marepuaja IMOMIOXKKM W UTPAIOLINX
BO3pacTawllyl0 pojb NPU YMEHBIIEHUU TOJIIUHbI
TOIJIOXKKY, BBISIBJIEHA 1 OTIpeieieHa ONTUMaIbHAsI TOJI-
LM HA TOJIOXKY MTPUOOPHBIX IJIACTUH cardupa u Kap-
ouma KpeMHuUs1, Kotopas coctaniseT 110...150 Mxm.

O4YeBUIHO, YTO YKA3aHHBIM BBIIIE TMANa30H OITHU-
MaJIbHOU TOJIIMHbBI MOJIOXKHU MPUOOPHBIX TJIACTUH
candupa 1 Kapouga KpeMHUS CIpaBeiIUB ISl OTlpe-
JeJIeHHBIX 3HauyeHMil paboueir Temrepatypbl CBY
MHUC, a Takke AuameTpa IJIACTUHBI U TOJIIVHBI BbI-
paieHHoro cinost GaN. Ilpu M3MeHeHUM yKa3aHHBIX
BEJIMYMH JAMAMa30H ONTUMAJIbHON TOJIIMHbBI TTOMJIOX-
KW TIPUOOPHBIX TIJIACTUH 3aKOHOMEPHO MOXET M3Me-
HSTBCS, YTO CJeAyeT NMPUHUMAaTh BO BHUMAaHUE.

YKazaHHBI AMana3oH MOXHO PEKOMEHIOBaTh
MPUHSATH K CBEICHUIO TPU MPOEKTUPOBAHUY U3IEJIUI
CBUY 551eKTpOHUKHU B YACTU PacYeTOB pabOUMX XapaK-
TePUCTUK TPUOOPOB TMPUMEHUTEbHO K KOHEUHOM
TOJIILIMHE TOJIOXKKHU, a CJIeIOBATEbHO, U K KOHEU-
Ho# TojmuHe KpuctauioB MUC, dyro B cBeTe Tpo-
JloKaroleicss MUHUATIOpU3allii 3J€KTPOHHBIX KOM-
MOHEHTOB MPU HEM3MEHHOM COXPaHEHUHU UX KayecT-

Ba W HAIEXHOCTH, TPEICTABISACTCS aKTyaJIbHBIM.
Kpome Toro, cHuKeHue TONIIMHBI TPUOOPHOIA T1ac-
TUHBI TTO3BOJISIET COKPATUTh BPeMs OIepallui Pe3KU
TUIACTUHBI Ha KPUCTALIbI, a TakKe MOHM3UTh U3HOC
peXyllero MHCTPYMEHTa, YTO B Cyyae pPe3Ku TaKMX
TBEPAbIX MaTepUajoB, KaK camdup U KapOua KpeM-
HUSI, OTpaXkaeTcsl Ha SKOHOMUYHOCTU OIlepaluu, a
cJemoBaTeIbHO, U Ha KOHEYHOUM CTOMMOCTH TOTOBOTO
CBY npubdopa.

Paboma evinoanena npu gpunamncosoii noddepicke Mu-
Hucmepcmea obpazosanus u Hayku P® (coenawenue o
npedocmaenenuu cyocuouu No 14.607.21.0011, ynukans-
Hotl udenmugpuiamop npoekma RFMEF160714X0011).
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Introduction

The advantages of the microwave technologies and
devices on the basis of the plates of sapphire and silicon
carbide are recognized by many authors [1—8]. The mi-
crowave monolithic integrated circuits on the basis of
gallium nitride can work in a wide temperature range
and in harsh radiation conditions, which is important
for the space industry, nuclear power engineering and
military applications. The substrates for manufacture of
the radiation-resistant microwave MIC on nitride het-
erostructures are sapphire and silicon carbide. The mi-
crowave devices on the basis of GaN heterostructures
have high specific power, which demands an efficient
heatsink. This can be promoted by reduction of the
thickness of the substrate, carried out by means of
grinding and polishing. However the properties of the
nitrides essentially differ from those of the other sem-
iconductors. Thus, the density of the dislocations (lin-
ear violations of the structure connected with the dif-
ference in the parameters of the lattice of the substrate
material and the GaN layer and the coefficients of ther-
mal expansion, and also the presence of the mechanical
stresses) in nitrides is by five orders higher, than in the
gallium arsenide [9]. The elastic stresses in the GaN
layer, inevitably arising due to a mismatch of the crystal
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lattices of GaN and a substrate, during reduction of the
thickness of a substrate increase in the inverse propor-
tion to its thickness, which hinders the work with a
plate at different stages and can cause a destruction of
the instrument plate.

Thus, the problem is in optimization of the thickness
of the substrates of the instrument plates of sapphire
and silicon carbide, taking into account the thermal
emission of the devices and deformation of the plates
owing to the internal stresses.

Distribution of temperature of the microwave MIC
depending on the material and thickness of a substrate

In heat transfer terms operation of the microwave
MIC can be described as generation of heat by an inter-
nal thermal source, heat transfer in the environment and
dissipation of heat [10]. Microwave MIC is a low-noise
amplifier organized by a two-cascade circuit [11, 12]. In
the thermal model of the transistor the heat source is
the subgate part the channel. The contact between the
layers is considered as ideal. Microwave MIC is set as
an object generating heat of 1 W, proceeding from the
measuring data of the samples. Research of the distri-
bution of temperature of the device was done by a com-
puter simulation.




In calculations the following heat conductivity
equation was applied:

A —+—=+—=
ox’ oyt o

c —
P ot

2 2 2
aTz(aTaTaTJer n
where g, — power of the internal thermal source; A —
heat conductivity coefficient; p — density of the sub-
stance; ¢, — its heat capacity under constant pressure;
T — working temperature.

The differential equation (1) is solved by the method
of the final elements [13] under the boundary condi-

tions of the third kind:

oT\ _ _«a
(&) =-2a-1), e
where a. — heat-transfer coefficient; 7, — temperature of
the surrounding environment; # — normal vector module.

The calculations were based on the following con-
ditions: an ideal heatsink (the forcefully set temperature
of the bottom of the substrate 27 °C); the temperature
of the surrounding environment 27 °C; the initial tem-
perature of the object 27 °C. The properties of the ma-
terials, taken from literature and used as the initial data
for the simulation, are presented in table.

By computer simulation we obtained the distribu-
tions of temperature of a crystal in the form of isosur-
faces for various materials and thicknesses of the sub-
strates (fig. 1 and 2).The color temperature scale gives
an idea about the character of distribution of heat in the
operating mode of the microwave MIC.

The distribution of temperature depending on the
thickness of the substrate of the microwave MIC for the
two types of materials of a substrate is presented in fig. 3.

The isosurfaces and the diagram present visually the
heatsink advantages of the silicon carbide compared
with the sapphire.

Dependence of the deflection of an instrument plate
on the material and thickness of a substrate

If the thickness of the substrate is reduced, the role
of the elastic stresses in the GaN layer grown on a sub-
strate, which appear because of the mismatch of the
crystal lattices of GaN and the substrate, increases. The
given aspect is expressed in an increase of the curvature
radius of an instrument plate, which can be observed af-
ter pasting of a plate from a disk-carrier after grinding
and polishing. This increases the risk of damage of the
instrument plate during its handling.

Dependence of the curvature radius of a substrate
with thickness A on which an elastic-intense film with
thickness hf, is deposited, is described by Stoney for-
mula, correct on the condition that a substrate is much
thicker than the film deposited on it (hf < hy) [14]:

2
po= | L]l 3)
I \1-v,) 6R’

where R — curvature radius of a substrate; £, — mod-
ulus of elasticity (or Young modulus) of the substrate
material; v — Poisson's ratio of the substrate material;
os— elastic stress of a film. ("'s" stands for substrate, and
"f" stands for film).

For substrate deflection Az (difference between the
maximal and minimal height of a plate) we use the fol-
lowing expression [15]:
d2

A7 = = 4
= SR 4)
where d — diameter of a substrate. In calculations we
used the values from literature [16—18].

The values used for simulation of a substrate deflec-
tion: Egy_sic = 303 GPa; vey_gic = 0.18; Ep o, =

= 466 GPa; VALO; — 0.28; hf= 3 um; d =5 cm;
of (substrate 6H-SiC) = 310 MPa; cf(substrate Al,Os) =

= 760 MPa.

Fig. 4 presents the diagram of dependence of the
magnitude of deflection of a substrate Az on its thick-
ness A,.

The calculated dependences of the magnitude of de-
flection of an instrument plate on the residual thickness
of a substrate agree with the experiment. Fig. 5 presents
the magnitude of deflection of a two-inch instrument
plate of silicon carbide with the length of 44 mm and
thickness of a substrate of 130 um measured with the
help of a profilometer.

Optimization of the thickness of the substrates
of the instrument plates of sapphire
and silicon carbide

The optimal thickness of a substrate of the instru-
ment plates of sapphire and silicon carbide was deter-
mined proceeding from comparison of the diagram of
distribution of temperature of the crystal of the micro-
wave MIC on the thickness of a substrate for sapphire
and silicon carbide during the thermal emission of the
microwave MIC of 1 W, and also the diagram of de-
pendence of the magnitude of deflection of the instru-
ment plates on the thickness of a substrate.

The working temperature of the microwave MIC
was experimentally established as equal to 85 °C. In or-
der to prevent failures of the devices due to an uncon-
trollable rise of temperature, for determination of the
optimal thickness of a substrate the lowered by 10 %
value of the temperature was used.

According to various estimates, the thickness of the
plates, the foreign companies operate with, is equal to
100...120 um [19]. The thickness is determined by the
fact that the seeming simplicity of the problem of thin-
ning is deceptive. The plate coming for thinning of the
reverse side passes numerous stages of formation of the
alloyed layers in the plate volume, and also formation
of various dielectric and metal layers on its surface. As
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a result the plate is characterized by considerable inner
stresses. Those stresses are the main cause of deforma-
tions, risks of damage and failures. Besides, it was ex-
perimentally established, that the thickness of a plate of
100 micrometers and less complicates the work of an
operator and increases the risk of a mechanical damage
in the processes of unsticking, measurements and cut-
ting of the crystals of the microwave MIC.

Thus, the calculated optimal range of the thickness
of the substrates of the instrument plates of sapphire
and silicon carbide with the microwave MIC made on
them and thermal emission of 1 W received by com-
parison of the diagrams of distribution of temperature
of a crystal and dependence on deflection of the in-
strument plates on the thickness of a substrate, was
110...150 pm (fig. 6).

Conclusion

Research of the distribution of temperature of the
microwave MIC crystal by means of computer simu-
lation and also by comparison of the data with the cal-
culated dependences of deflection of the instrument
plates of sapphire and silicon carbide on the thickness
of a substrate, determined by the elastic stresses in the
layer of GaN grown on the substrate, arising because
of a mismatch of the crystal lattices of GaN and the
material of a substrate and playing an increasing role
in reduction of the thickness of a substrate, revealed
the optimal thickness of a substrate for the instrument
plates of sapphire and silicon carbide, which was
110—150 pm.

It is obvious, that the range of the optimal thickness
of a substrate for the instrument plates of sapphire and
silicon carbide is fair for certain values of the working
temperature of the microwave MIC, and also the di-
ameter of a plate and thickness of the grown up GaN
layer. If the specified values are changed, naturally, the
range of the optimal thickness of a substrate for the in-
strument plates can also change, which should be taken
into account.

The specified range can be recommend for taking
into consideration in designing of the microwave elec-
tronic products regarding the calculations of the per-
formance data of the devices with reference to the
thickness of a substrate, and, hence, and to the final
thickness of MIC crystals, which is topical in the light
of miniaturization of the electronic components along-
side with the invariable preservation of their quality and
reliability. Besides, a decrease of the thickness of an in-
strument plate allows us to reduce the time necessary
for cutting of a plate into crystals, and also to lower the
tear and wear of the cutting tools, which in case of such
hard materials as sapphire and silicon carbide, tells on
the profitability, and, hence, and on final cost of a mi-
crowave device.
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HWY MOCKOBCKUIT MHCTUTYT 3JEKTPOHHON TeXHUKHU, T. MocKBa

CTPYKTYPHO-NAPAMETPHUYHECKHUE MOAEAU DAEKTPOMATHUTOYTIPYTUX
AKTIOATOPOB AAl HAHO- U MMUKPOCUCTEMHOM TEXHUKU

Ilocmynuna ¢ pedarxyuio 29.12.2016

Ilonyuenvr cmpykmypHo-napamempuueckue Mooeau, napamempuuecKue CMpPyKmMypHbie cXemvl U hepedamoyHvie QYHKUUU
2NEKMPOMACHUMOYRPYUX AKMIOAMOPO8 051 HAHO- U MUKPOCUCIEMHOU MEXHUKU, HA OCHOBE PeuleHUsl 60AH0B020 YPABHEHUs NOC-
mpoeHbl 0000WeHHAs CMPYKMYPHO-NAPAMEMPUHECKas MO0eAb INeKMPOMASHUMOYNPY2020 AKmMioamopa u 0000ueHHAs napamem-
puueckas cmpykmypHas cxema. IIpumenenue nbe30aKmoamopos HaHo- U MUKponepemeweruli nepcneKmueHo 8 HAaHOMexHoA02UU,
HaHobuonoeuu, homoHuke, sHepeemure, MUKPOINEKMPOHUKE U ACMPOHOMUU 045 NPEYUZUOHHO20 COBMeWeHUsl, KOMNEeHCAyUul
MmemMnepamypHuiX U epagumayuoHnbix degpopmayui. Hccaedosanvl cmamuueckue u OUHAMUYECKUE XAPAKMEPUCMUKU Nbe30-

aKkmoamopoe 015 HaHO- U MMK[JOCLlcmeMHOIZ MexXHUKU.

Karoueevie caosa: cmpykmypro-napamempuyeckas mo0eab, NapamempuecKas CMpPYKMYPHAS cXema, 31eKmpOoMAcHUmMOo-
YRpyeui aKkmoamop, nve30aKmoamop, 0epopmayus, HaHO- U MUKpoOnepemeujeHus, nepeoamoutas QyHKyus

Bsenenune

DJeKTpOMarHUuTOynpyrue axkTiaTopbl, padoTaro-
1€ Ha OCHOBE 2JIEKTPOMATHUTOYIPYTOCTU (MbE30-
3JIEKTPUYECKOTO, NMhe30MarHUTHOTO, 3J1I€KTPOCTPUKIIM -
OHHOT'O, MarHUTOCTPUKIIMOHHOIO 3(PEeKTOB), MpUMe-
HSIIOTCS B O0OPYIOBAaHUMU HAaHO- U MUKPOCUCTEMHOM
TEXHUKW, HAHOTEXHOJIOTUU, HAHOOUOJIOTUHU, DHEPre-
TUKHU, MUKPOBJIEKTPOHUKHU U aIaNTUBHON ONTUKU JJIsI
MPEM3MOHHOTO COBMEILCHUS, KOMIIEHCALIMHU TeMIIE-
paTypHbIX ¥ FpaBUTALIMOHHBIX AedopMalnii, a TaKxKe
aTMocepHOi TypOYJIEHTHOCTU IIYyTEM KOPPEKLUUU
BOJIHOBOTO (ppoHTa. [1be30aKTIOATOP — MbE30MEXaHU-
YecKoe YCTPOMCTBO, MpeaHa3HAaUeHHOe JIsl TpUBe/e-
HUS B IEMCTBUME MEXaHM3MOB, CUCTEM WJIM YIIpaBje-
HUSI UMM Ha OCHOBE IThe303JICKTPUUYECKOTO 3(p(PeKTa,
MpeodpasyeT JMEKTPUYECKUE CUTHATIbl B MEXaHUYEC-
Koe mepeMellieHue u cuiy. I1be30akTioaTopbl UMEIOT
BBICOKHE 3HAYCHUS NbE30MOMYJICH U XXECTKOCTEH, 10~
3TOMY IIMPOKO MPUMEHSIOTCS I HAHO- U MUKPOTIe-
pemeneHuit. I1be3o0akTioaTopsl pabOTalOT HA OCHOBE
obpatHoro nee303pdekra, B KOTOPOM pe3yJabTaT Ie-
peMelleHuUs] JOCTUraeTCsl Mocje MPUIOXKEHUST DJeKT-
PUYECKOTO HaIpsKeHUs 3a cueT nedopMaluul Mbe3o-
aKToaTopa B AMala3oHe OT €IMHUI HAHOMETPOB 0
€IMHMIL MUKPOMETPOB C MOTPEIIHOCTLIO B Tpeaesiax
JeCSIThIX n0Jieii HaHoMeTpoB [1—9].

11 BbIBOJA TIepeaaTOYHbIX (PYHKIMI 3IeKTpoMar-
HUTOYIIPYIOro akToaTopa sl HAaHO- U MUKPOCUCTEM-

HOM TEXHUKM HCMOJb3yeM CTPYKTypHO-TIapaMeTpu-
YEeCKYIO MOJIEJIb aKTI0aTopa B OTJIUYME OT MIPUMEHEHUS
BJIEKTPUYECKUX 3KBUBAJEHTHBIX CXEM Mbe30MpPeoo-
pasoBateil [10—12], nmpeaHa3HavYeHBIX IJISI pacueTa
Mbe3ousyyaresneil u nbe3onpueMHuKoB. Ha ocHoBe
peleHus BOJHOBOTO YPAaBHEHMSI C YUETOM YpaBHEHMUS
BJIEKTPOMATrHUTOYIPYTOCTH U TPAaHUYHBIX YCIOBUI Ha
JBYX TOpIaX aKTiaTopa MojiyyaeM CTPYKTypHO-Iapa-
METPUYECKYIO MOJENIb 3JIeKTPOMArHUTOYIIPYTroro ak-
TIOaTOpa B BUIE CUCTEMbl YpaBHEHMI U €ro repena-
TOUYHbIE (PYHKIIUU.

IIpe30akTIOATOPHI OOECIIEUMBAIOT BHICOKME YCUIIUS
U CKOPOCTU PabOThI, X MCTIONB3YIOT 171 COBMEILICHUS
U CKaHUPOBAHUSI B HAHOMAHMUMYJISITOPAX I CKaHM-
pYIOILIUX TyHHEJIbHbIX MUKpocKomnoB (CTM), ckaHu-
pYIoLIMX CUI0BBIX MUKpocKonoB (CCM), aToMHO-CH-
JIOBBIX MUKpocKornoB (ACM). HaHoMaHUNYASITOPHI C
MbE30aKTI0ATOPAMU TPUMEHSIOT B HAHOPOOOTOTEX-
HUYECKUX CHUCTeMax HaHO- U MMKpOIepeMelleHU.
[Ibe30aKkTIOATOPSI TSI HAHO- M MUKPOCUCTEMHOM TeX-
HUKU MCIOJb3YIOT B JMHEHUHBIX HAHO- U MUKPOMPU-
BOJlaX U MMKpoHacocaXx. B (oToHUKe Ibe30aKTI0aTo-
pbl OPUMEHSIIOT [IJisI HAHO- U MUKpOIlepeMelleHUt
3epKaJjl JIa3epoB MPU ONTUYECKUX METoJax Iepemauu
MH(OpPMaLMU U SHEPIUU, AJIs1 IOCTUPOBKU 3epKa Ja-
3epHBIX KOJIBLIEBBIX TI'MpocKomoB. [Ibe30akTioaTophl
KCITOJIB3YIOT B aIANITUBHON ONTHKE OOJIBIIMX TEIECKO-
noB, Hanpumep, EBporneiickoro upe3BblyaiiHO 00Jb-
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moro Teaeckona (European Extremely Large Tele-
scope, E-ELT) u Bbosbliioro cMHONTUYECKOTO 0030p-
Horo teneckomna (Large Synoptic Survey Telescope,
LSST). Ilbe30akTioaTopbl NMPUMEHSIOT AJISI KOPPEK-
uu aedopmaliuy ¥ BUOpaluii KOPIyCoOB U JionacTei
BEpPTOJIETOB U CaMOJIETOB B a3POKOCMUYECKOM TEXHU-
Ke, JUISI IOCTUPOBKM KOCMUUYECKUX TEJIECKOIIOB, IJIs
MMKPOIIPUBOIA MHCTPYMEHTOB B MMKPOXUPYPIUU U
ouotexHosoruu. I1be30aKTIOATOPHI U3rOTABIMBAIOT U3
IMbEe303JIEKTPUUECKON KepaMMKN Ha OCHOBE IIMPKOHA-
Ta 1 TMTaHata cBuHua Mapok LUTC wm PZT, nanpu-
Mmep, ITC-19, LHITC-21, ITC-23, UTC-2611, LITC-36,
LTC-42, LTC-43, LTC-46, LITC-47, LTC-48,
HUTC-1, HOTBC-1, UTBC-3, OTBC-7, TTIKP-7,
IKP-7M unu PZT-4, PZT-5H [1—-22].

CTpyKTypHO-NIapaMeTPHYECKHE MOIEIH AKTIOATOPOB

Hedopmalivsi Mbe30aKTOATOPa COOTBETCTBYET €ro
HampspKeHHoMY cocTostHuio [7, 15]. Ecnu B mbe3oak-
TI0ATOPE COo37aTh MeXxaHWYecKoe HampsikeHue 7, To B
HeM BO3HUKHET aedopmanus S. CyliecTByeT LIeCTh
KOMIIOHEHT Hanpstkenuii: Ty, T,, Tz, Ty, Ts, Ty, u3
HuX 11— T5 OTHOCATCS K HANPSKEHUSIM PaCTSKEHUs -
cxarus, 1;— T — K HanpsoKeHUAM caBura. Marpud-
Hbl€ YpaBHEHUsI COCTOsIHUS [12], CBSA3bIBAIOLLIME BJIEK-
TPUYECKUE U YIIPYTUe MepeMeHHbIE 151 TOJISIPU30BaH-
HOW TMbe30KepaMUKU, UMEIOT BUIL

D =dT + ¢'E; (1)
S =sfT + d"E. )

3nech epBoOe ypaBHEHME OMMCHIBACT MPSIMOM TTbe-
303(ekT, a BTopoe — 0bpaTHbIi be303(hdekT; D —
MaTpHUIa-CTONI0CI JEKTPUUECKON MHIYKIIMU IO KO-
OpPAMHATHBIM OCSIM; S — MaTpUlia-CTOJ0el] OTHOCH-
TeJbHbIX Aedopmaumii; T — marpuua-crondeu me-
XaHUYecKux HampsbkeHuil; E — maTpuia-crosbelr
HaIpPSKEHHOCTU 3JIEKTPUYECKOro TOJIs MO0 KOOPAU-
HaTHBIM ocsM; d — MaTpula IMbe30JIEKTPUIECKUX
MofyJieit; € — Marprua AMAIEKTPUYCCKUX TIPOHMU-
maemocreit mpu T = const; §© — MaTpulla yIPyrux
nopaTiauBocTeit mpu E = const. HanpasieHnue BekTopa
rmojsapu3anuu P, T. e. HallpaBlIeHHE, IO KOTOPOMY
MpoBeieHa MOoJsIpU3alus Mbe30akToaTopa ISl Mpo-
JIOJIBHOTO U TIOTIEPEYHOTO TThe303(heKTa IMPUHUMAIOT
3a HaIpaBjieHUe OCH 3.

B oO61ieM Buae ypaBHEHHE 2JI€KTPOMArHUTOYIIPY-
roctu [12] akTioaTopa MmeeT BUL
S; = sg H6
rae S; — OTHOCUTENbHAs AeopMalus 3JIEKTPOMarHu-

H,© E, 0 EH
T+ dy® E, + dy® Hy + o 20, (3)

ij
MOJATIMBOCTD IIPU ITOCTOSTHHBIX BeJIMYMHax E = const,
H = const, ® = const; 7} — MEXaHWYEeCKOEe HaIps-

TOYIIPYTOro akTiaTopa 1Mo OCH i; § — ympyras

. H06
2KE€HHE B aKTIHOATOPEC IO OCH J, dml' — IIbE€30MOAYJIb,
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Em — HaMpsaKE€HHOCTD SJIEKTPMUYECKOIO I10JI4 B aKTHO-

E, 0
arope mo ocu m; d,;” — KO3(POULUEHT MArHUTO-

CTPUKLI U, Hm — Hanpsa2KEHHOCTb MAarHMTHOTIO ITOJIA B

 EH
aKTIOaTOpEe 10 OCH M; o — KO ULIMEHT TETIO-

BOro paclliupeHusi; A® — U3MEHEHUue TeMIIepaTyphbl
akTioaropa; i, j=1,2, ..., 6; m=1, 2, 3.

[1be3o0akTi0OaTOpP Ha pUc. | TIpU MPOAOJBHOM TIbe-
309 deKkTe mpeacTapasier co00il NMbe30IIaCTUHY TOJ-
IUHON & C BJEKTpoJaMu Ha TOplax, MeprneHIuKY-
JasapHeix ocu 3. Ilnomans akTioaropa paBHa . s
COCTaBJIEHUSI CTPYKTYPHO-TIapaMeTpUYeCKOil Mojaesu
MbE30aKTIATOPa PEIIMM COBMECTHO BOJHOBOE YpaB-
HEHUe, YpaBHeHHEe 00paTHOro mbe3o3ddekra u ypaB-
HEeHMsI CUJI Ha ero rpaHsix. [Ipu pacuere nbe3oakTioa-
TOpa HCIIOJb3yeTCsl BOJHOBOE ypaBHeHuMe [12—18],
OIMChIBAIOLIEE PaCpOCTpaHEHUE BOJIHBI B JJIMHHOMN
JIMHUHM C 3aTyXaHueM 0e3 MCKaKeHUIA:

1 62§gx, n 4 20 0E(x, 1) +a2&(x’ 0= 82§gx, 3] (4)
£ 2 2 E ot 2

(c) ot c ox

e £ — ckopocTs pacnpocTpaHeH!s! YIIPYToil BOJTHEL
npu E = const; & — cMelleHNe CEYeHUSI TThe30aKTIO-
aropa; o — Ko3(M(PUIIMEHT 3aTyXaHUs KOJeOaHui 13-
3a paccevMBaHUS SHEPTUM Ha TEIUIOBBIE TOTEPH IIPU
pacrnpocTpaHeHUU BOJIHBI B Nbe3oakTioatope. C mo-
Molilblo TipeodbpaszoBanusi Jlannaca [13] ucxonHas 3a-
Jaya Jijisl ypaBHEHUSI C YaCTHBIMM MIPOU3BOAHBIMM T -
MepooJMYEeCcKOTo TUMa — BOJHOBOrO ypaBHeHUSs (4)
CBOOUTCS K OoJjiee MPOCTOi 3amaye ISl JIMHEHHOro
OOBIKHOBEHHOTO M depeHIINATHLHOTO YPaBHEHUS C
rmapaMeTpoM p, TAe p — TMapaMmeTp TMpeoOpa3oBaHUSI.
ITpumeHUB K BOJTHOBOMY ypaBHeHUIO (4) rpeobpaso-
BaHue Jlarmtaca [13] u cunTasi HaYaJIbHbBIE YCIOBUS HY-
JIEBBIMM, MOJIydaeM JIMHEHHOe OObIKHOBEHHOE -
(epeHmaNbHOE YpaBHEHME!

2

= 2 2| -

d d()gp) _{ 11521; +2—2(_p+(x }:(x,p)=0, )]
x ( ¢

c)

M;i;(r) E-F(r) 112@
POt A EQ
t v 1

M &) &) FE)

Puc. 1. IIve30akTioaTop npu npogoabLHOM mbe3odpdexre: &), & —

nepeMelleHue IByX TOPLIOB Nbe3oakTioaTopa; M, M, — mMacchbl Ha-
IPy3KM Ha ABYX Topuax; Fj, F, — cUJIbl Harpy3Ku Ha IByX TOpUax

Fig. 1. Piezoactuator at the longitudinal piezoeffect: &;, &, —
displacement of the end faces of the piezoactuator; M;, M, — masses
of loads at the end faces; F;, F, — forces of loads at the end faces




&|f

x=0)

&k

=5

- 1

I0JIbHOM The303¢(heKTe W YNpaBjieHNH N0 HANPSIKEHUIO

Fig. 2. Parametrical block diagram of the piezoactuator at the longitudinal

piezoeffect and voltage control

pelleHreM KOToporo OyaeT yHKIus
Z(x, p) = Ce X + Be¥, (6)
roe =(x, p) — npeobpazoBaHue Jlamiaaca cMmelleHus
CEeUeHUsl Mbe30aKTIaTopa; y = p/cE + o — kKoapPu-
LIMEHT pacipoOCTPaHEHMUSI.
OmnpenennMm noctossHHble C 1 B B BUIe
C = (21" —5y)/[2sh(3y)];
B= (26" — E,)/[2sh(3)], (7)
MO3TOMY IOJIydyaeM pellieHUue ypaBHeHUs (5) B BUie
E(x, p) = {E1(p)sh[(d — x)1)] +
+ Ey(p)sh[(xy)}/sh(8y). (8)

VpaBHeHus mis npeodbpa3oBanuii Jlamiaca cui Ha
JIBYX TOpPILIAX Mbe30aKTI0aTOpa

T30, p)Sy = Fy(p) + Mp’Z,(p) npu x = 0;
T3, p)Sy = —Fy(p) + Myp™2(p) mpu x =5,  (9)

[Jie COOTBETCTBYIOLIME MpeodpazoBanus Jlamiaca nist
BBIDAXKEHUI MeXaHuueckux HanpspkeHuil 73(0, p) u
T5(3, p) Mbe30aKTOATOPA IIPU MTPOAOIBHOM Ibe303(]-
¢exTe onpenesisiloTCs U3 ypaBHEHHUsI 00paTHOIO IThe30-

apdekra:

= d
0, p = 4 EE2| - gy,
X
S33 x=0 S33
= d
Ty6, p) = L =& e (10
E dx E
S33 X=90 533

= P S L > L > L
s ’ - (M, P 14
~1,8,p) _ 2(p) =0) =.0)

Puc. 2. IlapameTpnyeckasi CTPYKTYpHAsi CXeMa MbE30aKTIOATOPA NpPH MPO-

e ds3 — NPOJOJIbHBI be30MOIYIIb; sf3 — yII-
pyrast oAaTAMBOCTb 110 ocu 3 npu E = const.

C yuyeToM pelleHUs] TUHEMHOro 0ObIKHOBEH -
Horo nuddepeHIaIbHOrO ypaBHeHUS (5) IOy~
yaeM CUCTEMY YpaBHEHUH [IJIs1 CTPYKTypHO-Mapa-
METPUYECKON MOIEeIn IIbe30aKTioaropa IMpu
MPONOJILHOM IThe303(h(PEeKTe M YIpaBICHUM IIO0
HaIPSKEHUIO

|
|
|
|
|
|
|
|
|
|
:
|
—_ E
O E) = [/MPDHFi(p) + (1/753)1d53 Ex(p) —
| — [v/sh()1[ch(3V)E(p) — Er(D)]I};
' —_ E
| E)(p) = [1/Myp) = Fy(p) + (1/133)[d33E3(p) —
: — [y/sh@E]lch(en)=Ey(p) — E/ I}, (A1)
| E _ E
| rae x33 = §33/8). [lapamerpudeckas CTpyKTyp-
i Hasl cXeMa Ibe30aKTIoaropa Mpu MPOAOJbHOM
: nbe303PdekTe MpuBeAcHa Ha puc. 2.
I PaccMoTpuM Nbe30aKTIOATOP MPU CABUTOBOM
: nmbe303pdekte (2) (puc. 3).
! CoOTBETCTBEHHO TSI IThe30aKTIoaropa IIpu

CIBUTOBOM IThe303(Pp(PekTe HaxoauM Koappuiim-
eHTel C u B:

C = (51€" — 5y)/[2sh(by)],
B = (8,6 % —2y)/[2sh(by)], (12)
pellieHue ypaBHeHUs (5) B BUIE
E(x, p) = {E1(p)sh[(b — x)y)] + Ey(p)sh[(xy)}/sh(by) (13)

W CHCTEMY YpaBHEHWH [UIST CTPYKTYpPHO-TIapaMeTpu-
YeCKOI MOIIEJN TThe30aKTIaTopa IPU CABUTOBOM IThe-
302¢GeKTe U yIpaBIeHUM MO HAMPSIKEHUIO

21() = I/MpH=Fi(p) + (1/255)dysE\(p) —
— [v/sh(n)]lch(bn)E(p) — E1@)11};

E2(p) = [/ Mypi=Fy(p) + (1/255)1dysEy(p) —
~ [v/sh(by)][ch(by)Ey(p) — E1(P)]1}, (14)

rie st = sfs /Sp; di5 — CIOBUTOBbI TbE30MOMYJIb;
§55 — YIpyras IoJaTIMBOCTb 10 ocu 5 pu E'= const.
[MapameTprueckasi CTPyKTypHasl cxeMa Ibe30aKTI0aTopa
MpU CIBUTOBOM IThe302dPeKTe MpuBeaeHa Ha puc. 4.

AHAJIOTMYHO IS TThe30aKTI0ATOpa TP TIoTeped-
HOM TIbe303(eKkTe nonydyaeM koapuuueHTsl Cu B:

C = (2,€" — 2y)/[2sh(h)];

B= (2,6 —=2,)/[2sh(hy)], (15)
o - by |
| °F2 |
| 20) oy |_=:_£‘_) &0 |
g0 e BOT=T0 MEQ |
- MEQ v |

Puc. 3. IIbe30aKkTIOaTOpP NpH CABUrOBOM mbe303ddexre
Fig. 3. Piezoactuator at the shift piezoeffect
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Puc. 4. [TapameTpryeckasi CTPYKTYpPHASI CX€MA NbE30AKTIOATOPA NMPH CABH-

roBoM nbe3oddexTe M ypaBJieHHH M0 HANPSKEHUIO

Fig. 4. Parametrical block diagram of the piezoactuator at the shift piezoeffect

and voltage control

pellieHue ypaBHeHus (5) B BUje

E(x, p) = {E1(p)shl(h — x))] +
+ Ey(p)sh[(xy)}/sh(hy) (16)
U CUCTEMY ypaBHEHMI MJIsI CTPYKTypHO-IlapaMeTpu-

YEeCKOM MOIEIM IMbe30aKTIoaropa MpU IOMNEPEYHOM
mbe303¢(eKTe U YIIpaBIeHUN TT0 HAMPSKEHUIO

1) = [I/MpDU=Fi(p) + (1/x1))ld3 Ex(p) —
— [y/sh(y)][ch(r)=(p) — E1(D]1};

=2(p) = [/ Moyp)i=F(p) + (1/ 11113 Ex(p) —
— [y/sh(ip)]lch(my)=y(p) — E(D)]1}, (17)
E _ F .
tae xy; = S11/Sps d3; — TNONEPEYHbI MbE30MOIYJIb;
sﬁ — yrpyrasi IoAaTJuBOCTb 1Mo ocu 1 ipu E = const.
W3 dopmyn (2), (3), (11), (14), (17) umeem cucte-
MY YpaBHEHMI 1JisI 00OOIIEHHOW CTPYKTypHO-Tapa-

METPUUYECKON MOIEIM B3JIEKTPOMArHUTOYIPYroro ak-
TI0aTOpa B BUIE

21(0) = (/M H=F () + (/1) V¥ ) —
— ly/sh(k)]lch(h)E(p) — E()]1);

22(p) = [1/MoypHH=Fy(p) + (1/ 21} ) V¥ ) —

— [v/sh(i)]lch(k)=,(p) — Z1(P)]1}, (18)
d33, d3p, dys
v o_ v
Xij = S /S0 Vi = 1833 8315815 >
ds3, d3), d5
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1
e A R
~16.p) 20) E0) =0)

E E E
§33, 511> 855

|
! Ej E,
! — Y _| D D D
! le - D3’ Dl ’ Slj - S33, sll’ SSS )
H;, H, H H H
§33, 511> 855
E E
c Y o
v o_ _ _
c = CD) Y= 'YD; [= h;
H H
c Y

rae napameTpsl E, D u H oTHOCSTCS K yIpaBiie-
HUIO TI0 HAMPSIXKEHUI0, TOKY JJIsl 00paTHOTO Mbe-
303 deKTa U HanPsSKEHHOCTU MarHUTHOIO MOJISI

Y o_ v
JUISL MATHUTOCTPUKLIMM, TPUYEM ¥; = S;; /S0s

P g = - d
5;; — YIpyrasi ONATIMBOCTD Npu ‘¥ = const; dj;3,

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| dy, d|s — TIbE302JIEKTPUYECKUE MOIYJIN U KO-
| oGbdUUMEHTH MATHUTOCTPUKLINH; 33, 831, §]5 —

TIBE3032JICKTPUYECKUE TTOCTOAHHBIC, ClP — CKO-

pocThb 3ByKa Iipu ¥ = const; / — reoMeTpuIeCcKuii
pasMep B HampaBlieHUM AedopMaliuid COOTBETC-
TBEHHO paBHbIN 8, A, b — TONIIMHE, BEICOTE MU
IIMPHUHE 3JECKTPOMArHUTOYIIPYIOro akTHaTopa;
S — TUIOLIAAb COOTBETCTBYIOLIETO MOMNEPEYHOTO Ce-
yeHUs1 akToatopa. Cucteme ypaBHeHuit (18) 00600-
LIIEHHON CTPYKTYPHO-IIApAMETPUUECKON MOJEIN aK-
TI0ATOpPa COOTBETCTBYET 00001IEHHAs MapamMeTpuyec-
Kasi CTPYKTypHasi cxemMa »3JeKTPOMarHUTOYIPYyTroro
aKTioaTopa Ha puc. S.

IlepenaTrounbie (hyHKIMH aKTIOATOPA

M3 cucrembl ypaBHEHUN 111 0000IIEHHON CTPYK-
TypHO-NIApaMETPUUYECKONH MOJAEIU 3JIeKTPOMArHUTO-
YIPYroro akTioaTopa HaHO- U MUKPOCUCTEMHOU TeX-
HUKHU TIOJyyaeM IepeaaToyHble (DYHKIMM aKTioaTopa
KaK OTHOILIeHME TIpeoOpa3oBaHHEIX 110 Jlamiacy BeIpa-
XKEHUH NepeMEeIIeHUI TOPLOB aKTI0aTOpa K BhIpaxe-
HUIO COOTBETCTBYIOLIETO BXOJHOIO TapameTpa Wi
COOTBETCTBYIOLIEH CUJIbI MpPU HYJEBBIX HayaJbHbBIX
ycioBUsIX. PellieHue cucteMbl ypaBHeHU (18) st ne-
pEMEIICHUN NBYX TPaHEW SJIEKTPOMATHUTOYIIPYTOTO
akTtioaropa [14—17] maer

21(0) = W1 (DY, (p) + W) Fi(p) + Wis(p) B (p);

Z(p) = Wy (DY, (p) + Wi (p)Fi(p) +
+ Wys(p) F(p), (19)

rae o0oOlleHHbIe MepeaaToYyHble (PYHKIIMU 3JEKTPO-
MarHMTOYyMNpyroro akrioaropa

W11(p) = E1(0)/¥ (D) = vyl My P* + vth(h/21/Aj
Ay = MMy " + (M, + My /¥ thilip® +
+ [(My + M)y o/th(ky) + 1/(c*)21p? +
+ 2ap/ct + o




E1(o) + (o) = ;lgnw(&l(t) +&)(0) =
=V il ¥ 105 (23)

U}}é|_
¥
ks
g|-
v W
&
y
<
w
] €

Sl

x=0

¥, ()

& @

Puc. 5. O600mennas napameTpuyeckas CTPYKTypHasi cxemMa 3JIeKTpoMar-

HHUTOYNPYIOro AKTIOATOpPA

Fig. 5. Generalized parametrical block diagram of the electromagnetoelastic actuator

Wa1(p) = Ex(0)/¥ (D) = Vil My P* + 1th(B/2)/ A

Win(p) = E1()/ Fy(p) = —; [y p* + v/th(i)1/ Ay
Wi3(0) = 2,0/ Fy(p) = W(p) = Ex(p)/ Fy(p) =
= [x;; vIsh(k)1/A;;

Was(p) = S0/ Fo(p) = =1y, [My 2 0% + 1/th(B)1/ Ay

CrenoBatenbHo, 17151 (19) nonyyaem 060011EHHYIO
MapaMeTPUUYECKYI0 CTPYKTYPHYIO CXEMY B3JIeKTpoMar-
HUTOYIIPYTOTO aKTIoaTopa M MaTpUYHOE ypaBHEHUE

{ 51(17)] _
E,(p)

¥, (p)
_ [ Wll(P) W12(P) W13(P)J F](P) (20)
W. W. W.
21(D) Wyr(p) Wys(p) Fy(p)

PaccmoTrpuMm paboTy 271€KTpOMArHUTOYNPYIroro
aKTIOATOpa B YCTAaHOBMBLIEMCS pexume npu ¥, (1) =
=W¥,,0° 1(9), F|(1) = Fy(?) = 0 1 ”HEPLMOHHOIA Harpy3-
Ke akrioaropa. CraTmyeckoe IepeMelleHe TOPIIOB
akTioaropa &;(») u &,(0) 3anKuChIBACTCH B BUIE

(o) = tli_f)nw&l(f) = ;@OPWU(P)‘Pmo/P =

a—0

=Vl YoMy + m/2)/ (M + M, + m); 21

Ex(0) = tliinwéz(f) = pliinol’%l(l’)‘l’mo/l’ =
a—0

= Vmil\PmO(Ml + m/2)/(Ml + M2 + m); (22)
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|

|

|

| e m — macca aktioatopa; M, M, — Macchl Ha-
| TPY3Ku. I mpe3oakTioaTopa U3 Mbe30KepaMu-
. ku HTC npu npoaoiabHOM Tibe303(dexkte nmpu
' om< Myum< M, upu dy3 = 4- 10710 m/B,
| U= 50 B, M; = 10 xr u M, = 40 kr nosy4yaeMm
| CTaTMYECKOE MEPEMEILEHUE TOPLOB MbE30AKTIO-
1 aropa &(x) = 16 HM, (o) = 4 HM, &[() +
L+ Ey(0) = 20 HM.

[ Ipu nonaue nanpsoxenusa U(r) = U+ 1(7) cra-
| THYecKoe MepeMelleHIe TOPLIOB he30aKTI0aTopa
| TIpM  TOTepeuHOM Mbe303(eKTe OIpeaeaseTcs
. (opmynamu

: &1(0)=d3(h/8) Uy(My+m/2) /(M| + My +m); (24)
|

|

|

|

Ey(0) = d31(h/8) Uy(M| + m/2)/(M; +
+ M, + m); (25)

g1(0) + &(0) = d31(h/3) Y. (26)

g mee3oakTioaTopa u3 nbe3okepamuku [ITC
wii PZT nipu monepeyHoM Ibe303¢deKTe pur
m< My um< M,Bcrydae dy = 2,5+ 10710 m/B,
h=4-102M,6=2-10"3m, U=50B, M, = 10 kr
u M, = 40 Kr nojiy4yaeM CTaTUYECKOE MEPEMELLEHME
TOpLOB & () = 200 HM, &y(0) = 50 HM, &((x) +
+ &5(0) = 250 HM.

N3 dopmyn (19), (20) mosyyaem TmepenaTroyHbie
(byHKIIMY Mbhe30aKTIOATOpa MPU MPOJOJbHOM IbE30-
a¢hdeKTe ¢ ONHUM XKECTKO 3aKperuieHHbIM TOPLIOM,
Harnpumep, npu M; — « B BUze

Wa1(p)=Ex(p)/ Ex(p) = ds3d/[ My 53 P + Sycth(Bp)]: (27)

Wy3(p) = Ey(p)/ F(p) =
= —5y5; /[ Myd x5 P + Sycth(ay)].

(28)

Haiinem nnst mbe3oakTioaTopa TMpu MPOAOIbHOM
MMbe303(¢eKTe U OTHOM XKECTKO 3aKpeIUIEHHOI rpaHu
MbE30aKTI0ATOPa BEJIUMYMHY IEpeMEIIEeHU &y() B
ycTaHoBuBlIeMcs pexume npu U(r) = Uy-1(H) n
F5(7) = 0 unn Fy(7) = Fy - 1(9) n U(r) = 0. Cratnueckoe
NepeMelleHUe MbE30aKTIoaTopa &y(0) B 3aBUCUMOCTHU
OT HanpsDKEHWS WA CUJIbl UMEET BUIL

&y() = lim &5(1) = pligﬁOsz(P) Uo/p = d33Up; (29)

o) = lim pWos(p)Fo/p = —os8, Fo/Sy. (30)

s mbe3oakTioaTopa u3 Tbe3okepamuku LITC
niu PZT npu npomonbHOM Ibe303PdeKkTe B ciydae

dy3=4- 10719 m/B, U= 150 B nonyuaem cratieckoe
nepemMeleHune &,() = 60 HM. Ilpu & = 6+ 1074 u,
sty =3,5-10"1 v2/H, Fy=500 H, Sy =1,75- 104 m?

3HaueHUe &,() = —60 HM.
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Hcnonp3ysl B nepegaTOYHBIX (PYHKIUSIX IThe30aK-
TIoatopa (29) u (30) annpokcUMalUIO ruIrepoouyec-
KOTO KOTaHTeHCa IBYMS YJleHaMU CTETIEHHOTO psina,
nojy4aem npu My — oo u m < M, B 1nana3oHe 4acToT
0<w<0 OlcE/S BBIPAKEHMUS

W21(P) = 5 W/E5(p) =

= dyxd/(T] P> + 2T,6p + 1); (1)
Wo3(p) = Z5(p)/ F,(p) =
= —(s538/S)/(T} p* + 2T g,p + 1); (32)

T, = (5/c) [My/m = [M,/CL,
g, = (a8/3) Jm/ My, Ciy = Sp/(s5,8) = 1/(1535),

rae 7; — MoCTOsIHHAst BpeMeHU; &, — KO3(pPULMUEHT
satyxaHusi; C33 — XECTKOCTb Ibe30aKTIOaTopa Ipu
MIPOIOJILHOM IThe303(phEKTE.

B cratnyeckoM pexmme pabOTHI ITbe30aKTIOATOpPA
MpU yIPYroil Harpyske IoJy4aeM BhIpakeHue Iepe-
MEIIEeHMSI TOpLa Mbe30aKTI0aTopa B BUIIE

€
- ______2_'_"____53 (33)
1+C,/Cs3

rae &, — nepeMelleHue Mbe30aKTI0aTopa Ipy yIIpyroi
Harpyske; &,,, = dy3Uy — MakcuMaibHOe nepemelle-
HUE Mbe30akToaropa; C, — XeCTKOCTb Harpy3Ku.

N3 dopmyn (31), (33) mnsg mbe3oakTioaTopa IIpH
MPOJOJIBLHOM The303((eKTe C OMHUM XKECTKO 3aKperl-
JICHHBIM TOPIIOM W YIPYTOMHEPIIMOHHON Harpys3Ke
MmoJiydyaeM TepeaaTOuHyK (QYHKIINIO

Ey(p)
Wi(p) = —Uz(p) =
ds;

= , (34)
E 2 2
I+ C,/CH) (T p~+2TEgp+1)

rne T, — HOCTOHHHaH BpeMeHU; &, — KO3DPUIMEHT
3aTyXaHUs; C33 — XKECTKOCTb The30aKTiaTopa IMpu
IIPOAOJILHOM I1he303(heKTe

T,= /M,/(C,+ CLy),
e, = s’ Chy /(35 M(C,+ ).

CoOTBETCTBEHHO ISl Mbe30aKTI0aTOpa MpHU IMpo-
JIIOJILHOM I1he303(p(eKTe ¢ OMHMM XKECTKO 3aKpell-
JICHHBbIM TOPLIOM U YINPYTOMHEPLMOHHON Harpyske
HpI/IMl—)ooMm<<M2HpI/IM2—10KF (3 =
=2,3-10° H/m, C,=0,2- 10 H/Mm nonyyaem nocro-
SIHHYIO BpeMEHU T 2-103c. DKCcIepuMeHTaIbHbIe
W pacyYeTHBIC XapaKTEePUCTUKU IThe30aKTIaTopa COB-
MafaloT ¢ TMOTPEeITHOCThIO 5 %.
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3akiouyeHue

ITonydyeHbl 0000IIEHHAS! CTPYKTYpHO-TIapaMeTpu-
yeckasi MOZIeJIb 2JIEKTPOMAarHUTOYIIPYTOro akTioaTopa
IUIST HAHO- W MUKPOCHUCTEeMHOM TEeXHUKH, €TO Tapa-
MeTpuuecKasi CTPYKTypHasli cxema W IepenaToyHbIe
(yHKUMU.

OrmpeneneHbl  CTPYKTYPHO-TIapaMeTPUUYeCKIe MO-
IeJTN, TIapaMeTPUIeCKHe CTPYKTYPHBIE CXeMBI U TIepe-
JaTOYHbIe (PYHKIIMU MTbe30aKTIoaTopa. JnHamMmuyeckue
U CTaTUIEeCKNE XapaKTEePUCTUKHU TThe30aKTIoaTopa Io-
JIydeHbl C YYETOM TI'PaHUYHBIX YCJIOBUM, DU3MUECKUX
MMapaMeTpOB IThe30aKTIOATOPa, BHEIIHEW HArpy3Kd U
3JIEKTPUYECKOTO COMPOTUBIEHHUSI COTIACYIOIIMX LIETIEH.
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Introduction

The electromagnetoelastic actuators on the basis of
electromagnetoelasticity (piezoelectric, piezomagnet-
ic, electrostriction and magnetostriction effects) are
applied in the equipment for nano- and microsystem
technologies, nanotechnologies, nanobiology, power
engineering, microelectronics and adaptive optics for
precision combination, compensation for temperature
and gravitational deformations, and atmospheric turbu-
lence by correction of the wave front. Piezoactuator is
a piezomechanical device, which actuates mechanisms,
systems or their controls, based on the piezoelectric ef-
fect and transforms the electric signals into a mechan-
ical displacement and force. Piezoactuators have high
piezomodules and rigiditys, and, therefore, they are ap-
plied for nano- and microdisplacements. Piezoactua-
tors work on the basis of the inverse piezoelectric effect,
in which a result of displacement is reached after ap-
plication of the electric voltage due to deformation of
a piezoactuator in the range from units of nanometers

up to units of micrometers with a margin error within
the tenth shares of a nanometer [1—9].

For application of the transfer functions of the elec-
tromagnetoelastic actuator for the nano- and microsys-
tem technologies we shall use a structural-parametrical
actuator model as opposed to the electric equivalent
schemes of the piezoelectric transducers [10—12] for
calculation of the piezotransmitters and piezoreceivers.
On the basis of a solution to the wave equation taking
into account the equation of electromagnetoelasticity
and boundary conditions at two end faces of an actuator
we get a structural-parametrical model of an electro-
magnetoelastic actuator in the form of a system of
equations and its transfer functions.

The piezoactuators ensure high efforts and speeds of
operation, they are used for combining and scanning in
the nanomanipulators for the scanning tunnel micro-
scopes (STM), the scanning power microscopes (SPM),
and the atomic-force microscopes (AFM). The na-
nomanipulators with the piezoactuators are applied in
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the nano-robot systems for nano- and microdisplace-
ments. The piezoactuators for the nano- and the mi-
crosystem technologies are used in the linear nano- and
microdrives and micropumps. In photonics the pie-
zoactuators are applied for the nano- and microdis-
placements of the laser mirrors for the optical methods
of information and energy transfer, and for adjustment
of the laser mirrors of the ring gyroscopes. The piezoac-
tuators are used in the adaptive optics of big telescopes,
for example, European Extremely Large Telescope
(E-ELT) and Large Synoptic Survey Telescope (LSST).
The piezoactuators are applied for correction of defor-
mations and vibrations of the hulls and blades of heli-
copters and planes in the airspace technologies, adjust-
ment of the space telescopes, and microdrives of tools
in microsurgery and biotechnology. The piezoactuators
are made of the piezoelectric ceramics on the basis of
zirconate and titanate of lead of TsTS or PZT brands,
for example, TSTS-19, TsTS-21, TsTS-23, TsTS-26Ts,
TsTS-36, TsTS-42, TsTS-43, TsTS-46, TsTS-47,
TsTS-48, NTsTS-1, NTsTBS-1, TsTBS-3, TsTBS-7,
PKR-7, PKR-7M or PZT-4, PZT-5H [1—-22].

Structural-parametrical models of actuators

Deformation of a piezoactuator corresponds to its
stress state [7, 15]. If mechanical stress 7'is created in
a piezoactuator, there will be deformation S. There are
six stress components: Ty, 15, Ts, Ty, T5, Ty, out of
them 7,—75 belong to the stretching-compression
stresses, 7y—7Tx — to the shift stresses. The matrix
equations of the state [12], connecting the electric and
elastic variables for the polarized piezoceramics, look
like the following

D =dT + ¢'E; (1)
S =sfT + d"E. )

Here the first equation describes the direct piezoe-
lectric effect, and the second — the inverse piezoelec-
tric effect; D — matrix-column of the electric induction
on the co-ordinate axes; S — matrix-column of the rel-
ative deformations; T — matrix-column of the mechan-
ical stresses; E — matrix-column of the intensity of the
electric field on the co-ordinate axes; d — matrix of the
piezoelectric modules; el — matrix of the dielectric
permeabilities at 7= const; sf — matrix of the elastic
compliances at E' = const. The direction of polarization
vector P, that is, the direction in which polarization of
the piezoactuator was done for the longitudinal and
transverse piezoeffect, is assumed as the direction of
axis 3.

In general the equation of electromagnetoelasticity
[12] of the actuator looks like the following:

S, = sE’H’®

H, ® E, 0 EH
i ij 7} T dmi Em + dmi Hm + Q; A0, (3)
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where §; — relative deformation of the electromagne-

. . . EHO®
toelastic actuator on axis I Sij

ance at £ = const, H = const, ® = const; 7} — me-

— elastic compli-

chanical stress in the actuator on axis j; dnff’i@) — pie-
zomodule; E,, — intensity of the electric field in the ac-

. E © .
tuator on axis m, dm i magnetostnctlon constant;

H,, — intensity of the magnetic field in the actuator on

axis m; af’ " _ coefficient of thermal expansion; A® —
temperature change of the actuator; i, j =1, 2, ..., 6;
m=1,2,3.

In fig. 1 the piezoactuator at the longitudinal piezo-
effect is a piezoplate with thickness & with electrodes at
the end faces, perpendicular to axis 3. The area of the
actuator is equal to S,. For the structural-parametrical
model of the piezoactuator we will solve together the
wave equation, the equation of the converse piezoeffect
and the equation of the forces on its facets. For calcu-
lation of the piezoactuator the wave equation [12—18]
is used describing the wave propagation in a long line
with attenuation without distortions.

2 2
%2 0 é()zc, ) 2_(Ex ag(;;, 1)) +oc2§(x, = 0 §();, 1) @)
(c) or c ox

where ¢~ — speed of propagation of an elastic wave at
F = const; & — section displacement of the piezoactu-
ator; o — coefficient of attenuation of oscillations due
to the energy scattering because of the thermal losses
during the wave propagation in the piezoactuator.

By means of Laplace transformation [13] the initial
task for the equation with private derivatives of a hy-
perbolic type — the wave equation (4) is reduced to a
simpler task for the linear ordinary differential equation
with parameter p, where p is the transformation param-
eter. By applying Laplace transformation [13] to the
wave equation (4) and assuming the initial conditions as
zero, we receive the following linear ordinary differen-
tial equation

E

2
d 2(x,p) _ 1 P2 + 2.(_xp+ (12 E(X, p) =0, (5)
P E2 E

X (c

) c
the solution to which will be function
E(x, p) = Ce ™' + B, (6)

where Z(x, p) — Laplace transformation of the section
displacement of the piezoactuator; y = p/cE + o —
propagation coefficient.

Let us determine coefficients C and B in the fol-
lowing way:

C = (2,e™ — =,)/[2sh(3y)];
B = (g6 % — 5,)/[2sh(5y)], (7)




Therefore, we get the following solution to the equa-
tion (5):
E(x, p)={E;(p)sh[( — x)y)] +E,(p)sh[(xy)}/sh(dy). (8)

The equations for Laplace transformation of the
forces at two end faces of the piezoactuator:

7500, p)Sy = Fi(p) + Mp*=,(p) at x = 0,

T35, p)Sy = —Fy(p) + Myp’= (p) at x =38,  (9)

where the corresponding Laplace transformations for
the expressions of the mechanical stresses 75(0, p) and
T5(3, p) of the piezoactuator at the longitudinal piezo-
effect are defined from the equation of the inverse pi-
ezoeffect:

_ 1 di(x, _ d3y .
70, p = LEED D,
333 x=0 S33

76, p) = 4 L)
533

d
- 2 Eyp),  (10)
xX=23 S33

where dy; — longitudinal piezomodule; s3E3 — elastic
compliance on axis 3 at £ = const.

Taking into account the solutions of the linear ordi-
nary differential equation (5) we get a system of equations
for the structural-parametrical model of the piezoactua-
tor at the longitudinal piezoeffect and voltage control:

21() = (/M H=Fi(p) + (1/253)[ds3 Ex(p) —
~ [v/sh(n)][ch(3n)Z(p) — Ex(p)]1};

2(p) = [1/MoypH)H=Fy(p) + (1/253)d33 Ex(p) —
~ [v/sh(3)][ch(3n)Z5(p) — E1(P)]}, (11

where X3E3 = s3E3 /Sy The parametrical block diagram
of the piezoactuator at the longitudinal piezoeffect is
presented in fig. 2.

Let us consider the piezoactuator at a shift piezoef-
fect (2) (fig. 3).

Accordingly, for the piezoactuator at a shift piezo-
effect we find coefficients C and B

C = (5" —=,)/[2sh(by)];
B= (Ele_by —5,)/12sh(by)], (12)
solution of equation (5) in the following form:
E(x, p)={=1(p)sh[(b — x)1)] +Ex(p)sh[(xy)}/sh(by) (13)

and a system of equations for the structural-parametri-
cal model of the piezoactuator at a shift piezoeffect and
control voltage:

21() = (/M U=Fi(p) + (1/255)dysE\(p) —
— ly/sh(by)llch(bv)=,(p) — E1(P)]]};

E2p) = [/ MypDH=Fy(p) + (1/255)1dysEy (p) —
— [v/sh(b)]lch(bn)E,(p) — E1)11, (14)

where st = sfs /Sp; dy5 — shift piezomodule; sfs —
elastic compliance on axis 5 at £ = const. The para-
metrical block diagram of the piezoactuator at a shift
piezoeffect is presented in fig. 4.
Similarly, for the piezoactuator at a transverse pie-
zoeffect we get constants C and B
C = (51e" —=,)/12sh(hy)];
B = (26" = Zy)/[2sh(h)], (15)
solution of equation (5) in the following form:
E(x, p) = {E1(p)shl(h — x)y)] +
+ Ey(p)sh[(xy)}/sh(hy) (16)

and a system of equations for the structural-parametri-
cal model of the piezoactuator at a transverse piezoef-
fect and control voltage:

21(0) = [1/MpH—F(p) + (/75 )d31 Es(p) —
— Iy/sh(rp)]Ich(m)E,(p) — Z, (D1}

2(p) = [1/MypHH=Fy(p) + (171N d3, Ey(p) —
— ly/sh(y)][ch(m)Z,(p) — E1D11}, a7

where Xﬁ = sﬁ /Sp; d31 — transverse piezomodule;
511 — elastic compliance on axis 1 at £ = const.

From formulas (2), (3), (11), (14), (17) we get a sys-
tem of equations for a generalized structural-paramet-
rical model of the electromagnetoelastic actuator in the
following form:

1) = [1/Mp=Fi(p) + (/1) [V (P) =
~ [1/sh(t)][ch(M)E, (p) — Z()]1};

E5(p) = [1/Myp){—Fy(p) + (1/ xg)[vm,-‘i’m(p) -

= [v/sh(i)][ch(k)=(p) — Z1(P]1}, (18)
ds3, d3, d s Es, E;
v v
Xij = Sij /S0 Vmi = 1833831815 » ¥y =103 Dy,
ds3, d3, d |5 Hsy, H,
E E E
533 511> 555 £ vF 5
Y _J D D D vo_ _ _
Sij = 553818550 € = el ¥ TP = h,
H H b

H H H
533> 511> 555

where parameters £, D and H refer to the voltage
control, current for the reverse piezoeffect and inten-
sity of the magnetic field for magnetostriction, at that,

XE = s;; /S0; s;’ — elastic compliance at ¥ = const;

ds3, d31, 815 — piezoelectric modules and magnetostric-

tion; gs3, g3, &5 — biezoelectric constants; ¢t — speed

of sound at ¥ = const; / — geometrical size in the de-
formation direction accordingly equal to &, 4, b —
thickness, height or width of the electromagnetoelastic
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actuator; Sy — area of the corresponding cross-section

of the actuator. The generalized parametrical block di-
agram of the electromagnetoelastic actuator in fig. 5
corresponds to the system of equations (18) of the gen-
eralized structural-parametrical model of the actuator.

Transfer functions of the actuator

From the system of equations for the generalized
structural-parametrical model of the electromagnetoe-
lastic actuator for the nano- and microsystem technol-
ogies we get the transfer functions of the actuator as the
relation of the transformed according to Laplace ex-
pressions of displacements of the end faces of the ac-
tuator to the expression of the corresponding input pa-
rameter or the corresponding force at the zero initial
conditions. The solution to the system of equations (18)
for the displacements of two facets of the electromag-
netoelastic actuator [14—17] is provided by

E1(p) = W)Y, + W) Fi(p) + Wiz(0) B 0);

Zy(p) = W (DY, (p) + Wi (p)Fi(p) +
+ Wis(p) F(p), (19)

where the generalized transfer functions of the electro-
magnetoelastic actuator are

WD) = E1(0)/¥ D) = Vil Mo 0 + yth(B/21/Ay;
Ay = MyMy(x;)p* + (M, + M)y, /[ th(i)lip® +
+ [(My + My)y; a/th(ky) + 1/(c))p? +
+ 20p/c¥ + ok
Wa1(0) = Z5(0)/¥ (p) = V,ud My 7 + yth(h/2)/Ay;
Wia(p) = E:(0)/Fi(p) = —x;; [Mynj; 0 + v/th()1/Ay;
Wi3(0) = E1(0)/ Fx(p) = W(p) = Ey(p)/ Fi(p) =
= [y vIsh(i)1/Ay;

Was(p) = Ex(0)/ Fap) =~ [ My p* + v/th(B))/A;,

Hence, for (19) we get a generalized parametrical
block diagram of the electromagnetoelastic actuator
and the matrix equation:

[EI@)J _
Ey(p)
¥, (p)
Z{ W) W) W13(P)} Fip) |- (0)
/% w. W,
20) W0) Wos®) )| p )

Let us consider operation of the electromagnetoelas-
tic actuator in the established mode at \¥,,(1) =¥, * 1(?),
Fi(9) = F5(1) = 0 and the inertial load of the actuator.
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The static displacement of the end faces of the actuator
&1(0) and &,(o) are written in the following form:

() = tllmooﬁl(f) = pliinol’Wn(P)‘Pmo/P =
a—>0

= Vmil\PmO(M2 + m/2)/(Ml + M2 + m); (21)

Ey(0) = tli_f)nooiz(t) = 1]112101)1’[/21@)‘1””10/17 =
a—0

= Vil ¥ oMy + m/2)/(M} + M) + m); (22)
E1(0) + &y(0) = tli_f)noo(&(f) + &) = vl o, (23)

where m — mass of the actuator; M;, M, — masses of
the loads. For the piezoactuator from TsTS or PZT pi-
ezoceramics at a longitudinal piezoeffect at m < M,
and m < M, at dy3 = 4-107'0 m/v, U =50V,
M, = 10 kg and M, = 40 kg we get the static displace-
ment of the end faces of the actuator &;(x) = 16 nm,
&y(0) = 4 nm, & () + &y(0) = 20 nm.

When voltage U(r) = U, - 1(?) is supplied, the static
displacement of the end faces of the actuator at the

longitudinal piezoeffect is defined by the following
formulas:

E1() = d31(h/S) Uy(My + m/2) /(M| + My + m); (24)
Ey() = d31(h/S) Uy(M| + m/2)/(M| + M, + m); (25)
&1(0) + &y(0) = d31(h/3) . (26)
For the piezoactuator from TsTS or PZT piezocer-
amics at a transverse piezoeffect at m < M and m < M,
in case of dy; = 2,5-1071% m/V, h = 4-1072 m,
§=2-102m, U=50V, M,; =10 kg and M, = 40 kg
we get the following static displacement of the end
faces of the actuator: &;(c0) = 200 nm, &,(%0) = 50 nm,
&1(0) + &y(o0) = 250 nm.
From (19), (20) we get the transfer functions of the
piezoactuator at the longitudinal piezoeffect with one

rigidly fixed end face of the actuator, for example, at
M, — « in the following form:

—_ E
Wa1(p) =E(p)/ E3(p) = d338/[ My 33 p + ycth(5y)]; (27)
Wi3(p) = Ex(p)/Fy(p) =
E E

= —8y33/[Mydy33 p* + Sycth(y)]. (28)
Let us find the value of displacement &,(0) for the pi-
ezoactuator at the longitudinal piezoeffect and one rig-
idly fixed facet in the established mode at U(7) = U, - 1(7)
and F,(7) = 0 or Fy(7) = F- 1(¢) and U(7) = 0. The static
displacement of the piezoactuator &,(«) depending on

voltage looks like the following:

Ey(0) = tli_I)nwﬁz(f) = pliinop Wy(p)Uy/p = d33U,, (29)

) = lim pWos(p)Fo/p = =353 Fo/ Sy, (30)




For the piezoactuator from TsTS or PZT piezo-
ceramics at the longitudinal piezoeffect in case of

dyy; =4-107%m/V, U=150 V we get static dis-

placement &,(c0) = 60 nm. At § = 6+ 107* m, sg =
=3,5-107" m?N, F, = 500 N, §, = 1,75+ 10% m?
the value of &,(c0) = —60 nm.

By using in the transfer functions of the piezoac-
tuator (29) and (30) an approximation of the hyper-
bolic cotangent by two members of a power series, at

M; - « and m < M, in the range of frequencies
0<o< O,OlcE/S we get the following expressions:

Wh1(p) = Ex(p)/ E(p) =

= dy3d/(T} P> + 2TEp + 1), 31)
Wy3(p) = Ey(p)/ Fr(p) =
= (553 8/S)/(T? p* + 2T g,p + 1); (32)

T,= (5/cB) [My/m = M,/ Cs;,
g, = (a8/3) Jm/ My, Ciy = Sp/(s538) = 1/(x535)

where T, — time constant, & — damping coefficient,
ng — rigidity of the piezoactuator at the longitudinal
piezoeffect.

In the static mode of operation of the piezoactuator
at an elastic load we get the following expression for the
displacement of an end face of the piezoactuator:

€
o= _____2_’_"____]:: (33)
1+C,/C53

where &, — displacement of the piezoactuator at an
elastic load, &,,, = d33U, — maximal displacement of
the piezoactuator, C, — rigidity of the load.

From formulas (31), (33) for the piezoactuator at
the longitudinal piezoeffect with one end face rigidly
fixed and an elastic-inertial load we get the following
transfer function:

; (34)

B E. 22
(1+Ce/C33)(T,p +2Tt§tp+1)

where T, — time constant, &, — damping coefficient,
Cg — rigidity of the piezoactuator at the longitudinal

piezoeffect
E
T,= /M,/(C,+ C33),
E E E
g = ad? C33/(3c IM(C,+ C33)) :

Accordingly, for the piezoactuator at the longitudi-
nal piezoeffect with one end face rigidly fixed and elas-
tic-inertial load at M; — « and m < M, at M, = 10 kg,
cf =2,3-10°N/m, C,=0,2-10° N/m we get time

constant 7, = 2- 1073 5. The experimental and calcu-
lated characteristics of the piezoactuator coincide with
a possible error of 5 %.

Conclusion

A generalized structural-parametrical model of the
electromagnetoelastic actuator for the nano- and mi-
crosystem technologies, its parametrical block diagram
and transfer functions were obtained.

The structural-parametrical models, the parametri-
cal block diagrams and the transfer functions of the pi-
ezoactuator were defined. The dynamic and static char-
acteristics of the piezoactuator were obtained with ac-
count of the boundary conditions, physical parameters
of the piezoactuator, external load and electric resist-
ance of the matching circuits.
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NMOTAOWAIOWUNE SAEMEHTDBI AASl PEAAU3SALIMA
ILIMPOKOIO AMAMA30HA OCAABAEHUHN
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Memodom pasdenenus nepemeHHbIX NPOGedeH paciem NOAOULAIOWUX I1EMEHMO8 HA OCHOGe KYCOYHO-0OHOPOOHBIX Pe3UCUE-
HbIX CMPYKMYD, NO360ASIOWUX Peaiu308ams 6 3a0AHHbIX PA3Mepax Wupokul ouana3oH ociabaeHui (om doaetl deyubesa do §0 0b
u 6onee) 3a cuem U3MeHeHUs: OMHOUEHUS CONPOMUBACHUI UCHOAb3YEMbIX Pe3UCMUBHbIX naeHoK. [Ipugedensl pesyrsmamei pacue-
MO8 paccmMompeHHbIX NOAOUAIOWUX 21eMeHmos. JlocmosepHocmy npeda0NCeHHOU MemoOUKYU npoepeHa Modeauposanuem 8 npo-
epammuom komnaexce Elcut. Hccaedosano pacnpedenenue niomuocmuy moxka 8 no2iouwjarouux snemernmax. Ilpedsoscena mono-
A02us, obecnewusarouas 6onee pagHomepHoe pacnpedeserue naoOMmHOCMY MOKA U MOUWHOCIU NO NOBEPXHOCIU NOA0UAIOWeeo d1e-
menma. Iloayyennoie pe3ysbmamol npedcmaeanom unmepec 04s nocmpoenus maroeabapumuoix CBY ammenioamopos u yun-

ammeHramopoe WmupoKoco duana3zona ocrabaeHui.

Karoueevie caoea: naenounvle hoeaowarnuiue 31emernnibl, pe3ucmueHble ammeHroamopbsl

Beenenune

s TocTpoeHUs MIMPOKOIIONIOCHBIX aTTeHIOATO-
POB MCMOJB3YIOTCS TIoronatoiue aaeMeHTsl (I19) Ha
OCHOBE paclpeieIeHHbIX Pe3MCTUBHBIX CTPYKTYp [1].

Peanmmzanmst kak MasbIX (6OWHUIIBEI U TOJH OEIIH-
6ena), Tak u 6oabux (0osee 30 n1b) ocnabaeHuit Ha
MOJJIOKKE 3alaHHBIX pa3MepOB BCTpevyaeT TPYAHO-
ctu. 1D 6onblIMX ocnablieHUiA MPOCTO HE YMEIAKOT-
Cs Ha MOJUIOXKE, B TO BpeMs Kak 1D Manbix ocnab-
JIEHUII mOpu Majoil COOCTBEHHOM
JUTMHE UMEIOT OOJIbLIYIO, 3aBUCSILYIO
OT OCJIa0JICHMS, IJTUHY BXOTHBIX/BHI-

Tononorusa npsamoyroabuoro I1D u ero pacuer

IIpocreiimas Tononorus 1D ¢ KycoyHO-OTHOPOI -
HOIl pe3UCTUBHOM IUIEHKOI IIpuBeneHa Ha puc. 1.
TpeOyemblii muana3oH ociabjeHUil obeclieunBaeTCs
BapbUPOBAHNEM BEJIMYMH YIEJIbHBIX ITOBEPXHOCTHBIX
COINPOTUBJIEHUI TJIEHOK p U py. Pacuer I1D (B cuny
CUMMETPUU JOCTATOYHO PACCMOTPETh TOJbLKO €ro
MOJIOBUHY MPU y > 0) CBOAUTCS K PELICHUIO KpaeBoi
3agayn mys ypaBHeHus Jlarutaca B oOnactax [—I111

[ y - - LT ‘
XOINHBIX KOHTakToB. [locnennue | Mz _clvis T :414 U DM3 :/: Q-OM M U:;'OMS |
BHOCSAT IIJIOXO KOHTPOJIUPYEMBIA | “ y 02 ¢ " ¢ - L € [rm— !
BKJIAL B OCaGleHMe B pe3yiabrate | us 'K:'ao A A P2 gL 0; oo | |
MoTeph B KOHTAKTaX U €MKOCTHOH ! . |b_a b = x i M| U=0 T i MU0
CBSI3U MexXay HuUMmu [2, 3]. : un d - Vout @ [ ° "l u=t a _,p' M «d w P2 | UR1 :
B paboTe mpemsioxXeHbl TOIMOJIO- : _L - _L _L O U0 b x O U0 b 0 U0 b x|
TMU U IpoBenaeH pacyeT I1D Ha oc- | |
, a) b) o) d) |

HOBE KYCOYHO-OTHOPOIHBIX pe3uc-
TUBHBIX CTPYKTYp, 00eCIIeunBaIOIINX
HOCTPOEHUE MPELU3MOHHBIX Majo-
rabapMTHBLIX aTTEHIOATOPOB W UMII-
aTTEeHI0ATOPOB LIMPOKOro AUAara3o-
Ha ocjabJIeHUIA.
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Puc. 1. IToriomawomuii 31eMEHT ¢ KyCOYHO-OHOPOJHOI Pe3MCTHBHOI IUIEHKO# (a) B pe-
KuMe aHTHCHMMeTpruHOro (b) u cumMeTpuuHoro Bo3oyxkaenus (c), (d) — crpykrypa (c) ¢
00paleHHbIMH KPAEBbIMH YCJIOBHSMHA

Fig. 1. AE with a piecewise-homogeneous resistive film (a) in the antisymmetric (b) and symmetric
modes of excitation (c), (d) — structure (c) with the inverted boundary conditions




(puc. 1, a) mMeTogoM pasaeieHUus] MepeMEHHbIX IIpU
CJIeYIOIIMX TPAHUYHBIX YCIOBUSIX:

U](b, = v, U[(_b, y) = U,, U[[[(X, =0
U](Xa a) = U[[(X, a), UH(x, d) = U]][(Xa d),
dy d_y npmy = a,
dU dUu
—L=ao—M mpuy=d, (1)
dy a’y

rae Ufx, y) — moje noreHuuaaoB B i-ii odmactu 119
(i=1,11, 11); Q= p;/py; — CTeNIeHb HEONHOPOIHOCTH
PE3UCTUBHON MJICHKMU.

I[Ipy aHTUCUMMETpUYHOM BO30OyXIeHuu I1D
(U, = —Uy =1) na nmuuun OM, U= 0 u s nons no-
TEHIIMAJIOB CTPYKTYpHI puc. 1, b moayyaem:

+

UIZ)_bC )

M8

0Anch(OLny)sin(OLnx);
U, =n§0 B,{chip,(y—a)] +ch[B,(d—y)I}sin(B,x); (2)

U = ngo C,sh(B,(c — y)Isin(B,x);

L =nn/b, B, =nn+ 1)/(2b).

s onpenenenus Kosbduuuenrtos A4, B,, C, uc-
noJjib3yem yciaoBus (1).

IMpoBoaumocTs Y| cTpykTyphl puc. 1, b, yncieHHo
PaBHYIO CWJIE TOKa MeXHy KoHTaktamu OMyM; n
M| M,, HaxoauM 110 popMyJie

=1 jd—Uldynpnx—b 3)
P10 9

ITpu cummerprynom Bo3dyxaenuu (U; = U, = 1)
Ha iuHun OMy dU/dx = 0 (ctpykrypa puc. 1, c). IIpo-
BOIMMOCTb Y, 3TOM CTPYKTYpPbI YIOOHO BBIPA3UTh Ye-
pe3 MpoOBOAUMOCTb CTPYKTYphI puc. 1, d ¢ obpaillieH-
HbIMU KPaeBbIMU YCJIOBUSIMU:

dqu 1 44U
Y, = et L1479 —— M gy vipu x = b.(4)

Martpuua [ Y] I1D puc. 1, a B COOTBETCTBUU C T€O-
pemoii oucekumu [4] onpenensgercs Kak

[Y]=2 YI+Y2 YI’YZ .
Y,-v, r+Y,

Torma 1151 BXOAHOTO M BBIXOJHOI'O COMPOTUBIEHUS
U ociabneHus comtacoBaHHoro 119 momyyaem [5]:

1 1
Rianout
2 7, ¥
1 2

1+Y,/Y,+2/Y,/Y,
g = 101g 2N RTINS (5)

1+ Y,/ Y,-2,/T/Y,

B npakTuyecku BaxkHOM ciiydyae a = d BbIpaKeHUs
g Y, u Y, uMeroT Bua

Y1=

O |=

Q[H Y F (-1 th(“_”)}
b a

- n

=4 l 6

- (
P2 . a © athlo, (c—a)]
7)(1-5){“”210”(-1) m}

a,(c—a)

Kosdduumenrsr F,, D, HaXoaaTCA U3 CIELYIOLINX
CHUCTEM YpaBHEHWIA, pelllaeMbIX METOIOM PeAyKLIMU [6]:

n+1

§ F,(-1)
. 2
‘ 11_(213-7 1)

X {1 +(—-20-%17€th[[3k(c—a)]th(ocna)} =

n,

n+1

§ D,(-1)
_ 2
k l1 7(%}

{1+——-—th[an(c—a)]th([3ka)} = 1. 7
Qp

ONBIT BHIYUCIIEHU I TTOKA3bIBAET, UTO MOTPEITHOCTh
nopsiaka 1...3 % obecneuynBaeTcs IIPU PEAyKIIMU CUC-
TeM (7) x 8...10 TIOpSIAKY U yAep>KaHUIO COOTBETCTBY-
JOILIETO YMCJIA YJIEHOB B COOTHOIIEHUSX (6).

OTtMeTuM, uTo Nnpu a/c = 1/2 B cuy TOXAECTBEH-
noctu cucreM (7) R, = R,,; = p;/(2/Q), uto cosmna-
JIaeT ¢ U3BECTHBIM B JIMTEpaType pe3yabTraToM [7].

Hns xopotkux (¢/b > 3) I1D, yuyuTeIBas TOJIBKO
IepBbIe WICeHHI B (6), IMOIydaeM:

n,

_ l-a/c 1 _ 8,68Q
R. =R = 2008
n Ol/lf a/c @ q c P 4 >
2 z(l—z)

gyTo TIp1 Q2 = 1 COBIMamaeT ¢ M3BECTHBIMU Pe3yJIbTaTa-
mu [7].

Ha puc. 2 npuBeneHbl pe3yabTaTsl pacueTtoB 19
C KYCOYHO-OJHOPOJHOUN PE3UCTUBHON IIEHKOB (CM.
puc. 1, a).

PabGoTocnocoOHOCTh METOINMKM IIPOBEpeHa CpaB-
HEHUEM C pe3yJbTaTaMy MOJEIMPOBAHMS (pacXoxie-
HME He IpeBblllacT 2 %) B IporpaMMHOM KOMILIEKCe
Elcut 5.1. IIpu 3TOM OTMEUeHa HEOTHOPOIHOCTh pac-
npedeaeHns TOKa M MOIIHOCTY Mo ImoBepxHoctu I19.
MakcumaibHas IIOTHOCTb ToKa [ (MA/MZ) Habona-
€TCsT B 00JTACTH BXOMHOTO KOHTaKTa M Tipu a/c = 0,5
onpeznengerca (nmpu R;, = 50 OMm) cooTHOlIEHUEM
I = 0,014exp(1,26Q), cnabo 3aBUCIIINM OT b/a.

Tonosorusa 11D cnoxnoii ¢gopmbl 1 ero pacyer

boiiee paBHOMepHOE pacrpeeecHe TNIOTHOCTH TO-
Ka ¥ MOILIHOCTU ITo momjoxke I1D mpu Tex xxe 3Haue-
Husx Q obecrieunBaeT [19, mpuBeaeHHBIE Ha pUC. 3, a.
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Puc. 2. 3aBucumocTb ociadienns (@) ¥ HOPMHPOBAHHOTO BXOJHOTO CONPOTHBJICHUS
(b) cornacoBaHHOro MOIJIOLIAIOMEro 3JeMenTa ot a/c npu Q = 100 (1); 10 (2);
1.(3); 0,1 (4); 0,01 (5); 0,001 (6)

Fig. 2. Dependence of attenuation (a) and normalized input resistance (b) co-ordinated
AE on a/c at 2 =100 (1); 10 (2); 1(3); 0.1 (4); 0.01 (5); 0.001 (6)

Puc. 3. Ilornomawmue 3nementbl (a)—(d) cinoxuoil ¢popMbl HA OCHOBE KyCOYHO-
OIHOPOIHBIX CTPYKTYP
Fig. 3. AE (a)—(d) of a complex form on the basis of the piecewise-homogeneous structures

| y vy v |
: b U'=0 U=0 :
Py a a
: =] -a -1 o T a [~ 1) ] uU=0 " I U=0 :
I P2 X at l a-T I
i Uout |
: bl -h “u=0| 1 fu=o v=o| ' Lu=0 |
: # o % oyu=1b b+h X ou=1hb b+h X :
| a) b) c) |

Puc. 4. ITornomarwomuii 31ement puc. 3, ¢ (a) B pexxume cummeTpuuHoro (b) u an-
THCUMMETPHYHOTO (C) BO30YKIEHHUs

Fig. 4. AE of fig. 3, c (a) in the symmetric (b) and antisymmetric (c) modes of excitation

I19, nokazaHHBII Ha puc. 3, b (CIOKXEHHBII BABOE
I1D Ha puc. 3, a), obnagaeT npexXHUM OcClableHueM ¢
U YBEJIUYEHHBIM BIBOE BXOIHBIM COMNPOTHUBICHUEM.
s mojydeHus NpexHero R;, Hag0 YMEHBUIUTL BO
CTOJIBKO X€ pa3 BEIUYUHY Q.

[1D, ipencraBiieHHBIN Ha puUC. 3, ¢, ¢ OOpalleHHBI-
MM 110 OTHOIIeHUIo K 1D Ha puc. 3, b KpaeBbIMU YC-
JIOBUSIMU UMEET TO K€ 3HAUEHUE ¢, a €r0 BXOJAHOE CO-
NpOTUBJIEHUE R;,. CBA3aHO C BXOJAHBIM CONPOTHUBIIE-
HueMm R;,, cootHowieHueM R;,. = 1/R;,.

I1D, npuBeneHHbIA Ha puc. 3, d, obnamaer mpe-
JKHUM 3HayeHHeM ocabjieHUusl ¢, a ero BXOAHOE CO-
MPOTUBJIEHNE OKa3bIBAa€TCS B JiBa pa3a MEHbIEe BXO/I-
Horo comnpotuBieHus I19 Ha puc. 3, c.

IIpy oaMHAKOBBIX OCIA0JEHMSIX BXOJIHbBIE COIPO-
tuBieHus [1D, npeacTaBneHHbIX HA puc. 3, d v a, CBS-
3aHBI TAKMM X€ COOTHOIIeHWeM, Kak u [1D, mpuse-

dx
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a, = nn/b,
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JeHHBIX Ha puc. 3, b u c. IloaTromy nocra-
TOYHO MPOBECTU pacueT TojbKo I19, npu-
BEICHHOIO Ha puc. 3, c.

PasmecTuB DOMOJHUTENbHBIE KOHTAaK-
Thl Ha JIMHUSIX X = T U X = —1 (BO3HUKAaIO-
11ast MPY 3TOM MOTPEITHOCTD HE MPEeBhIIIa-
eT 1%, TOCKONbKY WCKaXeHUS TIOJISI
BOJIM3U HOBBIX KOHTAKTOB YYUTHIBAIOTCS B
3HAYMTEIbHOW CTEMEeHW IMocienylollei
CcTpyKTypoil) npuxogum K I1D, mpencraB-
JIEHHBIM Ha puc. 1, @, ¢ UBBECTHBIMU J0-
MMOJIHUTEJIbHBIMIA COIPOTUBJICHUSIMU Ha
Bxoae U Beixode. Haxonsa [Y] — MaTpuily
Hosoro [19 [5], onpenensem R;, u gmo (5).

Crporuii pacuer I1D, mpuBegeHHOTO
Ha puc. 3, ¢, MPOBOAUTCSI METOAOM pasfie-
JIEHUS IepeMeHHBIX (puc. 4).

B pexxume cummetrpuuHoro (puc. 4, b)
1 acCUMMETpUYHOTro (puc. 4, ¢) Bo30yxie-
HUS ToJIyyaeM JJisl TOTeHLIMaJIoB B o0Jac-
tax [—III

UICZI__X——'—

— ngoEnsh(any)cos(anx);

U[[C = ZOFnSh[Mn(b +h— X)] X
n=

x cos[u,(a — »I;

Utiee = ZOMnSh(an)Sin[Bn(a —y]+
n=
+ ngoanh(an(a — y)|cos(a,x);
U,=1- ai—r + ngoAnsh(ocny)cos(ocnx);

UIIa = OzO:OBnSh[Bn(b +h— X)] x

X cos(B,(y —a + 1)

I8

UIIca = "

+ 3 D,ch(p0coslp, 0~ a+ Il

u, = Q2n+1)/20).

. Cchla,()a = y)]cos(a,x) +

Bm = nn/,

rpaHI/I‘IHbIG yCi10BUA UMECIOT BUI:

U[(X, 0) = 15 U[](b + h’ y) = 07

U/(X, a—r1)= U[[[(X, a—r1), U,,,(y, b) = U”(y, b),
dU.

l =

, du,
0,i=1,.. 1II, — =0mpux=b;
dx
dU, dU;, o
d_y d_y apu y a T,
dU[[I dUH
W =QEC— IIpn x = b, Q= pl/p2’




dU;
dx
acumMmeTpuuHoro Bo3oyxnenus (I = I, I11),

=1

P1o

= 0 — g cummerpuyHoro u Ui(x, a) = 0 —

dU]a

dxnY,= 1 j ICdXHpI/Iy 0.
JanpHEeHIIMIA pacyeT MPOBOAUTCS aHAJIOTMYHO pac-
cMmotpeHHoMy it I[19, mpeacraBineHHoro Ha puc. 1, a.
IIpennoxeHHass METOIMKA pacueTa pacCMOTpeHHBIX 1D
peanm3oBaHa ImporpaMMHo 1 BkmodeHa B CAITP pesnc-
tuBHBIX cTpykTyp HITO "BPKOH", r. H. HoBropon.

3aKkmouenne

IIpoBeneH pacyeT IOIJIOIIAIOIIMX 3JIEMEHTOB Ha
OCHOBE KYCOYHO-OIHOPOIHbBIX PE3UCTUBHBIX CTPYK-
TYp, O00CCICUMBAIOIIMX peaJM3aldI0 IMUPOKOIO I1a-
IMa30Ha OCIA0JIeHWIT Ha TOMJIOXKE 3aJaHHBIX pa3Me-
poB. Pe3ysbraThl pacueToOB MCIIOJb30BAHBI IIPU CO3/1a-
HUU 00pa3IloB TOHKOIJICHOYHEIX YMIT-aTTEHIOATOPOB
pasMepamu 1 X 1 X 0,25 mM aguanaszona 0,5...32 nb Ha
MMOUTOXKAX M3 HUTPHIA amioMuHMs. [TonydeHHBIE pe-

3yJBTAThl TPEICTABISIOT WHTEpPEC IS ITOCTPOCHUS
majorabaputHbeix CBY arTeH0aTOpOoB IIMPOKOTO AMa-
Ta30Ha OcJIabJIeHU.
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Computing of absorptive elements based on piecewise homogeneous resistive structure was conducted using separation of variables.
These structures allow realizing by changing the resistance ratio of these resistive films the wide attenuation range in the reference di-
mension (fraction from dB to §0 dB or more). There are the calculation results reviewed absorbing elements. Reliability of this calculation
method was verified simulation in software package Elcut. Investigated distribution of current density in the absorbing elements. The pro-
posed topology provides a more uniform current density distribution and power on the surface of the absorbent member. The results are
of interest for the construction of small-size attenuators with microwave band of wide attenuation range.
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Introduction

For construction of broadband attenuators the ab-
sorbing elements (AE) on the basis of the distributed re-
sistive structures [1] are used.

Realization of small (units and fractions of a deci-
bel) and big (more than 30 dB) attenuations on a sub-
strate of the set sizes confronts problems.

AE of big attenuations simply do not find room on
a substrate, and AE of small attenuations with their

small own length have big, depending on attenuation,
length of the input/output contacts. The latter bring a
hardly controllable contribution to attenuation as a re-
sult of the losses in the contacts and the capacitive cou-
pling between them [2, 3].

Topologies were offered and calculation was done of
AE based on the piecewise homogeneous resistive struc-
tures, which ensured construction of precision small-
sized attenuators and chip- attenuators of a wide range of
attenuations.
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Topology of a rectangular AE and its calculation

An elementary topology of AE with a piecewise ho-
mogeneous resistive film is presented in fig. 1. The de-
manded range of attenuations is ensured by a variation of
the values of the specific surface resistances of films p;
and p,. Calculation of AE (because of the symmetry it is
enough to consider only its half at y > 0) boils down to
solving of the boundary problem for Laplace equation in
areas I—III (fig. 1, a) by the method of division of the
variables under the following boundary conditions:

Upb,y) = Uy, Ul=b,y) =0, Uplx,c)=0
Uix, a) = Uplx, a), Uplx, d) = Upy(x, d),
dUu dUu
=1 aty=a,
dy dy
dUu dUu
= a1 y=4, (1)
dy dy

where Ufx, y) — field of potentials in i area of AE
(i= 1,11, III); Q= p;/p, — degree of heterogeneity of
a resistive film.

In case of an antisymmetric excitation of AE
(U, = =U, =1) online OM, U= 0 and for the field of
potentials of the structure of fig. 1, b we get:

+

UIZ)_bC )

M8

A,ch(a,y)sin(o,x);
0

0

= ZOBn{Ch[Bn(V — a)] + ch[B,(d — y)]}sin(B,x); (2)

U= 3 Cship(c ~ »lsin(p,);

a,, = nn/b, B, =n2n+ 1)/(2b).

For determination of coefficients 4,, B,, C,, we will
use the following conditions (1).

Conductivity Y; of the structure of fig. 1, b, numer-
ically equal to the force of the current between contacts
OM4M5 and M| M,, we find in the following way:

=1I

P o d

Idyatx—b (3)

In case of a symmetric excitation (U; = U, = 1) on
line OM, dU/dx = 0 (structure of fig. 1, ¢). Conduc-
tivity Y, of this structure is convenient to express
through conductivity of the structure of fig. 1, d with
the inverse boundary conditions:

44U ] €:9dU,
Y, = — Mgy + = [ —Hdy npu x = b.(4)

Matrix [ Y] of AE of fig. 1, a in accordance with the
bisector theorem [4] is defined as

¥ = 2[Y1+Y2 YI_YQI

Y- Y, Y+,
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Then for the input and output resistances and atten-
uation of the coordinated AE [5]:

11
R, = R = _ s
n out 2 Y1Y2
1+Y,/Y,+2 /Y,/Y,

g = 10lg /N /N dB 5)
1+Y,/Y,-2,/T,/Y,

In practically important case a = d the expressions
for Y| and Y, look like the following:

Yl=l‘_’ 1+§F(_1)”th(a_’1a)’
py b n=1 " a,a
=, 1 o]
c a ® nthlo,(c—a
I_BOZ’){lJF,ElD”(I) o,(c—a) }

Coefficients F,, D, are found from the following sys-
tems of equations solved by the method of reduction [6]:

n+1

§ F,(-1)
. 2
‘ 11_(213-’: 1)

x {1 +g—é’kth[[3k(c—a)]th((xna)} =1

n,

n+1

5 Db
§ 11 (2k+1)

x {1 T g—é’kth[an(c—a)]th([}ka)} =1 (7)

X

Experience of calculations shows, that an error of
about 1...3 % is ensured at the reduction of the systems
(7) to 8...10 order and retention of the corresponding
number of members in the correlations (6).

We should point out that at a/c =1 /2 due to the
identity of the systems (7) R,, = R,,, = pi/2JQ),
which coincides with the known result [7].

For short (¢/b > 3) AE, taking into account only the
first members in (6) we get:

l-a/c 1 _ 8,680

ale Jo’ ! £ ‘_1(1_‘_1)
2bA c

R, =R

113

b

out = 7
C

which at Q = 1 coincides with the results [7].

Fig. 2 presents calculations of AE with the piecewise
homogeneous resistive films (see fig. 1, a).

The workability of the technique was verified by
comparison with the results of modeling (the diver-
gence did not exceed 2 %) in Elcut 5.1 program com-
plex. At that, the heterogeneity of the distribution of
the current and power on the surface of AE was noted.




The maximal density of the current / (mA/mz) was ob-
served in the area of the input contact, and at a/c = 0,5
it was determined (at R;, = 50 Q) by correlation
1= 0,014exp(1,26 Q), poorly depending on b/a.

Topology of AE of a complex form and its calculation

A more uniform distribution of the density of the
current and power on the substrate of AE at the same
values of Q ensures AE (fig. 3, a).

AE presented in fig. 3, b (biplicate AE in fig. 3, a)
possesses the former attenuation ¢ and doubled input
resistance. For obtaining of the former R;, it is neces-
sary to reduce the value of Q the same number of times.

AE in fig. 3, ¢ with the boundary conditions turned
to AE (fig. 3, b) has the same value of ¢, and its input
resistance R;,. is connected with resistance R;,, by cor-
relation R;,. = 1/R;,;.

AE in fig. 3, d possesses the former value of atten-
uation ¢, and its input resistance appears to be twice as
little as the input resistance of AE (fig. 3, ¢).

At identical attenuations the input resistances of AE
(fig. 3, d and a) are connected by the same correlation
as AE (fig. 3, b and c). Therefore, it is enough to carry
out a calculation of only AE (fig. 3, ¢).

Having placed additional contacts on lines x = t and
x = — (at that, a possible error does not exceed 1 % be-
cause distortions of the field near new contacts are tak-
en into account substantially by the subsequent struc-
ture) we come to AE of fig. 1, a with the known addi-
tional resistances at the input and output. By finding
[Y] — matrix of new AE [5], we determine R;, and ¢
by (5).

Strict calculation of AE (fig. 3, ¢) is done by the
method of division of the variables (fig. 4).

In the modes of the symmetric (fig. 4, b) and asym-
metric (fig. 4, ¢) excitations we get the following for the
potentials in areas /—I1I:

U,=1—- -2 + ¥ Esh(a,y)cos(a,x);
a—-t n=0

Une = §0Fn8h[un(b + h = x)]cos[u,(a = »);

Ullcc = ng‘OMnSh(an)Sin[ﬁn(a - y)] +
+ 2 Ngsh(o,(a — y)]cos(a,x);
n=0
U,=1- a%r + ngoAnsh(ocny)cos(ocnx);

U, = ngansh[Bn(b + h — x)]cos(B,(y — a + 1)];
Uliea = iocnch[an()a — »lcos(a,x) +

+ 3 D,ch(p0eoslp, v~ a + ol

a,, = nn/b, B, = nn/t, pn, = 2n+ 1)/(27).

The boundary conditions look like the following:

Ux,0)=1, Uyb+ h,y)=0,
U](Xa a—1)= U[[](X, a—n), U[[[(J’, b) = U]](y, b),

dU; ) du,
— =0,i=1 ..,1II, — =0atx=b;
dx dx

du, dUy,

- = = t = —

0 0 aty=a —r,
O AxThe=e/ey

dU;
d_xl = 0 — for the symmetric and U; (x, a) = 0 — asym-

metric excitations (I = I1, I1]);

b ba
| = —ch—{-l—]—’i’dxand Y, = 1 | dU’cdxaty=().
Pro dy PL o dy

The further calculation is done similarly to the one
considered for AE of fig. 1, a. The proposed calculation
method of the considered AE is realized in programs
and included in CAD of the resistive structures of

ERKON Co., Nizhny Novgorod.

Conclusion

Calculation of AE was carried out on the basis of the
piecewise homogeneous resistive structures ensuring re-
alization of a wide range of attenuations on a substrate
of the set sizes. The results are used for development of
samples of the thin-film chip-attenuators with the sizes
of 1 X 1 X 0,25 mm, the range of 0.5...32 dB on the sub-
strates from aluminum nitride. They are of interest for
construction of small-sized microwave attenuators of a
wide range of attenuations.
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MCNOAb30OBAHUE MUKPO- U HAHOTEXHOAOIM B MPOU3BOACTBE
MAAOTABAPUTHBIX NMEPBUYHbLIX MICTOYHUKOB SAEKTPOTMTUMTAHUA

Ilocmynuna 6 pedaxuyuro 06.07.2016

CO@peMeHHble UCMOYHUKU INeKmPOnuUmanus A6AAI0MCA COCMABHOU 4acmbto paduoa/zelcmpomtoﬁ annapamypbol Hap000x03ﬂlic—
M6eHH020, B0€HHO020 U KOCMUHYECK02c0 HA3HAYCHUA. BPLZMICGX danHoll pa60mbt 6blNO/IHEH 0630]) NPpUHUUNOB co30aHus manoeaba-
PUMHbBIX 60300H08A5eMbIX nepeuUvHbIX UCMOYHUKOG6. Paccmampuemomcg 80Nnpocovl NPUMEHEeHUA 3gb¢eKle6Hblx mamepuanoe 31eK-
mpOHHOlZ MexXHUKU, 6 mom 4ucie U HaHOCMpYKmypupoeanHovlx, 6 Ka4ecmee OCHOBbl ¢yHKl{u0Ha/leblx CMpyKmyp UCmo4HUuKoes,
mexHoaocuu ¢0pMLlp06‘aHLl}l u MO0M¢LIK£ZI{L4L! 3/1eMEHmMOo8, Memooos cma6uﬂu3auuu Xapakmepucmuk ycmpoﬁcme, CHUJICEHUA No-

mepb 3Hepeuu npu npeobpa’eanull.

Karouesnie caosa: ucmounuk snexkmponumanus, oomonpeo6pazogamens, mepmonpeoopazoeament, MONAUGHbLU I1eMeHM, pa-

O0UOU30MONHBLI dNeMeHm, AKKYMYASMOop, HAHOCMPYKMYpa

BBenenue

IIpoGnema obecrieueHMsI OTpaCIe OTEUECTBEHHOM
MPOMBIIUIEHHOCTH, TA€ CO3AAETCS Y TPUMEHSIETCS] COB-
pemeHHasi POA, coBpeMeHHbIMU UCTOUHUKAMU 3JIeK-
TPONUTAHUS SIBISIETCS YacCTblO 3amayu oOecreuyeHUs
SKOHOMMYECKOI 0€30ITaCHOCTH CTpaHbI B 11ejioM [1].

HaubGosee BocTpeOOBaHHBIMU B Pa3IMUHBIX Cde-
pax 4eJoBEYECKOW AesITeIbHOCTU SIBJISIOTCS BO300-
HOBJISIEMBIE UCTOYHUKM 3HEpruu. [10CKOJNbKY TeXHM-
YeCKUI Mporpecc Hepa3phbiBHO CBSI3aH C Pa3BUTUEM
WHTETPATBHBIX MUKPO- M HAHOTEXHOJIOTUM, TIPU CO-
3MaHUM TEPBUYHBIX MCTOYHUKOB DJIEKTPOMMUTAHUS
OTpaBAaHHbBIM SIBJISIETCSI MCIOJb30BaHUE TOCTATOYHO
Pa3BUTBIX (GU3UKO-XUMHUYECKUX TTPOLIECCOB TEXHOJIO-
MU MIPOU3BOJACTBA U3AEINI UHTETPaJbHOM 2JIEKTPO-
HUKM, TPOTEKAOIIUMU JUOO C CYLIECTBEHHBIM W3-
MEHEHUEM TeOMETPUM TBEPIOU (a3bl, OO TONBKO C
M3MEHEHHMEM COCTaBa, CBOMCTB U CTPYKTYPBI BHYTPEH-
HUX objacteil, 6e3 CYIIECTBEHHOI0 M3MEHEHUsS Ieo-
METpUYECKUX pa3MepoB [2].

OCO0EHHOCTbIO HBIHEIIHEro 3Tara pa3BUTUSI Ha-
HOTEXHOJIOTUU SIBJISIETCS TO, UTO OH ITPEACTaBJISIET CO-
0ol mpolecc, B KOTOPOM HOBBIE CIIOCOOBI OIEPUPO-
BaHMSI MaTepUei UM O0BEKThI MPENOCTABISIOT HOBbIE
BO3MOXHOCTHU peaiM3alliid MPOBEPEHHBIM BpeMEeHEM
TEXHOJIOTUSIM U obecrieunBaloT Jydinue peiieHust. Ce-
TOIHS HAHOTEXHOJIOTHUsS TIPEACTABIISIET COOOM caMylo
JTUHAMMWYHYIO OTpacb HAyKW U TEXHUKHU |[3].

B nanHoIi myOauKaLMKy paccMaTpUBaIOTCs BapyaH-
ThI CO3/IaHUsI BO30OHOBJISIEMBIX (KpoMe Mpeodpa3oBa-
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TeJlel MEeXaHMYECKON SHEePruv B BJIEKTPUUYECKYIO) U
TMOPUAHBIX II€PBUYHBIX KMCTOYHUKOB 3JIEKTPOIIMTA-
HUS C UCTIOJIb30BAHMEM JTOCTUXKEHU MUKPO- Y HAHO-
TEXHOJIOTUMA.

DoTo31eKTPHYECKHE TIPeodpa3oBaTe]d

®dorosnekTpuueckue IpeodpaszosBarenn (DIII)
SIBJITIOTCSI OCHOBHBIM 3JIEMEHTOM COJIHEUHBIX Oara-
peii. st oTpaxkeHUsT pa3BUTUS TEXHOJOTMHU UX MU3TO-
TOBJICHUSI UHOTAA TMOJIb3YIOTCS MOHSITUEM "TIOKOJICHUE
(dotompeobpazoBareneit”.

ITepBoe nokoJyieHue hoTorpeodpazoBareyeii — 3To
KJIACCUYECKUE KPEMHMEBbIE 2JIEMEHThI C TPaAULIMOH-
HBIM p—n-TiepexogoM. Kak mpaBuio, 3TO TIACTUHBI
13 YUCTOIO MOHOKPHMCTAUIMYECKOrO MU TOJMKPUC-
Tasinyeckoro kpemHusi toiamuHoi 200...300 MKM.
Onu xapaktepusyrotcst Boicokum KITA (17..22 %) u
BBICOKOI ce0eCTOMMOCTRIO.

Bropoe nokonenue ¢goronpeodpaszoBaTescii TakxKe
OCHOBBIBAETCS Ha MCITOJIb30BAaHUM p—A-TIepexoa, Ol -
HAaKO HE UCIOJb3yeT KPUCTAULIMYECKUI KPEMHUI KaK
OoCHOBHOI MaTtepuan. OOBIYHO IPUMEHSIOTCS CIIEoy-
ole matepuainbl: Tenyp, KagMmuii (CdTe), cmech
Menu, uHaus, rauus, cejeH (CIGS) u amopdHbIi
KpeMHuil. Kak mpaBuio, TOJILIMHA TOIJIOLIAIOLIETO
CBET CJI0S TTOJTYTIPOBOTHUKA COCTABISIET BCeTO OT 1 10
3 mxM. IIpoliecc mpor3BoACTBa TaKUX (POTOIEMEHTOB
6oJlee aBTOMAaTH3MPOBAH U UMEET 3HAUNTEITHHO MEHb-
1y cedectTouMocTb. OCHOBHBIM HENOCTaTKOM BTO-
pOro MOKOJEHMS 2JIEMEHTOB SIBJISIETCSl MEeHblas 3¢-




(beKTUBHOCTD, YEM y 3JIEMEHTOB IIEPBOTO IMMOKOJICHUS,

KOTOpasi KojiebneTcsl B 3aBUCMMOCTU OT TEXHOJIOTUH B

nuarasoHe 7...15 %. B Hacrosiilee BpeMsi pbIHOYHAS

JIOJISI BTOPOT'O MOKOJIEHUST oKoJio 18 %.

TpeTbe nokoJieHUe oTonpeodpasoBaresieil Takxke
OTHOCUTCSI K TOHKOIUIEHOYHBIM TeXHOJOTHSIM. OHHU
JIMIIEHBI MMPUBBIYHOTO MOHATUSI p—Hh-TIepexoaa, clie-
JIOBATEJIbHO, ¥ UCTIOIb30BAaHUS MOTYITPOBOMHUKOB. Oc-
HOBHBIM HampaBjJeHUEM B Pa3BUTHUM SIBJISIETCSI CO3a-
Hue poTonpeodbpaszoBaTesieil HA OCHOBE OPraHUYECKUX
MOJMMEPHBIX MaTepuaaoB. [IpenMyliecTBOM 2jeMeH-
TOB TPETHETO MOKOJIEHUS SIBJISIETCS HU3Kasi cebecTou-
MOCTb M TPOCTOTa M3TOTOBJECHUSI, a HEAOCTATKOM —
HU3Kas 3(PHEeKTUBHOCTD, KOTOpast He TIpeBhITacT 7 %.
B Hacrosiiee BpeMsi peIHOYHAS OJISI TPETHETO MTOKO-
JIeHUs 5JIeMeHTOB He TipeBbimaer 0,5 % [4—7].

Pa3pabotka u coBepineHcTBoBaHe O B memsax
YMEHbILIEHUs TTOTePh SHEPTUU MTPOBOAUTCS B CJIEAYIO-
mmx HampaBieHusx [8§—10]:

e MHCITOJIb30BaHUE ITOJYIPOBOIHUKOB C OINTUMANb-
HOM JJTS1 COTHEYHOT0 M3yYeHHUs IIUPUHOI 3ampe-
ILIEHHOM 30HBI;

e HaIpaBJieHHOE YJIyUYllleHUEe CBOMCTB IOJYIPOBOI-
HUKOBOH CTPYKTYPBI ITyTEM €€ ONTUMAJILHOIO Jie-
TMPOBAHMS M CO3MAHUS BCTPOCHHBIX 3JIEKTpUYEC-
KMX TOJICH;

e TIEPEXOJ OT TOMOTEHHBIX K TeTEPOTEHHBIM W Baph-
30HHBIM TOJYIIPOBOAHUKOBBIM CTPYKTypaM;

e ONTUMU3AINS KOHCTPYKTUBHBIX MapameTpoB ®OI1
(rryOuMHEI 3aJIeTaHusT p—H-TIepexoaa, TOJIIIMHEI 0a-
30BOI'0 CJI0SI, YACTOThl KOHTAKTHOM CETKM U JIp.);

e TIPUMEHEHME MHOTO(PYHKIMOHAJIBHBIX OITHYEC-
KHX TOKPBITUI, 00€CTIeunBaIOIIMX MPOCBETICHMUE,
TepMoperyiaupoBanue u 3amuty ®OI1 oT KocMu-
YEeCKOU paaualuu;

o paspaborka ®BII, mpo3payHbIX B IJTMHHOBOJIHO-
BOI1 00J1ACTH COJTHEUHOTO CITIEKTpa 3a KpaeM OCHOB-
HOM MOJIOCHI MOIJIOLIEHUS;

e cosmaaue KacKamHeix ®DI1 u3 crienmaibHO Tom00-
pPaHHBIX MO IMUPUHE 3aMPELIeHHON 30HbI TTOJIYIIPO-
BOJHUKOB, ITO3BOJISIIOIIMX TPeoOpa3oOBbIBaTh B
KaXIOM KacKale W3JydeHHe, TMpOoIIeIiee Jyepes
NpEeabIAyIINi KacKa/l.

CrenyeT OTMETUTD, UTO MaKCUMaJlbHas 3¢ GheKTUB-
HOCTb B HACTOSIIIEE BPEMSI TOCTUTHYTA JUIS1 COJTHEUHBIX
OaTtapeii Ha ocHoBe cTpyKTypbl GalnP/GaAs/Ge (ko-
apdureHT (HOTORIEKTPUIYECKOTO IMpeodpa3zoBaHUs
32,0 %) [11].

KoHneHTprupoBaHe COTHEYHOTO N3TyYeHUS SIBIS-
eTcs o4yeHb 2(MGEKTUBHBIM CIIOCOOOM TMOBBILICHMS
KIIJI comneuHbix aneMmeHTOB. Ilpu olieHKe mpenenb-
HOI 2 (GEKTUBHOCTM MHOTONEPEXOAHBIX 3JIEMEHTOB,
COCTOSIIIUX M3 HECKOJIbKUX AECATKOB KackKaaoB, Tpe-
neapHbiii KITJ cocrabnser moutn 87 %. B ycnoBusix
KOCMOCa B KaueCTBe KOHLICHTPATOPOB MU3yYeHUs Ha-
nbosiee MEPCIEKTUBHO TTPUMEHEHUE JTMHEHHBIX JTIMH3
®penens [12].

HMcnonb3ys yrieponHble HAHOTPYOKM, OObeTMHEH-
HBIMM B TaK Ha3bIBaeMbI€ "COJTHEYHbIE BOPOHKHU", yUe-
HbIM ¢upMbl MIT-research ynanochb CKOHLIEHTPUPO-
BaTb B 100 pa3 GoJjbllie COMHEUHON SHEPrUM, 4YeM
OOBIYHEBIN oToaneMeHT [13].

[pyroe mprUMeHeHHE IOCTMXKEHUII HAHOB3JIEKTPO-
HUKW — ODpPUMEHEHUE CTPYKTYp U3 HAHOIIPOBOJIOUEK
KpEeMHHSI — TIO3BOJIMJIO TIOJIYYUTH OOJiee BBICOKOE
MOTJIOIIEHUE U3TyYEeHUsI B BHICOKOYACTOTHOM 00J1aCTH
BUIMMOTO CITEKTpa, 4eM TOHKasl IUIeHKa, Oiaromapst
OJHOBPEMEHHOMY JIEeHCTBUIO ABYX (paKTOPOB: HU3KOI
OTpaxKaTeILHOM CITIOCOOHOCTH U HYJIEBOMY IPOITyCKa-
Huio [14].

IMoBeiienue KIIJ conHeuyHbIX OaTapeil MOXeET
OBITh TOCTUTHYTO TaKKe IMPU WCIOJB30BAHUU TeTe-
POBRJIEKTPUKOB — MAaTepUaiOB, B KOTOPHLIX CIIEKTP
COJTHEUHOTO M3JIydeHHUS TIpeobpasyeTcs B M3TydeHIe
OIHOI YaCTOTHI, YTO MOBBIIIAET 3(PPEKTUBHOCTD Ipe-
o0pa3oBaHUsI CBeTa B 3JICKTPUUYECTBO. Y reTepos3JIeKT-
puyeckoro ortoanaeMeHTa 3(pPEeKTUBHOCTL IIpeodpa-
30BaHUS BUIMMOTO CIIEKTpa B 3JEKTPOSHEPIUI0 —
54 %, wHOpPaKpacHOro M3JIYyYEHUS B 3JIEKTPOIHEP-
ruio — 31 %, 4TO 3HAYUTEIbHO IIPEBBIIIACT CYIIECT-
BYIOIIIIE MUPOBBIe TToKa3ateiau (okojio 42 %); KpoMe
TOro, (POTO3JIEMEHT MMEET MAacCy ITOJIYIPOBOIHUKO-
Boro BeulectBa Ha 1 Bt sneprum B 1000 pa3 MeHble,
YyeM y U3BECTHbIX aHajoron [15].

TepmoaieKkTpHUecKHe Npeodpa3oBaTen

Cpenu npeuMyliecTB TEpMOTEKTPUUECKOTO Mpe-
o0pa3oBaHMUS i1 MHOTMX oOOJlacTedl IIpUMEHEHUs
MOXHO Ha3BaThb OTCYTCTBME ABMXKYLIMXCSI 4acTeil u,
KakK CcleJCTBUE, OTCYTCTBUE BUOpaLMid, TPEHUI, U3-
HOCa, a TaKXe HeoOXOMMMOCTH MCIOJIb30BaTh XKUI-
KOCTU WJM Ta3bl MOJA BbICOKMM aaBieHueM. OObeM-
HbIE TEPMODJIEKTPUUECKE TTPeoOpa3oBaTeIM YCIEIIHO
KOHKYPUPYIOT C TOHKOIJIEHOUHBIMU O OOJIBIIMHCT-
BY MapaMeTpoOB — MO0 MUHUATIOPHOCTH, XOJIOAUIbHBIM
napaMeTpaM W JAUHAMUYECKHUM XapaKTepUCTHUKaM
[4—7, 16—28].

Pacipenre BO3MOXKHOCTEH TepMOIJIEKTPUIECTBA
OCHOBAHO Ha MCIIOJb30BaHUM HOBBIX MaTepuaioB —
Ha KBAaHTOBBIX SIMax, CKYTTePYIMTOB, QYHKIIMOHATE-
HBIX TPaJMEeHTHBIX MaTepuaJioB U aAp. Benytcs uccie-
JIOBaHUS MO CO3JAaHUI0 TOHKOILJIEHOYHBIX YCTPOUCTB
B IMana3oHe MoIllHocTeil or HBT g0 necsaTkoB MKBT
C BBICOKMM HarnpskeHueM (1o 5B); ynenbHast mioT-
HOCTb MOIIHOCTM OCTaeTcsd IpU BTOM Ha YpPOBHE
60...90 MKBT/CM3. B kauyecTBe OCHOBBI TEpPMOBJIEMEH-
TOB MCITOJIB3YIOTCSI KDEMHUEBBIE KOMIIO3UITUU, TEJLTY-
pUI BUCMYTa, CJIOXHBIE ITOJYMPOBOIHUKMU (HAmpu-
MEp, B12T63/B12 _ bexTe3).

Pa3paboTKM TOHKOIUIEHOYHBIX MUKPOYCTPOMCTB
paccMoTpeHbl B pabotax [17—24]. Ha puc. 1 npen-
CTaBJIeHa CXeMa TePMOBJIEKTPUUECKOTO MUKpPOTeHepa-
TOpPa, BBIITOJHEHHOI'O C UCIIOJIb30BAaHUEM TOHKOILIE-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 4, 2017 245



ST

Puc. 1. Cxema TepMO3JIEKTPHYECKOTO MUKPOreHEpaTopa Ha KpeMHH -
eBOii OCHOBe: /| — HarpeBaTeb; 2 — KpeMHMeBas pama; 3 — TepMO-
3JIEMEHTHI; 4 — MEX3JIEMEHTHBIC COCIUMHEHUS

Fig. 1. Silicon-based thermoelectric microgenerator: 1 — heater;, 2 —
silicon frame; 3 — thermoelements; 4 — inter-element connections

HOYHBIX TEXHOJIOTMI Ha OCHOBE KPEMHHUEBOI'O MEJIKO-
JIUCIIEPCHOIO MOJIMKPUCTAJIMUECKOTO MaTepuara.

VYerpoiicTBO MOXET paboTaTh M KakK pagrou30TOII-
HbII MUKpOTreHepaTop, 1 KaK YCTPOMCTBO, B KOTOPOM
pOJib HarpeBaTessl BBIMIOJHSIET MOBEPXHOCTb YesI0Be-
YeCcKOro Teja, a XJagareHToM sBisieTcs Bo3myx. [lo-
JIOOHbBIE TEPMO3JIEMEHTBI MOTYT paboTaTh MPU Meperna-
ne temmepatyp S...10 K.

Panuon3oronneie 3JieMEHTBI

Panron30TOIMHEIC ICTOYHMKHY 3JIEKTPHUECKOM SHEP-
TUU MOTYT OCYIIECTBUTH TTPOPHIB B MUKPOIJIEKTPOHM -
Ke B cjlyyae MPUMEHEHUsT UX B MUKPOIJIEKTPOMEXaHU -
yeckux cuctemax (MOMC) u HaHoTexHoysorusix. OT-
MajgeT HeoOXOAUMOCTb B MCITOJIb30BAHUU MTPOBOJOB U
TpaHC(POPMATOPOB IJIT HOBOTO TOKOJIEHUSI MUKPO-
npubopoB. Pagnoun3oTonHble MCTOYHUKU OO0JIagaioT
GoJree BBICOKOM BBIXOMHOW ILTIOTHOCTHIO MOIITHOCTH,
yeM XUMUYeCKue 0atapen, He 3aBUCAT OT YCJIOBUI OK-
pyXalollleil cpeibl U MOTYT paboTaTh B OOJIBLIOM Jqua-
[Ma30He TeMIlepaTyp W AaBJICHUSI, aBTOHOMHBI W He
HYXXIAIOTCS B Mepe3apsiake.

[IpeoOpa3zoBare WOHUBUPYIOLIETO W3IyYECHUS
MOXHO pPa3leiWTh Ha JBEe TPYMIIBI: TEPMUUYCCKHE U
HeTepMuuyeckue. B Tepmuueckux npeodpaszoBaTeisix
SJIEKTPUYECTBO TEHEPUPYETCS 3a CUET Pa3HUIILI TeM-
neparyp. B KauecTBe MCTOUHMKA TEIUIOTHI B HUX MC-
MTOJTBL3YIOTCST PaZOM30TOITEI, a B Ka4eCTBe MaTepHaia
TEPMOBJIEKTPUUECKUX JIEMEHTOB — B OCHOBHOM TeJI-
JIypUJ BUCMYTa, KpPEMHUIi, repMaHuil (TemIiiepaTtypa
TOpSYETO CITasi B TIpeo0pa30BaTeIsIX MOXET JOCTUTATh
270 °C). DddeKTUBHOCTh TPpeodpa3oBaHUsI TAKUX UC-
TOYHMKOB BHEPIUU COCTaBIsieT okoyo 5 % [29—32].

HetepMudeckne pagnon30TOINTHBIE WCTOYHUKU
HCIOJIB3YIOT SHEPIUIO MaAalolero udydyeHus. B Hux
OCYIIECTBIIAETCS MO0 TIpsSIMOe TIpeobpa3oBaHMe, KOT-
Jla 3JIEKTPOHHO-ABIPOYHBIEC Mapbl TEHEPUPYIOTCS TPHU
MPOJIETe YAaCTUIIBI Yepe3 OeTaBOJIbTaMvecKylo Oara-
pelo, WiKn KocBeHHOe Ipeobpa3zoBanue. [Ipu KocBeH-
HOM IpeoOpa3oBaHUU SHEPrUsl PaauOaKTUBHOIO pac-
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naga (anbga- wid 6eTa-yacTULIBI) CHadaja mpeodpa-
3yeTcsl B BUAMMBIN WM JIETKWI YJIbTpadHroJIeTOBBIA
CHEKTp WU3Ay4YeHUs NpPU MCIOJL30BAHUU JIIOMHHEC-
LICHTHBIX MaTepHaJIOB, a 3aTeM CBET MpeoOpa3yeTcs B
BJIEKTPUUECTBO (pOoTOTaIbBAHUYECKUMU TTpeodpa3oBa-
TeJISIMU.

B xauecTBe MaTepualioB Ipeodbpa3oBareeii B 6eTa-
BOJIbTAMYECKHUX OaTapesix UCIOJIb3YIOT TpaaAullMOHHbIE
noayrnpoBogHuku. B [33] paccMOTpeH MCTOUYHMK ITH-
TaHUs1, COCTOSIIMIA U3 TEPMETUYHOIO KOpIyca, 3aroJi-
HEHHOTO TPUTHEM, B Cpelle KOTOPOTO pa3MellleH Tpe-
o0pa3zoBaTe/ib OeTa-U3JIy4yeHUsT B JIEKTPUUYECKUIA TOK,
M3TrOTOBJIEHHBIN U3 apceHuaa rajuius. B reueHue Bpe-
MEHU ToJlypacriana TPUTHUS apCeHUI-TaJIIMEBBINA ne-
TEeKTOp OeTa-4acTUll COXpaHsieT CIIOCOOHOCTb 3 dek-
TUBHOTO IpeoOpa3oBaHUs dHEPIuM OeTa-u3aydeHus
B 3JIEKTPUYECKUI TOK. DTO B 4 pasza OOJbLIMI CPOK
CIIyOBI, YeM IIPH MCITOIB30BAaHUM KPEMHUEBOTO TIpe-
oOpazoBaTteJs.

Hng ysenuueHus 3G @GEeKTUBHOCTA cOopa U TIipe-
o0pa3oBaHuUsI dHepruu OeTa-pacraga MCHOJb3yeTcs
CTPYKTYypa C pa3BUTON IMOBEpXHOCThIO. OlieHKa (-
(hekTMBHOCTU OeTa-mipeoOpas3oBaresieii Ha OCHOBE MUK-
pPOKaHAJIbHOTO KPEMHUsI TTOKAa3bIBaeT, YTO IPU ONTHU-
MaJIbHbIX 3HAYEHMSIX LIMPUHBI MUKpOKaHaia (3 MKM)
u paccTosHus mexay KaHanamu (10...12 Mxm) 1wiot-
HOCTbH TOKa TeHepallui MOXeT Jocturath 1600 HA/CMZ.
KoHcTpyKIIMST ¢ TpeXMEpPHBIM IUOAOM Ha ITOPUCTOM
KPEMHUM MO3BoJMAa yBeanuuTh KIT/ B aecsathb pas no
CPaBHEHUIO C TIJIOCKOI KOHCTpyKuuei [34].

B THL P® TPUHUTH (r. Tponuk, MockoBcKast
00:1.) pazpaboTaHbl (pr3nUYeCcKre IPUHLUIBI CO3TaHUS
CTallMOHAPHBIX NEKTPUUYECKUX TEHEPATOPOB HA OCHO-
B€ IOJITOKUBYIIMX PaIOAKTUBHBIX M30TOIOB. DHEP-
rusl paAMoaKTUBHOTO pacliaja cHayaa rpeoopasyercs
B yIbTpadUOJIETOBOE M3Iy4eHUE B pe3yibTaTe IIpo-
11I€CCOB SIIEPHO-CTUMYIMPOBAHHON (hIyopeclieHIIMH B
creluMaibHO MOJO0paHHOM rase, HallpuMep B KCEHO-
He, a 3aTeM dHeprusg Y® (oToHOB MNpeBpalaercs B
BJIEKTPUYECKYIO DHEPTUIO C MOMOIIBIO PaAUaALlMOHHO
CTOMKOTO aJiMa3Horo IpeodpazoBarensa. DPdeKTun-
HOCTh MpeoO0pa3oBaHUsI 3SHEPTUU PaIUOAKTUBHOTO
pacmana B yIpTpadroieToBOe U3IyUYeHNE B 9KCUMep-
HBIX cpenax MoxeT gocturathb 50 %, a 3¢ (HeKTUBHOCTD
npeodpa3oBaHUsl IHEPTUM YAbTPahUOJETOBOrO MU3Jy-
yeHUs1 B 3JIeKTpuueckylo — 70 %; 3To obecreuynBaet
KIIH paspaboraHHOro reHeparopa B 3...5 pa3 BbIlle
KIIJI cyliecTBYIOIIMX CUCTEM C UCII0JIb30BAHUEM TEIl-
JIOBOTO 1LIMKJIa WJIM COJIHEUHBIX OaTapeii [35].

MHKDOTOHJIHBHI)IC JJIEMEHThI

MUKpPOTOTUTMBHBIN 3JEMEHT (2JIEKTPOXUMIICCKIUIA
reHepaTop) — XMMUYECKUI MCTOYHUK TOKA, COCTOSI-
W 13 6aTaper TOTUTMBHBIX 3JIEMEHTOB, a TAKXKe CHC-
TEM XpaHEHMS W TOJayl peareHTOB, OTBOAA IPOIYK-
TOB peaklM, KOHTpOJIsS U yrnpapieHus [36]. Cxema-




TUYECKOe M300paXeHre TOIUIMBHOTO 3JIEeMEHTa IIpH-
BEJIEHO Ha pHUC. 2 (CM. YETBEPTYIO CTOPOHY OOJIOKKHU).

B MUKpOTOMIMBHON siyeiike OCHOBHBIM 3JIEMEH-
TOM SIBIISIETCSI LIEHTpajdbHas MeMOpaHa, Kaxmasl CTO-
pOHa KOTOPOHN MOKphITa CI0EM KaTajau3aTopa: OAWH
UL peakUMy C TOIUIMBOM, APYrod — IUISl peakLUuu ¢
KuciaopoaoM Bodnyxa. [Ipoliiecc B siuerikax MeTaHOI—
BO3AYX MpeACTaBisieT co00i nMpsiMoe Mpeodpa3zoBaHe
SHEPTUM TOIIMBA HA OCHOBE METaHOJIA B 3JIEKTPUYEC-
KYI0 MOILIHOCTb, I/Ie Ha BbIXO/Ie 00pa3yloTCsl TOJIbKO Ba
MPOAyKTa — AUOKCUJ yIjiepoja 1 BoasiHou map [37].

dnsa mpousBojacTBa MPOTOHOOOMEHHBIX MeMOpaH
KCIIOIb3YIOT (hTOPHOJUMEPBI C MIOHU3UPOBAHHBIMU 00-
KOBBIMU TPYyNIaMU Ha CBOMX LIeNSAX, MOJUYIJIEBOIO-
poabl U apyrue HeTOpUpPOBaHHbIE TTOJIMMeEpPHI. B Ha-
cTogdllee BpeMsl Hauboiee pacipoCcTpaHEHHOU MeMO-
paHoii siBasieTcsl mepdopupoBaHHasE MOHOOOMEHHast
meMOpana Nafion, pazpaboranHas komnanueir DuPont
B 1966 r. [Toutn Bce JOCTYITHBIE MEMOpPaHBI IJIST TOTI-
JIMBHOTO 3JIeMeHTa SIBIsIIOTCS MeMmOpaHamu Nafion.
Marepuanbl Ha OCHOBE TaKMX IOJHUMEPOB BbICOKO-
TEXHOJIOTMYHbI, U Ha HUX YAAaeTCs MoJydaTh J1OBOJbHO
BBICOKME XapaKTEPUCTUKU TpPU pabouyux TemIiepaTy-
pax no 90 °C [38].

OObeanMHeHUEe pa3HbIX TMOPUCTBIX CJIOEB (IABYX
9JIEKTPOAOB UM MeMOpaHbl) B €IMHON KPEMHUEBOM
TUIACTMHE JaeT BO3MOXHOCTb MOJYYUTh MOHOJUTHBIN
MeMOpaHHO-3JIeKTpOoAHbII 610K (MBOB), a npumeHe-
HUE METOJ0B KPEeMHHEBOW MUKPOMEXaHUKU IMO3BO-
JIUT co3IaTh IepudepuiiHble YCTPOMCTBA, IOJIYYUTh
MOHOJIUTHBII TOIUIMBHBIA 3jeMeHT. IlepcrnekTus-
HOCTh IIPUMEHEHUSI KPeMHUST O0YCIOBJIEHA €0 MHO-
royHKIIMOHAJIBHOCTBIO, KOTOpasi AaeT BO3MOXHOCTb
(opMupoBaTh Ta30MOABOISIIME KaHAIbI (MAKPOMOPbI
pazMepoM 1...10 MKM ¥ IUIOTHOCTBIO 10°...107 CM_2),
BJIEKTPOJIbl C HU3KUM YIEJbHBIM COMPOTUBJIEHUEM,
razonugy3noHHbIE CIOM Ha MOBEPXHOCTU KaHAJIOB,
KapKac JUisl TpOTOHIIPOBOSIIEC MEMOpPaHBI.

MemOpanbl 13 MNep@OpUpOBaHHOTO HMOHOMeEpa
Nafion mioxo coderalTcsl CO CTaHIAPTHBIMU MUKPO-
TEXHOJIOTUSIMU, a UBMEHEHUEe UX oObema TpU YBIaxk-
HEHUU MpeacTaBisieT 0oablIylo MpodiemMy, 0COOEHHO
B Mpoliecce ee COOPKU ¢ KpeMHMEBBIMU BJIEKTPOAAMU.
Hcrionp3oBaHre Me3almopruCcTOro KPeMHUS TTO3BOJISIET
M30JIMPOBaTh MeX Iy co0oit aHox 1 KaTon B MOb. Mo-
nudukaius ero NoOBEpXHOCTH WJIW 3allOJHEHUE Me3a-
MOp pa3MepoOM B I€CSITKM HAHOMETPOB MaTeprUaJaMHU C
MOHHON MPOBOAMMOCTBIO TTO3BOJISIET MOJYUYUTh apMU-
pPOBaHHBIN TBepAbIi aeKTponut. B [39] npemnoxeHa
KOMIO3UTHAsI MTPOTOHIPOBOSIIIAs MeMOpaHa, coaep-
Kalasi IMOPUCTYI0O KPEMHUEBYIO CTPYKTYPY, BBITIOJN-
HEHHYIO M3 MakKpOIOPHUCTOrO KPEeMHMSI, MOPbl KOTO-
POl 3aMOJIHEHBI 2JIEKTPOJIUTOM Ha OCHOBE MOJIMBUHU-
JIOBOTO CIIMpTa, 3TepuUIIMPOBAHHOIO (HEHOJICYJIb-
¢dokucIoTaMN.

TpanuIIMOHHO KaTaJIUTUYECKWE CIIOM Ha MPOTOH-
MPOBOASIIYI0 MEeMOpaHy MOTYT ObITb HAHECEHBI C TO-

MOIIBIO PACTIBUIEHUST KaTAIMTUYSCKUX YepHUIT (KaTta-
JIN3aTOp Ha YIJEPOJIHOM HOCUTEJNIE B CMECH C KUIKUM
"Hapuonom"). B mociemHee BpeMs IS CHIDKEHMUS
pacxojga gparMeTajuioB U TOJAYYEHUST YIbTPaTOHKMX
CJI0€B DJIEKTPOKATATIN3aTOPOB MCITOIB3YIOT BAKYYMHOE
(busnueckoe U XMMUUECKOE OCAKACHUE, a TAKKE 3JICK-
TPOXMMHUYECKOE OCAXKICHUE KaTaanu3aTopOB, KOTOPOE
pPE3KO YMEHbIIIAET CTOMMOCTb WU3JIEIUIl U TIOBBIIIACT
Ko puimeHT ucnonb3oBaHus KaTtaiausaTopa. C 1o-
MOIIBIO BAKYYMHOTO (PU3NYECKOTO OCAXKIECHUST MOXHO
co31aBaTh TOHKUE U CJIOXHBbIC MO (opMe KaTaJluTU-
YeCKUEe CJIOM HEIMOCPEACTBEHHO Ha MOBEPXHOCTU MEM-
OpaHbl. DKCNEPUMEHTAJIBHO OMpeaeaeHo, YTO HaHO-
YaCTHIIHI TUTATUHEI SBIISIIOTCS B 4 pa3a 6ojiee aKTUBHBI-
MU KaTalnu3aTopaMu, 4eM KpyIHbie yacTulbl [40—42].
B HacTos1ee BpeMs co3galTcsl 0e3aMeMOpaHHbIE
TOTJIMBHBIE 2JIEMEHTHI, B KOTOPBIX TOTIJIMBO M OKWC-
JINTEIb CIUBAIOTCS B BUIE CTPYU KUIKOCTU B MUK-
pokaHayie. B Takux ajieMeHTaX MOTYT OBITb UCITONb-
30BaHbl CTAaHJAPTHBIE TEXHOJOTUU W3TOTOBIIEHUS
MHUKPOCXEM, WCKIIOUeHBI OTHOCUTENBHO CIIOXHBIE
noMnoBble Hacochl [43, 45], a yaenbHass MOUIHOCTb
"cxkuraHus”" TOIJIMBA MOXET gocturath 385 Bt/n.

AKKYMYJIITOPBI

TexHOMOTMM W3rOTOBIECHUSI AKKYMYJISITOPOB He-
MPEPLIBHO Pa3BUBAIOTCS, U HA CMEHY TPaIULIMOHHO
WCIIOJIb3YeMbIM HMKeJIb-KaJIMUEBBIM U HUKEb-Me-
TAJUITUAPUAHBIM OaTapesiM TPUILUIM JTUTUH-MOHHbIE,
obOyamalonyie BHICOKMMM 3KCIIyaTallMOHHBIMU Xa-
pakTepucTUKamMu (HampuMep, CaMbIMU BBICOKUMU
YPOBHSMU YAETBHON €MKOCTH W TUIOTHOCTH pa3psii-
HOTO TOKa) [46].

IToBbIllIEHWE €MKOCTU MAalorabapUTHHIX aKKyMYy-
JISTOPHBIX OaTapeil MOXeT ObITh MOJIYYeHO 3a CUET UC-
MOJIb30BaHUSI DIIEKTPOAOB Ha OCHOBE T'OMOTEHHOIO
CMPECCOBAHHOTO PacTBOpa 3JEKTPOIPOBOAHOTO KOM-
IMOHEHTa M aKTUBHOIO MaTrepuaa, CIIOCOOHOro IoT-
JIOIIATh U BHIIEJISATH JIUTHI B TIPUCYTCTBUU 3JIEKTPO-
JINTA; TIPU 3TOM ITOPUCTOCTb CIIPECCOBAHHBIX JJIEKT-
ponoB coctapisieT oT 25 10 90 %. AKTUBHBIIM MaTepu-
aJl UMeeT CTPYKTYPY MOJBIX cep C TOMIIMHON CTEHKA
g0 10 MKM UM CTPYKTYpPY arperatoB UM arjioMepa-
TOB ¢ MAaKCUMAaJIBHBIM padMepoM 30 MKM, IIpH 3TOM
cemaparop, pasaelisiolinii 1Ba 00beMHBIX 3JEKTPO/A,
COIEPKUT BHICOKOIIOPUCTHIN 3JICKTPOUIOISIIIMOHHBINA
KepaMUUYEeCKUIA MaTepuaj ¢ OTKPLITBIMU ITOPAMU U T10-
puctocthio ot 30 10 95 % [47].

Bo Bcex MUTHIT-MOHHBIX aKKYMYJISITOpaX, TOBEACH-
HBIX 10 KOMMEpPLUUAIU3alN1, OTPULATEIbHBINA 3JIEKT-
pOI WM3TOTAaBIMBAETCSI W3 YINIEPOMNHBIX MaTepPHAJIOB.
M3yuyatoTcsl CTpyKTypbl Ha OCHOBE 0JioBa, cepebpa u
MX CIIJIAaBOB, CYJb(PUIBI 0710Ba, (GocPoprabl KOOAIbTa,
KOMIIO3UTHI yIJIEpoJa ¢ HAaHOYACTULIAMU KpeMHUS [48].

IToBBIllIEHHAsT TI0 CPAaBHEHUIO C TPaAULIMOHHBIM
rpauToM yaeabHasi eMKOCTb KPEMHMUSI MPU BHeIpe-
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HUU JIMTUSI TIO3BOJISIET MCIIOJIB30BaTh €r0 B KauyecTBe
aKTMBHOIO MaTepuaja OTPULIATEIbHOIO 2JIEKTpPOoJa B
JINTUI-NOHHBIX aKKyMYJISITOpax, paboTalolnux IIpu
MOHMXEHHOI TeMmnepaType, BIioTh 1o —40 °C.

KpeMHueBblii aHOI B JIUTUA-MOHHBIX 3JIEMEHTaX
MUTaHUS MMEET JiBa KJItoueBbIX HegocTarka. [lepBbiit —
HM3Kasl KyJIOHOBcKasl 3(p(peKTUBHOCTb, T. €. 3apsi,
repeaaBaeMblil Yepe3 KPeMHUEBEIN 2JIEKTPOI, WCITHI-
ThIBaeT 3HAUYMUTEJbHbIE IOTEpU. BTOpOIt, 1 Oojiee 3HaA-
YUMBbIA, COCTOUT B TOM, YTO NPU KaXJOM LIMKJIEe 3a-
pPSAIKA KPEeMHUEBBII MaTepraa CKUMAaeTcsl M pacliy-
psetcs 10 300 %. DTo MpUBOIUT K 0Opa30BAHUIO TpE-
LIMH, YMEHBIIAIOIIMX TTPOU3BOIUTENIBHOCTh OaTapeu,
co3/1aeT KOPOTKHUE 3aMbIKaHUsI U B KOHEYHOM UTOTre
paspyIraer 3JeMeHT IMUTaHUS.

CylIecTBEHHO, YTO 3JIEKTPOIbl HAa OCHOBE HAHO-
KpeMHUST pabOTOCIIOCOOHBI B KOHTAKTe C 3JIEKTPOIU-
TOM Ha OCHOBE MpOITUIeHKapOoHaTa, B OTIIMYME OT I'pa-
(buTOBBIX 371eKTPOAOB. 151 yBeIMUEHUS YACIbHON eM-
KOCTUM W TOBBIIIEHUSI KYJIOHOBCKON 3(h(heKTUBHOCTU
OTpULIATEIBHBIX 3JIEKTPOAOB B MpoLeccax 3apsiaa v pa3-
psiia B JIUTUU-MOHHBIX aKKyMyJITOpax IpeaioXeH
TOHKOILJICHOYHBII MaTepuall aHoAa, C(pOPMUPOBAHHBII
M3 HAaHOPa3MEPHBIX KJIACTEPOB KPEMHUSI B 000JIOUKE U3
IByOKMCH KpeMHUs. [I1eHKu moryyaloT B Iia3me mar-
HETPOHHOTO pa3psaa, comepxkaieii 1...3 % xkuciopona
o oobemy B aprone. ComepxaHue IBYOKHUCU KPEMHUS
B IUIGHKE HaxomauTcs B mpenenax 16...41 macc. %, a
HaAHOCTPYKTYPUPOBAHHbBIN KPEMHUI B 000JI0UKE IBY-
OKHUCH KPEMHMSI UMEEeT KJIACTEPHYIO CTPYKTYpY C pa3-
MepaMmu KjacTtepoB 5...15 aM [49].

AHOJIl HA OCHOBE KPEMHUEBBIX HAHOTPYOOK C JBOM-
HBIMM CTEHKaMHu 00JIaJaeT MOBBILIEHHON MPOYHOC-
Tbto. HaHOTPYOKM TOKPBITHI TOHKUM CJIOEM OKCHUIa
KpPEeMHUSI, KOTOPBIA SIBJSIETCS] JOCTATOYHO TMPOYHBIM,
YTOOBI MelllaTh MX paclliMpeHuo. Takol aHOd MOXKeT
BoiAepxkath 6000 LKMKIOB 3apsaa/pa3psaa 0e3 3HAYM-
TeJIbHbIX MOBpeXAeHU. biarogapsi aToMy aHoLy eM-
KOCTb JIUTUM-NOHHBIX OaTtapeil TeOpeTUUYeCKU MOXKHO
nonHaTh B 10 pas [50, 51].

B [52] npencraBiieH KpeMHUEBBIN 2JIEKTPOA s
baTapeu, colepxXallliii KPEeMHHUEBYIO TIOMIOXKY WU
CTPYKTYpY "KpeMHUI-HA-IUINEKTPUKe" C 3aKperieH-
HBIM Ha Heil MaCCHMBOM CYOMUKPOHHBIX KPEMHUEBBIX
CTepXKHel, MoKphIBalolleM He 6ojee 0,5 ruolaau mo-
BepxHocTH. Pasmep crepxneii cocrasmster 0,1...1,0 Mkm
B nuametpe u 1...10 mxm B Boicoty. IIpu usrorosne-
HUM MacCHUBa CTEPXKHEU UCIOJIb3yeTCsl U30JUpPYIoIIas
(ocTpoBKOBasi) autorpadus, A Yero Ha IOIJIOXKKY
BaKyyMHBIM OCQXIEHHUEM HAHOCST IUJIEHKY XJopuaa
1Ie31sI, pacTBOPSIIOT €€ B BOAe C 0Opa3oBaHUEM Ha I10-
BEPXHOCTU MOIJIOXKKMU Toaychepruyeckux U30JUpo-
BaHHBIX YYaCTKOB, a 3aTeM IPOBOAST UOHHO-TyYeBOE
TpaBJieHHE Yepe3 MacKy XJIopuaa Le3usl.

[ToaTBepkaeHa BO3MOXHOCTh CO3IaHUSI MUKPO-
CKOINMMYECKUX JIMTUEBO-UOHHBIX aKKYMYJISITOPOB, B TOM
YHcie pacrnedyaTaHHbIX ¢ ToMomibio 3D-mipuHTepa [53].
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FHGDH,I{HLIB HCTOYHHUKH JJICKTPONUTAHUA

K rubpugHbplM ManorabapuTHBIM HCTOYHUKAM
9JIEKTPONUTAHMSI, IO MHEHUIO aBTOpaA, CJeAyeT YCIOB-
HO OTHECTHU YCTPOWCTBA:

— peanusymolre Croco0bl Mpeodpa3oBaHUsl pas-
JIMYHBIX BUIOB HEPIUMU B IJMEKTPUUYECKYIO, KOTOpbIE
OTJIMYAIOTCS TI0 COBOKYITHOCTH, TIOPSIIKY W YCITIOBHUSIM
COOBITUI OT pa®OThl TPAAULIMOHHO KJIacCUpULUpye-
MBIX MCTOYHUKOB;

— BKJIOYamIMe B ce0si COOCTBEHHO TeHepaTophbl
BJIEKTPUUECKON SHEPTUU U €€ HAKOIUTEIH.

PaspaboranHbie TexHojoruu "energy chip" mosso-
JITIOT CO3IaTh TEPMOBJICKTPUUECKHE TeHEepaToOphl, B
KOTOpBIX KamMepa CropaHus TOILIMBA OTAEJeHa OT MC-
TOYHWKA 3JIEKTPOSHEPTUU. DTO MO3BOJUT UCITOIB30-
BaTh JIO0OI BMI TEIUIOTHI IJISI TIOJNYYEHUST DJIEKTPU-
YeCcKOM 3Hepruu, B TOM YKC/ie TPUPOIHbIE UCTOUHUKU
TETJIOTHI M aTOMHYIO 3Hepruto. Takske MOXHO UCTIONb-
30BaTh JIIOOOM BU YIJI€BOAOPOAHBIX TOTUIMB B HAU0O-
Jlee ONTHMAJIbHOM peXXMMe KaTaJUTHYeCKOTO Tope-
HUSI, YTO PE3KO YMEHbBIIAET 3arpsi3HeHUE OKpPYKaro-
meit cpensr [43].

B pabGote [54] onucaH TepMoreHepaTop Ha OCHOBE
KaTaJIMTUYECKOro CropaHusi Ha MeMOpaHe. YcTpoiic-
TBO MMeeT KaHaJl JJIg BXOJA Ta30BO3IYILITHON CMeCH,
BBITPABJICHHbIA B KPEMHUEBOM ILIACTUHE, MOKPBITHIA
TOHKOI MeMOpaHO# U3 HUTPUIA KPEMHUSI, U BBICOKO-
TeMIepaTypHylo 6atapeio Ha ocHoBe Si—Ge. ['enepa-
TOp CTaOMJIbHO paboTaeT IMpU CropaHWM BOAOPOIA,
aMMMaka win oyraHa rpu temrieparype a0 500 °C; BbI-
XOJIHO€ HaMpsDKEHUE COCTaBisieT okoyio 7 B, moli-
HOCTb — 75 MBT.

Paspaboran "cniMHOBBIM akkymyssaTop” (spin bat-
tery), KOTOpBIii "3apsikaercs’” py BO3IEHCTBUU CUJTb-
HOTO MarHUTHOTO TOJISI Ha HAHOMArHUTHI B TYHHEb-
HBIX MarHUTOPE3UCTUBHBIX aneMeHTax (MTJ), T. e.
MO3BOJISIIOIIMI MPeoOpa3oBbIBATh YHEPIUIO B DJIEKT-
pUYECKyl0 0e3 IMPOMEXYTOYHBIX XMUMUYECKUX peak-
uuit. CTpyKTypa 3TOro akKyMyJsiTopa, UCIIOIb3yIoLIast
B KauecTBe (PYHKIMOHAIBHBIX MaTEePUAJIOB TOIYIIPO-
BOJHMKOBBIE COeAVMHEHMs Tpynnbl AsBs, npuseneHa
Ha puc. 3 [55] (cM. 4eTBEPTYIO CTOPOHY OOJIOXKKH).

SITTOHCKMEe WHXEHEPHl CO3Maay IOIYyIpO3pavHbIi
JIUTUI-UOHHBIM aKKyMYJSTOP C TOHKOIJIEHOYHBIMU
snekTpoaamMu ToiauHon 80...90 HM. AKKyMYJISITOPbBI
3apsIKaIOTCSA OT COJTHEYHOIO CBETA WJIM APYTOTO SIPKO-
ro MCTOYHMKA OCBellleHUs. B oTCyTCTBUE COJTHEUHOTO
CBeTa MaTepuajl JTOBOJBHO XOPOIIIO IPOITYCKAET CBET:
Tak, Ha BojiHe 550 HM, COOTBETCTBYIOLIEH 3€JECHOMY
CBETy, MPO3PAuHOCTh Pa3psKEHHOTO aKKyMYJISITOpa
cocrapisieT okoyio 60 %. B mpucCyTCTBUM COJIHEUHOIO
CBeTa aKKyMYJIATOp HauyWHAET HaKaIIUBaTh 3apsi,
YBEJIMUMBAETCS TJIOTHOCTD JIUTHSI Ha 2JIEKTPOIAX U U3-
MEHSIeTCS] BaJICHTHOCTh MaTepuajia, Tak 4TO YPOBEHbB
npo3pauyHocTu cHukaercs 10 30 %. OCHOBHBIM KOM-
TOHEHTOM 2JIEKTPOJIUTA IS MOJIOXKUTEJIbHOTO JIEKT-




pona 6b11 LisFey(POy)5 (LFP), a s orpuuareibHOro
anekrpona — LiyTisOy, (LTO) n LiPFg (rexcadrop-
dochat auTust) [56].

K ycropoiictBam BTOpPOro Tvma OTHOCSATCSI MpPeXie
BCEro MOHUCTOPHI (CYNEePKOHAEHCATOPHI, NBYXCIOHbIE
BJIEKTPOXUMUYECKUE KOHIEHCATOPHI), (DYHKLIMOHAIBHO
MpeacTaBstonie coooil TMOpuI KOHAeHcaTopa U XU-
MMYECKOro UcTouyHuKa Toka. OCHOBHas1 00JacTb Ipu-
MEHEHUSI — MCTOYHUKU Pe3epBHOrO mutaHus [57].

IMpenmyiecTBa cynepKOHIEHCATOPOB 3aKITI0YAIOT-
Cs B BBICOKOH CKOPOCTHM 3apsiiKi W pas3psiaku (KOH-
neHcaTophl 3apskarorcss npumepHo B 100...1000 pas
ObICTpee aKKyMYJISITOPOB), MPOCTOTE 3apsITHOIO YCT-
pOMCTBa, JAOJTOBEYHOCTU, B KOMITAKTHOCTU IO CpaB-
HEHUIO C JIEKTPOJUTUYECKUMHU KOHIEHCATOPaMHU T10-
JIOOHOI €MKOCTU, HU3KON TOKCUYHOCTU MaTepuasoB.
IIpuMeHeHe HAHOCTPYKTYPMPOBAHHBIX MAaTepUaiOB
MO3BOJISIET YBEJMYUTh EMKOCTb U CPOK CIIyXObI. I1pu
HCTIOJIb30BAHUY TEXHOJOTUM KAIMMJUIIPHOTO CXATHS
reJeo0pasHbIX rpadeHOBBIX IJIEHOK B IMPUCYTCTBUU
>KUJIKOTO 3JIEKTPOJIUTA MOXHO CO3/1aBaTh rpadeHOBbIE
JIMCTHI C BBICOKOM MJIOTHOCTBIO M YETKOM IIPOCIOUKOMN
CyOHaHOMETPOBOI'O YPOBHSI MeXHy aucramMu. I[lpum
3TOM KMIAKUIA 3JEKTPOJUT UTIPAET ABOMHYIO POJIb: CO-
XpaHsieT MUHUMAaJIbHBIN 3a30p MEXIy JUCTaMU rpacde-
Ha ¥ TIPOBOIUT DJIEKTPUIECTBO. YIAJIOCh CO3MaTh CY-
MEePKOHAEHCATOP C IJIOTHOCTbIO XpaHEHMSI dHEPruu
60 Bt - u/n [58].

B kauecTBe MPWHIMITMAIBEHO HOBOW OCHOBHI IS
COJIHEUHOTO "aKKyMYyJIITOpa" MpemioKeHO UCIIOJb30-
BaTb CUCTEMbI, COCTOSILIME U3 YIJIEPOAHBIX HAHOTPY-
00K, MOIM(PUUMPOBAHHBIX C MOMOIIbIO a300eH30J1a
[59]. IIpuHLIMIT AEICTBUSI 3TOTO YCTPOMCTBA 3aKI04a-
€TCS B COXpaHEHUH TEIJIOBOI SHEPTMH COJIHIIA 32 CUET
XMMUYECKHUX CBsI3el (hOTOMepeKIoyaeMblX MOJIEKYII.
[1pu morIoLIeHNY COTHETHOM SHEPTUU MOJICKYJIHI TTe-
PEXOMASIT U3 OMHOTO COCTOSIHUS B APYToe, IIPU 3TOM U3-
MEHSIETCSI TOJIbKO TeOMETPUSI CAMUX MOJIEKYJT, a XUMMU -
YECKMUX PEAKILMi HE MPOMCXOAUT; Pa3HMULA SHEPTUN
BCEX MOJIEKYJI BEellIeCTBa B YKa3aHHBIX COCTOSIHUSIX SIB-
JIIETCS TeM KOJMYECTBOM B3HEPTUM, KOTOPOE MOXET
OBITh 3aaceHO MOAOOHBIM "aKKyMyasiTopoMm”. B maH-
HOM CJIy9ae HaHOTPYOKHM HCIIOIB3YIOTCS IS TOTO,
yTOOBl O0ECTEeYUTh B3aMMOIEHCTBUE MEXIY IBYMS
MoJieKylaMu azobeHsona. [locne BblIENICHUS] HAKOM-
JICHHOM SHEpPruM B BUOE TEIJIOTHI BEIIECTBO MOXKET
"mepe3apskaTbesl” C MOMOIIBIO COJHEYHOTO CBETa;
IpU 3TOM B cliyyae ¢ "UAeadbHBbIM AKKyMYJIsITOpOM"
LIMKJI MOXKET IMOBTOPSITHCS 10 6ECKOHEYHOCTU, 6€3 10-
TepU TIPON3BOIUTEILHOCTH.

3akmoyeHue

Nupyctpust majorabapuTHBIX UCTOYHUKOB 2JIEKT-
pOMUTAHUS MpPEeACTaBIsIeT OOBOJHLHO HAyKOEMKUA
CEKTOpP COBPEMEHHOTO MPOMBIIIJIEHHOTO MPOU3BOIC-
TBa. [losiBNieHWe MHTErpajibHbIX MUKPOTEXHOJOTUIA

CTaJI0O BO3MOXHBIM Oaromapsi pa3paboTke psga 0a3o-
BBIX TEXHOJIOTUYECKHUX MPOLIECCOB: OCaXIEeHUs Mare-
pHUajoB, Tepepacripeie/ieHrsT aTOMOB BeIlleCTBA M UX
pa3MepHoii 00paboTku. Ilepexon OT MUKPOTEXHOJIO-
TMii K HAHOTEXHOJIOTUSIM COMPOBOXKAAETCS BOBJIeUE-
HUEM B cepy aKTUBHOTO MPUMEHEHUS KaK TPaaUII -
OHHBIX MaTepuaJioB (HanpuMep, KpeMHUSI B pa3IMUHbIX
CTPYKTYPHBIX COCTOSIHUSIX), TaK U HOBBIX CJIOXKHBIX
MOJYIPOBOAHUKOBBIX CTPYKTYP MU HaHOCTPYKTYPHBIX
koMmmo3unuit. C yMEHbBIIIEHUEM pa3MepOB 3JIEMEHTOB
MPOUCXOIUT TAKXKE CMEIEHUE MPUMEHSIEMbIX CIIOCO-
00B 00pabOTKM B 00J1aCTh MPELUMU3UOHHBIX BBICOKO-
OHEPreTUYECKUX TEXHOJOTUi (MOHHAsl UMIUIaHTalUs,
TUIa3MOXMMUYECKOE TPaBJIECHUE), CO3AAETCS 000PYIO-
BaHUeE ISl MX peaiM3alliid U COOTBETCTBYIOIIAS HAYY-
HO-ITPOM3BOACTBEHHas1 0a3a.
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Introduction

Power supplies provision for the national industry
dealing with radioelectronic devices creation and use is
a part of the task of country’s economic security pro-
vision [1].

The greatest demand there is for renewable energy.
Since technical progress is inseparably connected with
integrated micro- and nanotechnologies development, it
is feasible to use the developed physicochemical process-
es for primary power supplies production [2]. The proc-
esses in question imply that considerable changes occur
in the whole solid phase’s geometry or only in solid
phase’s inner areas’ composition, properties, and struc-
ture, leaving the geometric dimensions basically intact.

A feature of the current stage of nanotechnology de-
velopment is being a process, in which matter treatment
methods or objects themselves offer new opportunities
for approved technologies realization and ensure find-
ing better solutions. Nanotechnology is presently the
most dynamic sector of science and technology [3].

In the present paper, versions are discussed of re-
newable primary energy supplies (except mechanical-
to-electric energy converters) and hybrid primary en-
ergy supplies creation using the achievements of micro-
and nanotechnologies.

Photoelectric transducers

Photoelectric transducers are the main elements of
solar batteries. The term "photoelectric transducer gen-
eration" is sometimes used to describe the development
of the transducer production technology.

First-generation photoelectric transducers were
classical silicon elements with the traditional p—# junc-

tion. As a rule, those were plates of pure mono- or poly-
crystalline silicon 200 to 300 um thick, whose efficiency
(17...22 %) and production cost were rather high.

The second-generation of photoelectric transducers
are also based on p-n transition use, but they do not
need silicon as the basic material. Tellurium/cadmium
(CdTe) and copper/indium/gallium/selenium (CIGS)
mixtures are the usual bases, as well as amorphous sil-
icon. The thickness of these semiconductors’ light ab-
sorbing layer is usually within the range of 1 to 3 um.
The level of these photoelectric transducers production
automation is higher and the production is cheaper
than those of the first-generation supplies. The main
drawback of the second generation is the efficiency
fluctuating within the range of 7 to 15 %, depending on
technology, which is lower than that of the first-gener-
ation transducers. The market share of the second gen-
eration is about 18 %.

The third generation of photoelectric transducers is
also produced by thin-layer technologies. They lack the
conventional p-n transition and, consequently, are not
based on semiconductors. The main production devel-
opment trend is photoelectric transducers creation
based on organic polymer materials. The advantage of
the third-generation elements is their low production
cost and easiness of manufacture, while its drawback is
low efficiency not exceeding 7 %. The market share of
the third generation does not exceed 0.5 % [4—7].

The directions of photoelectric transducers develop-
ment and perfection for energy loss reduction are as fol-
lows [8—10]:

e use of semiconductors with the forbidden band
width optimum for solar radiation;
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o targeted enhancement of semiconductor structure’s
properties via optimum doping and built-in electric
fields generation;

e replacement of homogeneous with heterogeneous
and variband semiconductor structures;

e optimization of photoelectric transducers’ design
parameters (p-n junction depth, base layer thick-
ness, contact grid spacing etc.);

e using multipurpose optic coatings ensuring antire-
flection, thermal control, and photoelectric trans-
ducer protection against cosmic radiation;

e development of photoelectric transducers transpar-
ent in the long-wave part of the solar spectrum, be-
yond the boundary of the basic absorption band,;

e cascade photoelectric transducers creation using sem-
iconductors with the forbidden band width selected in
such a way that in each cascade the radiation that has
passed the previous cascade is converted.

It should be noted that the maximum efficiency has
been achieved for GalnP/GaAs/Ge-based solar bat-
teries with the photoelectric conversion efficiency of
32.0 % [11].

The concentration of solar radiation is an efficient
method for elements’ efficiency improvement. Esti-
mated maximum efficiency of multi-junction elements
comprising a few tens of cascades makes almost 87 %.
In space environments, linear Fresnel lenses as the ra-
diation concentrators are the most promising [12].

Using carbon nanotubes arranged into a "solar fun-
nel" has enabled a research team from Massachusetts
Institute of Technology (MIT) to concentrate solar en-
ergy 100 times more than a common photocell [13].

Another achievement of nanoelectronics, i.e., sili-
con nanowire structures, provide for higher radiation
capture, as compared to a thin film, in the high-fre-
quency region of the visible spectrum, due to the si-
multaneous action of two factors: low reflectivity and
zero transmission [14].

An increase in solar battery efficiency can also be
achieved by using "heteroelectrics" — materials in
which solar radiation spectrum is transformed into sin-
gle-frequency light, thus increasing the light-to-elec-
tricity conversion efficiency. The efficiency of a "hete-
roelecric” photocell is 54 % for visible light and 31 %
for IR radiation, this considerably surpassing the world
parameters of about 42 %. Besides, the mass of semicon-
ductor per 1 W of energy for this photocell is 1000 times
less than that in the known analogs [15].

Thermoelectric transducers

One of the advantages of thermoelectric transducers
is the absence of moving parts and, consequently, the
absence of vibration, friction, wear, and the necessity to
use liquids or gases under high pressure. Volumetric
thermoelectric transducers successfully compete with
the thin-film ones in the majority of parameters: dimin-
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utiveness, refrigerating parameters, and dynamic char-
acteristics [4—7, 16—28].

The use of new materials such as quantum well ther-
moelectrics, skutterudites, functionally gradient mate-
rials and so on can be considered as the expansion of
the capacities of thermoelectricity. R&D works are in
progress aimed at the creation of thin-film devices with
the capacities within the range from nW to tens of uW
at high voltage (up to 5 V); specific power density of the
devices remains at the level of 60...90 uW/cm3 . Silicon
compositions, bismuth telluride, and complex semi-
conductors (for instance, Bi,Te;/Bi, _ Sb,Te;) are
used as the base of the thermoelements.

Thin-film microdevice developments are considered
in [17—24]. A schematic diagram of a thermoelectric
microgenerator based on finely dispersed silicon poly-
crystalline material obtained by thin-film technology is
presented in the fig. 1.

The device may operate as both radioisotope micro-
generator and a device, in which air is a cooling agent,
while the surface of a human body serves as a heater.
Thermoelements of this kind are able to work at the
temperature drop of 5 to 10 K.

Radioisotope-powered sources of electric energy

Radioisotope-powered sources of electric energy
may become a breakthrough in microelectronics when
used in microelectromechanical systems (MEMS) and
nanotechnologies. The need for wires and transformers
for microdevices will disappear. Radioisotope-powered
sources possess higher power density than chemical
batteries, they are independent of environment condi-
tions, and can operate within a wide temperature- and
pressure ranges; also, they are autonomous and don’t
need to be recharged.

Ionizing radiation converters can be divided into ther-
mal and nonthermal ones. In the thermal converters,
electricity generation is due to a difference in tempera-
tures. In converters of this type, radioisotopes are used as
heaters, while the thermoelectric elements are mostly
fabricated using bismuth telluride, silicon, and germani-
um (hot junction temperature may reach 270 °C). Con-
version efficiency of these energy sources makes about
5% [29—32].

Nonthermal radioisotope energy sources operation
is based on incident radiation’s energy direct or indirect
conversion. The direct conversion is realized when
electron-hole pairs are generated during particles pass-
ing through a beta-voltaic battery. The indirect conver-
sion implies that the energy of the radioactive decay
carried by alpha- or beta-particles is at first converted
into visible light- or UV radiation with the use of lu-
minescent materials, and then the light is converted in-
to electricity with photogalvanic cells.

As the transducer materials for beta-voltaic batteries,
they use traditional semiconductors. In the work [33], a




power supply is considered that consists of a sealed casing
filled with tritium with a gallium-arsenide beta-radiation-
to electric current transducer inside it. During tritium
half-life time, the gallium-arsenide beta-particle detector
retains the ability to efficiently convert beta-radiation’s
energy into electric current. This life span is 4 times as
long as it would be with a silicon transducer.

To increase the efficiency of beta-decay’s energy
capture and conversion, a structure with a developed
surface is used. Estimation of the efficiency of micro-
channel silicon-based beta-converters shows that at the
optimum microchannel width (3 um) and interchannel
distance (10...12 um), the generation current density
can reach 1600 nA/cmz. Design with a 3D diode on po-
rous silicon provided for a 10-fold increase in the effi-
ciency, as compared to the planar structure [34].

In Troitsk Institute of Innovative and Thermonu-
clear Research (TRINITI, Russia) physical principles
are established for a stationary electrical generator de-
velopment on the basis of long-lived radioactive iso-
topes. Radioactive decay’s energy conversion into UV
radiation is realized via nuclear-induced fluorescence
in a specially selected gas (for example, in xenon) and
after that UV photons’ energy is converted into electric
energy with a radiation-resistant diamond converter.
Radioactive decay’s energy conversion efficiency in ex-
cimer media may reach 50 %, while that of UV radia-
tion energy-to-electric energy conversion may make
70 %. This makes generators of this kind 3 to 5 times
as efficient as systems based on the use of thermal cycle
or solar batteries [35].

Microfuel cells

Microfuel cell (electrochemical generator) is a
chemical current source consisting of a fuel cell stack
and systems for reagents storage and supply and the re-
action products removal, and of a control system as well
[36]. A fuel cell’s structure is presented in fig. 2 (see the
4-th side of cover).

The main part of a micro fuel cell is a central mem-
brane with the catalyst-covered sides: one for the reac-
tion with fuel and the other for the reaction with at-
mospheric oxygen. The methanol-air process taking
place in the cells is the direct conversion of methanol-
based fuel’s energy into electric power with only two
products formed at the output: carbon dioxide and
steam [37].

For proton-exchange membranes production, they
use fluoropolymers with ionized side groups in the
chains, hydrocarbon polymers, and other non-fluorinat-
ed polymers. The most popular membrane is Nafion®,
the perforated ion-exchange membrane discovered by
DuPont Company in 1966. Almost all fuel cell mem-
branes available are Nafion® membranes. Membranes
based on the polymers of this type are high-tech prod-

ucts and their use provides for rather high performances
at the working temperatures up to 90 °C [38].

Different porous layers (two electrodes and a mem-
brane) combination in a single silicon plate provides the
possibility to obtain a monolithic membrane electrode
assembly (MEA), while the use of silicon microme-
chanics ensures external machinery creation and a
monolithic fuel cell manufacture. The use of silicon is
promising due to its versatility, which makes it possible
to form gas-intake channels (micropores 1 to 10 um in
size with the density of 10°...107 ¢cm™2), low resistivity
electrodes, gas diffusion layers on channel surfaces, and
proton conducting membranes’ frames.

Application of membranes of Nafion® perforated
ionomer are not completely in agreement with standard
microtechnologies; volume change the Nafion® mem-
branes undergo on moisturizing is a problem, especially
if silicon electrodes are present in the design. Mesopo-
rous silica use provides the possibility to isolate anode
and cathode from one another within MEA. Mesopo-
rous silica’s surface modification yields a solid rein-
forced electrolyte. In the work [39], a composite proton
conducting membrane is offered that contains a porous
silicon structure of macroporous silicon with its pores
filled with an electrolyte based on polyvinyl alcohol es-
terified with phenol sulfonic acids.

Traditionally, a catalyst layer is applied onto the
proton-conducting membrane by spraying so called
"catalytic ink" (a catalyst on a carbon carrier mixed with
liquid Nafion®). In order to reduce noble metals ex-
penditures and obtain ultrathin layers of electrocata-
lysts, vacuum deposition is used, as well as electro-
chemical deposition, these methods leading to fuel cell
cost reduction and an increase in catalyst utilization
factor. Vacuum physical deposition is useful for thin
catalytic layers creation on a membrane surface of a so-
phisticated shape. Platinum nanoparticles are experi-
mentally proved to be 4 times as active catalysts than
the large particles [40—42].

Membraneless fuel cells development is in progress,
in which fuel and oxidizer are merged as a fluid jet in
a microchannel. With these elements, standard tech-
nologies may be used for microcircuit manufacture;
there is no need for comparatively complicated pumps
[43—45]; the specific power of fuel "combustion" may
reach 385 W/I.

Accumulators

Accumulator production technologies are on the
move. Traditional nickel-cadmium and nickel-metal
hydride batteries are replaced with lithium-ion ones
possessing high performance characteristics (for in-
stance, high levels of discharge current specific capacity
and density) [46].

Small-sized battery pack’s capacity can be augment-
ed by using electrodes based on homogeneous com-
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pacted solution of an electroconductive component and
an active material capable of lithium absorption and -
release in the presence of electrolyte; the porosity of
compacted electrodes makes 25 to 90 %. The active
material is present in the form of hollow spheres with
wall thickness up to 10 um or agglomerates of the max-
imum size of 30 um. A separator keeping apart two vol-
umetric electrodes contains a highly porous electroin-
sulating ceramic material with open pores and the po-
rosity of 30 to 95 % [47].

Negative electrodes for commercial lithium-ion ac-
cumulators are produced from carbon materials. Struc-
tures based on tin and silver and alloys, tin sulfides, and
cobalt phosphides, and also carbon compositions with
silicon nanoparticles are studied [48].

Silicon’s specific capacity exceeds that of traditional
graphite. With the insertion of lithium, this provides the
opportunity to use it as the negative electrode’s active
material in lithium-ion accumulators operating at tem-
peratures as low as —40 °C.

Silicon anode in lithium-ion accumulators has two
serious drawbacks. The first is low Coulomb efficiency,
which means that a charge transmitted through a silicon
electrode is subject to a considerable loss. The other
drawback consists in the fact that silicon material un-
dergoes up to 300 % compaction and expansion during
each charging cycle, which results in the generation of
cracks reducing battery’s efficiency, causes short cir-
cuits, and finally leads to the battery destruction.

It is important that the nanosilicon-based elec-
trodes, unlike graphite ones, stay functional in contact
with propylene carbonate-based electrolyte. In order to
increase negative electrodes’ specific capacity and Cou-
lomb efficiency in charging and discharging processes
in lithium-ion accumulators, a thin-film anode mate-
rial formed of the nanosized silicon clusters coated with
silica has been offered. The films are obtained in mag-
netron discharge plasma in argon containing 1 to 3 %
(vol.) oxygen. The silica content of the film is within the
range from 16 to 41 % (mass); the size of the silica-cov-
ered nanostructured silicon clusters is 5 to 15 nm [49].

A silicon nanotube-based double-walled anode
shows an increased strength. The nanotubes are covered
with a thin silica layer, which is strong enough to pre-
vent their expansion. The anode endures 6000 charge-
discharge cycles with no heavy damage, this providing
a theoretical opportunity to achieve a 10-fold increase
in lithium-ion battery’s capacity [50, 51].

In the research reported in [52], a silicon anode is
presented intended for a battery on a silicon- or a sil-
icon-on-insulator substrate with an array of submicron
silicon rods fixed thereon. The area covered with the ar-
ray does not exceed a half of the surface area. The rods
are 0.1 to 1.0 um in diameter and 1 to 10 pum in height.
At rod array manufacture, so-called "island lithography"
is used, when a substrate is covered with cesium chloride
film by vacuum sputtering, then the film is dissolved in
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water with semispherical isolated areas formation; after
that ion-beam etching is carried out, according to the
pattern defined by the cesium chloride mask.

The possibility is proved to create microscopic lith-
ium-ion accumulators, in particular, the ones printed
with a 3D printer [53].

Hybrid power supplies

In author’s opinion, the following devices can be
conditionally considered as hybrid:

¢ devices realizing conversion of different kinds of en-
ergy into the electric energy and differing from con-
ventionally classified power supplies in the total set,
order, and condition of events;

e devices comprising both electric energy generators
and accumulators.

Energy Chip technologies developed enable creating
thermoelectric generators with fuel combustion cham-
ber separated from the electric energy source. This will
allow using any kind of heat, including natural heat
sources and nuclear energy, for electric energy produc-
tion. In the same way, using any kind of hydrocarbon
fuel in the most preferred catalytic combustion mode
will be possible, which will essentially decrease the neg-
ative impact on the environment [43].

Also, a thermal generator has been presented [54]
based on catalytic combustion on a membrane. The de-
vice contains a gas-air mixture intake channel etched in
a silicon plate covered with a thin silicon nitride mem-
brane and a high-temperature Si—Ge based battery. The
generator operates stably up to the temperature of 500 °C,
which implies hydrogen, ammonia, or butane combus-
tion; the output voltage is about 7 V; power is 75 mW.

A new "spin battery" is developed that can be charged
by strong magnetic field application to nanomagnets lo-
cated within magnetoresistive tunnel junctions (MTJ),
that is, ensuring magnetic energy direct conversion into
the electric one without intermediate chemical reac-
tions. The structure of the accumulator based on A3;Bs
semiconductors used as the functional materials is pre-
sented in the fig. 3 (see the 4-th side of cover) [55].

A semitransparent lithium-ion accumulator with
80- to 90-nm thick film electrodes has been created by
Japan scientists. The accumulator can be charged by
sunlight or another bright light source. In the absence
of sunlight, the material is quite transparent: for in-
stance, at the wavelength of 550 nm referring to the
green light, the transparency of the discharged accu-
mulator is about 60 %. In the sunlight, the device starts
storing the charge, lithium density on the electrodes
grows and the valence of the material changes so that
the transparency goes down to 30 %. The main com-
ponents of the electrodes were Li;Fe,(PO,4); (LFP) for
cathode and LiyTisO, (LTO) and LiPF (lithium hex-
afluorophosphate) for anode [56].




Devices of the second type comprise also superca-
pacitors (SC) (also electric double-layer capacitors,
EDLC), these being functional hybrids of capacitors
and electrochemical power sources. Their main field of
application is backup power supplies [57].

Supercapacitors’ advantages are the high speed of
charging and discharging (supercapacitors get charged
about 100...1000 times quicker than accumulators),
charger’s handiness, the longevity and compactness as
compared to the electrolytic capacitors of the same ca-
pacity, and low toxicity of the materials. The use of na-
nostructured materials makes it possible to increase the
capacity and prolong the service life of the devices.

Using the technique of gel-like graphene films capil-
lary compression in the presence of a liquid electrolyte,
one can obtain graphene sheets of high density with a dis-
tinct subnanometer-thick interlayer between the sheets.
The liquid electrolyte plays a double role here: it pre-
serves the minimum gap between the graphene sheets
and, at the same time, it conducts the electricity.

They have succeeded in creating a supercapacitor
with the energy storage density of 60 W - h/1 [58].

It is offered to use a system of azobenzene-modified
carbon nanotubes as a base for a "solar accumulator”
[59]. The operation principle of the device is storing the
thermal energy of the Sun in chemical bonds of pho-
toswitching molecules. On solar energy absorption by
the molecules, the latter transit from one state to an-
other with a change in molecular geometry, but no
chemical reactions occur; the difference in energies of
all the molecules is the measure of the amount of en-
ergy that can be stored by such an "accumulator”. Na-
notubes, in this case, are used to ensure the interaction
between two azobenzene molecules. After the accumu-
lated energy is released as heat, the substance can be
"recharged" with the sunlight. With an "ideal accumu-
lator" of this kind, the cycle may be repeated endlessly
without any loss in efficiency.

Conclusion

Small-sized power supply production is a science-
intensive sector of the industry. The appearance of in-
tegrated microtechnologies became possible, due to the
development of basic processes of materials deposition,
substances’ atoms rearrangement, and dimensional
processing.

The transition from micro- to nanotechnologies is
accompanied with traditional materials (for example,
silicon in various structural states), new complicated
semiconductor structures and nanostructured compo-
sitions involvement into active usage. With a decrease
in element’s dimensions, processing methods also shift
towards precision high-energy technologies (ion im-
plantation, plasma chemical etching etc.). Simultane-
ously, the equipment and research material base nec-
essary for the new methods realization are developed.
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