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UHTEFPAAbHO-OMNMTUYECKMIA MPEOBPA3OBATEADb NMOASIPU3ALIMUA
M3AYHEHUA HA OCHOBE ACUMMETPUYHOIO BOAHOBOAA B CTEKAE

Ilocmynuaa é peoaxyuro 27.06.2017

IIpeononcena HOBAA UHMESPANbHO-ONMUYECKAS CXEMA NACCUBHO20 NPeobpazoeamens AUHEUHOU NAOCKOCMU NOAAPUAUUU U3-
AYHEHUSL 8 YUPKYASAPHYIO C NPUMEHEHUEM ACUMMEMPUHHO20 UOHOOOMEHHO20 80AHO800a 6 CMeKe, YHKUUOHUPOBAHUE KOMOPO2O
OCHOBAHO HA NPUHYUNE MOO0080L 360n0UUl. PacuemHvie 3HaueHus yena nogopoma noaspusauuu cocmaeasom —42,4°u 47,6° npu
6xo0nom TE- u TM-noaapuzoeanHom uznyveHuu coomeemcmeeHHo.

Karoueevie caosa: UHmMeepalbHas onmuka, onmu4eckuil 6’0/1H060(), npeoﬁpa3oeameﬂb noaapusayuu onmu4ecKoeo U3ay4eHusd,

UOHHbLI 0OMeH

Bsenenune

Hcnonp3oBaHue MOSIPU3ALUOHHO-PA3HECEHHOTO
npueMa M mnepenayd JaHHBIX B BOJOKOHHO-OMNTUYEC-
KHUX CHUCTeMax CBSI3U U CEHCOPHBIX YCTPONCTBAX Mpe/-
rojiaraeT MPUMEHEHWE TaKUX YCTPOMCTB (DOTOHMKH,
KaK MPOCTPAHCTBEHHbIE pa3AeJuTeNd U Tpeodpa3oBa-
TeJn (KOHBEPTOPhI) MOISIpU3aLUM U3TydeHus . Takxke
OoJIbllIME MEePCIEKTUBBI UMEIOT pa3paboTKU B 00J1aCTU
CO3/1aHUST HOBOM 371eME@HTHOM 0a3bl IS CUCTEM ONTH-
YeCKOU KBaHTOBOI 00paboTKu nH(opMmanuu. s ue-
Jiell MUHUMATIOpU3alMU U MHTErpaliM KOMIIOHEHTOB
OITORJIEKTPOHHBIX CHUCTEM IIpeAINOYTUTEIbHEN HC-
MOJIb30BaTh UHTErPaIbHO-ONTUYECKUE CXEMbI, K MIPU-
Mepy, M30JISITOP ONTUYECKOTOo M3JIy4YeHUS, B COCTaB
KOTOPOTO BXOIUT MpeobpazoBaTesib NOJSIpU3ALUU W3-
JIy4eHMSI.

3agaya mocTtpoeHust 3(PPEeKTUBHBIX MOJSIPU3ALIU-
OHHBIX BOJIHOBOJHBIX CXEM, B TOM 4HCJIe Mpeodpa3o-
BaTesieit MoJsipU3alvu U3TyYeHUs, SIBISIETCS aKTyaslb-
Hoil. OmHaKo pa3paboTKa BOJHOBOJIHBIX MPEeoOpPa3o-
BaTesieit MoJsIpU3aly ONTUIECKOTO U3JTyYeHUs OyaeT
OoJiee CIOXKHOM 3amayeii, 4eM CO3JaHKe MOoJsIpu3aTo-
POB U pa3nenuTeseii moJsIpru3alm, Tak Kak COOCTBEH-
HbI€ MOJbI IUBJIEKTPUUECKHUX BOJIHOBOIOB, UCMOJb3Y-

€MbIX B MHTETpaJIbHOM ONTUKE, KaK MPaBUJIO, SIBJISIOT-
Cs HE CBSI3AHHBIMU MEXIYy COOOM JIMHEWHO-MOJSIPU-
30BaHHbIMU TE- 1 TM-monamu.

Ilens paboThl — pa3paboTKa 1 000CHOBAHUE IIPUH-
uuna ¢GYHKIIMOHMPOBAHKUS HOBOI'O BOJHOBOAHOIO
npeodpa3oBaTeisi INIOCKOCTH MOJISIpr3allii Ha OCHO-
B€ aCMMMETPUYHOI0O MOHOOOMEHHOTO BOJIHOBOJA B
crekie, GYHKIMOHUPYIOIIETO KaK YeTBePThBOJTHOBAS
IUIACTUHKA, T. €. Ipeobdpasyrolero JuHeitHyo TE- win
TM-noaspu3zanuio U3ayyeHus: B LIUPKYJISIPHYIO.

M3BecTHBI pa3iuyHbie TIPUEMBI CO3IaHUS BOJHO-
BOJHBIX IIOJIIPU3ALIMOHHBIX ITpeoOpa3oBarteneii. Cy-
IIECTBYIOT CITOCOOBI 3JIEKTPOONTUYECKOTO M aKyCTOOII-
TUYECKOT0 Mpeodpa3oBaHMsl IJIOCKOCTH MOJISIpU3aALIUU
B MHTErpaJibHO-ONTUUYECKUX BOJTHOBOJAX, C(DOPMUPO-
BaHHBIX B KpUcTajuie Huobarta nutus [1]. BoaHoBob,
MMeEIOIIe aCUMMETPUIHYIO (DOPMY MOIIEPEUHOTO Ce-
YEeHMS, 3a CUeT UHTep(epeHIIMU CBOUMX TMOPUIHBIX MO/
TaK>Xe MOTYT CJIY>XKUTb OCHOBOI JJ1sl CO3AaHUsI MACCUB-
HBIX MOJISIPU3aMOHHBIX ITpeobOpa3oBareneit [2]. Jdpy-
roi OOIIMIT TTOIXOA K MOCTPOSHHIO TACCUBHBIX TIpe-
o0pa3zoBaTesieii OCHOBAaH Ha 3BOJIIOLUU COOCTBEHHBIX
MOJI BOJIHOBOOB [3].

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 11, 2017 643



Pa3paboTka u 000CHOBaHHE CXEMbI BOJIHOBOJAHOIO
npeoopa3zoBaTeisi MOJAPU3ALNHN H3TyJeHHUs

CxeMa mpenjaraeMoro npeoopasoBatesisi MosIpu-
3allMM U3JTydeHUs TToKa3aHa Ha puc. 1. Cxema nomkHa
OBITh BBIIIOJHEHA HA OCHOBE BOJHOBOJOB C aCUMMET-
puuHOi (hOpMOI MOMEPEYHOro ceYeHUusl KaHaila, Mo
KOTOpPOIl NMOHMMAETCd He TOJbKO HEPaBEHCTBO (-
(eKTUBHBIX pa3MePOB BOJHOBO/A, T. €. €r0 IUUPUHbI U
TOJILLIMHBI, HO TIPUHLUMITMAJIbHBIM B JAHHOM cCllyyae
BBIIBUTAETCsI TpeOOBaHUE, YTOObI TaKOW BOJHOBO/I-
HBII KaHaJ ObLI ITOBEPHYT Ha yroj 45° OTHOCUTEIBbHO
OCEM X U y B JIEKAPTOBOM CUCTEME KOOPAWHAT X-y-Z,
OPHEHTUPOBAHHOW OTHOCUTEBbHO TOMIOXKHU, B KOTO-
poli BoigHOBoI copmupoBaH. Ha puc. 1 misa mnosic-
HEHUS TIPUHLMIIA JEMCTBUSI U B KAU€CTBE OJHOIO U3
BO3MOXHBIX BADUAHTOB TEXHUUECKOU peaiu3alivu Io-
KazaHa cxeMa MpeodpasoBareisl Mojsipu3alnil Ha oc-
HOBe BOJIHOBoAa B (popMe syumurica. Ha gaHHoMm pu-
CYHKe MOKa3aH BEKTOp HaIpSIKEHHOCTH 3JeKTpuyec-
KOTO IOJIsI CBETOBOM BOMHBI E Ha BXOJ€ U BBIXOJIE TIpe-
obpa3oBaTteis. ITpemnaraemas KOHCTPYKLIUS
npeobpa3oBaresisi MOJISIpM3alliu, TakK Xe Kak U cxema,
npeajoxeHHas: B pabore [4], UCMOIAB3YET aCUMMET-
PUUYHBIN BOJIHOBOJ, HO Tpejjaraercss MHOM u 0oJjee
MPOCTOI BapMaHT €r0 MCIOJIb30BaHus. YacTh nmosep-
XHOCTU HaJ BOJIHOBOAOM IOKPHITA AUINEKTPUUECKUM
CJI0EM C TOKas3aTejeM MpPeJOMJIEHMS], PaBHBIM TOKa-
3aTeJII0 MpeJIOMJICHUS TTOT0XKKU. B Toit yactu nosep-
XHOCTU HaJ BOJHOBOJOM, TA€ TUIEHKAa OTCYTCTBYET,
TMOKPOBHOW 00J1aCThIO SBJSETCS BO3AYLIHAs Cpeaa.
IlneHka pacrojioxeHa 1o HeOOJbIIUM YIJIOM OTHO-
CUTEJIbHO TMPOJOJbHOU T€OMETPUYECKONH OCH BOJIHO-
BOJIa, TTIORTOMY, B 3aBUCMMOCTU OT ITPOAOJbHON KOOp-
JIUHATHI (OCH Z), OHA MOKPHIBAET JIMOO ITOJIHOCTHIO BCIO
MOBEPXHOCTh HaJ KaHAJIOM, JIMOO YacTh 3TOU MOBEPX-
HOCTH, MO0 OHAa HAXOAUTCS BHE 30HBI BOJHOBOJA.

Puc. 1. Cxema BOJIHOBOAHOrO MPeodpa3oBaTeis NOAAPU3ANMI
Fig. 1. Waveguide polarization rotator scheme
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BonHoBobI ¢ Takoil hopmoii mpoduiist moKazaTess
MpEeJIOMJIEHUSI MOXHO C(POpMUPOBAThH B CTEKIIE ITyTEM
MPMMEHEHMS TeXHOJIOTMHM JIa3epHOM "3amucu’ KaHaia
MOCJIeI0BATEIbHOCTbIO (DEMTOCEKYHAHBIX UMIYJIbCOB
ontuyeckoro msnydyeHus (laser writing) [5]. Taxkxe
BOJIHOBOJI C aCUMMETpUYHOI (hopMoOil KaHajia, pas-
BEPHYTBII1 OTHOCUTEIBLHO OCEH MOMIOXKHU Ha yroJ 45°,
MOXET OBITh M3TOTOBJICH MO 00JjIee JOCTYITHOM TEXHO-
JIOTUX UOHHOTO OOMeHa ¢ CeJIEKTHBHbBIM 3ariybjieHr-
€M, TIpM KOTOpOM Ha 3Talle 3aray0JeHUs MacKUPYIO-
LIMHA CJIOM 3aKpbIBAET MOJOBUHY MOBEPXHOCTH BOJIHO-
Boja [4, 6—7].

IIpouecc ¢opMupoBaHUSI AaCUMMETPUYHOTO BOJI-
HOBOJHOI'O KaHajla OCYIIECTBISIETCS B ABa 3Tama. Ha
MepBoM 3Tane (opMUPOBAHUSI BOJTHOBOAA IMPOUCXO-
IUT BHeIpeHHe MOHOB Ag' 3a cueT TepMHYecKOro
MOHHOIO OOMeHa AgJr < Na® B CTEKJISHHYIO TO-
JIOXKKY yepe3 1IeIb B Macke, KOTopask IMOKPhIBAeT IO-
BEPXHOCTb MOJJIOXKHU, TOMEILIEHHOH B pacriaB CoJid
AgNO;. Ha BrOpoM stame NpoBOAUTCS CEJIEKTUBHOE
3ariybjieHre KaHaja TMyTeM MPUJIOXEHUs HaIpsike-
HUS K TIOMIJIOXKKE, KOTOpasi TOMEIIAETCS B pacIljiaB co-
am NaNOj. Ha sToM osTamne HaHeceHHas Ha CTEKJIO
MackKa 3aKpbIBaeT YacTb MOBEPXHOCTU Haja c(POPMUPO-
BaHHBIM Ha MEPBOM 3Tarle KaHaJIOM.

Pesynbratel (u3MKO-MaTeMaTUYECKOIO MOMAEIU-
poBaHUsI (GOPMUPOBAHUSI AaCUMMETPUYHOTO KaHajla B
CcTeKJIe JUISI TTOCTPOEeHUs TIpeodpa3oBaTesieit Mosapu-
3aldu IpeacTaBieHbl Ha puc. 2. Ha Hem mokaszaHo
pacrpeseieHre moKa3aTesl peJIoOMIeHHST BOJTHOBOI -
HOTO KaHaJia MocJjie 3Tana TepMUYEeCKOro MIOHHOro 00-
MeHa M Toc/ie 3Tarna ero CeJeKTUBHOIO 3ariy0yIeHUs ¢
MAacCKO#, 3aKpbIBalolIeii MOJOBUHY NOBEPXHOCTH CTEK-
JITHHOHM MOIJIOXKHW Hal BOJHOBOIOM. PacueTsl mpo-
BOJWJIMCH MTyTEM pelleHUs] ABYMEPHOTO HEJIMHEHHOTO
ypaBHeHUsI 1uddy3un, U B pe3ybTaTe onpeaeasiioch
(hopMmupyloliiee BOJTHOBOA MPOCTPAHCTBEHHOE pacIipe-
JeJeHUe TToKa3aTess TIPeJIOMIIEHHUSI, KOTOPOE 3aBUCUT
OT KOHLIEHTPALMM BHEIPEHHBIX MOHOB Ag' B CTeK-
JISTHHYIO TIOMJIOXKY.

IMpuHuMIT pabOTH Ipeodpa3oBaTeIs MOJsIpU3aLnii
MOXET OBITh OOBSICHEH C Y4€TOM OCOOEHHOCTE OIS~
pU3aLMKU MOJ ACUMMETPUYHOTO BOJHOBOJA B JBYX €TI0
KOH(UTYypaLMsIX — MOKPBITOTO TJIEHKOH U C BO3AYII-
HOW MOKpPOBHOM cpenoil. PacueT Moa BoJHOBOIA ObLI
MPOBENEeH IyTeM pelIeHUs BEKTOPHOIO BOJHOBOIO
ypaBHeHuUs [8].

Ilapamempobr 6oanosooa:

e TIOKa3aTesb ImpejomieHus noajaoxku — 1,5003;

e MaKCHMaJIbHOE TpUpallleHUe TToKa3aTessl MpeoM-
sneHus BoaHosoga — 0,03;

e TI0Ka3aTesIb MPEeJOMIICHUS TOKPOBHOTO CJI0ST — JIM-
0o 1, 60 1,5003;

e VYPOBEHb PACIOJIOXKEHMSI TEOMETPUUYECKOIO LIEHTpa
BOJIHOBOAA OTHOCUTEIbHO TPaHMIbI MOJIOXKU C
BO3AYXOM (MpU anmnpoKCUMaluu Mpoduisi BOJIHO-
BOJIa IBYMEPHOI rayccoBoOil (pyHKIIME) — 2,5 MKM;

e pabouyas gauHa BOJHBI — 1,55 MKM.




Ha puc. 3 npencraBiieHbl MOISI-
puzaiu GyHIaMEeHTaIbHbIX MOJ
BOJIHOBOJIa, TTOKPBITOTO MJIEHKOM.
ITonspusanuu Moa MoKa3aHbl Kak
pacripelejieHMe BEKTOpa Harpsi-
JKEHHOCTH 3JIEKTPUYECKOTO M0 B
MOMNepPeYHOM CEUYEHMHU BOJHOBOJA.
Kax BUIHO, OHU JTMHEWHO NOJISIpU-
30BaHbl M HampasJ€Hbl BIOJb W
MHOoIepeK IIMHHON 1 KOPOTKOM Yac-
TE ceYeHMs BOJIHOBOJAHOTO KaHaa.

Ha puc. 4 npencrasiaeHbl oS-
puzaiuy  (pyHIaMEHTAIbHBIX MOJ
BOJIHOBO/IA C BO3AYIIHBIM MOKPOB-
HBIM cyioeM. B 1aHHOM ciyvae mno-
JISIpU3aliMd TakXkKe JUHEHHbIE, HO
OHM OPUEHTUPOBAHBI MapaJlIeIbHO
U TIEPIICHIUKYJISIPHO TPAHUIIE pa3-
JleJia MOIJIOXKKY C BO3AYLIHOU cpe-
oM, T. e. gBisioTCs KBasuTE- u
kBazu T M-momamu. IlpuumnHa Tta-
KOU OpUEHTALINU TIOJSIPU3ALUI CO-
CTOUT UMEHHO B OJIM30CTU BO3-
JIYIITHOTO CJ1051 K BOJTHOBOJTHOMY Ka-
Hay.

VYron moBopoTa mnoispu3alun
OTHOCUTEJIBHO OCH )y PacCUUTHIBA-
ercs o opmyse

[[ n*(x, ) E(x. y)dxdy

S

tgo = )

IJ 70 p) By ey
1

rae n(x, y) — pacrpenejeHue mo-
KazareJrs TIPeJIOMJICHUST B TIOTIeped-
HOM CEYEeHUU BOIHOBOAA; E (X, y)
n Ey(x, y) — TionepeyHble KOMIO-
HEHTbl paclpeaeyJeHus] BeKTopa
HAIPSKEHHOCTU DJIEKTPHYECKOTO
oJisi MOIbI BoJiHOBoaa. MHTerpu-
pOBaHME OCYIIECTBIISIETCS TI0 BCEW
TUIOIIAAY JIOKAJIM3allMd BOJIHO-
BOJHOUN Moabl. s yKa3aHHBIX
ImapaMeTPOB BOJTHOBOIA, TTOKPBITO-
ro IJIEHKOM, pacyeTHbIe 3HAYSHMUS
yIJla TIOBOpOTa TOJSIPU3AIUU CO-
craBunu —42,4° 171 nepBoil MObI
BOJIHOBoma U 47,6° s BTOPOI
Monbl. JIJIs BOJIHOBOIA C BO3MYIII-
HBIM TTOKPOBHBIM CJIO€M YTOJ T0-

BOpoOTa IoJjisipu3aunu coctaBui 0,5° 11t mepBoil MOJbI

u —89,5° 11t BTOpOii MOJBI.

CxeMma mipeoOpasoBaTelisl MOJSIpU3aINy, TTOKa3aH-
Hast Ha puc. 1, OCHOBaHA Ha 3BOJIOLMM MOJIBI BOJHO-
Boxa [3]. CoryacHo 6a30BOMYy BapMaHTy 3TOr0 METOAA
HeoO0xoauMo anuabaTuyeckKy TpaHC(pOpMUPOBATh O~

E 0 <7 0 g i
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Puc. 2. Pacnipenenenne nokasareJisi NpeioMJIeHHs BOJHOBOJA /10 M MOCJIE 3TaNa CeJeKTHB-
HOTO 3ariy0JieHnsl KaHaJia yepe3 MacKy (a 1 b COOTBETCTBEHHO)

Fig. 2. Refractive index distribution before and after selective waveguide burial (a and b respectively)
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Puc. 3. Ionspusanuu ¢pyHIaMeHTAIBHBIX MOJI HOHOOOMEHHOTO BOJIHOBOJA C TMOKa3aTelieM
NpeJIOMJIEHHs] IOKPOBHOTO CJIOSI, PABHOTO MOKA3ATENI0 NPEJOMICHHS MOLI0KKH

Fig. 3. Polarizations of fundamental modes of ion-exchange waveguide with cladding layer index
equal to the index of substrate
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Puc. 4. Ioaspuzauuu kea3snTE- u keazsnTM-Mo1 HOHOOOMEHHOT0 BOJHOBO/A C BO3AYLIHBIM
TIOKPOBHBIM cJi0eM (@ U b cOOTBETCTBEHHO)

Fig. 4. Polarizations of quasi-TE and quasi-TM modes of ion-exchange waveguide with air
cladding layer (a and b respectively)

Hy hopMy MOMEepPevyHOro ceYeHMs1 KaHajaa BOJIHOBOMA B
npyryo. OmHaKO MIPUMEHUTETBHO K pacCMaTpUBaeMO-
MY BOJIHOBOIY MOXHO MOCTYIUTb U MHBIM 00pa3oM —
HEe TIOBOpauMBaTh (POpMy TOIEPEIHOTO CEYCHUS ca-
MOTO KaHaJjia BIOJIb OCH Z, a OCTaBUTDH €€ HEM3MEHHOM
M TUTaBHO BapbMpPOBATh paclpelesieHHe ITOKa3aTelst
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MIpeIOMJICHUS TIOKPOBHOM CPEIbI IO OCH X BIOJIb BOJI-
HOBOJA, KakK Moka3aHo Ha puc. 1. Takast BonHOBomHasI
cxeMma OymeT 00jagaTh CBOMCTBAMU YE€TBEPTHBOJHO-
BOH IJIACTUHKM, Npeodpasyroliei JuHelHyo TE- nnmn
TM-noasipu3aluio U3IyYEeHUsT B UUPKYISIPHYIO.

Pacuer sBoJOLIMM IIpeoOpa3oBaHMsI MOAbLI ObLI
MPOBEJECH MOJHBIM BEKTOPHBIM METOAOM paclpocTpa-
HSMOIIerocsl Imydyka. PesynbTaTsl pacueTa: Tmonsipysa-
nuoHHoe mnpeobpasoBanue TEj,- wiu TM-Monbl B
LU PKYJISIPHO-TIOIIPU30BAHHOE U3ITyYEHNE COITPOBOXK-
JaeTCsl BHOCUMBIMM MOTEPSIMU SHEPTrUU ONTUYECKOTO
uznyyeHus B 0,5 nb npu miuHe ycrpoiictBa 20 MM.
IIpu pazpaboTke mpeodOpazoBaTesi U BbIOOpPE €ro ma-
pPaMETPOB YYUTHIBAJIACh 3aBUCUMOCTb alUa0aTUYECKOMN
SBOJIIOIIMA MOIBI OT MOIOBOIO JIBYJIYYeIPETOMIICHUS
BOJTHOBOJA.

3akmouyenue

Takum 00pa3oM, B pe3yabTaTe MPOBEACHHOTO UC-
clieloBaHUS MPeIOXKeH U 000CHOBAH HOBBII CIOCOO
CO3[IaHUsI UHTErPaTbHO-ONTUYECKOTO MPeodpa3oBate-
JISI TIOJISIpU3allMM Ha OCHOBE BOJHOBOAA C aCUMMET-
pUYHOI (hopMOIil MonepeyHoro ceyeHusl KaHajaa, uc-
MOJIb3YIOLIET0 3BOJIIOLIMI0O MOJbl BosiHOBoja. Mcxons
M3 MPUHIIMIIA pabOThl, TaKKe peodpa3oBaTesu SIBJIS -
I0TCSI LIMPOKOMOJIOCHBIMM.

Paboma evinoanena npu nodoepicke epauma PODU
16-48-230392 p_a.
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Introduction

Use of the polarization-diverse data reception and
transmission in the fiber-optical communication sys-
tems and sensor devices envisages application of such
photonic devices, as spatial dividers and polarization
rotators (converters) of radiation. Big prospects are ex-
pected for developments in the field of the element base
for the systems of optical quantum processing of infor-
mation. For miniaturization and integration of the
components of the optoelectronic systems, it is more
preferable to use the integrated-optic schemes, for ex-
ample, an isolator of optical radiation, which incorpo-
rates a radiation polarization converter.

The task of construction of effective polarizing
waveguide schemes, including radiation polarization
converters, is quite topical. However, development of
the waveguide converters for polarization of the optical
radiation will be more challenging, than creation of po-
larizers and polarization splitters, because the own
modes of the dielectric waveguides used in optics, as a
rule, are the linear-polarized TE- and TM-modes not
connected between themselves.

The aim of the work is development and a substan-
tiation of the principle for functioning of a new
waveguide converter of the plane of polarization on the
basis of an asymmetric ion-exchange waveguide in the
glass, functioning as a quarter-wave plate, i.e. trans-
forming the linear TE- or TM-polarization of radiation
into the circular one.

There are known methods for creation of the
waveguide polarizing converters. There are ways of
electro-optical and acousto-optical transformations of
a polarization plane in the integrated-optical waveguides
generated in a crystal of lithium niobate [1]. The
waveguides, which have an asymmetric form of their
cross-section, due to the interference of their hybrid
modes can also be a basis for creation of passive polar-
izing converters [2]. Another general approach to con-
struction of the passive converters is based on evolution
of the own modes of the waveguides [3].

Development and substantiation
of a scheme of a waveguide converter
for polarization of radiation

The scheme of the radiation polarization converter
is presented in fig. 1. The scheme should be made on
the basis of the waveguides with an asymmetric form of
the cross-section of the channel, which is understood
not only as inequality of the effective dimensions of the
waveguide, i.e. its width and thickness, but also as the
basic demand that such a waveguide channel should be
turned to the angle of 45° in relation to axes x and y in
the Cartesian system of co-ordinates, orientated in re-
lation to the substrate, in which the waveguide was
formed. As an explanation of the operating principle

and as one of the possible versions of a technical real-
ization, fig. 1 presents the scheme of a converter of po-
larizations on the basis of a waveguide in the form of an
ellipse. It demonstrates the vector of the intensity of the
electric field of light wave E at the input and output of
the converter. The proposed design of the polarization
converter, just like the scheme offered in [4], uses an
asymmetric waveguide, but it suggests another and sim-
pler version of its use. A part of the surface over a
waveguide is covered by a dielectric layer with the re-
fraction index equal to that of the substrate. In that part
of the surface over the waveguide, where a film is ab-
sent, the cladding is the air environment. The film is lo-
cated at a small angle in relation to the longitudinal ge-
ometrical axis of the waveguide, therefore, depending
on the longitudinal co-ordinate (axis z), it covers com-
pletely all of the surface over the channel, or a part of
this surface, or is located out of the waveguide zone.

The waveguides with such a form of a profile of the
refraction index can be formed in glass by application
of the technology of "laser writing" of the channel by a
sequence of femtosecond pulses of the optical radiation
(laser writing) [5]. Also, a waveguide with an asymmet-
ric form of the channel, turned at the angle of 45° in
relation to the substrate axes, can be made by a more
accessible ion-exchange technology with a selective
burial, which envisages that at the burial stage the mask-
ing layer covers half of the surface of the waveguide
[4, 6, 7].

Formation of the asymmetric waveguide channel is
carried out in two stages. At the first stage there is an
introduction of ions of Ag+ due to the thermal ion ex-
change of AgJr < Na™ into the glass substrate through
a gap in the mask, which covers the surface of the sub-
strate placed in AgNO; melt. At the second stage a se-
lective burial of the channel is done by application of
voltage to the substrate, which is located in NaNO;
melt. At this stage, the mask deposited on the glass cov-
ers a part of the surface over the channel, formed during
the first stage.

The results of modeling of formation of the asym-
metric channel in glass for construction of polarization
converters are presented in fig. 2. It demonstrates dis-
tribution of the refraction index of the waveguide chan-
nel after a thermal ion exchange and after its selective
burial with a mask, covering half of the surface of the
glass substrate over the waveguide. Calculations were
done by means of solving of a two-dimensional non-
linear equation of diffusion, and, as a result, a spatial
distribution of the refraction index forming the
waveguide, was determined, which depended on con-
centration of Ag+ ions introduced in the glass substrate.

The operating principle of the polarization converter
can be explained with account of the specific features
of polarization of the modes of the asymmetric
waveguide in two of its configurations — the one, cov-
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ered by a film, and the one with an air cladding. Cal-

culation of the modes of the waveguide was done by

solving of the vector wave equation [8].

Waveguide parameters:

e Refraction index of the substrate — 1.5003;

e The maximal increment of the refraction index of
the waveguide — 0.03;

e Refraction index of the cladding layer — 1 or
1.5003;

e Level of arrangement of the geometrical centre of
the waveguide in relation to the border of the sub-
strate with the air (in case of approximation of the
profile of the waveguide by two-dimensional Gaus-
sian function) — 2.5 pm;

o Working wavelength — 1.55 um.

Fig. 3 presents polarizations of the fundamental
modes of the waveguide covered with a film. The po-
larization modes are shown as a distribution of the vec-
tor of intensity of the electric field in the cross-section
of the waveguide. Apparently, they are linearly polar-
ized and directed along and across of the long and the
short parts of section of the waveguide channel.

Fig. 4 presents polarizations of the fundamental
modes of the waveguide with an air cladding layer. In
this case the polarizations are linear, but they are ori-
ented as parallel and perpendicular to the section bor-
der of the substrate with the air environment, i.e. they
are quasi-TE and quasi-TM modes. The reason for
such orientation of the polarizations consists exactly in
the affinity of the air layer to the waveguide channel.

The angle of a rotation of polarization in relation to
axis y is calculated under the following formula:

{9 [ n*(x, ) E(x. y)dxdy
tan(0) = = > ,
JJ ey yddy

1

where n(x, y) — distribution of the refraction index
in the cross-section of the waveguide, E (x, y) and
E\(x, y) — cross-section components of distribution of
the vector of intensity of the electric field of the mode
of the waveguide. Integration is carried out on all the
area of the localization of the waveguide mode. For the
specified parameters of the waveguide covered with a
film, the calculated values of the angle of a rotation of
polarization were —42.4° for the first mode of the
waveguide and 47.6° for the second mode. For the
waveguide with an air cladding layer the angle of the ro-
tation was 0.5° for the first mode and —89.5° for the sec-
ond mode.

The scheme of the polarization converter shown in
fig. 1 is based on evolution of the mode of the
waveguide [3]. According to the base version of the
method, it is necessary to transform adiabatically one
form of the cross-section of the channel of the

648 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 11, 2017

waveguide into another one. However, in relation to the
considered waveguide another way is also possible —
not to turn the form of the cross-section of the channel
itself along axis z, but leave it invariable and vary
smoothly the distribution of the refraction index of the
cladding by axis x, along the waveguide, as shown in
fig. 1. Such a waveguide scheme will have the properties
of a quarter-wave plate transforming a linear TE- or
TM-polarization of radiation into a circular one.

Calculation of the evolution of transformation of the
mode was done by a full vector beam propagation
method. The results of the calculation: the polarizing
transformation of TE- or TM;-mode into the circular-
polarizing radiation was accompanied by the intro-
duced losses of energy of the optical radiation of 0.5 dB
at the length of the device of 20 mm. During develop-
ment of the converter and selection of its parameters,
the dependence of the adiabatic evolution of the mode
on the mode double refraction of the waveguide was
taken into account.

Conclusion

Thus, as a result of the carried out research a new
method was proposed and substantiated for develop-
ment of an integrated optical converter of polarization
on the basis of a waveguide with an asymmetric form of
the cross-section of the channel using the evolution of
the mode of the waveguide. Because of their operating
principle such converters are the broadband ones.

The work was done with support of RFFI grant 16-48-
230392 p_a.
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TPAH3UCTOPHbIE NCEBAOMOP®HDIE TETEPOCTPYKTYPbI
HA OCHOBE (Al-In-Ga)As, BbIPALLEHHbIE METOAOM
METAAAOOPTAHUYECKOM FTA30®A3HOM SMUTAKCUMA

Ilocmynuna 6 pedaxyuro 16.05.2017

Memoodom memannoopeanuueckoli 2a30¢ha3noll SNUMaKcuy 6 OpUSUHANLHOU POCIMOBOL YCIMAHO8Ke BbiPAUlEHbl NCe800MOPPDHbIE
2emepocmpyKmypbl Ha 0cHoge meepobix pacmeopog (Al-In-Ga)As, npednasnauennsie oaa useomognrenus CBY pHEMT-mpan3uc-
mopog. Hccaedosansl cmpyKmypHble, onmu4eckue U 1eKkmpogusuueckue xapaKkmepucmuku oanHvlx eemepocmpykmyp. Iloka-
3aH0, umo noayuernvie pHEMT-2emepocmpyKmypsl no C60UM XAPAKMEPUCIMUKAM He YCIMYNaiom aHAA02U4HbIM CIPYKMYpam,
BbIPAUEHHBIM MeMO0OM MOAEKYAAPHO-NYUKOBOU SNUMAKCUU.

Karoueevie caosa: apceHua eainus, memanioopeanuvecKas 2a3od)a3Ha;z snumakcus, nC€6aOM0p¢Hbl€ cemeposnumaxkcuaibrsle

cmpykmypbl A3Bs, nonesoti mpansucmop, pHEMT

Bsenenune

OCHOBY 3JIEMEHTHOM 6a3bI COBPEMEHHOI CBEPXBBI-
cokovacTtoTHoil (CBY) MUKPO3AEKTPOHUKU COCTaB-
JISIIOT TPAH3UCTOPBI C BHICOKOM MOJBMXXHOCTBIO 2JI€K-
TpoHOB. B nocnennue 20 eT mMpoKoe pacinpocTpaHe-
Hue noayuunu pHEMT-tpan3ucropsl (pseudomorphic
High Electron Mobility Transistors) Ha OCHOBE TICEBIO-
MopdHoit retepocTpykTypbl AlGaAs/InGaAs/GaAs ¢
pactaHyTeIM cioeM InGaAs. Takue CTpyKTyphl IT03BO-
JISTIOT TTIOBBICUTD TTOABMKHOCTD 3JIEKTPOHOB ITPH OTHO-
CHUTEJTbHO OOJIBIIION WX KOHILIEHTPAIIMM B KBAHTOBOM
ssme InGaAs [1]. Crenyet 3aMeTUTb, UTO 0a30BOM TeX-
HOJIOTHE} SMUTAKCUAJIBLHOTO POCTa TICEBIOMOP(MHBIX
TeTEPOCTPYKTYpP ISl Tpor3BoacTea pHEM T-TpaH3uc-

TOPOB SIBJISICSI METOJl MOJIEKYJIIPHO-TTYUKOBOH 3MU-
takcuu (MIID) [2—4]. BTo nojoxeHue Aea COXpaHsI-
JIOCh IO HeJlaBHEeTO BpeMeHU [4], HeCMOTpsl Ha TO UTO
YK€ JOCTaTOYHO JTaBHO IMOSIBIISIMCH OTACIBHBIE COO0-
LIEeHUS 00 YCIEeIIHOM MCITOJb30BaHUM METOJa MeTaJl-
JloopraHndeckoit razogasHoil sanutakcuu (MOTI'DD)
JUISI U3TOTOBJIEHMST TPAH3UCTOPHBIX CTPYKTYp [5, 6].
Xopo11o u3BecTHO, 4To MeTog MOT' MDD B TeXHOIOTUHN
reTepocTpykryp Ha ocHoBe AlGaAs/GaAs ¢ camoro
Hayaja ObUI B POJM OTCTAIOLIETO U JOTOHSIOIIETO.
PanHue cBumeTenbcTBA 3TOMY MOXHO HAWTH B KJac-
cuyeckoit pabore [7]. IlomoxeHne HavyalO0 MEHSTHCS
okoJjio 10 jeT Ha3an, Koraa MosiBjieHUe KOMMepPUYECKU
JOCTYITHBIX CBEPXUYMCTBIX MCXOMHBIX MPEKYypCOPOB U
(PMHUIIHBIX CUCTEM OYMCTKU TEXHOJOTMYECKMX Tra3oB
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(Bomopona, a3oTa M apcHUHa), KOTOPhIE MCHOJIb3YIOTCS
JUTSL pocTa, MPYBEJIU K NEPBOMY 3aMETHOMY YCIIeXy Me-
toma MOI'®HD B momydyeHU KBaHTOBO-Pa3MEPHBIX Ie-
TEpOCTPYKTYp ¢ "KauecTBoM, Kak B MIID" [8]. B sroii
paboTe OBLIO MPOBEIEHO MeTATbHOE MCCICIOBAHNIE Pe-
JKMMOB 3MUTAKCUATBLHOTO POCTa Y ONTUMAJIBHBIX OpHU-
EHTalM MOMIOXEK, a TaKKe JAHO ONMUCAaHWE METOAUK
MOATOTOBKY POCTOBOM YCTAHOBKM K peau3alliu BbICO-
KOKA4YeCTBEHHBIX KBAHTOBO-pPa3MEpPHBIX CTPYKTYp Ha
ocHoBe AlGaAs/GaAs, UMEIOLIUX CYOMUUTUAIEKTPOH-
BOJIBTHYIO JIMHUIO HU3KOTEMITEpaTypHOH (hOTOTIOMM-
HecueHMU (PJI) ¥ MOABMXKHOCTh KBa3UABYMEPHBIX
2JIEKTPOHOB, paBHYIO Oonee 1,4+ 10 CM2/(B *C) Opu
temmeparype T < 4,2 K. Ycrex texHoimorun MOTI'dD
ObL1 3aKpeTyieH B mocieayoluieit padbote [9], rae 6bu10
I0KAa3aHo, YTO JIMIIb MPU YCIOBUU TOCTUKEHUS YPOB-
HSI MOCTOPOHHUX MpPUMeceil B peakKTope "CyIleCTBEH-
Ho MeHble 1 ppb" (1 Monexkyna mpumecu Ha Oosiee
gem 10° MOJIeKYJI Iapora3oBoil cMecu) oOecreunBaeT-
cs conoctaBumoe ¢ MIID kayecTBO CTPYKTYp ¢ KBaH-
ToBbIMU ssMaMu GaAs B AlGaAs. CieayeT 3aMeTUTb,
YTO IJII TOCTUXKEHMST PEKOPAHBIX Pe3yJbTaTOB B pa-
6orax [8, 9] ObIIM MCITONB30BaHBI HAMOOJIEE YMCThIC
MIPEeKypCOPHI M CUCTeMbI (GUHUIITHON OUMCTKH. B maH-
HOII paboTe MCIOJb3YIOTCI METOOUKU padoT [8, 9]
IUJI pa3pabOTKM COOCTBEHHOU TEXHOJOTUM METasuIo-
OpraHuyecKoi razoasHoi 3MUTaKCUU MTOHUXKEHHOTO
napieHus1 KauectBeHHbIx CBY pHEMT-retepocTpyK-
Typ AlGaAs/InGaAs/GaAs ¢ TpuMeHEHHEM TOCTYII-
HBIX OT€YECTBEHHBIX MpeKypcopoB. OOCyKaaloTCs pe-
KUMbI POCTa TeTEPOCTPYKTYp B ycioBusx MOI'®D,
JETATbHO aHATM3UPYIOTCSI UX CTPYKTYPHBIE, ONTUYEC-
KW€ W TPAHCIIOPTHEIE CBOMCTBA.

Mertoauka

BruipamuBanue pHEMT-retepoCcTpyKTyp Ha OCHO-
Be TBepabIX pacTBopoB (Al, In, Ga)As ocyllecTBIsIU
B OPUTMHAJIBHON YCTAHOBKE METAJUIOOPTaHMYECKOM
razoa3HoOll BMUTAKCUU C TOPU3OHTAJIBHLIM KBaplle-
BBbIM PEaKTOPOM C MHAYKLIMOHHBIM HArpeBOM.

HMcrouHukaMu  3J€eMEHTOB  TpeTheil  IPYIIIbI
(Ga, Al, In) BeICTYIaJIM ¥X METUJIbHbIE TPOU3BOAHbIE
kBanudukauu SN: Tpumetwiranauit (TMI), tpu-
MmetwiamoMuHuii (TMA) u tpumetrmaauii (TMHN).
McrounrkoM Mblbsgka saiscsa apcuH (AsHs) ksa-
mmdnkanur 6N4, NICTOYHUKOM JIETUPYIOIIE TpuMe-
cu n-tumna (Si) — rasosasg cMechb MoHocuiaHa (SiHy)
¢ BomoponoM. [lepeunciieHHBIE BBIIIE BRICOKOYMCTHIC
TUAPUIHBIE Ta3bl U METaUIOOPTaHUYeCKUE COEIUHE-
HUs, 3a uckmouyeHnueM TMMU, npousBeneHnsl B OAO
"HIIIT "Camot". TMH, kKak KOMMepUYeCKU JOCTYITHbII
mpoayKr, mpuobpeted B 3A0 "Bama-Xum" (r. 3ene-
Horpam). B kaudecTBe raza-HOCHUTEISI MCIOJIb30BAIU
BOOAOPOI, KOTOPHBIM ITOABEPrajcsd MHOIOCTYIIEHYATOMU
[JTyOOKO OYMCTKE OT BJard, KUCJIopoaa M MeXaHU-
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yecKux npumeceii. Pabouee 3HaueHNE TOUKU POCHI BO-
Jlopo/ia B MPOILIECCE AMUTAKCUATBHOIO POCTa HE Tpe-
Boiago — 100 °C. IlomioxkedHbIM MaTepuaioM CIy-
SKUJIM TUTACTUHBI MOHOKPUCTANTMYECKOTO MOJTYU30JIM -
pYIOIIIeT0 apCeHuaa Tajiusl, pa3opUeHTUPOBAHHBIC
oTHocuTebHO T1ockocTy (100) Ha 2° B HanMpaBiIeHUU
[110], mpousBoactBa Kommanuu AXT Inc. (CIIA).

O6pasubl pHEMT-reTepoCTpyKTyp BbIpallluBain
B YCJIOBMSIX HEIPEPBIBHOTO POCTA MPU TeMIlepaType
670 °C u maBnenuu 100 MGap. 3HaUeHIE TEMITEPATYPHI
pocTa BHIOMpaIM M3 YCIOBUSI KOMIIPOMMCCA MEXIY
ONITUMAJTBHBIMU TeMITepaTypaMy POCTa SIMUTaKCHAThb-
Hbix cioeB (DC) GaAs, AlGaAs u InGaAs, oTinyalo-
mmMucs apyr ot apyra 6onee yeM Ha 100 °C [10]. Cko-
poctu pocta C GaAs, AlGaAs u InGaAs cocTaBisin
0,23, 0,30 u 0,28 HM/C COOTBETCTBEHHO, MOJIBLHOE CO-
otHoiueHue V/III = 500.

C noMollIbIO TIOCJTIOMHOIO aHajanu3a MeTOAOM BTO-
puuHOI MOHHOM Macc-crekTpomeTpuu (BUMC, TOF
SIMS 5) usyyanu pacropenejieHUe 3JEMEHTHOTO CO-
cTaBa IO TJIyOMHE IUISI CJIOEB U TeTepOINMUTAKCUATb-
HBIX CTPYKTYP B 3aBUCHUMOCTH OT YCIIOBUI (hOPMUPO-
BaHUSI. MeTomoM PEHTIeHOBCKON Nu(paKTOMETPUU
(P, nudpakromerp Bruker D& Discover), rccienoBa-
JIU CTPYKTYpPHBbIE CBOHCTBA OOpPa3llOB — TOJIIMHBI
CJIOEB, COCTaBHI TBEPIBIX PACTBOPOB, CTEIIEHh OCTATOU-
HBIX YOPYIUX HampskeHuil. KoHLleHTpauuio U Mmoji-
BIDKHOCTh HOCHUTENIE TOKa OIpEeAelIsuI C TTOMOIIBIO
s¢pdekra Xomra B reomerpun Ban-Iep-Ilay. Ilapa-
METpbl JBYMEPHOTO B3JeKTpoHHoro raza (I9I), —
IJIOTHOCTh Y MOJABUXXHOCTbh HOCUTENEH 3apsiia, — OM-
penensiii ¢ rmomolbio 3ddekra Xomia B reOMETpUn
Ban-/lep-ITay nmpu komHaTHoi1 Temnepatype (300 K)
u Temneparype xkuakoro aszora (77 K). Perucrpanuio
Mpo¢uIsl KOHLIEHTpAllUM HOCUTeNel 3apsiaa Mo Tiy-
OVHE CTPYKTYPbI OCYILUECTBIISIJIMA METOJOM BOJIbT-(a-
pamHBIX XapaKTepUCTUK. M3MepeHWe TPOBOIWIMA Ha
ATIOMMHMEBBIX KOHTAKTaX, HANbUIEHHBIX BaKyyMHO-
TePMUYECKAM METOIOM C TIpeIBapUTEeTEHBIM CTPaBII-
BaHuem n' /n-GaAs ciosl.

OnTryecKkoe KauyecTBO 00pas3IioB MCCIEIOBAIA Me-
TonoM (oromoMuHeceHInu. s Bo30yxkaeHuss PJI
ObLIT KCIOJIb30BaH HenpepbIBHLIN J1azep Nd YAG, uz-
JIyJalolliuii Ha OjuHe BOJAHBI 532 HM. Peructpauus
®JI ocymecTBIsSIIaCh ¢ MCITOJIB30BAHUEM IBOWHOTO
peLIEeTOYHOTO CIIeKTpoMeTpa ¢ paspeiueHueM 0,3 HM 1
CCD-kaMepbl. MOIIHOCTb U3TyYeHUsI HAKAYKU Baphb-
upoBanach ot 50 MkBT no 2 MBT. Bo30yxnarommuii ja-
3ep (OKyCHpOBAJICSI B IISITHO aumamMeTpoM 50 MKM.
Temmeparypa uamepenuii cocrasisina 7 = 4,2 K.

DKCHepUMEHT

Ha HavanpHO#l cTaguu OTpPabOTKM TEXHOJIOTHH
TICeBIOMOP(MHBIX TETEPOCTPYKTYp OBLIA BBIPAIICHBI
ToJcThie (~10 MKM) KOHTpOJbHbIE 3MUTAKCUAJIbHBIE




ciion GaAs ¥ M3MepeHbl UX 2JIEKTPOPUINYECKUE Xa-
pakTepucTuKu. JJaHHble M3MEpPEeHUN XOJIJIOBCKUX Xa-
PaKTEePUCTUK YKA3bIBAIM, YTO 0Opa3Ilbl UMEIOT JIEKT-
POHHEIN THI TIPOBOAUMOCTH TIPW KOHIICHTpALIUU
Hocureneit Toka <104 cm 3. BUMC-ananus noka-
3aJI OTCYTCTBHE (DOHOBEIX IIPUMECEN B SIMUTAKCHAb-
HBIX CJIOSIX Ha YPOBHE Mpeena oOHapyKeHUST MeTona
(1016 CM_3). B nmanbHeiinieM yciioBust pocTa nmpruoop-
HbIX pHEMT-reTepoCTpyKTyp ObLIA aHAJIOTUYHBIMU.

g uaMepeHnsT MOABMKHOCTY HOCHUTEIEH 3apsiia
B BMUTAKCUATBHBIX 051X GaAs ObLIU BbIpallleHbl 00-
pasibl ¢ HU3KUM YpOBHEM JermpoBanus. [lpu tom-
mwuHe 10 MKM HuU3KojerupoBaHHoro (N = (2...3) X
x 1014 CM_3) GaAs, MOABUXKXHOCTb 3JIEKTPOHOB TpU
300 K cocrapinsia 8200...8500 CMZ/(B +¢), ipu 77 K —
120 000...160 000 CMZ/(B *C).

ITpuGopHsie pHEMT-reTepOoCTpYKTYphl BBIpAIlM-
BaJIU ABYX TUIOB — C OAHOCTOPOHHUM (Single) u nBy-
cropoHHUM (Double) 00beMHBIM (CEIEKTUBHBIM) Jie-
rupoBaHuEM. [ eTepOCTPYKTYPHI COMEPKAIN YePEIyIO-
umecs ciou GaAs, Al Ga,_,As, In Ga;_ As u cron-
cioil AlIAs. MonbHBIE T0JIM KOMIIOHEHTOB B TPOMHBIX
coearHeHusix cocrapnsiiav: x = 0,27 u y = 0,18. 1u-
puHa KBaHTOBOM sIMEI (KST) (InyGal _ yAs) BapbUpOBa-
Jack B npeaenax 12...14 HM, TonIMHA HEJIETrMpOBaH-
Horo crnieicepHoro cnos Al Ga;_ As 2,5...3 uM. Tozx-
LIMHA cTiaxuBatollero cjiosg GaAs Ha rpaHULIE MEXIY
cneiiceprbiM cnoem Al,Ga;_As 1 K In Ga; _ As He
npesbianga 3 HM. Co CTOPOHBI MOMJIOXKHU, BCIEd 3a
oydepHbIM ctoeM GaAs B KOHCTPYKIIUIO TeTePOCTPYK-
Typ ObUla BKJIIOYEHA CBepXpellieTKa
AlGaAs/GaAs. @yHkuus OGapbep-
Horo cios AlGaAs, orpaHMYMBaIO-
IIETO KaHaJl CHU3Y, COCTOsIa B Ipe-
JOTBpAIICHUHN TIepEeTeKAHMS DJIEKT-
poHOB B 0ydep GaAs Mpu BHICOKUX
HaNPsSDKEHUSIX Ha 3aTBOpPE TPaH3MUC-
TOpAa.

PesyabTaThl 1 00CyXKaeHne

HccnemoBanue od6pas3loB MeETO-
nom BUMC noarBepxaaet popmu-
poOBaHUE B TE€TEPOCTPYKTYype 3asiB-
JICHHBIX CJIOEB, HU3KOE COIEp>KaHUeE
¢oHOBBIX TpuMeceit (< 1016 CM_3).
Pesynbrathl mocnoiiHoro BUMC-
aHaju3a IS ONHOW W3 BbIpalleH-
HBIX B paMKaxX JIaHHO#l paboTHl Ha
OpUTMHAaJIbHOI ycTaHoBKe MOT' DD

Intensity, arb. units
WMHTEHCUBHOCTDL, OTH. ea.

OCHOBE KaJIMOPOBKM Macc-CIIEKTpOMeTpa IO TeCTO-
BbIM 00pa3laM B COOTBETCTBUM C METOIAMKAMM, OMU-
CaHHBIMM B pabGotax [11, 12]. JIas oleHKM pe3KOCTHu
reTepornepexoaoB Oblia IpoOBeAcHaA Mpoleaypa pe-
koHcTpykuuu npopwieit BUMC c yuetoM GyHKIMU
paspelieHusi MeToJa 1o riayouHe, MeToArKa onmucaHa
B paborax [13—16]. [TapameTpbl ¢GyHKLIUN paspelie-
HUsI OLICHUBAJIM MyTeM MOJAEIMPOBAaHUSI B3aUMOIEHUCT-
BUSI pacIbuIsTIonIuX HoHoB ¢ GaAs B mporpamme SRIM
[17], mepoxoBaTOCTh MOBEPXHOCTU CTPYKTYP M3MEPSI-
JI1 Ha UHTepGhePEeHIIMOHHOM MUKPOCKOIIEe OeJIOro cBe-
ta Talysurf CCI 2000 (1e 6omee 0,6 HM I Kamgpa pas-
MepoM 1 X 1 mM). IIpu peKOHCTPYKIIMKM ObUIM MOJIy4de-
HBI cJIeyIolre 3HaUeHUs JJ1s PpE3KOCTU TeTepornepexo-
JOB B BbIpallieHHO MeTtogoM MOI'®3D crpykrype:
1,2 am g Al, 2 aMm g In m Si. Ot 3HaYeHUS CO-
MOCTaBUMBI C XapaKTepHbIMM 3HAYEHUSIMU, TTOJTyYEH -
HbIMU JJIS1 aHAJIOTUYHOU KOMMEpPUYECKON CTPYKTYpHI,
BhIpaleHHoi MeTogoM MIID: 1 um mis Al; 1,5 Hm g
Si 1 2 um g In. Pe3kocTh reTeponepexoaoB, MOJIy-
YyeHHas B JaHHOI paboTe AJIsl TeTepOCTPYKTYp, BbIpa-
LIEHHBIX MeTogoM MOT' DD, aBnsgeTcst BIIOIHE IpUeM-
JIeMOH U JIUIIIb HEMHOTHUM YCTYMaeT Pe3KOCTU Mepexo-
JIOB B CTPYKTYpax, BbIpallleHHbIX MeTonoM MIID.
AHaJIU3 CTPYKTYpP METOJOM PEHTIe€HOBCKON auc-
pPaKTOMETPHH TTOKa3bIBaeT OTCYTCTBUE pejlaKcallii Ha
BCEX BTamnax pocTa reTepo3nuTakcuaibHbix pHEMT-
CTPYKTYp, YTO TOBOPUT O BEPHOCTU BBIOPAHHOTO IH-
3aiiHa M ycjaoBuit pocta. Ha puc. 2 nmpuBeneHa KpuBast
IUdpakIMOHHOTO oTpaxeHus: pHEMT-cTpyKTypbl B

¢ MOIU(PUIIMPOBAHHBIM PEaKTOPOM
Double pHEM T-reTepoCTpyKTyp Mpy-
BeleHbI Ha puc. 1 (cM. TpeTbio CTO-
poHy ob6moxku). KonmyecTBeHHBIN
aHAJIN3 COCTaBa CJOEB U KOHIIEHT-
palny JIETUPYIOLIEH TPUMECH Me-
tognoM BUMC Obin mpoBeaeH Ha

Puc. 2. Kpussie nudpakuuoHsoro orpaxenus soausu pediekca (004) nomnoxku GaAs mjst
PHEMT-retepocTpyKTypbl, BoipameHnoii Mmeroqom MOT'®D: TOukM — 3KCIEPUMEHT, JIU-
HUsI — pacyeT B COOTBETCTBUU C POCTOBOM crienubuKanuei

Fig. 2. X-ray diffraction curves for the GaAs (004) reflection for a pHEM T-heterostructure grown
by MOVPE: points — experiment, line — calculation in accordance with the growth specification
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obnactu pedraexkca (004) momnoxku GaAs. Toukamu
MoKa3aHa B3KCIIEpMMEHTaJbHAs KpWBas, JUHUEH —
paccurMTaHHas KpuBasi IMMPAKIIMOHHOTO OTPaKEeHUs
JIIST MOJEJIA TeTepOCTPYKTYPhbl, 3aJaHHON B COOTBETC-
TBUU C POCTOBOM crneuudukamnyeit. Xopolmnii KOHT-
pacT OoCUMJUISIIMM M COBMAAEHUE MEXIY pacCuMTaH-
HOM M 5KCIEPUMEHTAJIbHON KPUBBIMU T'OBOPUT O XO-
pollleM KPUCTALIMYECKOM KauyeCTBE CTPYKTYpPbI, pe3-
KOCTU TeTepoNnepexoioB M COOTBETCTBUU TOJIIUH U
COCTaBOB CJIOEB B CTPYKTYype 3allaHHBIM 3HAUEHUSIM.
Ha nudpakiimoHHOl KpUBOW SIBHO BUAEH LIUPOKUIA
MHTEHCUBHBIN NUK OT cjiogd InGaAs, Mo3BOJISIOLINIA
OIpeaenuTh ero TONIIMHY U cocTaB: =13 £ 1 HM u
y = 17 £ 0,5 % InAs coorBeTcTBeHHO. [loyuyeHHBIE
3HAUEHMUSI XOPOIIO COBMAAalOT C POCTOBOU crnieuudu-
Kalueil u pesyabratamu KoauvyectBeHHoro BMUMC-
aHajaM3a C YYeTOM TpOoLEeaypbl PEKOHCTPYKIIWMU.

bb10 TpoBEaEHO TakXke MCCeqOBaHUE CIIEKTPOB
®J1 pHEMT-retepoctpyktyp AlGaAs/InGaAs/GaAs
¢ nBycTOopoHHUM JerupoBanueM. Crnekrpel ®JI mpu
pa3HOI MOLIHOCTY BO30YXIEHMS ISl OAHOM U3 CTPYK-
TYp II0Ka3aHbl Ha pUC. 3 (CM. TPEThIO CTOPOHY 00JI0XK-
ku). HabmonaloTcsl MUKU, CBSI3aHHbBIE C ONTUYECKU-
MM MepexofaMU B pazIMUHbIX CJIO0sIX oOpasua, 4To

TMOATBEPKIAET BEICOKOE CTPYKTYPHOE KAYeCTBO CIIOEB.
Jluauu I n 2 cBsI3aHBI ¢ peKOMOMHAIIME HepaBHO-
BECHBIX HOCUTeJIel 3apsiia B KBaHTOBOU siMe InGaAs.
JIunus 1 cooTBeTCTBYET OCHOBHOMY Tiepexoay el—hl,
JIMHUS 2 — mepexonaM 13 BO30YXKIEHHBIX COCTOSTHUM
B KBaHTOBOM siMe. OlleHKa 3HaYeHUST KOHLIEHTpaLuu
In B K4 cornmacyercst co cnenudukanuein u pe3yiib-
taramu P u BUMC-aHanuza. Ilpu yBeauueHUU
MOILIHOCTH BO30YXIE€HUSI MAaKCUMYM JIMHUU [ cMella-
€TCsl B KOPOTKOBOJIHOBYIO 00JIaCTh BCJEACTBUE yBe-
JIMYEHUST yucia HOoCUTeNiel B KBAHTOBOW siMe. 3aBU-
CUMOCTh MHTEHCUBHOCTH 3TOW JMHUU OT MOIIHOCTU
M3Ty4eHUs] HaKauykKy OJIM3Ka K JMHEIHOM, YTO yKa3bl-
BaeT Ha HE3HAUYMTEJIbHOE BIWSIHUE OE3BI3TydaTeib-
HOIt pekoMOMHaLMK B KaHaine pHEMT-reTepocTpyK-
Typel. KoMmmiekc nuHuii Boau3u 1,5 3B coorBeTct-
BYyeT mpolieccaM peKOMOMHALMU B Oy(EepHBIX CIOSIX
GaAs. HabmogaroTcss TMHUM U3JYyYEHMSI 3KCUTOHOB
1,51 3B (5), nunusg 1,49 »B (4), cBa3aHHas ¢ Mepexo-
JIOM 30Ha — akIEeNTop, BOBJIEKAIOIIMM OCTAaTOYHYIO
npuMech yriaeponaa (4), a Takxke (poHOHHas1 peruinka
nepexona 3oHa — akuenTtop 1,45 3B (3). Jlunus 6 xo-
pPOLLIO COOTBETCTBYET PaCUeTHBIM 3HAUEHUSIM OINTUYEeC-
K1X TepexofoB B ceepxpeiueTke GaAs/Alj ,7Gay 73As ¢

IToaBMIKHOCTD 1, M KOHIEHTPAUMs ng 31€KTPOHOB B 00pa3uax JABYCTOPOHHE JernpoBaHubix pHEMT-reTepocTpyKTyp

AlGaAs/InGaAs/GaAs, noxydennbix meroaama MOI'®D u MIID.
CpaBHeHHe Pe3yJbTATOB HACTOSAIIEH Pa0OTHI C JIUTEPATYPHBIMH JAHHBIMH

Mobility p, and concentration ng of the electrons in the samples of the double doped p HEMT-heterostructures

of AlGaAs/InGaAs/GaAs received by MOVPE and MBE methods.
Comparison of the results of the present work with the literature data

MeTox T=1300K T=77K
Ne obpasiia Tun nerupoBaHus Wcrounuk
No of samples BbIDALLBAH M Type of doping _ _ Source
Method of growing ng 1012 cm™2 s cm?/(V+s) ng 1012 cm™2 Hes cm2/(V+s)
ES-52 MOT'®D OO0BbeMHOE JIeTUpOBaHUe 2,69 6970 2,80 23 000 JanHast
ES-60 MOVPE Selective doping 267 7420 2.96 23 700 paborta
’ ’ The given
ES-66 3,15 7020 3,34 21 600 work
ES-67 3,62 6660 3,71 18 780
ES-77 3,53 7330 3,37 24 750
1 MIID O6beMHOE JIETMPOBaHKe 2,88 6350 2,80 20 000 [2]
2 MBE Selective doping 3,26 5900 3,18 18 800
3-JIerMpoBaHKe 3,00 6500 2,96 24 000
§-doping 3.36 6000 3.06 21 000
316 MIID §-JIerupoBaHue 3.4 5870 3,6 12 700 [3]
320 MBE 8-doping 3,0 6860 3,1 16 800
328 2,2 7500 2,4 21 000
1 MOT'®D §-JIeTUpOBaHUe 2,1 7300 [5]
MOVPE 5-doping
2 MOT'®d>D 5-JIeTMpoBaHKe 3,57 4434 3,14 23 753 [6]
MOVPE S-doping
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TOJIIMHOM c0eB 3 HM. 1151 cpaBHEHUS ObLT U3MEpeH
criektp PJI kommepueckoit pHEM T-reTepoCTpyKTYPhI
AlGaAs/InGaAs/GaAs ¢ IByCTOPOHHUM JIeTUPOBaHN-
eM, BhIpallleHHOU MeTtogoM MIID, ¢ aHaJIOrMYHBIMU
napamerpamu cyiosl InGaAs. UHTeHCUBHOCTH U TO-
mymmmpuHbl TMKOB DJI ot cios InGaAs u 6ydepHBIX
cnoeB GaAs ucciaeayeMoil CTPYKTYPHI, BhIPAIEHHOM
MetonoM MOTI'®D D, He ycTyImaroT mapaMeTpaM CIIeKTpa
®JI cTpyKTypHl, BhIpallieHHOI MeTogoM MIID.

st namepenus napametrpoB DI B KOHTPOIbHBIX
npolieccax BblpalliuBagu obpasubl pHEMT-retepo-
CTPYKTYp 0€3 KOHTaKTHOTO CJIOsI n"-GaAs. s npo-
BEJCHMST XOJUIOBCKMX M3MEPEHUI TOJIIMHA BEPXHETro
O6apbepHoOro ciost n-GaAs B TECTOBBIX CTPYKTYpax Obl-
Jla yBeaudyeHa 1o 35 HM. M3MepeHHble 3HAUYeHMS I1a-
paMeTpoB TeCTOBbIX pHEMT-TeTepoCTpyKTyp IpUBE-
IeHBI B TAOIULIE.

M3 npuBeneHHBIX B TaOJMIIEe JAHHBIX CIEAYET, YTO
NceBAOMOP(MHbIE TeTePOCTPYKTYPhI C BBICOKOI MOJA-
BUKHOCTBIO 3JIEKTPOHOB, BbIpallleHHbIE B JaHHOM
pabote, Mo 3JeKTpoGU3NIECKUM ITapaMeTpaM He yc-
TYMaloT Jy4dlliuM oOpasliaM, BbIpallleHHbIM MeTOja-
Mu MIID. AHajlorMyHbIE PAaCCMOTPEHHBIM B padoTe
PHEMT-CTpYKTYypbl C KOHTAaKTHBIM CJIOEM OBbLIM KC-
MOJIb30BaHbl B AajbHENIlIeM IS U3TOTOBJIEHUSI MaKe-
TOB TPaH3UCTOPOB.

BriBoapsl

B opuruHanbHO# ycTaHOBKE MeTalIoOpraHuyec-
KOi1 ra3oga3Hoil 3NUTAaKCUX ¢ MOAU(PUIIMPOBAHHBIM
peakTOpoOM BbIpallleHbl 00pa3iibl FE€TEPOCTPYKTYP Ha
ocHoBe TBepabix pacTBopoB (In-Al-Ga)As misi us-
rotoBiaeHust pHEMT-TpaH3ucTOopoB. BhIpallieHHbIE
TreTEPOCTPYKTYPbl HMMEIOT BbICOKYIO TTOJBUXHOCTh
snekTpoHoB: 6700...7400 CMZ/(B‘C) (mpu 300 K) u
18 700...23 900 CM2/(B - ¢) (mpu 77 K) 1ipu moBEpXHOCT-
HOM KOHIIeHTpauuu Hocureneit (2,7...3,7) + 1012 cm—2,
ITo cTpyKTypHBIM, MOPGOJOrMUECKHUM, IEKTPOPU3U-
YEeCKMM U JIPYIrMM IMapamMeTpaM reTepOoCTPYKTYpbl He
YCTYITalOT aHAJIOTMYHBIM 00pasiiaM, BeIpAIllcHHBIM Me-
togamMu MIID B Poccun 1 MOT'®DD 3a pybdexxom.

B pabome ucnonvzoeano obopyoosanue LIKIT UDOM
PAH "Quszuka u mexuonsocuss MUKpo- U HAHOCMPYK-
myp". Paboma evinosnena 6 pamkax eocKoHmMpakma
Ne 13411.1006899.11.046 om 26.11.2013 e. Munnpom-
mopea Poccuu u docosopa Ne 21-10-2015/246 om 21 ok-
msabps 2015 e.
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(Al-In-Ga)As pseudomorphic high electron mobility transistor (pHEMT) heterostructures have been grown by metalorganic va-
por phase epitaxy (MOVPE) using original growth facility. Samples with single and double selective doping were obtained. Structural
and electric characteristics of the grown samples were studied. Secondary ion mass spectrometry (SIMS) and x-ray diffractometry
(XRD) techniques were employed to demonstrate high crystalline and structural quality of grown samples. The obtained results were

confirmed by investigations of photoluminescence (PL) spectra. The electron mobility value up to 7500 cmz/ V - s with carrier con-

centration about 3.5 - 10"? em ™ was obtained for double-doped pHEMT structure grown by MOVPE. The comprehensive study has
been shown that electrical and structural properties of pHEMT structures grown in modified original MOV PE facility are not worse
than characteristics of analogous samples grown by molecular beam epitaxy technique.
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Introduction

The transistors with high electron mobility form the
foundation of the element base of the microwave mi-
croelectronics; very wide-spread are the pHEMTs
(pseudomorphic High Electron Mobility Transistors) on
the basis of the pseudomorphic heterostructure of
AlGaAs/InGaAs/GaAs with a stretched layer of In-
GaAs. Such structures allow us to raise the mobility of
the electrons, if their concentration in a quantum well
of InGaAs [1] is big enough. It is necessary to point out,
that the basic technology for the epitaxial growth of
the pseudomorphic heterostructures for manufacture of
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the pHEMTs was the molecular beam epitaxy (MBE)
[2—4]. This state of affairs remained [4] despite the
fact that already long time ago there were separate
messages concerning the successful use of the metal-
organic vapor-phase epitaxy (MOVPE) for manufac-
ture of the transistor structures [5, 6]. It is well-
known, that in the technology of the heterostructures
based on AlGaAs/GaAs the method of MOVPE played
both the backward and the leading roles. Early testimo-
nies to this can be found in [7]. The situation began to
change about 10 years ago, when superpure initial pre-
cursors and finishing systems for cleaning of the tech-
nological gases (hydrogen, nitrogen and arsine), which




are used for growth, became commercially available,
and led to the first success of MOVPE in obtaining of
the quantum-dimensional heterostructures with "the
quality as in MBE" [8]. Research was done of the
modes of the epitaxial growth and optimal orientations
of the substrates, as well as a description of preparation
of the growth facilities for realization of the high-qual-
ity quantum-dimensional structures on the basis of
AlGaAs/GaAs, having a sub-milielectronvolt line of
the low-temperature photoluminescence (PL) and car-
rier mobility more than 1.4 - 10 cmz/(V *S) at temper-
ature 7 < 4.2 K. Success of MOVPE was presented in
[9], where it was shown, that only achievement of the
level of extraneous impurities in a reactor of "essentially
less than 1 ppb" (1 molecule of an impurity per more
than 10° molecules of the vapor-gas mixture) would en-
sure comparable with MBE quality of the structures
with the quantum wells of GaAs in AlGaAs. It is nec-
essary to point out, that in [8, 9] for achievement of the
record results the purest precursors and systems of fin-
ishing cleaning were used.

The given work uses techniques [8, 9] for develop-
ment of the own technology of low pressure metal-or-
ganic vapor-phase epitaxy of the qualitative microwave
pHEMT AlGaAs/InGaAs/GaAs heterostructures em-
ploying the available domestic precursors. The modes
of MOVPE growth of the heterostructures are dis-
cussed. Their structural, optical and transport proper-
ties are analyzed in detail.

Technique

Growth of pHEMT-heterostructures on the basis of
solid solutions (Al, In, Ga)As was carried out in the fa-
cility for the metal-organic vapor-phase epitaxy with a
horizontal quartz reactor with induction heating.

The sources of the elements of the third group
(Ga, Al, In) were their methyl derivative of SN quali-
fications: trimethyl gallium (TMG), trimethyl alumi-
num (TMA) and trimethyl indium (TMI). The source
of arsenic was arsine (AsH3) of 6N4 qualification, the
source of the doping impurity of n-type (Si) was the gas
mix of monosilane (SiH,) with hydrogen. The enumer-
ated high-clean hydride gases and metal-organic com-
pounds, except for TMI, were made in NPP Salut Co.
TMI as a commercially available product was acquired
in Elma-Chim Co. (Zelenograd). The hydrogen was
used as a gas-carrier, which was subjected to a multi-
stage deep cleaning of moisture, oxygen and mechani-
cal impurities. The working value of the dew-point of
hydrogen during the epitaxial growth did not exceed —
100 °C. Monocrystal semi-insulating gallium arsenide
2-inch wafers, misorientated in relation to the plane
(100) by 2° in [110] direction, product of AXT Inc.
(USA) were used as a substrates.

The samples of pHEMT-heterostructures were
grown in the conditions of continuous growth at 670 °C
and pressure of 100 mBar. The value of the growth tem-
perature was selected as a compromise between the op-
timal temperatures for growth of the epitaxial layers
(EL) of GaAs, AlGaAs and InGaAs, differing from
each other by more than 100 °C [10]. The growth rates
of EL of GaAs, AlGaAs and InGaAs were 0.23, 0.30
and 0.28 nm/s, the V/III mole relation ~500.

By means of the secondary ion mass-spectrometry
depth profiling (SIMS, TOF SIMS 5) the depth-distri-
bution of the elements for the layers and heteroepitaxial
structures depending on the formation conditions was
studied. By means of X-ray diffractometry (XRD,
Bruker D8 Discover diffractometer) the structural prop-
erties of the samples — thickness of the layers, compo-
sitions of the solid solutions, degree of the residual elas-
tic stresses, were investigated. Parameters of the two-
dimensional electronic gas (2DEG) — density and mo-
bility of the charge carriers, were determined by the
Hall effect measurements in van der Pauw geometry at
300 K and temperature of liquid nitrogen (77 K). Re-
cording of the profile of the concentration of the charge
carriers by the depth of the structure was carried out by
the method of capacity-voltage characteristics. The
measurement was done on the vacuum-thermally sput-
tered aluminum contacts, with a preliminary etching
of n*/n-GaAs layer.

The optical quality of the samples was investigated
by photoluminescence spectroscopy. For excitation of
photoluminescence, Nd YAG continuous laser radi-
ating on the wavelength of 532 nm was used. PL was
recorded with the use of a double grating spectrometer
with resolution of 0.3 nm and CCD detector. The
power of the pumping radiation varied from 50 uW up
to 2 mW. The laser was focused in a spot with diameter
of 50 um. The temperature of measurements was
4.2 K.

Experiment

At the initial stage of development of the technology
of pseudomorphous heterostructures thick (~10 pm)
control epitaxial layers of GaAs were grown and their
electrophysical characteristics were measured. The Hall
characteristics testified, that the samples had the elec-
tronic type of conductivity at the concentration of car-
riers <10 ¢cm™3. SIMS analysis demonstrated absence
of the background impurities in the epitaxial layers at
the detection limit level of the method (1016 cm_3).
The subsequent conditions for the growth of the
pHEMT-heterostructures were similar.

For measurement of the mobility of the charge
carriers in the epitaxial layers of GaAs some samples
were grown with a low doping level. At the thickness
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of 10 pm of a low-doped (N = (2...3) - 10" ¢cm™3)
GaAs, the mobility of the electrons at 300 K was
8200...8500 cm?/(V+s), at 77K — 120 000...
160 000 cm?/(V -+ s).

The pHEMT heterostructures were grown of two
types — with a single and double bulk (selective) dop-
ing. The heterostructures contained alternating layers
of GaAs, Al,Ga;_,As, In Ga;_ As and a stop layer of
AlAs. The mole fractions of the components in triple
compounds were: x = 0.27 and y = 0.18. The width of
the quantum well (QW) (InyGal_yAs) varied within
the limits of 12—14 nm, the thickness of the undoped
spacer layer of Al,Ga;_,As was 2.5—3 nm. The thick-
ness of the smoothing layer of GaAs on the border be-
tween the spacer layer of Al,Ga;_,As and QW of
In,Ga;_,As did not exceed 3 nm. From the side of the
substrate, next to the buffer layer of GaAs, a superlat-
tice of AlGaAs/GaAs was included in the design of the
heterostructures. The function of the barrier layer of
AlGaAs limiting the channel from below consisted in
prevention of the electrons overflow into GaAs buffer at
high voltages on the transistor gate.

Results and discussion

Research of the samples by SIMS method con-
firms formation of the declared layers in the heter-
ostructure and a low content of the background im-
purities (< 1016 cm_3). The results of the SIMS depth
profiling for one of the double pHEMT-heterostruc-
tures grown in MOVPE facility with a modified reactor
are presented in fig. 1 (see the 3-rd side of cover). The
quantitative analysis of the composition of the layers
and the concentration of the doping impurity was done
by SIMS method on the basis of the mass spectrometer
calibration of the test samples according to the tech-
niques described in [11, 12]. For estimation of the
sharpness of the heterojunctions a procedure for recon-
struction of SIMS profiles with account of the depth
resolution function was done, and the technique is de-
scribed in [13—16]. The parameters of the depth reso-
lution function were estimated by modeling of interac-
tion of the sputtering ions with GaAs in SRIM program
[17], the surface roughness of the structures was meas-
ured by means of Talysurf CCI 2000 white light inter-
ference microscope (not more than 0.6 nm for a frame
size of 1 X 1 mm). As a result of a reconstruction the
following values of heterojunction widths in the MOVPE
grown structure were received: 1.2 nm for Al, 2 nm for
In and Si. These values are comparable with the char-
acteristic results received for a similar commercial
structure, grown by MBE: 1 nm for Al, 1.5 nm for Si
and 2 nm for In. The sharpness of the heterojunctions
received in given work for the heterostructures grown
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by MOVPE is acceptable and only slightly concedes to
the one in MBE-grown structures.

Analysis of the structures by x-ray diffractometry
shows absence of relaxation at all the stages of the
growth of the heteroepitaxial pHEMT structures, which
proves correctness of the selected design and the growth
conditions. Fig. 2 presents a x-ray diffraction curves
for GaAs (004) reflection of a pHEMT-structure. The
points designate the experimental curve, the line — the
calculated curve for the model set according to the
growth specification. A good contrast of the oscillations
and the coincidence between the curves confirms a
good crystal quality of the structure, sharpness of the
heterojunctions and correspondence of the thicknesses
and compositions of the layers in the structure to the
preset values. The diffraction curve has a wide intensive
peak from the InGaAs layer, which allows us to meas-
ure its thickness and composition: # = 13 &+ 1 nm and
y=17 £ 0.5 % of InAs, accordingly. The received val-
ues coincide well with the growth specification and the
results of the quantitative SIMS-analysis taking into ac-
count the reconstruction procedure.

Also a research was done of the PL spectra of the
pHEMT heterostructures of AlGaAs/InGaAs/GaAs
with a double doping. The PL spectra for different pow-
ers of excitation for one of the structures are presented
in fig. 3 (see the 3-rd side of cover). The peaks corre-
sponding to the optical transitions in various layers of
the sample are observed, which confirms high structural
quality of the layers. Lines / and 2 are related to a re-
combination of the nonequilibrium charge carriers in
the quantum well of InGaAs. Line / corresponds to the
basic transition of el—hl, and line 2 — to the transi-
tions from the excited states in the quantum well. Es-
timation of the concentration of In in QW agrees with
the specification and results of XRD and SIMS analy-
sis. With an increase of the power of excitation the
maximum of line / is shifted to the short-wave area due
to the increase of the number of carriers in the quantum
well. The dependence of the intensity of this line on the
power of the pumping radiation is close to a linear one,
which points to an insignificant influence of the non-
radiative recombination in the channel of the pHEMT-
heterostructure. The group of lines close to 1.5 eV cor-
responds to the recombination in the buffer layers of
GaAs. We also observe the lines of emission of excitons
of 1.51 eV (9), line of 1.49 eV (4) related to the band-
acceptor transition involving the residual admixture of
carbon (4), and also the phonon replica of the band-
acceptor transition at 1.45 eV (3). Line 6 corresponds
well to the calculated values of the optical transitions in
the superlattice of GaAs/Al ,7,Ga) 73As with the thick-
ness of the layers of 3 nm. For comparison, the PL
spectrum of the commercial pHEMT heterostructure
of AlGaAs/InGaAs/GaAs with a double doping grown




by MBE method, with similar parameters of InGaAs
layer was measured. The intensities and FWHMs of
the PL peaks from the InGaAs layer and GaAs buffer
layers of the investigated structure grown by MOVPE
do not concede to the parameters of PL spectrum of the
MBE-grown structure.

For measurement of the parameters of 2DEG in the
control processes, samples of pHEMT-heterostruc-
tures were grown without a contact layer of n*-GaAs.
For the Hall measurements the thickness of the top bar-
rier layer of n-GaAs in the test structures was in-
creased up to 35 nm. The measured values of the pa-
rameters of the test pHEMT-heterostructures are pre-
sented in the table.

The presented data testify that the pseudomorphous
heterostructures with a high electron mobility ob-
tained in this work by their electrophysical parameters
do not concede to the best samples grown by MBE. The
pHEMT-structures with a contact layer, similar to the
ones considered in the work, are used for manufactur-
ing of the transistor prototypes.

Conclusions

In an original facility for the metalorganic vapor
phase epitaxy with a modified reactor samples of het-
erostructures were grown on the basis of solid solu-
tions (In-Al-Ga)As for manufacturing of pHEMTs.
The grown heterostructures have a high mobility of
electrons: 6700...7400 cm2/(V° s) (at 300 K) and
18 700...23 900 cm2/(V- s) (at 77 K) at a surface con-
centration of carriers of 2.7...3.7 x 10'2 cm ™2, By the
structural, morphological, electrophysical and other
parameters the heterostructure do not concede to the
similar samples grown by MBE in Russia and MOVPE
abroad.

For this work equipment of Physics and Technology
of Micro- and Nanostrucures of TsKP IFM of the
Russian Academy of Sciences was used. The work was
done within the framework of the state contract
No 13411.1006899.11.046 of 26.11.2013 of the Ministry
of Industry and Commerce of Russia and contract
Ne 21-10-2015/246 of October, 21°, 2015.
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CPABHUTEAbHbI AHAAU3 MPOLIECCOB METAAA-CTUMYAUPOBAHHOIO
XUMHNYECKOT O TPABAEHUA KPEMHUSA C MCTTOAB3OBAHMUEM
TOHKUX NMAEHOK Ag U Ni AAl ®OPMUPOBAHUA 3D-CTPYKTYP Si

Ilocmynuaa 6 pedaxyuro 10.05.2017

IIposeden cpasHumenvHuill anarus npoyeccos gopmuposanus 3D-cmpykmyp Si (3D-Si) na ocHose memani-cmumyauposar-
H020 mpasaenus ¢ ucnoav3osanuem nieHok Ag u Ni moawunou 50 um na p-Si u n-Si npu memnepamype 25 u 75 °C. Bvi6op me-
mania u peicumvl QopmMuposanus 0decnevusarom 803mMoNcHocmy Gopmuposanus 3D-Si ¢ pazHbiM ACHeKMHbIM COOMHOULCHUEM.
Yemanoeneno, umo acnexkmnoe coomunowenue 3D-cmpyxkmyp Si onpedensemcs ckopocmuio mpaeienus Si U 60K08biM no0mMpas-
auganuem 3D-Si, umo, 6 ceoro ouepeds, 3asucum om nomeHyuaro8 occmanosrenus Ag, Ni u pacmeoperus Si.

Karoueevie caoea: MACE, monkue naenxu Ag u Ni, koumaxmuas kopposus, 3D-cmpykmyput Si, 60k060e nodmpasiugarue,

d)omoafzelcmpoxumuuecme mpaeneHue

BBenenue

TexHosorust co3gaHusi 3 D-CTPYKTYyp KpeMHUs
(3D-Si) Ha ocHOBE MOHOKpHUCTAJUTMYECKOro Si mpen-
CTaBJIsIeT OOJILIION MHTEPEC ISl CO3MAHMS Pa3TUYHBIX
YCTPOMCTB MUKpOCUCTEMHOI TexHuku [1, 2], doTo-
[3] u 6eraBonbTauku [4].

B HacTtosiiee BpeMsl CylLIECTBYET OOJIbIIOE YKCIIO
MeToaoB opmupoBaHus 3D-ctpykryp Si [2, 5]. s
co3ganusl 3D-Si IKMPOKO MPUMEHSIOT METOAbI ILIa3-
Moxummueckoro tpasienus (ITXT) [6]. [IXT noxpa-
3yMEBaeT UHAMBUAYAIbHYIO 00paOOTKy ILUIACTHH, YTO
OIPaBIaHO TOJILKO MPU CO3NAHUM MHTErpaJbHBIX MUK-
pocxeM. B To ke camoe BpeMs IJIs1 yCTPOICTB HOTO-,
0eTaBOJIbTAMKM W CEHCOPUKM TpedyeTcsl MoJydeHUe
CTPYKTYP KPEMHMSI C MEHBbIIUM aCMeKTHbIM COOTHO-
LIeHWEeM U MaKCUMaJIbHOM MPOU3BOAUTEbHOCTHIO 3a
CyeT TpyIMIoBOii 00pabOTKU TJIACTUH. DTUM Tpebo-
BaHUSIM OTBEYAIOT XXUIKOCTHBIE METOAbI TpaBJIeHMUS
[7—9].

PazButue anbTepHaTUBHON BHepreTuku (¢oto-,
OeTaBosibTauku) uaeT no mnyTtu yBeauwdyeHuss KIII, c
MapajuIeJIbHBIM PellleHreM TaKWX 3a71ad, KaK CHUXKe-
HHME UX CTOMMOCTHU, YBEJIMUCHHUE CPOKa CIYKObI U CTa-
OMIILHOCTU PaOOTHI MPU U3MEHSTIOIINXCS] BHEITHUX YC-
noBusix [10]. YrpolueHue U yaelleBIeHUe TeXHOJIOT U
CO3JIaHUs CTPYKTYPUPOBAHHOIO KPEMHHUSI, B YaCTHOC-
T4 3.D-Si, NO3BOJIUT IIMPOKO KCIOIb30BaTh MAJIOMOIII-
Hble OeTaBoJIbTaMYECKKE Mpeodpa3oBaTeid B MEIUIIM -
He (KapauocTuMyasitopsl) [11], BoeHHo# TexHuke [12]
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U KocMMYeckux ucciaegoBaHusx [13]. Yiemesnenue
BO3MOXHO 3a cueT (hOPMUPOBAHUSI CTYKTYPUPOBAHHO-
ro KpEMHUSI METALI-CTUMYJIMPOBAHHBIM XUMUYECKUM
tpaBieHueM (MACE), npeaioxXeHHbIM BiepBbIe B pa-
6ote [14]. JlaHHBII METOJ TTPOCT, MO3BOJISIET OCYIIECT-
BJISITH TPYIIIOBYIO OOpabOTKy IUIACTMH U (OpMUPO-
BaTh KPEMHUEBYIO CTPYKTYpPY C JIIOOBIMU T'€OMETpU-
YeCKMMM TapaMeTpaMu, a TakKe OH He TpeOyeT Ipu-
JIOXKEHMSI BHEIIIHEro MCTOYHMKA Toka [15—17].

st ocymecrBiaeHust MACE obOpabaTbiBaeMBblil Ma-
TepUasl YaCTUYHO WJIM MOJHOCTBIO MOKPBIBAIOT IJIEH-
Kol MeTamna. Beibop meranna niuas MACE obycnos-
JIeH, B MIEPBYIO OYepellb, MMOTEHILIMAJIOM BOCCTaHOBIIE-
HUSI, TTOCKOJIBKY TTPOIIECC METaJUI-CTUMYJIMPOBAHHOTO
TpaBIIEHUSI SIBJISICTCS YACTHBIM ClIy4aeM KOHTAKTHOM
koppo3uu [18]. I[ToTeHLIMaa BOCCTAaHOBIEHUSI MeTajlla
E\je DOKEH OBITL GOJIEE TIONOXUTENbHBIM, YEM I10-
TeHLIMAJl PAaCTBOPEHMsI KpeMHUsI Ep, ..y, KOTOPBIi 3a-
Bucut oT pH u cocrasa pactopa [19], Tnma u crernenu
JernpoBaHus moiynpoBogHuka [20]. B atoMm ciyuae
MeTaJlJ1 OyAeT BeCTH ce0sl KaK KaTo[ [0 OTHOLIEHUIO K
KpeMHHU10. BeaencTsre aToro nporMcxXoauT OKUCIeHNe
U pacTBOpEHUE KPEMHUS, KaK aHOAA, U BOCCTAHOBJIE-
HUE BOJOPOJA Ha MOBEPXHOCTU MeTasia-kKaroga. Ha-
npuMep, B ciayyae, onmucaHHOM B pabote [21], Korma
MMOTEHLIMAJ PACTBOPEHMSI KPeMHUSI IPUHUMAET 3Have-
Hue V= —0,46 B, MeTaibl, KOTOPbIE MOTYT OBITH UC-
MOJIb30BAHBI JIJI1 METAJLI-CTUMYJIMPOBAHHOTO TpaBJie-
Hus Siato Cd, Co, Ni, Sn, Pb, Fe, Cu, Ag, Hg, Pt, Au.
Bonpiras yacte nccnenoBanmii, nocssieHHbIx MACE,
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Puc. 1. POM-un3o0paxenus Si/Ag nocie odpadorku 8 HF + H,0, npu 7= 25 °C (a), nocie odpadorku npu 7= 25 °C u T'= 75 °C u ynanenus

KepTBeHHOro cios (b, ¢)

Fig. 1. SEM images of Si/Ag after processing in HF + H,0,at T = 25 °C (a), after processing at 25 °C and 75 °C and removal of the sacrificial layer (b, c)

OIUCHIBAIOT TpaBjieHue Si C MCHoJIb30BaHUEM Oy1aro-
poaHbix MetauioB Ag [15], Au [16] u Pt [17], koTopkie
OCTalOTCSI Ha MOBEPXHOCTH TTociie oopadoTk B HF n
H,0,. Pexe ucnonssyror Cu, Fe. Ho nccnenosanus,
MPOBEeNECHHbIE TPYTMMM aBTOpaMU, TTOKa3aJid, 4TO TPaB-
JIeHue KpemHus ¢ ucnonab3doBanuem Cu u Fe — mpo-
LIeCC HeyIpaBJIsIeMblil, K TOMY e MOBEPXHOCTb OCTa-
eTcsl 3arps3HeHHoU MmetayuioMm [22, 23]. Panee ObLIO
YCTaHOBJICHO, YTO CTPYKTYPHUPOBAHHAasl MOBEPXHOCThb
Si ocTaeTcs YMCTOM B cilydyae MCIOJIb30BaHUSI TOHKUX
rieHok Ni a1 MACE [24], Tak Kak B pacTBopax, Co-
nepxawmux HF u H,O,, rienka Ni IIOJHOCTBIO pac-
TBOpsieTcs [25].

TakuMm 00pa3oM, Lebl0 HacToslIeir pabOThl SIB-
JIsIeTCS co3gaHue MeToauku ¢opmupoBanus 3 D-Si Ha
OCHOBE METaJI-CTUMYJIMPOBAHHOTO TPaBJEHUS C UC-
MMOJIb30BaHUEM HamboJjiee pacIpOCTPaHEHHOTO IS
MACE wmetamna — Ag 1 HaMMeHee paclpoCTpaHeH-
Horo — Ni, a TakXe BbISIBJ€HUE OCHOBHBIX IOCTO-
WHCTB M HEAOCTATKOB UCMOJIb30BAaHUS KaXI0ro 13 Me-
TaJuIOB JUISl (POPMHUPOBAHUS JIOKAIBHO PACIIOJIOXKECH-
HbIX 3 D-CTPYKTYp C onpeneeHHbIMU MapamMeTpaMu.

DKCIEePUMEHTAJIbHAS YACTh

B xauecTBe ITOMIOXKHN HMCITOIH30BaII MOHOKPUC-
TAUIMYECKUN KPEMHUUN p-TUIIA U K-TUNA IIPOBOIMU-
MOCTU ¢ yaeiabHBIM compotusieHreM 0,01 Om:cm u
opueHTaluei nosepxHocty (100). Ha npenBapuress-
HO ouyniieHHYyI0 B pactBope Kapo (H,SO4:H,0, (1:1))
MOBEPXHOCTh TUIACTUHBI METOAOM MarHeTPOHHOIO
HanbuleHUs HaHocwiu TuieHku Ni (o6pasen Si/Ni) u
METOIOM BaKyyMHO-TEPMHUYECKOrO MCIIapeHUs] HaHO-
cu TieHKn Ag (oOpaser Si/Ag), COOTBETCTBEHHO.
TonuuHa nmaeHoK Metauia coctasisiia S0 HM. Tomogo-
ruto Macku Ag u Ni, pacriojIoXKeHHO! B 11IaXMaTHOM I10-
panaxe 50 x 50, 100 x 100, 500 x 500 1 1000 X 1000 MM,
KOHTPOJVPOBAIM METOIOM "B3pBIBHOU" JTUTOrpaduu
[26].

ITnacTrHbI pa3nesisin Ha 0Opaslibl IToNaab0 1 cm2.
O6padotky Si/Ag m Si/Ni IIMTETLHOCTBIO OT 5 IO
60 muH mposoawiu B BogHoM pacteope HF + H,0,
npu T=25u 75 °C npu ocseuiennu 460 nk. O6paserr
Si/Ag ob6pabaThiBajii B paHee MPeaIoXKeHHOM BOIHOM
pacTBOpe IIABUKOBOI KUCIIOTHI U MIEPEKMCU BOAOpOAa
HF (48 %):H,0, (30 %):H,0 B 06beMHOM COOTHOLIE-
HUU KOMIIOHeHTOB 25:10:4 [25, 26], o6pasen; Si/Ni —
B 00beMHOM COOTHOLIIEHUU KoMIToHeHToB 2:1:10 [27].
IIpu o6paboTke Bcex 00pa3loB HaOJIOAAIM IIOTEM-
HEHME yJ4aCTKOB, MOKPBITEIX MeTautoM. st hopMm-
poBaHus 3D-Si TpebGoBaoch yaajaeHue XepTBEHHOIO
nopucToro cjiosi Ha obpasuax Si/Ag B 0,01 M pac-
tBope NaOH. YaaneHue xxeprBeHHOro cjiost Ha Si/Ni
He TpeboBanock. [anee Bce oOpas3lbl IMPOMBIBAINA B
BOJHOM pacTBOpE 3TWJIOBOTO CIIMPTAa M CYLIWIA Ha
BO3yXe.

Mopdonoruio u coctaB MOBEPXHOCTU HCCIEHO-
BaJli METOJAMM pPacTPOBOM 3yeKTpoHHOU (POM) u
OINTUYECKON MUKPOCKOIUU, IHEPTOAUCIIEPCUOHHOM
peHTtreHoBcKoi criekTpockonuu (EDX), oxe-crekr-
POCKOIHUH.

Pe3yabTaThl 1 BX 00CyXKIeHHE

POM-uzobpaxeHust CTpykTyp, c(OpMHUPOBAHHBIX
B pesynbTate 00pabotku oopasuos Si/Ag 8 HF + H,0,
npu T=25u 75 °C go (puc. 1, a) u nocie yaaaeHus
XKepTBeHHoro cios (puc. 1, b, c¢), mpencTaBjieHbl Ha
puc. 1.

beUTO ycTaHOBIEHO, YTO B pe3yJibTaTe 00pabOTKU
Si/Ag Bo3HUKaeT 00KOBOe noaTpaBiuBaHue 3 D-CTpyK-
Typbl Si (puc. 1, b), abcoaoTHOE 3HAYEHUE KOTOPOro
cocrasisieT 30 + 2 Mxkm. Tak, HanpuMep, MpU TpasJie-
Hum Si ¢ Ag 50 X 50 Mxm pasmepnl 3D-Si cocTaBaT
20 x 20 mxm. CyllecTBeHHOe OOKOBOE IMOATPaBIMBa-
Hue 3.D-Si HaOomaeTcs Ipy ITOBBILLIEHUN TeMIIEpaTy-
poI pactBopa 10 75 °C (puc. 1, ¢). D10 IpouCXOauT 3a
CYeT MaccorepeHoca MOHOB cepedpa 1 UX Mepeocaxk-
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Puc. 3. POM-un300paxenus nosepxuoctu 3D-Si miomaapio 50 X 50 mkm mociie odopa-
oorku Si/Ni npu 7= 175 °C

Fig. 3. SEM images of the 3D-Si surface with the area of 50 X 50 um after Si/Ni processing
aaT=75°C
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Puc. 4. DyieMeHTHDbI aHAJIN3 NOBEPXHOCTH KPEMHHS 10 00padoTKu (a), mociie 00padoTKu
nauteabHocTeio 1 Mun (b) u 60 muu (c)

Fig. 4. Elemental analysis of the silicon surface before processing (a), after processing with
duration of 1 min (b) and 60 min (c)
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JIEHUST Ha HETOKPBIThIE ITOBEPXHOC-
™ Si, 4TO ITOAPOOHO OIMCAaHO B
paHHeit paGote aBTOpOB [26].

Takum obpa3om, hopMupoBaHUe
3 D-Si pazmepom MmeHee 50 X 50 Mkm
3aTPYIHUTEIBHO BCIICACTBIE BO3HU-
Karolero OOKOBOIO TMOATpaBiIvBa-
HHUSA, KOTOpOE MOXET TPUBECTH K
YMEHBIIIEHUIO aCIIeKTHOTO COOTHO-
menus 3D-Si.

IIpu oOpabotke n-Si ¢ Ag B
HF/H,0,/H,0 npu ocselieHHOCTH
460 1K TakXe HaOJIIOAAETCS TPaBJIe-
HHUEe, KOTOPOE COIMPOBOXKIAETCS MH-
TeHCHUBHBIM Ta3oBbIIeIeHUeM. Ha
puc. 2 (CM. YEeTBEPTYIO CTOPOHY 00-
JIOXXKH) MpeacTaBiaeHbl potorpadpumn
C OIITHYECKOTO MUKPOCKOIIA TTOBep-
XHOCTH Si mmocjie 00pabOTKK pa3HOM
JUTUTEIbHOCTH.

ITocne 5 MuH TpaBlieHUsT Ha-
Onogaercss TMOTeMHEHUe obJjac-
Teil, UCXOMHO MOKPBITEIX cepedpoM
(puc. 2, a). Kak 0blJ10 mOKa3aHo B
pabortax [26, 27], 3TO CBUAETENBCT-
ByeT 0 (OpMUPOBAHUM HAHOCTPYK-
TypUPOBAHHOTO KpeMHHs. MUKpPO-
CKOIMSI TOKAa3bIBaeT, 4YTO Ha IIO-
BepxHocTH Si uMeeTcs cepedpo,
He BCTYNUBIIIEE B peaKIIUio ¢ KpeM-
HueM. TpaBmeHUsS KpeMHUSI, He
MHOKpBITOro Ag, He mpoucxoaut. Ye-
pe3 30 MuH 00paboTKM HAbIOAAET-
cs TpaBJieHWe NoBepxHocTU Si, pa-
Hee He TOKPHITON Ag, B CBA3M C
nepeocaxaeHueM Ag+ (puc. 2, b).
Yepe3 60 MuH 06pabOTKM HAOJIO-
JaeTcsl CUJIbHOE CMelleHue obJac-
T TpaBJICHWSI Ha TIOBEPXHOCTH
3D-Si (puc. 2, c¢). Takum obpa3om,
TUTS1 (hOPMUPOBAHMST YITOPSITOUEHHBIX
3D-Si Ha n-Si ¢ p=0,01 OM-cM
HeoOXOaMMO IPOBOIUTHL 00PabOTKY
o6pasuos B HF/H,0,/H,0 He 60-
Jiee ToyryJaca.

YMeHbIIUTh OOKOBOE IOATpPaB-
ymBaHue 3D-Si unm n30aBUTHCS OT
HEero MOXHO 3a CYeT MCIIOJb30Ba-
HUs MeTajlsla, KOTOPBIM He OymeT
nepeocaxaaTbcsl Ha KpeMHUI B MPO-
uecce oopaborku B HF u H,0O,. Ta-
KHMM METaJJIOM MOXET ObITh METalll,
3HaYeHWE ITOTeHIIMala BOCCTAHOB-
JICHUSI KOTOporo Oyaer Oamxke K
3HAUYCHUIO TOTEHIMAJla pacTBOpe-




Hus Si (EI(\)/Ie BOCCT Egi pacTtB < Ezgg BOCCT ES(I)i pacTB ).
B xavecTBe Takoro Merajia ObLT MCHOJIB30BaH Ni.

ITpu o6padorke Si/Ni ¢ IJIOLIAAbI0 MACKK MeTajlIa
50 x 50, 100 x 100, 500 x 500 1 1000 x 1000 MKM mpu
T =75 °C B TeueHUEe Yyaca He HaOIOAAETCI OOKOBOIO
nonarpasnuBanusg 3D-Si (puc. 3).

®opMHUpoBaHUE 1IEPOXOBATON MOBEPXHOCTH, M3-
BECTHOM KaK YEPHBIA KPEMHUU, NMPOUCXOIUT CTPOrO
moa MeTayioM [26], 4TO moKasbIBaeT IMPUHAIJIEXK-
HOCTb J@HHOTO IIpoliecca K MeTaJlJI-CTUMYJIMPOBaH-
HOMY TPaBJICHMUIO.

Ha moBepxHOCTM CTPYKTypHpOBAaHHOTO KPEMHUS
nocnie oopaborku B HF u H,O, ninurenbHocThO 1 MUH
n 60 mun Ni He obHapyxwuBaetcs. Pesynbrater EDX-
aHaju3a IpeAcTaBlIeHbl Ha puc. 4.

B pesynbrate paboThl ObLia BBISIBIEHA OCOOEH-
HocTb Ni-assisted CE (HUKeJIb-CTUMYJIUPOBAHHOIO
TpaBiaeHMs1). OHa 3aKIIOYaeTCs] B TOM, YTO MpPOIECC
¢opmupoBanus 3D-Si ¢ ucnonapzoBaHuemM Ni — 3T0
pe3yJbTaT Tpex MNpoueccoB: (GOpMMPOBAHUS HaHO-
CTPYKTYPUPOBAHHOTO CJIos1 Si B pe3yjibTaTe KOHTAKT-
HO1 Koppo3uu; GopMUPOBaHUS U PaCTBOPEHUS por-Si
B pe3yJibTaTe JIOKAJIbHOTO (POTORIEKTPOXUMUUYECKOTO
TpaBieHus [26].

Ni-assisted CE miutcs 10 Tex mop, noka ruieHka Ni
ocTaeTcsl Ha moBepxHocTH Si. Tak Kak pe3yabTaToM
Ni-assisted CE saBnsietcsa ¢opMupoBaHUE YEpPHOTO
KpeMHus [25], 061a1a0111eT0 CBOMICTBOM IOTJIOLLICHUS
BUIMMOTO CBETa, TO CBET IOTJIOIIAETCSI UMEHHO B 3TOM
o0OyiacTu OoJjiee MHTEHCHMBHO. A JajibHeiIee pacTBO-
peHMe TIOPUCTOTO CJI0sI OOYCIOBICHO (POTOIIEKTPOXU-
MWYECKNM TpaBiieHueM [29].

BcaencrBue pactBopeHMs IIEHKUA Ni TOMIIMHON
50 HM ¥ DOTOBIEKTPOXMMUUYECKOTO TPaBIEHHUS CKO-
pocTb (OPMUPOBAHUSI U ACIEKTHOE COOTHOILIEHUE

3D-Si OynmeT 3aMeTHO HUXE, YeM C MCII0JIb30BaHUEM
TUIEHKU Ag TOW Xe TOJIIMUHBI, YTO SIBJISIETCS HEIO-
CTaTKOM.

Eile omHMM HEmOCTaTKOM MCIIOJb30BaHMSI HAHO-
pa3MmepHbIX TuieHoK Ni w1t MACE gBnsteTcst HEBO3-
MOXHOCTb (hopMmupoBaHust 3D-Si Ha n-Si. B ciydae
TpaBlieHUs1 n-Si ¢ UCIOJb30BaHUEeM IIeHKU Ni ToJI-
muHOoi 50 HM mpu ocBelieHNM 460 1K He HabOOmA-
ercst opMupoBaHus dyepHoro kpemHus. Ha moBepx-
HocTH Si 0Opa3yeTcss HepaBHOMEPHBIN CTPYKTYPHUPO-
BaHHBIM CJIO HAHOMETPOBOM TOJIMHEL. PaHee ObLIO
YCTaHOBJIEHO, YTO B T€YEHMUE MEPBOH MUHYThl 0Opa-
0OTKM MPOUCXOAUT pacTBopeHue Ni U ynajeHue ero ¢
MOBEPXHOCTU KpeMHHUs. Kak moka3pIBalOT JOMOJHU-
TeJbHble ucchaeaoBaHusi, Ha n-Si ¢ p = 0,01 Om - cm
(hOTO2IEKTPOXMMUYECKOTO TPABICHUS HE TIPOUCXOIUT
naxe B TeuyeHue 6 4. [ToatoMy popMHUpoOBaHHUE CTPYK-
TYPUPOBAaHHOTO cCj0s1 oOycioBieHo Toiabko MACE
JUTUTEILHOCThIO MeHee 1 MUH. A TaKk Kak CKOPOCTH
¢dopmupoBanusa por-Si Ha n-Si 3HAYUTEILHO HILKE,
yeM Ha p-Si, ToJAIIMHA CTPYKTYPUPOBAHHOIO CJIOSI Ha
n-Si OyaeT 3amMeTHO Huxke, yeM Ha p-Si. IToatomy
(opMupoBaHUE YEPHOTO KPEMHUSI METaUI-CTUMYJIH-
pOBaHHBLIM TpaBjieHMEeM Ha n-Si ¢ ucnoab3oBanueM Ni
ToJaIIMHONM 50 HM 3aTpyTHUTEIBHO.

Takum oOpa3zoM, IO pe3yJbTaTaM HCCIeIOBaHMUIA
MOXHO ClieJIaTh BBIBOJ, O TOM, UTo 00a nporiecca MACE
(c Ag u ¢ Ni) UMeIT KaK IOCTOMHCTBA, TaK U HEIO-
cratky mist hpopMmupoBanusg 3D-Si, mpeacTaBIeHHbIE
B Tabu. 1 u 2.

B pesynbrare paboThl ObLT MCCIEOOBAH IIPOLIECC
dopmupoBanust 3D-cTpykTyp Si, cpopMUpPOBaAaHHBIX
METaJJI-CTUMYJIMPOBAHHBIM TpaBJI€HUEM KPEMHMS C
ucnonb3oBaHueM Ag 1 Ni. BEISIBIIEHBI OCHOBHbBIE 10-

Tabauua 1
Table 1

JlocToMHCTBA M HEAOCTATKH MeTOAUMKH ¢opmupoBanus 3D-Si Ha oCHOBe MeTAJLI-CTUMYJIMPOBAHHOTO TPABJIEHUS
€ MCHOJIb30BAHHEM TOHKMX IUIEHOK Ag

Advantages and disadvantages of the methods for formation of 3D-Si on the basis of the metal-assisted etching with the use of Ag thin films

JlocTonHCTBA
Advantages

Henocrarku
Disadvantages

1. Bricokue ckopoctu TpapieHus. [1pu popMupoBaHumn
3D-Si BO3MOXXHO OCYLIECTBIISITh TPaBJAeHUe Ha TITyOuHY
10 50 MKM.

1. High speeds of etching. During formation of 3D-Si,
etching at the depth down to 50 micrometers is possible.

2. [potiecc camoperyaupyeMblii 3a c4eT repexoaa
MOHOB cepebpa B BOLOHEPACTBOPUMBIN OCaTOK
Ag28103

2. The process is self-regulated due to transition of the ions
of silver into the water insoluble sediment of Ag,Si03.

3. Bo3aMoXHOCTh TpaBieHUs Kak p-Si, Tak u n-Si.

3. Possibility of etching of both p-Si, and n-Si.

1. [TepeocaxkneHrue MOHOB Ag+ Ha GJIM3KOPACIIONOXEHHbBIE YYacTKU Si.

1. Redeposited of ions of Ag+ on the closely spaced sites of Si.

2. bokoBoe monrpaBauBaHue 3D-Si MOXeT JOCTUTATh 3HAYeHUST 30 MKM.

2. Lateral underetching of 3D-Si can reach 30 micrometers.

3. YBeJmueHue TeMIlepaTypbl U IJIUTEIBHOCTH 00pabOTKM TTPUBOIUT K OOKOBO-
MYy TIOATPABIVBAHUIO M YMEHBIIIEHUIO aCTIEKTHOTO cooTHoleHus 3 D-Si.

3. An increase of temperature and duration of processing leads to a lateral
underetching and reduction of the aspect ratio of 3D-Si.

4. 3arpsi3HeHre MOBEPXHOCTH CHJIMKATOM cepedpa M HempopearnpoBaBIIUM Ag.
4. Surface contamination by the silver silicate and unreacted Ag.

5. HeobxommMocCTh ymajaeHus KepTBEHHOTO CJIOsI TIOPUCTBIX HAHOHUTEUW KpeM-
HUs 1151 popmupoBanust 3D-Si.

5. Necessity to remove the sacrificial layer of the porous nanowires of silicon for
formation of 3D-Si.
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Tabauya 2
Table 2

JlocToMHCTBA W HEAOCTATKA MeToAuKH (hopmupoBanns 3 D-Si Ha OCHOBe METAJLI-CTHMYJIHPOBAHHOTO TPaBJICHUS
C KCMO0JIb30BAHHEM TOHKHMX IIeHOK Ni

Advantages and disadvantages of formation of 3D-Si on the basis of metal-assisted etching with the use of Ni thin films

JlocTonHCTBA
Advantages

Henocratku
Disadvantages

1. YepHblif KpeMHUIA, C(HOPMUPOBABILMIICS MO TUIEHKOW HUKEJIS,
00J1a1aeT BHICOKMMU CBETOITOTJIONIAIOIIMY CBOWCTBAMU.

1. The black silicon formed under a film of nickel has high light-ab-
sorbing properties.

2. Her nepeocaxneHusi noHOB Ni 1 60KOBOTO TTONTPABIUBAHUS
3D-Si.

2. No resedimentation of the ions of Ni and lateral underetching of 3D-Si.
3. Her 3arpsizHeHUS IOBEPXHOCTH MPOAYKTAMU PEAKIIUU U METAIOM.
3. No pollution of the surface with the products of reaction and metal.

1. Huskue ckopocTu TpaBjieHUs1, BO3MOXHO opmupoBanue 3 D-Si
BBICOTOI 10 2,5 MKM.

1. Low speeds of etching, formation of 3D-Si with height up to

2.5 um is possible.

2. PacTBOpeHMe HUKENS B MEPBYIO MUHYTY 06pabotku B HF/H,0,.
2. Dissolution of nickel in the first minute of processing in HF/H ,0,.
3. YBenauueHue TeMrepaTypbl U AJTUTEIbHOCTH 00pabOTKM HE Mpu-
BOJUT K CYIIECTBEHHOMY POCTY aCIIEKTHOTO COOTHOILIeHus 3 D-Si.
3. An increase of temperature and duration of processing does not lead
to an essential growth of the aspect ratio of 3D-Si.

CTOMHCTBA U HEAOCTATKU METOAOB M (hopMHUpPOBa-
Hus 3D-Si ¢ onpeneleHHBIMA HapaMeTpaMU.

3akimoueHue

K nmocrouncrBam MACE c¢ ucnonb3oBaHueM Ag
MOKHO OTHECTH BBICOKME CKOPOCTU TPaBJIEHMS U BO3-
MOXHOCTb (popmupoBaHust 3 .D-Si BeIcoTO 10 50 MKM,
BO3MOXHOCTb (DOPMUPOBAHUS KEPTBEHHOTO CJIOST HU-
Teil Ha KpEMHUU pa3HbIX TUMOB MpoBoauMocTU. K He-
nocratkaM MACE ¢ Ag MOXHO OTHECTHU Ilepeocax-
JleHre MOHOB Ag+ Ha OJIM3KOPacMoJIOKeHHbIe yJacT-
KM Si, KaK CJIEICTBHUE 3TOr0 — OOKOBOE ITOATPABJIM-
BaHue 3D-Si, 3HaUeHHUE KOTOPOro MOXET NOCTUraTh
30 MKM. YCTaHOBJIEHO, YTO YBEJIMYEHUE TEMIIEPATyPhI
W JJIATEILHOCTA 00pabOTKM IMPUBOIUT K POCTY OOKO-
BOT0O MOATPABIMBaHUSI U YMEHbIIEHUIO aCMEKTHOIO
cootHolueHus 3 D-Si. [Ins popmupoBanus 3 D-Si ume-
eTCsl HEOOXOAUMOCTh yAaJeHUsI C TOBEPXHOCTU Si CU-
JmMKarta cepedpa 1 Ag, a TakxKe KE€PTBEHHOIO CJIOS I10-
PUCTBIX HAHOHUTENH KPEeMHMSI.

B cBs3u ¢ oTCyTCTBUEM HepeocaxaeHus MoHOB Ni
Ha Si oTcyTCcTBYeT O0KOBOe moaTpaBiuBanue 3D-Si u
3arpsI3HEHNE TIOBEPXHOCTU TMPOAYKTAMU peaklnu W
MeTaJuioM, 4To siBiisgeTcsl noctouHctBoM MACE ¢ uc-
nosib3oBaHueM Ni. Huzkue ckopoctu TpapiieHUs Si u
pacTBOpEHME HUKENST B MEPBYIO MUHYTY 00pabOTKU B
HF/H,0, 006ycnoBiuBaioT BO3MOXHOCTE (OPMUPO-
BaHus 3D-Si BbICOTOI He Gojiee 2,5 MKM Jaxe MHpu
T =175 °C. YBeauueHue TeMrepaTyphbl U JJIMTEIHbHOC-
T 00pabOTKM HE IPUBOIUT K CYIIECTBEHHOMY POCTY
acrneKTHOro cootHoueHust 3 D-Si.

Paboma ewvinoanena npu ¢unancoeoli nodoepoicke
Poccuiickoeo nayunoeo gponda (npoexm Ne 16-19-10625).
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Introduction

Technology for development of 3D silicon struc-
tures (3D-Si) on the basis of monocrystal Si is of in-
terest for creation of microsystem technology devices
[1, 2], photo- [3] and betavoltaic [4] devices.

There are many methods for formation of 3D-Si
structures [2, 5]. One of them, widely applied, is plas-
ma-chemical etching (PCE) [6]. PCE means individual
processing of wafers, which is justified for production of
integrated microcircuits. At the same time, the photo-,
betavoltaic and sensor devices require silicon structures
with a smaller aspect ratio and maximal productivity
due to a group processing of the wafers. The liquid
methods of etching [7—9] meet these requirements.

Development of alternative power engineering
(photo-, betavoltaics) follows the way of increasing the
coefficient of efficiency, with a parallel increase of the
service life and stability of operation in changing exter-
nal conditions [10]. Simplification and reduction of
costs of the technology of the structured silicon and
3D-Si, in particular, will make it possible to use low-
power betavoltaic converters in medicine (pacemakers)
[11], military technologies [12] and space research [13].
Cost reduction can be achieved due to formation of the
silicon, structured by metal-assisted chemical etching
(MACE) proposed in [14]. The method is simple, and
it allows us to carry out a group processing of wafers and
form a silicon structure with any geometrical parame-
ters. It does not require an external source of current
[15—17].

For MACE a material to be processed is partially or
completely covered with a metal film. The choice of a
metal is determined, first of all, by the potential of re-
duction, because the metal-assisted etching is a partic-
ular case of a contact corrosion [18]. The potential of
metal reduction Eyy, should be more positive, than the
potential of dissolution of silicon Ey;;, which depends
on pH and composition of a solution [19], type and de-
gree of doping of a semiconductor [20]. In this case the
metal behaves as a cathode in relation to the silicon.
This causes oxidation and dissolution of silicon as an
anode, and reduction of hydrogen on the metal-cath-
ode surface. For example, in the case described in [21],
when the potential of dissolution of silicon accepts the
value V= —0.46 V, the metals, which can be used for
metal-assisted etching of Si are Cd, Co, Ni, Sn, Pb, Fe,
Cu, Ag, Hg, Pt, and Au. Most research works devoted
to MACE describe etching of Si with the use of Ag [15],
Au [16] and Pt [17], which remain on the surface after
processing in HF and H,0,. Cu and Fe are less fre-
quently used. But the research works done by other au-
thors demonstrated, that etching of silicon with the use
of Cu and Fe were uncontrollable processes, besides,
the metal remain on the etched Si surface [22, 23]. Pre-
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viously it was established, that the structured surface of
Si remained clean during the use of thin films of Ni for
MACE [24], because in the solutions containing HF
and H,O,, the Ni film was dissolved completely [25].
The aim of the work is creation of a technique for
formation of 3D-Si on the basis of metal-assisted etch-
ing with the use of the metal, most widespread for
MACE, — Ag and the least widespread — Ni, and also
revelation of the basic advantages and disadvantages of
the use of each of the metals for formation of the locally
arranged 3D-structures with certain parameters.

Experimental Part

As a substrate the monocrystal silicon of p- and
n-types of conductivity was used with specific resistance
of 0.01 Q - cm and surface orientation (100). On the sil-
icon surface cleaned in piranha etch (H,SO,4:H,0,
(1:1)) the Ni films (Si/Ni sample) were deposited by
the magnetron sputtering method and the Ag films
(Si/Ag sample) were deposited by the method of the
vacuum-thermal evaporation. The thickness of the
metal films was 50 nm. The topology of Ag and Ni
masks located in chessboard order of 50 x 50, 100 x 100,
500 x 500 and 1000 % 1000 um was controlled by the
method of "explosive" lithography [26].

The wafers were divided in samples with the area
of 1 cm?2. Processing of Si/Ag and Si/Ni with du-
ration from 5 up to 60 min was done in water so-
lution of HF + H,0, at 25 and 75 °C, at illumi-
nation of 460 1x. The Si/Ag sample was processed in
the water solution of fluoric acid and hydrogen per-
oxide HF(48 %):H,0,(30 %):H,O in the volume
correlation of components 25:10:4 [25, 26], while the
Si/Ni sample was processed in the volume ratio of
components of 2:1:10 [27]. During processing of the
samples a certain darkening of the metal-covered sites
was observed. Formation of 3D-Si required removal of
the sacrificial porous layer on the samples of Si/Ag in
0.01 M solution of NaOH. Removal of the sacrificial
layer on Si/Ni was not required. Then, the samples
were washed in a water solution of ethyl alcohol and
dried in the air.

The morphology and composition of the surface was
investigated by scanning electron microscopy (SEM)
and optical microscopy, energy-dispersion x-ray spec-
troscopy (EDX), and Auger spectroscopy.

Results and Their Discussion

SEM images of the structures formed as a result of
processing of Si/Ag samples in HF + H,0, at 25 and
75 °C before (fig. 1, a) and after removal of the sacri-
ficial layer (fig. 1, b, ¢).

It was established that as a result of processing of
Si/Ag a lateral underetching of Si 3D-structures arose




(fig. 1, b), the absolute value of which equaled to
30 £ 2 um. Thus, for example, during etching of Si
with Ag of 50 X 50 um the sizes of 3D-Si would be
20 x 20 um. Essential lateral underetching of 3D-Si
was observed at a rise of temperature of the solution up
to 75 °C (fig. 1, ¢). It occurred due to the mass transfer
of ions of Ag and their redeposition on the uncovered
surfaces of Si, which was described in detail in [26].

Thus, formation of 3D-Si with the size less than
50x50 um is problematic because of the arising lateral
underetching, which can lead to reduction of the aspect
ratio of 3D-Si.

During processing of n-Si with Ag in HF/H,0,/H,0
at 460 Ix illumination also the etching is observed,
which is accompanied by an intensive gas evolution.
Fig. 2 (see the 4-th side of cover) presents photos of Si
surface after processing of various durations made by an
optical microscope.

After 5 min of etching a certain darkness of the areas
initially covered with silver (fig. 2, a) is observed. As
it is demonstrated in [26, 27], this testifies to forma-
tion of a nanostructured silicon. Microscopy shows,
that on Si surface there is the silver, which did not en-
ter into reaction with the silicon. Etching of the sili-
con, not covered by Ag, does not occur. After 30 min
of processing etching is observed on the Si surface,
previously not covered by Ag in connection with a re-
deposition of Ag+ (fig. 2, b). After 60 min of process-
ing a strong shift of the etching area to the 3D-Si is ob-
served (fig. 2, ¢). Thus, formation of ordered 3D-Si on
n-Si with p = 0.01 Q- cm requires processing of the
samples in HF/H,0,/H,0 not longer than half an
hour.

It is possible to reduce the lateral underetching of
3D-Si or to get rid of it due to the use of the metal,
which will not be redeposited on silicon during process-
ing in HF and H,0,. It can be the metal, the potential
for reduction of which is closer to the potential of dis-
solution of Si (Eyye — Eg; qis < Eng — Eg; gis)- This
can be Ni.

During processing of Si/Ni with the area of the
metal mask of 50 x 50, 100 x 100, 500 x 500 and
1000 x 1000 pm at 75 °C within an hour the lateral un-
deretching of 3D Si is not observed (fig. 3).

Formation of the rough surface, known as black sil-
icon, occurs strictly under the metal [26], which proves
that the process belongs to the metal-assisted etching.

Ni is not discovered on the surface of the structured
silicon after 1 and 60 min of processing in HF and
H,0,. The results of EDX analysis — (fig. 4).

As a result, a specific feature of Ni-assisted CE
(nickel-assisted etching) is revealed. It consists in the
fact that the process of formation of 3D-Si with the use
of Ni is a result of three processes: formation of a na-
nostructured Si layer as a result of a contact corrosion;

formation and dissolution of por-Si as a result of the lo-
cal photo-electrochemical etching [26].

Ni-assisted CE lasts till Ni film remains on Si sur-
face. Since a result of Ni-assisted CE is formation of
the black silicon [25], which absorbs the visible light,
and that means, that exactly in this area the light is ab-
sorbed more intensively. And the further dissolution of
the porous layer is caused by photo-electrochemical
etching [29].

Owing to dissolution of Ni film with thickness of
50 nm and photo-electrochemical etching the speed of
formation and the aspect ratio of 3D-Si is much lower,
than with the use of Ag film of the same thickness,
which is a drawback.

Another drawback of the use of the nanosized Ni
films for MACE is impossibility of formation of 3D-Si
on n-Si. In case of etching of »n-Si with the use of Ni
film with thickness of 50 nm at illumination of 460 Ix,
the formation of black silicon is not observed. On Si
surface a non-uniform structured layer of a nanometer
thickness is formed. It was established earlier, that
within the first minute of processing a dissolution of Ni
and its removal from the silicon surface happen. As the
research works show, on n-Si with p = 0.01 Q-cm a
photo-electrochemical etching does not occur even
during 6 h. Therefore, formation of the structured lay-
er is caused only by MACE lasting less than 1 min. And
since the speeds of formation of por-Si on n-Si are
much lower, than on p-Si, the thickness of the struc-
tured layer on »-Si will be much lower, than on p-Si.
Therefore, formation of the black silicon by metal-as-
sisted etching on n-Si with the use of Ni with thickness
of 50 nm is difficult.

Thus, by the results of the research it is possible to
draw a conclusion that both processes of MACE (with
Ag and with Ni) have both advantages and disadvan-
tages for formation of 3D-Si, presented in tables 1 and 2.

As a result, the process of formation of Si 3D-struc-
tures, formed by metal-assisted etching of silicon with
the use of Ag and Ni was investigated. The basic ad-
vantages and disadvantages of the methods for forma-
tion of 3D-Si with certain parameters were revealed.

Conclusion

Among the advantages of MACE with the use of Ag
it is possible to enumerate high speeds of etching and
a possibility of formation of 3D-Si with the height up
to 50 um, feasibility of formation on silicon of a sacri-
ficial layer of wires of different types of conductivity.
Among the disadvantages of MACE with Ag it is pos-
sible to mention resedimentation of the ions of Ag+ on
the closely spaced sites of Si, and, as a consequence of
that, the lateral underetching of 3D-Si, the value of
which can reach 30 um. It was established, that an in-
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crease of temperature and duration of processing leads
to a growth of the lateral underetching and reduction of
the aspect ratio of 3D-Si. For formation of 3D-Si it is
a necessity to remove the silver silicate and Ag, and also
the sacrificial layer of the porous nanowires of silicon
from the Si surface.

Because of absence of a redeposition of the ions of
Ni on Si, there is no lateral underetching of 3D-Si and
surface contamination by the products of reaction and
metal, which is an advantage of MACE with the use of
Ni. Low speeds of etching of Si and dissolution of nick-
el in the first minute of processing in HF/H,0, deter-
mine a possibility of formation of 3D-Si with the height
not more than 2.5 um even at 75 °C. An increase of
temperature and duration of processing does not lead to
an essential growth of the aspect ratio of 3D-Si.

The work was done with the financial support of the
Russian Scientific Foundation (project No 16-19-10625).
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BBenenne

B HacTtosiee BpeMsl BO3HMKI/IA OOJbIIAsI MOTPEO-
HOCTb B HAHOIMCIIEPCHBIX MOPOLIKaX KPEMHMS, OCO-
OEHHO KPUCTAJJIUUYECKOW CTPYKTYPbl, B Pa3IUUYHbBIX
00J1aCTSX TEXHUKU, T B MIEPBYIO OUYEPEIb UCIIOJb3Y-
eTCsl CIMOCOOHOCTh HAHOKPUCTAJUIMYECKOTO KPEMHMS
K TMOMJIONIIEHUIO YIbTPadUOJETOBOTO U3TYyYeHUs. DTO
CBOICTBO BOCTPEOOBAHO B PA3IMUYHBIX TPOU3BOACTBAX.
B napgromepHoil MpPOMBIIUIEHHOCTH HaHOAUCIIEPC-
Hbl€ TTOPOIIKN KPEMHUS KPUCTALIMYECKON CTPYKTY-
pbl WCIIOJB3YIOT TPU W3TOTOBJIEHWM COJHUE3AIIUT-
HOW KOCMETMKH; B JJAKOKPACOYHOU TTPOMBILIJIEHHOC-
TU BBEIEHMWE TaKUX MOPOIIKOB KPEMHHS IMOBBILIAET
CTOMKOCTB 1IBETA U MPEIOTBPAIIAECT OBICTPOE BBITOpa-
HUeE; B TeKCTUJIbHOU MPOMBILIJIEHHOCTA U3TOTOBJIE-
HUE KpacuTesieil, comepxalluXx HaHOKpUCTalInyec-
KU KPEeMHU, MO3BOJSET HE TOJHKO OOECHevYUuTh
CTOUKOCTb U SIPKOCTb 1IBETA TKAHEW, HO W YBEJIWYUTH
WX MPOYHOCTb.

B aBTOMOOMIBHOU MPOMBILIJIECHHOCTH BBEICHUE B
JJaKW W KPAaCKM HAHOKPUCTAJUIMYECKOTO MOPOIIKa
KpeMHMsI o0ecIieurMBaeT CTOMKOCTh LIBeTa U 3allUT-
Hble (GYHKIMUU TOKPBITUIA, TPeI0TBpallalolne pa3py-
LIeHue nopn aeiictBueM YD u3ydyeHUil.

IMonyuyeHune 1 UccaeagOBaHUE CBOMCTB BHICOKOINC-
MEPCHBIX ITOPOILUKOB PA3JIMYHBIX BEIIECTB SIBJISECTCS
aKTyaJIbHBbIM pa3fejioM COBpeMeHHOI Hayku. Bo-mep-
BBIX, 3TO OOYCJIIOBJIEHO MPaKTUYECKOM HEOOXOAMMOC-
ThIO CO3[JaHUS HOBBIX MAaTEPUAJIOB, UTO B PSAE C/Iy4acB
BO3MOXHO TOJIBKO C MCIOJIb30BaHUEM TMOPOIIKOOO-
Pa3HBIX COCTABJISIIOLLIMX; BO-BTOPBIX, IIpo0JieMa U3yde-
HUSI OYeHb MaJIbIX YaCTHUIL], OCOOEHHO UMEIOIIUX pa3-
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Mepbl MeHee 100 HM, SIBIISIETCS COCTABHOM YacThiO 60-
Jiee obmeil pyHmaMeHTalbHOM 00JlacT! 3HAHUS, CO-
O6uparenbHO Ha3biBaemoii "HaHoTexHomorun".
Hcrtopuyecku HauboJiblliee paclpoOCTpaHEHUE U
MPOMBILIJIEHHOE MPUMEHEHWE IOJYyUYMIM HaHOIWC-
MepCHBIE MOPOIIKU OKCUAOB KPEeMHMS, ATIOMUHUS U
HEKOTOPBIX APYIUX 37eMeHTOB [1].
DU3NKO-XUMUYECKNE CBOMCTBA MOPOIIKOB, CTPOE-
HUE HAHOYACTHUII U, KaK CJIEACTBUE, 00JaCTh UX MPUMe-
HEHMSI BO MHOTOM 3aBUCST OT CIIOCO0a UX MOJTYYEHUSI.
ITosTOMY COBEpPIIEHCTBYIOTCSI M3BECTHBIE CIIOCOOBI
MOJIy4eHUsI MOPOIIKOB, MHTEHCUBHO pa3padaThiBalOT-
Cs HOBBIE, TaKH€ KaK Jla3epHbIe, MEXaHOXUMUYECKUE,
MJ1a3MOXUMMYECKUE, 30JIb-T€/Ib METOI, METOJ DJEKT-
PUYECKOIO B3phbIBa IMPOBOJHUKOB U T. A. [1—6].
Ocoboe BHMMaHUE yaessieTcsl pa3paboTKe BHICO-
KOTIPOM3BOIUTEILHBIX U B TO XK€ BpeMsI 9KOHOMWYHBIX
1 0e30macHBIX TeXHOJOTHI MPOM3BOIACTBA HAaHOpA3-
MEpHbIX MOPOIIKOB. CylIecTBEeHHbIM HEIOCTaTKOM
CYILIECTBYIOIINX TPOMBIIIJIEHHBIX TEXHOJOTUM ITONYy-
YEHMSI MOPOLIKOB SIBJISIIOTCS: MCIIOJIb30BaHUE XJI0pa,
(dbTOpa, KUCTOT U APYTUX XUMUIECKN aKTUBHBIX, OITac-
HBIX U SJAOBUTHIX XUAKUX M ra3000pa3HbIX BEIIECTB;
HEKOHTPOJIMpYyeMbI€ YCJIOBUS MOJYYEHUS; TIpoBee-
HUE CHHTe3a B HeCcKoJbKo cramauit. [Ipon3BoauTenb-
HOCTb OCHOBHOI MacChl HOBBIX METOJOB MaJa.
OgHUM U3 MPU3HAHHBIX METOJOB IOJYyYEeHUs T0-
POIIIKOB SIBJISIETCS] MCITApEeHUE TBEPABbIX HEOpraHUYec-
KHX BELLECTB C Moceaytolleil KOHAeH calei, oqHako
CYILECTBYIOIIME UCTOYHUKM MOIIIHOTO HarpeBa UMeIoT
HU3KYI0 MPOU3BOAUTEIbHOCTD, TUOO /151 UX IPUMEHEe-
HUSI TPeOYIOTCA ClelMalbHble BaKyyMHBIE KaMephbl
WJIX HEaKTUBHbBIE ra3bl, TO3TOMY Pa3BUTUE MEXaHOXU -
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Puc. 1. I'eomerpuueckas ¢opma m pasmepsi YacTUI MEUKPO- (@) U HAHOAUCHIEPCHBIX (b) MOPOIMIKOB KpeMHHS
Fig. 1. Geometrical forms and sizes of the particles of the micro- (a) and nanodispersed (b) silicon powders

MMYECKOW TEXHOJOTMU TOJyYeHUs] HaHOPa3MEpPHbBIX
MOPOIIIKOB KPEMHUSI SIBJISIETCS BCE €11Ie aKTyaJlbHbIM 1
MepPCIeKTUBHBIM.

Llenb paboThl — TOJIy4YeHHME METOIOM MEXaHOXM-
MUU YJIbTPAIMCIIEPCHBIX MOPOIIKOB KPEMHUS U MC-
cJenoBaHne UX (PU3NKO-XMMUYECKUX CBOMCTB.

MeToauka 3KcnepuMeHTa

MukpopasmepHsble (325 mesh, MaKcuMasbHbIN pa3-
Mep yacTull R = 43 MKM) MOPOILIKU KPEMHUS UCITOJIb-
30BaJIM JJ151 CO3JaHUsI HAHOPa3MepHbIX (YJIbTpaauciepc-
HbIX) nopoikoB (<100 um) (puc. 1). HanopasmepHbie
MOPOIIKM KPEMHUSI TOJydyaaud MyTeM MeXaHOXWMMU-

n, %

Puc. 2. CniekTp pacnpe/eieHusi 9acTuI nopomka (n) no pasmepy (R)
nocJje U3MeJib4eHUs B BUXPEBO# CTPYHHOM aKyCTHYECKOH MeJbHHULE
Fig. 2. Spectrum of distribution of the powder particles (n) by the size
(R) after crushing in a vortical jet acoustic mill
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yeckoil 00paboTKM MOPOILIKOB KPEMHHUSI C pa3MepoM
yacTull <43 MKM, KOTOpbIE MOIy4Yalk B pe3yJibTaTe Mo-
MoOJIa YacTHUI KPeMHHS pa3sMepoM 1 MM B BUXPEBOM
CTpyiiHOM akycTuueckoit menbHulle BUM-80. Mexa-
HOXMMMYECKYI0 00pabOTKYy IMOPOIIKOB IIOC/IE BUXpe-
BOI CTpYyHHON aKycTHuyecKoil meiabHulibi BUM-80 B
LIEJISIX MTOCTIeAYIOIIEr0 UX JOU3MENbYEHHUS OCYLIECTBIS-
JIU B LIEHTPOOEXHO-IJIaHEeTapHbIX MeJibHULIax AI'O-2
i PM-100 B atMocdepe aproHa mpu yCKOpeHUU
400 M/c2 MpY UCIIOJb30BAaHUU CTAIbHBIX 0apabaHOB U
CTaJIbHBIX U JIyHAOBBIX IIapoB nuameTpoMm 5 MMm. Co-
OTHOLIEHME MAacChl IIapOB K Macce 00pabaThiBaeMOro
MOpOLIKa MpeumMyllecTBeHHO cocTasisuio 100:1. s
MOJTyIeHUS QYHKLMI pacIipene/ieHUsT YaCTULI IIOPOIII-
KOB KpEeMHUSI MCTIOJBb30BAIM METOA MACHTU(UKAITUN
MapaMeTpoB paclpenejeHNi YacTHIl, TIpeACTaBICH-
HBIX MPOU3BOAUTENSIMU MOPOLIKOB C pa3MEpPOM yac-
TULL <43 MKM, C MCITOJIb30BaHMEM TEXHOJOTUU MPSIMO-
TO TIOMCKA TT0 3KCITePUMEHTAITbHBIM THCTOTPaMMaM.

Bbraromapss Takomy TOAXODY MOJMYYeHBI (DYHKIIUU
pacripeieIeHusT YaCTHII I MUKPOPa3MePHBIX ITOPOIII-
KOB KpeMHUsI, MepepadOoTaHHBIX B BMXPEBOI CTPYK-
TypHOI akycTuueckoit meiabHuiie BUM-80 mpu us-
MeJIbUYeHUHN YacTULL KpeMHUs pazMepoM 1 MKM (puc. 2).
Hccnenyembie oOpa3ubl YIBTpagUCIEPCHBIX (HAHO-
pa3MepHbIX) MOPOIIKOB KPEMHUS (hpaKIIMOHUPOBAIN
10 pa3Mepy YaCTHII C IIOMOIIBIO CEAUMEHTALIMH B TIET-
poseitHoM 3¢dupe. Pazmepsl yacTuil mo dpakiysaM
ONpeessiii ¢ oMOlLIbI0 ¢oTorpacduit co CKaHUPY-
o1Iero aeKTpoHHoro mukpockomna S-4800 (Hitachi,
Japan) (puc. 3, 4). Takum 06pa3om, TUCIIEPCHOCTD IO~
poIlIKa ompeaesieHa METOIOM MUKPOCKOITUYECKOIO
aHaIM3a.

Coz[ep>KaH1/Ie B IIOPOIIKE BJjarvu onpeacadiain METo-
J0M, OCHOBaHHBIM Ha OTTOHKE€ MHCPTHLIM Ia3oM IIpU




Puc. 3. Hanopa3mepHbie NOPOLIKH, MOJYYEHHbIE B PE3y/IbTATe MEXAHOAKTHBALMH (&) U KOMOMHHPOBAHHOIO M3MeJIbYEHHS B BUXPEBOii CTPYitHOM
MeJIBHHIIE M C Tocenylouieii MexaHoakTuBanueii (b)
Fig. 3. Nanosized powders received as a result of mechanoactivation (a) and a combined crushing in a vortical jet mill and with the subsequent
mechanoactivation (b)

200 °C 13 MeTaJNIM4eCcKOro IMOpollKa BOAbl U €¢ B3a-
UMoIeicTBUY ¢ peakTBoM K. @uiiiepa mpu 31eKTpo-
METPUYECKOM TUTPOBAHUMU.

Pe3syabTaThl MCCIeI0BAHMS

PesynbraThl McciaemoBaHMil (U3MKO-XUMHYECKUX
CBOMCTB MCITOJTb3YEeMBIX ITOPOIITKOB KPEMHUS TTOKa3a-
JIM, YTO HACBIIMHASI IUIOTHOCTh MCXOMHBIX MUKpPOpa3-
MEPHBIX TTOPOIIIKOB KPEMHUS TUCTIEPCHOCTBIO <43 MKM
coctasiisier 0,57 r/CM3, a JUCIEPCHOCTHIO 2...7 MKM
yxe cocrapnsier 0,32 F/CM3; MOJIyYeHHbIX MEXaHOXU-
MHUYECKMM CIIOCOOOM HaHOpPa3MEPHBIX ITOPOIIKOB C
aucriepcHoctbio 30...70 um — 0,057 F/CM3, a ¢ Jmc-
nepcHoctbio 10...30 um — 0,019 r/CM3.
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Puc. 4. Cnektp pacnpeeieHunsi 9acTuIl nopomka (z) no pasmepy (R)
B HAHOJMCHEPCHBIX MOPOUIKAX KPEMHHS, MOJYYEHHbIX B pe3yjibTaTe
MEeXaHOXHMHYECKOi 00padoTKH

Fig. 4. Spectrum of distribution of the particles of a powder (n) by the
size (R) in the nanodispersed silicon powders received as a result of
mechanochemical processing

Paznuyue HaCHIMTHOM TUIOTHOCTU MOPOIIKOB KPeM-
HUST BO3MOXHO CBSI3aHO CO CTPYKTYpPOU W TOJMIIWHOMN
TTOBEPXHOCTHOTO OKCHUIHOTO cyiosi Jactuil. [lo maH-
HBIM 3JIEKTPOHHOTO TPOCBEUMBAIOIIETO MUKPOCKOITA
U peHTreHo(da30BOro aHaau3a 4acTullia HaHOpa3Mep-
HBIX TMOPOIIKOB KpeMHHUs AuaMeTpoM 50 HM HMeeT
PBIXJIYIO CTPYKTYPY OKCUIHOH OOOJIOYKH, B COCTaBe
KOTOPOI1 HAXOASATCs Ta3bl B KOJIMYECTBE A0 3 Macc. %.
Hanopa3smepHbIe TTOPOIIKY KPeMHUS UMEIOT 00J1ee BbI-
COKOE 3Ha4eHNe TUTPOCKOITMYHOCTH ¢ = 6,2 % 1 ancop-
Ouuu Biaaru 0 = 16,3 % 110 CpaBHEHUIO ¢ MUKpOpa3-
MepHBIM HopoliKoM KpemHust (¢ = 3,1 %, 0 = 1,6 %),
YTO TTOATBEPXAAET MPEATIONIOKEHHIE O TTIOBEPXHOCTHOM
XapakTepe B3aUMOICHUCTBUS YaCTHUIL KPEMHUS C T1apa-
MM BOIbI, HAXOASIIMMUCS B OKPYXKaoIlel cpele.

DKCcIepuMeHTaIbHBIC JaHHBIE TI0 pacIpeneIeHUIO
yactull aj1s1 HaHoaucrepcHoro (10...50 HM) mopolika
KpPeMHUs MOKa3aHbl B BUIE T'MCTOTpaMMBbl, MPEICTaB-
Jgoue auddepeHInaNbHy0 (QYHKIMIO CUETHOTO
pacmpeneslieHUs YacTHI[ IO pa3MepaM, Ha puc. 4.
HaHHasi rucTorpaMma Oblia MoJjiyueHa o0paboTKoi
Mukpodortorpaduii nmopoiika. HeobxomumMo otme-
TUTh, YTO B IpoOLIeCCE IIUTEIbHOTO XpaHeHUsI HaHO-
aucrepcHoro (10...50 HM) mopollka KpeMHUsI HaHO-
pa3MepHbIe YaCTUIIBI MOTYT 0Opa30BBIBaTh arperarThl B

BUE "TPO3AEeBUIHBIX 00pa3oBaHuii" (puc. 5).
OOHapyXeHO, YTO CYILIECTBYET 3aBUCSIIHNIA OT KC-
XOJHOTO pa3Mepa KpUTUYECKUI pa3Mep IMOopollKa, Mo
JOCTUKEHWIO KOTOPOTO TOPOIIOK KPEeMHUsS TIpeBpa-
111aeTcs B OMHOPOAHBIN Mo cocTaBy MaTepuail. [1o Beeii
BUAMMOCTH, POJIb pa3Mepa MCXOTHOTO MaTepuaia co-
CTOUT B 00eCTICUeHNH ONTUMAJIBHBIX YCIIOBUM N3MENTh-
YeHMSI B 3aMKHYTON CHCTeMEe B TIOTOKE BO3IYIITHOM
cpeabl. C yMEeHbIIIEHUEM Pa3MEPOB MCXOIHBIX YaCTUII
nepes M3MeJbYeHUEM €€ KOHTaKT C COCelHel TaKoi

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 11, 2017 669



X

5,0kV x60,0k SE(U,LAQ)

.-

500nm

Puc. 5. Arperanusi HaHOpa3MepPHbIX YACTHI KPEMHHUSA
Fig. 5. Aggregation of the nanosized silicon particles

K€ JacTUIeH YCHJIMBAeTCs, a CKOJbXEHUE NPYT OT-
HOCUTEJIbHO Ipyra MPOUCXOAUT PAaBHOLEHHO IO BCEM
MOBEPXHOCTU, UYTO OOECHevYrBaeT MpOLEecC OIHOPOI-
HOTrO U3MEeJbYCHHUS YaCTHUIL B 11eJJOM. MUHUMaJIbHBIMU
CTPYKTYPHBIMUM 3JIEMEHTAaMM B 4acTUlax IMOPOIlKa,
00pa3ylolMnXcs Ha IMOBEPXHOCTU TOCTATOYHO KpYII-
HbIX YyacTtull pa3mepom 100...500 HM, SBISIIOTCSI MUK-
pPOYACTUIIBI, COCTOSIIIIME M3 YETBIPEX aTOMOB KPEMHMSI,
CLIETIJICHHBIX KOBAaJEHTHbIMU CBsI3sIMU. [lepexon K
0osiee CIOXHBIM OOpa3oBaHUSIM, HAIPUMEpP IIECTU-
3BEHHBIM KOJblaM, TIPEeICTaBsIeT CO00 KOIEKTUB-
HbI 3G GEKT U TPOUCXOAUT OJHOBPEMEHHO ¢ (DOPMU-
poBaHUEM 0oJiee KPYITHBIX CTPYKTYP, COCTOSIIUX, 1O
MEHbIIENW Mepe, U3 HEeCKOJbKUX CMEXHBIX ILIMKJIOB.
ITose ToueyHOro KOHTaKTa YacTUIL B HayaJabHOI daze
rnmomoJia (U3MeJIbUeHUS) pa3pyliaeT ero HUKINIYECKYIO
cTpykTypy. Ilpm mepexome K HaHOpa3MepaM TaKoe
paspyllieHre MOXET BbI3BaTh HApyILlIEHUE KPUCTALIU-
YECKOW PEIIETKU C MOTEPEN JATBHETO MOPSIKA U Tie-
pexony K amopdHoit daze (puc. 6).

PacnpeneneHue HaHOYACTUII IO pa3MeEPY B OCHOB-
HOM MMeeT OMMOIabHbIA BUA C YacCTUIIAMM, COOT-
BeTCTByIOIIMMU cpeaHemy auameTpy 20,0 u 40,0 HM.
AHaM3 U300paXeHU OTACTbHBIX YACTULL CBUIECTEIb-
CTByeT O (hDOPMUPOBAHUU TIOPOIIKOB KpeMHUs cde-
puyeckoii ¢popMebl (pUc. 7) ¢ MUHUMAIBLHBIM COAEpKa-
HueM dpakuuii. TakuM odpa3oM, Tou3MeIbYeHIEe UC-
XOJIHBIX TTOPOLIKOB C pa3MepoM YacTull <43 MKM I03-
BOJISIET MOJYYUTh MOPOLIKYA C MUHUMAJIbHBIM YUCIOM
dpakiuii, T. €. ¢ YaCTULIaMU, OJIM3KUMHU 110 pa3Mepy.

[lopolky yabTpaauCIepCHOrO0 KPEMHMSI — 3TO
ocobast Moposnoruueckasi bopma KpemHus (Si), 1mo-
Jlyyaemasi B pe3yJbTaTe MOMOJa MHUKPOpasMEepHBIX
MOPOIIIKOB, XapaKTepU3YIOTCS HaJUYMeM IIUPOKOM
raMMBbl pa3JIMYHOM pa3MepHOCTH HAaHOYACTHIL C Hapy-
LIEHHOM KPUCTaJUIMYECKOM pellIeTKOM KpeMHus. B 3a-
BUCHMOCTHU OT YCJIOBUI TOJYYalOT pa3HylO CTEIEeHb
JMUCIIEPCHOCTH MOPOIIKOB U UX XMMMYECKUI COCTaB.
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HMccnenoBaHusl XMMMYECKOTO COCTaBa ITOPOIIKOB
KPEeMHMUSI, U3MEJIbYEHHBIX C MCIIOJb30BaHUEM CTajlb-
HBIX IIApOB M CTaJbHBIX 0OapabaHOB, IOKa3alau, 4YTO
OHM coepxXaT B CBOEM COCTaBe He3HAYUTeJIbHOE KO-
JINYeCTBO Xeyes3a (puc. 8, a).

3aMeHa CTaJIbHbIX 1IAPOB Ha aJTyHIOBbIE MMO3BOJISIET
WCKJIIOUUTh HaJIM4Ke 3Kejie3a B MX COCTaBe U TeM Ca-
MbIM TOJYYUTb YUCTHIE 110 COCTaBY HAHOAMCIEPCHbIC
MOPOLLIKU KpeMHus (puc. 8, b).

Murpoducnepcuntit nopoutor Si
Microdispersed powders Si
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Puc. 6. O0pa3zoBanue KpucTajimyeckoii (a) u amopduoii (b) ¢as
NOPOMIKOB KPEMHHS B MPOIECCE MEXAHOXUMUYECKOH AKTHBALMA
Fig. 6. Formation of a crystalline (a) and amorphous (b) phases of the
silicon powders in the process of mechanochemical activation
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Puc. 7. O6pa3oBanue u pacnpeaejeHne HAHOYACTHI] MOPOUIKA KpeM-
HAS ¢ MUHMMAJIBHBIM colepxanneM dpakumii

Fig. 7. Formation and distribution of nanoparticles of a silicon powder
with the minimal content of fractions




SiSum

Puc. 8. BoicoKo3HepreTHIECKHE CHIEKTPbI OT HAHOANCTEPCHOTO MOPOMIKA KPEMHHS, IOTyYEHHOTO B PE3YJIbTATE MEXAHHYECKOTO H3MEIbYeHHUS MAK-
POpPa3MepPHBIX KPUCTAJUIMTOB KPEMHHUSI C MCIOJIb30BAHUEM CTAJBHBIX (@) M anyHIoBbIX (b) mapos

Fig. 8. High-energy spectra from a nanodispersed silicon powder received as a result of a mechanical crushing of the microsized crystallites of silicon

with the use of the steel spheres (a) alundum ones (b)

ITpuuuHoOM HanWuus Xejae3a B COCTaBe IOPOIIKa,
CKOpee BCEro, SBISICTCS TPEHWE CTAJbHBIX IIapOB O
CTaJIbHbIE CTeHKM OapabaHa. 3aMeHa CTaJbHbBIX 11apOB
Ha aJlyHAOBbIE MCKJIIOYaeT 3TOT 3pdekr. YcTaHoBe-
HO, YTO TIOPOIIIKY KPEMHMSI, TTOJIYIeHHBIE C MCTIONb-
30BaHMEM aJyHIOBBLIX 1IApOB, MPAKTUYECKU PEHTTe-
HoaMOp®HBI ¥ He COAEpPKAT B CBOEM COCTaBe XKelle30
(puc. 8, b). OHu xapakTepu3yrTcs 0oJee BbICOKON
JIHUCTIEPCHOCTBIO MO OTHOIIIEHUIO K MOPOILIKaM, MoJy-
YeHHBIM B Pe3yJIbTaTe MEXaHMIECKOTO ITOMOJIa KpeM-
HHUS C UCIOJIb30BAaHMEM CTaJbHBIX IIapoB. Kak mu3-
BecTHO [1—6], nist yacTull yabTpaArCIepCHOTO aua-
[a30Ha pa3MepOB PE3KO BO3PACTAET POJIb IOBEPXHOCTH.
PazBuTasi moBepXHOCTb YJIBTPAAUCIIEPCHBIX CUCTEM B
COYETAaHUN C OCOOBIM, BO3OYKICHHBIM COCTOSTHUEM
IMOBEPXHOCTHBIX aTOMOB U 2JIEKTPOHOB IIPEAOIIPEIe-
JISIET BBICOKYIO PEaKIIMOHHYIO CIIOCOOHOCTh M KaTaji-
TUYECKYI0 AaKTUBHOCTb YJIbTPAAUCIIEPCHBIX YaCTHII.
s yapTpaaycnepcHbIX MOPOIIKOB € YacTULIAMU J1a-
MeTpoMm <25...30 HM HauMHAIOT UHTEHCHUBHO H3Me-
HATHCS TIPAKTUYECKM BCE OCHOBHBIC TEPMOIMHAMMU-
yeckue U (U3MYECKUe CBOMCTBA: IOBBILIAETCS CBO-
O6omHas SHepPTusl, CHIDKAIOTCS TeMIIepaTyphl MCIape-
HUS, TUIaBJICHUs, PEKPUCTAUIM3allMU Ha ACCSATKUA W
Jaxe cOTHHU TpamycoB. Ilpum pa3mepe yacTHIl yiIbTpa-
IHCTIEPCHBIX TTOPOIIKOB (KaK METaJUIOB, TaK M HEMe-
tajaoB) 10...15 HM popMuUpyeTCs MO CTPYKTYpe COBEP-
IIEHHO JAPYroe BEIIECTBO C HOBBIMU YCTOMYMBHEIMU
TEPMOAMHAMUYECKUMU U (PU3NIECKUMU CBOMCTBAMU
[1—6].

DTo moaTBEpKAaeTCs U 00Jiee BBICOKUM 3HAYEHM-
€M DHTPOINMHU, OIIEHEHHOW IO pe3yJbTaTaM KajopH-
METPUYECKUX HCCIeNOoBaHUl B OOMOOBOM KaJoOpu-

meTpe. Ee 3HaueHue npesblilaeT B 1,4 pa3a 3HaueHUE
SHTPOIMUU ISl KPUCTAJIUTOB KPEMHUSI pa3MepoM
43 MKM U paBHO 26,15 JIx/Monb - K u xapakrepusy-
eTcs1 0oJiee HU3KOM TeMIlepaTypoil miasiaeHus 1322 °C
(1414 °C) [7].

VBenuueHue 3HauY€HUSI DHTPOIMU, TaK XKe KaK U
CHMXXEHUE TeMIIepaTyphl TJIaBJIeHUSI, CBUIETEIBCTBY-
0T 00 yBeJIWYeHUM Oecropsiika B cuctemMe amoppu-
3MPOBAHHBIX TTOPOILIKOB KPEMHHUS 1, TEM CaMBIM, U3-
MEHEHUU TePMOJMHAMUYECKUX MapaMeTPOB CUCTEMBI
B LIEJIOM.

Takue ynbTpagucIriepCHble MOPOLIKA KPEMHUS C
pa3mepoM yactul <10 HM JIerko pasjiararorT Boay IIpu
KOMHaTHO# TeMmIepaType Ha BOAOPOA U KHCIOPO MO
peaxkimn

Si + 2H,0 = SiO, + 2H, (ra3s);

JIETKO OKHUCJISIIOTCS KUCIOPOAOM BO3/1yXa MO peakluu
Si + O, = SiO, n aKTMBHO B3aUMOAEUCTBYIOT C TUI-
POOKCHIAMM U KMCJIOTAMU C BbLIEJICHUEM 3HAYUTEIb-
HOTO KOJIMYECTBA TEIIOTHI:

Si + 2KOH + H2O = KleO3 + 2H2 (Fa3);
Si + 2NaOH + H,0 = Na,SiO5; + 2H, (ras);
Si + 4HNOj = Si(NOjy), + 2H, (ras).

HanomucriepcHble MOPOIIKM KPEMHUSI  XOPOIIIO
MOTJIOLIAIOT BOAOPON MHpU TeMmepatype oT 373 mo
773 K. YcTaHOB/IE€HO, YTO aKTUBALMSI MUKPO- U HAHO-
JIVCTIEPCHBIX TOPOIIKOB KPEMHUs TPU TeMIlepaType
rugpupoBanust 623 K B reyenne 30 MUH U JaBIEHUN
Bojopoaa B mpoTtouHoM peakrTope 0,25 MIla npuBo-
JIUT K TIOMJIOLIEHUIO BOIOPOAA B KOJMYECTBE, HEOO-
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SiH, (Si;H.)

SiH, (Si;H,)

Puc. 9. ludpakrorpaMmbl OT THAPHPOBAHHBIX MUKPO- (1) ¥ yabTpa-
nucnepcHbix (2) nopomKkoB KpeMHHs

Fig. 9. Diffraction patterns from hydrogenated micro- (1) and super-
dispersed (2) silicon powders

XOJMMOM 11 0Opa3oBaHus TMAPUIA KPEMHHUS COCTa-
Ba SiH,.

CornacHo audpakrorpammaM (puc. 9) B pe3yibra-
T€ TaKkoll OO0pabOTKM MPOUCXOAUT amopdusalus o0-
pasua. B obnactu, rue JoKHbI HaXOOUThCs Augpak-
IMOHHBIE MaKCUMYMBI KpEeMHUSI, HaOJfomaeTcs Tajo
(criextp I, puc. 9). COBOKYIMHOCTb JaHHBIX MTO3BOJISIET
MPeAnoJOXUTh, YTO aKTUBALIMSI B 00JIACTU TemIlepa-
Typ oT 277 mo 373 K npuBogut K 0Opa30BaHUIO PEHT-
reHoaMopdHOro Tuapuaa KpeMHUs. YBeJIUuUeHue Bpe-
MEHH TepMUYEeCKOI aKThBauu 1o 45...60 MuH He TIpu-
BOIUT K M3MEHEHUIO (ha30BOT0 COCTaBa.

AHaJIOTMYHbIC PEe3yabTaThbl MOJYYEHbI IPU TEMIIE-
parype 673 K u BpeMenu aktuBaumu 5...15 muH.
HanbHeiiasa oopaboTka (TMAPUPOBaHUE) B TeUCHUE
20...30 MMH IPUBOAUT K 00pa30BaHUIO TMapUIoB SioHy
u Si,H¢ (cniextp 2, puc. 9). B naHHOM ciyyae ruapun
00pasyeTcs Mo peaKIusIM:

SiH, + SiH, = Si,Hy, SiH; + SiH; = Si,Hj.

T'unpun, oGpasyroluiicsa Npu HU3KOM TeMIieparype
(2573 K), HaxoguTCsI B pABHOBECHOM COCTOSIHUM IIPU
TUAPUPOBAHUU B MPOTOYHOM peakTope. C mpekpalie-
HUEM TEPMUUYECKOTO BO3IAEWUCTBUS MOCJE TMAPUPOBa-
HUSI 00pabOTaHHBIN MOPOIIOK MEPEXOIUT B METacTa-
OUJIbHOE COCTOSTHHUE.

Bonopon, nocrymnaroiiuii B 00beM MUKPO- 1 HAHO-
JIMCIIEPCHOIO MOPOIIKA KPEMHUS B JUaNa3oHe TeMIie-
patyp 373...723 K 3a cueT nud¢dy3noHHOro Ipoiecca,
MOXXET pearupoBaTh He TOJbKO C aTOMaMU KPEeMHMSI
¢ obpasosanueM ruapunos tuna SiH,, HO u ¢ Tuapu-
JlaMM MeHee aKTHMBHBIX paJuKaJoB TaKOro TUIIA, Kak
SiyHy, SipHg.

OTcioma MOXHO CIejaTh BBIBOI, YTO MCXOMTHBIN
MUKPO- U YJbTPAAMCIEPCHBIA MOPOLIOK KPEeMHMUS
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MOJIHOCTBhIO TUAPUPYETCSd MO MOBEPXHOCTU TPAHMIL
YacTUIL JO paBHOBEeCHOTO cocTosiHu. [1py 3TOM B Ha-
BOJOPAXKMBAHUM MUKPO- ¥ HAHOAUCIIEPCHOTO MOPOILII-
Ka KpEMHUSI MPUHUMAIOT YyYacTUE U AaKTUBHBIE 1IEHT-
pbI, BO3HUKAIOUIME NMPU BHEAPEHUU BOIOPOIA, TaKue
xak H, Si**, SiH,, SiH; u 1. m.

ITpouecc ruapupoBaHuUsl MMEET JABE SBHO BbIpa-
JKEeHHble cTaauu. TeMmnepaTypa nepexoaa Mexay cra-
IUSIMU OTIpeNesIsSieTCs] AUCTIEPCHOCThIO MUKPO- U Ha-
HOJIMCHEPCHBIX MOPOILIKOB KPEMHUSI U CTPYKTYpOW
TUAPUIOB Ha MOBEPXHOCTU vacTull. ONTUMaibHOM
TeMIIepaTypoil TUAPUPOBAHUS CleayeT MPUHSTh TeM-
repatypy 623 K, Ipm KOTOpOii ITOCTUTAeTCs MaKCH-
MaJibHasl TIOJABUXXHOCTh aTOMOB KPeMHUSI TIpU (hOpMU -
poBanuu ruapuaa. I1pu remmneparype Boiie 723 K mist
runpuna SiyH, (SiH,) nHaGmomaercss peskoe yMeHb-
LIeHue comepxkaHus Bogopoaa (puc. 10).

ITosyyeHHbIE SKCIEPUMEHTAJIbHBIC JaHHbIE CBUIE-
TEJbCTBYIOT O TOM, UYTO CKOPOCTb HAChILLIEHUSI MUKPO-
1 HAaHOAMUCIIEPCHBIX MOPOLIKOB BOAOPOAOM MPU MOC-
TOSTHHOM CKOPOCTH ITOTOKA B IIPOTOYHOM CUCTEME 3a-
BUCUT OT TemIepaTyphl. B3anmoneiicTBue ra3oBbIX
YacTUIL C TOBEPXHOCThIO TMOPOIIKA KPEMHMUST MPOUC-
XOJIUT YEPE3 CIAEAYIOIIE CTANU:

e HeJauccouMaTUBHAS aacopOLus

2H2‘ra3) +Si—> Si+ 2Hz‘aﬂc);
e IMCCOLIMATUBHAS ancopOLIMs
2H2‘aﬂc) + 2Si »Si + HZ‘MC) + SiH g5
e 00pa3oBaHNE MOJIEKYJISIPHOTO MPOAYKTa

6H2‘aﬂc) + Si + 28iH ;) >SiHy ) + 2SiH3; )

° ,Z[CCO[)6HI/IH MOJIEKYJIIPHOTO IIPOAYKTa
2S]H(aﬂc) — 2Si + H2(ra3)T;
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Puc. 10. Hakonyienne Bo0po/a B NOPOLIKE KPEMHHS B 3aBUCMMOCTH
OT TeMIepaTypbl THAPUPOBAHUSA: | — MUKPOIMCIIEPCHBII MTOPOLIOK,
2 — HaHOAMCIIEPCHBIN TTOPOLIOK

Fig. 10. Accumulation of hydrogen in a silicon powder depending on
temperature of hydrogenation: 1 — microdispersed powder, 2 —
nanodispersed powder
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Puc. 11. UK cnekTpbl NPOAYKTOB OKHCJIEHHS 00'beMHOT0 MOHO-KpPHC-
TAJUIMYECKOTr0 KPEeMHHUSA W MOPOIMIKOB KpeMHHs: /| — MOHOKPHCTAT-
JIMYeCKUil KpemHuii, 2 — HaHopa3MmepHblil (10...30 HMm), 3, 4 —
MUKPOPa3MePHbIN MOPOIIOK KpeMHUS (2...7) MKM U 43 MKM COOT-
BETCTBEHHO

Fig. 11. IR-spectra of products of oxidation of the volume mono-crystal
silicon and silicon powders: 1 — monocrystal silicon, 2 — nanosized
(10...30 nm), 3, 4 — microsized silicon powder (2...7) um and 43 um,
accordingly

e YyJAaJICHUEC OCTAaTKOB
2SiH2(T.p) + 2H?azlc) - 281H3(Tp)’
2SlH3(Tp) + 2H>(ka)1c) —> 2SiH4(1‘8.3)'

bnarogapst Tomy, 4TO peakKLIMOHHBIE YaCTUIIbI, Ta-
KWe KaK aTOMapHBI BOTOPOI, BCTYMAIOT BO B3aMO-
JIeCTBHE C TIPUBEACHHBIMH BHIIIE CBA3SIMU Ha TIO-
BEPXHOCTH YaCTHUI, 0Opa3yloTcs TUIPUILI B PE3YIb-
TaT€ MOHHO-MHAYLHWPOBAHHOM IMCCOLMALIMM HEM-
TpaJIbHBIX MOJIEKYJl U paJUKalIOB BOAOPOIA, KOTOPhIE
ObUIM TepBOHAYAIbHO aacoOpOMpOBaHBI M3 Ta30BOU
¢a3pl [8]. CoOTBETCTBEHHO OCBOOOXKIAIOIINECS PeaK-
LIMOHHBIE YaCTULIBI TYT Ke 00pa3yioT cBsg3u Si—H 6e3
KaKOoM-JIMO0 MUTPALIU 110 TTOBEPXHOCTU. [1pOHMKHO-
BEHIE aTOMOB BOIOpPOa B TIyOMHY MTOPOIIKOB KpeM-
HUS U 00pa3oBaHUE IMACCUBHBIX KOMITJIEKCOB MEXIY
aToMaMHU BOJOPOIA U KPEMHMUS C YYETOM Pa3IMUHOIO
poaa MeJIKUX U TyOOKUX LIEHTPOB, a TAKKe CTPYKTYP-
HBIX Ae(EKTOB MPUBOIUT K CYILLIECTBEHHOI MOIUpU-
KallM¥ CBOMCTB MOBEPXHOCTU MOPOILKOB [7, 9].

YcraHoBIEHO, YTO MUKpopasMepHbie (2...43 MKM)
MTOPOIIKN KPEMHUSI UMEIOT OMHY CTAagui0 WHTCHCHUB-
HOTO OKHUCJIEHUSI, a HAaHOpa3MEepHbIE TIOPOIIKHA — JIBE.
Taxk, nepBas cTagus IJisk MIOPOILIKOB C pa3MepPOM 4ac-
i 10...30 HM ompenenseTcs TeMmIlepaTypoil Hadana
MHTEHCUBHOIO OKHUCJIeHUs, paBHoil 723 K, Bropas
cragust — Temneparypoii 883 K. st HaHOpa3Mmep-
HoOro mopoiika ¢ pasmepom dactul 50...70 HM Tem-
reparypa Havajla WHTEHCHUBHOTO OKWCJICHMS paBHA
823 K. C yMeHblIeHHEM pa3Mepa 4acTULl KPeMHUS
CTeleHb OKMCIIEHHOCTM ITOpOIIKa Bo3pacraer oT 26,4
(<43 Mxm) 10 96,2 % (10...30 HM) BO BceM UCCIeye-
MoM uHTepBane TemmepaTyp. MK criekTpsl mpomyk-

TOB OKMCJIEHMSI MOPOILIKOB KPEMHMUS IIpeACTaBIEHBI
Ha puc. 11.

CnenoBaTebHO, Pa3MEpPHOCTb KPUCTAJUIUTOB TIO-
POIIIKOB KPEMHUS OIIpeeIIsieT UX TeIUIo(U3NIeCKIe 1
XUMUYECKUE CBOMCTBA.

3akmouenne

Takum o6pa3om, BIiepBble OOHAPYKEHO U HCCIIe-
JOBAaHO U3MEHEeHME (U3NKO-XUMUUYECKUX CBONCTB
YIBTPagUCIIEPCHBIX TTOPOIIKOB KPEMHUSI ITPU U3MEJTb-
yeHuu 1o pasMmepa HaHodactul 10...50 M. IToka3a-
HO, YTO JUISl CO3JaHHBIX HAHOJIMCITEPCHBIX MTOPOIIKOB
KpPEeMHMUSI ¢ YMEHBIIEHUEM pa3Mepa KPUCTAJIUTOB 10
pasMepa <70 HM MPOUCXOIUT TMEePEeXo] OT KPUCTaJUIM-
YeCcKOU CTPYKTYphbl K aMopdHoii. ITyTeM 3JIeKTpOHHO-
MUKPOCKOIMMYECKUX U PEHTTEHOBCKUX UCCAEA0BAHUI
MMOPOILIKOB KPEMHMUSI OLIEHEHBI UX COCTaB, CTPYKTYpa U
(hbU3MKO-XUMHYECKHE CBOMCTBA.

B pesynbTaTe mpoBeAeHHBIX MCCEIOBAaHUI BIEp-
Bble M3y4YeHbl OCOOEHHOCTU TOBEAEHUS YIbTpaaucC-
MEPCHBIX TTOPOLIKOB KPEMHUS C Pa3TIMYHbIMU KOMIIO-
HEHTaMU.

Pe3ynbTaThl HMCCAEAOBAaHUN ITOKa3bIBAIOT KOppe-
JISLIUI0O MEXIY MOJHOTOM TpaHchopMaluu KpUCTa-
Jmyeckoi ¢a3pl B amMmopdHyIo a3y M MCXOTHBIM pa3-
MepPOM KPUCTAJIUTOB, a TAKKE MEXAY JIUTETLHOCTBIO
MEXaHOXUMMWYECKON aKTUBAUMU U COOTHOILIEHUEM
Macc LIapoB M MOPOIIKa MPU U3MEJIbUeHUM.

Cnmcok JuTepaTypbl

1. O3zepun A. H. Hanonopoiku B Poccuiickux HAaHOTEXHO-
norusix // Poccuiickue HaHoTexHosnoruu. 2009. T. 4, Ne 1—2.
C. 9—49.

2. Vollath D. Plasma synthesis of nanopowders // J. Nano-
part. Res. 2008. Vol. 10. P. 39—57.

3. KpacHas KHMTa MUKPOCTPYKTYP HOBBIX (DYHKIIMOHAJb-
HBIX MaTepuanaoB: y4yeb. moco6. / Ilom penm. akanm. PAH
10. JI. TperbsixoBa. M.: MT'Y um. M. B. JlomoHocosa, 2006.
115 c.

4. Bonmapes B. B. MexaHoXuMUsI 1 MexaHUYecKasi akTUBa-
uus TBepabix BemnectB // Yemexu xumum. 2006. T. 75, Ne 3.
C. 203-216.

5. KoBanesckuii A. A., JIadynos B. A., Ctporosa A. C., IIpi-
oyabckmii B. B. MccnenoBanue ocobeHHOCTE 00pa3oBaHUs MO~
JIYTIPOBOAHWKOBOTO AMCWINIIMIA TUTaHa // 2KypHas TexHudec-
Koit pmsuku. 2016. T. 86, Ne 9. C. 62—64.

6. Tperbsaxos 0. /1., Fynumun E. A. OcHOBHBIE HampaBiie-
HUST QyHIAMEHTAIBHBIX M OPUEHTUPOBAHHBIX MCCIIEIOBAaHUI B
obnactu HaHoMatepuasnos // Ycenexu xumuu. 2005. T. 78, Ne 9.
C. 867—888.

7. Koanesckmii A. A., Koros JI. A., I'pansko C. B., Ko-
map O. M., Kop3yn K. A. ®usuko-xumMmuiyeckre CBOCTBa Ha-
HOCTPYKTYPUMPOBAaHHBIX HAHOPA3MEPHBIX MOPOIIKOB KpeMHUS //
Monozaexs B Hayke—2016. Marep. XIIT MexayHap. HaydHO#
KOH®. (22—25 Hos16ps 2016), Mumnck, 2016. 297 c.

8. KoBajenckuii A. A., lonouk A. B., Illesuenok A. A. An-
COpOIMOHHAS CTIOCOOHOCTh HECIIPECCOBAHHBIX U CIIPECCOBAH-
HBIX TOPOIIKOB KpeMHMs // 73 MexayHap. HaydHO-TeXH. KOHD.
"HoBble TeXHOIOTUY MU3TOTOBJIEHUSI MHOTOKPUCTATHHBIX MOJIY-
qeir”. (Muack—Hapoub 25—29 centabpst 2006 r.). Jokmags
BI'YUP. 2006. Ne 5.

9. Koanescknii A. A., Ctporosa A. C. Mukpo- 1 HaHOIuC-
MepcHbIe TOpoIKU KpeMHusi. CBOMCTBA M UCIIONb30BaHUE //
Lap Lambert Academic Publishing. 2012. 261 c.

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 11, 2017 673



A. A. Kovalevskyl, Ph. D., Associate Professor, Leading Researcher, e-mail: a_kovalevsky@mail.ru,

A. S. Strogoval, Ph. D., Senior Researcher, e-mail: strogova@bsuir.by, A. A. Shevchenokz, Ph. D., Associate
Professor, Leading Researcher, D. A. Kotovl, Ph. D., Associate Professor, S. V. Grankol, Ph. D., Associate Professor,
I Belarusian State University of Informatics and Radioelectronics, Minsk, 220013, Belarus,

2 Institute of Powder Metallurgy, Minsk, Belarus

Corresponding author:

Strogova Aleksandra S., Senior Researcher, Belarusian State University of Informatics and Radioelectronics, Minsk,

220013, Belarus, e-mail: strogova@bsuir.by

Obtaining of Superdispersed Silicon Powders by the Method of Mechanochemistry
and Research of their Physical and Chemical Properties

Received on May 16, 2017
Accepted on May 31, 2017

The authors studied specific features of grinding of microdispersed silicon powders into nanodispersed powders as a result of a
mechanochemical activation, presented the key parameters influencing the process of crushing and the properties of the powders.
They also investigated the physical and chemical properties of the nanodispersed silicon powders and specified the conditions for
achievement of the dimensions of the nanoscale particles of 10—30 nanometers.

Keywords: micro and nanodispersed powders, silicon nanoparticles, mechanochemical activation, specific density, melting tem-

perature

For citation:

Kovalevsky A. A., Strogova A. S., Shevchenok A. A., Kotov D. A., Granko S. V. Obtaining of Superdispersed
Silicon Powders by the Method of Mechanochemistry and Research of their Physical and Chemical Properties,
Nano- i Mikrosistemnaya Tekhnika, 2017, vol. 19, no. 11, pp. 667—677.

DOI: 10.17587/nmst.19.667-677

Introduction

Now there is a great demand for the nanodispersed
silicon powders, especially of a crystalline structure, in
various technologies, which use the ability of nanocrys-
talline silicon to absorb the UV radiation. This property
is claimed in various productions. In perfumery the na-
nodispersed silicon powders of a crystalline structure
are used for manufacturing of the sun protection cos-
metics; in the paint and varnish industry introduction of
silicon powders raises stability of the colors and pre-
vents fast fading; in the textile industry manufacturing
of the dyes containing nanocrystalline silicon allows us
to ensure stability and brightness of the colors of fabrics
and to increase their durability.

In the motor industry introduction of the nanocrys-
talline silicon powders in varnishes and paints ensures
color retention and protective functions of coatings pre-
venting destruction under the influence of UV radiation.

Reception and research of superdispersed powders
of various substances is an important field of science.
First, this is due to a practical necessity of creation of
new materials, which in some cases is possible only with
the use of the powder-like components; secondly, the
problem of studying of very small particles, especially
having the sizes less than 100 nm, is a component part
of a more general fundamental area of knowledge col-
lectively called "Nanotechnologies".

Historically, the nanodispersed powders of oxides of
silicon, aluminum and some other elements have been
the most wide-spread and industrially applied [1].
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The physical and chemical properties of the pow-
ders, the structure of the nanoparticles and, as a con-
sequence, the sphere of their application, in many re-
spects depend on the way of their obtaining. Therefore,
the known ways of reception of the powders are being
improved, and new ones, such as laser, mechanochem-
ical, plasma-chemical, sol-gel methods, method of
electric explosion of conductors, etc., are being inten-
sively developed [1—6].

Special attention is given to development of high-ef-
ficiency, economic and safe technologies for produc-
tion of the nanosized powders. An essential drawback of
the existing industrial technologies for obtaining of the
powders are: use of chlorine, fluorine, acids and other
chemically active, hazardous and poisonous liquid and
gaseous substances; uncontrollable conditions of recep-
tion, and synthesis carried out in several stages. Pro-
ductivity of most of the new methods is low.

One of the recognized methods for reception of the
powders is evaporation of the solid inorganic substances
with the subsequent condensation, however, the exist-
ing sources of powerful heating have a low productivity,
or require vacuum chambers or inactive gases, there-
fore, development of the mechanochemical technology
for reception of the nanosized silicon powders is still
topical and promising.

The aim of the work is obtaining by the mechano-
chemical method of the superdispersed powders of sil-
icon and research of their physical and chemical prop-
erties.




Experiment technique

Microsized (325 mesh, the maximal size of R = par-
ticles is 43 um) silicon powders are used for creation
of the nanosized (superdispersed) powders (<100 nm)
(fig. 1). The nanosized silicon powders were received
by mechanochemical processing of silicon powders
with the size of the particles <43 um as a result of a
grinding of the silicon particles with the size of 1 mm
in VIM-80 vortical jet acoustic mill. After VIM-80 vor-
tical jet acoustic mill the mechanochemical processing
of the powders for the subsequent regrinding was car-
ried out in AGO-2 or RM-100 centrifugal-planetary
mills in the atmosphere of argon at acceleration of
400 m/s2 and the use of drums, steel and alundum
spheres with diameter of 5 mm. The correlation of the
weight of the spheres to the weight of the processed
powder was 100:1. For reception of the functions of
distribution of the particles of the silicon powders,
they used the method of identification of the param-
eters of the distributions of the particles presented by
manufacturers of the powders with the size of the par-
ticles <43 um, with the use of a direct search by exper-
imental histograms.

Due to such an approach the functions of distribu-
tion of particles for the microsized silicon powders
processed in VIM-80 vortical structural acoustic mill
during crushing of silicon particles with the size of 1 mi-
crometer were obtained (fig. 2). The investigated sam-
ples of the superdispersed (nanozied) silicon powders
were fractionated by the size of the particles by means
of sedimentation in petroleum-ether. The sizes of the
particles by fractions were determined by means of
photos made by S-4800 scanning electronic microscope
(Hitachi, Japan) (fig. 3, 4). Thus, the dispersion of a
powder was determined by the method of the micro-
scopic analysis.

The content of moisture in a powder was deter-
mined by the method based on distillation of water by
an inert gas at 200 °C from a metal powder and its in-
teraction with a reactant of K. Fisher during electro-
metric titration.

Results of research

Results of the research of the physical and chemical
properties of the used silicon powders demonstrated
that the bulk density of the initial microsized pow-
ders of silicon with dispersion <43 um was 0.57 g/cm3,
while for dispersion of 2...7 um it was already 0.32 g/cm3,
and for the nanosized powders obtained by mechano
chemical method with dispersion of 30...70 nm —
0.057 g/cm3, and with dispersion of 10...30 nm —
0.019 g/cm’.

The difference in the bulk densities of the silicon
powders is, probably, connected with the structure and
thickness of the surface oxide layer of the particles.
According to the data from a scanning transmission
electron microscope and X-ray-phase analysis, a par-

ticle of the nanosized powders of silicon with diameter
of 50 nm has a friable structure of an oxide cover, the
composition of which contains gases in quantity up to
3 mass %. The nanosized silicon powders have a higher
value of hygroscopicity ¢ = 6.2 %, and moisture ab-
sorption 6 = 16.3 % in comparison with the microsized
silicon powder (¢ = 3.1 %, 6 = 1.6 %), which confirms
the assumption of the superficial character of interac-
tion of the silicon particles with the vapors of water
contained in the environment.

Experimental data concerning distribution of the
particles for the nanodispersed (10...50 nm) silicon
powder are shown in the form of a histogram represent-
ing the differential function of the counting distribution
of the particles by sizes (fig. 4). The given histogram was
received by processing of microphotos of a powder. It
is necessary to point out, that in the course of a pro-
longed storage of the nanodispersed (10...50 nm) silicon
powder the nanosized particles can form aggregates in
a form of "racemose formations" (fig. 5).

It was discovered that there was a critical size of a
powder depending on the initial size, upon achieve-
ment of which the silicon powder turned into a mate-
rial, homogeneous by its composition. Most likely, the
role of the size of the initial material consists in provi-
sion of the optimal conditions for crushing in a closed
system in a flow of the air environment. With a reduc-
tion of the sizes of the initial particles, before crushing,
the contact of a particle with the neighboring same kind
of a particle becomes stronger, while sliding of the
particles in relation to each other is equivalent on all
of the surface, which ensures a process of homogene-
ous crushing of the particles, in general. The minimal
structural elements in the powder particles formed on
the surface of rather big particles with the size of
100...500 nm, are the microparticles consisting of four
atoms of silicon, linked by covalent bonds. Transition
to more complex formations, for example, six-link
rings, represents a collective effect and occurs simulta-
neously with formation of larger structures consisting,
at least, of several related cycles. After a point contact
in the initial phase of grinding (crushing) its cyclic
structure is destroyed. During transition to nanosizes
such a destruction can cause infringement of a crystal
lattice with a loss of a long range ordering and transition
to an amorphous phase (fig. 6).

Distribution of nanoparticles by sizes basically has a
bimodal character with the particles corresponding to
the average diameter of 20.0 and 40.0 nm. Analysis of
images of separate particles testifies to formation of the
silicon powders of a spherical form (fig. 7) with a min-
imal content of fractions. Thus, regrinding of the initial
powders with the size of particles <43 um allows us to
receive powders with the minimal number of fractions,
i.e. with the particles close by their sizes.

Powders of the superdispersed silicon are a special
morphological form of silicon (Si), received as a result
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of grinding of the microsized powders. They are char-
acterized by presence of a wide scale of various-dimen-
sion nanoparticles with a broken crystal lattice of sili-
con. Depending on the conditions, different degrees of
dispersion of the powders and their chemical compo-
sitions are received. Research of the chemical compo-
sition of the silicon powders crushed with the use of the
steel spheres and steel drums, demonstrated, that they
contained an insignificant quantity of iron (fig. 8, a).

Replacement of the steel spheres with alundum ones
allows us to exclude iron from their composition and
thus obtain nanodispersed silicon powders, pure by
their composition (fig. 8, b).

The reason, which caused the presence of iron in the
composition of a powder, most likely, was the friction
between the steel spheres and the steel walls of a drum.
Replacement of the steel spheres with alundum ones
excluded this effect. It was established, that the silicon
powders received with the use of the alundum spheres,
were practically X-ray amorphous and did not contain
iron in their composition (fig. 8, ). They are charac-
terized by higher dispersion in relation to the powders
received as a result of a mechanical grinding of silicon
with the use of the steel spheres. As is known, for the
particles of a superdispersed range the role of the sur-
face increases sharply. A ramified surface of the super-
dispersed systems in combination with a special, excit-
ed state of the surface atoms and electrons predeter-
mines a high reactionary ability and catalytic activity of
the superdispersed particles. Practically all the basic
thermodynamic and physical properties of the superd-
ispersed powders with particles of diameter <25—30 nm
begin to change intensively: free energy raises, temper-
atures of evaporation, fusion and recrystallization de-
crease by tens and even hundreds of degrees. At the size
of the particles of the powders (both metals and non-
metals) of 10...15 nm a substance with an absolutely
different structure and new stable thermodynamic and
physical properties is formed [1—6].

This is also proved by a higher value of the entropy
estimated by the results of the calorimetric research in
a bomb calorimeter. Et value 1.4 times exceeds the val-
ue of the entropy for the silicon crystallites with the
size of 43 micrometers and is equal to 26.15 J/mol - K
and is characterized by a lower temperature of fusion
1322 °C (1414 °C) [7].

Increase of the entropy as well as a decrease of the
temperature of fusion testify to an increase of the dis-
order in the system of amorphized silicon powders and
thus to a change of the thermodynamic parameters of
the system as a whole.

Such superdispersed silicon powders with the size of
the particles <10 nm easily decompose water at a room
temperature into hydrogen and oxygen by the following
reaction:

Si + 2H,0 = SiO, + 2H, (gas).
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They are oxidized easily by the air oxygen by reac-
tion Si + O, = SiO, and interact actively with the
hydroxides and acids with allocation of a significant
amount of heat:

Si + 2KOH + H,0 = K,SiO; + 2H, (gas);
Si + 2NaOH + H,0 = Na, SiO; + 2H, (gas);
Si + 4HNO; = Si(NOjy)4 + 2H, (gas).

The nanodispersed silicon powders absorb hydrogen
well at temperature from 373 up to 773 K. It was es-
tablished, that activation of the micro- and nanodis-
persed silicon powders at temperature of hydrogenation
of 623 K during 30 min. and pressure of hydrogen in a
flowing reactor of 0.25 MPa led to the hydrogen ab-
sorption in the quantity, necessary for formation of sil-
icon hydride of SiH, composition.

According to the diffraction patterns (fig. 9), as a re-
sult of such processing an amorphization of a sample
occurs. In the area of the expected diffraction maxima
of silicon, a halo is observed (spectrum /, fig. 9). The
sum total of the data allows us to assume, that activa-
tion in the field of temperatures from 277 up to 373 K
leads to formation of an X-ray amorphous silicon hy-
dride. An increase of the time of the thermal activation
up to 45...60 min. does not lead to a change of the phase
composition.

Similar results were obtained at 673 K and activation
time of 5...15 min. The further processing (hydrogen-
ation) during 20...30 min. led to formation of hydrides
of Si,H, and Si,Hg (spectrum 2, fig. 9). In this case the
hydride is formed by the following reactions:

The hydride forming at the temperature (<573 K) is
in equilibrium state during hydrogenation in a flow re-
actor. With termination of the thermal influence after
the hydrogenation the processed powder comes to a
metastable state.

The hydrogen, coming to the volume of the micro-
and nanodispersed silicon powder in the range of tem-
peratures of 373...723 K, due to the diffusion process, can
react not only with the atoms of silicon with formation
of hydrides of SiH, type, but also with the hydrides of less
active radicals of such type as Si;Hy, Si,Hg.

From here it is possible to draw a conclusion, that
the initial micro- and superdispersed silicon powder is
completely hydrogenated on the surface of the parti-
cles’ borders up to the equilibrium state. At that, the ac-
tive centers arising during introduction of hydrogen,
such as H, Si2+, SiH,, SiH;, etc., also take part in hy-
drogen saturation of the micro- and nanodispersed sil-
icon powder.

The hydrogenation process has two obviously ex-
pressed stages. The temperature of the transition be-
tween the stages is determined by the dispersion of the
micro- and nanodispersed silicon powders and the




structure of the hydrides on the surface of the particles.
As the optimal temperature of hydrogenation we should
assume the temperature of 623 K, at which the maximal
mobility of the atoms of silicon is reached during the
hydride formation. At temperature over 723 K for hy-
dride of Si,H, (SiH,) a sharp reduction of the content
of hydrogen is observed (fig. 10).

The received experimental data testify that the speed
of saturation of the micro- and nanodispersed powders
with hydrogen at a constant speed of a flow in a flow
system depends on temperature. Interaction of the gas
particles with the surface of a silicon powder goes
through the following stages:

e Nondissociative adsorption:

2H2‘gas) +Si—>Si+ 2H2‘ads);
e Dissociative adsorption:
ZH?ads) + 2Si -»Si + H?ads) + SlH(adS)’
e Formation of a molecular product:
e Desorption of a molecular product:
2SiH(adS) — 2Si + H2(gaS)T;

e Removal of the remainders:

2SiHyp) + 2H’(‘ads) — 28iHj3(; )

2SiH3 ) + 2H2‘ads) —2 SiHy(gas)

Due to the fact that the reaction particles, such as
atomic hydrogen, enter into interaction with the above
bonds on the surface of the particles, the hydrides are
formed as a result of the ion-induced dissociation of
the neutral molecules and radicals of hydrogen, which
originally were adsorbed from the gas phase [8]. Ac-
cordingly, the released reaction particles, at once, form
Si—H bonds without any migration on the surface.
Penetration of the atoms of hydrogen into the depth of
the silicon powders and formation of passive complexes
between the atoms of hydrogen and silicon, with ac-
count of various sort of small and deep centers, and also
structural defects, lead to an essential modification of
the properties of the powders’ surface [7, 9].

It was established, that the microsized (2...43 um)
silicon powders had one stage of intensive oxidation,
while the nanosized powders — two. Thus, the first
stage for the powders with the size of the particles of
10...30 nm is determined by the temperature of the
beginning of the intensive oxidation, equal to 723 K,
the second stage — by the temperature of 883 K. For
a nanosized powder with the size of the particles of
50...70 nm the temperature of the beginning of the in-
tensive oxidation is equal to 823 K. With a reduction of
the size of the silicon particles the degree of oxidation
of a powder increases from 26.4 % (<43 um) up to
96.2 % (10...30 nm) in all the investigated range of tem-

peratures. IR spectra of the products of oxidation of the
silicon powders (fig. 11).

Hence, the dimension of the crystallites of the sili-
con powders determines their thermalphysic and chem-
ical properties.

Conclusion

Thus, for the first time a change of the physical-
chemical properties of the superdispersed silicon pow-
ders during their crushing down to the size of the par-
ticles of 10...50 nm was discovered and investigated. It
was demonstrated, that for the created nanodispersed
silicon powders with a reduction of the size of the crys-
tallites down to the size <70 nm a transition occurred
from a crystalline structure to the amorphous one. By
means of the electron-microscope and x-ray research of
the silicon powders their composition, structure and
physical-chemical properties were estimated.

As a result of the undertaken research the specific
features of the behavior of the superdispersed silicon
powders with various components were studied for the
first time.

Results of the research show a correlation between
the completeness of transformation of the crystalline
phase into the amorphous phase and the initial size of
the crystallites, and also between the duration of the
mechanochemical activation and correlation of the
weights of the spheres and a powder during crushing.
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BAMAHUE OCOBEHHOCTEM XMMUYECKOM CBA3U Si—O
HA CTPYKTYPHO-NPUMECHbIE CBOMCTBA AMOKCHUAA KPEMHUS

Ilocmynuaa 6 pedaxyuro 17.05.2017

B ceéa3u ¢ ymenvuienuem AUHeiHbIX NOAYNPOBOOHUKOEbIX NpUubOpos uccaedosanue cucmemst Si—Si0, ¢ UCNOAB306AHUEM COB-
DEMEHHbIX Memo008 CIMAHOBUMCS AKMYaAbHbIM. JaHHAs padoma noCeAUEHA UYHeHUIO 0COOeHHOCMel XUMUMECKOU CE:3U KUCAO-
p00a ¢ KpemHuem, om KOmopoi 3a6Ucim QU3UKO-XUMU1ECKUe ce0UCmea OUOKCUOA KPeMHUS, U 8 KOHEYHOM cHeme Nnapamempbl

NOAYNPOBOOHUKOBBIX NPUOOPOE.

Karoueevte caoea: duokcuo kpemnus, xumueckas céasv Si—Si0,, cmpyKmypHo-npumecHsie ceoiicmea

Breicokast CTpyKTypHas IMOABWKHOCTh IWOKCHIA
KpPEeMHHUSI CBSI3aHa ¢ MU3MEHEHUEM YIJIa XMMUYECKOM
cBs13u Si—O—Si U3 MOHHOI U KOBaJIGCHTHOM COCTaB-
msromyx [1]. KoBanmeHTHast XuMu4deckasi CBsI3b UMeeT
G- U m-KOMIIOHEHThI, 3HAUY€HUSI KOTOPBIX MOTYT JIO-
KaJIbHO U3MEHSIThCS. Tak, m-cocTaBIsonas XuMudec-
KOI CBSI3W pacTeT C YBEJIMUCHUEM yIiia ¢. DTO M3Me-
HeHUe B OOLIEM BUIE CBSI3aHO C YBEJIUYECHUEM IMOJISI-
pU3YEMOCTU XMMMUYECKOU cBsA3U. MI3MeHeHue 3Haue-
HUI KOMITOHEHT (G ¥ 7t) He BIMSIET Ha SHEPTUIO CBSI3H,
IMO3TOMY MOTYT CYILIECTBOBaTh Pa3IM4YHbIC CTPYKTYp-
Hble 00pa30BaHMs C MOYTU OJMHAKOBOIl 3HEpPTUEH.
IIpenmonaraercs, 9T0 3HEPreTUIECKN HamboJee BBI-
rojeH yroa ¢ = 144°, cooTBETCTBYIOILIMI caMoil cTa-
ounbHOI hopMe KpemHezeMa — o-KBapiy. [1pu aTom
CYLIECTBYET UM paBHOBecHoe paccrosHue Si—O, paB-
Hoe 0,160 HM.

AToMbl ipuMecu (M), HaxosIIuecs: B HEIMocpeac-
TBEHHOI OJIM30CTU OT aToMa KUCJI0pola, Y4acTBYIO-
mero B cBs3u Si—QO, Takke NPUTITUBAIOT €ro, SIBJISI-
SICh, TAKUM 00pa3oM, KOHKYpEHTaMH aTOMY KPEeMHMUSI,
YTO BBI3BIBACT OCJIA0JCHNE XMMUUYECKON CBSI3U KpeM-
HUS ¢ KucnopoaoM. Yem Oosblire yucio cBsazeit M—O,
00pa3yeMBIX OOHUM U T€M Xe aTOMOM KHUCJIopoaa, U
YyeM MPOYHee 3TU CBSI3U, TeM cJlabee CTAaHOBUTCS CBSI3b
Si—O, u Tem OoJibllle OyIeT pacCTOSIHUE MEXOYy aTo-
MaMM KpeMHUSI M Kucjiopoja. Tak, oOpazoBaHue Xu-
muueckux cBaseit O—H u O—Na B crpykrype SiO,
TaKKe YMEHbIIIAeT 3HAUeHUE T-COCTABJISIOLIe XUMU-
yeckoil cBs3u Si—O [2].

DKCIIepUMEHTaIbHO yCTaHOBJIEHO [1], 4TO cBSI3U
Si—O,, Mexay aroMOM KpEMHHUS U MOCTUMKOBBLIM
aTOMOM KMCJIOpOAa B CpedHeM MPUOIU3UTEIbHO Ha
0,0025 um mmHHee cpenHuX cBasei Si—O, mexnmy
aTOMOM KPEeMHMS W KOHIIEBEIM aTOMOM KHCJIOpOIa
(Oy). DKcreprMeHTAIbHbIE UCCIIEI0BAHUS TOKA3bIBa-
10T, YTO 3HAaUCHHE OTPULIATEJILHOIO 3apsiaa Ha MOCTH-
KOBBIX aTOMaX KHACJIOPOoJa HECKOJIIBKO MEHBIIIE, YeM Ha
KOHIIEBBIX aTOMax KHUCJIOpOoa.
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HM3MmeHeHne BKJafa m-COCTABJISIIONIEH B OOIIYIO
SHEPIruI0 XuMmndeckoi cpsa3u Si—O conmpoBoxXagaeTcs
CTPYKTYPHBIMU W3MEHEHUSIMU NUOKCUIA KPEMHMSI.
Kak orMeuanoch, ymeHbleHue pacctosiHus Si—O npu-
BOAMT K POCTY T-COCTABJISIIOLLECH XMMUYECKOH CBA3H, a
TaKkKe K YBEIMYCHUIO pa3Mepa CTPYKTYPHOTO KOJIbIIA.
Tak kKak B CTPYKTYpPHOM OTHOILIEHWU TEPMUUYECKHU
OKUCJICHHBIC CIIOW KPEMHUS HEOTHOPOIHEI TT0 pa3Me-
py KoJiell, TO MOXHO CHeJlaThb BbIBOMA, UTO B MEPEXO-
HOM ciioe Si—SO, BKJIaJ m-COCTaBISAIOLIEH B OOLLYIO
KOMITOHEHTY XMMWYECKON CBSI3M MUHUMAaJIeH. [Apyru-
MM CJIOBaMU, XMMUYECKasl CBSI3b KPEMHUSI C KUCIOPO-
JIOM MMeET OOJBIIYIO CTENeHb HOHHOCTY Ha TPaHUIIE
MOJYIIPOBOAHUK — AUBJIEKTPUK, YeM B 00bEME TUOK-
cHga KpeMHUS.

Hanmune MexaHWYeCcKnX HaNpsSDKEHUI Ha TpaHUIIE
Si—SiO, npuBoaUT K AePopMaLuy XUMUYECKOM CBS-
3u Si—O, uTo comnpoBoxaaercs ee noasipusanuyein. Kak
ciemyeT M3 TaOJULbl, YBeJMYEHUE YIja XUMHYECKOM
cBsa3u Si—O—Si crmoco0CTBYET POCTY MOISIPU3YEMOC-
TH, & TAKXKE YMEHBIIEHUIO €€ JUIMHBI.

Koppensius Mexay JIMHOK XUMUYECKO CBSI3U U
ee yrjioMm ompenessiercs dhopmyoit [2]

ds;_o = 0,1526 — 0,0068secq. (1)

B nensix moBbILEHUs CTPYKTYPHO-IIPUMECHO CTa-
6unbHOCTU cucTeMbl Si—SiO, HEOOXOIUMO MPUBECTU
€e B COCTOSHUE YCTOMYMBOIO TEPMOAMHAMUYECKOTO
paBHOBecus. /151 3TOro He0OXOAUMO, YTOOBI B 3TOM
CUCTEME MPOILIMA PETAKCALMOHHBIE TIPOLIECCHI, CBA-
3aHHBIE C U3MEHEHUEM €€ CTPYKTYPHO-IPUMECHOTO
COCTOAHMH, KOTOPOE 00ECIEYNBAET [UIS STOM CUCTEMBI
YCTOMYMBOE METACTAOMIILHOE COCTOSIHUE PABHOBECHS.

3aBUCHMOCTb JJIMHBI XMMHUYECKOii cBsi3n Si—O
OT 3HAYEHHSA BAJIEHTHOTO Yrjia ¢
Dependence of the length of the chemical bond of Si—O
on the value of the valent angle of ¢

ds; o, nm | 0,16620,1632| 1,1615| 0,1605| 0,1598 | 0,1595 | 0,1594
0 ° 120 | 130 | 140 | 150 | 160 | 170 | 180




M3BecTHO, YTO B MpoLiecce TEPMUIECKOTO OKUCIIEe-
HUSI KPeMHUSI Ha rpaHuile pasaena (a3 BO3ZHUKAIOT
MeXaHW4YeCKre HaIpsDKeHUsI, TPUBOAAIINe K aedop-
MalUu TEeTPasIpoB [SiO4]4_ WM K UX B3aUMHOM pa-
3opueHTauuu. Tak kak sHeprus cBsa3u O—O npakTu-
YeCKM Ha IMOPSIA0K HUXe 3Hepruu cBsas3u Si—O, Ko-
BaJICHTHBIN paguyc KPeMHUS BEIIIE, YeM pagnyc KHC-
JIopoJa, TO MOXHO TIPEATOJIOXUTh, YTO Aedopmalius
TeTpasapa BbIPa3UTCS B HEKOTOPOM CMEILIEHUU KUC-
JIOPOTHOTO OKPYKEHHUsI OTHOCHUTEJIBHO aToMa KpeM-
HUSI. DTO MPEAIOI0XKEHUE COIJIacyeTcsl ¢ TUIOTe30M
0 CTpOEHUMU cTekJa, BbickazaHHoU C. M. bpexoBcKkux
1 MOATBEPXIEHHONW KBAHTOBO-MEXaHUUYECKMMHU pac-
yeramu [1]. Twunoresa o nedopmainuu TeTpasIpoB
[SiO4]4_ MOJKpEIIeHA TaKXKe DKCIepUMEHTATIbHBIMU
pe3ynbrataMu. TepMUUYecK OKHUCIIEHHEBIE CJTIOM KpeM-
HUS MMEIOT CYIIEeCTBEHHOE pa3jinyue B 3HAYCHMSIX
CTaTUYECKOM (g,) U ONTUYECKOM (g,) AUDTEKTPUUEC-
KOM NMPOHULIAEMOCTU. DTO pasninuue (g5 > &,) MOXHO
OOBSICHUTD TOJISIpU3aLeii, 00ycIoBIeHHON nedopMma-
ueil TeTpadapoB [SiO4]4_. Kpome storo, smexTpo-
(buznyeckre MCCaenoBaHUSI CIOEB AMOKCHUIA KPEM-
HHS YKa3bIBAlOT HA HEKOTOPOE CMEIeHNE KPEMHUS B
KPEMHEKHUCIOPOIHOM TETPal3Ape MO CPAaBHEHUIO C €T0
KPUCTAUTMYECKUMU MoaudukanusmMu. Takum obpa-
30M, B pe3yjbTraTe AedopMaluu TeTpasapa [Si04]4_
00pasyeTcsl KOMILIEKC, 001aJaloli TUTTOJIbHBIM MO-
MEHTOM, 3Ha4eHHe KOTOPOTO 3aBUCHUT OT CTPYKTYPHI
KOMILJIEKCa.

Bo3HUKHOBeHNME TONSIPU3AIIAA BO3MOXHO, €CITH
cuna Fgq, OEHCTBYIOLIAsl HA TETPAadp, IPEBbILIACT
VIIPYTYIO CHITY: F3¢>¢) > kx (k — xoadduLimeHT ynpyroi
CBSI3M, X — CMEIIIEHNE IIEHTPa TOJIOKUTEITLHOTO 3apsi-
Jla OTHOCUTEJIbHO OTpulaTe bHOro). Tak Kak 3Haue-
HUE BEJIMYUHBL F, 3 MaKCMMaJIbHO Ha TpaHMIE pa3-
aena Si—SiO,, TO MOXHO TOBOPUTb O IPEUMYILECT-
BEHHO TOJIIPU3ALIMU TIPUTTOBEPXHOCTHBIX CJI0eB SiO,.
C KBaHTOBO-MEXaHUYEeCKOM TOUKM 3peHus aedopma-
LIMST TETPa3ApOB, BhIpakeHHAass B M3MEHEHWU IJTMHBI
cBaseit Si—O, gomkHa MPUBOIUTH K HEKOTOPOI pa3o-
pUEHTAllMU d-opOuTaneil KpeMHUsT U p-opOuTasei
KHUCIOpoAa. DTO CIOCOOCTBYET M3MEHEHUIO SHEPTUM
JIOHOPHO-aKLENTOPHbIX CBA3el (d,—p,) U obpas3oBa-
HUIO HOBOTO BapWaHTa TMOPUAN3ALINN aTOMOB KHCITIO-
pona Sp"(2 > n > 1), 4TO ¥ HAXOAUT OTPAXKEHUE B pas3-
JIMYHBIX Bapuanusx 3HayeHus1 yrjaa Si—O—Si. Oue-
BUIHO, YTO 3TO TaKXe IODKHO MPUBOINTH U K U3Me-
HEHUIO CTENEeHW KOBAIEHTHOCTUM cCBA3U Si—O u,
COOTBETCTBEHHO, 3HAYCHUIO €€ TUIIOJIbHOTO MOMEHTA.
CMeleHue aToMa KpeMHUS OT LIEHTpa KUCIOPOIHOIO
TeTpasapa MPUBOIUT K PA3IMINIO B 3HAUCHUSIX SHEP-
ruu cBsa3eit Si—QO, ero oOpa3ylolIuX, TO3TOMY CUJIO-
BOE TIOJIe CITOCOOCTBYET pa3phlBy CaMOToO Ciaboro
3BeHa cBsa3eil Si—O—Si. Kak mokasbiBaeT 3KcIepu-
MEHT [4], pa3pyllleHre TMOKCHUIA KPEMHHUSI UMEET Te-
TEPOIUTUUECKUN MeXaHU3M. DTO OOBSICHSIETCS TeM,
YTO B pe3yJibTaTe pa3pbiBa XMMHUUYECKHUX CBsI3EH Me-

pecTpanMBaeTcsl 3JeKTPOHHAs CTPYKTypa KOMIUIEKCOB
=Si—O0—Si=, 4YTO CBS3aHO C YIPOYHEHUEM CBS3eil
=Si+ 1o cpaBHEHMIO CO CBSA3SIMU =Si (IBE YEPTOUKU
03HAYalOT KOBAJIEHTHYIO CBSI3b).

OO0pa3oBaBLIMECs AUIIOJbHbBIE KOMIUIEKCH B CTPYK-
type SiO, B3auMoneicTByIoT Apyr ¢ Apyrom. Ilpu stom
IUTIONIBHBIE MOMEHTHI OPUEHTUPYIOTCS TaK, YTO SHEP-
TUsl BTUX KOMIUIEKCOB CTaHOBMTCSI MUHUMAJbHOM.
OTO BO3MOXHO B TOM CJiyyae, €Cjliu AUIOJMU OyayT
OPUEHTUPOBATHCS MO DJIEKTPUIECKOMY IMOJII0, BO3HU-
KawlleMy B IURJIEKTPUUECKOM CJI0€ B pe3yJibTaTe Tep-
MMUYECKOI0 OKUCIeHUs KpeMHus. I1o Mepe pocTa cost
JUOKCUAA KPEMHMSI 3TO MoJie OCaabasieTcs, TTO3TOMY
TETpPa’3Aphl, HaxXOmIIMecs Ha OOJBIIEM PacCTOSHUU
oT rpanuibl Si—Si0,, nox AelicTBUEM MeXaHUYECKUX
HamnpsKeHU MOTYT yxe 0oJjiee CBOOOAHO MOBOpayu-
BaTbCsl OTHOCUTEJIBHO APYT Ipyra, B pe3yJIbTaTe 4€ro
YIIOPSA0OYMBAIOTCS BhllIenexamue cinou SiO, u oa-
HOBPEMEHHO C 3TUM KOMIIEHCHPYIOTCS WX IUIIOJIb-
Hble MOMEHTbhl. OJHAaKO cleayeT OTMETUTb, UTO Ha
MHOABMXKHOCTb TETPasIpoB [Si04]4_ OKa3bIBaeT BJIUSI-
HUE BSI3KOCTb CJ10$1 AMOKCHUAA KPEMHUSI, KOTopasl pac-
TET C YBEJIMYEHUEM PACCTOSHUA OT IrpaHuLbl Si—Si0O,.

IMpu okucneHNM KpeMHUS JTUMUTUPYIOIINM haK-
TOPOM SIBJISIETCSI HEAOCTAaTOK CBOOOJHOIO o0beMa st
obpazoBaHMsI oKcuaa. ['eHepalusi CBOOOAHOTO 00b-
eMa IIPOMCXOIUT B PE3YJIbTaTe BA3KOro TeueHus SiO,-.
Hcxonsa u3 gaHHBIX paboThl (3), CKOPOCTh pOCTa OK-
cuna (dx/df) MoXHO 3ammcaTh Kak

‘;—)tc = K P"exp{—[AEl + AEv/kT}, )
rae K, — KOHCTaHTa CKOPOCTU XUMUYECKOM peakluu;
n — ee MOpPSAOK; p — HaBjieHue okuciautensd; AE1 —
sHeprus cBs3u Si—Si B nomjoxke; AEv — sHeprus
obpa3oBaHus CBOOOAHOro oobeMa; 7' — abcomoTHas
TeMmIriepatypa; AEv npencrasisieT co00ii He YTO MHOE,
KaK 3HEPruio aKTUBALMK BA3KOro teuyeHus Si0O,.

Baskocte okcuaa
n = Aexp|AEv/kT] 3)

M 3Heprus odpa3oBaHMsI CBOOOAHOIO O0beMa He SIB-
JITIOTCS KOHCTaHTaMM, a 3aBHCAT OT TeMIIepaTyphl
OKUCJIEHUSI KPEMHUS U BHYTPeHHeEro ctpoeHus SiO,.

HsBectHo, 4to cion SiO, Ha KPEMHUM HMMEIOT
aMOp(GHYIO CTPYKTYPY M COCTOSIT M3 XKECTKMX TeTpa-
31poB SiO,, O0bEIMHEHHBIX B KOJIBLIEBBLIE CTPYKTYPHI.
Yucio 3BeHbEB B KOJIblle — Bo3pacTaroliast GyHKIIUs
yrja ¢ MOCTUKOBOI cBsI3u Si—O—Si Mexay cocenHu-
MM TeTpadapaMu, HapuMep B IIECTUUJICHHBIX KOJIb-
nax ¢ = 144°, a B yeTblpexwieHHbIXx — 120°.

B cinosx SiO, Baanu ot rpaHuuel pasaena Si—SiO,
MpeodIanaloT MeCTU3BEHHBIE KOJIbIla, TTPUCYTCTBYIOT
Takxke W KOJiblla ApYrux pa3mepos. I1o Mepe mpubiam-
KeHUs K TTOIJIOKKE, HauWMHasl ¢ pacCTOSHUSA 6 HM,
HaOJIIOMAeTCs TOCTENeHHOE YMEHbBIIICHWE JTOJU IIec-
TUYJIEHHBIX KOJIEll M BO3pacTaHWE COIep>KaHUs 4Ye-
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TBHIPEXUYJIEHHBIX, XapaKTepu3ymolleecss yObIBAHUEM (.
B cioe okcuaa HemocpeACTBEHHO Ha TpaHMIEe pasaesia
Si—Si0, naxonutca 10—15 % miecTUuNeHHBIX KoJew,
OCTaJIbHOE — YeThIPEX3BEHHbIE KOJIblIA.

BcnenctBue HECOOTBETCTBMSI MOJISIDHBIX OOBEMOB
Si u SiO, B oKkcuIe BO3HUKAIOT BHYTPEHHUE CXKMUMa-
Io1[1e HaMpsKeHUs, KOTOpble MaKCUMaJIbHbI Ha Tpa-
HULIE pa3neia U peJakCUPYIOT N0 Mepe MPOABMKEHMS
B INIyOMHY auokcuna kpeMHus [1]. TlageHue ypoBHs
HaNpsDKEHU COMPOBOXKIACTCS YBEJIUYEHUEM ¢ M arl-
MPOKCUMUPYETCS IMOO SKCITOHEHIIMAJIbHOM, TMOO JH-
HelHo# 3aBucuMOCTbi0. Ha ocHOBaHUM pe3yabTaToB
9TOI pabOThI MPEANOJOXKUM, YTO U3BMEHEHUE OT pac-
CTOSTHUSI X IO TPaHUIIBI pas3nesia MIPOUCXOANT IO Clie-
NyIolleMy 3aKOHY:

® =g~ App(1 —x/1), x <2, 4
¢ = (P(), X2 }",
rae @) = 144°, Agy = 20°, L = 6 HM. 5)

Bs3kocTb cTEKO1, B TOM YUCTIE U CTEKJIOO0pa3HOTo
MUOKCHIA KPEMHMSI, BO MHOTOM OMNpPEesieTCs] BHYT-
PEHHUM CTpOEHUEM BelllecTBa. B aToMm cimyvyae n3me-
HeHMe MOCTUKOBOTO yria cBs3u Si—O—Si conpoBox-
JaeTcsl U3MeHeHueM BsizkocTu SiO,.

B Hacrosiiiee BpeMs He CYILECTBYeT €IMHOI Teo-
pUM BSI3KOCTH CTeKojd. K HerioxoMy COBNAIEHUIO C
SKCMEPUMEHTOM MPUBOAUT TOTYIMIUPUIECKOE YPaB-
HeHnue Jdynutna [1]:

n = Aexp[BVy/V;l, (6)

rne A, B — KoHcrautel (B = 1); V) — paBHOBeCHBII
00BEM CTEKII000pa3HOM XKMIKOCTU (pacIuiaBa); Vf —
CBOOOJIHBIN 00BEM, MMEIOIINI CMBICT M30BITOYHOTO
o0beMa pacriiaBa Mo OTHOLIEHUIO K "TBepaOMY" CTeK-
JIy, eciv Obl OHO OCTaBaJOCh "TBepAbIM" TIPU HArpeBe
JI0 TeMrepaTypbl paciuiaBa T cTekia:

Vf= (0 = o) V(T — Tpy), mpu T > T,
Vr= 0, npu T < Ty, @)

rae T — MUHUMaJIbHas TEMIIEPATYpa, BblllE KOTOPOii
HaOJtoaeTcs BA3KOE TEUCHME.

Hnsa SiO, snayenne Ty~ 1170...1220 K. Ilpu T< T
BA3KOCTb Si0, CTaHOBUTCS OECKOHEUHO OOJIbLION.
KoadppuumeHT 00beMHOr0 TEPMUYECKOTO pacIIvpe-
HUsT "TBEPIOTO" CTEKA 0y ~ 10...7 K1, a sxuakoctu —
o = 107 K™, mostomy ay B (opmyne (7) MOXHO
npeHeopeyb. KoadhduiimeHT TepMUIECKOro paciimpe-
HUS OIpeNessieTcsl BHYTPEHHEN CTPYKTYpOi U CBOMCT-
BaMU BelleCTBA.

B nmepBoM NMpuOAMKEHUU TUIOTHOCTb p CTEKI000-
pa3HOro KBaplia OOpaTHO IIPOIOpPLMOHANbHA KYyOy
PAcCTOSTHUS MEXAY OMMKallMMU aToMaMU KPeMHMSI
Si—Si.

OcCTaHOBUMCSI Ha COOTBETCTBUU BBIpAXKCHMST KC-
MMepUMEHTATbHBIM JaHHBIM 110 OKHUCJIEHUIO KPEMHMUSI.
[Tpu aTOM ciieayeT UMeTh B BUAY, YTO B DKCIEPUMEH-
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TaJbHBIX pe3yabTaTaxX, MOJIYYEeHHBIX aBTOpaMU, UMe-
I0TCSI 3aMETHBIE Pa3Iuyusl, MPUBOASIIE K MHOTOUMC-
JICHHBIM anImpOKCUMUPYIOLIUM 3aKOHaM x(f): JTUHEN-
HOMY, JMHEHHO-NapabonnyecKoMy, Jiorapupmuyec-
KOMY, 00paTHOMY JIOTapu(PMHUIECKOMY, CTEIICHHOMY U
UX KOMOMHaALUAM. BBegeHue psiga MoAroHOYHbIX Ma-
paMeTpOB MO3BOJISIET C XOPOIIeil TOYHOCTBIO ITPUMeE-
HSITh YIOMSIHYTbI€ 3aBUCHUMOCTHU IS OIMCAHUS SKC-
MepUMEHTAJIbHBIX JAaHHBIX, MO3TOMY BBIOpaTh Cpeau
HUX Hawiydinyio TpyaHo. Kak cienyer u3 ucciaenoBa-
Huit [5], dx/dt MoxeT ObITb C XOpOllell TOYHOCTBIO
TIPEACTABICHO B BUJIE

dx/dt = A, /(B + 2x) + Cexp(—x/L), (8)

rane C — KOHCTaHTa; XapaKTepucTuueckas ajauHa L co-
cTaBiser 6...8 HM.

Ha nepBoii craguu oKuciieHUs KpeMHUs TpeodJia-
JaeT SKCMOHEHLMANbHbIN ulieH B dopmyne (8). Eme
OIHUM (haKTOM, CBUACTETBCTBYIOIINM B TTOJIB3Y MPEI-
JIOXKEHHOM Monenu, sBJsieTcsl HaliieHHas B paboTax
[2, 3] xapakTepHasi Magampiasi 3aBUCUMOCTb KOHCTaH-
THI CKOPOCTU XUMHUYECKOM peakIInyi MeXIy KpeMHUEM
1 KUCJIOPOAOM IO Mepe YTOJIUIEHUST OKCUA.

Takum obpazoM, ¢ y4eTOM CTPYKTYPHBIX M3MEHE-
HUI, TTPOMCXOASAIIMUX B OKCHUIE MO MEpe ero pocra,
MpeyIokeHa MOMeIb HavyaJlbHOro 3Tara OKMCIIEeHUS
KpPEeMHUsI, KOTOpas NMO3BOJIMJIA YCTAHOBUTD CIIECAYIOIIEe.

1. Baskoctsb cinoeB SiO, pacrer 1o Mepe yaajJeHus
OT TIOVIOKKHU BCJCICTBHE IPOUCXOISIIINX B HUX
CTPYKTYPHBIX M3MEHCHMIA.

2. CnencreueM yBennveHus BA3KocTH SiO, sABA-
€TCs1 3aMeVIEHUEe CKOPOCTU OKHMCIEHUSI MPU YTOJILIE-
HUU OKCHUJA B COOTBETCTBUM C 3aBUCUMOCTbIO (8),
BepHoii pu x < 10...15 M. lanee HapaiuuBaHue SiO,
IIPOVCXOMUT TI0 TapaboINIecKOMy 3aKOHY X ~ /2.

3. BBumy pe3Koro Bo3pacTaHMUSl BSI3KOCTU IIpU
T < 1170...1220 K cKOpOoCTb OKUCIEHUSI CTPEMUTCS K
HYJIIO TIPY HU3KHUX TeMIlepaTypax.

C yyeToM MBJIOKEHHOT0 MOXHO ITPeAIoI0XUTh,
YTO CTPYKTypHAs OpHEHTAIlds] BO3MOXKHA B CJIOE IM-
OKCHIIa KPEMHHMSI TOJNIIMHOM MeHee 6 HM.

PaccMoTperHass (QU3MKO-XUMUYECKass MOIENThb
OKUMCJIEHUSI KPEMHHUS MO3BOJISIET MPEINOJ0XKUTh, YTO
pacnpeneiieHue creneHu aedopmauun csazein Si—O
u Si—O—Si Koppenupyet ¢ pacnpeaeneHrueM 3 dek-
TUBHOTO 3JIEKTPUYECKOTO MoiA B cinogx Si0,. O6nactsb
SiO,, HENOCPEACTBEHHO IIPUMBIKAOLIASA K TPaHMUILE
KpPEeMHMI — MUOKCHI KPEeMHMUSs, OTJAMYaeTcsl HeOOb-
MU HUCKaXEHUSIMU CTPYKTYPBI, TaK KaK 3JIEKTPU-
YyecKoe 1oJie, OPUEHTUPYS TETPas3Ipbl, OMHOBPEMEHHO
CMOCOOCTBYeT uX nedopMmaluu, MOCKOJIbKY ITOBOPO-
Thl TETPA’APOB B ATOM CJIy4yae OTHOCUTEJIbHO IPYr
JIpyTra HECKOJIbKO 3aTpyaHeHbI. {151 6oJiee yaaaeHHbIX
obnacteit SiO, XxapakTepHbl MEHbIUME MCKAXEHUS
CTPYKTYDBI, UTO OOYCJIOBIEHO OCIa0IEHUEM DJIEKTPU-
yeckoro noJjs. IlepexonHas oonactb Si—SiO, cocToUT
13 OPUEHTUPOBAHHBIX OMpPEACTICHHBIM 00pa3oM TeT-




pasApoB, 3HAUEHUE AUIMOJHHOIO MOMEHTAa KOTOPBIX
najgaer 1o Mepe ynaneHus ot rpaHuubl Si—SiO,. Kak
MMOKA3bIBAET BKCIIEPUMEHT, B 3TOM CJIO€ BO3HUKAIOT
00bEeMHBIE MOJISIPU3ALIMOHHBIE 3apsiibl, paclpeaeieH-
HbI€ C 00BLEMHOM TJIOTHOCTBIO P,

P, = —divp,,

rae P, — NIUINOJIbHBIA MOMEHT.

Ilpu ymajeHWM OT TpaHWIIBI pa3mesia OpUeHTAIIM -
OHHOE BIIMSIHUE JJIEKTPUYECKOTO IIOJIsI ociabeBaeT
HACTOJIBKO, YTO DHEPTUsl CBSI3M MEXIY TeTpasapamMu
OIIpeeiaeTCsl TONbKO WX TUTIONb-OPHEHTAIIMOHHBIM
B3aumoaeiicteueM W. OTMeTuUM, 4YTO MOABMXKHOCTD
TEeTpasipoB [SiO4]4_ B 3TOM cJjioe BbICOKa. MOXHO
MPEATNONOXUTD, YTO BTOT CJIOM PacIioNOXEeH Ha ymaje-
HUU >2 HM OT rpaHuLbl Si—Si0O,.

CornacHo dopmyie

W= —2P} P} /3kT,

SHEPTHSI OPUEHTALIMOHHOTO B3aMMOACHCTBUS M-
MOJIbHBIX aHMOHHBIX KOMILIEKCOB [SiO4]4_ C MOMEH-
TaMu P| U P,, HaxoIAIMMKCS HA PACCTOSIHUU 7 APYT
OT JIpyTa, 3HAYUTEJIbHO MEHbIIIe SHePTUU UX TEeIJIOBO-
ro aBuxeHus k1. IToaTomy pazopreHTUPOBAHHBIE TTOJ,
JIEICTBUEM TEIUIOBOTO TOJISI M MEXaHWYECKUX Harpsi-
KEHUI TeTpasapbl [SiO4]4_ CIIOCOOHBI CBOOOIHO IO-
BOPAUYMBATHCSI OTHOCUTEJIBHO APYT Apyra ¢ obpa3oBa-
HUEM BKCIIEpUMEHTANTbHO 3a(UMKCUPOBAHHBIX TJI00YI
[6] 1 xoMmeHcauMel AUMOJBHBIX MOMEHTOB. TaKuM
0o0pa3oM, CTPYKTYpHasi HEOJHOPOJHOCTb CJIOEB AUOK-
cHIa KpeMHUS TPUBOIUT K WX 3JIEKTPODUINIECKOM
HEOIHOPOIHOCTHU, BhIpaxKawlleiics B TOM, UTO IIpU-
MOBEPXHOCTHAs (MepexoaHasi) o0JacTb AUBJIEKTPUKA

TOJIIpHA BCJIEACTBHE HEKOM OpuUeHTaunu aeopMu-
POBaHHBIX [Si04]4_ TETPa3APOB MJIM CTPYKTYPHBIX
KOMIUIEKCOB Ha MX OCHOBE (HampuMep, KOPOTKHX IT10-
JIUMEPHBIX 1IeMoYyek). DTO COCTOSIHUE OWAJIEKTpUKa
MOCTETIEHHO TMEPEXOIUT B TOJSIPHO-HEHUTpaAIBHOE, CO-
OTBETCTBYIOILIEE CKOMIICHCUPOBAHHOMY PpacIOJIOXKe-
HUto aumoneii. OUeBUIHO TakKe, YTO Ha 3HAUYCHUE
(pUKCHMPOBAHHOIO BCTPOEHHOTO 3apsiaa OyayT OKa3bl-
BaTh CYLIECTBEHHOE BIUSIHUE 3JIEKTPOHHBIE MPOLIECCHI
B CHCTeMe KPEMHUI — TUOKCUI KPEMHUS.

B 1iesisix moBbIlIeHUS CTAOUIBHOCTH DJIEKTPOPHU3U-
YECKUX CBOMCTB cucteMbl Si—Si0, HEOOX0AUMO Mpu-
BECTU €€ B COCTOSIHHE YCTOMYMBOIO TEPMOIMHAMUYEC-
Koro paBHOBecHs. JIJIsT 3TOro HEOOXOAMMO, YTOOHI B
3TOM CHCTEeMe TPOIUIM pejlaKCallMOHHBIC TPOIIECCHI,
CBSI3aHHbIE C UBMEHEHUEM €€ CTPYKTYPHO-TTPUMECHO-
TO COCTOSTHUSI, KOTOPOE OOECITeYnBaeT ISl 3TOM CHC-
TEMbl YCTOMYMBOE METAcTaOMJIbLHOE COCTOSIHUE paB-
HOBECHS.
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High structural mobility of the silicon dioxide is
connected with a change of the angle of the chemical
bond of Si—O—Si from the ion and covalent compo-
nents [1]. The covalent chemical bond has o- and
n-components, the values of which can vary locally.
Thus, = component of the chemical bond grows with
an increase of angle ¢. This change in general is con-
nected with an increase of the polarizability of the
chemical bond. Variation of the values of the compo-
nents (o and =) does not influence the energy of the
bond, therefore there can be various structural forma-
tions with almost identical energy. It is assumed, that
angle ¢ = 144°, corresponding to the stablest form of
silica — to a-quartz, is energetically most favorable. At
that, there is also the equilibrium distance of Si—O
equal to 0.160 nm.

Atoms of an impurity (M), being in immediate
proximity from the atom of the oxygen participating in
Si—O bond, also attract it, being competitors to the at-
om of silicon, which weakens the chemical bond of sil-
icon with oxygen. The greater is the number of M—O
bonds, formed by one and the same atom of oxygen and
the stronger are these bonds, the weaker is Si—O bond,
and the longer is the distance between the atoms of sil-
icon and oxygen. So, formation of the chemical bonds
of O—H and O—Na in SiO, structure also reduces the
n-component of Si—O bond [2].

It was experimentally established [1] that bonds of
Si—O,, between the atom of silicon and the bridge at-
om of oxygen, on average, were approximately by
0.0025 nm longer than the average bonds of Si—O, be-
tween the atom of silicon and the trailer atom of oxygen
(Oy). Researches show, that the value of a negative
charge on the bridge atoms of oxygen is somewhat less
than on the trailer atoms of oxygen.

Variation of contribution of n-component to the
common energy of the chemical bond of Si—O is ac-
companied by structural changes of the silicon dioxide.
As it was mentioned, reduction of Si—O distance leads
to a growth of t-component of the chemical bond, and
also to an increase of the size of the structural ring.
Since in the structural terms the thermally oxidized lay-
ers of silicon are non-uniform by the size of the rings,
it is possible to draw a conclusion, that in the transitive
layer of Si—SO, the contribution of n-component to
the common component of the chemical bond is min-
imal. In other words, the chemical bond of silicon with
oxygen is more ionic on the semiconductor — dielectric
border, than in the volume of the silicon dioxide.

Presence of mechanical stresses on Si—SiO, border
leads to a deformation of the chemical bond of Si—O,
which is accompanied by its polarization. As it follows
from the table, an increase of the angle of the chemical
bond of Si—O—Si promotes the growth of polarizabil-
ity, and also reduction of its length.
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The correlation between the length of a chemical
bond and its angle is determined by the following for-
mula [2]:

dg,_o = 0.1526 — 0.0068seco. (1)

In order to increase the structural-impurity stability
of Si—Si0O, system, it is necessary to bring it in the state
of a steady thermodynamic balance. For this purpose
the relaxation processes are necessary in this system
connected with a variation of its structural-impurity
state, which ensures a steady metastable state of balance
for this system.

It is known, that in the course of the thermal oxi-
dation of silicon on the section border of the phases
certain mechanical stresses appear leading to a defor-
mation of the tetrahedrons [SiO4]4_ or to their mutual
misorientation. Since the energy of O—O bond is prac-
tically by an order lower than that of Si—O bond, the
covalent silicon radius is higher, than the radius of ox-
ygen, it is possible to assume, that the deformation of
a tetrahedron will be expressed in a certain displace-
ment of the oxygen environment in relation to the atom
of silicon. This assumption agrees well with the hypoth-
esis about the structure of the glass, expressed by S.
Brekhovskikh and confirmed by the quantum-mechan-
ical calculations [1]. The hypothesis about the defor-
mation of the tetrahedrons [SiO4]4_ was also supported
experimentally. The thermally oxidized layers of silicon
are essentially different in the values of the static (g,)
and optical (g,) dielectric permeabilities. This differ-
ence (g, > g,) can be explained by the polarization,
which is due to deformation of the tetrahedrons
[SiO4]4_. Besides, the electrophysical research of the
layers of the silicon dioxide point to a certain displace-
ment of silicon in the silicon-oxygen tetrahedron in
comparison with its crystal modifications. Thus, as a re-
sult of the deformation of the tetrahedron [Si04]4_ a
complex is formed possessing a dipole moment, the val-
ue of which depends on the structure of the complex.

Occurrence of polarization is possible, if the force
F. operating on the tetrahedron exceeds the elastic
force: Fy > kx (k — elastic bond coefficient, x — dis-
placement of the centre of the positive charge in rela-
tion to the negative one). Since the value of Fy g is max-
imal on the section border of Si—SiO,, it is possible to
talk about a primary polarization of the near-surface
layers of SiO,. From the quantum-mechanical point of
view, the deformation of the tetrahedrons, expressed in
variation of the length of Si—O bonds, should lead to
a certain misorientation of d-orbitals of silicon and r-
orbitals of oxygen. This promotes the energy change of
the donor-acceptor bonds (d,—p,) and formation of a
new version of hybridization of the atoms of oxygen
Sp™(2 > n > 1), which finds its reflection in variations
of the value of Si—O—Si angle. It is obvious, that this
should also result in a change of the degree of cova-
lency of Si—O bond and, accordingly, of its dipole




moment. Displacement of the atom of silicon from the
centre of the oxygen tetrahedron leads to a difference
in energies of the forming it Si—O bonds, therefore, the
field of force encourages a rupture of the weakest link
of Si—O—Si bonds. As an experiment shows [4], de-
struction of the silicon dioxide has a heterolytic mech-
anism. This is due to the fact that as a result of a rup-
ture of the chemical bonds the electronic structure of
=Si—O—Si= complexes is reconstructed, which is con-
nected with strengthening of =Si+ bonds in comparison
with =Si bonds (two hyphens mean a covalent bond).

The formed dipole complexes in the structure of
SiO, interact with each other. At that, the dipole mo-
ments are orientated so, that their energy becomes min-
imal. This is possible in case, if the dipoles are orien-
tated by the electric field arising in the dielectric layer
as a result of the thermal oxidation of silicon. In process
of the growth of the layer of the silicon dioxide this field
is weakened, therefore, the tetrahedrons, which are at
a bigger distance from Si—SiO, border, under the in-
fluence of the mechanical stresses can already turn
more freely in relation to each other, therefore, the
overlying layers of SiO, are ordered and simultaneously
their dipole moments are compensated for. However, it
is necessary to point out, that the mobility of the tet-
rahedrons [Si04]4_ is influenced by the viscosity of the
layer of the silicon dioxide, which grows with an in-
crease of the distance from Si—SiO, border.

During oxidation of silicon the limiting factor is the
lack of a free volume for formation of the oxide. Gen-
eration of a free volume occurs at a viscous flow of
SiO,. Proceeding from the data (3), the growth rate of
the oxide (dx/df) can be written down as

%‘ = K P"exp{—[AEl + AEv/kT}, )
where K, — constant of the speed of the chemical re-
action; n — its order; p — pressure of the oxidant;
AFE1 — energy of Si—Si bond in the substrate; AEv —
energy of formation of a free volume; T — absolute
temperature; AEv is nothing else, but the energy of ac-
tivation of the viscous flow of SiO,.

Viscosity of the oxide
n = Aexp|AEv/kT] 3)

and the energy of formation of a free volume are not
constants, but depend on the temperature of oxidation
of silicon and internal structure of SiO,.

It is known, that SiO, layers on silicon have an
amorphous structure and consist of rigid tetrahedrons
of SiO, integrated in ring structures. The number of
links in a ring is an increasing function of angle ¢ of the
bridge bond of Si—O—Si between the neighboring tet-
rahedrons, for example, in six-membered rings ¢ = 144°,
and in four-membered — 120°.

In SiO, layers, which are far from the section border
of Si—Si0,, the six-membered rings prevail, but the

rings of the other sizes are also present. As approaching
the substrate, beginning from the distance of 6 nm, a
gradual reduction of the share of the six-membered
rings is observed, as well as an increase of the content
of the four-membered ones, characterized by a de-
crease of ¢. In the layer of oxide, directly on the section
border of Si—Si0O,, there are 10—15 % of the six-mem-
bered rings, while the rest are the four-membered ones.

Owing to the discrepancy of the molar volumes of Si
and SiO,, the internal compressing stresses occur in the
oxide, which are maximal on the section border and re-
lax as they advance in the depth of the silicon dioxide
[1]. Falling of the level of stresses is accompanied by an
increase of ¢ and approximated by an exponential or
linear dependence. On the basis of the results of this
work we will assume, that a change from distance x up
to the section border occurs in accordance with the fol-
lowing law:

¢ = @ — Apg(l = x/2), x <A, “)
o= (P09 X2 7\9
where ¢y = 144°, Agy > 20°, L = 6 nm. )

The viscosity of the glasses, including the vitriform
silicon dioxide, to a great degree is determined by the
internal structure of a substance. In this case a change
of the bridge angle of Si—O—Si bond is accompanied
by a change of the viscosity of SiO,.

Now there is no a uniform theory of the viscosity of
glasses. A quite good coincidence with the experiment
results is provided by the semiempirical equation of
Doolittle [1]:

n = Aexp[BVy/Vyl, (6)

where A, B — constants (B = 1); V) — equilibrium vol-
ume of the vitriform liquid (melt), Vf — free volume,
having the sense of the superfluous volume of melt in
relation to "solid" glass, if it were "solid" during heating
up to the melt temperature 7-

sz ((Xl - (Xz)Vo(T_ To), at 7> To,
V,=0,at T< Ty, 7

where 7;; — minimal temperature, above which a vis-
cous flow is observed.

For SiO, T;) ~ 1170...1220 K. At T'< T, the viscosity
of SiO, becomes infinitely big. The coefficient of ther-
mal expansion of the "solid" glass o, ~ 1077 K_l, and
of a liquid — o; = 107* K1, therefore, o, in the for-
mula (7) can be neglected. The coefficient of thermal
expansion is determined by the internal structure and
properties of a substance.

In the first approximation density p of the vitriform
quartz is inversely proportional to the cube of the dis-
tance between the nearest atoms of silicon Si—Si.

Let us dwell upon the conformity of the expression
to the experimental data concerning the silicon oxida-
tion. At that, it is necessary to have in mind, that in the
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experimental results received by the authors, there are
appreciable distinctions leading to numerous approxi-
mating laws x(7): linear, linear-parabolic, logarithmic,
reverse logarithmic, power laws and their combina-
tions. Introduction of the adjustable parameters allows
us to apply with good accuracy the above mentioned
dependences for description of the experimental data,
therefore, it is difficult to choose the best from them. As
it follows from [5], dx/dt can be presented with good
accuracy in the following way

dx/dt = A,/(B; + 2x) + Cexp(—x/L), )

where C — constant; the characteristic length L equals
to 6...8 nm.

At the first stage of oxidation of silicon the expo-
nential member prevails in the formula (8). One more
fact testifying in favor of the proposed model is the
characteristic falling dependence of the constant of
speed of the chemical reaction between silicon and ox-
ygen in the process of thickening of the oxide, found
in [2, 3].

Thus, taking into account the structural changes oc-
curring in the oxide in the process of its growth, a mod-
el was proposed of the initial stage of oxidation of sil-
icon, which allowed us to establish the following:

1. Viscosity of SiO, layers grows with the process of
moving away from the substrate owing to the structural
changes occurring in them.

2. A consequence of an increase of the viscosity of
SiO, is a slowdown of the speed of oxidation during
thickening of the oxide according to dependence (8),
true at x < 10...15 nm. The further growth of SiO, occurs
in accordance with the parabolic law x ~ £1/2

3. In view of a sharp increase of the viscosity at
T < 1170...1220 K the speed of oxidation aspires to ze-
ro at low temperatures.

Taking into account the above, it is possible to as-
sume that the structural orientation is possible in a layer
of silicon dioxide with thickness less than 6 nm.

The considered physical and chemical model of ox-
idation of silicon allows us to assume, that distribution
of the degree of deformation of the bonds of Si—O and
Si—O—Si correlates with distribution of the effective
electric field in SiO, layers. The area of SiO, directly
adjoining the silicon — silicon dioxide border is distin-
guished by small distortions of the structure, because
the electric field, orientating the tetrahedrons, simulta-
neously promotes their deformation, since in this case
the turns of the tetrahedrons in relation to each other
are somewhat complicated. For the more remote areas
of SiO, smaller distortions of the structure are charac-
teristic, which is due to lessening of the electric field.
The transition area of Si—SiO, consists of the tetrahe-
drons orientated in a certain way, and the value of their
dipole moment falls as the distance from Si—SiO, bor-
der increases. As an experiment shows, in this layer vol-
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ume polarizing charges appear, distributed with the vol-
ume density (p,,):
P, = —divp,,

where P, — dipole moment.

With a bigger distance from the section border the
orientation influence of the electric field weakens so,
that the energy of the bonds between the tetrahedrons
is determined only by their dipole-orientation interac-
tion W. We should point out that the mobility of the
tetrahedrons [SiO4]4_ in this layer is rather high. It is
possible to assume, that this layer is located at the dis-
tance >2 nm from Si—SiO, border.

According to formula

W= —2P; Py /3kT®

the energy of the orientation interaction of the dipole
anionic complexes [SiO4]4_ with moments P; and P,
being at the distance r from each other, is much less
than the energy of their thermal movement k7.

Therefore, the tetrahedrons [SiO4]4_ misorientated
under the influence of the thermal field and mechanical
stresses can turn freely in relation to each other with
formation of the experimentally recorded globules [6]
and compensation for the dipole moments. Thus, the
structural heterogeneity of the silicon dioxide layers
leads to their electrophysical heterogeneity, expressed
in the fact that the near-surface (transitive) area of the
dielectric is polar due to a certain orientation of the de-
formed [SiO4]4_ tetrahedrons or structural complexes
on their basis (for example, short polymeric chains).
This state of the dielectric gradually transforms into a
polar-neutral one, corresponding to the compensated
for arrangement of the dipoles. Also, it is obvious that
the value of the fixed embedded charge will be influ-
enced considerably by the electron processes in the sil-
icon-silicon dioxide system.

In order to increase the stability of the electrophys-
ical properties of Si—SiO, system it is necessary to
bring it in the state of a steady thermodynamic balance.
For this purpose the relaxation processes are necessary
in it connected with a variation of the structural-impu-
rity state, which ensures a steady metastable state of
balance for the system.
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MCCAEAOBAHME YYBCTBUTEABHOIO SAEMEHTA AATHUKA AABAEHUA
HA OCHOBE BUIMOASAPHOTIO TEH3OTPAH3UCTOPA

ITlocmynuna ¢ peaxyuro 23.05.2017

[Ipogedenst uccaedosanus gvicoxouyscmeumenvHoil MOIMC npeobpazosamens dasaeHus, OCHOBAHHOU HA (PYHKUUOHUPOBA-
HUU 21eKmpu4ecKkoll cxemovl Oup@epeHyuabHo20 KacKkaoa ¢ meH304y8cmeumenbHbiMu AKMUgHoIMU (OUNOASIpHBIE N-D-N MPAH-
3UCMOPbL) U RACCUBHBIMU (pe3ucmopbl p-muna) sremenmamu. Tlpedcmaesnen cpasHumenvHblli AHAAU3 OMHOCUMENAbHO AHAN0208 HA

MEeH30pe3UCMU6HOM Mocme Yumcemona.

Karoueevie caoea: uyscmeumenvuolil anemenm, dasneHue, oupghepeHuuaibHblll Kackao, meH30mpaH3ucmop, meH30pe3ucmop,

memnepamypHvie XapaKmepucmuxu, wym

Bsenenue

CoBpeMeHHBIe pa3pabOTKU PEe3UCTUBHEIX UYBCT-
BUTEJbHBIX 3JIEMEHTOB (KPUCTAJIJIOB) JaTYMKOB JaB-
nenust (JJI) B Buae MUKPOBJIEKTPOMEXaHUIECKOM
cucteMbl (MOMC) HanpaBJieHbI Ha YJIy4llleHUE COBO-
KYITHOCTH 9KCIUTyaTallMOHHBIX XapaKTEPUCTUK, CPEIN
KOTOpbIX HauboJiee 3HAUMMON SIBJSIETCSI TEH30UYBCT-
BUTEJIbHOCTD [1—4]. IToBbIlLIEHUE TEH304YBCTBUTEIb-
HOCTHU CITOCOOHO KOCBEHHBIM ITyTeM PEIIUThb Cleayto-
1Ie 3a1avyu:

e COXpaHEHHWE WJIN MUHMUMU3UPOBAHUE TabapUTHBIX
pa3sMepoB KpUCTAJIA;
e YBEIMYEHUE MTPOUYHOCTHBIX cBOCTB MOMC.

IMosicHuM Kaxnayio 3agady B oTaeabHOcTU. IlepBas
3agayva:; Ijis co3gaHus KpucrauioB JI, ocobeHHO Ha
Manble nuana3oHbl (P < 1 kIla), Bo3HUKaeT moTped-
HOCTb B YBEJIMUEHUU TLJIOLIAIN MEXaHUYECKOI YyacTu
(MeMOpaHbl) M, COOTBETCTBEHHO, KpUCTaslia, YTO Or-
paHMYMBaeTCsl rabapuTHLIMM pa3MepaMM KopIlyca,
YMEHbILIEHMEM JaBJIeHNS pa3pylIeHUs 1, TOBOPS B 1ie-
JIOM, He SIBJISICTCS TTOJIOXKHUTETbHBIM (DAKTOPOM B MUK-
POBJIEKTPOHMKE, CTPEMSIILIEICS K MUHUMU3UPOBAHUIO
a7IeMeHTOB. BTopas 3amava: rmpu omnpeneaeHHBIX Taba-
PUTHBIX pazMepax KpucTalja U TeOMeTPUM KOHIIEHT-
paToOpoB HAIpSIKEHUM, T. €. KecTKuX LeHTpoB (KII),
(yHKIIMOHMpOBaHUWEe B 0Oojiee HUIKUX JAvarazoHax

JaBJICHUS] JOCTUTAETCS MYyTEM YMEHBbILIEHUS TOJIIUHbI
MeMOpaHbI, YTO ITOOOYHO MPUBOAUT K PE3KOMY CHU-
JKEHUIO aBJeHUus pa3pyllieHusi MemopaHbl. MMmeroTcs
pa3paboTKu, Tae MJISI YBEIUUEHUS] TTPOYHOCTU MeMO-
paHbl MCMOJB3YIOT ITOTOJHUTEIbHBIE KOHCTPYKTHB-
Hbl€ BJIEMEHTHI B BUie yriopoB [5]. ITogobHbie qoroJ-
HUTEJIbHBIE 3JIEMEHTbl MOTYT YBeJWYMBaTh TeMIlepa-
TypHbI KoadduumneHT HyneBoro curdana (TKH) 0.
Hns cHuxeHus BiavsiHus ynopoB Ha TKH rcnonb3yror
JIOTMOJTHUTEIbHbIE BHITPABJICHHbBIE 00JIACTH B KPUCTAJI-
Jie, CHUMaIOIIIMe Mapa3uTHbIE MeXaHWUYeCKUe Harps-
KeHUs1 ¢ TeH3ocxeMbl. COBOKYIMHOCTb METOJOB 3a-
TPYIHSET peajn3alrio TEXHOJIOTMYECKOTO Mpoliecca.
KapaunansHo HoBass MOMC sBisercs pelieHUueM
JUJIs1 BblllleonucaHHbIX 3a1a4. CyTb pa3pabaTbiBaeMoit
MBMC 3akiioyaercsl B UCMOJb30BAaHUM B KaueCTBE
TEH303JIEMEHTOB HE TOJBKO IMACCHBHBIX COCTAaBIISIO-
IIUX B BUAE PE3UCTOPOB p-TuMa (IaHHBIE 3JEMEHTbI
HCIIOJIB3YIOTCS ¢ 1960-X TOIOB), HO U AKTUBHBIX B BH-
Je OWUTIONISIPHBIX BEPTUKAIBHBIX A1-p-H TPAH3UCTOPOB
(maHHBIA BBIOOD HE SIBJISIETCS €AIMHCTBEHHbBIM, B 1aJlb-
HeileM BO3MOXHO pPa3BUTHE OTHOCUTEJIbHO OMIIO-
JIIPHBIX p-n-p TPAaH3UCTOPOB [6—15]).

BmecTo pacrpocTpaHeHHOI 3JIEKTPUYECKOM CXe-
Mbl MOCTa YUTCTOHA, I/I€ UCTIOJIb3YIOTCS YEThIpE TEH-
3opesuctopa (TP), craButcs cxeMa auddepeHIUATb-
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YMeHbIlleHHe
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(Decrease

parameter)

Puc. 1. Daekrpuyeckas cxema Kpuctauia TenzomuddepeHuuansHo-
ro KackKaaa

Fig. 1. Die with electrical circuits of differential amplifier

Horo kackazga (puc. 1), rae ucrob3ytorcs yetoipe TP
U aBa ounosspHbix TeH3oTpaHauctopa (BTT). Ilpu
PaBHBIX MEXaHMYECKUX YACTSIX KPUCTAJJIOB CXeMa TeH-
zonuddepenmanbHoro kKackaga (TIK) umeer cy-
LIECTBEHHOE TTPEMMYILIECTBO IO TeH-
304yBCTBUTEJIbHOCTU OTHOCUTEIHHO

CXOAUMOCTb U3MeHEeHUsI KO3 PUIIMEHTa YCUIICHUS U
conporusieHus. B Tabu. 1: 8B, , — OTHOCHUTENIBHOE
U3MeHeHue KoaguiueHTa YCI/I’JICHI/IH TpaH3UCTOpa,
0Rx|, — OTHOCUTEILHOE H3MEHEHHUE CONPOTUB-
NeHns KOJUIEKTOpAa TpaH3ucTOpa, dRp; , — OTHO-
CUTEJIbHOE U3MEHEHME COMPOTUBJICHUS ‘6asbl TpaH-
31CTOpA.

B pesynbTate MoaenupoBaHus ObLIM BEIOPAHbI TEX-
HOJIOTUYECKHE HOPMBI U, COOTBETCTBEHHO, HOMUHAJIBI
TEH303JIEMEHTOB CXEMBI, IpeACTaBJIeHHbIe B TaOI. 2,
rae Ry — compoTuBiieHUe 0asbl TpaH3UCTOpa, Ry —
COIPOTUBJIEHKUE KOJUIEKTOPA TPAH3UCTOPA, B — KO3(D-
(GUUMEHT yCUIEHUs TpaH3UuCTopa Npu gy = 14 MKA,
Ry e — BHELIHEE HEUYBCTBUTEILHOE K JABJIEHUIO CO-
NpOTUBJIEHUE, [gn — TOK 0a3bl TPaH3MUCTOPA, AKp —
nowanb kpucramna TIK, W, .6 — TonmumHa MeM6-
paHbl, Ay, — TUIOLIANb XECTKOTO LEHTPa, P — BbI-
JesisieMasi MOLUHOCTb Ha 3JIEKTPUYECKON CXeMe KpUC-
tanna TAK, Ugp ppos — MPOOMBHOE HampsikeHHe 06-
paTHOI BETBY BOJIbTAMIIEPHOI XapaKTePUCTUKU TPaH-
3UCTOpA.

CTaHAApPTHOM CXeMbl Ha TEH30MOC-
e (TM).

Pa3zpa6orka kpucramna TIAK

ToHKan yacTb
ynpyroro

PaspaboTrka kpucramia co cxe-

moii TIK 6asupoBanach Ha uccle- ilf'e';ﬁf;i of L : =!
IOBaHUM TeH303(deKTa IS eAu- element) — — "\—llD\ :
HuyHoro BTT. Ilo pe3ynbratam Ju- — : '_ o s
TepaTypHoro ob3opa [16—20] u aHa- =] oot ool || . '
bob mEEl |

JIM3a 3KCIEPUMEHTAJIBHOIO 00pasla

6

|
|
|
|
|
|
|
|
|
I3 Ta
|
|
|
|
|
|
|
|
|

T

B Buzae equHudHoro bTT (coemune-
HUE 10 CXeM€ C OOILIUM BMUTTE-
pOM), OTHEJIbHO PacCIOJIOXXEHHOTO
Ha TOHKOU YaCTH YIIPYroro 3JeMeH-
Ta Kpuctayia TM (puc. 2), chopmu-
poBajack ocHoBa Teopuu g BTT,
baszupymouasicst Ha ABYX 3ddeKrax:

1. Anuzomponus noosuxscHocmu
OCHOBHbIX HOcumenell 3apsaoa 6 6a30-
80l obaracmu.

2. Tenzoaghghekm na conpomuene-
Huu b6azoeoli obaacmu.

Hns xkpucrania TIK moctpoeHa
MaTeMaTHhuyecKasi MOesb, OCHOBAH-
Hasl Ha TEOPETUYECKOM pacyeTe M3-
MEHEHMUsI 3JeKTPUIYECKUX MapaMeT-
POB M Ha aHaJIM3e MEXaHUYECKUX
HampstkeHui (puc. 3) B Iporpam-
mHoM makere ANSYS. CpaBHeHue
pe3yJabTaTOB MOJAEJIUPOBAHUS U K-
CIlepUMMEHTAIbHbBIX JaHHBIX (Ta0. 1)
MOKa3bIBAET YAOBJIETBOPUTEIbHYIO
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Puc. 2. Kpucrani ¢ 31eKTpuIecKoii cxeMoii TeH30pe3NCTHBHOTO MOCTA YUTCTOHA C OTHEIbHO
copmupoBannbiv BTT

Fig. 2. Die with electrical circuits of Wheatstone bridge and with separately formed BPT

Puc. 3. Mexanuueckue HANPSDKEHUs1 KPeMHUEeBO#H MeMﬁpaHbl U Pacnojio’keHue TEH30dJ1e-
MEHTOB HA KpHCTaJLIe

Fig. 3. Mechanical stresses of silicon membrane and the arrangement of strain elements on die




TeHsoTpaHsMcTop
(Piezotransistor) ]

A

Puc. 4. Tononorus kpucramna TIAK
Fig. 4. Topology of die PSDA

Paszpaboranbsl cepun tononoruii kpucrauia TAK,
13 Habopa KOTOPbIX ObliIa HaileHa oNTUMaJibHasl Bep-
cus1, TIpeAcTaBlieHHas1 Ha puc. 4. B omHOM M3 mepBo-
HavyaJlbHBIX BapUMAHTOB KPUCTAUla MCIIOJIb30BaIOCh
coeJMHeHue TpaH3uctopa JapJuMHITOHA B KayecTBe
AKTUBHOI 4acTU OT TEH303JIEMEHTOB Lienu. [laHHbIe
COEJMHEHUS MPUBOJISIT K CYLLIECTBEHHOI 1IIYMOBOI CO-
CTaBJISIIONIEH BBIXOJHOTO CHUTHAJa KacKaja, u3Mepe-
HUE TEH30YYBCTBUTEJIbHOCTU MPU KOTOPOUl (haKTuyec-
KA HEBO3MOXHO.

Pe3yabTaTel u 00cyxknenne

IMonoxurenbHbit 3PdeKT, CBSIZaHHBINA C TOBBI-
IIEHNEM TeH304yBCTBUTEILHOCTH, ObUT JOCTUTHYT Ha
npaktuke. [Ipy paBHOI MeXaHMYECKON 4YacTH NBYX
WHTerpajbHbIX YyBCTBUTEJbHBIX 3JIEMEHTOB, ITapamMeT-
pbl KOTOpOI yKa3aHbl B TaOj. 1, BbIXOOHasi TEH30-
yyBcTBUTENbHOCTh KpucTtayuia TAK (puc. 4), paBHas
5=0,66 MmB/xIla/B, mpeBBICcHIa 3HAYEHUSI KPUCTAJLIA
TM (cM. puc. 2) B 2,2 pa3a.

IIpu uccnegoBanuu pexxnma GyHKIMOHUPOBAHUS
kpuctainina TIK aHanu3npoBanuch 3aBUCUMOCTH BbI-
XOJHOU TEH304YYBCTBUTEJIbHOCTU S CXEMbI U, COOT-
BETCTBEHHO, KoadduuueHta B ycunenusi bTT.

M3 rpacduKoB 3aBUCUMOCTHY TEH30UYyBCTBUTEIHLHOC-
TH OT TOKa B 0a30BO# Lienu (puc. 5, @), a TaKxe 3a-
BUCUMOCTU KO3(ppULMeHTa YyCUIEeHUsI OT TOKa B Oa-
30BOI M KOJUIEKTOPHOM Henu (puc. 5, b, ¢) BUIHO, YTO
MaKCUMYM (DYHKIUM JOCTUTAaeTCs B "TOuKe repernda”
npu nepexone BTT n3 akKTMBHOIO pexXuMa B PEKUM
HachblleHUsl. MakcuMyM (DyHKUMM TOCTUTAeTCsl MpU
Igy = 14 MxA (Ugy = 2 B).

HccaenoBaHue 3aBUCHMMOCTU TEH30YYBCTBUTEJb-
HOCTU U KO3((dUIIMEHTa YCUICHUSI OT HAMPSIKEHMS
Uxn, ABIAIOIIETOCA B JAHHOM CJlyyae HaIlpsSKEHUEM
mutanust U, Ui TeH3ocxeMbl (puc. 6), mokasaio,
YTO MakKCUMyM (YHKUMM MPUHAIJIEKUT HOCTaTOUHO
OOLIMPHOMY JMAaIla30Hy.

———————— a

: ﬁ (Piezoresistor)

CpaBHUM [Be pabouue TOYKU
TEH30CXEMbl: B MOMEHT IOCTHUXKE-
HUs (PyHKIIMEN 3KCTpeMyMa 3aBU-
CUMOCTU MPU HANPSKEHUM MUTa-
Hus U,,, = 3,5 B 1 B MOMEHT Ha-
yaja "MOJKU" MaKCMMyMma TEeH30-
gyBcTBUTENIbHOCTY ITpU U, = 2,0 B.
[Tpu MeHbllIeM HaNpsKEHWM MUTa-
HUS TIPOUCXOAWUT HE3HAYUTETbHOE
CHUXEHUE TEH30YYyBCTBUTEIbHOCTU
(<1 %), npu sTOM OOJICC 3HAYUMO
MWHUMM3UPYIOTCSI LIYMOBasi CoO-
CTaBJISIIOIIASl BBIXOMHOTO CHTHajla

Tenwsopesucmop

Tabauua 1
Table 1
OTHOCHTEIbHOE W3MEHEHHE MAPAMETPOB TEH309JIEMEHTOB KPHCTAILIA
TJIK npu nogaye aasiaenuss P = 100 kIla co cropoHsl MeMOpanbi
Relative change of parameters for strain elements of the PSDA crystal
at a pressure P = 100 kPa from the side of the membrane

Hanusie/[Tapamerp [TpakTrka
Data/Parameter ANSYS Practice
8B4 +5,5 % +7,9 %
Cxatue 3Ry
Compression SRcy +5.9 % +8.7 %
3Rk, ’ ’
3B, —4,4 % =52 %
Pacrsixenue e
Extencion 3Rcy —42 % —45 %
SR ’ ’
Tabauua 2
Table 2

OcHOBHBIE JJIEKTPUYECKHE H MEXaHHYECKHe NMapaMeTpbl KpHCTaJIa
Die’s electrical and mechanical parameters

ITapametp 3HauyeHue Pa3smepHocTb
Parameter Value Dimension
Unir 2,0 B
U, » 4
Rg 5,40 KOm
Rp kOhm
Ry 0,48 kKOm
Rc kOhm
B 108
Rypem 100 KOm
Ry kOhm
BE nA
Un po6 Kb 70 B
res CB v
Kp 4,0%4,0 MM
Adie mm
M6 28 MKM
memb pm
MEMG 2,0x2,0 MM
Smemb mm
Yucno XKII 1
Numbers of RI
Ay 1,2x1,2 MM
Adie mm
2,3 MBT
mW
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Puc. 5. 3aBucumMocTH: ¢ — TEH30UYBCTBUTEILHOCTH S OT TOKA B 6a-
3080 Henu /gy; b — Koo duLKEeHTa yCUIIeHU B OT TOKa B 6a30BOii

uenn Igy; ¢ — KoahGUUMEHTa YCHIIEHU B OT TOKA B KOJUIEKTOPHOMI
uenn Iy

Fig. 5. Dependencies: a — sensitivity S by current of basic’s circuit Ipg;
b — gain p by current of basic’s circuit Igg; ¢ — gain B by current of
collector’s circuit I-p

(>40 %) w mnepBOHAYANLHBINA pa3dalaHC CHUTHaja
(>50 %). 3aBUCHMMOCTb BBIXOJIHOTO CUTHAJIa TEH30CXe-
Mbl kpuctaina TJK siBasiercst nuHeiiHO B pabouem
nranaszoHe naMepeHuit 0...60 xIla (puc. 7).
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Puc. 6. 3aBuCMMOCTH: ¢ — TCH30YYBCTBUTEIBHOCTH S OT HAIPSIKE-
Hus B 6a3oBoii uenu Uy y; b — xoadduumenTa ycuneHus B oT Ha-

NpsEKeHUA B 6a30Boii uenu Uy

Fig. 6. Dependencies: a — sensitivity S by voltage of base’s circuit Ucp,
b — gain f by voltage of base’s circuit Ucg
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Puc. 7. JIuneiiHasi 3aBHCHMOCTD BBIXOJHOTO CHIHAJIA OT JaBJEHUS
Fig. 7. Linear dependence of output signal by pressure




HccnenoBanue kpuctamia TIK moxkazano u orpu-
LiateJbHble MOMEHTBl JaHHOW pa3paboTku. Ilapa-
METPpHYECKMEe XapaKTePUCTUKU MMEIOT ABa YCTPaHU-
MbIX HEOCTAaTKa: TEMIIEPATYPHYIO XapaKTepUCTUKY U
LIIYMOBYIO COCTaBJISIIOLIYIO BhIXoAHOIO curHaia. TKH

nocturaet 3HayeHus B 0,65 %/°C u
TeMIlepaTypHBIN TUCTEPE3UC HyJe-
Boro curhana (TTH) — 1 %. Brui-
cokoe 3HaueHue TKH sBiasgercs
CJICIICTBUEM BBICOKOM TeMIiepaTyp-
HOI 3aBUCMMOCTHU TPaH3UCTOpPa, KO-
TOpas B AMAITa30He pabounX TeMIIe-
patyp T = —30... +80 °C sBnsgerca
JIMHEWHO, ¥ 3HAYSHUST KOJICOMIOTCS
B mpenenax TKB = 0,6...0,9 %/°C
[21, 22]. MuHUMU3UPOBATh IPPEKT
BO3MOXHO TMPU CO3MaHUU CXEMBbI
TEPMOKOMITEHCAIINN HYJIEBOTO CHT-
Haja, GYHKIIMOHUPYIOLIEH Mo MPUH-
LIUITy, ONMHWCAaHHOMY B JUTepaType
(Hampumep, [23]), KOTOPBIN 3aKITI0-
YaeTcsl B 3ePKaJbHOM OTpakKeHMH
TEH30CXeMbl Ha HeaedopMUpyeMoit
obnactu Kpucrajaia. Beicokoe 3Ha-
yenue TI'H cBsizaHO ¢ pacronoxe-
HMEM Ha TOHKON YacTH YMIpPyroro
3JIeMEHTa MeTaAJIJIM3UPOBAHHBIX JT0-
poxek. Paznuune B TeMmepaTypHBIX
Ko PULMEHTaX JIMHEITHOIO paciliv-
peHus1 IJIs1 KpeMHHUs U MeTajja
MIPUBOMST K YaCTUYHOMY HEBO3Bpa-
Ty HyJeBoro curiaia. Hanuuue me-
Tajljla Ha MeMOpaHe BO3MOXHO U3-
OexaThb OJjilaromapsi BbIBOAY o0Jiac-
Teil TpaH3WCTOpa Ha HeaepopMUpy-
eMyI0 00JIacTb KpUCTaJLa.

BropeiM  ycTpaHUMBIM — HEIO-
cratkoMm kpuctamia TIK sBiseTcs
BBICOKASl IITyMOBasi COCTaBJISIOIIASI
BBIXOJHOTO CUTHaja. MUHUMU3U-
pOBaTh IIIyM BO3MOXHO 3a CUET M3-
MEHEHUsI TEeXHOJOTMYECKUX HOPM
IIpY IPOEKTUPOBAHUHY TPAH3UCTOPA,
T. €. HEOOXOAMMO COKpPaTUTh TOJ-
IIMHY aKTUBHOI 0a30BoOM 001acTu
BTT [24]. B paHee mosy4eHHbBIX 00-
pasiiax mpy TOJIINHE aKTUBHOM 0a-
30B0# obnactu Wg ,r = 0,8 MKM 1
Hanpsokenun Uy = 2 B nuHamu-
YeCKWi IMara3oH ObUI CHIDKEH M0
3 nopsnka (A UmyM = x150 mkB).

CTOUT OTMETUTD, YTO IIPU BEIOO-
pe paboueii Touku BTT ¢ MeHbIINM
HanpskeHneM Ugo = 0,5 B (puc. 8)
MPOMCXOIUT CYIIECTBEHHOE CHUKE-
HUE ILIYMOBOI cocTaBjstolleid 60-

Jee 4yeM B 6,5 pa3, MeHee 3HAYUTEIbHOE CHIUKEHME
BBIXOIHOIM TEH30YYBCTBUTEIBLHOCTH Ha 35 % (S =
= 0,43 MmB/kIla/B) u pe3koe CHUXEHHE CpPEIHEIrO
3HAYCHUST TIePBOHAYAJILHOIO pa3bajaHca BHIXOTHOTO
curHana c¢ 26 oo 3 mB.
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Fig. 8. Dependences of noise’s component from output signal and the sensitivity by voltage Ucp
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THKe; b — 00pa3loB ¢ UBMEHEHHBIMM HOMUHAJIAMU TEH303JIEMEHTOB

Fig. 9. Modeling of circuit for: a — samples obtained in practice; b — samples with changed values
of elements
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Kpucrtann TIK BO3MOXHO MOIEpPHU3UPOBATH B
LIeJISIX MOBBIILIEHUST BBIXOJHOW T€H30YYBCTBUTEIbHOC-
TH 3a CYET M3MEHEHHUS HOMUHAJIOB TEH303JIEMEHTOB
cxeMbl. MojaenupoBaHue MPOBOAUIOCH C MOMOIUIBIO
cumyngropa anekrpudyeckux cxeM (SPICE) B mpo-
rpaMMHOM obecrieueHurn NI Multisim. beuin wuc-
MOJIb30BaHbI 3HAYEHUST OTHOCUTEJIBHOTO M3MEHEHMUS
HOMUHAJIOB TEH302JIEMEHTOB OT OIaBAEMOr0 aBJie-
HUS, TIpelcTaBleHHbIe B Ta0a. 1. IIpu BocmipousBene-
HUW YYBCTBUTEJBHOIO 3JIEMEHTA, TMOJYYEHHOTOo Ha
MpaKkTUKe, C YYeTOM 3aJaHUsI OCHOBHBIX TE€XHOJOIU-
yeckux napametpoB BTT (moTeHuMas moJjs mepexoaa
6aza — smurrep Ugy = 0,68 MB, 06paTHBIii TOK KOJI-
JIEKTOPHOTO mnepexona I g, = 1 HA), 3HaUCHUsI TeH-
30YyBCTBUTEIBLHOCTU S MOJETUPYEMON CUCTEMBbI B
TOYHOCTU COBOAIU C PE3yJbTaTaMU SKCIEPUMEHTA
S = 0,66 mB/xIla/B (puc. 9, a). U3MeHeHE HOMM-
HaJIOB TEH303J1eMEHTOB (R = 2,2 KOMm, B = 50) u Ha-
npsokenus nuranus (U, = 5 B) no3soaur noreHuu-
aJIbHO ITOBBICUTH T€H304YYBCTBUTEJIILHOCTh B 2,3 pa3a,
T. . 10 3HayeHus S = 1,51 mB/xIla/B (puc. 9, b).

3akmouenue

HcnonbzoBanue BTT B KauecTBe 371€MEHTOB CXe-
Mbl 4YBCTBUTEJBHOTO 3JIeMEHTA JATYMKOB JaBJIEHUS
MOBBIILIAET BLIXOJHYIO TEH304YBCTBUTEIbHOCTh. Hemo-
cratku Kpuctasuia TIK, cBsi3aHHBIE C TeMIIepaTypHbI-
MM XapaKTepUCTUKAMU U IIIYMOBOU COCTaBJSIIOLIEH
BBIXOJAHOTO CHUTHaJIa, SIBJISIOTCS yCTpaHUMbIMU. J[o-
MOJHUTEIbHBIM MOBBIIIEHUEM TEPMOCTaOUIbHOCTU
(a TakxKe TEH30YYyBCTBUTEIHLHOCTU) CXEMBI ITOCTYKUT
cosznaHue kpucrtauia TAK, roe B yCuanUTeIbHBIX Kac-
Kajgax OyayT MCIOJIb30BaHbI PE3UCTOPHLI 0A30BOTO 1e-
JINTENSE U Pe3UCTOP B AMUTTEPHOM LIETMU IJISI OCYILEeCT-
BJIEHUsI OTpULIaTeIbHOM oOpaTtHOM cBsi3u. Ilociemyro-
1ast 1opaboTKa MO BCEM BbIIIEONMMUCAHHBIM METOJdaM
MonaepHu3auuu Kpuctamwia TJIK mo3BoauT moiaydyuTb
YyBCTBUTEJIbHBIC 2JIEMEHTbI, MTPEBOCXOMASIINE IO Ka-
YEeCTBY OMNpENeIeHHBIX MapaMeTpOB aHAJIOTM Ha TEeH-
30PE3UCTUBHOM MOCTE YUTCTOHA.

Asmopbl  vipadcarom  6aaz00apHocmy  XumMyuKuHy
bopucy Heanosuuy 3a codeiicmeue 8 mexHonoeu1ecKkom
acnexkme co3danus kpucmania u Qomuuesy Bradumupy
FOpvesuuy 3a nomowp 6 cxemomexHu4eckux 60npocax
pazpabomku.
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The paper summarizes the results of investigation of a high-sensitivity MEMS pressure sensor based on a circuit containing
both active and passive stress-sensitive elements: a differential amplifier utilizing two n-p-n piezotransistors and four p-type pi-
ezoresistors. A comparative analysis of a sensor utilizing this circuit with a pressure sensor based on the traditional piezoresistive
Wheatstone bridge and built on the same mechanical part is provided. MEMS pressure sensor with the differential amplifier
(PSDA) has sensitivity of S = 0.66 mV/kPa/V, which 2.2 times exceeds the sensitivity of the element with the piezoresistive
Wheatstone bridge (PSWB). The sensitivity increase makes possible the following sensor improvements: die size reduction, in-
crease of the diaphragm mechanical strength with preservation of a high pressure sensitivity, and simplification of the requirements
to the external processing of the pressure sensor’s output signal. There are two main challenges related to the use of PSDA-based
pressure sensors: strong dependence of the output signal on temperature and higher than in PSWB noise, which reduces the dy-
namic range of a device to 1 (°. The article describes the methods of addressing these problems. The temperature dependence of
the sensor’s output signal can be minimized with the help of an offset thermal compensation circuit and by elimination of met-
allization at the thin part of the diaphragm. The noise can be minimized by reduction of the thickness of the active base region
of the transistor. A circuit analysis with NI Multisim software shows that the sensitivity of PSDA-based pressure sensor can be
increased 2.3 times due to the circuit optimization.
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elements. The second task: at certain dimensions of a
die and geometry of the stress concentrators (rigid is-
lands (RI)) functioning in the lower pressure ranges is
reached by reduction of membrane thickness, which is
side effect of sharply pressure decrease of membrane
destruction. Developments with strength of membrane
due to additional design elements in the form of stopper
is achieved [5]. Such additional elements can increase
the temperature coefficient of the zero signal (TCZ) of
PS. For decrease influence of the stoppers on TCZ
used additional etched areas in die, which removing
parasitic mechanical stresses from bridge circuit. Such
methods in totality complicate realization of the tech-

Introduction

Development of the resistive sensitive elements
(dies) of the pressure sensors (PS) in the form of mi-
croelectromechanical system (MEMS) are aimed at
improvement of the operating characteristics, where
sensitivity is most significant parameter [1—4]. Increase
of sensitivity can contribute indirectly to solving of the
following tasks:

e conservation or minimization of the die’s dimen-
sions;

e increase of strength for MEMS.
Let us explain each problem separately. The first

task: development of PS dies (especially for the small
ranges (P < 1 kPa)) is requires increase area of me-
chanical part (membrane) and die (which is limited by
the overall dimensions of case), decrease of pressure of
destruction and it has not a positive factor for the mi-
croelectronics, which aspires to minimization of the

nological process. A cardinally new MEMS is solution
to the above described problems. The essence of
MEMS consists in sensitive element has not only pas-
sive components p-type resistors (the elements applied
since 1960s). New sensor have additional active ele-
ments in the form of vertical bipolar n-p-n transistors
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(the given choice is not the only one. In future it will
be possible to develop relatively bipolar p-n-p transis-
tors [6—15]).

Instead of widespread element with piezoresistive
Wheatstone bridge (PSWB) employing four piezoresis-
tors (PR) we have pressure sensor with the differential
amplifier (PSDA) (fig. 1) is proposed, which uses four
PR and two bipolar piezotransistors (BPT). In case of
equal mechanical parts of the dies PSDA has an ad-
vantage in sensitivity compared with the standard
PSWB.

Development of PSDA

Development of die’s PSDA circuit was based on
the research of piezoresistive effect for individual BPT.
By the results of a review [16—20] and analysis of ex-
perimental sample in the form of individual BPT (cir-
cuit with common emitter) located separately on thin
part of elastic element of die’s PSWB (fig. 2). Founda-
tion of theory for BPT based on two effects:

1. Anisotropy of mobility of minority carriers in the
base.

2. Piezoresistive effect of base’s resistive.

For die’s PSDA was constructed model based on
theoretical calculation of variation electric parameters
and analysis of mechanical stresses (fig. 3) in ANSYS
system. A comparison of the results modeling and ex-
perimental data (table 1) shows a satisfactory conver-
gence for variation amplification coefficient and resist-
ance. In table 1: 6B, , — relative variation of transistor
amplification coefficient, 3R , — relative variation of
transistor collector’s resistance, 5Rp , — relative vari-
ation of transistor base’s resistance.

Technological parameters and nominal for piezore-
sistive circuit as result of modeling were selected, which
are presented in table 2, where Rp — resistance of tran-
sistor base, R — resistance of transistor collector, p —
amplification coefficient of transistor at Ipp = 14 pA,
R, — external resistance insensitive to pressure, /pp —
transistor base current, Ay, — area of die’s PSDA,
W .emp — thickness of the membrane, Ap; — area of RI,
P — power emitted on electric circuit of die’s PSDA,
U,.s cp — breakdown voltage of reverse branch transis-
tor’s volt-ampere characteristics.

Series of die’s PSDA topologies were developed.
From the set of topologies was choose optimal version
(presented in fig. 4). One of the initial versions die
used Darlington transistor connection as active part
circuit of piezoresistive elements. The given connec-
tions lead to essential noise component of output sig-
nal, at which measurement of the sensitivity is actually
not possible.
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Results and discussion

The positive effect about increase of the sensitiv-
ity reached in practice. Parameters of equal mechan-
ical parts for two integral sensitive elements (table 1)
have output sensitivity of PSDA die (fig. 4) equal to
S = 0.66 mV/kPa/V, which 2.2 times exceeded values
of PSWB die (see fig. 2).

Investigation of functioning mode of the PSDA die
was analyzed for output sensitivity of S circuit and am-
plification coefficient B for BPT.

Diagrams of dependences sensitivity on base’s cur-
rent (fig. 5, @) and amplification coefficient on base’s
and collector’s current (fig. 5, b, ¢) presented maxi-
mum function in "the point of inflection”, which ex-
changed BPT from active mode to saturation mode,
was reached. The maximum function at /zg = 14 pA
(Ucg = 2 V) is reached. Research of dependence sen-
sitivity and amplification coefficient on voltage U
(Ucgp= Usup for the circuit (fig. 6)) demonstrated max-
imum function, which belonged to a rather big range.

Let us compare two working points of the circuit:
at the moment of achievement of extremum by the
function with supply voltage Usup = 3.5 V and at the
moment of beginning of "the shelf’s" maximum sen-
sitivity at Usup = 2.0 V. Lower supply voltage has in-
significant decrease of sensitivity (<1 %), but noise’s
component of output signal is minimized (>40 %) and
unbalance of circuit (>50 %). Dependence of output
signal PSDA die is a linear in working range of meas-
urements 0...60 kPa (fig. 7).

Investigation of PSDA die has negative moments of
development. Characteristics had two recoverable
problems: the temperature characteristic and the noise
component of output signal. TCZ reached the value of
0.65 %/°C and the temperature hysteresis of zero sig-
nal (THZ) was equal to 1 %. High value of TCZ is a
result of a high temperature dependence of the tran-
sistor TCB = 0.6...0.9 %/°C, which has a linear char-
acter in the range of temperatures of 7= —30... +80 °C
[21, 22]. We want to reduce the effect by creation of the
circuit of temperature-compensation of the zero signal,
which functioning by the principle described in [23]
with mirror reflexion of circuit on a unstressed area of
die. Reason of high value of THZ is arrangement of
metalized paths on the thin part of elastic element. The
difference of temperature coefficients’ linear expansion
for silicon and metal was reason no return of the zero
signal. Metal on membrane can be avoided due shift of
the transistor areas to unstressed area of die. The second
recoverable drawback of PSDA die is a high noise com-
ponent of output signal. We want to reduce the noise by
change of the technological norms for transistor design-
ing, i.e. necessary to reduce the thickness of the base
BPT [24]. When thickness of the active base in the




present samples has value W, ;... = 0.8 micrometers
and voltage Urp = 2V is dynamic range lowered down
to 3 order (AU, ;. = £150 pV). In case of selection of
working point’s BPT with lower voltage Ur-p = 0.5 V
(fig. 8) was decreased more than 6.5 times of noise
component, less considerable decrease of output sen-
sitivity by 35 % (S = 0.43 mV/kPa/V) and sharply de-
crease of average unbalance of output signal from 26 to
3 mV.

PSDA die can be modernized for increase output
sensitivity owing to variation of nominal’s elements.
Modeling was done with a simulator of electric circuits
(SPICE) in NI Multisim software. Used values of
relative change nominal’s elements are presented in
table 1. Reproduction of sensitive element received in
practice with account of basic technological parame-
ters of BPT (the potential of field of the base — emitter
junction Ugp = 0.68 mV, the reverse current of col-
lector junction /p = 1 nA). Values of sensitivity .S of
modeled system coincided exactly with results of ex-
periment S = 0.66 mV/kPa/V (fig. 9, a). Variation of
nominal’s elements (R = 2.2k Q, B = 50) and supply
voltage (Usup = 5 V) will allow us to raise potentially
sensitivity 2.3 times relatively S = 1.51 mV/kPa/V
(fig. 9, b).

Conclusion

Use of BPT as the elements of the circuit for pres-
sure sensitive element raises output sensitivity. The
drawbacks of PSDA are temperature characteristics and
noise component of output signal are recoverable. As an
additional factor increasing the thermostability (and al-
so the sensitivity) of circuit is creation of PSDA die,
which in differential amplifier uses resistors of base di-
vider and resistor of emitter circuit for realization of
negative feedback. The subsequent improvement of all
above described methods for modernization of PSDA
die will allow us to receive the sensitive elements, which
surpassing by the quality of certain parameters the an-
alogues on resistive Wheatstone bridge.

The authors express their gratitude to Boris Khimush-
kin for his technological assistance in development of the
die and to Viadimir Fomitchyov for his help in the circuit
development questions.
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METOAUKA YMEHBILEHNA 3HAYEHUA KOMMYTUPYEMOT O HATNPAXEHUA
B CUAOBbLIX KAIOYAX OBPATHOXOAOBbBIX MCTOYHUKOB NMUTAHUA

Ilocmynuna 6 pedaxuuro 05.06.2017

Ilpedcmasnennas memoouxa npednosazaem uxHmezpupo8anue yUPpPogol cucmemsl YnpasieHus 6 UCMOYHUK NUmManus. Jma
cucmema ocyuecmensiem KOHmpoab MOMEHmMa KOMMYMAayuy Cua08020 mpanH3ucmopa 8 npoyecce pabomeol. B 3asucumocmu om na-
DaMempo8 UCMOMHUKA NUMAHUS NOMePU dHepeul npU KOMMYMAyUy Cui08020 MPaH3UCmMopa no 0aHHOU MemoouKe Mo2ym Obimb

cruxcenwt wa 10...20 %.

Karouesnie caoea: 06pamnoxo0060ii UCmMoOUHUK RUMAHUS, CUI06bIe MPAHUCIOPbL, KOMMYMAYUsl CUA0BbIX MPAH3UCMOPOE, NO-

mepu 3Hepeuu, KoaebamenvHull KOHMyp

B Hacrogilee Bpemsl CyLIECTBYIOT HMMIYJIbCHBIE
uctouyHuku nurtanus (MUII), umerolime oTHOCUTEb-
Ho BeIcOKmMit KIIA, mpesbnmatommii 90 %. B cmry
CJIOXXHOCTU JaJIbHEUIIEro yBeJIudeHus1 3PHeKTUBHOC-
T CTAaHOBUTCS BaxKHBIM H0OUTHCS yaydiueHus KIT
X0Td OBl gaxke Ha 1—2 % W yMeHbIIeHUs Maccoraba-
putHbix napametpoB MUIL. DTo MOXHO oOcCyllecT-
BUTb, €CJIM CHU3UTb IOTEPU SHEPTUU B CUIOBOM
KJII04e B MOMEHTBI €ro KOMMyTauuu. B Takom ciayyae
OyIeT CHUXXEHO KOJMUYEeCTBO paccerBaeMoil B TEIJIO-
Ty SHEPIUU, U TIOSIBUTCS BO3MOXHOCTh COKPATUTh
pa3Mepbl paauatopa oxaaxineHus. Kommyraius TpaH-
3UCTOPOB, IIPU KOTOPOI IBITAIOTCS COKPATUTh MOTE-
pM BHEPIYMM, Ha3bIBaeTCs UX "MITKAM BKJIIOYeHUEM"
(Soft-switching).

OO0mue noJIoKeHust

Bopbba 3a MATrKyl0 KOMMYTaLMIO CUJIOBBIX TpaH-
3UCTOPOB OCYIIECTBISIETCS Pa3TUUYHBIMU CITOCO0AMMU,
HarnpuMmep, NyTeM MpuMeHeHust cHabbepoB [1, c. 519],
CXeM corjlacoBaHusl [2], cnelualbHbIX MUKPOCXEM
npaiiBepoB [3] W cxeM, MCHOJb3YIOIIMX Mapa3uTHbIE
€MKOCTHU CHJIOBBIX KJTIOUei [4].

IIpennaraemasi B JaHHOM pabOTe METOAMKA TakKxXKe
HarpaBjieHa Ha CHVXXKE€HHUE TOTepb SHEPTUU MPU KOM-
MyTauuu TpaHsucropa. Ho oHa ocHoBaHa He Ha O0pb-
0e ¢ KoJiebaHUSIMU 3HEPTUU MPU KOMMYTAIMU CUJIO-
BOTO KJTI0Ya, KaK B CYIIECTBYIOIIMX METOAMKAX, a Ha
HUCTIOJIb30BAHUH 3TUX KOJieOaHU I MPU BHIOOPE MOMEH -
Ta MEePEeKJIIYEeHUs TPaH3UCTOpAa.

c1

LS
E

Puc. 1. KonedarenbHblii KOHTYp
Fig. 1. Oscillating contour
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MeToayka comepKuT psi TPeOOBaHWI K ITOJKOHT-
poasHomy MUHAITI.

1. PagpaboraHa 11 NpuMeHEeHHUs TOJbKO B oOpart-
HoxonoBbix MUII.

2. UUTI noskeH umMeTb LUPPOBYIO CUCTEMY YITPaB-
JIeHUs1 ¢ TaKToBoM yacTtotoit 8§ MI' u 6oree.

MeToauKa BKJIIOYAET B ce0s CEAYIONIME STAlbI.

DOman 1. PacyeT mapaMeTpoB KoJie0aTeJIbHOro KOHTY-
pa ¥ ero UHTerpamMs B CXeMy MCTOYHMKA MUTAHMS. YTI-
POLLEHHBIN KoJiebaTeJIbHbIII KOHTYP COCTOUT U3 TpaHC-
¢opmaropa L1, cunoBoro tpansuctopa V11 ¢ mapasut-
HOW €MKOCTBIO MEXY ero o0KJaakaMu CTOK — MCTOK
1 BHOCUMOTO B KOHTYp KoHaeHcaTopa Cl (puc. 1).

[TockonbKy NpeajaraeMasi B JaHHOM paboTe MEeTO-
JWKa IPUMEHSIETCS K KaKOMY-JIM0O rOTOBOMY o0Opat-
HOXO0J0BOMY McTOUYHMKY nuTaHus (MII), To 3mech u
nanee cuutaem, uro MII yxe paspaboraH. B paspa-
0OTaHHOM KMCTOUYHUKE NMUTaHus TpaHcdopmaTop L1 u
cunoBoit TpaHauctop VTl yxe BbiOpaHbl. Pacuer 3Ha-
YeHUSI eMKOCTM KOHIeHcaTropa Ul KojebaTeabHOro
koHTypa Cl BBINOJHSIETCS CIEIYIOLINM 00pa3oM.

Bocnionb3yeMcst opmyiioir TomricoHna [5]:

T=2r.JLC,

rae 7 — nepuoj KojebaHuii B paccMaTpUBaeMOM KOH-
Type; L — 3HauyeHUe MHAYKTUBHOCTU KOoHTypa; C —
CyMMa 3HauyeHuli eMKocTu KoHaeHcaTtopa Cl u mapa-
3UTHOTO KOHJIEHCATOpa MEXIy CTOKOM U UCTOKOM CH-
JIOBOTO TPaH3UCTOPA.

Bripazum 3HaueHME €MKOCTU:

1

c=—L.
4’ f2L

rae f — vacroTra KojebaHUll KOHTypa.

BaxxHO nmoHMMAaTh, 4YTO YacTOTa KOJe0aHWA KOHTY-
pa — 2TO caMOCTOSITeJIbHasl 4acToTa, ¢ KOTOPOM LUp-
KyJIMpyeT 3Heprusi Mexuny TpaHchopmatopoMm Ll u
koHzaeHcatopoM Cl. OHa He IBISIETCSI YaCTOTOM OT-

KpBIBaHUSI TPAaH3KUCTOpa, KOTOpasli Ha3bIBaeTcsl pabo-
Jeil 4aCcTOTOM MCTOYHMKA IMUTaHUS.




YacroTra KoysiebaHUII KOHTYypa OOJKHA OBITh KpaT-
HOI paboueii yacToTe UCTOYHMKA NMUTaHus. s Kop-
pextHoit paboTsl MUII nmo npeacraBaeHHO METOIUKE
pEKOMEHIyeTCsl BbIOMpaTh pPE30HAHCHYIO YacToTy,
paBHOI ynBOeHHOI yactore padorer MUII.

MeToauka IO3BOJISIET TpeHeOpeub 3HAYEHUSIMU
Mapa3suTHBIX eMKOCTel KOHTYpa, MOCKOJbKY MPEIIo-
JlaraeT MOACTPOMKY YacToThl B pexxuMe padboThl. KoH-
JIEHCATOP C PACCYNTAHHBIM 3HAYCHUEM €MKOCTH TPeOy-
€TCsl YCTAaHOBUTh MapajlieIbHO CUJIOBOMY TPAH3UCTOPY.

Iman 2. Pacyer napameTpoB u uHTErpanus mugpo-
BoOii cuctembl ynpasiaenus. [{udpoBas cucrema ynpas-
JIEHUsI COCTOUT U3 MUKPOKOHTpoJuiepa, ALIIT 1 xBap-
LIeBOro pe3oHartopa. Ha maHHOM 3Tame HYXXHO BbI-
OpaTh TAKTOBYIO YaCTOTY CUCTEMBI YIIpaBJIEHUS, Jac-
TOTY AMCKpeTu3auuu u paspsiiHocTs ALITT.

Yacrora auckpetusauuu Fy onpenenasieTcs U3 Teo-
pembl KorenpHuKoBa [6]:

F; > 2f,

rae f — yactoTa kosiebaHuii KOHTypa.

YeMm BbIllIe yacToTa AUCKPETU3ALlMK, TeM TOYHEe
cUCTeEMa YIpaBjieHUs OyeT onpeaesisiTh yuacTKu cra-
Jla KOMMYTHPYEMOTO HANPSKEHUSI.

TakToBasi yacToTa JOJKHA OBITh HE MEHbIIIE Yac-
TOThI AUCKPETU3ALIUU.

B mpouecce paboThl cuCTEMbl YIpaBJIeHUs IO
MPpeACTaBJIeHHON METOAMKE OIpEaessieTCs] XapakTep
U3MEHEHMST KOMMYTUPYEeMOTro HamnpskeHus. s Kop-
PeKTHOI1 paboTHI mocTaToyHO 8-paspsmHoro ALIIT.

Iman 3. Pa3paboTKa U BHEJAPEHHE AJTOPUTMA PAOOTHI
HHTCTPHPOBAHHOTO B HU(POBYI0 CHCTEMY YIPABJICHHS
MHMKPOKOHTpOJIepa. MUKPOKOHTPOJLIEPY HEOOXOAMMO
(bYyHKIIMOHMPOBATH 110 CJIEAYIOLLIEMY aITOpUTMY.

1. YcraHoBKa nepBUYHOM paboyeit 4yacToThl U Yyac-
TOTBI AUCKPETU3AIIUU.

2. KomMyTalus cuiaoBoro TpaH3ucTopa Ha pabo-
Yyeil yacrore.

3. O6paboTKa 1 nmocjiegoBaTeIbHas 3aImmuch MHGOP-
Mauuu ¢ AILIIT Ha yacToTe AMCKpeTU3allUU B Te€UEHUE
OIHOTO IIMKJIa KOMMYTAaIIUU.

4. OnpeneneHue MepBOro AMara3oHa yMEHbIIEHUS
3HaueHu#, cHATBIX ¢ ALITT.

5. ®ukcanuss HOMepa U3MEePEeHMsI ¢ HAUMEHBIITUM
3HAYCHNEM B 3TOM JHMAITa30He.

6. INepexon K HOBOI paboueii yacToTe.

7. Tlepexom K HOBOW YacTOTe OUCKPETU3ALUU U
BO3BpallleHUe aJropurMa K II. 2.

IIpn Bkmouenun MUII MUKPOKOHTpOJIEp MHU-
LIMUPYET paboTy TpaH3MCTOpa Ha UCXOMHOM 4acToTe.
ITpu 3TOM ONpenesitoTCs U BHOCITCS B MaMsTh 3Ha-
yeHus1, noiaydyeHHole B AIIIl yepe3 menuTesnb HaIpsi-
SKEHUST OT 1LIETN CTOKa TpaH3ucTtopa. PuKcamms B Ta-
MSITH TTPOUCXOIMT B MOPSIAKE MOCTYTUICHUS 3HAUCHUI.
Jajee MUKPOKOHTPOJLJIEP BBITOJHSIET MMOUCK YYACTKOB
cITaja HaMpsKEHUST B TIOJIyYeHHBIX 3HaYeHusIX. [loce
ornpeesieHUs] yJyacTka BbIOMpaeTcsl HauMeHbllee B
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Puc. 2. YpoBeHb HanpsuKeHUs: @ — Ha CTOKe TpaH3MCTOpa, b — B KO-
J1e6aTeTbHOM KOHTYPE; ¢ — PE3yJbTUPYIOLIMIA

Fig. 2. Voltage level: a — on the transistor drain; b — in the oscillating
contour; ¢ — resulting

HeM 3HayeHue. 3aTeM BBIUMCISIETCS HOBasl 4acToTa
KOMMYTallUU CHUJIOBOTO KJIIO4a:

F= de,

rae F; — yactoTa AUCKPETU3aLUU; Kk — HOMEp Hau-
MEHBIIETO 3HAYEHUSI.

ITocie 6avKaiilero OTKphITUSI CUIOBOIO TPAH3MC-
TOpa MUKPOKOHTPOJLIEP MEPEXOAUT K KOMMYTAllMM Ha
HOBOM 4acTOTE W BBLIOMpAEeT 0ojiee BHLICOKYIO YacCTOTY
JUCKPETU3ALINU.

B 06paTHOXOZOBBIX MICTOYHMKAX MTUTAHUSI BPEMEH -
HO# TIPOMEXYTOK, KOTJa 3aKPBIT TPAH3UCTOP, JOJIKEH
OBITH JOCTATOYHO JOJITUM, YTOOBI HE TTPOU3OIIJIO Ha-
CBHILLIEHUST TpaHc(popMaTopa.

Puc. 2, a—c BHINOJIHEH TT0 CHATHIM OCIIUIOrpacdoM
TOYKaM ¢ OOPaTHOXOIOBOIO UCTOYHMKA MTUTAHUS MOIII-
HocThio 40 Bt xommannu 3A0 "HIIIT "OITTOKC".

Ha puc. 2, ¢ mokasaHbl y4acTKM SHEpPreTUYeCKOM
XapaKTepUCTUKM, Ha KOTOPBIX MHPOMCXOASIT MOTEPU
MPY MEPEKITIOUEHUN TPAH3UCTOPA. DTU YIACTKH MPeI-
CTaBJIAIOT CO0O0i TUTOLIAaN (DUTYPHI IT0J HAKJIOHHBIMU
OTpe3KaMHU IO KpasM IPSIMOYToJIbHOro curHaiga. Ha-
KJIOH OTPe3KOB OOYCJIOBJIEH T€M, UTO TPAH3UCTOP OT-
KpHIBAaeTCSI U 3aKPhIBACTCS HE MTHOBEHHO.

3alTpuxoBaHHbIE 00JAaCTU WIIIOCTPUPYIOT CHU-
JKEHHUE TI0TEPh SHEPIMU Ha KOMMYTALUIO CUJIOBOTO
KJIIoYa 70 U MOocje IPUMEHEHUS METOIUKM.
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MoXHO OLEeHUTD TepgeMylo sHepruto Uy cienyro-
IWUMU (OPMYJIaMH.
o ucrnonab30BaHUSI METOIUKM:

2
NOTEePU SHEPTUU NIPU KOMMYTALIUU,
rae t, — BpeMsl OTKPBITH IIEPEX0aa CTOK — UCTOK CH-
JIOBOTO KJII04a; Ay — KOMMYTHUPYEMOE HAINpPSIKEHUE B
OTCYTCTBUU HAIPSIXKEHUS KOJe0aTeJIbHOTO KOHTYpa
WIA TIPU €ro yCTPAHEHUU;
PO = UT()I —
MOLIIHOCTb, TepsAeMasd Ipyu KOMMYTALUH,
rae I — TOK, MpOTeKaloluii B CUJIOBOM LIETIH.
ITocne ncnonb3oBaHUSI METOAUKM:

_ 1
Un =504 —
MOTEPU SHEPTUU TIPU KOMMYTALIUH,
1€ f| — BPEMs OTKPBITUS NIEPEX0/Ia CTOK — UCTOK CH-
JIOBOTO KJII0Ya; A; — KOMMYTUPYEMOE HAIIPSIKEHUE;
MOILHOCTb, TepsieMasl IpU KOMMYTalIUH,

rne I — ToK, MpOTeKalolluii B CUJIOBOM LIETIH.

Takum o0pa3oM, CHMXXEHHE IOTEph SHEPrMM Ha
MepekIoYeHe TPaH3UCTOPa MOXKHO OIPENeUTh Clie-
JIYIOLIMM 00pa3oM:

U 1 A’
70 E1‘AO 0
P _ A
Py A4

3akiouyeHune

[J1s1 pacCMOTPEHHOro Ha pUC. 2 UCTOYHMKA ITUTA-
HUSI CHIDKEHHUE MOTEPh DHEPTUM Ha KOMMYTALMIO CH-
JIOBOTO TPAH3UCTOPa COCTaBWIIO 0K0y10 60 % 1o cpaB-
HEHUIO C KOMMYyTaluell 0e3 MCIOJb30BaHUS IIpel-
CTaBJICHHOM METOIUKMU.

Ha 6a3e maHHO# METOOMKM MOTYT OBITH pa3pabo-
TaHbI pa3JIMYHbBIC AJITOPUTMBI ITPOTHO3UPOBAHUS U BbI-
0opa MOMEHTa JOCTVXKEHUSI MUHMMAJBbHOTO YPOBHSI
KOMMYTHPYEMOTO HAIIPSKCHMUSI.

IIpencraBneHHass METOAMKA MOXET OBITh MCIIOJb-
3oBaHa i uHrerpanun B MNII BeicOKOIT MOLITHOCTH
anst yenmueHuss KIT wiyu MuHMMM3aluu radaput-
HBIX pa3MepoB IMyTeM YMEHBILIEHUSI CUCTEMbl OXJIaxkK-
JeHUS, B CUIy CHUKEHUsI KOJIMYECTBA paccernBaeMoit
IPU KOMMYTALIUU 3HEPTUU.
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In the present work the author proposes a method for control of the power transistor of a flyback switching power supply. In the
proposed method the amount of the energy lost during the transistor commutation is reduced. The reduction of the energy losses is
achieved due to addition of a capacitor fo the oscillating circuit from the inductance and parasitic capacitances of a power source.
In this case, the effect of the energy processes of the resulting oscillatory circuit on the voltage switched by the power transistor is
monitored. At the moments, when the voltage on the transistor is minimal, the power transistor is switched.

The presented method envisages integration of the digital control system in the power supply, which monitors the moment of com-
mutation of the power transistor in the process of operation. Depending on the parameters of the power source and the oscillatory
circuit, according to this method, the energy loss during the switching of the power key can be reduced by 10—20 %.

Keywords: power transistor, power supply, switching of transistors, oscillatory circuit, digital control system

696 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 19, Ne 11, 2017




For citation:

Ivanov E. A. Method for Reduction of the Value of the Switched Tension in the Power Keys of the Power Supplies,
Nano- i Mikrosistemnaya Tekhnika, 2017, vol. 19, no. 11, pp. 694—698.

DOI: 10.17587/nmst.19.694-698

There are switch-mode power supplies (SMPS),
whith have rather high coefficient of efficiency exceed-
ing 90 %. Owing to the complexity of the further in-
crease of the efficiency it is important to improve the
coefficient of efficiency by at least 1-2 percent and re-
duce the weight-dimension parameters of SMPS. This
can be achieved, if we lower the energy losses in a pow-
er key during the moments of its switching. In this case
the amount of the energy scattered into heat will be re-
duced and a possibility will appear to make the dimen-
sions of the cooling radiator smaller. Switching of tran-
sistors, the aim of which is to reduce the energy losses,
is called Soft-switching.

The General Provisions

The struggle for the soft switching of the power tran-
sistors is carried out in various ways. For example, by
using snubbers [1, p. 519], adapter circuits [2], special
driver microcircuits [3] and the circuits using the par-
asitic capacitances of the power keys [4].

The technique proposed in work is also aimed at a
decrease of the energy losses during the transistor
switching. But it is based not on the struggle against the
energy fluctuations during switching of a power key, as
the existing techniques, but on the use of these fluctu-
ations for selection of the moment of switching of the
transistor.

The technique contains a number of requirements to
SMPS under control:

1. It was developed for application only in flyback
SMPS.

2. SMPS should have a digital control system with
a clock frequency of 8 MHz and over.

The technique includes the following stages:

Stage 1. Calculation of the parameters of the oscil-
latory contour and its integration into the power supply
circuit. A simplified oscillatory contour consists of
transformer L1, power transistor VT1 with a parasitic
capacity between its drain — source plate, and con-
denser C1 brought into the contour (fig. 1).

Since the technique offered in the work is applied to
a ready flyback power supply (PS), we consider that PS
has already been developed. In the developed power
supply the transformer L1 and the power transistor V71
have already been selected. Calculation of the value of
capacity of the condenser for the oscillatory contour C1
is carried out in the following way:

Let us take advantage of Thompson's of formula [5]:

T=2rn.JLC,

where T'— period of oscillations in the considered con-
tour; L — value of inductance of the contour; C — sum
of the values of capacities of condenser C1 and the par-
asitic condenser between the drain and the source of the
power transistor.

Let us express the value of the capacity:

¢= 21 3
4n f°L
where f — frequency of oscillations of the contour.

It is important to understand, that the frequency of
oscillations of the contour is an independent frequency,
with which energy circulates between transformer L1
and condenser Cl. It is not the frequency of opening of
the transistor, which is called the working frequency of
the power supply.

The frequency of oscillations of the contour should
be multiple to the working frequency of the power sup-
ply. For a proper work of SMPS it is recommended to
select the resonant frequency equal to the doubled fre-
quency of operation of SMPS.

The technique allows us to neglect the parasitic ca-
pacities of the contour, because it envisages a frequency
trim in the operating mode. The condenser with the
calculated value of the capacity should be arranged in
parallel to the power transistor.

Stage 2. Calculation of the parameters and integra-
tion of a digital control system.

The digital control system consists of a microcon-
troller, ADC and a quartz resonator. At the given stage
it is necessary to select a clock frequency for the control
system, frequency of digitization and capacity of ADC.

The frequency of digitization Fj is determined by
means of Kotelnikov theorem [6]:

F;>2f,

where f — frequency of oscillations of the contour.

The higher is the frequency of digitization, the more
accurate is the control system in detection of the sites
of the switched voltage drop.

The clock frequency should be not less than the fre-
quency of digitization.

In the course of operation of the control system the
character of variation of the switched voltage is deter-
mined by the presented technique. An 8-digit ADC is
enough to ensure a proper operation.

Stage 3. Development and introduction of an oper-
ation algorithm integrated into the digital control sys-
tem of the microcontroller. The microcontroller
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should function in accordance with the following al-
gorithm:

1. Setting of the primary working frequency and fre-
quency of digitization.

2. Switching of the power transistor on the working
frequency.

3. Processing and consecutive data recording with
ADC on the frequency of digitization during one cycle
of switching.

4. Determination of the first range of the reduction
of the values taken from ADC.

5. Recording of the number of measurement with
the lowest value in this range.

6. Transition to a new working frequency.

7. Transition to a new frequency of digitization and
return of the algorithm to par. 2.

When SMPS is turned on, the microcontroller in-
itiates the transistor’s operation on the initial frequen-
cy. At that, the values received in ADC through a di-
vider of voltage from the circuit of the transistor drain
are determined and brought to the memory. Record-
ing in the memory is done in the order of arrival of the
values. Then, the microcontroller searches for the sites of
the voltage drop in the received values. Having found the
site, it selects the least value in it. Then a new frequency
of switching of the power key is calculated:

F= Fk,

where F; — frequency of digitization; Kk — number of
the least value.

After the nearest opening of the power transistor the
microcontroller passes to switching on a new frequency
and selects a higher frequency of digitization.

In the flyback power supplies the time interval,
when the transistor is closed, should be long enough in
order to avoid saturation of the transformer.

Fig. 2, a—c was done on the basis of the points ob-
tained by an oscillograph from the flyback power sup-
ply of 40W from NPP OPTEKS Co. It shows the pow-
er characteristic sites, on which losses occur during the
transistor switching. Those sites are the figure areas
under inclined pieces along the edges of a rectangular
signal. The inclination of the pieces is caused by the
fact that the transistor opens and closes not instantly.

The shaded areas illustrate a decrease of the energy
losses due to switching of the power key before and after
application of the technique.

It is possible to estimate the lost energy Uz by the
following formulas.

Before the use of the technique:

Up = % KAy — energy losses during switching,

where #, — time of opening of the drain — source junc-
tion of the power key; 4y, — switched voltage, if the volt-
age of the oscillating contour is absent or removed;

Py = Upyl — power lost during switching,
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where / — current in the power circuit.
After the use of the technique:

Un = % 1)A; — loss of energy during switching,
where #; — time of opening of the drain-source junction
of the power key; A; — switched voltage.

P, = Up I — power lost during switching,

where I — current in the power circuit.
Thus, a decrease of the energy losses for transistor
switching can be determined in the following way:

1
~tA
UT1_2t1_ﬂ.

U 1., A
70 itAO 0

Py _ A4
Py Ay

Conclusion

For the considered power supply a decrease of the
energy losses for switching of the power transistor was
about 60 % in comparison with the switching without
the use of the presented technique.

The technique may serve as a basis for development
of various algorithms for forecasting and selection of
the moment for achievement of a minimal level of the
switched voltage.

The presented technique can be used for integra-
tion of high power in SMPS for increasing the coef-
ficient of efficiency or minimization of the overall di-
mensions by diminution of the cooling system due to
a decrease of the amount of energy scattered during
switching.
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PEAAM3ALINA TTAOCKOTIO HATPEBATEASAA HA KPEMHMEBBIX 1 CTEKAAHHbIX
NMOAAOXKAX C UCIMOAb3OBAHUEM TEXHOAOTIUN KMOIT

Ilocmynuaa e pedaxyuro 04.06.2017

Tloopo6Ho paccmompero ucnonHenue Hacpegamens MUKPOHHBIX PA3MeEP08 HA KPEMHUEBBIX U CIEKAIHHBIX NOOA0NCKAX 0A5 UC-
nob308anus 6 eocniamenumensx. Haepesamenv uzeomoenen ocaxcoeHuem u3 napoeou (asvl cA0s NAAMUHbL HA 6-0UMOBOL
cmekasHHOU nooaoxcke. Ha kpemHuesou nodroxicke nazpesamens CMOHMUPOBAH C NPOBOOHBIM COCOUHEHUEM, 3A0€NAHHBIM 6 HOO-
A00iCKY 0e3 HapywieHus naanaprocmu. [Ipogedero cpagrenue uzmepeHHbIX 2NeKMPUYecKux XapaKmepucmurk KpemMHUe8020 U Cmek -
AsIHHO20 Hacpesameneli. Coobwaromes makice 0emanyu HOBOU MeXHOA0UU KOPNYCUPOBAHUsL, PA3PAOOMAHHOU 0451 UCNOAb308AHUS
6 socnaamenumensx. OOCyyHcOeHbl HOAHCHI U320MOBACHUS 6APUAHMOE HAZPe8aMes HA CIMeKAe U KPEMHUU, MEXHON02UU MOHMANCA
U KOpnycupog8arusl, a maxyice dcneKmol OnpedeieHusi MeXHU4ecKux XapaKmepucmux u30eiul.

Karoueevie caosa: Hacpesamenv, cmekno, KpeMHui, n00A0ICKA, MUKPOCOOPKA

BBenenne

MukpoHarpeBaTeau Ha ocHoBe MEMS otnuua-
I0TCSI TIOHMKEHHOM TeTI0eMKOCThIO, HU3KHUM 3HEPTo-
MoTpedJieHnEM, BOCIIPOM3BOAMMOCTbIO, MUHUATIOPHbI-
MU pa3MepaMu U HU3KOI cebecTouMocTbio. OHU Bce
LIMPe MPUMEHSIIOTCS B TpUOOpax Majioil MOIITHOCTH C
VIJUHEHHBIM CPOKOM CJTyKO0bl. OCHOBHOE IMpUMEHE-
HUE MUKpPOHArpeBaTed HaXoIsIT B METaJLJI-OKCUIHbBIX
ra3oBBIX JAaTYMKAaX, JaTYMKaX pacxofa U TUTPOMET-
pax. OCHOBHBIC OTJIMYUTEbHBIE YePThl MUKpPOHATpe-
BaTeJICHd:

e BBICOKAs TEIJIOBasl UyBCTBUTEIbLHOCTD;

e HM3KOE BHEPronoTpedieHue;

e HM3Kasl TEIJIOEMKOCTb;

e pPaBHOMEpHOE paclipeJejeHue TeMrepaTypbl B

MeMOpaHe;

e VIYUYIIEHHAs TEIJIOU3OMSALMS OT OKpYKalolIeh

Cpelbl;

e MacIITaOUMPYeMOCTb.

IlepeuniciieHHbIe (haKTOPbI ONTUMU3UPYIOT COTac-
HO TeXHUYeCKHUM TpeOoBaHUSIM. OOBIYHBIMU (hOpMa-
MM MUKpOHarpeBarteJiell SBJISIIOTCS MeaHap, S-o0pa3-
Hast (popmMa, Criupalb, COTHI, IIACTUHA, 3JUIUIIC, PYJb,
CKPYIJIEHHBINM 3UTI3ar Wiu HellpaBwibHasg dopma [1].
Bo160p hopMbl U MaTepuana MUKpOHarpeBaTesl IUK-
TYIOTCSI TPeOOBAaHUSIMU HU3KOM YAENbHOW TEIJIOINpO-
BOJHOCTHU, MajJOll CTOMMOCTH, MTPOCTOTbI U3TOTOBJIE-
HUSI, BBICOKOTO YIEIbHOIO COMPOTUBIIEHUSI U COBMEC-
TUMOCTHU C TEXHOJOTHUEl MpOu3BOACTBAa KpeMHusl. To-
MOJIOTMU Ta30BBIX JATYMKOB IOApa3yMeBalOT Harpes
1o 300—400 °C [2] B TeyeHME OIpeaesIeHHOIO BpeMe-
HU, TOIJIa KaK JATYMKM BIAXKHOCTHU TPEOYIOT TeMIepa-
typ Hke 100 °C [3].

B pabote noapoOHO onucaHa peaau3aiusi MmIoCcKo-
ro Harpesarelis B (opMme MeaHIpa Ha CTEKJISTHHOU
MOJJIOXKE M MOHTaX TaKOro HarpeBatesis IJis pume-

HEHUS B BocIUlaMeHuUTelsIx. [IpuBeneHbl cBeAeHUS U
CPaBHMUTEJbHBIM aHAJIMW3 BEPCUM HarpeBaTeseu, pea-
JIN30BAaHHEIX Ha CTeKJIe M KpeMHUU. [1pu n3rorosie-
HUM HarpeBaTess ObLIa MCIOJIb30BaHAa TEXHOJOTUS
npou3sBoactsa KMOII; npoliecc ObLT ONTUMU3UPOBAH
JUISI WU3TOTOBJICHUS HArpeBaTEJbHOTO 3JIEMEHTA Ha
CTEKJISHHOMN MOIJIOXKKE.

Peaim3amus u cO0pKa MUKpOHArpeBaTes

MukpoHarpeBaTtellb reHepupyeT Teriory (H) mpo-
MOPLMOHAIBHO MPUJIOXEHHON IUIOTHOCTU ToKa (J),
coriacHo ¢opmyJe

HolJ? = |(cE)?, (1)

IIe ¢ — yAeJbHasl 3JEKTPONPOBOAHOCTh MaTepuaa.
CornpoTuBIeHUE MUKpPOHArpeBaTessi 3aBUCUT OT -
HbI, TOJILIIWHBI, IITUPUHBI U TETJIOEMKOCTH.
N3rorosneHue npubdopa Ha CTEKISTHHOUN MOITIOXK-
K€ — TIpollecc, TpeOyIolMii OJHOKPATHOI JIMTOrpa-
(buu c mpuMeHeHueM Macku, TOTAa Kak MPU UCHOJIb-
30BaHUU KPEMHUEBOU MOMIOXKHU, TEPMUUYECKU OO-
pPa30BaHHBbI OKCHUJ M CJIIAOOHAIPSKEHHbI HUTPUI
ocaxpaatorcs no texHojorun LPCVD (Low Pressure
Chemical Vapor Deposition, Xumuueckoe ocaxiaeHue
U3 MapoBoit (a3bl MpU JaBIEHUU HUXE aTMOC(pepHO-
ro) nepea NpoBEJEHUEM METAJUIM3ALUU U yIaJeHUueM
pe3ucta. CTeKJISSHHYIO MOJUIOXKY BbIOMPAIOT IS 10-
CTHKEHUS OOJIbIIe MeXaHUUEeCKOM MPOYHOCTY U JIy4-
1€ TEPMOU3OJISILIMU MEXIY CEHCOPHBIM 3JIEMEHTOM
1 KoprnycoM. OCHOBOI MPOEeKTUPOBaHUSI HarpeBaTes
SIBJISIETCS] ONITUMU3ALMS JUIMHBI, IHMPUHBI U TOJILUHBI
HarpeBalollero 3J1eMeHTa U COOTHOIIEHUST Pa3MEpOB
HarpeBatenst 1 MeMOpaHbl. Bo3moxkHa pa3paboTka
pa3anyHbIX (POPM HarpeBaTesisl, OIHAKO B HACTOSIIEH
paboTe mJIsl HarpeBalollero 3jJeMeHTa BelopaHa hopma
MeaHapa. M3rotosjaeHue HarpeBaTessi HAYMHAETCS C
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Puc. 1. Cxema coopku (c) kamepsl (b) pean30BaHHOrO CNHMPAJLHOrO MUKpPOHArpeBartes (a) mocje TpaBjieHus
Fig. 1. Layout of the realized spiral (c) shape microheater (a) chamber (b) after etching assembly

OYMCTKM MYCTOHN TUIACTUHBI MOMJIOXKH COTJIACHO TeX-
Honorun RCA (Radio Corporation of America) ¢ moc-
JIAYIOLIMM OCaXkIeHUEM OKCHMIIa U HUTPUIA KPeMHUS
B cJlyyae MCMOJb30BaHUSI KPEMHHUEBOW TMOMIOXKHU
WIW, B CJIydyae CTeKJISTHHOM TOIJIOXKH, C TOCEIYIO-
e npsaMoi MeTasiu3auueit. Juist mpssMoli B3pbIBHOM

Tabauua 1
Table 1
CpaBHeHHe MapaMeTPOB CTEKJISHHBIX M KPEMHHEBBIX MOAJIOKEK
Parameters comparison on silicon and glass substrate

ITapametp Kpemunii | Crekiio Pyrex®
Parameters Silicon Pyrex Glass
VaenbHast TEIJIONPOBOAHOCTD, 140 1,18
W/(m - K)
Thermal conductivity, W/(m - K)
Temmnepatypa iaBnenusi, *C 1414 1700
Melting point, °C
Monyns ynpyroctu, GPa 112,4 64
FElastic Modulus, GPa
Tabnuua 2
Table 2
CB0iiCTBa METAIMYECKHX CJIOEB
Properties of various metal layers

CBOJCTBO Turan | [Mnatuna| [lonu-

Properties Titanium| Platinum | KpeMHU
YnenbHast TeTUIONTPOBOIHOCTb, 0,219 0,716 0,148
W/(cm+°C)
Thermal conductivity,
W/ (cm - °C)
VaenbHoe COnpoTHBIIEHHE, 4,8¢-5 | 1,06e-5 82
Q-cm
Electrical resistivity, Q+cm
KoahduiimeHT TepMUYEcKOro 8,6 8,8 4,7
paciupenusi, pm/(m * K)
Thermal expansion coeff.,
um/(m * K)
YnenbHasT TETUIOEMKOCTb, 0,523 0,133 105
J/(g-C)
Specific heat, J/(g - C)
IMnoTHOCTD, g/cm> 451 21,45 2,32
Density, g/cm
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METaJJIM3aIMU UCTIOIb30BaIN 6-TI0MOBYIO CTEKJISTH-
Hyto moaj1oxky (500 £ 50 um). ITyrem MHOTOKpaTHbBIX
MCIIBITAHUI, IIPOMBIBOK M ONTUMM3aLMiA ObLT pa3pa-
oortaH LOR-mpouecc (Lift Off Resist) — mporiecc
B3PBIBHOM JUTOrpaduu, Imocyie 4ero ObUI IPOBEICH
MSTKHM OTXKWUT W peai3aist HarpeBaTes ¢ TTOMOIIBIO
omepaluii OTClauBaHMsS B alleTOHe. EamHCTBeHHast
Macka pasMepoMm 1,2 X 1,2 mm ObU1a MCITOJH30BaHa
st (OpMUPOBAHUS TUIOIIAAKM HarpeBaTessl pa3me-
poM nipumepHo 500 X 500 um. B Ta6n. 1 gaHo cpas-
HEHHe MapaMeTPOB MOMIOXEK M3 CTeKJIa M KPeMHMSI,
KOTOpOE SICHO INOKa3bIBaeT, YTO YiAeJIbHAs TEIUIONpPO-
BOIHOCTB CTeKJIa MEHBIIIE, YeM Y KPEMHMSI, UTO U JiejIa-
€T CTEKJIO MPEAIIOYTUTEIbHBIM MaTePUAIOM ITOIOXKHU
IUTSI TIpUMEHEHMST HarpeBartesieil B BOCTUIAMEHUTEISX,
I1e BblAeJseTCs 0OJIbIIOE KOMUYECTBO TEIUIOTHI.

OneMeHT Harpesarteis toiamuHou 0,2 + 0,01 um
MOJy4eH METOIOM 3JIEKTPOHHO-JIyYeBOrO HaMbLICHUS
tutaHa u wiatussbl (Ti/Pt), B kotopom cioit Ti siBsi-
eTCsl yCUJIUTeAeM anre3uu [5]. BeiOop miaTuHbI B Ka-
YeCTBE HarpeBaTesIbHOTO 3JIeMEeHTa ONpeaesieTcsl Ta-
KMMM KPUTEPUSIMHU, KaK IIPOCTOTa 00pabOTKU, OTCYTCT-
BUE HEOOXOMMMOCTH JIETUPOBAHUS — B IMPOTUBOIIO-
JIOXKHOCTb IpYTMM MeTajlaM, KOTOpbIe JIMOO CKJIOHHBI
K OKHCJIEHUIO, JIMOO MCIBITHIBAIOT OOJIbIIOE HAMPSI-
JKEHUE, UK XKe TPeOYIOT MPUMEHEeHUST TOPOTUX TeX-
Hosoruii. [lnaTtrHa obecrieunBaeT 60Jiee JIUTENbHbBIN
Mepuo HalleXXHOK paboThl IO CPAaBHEHUIO C APYTUMU
MeTtayuiamMu. CBOMCTBAMU TIJIATUHBI SIBJISTIOTCST TaKXKe
BBICOKAsl TeMIlepaTypHasi YyBCTBUTEIbHOCTh U YCTOM -
YUBOCTh K KOPPO3UM; TEXHOJIOTHS C IUIATUHOMN XOpO-
1o paspadboraHa. CBOHCTBa 2JeMEHTOB HarpeBaTess
W3 pa3HbIX MaTepuasaoB MpUBEAEHbI B TaOI. 2.

Hpyroii aneMeHT HarpeBaTesisi OblI peaJiu30BaH Ha
CTeKJIe C MEHbIIIe TeIIONPOBOIHOCTHIO, YTO AeJajo
BO3MOXHBIM JOCTHXXEHUE 0ojiee BHICOKMX TeMIiepa-
Typ, Ojaromapsi MEHBIIMM MOTEepsIM TeTUIoThl. s
MPUCOEIUHEHUST PEAIM30BAaHHOTO 3JIEMEHTa Ha 0003-
HaYeHHBIX MeCcTaX B KPeMHUU TOJNIIMHOM 650 um ne-
JIJaloT OKHa JJIs1 COIljia, KaMepbl U KOHTAKTHOM IIO-




Puc. 2. [IpoBoanoe coeauHeHre BHYTPH KPEMHHEBOTO TYHHEJISI
Fig. 2. Wire bond inside the silicon tunnel

mwaaku. OkHa GOPMUPYIOT, UCTOIB3YSI TEXHOJIOTUIO
DRIE (Deep Reactive lon Etching, riiybokoe peaKkTHB-
HO€ MOHHOE TPaBJIEHUE) C LIMKJIAMU CYXOI'0 TPaBJICHMSI
U TaccuBaluu. JJIst OTKPBITHS BHEIIHEW YacTu CoTia
MPUMEHSIOT MEXaHU3M PE3KW U BbIpaBHUBAHUE BpPYyY-
Hyio [6]. CTaguu puHaIbHOM COOPKM IPUBEIEHBI Ha
puc. 1.

Tax kak ¢hoopMUpOBaHME€ KOHTAKTa Ha TOHKOM Tijia-
TUHOBOH TUIONIAAKE METOAOM ITPOBOJOYHOTO MOHTAa-
XKa TPENCTABJISIET OIPENEIEHHBIE TPYIHOCTU, TPO-
1ecc ObLT MOIMMUIIMPOBAH U MPOBEACHBI UCTILITAHUS
JUTS OTIpeNiesieHUs] ONTUMAaJIbHOM TOJILMHBI, obecrne-
yuBalolllell HaaexxHoe mpucoenuHeHue. OCHOBHOM
3ajavyeit ObLIO 3ajenaTh BUCSILEe TTPOBOIHOE COEIM-
HeHue. ST 3TOro MCIoab30Baid MEXaHU3M Ja3ep-
HOM pEe3KM, C MOMOIIIBI0 KOTOPOTO B KPEMHUU ObLIN
chopMUpOBaHbl MapajjeilbHble KaHaBKU. B aTu Ka-
HaBKU ObLIO 3a/ieJIaHO MPOBOJHOE COEAUHEHUE, U Ta-
KUM 00pa3oM ObLia yrpollleHa Maiika 3alliMTHON Ha-
KJIaJKK BCEro y3Jia; 1Jisi 6oJiee HaaeXKHOM 3allUThI Ka-
HaBKU C MPOBOJIOYHBIMU COCIUHEHUSIMU ObLIU 3aJIU-
Thl BMOKCUAHON cMoyoil. ChopMUPOBaHHBIN Y3ei
npeacTaBieH Ha puc. 2. Jlajee 3TOT y3es ObLT IPUCO-
eIUHEeH C ucnonab3oBaHueM Kopmyca TO-8, Tak Kak
KOpITyC TaKOro THUIla CIOCOOEH BbIIEPXUBATh OUE€Hb
BBICOKHE TeMIEePaTyphl.

Pe3yabTaThl

MukpoHarpeBatejib CMOHTHPOBaH, KakK IMOKa3aHO
Ha puc. 3. 11 peaau30BaHHOUN CXeMBI CHSTHI KpU-
Bble /— V' 1 uU3BMepeHbl 2JIeKTPOTEPMUUECKIE ITapaMeT-
PHI IUIST TOTIOJIOTUM, PealM30BaHHOM Ha KPEeMHHUEBOU
U CTeKJSIHHOM mnomjoxkax. HarpeBaHue CKBO3b Me-
TaJlJl IpoucXoauT Gaaromapst addekty Jxoymasa, Tak
YTO 3JEKTPOMUTPALIMUA MOXKHO M30€XaTh, OTPAaHUYM -
Bas MPOTeKaHHWe OOJIBIIOrO TOKA Yepe3 BJIEMEHT Ha-
rpeBarte’s.

Ha puc. 4 nokazaHbl U3MEpPEHHbIE TeMIEPaTyphbl
MUKpoOHarpeBarejiss Ha KPeMHUEBOH IOIJIOXKE TPU
TOJILLMHE [IATUHOBOTO cj10d okojo 1180 A u compo-
TuBIeHUU ~1200 Q.

Puc. 3. CMoHTHpOBaHHBIH HarpeBaTesib B
TOHKOM IIJIOCKOM Kopmyce

Fig. 3. Assembled heater on thin outline
package

Kak BuaHO U3 puc. 4, B UBrOTOBIEHHOM MUKpPOHa-
rpesarejie MakcuMainbHas temreparypa B 220 °C no-
crturaetcs npu 55 V, nocie 4ero mporucxXoauT Mpoooi
C MaKCUMaJIbHBIM MOTpebdieHneM ToKa ~35 mA.

MukpoHarpeBaTeib Ha CTEKJISHHOM ITOMIOXKE
(500 £ 50 um) paccuutaH Ha conpoTtuiaeHue 100 +20 Q
NnpU TOJNIIUHE TaTUuHOBOro cios 0,2 pm. TomuurHa
MOJJIOXKM TaKXe WrpaeT BaXKHYIO pOJib B OO0LIEM
NOIbEME TEMIEPATYPhl BCICACTBUE CBSI3AHHON C HEH
TEIUIOEMKOCThIO, MO3TOMY HEOO0XOAMMO Moao0paTh
"MpaBMILHYIO" TOJIIINHY ITOMIOXKY JIJIT OOeCIIeUeHUS
TpebyeMoro Harpeaa.

TemnepaTypHble pacripefeseHus s peain30-
BaHHOW CTPYKTYPbI HA CTEKJIIHHOMN MOJIOXKKE TOBO-
pST O PaBHOMEPHOM paclpeaeeHUN TEIJIOThI; OHU
MpeacTaBieHbl Ha pUC. 5 (CM. YETBEPTYIO CTOPOHY 00-
JIOKKI).

PesynbTaThl M3MepeHMIt 111 peaJ30BaHHOIO Ha-
TpeBaTestsl MpeACTaBIeHbl Ha puc. 6 U B TabI. 3.

IIpencraBiaeHHble pe3yabTaThl MOKAa3bIBAIOT, YTO
SHepronoTpebdieHrne MUKpoHarpeBaress B (popme me-
aHJpa Ha CTEKJITHHOM MOJJIOKKE COCTABIISIET MPUMEP-
Ho 1 W B cpaBHeHUH ¢ MOTpedIsieMOit MOIIIHOCTBIO B

Temperature {°C)
8

() Juauin) saneay

e Subtrate Temperatare 5

——— Heater Current

0 10 20 30 40 50 60

Applied Voltage (von)

Puc. 4. Pe3ynbTaThl H3Mepenuii 111 MUKpoOHarpesares B ¢gopme me-
aH/Apa HA KPEeMHHEBO# MOIIOKKe

Fig. 4. Measured results of meander shaped microheater on silicon
substrate
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obecrneuynBaeT Jydinyio 3(PdeKTUB-
HOCTb HarpeBaTeJisl IPU ero npume-

25C 60

HEHMHU B KAYE€CTBE BOCIINIAMCHUTEIIA,

50
200 p—
150 / 10 - /

GJylaromapsi MEHBIIEH TEIUIOIPOBOI -
HOCTU TomnoxKu. IlpencrasieHHast

100 rd 30

TOIIOJIOrUA p€ajn3oBaHa C IIPUMCE-

50 '/ 20

HCHHUECM TCXHUKN MI/IKpOC60pKI/I n
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Fig. 6. Measured plots of (a) Temp Vs voltage (b) Current (mA) Vs voltage plots

2 W B cilyyae pealM3alliy HarpeBaTesisi Ha KpeMHUU.
KpoMe TOTO, CTpyKTYypa Ha CTEKJISTHHOW ITOMJIOXKE
HarpeBaeTcsl 10 OIpeAeSIeHHOI TeMrepaTypbl pu 60-
Jlee HU3KOM HampsKeHWH, 9YeM CMOHTHMpOBaHHas Ha
KpeMHuu. HarpeB mpsiMonpomnoplMoHaaeH MOIIHOC-
TH HarpeBaTtesisg, KOTopas, B CBOIO o4epenb, TPOTop-
LIMOHAJIbHA TOKY ¥ COMPOTUBIIEHUIO, HO ITPOBENEHHBI
aHaJIM3 TIOKa3bIBaeT, YTO OOJbIIOE 3HAYCHHE WMEET
TaKXKe IIOBEICHWE HarpeBaTessi Ha TOU WJIM MHOM
MOJTOXKE.

3akmouenue

IpencraBneHa peanu3saiysi Harpesartesisi B ¢opMe
MeaHIIpa Ha CTEKJISHHOM MU KPEMHUEBOU IOIJIOXKAaX.
ITonpo6HO 06CyXmaroTcsT BOIIPOCH MOHTaXa M Xapak-
TEPUCTUKM HarpeBaTesieil; MpOBEIeH CPaBHUTEIbHBIN
aHanu3 npuodopoB. Mcrnoab30BaHHbINM MOAX0 MTOKA3al,
YTO peajn3alivsl TOMOJOTMM HarpeBaTessi Ha CTeKse

Tabnuua 3
Table 3
PesynbTaThl H3MepeHuii napaMeTpoB MUKpOHATpeBaTeei
Tabulation of the measured results

H3mepeHHoe W3mepeHHoe
3HAYCHME 3HAYCHME
IMapametp N
Parameters (cTexso) (KpemHuii)
Measured values| Measured values
(Glass) (Silicon)
HanpsixeHue Bo30ykaeHusi, V ~21 ~55
Excitation voltage, V
MakcumanbHblii Harpes, ‘C 207 ~210
Attained temperature, °C
CornpoTtusieHue, Q 100 £+ 20 1200 + 50

Resistance, Q

Toxk (max.), mA 150 55
Current (max.), mA

Bpemst ycraHoBieHusT, ms
Rise time, ms

Bpemst HapacTaHus, ps 633 633

40—60 40—60

TemmnepaTypHblit KO3hULIM- 0,0025 0,0018
eHT conpoTusieHus (Q/Q - C)

TCR (/0 C)

KITJ Bocruiamenutens, % 32 5

Igniter efficiency (%)
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20

2 Ha TexHuke DRIE u no3BoJistioniero
Voltage, V

peann30BaTh KPEMHUEBYIO KaMepy.
MoHTax KaMmepbl C HarpeparejieM
MpoBeleH BPYYHYIO, U 3aTeM Mpo-
BOJIOYHBIC COCIUHEHUS 3aeIaHbl B
KaHaBKM Ha KPEMHMEBOM MOMIOX-
Ke, 4ToObl M30exXaTh BpEeIHBIX 3(-
(bekTOB MpU TeCTUPOBaHUM U TepMmeTuszauuu. [anee
cOopKa IoMellIaeTcss B TOHKMIA MajiorabapuTHBIN KOp-
TyC JUTS OTpeieSIeHUsT XapaKTepUCTUK. Takas KOHILIeM-
118l TUIAHAPHOTO MCIOJHEHUS B MEPCIEKTUBE HAWIET
NpUMeHeHre B cdhepe BOCIIaMEHUTENe U CHU3UT 3a-
TpaThl JJI CO3AAHUS psiia OAHOTUITHBIX MPUOOPOB —
KOHIICTILMS TUIAHAPHOT'O MCITOJTHEHUS TTopa3yMeBaeT
CHIXEHHE 3aTpaT M yCUJIMK B cilydae HEOOXOAUMOCTHU
CO3IaHMsT MHOXECTBa 3THUX HarpeBaTelseil/BocIuiame-
HUTEJIel, TaK Kak (poToIIabJI0H ¢ MHOXECTBOM OAU-
HaKOBBIX TOTIOJIOTHI yIipolaeT 3agady. [1peacraBieH-
HbII MOIX0J OCHOBAaH Ha M3TrOTOBJIEHUWM HarpeBaTess
C UCIIOJIb30BAHWEM MHTErPaJIbHON TeXHOJ0ruu. Jlaib-
HEeMIIero yayylieHus: XapaKTepUCTUK MOXHO JOCTUYb
MUKPOMEXaHNYECKOI 00pabOTKOM, IPOLEAyPhl KOTO-
poil yXe cTaHAZapTU30BaHBI IJIs Cly4aeB 00paOOTKH
KPEMHUSI.

Dma paboma 6vina npogedena baaeodaps nodoepicke
Kxoanee uz pazauynvix yeumpos DOS/ISRO, ocobenro
Sh. S. Tiwari. Aemopsr makice 6aaeodapam upexmopa
3a e20 NOCMOSHHYI0 NO00ePICKY U GHUMAHUe.
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Introduction

MEMS based microheater provides reduced thermal
mass, low power consumption, reproducibility, miniatur-
ization and low unit cost. Microheaters are increasingly
employed for low power design and enhancing life time
of the device. Main application of microheaters is in met-
al-oxide gas sensors, flow sensors, and humidity sensors.
The main criteria of microheater design are:

o Fast thermal response time.

e Low power consumption.

e Low thermal mass.

e Uniform temperature distribution over membrane.
¢ Enhanced thermal isolation from the surroundings.
e Scalability.

These factors are to be optimized as per the required
specifications. Common microheater shapes are mean-
der, S-shape, spiral, honeycomb, fan-shape, plate struc-
ture, elliptical, drivewheel, S-shape with rounded corner,
irregular shape [1]. The requirement of microheater dic-
tates the selection of the shape and material selection de-
pends on various considerations such as low thermal con-
ductivity, low cost, ease of fabrication, high electrical re-
sistivity and compatibility with silicon fabrication process.
Gas sensors topologies need temperature rise of around
300—400 °C [2] within the specified time whereas humid-
ity sensors requirement is to generate temperature less
than 100 °C [3].

Present article details the implementation of meander
shape planar heater on glass substrate and assembly of the
same for igniter application. Further heater realization is
carried out and comparative analyses of heater structures
on silicon and glass are carried out. CMOS based fabri-
cation steps are employed and process is optimized for
realization of heater element on glass substrate.

Microheater Realization & Assembly

Microheater generates heat (H) which is proportional
to the applied current density (J) as shown below:

HolJ| = |(cE)?), (1
where o is the electrical conductivity of the material. The re-
sistance of the microheater is dependent on the length,
thickness, width and thermal mass. The fabrication of the
microheater is a single mask process on glass substrate
whereas in case of silicon thermal oxide and low stress ni-
tride is deposited using LPCVD before carrying out the met-
allization with lift off process. Glass substrate is chosen so as
to get better thermal isolation between sensor element and
housing along with mechanical stability. Design of heater is
based on the optimization of the length, width, thickness of
the heater element alongwith heater to membrane ratio.
Various shapes of heater can be adopted but in this article
meander shape is chosen for heater element. Fabrication of
the heater starts with the bare wafer cleaning using RCA
(Radio Corporation of America) process followed by oxide
and nitride deposition in case of silicon and in case of glass
wafer direct metal deposition is carried out. 6 "pyrex glass
wafer (500 = 50 um) is chosen and direct metallization is
carried out using lift off process. LOR process is developed
with the multiple trials followed by optimization of devel-
oper and rinsing time. Afterwards soft bake and realization
of the heater element using lift off operations in the acetone
solution is carried out. The single mask with overall dimen-
sion of 1.2 X1.2 mm is employed having heater area of
around 500 x 500 pwm. Table 1 provides the parameters
comparison of glass and silicon substrate which clearly
shows that glass thermal conductivity is lesser compared to
silicon so it is preferable for ignition applications where
higher heat is generated.

Heater element using Ti/Pt stack is employed using e-
beam process with the thickness (0.2 = 0.01 um) wherein
Ti is used as an adhesion promoter layer [5]. Choice of
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heater element as platinum is based on various criteria
such as ease of processing and avoidance of doping com-
pared to other materials which are either having the ten-
dency of oxide formation, or higher stress or employs ex-
pensive methodology. Platinum produces amplifying effect
on hot spots and results in long term reliability compared to
other material. Also platinum has fast thermal response,
corrosion resistant and having well-established process.
Properties of various heater elements are shown in Table 2.

Further heater element is realized on glass which is less
thermal conductive so it can achieve high temperature be-
cause of less conductive losses. Bonding of realized ele-
ment is carried out with silicon for which nozzle, chamber
and pad opening is done on 650 um silicon at the specified
locations using DRIE process using dry etch and passiva-
tion cycles. Dicing mechanism is used to open the front-
end of the nozzle and manual alignment is carried out [6].
Various assembly steps as shown in fig. 1 is carried out to
realize the final assembly.

Since electrical contact formation using wire bond is
difficult on the thin platinum pad so process modifications
and trials are conducted to find out the optimum thickness
resulting in reliable bond. The main challenge is to embed
hanging wire bond for which laser dicing mechanism is em-
ployed to form the parallel groove in silicon. Bond wires are
embedded in it to facilitate the top cover sealing of the as-
sembly and further to fully protect the wires groove is filled
with the epoxy. The assembly is shown in Fig. 2 and further
this assembly is attached with the TO-8 package as this type
of packaging can sustain very high temperature.

Measured Results

Microheater is assembled as shown in Fig. 3 and
I—V curves as well as electro—thermal parameters of the
realized circuits are measured for the topology realized on
silicon and glass wafer. Heating through a metal occurs due
to joule effect so electromigration can be avoided by limiting
the flow of large current through the heater element.

Measured substrate temperature on silicon wafer are
shown in Fig. 4 having platinum thickness of around
1180 A resulting in ~1200 Q resistance.

As seen above, maximum temperature of 220 ‘C at 55V
is attained and afterwards it got breakdown with the max-
imum current consumption of ~35 mA.

Microheater fabricated on glass wafer (500 + 50 um) is
designed for 100 + 20 Q resistance having platinum thick-
ness of 0.2 um. Substrate thickness also plays an important
role in the overall rise of temperature due to associated
thermal mass so right substrate thickness to generate re-
quired temperature is to be chosen.

Thermal plot of the realized structure is also taken and
shown in Fig. 5 (see the 4-th side of cover) demonstrate
the uniform heat distribution.

The measured results of the realized heater are tabu-
lated in Fig. 6.

The results show that meander shaped micro-heater on
glass substrate is having lower power consumption of
around 1 W compared to 2 W in the case of silicon micro-
heater and also attaining same temperature at low voltage
operations. Temperature rise is directly proportional to
power which is proportional to current and resistance but
the above analysis shows the behaviour of heater on sub-
strate plays an important role.

Conclusion

Meander shaped heater realized on glass and silicon
substrate is presented in this article. Assembly and char-
acterization aspects are covered in detail and further com-
parative analysis is carried out. The present approach
shows that heater topology realized on glass results in im-
proved efficiency for igniter application due to lower ther-
mal conductivity associated with the wafer. Present topol-
ogy is fabricated using micro-fabrication technique and
DRIE based etching process is carried out for the realiza-
tion of silicon chamber. The assembly of chamber with the
heater is carried out manually and further wire bonds are
embedded by having tunnel option in the silicon wafer so
as to avoid destructive interferences while testing and seal-
ing. Further this assembly is attached with the thin outline
package for characterization. This concept of planar real-
ization will eventually be useful for pyro-igniter applica-
tion for generating small thrust in array configuration.
Present approach is based on heater fabrication using I1C
technique and further performance enhancement can be
achieved by carrying out micromachining which is already
standardized for silicon process.
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Puc. 1. llpodpum BUMC juist cocraBa x(AlAs) u y(InAs), a Taioke KoHieHTpaimu NSi
Jierupymoiei npuMect kpemuust 1uist oqHoi 13 pHEMT-rerepoctpykryp,
BbIparieHHbIX MeTogoM MOI'®D B pamkax JaHHOH paboTh

Fig 1. SIMS depth profiles for compositions of x(AlAds) and y(InAs), concentration NSi
of silicon dopant for one of the pHEMT-heterostructures grown by MOVPE
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Puc. 3. Cuexrpol ®JI pHEMT-rerepoctpykTypbl, BbipaiieHHoi MeTojgoM MOT'®D
B HIIII «CamoT» npH pa3Hoii MOITHOCTH Jia3epHoro Bo36yxaennst, I =4.2 K

Fig. 3. PL spectra of a pHEMT-heterostructure grown by MOVPE
in NPP Salute Co. at different powersof the laser excitation, T =1.2 K
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c)

Puc. 2. W300paxennsi noBepXHocTH Si/Ag nocie o6paGoTKH JVHTEIbHOCTHI0 S MuH (a), 30 MuH (b), 60 MuH (¢)

Fig 2. Images of the surface of St/Ag after processmg during 5 min. (a), 30 min. (b), and 60 min. (c)
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a)

Puc. S. Pacnpeneneﬂne TEMIIEpATYp HarpeBaTeiisl Ha CT! eKJISTHHOH HOIoKKe: @ — Ha MOJICIIH, bh-8 IKCIICPUMCHTC

Fig 5. Thermal image of the heater on glass substrate (a) simulated (b) measured
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