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OBU.IME BOIPOCbHI

(J ENERAL QUESTION

VK 641.3.049

B. 10. BacuiabeB, 1-p xuM. Hayk, npod.,

HoBocubupckuii rocynapcTBeHHBIN TeXHUYECKWI YHUBEPCUTET, 3aMECTUTEIb [ eHepaIbHOTO IMPEeKTopa,

000 "CuoMC", r. HoBocnbupck

TPEHAbI PA3BUTUA TEXHOAOTMN U MPOU3BOACTBA KOMIMOHEHTOB
N Y3AOB MMKPOCUCTEMHOM TEXHUKU

Ilocmynuna e pedaxuyuro 04.04.2016 o.

Boinoanen 0630p coépemeHHbIX mMpeHO008 pa3eumus MexHOA0ULl U OPeAHU3AUUU PA3PAbOmMOK U Npou3eo0cmea KOMHOHEHMO8
mukpocucmemuou mexuuxku (MCT). [Ipoanaruzuposansvi cocmostue u 0OCHO8Hble haKmopsl pazeumusi, NPUGedeHbl OCHOBHbIE Pa3-
pabomuuku u npouzeodumenu komnonenmos MCT. Paccmompersl 0cobeHHOCMU 83AUMOOMHOUEHUL KOMNAHUL-DA3PAO0MUYUKO08
U KOMNAaHUi-u3eomosumenei, Komopsie Heo6X00UMO NPUHUMAMb 80 BHUMAHUE 045 ObICHPO2O NPOMOMUNUPOBAHUS U NPOU3E00C-
mea npodykmoeé MCT. Ilokasansl Hekomopsie nepcneKmueHbvle HanpasleHus pazeumus 0yoyuwux uccie0o8anuil U papabomox

MCT.

Karouesste caosa: mexronoeuu muxkpocucmemuou mexrnuxku, MCT, mpenost pazeumus, 63aUMOOMHOUCHUS PA3DAOOMYUUK—

uzeomoeumensd

BBenenune

CoBpeMeHHOE pa3BUTHE MPEIU3NOHHEBIX TEXHOJIO-
ruii 3a py0exxoM OIIpeleIsieTCsl MOTPEOHOCTIMU PhIH-
Ka MPOIYKTOB BBICOKMX TexHosoruii (Market-driven
technology), uieneHarnpaBieHHO (OPMUPYEMBIM KpYM-
HEHIIUMU PHIHOYHBIMU UTpoKaMu. [IpumepoM cepb-
€3HOCTM TaKOTO TOIXOAa Pa3BUTHUS Ha IECITUICTHS
BIEpe] MOXET CIYXXUTh HaJW4yMe B LITATe KOMIAHUU
Cisco — mpon3BoANTEISI KOMMYHUKALIMOHHOM arla-
patypel CIIIA momkHOCTH O(ULIMAIBLHOTO (QYTYpOJIO-
ra, ¢ pe3yjbTaTaMu JesSITeJIbHOCTU KOTOPOIrO MOXKHO 03-
HAKOMUThCS Ha caliTe KoMITaHuU (CM., Harpumep [1]).

BaxneliimMu KOHKYPEHTHBIMU MMPEeUMYILLIECTBaMU
MIPOAYKTOB BEICOKMX TEXHOJIOTH SIBIISIIOTCS CKOPOCTH
X BBIBOJA Ha PBIHOK M ILIEHbI, ompenesseMble cebe-
CTOMMOCTBI0O M MaCCOBOCTBIO TTPOM3BOIACTBA. TexXHO-
JIOTUU MUKpocUucTeMHol TexHuku (ganee MCT) saBisi-
IOTCS BaXHEHIIEH COCTaBISIONIEH COBPEMEHHBIX BBI-
COKMX TEXHOJIOTHii, HO HMCTOPUYECKHU Pa3BUBAIOTCS
HECKOJIBKO T103Xe TeXHOJOTUIA MHTErpalbHbIX MUKPO-
cxeM (MMC). C nomombio TexHoaoruii MCT paspa-
0OTaHbl CEHCOpPBI AABJICHUSI, UHXEKTOPHI, akcelepo-
METpPhI, TUPOCKOITEI, Ta30BbIE CEHCOPBI, MUKPOIUCII-
Jieu, OMOXUMUUYECKUE CEHCOPbI, CEHCOPHI CKOPOCTH,
MHKpOpeIIe, OCHUUISTOPE 1 MHOTOE mpyroe. OCHOB-
HBIM MPEUMYILIECTBOM KOMIIOHEHTOB Ha OCHOBE TeX-
Honoruii MCT SBASIOTCST MX MaJibie pa3Mephbl, Macco-
BOCTb, BBICOKAsI MOBTOPSIEMOCTh XapaKTePUCTUK U
HaaexHocThb. (TepMUH "KOMMOOHEHTHI" UCHOIb3YeTCs

COINIacHO Kiaccudukauuu [2] u xapakTepusyer "u3-
JIeJIisl, U3TOTOBJIEHHBIE Ha OJHOM KpUCTaJljie MeToa-
MM MUKPOSJIEKTPOHHON TEXHOJOTUM M COAepIKallue
ot 1 1o 1000 mexaHuveckux saeMeHToB"). CocTosiHUE
u nepcriekTuBbl TexHojoruii MCT Ha Havano croJe-
TUSI PACCMOTPEHBI B Psifie OTEUECTBEHHBIX paboT [3—6].
Ony6nukoBaHo 6ojiee 30 3apyOexkHbIX MOHOIpaduii
o TeXHOJoTUsIM U yctpoiictBaM MCT.

Baxmneiiime coobiTust pazButus TexHosoruii MCT
B TeueHue rnociaeaHux 40 JieT BKIoYaiu:

— Hay4YHO-TEeXHWYeCKoe 0OOCHOBAaHUE OCHOBHOIO
KOHCTPYKIIMOHHOTO MaTepuana mjist TexHonoruiit MCT
— MOHOKPHUCTAJNINYECKOTO KpeMHus [7];

— pa3paboTKy TeXHOJOTMYECKHUX TpoleccoB ¢op-
MHPOBAHUS TIPEHM3NOHHBIX TPEXMEPHBIX CTPYKTYP
>KUJIKOCTHBIM U TJIa3MEHHBIM TpaBJieHUEM, pa3padoT-
Ky IIpo1ieccoB (POPMUPOBAHUS U yaaJIeHHUs "KePTBECH-
HBIX cioeB" g (hOPMUPOBAHUSI OJAHO- WIM JBY3a-
LIEMJIEHHBIX MHOTOCJIOMHBIX 0anouyHbIX ('TOABELIeH-
HBIX') 3JIEMEHTOB CTPYKTYp [8];

— pa3paboOTKy TEXHOJOTUN COeAUHEHUS TTOITOXEeK
KpemMuust (wafer bonding) [9];

— pa3paboTKy MapllIpyTOB M3TOTOBJIEHUS U OC-
BOGHUSI TIPOM3BOJCTBA CHayajla WHAUBUAYATbHbBIX
kommnoHeHTOB MCT (ceHcopoB naBjeHus), a 3aTeM
0oJpII0i HOMEHKJIAaTyphl y310B MCT, B ToM 4ucie
uHTerpupoBaHHbIX ¢ UMC nubo HemocpeJACTBEHHO B
KpeMHMeBoM noajoxke [10], 1160 B BUIe OTAEIbHBIX
KOMIOHEHTOB KPUCTAIJIOB B CICLMAJIU3UPOBAHHbBIX
Koprnycax [11];
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— pa3pabOTKy HOMEHKJIATYphl KOPITYCOB U TEXHO-
JIOTUM KOPIIYyCUPOBAHUS, U3MEPEHUI U MCOBITAHUM
KOMITOHEeHTOB 1 y310B MCT;

— pelleHre MeTPOJIOTMYEeCKMX BOMPOCcoB. TepMuH
"y3IBI" UCITOIB30BaH COTIACHO KilaccrpuKanum [2] u
XapakTepusyeT 'msmenus, cocrosmume Ha 100 % u3
KOMIIOHEHTOB MUKPOCUCTEMHOI TexHuku". B mocnen-
Hue roabl TexHojgoruu MCT pa3BuBaloOTCs B TpeHIax
CaMBIX COBPEMEHHBIX TEXHOJIOTHI COOPKI MUHHUATIOP-
HBIX MHOTO(DYHKIIMOHAJIBHBIX YCTPOMCTB, M3BECTHBIX
Kak TpexmepHas cOopka Ha ypoBHe ruiactuH (Wafer
Level Packaging, WLP) u sTaxkepouHast cOopKa ¢ uc-
MTOJTE30BAHWEM TEXHOJIOTU MEXCOSTMHEHNN dYepes
CKBO3HbIe OTBepCTUS B KpeMHUU ( Through Silicon Vias,
TSV) [11].

KpynHeiiine 3apyOexHble aHaJIUTUYECKUE KOM-
MaHuu, pabdoTapliye B 00JIaCTU JIEKTPOHHBIX TEXHO-
noruit (Yole Developpement [12], MarketsandMarkets
[13], BCC Research [14], IHS Technology [15]) natot
Ha OJIDKaiIme TOAbI TPOTHO3BI CTAOMIIBHO BEICOKOTO
(Ha ypoBHe Bbilie 10 %) npupocTa €XeroaHOro Ipo-
M3BOJACTBA YK€ M3BECTHBIX M JOBOJBHO LIMPOKUX IO
HOMEHKJIaType KOMITIOHeHTOB U y3710B MCT. Oteuect-
BEHHBIC 0030pBHI MO 3TOM TEMAaTWKE IMPEICTaBJICHEI,
HanpuMep, B padorax [16, 17]. AHaau3 oGIIMPHOM K-
TepaTypbl YKa3blBaeT Ha OXMIAHUS, BCECTOPOHHUIA
aHaJIM3 U TIOATOTOBKY BO3MOXHOCTH B3PBIBHOTO pas-
BUTHS THX TEXHOJIOTUI U pOCTa TIPOM3BOICTBA Ha Jie-
catunerus Boepen [17]. JIBUXyLIMMU cUlaMUd TaKOTo
pocTa paccMaTpUBAIOTCS MacCOBBIE MPOMYKTHI BBICO-
KHX TEXHOJOTUi, 00beAMHEHHbIE UAeell MOCTPOSHMS
CeTeBbIX CUCTeM Ha ocHoBe ceTu MHTepHer [1].

O4eBUIHO, YTO MOAOOHbBIE MPOTHO3bI POCTA CTABSIT
3amay KaK OpraHM3allid MacCOBOTO ITPOM3BOICTBA
OTPOMHOTO KOJIMYECTBAa Pa3HOOOPA3HBIX YXKe M3BECT-
HBIX KOMIIOHEHTOB U y3J10B TexHojoruit MCT, tak u
pa3paboOTKM UM OCBOEHHUSI B MPOU3BOACTBE HOBBIX,
TOJTBKO TIOSIBIISIIOIIUXCST TUIIOB YCTPOMCTB. B manHOM
paboTe KpaTKO pacCMaTpUBAIOTCS HEKOTOPHIE OCHOB-
Hble TPeHIbl M MPOOJIEeMbl OpraHU3alMy HUCCIeI0Ba-
HUI, pa3pabOTOK U MPOU3BOACTBA KOMIIOHEHTOB U y3-
JoB (manee KY) texnonoruit MCT Ha 6a3e KkpeMHUe-
BBIX TTOTOXKEK.

Cocrositnue u oCHOBHBIE (PAKTOPBI PA3BUTHS
texHoJornii KY MCT

Oransl pa3putusa Texnojaoruii MCT xapakrepuso-
BaJiuch No-pasHomy [18, 19]. B pabote [18] BblneneHsl
HECKOJIbKO JAeciITUIeTHUX aTanoB. Ha mepsoMm (c ce-
peauHBl 1950-x mo Havama 1960-X TomoB) MpOBOIM-
JIMCh MCCJIEAOBaHMSI, HaMNpaBJeHHbIE Ha CO3JaHUe
OCHOB Oynyluueil TexHonoruu. B atux paborax yyacrt-
BOBAJIM HayyHble TNOApa3NeIeHMUs TaKUX KPYIHBIX
KoMnaHuii, Kak Bell Telephone Laboratories, a Takxe
HEKOTOpble aKaJeMUuecKue yupexnaeHus. I[aBHoe
BHUMAaHUE YIEJISIOCh aKTYaJIbHBIM B TO BPeMs TEXHO-
JIOTUSIM IIBOMHOIO Ha3HAYeHUs U, MPeXae BCEero, co-
3MaHUIO Pa3IMYHBIX TOYHBIX 1aTYMKOB. [1pu aTOM Tpe-
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0oBaIach TOJBKO BBICOKAS HAEXXKHOCTDb U3NENMA, a UX
BBICOKAsi CTOMMOCTb HE SBJSUIACh OIpPEAeIISIONIEH.
Bropoii stan passutus Texaonoruu MCT (1960-e ro-
IIBI) OIpemessyicss TaKUMH MOIITHBIMM BOEHHO-TIPO-
MbinieHHbIMU Kommanusmu CIA, kak Fairchild,
Westinghouse, Honeywell, KoTopbie CIEIINIA KOMMEp-
LMAIM3UPOBATh MEPBbIE IKCIEPUMEHTAIbHbBIC Hapa-
60TkH. B 3T0 BpeMs mosiBUjICS MEPBBII CEHCOP AaBJie-
HUSI, N3rOTOBJIEHHBIN 10 TexHonorun MCT. B 1967 r.
MOSIBUJIaCh HEOOXOAMMOCTb HCITOJIL30BAaHUS "XepT-
BEHHBIX CJIOEB" MJIs1 OTACIEHUST MUKPOMEXaHWYECKUX
3JIEMEHTOB KOMITOHEHTOB OT KPEeMHHEBOM MOIIOXKH.
M TonpKOo KOrma cTajiu SICHBI TIepCIIeKTUBL HOBOTO Ha-
npasjieHus, K Hayainy 1970-x ronoB, B akaaeMU4ecKom
HayKe Ha Hero CTajJu BBIAENSTH 1ieJieBoe (DMHAHCHUPO-
BaHWeE ISl pelIeHUs 3a7a4 COKPaIEeHUsI CTOUMOCTH U
pacimmpeHust obaacreit mpumeHenuss KY MCT. Ha
TpeTbeM atane (1970-e roapl) MOsIBUJICS MEPBbIN aK-
ceJiepoMeTp U MepBbie CTPYIHBIE COTUIa, pa3paboTaHa
MPOMBIIIIJIEHHAs! TEXHOJOTUSI 00BEMHOIO KUAKOCT-
HOTO TpaBJICHUsI KpeMHUS i (DOPMHUPOBAHUS 3JIc-
MeHToB MCT: MemOpaH, 6ajok u T.n1. B BocbMU-
necsatble Toabl XX CTOJETUS aKTUBHO IPOBOIMIIACH
pa3paboTKka TEeXHOJIOTMi, HEOOXOIMMBIX ISl MPOU3-
BojactBa KY MCT. B aro Bpems nmosiBUJIach IepBasi
cucteMHasl nyoaukauus [7], o00CHOBbIBaIOLLASl MPU-
MEHEHHMe KPEeMHUS He TOJIBKO B KayecCTBE IOJYIIPO-
BOAHUKOBOTO, HO U KOHCTPYKIIMOHHOTO MEXaHWYec-
Koro marepuaia. bol1 pazpaboTaH TeXHOJIOTMYECKUIA
MapiuipyT LIGA (komOuHauusi aurorpaduu, rajibBa-
HOIUTACTUKM U TIpecc-(MOPMOBKM TSI CO3MaHUS BBICO-
KOACITeKTHBIX MUKPOCTPYKTYP — CTPYKTYP € OOJIBIINM
COOTHOIIIEHUEM BBICOTHI U ILIMPUHBI). [{eBSIHOCTbIE TO-
IbI XX-TO CTOJIETUSI O3HAMEHOBAJIMCHh MHTEHCUBHOM
pazpabotkoit TexHosoruii KY MCT (mareHToBaHue
[JIyOOKOI'0 peakKTMBHOIO MOHHOIO TpaBJICHUS), Haya-
JIoM Tipogax mepBoro akcenepomerpa ADXLS50 koMm-
nanuu Analog Devices, MosIBIEHUEM W Pa3BUTUEM
01O- U ONTORJIEKTPOHHBIX KOMITOHeHTOB MCT. B Ha-
yane 90-x romoB XX Beka KaaugopHUIicKas KoMMa-
Hust Microelectronic Center of North California nony-
yuna nogaepxky areHtctBa DARPA (Defence Advances
Research Project Agency) Ha pa3pabOTKy I10JIb30Ba-
TeJbckoi TexHosoruu Multi-User MEMS Process.
Hanee HacTynmuIa MUKpoOMeXaHWUYeCcKas 31moxa, KoTo-
pasi mpoJoJKaeTcss M B HacTosiuee BpeMsi. OcoOeH-
HOCTBIO 3TOTO 3Tama SIBIISICTCS, IO MHEHHWIO aBTOpa,
pa3BuTure OecrpoBoaHbIX ycTpoiictB MCT.

B 3BOIOLIMOHHOM pPa3BUTUM U3AEIUI HA OCHOBE
texHosjoruit MCT aBtop [19] BblaennI yeTbipe "Mpo-
pbiBHBIX" cOObITUS. [TepBbiM coObiTEM (B 1990-¢ TO-
IIBI), OXapaKTepPM30BaHHBIM KakK "YpOBEHB ITIpoIiec-
COB", IBWJICS MEXIYHAPOIHBII ycIieX KOMIIAaHUM Sen-
Sonor ¢ TaTYNKOM BO3AYIITHBIX MOAYIIIEK 6€30MaCHOCTU
I aBroMobuieii — npuodopom SA20. B mupe ObuIO
MPOJAHO OKOJIO 35 MJIH IUTYK TaKUX CEHCOPOB, YTO
MMO3BOJIWJIO KOMITaHUM 3aHATh 60—70 % pbiHKa gat-
yukoB B EBpone. Bropeim coObiTeM (2000-e ronsl,
oxapakTepu3oBaHHBIM Kak "YpoBenb MCT", B opuru-




Hane — "MEMS level") aBTOp ITocunTAaI IIPOAOJIKEHIE
pasputusg KY MCT npuMeHUTEeNbHO K aBTOMOOUIb-
HbIM WHEPLIMOHHBIM CHUCTEMaM W ycCreX KOMITaHUU
Texas Instruments B obmacTi HU(MPOBBEIX MUKPO3EP-
KaJIbHbIX YCTpOUCTB. TpeTbum coObiTueM (2010-e ro-
Ibl, "YpoBeHb COOpPKM/KOPIYCHUPOBAaHUS'") SIBUJIOCH
WHTEHCUBHOE pa3BUTHE COOPOUYHBIX TEXHOJOIUH, KO-
TOpbIe CTaIU BaxHel MU B mpousBoactse KY MCT.
B yacTtHOCTH, TTOSIBWJIMCH TIEPBBIC MU3IETNS, KOPITYCH-
poBaHHBIE ¢ HcIojb3oBaHUeM TexHonoruu TSV. Co-
obITueM Ovkaitiero oyayuero (2020-e roasbl, "Cuc-
TeMHBIN YpoBeHb") aBTop [19] mocumnTan nocrerneHHOe
HMCYE3HOBEeHME yCTpoucTB, BKIovaommux MCT-UMC
Ha OMHOM KPHCTAJUIE B IOJIb3Y MHTCHCUBHOTO Pa3BU-
TUg 3D-uHTErpalmyu KpUCcTaaioB pa3IuyHbIX KOMIIO-
HentoB MCT.

Hcropnueckn pa3BUTHE KOHKPETHBIX THIIOB U3IIe-
Juii Ha ocHoBe TexHonoruiik MCT mpoucXoauno IIo
MpaBuily "OOUH TUM U3AENUSI—OIWH TPOLIECC—OAUH
TUn Kopnyca—oauH tun UMC—oauH TUN TecTOBOM
cuctembl”. Pasnmnunbie KY MCT Haxomarcs Ha pas-
JIMYHBIX 3TaraxX CBOMX JXMU3HEHHBIX IIMKJIOB, KOTOPEIE
OOBIYHO MPENCTABISIOTCS B BUe S-00pa3HON KpUBOM
(puc. 1). Ha kpuBoii BbIAENSIOT cleayloline ¢as3bl:
nosienenue (Emerging), pazputue (Development), 3pe-
noctb (Mature) u 3axkat (Decline). 13 niepeuyncieHHBIX
Beiie KY MCT nHaun6osnee 61M3KUMM K Hadaidy (as3bl
"3akaT" HaxoOATCs TOJIOBKM CTPYHHBIX IPUHTEPOB.

JanTtenmbHOCTh TroaroToBKM um3meanii MCT «
MIPOMU3BOACTBY MCTOPUIECKU ObUTa HEIPEeICKa3yeMOM.
B pabGote [21] ObuiM 000OILLEHBI JaHHBIE O BPEMEHU
BBIXO/a HA PHIHOK CEHCOPOB JaBJIEHMSI, aKCEIePOMET-
POB, 'a30BbIX CEHCOPOB, KJIalTaHOB, MHXXEKTOPOB, AUC-
IJieeB, OMOXMMWYECKUX CEHCOPOB, PagMovacTOTHBIX
KY MCT, ceHCOpOB CKOPOCTH, MUKPOPEJIE, OCIIMJIIISI -
TOPOB. ABTOpP YCTaHOBMJI, 4TO 1151 yKa3aHHBIX KY MCT
YCPEAHEHHOE BpPEeMsI KOMMEPLUUAIN3ALUU COCTABIISLIO
okoJjio 30 net. B aToM uHTepBaje cpenHee BpeMsl UC-
cnegoBanuii (HUP) cocraBnsiio okoso 10 jet, Bpems
9BOJIIOLIMU YCTPOUCTB — OKOJIO § JIET, BpeMsl paboT Mo
CHUXEHUIO LieHbl g0 npuemiuemoit (Cost reduction) —
okosio 12 ner.

PazBuTHE TEXHOIOTUHY ITO3BOJIMIIO CYILIECTBEHHO CO-
KpaTuThb pa3paboTKy BHOBb nossisomnmxess KY MCT,
YTO MOKA3bIBAET PUC. 2 (CM. TPEThIO CTOPOHY OOJIOXKKM )
[22]. Bpems or HUOKP nmo BEITycKa pEIHOYHBIX ITPO-
IYKTOB COKPATHJIOCH ¢ 21 Toma y CeHCOpOB JaBICHUS
mo 11 mer st ocumiaaTopoB. Tem He MeHee, BpeMs
arana Cost reduction oCTaeTCs JOCTATOYHO OOJIBILIMM.

B daze "3penocts” KY MCT BbiycKaloT cepUitHO
MO OTPabOTaHHBIM TEXHOJOTMYECKUM IpoueccaM. Mx
COBEPILIECHCTBOBAHKWE UICT MO MYTU YJIYUYILIEHUS KO-
HOMMYECKMX TTOKa3aTeNeil mpousBoacTBa. Hampumep,
TPeHI M3MEHEHUS pa3MepOB OCHOBHBIX MacCOBEIX KY
MCT 3a nociaegHue 7 JAeT yKa3blBaeT Ha IIOYTU JBY-
KpaTHOe YMeHbllIeHUe ux mioianu [22]. dakTudyecku
9TO O3HAYyaeT BO3MOXHOCTb YABOEHMSI 0OBEMOB IPO-
u3BoacTBa (puc. 3).

O0BbeMbI BBINYCKA
Production volume

»
»

Iosiienne  Passurne 3pesocTh 3akar
Emerging Development Mature Decline

Puc. 1. ®a3p1 3BoTIONMHE BO BPeMeHH W HeKOTOpble mpuMepbl KY
MCT no rpynnam [20]: rpynmna / — MUKPOTOIUIMBHBIE STYCHKU, Te-
HepaTopbl SHEPTUU, CIIMKEPDI, OCHWLISTOPDI; TPyIna 2 — MUKPO-
(GOHBI, MUKPOOOJIOMETPhI, KOMIAChI, MUKPOIUCILIEU, aBTO(OKYC;
rpyrna 3 — rojIOBKU MPUHTEPOB, (GUIBTPBI, CEHCOPBI IaBJICHHUS, aK-
CeJIePOMETPBI, TUPOCKOIIbI

Fig. 1. Evolution phases in time and some examples CU MST on groups
[20]: 1 — microfuel cells, energy generators, speakers, oscillators; group
2 — microphones, the micro bolometer, compasses, micro displays, an
auto focus; group 3 — heads of printers, filters, pressure sensors,
accelerometers, gyroscopes
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Puc. 3. Tpenanb! u3MeHeHnii pa3mMepoB KpeMHHEBbIX KpucTamioB KY
MCT (no panubim [22]). [Tpumevanue: UMY — uHepumanbHble U3-
MEpUTEJbHbIE YCTPOICTBA

Fig. 3. Trends of changes of the sizes of silicon crystals CU MST
(on data [22]). The note: HUY — inertial measuring devices

O6mmM tperaom mrst KY MCT B ¢ase "3penocTs”
SIBJIAIETCS OOBEOIMHEHME pPA3IUYHBIX YCTPOMCTB, Ha-
npumep, 6aaromaps: TpexmepHoit coopke. Kpome Toro,
noBbiaercst pyHkuuoHanbHocTh KY MCT. Hanpu-
Mep, IOpPOXHasi KapTa Pa3BUTUSI CEHCOPOB IJIsI MO-
OUJIbHBIX PUIOXeHUI KommaHust Yole Developpement
[23] mporHO3UpyeT B KaueCTBe reHepajlbHOTO HaIlpaB-
JIeHUS1 pa3BUTUSI paclliMpeHue U JOIOoJHeHUe (YHK-
uuii KY MCT oT aeTteKTupoBaHUsI U U3MEPEHUIA (UTO
OCYILIECTBJISIETCSI B COBPEMEHHBIX ceHcopax) K (pyHK-
LMSIM UHTEPIPETUPOBAHUS JaHHBIX JUISI peLIeHUs 3a-
Jla4y CUTYallMOHHOI OCBEIOMJIEHHOCTU MOTpeOuTEICH.

B cuny 4yncTO 3KOHOMMYECKUX MPUYMH Hauboliee
WHTEPECHBIMU U MEPCIEKTUBHBIMU TPEICTaBJISIOTCS
KY MCT, orHeceHHBle K (a3e KM3HEHHOro IMUKJIa
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"Mosnenune". OgHako KY 3T0ii a3kl pa3BUTHS Yallie
BCETO MMEIOT BEChbMA YCJIOBHBIM TEXHOJOIMYECKUMN
MaplIpyT, KOTOPBIH A0KEeH ObITh JOpabOTaH ISl Te-
perauyn B IMPOM3BOACTBO. Pa3paboTKa HOBBIX U3ETNI
nst tpynmt KY MCT, Haxomstixcst B hase "3penocTs”,
HelenecooOpa3Ha 0e3 KakKoro-jaumbo paauKalbHOTO
VIYYLIEHUST TOTPEOUTETCKUX XapaKTeprUCTUK, 3aTpe-
0GOBaHHBIX PHIHKOM. Hampumep, TaKMMM XapaKTepuc-
THUKaMHU MOXHO CUMTaTh pacIIMpeHNe TeMIIepaTypHO-
ro auamna3oHa KpeMHueBbIX MCT ceHcopoB gaBieHuUs
B 00JacTh TOBBILIEHHBIX TeMmepatyp. WM ecnu s
KOMMEpYECKUX MPUMEHEHW 3TO 5KOHOMUYECKU He-
11esiecoobpa3Ho, TO JJISI CEHCOPOB CIELMaJbHOIO Ha-
3HAYEHMSI BTO MPEACTaBIIIET O0JIbIION nHTepec. B aTom
cliydae pa3paboTKa TaKMX CEHCOPOB ITOTPeOYyeT HOBBIX
TEXHOJIOTMYECKMX PEeIleHUI M, TaKUM 00pa3oM, MO-
XeT ObITh oTHeceHa K ¢ase "llosiBieHue".

Pa3zBuTue KOHUEMIIMI, CBSI3aHHBIX C CETEBBIMU
cucteMamMu Ha ocHoBe MHTepHeTa [1], cylecTBeHHbIM
0o0pa3oM yCIoXHSeT IpoOyseMbl IpousBoiacTBa KY
MCT. B nurteparype oOCyXKIAalOTCs pa3iMuHbIE Tep-
MUHBI Takux cucteM: "Bceobiuit Murepuer” (" Internet
of Everything, 10E"), "UntepHet Beweit" ("Internet of
Things, 10T") u apyrue. Kpatko cyTh 3TUX KOHLEMLIUIA
COCTOUT B OPTraHM3aIlMM TUTAHTCKUX CETEBBIX CHCTEM
MHOTO(MYHKIIMOHATLHOTO Ha3HAYEeHHSI, COCTOSIIIINUX U3
pPa3IMYHBIX YPOBHEM, MOAYPOBHEH, CEHCOPHBIX CHUC-
TEeM U MIOJCUCTEM, B TOM YMCJIE C HAKOIUIEHUEM, Mpe/-
BapuTeJbHOI 00pabOTKOM 1 Nepeaavyeid AaHHbIX C UC-
MOJIb30BaHUEM "00JaUHBIX"' pellleHUil, CUCTEM Xpa-
HEHMSI TaHHBIX, CIIELMAIbHOTO MPOrpaMMHOIo obec-
neyeHus. [Ipu 3TOM BaXXHBIM SIBJSIETCSI OTCYTCTBHUE
M3HAYaIbHO (PUKCUPOBAHHBIX TPAHUIL TTOCTPOCHMUS
TaKUX CHUCTEM, IIpearnoJararoliee BO3MOXHOCTb HX
pPa3BUTUS U PACIIMPEHUS.

PeanbHBIMU  0OCY:KTAaEMBIMHM TIpUMEPAMHU TaKUX
KOHLIETIUI MOTYT CIYXWUTb uaen "YMHbIA Topon”,
"VMmubiii gom", "Hocumast snekTpoHuKa", a Takxe
CoBpeMeHHass MOOUJIbHas CBI3b. [1og00OHbBIE aarOpUT-
MBI TIOCTPOEHUS CETEBBIX CHCTEM TIPUMEHSIOT W IS
BOEHHBIX U 000POHHBIX 3a1au. Hanmpumep, 6ecnuior-
HbIe JeTaTeJbHbIEe arrmaparbl, aBTOHOMHBIE TOIBO/I-
HbI€ amnmnapaTbl, MUHU- U MUKPOCITYTHUKY paccMaTpu-
BaIOTCSl KaK KOMIIOHEHTBI BcecpedHol (Mope, cylla,
atMocdepa, OJIMXKHUI KOCMOC) COBPEMEHHOU cere-
LIEHTPUYECKOM CUCTEMbI BOCHHBIX POOOTM3MPOBAH-
HbIX cpenctB (Network-Centric Warfare) [24].

OCHOBO# BCEX THUIIOB IIEPCIIEKTUBHBIX CETEBBIX
CHCTEM SIBJISIIOTCSI pa3HOOOpa3HbIE CEHCOPHBI, MPEXKIe
Bcero KY, usrorosiaeHHnie Ha 0a3e TexHoyioruit MCT
Ha KPEeMHHUEBBIX TOmJIOXKax. IIporHosmpyercs, 4To
ynrciao KY MCT B nepcrieKTUBHBIX cMapT¢OHax BO3-
pacteT ot 14 B HacTosee Bpems 10 20 IITYK K KOHILY
2018 roma (mpuyem 0OoJiee CIOXHBIX, UHTEIPUPOBAH-
Heix KY MCT) [23]. [Tpupoct notpednenust KY MCT
JUISL U3AEIUIA HOCUMOM 3JIEKTPOHUKU B HAPYYHOM KC-
nonHeHuu IporHosupyercsa B 2015—2020 rr. ¢ 50 oo
250 muH wTyK [25]. Hanbonee aMOMLIMO3HBIE TPOTHO-
3Bl pocTa PHIHKOB u3aenuii TexHojoruit MCT [17, 21]
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OCHOBBIBAJIMCh, B TOM 4YHUCJIe, Ha IpearojaracMoM
yBeanueHun yucna KY MCT B pacueTe Ha OZHOro
norpedurens o 1000 mTyk.

OcHosHbie npou3BoauTesn usaeanii MCT

OomounoHHoe pazsutre KY MCT u nepexon mist
HEKOTOPBIX U3 HUX K MAaCCOBOMY MPOU3BOACTBY paau-
KaJJbHO MEHSIIOT OOCTaHOBKY Ha pbiHKe. KommaHuu-
usrotoButesd KY MCT BbIHYXIE€HbI UCKATh Jy4llire
CIIOCOOBI YCKOPEHMST OCBOEHMSI JEIIeBOTO KPYITHO-
MacIlTabHOTO MPOM3BOACTBA C MCIOJb30BAHUEM BCEX
BO3MOXHOCTeN ISl JocTvxXeHMs1 ycrnexa. Heobxomu-
MOCTb CHUXXE€HUSI CTOMMOCTU 3aCTaBJIsieT U3TOTOBUTE-
neit ymensiath pa3mepbl KY MCT u noBwllIaTth cre-
MeHb MHTErpaluu 3a CYET UCMOJb30BAHMST TEXHOJO0-
ruit WLP u TSV. B TpoiiKy KpyITHEWIINX UTPOKOB
pbiHka KY MCT Bxonat kommnanuu Texas Instruments,
STMicroelectronics, Robert Bosh ¢ eXeromHbIM O0b-
€MOM IIPOU3BOACTBA 151 Kaxaoro B 0,8—1 Mipa mon-
JIapOB 151 COOCTBEHHBIX MPUOOPOB. DTU MPEITPUSITHS
OTHOCATCS K THUITy TaK Ha3bIBAEMBIX "BepPTUKAIHHO-
WHTETPUPOBAHHBIX KOMIIAHWI', BEITTOJTHSIONINX BCE
TUIIBI paboT: OT pa3pabOTKU 10 CEPUITHOIO BBIITyCKa.

OpHako mpakTtuyecku Bce HoBble TUIBEL KY MCT
pa3pabaThIBaIOT MPEANPUSTHUS, padOTaIOLIKME I1I0 MOJIe-
ym Fabless. Takue npeanpusaTisl He UMEIOT COOCTBEH-
Horo npousBoactBa KY MCT u 3anmmarorcs paspa-
0OTKOM, MCCIeTOBAaHUSIMU, U3MEPEHUSIMU, MCITBITA-
HUSMU, PEIIeHNEM METPOJOTUYECKUX BOIIPOCOB, pa3-
paboTkoii TexHojoruii kKopmycupoBaHus KY MCT,
craHgapTuzauvei u T.0. Fabless-npeanpusiTusi BbI-
HYXJEHbl MCKaTh BO3MOXHOCTH peaju3allMid CBOUX
yHukaibHbIX KY MCT Ha npeanpustusix, odnamaio-
IIUX COOTBETCTBYIOLIMMU TexHoJOrusIMu. Hampumep,
3TO MOIYT ObITh HEOOJbIIME KOMIIAHUM C HEOOXOAU-
MbIM KOMILJIEKTOM T€XHOJIOTUYECKOTO 000PYIOBAHUS.
OnHako maccoBoe usrotosieHue KY MCT pa3pabot-
Ky Fabless-koMITaHUI1 BO3MOXHO TOJIBKO B YCIIOBMSIX
KPYITHBIX MPOU3BOAUTEIICH.

TakuMu KpymHBIMU CEPUMHBIMU MTPOU3BOIUTESI-
MU SBISIIOTCSI KpeMHUeBble (hadbpuku ( WaferFab), pa-
OoTarollue 1o ousHec-moaenu Foundry (TOJIbKO TIpO-
u3BoAcTBo). IlepBoHayansHO Foundry cTpownm mis
Mpou3BoACTBAa CyOMUKPOHHBIX UMC pa3nuyHbIX TH-
noB. OHU UMEIU MOUIHOCTH IS 3aIyCKa HECKOJIbKUX
JIECATKOB TBHICSTY KPEMHUEBBIX IIJIACTUH IUAMETPOM
200 mMm B Mmecsu. Ilociae BbIpabOTKM pecypca KOMII-
JIEKTa TeXHOJIOTMYECKOTO0 00OpyIOBaHUS €ro 3aMeHSI-
JI1 Ha 6oJiee COBPEMEHHOE 711 OCBOEHMSI CIEeIYIOIIETO
nokonennss UMC. OgHako mepeopueHTalysl MMelo-
LLIETOCS ITPOM3BOICTBA Ha OocBoeHMe TexHojoruii KY
MCT paet oTIMYHYIO ajbTepHaTUBY. OYeBUAHBIN BhI-
WUTPBILI 111 (paOpUK 3[eCh B CYIIIECTBEHHO 0oJiee HU3-
KHUX TpeOOBaHUSIX K TEXHOJOTUsM u3roropjieHus KY
MCT, yem x UMC. D10 maeT BO3MOXHOCTb HaIpsi-
MYIO TIPUMEHSITh BeCh HAKOIUIEHHBIN OMBIT U MPOIJISITH
CPOKM 3KCIUTyaTallud TeXHOJOTMYECKOTro 000pymaoBa-
HUs. B utore Takue NMpeanpusATUSI UMEIOT MEHBIIYIO




ce0ecTOMMOCTD IIPOM3BOJCTBA, CTAOWILHBLINA U Oojee
BBICOKUI BBIXOJ TONHBIX M3IENIMI, 00ecCreynBaloT
MeHblIee BpeMs BbIBO/IA MPOMYKIIMY Ha PHIHOK 32 CUET
CHIXXEHUS BpeMEHU TIepeIaur TEXHOJOTHI 1 OBICTPO-
ro Tiepexoja K 3Talty Impom3BonacTBa. [lepeopueHTa-
uus Foundry, paHee Mpou3BOASIIMX CYOMUKPOHHbIE
MMC, na npousBonctBo usnenuit MCT saBasiercs
TPEHIOM TOCJIeTHMX JieT. HampuMep, TakuMmu Tipen-
MIPUSATUASIMUA SIBJISIIOTCS] U3BECTHBIEC TTOJTYITPOBOIHUKO-
Bble KoMITaHuu Taiwan Semiconductor Manufacturing
Company (TSMC) n Global Foundries, nokasasiiue B
2011 r. mpupoct npousBoacta KY MCT okosno 200 u
178 %, COOTBETCTBEHHO.

Bo3MoxxHOCTh Koomepaluy KoMIaHui, padoraro-
KX no ousHec-moaensiMm Fabless v Foundry, naet
aJIbTePHATUBY TPAAULIMOHHOMY MEIJICHHOMY ITyTH OC-
BoeHust KY MCT. D10t I1yTh COCTOUT B OCBOSHUU TEX~
HOJIOTUM Ha JabopaTOpHOM OOOPYAOBAHUM C Jajb-
HEMIMM MEePEeHOCOM CITPOCKTUPOBAHHBIX U3IEIUNA Ha
MMPOM3BOACTBeHHBIC Mpenrpusatusd. [Ipm 3ToM mMMeer
MeCTO MPUHUMITHATBHOE OTJINYNE B3aUMOOTHOILICHUIA
paspaborurikoB u npousBonutesieit UMC u KY MCT
¢ Foundry. Pazsutue UMC B mupe omnpezaensiercst 10-
POXXHOI KapTOi pa3BUTHUS MHUKPOSJIEKTPOHHBIX TEX-
Housioruit (International Technology Roadmap for Semi-
conductors, ITRS) [26]. ITRS naer obGiue Hampasie-
HUS pa3BUTHUS MUKPOSJIEKTPOHMKM JIJIs1 BCEX yYaCTHU-
KOB 3TOro Ou3Heca B I1obajbHOM MaciuTade. OgHUM
n3 ciaencteuii ITRS gaBiagrorcda mosgsieHne B 3HAYU-
TeJbHOU CTeTIeHW YHUMPUIIMPOBAHHBIX TTPOEKTHO-TEX-
HOJIOTMYECKUX HOPM M TEXHOJOTMYECKUX MaplIpyTOB
(Hannpumep — KMOIT) npousBoactsa UMC oaHoro
A TOTO XK€ THWIIa Ha Bcex Foundry-TIpenNIpUATUSAX B
mupe. BzaumoorHowenust Fabless-xkomnanuit u UMC
Foundry B 5TOM ciiyyae TIpOMCXOIUT COTJIaCHO TaK Ha-
3piBaeMoMy Process Design Kit (PDK). Otu nokymeH-
THl KOJWYECTBEHHO XapaKTEPHU3YIOT MPOU3BOACTBEH-
Hble TeXHOJIOTMYeckue MapiupyTbl (Hanpumep, KMOII
0,18 mxkM). Foundry obecrieunBaloT U3TOTOBJICHUE DK-
CIIepUMEHTAIbHBIX 00pa3loB B paMKax MporpaMm TH-
na Shuttle Service unin MPW (Multi Project Wafer).
I1pu 5TOM rapaHTUPYETCS KaYeCTBO TEXHOJIOTUM NU3T0-
TOBJICHMSI, B TOM YHMCJIEe TPEICTaBICHHEM OOBEKTUB-
HBIX TaHHBIX O pe3yJIbTaTaXx 3aMePOB TEXHOJOTUYECKUX
rnmapamMeTpoB.

Hng cayyas KY MCT cutyauusi npuHUMIMAIbHO
OTJIMYAEeTCs OTCYTCTBMEM B HACTOsIEe BpeMs Ka-
KMX-JIM00 0000IIa0IINX JOPOXKHBIX KapT, CTAHIAPTOB
u mHoroobpasueM KY MCT, kaxnoe u3 KOTOPBIX pe-
aJM3yeTCs TI0 CBOEMY TEXHOJOTUYECKOMY MapIIpyTy.
ITpu aTom TexHonoruto usroropieHust KY MCT pa3-
pabaTtbiBatoT Ha nipeanpustun-usroroputene KY MCT
WHANBUAYAJILHO "TION 3aKa3uWka", T. €. IJIS OIpele-
JIeHHOH Fabless-koMnaHuu. DTO SBJASETCS OCHOBOI
711 Koorepauuu npu npousBoactse KY MCT.

Hcropuuecku B3amMogeiicTBue paspadorunka KY
(pakTHyecKu — Bianesblla KOHCTPYKIWUU U3AEINUS) U
MPOM3BOAUTENS U3aeaus (Kak MpaBuio, pa3paboTyu-
Ka U Biaaesblia TeXHOJOTMI) BCeTAa BbI3bIBAIM Maccy

cioxHocreit. ITpoGieMbl MOTYT OBITH OOOCTPEHBI, Ha-
npuMep, BOMNPOCAMM WHTEUIEKTYaJIbHOU COOCTBEH-
HOCTM Ha TEXHOJIOIMIO U3rotoBieHus uzaenuit MCT,
HEBOCITPOM3BOAMMOCTbIO XapaKTEPUCTUK IKCIEpPU-
MEHTAJIbHBIX 00Pa3loB, 3aTSKHBIMU MpolleccaMu OT-
paboOTKM TeXHOJIOIMU U T.O. Bce 3To mpUBOAUT K TOp-
MOXEHUIO OCBOEHHUS W 33JepXKKe Hayajla IMOJyYeHUs
NpuObUIM OT BbIMyCKa MPOAYKIIMU. B psne ciyyaeB
MPOUCXOINJ Pa3pbiB B3AUMOOTHOIIEHWH, YTO MPUBO-
JIAJIO K 00IbIINM (DMHAHCOBBIM MOTEPSIM. AHAJIU3 B3a-
uMooTHolueHuil Fabless- n Foundry-xoMIaHWiA IIpe-
CTaBJISIETCS UHTEPECHBIM TEM, YTO MUMEET OOIIMIA Xa-
paKTep U NPUMEHUM HE TOJIBKO JUISI pa3BUTON PBIHOY-
HOW SKOHOMUKHM.

B3anmooTHomenus Fabless- u Foundry-xomnanmii
npu opranu3amud npoussoacTtsa KY MCT

B pa6ore [27] cpopmynupoBaHbl 10 OCHOBHBIX KpU-
tepueB 1151 Fabless-xommanuii npu noucke Foundry-
KoMmnaHuu Kak npousoautens ceonx KY MCT. K Hum
OTHECEHbI: OXXUAaHUsI OTPEOUTENSI, LIEHbI, MHTEJICK-
TyaJibHasi COOCTBEHHOCTb, (PMHAHCHI, TEXHOJOTUYEC-
Kas 1uiatdopma mpoueccoB, ™M Foundry, maciirta-
OMpPYeMOCTb U COBMECTMMOCTb TE€XHOJIOTHil, MECTO-
noyioxxenue Foundry, ynpaBieHue KJIMeHTaMM U Ka-
yecTBO. PaccMoTpum noapoOHee HauboJjiee BaKHbIE
KPUTEPUU.

Oxcuoanus nompebumeans. Fabless-xoMnaHus 10X~
Ha YETKO OXapaKTepu30BaTh CTaTyC CBOei pa3paboTKu
KY MCT. BT10 gaetr BO3MOXHOCTbh YETKO C(HOPMYJIM-
poBaTth Lieab oopalleHus: Ha Foundry (mouck mocras-
1IMKa, apTHepa, UHBECTOpa, MOJATOTOBKAa MacCOBOrO
Npou3BoACTBa U T.A.). OueBuAHO, uTOo Foundry Takxke
JIOJKHA yOeauThCsl B peayIbHOCTU M3Neausl U mpeaia-
raemMoro pa3paboT4uKoM Ou3Hec-ILIaHa.

Huzaitn KY MCT He moxeT ObITh IIPOCTO IIepeaaH
Ha 100y (abdpuKy s MacCOBOIO IPOM3BOACTBA.
IMomapnsroliee OOJBIIMHCTBO IIpousdBoauTenceii KY
MCT 6a3upytorcst Ha 6a30BOI CYyOMUKPOHHOM TEXHO-
gorun KMOII. Mcnons3yoTcsl cTaHaapTU3MpPOBaH-
HbIE, HO He a0COJIIOTHO MAEHTUYHBIE, OTpabOTaHHLIE
JECATWIETUSIMU TEXHOJOTMUECKHe mpoliecchl. OmHaKo
TexHosorust usrorosnaeHus aodoro KY MCT coaep-
>KUT KaK MUHUMYM OAWH WJIM HECKOJIbKO CIeluab-
HBIX KPUTUYECKUX TEXHOJIOTUUYECKUX MpolieccoB. Ta-
kumu HectaHmapTHbeiMU 1711 KMOIT UMC texHoo-
TUYECKUX TIPOLIECCOB SIBISIOTCS, HANpMMep, OBYCTO-
POHHSISI hoToUTOorpadusi, cpaliuBaHue KPeMHUEBBIX
MOJIJIOXKEK C TOCIEAYIOIIMM YTOHEHUEM OHOM U3 HUX
myTeM IUTH(OBAHUS/TIOTMPOBAHUS, OTEpallU TIIy-
OOKOro M CKBO3HOIO IIA3MEHHOIO TpaBieHUs (Tak
Ha3bIBaeMblil Bosh process), olepaluyd CO3JAHUSI U
yaajeHusl "XepTBeHHBIX" cJoeB (sacrificial layers),
orepanyii Mpeuu3MNOHHOTO aHU30TPOITHOIO TpaBJe-
HUS KpeMHUS U T.0. Takux TexHojoruii Ha Foundry
MOXET He OBbITb, U OHU MHOTPeOyIOT 3HAYUTEIHHOTO
BPEMEHU U PECYPCOB ISl TOCTAHOBKU TEXHOJIOTHYEC-
KUX MPOLIECCOB Ha MPOMU3BOIACTBE. DTO TaKXKe OTHO-
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cutrca u K nepegaye KY MCT c ogHoli ¢abpuku Ha
JIPYTyIo: mepenaya TEXHOJOIMYEeCKOro MaplipyTa, B
clyyae TAKOBOH HEOOXOAMMOCTH, HE SIBJISIETCS] POC-
TO moBTOopeHueM. Kak npaBuiio, HEOOXOAUM MOJTHBII
IIepecMOTpP BCETO TEXHOJIOTUUECKOTO MapIIpyTa 1 ero
ajganTauus 1MojJ BO3MOXHOCTH apyroit Foundry.

[Nonamnsiioniee  GONBIIMHCTBO  KOMMEPYECKHUX
Foundry pa3pabaTbiBaeT TEXHOJIOTUIO COOCTBEHHBIMU
cunamu. B pesynbrare pazpadoruuk KY MCT moxet
ObITh U HE O3HAKOMJIEH C JETAJIbHBIM TEXHOJOIMYeC-
KHM IIPOLIECCOM U3TOTOBIEHMS. Bblmauya roToBbIX Mpo-
JIYKTOB-IUIACTUH ¢ KpucTauiamu KY moxeT ocyiect-
BJIATBCS T10 TIEPEUHIO B3aMMHO COTJIACOBAaHHBIX Iapa-
MeTpoB. Takas cuTyalusi COXpaHsieT sl pa3paboTuu-
Ka MOTeHIINAIbHbIE COMHEHMS B KAUECTBE TEXHOJIOTUN
Ha Foundry B otninuue ot cutyauuu mist UMC.

Humeaaexmyaavnaa coocmeennocms. KY MCT
Fabless-koMnaHuu OOBIYHO 3allMILEHBbI TMaTeHTaMMU.
ITpu stom Foundry npu pa3zpaboTke WM aganTUPO-
BaHMU MapIIpyTa U TEXHOJOIMHU oA TpeOoBaHUS 3a-
Ka3uMKa OydeT cTapaThCsl MCMOJIb30BaTh CBOM 3ara-
TEHTOBaHHbBIC TEXHUYECKUE PEIIECHUS, TTO3BOJISIONINE
MoJjiyyaTh JOMNOJHMUTENbHYIO NMpUObLIb. BBeaeHue B
MIPOAYKT Pa3INYHBIX MAaTeHTOBAHHBIX PEIICHUN HEW3-
0eXXHO MOCTaBUT BOMPOC 00 OLIEHKE MX 3HAUMMOCTH B
KOHeuHoM TipoaykTe. Kpome Toro, B npoiiecce paspa-
OOTKM TEXHOJIOTMU BO3MOXHO CO3IaHHUE HOBBIX TEX-
HOJIOTHYECKUX PEIICHHI, B TOM YHUCJIe TAKUX, KOTO-
pble MOTYT BBI3BaTh KOPPEKTUPOBKY au3aiiHa KY
MCT. B cBsI3u ¢ 3TUM CTOPOHAM HEOOXOAMMO B Ha-
yajie YCTAaHOBJEHUS B3aMMOOTHOIIICHUI OIPEeNeTUTh-
Ccsl C BKJIAQIOM CYIIECTBYIOLIEH WHTEIEKTYalbHOM
COOCTBEHHOCTH M C YCIIOBMSIMHM BIIAJICHHS BHOBB CO-
31aBaeMOIl MHTEJJIEKTyaJIbHOM COOCTBEHHOCTH.

Kauecmeo. OcobenHocThio Beex Foundry jnst UMC
SIBJISIETCS TIOBBILLIEHHOE BHMMAaHUE K KaueCTBY TEXHO-
Jornu. Ha mipennmpusaTisIX mMeIoTCsl CHCTEMBI KadyecT-
Ba, OXBATHIBAIOIIE BCE YPOBHU: OT BBICILIETO MEHEIK -
MEHTa KOMITaHUIl J0 OIepaTOpOB YCTAHOBOK. OTO
obecreunBaet 6m3kuii K 100 % Beixox romHbsix UMC.
[Tpu mepeopreHTaUMM NPEANPUSITUS HAa WU3TOTOBJIE-
ane KY MCT cucreMbl KadecTBa M, COOTBETCTBEHHO,
Ka4yecTBO TEXHOJIOTMM coxpaHsiorcd. YTo KacaeTcs
YHUKaJIbHBIX MPOLIECCOB, TO B clyyae MpUoOpeTeHus
Foundry Heob6xonmuMoro o60pya0BaHUs U TEXHOJIOTUU
BOIIPOCHI KQUECTBA 3TUX TEXIPOLECCOB PEIIAIOTCS IO
aHajoruu. OmHaKO 00OpyJdOBaHUE CTOUT OYEHb HO-
poro. Ha ctaguu npoBeaeHus paboT 1Mo pa3padboTKe
TEXHOJOIMM JISI KOHKpeTHOI Fabless-KkoMIlaHUU Yy
Foundry moxer He OBITb YBEPEHHOCTU B HEOOXOIM-
MOCTHM ero npuoopeteHusi. B 3Tom ciiyuyae BbIMOJIHE-
HUE YHUKAJIbHBIX OIepallvii 3a4acTylo MepeaaeTcsl Ha
ayTCOPCUHT B KOMITAHWUM (MJIM B BBICIIIMIE YIeOHBIC 3a-
BEICHUS) C COBPEMEHHBIM, HO CBOOOAHBIM OT MOJTHOM
3arpy3ku obopynoBaHueM. JIJis1 TaKMX ciy4aeB BOIPO-
CBI KOHTPOJISI Ka4eCTBa BHITIOJTHEHUS OTepallnii SBIIsI-
I0TCSI IEPBOCTENIEHHBIMMU.
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ITepcneKTHBHBIE HANPABJICHUS PA3BUTHS
TexnoJiorniit MCT

IlepcnieKTUBHBIMM HAIIPAaBICHUSIMUA Pa3pabOTOK
COracHO MPOTHO3y KommaHuu Yole Developpement
1o 2025 r. aeismorest KY MCT, ocHoBaHHBIE Ha HO-
BBIX MPUHIUNAX AETeKTUpOBaHUS. K HUM OTHeCEeHHI,
B YaCTHOCTHM, razoBasi xpoMarorpadusi, HaHO-, Macc-
CIEKTPOCKOIHUSI, KBapleBble MUKPOBECHI, HAHOOITH -
yecKMe ycTpoiicTBa u np. [28].

M3noxeHHbIe BBIIE COOOpaXKeHUSI YKa3bIBAIOT
Ha MOTEHLMAJIbHbBIE 3aTPYAHEHNA B peaIM3allii HO-
BBIX, ci0XHBIX TUIIOB KY MCT 11 oTeuecTBEHHBIX
Fabless-xommanuii. Takue KOMIAHUK MPOBOIST pa3-
padorku KY MCT, uamepeHust 1 UCIILITAHUS U3ASTAIN
B UMIAaX U KOpPIIycax, OTpabaThIBalOT METPOJIOruYec-
Kue Borpochl. OIHAKO JOCTYMHOCTb OT€UYEeCTBEHHBIX
MPEINPUATUIA C TEXHOJOTMYECKUM OOOpyIOBaHUEM
OrpaHUYeHa, a COBPEMEHHBIX KPYIMHbIX Foundry Her;
OCBOEHHE HOBBIX M3AEIUi Ha 3apyOexHbIx Foundry
CKOpee Takke MaJIoBeposITHO. Takoe mojoxenue ¢ KY
MCT npunnunuanbHo otamdaercsa oT UMC, noctym-
HOCTb K KOTOPBHIM Y OTEUECTBEHHBIX Pa3pabOTYMKOB
nmeeTcsl 6e3 Kakux-aubo OpraHM3allMOHHBIX Orpa-
HUYECHUNA.

OpHUM U3 TyTell pa3BUTHUS HOBBIX TUITOB OTEUECT-
BeHHbIX KY MCT npeacrasisieTcs co3gaHue jadbopa-
TOPHBIX TEXHOJOTMI Ha TEXHOJOTMYECKUX JUHMSIX
MaJIOil TIPOU3BOJUTEILHOCTA. DTO MOXET JaTh BO3-
MOXHOCTb COYETaHMSI UCCIeA0OBaHUI, pa3pabOTKU U
BBIITYCKA HEOOJBIINX OIBITHBIX NAPTUHA M3ICIIHIA.
C y4eToM CJIOXUBIIEHCA TUMUYHOM IJIUTEIbHOCTU
atarnoB pa3pabotku KY MCT (ue menee 10 yer), Ta-
KWe JIMHUU 3a HECKOJbKO JIeT (PYHKIMOHUPOBAHMUS
MOTYT AaTh BO3MOXHOCTb OTpadOTaTh U MOATOTOBUTH
Haunbosee nepcrnekTuBHble TUILI KY MCT mig nepe-
Jayd B MPOU3BOACTBO.

DTOMY MOIXOAY HECKOJIbKO IPOTHBOPEUUT BHICO-
Kasl 1IeHa COBPEMEHHOT'0 CEPUITHO BBIITYCKAeMOTI0O IS
KY MCT ob6opynoBaHusi. OHO mpeaHa3zHA4YeHO IJIsI
noajoxek 6onee 150 MM. YcTaHOBKM Ha MJIACTUHBI
MEHBIIIEeTO TruaMeTpa, Kak rmpasuwio — 100 mMm, He me-
PEKpBIBAIOT BeCh IMAIa30H HEOOXOAMMbBIX COBPEMEH-
HBIX TEXHOJIOTUYECKUX MPOLECCOB, 3aTPYIHSISI KOMII-
JIGKTALIUIO TEXHOJOTUYeCKUX NuHuii. CoBpeMeHHBIe
MOAXOAbl K BBIMYCKY TEXHOJIOTMYECKOro 00OpymoBa-
Hus 111 KY MCT He yuyuThIBaloT U30BITOYHOCTD pa3-
Mepa TMOIJIOXEK IJs OpraHu3alluy MCCIeIOBaHMIA,
pa3paboOTOK M OIBITHOTO IIpOM3BOACTBA. JIjisI mpoBe-
JeHUsl UCClIeJOBaHUN U Pa3pabOTOK BIIOJHE IOCTa-
TOYHBIM SIBJISIETCS pasMep KPEMHUEBBIX MOIJOXKEK
auaMmeTpoM okojio 40 MM U MeHee. MaJblii pa3mep
HWCXOAHBIX MOJJOXEK JaeT BO3MOXHOCTb B pasbl CO-
KpaTUTh 3aTpaThl Ha MaTepualibl U TexHojaoruio. [Ipu
pa3paboTKe CIeluaTibHOro 000pYIOBaHUS ISl TaKUX
MOJJIOKEK PE3KO CHUXKAETCS CTOMMOCTb KOMILJIEKTA
HEOOXOAMMBIX YCTAaHOBOK. B yacTHOCTH, MHOTOJET-




HU onbIT aBTOpa [29, 30] yKasbiBaeT Ha BO3MOXHOCTh
CYLIECTBEHHOI0 "0OpaTHOro" MacliTaOMpOBaHMS pe-
aKTOPOB UISI OCaXXIEeHUsI TOHKOIUIEHOUYHBIX MaTepua-
JIOB M3 ra3oBoil ¢as3bl A MCIOJIb30BAHUS ILJIACTUH
MaJioro pasmepa.

HMnmoctpaliyeil Takoro rnoaxoaa siBisieTcsl, Harmpu-
Mep, KoHuenuus "Minimal Fab” (SImoHus), MOCTPOEH-
Hasl Ha 6a3e MPUHSITOro AJIrOPUTMa U3TOTOBICHUS TO-
JIYIIPOBOAHMKOBBIX M3AENIMM. DTO MajoradapuTHas
MpOU3BOACTBeHHas1 nuHuUst (Room-size Minimal Fab)
MpeaHa3HaYeHa IjIsT TPOBENCHMUS MCCIIeIOBaHMIA, pa3-
paboTOK M MPOU3BOICTBA HA MJIACTUHAX KPEMHMSI pa3-
Mepom 0,5 nroiima [31]. JIuHUS COCTOUT U3 yCTaHO-
BOK OJMHAKOBOro pa3mepa W (OpMBI U He TpedyeT
0OJIBIIMX TLIOLIAAEl, CIeUUaIU3MPOBaHHON YMCTOM
KoMmHaThl. ITpumepsl peaan3aluy yCTaHOBOK I1s1 ¢o-
ToJIUTOrpadur U MOJYYEeHUS] TOHKMX TJIEHOK METO-
JIOM OCaXXIeHUs M3 Ta30BO# (pa3bl MPUBEICHEI B pa-
oorax [32, 33].

B nonp3y nepexona Ha MEHbILME 1O pa3Mepy Mo.-
JIOXKKU CBUAETENLCTBYET 1 BBIBOJL O TTOCTEIEHHOM CBO-
paunBaHuu HampapieHust uHterpauun KY MCT n
MMC Ha ogHOM KpuCTajlJle B MOJb3y WHTErpaluu
KpuctaioB mo TexHoyorusasM TSV. B atom ciaydae
OTCYTCTBYET HEOOXOAMMOCTb IOJArOHKM MapllpyTa
KY MCT u TexHOJOTMYeCKOW JIMHUM MOA MapuipyT
KMOII UMC. B yactHOCTH, OOJiee TOHKHUE IIJIACTH-
Hbl MOTYT CYLIECTBEHHO OOJIErYuTh OIepaluu IIy-
OOKOro TpaBjieHUs MeMOpaH, CKBO3HOIO TpaBJIEeHMUS
OTBEPCTUH, HCKIIOUYUTb HEOOXOAMMOCTb YTOHEHMS
IJIACTMH M T.JI.

MunuMu3anus o00pyaoBaHUsI, B CBOIO O4Yepelb,
MOXET J1aTh TOJYOK K Pa3BUTUIO MaJlorabapuTHBIX yC-
TPOMCTB BBOIA M M3MEPEHUSI PACXOIOB XUMHMUECKHX
peareHTOB B peakTOphl, U3MepUTeJeil BaKyyMa, NaB-
JIeHUs1, TemIieparypbl. Takue ycTpoicTBa, B TOM UYUC-
Jie, MOTYT OBbITh peagnu30BaHbI C TMTOMOIIBIO TEXHOJIO-
ruiit MCT.

3akimouyeHue

B pabote paccMoTpeHbl OCHOBHBIE TPEHbl Pa3BU-
THUSI COBPEMEHHBIX KOMMOHEHTOB U y3710B MCT. Tu-
MUYHbIe CPOKU pa3paboTku u ocBoeHuss KY MCT mo-
IYT COCTaBJSATh AecATKU JieT. [TokazaHbl BO3MOXKHbIE
HamnpasieHust pa3putusg KY MCT Ha onuxaiiiiee ae-
CATUJIETHE, a TakXe HEOOXOAMMOCTh KOoTepaluu
KomIiaHui-pazpadboTunkoB KY MCT (Fabless) n Tex-
Hojlorndyeckux komnaHuit (Foundry). IlpoaHanusu-
pOBaHbI HEKOTOpPKIE IPOOIEMbl 1 OCOOEHHOCTHU B3a-
UMoOTHolueHui Fabless- n Foundry-xommnanuii nipu
ocBoeHuu coBpeMeHHbIX KY MCT. CaenaH BbIBOA O
11eJ1eCO00pa3HOCTU  pa3paboOTKM O0OpydOBaHUS U
TEXHOJIOTUH JIaOOPAaTOPHBIX TEXHOJOTMUYECKUX JTUHEEK
JUIsT paboThl HA KPEMHUEBBIX IUIACTUHAX MaJoro aua-
MeTpa. Takue TUHEHKU MOTYT JaTh BO3MOXHOCTh UH-
teHcudukanuu padot B odaactu KY MCT u yckope-
HUS UX MOATOTOBKM K BHEAPEHUIO B MTPOU3BOICTBO.
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Trends in Development of the Technologies and Production

of the Micro System Components

The article presents a review of the modern trends in development of the technology and production of the micro system tech-
nology (MST) components, it analyzes the present state and the basic factors of development, main developers and manufacturers
of MST components. It devotes attention to certain specific features of the interaction between the developers and the manufac-
turers (fables — foundry interaction), which should be taken into account to ensure fast prototyping and manufacture of MST prod-
ucts, and identifies certain promising trends for the future development of MST products.

Keywords: micro system technologies, MST, development trends, fables — foundry interaction

Introduction

Development of the precision technologies abroad is
determined by the market-driven technology, purpose-
fully formulated by the biggest market players. As an ex-
ample of such an approach to development for decades
can be the fact that the staff of Cisco Co., US manu-
facturer of communication equipment, includes an of-
ficial futurologist, with the results of whose activity it is
possible to familiarize oneself on the site of the com-
pany [1].

The major competitive advantages of the products
are the speed of their introduction in the market and the
prices, determined by the cost and scale of production.
Microsystem technologies (MST) are the major com-
ponents of the high technologies, but historically they
lag behind the technologies of the integrated microcir-
cuits (IC). MST technologies helped to develop the
pressure sensors, injectors, accelerometers, gyro-
scopes, gas sensors, microdisplays, biochemical sen-
sors, speed sensors, microrelays, oscillators, etc. The
main advantage of the components based on MST
technologies are their small dimensions, mass character
of their production, high repeatability of their charac-
teristics and reliability. (The term "components” is used
according to classification [2], and characterizes "the
products made on one chips by the methods of mi-
croelectronic technology and containing from 1 up to
1000 mechanical elements). The current state and pros-
pects for MST technologies at the beginning of the cen-
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tury are considered in [3—6]. Over 30 foreign monog-
raphies were devoted to MST technologies and devices.

In recent 40 years the major events in development
of MST technologies included:

— scientific and technical substantiation of the basic
constructional material for MST technologies — mono-
crystalline silicon [7];

— development of the technological processes for
formation of the precision three-dimensional structures
by liquid and plasma etching, formation and removal of
the "sacrificial layers" for one- or two-jammed multilay-
ered beam "suspended" elements of the structures [8];

— development of the technologies for connection
of the silicon substrates (wafer bonding) [9];

— development of the process flows and mastering
of production of the MST individual components
(pressure sensors), and then of a wider nomenclature of
MST nodes, including the ones integrated with IMC
directly in a silicon substrate [10] or in the form of sep-
arate components of chips in special packages [11];

— development of the nomenclature of packages
and packaging technologies, measurements and tests of
MST for components and units;

— solving of the metrological issues. The term
"units" is used according to classification [2]) and it
characterizes "the products consisting by 100 % from
the components of the microsystem technologies".
MST technologies develop within the trends of the
technologies of assemblage of the tiny multipurpose de-




vices known as 3D assemblage at the level of plates (Wa-
fer Level Packaging — WLP) and ittagure assemblage
with the use of interconnections through the through
apertures in silicon (Through Silicon Vias, TSV) [11].

The biggest foreign analytical companies involved in
electronic technologies (Yole Development [12], Mar-
kets and Markets [13], BCC Research [14], HIS Tech-
nology [15]) give forecasts of a stable high (at the level
over 10 %) increase of the annual production of the
widely known nomenclature of the MST components
and units. The domestic reviews on these subjects are
presented in [16, 17]. The literature analysis points to
the expectations of the all-round analysis and prepara-
tion of opportunities for an explosive development of
the technologies and production growth for decades
ahead [17]. The growth driving forces are expected to
be the mass products of high technologies united by the
idea of construction of the network systems on the basis
of Internet [1].

It is obvious, that such forecasts of growth pose the
tasks of organizing mass production of a huge number
of the already known components and units of MST
technologies and development and mastering of the
new, emerging types of devices. The article reviews
briefly certain basic trends and issues of R&D and pro-
duction of the components and units (CU) of the MST
technologies on the basis of the silicon substrates.

The present state and major factors for development
of CU MST technologies

The stages of development of MST technologies
were characterized in various ways [18, 19]. In [18] sev-
eral ten-year stages were singled out. At the first stage
(from mid 1950s up to beginning of 1960s) the research
works were aimed at creation of the foundations for the
technology. Scientific divisions of large companies, like
Bell Telephone Laboratories, and some academic in-
stitutions participated in the works. Special attention
was devoted to important dual technologies, first of all,
to development of precise sensors. At that, only high re-
liability of the products was required, while their high
cost was not decisive. The second stage of development
of MST technology (1960s) was determined by power-
ful military-industrial US companies: Fairchild, West-
inghouse, Honeywell, which were eager to commer-
cialize the experimental results. At that time the first
pressure sensor made by MST technology appeared. In
1967 the necessity was shown to use "the sacrificial lay-
ers" for separation of the micromechanical elements of
the components from the silicon substrate. And, when
the prospects for a new direction became clear, by the
beginning of 1970s, target financing was allocated to the
academic science for reduction of the costs and expan-
sion of the scopes of application of CU MST. At the
third stage (1970s) the first accelerometer and the first
jet nozzles appeared, the technology of volume liquid
etching of silicon for formation of MST elements:
membranes, beams, etc, was developed. The 1980s wit-

nessed development of the technologies for manufac-
ture of CU MST. At that time the first system publica-
tion appeared [7] substantiating application of the sili-
con as a semi-conductor and constructional mechanical
material. LIGA process flow was developed (a combina-
tion of lithograph, galvanoplastics and press-forming
for creation of high-aspect microstructures — the struc-
tures with a high parity of height and width). The 1990s
were marked by an intensive development of CU MST
technologies (patenting of deep jet ionic etching), be-
ginning of sales of ADXL50, the first accelerometer
from Analog Devices Co., appearance and develop-
ment of bio- and optoelectronic MST components. At
the beginning of the decade Microelectronic Center of
North California got support from the Defense Ad-
vances Research Project Agency for development of
Multi-User MEMS Process technology. Then a micro-
mechanical era came, which continues now. A specific
feature of this stage is development of wireless MST
devices.

In the evolutionary development of the products
based on MST technologies four breakthrough events
are marked in [19]. The first event (1990s, character-
ized as the "Level of Processes") was the international
success of Sensonor Co. with a sensor for safety air
cushions for cars — SA20 device. About 35 million
pieces of the sensors were sold in the world, which al-
lowed the company to get 60—70 % of the sensors’
market in Europe. The second event (2000s, character-
ized as " MST Level ", in the original — MEMS level)
according to the author, was continuation of develop-
ment of CU MST with reference to the automobile in-
ertial systems and success of Texas Instruments in the
field of the digital micromirror devices. The third event
(2010s, "assemblage/packaging level") was intensive de-
velopment of the assembly technologies, which played
the major role in manufacture of CU MST. In partic-
ular, the first products appeared, packaged with the use
of TSV. The event of the near future (2020s, "System
Level"), as in [19] is believed, will be a gradual disap-
pearance of the devices including MST-IC on one chip
in favor of the intensive development of 3D integration
of chips of MST components.

Development of concrete products on the basis of
MST technologies occurred according to the rule of
"one type of a product — one process — one type of
package — one type of IC — one type of the test sys-
tem". Various CU MST are at various stages of their
life cycles, which are presented in the S-formed curve,
(fig. 1). The following phases are named: Emerging,
Development, Mature and Decline. From the above-
mentioned CU MST the heads of the jet printers are the
closest to the beginning of the decline phase.

Duration of preparation of MST products for pro-
duction is historically unpredictable. In [21] the data
are generalized about the period of introduction in the
market of the pressure sensors, accelerometers, gas sen-
sors, valves, injectors, displays, biochemical sensors, ra-
dio-frequency CU MST, speed sensors, microrelays,
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and oscillators. For the specified CU MST the average
time of commercialization was about 30 years. Within
this interval the average R & D time was about ten years,
time of evolution of the devices — about eight years, time
of the works for the cost reduction down to an acceptable
level (cost reduction) — about twelve years.

Technology development allowed us to reduce the
development time of the newly emerging CU MST,
which is demonstrated in fig. 2 (see 3-rd side of the cov-
er) [22]. The time from research and development up
to release of the market products was reduced from
21 years for the pressure sensors till 11 years for the os-
cillators. Nevertheless, the cost reduction period re-
mains rather long.

In the mature phase the batch production of CU
MST is organized in accordance with the well-known
technological processes. Their perfection follows the
way of improvement of the economic indicators of pro-
duction. The trend of the dimension change of the main
mass CU MST in recent 7 years points to almost a dou-
ble reduction of their area [22]. Actually this means a
possibility of doubling of the production volumes.

A common trend for CU MST in the mature phase
is integration of the devices, for example, due to the 3D
assemblage. At that, the functionality of CU MST is al-
so raised. For example, the road map for development
of the sensors for mobile applications from Yole De-
veloppement [23] predicts as a general development di-
rection the expansion of the functions of CU MST from
detection and measurement (which are carried out by
the sensors) to the functions of interpretation of data for
solving of the tasks of the situational awareness of the
consumers.

Due to economic reasons the most interesting and
promising are CU MST referred to the "emerging" life
cycle. However, CU of this phase of development have
a conditional technological route, which should be im-
proved for introduction in manufacture. Development
of products for CU MST groups, which are in the "ma-
ture” phase is inexpedient without a radical improve-
ment of the characteristics demanded by the market.
For example, among such characteristics it is possible
to mention expansion of the temperature range of the
silicon MST pressure sensors to the area of higher tem-
peratures. And, if for the commercial applications it is
economically inexpedient, for the special purpose sen-
sors it is of great interest. In this case development of
the sensors will demand new technological solutions
and, thus, it can be referred to the "emerging" phase.

Development of the concepts connected with the
network systems based on Internet [1] essentially com-
plicates manufacture of CU MST. In literature various
terms of such systems are discussed: Internet of Every-
thing, IoE, Internet of Things, 10T, etc. The essence of
the concepts boils down to organization of huge mul-
tipurpose network systems of various levels, sublevels,
sensor systems and subsystems, including with the data
accumulation, preliminary processing and transmission
with the use of the "cloud" solutions, data storage sys-
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tems and special software. At that, absence of the ini-
tially fixed borders of the systems’ construction is im-
portant and means a possibility of their development
and expansion.

Examples of the really discussed concepts are the
ideas of "smart city", "smart house", "portable electron-
ics", and modern mobile communications. Similar al-
gorithms for construction of the network systems are
applied for solving of the military and defensive tasks.
For example, pilotless aircraft, autonomous subma-
rines, mini- and micro-satellites are considered as the
components of all the environments (sea, land, atmos-
phere, near space) of the network-centric system of the
military robotized vehicles (Network-Centric Warfare),
for example, [24].

The basic type of the perspective network systems
are the sensors, first of all CU on the basis of MST tech-
nologies on the silicon substrates. It is predicted, that by
the end of 2018 the number of CU MST in the smart
phones will increase from 14 up to 20 pieces (at that,
they will be more complex, integrated CU MST) [23].
In 2015—2020 the increase of the use of CU MST in
the products of the palm-version portable electronics is
predicted from 50 up to 250 million pieces [25]. The
most ambitious growth forecasts for the markets of prod-
ucts of the MST technologies [17, 21] are based, among
other things, on the prospective increase of the number
of CU MST per one consumer up to 1000 pieces.

Major manufacturers of MST products

Evolutionary development of CU MST and transi-
tion to their mass production change considerably the
situation in the market. CU MST producers are com-
pelled to search for ways to accelerate the development
of cheap large-scale productions with the use of oppor-
tunities for success. Necessity of cost reduction compels
the producers to reduce the dimensions of CU MST
and to raise the integration degree due to the use of
WLP and TSV technologies. The major three players in
CU MST market are Texas Instruments, STMicroelec-
tronics and Robert Bosh with the annual volume of
production of each within 0,8—1 billion dollars for the
own devices. Those enterprises belong type of "the ver-
tically-integrated companies”, performing the works
from development up to batch production.

However, practically all new CU MST are devel-
oped by the enterprises working by Fabless model. Such
enterprises have no production of CU MST of their
own and are engaged in development, research, meas-
urements, tests, metrological questions, development of
packaging technologies of CU MST, standardization,
etc. Fabless enterprises have to look for opportunities
for realization of unique CU MST at the enterprises
possessing the corresponding technologies. It can be
small companies with the necessary complete set of the
technological equipment. However, a mass production
of CU MST developed by Fabless companies is possible
only by big manufacturers.




Such big manufacturers are silicon factories (Wafer-
Fab), working by the Foundry (production) models.
Originally the Foundry enterprises were constructed for
production of various submicron IC. They had the ca-
pacities for production of several tens of thousands of
silicon wafers with diameter of 200 mm per month.
When the resource of the complete set of the processing
equipment was finished, it was replaced for mastering
of the next generation of IC. However, a reorientation
of the available productions on development of CU
MST technologies provides an excellent alternative. An
obvious gain for the factories is in essentially lower re-
quirements to the manufacturing technologies of CU
MST, than to IC. It is an opportunity to apply the ac-
cumulated experience and prolong the periods of op-
eration of the processing equipment. As a result the en-
terprises have lower production costs, stable and higher
output of the suitable products, save time on penetra-
tion of the market due to spending less time on the
technology transfer and a quick transition to produc-
tion. Reorientation of the Foundry enterprises manu-
facturing submicron IC to production of MST is a trend
of recent years. For example, such enterprises are the
following semi-conductor companies: Taiwan Semi-
conductor Manufacturing Company (TSMC) and Glo-
bal Foundries, which in 2011 demonstrated, according-
ly, about 200 and 178 % increase of the CU MST pro-
duction.

Possible cooperation of the companies working by
Fabless and Foundry models provides an alternative to
the traditional slow mastering of CU MST. This way
consists in mastering of the technology on the labware
with the further transfer of the products to the industrial
enterprises. At that, there is a basic difference in the
mutual relations of the developers and manufacturers of
IC and CU MST with the Foundry companies. Devel-
opment of IC is determined by the roadmap of devel-
opment of the microelectronic technologies (Interna-
tional Technology Roadmap for Semiconductors,
ITRS) [26]. ITRS gives directions for development of
microelectronics for the business participants on a glo-
bal scale. One of consequences of ITRS is occurrence
of the unified design-technology standards and tech-
nology flows (for example — CMOS) for production of
IC of the same type in all the Foundry enterprises. Mu-
tual relations of the Fabless companies and IC Foundry
enterprises are based on the Process Design Kit (PDK).
Those documents characterize quantitatively the indus-
trial technology process flows (for example — CMOS
0,18 um). The Foundry enterprises ensure manufacture
of the experimental samples within the framework of
Shuttle Service or MPW (Multi Project Wafer) pro-
grams. The quality of the manufacturing techniques,
including presentation of the objective data about the
results of measurement of the technology parameters is
guaranteed.

For CU MST the situation is essentially different
because of absence of the generalizing roadmaps,
standards and variety of CU MST, each of which is re-

alized by its own process flow. Manufacturing tech-
niques of CU MST are custom-made by the producers
of CU MST for the individual customers, that is, for a
certain Fabless company. And this is a basis for coop-
eration in production of CU MST.

Historically the interaction of a developer of CU
(the owner of the design of a product) with its manu-
facturer (the developer and the owner of the technol-
ogy) has always caused a lot of issues. The issues may
be aggravated by the questions of intellectual property
for the manufacturing techniques of MST products,
nonreproductivity of the characteristics of the experi-
mental samples, long processes of mastering of tech-
nology, etc. All this retarded the development and gain-
ing of profit from the productions. In some cases there
was a rupture of mutual relations, which led to big fi-
nancial losses. The analysis of mutual relations of the
Fabless and Foundry companies is interesting, because
it has a common character and is applicable not only to
a developed market economy.

Mutual relations of the Fabless
and Foundry companies in CU MST production

In [27] 10 basic criteria are formulated for the Foun-
dry companies in their search for manufacturers of CU
MST. Among them are: the consumer’s expectations,
price, intellectual property, finances, technological
platform, type of a Foundry, scalability and compati-
bility of the technologies, venue of a Foundry, man-
agement of clients and quality. We will consider in
more detail the most important of the criteria.

Criterion of the consumer’s expectations. A Fabless
company should characterize accurately the status of its
development of CU MST. This makes it possible to for-
mulate precisely the purpose of reference to a Foundry
(search for a supplier, partner, investor, preparation of
mass production, etc.). It is obvious that a Foundry also
should be sure of the feasibility of a product and of the
business plan offered by the developer.

A design of CU MST should not be simply trans-
ferred to any factory for its mass production. The over-
whelming majority of CU MST producers have the ba-
sic submicron CMOS technology. The standardized,
although not identical technological processes proved
by decades are used. A technology for production of any
CU MST contains one or several special critical tech-
nology processes. Such non-standard for CMOS IC
technology processes are, for example, the bilateral
photolithography, bonding of the silicon substrates with
thinning of one of them by grinding/polishing, opera-
tion of a deep and through plasma etching (Bosh proc-
ess), creation and removal of the sacrificial layers, op-
erations of the precision anisotropic etching of silicon,
etc. Such technologies may not be available in a Foun-
dry, and they will demand a lot of time and resources
for establishment of the technology processes. This also
refers to the transfer of CU MST from one factory to
another: transfer of a technology flow, if necessary, is
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not simply its repetition. As a rule, a full revision of a
technology process flow and its adaptation to the pos-
sibilities of another Foundry is necessary.

The overwhelming majority of the Foundry enter-
prises develop technologies by themselves. As a result a
developer of CU MST may not be acquainted with the
detailed process of the manufacture. Provision of the
product wafers with CU chips may be carried out in ac-
cordance with the list of the agreed parameters. Such a
situation preserves for a developer potential doubts in
the quality of the technology of a Foundry, unlike a sit-
uation for IC.

Criterion of intellectual property. CU MST of the
Fabless companies are usually protected by patents.
During development or adaptation of the process flow
and technology to the requirements of a customer, a
Foundry will do its best and use the patented technical
solutions, allowing it to get a profit. Introduction of
various patented solutions will inevitably raise the ques-
tion of evaluation of their importance in the end-prod-
uct. Besides, in the course of development of a tech-
nology, creation of new technological solutions, in-
cluding the ones, which can change the design of CU
MST, is possible. In this connection, in the beginning
of their mutual relations the parties should solve the
question of contribution of the intellectual property and
of the rights for the created intellectual property.

Criterion of quality. A specific feature of a Foundry
for IC is a special attention to the quality of the tech-
nology. The enterprises have their systems of quality
embracing the levels from the higher management
down to the operators of the installations. This ensures
an output close to 100 % of serviceable IC. In case of
a reorientation of an enterprise on manufacture of
MST, the system of quality and the quality of the tech-
nology are preserved. As far as the unique processes are
concerned, in case of acquisition of the necessary
equipment and technology by a Foundry, the questions
of the quality of the technical processes are solved in a
similar way. However, the equipment is very expensive.
At the stage of development of a technology for a con-
crete Fabless company, a Foundry enterprise may not
be sure in the necessity of its acquisition. In this case
implementation of the unique operations is frequently
transferred to outsourcing, to the companies (in higher
educational institutions) with the available equipment.
For such cases the questions of quality control in im-
plementation of the operations are of a paramount im-
portance.

Perspective directions for development
of MST technologies

According to the forecast of Yole Developpement,
in the period up to 2025 the perspective development
directions are the CU MST, based on new detection
principles. Among them are, in particular: gas chroma-
tography, nano- mass spectroscopy, quartz micros-
cales, nano-optical devices, etc. [28].
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The above considerations point to potential prob-
lems with realization of new CU MST for the domestic
Fabless companies. Such companies undertake R & D
in the field of CU MST, measurements and tests of the
products in "chips" and packages, and solve the metro-
logical questions. However, availability of the domestic
enterprises with the process equipment is limited, while
there are no large Foundries; mastering of new products
in a foreign Foundry is also rather unlikely. Such a sit-
uation with CU MST essentially differs from IMC, the
access to which for the domestic developers is available
without any restrictions.

One of the ways for development of new domestic
CU MST is creation of the laboratory technologies on
the technological lines of small productivity. This can
be ensured by a combination of the research works, de-
velopment and production of experimental batches of
goods. Taking into account the actual typical duration
of the development cycles of CU MST (not less than
10 years), in several years of their functioning such lines
can master and prepare the most perspective CU MST
for transfer to the production.

This approach is contradicted by a high cost of the
serially produced CU MST equipment. It is intended
for the substrates over 150 mm. Wafers of smaller di-
ameter, as a rule of 100 mm, do cover the range of the
necessary technology processes, complicating provision
of complete sets for the lines. The approaches to pro-
duction of the process equipment for CU MST do not
consider the redundancy of the dimensions of the sub-
strates for R&D and pilot production. For the research
and development the size of the silicon substrates with
diameter of about 40 mm and less is sufficient. A small
size of the substrates gives a chance to reduce many
times the costs of the materials and the technology.
During development of special equipment for such sub-
strates the cost of a complete set of installations de-
creases sharply. In particular, long-term experience
[29, 30] points to a possibility of "a reverse" scaling of
the reactors for chemical vapor deposition of thin-film
materials from the gas phase for the wafers of small sizes.

An illustration to such an approach is the concept of
Minimal Fab (Japan) based on the algorithm for man-
ufacture of the semiconductor products. It is a small-
sized industrial line (Room-size Minimal Fab) for
R&D on silicon wafers of the size of 0,5 inches [31].
The line consists of the installations of the identical siz-
es and forms, and does not demand big areas and spe-
cial clean rooms. Examples of realization of the instal-
lations for the photolithography and reception of thin
films by the method of deposition from the gas phase
are presented in [32, 33].

An advantage of the transition to the smaller-size
substrates is proved by the conclusion on a gradual re-
duction of integration of CU MST and IC on one chip
in favor of integration of the chips by TSV technologies.
In this case there is no necessity of adjustment of CU
MST route and of a technology line to the flow of
CMOS IC. In particular, thinner wafers can essentially




facilitate operations of deep etching of the membranes
and through etching of apertures, they do not require
thinning of wafers, etc.

Minimization of the equipment, in turn, can give an
impetus to development of the small-sized input equip-
ment and measurements of consumption of the chem-
ical reagents in reactors, measuring instruments of
vacuum, pressure and temperature. Such devices can be
realized, among other things, by means of MST tech-
nologies.

Conclusion

The article discusses the basic trends in development
of the components and units of MST. Typical periods
of development and mastering of CU MST can be tens
of years. The article outlines the possible development
trends for the nearest decade. It demonstrates the ne-
cessity for cooperation of the companies-developers of
CU MST (Fabless) and the technology companies
(Foundry). It analyzes certain issues and specific fea-
tures of the interaction between the Fabless and Foun-
dry companies in mastering of modern CU MST. It al-
so draws a conclusion on the expediency of develop-
ment of the equipment and technology for the organi-
zation of the laboratory technology lines for work on
silicon wafers of the small diameters. Such lines will
give an impetus to intensification of the works in the
field of CU MST and acceleration of their preparation
for introduction in industry.
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2 HoBOCHOUPCKMIA TOCYIAPCTBEHHbIIl TEXHUYECKU YHUBEPCHUTET

®OTOYYBCTBUTEAbHbIM DAEMEHT AASl CEHCOPA AABAEHUSA
C OMTUYECKOM NPOCTPAHCTBEHHOM MOAYASLUMEN

Ilocmynuna 6 pedaxyuro 04.04.2016 o.

IIpusedenvt pe3ysvmamst uccaedoganus homouyecmeumenbHo20 31eMeHma ceHcopa 0aeaeHus ¢ ONMUHECKol nPpOCMpPaHCMEeH-
Holl modyasayueltl, codepycaujeeo déa naanapiolx KMOII-gpomoduoda. Hccaedosanvi memnepamyphoie 3a8UCUMOCMU MOKO8 KO-
POMKO020 3AMbIKAHUS U 00PAMHBIX MOK06 omoouodos. Paccmompenst ocobenHocmu npeobpazoeamenvHoil XapaKmepucmuku npu
dughgpepenyuanvHom exkarOMeHUU HOMOOU0008 U NOKA3AHA BO3MONICHOCMYb AUHEAPU3AUUU 8bIXOOH020 cueHala ceHcopa. Temnepa-
MYpHbILE KOIPuyuenm moka Kopomroeo 3amMbikanus papabomantsix Gpomoouodoe paset oy, = 0,0014/°C. Yeeauuenue mem-
nepamypul NpuGoOUm K NOBbIUEHUI) YYECMBUMENbHOCIU CEHCOPA 0A8AeHUs ¢ ONMU1ECKOU NPOCMPAHCMEEHHOU MOOyAayuel.

Karouesvie caosa: omouyecmeumensruili 31eMeHm, ONMOBOAOKHO, (DOMOINEKMPUYECKUll CeHcop 0agaeHusl, NAAHAPHble

KMOII-ghomoduodes:

BBenenue

MN3MepeHust 1aBJIeHUI B arpeCCUBHBIX, MOXapo- U
B3PBIBOOMNACHBIX Cpelax SBJSIOTCS aKTyaJlbHOW TexX-
Huyeckoi 3amadeil. [lonck paumoHaNbHBIX pelIeHUN
BeIeTCsS He TOJHKO Ha KOCTPYKTMBHOM YpPOBHE, HO U
Ha ypOBHE IIPMHIMIIOB IIpeoOpa3oBaHus. Hapsay c
TeH30PE3UCTUBHBIMU, E€MKOCTHBIMM, Mbe303JEKTPU-
YeCKMMHU U Pe30HAHCHBIMU CEHCOpaMM BCE aKTMBHEM
MPUMEHSIIOTCSI YUCTO OMNTUYECKUE U OMNTO3JIEKTPOH-
HbI€ CEHCOpPBI JaBJIEHUS C UCIIOJIb30BAHUEM TEXHOJIO-
T MUKPOCHUCTEMHOM TeXHUKM [1—7].

MuxkpocucTeMHasl TEXHOJOIMsS Haubojee ITOJTHO
ObUTa peaJiM30BaHa B CEHCOpPE JaBJIEHUSI, B KOTOPOM
MnepeMelleHre OIITOBOJIOKHA IPeoO0pa3oBhLIBAJIIOCH B
U3MEHEHUEe CBETOBOIO MOTOKa (poToanoaa, paboTaro-
IIEro B pexmme xosioctoro xoma [5, 6]. CorracHo
knaccuukauuu [8§] B TaKOM CEHCOpe pealu3yeTcs
MIPOCTPAaHCTBEHHAs onTuyeckas Momyasanus. [Tpume-
HEHHE MMKPOCHCTEMHOM TEXHOJIOTUM O0eCIIeYMBacT
yMeHbllIeHe radapuTHBIX pa3MepoB, IOCTUPOBKY V3-
JIOB KOHCTPYKIIMHU, YIpaBJIeHUE MpeoOpa3oBaTeIbHOM
XapaKTepUCTUKOM ceHcopa. Hammpumep, mpeodpa3ona-
TeJIbHasI XapaKTepUCTHKaA CeHCopa JaBJI€HUS C OTHUM
doTommomoM [5, 6] mMMeeT HeTWHEHHBIN XapakTep,
OJIHAKO MOXET OBbITh IpeBpallieHa B KBa3WJIMHEHHYIO
MPU UCMHOJb30BaHUU ABYX oToanoaoB [9]. Bompock
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MPOESKTUPOBaHUSI, BbIOOpA pallMOHATBHON KOHCTPYK-
LIMU, 9KCIIEpUMEHTAJIbHOE MCCleIoBaHue (hOTOREKT-
PUUECKUX CEHCOPOB C MPUMEHEHHEM MUKPOCHUCTEM-
HBIX TEXHOJIOTUIA K HACTOSIIEMY BPEMEHU B JIMTEpaTy-
pe TpeACcTaBlIeHbl SIBHO HEIOCTAaTOYHO.

Panee, B pa6otax [9, 10], ObUTIO TPOBENEHO YUCTICH-
HO€ MOJIEJIMPOBaHME YIIPYTOTo 3JieMeHTa CeHCopa 1aB-
JICHUSI C ONTOBOJIOKOHHBIM M3JIyyaTelieM, a TakXe
HCcaea0BaHbl 0COOEHHOCTU (DOPMUPOBAHUS YIIPYTO-
ro 3JIEMEHTA CIIOXHOM (POPMbI METOAOM aHU3OTPOI-
Horo TpasyieHus1. B HacTostiuii padoTe o0CyKaaroTcs
KOHCTPYKLMSI U 3KCIIEPUMEHTAIbHbIE XapaKTepUCTH-
KU (hOTOUYBCTBUTEIBHOIO 3JIEMEHTA, BXOASILETO B CO-
CTaB TaKOro CeHcopa.

Crpyktypa GoTOIIEKTPHIECKOr0 CeHCopa

Ha puc. 1 npencTasieH o011t BUJ 1a00paTOPHOIO
o0pasiia ceHcopa. Ero 0CHOBHBIMU YacCTSIMU SIBJISIIOTCS:
e yIpyruii aaeMeHT [ (nanee — YD), npeacraBisiio-

UK COOOM KPEeMHMEBBIM KPUCTa/Ul C IUIOCKOM

auadparmoit ¢ 00paTHON CTOPOHBI U MPOGUIUPO-

BAaHHOW JIMLIEBOM CTOPOHONM, COIEpPKALIEH XKEeCT-

KW LEeHTp ¢ V-KaHaBKOM AJIs1 pa3MELIEeHUs OITO-

BOJIOKHA ¥ TapajUleJIbHBIX V-KaHaBOK Ha paMKe

MeMOpaHbl, IIpedHa3HAaYE€HHBIX IS IOCTUPOBKU

KOHCTPYKIIMU CEHCOPa;




Puc. 1. Oompmii Bua JadoparopHoro oopasua: /| — YD, 2 — onro-
BOJIOKHO, 3 — DD

Fig. 1. View of the laboratory sample: 1 — EE, 2 — optical fiber, 3 — PE

Puc. 2. O6mmii Bug kpucramia ®D: [ — doroauons:, 2 — 1OCTU-
POBOYHbBIE CKBO3HBIE OTBEPCTHSI, 3 — TeCTOBast CTPYKTypa THIIa "'Tpe-
yeckuit kpect”

Fig. 2. View of PE crystal: 1 — photodiodes, 2 — adjustment through
apertures, 3 — test structure of the Greek cross type

e OIITOBOJIOKHO 2, 3aKpeTUIECHHOE Ha KECTKOM LIeHT-
pe U paMKe yMpyroro 3jJeMeHTa;

e (OTOUYBCTBUTENbHBIN 371eMeHT 3 (najgee — PD) —
KPEeMHUEBEIN KPUCTAJUI, COMepKaIllnii 1Ba He3aBU-
CHMBIX TUIAHApHBIX (OTOMMOAA, pa3deIeHHBIX Y3-
KHM TIPOMEKYTKOM, ¥ CITeIINaIbHbIe CKBO3HBIE I0C-
TUPOBOYHBIE OTBepCTUs (puc. 2).

OnTOBOJIOKHO U YD 00pa3yloT ONITOMEXaHNYECKUIA
y3eJ1 IpeoOpa3zoBaHus BHELIIHETO N30bITOYHOIO AaBJie-
HUS B TIepeMellleHNe ITydKa CBeTa, BEIXOMSIIIETO 13 OTI-
TOBOJIOKHA. B paccMmaTpuBaeBOM ceHCOpe cxeMa Ipe-
00pa3oBaHUsl U3MEPSIEMOT0 BO3ACHCTBUSI UMEET BU/L:

Pow-oy->yz

rne P— naBjieHue; w1 y — CMelleHUEe KECTKOTO LIEHT-
pa M CBETOBOrO ISITHA OTHOCUTEJNbHO (DOTOAMOIOB;
Z — Pa3HOCTHBIN BBIXOJHOW curHajl. YyBCTBUTEb-
HOCTb TaKOTo ceHcopa S onpenensieTcsi BblpaxkeHUeM

e S, Sy, S,, — COOTBETCTBYIOLIXE YYBCTBUTEIbHOC-
TU, KOTOPHIMU MOXHO HE3aBUCUMO YIIPABJISATh, 100U~
BasiICh MaKCHMaJIbHBIX 3HAYCHUIA.

OCo0EHHOCTBIO TIPEACTABIEHHOIO CEHCOopa SIBJIsI-
€TCsl OPTOrOHAJIbHOE PACITOJI0XEHUE MJIOCKOCTEN OI-
ToMexaHn4eckoro y3ma u ®HD. Takasgs KOMIIOHOBKa
MO3BOJISIET YIPOCTUTh M3rOTOBJIEHUE YacTedl ceHcopa
M eCTeCCTBEHHBIM 00pa3oM YYUTHIBAeT (MYHKIIMO-
HaJbHOE pa3fesieHue MEeXIy YacTSIMU CeHCcopa, KOTO-
poe TOMOJIOTMYECKU MOXHO peajn30BaTh pPa3IMYHBbI-
MU cIlocobamu.

IOctupoBka PO OTHOCUTETBHO OINTOMEXaHUYEC-
KOToO y3/1a peaju3yeTcsl C IOMOLIbIO MUKPOHAIIPaBJIs -
JOIIMX, PACIIONIOXEHHBIX B IOMOJHUTEIbHBIX V-KaHaB-
Kax ONMTOMEXaHWYECKOro y3/1a, U OTBEPCTUM Ha KpUC-
tajie ¢ ¢poroguonamu. BzaumHoe pacronoxenue @D
1 ONITOMEXaHWYEeCKOro y3ja 3a(rMKCUPOBAHO KJIEEBbIM
COeMMHEHNEM, KOTOpPOe He HeceT HMKAKOM MeXaHM-
YEeCKON Harpysku.

CeHcop B cOOpe BIEKTPOCTATUUYECKU COEAMHEHEH
CO CTEKJISTHHBIM OCHOBAaHMEM, BKJIICEHBIM B CTaHIAPT-
HBI Kopmyc TO-8.

®DoTOYYBCTBUTEILHbII 3JIEMEHT

Kpucrann @D ¢ BHeIIHUMM pa3mepaMu 4 X2,5X
%X 0,3 MM cdopMHUpOBaH Ha IBYCTOPOHHE MOJUPOBaH-
HoOlt KpemHMeBoM 1actuHe KO®D 4,5 u comepxur
JIBa H30JMPOBAaHHBIX (hOoTOMMOIA, U3TOTOBJIEHHBIX
no crangaptHoit KMOII-texHomorun. ®oTonnoast
uMmelot pasMepsl 500 X 315 MKM 110 6a30BOIT obIacTU
1 449 X 264 MKM 10 SMUTTEPHOI, YTO ITO3BOJISIET KOM-
TMEHCUPOBATh BOBMOXXHOE OTKJIOHEHHUE CBETOBOTO ITyY-
Ka OT LIEHTPAJTLHOTO TOJIOKeHMSsI. Takue pa3Mephl 10-
MyCcKaloT pabOTy CO CBETOBBIM IISITHOM 10 240 MKM B
JaMeTpe U MaKCUMaJIbHbIM MepeMellleHUEeM TSITHA 10
70 MKM, Kak noka3aHo B ctatbe [10]. Tonosornueckoe
paccTosiHMe MEeXIy IuoaaMu coctapisgeT 20 MKM, Kak
MoKa3aHo Ha puc. 3.

®oronnonsl GOPMUPOBATMCH MOHHON MMIIJIaHTa-
LIMel ¢ MocaeayIoIIMMU TePMUIYECKUMU 00paboTKaMu
¥ YMeJIA n-3MUTTePHYIO 001acTh TIyonHOM ~0,9 MKM
1 TTIOBEPXHOCTHBIM CONPOTUBIEHUEM py = 27 OM/KB; 1
6a30BYIO TIIYOMHOM ~6 MKM C ITOBEPXHOCTHBIM COITPO-
tuBaeHueM pg = 1200 Om/xB. Ha xpucranie @3 nme-
€TCs TISITh KOHTAKTOB Ha IJIaHApHOM CTOPOHE, M3 KO-
TOPBIX YETHIPE OTHOCATCS K (hOTOmMMOIAM M OIUH — K
nojuioxkke kpucramia. [lomrMo aToro Ha Kpucrasie
MIMEETCST TeCTOBasl CTPYKTypa TUIIA "TpedecKuit KpecT"
JUIST KOHTPOJIST DJIEKTPUUECKUX MapaMeTpOB CJIOEB.

Hnst ycraHoBku Kpuctaiia PD oTHOCUTEIBHO
LIEHTpa M3JIy4arollero ONTOBOJIOKHA, 3aKPEIJICHHOTO
Ha >KECTKOM IIEHTpe ONTOMEXaHWYeCKOro y3jia, B
KpHUcTajuie 0BT c(POPMUPOBAHEI IBa OTBEPCTHS pa3-
MepoM, OJIM3KHUM K IMaMeTpy IOCTHPOBOYHBIX OITO-
BOJIOKOH, PacITOJIOXEHHBIX B V-KaHaBKaxX Ha paMKe
VIPYroro sjJeMeHTa ONToMeXaHuyeckoro ysia. OT-
BepcTus (OPMUPOBATINCH MMyTeM KOMOWMHHPOBAHHOTO
KMIKOCTHOTO aHM3O0TPOITHOTO TPaBJICHMS C HeTla-
HapHOU CTOPOHBI TJIACTUHBI U U30TPOITHOTO MJa3MO-
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Puc. 3. Ceuyenue doroanonos kpucramia D
Fig. 3. Section of the photodiodes of PE crystal

XUMMYECKOTO TpaBjieHUs] C IIJIJAHAPHOW CTOPOHHI.
AHM30TPOITHOE TpaBJIEHNE TTPOBOAWIOCE B 33 %-HOM
BogHoM pactBope KOH nHa rny6uHy 265 MKM, a mias-
MOXMMUYECKOe Ha TIyOouHy ~40 MKM, YTO MO3BOJIMIO
co3maTh OTBepCTUsa pazmepom 130 = 5 MxwM.

DJIEeKTPHYECKAsA CXEMA M3MEPEHHI M HKCIEPUMEHT

DKcnepuMeHTaIbHOE HccenoBanre OO MpoBoa-
JIOCh C TIPUMEHEHUEM BJIEKTPOHHOTO Y3714, CTPYKTYpP-
Has cxeMa KOTOporo npuBeneHa Ha puc. 4. MUznyuenue
K (oToamonaM TMOABOAUIOCH OT JIa3€PHOIO AMOMAA C
OIITOBOJIOKOHHBEIM BhIxomoM WSLP-635-005m-M-PD
MOILIHOCTBIO 10 5 MBT U mmnHo# BoiHBL 635 HM, co-
€IMHEHHBIM C ONTOBOJIOKOHHBIM MUTTEIOM, CBOOO/I -
HBII KOHEIl KOTOPOTO OBII HAIPaBJIeH OPTOTOHAIBHO
nmoBepxHocTu PD. DoToauoabl paboTaiu B pexXuMe
KOPOTKOTO 3aMBIKAaHUS W TeHepHpoBadul (POTOTOK,
MPOIOPLMOHANIBHBIN CBETOBOMY IOTOKY. BcTpeuHoe
BKJTIOUEHME (POTOAMOMOB TTO3BOJIUIIO Cpa3y IOIYYUTh
CUTHAJI B BHUAE Pa3HOCTU (POTOTOKOB, IPOIIOPIIMO-
HaJIbHBIX CMEIIIEHUIO CBETOBOTO IMSITHA OTHOCUTEJBHO
LIEHTpaJIbHOM TOYKY Mexay dortommonamu. Ilpu cum-
METPUYHOM 3aCBeTKe, T.€. KOTJa CBETOBOE MSITHO Ha-

XOIUTCS B LIEHTPaJIbHON TOUKE MEXIY (hOTOAMOAAMMU,
pasHuliia (POTOTOKOB paBHA HYJIIO.

VYcunurens curHaina (YC), peaau3oBaHHbIA Ha
ornepalunMoHHoM ycuiutese AD852, mpeobpa3oBbiBa
MMOJyYeHHBIM (POTOTOK B HAIpsKEHHE B IIpeaesiax
120 MB 1 cMmelias cpeaHIo0 TOYKY B IMOJOXUTEIbHYIO
00J1aCTh Ha BEJIMYMHY OMIOPHOTO HampsikeHus. lanee
MOJIYYEeHHBIN curHai moctymai Ha Bxon ALITT AD7297,
KOTOpbIli (opMupoBasl 24-pa3psiAHbiii  1LIUGPOBOI
KOH, TPOINMOPLMOHAIBbHBINA BXOAHOMY curHamy. Ilo
rocJjiefoBaTeIbHOMY TepudepuitHoMy HHTepdeiicy
SPI uudpoBoii Koa mocTynal Ha MUKPOKOHTPOJLIED
ATMegal6U4 u nanee yepe3 USB — Ha KommbloTep
JUIT OTOOpaXeHUsl U XpaHeHus uHpopMalu. ITOT
K€ MUKPOKOHTPOJIJIEP MO KOMaHIe ¢ KOMIIbloTepa yII-
paBJIsieT pexXxuMaMuy paboThl MCTOYHMKA TOKA Ja3epHO-
ro ceeroauona u AILIIL. B cocTaB anekTpuyecKoit cxe-
MBI BXOAWJI TEPMOCEHCOP I CTaOMIU3aLUu PabOThI
HMCTOYHHKA TOKA.

B skcniepuMeHTe McciaenoBaaach 3aBUCUMOCTh BbI-
XOJHOTO curHaja z(y) ®3D oT nepemMelleHUs] CBETOBOTO
MSITHAa B HaMpaBleHUU, TEPHEHAUKYJISIPHOM JMHUU
pazaena Mexay AByms oroaronamu. Iloxa z(y) moHu-
MaeTcsl BBIXOJHOW CHUTHaJ, OTOOpa-
>Kaemblii Ha 9kpaHe TTK nmocne uud-

E J ve || Ao || MK 2 K i poBOi 00pabOTKM. SUTa 3aBUCUMOCTb
| 5 SA4 ADC MC 5 PC | MpeaCTaBIsIET COOOI YaCTHYIO Mpe-
: Haenenue P sttt r : : 00pa3oBaTeIbHYI0 XapaKTepUCTUKY
| W Cencop ; e . Z = z(y), KOTOpOii COOTBETCTBYET
:";E:;;i‘:_f}’)";ry . Se:::olr:'f?PE ! Onextponnsiii ysen|  UYBCTBUTENIbHOCTb .. B aKkcnepu-
" movement y ! Electronic Unit |  MEHTE UIMUTHpPOBasach pabora O B
: T_ OB || JIA ;| CATI | : | cocTaBe CeHcopa IMyTeM TepeMelle-
| OF | | LD SLCS | | HUSL y ONITOBOJIOKHA, OPHEHTUPOBAH-

HOTo IO HOpPMAaJiu K IJIOCKOCTH (ho-

Puc. 4. CtpykrypHas cxema npeodpasoBanus cencopa: YC (SA) — ycuiuTeNlb CUTHANA WX
rpeobpa3oBaTtesib TOKa Ha omnepaimoHHoM ycwiurtene AD8S2, AL (ADC) — AD7297,
MK (MC) — ATMegal6U4, CUTJI (SLCS) — crabuInM3MpoBaHHBIA KCTOYHMK TOKA Jia-
3epHoro auona, JIJ (LD) — nazepusrit tuon WSLP-635-005m-M-PD, OB (OF) — onrto-
BOJIOKHO 62,5/125 MKM Ut BBOa ONTUYECKOro uaiydyeHust B ceHcop, K (PC) — mep-
COHAJIbHBI KOMITBIOTED

Fig. 4. Unit circuit of the sensor transformation: SA — signal amplifier or the current converter
on AD852 operational amplifier, ADC — AD7297, MC — ATMegal6U4, SLCS — stabilized
current source of the laser diode, LD — laser diode WSLP-635-005m-M-PD, OF — optical
fiber 62, 5/125 um
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TOIMOMOB C MIOMOIIBI0 MUKPOMETPH -
YeCKOro YCTPOMCTBA ITO3UILIMOHU-
pOBaHMS CBETOBOTO ITyYKa C IIaroM
10 mxm npu Temmeparype 7= 293 °K.
TemrmepaTypHble 3aBUCUMOCTU TOKA
KOPOTKOT'O 3aMbIKaHUSI U OOpaTHBIX
TEMHOBBIX TOKOB (otoguogos MO
M3MEPSIINCh B MHTEpBaJie TeMIlepa-




typ 293...413 K B Tepmokamepe UC-20CE dupmbl
TEREHY nipn ¢pmkcupoBaHHOM MOJOXEHNUY CBETOBO-
IO IISITHA M TIOCTOSIHHOM OCBEIIEHHOCTH.

DKCnepaMeHTAJIbHBIE PE3YJIbTATHI H 00CYKICHHE

IIpeobpa3oBaTtenpHasg xapakrepuctuka PD Z =
= 2(y) = AL,(»)/ Ry TONYYEHHASA C UCTIOIb30BAHM -
€M MHUKPOMETPHYECKOTO MO3MLMOHMPOBAHMUS, HOP-
MUPOBaHHasi Ha Z,,., NPUBEAEHAa Ha puUC. 5, TIe
Zmax = AIK3_maX/ Rooc’ Rooc = 100 kOm (Rooc — OT-
puuaTesbHOEe COMpOoTUBIeHUe obpaTHOl cBsi3u). Ile-
peMelleHre CBETOBOIO MSITHA 3aJaHO B eAMHULIAX )/d,
rme d = 62,5 MKM — AuaMeTp CepAlLeBUHBI ONTOBO-
JIOKHa. MakcuMajabHOe 3HaYeHHE Pa3HOCTU TOKa KO-
POTKOTO 3aMBIKAHUSI TIPY TTOJTHOM 3aCBETKE OTHOTO U3
IBYX (DOTOAMOMOB MPU TOKE YIIPABICHMS JIa3epPHOTO
muona 30 MA paBHO Al = 0,7 MKA. Bennuuna

K3_max
Al MPOMNoOpLUKMOHabHA OCBEILIEHHOCTU (DOTOaU-

oz[lgﬁ nI}Ia)I('IpI/I HEOOXOAUMOCTU MOXET ObITh YBEJIMYeHA.

IIpeoOpa3oBarenbHasl XapaKTepPUCTUKA CHUMMET-
pUYHA OTHOCHUTEJbHO 3HaKa MepeMelleHUs] U Mpu-
BeaeHa mias z(y) > 0. HavanbHbIii yyacTOK Xapak-
tepuctuku npu 0 < y/d < 0,8 1TuHeeH U MOXeT OBITh
WCIIONb30BaH sl u3MepeHuit. [logoruit Makcumym
BOMU3K y/d ~ 2,7 CBUAETEABCTBYET O HEOAHOPOIHOM
pacnpeieieHUU SHEPTUU B Mpejiesiax CBETOBOIO MSTHA
U pa3MBITOCTU €ro TpaHull. YMeHblleHue curHana @D
Ha UHTepBaie y/d > 4 cBI3aHO C BBIXOJAOM CBETOBOTO
ISITHA 3a TpaHully ¢oroauona. Ilo mmpuHe moa0roro
yyacTka BOJM3U MaKCMMyMa MOXHO OLIEHUTb 3 dek-
TUBHBIN IUaMeTp CBETOBOTroO MsTHA d ~ 130 MKM.

TeMmnepatypHble XapakTepucTukun DD ceHcopa
JaBJIEHUS HY>XKIAIOTCS B CIIEIIMaIbHOM PAaCCMOTPEHUH,
YTO CBSI3aHO C MHBIM Ha3HaYE€HUEM TaKUX CTPYKTYp MO
CPaBHEHMIO C COTHEYHBIMHU 3JIEMEHTaAMU ¥ OOBIIHBIMU
¢oTonnomamu.

Ha puc. 6 npencraBieHa TeMrepaTypHasi 3aBUCH-
MOCTb TOKa KOPOTKOro 3ambikanus I, = f(T) enu-

Z/Zax
p uO
= [=,

Puc. 5. IIpeodpa3oBaTenabHas xapakrepuctnka @D B HOPMHPOBaH-
HO#i (hopmMe (CM. MOSACHEHHSI B TEKCTE)

Fig. 5. Transforming PE characteristic in a normalized form (see
explanations in the text)

0,65

0,6 —
Ex ]

0,45

Puc. 6. TemneparypHas 3aBMCHMOCTb TOKA KOPOTKOIO 3aMbIKAHHMS
OIMHOYHOr0 (hOTOAMOAA NPH YHPABJIAIOIIEM TOKE JIa3epPHOTO IO
I..=30mMA

Ja3

Fig. 6. Themperature dependence of the short circuit current of a single
photodiode at control current of the laser diode 1,,, = 30 mA

HUYHOro ¢oToAMOIa B pacCMaTpUBaeMOl CTPYKTYype.
OHa MOXeT OBITh alMIPOKCUMUPOBaHA JTUHEHHON 3a-
BUCUMOCTBIO

Liy(T) = Ly (To)[1 + o (T — Ty)l,

rae T — KOMHATHas TeMIeparypa; o.; — TeMIIepaTyp-
HBI KO3 PULIMEHT TOKa.

TemnepatrypHblii K03((UIIMEHT TOKA KOPOTKOTO
3aMBIKaHMS IS pa3paboTaHHOTO (OTOAMOIA paBeH
are; = 0,0014/°C. VBenuuenune I, ¢ NOBBILIEHUEM
TEMIepaTyphbl CBSI3aHO C YMEHbIIIEHUEM IIIMPUHbI 3a-
MpeleHHONH 30HbI KpeMHMs Tpu Harpese [12]. D10
yBeJIMUEHUE MPUBOAUT K BO3PACTAHUIO BETUUMHBI Ha-
yaJbHOTO pazbajiaHca (OTOAMOAHON CTPYKTYpPHI, TMO-
BBILICHUIO YyBCTBUTEILHOCTH S, ¥ OOIIEH YyBCTBU-
TEeTbHOCT S (POTOSNMEKTPUIECKOTO CEHCOpa IaBlie-
Hus. TeMnepatypHast 3aBUCHUMOCTb YyBCTBUTEIbHOCTH
MPUMEPHO paBHA IO BEJIMUMHE, HO TIPOTHBOITOIOXHA
110 3HAKy TeMITepaTypHOU 3aBUCUMOCTH IyBCTBUTEIIb-
HOCTM T€H30PE3UCTUBHBIX CEHCOPOB.

DKCIIEPUMEHTAIbHOE 3HAYEHUE O ; OKA3bIBAETCS
B 2,3 pa3a 0oJbliie 3HaUYeHMSsI, IPEACKa3aHHOIO TEOPH-
eit uneanbHoro ¢doroanona (o, = 0,0006/°C), uro,
MO-BUINMOMY, CBSI3aHO C OOJIBIIINM BIIUSTHAEM TTOCTIEe-
JIOBATEILHOTO COMPOTUBIICHUS W IIIYHTUPYIOIIETO CO-
MPOTUBJIEHUSI W3-32 HEMOJHOM 3aCBETKM ILIOIIAIU
(otonnona ceeToBbIM TISITHOM [11, 12]. Bo3MOXHBIM
NyTeM K YMEHBIUEHUIO Oy, ABISETCA ONTUMU3ALIMSA
TOITOJIOTMIECKUX Y TEXHOJIOTMUECKHX ITapaMeTpoB ¢Go-
TOIMOIOB.

TemmeparypHast 3aBUCUMOCTb HATIPSIKEHMS XOJI0C-
toro xona Uy, = f(T) ¢oToanonos anmnpoKCUMUpyeTcs
BBIpaXXKCHUEM

U(T) = U (Tp) — KT — Ty),
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Puc. 7. TemnepatypHasi 3aBUCMMOCTb OOPATHOT0 TEMHOBOIO TOKA
thoTonuona B norapupMmumyeckom macmrade npu 0OPATHOM CMEMIEHUN
Upp=1B

Fig. 7. Temperature dependence of the reverse dark photodiode current
in a logarithmic scale at a reverse bias U,g, =1V

rne U, (Ty) = 450 MB nipu nosHoi 3acBeTKe (hOTONAM-

oja MpU KOMHATHOI TeMmeparype, k ~ —2,2 MB - «c L.
3HaueHMe TemIlepaTypHoro koadbduumreHTa k coria-
CYeTCsl ¢ TEOPETUYECKMM 3HAYCHUEM JUIS IIPSIMOCME-
meHHoro auona [14]. TemnepatypHblii KoadduiimeHT
HATPSKEHMS XOJIOCTOTO XOA oy ~ CYUIECTBEHHO OT-

JIMYAETCA 110 BEJIMUMHE OT 0.y U UMEET OTPULIATEILHBII
3HaK o = —0,0052/°C.
XX

TeMHOBO TOK (POTONMOMOB BIMSIET HA BCE Xapak-
TEPUCTUKU (DOTORJIEKTPUUECKOTO CEHCOpa AaBJICHUS.
bauskoe pacnonoxeHue (GoTOAMOIOB Ha KpuUCTalie
U1 MHTEerpajbHasi TEXHOJOTUsI 00YCIOBUIM TO, UTO Xa-
PaKTepUCTUKU (DOTOANOMOB MOUYTHU UAEHTUYHBI, U 3TO
MMO3BOJISIET YAYUYILIUTh METPOJIOTUYECKHUE XapaKTEPUC-
TUKU CEHCOpa 3a CueT KOMIIEHCAllMu TOKOB. TeMme-
paTtypHasi 3aBUCMMOCTb OOpPaTHOrO TEMHOBOIO TOKa
1y(T), npuBeneHHasd Ha pPUC. 7, XOPOLIO ANIMPOKCHU-
MUPYETCSl COOTHOILIEHUEM

Io(T) = 10(T0)eXp[a[0(T_ To)]

rze oy = 0,061/°C, 4T0 COOTBETCTBYET JaHHBIM pabo-
Tl [14]. OOpaTHBIN TEMHOBOI TOK 3aBUCUT OT (PU3U-
KO-TEXHOJIOTMYECKUX 0COOEHHOCTEeN (POTOAMOI0B U B
paccmarpuBaeMoM ciydae paseH /(7)) = 4 ¥ 10710 A.
DOTOUYBCTBUTEIILHBIN 3JIEMEHT COXpaHSeT pPaboTo-
cnocoOHoCTh 10 TemiepaTypsl 120 °C.

3akimoueHue

PazpaboTraH, u3rotoBmieH U MccliefoBaH (PoTo-
YYBCTBUTEJbHBIN 3JIEMEHT IJI CEHCOpa AAaBJIEHUS C
MOIYJSILEeN CBETOBOTO MOTOKA, COAEpXKallUi Tapy
IUTaHApHBIX KpeMHUEeBbIX (oTroauonoB. HuddepeH-
LIMajJbHOE BKJIIOUeHUE (POTOAUOIOB TMO3BOJSIET UC-
M0JIb30BaTh JIMHEMHBIN y4acTOK IIpeoOpa3oBaTeIbHOMI
XapaKTEePUCTUKU CEHCOPA MO0 CPaBHEHUIO C CEHCOPOM,
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OIMCAHHBIM B CTaThe [5], UMEIOIIUM OOMHOYHBIN Go-
tonuon. [ns ceHcopa AaBiaeHUsl Oojiee MpPearnoyuTu-
TEJIbHBIM SIBJISIETCSl PEXUM WM3MEPEHUS] Pa3HOCTU TO-
KOB KOPOTKOI'O 3aMbIKaHUs M3-3a UX Oosiee ciaboii
TeMIlepaTypHOi 3aBUCHMMOCTHU IO CpaBHEHUIO C Ha-
MIPSKEHMEM X0JI0CTOTO X01a. YBeJIMUeHUe TeMIlepaTy-
Pbl IPUBOIUT K MOBBILLIEHWIO YYBCTBUTEILHOCTU CEH-
copa JaBJICHUS ¢ MOAYJISILIMEH CBETOBOTO IOTOKA, B
MPOTUBOIOJIOXHOCTh CEHCOpaM Ha TEH30PE3UCTUB-
HoM 3¢ dekTe. PazpaboTaHHbIe IUIaHAPHBIE KPEMHMU-
eBble (DOTOAMOABI MMEIOT TEeMIIepaTypHbIld KO-
(GULMEHT TOKAa KOPOTKOIO 3aMbIKaHMsI BABOE BbILIE
TEOPETUYECKOro 3HAYEeHMS IS UAeaqbHOro AUOJaA,
YUYUTBHIBAIOILIETO TOJIbKO TeMIlepaTypHOe U3MEHEeHUe
IIMPUHBI 3aTIPEIIEHHON 30HBI KPEMHUS.

Aemopbt evipaxcarom 6aazodaprocms Ipuduunoii Ee-
eenuu Ilempoene 3a nomoub 8 npoghuruposarnuu homo-
YYBCMBUMENbHO20 dNeMEHMA.
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Photosensitive Element for a Pressure Sensor with the Optical Spatial Modulation

The article presents the results of investigation of a photosensitive element comprising two planar photodiodes of a pressure sensor
with the optical spatial modulation. The temperature dependences of the short-circuit currents and the reverse currents of the pho-
todiodes were investigated. The authors considered the transforming characteristic features of the sensor with two photodiodes in a
differential mode. Feasibility of linearization of the sensor output signal was shown. The short circuit current temperature coefficient
of the designed photodiodes was equal to o, = 0,0014/°C. The authors demonstrated an increase of the sensitivity of the pressure
sensor with the optical spatial modulation due to raising of temperature.

Keywords: photosensitive element, optical fiber, photoelectric pressure sensor, planar CMOS photodiodes

Introduction

Measurement of pressure in aggressive, fire- and ex-
plosive-dangerous environments is a topical problem.
A search for rational solutions is conducted at the level
of design and at the level of the principles of transfor-
mation. Alongside with the tensoresistive, capacitive,
piezoelectric and resonant sensors, the optical and op-
toelectronic pressure sensors are applied with the use of
microsystem technologies [1—7].

The microsystem technology is realized most fully in
the pressure sensor, in which the optical fiber displace-
ment is transformed into a change of a light flux of a
photo diode working in the photovaltaic mode [53, 6].
According to classification [8], in such a sensor the spa-
tial optical modulation is realized. Application of the
microsystem technology ensures smaller dimensions,
adjustment of the design’s nodes, and control of the
sensor’s transforming characteristics. For example, the
transforming characteristic of a pressure sensor with
one photodiode [5, 6] has a nonlinear character, how-
ever, it can be transformed into a quasilinear one, if two
photodiodes are used [9]. Obviously, in literature the
questions of designing, selection of a rational design,
experimental research of the photo-electric sensors
with application of the microsystem technologies are
presented insufficiently.

Previously, in [9, 10] a numerical modeling of an
elastic element of a pressure sensor with a fiber-optical
light emitter was carried out. Also the specific forma-
tion features of an elastic element of a complex form in-
vestigated during the anisotropic etching were investi-
gated. In the paper a design and experimental charac-
teristics of a photosensitive element of such a sensoris
presented.

Structure of a photo-electric sensor

A general view of a laboratory sample of sensor is
presented on Fig. 1. Its basic parts are the following:
e Elastic element / (EE), which is a silicon chip with

a flat diaphragm on the reverse side and profiled face

comprising a rigid centre with a V-groove for placing

the optical fiber, and parallel V-grooves on the

frame of the membrane, intended for adjustment of

the sensor design;

o Optical fiber 2 fixed on the rigid centre and frame of
the elastic element;

o Photo-sensitive element 3 (hereinafter — PE) — a
silicon chip comprising two independent planar
photodiodes, separated by a narrow interval, and
special through adjustment apertures (fig. 2).

The optical fiber and EE form an optomechanical
part for transformation of the external gauge pressure
into movement of the light beam exiting the optical fib-
er. In the considered sensor the scheme of transforma-
tion of the measured influence looks like:

Pow-osy->z

where P — is pressure, w and y — displacement of the
rigid centre and of the light spot in relation to the pho-
todiodes, z — differential output signal. Sensitivity of
sensor S is determined by the following expression:

-0z _0z.,0y.0w _
S oP oy ow oP 5259w

where S, Sy, S,, — are the corresponding sensitivities,

which can be independently controlled for achievement

of the maximal values.

A specific feature of the sensor is the orthogonal ar-
rangement of the planes of the optomechanical part and
PE. Such a configuration allows us to simplify the man-
ufacture of the sensor’s parts and it naturally takes into
account the functional division between them, which
topologically can be realized in various ways.

Adjustment of PE in relation to the optomechanical
part is realized by means of microguides, located in ad-
ditional V-grooves of the optomechanical part and ap-
ertures in the chip with the photodiodes. The mutual
position of PE and of the optomechanical part is fixed
by a glue, which does not bear any mechanical load.

An assembled sensor is electrostatically connected
with a glass basis, glued into the standard TO-8 package.

Photosensitive element

PE chip with the external dimensions of 4x2,5 X
%X 0,3 mm is formed on a double-sided polished n-Si
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wafers, and contains two isolated photodiodes, made by
standard CMOS technologies. The photodiodes have
the sizes of 500 X 315 micrometers in the base area and
449 X 264 micrometers in emitter area, which allows
compensating a possible deviation of a light beam from
the central position. Such dimensions allow operation
with a light spot up to 240 micrometers in diameter and
maximum spot displacement up to 70 micrometers, as
shown in the article [10]. The layout distance between
the diodes is 20 micrometers (fig. 3).

The photodiodes were formed by ion implantation
with the subsequent thermal processing and had n-
emitter area with depth of ~0,9 micrometers and the
surface resistance of p; = 27 Ohm/kV; and the base with
depth of ~6 micrometers and the surface resistance of
py = 1200 Ohm/KkV. There are five contacts on the pla-
nar side of PE chip, four of them are connected to the
photodiodes and one is to the substrate. Besides that,
there is a test structure for the layers electric parameters
controlformed on the chip.

For adjustment of the PE chip respective to the
center of the radiating optical fiber, fixed on the rigid
centre of the optomechanical part, two apertures were
formed in the chip with diameters close to the adjust-
ment optical fibers placed in V-grooves on the frame of
the elastic element of the optomechanical part. The ap-
ertures were formed by a combined anisotropic etching
of the non-planar side and by isotropic plasma-chem-
ical etching of the planar side of the wafer. The aniso-
tropic etching was done in 33 % water solution of KOH
to a depth of 265 um, and the plasma-chemical etching
was done to a depth of ~40 pum, which allowed to make
apertures with the size of 130 = 5 um.

Electric circuit of measurements and the experiment

An experimental research of the PE was carried out
with the use of the electronic unit, the circuit is pre-
sented in fig. 4. Light beam to the photodiodes was
supplied from the pigtailed fiber-optical laser diode
WSLP-635-005m-M-PD, power up to 5 mW and
wavelength of 635 nm, the free end of which was or-
thogonally directed to the PE chip surface. The photo-
diodes worked in a short circuit mode and generated a
photocurrent proportional to the light flux. The differ-
ential connection of the photodiodes allowed to receive
directly the difference of the photocurrents, propor-
tional to the displacement of the light spot in relation
to the central point between the photodiodes. At a sym-
metric illumination, i.e., when the light spot was in the
central point between the photodiodes, the difference
of the photocurrents was equal to zero.

The signal amplifier (SA) on operational amplifier
ADS852 transformed the photocurrent into voltage with-
in the limits of £20 mV and displaced the middle point
to the positive area by the value of the reference voltage.
Further, the resulting signal was sent to the AD7297
ADC input,, which formed a 24 digital code propor-
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tional to the input signal. The digital code via the serial
peripherial interface SPI was transmitted to the
ATMegal6U4 microcontroller and then via USB to the
computer for storing and displaying the information. By
commands from the computer the same microcontrol-
ler controlled the operating modes of the current source
of the laser diode and ADC. The temperature sensor to
control and stabilize the current source was included in
the electric circuit.

The dependence of the output signal z(y) of PE on
displacement of a light spot in direction, perpendicular
to the section lines between the two photodiodes, was
studied. Under z(y) is meant the output signal dis-
played on the screen of the personal computer after
digital processing. This dependence represents partic-
ular transforming characteristic Z= z(y), to which sen-
sitivity S, corresponds. The operation of PE as a part of
a sensor was simulated in the experiment by displace-
ment of optical fiber y directed by a normal to the
photodiodes surface by means of a micrometric device
for positioning of the light beam with a step of 10 mi-
crometers at temperature 7= 293 K. The temperature
dependences of the short circuit current and the reverse
dark currents of the PE photodiodes were measured
within the interval of 293...413 °K in TEREHY Co.
UC — 20CE heat chamber at a fixed position of the
light spot and constant illumination.

Experimental results and discussion

The transforming characteristic of PE Z = z(y) =
= Alsc(y)/Rnf, received with the use of micrometric po-
sitioning, normalized on Z,,,, is presented in fig. 5,
where Z. = Al max/Ryp Ryp= 100 kQ (R, — is re-
sistance of the negative feedback). Displacement of the
light spot is given in y/d units, where d = 62,5 pm —
the diameter of the core of the optical fiber. The
maximum difference of the short circuit currents at a
full illumination of one of the two photodiodes at a
control current of the laser diode of 30 mA is equal to
Al ax = 0,7 pA. Al ..y is proportional to the illu-
mination of the photodiodes, and can be increased if
reqired.

The transforming characteristic is symmetric in re-
lation to the sign of the displacement and is presented
for z(y) > 0. The initial region of the characteristic at
0 <y/d < 0,8 is linear and can be used for measure-
ments. The flat maximum close to y/d ~ 2,7 indicates
a non-uniform distribution of energy within the light
spot and blur of its borders. Reduction of PE signal on
the interval e/d > 4 is associated with the movement of
the light spot beyond the border of the photodiode. The
effective diameter of the light spot can be estimated by
the width of the flat region of the characteristic.

The temperature characteristics of PE of the pres-
sure sensor require special consideration, due to differ-
ent purposes of such structures in comparison with the
solar elements and regular photodiodes.




The temperature dependence of the short circuit
current /. = f(T) of a single photodiode in the struc-
ture is presented on Fig. 6. It can be approximated by
the following linear equation:

L(T) = L(Ty)[1 + o (T — Tl,

where T, — is a room temperature; o; — current tem-
perature coefficient.

The temperature coefficient of the short circuit cur-
rent for a photodiode is equal to o, = 0,0014/°C. In-
crease of I, with a raise of temperature is connected
with reduction of the width of the bandgap of silicon
during heating [12]. This leads to an increase of the in-
itial disbalance of the photodiode structures and an in-
crease of sensitivity .5, and general sensitivity S of the
photo-electric pressure sensor. The temperature de-
pendence of the sensitivity is approximately equal by
the value, but is opposite by the sign to the temperature
dependence of sensitivity of the tensoresistive sensors.

Experimental value o . is 2,3 times more than the
value foretold by the theory of the ideal photodiode
(otze = 0,0006/°), which is probably connected with a
great influence of the serial resistance and shunting re-
sistance because of an incomplete area illumination of
the photodiode by a light spot [11, 12]. A possible way
to reduce the value of o . is optimization of the layout
and technological parameters of the photodiodes.

The temperature dependence of the open circuit
voltage U,. = f(T) of the photodiodes is approximated
by the following expression:

Uoc(T) = Uoc(TO) — k(T — TO):

where U, .(T) =450 mV at a full illumination of a pho-
todiode at a room temperature, kK ~ —2,2 mV *c L.
The value of the temperature coefficient k£ corresponds
to the theoretical value for a forward-biased diode [14].
The temperature coefficient of the open circuit voltage
a g essentially differs from o ;. and has a negative sign
agpe = —0,0052/°C.

The characteristics of a photo-electric pressure sen-
sor is influenced by the dark current of the photodiodes.
Due to a close arrangement of the photodiodes on a
chip and integrated technology the characteristics of
the photodiodes are almost identical. It allows to im-
prove the metrological characteristics of a sensor due to
the currents compensation. The temperature depend-
ence of the reverse dark current /(7)) is presented in
fig. 7, is well approximated by the following expression:

I(T) = Ip(Ty)exployo(T — Tp)l,

where o, = 0,061/°C, which corresponds to the data
[14]. The reverse dark current depends on the physical-
technological features of the photodiodes and in the
considered case is equal to /(7)) = 4- 10719 A. The
photosensitive element preserves its operability at tem-
peratures up to 120 °C.

Conclusion

A photosensitive element for a pressure sensor with
modulation of the light flux, and containing a pair of
planar silicon photodiodes was developed and investi-
gated. The differential connection of the photodiodes
allows to use the linear region of the transforming char-
acteristic of a sensor in comparison with a sensor de-
scribed in [5], having a single photodiode. For a pres-
sure sensor the mode of measurement of a difference of
the short circuit currents is more preferable, because of
their weaker temperature dependence in comparison
with the open circuit voltage. Increase of the tempera-
ture results in a higher sensitivity of the pressure sensor
with light flux modulation, unlike that of the sensors
based on the tensoresistive effect. The developed planar
silicon photodiodes have the temperature coefficient of
the short circuit current twice higher than the theoretical
value for an ideal diode taking into account only the tem-
perature change of the width of the silicon bandgap.

The authors express their gratitude to Evgeniya Petro-
vna Gridchina for her assistance in profiling of the pho-
tosensitive element.
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PACHET EMKOCTU IPEBEHHYATOI'O NEPEMEHHOIO KOHAEHCATOPA
AAAl SAEKTPOCTATHUYHECKOTIO BUBPALUMOHHOI'O TEHEPATOPA DHEPTUA

C YYETOM KPAEBbIX D®O®EKTOB

Ilocmynuaa 6 peoaxyuro 04.04.2016 e.

Paccmampusaemces epebenuamasn 3D-KOHCMPYKUUsS nePEMEHHO20 KOHOeHCamopa ¢ U3MeHeHuem nAouadu nepeKpulmus d1eK-
mpooos, 20e NOOBUNCHBLL U HENOOBUNCHbLI 31eKmpo0bl PACHOAONCCHbL 8 PA3AUYHBIX NAOCKOCMSX, NPU IMOM 08UNCEHUE NOOBUNIC-
HO20 31eKmpoda npoucxooum 6 AamepaibHOM Hanpaeienuu. Hccaedyemces: 603MONCHOCMb Y8eaueHus eAyOUuHbl MOOYASYUU eM-
KOCMU KOHOEHCAmopa nymem usmeHeHusi pazmepos e2o 1eKkmpodos. [lokazano, umo cywecmsyem onmuManibHas WUpUHa naibyes

91eKmpo0doe W, npu Komopou Mo*CHO docmutb Haubosvuieeo omuouenus C,,, /C,,

in- Hccnedo6ano enusnue mencaneKkmpoonozo

3a3opa g u uucia naasvlee 3/1eicmp0006 N Ha INEKMPUHECKYI0 eMKOCMb. Pe3y/zbmamb1 pa60mbt no3eoasiom Hatimu Haubonee on-
MUMANbHYH) KOHCMPYKUUO ucwzeayeMoeo epe6eimamoeo nepemMeHHo2c0 KOHOeHcamopa.

Karoueevie caosa: zpebenuamviii nepemeHHull KOHOGHCAMOp, 31eKMPOCMAamu4eckKull UOPAUUOHHBIIL 2eHepamop >Hepeull,

MIOMC, MOMII suepeuu, kpaesvie 3¢pghexmoi

BBenenue

bnaromapst mOCTHXEHUSIM B MUKPO3JIEKTPOHUKE,
pPaIMOTEXHUKE U MUKPOCUCTEMHON TEXHUKE CETOMHSI
CTPEMUTEILHO Pa3BUBAIOTCSI OECIPOBOAHBIE CEHCOP-
Hele ceTu (BCC), KoTopble COCTOSIT U3 OOJIBILIOTO YKUC-
Jla MHTEJUIEKTYaJbHbIX CEHCOPOB C HU3KUM 3HEpro-
norpedaeHueM, MHGOpMaIUs OT KOTOPBIX COOMpaeTcs
U TIepelaeTcs C IMOMOIIbI0 paguokaHaia [1]. MHorue
oTpacyid U chepbl AeSITEIbHOCTU (IMTPOMBIIIEHHOCTb,
TPaHCIOPT, KOMMYHaJIbHOE X0O35ICTBO, OXpaHa, MeIy -
LIMHA) 3aHTepecoBaHbl BO BHeaApeHUn BCC, mipu aToM
YHCJIO MOTPeOuUTENeil HETPEPHIBHO YBEJIMUMBACTCS.

Hns pyaxkumonuposannst BCC HeobxoauMbl Ha-
JIe>KHBIe aBTOHOMHBIE MCTOYHWUKHY TTHTaHUs. B HacTo-
SIIUMA MOMEHT OCHOBHBIMM MCTOYHUKAMM TUTaHUS
IUIST Y3J7I0B CETH SBJISTIOTCS MajorabapUTHEIE OaTtapeun
U aKKyMYJISITOPBI, TpeOylollre Nepuonyeckoii 3ame-
Hbl WIM NOA3apsIIKM, YTO HE BCErla BO3MOXHO M3-3a
TPYAHOIOCTYMHOCTU 3JieMeHTOB BCC u ux 60bI1I0ro
yucaa. Kpome Toro, npu ¢pyukinonuposanuu bCC ee
3JIEMEHThI HAXOAITCS B COCTOSIHUM OXUAAHUS (OYEeHb
HM3KOTO TOTpebIeHus sHeprun) 10 99 % Bcero Bpe-
MEHU 2Kcrutyataimu. I1oaToMy BO3MOXHA CUTyallus,
Koraa camopaspsiai 6atapeu OyIeT MpeBbIlaTh CpeaHee
notpebaeHue sHepruu anemeHtom bCC.

HaunbGonee nmonxonsiieit albTepHaTUBOI OaTapesiM
A aKKyMYJIATOpaM SIBISIIOTCS WCTOYHWUKM TTUTAHUS,
ITO3BOJISIONINE M3BJIEKATh SHEPTHIO U3 OKPYKAIOIIEH
cpembl HEMOCPEICTBEHHO Ha MecTe (hYHKIIMOHMPOBA-
Hus 371eMeHToB BCC [2]. Takue nCTOYHUKHU coaepkaT
YCTPOICTBO, MPEOOpPa3yIoLee IHEPTUIO OKPYXKAIOILIEH
cpenbl B 3JIEKTPUYECKYIO dHEpTHio (TIpeodpa3oBaTellb
SHEPTUM), U KOMITAKTHYIO Tlepe3apsikaeMylo 6atapelo,
KOTOpasi CIYy>XUT Oy(epHbIM 3J€MEHTOM JUISl MOAJe-
pXaHus HeIpephIBHOIM padOThI cucTeMHBI [3].
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HMcToyHukaMu 3HEPrMu MOTYT OBITh COJTHEUYHBIH
CBET, MOTOKM XUIKOCTEW M ra3oB, Iepenajabl AaBje-
HUSI U TeMmIlepaTyphbl, PaailOaKTHBHOE H3JIydyeHUE U
SHEPTUSI MEXaHMYECKMX KoyieOaHUil n BUOpaumii [2].
BBumy pacnpocTpaHeHHOCTH 1 JOCTYITHOCTH UCTOYHM-
KOB MeXaHUYECKOM SHePTrur, HauboJjee MoAXOASIIIUM
MIPEICTABIISIETCS MCITOJIb30BaHNE MHKPOIJIEKTPOME-
XaHU4YecKux TmpeobpasoBareneit (MOMII) mexaHu-
YECKON BHEpPruu B 3JEKTPUYECKYIO0 dHEPruio, KOTO-
pble (haKTUUECKU SIBISIOTCS MUKPOJIEKTPOMEXaHU-
yeckumu cucreMamu (MOMC) [4]. CyluecTBYIOT TpU
OCHOBHBIX HaIlpaBjieHUs1 pa3paboTku MOMII sHep-
I'Md — Ha OCHOBE Mbe303JEKTPUUECKUX, DJIEKTpoMar-
HUTHBIX U 3JIEKTPOCTaTUYECKMX Mpeodpa3oBareseit [J].
C TeXHOJIOrMYeCcKOM TOUKU 3peHus1 0osiee MepCcreKTrB-
HBIMU CUUTAIOTCS 3JEKTPOCTaTUUYECKUE (EMKOCTHBIEC)
MBMII, Ttak Kak TeXHOJIOTMSI UX U3TOTOBJICHMUS MO~
HOCTBbIO COBMECTHMMAa C TEXHOJIOTUEN MHTerpajibHbIX
MMKPOCXEM.

IIpusiun padoThl M MOCTAHOBKA 3a/1a4M

IMTpuHuMn paboThl 3JekTpocTaTudyeckux MOMII
9HEpPruM, o0ecCIeUunBaOIINX IIPeoOpa3OBaHUE SHEPTUN
MEXaHMYECKUX KOJeOaHU B 9JIEKTPUUECKYIO SHEPIUIO,
OCHOBaH Ha M3MEHEHUHU 3apsijia Wv HaIpsKEeHUs Ha
00KJIaIKax mepeMeHHOro KoHaeHcaTopa (puc. 1) npu
MOJIYJISIIUU €r0 eMKOCTU C IMOMOIIbI0 MEXaHUYECKUX
KosneOaHuii. 3a cueT pabOTHI, COBEpIIAEMOI BHELIHEH
MEXaHWYECKOW CUJION, MPU U3MEHEHUU €MKOCTU Iie-
PEMEHHOI0 KOHIeHCATOpa YacTh MEXaHUUYECKOI IHep-
MU TpeobdpasyeTcsl B 3JEKTPUUECKYIO SHEPTHUIO.

Ha puc. 2 mpencrabjieHa SJeKTpUYecKas cxema
MOMII (reneparopa) sHepruu, riue V; — nepBUYHBIA
WCTOYHUK HampsikeHusi, C — MepeMeHHbIA KOHIEH-




- [TonBrxHBIN 1eKkTpox /
| Movable electrode

| .
| - - HemonswxHsIii amexTpos /
I Fixed electrode

\
| - - Mecra kperuteHus /

Fixing points )
overlapping area

Vi3MeHeHue IUIoma/Im
TIEPEKPBITUS HIEKTPOIOB /
Change of electrode

G
Vi3MeHeHIe MEX3IEKTPOIHOTO 3a30pa /
Change of interelectrode gap

Puc. 1. YnpomeHnnas cxema MexaHuyeckoro yzaa MOMII
Fig. 1. Simplified scheme of the MEMC mechanical unit

carop, Cg — HaKONUTENbHBIA KOHIEHCaTOp, R — co-
NIPOTUBJIEHUE HATPY3KU, Sw; U Sw, — YIPaBJIAIOLINE
kmouu. [lox neiicTBueM BHEILIHENH MEXaHUYECKOUW CU-
JIbBl eMKOCTbh TIEPEMEHHOI0 KOHJEHCATOPa MOXET W3-
MeHATbCA OT Cin 10 Cp. ¥ 00paTHo.

Ecau B MOMEHT IOCTMKEHUSI MaKCUMAaJIbHOW €M-
KOCTH KOHIEHCATOP IOAKIIOUYNTh K OCHOBHOMY MC-
TOYHMKY HaNpPsKeHUs (3aMKHYB KJIIOY Sw;), TO Yepe3
HeOOJIBbIIION MHTePBAJI BpeMEHM HaIpssKeHNEe Ha KOH-
JEHCATOpe IOCTUTHET V), a 3amaceHHas SHeprus —
3HaueHuss Wepn = CmaxV(% /2. Ilpu 3TOM Ha 3Tamne 3a-
psla KOHIAEeHCAaTOpa OT OCHOBHOTO MCTOYHMKA OyIyT
B34Thl oHeprust Wy = CmaxVO2 u 3apsan AQ = Cp. V).

IIpeobOpa3zoBaHue MeXaHUYECKOW 3HEPIUU B 2JIEK-
TPUYECKYIO B TaHHOMI cxeMe OyAeT UMEeTb MeCTO NMpU
YMEHBIIEHUU EMKOCTU KoHAeHcaTopa oT Cp., 10 Crin
(Ipy pa3sOMKHYTBIX Sw; U Sw,) 3a CYET BHELIHEH Me-
XaHWUYECKOU CWIIBI.

Ecnu Ttemepr B MOMEHT HOCTMKEHUSI MUWHMU-
MaJIbHOM eMKocTu KoHaeHcatop C TOZKIIOYUTH
(3aMbIKaHUEM Kioya Sw,) K Harpyske, TO SHeprus
Wemax = (Cmax/ Cmin) Wmin» HAKOIUIEHHAA K KOHILY
LIMKJIa IIpeoOpa3oBaHus, MOXET OBITh IlepegaHa B Ha-
rpysKy. Ilocie 3TOr0 mpu pasoMKHYTOM Kitoue Sw,
3a CUET BHEUTHEW CUJIBI /WM BO3BPAIAONIEH CUJTBI
YIPYroro mnojaBeca MOABMXKHOTO 3JIEKTPOJa €MKOCTh
KOHJZIeHcaTopa JoJkKHa ObITh yBeauuyeHa 1o Cp ... Ha
5TOM LIMKJI MpeoOpa3oBaHUs 3aKaHUMBAETCSI.

3ayacTylo napajieIbHO Harpy3Ke BKJIIOYalOT HAKO-
nuTeNbHbIA KoHaeHcaTop Cg, Kak MOKa3aHo Ha puc. 2
MyHKTAPOM. B pesynbraTte NMpy KaXknoM 3aMbIKaHUW
Kioya Sw, (B KOHLE KaxXIO0ro LMKJIa Ipeobpa3osa-
HUSI) YacTh 3apsiia nepeMeHHoro KoHneHcatopa C me-
pexomut B Cg, a 3aTeM (YX€ NP Pa3sOMKHYTOM Sw,)
CTeKaeT B Harpy3ky R.

IMpy 1WKIMYECKOM MeXaHWYECKOM BO3IENCTBUU
pPa3HOCTb DHEPTUM, MEePEeJaHHON B HAarpy3Ky 3a IIUKII
NnpeoOpa3oBaHusl Ha 3Tane paspsiia KOHAeHcaTtopa, U

OHCPIrum, B3STOM OT OCHOBHOTO MC-
TOYHHMKA Ha ITaIll€ 3apsdaa, paBHa

AW = Wemax — Wo = %ng, (1

e ¥ = (Crpax ~ 2 Chin)(Crax/ Cinin)-

M3 BbipaxeHus (1) BUAHO, UTO
BbIpabaThiBaeMasl 3a LIMKJ SHEPrus
3aBUCHUT OT BEJIMYUHEI y, a SHEPTHS,
oTmaBaeMasl B Harpy3Kky, OyaeT mpe-
BBIIIIATh 3HEPTUIO, B3ATYI0O M3 OC-
HOBHOTO HMCTOYHMKA, TOJBKO €CIIU
Cmax/ Cmin > 2.

Hns apdekTuBHOMN paboOTHI Tpe-
oOpazoBartesisi HEOOXOOAMMO HUMETh
MaKCUMAJIBHYIO TJIyOMHY MOIYJISI-
unn eMkoctv Cp../Crin- Y3MeHe-
HUS eMKOCTH KoHAeHcaTopa MOMII
MOXHO JTOOUTBCS IMyTEM HU3MEHEHMS
MEX3JIEKTPOIHOTO 3a30pa WJIH TLTOIIATN TTePEKPBITHUS
2JIeKTpoaoB (cM. puc. 1). Oba BapuaHTa, OJHAKO, UMe-
10T CBOM HEIOCTaTKM: KOHCTPYKIIMM C WU3MEHEHUEM
MEXK3JIEKTPOJHOTO 3a30pa MoABEPXKEeHbI 3 HEKTY CXJI0-
neiBanus (pull-in effect) snekrpomos [6], Torma Kaxk B
KOHCTPYKIUSIX ¢ U3MEHEHHWEM TLIOIIAIN TTePEeKPBITHS
3N1eKTpOonoB Moayaauusa eMKoctu C../Co .. MOXET
OBITb HEAOCTATOYHOU 1T 3(PPEeKTUBHOI pabOTHI Te-
HepaTopa M3-3a BIUSHUS KpaeBbIX 3¢ dekToB [7, 8].

B nanHoi#t paboTre paccMmarpuBaeTcsl TpeOeHuUaTas
KOHCTPYKIIMS TIepeMEeHHOT0 KOHAeHcaTopa C M3Me-
HEHUEM ILIOIIAAM MTePEeKPhITHS NEKTPOJIOB, IIe MO -
BUSKHBIN ¥ HETIOABVIKHBIN 3JIEKTPOIBI PACIIONOKEHBI
B Pa3JIMYHBIX TUIOCKOCTSIX, IIPU 3TOM JIBMXKEHME IO -
BIIKHOTO 3JIEKTpOAA TIPOUCXOINUT B TOPU3OHTAITHLHOM
HanpasieHuu (puc. 3) [9]. Takasg KOHCTPYKIIMS He
noaBepxkeHa 3(PMEKTy CXIOMBIBAHUSA M3-3a OTCYTCT-
BUS IBUXXEHMSI B BEPTUKAJIbHOM HampaBlIeHUU, BIO-
0aBOK IUIONIAAb MEPEeKPHITUS MEXAY dDJIEKTPOAaMU
U3MEHsIETCA OObIlle, YeM B KOHCTPYKIIMHM C 3JIEKT-
poaaMy B OAHOM MUIOCKOCTH (CM. puc. 1), 4yTo obec-
rednBaeT 60JbIIYI0 MOTYISMI0 eMKOCTH Cpa/ Crnin
[10]. JdOMOMHUTEAbHBIM MPEUMYILIECTBOM ITaHHOM
3D-KOHCTPYKIIUY SIBJISIETCSI BO3MOXKXHOCTH KOMOMHU-

Pocumsmmammun

)
=
A
|

Puc. 2. Tunuunas snekrpudeckas cxema MOMII sneprun
Fig. 2. Electric circuit of MEMC of energy

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 7, 2016 425



€MKOCTU INPOUCXOONJIO IIPHU CMEUIC-

HHMHMN X NMOABHKHOTO OJICKTpPOJa OTHO-

Puc. 3. Mopenb ucciienyeMoro rpedeH4aToro nepeMeHHoro Konaencaropa: / — moj-
BVKHBIM TpeOEHYATBIN 3JICKTPO; 2 — HEMOABMKHBIN rpebeHYaThIil 31eKTpoa; 3 — oc-
HOBaHWE HEMOJBMXHOIO 3JIEKTPO/IA; OCHOBaHME MOABUXKHOIO (BEpXHET0) 3JIeKTpoaa
Ha PUCYHKE He MOoKa3aHo
Fig. 3. Model of the comb variable capacitor: 1 — moveable comb electrode; 2 — fixed comb
electrode; 3 — base of the fixed electrode; the base of the moveable (upper) electrode is not
shown

pOBaHMS HECKOJBKMX MEPEMEHHBIX KOHIECHCATOPOB
B IMEPIEHINKYJISIPHOM K IUIOCKOCTU YCTPOIICTBA Ha-
MpaBJICHUH, KOTOpasi MO3BOJUT MOBBICUTh BbIpadaThl-
BaeMyl0 BDHEPruio NMpyu MajoM M3MEHEHWHU pa3MepoB
ycrpoiicTBa. CTOUT 3aMETUTh, YTO B JIMTEpaType Majo
paccMaTpuBaeTcsl MpeUIoKeHHass KOHCTPYKLIMS U3-3a
CJIOXKHOCTHM pacueTa dJIEKTPUUYECKOM eMKOCTH, 00yc-
JIOBJIEHHOH crnenmuyecKoil KOH(PUTypalueid 3JIeKT-
pUYECKUX MOJEH C CHJIbHBIM BIMSHUEM KpaeBbIX 3(-
(hEKTOB.

Llenbio pabOTHI ABIISIETCS MCCAEIOBAHNE BO3MOX-
HOCTU YBEJIMYEHUS TJIYOMHBI MOIYISIUUU €MKOCTH
Cinax/ Cinin TPEOEHYATOTO MEPEMEHHOTO KOHIEHCATOPA
IMyTeM M3MEHEHUs pa3MepoOB €ro 3JIeKTPOAOB.

Mogean

PaccmaTrpuBaemblii MepeMEHHBIA KOHIEHCATOP
U300paXeH Ha pUC. 3, MOAYJSILUUS €MKOCTU B HEM
MPOUCXOAUT 3a CUEeT U3MEHEHMUS TUIOLIAANA TePeKpPbl-
TUSI MEXAY METULIMYECKUMU IrpeOeHYaThIMU DJIEKT-
poJaMu TpU CMEILEHUU X TTOJBUKHOIO 3JjieKTpona I,
OTHOCUTEIBLHO HEMOABMUXHOIO 3JeKTpoda 2. DIeKT-
poabl / 1 2 UMEIOT OIHU U Te XK€ pa3Mephl, pacroJio-
JKEHBI B MapaJlIeIbHBIX TJIOCKOCTSIX, COCTOSIT KaXKIbIi
u3 13 coeAMHEHHBIX APYT C APYTOM MalblLEB U 3aKpeTl-
JIEHBI Ha OUBRJIEKTPUUECKUX OCHOBAHMSIX.

Pacuer 3aBucumocteit emkoct C OT CMeEILEHUs
MOJABUXHOTO 3JIEKTPOAA X OTHOCUTEIbHO HEMOIBUXK-
HOTO MPOBOJUJICS C TOMOIIBIO METOIa KOHEUHBIX BJie-
MeHTOB B ImakeTe ANSYS ¢ morpemrHocTeio He Oosiee
3 %. B 06acTax ¢ pe3KUM IPOCTPAHCTBEHHBIM U3Me-
HEHUEM MOJISl TJIOTHOCTh CETKU OblLla 3HAYUTEIbHO
BBILIE, YeM B OCTaJIbHBLIX oOyacTsx. B kadecTBe rpa-
HUYHBIX YCJIOBUI 3amaBajlach BO3AYyLIHAsl OKpYyXaro-
mas cpefa M HaIpspKeHUe Ha TTOABMKHOM UM CTaIuo-
HapHoM ssekTpogax — 1 B u 0 B cooTBercTBeHHO.

BorurcieHus: mpoBOAUIKUCH ITPU PA3IMUYHbBIX 3HaUe-
HUSIX IIMPUHBI TAJbLEB W U TOJIIMHBI 3JEKTPOIOB £,
IJIMHA ManbleB / = 46 MM M MEX3JIEKTPOIHLIA 3a30p
g = 0,1 MM ocraBaiuchb HEU3MEHHbIMU. M3MeHeHUE
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CUTEJILHO HAYaJIbHOTO  ITOJOXEHMUS
BJIEKTPOAOB, KOTIA OHU PACIIOJOXKEHbI
Ipyr Hag npyrom. CMelleHne X Bapbu-
poBayock oT 0 MM 110 2,2 MM C ILIaroM
0,1 mm. lllupuHa w 1 TOJILIMHA  TaTb-
1eB u3MeHsumch ot 0,2 MM 10 2 MM ¢
marom 0,2 MM, IOJOXEHUSI LIEHTPOB
MajbleB He U3MEHSIUChL. PaccTosiHUe
MEXIy COCeIHUMMM MajbliaMU COCTaB-
Js110 d = 4 — w, TIoJIHasl LIMpPUHA KaX-
JIOTO U3 BJIEKTPOAOB ONpeaesisiiach Kak
W= 50 — (2 — w), Toe BCe BEJIMYUHBI
OepyTcs B MUJUIMMETpaXx.

Pe3yabTaTsl pacueToB u 00CyKIeHHE

Ha puc. 4, a npeacraBiaeHbl 3aBUCUMOCTH €MKOCTH
C mepeMEeHHOro KOHJeHcaTopa OT OTHOCUTEJIbHOIO
CMEIIeHUsI X TTOABMKHOTO 3JICKTPOAA TP Pa3TMIHOM
IIMPUHE TMaJbLIeB W IJIS1 TOJIIMHBI MOJBUXKHOTO 1 He-
MOJBMXKHOTO 3JIEKTPoIoB ¢ = 0,8 MM.

M3 puc. 4, a BUIHO, YTO Ha BCEX 3aBHUCUMOCTSIX
C(x) eMKOCTh MMeeT HauOoJibllee 3HaYeHMUE, KOoraa
x = 0 MM, Ip¥ 5TOM BC€ MaJblLibl BEPXHETO U HUXKHE-
TO BJIEKTPOAOB PACIIOJIOXKEHEI CTPOTO IPYT Hal IPYTOM
M TUIOLIAAb TIEPEKPBITUSI DJIEKTPOIOB MaKCHMaIbHa
(puc. 5, a, cM. YETBEPTYIO CTOPOHY OOJIOXKKM).

IIpu cMmereHU MOABIKHOTO 3JieKTpona x > 0 MM
eMKkocTh C magaeT u3-3a TOro, YTo IIolanab NepeKphbl-
TAS MEXIy MaJbllaMU TTOABIKHOTO W HETTOABIKHOTO
BJIEKTPONOB yMEHbIIAeTcs (pUC. 5, b, CM. YETBEPTYIO
CTOpOHY 00J10kKKM). OmHAaKO €MKOCTh YMEHBIIAeTCs
0 X = 2 MM, TIOCJIe Yero HaYMHaeT CHOBA PAacTH, IIPU
9TOM BO3HMKAeT MMHUMYM HU3-3a TOTO, YTO MEPEKPHI-
THE MEXAYy BJEeKTPOIaMU TIOJHOCTBIO OTCYTCTBYET
(puc. 5, ¢, CM. YETBEPTYIO CTOPOHY 00JI0XKHU). B 00-
eM ciayJae MepuOIUYHOCTh MaKCMMYMOB €MKOCTH
COOTBETCTBYIOT CMelleHUIo X = n(w + d), a MUHUMY-
MoB — x = n(n = 1/2)(w + d), tne n € Z. OueBuaHoO,
YTO 3HAYEHUS] EeMKOCTH B MaKCMMyMax U MUHUMYMax
OylyT yMEHBIIATBCSI C POCTOM #, 3TO OOYCJIOBJIEHO
YMEHBIIIEHUEM pabouell IIOIIaaN MePeKPhITUS JIeK-
TPOJIOB MEPEMEHHOI0 KOHAEHCATOpa.

N3 puc. 4, a Takke BUAHO, YTO C YMCHBIICHUEM
LIMPUHBI 2IEKTPOIOB W MaKCUMallbHasd eMKOCTb Cp .y
(mpu x = 0 MM) ¥ MUHUMaJIbHAsA eMKOCTb C .. (1Ipu
X = 2 MM) yMeHbIIAIOTCSl. YMEHBIIeHUEe MaKCUMallb-
Hoit eMKoCcTH C,,, OOYCIOBJIEHO YMEHBIIEHUEM ILIO-
IIaau 3JIEKTPOIOB U, CJAEIOBATEIbHO, YMEHbBIICHUEM
MaKCUMAaJIbHOTO TMEPEKPBITUSI MEXIY DJEKTPOIaMU.
Ywmenbiienue C i, ¢ YMEHBLIEHUEM W BO3HUKAET U3-
3a YBEJUYEHUST PACCTOSIHMSI MEXIy NajablaMu d, 4To
MIPUBOIUT K CHUKCHMIO BIMSIHUSI OTHOTO 3JIEKTPOIA
Ha Japyroi mpu x = 2 MM (puc. 5, c).

Ha puc. 4, b ipencraBieHbl HOpMUPOBAHHBIE 3a-
pucumoct eMKocth Cp,../C OT OTHOCUTEIBHOIO




—— gy = 02 mm
==== w=04mm
weeeenne g = ()8 mim
mnnm ow= L4dmm
— w=20mm

Puc. 4. 3aBucumoct eMKocTH C OT OTHOCHTEJILHOTO CMEIIEHHS X MPH
Pa3IMYHOI IMPUHE NAJBIEB W U TOJIKHE dJeKTponaos f = (0,8 mm:
a — aOCOJIIOTHBIE 3HAYEHMSI eMKOCTH; b — HOPMUPOBAaHHBIE 3HA-
YEHUS] eMKOCTH TPU Pa3IMYHBbIX OTHOILEHUSIX W/g

Fig. 4. Dependencies of capacitance C on the relative displacement x at
different widths of the fingers w and thickness of the electrodes t = 0,8 mm:
a — absolute values of the capacitance; b — normalized values of the
capacitance at different ratios of w/g

cmenienus x/[0,5(w + d)] nas pa3saUYHBIX OTHOIIIE-
Huit w/g. Haumenbluee 3nHaueHue Cp,,./C.i, (Ipu
x/10,5(w + d)] = 1) nabmomaercs misd w/g = 2, 3aTeM
OHO pacTeT M JOCTUTaeT MAaKCMMAaJIbHOTO 3HAYECHMSI
npu w/g = 14, mocjie 4ero cCHoBa YMEHbIIAETCS JJIsI
w/g = 20. Takum obpa3om, CyllleCTBYeT ONTUMaTbHas
IIMPUHA TAJTbLEB 2JIEKTPOIOB W, IIPU KOTOPOIl MOXKHO
J10cTUYb Hanbosbiero oTHOWEHUA Cpav/ Crin-

Ha puc. 6 npeacraBieHbl HOpMUPOBAaHHBIE 3aBH-
cumocti eMKOCTH Cp . /C OT OTHOCUTEJILHOTO CMe-
wenust x/[0,5(w + d)] moaBUXHOrO 3JeKTpoaa IpU
Pa3IMYHON TOJILMHE 3JIEKTPOAOB ISl ILUPUHBI MaJb-
ueB w = 1,4 mm. C pocTOM TONILUMHEI 3J€KTPOAOB
NpY HEUM3MEHHOMN IIMPUHE MajblieB W OTHOLIEHHUE
Cinax/ Cinin OYIET YBEIMYMBATLCA 3a CUET KPAeBbIX 3(-
¢GeKTOB U yBeIUUeHUsT OOKOBOI MOBEPXHOCTU 3JIEKT-

ponoB (cM. puc. 5).

Ha puc. 7 (cM. 4eTBEpTyIO CTOPOHY OOJIOXKN)
MIpeaCTaBIeH TpaprK MOBEPXHOCTH JUISI OTHOIICHMS
MaKCUMAaIbHON €MKOCTH K MUHUMAaNbHOU Cp.v/Criin
OT OTHOllIeHUI w/g u t/g. I3 pucyHKa BUIHO, YTO OT-
HoweHue Cp../Coin UIMEET MaKCUMYM TIpu w/g = 14
u t/g =20 u cocraBnser 3,73. AHanu3 ITOKa3bIBaeT, YTO
orHowenue Cp../C i, AOCTUTHYB MakCUMyMa IIpU
t/g = 20, BbIXOAUT Ha HACBILIEHUE W 3aTeM IPaKTH-
YECKHU He YBeJMYMBAETCS.

HMHTrepec Takke MpencTaBiseT BAWSHUE U3MEHe-
HUSI MEX3JIEKTPOIHOTO 3a30pa g Ha 3JEKTPUUYECKYIO
eMkocTb C paccMaTpUBaeMOIo MepeMeHHOro KOHIEeH-
catopa. Ha puc. 8 mpencraBieHbl 3aBUCMMOCTU €M-

Puc. 6. Hopmuposannsie 3asucumoctu emkocta Cp,./C oT oTHOCH-
TEeJbHOTO CMENIEHHsl NPH PA3IMYHbIX OTHOMIEHHAX 7/g M IIHMpPHHE
nanbnes w = 1,4 Mm

Fig. 6. Normalized dependencies of the capacitance C,,,,/C on the relative
displacement at different ratios of t/g and width of fingers w = 1,4 mm

v g =90 um...
= g=100pm

Puc. 8. 3aBucumoctd eMKocTH C OT OTHOCHTEJIBHOTO CMEIEHHS X
npH Pa3MYHOM MEXKIJIEKTPOJHOM 3a30pe g, TOJIIMHE 3JIEKTPOIOB
t = 1,6 MM 1 mmpuHe najabues w = 1,4 mm
Fig. 8. Dependence of the capacitance C on the relative displacement x
at different values of the interelectrode gap g, thickness of electrodes
t = 1,6 mm and width of fingers w = 1,4 mm
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Puc. 9. 3aBucumocTb KO3 (pUIMEHTA ¥ OT YHCJIA NATBIEB 3JEKTPOI0B
N nas xouctpykmuu ¢ £ = 1,6 vm, w = 1,4 mmn g = 0,1 mm
Fig. 9. Dependence of coefficient y on the number of electrode fingers of
N for a design with t = 1,6 mm, w = 1,4 mm and g = 0,1 mm

koctu C OT CMEILEeHUST X TIPU Pa3IMUYHBIX 3HAYEHMSIX
MexXaeKTpoaHoro 3a3opa g = 90, 100 u 110 MM, nipu
PUKCUPOBAHHBIX 3HaUYeHUAX W= 1,4 MM 1 = 1,6 MM.
YCTaHOBIIEHO, YTO IIPU U3MEHEHUH 3a30pa gHa =10 %
MakcuMmallbHasg eMKocTb Cp .. U3MeHseTca He Oosee
yeM Ha 8,5 %, MuHuUMasbHas eMKocTb C ., — He 60-
nee 1 %, a otHomenue Cp,,/Cin — He 6onee 7,4 %.
To ecTh IpyU U3MEHEHUN MEXB3JEKTPOJAHOIO 3a30pa g
[JIABHBIM 00pa3oM M3MEHSETCS MaKCHUMajibHas eM-
KOCTb Cy .y, TOTAA KaK MUHUMaNbHAA Cp i, U3MEHSET-
csl OYeHb cJ1abo.

JloTOTHUTENIbHBI MHTEpeC MpeacTaBisieT ucche-
JIOBaHWE BIUSIHUSI yuclia 3JeKTpoJoB N Ha BbIpaba-
THIBAEMYIO 2JIEKTPOCTATUYECKUM T'€HEPaTOPOM dHEp-
ruto. Ha puc. 9 npeacraBieHa 3aBUCUMOCTb KO3 hu-
LIMEHTA y OT YMCJIa 3JeKTPoaoB N, paccuuTaHHAs s
KOHCTPYKUMU TpebeHYaToro mepeMeHHOTO KOHIEH-
caTopa C IMPUHON nayibleB w = 1,4 MM, TOJILLIMHON
3JIEKTPOIOB = 1,6 MM M MEX3JIEKTPOIHBIM 3a30pOM
g=0,1 mm.

M3 3aBucuMocTH Ha puc. 9 BUTHO, YTO €MKOCTHOM
KO2(hGULMEHT ¥ IMHEHHO BO3PACTaeT C pOCTOM YHCIa
a5ekTpoaoB N. Takum o00pa3oM, BHITOJHEE HUCIIOIb30-
BaTh CTPYKTYPY C OOJIBILIMM YHCIIOM 3JIEKTPOIOB VIS
MoJlydeHnsl OOJIbIIell BBIXOAHOM MOIIHOCTUA. B maH-
HoIi paboTe ObLI0 BEIOpaHo 3HadyeHue N = 13 n3-3a or-
paHMYECHUI HA pa3Mep KOHCTPYKIIMH, a CleIoBaTelb-
HO, Ha YMUCJIO KOHEYHBIX 3j1eMeHTOB 11t MKD u cko-
POCTBb pacyeToB.

3akioueHue

B pesynbraTte uccienoBaHus ObUIM TIOJyYEeHBI U
MPOaHAJIU3UPOBAHbl 3aBUCUMOCTU 3JIEKTPUUYECKON
emkoctu C MepeMeHHOIro KOHJeHcaTopa ¢ rpedeHyYa-
TOU KOHCTPYKIIMEN C M3MEHEHUEM IUIOIIANUA TIepe-
KPBITHS 3JIEKTPOJIOB OT CMEIIIEHUS MOABVXKHOTO 3JIEK-
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TpOIa X MPH Pa3IUIHBIX 3HAYCHMSIX ITHPUHBI MaTb-

1I€B W U TOJILLIMHBI 2JIEKTPOJIOB 7.

AHanu3 nokasaj cleAyrollee:

e TIONY4YeHHBIE 3aBUCUMOCTU C(X) UMEIOT MaKCUMY-
Mbl €eMKOCTH IpU cMellleHun x = n(w + d), a Mu-
HUMYMBI — TIpu X = n(n £ 1/2)(w + d), tne n € Z;

e CYIIECTBYET ONTUMAaJIbHAS IIIMPUHA MAJbLIEB W, IPU
KOTOPOW MOXHO JTOCTUYbh HAaWOOJBIIETO OTHOIIIE-
HUA Cmax/ Cmin;

o orHouwieHue Cp../Co . YBEIMYUBAETCS C POCTOM
/g 1 BBIXOOWT Ha HachILLIEHUe Tpu t/g > 20;

e otHoweHue Cp/Crin UMEET MaKCUMyM IIpU
w/g = 14, t/g = 20 u cocrasnser 3,73;

e JUIS KOHCTPYKIMU ¢ w = 1,4 MM 1 t = 1,6 MM mIpu
u3MeHeHUM 3a3zopa g Ha =*10 % oTHOlIeHUE
Crnax/ Cmin U3MeHsieTCst He Gonee ueM Ha 7,4 %;

e IS TOJNyYeHUsI OOJIbIIE BBIXOAHOW MOILIHOCTH
HE00XOIMMO UCII0JIb30BaTh 3D-KOHCTPYKLIMIO Tpe-
OEHYATOr0 IEPEeMEHHOro KOHAeHcaTtopa ¢ 00Jb-
IITUM YHUCIIOM DJIEKTPOIOB N.

PesynbraThl paboOThI ITO3BOJISIIOT 0OJIee TOYHO pac-
CUMTATh ONTHUMAJIbHYIO KOHCTPYKIIMIO IIPEICTaBICH-
HOTO IpeGeHYaToOro MepeMeHHOro KOHAeHcaTopa, MC-
noabs3yemoro B MOMII sHeprum.
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Capacitance Calculation of the Comb Variable Capacitor for the Electrostatic
Vibration Energy Harvester in Consideration of Fringing Field Effects

The topic of the article is a 3D-structure of the comb variable capacitor with a change of electrode overlapping. The capacitor
moveable and fixed electrodes are located in different planes, at that, the moveable electrode goes in the lateral direction. Feasibility
of an increase of the capacitance modulation depth by changing the capacitor electrode dimensions has been studied.

The optimal electrode finger with width w has been demonstrated that the maximal ratio of C,,,./C,,

could be reached. The

in

influence of the interelectrode gap g and the number of electrode fingers N on the capacitance has been studied. The results of the
work allow us to develop the optimal design of the considered comb variable capacitor.

Keywords: comb variable capacitor, electrostatic vibration energy harvester, MEMS, microelectromechanical energy converter,

fringing field effects

Introduction

Thanks to achievements in microelectronics, radio
engineering and microsystem technologies the wireless
sensor networks (WSN) is rapidly developing today,
which consist of a large number of smart sensors with
low energy consumption, the information from which
is collected and transmitted by means of a radio chan-
nel [1]. Many branches (industry, transport, municipal
services, security, medicine) are interested in imple-
mentation and application of the WSN, and the
number of its consumers increases continuously.

Functioning of WSN demands reliable autonomous
power supplies. The main power supplies for the net-
work nodes are small-sized batteries and accumulators
requiring periodic replacement or additional charging,
which is not always possible because of inaccessibility of
the WSN elements and their big number. Besides, dur-
ing WSN functioning its elements are in a stand-by
mode (low energy consumption), which equals to 99 %
of all the time of their operation. Therefore, a situation
is possible, when a battery self-discharge exceeds the
average consumption of energy by a WSN element.

A suitable alternative to the batteries and accumu-
lators are the power supplies, which allow us to generate
energy from the environment on the spot of functioning
of the WSN elements [2]. Such sources contain a de-
vice, converting the energy of the environment into the
electric energy (energy converter), and a compact re-
chargeable battery, which serves as a buffer element for
maintenance of the system’s continuous operation [3].

Such energy sources can be sunlight, flows of liquids
and gases, pressure and temperatures differences, radi-
oactive radiation and energy of mechanical fluctuations
and vibrations [2]. In view of availability of the sources
of mechanical energy, the most suitable is the use of
microelectromechanical converters (MEMC) of the
mechanical energy into the electric energy, which are
microelectromechanical systems (MEMS) [4]. There
are three main directions in development of MEMC
energy — on the basis of piezoelectric, electromagnetic
and electrostatic converters [5]. From the technological
point of view, very promising are the electrostatic (ca-

pacitive) MEMC, because the technology for their
manufacture is completely compatible with the tech-
nology of the integrated microcircuits.

Principle of operation and problem statement

The principle of operation of the electrostatic MEMC
of energy, ensuring transformation of the mechanical
fluctuations into the electric energy, is based on changing
of a charge or voltage on the plate of a variable capacitor
(fig. 1) during modulation of its capacitance with me-
chanical fluctuations. Due to the work done by an exter-
nal mechanical force, during the change of the capaci-
tance of the variable capacitor, a part of the mechanical
energy is transformed into the electric energy.

Fig. 2 presents the electric circuit of MEMC (gen-
erator) of energy, where V|, — is a primary voltage
source, C —variable capacitor, Cg — reservoir capaci-
tor, R — load, Sw; and Sw, — control keys. Under the
influence of an external mechanical force the capaci-
tance of the variable capacitor can change from C;, to
Cinax and back.

If at the moment of achievement of the maximal ca-
pacitance we switch the capacitor to the basic voltage
source (by closing key Swy), then after a small interval
of time the voltage on the capacitor will reach V{,, and
the reserved energy willbe Wi, = CmaXVO2 /2. At that,
at the stage of the capacitor’s charging, the energy of
Wy = Crax V02 and charge of AQ = C,,, V|, will be taken
from the basic source.

Conversion of the mechanical energy into the elec-
tric energy in the given circuit will take place with re-
duction of the capacitance of the capacitor from C,,.
to Cp,in (at open Sw; and Sw,) due to an external force.

If, when the moment of the maximal capacitance is
achieved, we switch capacitor C (by closing key Sw,) to
the load, the energy of Wenin = (Chax/ Conind Wemin
accumulated by the end of the conversion cycle, can be
transferred to the load. After that at an open key of Sw,
due to the external and/or returning force of the elastic
suspension of the moveable electrode the capacitor’s
capacitance will be increased up to C,,.. At that, the
conversion cycle comes to its end.

ax
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Frequently, in parallel to the load, the reservoir ca-
pacitor Cg (fig. 2, dotted line) is switched on. As a re-
sult, at each closing of the circuit by key Sw, (at the
end of each cycle of conversion) a part of the charge of
the variable capacitor C passes to Cg, and, then (at an
open Sw,) flows down to load R.

In case of a cyclic mechanical influence the differ-
ence between the energy, transferred to the load during
the cycle of conversion at the stage of discharge of the
capacitor, and the energy, taken from the basic source
at the charging stage, is equal to

AW = Wemin — Wy = %Vg% (1)
where ¥ = (Cipax = 2Chin) (Chax/ Cinin)-

From expression (1) it is visible, that the energy gen-
erated during the cycle depends on the value of y, while
the energy given to the load, will exceed the energy tak-
en from the basic source, only, if C,./Cyi, > 2. For
effective operation of the converter it is necessary to
have the maximal depth of the capacitance modulation
Cinax/ Cin- Changes in the capacitance of MEMC ca-
pacitor can be achieved by changing the interelectrode
gap or the overlapping area of electrodes (fig. 1). Both
variants have their drawbacks: the designs with a chang-
ing interelectrode gap are subjected to a pull-in effect
of the electrodes [6], whereas in the designs with a
changing area of the electrode the capacitance modu-
lation of C,,,/ Cin may be insufficient for an effective
work of the generator because of the influence of the
fringing field effects [7, §].

The work describes the comb variable capacitor with
a changing overlapping area of the electrodes, where
the moveable and fixed electrodes are in different
planes, at that, the moveable electrode moves in the
horizontal direction (fig. 3) [9]. Such a design is not
subjected to the pull-in effect, because of absence of
movement in the vertical direction, and the overlapping
area between the electrodes changes more than in a de-
sign with the electrodes in one plane (see fig. 1), which
ensures greater modulation of capacitance Cp,./Cpin
[10]. An additional advantage of the 3D design is a pos-
sible combination of several variable capacitors in a di-
rection normal to the device plane, which allows it to
generate more energy with a small variation of the di-
mensions. It is necessary to point out, that the offered
design is rarely discussed in literature, because of the
complexity of calculation of the electric capacitance,
due to a specific configuration of the electric fields with
a strong influence of the fringing field effects.

The aim of the work is a study of feasibility of in-
creasing the depth of the capacitance modulation
Cinax/ Cmin Of the comb variable capacitor by changing
the dimensions of its electrodes.

Model

The variable capacitor is presented in fig. 3, the ca-
pacitance modulation in it occurs due to the change of the
overlapping area between the metal comb electrodes dur-
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ing displacement of x moveable electrode 1, in relation to
the fixed electrode 2. Electrodes / and 2 are of the same
sizes. They are located in parallel planes, consist of 13 in-
terconnected fingers and are fixed on the dielectric bases.

Calculation of the dependences of capacitance C on
a displacement of the moveable electrode x in relation
to the fixed electrode was done by the method of the fi-
nal elements in ANSYS with a margin error not more,
than 3 %. In the areas with a sharp spatial change of the
field, the grid density is considerably higher, than in the
other areas. The air environment and voltage on the
moveable and stationary electrodes of 1 Vand 0 V, cor-
respondingly, were set as the boundary conditions.

The calculations were done with fingers of various
widths w and thickness of electrodes ¢, the length of fin-
gers / = 46 mm and the interelectrode gap g = 0,1 mm
remained invariable. The capacitance change occurred
during displacement x of the moveable electrode in re-
lation to the initial position of the electrodes, when they
were located one over the other. Displacement x varied
from 0 mm up to 2,2 mm with a step of 0,1 mm. The
width w and thickness 7 of the fingers varied from 0,2 mm
up to 2 mm with a step of 0,2 mm, the positions of the
fingers’ centers did not change. The distance between the
neighboring fingers was d = 4 — w, the full width of each
of the electrodes was defined as W= 50 — (2 — w) [mm],
where all the values were taken in mm.

Results of calculations and discussion

Fig. 4, a presents the dependencies of capacitance C
of the variable capacitor on the relative displacement x
of the moveable electrode in case of different widths
of fingers w for the thicknesses of the moveable and
fixed electrodes r = 0,8 mm. It is visible that on de-
pendencies C(x) the capacitance has the greatest val-
ue, when x = 0 mm, at that, all the fingers of the upper
and lower electrodes are situated strictly one above an-
other, and the overlapping area of the electrodes is
maximal (fig. 5, a, see 4-th the side of cover).

During displacement of the moveable electrode
x > 0 mm the capacitance C falls, because the overlap-
ping area between the fingers of the moveable and fixed
electrodes decreases (fig. 5, b, see 4-th the side of cov-
er). However, the capacitance decreases down to x = 2
mm, after which it grows again, at that, a minimum
arises, because there is absolutely no overlap between
the electrodes (fig. 5, ¢, see 4-th the side of cover). In
general case the periodicity of the maxima of the ca-
pacitance corresponds to displacement x = n(w + d),
while the minima — to x = n(n = 1/2)(w + d), where
n € Z. It is obvious that the capacitance in the maxima
and minima will decrease with the growth of n, which
is determined by the decrease of the working overlap-
ping area of the electrodes of the variable capacitor.

Fig. 4, a also shows that with a decrease of the
width of the electrodes w the maximal capacitance
Cinax (at x = 0 mm) and the minimal capacitance C,;,
(at x = 2 mm) are reduced. Reduction of the maximal
capacitance C,,,, is caused by reduction of the area of




the electrodes, and, hence, the reduction of the max-
imal overlapping between the electrodes. Reduction of
Cnin With a decrease of w appears because of the grow-
ing distance between fingers d, which leads to reduc-
tion of the influence of one electrode on the other at
x =2 mm (fig. 5, ¢).

Fig. 4, b presents normalized dependencies of
the capacitance C,,,/C on the relative displacement
x/[0,5(w + d)] for different ratios of w/g. The smallest
value of Cp,,./ Crnin (at x/[0,5(w + d)] = 1) is observed
for w/g = 2, then it grows and achieves its maximum at
w/g = 14, after which it again goes down at w/g = 20.
Thus, there is an optimal width of the fingers of the
electrodes w, at which it is possible to reach the greatest
ratio of Cpax/ Crin-

The normalized dependencies of the capacitance
Cinax/ C on the relative displacement x/[0,5(w + d)] of
the moveable electrode for different thicknesses of the
electrodes and widths of fingers of w = 1,4 mm (fig. 6).
With the growth of the thickness of the electrodes 7 at
an invariable width of fingers w the ratio C,,,./ Cp,ip Will
increase due to the fringing field effects and increase of
the lateral surface of the electrodes (see fig. 5).

Diagram of the surface for the ratio of the maximal
capacitance to the minimal C,,./C.;, on the ratios of
w/g and t/g (fig. 7, see 4-th the side of cover). From the
figure it is visible, that ratio of C,,./Cp;, has its max-
imum at w/g = 14 and ¢/g = 20 and is equal to 3,73.
Analysis shows, that the ratio of Cp,,/Cpyin, When it
achieves its maximum at #/g = 20, gets its saturation and
then practically stops growing.

Also of interest is the influence of the change of the
interelectrode gap g on the electric capacitance C of the
variable capacitor. Fig. 8 presents dependences of the
capacitance C on the displacement x at various values
of the interelectrode gap g = 90, 100 and 110 um, at
fixed values w= 1,4 mm and 7= 1,6 mm. When the gap
g changes by + 10 % the maximal capacitance Cp,,,
changes not more than by 8,5 %, the minimal capaci-
tance C,;, — not more than 1 %, and the ratio of
Crax/ Cmin —not more than 7,4 %. That is, a change of
the interelectrode gap g results in a change of the max-
imal capacitance C,,,, while the minimal capacitance
Chnin changes insignificantly.

Of additional interest is the research of the influ-
ence of the number of electrodes N on the energy gen-
erated by the electrostatic generator. Dependence y on
the number of electrodes N, calculated for the design
of the comb variable capacitor with the width of fin-
gers w = 1,4 mm, thickness of electrodes r = 1,6 mm,
and interelectrode gap g = 1 mm (fig. 9).

From the dependence in fig.9 it is visible, that the ca-
pacitor coefficient y increases linearly with the growth of
the number of electrodes N. Thus, it is more favorable to
use a structure with a greater number of electrodes for re-
ception of a bigger output capacitance. In this work N =
13 was selected because of restrictions on the dimensions
of the design, and, hence, on the number of the final el-
ements for FEM and speed of calculations.

Conclusion

As a result the authors obtained and analyzed the
dependences of the capacitance C of the comb variable
capacitor with a changing area of overlapping of elec-
trodes on the displacement of the moveable electrode x
at various values of the width of fingers w and thickness
of electrodes .

Analysis demonstrated that:

e dependences C(x) have their maximal capacities at
displacement of x = n(w + d), and their minimal ca-
pacities at x = n(n £ 1/2)(w + d), where n € Z;

o there is an optimal width of fingers w, at which the
biggest ratio of Cp,,,/Cpnin can be achieved,;

o ratio of Cy,,/ Cpin grows with the growth of #/g, and
is saturated at #/g > 20;

e ratio of C ../ C.i, has its maximum at w/g = 14 and
t/g = 20 and is equal to 3,73;

e in a design with w = 1,4 mm and r = 1,6 mm, a
change of gap g by + 10 % changes the ratio of
Cnax/ Cmin by not more, than 7,4 %;

« for obtaining of a bigger output capacitance it is nec-
essary to use a 3D design of the comb variable ca-
pacitor with a bigger number of electrodes N.

The results of the work allow us to calculate more
precisely the optimal design of the comb variable ca-
pacitor used in MEMC of energy.
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MUKPOTMMPO®OUANPOBAHUE N ONTTUMUSALINA XAPAKTEPUCTUK

KPEMHUEBBLIX CEHCOPOB AABAEHUA

Ilocmynuna é pedaxyuro 04.04.2016 e.

Paccmompensvr ocobennocmu meH30pe3ucmuer020 KpeMHUE8020 CeHcopa 0AAeHUsl C YRPYUM IAeMEHMOoM 6 8ude KeaopamHou
duaghpaemvl, y KOmopou Ha AUYUEBOT CIMOPOHE C NOMOULBIO MUKPORPODUAUDOBAHUSL CO30aHbL AUHElIHble KOHUEHMPAMOpbl HANPS1-
acenutl. [lposedeno mamemamuyeckoe modeauposanue npeodpaz08amenvHoll XapaKmepucmuku U HeAuHelHocmu cencopa ¢ no-
MOUBIO KOHEUHO-I1eMEeHMH020 MoOeauposanus é nakeme npoepamm ANSYS. Iloayuero sxcnepumenmanshoe noomeepicoerue pe-

3yabmamoe MO&eﬂupOGaHUﬂ.

Karoueevie caosa: m€H30p€3I/lC‘le6’HblL7 CEeHCcop ()aB/leHLlﬂ,' Memo0 KOHEUHbIX 2NeMEeHMO8

Bsenenue

Honsg KpeMHUEBbIX CEHCOPOB JaBJIEHUS Ha MUPO-
BOM pBIHKE IMPOIax cocTaBiisgeT okoyo 12 % u mpo-
nomkaet pacty [1]. DToMy crmocoOCTBYIOT MOTEHIIM-
aJIbHbIE BO3MOXHOCTU MUKPOCHUCTEMHOU TEXHOJO-
MU, YCIIEXU MaTepUalOBeIeHUSI U TOCTUXKEHUS MUK-
poaeKTpoHUKHU. O6IacTh NMPUMEHEHUs HEePEePbIBHO
pacimpsieTcsi, B YaCTHOCTH, B HAITpaBJIeHUU CO3IaHUSI
CEHCOpOB ISl 3KCTPeMasibHBbIX YCIOBUUW 3KCIUTyaTa-
uuu [2]. HecMoTpst Ha MOJyBEKOBYIO UCTOPUIO pa3BU-
TUSI TIOUCK HOBBIX (DU3MKO-TEXHOJOTMUYECKUX pelle-
HUI TS CEHCOPOB AABJEHUS TPOAOJDKAETCS IO CUX
mop [3—6].

DyHaaMeHTaJbHYI0 POJIb B MOBBIIIEHUM KOHKY-
PEHTOCIIOCOOHOCTH KPEMHUEBBIX CEHCOPOB AaBJIEHUS
WUTPAIOT HOBbIE TEH30PE3UCTUBHBIE CTPYKTYPhI, CITIOCO-
Obl TIpO(UIMPOBAHUS U METOAbl TPOEKTUPOBAHUS.
TpanuiiMOHHbIE UHTETPaIbHbIE TEH30PE3UCTOPHI IO-
CTETIEHHO BBITECHSIIOTCS TEH30PE3UCTOPAMU C IUDJIEK-
TPUYECKON M30IsIIMell KaK 0ojiee HaNeXHBIMU U TIep-
CHEKTUBHBIMU. Takue TEeH30pe3UCTOPbl UMEIOT BUIL
MEe3aCTPYKTYp, UTO HEOOXOAMMO YUYUThIBATh NP TPO-
eKTUpPOBaHUU CeHCOopoB [7]. McxomHble MIaCTUHBI IJIsI
MPOU3BOJACTBA BIOJIHE JOCTYMHBI, U lieHA WX HeIpe-
PBIBHO CHMXKAETCS.

[Ipn co3gaHUM HOBBIX TUIIOB CEHCOPOB C XOpO-
IIMM COOTHOIIIEHUEM 1IeHa — KauyeCTBO BaXKHEUIIIYIO
pOJIb UTPAIOT TEXHOJOTMU (DOPMUPOBAHUS TpeXMep-
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HOM CTPYKTYpHBI YIIPpYrux s;eMeHToB. K HacTosIeMy
BpeMeHHU pa3paboTaHBbl TEXHOJOTUM KUAKOCTHOTO U
"cyxoro" TpaBieHHS (IUIa3MOXUMHUYECKOe, MOHHOE),
KOTOpHIC TIO3BOJISIIOT CO3JaBaTh YIIPYTHE SJIEMEHTHI
pa3HOOOpa3HbIX ¢opM. KMIKOCTHOE aHW30TPOITHOE
TpaBJieHWe MIPUMEHSIETCS ISl TTyOOKOro mpohuiInpo-
BaHUSI KPEMHMEBBIX IJIACTUH C OOpPaTHOH CTOPOHBI
MpU CO3JAAHUM YIIPYTUMX DJEMEHTOB C IIJIOCKON aua-
(bparmoii 1160 C OAHUM WJIM HECKOJBKMMU KECTKUMU
LeHTpamu [8].

Hns co3maHUs CEHCOPOB Ha Majible JaBJIEHUS
(<10 kITa) okazanoch lieiecooOpa3HbIM KOMOMHUPO-
BaTh TEXHOJIOTMHU IJIyOOKOIO TpaBJIeHUsI ¢ OOpaTHOI
CTOPOHBI U "CyXOro" TpaBJIEHUSI C JIULEBO CTOPOHBI
IUIACTUHBI HA HEOOJIbIIYIO INIyOMHY — MUKPOIIPOPu-
JupoBaHue (<40 Mxm) [9—11]. Ha nuiieBoil ctopoHe
¢GopMUpPYIOTCST YTOJILEHUS B BUIAE 0al0K pa3IMYHBIX
dopm. TeH30pe3UCTOPHI TP 3TOM UMEIOT TPAIUIIH-
OHHYIO TOITOJIOTHIO: pacIIojlaraloTcsl y KpaeB aua-
dparMbl ¥ UMEIOT MPOAOTHLHO-TIOTIEPEIHYIO OPUEH-
TaluIo.

IIpoekTrpoBaHNEe CEHCOPOB C TAKMMU CIIOKHBIMU
dopmMaMm yIpyrux >J€MEHTOB BO3MOXHO JIWIINb C
MMpUMEHEHUEM YMCIICHHBIX METOIOB, U3 KOTOPBIX Ha-
HMOOJBIIYIO TTOMYISIPHOCTD TTOJYYIMI METON KOHEUHBIX
37eMeHTOB. MUKpoInpohWIMpoBaHUe C JIUIIEBOM CTO-
POHBI TUIACTUHBI B COYETAHUM C YMCICHHBIMU METO-
JaMM pacyeTa OTKpPbIBa€T HOBbIE BO3MOXHOCTH JISI




MOCTPOEHUSI CEHCOPOB MAaBJICHUS C YIy4YIIEHHBIMU
METPOJIOTUYECKUMU XapaKTepPUCTUKAMU.

B naHHO#t paboTe mnpensoxkeH HOBBbIA BapuaHT
MUKpONPOoGUINPOBAHNS, OTIMYAIOIIMIACS OT OMUCaH-
HbIX B pabotax [9—11], KOTOphIil TO3BOISIET PeATU30-
BaTb HOBYIO TOTIOJIOTUIO TEH30PE3UCTOPOB, YBEINUNUTH
YYBCTBUTEJBHOCTh U YMEHBIIUTh HEJIMHEWHOCTh CEH-
copoB. Pe3ynbTaTbl MOJEIMPOBAHUS MOATBEPXKAAIOTCS
BKCMePUMEHTATbHBIMU TaHHBIMU.

CTpyKTypa ceHcopa W MAaTeMaTHYeCKasi MOJe]b

MuxkponpoduaMpoBaHue C JHULEBONH CTOPOHBI
TUTACTUHBI TTO3BOJISIET JIOKAJIBHO YITPABIIATH MOJIEM JIe-
(opman, HEMoCpeACTBEHHO BO3ACHCTBYIOIIMM Ha
TEH30pe3UCTOp. DTOT 3(pdeKT HaKIaabIBaeTCs Ha 00-
1y aedopMalfio YIpyroro sjeMeHTa, 3alaBacMylo
MIYOOKUM NpodUIMPOBAaHUEM C OOpaTHOUM CTOPOHBI
IUTACTUHBI, 1 BOZHUKAET BO3MOXXHOCTb HOBBIX TOTIO-
JIOTMYECKUX PELIeHUIA 1J11 CEHCOPOB.

PasMellieHue 4YeThIpeXx TEeH30pPE3UCTOPOB, BXOMISI-
IIAX B MOCT YWUHCTOHA, MOJDKHO YIOBJIETBOPSITE PSITY
TpeOOBaHUIA:

e o0ecreyeHre MaKCUMabHOM YYBCTBUTEJIbHOCTH;

e MUHMMU3ALMSI HEJMHEHHOCTH;

e o0ecrieyeHMe HEOOXOAMMOIO 3amaca MPOYHOCTH
YIIPYToro 3JeMEeHTa;

e KEJIaTeJIbHOCTb pa3MelleHUs] TEeH30pe3MCTOPOB B
00JIacTSIX C MEHBILIUM TpaaueHTOM Oedopmanuii,
YTO MUHUMU3UPYET OIIUOKU (PoTOIUTOTpadUm.

B paccmarpuBaeMoM ceHcope JaBlieHUs! TIy0oKoe
TpaBlIeHUE C 0OpaTHOM CTOPOHKI obecrieunBaeT Gop-
MUpPOBaHUE TIJIOCKOW 3aJHell CTOPOHBI AuadparMbl U
ee HeoOXxomumyio o001yl TojaiuHy. C JULeBOi CTO-
POHBI TJIACTUHBI C MOMOIIBIO MUKPOMpOodUIMpoBa-
HUs co3fatorcst 12 yrayGiaeHuid, MexXay KOTOPbIMU
pacroJjiaraiorcs JIMHEeiHbIe KOHLIEHTpaTOPhl Hampske-
Hus. Ha KoHLIeHTpaTopax pa3mellaloTcss Me3aTeH30-

KOHHCHI‘IJETO}]L[ C NOTHKPEMHEBRIMH
TEH30PEIHCTOPAMH

Stress concentrators and polysilicon.
piezoresistors

. uagparia
; Diaphragm

. OmnopHas paMKa

Rigid frame

Puc. 1. CrpykTypa ynpyroro 3jieMEeHTa CEHCOPA JaBJIEHUS
Fig. 1. Elastic element structure of the piezoresistive pressure sensor

Puc. 2. Koneyno-3neMeHTHbIE MOJE/IH YIIPYTOro djieMeHTa (a), TeH-
3ope3ucropa (b)

Fig. 2. Finite element model of the elastic element (a) and b) submodel
of the piezoresistor (b)

PE3UCTOPbI C AUBICKTPUIYCCKONM H3OJSLMEH, IBa U3
KOTOPBIX HAXOASTCS B LIEHTPE, a ABa IPYTMX — Y KpaeB
nuadparmel (puc. 1).

Pacuer onTuManbHBIX T€OMETPHUECKUX Pa3MEpOB
YIPYroro sjaeMeHTa TaKoro TWUIIa MpeAcTaBiseT He-
TPUBHUAJBHYIO 3a1a49y, PeIlicHIe KOTOPOI TPeOyeT HC-
MOJIb30BaHUSI COBPEMEHHBIX METOJ0B MaTeMaThyec-
KOTO MomeanpoBaHusa. [loaToMy mpoeKTHpOBaHUE
CeHcopa MPOBOAWIOCH B MaKeTe MPOrpaMM KOHEYHO-
ajieMeHTHOro monaeaupoBaHust ANSYS. Jlns yBenuye-
HUS CKOPOCTHM pacyera M3 MOIEIN ObLIM MCKITIOUEHBI
W30JIMPYIOIIAE W 3allUTHBIC TUIEHKH, MOCKOJIBKY MX
TOJIIIIMHA CYIIECTBEHHO MEHBIIIe TONIIMHBI Auadpar-
MBI YIIPYTOro djeMeHTa.

Mopenb yIpyroro sjeMeHTa ObLIa COCTaBJIeHA W3
KoHeuHbIX 3yieMeHToB SOLID185, uMenomux dopmy
LIECTUTPAHHUKOB, KaXask N3 BEPIINH KOTOPOTO MOXET
COBEpILAaTh MepeMeIIeHNs] B TPeX M3MEpEeHMSIX. BDIe-
MEHT IO3BOJISIET UCIOJIb30BaTh UTEPALIMOHHBIA METO.
Hrlotona — PadcoHa misi BeINOJIHEHUST pacyeTa je-
(opmanu TBEpAOIo TeJa MPOU3BOJbHOMI (hopMbl. Ko-
HEYHO-3JIEMEeHTHAsI MOJIe)Ib TIpUBeIeHa Ha puC. 2, 4.

Hns omnpeneneHusT W3MEHEHUSI COIPOTUBICHUS
TEH30PE3UCTOPOB MPUMEHSIACh TEXHUKA TTOAMOIEIT -
poBanus. Ilogmonens (puc. 2, b) cocrout u3 ¢par-
MEHTa KOHIIEHTpaTopa U TeH3ope3ucrtopa. dparmeHT
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Puc. 3. 'pannynbie ycJOBHS M HATPY3Ka MOJEJIH YIIPYTOro 3JeMeHTa
(a) v noavMonesn TeHzopesuctopa (b)

Fig. 3. Boundary conditions and load of the elastic element finite element
model (a) and of the piezoresistor submodel (b)

KOHIIEHTpaTOopa ObUT COCTaBJIeH M3 KOHSTHBIX 2JIEMEH -
TOB BTOporo nopsiaka SOLID186, a TeH30pe3ncTop —
13 3JIEMEeHTOB BToporo mopsaka SOLID226. DiaemeHT
SOLID226 mmo3BotsIeT peliaTh CBI3aHHYIO 3a1a4y TEH-
30pE3UCTMBHOIO aHajiu3a, OObEAUHSS TMPOCTPAHCT-
BEHHOE TTepeMeIleHIE 1 DJIEKTPUISCKIE TTOTeHIINABI.
B moamonenu Takxke Oblla 3aaelicCTBOBaHA WMTEpallU-
oHHasa cxema Hrrotona — Padcona mist yueta Helam-
HEWHBIX 3¢ HEKTOB.

Ynpyrue cBoiCTBa KpeMHUS ONpPEAeISUIMCh B BUIE
MOJIHOM MaTpHUIIbI yIIPYTUX IMTOCTOSTHHBIX B ocsx x[110],
y[110], 2z[001]. C y4eToM CUMMETPUU PACIIOIOKEHUS
TEH30PE3NCTOPOB TP M3MEHEHUM COIPOTHUBIICHUS
MPUHUMAJIMCh BO BHUMAHME JIMIIb MPOAOILHOE U T10-
TepeyHoe MMhe30COMPOTUBIICHNS.

I'paHMIHEIC YCIIOBUS IJTS YIIPYTOTO 3JIeMEHTa 3a1a-
BAJIUCh B BHUJIE TIOJIHOTO OIPAaHUYEHUS Y3JIOBBIX TOUEK
B IJIOCKOCTU 0OpaTHOI CTOPOHBI OMTIOPHOM paMKu, Ha-
rpy3Ka B BUIE MU3MEPSIEMOTO TaBJICHUs TIpUJIarajach K
JIMIIEBOI MOBEPXHOCTHU CEHCOpA. Y3JIbl Ha TOBEPXHOC-
TH TIoA auadparMoii HUKaK He ObLTM OTpaHWYCHEI B
MepeMeIeHUSIX U He UCTIBITHIBAIM BHEIITHUX HArPy30K
(puc. 3, a).

I'paHYHBIC YCIIOBUS TI0 TIEpeMEIIEHUAM Tiepena-
BAJIMUCh OT MOJIEJIM YIIPYTOro dJeMeHTa yepe3 IpaHulLy
cpesa Ha MoaMoJesb TeH3ope3ucTopa (puc. 3, b). Ha
OCTaJIbHBIE y3JIbl BHEIITHEHM MOBEPXHOCTH MOAMOACIIU
MIpUJIaTaJIoch M3MepsieMoe JaBiieHrne. Pa3HOCTh mo-
TEHIIMAJOB Ha KOHTAaKTHBIX TIJIOIIAAKaX TeH30pe3uc-
Topa Obl1a 3adukcupoBaHa BeanymHo U = 5 B.
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Pe3yJII>TaTl>I MOJECIHPOBAHUA

OOBEKTOM MOAEIMPOBAHUS CIYXKWI CEHCOP Ha HO-
MUHaJIbHOE JaBjieHue P, = 2- 10° I1a, ¢ pasmepamu
yurma 4 X 4 MM, 1ioiaabsio guadparMbl 2 X 2 MM U BbI-
cortoii ormopHoii pamku 0,42 mMm. Ilensio Mmomennpo-
BaHUS SBJISIOCH JOCTUXKEHUE MaKCUMaJlbHON 4yBC-
TBUTEILHOCTH, MWUHUMAIbHOW HETWHEWHOCTH TIpU
3alaHHOM Ko3(UIKMEeHTe 3anaca mpoyHoctd K = 3.
KoadduumeHTsl mnbe30CONPOTUBACHUS MaTepuasa
TEH30pe3MCTOpa NMPUHUMANINUCH T; = 18+ 1071 Ha_l,
n;=9,84- 101 Ma™!. HenuueitHocts addexra mbe-
30COMPOTUBIIEHUST HE YUYUTHIBATIACK.

YucieHHoe MOIETWPOBAaHWE ITO3BOJIMIO HaNTH
OINTUMAaJbHbIE pa3Mepbl YIIyOJeHU U KOHLEHTPATO-
poB. KBampaTtHas qradparmMa 10osKHA IMETh TOJIIITUHY
50 MxmMm, yrayonerust 200 %200 X 20 MKM, ILIMPUHY KOH-
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Puc. 4. Pacnpenenenune nedpopmanuu (a) 1 HeJJMHEHHbIX COCTABJIS-
omux aedopmanun BIoabL cpeaueil muHun auadparmel (b)

Fig. 4. Longitudinal ¢, and transverse &, strain components distributions
along the diaphragm axis of symmetry (a) and their nonlinear

constituents ¢, &, distributions along the same path (b)




eHtpatopoB 80 MkM. TeH3ope3ucTop BeIOpaH pa3me-
pom 10x450%0,5 MKM ¢ KOHTaKTHBIMM IIJIOLLIAAKAMM
50X 25 MKM.

Pesynbratel pacuera poAOJILHOI &, U TIONIEPEYHOM
g JedopMaly BAOJb CPpeAHEN JUHUU YIPYTOro 3Jie-
MEHTa CeHCOopa JaBJeHUs TIpeACcTaBlIeHbl Ha puc. 4, a.
O0JacTH TIOJOXMUTEIbHBIX M OTPUILATEIbHBIX 3HAYE-
HUI &, HaXONATCA B INpelesiax KpPaeBblX U LEHTPaJlb-
HBIX KOHLIEHTpaTOpoB. IlonepeuHass KOMIIOHEHTA €, B
3TUX O0JIACTSIX MPUHMMAET 3HaUeHMe, OJM3KOoe K HY-
mo. MakcuManbHOe 3HayeHue aecdopMaldu He IIpe-
BOCXOIOUT 3HaueHue *1 - 10_3, YTO 00EeCIIeunBaeT KO-

a¢pduLMeHT 3anaca IPOYHOCTU He MeHee 3.

IMpn onTUMM3aMM XapaKTepPHCTUK CEHCOopa OCO-
0oe 3HaueHue IpUuodpeTaeT HeJIMHEKMHAsI COCTaBIISIO-
mas aedopMaluy M3-3a PaCcTATUBAIONINX HaTIpsKe-
HUil B auadparMe, Hapylamplias MPOMOPIMOHATE-
HOCThb MEXIy M3MepsieMOoli Harpy3Koi 1 M3MeHEeHUEM
conpotusieHus. Ha puc. 4, b npencraBieHbl KOOPAU-
HaTHBIE 3aBUCUMOCTH HEJIWHEHHBIX COCTaBJISIONINX
nedopmaumii gy u a;‘. KoMmrmoHeHTa € OKa3bIBaeT
HaunOoJIblllee BIUSHUE HA HEJIMHEIWHOCTH Mpeodpaso-
BaTeIbHOU XapaKTepUCTUKM ceHcopa. B mpenmenax kpa-
€BOT0 U LIEHTPAJTEHOTO KOHIICHTPATOPOB KOMITOHEHTHI
ey s;‘ COIJIACOBAHbI MO BEJIMYMHE U 3HAKY. DTO MU-
HUMU3HUPYET X BIUSHUE Ha HEJIMHEIHOCTh TIpeobpa-
30BaTeJIbHON XapaKTepUCTUKU CceHcopa OJyarogapsi
BKJTIOUEHHIO TEH30PE3MCTOPOB IO MOCTOBOM CXeMe.

Pe3ynbTaThl T€H30pE3UCTUBHOIO aHaJIM3a MOIMO-
JleJId TIpeJcTaBlieHbIHa puc. 5, b (CM. TPETbIO CTOPOHY
00JIOXKKM) B BUJI€ KapThl pacipeneaeHus OTHOCUTEb-
HOTO M3MEHEHUs conpoTuieHus AR/R, B mpenenax
Tesa TeH3opesucropa. M3-3a HEOMHOPOAHOTO pacrpe-
nefneHus: nedhopMaluyd HU3MEHEHUE COMpPOTUBIICHUS
€ro OTHENbHBIX YacTell CTAHOBUTCS TaKXke HEOIHO-
poaHbIM. BbiOMpasi COOTBETCTBYIOIIEE PACIIOIOXEHUE
LIEHTPOB T€H30PE3UCTOPOB, MOXHO NTOOUTHCS OAWHA-
KOBOTO TI0 aOCOJIIOTHON BEJIMYMHE M3MEHEHUS UX CO-
MPOTUBJICHUSI.

DKcnepuMeHTAIbHASI IPOBEPKA Pe3yJIbTATOB
MOJICJIIPOBAHUS U 00CYXK/IEHHE

IIpoBepka pe3yabTaToB MOAECIUPOBAHUS ObLIa
MpoBeJeHa Ha OIbITHON MapTUU CEHCOPOB NaBJIEHUS
CO CTPYKTYPOU MOJUKPUCTAUIMYECKUN KPEMHUU —
IU3JIEKTPUK — KpeMHUil. Takue cTpyKTypbl HauboJee
JIEILIEeBbI ¥ JIOCTYITHBI, a MTOJUKPUCTANIMYECKUIN KpeM-
HUII 00JagaeT TMOKMMHU (PU3NUYECKMMU XapaKTepUC-
TUKaMH1, O0ECTIeYMBAIOIIMMU JTOCTUXEHNUE BBICOKUX
METPOJIOTUYECKMX XapaKTepUCTUK. BbiOOp pauuo-
HaJbHOW KOHCTPYKIIMHU YIIPYTrOro 3JIEMEHTA MO3BOJIS -
€T B 3HAUUTEJIbHOW Mepe KOMIIEHCUPOBaTb MEHbIIIee
3HAYEHUE TEH30YYBCTBUTEJIBHOCTU TMOJUKPEMHUEBBIX
TEH30PE3UCTOPOB 10 CPAaBHEHUIO C MOHOKPUCTAJIM -
yecKuMK. PU3UKO-TEXHOJOTMYECKHUE MPOOIEMBI CO-

3MaHMUSI CEHCOPOB MABJIICHUSI C TOJUKPEMHUEBBIMU
TEH30pe3UCTOPAaMU pacCMOTPeHBI B padore [12].

OOpa3ubl CEeHCOPOB IaBJICHUS, YYaCTBOBABIIMX B
SKCIEPUMEHTE, OTJIMYAIUCh APYT OT Apyra BBICOTOM
KOHLIEHTPATOPOB / W TOJIIWHONW U3MEpPUTEIbHOM
nuadparmel H. O6paselr 1 uMen cieayiolye pa3Mephl:
H = 52 mxMm, h = 32 MM, obpazen] 2 — H = 50 Mxwm,
h = 30 MM, obOpazen; 3 — H = 48 MKkM, h = 25 MKM.
ITuTaHue CeHCOPOB OCYIIECTBISIIOCH OT reHeparopa
toka [ = 2,15 MA. OcTtanbHble TeOMETpUUECKUE pa3-
Mepbl MOBTOPSIIM pa3Mepbl MaTeMaTUUECKON MOIEIIN.
KBanpatHble yrinyoneHusi, (popMUpylolIne KOHIEHT-
paTophbl Ha JIMLIEBOM CTOpPOHE, co3aaBaiuch Bosch-mpo-
1LIECCOM U UMMeJU BepTUKalbHble cTeHKU. CONMpOTUB-
JIEHWE TEH30PE3UCTOPOB COCTaBIAI0 Ry = 1800 Om.

3aBMCHUMOCTb BHIXOJHOTO CUTHajIa ceHcopa Uy, oT
MPUIOXKEHHOTrO NOaBieHUs1 P Tpu MoaeJIupoBaHUU
OIpeleJIAIach YePe3 COMPOTUBIEHUE KPaeBoro R, u
LEHTPaJTbHOTO R;; Pe3MCTOPOB:

(P)=R,(P)

R
(P) = 175 ()

UBI:IX

HenuneitHoCcTh Mpeo6Gpa3oBaTeIbHON XapaKTepuc-
TUKHA CEHCOpa OIpele/siach B KaXIOM pacueTHOM
TOYKE JABJIEHUSI BhIPaKEHUEM

Upix(P) = Uy (P)
Y(P) — BbIX JIMH . 100 %’ (2)
UBle( PH)
roe P, — HOMUHaJIbHOE W3MEpPAEMOE [aBJICHUE;

U, yu(P) — nMuHeiiHag pacyeTHas npeodpasoBaTesibHast
XapaKTepUCTUKA CEHCOopa, MPOXOAdIIas yepe3 TOUKU
UBbIX(P = O) n UBI)IX(P = PH)

CpaBHeHIE SKCTIepUMEHTATLHBIX JAHHBIX U Pe3YJTb-
TATOB MOJICIMPOBAaHMS MPUBEISHO Ha puc. 6. [TyHK-
TUPHBIMU JIMHUSIMU OTMEUYEHBI pacueTHBIC ITaHHbBIC,
CILTOLIHBIMM — PEe3YyJbTaThl IKCIIEPUMEHTA.

OTiMyMe pacyeTHBIX OT SKCIIEPUMEHTAIbHbIX AaH-
HBIX He mpeBblaer 5 %, 4TO CBUAETENIBCTBYET OO
aZeKBaTHOCTH MaTeMaTW4YeCKOW Moenu. BeixomHoii
CHTHaJI CeHcopa IpH HOMWHAJIBHOM IABICHUM CO-
crapnsieT okoJjio 100 MB, a HeTMHEITHOCTh BO BCEX CITY-
yasix He npesbiiaet 0,15 %. Paspyinatoniee naBieHue
coctasJstio ipuMepHo (0,6...0,8) + 10° I1a, yTo corna-
cyeTcs ¢ pesyabTaTaMUd MOACIMPOBAHUS.

CeHcopbl AaBIEHUSI C TPaaWIIMOHHON KOHCTPYK-
el ynpyroro sneMeHTta (0e3 MUKpoOnpogUIMpoBa-
HUSI C JIMLEBON CTOPOHBI U ILIOCKOU auadparmoit), y
KOTOPBIX TTOJTMKPEMHEBBIE TEH30PE3UCTOPHI paboTaIoT
Ha MPOAOJbHOM U NonepeyHoM 3 deKkrax u pacrnoso-
JKEeHBI Ha Kpalo mradparMbl, IpU MIPOYUX PaBHBIX yC-
JIOBUSIX MMEIOT BBIXOMHOM curHai Ha 30 % Huxe, a 1o
HEeJIMHEMHOCTH YCTYMAIOT HOBOMY BaplaHTY CEHCOpa B
2 paza. MukponpoduiupoBaHue MO3BOJSIET IMOJY-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 7, 2016 435



: 140 - :
! —=— Obpazen 1 - skcrnepuMeHT !
: 1204 .- Obpazen 1 - ANSYS :
: 1004 —=— Sample 1 - experiment T A :
| - Sample 1 - ANSYS /l |
1~© o 801 | I s |
I SN 3 ! l/ I
LS | T
| 2 = 60 1 T T T T = 3 T !
| L+ = l/ |
| 1 Pl |
: 20 4 : lf‘./ | :
I - ! I
| 0 /. | |
! 0,0 0,5 1,0 1,5 2,01
I I
| P, x10’Ila |
: P, x10° Pa :
I I
| a) |
I I
I I
: —=— Sample I - experiment || —=— OGpaze1l 1 - 3KkcIiepUMeHT :
04| e Sample I - ANSYS || ~-=-- OGpasen 1 - ANSYS |
I 03 | ~—e— Sample 2 - experiment *— Obpazer1 2 - IKCTIEPHMEHT | |
I | e Sample 2 - ANSYS * - Ofpasen 2 - ANSYS I
! 0.2 | —4— Sample 3 - experiment 4— O6pasent 3 - sxernepuMenT | !
: ]| -4 Sample 3 - ANSYS 4 OBpazen 3 - ANSYS :
0,1 4 E—yeL N
b P = N |
|2 0,04 a— —&+ | e Ay I
| § ;/ - |
0,1 I I
I I
: -0,2 1 :
I I
-0,3 T T T |
: 0,0 0,5 1.0 1.9 2,0 :
: P.x10’Tla :
| P, x10° Pa !
I I
I I
I I
I I

Puc. 6. CpaBHeHHe SKCIEPUMEHTAIBHBIX M TEOPETHYECKHX PACYETOB
npeodpa3oBaTe/ibHOi XapAKTEPUCTHKH (a) ¥ 3aBUCHUMOCTH HeJTMHEi-
HOCTH OT NPHJIOKeHHOro napiienus (b)

Fig. 6. Comparison of measured and calculated data (a) of the output
signal and nonlinearity error as a functions of applied pressure (b)

yaTh Ha CEHCOpax C TeH30PE3UCTOPaMU U3 MOJUKPHUC-
TAJIJINYECKOTO KPEMHMSI CUTHAJ TaKOro e TopsiiKa,
KakK M Ha TeH30pe3UCTOpax U3 MOHOKPHUCTAIMYECKO-
ro KpeMHus1 Ha auanekTpuke [13].

CeHcopbl ONBITHOW MapTUM, MCIOJb30BaHHbBIE B
9KCIIepUMEHTaX, MpeaHa3HaYeHbl 1151 MaCCOBOTO TPO-
MU3BOACTBA U 00JIaJAI0T AOMOJHUTEIbHBIMU (DYHKIIMO-
HaJIbBHBIMU BO3MOXHOCTSIMMU:

e KaquOpoBKa BBIXOAHOIO CUTHAada MPU HOMUHAIb-

HoM nasneHuun Uy, = 100 = 1 mB;

e KajnuOpoBKa HayaJlbHOTO pazbajaHca Ha 3alaHHbII
ypoBeHb, HanpuMep U, = 5 MB;
e TeMIepaTypHasi KOMIIEHCAlUsl YYBCTBUTEIbHOCTHU

Mpyu MUTAaHWU OT TeHepaTopa TOKa B MHTEpBaje

—60...+200 °C, < 0,01 %/°C;
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e TEMIIEpATypHasi KOMIIEHCALIMs HAYaJIbHOro pasda-
nanca B < 0,01 %/°C;

e KOHTPOJIb TEMIIEPATYPHI C TIOMOLIBLIO TEPMOPE3HUC-
TOpA.
VKazaHHBIE BO3MOXHOCTUA PEATU3YIOTCS C ITOMO-

LIbIO0 PE3UCTUBHBIX JIEMEHTOB, HAXOISIIMXCS HA YUIIE.

3akmoueHue

MukpornpoduirupoBaHue C JIMLEBOM CTOPOHDI
IUIACTUHBI ¥ TNIyOOKOe MpoduimpoBaHue ¢ 0OpaTHOI
CTOPOHBI MO3BOJISIIOT CO3/1aBaTh HOBbIE KOHCTPYKTUB-
HO-TEXHOJIOTMYECKUE BapUaHTbl CEHCOPOB NAaBJIEHUS
MU yJaydlllaTb WX METPOJIOTMYECKME XapaKTepUCTUKH.
IIpuBeneHHbIe B NTaHHOHW CTaTbe pe3yJbTaThl B OIM-
HAKOBOM MEpe OTHOCITCS K TEH30PE3UCTOpaM W3
MOJUKPUCTATUIMYECKOTO U MOHOKPHUCTAUTUYECKOTO
KPEMHUSI.
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Microprofiling and Optimization of Characteristics of the Silicon Pressure Sensors

The article is devoted to the specific features of the piezoresistive silicon pressure sensors with an elastic element in the form of
a square diaphragm and microstuctured linear stress concentrators on the front side. The pressure sensor’s transforming charac-
teristics, as well as its nonlinearity, were simulated by means of the finite element method in ANSYS software package. An exper-

imental verification of the simulation results was also obtained.

Keywords: piezoresistive pressure sensor; finitee element method

Introduction

The share of the silicon pressure sensors in the world
market is about 12 % and it continues to grow [1] due
to the potentials of the microsystem technology, suc-
cess of the material science and achievements in mi-
croelectronics. The sphere of their applications contin-
uously extends, in particular, in the direction of devel-
opment of sensors for extreme conditions [2]. Despite
a semicentennial history of the development, the search
for new solutions for the pressure sensors still continues
[3—6].

A fundamental role in increasing of the competitive-
ness of the silicon pressure sensors is played by the pi-
ezoresistive structures, ways of profiling and methods
of designing. The traditional integrated resistive-strain
sensors are replaced by the resistive-strain sensors with
dielectric insulation as more reliable and promising.
Such resistive-strain sensors look like mesa-structures,
which should be taken into account during designing of
the sensors [7]. The initial plates for their production
are accessible and their price decreases.

In creation of new sensors with a good price-quality
ratio the major role is played by the technologies for
formation of a three-dimensional structure of the elas-
tic elements. Technologies of liquid and "dry" (plasma-
chemical, ionic) etching are already available, which
allow us to create elastic elements of various forms. The
liquid anisotropic etching is applied for a deep profiling
of the silicon plates from the reverse side for creation of
the elastic elements with a flat diaphragm or with one
or several rigid centers [8].

For creation of small pressure sensors (<10 kPa) it
is expedient to combine the deep etching technologies
on the reverse side and "dry" etching on the plate’s face
side at a small depth — microprofiling (<40 um) [9—11].
On the face side various beam-like thickenings are
formed. The resistive-strain sensors have traditional to-
pology: they are located at the edges of the diaphragm
and have longitudinal-cross orientation.

Designing of the sensors with such forms of the elas-
tic elements is possible only with application of the nu-
merical methods, out of which the most popular is the
method of the finite elements. Microprofiling from the

face side in combination with the numerical methods of
calculation opens possibilities for construction of the
pressure sensors with improved metrological charac-
teristics.

In this work a version of microprofiling is offered
differing from [9—11] and allowing to realize a new to-
pology of the resistive-strain sensors, to increase their
sensitivity and reduce their nonlinearity. The results of
modeling are proven by the experimental data.

Sensor’s structure and mathematical model

Microprofiling on the face side allows us to operate
locally the deformation field, directly influencing the
resistive-strain sensor. This effect is imposed on the gen-
eral deformation of an elastic element set by a deep pro-
filing from the reverse side of the plate, which opens a
possibility for new topological solutions for the sensors.

Placing of four resistive-strain sensors, comprising
the Winston's bridge should meet a number of require-
ments:

e ensuring of the maximal sensitivity;

e minimization of nonlinearity;

o ensuring of the necessary safety factor of the elastic
element;

o desirability of placing of the resistive-strain sensors
in the areas with a smaller gradient of deformations,
which minimizes the photolithography errors.

In the considered pressure sensor a deep etching on
the reverse side ensures formation of a flat back side di-
aphragm and its necessary total thickness. On the face
side of a plate by means of microprofiling 12 deepenings
are made, between which the linear concentrators of
pressure are located. On the concentrators there are
mesa-resistive-strain sensors with the dielectric insula-
tion, two of which are in the centre, and the other two
are at the edges of the diaphragm (fig. 1).

Calculation of the optimal dimensions of such an
elastic element is not a trivial task, and it demands the
use of the methods of mathematical modeling. There-
fore, the sensor was designed within ANSYS software
package for the finite-element modeling. In order to in-
crease the speed of calculation, the insulating and pro-
tective films were excluded from the model, because
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their thickness was essentially less than the thickness of
the diaphragm of the elastic element.

The model of the elastic element is made of the fi-
nite elements of SOLIDI185 having the form of hexa-
hedrons, each of the tops of which can move in three
directions. The element allows us to use the iterative
method of Newton — Raphson for calculation of the
deformations of a solid body of any form. The finite-el-
ement model is presented in fig. 2, a.

In order to determine the change of resistance of the
resistive-strain sensors the technique of submodeling
was applied. The submodel (fig. 2, b) consists of a frag-
ment of a concentrator and a resistive-strain sensor.
The concentrator’s fragment is made of the finite ele-
ments of the second order SOLIDI186, and the resis-
tive-strain sensor — from the elements of the second
order SOLID226. Element SOLID226 allows us to
solve the problem of the resistive-strain sensor analysis,
combining the spatial movement and the electric po-
tentials. Newton-Raphson iterative scheme also is in-
volved in the submodel for taking into account the non-
linear effects.

The elastic properties of silicon were defined in the
form of a full matrix of the elastic constants in the axes
of x[110], y[110] and z[001]. Taking into account the
symmetry of the arrangement of the resistive-strain sen-
sors, during the resistance change only the longitudinal
and cross-section piezoresistance was considered.

The boundary conditions for the elastic element
were set in the form of a full restriction of the nodal
points in the plane of the reverse side of the basic
framework, a load in the form of the measured pressure
was applied to the face surface of the sensor. The nodes
on the surface under the diaphragm were not limited in
any way in their movement and were not subjected to
the external loads (fig. 3, a).

The boundary conditions concerning the movement
were transferred from the model of the elastic element
through the cut border to the submodel of the resistive-
strain sensor (fig. 3, b). To the other nodes of the ex-
ternal surface of the submodel the measured pressure
was applied. The potential difference on the contact
platforms of the resistive-strain sensor was fixed by val-
ue U=5V.

Results of modeling

The object of modeling was a sensor for the nom-
inal pressure of P, = 2 103 Pa, with the chip size of
4 x4 mm, the diaphragm area of 2 X2 mm and the height
of the basic framework of 0,42 mm. The aim of modeling
was achievement of the maximal sensitivity, the minimal
nonlinearity at the set factor of safety K = 3. The fac-
tors of piezoresistance of the material of the resistive-
strain sensor were accepted as m; = 18- 1071 Pa_l,
n, = 9,84 107! Pa~!. The nonlinearity of the effect of
piezoresistance was not considered.
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The numerical modeling allowed us to find the op-
timal dimensions of the deepenings and concentrators.
The square diaphragm should have a thickness of 50 um,
deepenings — 200 %200 %20 um, width of the concen-
trators — 80 um. A resistive-strain sensor was selected
with the size of 10x450x 0,5 um and contact platforms
of 50%25 pum.

The results of calculation of the longitudinal ¢, and
Cross &, deformations along the middle line of the elas-
tic element of the pressure sensor are presented in fig.
4, a. The areas of the positive and negative values of ¢,
are within the limits of the regional and central con-
centrators. The cross component &, in these areas ac-
cepts the value close to zero. The maximal value of the
deformation does not exceed the value of +1-1073
which ensures the factor of safety not less than 3.

During optimization of the sensor’s characteristics,
of special significance is the nonlinear component of
the deformation because of the tensile stresses in the di-
aphragm, breaking the proportionality between the
measured load and resistance change. Fig. 4, b presents
the co-ordinate dependences of the nonlinear compo-
nents of deformations ¢ and a;. Component ¢} exerts
the greatest influence on the nonlinearity of the con-
verting characteristic of the sensor. Within the regional
and central concentrators the components s;I and gly{
are co-ordinated by their sizes and signs. This minimiz-
es their influence on the nonlinearity of the converting
characteristic of the sensor thanks to inclusion of the
resistive-strain sensors under the bridge scheme.

The results of the piezoresistive submodel analysis
are presented in fig. 5 (see 3-rd the side of cover) in the
form of a map of distribution of the relative change of
resistance AR/ Ry within the body of the resistive-strain
sensor. Because of a non-uniform distribution of the
deformation the change of resistance of its separate
parts also becomes non-uniform. By choosing a corre-
sponding arrangement of the centers of the resistive-
strain sensors it is possible to achieve an identical
change by the absolute value of their resistance.

Experimental check of the results of modeling
and discussion

Check of the modeling was done on an experimental
batch of the pressure sensors with the structure of poly-
crystalline silicon — dielectric — silicon. Such structures
are the cheapest, and the polycrystalline silicon possesses
the flexible characteristics, which ensure achievement
of high metrological characteristics. The choice of a ra-
tional design of the elastic element allows us to com-
pensate for smaller value of the tensosensitivity of the
polysilicon resistive-strain sensors in comparison with
the monocrystalline ones. The physical-technological
problems of development of the pressure polysilicon re-
sistive-strain sensors are considered in [12].




The samples of the pressure sensors differed from
each other in height of the concentrators /# and thickness
of the measuring diaphragm H. Sample 1 had the follow-
ing dimensions: H = 52 um, A = 32 pm, sample 2 —
H =50 pm, 2~ = 30 um, sample 3 — H = 48 um,
h = 25 um. Power supply for the sensors was provided
from the generator of current / = 2,15 mA. Other di-
mensions repeated the dimensions of the mathematical
model. The square deepenings forming the concentra-
tors on the face side were created by Bosch process and
had vertical walls. Resistance of the resistive-strain sen-
sors was R, = 1800 Q.

Dependence of the output signal of sensor U, on
pressure P during modeling was defined through the re-
sistance of the edge R, and central R, resistors:

(P)= Ry (P)

R
U, {P) = I+ 3 (1)

Nonlinearity of the converting characteristic of the
sensor was defined in each pressure reference point by
the expression:

(P)

UOM[(P) B UJ'II/IH <100 % (2)
UOMI(PH)

v(P) =

where P, — is nominal measured pressure; U,.(P) —
linear calculated converting characteristic of the sensor
passing through U,,(P = 0) and U, (P = P,) points.

Comparison of the experiment and the results of
modeling is presented in fig. 6, @ and fig. 6, b. The dot-
ted lines demonstrate the calculation data, and contin-
uous lines — the results of the experiment.

The difference between the calculation data and the
experimental data did not exceed 5 %, which testifies to
the adequacy of the model. The output signal of the
sensor at a nominal pressure was about 100 mV, and the
nonlinearity did not exceed 0,15 %. The destroying
pressure was about (0,6...0,8) - 100 Pa, which agrees
well with the results of modeling.

The pressure sensors of the traditional design of the
elastic element (without microprofiling on the face side
and a flat diaphragm), the polysilicon resistive-strain
sensors of which work on the longitudinal and cross ef-
fect and are located on the edge of the diaphragm, with
the other characteristics being equal, have an output
signal by 30 % lower, and their nonlinearity is twice as
low compared with the new version of the sensor. The
microprofiling allows us to receive on the resistive-
strain sensors from polycrystalline silicon a signal of the
same order, as on the resistive-strain sensors from
monocrystalline line silicon on a dielectric [13].

Experimental batch sensors are intended for mass
production and possess additional functionalities:

e calibration of the output signal at nominal pressure

U, =100 £ 1 mV;

out —

o calibration of the initial unbalance on the set level,
for example, Uy = 5 mV;

e temperature compensation for sensitivity with the
power supplied from a current generator within the
interval of —60++200 °C, a < 0,01 %/°C;

e temperature compensation for the initial unbalance,
B<0,01 %/°C;

e possibility of controlling the temperature by means
of thermistors.

The above possibilities are realized by means of the
resistive elements situated on a chip.

Conclusion

Microprofiling on the face side of a plate and deep
profiling on the reverse side allow us to create new de-
sign-technological versions of the pressure sensors and
improve their metrological characteristics. The results
presented in the article equally refer to the resistive-
strain sensors from the polycrystalline and monocrys-
talline silicon.
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BECIMTPOBOAHAA CUCTEMA MOHUTOPUHTA TEMAOBBIX NMOTEPb
HA OCHOBE MOMC-CEHCOPA TEINAOBOI'O INMOTOKA

Ilocmynuaa 6 peoaxyuro 04.04.2016 e.

Paccmampuearomes éonpocel nocmpoenus Ha 6aze MOIMC-cencopa menaoeoeo nomoka 6ecnpo80OHOU CEHCOPHOU cemu 045
MOHUMOPUHeQ MEeNI08bIX NOMEPL YCMPOUCME U COOpYlceHull. B paduouacmomHnom mpakme npumeHeHa UHmMeepanbHas MUKPOCXeMa
muna cucmema-na-kpucmanne (SoC)STM32W 108 komnanuu STMicroelectronics, cocmosuas uz paouomooyisi ¢ 000ePHCKOU
cmeka ZigBee u mukpoxonmpoanepa c sopom CortexMO. Ilpednoscen makem npocmoti CeHCOPHOU cemu ¢ monoaoeuell muna "36e3oa”.

Karoueevie caoea: MOMC, cencop mennoeoeo nomoka, 6ecnpogooHvle ceHcopHble cemu, ZigBee

BBenenue

KoHTponb pacxona TeTIOHOCUTENEH TIPeACTaBIIsSIeT
BaXXHEUIIYIO TeXHUYECKYIo 3amady. OcoOblil IpakTu-
YeCKUI MHTepeC MMeeT U3MEePEeHME TeTIOBBIX TTOTOKOB
1 CBSI3aHHBIC C 3TUM BOIIPOCHI TIOBBIIICHUS TOYHOCTH,
MH(MOPMATUBHOCTU U yIO0OCTBA M3MEPEHUIA.

B xayecTBe M3MepUTEIbHBIX YCTPOMCTB JUISI OTUX
1ieJiel MCMOJIb3YIOT CEHCOPBI TEIIOBOrO MOTOKA U TeTl-
snoBu3opsl [1—3]. [IpuMeHeHe OMMHOYHBIX CEHCOPOB
HE TO3BOJISIET MPOBOAUTD MOJHOLICHHBIN aHAIU3 TeT-
JIOBOro OanaHca coopyxXeHui. JIJist a3Toro menecoodpas-
HO MCIOJIb30BaTh KOMILIEKCHBIe peleHus. Hampumep,
MpYMeHeHUe OeCIpOBOAHON CEHCOPHOI CHCTEMbI Ha
OCHOBE TEIUIOBBIX CEHCOPOB IO3BOJISIET UMETh MOJIHYIO
KapTUHY pacnpeaeseHus TeIUIOThI, a repeaavya JaHHbIX
0 pagMoKaHajldy YOpollaeT cheM U 00paboTKy daH-
HBIX B peajJbHOM MaclluTabe BpeMeHU. DTa KOHLEM-
LIMS Hayaja HaXOAUTh NMPpUMEHEHUEe B CUCTEMAaX "yM-
HBIA 1oM", TOe, Hapsiay ¢ 0ecITpOBOAHBIM YIIPaBICHU-
€M UCTOYHMKAMU 3JIEKTPOIMTAHUS, CTAIN IPUMEHSITh
YCTPOICTBA yIpaBlIeHUs TeIIoNoTpebneHueM [4, 5].

B HacTog11ell paboTe onucaHa MpakTUJecKas pea-
nuzauusi 6ecripoBogHoil ceHcopHoit cetu (BCC) Ha
OCHOBe pa3paboraHHOro kpemHueBoro MOMC-ceH-
copa TeIJIOBOro MOToKa.

CeHcop TemI0BOro NoToKa

HM3meputesibHbIM 351eMeHTOM Teruionotepb B bCC
sBJsieTcsl KpeMHueBblii MOMC-ceHcop TerioBoro
noroka. OO1as uaes M3MEpeHUsT TEIUJIOBBIX MOTEPb,
Jiexalasi B OCHOBE paboThl OOJBIIMHCTBA ITPOMBIILLI-
JICHHBIX CEHCOPOB TEIUIOBOTO MOTOKA, 3aKJI0YaeTCs B
cienytouieM (puc. 1): TeraoTa MpoOXoAUT CKBO3b CEH-
COp B yKa3aHHOM HampaBJi€eHWU, MaTepuall cEHcopa
BBITIOJTHSIET POJIb JOTIOJTHUTENBHOM CTEHKM (€CJIU CUU-
TaTh OCHOBHOM CTEHKOI1 HUccienyeMblii 00bekT). I1po-
XOASIIMA IMOTOK TEIJIOThI CO3JAaeT TEMIIEPATyPHBIN
rPaMEHT B CEHCOpPE, KOTOPBIA PETUCTPUPYETCS TEM
WJIM UHBIM CIIOCOOOM.

B O0OJBIIMHCTBE CEHCOPOB TEIUIOBOTO IIOTOKA
YYBCTBUTEJIbHBIM BJIEMEHTOM SIBJISIETCSI TepMoOaTapest
(6osblIOE YMCIO TepMomap, CBI3aHHBIX IOCeI0Ba-

440 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 7, 2016

TeJabHO). EnMHMYHAg TepMoliapa TeHepupyeT BbIXOMI-
HOE HaIpsKeHHUe, KOTOPOE MPOITOPLIMOHATBLHO TEMIIC-
paTypHOMYy Mepenaay MeXIy crasMu. DTOT mepenan,
MIPU YCIIOBUU, UTO OIIMOKN MCKITIOUEHBI, TTPOTIOPIINO-
HaJIeH TTOTOKY TEIUIOTHI, ¥ 3aBUCUT TOJIBKO OT TOJIIIIM-
HbI 1 TEIJIOBOTO COMPOTUBICHUS ceHcopa. M cnob30-
BaHME OOJIBIIETO YKCIIa TEPMOTIap YBETNIMBACT BBIXOI -
Hoii curHai. Ha puc. 1 crmau TepmobaTtapen pacriojio-
>KEHbl Ha TOpsiuyeil MU XOJOAHOW CTOPOHAX CEHcopa.
TepMorapa BcTpanBaeTcs B OCHOBHOI MaTepHall CeH-
copa, OObIYHO IJIacTMaccy.

Otianuue KoHCTpykKuuu MOMC-ceHcopa TernaoBo-
ro MOTOKa OT Kjaccuueckoil (cMm. puc. 1), cBsizaHO C
HEBO3MOXKHOCTbIO (POPMUPOBAHMSI CTIIaeB TepMOIIap Ha
MIPOTUBOITOJIOXKHBIX CTOPOHAX TUIACTHHEI C TTOMOIIBIO
MMKPODJIEKTPOHHOM TexHosioruu. [1oaToMy cTpyKTypa
MBMC-cencopa (puc. 2) COnepXUT 9yBCTBUTEIBHBIN

Puc. 1. IIppHnun u3MepeHns: TEMJIOBOrO MOTOKA: /| — YYBCTBUTEJb-
HBII 3JIEMEHT; 2 — XOJIOMHAsI CTOPOHA; 3 — ropsiyasi CTOpoHa; 4 —
TETIJIOBOM MOTOK

Fig. 1. Measurement of a heat flow: 1 — sensor element (SE); 2 — cold
side; 3 — hot side; 4 — heat flow

ATh

Puc. 2. IIpunnun aeiicteus MOMC-ceHcopa TEIJIOBOr0 MOTOKA:
I — 4yBCTBUTEJIbHBIN 3JIEMEHT; 2 — TEIJIOBOM MOTOK; 3 — TEIUIO-
IpoBOI; 4 — KpbILIKa

Fig. 2. The principle of operation of the heat flux sensor MEMS: 1 —
SE; 2 — heat flow; 3 — thermal conductivity; 4 — cover




Puc. 3. Tonosorus YD MODMC-ceHcopa TEILIOBOro NoToka: / — 6a-
Tapesi TepMoIiap, 2 — pe3UCTOPHI ISl CaMOKaTMOPOBKHU

Fig. 3. Topology of SE MEMS of the thermal flow sensor: 1 — battery
of thermocouples, 2 — self-calibration resistors

Puc. 4. MODMC-ceHcop TEMIOBOr0 MOTOKA
Fig. 4. MEMS thermal flow sensor

snemeHT [/ (YD), Ha KOTOpOM BO3HHMKAeT Pa3sHOCTh
TeMIIepaTyp B TJIOCKOCTH KPEMHHMEBOM MeMOpaHBI.
TennomnpoBon 3 CAyXUT IJi TOTO, YTOOHLI TEILIOBOI
MOTOK 2, Mafalollrii Ha BCIO BEPXHIOIO KPBIIIKY CEH-
copa, nepeaaBajicsl TOJbKO Ha LIEHTpaJIbHYIO yacTh UD.
HwxHsi kpblinka 4, Tak ke Kak M BEepXHsisl, BbIpaB-
HUBaeT TeMIlepaTypy Ha IIOBEPXHOCTH CEHCOpPa, YTOOBI
JIOKQJIbHBIE TEIJIOBbIE TMOTOKM HE BHOCWIM CYILECT-
BEHHBIX U3MEHEHUI B pacIipefe/ieHe TeMIIepaTypHl,
U 3allUIIAEeT CEHCOP OT MEXaHUYECKUX BO3NCUCTBUIA.

KittoueBbIM 351€MeHTOM KOHCTpYKIIMYM MOMC-ceH-
copa TEIJIOBOTrO IOTOKa [6] SAB/ISIeTCSI YyBCTBUTEIbHbIIA
aJieMeHT (puc. 3), MpeAcTaBISIOLINNA cO00l TTpodu-
JIMPOBaHHYIO0 KPEMHUEBYIO MeMOpaHy ¢ GaTtapeeil u3
CTa MOCJeN0BaTeIbHO COCAMHEHHBIX MOJIUKPEMHUM-
aTIOMMHMEBBIX TepMorap. Pa3Mep 4yBCTBUTEIBHOTO
aJieMeHTa 9X9 MM, pasMep TOHKOM yacTh 5X5 MM,
TOJIIMHA TOHKOW yacTu 12...15 mxM. Tononoruss YO
BKJIIOYAET KpoMe TepMoIap J1Ba MOJUKPEMHUEBBIX pe-
3UCTOpA, PaCMOJOXEHHBIX B LIeHTpe MeMOpaHbl. C 1o-
MOIIBIO NaHHBIX PE3UCTOPOB MOXKHO OCYIIECTBIISITH
camokanuopoBky YD cencopa [7].

Ha puc. 4 moka3aHn ob1uii BUa ceHcopa TeIIOBOro
noTtoka. Pa3zmepsl ceHcopa: nuameTp 28 MM, TOJIIIMHA
4 mMm. KoappuuueHT npeodpa3oBaHMsI ceHCOpa, TIpo-
LIeAIIero ucnbiTanusi B CuOMPCKOM HayYHO-UCCIeN0-
BaTesJbCcKOM MHCTUTYTe MeTposioruu (CHUUM), pa-
BeH 18,78 Br/(M2 - MB).

Paspadorka BCC u nporpaMMuOro ooecneyenust

BecripoBomHbIE CEHCOPHBIE CETHU SIBIISIIOTCS OTHUM
M3 CaMbIX NEPCIEKTUBHBIX HaIpaBAeHUN pPa3BUTUS
COBPEMEHHBIX TEJICKOMMYHUKAIIMOHHBIX TEXHOJIOTHIA.
IlepcnieKTUBBI MX MPUMEHEHUS CBSI3aHbI KaK C 3aMe-
HOIt KabeJbHOI MHMPACTPYKTYphl Ha paano3¢up, Tak
M C HOBBIMU (DYHKIIMOHAIHHBIMM BO3MOXKHOCTSIMU.
becrnipoBonHasi ceHcopHasi ceTb — paclpeae/eHHasl,
CaMOOPTaHU3YIOIIAsICS CETh MHOXECTBAa CEHCOPOB U
HWCIIOJIHUTENbHBIX YCTPOUCTB, OOBEAMHEHHBIX MEXIY
€000 TOCPEACTBOM pamroKaHala.

B HacTtosiliee BpeMsi CylEeCTBYET OOJIbIIIOE YKUCIIO
Pa3HOBUIHOCTE TaKUX CeTeil, OTIMYAIOLIMXCSl KakK
opraHusainueu, Tak u chepoit npumeHeHus. Hanbo-
Jiee U3BECTHBIMU MTPOTOKOIAMU TAKUX CETEH SBISIIOTCS
Wi-Fi, xoropslii Hapsiny ¢ Wireless USB ncnionb3yercs
IUTSL Tiepenadu OOJbIINX MTOTOKOB TaHHBIX (BUAEO, ay-
auo) u Bluetooth, ipuMeHsieMblid IJIsI Tepeladyn JaH-
HBIX HEOOJIBIIOTO0 00beMa Ha KOPOTKHE PACCTOSIHUS.
OCHOBHBIM HEIOCTAaTKOM 3TUX MPOTOKOJIOB SIBJISIETCS
BBICOKOE 3HEPrornoTpedsieHueE.

B 2003 r. rpynmnoii KomnaHuii — pa3paboOTUYMKOB
BJIEKTPOHHON TeXHUKM ObL1 co3gaH ctaHaapT IEEE
802.15.4, onmchIBalOIINN IIPUHLIMITE (PYHKIITMOHUPO-
BaHUS OECITPOBOMHON Tepeaayn JaHHbIX 110 MPOTOKO-
Jy ZigBee. OTOT cTaHAapT 3aHsUI TyCTOBABIIYIO HUILLY
HU3KOCKOPOCTHBIX M IPAKTUUECKU HE MOTPEOIISIOINX
SHEPrUI0 MPOTOKOJOB, PACCYUTAHHBIX HA JTUTEIbHYIO
aBTOHOMHYIO paboty [8].

ITpoTokon ZigBee cieiMaibHO pacCUUTaH HA HU3-
KYyI0 CKOPOCTb TMepefaun JaHHBIX, TaK KakK il repe-
Jayy MH@oOpMaluKd OT CEHCOPOB He HYxKHA OOJIblas
ckopocTh. [Ipr 5TOM MPOTOKOJI OTAUYAETCS BHICOKUM
sHeprocoepekeHUEM.

ITpoTokon ZigBee nonaepXuBaeT TPU BHUIA YCT-
pOMCTB:

e KOODPIMHATOP CETU, KOTOPBI MHULIMATU3UPYET pa3-
BEepPTHIBAHUE CETH, YIIPABISIET Y3JIaMH CETH, XPAHUT
CETEeBYI0 MH(OpPMALIUIO;

e YCTPOWCTBO cOoOpa U nepenayr JaHHbIX, Yalle Bce-
IO UHTEJUIEKTYIbHBINA CEHCOP;

e MapUIPyTU3aTOp CETH, YYACTBYIOIIMN B OOMEHeE
JaHHBIMU, B KayecTBe IPOMEXYTOUYHOTO 3BeHa
MEXIy IBYMS y3JIaMU CETH.

BecripoBomHbIE ceTM Ha OCHOBE STHUX YCTPOMCTB
MOTYT UMETh OIHY U3 TOMOJIOTUIA, MPEACTaBICHHBIX HA
puc. 5 (cM. 4eTBEepTYIO CTOPOHY OOJIOKKM).

B Tomomornu Tuma "Toyka—Todka" cOOp JaHHBIX
OCYILECTBJISIETCS] TOJIbKO C OJHOTO YCTPOMCTBA, TOMO-
Jlorus TuIa "3Be3ga” BKIIOYAET KOOPAMHATOP, KOTO-
pbIii MpUHUMaeT MHGOPMALIMIO OT HECKOJIbKUX YCT-
pOVICTB cOopa JaHHBIX. Tomojornu twma "mesh" u
"KJacTepHOe AepeBO” UMEIOT GoJiee CIOXHYIO pa3BeT-
BJICHHYIO CTPYKTYPY, B COCTaB KOTOPOU TOMOTHUTEb-
HO BXOAAT Mapiipytusatopsl [9]. B maHHOIl pabote
BeiOpaHa BCC Ha ocHOBe CEHCOPOB TEIJIOBOIO IOTO-
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Ka, UMerolIas TOIMOJIOr1Io THMa "3Be3na”, B 3TOM CIy-
yae He0OXOMM TOJIbKO OJMH KOOPAMHATOP CETH, KO-
TOPBI OyIET OCYIIECTBIISITh TIPUEM TAHHBIX C CEHCO-
pOB M Iepeaadyy moiaydyeHHoi mHgopmanuu Ha ITK.
Ilocne anHanuza pamvomoaysieii ¢ BO3MOXKHOCTBIO
MOAACPXKKW MpOTOKoJa ZigBee Oblla BhIOpaHa CHCTE-
Ma-Ha-kpuctajie STM32108W (komnanuu STMicro-
electronics), KoTopasi mpeacTaBisieT co00i paguoyac-
TOTHBIN MoayJib (PU-Monynb) u 32-pa3psaHblii MUKPO-
koHTtpoep (MK) monynspHoro cemeiictBa ARM
CortexM3. JlaHHas1 MUKpOCXeMa MMEET KOMITaKTHbIe
pasMephl U OTHOCUTETHLHO HEOOJBIIYIO CTOUMOCTb.

Ilepen mepemadeil Imo paguMoKaHaldy aHaJIOTOBBIN
BBIXOJAHOM CUTHAJ C YYBCTBUTEJBHOTO 3JIEMEHTa He-
00X0AMMO yCWJIUTb U oludposath. s ouudpoBKu
cUrHalia ucrnoJjb3oBaiu 12-paspsanbiii ALITT Mmukpo-
koHTpoyuiepa STM32108W. B kauecTBe ycunutens
cUTHaJIa ObLT BBIOpAH MHCTPYMEHTAIbHBIN YCUIUTEIb
AD620, mo3BoJIsTIONINIA OTHOBPEMEHHO YCHIINTD T (-
¢epeHIIaNbHYIO 1 OAABUTh CUH(Aa3HYI0 COCTaBJISIO-
LIIyI0 CUTHAA.

KoopaunaTtop cetu npeacTapiseT coboii ycTpoiic-
TBO Takxke Ha 0a3e MuKpokoHTposuiepa STM32108W.
Cas3b ¢ 1K ocymectBnsiercst yepe3 USB ¢ nmoMoiibsio
BCTPOEHHOTO YHUBEPCATBHOTO ACMHXPOHHOTO MPUEMO-
nepenatuuka (YAIIIT) u cneunann3upoBaHHONW MUK-
pocxeMmbl TipeobpazoBartessi UART-USBFT232RL.
CTpyKTypHBIE CXeMbI OECIPOBOIHOIO CeHcopa U KO-
OpIMHATOPA CETH MOKa3aHbl Ha puc. 6. B kauecTBe uc-
TOYHMKA TTUTaHUs (3 B) ObUT UCIIOB30BaH JIUTUEBBII
anemeHT ThIopasmepa CR 2032 emkocThio 210 MA - 4.

| |
| |
I ‘ Yowmrens \ |
| amplifier ¢ [ :g ]E> [ i\;(ﬁf ] |
| |
| T o |
[ sTM32 | PU-monyms [
: Cencop W108 | RF-module :
Sensor
| |
| i) |
| " | Barapes Battery CR2032 | |
| |
: & (FT232RL ) :
l MK |=> [YAHH (UART - !
| BC J<|uart || (usp) |
| I {russ L& I
| !’ ™\ |
I PU-mopyms|  STM32 K I
! RF-module] W108 PC !
| |
| & o |
! ITuranue or USB !
: b) USB power supply :
| |

Puc. 6. CTpyKkTypHble cXeMbl 0eCIPOBOIHOTO ceHcopa (a) M Koop-
nuHaTopa cetd (b)

Fig. 6. Block diagram of a wireless sensor (a) and network coordinator (b)
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Puc. 7. I'paduueckas 000J049Ka NPOrpaMMbl 11 OTOOPAKEHHS JaH~-
HBIX C CEHCOPA B PeXHME PeabHOro BpeMeHH (0 ocu abcuucc oT-
JIOJKEHO BPeMS B MHHYTAX, M0 OCH OPAMHAT BbIXOAHO! CHTHAJI C CE€H-
copa B MIJLIMBOJILTAX)

Fig. 7. Graphical shell of a software to display data from the sensor in
real time mode (x-axis — time in minutes, y-axis — output signal from
the sensor in millivolts)

IIpu unTepBaje omnpoca ceHcopoB 10 MuH Bpems pa-

0OTbl HA OJHOM DJIEMEHTE COCTaBUT OKojio 180 mHeid.
Ha ocHoBe crannapTHOM 0MOIMOTEKU cTeKa ZigBee

I MukpokoHTtposuiepa STM32W108 [10, 11] obu10

pa3paboTaHO IIporpaMMHOe o0ecreYeHre, 03BOJISIIO-

1ee co31aBaTh CETh TOMOJOIMM TUMA "3Be3aa" co cie-

IYIOIIUMUA BO3MOXHOCTSIMU:

e aBTOMaTHyeckoe (OPMUPOBAHUE KOOPIMHATOPOM
0OecIpoBOIHONI CETH;

e TIOAKJIIOYEHME K CETH HECKOJIbKUX YCTPOHCTB (0T 1

1o 5);

e cOop MHpoOpMalLIMK O 3HAYEHUHU TEIJIOBOTO MOTOKa

CO BCEX YCTPOWCTB;

e BO3MOXHOCTb IOJIy4aTh 3HAY€HNE MOIITHOCTH TIPU-

Hsitoro curHana (RSSI).

s BU3yanusauyuy MoJy4eHHbIX JaHHBIX ObLa pas3-
paboTaHa MporpaMma, TO3BOJSIIOLIAsT B peXUMe pe-
aJlbHOro BpeMeHU OToOpaxKaTh MHGOpPMALMIO B BUIE
BpeMeHHol 3aBucumoctu (puc. 7). Kpome Toro, Bce
MOJyYeHHBIE OT CEHCOpPOB HaHHBIC 3aIMCHIBAIOTCS B
daitn g mocnenyroneii oopadoTKU.

Omnucanne 3KCIEPAMEHTA W 00CYXKIEHHE PE3yIbTATOB

s ipoBepKu paboThl ceTU ObLT MPOBEAEH IKCIIE-
PHUMEHT, BO BpeMsl KOTOPOTo Ha ABa OECIPOBOIHBIX
CceHcopa IoAaBaJii TEIUIOBOM TMOTOK OT MCIbITATEb-
Horo cteHjaa. JlaHHbIe ¢ 00OMX CEHCOPOB IlepeaaBain
yepe3 KoopamHaTtopa Ha mMoowmibHbIN T1K 1 3ammcei-
BajJud B (paiii.

KoopauHaTop Bo BpeMsi U3MepeHUs TepeMelanu
Ha paccrosHue ot 0,1 1o 20 M, cBSI3b OcTaBajach CTa-
OWJbHOI B TEYEHUE BCETrO IKCIEPUMEHTA.

Bapbupysl 3Hau€HUSIMU TEIUIOBOTO IOTOKA, MOJy-
YWJIM TIpeoOpa3oBaTeibHble XapaKTepUCTUKU OOOMX
ceHcopoB (puc. 8).

Pa3HbIii HAKJIOH MOJTYYEHHBIX XapaKTepUCTUK 00b-
SICHSIETCSI COBOKYITHOCTBIO T€OMETPUUYECKUX U TEXHO-




JIOTMYECKMX TTapaMeTPOB CEHCOPOB: TOJIIINHON MeMO-
paHbl, TEIJIOBbIM COMPOTHMBIEHUEM OTIEIbHBIX 3JIe-
MEHTOB Kopmryca u ap. s moayyeHus: 1OCTOBEPHOM
nH@OpMaIMK O 3HAYEHU U TETJIOBOrO MOTOKA KaKIIblii
CEHCOp MHIMBUIYAIbHO KaJauOpOBaJIU.

Ha puc. 9 npencrapineHa BpeMeHHAasl 3aBUCUMOCTb
TEIJIOBOTO TTOTOKA HAa UCTIBLITATEJIbBHOM CTEH[IE, CHATAS
JIBYyMsI CEHCOpaMU TeruioBoro noroka. [1pu nepecuere
MOKAa3aHWil CEHCOPOB M3 HAMPSKEHUSI B TUIOTHOCTD
TEIUIOBOTO MOTOKA MPUMEHSIJIM UHAWBUIYaJbHbIE Ka-
JIMOPOBOUHBbIE KOI(DOUILIMEHTHI, MOJyYeHHbIE 3Haue-
HUSI COBMAJIU.

B TeueHue nepBbIX 15 MUH CTEH, BHIXOJMUT Ha CTa-
LIMOHAPHBIN pexXuM. MHepLMOHHOCTL 000UX CEHCO-
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Fig. 8. Converting characteristics for two different wireless heat flow
sensors (1 and 2)
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Fig. 9. Time dependence of the heat flux on the test bench

poB ropasago MEHbLIUIE MHEPIHMOHHOCTU HMCIbLITATCIb-
HOTO CTCHAA.

3aKkmouenne

Pa3paboTtaH ceHCOp TEeIoBOro MOTOKA C YYBCT-
BUTEJIbHBIM 2JIEMEHTOM B BUIE KPEMHHEBON MeMO-
paHbl, W3TOTOBIEHHOM MO MOMC-TeXHOJOIUM.
Koaddunment mnpeobpa3zoBaHUsI CeHcCOpa paBeH
18,78 BT/(M2 -MB), TemnoBoe comnpoTuBieHUE —
0,0084 M2 - K/MB.

Ha ocHoBe pa3paboTaHHOro ceHcopa TEIIOBOTO
MOTOKAa ObUT CIPOEKTUPOBAH MakeT OecrpOBOIHOM
CEHCOPHOI ceTu ¢ TomoJyiorveit Tumna "3se3aa’.

HaHHasl ceTh MO3BOJISIET cOOMpPaTh MHOOPMALIUIO O
3HAYEHUU TEIJIOBBIX MOTEPh C HECKOJBKMX MCTOUHU-
KOB U TepenaBaTh €e Ha MepPCOHAJbHbI KOMIBIOTEP
JIJISI TIOCJIeAyIOIIeii 0OpabOTKU.

Kpome sToro ObUIO pa3paboTaHO IIPOrpaMMHOE
obOecrieyeHre, IMO3BOJISIONIEE B PEXUME pPeabHOIO
BpeMEHHU OTOOpaxKaTb MOJYYEeHHbIE JaHHbIE B rpadu-
YecKoi M TabIMYHOM (hopMax, U MPOBEACH SKCIIepU-
MEHT, MNOATBEPXKIAIOIIUNA pPabOTOCHOCOOHOCTh CEH-
COPHOM CETH.

Aemop evipaxcaem b6aaeodaprocms npog. B. A. Tpuo-
YUHY 30 UEHHble CO8embl NPU BbINOAHEHUU NpoeKma U
nodeomoeke nyboauKayuu K newamu.
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Wireless System for the Thermal Losses” Monitoring based on MEMS

of a Thermal Flow Sensor

The article is devoted to the questions of construction on the basis of MEMS of a thermal flow sensor of a wireless sensor network
Jfor monitoring of the thermal losses of the devices and constructions. A radio-frequency path employs STM32W 108 integrated mi-
crocircuit of the system-on-crystal (SoC) type from STMicroelectronics Co., consisting of a radio module supported by a ZigBee stack
and a microcontroller with CortexM0 kernel. A breadboard model of a simple sensor network with topology of a "star" type is offered.

Keywords: MEMS, thermal flow sensor, wireless sensor networks, ZigBee

Introduction

Control of coolant flow is an important technical is-
sue. Particular interest is in the measurement of heat
fluxes and the related increase in accuracy, informa-
tiveness and measurement convenience.

The heat flux sensors and thermal imagers [1—3] are
used as the measuring devices. The use of single sensors
does not allow for a full analysis of the heat balance.
The total solutions are feasible. For example, the use of
the wireless sensor system based on thermal sensors al-
lows to have a picture of the heat distribution and the
data transmission via radio facilitates simplifies their
obtainment in real time. This concept is used in "smart
home" systems, where the heat consumption control
devices are used along with wireless power supply man-
agement systems [4, 5].

This paper describes the practical implementation of
wireless sensor network (WSN) based on silicon
MEMS thermal flow sensor.

Heat flux sensor

A silicon MEMS heat flux sensor is a sensing ele-
ment of heat losses. The general idea of measuring the
heat losses, underlying the operation of most industrial
heat flux sensor is as follows (fig. 1): the heat passes
through the sensor in a given direction, the sensor ma-
terial acts as an additional wall (considering the ana-
lyzed object as a base wall). The passing heat flow cre-
ates the temperature gradient in the sensor, which is
registered in some way.

Most of the heat flux sensor uses a thermopile (a large
number of thermocouples connected in series) as the
sensitive element (SE). A single thermocouple gener-
ates an output voltage proportional to the temperature
difference between the junctions. This difference, pro-
vided that the errors are excluded, is proportional to the
flow of heat and depends on the thickness and thermal
resistance of the sensor. Use of the large amount of
thermocouples increases the output signal. Fig. 1 shows
the thermopile junctions located on the hot and cold
side of the sensor. A thermocouple is embedded in the
base material of the sensor, usually in plastic.

The difference between the structure of MEMS heat
flux sensor from classical (fig. 1), is related to the im-
possibility of forming of junctions of thermocouples on
the opposing sides of the plate using microelectronic
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technology. Therefore, MEMS sensor structure (fig. 2)
contains / SE, in which there is a temperature differ-
ence in the plane of the silicon membrane. Heat con-
ductor 3is used to transmit the heat flux 2, incident on
all sensor top cover, to only the central part of the SE.
Bottom cover 4, as well as the top, aligns the temper-
ature on the sensor surface to the local heat fluxes did
not make any significant changes in the distribution of
temperature and protects the sensor from mechanical
influences.

A key element of the design of the MEMS heat flux
sensor [6] is SE (fig. 3), which is a shaped silicon mem-
brane with a battery of one hundred serially connected
polysilicon-aluminum thermocouples. The size of SE is
9x%x9 mm, the size of a thin section is 5X5 mm, the
thickness of the thin portion is 12...15 um. SE topology
includes two polysilicon resistors in the center of the
membrane except the thermocouples. The self-calibra-
tion of the SE sensor can be made with these resistors [7].

Fig. 4 shows a general view of the thermal flow sen-
sor. Sensor dimensions: diameter of 28 mm, thickness
of 4 mm. Conversion factor of the sensor, tested in the
Siberian Scientific Research Institute of Metrology, is
equal to 18,78 W/(m?2 - mV).

Development of WSN and its software

Wireless sensor networks are one of the most prom-
ising directions of development of the telecommunica-
tion technologies. The prospects of their use are asso-
ciated with replacement of the cable infrastructure to
the wireless transmission and new functionality. The
wireless sensor network is a distributed, self-organizing
network of a plurality of sensors and actuators, inte-
grated via radio channels.

There are many varieties of networks differ by the
organization and scope. The best-known network pro-
tocols are Wi-Fi, which along with the Wireless USB is
used to transfer large amounts of data (video, audio),
and Bluetooth for transfer of a small amount of data for
short distances. The main disadvantage of these proto-
cols is the high power consumption.

In 2003, a group of software developers of electronic
equipment developed the standard IEEE 802.15.4, that
describes the principles of operation for ZigBee wireless
transmission protocol. This standard took an empty
niche of low-speed and almost no energy-consuming




protocols designed for longer operating time [8]. Zig-
Bee protocol is specifically designed for low data rate,
since data transmission from the sensors does not need
a lot of speed. This protocol is characterized by high en-
ergy efficiency.

ZigBee protocol supports three types of devices:

e network coordinator who initiates the deployment
of the network, controls network nodes, stores the
network information;

e data collection and transmission device, usually an
intelligent sensor;

e network router involved in the data exchange, as an
intermediary between two network nodes.

Wireless networks based on these devices can have
one of topologies shown in fig. 5 (see 4-th side of the
cover).

In the topology "point-point", the data collection is
organized only by one device; the topology "star" in-
cludes the coordinator, which receives information from
multiple data acquisition devices. "Mesh" and "Cluster
Tree" topologies have a more complex branched struc-
ture, which additionally includes routers [9]. In this pa-
per, the WSN was selected on the basis of heat flow
sensors having a "star" topology. In this case you need
only one network coordinator, which will carry out in-
formation reception from the sensors and information
transmission to a PC. Analyzing the radio modules with
ZigBee protocol support, we used STM32108W system
on chip (STMicroelectronics Company), which is a
radio frequency module (RF module) and 32-bit mi-
crocontroller (MC) of the popular family of ARM
CortexM3. This chip has a compact size and relatively
low cost.

The analog output signal from SE is necessary to
strengthen and digitize before transmission over the ra-
dio channel. To = 12-bit ADC STM32108W micro-
controller was used for digitizing. An instrumental am-
plifier AD620, which can enhance the differential and
to suppress the phase component of a signal was select-
ed as a signal amplifier.

The network coordinator is a device based on
STM32108W microcontroller. Communication with
PC is organized via USB using the built-in universal
asynchronous receiver-transmitter (UART) and ASIC
converter UART-USBFT232RL. The circuit of a
wireless sensor network coordinator is shown in fig. 6.
The lithium battery of CR 2032 typewith a capacity of
210 mA - h is used as power supply (3). The working
timeof a one element will be about 180 days atthe sen-
sors’ polling interval of 10 min.

The software that allows you to create a network to-
pology of "star" type with the following features was de-
veloped on the base of standard ZigBee stack library for
STM32W108 microcontroller [10, 11]:

e automatic generation by wireless network coordi-
nator;

e several devices connection to network (1 to 5);

e information obtainment on the value of the heat
flow from all devices;

o ability to get the value of received signal strength

(RSSI).

To visualize the data, a software that allows real-
time information displaying in the form of time-depend-
ents (fig. 7) was developed. All data received from the
sensors are recorded in a file for subsequent processing.

Description of the experiment and discussion
of the results

To check the operation of the network, an experi-
ment was conducted in which two wireless sensors sup-
plied heat flux from the test stand. Data from the sen-
sors were transmitted through the coordinator on the
mobile PC and were recorded in the file.

The coordinator was moved during the measure-
ment at a distance of 0,1 to 20 m, the connection re-
mains stable throughout the experiment.

By varying the values of the heat flow, we got trans-
forming characteristics of both sensors (fig. 8).

The different slope of the obtained characteristics is
explained by a set of complex of geometric and tech-
nological parameters of sensors: membrane thickness,
thermal resistance of individual elements of the body,
etc. The each sensor was individually calibrated to ob-
tain the reliable information about the heat flow.

Fig. 9 shows the time dependence of the heat flux at
the stand, taken by two heat flux sensors. The obtained
values coincided, when the individual calibration coef-
ficients were used for recalculation of indications from
voltage in to the heat flux density.

The stand comes out in the stationary mode during
the first 15 min. The inertia of the two sensors is much
less inertia of a test bench.

Conclusion

A thermal flow sensor from a sensitive element as
a silicon membrane made by MEMS technology was
developed. Conversion ratio of a sensor is equal to
18,78 W (m2 -mV), the thermal resistance —
0,0084 m“+ K/mV.

The production prototype of the wireless sensor net-
work with "star" topology was designed on the basis of
the heat flux sensor.

This network allows you to collect information
about the value of the heat loss from a number of sourc-
es and transfer it to a PC for further processing.

In addition, the software has been developed that al-
lows in real-time to display the data in graphical and
tabular form; an experiment confirming the perform-
ance of the sensor network was done.

The author would like to express his gratitude to prof.
V. A. Gridchin for his valuable advices in the project im-
plementation and this paper preparation.
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B. /1. JInich, HAaYaAJILHUK OTAEJIa TOMOJIOTUH,
000 "CubMC", r. HoBocubupck

OB3O0OP OIbITA PASPABOTKU CYBMUKPOHHbDbIX MHTETPAAbHbIX

MUKPOCXEM B OOO "CuoncC"

ITlocmynuna 6 pedaxyuro 04.04.2016 e.

H3znooxcen onvim paspabomku 6 OO0 "Cu6UC" 6 2006—2016 ee. cyomurxporubix unmeepanbvhvix muxpocxem (UMC) pazauuroeo
HA3HAYeHUsl, 8 COCMAB KOMOPbIX 6X005M AHAN020-UUPPO8ble; YUPDPOAHAN0206ble U PAOUOHACTOMHbIE CAONCHODYHKYUOHALbHYIE 0110~
xu. Ilpueedena unghopmavus no Hexomopoim UMC muna "cucmema Ha xpucmaine” (CuK), pazpabomaHHbix no CYOMUKDOHHbIM
KM OII-mexnonoeusm: 045 yughposoeo menesuderus, 04 UCNOIHUMEAbHBIX YCMPOUCME, 04151 MAA02A0APUMHBIX NPUEMHUKO08 CUSHAN08
HasueauuoHHsix cnymHukosvix cucmem GLONASS/GPS, 015 ucmoyHukoe 6moputHo2o 31eKmponumanus 8biCoOKol 3gh)gheKxmusroc-
mu, a makaice MUKpOMOuHOU npoepammHo-konghueypupyemoti UMC ¢ paduomodemom 045 CEHCOPHBIX CUCMEM.

Karoueevie caoea: cyomuxponnas unmezpanvias muxpocxema, KMOII, ananoeo-uyugposoii npeobpazosamens, yugpoanaio-

208601l npeo6pa306ame/tb, cucmema Ha Kpucmanie

BBenenune

CoBpeMeHHBIE  WHTETpPaJbHBIE  MUKPOCXEMBI
(MUMC), peaimmsyembie IO WIOEOJOTHMH "CHUCTEMa Ha
kpuctamie”" (CuK), nmpencraBiasior coboii COBOKYM-
HOCTb B3aMMOCBSI3aHHBIX TaK Ha3bIBAEMbIX "CJIOXHO-
dyHKIIMOHATBHBIX 0710KOB" (CdD 6irokoB). Kakmbrit
C® 6710K BHITIOJHSIET OINPEAeICHHYIO (DYHKIIUIO 11EJI0-
ro ycrpoiictsa, Ho mpu 3ToM Bce CD 6i1oku CHK 11po-
eKTUPYIOTCS M M3TOTaBIMBAIOTCSI HA OCHOBE €IMHOMN
6a3oBoii TexHonoruu usrotopseHus UMC. Haubonee
BOCTPeOOBAaHHBIMU B HACTOSIIIEEe BPpeMsI B IIPOM3BOIC-
B¢ UMC 1 ONTUMaJBHBIMU C TOYKM 3peHUS "Kadec-
TBO — IHeHa" ABIsSIIOTCST cyoOMukpoHHbie KMOTT-Tex-
HOJIOTUM, PeaIM30BaHHbIE Ha OOJIBILIMHCTBE KPEMHM-
eBbIX (abpuk Mupa. OTHUMM M3 HamboJjiee CIOXHBIX
IUIST TIpOoeKTHpoBaHMS SIBJISTIOTCST CP 6J10KM paamodac-
toTHBIX UMC. B otiinure ot nudpoBbIX UX pa3padboT-
Ka SIBJISIETCS TEXHUYECKU 3HAYUTENIbHO OoJjiee CIOXK-
HOI U MpU MPOEKTUPOBAHUM HEOOXOAMMO YUUTHIBATh
cliemytone (hakTOpPHI:

e TEXHOJIOTMYECKYIO 3aBUCMMOCTb aHaJIOTOBBIX 3JIe-

MEHTOB, YTO IMUKTYeT HEOOXOMUMOCTh WHAUBMIY-

aJIbHOTO TOAX0Ja K aHaJIOrOBOM MMKPOCXEMOTEX-
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HUKE IIJIST KaXKIOTO TEXHOJOTMYECKOTOo TIpollecca o,
COOTBETCTBEHHO, K KaxXI0il (padpuKe-U3roToBUTe-
mo UMC;

e BIMSIHHUE CTAaTUCTUYECKUX Pa30POCOB TEXHOJOTU-

YECKHUX IapaMeTpoB Mpollecca;

e BJIMSIHME Mapa3sUTHBIX 3(PEKTOB TOMOJOrMYeCKOM
peanu3anuu;
e BIMSHUE (YHKIMOHUPOBAHMUS HUGPOBON 4YacTu

MMC Ha ee aHaJIOTOBYIO YacTh.

C MoMeHTa cBoero oopaszoBanus B 2006 r. OCHOB-
HbIM HampaBieHuem aesteabHoctu OO0 "CuoMC"
SIBUJIUCh Pa3pabOTKM aHalIoTo-UU@POBLIX, LUGPO-
aHajoroBbix 1 pagrnodyactoTHbix UM C CHK. B HacTo-
sgieid padoTe BBIMOJHEH KpaTKuii 0030p HEKOTOPBIX
pa3padorok UMC 1o manHomy HamnpasiaeHuio B 000
"CuoMC" 8 2006—2015 rr. B ToM unciie pacCMOTPEHbI
MMC u MmakeThl yCTPOMCTB Ha €€ OCHOBE JIJIsI IIpUeMa-
rnepefayd AaHHBIX IO pagudOKaHaly OT CEHCOPHBIX
CHCTEM Ha OCHOBE MUKPOCUCTEMHOM TEXHUKMU.

NMC CuK a5 mudpoBoro tejiepaauoBemaHns

Paspaborku UMC g uudpoBoro TejaeBelllaHUS
BKJTIOUAJIM TpexKaHainbHbIN BUaeolIAIT 1 aynnollAIL.
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Puc. 1. ®ororpacdus Tonoaoruu (a) u tecropoit UMC myabTHCTaH-
JIAPTHOTO TIOHEPA B yCJIOBHOM Kopmyce (b)

Fig. 1. Photo of layout (a) and test IC for a multi-standard tuner in a
conditional package (b)

Mukpocxembl peann3oBaHbl 1Mo ctaHgapTHoit KMOIT-
TEXHOJIOTUH C TOMOJIOTMYeCKUMMU HopMamu 180 HM.

B paborax [1—3] paccMOTpeHBI pe3yabTaThl TPOeK-
TUPOBAHYS U U3TOTOBJICHYSI MUKPOCXEMbI MYJIbTUCTAH-
maptHoro Buneonmekonepa PAL/NTSC kiacca "MUKpo-
cxeMa cMellraHHoro curHana" (mixed signal), BKiIrOUa-
folIero OJI0K LM(pPOBOro MOAYJISATOpPAa U TpeXKaHaslb-
b1 10-pa3psanabiii LHATT ¢ paboueii yacroroit 27 MI'w.

Pa3zButue 3Ta Tema mosyuusia B pa3pabOTKe MUK-
pocxeMBbl TIoOHepa Hu¢poBOro pagvoselaHus (puc. 1)
B dopmate DRM (Digital Radio Mondiale). 3a cuet
MporpaMMUpoOBaHusl monockl mpornyckanuss AL
00ecITeynBaeTCsl COBMECTUMOCTD C CYIIECTBYIOIIMMU
CTaHIapTaMU aHAJOTOBOTO M IIM(POBOTO paaroBeIa-
HUS B Juara3oHax NpuHuMaembix dactoT 0,1...30;
66...74; 87,5...108 MI'u. Cozgannag UMC mo3BossieT
obecreunBaTh COBMECTUMOCTD CO CTaHIAPTaMHU I po-
Boro paauoselianuss DRM30 (Digital Radio Mondiale),
DRM+, AVIS (AudioVisual Information System), a Tak-
K€ C CYIIECTBYIOLIMMU CTaHIapTaMy aHaJIOroBOIO Be-
mwaHust ¢ AM (amrutynHas Moayisuust) 1 UM (vac-
TOTHAsI MOIYJISIINS) IJISI MCITOJIb30BAaHMS B COBPEMEH-
HBIX cHCTeMax [U(POBOTO pagnoBelIaHus.

B pabore [4] npuBeaeHbl pe3yabTaThl TPOSKTUPO-
BaHMs nuddepeHImaibHoro manoiymsiiero KMOTT-
ycuImuTess, Bxoasiuero B coctaB DRM paauoTtioHepa.
JOCTUTHYT KOMIIPOMUCC MEXIY COIJIacOBaHUEM IO
BXOAY M POCTOM KO3(dHIIMeHTa IIymMa 3a CYET MC-
MOJIb30BaHMsI METOHA IIIyMOIIOAAaBJICHMUsT Oe3 yiiepoa
JIMHEMHOCTU U 0e3 yXynlueHUs1 Koa(pdulimeHTa yCu-
neHus. Ilpu pa3paboTke ObLIO JOCTUTHYTO HU3KOE
3HayeHue KodbhdUuIMeHTa IyMa B IIMPOKOM Auama-

30HE 4acTOT. XapakKTepUCTUKU IuddepeHInaIbHO-
ro manomymsiiero ycuwiuteias (MIIY) ymosinerBo-
pSIIOT TpeboBaHUSAM K IpuMmeHeHuio B DRM paano-
TIOHEpE: MUMHUMAaJIbHOE 3HaueHue KoahdullMeHTa 1y-
Mma NF 2,3 n1b; xoapdpuuuent ycunenusa no 14,5 nb;
notpebiisieMast MOLIHOCThL He Gojee 99 MBt. Cripoek-
TpoBaHHbII MIITY MoXeT IKMPOKO MPUMEHSITHCS IPU
MPOEKTUPOBAHUU PA3TUYHbBIX PaIOYaCTOTHBIX CXEM B
cocrae UMC CHK.

B paborte [5] paccMoOTpeHBI OCHOBHBIE NPUYMHBI
BIUSIHUSI TEXHOJIOTMYECKUX pa30dpPOCOB Ha XapakTe-
puctuku HHAIT npu npoektrupoBanuu no KMOII-Tex-
HOJIOTMM C TIPOEKTHO-TEXHOJOTMYECKUMHU HOPMaMU
180 um. IIpemnoxeHa yiydilleHHas cCXeMa BKIIIOUEHMSI
MaTpUlibl TEHEPATOPOB TOKA CTapIIUX pa3psiaoB IMpU
yBenuueHuu paspsaHocty HHAIT ¢ 10 go 14. B pabore
[6] paccMOTpeHBI OCHOBHBIE MPUYWHBI BIUSIHUS TEX-
HOJIOTMYECKUX pa30pocoB Ha xapakrepuctuku LIAIL.
PazpaboTaHa mporpamMma [jisi MpoBepKu 3¢hGheKTUB-
HOCTU CXEMbI MepeMelInBaHUsI 110 OJHOMY U3 KJIIO-
yeBbIX Nokaszareneit padoTel IIAIT — mHTerpaabHOM
HenuHeiiHocTu (INL). BeiOpana KoMOMHaIUST BKIIIO-
YEHHUSI MaTpUIlbl C HAaMMEHbIIMM TokaszateiaeM [NL.
IlpencraBiaeHa xapakTepuCTMKa WHTETPaJIbHOU HeJM-
HEWHOCTH MATPUIILI CTAPIIUX Pa3psIoB.

NMC st MCHOJTHATENBHBIX YCTPOHCTB

OnucaHHble B HacTosiieM pasaene UMC usroras-
JINBAJIUCH 110 BBICOKOBOIBLTHOU KMOTI-TexHonoruu c
Tornojiornyeckumu Hopmamu 180 Hm. Ha puc. 2 noka-
3aHbl (poTorpaduu Kprcrajaia U 3J1eKTPOHHOTO MOMYJIS
Ha ero OCHOBE JUISl YIIpaBJIeHUS 2JIeKTPOJETOHATOPOM
C 2JIEKTPOHHBIM 3aMeIJIEHUEM JIsi UHULIMUPOBAHMSI
MPOMBIIUIEHHBIX B3PbIBOB B TOPHOPYAHOM OTpac/u.

OmHUM M3 BaXXHBIX BOMNPOCOB MPU MPOEKTUPOBA-
HUM IO BBICOKOBOJIbTHON TEXHOJIOTMU SIBJISIETCS] 3a-
muta BbiBoJoB MMC oT Bo3AeiCTBUS 37EKTPOCTATH -
yeckoro paspsga (DCP). B pabote [7] paccMOTpeHbI
BapuaHThI 3a1IUThl OT DCP 1151 aHAIOrOBBIX U LIU(pPO-
BBIX, BXOIHBIX Y BBIXOTHBIX KOHTAKTHEIX TUTOIIAMOK, a
TakK>Ke JJ11 KOHTaKTHBIX TUIOIIAA0K TMTUTAHUST U 3€MJIN.

Puc. 2. ®ororpadms kpuctamia UMC (a) u anexrponnoro moxys (b)
JUISL yIPaBJIeHHs JJIEKTPOIETOHATOPOM C IJIEKTPOHHBIM 3aMe JIeHHeM
Fig. 2. Photo of an IC chip (a) and an electronic module (b) for control
of an electric detonator with an electronic delay
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NMC anst MajiorabapuTHbIX NPHEMHHKOB CHTHAJIOB
rJI00AbHBIX HABUTAIMOHHBIX CIYTHUKOBBIX CHCTEM

Paspabotka panuouactotrHoit UMC BbIOJIHEHA 11O
crangaptHoii KMOII-TexHONMOTUM € TPOEKTHO-TEX-
HosiornyeckuMu Hopmamu 130 HM (puc. 3, a).

Mukpocxema npenHa3HavyeHa Ui YCUJIEHMSI, yac-
TOTHOTO Mpeodpa3zoBaHusl U GUIBTPALUU TIPU TIpHUEMe
curHasioB [JTOHACC/GPS. MoxeT npuMeHSITbCS B
cocTaBe MajorabapuTHOTO MOMYJIS TIPUEMHNKA HAaBU-
TalMOHHBIX CHUTHAJIOB TIJIOOATbHBIX HABUTALIMOHHBIX
CITYyTHUKOBBIX CUCTEM C HU3KMM SHEPIroINoTpeOIEHUEM.

MukpocxeMa npeacTaBiseT coboil cyneprerepo-
NUHHBIA MOPUEMHUK MJIs TMpUeMa HaBUTALIMOHHBIX
curHasioB B auamnaszoHe yactor L1: TTTOHACC CT
(ctangaptHas TouHocTh) U BT (BbICOKasi TOUHOCTD),
GPS C/A.

YrpaBiaeHHe OCYIIECTBISIETCS OT BHEIIHETO CIie-
LIMAJIU3UPOBAHHOIO Tpoleccopa no mwuHe SPI. Muk-
pocxema obecrieurBaeT BblAayy OoUM(POBaHHbBIX JaH-
HbIX MU TAKTOBOW 4YacTOThl IJig OJIoOKa KoppeJisiTopa
BHEIITHETO CIIeIMaIu3MPOBAHHOTO IPOIIeCCopa.

®dotorpacdusg usrorosiaeHHOro kpucramia MMC
MpuBeJeHa Ha puc. 3, b.

OCOOEHHOCTBIO TaHHOW MUKPOCXEMBI SIBIISIIOTCS:
ONHOBPEMEHHBI MpPUEM CUTHAJIOB HABMTAalIMOHHBIX
cucteM — ['NTOHACC u GPS, Bo3MOXHOCTb pabOThI

Puc. 3. Tononorus kpucrania paguodacrornoit UMC ns naBuranm-
onHoro npuemnnka (a) u gororpacpus UMC B yciaosHom Kopmyce (b)
Fig. 3. Layout of a chip of a radio-frequency IC for a navigation receiver
(a) and photo of IC in a conditional package (b)
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C TAacCCUBHBIMM U aKTUBHBIMU aHTEHHAMU, IPUEM
curHasioB BT cucrembl [JTOHACC, kBaHTOBaHUE CUT-
HanoB 1Y (rmpomexyTouHasl 4acTOTa) BHYTPEHHUMU
4-6utHbiMu ALITI.

B coctaB MuKpocxeMbl BXOAST: MaJOLIyMSIILIUIA
YCUINTEJb, KBaApaTypHblii cMecutenb 1-i ITY, cunte-
3aTOp YaCTOThI, mojJa0coBbie GuinbTpel ITY, ycunurensb
MPOrpaMMUPYEMOIO YCUJICHUsI, KBaApaTypHbI cMe-
curens 2-i T4, ®HY, LIAIl KoppeKInn cCMeIIeHUs,
Tpu 6Ji0Ka 4—pa3psmHHx AIITI, cepBucHbIi 8-pa3psii-
Hbid ALLII, mporpaMMupyeMblii ICTOYHUK OIIOPHOTO
HanpspKeHUsl, aHTEHHBI MOHUTOD.

HMUMC anst ICTOYHHKOB BTOPHYHOIO 3JIEKTPONUTAHUSA

B teuenne cemu ter OO0 "CuoMC" mpoBoaui uc-
cJIemoBaHUS M pa3pabOTKM B OO0JIACTM HMCTOYHUKOB
BTOPUYHOTO 3JIEKTPONUTAHUS BbICOKOU 3(hdheKTUB-
HOCTM, OCHOBAHHBIX Ha MCIIOJIb30BAaHUU TPHUHIIMIIA
"MSITKOIl KOMMYTallMU" CUJIOBBIX KJTtoueil. PesynbTaThl
pa3paboTOK MaKeTOB MCTOYHUKOB ITUTAHMS TTPUBEIE-
HBI B cepuu myoaukanuii [9—14] u 0606I1IeHB B MO-
Horpadwuu [15]. OmHUM U3 pe3ynbTaTOB MPOBEASHHBIX
paboT ctana pa3zpaborka cooctBeHHoit UMC npaiiBepa
MSITKON KOMMYTAIlMXA CUJIOBBIX KITIOUEH, pean3ylole-
ro MPUHLIMIT KOMMYTallu1, U3BECTHBIN Kak Zero Voltage
Switching (ZVS). Pesynbrarthl pa3paboTKu apaiiBepa
MO BBICOKOBOJIbTHOU TexHoJioruu 180 HM NMpuBeneHbBI
B paborax [8, 16].

C xoHna 2014 r. OO0 "CubMC" BBIIOJIHSIET pa3-
paboTKy cepuM WHTETPAIBHBIX MUKPOCXEM MHOTO-
(byHKIIMOHATBHOTO KOHTPOJSI M YIIpaBAEeHUS IJIsT MC-
TOYHMKOB BTOPUYHOTI'O 3JIEKTPONMUTAHUS ISl CBETOIM -
OIHBIX cucTeM 110 TexHosornu BCD (" Bipolar, CMOS,
DMOS Mixed Technology") 250 am.

MukpomoiHasi nporpaMmao-KoHgurypupyemas MMC
Tana CuK c pagmomonemMom 115l CEHCOPHBIX CHCTEM

Bosnbliioit MHTEpeC MpY MOCTPOSHUM COBPEMEHHBIX
MHTEJUIEKTYaTbHbBIX CEHCOPHBIX CUCTEM IPEACTaBIISIET
nepenaya MHOOPMAIIMH OT CEHCOpa K IIEHTPaJIN30BaH-
HBIM cucTeMaM 1o paauokaHany. Pazpadorannas UMC
paguomMoeMa UMeeT B CBOEM COCTaBe CJEAYIOINe OC-
HoBHBIe CD OJIOKU:

e MUKpoIpoueccopHoe simpo OpenMSP430, cos-
MeCTMMOE Ha YpOBHE acceMOJIEpHBIX KOMaHI C
MSP430;

e aHajoroBast mepudepuss B Bume 16-pa3psmHOro
AILIIT n LAII;

e pagMOMOJEM, KOTOPbIi CIocoOeH MYHKIMOHUPO-
BaTh IMMPY MUHUMAJILHOM MCITOJIb30BAaHNHM BHEITHUX
pagvovyacTOTHBIX LEMNE.

KitoueBoit 0COOEHHOCTBIO MUKPOCXEMBbI SIBJISIETCS
MUWHMMU3ALMS TOTPeOIsieMO MOIITHOCTY BO BCEX pe-
KuMax padotsl Mukpocxembl. UM C paspabarbiBanach
no texHojoruu 180 HMm.

OO0111as1 TOmmoI0THS KpUCTasla IToKa3aHa Ha puc. 4, a
¥ BKJTIOYAET Bce BhIeykazaHHble CP G10KM, KaCKaIbI
BBOJa/BbIBOA (KOHTAKTHBIC TUIOLIAAKM) — B KOJM-
yecTBe 82 MIT. (M3 KOTOPHIX 64 ABISIOTCS pabounMU, a




Puc. 4. Tononorus kpucramia recropoii UMC panuomonema (a) n
dororpadua UMC B kopnyce (b)

Fig. 4. Layout of a chip of a test IC for a radio modem (a), photo of
IC in a package (b)

OCTaJIbHbIE — BCIIOMOTaTeIbHBIMM IJIsI O0Jiee neTab-

HO1 olleHKU paboTtsl y3noB UMC), B TOM yucie aHa-

JIOTOBBIX — 14, udpoBbix — 62, mutaHusg — 6. doto

KpHUCTajljla B KOpIlyce npuBeaeHo Ha puc. 4, b. UMC

Obula coOpaHa 11 TecTupoBaHusi B 108-BbIBOAHOM

Kopmyc tima 4226.108-2.01.

C® 650K pagroMoleMa MMeEeT B CBOEM COCTaBe
cienytolue paauovyactotTHole (PY) s1eMeHThI:

e KJIIOY MpUeM/mepenaya;

e LC-reneparop, paboTtamliiuii B CBepXpereHepaTrB-
HOM peXMMe Ha MpUeM U B peXuMe reHepalu Ha
nepenavy;

e MAJIOIIYMSIIUIA yCUIUTENb MIPUEMHUKA;

e YCWJINTENIb MOIITHOCTH TIepeaaTInKa.

DTO 00CTOSITENBCTBO HAKJIAABIBAIO CJIEAYIOLIME 10-
MOJTHUTEIbHbIE TPEOOBaHUS MPU MPOEKTUPOBAHUU TO-
MOJI0TUU 0JI0Ka:

e MUWHMMU3ALMIO B3aUMOACHCTBUS DJIEMEHTOB CXe-
Mbl o PY;

e CHIDKEHME MOTEPh B KiIove TpuemM/mepenada B PU
Marna3oHe;

e CHIXXEHME YPOBHS LIYMOB MaJIOIIYMSIIETO YCUIIU-
TeJisl, IPOHUKAIOLINUX Yepe3 MOMITOXKKY.

Ha ocHoBe paspaboranHoit UMC pagunoMmoaeMa
ObLIO OCYILECTBICHO MaKeTUpPOBaHUE YCTPOMCTBA

npueMa-nepeaadyn JaHHBIX MO paguokaHany. s uc-

ClIeIOBAHUS XapaKTepUCTUK MpueMa-rnepeaayu u3ro-

TOBJICHBI JiBa MakeTa ycTpoiicTBa (0AUH ISl pabOThI B

pexXuMe TiepeaaTyuKa, BTOpoit — B peXXuMe TTPpUeMHU -

Ka). B xone uccnenoBaHmii ObLIM ONpeaeeHbl CIeay-

I0lII€ OCHOBHBIE XapaKTEPUCTUKU PaguoMOJeMa:

e BBIXOJHOE CONPOTUBIICHHWE MOAEMa CO CTOPOHBI
aHTEeHHBI B pexxuMe nepegadyn okoso 30...40 Owm;

e pa3max HanpsoKkeHUs (peak-to-peak) Ha BbIXOJE MO-
JeMa B pexume Iiepenadyn 0e3 aHTeHHBI 2,2 B;

e pasmax HamnpsokeHust (peak-to-peak) Ha aHTEHHe
mnuHoit 0,5 M — 1,4 B;

e BXOJHOE COIPOTUBIEHUE UCIOJIb3yeMbIX aHTECHH
anuHoit 50 cm Ha uacrore 150 MI' oxoio
37...40 Owm;

e MaKCHMMaJIbHasl MOIIHOCTh WM3IyYeHHSI He Ooiee
6 MBrT;

e BXOJHOE€ COMPOTUBIEHUE MOAEMA CO CTOPOHbI aH-
TeHHBI B peXxume npuema Ha yactore 150 MI1g
okoJjio 40 Owm;

e UYYBCTBUTEJIBHOCTb 1O BXxoay okoJio 100 MKkB;

o (akTHuecKast JaJTbHOCTb CBSI3U JBYX MOJIEMOB IIpU
WCIIOJb30BaHUM aHTEHHBI JJIMHOM 50 ¢cM Ha yacTo-
te 150 MTI'q okoso 100 M.

HanpHeiiiee pa3BUTHE pa3pabOTKU MIPEAITIOIaraeT-
Cs OCYIIIECTBUTH ITyTeM TIepeXo/ia B YaCTOTHBIN auarna-
30H BIUIOTh A0 10 I'Tu. Dto mpennonaraercs caenaThb
3a CYET CJCAYIOLIMX peLIeHUIA:

e NCMOJIb30BaHUSI MHTETPaAJIbHBIX MACCUBHBIX Paguo-
YaCTOTHBIX DJIEMEHTOB — MHAYKTUBHOCTEH 1 Baph-
KaroB;

e TIOCTPOCHUSI CBEPXpPEreHEepaTUBHOTO IPUEMHOIO
TpakTa 1o 0oJjiee CI0XHONW U COBEpIICHHON cxeme
cO crabuimzanyeit paboueit 4aCTOTHI CpeaCTBAMU
cucteMbl DAITY;

e TIpUMEHEHHUS OoJiee COBEPIIEHHON CXeMbI MaJIOIIIY-
MSILLIETO YCUIIMTENSI TIPUEMHOTO TpaKTa, MO3BOJSI-
JOLLETO MOJTYYUTh YYBCTBUTEIbHOCTD MOPSIAKA a1~
HUII MUKPOBOJIbTA.

Peamm3zanmst mpemoXeHHBIX PEIIeHUI TTO3BOJINT:
e YBEIMYUTH YYBCTBUTEIBHOCTH IPHMEMHOTO TpPaKTa

U, ClIeoBaTeNIbHO, JATbHOCTh PabOThI CUCTEMBI;

e TIOBBICUTH TEXHOJOTMYHOCTh 3a CYET OTKa3za OT
BHEIIIHUX KPUTUYHBIX 3JEMEHTOB U COMYTCTBYIO-
LIEW X HACTPOWKE;

e YMCHBIINTHL TAOAPUTHBIC pa3Mephbl aHTCHHEI.

B cBow ouepenb ckazaHHOE AelaeT BO3MOXHBIM
peanu3aluio KOHLIETIUY aBTOHOMHOTO ceHcopa, obec-
MeYrBaloOllero NHTEJUIEKTyalbHYI0 00paboTKy aHaslo-
TOBOTO CHWTHaJIa, OUM(MPOBKY pe3yabTaTa W Tepeaady
ero 1o pagvoKaHamy.

3akiaoueHue

IIpuBeneHHbIe B HACTOSIIEM 0030pe TPUMEPHI T10-
JIyYEHHBIX PE3yJbTaTOB B TOCTATOYHOU Mepe OTpaxa-
T onbIT npeanpusarus OO0 "CuoMC" B obimactn
pa3pabOTOK COBPEMEHHBIX CYOMUKPOHHbBIX WHTEr-
paJbHBIX MHUKPOCXEM THIIA CHCTeMa Ha KpUCTajie.
Xapaktepuctnku C® 6;10K0B pa3pabotaHHbeIx UMC
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npuBefeHbl Ha caiite Kommanun OOO "CuoUC"
http://www.sib-is.ru. DTOT OmbIT, B COBOKYITHOCTHU C
M3JI0XEHHBIM B HACTOSILLIEM COOPHUKE OMBITOM B 00-
nmactu texHonoruii MCT, moka3biBaeT BO3MOXHOCTHU
pa3BUTUS Ha 0a3e mpeArnpusTrs padoT Mo pa3padoTkKe
COBPEMEHHBIX CEHCOPHBIX CHUCTEM Pa3IUYHOTO Ha-
3HAYCHUS.
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Review of SIBIS Experience in Development of the Submicron Integrated

Microcircuits

The authors present the experience of SibIS LLC. obtained in 2006—2016 in development of the field submicron integrated mi-
crocircuits (IC) for various purposes, comprising analog to digital and digital to analog converters and radio-frequency complex func-
tional units. They also present information on certain system-on-chip IMC developed by submicron CMOS technologies for digital
TV, compact GLONASS/GPS receivers, highly efficient sources of the secondary power supplies, and micro-power program-con-

figurated IMC with a radio modem for the sensor systems.

Keywords: submicron integrated microcircuit, CMOS, analog to digital converter, digital to analog converter, system-on-chip
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Introduction

Integrated microcircuits, realized on the system-on-
chip (SoC) principle represent a set of interconnected
"complex functional units" (CF units). Each CF unit
carries out a certain function of the whole device, but,
at that, all the CF units are designed and made on the
basis of a single base IMC manufacturing technology.
The most demanded for the IC manufacture and opti-
mal from the point of view of "the quality-price ratio"
are the submicronic CMOS technologies realized in
most of the silicon factories. The most difficult for de-
signing are the CF units of the radio-frequency IC. But
their development is more complex, than that of the
digital ones, and should take into account the following
factors:

o technological dependence of the analogue elements,
which dictates the necessity of an individual ap-
proach to the analogue microcircuitry for each tech-
nological process and, accordingly, to each factory-
manufacturer of IC;

o influence of the statistical dispersion of the techno-
logical parameters; influence of the parasitic effects
of the layout realization;

o influence of functioning of the digital part of IC on
its analogue part.

From the moment of its establishment in 2006, the
basic direction of activity of SibIS Company was de-
velopment of the analogue-digital, digital-analogue and
radio-frequency SoC IC. This work contains a brief re-
view of certain IC developments in the given direction
of SibIS LLC in 2006—2015. Among them are IC and
breadboard models of the devices on its basis for data
reception-transmission via a radio channel from the
sensor systems based on microsystem technologies.

IC SoC for digital TV-radio broadcasting

IC developments for digital telecasting included
three-channel video digital to analog converter and au-
dio digital to analog converter. The microcircuits were
realized by the standard CMOS technology with the
technology design rule of 180 nm.

In [1—3] the authors consider the results of designing
and manufacturing of the microcircuit of PAL/NTSC
multi-standard video decoder of the mixed signal class,
including a digital modulator unit and a three-channel
10-digit digital to analog converter with the working
frequency of 27 MHz.

The topic was developed further in the microcircuit
for a digital broadcasting tuner (fig. 1) in DRM (Dig-
ital Radio Mondiale) format. Due to programming of
the pass-band of the analog-to-digital converter a
compatibility was achieved with the existing standards
of the analogue and digital broadcasting within the
bands of the received frequencies of 0,1...30; 66...74;

87,5...108 MHz. The developed IC allows us to ensure
compatibility with the following digital broadcasting
standards: DRM30 (Digital Radio Mondiale), DRM+,
AVIS (AudioVisual Information System), and also with
the existing standards of the analogue broadcasting with
AM (amplitude modulation) and FM (frequency mod-
ulation) for use in the systems of digital broadcasting.

In [4] the authors present the results of designing of
differential CMOS for a low-noise amplifier, a part of
DRM radio tuner. A compromise was achieved be-
tween the coordination on the input and growth of the
noise coefficient due to the use of the noise reduction,
without a damage to linearity and deterioration of the
amplification coefficient. The development demon-
strated a low noise coefficient in a wide range of fre-
quencies. Characteristics of the differential low-noise
amplifier (LNA) meet the requirements of DRM radio
tuner: minimal noise coefficient — NF 2,3 dB; ampli-
fication coefficient up to 14,5 dB; power consumption
not more than 99 mW. The designed LNA can be wide-
ly applied for designing of the radio-frequency circuits
within IC SoC structure.

In [5] the authors consider the principal causes of
the influence of the technology dispersions on charac-
teristics of the digital to analog converter during de-
signing by CMOS technology with the standards of
180 nm. An improved circuit was proposed for inclu-
sion of a matrix of generators of the current of high-or-
der position during an increase of the number of digits
of a digital to analog converter from 10 up to 14. In [6]
the reasons are considered of the influence of the tech-
nology dispersions on characteristics of a digital to an-
alog converter. A program was developed for control of
the efficiency of the mixing circuit by one of the key in-
dicators of operation of a digital to analog converter —
integrated nonlinearity (INL). A combination was cho-
sen for inclusion of a matrix with the lowest indicator
of INL. A characteristic of the integrated nonlinearity
of a matrix of the high-order position was presented.

IC for the actuating devices

The described 1C was made by high-voltage CMOS
technology with the technology design rule of 180 nm.
Fig. 2 presents photos of a chip and an electronic mod-
ule on its basis for control of an electric detonator with
electronic delay for initiation of industrial explosions in
the mining branch.

One of the important questions for designing on the
basis of a high-voltage technology is protection of the
IC outlets against the influence of an electrostatic dis-
charge (ESD). In [7] the authors consider versions of
protection from ESD for the analogue and digital, input
and output contact platforms, and also for the contact
platforms of the power supply and the ground.
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IC for small-sized receivers of signals
of the global navigation satellite systems

Development of radio-frequency IC was imple-
mented by a standard CMOS technology with technol-
ogy design rule of 130 nm (fig. 3, a).

The microcircuit is intended for amplification, fre-
quency transformation and filtration of the signals re-
ceived from GLONASS/GPS. It can be applied as a
part of a small-sized module of a receiver of the navi-
gation signals from the global navigation satellite sys-
tems with low energy consumption.

The microcircuit is a superhet receiver of the navi-
gation signals within the range of frequencies L1: GLO-
NASS SA (standard accuracy) and HA (high accuracy),
GPS C/A.

The control is carried out from an external special
processor via SPI bus. The microcircuit delivers the
digitized data and clock frequency for the correlator
unit of the external special processor.

Photo of the manufactured IC chip — (fig. 3, b).

The specific features of the given microcircuit are si-
multaneous reception of signals from the navigation
systems — GLONASS and GPS, possibility of opera-
tion with the passive and active aerials, reception of HA
signals from GLONASS system, and quantization of
the intermediate frequency signals by the internal 4-bit
analog-to-digital converters.

It comprises: a low-noise amplifier, a quadrature
mixer of the 1st IF, a frequency synthesizer, IF strip fil-
ters, a programmed amplifier, a quadrature mixer of the
2nd IF, low-pass filter, DAC for displacement correc-
tions, three units of 4-digit ADC, service 8-digit ADC,
a programmed source of the reference voltage, and an
antenna monitor.

IC for the sources of the secondary power supplies

Within seven years SibIS LLC carried out R & D
works in the field of the sources of the high efficiency
secondary power supplies based on the principle of "soft
switching" of the power keys. The results of R & D of
the breadboard models of the power supplies are pre-
sented in [9—14] and generalized in [15]. One of the re-
sults was development of the own IC of the soft switch-
ing driver for the power keys, realizing the principle of
Zero Voltage Switching (ZVS). The results of develop-
ment of the driver based on a high-voltage technology
of 180 nm are presented in [8, 16].

Since the end of 2014 SibIS LLC has carried out de-
velopment of IC of a multipurpose control for the
sources of the secondary power supplies for the light-
emitting diode systems based on BCD technology (Bi-
polar, CMOS, DMOS Mixed Technology) of 250 nm.
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Micropowerful program-configured IC of SoC type
with a radio modem for the sensor systems

In construction of the intellectual sensor systems of
big interest is the information transfer from a sensor to
the centralized systems via a radio channel. The devel-
oped radio modem IC comprises the following main
CF units:

e openMSP430 microprocessor kernel compatible
with MSP430 at the level of the assembler com-
mands;

e analogue periphery in the form of 16-digit ADC and
DAC;

e radio modem, capable to function with a minimal
use of the external radio-frequency circuits.

The key feature of the microcircuit is minimization
of the power consumption in all the operating modes.
IC was developed on the basis of 180 nm technology.

The chip layout is presented in fig. 4, @ and includes
the above-mentioned CF units, input/output elements
(I/O pads) — total number — 82 I/O pads (64 are the
working ones, and the rest are the auxiliary ones for a
more detailed assessment of operation of the IMC
nodes), including analogue ones — 14, digital ones — 62,
power supply ones — 6. A photo of the chip in a pack-
age is presented in fig. 4, b. IC was assembled for testing
in 108-package of 4226.108-2.01.

The CF radio modem unit comprises the following
radio-frequency (RF) elements:

e reception/transmission key;

e LC generator working in a super-regenerative mode
for reception and in a generation mode for trans-
mission;

e low-noise receiver amplifier;

e transmitter amplifier.

This circumstance imposed the following additional
requirements to designing of the unit layout:

e minimization of interaction of the circuit elements
on RF;

e decrease in losses in the reception/transmission key
in the RF range;

e decrease of the level of noises from the low-noise
amplifier, penetrating through a substrate.

On the basis of the developed radio modem IC a
prototyping of the device for the data reception-trans-
mission via a radio channel was carried out. For re-
search of their characteristics two breadboard models of
the device were made (for operation in the transmitter
mode and in the receiver mode). During the research
the following basic characteristics of the radio modem
were defined:

e output resistance of the modem from the aerial side
in the transmission mode was about 30...40 Q;

e peak-to-peak voltage on the modem output in the
transmission mode without the aerial was 2,2 V;

e peak-to-peak voltage on the aerial with the length of
50 cm was 1,4 V;




e the input resistance of the used aerials with the
length of 50 cm on the frequency of 150 MHz was
about 37...40 Q;

e the maximal radiation power was not more than
6 mW,

o the input resistance of the modem from the aerial
side in the reception mode on the frequency of
150 MHz was about 40 Q;

e sensitivity on the input was about 100 puV;

e actual communication range of the two modems
with the used aerial length of 50 cm and frequency
of 150 MHz was about 100 m.

The further development of the technology envisag-
es transition to the frequency range up to 10 GHz. This
is expected to be implemented due to the following so-
lutions:

e use of the integral passive radio-frequency ele-
ments — inductances and varicaps;

e constructions of a super-regenerative reception path
by a more complex and sophisticated circuit with
stabilization of the working frequency by means of
PLL system;

e application of an improved circuit of a low-noise
amplifier for the reception path, allowing to ensure
sensitivity of about units of pV.

Realization of the proposed solutions will allow:

e to increase the sensitivity of the reception path and
range of work of the system;

e to raise the adaptability to manufacture due to ex-
clusion of the external critical elements and their ac-
companying adjustment;

e to reduce the aerial dimensions.

In its turn the above makes possible realization of
the concept of an independent sensor ensuring intel-
lectual processing of the analogue signal, digitization of
the results and its transfer via a radio channel.

Conclusion

The examples of the results presented in the review
reflect the experience of SibIS Ltd. in the field of
development of modern submicron IC of the system-
on-chip. The characteristics of the CF units of the
developed IC are presented on the website http://
www.sib-is.ru. This experience, in combination with
the experience stated in the collected articles in the area
of microsystem technologies, demonstrates opportuni-
ties for development on the basis of the enterprise of the
works for elaboration of the sensor systems for various
purposes.
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ITlocmynuna 6 pedaxyuro 04.04.2016 o.

Paccmompera co8okynHocms 60npocos NOAYHeHUs. Memo0amuy 0CaNCOeHUs U3 2a3080U (a3zbl CEEPXMOHKUX NPOBOOSUUX NACHOK
Mmemannos naamunosoll epynnst (Ru, Rh, Pd, Os, Ir, Pt) 013 ux npumenenus 6 Hano- u muxkpomexuonoausx. Iloxkazano, umo karo-
4egblM (PAKMOPOM POCMA CRAOUHBIX HACHOK C XOpoulell 31eKmponpo8oOHOCMbIO 1645emcsl HyKAeauyusi NAeHOK HA Nepablx Imanax
ux gopmuposanus. Ilpoanaruzuposarvi 0COOEHHOCMU NPUMEHEHUS 030HA 8 KAYecmee 6Mmopo20 peazeHma npoueccos 0CaAiCOeHus.
IIpoananuzuposarvl HanpasgaeHus OAAbHeUUX UCCACO08AHULL, 8 MOM HUCAEe HE0OX0OUMOCMb U3YUEHUS NOBEPXHOCMHBIX NPOUECCO8
Ha Nepevix 3manax amomMHO-CA0€8020 0CANCOCHUS NACHOK Memanios.

Karoueewie caosa: monkue NAEHKU, AMOMHO-CN10€e60€ ocamcaeﬂue, Memanavl NAGMUHOBOL epynnbol, peaeeﬂmbt—npeamecmeeu—

HUKU, HYKAeAUUOHHAA 3066])3’0{30, O30H

BBenenune ¥ moCTaHOBKA 3a1a4d

ToHKOTJIEHOUHbIE MaTepUabl SIBJISIIOTCSI OCHOBOM
COBPEMEHHBIX 3JIEKTPOHHBIX KOMIIOHEHTOB, U3TOTaB-
JIMBAEMbIX C TMOMOIIbIO HAHO- U MUKPOTEXHOJIOTUH.
Toukue rmienku (TTT) monyvaroT NpeuMyleCTBEHHO C
ITOMOILIBIO METOJa XUMHYECKOTO OCaXKIEeHUs M3 ra3o-
Boi1 ¢a3bl (XOI'D, o 3apyObekHOI TEPMUHOJIOTUNA —
Chemical Vapor Deposition, CVD) [1—3]. B xome XOI'®D
Ha TIOBEpPXHOCTM 0Opaslia, HarpeToro A0 XKejJlaeMou
TEeMIepaTypbl, MPOUCXOIUT POCT TOHKOM TUJIEHKM OJia-
rogapsi HeOOpaTUMbIM XUMUYECKUM PEaKLUSIM UCXOI -
HBIX peareHTOB, Tak 4yTo XOI'®D pmaer BO3MOXHOCTh
TOYHOTO KOHTPOJISI TTapaMETPOB IPOLIECCOB U, CJIEIO-
BaTeJIbHO, TOJIIIMHBI, COCTaBa, CTPYKTYpPbl U CBONCTB
TOHKUX IuteHOK. st XOTI'®D Metayuimyeckux MIeHOK
HCIOJb3YETCs TakXke TepMUH 'TepMopacnaa MeTas-
Jnooprannyeckux coennHenuit" (Metal-Organic CVD,
MOCVD) [4].

Cyl1iecTBeHHBIM TIpenMyliiecTBoM Metona XOI'd B
CpaBHEHMM ¢ UHBIMU MeTomamu cosnanus TIT sBnsi-
€TCs1 BO3MOXHOCTb IMOJIy4eHUs] KOHMOOPMHBIX TJIEHOK
Ha CJIOXKHBIX TPEXMEPHBIX CTPYKTYpax pa3HOOOpa3HOM
¢dopmbl. TpexMepHbIe CTPYKTYPHI YIIPOILIEHHO OIUCHI-
BalOTCS 3JIEMEHTaMu penbeda IMPSIMOYroJbHOI (op-
Mbl U UX TaK HA3bIBACBbIM ACMEKTHBIM OTHOLLIEHUEM
(AO), T.e. OTHOLIEHWEM BBICOTHI K LIUPUHE IJIEMEHTA.
[Ton KkoH(GOPMHOCTBIO MOAPa3yMeBAETCS SIKBUBAIECHT-
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HOCTbH TOJILIVHBI CO3JAHHON TOHKOW TJIEHKUA Ha BCEH
IMOBEPXHOCTU CJIOXHOro penbeda. IlomyyeHue KoH-
(bOpMHBIX TTIOKPBITUIT — CJIOXKHAs 3amaya, pelaeMas,
HampuMep, B MAUKPOSJIEKTPOHIUKE MHOTHE TOMIBI TT0 Me-
pe YCJI0XHEeHUS pesibe()OB MHTETpaIbHbIX MUKPOCXEM
[2, 3]. Ha Takux cJIOKHBIX pefibehaX MHbIE METOIbI CO-
3MaHUs TOKPBITUI, HATpUMEp HalbUIeHUE, HETPUEeM-
JeMbl. JIJIs AOCTHKeHUSI KOH(OPMHOIO OCaxKaeHUs
IUIEHOK Ha CTPYyKTypax ¢ 0oablnuMu AO IpUMEHSIOT
UMITyJIbCHbIe MeToabl XOI'®. B Takux mpoueccax uc-
XOJHbIE XMMMWYECKHUE peareHTbl BBOJSAT B PEeaKIMOH-
Hble KaMepbl KOPOTKMMM I10CJIeI0BaTeIbHBIMU KM-
nyabcaMu. [Ipyu 3TOM UMITYJIbCHI peareHTOB pas3aesisi-
10T UMITyJIbCAMU MHEPTHOTO rasa, OYMILAIOIIEro peak-
LIMOHHYIO KaMepy OT OCTAaTKOB IPebIAYIIEro peareHra.
Takum 006pa3zoM, MMITYJIbCHBIE MPOLIECCHI SIBISIIOTCS
HMKJINISCKUMU. VX IUIMTETbHOCTh U3MEPSIETCST YHC-
JIOM IIMKJIOB OCaXXICHMSI, a CKOPOCTb HapalluBaHUS
TOHKOW IUJIEHKW OIpeesieTcss B pacyeTe Ha OIUH
LUK ocaxaeHusi. OCHOBHOM TJIEHKOOOpPa3yroIIUii
peareHT XOI'®D yacTo HA3BIBAIOT MPEAIIECTBEHHUKOM
(unu mpexypcopom, precursor). J1Jisi HEKOTOPHIX pea-
Te€HTOB-IIPEIIIeCTBEHHUKOB U peanu3anuu XOI'D B
Y3KOM HU3KOTEMIIEPAaTypPHOM AMAIIa30HE pean3yeTcs
peXUM MOBEPXHOCTHOM peakiuu. Ero yacto Ha3biBa-
0T MOHOCJIOMHBIM OCaXAEHUEM WM aTOMHO-CJOe-
BbIM ocaxjaeHueM (ACQO) (1o 3apyOekHOI TepMUHO-
noruu — Atomic Layer Deposition, ALD) [5]. XpoHo-




JIOTUST U WUTOTM MCCIEIOBAaHUN M Pa3BUTUS METola
XOI'® anst pa3nUYHbIX TOHKOIJIEHOYHBIX MOKPBITUMA
MPUMEHUTEJIBHO K MUKPO3JIEKTPOHHBIM TEXHOJIOTHSIM
paccMOTpeHHI B paborax [2, 3].

B nocnenHue roapl TOHKKE TJIEHKW METAJUIOB TIJ1a-
truHOBoM Tpynnsl (MIIT) — Ru, Rh, Pd, Os, Ir, Pt BbI-
3bIBAlOT BCE OOJIBIINI MHTEPEC C TOUKU 3PEHMST MPU-
MEHEHUS B COBPEMEHHBIX MPELUU3MOHHBIX TEXHOJO-
rusX. DT MeTaIbl MMEIOT BbICOKME TeMIlepaTyphl
TUIaBJICHUSI, XOPOIIYIO 3JIEKTPOMPOBOAHOCTh, BbHICO-
KYI0 YCTOMUMBOCTb K XMMUUECKUM peareHTaM U OKUC-
JuTeabHBIM TipouieccaM. M3 MIITT ocoOblii mHTEpeC
BBI3LIBAIOT TOHKME TUIEHKY pyTeHud [6], upuaus [7], a
TakKe IIaTUHBI [8], monyyeHHble MeTogaMu XOI'D.
Kpome Toro, pyreHuit 1 Upuanii UMEIOT XOPOILIO MTPO-
BofsaLMe okcuanl (Hanpumep, RuO,, IrO,), uyro ne-
JIJaeT WX MpPUBJIEKATEJbHBIMU IS WCIOJAB30BAHUS B
TEXHOJIOTUM MUKPOSJIEKTPOHUKNA C MHOTOYMCIIEHHBI-
MU OKHUCJIUTEIbHBIMY MPOLECCAMU IO XOAy M3TOTOB-
JIeHUs1 TIpuOOPOB.

Hanpumep, pyrtenuiicogepxaiive TII mepBoHa-
yaJlbHO paccMaTpyBajvd KakK BO3MOXHBIM MaTepuai
JUUIS. UCTIOJIb30BAHUS B KAYECTBE DJIEKTPOXMMUUYECKUX
aJIeKTpoaoB [9], kKoHTakTOB [10], MeTa/mu3aLuu B
MHOTOYPOBHEBBIX MHTETpaJbHbIX MUKpocxemax [11].
B nauane XXI cTosieTrsi B MUKPO3JIEKTPOHHOI TEXHO-
JIOTUU C MPOEKTHO-TEXHOJOTMYECKUMU HOPMaMU Me-
Hee 100 HM pyTeHMIT KCCaeAOBAIU JUISl IPUMEHEHUS B
KayecTBe 2JIEKTPOJIOB B KOHAEHCATOPHbBIX sTYeiiKax ma-
MSITU Tuna metal—insulator—metal, MIM (MeTtani—
nsoysitop—metain) [12]. Pyrenuit Takxke paccMaTpu-
BaJIM B KayecTBe Marepuasa JJIs 3aTBOpa TPaH3UCTO-
poB [13], B KauecTBe OapbepHBIX ci0eB [14], a Takxke
MPOBOISIINX 3aTPAaBOYHBIX CJOEB /I TaK Ha3bIBae-
MOW MEOHOW MHOTOCJIOWHOW METAJUTM3AIMU WHTET-
paJIbHBIX MUKPOCXEM IIyTeM 3JeKTpoocaxkaeHus [15].
IToMrMO yKa3aHHBIX BBIIIE, PYyTEHWUI W IPyTUE METAT-
JIBI TPYIIIBI pacCMaTpUBAINCh JJIS1 pa3IMYHBIX HAHO-
TEXHOJOTUUYECKUX MTPUMEHEHUN (CM. HEKOTOpbIE MpPU-
Mepbl B pabotax [16—23]). [To COBOKYITHOCTH JINTE-
patypHbix maHHbix TII MIIIT paccmarpuBaioTcsl B
COBPEMEHHBIX MPEUU3UOHHBIX YCTPOUCTBAX TJIaBHBIM
00pa3oM Kak MpOBOSIINE MaTepraibl, HAIPUMED IS
3JIEKTPOAOB Pa3IUUYHbIX YCTpOoUCTB. IIpu 3TOM 06O0JB-
IO MHTEPEC MPEACTABISET BO3MOXHOCTb UX UCITOJb-
30BaHMs TMPU MOBBILIEHHOM TemIieparype.

OCHOBHBIM TPaKTUYECKM HEOOXOAMMBIM CBOMCT-
BOM METAJUTMYECKUX MTOKPBITUI SBJISIETCS UX JIEKTPO-
MpoBOIHOCTb. M3BecTHA TeHAEHLMSI K MaclITabupo-
BaHMIO BCEX 2JIEMEHTOB COBPEMEHHbIX HAaHO- U MUK-
POBJIEKTPOHHBIX MPELM3UOHHBIX yCTpoucTB. [Tpume-
HuTebHO K TTI mpoBOAHMKAM 3TO O3HAYAET CHUXKEHUE
UX TOJIIMHBI 10 HAHOMETPOBBIX 3HAYEHU I MPU COXpa-
HEHUU TpeOOBaHUU K BHICOKOI 3JIEKTPOINPOBOIHOCTH,
B TOM YMCJIE — Ha CJIOXHBIX TPEXMEPHBIX CTPYKTypax
YCTPOMCTB.

IIpo6nema npu ocaxnenuu MIIT cocTtout B TOM,
YTO CBEPXTOHKMUE TJIEHKWM METAUIOB OOHAPYXKUBAIOT
HECIUIOIIHOCTh W HEMPUEMJIEMO BBICOKOE 3JIEKTPU-

RS, Owm / xBagpar
Ry, Q/square

Puc. 1. Tunnyxbpie 3aBHCHMOCTH MOBEPXHOCTHOr0 CONPOTHBJICHHUA
CJIO€B PYTECHHSA OT AJHUTEJbHOCTH HHUKJIOB HUMIIYJbCHOro mnpounecca
ocaxnaenusi npu temnepartype 290 °C

Fig. 1. Dependences of the surface resistance of the ruthenium layers on
the duration of the cycles of the impulse deposition process at temperature
290 °C

yeckoe compotuBieHue. Ilpumep Ha puc. 1 WIOCT-
pUpyeT MpobseMy d>JAeKTPONPOBOAHOCTU ISl Clyvast
umItysibcHoro XOI'®® TOHKUX IIJIEHOK pyTeHus [24].
ITpu sTOM crioliHbie ciou Tpu Temrieparype 290 °C
(opMupoBaIrch MpU YnCae UMITYJIbcOB Oomee 30.

1o HaCTOSIIEro BpeMeHU KaKUX-JIM00 00001IeHNIA
WCCIEAOBAaHUI OTHOCUTEBHO 2JIEKTPONPOBOIMMOCTU
cBepxToHkux MIITT onyGnukoBaHo He ObL1o. B maH-
HOIl paboTe cucTeMaTu3upoBaHa UHGOPMALUS O BIU-
SIHUW YCJIOBMI OCaXXIeHUsI Ha CTPYKTYPY U 3JIEKTpHU-
YecKoe COMNMPOTUBJIEHUE TOHKUX ieHoK MIII. Takas
uHGoOpMalMs TO3BOJISIET OMNMpPEeAeUTb HaIpaBIeHUS
JaJbHeUIIMX uccaeI0BaHuiA B 00J1aCT CUHTE3a CBEepX-
TOHKMX CTUIOIITHBIX METAJUIMYECKMX ITPOBOISIIINX CJIO-
€B I HYXI HAHO- U MUKPOTEXHOJIOTUHA.

OO0mas XxapakTepiuCTHKA MPOIECCOB OCAKIEHUS
TOHKHX IINICHOK

CroxHoct peanuzanyu mpoieccoB XOI'D ms TIT
MIII’ MOXHO CrpyIIIHUpOBaTh CICAYIOIIUM 00pa3oM.

Mnozoobpaszue npumensemovix peazeHmos-npeo-
wecmeeHHUK08. VICXONHbIE peareHTbl OTHOCITCS K
Pa3IMYHBIM KJTacCaM XUMWYECKHX BEIECTB M COMEPIKAT
pa3zHoobOpa3Hble (PYHKIIMOHATbHBIE TPYIINbI, BKJIIOYAIO-
1IKe YIJIepOoHd, BOAOPOI, KUCIOPOI U IPYTHUe DJIeMEH-
Tl. Hannpumep, B pabotax [24, 25] oxapakTepr30BaHO
nonyyenue TII pyrenusa us kapoonumna Ruz(CO),,
auerwiaueronara pyreuus Ru(Cs;H;0,);, pyreHoue-
Ha Ru(CsHs), 1 MX Mpou3BOAHBIX, a TAKXKE U3 a30T- U
(ocdopconepxaiux peareHToB. s cirydyast UpUIus
TMIOMUMO TIePEUYNCIEHHBIX KIACCOB MCXOMHBIX pearcH-
TOB WCIIOJIB30BAJIN €llle¢ W TaJoTeHCOoAepKalllle pea-
rentol IrCly, IrCly, IrBrs, IrFg. Anamornunoe moso-
XKeHUe uMeeT MecTo u st aApyrux MIIT.

Mnoezoobpazue ucnoavzyeMvix 6mopoixX peazeHmos.
[Ipolieccryl TepMopacIiiaga 4acTo BBIMOJHSIIOT B BaKyy-
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M€, B MHEPTHO! MM B BOCCTAHOBUTEJIbHOM cpene (Kak
MpaBWIO, B BOAOPO/E). DTO MO3BOJISIET MPEAOTBPATUTD
OKHUCJIeHMe ocaxaaemMoro metawia. OgHako npobJe-
MOM B 3TOM CJTy4yae SBIISIETCST HETTOJTHBIN TepMopacHa
OopraHuuyecKux rpymi u BHeapenue B TII nmpumecu yr-
Jiepolia ¢ KOHIIEHTpalKei 10 AeCITKOB aTOMHBIX TPO-
LIEHTOB, a TaKXXe a30Ta M BOAOPOJA. YTIJIepoa CYIIEeCT-
BEHHO YXYIIIAeT CTPYKTYpPY, (PU3MKO-XUMHUYECKUE U
3JIEKTPUYECKHE CBONCTBA TOHKMX TUIEHOK METaJUIOB.
I[IpuMeHeHne OKMCIMTENBbHBIX cpell (MOJEKYISIpHBIN
KHCJOPOJ, a30T-KUCIOPOIHBIE CMECU, OKCUIbI YIJie-
poma M a3oTa, Mmaphbl BOABI W T.I.) JAET BO3MOXHOCTh
ITOBBICUTH TIOJTHOTY OKHCJICHUST peareHTOB-TIPEIIIeCT-
BeHHUKOB. IIpu a3TOM (hopMUpYIOTCS JeTyune 1modou-
Hble IpOoAYKTHhI peakuuii 1 B TII cHUXKaIOTCs KOHLIEH-
Tpaluu HexenareabHbiX 3jeMeHToB (C, H, N). BBuay
pucka ¢GOpMHUPOBAHUS HEXeIATSIbHBIX OKCUIHBIX
(¢a3 ocaxmaemMoro Metaja Tpedyercs TiaTeJabHas or-
TUMU3ALUSI COOTHOIIEHUSI OKMCIUTENSI K UCXOTHOMY
peareHTy-MnpealleCTBEHHUKY.

B ocnegnue romsr st XOI'D MIIT 6bvmm ncceoe-
JIOBaHBI KOMOWHAIINY BTOPBIX PEAreHTOB, ITO3BOJISIO-
mue B xoae cuHTe3da TII ouuiarh ee OT HexXeslaTeNb-
HBIX MpPUMECHBbIX 3JeMeHToB. Hampumep, B padote
[25] mOMUMO OAMHOYHBIX BTOPBIX pEareHTOB AJIS 10-
ayuenus TII pyrennsa n3 Ru(CO);(CgHg) B X01€ MM-
nyiabcHoro XOI'®® wucnonab3oBanu MoCaeA0BaTENb-
HOCTU UMIYJIbcoB okucautes (N,O) u BoccTaHOBHU-
teast (NH3). B pabote [26] B KauecTBe MepcreKTUB-
Horo cnoco6a noayyeHus:t TIT metonom ACO 0bL1O
MIPeII0XEeHO MCITOJIb30BaTh 030H M TaK HAa3bIBACMBIN
JIBOMHONM BTOPOW pe€areHT, a MUMEHHO — IIOCJIeAOBa-
tenbHOCTh O3 — H,. Takoil mpuem mo3BOJISET yaa-
nath n3 TIl HexenaTreabHBIE 3JIEMEHTH U YIy4IlaTh
CTPYKTYpPY TJICHOK M CHIKATh MX JIEKTPUIECKOE CO-
MIPOTUBJICHUE.

Mnoeopaxmopnocms ycaosuii npoueccog ocaicoe-
nusa. Ipoueccel XOI'D mmpoxomsT pu pa3IMIHBIX YC-
JIOBUsIX (OOBIYHO BapbUpyeTCsl TemIleparypa, JaBiie-
HHUE, CKOPOCTHU MOJaYM peareHTOB B PeakTop U KOH-
LIEHTpAllMU peareHToB U T.1.). OmnpenessomuM ¢ak-
TopoM siBiisieTcsl Temniepatypa XOI'® 7). Hanpumep,
B paboTe [25] ObLIO MOKa3aHO, YTO MPU UMITYJILCHOM
XOTI'® pyrenusa us Ru(CO);(C4Hg) "nmepenomuoitr”
TeMIlepaTypoii ocaxnenusa apiasgerca T, = 200 °C
(puc. 2, a—c).

T4 <200 °C

7,> 200 °C R
W | T,<200°C 7,>200°C Y ! p | 74<200°C

Puc. 3. IIpumepnbi MOp(0JIOTHH TOBEPXHOCTH 00PA31OB PYTEHUS, BbI-
PalEeHHbIX HA NMOBEPXHOCTH 00pa3ua MOHOKPEMHHSI C TePMHUYECKMM
JHOKCHIOM KpemHuus 0e3 peabeda (a, b), ¢ pervedom (c, d), n Ha 3a-
TpaBouHbix ciosx Pt-Pd (b, d)

Fig. 3. Examples of the morphology of the surface of the ruthenium
samples grown on the surface of the monocrystalline silicon sample with
the thermal dioxide of silicon without a relief (a, b), with a relief (c, d)
and on the seed layers of Pt-Pd (b, d)

IMpn T, < 200 °C npouecc pocra MJIEHKU OKa3aucs
3aMEJIEHHbIM BBUIY JUIMTEJbHBIX HYKJIEAlMOHHbBIX
3aepkeK (Mo HyKJIealnuei, Uin 3apoablleo0pa3oBa-
HHUEM, TIOHUMAETCS TIOBePXHOCTHAS KOHIIEHTPALIMS U
pa3mep 3epeH TII). IlneHKu BhIpacTalu KpyHmHO3ep-
HUCTBIMU (pUC. 3, @), PhIXJILIMU, C MAJIOH TJIOTHOCTHIO.
VYirydieHne CTPYKTYPHI INIEHKU UMEJIO MECTO TIPH TT0-
BBIIIIEHNY OaBieHMs peareHToB mpu XOI'D. 1o 1mo3-
BOJISIJIO, TIO-BUAMMOMY, TIOBBILIATH 3allOJTHEHUE I10-
BEPXHOCTH MOJIEKYJaMM HMCXOZHOIO peareHTa-mpe-
mrectBeHHMKa. [Ipy 3TOM KpyITHBIE 3epHa B TIEHKAX
PYTEHMST COCTOSUTM U3 HAHOKPHUCTAJUTUTOB C OILIEHOU-
HBIMM pa3dMepamu okoJjio 5 HM [9] (cM. puc. 3, a). Ta-
Kre pa3Mepbl OKa3aluch OJM3KMMU K pa3MepaMm
HAHOKPUCTAUINTOB 3—4 HM, HalileHHBIM B paboTe
[27] nnst MaeHOK pyTeHMsI, MOJYyYEHHbBIX W3 JAPYroro
peareHTa — auerwianeronara pyrenus Ru(CsH-0,);.

IMpu T;> 200 °C 3aKOHOMEPHOCTH NPOLIECCA POCTA
pYTEeHMSsT CJIeJoBaIM cxeMaM IpoueccoB pocta TITI,
MpoaHaIM3UPOBAaHHBIM B paboTe [2]. CBolicTBa U 3JeK-
TpoconpotusieHue TII pyreHus: ObLIM MpUeMIIeMbl-
MM, OTHAKO KOH(MOPMHOCTb MTOKPBITUI Ha CTyIeHYAa-
ThIX pejibeax ObUTa HEYIOBIETBOPUTEIHHOM.

Bauanue caoxcnocmu peavepa obpazuya. OO1IME
Borpockl pocta TII Ha cIOXHBIX peabedax TpexMep-
HBIX TIOJYIIPOBOIHMKOBBIX CTPYKTYP PacCMOTPEHBI B
pabote [2]. 151 MeTaZIMYECKUX TJICHOK HEOOXOaAUMO
NPUHUMATh BO BHHUMaHHUE BO3MOXHOCTb pa3IvuuMs
CTPYKTYpbI Ha penbede odpasua (cMm. puc. 2, ¢). [lpu
3aMeVICHHOW HyKJIeallni BHYTPU peibeda MOTYT BBI-
pactaTh OTAeJbHBIE 3epHa. B mrTore
METJIMYEeCKUEe TIOKPBITUS OyAayT
WMETH Pa3phIBBI Ha pefibede, BHI3hI-
BalOIIE€ TIOTEPIO BJICKTPOIIPOBOI-
Hoctu TII. JInst yaydileHUST KOH-
(opMHOCTH HEOOXOIUMO CHUKATh
TeMIIepaTypy OcCaXaeHHUs BO H30e-
JKaHUe TIPOTeKaHWsI HeXKeTaTeTbHBIX

T;>200°C

Puc. 2. O6001meHHble 3aBUCMMOCTH H3MEHEHHsI CKOPOCTH OCaXIeHus (a), IJIOTHOCTH IUIEHKH
(b) n yneabHOro conpoTueHus (¢) 1Jisi pyTeHusi OT TeMIepaTypbl ocaxknenus (no AanusM [9])
Fig. 2. Generalized dependences of the change of the deposition rate (a), film density (b) and
specific resistance (c) for ruthenium on the deposition temperature (by data of [9])
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XMMUYECKMX peakivii B Ta30Boi (a-
3¢ [2]. Onnako cHmxenue T, Baus-
€T Ha POCTOBbIE XapaKTepUCTUKU
npoueccoB XOI'® u cpoiictea TII
(cMm. puc. 2, a—c).




Bausanue na nauaavnvie cmaouu popmupoeanus
MOHKOI MEmaiiu4eckoll nieHKU C80UCME N0BEPXHOCU
obpasua. CocTosiHUE MMOBEPXHOCTU OOpaslia OKa3blBa-
€T KJII0UeBOe BIUSIHUE Ha POCTOBbIE XapaKTepUCTUKU
MIIT. B pa6ore [25] moka3aHo, 4To B 06jacT "miaro”
Ha puC. 2, a, XapaKTep 3apoabllIeo0pa3oBaHUs PYTEHUS
CUJIBHO OTJIMYAJICs IJIs1 Pa3HbIX MTOBEPXHOCTEH 00pas-
uoB. Tak, Hauxyaas Hykjealus oTMeJanach sl 00-
Pa3LIoB HUTPKUAA KpeMHUA SizNy Ha KpEMHUM, HAWITy4-
1ast HyKJIeanusi — i 00pa3lioB ¢ OKCUIaMU aTlOMU-
Husa Al,O3 u rapuua HfO,, noayuyeHHBIMU METOLOM
ACO Ha KkpeMHUM. 1151 MOHOKPHUCTANIMUYECKOTO KPeM-
Hua Si u auokcuaa kpeMHus SiO, Hykieauus npak-
TUYECKU HE OTJINYAJIaCh, YTO ObLIO OOBSICHEHO HATUYK-
€M €CTeCTBEHHOT'O0 OKCHAa Ha IMOBEPXHOCTH KPEMHMSI.

OgHako Ha TIOBEPXHOCTHM CYOHAaHOMETPOBBIX
(~0,8 HM) HambUIeHHBIX 3aTpaBo4YHbIX cioeB (3C)
MIIT (manboiree ymoOHBIM ObUT BEIOpaH criaB 70 %
Pt — 30 % Pd) mrenku pyreHUs (POpMUPOBAINCH
MPUHLMOUAIBHO MHave (puc. 3, b). Jaxe mpu TOJILIM-
Hax <10 HM, B TOM 4ucCJie Ha TPEXMEPHBIX CTPYKTYpax
MIpA TIOHMKEHHOM TeMIlepaType OCaXACHUS, TIIICHKA
pYTEeHUST OBUTH CIUTOITHBIMU. OHU COCTOSIITN M3 HAHO-
KPUCTAJUIUTOB C OIIEHOYHBIMM pa3MepaMU OKOJIO 5 HM
1 MMEIU LIEePOXOBaTOCTh MoBepxHOCTU <1 HM. [lpu-
MeHeHre 3C MO3BOJUJIO CYLIECTBEHHO CHU3UThH TeM-
nepatypy ocaxaenus TII pyreHUST M TTOBBICUTH CKO-
poctu ocaxaenuss W, (puc. 4, a).

ITpu sToM HuskotemmnepatypHbie TII pyTeHus Ha
3aTPaBOYHBIX CJIOSX OOHAPYXMBAJIM CYIIECTBEHHO
0oJsiee HM3KOE JIEKTPOCOMPOTUBIEHUE (CM. CpaBHE-
Hue Ha puc. 4, b). OnHako yaydylleHue HyKJIealuy Ha
caMOM TiepBOM 3Tare (QOpMHUPOBAHUS TIJIEHKU He
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Puc. 4. 3aBucuMOCTH CKOPOCTH OCaxaeHus (@) U yAeJbHOTro Conpo-
THBJEHUS (b) 1S MIIEHOK PYTEeHHsl, BHIPAIEHHBIX HA 3aTPaBOYHBIX
cnoax Pt—Pd ¢ ucnonnzosanuem Ru(CO);(CgHg) 1 pasnu4nbix BTO-

poix pearentos (MOCVD, NH;, N,0, H,). IllTpuxoBoii tunueii no-
Ka3aH o0pasen 0e3 3aTPABOYHOIO CJIOS

Fig. 4. Dependences of the deposition rate (a) and the specific resistance
(b) for the ruthenium films on the seed layers of Pt-Pd with the use of
Ru(CO);3(C4Hg) and the second reagents (MOCVD, NH;, N,0, H,).

The dotted line shows the sample without a seed layer
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Puc. 5. YnpomeHnbie cxeMbl pocTa mieHOK MeTawioB (Me) U oKcH-
Ao Metawios (MeO,) NJ1aTHHOBOM IpyNNbI NPH BbICOKOH M HU3KOMH

temnepatypax ACO u3 pa3HbIX NPeKypCOPOB U Pa3HbIX BTOPBIX pe-
areHToB

Fig. 5. Simplified schemes of the growth of the films of metals (Me) and
metal oxides (MeO,) of the platinum group at high and low temperatures

of ALD from different precursors and different second reagents

MPUBEJIO K CHUXKEHMIO COMPOTUBICHMS 10 3HAYCHUH,
XapaKTepHBIX I METANTMYECKOTO PYTeHHST (OKOJIO
7 MKOM * cM). DTO ObLUIO OOBSICHEHO BIMSHUEM Ha
HYKJIEALMIO APYrux (HaKTOpOB, MPEXIE BCETO — MpPU-
Meceit yraepoaa u kuciopoaa B TTI. HykneanuonHbie
U poCTOBbIe 0coOeHHOCTU hopmupoBaHus TIT MIIT
0000IIIeHBI B CIEAYIOIIUM paszcie.

Poct Tonknx mienok MIII'. Kparkunii 0630p

Ha nykneaiuto u, cienoBarebHO, Ha DJEKTPOIPO-
BogHocTh TT1 MIII' oka3pIBalOT BIMsTHUE BCe (PaKTO-
pbl, TIepeuyrClIeHHbIE B MpeablaylleM pasjaese. Borpo-
Chbl U mpueMbl yaydlueHus Hykiaeanuu MIII paccmart-
pUBAJICh MHOTUMHM aBTOpamu [6, 7, 24, 25]. OnHako
npenjaraeMble UMY pellieHUsT OKa3aauch Maaoaddek-
TUBHBIMU, OCOOEHHO TTpU paboTe ¢ BEICOKOACIIEKTHDI-
MM CTPYKTYPaMMU.

B Hacrosiee BpeMsT eTMHCTBEHHBIM 3KCITEpUMEH-
TaJbHO TOATBEPKICHHBIM OOHAIEKXKMBAIOIINM BapH-
aHTOM ynyuiueHus1 Hykiaeauuu npu ACO MIIT gapns-
€TCs1 UCMOJIb30BaHKe 030HA. Ero nmpuMeHstoT aubo ajis
MpOBEACHUST TpeABapuTe/bHONM OO0pabOTKU TIMOBEPX-
HOCTU 00pasloB Ilepel HavyaJloM OocaxKAaeHus, J1ubo B
KayecTBe BTOpPOro peareHTa. MaTtepuaibl paboThl [26]
MMO3BOJIWJIU IIPELJIOKUATH OOO0LIEHHYIO CXEMY IIPOLIEC-
coB nonydyeHus: TTT MIIT (puc. 5). Cxema npuemiaeMa
IUTST GOJIBIIIMHCTBA MCITOJIb30BAHHBIX PeareHTOB-TIPE/I-
1LIECTBEHHUKOB.

IMpu T,; > 200 °C MOXHO NoJyyaTh KayeCTBEHHbIE
TIT MIII' ¢ ucnonb3oBaHUEM KMCIOpPOJa B KayeCTBE
BToporo peareHTa. [IpuMeHeHre 030Ha MO3BOJIsIET 3HA-
YUTEJIbHO YJIYUILIUTh HYKJIeallMio Ha MEepBbIX 3Tamax
(dopmuposanus u pocra TII nipu 7, < 200 °C. ITo-Bu-
JVMOMY, O30H YJIyulllaeT yCAOBHUS IJIsI TepMopaciiaaa
peareHTOB-MpPeaIECTBEHHUKOB U MO3BOJISIET (hopMu-
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poBaTbcsl CBOOOTHBIM OT IIPUMeCei yriepoaa 3apobl-
mwam MIIT. Crhepylomuii 3a UMITyJIbCOM O30HA MM-
MyJibC Bogopoaa (haKTUYEeCKH 3TO O3HAyaeT Mpume-
HEeHHe TBOITHOTO BTOPOTO peareHTa) Mo3BOJIAeT YIAUTh
OKCUAHYIO (pa3y M3 CBEXEOCAXKIEHHON MeTaJTJec-
koil TII. Takum obpazom, BOZOPOI UIPAET POJIb BOC-
CTAHOBUTEJISI YACTUYHO OKHCJIEHHOH 030HOM MOBEPX-
Hoctu 3aponpiieir MIIT.

KpaTtko paccMoTpuM OCHOBHbIE (haKTUYECKHUE DK-
CIIEpMMEHTAJIbHBIC pPEe3YNIBTAThl, TOJYYCHHBIC IS
TUIEHOK MPUIWS W IUIATUHBI ¢ TIPUMEHEHNEM O30Ha.

Tonkue naenxu upudus c nomoliibio ACO nonyyanu
W3 IBYX peareHTOB-IPEaIIeCTBEHHUKOB.

B pabote [28] nmaeHKr upuaus BblpalliiBajJd METO-
oM ACO u3 anerunaneronara upuaud Ir(CsH-0,)s5,
(nanee Ir(acac);), 030Ha ¥ MOJIEKYJISIPHOTO BOLOPOJA
mpu temmepatypax 165...200 °C. ACO mpoBomuin ¢
WCIIOJIb30BAHUEM TIOCIIEAOBATETBHON UMITYJIbCHOW TO-
nauu razoB O3 — Hj: Ir(acac);—mnponyska—O;—rpo-
nyska—H,—nponyska. CKOpOCTb OCaXI€HUS COCTAB-
qasima 0,02 HM/IUMKI ¢ HeOOJbIION HyKJIeallMOHHOM
3a7epkKoil (puc. 6, a). AHaJIU3 MOKa3aj, 4To Iociie
100 umkiIoB ocaxaeHus (4TO COOTBETCTBOBAJIO (-
(EeKTUBHOI TOIIIUHE TTOKPBITUS OKOJIO 2 HM), TIJIEH-
KM ObUM HecruiolrHbiMU. [Tocae 200 uukiaoB (Toj-
IIMHA 5 HM) B IUIEHKAX OCTaBaJIMCh ITyCTOTHI, OOHAKO
nocie 300 HuKJIOB (TOMIMHA 7 HM) TUIEHKU BBITJISI-
JeJId CTTOIIHBIMUM, HO UX TIPOBOIMMOCTh Oblja HEHA-
nexHoi. I[reHku TommmHON 60 HM MMeTu HU3KOe
yaeabHOe comnpoTuBieHue (MeHee 12 MKOM °cM) U
iepoxoBaTocThb 1,4 HM. IlpumecsamMu B 1uieHKe ObLIU
BOJIOPOII ¢ KOHILIeHTpaLuueii 2 at. %, yriepon — 1 ar. %
u kuciopox — 4—7 aT. %. Ha cTyneH4aThIX CTPYKTY-
pax BbicoToil 1200 HM ¢ 3a30pom 150 HM (AO = 8) ObI-
JIH TIOJTY9eHBI KOH(GOPMHBIE TIJICHKYA UPUIUS TIPYU TEM-
neparype 165 °C.

IToznHee Te e aBTOpbI B padotax [29, 30] uccne-
JIOBAJIM POCT TUICHOK MPUAMS M OKCUIA UPUAUS Me-
tonoM ACO mnpu HU3KHUX TeMIepaTypax ¢ UCMOJIb30-
BaHMEM TIPENIIECTBEHHWKA METIIIIUKIOTICHTAINE -
Hunuukiorekcaguen upuaua Ir(CH;CsHs)(CgHyy),
nanee Ir(MeCp)(CHD). B mepBoii U3 IUTUPOBAH-
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Puc. 6. CpaBuurelibHbIE JaHHbIE IS OCAK/IEHHS TUICHOK HPUIUSA C UC-
TOJIb30BAHHEM KHCJIOPOIA M O030H-BOIOPOIHON MOCJIEIOBATEIHHOCTH
AJ1sA pearenToB-npeamecTsennukos Ir(acac); (@) u Ir(MeCp) (CHD) (b)

Fig. 6. Comparative data for deposition of the iridium films with the use
of oxygen and ozone-hydrogen sequence for the precursors of Ir(acac) ; (a)

and Ir(MeCp) (CHD) (b)
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Puc. 7. PacueTHoe 3ano/iHeHHE MOBEPXHOCTH (@) U 3HAYEHHE YyleJb-
HOTO COMPOTHUBJIEHHS TUIEHKH IIATHHBI (D) MPH Pa3MYHBIX TeMie-
parypax aas jautenbHoctd mpounecca ACO 400 uukiaos u3
PtMe;(MeCp) m pasaMyHbIX BTOPHIX PeareHToB (IIOCTPOEHO C yn-

poienneM no JaHubM [32])

Fig. 7. Rated filling of the surface (a) and specific resistance of a platinum
film (b) at various temperatures for duration of ALD of 400 cycles from
PtMey(MeCp) and various second reagents (drawn with simplification

by data [32])

HBIX MTyOJUKAUMH TUICHKM UPUINS BBIpAllUBaId MpU
275...300 °C. IlneHku upuaust ToaMHONK 50 HM C
YIETHbHBIM COITPOTUBJICHUEM OKOJIO 9 MKOM * ¢M, BBHI-
paieHHbIe Tipu 275 °C, mMenu 1epoxoBaTocTh 1,2 HM,
colepxaiau okoo 3 ar. % kucinopoza, 0,6 ar. % yrie-
pona u 1,65 at. % Bonopona. Apropsl [30] ucciaenona-
i ACO Ir u IrO, nipu 120...180 °C no anropurmy pa-
6ot [28] mna Ir(acac);. Okaszanock (puc. 6, b) uto B
cucreme Ir(MeCp)(CHD)—0O3;—H, M0XHO NIOHU3UTH
temneparypy ocaxjaeHuss Ha 100 °C B cpaBHeHMU C
ACO Ir(MeCp)(CHD)—0,—H, ¢ xucioponom.

IIpn aToM mMeeT MecTo B 1,5 pa3a Oosblast CKO-
POCTb OCaXXACHMS B CPaBHEHWU C TIPEAIICCTBEHHM-
koM Ir(acac)s. ITpu T,; = 100...120 °C ckopocTb ocax-
JeHust cocTaisia okoso 0,03 HM/LIMKI B CpaBHEHUU
¢ 0,02 am/umkn npu 165 °C s Ir(acac). INo-Bunu-
MOMY, O0JIaCTM ILIaTO, YKa3aHHBIE CTpeJIKaMd Ha
puc. 6, a, b, CBUIETENbCTBYIOT B I0JIb3y CYILIECTBOBA-
Hust pexuma ACO upuausi.

Toukxue naenxu naamunot ionydanu Mmetonom ACO
[31, 32] u3 anerunaueronara miatuHel Pt(CsH,0,),,
nanee Pt(acac),, ¢ UCIOJIB30BAaHUEM IIOC/IENOBATEID-
Hoctu Pt(acac),—03;—H,. Ckopoctu ocaxneHus npu
120...130 °C 6butH IPUMEPHO MOCTOSTHHBIMU Ha YPOB-
He 0,026 HM/LMKII, LIEPOXOBATOCTh ILJICHOK ILIATH-
HBI TOMIIMHON 52...54 HM cocTtaBisiia okojo 2,0 HM.
YnenbHble COMPOTUBICHUS TIEHOK TUIATUHBI TOMIIM-
Hoii okoso 50 um u3 Pt(acac),—Oz;—H, mpu 120 u
130 °C cocraBmsm 13—14 1 12—13 mxOwMm * cM, COOT-
BETCTBEHHO.

ABTOPBI OTMEYaJIU, YTO TUIEHKU IUIATUHBI, TOTY-
yeHHbIe nipu TeMmnepaTtype 300 °C u3 TpuMeTUIMETHI -
uukiaonenTanueHnn miatuHbl Pt(CH5);(CH3;C5H;),
nanee PtMe;(MeCp), nipu UCnoab30BaHUU MTOC/IEN0-
BaresibHOCTH PtMes(MeCp)—sBosnyx O, oGHapyxuBa-
Ji1 conpotuiieHre 13 MKOM * ¢M MpU TOJILIUHE OKOJIO
110 HM. MonenvpoBaHue U 3KCIEPUMEHTAIBHOE UC-
cnenosanne ACO u3 npenuectseHHuKa PtMe;(MeCp)
¢ 030HOM TpuBeAeHo B nybaukamuu [17]. CkopocThb
ocaxIieHus Oblja BbIlle, YeM C KMCJIOPOIOM WM BO3-




JIIyXOM, TIpUYEM IIJIECHKA MOIJIM OBITH IMOJYYEHBI MpHU
temreparype 150 °C. IIpu ocaxaeHUM TIJICHOK IUIaTu -
HBbl C HCIIOJb30BaHMEM BO3AyXa Ha IMpeaBapUTEIbHO
00paboTaHHYI0 030HOM IOBEPXHOCTH 00pa3loB OBLIO
YCTaHOBJIEHO cieaytoiiiee. OOpaboTKa B 030HE CYLIECT-
BEHHO yJIyyllia/ia IOBepXHOCTHOE 3aIloJIHeHue (aBTopa-
MM KCIIOJIb30BaH TEPMUH apparent coverage), TIPOIISIs
HyKJIealluio B 00J1aCTh HU3KMX TeMrepatyp (puc. 7, a).

VYiydirleHue HyKJIeallun W, CliedoBaTelbHO, OGoiee
OBICTpOE HAYaJIO0 CTAIIMOHAPHOTO POCTA TICHOK YITyd-
IIaeT BJIEKTPOIPOBOIHOCTh IUICHOK IUJIATUHBLI IIpU
HU3KOI Temmnepatype (puc. 7, b).

O000menne 3aKOHOMEPHOCTEl (POPMHPOBAHNASA
u pocta MIIT

Ha puc. 8 mokazaHbl iBa OCHOBHBIX ITyTH Mpoliecca
pocta TTI MIIT. Jlunus I npeactaBiseT TpeHA 0ObIY-
Horo TpagumoHHoro XOI'd, mpu KOTOPOM TOJIILIMHA
TUIEHKY OT BPEMEHM OCaXNEHUs (7;) U3MEHAETCS JIM-
HEiHOo, T. €. IPOLIECC OCAXKIACHUS CTallMOHAPEH. DTOT
cllydyail xapakTepeH [IJisi OOJbLIMHCTBA MMPOLECCOB
XOI'®d TII, nns KOTOPBIX CBOMCTBA ITOBEPXHOCTH 00-
pasiia He BausgioT Ha KuHeTuKy XOT'D. DTu npoliecchl
TakXe YyacTo Ha3bIBAIOT Ta3o¢ha3HbIMM MpolieccaMu U
X ONMCaHWe MOXHO HaWTH, HaIlpuMep, B pabote [2].

KpuBas 2 Ha puc. 8 orpaxkaeT 6oJiee CIOXHbBIN ClTy-
yait ocaxaenus TI1, korma moBepXHOCTh 00pa3lia oKa-
3bIBACT CYIIECTBEHHOE BIMSHUE Ha (DOpMHpPOBaHHE
TOHKOM IJIEHKM. DTa KpHUBasli UMeeT 00JIacTh HyKJIea-
nuoHHo 3agepxku (H3), korga mieHka ¢opMupyer-
csl ¢ KpaitHe majioii ckopocThio. Jlanee, mocjie OKOH-
YaHUsl HYKJIEAllMOHHOIO Iepuoia, poCcT IUIEHKU cTa-
HOBUTCS TIOCTOSTHHBIM BO BPEMEHU B COOTBETCTBUM C
KpuBoii 2Ha puc. 8. CKOpOCTb OCaXKIeHUS B 3TOM CITy-
yae 3aBUMCUT OT KOJMYECTBA 3apojblllieil MaTepuaia,
CO3/IaHHBIX B 00JIACTU HYyKJIealllHu.

BddexT H3 00bsiIcHsIETCS CBOCTBAMU MOBEPXHOC-
™ oOpasna. Ha puc. 9 mokazaHa o0yacTh CEJIEKTUB-
HOTO POCTa IIJICHOK PYTEHMS Ha JIOKAJIbHO PAaCIOJO-

P Bnusinne O;

e O; effect

TonuuHa MWIEHKHA
Film thickness
\
\

Hyxneanuonnas 3agepxka la
Nucleation delay

Puc. 8. NamocTpauusi npodjeMbl HYKJIEAUMOHHON 3a1E€PKKH NpPH
OCaXKIEeHUH PyTeHHus U3 ra3oBoil ¢aspl: / — 0ObIYHOE OCaxIeHUe C
MMOCTOSIHHOM CKOPOCTBIO HapaliuBaHus; 2 — OCaXAeHUEe C HyKJIe-
allMOHHOM 3a7epXKoi. biioyHoIi cTpesikoi moKa3aHo Mmpearosara-
eMoe BIMsTHUE 030Ha Ha mpoieccsl ACO

Fig. 8. lllustration of a nucleation delay during deposition of ruthenium
from a gas phase: 1 — regular deposition with a constant growth rate;
2 — deposition with a nucleation delay. The block arrow shows the
prospective influence of the ozone on the ALD processes
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Puc. 9. O6nacThb ceJeKTHBHOTO POCTA ILUIEHOK PYTEHHsI HA 3aTPaBoOY-
HoM cyioe Pt-Pd npn umnynascHom XOI'® (3amrpuxoBaHna)

Fig. 9. Area of the selective growth of the ruthenium films on the seed
layer of Pt-Pd at the pulsed CVD (cross-hatched)

KEHHOM Ha IHOKCHUIE KPEMHUS 3aTPaBOYHOM CJIOE
Pt-Pd nipu umnynbcHoM XOI'®D (3amrpuxosaHa) [9].
MoOXHO BUIEThH, YTO OMHOBPEMEHHO Ha 3aTPaBOYHOM
CJI0€ MOXHO BbIpalllMBaTh IJIEHKY PYTEHUSI, B TOM
yucie — Ha TpexMepHoM peibede (cM. puc. 3, d) npu
OYeHb HU3KHUX TeMIIepaTypax, B TO BpeMs KakK Ha I0-
BEPXHOCTU AuoKcuaa KpeMHus pocta TII He HaGmi0-
JaeTcsl.

HmutensHocTh H3 3aBUCUT TakKe OT MapameTpoB
mnpolecca OCaXIeHUsl, a UMEHHO, OT TeMIIepaTyphl,
JaBJIEHUSI, U MOXET ObITh YMEHbIIIEHA, HATTPUMED, O~
BBILIIEHUEM TeMIIepaTyphlI Ipoirecca. OmHAKO 3TO IPH-
BEIET K yXyIlLIeHUI0 KOH(hopMHOcTH pocTa TII.

Hyxneauus: omnpepensieT utoroble cBoiicTBa TII
MIII: mopdoaoruto, MIOTHOCTb, MPOBOAUMOCTh. Co-
IJJACHO MHEHHUIO OOJIbLIMHCTBA aBTOPOB, HYyKJIEallUsl
st XOI'd u ACO MIIT mpexncraBisieT coboii cepb-
e3HyI0 rpobsieMy [26]. IpuunHOI 3aTpyIHEHNIT HYK-
Jgeauun MIIT cuyuTaercss BO3MOXHOCTh YaCTUYHOTO
TepMopaclaga peareHTOB-MpeAllIeCTBEHHUKOB ¢ ¢hop-
MUpOBaHUEM TIepBbIX 3apojbllleii MeTauioB. [anee
BTU 3apONBIIIN KaTaJU3UPYIOT MPOAOJIKEHHE POCTa
TUIEHKU MPEeUMYILEeCTBEHHO Ha HMX.

ITogpoOHO Takoii MeXxaHM3M O0CYKIaJicsl B paboTe
[25] nna TIT pyrennsa ns Ru(CO)5(C4Hg) u pasnnu-
HbIX BTOpbIX peareHToB (NH3, H,, N,O). bouto ycra-
HOBJIEHO, YTO TUIEHKM PYTeHUS (XOTS M HauXyILIero
KayecTBa) MOTYT OBbITh MOJIyUeHbl U MPU TepMopacna-
ne, T. €. 0e3 BTOPBIX peareHTOB. DTO MOATBEPXKIAET
BO3MOXHOCTb (POPMUPOBAHMSI MEPBBIX 3apObIIIEH HA
MOBEPXHOCTH TIPU YACTUYHOM TepMopacrane Mpen-
LIECTBEHHUKA B XOJIe CAMOr0 MEPBOTO umiItyjabca. OT-
METHM, YTO TaKO MeXaHWU3M OOBSICHSIET HU3KHUE CKO-
poctu HapamuBaHus TIT MIII'. OgHako 3T0 03HavYaeT
HECOOTBETCTBME PealbHOIr0 MeXaHM3Ma HX pocTa Tpa-
muumoHHoi moxenu ACO. IlocnenHsist mpearoaraet
B3aMMOJIEUCTBUE aICOPOMPOBAHHOTO peareHTa-Ipe-
IIECTBEHHUKA CO BTOPHIM PEareHTOM B OJHY CTaIuIO C
00pa3oBaHMEM MOHOCJIONHOTO MOKPBITUSI.
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3akioueHue

Hcronp3oBaHue 030Ha B KaU€CTBE BTOPOTO peareH-
Ta WU MpeaBapuTeIbHas 00paboTKa MOBEPXHOCTU 00-
pa3lia B O30HE MO3BOJISIIOT 3HAYUTEJbHO YJIYUIIUTh
npouecchl Hykineauuu TIT MIIT. CokpaieHue miv-
TEJbHOCTU HYKJICAIMOHHOMN 3aAepXKKM JAeT BO3MOX-
HocTh Tporeccy ACO TiepexoauTh B CTAallMOHAPHYIO
00J1acThb CyllleCTBeHHO paHee. IIpu aToM yiydiaercs
BOCHPOM3BOAMMOCTh IIpouieccoB ACO mpu HU3KOI
temnepatype, a TII uMeIoT cyllecTBEeHHO 0oJjiee HU3-
KHU€ DJIEKTPUYECKUE COMPOTUBICHHUS IUJIEHOK IIpU
MEHbIEN TOJIIAHE.

OpHako MPUYMHBI OYeHb HU3KMX IO aOCOIIOTHOM
BeJUYMHE CKOPOCTEI MoKa OCTaloTCsl HesICHBIMU. Tpe-
OyeTcsl nayibHelIIee uccaeaoBaHUe MeXaHU3Ma B -
HUSI O30HA, B TOM YHMCJIe — HMCCJIeJOBaHUE BIUSIHUS
THTIA, CTPYKTYPBI M COCTaBa PeareHTOB-TIPEAIIeCTBEH-
HUKOB Ha HyKJIEallMIO TUIEHOK Ha TEPBBbIX dTamax Mx
(opmupoBaHUsl. DKCIEPUMEHTAIBHO BAXXHBIM Mpe-
CTaBJISIETCSl IOUCK TEXHUUYECKUX pelLIeHUI MO CIoco-
6aM reHepallMi O030HA B ITOTOKE KMCJIOPOIAa MaKCH-
MaJIbHO OJIN3KO WJIK HEMOCPEICTBEHHO Ha MOBEPXHOC-
™1 obpasuoB B Kamepe ACO.
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The author analyzes a number of questions concerning obtaining of the ultra-thin conducting films from the platinum group of
metals (Ru, Rh, Pd, Os, Ir, Pt) by the method of chemical deposition, and their application in nano- and micro system technologies.
He shows that the key factor of a continuous growth of a film with good conductivity is the film nucleation at the first stages of the
film formation. The author analyzes the specific features of application of ozone as the second reagent of the deposition processes,
and the directions for the further research, including the necessity to study the surface processes at the first stages of the atomic layer
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Introduction and problem statement

Thin film materials are the basis of the electronic compo-
nents made by means of nano- and microtechnologies. The
thin films (TF) are mainly obtained by the method of the
Chemical Vapor Deposition (CVD) [1—3]. During CVD on
the surface of a sample heated up to the required temperature
the growth of a thin film occurs due to the irreversible chem-
ical reactions of the initial reagents, so that CVD provides an
opportunity for an accurate control of the parameters, thick-
ness, structure and properties of the films. For CVD of metal
films the term "thermal-decomposition of the metal-organic
compounds"” is also used [4] (Metal-Organic CVD, MOCVD).

An essential advantage of CVD in comparison with the
other methods of TF manufacture is a possibility of reception
of the conformal films on complex three-dimensional struc-
tures of various forms. In a simplified way the three-dimen-
sional structures can be described by the relief elements of a
rectangular form and their "aspect ratio" (AR), the ratio of the
height to the width of an element. Under conformality we un-
derstand the equivalence of the thickness of a thin film on all
the surface of a complex relief. Reception of the conformal
coatings is a challenge task, which for many years has been
solved, for example, in microelectronics due to complication
of the integrated microcircuits [2, 3]. On such complex reliefs
the other methods of creation of coatings, for example, sput-
tering, are unacceptable. For achievement of a conformal
deposition of films on the structures with high AR the im-
pulse, or pulsed, CVD are applied. In these pulsed methods
the initial chemical reagents are introduced into the reaction
chambers by short consecutive impulses. At that, the impulses
of the reagents are divided by the impulses of the inert gas
clearing the chamber from the remains of the previous rea-
gent. The pulsed processes are cyclic. Their duration is meas-
ured by the number of cycles of deposition, and the speed of
growing of a thin film is counted per one cycle of deposition.
The main film-forming reagent of CVD is called the precur-
sor. For some precursors and realization of CVD the mode of
the surface reaction is realized in a narrow low-temperature
range. It is often called a monolayer deposition or Atomic
Layer Deposition, ALD) [5]. The chronology and results of
R&D of CVD for various thin film coatings with reference to
the microelectronic technologies are considered in [2, 3].

The thin films of the metals of the platinum group (MPG —
Ru, Rh, Pd, Os, Ir, Pt) cause interest from the point of view
of their application in the precision technologies. These met-
als have high melting temperatures, good electrical conduc-

tivity, high resistance to chemical reagents and oxidizing
processes. Among MPG of special interest are the thin films
of ruthenium [6], iridium [7] and platinum [8] received by
CVD. Besides, ruthenium and iridium have good conducting
oxides (RuO,, IrO,), which makes them attractive for the mi-
croelectronic technologies involving numerous oxidizing proc-
esses in manufacture of the devices.

For example, ruthenium-containing TF were considered
as a possible material for the electrochemical electrodes [9],
contacts [10] and metallization in the multilevel integrated
microcircuits [11]. At the beginning of the 21% century in the
microelectronic technology with the standards less than 100 nm
the ruthenium was investigated for application as electrodes in
the condenser memory cells of Metal-Insulator-Metal type
(MIM) [12]. Ruthenium also was considered as a material for
the transistors’ gates [13], as the barrier layers [14], and also
as the conducting nucleation layers for the so-called "copper"
multilayered metallization of the integrated microcircuits by
electrodeposition [15]. Besides the aims specified above, the ru-
thenium and the other metals of the group were considered for
various nano-technological applications, some examples see in
[16—23]. By the sum of the literary data TF MPG are consid-
ered in the precision devices mainly as conducting materials,
for example, for the electrodes of various devices. At that, of
big interest is a possibility of their use at higher temperatures.

The main property of the metal coatings is their electrical
conductivity. The trend for scaling of the elements of the na-
no- and microelectronic precision devices is known. With ref-
erence to TF conductors it means a decrease of their thickness
down to nano-sizes with preservation of the requirements to
high electrical conductivity, including in complex three-di-
mensional structures of the devices.

The problem with deposition of MPG is that the superthin
films of metals reveal discontinuity flaws and high resistance.
The example in fig. 1 illustrates the problem of electrical con-
ductivity for the pulsed CVD thin films of ruthenium [24].
Thus the continuous layers at 290 °C were formed at the
number of pulses more than 30.

No generalizations of the research works on electrical
conductivity of the superthin MPG have been published. This
work systematized the information on the influence of the
conditions of deposition on the structure and electric resist-
ance of MPG thin films. Such information allows us to de-
termine directions of the research works in the field of the
synthesis of the superthin continuous metal conductive layers
for nano- and microtechnologies.
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General characteristic of the thin film deposition

The complexities of realization of CVD for TF MPG can
be grouped in the following way.

Variety of precursors. The initial reagents belong to vari-
ous classes of the chemical substances and contain different
functional groups, including carbon, hydrogen, oxygen and
other elements. For example, in [24, 25] the authors describe
obtaining of TF of ruthenium from carbonyl Ru3(CO),,
acetylacetonate of ruthenium Ru(CsH-0,)3, ruthenocene
Ru(CsHj5), and their derivatives, and also from the nitrogen-
and phosphoprous-containing reagents. For iridium besides
the above-mentioned classes of the initial reagents, the hal-
ogen-containing reagents of IrCls, IrCly, IrBr;, IrF¢ were also
used. A similar situation is with the other MPG.

Variety of the second reagents. The thermal decomposition
processes are often carried out in vacuum, in an inert or re-
ducing environment. This allows us to prevent oxidation of
the deposited metal. However, in this case there is a problem
with an incomplete thermal decomposition of the organic
groups and incorporation in TF of a carbon impurity with
concentration up to tens of the atomic percent of nitrogen
and hydrogen. Carbon essentially worsens the structure, phys-
ical-chemical and electric properties of the thin films of met-
als. Application of the oxidizing environments (molecular ox-
ygen, nitrogen-oxygen mixes, carbon and nitrogen oxides,
water vapors, etc.) provides opportunity to improve the com-
pleteness of oxidation of the precursors. Volatile by-products
of the reactions are formed and in TF the concentrations of
the undesirable elements (C, H, N) decrease. In view of the
risk of formation of the undesirable oxide phases of the de-
posited metal an optimization of the ratio of an oxidizer to the
initial precursor is required.

For CVD MPG the combinations of the second reagents
were investigated, allowing during the synthesis of TF, to
clean it from the undesirable impurity elements. For example,
in [25] besides the single second reagents for reception of TF
of ruthenium from Ru(CO);(C¢Hg) during a pulsed CVD,
the sequences of impulses of an oxidizer (N,0O) and a reducer
(NHj;) were used. In [26] as a perspective way of reception of
TF by ALD method it was proposed to use the ozone and the
so-called "double second reagent", namely — sequence of
O3;—H,. Such a method allows us to delete the undesirable el-
ements from TF, to improve the structure of the films and to
reduce their electric resistance.

Multi-factor conditions of the deposition. The CVD proc-
esses go under various conditions (temperature and pressure
usually vary, as well as the speeds of supplying of the reagents
to a reactor and concentration of the reagents, etc.). The de-
cisive factor is CVD temperature of 7). For example, in [25]
it is demonstrated, that at an impulse CVD of ruthenium from
Ru(CO)5(C¢Hg) the "critical" temperature of deposition is
T,=1200°C, fig. 2, a, b, c.

At T; < 200 °C the film growth was slowed down due to
the long nucleation delays (nucleation is the surface concen-
trations and sizes of the TF grains). The films grew as coarse-
grained, fig. 3, a, friable, with low density. Improvement of
the film structure took place with increase of the pressure of
the reagents at CVD. This made it possible to raise the filling
of the surface with the molecules of the initial precursor. At
that, big grains in the ruthenium films consisted from nano-
crystalline particles with the estimated sizes of about 5 nm [9],
fig. 3, a. Such sizes appeared to be close to the sizes of the na-
no-crystalline particles of 3—4 nm, found in the work [27] for
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the films of ruthenium received from another reagent —
acetylacetonate of ruthenium Ru(CsH,0,);.

At T,;> 200 °C the laws of the ruthenium growth followed
the schemes of the processes of TF growth [2]. The properties
and electrical resistance of TF of ruthenium were acceptable,
however, the conformity of the coatings on the step reliefs was
unsatisfactory.

Influence of the complexity of a sample’s relief. General
questions concerning TF growth on complex reliefs of the
three-dimensional semi-conductor structures are considered
in [2]. For the metal films it is necessary to take into consid-
eration a possibility of distinction of a structure on the relief
of a sample, fig. 2, c. In case of a slowed down nucleation sep-
arate grains can grow in a relief. As a result, metal coatings
will have ruptures on the relief, causing a loss of electrical
conductivity of TF. For improvement of the conformity it is
necessary to reduce the temperature of deposition in order to
avoid the undesirable chemical reactions in the gas phase [2].
However, decrease of T, influences the growth characteristics
of the CVD processes and TF properties, fig. 2, a, b, c.

Influence of the properties of the sample’s surface on the
initial stages of formation of a metal thin film. The state of a
surface of a sample makes a key impact on the growth char-
acteristics of MPG. In [25] it was demonstrated, that in the
"plateau” area in fig. 2, a the character of nucleation of ruthe-
nium was very different for different surfaces. Thus, the worst
nucleation was observed for nitride of silicon Si;N, on silicon,
and the best — for the samples with the oxides of aluminum
Al,O3 and hafnium HfO,, received by ALD method on silicon.
For the monocrystalline silicon Si and silicon dioxide SiO, the
nucleation was practically the same, which is explained by the
presence of a natural oxide on the silicon surface.

However, on the surface of the sub-nanometer (~0,8 nm)
deposited seed layers (SL) of MPG (the most convenient alloy
was 70 % Pt — 30 % Pd) the ruthenium films were formed es-
sentially differently, fig. 3, 5. Even at the thickness < of 10 nm,
including on 3D structures at the lowered temperature of dep-
osition, the ruthenium films were continuous. They consisted
from the nano-crystalline particles with the sizes of about 5
nm and had the surface roughness of < 1 nm). Application of
SL allowed to lower the temperature of deposition of TF of
ruthenium and to raise the speeds of deposition (W), fig. 4, a.

At that, the low-temperature TF of ruthenium on the seed
layers revealed essentially lower electrical resistance (fig. 4, b).
However, improvement of the nucleation at the first stage of
the film formation did not lead to a decrease of the resistance
down to the values, characteristic for the metal ruthenium
(about 7 pQ - cm). This is explained by the influence on the
nucleation of the other factors, first of all — carbon and oxygen
impurities in TF. The nucleation and growth features of for-
mation of TF MPG are generalized in the following section.

Growth of thin films of MPG. A brief review

The nucleation and electric conductivity of TF MPG are
influenced by all the factors listed in the previous section. The
questions and methods of improvement of MPG nucleation
were considered by many specialists [6, 7, 24, 25]. However,
the solutions offered by them appeared ineffective, in partic-
ular, for work with the high-aspect structures.

The only experimentally proved and encouraging version
of improvement of nucleation at ALD MPG is the use of the
ozone. It is applied for carrying out of the preliminary
processing of the samples’ surface before the deposition or as
the second reagent. In [26] there is a general scheme for ob-




taining of TF MPG (fig. 5). The scheme is acceptable for
most of the used precursors.

At T, > 200 °C it is possible to receive quality TF MPG
with the use of oxygen as the second reagent. Application of
ozone allows us to improve the nucleation at the first stages
of formation and growth of TF at 7, < 200 °C. Obviously, the
ozone improves the thermal decomposition of the precursors
and allows to form MPG nuclei free from the carbon impuri-
ties. The hydrogen impulse following the impulse of the ozone
(actually this means application of "a double second reagent")
allows us to remove the oxide phase from a just deposited metal
TFE. Thus, the hydrogen plays the role of a reducer of the sur-
face of MPG nuclei partially oxidized by the ozone.

Let us consider briefly the basic actual experimental re-
sults for the films of iridium and platinum with application of
the ozone.

Thin films of iridium were received from two precursors by
means of ALD.

In [28] the films of iridium were grown by ALD method
from acetylacetonate of iridium Ir(CsH;0,);, (hereinafter
Ir(acac);), ozone and molecular hydrogen at 165...200 °C.
ALD was done with the use of a consecutive impulse supply of
gases O3—H,: Ir(acac);-blow-O3-blow-H,-blow. The speed of
deposition was 0,02 nm/cycle with a small nucleation delay
(fig. 6, a). An analysis demonstrated, that after 100 cycles of
deposition (which corresponds to the effective thickness of
coating of about 2 nm), the films were not continuous. After
200 cycles (thickness of 5 nm) there still were cavities in films,
after 300 cycles (thickness of 7 nm) the films looked continu-
ous, but their conductivity was unreliable. The films of 60 nm
thickness had a low specific resistance, less than 12 uQ - cm
and roughness of 1,4 nm. The impurities in the film were hy-
drogen with concentration of 2 at. %, carbon — 1 at. % and
oxygen — 4...7 at. %. On the step structures with the height
of 1200 nm and a gap of 150 nm (AR = 8) the conformal irid-
ium films were received at 165 °C.

Subsequently in [29, 30] the growth of iridium and irid-
ium oxide films was investigated at ALD and low tempera-
tures with the use of precursor of methylcyclopentadienil-
cyclohexadien of iridium Ir(CH;CsH5)(CgHy,), hereinaf-
ter, Ir(MeCp)(CHD). In the first publication the iridium
films were grown at 275...300 °C. Films of iridium with thick-
ness of 50 nm and specific resistance of about 9 pQ-cm,
grown at 275 °C, had roughness of 1,2 nm, contained about
3 at. % of oxygen, 0,6 at. % of carbon and 1,65 at. % of hy-
drogen. In [30] ALD Ir and IrO, were investigated at
120...180 °C by algorithm [28] for Ir(acac);. It turned out,
fig. 6, b, that in Ir(MeCp)(CHD)—03;—H, system it was pos-
sible to lower the deposition temperature by 100 °C in com-
parison with ALD Ir(MeCp)(CHD)—0,—H, with oxygen.

At that, the deposition rate in comparison with predeces-
sor Ir(acac)s was 50 % higher. At T; = 100...120 °C the rate
of deposition was about 0,03 nm/cycle in comparison with
0,02 nm/cycle at 165 °C for Ir(acac);. Obviously, the areas of
the plateau, pointed to by arrows in fig. 6, a, b, testify to the
existence of ALD of iridium mode.

Thin films of platinum received by ALD [31, 32] from
acetylacetonate of platinum Pt(CsH-,0,),, hereinafter,
Pt(acac),, with the use of sequence Pt(acac),—O3;—H,. The
deposition rates at 120...130 °C were approximately constant,
at the level of 0,026 nm/cycle, the roughness of the platinum
films with thickness of 52...54 nm was about 2,0 nm. The spe-
cific resistance of the platinum films with thickness of about

50 nm from Pt(acac),—O3;—H, at 120 and 130 °C were, cor-
respondingly, 13—14 and 12—13 pQ - cm.

The authors pointed out, that the platinum films received at
temperature of 300 °C from trimethylmethylcyclopentanedienil
of platinum Pt(CH3);(CH3CsHs), hereinafter, PtMe;(MeCp),
when the sequence PtMe;(MeCp)-O, was used, revealed re-
sistance of 13 puQ) - cm at the thickness of about 110 nm. Mod-
eling and experimental research of ALD from predecessor of
PtMe;(MeCp) with ozone is presented in the publication
[17]. The rate of deposition was higher, than with oxygen or
air, at that, the films could be received at 150 °C. During dep-
osition of the platinum films with the use of air on the surface
of the samples preliminary processed with ozone, the follow-
ing facts were established. Processing in the ozone essentially
improved the apparent coverage, prolonging the nucleation to
the area of low temperatures, fig. 7, a.

Improvement of the nucleation and quicker start of the
stationary growth of films improves the electrical conductivity
of the platinum films at low temperatures, fig. 7, b.

Generalization of the laws of formation and growth of MPG

Fig. 8 presents two main ways of growth of TF MPG.
Line 1 presents the trend of a regular, traditional CVD, at
which the thickness of a film changes from the deposition
time (#,) linearly, that means, the deposition is stationary. The
case is typical for most of the CVD TF processes, for which
the properties of the sample’s surface do not influence the ki-
netics of CVD. These processes are often called "gas-phase
processes” and their description can be found in [2].

Curve 2in fig. 8 reflects a more complex case of TF dep-
osition, when the surface of a sample has an essential impact
on the formation of a thin film. This curve has the area of a
nucleation delay (ND), when a film is formed with an excep-
tionally low speed. Subsequently, after termination of the nu-
cleation period, the film growth becomes constant in time in
accordance with curve 2 in fig. 8. In this case the deposition
rate depends on the number of nuclei of the material created
in the area of nucleation.

ND effect is explained by the surface properties. Fig. 9
presents the area of the selective growth of the ruthenium
films on the Pt-Pd seed layer locally situated on the silicon di-
oxide at a pulsed CVD (cross-hatched) [9]. It is possible to
see, that on the seed layer it is possible to grow simultaneously
a ruthenium film, including on a 3D relief (fig. 3, d) at very
low temperatures, while on the surface of the silicon dioxide
a growth of TF is not observed.

Duration of ND depends also on the deposition parame-
ters, namely: temperature, pressure, and it can be reduced, for
example, by raising the temperature. However, this will lead
to deterioration of the conformity of the TF growth.

Nucleation determines the final properties of TF MPG:
morphology, density and conductivity. According to most au-
thors, nucleation presents a serious problem for CVD and
ALD MPG [26]. The reason for the problems with nucleation
of MPG is explained by a possibility of a partial thermal de-
composition of the precursors with formation of the first nu-
clei of metals. Further, the nuclei catalyze continuation of the
film growth mainly on them.

In detail the mechanism was discussed in [25] for TF of
ruthenium from Ru(CO)3(C4Hg) and various second reagents
(NH3, Hy, N,O). It was established that the ruthenium films
(although of the worse quality) can be received also at a ther-
mal decomposition without the second reagents. This con-
firms a possibility of formation of the first nuclei on the sur-
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face at a partial thermal decomposition of the predecessor
during the first impulse. Let us point out, that such a mech-
anism explains the low speeds of growth of TF MPG. How-
ever, it means a discrepancy between the real mechanism of
growth and the traditional model of ALD. The latter envisages
interaction of the adsorbed precursor with the second reagent
in one stage with formation of a monolayer coating.

Conclusion

Use of the ozone as the second reagent or preliminary
processing of the sample’s surface in the ozone allow us to im-
prove considerably the nucleation processes of TF MPG. Re-
duction of duration of the nucleation delay provides a chance
for the ALD process to pass to the stationary area consider-
ably earlier. At that, the reproducibility of the ALD processes
at low temperatures improves, and TF have essentially lower
electric resistance at a smaller thickness.

The reasons for very low speeds in absolute values remain
unclear. The further research is required of the influence of
the ozone, including the influence of the type, structure and
composition of the precursors on the nucleation of films at the
first stages of their formation. It is experimentally important
to continue search for the solutions concerning generation of
the ozone in an oxygen flow directly on the surface of the
samples in ALD chamber, or as close to it, as possible.
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