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2 Tomckuii moaUTEXHUYECKUI YHUBCPCUTET

PEAKTUBHO-MOHHOE TPABAEHME NAEHOK

LUNPKOHATA-TUTAHATA CBUHLA

Ilocmynuna 6 pedaxyuro 28.06.2016

Hccnedosan npoyecc peakmueHO-UOHHO20 MPAGACHUSL CE2HeMOINCKMPUHECKUX NACHOK UUPKOHAMA-MUMAHAMA CEUHUA 8 CMECSX
DA3MUMHBIX 24308 0151 CO30AHUSL 4eeK 3aNOMUHAIOWUX YCMPOLICME U Yycmpoticme Mukpomexanuxu. Onpedenensl 3a8Ucumocmy cKo-
DpOCmU mpasienus RAeHOK om 0agaeHus, npuKkaadsieaemol mowpocmu BY eenepamopa, memnepamypst u cocmaga mpassuei cmecu.

Karouegvie caoea: CeCHemos31eKmpuxKu, cemepocmpyKkmypol, HACHKU UUPDKOHam-mumaHama ceunya, peaxkmueHo-UOHHOoe

mpaenenue

Bsenenune

bnarogapst HeMHEHHBIM (U3MUYECKUM CBOMCTBAM
TEeTEPOCTPYKTYPHEl Ha OCHOBE CETHETOIEKTPUUECKUX
TOHKMX TIJISHOK IupKoHaTa-tutaHaTta cBuHma (LITC)
paccMaTpUBaIOTCS B KAYECTBE KaHAMAATOB HA UCIIOJIb-
30BaHHE€ B HOBOM ITOKOJICHUM 3HEPrOHE3aBUCHUMBIX
3alIOMMHAIOIINX YCTPOUCTB (3Y) U Nbe303JIeKTpUIec-
KHMX MUKpO3JIeKTpoMeXaHndecKux cucteMax (MOMC)
[1, 2]. dng ¢dopMuUpoBaHUS CTPYKTYP CYOMUKPOHHOTO
pasMepa HeoOXOIUMBbI METOAUKM CYXOro (BaKyyMHO-
ro) TpaBlieHUs, 00eCIIeunBaOIINe BBICOKYIO CTEleHb
AHM3O0TPOITHOCTH M ceneKTUuBHOCTH [3, 4]. Hambomnb-
111ee pacopoCcTpaHeHUE MOJYYUIIM IPOLECChl peaKTUB-
Ho-noHHoro TpaiieHus (PUT) Ha ocHOBe rajnoreHo-
BOI, (PTOPHOI MJI XJIOPHOM I1J1a3Mbl, UCIIOIL3YIOLINE
pasnuuHble Tasel U ux cmecu: Cly, BCl;, HBr, CFy,
CHF;, G Fq, C4Fg, SF¢, Ar, O, [3, 5—13].

CKOpOCTh XMMHYECKOTO TPABJIEHUS ONIpEaeIIsieT-
csl, IpeXAe BCEro, JIETY4EeCThIO IPOAYKTOB peaKiiu, B
cBs13u ¢ 3tuM npu TpasiaeHun IITC B xa0pHOI mias-
Me HaOjomaeTcs: 0ojiee BBICOKASI CKOPOCTh TpaBiie-
HUs, yeM Bo (propHoii [7]. B yctanoBkax PUT oObIuHO
HCTIONB3YIOT IBA TeHepaTopa: BbICOKOYACTOTHBIN (BY)
U reHepaTop UMHAYKTUBHO CcBs13aHHOM 1a3Mbl (MCIT).
IMoBenienne momnHoctu MCII-reHepaTropa yBeauum-
BaeT CTeNeHb MOHM3ALUM ra3a, MoBbIIAET TNIOTHOCTh

IJ1a3Mbl ¥ KOHIEHTPAITNIO0 XUMAYECKN aKTUBHBIX Yac-
il (XAY). [Ipu yBennuenuu mourHoctu BY renepa-
TOpa BO3pacTaeT CpeaHsisl SHePTUsl YacTUll, U 3HAUYU-
TeJIBHBIN BKJIA B MPOLIECC YAAJEHUS MaTepuajia Hauu-
HaeT BHOCUTb hU3MUECKOe pacibuieHe 0Opaslia, a He
npoiiecc xumudeckoro B3aumoneiicteus [14]. C yBe-
JuyeHueM MolnHoctu BY reHepaTtopa cpenHsisi CKo-
pocTb BakKyymMHoOTo0 TpaBieHus mieHok LI TC Bo3pacrer
[3, 7, 13], mpu 3TOM, KaK IPaBUJIO, YBEIUYUBACTCS U
CTelleHb aHM30TPOITHOCTU TpaBiieHus [15].

3HauuTeabHOE BiausiHue Ha rapameTpsl PUT oka-
3bIBaCT TemIlepaTypa IMOMIOXKU. Eciu JuMUTHpYIO-
LIEH SIBJISIETCS CTaAMs XMMUUECKOTO B3aMMOIIEMCTBUS
WY IecopOIs TIPOAYKTOB peaKIIuy, CKOPOCTb KOTO-
PBIX YBEJMUYMBAETCSI C POCTOM TeMIlepaTyphbl, TO CKO-
poctb PUT OyaeT Takke yBeJIMYMBATLCS, OOHAKO, €C-
JIU TUMUTUDYIOLLIEN CTaauelt sIBISIETCS XeMOoCcopOLus,
To ckopocTb PUT MoXeT cHUXaTbCsl ¢ yBeJIMYeHUEeM
temmepatypsl [15]. Ilpu BBICOKOI TeMIiepaType CKO-
POCTHU MPOILIECCOB, MPOTEKAIOIIMX C PA3HOM dHEpruei
aKTHBAallMY, BBIPABHUBAIOTCS U, KaK CJIEICTBUE, CE-
JIEKTUBHOCTb TPaBJIEHUSI CHUXKAETCS.

I1pu moGaBIeHNH B CMeCh MHEPTHEIX Ta30B BO3pac-
TaeT BKJIaJl MOHHOIO BO3AeHCTBMSI Ha oOpasel. Ilon
JeCTBEM HMOHHOI OOMOapAMPOBKU aaCcOpOMpPOBaH-
HbIe MOJIEKYJIBI pabOYMX ra30B IMOABEPTalOTCs AUCCO-
LMal1U, YBEJIUUUBAETCSI CKOPOCTh ECOPOILIMY MPOIYK-

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 12, 2016 723



Puc. 1. POM-u3o6paxenus nosepxnoctn (a) u ckona (b) miaenku LITC no TpaBinenuns
Fig. 1. REM images of the surface (a) and chip (b) of PZT film before etching

TOB TpaBJIeHUsI, MPOUCXOIUT (U3UYECKOE pacIblie-
HUE HeJIETYUYMX U MaJIoJIeTyuYMX MTPOAYKTOB TPaBJICHUS,
00pa3yloTcsl HOBbIE aKTMBHBIE LIEHTPHI B3aUMOACHCT-
BUs Ha MOBEpXHOCTU. biarogapst aTomy yBeInunBaeT-
Csl aHM3OTPOITMS M CHMKAETCS CeJIEKTUBHOCTD TpaBJie-
Husg [15].

s dopmupoBaHust guyeek IMamatu U MOMC-
CTPYKTYP HEOOXOAMMO MPUMEHSITh BHICOKOACTIEKTHOE
TpaBJIeHUE, TIPU KOTOPOM TI'PAHMU CTPYKTYPHI MMEIOT
OJM3KMI K BepTUKaTbHOMY Ipoduib. BeicokoacmekT-
HOEe TpaBJIeHHWE BO3MOXHO peajiu30BaTh TOJbKO B yCTa-
HOBKaX BaKyyMHOT'O TpaBJIEeHUsI C UCTOUHUKAMU T1J1a3-
MbI BbICOKO# TUIOTHOCTH, Haripumep, B UCIT-ycTaHoB-
Kax Py peakTUBHO-WOHHOM TpasiieHuu [5, 13, 16].

B Hacrosiuii MOMEHT B JIUTEpaType OTCYTCTBYIOT
cUcTeMaTU4ecKue JaHHbIE IO MeXaHU3MaM U YCJIOBH-
aM TpasiaeHusa 1iaeHok LITC. Llenpto HacToseit pa-
0OTHI sIBIsIeTCS M3ydeHue ocooeHHocTelr PUT-mieHok
LTC B pa3nuuHbIX Ta30BbIX CMECSX NMPU U3MEHEHUU
rmapamMeTpoB Ipoliecca TpaBIeHUsI.

MeToauka 3KCnepUMEHTa

DKCNepUMEHTaTbHbIE UCCAEIOBAHKS TPOBOAWIN HA
yctaHoBke PUT Plasmalab 100 Oxford Instruments,
ocHamieHHoit UCIT n BY reneparopamn.

B kauecTBe 00pa3ioB ucnoiab3oBanu mieHku [TC
(puc. 1), cpopmupoBaHHBIE 30Jb-T€Ib-METOAOM Ha
KPEMHMUEBBIX MJIACTUHAX co cTpykTypoii Pt (150 Hm) —
TiO, (10 am) — SiO, (300 Hm) — Si. CuHTeE3 ILUIEH-
KOOOpa3yIolnX pPacTBOPOB IS TOIYICHUS TUICHOK
MPOBOAIM C MCIOJIb30BAHUEM PACTBOPOB M30MPOIIH -
JIaTOB TUTAHA U LMUPKOHMSI, a TAKKE alleTaTta CBUHIIA B
METUJILIEJITIO30JIbBE TT0 METOIMKE, OTIMCAHHOW B pabo-
Te [17]. TIneHKM HaHOCWIM MOCJIea0BaTeIbHO METO-
JTIOM TIEHTPUGYTUPOBAHMS C CYIITKOM KaXKIOTO CIIOS TIPH
temreparype 150 °C, 10 muHn, 3arem npu 400 °C B Te-
yeHue 10 muH. Takum 0O6pazoM HAHOCWJIM 1IECTh CJIO-
€B, KOTOpble MoaBeprajd (GUHUIIHONW KpUCTaIM3a-
umu ripu temmeparype 650 °C B teuenue 15 mus. Toi-
IIMHA TUIEHOK cocTaBisiia ~200 HM.
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TonmuHy TIJIEHOK OIpeaessin
METOJOM CIeKTPaJIbHON 3JIIUICO-
METPUM C TIOMOIIIBIO BJUTUIICOMEeTpa
SE 850 (SENTECH Instr.) B pamkax
monenu Komwu [18]. MukpocTpyk-
Typy IUIEHOK HaOJogaad MeTOI0M
pacTpoBOM 3JIEKTPOHHOU MUKpPO-
ckormuu (POM) Ha MUKpOCKOIIe
Nova NanoSEM 230.

DKCcnepuMeHTAJIbHbIE PE3YJIbTAThI
H 00CYXKIEeHHE

Ha puc. 1 nokazano POM-1u3006-
paxeHue TIOBEPXHOCTM M CcKoJja
mieHku HTC po ee TpaBiaeHusl.
IIneHku 061a1a10T TUIIMYHOM CTOJIO-
yaToit cTpykTypoit [19]. dopmupo-
BaHME TOTOOHOM CTPYKTYpPHI CBSI3aHO C JOMUHUPYIO-
1IMM MPOLIECCOM I'eTepPOreHHOI0 3apoblle00pa3oBa-
HUS KPUCTAJTUTOB TTEPOBCKUATA Ha TIOBEPXHOCTH CJIOS
Pt [20]. 3epHa nepoBcKuUTa MJIOTHO MPUIETAIOT APYT K
JIpyry u umerot pasmep ~200 HM.

Hcxonst 3 KOHCTPYKTUBHBIX OCOOEHHOCTE! ycTa-
HoBku PUT Plasmalab 100 u nanHBIX 1UTepaTypHBIX
WCTOYHUKOB OBUTM BBIOPAHBI CIEAYIOIINE TTapaMeTPhI
npouecca: momHocTe MCII-reneparopa — 290 Br;
moiiHocTh BY reHeparopa — 100 Bt; naBneHue B peak-
LMoHHO# Kamepe — 25 mTopp; Temneparypa — 20 °C;

Tabauma 1

Ckopoctb Tpaiienus mieHoK L[TC B pazimunbix
PEAKIUOHHBIX ra3ax

Table 1
Etching rate of PZT films in various reaction gases

Tpassiiiue rasst Pacxc;;[ rasoB, | CxopocTh TpaBieHus,
cM’/MUH HM/MUH
Etching gases Flow—rage of gases, Etching rjate,
cm’/min nm/min

CF4Ar 30:10 18,4
CF40, 30:10 15

CHF;:Ar 30:10 15,2
CHF;:0, 30:10 19

C,Fg:Ar 30:10 19,7
C4Fg:0, 30:10 18,4
HBr:Ar 30:10 17,5
HBr:0, 30:10 3,5
Cly:Ar 30:10 18

Cl,:0, 30:10 12

SFg:Ar 30:10 16,3
SF4:0, 30:10 12,5
HBr:Cly:Ar 15:15:10 13,9
HBr:Cl,:0, 15:15:10 10,5
HBr:SFg:Ar 15:15:10 13

HBr:SF4:0, 15:15:10 7

SF¢:Cly:Ar 15:15:10 20,2
SF4:Cl,:0, 15:15:10 14,5
HBr:Cl,:SFg:Ar 10:10:10:10 13,5
HBr:Cl,:8F4:0, 10:10:10:10 9




Puc. 2. POM-u3o0paxenus mienok IITC nocie tpasnenus B cvecax HBr:Cly:Ar (a), HBr:SFg:Ar (b), SF:Cly:Ar ()
Fig. 2. REM images of PZT films after etching in the mixtures of HBr:Cl,:Ar (a), HBr:SFgAr (b), SFgCly:Ar (c)

pacxo peakLIMOHHOM cMecH ra3oB — 40 CMS/MI/IH. B xa-
yecTBe paboumnx rasos ucnonanzoBaauck CF4, CHF;,
C4Fg, HBr, Cl,, SFg, Ar, O, 1 ux cmecu. IlonyyeHHbIe
JaHHBIE TT0 CKOPOCTH TPaBJIeHUST 00pa3IioB B pas3Iny-
HBIX PEaKIIMOHHBIX CMECSX MpeACTaBlIeHbI B Ta0I. 1.

BrIcOKMEe CKOpPOCTH TpaBIeHUS JOCTUTAINCH B peaK-
uoHHbIX cMmecax CyFg:Ar, HBr:Cly:Ar u SFq:Cly:Ar
(HamOboblIast CKOPOCTh), YTO, B LIEJIOM, COOTBETCTBY-
€T JaHHBIM Apyrux aBropos [6, 7, 9, 10]. PBM-u306-
paxkeHMsI TUIEHOK IOoCjie TPaBJIeHUsI MPeACTaBIeHbI Ha
puc. 2. Ilocnie TpaBiieHUs TJIEHOK B CMECH ra3oB, CO-
nepxaiueit HBr, Ha moBepXHOCTH 00pa3yloTcsl 3arpsi3-
HEHUS M3 HEJIETYIMX ITPOAYKTOB peaKlNH, B TO BPeMs
Kak npu ucnoib3oBaHun cMecu SFg:Cly:Ar mosepx-
HOCTBb OCTAaeTCST YUCTOM, UTO CBHICTEILCTBYET O JTyd-
el JeTy4eCTH XJIOp-TIPOM3BOIHBIX MPOAYKTOB peak-
. 1o maHHBIM paboThl [16] maHHasa cMmech a3 dek-
TUBHA U I TOCTVKEHUST BBICOKOTO TTOKA3aTeIsl aH!-
30TPOMHOCTU TPABJICHUS.

DHepruss MOHOB B IPOIeccax BaKyyMHOTO TpaB-
JIEHUS, a CJIeloBaTebHO, U CKOPOCTh TpaBJeHUs 3a-
BUCUT OT JaBJieHUs1 B paboueil kamepe. DKCIepu-
MEHTBI 10 M3YYEHUIO BIMSIHMSA AaBiaeHus npu PUT-
mieHok HTC mpoBomuim co clienyloluuMy Itapa-
MmeTpaMmu npouecca: mowHocth MCIT reneparopa —
290 Bt; mowmHocth BY reneparopa — 100 BT; TeM-
nepatypa — 20 °C; pacxoa peakLIMOHHOI CMECH ra30B
SF4:Cly:Ar/15:15:10 CM3/MI/IH. PesynbraThl npeacTas-
JIeHbI B TaOI. 2.

CKOpOCTh TpaBJE€HUSI JHUHEWHO YMEHBIIAETCS C
yBeIMYeHneM naBieHus. [IpuamHOI SBIsIeTCS BO3-
pacTtaHue yuciia CTOJIKHOBEHWI YaCTUIL, TIPUBOJSILEE
K YMEHBIIEHUIO CpeaHeil SHepTUM 3JIEKTPOHOB, KO-
Topasi OmpeAessieT CKOPOCTb TeHepalluu aKTUBHBIX
YacTHUII.

AHaJIn3 BIUSHUSI COCTaBa ra3oBOM CMeCH MPOBO-
JIWJIK B YCJIOBUSIX COXPaHEHUS OOIIEro pacxojia raszo-
BOI CMeCH CO CJIeAyIOIIMMU MMapaMeTpaMu TIpoliecca:
MoliHocTh MCII-renepatopa — 290 BT; MoliHOCTb

BY reneparopa — 100 BT; naBieHue B peaKLIMOHHOM
kamepe — 5 mTopp; remmeparypa — 20 °C. Pe3ynb-
TaThl NpeacTaBiaeHbl B Tab. 3. Kak BuaHO, BhICOKas
CKOPOCTb TPaBIIEHUSI JOCTUTAETCS TPU TPaBJIEHUH B
cmecsax SFg:Cly:Ar B yCIIOBUAX OTHOCUTEIBHO BBICO-
koro coxepxanusa Cl, 15...30 06. %, Tak Kak obpa-
30BaHUE JIETYUYNX XJIOP-IIPOM3BOMHBIX SBISCTCS IO-
MUWHUPYIOIIMM MEXaHUM3MOM TpaBJIEHUS B JaHHOM
npouecce.

CKOpOCTb TpaBJIEHUSI MOXHO TTOBBICUThH, YBEJININB
molHocTh BY reHepartopa, Tak Kak B 9TOM clly4yae yBe-
JnuuBaeTcs: aHeprusi XAY u MOHOB B IJ1a3Me. DKCIie-
PUMEHTHI MOKa3aau JUHEHHOe YBeJIUYeHE CKOPOCTU
TpaBiaeHus ieHoK LITC npu moBbIIeHU MOLIIHOCTH
BY reneparopa or 50 Bt (9,6 HM/MuH) mo 290 Br
(49,8 nm/mun) B cmecu SF:Cly:Ar/5:25:10 CM3/MI/IH u
napieHun S5 mTopp. BaxHo oTMeTUTh, UTO yBeaUuye-
Hue MouiHoctd npu PUT nmpuBomut Ttakxke K Oosee
MHTEHCUBHOI HMOHHONM OOMOapAMpOBKe, CHIXXEHUIO
CEJICKTMBHOCTHU, JAerpagaliu (hoTope3ncTa, yCUJIeHHUIO
3arpy304Horo 3¢ ekra U MOBbILIEHNUIO HEpaBHOMEP-
HocTu TpaBieHus. Kpome toro, moBeilieHue BY
MOIITHOCTH HEe KOMIICHCUPYET OOeTHEHME peareHTa,
MOCKOJIbKY BO3pacTaHWe CKOPOCTH TeHepalluy aKTUB-
HBIX YACTULL HE 00513aTEJIbHO COMPOBOXKIAETCST YBEM-
YyeHUeM CKOpOCTHM uX moTpebyeHus [15]. B cBs3u ¢
9TUM ONTUMATbLHON sIBJsIeTCs MollHOCTh BY renepa-
topa ~100 Br. IIpy maHHOM MOIIHOCTH, pacXoie pe-
aKUMOHHOM cMmecu ras3oB SF¢:Cly:Ar/5:25:10 CMS/MI/IH

Tabnuua 2
Ckopoctb Tpasiienust mieHok IITC npu pa3auyHoM JaBjieHHH

Table 2
Etching rate of PZT films under various pressure

Jasnenne, MmTopp 5 15 25 35 45
Pressure, mTorr

CkopocTb TpaBiaeHusi, um/mMun | 22,8 | 21,7 19,9 12,4| 9,1
Etching rate, nm/min
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Tabauua 3

Cxopoctb Tpassienus nienok IITC npn pasnmunom npouenTHoM cooTHomenuH rasos B cvecu SFq:Cly:Ar

Table 3
Etching rate of PZT films at various correlations of the gases in the mixture SFg: Cly:Ar
Pacxon razos, CM3/MI/IH 5:30:5 5:25:10 | 10:20:10 | 15:15:10 | 20:10:10 | 25:5:10 | 10:10:20 5:5:30
Consumption of gases, cm’/min
CKOpOCTb TpaBJieHUsI, HM/MUH 21,7 24,2 22,7 22 19,8 19 10,6 9,6
Etching rate, nm/min

U gapieHuu 5 mTopp ObUIM IIPOBEAEHBI SKCIEPUMEH-
Thl, PE3yJbTaTOM KOTOPBIX SIBUJICSA JIMHEHHBIN POCT
ckopoctu TpasieHust (ot 24 no 30,7 HM/MUH) IPU U3-
MEHEHUM TeMIepaTypbl moainoxku oT 20 mo 100 °C.
HaHHbIN (haKT CBUAETENbCTBYET O TOM, UTO JUMUTHU-
pYyIOLLEeH CTagueN Ipoliecca TpaBICHUS B JaHHOU cMe-
CH, TIO-BUIMMOMY, SIBJSIETCSI TPOLIECC XMMUYECKOTO
B3aUMOMEVICTBUSIL.

BoiBoapl

IIpouecc tpaBnenus ruieHok LTC mng dopmu-
poBaHUS siYeeK cerHeToaekTpuueckux 3¥Y u MOMC
B peakUMOHHOM rasosoii cmecu SFq:Cly:Ar obec-
MeYrBaeT BO3MOXHOCTh aHU3OTPOITHOTO TPABJICHMUS
MPU OTCYTCTBMM HA MOBEPXHOCTU MOJUMEPHBIX MPO-
IYKTOB peaknuu. ONTUMaTbHBIM SBIISICTCS IaBIe-
Hue 5 MTopp Tipm pacxome TpaBslleil CMECH Ta30B
SF¢:Cly:Ar/5:25:10 CM3/MI/IH. B cBs3u ¢ Temmepa-
TyPHO-3aBUCUMOI CKOPOCTbIO XUMUYECKOT'O B3aMMO-
JMEeCTBUS YaCTUII Ha TTOBEPXHOCTH, CKOPOCTh TpaBIIe-
HUS MOXKET OBITh YBEJIMYEHA ITyTeM YBEJIUUYEHMS TeM-
nepatypbl nomioxku go 100 °C.

Paboma evinosnena 6 MUPDA npu unancosoii noo-
depacke Munucmepcmea obpazosanus u Hayku Poccuiic-
kou Dedepayuu, YHUKANLHBIL UOCHMUDUKAMODP NPOEKMa
RFMEFI58614X0008 (coenawenue No 14.586.21.0008), a
makace Tocyoapcmeennoeo 3adanus Ne 11.28.2014 K.
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Reactive-lon Etching of the Lead Zirconate Titanate Films

Ferroelectric thin films, like lead zirconate titanate (PZT), due to their interesting piezoelectric properties form several different
Sfamilies of MEMS and memory devices. Patterning has become an essential element for integration of PZT in the devices. In this
work, the authors investigated the etching characteristics of PZT thin films using Cly/Ar, Cly/O,, CF4/Ar, CF;/ 0, CHF3/Ar,
CHF3/0,, C4Fg/0,, Culg/Ar, HBr/Ar, HBr/O,, SFg/Ar, SFg/ O, gases and their mixtures with an inductively coupled plasma
(ICP) system. The etch rate of the PZT thin films had the maximal values at 12.5 % of Cly, 62.5 % of SFg and 25 % of Ar gas
concentrations, which decreased with addition of O, gas. The maximal etch rate of the PZT thin films was 24.2 nm/min. Further,
the authors investigated the dependence of the etch rate on pressure, RF power and temperature. The etch rate of the PZT thin films
decreased in case of pressure increment (from 5 up to 45 mTorr), while magnification of the etching rate was observed in case of
increase of RF power (from 50 up to 290 W) and temperature (from 20 up to 100 °C).

Keywords: ferroelectrics, heterostructures, films, lead zirconate titanate, reactive-ion etching

Introduction

Due to their nonlinear physical properties the het-
erostructures on the basis of the ferroelectric thin films
of lead zirconate titanate (PZT) are considered as can-
didates for a new generation of the non-volatile mem-
ory devices (MD) and piezoelectric microelectrome-
chanical systems (MEMS) [1, 2]. Formation of submi-
cron structures requires techniques of dry (vacuum)
etching ensuring a high degree of anisotropy and selec-
tivity [3, 4]. The most wide-spread among them is re-
active ion etching (RIE) on the basis of halogen, fluo-
rine or chloric chemistry plasma using gases and their
mixes: Cl,, BCl;, HBr, CF,, CHF;, C,F¢, C4Fg, SFg,
Ar, O, [3, 5—13].

The chemical etching rate is determined by the vol-
atility of the reaction products, and in this connection
during PZT etching in chloric plasma a higher etching
rate is observed, than in the fluorine one [7]. RIE in-
stallations usually use two generators: a high-frequency
(HF) and a generator of inductively coupled plasma
(ICP). Increase of power of ICP generator increases the
degree of ionization of gas, raises the density of plasma
and the concentration of the chemically active particles
(CAP). With an increase of power of HF generator the
average energy of particles also increases, and from that
point the contribution to the removal of the material is
brought by a physical dispersion of the sample, instead
of the chemical interaction [14]. With an increase of
power of HF generator the average dry etching rate of
PZT films grows [3, 7, 13], and so does the degree of
anisotropy of etching [15].

Considerable influence on RIE parameters is ren-
dered by the substrate temperature. If the limiting factor
is the stage of the chemical interaction or desorption of
the reaction products, the rate of which increases with
the temperature growth, then the RIE etch rate will also
increase, however, if the limiting stage is chemisorption,
the rate of RIE can decrease with the increase of tem-
perature [15]. At a high temperature the rate of the proc-

esses, going on with different energies of activation, level
out, but the selectivity of etching reduced.

Addition of the inert gases to a mix increases the con-
tribution of the ionic influence on a sample. Under the
influence of the ionic bombardment the adsorbed mole-
cules of the mixes gases are subjected to dissociation, the
rate of desorption of the etching products increases, dis-
persion occurs of the nonvolatile and low-volatile etching
products, and new active centers of interaction on the
surface are formed. Due to this the anisotropy increases
and the selectivity of etching decreases [15].

Formation of the memory cells and of MEMS struc-
tures requires a high-aspect etching, at which the struc-
ture sides have a profile close to the vertical one. This
can be realized only in the installations of vacuum etch-
ing with the sources of high density plasma, for exam-
ple, in ICP installations during the reactive-ionic etch-
ing [5, 13, 16].

In literature there are no systematic data concerning
the mechanisms and conditions of etching of PZT
films. The aim of the present work is studying of the
specific features of RIE of PZT films in various gas
mixes in the changing parameters of etching.

Experimental technique

The experimental research was done on RIE instal-
lations of Plasmal.ab 100 Oxford Instruments, equipped
with ICP and HF generators. The samples were PZT
films (fig. 1) formed by the sol-gel method on the
silicon plates with the structure of Pt (150 nm) —
TiO, (10 nm) — SiO, (300 nm) — Si. Synthesis of the
film-forming solutions was done with the use of solu-
tions of isopropylates of titanium and zirconium, and
also lead acetate in methylcellosolve by the technique
described in [17]. The films were deposited consistently
by centrifugation with drying of each layer at 150 °C,
during 10 min, then at 400 °C within 10 min. Thus, six
layers were deposited, which were subjected to the fin-
ishing crystallization at 650 °C within 15 min. The
thickness of films was ~200 nm. It was determined by
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the method of the spectral ellipsometry on SE 850
(SENTECH Instr.) within the framework of Koshi
model [18]. The microstructure of the films was ob-
served by the method of the raster electronic micros-
copy (REM) on Nova NanoSEM 230 by FEI.

Experimental results and discussion

Fig. 1 presents a REM image of the surface and a chip
of PZT films before etching. The films have a typical co-
lumnar structure [19]. Formation of such a structure is
connected with the dominating process of a heterogene-
ous nucleation of the crystalline particles of perovskite on
the surface of Pt layer [20]. The perovskite grains densely
adjoin each other and have the size of ~200 nm.

Proceeding from the design features of RIE installa-
tion of PlasmaLab 100 and data from literary sources the
following process parameters were chosen: power of ICP
generator — 290 W; power of HF generator — 100 W;
pressure in the reaction chamber — 25 mTorr; temper-
ature — 20 °C; flow-rate of the reaction mixture of
gases — 40 cm3/min. The etching gases were CFy,
CHF;, C4Fg, HBr, Cl,, SF¢, Ar, O, and their mixtures.
The obtained data concerning the etching rate of the
samples in the reaction mixtures are presented in table 1.

High etching rate were reached in the mixtures of
C4Fg:Ar, HBr:Cly:Ar, and SFg:Cly:Ar (the greatest
rate), which corresponds to the data [6, 7, 9, 10]. REM
images of the films after etching are presented in fig. 2.
After etching of the films in the mixture of gases con-
taining HBr, on the surface a pollution is formed of the
nonvolatile products of reaction, while after the use of
SF:Cly:Ar mixture the surface remains clean, which
testifies to the better volatility of the chlorine-derived
reaction products. According to data [16], the mixture
is also effective for achievement of a higher indicator of
anisotropy of etching.

In the processes of vacuum etching the energy of
ions and the etching rate depend on the pressure in the
working chamber. The experiments of studying of the
influence of pressure at RIE of PZT films were done
with the following process parameters: power of ICP
generator — 290 W; power of HF generator — 100 W;
temperature — 20 °C; consumption of the reaction
mixture of gases SF¢:Cl,:Ar/15:15:10 cm3/min. The re-
sults are presented in table 2.

The etching rate decreases linearly with an increase
of pressure. The reason for this is an increase of the
number of collisions of particles, leading to reduction of
the average energy of electrons, which determines the
rate of generation of the active particles.

The analysis of the influence of composition of the
gas mixture was done with preservation of the total con-
sumption of the gas mixture with the following process
parameters: power of ICP generator — 290 W; power of
HF generator — 100 W; pressure in the reaction cham-
ber — 5 mTorr; temperature — 20 °C. The results are
presented in table 3. A high etching rate is reached dur-
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ing etching in mixtures of SF:Cl,:Ar in the conditions
of a relatively high content of Cl, 15—30 vol. %, be-
cause formation of the volatile chlorine-derivatives is
the dominating mechanism of etching.

The etching rate can be raised by increasing the power
of HF generator, because in this case the energy of CAP
and ions in plasma is increased. Experiments demon-
strated a linear increase of the etching rate of PZT films
due to an increase of the power of HF generator from
50 W (9.6 nm/min) up to 290 W (49.8 nm/min) in the
mixture of SFg:Cly:Ar/5:25:10 cm®/min and pressure of
5 mTorr. It is important, that the power increase at RIE
leads to a more intensive ion bombardment, decrease in
selectivity, degradation of the photoresist, strengthen-
ing of the loading effect and increase of non-uniformity
of etching. Besides, increase of HF power does not
compensate for the reagent’s pauperization, since an
increase of the rate of generation of the active particles
is not necessarily accompanied by an increase of the
rate of their consumption [15]. In this connection, the
optimal power of HF generator is ~100 W. At this pow-
er, consumption of the reaction mixture of gases of
SF¢:Cly:Ar/5:25:10 cm?/min and pressure of 5 mTorr
the experiments were done and their result was a linear
growth of the etching rate (from 24 up to 30.7 nm/min)
at the change of temperature of the substrate from 20
up to 100 °C. This testifies to the fact that the limiting
stage of etching in the given mixture is, apparently, a
chemical interaction.

Conclusions

Etching of PZT films for formation of the ferro-
electric cells of the memory devices and MEMS in the
gas mixture of SF¢:Cl,:Ar ensures a possibility of the
anisotropic etching in absence of the polymeric reac-
tion products on the surface. Pressure of 5 mTorr is
optimal at the consumption of the gas mixture of
SF¢:Cly:Ar/5:25:10 cm3/min. In connection with the
temperature-dependent rate of the chemical interaction
of particles on the surface, the etching rate can be in-
creased by increasing the temperature of the substrate
up to 100 °C.

The work was done in MIREA with the financial sup-
port of the Ministry of Education and Science of the Rus-
sian Federation, the unique identifier of the project is
RFMEFI58614X0008 (Agreement Ne 14.586.21.0008),
State Task Ne 11.28.2014 K.
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CPABHEHUE CEHCOPHbIX XAPAKTEPUCTUK MACCUBOB
HAHOCTEP)XXHEM M NAEHOK OKCUAA UMHKA MPU OBAYYEHUU

YABTPAOUOAETOBbLIM CBETOM

Ilocmynuaa e pedaxyuro 09.06.2016

IIposedeno cpasHenue ceHCOpHbIX CGOUCME MACCUBOE HAHOCMEPIICHEU U NACHOK OKCUOA YUHKA npu 00Ay4eHuu yavmpaguone-
MoBbIM c6emom. YcmanoeaeHo, ymo npu 00aAy4eHuu YA1bmpagpuosemom 6 00UHAKOBbIX YCAOBUSIX NPOUCXOOUM UIMEHEHUe dNeKm -
PonposodHocmu 00paszuyos. 3nauenue 3ppghexma y maccuea Hanocmepichel ZnO 6 Heckoabko pas eviule, yem y naerox. Cyuecm-
BeHHble pa3auyus Haba0armes makdice 6 KUHemuKe usMeHeHus s1eKkmponpogoonocmu. Ilokazano, umo maccugbl HAaHOCMeEPiCc-
Hetl ZnO umerom cyujecmeeHHbvle npeumyuecmea (00Abuas 4yecmeumenbHOCMy, Maloe 6pems OMKAUKA U 860CCIAH08ACHUS) NO
CPABHeHUI0 ¢ NAEHKAMU NPU UCHOAb308AHUU 8 Ka4ecmee YAbmpaghuoiemossix ceHcopos.

Karoueevie caosa: oxcud yunka, HAaHOCMePICHU, IAeKMPONPOBOGHOCID, CEHCOPHbLE CBOUCMEA, (hOMOUY8CMEUMEAbHOCb, YAb-
mpaguonemoguie ceHcopbl, ea30(haHbvlll CUHmMe3

Baenenne JIOB TMOJYITPOBOJHUKOBBIX MaTepUaJIOB UMEIOT HU3KYIO
CTOMMOCTbB, BBICOKYIO YYBCTBUTEJIBHOCTBH, BBICOKYIO
TEPMOCTOUKOCTh, PAAUALIMOHHYIO CTOMKOCTb, YCTOWM-
YUBOCTH MapaMeTpoB. B mocnenHee Bpems ucciaenoBa-
HUIO CEHCOPHBIX CBOMCTB AaTYMKOB Ha OCHOBE TOJY-

IIPOBOAHUKOBBLIX MaTe€praJoB YACJIACTCA 3HAYUTECIb-

LInpoko30HHEIE TONYTIPOBOTHUKOBBIE MaTEPUAITHI
(A“lBV, SiC, ZnO) aBastoTCS MEePCHeKTUBHBIMU Ma-
TepUaTaMU JIJIs1 CO3AAHUS Pa3IMYHbIX TUTIOB CEHCOPOB.
YierpacduoneroBeie (YP) maTyuKM Ha OCHOBE OKCH-
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HOe BHMMaHue. TpaauliMOHHO /11 CO30aHMsT YyBCTBU-
TEJIbHBIX 3JIEMEHTOB JATYMKOB UCTIOJIB3YIOT TJICHOUHBIE
MaTepuayibl. BMecTe ¢ TeM ¢ pa3BUTUEM METOMOB MO-
JIY4EHUST TTOJTYMPOBOTHUKOBBIX HAHOCTEPXXHEU, ITOC-
JIeIHUE BbI3bIBAIOT BCE OOJIbLINI MHTEPEC B CBSI3U C
MEePCIEeKTUBONM WX MCIOJb30BaHUSI B KauyecTBe dJie-
MEHTOB CEHCOPHBIX YCTPOMCTB. Takue HaHOCTPYKTY-
pBI TI0O CPAaBHEHUIO C TJICHKAMW WMEIOT P MPEUMY-
LLIECTB, CBA3aHHBIX C X OOJIBIION yaeIbHON MOBEpX-
HOCTBIO, a TaKXKe C 0oJjiee COBEPILIEHHOW KpUCTAIU-
YecKol CTpyKTypoii. B HacTosieir paboTe mpoBeaeHO
CpaBHEHME 3HAUECHMSI 1 XapaKTepa pe3ucTUBHOro ¢o-
TOOTKJIMKA Y YIOPSIIOYEHHBIX MACCUBOB HAHOCTEPKHEN
U TIJICHOK OKCHUJA LIMHKA Ipu obnyyeHnn YD cBeToM.

MeToauka 3KCnepUMEHTa

IMneHKM 1 MacCUBBI HAHOCTEPKHENM OKCUIA LIMH-
Ka OB IIOJIydeHbI METOJOM Ta30(a3HOro CHMHTE3a.
ITogpobHO MeToaMKM razoga3HOro CMHTE3a IS 10-
JIyYEHUS YIOPSIOUYEHHBIX MAaCCUBOB HAaHOCTEPXKHEN
U IJICHOK OKCHUJA LIMHKA ObLIY OoNucaHbl paHee [1, 2].
B xauecTBe MaTepmana momIokeK MCIOIb30BaIM KBapIl
n cTexio. TONIMHY TIEHOK W BBICOTY MAaCCHBOB Ha-
HOCTEPXKHEM OINpeAeIsiiii MyTeM UCCIeA0BaHUS MoTie-
PEUYHBIX CKOJIOB 00Pa3l0B B pACTPOBOM 3JIEKTPOHHOM
MuKpockorre JSM-6490.

B Hacrosieit paboTe MpoBOAUIM CPaBHUTEIbHOE
UCCIIEAOBAHUE U3MEHEHUST DJIEKTPOMPOBOAHOCTU 00-
pa3lioB MacCMBOB HAHOCTEPXKHEU U TaeHoK ZnO.

OOBIYHO B OCHOBAaHMU MAaCCHBOB HAHOCTEp>KHEM
00pasyeTcsl CILUIOUIHOW TOJUMKPUCTANIMYECKUN MOJI-
CJIO, KOTOpbI obOecreyrBaeT 3JeKTPONPOBOIHOCTD
0o0pa3lioB B JaTepajJbHOM HampaBjieHUM. BbpiOpaH-
HBIE IJISI MCCIIeIOBAaHMS O0pa3ibl MPEICTABISIN CO-
00li KBaplLEBbIE WIN CTEKJISSHHbIE MOJJIOXKHU pa3Me-
paMu 5X%20 MM, OKPBITBIE C OJHOI CTOPOHBI JIMOO
CIUIOIIIHOM MOJIMKPUCTAIINYECKON TuieHKoi ZnO,
JINOO TOJUKPUCTAIMYECKON TIJIEHKOM C BEpTUKaJb-
HO OPUEHTUPOBAHHBIMU HAHOCTEPKHSIMM Ha TTOBEPX-
HocTu. TomuuHa TJIeHKU cocTaBisiia 5...6 MkMm. Tlpu-
MEPHO TaKol e Oblyia BbICOTa HaHOCTepXHel. Cpef-
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Puc. 1. Cxema u3mepeHust 3JeKTPONPOBOAHOCTH NPH 00aydennu YD

Fig. 1. Circuit of measurement of the electroconductivity under UV
radiation
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HUI IMaMeTp OTAEIbHBIX HAHOCTEpPXKHE ObLI paBeH
~0,15 mMxm. TTioTHOCTL HAHOCTEPXKHEN B MacCUBE 110
JTAHHBIM PACTPOBOU 3JIEKTPOHHOU MUKPOCKOIUU CO-
crapmsuia ~4 - 108 cm 2.

st uamepeHust 3J1eKTpo(prU3nIeCKUX XapaKTepuc-
TUK TUIEHOK U MAaCCMBOB HAaHOCTEP>XHEW MCIOJIb30Ba-
JIU UHAWEBble KOHTAKThl B BUIE ABYX MapaslieabHbIX
MOJIOCOK MeTajlla IIMPUHOU 2 MM, KOTOPbIE TTPUXKU-
Majuch K obpasily. CorinacHo JUTEPaTypHbIM JaHHBIM,
WHAMK oOpa3yeT OMHUYECKME KOHTAKThl C OKCHUIOM
uuHka [3]. Kpome Toro, 6aaromapsi UCKIIOUUTEIbHOM
MSITKOCTU U TUIACTUYHOCTH, MHIMK MIeaIbHO TMOJIXO0-
IUAT 11 TIPUXKUMHBIX KOHTakToOB. Cxema M3MepeHust
3JIEKTPOIPOBOJHOCTH IpuBeAeHa Ha puc. 1. M3mepe-
HUS NPOBOAWIM KaK Ha HeoOpaOOTaHHBIX (as-grown)
obpa3siax, Tak ¥ Ha 00pasiiax, OTOXKEHHBIX B TCUCHHE
1 ¥ npu Temmieparype 550 °C Ha Bo3myxe.

st o6rydyeHust o6pa3LoB Ucnoib3oBanu YO nam-
my (JIV®-4, 4 Br). Ilepen HauagoM mM3MepeHU 00-
paslibl IpeaBapUTEIBLHO BBIIEPXUBAINU B TEUEHUE CY-
TOK B TEMHOTE.

s OLleHKM CEHCOPHBIX XapaKTepUCTUK W3ydyaiu
3aBUCUMOCTb M3MEHEHUS 3JEKTPOIMPOBOJHOCTU 00-
pas3loB OT BpEMEHU MpPY BKIKUYEHUN U BBIKIIOUEHUU
YO cera. POTOYYBCTBUTEIBHOCTh PACCUYNTHIBAIU 11O

dopmyne

1 +1
_ Uganct Lypy) )

S ,
w I, dark

rae 1y, — TEMHOBOW TOK U [, — TOK Ipu 00JyYe-
Hun YO.

PesyabTaThl u 00cyxaeHne

B pesynbrate aKCIIeprMMEHTaTbHOTO NCCIeIOBAHMS
ObLIO YCTAaHOBJIEHO, YTO o0nyYeHue Y@ cBETOM Mpu-
BOJUT K CWJILHOMY YBEJIMUECHUIO 3JIEKTPONPOBOIHOCTH
Kak TJIEHOK, TaK MU MacCMBOB HaHOCTepxXHel. OaHa-
KO CKOpPOCTb U 3HAUEHUE U3MEHEHUS 3JIEKTPOITPOBO/I -
HOCTHU Y TIJIEHOK M MacCHMBOB HAaHOCTEPXKHEH CYIIECT-
BEHHO OTJIMYalTCcsA. ¥ MaccuBa HaHocTepxHeil ZnO
MIPUCYTCTBYIOT ABa Ipoliecca: OBICTPHI POCT B TeUe-
HUE HECKOJIbKUX CEKYH] U 00Jjiee MeUIeHHBII Mpoliecc
penakcanuu (puc. 2). Y IUIEHOK XapaKTepucTukKa 00-
Jiee ToJjiorasi, B pe3yjbTaTe yero pocT 3JeKTPOIPOBOI-
HOCTHU TIPOUCXOJUT B T€UEHUE TOBOJBHO MPOIOIKU-
TEJIbHOTO BpeMeHHU (puc. 2).

YcraHOBIEHO TakKe, YTO YYBCTBUTEIBHOCTh 00pa3-
LIOB TIOCJIE OTXKWTa CYIIECTBEHHO yBeamuuBaercs. J1o
OTXHra 00pas3LoB POTOUYBCTBUTENLHOCTD Sy TUIEHOK
M HaHOCTepXXKHel Oblla MPpUMEPHO OJMHAKOBa ~2,3.
ITocne oTkura B TedeHue 1 4, 3HaueHHEe (POTOUYBCTBU -
TEJIbHOCTH BBIPOCJIO 0 5 v IUIEHOK U A0 24,5 y HaHO-
crepxHeit. KpoMme Toro, y HaHOCTepKHel Kak A0, TaK
U TIOC/Ie OTKUTra Habaoaanach 00bliast KpyTU3Ha Xa-
PaKTEePUCTUK TIPU BKIIOYEHUM M BBIKIIOYCHUU OOJTY-
yeHus (CcM. puc. 2).
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Puc. 2. V3meHeHMe OTHOCHTEJbHOH 3JEKTPONPOBOAHOCTH HAHO-
crepxkueii (1) u wienok (2) ZnO npyu BKIIOYEHHH U BbIKI0YeHnn YD
00JyueHust

Fig. 2. Change of the relative electroconductivity of the nanorods (1) and
of the ZnO films (2) during switching on and switching off of UV radiation

Paznuuue B moBeaeHUU TJIEHOK M HAHOCTEPXKHEN
MOHO OOBSICHUTh HATMYMEM ABYX MEXaHU3MOB BO3-
HUKHOBEHUSI (hOTONPOBOIUMOCTU, ONMUCAHHBIX B JIU-
tepatype. [lepBBIii MeXaHU3M YBEIMYICHUS DJIEKTPO-
npoBoAHOCTH ZnO npu 00JyYeHUM CBSI3aH C MOHU-
3allMeil KUCJIOPOIHbIX BakaHcUii [4]. DTOT mpolecc
MPOUCXOOUT B o0bemMe obOpasua. Hdpyroil MexaHusM,
XapaKTepHBIA /11 HAHOCTEPXHEHN, CBSI3aH C JAecopO-
LIMel MOJIeKyJ KUCI0poaa, UTpalollinX poJib MOBEPX-
HOCTHBIX JoBylIeK [2]. [To-BuaumMoMy, B ciiydyae mac-
CHBa HAHOCTEpXXKHEH OOJIBIIYI0O pOJb WUIpaeT Mexa-
HU3M yBEJIMYEHUs] KOHLEHTPALUM HOCUTEJIeH 3apsiaa,

BCJIEJICTBUE HECOPOIIMM IMOBEPXHOCTHBIX JIOBYIIEK,
TOraa Kak B IUIEHKAaX JOMUHUPYIOT MEXaHWU3Mbl, CBSI-
3aHHbIe C BOBHUKHOBEHUEM HOCUTEJIEN B 00beMe Ma-
Tepuanga. DTUM, MO-BUAMMOMY, OOBSICHSIETCS pas3iu-
Yyue UCCIeI0BaHHbIX 00pa310B KaK B YYBCTBUTEJIHLHOC-
TH K YO 00/1y4eHUI0, TaK U B KUHETUKE PE3UCTUBHOTO
OTKJIMKA Ha BKJIIOYEHUE U BBIKJIIOUEHUE CBETA.

3akmoueHune

B pesynbTaTe mpoBemeHHOTO MCCIeIOBAaHMS TTOKa-
3aHO, YTO MAaCCHUBBI HaHOCTepxHel ZnO MMeET Cy-
IIECTBEHHBIE TTPEUMYIIECTBA (OOJBIAsT TYBCTBUTEIb-
HOCTb, Majioe BpeMsl OTKJIMKA U BOCCTAHOBJICHHMSI) IIO
CpPaBHEHMIO C TIJICHKAMH TIPH UCITOJIE30BAaHNH B KayecC-
TBe YD ceHCcopoB.
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Comparison of the Sensor Properties of ZnO Nanorod Arrays and Films

under Ultraviolet Irradiation

A comparison was done of the sensor properties of ZnO nanorod arrays and films under the ultraviolet irradiation. It was es-
tablished that the electroconductivity of the samples changed under the ultraviolet light excitation. The magnitude of the said effect
in ZnO nanorod arrays was several times higher than in ZnO films. Significant differences were also observed in the kinetics of the
changes of the electroconductivity. It was proved that ZnO nanorod arrays, when used as UV sensors, demonstrated significant ad-
vantages in comparison with the ZnO films (higher sensitivity, shorter time of response and recovery).

Keywords: zinc oxide, nanorods, electroconductivity, sensor properties, photosensitivity, ultraviolet sensors, gas-phase synthesis

Introduction

Wide-band semi-conductor materials (AHIBV, SiC,
Zn0) are promising for various sensors. Ultra-violet
(UV) sensors on the basis of oxides of the semi-con-
ductor materials are distinguished by low cost, high
sensitivity, temperature and radiation resistance, and
stability of the parameters. Considerable attention is
paid to the research of the properties of the sensors
based on the semi-conductor materials. Traditionally,
film materials are used for development of the sensors’

sensitive elements. At the same time, due to develop-
ment of the methods for obtaining of semi-conductor
nanowires the latter attract an increasing interest as el-
ements of sensors. In comparison with films such na-
nostructures have a number of advantages connected
with their big specific surface, and also with a more per-
fect crystal structure. In the present work a comparison
is done of the character of the resistive photoresponse
of the ordered arrays of nanorods and films of zinc ox-
ide under UV irradiation.
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Experiment technique

Films and arrays of the nanorods of zinc oxide were
received by the gas-phase synthesis. In detail the method
for obtaining of the ordered arrays of the nanorods and
films of zinc oxide was described earlier [1, 2]. The ma-
terials of the substrates were quartz and glass. Thickness
of the films and height of the arrays of the nanorods were
determined by research of the cross-section of the chips
of samples in JSM-6490 raster electronic microscope.

The present work studied the changes in electrocon-
ductivity of the samples of the nanorod arrays and ZnO
films.

Usually in the basis of the nanorod arrays a contin-
uous polycrystalline sublayer is formed, which ensures
electroconductivity of the samples in the lateral direc-
tion. The chosen samples were quartz or glass substrates
with the sizes of 5%X20 mm covered on one side with
continuous polycrystalline film of ZnO, or by it with
vertically oriented nanorods on the surface. Thickness
of the film was 5...6 um. The height of the nanorods was
roughly the same. The average diameter of certain na-
norods was equal to ~0.15 um. The density of the na-
norods in an array, according to the raster electronic
microscopy, was ~4 108 cm ™2,

For measurement of the electrophysical character-
istics of the films and arrays of the nanorods, indium
contacts were used in the form of two parallel strips of
metal with the width of 2 mm, which were pressed to
the sample. According to the data in literature, indium
forms ohmic contacts with zinc oxide. Due to its ex-
clusive softness and plasticity it suits the clamping con-
tacts ideally. The circuit of measurement of the elec-
troconductivity is presented in fig. 1. Measurements
were done on the as-grown samples and on the samples,
annealed during 1 hour at 550 °C in the air.

For irradiation of the samples an UV lamp
(LUV-4. 4 W) was used. Before the beginning of the
measurements the samples were kept for 24 hours in
darkness.

For estimation of the sensor characteristics the de-
pendence was studied of the change of the samples’
electroconductivity on the time of switching on and
switching off of the UV light. Photosensitivity was cal-
culated under the following formula

I, . +1
_ Ugant 1yp) 0

S
o I dark ’

where 1,,,, — dark current and /;;; — current under
UV radiation.

Results and discussion

As a result of the research it was established, that an
UV radiation leads to a sharp increase of the electro-
conductivity of the films and arrays of nanorods. How-
ever, their speed and change of the electroconductivity
differ essentially. In the array of ZnO nanorods two
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processes were observed: a fast growth within several
seconds and a slower process of relaxation (fig. 2). The
films had a more flat characteristic, therefore, the
growth of the electroconductivity occurred during a
rather long period of time.

It was also established, that sensitivity of the sam-
ples after annealing essentially increased. Before the
annealing of the samples photosensitivity Sy, of the
films and of the nanorods was approximately identical
~2.3. After a one hour of annealing the photosensitiv-
ity of the films grew up to 5 and that of the nanorods —
up to 24.5. Besides, before and after the annealing the
nanorods had higher steepness of characteristics dur-
ing switching on and switching off of the radiation
(see fig. 2).

The difference in behavior of the films and the na-
norods can be explained by the presence of two de-
scribed mechanisms of occurrence of the photocon-
ductivity. The first mechanism of increase of the elec-
troconductivity of ZnO during irradiation is connect-
ed with ionization of the oxygen vacancies [4]. The
process occurs in the volume of a sample. Another
mechanism, typical for the nanorods, is connected
with the desorption of the molecules of oxygen, which
play the role of the surface traps [2]. Apparently, in
case of the array of nanorods a big role is played by the
mechanism of increase in concentration of the charge
carriers owing to the desorption of the surface traps,
whereas in the films the dominant role is played by the
mechanisms connected with the occurrence of the
charge carriers in the volume of a material. This, ap-
parently, explains the difference in sensitivity of the
investigated samples to UV radiation and in the kinet-
ics of the resistive response to switching on and
switching off of light.

Conclusion

As a result of the research it was demonstrated that
the arrays of ZnO nanorods had essential advantages
(higher sensitivity, smaller time of response and resto-
ration) in comparison with the films, when used as UV
Sensors.
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Pacemompenvl ocnosnbie pusuio-mexnonoeuseckue ceoticmea cmpykmyp Si/SiO,, komopble A6as210mes 6a306biMu 015 Hop-
MUpoeanus npeobpaszoeameneli 0AM4UK08 QuU3U4eCKUx geautut. B yciosusx scecmxol IKCAAYAmMayuy 1eKmpoHHbIX CUCeM
ABUAYUOHHO-KOCMUHECKOU MEeXHUKU 0CMPO CIoum npooaema co30anus 6biICOKOHAOCHCHbIX U 6bICOKOMEMNePAmypPHbIX 0amuu-
Ko8. [loosmomy 0annou npobaeme NOCEAUCHO MHO20 UCCACO08AHUN KAK 3aPY0edCHbIX, MAK U OMe4ecmEeHHbIX yueHbiX. Jlan kpam-
Kuil aHaAu3 npoeedentbix uccaedo6anui paoom yuenoix 6 ooaacmu ceoticme cmpykmypot Si/SiO,. Onpedenenbi 0cHOGHbIE PaK-
mopbl, cnOCOOCMBYIUUE B03HUKHOBEHUIO JOKAAbHBIX 0eeKmos cmpyKmypbl KpeMHUl — OUOKCUO KPeMHUS — CIMeKA000pa3Hbll
NOAYRPOBOOHUK U OKA3bIGAIOWUe SAUSHUE HA napamempsi npubopos. l[lpusedensi pesysvmamol ucciedosanuti npeodpasoeameneti

damuukog ¢ NOMOUWbIO pacmpoeBblX 3AeKMPOHHbIX MUKPOCKONO0E6.

Karoueevie caoea: ceolicmea cmpykmyp KpemHUli — OUOKCUO KPEeMHUS U KPEMHUU — OUOKCUO KPEeMHUS — CMeEeKA000pa3Hblil
noaynpoeooHuK, npeobpazoeameny 0AM4UK08, MEXAHUHECKUE HANPAICCHUS

Benenne

C pa3BUTHMEM HAHOTEXHOJOTMU, COCTABJISIOLICH
OCHOBY COBPEMEHHOI MUMKPOSJIEKTPOHUKU, BAXKHEN-
ee 3HaYeHUE UMEIOT UCCIEI0BAHUS MHOTOCIOMHbBIX
cTpykTyp cucreMnl Si/SiO,. HagexHocts u GyHKIM-
OHaJIbHbIE CBOMCTBA NMPUOOPOB CYIIECTBEHHO 3aBUCST
OT KayecTBa I'paHUIIbl pa3iesa KpeMHUH — JUOKCU]L
kpeMHusi. C JaqbHENUIIUM TTPOLIECCOM MUHUATIOpU3a-
LIMY TpUOOPOB BO3pacTaeT pojib 1e(PeKTOB Ha IPAHUIIE
pasnena ¢a3. Ha cBoiicTBa rpaHuUIlbl pasaesia CUb-
HO€ BJMSHME OKa3bIBalOT MeXaHUYeCKHe HarpsiKe-
HUSI, TUCIOKALMU HECOOTBETCTBUSI U ApYyrue neheKThl,
KOTOpBIE MOTYT BO3HUKATh IIPU MEXaHUIECKOI obpa-
0OTKe, BBIpAIIMBAHUM OKCHUIOB W IPOBEIECHUM pa3-
JIMYHBIX TEXHOJIOTUYECKUX Tipolieccos [1, 2].

IIpyHuun paboOTBEl paccMaTpUBaeMbIX JAaTYMKOB
JaBJEeHUSI U JaTYMKOB JIMHEMHOIO YCKOPEHUS CBsI3aH
c ynpyroi nedopmaiideit YyBCTBUTEIbHBIX 3JIEMEH-
TOB IOJ ACCTBUEM BHELIHE Harpy3ku, oTcioia cie-
JlyeT HACKOJIbKO BaXXHO HcclieqoBaHUE (PU3MKO-TEX-
HOJIOTMYECKUX CBOMCTB, IIUPOKO MCHOJb3YEMBIX CJIO-
eB Si/SiO, B narymkax.

OcCHOBHbIE XapaKTePUCTUKH IPAHUYHOM (ha3bl

st bopMupoBaHUSI MUKPO3JIEKTPOMEXaHNYECKIX
cucteM (MOMC) B TeXHOIOTUM IIUPOKO UCITIOJb3YeT-

Csl MOHOKPUCTAJUTMYECKUI KpeMHUit opreHTauuu (100)
KaK BbICOKOHAJEXHBIA KOHCTPYKIIMOHHBIA MaTepua.
ITockonbKy J100asi TeXHOJOrM4YecKas ornepauusi ¢ uc-
MOJIb30BaHUEM KPEMHMST HEM30eXKHO CBsI3aHa C oIepa-
LIMEN OKWCJICHMSI, HAHECEHUSI WM TIOSIBIEHUST €CTeCT-
BEHHBIM ITyTEM HAa OTKPBITOM BO3[IyXe TMOKCHIA KPeM-
HUS, TO B pe3yJbTare nojydaercs cTpykrypa Si/SiO,,
siBJsIolasics: 6azoBoii ws coznanuss MOMC.

PasBuTHe MuHUMATIOpU3aLIMK CITIOCOOCTBOBAJIO pe3-
KOMY POCTY BJIMSIHUSI JIOKAJIbHBIX 1e(DeKTOB Ha TPaHU-
Lie pasgesia ABYX (a3 KpeMHUs U JUOKCUAA KPEMHMUSI.
OTciofa MOBBICUJINCH TpeOOBaHMS K 3amayaM I10 pas-
paboOTKe U COBEPILIEHCTBOBAHUIO TEXHOJIOTUU U METO-
J0B aHanu3a cTpykryp Si/SiO,, 0COGeHHO B HAHOMET-
POBOM JMaria3oHe.

B naHHoI1 paboTe paccMOTpeHbl OCHOBHbIE 3aKOHO-
MEpPHOCTU 00pa30BaHus Ae(EeKTOB B JOKAJIbHbBIX 00Jac-
TAX CTPYKTYp Si/SiO,, METOMBI, TIO3BOJIAIOLIME YMEHD-
LIUTh UX BIUSTHUE HA XapaKTepUCTUKHU MpuoopoB. Cy-
1IECTBEHHOE BJMSIHME HAa CBOWCTBA I'paHUIIbI pa3aesia
Si/SiO, OKa3bIBAIOT MEXaHUYECKUE HAIPSKEHUS, BO3-
HMKAIOILME MIPU OIepaliii HAHECEHUSI OKCUIHBIX TLIe-
HOK Ha KPeMHUEBYIO TTOIJIOKKY, a TAKIKE TI0CTIe HarpeBsa.

dopMupoBaHUe YYBCTBUTEIBHBIX 3JIEMEHTOB JaT-
YUKOB JABJIEHUS M NaTIYMKOB JIMHEWHOTO YCKOPEHMUS
(akcenepomerpoB) Ha ocHoBe cTpykTyp KHHW ocy-
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IIECTBIISIOCH ITyTeM HaHeCEeHUs Ha KPEMHMEBYIO IO -
J0XKy cinoeB SiO,. [103TOMy BEIXOIHBIE XapaKTepUC-
THUKN JATYMKOB CYIIECTBEHHO 3aBUCAT OT (DU3UKO-
TEXHOJIOTMUECKUX CBOWCTB cioeB Si/Si0,.

Panee B paboTe [2] ObUIM NTpOBEAEHBI aHAJIUTHYEC-
KH€ MCCIIeI0BaHUS, TTOCBAIIEHHBIE MeX(a3HBIM SIB-
JeHusM Ha rpaHuue pasgena Si—SiO,, mpuumHam
obpaszoBaHus nedeKToB, nucaokauuid. B monynposon-
HUKOBBIX Marepuajax IUIOTHOCTb JMCIOKAlUil co-
crasasger 10%...10% cm2. IToxazaHo, 4TO BCJIEICTBUE
BbICOKOM KOHILIEHTPALMM BAKAHCUM M pa3OpBaHHBIX
CBsI3eil B pe3ysIbTaTe HApYIICHHUST CTEXMOMETPHY TUICH -
KW IMOKCHIA KpeMHUs, Hanbosee neeKTHBIM SIBIISI -
eTcd nepexonHoii cioii Si—SiO,.

OT creneHN HapyIIeHUS CTEXUOMETPUU CJIOS V-
OKCHIa KPEMHMS 3aBUCT (pU3UUECKHUE IMapaMeTphl T1e-
pexomHoit da3nl. ITokazano [8], yro HanOOJbIINE U3-
MEHEHUs IpoucxoaaT npu pocre x B SiO,, or 0 mo 1,25.
IIpu x = 1,25 HabaomaeTcsi MaKCMMYM TUIOTHOCTHU
IIYOOKMX COCTOSIHUM B IuieHKe. s x > 1,5 mapamer-
DBl CJIOSI Majo OTJIMYAIOTCS OT CTEXMOMETPUYECKOTro
SiO,. I1o 3T0i NpUYMHE UCTUHHASA TONLIMHA MeXba3-
HOTO CJIOSI MOXET OBbITh BBbILIE, YEM 3TO CJIEAyeT M3
CHEKTPaJIbHBIX JAHHBIX [9].

HccnenoBarenssMu ObLIM pacCMOTPEHBI IBA Bapu-
aHTa TpaHUIIbl pa3ziesia: MepBblii — pe3kasi rpaHulla,
BKJTIOUAOIasl He 60Jiee MOHOCIIOS TIEPEXOTHOTO CIIOS;
BTOPOil — IUJIaBHBIA MepexoJ OT KPEeMHMST K CTeXUO-
METPUYECKU HapyleHHoMY ciolo SiO, (x < 2) u nanee
K SiO,, comepxallleMy TOYEUHbIE KMCIOPOIHBIE Ba-
KaHcuM. B paMKax Momenm pe3Koil TpaHWIILI Obla
orpezaeneHa nedpopmalinsl, BOZHUKAIOIAs TIPY COTIPSI-
>KEHUW KPUCTAJUIMYECKOTO KPEMHMUS C ero aMOpGhHBIM
okcugom [11]. Okaszanock Takxke, 4yTo aedopMaliin
yOBIBAIOT MOCAEAOBATEbHO B sy KpucTaiorpadu-
yeckux rockocreit (100), (110), (111).

DKCNepUMEHTaJbHBIMU UCCAEA0BAHUSIMU OBLIO
YCTAHOBJIEHO, YTO MPU HaJWYMU B MPUIIOBEPXHOCT-
HbIX (asax Si u SiO, nepeHanpsKeHHbIX XUMHUYEC-
K1X CBS3€i, BAKAHCUM U CYLIECTBEHHBIX HApPYLICHUA
CTPYKTYpPBI TpaHWUYHBIE (Da3bl CTAHOBATCS Ooiee ysI3-
BUMBIMU TIO CPaBHEHUIO ¢ 00beMOM KpucTaiia. [lo-
aToMy AedeKTooOpa3oBaHNe M JallbHEHIIast merpanaa-
LIMST KpUCTa/UIa TIPOMCXOAIT CHavajaa Ha TOBEPXHOCTH
KpeMHMsI KaK Hambojee aedopMHpyeMoil olyacTtu
KpPEeMHUS, a 3aTeM B 00beMe KpUCTajlia.

JedexTsl B BUIe 00beMHBIX (30HAIbHBIX) HapYIlIe-
HUII MOTYT BO3HWKATh TPU MEXaHWUECKON Harpyske
WIN TEPMUYECKOM 00paboTKe B KPEMHUEBON ILJIACTU-
He. MccnemoBaHus mmoKasaiy, 4To 00pa3oBaHHEIC Je-
(exThI mepemMeniaTes Mo KPUCTAJLTy, B3aUMOACHCT-
BYIOT ApYT C APYroM, co3faBasi HOBbIe 1e(eKThbl, KOTO-
pBIe ¢ TeYEHNEM BPEMEHHM CITOCOOCTBYIOT M3MEHEHUIO
CBOICTB MaTrepuaia, a cieloBaTejbHO, K Aerpaialu
mapaMeTpoB MpUOOPOB B MPOIIECCe UX PaOOTHI.

I1pu U3roTOBICHUM JATYMKOB JABJICHMSI, TTOCHIE TEX-
HOJIOTMYECKOI omNepaluuu MeXaHU4ecKou LIIM¢OBKU

734 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 12, 2016

U IOCJIeayIolIell XMMUUYEeCKOM MOIUPOBKY IIPUOOPHOIt
TUIACTUHBI, MOXHO OBbIJIO HaOJII0IaTh MPAKTUUYECKU
0e3nedeKTHBIN ¢TI0t MOBEPXHOCTU KpeMHUs. OnHaKo
nociyie Bo3aeicTBust Harpy3ku (50 MIla) Ha moBepx-
HOCTH TLJIACTUHbI HAa0It0Aa1ach 111epoXoBaTOCTh. B pe-
3yJbTaTe UCCAEAOBAaHWS C MOMOIIbIO CKAHUPYIOLIEH
5JIEKTPOHHOW MMKPOCKOINUU B KPEMHUEBBIX IIACTH-
Hax opueHTauuu (111) 6bL10 OOHAPYKEHO 3apoXKie-
HUE U pa3BUTHE MEXaHWYECKUX HAIpSKEHUN B BUIE
3apojpblleil (SIMOK) MUKPOAE(EKTOB.

MexaHnyeckue HampspkeHus — cxartue B SiO, u
pacTseKkeHue B Si 00pa3yloTcsl TakxKe B pe3ysibTare
TEPMUYECKOTO OKHUCJEHHUS C MOCAEAYIOIIUM OXJIax-
JIeHUEeM Ha TTIOBEPXHOCTSIX KPEeMHUS U TMOKCHUIA KPEeM -
HUs. OCHOBHOW NMPUYMHON BTUX HATPSKEHUI SBJISI-
€TCs pas3IMuue B CJIOSIX CTPYKTYPbl KOG GUIIMEHTOB
TEPMUYECKOTo pacluupeHusi. BHyTpeHHUe Hampsike-
HuA Ha Mex@asHoil rpanuue Si—SiO, cocTaBiasOT
(1...2)- 10° Ma. [ns 6onee TOHKUX TIEHOK Jedopma-
LM TJTACTUH OTIPeesIsIeTCs HATIPSDKEHUSIMA B peleT-
Ke caMoro KpemHus [15].

CyliecTBeHHOEe 3HAaueHUEe UMEIOT aMIUIMTyda Je-
¢dopManuii U uUX pacrpenejieHrue B Mex@a3HbIX 00-
JIACTSIX, KOTOPbIE 3aBUCSAT HE TOJIbKO OT OpUEHTALUU
KpucTajutorpa@uyecKrx IIOCKOCTeH KPeMHUS, HO U
OT PEXXUMOB OKMCJICHUSI, TOJLLIUHBI OKCUIHBIX TIJICHOK,
CKOpPOCTU oxJIaxXaeHus. OMbIT MoKa3ai, YTO UCIOIb30-
BaHME JAMOKCHIA KpPeMHUSI TOJIIMHON Oojiee 3 MKM
TakXe MPUBOAMT K TOSIBJIEHUIO Ha TpaHulle pasaesa
Si/SiO, HexenaTeIbHbIX MEXAaHUYECKUX HATIPSKEHUIA.

KpoMme Toro, Hanuuue aedopMmaluili B CTPYKType
Si/SiO, MOXeT NpUBECTU IO JaHHBIM paboOThl [2] K
00pa3oBaHUI0 MUKPOCKOIMUYECKUX IMOJOCTEN, KOTO-
phIe B TIpoOlIecce OXJIAXACHUS CTPYKTYPHI TIpeBpalia-
I0TCSI B MAKPOCKOMMYECKHE MOPHI. YacTh M3 HUX MOTYT
0Ka3aTbCsl CKBOBHBIMU OTBEPCTUSIMU, YTO MOXKET MPU-
BECTH K TTOBBIIIEHUIO YYBCTBUTEILHOCTHA TPAHUIL pa3-
Jiesia K aicOpOLIMOHHBIM MPOLeccaM.

B pesynbrare TepMHUUYECKOTO OKMCICHUS KPEMHUS
[6] BciencTBMe HepaBHOMEPHOCTH (DPOHTA OKHUCIIE-
HUSI, MUKPOCKOITMYECKOM HEOAHOPOAHOCTU U M30bI-
TOYHOI KOHIIEHTPAIlUX aTOMOB KpeMHHUS BOJIM3H Tpa-
HuLel paszaena Si/SiO, BO3MOXHO 00pa3soBaHUE MUK-
POCKOIMMYECKNX KJIACTepOB caMoro KpeMHus. [Ipu
BBICOKOM CKOpPOCTH oKucjeHus (1 Hm - MI/IH_I) Ha Ipa-
HULE paslesa BOZHUKAIM KJIACTepbl KPEMHUST pa3me-
poM 1...5 HM, YaCTUYHO BHEAPEHHBIC B KPEMHHEBYIO
MaTpUIly, UX TUIOTHOCTh pocturana (1...2) - 101 em 2.
BOau3u rpaHuibl pasaesa KiaacTepbl ObUid oOHapyxke-
HBI C IIOMOILBIO JIEKTPOHHOU MUKpocKomnuu [7].

Bo3HUKHOBEHUE KJIACTEPOB MOJUKPUCTAUIMYECKO-
ro SiO, 6b110 06HapyxeHOo U B TOHKUX (0,1...0,15 HM)
IJICHKAX, 00pa3yolmxcs P OKUCIICHU KPEMHUS U
HU3KOM jgaBieHum (5 - 107> mm pT. CT.) KUCJIOpoJa B
teMmneparypHoMm mHTepBase 600...800 K ¢ mocienyio-
LM Pe3KUM oxJIaxkaeHueM [5].




ITocne TpaBaeHMS TOBEPXHOCTU KpUCTAJIa KpeM-
Hus B wenaouyHoi cpene KOH u oTMBIBKM, MOBepx-
HOCTb OblJla TOKpbITA TOHKOU MieHKol (1...2 HM)
aMmopdHoro auokcuaa KpeMHus. o HacTosiero Bpe-
MEHM CUMTajJu, YTO 3Ta IUIeHKa cruloliHas. OgHaKo
9KCMEePUMEHTAIbHO MOKa3aHO, YTO Ha peajbHON IOo-
BEPXHOCTH CYLIECTBYIOT HEJOOKMCIEHHbIE y4acTKU Si
(TTIOBEpXHOCTh "MATHUCTAS"). DTOMY MOTYT CIIOCOOCT-
BOBATb JIBE MPUYMHbI: TIepBasi — AJOCTATOYHO HUZKUI
K03 GUIUEHT NPWIKIIAHUS MOJIEKYJ KHMCJIopoaa u
BTOpasi — OJIOKHMPOBKA YacTU MOBEPXHOCTU aTOMOB
KpeMHUs1 aToMamu kuciopoza [10].

OO0pazoBaHue CTPYKTYp KPEMHUIT — TUOKCHUI KPeM-
HUSI, UMEIOIIMX pa3IMUHbIe TTapaMeTpbl, HEBO3MOXKHO
MIPEACTaBUTh KaK YIIOPSIOYCHHYIO TPAHUILY IBYX TBEP-
nbIx da3. B pesynbTate HeM30€XKHO MOSIBICHUE AUCIIO-
Kalii "HeCOOTBETCTBUS U CYLIECTBEHHOM Aedopma-
LIMY BaJIEHTHBIX YIJIOB U JUIUHBI cBsizelt [11, 12]. duc-
JIOKaIlMM HECOOTBETCTBUSI BO3HMKAIOT Ha MOBEPXHOC-
TU KPEMHUsS BCJIEICTBUE HAJIMYMS HA ITOBEPXHOCTU
MOJJIOXKHN Pa3IUYHbIX HEOTHOPOAHOCTEl (HepaBHO-
MEpPHOCTb, Uy>KEPOIHBIC YACTUIILI M T.1.), a TAKXKE Me-
XaHWYECKUX HAMpPsDKEHUI Ha TpaHule pasiena.

IToBblIllIEeHHON YYBCTBUTEJbHOCTU IpaHULl pasaena
K aacopOLMOHHBIM IIpOLIECcCaM MOIYT CIIOCOOCTBOBATh
oOpa3oBaHHbIe Ha Mexk(a3HOU rpaHULEe KpeMHUEeBas
MOUIOKKA — JMOKCUI KPEMHUS MMKPOCKOITMYECKHE
MOJIOCTU, KOTOPBIE B TPOLIECCE OXJIAXKICHUSI CTPYKTY-
pBI IIPEBPAIIAIOTCS B MAaKPOCKOIIMYECKNE TOPHI [2].

XapakTepUCTUKU MOPUCTOCTH MTOBEPXHOCTU KpeM-
HUSI 3aBUCST OT PEXXMMOB OKUCJIEHUS U CKOPOCTH 3a-
Kajnku oopasuoB. B MJIIT (MeTamn — AU3JIEKTPUK —
MOJYIPOBOAHUK)-CTPYKTYpaX KOHLEHTpAlusl Mop U
nojocreit nuametpom 0,5...1 HM JocTUTaeT 1072 em2,
HMccnenoBaHusi momepeyHoro paspes3a CTPYKTYPbI
Si/SiO, ¢ MOMOLIBIO TYHHEJIBHOTO 3JIEKTPOHHOTO
Mukpockora (T®M) Beicokoro pasperueHus (0,3 HM)
yKa3bIBalOT Ha CYLIECTBOBaAHUE IEepPeXOJHON objacTu
TOJILIMHON ~3 HM (cM. Tabmuiy) [13].

B nocnenHue roawl Ajs1 MCClaeAOBaHUS TOIMOTrpa-
(uu MoBepXHOCTHON (a3bl ObLT IIMPOKO MCMOJIb30-
BaH CKAHUPYIOLIUNA TYHHEJbHBIA 2JIEKTPOHHBIA MUK-
pockorn (CTOM). ITpuH1un ero paboThl 3aKT0YAETCS B
U3MEPEHUU TYHHEJIbHBIX TOKOB, ITPOTEKAIOIINX MEXKITY
OCTpHEM CKaHUPYIOLIEro MeTaJINUYeCKOro 3JeKTpoaa
U TIOBEPXHOCTBIO KpeMHUs. Paspemiaromiast crnoco0-
HocTh CTOM OblIna yBeaueHa 10 HeCKOJIbKMX IoJIei
HaHOMeTpa, Ojaromaps U3MEPEHUI0 MEXATOMHBIX CHUJI
B3aUMOJEHCTBUSI MEXIY TOHKMM aJIMa3HbIM OCTpUEM
1 aTOMaMU MOBEPXHOCTH.

B Tabnuie npeacraBiieHbl 3HAY€HUS TOJILMHBL
IPaHUYHOM (ba3bl CTPYKTYPhI, KOTOPbIE ObLIM MOJyYe-
HBI C TIOMOIIBIO PAa3IMIHBIX SKCIIEPUMEHTATBHBIX Me-
TOHOB [2].

M3 Tabauiibl BUAHO, YTO TOJIIIMHA TTePEeXOAHON 00-
JIaCTHU B 3aBUCHMMOCTU OT METOJIa €€ OMNpeneIeHUS KO-
neonercsa B peaenax 0,5...5 HMm. Takoit OoJbII0N pa3-

OpOC MOXET OBITh O0YCIOBJIEH U3MEHEHUEM B IIPOLIEC-
ce TPaBJIEHUSI COCTaBa CTPYKTYPbl HUKECIEIYIOLIMX
CJIOEB.

Ananu3 npodpuisd 1u¢pakiMOHHBIX MAKCUMYMOB
CBUAETEJbCTBYET O MPUCYTCTBMM Ha ITOBEPXHOCTHU
KpeMHUA, rpaHuyaiteit ¢ SiO,, BBICOKOM KOHLEHTpa-
LIMU CTYIIEHEK CO CpPeIHHMM pa3MepoM 6 HM M pas-
MEpPOM B J1Ba MEXATOMHBIX PacCTOSIHUSI. DKCIEpU-
MEHTaJbHO T0Ka3aHO, YTO Ha TTOBEPXHOCTU KPEMHMS
MPUCYTCTBYIOT U CPaBHUTEIBLHO OOJIBIINE IO pa3Mepy
(mo 50 um) crynenu [16].

Bonbioe ynciao paboT OBLIO MOCBSIIEHO UCCASAO0-
BaHMUIO XMMUYECKOIO COCTaBa IMepeXoaHON 00JacTu.
M3yueHue npoduns rpaHWYHON (Pasbl ¢ MOMOILbIO
3JIEKTPOHHOM CIMEKTPOCKOMMHU MOKa3aa0 MPUCYTCTBUE
B Hell M30BITOYHOU KOHLIEHTpAllMd aTOMOB KPEMHUSI.
TonumHa nmepexogHoro cjaosl ¢ HapylIeHHON CTeXHOo-
MeTpMell oKaszajach MOYTU OJAMHAKOBOM Kak JJIsl TOJI-
cThIX (200 HM), TaK U IJIs yABTpaTOHKUX (2,3...4,5 HM)
wieHoK SiO,.

Ha puc. 1 npuBeaeHa 3aBUCUMOCTh XMMHYECKOTO
CIOBUTA TUHUU KPEMHUS B TUOKCUI KPEMHUS OT TOJ-
LIIMHBI TUTEHOK, MOJYYeHHBIX Pa3IMYHBIMU CITIOCO0aMU
OKHCJIEHUS.

Konuentpanust
M30BITOYHBIX aTOMOB
Si, 1013 em2
Concentration
of superfluous atoms

of Si, 10" em™2

Tonmuna
MEePEXOAHON
obyacTu, HM

Thickness of the
transition area,
nanometers

Merton
Method

1. TpaHCMUCCUOHBII — 3
3JIeKTPOMArHUTHBIN
MUKPOCKOIT

1. Transmission
electromagnetic microscope

2. Oxe-CITeKTPOCKOIHSI
2. Auger spectroscopy

3. VavrpaduoneroBast — 0,5
(bOTO3IeKTPOHHAS
CITEKTPOCKOTTHSI
3.Ultra-violet
photoelectron spectroscopy

4. PeHTtreHoBcKast (poTo- 1 0,3...1
3JIEKTPOHHAST CIIEKTPO-
CKOTHUsI

4. X-ray photoelectron
spectroscopy

5. ObpaTtHoe pe3epdop- 1,4 1,5..2,0
JIOBCKOE paccesiHue
WOHOB, K3B

5. Rutherford backscatte-

ring of ions, keV

6. DIEKTPOXUMHUUECKOE 2...5 5
TpaBJieHUE
6. Electrochemical etching

7. Macc-cneKTpoMeTpus — 5
BTOPUYHBIX NOHOB

7. Mass spectrometry
of the secondary ions

8. DimMncomeTpust — 0,7 0,2

8. Ellipsometry
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Puc. 1. 3aBucumocth XumMmyeckoro capura AE, . (110 OTHOIIEHHIO K
KPEMHHIO) JIMHAH Sizp B SiO, OT TOJNMMHbI OKCHIHBIX IJIEHOK, KO-

TOpbIe MOJy4eHbl: /| — OKUCIIEHUEM Ha BO3IyXe, 2 — TePMUYECKUM
OKMUCJICHUEeM; 3 — aHOOHBIM OKHCJIEHMEM; 4 — WMIUIAaHTalMel
HMOHOB KHUCJIoOpoaa

Fig. 1. Dependence of chemical shift AE,,,, (in relation to silicon) of
line Si 2 in Si0, on the thickness of the oxide films received by: 1 —

oxidation in the air; 2 — thermal oxidation; 3 — anode oxidation; 4 —
implantation of ions of oxygen

Ha puc. 1 noxasana 3aBUCUMOCTb AE, . OT TOJI-
LIMHBI OKCUIHBIX TIIEHOK It 50 pa3jimyHbIX 00pa3loB
KpPEeMHUSI, M3MEPEHHBIX C PA3IUYHBIMM DPEXUMaMU
okucneHnst. CABUTM JMHUIA Siy, XOpOLIO YKJIanbIBa-
I0TCs B oiHYy KpuBywo. Cusur AE, . = 3,8 5B coor-
BETCTBYET MepexonHoil obaactu SiO,, MpOTaKeHHOC-
10 0,3...1 HM. JlanbHelillee yBeJIMYEHUE CABUIa IO
4,5 3B xapakTepusyeT MpPOTSKEHHYIO (5 HM) 00J1acTh
SiO, ¢ BBICOKOW KOHILIEHTpauuei nedekros [2].

HM3mepenusi mopora BHeLIHEW (HOTOAMUCCUU Ha
rpaHulle pasiaeia KpeMHUM — TUOKCHI KPeMHUS I10-
KazaJii, YTO NMPUJIOXKEHHbIE MOMNepeyHble MOoJIs 3Haye-
HMeM 10 8,6+ 10° B+ cm ™! crioco6ubI MPUBECTU K Cy-
IIECTBEHHOMY YMEHBIIEHUIO TOJUIMHBI MEePEeXOTHOM
o6sactu. CocTaB U KOOPAMHAIIMIO aTOMOB KPEMHUSI U
KHCJIOpoJa B CJIOE OMpPeaessiiii U3 COOTHOIIEHUST UH-
TEHCHBHOCTH ITUKOB Sij, 1 Oy B CIEKTPE XUMUIECKUX
caBuros AE, .. OMIHO3HAaYHBIM pe3yJIbTaTOM BCEX UC-
CJIeIOBaHUI SIBJsIETCSl OOHApyXeHVEe HapylIeHWH Mo
KHUCJIOPOAY CTEXMOMETpUM mnepexoaHoi ¢asnl SiO,,
roe x < 2 [17].

ABTOpPBI paboThI [18] cuuTalor, 4To B IIpeAenax 3 HM
MEPEXOAHOM CJIOI COCTOUT B OCHOBHOM U3 SiO,, a
O4YeHb TOHKUM cjoit (0,3 HM), mpuJIeTalolnii K KpeM-
HMIO, SIBJISeTCsl MOHOOKcUaoM KpemHMsl SiO. XoTts
HEKOTOPBIE aBTOPBI CIMTAIOT, UYTO 3TO MOXKET OBITH JIM -
60 cMmech Si u SiO,, 1160 SiO, ¢ BBICOKOI KOHLIEHT-
paieil KucaopoaHbIX BakaHcuii [19].

B apyrux pa6otax [20] yTBepxkaaeTcs, YTO HU3KO-
SHEPTeTUIECKNE MOHBI, BBeICHHbIC MOHHOW MMILIAH-
Talueit, MOI'yT pa3pyllaTh BOAOPOACOAEpXKAIIME TPYII-
NUPOBKU CTPYKTYp Si—SiO, ¢ BblIEIEHUEM aToOMap-
Horo Bomopozaa. Bonopoa B3auMoneicTBysl ¢ pa3opBaH-
HBIMU CBSI3SIMU KPEMHMUSI, TIPUBOJUT K 0OPa30BaHUIO
TUAPUAHBIX W TUAPOKCUJIBHBIX Tpymm. ['MapuaHbie
IPYINbI OOHAPYXKEHBI B KPEMHUM TI0C]Ie HOHHOM OOM-
OapaupoBKM aToMamMu Bogopoma Merogamu MK wu
CIEKTPOCKOMUU.
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IIpumecHbie U TOYEYHDbIE JAe(EKTDHI
Ha rpanmne paszena Si/SiO,

Ha onTtmueckue, 351eKTpUYecKre CBOMCTBA TUIEHOK
CTPYKTYPbI CYLIECTBEHHOE BJMSIHUE OKAa3bIBAIOT IPH-
MeCHbIe JedeKTbl, KOTOpble BO3HUKAIOT MPaKTUUYECKU
Ha BCEX TEXHOJIOTMUYECKUX CTAAUSIX CO3MAHUS CTPYKTYP.

IIpu oxkucneHuM KpeMHMsI BO3HUKawUIMe (GiIykK-
Tyauun IudEOY3MOHHBIX MOTOKOB pearupyroimx Be-
1IECTB, NMPUCYTCTBUE B HUX MApOB BOILI M CBSI3aHHbBIC
C OTUM MPOLIECCHI TUAPaTaALMK CIIOCOOCTBYIOT 00pa30-
BaHUIO XUMHUYECKU U CTPYKTYPHO HEOTHOPOIHOM Tpa-
HUYHOM (a3sl.

Crpykrypa n Ae(PeKTHOCTh 00Pa3yIOIINXCSI B 9TUX
YCIOBUSIX TJICHOK JUOKCHUAA KPEMHUS CUJIBHO 3aBUCST
OT TaplMaJIbHOTO JaBJIEHUS! MapoB BOJbI B OKMUCIIM-
TelbHOU aTMocdepe [4]. IIpenmnonaraercs, 4To MoJie-
KyJIbl BOIBI AIMGGYHAUPYIOT Yepes TueHKy SiO, B npo-
1ecce OKWCICHMS KPEeMHMS M B3aMMOIECHCTBYIOT C
CETKOI KpeMHMI1-KUCIOPOIHBIX TeTpasapoB [21].

Ha nosepxnoctu SiO, npoucxXonaT peakuuu -
paTalny, KOTOpPbIe COIMPOBOKIAIOTCST Pa3phIBOM IIepe-
HaNpPsDKEHHBIX CUJIOKCAHOBBIX CBsI3el M 00pa3oBaHU-
€M TUAPOKCUIBbHBIX Tpymil [26].

/\ / T °|H

Si  +H0 —> — S

\/\ /\/\

IIpu B3aMOaECTBUU MOJIEKYJ BOMbI C KMCIOPOI-
HBIMU BaKaHCUSIMU OKCHUIHOM TJIEHKU BO3MOXHO 00-
pa3oBaHME TUAPOKCUIBHBIX Y TMIPUIHBIX TPYIIIT

Si « + H,O— — Si—OH H—Si «

— Si....

I'uapuanble rpynmnbl NPUBOAAT K 3HAYUTEILHOMY
UCKaXEHUIO CTPYKTYphI SiO,, BCIeACTBUE UBMEHEHUS
VIJIOB U JUTMHBI CBS3el B KPEMHMI-KUCIOPOAHBIX TET-
pasapax [23].

B 3aBHCMMOCTM OT CTeNIEHM BJIAXXHOCTU OKWCII-
TeJbHOW Cpelbl B TepMI/I‘{GCKI/I okucyeHHbIx Si0, co-
JepKUTCS OT S 1018 no 2 101 em~3 TUIPOKCUIIBHBIX
rpynmn u jgo 6+ 1020 cm ryulpymﬁblx rpymnn (MoneKy-
JIbl BOJIbI, TIPOHMKAsI B IpaHUlly paziesa yepe3 odpa-
30BaBILIKECS MMOPHI, B3aMMOIEHCTBYIOT ¢ E-1IeHTpaMHu,
00pa3ysl TMAPOKCUIbHbIC U TUAPUAHBIE TPYMIIbI) [24].

IMpucyrcTBrE TMAPOKCUIBHBIX M THAPUIHBIX TPYIIIT
B OKCHUIIHBIX TIJIEHKaX ObLJIO MOKa3aHO METOJOM WUH(D-
pakpacHoli crieKTpockonuu. s onpeaeaeHus BoIO-
pomoconepXallux COequHeHn B IUeHKax SiO, wuc-
MOJIb30BAIM METO/AbI PATUOAKTUBHbBIX UHAMKATOPOB U
SIIEPHBIX peakuuii [25].

CorracHO 3KCIEepUMEHTY C TPUTHEM KOHIIEHTpa-
LS BOAOPOJA B TOJCTHIX IIeHKax SiO, 8 - 10" cm
MpU TPUODKEHUN K TpaHUIe KPEeMHUSI BO3pacTaeT
10 2+ 1020 cm3 26).

B mepexonHoM cioe ctpykrypsl Si/SiO,, Beaenc-
TBHUE HapylIeHUI CTEeXMOMETPUHU B rpaHUYHOM ase,
MOXET MPUCYTCTBOBAaTb BbICOKAsl KOHLEHTpAlUs Ba-




KaHCHU ¥ pa30opBaHHBIX CBs3eil. B pe3yabrare ynpyrux
B3aUMOJEHCTBUI TOYEUHBIX AeHEKTOB C IMOJSIMU Ha-
MPSDKEHUM TPAHUYHBIN CJIOW MOXKET BBITIOJHATH POJIb
CTOKa MOABUXHBIX 1€(EKTOB KaK U3 00beMa KPEMHUS,
TaK ¥ U3 ero okcujaa. Bo3aMoXHbI peakuy MexXay Je-
(exkramu, npuBOASIIME X K AHHUTWISILIAU WIN K UX
accouuanuu B Oojiee cioxHble nedekTol. Bece aTu
MPOLIECCHI CYLIECTBEHHO 3aBUCST OT YCIOBUI (hOpMU-
pOBaHUS CTPYKTYpHI [27].

DKcrnepuMeHTaJIbHbIE UCCJIET0BAHUS
npeo0pa3oBaTeieii JaBJIEHNS,
chopMHpPOBaHHBIX HA OCHOBE CTPYKTYp Si/SiO,

PaccmoTpeHHbIe Bblllie MCCIEI0BAaHUSI TTPOBOIUIN
MPEUMYIIECTBEHHO AJIS1 OLIEHKU (PU3UYECKUX CBOMCTB
cTpyKTyp Si/Si0,, UCNONB3YEeMbIX AJIS1 CO3NAHUA UH-
TerpajbHbIXx MUKpocxeM, MOII (Metayt — okucen —
nmoayrnpoBogHuk) u MIAIT (MeTana — AUBJIEeKTPUK —
MOJIyITPOBOAHUK ) -CTPYKTYD.

OnHako pe3yabTaThl MCCIIEIOBAHNI MHTETPATbHBIX
MUKPOCXEM, IIPOBEIECHHBIX O CTpyKTypamu Si/SiO,,
MOTYT ObITh UCITOJIb30BAaHbI U MTPY U3YYEHUU JaTYNKOB
(br3uYecKrX BEJIUYUH, TOCKOJbKY OCHOBY UX MUKPO-
MEXaHUKHU COCTaBJISIIOT aHAJIOTUYHbIE KPEMHUEBbIE
CTPYKTYDHI.

1 OLleHKY BJIMUSIHUSL OOHAPYXKEHHBIX JIOKAIbHBIX
neheKToB Ha ynpyrue aedopmaliuyd JaTYMKOB B JaH-
HOIi paboTe ObLIM M3TOTOBJIEHBI 00pa31bl Ipeodpa3o-
BaTejieil U MPOBENEHO MCCIeNOBaHE CBOMCTB CTPYK-
TYpPbl KPEMHUIT — TUOKCHI KPEMHUSI — CTEKI000pa3-
HbBII MOJYMPOBOAHUK.

Ha xpeMHueByl0o mpuOOpHYIO IJIACTUHY TEPMMU-
YECKUM OKMCJIEHUEM HAHOCUIIM oM SiO, TONIMHOIMA
0,8 mxMm. Ha omopHyto mnactuHy Merogom BY mar-
HETPOHHOTO pAacIblIeHUs! HAHOCUJIM CTEeKJIOBUIHbIN
IuaaeKTpuk toamuHoi 1,0...1,5 mxMm. CpauiuBaHue
00palIeHHBIX APYT K APYTY ABYX KPEMHMEBBIX IJIACTUH
C HAaHECEHHBIMU TUIEHKAMM AUBJIEKTPUKOB OCYIIECT-
BJisuioch npu Temrepatype 1100 °C u papnenun 500 Ia.
st okoHyaTenbHOro (popmupoBanus crpykrypsl KHI
ObL1a poBeneHa 11IM¢pOBKa U XUMUKO-MeXaHu4ecKast
MOJIMPOBKA MPUOOPHO MJIACTUHBI 10 TPEOYeMOit ToJI-
IIMHBIL [28].

B nanpHeiiieM maHHasi CTpyKTypa Obljia UCIOJb-
30BaHa JUIsl CO3[laHUsI MOHOJIMTHOTO MpeodpasoBaTe-
JIsl maTyvKa naBjieHus. B pesynbrate JByXCTOPOHHETO
aHM3O0TPOIHOI'O TpaBJieHUs ObLI ITOJIydeH mpeolOpa-
30BaTejIb, COCTOSIILIMI M3 TEH30paMKU M MeMOpaHBbI.
ITockonbky mnpeoOpa3zoBaTeib MPEACTaBiIsieT coOOM
MOHOJIUT, TO TIPY BO3IEHCTBMHU BHEIITHUX HAIPy30K OH
noABeprajics ynpyroi aedopmanuu.

Pacuersr mo mporpamme ANSYS mnokaszamu, 4Tto
mpeobpa3oBaTeIb OIpeaeIeHHOM KOHCTPYKIIUK (raba-
PUTHBIX pa3MepoB 5X5 MM) clOoCOOEH BbACPKUBATh
Harpy3ky a0 40 MIla.

B nmanHoil paboTe 3KcHepUMMEHTalbHbIE HUCCIEH0-
BaHUSI TEH30paMKW W TpaHMIbl paszfaena KpeMHU —

HKvADpA Sy

Puc. 2. POM-u300paxkenune JOKaIbHOM 00JaCTH N0 IPaHUIE Pa3-
nena I noBepxHoOCTeli CTEKJIOBHAHDII ANJIEKTPHK — OOKOBasi TPaHb
kpemuus (111) Tenzopamku U MOp(0JIOrHSI MOBEPXHOCTH KPeMHHS
(2) na ookoBoii rpanu (111) ¢ MHOXKEeCTBOM HAHOPA3MEPHBIX IMOK M
cTyneHek J3

Fig. 2. REM image of the local area on the boundary of 1 surfaces of
the vitreous dielectric-lateral side of silicon (111) of the tensoframe;
morphology of the silicon surface (2) on the lateral side (111) with
numerous nano-sized pits and steps 3

JHMOKCUJ KPEMHUSI — CTEKJIOBUAHBIA TUANEKTPUK Obl-
JIU MPOBENEHBI C TIOMOIIBIO 3JIEKTPOHHBIX MUKPOCKO-
noB: Hitachi TM-3000, Karl Zeiss SMT u Quanta 200
3D FEI ¢ nerektopom EDAX misi peHTTeHOBCKOIO
MMKpOaHaJIN3a, a TAaKXKe ¢ TIOMOIIbI0O aTOMHO-CHUJIOBO-
ro MuUKpockomna [29].

Ha puc. 2 npusenenst POM-u3o6paxeHust jo-
KalbHOI 00JIaCcTH, HAXOASIIEHCs Ha TpaHUIIEe pa3aesa
MOBEPXHOCTEN CTEKJIOBUAHBIA AUDIEKTPUK — OOKO-
Basi rpaHb (111) TeH30paMKU, U MOBEPXHOCTU Ha 0O-
KOBO#1 TpaHu KpeMHuUs1 (111) ¢ MHOXECTBOM HaHOpa3-
MEPHBIX SIMOK U CTYyTEHEeK.

SIMKu Ha OOKOBOII MOBEPXHOCTU KpPEeMHUsI, OOHa-
PYXEHHBIE TIOCJIe aHU30TPOITHOTO XUMMYECKOTO TPaB-
JICHUSI, MOTYT OBbITb Ae(EKTOM IMCIOKALUMNA WU Jie-
¢dopmanuii mociie oxnaxaeHus [13].

IIpouenypa obpa3oBaHus CTyNeHEK IIPeACTaBIsIeT
c000i1 ModTaNHOE yaajeHue aTOMHBIX CJI0€B C TTOBEP-
XHOCTU KPEMHUSI, KOTOPbIE B IPOLIECCE TPaBAEHUSI Te-
pemelaloTcsa. B pa3HbiXx Kpuctatorpa¢puyeckux Ha-
MpaBJIEHUSIX CKOPOCTb TPaBJICHUS pa3inyHa. ITO 00b-
SICHSIETCS Pa3IMYHON TIJIOTHOCTBIO YIMAKOBKU MEXIY
aToMaMH, pacloJOXKeHHBIMU Ha MOBEPXHOCTU KpeM-
HUEBOM TIJIACTUHBI U aTOMaMM, HaXOASIIMMUCS B 00B-
eMe KpucTtaiia. B maHHoM ciydae Kpuctaaiorpadu-
yecKasi opueHTanusl 6okoBoii rpanu — (111).

Ha puc. 3 nokazansl ¢parmeHTel POM-1n3o6pa-
JKeHHUS JIOKJIbHON 00JaCTU TEH30paMKH, TIe BUIHBI
rpaHulia pasaena (a3 CTeKJIOBUIAHBIN TUBJIEKTPUK —
KPEMHMHA.

Ha nanHOM pricyHKe He yIaJloCh YeTKO ONPEAeINTh
pasjesieHrue CTeKJIOBUIHOTO AURJIEKTPUKA U JUOKCU-
JIa KPEeMHUsS, KOTOPBIM ObUI HaHECEH TEePMHUUYECKUM
OKMCJICHUEM Ha MPUOOPHYI0 KPEMHMEBYIO TUIACTUHY.
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Puc. 3. POM-u3o00paxkeHne JOKAJIbHOW 00J1aCTH TEH30PAMKH B YBe-
JIMYEHHOM MacmTade: / — MOBEPXHOCTh KPeMHUSI OOKOBOU TpaHU
(111) TeHsopaMku; 2 — MOpP(OIOTUSI TTOBEPXHOCTU IMEPEXOIHOTO
CJI0S1 MOHOKPEMHUI — CTEKJIOBUAHBINA TUBIEKTPUK

Fig. 3. Magnified REM image of the local area of the tensoframe: 1 —
surface of silicon of the lateral side (111) of the tensoframe; 2 —
morphology of the surface of the transition layer of monosilicon —
vitreous dielectric

Puc. 4. POM-u300paxenne CKoJia Ha YHIIE€ TEH30MPEoOpa3oBaTeIs:
I — rpaHuua pasnesna KpeMHUI — CTEKJIOBUIHBII TUAJIEKTPUK; 2 —
MOphl M MYCTOTHI B MexXa3Hoi IpaHulie; 3 — KjacTepbl aTOMOB
KpeMHUSI

Fig. 4. REM image of the chip of the tensor converter: 1 — boundary
of silicon — vitreous dielectric;, 2 — pores and cavities in the interphase
boundary; 3 — clusters of silicon atoms

ITosToMy HeoOXOaAMMO MPOBEACHUE AANbHEUIINX HUC-
CJIEIOBAaHWM U1 OMpeneeHrs BIWSHUS Ha Mapamer-
pPbl U3JEMI HAJIM4KS B TIEpeXOHOM (haze, KpoMme Au-
OKCHJIIa KPEMHUS, MOHOOKCUIa KPEMHUS, CTEKJIOBU/I-
HOTO IMBJIEKTPHUKA.

Ha puc. 4 npencraBieH B yBeIMUYEHHOM MacluTabe
¢dparMeHT M300paxkeHWs TPaHMUILI pas3aesia CTEKJIO0-
BUJIHBIA IUAJIEKTPUK — KPEMHUM.

Ha npuBeaeHHOM (hparmeHTe M300pa>keHuUsl BUI -
HbI MMYCTOTHI, MOPHI U KJacTepbl KpeMHUs. Buaumo,
BCJIEICTBME HEPABHOMEPHOCTU TpPaBJIEHUS MOBEPX-
HOCTU, BO3MOXHO TIOSIBJIEHUE TaKuUX JAe(heKTOB, KakK
JUCIOKALMU HeCOOTBeTCTBUSA [12], HaIMuMe BO3ayxa,
YY>XEePOAHBIX YaCTHUIL], MEXaHUUECKUX HaMPSLKeHU Ha
rpaHuile pasaena. O0HapyKeHHbIe KJIacTepbl KPEMHUS
BO3MOXHO CBSI3aHbI ¢ nuddy3ueid win, 1o MHEHUIO
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aBTOpPOB paboThl [6], ¢ HEPAaBHOMEPHOCTLIO (PpOHTA
OKUCJIEHMSI U U30BITOYHON KOHIIEHTpalueil aToMoB
KpeMHMUS.

Croco6b1 KOHTpOJIST Ae(eKTHOCTA M YIIPYTroi ae-
(opmani B MOJYMPOBOIHUKOBBIX T€TEPOCTPYKTYPax
(kpeMHUeBasl MOAJIOXKA U 3MUTAKCUATIbHBIN CJION) ¢
MOMOIIbI0 PEHTIeHOBCKON Au(pakKTOMETPUU ObLIN
npemioxKeHbl aBTopamu narenra P® [30].

OcraToyHble MEXaHUYECKHE HANPSIKEHUST B KpeM-
HUEBBIX CTPYKTypaxX OKa3blBalOT CYILLIECTBEHHOE BJIMSI-
HUe Ha mapaMeTpbl uznenuii. IloaToMy BaxkHeiiliee
3HaYeHUE HMMeeT TMOCTOSIHHOE COBEpIIEHCTBOBAaHUE
METOHOB KOHTPOJISI CTPYKTYpPhI. CII0COO KOHTPOJISI M€e-
XaHWYECKUX HaMPSIKEeHU I B CTPYKTYpe TJIeHKa — MO/ -
JIoxkKa ObL1 TipeuioxxeH B mateHTe [31].CyuiHocTh Me-
ToMa 3aKJ04yaeTcsl B GOPMUPOBAHUU MEXKIY TJIEHKOM
M TOJJIOXKOU mpomexyTouHoro ciosi. [Tocie Tpagie-
HUs Yepe3 OKHa IUIEHKU 00pa3yloTcsl MHTepGhepeHIIn -
OHHBbIE KapTUHbI, KOTOPbIE OTPaXKarOT 3HaU€HWE U Ha-
MpaBJIeHNEe BEKTOpa MEXaHWYECKUX HAMPSIKEHUIA.

3aKkmoueHne

Takum o6pa3zom, MoKazaHO, YTO MEPEXOAHOMN CIOM
cTpykTypel Si/SiO, gBisercd Hauboisee Ne(EKTHBIM.
HccnepoBana ToniuHa Mexda3zHOM rpaHUIbI CTEK-
JIOBUIHBIN AUBJIEKTPUK — KPEMHUM 1 €€ XMMAYECKUI
coctaB. ToiMHA TepexoAHON 00JacTh COCTaBJsET
0,5...5 HM, pa3dpoc ee B OCHOBHOM OTPEAEISIeTCS TeX-
HOJIOTUYECKUMMU TIPOLIECCAMU U BO3MOXHO MOTrpell-
HOCTbIO MeTOA0B KOHTpOJisl. C MOMOILbIO pacTPOBBIX
3JIEKTPOHHBIX MUKPOCKOIOB Ha rpaHulie pa3aesa Obl-
JIO OOHApYKEeHO HaJIM4ue TMop U MYCTOT, IMOK U CTy-
MEeHEeK, MPEeACTaBISIOIINX cCOO0N Pa3HOBUAHOCTU Je-
(hbeKTOB, CMOCOOCTBYIOIIMX YXYIUIEHUIO XapaKTepuC-
TUK M3rOTaBIMBaEMbIX TPHOOPOB.

Hns cHuxeHus nedekToB B MexX(pa3HOI rpaHULIEe U
Ha MOBEPXHOCTH KPEMHUEBOM TJIACTUHbBI ObLIM ONTH-
MU3MPOBAHbl TEXHOJOTMYECKHE DPEXUMbI OKUCIECHUS
KPEMHMUSI U OTXKMUra.
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Specific Features of the Physical-Technological Properties

of the Silicon — Silicon Dioxide Structure

The article deals with the physical-technological properties of Si/SiO, structures, which make the base for formation of the con-
verters of sensors of the physical values. In the conditions of rigid operation of the electronic systems for the aerospace technologies,
the problem of development of highly reliable and high-temperature sensors is of great importance. Therefore, many research works
of both foreign and domestic scientists are devoted to this problem. The article presents a brief analysis of the researches done by
a number of scientists in the field of properties of the Si/SiO, structure. It also determines the major factors promoting occurrence
of the local defects in the silicon — silicon dioxide — vitreous semiconductor structure and influencing the parameters of the devices.
The results of the researches of the sensor converters by means of the raster electronic microscopes are presented.

Keywords: properties of the structures of silicon — silicon dioxide and silicon — silicon dioxide — vitreous semiconductor, con-

verters of sensors, mechanical stresses

Introduction

With development of nanotechnology, which is the
basis of microelectronics, research of the multilayer
structures of Si/SiO, system also acquires importance.
Reliability and functional properties of the devices de-
pend on the quality of boundary of silicon — silicon-
dioxide. With miniaturization of the devices the role of
defects on the boundary of phases increases. The

boundary properties are subjected to strong influence of
the mechanical stresses, dislocations, discrepancies and
other defects, which can arise during machining,
growth of oxides and carrying out of various techno-
logical processes [1, 2].

The principle of operation of the considered pressure
sensors and sensors of linear acceleration is connected
with the elastic deformation of the sensitive elements un-
der the influence of an external load, and this explains the

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 12, 2016 739




importance of the research of the physical-technological
properties of the widely-used layers of Si/SiO,.

Main characteristics of the boundary phase

The technologies for formation of the micro-elec-
tromechanical systems (MEMS) use the single-crystal-
line silicon of (100) orientation as a highly reliable en-
gineering structural material. Any operation is connect-
ed with oxidation, deposition or natural occurrence of
the silicon oxide in the open air.

Development of miniaturization promoted the
growth of the influence of the local defects on the bound-
ary of the phases of silicon and silicon dioxide. Hence,
higher demands to the development and improvement of
the technology, and methods for analysis of Si/SiO,
structures, especially in the nano-meter band.

The given work is devoted to the basic laws of for-
mation of the defects in the local areas of Si/SiO, struc-
tures, the methods allowing us to reduce their influence
on characteristics of the devices. An essential influence
on the boundary properties of Si/SiO, is rendered by
the mechanical stresses during deposition of the oxide
films on a silicon substrate and also after heating.

Formation of the sensitive elements of the pressure
sensors and linear acceleration (accelerometers) based
on SOI structures has been carried out by deposition of
SiO, layers on a silicon substrate. Therefore, the target
characteristics of the sensors depend essentially on the
physical-technological properties of the Si/SiO, layers.

Earlier in [2] an analytical research was done con-
cerning the interphase phenomena on the Si—SiO,
boundary and the reasons for formation of the defects
and dislocations. In the semi-conductor materials the
density of dislocation is 10*...10% cm 2. It was demon-
strated, that due to a high concentration of the vacan-
cies and broken bonds as a result of infringement of sto-
ichiometry the films of silicon dioxide were the most
defective — transition layer of Si—SiO,.

The physical parameters of the transition phase de-
pend on the degree of infringement of the stoichiometry
of the silicon dioxide layer. It was demonstrated, that
the greatest changes occurred at the growth of x in SiO,,
from O up to 1.25 [8]. At x = 1.25 the maximal density
of the deep states in the films was observed. For x > 1.5
the parameters of the layer do not differ much from
those of the stoichiometric SiO,. Because of this reason
the actual thickness of the interphase layer can be more
than it follows from the spectral data [9].

The researchers considered two versions of the
boundary: a sharp border including not more than a
monolayer of the transition layer; a smooth transition
from the silicon to a stoichiometrically infringed layer
of SiO, (x < 2) and further to SiO, with the dot oxygen
vacancies.

In the model of a sharp border a deformation was
defined at the conjugation of the crystal silicon with its
amorphous oxide [11]. It also appeared, that the defor-
mations decrease successively in the row of the crystal-
lographic planes (100), (110), (111).
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As a result of experimental research it was established
that, if in the near-surface phases of Si u SiO, there were
overstrained chemical bonds, vacancies and infrastruc-
ture infringements, the boundary phases were more vul-
nerable, compared with the crystal volume. Therefore, at
first, the defect-formations and the further crystal degra-
dation occur on the surface of the silicon, as the most de-
formable area and then in the volume of the crystal.

Defects in the form of volume (zone) infringements
can arise in a silicon plate as a result of mechanical
loads or thermal processing. Research demonstrated,
that the defects moved on a crystal, interacted with
each other, creating new defects, which with the course
of time promoted changes of properties of a material
and, hence, eventual degradation of the devices.

During manufacture of the pressure sensors after
mechanical and chemical polishing of an instrument
plate it was possible to observe a practically faultless
layer of the silicon surface. However, after influence of
loads (50 MPa) roughness was observed on the surface.
The research by means of the scanning electronic mi-
croscopy in the silicon plates of (111) orientation re-
vealed nucleation and development of the mechanical
stresses in the form of germs (pits) of micro-defects.

Mechanical stresses — compression in SiO, and
stretching in Si, as a result of a thermal oxidation with
a subsequent cooling, are also formed on the surfaces of
silicon and silicon dioxide. The principal cause of the
stresses is the difference in the layers of the structure of
the coefficient of thermal expansion — CTE. The in-
ternal stresses on the 1nterphase boundary of Si—SiO,
are equal to (1—2)* 10° Pa. For thinner films the de-
formation of the plates is determined by the stresses in
the silicon lattice [15].

Of essential importance are the amplitude of defor-
mations and their distribution in the interphase areas,
which depend on the orientation of the crystallographic
planes of silicon and the modes of oxidation, thickness of
the oxide films, and the speeds of cooling. Experience
demonstrated, that the use of the silicon dioxide with
thickness more than 3 um also led to occurrence of un-
desirable mechanical stresses on the boundary of Si/SiO,.

Besides, according to data [2], presence of deforma-
tions in Si/SiO, structure can result in formation of mi-
croscopic cavities, which during cooling of the structure
can turn into macroscopic pores. Some of them can be-
come through, which can lead to an increase of the sen-
sitivity of the boundaries to the adsorptive processes.

As a result of the thermal oxidation of the silicon [6]
formation of microscopic silicon clusters is possible be-
cause of the non-uniformity of the oxidation front, mi-
croscopic heterogeneity and superfluous concentration
of the silicon atoms close to the boundary of Si/Si0,.
At a high speed of oxidation (1 nm*min~ ) on the
boundary silicon clusters appeared with the size of

..5 nm, partially introduced in the s111con matrix,
and thelr density reached (1...2) - 101! 2 Near the
boundary the clusters were dlscovered by means of
electronic microscopy [7].




Appearance of the clusters of the polycrystalline
SiO, was also discovered in thin (0.1...0.15 nm) films
during oxidation of silicon and low pressure (5 - 107> mm
of mercury column) of oxygen within the range of
600...800 K with the subsequent sharp cooling [5].

After etching of the surface of a silicon crystal in
KOH alkaline environment and washing, the surface
was covered with a thin film (1...2 nm) of amorphous
silicon dioxide. It was believed that this film was con-
tinuous. However, an experiment demonstrated that on
the real surface there were sub-oxidized sections of Si
("spotted" surface). There can be two reasons for this:
a rather low coefficient of sticking of the oxygen mol-
ecules and blocking of a part of the surface of the silicon
atoms by the oxygen atoms [10].

It is impossible to imagine formation of the silicon —
silicon dioxide structures, having various parameters, as
an ordered boundary of two solid phases. As a result, oc-
currence of the "discrepancy” dislocations and essential
deformation of the valent angles and length of bonds [11,
12] are inevitable. Discrepancy dislocations arise on the
silicon surface due to presence of various heterogeneities
(non-uniformity, alien particles, etc.) on a substrate and
also mechanical stresses on the boundary.

The hypersensibility of the boundaries to the adsorp-
tion processes can be encouraged by the microscopic
cavities formed on the interphase boundary of the sili-
con substrate — silicon dioxide, which during cooling
can turn into macroscopic pores [2].

The porosity characteristics of the silicon surface de-
pend on the modes of oxidation and speed of tempering
of the samples. In MDS (metal-dielectric-semiconduc-
tor) structures the concentration of the pores and cav-
ities with diameter of 0.5...1 nm reaches 10712 cm™
Research of the section of a Si/SiO, structure by means
of a tunnel electron microscopy (TEM) with high res-
olution (0.3 nm) testifies to the existence of a transition
area with thickness of ~3 nm (table) [13].

For research of the topography of the surface phase
the scanning tunnel electron microscopy (STEM) is
widely used. The principle of its operation consists in
measurement of the tunnel currents between the edge
of a scanning metal electrode and the silicon surface.
Resolution of STEM is increased up to several shares of
nanometers due to measurement of the interatomic
forces of interaction between the thin diamond edge
and the surface atoms.

The table presents thicknesses of the boundary phase
of the structure, which were received by various exper-
imental methods [2].

It is visible that the thickness of the transition area
depending on the method of its determination varies
within 0.5...5 nm. Such a variation can be caused dur-
ing the etching process by a change in the structure of
composition of following layers.

Analysis of the profile of the diffraction maxima tes-
tifies to the presence on the silicon surface of a high
concentration of steps close to SiO,, with an average
size of 6 nm and the size of two interatomic distances.

It was experimentally proved, that on the silicon surface
there were also relatively big steps (up to 50 nm) [16].

Many works are devoted to research of the compo-
sition of the transition area. Studying of the profile of
the boundary phase by means of the electronic spec-
troscopy demonstrated presence of a superfluous con-
centration of the silicon atoms in it. The thickness of
the transition layer with an infringed stoichiometry ap-
peared almost identical both for the thick (200 nm) and
for the ultrathin (2.3...4.5 nm) SiO, films.

Fig. 1 shows dependence AE,,,,, of the chemical
shift of the silicon line to the silicon dioxide on the
thickness of the oxide films for 50 various samples of
silicon with various modes of oxidation. The shifts of
lines Si2p make a fine one curve. Shift AE,,,,, = 3.8 eV
corresponds to the transition area of SiO,, with extent
of 0.3...1 nm. The further increase of the shift up to
4.5 eV characterizes an extensive (5 nm) area of SiO,
with a high concentration of defects [2].

Measurements of the threshold of the external
photoemission on the boundary of silicon — silicon
dioxide showed that the applied cross fields up to
8.6+10° V-cm ™! can lead to a considerable decrease of
the thickness of the transition area. The composition and
coordination of the atoms of silicon and oxygen in the
layer were determined from the correlation of the inten-
sity of peaks Siy, and Oy in the spectrum of chemical
shifts AE,,,,. An unequivocal result of the research was
detection of infringements by oxygen of the stoichiome-
try of the transition phase SiO,, where x < 2 [17].

The authors [18] believe that within 3 nm limits the
transition layer consists mainly of SiO,, while a very
thin layer (0.3 nm), adjacent to the silicon, is of its
monoxide SiO. Although some authors consider this
unreal, and this can be a mixture of Si and SiO, or SiO,
with a high concentration of the oxygen vacancies [19].

In [20] an opinion is expressed that the low-energy
ions introduced by the ion implantation can destroy the
hydrogen-containing groups of Si—SiO, structures
with release of the atomic hydrogen. Hydrogen, inter-
acting with the broken bonds of silicon, leads to for-
mation of the hydride and hydroxyl groups. The hy-
droxyl groups were discovered by the methods of IR
and spectroscopy in silicon after the ion bombardment
by the atoms of hydrogen.

Impurity and dot defects on Si/SiO, boundary

The optical and electric properties of the films of the
structure are essentially influenced by the impurity de-
fects, which appear practically at all the stages of cre-
ation of the structures.

During oxidation of silicon the arising fluctuations
of the diffusion flows of the reacting substances, the
water vapors present in them and the related processes
of hydration promote formation of a chemically and
structurally non-uniform boundary phase.

The structure and deficiency of the formed films of
silicon dioxide depend strongly on the partial pressure
of the water vapors in the oxidizing atmosphere [4]. It
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is assumed, that the water molecules diffuse through the
SiO, film during oxidation of silicon and interact with
the grid of silicon-oxygen tetrahedrons [21].

On the surface of SiO, hydration reactions occur,
accompanied by rupture of the overstrained siloxane
bonds and formation of hydroxyl groups [26].

/ (6] \ / O‘H O|H

> Si Si +H,0 —> — Si

~., "\ /\/\

During interaction of the water molecules with the
oxygen vacancies of the oxide film a formation of hy-
droxyl and hydride groups is possible.

— S5i...8i « + H,O— — Si—OH H—Si «

The hydride groups lead to a considerable distor-
tion of SiO, structure because of the changes of the
angles and lengths of bonds in the silicon-oxygen tet-
rahedron [23].

Depending on the degree of humidity of the oxidiz-
ing env1r0nment the thermally oxidized SiO, contain
from 5-10'8 upto2- 10 3 of the hydroxyl groups
andupto 6 - 102 cm ™3 of the hydride groups (the water
molecules penetrating into the boundary through the
formed pores interact with the E-centres, forming the
hydroxyl and hydride groups) [24].

Presence of the hydroxyl and hydride groups in the
oxide films was shown by the method of infra-red spec-
troscopy. For determination of the hydrogen-contain-
ing compounds in SiO, films the methods of radioac-
tive indicators and nuclear reactions were used [25].

According to an experiment with tritium the con-
centration of hgdrogen in the thick films of SiO, was
equal to 8 1079 ¢ and, when approachm% the sili-
con boundary, it increased up to 2 - 1020 [26].

The transition layer of Si/SiO, structure, due to the
damage to stoichiometry in the boundary phase can in-
clude a high concentration of vacancies and broken
bonds. As a result of elastic interactions of the dot de-
fects with the tension fields the boundary layer can play
the role of a drain for the mobile defects from the vol-
ume of silicon and its oxide. Between the defects the re-
actions are possible leading to their annihilation or their
association into more complex defects. These processes
depend essentially on the conditions of the structure’s
formation [27].

Experimental researches of the pressure
converters formed on the basis of the silicon — silicon
dioxide — vitreous semiconductor structures

The considered researches were done primarily for
evaluation of the physical properties of the Si/SiO,
structures used for development of integral microcir-
cuits, MOS (metal—oxide—semiconductor) and MDS
(metal—dielectric—semiconductor) structures.

However, the results of the researches of the integral
microcircuits done with SiO, structures can also be
used for studying of the sensors of the physical values,
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because the basis of their micromechanics consists of
similar silicon structures.

For estimation of the influence of the discovered lo-
cal defects on the elastic deformations of the sensors
within the given work samples of converters were made
and research was carried out of the properties of the sil-
icon-silicon dioxide-vitreous semiconductor structure.

A layer of SiO, with thickness of 0.8 pm was de-
posited on a silicon instrument plate by thermal oxida-
tion. A vitreous dielectric with thickness of 1.0...1.5 uym
was put on a basic plate by the method of HF magnetron
scattering. Merging of the two silicon plates turned to
each other with the deposited films of dielectrics was car-
ried out at 1100 °C and pressure of 500 Pa. For a final for-
mation of SOI structure grinding and chemical-mechan-
ical polishing of the instrument plate were done till the
demanded thickness was obtained [28].

Subsequently the given structure was used for crea-
tion of a monolithic converter of the pressure sensor. As
a result of a bilaterial anisotropic etching a converter
was obtained from a tensoframe and membranes. Since
the converter was a monolith, under the influence of the
external loads it was subjected to elastic deformation.

Calculations under ANSYS program demonstrat-
ed, that the converter of a certain design (dimensions
of 5x5 mm) could withstand loads up to 40 MPa.

In the given work the experimental researches of the
tensoframe and the boundary of silicon- silicon diox-
ide-vitreous dielectric were done by means of the fol-
lowing electronic microscopes: Hitachi TM-3000, Karl
Zeiss SMT and Quanta 200 3DFEI with EDAX detec-
tor for an x-ray microanalysis, by means of an atomic-
force microscope [29].

Fig. 2 presents REM images of the local area on the
boundary of the surfaces of the vitreous dielectric sili-
con — lateral side (111), tensoframe and surfaces on the
lateral side of silicon (111) with numerous nano-sized
pits and steps.

Pits on the lateral surface of the silicon found after
an anisotropic etching can be a defect of the after-cool-
ing dislocations or deformations [13].

The procedure for formation of steps is a stage-by-
stage removal of the atomic layers from the surface of
silicon, which move during etching. In various crystal-
lographic directions the speed of etching is different.
This is explained by various densities of packing be-
tween the atoms on the surface of a silicon plate and the
atoms in the crystal volume. In this case the crystallo-
graphic orientation of the lateral side — (111).

Fig. 3 presents fragments of a REM image of the lo-
cal area of the tensoframe, where the boundary of the
vitreous dielectric-silicon phases are visible.

In the given figure it was not possible to define ac-
curately the division between the vitreous dielectric and
silicon dioxide, which was deposited by thermal oxida-
tion on the instrument silicon plate. Therefore, the fur-
ther researches are necessary for determination of the
influence on the products’ parameters of the presence




in the transition phase of the silicon monoxide and vit-
reous dielectric, besides the silicon dioxide.

Fig. 4 presents an enlarged fragment of the image of
the boundary of the vitreous dielectric — silicon.

On the presented fragment of the image we can see
cavities, pores and clusters of silicon. Probably, the
non-uniformity of etching of the surface made possible
the occurrence of such defects, as dislocations of dis-
crepancy [12], presence of the air, alien particles and
mechanical stresses on the boundary. The discovered
silicon clusters are probably connected with the diffu-
sion or, according to the authors [6], with the non-uni-
formity of the front of oxidation and superfluous con-
centration of the atoms of silicon.

The methods for control of the deficiency and elas-
tic deformation in the semi-conductor heterostructures
(silicon substrate and epitaxial layer) by means of x-ray
diffractometry were offered by the authors of a patent
of the Russian Federation [30].

The residual mechanical stresses in the silicon struc-
tures have an essential impact on the products’ parame-
ters. Therefore, constant improvement of the structure
control is of major importance. The method for control
of the mechanical stresses in the film-substrate structure
was proposed in [31]. The essence of the method consists
in formation of an intermediate layer between a film and
a substrate. After etching through the film windows in-
terference pictures are formed, which reflect the value
and direction of the vector of the mechanical stresses.

Conclusion

Thus, it was demonstrated that the transition layer of
Si/Si0O, structure was the most defective. The thickness
of the interphase boundary of the vitreous dielectric —
silicon and its chemical composition were investigated.
The thickness of the transition area is 0.5...5 nm, its
spread is mainly determined by the technological proc-
esses and, probably, by the error of the control meth-
ods. By means of the raster electron microscopes the
presence of pores, cavities, pits and steps were discov-
ered on the boundary, which were kinds of defects de-
teriorating the characteristics of the produced devices.

For a decrease of the defects in the interphase
boundary and on the surface of a silicon plate the tech-
nological modes of oxidation of silicon and annealing
were optimized.
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Beenenune

IIpm skcrTyaTaliiy OTEYECTBEHHOM paKeTHO-KOC-
MMWYECKOM TEXHUKHU B IOCNIeHEE BpeMsl HaOIoaaeTcs
yCTOMYMBAsI TEHICHIIMS, YKa3bIBalollasl Ha YMEHbIIIE-
HUE HAJEXHOCTHU CITYTHUKOB U CHIXXEHHE CPOKOB UX
AKTUBHOTO CYIIECTBOBAHUS.

OcHoBHasl NpuYMHa OTKa3a (YHKIIMOHUPOBAHMUS
CIYTHUMKOB HOBOI'O IMOKOJIEHUSI, BBINTYCKAEMBIX POC-
CUIACKUMMM TIPOM3BOAUTEIISIMU, 3aKJIIOYAETCS B HENO-
CcTaTKax BJIEKTPOHHON KOMIOHEHTHOU 6a3bl (DKDB)
KOCMUYECKOW TEXHUKM, BbIpaxkalolluXcsl B €€ Hello-
CTaTOYHO BBICOKOM KauyeCTBE, HECOOTBETCTBUMU KOC-
MUWYECKOMY TMPUMEHEHUIO U CJIa0O0i 3allMIEHHOCTU
OT DJIEKTpOCTaTUUECKUX Bo3aeicTBuid. [Tpu aTom on-
HUM U3 BaXHBIX (haKTOPOB, AEHCTBYIOIIMX HA KOCMU-
yeckuil anmapatT (KA) B opOUTaIbHBIX YCIOBUSIX U OT-
pMLUATeIbHO BIMSIOIIMX HAa HAIEXKHOCTh OOPTOBOIA ar-
napatypsl (bPA), 9BisIlOTCS 21€KTpOCTaTUYECKHE TTO-
mexu [1].

BmecTe ¢ TeM AOCTaTOYHO CJIOXHO OCYILECTBUTh
apPextnBHyI0 3amty BPA oT BHEIHMX BO3meiicT-
BUIi, 0OCOOEHHO OT TaKOTo JeCTPYKTUBHOTO BIIMSIHUS,
Kak MoHocdepHas ra3Ma. 3HauYeHUsT NeKTPUUECKUX
MOTEeHLIMAJIOB Ha MoBepXHOCTH KA pocTUraloT cOTeH
BOJIBT.

OnHUM U3 HampaBJIeHUN pelleHus] MpoOJaeMbl 3a-
wuTel BPA ot snektpocratnueckoro paspsga (DCP)
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siBJIsieTCs co3naHue 3(P(HEeKTUBHOM TaTYMKOBOM arima-
patypbl i1 KOHTPOJISL 3JEKTPOCTATUYECKUX TIOJIEN,
HCTIOJIHUTEIbHBIM 3JIEMEHTOM KOTOPOTO SIBJISIETCS] BUO-
pauMoHHBII Monyasatop. Hauboisiee mepcrekTUBHBIE
YCTPOMCTBA B COBPEMEHHOM CEHCOPHON TEXHUKE —
Jatyuky BubpaumroHHoro tuna. AO "Poccuiickue Koc-
MMUYECKME CUCTEMbI" MPeAIOXKEeH BapuaHT U3MEPUTEJIS
BJIEKTPUUYECKUX TIOJIe MO TeXHOJOTUU MHUKpoMeXxa-
HUKM, COEITMHUBIIUIA B ce0€ TaKue BaXKHbIE KauecTBa,
KaK MUKPOMMHMATIOPHOCTb U BUOPALIMOHHBIM TTPUH-
LU pabOTHI.

B cBsI3u ¢ 3TUM 1ebI0 paboThl IBUJIACH BU3yaJlu-
3alMs1 BOBMOXHOCTU JETEKTUPOBAHUSI BUOPALIMOHHBIM
MOJYJSITOPOM 3JIEKTPUUECKUX TOJE B OMANa3oHe
3HAYEHUI MOTEHIMAIOB dJieKTpuueckux nojei (B11),
KOTOPbIE COOTBETCTBYIOT 00PA3YIOLLIMMCS 3JIEKTpUYeC-
KWM MOTEHILIMaJlaM B OpOUTAIbHBIX YCIOBUSX SKCILTY-
aranuu KA.

HccaenoBanne cnocodOHOCTH MHUKPOCHCTEMHOTO
BHOPAIIMOHHOT0 MOIYJIATOPA K JeTEKTHPOBAHHIO
JJIEKTPUYECKUX MOJei

B mpouecce moaTBepxXKIeHUS CIOCOOHOCTU K Je-
TEKTUPOBAHUIO BJIEKTPUUYECKUX TOJICH OTpeaesieH psij
3a1a4, BBHITIOJHEHUE KOTOPBIX MO3BOJUT CYAUTh O CO-
CTOSITETBHOCT WM3AENNS KaK MUKPOMUHUATIOPHOTO
BHOPAIIMOHHOTO MOIYJISATOpa 3JCKTPUUYECKUX TOJIEH
(BM3BII) nns KA n100bIX KJ1acCOB.




Takumu 3amayaMu M XapaKTepUCTUKAMU, TIOJI-
TBEPKIAIOLIMMI pabOTOCIIOCOOHOCTh M3nenus [2] B
KOCMUYECKHX YCITOBUSX, CIyXar:

e U3MEpEeHUe HAIPSKEHHOCTU BJIEKTPUUECKOTO OIS
B auanaszoHe 0...250 kB/m;

e oO0OecmeyeHHe CTAOMJIBHOM pPabOTOCIIOCOOHOCTU B
YCJIOBUSIX BO3IAEUCTBUSI DJIEKTPUUECKOTO IIOJISI B
nuanasone 0...250 xB/Mm;

— OTCYTCTBME M3MEHEHHUS] PE30HAHCHOMN YacCTOThI
MonayisiTopa B ycinoBusix BoaaeiictBusa OII B
nuarmasone 0...250 kB/m;

— OTCYTCTBHME H3MEHEHHUSI IOTpeOssieMOil Molll-
HOCTH B yclloBUsIX Bo3zaelictBus D11 B nuanazo-
He 0...250 xB/wm;

e OIpelelieHUEe METPOJIOTUUECKUX XapaKTepUCTUK
BUOPALIMOHHOTO MOIYJISITOPA.

Japarowwi
aInexTpog,
Radiating
LV electrode
BuGpanpsoHHLIi
MOIYNATOp ;
Vibration fyscrurensLi
modulator SNETP A
Sensing
electrode

Puc. 1. O0beKTb HCCAEAOBAHUA: @ — CXeMa MaKeTHOro obpasua B
9KpaHUpylolleM Kopityce; b — (otorpadusi MakeTHOro oopasiua B
9KpaHUPYIOLLIEM KOpITyce

Fig. 1. Objects of research: a — scheme of the model sample in the
screening housing, b — photo model sample in the screening housing

Gp BHOPAIHOHHOTO
MOYNATOPA

Model vibration
modulator

! HcTtommk ‘
I o I
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| MOCTOAHHOI'O TOKa I
! Direct current !
' power supply !
I I
T
I I
| 3anaromii anekTpon L |
| Radiating electrode CHEpaTop |
| CHIHAIOB |
I CIeHATEHOH [
| YyBCTBHTENEHEIH opmEr |
/| Ocmannorpad EKTPOx . |
| Oscillo Sensing electrode Waveform |
| eraf generator |
I I
I I
I I
I I

Puc. 2. CTpyKTypHas cxemMa 3KCHEPUMEHTAJIBHOrO CTEHIA
Fig. 2. Block diagram of the experimental stand

B nensx ycraHoBiaeHUs1 paboToCIIOCOOHOCTH yCT-
poiicTBa MaKeTHbI oOpasel BUOPALIMOHHOIO MOAY-
JISITOpa MoMelllaJiu B SKpaHUPOBaHHBIN KOPIMYC, B KO-
TopoM paszmeluaincs ucrouHuk DI1. Uctounnkom DIT
SIBUJICS 3370 BJIEKTPO/I, BHIIOJIHEHHBINM B BUIE
MEIHOM IUIACTUHKU U PACIIOJOXEHHBIA BHYTPU BK-
pPaHMPOBAHHOIO KOpIyca Ha XXECTKOM MPOBOJHUKE
(puc. 1).

[ns olLieHKU JeTeKTUupoBaHus usaeiavem DI1 Obun
chopMUpPOBaH CTEH[ C armnapaTypoil Mojgayy MOTeH-
1Maja Ha 3aJalolIrii 3JeKTPOa, UICTOUHUKOM MUTaHUS
Jatyrka v ocuuiiorpacdom. Cxema cTeHaa MpuBeeHa
Ha puc. 2.

B xone nmoaTBepxXAeHUST DKCIIEPUMEHTA MaKETHbIM
obpazery BMOII okaswiBajics nmon BosaeiictBueM DI,
CO3JJaHHOIO 3amallliuM 3yekTpoaoM. Ha 3amaroniuii
BJIEKTPO/I TToJaBaJICsl TTOTEHIIMAI OT UCTOUHMKA MUTa-
HUSI, TUANa30H BBIXOIHOTO HAIpPSKeHWS] MCTOYHMKA
murtanug 0...630 B. 3agaronuii 37eKTpoj pacmoiara-
cs B 2,5 MM OT KOHIIa YyBCTBUTEILHOTO 3JieKTpoaa. Ha
YYBCTBUTEJIbHOM 3JIEKTPOAE CO3[aBajiaCh HaMPSIKEH-
Hocth OI1 B mmamazone 0...250 kB/M. Ocuumiorpad
MOJKII0YAIU K YYBCTBUTEILHOMY 3JIEKTPOY, C KOTO-
pOro OCYIIECTBISIOCHh CUMTHIBAHUE BBIXOJHOIO CHUT-
Hana. Llar BbIXogHOrO HampsKEHUsS Ha MUCTOYHUKE
nutanust coctaBua 50 B, yto skBuBaseHTHO 20 KB/M
Ha YyBCTBUTEJIbHOM 3JIEKTPOIE BHYTPU SKPaHUPYIO-
1ero kopmnyca. Pe3ynbrarsl TeCTUpOBaHUSI TOTOBHOC-
TU M3AEIUS TIPEeICTaBIeHBl B TaOIUIIE.

Taxkum obGpa3oM, pe3yabTaTbl TECTUPOBAHUS IOA-
TBEPAUJIM CITOCOOHOCTh gaTuuka DI1 K mereKkTupoBa-
HUIO 2JIEKTPUYECKUX TOJIel B 3aJaHHOM JIuara3oHe.
BosneiictBue D11 He ckazanoch Ha pabOTOCIIOCOOHOC-
TU YCTPOMCTBA, T.€. OTKJIOHEHUN OT 3HAYCHUH PEe30-
HAHCHOM YacTOThI, aMILJIUTYbI KOJIEOAHWI SKpaHUPY-
IOILIEeTO 3JIEKTPOJa M MOIIHOCTU MOTPEOIeHUsI, TIOTy-
YEHHBIX B HOPMAJIBHBIX YCJIOBUSIX, HE BBISIBICHO.
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MeTDOJIOI‘l/l‘leCKl/le XAPAKTEPUCTHKHA MUKPOCUCTEMHOIO
MOAYJIATOPA JICKTPHYCCKHUX noJien

OrnpeneneHbl CIEAYIOINIME METPOJOTMIeCKUe Xa-
pakrepuctuku BMOII [3].

Yyscmeumeavnocms BMOII onpezaensinach Kak oT-
HOILLIEHWE U3MEHEHMSI CUTHAJIA Ha BbIXOAE U3MEPUTEb-
Horo npubopa K BbI3bIBaIOIIE €ro U3BMEHEHUE HaIps-
JKEHHOCTH 3JIEKTPUYECKOro MOJIs:

rae Ay, — BBIXOJHOM CUTHAJ, NoJy4yeHHbIid ¢ BMOII;
Ay — co3gaHHasg HanpskeHHocTb DI Ha uyyBCTBU-
TEJIbHOM BJIEKTPOJIE.

YyscTBuTenbHOoCTh BMBIT Ha ocHOBe TaHHBIX Tab-
Juiel coctaBuia ~0,25 MmB/kB/Mm.

ITopor uyBctBUTEAbHOCTH BMOBOIT — HanMeHbliiee
3HaYeHue HamnpsokeHHoctu DII, koTopoe BBI3BIBAET
MOSIBJICHUE CUTHAIA. DTOT MapaMmeTp CBsI3aH C 30HOM
HEYYBCTBUTEJIILHOCTH, T.€. 30HOM, B TIPEIESIaX KOTOPOK
MpU HaIM4uK HanpsikeHHocTH D11 Ha Beixoge BMOI1
CUTHAJT OTCYTCTBYET. BiiMsiHME Ha 3TOT mapameTp OKa-
3bIBAa€T IMOrPEIIHOCTh U3MepeHus. [lorpeiHocTs u3-
MEpEeHUsT OMpenessieT, MPU KakKoi HaIpsKeHHOCTU
BII MOXHO C YBEpEHHOCTbIO TOBOPUTH O €€ AETEeKTU-
pPOBaHUU.

st onpeaeneHus MOTPelHOCTY U3MEePEHUS ObLIO
nposeaeHo 50 uaMepeHuit HanpsixkeHHocTH D1, pas-
Hoit 20 kB/M, nipencTaBieHHble HInke. Kaxmoe momy-

Pe3yabraThl n3mMepeHuii BAOPALMOHHBIM MOAYJIATOPOM
HANPSDKEHHOCTH 3JIEKTPUIECKOrO MOJIs

Results of the measurements of the intensity
of the electric field by the vibration modulator

MoTeHuma, CoznaHHasi HanpsikeH- | BbuixomHo# cur-
MOTAHHbI HA HOCTb 3JIEKTPUYECKOTO HaJl, MoJIy4eH-
3amaIOLIIA MOJIsl Ha YyBCTBUTEIbHOM | Hblil ¢ BMOII,
anexTpor, B 3NeKTpone, Ay, KB/M Ay MB
The potential sup-| The created intensity of the | The output sig-
plied to the driving | electric field on the sensitive | nal received from
electrode, V electrode, A;,, kV/m VMEF, A,,, mV
0 0
50 20 8
100 40 12
150 60 16,5
200 80 21
250 100 26
300 120 31
350 140 36
400 160 40,5
450 180 46,5
500 200 51
550 220 56,5
600 240 61
630 252 63,5
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YeHHOEe oIlepaTopoM 3HauyeHue u3 50, sIBiseTcs ycpea-
HeHHbIM 3HayeHneM 100 n3MepeHuit, IoJIydeHHBIX Ha
ocuuuiorpade.

3HauyeHus1 BeIxogHoro curHajga BMOII ipu Hanpsi-
KeHHocTu 1o 20 kB/m:
8,097 8,198 8,193 8,201 8,148 8,107 8,154 8,119 8,133 8,049
8,136 8,167 8,082 8,134 8,072 8,321 8,095 8,021 8,129 8,05
8,061 8,067 8,095 8,102 8,076 8,121 8,095 8,127 8,143 8,121
8,103 8,088 8,374 8,282 8,139 8,297 8,112 8,059 8,126 8,19
8,112 8,071 8,085 8,116 8,063 8,168 8,09 8,162 8,131 8,167

CpenHee KBaapaTUYHOE OTKJIOHEHUE ¢ 13 50 n3Me-
PEHUSIX OIpeAelIeTCs CIEAYIOINM BhIpakeHUEM:

_ |1 _
o 0G0 1) 0,0098,

e x; — onHO u3 50 MOJYYeHHbIX 3HAUCHUIL; X, —
cpenHee apudmMeTryeckoe 3HaueHue S0 u3MepeHuit.

Hanee onpenenum MOrpeliHOCTb U3MEPEHUS Oy,
MPUHSB JOBEPUTENIbHYIO BepOSITHOCTH paBHOU 0,99
(3HaueHue koapduuuenta CroroaeHTta mpu 50 usme-
peHUsIX paBHO f = 2,7):

0 = tc = 0,026,

IJie ¢ — CpeiHee KBajJpaTUuHoe OTKJIoHeH e 50 u3me-
peHuit 3HaueHus BbixoaHoro curHajga BMOII npu Ha-
npskeHHoct nonst 20 kB/M, pasHoit 0,017.

Takum oOpazom, ciydyailHasi IOrpelIHOCTb U3Me-
penust HanpsskeHHOCTH DI cocraBmia +0,026 MB.

s ompenesieHUs TTOpora YyBCTBUTEITLHOCTH C yUe-
TOM TIOTPEITHOCTHA U3MEPEHUS, TP KOTOPOIl JOCTO-
BEPHOCTh MOJIydeHHUsT pe3yibratra coctasiser 100 %,
MIPOBEEeHBI TOAPOOHBIE M3MEPEHMS HAa HAYaTbHOM Jac-
TU AMana3oHa YyBCTBUTEIbHOCTU HampspkeHHocTu DIT.

Huxe npuBeaeHbl 3HAUEHUST BBIXOJHOTO CHUTHaIa
BMOII non BozmedicTBUEM 3JEKTPUYECKOrO MOJIs
0...0,8 xB/Mm

cayu

Boixoonoii cuenan,
NOAYHeHHbLU
¢ damuuxa, MB

Hanpsaxcennocmo
2NEKMPUUECK020 NOAS
Ha uyecmeumensHom snekmpode, KB/M

0 0,903
0,08. . oo 0,923
006 o oo 0,931
024, 0o 0,937
0,32, oo 0,953
0. e 10,961
048, oo 0,973
0,56 oo 0,981
0,64, . oo 0,992
0,72, 1,022
0,8. et 1,025

Comnocrasisis morpeirHocTh usmepenust 0,026 MB
W 3HAYEHMST M3MEPEHWU BBIXOXHOTO CUTHAja, TpHU
KOTOPOM JOCTOBEPHO OYZET IOJydyeHO HU3MEepeHHUe
(0,931 MB), onpenenieH nopoe uyscmeumenbHocmuy MUK-




Jmavenne BEXOAHOrO orrnana, MB

Value of an owlput signal, mb
E

Puc. 3. 3aBUCHMOCTbH BBIXOJHOTO CHIHAJIA JAATYMKA OT HANPSKEH-
HOCTH 3JIEKTPHYECKOTO MOJIs

Fig. 3. The dependence of the output sensor signal from the electric field

pocucteMHoro BMOBII HanpsikeHHOCTU 3JeKTpuyec-
Koro mouis, cocrapisiomuit 0,16 kB/m.

Hnepyuonnocme BMBII — Bpems, B TeueHUe KO-
TOPOTO BBIXOAHASl BeJIMYMHA MPUHUMAET 3HAUCHUE,
COOTBETCTBYIOLIIEE BXOAHON BeauduHe. st Bubpauu-
OHHOI'0 MOJIYJISITOpa 3Ta BEJIMYMHA OIpeAesieTcs] u3-
BECTHBIM BBIpaxkeHueM 7= 1/f 1 c pe3oHaHCHOI yac-
toroii f = 300 'ty OymeT cocTaBisITh 3 MC.

Ha puc. 3 orobpaxeHa cmamuueckas xapaxmepuc-
muxa BM3II, orpaxaroiiasi 3aBUCHUMOCTb BBIXOZHOTO
CUTHajla BUOPAIIMOHHOTO MOAYJSITOpAa OT 3HAYCHMSI
HanpspkeHHocTu D11,

M3 rpadpuka 3aBUCHMMOCTU BBIXOAHOTO CHMIHAJla
BMOII ot HanpstkeHHocTu D11 BUOHO, YTO 3aBUCH-
MOCTb HOCUT JIMHEMHBIIA XapakTep, T.e. HAOJ0AaeTCs
MPONOPLIMOHAIbHAS 3aBUCMMOCTh YBEJTUYEHUST BBIXO/I -
HOTO CHTHaJIa MpU HapacTaHUU HanpspkeHHocTr OII.

ITo xapakTepy 3aBMCHMMOCTH BBIXOIHOTO CHUTHaja
oT usMepsiemoil Bemunabl BMOII kimaccndunmpyer-
cs KaK napamempu4eckuii U3MEPUTESIb, B KOTOPOM U3-
MeHeHMe HampskeHHOCTU DI BhI3bIBaeT M3MEHEHUE
MMEHHO BBIXOJHOTO CUTHAJIA.

ITo xapakTepy 3aBUCMMOCTH M3MepSIeMO BETUYM-
HBI OT BxogHoro curHana BM3BII knaccudumupyercs
KaK ApONnOpYUOHAAbHbI W3MEPUTENb, TIPU KOTOPOM
CHTHAJI Ha BBIXOIE YCTPOMCTBA M3MEPEHUS IIPOTTOPIIM--
OoHaJieH HampsikeHHoctu OI1.

ITo Tuny neiicrBus paspadoraHHbiii BMOII coort-
BETCTBYET U3MEPUTEIHLHOMY U3IEIUIO HPSIMO20 delici-
8Us, TaK KakK TMpeodpa3yeT BHEIIHEE BO3/IEUCTBUE HE-
TTOCPEACTBEHHO B 3JEKTPUUYECKUI CUTHAJI, MCTIONB3YS
JIJISI 9TOTO COOTBETCTBYIOLIEE (PU3NUECKOE SIBJIEHNE.

C ToukM 3peHust obsactu npumeHeHuss BMOIT —
HapyJCcHblll V3MEPUTENb, TOCKOJbKY pearupyer Ha
BHELIHWE BO3JAEUCTBUS U COOOIIAET cucremMe ob u3-
MEHEHMUSIX B OKPYXKaIOLIUX YCIOBUSIX CPEIbI.

3akmoueHne

ITonyyeHHBII HAOOP XapaKTePUCTUK ITO3BOJIMII OM-
pelenuTh NOTpeOUTENbCKIE TTapaMeTPhl U KiIacCUpu-
LUpOBaTh pa3pabOTaHHOE YCTpoiicTBO. OmpeneneHa
BO3MOXHOCTb JETEKTUPOBAHUSL 3JEKTPUUYECKUX I1O-
Jieil, 3KBUBAJIEHTHBIX MOJIIM T€OMarHUTHBIX BO3MYIIIE-
HUI Ha MOBEPXHOCTM KOCMUUYECKOTO amrapara B He-
00xonuMoM auanazoHe. KpoMe Toro, nojiydeHHbIe pe-
3yJIbTaThl MCCJEAOBAHUU MPOAEMOHCTPUPOBAIN BO3-
MOXHOCTb mpumMmeHeHusi BMOII kak MOJHOLEHHOro
YCTPOMCTBA KOHTPOJIST ANEKTPUIECKUX TTOJIEH, UTO MO3-
BOJIUT PaclIUPUTh CPepy ero NMpuMeHeHUsT U UCIOJIb-
30BaTh B Pa3JIMUHBIX OTPACISIX TMTPOMBIILIEHHOCTH.
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Main Characteristics of the Microsystem Vibration Modulator
of the Electric Fields for Space Applications

The paper discusses the results of investigations of the functioning of the system and the characteristics of a vibrating electric field
modulator. The test results obtained by the modulator output signal value under the influence of the electric field in the range
of 0 ~ 250 kV/m. Identified the following main metrological characteristics microsystem vibrating modulator: sensitivity threshold,
inertia, static characteristic. Modulator classified by a method for producing an output signal from the input variable, depending on
the nature of the output signal from the input signal, the type of action, range of applications. The possibility of application of the
developed products for the control of electric fields on the spacecraft in orbital conditions.

Keywords: vibrating electric field modulator, converter, sensitivity, sensitivity threshold, intensity of electric field, output signal,

metrological characteristics
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Introduction

Operation of the domestic space-rocket technologies
demonstrates a steady trend for a decrease of the relia-
bility of the satellites and of the periods of their active life.

The principal causes for failures of the new genera-
tion satellites are the drawbacks of the electronic com-
ponent base (ECB) of the space technologies, expressed
in its insufficiently high quality, not corresponding to
the space applications, and its poor protection from the
electrostatic influences. One of the major factors affect-
ing the spacecraft (SC) in the orbital conditions and the
reliability of the satellite-borne equipment (SBE) is the
electrostatic interference [1].

At the same time it is quite a problem to ensure an
effective protection of SBE from the external influenc-
es, especially from the destructive influence of the ion-
ospheric plasma. Values of the electric potentials on the
surface of SC reach hundreds of volts.

One of the ways to protect SBE from an electrostatic
discharge (ESD) is development of effective sensor
equipment for control of the electrostatic fields, the
function element of which is a vibration modulator.
Among the sensor technologies the most promising are
the sensors of the vibration type. Russian Space Sys-
tems Co. proposed a version of the electric fields meter
working on the principles of micromechanics and com-
bining such important qualities as micro-diminutive-
ness and vibration principle of operation.

In this connection, the aim of the work was visual-
ization of a possibility of detection by the vibration
modulator of the electric fields within the range of the
values of the potentials of the electric fields (EF), which
correspond to the electric potentials emerging in the or-
bital conditions of SC operation.

Research of the ability of the microsystem vibration
modulator to detect the electric fields

In the course of verification of its ability to detect
the electric fields a number of tasks were defined,
which, when solved, will allow us to judge about the po-
tential of the product as a microminiature vibration
modulator of the electric fields (VMEF) for SC of any
classes. Such tasks and characteristics confirming its
operability [2] in space conditions are the following:

e Measurement of the intensity of the electric field in
the range of 0...250 kV/m;

e Maintenance of a stable operability in the condi-
tions of the electric field influence in the range of
0...250 kV/m;

— Absence of changes in the resonant frequency of
the modulator in the conditions of EF influence
in the range of 0...250 kV/m;

— Absence of changes in the power consumption in
the conditions of EF influence in the range of
0...250 kV/m;

e Determination of the metrological characteristics of
the vibration modulator.
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In order to evaluate the operability of the device, a
prototype sample of the vibration modulator was placed
in a shielding case with a source of EF inside, which was
a driving electrode in the form of a copper plate, situated
inside the shielding case on a rigid conductor (fig. 1).

For estimation of detection of EF by the product a
stand with equipment was formed with a supply of a po-
tential on the driving electrode, a power supply for the
sensor and an oscillograph. The circuit of the stand is
presented in fig. 2.

During the experiment the prototype sample of
VMEF appeared under the influence of EF, created by
the driving electrode. A potential from the power supply
was given to it with the range of the output voltage of
0...630 V. The driving electrode was placed at 2.5 mm
distance from the end of the sensitive electrode, on
which EF intensity in the range of 0...250 kV/m was cre-
ated. The oscillograph was connected to a sensitive elec-
trode, from which reading of the output signal was car-
ried out. A step of the output voltage on the power supply
was 50 V, which was equivalent to 20 kV/m on the sen-
sitive electrode inside the shielding case. The results of
testing of readiness of the product are presented in table.

Thus, the results of testing confirmed the ability of
EF sensor to detect the electric fields in a set range. In-
fluence of EF did not affect the operability of the de-
vice, i.e. no deviations from the resonant frequency, the
amplitude of fluctuations of the screening electrode and
the power consumption received in normal conditions
were observed.

Metrological characteristics of the microsystem
modulator of the electric fields

The metrological characteristics of VMEF [3] were
defined:

Sensitivity was defined as the relation of the change
of a signal at the output of the measuring device to the
intensity of the electric field causing its change:

A

S = _ou
Ain
where A,,, — the output signal received from VMEF,
A;, — the created EF intensity on the sensitive elec-

trode. Sensitivity of VMEF on the basis of table 1 was
~0.25 mV/kV/m.

The threshold of sensitivity of VMEF is the lowest
value of the EF intensity, which causes occurrence of
a signal. This parameter is connected with a dead zone,
within the limits of which there is no signal on the
VMEF output in presence of the EF intensity. This pa-
rameter is influenced by a measurement error. The
measurement error defines, at what intensity of EF it is
possible to talk with confidence about its detection.

For its definition fifty measurements were done of
EF equal to 20 kV/m and presented below. Each value




obtained by an operator is an average value of 100 meas-
urements, obtained on the oscillograph.

Values of the output signal of VMEF at the field in-
tensity of 20 kV/m:
8.097 8.198 8.193 8.201 8.148 8.107 8.154 8.119 8.133 8.049
8.136 8.167 8.082 8.134 8.072 8.321 8.095 8.021 8.129 8.05
8.061 8.067 8.095 8.102 8.076 8.121 8.095 8.127 8.143 8.121
8.103 8.088 8.374 8.282 8.139 8.297 8.112 8.059 8.126 8.19
8.112 8.071 8.085 8.116 8.063 8.168 8.09 8.162 8.131 8.167

The root mean square deviation ¢ from 50 measure-
ments is defined by the following expression:

— |1 —
where x; — one of the fifty values, x,, — average arith-
metic value of 50 measurements.

Further we will define the measurement error 6,
assuming that the confidence probability is equal to
0.99 (in case of 50 measurements the Student's #-dis-
tribution is equal to t = 2.7):

0,, = fc = 0.026,

where ¢ — root mean square deviation of 50 measure-
ments of the value of the output signal of VMEF at the
field intensity of 20 kV/m equal to 0.017.

Thus, the accidental error of measurement of the EF
intensity was £0.026 mV.

For determination of the threshold of sensitivity
with account of a measurement error, at which relia-
bility of obtaining of a result is 100 %, detailed meas-
urements were done on the initial part of the range of
sensitivity of EF intensity.

Below are the values of the output signal of VMEF
under the influence of the electric field of 00.8 kV/m

Intensity of the electric field
on the sensitive electrode, kV/m

he output signal received
from the sensor, mV

0. 0.903
008 ... .. 0.923
016 ... .. ... 0.931
024 ... .. 0.937
032 ... 0.953
04 ... . 10.961
048 ... . 0.973
056 ... ... 0.981
064 ... ... ... 0.992
072 ..o 1.022
08 .. 1.025

By comparing the measurement error of 0.026 mV
and the values of the measurements of the output sig-
nal, at which measurement (0.931 mV) would be reli-
ably received, we determined the threshold of sensitiv-
ity of the microsystem VMEF of the electric field in-
tensity, which was equal to 0.16 kV/m.

The lag effect is the time, during which the output
value achieves the level corresponding to the input val-

ue. For the vibration modulator this value is defined by
the known expression 7 = 1/fand with the resonance
frequency /= 300 Hz and will be equal to 3 ms. Fig. 3
presents the static characteristic of VMEEF reflecting the
dependence of the output signal of the vibration mod-
ulator on the value of the intensity of EF.

Proceeding from the diagram of the dependence of
the output signal of VMEF on the intensity of the elec-
tric field, one can see that the dependence has a linear
character, i.e. a proportional dependence is observed of
the increase of the output signal during an increase of
the EF intensity.

By the character of the dependence of reception of
a signal on the measured value VMEF is classified as a
parametrical meter, in which a change of the EF inten-
sity causes a change of exactly the output signal.

By the character of the dependence of the measured
value on the input signal VMEEF is classified as a pro-
portional meter, at which the signal at the output of the
device of measurement is proportional to the EF in-
tensity.

By the principle of operation the developed VMEF
corresponds to a measuring product of a direct action,
because it transforms the external influence directly in-
to an electric signal, using for this purpose the corre-
sponding physical phenomenon.

From the point of view of the sphere of application,
VMEF is an external measuring instrument, because it
reacts to the external influences and informs the system
about the changes in the surrounding conditions of the
environment.

Conclusion

The obtained set of characteristics allowed us to de-
fine the consumer parameters and to classify the devel-
oped device. The potential for detection of the electric
fields equivalent to the fields of the geomagnetic dis-
turbances on the surface of a space vehicle in the nec-
essary range was defined. Besides, the results of the re-
search demonstrated a possibility of application of
VMETF as a high-grade unit for control of the electric
fields, which will make it possible to expand the sphere
of its application and use it in various industries.
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OOPMUPOBAHUE CEHCOPHOTI O DAEMEHTA
AAAl OTNPEAEAEHNA BAAXHOCTHU BO3AYXA HA OCHOBE

IAEKTPOINPOBOASALWETO NMNOAUMEPA

Ilocmynuna 6 pedaxyuio 02.06.2016

Paccmompen cnocob gopmuposanusn eemepocmpykmypsl Ha 0CHO8e hoaudumemuanupposudunus xaopuda (ILIMIIX) é yeasax
UCNONb306AHUS €20 8 Ka4ecmee CeHCOPHO20 1eMeHma 045 onpedeneHus 64aliCHOCMU 8030YWHOU cpedbl. Onmumusuposatst yc-
08U U320MOBAEHUSA HY8CMBUMENbHO20 CA051, ONpedeneHbl e2o QUIUKO-Xumu4eckue u memponocuveckue xapakmepucmuxu. Coe-
AGHbI 8616001 06 00HOPOOHOCHU PEUENIMOPHOR0 CAOS U MENIPOAOLUHECKUX B0ZMONICHOCIAX U CMAOUALHOCIU CEHCOPHOR0 I1eMEeHMa.

Karoueewie caosa: cencop, 600opacmeopumviii noaumep, MOOUPUUUPOBAHHAS 2eMePOCMPYKMYpa, IAeKmponpo8o0HOCHb, NapPbl
600bl, peuenmopHblll CA0l, 00HOPOOHOCHb, CMAOUABHOCTb, YABMPA3EYK080€ PACNbLICHUE, MUKPOMEEPOOCHb U NAOMHOCHYb NACHKU

BBenenune

BiraxxHocTh aTMOC(EPHOTO BO3IyXa SIBISIETCS BaxK-
HEHIIMM MapaMeTpoOM, OIpPEHessIoNIMM YCIOBUS U
BO3MOXXHOCTb (DYHKIIMOHUPOBAHUS MHOXECTBA TPH-
00poB, MalllMH M MEXaHU3MOB; METEOIIPOTHO3MPOBa-
HUSI, BAMSIHMSI HA CaMOYYBCTBUE 4esioBeka. IloaTomy
pa3paboTKa METOIOB, CITOCOOOB M MHCTPYMEHTOB LIS
KOHTPOJISI BJAXHOCTHM aTMOC(hEpPHOro Bo3myxa B pas-
HBIX Jrana3oHax COAepXKaHWI MapoB BOJIbI SIBJSIETCS
0e3yCJI0BHO HEOOXOIUMBIM YCJIOBUEM oOOecHedyeHus
JIF0OOTO TTPOM3BOJCTBEHHOTO TIpoliecca.

IlepcneKTUBHBIMU YCTPOMCTBAMU JJISI U3MEPEHUS
BJIAXKHOCTHU BO3[yXa SIBJISIIOTCSI CEHCOPHBIC NAaTUYMKU
Ha OCHOBE Pa3JIMUHBIX TETEPOCTPYKTYP, BKITIOUAIOIITNX
MAaTpPUYHBINA CJIOM C HAHECEHHBIM Ha HEro ra3ouyBCT-
BUTEJIbHBIM MaTepuajom [1, 2]. B kauecTBe MaTpuyHO-
ro 3JIEeMEHTa MOIYT MCIOJb30BaThCsI MOHOKPUCTAJUIbI,
MOJUKPUCTAJUIMUECKUE WIM CTeKJIoo0pa3Hble (a3bl, Ha
MOBEPXHOCTU KOTOPBIX (OPMUPYETCS PeLEeNTOPHbIN
cioii, (byHKILIMOHAIbHBIE CBOMCTBA KOTOPOTO MEHSIIOT-
¢S B 3aBUCHMOCTH OT COCTaBa ra3oBOil Cpelbl, KOHTAK-
TUPYIOLLIEH ¢ TOBEPXHOCThIO0. B KauecTBe TakKux CBOMCTB
(aHAJIUTUYECKOIO CUTHAaja) 4acTO MCIOJb3YIOT JIETKO
HU3MEPSIEMYIO 3JIEKTPOIPOBOAUMOCTb MTOBEPXHOCTHO-
ro cjosi reTepoCTpyKTyphl. B KauecTBe marepuara,
MPUTOAHOTO JJIs1 U3TOTOBJCHMST TAKOI'O MOBEPXHOCT-
HOTO CJIOSI, MOTYT MPUMEHSTDH pa3jiuuHble MOJUMED-
HbIE MaTepuajbl, B YaCTHOCTH, ToJu-N,N-1uMeTu-
3,4-pumetuneHnupponuauuuii  xaopun (ITAMITX)
[3], cBolicTBa KOTOPOro 0OYCIOBIMBAIOT BO3MOXHOCTD
HCTIOJIb30BAHUSI MTPOCTBIX TEXHOJOTUM JIs1 MOJTyYEHMST
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TOHKHMX CJIOEB Ha TTOBEPXHOCTU TBEPABIX Tell. BoamMox-
HOCTb MOAMMUIIMPOBAHUST ITUX CJIIOEB peareHTaMM,
CO37al0IIMMU aKTUBHbIE MOBEPXHOCTHBIE LIEHTPHI B
cJIoe, TO3BOJISIOT MOJTYYUTh PeLEeNTOPHBIE CIOU, He-
pacTBOpuMbI€ B Boje, 00janaloline XOpoluruMHU Ipo-
YHOCTHBIMU CBOMCTBAMM M BBICOKOW YYBCTBMTEINIb-
HOCTbhIO K KOMIIOHEHTaM Ta30Boii cMecu. B kauecTBe
MOAU(UKATOPOB, 00pa3yIOIINX aKTUBHBIE LIEHTPHI B
cjoe U 00yiafalIMX OOJBIIMM WOHHBIM PAIMyCOM
aHWOHAa, HEOOXOIMMBbIM JJIs1 00ecTieueHUs HEPaCcTBO-
PUMOCTHU pelenTOpHOro ciosd Ha ocHoBe ITJIMIIX,
MOTYT ObITh MCMOJIb30BaHbl aHUOHHBIE 1IMaHOdeppa-
THI [4, 5] C pa3IUYHBIMU CTEIIEHSIMU OKUCJICHUS LIeH-
TPaJbHOTO MOHA KeJie3a U pa3jIMYHBIM COCTaBOM KO-
opauHauuoHHOM cepnl: Ky[Fe(CN)¢], K5[Fe(CN)g]
u Na,[Fe(CN)sNO]J.

Ilenbio naHHO paboOTHI SIBJISIETCS] pa3padboTKa CIo-
co0a co3maHMsl ra304yBCTBUTENIBHBIX CJIOEB Ha MOBEPX-
HocTtu TTAMIIX nytem ero MoaupuUMpPOBaHUS 1LiMa-
HodeppaTaMu pa3IuIHOTO COCTaBa.

DKcrnepuMeHTAJIbHbIE PEe3YJIbTAThI H HX 00CYKIEHHE

B xadecTBe MOMIOXKKH /I YyBCTBUTEILHOIO BJIe-
MEHTa MCII0Jb30BAJIM CTEKISIHHYIO TUIACTUHY pa3Me-
poM 24%24%(0,17 MM [6] ¢ 3aKpeIIeCHHBIMU Ha HEW
MEIHBIMM 3JIeKTpogaMM. Ha mMojyyeHHylo 31eKTpo-
nHy1o cucremy HaHocui [TJAMITX MeTomoM BHITSTH-
BaHUS C TOCTOSSHHOM CKOPOCTBIO M3 €ro BOTHOIO pac-
TBOpA, MOCJIE YETo MOJIYyYEHHYIO MOBEPXHOCTh MOAUDY-
LMpoBajiid peareHTamMu: TexkcanuaHogeppatamu(ll) u
(IIT) xanusa: (K4[Fe(CN)gl u K5[Fe(CN)gl) nnm uur-




ponpyccunoM Hatpus (Na,[Fe(CN)sNOJ) ¢ ucnonnszo-
BaHMEM MeToza YJIbTPa3ByKOBOIO paclibliieHus [4, 5].

Hanecenue pacrBopa IIJIMIIX Ha NomIOXKY oCy-
IIECTBJISIA BBITSITMBAHUEM €€ M3 BOJHOIO pPacTBOpa
MoJiuMepa C MOCTOSSHHOW CKOPOCTbIO. JIjisl BBITSATU-
BaHMS MOMIJIOXKKHU dKCIIEPUMEHTAJIbHO ObliIa BbIOpaHa
CKOpOCTb 2,5 - 1070 M/C, KOTOpasi MOo3BoJIuja TOJy-
YUTh CJOMW TOJIMMepa TOMIMHON He Oosee 20 MKM.
ToniuHy MJIEHKU PacCUUTHIBAIM WMCXOAST U3 MacChl
TUIEHKY, TUIOTHOCTU M IUIOLIAAU €€ MOBEPXHOCTH, a
TaKkXe TPSIMBIMU HU3MEPEHUSIMU C HCITOJIb30BaHUEM
mukpometrpa moaeau 03500 [7]. DxcrnepuMmeHTaaIbHO
YCTaHOBJIEHO, YTO TOJIIIMHA MOJy4yaeMOil IJIEHKU JIv-
HEMHO 3aBUCUT OT KOHLIEHTpALIMK MoJuMepa B UCXO/I -
HOM pacTtBope (puc. 1). BDTo Mo3BOJISIET KOHTPOJIUPO-
BaThb TOJILIMHY TUIEHKU B TIPOLIECCE BHITATUBAHUS TO-
JIMMepa U3 pacTBopa € €ro 3aJaHHOW KOHIIEHTpaluen
C MOTPEeLIHOCThIO TOJIIUHBI TIJIEHKU, HE MpeBbIllIalo-
mei 0,5 MKM.

Ha mnenku IMIMIITX, monyyeHHbIe BBITITUBAHU-
€M, METOJOM VJIbTPa3ByKOBOro pacnbuieHus [4, 8]
HAHOCWJIM OJMH U3 BBIOPAHHBIX MOAU(PUKATOPOB:
K4[Fe(CN)gl, K;3[Fe(CN)gl n Nay[Fe(CN)sNOJ.

st HaHeceHus Ha ToJydyeHHy1o ieHky [TJIMITX
3aJaHHOM MacChl BEHIOpaHHOTO MoauguKaTopa 3apa-
Hee OMpeaesiyii HeoOXOAUMYIO MPOIOKUTEbHOCTD
npoliecca yJIbTpa3ByKOBOIO pacriblieHus. Pe3ynbTaThl,
MpeACTaBJIeHHbIE Ha pUC. 2, MOKa3bIBAIOT, YTO Macca
MepeHeCeHHOro MoauduKaTopa JUHEMHO 3aBUCUT OT
BpeMeHHM mpoilecca. PacueTHble 3HaueHUs K03bbU-
LUEHTOB Koppeasauuun coctasisioT 0,99. DTo ykasbl-
BaeT Ha MOCTAaTOYHO BHICOKUI YPOBEHb HAIEXKHOCTU
HaHEeCeHMs 3alaHHOK Macchl Moau(UKaTOpa Ha Mo-
BepxHocTh [IAMIIX u 1mo3BojsieT KOHTPOJUPOBATh
COOTHOIIIEHUE B3aUMOJEHCTBYIOIIMX KOMITOHEHTOB.

Bzaumoneiicteue IIJIMIIX ¢ momucdpukaropamu
MPOTeKaeT B HOPMaJIbHBIX YCIOBUSIX: MPU aTMocdep-
HOM JaBjieHuM, Temneparype 25 °C U ecTeCTBEHHOM
OCBEIIEHHOCTU. B mpucyTcTBUM MOAU(PUKATOPOB
TJIEHKA MoJIMMepa CTAaHOBUTCSI HEPaCTBOPUMOIL B BOJIE
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Fig. 1. Dependence of the thickness of a PDMPC film on the
concentration of the polymer (the speed of withdrawal from a solution

is 251076 m/s)

/' R?=/0,996
-3
© o ,/‘/2 R?={0,994
= - 73 | repoar
® ¢y P
82 =
Ss=s

Bpemsa HaHeceHus, ¢
Application time, s

Puc. 2. 3aBucumMocTbh MacChl HAHECEHHBIX MOAM(UKATOPOB OT Bpe-
MEHH YJIbTPa3ByKoBoro pacnbuienns: / — moaudukarop Ky[Fe(CN)¢]

(m =2 10% + 2-107% R = 0,9967); 2 — wmonudukarop
K3[Fe(CN)g] (m=2-10"% + 1-107%, R? = 0,9948); 3 — momu-
dukatop Nay[Fe(CN)sNO] (m=2-10"% + 1+ 1074, R = 0,9918)
Fig. 2. Dependence of the mass of the modifiers on the time of ultrasonic
scattering: 1 — modifier K, /Fe(CN)4] (m = 2- 10707 + 2- 1074,
R? = 0.9967); 2 — modifier Ky/Fe(CN)g] (m = 210 %z + 1-107*,
R? = 0.9948); 3 — modifier Nay[Fe (CN)sNOJ (m = 2-10 5z +
+1-107% R2=0.9918)

BCIIEICTBHE MPOTEKAHUST XMMHUUYECKOTO B3aMMOIEHCT-
BMSI ¢ 0Opa3oBaHMEM HOBOI MOJIMMEPHOI (hasbl (MoJu-
N,N-aumeTni-3,4-1uMeTUICHIUPPOJUANHUN Dep-
pouunanua, I[TJMIILL), xoropasi o6iagaeT BLICOKUM
YPOBHEM a/Ire3uu K MOBepXHOCTU cTekia. JIJist mpocyiii-
K1 (ymaneHusi U30bITKa BOJHOM a3bl) IMOJTYYEHHYIO
CTPYKTYPY OCTaBJISUIM B KOMHATHBIX YCJIOBUSIX Ha 24 4.

CocTaB HOBOM (ha3bl onpeaesiivi METoaoM (Pr3u-
KO-XMMHWYECKOro aHaiuza. B ciayuyae oOpasoBaHMs
Kakoi-116o ¢as3bl B cucTeMe Ha iuarpaMmme COCTaB—
CBOICTBO IOSIBJIsIETCS 2(p(PeKT B BUAE MaKCUMyMa, MU-
HUMyMa WJIM M3JIOMa 3aBUCMMOCTY CBOMCTBA CUCTEMBI
ot ee coctaBa. COOTHOILIEHHST MacC pearupyroimx KOM-
TMOHEHTOB TPU YCJIOBUM B3aMMOJEUCTBUS OJHOIO 3BeHAa
nonmMepa ¢ MOJIEKyI0i Momudukaropa (MOJBHOE OT-
HoieHue 1:1) cocTaBisioT: W rekcanraHodeppara
(II) xamusa x ITAMIIX — 2,3:1, nng rekcamaHodep-
para (I1I) kanus k ITAMIIX 2,0:1, a cooTHOLLIEHUE ISt
HuTporpyccuaa Hatpust K TTIMIIX — 1,6:1.

IreHKM KaK KOHCTPYKTHUBHBIC 3JIEMEHTHI JaTYNKOB
JIOJDKHBI 001a1aTh HA0OPOM OITpee/ICHHBIX TEXHUYEC-
KUX XapaKTepUCTHK, CPEIN KOTOPBIX MOXHO BBIICIUTE:
MPOYHOCTD, MJIOTHOCTh, OMHOPOAHOCTb U DJIEKTpUYEC-
Ky10 MpoBoaAUMOCTb. [ToaTOMY ObUIM MPOBEAECHBI KCCIIe-
JIOBaHUS 3TUX (PU3UYECKUX CBOMCTB TUICHOK, MPUTO-
TOBJIEHHBIX TIPY Pa3HOM COOTHOIIIEHUU MacC MOAUMU-
KaTop,/NoJuMep, pa3IuIHbIMM METOIaMMU.

HUccnenoBanue u aHaIM3 MHUKPOTBEPAOCTH IVICHOK

HcnbiTanne MpoOYHOCTHBIX XapaKTePUCTUK TTOBEPX-
HOCTHBIX CJIOEB MPOBOAWIM MYyTEM HU3MEPEHUS HUX
MUKpPOTBepIocTy o Metony Bukkepca [9]. MeTon 3a-
KJIIOYaeTCsl B HAaHECEHUM Ha MCIIBITYeMYIO ITOBEpX-
HoOCTb u3aenus (obpasiia) oTmevyarka, MojaydyaemMoro
oA IefCTBUEM B TEUEHME OIIPEAeICHHOTO BpPEeMEHU
CTaTUYECKOM Harpy3kKu, NPUJIOXEHHOM K ajIMa3HOM
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Mukpomeépdocme, H/mm2
Microhardness, N/mm?

CoomHoweHue macc moducbukamop/nonumep
The weight ratio of modifier/polymer

Puc. 3. 3aBHCMMOCTb MHKDOTBEDIOCTH ILUIEHOK OT COOTHONIEHHS
macc mMomupukarop/mommmep: | — Ky[Fe(CN)gl/TIAMIIX; 2 —
K;3[Fe(CN)gl/IIAMIIX; 3 — Nay[Fe(CN)sNOJ/IIIMITX

Fig. 3. Dependence of the films’ microhardness on the correlation of
the masses of modifier/polymer: 1 — K, Fe(CN)4//PDMPC; 2 —
K3[Fe(CN)4//PDMPC; 3 — Na,[Fe(CN)sNOJ/PDMPC

nupamuie ¢ yrioM mexay rpaHsmu 136°. Tlpu uccie-
JIOBAaHUM MUKPOTBEPAOCTU TIJIEHOK CTaTUYecKasl Ha-
rpy3ka coctanisuia 100 r, Bpemst HaxoXIeHUs IUIEHKHU
nox Harpy3koii — 10 c.

MuKpOTBEepAOCTb OMpPEAeIsIN KaK OTHOIIEHUE HO-
MUHAJIbHON HArpy3Ku, IPUJIOXEHHOM K aJIMa3HOMY
HaKOHEYHUKY, K YCJIOBHOMU Iiolaau 60KOBO moBep-
XHOCTU MOJIyUEHHOTO oTrneyaTka [9].

st TOro 4ToObl BBISIBUTH ONTHMMAJIbHOE COOTHO-
LIIEHUE peareHTOB MpU 00pa3oBaHUU IUIEHKU, U3rO0-
TaBJIUBAIN HECKOJbKO 00pa3LOB € Pa3IMYHBIM COOT-
HollIeHWEeM peareHToB. [1o onucaHHOM Bbillle METOAM -
Ke Obula M3MepeHa MX MUKPOTBEPAOCThb. Pe3ysbrarhl,
NpeAcTaBJIeHHbIe Ha pUC. 3, CBUIAETEIbCTBYIOT O TOM,
YTO B3aMMOJICMCTBUE KOMIIOHEHTOB C OOpa3soBaHUEM
HoBoi1 (azsl (ITIMP11) Bo Bcex cayyasix MPOUCXOIUT
MPU MOJILHOM COOTHOILLIEHUU KOMIIOHEHTOB MOJIM-
dukatop/ITAMIIX kak 1:1. Takum o6pa3oM, MUKPO-
TBEPAOCTh MOXXKHO UCIOJIb30BaTh B KAUeCTBE KOJIUYECT-
BEHHOM XapaKTEPUCTUKH IJIST OLEHKU TOJHOTHI TIPO-
TEeKaHUs peakiMu Mpy oOpa3oBaHUM HOBOI Moaudu-
LIMPOBaHHOW MojuMepHoi a3l — TTIAMIIII.

OueHKa 0JJHOPOJHOCTH IJIEHOK MO Pe3yJIbTaTam
omnpenejieHus BeJTNYAHBI MUKPOTBEPIOCTH

XapakTepuCTUKa OIHOPOIHOCTH SIBJISICTCS BaXKHBIM
IOKa3aTejieM, OTPaXKaloIIUM COCTOSIHME CTPYKTYPbI
TJICHKH.

st OLEeHKM OOHOPOAHOCTH MCIIOJb30Balu ILICH-
KU, TIOJTyYSHHBIE C ONITUMAJIBHBIM COOTHOILIEHUEM Mace
KOMIIOHEHTOB. OLIEHKY OZHOPOIHOCTH ILUIEHOK IIPO-
poauin o 'OCT 8.531—2002 "I'CH. CraHpapTHbIe
00pa3lBEl coCcTaBa MOHOJMTHBIX M AUCIIEPCHBIX MaTe-
puanoB. CrnocoObl olleHMBaHUSI ogHOpoaHocTu" [10].
B pesynbraTe 2KCHEPUMEHTOB YCTAaHOBJIEHO, 4YTO
XapaKTePUCTUKA OZHOPOAHOCTU IUIEHOK, MOAudu-
MPOBAHHBIX IIMAaHUAAMH, B OOJIACTY ONTUMAIHHBIX
COOTHOIIIEHUI KOMITOHEHTOB HMMEET MUHUMAaJIbHOE
3HaYeHMe. B yacTHOCTH, B ciyyae TJICHKHA, MOAUDU-
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HYMpoBaHHOU rekcauuaHogepparom (II) xamus, xa-
paKkTepUCTUKA OJHOPOIHOCTU B OTHOCUTEJbHBIX €11~
HMIAX MMeeT 3HayeHue 2,8 % mnpu COOTHOIIEHUU
macce Ky[Fe(CN)gl/TIAMIIX 2:1 (3HaueHue MUKpPO-
TBEPIOCTU paBHO 45 H/MMZ). 3HaueHUe XapaKTepuc-
TUKU OTHOPOMHOCTU 2,1 % (OTH. €/.) COOTBETCTBYET
IUTIEHKE C TeM K¢ CaMBIM MOIU(HUKATOPOM TIPHU CO-
OoTHolIeHun macc 2,3:1 (3HayeHHe MUKPOTBEPAOCTHU
paBHO 58 H/MMz). A ISl TIGHKU C COOTHOLIEHUEM
Macc MommdukaTop/monuMep 2,5:1 xapakTepuCTHKa
OITHOPOIHOCTH cocTaBisieT 2,4 % (OTH. en.) (3HaYCHUE
MUKPOTBEPAOCTH PaBHO 56 H/MMz).

OneHka BeJHYMHBI IJIOTHOCTH
MOHH(l)I/lIlI/IpOBaHHbIX IUICHOK

I1n10THOCTD SIBJSIETCS BaxKHOUM CTPYKTYPHO-3aBU-
CUMOM XapaKTEepPUCTUKOW, TO3BOJISIOIIEH OLEHUBATh
TOJIUUHY MIeHKU. [ITOTHOCTh MPUTOTOBIEHHBIX MO-
INGUIIMPOBAHHBIX TUIEHOK U3MEPSUIM METOAOM T/ -
pocTatnyeckoro B3BelmnBaHUSA. CHadanaa IOIJIOXKY
B3BCLIMBAJIM Ha BO3IAYXE U B BOAE, 3aT€M — T'OTOBBINA
ob6paszer [11]. ITmoTHOCTH pacCUMTHIBAIU IO (hopMyJie

p = mgpy/(Amey — Am); (1)

Am = my, sosn "B Bome’ (2)

IIe M, — Macca CEHCOPHOTO CJ10s, T; p, — IUIOTHOCTb
XKHUIKOCTH, B KOTOPOW TIPOBOAMWTCS B3BEIIMBaHUE,
r/CM3; Amg, M1 Am., — pasHMLIa B Macce Tpyu U3Mepe-
HUSIX Ha BO3IyXe M B BOJIE CEHCOPHOTO 3JIEMEHTa U
CTeKJISTHHOM ITOMJIOKKM (IO M3TrOTOBJICHUSI CeHcopa)
COOTBETCTBEHHO, T.

Hns ycTaHOBJEHUs] ONTUMAJIbHON 30HBI OTKJIMKA
CEHCOPHOTO 3JIeMEHTa M3TOTOBMIIM HECKOJBKO 00pas-
LIOB TUIEHOK C pa3jIM4YHBIM COOTHOIIEHWEM MacC pea-
reHToB. [0 yKa3aHHOI BBIIIIE METOAMUKE M3MEPSTU UX
IJIOTHOCTE. [lo pe3yiabrataM M3MepeHUs! TUIOTHOCTH
IJICHOK C Pa3JIMYHBIMUA COOTHOILIEHUSIMA MacC peareH-
TOB IMOCTPOWJIN 3aBUCUMOCTH TUIOTHOCTH OT COOTHOIIIE-
Hust Macc MmoaudukaTop/ITIAMIIX (puc. 4).

CoomHoleHue macc Modughukamop/nonumep
The weight ratio of modifier/polymer
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Puc. 4. 3aBHCHMMOCTb IVIOTHOCTH IUIEHOK OT COOTHOLIEHHS Macc
momuduxarop/momamep: I — Ky[Fe(CN)(|/TIAMIIX; 2 —
K;3[Fe(CN)gl/TIAMIIX; 3 — Nay[Fe(CN)sNO]J/TIAMIIX

Fig. 4. Dependence of the films’ density on the correlation of the
masses of modifier/polymer: 1 — K, [Fe(CN)sl/PDMPC; 2 —
K3[Fe(CN) 4]/ PDMPC; 3 —Nay[Fe(CN)sNOJ/PDMPC




IToryyeHHBIE 3aBUCMMOCTHU ITOKA3bIBAIOT, YTO MaK-
CUMaJIbHbIe 3HAYEHUs IUIOTHOCTHU IJIEHOK COOTBETCT-
BYIOT MOJISIPHOMY COOTHOILIEHMIO KOMIIOHEHTOB 1:1,
YTO HAXOAMTCSI B COOTBETCTBUM C pe3yabTaTaMu U3Me-
PeHUSI MUKPOTBEPAOCTH.

Hccaenosanne MOIU(PUIHPOBAHHBIX MJIEHOK
Metoaom UK cnekTpockonuu

ITpupony mnonayyvaroiieiicss HOBO#l a3bl M3ydyanu
MetonoM MK cnekrpockormuu Ha UK-Dypbe criekT-
pomerpe EQUINOX 55 (BRUKER) no metony aud-
¢dy3HOro otpaxeHus. PesyabTaThl ucCcaeIOBaHUS
CTPYKTYPBI KOMITIOHEHTOB M MIPOAYKTOB B3aMMOACHCT-
Bus MetogoM MK creKTpocKonuu IMpeacTaBlIeHbl Ha
puc. 5—7 u B Tabuile.

AHanu3 crnektpoB [12—14] mnokasbiBaeT, 4TO
CMEKTPhI MPOAYKTOB peakliuii 3aMEeTHO OTJIMYal0TCs
OT MCXOAHOTO CIMEKTpa IMoJuMepa U, BMECTE C TeM,
BeCbMa CXOXHU MeEXIy co0oii. B yacTHOCTH, B CIIEKT-
pax oOpasylolIuXcsl MPOAYKTOB OTCYTCTBYET IoJioca
880...800 CM_], COOTBETCTBYIOILAS, ITO-BUAMMOMY, CBSI-
3u N—CI [12], koTopas xapakTepHa JJjisg MCXOTHOTO
nonmuMmepa. OgHoBpeMeHHO B o6iactu 400...500 cm !
MOSIBJISIETCS TIOJIOCA TOIVIOLLEHUSI, KOTOPYIO MOXHO
CBSI3aTh C HAJIMUMEM CBSI3U MOHA Xene3a U CN-rpym-
Tbl, UMEIOIIEH MECTO B CTPYKTYPE BHIOPAHHBIX MOIM-
¢uraropos. B o6mactit 900...1100 cm ! mosiesiercst
[10JI0Ca MOIJIONIEHMSI, KOTOPYIO B COOTBETCTBUMU C [12]
MOXHO OOBSICHUTh BO3HMKHOBeHUEM cBsi3u N—CN.
I'pyrma WHTEHCUBHBIX TIOJIOC TIOTJIONIEHUS B 00JIaCTH
2000...2150 CM_I, CKOpee BCEero, CBsi3aHa C BaJICHTHBI-
MM KojiebaHUSIMU (YyHKLIMOHANbHOU rpymnmnbl C=N,
MOSIBJISIIONIEICS B MPOAYKTE peaklMu, TaK Kak aHaJlo-
FMYHAas COBOKYMHOCTb IMOJIOC B 3TOI 00/1acTU HAOJI0-
JaeTCs U B MUCXOMHBIX heppolMaHuIaX.
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Fig. 5. IR spectrum of the product of interaction of PDMPC and
K [Fe(CN)4]
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Fig. 6. IR spectrum of the product of interaction of PDMPC and
K3/ Fe(CN)g/

Takum obpazom, aHanu3 MK cnekTpoB MCXOIHBIX
KOMIOHEHTOB U MPOAYKTOB peaklMd CBUIETEIbCTBY-
eT, yTo npu BlauMmogeictsuu ITJIMIIX n monnduka-
TOPOB B BOJHOM PAaCTBOPE MPOUCXOIUT 0Opa3oBaHME

Yacrotst (CM_I), COOTBETCTBYIOIIME HAHOOJIee HHTEHCHBHBIM MoJiocam noryomenus B UK cnekTpax MHIMBHIYaIbHBIX pPeareHTOB
U NPOAYKTOB UX B3aUMOJEHCTBHUSA

Frequencies (cm71 ) corresponding to the most intensive strips of absorption in IR spectra of individual reagents and products of their interaction

MIMIIX + IIIMIIX + IIIMIIX +
K,[Fe(CN + K;[Fe(CN + Na,[Fe(CN)sNO
K Fe(CN)g4/ + K;[Fe(CN)g] | + Na,[Fe(CN)sNOJ
Fe—CN Fe—CN Fe—CN Fe—CN Fe—CN Fe—CN
(414) (387) (423) (419) (430) (499—407)
Fe—C Fe—C NO NO
(585) (511) (664—652) (662)
N*tcl
(880—800)
NTCN™ NTCN™ NTCN™
(1112—897) (1192—897) (966—898)
CH,—N* CH2—N" CH2—N* CH2—N"
(1440—1400) (1468) (1472) (1472)
N
(1670—1630)
NO NO
(1940) (1909)
CN CN CN CN CN CN
. (2093, 2061, 2043) | (2093, 2061, 2043)|  (2180—2140) (2143—2044) (2116—2050) (2138—2074)
N
(2700—2250)
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KPYITHOTO OTPUILIATEIbHO 3apsKEHHOro MOHA, 3aMellia-
JOLLIETO MOH XJIopa B CTpyKType ucxomHoro ITJIMITX.
OTO IPUBOIUT K AedopMalld U U3MEHEHMIO KOH(OP-
MallMM ITOJIMMEPHOM LIeTn ¢ 0Opa3oBaHKEM HEPACTBO-
pUMOI 1 BBICOKO aAre3MOHHON MOAM(MULIMPOBAHHOMN
IUICHKM Ha IOBEPXHOCTU AUAJIEKTPUUECKUX I1OIJIO-
K€K, B YaCTHOCTH, CHJIMKATHOTO CTEKJIA.

OueHka BO3MOXKHOCTH MCIOJIb30BAHUS
CHHTE3MPOBAHHBIX T€TEPOCTPYKTYP IS ONpeaeIeHust
coJiepKaHus BJIArd B BO3IYIIHOI cpexe

DNEeKTPUUECKYIO TIPOBOAUMOCTb U3MEPSIIV HA M-
mutaHcomeTpe E7-8 (ITO "Kanuop", Pecny6auka be-
JIapyCh) € 2JIEKTPOHHOM MHIMKALIMEN pe3yJbTaTOB U3-
MmepeHusi. U3mepeHus coaepXaHus Bjard B BO3AYII-
HOI cpelie TPOBOAWM B sueiikax, oOecreurBaroLInX

Kubetics Munk
4

— e - - - = =4

Puc. 7. UK cmekrp mnpoaykra B3ammopeiicrBus IIJIMIIX u
Na,[Fe(CN)sNO]

Fig. 7. IR spectrum of the product of interaction of PDMPC and
Nay[Fe(CN)sNOJ

\

y/d
/V

Conductivity, mS/cm

CodepxaHue napos 8odbl, 2/M*
The content of water vapor, g/m?

Puc. 8. 3aBucuMOCTb yAEIbHOH 3JIEKTPHMYECKO MPOBOAMMOCTH OT
BJIAXKHOCTH BO3IYIIHOM cpefibl: / — CEHCOPHBI 3JIEMEHT C PeLenTOp-
HbIM citoeM Ha ocHoBse TTJIMITX u K4[Fe(CN)g] npu cootHoLeHUM

macc Ky[Fe(CN)gl/TIAMITX — 2,3:1; 2 — ceHCOpHBIii 2]IEMEHT C pe-
LEeNnTOpHEIM cioeM Ha ocHoBe ITJIMITX n Na,[Fe(CN)sNO] npu co-
otHoweHun Macc Nay[Fe(CN)sNOJ/IIIMIIX — 1,6:1

Fig. 8 Dependence of the specific electric conductivity on the humidity

of the environment: 1 — sensor element with a receptor layer on the basis
of PDMPC and K, Fe(CN)4] at the correlation of masses of

Ky Fe(CN)4[/PDMPC — 2.3:1; 2 — sensor element with a receptor
layer on the basis of PDMPC and Nay[Fe(CN)sNO] at the correlation
of masses of Na,[Fe(CN)sNOJ/PDMPC — 1.6:1
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Puc. 9. Jlorapudpmmuyeckas 3aBUCMMOCTb y/IeJIbHOM 3JIEKTPHIECKO
NPOBOAMMOCTH (G) OT BJIAXKHOCTH BO3aymHoii cpenpl (C): / — ceH-
COPHBIN 2JIEMEHT C PELENTOPHBIM clioeM Ha ocHoBe ITIMIIX u
K4[Fe(CN)g] npu cootnowennn Macc Ky[Fe(CN)gl/TIAMITX —

2,3:1; Inc = 2,7In(C%%2), R? = 0,995; 2 — CCHCOPHBDIi SIEMEHT ¢
peuentopHeiM cnoeM Ha ocHose ITJIMIIX m Na,[Fe(CN);NO]
npu cooTHoweHuu Macc Nay[Fe(CN)sNOJ/IIAMIIX — 1,6:1;
Inc = 2,8In(C%%), R? = 0,984

Fig. 9. Logarithmic dependence of the specific electric conductivity (c)

on the humidity of the environment (C): 1 — sensor element with a re-
ceptor layer on the basis of PDMPC and K,[Fe (CN)¢] at the corre-

lation of masses of K, Fe(CN)gl/PDMPC — 2.3:1; Inc = 2.7In(C*?),

R? = 0.995; 2 — sensor element with a receptor layer on the basis
of PDMPC and Na,[Fe(CN);NO] at the correlation of masses of

Na,[Fe(CN)sNOJ/PDMPC — 1.6:1; Ins = 2.8In(C*%), R? = 0.984

pacyeTHBIC 3HAYEHUS BJIAXXKHOCTU BO3MYIIHOM Cpembl,
HaxodslIelcsa B PaBHOBECHMU C pAaCTBOpaMM CEPHOM
KMCJIOThI KBaJuuKauuu "ocobo YHUCTHIN" ¢ coaepxka-
uueMm 7,5; 15; 30 u 45 macc. % [11].

PesynbTaThl uccaenoBaHus yaeabHON 3JeKTpUYec-
KOI TPOBOAMMOCTH CEHCOPHOTO 3JIEMEHTAa C perlell-
TOPHBIM cioeM Ha ocHoBe I[TJIMIIX, momuduiupo-
BaHHOTO TeKcaluaHodeppaTaMu Kadusl W HUTPO-
MPYCCUIOM HATpHsl, IPU Pa3TUYHON BIAXKHOCTU BO3-
JIyxa IpuBeIeHbl Ha puc. 8, 9. Xapakrep M3MEHEHUS
YVIEAbHON BJIEKTPUYECKON IIPOBOAMMOCTUA OT BJIaX-
HOCTHY BO3IYIITHOM Cpellbl CBUACTEILCTBYET 00 amcopo-
IIMOHHOM MeXaHU3Me B3aMMOICHCTBUSI PELIETITOPHOTO
CJI0S1 C KOHTPOJUPYEMbIM KOMIIOHEHTOM BO3AYLIHOM
cpensl [2].

TaHreHc yrjla HakJloHa JIMHUM TPEHIa COOTBETCT-
ByeT uyBcTBUTENbHOCTU (0,52 1 0,45) pa3paboTaHHbBIX
JaTYMKOB BJIaXKHOCTH.

BaxxHBIM TIpaKTMYECKUM TIapaMeTpOM YyBCTBU-
TEJIbHOTO 3JIeMEHTa SIBJISIETCS BpeMsl OTKJIMKa U pe-
JIaKCaIlM, KOTOPBIE COTJIACHO TTPOBEICHHBIM M3Mepe-
HUSIM U1 BCEX MCCJIeNOBAHHBIX NaTYMKOB COCTaBUIIU
He G6oisree 3 MUH U He 6oee 60 ¢ COOTBETCTBEHHO.

3akmouenne

MoxHO clenath CAeAyIOle BEIBOIBI.

1. YcraHoBieHO, 4TO Npy (DOPMUPOBAHUM pELIeTI-
TOPHOTO CJIOSI HA MOBEPXHOCTU OKCUIHBIX CTEKOJ My-
tem B3ammopeiicteusg [TIMITX u rekcaumanogeppa-
TOB XMMMUECKasl Peaklivsl MpOTeKaeT MPU MOJILHOM
COOTHOIIIEHUH KOMIIOHEHTOB 1:1.




2. Iloka3zaHO, YTO ONTMMAJIbLHOMY COOTHOILEHUIO
KOMITOHEHTOB PeakIIMM OTBEYaeT SKCTPEMYM TEXHU-
YeCKOM XapaKTepUCTUKM Ha KPUBOI 3aBUCUMOCTHU €€
OT COOTHOUIEHMSI B3aMMOJCHCTBYIOLIMX KOMITOHEH-
TOB, YTO MO3BOJISIET KOHTPOJIMPOBATh KauecTBO (op-
MUPYEMOTO PELENTOPHOIO CJIOS.

3. DnekTpuyecKass IPOBOAMMOCTb PEIENTOPHOIO
CJ1051 B CJIy4yae TOCTHXKEHUS ONTHUMAaIbHOI'O COOTHOLIIE-
HMSI KOMIIOHEHTOB YBEJIMYMBACTCS B 3aBUCHMMOCTU OT
COIEPXKAaHKS BOASHBIX MAPOB B BO3AYILHOM Cpeje I0
CTeTICHHOMY 3aKOHY, YTO COOTBETCTBYET aacoOpOI-
OHHOMY MEXaHM3MYy B3aMMOICUCTBUS OIPEACIIeMO-
ro KOMIIOHEHTa ¥ aKTUBHBIX IICHTPOB PELIEIITOPHOIO
CJ10s1.

4. CuHTe3MpOBaHHbIE CEHCOPHBIE 3JIEMEHTHI Ha OC-
HOBE pELIENTOPHOro cjiosi, 06pa3oBaHHOIO MOIUPU-
LMPOBaHHBLIM (peppouranugamu rmojumepa IIAMITX,
MO3BOJISIIOT MPOBOAWUThL OIpeaesieHUe CoaepKaHUs
BJIaTW B BO3AYLIHOW cpele B Auana3oHe CoAepKaHU
oT 2 10 95 Macc. % ¢ OTHOCUTEJIBHOM MOTPEILHOCTHIO
He Ooiee 0,04.

5. YcraHOBJIEHHOE BpeMsl CTaOMIbHOIO MCIOJIb30-
BaHUS CEHCOPHBIX 2JIEMEHTOB 110 Ha3HAYEHUIO TTPEBbI-
maer 3 mecsua.
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Synthesis of a Heterostructure on the Basis of PDMPC for Determination

of the Air Humidity

The authors propose a method for formation of a heterostructure on the basis of polydimetilpyrrolidine chloride (PDMPC) for
its use as a sensor element for determination of the air humidity. They optimized the conditions for production of the sensitive layer,
and determined its physical-chemical and metrological characteristics. Conclusions were made concerning the homogeneity of the
sensitive layer, the metrological opportunities and stability of the sensor element.

Keywords: sensor, water soluble polymer, modified heterostructure, electroconductivity, moisture, sensitive layer, homogeneity,

stability, ultrasonic scattering, microhardness and density of layer

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 12, 2016 755




Introduction

Humidity of the atmospheric air is a major param-
eter, which determines operability of numerous devic-
es, machines and mechanisms; it influences meteo
forecasting and the state of health of people. Therefore,
development of the ways and tools for control of hu-
midity of air at a different content of the water vapors
is a necessary condition for any production process.

The sensors based on various heterostructures, in-
cluding a matrix layer with a gas-sensitive material de-
posited on it, are promising for measurement of the air
humidity [1, 2]. The role of the matrix element can be
played by the single crystals, polycrystalline or vitreous
phases, on the surface of which a receptor layer is
formed, the functional properties of which vary de-
pending on the structure of the gas environment con-
tacting with the surface.

Such properties (of analytical signal) are often ob-
tained due to the use of the easily measured electro-
conductivity of the layer surface of a heterostructure.
The material for such a layer surface could be various
polymeric materials, in particular, poly-N,N-dimetil-
3,4-dimethylenepyrrolidine chloride (PDMPC) [3],
the properties of which allow us to use simple technol-
ogies for reception of thin layers on the surface of the
solid bodies.

Possibility of modification of these layers by the re-
agents creating active surface centers in the layer allows
us to receive the receptor layers insoluble in the water,
and possessing good strength properties and high sen-
sitivity to the gas mixture components.

As the modifiers, forming the active centers in a
layer and possessing a the big ionic radius of anion,
necessary for the insolubility of the receptor layer on
the basis of PDMPC, the anionic cyanoferrates can be
used [4, 5] with various degrees of oxidation of the
central ion of iron and various compositions of the co-
ordination sphere: Ky[Fe(CN)¢], K3[Fe(CN)¢] and
Na,[Fe(CN)sNOJ.

The aim of the given work is development of the gas-
sensitive layers on the surface of PDMPC polymer by its
modification by cyanoferrates of various compositions.

Experimental results and their discussion

As a substrate for the sensitive element a glass plate
was used of 24x24x0.17 mm [6] with copper elec-
trodes fixed on it. On the received electrode system
PDMPC was deposited by withdrawal from its water
solution with a constant speed. The received surface
was modified by ferricyanide (IT) and (III) potassium:
(K4[Fe(CN)g] and K;[Fe(CN)gl) or nitroprusside so-
dium (Na,[Fe(CN);NOJ) with the use of an ultrasonic
scattering [4, 5].

Deposition of PDMPC solution on a substrate was
carried out by withdrawal of it from the polymer water
solution with a constant speed. The experimentally se-
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lected speed for this purpose was 2.5 - 1070 m/s, which
made it possible to receive layers of the polymer with
the thickness not more than 20 um. The thickness of the
film was calculated from its mass, density and the sur-
face area, and also by direct measurements with the use
of a micrometer 03500 [7]. It was established that the
thickness of a film depends linearly on the concentra-
tion of the polymer in a solution (fig. 1). This allows us
to control the thickness of a film during withdrawal of
the polymer from the solution of the set concentration
with an error of the film thickness not exceeding 0.5 um.

On PDMPC films, obtained by withdrawal, one
of the modifiers: Ky[Fe(CN)g], K;[Fe(CN)¢] or
Na,[Fe(CN)sNO] was deposited by the ultrasonic
scattering [4, 8].

For deposition of the selected modifier of the set
mass on a PDMPC film the necessary duration of the
ultrasonic scattering was determined. The results pre-
sented by fig. 2 show that the mass of the transferred
modifier depends linearly on time. The calculated cor-
relation factors are equal to 0.99. This points to a rather
high level of reliability of deposition of the set mass of
the modifier on PDMPC surface and allows us to con-
trol the correlation of the components.

Interaction of PDMPC with the modifiers proceeds
in normal conditions: at the atmospheric pressure, 25 °C
and natural illumination. In the presence of the mod-
ifiers the film becomes insoluble in water owing to the
chemical interaction, with formation of a new polymer-
ic phase (poly-N,N-dimetil-3,4-dimethylenepyrrolid-
ine ferrocyanide (PDMPFc), which possesses a high
level of adhesion to a glass surface. For removal of the
surplus of the water phase the received structure was left
in room conditions for 24 hours.

The composition of a new phase was determined by
the physical — chemical analysis. In case of formation
of any phase in the system on the composition-property
diagram a maximum, a minimum or a break of depend-
ence of property of the system on the composition ap-
peared. The correlations of the masses of the reacting
components under condition of interaction of one link
of a polymer with a modifier molecule (mole relation
of 1:1) are the following: ferricyanide (II) potassium to
PDMPC — 2.3:1, ferricyanide (III) potassium to
PDMPC 2.0:1, and nitroprusside sodium to PDMPC —
1.6:1.

Films as structural components should possess a set
of certain characteristics, among which it is possible to
single out the following: durability, density, uniformity
and electric conductivity. Therefore, researches of these
properties of the films were carried out at different
modifier/polymer correlations of masses.

Research and analysis of the films’ microhardness

Testing of the strength characteristics of the surface
layers was done by measurement of their microhardness




by Vickers method [9]. The method consists in depo-
sition on the tested surface of a print product received
under action during a certain period of time of a static
load, applied to a diamond pyramid with an angle of 136°
between the facets. During the research of the films’
microhardness the static load was equal to 100 g, the
period of action of the load — 10 s.

The microhardness was defined as the relation of the
rated load, applied to the diamond tip, to the reference
area of the lateral surface of the received print [9].

In order to reveal the optimal correlation of the re-
agents during the film formation, samples were made
with different correlations of the reagents. Their micro-
hardness was measured by the described technique. The
results presented in fig. 3 testify to the fact that the in-
teraction of the components with formation of a new
phase (PDMPFc) in all the cases occurs at the mole
correlation of modifier/PDMPC components of 1:1.
Thus, the microhardness can be used as a quantitative
characteristic for estimation of the completeness of re-
action during formation of the modified polymeric
phase — PDMPC.

Estimation of the uniformity of films by the results
of determination of the value of microhardness

The uniformity characteristic is an important indi-
cator reflecting the state of a film’s structure.

For estimation of the uniformity the films were used
with the optimal correlation of the masses of compo-
nents. The estimation of uniformity of films was done
in accordance with GOST 8.531—2002 standard
"GSI. Standard samples of composition of the mon-
olithic and disperse materials. Methods of estimation
of uniformity” [10]. As a result it was established, that
the uniformity of the films modified by cyanides, in
the field of the optimal correlations of components
had a minimal value. In particular, in case of the film
modified by ferricyanide (II) potassium the uniformity
in relative units had 2.8 % at the correlation of
K4[Fe(CN)g]/PDMPC masses of 2:1 (microhardness
was equal to 45 N/mmz). The characteristic of uni-
formity of 2.1 % (relative units) corresponded to the
film with the same modifier at the correlation of masses
of 2.3:1 (microhardness was equal to 58 N/mmz). And
for the film with the correlation of the modifier/poly-
mer masses of 2.5:1 the characteristic of uniformity
was equal to 2.4 % (relative units) (microhardness was
equal to 56 N/mmz).

Estimation of the value of density
of the modified films

Density is an important structurally-dependent
characteristic, allowing to estimate the thickness of a
film. The density of the modified films was measured
by the hydrostatic weighing. At first, a substrate was
weighed in the air and in water, than a ready sample was

weighed [11]. The density was calculated according to
the following formula:

p= mslp[/(Amse - Amgs); (1)

water> (2)

where mg; — mass of the sensor layer, g; p; — density
of the liquid, in which weighing is done, g/cm3 ; Amg,
and Amg, — difference in masses during measurements
in the air and in water of the sensor element and a
glass substrate (before manufacturing of the sensor), ac-
cordingly, g.

For establishment of an optimal zone of the re-
sponse of a sensor element, samples of the films with
various correlations of masses of the reagents were
made. By the specified technique their density was
measured. By the results of measurement of the density
of the films with various correlations of masses of the
reagents the dependences were constructed of the den-
sity on a correlation of the modifier/PDMPC masses
(fig. 4).

The received dependences show, that the maximal
densities of the films correspond to the molar correla-
tion of components of 1:1, which is within the results
of the microhardness measurements.

Am = m,, — m

Research of the modified films by IR method
of spectroscopy

The nature of the new phase was studied by IR spec-
troscopy on EQUINOX 55 (BRUKER) IR Fourier
spectrometer by the method of diffuse reflection. The
results of the research of the structure of the compo-
nents and products of interaction are presented in
fig. 5—7 and in the table.

Analysis of spectra [12—14] shows, that the spectra
of the products’ reactions differ considerably from the
initial spectrum of the polymer and have much in com-
mon among themselves. In particular, in the spectra of
the products there is no strip of 880...800 cem” L, corre-
sponding, apparently, to the bond of N—CI [12], typ-
ical for the initial polymer. At the same time, in the
band of 400...500 cm ™! a strip of absorption appears,
which can be connected with the bond of ion of iron
and CN group, having a place in the structure of the
selected modifiers. In the band of 900...1100 cm™! a
strip of absorption appears, which, according to [12],
can be explained by occurrence of N—CN bond. The
group of intensive strips of absorption in the band of
2000...2150 ecm™ ! is most likely connected with the
valent fluctuations of group C=N appearing in the
product of reaction, because a similar set of strips in this
band is also observed in the initial ferrocyanides.

Thus, analysis of the IR spectra of components and
reaction products testifies, that during interaction of
PDMPC and modifiers in a water solution a formation
takes place of a big negatively charged ion replacing
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chlorine in the structure of the initial PDMPC. This
leads to deformation and change of conformation of a
polymeric chain with formation of an insoluble and
highly adhesive modified film on the surface of the di-
electric substrates, the silicate glass, in particular.

Estimation of possibility of the use of the synthesized
heterostructures for determination of the moisture
content in the air environment

Electric conductivity was measured on E7-8 immit-
tance meter (Caliber Co., Belarus) with an electronic
indication of the results. The measurements of the
moisture content in the air environment were done in
the cells, ensuring the calculated humidity of the air en-
vironment, which was in equilibrium with the solutions
of the high-purity sulfurous acid with the content of
7.5, 15, 30 and 45 wt. % [11].

The results of research of the specific electrocon-
ductivity of the sensor element with a receptor element
based on PDMPC and modified by ferricyanides po-
tassium and nitroprusside sodium at different air hu-
midities are presented in fig. 8, 9. The character of the
change of the specific electric conductivity depending
on humidity of the air environment testifies to the ad-
sorptive mechanism of interaction of the receptor lay-
er with the controllable component of the air environ-
ment [2].

The tangent of the inclination angle of the trend
corresponds to sensitivity (0.52 and 0.45) of the devel-
oped humidity sensors.

An important practical parameter of the sensitive el-
ement is the time of the response and relaxation, which,
according to measurements, for all the investigated sen-
sors were not more than 3 min. and not more than 60 s,
accordingly.

Conclusion

It is possible to draw the following conclusions.

1. It was established, that during formation of the re-
ceptor layer on the surface of the oxide glasses by in-
teraction of PDMPC and ferrocyanides a chemical re-
action proceeded at the mole correlation of the com-
ponents of 1:1.

2. It was demonstrated, that the best answer to the
optimal correlation of the components was the extrem-
um of the technical characteristic on the curve of its de-
pendence on the correlation of the interacting compo-
nents allowing to control the quality of the formed re-
ceptor layer.

3. The electric conductivity of the receptor layer in
case of the optimal correlation of the components in-
creased depending on the content of the water vapors
in the air environment in accordance with the power
law, which corresponded to the adsorptive mechanism
of interaction of the defined component and the active
centers of the receptor layer.
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4. The synthesized sensor elements based on the re-
ceptor layer formed by the modified ferrocyanides of
PDMPC polymer made it possible to determine the
moisture contents in the air environment within the
range from 2 up to 95 wt. % with a relative error not
more than 0.04.

5. The established time of a stable use of the sensor
elements in case of their proper use exceeded 3 months.
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MAAOWYMAWNE YCUAUTEAU AUATIA30HA 60 ITu.
Ob30P MUPOBbIX KOMMEPHECKNX PASPABOTOK

Ilocmynuaa e pedaxyuro 07.06.2016

Ilpuseden ananus coepemeHHO20 COCMOSHUS PA3BUMUS KOMMEPHECKUX PA3padomox MAalouyMawux ycuiumenei ouanasoua
60 ITy. Jlannbii Ouanason XapaKkmepusyemcs 6biCOKOU CIMEneHbio NO2A0uaemMocmu 6 ammocpepe, HO, HeCMOMPS HA WUPOKUe
nepcnekmuebl Co30anust npuodoPos 04 MO NOAOCHL HACMOM, 6 HACMOsWee 8peMsi OOCMYNHO KPAliHe MAAoe YUucao ycuiumenel,
npu SMoOM POCCULCKUe AHAA02U OMCYMCMBYIOM, YMO 2080PUM O CAONCHOCIU Pa3pabomKu HOOOOHbBIX MOHOAUMHBIX UHMEZPANbHBIX
cxem (MUC). Ommeuaromces domuHupyroujee noA0NCeHUe apCeHU0-2annuesoli MexHOA02UU, YMO 00BICHAemCs ee AUOUPYIOUUM HO-
aodxceruem 6 CBY anexmponuke 6 ueaom, u nepcneKmuesl nepexoda Ha HUmMpud-eariuesole eemepocmpykmypul. CoeaacHo npo-
6€0CHHOMY QHAAU3Y ONpedefeHbl XapaKmepucmuky CO8PeMeHHbIX MAAOUWYMAWUX ycuaumeneld 0aHHO20 OUanas3ond.

Karoueevie caosa: HEMT, marowymawue ycurumeau (MIIY), eemepocmpykmypel, MOHOAUMHbIE UHME2PANbHbIE CXeMbl
(MHUC), mussumemposolii duanason, npuemo-nepedaroujue mMooyiu, Kosgouuuenm uyma

BBenenne

Hunanason 60 I'T'x xapakrepn3yercst BBICOKOW CTe-
MEHBIO MOIJIOLIAEMOCTH B aTMOcdhepe, UTO MO3BOJISIET
C03/1aBaTh HE B3aMMOJAECHCTRYIOIIME APYT C IPYTOM Ce-
TU. Bo MHOTMX cTpaHax MMpa 3TOT IUANa30H MPU3HAH
0€3/IMIIEH3MOHHBIM U COIJIACHO MPUHSATBHIM CTaHJap-
tam (B yactHocTu IEEE 802.11ad m ISO/IEC 13156)
B JaHHOM YaCTOTHOM Juamna3oHe OyayT co3aaBaThCsl
JIOKaJibHbIe OecrpoBoaHble ceTu. IlepcrneKTUBHBIM
SIBJISIETCSI MCITOJIb30BaHNE MAIOITYMSIIIIAX YCYITUTEICH
(MIIITY) B mpueMomnepeaarolluX yCTPOUCTBAX IIUPO-
KOITOJIOCHOU BHYTPUKOMHATHOM CBsI3M, o0ecreynBa-
IOIIMX BBICOKOCKOPOCTHYIO M CKPBITHYIO Iepenavy
JIAaHHBIX MEXIY JIEKTPOHHBIMU MPUOOPAMU.

AHau3 JOCTYITHBIX KICTOUHUKOB TTOKAa3aJl HaJIn4uue
Ha caifTax psna npousBoauteneir MIIY nuamazoHa
60 I'T'u. PaspaboTka cxeM JaHHOIO Avara3oHa SIBJIS-
eTcsl CJI0XKHOM 3afaueil Kak ¢ TeXHOJIOTUYECKOM TOUKU
3pEeHMsI, TAK U C TOUKU 3PEHMUS TIPOESKTUPOBAHUSI, T10-
5TOMY YUCJIO pa3pabOTOK HEBEJIMKO M OHU CO3IAHBI
KpynHeiiumu npousBoauteasiMu CBY ainekTpoHU-
Kk — TriQuint, United Monolithic Semiconductors, Hittite,
Norden Millimeter, Sumitomo, RFlambda, Microsemi n
Ducommun. XapakTepuCTUKM HaNOEHHBIX 00pa3lioB
Ha yactote 60 I'T'; cBeneHbI B TaOIUILy. Y GOJIBIIMHC-
TBa yCWJIUTEJIel B KauecTBe MaTepualia TeTepoCTpyK-
Typbl YKazaH apceHun ramnust. [1o JoCcTUTHYTBIM Xa-
PaKTEePUCTUKAM OCTAIBHBIX YCUIUTEICH MOXKHO TIpe-
MTOJIOXWTh, YTO OHM TOXKE M3TOTOBJIEHBI Ha apCeHUJe
rajlusl.

OCHOBHBIMU BEJIMYMHAMU PACCMOTPEHHBIX YCU-
JIUTEJIEH SIBJISIIOTCSI MAJIOCUTHANBHbBIN KOG (GUINEHT
ycunenus (S21) n xoagduuuent myma (NF). Xapak-
TEpUCTUKON COIjlacoBaHUsI OyneM cuuTaTh Koaddu-
LIMEHT cTosiueit BostHbI o HanpsikeHuo (KCBH), ko-

TOPBII CBSI3aH C YPOBHEM OOPATHBIX MOTEPH CIEAYIO-
meil GpopMyJIoii:

RL
20

_1+10
KCBH = ~22
1-10 %

roe RL (Return Loss) — BXOAHbIE WIN BBIXOAHbIE 00-
paTHBIe oTepy. [1pm XopolleM coTTacoBaHWM 3HaYe-
Hue KCBH meHee 2, 4TO COOTBETCTBYET YPOBHIO 00-
paTHbIX TToTepb MeHee —10.

0030p MaTOIYMSIINUX YCHIATEEi

B paGote [1] onucaH TpexKacKaaHbIii MaJOLIyMsI-
it yermrenb koMnanun TriQuint (TGA4600) ms
nuarasona 57...65 I'Tu (puc. 1, cM. TpeThiO CTOPOHY
00J10:XKM), mocTpoeHHbI# 1o 0,15 mkm pHEMT-Tex-
HOJIOTUM C MCITOJIb30BAaHMEM MHUKPOIIOJIOCKOB M TPEX-
cioiiHoi Metamu3auuu. KoadduuueHT ycuneHus
nocturaet 3HaueHust 13...14 ab. Ycunurens xopoio
cornacoBaH 1o Bxogy — KCBH Bxoga paBno 1,2 (1o
YPOBHIO 00paTHBIX noteph Bxoga —20 nb), HO 3HaUM-
TEJIbHO XyKe corjacoBaH 110 Beixony — KCBH Beixona
0KO0JI0 3 (0 YpOBHIO OOPaTHEBIX MTOTEePh BhIXoma — 6).
Koaddunuenr myma cocrasisieT okojio 4 n1b B pabo-
yeil mojoce. Tok moTpedneHust coctaBull 41 MA nipu
HamnpspkeHuu nuTaHust 3 B. Pa3zmepsl MOHOJIUTHOM
nHTerpaiabHoi cxeMbl (MUC) 1,62%0,84 Mm.

MastolyMsIui yCUINTENb SIMTOHCKOM KOMIaHUU
Sumitomo Electric Industries (SEl) nns mmamaszoHa
57...64 I'Tn orucan B pabote [2] (puc. 2). Ycunutenb
WMEeT TPU KacKamia, IOCTPOSH TT0 MUKPOITOJIOCKOBOM
TEXHOJIOTUM Ha TeTepOCTPYKType apCceHuaa Talaus.
Koaddumuent ycunenust coctaBun 20...22 nb B pabo-
Yeil ToJI0ce M MMEET XOPOoIlee COrJIacOBaHUE TT0 BXOMY
U BBIXOAY (BXOAHBIE M BBIXOIHBbIE OOpaTHbIE MOTEpU
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Puc. 2. Ycunurens komnanun Sumitomo Electric Industries: BHemnnii Buj (a); 3aBUCHMOCTH S-IapaMeTpoB OT 4acToThbl (b, c); 3aBUCHMOCTD
K03 ¢unuenTa myma ot yactotbl (d)

Fig. 2. Amplifier from Sumitomo Electric Industries Co.: external view (a) dependences of S-parameters on frequency (b, c), dependence of the noise

factor on frequency (d)

CepoaHas Ta0MIA XapaKTEPUCTHK MAJOIMIYMAMKX ycuauTeneid Ha yacrore 60 I'Tix

Characteristics of the low-noise amplifiers on frequency of 60 GHz

* — mpuBeneHo 3HayeHUe Koaddumenra myma Ha 20 I'Tu (value of noise factor for 20 GHz);,
S5 — ManocurHaabHbIA KoahduuueHT ycunenus (low-signal amplification factor),

IRL (Input Return Loss) — BXoaHbIE OOpaTHBIE MMOTEPH;
ORL (Output Return Loss) — BBIXOTHBIE 0OpaTHBIC TTOTEPH,
NF (Noise Figure) — koadduunent myma (K.

Tipouanomurens CepuitHbIit I'eTepocTpykTypa Pabouas S>1, 8B | IRL, 1B| ORL, nB| Ky, oB | Tok, MA| Hamps-
Manufacturer HOMEp yactoTta, I'Tit XeHue, B
s/n Heterostructure | Frequency, GHz| S,;, dB| IRL, dB| ORL, dB| NF, dB 1, mA vd, v

TriQuint [1] TGA4600 GaAs pHEMT 57...65 13 —20 —6 4 41 3

Sumitomo Electric | FMMS5716X GaAs 57...64 22 -10 -15 4,5 30 3

Industries [2]

United Monolithic | CHA2159 GaAs pHEMT 55...65 20 -8 -10 4 115 3,5

Semiconductor [3]

United Monolithic | CHA2157 GaAs pHEMT 55...60 8 —4 -8 45 80 3,3

Semiconductor [4]

Microsemi [3] MMAO036AA He ykasana 0...65 10,5 —-28 -12 2,3* 85 4,5
Not specified

Microsemi [5] MMAO35AA He ykazana 0...65 — — — 4,5% 150 7
Not specified

Microsemi [5] MMAO34AA He ykazana 0...65 — — — 5,5% 250 8
Not specified

Analog Devices HMC-ALH382 GaAs 57...65 23 -12 —11 4,6 64 2,5

(Hittite) [6]

RF-LAMBDA [7] | R50G69GSA He yka3ana 50...69 10,5 —14 —16 3,8 220 5
Not specified

RF-LAMBDA [8] | R50G69GSB He yka3ana 50...69 23 —11 —14 5—6 152 5
Not specified

RF-LAMBDA [9] | R50G69GSC He yka3zana 50...69 39 =7 —6 4 227 5
Not specified

Ducommun [10] ALN-61086015| GaAs pHEMT 57...65 15 —10 -10 6 100 12

Ducommun [10] ALN-61086030| GaAs pHEMT 57...65 30 —10 -10 6 150 12
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Puc. 3. Cxema TomnoJyiornu (a) M 3aBHCHMMOCTH S-mapaMeTpoB M Kodd¢uuuenta myma ot yactorbl (b) Manomymsmero ycuiaurens United

Monolithic Semiconductors CHA2159

Fig. 3. Scheme of topology (a) and dependences of S-parameters and noise factor on frequency (b) of CHA2159 low-noise amplifier from United

Monolithic Semiconductors Co.

cocTaBisoT okojio —10 ab, Takum ob6pazom, KCBH
Mo BXOJy W BbIxoAy paBeH MeHee 2). KoadduuueHr
myma coctaBua 4,5...5 n1b. Tok norpebnaeHus 30 MA
nmpu pabouem HanpsikeHun 3 B. PasMmepsl Kpucrasna
1,54%0,7 mMm.

Ha puc. 3 cxeMaTMuyHO MoKa3aH YeThIpeXKacKa-
HBI YCUIUTENb (hpaHIy3CKO-TepMaHCKON KOMITAaHUT
United Monolithic Semiconductors [3]. OH IOCTpPOEH I10
texHoysioru pHEMT, nmeeT mmny 3atBopa 0,15 MKMm
1 pabounit nuana3oH 55...65 I'Tu. Ycunutenb oTHO-
CUTCSI K KaTeropuyd MajollyMsIIIMX, HO OJHOBPEMEH-
HO TIO3UITMOHUPYETCST TIPON3BOINUTEIEM M KaK YCUIIH-
TeJb MolHOCTU. KoadGuuneHT ycuiieHus: CoOCTaBIs-
eT okojio 20 n1b B pabouem amama3oHe. YCUIUTENIb
HMeeT Xopolliee cornacoBaHue no Beixony — KCBH
BbIxona MeHee 2,1 (oOpaTHble moTepu MeHee —9 nb)
1 HEMHOIO XyxXe coriacoBaHue 1o Bxogy — KCBH
BXxoja paBeH 2,1...3 (110 ypoBHIO 00OpaTHBIX TOTEPh OT
—6...—9 1B). YpoBeHb lilymMa, 3asiBJICHHBIA IIPOU3BO-
muteneM, coctaBua 4...4,8 n1b. Ilpu paboyeMm Hampsi-
xenuu 3,5 B Tok morpebaeHust paBeH 115...150 MA.
I'abaputHble pa3mepbl Kpucramia — 2,35x 1,11 mm.

YV xomnanuu United Monolithic Semiconductors
€CTh ellle OJAMH YCUJINTENb, IIOCTPOCHHBIN MO TEXHO-
snorun pHEMT, ¢ pnuHoit 3atBopa 0,15 MKM, HO IByX-
KacKaaHbI ¥ paboTaroluii B yac-
TOTHOM auamasoHe 55...60 I'T1 [4] r

€HT 1lIyMa, TaK, B OOJbllIell YacTu pabovYero auamna3oHa
oH cocraBisieT 3 1b u yminb Ha yacrorax 58...60 I'Tix
pe3ko Bo3pacTtaet 10 4,5 1b. Tok norpebiaeHus: cocra-
B 80...150 MA ipu HanpstkKeHUM nutanud 3,3...3,8 B.
Tpu obpasiia IMPOKOITOIOCHBIX YCHIINTENIeH, pabo-
Tarolmyx Ha yactorax 0...65 I'T, mpounsBeneHbl KOMITa-
aueit Microsemi [5]. J1yist o0111€TO AOCTYIIA pa3MeIleHbI
XapaKTEePUCTUKH TOJIBKO OIHOTO YCWINTENS, paboTaro-
11IeTO MPU HaMMEHbLIEeM HamnpsbkeHur nutaHus (4,5 B
npotuB 7...8 B y aByx npyrux). OH IO3ULIMOHUPYETCS
KaK MaJIOLIyMSIIIUMI U ero XapaKTepUCTUKU MOKa3aHbl
Ha puc. 5. Ycunureab MMeeT He OUeHb BbICOKUIA KO3(-
(puLmeHT ycunenust — okojo 11 n1b, Ho Xopo1io cora-
COBAaH TI0 BXOAY 1 TIO BEIXOIY BO BCEM AMAria30He YacTOT
(oOparHbIe moTepu BxoJa U Beixoga meHee —10 ob, T.e.
KCBH Bxopa 1 Beixona MmeHee 2). K coxaneHuto, mpo-
W3BOIUTENIEM HE MpPeaocTaBieH TpaduK 3aBUCUMOCTH
YPOBHS 1llyMa OT YacTOThl, a yKa3aH JUIlb YPOBEHb
mryma Ha yactore 20 I'Tu, on cocraBun 2,3 nb.
Komnanueit Hittite (Analog Devices) Takxke pa3spa-
60TaH MaJIOIIYMSAIINI YCUJIUTEIh B MHTEPECYIOIIEM
nuariazoHe (puc. 6). YCUIMTeIb COCTOUT M3 YEThIpEeX
KacKaZoB M M3TOTOBJICH Ha TeTEPOCTPYKTYPE apCceHUIa
rajins, pabounii auama3oH cocraBuia 57...65 I'T [6].
30HIOBBIE U3MEPEHMST Ha KPUCTAJUIe ITOKAa3alli, 9TO B

(puc. 4). YMeHbIlIEHIE YKCIIa KacKa- : 0y }g [ i 7] ;‘(F,_} :
JIOB TIOJIOXWTENbHO TMOBIMSIIO HA | 3 g s [s21) na :é |
pasmepbl kpuctamia (1,71 1,04 M), 1 @ 2 _g (s11] @ LZL : |
HO TIPY 9TOM OXMIAeMO CHM3WICS | &8 ;) == © oo NFY — |
KOI(DOUILMEHT yCulIeHns: — Terepb 1 5 &-15 |1822 XX — |
oH coctapiser okono 10 nb. Tlpu | 20 o % 5 m s e : !
9TOM YCHJIUTENIb UMEET He OYEHb XO- | T . = “f rru“ » “ |
poliiee corjiacoBaHue 1o Beixony (00- : a) £ GHz b) f GHz |

paTHble moTepu Beixoaa —8 ab, 4yTo X
cootBeTcTByeT KCBH BbIXOHA, paB-
Horo 2,3) U MJI0X0e COrTacoBaHUe Mo
BXofy (0OpaTHbIe ToTepu —7...—4 1b,
yto cootrBeTcTByeT KCBH Bxona

2,6...4,4). Yayummicss KoshuIm- frequency (b)
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Puc. 4. Ycunurens komnanun United Monolithic Semiconductors CHA2157: 3aBucumocTu
S-mapameTpoB OT 9acTOThI (a) U 3aBUCMMOCTH K03 ()HIMEHTA YCHIIEHHS TT0 MOIIHOCTH 1 KO-
3¢ duumenta myma ot yactorsi (b)

Fig. 4. CHA2157 amplifier from United Monolithic Semiconductors Co.: dependences of
S-parameters on frequency (a) and dependences of the amplification factor and noise factor on
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Puc. 5. 3aBucHMOCTh S-mapamMeTpoB OT YACTOTHI YCHJIMTEJS

MMAO36AA komnanun Microsemi

Fig. 5. Dependence of S-parameters on frequency of MMAO36AA
amplifier from Microsemi Co.

pabouem auamnaszoHe 4acToT KO3(pPULMEHT yCUIeHUsI
coctaBua 19...21 nb, mpu XopouieMm corjlacoBaHUU
BXOJIa M BbIXOAa ycUauTessl (oOpaTHbIE MOTepU MEHee
—10 ob, 1. e. KCBH Oynmer meHee 2). YpoBeHb 11yma
cocraBuna 3,8...5 n1b. IIpousBoauTesb He MOKa3bIBAET
TOIOJIOTUIO YCWINTENSI, OrPaHUYUBILIUCH pa3MepaMu
kpuctamia — 1,55x0,73 mMm. Tok morpebieHUs —
115...150 MA npu pabouem HampskeHUM nuTaHus 2,5 B.
Tpu MajoOWIyMSIIUX YCUJIUTEIS IJIs Ouana3oHa
50...69 I'T'u paspaboransl Kommanueir RF-LAMBDA
[7—9]. ITpousBoaMTENb HE MOKA3BIBAET TOMOJOTHUIO U
pasMephl yCUJIUTENIel, a TakKe MO0 KaKoil TeXHOJIOTUM
WX M3TOTaBIMBAJIA. YCHINTEIN UMEIOT CEpUITHBIC HO-
Mepa R50G69GSA, R50G69GSB nu R50G69GSC, HO
IIUIST KPaTKOCTU OyIeM Ha3bIBaTh WX IO
nocnenHeit oykse A, B u C cooTBerc- r

obpartnHbie motepu — 6osiee —10 1b, 3nHauenne KCBH
cocTaBuio 0Kojio 2,6. Tok moTpeGiieHusI COCTaBMII
227 MA mpu HampspkeHUM nuTaHus 5 B.

B nokymeHTaumMu ykazaHo, 4YTo Mpu paboTe YCUIu-
Tesaeit HeOOXOIUM TEIIJIOOTBO.

Hpa MINIY nmmnanaszona 57...65 I'Tu gocTymHBI y
kommtauuu Ducommun [10]. Ha caiite mpousBogutest
OTCYTCTBYIOT JaHHBIE O TOIOJOTUM U IpadMKH XapakK-
TEPUCTUK, AOCTYMHBI JIMIIb TEKCTOBBIE CIeluduKa-
UK. YCUIIUTEIU MOCTPOEHHI 110 TexHoaoru pHEMT,
MMEIOT ONMHAKOBBIN KoaddumueHTt 1myma (6 nb) u
paboTaloT MpU ONMHAKOBOM HAIIPSIKEHUU TTHTaHMS
(12 B), oTinuarpTcs aulllb KO3 uurueHTaMu ycuie-
HUS U ToKamu notpebaeHus. Tak, MIIY ¢ koadpu-
LIMeHTOM ycuieHus 15 n1b uMeeT TOK moTpeOaeHuUs
100 MA, a MIIIY ¢ xoadpunmentom ycunenus 30 nb
umeeT ToK notpediaeHus 150 MA. KCBH ycunurens
10 BXOAY U BBIXOAY paBeH 2.

Heo6xonuMo yrnoMsiHyTh O HaJIMUUU LIEJIOTO Mepe-
YHSI ycunurtelieil y komnanuu Norden Millimeter (60-
see 10 wrt.) [11], omHAKO AOCTYIIHBI JIUILb Pe3yJbTaThl
M3MEpPEHU OCHOBHBIX TapaMETPOB Ha HECKOJbKUX
YacToTax, MMO3TOMY 3TH YCHJINTEN He YKa3aHHBI B Ta0-
nuie. Yeunureau s auamnasona 40...60 I'Tu umerot
koa¢ppunueHT ycuaenus 10...50 nb, npu sToM Bce
HMEIOT Xxopollee coriacoBaHue, 3HadeHue KCBH
BXOJIa U BbIXOJa He TpeBblaet 2,5. HanpsiokeHue nu-
TaHUS He YKa3aHO, M3BECTHHI JIUIIb TOKH ITOTpedIIe-
Hus 80...700 MA. JIOCTYIHBI TakXe YCUJIUTENU [IJIsI
auanaszoHoB 59...61 I'To u 50...75 I'Tu ¢ kosdduLmeH-
toMm ycunenus 10...30 1b u ypoBHeM 1yma 4,5...6 1b.

TBEHHO. XapaKTepUCTUKU YCUIUTENS A
IMOKa3aHbl Ha pUC. 7, OH UMEeT CaMbIi
HU3KUN KOPP(PUIIMEHT YCWIEHUS —
okojio 11 1b, HO U camMBblil HU3KUI ypO-
BeHb lymMa — 3,8 1b (rpaduku nusmepe-
HUI IIyMa OTCYTCTBYIOT JJISI BCEX YCH-
JIUTeNIel, 3HaUeHUs yKa3aHbl B TEKCTO-

59 81 %] B85 57 59 ] 63 65

BOM BUJE), IMPU 3TOM XOPOIILIO COIJIaco-
BaH MO BXOJYy U IO BhIXOAYy (OOpaTHEIE
notepu — meHee —10 1b, KCBH — me-
Hee 2). Tok noTpebaeHus paseH 220 MA
MNpU HaNpsKeHUU mutaHus 5 B. Yeunu-
TeJb B umeeT 6osee BbICOKUI KOa(hdu-
LIMEHT ycuieHuss — okono 21 n1b, Ho u
BO3POCIINI YPOBEHB ITyMa — 110 5...6 1B,
IpY XOpOIIIEM COIJIaCOBaHUU BXOla U
Boixoma, KCBH — wmeHee 2 (puc. 8).
Ycunurenb uMeeT caMblii HU3KUK TOK
norpebiaeHuss — MeHee 160 MA mpu Ha-
npsokeHun nutanusa 5 B. Yceunurens C
UMeeT ellie 0oJiee BEICOKUI KO3hGUIIU-
eHT ycuneHusi — 1o 40 nb, pu ypoBHe
myMa 4 1b (puc. 9). Hemoctatkom siBisi-
eTCsl corjacoBaHME BXOAa W BbIXoga —
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f, GHz
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57 58 61

Puc. 6. Manomymsimuii ycunurens komnauuu Hittite (Analog Devices): 3aBucumMocTi
S-napametpoB (a, b, ¢) u Ko3¢unuenta myma (d) oT 4aCTOTHI

S-parameters (a, b, c¢) and noise factor (d) on frequency
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Fig. 6. A low-noise amplifier from Hittite Co. (Analog Devices): dependences of
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Fig. 7. Dependences of S-parameters on frequency of RF-LAMBDA R50G69GSA amplifier
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LAMBDA R50G69GSB rpamKy 3aBHCMMOCTEl S-napamMeTpoB OT YACTOTHI
Fig. 8 Dependences of S-parameters on frequency of RF-LAMBDA Fig. 9. RF-LAMBDA R50G69GSC low-noise amplifier: diagrams of
R50G69GSB amplifier dependences of S-parameters on frequency
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3akioueHue

ITo pesynbTaTaM aHajau3a yCHIMTENEN, pa3MeIleH-
HBIX Ha caliTax MPOU3BOAUTEIIEN, MOXHO CAEIATh CJie-
QY011 BBIBOJIBI.

e B mmamazone 60 I'T'1y mocTymmHO KpaiiHe Majioe YKc-
JIO YCWJIMTENEH, MPU 3TOM POCCUMCKME aHAJIOTU
OTCYTCTBYIOT, YTO CBUJAETEJIBCTBYET O CJIOXHOCTH
pa3paboTKM cXeM JAHHOTO MHara3oHa.

o JloMuHUpYIOIllIee MOJOXEeHNEe B HAIEHHBIX YCUIIU-
TeJsIX 3aHMMaeT apceHUI-TajuiueBasi TeXHOJOTUs,
YTO MOXHO OOBSICHUTH €€ HauOOJIbIIei pa3BUTOC-
ThIO M BEAyLIMM IIojiokxeHrueM Ha pbliHKe CBY
BJICKTPOHUKHU B IICTIOM.

e XapakTepUCTUKaMU MHUPOBOIO YPOBHSI MOXKHO
cuntath KoadpduuueHt ycuiaeHus 10...20 n1b, ypo-
BeHb 1yMa 4...6 1b, mpu XopoilieM corjacoBaHUU
Bxona U Beixonaa. Tok norpedaeHuss — 100...200 MA
Mpu HanpsKeHUH nutanus 2,5...8 B. CpegHue pas-
mepbl MUC coctaBuim okono 1,5%1,5 mm.
OTCyTCTBHE OTEYECTBEHHBIX pa3pabOTOK U OCODEH-

Hoctm amarazoHa 60 I'T'n memator paspabotrky MUC

JMTAHHOTO IHMarna3oHa HEOOXOOMMBIM HaIlpaBIeHHEM

pasButus poccuiickoit CBY anexrponuku. [lepcnek-

TUBHBIM HaIpaBJIeHUEM IS YIYJIICHUS] XapaKTepuc-

THUK SIBJISETCS MCIOJb30BaHUE BMECTO apceHuaa raj-

JINSI TeTEPOCTPYKTYP Ha HUTPUIE TaJlJIdsl, UTO MO3BO-

JIUT TIOBBICUTH BBIXOAHYIO MOIIHOCTh U CHU3UTH YPO-

BEHb LIIyMa.

Paboma evinoanena npu Qurauncosoi noddepiicke
Munucmepcmea obpasoeanus u nayku Poccuiickoii De-
depayuu (coenauienue o npedocmaesieHuu cyocuouu
No 14.607.21.0087, ynukanvHotil udenmugpuxamop npo-
exkma RFMEFI60715X0087).
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Low-Noise Amplifiers for 60 GHz Band: Review of the Commercial Developments

The article presents an analysis of the modern state of the commercially available 60 GHz low-noise amplifiers. This band is char-
acterized by a high degree of absorptivity in the atmosphere, but, notwithstanding good prospects for development of the devices for this
band, at the moment the number of the available amplifiers is extremely small, at that, there are no Russian analogues at all, which
testifies to the complexity of development of such MIC. The authors analyze the dominant position of the gallium-arsenide technology,
which can be explained by its leading position in the microwave electronics in general, and the prospects for transition to the gallium
nitride heterostructures. As a result of the analysis, characteristics of the modern low-noise amplifiers of this band were determined.

Keywords: HEMT, low-noise amplifiers (LNA), heterostructures, monolithic integrated circuits (MIC), millimeter-wave band,

RF modules, noise figure

Introduction

The band of 60 GHz is characterised by a high ab-
sorbability in the atmosphere, which makes it possible
to create networks not interacting with each other. In
many countries it is recognised as a license-free band,
and, according to the accepted standards (IEEE
802.11ad and ISO/IEC 13156) the local wireless net-
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works will be created in it. Use of the low-noise am-
plifiers (LNA) is promising in the transmitter-receiver
devices of the broadband indoor communication, en-
suring a high-speed and security data transfer between
the electronic devices.

Analysis of sources demonstrates presence on the
sites of some manufacturers of LNA in the 60 GHz
band. Development of circuits in this band is compli-




cated from the point of view of designing and production
technologies, therefore, the number of corresponding de-
velopments is not great and they are presented by the fol-
lowing major producers of the microwave electronics:
TriQuint, United Monolithic Semiconductors, Microsemi,
Hittite, Norden Millimeter, Sumitomo, RFlambda, Mi-
crosemi and Ducommun.

Characteristics of the found 60 GHz samples are
presented in the table. The specified heterostructure
material of most amplifiers is gallium arsenide. By the
characteristics of the other amplifiers it is possible to as-
sume, that they, too, are made on gallium arsenide.

The basic values of the considered amplifiers are the
low-signal amplification factor (S27) and the noise fac-
tor (NF). As the coordination characteristic we will
consider the voltage standing-wave ratio (VSWR),
which is connected with the level of the return loss by
the following formula:

RL
20

_1+10
VSWR = L2
1-10 %

where RL (Return Loss) — input or output return loss-
es. In case of a good coordination less than 2, which
corresponds to the level of the return loss less than —10.

Review of the low-noise amplifiers

In [1] the three-stage low-noise amplifier
(TGA4600) is described from TriQuint Co. for the band
of 57...65 GHz (fig. 1, see the 3-rd side of the cover), de-
signed by 0.15 um pHEMT technology with the use of
microstrips and three-layer metallization. The amplifica-
tion factor reaches the level of 13...14 dB. The amplifier
is well coordinated by the input — VSWR of input equals
to 1.2 (by the level of the return loss of input —20 dB),
but is worse co-ordinated by the output — VSWR of the
output is about 3 (by the level of the return loss of out-
put —6). The noise factor is nearby 4 dB in the working
band. Current consumption is 41 mA at the power supply
voltage of 3 V. The dimensions of the monolithic inte-
grated circuit (MIC) are 1.62%0.84 mm.

The low-noise amplifier from Japanese company
Sumitomo Electric Industries (SEI) for the band of
57...64 GHz is described in [2] (fig. 2). The amplifier
has 3 stages, and it is based on the microstrip technol-
ogy on a gallium arsenide heterostructure. The ampli-
fication factor is 20...22 dB in the working band and it
has good input — output coordination (the input — out-
put return losses are about — 10 dB, thus, the input —
output VSWR are less than 2). The noise factor is 4.5 dB.
Current consumption is 30 mA at the working voltage
of 3 V. Dimensions of the crystal are 1.54x0.7 mm.

Fig. 3 presents a schematic view of a four-stage am-
plifier from the French-German company United
Monolithic Semiconductors [3]. It is built by pHEMT
technology, has the gate length of 0.15 um and the
working band of 55...65 GHz. The amplifier belongs to
the low-noise category, but its manufacturer positions

it as a power amplifier. Its amplification factor is about
20 dB in the working band. The amplifier is well-coor-
dinated by the output — VSWR of the output is less
than 2.1 (the return loss is less than 9 dB), while input
coordination is somewhat worse — VSWR of the input
is equal to 2.1...3 (by the level of the return loss — from
—6 up to —9 dB). The noise level declared by the man-
ufacturer is 4...4.8 dB. At the working voltage of 3.5 V
the current consumption is equal to 115—150 mA. The
crystal dimensions are 2.35x1.11 mm.

United Monolithic Semiconductors Co. has one more
amplifier built by pHEMT technology with the gate
length of 0.15 um, but a two-stage one, working in the
frequency band of 55...60 GHz [4] (fig. 4). A smaller
number of stages had a positive influence on the size of
the crystal (1.71x1.04 mm), but expectedly decreased
its amplification factor — it is about 10 dB. At that, the
amplifier has not so good coordination on the output
(the return loss of the output is —8 dB, which corre-
sponds to VSWR of the output equal to 2.3) and poor
coordination on the input (the return loss is from —7 up
to —4 dB, which corresponds to VSWR of the input of
2.6...4.4). The noise factor was improved, so in most
part of the working band it equals to 3 dB and only on
frequencies of 58...60 GHz it increases sharply up to
4.5 dB. And the current consumption is — 80...150 mA
at the voltage of the power supply of 3.3...3.8 V.

Three samples of the broadband amplifiers working
on frequencies of 0...65 GHz were produced by Micro-
semi Co. [5]. Characteristics available for a public are
only for one amplifier, which works at the lowest volt-
age of power supply (4.5 V against 7...8 V in case of the
two other amplifiers). It is positioned as a low-noise
amplifier, and its characteristics are presented in fig. 5.
Its amplification factor is not so high — about 11 dB,
but it is well coordinated on the input and output in all
the range of frequencies (the return loss of input and out-
put is less than —10 dB, that is, VSWR of the input and
output is less than 2). Unfortunately, the manufacturer
did not present a diagram of the dependency of the noise
level on frequency, but specified only the noise level on
frequency of 20 GHz, which was equal to 2.3 dB.

Hittite Co. (Analog Devices) developed a low-noise
amplifier in the band of interest (fig. 6). It consists of
four stages and it was manufactured on the gallium ar-
senide heterostructure with the working band of —
57...65 GHz [6]. The probe measurements on a crystal
demonstrated that in the working range of frequencies
the amplification factor was 19...21 dB, at a good co-
ordination of the input and output of the amplifier (the
return loss was less than —10 dB, i.e. VSWR would be
less than 2). The noise level was 3.8...5 dB. The manu-
facturer did not present the topology of the amplifier, ex-
cept for the dimensions of the crystal — 1.55%0.73 mm.
Current consumption was 115...150 mA at the working
voltage of 2.5 V.

Three low-noise amplifiers for the band of
50...69 GHz were developed by RF-LAMBDA Co.
[7—9]. The manufacturer does not show the topology

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 12, 2016 765




and sizes of the amplifiers, and the technology on the ba-
sis of which they were made. The amplifiers have serial
numbers RS0G69GSA, R5S0G69GSB and R50G69GSC,
but for simplicity reason we will call them by their last
letters: A, B and C. Characteristics of amplifier A are
presented in fig. 7, it has the lowest amplification fac-
tor — about 11 dB, but the highest noise level —3.8 dB
(diagrams of the noise measurements are not available
for all the amplifiers, the values are presented in a text
form), at that, it is very well coordinated by input and
output (the return loss is less than —10 dB, VSWR is less
than 2). The current consumption is equal to 220 mA
at the power supply voltage of 5 V. Amplifier B has a
higher amplification factor — nearby 21 dB, but also an
increased noise level — up to 5—6 dB, at a good co-
ordination of input and output, VSWR is less than 2
(fig. 8). It has the lowest current consumption — less
than 160 mA at the power supply voltage of 5 V. Am-
plifier C has even higher amplification factor — up to
40 dB, at a noise level of 4 dB (fig. 9). Its drawback is
the input and output coordination — the return loss ex-
ceeds —10 dB, VSWR is about 2.6, the current con-
sumption is 227 mA at the power supply voltage of 5 V.

The documentation says that operation of the am-
plifiers requires a heat sink.

Two LNAs of 57...65 GHz band are available from
Ducommun Co. [10]. On the site of the manufacturer
there are no data about the topology and diagrams of
characteristics, only text specifications are available.
The amplifiers are based on pHEMT technology, have
identical noise factor (6 dB) and work at the power sup-
ply voltage of 12 V, they differ only by the amplification
factors and current consumption. Thus, LNA with the
amplification factor of 15 dB has current consumption
of 100 mA, while LNA with the amplification factor of
30 dB has current consumption of 150 mA. VSWR of
the amplifier on the input and output is equal to 2.

It is necessary to mention a whole list of amplifiers
from Norden Millimeter Co. (more than 10 pieces)
[11], however, only the results of measurements of their
key parameters on several frequencies are accessible,
therefore, these amplifiers are not presented in the ta-
ble. The amplifiers for the band of 40...60 GHz have
amplification factor of 10...50 dB, at that, all of them
have good coordination, VSWR of the input and output
does not exceed 2.5. The voltage of the power supply is
not specified, information is available only about the
current consumption — 80...700 mA. There are also
amplifiers for the bands of 59...61 GHz and 50...75 GHz
with the amplification factor of 10...30 dB and noise
level of 4.5...6 dB.

Conclusion

By the results of the analysis of the amplifiers placed
on the manufacturers’ sites it is possible to draw the fol-
lowing conclusions.

e Inthe band of 60 GHz very few amplifiers are avail-
able, while the Russian analogues are absent, which
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testifies to the complexity of development of the cir-

cuits for the given band.

e The dominant position is occupied by arsenide-gal-
lium technology, which can be explained by its
greatest development and the leading position in the
market of the microwave electronics as a whole.

e Itis possible to consider as characteristics of the world
level the amplification factor of 10...20 dB, noise level
of 4...6 dB, at a good coordination of the input and
output, current consumption of 100...200 mA at the
voltage of power supply of 2.5...8 V. Average dimen-
sions of MIC are about 1.5x1.5 mm.

Absence of domestic developments and specific fea-
tures of 60 GHz band make MIC of the given band an
important direction in development of the Russian mi-
crowave electronics. A promising way to improve the
characteristics is the use of gallium nitride heterostruc-
tures instead of gallium arsenide, which will allow us to
raise the output power and to lower the noise level.

The work was done with the financial support of the
Ministry of Education and Science of the Russian Feder-
ation (grant agreement No 14.607.21.0087, the unique
project identifier — RFMEFI60715X0087).
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Pacczwampuearomcn MeXaHu3mbl 603HUKHOBEHUA ae¢elcm06 6 MOHKONAEeHOYHOU cmpyKkmype meH30pe3ucmu6H012 naeHku dam-
HuKa 006/!6}!”}1, pa60mai0u4eeo 6 HCeCMKUX YCA06UAX IKChayamayuu. Hped/w:»ceﬁbt HOBble KOHCMPYKMUBHO-MEXH0A02UYecCKue pe-
WEeHUA 4YeCcmeumebHblX 3/1eMeHm0o6 HA OCHO6€e HOBblX d)yHKL{LlOHa/lebIX caoes, no3eoidArnuiiue noesbicumo CMOUKOCMb MeH30-
pe3ucmopoe K nepeecpy3Kam. Hpeacmaeﬂeﬂbt MexXHOoA02UA U320MOBGACHUA YYBCMEBUMENbHO20 2/1emMeHma ¢ Ll30./lﬂl{u€lz us3 lcap6u6a
KpPeMHUA U Memoouka onpe()e/leﬂuﬂ cmoukocmu MEeH30pe3UCmopo6 K NOBblUICHHbBIM memMnepamypHsiM HAepY3Kam.

Karoueeote caoea: monxonienounas cmpyKkmypa, mexHoaocus u3eo0moenernusl, ltyecmeume/zbﬂbtﬁ anemenm, 0c060 Jcecmiue

ycaoeus sKcnayamauuu, menﬂonpoeoanocmb

BBenenne

HMHTerpanbHble TEH30METPUUYECKUE MeTaUIoTLIe-
HoOYHbIe gaTyuku gapiaeHus (MTMJIJ1) coenuaibHOTO
Ha3HAYeHWs MOJYYMIIN IIIMPOKOE PACIIPOCTpaHEHHE B
UHGOPMAIIMOHHO-U3MEPUTEbHBIX W YIPABISIOLIAX
cUcTeMax JUIsl XXKEeCTKUX YCJIOBHU 3Kcruryatamuu [1].
OHuM 00/1a1al0T BBICOKOW JIMHEHMHOCTbIO (DYHKUMU
MpeoOpa3oBaHUs M OTJIMYAIOTCS MPOCTOTOM KOHCT-
PYKTOPCKMX pelleHuit. B mpolecce skcryaTaimuu
WUTM/ Hapsigy ¢ BO3OeiCTBUEM OCHOBHOTO U3MeEpSI-
€MOT0 TapamMeTpa — IaBJIEHUS — TOIBEPraloTCs OI-
HOBPEMEHHOMY BJIUSIHWIO OOJIBIIOrO 4yucia aecTadu-
JIM3UpPYIONIMX (pakTopoB (TemIiepaTypa, TepMOyaaphl,
nepenaabl JaBieHUsI, BUOpaLMsl, U3BMEHEHUE HaIpsi-
JK€HUs TIMTaHUS U T.M1.), KOTOPbIe MOTYT UCKa3UTh UC-
TUHHYI0 MHGOPMALIMIO O TOBEICHUU O0BEKTa U BbI-
BECTH 3HAYEHME BBHIXOZHOIO CHMTHAaja 3a paMKHM, 3a-
JMaHHBIE B TEXHUIECKNX YCIOBMAX. Takue BO3IeiicTBUS
MPUBOIAT K MapaMeTpUYeCKMM OTKazaM, KOrma Ipo-
HUCXOAUT HEPaBHOMEPHOE U3MEHEHUE 3JeKTPOpU3U-
YECKHUX XapaKTepUCTHUK, U K KaTacTpohUIeCKUM OTKa-
3aM B CJIy4yae BBITOPAHUIA 3JIEMEHTOB CXEMbI U KOPOT-
KOro 3aMblkaHus. OgHOU U3 Hanbosiee BO3MOXHBIX U
CYILIECTBEHHBIX IPUYMH 0TKAa3a SABJISIETCS pa3pylicHHIe
TUIEHOYHBIX 3JIEMEHTOB TPU MPOTEKAHWU TOCTOSIH-
HOTO TOKa OOJIbIION MIOTHOCTU BCAEACTBUE JIEKTPO-
IUPEPY3MOHHBIX (JIEKTPOMUIPALIMOHHBIX) TIpoOliec-
coB. IMEHHO MO3TOMY aKTyaJlbHbIM SIBJISIETCSI U3YyYe-
HUE CBONCTB TOHKOIJIEHOYHBIX T€TEPOTeHHBIX CTPYK-
Typ, UCCIENOBaHNE X MOBENECHUS TPU U3TOTOBICHUU
M 9KCIUTyaTalluM, a TakXKe IMOMCK HOBBIX BapMaHTOB
KOHCTPYKTUBHO-TEXHOJIOTUYECKUX PELIEHU YyBCT-
BUTEJIbHBIX 3JIeMeHTOB (YD) Ha 0OCHOBE HOBBIX (hYHK-
LIMOHAJIBHBIX CJIOEB, MO3BOJISIIOIIUX MOBBICUTh CTOM-
KOCTb TEH30PE3UCTOPOB K MOBBILIEHHBIM Harpy3Kam.

Teopernyeckas 4acTh

Ha ceromHsiHuii 1eHb MaccoBoe pacIlpocTpaHe-
Hue misg YO UTMI noayynia TOHKOIUIEHOYHAS Ie-
TEpOTeHHasl CTPYKTypa "MeTall—IUudJIeKTPUK—Me-
Tajur", TAe B KaYeCTBE MOMJIOXKHU BBICTYITACT YIIPYTUA
9JIEMEHT U3 MEeTaJUIMYeCKOro cIuiaBa OIpeaeseHHOM
reoMeTpUUYECKO (POpPMbl, TUBJIEKTPUKOM CIYKUT MO-
HOOKMCh KPEMHMS C aAre3MOHHBIM TOJCIOEM XpOoMa,
TEH30PE3UCTOPhI U3roTaBIMBaIOT U3 crutaBa X20H7510,
a KOHTaKTHBIE TIJIOIIAJKK BBITTOJHEHBI HA OCHOBE 30-
JIOTa ¢ moacaoeM BaHanus [2]. @opMupoBaHUE pe3rc-
TUBHBIX TJIEHOK HAHOMETPOBBIX pa3MepoB (TOpsaKa
80 HM) TTPOMCXOIUT B BaKyyMe U HOCUT HEyIpaBJsie-
MBIl XapakTep, IpY 3TOM HallbUIEHWE OCYILECTBIISIET-
cs 3a noiau cekyHa. CTpyKTypa IMOJYyYEHHbIX TJIEHOK
BO MHOTOM TpeAoNpeaesieT CTAOMIbHOCTh BHIXOHBIX
napamerpoB UTMJIJl, mo3ToMy HeMalOBaXKHO Y4u-
ThIBaTh TEXHOJOTMYECKHUE YCIOBUS MOJYyYEHUs, 3aBU-
cslIMe OT MaTepuasoB IJIEHKU U MOIJIOXKHU, TeMIIe-
paTypbl OCaxkIeHUsl, HaJW4Yusl MOJIEKYJ1 OCTATOYHBIX
ra3oB B BaKyyMHoOU kamepe. MccienoBaHusl, MOCBSI-
1LIEHHbIE MOUCKY MPUYMH BO3HUKHOBEHUST HECTAOWIb-
HocTu napameTpoB UTMIJI, packpbIBalOT MeXaHU3-
Mbl (DYHKIIMOHUPOBAHWS U3MEHSIOIIEICS BO BpeMEeHU
BHYTPEHHE! CTPYKTYpPbl CXE€Mbl, PEKpUCTaIM3alun
TOHKMX TIJIEHOK, BJMSIHUS MOMJOXKW Ha MOpGhoJo-
TUI0 U 3JieKTpodu3nuecKue napaMeTpbl ieHKU. Tak,
HEeCTabMJIbHOCTb U JIOKAJIbHbIE BBITOPAHUSI PE3UCTUB-
HBIX TUJIEHOK 3HAYMTEIbHO 3aBUCSAT OT TeMIIepaTyphl,
BHYTPEHHUX Je(PEKTOB, CTENEHU PA3BUTOCTH peibeda,
BKJIIOYAsT HaJWYWe HEOTHOPOTHOCTU ITOBEPXHOCTHU
nouioxXku. I1pu ucciaenoBaHUM TOHKOIUIEHOYHBIX Te-
TEPOCTPYKTYP MX HENb3d paccMaTpuBaTh KaK OIHO-
pPOIHBIE WACATbHO POBHbBIE MpUWJIEralolire CjIou Iu-
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BJIEKTPUKA C TEH30PE3UCTOPAMU U KOHTAKTHBIMU
mioiaakaMu. IToBepXHOCTh MOJUPOBAHHOIO YIIPYTO-
ro 3JeMeHTa HeOOJHOPOAHA. DTO OOBSICHSETCS Halu-
ypeM B MaTepualie yIpyroro sjeMeHTa HeMeTauinJec-
KUX BKJTIOUEHUI B BUIe KApOOHUTPUAOB TUTAHA, M-
IOLIMX TBEPAOCTh HAMHOIO BbIllIE OCHOBHOIO CILJIaBa.
ITocne moaupoBKU OHU JUOO BBHINAJAIOT MOJTHOCTHIO,
OCTaBJIsIsA 32 CO0OI paKOBUHEI, JIMOO OCTalOTCS B BUIE
nmukoB. Ha puc. 1 (cM. 4eTBepTyI0 CTOPOHY OOJIOXKM)
MpeACTaBIEHO CXeMaTUYecKoe M3o0paxeHue aedex-
TOB MOAJIOXKU (puc. 1, a) u TpexMepHOe NU300paKeHUE
CKaHMPOBAaHHON YacTHU TOBEPXHOCTU ITOMIOXKH pe-
ajnbHOro YD, BBHIMOJHEHHOE HA ONTUYECKOM MUKPO-
ckone Hirox 7700 (puc. 1, b).

JedekTsl NOIMPOBAaHHON IMOBEPXHOCTU 3amlbLIsI-
I0TCSI AUBJICKTPUUECKON TIJICHKOM, 00pa3ysl MecTa ¢
YTOHEHUSIMU W YTOJILLIEHUSIMU, KOTOpPbI€ BITOCJIEICT-
BUU 3aIOJHSIIOTCS TEH30PEe3UCTUBHBIM CJI0eM (puc. 2).
DTO NPUBOJAUT K TMOSIBJIEHUIO HEPABHOMEPHOI'O KaHa-
JIa IPOBOJAMMOCTU B TOCJICIHEM.

IIpy BO3ENCTBUM Ha TEH30CXEMY MOBBILIEHHbBIX
TOKOBBIX HArpy30K HaOMIOAaeTcsl BCKPBITUE 3TUX JIe-
(eKTOB B BUEC BHITOPAHUSI OTACJIBbHBIX Y4ACTKOB TEH30-
pe3uctopa (puc. 3, CM. YeTBEPTYIO CTOPOHY OOJIOXKIN).

BuemrHuii Bung aedekToB B TEH30pEe3UCTUBHOM
IUIEHKEe M KOHTAaKTHOW IIJIOLIAAKe IMOKa3bIBaeT, 4TO
BbIrOpaHue (KMcIlapeHne) TOHKUX TUIEHOK IIPOUCXOIUT
M0 OKPYXKHOCTH, TaK UTO OOHaXaeTcsl AU3JIeKTpUuJec-
Kasg ruieHka. ToJilliMHa pe3UCTUBHON U KOHTaKTHOM

Ju: wan

n
LJegexm 2

-~
Jegexm 1

Puc. 2. XapakTepHble 1ed)eKTbl NOIOKKH U3 MOJIMPOBAHHOTO CILIABA,
NPOSIBJIAIONINECS] B TOHKOIJIEHOYHOM CTPYKTYpe: @ — CXeMaTH4yecKoe
n3obpaxenue; b — ororpacdus, crenanHas ¢ moMolipio POM

Fig. 2. Characteristic defects of a substrate from a polished alloy,

revealed in a thin-film structure: a — scheme; b — photo made by means
of REM
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Puc. 4. CxemaTHyecKoe H300paxeHnne HeoJHOpoaHoCcTH (nedeKkTa) B
IUIOCKOCTH PE3UCTHBHOIO CJI0fi: / — 30HA pa3orpeBa TOHKOM pe3uc-
TUBHOW IUIEHKM; 2 — 30Ha seeKTa B IJIEHKE, r; — TeKyllas Ko-

opauHara paguyca nedexra, £; — HanpsHkeHHOCTb 31€KTPUYECKOTO
OJIsl B TOHKOM TJIEHKE B 30HE nedekra

Fig. 4. Heterogeneity (of defect) in the plane of the resistive layer: 1 —
zone of warming up of a thin resistive film; 2 — defect zone in the film,
ry — current co-ordinate of the radius of defect, E; — intensity of the

electric field in the thin film in the defect zone

IUIEHOK MEHbIIIE TOJIUUHBI TUICHKU OUBJIEKTPUKA,
KpOMe TOTO, TeMIIEpaTyphl IUIaBJICHUSI 1 BO3TOHKM HU-
KeJIb-XpOMOBOTO CILJIaBa, BaHAAus M 30JI0Ta 3HAYM-
TEJIbHO HUXe, YeM TeMmIlepaTypa miaBiaeHus SiO. Xa-
pakTep Ae(peKTOB MOXET CBUIETEIbCTBOBATh O 3HAUM -
TEJbHOM TpaJdeHTe TeMIepaTyp B MecTaxX YTOHEHUit
IUIEHKM MeXOy LEHTPOM 30HBI pa3pyllIeHUsI U ee Ie-
pudepueii.

st onipenesieHsT MPUYMH BBITOPAHMS YacTeld TOH-
KOIJICHOYHOI'O0 TEH30PE3MCTOpa PACCMOTpUM (DU3U-
YeCKYI0 MOJIeJIb, B KOTOPO# Ae(eKT MMeeT UMINHIPU-
yeckylo ¢opmy (puc. 4) ¢ ochlo, MepreHIUKYISIPHONI
TIocKOoCTH TTo10kKH [3]. ITpakTnueckmii mpuMep pe-
LICHNS TAKOW KpaeBOM 3adauM IS SIIMTAKCUAIbHBIX
CJI0eB, B KOTOPHIX Je(eKThl POCTa UMEIOT LIUJIUHAPU-
yecKyo GopMy, XOPOLLIO MpeacTaBieH B paboTax [4—6].
Orcroma cienyeT, YTO HaJlMuue B IJIEHKe Ae(eKTHBIX
MO 3JEKTPUYECKON MPOBOAMMOCTH 00JIacTeil IIPUBO-
JAT K BO3HUKHOBEHUIO MEXIY LIEHTPOM W TpaHUlIeit
JedekTa nepernagoB TeMIepaTyp, KOTOpbie ONMKMChIBa-
IOTCSI CIICAYIOIIM BhIPAXKEHUEM:

2 52
o.FE7 R
Ty(ry = Ry, 0 = 0) — Ty(r, = 0) = %‘ -
1
2 2 2
_ Gr—Gd( 20, EJ Rﬁ _ GdRﬂ[ 20, El] )
8}\.1 Gr—Gd 27\42 Gd—Gr

rae R, — Haubosbluwii panuyc nedekra; o, 5 —
3JIEKTPUYECKKE MTPOBOAUMOCTH TOHKOM pe3rCTUBHOM
IUIEHKU W 30HBI J€DEKTa; Ay, Ay — KOI(DOULHUEHTHI
TETJIONPOBOIHOCTU TOHKOIUIEHOUHOM TeTepOCTPYKTY-
pbI ¥ 30HBI JedexTa; £, £y — HaNpsKeHHOCTH SJI€K-
TPUUECKOTO TIOJISI B TIEPBOIl U BTOPOI 30HaX AedekTa
COOTBETCTBEHHO; (¢ — TEKylllas yrjioBasi KOOpAMHATA.

Ecnu non nedexToM moHMMAaTh HEOAHOPOAHOCTh
MOBEPXHOCTHU TOJIOXKM, U CBSI3AHHBI C 3TUM JIO-




KaJIbHbII CKAYOK TOJIIUMHBLI PE3UCTUBHOM IUIEHKU B
30He Je(eKTa aHAJIOTUYEH TOMY, YTO M300paxeH Ha
puc. 4, TO MOXHO HONYCTUTb, YTO 3JIEKTPUYECKUE
NPOBOAMMOCTU ITUIEHKM M J€(PEKTHON 30HBI PABHBI
G, =G, = Gyg. B 9TOM Ccity4ae BeipaxkeHnue (1) mpumer
CIIEYIOLINIA BULL:

_ _ o = OELRy
Ti(ry = Ry, 0= 0) = Ty(r, = 0) = 55 2)

1

JlokanbHbIe Nepemnaabl TeMIepaTryp B 30Hax aedek-
TUBHOCTHU TEH30PE3UCTUBHOM MJIEHKU, BOZHUKAIOILLINE
MPpU TIOBBIIIEHHBIX YACIBHBIX MOIIHOCTSIX, B CIydJae
KPUTUYECKUX YCJIOBUI MPUBOIST K pa3pylIEHUIO Yac-
TH TEH30PE3UCTOPA. DTO XapaKTepU3yeT HAIIPSTKEHHBINA
TEMIEePaTypHbI PEeXXUM B MECTaX CWJIbHBIX YTOHEHU
PE3UCTUBHOM IMJIEHKU. DKCILTyaTAllMOHHBIE YCIOBUS B
BUIIe M3MEHEHUSI TeMIlepaTypHBIX ITOTOKOB U Aedop-
MalKuu MeMOpaHbl CO31al0T AOIMOJHUTEIbHbIE (haKTO-
Dbl pUCKa, BIUSIOLIME Ha CTAOMJILHOCTh IMapaMeTpPOB.

st coBepllieHCTBOBaHUS JaTYMKOB B LIEJISIX MOIY-
YeHMsSI HOBOTO KJIacca MpUOOPOB, IKCITYaTUPYEMBIX
B 0CO00 XXECTKUX YCJIOBUSIX, HEOOXOAWMbI pelLIeHUSI,
CBSI3aHHBIE C M3MEHEHUEM TOHKOIUIEHOYHON TreTepo-
Te€HHOM CTPYKTYpbl, XapaKTepUCTUKU KOTOPOW OIpe-
JIeJITI0T XapakTep W3MEHEHUs TapaMeTpoB AaTuMKa.
Llenbio HAcTOSIIIEH CTaTbM SIBJISIETCS 10KAa3aTeJIbCTBO
BO3MOXHOCTHU TNPUMEHEHUSI aJIbTePHATUBHOIO MaTe-
puaa U30JIIMOHHOTO CJI0S ¢ ONpeaeeHHBIMU (DU3U-
YEeCKMMM CBOMCTBAMHU, TMO3BOJISIIOIIMMU OOECIEUUTh
BPEMEHHYIO M TeMIlepaTypHYI0 CTaOMJIBLHOCTH Tapa-
METPOB MHTETPaJbHBIX TEH30PE3UCTOPHBIX CXEM TIpU
0C000 XEeCTKUX YCIOBMSIX IKCILTyaTalliu.

MeTtoauka JIKCNIepUMEHTA

OCHOBHBIM  TU2JIEKTPUYECKUM MaTepHaJioM B
MMTIJI, nonBepraeMbIM 3HAUUTENbHBIM JehopMa-
M (10 2,0% 107%) u apyrum BAMSIONMM 3KCILUTya-
TallMOHHBIM YCJIOBUSIM, SIBJISIETCS MOHOOKHUCH KpeM-
Hus (Si0). B pabotax [7, 8] npencraBieHbl MperuMy-
1IECTBa TOHKUX TUIEHOK IMU3JIEKTPUKA U3 MOHOOKHUCHU
kpeMHusi SiO npu NpUMEHEHUM WX B KOHCTPYKLIMU
UTMIJI.

Henoctatkamu SiO sIBASIIOTCSI 3aBUCUMOCTD Mapa-
METPOB IUIEHOK OT TePMOMEXaHUUECKUX HAPSIKEHU A,
CYIIECTBYIOLIMX B HUX HEITOCPEACTBEHHO MOCJIE HATlbI-
JIEHHs, a TakXKe HU3KOe 3HAYeHUEe TETUIONPOBOIHOCTH
(1,38 Br/(Mm * K). Ocaxnenue SiO Ha ynpyrue sjieMeH-
Tl ATMJ] npuBOAUT K 3HAYUTEIHHOMY CHIDKEHMIO
TEIIONPOBOAHOCTU CTPYKTYphbl. Tak, B padote [9] oT-
MEUEeHO, UTO IMyTeM IJla3ypOBaHUsI KepaMUKH OOpOCH-
JINKaTHBIM CTEKJIOM €€ TeILJIOIPOBOIHOCTb CHMXKAETCS
Ha Tiopsinok. s obGyieryeHus TEIJIOOTBOAA OT 3Jie-
MEHTOB C(OPMUPOBAHHON CXEeMBbl MPU TOBBIILIEHHBIX
YIAEIbHBIX MOILIHOCTSIX 3JIEKTPUUECKUX HArpy30K, CBSI-
3aHHBIX C U3BMEHEHUEM HaIpSLKEHUS ITUTaHUS, TePMO-
yaapaMu W APYTMMHU BO3AEVCTBYIOIIMMU (DaKTOpaMu,

aBTOPHI MPEIararoT UCITOJIb30BaTh B KQUECTBE U30JISITO-
pa kapoua kpemHust (SiC). SiC rMeeT BbICOKYIO TEILIO-
MIPOBOIHOCTD, PAIMALIMOHHYIO CTOMKOCTS (10 10 Heitr-
pOHOB/CM2), BBICOKYIO XUMMYECKYI0 CTOMKOCTb B
kucyorax 1 menodax (mo 450 °C), o0ycIOBIMBaIONIYIO
CTOMKOCTh MaTepuaja B arpeCCUBHBIX cpeaax. Kpome
TOTO, BBICOKME 3HAYeHMs ynpyrux cBoicTB SiC He-
MAaJIOBaXXKHBI TP UCITOJIb30BAHUHM €T0 B TCH30METPHUH.

Texnonorusa noaydyenus rwieHKu SiC ¢ 3agaHHBIMUI
JIU2JIEKTPUYECKUMU MTapaMeTpaMy peaju30BaHa Ha yc-
TAHOBKE BaKyyMHOI'O IJIJa3MEHHOro HanbuieHusi Amod
MeTonoM BY MarHeTpoHHOTo pacIblIeHMS ¢ TIpeaBa-
PUTEIBHOM OTKAYKOI 10 TIIyOOKOIo BaKyyMma, ¢ o0pa-
OOTKOM IMOBEPXHOCTU IMOIJIOXKM M caMOU pacTylueit
IUTEHKW WOHHBIM WCTOYHWKOM [IJIST YBEJIWUYCHUS e
criomHocTH [10].

DKCIepMMeHTaIbHBIE UCCISIOBAHUS OCYIIECTBIIC-
HBI Ha oopa3uax Y9 UTMJJI co cdhopMupoBaHHBIMU
nuanekTpuyeckumu reHkamMu SiC metomom BY mar-
HETPOHHOTIO paclblieHMs] U IUieHKamu SiO — mMerto-
JIOM TEPMOBAaKyyMHOTO WCITApEHUs IO CTaHZApTHOM
TeXHOJIOTUH. TeIao0TBOI OLIEHMBAIM MOAOOPOM OII-
TUMAaJIbHBIX PEXUMOB TOATOHKM TEH30PEe3UCTOPOB B
LeJISIX BBIPAaBHUBAHMS MX HOMMHAJIOB [UIST BBHITTOJTHE-
HUs ycsoBus OajaHCUpOBKU TeH3oMocTa (U = 0 MB).
IToaroHKy OCylIeCTBISIM MyTeM pa3orpeBa (BbIKUIa-
HUsI) BHEILIHE! YacTh TOHKOIIJIEHOYHOIO TeH30pe3u-
Topa C(POKYCHUPOBAHHBEIM JYYOM JIA3epHOTO M3JIyda-
Tens (puc. 5, CM. YETBEPTYIO CTOPOHY OOJIOXKKHW) Ha
ABTOMATH3MPOBAHHOM YCTAHOBKE JIA3¢ PHOM TTOATOHKHU
TOHKOIUIEHOYHBIX pe3ucTopoB MJI5-1, ocHalleHHO
JazepHbIM u3nydaresieM RL-10Q ¢ BO3MOXHOCTBIO pe-
TYJIMPOBAHUS MOIITHOCTH.

Pexxumbl 1a3epHO# OMTOHKU IJIST TEH30PE3UCTO-
poB ¢ nuaiekTpuyeckumu aeHKamu SiO u SiC npen-
CTaBJIEHbl B TaOJULIE.

BungHo, 4TO TIpM TpPOBEIEHWU ITOATOHKM TOHKO-
TUIGHOYHBIX TEH30PE3MCTOPOB C IMAJIEKTPUUYECKOMN
rrenkoit SiC TpedyroTcsd 60bIIas MOILHOCTE U BpeMs
BO3IEUCTBUS, YeM ¢ AU3JIeKTpuIecKoil rieHkoi SiO.
DTO CBUAETEJILCTBYET O MOBBILIEHUM YCTOMYMBOCTU
TEH30PE3UCTOPOB K IIEPErpeBy B CBSI3U C BBICOKOM
TeruionpoBoaHocThiO SiC.

PazHulia reMneparyp B TOHKOIJIEHOYHOM CTPYKTY-
pe TeH30pe3UCTOp — AMBJICKTpUUECKasl TUIeHKa MOXK-
HO OIKMCATh CJAEAYIOIIMM BBIpaXKeHUEM:

_ 10
AT = =
LS’

TexHONIOrHYECKHE PEXUMDI JIA3ePHOI MOATOHKH
Technological modes of laser adjustment

Ne snemenra | lusiaekrpude-| MOIIHOCTh Bpewmst
No of the CKHIA ClIoi nazepa, Br BO3IENCTBYS, C
element Dielectric layer| Laser power, W| Operating time, s
4544 SiO 0,5 5
4545 SiC 5 20
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rae Q = Ul — MOIIHOCTh paccesiHus; / — XapaKTepHbIi
pa3Mep CTPYKTYpbI; S — TUIOLIadb TEH30PE3UCTOPA.

C y4yeToM pa3iInuus B TEIJIOTIPOBOTHOCTA MEXIY
JMUBJIEKTPUYECKUMMU CIIOSIMU TETEPOT€HHOM CTPYKTYPbI
1 TIPY paBEHCTBE BCEX IIPOUYNX YCIOBUI (TeOMeTpruIeC-
Kue padMepbl YD, ajeKTpruuecKue napaMeTpsl), MOX-
HO OIIEHUTb, HACKOJIBKO OTIMYAIOTCS TIeperambl TeM-
nepaTyp B TOM M JAPYTOM CTPYKTYpe.

3akioueHue

IIpencraBiaeHHbIE KCCIIEAOBAHUS TOKA3BIBAIOT BO3-
MOXHOCTbh IIpUMEHEHUs M30sIuoHHoro ciosti SiC B
KayecTBe Marepuaja, MO3BOJISIOIETO MTOBBICUTh 9KC-
IUTyaTallMOHHBIE XapaKTEPUCTUKU TATYMKOB, UCITOJb-
3yeMBIX UISI KOHTPOJISI MTapaMeTPOB SHEPreTUYECKUX
YCTAaHOBOK B 0CO00 XKECTKUX YCIOBUSIX.
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SiC as an Insulating Layer for the Sensitive Element of the Tensometric Pressure

Sensors Operating in Severe Conditions

The authors examine the origin of defects in the structure of the piezoresistive thin-film pressure sensors operating in a harsh en-
vironment. They offer new design — technological solutions for the sensitive elements on the basis of new functional layers, which
make it possible to increase the resistance of the tensoresistors to overstrains. They present a technology for manufacture of a sensitive
element with insulation of silicon carbide and a method for determination of the resistance of the tensoresistors to high temperatures.

Keywords: thin film structure, manufacturing technology, sensitive element, severe operating conditions, stability

Introduction

Integrated tensometric metal-film pressure sensors
(ITMPS) are widely applied in the information-meas-
uring and control systems intended for operation in se-
vere conditions [1]. They are distinguished by high lin-
earity of the transformation function and simplicity of
solutions. During operation of ITMPS, besides the in-
fluence of the key parameter — pressure — they are
subjected to a big number of destabilizing factors (tem-
perature, thermal blows, pressure differences, vibration,
change of voltage of the power supply, etc.), which can
deform information concerning behavior of an object
and bring the value of the output signal beyond the
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limits set in the technical specifications. Such influ-
ences lead to parametrical failures, when a non-uni-
form change of the electrophysical characteristics takes
place, and to catastrophic breakdowns in case of burn-
ing-out of the circuit elements and a short circuit. One
of the possible causes of a failure is destruction of the
film elements during passing of a direct current of high
density due to the electrodiffusion (electromigratory)
processes. Therefore, very topical is studying of the
properties of the thin-film heterostructures, of their be-
havior during manufacturing and operation, search for
new solutions concerning the sensitive elements (SE)
based on new functional layers, allowing us to improve
the tensoresistors’ resistance to strains.




Theoretical part

In SE ITMPS most widely applied is the "metal—di-
electric—metal" thin-film heterogeneous structure, in
which the role of the substrate is played by an elastic
element from a metal alloy of a certain geometrical
form, the dielectric is silicon monoxide with an adhe-
sive sublayer of chrome, the tensoresistors are made of
X20H75U alloy, and the contact platforms are on the
basis of gold with a sublayer of vanadium [2]. Forma-
tion of the resistive films of the nanometer sizes (about
80 nm) occurs in vacuum and has uncontrollable char-
acter, at that, a deposition is carried out in split of a sec-
ond. The structure of the films in many respects pre-
determines the stability of the ITMPS output parame-
ters, therefore, it is important to take into account the
conditions of reception, depending on the materials of
the film and the substrate, temperature of deposition,
and presence of the residual gases in the vacuum cham-
ber. The works devoted to the search for the reasons of
instability of ITMPS parameters reveal the mechanisms
of functioning of the changing in time scheme of the in-
ternal structure, of recrystallization of the thin films,
influence of a substrate on their morphology and the
electrophysical parameters. Thus, the instability and lo-
cal burning out of the resistive films depend considerably
on the temperature, internal defects, degree of develop-
ment of the relief, including presence of the heterogene-
ity of the substrate surface. The thin-film heterostruc-
tures during their research cannot be considered as ho-
mogeneous, ideally equal adjoining layers of a dielectric
with the tensoresistors and contact platforms. The sur-
face of a polished elastic element is not uniform. This
is explained by the presence in the material of an elastic
element of nonmetallic inclusions in the form of tita-
nium carbonitrides, which are much harder than the
basic alloy. After polishing they drop out completely,
leaving shells, or stay in the form of peaks. Fig. 1 (see
the 4-th side of the cover) presents an image of the de-
fects of a substrate (fig. 1, @) and a three-dimensional
image of the scanned part of the substrate surface of a
real SE, made on Hirox 7700 microscope (fig. 1, b).

The defects of the polished surface are dusted with
a dielectric film, forming places with thinnings and
thickenings, filled with a tensoresistive layer (fig. 2).
This results in occurrence of a non-uniform channel of
conductivity in the latter.

Under the influence of the heightened current loads
on the tensocircuit these defects in the form of burning
out of separate tensoresistor sites (fig. 3, see the 4-th side
of the cover) are revealed.

Appearance of the defects in the tensoresistive film
and contact platform testifies to the fact that burning
out (evaporation) of the thin films occurs on a circle,
exposing a dielectric film. Thickness of the resistive and
contact films is less than that of the dielectric film, be-
sides, the temperature of fusion and sublimation of the

nickel-chromic alloy, vanadium and gold is much low-
er, than the temperature of fusion of SiO. The character
of the defects may testify to a gradient of temperatures
in the places of the films’ thinnings between the centre
of the destruction zone and its periphery.

For determination of the reasons for burning out of
parts of a thin-film tensoresistor we will consider a
model, in which a defect has a cylindrical form (fig. 4)
with an axis perpendicular to the plane of the substrate
[3]. A practical example of a solution to such edge prob-
lem for the epitaxial layers, in which the growth defects
have cylindrical forms, is well presented in [4—6]. From
here it follows, that presence in a film of the defective
(by electric conductivity) areas leads to occurrence of
the temperature differences between the centre and the
border of the defect, which are described by the follow-
ing expression:

2 52
c.FE7 R
Ti(ry = R, 0=0) — Th(r;, =0) = JT&M -
1
2 2 2
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where R, — the greatest radius of defect, c,, o, — elec-
tric conductivities of the thin resistive film and defect
zone; Ay, A, — thermal-conductivity coefficients of the
thin-film heterostructure and defect zone; E|, £, —
intensities of the electric field in the first and second
defect zones, accordingly; ¢ — the current angular co-
ordinate.

If we understand a defect as heterogeneity of the
substrate surface and the related local leap of the thick-
ness of the resistive film in the defect zone is similar to
the one presented in fig. 4, it is possible to assume, that
the electric conductivities of the film and the defective
zone are equal to 6, = 6; = 6,6. In this case expression
(1) will be the following:

s, EL R

Ty(ry = Ry 0 = 0) — Ty(r, = 0) = %‘ Q)

1

The local temperature differences in the zones of de-
fectiveness of the tensoresistive films at higher specific
powers in case of critical conditions lead to a partial de-
struction of the tensoresistor. This characterizes an in-
tense temperature mode in the places of strong thin-
nings of the resistive film. The operational conditions in
the form of the temperature change flows and mem-
brane deformation create additional risks influencing
the stability of the parameters.

For improvement of the sensors with a view to ob-
tain a new class of the devices operated in severe con-
ditions we need solutions connected with a change of
the thin-film heterogeneous structure, the characteris-
tics of which define the character of the change of the
parameters of a sensor. The aim of the article is to prove
feasibility of application of an alternative material for
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the insulation layer with certain physical properties, al-
lowing to ensure time and temperature stability of the
parameters of the integral tensoresistive circuits.

Methods of the experiment

The basic dielectric material in ITMPS, subjected to
considerable deformations (up to 2.0X 10_3) and to
other influencing operational conditions, is silicon
monoxide (SiO). In [7, 8] the advantages of the thin
films from SiO dielectric and of their application in
ITMPS are presented.

The drawbacks of SiO are dependence of the films’
parameters on the thermomechanical tensions in them
directly after dusting, and also a low heat conductivity
(1.38 W/(m - K). Deposition of SiO on ITMPS elastic
elements leads to a considerable decrease of the struc-
ture’s heat conductivity. Thus, in [9] it was pointed out,
that heat conductivity of the ceramics enameled by
borosilicate glass decreases roughly 10 times. In order
to make the heat sink of the elements of the formed
scheme more efficient at the raised specific capacities of
the electric loads connected with the changes of the
power supply, thermal blows and other factors, the au-
thors suggest to use silicon carbide (SiC) as an insula-
tor. SiC has high heat conductivity, radiation resistance
(up to 1016 neutrons/cm2), high chemical resistance in
acids and alkalis (up to 450 °C), which determines firm-
ness of the material in the hostile environments. Be-
sides, high elastic properties of SiC are important for its
use in strain metering.

The technology for obtaining of a SiC film with the set
dielectric parameters was realized on Amod installation of
vacuum plasma deposition by the method of RF magn-
etron sputtering with pre-pumped to high vacuum, with
processing of the substrate surface of the growing film by
an ion source for increasing of its continuity [10].

Experimental research was carried out on SE
ITMPS samples with the dielectric SiC films formed by
microwave magnetron sputtering and SiO films — by
standard technology of thermal-vacuum evaporation.
The heat-conducting path was estimated by selection of
the optimal modes for adjustment of the tensoresistors
with a view to level out their ratings for balancing of the
tensobridge (U, ~ 0 mV). Adjustment was carried out by
warming up (burning out) of the external part of the
thin-film tensoresistor by a focused laser beam (fig. 5,
see the 4-th side of the cover) on ML5-1 automated in-
stallation for laser adjustment of the thin-film resistors
equipped with RL-10Q laser head with a power control.

Modes of laser adjustment for the tensoresistors with
SiO and SiC dielectric films are presented in the table
below.

It is visible, that during adjustment of the thin-film
tensoresistors with SiC dielectric film the bigger power
and longer operating time are required, than with a SiO
film. This testifies to increase of stability of the ten-
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soresistors to overheating due to high heat conductiv-
ity of SiC.

The difference of temperatures in the thin-film
structure "tensoresistor — dielectric film" is possible to
describe by the following expression:

_ 10
AT = =
AS’

where Q = UI — scattering power; / — characteristic
size of a structure; S — area of a tensoresistor.

Considering the differences in heat conductivity be-
tween the dielectric layers of a heterogeneous structure
and in case of equality of the other conditions (the ge-
ometrical sizes of SE, electric parameters), it is possible
to estimate the degree of the differences in temperatures
in this or that structure.

Conclusion

The research works demonstrate a possibility of ap-
plication of SiC insulation layer as a material, allowing
us to improve the operational characteristics of the sen-
sors for control of the parameters of the power instal-
lations in severe conditions.
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BbIBOP IP-bAOKA T1PU PASPABOTKE CUCTEMbI HA KPUCTAAAE

Ilocmynuna 6 pedaxyuro 31.05.2016

Paccmompenwt onpocet vibopa Haubonee payuonarsHulx eapuanmos I P-610x06 npu npoekmuposanuu CuK (cucmem Ha kpuc-
manie) u3 UMerWUXCcsl albMePHAMUBHBIX 6APUAHMO8, NPediaeaeMbiX Ha catmax npousgodumenei u nocmasujuxos. Ilpedroxcena
Mmemoouka eévloopa IP-610Ka Ha ocHo8e npuMeHeHUs Memo008 N000epI CKU NPUHAMUS peuleHUll, N0360ASI0WAsL UCNOAb3068AMb KAK
ONbIM U 3HAHUS IKCNEPMOE8 6 OAHHOU npedMemHou obaacmu, maxk U MHeHue AuYa, RPUHUMAarowe2o peulelue (pyKoeooumensi npo-
eKkma, uHxicenepa, koncmpykmopa). Ilpedroxcennas memoouxa no3eoasiem agmomMamu3uposams npoyecc evlbopa Haubosee npu-
emaemozo eapuanma IP-610ka ¢ mouKu 3peHus 3a0aHHbIX KpUmepues U 02PaHu4eruli U COKpamums 6pemsi Ha NPUHAMUE PeUleHUS.

Karouegvie caoea: [P-610x, CHK, Mmemoobt no00epycku npUHAMUs peuleust, Memoo AeKCUK02paphu1ecK02o noayynopsaoo4eHus,

Memoo0 AHAAUMUMECKUX UepapXull

Beenenue

PazButne meronoB npoektupoBanus CHK mpuBe-
JIO K BO3MOXHOCTH COKpAaIllEeHUsI CPOKOB M 3aTpaT Ha
pa3paboTKy Ha OCHOBE IMPUMEHEHUS TEXHOJIOIMHU MOB-
TOPHOIO HMCIOJb30BaHUS CI0XHO-(DYHKIMOHATBbHBIX
6nokoB (CP-6mokoB i IP-610K0B). B HacTos1IEe
BpeMsI MHOI'Me KoMIIaHUU TpeajaraioT IP-61oku pas-
JmyHoro HazHayeHus. [1prmuem IP-610ku ogHOrO Kitac-
ca ¥ Ha3HAYCHMST MOTYT MMETh pa3In4yHble (PYHKIIMO-
HaJlbHbIe, TEXHUKO-3KCIUTyaTallMOHHBIE, MTPOEKTHHIE,
CTOMMOCTHbBIC U TEXHOJOTUUECKUE XapaKTePUCTUKU U
YUCJIO TpeajiaraeMblX ajbTEPHATUBHBIX BapUaHTOB
MOXET OBITh JHOCTAaTOYHO BejuKo. B pesynbrare mis
pa3paboTuMKa BCTaeT CJAOXHBIM BOMPOC BhIOOpA ajib-
TepHaTMBHOro BapuaHTa [P-0yioka &g Mcnosiab3oBa-
HUS B pa3pabaTbiBaeMOM HM3aeauu. Takas 3amada Io-
SIBJISIETCS, €CJIv He JU1s Jiroooro IP-610Kka, To JocTaTou-
HO 4acTo, HallpuMmep, ISl BIOOpa OMHOTO U3 ajbTep-
HATUBHBIX KPUNTOMOAYIEH WU UISI TPOLIECCOPHBIX
0,10KOB (pa3IUYHBIX KOHTPOJLJIEPOB).

Pe3ynabTaThl ICUXOJOTMYECKUX MCCAEAOBAHUI TTO-
Ka3bIBaIOT, YTO pellieHHe 3aJayd BbIOOpa palroOHalb-
HOTO BapuaHTa B CJIy4yae, eCu YMCJI0 KPUTEPUEB OLICH -
KM KayecTBa MPUHMMAEMbIX pelLIeHUI OoJiblue 5—7,
MpeacTaBIsieT ISl YeJoBeKa KpailHe TpyJoeMKYIO 3a-
nauy. HeobxoamMo TakxKe ydUTbIBaTb, YTO YKCIIO ajlb-
TepHATUBHBIX BApUaHTOB IP-010K0B MOXeET ObITh 00JIb-
wuM (>10) u aT0 elle Gosee yCAOXHSIET 3agavy s
KOHCTpyKTOpa. st objeryeHus: pelleHus 3agadyu
BbIOOpa IP-610Ka B COOTBETCTBUU C TPeOOBAHUSIMU U
ocobenHoctamu mnpoekta CHK Heobxommma paspa-

00TKa METOAWKM, MO3BOJISIIONIEH aBTOMAaTU3WPOBATh
JIAHHbBIN TMPOLIECC C UCIMOJIb30BAHUEM OIbITa, 3HAHUH
U IpeAIouTeHuil pa3paboTunka. B maHHoi MeToauke
MOTI'YT OBITb MCIIOJb30BaHbl METOIbI MOAAEPKKU MPU-
HATUS pelIeHUI, MO3BOJISIONIME MPEACTaBUTh IMPO-
LIETypy HaXOXICHUSI HanboJIee pallMOHAIBHOTO pellie-
HUS B BUJI€ MTOCJIEN0BATENLHOCTU JIEMEHTAPHBIX MTPO-
Leayp MPUHSITUS PELIeHU, MPY BBIITOJHEHUHU KOTO-
PBIX YeJIOBEK, KaK IMpaBuIo, He AeJlaeT OLIKOOoK.

ITocTanoBka 3amaun

3amaua BeIOOpa IP-0moka sIBISIeTCS MOCTaTOYHO
CJIOXHOI MHOTOKpUTepUaibHOI 3amaueit. Ilpuuem
YacTb KPUTEPUEB HOCAT B3aMMOIIPOTUBOPEUNBBIN Xa-
pakTep, HalpuMep Takue, Kak CTOUMOCTb U (PYHKIIU -
OHAJIbHOCTh WU CJOXHOCTh MHTErpallii B KOHEYHOE
n3aenne. O6ee yrcino K Bcex KpUTepueB 0TOOpa Be-
ko (K > 10). Kputepuu HOCIT KaK YMCICHHBIN (11e-
Ha, MoTpebsemMas MOIIHOCTb, TPOU3BOAUTEIbLHOCTD,
MJIo11a1b, 3aHMMaeMasi 0JJ0KOM Ha KpuUCTajlie), TakK U
JIMHTBUCTUYECKUI XapakTep (apXyUTeKTypa, CJOXHOCTb
WHTETPAllMM B KOHEYHBINH TPOIYKT, CXeMa OILIaThI).
Yucno anbTepHaTUBHBIX BapMaHTOB KOMIIAHUIA-TIOC-
TaBIIUKOB Heobxoaumoro IP-6j10ka MOXeT JOoCTUTraTh
3HauyuTeJbHOTO yncaa (N > 10).

Kpumepuu evibopa IP-6a0ka [1, 2].

1. ®yHKIMOHATBLHOCTHL (MepedyeHb BIOXEHHBIX
KpUTEpUEeB 3aBUCUT OT KOHKPETHOrO Ha3HAYeHMS
IP-610ka).

2. ApxutexTtypa (IJIsI KJIACCOB CIOXHO-(PYHKIIMO-
HaJIbHOM MpPOIyKIIUM TaK1X, KaK mporueccopHbie IP-s-

pa [3]).
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OCHOBHBIE OLICHOYHBIE MTapaMeTpHI:
o apxurektypa LIIT (RISC/CISC);
e cucTeMa KoMaH[ (ITOJIHOTAa, ONTUMAaJbHOCTb C TOU-

KU 3peHUs JaHHOTO MPWIOXKCHMS);

e paspsagHoctb AJIY;

e YHCJIO PETUCTPOB OOIIETO Ha3HAYCHUS;

e HaJIMYMe U 00bEM KBIII-TTaMSITH KOMaHI U JaHHBIX;
e TaKTOBAs 4acToTa;

e BpeMs JOCTyNa K OCHOBHOM MaMsITU B TaKTaX CUH-

XpOHM3AIINH;

e Pa3PSIHOCTD IIMH JTaHHBIX U alpeca.

B psne cnyyaeB MOTYT IPMHUMATBCSI BO BHUMaHUE

JIOTTOJTHUTEJIbHBIE OLIEHOYHBIE TTapaMeTphl:
e UNCJIO CTaAUl KOHBelepa;
e PACIIOJIOXEHWE MHOTOOAMTHBIX UYMCEN B ITAMSTH

(Big/Little Endian);

e BO3MOXHOCTb PEKOHOUTypaluu

IP-650Ka;

e U JIpyTHE.

3. TeXHWKO-3KCIUTyaTallMOHHBIE XapaKTePUCTUKU
(TIepedeHb BIOXEHHBIX KPUTEPUEB 3aBUCUT OT KOHK-
peTHoro HazHaueHus IP-6ioka).

4. IleHa JIULIEH3UU.

5. Bua nocrtaBku:

e OTKpHEITEIN RTL-kog — Soft-1P;
e CHUHTE3MpOBaHHBII Kon (netlist), mpuBsSI3aHHBIA K

KOHKpeTHOM TexHosoruu — Firm-1P;

e TroTOBas Tomnoyoruss — Hard-IP.

6. Penyraumst dpupmei-noctaBuimka IP-6oka.

7. CIIOXHOCTb WHTETPAIINA B KOHEYHBIN TTPOMYKT:
e HaJMUME MCUEPIIbIBAIOIIEH JOKYMEHTAlIUN;

e HaJIMYME W MOJHOTA TECTOBOTO 00ECTICUCHUS;
e Cpok uHTerpauuu IP-6j0ka B IIpoexT.

8. LlenHocTh U 3HaUMMoOCTh IP-6oKa:

e PEXUM €ro MCIOJb30BaHUS KIUEHTOM (UMCJIO TTPO-
€KTOB C MCIIOJb30BaHueM 0J10Ka);
e MAaCCOBOCTb TMPaxka pa3pabaTbIBa€MBIX MPOIYKTOB

(CHK).

9. Cxema oruiathl.

10. IMomaepxkka xkuzHeHHOro 1ukia IP-6moka:

e TIOAJIEpKKA CO CTOPOHBI nocTaBiuka [P-6y0ka;
e BO3MOXHOCTb MOAM(UKALMY MOHA TpeOoBaHUs 3a-

Ka3uMKa;

e TOPTHMPYEMOCTb Ha HOBBII TEXHOJIOTMYECKUIA TTPO-
1ecc;
e BO3MOXHOCTbH BBHITIOJTHEHUS JTOIOJTHUTECIBHBIX T0-

TOBOPHBIX paboT.

Jlonoanumeavnvie xpumepuu evibopa Soft-IP u
Firm-1IP 6aoxoe.

1. BeITTo;THeHHAS TTOCTAaBIIMKOM TIPOBEPKA B KpeM-
HUU.

2. TakToBasg yacToTa IJis 33JaHHOU TEXHOJIOTUU
HU3rOTOBJICHUS.

3. IIpennonaraemast MPOU3BOIUTEIbHOCTD.

4. Tlotpebasiemass MOIIIHOCTb (TeopeThyecKas Win
peajibHasi).

5. Inomank, 3aHMMaeMasi 0JIOKOM Ha KpHUCTaJLIe.

6. CoOTBETCTBME CTAHAAPTHBIM CITeLM(PUKALINSIM
(ecau HeoOXOOUMO).

rapamMeTpoB
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7. 3aTpaThl Ha IIPOBEPKY B KPEMHMUU.

8. CpencTsa MoaaepXKu pa3pabOTKU MPOrpaMM.

9. TexHosnorust usrotopneHus (wis Firm-1P).

Jlonoanumeavnote kxpumepuu evibopa Hard-IP 6.aoxa.

1. TakToBast yacroTa.

2. ITpon3BOaNUTETLHOCTD.

3. IloTpebasiemasi MOIIHOCTb.

4. Ilnowanb, 3aHMMaeMasl OJIOKOM Ha KpHUCTaJle.

5. CoOTBETCTBME CYILECTBYIOIIUM CTaHIapTaM.

6. Bo3aMOXHOCTh BHIOOpa aJlbTEPHATUBHOIO IIOC-
TaBIIMKa Ha ciIydail popc-Maxopa.

DTansl pemieHus 3aaa4m Bbioopa IP-0/10ka

Peimrenue 3amauu Beioopa IP-610ka MoxXHO pasne-
JIUTh Ha HECKOJIbKO 3TaroB.

Oran 1. PopMHUpoOBaHKE CITUCKA KPUTSPUEB BBIOO-
pa IP-6ioka 1 ux paHxupoBaHue. Ha mepBoM 1are
aTana | pasnesisieM Bce MHOXECTBO KPUTEpHEB Ha Clie-
IYIOIUE TPYIIIIHI:

e (YHKIMOHAJIbHBIE KPUTEPUH;

e TEXHUKO-IKCIUIyaTallMOHHbIE KPUTEPUU;

e TIPOEKTHbIC KPUTEPUU;

e CTOMMOCTHBIE U BPEMEHHbIE KPUTEPUU;

KPUTEPUH TTOMAEPKKHA U COMTPOBOXKICHUS TIPOIAYKTA;
TEXHOJIOTUUECKHUE KPUTEPUU;

e JOTOJHUTENbHbIC KPUTEPHUU.

Ha BTopoM 1iare stana 1 paHxXupyem IpyIinbl Kpu-
TepUEB MO CTENeHM BaKHOCTM Ha OCHOBE MeTojaa
npeanouyteHuiut [4] (ecau MpUBIEKAIOTCS KCIEPTHI),
WA WCTONB3YSl TIPOLeNypy METoma aHaJIUTUYEeCKHUX
uepapxuii [5] (ecnu 3amauy pemnaet JIITP — nuno,
MpUHUMAlOLLIee pelleHUe).

MeTon npeanoyTeHn MO3BOsIeT pacCUUTaTh LIeH-
HOCTb KPUTEPUEB C YUETOM MHEHMI 9KCIIepTOB, pac-
CMaTpHUBAIOIINX Pa3IMYHbIE CTOPOHBI 33Ja4M BBHIOOpA
IP-610ka. JIaHHBII METOJ, JIETKO ITOAIaeTCsl aBTOMa-
TU3allUMd, OJAHAKO TNpU OOJBIIOM 4YHC]IE KPUTEPUEB
TpeOyeTcst pacueT Kod3(PuieHTa KOHKOpAAUN ISt
MPOBEPKM MHEHUI B3KCIIEPTOB Ha COIVIACOBAHHOCTb.
Taxk kak yuciio rpynm KpurepueB Heennko (< 10), Be-
POSITHOCTb TIOJIYYEHMSI COTJIACOBAHHOW OLEHKU JKC-
MEePTOB TPU UX PAHXXUPOBAHUM JOCTATOUHO OOJIbIIIAS.

Ha tpetbem 1iare sTamna 1 BblYMCIseM Beca KpuTe-
pUMeB Kaxaoi Ipymnmbl. Tak Kak o0lliee YMUCI0 KpUTe-
pueB paBHO 16—20, To B KaXIOil MOArpyIme OyaeT
3—4 xputepusi, ¥ TOTAA UX BEC BHYTPU T'PYMITBI MOKHO
paccuuTaTh Ha OCHOBE METO/Ia aHAJIUTUUYECKUX uepap-
XMH, TTOCTPOMB TPEXYPOBHEBYIO MEPAPXUUECKYIO CHUC-
TeMy KputepueB. B Hell mepBblii ypOBEeHb MEpapXuu
COCTaBJISIIOT TPYIIbl KPUTEPUEB, BTOPOM YpOBEHb —
MPOCThbIe WU COCTaBHbIE KPUTEPUU BHYTPU TPYMIIHI,
TPETUI YPOBEHb — BJIOXEHHBIE KPUTEPUM — IS CO-
CTaBHBIX U3 BTOPOIO YPOBHS (CM. PUCYHOK).

Ha yetBepTom 1miare atana 1 paccuMThIBa€M UTOTO-
Bble Beca BCEX KPUTEPUEB METOAOM aHAJTUTUYECKUX
nepapxuii (ecau 3amauy peuraet JIITP) mnu meTtomom
MpearoYTeHUI (€C/Iu IMPUBIEKAIOTCS 3KCIEPTHI).

BOran 2. [TosranHoe cokpalleHe MHOXECTBA ajlb-
TepHaTuBHBIX [P-010K0B. Tak Kak 4yuciao ajabTepHa-




CRITERIA

Wepapxus Kpurepues
Hierarchy of criteria

TUBHBIX BapuaHTOB BbiOMpaemoro IP-61oka moxer
OBbITh 3HAUYUTEJbHBIM, TO JJIS €r0 COKpallleHUsI BO3-
MOXHO MCITOJIb30BaHWE METONIa JIEKCUKOTrpaduiec-
Koro noayynopsizoueHus [6]. CorjaacHo MeTomy CpaB-
HUBaeM U OTOMpaeM MpuemiieMble albTepHATUBbBI TTOC-
JIeoBaTeJIbHO MO KaXXI0MYy KPUTEPHUIO, HAUMHAS C Har-
OoJiee BaxXHOTro Kputepus. PeanusyeM LUKIAYECKYIO
MPOLIEAYPY MO BCEM KPUTEPUSIM, TTIOKa CIIMCOK aJIbTepP-
HaTUB HE COKpaTUTCS 10 HeboJbluoro yucaa (<10).

IIpu cpaBHEHMH aJIbTEPHATUB IO BCEM KPUTEPUSIM
BBUJLY CJMIIKOM OOJIBIIOTO MX YHUCJIa BEPOSTHOCTh TO-
ro, uro IP-0j0kM MHOTMX KOMITaHU1-pa3pabOTYMKOB
YIOBJIETBOPSIT BCEM IMOCTABJICHHBIM KPUTEPUSIM, He-
BeJIMKa. 3HAYUT, IIPUMEHSISI TaKOi 0TOOp, MOXKHO CY-
IIECTBEHHO COKPATUTb YMCIIO aJIbTEPHATUB.

DTOT MpoIeCcC MOXKXHO PEeTyIUPOBaTh, U3MEHSIS Ipa-
HULIbI MHTEPBAJIOB JOMYCTUMbIX 3HAUCHUI KPUTEPHUEB.
Ecau xputepuu He YMCIOBbIe, a JMHTBUCTUYECKHE, TO
JIUIST YCTAHOBJIEHUSI MHTepBaja OLIEHOK IO HUM BBO-
IATCSl BepOaJIbHbIE IKAIbl 3HAYCHWIT KPUTEPHEB.

Oran 3. Bei6op Hanbosee npuemsiemoro IP-61oka.
Ecnu yucio anprepHaTuB cokpaTmioch 10 10 u meHee,
TO JUISI OKOHYATEJIbHOTO OIpee/ieHUs HauboJjiee yaoB-
JIETBOPSIIONIEH BCEM KPUTEPUSIM aJlbTEpHATHUBBI MC-
MOJIb3yeM METOJ aHaJUTUUYECKUX HepapXuii, Tak Kak
OH TI03BOJISIET TIPOBECTH HamboJIee AeTaTbHOe CpaBHE-
HUE aJIbTEPHATUB C MCIIOJb30BaHMEM 3aIaHHOM IITKAJIBI
OLIEHKU MPEAOYTUTEIbHOCTU MPU TTOITAapHOM CpaBHe-
HUW anbTepHaATUB [5].

IIpumep pemenuns 3amaun Bbioopa IP-010Ka

Hormyctum, yto rpymnmna akcrneptoB wuiau JITIP perra-
eT 3amaudy Bbeioopa Hard-IP-610ka (Hanmpumep, KOHT-
posuiepa DDR4-namsitu). [1pu 3TOM ObLIM YCTaHOB-
JIEHbl OTpaHUYEHUST Ha 3HAUYEHMUSI €r0 XapaKTepUCTUK,
Mpu HapylieHun Kotopbix IP-00K cuuTaercs: Hemona-
XONSIIIUMM JUI paccMaTpuBaeMoro IpoekTta. K Takum
OrpaHMYECHUSIM MOXHO OTHECTU (DYHKIIMOHAIbHBIC Xa-
paktepuctuku IP-610ka (MHTepdeiic ¢ ompeaeyeH-
HBIM TUIIOM ILIMHbI, TyOMHA Oydepuzalnu BXOAHbBIX U
BBIXOAHBIX TaHHBIX U AP.), TEXHOJOTMYECKUIA MpoLIecc
usrotosneHust (st Hard-1P) u np.

IIpeanonoxumM, 4YTo 3KCOEpTHas TpyIna BblOpalia
JUISL CPaBHEHMSI CJenyoluii Habop KpUTEepUeB OLeH-

KM BaXXHOCTU paccMmaTpuBaemMoro IP-6Gioka s 3a-

JAHHOTO TTPOEKTA.

I'pynna 1 kpurepHeB (TeXHUKO-3KCILIyaTal[IOH-
HBIE).

K1.1. TexHuko-sKcriyaTaiMOHHbIE XapaKTePUCTUKU.
K1.1.1. YaenvHast notpebasiemass MOLIHOCTb.
K1.1.2. ITmomanp, 3aHnMaeMasi OJJOKOM Ha KpHC-
Taje.

K1.1.3. TakToBas yacrora.

K1.2. Apxurexrypa.

K1.2.1. Cucrema KomaH/I.

K1.2.2. Pa3psinHOCTb.

I'pynna 2 xpurepueB (CTOMMOCTHbBIC I BPEMEHHBIE).
K2.1. llena nuieH3uu.

K2.2. Cxema omnaThbl.

K2.3. Cpoku nmocTaBKH.

I'pynna 3 kpurepueB (IIpOEKTHLIE).

K3.1. CnoXxHOCTb UHTErpallui B KOHEYHbIN IIPOAYKT.
K3.1.1. Hanuuue mcuepnbiBarollieil JOKyMeHTaluK.
K3.1.2. Hanuuue TectoBoro obecreyeHusl.

K3.1.3. Cpok uHTerpaiuu.

I'pynna 4 kpurepueB (IOMOJHUTEIbHEIE).

K4.1. Penyrauust pupMbI-IIPOU3BOAUTEIS.

Ha nepBom srarie pellieHUs 3a0a4u CIeAyeT OIpe-
JIeNTh Beca KpurepueB. [Ipu 3TOM ciemyeT ydecTb
HEepapXUUeCcKyl0 CTPYKTYpPY CUCTEMBblI KpUTEpHUEB (CM.
PUCYHOK), TAe Uil OKOHYATeJIbHOTO CpPaBHEHUS ajib-
TepHATUBHBIX [P-0JI0KOB MCMNONB3YIOTCSI KPUTEPUU B
KOHLIEBBIX BepIIMHAaX (JIUCThSIX) 3TOTO UePAPXUIECKOIO
rpada. I1pu pacuete Beca W KpuTepusi CaMOro HUXKHETO
YPOBHSI Me€papXUM ero JIOKAJIbHBII BeC B CBOEH Mepap-
XUYECKOM IpyIIie CAeAyeT YMHOXUThb Ha BEC COOTBETC-
TBYIOILLIETO COCTABHOI'O KPUTEPUSI U/UIN BEC TPYIIIbI
kputepueB. Hanpumep, mis Beca kputepus "K1.1.3.
TakToBas yacTora" cipaBeIMBa cienyrolas opMyJia:

NUTOT _ JIOK JIOK
Wki13 = Wkii3 > Wkia X Wipt-

PaccMoTpum mmpuMep TPYIIIOBOI TIpOLIEAYPHI TIPH-
HATHS pelleHUH I PaHKUPOBAHUS TPYII KPUTEPH -
€B IO CTeNeHM BaxkHOCTU. Mcrionb3yeM MeTom Mmpei-
nouteHui. JIomycTM B OLIEHKE y4acTBYIOT TPU BKC-
TepTa, KaxkIblii M3 KOTOPHIX OLIEHWBAeT Ipymibel 1—4
10 3HAYUMOCTH IIJIST TIPOEKTa MCXOAST U3 CBOETO IIPO-
¢eccuoHanbHOro ombita (Tada. 1). MakcumanbHbII
0as1 mojiyyaeT HamOoJjiee BaxkHasl TpyIlina KpUTepUeB.

[anee 3T OLIEHKM IIPeoOpa3yloT IO CIAEAYIOLIEMY
npaBwily (COIJIACHO METOAY MpPEeANoYTeHUi): HOBYIO
MpeoOpa3oBaHHYIO OIIEHKY BBIYMCIISIOT KaK Pa3HOCTh
yycia TpyIn (B HalleM ciydae — 4) ¥ epBoHaYaJIbHOM
SKCIIEPTHOM OLIEHKM IpynIibl (Tadm. 2). 3aTem pac-
CUMTBHIBAIOT CYMMAapHYIO OLIEHKY KaxKIOi TIpYIINbI BCe-
MU 3KcnepTaMu 1 oburyo cymMmMmy C Bcex OLIEHOK Crpi
(tabn. 2 — mpennocieaHsisi cTpoka). OKOHYaTelb-
HBIE Beca IPYII KPUTEPUEB BRIUMCISIOT IO (hOpMYyIIe
Wi = rpl-/ C (Taba. 2 — mociemHssl CTPOKa).

7151 pacyeTa BeCOB KPUTEPHUEB BCEX MTOCIICIYIONINX
YPOBHEH HepapXuud MPUMEHMM Ty XXe TpoLeaypy u
paccuMTaeM MTOTOBbIE Beca KPUTEPUEB C YUYETOM HX
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HepapXuyecKoit BIOXKEHHOCTH. 3aTeM TIPOpaHKUpyeM
BCE KPUTEPUM, HAXOISIIMECS B KOHLUEBBIX BepILIMHAX
HEepapXnuuecKoil CTPYKTYpPHl (CM. PUCYHOK) IIO 3Haye-
HUIO UX BECOB: HauboJjiee BaXKHBIM OYyAeT KpUTEPUIA C
MaKCUMAaJbHBIM BecoM. JlOTyCTUM, YTO B pe3yjIbTaTe

Tabmauua 1

OueHKH BaXKHOCTH TPYNI KPUTEPHEB, BHICTABJIEHHbIE IKCIIEPTAMHU
Table 1
Estimations of the importance of the groups of criteria, done by experts

BaxxHOCTb TpYIIbI | KPUTEPUEB
DKenepThi Importance of group i of the criteria
Experts I'pynma 1 I'pynna 2 | I'pynna 3 I'pyrnna 4
Group 1 Group 2 Group 3 Group 4
Bkcrept 1 1 2 4 3
Expert 1
BKcrept 2 2 1 4 3
Expert 2
DKcrept 3 1 3 2 4
Expert 3
Tabnuua 2
IIpeoOpa3oBaHHbIe OLEHKH BAXKHOCTH IPYINN KPUTEPHEB
Table 2
Transformed estimations of importance of the groups of criteria
[IpeobpazoBaHHasl OLIEHKA TPYIIHI i
DKCnepTHI Transformed estimation of group i
Experts I'pynna 1|I'pynna 2 (I'pynna 3|I'pymna 4| ~
Group 1 | Group 2 | Group 3 | Group 4 DE
DkcnepT 1 3 2 0 1 Al
Expert 1 Q”)
Dxcnept 2 2 3 0 1
Expert 2
Dkcenepr 3 3 1 2 0
Expert 3
CymmapHast 8 6 2 2 18
OLICHKA TPYIITbI
Total estimation
of group Cy;
Bec rpymnribl 0,45 0,33 0,11 0,11
KpUTEpUEB
Weight of group
of criteria Wy,;
Tabauua 3
Onpenenenye cTeneHu yAOBJIETBOPEHHS ATbTEPHATHBBI KPUTEPHIO 5
Table 3
Definition of the degree of satisfaction of the alternatives by criterion 5
Anbrep- |  YmenbHast moTpeOiissemast OB?lTeeT];gHZHMH
HatuBa |MoumHocTh (10 20 MkBt/MI ') ya P
Alterna- | Specific power consumption Degree
tive (up to 20 mcW/MHz) of satisfaction
IP1 12,1 VYoBieTBOpUTEIbHAS
Satisfactory
1P2 10,5 YnoBieTBopuTeabHAS
Satisfactory
1P3 9,6 VY I0BJIeTBOpUTEIbHAS
Satisfactory
[P4 17,3 YnosnerBoputeabHas
Satisfactory
1P5 27,3 HeynosnerBoputenbHas
Unatisfactory
1P6 24,0 HeynosnerBoputeabHas
Unatisfactory
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MpoLeayp 3KCIEePTHBIX OLIEHOK MOJyYeHbl 12 Kpute-
pueB (k = 12) u crnenylolliee paHXMPOBaHUE KPUTe-
pUEB MO BaXXHOCTHU IS paCCMaTpMBaeMOTo MpPoeKTa
(1 — Haubonee BaxHBINA, 12 — HauMeHee):

1) pa3psmHocTh He MeHee 32 (Bec 0,21);

2) cuctema xoMaHa RISC (Bec 0,17);

3) TakroBas yacrota ot 600 MI'1 (Bec 0,14);

4) neHa nuueHsuu go 500 000 py6. (Bec 0,11);

5) ymenbHasd noTpebisgeMas MOIIHOCTb  JO
20 mxBt/MTI11 (Bec 0,09);

6) momIamb, 3aHMMaeMasl OJJOKOM Ha KpHCTalie
0,8 Mmm2 (Bec 0,08);

7) cxema OIUIaThl: C MOCTOILIATOM WIX C YaCTUYHOM
(mo 25 %) npenorutaroii (Bec 0,06);

8) HanmM4ue ucYeprbIBaoLIel TOKyMEHTALUHU MO~
HOCTBIO B HAJIMIWU WJIM OYIET TIpeaoCTaBlieHa B TeUe-
Hue 2 mec. (Bec 0,05);

9) cpoku moctaBku 1o 2 mec. (Bec 0,03);

10) Hanuyue TeCTOBOro oOecHeYeHus1, opeaessie-
Masi 9KCTIIEPTOM LIKajla CTENIEHU TECTOBOI'O MOKPHITUS
(Bec 0,03);

11) penyrauust GupMbI-npou3BoauTeNsl 6e3 Hape-
kanuii (Bec 0,02);

12) cpok uHTerpauuu ao 3 mec. (Bec 0,01).

Taxske aKCHepThl OMpeAeNsioT rpaHUYHbIE 3HAYe-
HUSI OLEHOYHBIX 1K JJIsI KaXJA0To U3 KPUTEPUEB.

Ha BTropowm sTane peieHust 3amauu Beioopa IP-6110-
Ka CpeIr MHOXXECTBA aJbTePHATUB TPEIIOXEHO WC-
MOJIb30BaTh METOH JIEKCUKOTpaUueCcKOro IOIyyIo-
psImOYEeHUsI, COTJaCHO KOTOPOMY BEChb CIIHMCOK ajb-
TEpHATUB aHAJIU3UPYIOT HA MPEAMET YAOBICTBOPEHMUS
caMOMY BaXKHOMY KpHUTepHIo (B HalieM mpumMepe "Pas-
psanHocTh"). CTeleHb YIOBIETBOPEHUST OMPEICIISIETCS
0 CleayloleMy MpaBuiy:

e VIOBJECTBOPUTEJbHASl aJlbT€pHATMBA — 3HAUYECHUE
nposepsieMoro napamerpa IP-61oka HaxoauTcs B
TpaHUIIAX OICHOYHOM IIKAaJIbl COOTBETCTBYIOIIETO
KPUTEPUSI;

e HEYIOBJIETBOPUTE/IbHAS albTepHATBA — 3HAUYCHUE
nposepsiemoro mnapamerpa IP-0i1oka BbeIXOOUT 3a
TpaHULIBI OIEHOYHOM INKAJbl COOTBETCTBYIOIIETO
KPUTEPUSI.

PaccmoTpuM TipuMep TOIyyHOPSIIOYEHMS IECTH
aJIkTepHATUB T10 KpUTepuio "YaenbHast moTpebdasiemast
MolHocTh A0 20 MkBt/MI'u" (tadn. 3). U3 npumepa
BUIHO, YTO KPUTEPHIO 5 yIOBIETBOPSIOT aJbTepHa-
tuBsl IP1, IP2, IP3, 1P4 (BeimeneHHbIE CepbIM (POHOM
cTpoku Tabma. 3).

AHaJIOTMUHBIE TMPOLEAYPbl MPOBOAMM JUISI BCEX
KpUTepueB, HauuHas ¢ Haubosee BaxxHoro. Ilocie
KaXXIOM TIPOLeIyphl TTOMYYIIOPSIOYeHUSI MHOXECTBO
"yIOBJIETBOPUTENIbHBIX" aJbTEPHATUB MOXET 3HA4M-
TeJIbHO COKpaTUTbCSI. OCTaHOBMTBCS CJemyeT TOrna,
KOTJa B 9TOM MHOXecTBe ocTaHeTcs 10 U MeHee ajb-
TepHATHB.

Hanee mepexoguM K 3Tamy 3 M MOKaXXeM IpUMeEp
MMPUMEHEHUS METONa aHAJUTUYECKUX MEepapXuil I
BbIOOpa Hambosiee moaxopsiuero IP-6i1oka u3 otod-
PaHHBIX YIOBJIETBOPUTEIbHBIX.




OTMEeTHM, YTO IS IPUMEHEHUSI METOa aHAJTUTH-
YECKUX MepapXuil KpUTEpUU OTOOpa MOTYT TIepecMaT-
puBatbcsl (Tabia. 4), NOCKOJbKY MHOTHME OCTaBLIMECS
Tocje TIPUMEHEHWST MeToma TIONyYIOpSIIOYCHUST B
CITMICKE PACCMOTPEHUS "yIOBIETBOPUTEIBHBIC" aTbTep-
HaTHBBI Y€ COOTBETCTBYIOT paHee C(hOPMYJIHPOBAH-
HBIM KpuTepusiM. Tak, Hanmpumep, Kputepuil "Ynesnb-
Hasl noTpebasemMast MolIHOCTb A0 20 MKBT/MT'1" us-
MeHUM Ha "Munumansvras ynenbHas TIOTpeOssseMast
MOIIHOCTh (10 20 MKBT/MI11)". DTO TOBOPUT O TOM,
YTO CpPeAU BCEX YAOBJIETBOPUTENbHBIX OJJOKOB (C MOILII-
HocTelo 10 20 MkB1t/MI'1) Haubosiee LEHHBIM IS
npoekrta OyaeT IP-6710k ¢ MUHUMAaJIbHBIM MOTpeObJie-
HUEM SHEpPTHUU.

IlycTb, HaTTpUMep, HY>KHO BHIOPATh OMWH U3 YETHI-
pex (n = 4) nmoka3zaHHbIX B TabJ. 4 ajlbTepHATUBHBIX
BapMaHTOB C YKa3aHHBIMM XapaKTepUCTHKAMU TIpU
0003HaYEHHBIX OOHOBJIEHHBIX KPUTEPHUSIX.

PaccmotrpuMm mpumMep TpUMEHEHMS METOHa aHa-
JIMTUYECKUX MepapXuil IJIs1 mepeyHs aJbTepHaTUB, 3a-
JNaHHbIX Taba. 4. MeTon aHAIMTUYECKUX Mepapxuit
MTO3BOJISIET PACCUNTATH B3BEIIICHHBIC OLICHKM TSI KaXK-
JIOI M3 aTbTepHATUB, C TIOMOIILIO KOTOPBIX MOXKHO OY-
JIeT BbIOpaTh HauOoJiee YIOBJIETBOPSIOIIYIO BBICTaB-
JIeHHBIM TpeOoBaHUSIM (110 MaKCUMaJbHOM B3BEIICH-
HOI1 OlleHKe) ajlbTepHAaTHUBY.

CHayvaya cieayeT COCTaBUTb MAaTPUIIbI TTOMTapHOTO
cpaBHeHus I1P-610koB. CpaBHeHUE OydeT MPOXOOUTH
10 KaXIOMy KPUTEpPHIO OTAEIbHO. B MaTpuile Kax-
OBl BIIEMEHT yfj MTOKAa3bIBaeT B3aMMHYIO IIEHHOCTh
anbrepHaTuBhl IPi 1o oTHoleHUIO K anbrepHaTuBe 1P/
10 KPUTEPHIO / ¢ UCITOIB30BAHNUEM CIICIYIOIINX CPaB-
HUTENBHBIX OILICHOK: paBHO3HAaYHa — 1; yMEpeHHO
Jiydiiie — 3; yMepeHHO Xyxe — 1/3; CylleCTBEHHO JIyu-
11e — 5; CYILIECTBEHHO XyxXe — 1/5; 3HaYnuTeNbHO JIyu-
11e — 7; 3HaUUTENbHO XyKe — 1/7; BO MHOTO pa3 Jiyu-
e — 9; Bo MHoro pa3 xyxe — 1/9 [3].

Ecam cocraBneHne TakuxX MaTpHIl CJIOXHO IS
JITIP, To cneayeT mpuBieKaTh IPYINy 9KCIEPTOB, KO-
TOpPbIE OLIEHSIT B3aUMHYIO BaXKHOCTb aJbTepHATUB, UC-
MOJIb3YS1 ONTMCAHHBIN BBIIIE METOJ MPEATOYTEHUN WU
MmeTon paHra [7].

ITyctb, Hampumep, ObLIM TOJYYEHBI Cleaylolre
OIICHOYHBIE MAaTPHUIILI yl—y!2 MpA CpaBHEHUU TIO
Kax/IOMy KPUTEPHUIO OTAEIbHO:

Kpurepuu/xapakrepuctuku* anprepuatusubix 1P-0/0k0B

1 1/31/55 1 7 71/3
Y1= 3 1 1/37 Y2= 1/7 1 31/7
5 3 19 1/7 1/3 1 1/7
1/51/71/9 1 37 71
Tabauua 4
Table 4

Criteria/characteristics * of the alternative [P units

Kpurepun 3HavyeHWe XapaKTePUCTUKU aJIbTepHATUBHI [Pi
Criteria Value of the characteristic of an alternative 1Pi
Bec OGHOBJIEHHOE HA3BaHUE
Neo Weight W, Updated name IP1 1P2 1P3 1P4
K1 0,09 MuHuManbHas yienbHasi norpedmsiemast MolHocTh (1o 20 MkBt/MT i) 12,1 10,5 9,6 17,3
Minimal specific power consumption (up to 20 uW/MHz)
K2 0,08 MuHuMaIbHas TUIOLIAAb 0JI0KA Ha KpUCTaJIe (go 0,8 MM2) 0,41 0,75 0,74 0,39
Minimal area of the unit on a chip (up to 0.8 mm*)
K3 0,14 MakcumanbHas TakToBas yactora (ot 600 MI'm) 610 885 951 600
Maximal clock frequency (from 600 MHz)
K4 0,17 Cucrema komana RISC Ha Ha Ha Ha
RISC instruction set Yes Yes Yes Yes
K5 0,21 PaspsimHOCTH He MeHee 32 Ha Ha Ha Ha
Bit capacity not less than 32 Yes Yes Yes Yes
K6 0,11 MunuMaibHas teHa juieH3uu (1o 500 Teic. pyo.) 370 340 480 250
Minimal license price (up to 500 thousand rubles)
K7 0,06 Cxema oruiathbl Ynosi. Xop. Xop. Yo
Payment scheme Satisfact. Good Good Satisfact.
K8 0,03 MuHUMAaJIbHbIE CPOKU MTOCTaBKM (10 2 Mec.) 1 1,5 1 1
Minimal delivery time (up to 2 months)
K9 0,05 Hanuuue mokymeHTauuu Ha Ha Ha Ha
Availability of documentation Yes Yes Yes Yes
K10 0,03 Hannuue TecToBoro obecreueHus Ha Ha Ha Ha
Availability of the test support Yes Yes Yes Yes
K11 0,01 MuHMMAaIbHBIN CPOK MHTErpauuu (oo 3 mec.) 2 1,5 1,5 2,5
Minimal integration time (up to 3 months)
K12 0,02 Penyranms nmpousBoguTeist VioBi. VioBi. VioBi. Viosi.
Reputation of the manufacturer Satisfact. | Satisfact. | Satisfact. | Satisfact.
* JlanHble GBI, a U CaMU KPUTEPUU JOCTATOYHO YCIOBHBI U B3SITHI I MpuMepa. OHU MOTYT BapbMpPOBATHCSI B 3aBUCUMOCTH OT
tuna [P-6yoka, ot TpeboBaHUil U BO3MOXHOCTEH 3akazunka. Harmpumep, TpeboBaHue "MakcuMaibHasi TaKTOBasi YyacTtora" CIpaBeauBO
IUTST BBIOOpa KaK CTaTWYeCKOro, Tak W AuHamuueckoro [P-Gioka, Torma kak mis BbiOopa auHamuueckoro IP-Gioka akTyanbHO Takxke
TpeboBaHue "MUHUMATbHAS TAKTOBasl yacToTa.
* The given criteria are rather conditional and were taken for an example. They can vary, depending on the IP unit, requirements and
resources of a customer. For example, "Maximal clock frequency" is fair for selection of a static and dynamic IP unit, whereas for selection of a
dynamic IP unit "Minimal clock frequency" is also good.
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1 1/51/73
Yvi=| 5 11437

7319}
1/31/7 1/9 1

1111
Y4=Y5=Y9=Y10=Y12= 1111 ;
1111
1111
1 1/351/7 11/31/31
Y6= 3 1 51/5 . Y7= 31 13
1/51/5 1 1/9 3113
7 591 11/31/31
151 1 1 1/51/53
Y8= 1/511/51/5 : Y11= 51 17
151 1 51 17

151 1 1/31/7 1/7 1

CorjacHO MeToly aHaJIUTUYECKUX Hepapxuil Ha
OCHOBaHWM 3HAUYCHUI 3JIEMECHTOB 3THX MAaTpPUII yfj
(i=1,..,nj=1,.. n, n=4) u BeCOB KpUTepren
W, (=1, .., k; k= 12) paccuutbiBaeTcs LEHHOCTb U;
KaxkIoW i-i aJbTepHATUBBI JJISI peaiu3alliyd MpoeKTa

o cieayloniein popmyiie:
/
k n Hyij
= x| L.
l: l n /
PN

AJbTepHaTUBaA C HAUBBICIIEH LIEHHOCTBIO U OyIeT
HCKOMBIM pellieHMeM. B HaleM ciyyae ObLIM MOJTy-
yeHbl cieayowmme ouenku: Uy = 0,20; U, = 0,24;
U; = 0,30; Uy = 0,26. OTKyza MOXHO CIIeJIaTh BBIBOLL,
YTO HanOoJiee ONTUMAJIbHBIM BEIOOPOM C YUETOM 3Ha-
YMOCTHU BceX Kputepuen Oyner 1P-6mok 1P3.

3akimouenue

Hcnonp3oBaHue npeajiaraeMoil METOIUKU MO3BO-
JIsieT BbIOMpaTh HanboJiee mpuemMiieMblit IP-6510K B pe-

aJIbHBIX YCIIOBUSX, KOTJA YUCIIO U XapaKTep KpUTepu-
€B OLIEHKM KadyecTBa IP-0J10KOB MOXeET BapbHpOBaTh
KOHCTPYKTOP B 3aBUCHMMOCTH OT YCJIOBWI1 BBITIOJIHE-
HUS TIpoekTa. JJOCTOMHCTBOM IpeajiaraéMoil METOI-
KU SBIISIETCS TaKXKe BO3MOXHOCTh PACCMOTPEHUS Ha
HayaJbHOM 3Tarle OOJIBILIOrO YMC/a aJbTepHATUBHBIX
BapuaHTOB |P-0JI0KOB, MpeamaraeMbIX KOMITAaHUSIMMU -
nocraBuuKaMu. IlodydeHHBIE C MOMOIIBIO JaHHOM
METOJUKU Pe3yJbTAaThl PAHXKUPOBAHUS IPeIIaracMbIX
IP-610K0B 1O cTeneHU IMPearnoYTUTEIbHOCTU O3B0~
JIIT KOHCTPYKTOpaM NpUHUMAaTh 0oJjiee B3BEILICHHBIC
pelIeHUS.

BaxxHbIM JOCTOMHCTBOM TIpeajiaraeMoli MeTOAUKU
TaKXKe SBJISIETCSI BO3MOXHOCTh aBTOMATH3aIM TIPO-
lecca BBIOOpa paIllMOHATBHOTO PEIICHUS C yYETOM
0COOEHHOCTEN KOHKPETHOTO MPOEKTa.
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Concerning the Question of Selection of an IP Unit for the System

on Chip Development

The article is devoted to the questions concerning the selection of the most rational IP units for the SoC design from the alternative
versions available on the sites of the manufacturers and suppliers. The aim of this work is to develop techniques for selection of an
1P unit on the basis of the decision making methods. The proposed method employs the experience and knowledge of the experts
in the given subject area and the opinion of the decision-makers (project managers, engineers and designers). The technique is based
on an original combination of the lexicographic ordering method, the analytical hierarchy method and the method of preferences.
The technique allows us to automate the process of selection of the most appropriate version of the IP units corresponding to the given

criteria and constraints, and reduce the decision-making period.

Keywords: IP unit, SoC, decision making methods, lexicographic semi-ordering method, analytical hierarchy method, prefer-

ences method
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Introduction

Advancement of SoC designing resulted in reduc-
tion of the time and costs for development of the com-
plex-functional units (IP units) on the basis of the re-
peated usage technology. Many companies offer differ-
ent-purpose IP units. At that, the IP units of one class
and purpose can have various functional, technical-op-
erational, design, cost and technical characteristics,
and the number of the offered versions can be great
enough. As a result, the developers face a complicated
question of selection of an IP unit for a product to be
developed. Such a problem appears frequently enough,
if not with any IP unit, for example, with selection of
one of the alternative cryptomodules or the processing
units for various controllers.

The results of the research show, that a choice of a
rational version, in case the number of the criteria for
estimation of the quality of the taken decisions is more
than 5—7, is an extremely labor-consuming problem. It
is necessary to consider also the fact that the number of
versions of the use of IP units can be bigger (>10), and
this will complicate the problem for the designers even
more. In order to simplify selection of an IP unit in ac-
cordance with the requirements and specific features of
a SoC project a technique is necessary making it pos-
sible to automatize the process with the use of experi-
ence, knowledge and preferences of a developer. It can
be based on the use of support for the decision-making,
making it possible to present the procedure for finding
of the most rational solution in the form of a sequence
of the elementary procedures, during implementation
of which a person, as a rule, makes no mistakes.

Problem statement

The problem of selection of an IP unit is rather
complex and multicriterion. At that, some of the crite-
ria have a contradictory and even mutually exclusive
character, this refers, for example, to the factors of cost
and functionality, or complexity of integration into the
final product. The total number of K criteria for selec-
tion is great (K > 10). The criteria may have a compu-
tational character (price, power consumption, produc-
tivity, the area occupied by the unit on a chip) and a
linguistic character (architecture, complexity of inte-
gration into the end-product, payment scheme). The
number of versions from the companies-suppliers of the
necessary IP units can be quite considerable (N > 10).

Criteria for selection of an IP unit [1, 2]:

1. Functionality (the list of the nested criteria de-
pends on the purpose).

2. Architecture (for the classes of complex-function-
al products, such as processor IP cores [3]).

The basic estimation parameters are the following:
e architecture of CP (RISC/CISC);

e instruction set (completeness, optimality from the
point of view of application);

e ALU Bit capacity;

e number of general purpose registers;

o availability and volume of the cache memory of in-
structions and data;
¢ clock frequency;
e access time to the main memory in the synchroni-
zation steps;
o Dbit width of the address and data buses.
In a number of cases additional parameters can be
taken into consideration:
o number of stages of the conveyor;
e arrangement of the multibyte numbers in memory
(Big/Little Endian);
e possibility of reconfiguration of the IP unit param-
eters;
e others.
3. Technical-operational characteristics (list of the
nested criteria depends on a concrete purpose).
4. Licence price.
5. Kind of delivery:
o open RTL code — Soft-IP;
o synthesized code (netlist), tied to a concrete tech-
nology — Firm-IP;
o ready topology — Hard-IP.
6. Reputation of the firm-supplier.
7. Complexity of integration into the end-product:
o availability of the exhaustive documentation;
o availability and completeness of the test support;
o time of integration into a project.
8. Value and importance:
o mode of its use by a client (number of projects with
the use of the unit);
o mass circulation of the developed products (SoC).
9. Payment scheme.
10. Life cycle support:
e support from the supplier of the IP unit;
o possibility of a tailor-made modification;
e portability to a new technological process;
o possibility of additional contractual works.
Additional criteria for selection of Soft IP and Firm
IP units
1. A check done by the supplier in silicon.
2. Clock frequency for the set manufacturing tech-
nology.
3. Expected performance.
4. Power consumption (theoretical or real).
5. The area occupied by the unit on a chip.
6. Compliance with the standard specifications
(if necessary).
7. Verification costs in silicon
8. Means for support of the program development.
9. Manufacturing technologies (for Firm-IP).
Additional criteria for selection of a Hard IP unit
1. Clock frequency.
. Performance.
. Power consumption.
. The area occupied by a unit on a chip.
. Compliance with the existing standards.
6. Possibility of selection of an alternative supplier in
a force majeure case.

2
3
4
5
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Stages of selection of an IP unit

The process of solving the selection problem can be
divided into several stages.

Stage 1. Formation of a list of the selection criteria
and their ranging. At the first step of stage 1 all the nu-
merous criteria can be divided into the following groups:
e Functional;

e Technical-operational;

e Design;

e Cost and time;

¢ Support and follow up of a product;
e Technological,;

e Additional.

At the second step of stage 1 we range the groups of
criteria by the degree of their importance on the basis
of the method of preferences [4] (if experts are in-
volved), using the procedure of the method of analytical
hierarchies [5] (if the problem is solved by a decision
making person, DMP).

The method of preferences allows us to calculate the
values of the criteria taking into account the opinions
of the experts, who consider various points of view con-
cerning the selection of an IP unit. The given method
can be automated easily, however, in case a big number
of the available criteria a concordance factor should be
calculated for checking the coordination of the experts’
opinions. Since the number of the groups of criteria is
not big (<10), the probability of reaching a coordinated
opinion of experts during their ranging is rather high.

At the third step of stage 1 the weight of the criteria
of each group is calculated. Since the total number of
the criteria equals to 16—20, in each subgroup there
will be 3—4 criteria, and then their weight within the
group can be calculated on the basis of the method of
analytical hierarchies, by constructing a three-level hi-
erarchical system of criteria. Within the system the first
level of the hierarchy will be of the groups of the cri-
teria, the second level will be of simple or compound
criteria within a group, the third level will be of the
nested criteria for the compound ones of the second
level (see figure).

At the fourth step of stage 1 we will calculate the to-
tal weight of all the criteria by the method of analytical
hierarchies (the problem is solved by DMP) or the
method of preferences (experts are involved).

Stage 2. Stage-by-stage reduction of a multitude of
IP units. Since the number of versions of the selected
IP units can be considerable, for its reduction it is pos-
sible to use the method of lexicographic semi-ordering
[6]. According to the method, we compare and select
the acceptable alternatives, consistently by each crite-
rion, beginning with the most important ones. We re-
alize the cyclic procedure for all the criteria, till the list
of the alternatives is reduced to a small number (<10).

During comparison of the alternatives by all the cri-
teria, in view of their big number, the probability, that
the IP units of many firms-developers will satisfy the set
criteria, is insignificant. That means, by applying such
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a selection, it is possible to reduce essentially the
number of the alternatives.

This process can be regulated by changing the borders
of the intervals of the admissible values of the criteria. If
the criteria are not numerical, but linguistic, then the ver-
bal scales of the values of the criteria for them are intro-
duced for establishment of an interval of estimations.

Stage 3. Selection of the most acceptable IP unit. If
the number of the alternatives is reduced to 10 or less,
then for a definitive determination of the alternative,
most satisfying the criteria, we use the method of ana-
Iytical hierarchies, because it allows us to undertake the
most detailed comparison of the alternatives with the
use of a set scale for estimation of preference in a pair-
wise comparison [3].

An example of solving the problem of selection
of an IP unit

Let us assume that a group of experts or a DMP ap-
proaches the problem of selection of a HARD IP unit
(for example, for DDR4-memory controller). At that,
certain restrictions are set on the values of its charac-
teristics, violation of which makes an IP unit improper
for the project. Among such restrictions we can name
the functional characteristics of the IP unit (interface
with a certain type of bus, depth of buffering of the in-
put and output data, etc.), technological process of
manufacturing (Hard IP), etc.

Let us assume that the expert group has chosen for
comparison the following set of criteria for estimation of
importance of the considered IP unit for the set project.

Group 1 of criteria.

K 1.1. Technical-operational characteristics.

K 1.1.1. Specific power consumption.

K 1.1.2. The area occupied by the unit on a chip.

K 1.1.3. Clock frequency.

K 1.2. Architecture.

K 1.2.1. Instruction set.

K 1.2.2. Bit capacity.

Group 2 of criteria.

K 2.1. License price.
K 2.2. Payment scheme.
K 2.3. Delivery time.

Group 3 of criteria.

K 3.1. Complexity of integration into the end-product.

K 3.1.1. Availability of exhaustive documentation.

K 3.1.2. Availability of the test support.

K 3.1.3. Integration time.

Group 4 of criteria.

K 4.1. Reputation of the firm-manufacturer.

At the first stage of solving the problem it is neces-
sary to determine the weights of the criteria. At that, it
is necessary to take into account the hierarchical struc-
ture of the system of criteria (see figure), where for a final
comparison of the alternative IP units the criteria in the
end tops (leaves) of the hierarchical column are used.
During calculation of weight W of a criterion of the low-
est level of hierarchy its local weight in the hierarchical
group should be multiplied by the weight of the corre-




sponding compound criterion and/or weight of a group
of criteria. For example, for criterion of weight "K 1.1.3.
Clock frequency" the following formula is fair:

Wiias = Wkiis X Wkia X Wepr.

Let us consider an example of the group procedure
of decision-making for ranging of the groups of criteria
by the degree of their importance. We will use the
method of preferences. Let us assume that three experts
participate in the estimation, each of which estimates
groups 1—4 by their importance for the project, proceed-
ing from his (hers) professional experience (table 1). The
maximal point is given to the most important group of
the criteria.

These estimations are transformed by the rule (ac-
cording to the method of preferences): a new estimation
is calculated as a difference of the number of groups (in
our case — 4) and the initial expert estimation of the
group (table 2). Then the total estimation is calculated
of each group Crpl- by all experts and the total sum C of
all estimations (table 2 — the penultimate line). The final
weights of the groups of criteria are calculated according
to the formula W, = C,,,;/C (table 2 — the last line).

For calculation of the weights of the criteria of the
subsequent levels of the hierarchy we will apply the
same procedure and calculate the total weight of the cri-
teria with account of their hierarchical nesting. Then we
will range the criteria, which are in the end tops of the
hierarchical structure (see figure), by their weights: the
most important is the criterion with the maximal weight.
Let us assume that as a result of the expert estimations we
received 12 criteria (k = 12) and the following ranging of
the criteria by their importance for the project (1 — the
most important, 12 — the least important).

1. Bit capacity not less than 32 (weight 0.21).

2. RISC instruction set (weight 0.17).

3. Clock frequency — from 600 MHz (weight 0.14).

4. License price — up to 500 000 rubles (weight 0.11).

5. Specific power consumption — up to
20 uW/MHz (weight 0.09).

6. The area occupied by the unit on a chip —
0.8 mm? (weight 0.08).

7. Payment scheme: with a post payment or with a
partial (up to 25 %) advance payment (weight 0.06).

8. Availability of a comprehensive documentation:
completely available or to be provided within 2 months
(weight 0.05).

9. Time of delivery up to 2 months (weight 0.03).

10. Availability of the test support, the scale of degree
of a test covering defined by an expert (weight 0.03).

11. Spotless reputation of the firm-manufacturer
(weight 0.02).

12. Time of integration up to 3 months (weight 0.01).

Also the experts determine the boundary values of
the estimated scales for each criterion.

For the second stage of selection of an IP unit
among the numerous alternatives the method of lexi-
cographical semi-ordering is proposed, according to

which the whole list of the alternatives is analyzed to

see, if they satisfy the most important criterion (in our

case — Bit capacity). The degree of satisfaction is de-
fined by the following rule:

o A satisfactory alternative — the checked parameter
of the IP unit is within the limits of the scale of the
criterion estimation;

e An unsatisfactory alternative — the checked param-
eter of the IP unit is beyond the limits of the scale
of the criterion estimation.

Let us consider an example of the semi-ordering of
six alternatives by the criterion "Specific power con-
sumption up to 20 uW/MHZz" (table 3). From the ex-
ample it is visible, that criterion 5 is satisfied by alter-
natives IP1, IP2, IP3, IP4 (the set off lines).

Similar procedures are followed for all the criteria,
beginning from the most important one. After each
procedure of semi-ordering the number of "the satis-
factory” alternatives can be reduced. We should stop,
when there are 10 or less alternatives.

Then we transfer to stage 3 and demonstrate appli-
cation of the method of analytical hierarchies for se-
lection of the most suitable IP unit out of the selected
satisfactory ones.

We should point out, that for the analytical hierar-
chies the criteria of selection may be reconsidered (ta-
ble 4), because many of "the satisfactory” alternatives,
which after application of the method of semi-order-
ing remained in the consideration list, already corre-
spond to the criteria formulated above. Thus, we will
replace the criterion "Specific power consumption up
to 20 uW/MHZz" with the "Minimal specific power
consumption (up to 20 uW/MHz)". This means that
among the satisfactory units (with power up to
20 uW/MHz) the most valuable will be the IP unit with
the minimal consumption of energy.

Let us assume that it is necessary to select one of the
four (n = 4) (table 4) of the alternative variants with the
specified characteristics at the designated updated criteria.

Let us consider application of the method of ana-
Iytical hierarchies for the list of the alternatives present-
ed in table 4. The method allows us to calculate the
weighed estimations for each of the alternatives, with
the help of which it will be possible to choose the al-
ternative, meeting the set requirements most fully (by
the maximal weighed estimation).

It is necessary to make up matrixes for a paired com-
parison of the IP units. The comparison will be done by
each criterion separately. In a matrix each element yﬁj
shows mutual value of alternative IPi in relation to
IPj by criterion / with the use of the comparable esti-
mations: equivalent — 1, moderately better — 3, mod-
erately worse — 1/3, essentially better — 5, essentially
worse — 1/5, considerably better — 7, considerably
worse — 1/7, many times better — 9, many times
worse — 1/9 [5].

If making up of such matrixes is difficult fora DMP,
it is necessary to involve a group of experts, who will es-
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timate the mutual importance of the alternatives, using

the method of preferences or the method of rank [7].
Let us assume that we got estimation matrixes

yl—y!2 during a separate comparison by each criterion.

1 1/31/55 1 7 71/3
le 3 1 1/37 Y2= 1/7 1 31/7
5 3 19 1/71/3 1 1/7
1/51/71/9 1 3 771
1 1/51/73
Y3= 5 1 1/37 :
7 3 19
1/31/71/9 1
1111
Y4=Y5=Y9=Y10=Y12= 1111 ;
1111
1111
1 1/351/7 11/31/31
Y6= 3 1 51/5 . Y7_ 31 13
1/51/511/9 31 1 3
7 591 11/31/31
151 1 1 1/51/53
Y8= 1/511/51/5 : YH: 51 17
151 1 5 1 17

151 1 1/31/7 1/7 1

According to the method of analytical hierarchies on
the basis of the values of the elements of these matrixes
yfj (i=1,.., nj=1,..,n n=4)and weights of the
criteria W, (I =1, ..., k; k = 12), for realization of the
project value U; of each i — alternative is calculated ac-
cording to the formula:

k n/Hyfj
U= % | 1w
I=1| n ]
Lnllyy
i J

1

The alternative with the highest value will be the
sought-for solution. In our case the following estima-

tions were received: U; = 0.20; U, = 0.24; U; = 0.30;
U, = 0.26. Hence, it is possible to draw a conclusion,
that the IP unit IP3 will be the optimal choice with the
account of the importance of all the criteria.

Conclusion

Use of the technique allows us to choose the most
acceptable IP unit in real conditions, when the number
and character of the criteria for estimation of the qual-
ity of IP units can vary depending on the conditions. An
advantage of the technique is a possibility of consider-
ation at the initial stage of a big number of the alter-
native versions of the IP units offered by the firms-sup-
pliers. The results of ranging of the IP units received by
means of this technique by the preference degree will
allow the designers to take more weighed decisions.

An important advantage of the offered technique is
also a possibility of automation of selection of a rational
decision taking into account the specific features of a
concrete project.
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Texnuueckuii penakrop 7. A. lllaykas. Koppexktop E. B. Komuccaposa.

Cpano B Ha6op 21.10.2016. TMoanucano B meyars 22.11.2016. @opmat 60x88 1/8. 3akaz MC1216. LleHa noroBopHast
Opurunan-maker OOO «AnBaHcen comonrH3». Orneyarano B OO0 «AnBaHcen comoirH3». 119071, r. MockBa, Jlenudckuii ip-T, a. 19, ctp. 1. CailT: www.aov.ru
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