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KOHUEMUMA NOCTPOEHUSA BbICOKO®®EKTUBHbIX MPEOGPA3SOBATEAEMN
IHEPTUUN HA CTbIKE NMOAXOAOB KBASUPE3OHAHCHOIO YITPABAEHWA
U NPUMEHEHNA COBPEMEHHbIX KEPAMUYECKUX MATEPUAAOB

Ilocmynuna é pedaxyuro 30.01.2019

Ilpeonaeaemasn Konuenyus npednosaeaem KOMOUHUPOBAHHOE UCNOAb308AHUE NAAHAPHORO0 MPAHCHOPMAmMopa, artoMOHUMPUO-
HOU KepamuKu U 0cobbiX K8A3Upe30HAHCHbIX N00X0006 8 YNPAaIeHUY MPAH3UCMOPAMU NPU U320MOBAeHUU NPeodpaszoéamensi IHEPeUU.
Yoenvnas nuxosas mouwHocme pazpabomanHo2o no OGHHOU KOHUENYUU npeodpazoeamens IHepeuu cocmasuia 7,75 KBm/0M3,

umo npeeocxoaum ome4eCcmeernHble U 3apy6ea¢cnbte aHnaaoeu.

Karouesvie caosa: arromonumpuonas Kepamuxa, Kea3upe30HAHCHAS KOMMYMAayus, MpaH3ucmopsl, yugpogas cucmema yn-

pasaenus, NAGHAPHBIL MPaHCHOPMamop

MuHHaTIOpU3aIys PA BbICOKOH HAAEXKHOCTH

Haubonee cioxHbie Ipy U3TOTOBJICHUM IIpeodpa-
30BaTe/IM SHEPTUMU CBSI3aHbBI C BOEHHON M KOCMUYeC-
KOW MPOMBIIUIEHHOCTbIO, B KOTOPbIX 3HAUUTEJIbHOE
BHUMAaHMUE yIENSIeTCSI BHICOKON HaAeXKHOCTHU MPU MaK-
CUMaJIbHOI MUHUATIOPpU3ALUMU.

IIpu pazpaborke mpeobOpa3oBaTeysl SHEPTUU I
nuTaHus dazoBpanjaTesieii U MOAYISITOPOB B CUCTE-
ME aKTUBHOI (ba3MpOBAaHHOI AHTEHHON pelIeTKHI
(ADAP) ocobble TpeOOBaHUS MPEIBSIBISIOTCS K Ta-
0apuTHBIM pazMepam Mpu 3alaHHBIX HOMUHAJIBHOW U
MUKOBOI MOILIHOCTU Mpeodpa3oBaTeisi. DTO CBSI3AHO
C TeM, YTO B PagUOJOKALIMOHHBIX cTaHLUAX ¢ ADAP
npeoOpa3oBare/ii PHEPITMM MOHTUPYIOT B JBa psija U
OHM OrpaHUYEHBbI XECTKUMU MaccorabapuTHLIMU Ta-
paMeTpaMM. 3HAUMTeIbHAsl MMKOBAas yaeabHasl MOILII-
Hocth nipu KIIJI cymecTByommx rmpeoOpa3oBareiieit
okojio 80 % HaK/IagblBaeT XeCTKHE TpeOOBaHUSI K
KOHCTPYKLIMM U TEXHOJIOTUU CO3[aHUsI TTpeodpa3oBa-
TeJsl B YacTy 3(p(peKTUBHOro 0TBoJAa TeIIOTH. B yacT-
HOCTH, pacyeThl MOKa3bIBAIOT, YTO KCITOJIb30BAHUE B
KOHCTPYKIIMU TpeoOpa3oBaTessi SHEPTUM TpaauLIM-
OHHBIX MOJMMEPHBIX MaTepUaoB (CTEKJIOTEKCTOJIMT,
MOJIMUMUA, TePJIOH U T. 1.), UCIIOJb3YEMbIX B COBpE-
MeHHOI PDA, He mo3BosieT 1OCTUYb TPeOYyeMbIX MaK-

CUMaJIbHBIX 3HAUYEHUI YAEJIbHONH MOIIHOCTU BBUIY
3HAUUTEILHOTO MeperpeBa U3nesusl.

Db PEeKTUBHBINA OTBOJ TEILUIOTHI MOXET OBITH pea-
JIM30BaH TPU HCIIOJb30BAHUU KEPaMUUYECKUX KOM-
MyTallMOHHBIX T1aT Ha ocHoBe DBC (Direct Bond
Copper)-kepamuku; DBC-kepamMuka — aqlOMOOK-
CHIIHAsA WJIM AJIIOMOHUTPUIHAS KepaMUKa, ILIaKupo-
BaHHasl TOJCTON MemHOM (hOJIbroii, KoTopas IT03BO-
JISIET MOHTUPOBAaTh KOMMYTAIIMOHHYIO TUIaTy HEIOC-
peACTBEeHHO Ha 0a30BOE METaJUIMYECKOE OCHOBaHUE,
obecrnieunBasl Majoe TEIJIOBOEe COMPOTUBJIEHUE Tepe-
X0Jla MEeXJy IIaToil 1 ocHoBaHUeM. [Ipu 3ToM Terio-
MPOBOJHOCTh KEPAMUKKU Oosiee yeM Ha JBa Mopsiaka
BbIllIE, YEM Yy TOJMMEPHBIX MaTepUaloB, TPaIWLIU-
OHHO HCIOJb3YEMBIX [JII MPOM3BOJACTBA KOMMYTa-
LMOHHBIX TIaT: 24 Bt/(M * K) 1m0 aaioMOOKCUIHOM,
180...200 Br/(m * K) nis1 alitoMOHUTPpUIHOM KEPpAMUKU
u 0,1...0,5 Br/(M - K) ma mommmepos. [lpu ruroTHOM
KOHTaKTe KOMMYTallMOHHOMU IJIaThl C 6a30BbIM MeTaJl-
JIMYECKMM OCHOBAaHMEM CO3[alOTCsl YCIOBUS IJISI Ha-
JIe’KHOTO OTBOJA TEIJIOTHI 1axke MPY BHICOKOH yaesb-
HOIl MOILIHOCTM MpeoOpa3oBaTesisi SIHEPTUH.

Kpome Toro, ncnonb3zoBaHue KepaMUYeCKUX MaTe-
pUaOB B KOHCTPYKIIMM KOMMYTALIMOHHBIX TUIAT JaeT
PSI TOTIOJTHUTEIbHBIX MPEUMYILECTB, OCOOEHHO BaX-
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HBIX TIPU UCIIOJb30BAaHUM allmnaparypbl B YCIOBUSIX

KOCMMYECKOro IpocTpaHcTBa [1—6]:

— MeXaHMYecKas CTaOUJIbHOCTb U COXPAHEHUE JIU-
HEWHBIX Pa3MEpPOB;

— XOPOIIHUE JIEKTPUIECKHE XapaKTepUCTUKU (B TOM
yucae B CBY nmanasone);

— BBICOKas pajdallMOHHasi CTOMKOCTb;

— CTaOWJIBHOCTb 3KCIUIyaTallMOHHBIX MapaMeTpOB
B ILIMPOKOM JMana3oHe U3MEHEHUS CBOMCTB OKpyXa-
olIe cpeabl (B YaCTHOCTU, TEMIMEPATypbl U BiaX-
HOCTH).

IIpuMeHeHne B KOHCTpYyKIMU POA KepaMuuecKux
KOMMYTALIMOHHBIX TIJIaT XOPOILLIO COUETAeTCsl C BHEI -
peHueM IM@POBBIX CUCTEM YIIPaBJIEeHUS TIpolieccaMm
npeobpaszonarteneil sHepruu. I[lepcnekTMBHBIE METO-
JIUKU IMOCTPOEHUS TIpeobpa3oBaresieil sHepruu [7, 8]
Ha OCHOBE KBa3MPE30HAHCHLIX IMOAXOA0B MPU KOM-
MyTall¥ TPAH3UCTOPOB [9] MO3BOJSIOT TOMOTHUTEb-
HO CHU3UTD TePSIEMYIO B TEILIOTY SHEPIUIO B IIPOLIecce
pabOThl UCTOYHUKA MTUTAHMSI.

HudpoBasi cucrema yrmpaBiaeHUs IO3BOJISIET AO-
MOJIHUTEJbHO CHU3UTh MaccorabapuTHbIE MapaMeTPhl
3a CYET MPUMEHEHHUSI MEHbIIIETO YMCIa KOMIOHEHTOB,
YyeM IpU MCIOJb30BAaHMU aHAJIOTOBBIX MOAXOAOB B
yIIpaBIeHUN, U UMeEeT CJeAYIOlIUe TOMOJHUTEIbHbIE
MpeuMyLIECTBA:

e MUKPOKOHTPOJIJIEP MO3BOJISIET BBIITOJIHATh KOPPEK-
TUPOBKY paboueil TOYKH B Ipolecce padoThl IIpe-
o0pa3oBaresisi SHEPTUH;

e BO3MOXHa peaju3alius CUHXPOHHOIO BbIMpPsIMIE-
HUS BO BTOPUYHOW LIENU MAPAJIJIETbHO C JOTIOJHU -
TeJbHBIMU (DYHKILIMSIMU MUKPOKOHTPOJIJIEPA;

e MPUMEHEHME TAUIbBAHUYECKON BBICOKOCKOPOCTHOM
pa3Bsa3Ku 6€3 UCMOJIb30BaHUS OINTONAap, UMEIOIINX
OrpaHUYEHUSI HA MPUMEHEHHUE B KOCMOCE.

Takum obpasom, ucnonbzoBanue DBC-kepamuku
B KOHCTPYKLIMU TpeoOpa3oBaTesieil SHEPTMU U BTO-
PUYHBIX UCTOYHUKOB MUTAHUS, & TAKXE CUCTEM YII-
paBJieHNsI, OCHOBAaHHbBIX Ha KBa3MPEe30HAHCHBIX IO/ -
X0llaxX, MO3BOJISET 3HAYUTEJIbHO CHU3UTh Maccorada-
PUTHBIE TMOKa3aTelX U COOTBETCTBEHHO YBEJIWUYUTH
MPU 3TOM YIEJIbHYIO MOIIIHOCTb 10 CPaBHEHMIO C CY-
LLIECTBYIOIIMMU aHAJIOTaMMU.

BapuanTt npeoOpa3oBaTeiis SHEPrum,
MOCTPOEHHOIO MO NpeajaraeMo KOHIEMIHH

IIpennaraemass KOHUEMNUMSI MOCTPOSHUSI BBICOKO-
3 PeKTUBHBIX IpeoOpa3oBaTeIcii SHEPTUU OyIeT pac-
CMOTpEHa Ha CO3JaHHOM B IPOLECCe MCCASAOBAHUM
oOpasne. B ocHoOBe mpemiaraeMoil KOHIETILIMM JIeXaT
TPU COCTABJISIIOLIMX, KOTOPbIe ObUIM TIPUMEHEHbBI MPU
CO3JaHUM 0003HAYEHHOTo oOpa3la:
e UCIMOJIb30BaHUE AIIOMOHUTpUIHON (AIN) KepaMu-

KM B KauyecTBE TEIUIOOTBOISIILEH OCHOBBI JJIsSI CU-

JIOBOI1 4acTu Tpeobpa3oBaTesisi SHEPTUU;
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e Haguuue HUGPOBOM CUCTEMBI YIIPaBIECHMSI, OCHO-
BaHHOI Ha COBPEMEHHOM KBa3MpPE30HAHCHOM IO~
X0Jle¢ K KOMMYTalluu CUJIOBOTO TPAH3UCTOPA;

e 3aMEHa MOTOYHOTIO TpaHchopMaTopa Ha MOJIUUMHU-
JIHBIA TIJIaHApHBIA TpaHcdopMaTop.

KoHcTpykuus obpasua npeacrapieHa Ha puc. 1.

CutoBoii 0JIOK TTpeoOpa3oBaTelIst SHEPTUM COCTOUT
M3 MEIHOIO OCHOBaHUS TOJIIMHOK 0,5 MM W Tpuma-
STHHOM K HEMY aJTIOMOHUTPUIHON TUIATHI CO CMOHTH-
pPOBaHHBIMM Ha HeEW KOMIIOHEHTaMu, TpeOyIolIUMU
OTBOJIA TETIJIOTHI.

AJIOMOHUTPUIAHBIN MaTepuajl CUIOBOM ILJIaThl BbI-
OpaH Mo UToraM MCIHbITAHUN KOHCTPYKLIUU MaKETHbBIX
oOpazoB (puc. 2). B xone ucnblTaHUil HA CMOHTUPO-
BaHHBII pe3uctop 2512 HomuHanoM 100 OM nomasa-
Jioch HamnpsikeHue 10,1 B u npoBoauiioch u3MepeHue

Puc. 1. Koncrpykuus npeodpa3osareisi 3Hepruu: [ — CUIOBOM 610K
npeobpa3oBaTelis 3Hepruu; 2 — 610K U(pPOBOro yrnpapieHus; 3 —
IUTaHAPHBIA TpaHchopMaTop; 4 — BXOOHOM (DWILTP; 5 — BBIXOTHOM
punbTp

Fig. 1. Energy converter design: 1 — power unit of the of the energy
converter; 2 — digital control unit; 3 — planar transformer; 4 — input

filter; 5 — output filter




d=0.3 mm
as

AJbTEpHATUBHASI TEXHOJOTUSI CO-
30aHUS TIEPEXONHBIX METaUIM3UPO-
BaHHBIX OTBEPCTUI IMO3BOJIMJIA OCY-
IIECTBUTh CO3JaHME TOIMOJOTHUYEC-
KOIo pUCYHKa Meu Ha 000MX CIIOSIX
KepaMMYeCKOW ITOUIOXKHU. JIBycTO-

40

POHHSISI TPACCUPOBKA MO3BOJIMIIA CO-
KpaTuTh TUTOLIAIbL TIpeobpasoBaTelrst

SHEPTUU, OMPELETIEMYIO PA3MEPOM
KepaMU4ecKoi 1uiatel, ¢ 7650 mo
6957 MMm2.

AT, C°

3HauyuTe bHAs TOJIIMHA MEIHOM
(osbru cUIOBOI TIIATHI MIPU IITUPU-

AP7164E

He MMPOBOIHUKOB, paBHOM 2 MM, TT03-
BOJIIET TIpeoOpa3oBaTeIi0 SHEPTUH
BbIIABaTh B HArpy3Ky B UMITYJIbCHOM

pexume Toku 1o 25 A nipu 28 B.
IIudppoBoil 60K yIpaBlIeHHUS HE

15

AP9212R

10

————————————

HYXIA€TCd B 3HAYUTCJIBHOM OTBOIC
TEIUIOTHI 1 MOXET OBITh BBIIOJIHEH Ha
CTEKJIOTEKCTOJIMTOBOM OCHOBE TOJI-

muHoi 0,5 MM ¢ ¢oabroin 18 Mxm.

/./ Al:0s

Oco0eHHOCTh ITaHHOro OJIOKa 3a-

5
F./"—H_‘H'—— AlN

KJTI0YaeTcsl B KBa3WMPE30HAHCHOM
MOAX0lIe K YIPAaBICHUIO CUJIOBBIM
TpaH3ucTopoM [9]. BiloK BBIMOJIHSET

Puc. 2. UcnbiTanne 00pa3suoB pas3iM4HbIX MATEPHAJIOB HA BO3MOXKHOCTh OTBOJA TENJIOTbI:
rne d = 0,3...0,8 MM crexnorekctonut FRI1 cooTBeTcTBYyIOlIEel ToMuuubl; AP71164E —
MapKa MOJMUMUIHON TuleHKU; AP9212R — MapKa MOIMUMUIHON TIIEHKU

Fig. 2. Test of samples of various materials for heat removal: where d = 0.3...0.8 mm glass
fiber laminate FRI11 of the corresponding thickness; AP71164E — brand of a polyimide film;

AP9212R — brand of a polyimide film

TeMIlepaTyphbl ero MoBepXHOCTU. denbTa TeMmneparyp
B XOJI€ MCCJICIOBAHUI ONpEAeIsIach IO CIEAYIOLICH
dopmyie:

AT=T,— 1Ty,

rae T; — Temnepartypa IoBEpXHOCTHM PE3UCTOPA B (DUK-
cUpyeMblii MOMEHT BpeMeHH; T, — TeMIiepaTypa Io-
BEPXHOCTH PE3UCTOPA B HAYATbHBI MOMEHT 3KCIIEPU-
MEHTA.

Kepamuueckasl 1iara paccMaTpuBaeMOIo IMpeoo-
paszoBaTesisi SHepruu BbinosHeHa Ha ocHoBe DBC-ke-
pamMuku (puc. 3), Mpu TOJIIMHE AUDIEKTPUUECKOTO
ciost 130 MKM, UMeroleld ToauuHy (Goabru 380 MKM.
BaxxHoii 0COOEHHOCTBIO CTANO CO3AAHUE MEePEXOAHBIX
OTBEPCTUI B K€paMMKe IO TUITY KOJO/IIA C JOTIOJHU-
TEJbHBIMU OIepalusIMU TaJIbBAHUYECKOIO 3apallBa-
HUS 3TUX OTBEPCTUIMA MEIBIO C NPEABAPUTEIbHOM YHU -
KaJbHOI 00pabOTKO# Mocie JazepHoro ynaneHus:t AIN.
Takass 0coOOEHHOCTb BbI3BaHA TPYAHOCTbIO 00pPa0OTKM
KepaMUKM MEXaHUYEeCKMMHU CHOCOOaMM, B YACTHOCTHU
CBEpPJIEHUEM, BCJIEICTBUE €€ XPYIKOCTH.

e —

IMOCTOSIHHYI0  OLIM(POBKY (HOPMEI
npeobpasyeMoii B CHUJIOBOW lieTNHd
sHepruu (puc. 4) ¢ momoubio ALIIL.

B MaccuBe olngpoBaHHBIX 3HaYe-
HMiIl MMKPOKOHTPOJUIEP BBIUMCIISIET
3HAYEHUS, COOTBETCTBYIOLIME 'JTOXK-
O6mHaM", TIpeICTaBIEeHHBIM Ha puc. 4.
JIOXXOMHBI COOTBETCTBYIOT MOMEHTaM
BpeME€HU, B KOTOpPblE KOMMYTAaIIUs
TpaH3MCTOpa OYIET COMPOBOXKIATHCS
MUWHUMAaJIbHBIM 3HaY€HHUEM TIOTepb 3HEpruu. B oTiu-
Yye OT CyLIeCTBYIOLIMX aHanoroB [10—14] MUKpOKOH-
TpOJUIEp HE OCTaHABIMBAETCS HA (GDUKCUPOBAHUM MOJIO-
JKEeHUsI TOJIbKO MepBOM J10XO0MHbBI. OripeaeseHue Mmojo-
JKEHMST HECKOJIbKMX TTOCIEAYIOIIMX JJOKOMH MO3BOJISIET
€03/1aTh I'MOKYIO MOCJIeA0BATeIbHOCTh UMITYJILCOB YII-
paBJIeHUsT 3aTBOPOM CHUJIOBOTO TPAH3MCTOpA.

ITocnenoBaTeIbHOCTh COCTOUT U3 YePeAOBAHUST UM-
MyJIbCOB Pa3UYHOM UIMHBI C Pa3IMIHBIMUA BpeMEH-
HBIMM TIPOMEXYTKaMU ISl oOecredyeHMsl Tepeaadyu
TpeOyeMoTro ypoBHS 3Hepruu (puc. 5).

Puc. 3. KoncTpykuus KepaMu4ecKoil miaTsl
Fig. 3. Design of the ceramic board
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001 [ A

200+

100 +

PerynupoBaHue BBIXOAHON MOIII-
HOCTU TpeoOpa3oBaTesisi SHEPruu
OCYILECTBJISIETCS 10 MPUHLUIY
YaCTOTHO-UMITYJIbCHOTO  peryJju-
poBaHUs M3MEHEHVWEM BpPEMEHHBIX
MPOMEXYTKOB MEXIY UMIYIbCaMU,

My WMIYJIbCOB IUISI OOeCIeYeHMs

JoxOuHbI

Valley points

Puc. 4. ®opma npeodpazyeMoro B CHJIOBOi LENH HANPSKEHUS
Fig. 4. Form of voltage transformed in the power circuit

0 R R E— —

MSITKOM KOMMYTAIIMM TPAH3UCTOPA.
IInanapHbIii TpaHcopMaTop B
KOHCTPYKLMM  Tpeodpa3zoBaTesst

|
|
|
|
|
|
|
|
|
| TaK Kak Tpe6yeTc;[ COXpaHATb (I)Op-
|
|
|
|
|
|
: SHEPIUMM IO3BOJACT MUHHUMU3U-

_________ E poBaThb MaCCOFa6apI/ITHbIC mapa-

METpbl MCTOYHUKA NuTaHus. Paz-
paboTaHHBINM 1JIs1 MpeoOpa3oBaTe-
JIs 3HEpruM oOpaszell IJIaHapHOTro
TpaHcdopMaropa MMeEET pasMepbl
32 X 45 X9 MM u maccy 36,3 1.
AJIbTepHATUBHBI MOTOUHBIN TpaHC-
dopmaTrop TOPOMIAJIBHON (OPMBI
nMeeT Maccy 65,2 T IIpy BHEIIIHEM

Takum  oOpasoM,  TIUTaHApHBIN
TpaHcopMaTop MMeeT HECKOJIbKO

Puc. 5. ®parment (opmbl npeodpa3yeMoro B CHIOBOJ eNH HANPSIKEHUA B XoJe AeicTBUS
TOCJIEIOBATEILHOCTH KOPOTKNX A, cpeannx B u nmaabX C AMIYJIbCOB

Fig. 5. A fragment of the form of voltage transformed in the power circuit during action of a

sequence of short A, average B and long C pulses
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Puc. 6. KoHcTpykums pa3padoTaHHOrO IJIAHAPHOTO TpaHchopMaTopa:
1 — donbrupoBanHblit nonuumua AP9212R; 2— npenper 15420 2116;
3 — IUIeHKa IMOJIMUMUIHAS 12 MKM

Fig. 6. Design of the developed planar transformer: 1 — foil-coated poly-
imide AP9212R; 2 — prepreg 15420 2116, 3 — polyimide film of 12 um
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|
|
|
|
|
|
|
: nuameTpe 35 MM U BbICOTEe 12 MM.
|
|
|
|
|

0obLINIE 00bEM, HO HAa 3 MM MEHb-
LIYIO BBICOTY ¥ Ha 44,5 % MeEHbIIYIO
Maccy.

Kpome Toro, KOHCTpyKUMS pa3-
paboOTaHHOIO IJIAHAPHOTO TpaHC-
dopmaropa (puc. 6) umeer psn
0COOEHHOCTEN.

1. dns hoabrupoBaHHOIO MOJIUMUMUIA CJIOEB Tep-
BUYHON U BTOPUYHON OOMOTKM BBIMIOJHEHBI IOIOJ-
HUTEJIbHbBIC ONEpallMy rajibBAHUYECKOIO HapallluBa-
HUS MEIW IJISI CHUXXEHMSI OMUYECKOTO COIPOTHBIIE-
HUS TOKOBEAYILIMX JOPOXKEK TpaHchopmatopa u s
obecreyeHus: TpedyeMOoro ypoBHsI TOKa BO BTOPUYHOM
LeTn.

2. BBedeHbl CcoM MOMMMMUMAHON IUIEHKU MEXIY
YEPEOYIOIIMMHUCS CJIOSIMU TIEPBUYHOW W BTOPUYHON
00MOTOK JIJ1s1 obecTieueHusl 3alUThl OT MPO0OOS MO Ha-
MPSIKEHUIO.

HanpHeliliee yMeHbIIIEHNE BHICOTHI IIpeoOpa3oBa-
TeJIST BO3MOXHO MHTETPMPOBAHUEM TpaHchopMaropa
B OJIHY M3 MeYaTHBIX IJIaT CIocoboM, TpeajiaraeMbIiM
aBTOpaMM IaTeHTa [15], HO TpeOyeT 3HAYUTEIBHOTO
U3MEHEHUI KOHCTPYKIIUHU.

3akmoueHune

Ha ocHoBe KOHLENIMWU MPUMEHEHUS COBPEMEH-
Hbeix DBC-maTepuanoB u KBa3Upe30HAHCHBIX MOJIXO0-
JIOB B YIIPaBJIEHUM MPOLIECCOM NpeoOpa3oBaHUsl IHEP-
My pa3paboTaH MCTOYHUK MUTaHUs, obJagalolui
XapaKTepUCTUKaMU, IPeACTaBIeHHBIMU B TabIulIe, U
MIPOBEIEHO €T0 CpaBHEHHWE C IEePEeIOBBIMU OTEUECT-
BEHHBIMU U 3apyOeXHBIMU aHaJOraMu.




OOnme XapakKTepuCTHKH NPeodpa3oBaTelisi SHEPruH
General characteristics of the energy converter

" . MAM?240-11 CN200A "TDK Labda",
XapakTepucTruKa 31"0T6013neHHbm "Anekcannp Dnektpuk', Poccusa SAnonus
Characteristics M obpasell MDM240-P Alexander Elektrik, CN200A TDK Labda,
anufactured sample Russia Ja

ipan
BoixonHoe HampsixeHue, B 28 28 24
Output voltage, V
HomuHanbHasg MoOLIHOCTh, BT 250 240 200
Rated power, W
Vieabsas MomHocTs, KBr/mv? 3,26 1,81 2,86
Specific power, kW/dm3
[TukoBast MOILIHOCTb, BT 650 — —
Peak power, W
IInkoBas yneibHasi MOIHOCTD, 1<BT/LLM3 8,46 — —
Peak specific power, kW/dm3
Bricota mpeo6pa3oBatesisi, MM 11 13 12,7
Height of the converter, mm
O6BeM TipeobpasoBaTels, a3 0,075 0,133 0,07
Volume of the converter, dm’®
KII[1 mpu HOMUHaNBHOM Harpyske, % 88,6 87 88
Coefficient of efficiency at a rated load, %
Yacrora mipeobpazoBanust, Kl 11 500 100 150
Frequency of transformation, kHz
Macca, r 103 115 100
Weight, g

Hcxons u3 Tabauibl, MOXHO CIAEaTh BBIBOI O Iie-
JIecOOOpa3HOCTH U TIEPCIIEKTUBHOCTU Pa3pabOTKU IMpe-
o0pa3oBaTesieil 3Hepruu Ha OCHOBE IIpeyiaraeMoil KOH-
LenLuU. 3HauYeHre yaeabHOI MOILIHOCTY pa3padboTaH-
HOTO mpeobpa3oBaresisi, cocrapisionee 3,26 KBT/,Z[M3 ,
MPEBOCXOAUT COBPEMEHHbIE OTeUEeCTBEHHBIE U 3apy-
OexxHble aHanoru. Ilpu pabore Ha UMMYJbCHYIO Ha-
Ipy3Ky mnpeoOpa3oBaTelb dHEPTUM MMeEeT IHKOBYIO
VISTbHYIO MOIIMHOCTH 8,46 KBT/):[M3 MPU BBIXOTHOM
MolHoct 650 Br.

Bbnaropapst kepamMmyuyecKuUM MaTepuaiam 1 KBasupe-
30HAHCHOMY YIIPaBJICHUIO ITpeoOpa3oBaTe b SHEPTUN
He HyXXAaeTcs B JOMOJHUTEILHOM paauaTope AJsl OT-
BOJIa TETUIOTHl. MeaHOe OCHOBaHKE UTpaeT poJib (PUK-
CUDPYIOLIETo 3JIEMEHTA U MOXET OBbITh 3aMEHEHO Ha
0oJsiee JIETKyl0 aJlOMUHMEBYIO TMOIJIOXKY C MOHTaX-
HBIMU OTBEPCTUSMU JJISI KPETICHUSI TIpeoOpa3oBaTeis
SHEPIruu.
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Reduction of the weight and size parameters and increase of the level of reliability of the developed energy converters are im-
portant tasks for all industries, but they are monitored most attentively in the energy converters for the space applications.

The proposed concept is based on the use of a combination of the following components:

— Use of the aluminum nitride ceramics as a heat sink for the power section of an energy converter. The material of aluminum
nitride ceramics has the thermal conductivity of 180...200 W/(m - K), which eliminates the need for additional cooling systems in
the power transistors, current resistors, transformers and other components, which require heat removal.

— Introduction of a digital control system based on modern quasi-resonant approaches for control of the energy conversion proc-
ess, which allows us to reduce even further the amount of the energy losses during switching of the power transistors to insignificantly

small values.

— Use of a polyimide planar transformer makes it possible to reduce the height of the energy converter with a peak power of

650W down to 11 mm in the considered structure.

The specific peak power of the energy converter developed in accordance with this concept is 7.75 kW/( dm)3 Which is better than

that of the domestic and foreign analogues.

Keywords: aluminum nitride, ceramic, quasi-resonant switching, transistors, digital control system, planar transformer
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Miniaturization in combination
with a high reliability

The most complex for manufacturing energy con-
verters are connected with the defense and space in-
dustries, in which a considerable attention is devoted to
high reliability at a maximal miniaturization.

In development of the energy converters for the
power supply of the phase shifters and modulators in
the system of the active phased array (APA) there are
special requirements to the overall dimensions at the set
rated and peak powers of the converters. This is due to
the fact that in the APA radars the energy converters are
mounted in two rows and their mass-dimensional pa-
rameters are rigidly limited. A considerable peak spe-
cific power at the coefficient of efficiency of the existing
converters of about 80 % imposes strict limitations on
the design and technology of development of the con-
verters concerning the effective heat removal. In par-
ticular, calculations show that application in the con-
verter energy designs of the traditional polymeric ma-
terials (glass-fiber plastic, polyimide, teflon, etc.), used
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in modern radioelectronic equipment, does not allow
us to reach the required maximal values of the specific
power in view of a considerable overheat of a product.

An effective heat removal can be achieved due to the
use of DBC (Direct Bond Copper) ceramic switching
boards; DBC ceramics is the aluminum oxide or the
aluminum nitride ceramics plated with a thick copper
foil, which allows us to install a switching board directly
on the metal basis, ensuring a small thermal resistance
of the transition between the board and the basis. At the
same time, the heat conductivity of the ceramics is by
two orders higher than that of the polymeric materials,
which are traditionally used for production of the
switching boards: 24 W/(m - K) for the aluminum ox-
ide, 180...200 W/(m - K) for the aluminum nitride ce-
ramics and 0.1...0.5 W/(m-K) for the polymers.
A dense contact of the switching board with the metal
basis creates conditions for a reliable removal of heat
even at a high specific power of the energy converter.

Besides, the use of the ceramic materials in the de-
sign of the switching boards gives a number of addi-




tional benefits, especially important for the equipment
operating in the space conditions [1—6]:

— Mechanical stability and preservation of the lin-
ear sizes;

— Good electric characteristics (including in the
microwave range);

— High radiation resistance;

— Stability of the operational parameters in a wide
range of variation of properties of the environment
(temperature and humidity, in particular).

Application in the electronic equipment designs of
the ceramic switching boards agrees well with introduc-
tion of the digital control systems for the processes of
the energy converters. Promising techniques for devel-
opment of the energy converters [7, 8] on the basis of
the quasi-resonant approaches for switching of transis-
tors [9] allow us to reduce even more the energy loss
due to heating during operation of a power supply.

A digital control system allows us to reduce even
more the mass-dimensional parameters due to applica-
tion of a smaller number of components, than for the
analog control approaches, and it has the following ad-
ditional benefits:

e A microcontroller allows us to carry out correction
of a working point in the course of operation of an
energy converter;

e A realization is possible of a synchronous straight-
ening in the secondary circuit, in parallel with the
additional functions of the microcontroller;

e Application of a galvanic high-speed decoupling
without the use of the optocouplers, which in space
is limited.

Thus, the use of DBC ceramics in the designs of the
energy converters and secondary power supplies, and
also the control systems based on the quasi-resonant
approaches, allows us to lower considerably the mass-
dimensional indicators and at the same time to increase
respectively the specific power in comparison with the
existing analogs.

Version of an energy converter based
on the proposed concept

The proposed concept for development of highly ef-
fective energy converters will be considered on the basis
of a sample created in the course of the research works.
At the heart of the concept there are three compo-
nents, which were applied during creation of the above
sample:

— Use of the aluminum nitride (AIN) ceramics as
the heat-removing basis for the power part of the energy
converter;

— Availability of a digital control system based on a
modern quasi-resonant approach to switching of the
power transistor;

— Replacement of a coiler transformer with a poly-
imide planar transformer.

The design of the sample is presented in fig. 1.

The power unit of the energy converter consists of a
0.5 mm-thick copper basis and aluminum nitride board
soldered to it with the components mounted on it and
demanding heat removal.

The aluminum nitride material of the power board
was selected as a result of the tests of the design model
samples (fig. 2). During the tests voltage of 10.1 V was
supplied to the mounted 2512 resistor with nominal of
100 ©, and measurement of the temperature of its sur-
face was taken. The delta of the temperatures during the
research was determined by the following formula:

AT=T;,— T,

1

where T; — temperature of the surface of the resistor in
a fixed timepoint; 7;, — temperature of the surface of
the resistor at the initial moment of the experiment.

The ceramic board of the considered energy con-
verter was made on the basis of DBC ceramics (fig. 3)
with the thickness of the dielectric layer of 130 um and
of the foil of 380 um. An important feature was creation
of the transitional openings in the ceramics of a well
type with the additional operations of the galvanic
growing over of these openings with copper and pre-
liminary unique processing after the laser removal of
AIN. Such a feature is caused by the problems with
processing of the ceramics by the mechanical methods,
drilling, in particular, owing to its fragility.

An alternative technology for creation of the tran-
sitional metallized openings allowed us to carry out a
topological drawing of copper on both layers of a ce-
ramic substrate. A bilateral trace made it possible to re-
duce the energy of the converter area, determined by
the size of the ceramic board, from 7650 mm? down to
6957 mm?.

A considerable thickness of the copper foil of the
power board with the width of the conductors of 2 mm
allows the energy converter to ensure in the pulse mode
a load of the currents up to 25 A at 28 V.

The digital control unit does not need a considerable
heat removal and can be made on a 0.5 mm-thick glass
fiber laminate basis with a foil of 18 um. A specific fea-
ture of this unit a quasi-resonant approach to control of
the power transistor [9]. The unit carries out continuous
digitization of the form of the energy (fig. 4) trans-
formed in the power circuit by means of ADC.

In the array of the digitized values the microcon-
troller calculates the values corresponding to the "hol-
lows" presented in fig. 4. The hollows correspond to the
timepoints, in which switching of the transistor will be
accompanied by the minimal losses of energy. Unlike
the existing analogs [10—14], the microcontroller does
not stop on fixation of only the first hollow. Definition

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 6, 2019 329




of the positions of several subsequent hollows allows us
to create a flexible sequence of pulses for control of the
gate of the power transistor.

The sequence consists of an alternation of the pulses
of various lengths with various temporary intervals for
ensuring of the transfer of the required level of energy
(fig. 5).

Regulation of the output power of the energy con-
verter is carried out by the principle of pulse-frequency
regulation, by a variation of the temporary intervals be-
tween the pulses, because it is necessary to preserve the
form of pulses for ensuring soft switching of the tran-
sistor.

The planar transformer in the design of the energy
converter allows us to minimize the mass-dimensional
parameters of the power supply. The sample of the pla-
nar transformer, developed for the energy converter, has
dimensions of 32 X 45 X 9 mm and weight of 36.3 g.
The alternative coil transformer of a toroidal form has
the weight of 65.2 g at the external diameter of 35 mm
and height of 12 mm. Thus, the planar transformer has
a slightly bigger volume, but a 3-mm smaller height and
44.5 % smaller weight.

Besides, the design of the developed planar trans-
former (fig. 6) has a number of specific features.

1. For the foil-coated polyimide layers of the pri-
mary and secondary windings, additional operations of
the galvanic growing of copper were implemented for
decreasing of the ohmic resistance of the current-car-
rying paths of the transformer and for ensuring of the
required current level in the secondary circuit.

2. Layers of a polyimide film between the alternating
layers of the primary and secondary windings were in-
troduced for ensuring protection against a voltage
breakdown.

The further reduction of the height of the converter
is possible due to integration of the transformer into one
of the printed circuit boards by the method proposed by
the authors of the patent [15], but this demands a con-
siderable alteration of the design.

Conclusion

On the basis of the concept for application of mod-
ern DBC materials and the quasi-resonant approaches
for control of the energy transformation process, a pow-
er supply was developed, the characteristics of which
and its comparison with the advanced domestic and
foreign analogs are presented in the table.

Proceeding from the table, it is possible to draw a
conclusion concerning the expediency and prospects of
development of the energy converters on the basis of
the proposed concept. The value of the specific power of
the developed converter, equal to 3.26 kW/dm3, sur-
passes that of the modern domestic and foreign analogs.
During the work on the pulse loading the energy con-
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verter has the peak specific power of 8.46 kW/dm3 at
the output power of 650 W.

Due to the ceramic materials and quasi-resonant
control the energy converter does not need an addi-
tional radiator for heat removal. The copper basis plays
the role of the fixing element and can be replaced with
a lighter aluminum substrate with the assembly open-
ings for fastening of the energy converter.
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MATEMATUYECKAS! MOAEAb HEPABHOMEPHOM MUKPOMEXAHMYECKOM
AEOOPMALNU YHACTKA ONTUHECKOTIO BOAOKHA
NP OCECUMMETPUYHHOM TNOBEPXHOCTHOM HAIPYXEHUA

Ilocmynuna ¢ pedaxyuio 22.02.2019

IIpedroxncena mamemamuyeckas mooeab Oepopmayuy y4acmika onmogoN0KHA, Ha OCHO8e KOMOPOU CIPOSMCS PA3AUYHbIE MU~
nbl 80N0KOHHO-ONMUYECKUX 0amyukoe u ycmpoiicmes. boavwioe npukaadnoe 3navenue modeau 00yca081eHO AGHAAUMUHECKUM ONU-
CaHuem KOMHOHEHM 6eKMopa MUKponepemeueHutl 6HympeHHUX moyex ¢ HeOOHOPOOHbIM pacnpedeneHuem 0epopmayuy no ce4eHuro
U OAUHe Y4acmKka OnmoBoA0KHA NPU OCECUMMEMPUUHOM HOBEPXHOCHHOM HACPYICEHUU.

Karouegvie caosa: 6onokonno-onmuueckue oamuuxu u ycmpoﬁcmea, ocecummempu4Hoe nNO6EepxXHOCMHoe HanpsiceHue, ma-

memamu4eckas modeab HepagHoMepHOU degopmayuu

Bsenenue

MN3BecTHO, YTO pa3BUTUE BOJOKOHHO-OMTUYECKUX
TEXHOJIOTUIA BO MHOTOM OOYCJIOBJIEHO POCTOM TpeOo-
BaHWI K OTPEOUTETHCKIUM KadyeCTBaM CO3IaHHBIX Ha
X OCHOBE NAaTYMKOB M YCTPOMCTB Pa3IUUYHBIX TUIIOB.
K 4ywncny Haubosnee akTyadbHBIX INOTPEOUTEIBCKUX
rokasaTejieil OTHOCSTCS MaJjible MOTEpU IHEPTUU U
HE3HAYUTEJbHbIE MCKAXEHHS (OPMBI ONTUYECKOTO
CHUTHaja, KOMITAaKTHOCTb, BBICOKAsl YCTOMYMBOCTH K
9KCIUTyaTallMOHHBIM (haKToOpaM U 3J1eKTPOMarHUTHbIM
rmomMexaMm, BO3MOXHOCTb (popmupoBaHusi 3¢hGheKTUB-
HBIX CETEBBIX CTPYKTYP CO CJIOXHOU TOMOJIOTUEN U .
[1—4].

B mocnenHue roabl oco00e€ BHUMAaHME YAEISETCS
pa3paboTKe BOJOKOHHO-ONMTUYECKMX AATYUKOB U yCT-
poiictB (BO/1Y), nmpeobGpasytoiiux aedopmMupyloime
BO3IEMCTBUS Ha onTHUYeckoe BoaokKHO (OB) B usme-
HEHME TapaMeTpoOB ONTHYECKOro CUrHaja. B Takux
YCTPOMCTBAX M COOTBETCTBYIOIIMX MaTEMATUYECKUX
MOJIEJISIX B pa3IMYHON CTENeH! YUYUTHIBAIOTCSI OCOOEH -
HOCTH CTPOCHUS M COTIPSKEHUS CEHCOPHOTO (YIIpaBIIs-
€MOI0) y4yacTKa BOJIOKHA C M3MEpsieMbIM (YIIpaBJISIO-
IIMM) OOBEKTOM WJIM CPEeloi, CBOMCTBA MIPUMEHSIEMBIX
MaTepuaioB, BO3ACHCTBUE BHEIIIHUX AeCTaOUIU3UPY-
fowux pakropos u ap. [3]. Tak, B ctaTbe [6] paccmaT-
pUBaeTCs BAUSIHUE aAre3MBHOTO CJI0SI, COSAMNHSIOIIE -
IO CEHCOPHBIMA y4aCTOK OIITOBOJIOKHA, COAEpKAlIUM
BHYTPUBOJIOKOHHYIO Op3rroBckyto peiietky (BBP), ¢
Jne(hOpMUPYEMbBIM TEJIOM, Ha TOYHOCTb U3MEPEHUS Jie-
¢opmanuu. Pabora [7] mocBsieHa aHanu3y nepeaa-
Yy necopMalu OT UCCIEAYeMOTo 00bEeKTa ONITOBOJIO-

KOHHOMY NaT4YMKy, OTJIMYUTE]bHON OCOOEHHOCTHIO
KOTOPOTO SIBJISIETCSI HAJIMYME BHEIIHEro U BHYTPEH-
HEro MOKPBLITUI M MHOE PacloJioKeHUe aare3MBHOIO
ciosl. BHyTpeHHee MOKpBITHE M CaMO OITOBOJIOKHO
COCTOSIT U3 IUOKCHJA KPEMHMSI U UMEIOT OJMHAKOBbIE
MeXaHWYeCKre, HO Pa3IMYHble ONTUYECKUE CBOMCTBA,
a BHEIIHSIS Harpy3ka MPUKIIAAbIBAETCSI TOJIBKO K TO-
BEPXHOCTH uccienyeMoro oobekTa. I1pu peleHuu 3a-
Ja4yy O TIepeaade HampsoKeHUS OT 3TOM IMOBEPXHOCTH K
OITOBOJIOKHY MCIOJIb3YIOTCS MPEANOJOXEHUSI O JIU-
HEWHON yIpYyrocTu U M30TPOMHOCTU MaTepuaaoB, 00
OIIMHAKOBOCTU MEXaHUYECKUX CBOMCTB OMNTOBOJOKHA
1 TIOKPBITHSI, 00 OTCYTCTBUM MTPOCKAJIb3bIBAHUST MEX-
Jy ONTOBOJIOKHOM U MCCJIEAYEMOM MOBEPXHOCTHIO, a
Takke 00 OTCYTCTBMU paaMalbHBIX CMEIICHUI B OIl-
ToBOJIOKHE. B padote [7] TakKe IToKa3aHO, YTO MaJIbIi
Moayiab FOHra opraHMYecKHX BelleCTB, MCIOJIb3ye-
MbIX B KaUu€CTBE aJre3MBHOTO CJIOSI, SIBJSETCSI OCHOB-
HOIl MPUYMHON TOTrPEIIHOCTU MPU U3MEPEHUU Je-
(opManuu matyukamMu Takoro Tuma. Kpome Ttoro,
paccMaTpUBaeTCsl BOIIPOC 3aMEHbI OPraHUYeCKOro al-
T€3UMBHOTO CJIOSI Ha BellECTBO, MMelolliee 0oJiee Bbipa-
JKEHHbIE MeTaJUIMYecKue cBoiicTBa. B Tex xxe mpenro-
JIOKEHMSIX, YTO B pabote [7], B cTaThbe [8] onmchIBaeTCs
BJIMSIHUE Pa3IMYHbBIX MapaMeTpoB Ha KO3 ULIUEHT
nepegaynd gepopMalny OT MCCIEAYeMOTO OOBbeKTa K
OITOBOJIOKHY M ONpelejeHue MapamMeTpoOB, BIUSHUE
KOTOPBIX Hambosee cyliecTBeHHO. B pabore [9] npen-
roJjlaraeTcsl UaeajlbHOe COEAMHEHUE OMNTOBOJOKHA U
MOBEPXHOCTU MaTepuaia, a Takxke OTCYTCTBUE aedop-
MallMu CABUra B OINTOBOJIOKHE, a 3aTeM MPUBOIUTCS
TeOpeTUUYECKUI pacueT KoaduireHTa nepegadyu Ha-
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MpsKeHUs OT 1eOpMUPYEeMOit TIOBEPXHOCTU K OITO-
BoJIoKHY. Pabora [10] rmocBsieHa MOCTPOSHUIO U UC-
CclleJOBaHWIO MaTeMaTUYeCKOM MojesNM JaTyuMkKa Ha-
npsekeHuii Ha ocHoBe BBP ¢ rayccoBeiM mpoduiiem.
Bce nepeuucieHHble MccieqoBaHUsI coaepxkart, dak-
TUYECKU, TIOTYIMITUPUUECKUE PACUYETHI OIpeIeTeHHbIX
MapaMeTpoB U PEXMMOB PadOThl ONTOBOJOKOHHBIX
JIaTYUKOB necopManuu, a padota [10] saBasieTcst YucTo
TEOPETUUECKUM PACUYETOM OTAEJIBHO B3STOrO ACIEKTA
(YHKLIMOHUPOBAHUS JaTyMKa MOA0OHOro TUMA.

I'maBHBEIM HemocTtaTkoM pa6oT [6—10] m mpyrux
pab6oT, noceseHHbIX co3nanuio BOY, saBiasgercs oT-
CYTCTBME IOCJIEIOBATEIbHON MaTeMaTUYECKON Moje-
1 geopMmanum yyactka OB. OTcyTcTBue TaKoro Tuma
MaTeMaTuYecKol MOJEeIu HE JaeT BO3MOXHOCTU IpHU
npoekTupoBaHuu U Moaudukaiuuu BOJY yyutsiBath
psa BaXHbBIX onTudyeckux 3 dexroB. Hanpumep, mis
JIaTYMKOB, ITOCTpoeHHBIX Ha BBP, Hu ogHa u3 mpuBe-
JMEHHBIX B MYyOJMKAIMIX MOJeeil He paccMaTpuBaeT
BO3MOXHOCTU HapylIeHUs] SKBUAUCTAHTHOCTU U UC-
KaxeHus: ¢opmbl wTpuxoB BBP mpu mpedopmupyio-
IIMUX BO3MEUCTBUSX HA CEHCOPHBIN yyacTok OB.

B nanHoli paboTe aBTOpbI IIpeaaaraioT HoBylo op-
MYJIMPOBKY IOCJeA0BaTe/IbHOM MaTeMaTU4ecKoi MO-
JIeJId, KOTOpasi CYLIECTBEHHO MOJIHEE U TOYHEE ONHU-
ChIBaeT nehopMalKIo ONTOBOJIOKHA MPU MTPUITOKEHUU
K HEMY MMOBEPXHOCTHBIX HaNpsiKeHUii. Mojiesib OCHO-
BaHa Ha (pyHIaMEHTaJIbHBIX YPaBHEHUSIX MeXaHUKU
CIUIOIIHBIX CPeJl, OMMUCHIBAET CIOXHBIE AedopmMaliuu,
Bo3HMKatome BHyTpu OB, u mosBossieT BHocieac-
TBUM YTOUHUTH onTUYeckue xapakrepuctuku BOIY
MOCPEICTBOM JETATLHOTO MEXaHWYECKOIO aHaju3a
nedopmaumii akTuBu3upyemoro ydyactka OB non neii-
CTBUEM MPUJIOXEHHBIX K HEMY MOBEPXHOCTHBIX CUII.
B onmcriBaeMoOM HIKe ciiydae Harpy:KeHHIA ¢ OCeBO
CUMMETpHMEN MOJIENb IOMYCKAET aHATUTUYECKOE pellie-
HUeE, KOTOPOE MOXET ObITh NCMOJIb30BAHO KaK B MpaK-
TUYECKHUX pacuerax, Tak U B Ka4eCTBE HYJIEBOTO MpH-
O>KEeHUS TIpY MPUMEHEHUU TEOPUM BO3MYILICHUH.

HacTrosimast ctatbs SIBIsIETCS IepBOM M3 3aILIaHU-
POBaHHOTO 1MKJA MyOJMKaLUUuid Mo pa3paboTKe U uc-
cienoBaHuio BOJ1Y, ocHOBaHHBIX Ha MOCJIEIOBATE b~
HOM MaTeMaTHu4yecKoil Momenu AedopMaliii ydacTKa
ONTOBOJIOKHA, MPU BO3ACUCTBUM PA3JIMYHBIX BUIOB
MOBEPXHOCTHOTO HarpyXeHwusl.

@opMyIHPOBKA U pelIeHHe KPaeBoil 3a1a4u
IS MoJeTpoBaHus AedopManun
HATPY2KEHHOI0 YYaCTKA ONTOBOJIOKHA

[Ipy dopMyIMpoBKe NpeaIOKEHHONH MaTeMaTh-
YEeCKOM MOJEIU TPEAIoiaraeTcs, YT0O MeXaHU4yecKue
XapaKTEePUCTUKU CepALEBUHBI onHoMoaoBoro OB u
ero 000JIOUKHU C OOJIBIIION CTETTEHBIO TOUHOCTA MOXKHO
CUUTATh OJUHAKOBBIMU MO Bcel AamHe ydyacTka OB.
Hanee Ha mnpsiMoiauHeiiHoM oTpe3ke OB Bbimensem
CUMMETPUYHBII OTHOCHUTEIBLHO CEepeIVHBbl Y4acTOK
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JIHOK L = 2/, K KOTOpOMY NTPUJIOKEHBI BHEILIHUE MO~
BEPXHOCTHBIE HampsoKeHus . irHa yyactka L oObIYHO
cocrapisieT 3...40 MM U sBJsIeTCSI MaJiol IO CpaBHe-
HUIO C JUIMHOU pacCcMaTpUBA€MOIr0 MPSIMOJIUHEUHOIO
otpe3ka OB. [losToMy npu MOCTaHOBKE 3ala4u OTpe-
30K C YYaCTKOM UIMHOM L MOXHO MOAEIUPOBaTh Oec-
KOHEYHBIM OITHOPOAHBIM LIUJIMHAPOM KPYIJIOro ceve-
Husa. Ochb 7z HaIlpaBjieHa BIOJb OCH IWIMHIpA, W B
JaJbHEeMIIeM UCIIONb3yeTCs HUIMHAPUYECKasl CHCTe-
Ma KoopauHat: r = (r, ¢, z). IlycTb K BblAEIEHHOMY
yuactky OB —/ < z < [ mpunoxeHo HOpMaJlbHOE Ha-
MpsiKeHre, ONMUChIBaeMOe B LIMJIMHAPUYECKON CUCTe-
Me KOOPINHAT KOMITOHCHTAMH TEH30PA G ., Gy, Gz U
KacateJibHOe HampsKeHUe, OMUChIBAEMOEe KOMIIOHEH -
TAMH TEH30PA Ty, Tjz, Ty KOTOPBIC MMEIOT OCEBYIO
cumMmeTpuio. JleficTBUe 2TMX KOMIIOHEHT B LIVJIMHI-
PUYECKMX KOOPIAMHATAX CXeMaTUYHO U300pakeHo Ha
puc. 1.

PaccMoTpuM KpaeBylo 3agadyy O paBHOBecUM Oec-
KOHEUHOIo LWIMHIApa paauyca R, Harpy>keHHOro Io
6okoBoli moBepxHocTH yyactka OB. IlycTts HOpMab-
HOE OCEeBOE CEYeHME LWIMHIpa 3aHUMMaeT 00JacThb
—ow < < o, 0 < r< R, KaKk IIOKa3aHO Ha puc. 2.

OrmmuieM OTKJIOHEHUE TOYEK CPeabl ONTOBOJOKHA
OT MX MOJIOKEHHS B HEHArpy>XeHHOM COCTOSIHUU BEK-
TOPOM TIepeMeIlIeHUsI, KOTOPBI MMeeT MPOIOIbHYIO
w(r, z) ¥ TonepeuHyto u(r, z7) KoMnoHeHThl. Komro-
HeHTa w(r, Z) ONIMCBHIBAET MepeMellleHUue TOUKHU C KO-
opauHaTaMu (r, Z) BIOJb OCU Z, KOMIIOHEHTA u(r, 7) —
repeMelIeHUe BAOJb paauyca  MOMEPeYHOro CEUCHUSI.

BHelIHNe HAPSKEHKS ,
JENCTBYIOIHE Ha LMIUHAID

External stresses acting
on the cylinder

Buyrpennue
HaNpsDKEHAS

Internal stresses

Puc. 1. Cxema npusiokeHHsIX K yyacTky OB noBepXHOCTHBIX HANPS-
KeHwii (@) u AeiiCTBHE KOMIOHEHT TEH30Pa HANPSIKEHUI HA JJIEMEH-
TapHbIii 00beM B IWJIMHAPUYECKO# cucTeme KoopauHat (b)

Fig. 1. Scheme of the surface stresses applied to the OF segment (a) and
action the components of the tensor stresses on the elementary volume
in the cylindrical system of coordinates (b)




Puc. 2. Cxema npunoxeHus Hanpspkenuii K yyactky L OB aas no-
Jyyenns pasencts (5) u (11)

Fig. 2. Scheme of application of stresses to the OF segment L for obtaining
of equalities (5) and (11)

B cuny oceBoii cumMMeTpuu pacrnpenesieHus] Ha-
MPSKeHU KOMITOHEHTHl BEKTOpa TepeMelleHUll B
HWIMHIPUYECKUX KOOpAUHATAX He OyayT 3aBUCETh OT
yria o.

KoMnoHeHThl TeH30pa OTHOCHUTEIbHBIX AedopMa-
LM BHYTPEHHUX TOUCK LUMIHHIPA €,y €5 €225 €100 Erys
€, JUISL OTOTO CJTydasl CBSI3aHbI C KOMITOHEHTaMU BEK-
TOpa CMEIICHUI CleAyIOIUMU COOTHOLLIEHUSIMU:

— Ou _u ow

8I‘r ar ) 8(p(p - ; 9 SZZ = 6_z 5 SZ(P = 0, SKP = 0,
1 (8_u 8w) 1
bre = 2\6z or (M

3anuiiiem 3akoH I'yka B TepMUHAX KOMIIOHEHT T€H-
30pOB HAaMpSKEHUSI U OTHOCHUTEJbHOU aedopMaiiuu

[11]:
= 2pe,,. + he; o4, = 2uey, T Ae; 6, = 2ue,, + e
T, = 2ue =051, =05 e=¢g,t gy, teg (2)

Grr

rz tr
rae A, u — koahouuneHTs Jlame; e — KoaduilmeHT
00BEMHOTO CXKaTusl.

Koadduuuentsr A, p cBsizaHbl ¢ moayieM FOHra

u koa(pdpunmentom Ilyaccona marepmana UMIMHIPA
CJIeAYIOIIMMHU COOTHOILICHUSIMU:

E —  2v
TIE AT ©

rne £ — moaynb FOHra matepuana uwivMHapa; v — Ko-
a¢pduumeHt IlyaccoHa, KOTOpbIiA oOIpeaensieT Ipo-
JOJIbHYIO AechopMallvio MaTepuaa Mpy ero nomepey-
HOM CXaTHM.

YcaoBus paBHOBECUSI LIWJIMHIpPA TIPU MPUIOXKE-
HUM K HEMY HampsiKeHU#l B COOTBETCTBUM C pUC. 2
UMEIOT BUIT

“’=

ai’r + aT_’Z 4+ %" %0 =0

or 0z r ’
at_rz+ac_zz+r_r1=0. 4)
or 07 r

IToacraBum cootHoueHust (1), (2) B (4) u B pe-
3yJIbTaTe MOJYYMM CUCTEMY ABYX I depeHIIaTbHbIX

ypaBHCHI/IfI B YaCTHLIX ITPON3BOJAHLIX BTOPOI'O MOPAId-
Ka OTHOCUTEJIbHO KOMIIOHCHT BEKTOpAa nepeMeLueHMﬁ:

2 2
(x+2p)( lg—L’—ﬂzJ+ua_L2’+(x+p)§_W =0,
ar ror. 07 rez
w10
(s 22 [ 2 __wj+ )
8 7 or ro
1ou
+(\+ =
( )(81‘(% raz)

st mocTaHOBKY KpaeBoil 3aJjauyi CUCTEMY ypaBHeE-
HuUit (5) HEOOXOAUMO JOIMOJHUTH IPAHUYHBIMU YCJIO-
BUAMU. J1J1s1 POPMYIUPOBKU rPaHUYHBIX YCJIOBUI pac-
CMOTPUM CHayaja cjyyail TOJbKO KacaTeJbHOIro Ha-
MPSKEHUsT HA TTOBEPXHOCTU LIMJIMHAPA B OTCYTCTBUU
HOpMaJIbHOrO — G, = 0 (puc. 2). [lnsg HariasaaHoCT!
OyIeM CUMTAaTh, YTO HANPSDKEHUE UMEeT IMOCTOSIHHYIO
MHTEHCUBHOCTh Ha y4yactke —/ < z < [. KpaeBrIe yc-
JIOBUS Ha TIOBEPXHOCTH IJIMHIApPA B 3TOM ClIydae
MOXHO 3amucaTh B CIEIYIOLIEM BUIE:

To,OSZSl

0,|7d>1 , (6
—To» -I< Z< 0

6, (R, 2) =0, 1R 2=

L€ 1y — MOCTOSIHHOE KacaTeJIbHOE HaIIpSIKEHUE.

B cuny oceBoif cuMMeTpuM IIONEPEYHbBIE CMEIIe-
HUS TOUEK Ha OCH LWIMHApPA OyAyT paBHBI HYIIO U
MIPOJIOJIbHbIE CMEIEHNS Ha OCHU OyayT MMETb MMHU-
MYM BIOJIb HaIlpaBJICHUII HOpMalbHBEIX K ocu. CooT-
BETCTBYIOLIME I'PaHUYHBIE YCIOBUSI OYAYyT UMEThb Clie-
IYIOLLUA BUI:

w0, =0, 220,27 =0. (7)
or
Takum obpa3oM, cuctema ypaBHeHUH (5) ¢ TpaHAY-
HbIMU ycrtoBrusiMu (6), (7) mpencrtasisieT coboil MaTe-
MAaTUYECKYI0 3alUCh KPaeBOW 3alauu, ISl peLUEHUS
KOTOPOI BOCITOJIb3YeMCSI OOIIMM TIPEACTaBICHUEM pe-
LIEHWSI OCECUMMETPUYHBIX 3aaa4 yepe3 QyHKiumwo JIs-
Ba ®(r, 7) [11]. @ynkuus JIsgBa aBIgeTCI OUTapMOHU-
YecKoi, T. e. ynomiaeTBopsieT auddepeHIIMaIbHOMY
YPaBHEHUIO B YACTHBIX IPOM3BOIHBIX YETBEPTOTO T10-
psiiKa, KOTOPOE B UWIMHAPUYECKHUX KOOPAMHATAX
MMEeT BUI
a2

2
2 — _ 0 0
Ao =0, A=+ =+ (8)

or 0z
ITonst mepeMellieHU M HAMPSKEHWU ONpeaesstoT-
cs yepe3 3Ty (YHKIMIO KaK:

~N =

2 2
u(rsz)z_zia_q)s W(V,Z) 2(17 )Af 9 CD,
W oroz az
2
0 0
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_d( . 10
Spe(r D = 2 (va-1%] 0, )

2
o (1, 2) = (% {(2—V)A—i2:| @,

H3sBectHO [12], yTO mpu pellieHUU ypaBHEHUI TUIIA
(8) MOXeT OBITh UCITOJIb30BaHO MHTErPaJIbHOE MPe0o-
pa3zoBaHue Dypbe MO IMepeMEHHOM, Ipoberawuiei
OCCKOHEYHbIIA MHTEepBaJl, B JAHHOM CJly4yae 3TO Z.

Hckomoii sBasercs dbynkuus JIsgsa B ¢dopme WH-
terpana Pypbe MO0 MepPeMEHHOM Z:

o(r, 7) = 2%[ [ & (r, we o, (10)

IMoncrapnss (10) B BeipaxkeHue (8), MoayduM oObIK-
HOBeHHOe nuddepeHIINaTbHOe YpaBHEHNE IS OIIpe-
JneneHus TpaHchopMaHThl Dypbe @ (r, a):

OOuiee PEUICHUE 3TOIO YPaBHCHUA UMCET BU

D (r, o) = Ay ly(ar) + Ayarl(ar) + B Ky(ar) +
+ Bz(ll"Kl(Gl”), (11)

rne A,, B, (n=1, 2) — dyuxuum ot a; 1,(x), K, (x) —
HWIMHApUYecKUe (GYHKIIMUY MHUMOIO apryMeHTa UIu
MoauduupoBaHHbie ¢yHKUuK beccens [13].

IMoncransis Beipaxenus (10) u (11) B cuctemy (9),
MOJIyYMM CJIeaytoire (POpMYJIbl 11 KOMIIOHEHT u(r, )
u w(r, ) BEKTOopa MepeMelIeHnid, HEHYJEBbIX KOMITO-
HEHT TeH30pa HanpsLKeHUl U e(r, 7) — KoadduieH-
Ta 0OBEMHOTO CXKaTHUS:

o0

u(r, ) = ﬁ W2 A 1y (ar) + Ayarly(ar) —

— B, K (ar) — ByorKy(ar]e “da,
w(r, 7) = ﬁ 7{0 aHA Iy(ar) + Ap[4(1 — ) y(ar) +
+ arli(ar)] + B Ky(ar) + By[—4(1 — v)Ky(ar) +
+ ark(an]le *da,
I (ar)
or

c,r, 2) = ZLn J a3{Al[[O(ocr) } + A[(1 —

_s K (ar)
Wy(an + arli(ad)] + B, [Ko(ocr)Jr — } +

+ By[—(1 — 2v)Ky(ar) + ochl(ocr)]}e_i“Zda, (12)
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0

o, (1, 2) = _2% _jw @A Iy(ar) + A5[2Q2 — v)Ip(ar) +
+ arl(an] + BiKy(ar) — By[2(2 — v)Ky(or) —

— arK(ar)]}e “da,

T, D) = —zin i oA 1 (ar) + Aylarly(ar +
+2(1 = Wy (ar) — BKy(ar) — BylarKy(ar) —
—2(1 = VK (ar)]ie *da,

etr, 9 = ~BG=29 [ oylyfan) = Byyan)]

X ¢ 192y
@®yukuuu ot o A4,, B, (n = 1, 2) onpenenstorcs u3
rpaHWYHBIX ycsioBuit 3agauu (6), (7). B vacrHoCcTH, TaK
Kak MoauduuupoBanHble GyHkuuu beccensa Ky(ar),
Ki(ar) mpu r = 0 He orpanuyensl [13], To U3 ycnosus
(7) nonyuum

B =0, B,=0. (13)

IIpencrtaBuM (yHKIIMIO, OIIMCHIBAIOLIYIO Kaca-
TeJIbHOE HaIpsKeHUe B yCJIOBUM (6), yepe3 MHTeTpal
Dypsbe:

o0
(R, D) = L [ T(a)e ™do,
27 o
rae T(a) — TpancdopmanTa Dypbe, KOTOpast IS TaH-
HOI'O BbIOOpa HAIpSDKeHMSs ompenessercs (popMyaoin
0 /

; . 2
T(a) = — | 19e"%da + [tye™da = 250411 — cos(al)].
—/ 0 (04

I'panmanbie yemoBus (6) TIpu » = R MalOT CUCTEMY
JIMHEWHBIX YpaBHEHMIA 11 onpeaeaeHrusT Koadduiu-
€HTHBIX (PYHKLIMIA:

A1 (oR) + AylaRI(oR) + 2(1 — v)I;(aR)] = _7_"_(%_)’

(04
A [IO(OLR) - Iléo;eR)J + A[(1 — 2v)Ip(aR) +
+ Rl (aR) = 0.

PelieHue moaydeHHOM CUCTEMBI MMEET CIeAylo-
U1 BUI:

RT(a)
4, = 2l
(04

[(1-2v)[y(aR)+aRI|(aR)]
(@R (T2 (aR) — I2(@R) + 2(1 - X (aR)]
A, = _ﬂ%) x

[0

(14)

[aRIy(aR) - I{(aR)]
(R (I{(aR) — I}(aR)) + 2(1 - V) I} (aR)]

X
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Puc. 3. 3aBucumocTb npoaoJIbHO KOMIOHEHTbI W BEKTOPA mnepeme-
HIEHii OT KOOPAHHATHI Z PH PA3JIMYHBIX 7 NPH NPOJOJIbHOI MOBEpPX-
HOCTHOIi HArpy3Ke: CIUIOLIHAS JUHUS — # = (), IUTPUXOBast IUHUSI —
r= 0,05 MM, nyHkTupHas quHusg — r = 0,09 mm

Fig. 3. Dependence of the longitudinal component w of the vector of dis-
placements on 7 coordinate at various r at the longitudinal surface load:
continuous line — r = 0, dashed line — r = 0.05 mm, dotted line —
r=0.09 mm
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Puc. 4. 3aBucuMoCTb NPOIOJIbHO KOMIOHEHTbI W BEKTOPA mepeme-
IIEHHs OT 7 MPHA Pa3JIMYHbIX 3HAYEHUAX Z MPH MPOJOJIbHOI MOBEPX-
HOCTHOIi HAarpy3Ke: CrulolIHas TuHusl — = 1,05 MM, 1ITpuxoBasi -
Hust — z = 1,052 MM, nyaktupHas iuausg — z = 1,055 mm

Fig. 4. Dependence of the longitudinal component w of the vector of
displacements r at various values of z at the longitudinal surface load:
continuous line — z = 1.05 mm, dashed line — z = 1.052 mm, dotted
line — z = 1.055 mm

®opmynbl (12)—(14) maroT pelieHre KpaeBOil 3a-
nauu (5)—(7), T. e. BBIpaXXeHMUsI JJ1si KOMIIOHEHT u(r, z)
u w(r, 7) BEKTOpa MepeMellieHUil, KOMITOHEHT TeH30pa
HaNpsDKEHWH UTS BHYTPEHHUX TOYEK IMIMHIpPA U KO-
s GuLIeHTa 00BEMHOTO pacluupeHus e(r, 7) B hopMe
nHTerpanoB Oypee.

IIpu 4uciieHHOU OLEHKE pPe3yJbTaTOB pPacyeThl
MIPOBOIMIIN JIUTS CIEAYIOIINX 3HAYCHUI IMapaMeTpOB:
E=0,6-10° H/™M% v =025 R=0,1 Mm; /=5 mm;
19 = 10° H/m2.

Ha puc. 3 npeacraBieH rpaduk 3aBUCHUMOCTHU
MIPOIOJILHOM KOMIIOHEHTHI BEKTOpa MepeMEIIeHUN W
OT TIPOAOJIbHOM KOOPAWHATHI Z IPU (PUKCHPOBAHHOM
3HaueHuM paauyca r. Ha puc. 4 npencrasieHbl rpa-
(VKM 3aBUCHMOCTH TIPOIOIHLHOTO TIEpEMEIIeHUS] W OT
MOTMepPeYyHO KOOPAUHATHI # TIPU Pa3IMYHBIX 3HAYEHU -
SIX TIPOJIOJIBHON KOOPAWHATHI Z.

PaccmoTpum Teneps caydyait HOpMaIbHOIO TTOBEPX-
HOCTHOTO HANPSIKEHHUS TTOCTOSHHON MHTCHCUBHOCTH
Ha yyactke —/ < z < [/ mOBepXHOCTU LUJIUHApA TIPU

paBHOM HYJIIO KacareJlbHOM HamnpsbkeHuu. KpaeBble
YCJIOBMSI 3aITMCHIBAIOTCS] B 9TOM Cllyyae B ClIeAYIOLIEM
Bume (cpaBHUTE ¢ yciaoBuamu (6), (7)):

-8, 1d <1
1R, 2) =0, o,(R, Z):{goH ’
0,z>1

u(0, 7) = 0, 66—‘:(0, ) =0, (15)

rzie gy — MOCTOSTHHOE HOPMAaJIbHOE HaNpsKEHUE.
3amaya pelraeTcsl COBEpPIIEHHO aHAJIOTUYHO CITy-
yap MOpoAoJbHBIX HampspkeHuit (5)—(7). Tak, rpa-
HUYHbIe ycaoBus (15) nipu r = R pawT cieaylolye
BBIpaxKeHUs IJ1s1 KOG GULMEeHTHBIX (GYyHKIUI B Gop-
mynax (9):
A, = l.RGgoc_} %

2
(04

[aRIj(aR)+2(1 -v)I(aR)]
(@R (T2 (aR) — 120 R) +2(1 -2 (aR)]

[0

I, (aR)
(@R (If (R~ I} (aR)) +2(1 - v) I} (aR)]

X

X

, (16)

rie G(a) — Pypbe-o06pa3 ¢pyHkunu o, R, z) U3 BbI-
paxenus (15):

2
Gla) = —2% isinol.
o

s mosydyeHus: SIBHBIX BbIPaKEHUN IJII KOMIIO-
HEHT BeKTOpa MepeMellleHUid, TeH30pa HaIpsKeHUH,
ko3 duimeHTa 00bEMHOIO paclIupeHus B ciyyae
MOMEPEYHOTO HATPYXEHUS CJIEAYeT BOCMOJb30BAThCS
¢opmynamu (12), B KOTOpble BMECTO KO3 ULIMEHT-
HbIX QyHKuMi (14) cienyeT nmoacTaBUTh KO3 duum-
eHTHble GyHKUMU (16). B ciayyae omHOBpeMEHHOrO
MPOAOJIBLHOIO Y IOINEPEYHOIro Harpy>XeHuii pelieHue
naercs cyrepnosuumeid pemeHuid (12) ¢ koadduium-
eHTHBhIMU QyHKIMAMU (14) 1 (16) COOTBETCTBEHHO.

CrenyeT OTMETUTb, UYTO CGhHOPMYJIMPOBaHHAs MO-
JIeTh JOIYCKAeT TOYHOE pellleHue IS CIIydasl TIPYIIO-
JK€HUsI TTOBEPXHOCTHOIO HAMpSIXKEHMUST Yyepe3 MHOIo-
CJIOHOE COEIMHEHUE U3MEPSIEMOro Teja C MOBEepX-
HocThio OB, KOTOpoe B akCHaJIbHO-CUMMETPUYHOM
cllyyae MOXET MpPEeACTaBJISIThCSI MHOTOCIOMHBIM Oec-
KOHEYHBIM LIWJIMHAPOM.

3akmouenne

B pabote Ha ocHOBaHUM (DyHIAMEHTAJbHBIX YpaB-
HEHUI MEXaHWKM CIUIOIIHBIX cpel chopMyIrmpoBaHa
MareMaTtuyeckasi Mojiesib JepopMallii yyacTka OnTH-
YeCKOTro BOJIOKHA MPU MOBEPXHOCTHBIX HATIPSIKEHUSIX.
B ciiyyae paccMOTpeHHbBIX aKCHAJIbHO-CUMMETPUYHBIX
TMOBEPXHOCTHBIX HAIPSIKEHUI MOJIe]Ib AOMyCKAET TOU-
HOEe pellieHHe IS KOMIIOHEHT BEKTOPOB IepeMellle-
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Huii Touek OB. Monenb no3BosisieT onucatb 00JbIION
HaboOp MpakTUYECKM BaxKHBIX Cilay4yaeB AedopMalliu
OB u cpopmynupoBath TpeOOBAaHUS K XapaKTePUCTH -
KaM MpUMEHsIEMBbIX MaTepHaioB, a Takxke Ha (yHaa-
MEHTAJIbHOM YPOBHE OLIEHUTb TPEIEIbl MOBBIIIEHUS
TOYHOCTHY IIMPOKOTO CIIEKTPa BOJOKOHHO-ONTUYECKUX
JaTYUKOB U ycTpoicTB. [IpemiokeHHbII aHaTUTUYeC-
KUI TIOAXO[I TTO3BOJISIET CTPOUTh MOAEIU U C APYTUMU
TUIIAMU HArpykeHuii (OMHOCTOPOHHUMU, CEKTOPHBI-
MU, GYHKUMOHAIBHBIMU U JIP.), KOTOpbIE OyIyT pac-
CMOTPEHBI B CACAYIOIIUX ITyOIUKALIUSIX.
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A mathematical model of deformation of a fiber optic segment is proposed. Different types of fiber optic sensors and devices can
be built based on this model. The great practical significance of this model is due to the analytical representation for the components
of the vector of displacements of internal points, taking into account the nonuniformity of deformation OF over the cross section and
the length of the optical fiber under axial symmetry surface strain.
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Introduction

As is known, in many respects, the development of
the fiber-optical technologies is due to the growing re-
quirements to the consumer qualities of the sensors and
devices of various types created on their basis. Among
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the most demanded consumer indicators are small loss-
es of energy and insignificant distortions of the form of
the optical signal, compactness, high resistance to the
operational factors and electromagnetic noises, a pos-
sibility of formation of effective network structures with
a complex topology, etc. [1—4].




In recent years, special attention has been devoted
to development of the fiber-optical sensors and devices
(FOSD) transforming the deforming impacts on the
optical fiber (OF) into a change of parameters of the
optical signal. Such devices and the corresponding
mathematical models to various degrees take into ac-
count the specific features of the structure and interface
of the sensor segment of the fiber with the investigated
object or environment, properties of the applied mate-
rials, influence of the external destabilizing factors, etc.
[5]. Thus, in Ref. [6] the influence of the adhesive layer,
connecting the sensor section of the optical fiber con-
taining the intra Fiber Bragg Gratings (FBG) with a de-
formable body, on the deformation measurement ac-
curacy is considered. The work [7] is devoted to the
analysis of the transfer of deformation from the inves-
tigated object to a fiber-optical sensor, the distinctive
feature of which is existence of the external and internal
coverings and a different arrangement of the adhesive
layer. The internal covering and the optical fiber itself
consist of the silicon dioxide and have identical me-
chanical, but various optical properties, while an exter-
nal load is applied only to the surface of the investigated
object. For solving of the task of the stress transfer from
this surface to the optical fiber the assumptions are used
of the linear elasticity and isotropy of the materials, of
similarity of the mechanical properties of the optical
fiber and covering, of absence of slipping between the
optical fiber and the investigated surface and also of ab-
sence of the radial shifts in the optical fiber. In the work
[7] it is also demonstrated that the small Young mod-
ulus of the organic substances, used as an adhesive lay-
er, is the main reason for errors in the deformation
measurements of the sensors of this kind. Besides, a
question is considered of replacement of the organic
adhesive layer with a substance having more pro-
nounced metal properties. In the same assumptions as
in Ref. [7], in Ref. [8] the influence is described of var-
ious parameters on the deformation transfer from the
investigated object to the optical fiber and determina-
tion of the parameters, the influence of which is most
essential. In the work [9] an ideal connection of the op-
tical fiber and the material surface is assumed and also
absence of the shear deformation in the optical fiber,
and then a theoretical calculation is presented of the
stress transfer from a deformable surface to the optical
fiber. Ref. [10] is devoted to construction and research
of a mathematical model of the stress sensor on the ba-
sis of FBG with a Gaussian profile. All the above listed
research works contain, actually, semi-empirical calcu-
lations of certain parameters and operating modes of
the fiber-optical deformation sensors, and Ref. [10] is
a purely theoretical calculation of a separately taken as-
pect of functioning of a sensor of this kind.

The main defect of the approaches [6—10], devoted
to creation of FOSD, is absence of a sequential math-
ematical model of deformation of the OF segment. Ab-

sence of this kind of mathematical model does not give
us a chance to consider a number of important optical
effects during designing and modification of FOSD.
For example, for the sensors constructed on FBG,
none of the models given in the publications considers
a possibility of violation of the equidistance and distor-
tion of the form of tags of FBG at the deforming im-
pacts on the OF sensor segment.

The authors offer a new description of the sequential
mathematical model which describes significantly more
fully and more precisely the deformation of the optical
fiber during application of surface stresses to OF. The
model is based on the fundamental equations of the
continuum mechanics, describes the complex deforma-
tions arising in OF and subsequently allows us to specify
the optical characteristics of FOSD by means of a de-
tailed mechanical analysis of the deformations of the
activated OF segment under the influence of the surface
forces applied to it. In the case of the stressing described
below the model with the axial symmetry allows an an-
alytical solution, which can be used both in practical
calculations, and as a zero approximation of the per-
turbation theory.

The present article is the first of the planned series
of publications on research and development of FOSD
based on a sequential mathematical model of deforma-
tion of a segment of the optical fiber under the influ-
ence of different types of the surface stressing.

Formulation and solving of the boundary problem
for modeling of deformation of a stressed segment
of the optical fiber

Formulation of the proposed mathematical model
assumes that the mechanical characteristics of the core
of a single-mode OF and its cover, with big degree of
accuracy, can be considered identical along all the
length of the OF section. Further on a rectilinear piece
of the OF, we single out a segment, symmetric in re-
lation to the middle, with the length of L = 2/, to
which the external surface stresses are applied. The
length of segment L usually equals to 3...40 mm and
it is small in comparison with the length of the con-
sidered rectilinear piece of OF. Therefore, during the
problem statement the piece with the L-long segment
can be modelled by an infinite uniform cylinder of a
round section. The axis z is directed along the cylinder
axis, and, further, the cylindrical system of coordinates
is used: r = (r, ¢, 7). If to the singled out OF segment
—[ < z < [a normal tension is applied, described in the
cylindrical system of coordinates by tensor components
O > Gpgs Oz @S well as the shearing stress, described by
the tensor components t,,, 1, T, Which have the axial
symmetry. Action of these components in the cylindri-
cal coordinates is schematically presented in fig. 1.

Let us consider a boundary value problem about the
balance of the infinite cylinder of R radius stressed on
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the side surface of the OF segment. Let the normal axial
section of the cylinder occupy the area of —oo < 7 < oo,
0 < 7 < R, as shown in fig. 2.

Let us describe the deviation of the points of the
optical fiber environment from their position in an un-
stressed state by the displacement vector, which has
longitudinal w(r, z) and cross u(r, z) components. The
component w(r, z) describes displacement of a point
with coordinates (r, z) along axis z, the component
u(r, 7) — displacement along the radius » of the cross
section.

Owing to the axial symmetry of the stress distribution,
the components of the vector of displacements in the cy-
lindrical coordinates will not depend on the angle of .

Components of the tensor of the relative deforma-
tions of the internal points of the cylinder g, Epp> €2
€20 Erpr Erg for this case are connected with the com-
ponents of the vector of shifts by the following rela-
tions:

€. = ou =4 ¢ = ow . =0, ¢ =0
rr ar s (010} r ) ed az ’ 70 ) 140) )
1 (614 8w) 1
bre = 2\6z or (1

Let us write down Hooke's law in the terms of the
components of the stress tensor and relative deforma-
tion [11]:

= 21UE,,. T Ae; Cpp = 2u8qxp + e, 6, = 2ue,, e,

¢

Tpp = 20E,, Trp = 0; T = 0;e=c¢g,+ €0 +e,, (2)
where A, p — Lamé coefficients; e — coefficient of the
volume compression.

Coefficients A, p are connected with Young's mod-
ulus and Poisson ratio of the cylinder material by the

following correlations:
F 2v

S T s s e T L 3

where £ — Young's modulus of the cylinder material;
v — Poisson ratio which defines the longitudinal defor-
mation of a material at its cross compression.

According to fig. 2, the conditions of balance of the
cylinder, when stresses are applied to it, have the fol-
lowing appearance:

ai’r + Z%_rz 4+ %" %0 =0,

or 07 r

8trz oo T

4 24 2=, 4
or 07 r )

Let us substitute correlations (1), (2) in (4) and, as
a result, we will get a system of two differential equa-

338 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 6, 2019

tions in partial derivatives of the second order in rela-
tion to the component of vector of displacements:

2
(L +2u )[ 5 1‘2—%J+ _+(x u)a_wzo,
or r

az or
w10
(o 2w (_;u 8_Wj . 5)
6 z or r
10u
+(A+ = 0.
( )(6raz raz)

For statement of a boundary problem the system of
the equations (5) should be complemented with the
boundary conditions. For the formulation of the
boundary conditions, first, we will consider only the
case of the shearing stress on the surface of the cylinder
in absence of a normal one — o,,. = 0 (fig. 2). For de-
scriptive reasons let us assume that the stress has a con-
stant intensity on the segment of —/ < z < /. In this case
the boundary conditions on the surfaces of the cylinder
will be presented in the following way:

’EO,OSZSI

0,|d>1 , (6
—To» -I< Z< 0

Grr(R, Z) = 05 Trz(R9 Z) =

where 1, — constant shearing stress.

Owing to the axial symmetry the cross shifts of the
points on the cylinder axis will be equal to zero, while
the longitudinal shifts on the axis will have a minimum
along the directions normal to the axis. The correspond-
ing boundary conditions will look like the following:

u(0,2) =0, 20,5 =0. %
or

Thus, system of equations (5) with the boundary
conditions (6), (7) represent a formulation of boundary
value problem, for solving of which we will use a gen-
eral idea of the solution of axisymmetric tasks through
A. Love function ®(r, z) [11]. A. Love function is bi-
harmonic, i.e. it meets the differential equation in the
partial derivatives of the fourth order, which in the cy-
lindrical coordinates has the following appearance:

2
ANo=0, A= +

8r2

~N =

0 0
0 4 0 (8)
or azz

Fields of displacements and stresses are defined by
this function as:

2

2
u(r, ) = —51— 2. o) = 51; {m-m_iz}cp,
0z
P 5°
Grr(r’ Z) = a_z(VA_m) (D,




_ 0 10
Spe(r 9 = 2 (va-12)a, ©)
P PR
ol ) = 2 {(2—v>A——2} o,
Z 0z
P P
Trz(r> Z) = 5.|:(1 V)Aa—2:| CD’
Z
etr, 9 = 52 2 a0

As is known [12], for solving of the equations of the
type (8) the integrated transformation of Fourier on the
variable, running an infinite interval, can be used, and
in this case it is z.

The desired function is A. Love function in the form
of Fourier's integral on variable z

L[ &(r, 0)e o (10)
27

By substituting (10) into expression (8) we will get
a ordinary differential equation for definition of Fou-
rier's transformant © (r, o):

) 2
dr rdr

o(r, 2) =

The general solution to this equation looks like the
following:

D (r, a) = Aply(ar) + Ayarly(ar) + B Ky(ar) +
+ ByarK(ar), (11)

where A4, B, (n =1, 2) — functions of a; 1,(x), K,(x) —
cylindrical functions of an imaginary argument or the
modified Bessel functions (see, for example, [13]).

By substituting expressions (10) and (11) into (9),
we will get the following expressions for components
u(r, 7) and w(r, z) of the vector of displacements,
nonzero components of the stress tensor and e(r, 7) —
coefficient of the volume compression:

0

u(r, 7) = Zﬁﬁ [ 2[4 I (ar) + Ayorly(ar) —

—00

— B, K (ar) — ByorKy(ar]e ™da,
w(r, 7) = Zrl"cﬂ | oA Iy(ar) + A[4(1 — V) Iy(ar) +
+ arly(ar)] + BKy(ar) + Byl—4(1 — v)Ky(ar) +

+ arK(ar]le *da,

1
1(0;r)} F A —

o, {r, 2= Q_l;; J a3{A1[10(ar)—

Wiy(on + arli(ad)] + B, [Ko(ar)+ — J +

+ By[—(1 — 2v)Ky(ar) + oarKl(ocr)]}e_i“Zda, (12)

G, 2) = —2in _jw o> {A I(ar) + A[2Q2 — V) y(ar) +
+ arly(ar)] + ByKy(ar) — By[2(2 — v)Ky(ar) —
— arK;(an]}e “da,

o0

T, {1, 2) = —217[ f oc3{A111(ocr) + Aylorly(ar) +

—00

+2(1 — V) (ar) — B K (ar) — BylarKy(ar) —
—2(1 — VK (ar)]}e *da,

e(r, 7) = —iz-%n:ff) Of o3[ Ay Iy(ar) — ByKy(ar)] X

X ¢ 102y,

The functions of a 4,,, B, (n =1, 2) are defined from
the boundary statements of the problem (6), (7). In par-
ticular, since the modified Bessel functions Ky(ar),
K, (ar) at r = 0 are not limited [13], from the condition
(7) we will get:

B, =0, B,=0. (13)

Let us present the function describing the shearing
stress in condition (6) through the Fourier integral:

(R D) = 5= | T(a)e “d,

where T(a) — Fourier transformant, which for this se-
lection of stress is defined by the following formula:

0 /
) ) 2
Ta) = — [ tge®do + [tge®da = —0i[1 — cos(al)].
-~/ 0 a

The boundary conditions (6) at = R provide a sys-
tem of the linear equations for definition of the coeffi-
cient functions:

AL (0B + AylaRI(aR) + 2(1 — V) (aR)] = E%)
a

! l(o;eR)} + A[(1 — 2v)Ip(aR) +

a

+ aRI(0R) = 0.

A [IO(aR) -

The solution to the received system is the following:

A, - RT(20L)X
o
[(1-2v)Iy(aR)+aRI(aR)]
(@R (T2 (aR) — I2(R)) +2(1 - X (0 R)]

T
Azz—J%)X
(04

(14)

[aRIy(aR) - I{(aR)]
(R (I{(aR) — I7(aR)) + 2(1 - V) I} (aR)]

X
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Formulas (12)—(14) give the solution to the bound-
ary problem (5)—(7), i.e. expressions for components
u(r, z) and w(r, ) of the vector of displacements, com-
ponents of the stress tensor for the internal points of the
cylinder and coefficient of volume expansion e(r, z) in
the form of Fourier integrals.

At the numerical assessment of the results the cal-
culations were carried out for the following values of the
parameters: £= 0.6 - 10° H/M2; v=20.25; R=0.1 mm;
=5 mm; 19 = 10 H/M2.

Fig. 3 presents the dependence of the longitudinal
component of the vector of displacements w on the
longitudinal coordinate z at the fixed value of radius r.
Fig. 4 presents the dependence of the longitudinal dis-
placement of w on the cross coordinate 7 at various val-
ues of the longitudinal coordinate z.

Now let us consider the case of a normal surface
stress of the constant intensity in the segment —/ < z </
of the cylinder surface at the shearing stress equal to ze-
ro. In this case the boundary conditions are written in
the following way (compare with conditions (6), (7)):

=80 I Sl
R D=0, o (R )= { spld=!
0,z>1

u(0, 7) = 0, %lr”(o, ) =0, (15)

where g, — constant normal stress.

The problem is solved in a way, absolutely similar to
the case of the longitudinal stress (5)—(7). So, the
boundary conditions (15) at ¥ = R give the following ex-
pressions for the coefficient functions in formulas (9):

=l.RG(x

2
[0

[aRIy(aR)+2(1-v)I{(aR)]
(@R (T2 (aR) — IX(@R) + 2(1 - IX(aR)]
A2 = _lJ—LG (12 R X

o

I (aR)
(@R (IE(aR) — I (aR) +2(1-v) I} (aR)]

A X

X

, (16)

where G(a) — Fourier image of function ¢,,(R, z) from
expression (15):

)
Glo) = — 20 jsinal,
o

For receiving obvious expressions for the compo-
nents of the vector of displacements, stress tensor, co-
efficient of volume expansion in case of a cross stress-
ing, it is necessary to use formulas (12), in which we
should replace the coefficient functions (14) with the
coefficient functions (16). In case of simultaneous lon-
gitudinal and cross stressings the solution is given by a
superposition of solutions (12) with the coefficient
functions (14) and (16), respectively.
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It should be noted that the formulated model allows
an exact solution for the case of application of the sur-
face stress through a multilayered connection of the
measured body with the surface of OF, which in the ax-
ial-symmetric case can be represented by a multilayered
infinite cylinder.

Conclusion

In the work on the basis of the fundamental equa-
tions of the continuum mechanics a mathematical
model of deformation of the segment of OF was for-
mulated at the surface stresses. In case of the consid-
ered axial-symmetric surface stresses the model makes
possible an exact solution for the components of the
vectors of displacements of the OF points. The model
allows us to describe a big set of practically important
cases of the OF deformation and to formulate the re-
quirements to the characteristics of the applied mate-
rials, besides it also allows us to estimate at the funda-
mental level the limits for increasing of accuracy of a
wide range of the fiber-optical sensors and devices. The
proposed analytical approach allows us to construct
models also with the other types of stressings (unilater-
al, sector, functional, etc.), which will be considered in
the subsequent publications.
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Beenenune

M3nennsi MUKPOCUCTEMHOM TEXHUKM, CiyXallue
JIJIS1 KOHTPOJI MapaMeTPOB ABUXKEHUST OObEKTOB, B Ha-
CTOSIIIEeE BPEMS TIOJYYMINA IMMPOKOE PacHpoOCTpaHe-
HUE B CBSI3U C Pa3BUTUEM TEXHOJIOTMil OOBEMHON M
MOBEPXHOCTHOM KpeMHMEBOM MUKpoMexaHuku [ 1—3].
K yucny Takux usnenuii OTHOCSTCS KpeMHUEBbIE MUK-
pOMEXaHWYECKHUE aKCEJIEPOMETPHI, NMPUMEHEHUE KO-
TOPBIX OOYCJIOBJIEHO HEOOXOIMMOCTBIO MOJYYEHUS] UH-
dopMain 06 yCKOPEeHUN MOIBUKHBIX OOBEKTOB ISt
CO3JaHUSI HAa MX OCHOBE CHUCTeM ympaBiaeHus [4, 5].
BaxxHbIM 371eMEHTOM MUKPOMEXaHUYECKUX aKCEJIEPO-
METPOB SIBJISIETCS TePBUYHBIN U3MEPUTEIIbHBII MTPeoo-
pa3oBarelib, TaKXe M3BECTHBI KaK YyBCTBUTEIbHbBIU
3JIEMEHT.

KoHCTpyKTHBHO TakKe UyBCTBUTEIbHBIE 3JIEMEHTHI
MPEeACTaBISIIOT CO00M MHOTOCIOMHYIO KOHCTPYKIIMIO,
COCTOSIIYIO U3 HECKOJBKUX CJIIOEB KPEMHUS U CTEKJIA
(puc. 1). B Takux KoHCTpyKUUsX auddepeHmaabHbIi
KoHzieHcarop ¢ emkoctsamu Cy, €5, HeOOXOAUMBII 111
(GyHKLIMOHUPOBaHUSI MTpUOOpa, 00pa3oBaH MOABUXK-
HOU KPEMHUEBOW ITJIACTUHOM U HEMOABUXXHBIMU CTEK-
JISHHBIMU TIJIACTUHAMU C METAJIIU3alMe.

Hecmotpst Ha KaxXKyIIytocs IpOCTOTY KOHCTPYKIIUH,
(opMmupoBaHMEe YYBCTBUTENBHBIX 3JIEMEHTOB MUKPO-
MEXaHWYECKHX aKCEeJIePOMETPOB C IIPHUEMIIEMBIM ITPO-
LICHTOM BBIXOZIa TOAHBIX MPEACTABIsIET COO0I 3HAUU-
TeJbHYIO Tpo0sieMy. DTO CBSI3aHO C NMPUMEHEHUEM
Pa3IMYHBIX TEXHOJIOTU DOpMUPOBAHUS AeTaNEl, TaK
KaK KaXgas MCIIOJb3yeMasl TEXHOJIOTHS B Pa3IMIHOM

N7 7 » » »||7

‘\SIE: a(
7o o P

3 1- KpeMHHIi
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Puc. 1. UyBcTBUTE/IbHBII 3J/eMEHT MUKPOMEXAHHYECKOTO aKceJiepo-
MeTpa

Fig. 1. Sensitive element of a micromechanical accelerometer
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CTEMEHU BIIUAET HA MOJYYEHUE TOAHBIX U3IEJINI, IPU-
BOA K BO3BHUKHOBEHUIO TEXHOJOTUYECKOIO OTXOAA C
pPa3IUYHBIMUA MEXaHUYECKUMU, GUNYECKUMU U XU-
MUYECKUMU cBoiicTBaMU. Ilpu 3TOM BaxkHEWUIIMMU
TEXHOJIOTUYECKUMU OIEPALUAMU ABJISIIOTCA MUKPO-
MpoWINPOBaHUE KPEMHUEBOW TJIACTUHBI, BHIMIOJIHE-
HUE METAJUIM3ALUUA Ha TTOBEPXHOCTU CTEKJISTHHBIX [I€-
TAJIEW U DJIEKTPOCTATUYECKOE COCIUHEHUE KPEMHUE-
BBIX U CTEKJISTHHBIX JETaJICH.

MuxkponpogujidpoBaHue KPeMHHEBOH IIACTHHDI

MuxkpornpoduaupoBaHUe MCXOAHONW KPEMHUEBOM
IUIACTUHBI SIBJISIETCS OJHUM M3 BaXKHBIX TEXHOJIOTM-
YECKHX aCMEeKTOB CO3[aHUs MEPBUYHBIX U3MEPUTEIIb-
HBIX Mpeobpa3oBaresieil MUKPOMEXaHUUYECKUX aKcese-
POMETPOB, C IMTOMOIIbIO KOTOPOTO MOJYYAIOT MOJBMX-
HYIO Maccy, TMOKUe YIIpyrue nepeMbluky, eMKOCTHOM
3a3op. Yaiue Bcero MUKpornpoOuIMpoBaHUE OCYILECT-
BJIIETCS B BOAHOM pacTBope ruapokcuaa kanvs KOH,
MMerollleM KoHIeHTpanuio 25...33 % npu Temmepary-
pe 96 = 2 °C. HecMoTpst Ha 0TpabOTAHHOCTH TEXHOJO-
MU, 10 HACTOSIIETO BPEMEHU HE CYIIECTBYET €AMHOMI
TEOpHUH, 10 KOHIIA OOBSICHSIONIEH MEXaHU3M TIyOMH-
HOr0 aHM30TPOITHOIO TPaBJCHMUS, O YEM COOOLIAETCS
psIOM aBTOPOB [6]. DTO MPUBOAUT K TOMY, YTO BOC-
MPOX3BOAUMOCTb TEXHOJOTUYECKOTO IMpolecca MUK-
porpodUIMPOBaHUS KPEeMHUS MPEXIe BCero 3aBUCUT
OT OMbITa U KBATM(PUKALIUKN ONIEPaTOPOB, MPOBOIASIIIIAX
Mpo1ecC, B TO BpeMsl KaK COCTaB, KOHLEHTpalus u
TeMmIlepaTrypa TpaBuTesei, MaTepralibl 3alllMTHBIX Ma-
COK, a TaKxXKe BIMSHUE Ppa3InYHbIX MOIUMDULIUPYIOLIUX
J100aBOK B TpaBUTEJIe Ha KaUeCTBO TPABJIEHOM MOBEPX-
HOCTU JOCTaTOYHO XOPOILIO M3BECTHBHI M OMUCAHbI B
Pa3JIMYHBIX JUTEPATYPHbIX UCTOUHUKAX [7, §].

Hpyroii cylecTBeHHO TTpo0IeMoii SBJsieTCsl HE0O0-
XOIUMOCTb 00ecTiedeHUs] KOHTPOJISI TEOMETPHIECKIX
pa3sMepoB KPEeMHHEBBIX CTPYKTYP IIPU UX (GOpMUPOBa-
Huu. [Ipy HaIMIMM MHOXECTBA METOMOB KOHTPOJIS
KaXXIIOMy M3 HUX CBOMCTBEHHBI CBOM HECOBEPIIICHCTBA
u orpaHndeHus. Hampumep, psim METOIOB MOXET HO-
CHUTh pa3pyliaroinii xapakrep. Hecmorps Ha 1o 4TO
B TEXHOJIOTMU UHTeTpaJIbHbIX MuUKpocxeM UM C Hanu-
yue TECTOBBIX OOJIaCTel IS KOHTPOJSI MapaMeTpOB
¢dopMUpyEMBIX CTPYKTYp M3BECTHO HaBHO [9], B Tex-
HOJIOTMY KPEMHUEBOI MUKPOMEXaHUKM Ha TUTACTUHAX
OHO TOKa He TOJIYYWIO IMPOKOTO PacCIpOCTPaHEHMSI.
YuuThIBas 3HAYMMOCTD Mpoliecca KOHTPOJIS pa3MeEPOB
MOJTy4aeMbIX MUKPOMEXaHMUECKMX CTPYKTYp IJIS CO-
30aHUsI pabOTOCIIOCOOHBIX MPUOOPOB, IPEACTaBIISIECT-
Cs aKTyaJIbHOM 3aa4yeid pa3BUTHUE METOIOB KOHTPOJI,
SIBJISTIOLIIMXCS] TEXHOJIOTUYHBIMU 1 HE TIPUBHOCSIITUMM
nedeKTsl B (popmupyemMble cTpyKTyphl [10].
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W3roronjieHne CTEKIAHHbIX JAeTajei

ITomrMo MexaHMYeCKOM 00pabOTKM CcTeKjaa s
MoJiyueHusl JeTajedl 3aJaHHOU (hOpMbI C 3aJaHHON
LIEPOXOBATOCTHIO TOBEPXHOCTH, YTO CaMO IT0 cebe sB-
JISIETCS1 HETPUBUAJIBHOM 3amaveit, sl oydeHust nud-
(bepeHIMATBLHOTO KOHIEHCATOpa B KOHCTPYKIIMU YYB-
CTBUTEJILHOTO 3JIEMEHTA CTEKJISTHHBIE AeTaIU JOJKHBI
coZiepXaThb METAJUIM3UPOBAHHBIE OOKJIAIKHU.

B kauecTBe MeTa/uiM3alMy CTEKJISIHHBIX TJIACTUH
HCITIOJIb3YETCS aTIOMUHUI B CUITY €r0 TeXHOJIOTUYHOC-
TU — CMOCOOHOCTU K HAHECEHMIO Ha TTOBEPXHOCTD M-
BJIEKTPUUECKUX U MPOBOASIIMX MOMIOXEK MO0 METO-
JIOM BaKyyMHOT'O HambUIEHUS, JMOO MarHETPOHHBIM
pacnblIeHUEM, a TaKXKe BO3MOXHOCTU (hOpMUPOBaAHUSI
TOMNOJIOTMU IIPOU3BOJIbHOI (hopMBI (hoToauTOorpadu-
YyeCcKMMU MeToiaMu. B maHHOM ciydyae akTyaJbHOM
3a7a4yeil sByseTcsl obecreyeHue aare3MoOHHOM Cro-
COOHOCTHU C(POPMUPOBAHHBIX ATIOMUHUEBBIX TJIEHOK K
CTEKJISIHHOW MOMJIOXKE.

M3BecTHO, 4TO B HAMPSXKEHHOM COCTOSIHUU (pac-
TSDKEHUST WIN CXKAaTus) HaXoAsATCs BCE TMUIEHKW He3a-
BUCUMO OT criocoba mx nosaydeHusi [11]. ITpouHo
CILIETJIEHHBbIE C TIOMIOXKOM TJIEHKW MOTYT MPUBOJIUTH
K pacTpeCKMBaHWIO WU pa3pylLIeHUIO MOIIOXEK, ec-
JIV 3HAYEHUE MEXAaHUYECKUX HATIPSIKEHUI MPEBHIIIAET
Ipeaeabl IIPOYHOCTU MaTepuana. Haobopot, npu He-
JIOCTATOYHOM aAre3uy HanpsKeHUs BbI3bIBAIOT OTCIan-
BaHME TUIEHOK 0€3 pa3pylleHUs MOIIOXEK.

MexaHnuyeckoe HanpskeHWe B TUIEHKaX MpU yCJio-
BUH, UYTO BO3HUKAIOIIME JAeDOpMalIiMK HE MPEBbILLIAIOT
Mpeaes TPOYHOCTU MaTepuaja MOMIOXKH, OTpeaessi-
eTcsl Kak

or= L Aa-AT, (1)

l-p

rne £ — monmyns KOHra chopmMupoBaHHON IUICHKU,
Ila; u — xoadduiment IlyaccoHa copmMupoBaHHOMN
TUIEHKW; Ao — Pa3HOCTb 3HAYEHUU TeMmIlepaTypHOro
Koa(duumreHTa JUHEHHOIo pacliMpeHusl MICHKUA U
MMOIJIOXKM, K_l; AT — pa3HOCTb MEXAy TeMIepary-
po¥i BO BpeMs KOHIIEHCAIIMU TUIEHKUA W TEMITEPAaTypoOi
okpyxatoniei cpeasl, K.

Paznuna ko3¢ GUIMEHTOB TEpMUUYECKOIO JIMHEH-
HOTO paclIMpeHust Ao B BbIpaxkeHUM (1) Takxke MOXeT
OBbITh CBSI3aHA C (PU3UUYECKUM COCTOSIHUEM CTEKJISIH-
HOI TOMJIOXKM, KaK IMoKa3aHo Ha puc. 2 [12].

Ha puc. 3 (cM. TpeTblo CTOPOHY OOJOXKH) TIpe-
cTaBjieHbl (oTorpacduy TMOBEPXHOCTU CTEKISIHHOM
HOMIOXKM C HAPYIIEHHON aTIOMUHMEBOU MeETaIn3a-
LIMel, MoJydeHHble Ha UHCIIEKIIMOHHOM MUKPOCKOIIe
Nicon Eclipse L200N.

Anre3adoHHasl CHOCOOHOCTh MJIEHOK TaKKe 3aBUCUT
OT XMMUYECKOU M MEXaHUYECKOW COBMECTUMOCTHU C
MaTepuajaoM MOIJOXKHU, OT TeMIIepaTypHbIX LIUKJIOB
paboThl U3rOTOBJIECHHBIX IIPUOOPOB, YTO MOATBEPXKIa-




OTOoRCKEHHOE CTEKTIO
annealed glass

Heotoxckensioe cTexio
untreated glass

Brictpo oxnaxpeHHoe cTewIo
quickly cooled glass

TemmepaTypa
Temperature

Puc. 2. Kpusbie TepMHUYECKOro pacIIMPeHusi OTOXCKEHHBIX H ObICTPO
OXJIAXKIAEHHBIX CTEKOJ

Fig. 2. Curves of the thermal expansion of the annealed and quickly
cooled glasses

€T CJIOKHOCTb M3TOTOBJIEHMS JETaJIEU YYBCTBUTCJIb-
HBbIX 9JIEMEHTOB MUKPOMEXaHUYCCKHUX JaTYMKOB.

E)ﬂeKTpOCTaTl/l‘IeCKoe COCAUMHCHHUE

DIIEKTPOCTATUYECKOE COENMHEHUE CTEKISTHHBIX M
KPEMHUEBBIX TUIACTUH SIBJISIETCSI OCHOBHOM COOpPOY-
HOI omepainueil Mpyu M3TOTOBICHUM YyBCTBUTEIBHBIX
3JIEMEHTOB MUKPOMEXaHUYECKUX aKceaepoMeTpoB. MU3-
BECTHO, YTO B MX KOHCTPYKIIMSIX HEOOXOINMO MCITOJb-
30BaTh IIEJIOYHOE CTeKJIO, Hanmpumep Mapok JIK wiun
Borofloat. DT0 cBsI3aHO C HaJlMYKEeM B UX COCTaBE MOHOB
HaTpusl, KOTOpbIE, BBICBOOOXHASICH U3 CTPYKTYPHOM
CEeTKU CTeKJa ITPU BLICOKMX TeMIlepaTypax, 00ecreum -
BAalOT MOHHBIN TOK B CTEKJE IMPH €ro COCAMHEHHUU C
KpeMHueM. OOBIYHO MPOLIeCC BJEKTPOCTATUUECKOTO
coemIMHEeHUs IpoxoauT npu temiieparypax 420...450 °C
1 Mojaye Ha CoeAMHSIEMbIE AETal OCTOSIHHOTO TOKa
HanpspkenueMm 300...600 B B teuenue 5...20 muH. I1a-
paMeTphl Ipolecca 3aBUCST OT MapKu CTeKJIa U TOJI-
IIWMHBI COequHsIeMbIX AeTaneit [13—15].

CTeKIsTHHbIE M KpEMHUEBBIEC TeTAIH TOJKHBI ObITh
MMPOYHO CBSI3aHBI MEXIy CO00M ¢ MHHUMAIbHBIMU
3HAYEHMSIMU KOHTAKTHBIX HATIPSDKEHUH UTST MUHAMM -
3alMM HECTAaOMJIBHOCTU CMEILIEHUSI HYJIsI MUKpOMeXa-
Hu4yeckoro axkceiaepomerpa [2]. Kpome Toro, mexmy
MOBEPXHOCTHIO MOJABMXKHON KPEMHMEBOM MJIACTUHBI U
HaIbUICHHOW MeTaJlTi3alireil Ha MTOBEPXHOCTSIX CTEK-
JISHHBIX TIJIACTUH JAO0JIKEeH ObITh 00ecriedyeH eMKOCTHOM
3azop nopsaka J...10 mxMm. TlepeuncieHHbIE YCIOBUS
MPEOBSIBIISIOT XKEeCTKHE TPEeOOBaHMS K TOUHOCTH COB-
MEILEHUs COeMMHSIEMBIX IeTajeil B CIICIIMAIBHOMN TeX-
HOJIOTMYECKOM OCHACTKE TPHU TPOBEICHUHN TIpollecca
9JIEKTPOCTAaTUYECKOro coeavHeHus. Hapsigy ¢ atum
MpOIIeCC COCAWHEHMS HOJIKEH WMCKII0YaTh BO3MOXK-
HOCTb IOMaJaHusl MOCTOPOHHUX YACTUII, a TAKXKE Yac-
TULL MIBUIM B €MKOCTHOM 3a30p U B 30HY COEIWHEHUS
neraneid. IlomagaHue 4acTULl B €MKOCTHOM 3a30p MO-

JKeT BBI3BaTh HEPAOOTOCIIOCOOHOCTH YYBCTBUTEIIBHOTO
9JIeMEHTa, HAJIMYUE YaCTHUIl B 30HE COEAMHEHUS MPU-
BOAWT K JIOKAJTLHOMY HECOCOIWHEHMIO HIeTaneil. Yuu-
ThIBasi CUMMETPUYHOCTb 00€MX CTEKJISTHHBIX AeTajel,
JaHHOE OOCTOSITEbCTBO MOXET MPUBECTH K YXYIILe-
HUIO METPOJIOTMIECKMX XapaKTePUCTUK M3rOTaBIMBA-
€MbIX MPUOOPOB BCIEACTBHME HEPABHOMEPHOIO pac-
TpenesieHns KOHTaKTHBIX Je(opMalinii ¢ IByX CTOPOH
YyBCTBUTEJIbHOrO anemMeHTa. Ha puc. 4 (cM. TpeTbio
CTOPOHY OOJIOXKH) IpeacTaBieHbl (oTorpadpum 30H
COCIUHEHUS "KPEeMHUH—CTEKI0" UYyBCTBUTEIBLHOIO
3JIeMeHTa MUKPOMEXaHMYECKOTO aKcelepoMeTpa (MH-
cneKIoHHbIN Mukpockon Nicon Eclipse L200N).

Ha pucyHkax oTYeTIMBO BUAHBI MHTEePGhEpPEeHLIM-
OHHBI€ MOJIOChI, CBUAECTEIbCTBYIOLIME O HAIMYMU TTOC-
TOPOHHMX YaCTWIl B 30HE COCIMHEHWN "KpeMHMI—
CTEKJIO", YTO TPHUBEJIO K HAPYIIEHUIO TIOCKOCTHOCTU
30HBI coeauHeHusi. Kpome Toro, B mpolecce cOOpKu
YYBCTBUTEJIBHOTO 2JIEMEHTa BO3MOXKHO TTOSIBICHUE Ta-
Koro 3(pdekra, Kak 3¢ PeKT IPYINTTaHUS, CBI3aHHBINA
C BJIEKTPOCTAaTUYECKON MPUPONOIM ITOBEPXHOCTU KOH-
TaKTUPYIOLIMX TeJl U HOAPOOHO pacCMOTPEHHbBIN B pa-
oote [2].

3akimoueHue

Takum o6pa3oM, IepevyrciIeHHbIE OCHOBHBIE TEX-
HOJIOTUM W3TOTOBJCHUSI YYBCTBUTEJIbHBIX 3JIEMEHTOB
SIBJISTIOTCST OTPEAEIISIONINMU IS TIOTYIeHUS] TOTHBIX
u3nenuii. Bce TeXHOJOrMM M3rOTOBJIEHUS OeTajei
YyBCTBUTEJIbHBIX 3JIEMEHTOB, KaK 1 COOPOYHbBIE Ore-
paluu, SBJISIOTCS B3aUMOCBSI3aHHbIMU. Hampumep,
TeXHOJIOTUsl (POPMUPOBAHUS MeTalIM3alMyd Ha TO-
BEPXHOCTU CTEKJISIHHBIX AeTajieii MOXET BIUSITh Ha
MPOLIEHT BbIXOAA TOAHBIX M3IAEIUN TIOC]e omnepaluu
BJIEKTPOCTATUIECKOTO COENMHEHMS TTOCPENCTBOM YCT-
paHEeHUsI HaIPSDKEHHOTO COCTOSIHUSI MeTaylJimyecKast
TUIeHKa — CTEeKJISIHHAas TouioxkKa. OCBOeHre KOMII-
JIeKca TEXHOJIOTMI CO3MaHMST YyBCTBUTEIBHBIX dJie-
MEHTOB ITIO3BOJISIET CO3JaBaTb MUKPOMEXaHUYECKUe
aKceJepoMeTphbl, B TOM YMCJIe HaBUTAIlMOHHOTO Kjac-
ca, C YIy4YIIEHHBIMU METPOJOTMYECKMU XapaKTepuc-
TUKAMU IS Pa3IMyHbIX objacTeil TexHuku [2, 16].
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Introduction

The microsystem products intended for control of
the parameters of the objects’ movement are widely ap-
plied due to development of the technologies of the vol-
ume and surface silicon micromechanics [1—3].
Among them are the silicon micromechanical acceler-
ometers, the use of which is explained by the demand
for information concerning acceleration of the mobile
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objects and development of the control systems on their
basis [4, 5]. An important element of the microme-
chanical accelerometers is the primary measuring
transducer, also known as the sensitive element.
Structurally, such sensitive elements represent a
multilayered design consisting of several layers of sili-
con and glass (fig. 1). In such designs the differential
condenser with C;, C, capacities, necessary for func-




tioning of the device, is formed by a movable silicon
plate and immovable glass plates with metallization.
Despite the seeming simplicity of the design, forma-
tion of the sensitive elements of the micromechanical
accelerometers with the admissible percent of yield is a
considerable problem. This is connected with the use of
various technologies for formation of parts, because
each of the applied technologies to a various degree in-
fluences receiving of yield, resulting in a technological
waste with various mechanical, physical and chemical
properties. At that, the major technological operations
are microprofiling of a silicon plate, formation of met-
allization on the surfaces of the glass parts and electro-
static connection of the silicon and the glass parts.

Microprofiling of a silicon plate

Microprofiling of a silicon plate is an important
technological aspect of development of primary meas-
uring transducers of the micromechanical accelerome-
ters, by means of which we receive movable mass, flex-
ible elastic crossing points, and a capacitor gap. Most
often, microprofiling is carried out in KOH water so-
lution with the potassium hydroxide concentration of
25...33 % at 96 £ 2 °C. Despite the fact that the tech-
nology is well elaborated, there is no uniform theory,
explaining to the end the mechanism of a deep aniso-
tropic etching, which is reported by a number of au-
thors [6]. This leads to the fact that the reproducibility
of the technological process of the microprofiling of sil-
icon depends on the experience and qualification of the
operators, who control the process, while the compo-
sition, concentration and temperature of the etchants,
materials of the protective masks and also the influence
of various modifying additives in an etchant on the
quality of the etched surface are well-known and de-
scribed in various sources [7, 8].

Another important question is the need to ensure
control of the geometrical sizes of the silicon structures
during their formation. When numerous control meth-
ods are available, each of them has its own imperfec-
tions and the restrictions peculiar to it. For example, a
number of methods can have a destroying character.
Despite the fact that in the technology of the integrated
circuits the existence of the test areas for control of the
parameters of the formed structures has been known for
a long [9], in the technology of the silicon microme-
chanics on the plates it is not yet widely adopted. Con-
sidering the importance of the process of control of the
sizes of the received micromechanical structures for
creation of the efficient devices, an urgent task is de-
velopment of the control methods which are techno-
logical and do not introduce defects in the formed
structures [10].

Production of the glass parts

Besides the mechanical processing of the glass for
receiving parts of the set forms and the set surface
roughness, which is not an easy task itself, for obtaining
of the differential condenser of the sensitive element,
the glass parts should contain metallized facings.

For metallization of the glass plates the aluminum is
used owing to its technological effectiveness — ability
for deposition on the surface of the dielectric and the
conducting substrates by the method of either vacuum
deposition, or magnetron sputtering, and also due to a
possibility of formation of the topology of any form by
the photolithographic methods. In this case an impor-
tant task is to ensure the adhesive ability of the created
aluminum films to the glass substrates.

As is known, all the films irrespective of the way for
their obtaining, are in a stressed state (stretching or
compression) [11]. The films strongly linked to a sub-
strate can lead to cracking or destruction of the sub-
strates, if the value of the mechanical stress exceeds the
strength limit of a material. And, on the contrary, in
case of an insufficient mechanical stress in the films,
provided that the arising deformations do not exceed
the strength limit of the substrate material, is defined as

op= TE-—AOL-AT, (1)

—p
where E (Pa) Young modulus of the created film; u —
Poisson ratio of the created film; Aa. (K_l) — difference
of values of the temperature coefficient of the linear ex-
pansion of the film and the substrate; AT (K) — differ-
ence of the temperatures of the film and the ambient
temperature during condensation.

The difference of coefficients of the thermal linear
expansion Ao in expression (1) can also be connected
with the physical state of the glass substrate, as is shown
in fig. 2 [12].

Fig. 3 (see the 3-rd side of cover) presents photos of
the surface of the glass substrate with broken aluminum
metallization received on Nicon Eclipse L200N inspec-
tion microscope.

The adhesive ability of the films also depends on the
chemical and mechanical compatibility with the sub-
strate material, on the temperature cycles of operation
of the manufactured devices, which confirms the com-
plexity of production of the parts of the sensitive ele-
ments of the micromechanical sensors.

Electrostatic connection

The electrostatic connection of the glass and the
silicon plates is the main assembly operation during
manufacturing of the sensitive elements of the micro-
mechanical accelerometers. As is known, their designs
require the use of the alkaline glass, LK or Borofloat,
for example. This is connected with the existence in
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their compositions of the ions of sodium, which, being
released from the structural grid of the glass at high
temperatures, create an ionic current in the glass at its
contact with silicon. Usually, the process of the elec-
trostatic connection takes place at temperatures of
420...450 °C, if the direct current with voltage of
300...600 V is supplied to the connected parts during
5...20 min. The parameters of the process depend on
the brand of the glass and thickness of the connected
parts [13—15].

The glass and the silicon parts must be strongly con-
nected among themselves with the minimal values of
the contact stress for minimization of the instability of
the zero shift of the micromechanical accelerometer
[2]. Besides that, between the surface of the movable
silicon plate and the metallization deposited on the sur-
faces of the glass plates, there should be a capacitor gap
of about 5...10 p. The enumerated conditions present
strict requirements to the accuracy of the combination
of the connected parts in the special industrial equip-
ment when carrying out the process of the electrostatic
connection. Alongside with this, the process of connec-
tion should exclude a possibility of appearance of for-
eign particles and the dust particles in the capacitor gap
and in the zone of connection of parts. Appearance of
the particles in the capacitor gap can cause inoperabil-
ity of the sensitive element, and their presence in the
zone of connection leads to a local disconnection of
parts. Considering the symmetry of both glass parts, this
circumstance can lead to a deterioration of the metro-
logical characteristics of the manufactured devices due
to an uneven distribution of the contact deformations
from the two sides of the sensitive element. Fig. 4 (see
the 3-rd side of cover) presents photos of the zones of
the silicon-glass connection of the sensitive element of
the micromechanical accelerometer (Nicon Eclipse
L200N inspection microscope).

In the figures the interferential strips are clearly vis-
ible demonstrating the presence of the foreign particles
in the zone of the silicon-glass connections, which led
to a violation of the planeness of the zone of connec-
tion. Besides, in the course of the assembly of the sen-
sitive element the emergence of such effect is possible
as the effect of sticking, connected with the electrostatic
nature of the surface of the contacting bodies consid-
ered in [2].

Conclusion

Thus, the above enumerated main technologies for
manufacturing of the sensitive elements are crucial for
obtaining of yield. All the technologies for manufactur-
ing of parts of the sensitive elements, as well as the as-
sembly operations, are interconnected. For example,
the technology for formation of metallization on the
surface of the glass parts can influence the percent of
output of yield after the operation of the electrostatic

346 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 6, 2019

connection by means of elimination of the stress state
of the metal film — glass substrate. Mastering of a com-
plex of technologies for creation of the sensitive ele-
ments allows us to develop the micromechanical accel-
erometers, including ones of the navigation class, with
the improved metrological characteristics for various
technological areas [2, 16].
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TOAIUMHA TNMOBEPXHOCTHOIO CAOAl ATOMAPHO-TAAAKUX

MATHUTHbLIX HAHOCTPYKTYP

Ilocmynuna 6 pedakyuro 11.01.2019

IIpeodnazaemcs memod onpedenerus NOBEPXHOCMHOU dHepeUU MEepo020 meaa no pa3mMepHoil 3a8UCUMOCU €20 PUUUECK020
ceoiicmea. Ha ocrHoee 3mo2o memooa 6600umcsi npedcmagaeHue 0 NOBEPXHOCMHOM CA0e MACHUMHbIX HAHOCMPYKmMYp. Dmom
caoil cocmoum u3 08yx wacmeti: caou d(1I) cooepucum neboavuioe uucao (0o 10) MOHOCA0EE KPUCMAAAUUECKOU PeulemKU, CA0U
d(11) npocmupaemcs na paccmosnue nopsoka 10d (do 100 um). Hauunas ¢ 3moeo paccmosiHus nposeAsiomcs pazmepHole 3¢-

hexmul.

Karoueevte caosa: pasmepHnulii s¢hghekm, HaHocmpykmypa, MacHemusm, AmMoMapHO-2Aa0KUl KpPUucmani, no8epXHOCHHbLU

caoul

BBenenune

Bomnpocsl MarHeTusma MajbiX (eppoMarHUTHBIX
YyacTull uccaenytoT yxe naBHo [1]. OCHOBHBIM Mexa-
HU3MOM, MNPUBOISIIAM K 3aBUCUMOCTU MarHUTHOW
BOCIIPUMMYHMBOCTU OT pa3Mmepa yacTull dheppomMarHe-
THKa, CUMTAETCS MEepexo] MHOTOJOMEHHBIX YaCTUIl B
ogHomoMmeHHBIe [1, 2]. B mociennue roabl MTHTEHCHB-
HO KCCJEAYIOT KaK KJIaCCUYECKME MarHUTHbIE HAaHO-
cTpykTyphl, Hanpumep Fe;O4 [3—11], Tak u HOBbIE,
Hanpumep CoFe,B, [12—17]. OnqHako MHOTUME BOII-
pOCHI OCTalOTCsl MOKa AUCKYCCUOHHBIMU. Cpean HUX
BOIIPOC O TOJIIIMHE OBEPXHOCTHOTrO cyiosl. I'nooc [18]
paccMaTpuBajl MOBEPXHOCTHBIN CJIOM KaK TeoMeTpu-
YECKY10, HE MMEIOLLYIO TOJIIIMHBI MOBEPXHOCTh. BaH-
nep-Baanbc, T'yrreHreiiMm u PycaHoB paccmarpuBaiu
MOBEPXHOCTHBIN CJIOM KaK CJIOM KOHEYHOU TOJIILHBI
[19]. TTo coBpeMeHHbIM npeacTaBiaeHusM [20] mon mo-
BEPXHOCTHBIM CJIOEM MTOHUMAIOT CBEPXTOHKYIO IJIEHKY,
HaxXoJs1IyIOCS B TEPMOJIMHAMUYECKOM PaBHOBECUM C
KPUCTAJUIMYECKON MOMIO0XKKOM, CBOMCTBA, CTPYKTypa
U COCTaB KOTOPOW OTJIMYHBI OT OOBEMHBIX.

B mnpencraBieHHoit paboTe MBI paccMaTpUBaEM
BOMPOC O TOJILIMHE MOBEPXHOCTHOTO CJIOSI aTOMapHO-
MIaAKWX MarHUTHBIX CTPYKTYp [21] B oTimume OT pe-
aJIbHOM IIepOX0BaToil IoBepxHocTu [22, 23].

MeToauka IKCIICPUMEHTA H €ro pe3yjabTaThbl

st pasMepHOli 3aBUCUMOCTH HEKOTOPOTro (hU3U-
YeCKOIo CBOMCTBA TBEpAOIo Teaa A(r) HaMU MOJIy4YeHbI
cJielylolye cooTHoleHus [24]:

A(r) = Ao(lir’), r>d,

A(r) = A1~ i) r<d.

d+r’

IMapameTrp d (M), KOTOpBIIi MBI OTOXICCTBIISIEM C
MTOBEPXHOCTHBIM CJIOEM aTOMapHO-TJIAIKOTO KPUCTaJI-
Jla, CBsI3aH C TOBEPXHOCTHBIM HaTSLKeHUEM o (op-
MYJION

_ 20V
d RT (2)
IJe 6 — MOBEPXHOCTHOE HATSKEHWE MacCCUBHOIO 00-
pa3sua, ,Z[)K/Mz; L — MOJISIpDHBII (aTOMHBIN) O0BEM,
CM3/MOJ'[]E>; R — razosag noctosiHHas, JIx/kr* K; T —
temrneparypa, K.

VienbHyl0 HaMarHMYEHHOCTb MAarHeTUTOB 7y UC-
cliefoBaayd Ha BUOpaLlMOHHOM MarHutoMmetrpe. Pasmep
3epHa MarHeTUTA OIPEACIsIA C TIOMOIIBIO MUKPOCKO-
nma MUM-8. PesynabTaThl NpuBeaeHb HAaMU B padboTe
[25]. B koopauHatax x/y, ~ 1/r sxcnepumeHTanibHas
KpHUBasi CIpsIMIISIETCsI B COOTBeTCTBMU C (1), maBas 3Ha-
yeHue d = 7,7 uMm. 11 MmarHetuTa v = 44,5 CM3/MOJ1b,
U U3 COOTHOLIEHUS (2) ISk TOBEPXHOCTHOIO HATSKe-
HUd nosnydyaeM ¢ = 1,561 H)K/Mz. Pacuyetsl 1o op-
MyJiaM paOoTHl [2] ¢ UCIOIb30BAaHUEM DKCIEPUMEH-
TaJIbHBIX 3HAUEHUI1 HAMAarHUYEHHOCTH aJIi 3HaYeHUe
c=1,55 ﬂ,)K/Mz, YTO COBITaAAeT C MPUBEACHHBIM BbI-
mre. YpasHeHue (1) maer m3oOpaxkeHUE ITOBEPXHOCT-
Horo cios (puc. 1).

B paGote [24] HamMM OKa3aHO, YTO C OOJIBIIOM TOY-
HOCTBIO (~3 %) BBINOJHSIOTCS CIIEAYIOIINE COOTHO-
IICHUST:

6 =10,7-1073T, (Ix/m?),
d=0,17-10"3v (am), (3)

rae T,, — TeMIiepartypa IulaBjieHus: Teepaoro tena, K;
L — MOJISIpHBIN (aTOMHEII) 00beM = M/p (M — Mo-
JIIpHas Macca; p — IJIOTHOCTb TBEPAOTO Teja).
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Puc. 1. CxemaTnyeckoe u300paxkeHnne MOBEePXHOCTHOTO ciios [24]
Fig. 1. Schematic representation of the surface layer [24]

Puc. 2. Pasmepnas 3aBucumoctsh Temnepatypnl Kiopu 7

Fig. 2. Size dependence of the Curie temperature T

Croit TomuHoi 4 = d HazoBeM cioeM (1), a cioit
npu h ~ 10 d — cnoem (II) aTomMapHO-T1aAKOro Kpuc-
tanmna (puc. 1). Ilpu 4 = 10 d HaYMHAET MPOSIBISTLCS
pasMepHas 3aBUCHMOCTh (DM3WMUECKUX CBOMCTB KPUC-
Tajula M TaKas CTPYKTypa Ha3bIBaeTCsl HaHOCTPYKTY-
poii. B Tabnmiie mpeacTaBiIeHbl TOJIIWHBI TTOBEPXHO-
CTHOTO CJI0S1 HEKOTOPBIX MAarHUTHBIX CTPYKTYP.

3nech ke npeacrapaeHo 3HaueHue d(1) u d(1l) nna
YUCTOTO XeJie3a, KoTopoe B 3 pa3a MeHbiie. [Tockoib-
Ky mapameTp peluetku y xkenesa a = 0,287 HM, TO
cioit d(I) cogepxut ~8 aTOMHBIX ciaoeB. JIjis1 marHe-
tiTa a = 0,8397 M u caoit d(1) conepkuT ~9 aTOMHBIX
cnoeB Fe;0y4, 4TO NIPaKTUYECKU COBIALAET C YUCTBIM
Kene3oM. ISt IpyruX MarHUTHBIX CTPYKTYp U3 Tabu-
bl ToamuHbl d(I) n d(IT) ucnbIThIBalOT HEOOJbILION
pas3opoc. B paGote [26] oTMeualoTcs 0coOble MarHUT-
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HBIE CBOICTBA IJICHOK HMKENSI ¢ 4—6 MOHOCIOSIMU,
T. €. ipu ToniuHe cnost d(I).

Pa3mepnbie 3¢)(peKTbl B MATHUTHBIX CTPYKTYpax

PazmepHbie a(pdekThl MPOSIBASIOTCS B TeMIepaTy-
pe Kiopu, B CUJIBHOM YBEIMYEHUH KOSPLIUTUBHOMN CH-
JIBl © MAarHUTHOTO MOMEHTa, B CIBUTE TIETENIb THCTE-
pe3uca, B HEOOPaTUMOCTH KPUBBIX HaMarHUYMBaHUS
u 1. 1. [27, 28]. Ha puc. 2 mpuBeneHa pa3MepHas 3a-
BUCHUMOCTb TeMreparypbl Kiopu HEKOTOPBIX MarHUT-
HBIX CTPYKTYp MO mepBoii hopMysie ypaBHeHUs (1).

Co3maHve MarHUTHBIX HAHOYACTUIL C TeMIIepaTy-
poii Kropu B uHtepnajie 300...340 K mosBojsieT no-
OUTBHCA CaMOPETYIMPYIOILIErocsl HarpeBa OITyXOJIEBBIX
TKaHEe# B IepeMeHHOM MarHuTHOM nose [29]. s mar-
HETUTa 3TO COOTBETCTBYET YacTULaM ~ 15 HM (puc. 2).

®a3oBble Mepexoabl B MATHATHBIX CTPYKTYpax

ITpu h = d npoucxoauT CTPYKTYPHBIH (ha30BbIil Me-
pexon (cm. puc. 1) reomerpuueckoro tuna [30]. B pa-
oote [31] mpuBeneHa mpocrtast popMyna Aasi KPUTU-
YeCcKOro pasmepa Kjiacrepa, MeHee KOTOPOTO MarHuT-
HBII KJlacTep TepseT MAarHUTHOE YIOPSOOYeHHE WU
MepexXoauT B MarHUTHOE HEYIOpsIIOUYeHHOe (Harpu-
Mep, TapaMarHUTHOE) COCTOSIHUE MpU JII000I TeMIie-

partype:
d,~2-108772, (4)

rne T — temneparypa Kiopu maccuBHOro odpasua.

M3 dopmyisl (4) onpenenseM HUXHUMN TIpeaet Is
marHetuTa: d..~ 1 HM, a BepxHuii nnpeaen B padore [31]
olLieHMBaeTcd Kak d,.~ 10 HM. DTH OLEHKH Monagaior
B nuama3oH d(I) = 7,7 um (cMm. Tabauiy).

M3 puc. 1 u Tabauibl CaeayeT, 4YTo ISl HaMarHu-
YEHHOCTU MarHetura ckadok AM = 0,5M,, rne My —
HaMarHMYeHHOCTb HACHILIEHUSI 0O0BEMHOIro oOpa3la
MarHetuTa (83 A- Mz/Kr). B pa6ore [32] nns kyou-
YeCKMUX HAHOYACTUII C AVAroHaibio 6,5 HM (T. e. 61I3-
Koe K 7,7 HM) HaMarHMYeHHOCTb HAChIIIIEHUS] paBHa
39,5A - M2/KF. Taxkum obpasoM, ckauok AM ~ 0,48 M,
YTO TaKXKe OJIM3KO K IMOJIYYCHHOMY HAMU pe3yiIbTaTy.

TosmMHA MOBEPXHOCTHOTO CJIOSI MATHUTHBIX HAHOCTPYKTYP
The thickness of the surface layer of magnetic nanostructures

Mumepan T K o, Ix/M2 | d(), mm | d(I1), am
Mineral m, o, J/mz d(l), nm d(ll), nm
Fe 1811 1,268 2,2 22
Fe;0,4 2230 1,561 7,7 77
Fe,TiO, 1648 1,156 7.8 78
MnFe,0,4 1773 1,241 8,4 84
MgFe,0, 2023 1,416 73 73




K coxanenuio, mogoOHOTO pojga pabOT HE TaK MHOTO,
YTOOBI caejiaTh 00001IaIoN[ie BHIBOIbI.

3akmouenne

Hccaemys pasMepHYIO 3aBUCHMOCTH (QU3MYECKHX
CBOMCTB MarHUTHBIX HAHOCTPYKTYP, MOXHO OIpeme-
JIATH TOJIIWHY MOBEPXHOCTHOTO CJIOS aTOMapHO-TIaI-
KOro KpucTajia. OTO CIpaBelMBO U B Cllyyae IOJIM-
IUCTIEPCHBIX cHucTeM. [lpm 3TOM pasMep 3TOTO CiIos
orpeneasieTcs OAHUM (yHIaMEHTAJIbHbIM TapaMeT-
pOM — aTOMHBIM OOBEMOM BellleCTBa.

Paboma evinosnena npu ¢unancoeol nodoepiicke
MOH PK. Ipanmot Ne 0118PK000063 u Ne @.0780.
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Introduction

The magnetism of small ferromagnetic particles has
been studied for a long time [1]. The main mechanism
leading to the dependence of the magnetic susceptibil-
ity on the particle size of a ferromagnet is considered to
be the transition of multidomain particles into single
domain particles [1, 2]. In recent years, both classical
magnetic nanostructures (for example, Fe;0y4) [3—11]
and new (for example, CoFe,B,) [12—17] have been
intensively studied. However, many questions remain
debatable. Among them is the question of the thickness
of the surface layer. Gibbs [18] considered the surface
layer as a geometric, non-thick surface. Van der Waals,
Guggenheim, and Rusanov considered the surface layer
as a layer of finite thickness [19]. According to modern
concepts [20], the surface layer is understood to be an
ultrathin film, which is in thermodynamic equilibrium
with a crystal substrate, whose properties, structure and
composition are different from bulk ones.

In the present paper, we consider the question of the
thickness of the surface layer of atomically smooth
magnetic structures [21], in contrast to the real rough
surface [22, 23].

Experimental method and its results

For the dimensional dependence of a certain phys-
ical property of a solid A(r), we obtained relations [24]:

A(r) = Ao(lir’), r>d,
(1)

A(r) = Ao(l _ L) r<d.

d+r’
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The parameter d, which we identify with the surface
layer of an atomically smooth crystal, is associated with
the surface tension o by the formula:

_ 20V
d==22, 2)

Here, o is the surface tension of the bulk sample;
v — atomic volume; R is the gas constant; 7 is tem-
perature.

The specific magnetization of magnetites y was
studied on a vibrating magnetometer. The magnetite
grain size was determined on an MIM-8 microscope.
The results are presented by us in [25]. In the coordi-
nates y/x = 1/r, the experimental curve is rectified in
accordance with (1), giving the value d = 7.7 nm. For
magnetite, v = 44.5 cm3/mol, and from relation (2) for
the surface tension we obtain: ¢ = 1,561 J /mz. Calcu-
lations by the formulas [2] using the experimental val-
ues of the magnetization gave a value of 6 = 1,55 /mz,
which coincides with the above. Equation (1) gives the
image of the surface layer (fig. 1).

In [24] we showed that with great accuracy (=3 %)
the following relations hold:

6 =0.7-1073T, (J/m?),
d=0,17-103 (nm), (3)

where T, is the melting point of the solid (K), v is the
atomic volume = M/p (M is the molar mass, p is the
density of the solid).

A layer with thickness 4 = d is called a layer (I), and
a layer at 4 ~ 10 d is called a layer (II) of an atomically
smooth crystal (fig. 1). At 4~ 10d, the size dependence
of the physical properties of the crystal begins to man-
ifest itself, and such a structure is called a nanostruc-




ture. In table shows the thickness of the surface layer of
some magnetic structures.

It also presents the value of d(I) and d(II) for
pure iron, which is 3 times less. Since the lattice pa-
rameter of iron is a = 0.287 nm, the d(I) layer contains
~8 atomic layers. For magnetite, a = 0.8397 nm and
the d(I) layer contains =9 atomic layers of Fe;Oy,
which practically coincides with pure iron. For other
magnetic structures from table. 1, d(I) and d(IT) thick-
nesses have a small scatter. In work [26], special mag-
netic properties of nickel films with 4—6 monolayers
are noted; at the layer thickness d(I).

Size effects in magnetic structures

Size effects appear in the Curie temperature, in a
strong increase in the coercive force and magnetic mo-
ment, in the shift of the hysteresis loops, in the irre-
versibility of the magnetization curves, etc. [27, 28]. In
fig. 2 shows the dimensional dependence of the Curie
temperature of some magnetic structures using formula
(1) of equation 1.

The creation of magnetic nanoparticles with a Curie
temperature in the interval 300...340 K makes it possi-
ble to achieve self-regulating heating of tumor tissues in
an alternating magnetic field [29]. For magnetite, this
corresponds to particles ~15 nm (fig. 2).

Phase transitions in magnetic structures

At h = d, a structural phase transition (fig. 1) of a ge-
ometric type occurs [30]. A simple formula is given in
[31] for the critical cluster size, less than which a mag-
netic cluster loses magnetic ordering and becomes a
disordered magnetic (for example, paramagnetic) state
at any temperature:

d, ~2- 107872, (4)

C

where T-is the Curie temperature of the bulk sample.

From (4), the lower limit for magnetite is d,.~ 1 nm,
and the upper limit in [31] is estimated as d,.~ 10 nm.
These estimates fall in the range d(I) = 7.7 nm (table).

From fig. 1 and table it follows that for the magnet-
ism of magnetite a jump AM = 0.5M,,, where M, is the
saturation magnetization of a bulk sample of magnetite
(83 A- mz/kg). In [32], for cubic nanoparticles with a
diagonal of 6.5 nm (that is, close to 7.7 nm), the satu-
ration magnetization is 39.5 A - mz/kg. Thus, the jump
AM ~ 0.48 M, which is also close to the result obtained
by us. Unfortunately, this kind of work is not so much
to draw general conclusions.

Conclusion

Studying the size dependence of the physical prop-
erties of magnetic nanostructures, it is possible to de-
termine the thickness of the surface layer of an atomi-
cally smooth crystal. This is true in the case of polydis-

perse systems. The size of this layer is determined by
one fundamental parameter — the atomic volume of
the substance.

This work was supported by the MES RK. Grants
Ne 0118PK000063 and Ne @.0780.
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TEXHOAOI'UMN NMOAYHEHUA TOHKUX NMAEHOK HUTPUAA KPEMHUA
AASl MUKPOISAEKTPOHUKU U MUKPOCUCTEMHOM TEXHUKMN.
YACTb 8. BAMUAHUE BOAOPOAA B MAEHKAX HA X CBOMCTBA

Ilocmynuna ¢ pedaxuyuio 06.02.2019

Paccmompeno éausnue 6odopoda 6 cocmase monkux niernoxk Humpuda kpemuus (TIHHK) na ux ceoticmea. Ilpusedensi ko-
AUMECMEeHHble MeMNePamypHbie 3a8UCUMOCMU KOHYeHmpayuu 6o0opoda ¢ kKonyenmpayusmu ¢ TITHK om 5 do 40 am. % 6 3a-
ucumocmu om memoda noayuerus. I[lpoanaruzuposansvl danHsle 0 eausHuu nociedyrouux 3a noayyeHuem TITHK mepmuyeckux
00pabomoK npu OAUMeENbHOM U ObICMPOM MePMUHeCKUX Omiicueax Ha KOoHueHmpayuio 6000poda u ocHoshvle ceéovicmeéa TIIHK.
Paccmompensl mexnonoeuueckue nooxoosl N0 YnpaeaeHur0 KoHyeHmpayuel 6000pooa 6 nieHKax, noay4aemvlx Memooom niaz-
MOXUMUHMECK020 0CANCOeHUsl C YHacmueM MOHOCUAGHA, AMMUAKA U d30Mma npu HU3Kkux memnepamypax. Ilpu mepmoobpabomkax
6bleneHUe MONeKYAAPHO20 8000p00a U3 MAKux nieHok npoucxooum 6 unmepeanse 400...800 °C kak 6 okpyxycarouyro cpedy, max
u 6 Hudcenexcaujue mamepuanst. C nonuncenuem cooepycanus 6odopoda 6 TIIHK nauano eeo videsenus npoucxooum npu 6onee
svicokux memnepamypax. Tepmoobpabomrxu TITHK npueodsm Kk uzmeHeHUsmM CmMpyKkmypbvl U (U3UKO-XUMUHECKUX CEOLICME nie-
HOK, 6 MOM uucie NoKa3amensi NPeAOMACHUs U NAOMHOCMU NAEHOK, CKOPOCMU PACMBOPEHUs 8 HCUOKOCIHbIX MPABUMENsx.

Karoueevie caosa: Humpuo kpemuus, moHKue nAeHKU, NPUCymcmeue 600opooa, gvldeieHue 6000po0a nNpu HaA2pesaHuu, UH-
meepanbHble MUKPOCXeMbl, MUKPOCUCTEMHAS. MEeXHUKA

BBenenne 1) B peakTopax MpOTOYHOIO THUMA MPU XUMUYECKOM
ocaxkIeHNHU 13 Ta30Boit ¢assl (XOI'P) ¢ TepMUIecKOi
akTuBauuen [5];

2) B peakTopax LUMKJIUYECKOro NEeUCTBUS MpPU Tep-
MMYECKHM aKTUBHUPOBAHHOM aTOMHO-CIO€BOM OCAaXKIE-
Huu (TA-ACO) [6];

J3) B peakTopax IMPOTOYHOIO TUIIA TPU TLJIa3MOXU-
MmuyeckoM ocaxaeHuu (I1XO) [7];

Tonkue mneHku Hutpuga kpemHus:i (TITHK) yc-
TIEIITHO MPUMEHSIOT B TEXHOJIOTHSIX TTOJTYTIPOBOTHUKO-
BBIX TPpUOOPOB, MHTeTpadbHbIX MUKpocxeM (MMC) u
MUKpO3JIeKTpoMexaHuueckux cuctem (MOMC) [1-3].
B paGore [4] cucTemaTu3upoBaHbl JAHHBIE O LIECTH OC-
HoBHBIX MeTofax noaydyeHusi TITHK (nanee B Tekcre
OHM 0003HaualTca uudpamMu /—6, COOTBETCTBEHHO):
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4) B peakTopax IPOTOYHOTO THUIIA TIPHA TUIA3MOXU-
MUYECKOM OCAXICHUU C AKTUBALMEH TUIA3MOU BBICO-
kot motHocTu (ITXO c TTBIT) [8];

5) B peakTopax HMKINYECKOTO IEHCTBUS TIPH TIIa3-
MeHHo# aktuBauuu ACO (ITA-ACO) [9];

6) B peakTopax MPOTOUYHOIO TUIIA C KaTaJluTU4yec-
kuM ocaxaeHneM (K-XOI'®D) [10] mpu mcnonab3oBa-
HUU TEPMUUYECKON peakUUu TUAPUAOB KpPEeMHUS U
a3oTa Ha pacKaJleHHOU BoJb(®paMOBOil HUTH.

MeTtonsl 1, 2 pealn3yloTcs IpU TeMIiepaTypax BbI-
mre 500...800 °C, a MeToapl 3—6 — IIpM TeMIiepaTypax
nomioxku meHee 400 °C. B HacTosInii MOMEHT Bpe-
MEHU MeTOAbl 2, 5 JajeKu OT 3peJoCTU U TpeOyloT
NaJIbHEHUIINX UCCIeq0BaHUIl, METOA 6 MMEET AOCTa-
TOYHO crHenudUIecKoe NpUMEHEHUE IJIs TMOKUX U
MIPSIMOYTOJTLHBIX TTOMTOXKEK OOJIBIION TIIOIIAIA U PY-
JIOHHBIX MaTepuajoB. IS MpakKTUYECKOTO MpUMEHe-
HUs B pa3inuHbiX TexHosorusx UMC u MOMC uc-
MOJIb3YIOT, B OCHOBHOM, MeTOAbl [ 1 3 (CYILLeCTBEHHO
pexe — MeTon 4, mpelHa3HaYeHHbIH 1Sl pabOThI Mpe-
AMYIIIECTBEHHO CO CJIOXHBIMU peibepaMi M TTOTOMY
CYILIECTBEHHO CJIOKHEE U JTOPOXKe).

HocTtomHCTBOM MeTona I SBJISIETCST BBEICOKAsT TeM-
neparypa ocaxuaeHus (T,; > ~700 °C), nossoasionias
noayyats TITHK, 61u3kue mo coctaBy M CBOMCTBaAM
K CTeXMOMETPHMIECKOMY MaTephaly ¢ XUMUYECKOU
dopmynoit SisN, (manee C-TIIHK, coorHoweHue
Si/N = 0,75). OgHako BbIcOKasl TeMIiepaTypa ocaxie-
HUS U JUTUTEIbHOE BpeMs Mpoliecca BBUILY MaJIOi CKO-
pPOCTH HapalllMBaHUS SIBIAIOTCS HETOCTAaTKaMM, TakK
Kak MPUBOIAT K 3HAYUTEIIBHOMY TEPMUYECKOMY OIOI-
KeTy mpolecca (B MpoCTeiileM ciayyae BbipaxaeMo-
My KaK TIpoM3BeIecHUEe TeMITepaTyphl (B KeJIbBHHAX) Ha
JUTUTEIbHOCTh TEPMUYECKOI 00pabOTKHU (B CEKYHIaX).
TepmobGromxkeT mist ieHoK TITHK tommumnoit 100 Hm
nocturaer 3HaveHus ~8 - 100 K- C, YTO TMPUEMIEMO
He JUIS BceX TPUOOPHBIX TexHojoruii. Kpome Toro,
cpoiictBa C-TITHK ¢pukcrpoBaHbl B y3KKX Tpeaesax,
HaIlpUMep, 3HAUYEHME PaCTITHBAIONINX MeXaHWJec-
KMX HamnpskeHUui (o) MakKCUMallbHO U COCTaBJISIET
(1,2...1,8) - 10° Ma [4].

ITpn HU3KUX TeMmITepaTypax ocaxkaeHUs (GopMUpPY-
I0TCSI HECTeXMOMETPUYHBIE KPEeMHMI-a30T-BOIOPOI-
cogepxaniue Tonkue meHku (nanee KAB-TII), B ko-
TOPBIX cooTHOIIEeHME Si/N MOXeT CylIeCTBEHHO OT/IM -
yatbest oT Si/N = 0,75 B 06e CTOPOHBI, a coAepXKaHUe
BOIOPOIA COCTaBJIACT AECATKA aTOMHBIX ITPOIIEHTOB.
OlLieHKM TepMOOIOIKeTa IJIsI METOIOB 3 U 4 10 JaH-
HbIM [7, 8] JaT MOPSIAOK BEJIMYUH ~4 * 10* K - C, 4TO
Ha HECKOJIbKO TMOPSIKOB MEHbIIIE, YeM I MeTtona 1.
Onpnako KAB-TII ¢gakTtnyecky He SBISIOTCS "HUT-
pUIOM KpeMHUS" B €ro KjJIacCM4eCKOM NMOHMMaHUU
(Si3Ny4) u, ciaenoBareslbHO, CHJIBHO OTJIMYAIOTCA OT
HEero 1o cBoicTBaM. BapbupoBaHWeM YCIOBU MOIy-
yeHusi KAB-TII mo Meromy 3 BO3MOXHO IOJydaThb
KAB-TII B mmpokux auara3oHax CBOMCTB [4], 4To
JieJaeT UX OYeHb MPUBJIEKATEIbHBIMU TSI Pa3IMYHBIX

TexHonoruii. Hampumep, 3TUM MEeTOZOM MOXKHO ITO-
JIy4aTh IUIEHKM CXKMMAIOIIEro U pacTsTMBaIOLIEro THU-
OB MEXaHWYECKMX HAIPSKEHUI B ILIMPOKOM J1Manas3o-
He 3HauYeHU. BBuay mepeynciaeHHBIX TPEeUMYIIECTB,
a TaKXX€ OTHOCHUTEJIbHOM MPOCTOTHI U MEHBIUEH aIl-
napaTypHO CTOMMOCTM IIpU peaau3aluu, IS Ipak-
TUYECKOT0 HCIIOJIb30BaHMS METOA J IpPeICTaBisSeT
HauOOJbIINIA MHTEPEC CPeIu HU3KOTeMIEpaTypHBIX
METOMOB.

®DopMyIHpPOBKA NPOOIEMBI

OOG6bIyHast xapakTepucTuka Joobeix tunos TITHK
TEPMUHOM "HUTpUI KpeMHUs1" (MOA KOTOPHIM IO
YMOJIYAHMIO TOJDKeH moHmMaTbesl Tojibko C-TITHK,
Si3Ny) He ABIAETCA NPAaBUILHBIM, TOCKOJIBKY B HEKO-
TOPBIX M3 HUX BeChbMa 3HAYMTEIHLHBIM IO KOHIICHT-
palMu KOMIIOHEHTOM siBasieTcsl Bogopon [1, 2]. Uc-
TOYHMKOM BOAOPONA SIBJISIIOTCS MCXOIHBIE PEarcHThI:
TUIPUILI KPEMHUS M a30TcoaepKaliue peareHTel. O0-
HapyxeHue Bonopoaa B TITHK npoBoautcst Hepa3py-
marmumMu Metogamu MHdpakpacHoit (MK) crekr-
pockonmu. HampuMep, mpu paHHUX HMCCICIOBAHUSIX
HCTIOJIB30BAJICSI METOA MHOTOKPATHOTO HAapyIIEHHOTO
MOJTHOTO BHYTPEHHETO OTpaxKeHMsI, TPEOYIOLIUI U3ro-
TOBJICHUS CHIeUMAIbHBIX TpU3M U3 KpeMHus [1]. T1o3-
nHee Obu1 mpemioxeH MeTon MK crekrpockomnuu ¢
npeobpazoBanueM Dypoe (Fourier Transform Infra Red,
FTIR spectroscopy), no3BoJsIIOLIMIA TPOBOJUTH OBICT-
pblii aHanuM3 KoHUeHTpauuu Bogopona [H] B mo6bix
tunax TITHK Ha cTaHmapTHBIX MOIIOXKAaX MOHO-
KpucTajmueckoro kpemHus [3, 11, 12]. B HacTog11€ee
BpeMsl MOCJAEAHUN METON PYTMHHO MCIIOJb3YETCS B
KauyecTBe JKCIIPeCcC-MeToJa Ha MOJIYIPOBOJHUKOBBIX
TIPEATPUATHSIX.

B UK cnekrpax TITHK (B 0co6eHHOCTU 3TO BbI-
paxeno mnsa KAB-TII) xkpome nuka cBsazeit Si—N ~
~ 850 CM_l, nuMeloTcsl TmKu cBsizein Si—H mpm
~2160 cm™ ' u N—H npu ~3350 em™ L. O6padorka UK
CIIEKTPOB /1aeT BO3MOXHOCTb OLIEHMBATh CBSI3aHHbIM
BOZOPOX B BHIIE OTHOCUTEIHHBIX KOHIIEHTPALINIT CBSI-
3eit [Si—H] u [N—H]. I1pu Hanuunm KannbpoBOYHBIX
JMAHHBIX, TIOJYIEHHBIX pa3pylIalonimMi MeTogaMu (Ha-
npumMmep, s1IepHbIX peakiinii Nuclear Reaction Analysis,
NRA [11], BTOpUYHO-UOHHOM Macc-CIEeKTPOMETPUHU,
BUMC (Secondary lon Mass Spectrometry, SIMS) [13]),
BO3MOXKHO KOJTMYECTBEHHO OIIEHMBATh KOHLIEHTPAITUU
[Si—H], [N—H] u, cirenoBaTebHO, CYMMapHYIO KOH-
LIEHTpaluio cBsizdaHHOro Bojgopoxa [H]. Paspymraio-
MU METOIAMM TaKKe BO3MOXKHO KOHTPOJUPOBATH
BaXXHOE JIJIsI MHOTHUX TEXHOJIOTHIA MOCI0MHOE pacipe-
JieJIeHUe BOAOPOAA B TOJIIIE OCAXKICHHBIX IJICHOK.

Temneparypa nonyyeHust TITHK sBnsiercss Baxk-
HEMIIMM TEXHOJIOTMYECKMM I1apaMeTpoM, OIpeaesisi-
IOIIUM cocTaB IIeHOK. OOlIenpUHSIThIE YCpeaHeH-
Hble 3HaueHus [H] cocrasnstor: meron I — ~4...8 at. %
ansa Ty = 700...800 °C [5], meton 3 — <40 a1. % 14
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T,=250...350 °C [7] n meton 4 — ~5,5...15 ar. % nna
T, = 200 °C [8]. [TocTpoeHHas MO JaHHBLIM ITyOJIMKa-
uuii [1, 7, 11—23] o6001IeHHAas1 TeMIiepaTypHasi 3aBU-
CUMOCTb KOHLIEHTpalluK Boxopoaa ajist MetonoB 1, 3, 4
npuBeaeHa Ha puc. 1. OOwwMiA TpeHI BO3pacTaHUs
KOHIEHTpaLMX BOAOPOJA C MOHUXKEHUEM TeMIepaTy-
pbl ocaxaeHus1 oueBuieH. Pa3dpoc skcrnepuMeHTa b-
HBIX TOUEK BHYTPU OUYEPUEHHbBIX TYHKTUPOM OOJIacTeit
IJIST pa3HBIX METOMOB ocaxaeHMs (00o3HaueHbl M1,
M3, M4) obycioBjieH pa3jMyheM COCTaBOB Ta30BbIX
cMecelt M mapaMeTpaMH IJ1a3Mbl (MPU BBICOKOM YacToTe
BO30YXJA€HUsI KOHLEHTpalKsl BOAOPOJA 10 ToayTopa
pa3 BhILIE, YeM Ipu HKU3KOM yactote). [IpuBeneHHEIS
JIaHHbIE YKa3bIBalOT Ha TO, YTO BBUAY 3HAYMUTEJbHOIO
coaepxaHus Bogopoga B TITHK nnsg onucaHus ero
peaJIbHOTO cOCTaBa B OOLIEM BUAE HEOOXOOUMO MC-
nonb3oBath opmyiy Si,N H..

B GonblIMHCTBE MPUOOPHBIX TEXHOJOIMM TOHKO-
TUIEHOYHbIE TIOKPBITHS MOCJIE MOTYYeHUs MOABEPraoT-
Csl TOM WM MHOI 00pabOTKe MpPY MOBBIIIEHHBIX TEM-
nepatypax T, B cuiy 3TOro BIMAHUE MOCIELYIOLIMX
3a ocaxaeHuem TITHK tepmuyeckux onepauuii ObLIO
MpeIMETOM MHOTMX MCCeioBaHui. TepMuueckue ot-
xuru TITHK npoBomwinuck B ABYX BapuaHTax: MpU
IATEIbHOM 1U30TepMudeckom otxkure (Furnace Anneal,
FA) u npu OwictpoM Tepmuueckom otxkure (Rapid
Thermal Anneal, RTA). OueBUIHBI pa3IUUUST TEPMU-
YEeCKOro OIoKeTa TaKUX OTXKUTOB. DKCIIePUMEHTANb-
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Puc. 1. TemneparypHble 3aBUCHMOCTH KOHLEHTPAUMH BOAOpPOAA B
TITHK nas pa3anyHbIX METOIOB MX mogydenus: /a u 1b — merton 1
(M1, "knaccuueckuii” XOI'D u "OpicTphiii” Tepmudeckuit XOI'D,
cooTBeTcTBeHHO) [1, 14]; 2...10 — wmetonm 3 (M3) [7, 11—19];
11...14 — meton 4 (M4) [20—23]. CocTaBbl cMeceit mo metony 3:
2, 3a, 6 — SiH,—NHj3; 3b, 5 — SiH4—N,; 4a — SiH,—H,—Arr,
4b — SiH4,—H,—He; 7—10 — SiH4—NH;—N,

Fig. 1. Temperature dependences of the hydrogen concentration in SNTF
for various methods of their preparation: la and 1b — method 1 (M1,
“classical” LPCVD and "rapid” thermal LPCVD, respectively) [1, 14];
2...10 — method 3 (M3) [7, 11—19]; 11...14 — method 4 (M4)
[20—23]. The compositions of the mixtures according to method 3:
2, 3a, 6 — SiHy—NH3; 3b, 5 — SiH;—Ny 4a — SiH,—H,—Ar,
4b — SiHy—H,—He; 7—10 — SiH,—NH;—N,
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Puc. 2. TemnepaTrypHasi 3aBUCHMOCTb NOTOKA BOJOPOJA, BbIIEJsie-
moro u3 KAB-TII, noiyyeHHbIx mo mMeToxy 3, MpH COOTHOIIEHHAX
[N,1/(IN,] + [NH;3]) 0,75 (1) u 0,85 (2) (no nanueiv [24])

Fig. 2. Temperature dependence of the flow of hydrogen emitted from
SiNH-TF, prepared by method 3, at the correlations [N,]/([N,] + [NH;3])

of 0.75 (1) and 0.85 (2) (according to data of [24])

HO OOHapyxXeHo, 4To IIpu TepmMooopadoTkax KAB-TII
MIPOUCXOMUT BBIACICHNE BOAOPOJAA M3 IUIeHOK. Ha-
MpUMep, TIPU MacC-CIEeKTPOMETPUUECKOM perucTpa-
LIMY B ra30BOM (paze BbIACSIONIETOCS 13 HarpeBaeMon
KAB-TII noroka Bomopoja oOHapyXMBaeTCsI HECHUM-
MeTpUYHas Kyrnosjaoobpa3Hasi 3aBUCMMOCTb (CM. MpU-
Mep Ha puc. 2) [24]. IIpu 3TOM BaxXHO, YTO TeMIlepa-
Typbl Hayasia BblaesneHus Bogopona us KAB-TII (7))
00HApYXUJIM 3aBUCUMOCTD OT COCTaBa UCITOJIb3YEMBIX
ra3oBbIX cMeceld, paznuyasich npumepHo Ha 100 °C.
B TO Xe BpeMs KpuBBIE Cclama BBIIEJIEHHUS BOIOPOIA
COBIANAIOT, a MOJIHOE MpeKpallleHWe BbIAEICHUST BO-
Jnoponaa npoucxoaut rpu npumepHo 800 °C.

IlocTanoBka 3ana4u

Bomnpocs! npucyrctBus Bogopoaa B TITHK, a tak-
ke ero n1uddy3nn Hapy:Ky B XOIe IOCIEAYIONINX Tep-
MHUYECKMX 00pabOTOK IpUBJIeKaIl BHUMAaHUE UCCIIE-
JoBarejieil MHorue ronabl. IIpy 2TOM CylIEeCTBEHHO
0OJIbIIYI0O 3HAYUMOCTh UMEET BO3MOXHOCTh MPOHUK-
HOBEHMS BOIOPOIA B HIDKeJeXalllue MaTepuaibl, YTO
MOXET OKa3bIBaTh CYIIIECTBEHHOE BJIMSIHUE Ha Xapak-
TePUCTUKU IIPUOOPOB.

IIpumenutenbHo K TexHojorussm MUMC Bomopon
paccMaTpuBaeTCs Kak HeXenaTeJbHblii KOMITOHEHT
TITHK. PaccMoTrpuM HecKoabK0 mpumepoB. C yBeau-
yeHMeM KoHueHTpauuu Bogopoaa B KAB-TII, moiy-
YEHHBIX 110 MEeTOAy 3, BO3pacTaiu nehopMalliu aito-
MUHHMEBON METALIM3ALMU, TIOBEPX KOTOPOA HAHOCUII-
csi KAB-TII ¢ nocnenywomum otxurom mpu 450 °C
[25]. Ucnionb3zoBanue KAB-TII B kauecTBe CTOII-CJIO-
€B JJIs TpaBJeHUS MpeIMeTaIMYeCKOro TU3JIEKTPU-
Ka (6opodochopocuInKaTHOIO CTeKJIa) C MOHMUXKEH-
HOI KOHIIEHTpaleil Bomoponaa (okoio 8 aT. % BMeCTo
~16 at. %) [13, 14], a TakXe MOYTH IOJHOE UCKIIIOUE-
Hue cBs3eil Si—H myTem Mcrnosib3oBaHUSI B KauecTBe
MCXOMHBIX BEIIECTB XJIOPUIOB KpeMHUS [26] mo3BO-
JIMJIO PEIIUTh MPOoOJIeMy CIABMIA MOPOTOBBIX HAMps-




JKEHUI p-KaHaJbHBIX TPAaH3UCTOPOB 3a CUET MPOHUK-
HOBEHUST Oopa OT p+—3J'I€KTp0£[a 3aTBOpa B 00JIacTh
KaHaJia yepe3 3aTBOPHBIN auokcua KpemHus. [Tpu uc-
MOJb30BAaHUU B MHOI'OYPOBHEBOI CHUCTEME METaUlM-
dauuu UMC couetanuss KAB-TII u ¢propupoBaHHO-
ro AMOKCHJAa KpeMHUs (MaTepuaja C MOHUXEHHON
IUDJIEKTPUUECKOM IOCTOSIHHOI), cHimkeHue [H] B
KAB-TII cHuXajlo BO3MOXHOCTh OOpa30BaHHUS Ha
IpaHulie paszfesa 3TUX MaTepuaoB HeXelaaTeJbHOro
¢ropucroro Bomoposa [18]. Kak ciaeacTtBue M3 BhIlIE-
CKa3aHHOTO, MPUMEHMUTEbHO K TexHojorusm MMC
KOHIIEHTPAIIMIO BOAOPOAA CTapaINCh CHUXATh JUOO
BBIOOPOM COOTBETCTBYIOIIMX IPOLIECCOB OCAXKICHUS,
JIMOO ONTUMU3ALIMEN XapaKTepUCTUK npoueccoB. [Tpu
3TOM B KauecTBe 3tajioHa cayxwim C-TITHK, momy-
yeHHbIe TT0 MeToay /. C apyroil CTOPOHBI, 3HAYUTEIb-
Hoe npucyrctBue Bogopona B KAB-TII, mosydyeHHBIX
MEeTOIOM 3, MCIOJb30BaIM, HaIIpUMeEp, IS TTacCUBa-
LIMM TOHKOIJICHOYHBIX TPaH3UCTOPOB M COJHEUYHBIX
3JIEMEHTOB MYTEM OTXMIa MOKPBITUI MPU MOBBILLIEH-
HBIX TemIieparypax [2, 19, 27].

Takum oOpa3om, 3agaya KOHTPOJISI U MCCeaoBa-
HUs1 KOHUeHTpauuu Bonopona B TITHK u ero Bnus-
HUMS Ha CBOMCTBA IJIEHOK TOCJIE OCAXACHUS W TIPU
MOCEAYIOUIMX TEPMUYECKUX 00pabOTKaX ONpeaesieH-
HO SIBJISIETCSI aKTyaJIbHOM M COCTaBJsIET MpeaMeT Ha-
crosimiero oboo6iueHusi. I[Tpu a3TomM aBTOp XOTEena Obl
OTMETUTH, YTO B TIPOAHATU3MPOBAHHOW JIUTEpaType
OIMCaHBI Pa3TMIHbIE METOIBI aHAIM3a KOHIIEHTPAITUIA
BOZOPO/A, PA3IMYHbIE MOAXOJAbl K OpraHU3alUM IKC-
MepUMeHTa U KOJIMYECTBEHHOI 00paboTKe pe3ysbTa-
TOB U3MepeHuil. B cuily 3Toro mojydyeHHble aBTOpa-
MU aOCOJIIOTHBIE BEJIMUMHBI KOHLIEHTPALlUi BOIOpoaa
MpeACTaBISIIOT cCKopee GaKyabTaTuBHbIN nHTEepec. Oc-
HOBHO€ BHUMaHue B paboTe yaessyioCh CPaBHUTEIb-
HOMY aHajau3y U BBISIBJICHUIO TPEHIOB W3MEHEHMS
KOHLIEHTpallMM BOJAOPOAA M OLEHKE WX BIMSIHUS Ha
cporictBa TITHK.

Binsgnde BoI0poaa HA OCHOBHbIE
t¢usuxo-xumuyeckue cpoiictsa TITHK

OnHUM U3 BaXHeHIMx (U3UYECKUX MapaMeTpoB
TOHKWX TIJICHOK SIBJISIETCS WX IUNIOTHOCTD, XOTS HATIpsI-
MYIO OHA M He SIBJISIETCS TIPEAMETOM ITOCTOSHHOTO TeX-
HOJIOTMYECKOTO KOHTPOJISI B MPOU3BOACTBE. JlaHHBIX
no miotHocty TITHK B nuteparype HemHoro. Iloct-
pPOEHHBIE MO JAHHBIM JIMTEPATypbl TEeMIEpaTypHbIC
TpeHabl miotHocTu TITHK mist paznuuHbIX MeTOA0B
WX TTOJTy4eHUS TIPUBEIEHBI Ha pUC. 3; TaM XXe TTIOKa3aHbI
MIPUHATBIE YCPEIHEHHBIMU 3HAYEHUS TIJIOTHOCTH TIO
JaHHBIM 00001IeHM [4, 5, 7, 8]: meTonm I — ~3,0 I‘/CM3;
Meron 3 — ~2,6 F/CMS; Meron 4 — ~2,9 r/CM3. MoxHOo
BUIIETHh OYeBUAHBIN TPEHA BO3PACTAHUS IUIOTHOCTH 10
CIIPABOYHOTO 3HAYEHUST OOBEMHOTO HUTPHIA KpeM-
Husa 3,1 F/CM3. DTOT TpeH] B LIEJIOM SIBJISIETCSI 00OpaT-
HBIM TPEHAY Ha puc. 1. AHAIU3 TUTEPATyPHBIX JAHHBIX

MO KOPpEJSILIMU BJIMSHMSI BOAOPOAA Ha IJIOTHOCTh
TUICHOK MPUBEIEH Ha pUC. 4 1 MOKa3bIBaeT 0OPATHYIO
3aBMCUMOCTb TUIOTHOCTU OT KOHLEHTpaluu BOAOPO-
ma B TITHK. OyeBuaHO, 4YTO MPUYMHONM U3MEHEHMIA
IUIOTHOCTU SIBJISIIOTCS u3MeHeHus1 coctaBa TITHK.
OtmMmeTuM, uyto nipu aHaau3e mioTHoctu KAB-TII He-
00X0OUMO TIPUHMMATh BO BHUMAaHUE BO3MOXKXHOCTH
OTJIMUYMSI UX COCTaBa Mo cooTHouleHuto Si/N, a 060-
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Puc. 3. Temneparypubie 3apucumoctd mioraoctu B TITHK pas
Pa3IMYHBIX METOAOB WX moiyuenus: | — meton I (XOT'D) [7];
2...6 — meron 3 (ITXO) [7, 16, 18, 28, 29]; 7 — merton 4 (ITXO ¢
IBIT) [8]. CocraBer cMeceit mo metony 3: 3 — SiH;—N,, 4, 5 —
SiH4—NH3;—N,, 6 — SiH;—NH;

Fig. 3. Temperature dependences of density in SNTF for various methods
of their preparation: 1 — method 1 (LPCVD) [7]; 2...6 — method 3
(PECVD) [7, 16, 18, 28, 29]; 7 — method 4 (HDP-CVD) [8]. The
compositions of mixtures according to method 3: 3 — SiH,—N,, 4, 5 —
SiHy—NH3;—N,, 6 — SiH,—NH;
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Puc. 4. Koppeasuus miornoctn TITHK u KoHneHTpanuu B HAX BO-
nopona: / — meton I (XOI'®) [7]; 2...5 — meron 3 (I1XO) [7, 16,
18, 29, 30]; 6 — meton 4 (ITXO c TIBII) [8]. CocrtaBbl cMeceii 1O
merony 3: 2— SiH4;—N,; 3, 5 — SiH4—NH;—N,, 4 — SiH,—NH;
Fig. 4. Correlation of SNTF density and concentration of hydrogen in
them: 1 — method 1 (LPCVD) [7]; 2...5 — method 3 (PECVD)
[7, 16, 18, 29, 30]; 6 — method 4 (HDP-CVD) [8]. The compositions
of the mixtures according fo method 3: 2 — SiH;—N,; 3, 5 —
SiHy—NH3;—N,, 4 — SiH,—NH;
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ralmcHUE IIJICHOK II0 KPEMHHIO TAaKXKE MNMPUBOAUT K
CHMKCHUIO UX ITJIOTHOCTH.

VYcraHoBIeHO, 4TO cKOpocTh pacTBopeHust TITHK
B TPaBUTEJISIX HA OCHOBE (hTOPUCTOBOJOPOJHONM KUC-
notsl (V,,.,) nponopunoHansHa [H]. ITockonbKy cko-
pPOCTb PacTBOPEHUSI KOHTPOJIMPOBATH CYIIECTBEHHO
Mpole, UMeeTCsl 00JIbIIOE KOTUYECTBO OMyOJIUKOBaH -
HBIX BKCIepUMMEHTAJIbHbIX AAHHBIX, HAYMHasl C ca-
MBIX IepBhIX ITyonukauuii [11, 15]. MHorouuciaeHHEIe
ony0JIMKOBaHHBIEC B padote [15] aKcriepuMeHTaIbHbIE
JIaHHBbIE B LEJOM CJIEIYIOT MPUMEPHOMY COOTHOILIE-
Huio V., ~ 0,99%-23HI 7],

OOHapyXeHO, YTO MeXaHMYeCKHe HAIpSDKeHUST B
KAB-TII pagukaibHO OTIMYAIOTCS OT TAaKOBBIX IJIsI
C-TITHK [4]. Ona C-TITHK xapakTepHBI MeXaHU-
YeCKHe HaNpsDKeHUST PacTSKEHUST TIOPSIIKAa HECKOJb-
kux ruranackaneit. st KAB-TII, nmoiaydeHHBIX Me-
TOJIOM 3, naHHbIe [31] MOKa3bIBaIOT BO3MOXHOCTD M3-
MEHEHHUSI MeXaHUYECKUX HAIPSIKEHUI B AMana3oHe OT
—108 Ma (CxXMMaloIIril TUIT) A0 +108 Ma (pactsaruBa-
IOIIMIA THUIT) MyTeM BapbUpPOBaHUSI MapaMeTpOB IMPO-
LIECCOB OCaXKAEHMSI: YACTOTbl U MOILHOCTU TIJIa3MEH-
HOTO paspszma, pa3Mepa 3a30pa MeXIy 3JIeKTPOIaMu,
TEeMIIepaTyphbl OCAKACHUS, TaBICHMSI, COCTaBa ra30BoOM
cMmecu. CXXUMAIOIIUKA TUIT HaNpsKeHW OoJiblile Xa-
paKkTepeH I HU3KUX YacTOT TUTA3MEHHOTO pa3psia.
HanexxHo MHOroKpaTHO MOATBEPKACHHBIX TaHHBIX O
KOppesiuuMUd Tula W 3HaAaYeHW MeXaHUYEeCKMX Ha-
NpsKeHWI ¢ KoHLeHTpauueil Bogopona B KAB-TII B
nuTepaType He HaiaeHo. B paborax [31, 32] oTmeua-
JIOCh OTCYTCTBME KaKOM-1100 MoJ0OHOM B3aUMOCBSI -
3u. B [33] oTMeuasicst TpeH B mpejaesiax oT —4 ¢ 108 no
+4-10% Ma IIpY U3MEHEHNUU KOHIIEHTpallli BOIOpOa
B nuara3oHe 7...12 ar. %, npuyeM 3TOT TPEH aBTOPLI
cBs3anu ¢ yBenndeHueMm [N—H].

MunuMu3anMs KOHIEHTPAMH BOJI0poaa
npu miaasmenHom ocaxaenun KAB-TII

IIpouecchl ocaxaeHUs1 Mo MeToAy J3 SBISIIOTCS
Hanmbojee MHOTO(PAKTOPHBIMU CPEAW PACcCMOTpPEH-
HBIX B pabore (cM. Taba. 1 B [7]). Ilo coBokynmHOCTA
JIAHHBIX TPOAHATU3UPOBAHHBIX MYOJUKALIMI JAJIsSI CHU-
xenust [H] nmpu monyuyenuun TITHK nenecoobpaszno
HCTIOJIB30BaTh: MAaKCUMAJIBHO JOMYCTUMYIO TeMIlepa-
TYpY OCKIEHMS; Ta30Bble CMECU C MUHUMAJIBHBIM CO-
IepkaHeM aMMHMakKa M ¢ MaKCMMaJbHBIM COfIepKa-
HHEM a30Ta; B KAYeCTBE raza-pa30aBUTeIIs TeJINil; HA3-
KH€ YacTOThl TeHepalMM IJa3Mbl WJIM KOMOWHAIIMIO
HU3KMX U BBICOKMX YaCTOT; yIAJICHHYIO IJ1a3My MOBbI-
LIIEHHO MOIIHOCTU. BapraHT MHOTOCJIOMHOIO Ocax-
JIeHUs TOKpbITUSI MeToaoM 3 [34] (B TOM yucie ¢ npo-
MEXYTOUHbIMU O00pabOTKaMM KaXKIOro TOHKOIO CJI0sI
IUTa3MEHHBIM PaspsIioM WK YIBTPa(roIeTOBEIM 00-
JIy4eHHEM IIpH TOM Xe TeMmrireparype [35]) manx Bo3-
MOXHOCTb MUHMMU3UPOBATh COAEPKaHUE BOAOPOIA U
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MOJIYYUTh IJICHKM C PaCTSATUBAIOLIMMU HaTPSKEHUSI-
MU OOJIbLIErO 3HAYEHUS.

IToMuMO 3TOrO, MHTEPECHBIM MPEACTABISIETCS Ba-
pUaHT MonepHM3aluu obopynosanus st [1XO [18],
rae ObUTM TPUMEHEHBI PACIIMPSIONINECS KOHUUECKHe
o ¢opMe OTBEPCTHUS B AYILIEBOM pacrpeneauTeIbHOM
cucteMe (showerhead) B3aMeH UMJIMHIPUYECKUX OT-
Bepctuii. [Io MHEHUIO aBTOPOB, 3TO a0 CYLIECTBEH-
HOE YJIydlIEHUE AUCCOUUALMA aMMUAaKa, YTO MPEeroT-
Bpalllajio BO3MOXKXHOCTb (hOpMUPOBAHUS AUCUIIaHA U3
MOHOCHJIaHa B XOJie TUIa3MEHHOI peakluy MpU HeJlo-
CTaTKe OMCCOLIMMPOBABIIIET0 aMMuaka. B pesynbrare,
BMecTo cBs3eit Si—H B mieHKe hopMUPYIOTCS TPYIIIbI
Si(NH,)4 u —Si(NH,); Tosbko co cBsasamu N—H
[18, 36].

IloBenenne Bomopoaa
npu Tepmuyeckux orxurax TITHK

IMoBenenue Bomopoaa B TITHK mpu BeicokoTemIie-
paTypHbIX OTXKUIax ObLIO UCCIEIOBAHO B psiae Mmy0su-
Kaluii, Hanpumep, B [20, 24, 27, 37—41]. PaccmoTpum
HauboJjiee MHGOPMATUBHBIE U3 HUX.

ABtopsl [20] ucciienoBaiu IIEHKU, MOJIyYeHHbBIEC B
yIaJIeHHOM MUKPOBOJHOBOM IlJ1a3Me C HCII0JIb30Ba-
Huem cmeceit SiH;—NH; u SiH;—ND;. B ananaso-
He Temrepatyp 50...550 °C KoHLeHTpalus Bogoponaa
cHmXanach muHeiHo ot 2+ 1022 mo 6+ 102! ar./om.
IIpu atom ncrourrkom 70...80 % cBA3aHHOTO B TUIEH-
Ke Bopopona siBisieTcss aMMuak. C MOMOIIIbI0 MeToma
MporpaMMUpPYeMOli TepMOIecopOIMU Oblla YCTaHOB-
JieHa TemIlepaTtypa Hauajna auddy3uu Boaopoaa U3
IUICHOK, cocTaBuBias 620 °C.

ABTOpHI [24] UccnenoBany 3aKOHOMEPHOCTH BhIfie-
JIeHUsI Bogopoa rnpu Tepmudeckux otxkurax KAB-TTI
¢ IMoMolIbI0 Macc-crekrpoMeTpuu u MK criekrpocko-
nuu oopasnoB KAB-TII, monyyeHHbIX U3 cMeceit 1 %
SiHy/He—NH;—N, nipu 350 °C mnpu pasin4HbIX CO-
otHoweHusx [N,]/[N, + NH;] u [N, + NH;]/[SiHy].
Harpes no 1000 °C co ckopoctbio 20 °C/MUH MpOBO-
JIAJICS C TIOMOIIIbIO BCTPOEHHOTO B BBICOKOBAKYYMHYIO
Macc-CIeKTPOMETPUYECKYIO YCTAaHOBKY HarpeBatejis.
ABTOpBI 3apeTUCTPUPOBAIN KYIIOJIOOOpa3HbIe TEMIIE-
paTypHble 3aBUCMMOCTU C Ha4yaJlOM BbIIEJICHUS MOTO-
Ka Bomopoda B umHTepBajie Temmepatyp 440...530 °C,
MakcuMyMaMu mpu Temmeparypax 670...700 °C wu
OKOHYaHueM BblaeneHus Bogopoaa npu 800 °C (cM.
puc. 2). [Ipu 3TOM ¢ poCTOM KOHLIEHTpAIIMU aMMHaKa
B CMECHM KOHLIEHTpallMsl BbIAEISIEMOTO BOAOPOIA BO3-
pacraia, a HayaJo BbIIEJEHUSI CMEIaJoCh B CTOPOHY
CHIXeHUsT TeMnepaTyphl. [locie orkura 4yacth BoJIO-
poma ocraBajiach B IUIEHKE. ABTOPHI OTMETWJIM, YTO
nepen HavyajaoM auddysnu Bogopona n3 KAB-TII na-
YMHAaJa TIPOUCXOIUTD TePeCcTpoiiKa UX CTPYKTYPHI, a
C MOHMXEHMEM KOHLEHTpalMu BOIOPOAA B MCXOHd-
HbIX KAB-TIT TepMocTabuibHOCTD TIJIEHOK BO3pacTa-
na. ITpu omkurax csa3u Si—H okazanuchk 6ojiee TepMo-




crabuabHbIMU, YyeM cBA3u N—H, a casu SiH, n NH,
OOHapyK1BaaX OOJBIIYIO CTAOMIBHOCTh, YEM OAMHAp-
HBIE CBSI3M.

B pabGote [25] npoBeaeHO ucclieq0OBaHKWE Bblaese-
Hus Bogopoaa u3 oopaszuoB KAB-TII npu ux HaHece-
HUY Ha KPEeMHUIN M aTIOMHUHUIN METOmOM 3 TIPU TeM-
neparypax okojo 300 °C. HarpeBaHue IpoBOAWIU 10
800 °C (aHOMaJbHO BBICOKASl TemIleparypa sl allo-
MMHHUS) B a30T€ CO CKOpPOCThIo 5 °C/MuH. BoimenaeHue
BOJOpOa OOHAPYXMBAJIOCh MPU TEMIIEpaType BBIIIE
400 °C, omnako go temreparyp 500 °C oTHeceHO aBTO-
paMy K JecopOLMM MOJEKYJISIPHOro BOIOpOAa, MOC-
KOJIbKY HUKAaKMX M3MEHEHMI B KOHIICHTPAIIASIX CBSI-
3eit Si—H u N—H B KAB-TII He Ha6momanock. MH-
TEeHCHMBHOE BBIIEJICHNE BOIOPOIA TPHM TeMIlepaTypax
orxxura > 500 °C cBsa3biBain ¢ ymeHbleHueMm [N—H].
HMHTepecHO OTMETUTh, YTO ISl 00pa3loB HA aTlOMU-
HUY TIpH TeMrneparypax okoso 600...650 °C nabmona-
JIUCh pe3KKe MUKU BbIAEISIEMOrO BOIOPOaa, OObSICHEH-
Hble aBTopaMu obpaszoBaHueM B KAB-TII my3bipeii ¢
TpelIMHaM1, B KOTOPBIX HaKaIlJMBaJICS BOIOPO/I.

ABtop [37] ucciaegoBan BAUSIHUE OTXWUIOB pas-
JuyHbix TunoB TTTHK B popmunr-raze. /s o6pasua
KAB-TTII, nonyuyernHoro no metony 3 mpu 300 °C ¢ Ha-
yaJIbHOM KOHIIEHTpamueil Bomopona 21 aT. %, KOHIIeH-
Tpauuu Bogopoa mig Temmnepatyp orkura 400, 600 u
800 °C cocrasmsuim 19,5, 10 u 3,9 ar. %, COOTBETCT-
BEHHO.

ITo paHHBIM [38] MUHUMAJIbHBIE U3MEHEHMSI COCTa-
Ba M YKa3aHHBIX BBIIIIE OCHOBHBIX CBOMCTB IOCJIE OTKM-
roB ooHapyxuiu C-TTTHK. YMeHblleHre KOHILIEHTpa-
uuun Bogopona B C-TITHK (xknaccuyeckuii meTon aM-
MoHou3a quxiaopewnana npu T, = 700 °C) nocie RTA
B kucnopozae npu 1000 °C, 30 c, mpu nocjaoifHOM aHa-
nu3e metonoM NRA cocraBuio munyc 15 % ot ucxon-
HOro ypoBHS 2,4 - 102 aT/CM3; Mpu 3TOM B HMXKeJe-
JKallleM ¢JIoe AMOKCHUAA KPEMHUST BOAOPOA OOHApYyXKeH
He 6bul. Onnako ananus KAB-TIT (SiH4—NH;—Ar,
350 °C) mocJie aHAJIOTUYHOTO OTKMTa Aajl CHUXKEHUE
KOHILIEHTpallMK1 BogopoAa OT UCXOAHOI ~1,8 + 102 1o
~8+10%! aT/CM3, T. e. — Gomee 50 %. Ipu aTOM 06-
HapyXeHHasl B HIDKeJIeXallleM CJIoe TUOKCHOA KpeM-
HUsI KOHLeHTpatwst Bogopoxa ~7 - 102! at/cm? pasro-
MEPHO pacripefessyiach no riyouHe 6omee 600 HM.

B pa6ore [39] uccnemoBanu mueHku KAB-TII,
BKJII0Yasi o0oraleHHbIe 0 KPEMHUIO, Ha MPeAMET 3a-
KOHOMEpPHOCTe! BblaeNeHUus1 Bogopojga Inpu RTA B
asore B TeueHue 30 c. YcTaHOBJIEHO, 4YTO WISt oOora-
mweHHoro kpemHuem KAB-TII BeineneHue Bomoponaa
HaunHaeTcss npuMepHo npu 600 °C, B ToO BpeMsT Kak
st "ooeryHoro” KAB-TIT — mpu 400 °C. B obora-
IIEHHBIX TI0 KPEMHUIO COCTaBaX 10 Havyasia BhIICJICHUS
BOJOPOJA U3 IIJICHOK MPHY OTXKUIe UMEJIO MECTO CHIUKE-
Hue [N—H] u nHapacranue [Si—H], uto 6bL10 00BsIC-
HeHo aBTopaMu nepexogoM N—H-cBaseii B Si—H-cBsi-
3u. Ilpu temmeparypax Boie 600 °C Haba0aI0CH
CHUXXEHUE U TeX U IPYTUX.

[H],%10% ar/cm’
[H],x 0% at/cm®

Puc. 5. Cnekrtpnl TepmoaecopOunu Bonopona (Py,) m u3MeHenns

KOHUeHTpauuu Boaopona B mienkax ([H]) npu repmuyeckom otTKure
st 06pa3uoB KAB-TII, noxydennsix npu 300 °C (CrutomHbie JTHHAR)
u 400 °C (murpuxosbie unuu) [41]

Fig. 5. Spectra of the thermal desorption of hydrogen (Py,) and

variations in the concentration of hydrogen in the films ([H]) during the
thermal annealing for the SiNH-TF samples prepared at 300 °C (solid
lines) and 400 °C (dashed lines) [41]

ABtopbl pabotsl [40] nis o6pasuos KAB-TTI, no-
nyuyeHHbIx ipu 200 °C B ygajaeHHOH 1ia3mMe B U30bIT-
K€ aMMMaKa, YCTAaHOBUJIM TeMIlepaTypy Hadayja BBI-
nenenust Bogopoaa npu RTA ~500 °C, x coxaneHuio,
HE yKa3aB o0ulee coaepxaHue BoaopoJa B oOpaslax.
IToxa3zaHo GricTpoe BoeiaeneHue Bogopoaa n3 KAB-TII
MpU OTXKUIe, YTO MO3BOJISIET COIOCTABJISATh AaHHbBIE
IUTST Pa3HBIX TUTIOB OTXKHUTOB.

B pabote [41] ucciaepoBaau U3MEHEHUS MapLU-
aJIbHOIO JaBjieHusl Bopopona (Pyy, MM PT. CT.) IpuU
ero repmoaecopouuu u3 KAB-TII npu HarpeBaHuu co
ckopoctblo 5 °C/MMH U M3MEHEHME KOHLIEHTpaLuu
BOJOpOJa B 3TUX IieHKax MeTonoM MK criekTpocko-
nuu. O6pasubl noayyaau us cMecu SiH;—NH3;—N,
pu 300 1 400 °C; HavajbHBIE KOHILIEHTpAlMX BOAOPOaa
B IJIEHKax cocTaBisuii 1,2 + 1022 » 0,7- 1022 aT/CM3.
Pesynbrarsl mpuBeneHsl Ha puc. 5. decopOouust Bo-
Jopoaa B ras3oByio a3y CyIIECTBEHHO OOJbIle IS
HU3KOTeMIIepaTypHOro obpasia. OTo KOppeaupyeT C
JaHHBIMU pUC. 1 TIO0 BO3pacTaHWUIO KOHIIEHTPAIIUH
BOJIOPOJA C MOHMXKEHUEM TEeMIepaTypbl OCaXKICHMUS.
MakcuMyM Ha KPUBOM [JisI HU3KOTEMIIepaTypHOIO
obOpasua cMmelieH npumepHo Ha 70 °C BaeBo B 00J1aCTh
HU3KHUX TeMIlepaTyp B CpaBHEHUU C 0Opas3LoM, MOJy-
yeHHBIM 1pu 400 °C.

OTMeTUM, YTO B OTJIMYME OT MPHUBEIECHHBIX Ha
puc. 2, CIIeKTphl TepMoAecopOLM Ha puc. 5 oOHapy-
KWK MPUMEPHO OIMHAKOBYIO TeMIlepaTypy Hauaja
npouecca aecopounn okono 300 °C u HecoBIameHUe
CIajalolIMX YYaCTKOB KPMBBIX MPU BLICOKMX TEMIIE-
patypax. B To xxe BpeMsi JaHHbIE pUC. 5 TOATBEPXKIAIOT
BoieneHne Bomopona u3 KAB-TII u mageHue ero
KOHIIEHTPAIlNK B TJICHKAX NMPaKTUIECKH 10 HYJIS TIpH
temieparype okoiyio 800 °C.

AHanu3 AMHAMUKNA U3MEHEHUs] KPUBBIX KOHIIEHT-
palMu Bojopoja B IJIeHKax (JeBasi och rpaduka Ha
puc. 5) mokasajl OTIMYMSI OT JaHHBIX 0 TEPMOECOpPO-
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Puc. 6. Bzaumocss3p TeMnepaTypbl Hayaja BbileJIeHUs BOIOPOAA U3
KAB-TII (7}) npu nponosukuteabnom (FA) nan 6sicrpom (RTA) Tep-
MHYECKOM OTIKHTE C HAYAIbHO# KOHIeHTpanuei sogopona B KAB-TII:
1 — FA [20]; 2— FA [24]; 3— RTA [27]; 4 — FA [37]; 5, 6 — RTA
[39]; 7— FA [41]. O6pa3el 6, Bblnagaioliuii U3 TpeHaa, mpeacTaB-
JisieT coboit oboramieHHbI kpemHneM KAB-TIT [39]

Fig. 6. Interrelation of the temperature of the beginning of emission of
hydrogen from SiNH-TF (Ty) at prolonged (FA) or rapid (RTA) thermal
annealing with the initial concentration of hydrogen in SINH-TF: 1 —
FA[20], 2— FA[24], 3 — RTA [27], 4 — FA [37], 5, 6 — RTA [39],
7 — FA [41]. Sample 6, falling out of the trend, is a SiNH-TF enriched
with silicon [39]

uu (mpasasi ochk rpaduka Ha puc. 5). s Temmeparyp
ocaxnaenus 300 u 400 °C cHMXeHUe KOHIEHTpaluii
Bogoponaa HaunmHanock mpu ~300 u 400 °C, cooTBeTc-
TBEHHO, T. €. (paKTUIEeCKH TIPU TeMIIepaTypax ocaxie-
Hus. C yuetoM uHgopManuu [24] o nepecTpolike 1ie-
HOK B HavaJie BBIIEJICHUS BOAOPOAA 3TO yKa3bIBaeT Ha
BO3MOXXHOCTB OTIpee/ICHUs] TOYKHM Havalla BhIIEIECHUS
Bonopoaa 7T M Mo U3MEHEHUSM CBOVCTB IUIEHOK IPU
OTXXWTax, HaIlpuMep II0 TOKa3aTeqio IPEeJIOMIICHMS
WIM 3Ha4YEHUIO ycanku [27].

COBOKYIMTHOCTh  MPOAHATM3UPOBAHHBIX JTaHHBIX
MO3BOJISIET OLIEHUTh B3aMMOCBSI3b TEMIIepaTyphbl Havya-
J1a BBIIEJICHNST BOIOPOIA M3 TIEHKM (MJIA M3MEHEHUS
KaKnX-1160 (pU3NIYeCKUX CBOMCTB) C CYMMApHOI KOH-
nenTpamnueit Bogopona B KAB-TII (puc. 6). OtmeTnMm,
YTO MpPEICTaBJIEHHBIC PE3yIbTaThl ISl JIMTEIBHOTO
(FA) u osictporo (RTA) oTxura xopouio ykJjaabiBa-
I0TCS B TPEHI CHVDKEHMST TeMITepaTyphl Havaja BBIIE-
JIEHUsI BOAOPOJA MPU YBEJIMYEHUHU €ro KOHIEHTPpaLuu
B KAB-TII. HeiictBurensno, KAB-TII ¢ nHavanbpHOI
[H] ~20 ar. % HaunMHaOT BbLIEISTh BOAOPOI daXe IIPU
400 °C. JlormuHo TipenamosiaraTh, YTO TaKWe INICHKU
OoJjiee MoaBEPKEHBI CTPYKTYPHBIM IIpeoOpa3oBaHUSIM
JIaxe TIpA OYeHb HU3KOM TeMIiepatype oTxwura. [1pen-
CTaBIISIETCS, UTO 3TO O0BsICHSIET 3(p(EeKTUBHOCTh UC-
MOJIb30BaHMSI BapraHTa MHOTOCJIOMNHOIO OCaXXIAeHMUSs
MMOKPBITUIN C TPOMEXYTOYHBIMU OTXKUTaMU TOHKUX
CJIOEB MpPH TeX Xe TeMmIeparypax. HanpoTus, mieHku
C MEHBIIINM COAepKaHNEM BOIOPOIA SIBIISTIOTCS Ooee
CTaOUJIbHBIMU.
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B 3aximroueHre JaHHOTO TTOApa3aesia OTMETUM, UTO
BO MHOI'UX ITyoJnuKamnusx (cM., Hanpumep, [20, 24, 25,
37, 39, 40, 42, 43]) ObUIM IPEANPUHSITHI TTOMBITKU 00b-
siCHeHus1 Tmipoucxonsiumux npu HarpeBaHuu KAB-TII
MpoLEecCcoB. BBUAY TOCTYITHOCTU U MPOCTOTHI IIPEUMY-
mectBeHHO Mcnonb3oBaics Meton FTIR. B UK cnek-
Tpax U3y4aJI WHTCHCUBHOCTU TTMKOB (VUIM TIIOIIAIN
oA, TUMMU TKamu) cBsi3eir Si—H npu ~ 2160 M ' n
N—H npu ~ 3350 em L. Hanee mpoBOIUIN COITOCTaB-
JICHWE TeMIIepaTypHBIX 3aBUCUMOCTEl W3MEHEHUs
[Si—H] u [N—H] u, Ha uXx ocHOBaHUU — OOLLEil KOH-
nenTtpauuu [H]. B pa6ore [20] Takke mcronb30Baim
yactuuHo aeiitepupoBaHHbie KAB-TII 3a cuer mpu-
MEHEHMd INpU Toly4eHUU IuieHOoK NDs3; cooTBercT-
BeHHo, Tomumo Si—H m N—H wucciemoBanu taxkke
muku Si—D, N—D nipu 2480 u 1585 cm™ 1.

BBuay MHOroakTOpHOCTM METOAOB IOJIYYCHMS
KAB-TII, pexxuMoB oTXXHTa M 3KCIIEPUMEHTAJIbHBIX
AHAIMTUYECKUX METOIAMK TMOAPOOHBIN aHaM3 BOIpoca
BBIXOIMT 32 paMKHW HacTosueil nyonukauuu. Kpartkue
WUTOTU UCCJIEOBAHUI MOTYT OBITh MIPEACTABICHBI CIIeIy-
IOLIMM 00pa30M: BbleJIEHUE MOJIEKYJISIPHOTO BOAOpOAa
MPU HU3KUX TeMIlepaTypax OTXXWUTOB JIMMUTUPYETCS
KoHIeHTpanueit cBsa3eir [Si—H] u oxapakrepnsoBaHo
cxemoit peakumu =Si—H + =N—H — =Si—N= + Hj;
rpu 60Jiee BBICOKMX TEMITEPATypax 3TOT MPOLIECC UAET
ObICcTpee, U yXe B OTCYTCTBUU cBsizelt Si—H Bbinene-
HHE MOJIEKYJISIPHOIO BOJIOpoJa oOyCIOBJIeHO 00pa3o-
BaHVEM B IJIEHKE ra3000pa3HOro aMMMaka 1o cxeme:
=N—H + 2(—H) - NHj.

Binsnue TepMHYECKMX OTKHMIOB HA OCHOBHbIE
¢usuxko-xumuueckue cpoiictsa TITHK

ABTOopamu pa6ort [27, 44—46] npu orxurax FA u
RTA oTMeueHO Bo3pacTaHMe ITOoKazaTess IIpesiomiie-
HUA U1 ycanku B nipenenax 10...15 %, oTMedaioch CHU-
JKeHUe Ha TTOPSIIOK CKOPOCTEi pacTBOPEHUS B KUIKUX
TPAaBUTEJISIX HA OCHOBE (PTOPUCTOBOAOPOIHOI KHUCIIO-
Thl. Bce 3To cBUIETEbCTBOBAIO 00 YIUIOTHEHUU TLjIe-
HOK IIO XOIIy OTXKHUra, KoTopoe B padote [44] B Koop-
JUHATaX U3MEHEHUS TONIIUHBI TNIEHKU OT 00paTHOM
TeMIIepaTypbl OXapaKTepM30BaHO JHEpPrueil aKTWBa-
mun 0,47 eV.

B paGotax [18, 25] mpuBeneHbl AaHHBIE 00 M3-
MEHEHUSIX MeXaHWUYeCKMX HaMpsKeHUN MpU TEPMU-
yeckux otTxurax. [IpuMmepnl TeMmepaTypHbIX 3aBU-
CUMOCTEMA MEXaHWYECKUX HAIPSKCHWUNA IIPUBEACHBI
Ha puc. 7, a, b I pexXUMOB HarpeB-OXJaXIACHUE
KAB-TII, uro moka3aHO CTpejJKaMHu BIIPaBO-BJIEBO,
cooTBeTCTBeHHO. [Ipencrapisercs, 4YTo MpUBeICHHBIC
JIAHHbIE YKa3bIBAIOT, UYTO BEJIMUYMHBI FMCTEpe3rca Me-
XaHWYECKUX HAIpsSDKeHU Oosblle AJsi 00pasloB C
MOBBIIIEHHBIM CONEepKaHUeM Bojopoja (K HUM, B
YaCTHOCTU, OTHOCSITCSI 00paslibl, TTOJyYyaeMble B I1J1a3-
Me ammuaka). I[Ipu aToM Ha puc. 7, a CyllieCTBEHHbIE
OTKJIOHEHMsI OOHapyXHUBAIOTCSI TIpU TeMIepaTypax




HUM, HalpUMEpP, B XOJAE TOCIeaylo-
IHUX 32 OCAXIEHUEM TEePMMUYECKUX
00paboOTOK MpPU MOBBILLIEHHBIX TEM-
neparypax. BrigeneHue MoyeKynsip-
Horo Bonmopona u3 KAB-TII, mony-
YeHHBIX 1O MeTody J3, HauyMHaeTCs
npu temmnepatype Boiie 400 °C u 3a-
kaHuuBaeTcs npu 800 °C. ITpu aTom ¢
MOHMXXEHUEM CoIepKaHUsI BOAOpOAA
Hayajio €ro BBIACICHUS IPOUCXOIUT
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Puc. 7. Temneparypubie 3aBucuMocTi Mexannyeckux nanpsukenmii B KAB-TII, nonyuen-
HBIX 0 MeToay 3: a — 1o naHHbIM [18] nna cmeceit SiH,—NH;—N, (crutomnas iuHus)

n SiH4;—N, (nyHkTupHas qunus) u b — no nanueM [25] s KAB-TII ¢ xoHuenTpa-
uusiMu Bomopona 13,5 ar. % (cronrHas quHus) U 19,5 at. % (1utpuxoBast TMHKS)

Fig. 7. Temperature dependences of mechanical stresses in SINH-TF obtained by method 3:
a — according to data of [ 18] for mixtures SiH ;—NH ;—N, (solid line) and SiH ;—N , (dashed

line) and b — according to data of [25] for SiNH-TF with the hydrogen concentrations of

13.5 at. % (solid line) and 19.5 at. % (dotted line)

>500 °C, 4TO OYEBUIAHO KOPPEIUPYET C HAUYAJIOM BbI-
JeJIeHWs BoAopoaa M3 IJIeHOK [25].

3akmouenne

ToHKuWe MIeHKU, Ha3biBaeMble "HUTPUI KPEeMHUS",
MOTYT COAEPXKaTh 3HAUUTEIBbHYIO KOHIIEHTPAIIUIO BO-
JlopoJia, KoTopasl oIlpeaesisieTcsl TeMIiepaTypoil ocax-
JIEHUST W TIPUMEHSIeMBIM METOIOM IoaydeHus. Bomo-
PO MPUCYTCTBYET B TUIEHKAX B CBSI3AHHOM COCTOSIHUM
U OOHapyXMBaeTcsl C IOMOIIbIO Hepa3pyllamlIero
Mmeroga MK cnekrpockonuu B Buue cBsizeir Si—H u
N—H. HauMmeHblline KOHIIEHTpauUM BOAOPOAa UMEIOT
Mecto 1ist C-TITHK npu XOI'dD (meton 1), a Takxke
npu noayyeHun KAB-TII B mia3me BBICOKOI IJIOT-
HocTu (MeTon 4). MakcuMaibHble KOHLIEHTPALlUKU BO-
nopoaa B TITHK xapakTepHbI Aj1 METOIa OCAXICHUS
Mo MeToay 3, KOTOpbIi sBiisieTcsl Haubojiee MHOTO-
(hakTOpHBIM CpenM PacCMOTPEHHBIX B HACTOSIILEH pa-
oote. /st CHUXXeHUS KOHLEHTpalMK BOIOpOAa TpU
MOJYYEHUH 110 MeToay 3 1ieIecoo0pa3Ho MCIONIb30BATh
MaKCHUMaJbHO JOMYCTUMYIO TeMIIEpaTypy OCaxaeHMUsI;
MMHUMM3UPOBATh COIep:KaHWe aMMHaKa B Ta30BOM
CMecHu, B KauyecTBe raza-pa30aBUTEsIsI MCIIOJIb30BaTh
reJInii; WCIOJIb30BaTh HU3KWE YaCTOTHI TeHEpaluu
IJ1a3Mbl MJIM KOMOMHAIIMIO HU3KMX U BBICOKHX YaCTOT;
MPUMEHSTh yIaJeHHYIO I1J1a3My ITOBBILLIEHHONW MO~
HocTU. CHMKATh KOHLIEHTPALIMIO BOIOPO/a ITO3BOJISIET
MPUEM MHOTOCJIONHOTO OCaXAEHUSI C IPOMEXYTOU-
HBIMU 00pabOTKaMM KaXKI0ro TOHKOTO CJIOS TJ1a3MEeH -
HBIM Pa3psiioM WU YAbTpaduoaeTOBbIM O0yYeHUEM
MIpU TOM XKe TeMIIepaType.

BaxHbIM UIST TEXHOJOTMU MPUOOPOB SIBJSETCS
BoinesieHue Bogopona u3 TITHK mpu ero HarpeBa-

npu OoJjiee BBICOKHX TeMIlepaTypax.
Breimenenne Bomopoma TIPOMCXOIUT
KaK B OKPYXKaIOIIyI0 Cpedy, Tak W B
HIDKeJIeKalllie CIIOM, YTO MOKET OKa-
3bIBaTh KaK HETATUBHOE, TaK W TTO3M-

——————— - THUBHOE€ BJIMAHUEC HA XapaKTCPUCTUKU

npu6opoB. [1pu BblAEIEHUN BOIOPO-
J1a B XO/I€ TEPMUYECKOTO OTKHUTa MPO-
HUCXOASIT UBMEHEHMUST CTPYKTYPbI U (Du-
3uKo-xuMuuecknx cBoiicts KAB-TTI,
B TOM 4YMCJIe TIOKa3aTeasl mpeaomiie-
HHUS IUIEHOK, TUIOTHOCTU TUICHOK,
CKOPOCTU PacTBOPEHHUS B KUIKOCT-
HbIX TpaBuTensix. MHdbopmauus o
TOM, 4TO IIpouiecchl HarpeBaHusi KAB-TII npuBoasrt K
CYIIIECTBEHHBIM M3MEHEHUSIM 3HaUeHUU (1 Tuma) me-
XaHWYECKUX HANpPSIKEHUH TOHKUX TJIEHOK yKa3bIBaeT
Ha HEOOXOAMMOCTb MPOBEJACHUSI UCCeA0BaHWM B TaH-
HOM HaIpaBJIeHUH C YYETOM MHOTO(PaKTOPHOCTH TTPO-
neccoB TojyaeHus mieHok TITHK.
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Introduction

The Silicon Nitride Thin Films (SNTF) are applied
in the technologies of the semiconductor devices, inte-
grated circuits (IC) and microelectromechanical sys-
tems (MEMS) [1—3]. In [4] the author systematizes
the data concerning six main methods for obtaining of
SNTF (further in the text they are designated by num-
bers 1—6):

1) In the flow type reactors at the chemical vapor
deposition (LPCVD) from the gas phase with the ther-
mal activation [5];

2) In the cyclic action reactors at the thermally ac-
tivated atomic layer deposition (TA-ALD) [6];

3) In the flow type reactors at plasma enhanced
chemical vapor deposition (PECVD) [7];

4) In the flow type reactors at plasma enhanced
chemical vapor deposition with activation by high-den-
sity plasma (HDP-CVD) [8];

5) In the cyclic action reactors at plasma activation
of ALD (PA-ALD) [9];

6) In the flow type reactors with the catalytic dep-
osition (Cat-LPCVD) [10] and the use of the thermal
reaction of the silicon and nitrogen hydrides on a heat-
ed tungsten thread.

Methods 1, 2 are realized at the temperatures over
500...800 °C, while methods 3—6 — at the tempera-
tures of the substrate less than 400 °C. At the present

moment of time, methods 2, 5 are far from being ma-
ture and demand the further research works, method 6
has a rather specific application for the flexible and rec-
tangular substrates of big area and rolled materials. For
practical applications in various technologies, IC and
MEMS mainly use, methods 1 and 3 (significantly less
frequently — method 4, which is intended for work
mainly with complex reliefs and, therefore, is signifi-
cantly more involved and expensive).

An advantage of method 1 is a high temperature of
deposition (7,; > ~700 °C), allowing us to obtain SNTF
close by their composition and properties to a stoichi-
ometric material with the chemical formula SizNy (fur-
ther, S-SNTF, Si/N ratio = 0.75). However, the high
temperature of deposition and long process (because of
the small rate of growth) are its drawbacks, since they
lead to a considerable thermal budget of the process (in
the elementary case expressed as the product of tem-
perature (in kelvins) by duration of the heat treatment
(in seconds). The thermal budget for SNTF films with
thickness of 100 um reaches the value of ~8 - 10°K-s
which is acceptable not for all the instrument tech-
nologies. Besides, S-SNTF properties are fixed within
narrow limits, for example, the value of the stretching
mechanical stresses (o) is maximal and equals to
(1.2...1.8) - 10° Pa [4].
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At low temperatures of deposition, the nonstoichi-
ometric silicon-nitrogen-hydrogen thin films (further,
SiNH-TF) are formed, in which the Si/N ratio can
differ significantly from Si/N = 0.75 in both sides,
while the content of hydrogen can be equal to tens of
atomic percent. Thermal budget estimates for methods 3
and 4, according to data [7, 8], give values of about
~4-10* K- s, which is by several orders less, than for
method 1. However, SINH-TFs are actually not "a sil-
icon nitride" in its classical understanding (Si;Ny)
and, therefore, differ strongly from it by their proper-
ties. However, by varying the conditions for obtaining
SiNH-TF by method 3 it is possible to get SINH-TF in
a wide ranges of properties [4], which makes them very
attractive for various technologies. For example, this
method makes it possible to obtain films of the com-
pressive and tensile types of the mechanical stresses in
a wide range of values. In view of the above listed ad-
vantages and also due to a relative simplicity and small-
er hardware realization costs, for a practical use, meth-
od 3 is of the greatest interest out of the low-tempera-
ture methods.

Problem statement

The term "silicon nitride", usually applied for char-
acterizing any SNTF (but, on default, must refer only
to S-SNTF, SisNy), is not correct, because in some of
them a very considerable component by concentration
is hydrogen [1, 2]. The sources of hydrogen are the in-
itial reagents: hydrides of silicon and nitrogen-contain-
ing reagents. Detection of hydrogen in SNTF is carried
out by the nondestructive methods of the infrared (IR)
spectroscopy. For example, at the early research works,
the method of the multiple attenuated total internal re-
flection, demanding production of special prisms from
silicon [1], was used. Later, the IR spectroscopy meth-
od with Fourier transformation (Fourier Transform In-
fra Red, FTIR spectroscopy) was offered allowing us to
carry out a quick analysis of the concentration of hy-
drogen [H] in any SNTF types on the standard sub-
strates of the single-crystal silicon [3, 11, 12]. Now the
latter method is routinely used as an express method in
the semiconductor enterprises.

In SNTF IR spectra (this is especially pronounced
for SiNH-TF), besides the peak of Si—N bonds
~850 cm™!, there are peaks of Si—H bonds at
~2160 cm™ ! and N—H at ~3350 cm™ 1. Processing of
the IR spectra gives us a chance to estimate the bond-
ed hydrogen in the form of relative concentrations of
[Si—H] and [N—H] bonds. In the presence of the cal-
ibration data obtained by the destructive methods (for
example, nuclear reactions of the Nuclear Reaction
Analysis, NRA [11], secondary-ion mass-spectrometry
(SIMS) [13]), it is possible to estimate quantitatively
the concentrations of [Si—H], [N—H] and, therefore,
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the total concentration of the bonded hydrogen [H]. By
the destructive methods it is also possible to control the
layer-by-layer distribution of hydrogen, important for
many technologies, in the thickness of the deposited
films.

The temperature for obtaining of SNTF is a major
technological parameter defining the compositions of
the films. The standard average values of [H] are:
method 1 — ~4...8 at. % for T; = 700...800 °C [5],
method 3 — <40 at. % for T, = 250...350 °C [7], and
method 4 — ~5.5...15 at. % for T,;= 200 °C [8]. A gen-
eralized temperature dependence of the concentrations
of hydrogen, constructed according to the data availa-
ble in publications [1, 7, 11—23], for methods 1, 3, 4
is presented in fig. 1. The general trend of increase of
the concentration of hydrogen with a fall of the tem-
perature of deposition is obvious. The spread of the ex-
perimental points in the areas outlined by the dotted
line for different methods of deposition (M1, M3, M4
are designated) is due to the differences in the compo-
sitions of the gas mixes and parameters of plasma (at a
high frequency of excitation the concentration of hy-
drogen is up to one and a half times higher than at a low
frequency). The presented data testify to the fact that in
view of a considerable content of hydrogen in SNTF,
for the description of its real composition in a general
form it is necessary to use Si,N H, formula.

In most of the device technologies, after prepara-
tion, the thin-film coverings are exposed to this or that
processing at the increased 7, temperatures. Owing to
this fact the influence of the thermal operations, sub-
sequent to deposition of SNTF, was a subject to many
research works. Thermal annealings of SNTF were
carried out in two versions: long isothermal annealing
(Furnace Anneal, FA) and rapid thermal annealing
(Rapid Thermal Anneal, RTA). Distinctions of the
thermal budget of such versions of annealing are obvi-
ous. It was experimentally revealed that during a heat
treatment of SiNH-TF there was an out-diffusion of
hydrogen from the films. For example, in the gas phase
during the mass-spectrometric recording of the flow of
hydrogen emitted from the heated SINH-TF, an asym-
metrical dome-shaped dependence was found (see an
example in fig. 2) [24]. At that, it is important that the
temperatures of the beginning of emittance of hydrogen
from SiNH-TF (7)) revealed dependence on the com-
position of the used gas mixes, differing approximately
by 100 °C. At the same time, the curves of recession of
the out-diffusion of hydrogen coincided, and complete
cessation of the out-diffusion of hydrogen happened at
800 °C.

Problem definition

The questions of presence of hydrogen in SNTF and
also its out-diffusion in the course of the subsequent




heat treatments interested the researchers during many
years. At the same time, a significantly more important
question is a possibility of penetration of hydrogen into
the underlying materials, which can have a significant
effect on the characteristics of the devices.

In relation to IC technologies, hydrogen is consid-
ered as an undesirable component in SNTF. Let us
consider several examples. With a growth of the con-
centration of hydrogen in SiNH-TF, obtained by
method 3, the deformations of the aluminum metal-
lization, over which SiNH-TF with the subsequent
annealing at 450 °C was deposited [25], increased. The
use of SINH-TF as the stop layers for etching of a pre-
metal dielectric (borophosphosilicate glass) with a low-
ered concentration of hydrogen (about 8 at. % instead
of ~16 at. %) [13, 14] and also almost complete elim-
ination of Si-H bonds due to the use of the silicon chlo-
rides as the initial substances [26], allowed us to solve
the problem of the shift of the threshold voltage of the
p-channel transistors due to penetration of boron from
p+—electrode gate to the channel area through the gate
silicon dioxide. During the use in the multilevel system
of IC metallization of the combination of SiNH-TF
and the fluorinated silicon dioxide (material with a low-
ered dielectric constant), a decrease of [H] in SINH-TF
decreased a possibility of formation on the section
boarder of these materials of the undesirable hydrogen
fluoride [18]. As a result, from what was said above, in
relation to IC technologies there were attempts to re-
duce the concentration of hydrogen either by selection
of a corresponding processes of deposition, or optimi-
zation of the characteristics of the processes. At that,
S-SNTF obtained by method 1, served as a standard.
On the other hand, a considerable presence of hydro-
gen in SiNH-TF, obtained by method 3, was used, for
example, for passivation of the thin-film transistors and
the solar elements by annealing of the coverings at in-
creased temperatures [2, 19, 27].

Thus, the problem of control and research of the
concentration of hydrogen in SNTF and its influence
on the properties of films after the deposition and at the
subsequent heat treatments is definitely urgent and is a
subject of the present generalization. At the same time,
the author would like to note that the analyzed litera-
ture presents various methods for analysis of the hydro-
gen concentrations, different approaches to organiza-
tion of an experiment and quantitative processing of the
results of measurements. Owing to this fact, the abso-
lIute values of the hydrogen concentrations received by
the authors are of a rather facultative interest. The main
attention in the work was devoted to a comparative
analysis and identification of the trends in variation of
the hydrogen concentration, and assessment of their in-
fluence on SNTF properties.

Influence of hydrogen on the main
physical and chemical properties of SNTF

One of the most important physical parameters of
the thin films is their density, although directly it is not
a subject for a constant technological control in pro-
duction. In literature there is no sufficient data on the
SNTF density. The temperature trends constructed ac-
cording to the literature on the SNTF density for var-
ious methods of their preparation are provided in fig. 3;
in the same place there are accepted average values of
the density according to the data of generalizations
[4, 5, 7, 8]: method 1 — ~3.0 g/cm3, method 3 —
~2.6 g/cm3, method 4 — ~2.9 g/cm3. It is possible to
see an obvious trend for increasing of the density up to
the reference value of the volume of silicon nitride of
3.1 g/cm3. In general, this trend is the reverse in rela-
tion to the trend in fig. 1. An analysis of the literary data
on the correlation of the influence of hydrogen on the
density of the films is presented in fig. 4 and it shows
an inverse dependence of the density on the concen-
tration of hydrogen in SNTF. It is obvious that the rea-
son for variation of the density is the changes in the
composition of SNTF. Let us note that in the analysis
of the density of SINH-TF it is necessary to take into
account that their composition may be different by the
Si/N ratio, while enrichment of the films with silicon
also leads to a decrease of their density.

It was established that the rate of dissolution of
SNTF in the etchants on the basis of hydrofluoric acid
(V) Was proportional to [H]. Since it is significantly
easier to control the rate of dissolution, there are many
published experimental data, starting with the very first
publications [11, 15]. In general, the numerous exper-
imental data published in the work [15] correspond to
the approximate ratio of ¥, ~ 0.99%23HI 7],

It was discovered that the mechanical stresses in
SiNH-TF differed radically from those for S-SNTF
[4]. The mechanical tensile stresses characteristic of
S-SNTF are usually equal to several gigapascals. For
SiNH-TF obtained by method 3, the data [31] show a
possibility of variation of the mechanical stresses within
the range from —10% Pa (the compressive type) up to
+108 Pa (the tensile type) by changing the parameters
of the deposition processes: frequency and capacity of
a plasma discharge, values of the gap between the elec-
trodes, temperature of deposition, pressure, and com-
position of the gas mix. The compressive type of the
stresses is more characteristic for the low frequencies of
the plasma discharge. Reliable and repeatedly con-
firmed data concerning the correlation of the type and
the value of the mechanical stresses with the concen-
tration of hydrogen in SiNH-TF were not found in lit-
erature. In the works [31, 32] no such interrelation was
highlighted. In [33] a trend was noted ranging from
—4-10% Pa up to +4- 108 Pa at variation of the con-
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centration of hydrogen in the range of 7...12 at. %, and
the authors connected this trend with the increase of
[N—H].

Minimization of the concentration of hydrogen
at plasma deposition of SINH-TF

The deposition processes by method 3 are the most
multiple-factor ones among the processes considered in
the work (see table 1 in [7]). According to the set of the
data from the analyzed publications, for a decrease of
[H] when preparing SNTF it is expedient to use: the
maximal admissible temperature of the deposition; gas
mixes with the minimal content of ammonia and with
the maximal content of nitrogen; helium as the gas-
diluent; low frequencies for generation of plasma or a
combination of the low and high frequencies; and a re-
mote plasma of increased power. The version of the
multilayered deposition of a covering by method 3 [34]
(including with intermediate processing of each thin
layer by a plasma discharge or an ultra-violet radiation
at the same temperature [35]) made it possible to min-
imize the content of hydrogen and obtain films with the
tensile stresses of bigger values.

Besides that, seems of interest the version of mod-
ernization of equipment for PECVD [18], which en-
visages extending openings of a conic form in the show-
er distributive system (showerhead) instead of the cylin-
drical openings. According to the authors, it improved
significantly the dissociation of ammonia, which elimi-
nated a possibility of formation of the disilane from the
monosilane during the plasma reaction in case of a
lack of the dissociating ammonia. As a result, instead of
Si—H bonds, the groups of Si(NH,), and —Si(NH,);
are formed in the film only with N—H bonds [18, 36].

Behavior of hydrogen at a thermal annealing
of SNTF

The behavior of hydrogen in SNTF at high-temper-
ature annealing was investigated in a number of publi-
cations, for example, in [20, 24, 27, 37—41]. Let us
consider the most informative of them.

The authors [20] investigated the films obtained in
a remote microwave plasma with the use of SiH,—NHj
and SiH,—ND3; mixes. In the range of temperatures of
50...550 °C the concentration of hydrogen decreased
linearly from 2 - 1022 a‘[/cm3 down to 6- 10%! at/cm3.
At the same time, the source of 70...80 % of the hy-
drogen bonded in the film was ammonia. By means of
the method of the programmable thermal desorption, the
temperature was found of the beginning of the emission
of hydrogen from the films, which was equal to 620 °C.

The authors [24] investigated the regularities of the
out-diffusion of hydrogen at the thermal annealing of
SiNH-TF by means of mass spectrometry and IR spec-
troscopy of the samples of SINH-TF obtained from
1 % mixes of SiHy/He—NH3;—N, at 350 °C at various
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ratios of [N,]/[N, + NHj;] and [N, + NH;]/[SiHy4].
Heating up to 1000 °C with a speed of 20 °C/min. was
carried out by means of the heater, which was built into
a high-vacuum mass spectrometer installation. The au-
thors recorded the dome-shaped temperature depend-
ences from the beginning of emission of a flow of hy-
drogen in the range of temperatures of 440...530 °C,
with the maxima at temperatures of 670...700 °C, and
the end of emission of hydrogen at 800 °C (fig. 2). At
the same time with the growth of the concentration of
ammonia the concentration of the emitted hydrogen in
the mix increased, and the beginning of emission was
shifted towards a decrease of the temperature. After an-
nealing a part of hydrogen remained in the film. The
authors noted that before the diffusion of hydrogen
from SiNH-TF, a reorganization of their structure be-
gan, while with a decrease of the concentration of hy-
drogen in the initial SINH-TF, the heat stability of the
films increased. During the annealing the Si—H bonds
were more thermostable, than N—H bonds, while
bonds of SiH, and NH, appeared to be more stable,
than the unary bonds.

In the work [25] a research was carried out of
the out-diffusion of hydrogen from the samples of
SiNH-TF during their deposition on silicon and alu-
minum by method 3 at temperatures of about 300 °C.
Heating was raised up to 800 °C (an abnormally high
temperature for aluminum) in nitrogen with a speed of
5 °C/min. The out-diffusion of hydrogen was recorded
at temperatures over 400 °C, however, up to the tem-
peratures of 500 °C the authors explained this by a de-
sorption of the molecular hydrogen, because no
changes were observed in the concentration of Si—H
and N—H bonds in SINH-TF. The intensive out-dif-
fusion of hydrogen at the annealing temperatures
>500 °C were explained by reduction of [N—H]. It is
interesting to note that for the samples on aluminum at
temperatures of about 600...650 °C the sharp peaks
were observed of the emitted hydrogen explained by the
authors as the formation in SINH-TF of the bubbles
with cracks, in which hydrogen accumulated.

The author [37] investigated the influence of an-
nealings of various types of SNTF in the forming-gas.
For a sample of SiNH-TF prepared by method 3 at
300 °C with the initial concentration of hydrogen of
21 at. %, the concentrations of hydrogen for the tem-
peratures of annealing of 400, 600 and 800 °C were
19.5, 10 and 3.9 at. %, respectively.

According to data [38], the minimal changes in the
composition and the above stated basic properties after
annealing were found in S-SNTF. Reduction of the con-
centration of hydrogen in S-SNTF (the classical method
of ammonolysis of dichlorosilane at 7, = 700 °C) after
RTA in oxygen at 1000 °C, 30 s, in the layer-by-layer
analysis by NRA method was minus 15 % of the initial
level of 2.4+ 102! at/cm3; at that, in the underlying
layer of silicon dioxide the hydrogen was not found.




However, an analysis of SiNH-TF (SiH,—NH;—Ar,
350 °C) after a similar annealing demonstrated a de-
crease of the concentration of hydrogen from the in-
itial ~1.8 - 1022 at/cm> down to ~8 - 102! at/cm?, i.e. —
more than 50 %. At that, the concentration of the hy-
drogen found in the underlying layer of silicon dioxide
~7 102! at/cm3 was evenly distributed at the depth
over 600 pm.

In the work [39], the SINH-TF films were investi-
gated, including the silicon enriched ones, with regard
to the regularities of the out-diffusion of hydrogen at
RTA in nitrogen during 30 s. It was established that for
the hydrogen, enriched with SiNH-TF silicon, the
emission began approximately at 600 °C, while for "the
regular” SINH-TF — at 400 °C. In the structures en-
riched with silicon, prior to the out-diffusion of hydro-
gen from the films during annealing, there was a de-
crease of [N—H] and an increase of [Si—H], which was
explained by authors as the transition of N—H bonds
into Si—H bonds. At temperatures above 600 °C a de-
crease of both was observed.

The authors of the work [40], for the samples of
SiNH-TF obtained at 200 °C in a remote plasma and
in excess of ammonia discovered the temperature of the
beginning of the out-diffusion of hydrogen at RTA
~500 °C, unfortunately, without having specified the
total content of hydrogen in the samples. They dem-
onstrated a rapid out-diffusion of hydrogen from
SiNH-TF during annealing, which allows us to com-
pare the data for different types of the annealings.

In the work [41] the authors investigated changes of
the partial pressure of hydrogen (Py,, mm of mercury.)
during its thermal desorption from SiNH-TF and
heating with the speed of 5 °C/min., and variation of
the concentration of hydrogen in these films by the IR
spectroscopy method. The samples were obtained from
the mixture of SiH,—NH3;—N, at 300 and 400 °C; the
initial concentrations of hydrogen in the films was
1.2-10% a‘[/cm3 and 0.7 - 1022 at/cm3. The results are
presented in fig. 5. The hydrogen desorption in the gas
phase was significantly more for the low-temperature
sample. This correlated with the data of fig. 1 concern-
ing the increase of the concentration of hydrogen with
a fall of temperature of the deposition. The maximum
on the curve for the low-temperature sample was dis-
placed approximately by 70 °C to the left into the area
of the low temperatures in comparison with the sam-
ple obtained at 400 °C.

Let us note that unlike the data provided in fig. 2,
the thermal desorption spectra in fig. 5 demonstrated
approximately identical temperature of the beginning
of the desorption process, of about 300 °C and a dis-
crepancy of the falling-down sites of the curves at high
temperatures. At the same time, the data of fig. 5 con-
firm the out-diffusion of hydrogen from SiNH-TF and
falling of its concentration in the films practically down
to zero at the temperature of about 800 °C.

An analysis of the dynamics of variation of the
curves of the concentration of hydrogen in the films
(the left axis of the diagram in fig. 5) demonstrated
distinctions from the data on the thermal desorption
(the right axis of the diagram in fig. 5). For the tem-
peratures of deposition of 300 and 400 °C the decrease
of the concentration of hydrogen began at about 300
and 400 °C, respectively, i.e. actually, at the deposition
temperatures. Taking into account information [24] on
reconstruction of the films at the beginning of the out-
diffusion of hydrogen, this makes it possible to deter-
mine the point of the beginning of the out-diffusion of
hydrogen T, also by the changes of properties of the
films during annealing, for example, by the refraction
index or the value of shrinkage [27].

The sum total of the analyzed data allows us to es-
timate the interrelation of the temperature of the be-
ginning of the out-diffusion of hydrogen from a film
(or changes of any physical properties) with the total
concentration of hydrogen in SiNH-TF (fig. 6). Let us
note that the presented results for the long (FA) and
rapid (RTA) annealings conform with the trend of the
decrease of temperature at the beginning of the out-dif-
fusion of hydrogen during the increase of its concen-
tration in SINH-TF. Indeed, SINH-TF from the initial
[H] ~20 at. % begin to emit hydrogen even at 400 °C.
It would be logical to assume that such films are more
subjected to structural transformations even at a very
low temperature of annealing. This seems to explain the
efficiency of the use of the version of the multilayered
coverings of deposition with the intermediate anneal-
ings of the thin layers at the same temperatures. On the
contrary, the films with the smaller content of hydrogen
are more stable.

In conclusion of this subsection we will point out
that in many publications (see, for example, [20, 24, 25,
37, 39, 40, 42, 43]) attempts were made to explain the
processes happening during heating of SiNH-TF. In
view of its availability and simplicity, the FTIR method
was mainly used. In IR spectra the intensity of the peaks
were studied (or the areas under these peaks) of Si—H
bonds at ~2160 cm™! and of N—H at ~3350 cm ™.
Then a comparison was carried out of the temperature
dependences of variation of [Si—H] and [N—H] and,
on their basis — of the total concentration of [H]. In the
work [20] the partially deuterated SINH-TF were also
used due to application during preparation of NDj
films; respectively, besides Si—H and N—H, also
peaks of Si—D, N—D were investigated at 2480 and
1585 cm™ L.

In view of the multi-factor character of the methods
for obtaining of SiNH-TF, the modes of annealing and
experimental analytical techniques, a detailed analysis of
the question is beyond the limits of the present publica-
tion. Brief results of the research works can be presented
as follows: at low temperatures of annealing the out-dif-
fusion of the molecular hydrogen is limited by the con-
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centration of [Si—H] bonds and is characterized by the
formula of reaction =Si—H + =N—H — =Si—N=+ H,;
at higher temperatures this process goes faster, and al-
ready in absence of Si—H bonds the out-diffusion of
the molecular hydrogen is caused by formation in a
film of the gaseous ammonia according to the formula:
=N—H + 2(—H) —» NH;.

Influence of the thermal annealing
on the SNTF main physical and chemical properties

During annealing of FA and RTA the authors of the
works [27, 44—46] noted a growth and shrinkage of the
refraction index within 10...15 %, an also a decrease by
an order of the values of the rates of dissolution in the
liquid etchants on the basis of hydrofluoric acid was ob-
served. All this demonstrated a consolidation of the
films in the course of annealing which in the work [44]
in the coordinates of variation of the thickness of a film
from the return temperature was characterized by the
energy of activation of 0.47 eV.

The works [18, 25] present data on variation of the
mechanical stresses during the thermal annealings,
Fig. 7, a, b present examples of the temperature de-
pendences of the mechanical stresses for the heating-
cooling modes of SiNH-TF, indicated by right-left ar-
rows, respectively. The presented data obviously dem-
onstrate that the values of the hysteresis of the mechan-
ical stresses are bigger for the samples with the in-
creased content of hydrogen (among them are the sam-
ples obtained in the ammonia plasma, in particular). At
the same time in fig. 7, essential deviations are found at
temperatures >500 °C which correlates obviously with
the beginning of the out-diffusion of hydrogen from the
films [25].

Conclusion

The thin films called "silicon nitride" may contain a
considerable concentration of hydrogen, which is de-
termined by the temperature of the deposition and the
applied method of preparation. Hydrogen is present in
the films in the bound state and it is detected by means
of the nondestructive method of IR spectroscopy in the
form of Si—H and N—H bonds. The smallest concen-
trations of hydrogen are found in S-SNTF at LPCVD
(method 1) and also during preparation of SINH-TF
in the high density plasma (method 4). The maximal
concentrations of hydrogen in SNTF are typical for
the deposition method by method 3, which is the most
multiple-factor among the ones considered in the
present work. For a decrease of the concentration of
hydrogen during a preparation by method 3 it is expe-
dient to use the most admissible temperature of the
deposition; to minimize the content of ammonia in the
gas mix, to use helium as a gas thinner; to use low fre-
quencies for generation of plasma or a combination of
the low and high frequencies; and to apply a remote
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plasma of increased power. The concentration of hy-
drogen can be reduced by the method of the multilay-
ered deposition with the intermediate processing of
each thin layer by a plasma discharge or ultra-violet ra-
diation at the same temperature.

The out-diffusion of hydrogen from SNTF during its
heating is important for the technology of the devices,
for example, during the heat treatments, subsequent to
the deposition, at higher temperatures. The out-diffu-
sion of the molecular hydrogen from SiNH-TF, ob-
tained by method 3, starts at the temperature over 400 °C
and comes to an end at the temperature of 800 °C. At
that, with a decrease of the content of hydrogen, the be-
ginning of the out-diffusion happens at higher temper-
atures. The hydrogen is emitted both into the environ-
ment, and into the underlying layers, which can render
both negative, and positive influence on the character-
istics of the devices. The out-diffusion of hydrogen dur-
ing a thermal annealing can change the structure and
the physical and chemical properties of SINH-TF, in-
cluding the refraction index of the films, density of the
films, and the rates of dissolution in the liquid etchants.
Information, that the processes of heating of SINH-TF
result in essential changes of the values (and the types)
of the mechanical stresses of the thin films, points to
the necessity of carrying out of the research works in
this direction taking into account the multi-factor char-
acter of the processes of preparation of SNTF films.
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MCCAEAOBAHUE YYBCTBUTEAbHbIX DAEMEHTOB AABAEHUA

C NMOBbILLEHHOM NPOYHOCTbIO
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Hccnedosana KoHCMpPYKUUs KPeMHUEB020 UYBCMBUMENAbHO20 dAeMeHma 0asAeHUs ¢ YNOPAMU, 00eCne4usalowas CmouKocms K
MHOCOKPAMHbIM nepeepy3kam. J[oKa3ano npeumyu,ecmeo ucnoab308aHus NPeoiojiCeHH020 YRopa npu nepeepy304HomM 0asieHul, 6
Komopom mpebyemoe paccmosanue 04 x00a MemMOpaHsvl KpUCmania onpedessiemces 3a30pom, 00pa308anHHbIM MOAWUHOU Npeyu3U-
OHHO HaHeCceHHO020 NPUNoliHoeo cmekaa. Tlpusedensl pe3yabmamol UCCACO0BAHULL MEH30MOO0YAEl C NOBbIULEHHOU NPOUHOCMbIO C HO-
MUHAAbHBIM daeaenuem 6 duanaszone 1,6...25 klla, umerouux namukpamHoe nogvluleHue NPOYHOCIMU 6 CPAGHEeHUL CO CMaHoap-

MHOU KOHCMPYKUUei MeH30MO0Y .

Karouesnie caosa: uyecmeumenvHoli 31emenm 0agaeHUsi, MEH30Pe3UCMUBHAS MOCHOBAsL CXeMd, nepeepy304Has CHOCOOHOCTY,
YHODbL, MeMnepamypHulll Ko3gguyuenm Hyis, memMnepamypHbli 2UCepesuc Hyas, Memoo KOHeUHbIX I1eMEeHMO8

BBenenue

IToBblllIeHWE TPOYHOCTHBIX CBOWMCTB IEPBUYHBIX
npeoOpa3oBaTesicii AaBJICHMST SIBISIETCS aKTyaJbHOM
3amavyeil Ipu pa3paboTKe JATYMKOB maBieHus [1—6],
0COOEHHO 151 U3MepeHUs MalbiX AaBjieHuit ot 1 kI1a,
KOIZla CaMblif XpYNKUI B3JEMEHT 4YyBCTBUTEIbHOTO
9JIeMEeHTa JaBjieHus (KpeMHueBas MeMmOpaHa) IIOJ-
BEpraeTcs 3HAYUTEJbHBIM MepeErpy3kaM Kak BO BpeMs
CcOOpPKM KOPMYCHOTO MCIMOJIHEHUS AaTYMKOB, TakK U
MpU BBONIE€ B BKCIUlyaTaluio yctpoiictBa. Mccnenye-
Masl KOHCTPYKIIMSI YyBCTBUTEIBHOTO 3JIeMEHTA AaBjie-
Husg (YD) ¢ noBbILIEHHON CTOMKOCTBIO K Ieperpy-
30YHOMY JaBJIEHUIO BKJIOUYaeT B cebsi mpoduinpo-
BaHHbBIA KPEMHUEBBIA KPUCTAJLI C TEH30PE3UCTUBHOMU
MOCTOBOI M3MEPUTEIbHON CXEMOM, BEPXHIOIO KPbILLI-
Ky C yImopoM (BEepXHHU yIIOp), IPOKJIAIKY C YIIOPOM
(HMXHUI yniop) U ocHoBaHMe. MeMOpaHa KpucTajia,
chopMUpOBaHHAasI AHU3OTPOITHBIM XKUIKOCTHBIM TPaB-
JIEHMEM, UMeeT KBaapaTHY10 (popMy CO CJIIOKHO Mpopu-
JIMPOBAHHOM TeOMeTpUell KOHLEHTPATOPOB MeXaHU-
yeckux HanpsokeHuit (MH) B Buge XXecTKuX LIeHTPOB.
Bce meraamn YD]l BBIOJHSIOTCS M3 KPEMHUSI M CO-
EIUHSIIOTCS HU3KOTeMITEPATYPHBIM MPUITOMHBIM CTEK-
JIoM [7], XOTs B IuTepaType M3BECTHBI UHBIE CITOCOOBI
coequHeHus: [8—10]. IIpu momade meperpy3o4yHOro
napineHust Ha YD]1 meMOpaHa KpeMHMEBOTO KpUCTaI-
Jla yIupaeTcsl B OrpaHUUMTENb: MPU MojJavye JaBieHUs
CO CTOPOHBI MEMOpaHbI IJIaHApHAsA 4acThb KpUCTasuia
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KacaeTcsl BepXHero ymnopa; Mnpu mnojaaude AaBJICHUS CO
CTOPOHBI IJITAHAPHOM YacTU KPUCTaJLJIa KECTKHUE LIEHT-
pbl MeMOpaHbI KacaloTcsl HUxXHero yropa. [Tpu atom
PacCTOSIHUS MEXIY MEMOPaHOI KpUcTajuia U yriopaMu
JIOJKHBI 00ecrneyrBaTh CBOOOIHBIN M3rnd MeMOpaHbI
KpHUCTaJljla TpM HOMUHAJILHOM JaBJeHUU. YKa3aHHbIE
pPacCTOSIHUS PEryaMpyIOTCS TOJIIMHON 1IBa MPUIOM-
Horo cTekja. Takas KOHCTpYKIUSI Haubojiee TeXHOJIO0-
TMYHA TPU U3TOTOBJICHUU U C TIOMOIIbIO aBTOMAaTH3a-
LIMU TIpoliecca HaHECeHMS MO3BOJISIET ¢ JOCTATOYHOM
TOYHOCTBIO U TIOBTOPSIEMOCTBIO HAHOCUTD IPUITOHOE
ctekyio Ha yropsl [11]. HekauecTBeHHasi TEXHOJOTUs
HaHECEeHUsT MOXeT MPUBECTU K MOMagaHUIO TPUTIO-
HOTO CTeKJa Ha JIMLEBYI WJIM NMpoGUIMPOBAHHYIO
CTOPOHBI KpUCTaJIa, KPpUTUYHBIE 00J1aCTH MPOKIAIKU
1 BepxHero yropa. JlaHHbBII HeTOCTaTOK MOXKET MpU-
BECTU K MpPEXIEeBPEMEHHOU Mocaike Ha yMmopbl WU
BO3HMKHOBEHMIO NapasuTHbix MH, uTo B KOHeYHOM
WUTOTE MOXKET SIBISATHCS MPUYMHON ITOBBIIIEHUS OC-
HOBHBIX U JOIOJHUTEIbHBIX TTOIPEIIHOCTeN TTpeodpa-
3oBaresisa gapieHus [12, 13].

Cyl11eCcTBYIOT albTepHATUBHbBIE PELLICHUS LTSI TTOBBI-
IIEHUST TIPOYHOCTU MyTeM MCIIOJb30BAHUST CBEPXUYBC-
TBUTEJIBbHOI CXeMbl Ha OCHOBE OUMOJISIPHOTO TEH30-
TpaH3ucropa [14—16], mo3BoJsIolNe B EPCIIEKTHBE
JIOOUTHCS MOBBIIIEHHOU ITpouyHOoCcTH YD/I 6e3 UCIIOoJIb-
30BaHMSI YIIOPOB MpPU COOMIOACHUM psina yciaoBuid. On-
HaKO JaHHasg 3agava KpaiiHe HeIrpocTasl, U B HaCTOSI-




e BPCMA pa60Ta IO CO3JaHUII0 U
HUCCICOOBAHMIO KpHUCTaLJla JaTyuKa
JaBJICHUSA ITPOOOJIKACTCAA.

Konctpyknus UD]I ¢ noBbleHHO# fop stop - car
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Huxnnil ynop
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Jasaenne
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KHX Teperpy3oK BBICTYMAEeT KpeM-
HHUeBasl JeTalb, KOTopas KpEIuTCs
K KPUCTAJITY CUMMETPUYHO 110 YEThI-
peM cTopoHaM. BepxHWii yriop nMmeer
IJTOIIANh MEHBIIYIO, YeM KpHUCTaJIT
JUIST MPUCOEIUHEHMST K KOHTAKTHBIM
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HuxHum yropoMm oT MexaHuvec-
KHUX Teperpy30K sIBISETCS] KpeMHUe-
Basl MPOKJIagKa C BCTPOEHHBIMM OT-
paHuuuTensiMu. OrpaHUYUTENd WHTETPUPOBAHbI B
KpPEMHUEBYIO TIPOKJIAAKY U U3TOTABIMBAIOTCS BMECTE
C Heil B OJHOM IIpoliecce METOJOM aHU30TPOITHOIO
TpaBieHue KpeMHus (puc. 1). biaarogaps Takomy or-
TUMaJIbHOMY PEIIeHHUIO, B CPABHEHUHU CO CTAaHAAPTHOM
koHcTpykumeit YOI [17], KOHCTPYKLMST TTPOKIAAKU C
yropaMu MMeeT MpoyHocTh B 10 pa3 Bbllle MPU BO3-
JICCTBUM TUJITAHAPHOM YaCTU KpUCTaJLIa.

IMeperpysounast cnocooHocTh UYD/I, ecnu rmogaBarh
JIaBJICHUE CO CTOPOHBI MJIaHAPHOM YacTH, CYLIECTBEH-
HO BBIIIIE, YeM TIPU ToAade AABJICHHUS CO CTOPOHBI
MeMOpaHbl. DTO OOBSICHSIETCS TEM, UTO HUXHUE U
BEPXHME YIIOPbI UMEIOT pa3nuHy0 (hOpMY U IUIOIIAb
KperieHus K KpucTtaumay. OCHOBHOH 11eJIbl0 paboOThl,
pe3yJbTaThl KOTOPBI MPUBEAEHBI B CTaThe, OBbLIO IMO-
BbIlIeHUE ITpouHocTy YD/I 3a cueT u3aMeHeHus yropa
OTHOCMTEJIbHO M3BeCTHBIX aHayioroB [1, 18]. TIpemro-
JKEHO YIIPOCTUTD BUI BEPXHETO yIOpa, UCIIONb3YS YIIOp
B BUJEC MOHOJUTHOW MpPaBUJIbHOM 4YeThIPEXYrojbHOM
MpU3MBI U3 KPEMHUS, M KaK CJICICTBHE, TEXHOJOTH-
YeCcKWi MaplIpyT NpoU3BOACTBa ynopa. ToiiurHa 3a-
30pa MexXay MeMOpaHOi KpUCTajla U YIIOpOM Oyaet
JIOCTUTATbCS TOJBKO 3a CYET TOJIIMHBI HAHECEHHOTO
MPUIONHOIO cTeksa. Takoe pelieHue TakxXke YIpoc-
TUT TEXHOJIOTUIO TMOJYYEHMST HEOOXOOMMBIX 3a30POB
0e3 JOMOJHUTEIBHOIO XUAKOCTHOTO TPaBJIEHUS YITO-
pOB Is1 TpeOyeMoro HoMuHajabHOro gapieHus. O0-
JIaCTU COEJMHEHUsI BEPXHETo yropa 1 KpucTajia ume-
10T (popMy pa3oOMKHYTOI (purypsl (TUIla KBagpar) C
3a3opamMu (MpepbIBAHUSIMU CJIO0SI CTEKJa) MO yrjaam
IS U3MEPEeHUs] KpucTauioM IuddepeHnalbHOTO
TaBJICHUSI.

Mopemuposanide YD1 ¢ NOBbINIEHHOH NMPOYHOCTHIO

MopenupoBanue YD/l ¢ ynopamMu IpU BO3IAEUCT-
BUHU TIePEerpy30uHOro AaBjeHUS MPOBOIUIU METOIOM
KOHEUYHBIX 2JIEMEHTOB B IporpaMMHoM nakete ANSYS
[19]. [lns onTUMU3alMy pacyeTa TO0CTaTOYHO PacCMOT-
pPeTb reOMeTPUUECKYIO MOJIEJb, COCTOSIIIIYIO TOJIbKO 13
KPUCTALJIa C BEPXHUM YIIOPOM.
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Puc. 1. Koncrpykuusa YD/ ¢ ynopamu
Fig. 1. The construction SEP with stops

BeuiM mcnonb3oBaHBl MPSMOYTOJIbBHBIE KOHEUYHbIE
BJIEMEHTHI B (popMe rekcasapoB pazMepoM 3J...100 MKM.
Jist pellieHrsI KOHTAaKTHOI 3a1a4yy 3aJaBaiu (PPUKIIK-
OHHBII TUIT KOHTAKTa ISl Mapbl MTOBEPXHOCTE MeM-
O6pana — ynop, ¢ koadduumuentom tpenus 0,2. Ilpu
pacueTre 3ajaBajldi CUMMETPUYHOE KOHTAKTHOE B3au-
MojeiicTBre 6e3 B3aMMHOTO TTIPOHNKHOBEHUS TTOBEPX-
HOCTEN.

IIpn momave maBiaeHust Ha Kpuctaur YD/l ¢ mpo-
¢UIMpoOBaHHOII CTOPOHBI MeMOpaHa M3rudaeTcs 0
TeX TMOop, MoKa He MPOU30MIEeT KOHTAKT MeMOpaHbl U
ynopa. JlanbHeiilee MOBLIIEHNE AaBIeHUS ITPUBOIUT
K YBEJIMYEHUIO TIIOIIAAM KacaHUsI MeMOpaHbI 1 yropa
U BO3HMKHOBeHUIO B yrnope MH. YcraHoBieHo, 4To
3HayeHue Ipornda memOpanni, MH B Heii, a coor-
BETCTBEHHO U €€ MPOYHOCTh K MEPErpy3Ke, 3aBUCST OT
pa3Mepa 3a30pa MexXIy YIIOpoM U MeMOpaHoIi, a TakKXkKe
oT (hOpMBI ymopa.

Kpucramn npeobpa3oBaTeisi JaBACHUSI UMEET Clie-
Jylollde rabapuTHbBIE pa3Mephl: TJIOLAAb KprcTalia
6,15 X 6,15 MM, TUIOLIAAL YTOHEHHOM YacTh MeMOpa-
HBI 10 BHEITHeMY KoHTOpY 4,20 X 4,20 MM, ToIIIMHA
MeMmOpaHbl 35 MKM. ['abapuTHble pa3Mepbl BEpXHEIO
ynopa 5,00 X 5,00 mMm. Kpucrasi u BepxHuii yrop co-
€IUHSIIOTCS] TPUMNIONHBIM CTEKJIOM B UeThIpex 00J1acTsIX
¢ rabaputHeiMu pasmepamu 4,00 X 0,30 mm. Pacuer
TeoOMeTpUM BEpXHEro yropa B BUIe KpecTa MPOBOIUIN
IPU YCIIOBUM aHU3OTPOITHOIO TpaBjeHUsT (PUTYpPhl Ha
TOJIIIUHY AWTp = 100 MKM B IIJTaCTUHAX C KpUCTaJ-
Jiorpacduyeckoit miockocThbio (100) B pacTBOpe e1KOro
Kanusi. B T1abn. 1 mpuBeneHbl pe3yJibTaThl MOJEIM-
pOBaHUS Pa3IMYHBIX KOHCTPYKIIMI yIopa ¢ 3a30pOM
VVMSO]p = 15 MKM mpu Iojgade Ieperpy304Horo gaBiie-
Hus Ha YD/l HomMuHanbHbIM 3HaueHueMm P = 1 MIla.

B xone nJaHHBIX UCCIeAOBAHUI YCTAHOBIEHO, UTO
IJIST TOCTVKEHMSI MakKCUManbHOM mpodyHocTd YD
MPEINOUYTUTENIbHEE UCITOJIb30BaTh MOHOJIUTHBIN YIIOp
B BUJIe MPABUJIbHOM YETHIPEXYTOJbHOM MPU3MBI, TLJIO-
IAab COEMMHEHUS C KPUCTAJUIOM KOTOPOTO MACHTUY-
Ha ¢urypaMm aHajora ¢ BbITPaBICHHBIM KpPECTOM.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 6, 2019 369




Puc. 2. MakcumajibHOe nmepeMenieHne MeEMOPaHbI NP NoAayYe JaB-
JieHHsl co CTOpoHbl MemOpansl UYD]I ¢ ynopom B BUIe: ¢ — KpecTa;
b — mMoHonUTA

Fig. 2. The maximum displacement for the membrane by applied pressure
Jforthe side of membrane SIE with stop: a — cross-form; b — monolith-form
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Puc. 3. 3aBucHMOCTb MAKCHMAJILHOTO MEPErpy30YHOrO AABJIEHUS OT
pazmepa 3a30pa MeXAy yNOpOM W MeMOpaHoii

Fig. 3. The dependence of maximum overload pressure by value of size
between membrane and monolith-form stop

KoHcTpyK1us ¢ BBITpaBIEHHON YacThiO B BUIE KpecTa
MMeeT MEHbIIYIO MTPOYHOCTh 34 CUET TOro, YTO MeMO-
paHa cuiIbHee TTporndaeTcs Mo BO3MEUCTBUEM TIepe-
I'PY304YHOTO JAaBJICHUS B BHITPABICHHOM 00JacTH yIIO-
pa (puc. 2, a).

MOHOJIUTHBIN yIIOp U MeMOpaHa UMEIOT OOJIbIIYIO
IUTOIIAAb CONTPUKOCHOBEHUS M, COOTBETCTBEHHO, 00-
Jlee IUlaBHoe Tmepepacrpenesenue MH ¢ MeHbLIMM
MaKCUMAaJIbHBIM SKBUBAJICHTHBIM TTOKa3aTeJIeM B YITO-
pe (puc. 2, b). 3aBUCUMOCTU MaKCUMAaJbHBIX Iepe-
MEIIEHU MeMOpaHbl U MOHOJIMTHOTO yIOpa, a TaKXKe
MH, o0pa3yioluxcss B MeMOpaHe U B BEpXHEM YIIOpe
Mpu Tojavye AaBJIeHUs, OT pa3Mepa 3a3opa MpeacTaB-
JIEHBI B Ta01. 2.

PacyeT mpoBeneH 1T MOHOJNMTHOIO YIIOpa TIpH
nasienun P = 370 klla, siBasitolMMcs npeaeabHbIM
st YD 6e3 ymopa. OmpenesieHO, YTO CTONKOCTh
UBJI K meperpy304HoMy AaBJIEHUIO pacTeT ¢ YMEHb-
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HIEHUEM 3a30pa Z MeXIy YIIOPOM U MEMOpaHOI, T. €.
YyeM paHblle TPOU30MIeT MOMEHT KacaHUsI MEMOpaHbI
U yIiopa, TeM OoJibliiee Meperpy3ouHoe AaBjieHre CIo-
cobeH BblaepxKaTh gatyuk (puc. 3). OmHako HeoOXxo-
JIMMO, 4TOOBI COOIIONANOCH YCI0BME CBOOOAHOTO Iie-
peaBIKEHNST MeMOpaHbI B IUAITa30HE HOMUHAIBHOTO
U3MepsIeMOTo AaBJIeHUS (1151 UCCaeryeMOoil MeMOpaHbI
P, om = 25 kIla) u orpaHnyeHus €€ IBUXKEHUS 10 BO3-
HUKHOBEHHUSI HEOOpaTUMbIX nedopMauuii B MemOpa-
He. I1s1 3TOro NpoBeAecHO MOJCIMPOBAHNE HArPy304-
HOI XapaKTepUCTUKU cTaHmapTHoro UBD]I 6e3 ymopa.
Heobpatumble nedopMaiimy B KpeMHUU MOTYT BO3-
HUKHYTb TTPU MUKIMIECKUX Harpy3Kax JaTInKa, KOorma
nosiBisieTcst apdekT "ycTanocTu marepuana” u MeM0-
paHa MOXeT pa3pyLIUTLCS paHblie Mpeaeaa MpoYHOoC-
TU. 151 MOHOKPUCTAITUYECKOTO KPEMHUSI PEKOMEH-
JoBaHHoe Kputudeckoe MH mo Von Mises momkHO
ObITh He Oosiee o = 500 MIla [20]. Ha puc. 4 npuse-
JIEHA 3aBUCUMOCTb IIEPEMELLEHUS] LIEHTPa MEMOPAHBI
1 MH B MemOpaHe OT IPUIOXKEHHOIO K Hei JaBJIeHMS,
MOJyYeHHas MOIECJIMPOBAHUEM METOIOM KOHEUYHBIX
anemMeHToB. Pacuer nposenen misg YD/l 6e3 ymopa.

CornacHo ycnoBusIM paboThl gaturka (o < 500 MITa)
U IIPOBEIEHHBIM pacuyeTaM, 3a30p stop MEXIY YIIO-
paMM M KPUCTAJJIOM IOJDKEH JeXaTb B ITHAIla3oHe

Tabauua 1

Table 1

Pe3ynbTaTsl MOJEIMPOBAHUSA JBYX BHIOB KOHCTPYKIMIii C YyOpaMu
Two types of the simulation results of constructions with stops

Koncrpykuus ymopa
Construction

B Buzae kpecra
Cross-form stop

B Bune MoHosnurta
Monolith-form stop

ITapametp
Parameters

MaxkcumanibHOE Tiepe- 25,9 15,8
MelleHre MeMOpaHbI
Ah,,, MKM

Maximum displacement
of the membrane

Ah,,, um
MaxkcumaibHOe 1,1 0,86
nepeMelieHe yrnopa
Ahy, MKM

Maximum displacement
of the stop Ahy, pm
MakcumanbHOe 673 466
skBUBasieHTHOe MH B
meMmbOpane o, MIla
Maximum equivalents
MS in the membrane
c,,, MPa
MakcumanbHOe 23,7 18,7
skBuBasieHTHOe MH B
ynope o, MIla
Maximum equivalents
MS in the stop oy, MPa
Koaddbumment 2,15 3,10
MPOYHOCTU k
Coefficient of strength k
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Puc. 4. 3aBucuMocThb nepemMenieHus nearpa memopansi 1 MH ot npu-
JIOXKEHHOTO JaBJIeHHs

Fig. 4. The dependence of displacement for the membrane and
mechanical stress by pressure

5...17 MKM, IIpyu 3TOM KOHTakKT MeMOpaHbl M yIopa
npousoiiger B auanaszoHe gapiaeHuir P 30...90 kIla.
[MonyyeHHbIe HTaHHBIE MOXHO MCIOJb30BaTh JJISI Ha-
XOXJEHUsI TpeOyeMoro 3a30pa He TOJbKO MEXIy KpUc-
TaJUIOM ¥ BEPXHUM YIIOPOM, HO U MEXIY KPHUCTAJUIOM
U HUXKHUM YIIOPOM.

B Tabn. 3 nmpuBeneH nmpuMep pacuera 3aBUCUMOCTU
MPOYHOCTHBIX XapakTepucTuk YD/l ¢ MOHOIUTHBIM
YIIOPOM OT IABJICHUS IIPU W3a30p = 7 MKM.

C poctoM paaBiaeHUs HaOJomaeTcsl JUHEHHbIN
poct MH u nepemewenuit. Ilpu P = 1800 klla
MH npubnuxaeTcss K KPUTUYECKOMY 3HAUCHUIO B
6,, = 500 MIIa, x0T 1 ocTaeTcs TPeXKpaTHBIN 3arac
1O TIPOYHOCTH.

Pe3yabTaThl 3KCNIEPUMEHTOB

PaccMmoTpeHa pabota 06pa3loB ¢ pa3TUYHbIMUA 3HA-
YEeHUSIMU 3a30POB MEXIYy MeMOpaHOW UM BEpXHUMU
yropamuy pa3HbIX BUIOB.

Ha puc. 5 npuBeaeHbl pe3yabTaThl UCCAeI0BaHUMN
U3roToBJeHHBIX UBJl ¢ MOHOJUTHBIM YHOPOM [JIsI
MATA CpeJHECTaTUCTUYECKUX o0pasloB. B maHHOI
KOHCTPYKIIUU MTPOUCXOIUT JIMHENHBIN pOCT YYBCTBU-
TeJIbHOCTU MPU HOMUHAJIBbHOM JUaria3oHe JaBieHUM
(mo P =25 kIla). IIpu nomaye AaBlIeHUS CO CTOPO-
Hbl MeMOpaHbl ee MpOrud orpaHuYMBaeTCs Mnpu P =
= 30...50 xITa 1 3aBUCMMOCTb BbIXOAHOIO CUTHaja OT
JaBjeHus1 pe3ko cHukaercs. Ilpu 2TOM BbIXOAHOM
CHUTHAJI TIPOAOJIKAET HE3HAUMTEIHHO PACTH, YTO SIB-
JISIETCS TOJOXUTENbHBIM (DAKTOPOM, ITOCKOJBKY B
cIyJasX aBapUMHBIX CUTYaIluii MOXXHO OTCJICKUBAThH
MpoaoJKaloleecss BO3AeHCTBUE Meperpy304HOro AaB-
neHus. Pa3pyiieHue npeodpa3oBaTesisi C MOHOJIMTHBIM
YIIOpPOM HACTyMaeT TPy TEpPerpy30uyHOM MIaBJICHUU
PpaSp = 1,55...1,75 MIla, 1. e. HaOmIOHAETCS TTOBBIIIIC-
HUE IIPOYHOCTU KOHCTPYKUMU B 4...5 pa3 1o cpaBHE-
HMIO CO CTaHAApTHOM KoHcTpyKiuei YD/l 6e3 ynopa.
MogaenvpoBaHue padOThl ABYX BHUIOB YIMOPOB ObLIO
MOATBEPKIAEHO HA MPAKTUKE: pa3pylIeHUe Mpeodpa3o-
BareJisl ¢ YIIOPOM B BUJIE KpecTa IMTPOUCXOAMT MPYU MEHb-
1eM neperpy3oyHom gasieHuun P = 1,20...1,30 MIIa.

Ha puc. 6 nokazaHa sKcrepuMMeHTalbHAasT 3aBUCH-
MOCTbh JaBJIEHUS TTOCaAKU MeMOpaHbl Ha yIOp OT BbI-
COTHI 3a30pa MeXay yrnopoM U MemoOpaHoii. B Taou. 4
MpUBENEHbI BKCIIEPUMEHTAIbHbBIE PEe3YIbTaThl BIIUSI-
HUS YIIOPOB Ha OCHOBHEIE OTIPEAEIISIIONINe TTapaMeT-
pBI, Takue KaK TeMIIEpaTypHBI THUCTepe3ucC HyJe-
BOTO CUTHaja B auama3oHe temiepatryp —60...+20 °C
(TTH ) u +20 °C...+80 °C (TFH+), TeMIIEPATyPHbBIN
K03 (GULIKMEHT HYJIEBOTO CUTHAIA B Aana3oHe TeMIle-
paryp —60...4+20 °C (TKH ™) u +20...+80 °C (TKH™),
yXoZ HyseBoro curHana (U) mocie Bo3neicTBus mne-

Tabauua 2
Table 2
3aBucuMocTb MexaHHYeCcKHX napamerpoB YD/
OT pa3Mepa 3a30pa MekIy MeMOPaHOil 1 MOHOJMTHBIM YIIOPOM
npu P = 370 klla
The dependence of mechanical parameters for SIE by value of size
between membrane and monolith-form stop at P = 370 kPa

3azop MexIy MeMOpaHoit
1 YIIOPOM, MKM
The size between membrane
and stop, um

5 7 10 12 15

IMapametp
Parameters

MaxkcuManbHoOe epeMeleHIe 5,33 | 7,32 {10,31] 12,3 | 15,27
MeMOpaHBbl Ah,,, MKM
Maximum displacement of the
membrane Ah,,, pm
MaxkcuManbHOe epeMeleHIe 0,33 10,32 0,31 { 0,30 | 0,27
ynopa Ahy, MKM

Maximum displacement of the stop
Ahk, uwm

MaxkcuMainbHoe SKBUBajieHTHoe | 196 | 225 | 338 | 363 | 407
MH B meMm0Opane o, MIla
Maximum equivalents MS in the
membrane c,,, MPa
MakcuMaabHOE S5KBUBAJIEHTHOE 7 6,9 | 6,6 | 6,5 | 6,4
MH B ynope o;, MIla
Maximum equivalents MS in the
stop o, MPa

Tabauua 3
Table 3
3aBuCHMOCTb OCHOBHBIX MapameTpoB YD/l ¢ MOHOJIMTHBLIM YOPOM
OT JaBJieHUs
The dependence of parameters for SIE with monolith-form stop
by pressure

Jasnenue, klla
Pressure, kPa

370 11000 {1500 1800

IMapametp
Parameters

MakcumainbHoe riepemelleHne Memopansl | 7,32 (7,89 8,33 | 8,6
Ah,,, MKM

Maximum displacement of the membrane
Ah,,, pm

MakcumanbpHoe nepeMelleHue yrnopa Ak, {0,3210,93 ( 1,4 | 1,67
MKM

Maximum displacement of the stop Ahy, um
MakcumManbHoe 3kBUBasieHTHOe MH 225 ( 310 | 410 | 464
B MeMOpaHe c,,, MIla

Maximum equivalents MS in the membrane
6,y MPa

MaxkcuMainbHOe 3KBUBajieHTHOoe MH 6,9 119,4(29,1 34,8
B ynope oy, MIla

Maximum equivalents MS in the stop oy,
MPa

KoadduuueHt npouHoct k 6,4 | 4,7 |3,54| 3
Coefficient of strength k
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Puc. 5. 3aBucumMocTb BBIXOHOTO CHTHAJIA OT MPHJIOKEHHOTO JaBJjie-
HUS CO CTOPOHBI MeMOpaHbl Ha UD]I ¢ MOHOJIMTHBIM yOpoM (MpuMep
IS SITH 00pa3ioB)

Fig. 5. The dependence of output signal by pressure from the membrane
side for SIE with monolith-form stop (example for 5 samples)
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Puc. 6. 3aBucumMocTb JaBieHus NOCAJAKH MeMOPaHbI HA YNOP OT BbI-
COTbI 3230pa MKy YIOPOM H MeMOpaHoii

Fig. 6. The dependence of touch moment for membrane and stop by size
between them

Tabnuua 4
Table 4

Binsinne ynopos Ha OCHOBHbIE MapamMeTPbI
npeodpa3oBareieil AaBJIeHUA

The influence of stop by parameters SIE

Bun UD[

Mapametp Type of SIE

Parameters

Bbes ynopos | C ynmopamu
Without stops| With stops

Vxon Uypnocie Co CTOpPOHBI 0,11 0,03
rojgauu neperpy- | Mmemopassl, %
304YHOrO JaBjeHus | from the side
Changing of Uyp of membrane, %
after used overload | Co cropoHbt 0,14 0,05

pressure TEH30CXeMBbI, %

from the side

of circuit, %
TIrH™, % 0,13 0,21
ZTH, %
TrHY, % 0,27 0,34
ZTH", %
TKH™, %/10°C 0,16 0,23
TCO™, %/10°C
TKH*, %/10°C 0,13 0,18
TCO™, %/10°C
Henuneitnocts, % 0,23 0,24
Nonlinearity, %
P, ke MIla 0,35 1,65

max’ a
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pPerpy304HOro AaBJieHUs, HEJIMHEHHOCTb BBIXOJHOTO
CHUTHaJIa, a TaKXKe MaKCHMMaJbHOE JaBJIeHUE pa3pyliie-
Hug YD (Py,xc)- TemnepaTypHble ¥ IIPOYHOCTHBIE
XapaKTepUCTUKH MCCIIEIOBAIN TP HAMMEHBIIIEM HO-
MHMHaJIbHOM ITOAIvana3oHe nasieHuii 1,6 klla, He-
JIMHEUHOCTh — B TIOJIHOM IMAaNa3oHe NABJICHUMN MO
25 klla.

IIpu ucciaenoBaHUM OOCTATOYHO OOIIMPHOM BbI-
6opku (224 obpasna UYD]I ¢ ymopamMu) MOXHO OTME-
TUTb MIPEVMYIIIECTBO MPeodpa3oBaTesieit ¢ ymopaMmu 1o
MPOYHOCTHBIM XapaKTepucTUKaM (yX0oJ HYJIEBOTO CUT-
HaJla IPU MEXaHWYECKUX reperpyskax Up, npenesb-
Hoe nasieHue paspyiienus Y9/ P, .) OTHOCUTEIb-
HO aHajora 6e3 yrmopos.

B 1O Xe Bpems BbISIBJIEHO HEKPUTUYHOE, HO OTPU-
LIaTeJIbHOE BIWSHME COCOMHEHUI MOIOJTHUTEILHOTO
BJIeMeHTa Ha TeMmmnepaTypHble Xxapaktepuctuku (TTH
u TKH). HenuHeitHOCTD BhIXOgHOTO curHaua ajist Y91
C yrmopamu MpakTUYECKU He U3MEHUJIACh.

3aKkmoueHne

B pesynbraTe NMpoOBEAEHHBIX MCCIECIOBAHUIN OIpe-
JleJieHa ONTUMaJibHasl KOHCTPYKIIMSI BEPXHEro ymopa
B BMUJI€ MOHOJIUTHOW TMPaBUJIBHON YETHIPEXYTOJbHOM
Mpu3Mbl U3 KpeMHMUs1. biarogapsi aHanusy pazpado-
TaHHOUW MaTeMaTU4YeCKOM MOIEIU U pe3yJbTaTaM U3-
MEpPEHUI Ha MOJYyYEeHHBIX 3KCIepPUMEHTAIbHBIX 00-
pasiax Jg0Ka3zaHo, YTO NMPUMEHEHUE JaHHOro BMAA
BEpPXHEro YIopa MO3BOJISIET YBEJIWYUTh Meperpy3ou-
Hyto cniocooHocTh UDJI. Mcnonb3dyemass Te€XHOJIOTUS
HaHeCeHUs MPUMONHOro CTeKJa B COYETaHUM CO cOO-
pouHbiMU onepauusiMmu UYD]I obecrieunBaroOT ToJyde-
HUe TpeOyeMoro aAuanasoHa 3asopa W, = 5...17 MKkm
MeXIy MeMOpaHOU KpucTajjla U ynopamu st pabo-
Thl B AMana3oHe aapiaeHuid no P = 25 kIla. HenuHeii-
HOCTb BbIXoAHOTO curHana U3/l ocraeTcsl B MpexXHUX
mpeaesax norpeiHocTu. B maHHoit pa3paboTke Ha0II0-
JIAETCSl YBEJIMYEHUE MPOYHOCTY MPU TONAYE JABICHUS
CO CTOPOHBLI MEMOpaHBI A0 Ppa3p = 1,55...1,75 MIla,
YTO BBILIE MOKA3aHUM, MTOJYYEHHBIX Ha CTAHAAPTHBIX
KoHcTpyKuusix YD 6e3 ymnopoB. JloMOJHUTEIbHO
npeajaraeMblii BUII BEPXHETO yropa MOXET ObITb pe-
aJlM30BaH MO CYILIECTBEHHO YMPOIIEHHOMY TE€XHOJIO-
TMYECKOMY MapllpyTy OTHOCUTEIbHO W3BECTHOTO TPO-
TOTHUMA.

Hanuuve AOMOJMHUTENbHBIX BJEMEHTOB B BUIE
YIIOPOB CHMXAET YXOH HyJeBoro curHana Up nocie
MoJayy NMEePErpy304YHOTO AaBIEHUS, TaK KaK B MEMO-
paHe (OPMUPYIOTCS MEHbIIMEe MeXaHWYeCKHUe HaIpsi-
JKEHUS MPU OCTAaHOBKE Ha ymnope. B To xxe BpeMs He-
00X0AMMO MPOAOIKUTH UCCIEI0BAHUSI, YTOOBI CHU3UTh
BJIMSIHUE YIIOPOB Ha TeMIlepaTypHbIE XapaKTepUCTU-
ku UYD/I.

Asmoput ebipaxcarom baazodaprocmov 3abyeuny Cep-
2ero Anexcanoposuuy 3a codeticmeue 8 mexHoA02U4ecKom
acnekme peaausayuu coopourol koncmpykuyuu 4371,
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pressure. The advantage of stops was proved. The required size between the membrane and stops for working displacement of the mem-
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Introduction

Improving the strength properties of primary pres-
sure transducers is an important task in the develop-
ment of pressure sensors [1—6], especially for measur-
ing low pressures from 1 kPa, when the most fragile el-
ement of a SEP (silicon membrane) is subjected to sig-
nificant overloads during the pressure sensors assembly
housing and during operation the device.

The investigated design of the SEP with increased
resistance to overload pressure includes a profiled sili-
con die with a strain gauge bridge measuring circuit, an
upper cover with a stop (upper stop), a gasket with a
stop (lower stop) and the base. The die membrane,
formed by anisotropic wet etching, has a square shape
with a complex profiled geometry of mechanical stress
concentrators (MS) in the form of rigid centers. All
components of the SEP are made of silicon and are
connected by low-temperature solder glass [7], al-
though other methods of connected is knowing in the
papers [8—10]. When an overload pressure is applied to
the SEP, the silicon die membrane touch the stop:
when pressure is applied from the side of the mem-
brane, the planar part of the die touches the upper stop;
when pressure is applied from the planar part’s side, the
rigid centers of the membrane touch the lower stop. At
the same time, the distance between the die membrane
and the stops should ensure the free bending of the die
membrane at nominal pressure. The specified distances
are regulated by the thickness of the solder glass seam.
This design is the most technologically advanced in the
manufacture and by means of automating the deposi-
tion process, it is possible with enough accuracy and re-
peatability to plating solder glass on the stops [11].
Low-quality plating technology can lead to solder glass
getting on the front or profiled side of the die, critical
areas of the gasket and the top stop. This problem can
lead to a premature landing on stops or the beginning
of parasitic MS, which ultimately can cause an increase
in the basic and additional uncertainties of the pressure
transducer [12, 13]. There are alternative solutions for
increasing the strength by using an ultrasensitive circuit
based on a bipolar strain-sensitive transistor [14—16],
which over the long term make it possible to achieve in-
creased strength of the SEP without the use of stops,
under several conditions. However, this task is not so
simple and at the present moment, this work of the de-
sign and research a pressure sensor die continues.

SEP construction with increased strength

The top stop from mechanical overload is the silicon
part, which is attached to the die symmetrically on four
sides. The upper stop has an area smaller than the die
for attaching to the contact pads.

The bottom stop from mechanical overload is a sil-
icon gasket with integrated stops. The stops are inte-
grated into the silicon gasket and are made in the same
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process along with gasket by the method of silicon’s an-
isotropic etching (figure 1).

In response to such an optimal solution, in compar-
ison with the standard design of the SEP [17], the gas-
ket design with stops has a strength 10X times higher
under the influence of the die’s planar part.

The overload property of the SEP, during pressure
supply from the side of the planar part, is significantly
higher than when the pressure is supplied from the side
of the membrane. This is explained by the fact that the
lower and upper stops have a different shape and area
of attachment to the die. The main purpose of the work
was to increase the strength of the SEP by changing the
stop comparative to the well-known analogues [1, 18].
It was proposed to simplify the upper stop using the stop
in the form of a monolithic regular quadrangular prism
made of silicon, and, as a result, the technological
process of the stop’s production. The thickness of the
gap between the die’s membrane and the stop will be
achieved only due to the thickness of the plating solder
glass. This solution will also simplify the technology for
obtaining the necessary gaps without additional wet
etching of the stops for the required nominal pressure.
The areas of connection the stop’s upper and the die
have an open figure (such as a square) with gaps (in-
terruptions of the glass layer) at the corners for meas-
uring the differential pressure by the die.

Simulation SEP with increased strength

The simulation of the SEP with stops under the in-
fluence of overload pressure was carried out by the fi-
nite element method in the ANSYS software package
[19]. To optimize the calculation, it suffices to consider
a geometric model consisting only of a die with an up-
per stop.

Rectangular finite elements in the form of hexahe-
dra ranging in size from 5 to 100 um were used. To solve
the contact problem, the frictional type of contact for
a pair of membrane — stop surfaces with a friction co-
efficient of 0.2 was set. While calculating, a symmetric
contact interaction was specified without surfaces in-
terpenetration.

When applying pressure on the die’s SEP from the
profiled side, the membrane bends until contact of the
membrane and the stop. A further increase in pressure
leads to an increase in the contact area of the mem-
brane and stop and the initiation of an MS in stop. It
has been established that the magnitude of the mem-
brane’s deflection, the magnitude of MS in membrane
and, accordingly, membrane’s strength to overload, de-
pend on the size of the gap between the stop and the
membrane, and on the shape of the stop.

The pressure transducer die has the following overall
dimensions: the die area is 6.15 X 6.15 mm, the area of
the thinned part of the membrane is 4.20 X 4.20 mm,
the thickness of the membrane is 35 um. Overall di-




mensions of the upper stop 5.0 X 5.0 mm. The die and
the top stop are connected by solder glass in four areas
with dimensions of 4.00 x 0.30 mm. The calculation of
the upper stop’s geometry in the form of a cross was
carried out under the condition of anisotropic etching
of the figure by thickness AW = 100 pm in wafers with
a crystallographic plane (100) in a solution of potassium
hydroxide. Table 1 shows the results of modeling vari-
ous designs of the stop with a gap Woap = 15 pm when
overload pressure is applied to the SEP with a nominal
value of P =1 MPa. It was established that to achieve
the maximum SEP’s strength, it is preferable to use a
monolithic stop in the form of a regular quadrangular
prism, the connection’s area with the die of which is
identical to the same figures with an etched cross. The
design with the etched part in the form of a cross has
less strength, because the membrane bends more
strongly under the influence of overload pressure in the
stop’s etched area (fig. 2, a).

The monolithic stop and the membrane have a larg-
er area of contact and, accordingly, a smoother redis-
tribution of MS with a lower maximum equivalent in-
dicator in the stop (fig. 2, b). The dependences of the
maximum displacements of the membrane and the
monolithic stop, the MS formed in the membrane and
the upper stop when the pressure is applied, are pre-
sented in Table 2. The calculation was performed for a
monolithic stop with pressure P = 370 kPa, which is the
limit for the SEP without a stop.

It has been determined that the strength of the SEP
to overload pressure increases with decreasing gap Z
between the stop and the membrane, that is, the earlier
the contact of the membrane and the stop occurs, the
greater the overload pressure the sensor can withstand
(Fig. 3). However, it is necessary to observe the con-
dition of free membrane’s movement in the range of the
nominal measured pressure (for the investigate mem-
brane P, = 25 kPa) and restriction of its movement
until irreversible deformations occur in the membrane.
For this purpose, the simulation of the load character-
istics of the standard SEP without a stop was carried
out. Irreversible deformations in silicon can occur un-
der cyclic loads of the sensor, when the effect of "ma-
terial fatigue" appears and the membrane can be de-
stroyed before the tensile strength. For monocrystalline
silicon, the recommended critical stress should be no
more than ¢ = 500 MPa [20]. Figure 4 shows the de-
pendence of the displacement membrane’s center and
the MS in the membrane when pressure is applied, ob-
tained by modeling using the method of finite ele-
ments. The calculation was carried out for SEP with-
out a stop. According to the sensor operation condi-
tions (o < 500 MPa) and the calculations made, the gap
W gap between the stops and the die should be in the
range from 5 to 17 um, while the contact between the
membrane and the stop will occur in the pressure range
P from 30 to 90 kPa. The obtained data can be used not

only to find the required gap between the die and the
upper stop, but also between the die and the lower stop.

Table 3 shows an example of the calculation
strength’s dependence characteristics of a SEP with a
monolithic stop on pressure at W= 7 um.

With increasing pressure, linear growth of MS and
displacements is observed. At P = 1800 kPa, the MS
approaches to the critical value of ¢ = 500 MPa, al-
though a threefold safety margin remains.

Experimental results

The work of samples with different gaps’ sizes be-
tween the membrane and the upper stops of different
types is considered.

Figure 5 shows the studies’ results of manufactured
SEP with monolithic stop for five average samples. In
this design, a linear increase in sensitivity occurs at a
nominal pressure range (up to P = 25 kPa). When ap-
plying pressure from the membrane, its deflection is
limited at P = 30...50 kPa and the dependence of the
output signal on pressure decreases sharply. At the same
time, the output signal continues to grow slightly,
which is a positive factor, since in case of emergency
situations it is possible to monitor the continuing im-
pact of overload pressure. The destruction of the trans-
ducer with a monolithic stop occurs at overload pres-
sure P = 1.55...1.75 MPa, i.e. there is an increase in
structural strength of 4...5 times compared with the
standard design of the SEP without a stop. The mod-
eling of these stops’ types was confirmed in practice:
the destruction of the transducer with a stop in the
form of a cross occurs at a lower overload pressure
P=1.20...1.30 MPa.

Figure 6 shows the experimental dependence of the
membrane landing on the stop on the gap between the
stop and the membrane. Table 4 shows the experimen-
tal results of the stops’ influence on the main parame-
ters, such as the temperature hysteresis of the zero sig-
nal in the temperature range from minus 60 to 20 °C
(THZ™) and from 20 to 80 °C (THZ™"), the tempera-
ture coefficient of the zero signal in the temperature
range from minus 60 to 20 °C (TCZ ) and from 20 to
80 °C (TCZ+), the offsetting of the zero signal (U af-
ter exposure to overload pressure, nonlinearity of the
output signal and the maximum fracture pressure of
the SEP (P,,,x)- The temperature and strength char-
acteristics were studied at the lowest nominal pressure
1.6 kPa, nonlinearity — in the full pressure range up to
25 kPa. In the study of an extensive series (224 SEP
samples with stops), it is possible to note the advantage
of transducers with stops according to the strength
characteristics (the offsetting of the zero signal under
mechanical overloads Uyp, limiting fracture pressure
SEP P, relative to the transducers without stops.

At the same time, an uncritical, but negative effect
of the additional element bonding on the temperature
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characteristics (THZ and TCZ) was revealed. The non-
linearity of the output signal for SEP with the stops al-
most unchanged.

Conclusion

As a result of the research, the optimal upper stop’s
design in the form of a monolithic regular rectangular
silicon prism was determined. In response to the anal-
ysis of the developed mathematical model and the re-
sults of measurements on the obtained experimental
samples, it was proved that the use of this type of upper
stop allows increasing the overload capacity of the SEP.
The technology used for applying solder glass provides
in combination with the assembly operations of the SEP,
obtaining the required gap range W,,, = 5...17 um be-
tween the membrane die and the stops for work in the
pressure range up to P= 25 kPa. The nonlinearity of the
output signal SEP remains in the previous limits of un-
certainties. In this development, an increase in strength
is observed when pressure is applied from the side of the
membrane to P= 1.55...1.75 MPa, which is higher than
the readings obtained on standard SEP structures with-
out stops. Additionally, the proposed type of upper stop
can be implemented on a substantially simplified tech-
nological route relative to the well-known prototype.

Additional elements in the form of stops reduces the
zero signal’s Ujp offsetting after applying overload pres-
sure, since in the membrane, fewer mechanical stresses
are formed when stay at the stop. At the same time, it
is necessary to continue research in order to reduce the
influence of the stops on the temperature characteris-
tics of the SEP.

The authors express their gratitude to Sergei Zabugin
for his technological assistance in development of the SEP.
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MWUHHUATIOPHbIE PESEPBHBIE UCTOYHUKU NMNTAHUA
HA OCHOBE DHEPTETUYHECKUX KOHAEHCUPOBAHHbIX CUCTEM

Ilocmynuna ¢ pedaxuyuio 07.02.2019

IIpogedena ouenka nomeHyUANbHBIX BO3MOICHOCHEH MUHUAMIOPHBIX DE3EPEHbIX NUPOMEXHUUECKUX UCMOYHUKO8 MOKA HA 0C-
H0Ge PA3HOPOOHBIX MAN02A308bIX IHEPLEMUUECKUX KOHOCHCUPOBAHHBIX CUCHEM, ABAAIOUWUXCS OCHOBOU HOB8020 KAACCA cUOPUOHBIX
DPe3epPEHbIX UCMOYHUKOE NUMAHUSA C YHUBEPCAAbHbIM CHROCOO0M 3A0eliCIEO8aHUs U WUPOKUM CHEeKMPOM (DYHKUUOHAALHBIX 603~
moxcrhocmeii. Hx yoeavHble (00seMHble U MACCOBbIE) XAPAKMEPUCIMUKY MO2YM OblMb CYULeCMBEHHO YAYHUIEHbI NPUMEHEHUEM aK-

MUBHLIX HAHOMamepuaios.

Karoueevie caosa: ebtcoxomeMnepamyprtﬁ 2ANbBAHUYECK UL /1emMeHm, nupomexﬂuuecxuﬁ UCMOYHUK MOKa, dHepeemuvecKue

KOH()eHCLtpOE(ZHHble cucmemol

Beenenune

CoBpeMeHHBIII MUpP HACBILLIEH IPpUOdOpaMu U YCT-
poiicTBAMM OBITOBOTO UM TEXHUYECKOIO Ha3HAYECHMS,
YKOMILJIEKTOBAHHBIX MCTOYHUKAMU 3JIEKTPUUIECKOTO
MUTAHUsI, KOTOpble OTJIMYAIOTCSl rabapUTHBIMU pa3-
MepaMu, opMoll U xapakTepuctukamu. PesepBHbie
XUMUYECKHe UCTOYHMKM TOKa, IpeIHa3HAYeHHbIE LIS
paboThl B pexXKMME OKUIAHUS, 3aHUMAIOT 0CO00e Mec-
TO B HOMEHKJIAType CPEACTB aBTOHOMHOM 3JIEKTpPO-
9HepreTuku. X mpuBogsT B AeiiCTBUE HEIOCPEICT-
BEHHO Tepe.l UCITOJIb30BaHUEM — 3aJIMBKOM 3JIEKTPO-
JIUTa, PA30TPEBOM NEKTPOXUMUUECKUX DJIEMEHTOB 10
TUIaBJI€HUS 2JIeKTpoauTa u T. 1. [1, 2].

B HepaboTamlux U3AEIUSIX JIEKTPOJIUT XPaHUTCS
OT/EJIbHO WJIM OH SIBJISIETCS] AURJIEKTPUKOM, UTO 00ec-
MeYUBaeT TEPMOINHAMUYECKYIO YCTOMYMBOCTD JIEKT-
POXMMUYECKUX CUCTeM (OTCYTCTBME caMopaspsiia) U
HEM3MEHHOCTh XapaKTEePUCTUK TIOCNE IMTEIBHOTO
xpaHeHus (20—25 ner).

1. ITupoTexHUYeCKHe NCTOYHHKHA TOKA

Poct uHTeNIEeKTyalbHOIO IOTeHLMada OOpPTOBOM
anmnaparypbl 00beKTOB Pa3JIMUYHOIO Ha3HAYEHUS U yC-
JIOKHEHUE pelllaeMbIX UMM 3a7a4 00YCJIOBIMBAIOT He-
00XOMMOCTb U aKTyaJlbHOCTb 06€30TJIaraTeJIbHOro co-
BEPILEHCTBOBAHUS PE3EPBHBIX MCTOYHUKOB 3JIEKTPU-
YECKOU 3HepTruu. AHaINU3 MaTepuagoB OTEYECTBEHHOMN
U 3apyOekHOM MaTeHTHOM U HAYYHO-TEXHUYECKOM JIU -
TepaTypbl MTOKA3bIBAET, YTO COXPAHSIETCS yCTOMYMBBIN
WHTEpeC K YAYUIIEHMIO UX XapaKTepUCTUK B Hallen
cTpaHe U 3a pyoexxom. B koH1ie XX BeKa yCTaHOBJIEHO,

YTO U37E/IMs aBTOHOMHOM 3JIEKTPOIHEPTETUKU B psijie
Cy4yaeB MOJDKHBI AyOJMPOBaTh 3JEKTPUYECKUE LENU
CHCTEM OTHEBBIMM. JLJIsi peleHust 3Toi 3agaun ObLIN
CO3JIaHbl KaUeCTBEHHO HOBbIE MUPOTEXHUYECKUE MC-
touHuku Toka (ITUT), anekTpoasl U cenapaTopbl KO-
TOPBIX BBIMOJHEHBI M3 Pa3HOPOMHBIX MajlOTa30BBbIX
BDHEPreTUYECKUX KOHAeHCUpOBaHHBIX cucteM (BKC).
Mx BBICOKOTEMITEpATypHBIE TaTbBAHWUYECKIE DJIeMEH-
Thl (BI'D) npeacrabisitor coboii ToHKue (<1 MM) MHO-
TOCJIOMHBIE 3apsiibl, YTO 3HAYUTEIbHO MEHbILIE KPUTH-
YECKOro TraMeTpa 3aMeUIMTEbHBIX, HarpeBaTeJIbHbIX
U IPYyrux KOMIO3ULIMI, B TOM YUCJIe MpeIHa3HAuYeH-
HBIX JUIS TTOJYyYeHUs] MaTeprajIoB METOIOM CaMOpacH-
POCTPAHSIIOUIETOCS BBICOKOTEMIIEPATYPHOIO CHHTE3a
(CBO).

IIpsiMmoe mpeoOpaszoBaHME XMUMHMYECKOW SHEPruu
OKC B 2JIeKTpUUECKYIO B PEXMME TOPEHUS SIBISIETCS
HOBBIM HarllpaBJieHUEM BbICOKOTEMIIEpaTypHOI 3JeKT-
poxumuu. I[TpoaykTsl cropanust BI'D moimkHbI conep-
>KaTb aKTUBHBIN MeTaJUl B aHOJE U OKUCJIUTEb B KaTo-
Iie, KOTOpbIe KOHTAaKTUPYIOT OMHOBPEMEHHO C pacrliaB-
JIEHHBIM 3JIEKTPOJIUTOM, UMEIOIIUM BBICOKYIO MOHHYIO
MIPOBOAUMOCTL. Pesynbratsl McCcilenoBaHUil Oe3ra3o-
BOI'O TOPEHUSI TOHKUX MHOrocjioiHbix BI'D ¢ jerko-
TUIaBKMUM MHEPTHBIM KOMITIOHEHTOM (3JIEKTPOJUTOM)
MPEACTABIISIOT TECOPETUYECKUIA U MPAKTUYECKUI UHTE-
pec ISl TIOJyYeHUsI CI0€BbIX KOMITO3UILIMOHHBIX MaTe-
puajoB pa3IMYHOro HazHaueHus merogom CBC.

MuHUMaTbHOE BHYTPEHHEE COIPOTHBJICHUE, BBI-
COKasl TeMIepaTypa U aKTUBHbIE BJEKTPOAHbIE MaTe-
puanbl 00eCreYMBaOT BBICOKYIO MOIIHOCTh Oarapeii
BI'®. B mpouecce reHepupoBaHus ToKa (IIpU MpoTe-
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Puc. 1. Buemnuii sug ITUT
Fig. 1. Appearance of PTCS

KaHUU 3JIEKTPOXUMUIECKUX TIPOIIECCOB U OCTHIBAHUS)
BHYTpPEHHEE COIPOTUBJICHWE M pabodee HampsKeHHE
MEHSIIOTCS B JIOCTATOYHO IIMPOKMX TIpeaesiax, YTo OKa-

3bIBaeT BJAMUSIHME Ha YCJIOBUS Tepeaayu dHepruu IoT-
peoutento. Buemnuii Bua [T u ux xapakTepuCTUKHU
npuBeaeHbl HA puc. 1 u B Tabdn. 1, 2.

Kax cnenyer u3 puc. 1 u tadmn. 1, 2, I[IUT ornnya-
I0TCS1 pa3MepaMu, BpeMeHaMu akKTUBallMU U paboThl, a
TaKXe BJIEKTPUYECKMMHU XapakTepuctukamu. Kpome
3a/1eliCTBOBAHUS M TUTAHMS anmnapaTrypbl pa3IMuHOIO
Ha3HAYEHMS MX MOXHO MCII0JIb30BaTh B KAYECTBE YHU-
BepCaJIbHbIX UCTOUHUKOB 3JIEKTPUUYECKOTO MUTAHUS BO
BpeMsI paOdOThI SKCIICAUIINMI, IIPU JIMKBUAALIUY ITOCIEI-
CTBUIA KaTacTpod ¥ CTUXUIHBIX OCACTBUIA, IUIST SHEPro-
o0ecreyeHnsI CpeACTB OIMOBEIIEHUS O IToXapax U Ipy-
TUX UYPE3BbIYANHBIX M KPUMWHAJIBHBIX CUTYyallSIX U T. 1.
JatyrkaMu Ha UX OCHOBE KOMILJIEKTYIOT MOKapHO-0X-
paHHBIC CPEICTBAa HAa 00BEKTaX, IMPEapPacIiONOKEHHbBIX
K CaMOBO3TOpPaHUIO, Ha CKJIaJax U B TIOMELIEHUSIX, I
IIPOBOJSITCS OITACHBIE PabOTHI, B KaueCTBEe caMocpaba-

Tabuuua 1
Table 1
IIAT umnyabcHoro aeiicTBus
PTCS of pulse action
BpeMst pabothl, ¢ JuameTp, MM BricoTa, Mm
HaumenoBanue 1. A (He MeHee) U.. vV Harpyska, Om (He Goiee) (He Goiee)
Name min> Time of operation, s min Load, Q Diameter, mm Height, mm
(not less than) (not more than) (not more than)
TMraT-K 1,0 0,02 2 2 M20x%0,75 17,5
PGET-K
mny 0,5 0,02 2 4 M20x%0,75 12,5
PU
MUPUT-2b 2,0 0,1 4 2 19,2 14,0
PIRIT-2B
[MUPUT-5 5,0 0,1 20 4 24,0 30,0
PIRIT-5
TMUPUT-25 25,0 1,0 10 0,4 26,8 48,0
PIRIT-25
Tabuuua 2
Table 2
IIUT nnsa 3aneiicTBOBAHUSA ¥ MUTAHMUS ANNAPATYPbI
PTCS for activation and power supply of the equipment
Bpems aktuBaumu, c | Bpems paboThl, ¢ Harpyska, | duamerp, Mmm BeicoTa, MM Macca,
HaumeHoBaHue 1. A (He Goiee) (He MeHee) U... .V Om (He Goiee) (He Gonee) KT
Name min Time of activation, s | Time of operation, s | ~ ™ Load, Diameter, mm Height, mm Weight,
(not more than) (not less than) Q (not more than) | (not more than) kg
PMMUII-2 0,005 0,1 120 5 1200 30 32 0,075
RMIP-2
Bb-225 0,006 0,2 200 6 1000 37,5 32 0,08
B-22E
PMMUII-1 0,005 0,1 120 5 1000 30 36 0,067
RMIP -1
b-40 0,0006 0,3 70 6 10 000 19 16 0,012
B-40
BITKA LT 0,006 1,0 300 6 1000 65 % 35 44 0,11
BPKDSh
Bb-31 0,005 0,3 Mo 70 5 1000 30,0 18,0 0,035
B-31 ot 70 no 90
0,2 Up to 70 24
Sfrom 70 up to 90
b-4 3,0 1,0 7 7 21 30 28 0,058
B-4
XHUT 3-1 3,0 0,2 3 6 2 31 20 0,041
HIT 3-1
MIINUT-2 0,81 0,9 10 22 27 25 30 0,040
MPIT-2
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THIBAIOILIMX 3HEProHEe3aBUCUMBIX CUTHAJIbHO-MYCKO-
BbIX NIPUOOPOB JUISI BKJIIOUEHMS U OTKJIIOUEHMS pa3-
JIMYHOTO Pojia UCMOJHUTEIbHBIX YCTPONCTB.
CoBpeMeHHasi aBTOHOMHASl 3JEKTPOIHEpPreTuKa
WHTEHCHUBHO Pa3BUBAETC U BBIIBUTAET MOBBILIEHHbBIC
TpeOOBaHMS K KauyeCTBEHHBIM MOKa3aTessiM MCTOY-
HUKOB NUTaHUs. B mepBylo ouepenb 3TO CBI3aHO C
MUKPOMMHMATIOpU3allMelt OOPTOBBIX CUCTEM U HEOO-
XOJUMOCTbIO pa3pabOTKM MUHUATIOPHBIX PE3€PBHBIX
WCTOYHUKOB TOKa. DTO BEJET K MEePeXoay OT BaTTHBIX
MOIITHOCTe! NmoTpedIsseMoli SJHEPIUU K MULIMBATTHBIM
[3, 4] u TpeOyeT co3maHnst MUHUATIOPHBIX ICTOYHUKOB
TOKa, yaeJibHas MJIOTHOCTh SHEPTUU KOTOPBIX 3HAUM -
TeJIbHO OoJbllle, YyeM Y cylecTBytomux. K coBpeMeH-
HbIM U TEePCNEKTUBHBIM MUHUATIOPHBIM PE3€PBHBIM
WCTOYHUKAM MUTAHUS MPEXbSIBISIOT CIEIYIOLINUE OC-
HOBHbIE TPeOOBaHUSI:
e MUHMMAJIbHO BO3MOXHBIE MaccOrabapuTHbIE Xa-
PaKTepUCTUKH;
e MaKCHMMAaJIbHO BO3MOXHO€ pa3HooOpa3zue KOHpU-
rypanuy;
e BpeMs akTuBauuu He Oosee 0,1 c;
e MakKCUMaJIbHas yJejbHas MOILIHOCTb WJIN HEPTHUS;
e BpeMs XpaHEHUs B pexxume oxuaaHus 6osee 20 jer.
YKazaHHBIM TpeOOBaHUSM COOTBETCTBYIOT B IIOJI-
HOM obObeMe ToJibKO pesdepBHble I[TUT, KoTopble Hau-
OoJiee MepCMeKTUBHBI 11 MUHUAaTIOpu3au. OHU MO-
T'YT MPUBOAWUTH B JIeMCTBUE TETUIOBbIE (Pa30rpeBHbBIC)
WCTOYHUKU TOKa OOJIbILIOM €MKOCTH, YTO IO3BOJISIET
TeHEepUPOBaATh BJEKTPUUECKUN TOK CUJION B HECKOJIb-
ko amrep B TeueHue 10...20 MUH TIpu MajioM BpeMeHU
aKTHUBAaIlMU, YHUBEPCAIbHOCTU 33J€AICTBOBAHUS U T. TI.

2. 'nOpuaHbIe MCTOYHUKHA TOKA

CrenyeT y4yuTbiBaTh TOT (PaKT, YTO HU OIUH U3
U3BECTHBIX PE3EPBHBIX MCTOYHUKOB 3JIEKTPUUYECKOM
SHEpPruu B TOJHOU MEpe HE COOTBETCTBYET TpebOBa-
HUSIM, TIPEIbSIBISIEMbIM K COBPEMEHHBIM M TIepCreK-
TUBHBIM CpelicTBaM OOpPTOBOM 3J1eKTpO3HepreTuku. I1o
9TOI MPUYMHE MHOTHME 33Ja4M PellaloT TMOPUAHBIMU
ucrouyHukamu nmutanus (I'MII) ¢ mmpokum crieKTpom
(DYHKIIMOHAJIBHBIX BO3MOXHOCTEW. B CcOBpeMEHHBIX
CpeACTBaX 3JEKTPO3IHEPTeTUKU YacTO MPUMEHSIIOT TIep-
BUYHbIE MUCTOYHUKHK TOKA COBMECT-
HO C HAKOTIUTENSIMU DJIEKTPUUECKOM
sHepruu (HD3). D10 mo3BossieT om-
TUMU3UPOBATh NMUTAHUE TTOTPEOUTE-
Jei, obecrnieynBasg BO3MOXKHOCTH
CHSATUS TIMKOBBIX HAarpy3okK B HYyX-
HBbIi MOMEHT 3a CUET KOHJIeHcaTopa.
KpomMe Toro, oCHoBHO€ KOJIMYECTBO
SHEpPruu B psje ciydyaeB HEOOXOIM-
MO Ha 3aBepllialolleM 3Tafne padboThl
U3NEIUIA, HampuMmep, I 3aaeu-
CTBOBaHMS CPEACTB MHULIMUPOBAHUS,
MUTAHUS MOIIIHBIX MOTPEOUTENENH U
T. 1. B COOTBETCTBUM C 3TUM BO3pac-

TaeT poiab HD3D, obecreunBalomyx peiieHne 1ejaoro
psina rmpobJieM XpaHeHMs U Ipeodpa3oBaHUsI SHEPIUH,
peanu3aiy ONTUMAaIbHBIX PEXXMMOB pabOThl 000pPY-
JIOBaHUsI, MUTAHME TTOTPeOUTENel C HECTaHAAPTHBIMU
napametpamu. HOD HaxomgaT Bce Oosiee LIMPOKOE
MMpUMEHEHNEe B aBTOHOMHBIX SHEPTeTUYECKUX yCTa-
HOBKaX, OOPTOBOM 0O0OPYAOBAHUM, DJIEKTpodu3nyec-
KO amnmapaType u T. I. B cocraB Takux yCTpOMCTB
BBOJST BJIEKTPOHHYIO CUCTEMY YIIpaBJIeHUS OTOKaAMU
BHEpruu, odbecreyrnBamwIyo 3(pPeKTUBHOCTh TEHEPU -
pOBaHMs U Tepefaadyu SHEPTUHU MOTpeOuTeasIM 3, 6].

I'MII Ha ocuoBe IIMUT m HBD moryr rapantupo-
BaThb pabOTy YCTPOMCTB, IJISI KOTOPBHIX HEOOXOAVMBI
MMIIYJIbCHI 3JeKTpryeckoro Toka 10 100 KA u 31ekT-
pUYECKHWI B3pHIB MPOBOIHUKOB, CO3MaHWE CPEICTB
WHULIMMPOBaHUsI, 0€30MacHBIX K TOKaM HaBOIKM U
pas3psiiaM CTaTUYECKOTO 3JIeKTPUYECTBA.

BoaMoxHocTh cozganusg I'MIT Ha ocHOBe MOHMC-
topa "ELNA" n [IUT paccmoTpeHa B Haleil paboTe
[7], B KOTOpOIi OTMEUEHO, YTO BpeMs 3apsaKU 3TUX
HB33 Benuko, 3aBUCUT OT TeMITepaTypbl OKpYKalollei
Cpenbl M IMoJaBaeMoro HampskeHus. bricTpoit 3apsim-
Ke Oatapeit monucTopoB "ELNA" mpemnstcrByer MX
BBICOKOE BHYTpEHHEE COTIPOTUBIICHUE W POCT €TO TIPU
OTpMILATEIbHBIX TeMIIEpaTypax.

TeopeTnyeckuit M MPAKTUYECKUI WHTEpEC IIPed-
ctaBisioT pesepBHble I II1 Ha ocHOBe CyIlepKOHIEeH-
caropoB (CK). Mx a1eKTpoabl BHITTOJHEHBI U3 HAHOIIO-
PUICTBHIX YIJIEPOAHBIX MaTepUaOB C YIACJIBbHON IMOBEpX-
HocThio 10 1000...3000 M2/r, 4TO MO3BOJIMIO CO31aTh
H®5 ¢ emkoctrio 1...10 000 d, KOTOpBIE CITOCOOHBI
OTIaBaTh OOJIbIIYIO MOIIIHOCTh U HE OOSITCS KOPOTKUX
3aMbiKaHMi. TeopeTnyeckoe M MpakTUUECKOE 3Have-
HHUE UMeeT MCClieq0BaHNe BO3MOXHOCTHU TTPUMEHEHUS
IIJIsSI 3TOM 1esn TpadeHa.

Ha snextpomax snemeHTapHbIX ssyeeKk CK oOpa-
3YIOTCSI JIBa TIOCJAEA0BaTEbHO COEAMHEHHBIX 4Yepes
BJIEKTPOJIUT ABOMHBIX 3JEKTPUUECKUX CIIO0SI, a HAKOTI-
JIEHHBI 3apsi CHUMAIOT C aHoja U KaTtoja. JlomycTu-
Moe pabouee HamnpsikeHue CK orpenensieTcst Harpsi-
JKEHUEM pa3jioXeHUsl 21eKTpoauTa. OCHOBHBIMU J10-
crouHctBamMu CK sBisitoTcs: 60Jbliiasi eMKOCTb TpU
MaJibIX TabapUTHBIX pa3Mepax; OTCYTCTBUE HEOOXOau-

Puc. 2. Buemnnii Bug cynepkonaencaropos ¢pupm IOXUS, SAMWHA ELECTRIC u OAO
"DiekoHn"

Fig. 2. The appearance of ultracapacitors of [OXUS, SAMWHA ELECTRIC and Elekond Co.
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Ycranosneno, uro g CK mo-

MYCTUMO KPaTKOBPEMEHHOE yBeJIu-
YeHWe HATIPSKeHUS 0e3 YXyIIIeHUS
nx napaMmetpoB. CoIpoBoXKIaoIIe
npoliecc 3apsiia KpaTKOBpEMEHHbIE
Teperpy3Ky 1Mo HaIPSDKeHUIO U TIe-
perpeBy oOpaTUMBbI, YTO TMO3BOJSIET
MHOTOKPATHO MCITOJIb30BaTh CKO-
poctHble pexumbl 3apsaku  CK.

Puc. 3. 3apaano-paspsaaHbie kpusble MakeTHoro oopasua I'MII: ¢ — paGora [TUT Ha Ha-
rpy3ky 1 kOM 1 Hauano 3apsaku 6atapen CK; I — paspsinHast kpuast [IUT, 2 — 3apsnHast
kpuBast 6arapen CK; b — Bpemsi 3apsiaku 6atapeu CK; ¢ — paspsiaHble KpuBble 6aTapeit

CK ¢ emkoctrio 3,75 ©

Fig. 3. Charging-bit sample mockup curves HPS: 1 — bit curve PTCS, 2 — charging curve battery
SC a — operation of PTCS for 1 k2 load and start charging the SC battery, b — SC battery
charging time, ¢ — bit curves of SC batteries with the capacity of 3.75 F

MOCTH TIPUMEHSATH CITeIIUATbHBIE CXeMBbI 3apSIIKK WITH
CXEMBI YIIPaBJIEHUS TIPOLIECCOM Pa3psIKU; SKOJIOTHY-
HOCTb; BO3MOXHOCTb IaiKW BbIBOAOB, YTO I'apaHTU-
PYET BBICOKYIO CTAOMIBHOCTh KOHTAaKTOB. Pabouee Ha-
npstkeHue oonbmnHeTBa CK paBHo 2,3...2,7 B. BHe-
wHuit Bua CK npuBeneH Ha puc. 2.

3HauyuTeIbHOE MPEeBbILIEHUEe HOMU-
HaJbHOTO HAaIpsSDKeHUsT BBI3bIBAET
HeoOpaTUMble U3MEHEHUST XapaKTe-
PUCTHK M MapaMeTPOB HAKOIMUTEIS,
CBSI3aHHbIC C OOpa3o0BaHUEM MPOBO-
IAIIUX TIEpeMBbIYeK B HaHOIIOpaXx,
YTO COIMPOBOXIAETCS YMEHbIIEHUEM
€MKOCTH, BO3pacTaHUEM Mapluaib-
HBIX CONPOTMBJICHUIN U Pa3psITHOTO
TOKa, WMHTEHCUBHbIM Pa3OrpeBOM
KOHJIEHCATOPOB, CIIOCOOHBIM TIpHU-
BECTHU K B3pbIBY Hakonuress [8—11].

Ot ocobenHoctu CK mMmeroT mH@OpMaLOHHOE
3Ha4YeHHWe JIsI OJHOPA30BOIO MCIOJb30BaHMSI HAKO-
nutesneir B coctaBe pesepBHbIx U1, cBoiicTBa KOTO-
PBIX 3aBUCST OT SHEpreTuyeckux xapakrepuctuk ITUT,
3apsmHO-pa3psaHbiXx xapaktepuctuk CK m umx Garta-

Tab6muma 3
Table 3

Xapakrepuctukun CK n I[IUT ansa ux 3apsagkn
Characteristics of SC and PTCS for their charging

Buemnuit Bung CK u ux | DiekTpuyeckue rmapaMmer- raﬁapI/ITHLIe pasMepbl (6e3 BAIBOLOB), MM
Gaapei poi U, B: C, ® Bueprus, JIx Dimensions (without leads), mm
Appearance of S C and their Electric parameters Energy, J CK MUT mns 3apstnku CK
batteries Uuv,CF Ne PSC for charging of SC
2,3B
10 © 26,45 x x
231 , 210 x 30 @12 x 15
10F
9,2 B
29’523 105,8 22 % 22 % 35 225 x 20
25F
18,4 B
LB S 211,6 22 % 44 % 35 @25 x 30
125 F
92 B
3;)7; g) 187,5 26 % 26 x 30 @25 x 32
375 F
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peil, peaeabHbIX 3HAUEHU I 3JIEKTPUUECKON €eMKOCTH,
BHYTPEHHETO COMPOTUBICHUSI, MAKCUMAJIbHO AOMYC-
TUMBIX 3HAYEHUI MepeHANPSLKeHUST U 3apSITHOTO TO-
ka u T. 0. JInsa cozganust TUIT ¢ BbICOKOI €MKOCTbIO
U MUHUMAQJIbHBIM BpeMEHEeM 3apsaku HeoO0XOIUMO
00€ecIeuyunThb CoracoBaHHOCTD xapakTepucTuk [TUT u
CK. BaxHeHI1M yCIOBUEM BBIMTOJIHEHUST 3TUX Tpe-
OOBaHUI SBISIETCS paBEHCTBO (0JIM30CTh) UX BHYTPEH-
HUX CONMPOTUBJIEHUI (KpUTEpUil COTJacoBaHUS TIO
MOII[HOCTH).

ITonTBepxneHa BO3MOXHOCTh NpuMmeHeHus: ITUAT
st onepatuBHOM 3apsiaku CK HOBOro ImokojeHus U
Ux OaTtapeil mMpu TeMmIlepaType OKpYXKalolleil cpeabl
160 °C 3a 2...5 ¢. DTO MO3BOJUIO CO3[aTh MOLIHBIC
pe3epBHEIe [T ¢ yauBepcaabHBEIM CIOCOOOM 3adeii-
CTBOBAaHUS Y IIMPOKUM CIEKTPOM (PYHKIIMOHATIBHBIX
BO3MOXHOCTeN. BiiMsiHue TeMmnepaTypbl Ha UX pa3psifi-
Hbl€ XapaKTepUCTUKU HE3HAUUTEIbHO. 3apsiiKy HaKO-
MnuTelieil 3JeKTPUYECKON 3HEPIruu MPOBOISIT OOBIYHO
WCTOYHUKAMU TMOCTOSIHHOTO TOKa C JOCTaTOYHO CTa-
OWJIbHBIM HaIpsKEHUWEM, a BpeMeHa aKTUBalluU U pa-
60otbl ITMT 3aBUCAT mpekae BCEro OT COMPOTUBICHUS
Harpysku, Ha3HauYeHUsI U KOHCTpyKuuU stueek. [Toce
JMIOCTUXKEHUSI MAaKCUMaJIbHOTO 3HAYE€HUS HaIpsiKeHUe
yMEHbIIAeTCs 10 HYJsl Yepe3 CEKYH/Ibl, U yepe3 He-
CKOJIbKO MUHYT. [10 3TOI NprYuHe mpouecchl 3apsi-
k1 CK ¢ npumenenuem IIMT n3ydyeHbl HEAOCTaTOYHO.
HMccnenoBaHue 3Toro Impoliecca MOXHO paccMaTpu-
BaThb KaK OCHOBHYIO TEOPETUYECKYIO 3amauy, TpeOyto-
LIYI0 PelIeHUs] B paMKaXx CUCTEMOTEXHUYECKOTO Ipo-
extupoBanug I'MII [12].

I'MIT MoryT mpeacTaBisiTb CO0O COeNMHEHHBIE B
00BIYHYIO BJIeKTpuuecKylo Lemnb [T u HakonuTeau
3JIEKTPUYECKOM SHEPTMU, KOHCTPYKTUBHO OOBEIUHEH -
Hbl€ B OTHOM KOpIyce WM pa3aesbHO. JloCTOMHCTBOM
JMAHHON KOHCTPYKTMBHOM CXEMBI SIBIISICTCS YIIydllle-
HUE MaccorabapUTHBIX XapaKTEePUCTUK, YMEHbIIECHNE
BpeMEHM aKTUBaLMU U T. A. XapakTtepuctuku CK u
IMUT nng ux 3apsiiky MpuBedeHbI B Ta0Om. 3.

Paszpsannas kpusas [IWUT, 3apsmgHas u pa3psgHbie
KpUBbIe MakeTHOro obpasia 6atapeit CK ¢ Hampsike-
HUEM pa3oMKHYToO# 1enu 14 B npuBeneHbl Ha puc. 3.

Kaxk cnenyer u3 puc. 3 u Tabn. 3, MakeTHbIe 00pas3-
bl TUIT moryt obecrieurBaTh HampsLkeHUEM (B HO-
MuHanax 6, 9, 12 u 15 B) cnaGotouHyro ammaparypy
MOTpeOuTeNeit B TeUeHNE HECKOJIBKUX IECITKOB MUHYT.

3aKkmouenne

OOBeKTUBHAS OLIEHKA ITOTEHLIMAJIbHBIX BO3MOXKHOC-
Teli MUHUATIOPHBIX pe3epBHBIX [TMT Ha ocHoBe BDKC,
a TaKkKe TMOPUIHBIX UCTOYHMKOB Ha ocHoBe [IUT n
CK TtpebyeT nmpoBeneHUs JaIbHEHIINX UCCIeI0BaHWIA
B YACTH YIYYIIEHUS UX TEXHUUYECKMX XapaKTePUCTUK
P y4eTe 3aKOHOMEPHOCTEI M1 0COOEHHOCTEI KOHKY-
PUPYIOLIMX MPOLECCOB TEILIOBBIAEICHUS U TeHEPUPO-

BaHUS TOKAa B TOHKMX MHOTOCITIOMHBIX KOMITO3UIIMSIX
BbICOKOTEMITEPATYPHBIX TAJIbBAHUYECKHUX DJIEMEHTOB U
MPOLIECCOB 3apsIIKU CYMEepKOHIEHCAaTOpoB. TeopeTu-
YECKUHU M MPAKTUYECKUIT MHTEPEC MPEACTABISCT TAKXKE
TOUCK aKTUBHBIX MaTEPUAJIOB, B TOM YMCJIE C HAHOMET-
POBBIMU pazMepaMy YacTHll, YTO MOXET CYILLIECTBEHHO
YBEJIMYUTh OCHOBHBIE XapaKTEPUCTUKWU UCTOUHUKOB.
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There was assessment of the potential opportunities for the miniature reserve pyrotechnic current sources on the basis of diverse
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Introduction

The modern world is saturated with instruments and
devices for the household and technical purposes, with
the power supply sources, which differ in the overall di-
mensions, forms and characteristics. The reserve chem-
ical current sources, intended for operation in holding
mode, occupy a special place in the nomenclature of
the means of the autonomous electric power industry.
They are activated just before their use — by filling of
the electrolyte, warming up of the electrochemical el-
ements up to the electrolyte melting, etc. [1—2].

In standing products an electrolyte is stored sepa-
rately or it is a dielectric, which ensures the thermody-
namic stability of the electrochemical systems (absence
of a self-discharge) and unchanged characteristics after
long-term storage (20—25 years).

1. Pyrotechnic current sources

Growth of the intellectual potential of the onboard
equipment of different functionality objects and com-
plication of the tasks solved by them explain a demand
for an urgent improvement of the reserve sources of the
electric energy. An analysis of the materials of the do-
mestic and foreign patent and scientific-technical liter-
ature demonstrates a steady interest to the improve-
ment of their characteristics in our country and abroad.
At the end of the 20t century it was found that in some
cases the products of the autonomous power industry
should duplicate the electric circuits of the systems by
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the fire ones. To solve this task, qualitatively new py-
rotechnic current sources (PTCS) were created, the
electrodes and separators of which were made of diverse
low-gas power condensed systems (PCS). Their high-
temperature galvanic cells (HTGC) are thin (<1 mm)
multilayer charges, which are considerably less than the
critical diameter of the slowing-down, heating and oth-
er compositions including the ones, intended for re-
ceiving materials by the method of the self-propagating
high-temperature synthesis (SPHTS).

A direct transformation of the chemical energy of
PCS into the electric energy in burning mode is a new
direction in the high-temperature electrochemistry.
Products of combustion of HTGC should contain an
active metal in the anode and an oxidizer in the cath-
ode, which simultaneously contact with the melted
electrolyte, having high ion conductivity. The results of
the research of the gas-free burning of the thin multi-
layer HTGC with a fusible inert component (electro-
lyte) are of theoretical and practical interest for receiv-
ing of different-purpose layered composite materials by
SPHTS method.

The minimal internal resistance, high temperature
and active electrode materials ensure high power of
HTGC batteries. In the course of current generation
(during the electrochemical processes and cooling) the
internal resistance and the operating voltage vary within
a rather wide range, which makes an impact on the
conditions of transmission of energy to the consumer.




Appearance of PSC and their characteristic are present-
ed in fig. 1 and in tables 1, 2.

As it is obvious from fig. 1 and tables 1, 2, PTCS dif-
fer by their sizes, times of activation and operation, and
also by their electric characteristics. Besides activation
and power supply for different functionality equipment,
they can be used as universal sources of electric power
in expeditions, for elimination of the consequences of
accidents and natural disasters, for the power supply of
the fires alarms and other emergency and criminal sit-
uations, etc. Sensors on their basis are used for the fire
and security alarms on the objects predisposed to self-
ignition in the warehouses and in the premises, where
dangerous works are carried out, as the self-activated
non-volatile alarm and starting devices for turning on
and off different actuating devices.

The modern autonomous power industry is devel-
oping intensively and presents increased requirements
to the quality indexes of the power supplies. First of all,
it is due to microminiaturization of the onboard systems
and the need for development of miniature reserve cur-
rent sources. This leads to a transition from the watt ca-
pacities of the consumed energy to the milliwatt ones
[3, 4] and demands development of the miniature cur-
rent sources, the specific density of energy of which is
much more, than that of the existing ones. Below are
the basic requirements to the modern and perspective
miniature reserve power supplies:

e minimal possible weight-dimensional characteristics;
e greatest possible variety of configurations;

e activation time is not more than 0.1 s;

e maximal specific power or energy;

e storage time in a holding mode is more than 20 years.

The specified requirements are met fully by only the
reserve PTCS, which are most promising for miniatur-
ization. They can activate thermal (heating) sources of
high-capacity current, which allows generating several-
ampere electric current during 10...20 min. at a small
time of activation, universality of activation, etc.

2. Hybrid sources of current

It is necessary to consider the fact that none of the
known reserve sources of the electric energy meets fully
the requirements to the modern and perspective means
of the onboard power industry. For this reason, many
problems are solved due to the hybrid power supplies
(HPS) with a wide range of functionalities. In the mod-
ern power industry, the primary sources of current are
often applied together with the electric energy storage
systems (EESS). This allows optimizing the power sup-
ply for the consumers by removal of the peak loads at
the necessary moment due to a condenser. Besides, in
some cases the major amount of energy is necessary at
the final stage of the work of products, for example, for
activation of the means of starting, power supply for
powerful consumers, etc. In this connection the role of
EESS in the provision of solutions to a number of prob-
lems of storage and transformation of energy, realiza-

tion of the optimal operating modes of the equipment,
and power supply for the consumers with the non-
standard parameters will grow. EESS find more and
more applications in the autonomous power stations,
onboard equipment, electrophysical equipment, etc.
Such devices incorporate an electronic system for con-
trol of the energy flows ensuring efficiency of genera-
tion and transmission of energy to the consumers [3, 6].

HPS on the basis of PSC and EESS can guarantee
operation of the devices which require pulses of the
electric current up to 100 kA, and an electric explosion
of the conductors, creation of the means of activation,
safe for the induced currents and electrostatic discharges.

A possibility of creation of HPS on the basis of ELNA
ionistor and PSC is considered in our work [7], in
which it is noted that the time of charging of these
EESS is long, and it depends on the ambient temper-
ature and the supplied voltage. A quick battery charging
of ELNA ionistor is complicated by their high internal
resistance and its growth at negative temperatures.

The reserve HPS on the basis of supercondensers
(SC) are of theoretical and practical interest. Their
electrodes are made of nanoporous carbon materials
with the specific surface up to 1000...3000 sq.m/g,
which made it possible to create EESS with the capacity
of 1...10 000 F, ensuring high power and without a risk
of short circuits. Research of a possibility of application
of graphene for this purpose also has a theoretical and
practical value.

On the electrodes of the elementary cells of SC two
tandem electric layers, consistently connected through
the electrolyte, are formed, while the accumulated
charge is taken from the anode and the cathode. The
admissible working voltage of SC is defined by the elec-
trolyte decomposition voltage. The main advantages of
SC are: big capacity at small overall dimensions, no ne-
cessity to apply special charging circuits or circuits for
control of the discharging process; environmental
friendliness; possibility of soldering of the leads, which
guarantees high stability of the contacts. The working
voltage of most SC is equal to 2.3...2.7 V. The appear-
ance of SC is presented in fig. 2.

It was established that for SC a short-term increase
of voltage without a deterioration of their parameters is
admissible. The short-term voltage overloads and over-
heating, accompanying the process of charging, are re-
versible, which allows reusing the high-speed modes of
SC charging. A considerable excess of the rated voltage
causes irreversible changes in the characteristics and the
parameters of the storage device connected with for-
mation of the conducting-crossing points in the nano-
pores, followed by a reduction of the capacity, increase
of the partial resistances and the discharge current, and
an intensive warming up of the condensers, which can
cause an explosion of the storage device [8—11].

These features of SC have an information value for
one-time use of the storage devices, incorporated into
the reserve HPS, the properties of which depend on the
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power characteristics of PTCS, charging-discharging
characteristics of SC and their batteries, limiting values
of the electric capacity, internal resistance, the maximal
admissible values of the overvoltage and the charging
current, etc. For creation of HPS with a high capacity
and minimal charging time it is necessary to ensure
consistency of the characteristics of PTCS and SC. The
most important condition for implementation of these
requirements is the equality (proximity) of their inter-
nal resistances (criterion of coordination by power).
The possibility of application of PTCS for the op-
erational charging of SC of the new generation and
their batteries at the ambient temperature was con-
firmed: £60 °C in 2...5 s. This made it possible to create
powerful reserve HPS with a universal method of acti-
vation and a wide range of functionalities. The influ-
ence of temperature on their discharge characteristics is
insignificant. Charging of the storage devices of the
electric energy is usually done from the sources of a di-
rect current with rather stable voltage, while the times
of activation and operation of PTCS depend first of all
on the load resistance, purpose and design of the cells.
After achievement of the maximal value the voltage de-
creases down to zero in seconds, or in a few minutes.
For this reason, the processes of charging of SC with
application of PTCS have not been studied sufficiently
so far. The research of this process can be considered as
the main theoretical objective requiring a solution with-
in the system of the circuitry design of HPS [12].
HPS can constitute a regular electric circuit of
PTCS or separate electric energy storage devices, struc-
turally integrated into one case. The advantages of this
circuit design are better weight-dimensional character-
istics, smaller activation time, etc. Characteristics of SC
and PSC for their charging are presented in table 3.
The discharge curve of PTCS, the charging and dis-
charging curves of a model sample of SC batteries with the
voltage of the open circuit of 14 V are presented in fig. 3.
As it follows from fig. 3 and table 3, the model sam-
ples of HPS can ensure voltage (nominal values of 6, 9,
12 and 15 V) for the low-current equipment of the con-
sumers during several tens of minutes.

Conclusion

An objective assessment of the potentials of the min-
iature reserve PSC on the basis of ECS and also hybrid
sources on the basis of PTCS and SC require further re-
search for improvement of their technical characteris-
tics with account of the regularities and the specific fea-
tures of the competing processes of the thermal emis-
sion and generation of current in the thin multilayer
compositions of high-temperature galvanic cells and

the processes of charging of the supercondensers. A
search for the active materials, including the ones with
the nanometer sizes of the particles, which can signif-
icantly increase the main characteristics of the sources,
is also of the theoretical and practical interest.
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a)

Puec. 3. Paspymelme CTEKJISIHHOI IOIJI0KKH IOpH HAJIMIAA META/VTH3ANAA — IVICHKHA 2/ TIOMHAHHAN TOJIIAHOM 1,2 MKM:
a — BHJI CO CTOPOHBL HaHECECHHON IUICHKH, b— BH] C O6paTHOﬁ CTOPOHBL CTEK/IAHHOM IJIaCTHHBI

Fig. 3. Destruction of a glass substrate, when metallization is available — 1.2 ym-thick aluminum film:
a — view from the side of the deposited film;, b — view from the reverse side of the glass plate

Puc. 4. 30HbI coeAHEHAs «KPEMHMI — CTEKI0»

Fig4. «Silicon-glass» connection zones
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