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TEPMOAMHAMUKA OU3UYECKOMN AACOPELIMM MOAEKYA

YIAEPOAHbIMHN HAHOTPYBKAMM

ITlocmynuna ¢ pedaxyuio 19.05.2015

OO0HUM U3 8AJICHBIX UHCMPYMEHMO8 YNPABACHUS INeKMPOHHBIMU CEOUCMEAMU YeAepOOHbIX HAHOMPYOOK nocie 3a6epuleHus
npoueccos ux pocma a64s1emcs a0copouuss Aamomos U MoAeKya U3 eHeuHell cpedvl. /1 enybokoeo NOHUMAHUS IMO020 AGAEHUS A6~
mopbl CMpPoam MepMoOUHAMUUECKYI0 MOOeab Gu3uueckoi adcopoyuu Hanompyoxamu. lannas modeav onupaemcss Ha MUHUMU-
3ayuto c60000HoU dHepeuu Tubbca cucmemsl, cocmosuei uz 0gyx noocucmem, 00HA U3 KOMOPbIX OMHOCUMCA K 2a3080U (aze, a
emopas — K KoHOeHcupoganhou. B pesyassmame pacuemogé onpedenena cés3b yca08ull nPoGedeHuUs NPOUeccos U napamempos

aocopbanmos ¢ Hucaom aocopoupo8aHHbIX MOACKY.

Karouegvie caosa: yenepoonvie Hanompyoku, adcopoyus, uzomepmoi adcopoyuu, c60600Has suepeus luboca, napyuaivrole no-

menyuanwvt Tuboca

BBenenune

Vrnepoausle HaHOTpyOKU (YHT) obGnamatror yHU-
KaJbHBIMH TIPOYHOCTHBIMHU, SJIEKTPUICCKIUMU 1 OTITH -
yecKuMU cBoiictBaMu [1, 2]. [ToaTOMy OHUM TIpUBJIEKa-
10T uccleaoBaTesiell 1 pa3paboTUMKOB COBPEMEHHBIX
3JIEKTPOHHBIX puOopoB |1, 3]. PazBeTBieHHas yaesb-
Has moBepxHocTh YHT, mocturatomiasi COTeH KBagpat-
HbIX METPOB HA I'PAMM, OIPEAEIISIET UX BEICOKYIO COPO-
LIMOHHYIO CcIOocOOHOCTh [3, 4]. OOpaTMM BHUMaHHUE
elie pa3 Ha TOT ¢akTt, uto YHT Bo3HMKaeT B pe3yib-
TaTe CBopaumBaHUS TpadeHOBOM TIocKocTh. [1oato-
My B HaHOTPyOKe BCE aTOMBI PACIOJIOXEHBI Ha II0-
BEPXHOCTHM M HaXOSTCS B KOHTaKTe C BHEIHeH cpe-
JIOM, B TOM UMCJI€ U B MHOTOCTEHHOM TpyOKe, TaK Kak
MOJIEKYJIBl U aTOMbl BellleCTBa MOTYT MTPOHUKATh Me-
XKy CTeHKaMM OTIEJIbHBIX HAHOTPYOOK. IToaTomy Ha-
HOTPYOKM MMEIOT MHOTO HESKBMBAJIEHTHBIX MECT ajl-
copouuu. bonee toro, amcopOuusi, Oyab To pusnye-
cKasl WM XMMUYecKasl, KaK 1 JerupoBaHue, U3MEHsIeT
3JIEKTPOHHBIE COCTOSTHUSI HAHOTPYOKM [1].

AJcopO1IMsT — 3TO SIBIIEHUE, KOTOPOE MTPOMCXOIUT
Ha rpaHuLax AByx¢a3HbIX cucTeM. B pesynbTaTe 3TO0-
ro SIBJIEHUSI MMOBEPXHOCTb KOHIEHCUPOBAHHOW CPEIbl
o0orailiaeTcs MoJIeKyJIaMu, HaXOISIIIUMUCS B Ta30BOM
¢aze. AncopbaToM Ha3bIBAIOT BEIIECTBO, MOJIEKYJIbI
KOTOPOI0O aJCcopOMpPYIOTCS Ha MOBEPXHOCTU KOHAEH-
CHUPOBAHHOM Cpefibl, a aICOPOCHTOM — BELIECTBO, KO-

TOpOE aACcoOpOMpPYET MOJIEKYJIbl U3 ra30Boi (a3bl. Pa3-
JIMYAIOT (PU3NYECKYIO U XUMHYECKYIO afcOpOIIMIO.
YeTKyio rpaHULy MeXOy ABYMsI BHUAAMU ancopO-
LIMM — XeMocopOlmei u pusnueckoit ancopoumnein —
MMpOBeCTU He Bcerna npocto. Hanmpumep, B OOJIBIINH-
CTBe ciIydaeB afgcopouus Bogopona Ha YHT memoHcT-
PUPYET DHEPIUU, MPOMEKYTOUHBIC MEXIY TUITMYHBI-
MU JUISE PU3MUYECKON U XuMudeckoi agcopouuu. I1o-
9TOMY B JaHHOM CJIy4ae NMPUMEHUTh SHEPreTUYECKUI
KpUTEpUIi 1JIsI pa3faeIeHUsI 3TUX MEXaHU3MOB 3aTpy/I-
HUTeNbHO. OOBIYHO MO, (U3NYECKOM afcopOIueit mo-
HUMAaIOT B3aMMOACHCTBHE MEXIy amcopOoaTtoM U aji-
COpPOEHTOM, MPU KOTOPOM He MPOMCXOAUT pa3pylleHus
CYLLIECTBYIOIIMX U 0Opa30BaHMSI HOBBIX XMMMYECKHUX
CB43€il, TIPU 3TOM B3aUMOIECMCTBUE OCYLLECTBIIETCA
nocpeactBoM cui Ban-gep-Baannca. Hamporus, mis
XeMOCOPOLIMHU XapaKTepHO 00pa30BaHME HOBBIX KOBa-
JIEHTHBIX WIX MOHHBIX CBSI3€i, UX TUCCOLMAaTUBHBIN Xa-
pakTtep, MepeHoc 3apsiia MEXAy ancopdaToM M ancop-
6eHToM. Ilpupona cuia B3aUMOAECHCTBUS AUKTYET OCO-
OeHHOCTH (DU3NYECKOI aacopOLMu: aacopOMpoOBaHHbIE
YaCTULIbl CTAOUILHO B3aUMOJEHCTBYIOT C HAHOTPYOKOIA,
Kak TMpaBujIo, Mpu HU3KUX Temreparypax, MeHee 100 K;
BHEprus aacopOoLunu — AecsATbie U COThbIe JOJIU DJIEK-
TPOHBOJIbTA; OOMEHA 3apsiiaMUu MeXAy aacopbaToM 1
afgcopOeHTOM He MpoucxoauT. OmHAKO NPy 3TOM MO-
JKET NOCTAaTOYHO CUJBbHO M3MEHSIThCSI DJIEKTPOHHAs
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CTpyKTypa HaHOTpyOku. Hampumep, B pesyibrate ¢u-
3MYECKOI aJcopOLMU KUCI0poaa B YIJIEPOAHOMA HAHOT-
pyOKe TIOSIBJISTIOTCSI aKLIeNTOPHBIE COCTOSIHUSA [3, 4] n
MPOUCXOAUT W3MEHEHHE €€ DJIEKTPOHHBIX CBOMCTB.
IToHumaHue MpolIecCCOB aaCOPOLIMM TI03BOJISIET YIpaB-
JISITh U3MEHEHWEM 3THUX CBOMCTB. B CBSI3M C 3TUM B
JTAaHHOW paboTe MOCTPOEeHA TEPMOJMHAMMUYECKAS MO-
Je/b afcopOLMu, OIpEenessiloTCsl YCJIOBMUS M Iapa-
METPHI MpoleccoB PU3NIYeCcKoi aagcopOIUm, Crocoo-
Hble UBMEHUTH 2JIEKTPOHHbIE cocTossHus YHT.

TepmMoauHamMuyecKasi MOJ€EIb aACOPOIMHI
YIJIEPOIHBIMH HAHOTPYOKaAMM

TepMmoauHamuueckass mopaelb aacopouuu YHT
npexacrapieHa B paborax C. B. Bynsipckoro u A. C. ba-
caeBa [5, 6]. Mozeib paccMaTpUBaeT CUTyalMIoO, KO-
raa B okpyxatouieidr YHT cpene HaxoauTcs agcopbat
o-Tuna. OH MOXET CYLIECTBOBaTb B MOJIEKYJISPHON
WIN aToMapHoOUl ¢opme (KOTopylo OyldeM Ha3bIBaTb
yacTuiiamu). BHe 3aBUCHUMOCTM OT TOro, B KaKOM ar-
peraTHOM COCTOSIHMM HaXOMSITCSI YaCTULIbI, Cpeaa Mpu
3aTaHHBIX YCIOBUSIX MOXET YIepKUBaTh OIPEICIICH-
HOE uX KOJM4YecTBO. B razoBoil ¢aze 3TO COOTBETCT-
BYeT Hauyajly KOHJEHCAllMU, a B paCTBOpe — HachIllIe-
Huto. [IpeaenbHOe YMCI0 YaCTHUIl, KOTOPbIE MOTYT Ha-
XOJIUThCSI BO BHEIIHEH cpele, HAa30BEM UMCIOM MECT
N®. PeasilbHO€E 4MCIIO YAaCTHIL] B Ta30BOI (pa3e MeHbIIIEe
1 COCTaBJIsIeT Ng . 371eCh U TIpU JaJIbHEHIIIEM U3JI0XKe-
HUU B OOIlIEM cllyyae BEpXHMI MHIEKC MOKa3bIBaeT,
Kakoe MeCTO 3aHMMAaeT 4yacTulla, a HWXHMUA — THUIT
5THUX 4YacTUIl. B KOHKPETHO CTaThe pedb OyIeT WUATH
0 B3aUMMOIEMCTBUM YaCTUIL] ra3oBoil (a3l ¢ HaHO-
TpyOKaMu, KOTOpbI€ MPEACTaBIISIIOT KOHAEHCUPOBAH-
Hyto ¢azy. [ToaTomy BepxHUid MHAEKC "o OTHOCUTCS
K Ta30Bo# (ase, a BepxHHMit nHIeKC "B" — K KOHIEH-
cupoBaHHOI cpene. Mcxonsa U3 Takoid cucteMbl 000-
3HAueHUI caeayeT, yTo NV, 3 — 3TO YUCJIO YAaCTUI] TUMIA o,
HaxoAsIIUXCs B ra3oBoii aze, a N (E — YMCJIO YaCTHIL
TUIIA o, KOTOpPbIe aicOpOUPOBAaHbl HA MECTa HAHOTPY-
0ok Tuma B. 3aMeTUM, YTO TaKUX MECT y HAaHOTPYOKHU
MOXKET OBITb HECKOJIbKO: Ha BHEILIHEH M BHYTPEHHEMH
MOBEPXHOCTIX TPYOKU, B IIPOCTPAHCTBE MEXIY TPYyO-
KaMu, KOTOpble COOpPaJIUCh B MYYOK U T. 1. DTU MecTa
He SBJISIOTCSI SKBUBaJIECHTHBIMU, W TIPU TTOCTPOCHUHU
TEOPUU JTaHHOE OOCTOSITEbCTBO OyIET YUMTHIBATHCS.

B cpene unmeanbHOro raza KOHIIEHTPALMIO YaCTHIL
MOXHO BBIpa3uTh Yepe3 AaBJIEHUSI:

N% = pl /KT, N§ = p*/kT, (1)

rae p* — mapumaabHOe JaBJIeHUe agcopdara o-TUMa, a
p? — napuuajbHOe JaBJieHHe ero HaChIIEHHOTO Ma-
pa; k — mocrosiHHasg BonbiMana; T — abcomoTHas
TeMIleparypa.

ITonyyaeTcs, 4yTo (popMaabHO Ta30BYIO (hazy MOXK-
HO pa30ouTh Ha Majble 00bEeMBI, KaXIbIi 13 KOTOPBIX
MOXeT ylepXaTb TOJIbKO OAHY MoJjieKyay rasza. [Toss-
JICHHE BTOPOI MOJIEKYJIbI BBI3BIBAET MPOLECC KOHACH-
cauuy M30BITOYHBIX YacTull. Takoil moaxom ObLT Ha-
3BaH SIYEUCTON MoOAeIbIo ra3za [7—9].
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B pesynbraTe agmcopOuMM MPOMCXOAUT 3aXBaT yac-
TUII acopbaTa Ha HEKOTOPhIe MecTa aacopOupyrolei
MOBEPXHOCTU, PACIIONIOKEHHbIE HAJ XMMUYECKOMN CBSI-
3bl0, B IPYTMX XapaKTEPHbIX MECTax BHE U BHYTPU Ha-
HOTpyOKu. KOoHKpeTHOe pacnoJiokeHrue MOJEKY aj-
copbara ycTaHaBIMBaeTCsI MeTodaMU KBaHTOBOM Me-
XaHUKU. B nanbHerileM pazanuve Npupoabl MecT al-
COpOLIMU YUUTBHIBACTCSl TEM, UYTO MHAEKC B MpoderaeT
psii 3HaUYE€HUM, YMCIIO KOTOPBIX PABHO UMCIY pa3iny-
HBIX pACIIOJIOXKEHMI aTOMOB ajacopoOara. Yuciao 3Ttux
MecT Kaxxroro tumna pasHo NP. Cratucriueckas Bepo-
SITHOCTh 3TOTrO Mpoliecca OyAeT pacCMOTpeHa HUXKeE.
Yucno 3axBaueHHbIX YacTull ajacopbara Ha 3TU MecTa
N(E. Takoe o003HaYeHHE TOBOPUT O TOM, UYTO MOJIE-
KyJla UJIM aToM BellecTBa "o 3aHMMaeT MecTo Tuma "f".

OTU NPOLECCHI MPOUCXOASIT C HEKOTOPOUl BEpOsIT-
HOCTBIO, KOTOpasli B YCJIOBUSIX TEPMOAMHAMUYECKOIO
paBHOBECHUS POJIM HE UTPAET, OJHAKO OTpeaessieT Ku-
HETHMKY MpolieccoB. 3aKperuieHue ajacopbaTa Ha ompe-
JIeJICHHOM MeCTe COIPOBOXIAaeTCs M3MEHEHUEM CBO-
0OIHOI DHEPrMU Ha BEJIMYMHY, PaBHYIO MaplyaibHON
cBOoOOmHOI sHeprumn ['mboca.

INpumeHeHne MeToma, OCHOBAHHOTO Ha MUHUMU3a-
1 cBobonHoi aHepruu ['mb66ca [7—9], npenmnonara-
€T, YTO B CUCTEME CYIIIECTBYET PaBHOBECUE: BbIPABHU-
BalOTCS TeMIlepaTypa U 1aBjieHUe U BCE KUHETUYECKHE
MPOILIECChl CTAHOBATCSI CTallMOHApHBIMU. B 3TOM Ciy-
yae Mpu MOCTOSIHHOM TeMIlepaType U TaBIeHUU JOJIK-
Ha OBITh MMHMMaJIbHa CBOOOIHAsg 3Heprus ['mboca

G=H-TS, 2)
rne H — sHTanbnus, a S — 3HTPOIUS BCEW CUCTEMBI
B LICJIOM.

B uenoM cucrema sBisieTcsl 3aMKHyToi. OHa orpa-
HUYMBaeTCsl 00beMOM peakTopa, B KOTOPOM YCTaHO-
BWJIOCH TEPMOIMHAMHUYECKOE paBHOBECHE, a CJIeI0Ba-
TeJbHO, B HEM HaOJI0faeTCs MOCTOSIHHAS TeMIlepaTy-
pa u gaBieHue. TepMoarHaMuyecKasi CUCTEMa COCTO-
WUT U3 ABYX MOACHUCTEM, KOTOPbIE ONMUCHIBAIOT ra30BYI0
U KOHAEHCUpOBaHHBbIE (ha3bl. DTU (a3bl 0OMEeHUBA-
I0TCSI YacTULIAMU, B pe3yJbTaTe Yero ycTaHaBIMBaeT-
csl TepMOJAMHAMMUYECKoe paBHOBecue. B aToMm ciydae
00€e MOJACHUCTEMbI CTAHOBSITCSI KBa3U3aMKHYTBIMU, U K
HUM MOXHO TIPUMEHSTh BCe 3aKOHBI TEPMOIUMHAMUKH.
IIpencraBuM cBOOOAHYIO HEepruio I'mbo6ca cucTeMbl B
BUJI€ CYMMbI DHEPIUIl 3TUX IBYX MOJACUCTEM:

G = G&N,) + G5(N,), (3)

rie G8 — cBobGongHasi sHeprus rasosoit dassi; N, —
CyMMapHO€ YMCJIO YaCTHUIl COpTa o KaK B ra30BOM, TaK
M B KOHJEHCUpOBaHHOI (a3ax; G5 — cBobomHas
DHEPIrusi CUCTEMbI, COCTOSILEH M3 HAHOTPYOOK C aj-
COpOMPOBAHHBIMY Ha HUX MyTeM (pU3MYECKOU aacopo-

1M aTOMOB U MOJIEKYJI.

3akoHbI COXpaHCHHUA YUCJJa MECT

IIpu pemreHny 3aga4m BasKHYIO POJIb UTPAIOT 3aKO-
HBI COXpPaHEHUS YMCIa MECT, YUC/Ia YACTHUIL U 3apsa.
OHU UTpaoT POJib YCIOBUI, KOTOPBIM JOJKEH YIOB-
JICTBOPSITH PE3yJIbTAT, MOJYYEHHBINA MPU MOUCKE MU-




HUMyMa cBobonHoi sHepruu (1). ITpouecchl pa3meliie-
HUS IBYX "HE3aBUCUMBIX" yacTull aacopbata Ha YHT Ha
caMoOM JieJie HE3aBUCUMBbIMU He sIBJsIIoTCS. B3auMHas
00YCJIOBJIEHHOCTb KOHLIEHTpAIMii YCTAaHABIUBACTCS MO~
CPEICTBOM 3aKOHOB COXpaHEHMS, TIPUBEICHHBIX HIDKE.

3aKOHbl COXpPaHEHMSI MECT MOXHO 3aIllMChIBaTh
Kak JIJIs ra30BOM, TaK U [J1s1 KOHIEHCUPOBaHHOM (ha3.
Yucno 3TUX 3aKOHOB PaBHO YUCJY TUIIOB Pa3IMYHbBIX
MECT, KOTOPhIX UMEIOT HAaHOTpyOKa U ra3osas ¢da3za, ¢
KOTOpOM oHa KOHTaKTUpYyeT. JIJ1s ra3oBoii (pa3bl UMCI0
TUIOB MECT COBMAIAET C YUCIOM COPTOB aTOMOB U MO-
JIEKYJ1, KOTopble ancopoupytorcs. Kaxabiii 3aKoH co-
XpaHEeHUS COIEPKUT BCE CTPYKTYPHBIE SAWHUIIHI, 3a-
HUMaoIIIMe MecTa JaHHOTO THUIIa, HalpuMep o. DTU
3aKOHBI UMEIOT BUI

o _—Aa o _ a a
¢F =N — N, — Ny), “4)
(0] o
rae Ny — YUCIIo MECT B ra30BoM (hase, KOTOPhIE OCTa-
JIUCh CBOOOAHBIMM; A* — HeOoNpeae/ICHHbI MHOXUTEb
Jlarpam:ka, CMBIC KOTOPOrO OYIET BBISICHEH HIKE.
s KoHAeHCUPOBAaHHOUN (a3bl 3aKOHBI COXpaHe-

HUSI UMEIOT aHAJIOTUYHbIN Bua. X yucio cooTBeTcT-
BYET YHMCIIy MeCT aJCOpOIINMN:

@szB(Nﬁ_zNO‘f_Ng), (5)
a

rae Ng — YHCJIO MECT aicOPOIINK, KOTOPHIE OCTAINCH
cBobGonueiMu; AP — HeompenmeneHHBII MHOXHUTETD
Jlarpanxa.

3HaK CYMMHMPOBAHMS yKa3bIBaeT HA TO, UTO HA OJI-
HO M TO X€ MECTO MOTYT allcOpOMPOBATLCA PA3TUY-
HBIe MOJIeKyJbl. MHOekc "o mpoberaeT Bce BO3MOXK-
Hble MapamMeTphl MO YKMCIY Pa3HOOOPA3HBIX MOJIEKYJ,
YYaCTBYIOUIMX B aICOPOLMM HAa JaHHbIE MECTa.

3akoHbl COXpPaHCHHUA YUCJAa YaCTHUIl

Yucto TakKMxX 3aKOHOB PaBHO YMCITY COPTOB YaCTHII
timna "o, KoTopble agcopoupylorcs. bamaHc ycraHaB-
JINBAaeTCSI MO HIKHEMY MHIEKCY, a CaMO YpaBHEHUE
MMEET BUI

Py = ;“a(N(x - NS - Ng)- (6)

Hupekc "B" mpoberaeT Bce BO3MOXHBIE 3HAYESHUSI,
COOTBETCTBYIOILIIME YUCIY COPTOB MECT, Ha KOTOPbIE
MPOMCXOOUT (u3nyecKasi aacopoLus; A, — Heompe-
JIeJICHHBI MHOXUTENb JlarpaHxa.

CBOGO,IIHaﬂ JHEPrua CUCTEMbI

PaccMoTpuM noacucteMy, COOTBETCTBYIOILILYIO ra-
30Bol daze. KaxaoMy copTy MOJEKyJI MOXHO TMpU-
nucaTrb ONPEACHCHHBIN IaplUualbHbBII TEPMOIWHA-
MUUYECKUI MOTEeHIMaJl, KOTOPBIN 3aBUCUT OT crocoba
MOSIBJIEHUSI MOJIEKYJIbl B crcTeMe. Bo-IepBbIX, HEKO-
TOPOE YMCJIO MOJIEKYJT MOXKET ObITh BBEJIEHO B CHUCTE-
MY JI0 TOTO, KaK YCTAHOBUJIOCh XMUMHYECKOE PaBHOBE-
cue. PaboTta 1o mepexony MONEKYJIBI M3 BHEUIHEH 110
OTHOIIEHUIO K PEAKTOPY CPellbl PABHA XUMUUYECKOMY
MOTEeHLIMATY TaHHOTO TUIla MOJIeKyJ. Bo-BTopbix, aj-
copbaTbl MOIJIM TIOSBUTLCS B PE3YJbTaTE MUPOJIU3A

JPYroro BelecTBa, TOrJa HEOOXOAUMO MPUHSITH BO
BHMMaHHWE CBOOOIHYIO DHEPrUI0 MUPOJIM3a MOJCKYIL.
O6a ciayyass MOXHO Y4YeCTb IyTeM BBEACHMSI MaplLu-
aILHOTO MOTEHIINANA MOJIEKYJIBI B ra30Boii (aze — gy .
Torma cBOOOIHYIO SHEPTUIO JaHHON TOACUCTEMBI
MOXHO 3aIuicaTh B BUIIE

G(N,) =g, Ny — kTInWs?, (7)

rae W8 — tepMoanHaMuyecKast BEPOSITHOCTD IOACUC-
TEeMBbI, CBSI3aHHOM C ra3oBoii (aszoit. JlaHHasT BeposIT-
HOCTb paBHa YMCJIy BO3MOXHBIX pa3MeIIeHU alcop-
0aToB 1O MecTaM 3TOM (a3bl:

o
We=1]—2>N"' (8)
* NJI(N® - N

AHaJIOrMYHbIE COOTHOIIEHUSI MOXHO 3aIlucaTh IS
MOACUCTEMBI KOHIECHCUPOBAHHOM d)aSbII

G(Ny =& N® — kTInw?, 9)

e WS — TEPMOAMHAMMUYECKAsA BEPOSAATHOCTh IOJACHUC-
TEeMbl, CBSI3aHHOU ¢ KOHAEHCUpPOBaHHON (hazoii. OHa
OIPENEIISIETCS BBIPAXXKECHUEM

B
we=1]—2nN"' (10)
o NPy (NP NPy

MuHUMHA3aIUIO OyaeM IPOBOAUTH METOIOM HEOII-
peneneHHbIX MHoxutenelr Jlarpamxka. DyHKIIMOHAT
JUTST 3TOM oTiepalliuyl ToJydaeM ITyTeM CYMMUPOBAHUSI
cBOOOIHBIX 3Hepruii moacucteM (7) u (9) ¢ ycnoBus-
mu (4)—(6):

=g NP+ g% NO — kTIn(wews) +
+o% + oP + ¢, = 0. (11)

[IpuMeHuB 11 3aMeHbl (aKTOpUaAIoOB (opMyry
CTupiuvHra, nojayyaem:

o=g NP+ g N — kT{%[NO‘InNO‘ -
— N*InNS = (N* = NO)In(N* — N)] +
+3 [NPInNP— NP In NP — (WP — NP )in(vP— NP )]}+
+AXN® — N* = Ny + xB(NB_%N(E_N@ +

+ (N, — N* = N%) = 0. (12)

BosbMem mpousBogHble oT dyHKIMoHana (12) mo
yucay mect (N* u N B), npupaBHsieM UX HyJ0. B pe-
3yJbTaTe MOJYYMM CHUCTEMY YpaBHEHMH IUISI HEoIpe-
JNeIeHHBIX MHOXUTe el Jlarpamka (A* u AP):

2% = kT[InN* - In( N -2 A7) (13)

2P = kT[lnNB_ ln(NB—ZN(E)] (14)

HAHO- 1 MUKPOCHUCTEMHAS TEXHUKA, Ne 8, 2015 5



IIpousBogHasa oT (PyHKLMOHAJA 110 YMCIY YaCTULL
MMEET CMBICI XMMMYECKOro mnoreHumana (p,) [9].
Huddepenuupys (12) o yucay yacTuil, MOJydaeMm:

hy = g = HO + kTIn(ay), (15)

o

rae ug — CTaHAAPTHBIN XMMUYECKUI NOTCHLIMAIL 3J1€-
MEHTa o.; @, — aKTUBHOCTb 3TOTO 3JIEMEHTA B Ta30BOM
dase.

[TpoBoast manbHEHITYI0 MUHUMM3ALNUIO (QYHKIMO-
Hana (12), BbIYMCISIEM BbIpaXKeHUs ISl YKMCia MoJie-
KyJI amcopbaTa B ra3oBoil (pasze M amcopOMpOBaHHBIX
Ha XMMMWYECKUX CBSI3SIX HAHOTPYOKU:

o 0
NS = aaN“exp[—g“k_;“J, (16)
B gB - MO
N! = aaNﬁexp[— akT‘*). (17)

Buaum, 4To KOHLEHTpalus aacopOMpPOBAHHBIX
MOJIEKYJI ITPOIOPILMOHATbHA aKTUBHOCTH KOMITOHEHTA
B ra3oBoii (ha3e, 3aBUCUT OT TeMIlepaTyphbl U CBONCTB
azcopbaTa, KOTOpbI€ ONPEAEIISIIOTCS ero MapluuaibHbI-
MU CBOOOAHBIMU BHEPTUAMU — afACOPOLIMU U BO3HUK-
HOBEHMS B ra3oBoil (ase.

®opmyisl (16) 1 (17) MO3BOISIOT MONYIYNUTh HEKO-
TOpbIE TIOJIE3HBIE COOTHOLIEHUS, BO-TIEPBBIX, KOA(d-
(GULMEeHT pacnpenesieHUs] MOJIEKYJ afcopbara MexXiy
ra3oBOi M KOHACHCUPOBAHHOM (hazamu:

B B oo B
Ny, _ NP -8 NP g, -8
ol — o o — o o o
———exp( T J kT——pa exp 5T ) (18)

S

Bo BtOpoit yactu ¢opmynsl (18) mpumeHsinach
dopmyna Knaitnepona (1). U3 (18) cienyer, 4ro Ko-
3¢ GUIMEHT pacTpeneeHUsT OTpPeaeIsIeTCsT TaBJIeHN -
€M T1apOB HACHIILIEHUs 2JIEMEHTA B ra30BOii (hase, Yuc-
JIOM MECT aficOpOLIMU U MapLUaTbHbIMU CBOOOIHBIMU
SHEPTUSIMHU afcOPOLIMY ¥ BOSHUKHOBEHUS 3JIEMEHTA B
ra3oBoii ¢aze. Bo-Bropeix, popmyiibt (16) u (17) 1u6o
HerocpeacTBeHHO (18), ¢ yueTom (1) MO3BONSIIOT TTO-
JIYYUTh U30TEPMY aACOPOLIMMU:

B
N

Cy = =2 =r"Kj, (19)
N

rae C(E — KOHIIEHTpaLus ajcopbaTa Ha OIIpeIesIeH-

B o
B _ 1 & _g(x
Heix Mectax YHT, a K& = —exp| ————| — KOH-
o a kT
Dy
CTaHTa paBHOBECHUS.

Takum oOpa3zom, M3yYeHHE M30TEPM aACOPOLIMU
MO3BOJISIET OLIEHUTh PA3HOCTh CBOOOAHBIX Mapliuasib-
HBIX Hepruii. 3aMeTnM, 4TO B cJiydae, Koraa aacopoar
BBOJUTCSI B peakTop, a He o0pa3yeTcsl B HeEM, MapLu-
albHasl CBOOOAHAS DHEPrus agcopbaTa B ra3oBoi a-
3€ paBHa €ro XMMMYECKOMY MoTeHuany. Toraa cBo-
OOHYIO SHEPIHUIO aICOPOLIMUA MOXHO OINPEJETUTD KaK
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Co[f = gg — Wy, TIpu 3TOM Gopmyaa (17) npuHumaer
NPOCTON M MPUBBIYHBIA BUL:

kT

OnHako Mpu Takoi 3alMCcH B SBHOM BUIIe HE BUTHA
CBSI3b aICOPOLIMU C YCIOBUSIMU B ra3oBoit (pase, B yact-
HOCTU, 3aBUCHMOCTb OT aKTMBHOCTHU ajcopOaTa B Heil.
ITpoBeneHHbI TeEpMOIMHAMUYECKIM aHAIN3 TTO3BOJISIET
BBIYMCJIUTD IMApaMeTPhI MTPOLIECCa ACOPOLIMU MO IKCIIe-
PUMEHTAJIbHBIM M30TEPMaM M BbISIBUTH (PAKTOPHI, OM-
PEIESIOIINE ETO KOJIMYECTBEHHBIE TOKA3aTEeIIN.

G
B = ﬁ __a
N, =N exp( J (20)

3akimouenue

B pabote nocTtpoeHa TepMoaMHaAMUYecKas MOJE/Ib
(usuyeckoii agcopOLMM, KOTOpast MOXET B OOLLEM CJTy-
yae ObITh UCMOJIb30BaHa ISl TI0OOro BelleCTBa, OJJHAKO,
B IIEPBYIO OUEPE/lb, AaBTOPHI CTaThW OPUEHTUPOBAIIMCH Ha
yIJIepoaHble HAHOTPYOKU. Moneb omnmupaeTcsl Ha MM-
HUMMU3ALIMIO CBOOOIHOM sHepruu ['udoca cucreMsl, co-
CTOSILLICH M3 ABYX TMOACUCTEM, OHA M3 KOTOPBIX OTHO-
CUTCS K ra3oBoii haze, a BTOpasi K KOHACHCUPOBAHHOIA.
PacueTsl mpogeMOHCTPUPOBAIN CBSI3b YCJIOBUIl TTPO-
BEIIEHUS MPOLIECCOB U MapaMeTPOB aacopOaTOB C YUC-
JIOM ancopOupoBaHHbIX Mojiekys. IlonydyeHHble BbIpa-
JKEeHUST U1 KOHLIEHTpalUuX aacopOUpPOBaHHBIX YaCTUIL
B 3aBUCHMMOCTHM OT aKTMBHOCTM ajacopbara B razoBoii
(aze, TemnepaTypbl U NapUUAIBHOTO NABJICHUS al-
copbarta B peakTope MOXHO MCIT0JIb30BaTh KakK JJIsl Ha-
HOTPYOOK, Tak 1 it rpadpeHa 1 aMmop¢dHOTO yIiepoa.

Ha ocHoBe pa3paboTaHHOI TepMOIMHAMMYECKOM
MOJIEJI MOXHO OTIPEAETUTD MapLAAIbHbIE TOTEHIINA-
JIbl cBOOOAHOI 3Heprun ['mb0ca, KOTOphle OTBEYAlOT
3a afCcoOpOLIMIO YACTUIL.

Paboma evinoanena npu noddeprcke Munobpuayku
PD 6 pamkax T'ocydapcmeenHoil nodoepicku HAY4HbIX
uccaedosanuil.
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Thermodynamics of the Physical Adsorption of Molecules by Carbon Nanotubes

An important tool for control of the electronic properties of carbon nanotubes is adsorption of atoms and molecules from the envi-
ronment after termination of their growth. For a better understanding of this phenomenon the authors of the article built a thermodynamic
model of a physical adsorption by the carbon nanotubes. The given model is based on minimization of the Gibbs free energy of a system
consisting of two subsystems, one of which relates to the gas phase and the other — to the condensed one. The minimization procedure
is carried out by undefined Lagrange multipliers. Calculations demonstrated a relation of the process conditions and the parameters of
the adsorbates to the number of the adsorbed molecules. The authors derived an expression for concentration of the adsorbed species,
depending on the potency of the adsorbate in the gas phase, the temperature and the partial pressure of the adsorbate in a reactor. They
also offered an expression for the adsorption isotherms and a thermodynamic model for determination of the partial potentials of Gibbs
free energy, which are responsible for adsorption of the particles. Calculations were performed using an experimental isotherm.
The authors also identified the factors, which determine the quantitative adsorption processes.

Keywords: carbon nanotubes, adsorption isotherms, Gibbs free energy, partial Gibbs potential

Introduction

The carbon nanotubes (CNTs) possess the unique me-
chanical strength, electrical and optical properties [1, 2] and
attract researchers and developers of electronic devices [1, 3].
The branched surface area of CNT, reaching hundreds of
square meters per gram, determines their high sorption ca-
pacity [3, 4]. Let’s pay attention once again on the fact that
a CNT is the result of folding of the graphene plane. There-
fore, all atoms in the nanotube including a multiwall nano-
tube are located on the surface and are in contact with the ex-
ternal environment, since the molecules and atoms of the
substance can penetrate between the walls of the individual
CNTs. Therefore, the nanotubes have many non-equivalent
adsorption sites. Moreover, the physical or chemical adsorp-
tion and doping alter the electronic states of nanotubes [1].

The adsorption occurs on the boundary of the two-phase
systems. As a result, the surface of the condensed medium be-
comes enriched with molecules in the gas phase. An adsorbate
is a substance whose molecules becomes adsorbed on the sur-
face of the condensed medium and an adsorbent is a material
adsorbing molecules from the gas phase. There are physical
and chemical adsorption.

Is not easy to draw a clear distinction between the two
types of adsorption — chemisorption and physical adsorption.
In most cases, the adsorption of hydrogen on the CNT dem-
onstrates the energies intermediate between the typical for
physical and chemical adsorption. Therefore, in this case it is
difficult to apply the energy criterion for separation of these
mechanisms. Usually, the physical adsorption means the in-
teraction between an adsorbate and an adsorbent in which
there is no destruction of existing and formation of chemical
bonds, since the interaction is carried out by means of van der
Waals forces. In contrast, the chemisorption is characterized
by formation of the covalent or ionic bonds, their dissociative
character, charge transfer between an adsorbate and an ad-
sorbent. The nature of interaction dictates the features of the
physical adsorption: the adsorbed particles stably interact with
the nanotube usually at temperatures less than 100 K; adsorp-
tion energy — tenths and hundredths of an electronvolt; there
is no charge exchange between an adsorbate and an adsorbent.
However, the electronic structure of a nanotube can vary quite
strongly. For example, the acceptor states appear in a CNT as
a result of physical adsorption of oxygen [3, 4], and a change
in the electronic properties occur. Understanding of the ad-

sorption allows you to manage the changes of these properties.
In this paper, a thermodynamic model of adsorption is created,
the conditions and parameters of the physical adsorption are
defined, which can alter the electronic states of a nanotube.

Thermodynamic model of adsorption of carbon nanotubes

The thermodynamic model of adsorption of CNT is pre-
sented in [5, 6]. The model considers a situation where a-ad-
sorbate is in the surrounding environment of CNT. It can ex-
ist in molecular or atomic form, which we will call the par-
ticles. Regardless to the aggregate state of particles, the me-
dium under specified conditions can hold a certain number of
them. In the gas phase, it corresponds to the beginning of
condensation and in a solution — to a saturation. The limiting
number of particles that may be in the external environment,
we will name the number of sites N*. The actual number of
particles in the gas phase and is less and counts N, . In a gen-
eral case, the upper index indicates the place of the particle,
and the bottom — its type. In this article we will talk about
the interaction of particles of the gas phase with the nano-
tubes, which represent the condensed phase. Therefore, the
superscript "o refers to the gas phase, and the superscript
"B" — to the condensed medium. Proceeding from this no-
tation, it follows that N; — the number of a-particles in the
gas phase, and N(E — the number of a-particles, which are
adsorbed to the fields of CNT of B-type. It should be noted,
that a nanotube may have several these sites: on the outer and
inner surfaces, in the space between the tubes, which are gath-
ered into a bunch, etc. These sites are not equivalent, and this
fact will be taken into account in the construction of the theory.

In an ideal gas, the particles’ concentration can be ex-
pressed in the terms of pressure:

N®= pi/kT, Ng = p*/kT, 6]

wherein p* — the partial pressure of the a-type adsorbate, and
p? — the partial pressure of its saturated vapor; k — the
Boltzmann constant; 7' — the absolute temperature.

It turns out that the gas phase can be formally divided into
the small volumes, each of which will hold only one gas mol-
ecule. The occurrence of a second molecule causes conden-
sation of excess particles. This approach is called the mesh
model of gas [7—9].

As a result of the adsorption, the adsorbate particles are
captured at some sites of absorbent surfaces, placed above the
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chemical bond, in other specific locations inside and outside
of the CNT. The specific arrangement of the molecules of the
adsorbate is established by the quantum mechanics. In the fu-
ture, the difference in nature of the adsorption sites is taken into
account that the fact that the index p runs through a number
of values equal to the number of different arrangements of the
atoms of the adsorbate. The number of sites of each type is
equal to N P. The statistical probability of the process will be dis-
cussed below. The number of trapped particles of the adsorbate
at these locations is N®. This notation indicates that the mol-
ecule or atom of the substance "a" takes place of "B"-type.

These processes occur with a probability that in the case
of thermodynamic equilibrium is not important, however, it
determines the kinetics. Mounting the adsorbate at a certain
location is accompanied by a change in the free energy on an
amount, equal to the Gibbs partial free energy.

The application of the method based on the minimization
of the Gibbs free energy [7—9] suggests that there is a balance
in the system: the temperature and the pressure becomes
equalized, the kinetic processes becomes stationary. In this
case, the Gibbs free energy must be a minimal at the constant
temperature and pressure

G=H- TS, 2

where H — the enthalpy and § — the entropy of the entire
system.

In general, the system is closed. It is limited by the volume
of the reactor, in which the thermodynamic equilibrium is es-
tablished, hence the constant temperature and pressure are al-
so observed in it. The thermodynamic system consists of two
subsystems, which describe the gas and the condensed phase.
These phases exchange with the particles. As a result of ther-
modynamic equilibrium becomes established. Both subsys-
tems are quasi-closed, and the laws of thermodynamics can be
used for them. Let’s represent the Gibbs free energy as a sum
of energies of these two subsystems:

G = G%N,) + G5(N,), (3)

where G& — the free energy of the gas phase; N, — the total
number of particles of a-type in the gas and in the condensed
phase; GS — free energy of the CNT system with the physical
adsorption of atoms and molecules adsorbed on them.

The laws of conservation of sites

In solving of the task, the laws of conservation of sites,
particles and charge play the important role. They play the
role of conditions which the result must meet in searching for
the minimum free energy (1). Two "independent” particles of
the adsorbate placed on the CNT are not independent. The
mutual conditionality of the concentrations is set by the con-
servation laws, described above.

The laws of conservation of sites can be written for the gas
and the condensed phases. The number of laws is equal to the
number of types of the various sites, that CNTs have and the
gas phase they contact with which. For the gas phase, the
number of sites’ types coincides with the number of species of
the adsorbed atoms and molecules. Every conservation law
contains structural units engaged the sites of a specified type,
such as a. These laws have the form

9% = AUN% — NI = N§), 4)

wherein Ng — the number of sites in the gas phase, which
remained free; A* — undefined Lagrange multiplier, the
meaning of which will be explained below.
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For the condensed phase, the conservation laws have a
similar occurrence. The number corresponds to the number of
adsorption sites:

of = 2B(N'-ZNE- W), (5)

where NOB — a number of adsorption sites that which re-
mained free; AP — undetermined Lagrange multiplier.

Summation sign indicates that the various molecules can
adsorb on same place. Index "o runs through all the possible
options for the number of molecules involved in the adsorp-
tion on these sites.

The laws of conservation of the number of particles

The number of laws is equal to the number of adsorbed

species of particles of "a"-type. The balance is set by the lower
index, and the equation has the form

(pa:;“a(Not_ N(E - Ng)- (6)

Index "B" runs through the options corresponding to the
number of varieties of sites at which the physical adsorption
occurs; A, — undetermined Lagrange multiplier.

The free energy of the system. Let’s consider a subsystem,
corresponding to the gas phase. The specific partial thermo-
dynamic potential can be assigned to each class of molecules,
which depends on the way of the molecule occurrence in the
system. A number of molecules can be introduced before the
chemical equilibrium is established. The work on the transi-
tion of a molecule from the medium external to the reactor,
is equal to the chemical potential of its type. The adsorbates
could appear as a result of the pyrolysis of another substance,
then it is necessary to take into account the free energy of
molecules pyrolysis. Both cases can be accounted by introduc-
ing of the partial potential of a molecule in the gas phase — gz .
Then the free energy of the subsystem can be written as:

G(Ny) = g& Ny — kTIlnW8, @)

o

where W& — the thermodynamic probability of the subsys-
tem, associated with the gas phase. The probability is equal to
the number of possible arrangements of adsorbates in sites of
this phase:

we=1—2N"' (8)
@ NJI(N* = NJ)!
Similar relations can be written for a subsystem of the
condensed phase:
G(NPY =g NP — kTInws, )

o

where WS — the thermodynamic probability of the subsys-
tem, associated with the condensed phase. It is given by the
equation

B

we=1] —N*' (10)
« NPy(NP - NPy

The minization will be carried out by method of the La-
grange undetermined multipliers. A functional for the oper-
ation is obtained by summing of the free energies of the sub-
systems (7) and (9) with the conditions (4)—(6).

®=gb N + gi Ny — kTIn(WEWS) +

o

+o% + of + ¢, = 0. (11)




Applying the Stirling’s formula for factorials replacement,
we obtain:

a a

=g N’ + g N* - kT{Z[N“lnNO‘ -
— NYInNZ — (N = NS)In(N* — N&)| +
+ %[NBInNB — N'InNP — (NP — NP)in(NP — NE)]}+
NN — N& — N&) + x%N‘*-%Nf-Ng) +

+A%N, — NP — N*) =o. (12)

Let’s take the derivative of the functional (12) by the
number of sites (NV* and NP) and equate them to zero. As a
result, we obtain a system of equations for the Lagrange un-
determined multipliers (A* and xﬁ):

20 = kT[lnNafln(Nangsﬂ; (13)

AP = kT[lnNB— ln(NB—%,NaH. (14)

The derivative of functional on the number of particles has
the meaning of the chemical potential (n,) [9]. Differentiat-
ing (12) by the number of particles, we obtain

hy = 1y = po + kTIn(ay), (15)

where pg — the standard chemical potential of element a;
a, — activity of the element in the gas phase.

Making further minimizing of the functional (12), we
evaluates the expression for the number of adsorbate mole-
cules in the gas phase and adsorbed on the chemical bonds of
a nanotube:

o 0

o __ ga - ua
N, = aaN“exp[— T ], (16)

B gB - HO
NP = aaNBexp(_%‘]. (17)

The concentration of the adsorbed molecules is propor-
tional to the activity of a component in the gas phase, depends
on temperature and adsorbate properties, which is determined
by its partial free energies of adsorption and occurrence in gas
phase.

Formulas (16) and (17) give some useful relations, firstly,
the distribution ratio of adsorbate molecules between the gas
and the condensed phases:

B B o B o
Ny _ N p[uj — ! p[g_g] as)
Ng N¢ kT p? kT

The Clapeyron formula (1) was taken in the second part
of the formula (18). From (18) it follows that the distribution
coefficient is determined by the pressure of the saturation va-
pors of the element in the gas phase, by the number of ad-
sorption sites and the partial free energies of adsorption and
occurrence of the element in the gas phase.

Secondly, the formulas (16) and (17) directly (18) and tak-
ing into account (1) enable to obtain the adsorption isotherm:

— = po K, (19)

where C? — the adsorbate concentration on certain sites of

B e
CNT, and KE = la exp [—g“k 7? “j — the equilibrium constant.
Ds

As can be seen from the above, the study of adsorption
isotherms allows to evaluate the difference in the partial free
energies. It should be noted, in the case when the adsorbate
was introduced into the reactor instead of it was not formed
therein, the partial free energy of the adsorbate in the gas
phase is equal to its chemical potential. The free energy of ad-
sorption can be defined as G(E = gg — . At this, the for-
mula (17) takes the simple form:

B Ap H
N, = NPexp ) (20)

However, such a record does not show the relation of ad-
sorption with the conditions in the gas phase, particularly, the
dependence on the adsorbate activity therein. The above ther-
modynamic analysis allows us to calculate the adsorption pa-
rameters by the experimental isotherms and to identify the
factors that determine its quantitative indicators.

Conclusion

The article builds a thermodynamic model of the physical
adsorption, which generally may be used for any substance,
however, primarily, the authors focused on the CNTs. The
model is based on the minimization of the Gibbs free energy
of the system of two subsystems, one of which relates to a gas
phase and a second — to a condensed phase. The calculations
have shown the ties of the realization conditions and the ad-
sorbates parameters to a number of the adsorbed molecules.
The resulting expressions for a concentration of the adsorbed
particles depending on the activity of the adsorbate in the gas
phase, the temperature and the partial pressure of the adsorbate
in the reactor can be used for the CNTs, graphite and amor-
phous carbon. On the basis of the developed thermodynamic
model, we can determine the partial potentials of the Gibbs free
energy, which are responsible for absorption of particles.

The work was supported by the Ministry of Education and
Science of the Russian Federation in the framework of the State
support of scientific research.
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Ilpedcmasaena KOHCMPYKUUS U CROCOO U320MOBACHUS UYBCMBUMEAbHO20 INEMEHMA MenA06020 NPUEMHUKA UHPPAKPACHOO
U3NYHeHUs: 8 CNeKMparbHoM ouanasoHe §8... 14 MKM, 6bin0AHEHHO20 HA OCHO8E NAACMUHbL HA MUKPOMOCMUKOBbIX ONOPAX U3 HUM-
pUOQ KpemMHUsl, PACHONOICEHHOU HA YAbMPAMOHKOU NOAUUMUOHOU MeMOpaHe 045 YAyHUleHUs Mena080l Pa36a3KU 4yEcmeumens-
HbIX 21eMEeHMO08 MUUeHU NUPOINEKMPUHECK020 INeKMPOHHO-ONMuUu4ecko2o npeobpasoeamens (nupoI0lla).

Karoueegvie caosa: meniogoil npueMHUK UHGPAKPACHOO ULYHEHUS, MUKDOMOCIMUKO08ASL CPYKMYPA, NOAUUMUOHAS MeMOpa-
Ha, NUPO3NeKMPU4eCKUTl 31eKMPOHHO-ONMUYecKull npeo6pasogament, Memoo KOHeUHbIX dAeMeHNO08

BBenenue

Pa3zBuTHE TEXHOJOTMM MUKPOBJEKTPOMEXaHUYeE-
ckux cucteM (MOMC) (microelectromechanical sys-
tems — MEMS) 1o3BoJIMJIO U3rOTaBIMBaTh MATPULIbI
YyBCTBUTENbHBIX 3JIeMeHTOB (UD) Gosbiioro hopmara
JJ1s1 (hOpMUPOBAHUS TEIIOBOIO M300paKeHUSI B HEOX-
JIaXKIaeMbIX MHOTO3JIEMEHTHBIX TEIUIOBBIX MPUEMHU-
kax uHppakpacHoro (MUK) uznyuyeHus, neficteue Ko-
TOPbIX OCHOBAHO Ha TepModJieKTpruueckom [1], mupo-
BJIEKTPUYECKOM [2—6] wiIin TepMOpe3UCTUBHOM |7, 8]
addekTax. OMHON U3 MepBbIX KOHCTPYKUU YD, BbI-
MOJIHEHHBIX C Hcnojb3oBaHueM MEMS-texHomoruii
u npuMeHeHHbIX K UK mpruemMHuKaMm, Oblja KOHCTPYK-
LIUSI MaTPUIHOTO THUPOSRJIEKTPUUECKOTO IPHUEeMHHUKA
dupmbl GEC-Marconi (1995 r.) [2]. B Heli ucnonn3o-
BaJIM TOHKOIJIEHOYHbII MUPOJEKTPUK, a TAKXKE MUK-
POMOCTUKOBYIO CTPYKTYPY Ha OCHOBE HUTpHUIA KpPeM-
HUSA TOMIIMHOM 0,5 MKM, TIOABEIIEHHYO Ha ABYX OITO-
pax HaJl CYMTHIBAKOILIECH MUKPOCXEMOM.

AHaJIOTMYHBIE KOHCTPYKIIMH C TOHKOIJICHOYHBIMU
CJIOAMU TIOJIMKPUCTAJUINYECKOro KpeMHusa wim VO,
KCIIOJIb30BaHbl B MUKPOOOJIOMETPUUECKUX MaTpUIIaX,
(GYHKIMOHMPYIOIIMX HA OCHOBE TEPMOPE3NCTUBHOTO
apdexra [7, 8]. KoHcTpyKius, mpeacTaBieHHasl B pa-
6ote [8], comep:KUT MUKPOMOCTMKHA M3 HUTPUIA KpeM-
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HUs, TOIBEIIeHHBIEC HaJ KpeMHUEBBIM KPUCTAJLIOM Ha
BBICOTE 2,5 MKM C IIaroM 3JeMeHTOB 51 MKM, Ipu
5TOM ILIMPUHA OMOPHOI O0anku ("HOXKHU") cOCTaBIsIeT
1,6...1,8 MxM, a TOMIMHA — OprOIM3UTEIBHO 0,15 MKM.

Takum o6pazoM, MIST TEIUIOBBIX HEOXJIaXKAAaeMBbIX
MHOTO3JIEMEHTHBIX IIPMEMHUKOB THUIIOBBIM BJIEMEH-
TOM CJIYKUT MUKPOMOCTHKOBAsT KOHCTPYKIIMS C TEII-
JIOBOM pa3Bsi3Koii. Peanu3zaninst mogoOHBIX KOHCTPYK-
LU ¢ MUKPOMOCTUKOBBIMU CTPYKTYpaMU IIpeAIosa-
racT HaJluuue y pa3paboTuMKa BHYILIUTEIbLHOTO apce-
Hajla TeXHOJOTMYECKOro o0OpyIoBaHMUSI U "HOy-xay'.
IIpn sTOM OmHOIM M3 BaXKHEHWIIMX IIPOOJIEM SIBISIETCS
MUHUMM3ALNST BHYTPEHHUX MEXaHUYECKUX HaTpsiKe-
HUI B MHOTOCJIOMHBIX TOHKOIUIEHOYHBIX CTPYKTYpax,
BBIITOJIHEHHBIX Ha ocHOBe MEMS-TexHomoruii.

Mertoasl Hccaea0BaHNS

Ilenbio paboTHI SABJISIETCSI MCCEIOBAHE BO3MOX-
HOCTU co3iaHus ¢ nomoiipio 3D MEMS-texHom0-
TMiA MHOTOCJIOMHON NMPOBJIEKTPUYECCKONM MUILIEHU
mipoDOIla [4—6] Ha OCHOBE MHKPOMOCTHUKOBBIX
CTPYKTYp HUTPUA KPEMHMUSI, PACIOJIOKEHHBIX Ha CBO-
0OIHOI YJIBTPAaTOHKON IOJIMUMUIHON MeMOpaHe (ToJI-
KUHON oKojio 0,9 MKM) Ha MeTAIJIMYECKOM KOJIblIe
IraMeTpoM 18 mm.




Ha HavanbHOM 3Tane ObUIM MPOBEAEHBI PacuyeThl U
ONTUMM3AIS KOHCTPYKIIMU C MCITOJIb30BaHUEM IIPO-
IPaMMHBIX CPEICTB METOJOM KOHEUYHBIX 3JIEMEHTOB.

ITpexne Bcero 06110 MPOBEACHO TEIJIOBOE MOIEIM -
pOBaHME OJHOYPOBHEBOl MHOTOCJIOWHOW MeMOpaH-
HOM KOHCTPYKLUHU C LIECTUYroJbHbIMU YD (puc. 1,
CM. TPETHIO CTOPOHY 00JI0KKHM). JlaHHast 2D-CcTpyKTy-
pa omMcaHa B pabortax [4, 6] ¥ IpeacTaBisieT coboit
HECYIIYIO0 MOJMUMUAHYI0O MEMOpaHy TOJIIIMHONW OKO-
J10 0,7 MKM, 1IECTUYTOJIbHbIE METALIUUECK1E OCTPOB-
KM Ha HEW U CUCTEMY CKBO3HBIX OTBEPCTUM IS TEI-
JIOBOM M30sLMU YD U MPOXOXKIEHMST DJEKTPOHOB,
co3narolmnx MojiedHblii curHai. Ilpu u3roroBiaeHuuU
JTAHHOU CTPYKTYpPbI UCITOJIb30BaHbI MTPOLIECCH HAHECE-
HUS MOJIMUMMUIA METOIOM LieHTpUdyrupoBaHusi, ¢o-
ToauTorpaduu, BAKyyMHOTO HaIbUICHUS, TJIA3MOXM-
MMWYECKOTO TpaBJICHUSI U OCAXACHUS, XKUIKOCTHOIO
TpaBJICHUSI.

Pe3yabTaThl 1 HX 00CyXKIeHHE

MeTannuyeckre OCTPOBKU JOJKHBI 00eCIeYnBaTh
MakcuManbHoe mnornoieHue MK uanyyeHus: u paso-
rpeB nupoaiekTpuka. Kaxabiit YD cBsizaH ¢ coceaHu-
MM IIECTBIO MOJUUMHUIHBIMU IT€pPEeMBIYKAMM ITUPU-
HOH 1 MKM 0e3 MeTalJIn3alliu.

IMpu pereHny 3amayn pacpeneaeHus TeMIIepary-
pbI HA OMTHOYPOBHEBOI MUILIEHU pacCMaTpUBAJICS CITy-
yaii mapaboJrMyYecKoro ypaBHEHMS TEMJIONMPOBOIHOCTU
C TPAaHWUYHBIMU ycaoBUsIMU Jupuxiie:

Stspcp%; T VRVT) = O F hygp(Toyy = T) +

4 4
+ Ct Tambtrans - T )’ (1)

rans(
rae 8, — Ko3(h@ULUMEHT BPEMEHHOrO MaciuTtaba; p —
TUIOTHOCTD; Cp — yaenbHas TeIUIOEMKOCTb; 1T — TeM-
nepartypa; Kk — TeIJIONPOBOAHOCTb, ) — MOIIHOCTb
U3JIy4YeHUs Ha €AMHUILY TOBEPXHOCTHU pa3orpeBaeMoro
yyacTka; hy.,,; — KO3O@PUUUEHT KOHBEKLIMOHHOTO
teruionepeHoca; Cy,,,. — 3amaBaeMas I0JIb30BaTeIeM

rans
KOHcTaHTa; T, — TeMIlepaTypa OKpyxXamolieil
CpeIBbI.

Bropoe cnaraemoe B nipaBoit yactu ypaBHeHuUs (1)
OTBeYaeT 3a KOHBEKILIMOHHBINM TEIJIOOOMEH C OKpY-
JKAIOIIYMM IIPOCTPAHCTBOM (B HAllleM cliydae He y4u-
THIBAJIOCh), @ TPEThe — 3a paJuallMOHHBIN TEI1000-
MEH C OKPYXXAalolleh Cpemao.

IIpu ucnoaw3oBaHuu 2D-mopenu B pacueTax Ijis
MHOTOCJIOMHON CTPYKTYphl B KauyecTBE IapaMeTpOB
3agaBajauch 3¢ (GeKTUBHBIE 3HAYEHUSI TEILIOIPOBOI-

HOCTHU M TCINIOEMKOCTU €IWHMUIIBI MOBEPXHOCTU KOH-
KPETHbIX o0acTeit MUILICHU:

mbtrans

o 3GhdeKTUBHAsA TEMIONPOBOMHOCTD Ky = 2 Kk;/;  (2)
1

o abdektusHas Teruoemkocts Cg = X Cil;, (3)
1

IJIE K; — TEIUIONPOBOAHOCTD CJI0S TOMUMHOM [;; C; —
TETIOEMKOCTb CJIOS TOJIILMHO /; (TTapaMeTphl KaxI10-

TO CJIOSI OTPEAENISUTUCH M3 CIIPABOYHBIX TaHHBIX U pe-
3yJIbTaTOB MCCIEA0BATEIbCKUX padoT).

MonenupoBaHue Tpoliecca pa3orpeBa OIHOYPOBHE-
BOM MHOTOCJIOHON MUILIEHU C BPEMEHHOI 3aBUCUMO-
CTBIO TI0KA3aJI0, YTO 3a BpeMsl TeJIeBU3MOHHOTO Kaapa
40 Mc Temneparypa BBIXOOUT HA HACHILLIEHHUE, YTO 00ec-
reyuBaeT paboTy d3JEKTPOHHO-ONTUYECKOro IMpeodpa-
3oBaresist (mupoD0Ila) B TeneBU3MOHHOM hopMare.

M3rotoBneHne OIHOYPOBHEBOW MHOTOCIONHOM
muiieHu nupoDO0Ila npoBoauan ciaeayrluM obpa-
30M: Ha IUIACTMHE-HOCUTEIE METOIOM LEHTPUDYIU-
pOBaHUSI U TEepMOOOPAOOTKM (POPMUPOBAIM IOIM-
UMUWIHBIN cJioit TommmHoi 0,7 MKM, 3aTeM B HEM TIa3-
MOXMMHMYECKMM TpaBJIeHWEM CO3IaBalli OTBEPCTHS
yepe3 HAMbUIEHHYIO METATUYECKYI0 MacKy C TOMOJIO-
TUYECKUM PUCYHKOM, IMOJYYeHHbIM (poToauTorpadu-
eii. lanee Hak/IeMBaIu MeTaJIMUECKUE KOJIbla Ha T0-
BEPXHOCTh MHOTOCJIOWHON CTPYKTYPBI, OTHEISIA WX
OT HOCHUTEJISI B BUIE MEMOpaH C IIPOTPaBICHHBIM PH-
CYHKOM M (bOPMUPOBATIU MUPOIIEKTPUUECKUI CIIOM.
OO0Opa3el TToJIy4eHHOI CBOOOIHOM MOJIMMMUIHON MEM-
Opanbl ToauHoM 0,7 MKM 1 tuamMeTpoM 18 MM, mpu-
KJIEEHHOM Ha METAJNTMYECKOM KOJIbIIE, TPeaCTaBIeH
Ha puc. 2.

H3zrorosnenune neiictByroiero odpasia mipo0Ila
Ha OCHOBE OTHOYPOBHEBOI KOHCTPYKIIMA MUIIECHU C
maroM 30 MKM MOATBEPAMIJIO PE3YyJbTaTbl PACUETOB U
MO3BOJIMJIO TIONYYMTh TEIJIOBOE M300pakeHHe ¢ pas-
peireHuemM 10 320%240 (mpu cpaBHUTEIbHBIX HUCIIBI-
TaHUSAX C MUKPOOOJIOMETPUUICCKON MAaTPUIIEiT) W TeM-
nepaTypHOU 4yBCTBUTENbHOCTHIO 0KoJio 0,2 K B Tese-
BU3MOHHOM ¢opMare (25 KapoB B CEKYH]Y) B peXXrUMe
MmaHopaMupoBaHus (puc. 3).

HeobxoauMocTh najnbHeero noBbIIeHUS pa3pe-
mraronieii crrocoonoctu nupoDO0Ila npuBena K uaee
CO3IaHUs ABYXYpOBHEBOUM MmuileHU ¢ YD Ha MUKpO-
MOCTHMKOBBIX OIOpax Ha OCHOBE HU3KOTEMIIepaTypHO-
IO HUTpUIA KPEMHUSI, PACHOIOXKEHHbBIX Ha TTOJTUMMMUI -
Hoit MmemOpaHe [5]. [IpuMeHeHre MUKPOMOCTUKOBBIX
CTPYKTYP, COOPMHUPOBAHHBIX Ha YIBTPATOHKOM TTOJIM-
MMUIHON MeMOpaHe, MOJDKHO YIYYIIUTh TEIJIOBYIO
pa3Bs3Ky Mexay cocemHUMHU YD, 4To obecreyuT Io-
BBILIIEHME TTPOCTPAHCTBEHHON pa3peliiaroliieil crocoo-

HOCTU MHOT'O3JICMCHTHOI'O IMPpUEMHUMKA.

Puc. 2. ®oTorpadus cBO0OIHON NOTMAMHIHOK MEMOPAHBI TOMIIMHOM
0,7 Mkm 1 tnameTpom 18 MM, IPUKJIEEHHO# HA METAJUIMYECKOM KOJIbIie
Fig. 2. Free polyimide membrane with thickness of 0,7 um and diameter
of 18 mm, glued to a metal ring

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Ne 8, 2015 11



Puc. 3. TennoBbie n300paxenus, NoJTyJ4eHHbIe HA EHCTBYIOMUX 00-
pasuax mupoDOIlos ¢ nnamerpom Munieru 18 MM (IpeacTaBJIEHbI OT-
JieJibHbIe KaJpbl BUIEOU300paxkenus ¢ yactoroii 25 I'n)

Fig. 3. Thermal images of the operating samples of pyroEOTs with
diameter of the target of 18 mm (separate frames of a video image with
frequency of 25 Hz)

Mupo3aneKTpuueckuii cnoii
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Puc. 4. Cxema nByxypoBHeBoii KoHcTpykuun YD mumenu mupoDOlIla
C HCINOJIb30BAHHEM ONTHYECKOTo pe30HaTopa A/4 N ONTHMH3ALMH
norsiomenus UK n3nyvenns

Fig. 4. Two-level design of a SE target of pyroEOT with optical resonator
/4 for optimization of the absorption of IR radiation

OxupmaeMblii BBIUTPHILL B YIYYIIEHUU TEILJIOBOM
Pa3BSI3KU MeXIy cocelHUMU YD MUIIEHU TIpU Tiepe-
X0JIe OT OTHOYPOBHEBOI KOHCTPYKIIMHU C LIECTHIO CBSI-
39MM Kaxaoro YO ¢ coceqHMMU K JBYXYPOBHEBOI, C
TpeMsl TOYKaMM OIIOPBI, OMIpPEHessIeTCsl YMCIOM CBSI-
3ei, IJIMHOW M IUIOIUAIbIO CEYECHMS 3TUX CBI3€H, a
TaKXKe TETIONMPOBOAHOCTHIO COOTBETCTBYIOIIMX MaTe-
puanos (puc. 4).

IIpoBeneHHast olieHKA IIOKa3aja, YTO 3TOT BBIWTI-
PBILI COCTABISIET OKOJIO 6,5 pa3, 4To MO3BOJIUT obec-

Puc. 6. MUKpOMOCTHKOBBIE CTPYKTYPbl HA OCHOBE HUTPHAA KpeMHHUs TOMmUHO# 0,15 MKM,
Ha noMuMKuAHOi MemOpane TomuHoi 0,9 mkm; POM Carl Zeiss Nvision 40, ysennyenne:
a — 4500, b — 5200
Fig. 6. Microbridge structures on the basis of silicon nitride with thickness of 0,15 micrometers
on a polyimide membrane with thickness of 0,9 micrometers; Carl Zeiss Nvision 40 SEM,
magnification: a — 4500, b — 5200
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MEeYUTh 3HAYMTEIbHOE ITOBBLIIIEHNE pa3pellarleii
CcIocoOHOCTH IIpudopa.

Ha puc. 5 (cM. TpeTblo CTOPOHY O0JIOXKW) Mpe-
CcTaBjieH OOIMIA BHI KOHCTPYKIIMM W pe3yabTar
cTpecc-aHanu3a YO Ha OCHOBE HUTpHUIA KPEMHUS Ha
TpeX omopax, MokKasblBalolInii Haubojee HampsKeH-
Hbl€ YYaCTKM B KOHCTPYKILIMU U UX AedopMaliuy npu
3aJaHUM MEXaHUYECKMX BO3IEUCTBUI B BEPTUKAJb-
HOM HaIpaBJICHUMN.

Ha ocHoBe mnpoBemeHHBIX pacyeToB IPEITOXEH
CIOCO0 M U3TOTOBJIEHBI 0OPa3Ilbl ABYXyPOBHEBOM KOH-
CTPYKLUM MULIEHU AUaMeTpoM 18 MM, cxema KOTOpoii
MpeacTaBjieHa Ha puc. 4, a BUI MUKPOMOCTHKOBBIX
CTPYKTYp — Ha pUC. 5 (CM. TPEThIO CTOPOHY OOJIOXKKH).
B xauecTBe MOMIOXKHM MCHOJBb30BAIACh YABTPATOHKAS
NoJAMMMUAHAs MeMOpaHa ToauHoi 0,9 MKM ¢ cucte-
MO CKBO3HBIX MUKPOOTBEPCTUM IUIST TIPOXOKICHMUS
MMOTOKAa MOIYIMPOBAHHBIX 3JIEKTPOHOB, CO3IAIONINX IO~
JIe3Hbli curHall. "3epkano” (opMUpOBaI BaKyyMHBIM
HafbUICHUEM aTIOMUHMST TOMIMHONW okoyo 0,1 MKM.
BakyyMmHBI#1 3a30p 3a7aBajy TOJIIIMHOM "XepTBEHHO-
ro" cjos TTIOJUMMHAA C TTOCIEOYIOIIM €ro BBITPaB-
JIMBaHWEM B KucJopomHoi Tazme. [IuposnekTpuk
(bopMUpoBaIy BAKYYMHBIM OCaXKIEHUEM C TTOCTIEAYIO-
et Kpucraaausauuei [9].

Ha puc. 6 nipencrasieHsl Mukpodororpadum n3-
TOTOBJIEHHBIX 00Pa3ll0OB MUKPOMOCTHKOBBIX CTPYKTYD
C YIYYIIEHHOM TEIJIOBOM pa3Bsa3koit mexay U3. Illar
CTPYKTYpbl — 34 MKM, JUIMHA OMOPHOM GalKu A0 Kax-
JIOI M3 TpeX TOYEK OMOphl — 15 MKM, a ee IIUpHHA —
okosio 1,2 mMxkMm. Kaxnplii YD pacrnonoxeH Ha Tpex
TOYKAaX OIMOPbI HA PACCTOSIHUM OKOJIO 2 MKM Hal Io-
JIMUMUIAHON MeMOpaHOIA.

3akmoueHue

Takum obpaszom, B pe3ybTare MpoBeIeHHBIX paboT
MoKa3aHa BO3MOXHOCTh HM3TOTOBJICHMSI M BIICPBBIC
MOJIy4eHbl 00pa3lbl MUKPOMOCTUKOBBIX CTPYKTYpP Ha
ocHoBe cyos SizNy Ha CBOOOAHOI yIBTPATOHKO I10-
JIMUMUIHON MeMOpaHe ToiamuHoi 0,9 MKM, a He Ha
MOHOJIMTHOW KPEMHUEBOU MOIOXK-
ke. Ilar mosydyeHHOH CTPYKTYpHI
cocTapisl 34 MKM, JUIMHA MUKPO-

MOCTUKOBBIX Oomop — 15 MKM, HuX
muvpuHa — 1,2 MKM, TOJIIMHA —
0,15 MKM.

PaszpaboraH croco06 u3rotosJe-
HUSI MMKPOMOCTUKOBBIX CTPYKTYD
Ha CBOOOJHON MOJMUMUIHOU MeM-
OpaHe, KOTOPBbIi MOXET OBbIThb HC-
MOJIb30BaH /11 U3TOTOBJIEHMSI MHU-
weHeit mupoDO0IloB, a Takxke Apy-
rux HeoxnaxmaeMbix MK nmpuemun-
KOB M JAaTYUKOB C YAYYIICHHBIMU
XapaKTepUCTUKAMMU.

Hcnonbs3oBaHue MpuHUMNA CUU-
ThIBaHUSI CUTHAJIA, IPUMEHEHHOTO B
nupoD0Ile, MO3BOJISIET UCKIIOUNUTH
dopMHUpoBaHUE ANMEKTPUIECKUX KOH-




TaKTOB [IJISI KaXIOTO THMKCeJsI B MUKPOOOJIOMETpHUYe-
CKHUX U MUPOJIEKTPUUECCKUX MaTPHUIIax, a TAKXKe MpeI-
rnojaraeT MakKCUMaJIbHYIO TEIJIOU3OJSILIMIO YYBCTBU-
TEeJIbHOM MUILEHU OT OKPYXaloIlero MpoOCTPaHCTBA.
Kpome Toro, B IIMPOKO MCIOJb3yeMbIX MUKPOOOJIO-
METPUUYECKMX MaTpUIIaX HEN30EeXKHO MPOIYCKaHUE TO-
Ka yepe3 YyBCTBUTEJbHbBIN 2JIEMEHT, UTO BbI3bIBAET €TI0
JIOTIOJIHUTEIbHBIN Pa30orpeB U COOTBETCTBYIOLIME 1Ty~
Mbl, a B MCIOJIb30BaHHOM B mupoDOlle BapuaHTe
CUMTBHIBAHMSI CUTHAJIa TAKOTO HEJOCTAaTKa HeT.
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Design Modeling and Manufacture of 3D MEMS Structures for Thermal Detectors

The article presents the design and method for manufacture of a sensitive element of a thermal detector operating in the
8-+14 micron spectral range. It is a plate resting on supports with silicon nitride microbridge structure, minimizing the thermal leak-
age, placed on an ultrathin polyimide membrane. The objective of the study is to improve the thermal isolation of the sensitive el-
ements of the target of pyroelectric electronic-optical transducer (pyroEOT). The article describes heat calculations and structural
optimization, using finite element analysis and thermal modeling software, and outlines the used technological process. The geo-
metrical characteristics and parameters of the microstructures were analyzed by the method of scanning electron microscopy (SEM).
Samples of silicon nitride microbridge structures placed on an ultrathin polyimide membrane (of 0,9 um thickness and 1§ mm

diameter) were produced for the first time.

Keywords: Thermal detector, microbridge structure, thin-film pyroelectric material, polyimide membrane, pyroelectric electronic-

optical transducer, finite element method

Introduction

Development of microelectromechanical systems (MEMS)
has allowed us to manufacture matrixes of sensitive elements
(SE) of a big format for formation of a thermal image in un-
cooled multielement thermal receivers of infra-red (IR) radi-
ation, the action of which is based on thermoelectric [1], py-
roelectric [2—6] or thermoresistive [7, 8] effects. One of the
designs of SE with the use of MEMS technologies and applied
to IR receivers was the design of GEC-Marconi matrix py-
roelectric receiver (1995) [2]. It used a thin-film pyroelectric
and microbridge structure on silicon nitride with thickness of
0,5 micrometers, suspended on two supports over the reading
microcircuit.

Similar designs with thin-film layers of polycrystalline sil-
icon or VO, are used in microbolometric matrixes functioning
on the basis of the thermoresistive effect [7, 8]. The design in
[8] contains microbridges from silicon nitride, suspended over
a silicon crystal at the height of 2,5 micrometers with a step
of elements of 51 micrometers, at that, the width of the sup-
porting beam ("leg") is 1,8 micrometers, and its thickness is
approximately 1,6...0,15 micrometers.

For the thermal uncooled multielement receivers a typical
element is a microbridge design with a thermal isolation. Re-
alization of the designs with microbridge structures envisages
that a developer has an impressive arsenal of technological
equipment and "know-how". One of the major problems is
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minimization of the internal mechanical stresses in the mul-
tilayered thin-film structures manufactured on the basis of
MEMS technologies.

Methods of investigation

The aim of the work is to study feasibility of development
with the help of 3D MEMS technologies of a multilayered py-
roelectric target of pyroEOT [4—6] on the basis of micro-
bridge structures of silicon nitride located on a free ultrathin
polyimide membrane (with thickness of about 0,9 microme-
ters), on a metal ring with diameter of 18 mm.

At the initial stage the design was calculated and opti-
mized with the use of software by the method of finite elements.
First of all, the thermal simulation of a single-level multilayer
membrane with hexagonal SE (fig. 1, look at 3th page covers).
This 2D structure [4, 6] is a bearing polyimide membrane with
thickness of about 0,7 micrometers, with hexagonal metal is-
lets on it and a set of through apertures for thermal isolation
of SE and passages for electrons, creating a useful signal. Its
manufacture involved deposition of polyimide by centrifuga-
tion, photolithography, vacuum deposition, plasma-chemical
etching and deposition, and liquid etching.

Rezults and its discussion

The metal islets were meant to ensure the maximal ab-
sorption of IR radiation and heating of the pyroelectric. Every
SE was connected with the neighboring six ones by polyimide
crosspieces with the width of 1 micrometer without a metal-
lization. When the task of temperature distribution on a sin-
gle-level target had to be solved, the parabolic equation of
heat conductivity with Dirichlet boundary condition was tak-
en into account:

50 Gl = V(NT) = 0+ g T = ) +

+ Cruns( T

4
rans( ambtrans r )5 (1)
where 8, — time-scale factor; p — density; C, — specific
thermal capacity; T — temperature; k« — heat conductivity;

QO — power of radiation per unit of the surface of a heated site;

Ny4.ans — convection heat transfer factor; C,,,. — the constant
set by the user; T,,,p,uns — ambient temperature.

The second summand in the right part of the equation (1)
was responsible for the convection heat exchange with the sur-
rounding environment and it was not considered, and the third
one — for radiation heat exchange with the environment.

During the use of 2D model for a multilayered structure, the
effective heat conductivity and thermal capacity of a unit of the
surface of concrete areas of a target were set as parameters:

o cffective thermal conductivity «, = 2 x;/; 2)
o cffective thermal capacity C; = > C;/;, (3)
1

where k; — heat conductivity of the layer with thickness of /;;
C; — its thermal capacity (the parameters of each layer were
determined with the help of the data from the reference books
and research works).

Modeling of heating of a single-level multilayered target
with time dependence demonstrated, that during a television
frame of 40 ms the temperature comes to the saturation level,
which ensures functioning of the electronic-optical transduc-
er (pyroEOT) in a television format.

Manufacture of a single-level multilayered target of py-
roEOT was done in the following way: a polyimide layer with
thickness of 0,7 micrometers was formed on a plate-carrier by
centrifugation and thermal treatment, then plasma-chemical
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etching was used to create apertures through the deposited
metal mask with a topological drawing received by the meth-
od of photolithography. Then, metal rings were glued to the
surface of the multilayered structure and separated from the
carrier in the form of membranes with an etched drawing, and
a pyroelectric layer was formed. A sample of a free polyimide
membrane with thickness of 0,7 micrometers and diameter of
18 mm, glued to a metal ring, is presented in fig. 2.

Manufacture of an operating sample of pyroEOT on the
basis of a single-level design of a target with a step of 30 mi-
crometers proved the calculations and allowed us to obtain a
thermal image with resolution up to 320x%240 (during tests
with a microbolometric matrix) and temperature sensitivity
about 0,2 K in a television format (25 frames per second) in
a panning mode (fig. 3).

Necessity to increase the resolution of pyroEOT led to the
idea of creation of a two-level target with SE on microbridge
supports on the basis of a low-temperature silicon nitride,
placed on polyimide membrane [5]. Application the micro-
bridge structures on an ultrathin polyimide membrane was ex-
pected to improve the thermal isolation between the neigh-
boring SE, which would enhance the spatial resolution of the
multielement receiver.

The expected improvement of the thermal isolation be-
tween the neighboring SE of the target during transition
from a single-level design with six SE bonds with the neigh-
boring two-level one with three support points, was deter-
mined by the number of bonds, length and the area of their
cross-sections, and heat conductivity of the corresponding
materials (fig. 4).

Estimation showed, that this improvement was about
6,5-fold, which allowed to ensure a substantial increase of the
resolution power of the device.

View of the design and the results of the express-analysis
of SE on the basis of silicon nitride on three supports with the
most stressed sites in the design and their deformations under
the mechanical influences were the vertical direction (fig. 5,
look at 3th page covers).

On the basis of calculations a method was proposed and
samples were manufactured of a two-level design of a target
with diameter of 18 mm, which is presented in fig. 4, while
a view of the microbridge structures is presented in fig. 5. As
a substrate an ultrathin polyimide membrane was used with
thickness of 0,9 micrometers with a system of through micro-
apertures for passage of a flow of the modulated electrons,
creating a useful signal. "A mirror" was formed by a vacuum
deposition of aluminum with thickness of about 0,1 microm-
eters. A vacuum gap was set by the thickness of " the sacrifi-
cial" layer of polyimide with its subsequent etching in oxygen
plasma. Pyroelectric was formed by vacuum deposition with
a subsequent crystallization [9].

Fig. 6 presents microphotos of the samples of the micro-
bridge structures with improved thermal isolation between
SE. A structure step is 34 um, length of the support beam to
each of the three support points — 15 um and its width was
about 1,2 um. Every SE was located on three support points
at the distance of about 2 um above the membrane.

Conclusion

Thus, feasibility of manufacture was proved and for the
first time samples of the microbridge structures were obtained
on the basis of Si;Ny layer on a free ultrathin polyimide mem-
brane with thickness of 0,9 um, instead of a monolithic silicon
substrate. The structure step was 34 um, length of the micro-
bridge supports was 15 pm, their width — 1,2 pm, and thick-
ness — 0,15 pm.




A method was developed for manufacture of the micro-
bridge structures on a free polyimide membrane, which can be
used for manufacture of pyroEOT targets and other uncooled
improved IR receivers and sensors.

Use of the principle of signal reading applied in pyroEOT
allows us to exclude formation of electric contacts for each pixel
in microbolometric and pyroelectric matrixes, ensures the max-
imal thermal protection of a sensitive target from the surround-
ing environment. Besides, in the used microbolometric matrix-
es current inevitably went through SE, which caused its addi-
tional heating and corresponding went noises, while the version
of signal reading applied in pyroEOT had no such a drawback.
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BBenenune

B Hacrosiiiee BpeMsi B MepeaoBbIX HAYYHBIX LIEH-
Tpax pa3Buthix ctpaH (CILA, fAnonwus, ctpansl EC,
Poccusi, Kutaii u ap.) pa3BuBaeTcsl COBEPIIEHHO HO-
BOE HaIlpaB/ieHUE COBPEMEHHON 3JIeKTpOMeXxaHuye-
CKOIl HayKM — MMKPOCHCTEMHasl 3JeKTpPOMEXaHUKa,

obelaioniee B OvKallme ASCITUIETUSI PEBOJIIOLIM-
OHHbIe U3MEHEHUSI B BaXKHEUIIIMX 001aCTsIX XXU3HEes -
TEJILHOCTU 4esioBeKa (MEAUIMHCKAas M MUIleBasi mpo-
MBIIIJIEHHOCTh, dHEPreTUKa, poOOTOTEXHUKA, adpo-
KOCMMYECKasi U BOeHHasl TeXHUKa, WH(GOPMaLlMOHHbIE
U KOMITbIOTEPHbIE TEXHOJOTUU, TeHETUKA U T. [I.).
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MWKPOCHCTEMHAA 3NEKTPOMEXAHMKA

MICROSYSTEM ELECTROCHANICS

MWKPOMMHWATIOPHBIE HAHO3MEKTPOMEXAHWYECKWE
SNEKTPOMEXAHUYECKME CHCTEMBI
CUCTEMBI (M3MC) (HaMC)

NANOELECTROMECHANICAL
SYSTEMS
(NEMS)

MICROMINIATURE
ELECTROMECHANICAL
SYSTEMS (MEMS)

Puc. 1. Knaccuukanuss MUKpOCHCTEMHOM 3JIEKTPOMEXAHUKH
Fig. 1. Classification of microsystem

bazoBbiMU 00BEKTaMM MCCIETOBaHUS COBPEMEH-
HOW MUKPOCUCTEMHOM SJIEKTPOMEXAHUKU SIBJISTFOTCS
MMKPOMUHUATIOPHBIC 3JIEKTPOMEXaHUUECKUE CHUCTEMBI
(Microminiature electromechanical systems — MEMS,
MOMC) ¥ HaHOBIEKTPOMEXaHUYECKUE CUCTEMBbI
(Nanoelectromechanical systems — NEMS, HOMC)
(puc. 1).

ITpoBeneHHblt Ha pybexe XX u XXI croneruii
CHCTEMHBIN aHaNMu3 (PyHIaMEeHTAIbHBIX MCCIIEeIOBa-
HU# B 001acTH (PU3MKO-MATEMATUYECKOTO MOJEINPO-
BaHMSI U TEXHOJIOTMYECKOTo U3rotosaeHus MOMC u
HOMC npuBeneH B MHOTOYMCJIEHHBIX 3apyOeXXHBIX 1
POCCHUICKIX HAYYHBIX ITyOJUKAILINSX, HAIIpUMED, B pa-
6otax [1—10].

I[lo MHEHUIO CIIELIMATMCTOB, B IOCIEIHUE TOMBI
Iporpecc B 00JacCTU Pa3BUTUS TEOPUU W MOJENei
MUKpPOMUpPA (M COOTBETCTBEHHO B 00JIACTH MUKPOCHC-
TEMHON 3JIEKTPOMEXaHUKHU) TOCTUTAETCS B OCHOBHOM
IyTeM WCHOJb30BaHMUSI 00Jiee MOIIHBIX KOMITBIOTEP-
HBIX TIPOTPaMM M B TOpas3mo MEHbBIIE Mepe — M3-3a
MOSIBJICHUSI HOBBIX TEOPETUUYECKUX MPEACTaBICHUN U
MOJICJIEHA.

Ana panpHeiliero pasBUTUSI MUKPOCHCTEMHOM
BJIEKTPOMEXaHUKM (OCOOEHHO B HAHOCTPYKTYPHOM
YPOBHE) TpPEACTABISIETCS OCOOEHHO BaXHBIM COBEp-
IIEHCTBOBAHME METOMOB TEOPETUUECKUX MTOCTPOCHUM
U MoJieJIelt, YIIyOJIeHHOTO U3yYeHMS SJIEKTPOMArHuT-
HBIX U TEIUIOBBIX MOJIEH, YTOUHEHWE YMCIIEHHBIX Me-
TOIOB WCCJIENOBAaHUS MEPEXOTHBIX IEKTPOGUINYE-
CKHUX TIpOLIECCOB B 3ajJayaX aBTOMAaTU3UPOBAHHOTO
npoektupoBanuss MOMC u HOMC [11—14].

B HacToseit paboTe mpenioKeH HOBbIM MOAX0M K
pelIeHNI0 HEKOTOPBIX Y3JIOBBIX BOITPOCOB OOOOIICH-
HOTo (pM3UKO-MaTeMaTUYECKOro MOACIMPOBAHUS, TTO-
3BOJISIIOLLETO YYUTHIBATh OOJIbIIIOE YMCIO B3aUMOCBSI-
3aHHBIX (PaKTOPOB, ONPENEIISIIOIINX OCHOBHbIE TMHAMU -
YyecKue U aHepreTudeckue xapakrepuctuku MOMC u
H®MC.

Wcxonst n3 6a30BBIX TEOPETUYECKUX W TEXHOJIOTH-
YeCKUX TPUHIIMIIOB COBPEMEHHOM 3JIEKTPOMEXaHM-
YeCcKO HayKu U MUKPOIJIEKTPOHUKHU MEPBOCTEMECH-
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HBIM MOXHO CYMTATh YETKOE (PU3NKO-MaTeMaTHYeCKOe
TojiKoBaHue TepMruHOB MOMC n HOMC u ux knac-
cuduUKayg No AMHAMUYECKUM M (PYHKLIMOHAIBHBIM
XapaKTePUCTUKAM.

Knaceundpukanugs MOMC n HOMC

C texHojornueckoit Touku 3peHuss MOMC — 310
COBOKYMHOCTb 3JIEKTPOHHBIX U MEXaHUYECKUX DJie-
MEHTOB (KOMIIOHEHTOB), BBITTOJTHEHHBIX B MMKPO-
WUCIIOJTHEHWU B OJHOM TEXHOJIOTMYECKOM LIMKJE Ha
OCHOBE I'PYIIOBBLIX MeTOAO0B. IIpu 3TOM pazHooOpas-
Hble TPUOOPHI, CXEMBbI, YCTPOMCTBA U TMOACUCTEMBI,
B KOTOPBIX JAMHAMHUUYECKME TIPOLECChl 3HEpProoodpa-
30BaHUS HOCST DJEKTPOMEXaHWYECKWI XapakTep, a
CTPYKTYpHBIE (DYHKLUMOHAIbHEIE 3JIEMEHTHI WMEIOT
pa3mep (o MeHblIeld Mepe B OJHOM HaIlpaBJICHUU)
0,1 Mmxm < /< 0,1 MM, MOTYT OBITb YaCThIO WJIM 3aKOH-
YeHHBIM usaeimemM MOMC.

B cnyyae ucnonb3oBaHMsI HAHOTEXHOJOTHUI U Ha-
HOMAaTepUaJIOB B MUKPOCHUCTEMHOM 2JIEKTPOMEXaHUKE
cJienyeT UCIOJb30BaTh TEPMUH HAHOCUCMEMHAS €K -
MmpomexaHuxa.

OTO KacaeTcs Tex CjydyaeB, KOrja pasMmepbl U
MOIITHOCTH 3JICKTPOMEXaHUYECKUX Ipeodpa3oBaTe-
JIeli DHEpPrud MMEIT MOIIHOCTh, COU3MEPSIEMYIO C
MOILIHOCTbIO OMOJIOTMYECKUX ITpeoOpa3oBaHU 3HEP-
My (MpU 3TOM MPOMCXOAUT CIAUSIHUE HAMMEHbIIUX
W3 CIEJIAHHBIX YeJTOBEKOM YCTPOMCTB U HAMOOJIBIITNX
MOJIEKYJ XKUBBIX opraHn3mMoB). Ha aTom ypoBHe Mol -
HOCTEH TOCITOACTBYET OTHO M3 CTPATETMUECKUX Ha-
MpaBJeHUll COBPEMEHHON HAHOHAyKU — HAHO3JIEK-
TpoOMeXaHuKa, KoTopasl paccMaTpuBaeT 3JeKTpoMe-
xaHnueckue cucteMbl (HOMC) co CTpyKTypHBIMU
(GYHKIIMOHAILHBIMU 3JIEMEHTaMM pa3MepoM (XOTsI Obl
B ogHoM HampapiaeHuu) 10 um < / < 100 HM.

IIpu 5TOM OTKPHITEIE HETaBHO OpraHM30BaHHBIC
HAHOCTPYKTYpPHI BEIleCTBA, TaKMe KaK HAaHOTPYOKH,
MoOJIeKyJIsipHble MOTOpbl, kKoMruiekchl JIHK, kBaHTO-
BBI€ SIMBI, MOJICKYJISIDHBIC TIEPEKITIOUATEeIN 1 T. 1. WA
WX MOJACUCTEMbI, MOTYT OBbITh YAaCThIO WJIM 3aKOHYEH-
HbIM u3aenuem HOMC [15—17].

Hecmotpst Ha wumeromuecss mexay MOMC u
HOMC cxonHble XapaKTepUCTUKU MO (PYHKLIMOHAIb-
HBIM TIPpUMEHEHMSIM B MHUKPOCHCTEMHON TEXHHUKE,
CPaBHUTEIbHBIN aHAIN3 BBISBISET MX KapAWHAJIBHOE
OTJIMYME IO Y3JIOBBIM NMPU3HAKAM TMHAMMYECKOIO U
SHEPTETUYECKOTO COCTOSTHUS.

OcHoBHbIe ocobeHHocTn MOMC 1 HOMC moryt
OBITh C(HOPMYJIMPOBAHBI CIEAYIOIIUM 00pa3oM:

e Eciu mngs MOBMC mnpouecc MUHUATIOpU3ALIMA
(YHKIMOHAIBHBIX 3JIEMEHTOB, MHOAYMHSSICH O0-
MM 3aKOHOMEPHOCTSIM Pa3BUTHUsI COBPEMEHHOM
MMKPOCUCTEMHOI TEXHUKH, MOXHO OCYIIIECTBUTD C
MOMOIIBIO MOJIeJIel U TEeXHOJIOTUU THUIIA "CBEpXY-
BHU3" (HUCXOZSIIEe TPOU3BOICTBO), KOTOPHIE B
HesIBHOH (opMe MpeAnosaralor, YTo yMEeHbIIEHUE




pa3MepoB CTPYKTYp He BIUSET Ha MX (DYHKIIUO-
HaJIbHbIE CBOMCTBA (M MPUHLMIT QYHKIIMOHUPOBA-
HUS), TO TIPA TIPOU3BOICTBE HAHOCUCTEMHOMN TeX-
HUku (B ToM uucie 1 HOMC) rnaBeHCTBylOlICE
3HAYCHNE TPUHUMAIOT TEXHOJIOTMHM THUIIA "CHU3Y-
BBepXx" (Bocxogsiee MPOMU3BOACTBO), OCHOBOI KO-
TOPBIX CIYKUT aTOMHBIN ¥ MOJICKYJISIDHBIN CUHTE3
(Tak Ha3bIBaeMblii "MOJIEKYJISIDHBI MOHTAX' WU
"aToMHas1 coopka').

e Taxk xak B MOMC puHamMu4ecKue MpOLECChl Ipe-
00pa3oBaHUsl 3JIEKTPOMAarHUTHOIO MOJsI 00yCI0B-
JIEHBI CUJION TSDKECTU (MHEPTHOCTHIO) MUKPOMEXa-
HUYECKMX BJIEMEHTOB, TO UX (PU3UKO-MaTeMaTuye-
CKO€ MOJEIMPOBAHUE MOXHO OCYILIECTBUTH C IO-
MOIIBIO KJIACCUYECKUX 3aKOHOB 3JIEKTPODUINKHI
®dapanes—MakcBemia (U COOTBETCTBEHHO, KJjac-
CUYECKOI TEOpUel 3IeKTPUYECKUX LIeTeit).

e Tak KaKk B HAHOCUCTEMHOI TeXHUKe (U COOTBETCT-
BeHHO B HOMC) cunbl TSKECTH HEe3HAYUTEJbHBI
10 CPaBHEHUIO C CHJIAMU XUMHUUYECKUX CBSI3eil MeX-
aTOMHOTO M MEXMOJIEKYJISIPHOIrO BO3ICICTBUS, TO
B 3a7a4yax (pu3nMKo-MaTeMaTH4eCcKoro MoaeJmpoBa-
Hust HOMC 3aKoHBI KJTACCUYECKOM 3IeKTPOPU3H-
KA (M COOTBETCTBYIOIIAST TECOPUST DIIEKTPUICCKUX
Lereii) JOKHBI OBITh CKOPPEKTUPOBAHEI B COOT-
BETCTBUM C 3aKOHAMU KBaHTOBOI TEOPUM.

o Ecim n3nenuss MUKpOCUCTEMHOM TEXHUKH B 00J1ac-
™ MOMC 1o CTpyKType UMCTO TeXHUUYEeCKUe, TO
B 00J1aCTU HAHOCUCTEMHOM TEXHUKU ITOSIBJISIOTCS
¢dyHIaMeHTaIbHbIe UCCIECAOBAaHUS, B KOTOPBIX YC-
TaHABJIMBAETCSI BO3MOXKHOCTb CO3MaHMST U3ACIUI
HOMC c coBmellieHnEeM TeXHUYECKUX U IIPUPOI-
HBIX QYHKIMOHAJIBHBIX 3JIEMEHTOB, IECTBYIOLLIMX
rapmoHuyHo [18, 19].

e B Hacrosiee BpeMst Ha OCHOBE TTOApakaHUs TIPH-
POOHBIM aHajoraMm (HaIpuMep, UCHOJb3ys BO3-
MOXHOCTH M QYHKIIMOHAJTBbHBIE CBOMCTBA OMOJIO-
TMYECKMX HAaHOCTPYKTYpP) BEAyTCsI pabOTHI 10 co3/a-
Huto HOMC, B KOTOpbIX YacTh (DYHKIMI BBITTOIHSI-
0T BJIEMEHTHI XKUBBIX OPTAHU3MOB (OMOMOJIEKYIIHI,
OakTepuu U T. 1.). Tak Kak B OTIMYUE OT OUOMO-
TOPOB CO3JAHHBIC UYEJIOBEKOM I10 0a3¢ UX TeXHUUEe-
ckoit aHanorun HOMC moryt GyHKIIMOHUPOBATh
B IMMPOKOM OWama3oHe TemIiepaTyp (OT HU3KHUX
TeMIlepaTyp OO0 HECKOJBbKUX COTEH TPaayCcoB) U B
pPa3IMYHBLIX arpecCUBHBIX cpefax, TO €CTECTBEHHO,
YTO B HACTOSIIIEe BpeMsl ONUH U3 IJIaBHBIX MOTH-
BOB, IMOOYKIAMOIINX HAC K M3YYECHUIO KUBOTO Be-
1IeCTBa B HAHOMACILTabe — 3TO MOTUB TEXHOJIOT U -
yeckuii [20].

O (u3nyecKnX NPUHIMNAX TeOPEeTHIECKOM
3JIEKTPOMEXAHUKH

B GonpIIMHCTBE U3 COBPEMECHHDbIX MCCJIENOBAaHUM B
obiactu TEOPETUYECCKUX OCHOB 3JICKTPOTCXHUKHM, OCO-
OEHHO B KOM6I/IHI/IpOBaHHbIX 3ajgadyax MOACJIHUpOBa-

HUs TIPOIIECCOB TeHEPUPOBaHUS, Iepeaada U moTpeo-
JIEHUK DJIEKTPUYECKON 3HEpPruu, Kak 6a30Bble MOHSI-
THSI, PACCMATPUBAIOTCS C TOUKH 3pEHMS OCHOBHBIX IT0-
JIOXKEHUI OMHAPHO-COMNPSLKEHHON 3JIEKTPOGU3UKH,
rae Tpolecchl Mpeodpa3oBaHUs 3JIEKTPOMATHUTHBIX
MoJjieli 3aBUCAT OT TOMOJIOTMYECKUX XapaKTePUCTUK UX
(byHKUMOHAJIBHBIX CTPYKTYp [21—25].

IIpu sToM:

e QaHAIU3 U CHUHTE3 2JIEKTPOTEXHUUYECKUX CUCTEM C
paboyuM (IMHAMMYECKMM) MarHUTHBIM TIOJIEM, B
TOM 4YHCJIe U BJEKTPOMHAYKUMOHHBIX (MHIYKTUB-
HBIX) 2JEKTPOMEXaHWYECKUX MpeobpasoBaTeseit
sHepruu (OMII), Bo BceM auana3oHe aHepreTuye-
CKOT'O CEKTOpa OCYILECTBJISIETCSI Ha 6a3e 0000I1eH-
Horo JlarpaH:xa—MakcBeJIJIOBCKOIO MPOCTPAHCTBA
SHEPTETUYECKOTO COCTOSTHUSI M, CIIeJOBaTENIBHO,
ypaBHEHUI MpeoOpa3oBaHUs 2JEKTPOMATHUTHOIO
ot apaness—MakcBea;

e QHAJIM3 W CUHTE3 DJIEKTPOTEXHUYECKUX CUCTEM C
pabouyrM (IMHAMMYECKMM) BJIEKTPUUYCCKUAM TIOJIEM,
B TOM YMCJIE U MAaTHUTHO-UHIYKIIMOHHBIX (€EMKO-
cTHBEIX) DMII, Bo BceM aAuamna3oHe 9HEPTUYECKOro
CIIEKTpa OCYIIECTBIISIETCSI HA 0a3e 00OOILEHHOIo
OMHApPHO-COMPSIKEHHOT0 MPOCTPaHCTBA SHEpre-
THYECKOTO COCTOSTHUS M COOTBETCTBEHHOM MOIM-
bukamuu cucremsl ypaBHeHuit Papanmes—Maxk-
cBeJuia.

CrnenyeT OTMETUTh OJHO BaxKHOE OOCTOSITEIbCTBO.
Ecnu B JlarpaHko—MakcBeJJIOBCKOM B3JeKTpOarHA-
MUKe eMKOCTHbIe DIIM ¢ aeKTpoaHO KOHCTPYKIIM -
el paccMaTpUBAIOTCI B pasiesie "3JIeKTpocTaThKa'", TO
C TOYKHU 3pEHUS TIPUHLUIIOB OMHAPHO-COIPSKEHHOM
BJIEKTPOAMHAMUKHU OHU TMOJIyYaroT 3JIeKTPOAMHAMUYE-
CKO€ TOJIKOBAaHME M PAcCMaTpPUBAIOTCS KaK OJHA M3
MOJICUCTEM OOIIIEro KjIacca eMKOCTHBIX 3JIeKTpoMeXa-
HUYECKMX IIpeoOpa3oBareneii saHepruu [24].

OTOT (PakT 0COOEHHO SIPKO MPOSIBIISIETCSI B CBEPX-
BBICOKOYACTOTHBIX MUKpPOMUHMATIOpHBIX DMII, roe
CO3MaHHBI MHIYLHUPOBAHHBIM PA0OUMM 3JIEKTpUYE-
CKMM TTIOJIEeM MarHMTHBIN MOTOK y* CO3MAeT BBICOKO-

*
YaCTOTHOE HampskeHne V* = @’—, reHe pUPYIOLINI

dt
TOK I = GD‘—%WI—*, JOTOJTHUTEIBHO K TOKY €MKOCTHOIA
sy — _dQO"
uHaykuuu I, (1) = > 00YyCJIOBJIEHHOMY HeEIIpe-

PBIBHBIM Mepepacipene/ieHueM 3JeKTPUYECKUX 3apsi-
JIOB Ha 3JIEKTpoAax UHAYKTopa U siKops. Toku [ i“ " I;

COM3BMEPUMBI IO BCJIMYUHE. HpI/I 9TOM BHYTPCHHAA
IIpOBOANMOCTb €MKOCTHOIO MHKPOMHWHUATIOPHOI'O

OMII onpenenserca no dopmyne Gp = ZI—Q* [25].
\V*

IIpuMeHeHUe BBIIIEYKa3aHHOTO MOIX0Aa MOIEH-
pOBaHMSI K BJEKTPOMEXaHUYECKUM CHUCTEeMaM apry-
MEHTHUPYET clieayloliee 000011IeHHOE TOJIKOBaHUE Tep-
mMuHOB MOMC n HOMC.
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Omnpenenenne 1. MOMC — 3T0 MHOTO3JIEMEHTHAs
JTWHAMHWYECKasl cucTeMa (COBOKYITHOCTh) HEJIMHEHHO
B3aMMOACHUCTBYIOIIMX OMHAPHO-COMPSIKEHHBIX (3J1eK-
TPO-UHAYKIIMOHHBIX M MAaTHUTHO-WHIYKIIMOHHBIX)
MUKPOMUHMATIOPHBIX 3JIEKTPOMEXaHWUYECKUX MPeos-
pa3oBaHUll dHEpPrUu (MUKPOMUHUATIOPHBIX DMIT).

Onpenenenne 2. HOMC — 3T0 MHOrosjeMeHTHAs
JNMHAMUYECKasl CUCTeMa HEJIMHEHHO B3aUMOAEHUCTBYIO-
X OMHAPHO-COTPSKEHHBIX 3JIeKTPOMHIYKIIMOHHBIX
1 MarHUTHO-WHAYKIIMOHHBIX HAHO3JIEKTPOMEXaHUYe-
CKMX TipeobpasoBaTeseil sHepruu (HaHoOMIT).

Ecnin MOMC kak oTnenbHbIid (yHKLIMOHAIbHBIN
9JIEMEHT MOXET coiaepxaTb HAaHOOMII, To monbITKU
BHEAPEHUs] MUKPOMUHUATIOPHBIX DMII B CTpyKTYphI
HOMC nHapymamoT MX XapakKTepHbIE IIPeMMYIIEeCTBa
mo cpaBHeHuto ¢ MOMC.

Bomnpocsbl 00001meHHOro Gu3NK0-MaTEMATHIECKOTO
moaeaupoBanus MOMC

[Tpu BhIlIEYKAa3aHHOM TpaKTOBKe TepMruHa MOMC
UX 00001IEHHOE (PU3NKO-MaTeMaTUUeCKOe MOJEINPO-
BaHWE MOXHO OCYIIECTBUTb Ha 0a3ze HCCleJ0BaHMS
MTUHAMHWYECKUX PEXUMOB M DHEPTeTUUYECKUX XapaKTe-
PUCTUK MUKPOMUHUATIOPHBIX DMII ncxonst u3 uHre-
rpajJbHOrO MpuHIMNa, [23—24], KOTOpbIii BhIpaXa-
eTcs B CIeAYIOIINX OMHAPHO-COTPSKEHHBIX 3KBUBA-
JIEHTHBIX (hopMax:
e JUISl DJIGKTPOUMHIAYKIMOHHBIX (MHAYKTUBHBIX) MUK~

poMuHUaTIOpHbIX DMIT

Eg(dt = fd( §m0;dl; + Hd‘P,-dqi), ()
1

[JIe 1 — YUCJIO KOHTYPOB TOKa; m; — Macca; U; — CKo-

POCTb; ¢; — SJEKTPUUYECKUI 3aps; ¥; — MarHUTHOE

MMOTOKOCIIEIJIEHUE i-TO KOHTYypa TOKa;

e JUISI MATHUTHO-UHAYKIIMOHHBIX (EMKOCTHBIX) MUK~
poMuHuaTIOpHbIX DMIT

h
Ep(tdt = Zl‘,d(tfm; O dl; + jde;-‘d\u;f), ()

rae 4 — 4KuCIO KOHTYPOB HaMpPSIKEHUS; mj* — Macca,
Uj* — CKOpPOCTb, Qj"f — pabouee 3JIEKTPUYECKOE I10-
TOKOCUEMJIEeHUE; Yy* — MarHUTHBIA MOTOK, UHAYLIMU-
POBAHHBINA PAOOUYMM INEKTPUUYECKUM MOJIEM IS j-TO
KOHTYpa HaIpsKeHUS.

B ypaBuenusix (1) u (2) sHeprermyeckue OyHKIINN
Ep(f) m Ep(f) XapaKTepu3yloT WHTEHCUBHOCTb B3aM-
moaeiictBuss DMII co BHeliHel cpemoil. B uzonupo-
BaHHBIX 2JIEKTPOMEXaHN4YeCKUX Tenax Ep = Ep = 0.

Jlnst ymoOCcTBa TEOPETHMYECKOrO aHajm3a AUHAMMU-
YeCKHUX SIBJIEHUI, OCOOEHHO MPM CJIOXHBIX B3aUMO-
CBSI3aHHBIX 3JIEKTPOMATHUTHBIX KOHTYpaX, 1Ie1eC000-
pa3HO MPU3HAKU SHEPreTUYecKoro cocrossHust ¥(r, 1),
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q(r, h u Q*(r, 1), y*(r, ) yCJIOBHO MPEACTABIISITh B BUIIE
aKCHUAJIbHBIX 0000IIEHHBIX BEKTOPOB:

¥ o= |Yey; = [Qleg+;
(3)
q = ldey wvrle,«

TIE ey, €y, €gx, €+ — CANHUIHBIC BEKTOPBI, OTPaXaI0-
1IM€ MPOCTPAHCTBEHHYIO OPMEHTALIMIO COOTBETCTBYIO-
L[AX OCEM MOTOKOCLEIJICHUN.

B obuieM ciyyae 1St CJI0XHBIX B3aMMOCBSI3aHHBIX
KOHTYPOB MMKpOMMHUATIOpHbIX DMII B dopmynax
(1) u (2) uenecoodbpa3HO MPU3HAKHA SHEPreTUYECKOIO
cocrostHus \W(r, f) u Q*(r, f) IpeacTaBIsATh KaK (PyHK-
LIMOHAJTBHBIE 3aBUCUMOCTH OT BEKTOP-MaTPHUII TOKOB —
I(r, ) = q(r, V) u HanipsiKeHnit — V*(r, ) = y*(r, ) B
dbopme cremyIonmx pasmoXeH!IA:

(g, 1)) =
) 7 (4)
0" (1) = G .

M3 dhopmyi (4) B nepBoM NpUOIMKEHUU TTOIyYaeM

Y(q(r 1) = d—q+ = Lpl+..;

(&)

Q" (y*(r, 1)) = 3 *to.o= C/’;)V*+...,

A A~ £
rae Lp g—\—y u Cp dQ*

dq dvy
CKMX MHOYKTUBHOCTEH U €eMKOCTE MUKPOMUHUATIOP-
HbIx DMII.

M3 dopmyn (1)—(5) MOXHO TOJYYUTh UCXOIAHbIE
YpaBHEHUST BJEKTPOAMHAMUKNA U BJIEKTPOMEXaHUKU
MUKpOMUHUATIOpHBIX DMII B cieayrolmx BeKTOPHO-
MaTpUYHBIX popMax:

e 11 UHOAYKTUBHBIX DMII

— MaTpulbl JTMHAMHNYC-

vy n
— +Rpl =V,
d d le%
F =—-—=W, =-——|I —=]|; 6
oM dx L dx{ dx }’ ©)
drL,
Wy = I

rae W; — sHeprusa paboyero MarHUTHOro mnojs; V; —
HaNpsDKEHWE TEHEPALIMY BHEITHUX UCTOYHUKOB SHEP-
ruu; [ — mMarpuua Toka InpoBoauMoctu; I* — TpaHc-

NIOHMPOBAHHAsA MaTpULIA TOKOB; Ry = %\—P — Marpuia
q

JIMHAMMYECKMX 3HAYEHMI BHYTPEHHUX COINPOTHUBIIE-
HuM; F, — 2JIeKTpOMeXaHnUecKasl Cuila, IefCTByoLas

Ha TMOIBIXKHBIE YACTH MUKPOMUHUATIOPHBIX DMIT;




BHelHuil HCTOYHHK YHEPTHH

External energy source

Puc. 2. O606mennoe cxematnyeckoe npeacrasienne MOMC: L — 351eKTpOMHIAYKIIMOHHbIE (MHAYKTUBHBIE) MUKPOMUHUATIOpHBIEe DMIT;
C — MarHUTHO-WHIYKLIMOHHBIE (€MKOCTHBIE) MUKpPOMUHHUATIOpHBIe DMII

Fig. 2. General introduction of MEMS: L — electroinductive (inductive) of me microminiature EEC; C — magneroinductive (capacitive) of the

microminiature EEC

e UIA eMKOCTHBIX DMII

d * s * *,

sz v GpV* = I

Fr=-4Lw.=_-4\y V*; 7

SM dx* C dx’{ dx* :| ( )
dC)

We=V" dfo*,

rne Wy — sHeprus paboyero 31eKTpUYECKOro IoJid;
I — TOKM reHepalny, MOCTYNAIOLINE BO BHEIIHIOK0

uenb; V*T — TpaHCIIOHMpOBaHHAS MAaTPULA HATIPSIKE-

Huit; Gp = % — Marpulla JUHAMUYECKMX 3Haue-
HUiI BHYTPEHHMX MpoBOAMMOCTeN; F, —— 3JIeKTpo-
MeXxaHuJeckas cwia, JEWCTBYIOLIAs Ha IMOJBUXHbIE
4acTM MUKPOMUHUATIOPHBIX DOMII.

He Hapyiiasi o6111HOCTH, MOXHO MPEAIOJ0XUTh,
YTO paccMaTpuBaemasi o omnpeaeiaeHuro 1 MOMC,
KakK CJIOXHasl AMHaMUYecKasl CUcTeMa, COCTOUT U3 He-
JIMHEMHO B3aMMOAEUCTBYIOIUUX SJIEKTPOUHIYKIIMOH-
HbIX (C uucioM — M) U MarHUTHO-UHAYKIIMOHHBIX
(¢ unciaoMm N) mukpoMuHuaTIOpHBEIX DMII (puc. 2).

CrenoBaTeibHO, B paccMaTpUMBaeMOM cCllyyae Ju-
Hamuueckoe rnoBeaeHue MOMOC MOXHO OIMCHIBATh
Ha 0a3e KOPPEKTUPOBKU OCHOBHBIX TEOPETUYECKUX
MOJIOXEHUI TPUHUUNA HAUMEeHbUleeo Oelicmeus s
JUCCUTIATUBHBIX CUCTEM B HekoTopoM (M + N)-mep-
HOM TIPOCTPAHCTBE aKCHATbHBIX 0000IIIEHHBIX BEKTO-
POB (MeXaHMYECKUX U 2JIEKTPOPU3NYECKUX IIPpU3HA-
KOB BHEPreTMYECKOT0 COCTOSIHUS MUKPOMUHUATIOPHBIX

BMIT) — (a, B) = (&, P ¢°, ¥0; y*0, @) [26, 271,
rIe TIPUHSTHI CleAyIole 0003HaAYEHMS:

o — CyOBEeKTOp OOOOIIEHHBIX MEXaHUYECKMX M
alIeKTpodu3nyeckux koopauHat MOMC:

0 0 0
a=(x,q,y");

0
X = (X, X0);
xL = (xl,X2,..., XM)’
Xo = (X, X, ey X5
0
q = (q17 qza--'> qM)!
v = (W e W)
B — cyOBeKTOp OO0OOIIEHHBIX MEXaHUYECKMX U
aJIeKTpodru3nYecKux uMmIyabcoB MOMC:
0 .,0 A0
B=(P.¥,0);
0
PL = (PI’P2”PM)’
PC: (Pl’P2”PN)’
0
\P = (‘Ill, \Pz,..., \PM)’
0 # 5 ¢
Q = (Q s Q2: ceey N)'

CornacHO 0000111eHHOI (DOPMYJIUPOBKE MPUHUUNA
HauMmeHbvle20 delicmeus ISl TUCCUMIATUBHBIX CUCTEM,
MOICINPOBaHWEe IWHAMWYECKNX pexXuMoB MOMC
MOXHO OCYIIECTBUTH B O0OOILIEHHOM IPOCTPaHCTBE
BHEPTreTUYECKOTO COCTOSIHUS. MHOTroMepHoOe Mpo-
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Puc. 3. Tpaekropus auHamuyeckoro pexxuma MOMC B MHOromep-
HOM NPOCTPAHCTBE IHEPreTHYECKOTO COCTOSTHHUSA

Fig. 3. The trajectory of MEMS dynamic mode in a multidimensional
space of the power state

CTPaHCTBO (o, P) XapaKTepu3yeTcs OIpeacsieHHOI
(GyHKLMEN BHEPTETUYECKOTO COCTOSITHUSI —L(a, &, f)
(bynkuwmeit Jlarpanxa mis gaHHoit MOMC), nipu Ko-
TOPOM TIOBEIIeHNE CUCTEMBI MEXIY (PUKCUPOBAHHBI-
MU MOJIOXEHUAMHU [ (TIpU f = f;; (xol =(x7, 47, w’fo )
n2@put=rt;a)= (Xg , qg, y5 ) (puc. 3) momuu-
HSETCS NPUHUUNY IKCIMPEMYMA NOAHO20 OeliCmeusl

5}
S= J'L(oc, a, t)dt;

f (10)
o(f) = argminS;
a(?)

5S =0,

rae AeicTBue S orpenessieTcs Kak omnpeaeeHHbIN
UHTeTpal-(YHKIMOHAN OT 3HEPreTMYecKoil (yHK-
muu Jlarpanxa L(o, &, f), BEIpaxamwlierocs B popme
pazHocTU MexXny 3(GE(EKTUBHON 3JIEKTPOKMHETHUYE-
ckoit T(a (7)) m 3¢dphEKTUBHON 37IEKTPONOTEHIIMAb-
Hoit U(o(f)) sHeprusiMu Ha mpaekmopuu IUHAMUYe-
ckoro pexxnma MOMC B MHOTOMEPHOM ITPOCTPAHCT-
Be (o, B).

N3 dopmyn (4)—(10) nmonyuyaroTcst oOOOIIEHHbIE
ypaBHeHUs1 JlarpaHxa BTOpPOro poja, BhIpaXKalollero-
cs B ClIelylolleil BEKTOPHO-MaTpUUHOU hopMe:

d (%) _ (2L, 0y po (11
dt \oa oo Oa

B ypaBHeHun (11) mpuHSATH cienyioiyde o003Ha-
YeHUSI:

a(®duF O(I) — CcyOBEKTOpPbI MEXaHUYECKUX U JIEK-
TpoPU3NUECKUX 000OIIEHHBIX CKOPOCTEN 1 CUT (PYHK-
OUOHAIBbHBIX 2JIeMeHTOB MOMC

0 *0 d
oo _ (0 _dg . 0 _dy . o0 _ 94X,
OL(t)_(l_alt’ Vo= dt’UL_ dr’
O_dxC. 12
Oe= ) (12
0 0%
Op=(m=_d¥ . ppr__dO . _dpP
Fn=9= dt’M dt > "M dt)’
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rae O — o0OOIIEHHBIN BEKTOP 3JIEKTPOABILKYIIINX CUJI,
JEWCTBYIOIIUX B MHAYKTUBHBIX 3JeMeHTax MOMC;
M* — 00600IIEHHBI BEKTOP MATHUTOABMKYILIMX CHJI,
JIEHCTBYIOLIMX B EMKOCTHBIX 3jieMeHTax MOMC;
Fex — OOOOLIEHHBIA BEKTOP MEXaHWYECKUX CHJI
((M + N)-MepHBblii), IeUCTBYIOLIMX Ha IMOJBUXKHbIC
sneMeHTsl MOMC.

B dopmyne (11) ®(6) — oboOLIeHHAsT JUCCUTIA-
TUBHas1 (yHKIMs Penes — cocTOMT M3 MeXaHUYeCKUX
CDMEX(UO; UOC) U BJEKTpOPU3NIECKUX d)aﬂ(lo; V*O)
yacrei:

B(i) = Oy(0) + O V7). (13)

IMTpu npubnuxenusix (4) u (5) mas <D3H(10; V*O)
WMeeM CIIeyIolee BhIPaKEHMUE:

(1% V) = =S Ry 1" + VOGO (14)

Heobxonumbiit JIarpaHxxuaH A1s1 00001IEHHOM MO-
Jgean MOMC MoxXeT ObITh MOCTPOEH C TMTOMOIIBIO BBE-
JIEHWsI HOBOTO, B JaHHOM ciydae (M X N)-pa3zMepHOro
TEeH30pa B3aUMOAECHCTBUS (B3aMMHOIO BIUSIHUSI) Me-
KOy MarHUTHBIMU (RJIEKTPOUHAYKLIMOHHBIMU) U €M-
KOCTHBIMHM (MarHUTHO-MHAYKIIMOHHBIMM) (DYHKIIHO-
HaJbHBIMU 3JIeMeHTamMu MOMC:

N * N *

Ky (¢% v*0) = . (15)

N, . N, .
Ky(@pp ™) o Kiy(aps v ™)
ITpu 3TOM 0000611IeHHYI0 JIarpaHXeBYy (PYHKIIMIO 151
MBMC MOXHO TIpeICTaBUTh B CleAyIolIel (popme:
Ly=L;+ Lo+ AL, (16)

rae ALy - — 4ieH JlarpaHxuaHa, yYUThIBAIOLINIA He-
JIMHEWHOE 3JIeKTPO(U3NIECKOE B3aMMOJEUCTBUE MEX-
Iy GYHKIIMOHAIBHBIMUY 3JIEMEHTaMU1 CUCTEMBbI 3JIEKTPO-
WHIYKIIMOHHOTO (MHIYKTUBHOTO) M MarHUTHO-WHIYK-
LIMOHHOTO (€EMKOCTHOTIO) JAECTBUS.

B ob6uiem ciryyae 11t KOMOMHUPOBAHHOTO U3yye-
HUSI guHamMudeckux IpoueccoB MOMC unenn Jla-
rpafpxuaHa B (16) onpeaesiioTcss BhIpaXkKeHUSIMU

0 . .0
LL = (XL,q 7xLaq 7t) =
. .0 0
=T (X, ¢ ,.0)-Up(x1,9);
‘EC = (XC’ \V*O,xca \‘V*Oa t) = (17)

- 0

0 M, 0 .
A£LC = q Ky(q ,\V*O)\V*OT-




B (17) Ty n Tec n U; n Uy onpenensiorcs Bbipa-
KEHUSIMU

T, = T)'+ T);

. (18)
To=TY+To
N COOTBETCTBEHHO
M C)
u, = UM+ Uy
L L L (19)

Up= UM+ 02,

rue
M M .
e T, m Ty — DHEPruM MEXaHUYECKMUX JIBUKCHUIA
MOJIBWKHBIX (PYHKIIMOHAIBHBIX 3JleMeHTOoB MOMC:

M
M 1 2.
TL = iig,lmlxi,
(20)
¢ =25 J ’

J

C} D
e T, m Ty — COOTBETCTBEHHO 3JIEKTPOKMHETHYE-
CKH€ DHEPTUU

0,0 0
i =
(21)

N N A

C] *

Te = ['21 .Z]\vl CU\V/ j = 0 y0e,
i=1lj=

N
~

0
rne L- = Lij — MaTpulla COOCTBEHHBIX M B3aMMHBIX

~
~

o 0
WHIOYKTUBHOCTEe, a C = Cl-j

HBIX M B3aMMHBIX €MKOCTel (DYHKIMOHAIBHBIX 3Jie-
MeHTOB MOMC;

— MaTpuia coOCTBEH-

M M
e U, n Uy — MexaHuyeckass SHEPrus HaKoILUIe-

) C)
nus;, Uy n Uy — snekTpodusnyeckne noTeHIu-
aJbHbIE DHEPIMU HAKOIUIEHUSI B MHIYKTUBHBIX —

Ly (i=1,..., M) 1 eMKOCTHBIX — CHj(j =1,..,. M)
cTaTUyecKux ayeMeHTax MOMC:
N
I |
UL - ilglqlLqut’
B (22)
5 1 E o~

j=1

CoBMecTHOe pellleHHe cUcTeMbl ypaBHeHMI (11)
n (16)—(19) mosTHOCTBIO ompenessieT TMHAMUIeCKOe
nopeaeHue 00001eHHO MOMC B n100BIX pexkruMax
B3aUMOJCHCTBUS (PYHKIIMOHATIbHBIX 3JIEMEHTOB.

IIpu sToM ypaBHeHus: nuHaMuku MOMC omnpene-
JIIOTCS B CJelyIolleil BEKTOPHO-MaTpuyHoOi popme:
e ypaBHEHUS DJEKTPOAMHAMUKHU

M
d,0 .0 -*OdKN-*O
EI\P +q RD+\V T\V T+
/Mdz *0 . %0
+ Ky =5 = Ve (23)
dt
M
i 0rdKy o0 Tud*q® .0
dQ +y OGD+q T;Vq T+KNd—q =470

e ypaBHEHUSA 3JIEKTPOMEXaHUUECKUX CHII, eHCTBYIO-
1IIUX Ha (yHKLMOHANIbHBIE 3JleMeHThl MOMC,

OOOT

0 «0 0 4
L g )+ 0 c o)+

Foy ———[(
dx

+ (3" Ky yom), (24)

.0 . %0 .
[I€ Gy ¢ ¥ oy — CYOBEKTOPbI TOKOB UM HAIPSKEHUIA
MEXIy €MKOCTHBIMU W WHIYKTUBHBIMM (DYHKIIMO-
HaJIbHBIMU 2JIeMeHTaMu MOMC:

.0 . . .
drc=Wrc/1-9Lc/2 - 9Lc/M)>

0 25)
Ver = e Verya - Vern-

Cucrembl ypaBHeHUs1 (23) u (24) HOCST yHUBEp-
caJibHbIN XapakTep 11 MOMC BceBO3MOXHOM KOH-
CTPYKIIUM U X COBMECTHOE pellleHNe TTOJTHOCTRIO OTI-
penensieT IMHAMUYECKOe IOBeIeHe 0000ILEHHO MO-
genn MOMC B m00bIX pexkuMax.

Hns uccnegoBanuss MOMC KOHKpPETHOH KOHCT-
PYKIIMM HEOOXOIMMO B 3aJadyax aBTOMAaTU3MPOBaH-
HOTO MPOEKTUPOBAHMS B 9TUX YPABHEHMSIX YUECTh BCE
KOHCTPYKLIMOHHbIE OCOOEHHOCTU MX (YHKIMOHAJb-
HBIX 2JIEMEHTOB.

CrenyeT OTMETUTb, UYTO OCHOBHBIE aHaJWTHYe-
CKMe CBOMCTBa 3JIEMEHTOB T€H30pa B3aMMOJEHCTBUS

P

K ]}\l,/l (qo, \u*o) MOXHO BKpatie chopMyJIUpOBaTh TaK:

~

M, 0 0
e oJIeMeHTHI TeH30pa Ky (¢, y™) SABJISIOTCS HEIpe-
PHIBHBIMM (YHKLIUSIMUA U UMEIOT HEIMPEePBIBHYIO

M
a4 M,

7 y*/) U YIOBIETBOPSIIOT yC-

TIPOU3BOTHYIO
JIOBUSIM

lim KN (qla v J) = l*lm KN (qp v J) =
q;,—0 0

v
M ot
OS‘KN((J,-,W’)‘Skl; (26)

qmax Wmax

I Kn(a, w)dgdy < ky,

rae kl n k2 — IOJIOKUTCJIIbHBIC BEJINYUHLI.

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Ne 8, 2015 21




Puc. 4. DKBMBAJIEHTHAs 3JIEKTPHYECKAs CXeMa 3JieMEHTaPHOI
MOBDMC: Lf — coOcTBeHHAs1 MHAYKTUBHOCTD 1IeTIM BO30YXKICHUS,

L; — cobcTBeHHast MHAYKTUBHOCTD LeNu sKopst; Ly — B3anmHast
VHIYKTUBHOCTb MEXIY MHIYKTOPOM U SIKOPeM; iy — TOK BO30YX-
Aenmst; Cp — COOCTBEHHAs eMKOCTB B LieTH BO3GyxueHust; C;— cob-
CTBEHHasl EMKOCTb B LeH SIKOpsi; Cp — B3aUMHasi EMKOCTb MEXILy
UHIYKTOPOM U KOpeM; R, — CONpPOTHUBJIEHNE BHELIHEH Harpy3ku

Fig. 4. The equivalent circuit diagram of an elementary MEMS: Li—
self-inductance of tne excitation circuit; L;— inductance of the armature
circuit; Lfs — mutual inductance between the inductor and the armature;
ip— excitation current; C;— distributed capacitance in the field circuit;

C, — distributed capacity in the armature circuit; Cfs — mutual

capacitance between the inductor and the armature; R, — external load
resistance

ITpy 3TOM 3aBUCUMOCTH BJIEMEHTOB TEH30pa B3au-
MOJEMUCTBUSI OT KOHCTPYKTUMBHBIX napameTpoB MOMC
MOXHO YCTaHOBMUTb Ha 0a3e TeOpuU TUIAHUPOBAHMUS
aKcrnepuMeHTa [28, 29], npencrtaBasis ux B dopme
KBaJpaTUYHOIO Pa3I0KEHUS

. . N
M * M *
Ky(apv?) = Ky(apw))+ X Big;+

N M N y (27)
+ 2w XX g+
j=1 i=1j=1

i=1,2,.,M j=12..,N,

rae B Wi Yjp oo — KOG GULMEHTHI KBaIpaTUUHOMN
dbopmbI, ompenensgeMble KOHCTPYKTUBHBIMHU (CTPYK-
TYPHBIMU) OCOOCHHOCTSIMU (YHKUIMOHATbHBIX 3Jie-
MeHToB MOMC.

HarngaHelM mpruMepoM MOPUMEHEHUSI PACCMOT-
PEHHBIX TEOPETUYECKUX MPUHIIUIIOB OOOOIIIEHHOTIO
MonenupoBaHust MOMC gBisieTcs ucciiefoBaHUE eTo
JIBYX3JIEMEHTHOM CTPYKTyphl (M = N = 1) Kak co-
BMEILEHHON cUCTeMbl MPOCThIX (0OAHOMA3HBIX) WH-
JYKTUBHBIX M1 €MKOCTHBIX MUKPOMMHUATIOPHBIX DMII
(puc. 4).

IIpu craimoHapHBIX CBSI3SIX, CUMMETPUYHBIX pe-
>KMMax U TIpU BECbMa MaJIbIX OTKJIOHEHMSIX OT JIUHEM-
HocTH (Korma AL, < L n ALy~ < L) B pasnoxe-
HUU (27) MOXHO OrpaHUYMUTHLCS TOJBKO MEPBBIM IO-
CTOSTHHBIM CJIaraeMbIM:

KN (g, w9) = const = K, (28)
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IIpu sTom MaTpuia Klj\‘,l BBbIpaxaeTcsi B CJIEAylO-
mei ¢popme:
K¥ = K,E, (29)
rae 1/5\ — eIWHUYHAasI MaTpulia pa3MepPHOCThIO (2 X 2).
st ykazaHHOM IByX2JIeMEHTHOM CTpyKTyphl MOMC
ypaBHeHMe (23) BhIpaxkaeTcs B opMe:

e YPaBHCHMHA OJId AKOPHbBIX Heren

dy dv;
Tts'FngS"' KOTIS = V

52

(30)

do; . g .
dts + GsVs +KO?; = 7s

rac

Y, = Lsﬂs+LfSif; } 1)

Q* - CSV:+ CfsV;;

N

9, — TOK I'€Hepalnn EMKOCTHOIO 3JIEMEHTA,;
e yYpaBHEHWS BO30OYXIEHMS TSI MHIYKTOPHBIX LIeTIei

av,
—L iR =V

(32)
—L+ 67 =,
rie
Y,.= Lo+ L_/9;
7= Lpip+ Ly } 33
O = ¥y + CyVys

o ypaBHeHue Kupxroda aus BHeLIHeH Harpysku R,
V.= 9. R, (34)

CoBMecTHOe pellieHre crucTeMbl ypaBHeHui (30)—
(34) TOJHOCTBIO OIpeAesieT 3JEeKTPOIMHAMUYECKOe
MOBeIcHNE MUKPOMUHUATIOPHON WHIYKTUBHO-EMKO-
ctHoi ODMII B moOBIX peXXnMax.

B [23] Ha 6a3e ypaBHeHuii (30)—(34) ycTaHOBJIeHA
BO3MOXHOCTb ONTUMMM3AIIMU paboyero pexkmma HH-
JyKTUBHOTO MUKpOMUHUaTIOpHOTO DMII ¢ moMoliibio
eMKocTHOro OMII (unm HaobGoOpoT) ¢ 0OpazoBaHUEM
napajulieJibHOM (WJIM TOC/IeA0BaTeIbHOM) PE30HAHCHOM
tenu. [1pu aTOM yIpaBIsSIIOIINM TTApaMeTPOM SIBIISIET-
Cs MaTpulia B3aMMOAEUCTBUS UHAYKTUBHBIX U €MKO-
cTHBIX DIIM.

B dyHmameHTaIbHBIX UCCIENOBAaHUSAX MO (HUBUKO-
MatemMaTtndeckomy moaearupoBanuio HOMC paccmar-
PUBAIOTCS CJIEAYIOIIME Y3JIOBbIE BOIIPOCHI:

e MOJEIMPOBAHUE ITPOLIECCOB 3HEpromnpeodpazoBa-
HUS MeXIy QYHKIMOHATLHBIMA 3JIeMeHTaMu ('MH-
ayktopoM" u "skopeM") HaHOOMIT,

e B3auMognelicTBue HaHODMII co BHelIHel cpenoii;

e paccMoTrpeHue HaHOOMII B cucTeme Apyrux HaHO-
CTPYKTYD;




e Kak pe3ylbTaT 3THUX MCCIECAOBAHUN — KOMILIEKC-
HOe (PM3MKO-MaTeMaTUIeCKOe M KOMITBIOTEPHOE MO-
nenupoBanue HOMC [30].

Bonpocsl 0000meHHOro (PU3NKO-MATEMATHIECKOTO
MojeaupoBannsa HanHoOMII

Tak KaK 6a30BbIMU CTPYKTYPHBIMM STUCHKAMU TSI
(yHKIIMOHAIBHBIX (MCMOJHUTENbHBIX) BJEMEHTOB
HaHOOMII gBnsitoTCcst HAHOTPYOKU (KaK crieliMaabHbIe
CBSI3KM HAHOIIPOBOJIOK) WM HAHOIJIACTUHKM, Xapak-
TepHble pa3Mepbl KOTOPbIX (AuamMeTp D u TonuuHa d
COOTBETCTBEHHO) HAXOMASTCS B AUana3oHe NEHCTBUS
KBaHTOBBIX 3((EKTOB, TO MPU MOCTPOSHUN (PUUKO-
MaTeMaTU4YeCKUX Mojejiell SHeprornpeoodpa3soBaHus B
HAHOCTPYKTypax HEOOXOJUMO MCXOJIHbIE YPABHEHUS
3JIEKTPOMHIYKIIMOHHON U MarHUTHO-UHIYKIIMOHHOK
9JIEKTPOMEXaHUKU (ypaBHEHMS MPeoOpa3oBaHUsl 3JeK-
TPOMarHUTHOTO 1051 L C-KOHTypa B MoJ00JaCTsIX MH-
IyKTUBHOCTU L 1 emKocT C COOTBETCTBEHHO) KOPPEK-
TUPOBATH OCHOBOIIOJIATAIOLIMMY IPUHIMIIAMA KBaH-
TOBOM 2J1eKTPOGU3UKU, YUUTHIBASI CAEAYIOLINIA y3J10-
BOIi ¢akTop.

Hapsay ¢ uMmeronmMu B MUKPOCUCTEMHOM 3JIEK-
TPOMEXaHUKE OMpeneisitollee 3HaUeHe CUlaMu Kjlac-
CMYECKOT0 Ha3HaueHUs (TaKMX KaK cujia TpeHus, cuia
9JIEKTPO(PU3NIECKOro B3aMMOACUCTBUS U T. 1.) B Ha-
HOCUCTEMHOM 3JIEKTpOMEXaHUKe (Ha pacCTOSTHMSIX IO-
psinka ot 10 mo 250 HM) mOMUMHUpYIOlIee 3HAYeHUE
nmpuodperaeT U OOYCIOBJIEHHOE KBAHTOMEXaHWYECKUM
apdexroMm Kasmmupa cuna Kaszmmupa—Jludimia Bo
BCEX €ro MposSIBJIEHUSIX (TaK KakK B 9TMX PACCTOSIHMSIX
JIaBieHue, cozmaBaeMoe 3¢pdekToM Kaszmmupa, oxa-
3BIBACTCS CPAaBHUMBIM ¢ aTMocepHbIM) [31].

bonbmioe mnepcrnekTuBHOE (yHAAMEHTAIbHOE U
npakTuyeckoe 3HaueHue addexkra Kazumupa (oco-
OEHHO B 3a/layax pa3BUTUS KOMIbIOTEPHbBIX TEXHOJIO-
TUii) BBISIBUJIOCH MOCJe OOHApyXXeHUs IPyInoi ydye-
HBIX MaccadyceTCKOro TeXHOJIOTHYECKOTO MHCTUTYTA
(CIIIA) BO3MOXHOCTM BO3HUKHOBEHMSI OTTaIKUBAIO-
et cuibel Kasumupa Mexay pyHKIIMOHATbHBIMU 2J1e-
MEHTaMM CJIOXKHOM KOH(purypauuu (Harmpumep, IIpu
B3aUMOJEHCTBUSIX CHEepbl U MJIOCKOCTU WU B3aUMO-
JIeficTBUM 0oJiee CIIOXHBIX 00beKTOB). IIpu 3TOM clle-
JlyeT OTMEeTUTb, uTo B 2012 1. ObUIM CO3[aHbI MEPBbIe
HaHOOMII, B KoTOpBIX yuuThiBaetrcsa 3¢ dekt Kasu-
mupa [32].

ITpoueccel 3HepronpeoOpazoBaHUs U COOTBETCT-
BEHHbIE HEPreTUYECKUE XapaKTEPUCTUKU BJIEKTPO-
MEXaHWYEeCKUX ITpeobdpaszoBaTesieil SHEPTMU BO BCEM
JIMara30He YHEPreTUYECKUX XapaKTePUCTUK CUJIbHO
3aBUCST OT TOMOJIOTMYECKUX XapaKTePUCTUK DJIEKTPU-
YeCKMX M MarHMTHBIX 3Heprorepenay ux (pyHKIIMO-
HAJIBHBIX 3JIEMEHTOB.

Hanpumep, B MakpoOMII 3T0T (hakT BeIpaxaeTcs
B CJIEIYIOIIMX KBUBAJIEHTHbBIX hopMax:

1. B MammHax MHAYKTUBHOIO TUIa 0e3 MOoTeph B
YCJIOBUSIX CBEPXIPOBOAMMOCTU (ha3HbIX OOMOTOK SIKO-
psg (R = 0) npu 3aMbIKaHUM OOMOTOK 3HEProooMeH
MEX]y POTOPOM U CTATOPOM HEBO3MOXEH BCJIEICTBUE
MOJISIpU3allM¥M MarHUTHOTO MOTOKA SIKOpsl (IMTpUeMHU-
Ka sHepruu). IIpu 3TOM B CBEPXIIPOBOASIINX OOMOT-
Kax SKOps BO3HUKAET TAKOU IPOTUBOIACHCTBYIOLIUIA
MOTOK, YTO B3aMMHbBII MOTOK MarHUTHOTO TOJIs CTa-
HOBUTCS paBHbIM HYJIO (CUJIOBbIC TMHUM MAarHUTHOTO
moast BO30OYXIECHUSI OOXOMSAT SIKOPHBIE OOMOTKM).
HMmMeeT mecTo ycnoBue "BMOPOXKEHHOCTU" MAarHUTHOTO

)
dt
M, COOTBETCTBEHHO, Wy = Lyi; =0, L, = 0.

MOTOKA B AKOPHOW Lienu ey(?) = =0, ¥, = const

7151 ocyliecTBI€HUS 9HEProooMeHa B SIKOPHOH 11e-
nu MawmH uMeTh C, # 0 wim R, # 0 ¢ o6pazoBaHneM
3aMKHYTOTO KOHTypa HamnpsbkeHUs (ISl M3MEHEHMs
MarHUTHOTO TOTOKOCLEIIEHUSI AKOPHOW 1enu dW¥)
HEOO0XOIMMO BBECTH B LIEITb KaTYIIIKU UMITYJIbC HaIpsI-
KeHud ey(f)dt.

2. CoBeplIeHHO IpYroil mpouecc MPOUCXOIUT B
€MKOCTHBIX MammHax. [Ipm pa3MBIKAaHUM SIKOPHOMU
LIeMM €eMKOCTHOM MaIlluHbI (B YCJIOBUSIX aOCOTIOTHOM
HM30JISIIUN R = c0) TPONCXOINT TTOJISIPU3AIINS DIIEKTPH -
YeCKOro moToka sKops. Ilpu 3ToM B pa3oMKHYTOM
SIKOPHO 1IeNM MAalllMHBI BO3HUKAET TaKOM MPOTUBO-
JEeUCTBYIOLIMN 3JEKTPUYECKUI ITOTOK (IIOTOK peak-
LUif), YTO B3aMMHBIN TTOTOK CIEIICHUS MEXIY POTO-
pOM U1 cTaTOpoM paBeH Hy:to. I[1pu abcooTHOM 130-
JISIUM UMEET MECTO YCJIOBHUE "BMOPOXEHHOCTU" TTOTO-

*

Ka 3JIEKTPUYECKOro nos iy (1) = — =0;

dt
U, COOTBETCTBEHHO, Qf*s = CuVy =0; Ci=0.

* —
s = const

1t ocylecTBIEHUSI 9HEProoOMeHa HEOOXOAMO B
APKO# Lenu MawumHel uMeTh L, # 0 wim R, # 0 ¢ 00-
pa3oBaHMEM 3aMKHYTOTO KOHTypa ToKa (ISl U3MEHe-
HMs 3JIEKTPUYECKOTO MOTOKOCLIETIEHUs AKopsA d Q)
HEOOXOIMMO BBECTU B LETb AKOPA UMITYJIbC TOKa i(f)dt
[33, 34].

DTOT NMpUHLUN Oojiee HAMNISIAHOE U (PyHIAMEHTAb-
Hoe 3HaueHue npuobperaeT mist HaHOOMII (cooTBeT-
ctBeHHO U 111 HOMC).

B HaHO®MII 3aMKHYTbIE SHEpPreTUYecKue KOHTY-
pPbI BHEpPronpeodpa3oBaHusl MOTYT OBITh OCYILECTBIIE-
HbI C MTOMOLIBIO:

e DJIEKTPOMPOBOISIIMX 3aMKHYTBIX HAHOTPYOOK —

JUJIS1 DJIEKTPOMHAYKIIMOHHBIX HAaHOOMII (puc. 3, a);
e MAarHUTHO-TIPOBOSILIUX 3aMKHYTbIX HAHOTPYOOK —

TSI MATHUTHO-UHAYKIMOHHBIX HAHODMIT (puc. 5, 6).

CreqyeT OTMETUTH CJIEAYIOIINE BaXXHBIE OOCTOSI-
TEeJIbCTBA.

1. st 371eKTpOMHAYKIMOHHBIX HAaHODMIT s1emeH-
TapHbIM (DYHKLIMOHAJIBHBIM 3JIEMEHTOM 3HEpPronpeoo-
pasoBaHus (0a30BOI STYEHKOWM) SIBISIETCS 3aMKHYyTasl
CBEPX3JIEKTPONPOBOSILAs HAHOTPYyOKa, 3HEpreThye-
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Puc. 5. Cxema 3aMKHYTBIX 3JIEKTpONpoBOASmMX (a) W MArHATHompoBoasmmx (b) Hano-
TpyOOK

Fig. 5. The circuit of closed electroconductive (a) and magnetoconductive (b) nanotubes

CKOE COCTOSIHME KOTOpoi B (ha30BOM MPOCTPAHCTBE
0000611eHHbIX cui JlarpaHxxa— Makcesa (\W(7), ¢(?))
MPEACTABIISIETCS HEMTOABUXKHOM TOYKOM YCTOMUYMBOCTH.

2. AHaJIOTUYHO 11 MATHUTHO-UHIYKIIMOHHbBIX Ha-
HODMII 3neMeHTapHbBIM (PYHKLIMOHAIBHBIM 3JIEMEH-
TOM 3HeprolipeoOpa3oBaHus (0a30BOM SUYEIKOIT) SIB-
JisIeTCs 3aMKHYTasl CBEpXMarHUTHO-TIPOBOISIIIAsT Ha-
HOTpyOKa, 3HEPreTMYeckoe COCTOSIHME KOTOpOW B
conpstkeHHOM (azoBom mpoctpaHcTBe (QF(1), w*(?))
MpeCTaBIsIeTCs] HEMOABUXKHOM TOUKOM YCTONYMBOCTH
[35—38].

HarnsanHoil wiutrocTpauMeid cka3aHHOMY SIBJISIETCSI
onodusnyeckoe MpeacTaBiIeHNe Ha YPOBHE IPUPOII-
HBIX HaHOAKTI0AaTOpoB. Hampumep, paccmatpuBas 1mo-
JIOXXEHUSI, KOTOPbIE MOTYT 3aHUMAaTh MOJIEKYJIbl OEJIKOB
1 HyKJICMHOBBIX KMCJIOT, MBI CTAJIKMUBAEMCSI C aHAJIOT MY -
HBIMU TOTIOJIOTMYECKUMM XapaKTepUCTUKAMU CTPYKTYD
XKUBOU Tpuponasl. s 3HeproooMeHa MOJEKYJBL C
BHEIIIHEN cpeaoli HEOOXOAMMO pa3opBaTh XMMUYECKHE
CBSI3W TAHHOTO ydyacTKa MOJUMEPHOU Lienu. DHepre-
TUYECKUE 3aTPaThl TAKOTO MPOLIECCa TOBOJBbHO 3HAUU-
TeJIbHBI, TTO3TOMY MPU JOCTATOYHO HU3KOM TeMIlepaTy-
pe 1 c1abbIX BO3MEUCTBUSX BHEIITHUX 3JI€KTPOMArHUT-
HBIX TI0JIeH BEPOSITHOCTh pa3phbiBa MOJIEKYJIbI Maja [39].

3aMKHYTBIE 3JIEKTPOIIPOBOISIINE M MATHUTHOIIPO-
BOJSIIME HAHOTPYOKM B 2JIEKTPOMHIYKIIMOHHBIX U
MarHUTHO-UHIYKIIMOHHBIX MOI00JAacCTIX 3Heprorpe-
0o0pa3oBaHuUsI 00pa3yloT BOKPYT ceOsl IBYXCBSI3aHHBIE
(B3aMOOXBAaTHIBAIOIIIME) MTPOCTPAHCTBA, SHEPTreTUYE-
CKH€ COCTOSTHUSI KOTOPBIX TP CIAOBIX BO3MYILIEHMSIX
BHEIIIHUX MEXaHWYECKUX HArpy30K, a Takxke JIeKTPOo-
MAarHUTHBIX U TETUIOBBIX TTOJIeH (He HapyILIAIOIINX TO-
MOJIOTUIO HAHOCTPYKTYPHI U CBEPXIPOBOJISIIEE CO-
CTOSIHME) OCTAlOTCSl HEU3MEHHbBIMU.

JIJ1sT ocyllecTBICHUSI SHEProoOMeHa HaHOTPYOOK C
BHEILIHEHW cpenoil HeoOXOAUMO ABYXCBSI3aHHBIE TIPO-
CTpaHCTBA pa30dMBaTh Ha OMHOCBSI3aHHbBIE MJIM paccMaT-
pUBaTh BO3AEUCTBUE JEKTPOMATHUTHBIX U TETUIOBBIX
MoJieit, HapYIIAIOLUINX CBEPXIIPOBOMSIIEE COCTOSHUE
HaHOTPYOOK.
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B 3amavax ¢dusuko-maremaruye-
CKOro aHaiM3a MPOLECCOB BSHEPro-
npeobpazoBaHusi B HAHOOMIT anek-
TPONIPOBOASIINE M MArHUTHOMPO-
BOJISIINE HAHOTPYOKH C OTKPBITHIM
KOHIIOM MOTYT paccMaTpuBaThCs
KaK KBaHTOBO-MEXaHUYECKUI aHa-
JIOT 3JEKTPOMAarHUTHOTO KoJeba-
TenbHOro koHrtypa — LCR, reoMeT-
puUYecKre mapaMmeTpbl KOTOPOTO He
MOJIAIOTCS TOYHOMY M3MEPEHUIO (Xa-
PaKTepPU3YIOTCST TIPUHIIUIIAMUA KBaH-
TOBOM 3eKTpodusuku) [40].

Bonee rimybokoe nmpuMeHeHUE pas3-
paboOTaHHBIX TEOPETUIECKUX MPUHIIA -
OB MOJEJUPOBAHUS MUKPOMMHMA-
TIopHBIX OMIT (1 MOMC) nnsa du-
3UKO-MaTeMaTU4eCKOro (M COOTBETCTBEHHOTO KOMIIb-
0TepHoro) MoaenupoBaHust HaHO-OMIIT (u HOMC) —
3aa4ya OTAeJbHbIX HAyUHO-HUCCIeA0BATEIbCKUX PadoT.

CHmcok JauTepaTypbl

1. HanorexHnogoruu B snekTpoHuke / [loa. pea. 10. A. Yan-
neirnHa. M.: TexHocdepa, 2005. 446 c.

2. Pamouau H. T'., Bepe3kun A. B. ®usuyeckue U XumMuye-
CKHe OCHOBBI HaHoTexHoysornu. M.: ®usmatiur, 2008. 454 c.

3. Komkos A. H., Hazapos 0. ®., Moparumos H. M. Oc-
HOBBI HAHOTEXHOJIOTUM B TexHuke. M.: Akanemus. 2009. 238 c.

4. Kapasu I'. C., l'angunsan C. B., Tanauasaa B. B. HaHotex-
HOJIOTHUSI B COBPEMEHHOM 3JIEKTPOMEXaHUKE // DIEKTPUIECTBO.
2013. Ne 3. C. 2—9.

5. Andepos K. U., Acees A. JI., I'anonos C. B., Konnes I1. C.,
IManos B. U., IMoaropaukmii D. A., Cuoexnaun H. H., Cn-
pyc P. A. HaHomatepuassl u HaHOTexHOMOTMU // MuKpocuc-
TeMHas Texauka. 2005. Ne 8. C. 3—13.

6. HanorexHojiorus B OivxaiiieM aecsatuietuu. TTporHos
HanpasneHus passutus / [lox pen. M. K. Poko, P. C. Yuib-
amca u I1. AnuBucaroca: Ilep. ¢ anrin. M.: Mup, 2002. 292 c.

7. HanoouorexHosiorust 6uoMmuMeTHIecKux memopad // Tlom.
pen. Jonanba K. Maptun. M.: Hayunsiit mup. 2012. 210 c.

8. Caporues A. I'., Illanaes B. M. DiekTpoaguHaMuKa MeTa-
marepuanoB. M.: Hayunslit mup. 2011. 221 c.

9. Bapaaan B., Bunoii K., /Ixo03e K. B4 MOMC u ux npu-
meHenune. M.: Texnocdepa. 2004. 263 c.

10. Iyn Y., Oyanc ®. Hanorexnomoruu. M.: TexHochepa.
2004. 323 c.

11. Lew H. S. Electro-Tension and Torgue in Biological Mem-
branec Modelled as a Dipole Sheet // Fluid Conductors. — Bio-
mechanics. 1972. Vol. 5, N. 4. P. 126—132.

12. Munkan B. . MonekynsipHas 3JeKTpOHHMKA Ha ITOpOTe
HOBOTO ThIcsiuenetuss // Poccuiickuii XuMWYeCKWil KypHall.
2004. T. 44, Ne 6. C. 3—13.

13. Knobel R., Cleland A. New NEMS device // Nature. 2003.
Vol. 424. P. 291—295.

14. Xappuc II. YriepomHble HAHOTPYOKM M POICTBEHHBIE
ctpyktypbl: HoBbie Marepmannsl XXI Beka. M.: TexHocdepa,
2003. 336 c.

15. Hano- 1 MakpocucTeMHasl TEXHUKA: OT MUCCIEeIOBaHUI K
paspaboTtkam / Ilox pexn. I1. I1. Manbuesa. M.: TexHocdepa,
2005. 361 c.

16. ITayn I'., Poszenoepr I'., Canoma A. JIHK-kommpiotep. M.:
Mup. 2004. 524 c.

17. Tarapenko H. U., KpaByenko B. ®. ABTOSMMCCHOHHbBIE
HAHOCTPYTYpbl M NpHOOpHl Ha MX ocHoBe. M.. dusmariur,
2006. 192 c.




18. JIykamun A. B., EmnceeB A. A. IlpumeHeHue yHKIIMO-
HaJibHBIX HaHOMaTepuajioB (MOMC, HOMC, HaHO3IEKTPOHU -
ka). M.: U3n-Bo MI'Y um. JlomoHocosa. 2007. 57 c.

19. Iyn Y. Mup matepuanoB u texnonoruii (Hanorexnomo-
run). M.: TexHochepa. 2004. 352 c.

20. Kocherginsky N. M., Moshkovsky Y. S., Osak I. S., and
Piruzian L. A. The model of biological membrane for the inves-
tigation of biologically active compounds. 1983. USSR Patent
# 1043564.

21. Yaiitr [I. C., Byacon I'. X. DiexTpomexaHudeckoe mpeod-
pazoBanue sHepruu. M.-JI.: DHeprus. 1964. 528 c.

22. Nocudbsan A. T'. DBomonusi GprU3MIecKUX OCHOB 3JIEKTPO-
TEXHUKU ¥ DJIEKTPOANHAMUKY // DnektpuuectBo. 1987, No 12;
1989, Ne 9. C. 19—26.

23. Konsuios HM. I1., Tangunan C. B., TFangunan B. B. Heko-
TOpBIE BOMPOCH 00OOIIEHHOTO (PU3NKO-MaTeMAaTUYECKOTO MO-
NeTMPOBAHUS 3JICKTPOMEXaHMISCKHUX MPeobpa3oBaTeieil Hep-
ruu // Daexrporexuuka. 1998. Ne 9. C. 25—40.

24. Serafi A. M., Kar N. C. Methods for determining the in-
termediate-axis saturation characteristics of salient-pole synchro-
nous machines from the measurement d-axis characteristics //
IEEE Transactions on Energy Conversion. 2005. Vol. 20, N. 1.
P. 197—206.

25. Sobczyk T. J. Application of higher order forms for the de-
scription of electromechanical energy converters // Archives of
Electrical Engineering, PWN, Warsaw, 2011. Vol. 60, N. 1.
P. 142—149.

26. JJaunay JI. ., Jlupmwmy E. M. Teopetnueckast dhusuka.
M.: Hayka, 1988. T. 1, 2. 336 c.

27. ®eiiman P., Jleiicron P., Conac M. PeiiMaHOBCKUE JIeK-
uuu 1o dusuke. M.: Dautopuan YPCC. 2004. T. 6. 361 c.

28. Cuagnsies H. U., Bumncosa H. T. Beenenue B Teopuio mJia-
HUpOBaHUs 3KcrepuMmenTa. M.: M3n.-Bo MI'TY um H. B. bay-
mana. 2011. 241 c.

29. Kompuio U. I1. MatemaTtuyeckoe MOAETMPOBAHUE DIEK-
TpOMEXaHUYEeCKUX TpeoOpa3oBartesieil aHepruu. M.: Boiciias
mkona. 2001. 389 c.

30. Sdapos P. K. ®uzuka CBY BakyyMHO-IIJITa3MEHHBIX Ha-
HoTexHosoruii. M.: @uamariur. 2009. 215 c.

31. Lamoreaux S. K. Demonstration of the Casimir Force in
the 0,6 to 6 pm Range // Phys. Rev. Lett. 1997. Vol. 78, N. 1.
P. 186—193.

32. BumBkoB C. A. ®a30Bbie U CTPYKTYPHBIE MTEPEXOIbI KU~
KOKPHUCTAJUIMYECKNX HaHocucTteM. M.: Bricmias mikoma. 2012.
116 c.

33. Kagomues B. B. Ilepe3ambikaHue MarHMTHBIX CUJIOBBIX
mvauit // YOH. 1987. T. 151. C. 172—184.

34. Kpuorennble siexkTpuyeckue ™awmmHbl / [lom. pen.
H. H. llepemetbeBckoro. M.: DHeproatomusnat, 1985. 207 c.

35. Boponos B. K., ITogomnenos A. B., Carnees P. 3. ®uzu-
yeckue OCHOBbI HaHoTexHosornu. M.: U3n-so YPCC. 429 c.

36. Yeynnn H. I'. MarHutHble HAHOCTPYKTYPBI U MX IIPUMeE-
nenne. M.: I'pant Bukropus TK. 2006. 166 c.

37. ®paepman A. A. MarHUTHBIE COCTOSTHUSI M TPAHCITOPTHBIE
CBOMCTBA (PeppOMArHUTHBIX HAHOCTPYKTYp // Y®PH. 2012.
T. 182, Ne 12. C. 345—351.

38. IIarakoB A. II., 3Be3nun A. K. MarHUTHO3/IeKTpUYECKUE
Marepuanbl U Myabtudeppouxku // YOH. 2012. T. 182, Ne 12.
C. 593—620.

39. Ulrich A. S. Biophysical aspects of using liposomes as ole-
livery vehicles // Bioscience Reports. 2002. Vol. 22, N. 2.
P. 328—334.

40. Crumkos C. M. KBaHToBbIe (ha3oBbie niepexoasl // YOH.
2004. T. 171. Ne 8. C. 853—860.

41. Beppu P. C., Cmupros b. M. ®a3oBbie mepexoibl B KiacTe-
pax pa3nmuyHbix THIIOB // Y®OH. 2009. T. 181, Ne 2. C. 147—177.

42. Komaes 0. B. TopounHsie yropsimoueHus1 B Kpuctayuiax //
YOH. 2009. T. 181, Ne 11. C. 1175—1190.

S. V. Gandilyan, Ph. D., Director, angastroi@mail.ru, Armelektromarsh Co., Yerevan, Armenia

Several Issues of Generalized Physical and Mathematical Modeling
of Micro- and Nanoelectromechanical Systems (MEMS and NEMS)
In the article the modern state of the electromechanical science is briefly reviewed, and certain prospective application fields of

the newest achievements in nanoscience and nanotechnology are considered in those areas of human vital activities (from medicine
up to space exploration), the scientific-technical progress in which is based on a comprehensive use of the electromechanical energy

converters.

The research considers some of the key issues (fopical points, nodal points) of the generalized (combined) physical and mathe-
matical modeling of microminiature and nanoelectomechanical systems (MEMS and NEMS).
A new generalized approach is proposed to the research of the dynamic and energetic performance of MEMS and NEMS, as

complex dynamic systems with binarily conjugated subsystems.

The presented theoretical principles and models are used as the basis for research of the electrophysical characteristics of the

biological nanostructures.

Keywords: microminiature electromechanics, nanoelectomechanics, MEMS and NEMS, binarily conjugated systems, self-

organization, electrobiology, magnetobiology

Dedicated to the 110™ anniversary of Academician Andronicus Gevondovich losif’yan

Introduction

The microsystem electromechanics, which promises a
revolutionary change in the most important areas of human
life (medical and food industry, energetics, robotics, aero-
space and military equipment, information and computer
technologies, genetics), is being developed in the leading re-
search centers of the developed countries (the USA, Japan,
EU, Russia, China and others).

The basic objects of study are the micro-miniature elec-
tro-mechanical systems (MEMS) and nanoelectromechani-
cal systems (NEMS) (fig. 1).

The system analysis of basic research in the physical-
mathematical simulation and technological manufacturing
of MEMS and NEMS at the turn of XX and XXI centuries
are shown in the numerous Russian and foreign publications
[1—10].

According to the experts, progress in the development of
theories and models of the microcosm (respectively in mi-
crosystem electromechanics) is mainly achieved by using of
more powerful computer software, and to a much lesser ex-
tent of rise of novel theoretical concepts and models.

Improvement of theoretical constructs and models, in-
depth study of electromagnetic and thermal fields, improve-
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ment of the numerical methods for study of the transient elec-
trophysical processes in tasks of the computer-aided design of
MEMS and NEMS [11—14] are important for further devel-
opment of microsystem electromechanics (especially at the
nanoscopic level).

An approach to solving of some issues of the generalized
physical and mathematical simulation that take into account
a large number of factors that determine the dynamic and
energetical characteristics of MEMS and NEMS is given in
this work.

On the assumption of the basic theoretical and techno-
logical principles of the electromechanical science and mi-
croelectronics, a clear physical and mathematical interpreta-
tion of the "MEMS" and "NEMS" terms and their classifica-
tion by dynamic and functional characteristics can be con-
sidered as the paramount.

Classification of MEMS and NEMS

From a technological point of view, the MEMS is a set of
electronic and mechanical components, made in the same
technological cycle on the basis of group techniques. A variety
of devices, circuits, equipment and subsystems in which the
dynamic processes of energy production have electromechan-
ical nature, and the structural functional elements have a size
(at least in one direction) of 0,1 pm < /< 0,1 mm, can be a
MEMS part or a finished MEMS product.

In the case of use of the nanotechnologies and nanoma-
terials in microsystem electromechanics it is necessary to use
the term "nanosystems electromechanics”.

This it is subject to the cases, where the size and power of
the electromechanical energy converters have a power com-
mensurate with a power of the biological energy transforma-
tions (the merging of the smallest man-made devices and the
largest molecules of living organisms occurs). One of the stra-
tegic directions of modern nanoscience — nanoelectrome-
chanics dominates at this level of power, which considers the
electromechanical systems with the size of the structural el-
ements (at least in one direction) of 10 nm < /< 100 nm.

The recently discovered organized nanostructures of a
material (nanotubes, molecular motors, DNA complexes,
quantum wells, molecular switches, etc.) or their subsystems
can be a NEMS part or a finished NEMS product [15—17].

Despite the similar characteristics of MEMS and NEMS
for use in microsystem engineering, the analysis reveals their
fundamental difference in the key features of dynamic and en-
ergetic states.

The main features of MEMS and NEMS are as the fol-
lowing:

o Ifin MEMS, the miniaturization of functional elements,
obeying the laws of microsystem engineering, can be
achieved with the help of models and "from up to down"
technology (top-bottom manufacturing), which in implic-
it form assume that the reduction of size of structures does
not affect on their properties and functioning; in produc-
tion of the nanosystem equipment and NEMS, the pri-
mary importance take the technology "from bottom to
top" (bottom-up manufacturing), which basis serves the
atomic and molecular synthesis (molecular assembly or
nuclear assembly).

e Since the dynamic conversion of the electromagnetic field
in MEMS is caused by the gravity (inertia) of the micro-
mechanical elements, their physical-mathematical simu-
lation can be performed using the classical laws of elec-
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trophysics of Faraday-Maxwell and the classical theory of
electrical circuits.

e Since the gravity in nanosystem engineering (NEMS) is
negligible in comparison with the forces of chemical
bonding of interatomic and intermolecular influence, the
laws of classical electrophysics and the theory of electrical
circuits should be adjusted in accordance with the laws of
quantum theory in problems of physical and mathematical
simulation of NEMS.

e If the products of the microsystem technology in the field
of MEMS by structure have purely technical nature, the
studies appear in the nanosystem technique which estab-
lish the possibility of creation of NEMS products com-
bining technical and natural functional elements, which
acting harmoniously [18, 19].

e On the basis of imitation of natural analogues (e. g., using
the capabilities and functional properties of biological
nanostructures), the work is conducted on creation of
NEMS, in which the elements of living organisms carry
out some functions (biomolecules, bacteria, etc.). Unlike
to bio-engines, NEMS created by a man on the basis of
their technical analogies can operate over a wide temper-
ature range (from low to several hundred degrees) and in
various corrosive environments. Naturally, the technolog-
ical motivation is one of the main reason for study of the
living matter at the nanoscale level [20].

About the physical principles of theoretical electromechanics

The most of state-of-the-art research in the field of the-
oretical foundations of electromechanics, especially in com-
bined problems of simulation of the generation, transmission
and consumption of electrical energy, the basic concepts are
considered from the point of view of the main provisions of
a binary-conjugated electrophysics, where processes of trans-
formation of the electromagnetic fields depend on the topo-
logical characteristics of their functional structures [21—25].

Wherein:

e analysis and synthesis of electrotechnical systems with a
working (dynamic) magnetic field, including electric in-
duction (inductive) electromechanical energy converters
(EECQ) in the entire range of the energy sector is carried
out on the basis of generalized Lagrange-Maxwell space of
energy state and equations of conversion of the electro-
magnetic field of Faraday-Maxwell;

e analysis and synthesis of electrotechnical systems with a
working (dynamic) electric field, including magneto-in-
ductive (capacitive) EEC in the entire range of the energy
spectrum is carried out on the basis of generalized binary-
conjugated space of energy state and modification of Far-
aday-Maxwell system of equations.

An important fact should be noted. If the capacitive EEC
with electrode design in Lagrange-Maxwell’s electrodynamics
are considered in section "electrostatics”, so from the point of
view of the principles of binary-conjugated electrodynamics
they get electrodynamic interpretation and are regarded as
one of the subsystems of capacitive electromechanical energy
converters [24].

This fact is evident in the super-high-frequency micro-
miniature EEC, where the magnetic flux y* made by an in-
duced working electric field creates a high-frequency voltage

V= %Vt—*, generating current I = GD%Vt—* in addition to




_do”

the current of capacitive induction I3 (7) = o caused by

the continuous redistribution of electric charges on the elec-

trodes of the inductor and the armature. Currents /; and I

are comparable in magnitude. At this, the internal dynamical

conductivity of the capacitive subminiature EEC is given by
- do

the formula G v [25].

Application of the above mentioned simulation approach
to the electromechanical systems argues the following gener-
alized interpretation of "MEMS" and "NEMS" terms.

Definition 1. MEMS is a multielemental dynamic system
(complex) of nonlinearly interacting binary-conjugated (elec-
tric- and magneto-induction) microminiature electrome-
chanical energy converters (microminiature EEC).

Definition 2. NEMS is a multielemental dynamic system
of nonlinearly interacting binary-conjugated electric- and
magneto-induction nanoelectromechanical energy converters
(nano-EEC).

If MEMS may contain nano-EEC, attempts to introduce
microminiature EEC into NEMS structures violate their ad-
vantages in comparison to MEMS.

Issues of the generalized physical-mathematical simulation
of MEMS

With the given interpretation of "MEMS" term, their gen-
eralized physical-mathematical simulation can be carried out
on the basis of studies of dynamic modes and energy charac-
teristics of the microminiature EEC based on the integral
principle [23—24], which is expressed in the following binary-
conjugated forms:

e for electroinduction (inductive) microminiature EEC

Eg(iydr = Z’:ld({mitjidli + [Jawdg;), (1)

where n — number of circuits; m; — weight; U; — speed; q; —
electric charge; ¥; — magnetic flux linkage of the i-th circuit;
o for magneto-induction (capacitive) microminiature EEC

h
Ep(dt = led(g[mj Oy dl+ [ld0; d\u;), @)

where 4 — number of voltage circuits; m; — weight; Uj* —
speed; Q;‘ — working electrical linkage; y* — magnetic flux
induced by the working electric field of the j-th voltage circuit.

The energetical functions Eg(?) and Ep (9 in equations (1)
and (2) are characterized by the intensity of interaction of
EEC with the external environment. In isolated electrome-
chanical bodies Eg= Ep = 0.

For the convenience of analysis of the dynamic phenom-
ena, especially in complex interrelated electromagnetic cir-
cuits, it is advisable the signs of energy state ¥(r, 1), q(r, ) u
Q*(r, 1), y*(r, 1) to conditionally represent in the form of axial
generalized vectors:

Y= [Wley; Q" =[Qegs;

q = ldle; vly*le,s,

3)

where ey, €g €Qrs Eyx — the unit vectors, reflecting the spatial
orientation of the respective axis of flux linkages.

In general case for complex interconnected circuits of the
microminiature EEC in the formulas (1) and (2) it is advisable

to represent the signs of energy state ¥(r, 7) and Q*(r, 7) as a
function of the vector-matrix of currents — I(r, 1) = ¢ (r, f)
and voltages — V*(r, 1) = y* (#, ?) in the form of expansions:

2
v = g d¥e,
dq &g
o .42
= y* + A

(W (rn) =

In the first approximation from (4) we get:

: av ~
Y(q(r, 1) = d—qf1+--- = Lpl+..;

. (5)
O (y*(r 1) = ZT%‘VJ"“ = CpV'+ ...,

where L/I\, = Z;y and C/’; = dQ:
q

— the matrixes of the dy-

namic inductances and capacitances of the microminiature
EEC.

From (1)—(5) we can obtain the source equations of elec-
trodynamics and electromechanics of the microminiature EEC
in the vector-matrix form:

e for inductive EEC

v

E+RDI= VL’
d [ di)

F =Yy - 4\ p. 6

oM dx L dx{ dx |’ ©)
dL,

W, = I"'=27]

L dx

where W; — energy of the working magnetic field; V;, —
voltage of generation of the external power supply; / — ma-
trix of conduction currents; /T — transposed currents matrix;
Ry = ZLP — matrix of the dynamic values of internal resist-
q

ances; F,, — electromechanical force acting on the movable
parts of the microminiature EEC,;

e for capacitive EEC

d * A * *

* d _ d *Tdc/[\) I
Fr=—Lwe= —dx{V - V}, (7)
We = V*T‘Zif’ v

where W — energy of the working electric field; I — gen-

eration currents coming into the external circuit; V*T — trans-

posed stress matrix; G, = ‘éQ* — matrix of dynamic internal
T}

conductivities; F,,, — electromechanical force acting on the
movable parts of the microminiature EEC.

Without loss of generality, we can assume that MEMS,
considered by definition 1 as a complex dynamic system con-
sists of nonlinearly interacting electro-induction (with the
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number of M) and magneto-induction (with the number N)
microminiature EEC (fig. 2).

Therefore, in the considered case, the dynamic behavior
of MEMS can be described on the basis of adjustment of the
theoretical aspects of the least-action principle for dissipa-
tive systems in a certain (M + N) — dimensional space of the
axial generalized vectors (mechanical and electrophysical
features of the energy state of the microminiature EEC) —
(o, B) = (&, PO ¢°, 90 0, 0*0) |26, 27], where the fol-
lowing labeling is accepted:

o — sub-vector of the generalized mechanical and elec-
trophysical coordinates of MEMS:

0 0 %0
a=(X,q,y );
0
X = (Xg,Xx0);

Xp = (X1, Xy, .0 Xpp)5

®)

Xo = (X1, X3 s XN);

0
q = (41,9 4y

O = (WL W e W)

B — sub-vector of the generalized mechanical and elec-
trophysical MEMS impulses:

p= (P Q")

P = (P, Po);

P, = (P, Py, ..., Py
P = (P, P, ..., Py);
Y);
0" = (0. 0. ... Q).

According to the generalized formulation of the least-action
principle for dissipative systems, simulation of the dynamic
modes of MEMS can be done in the generalized space of en-
ergy state. Multi-dimensional space (o, B) is characterized by
a certain function of the energy state — L(a., &, #) (Lagrange
function for this MEMS), where the behavior of the system
between the fixed posmons 1 (at t= tl, oy = (x1 R ql , W] ))
and 2 (at 1= t; oy = (X2 , q2, \V2 )) (fig. 3) is subjected to
the principle of extremum of full effect

&)

0
= (‘I’], lP2, ceey

)
S= jﬁ(oc, a, Ndt;

g (10)
o(f) = argminS;
a(?r)

8§ =0,

where the action S is defined as an integral-functional of the
energy function of Lagrange function — L(a, &, 7) expressed
in the form of the difference between the effective electroki-
netic — 7(a (7)) and an effective electropotential — U(a(7))
energies on the trajectory of the dynamic regime of MEMS in
a multidimensional space (a., B).

(4)—(10) give the generalized Lagrange equations of the
second kind, which is expressed in vector-matrix form:

SH-ERe o
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In (11), the following labeling is accepted:

a(f) and F O(t) — the subvectors of mechanical and elec-
trophysical generalized velocities and forces of the functional
elements of MEMS

dq’. dy™’. 0 dxp dxe).
—(1°=949 _ay -

n = ( dt’ - dt » OL= dr’ U= dt) (12)
0 d¥’. . do™. dP’

F (t)=(3= g M= t%‘ e =Tgr

where D — the generalized vector of electromotive forces op-
erating in the inductive elements of MEMS; M* — general-
ized vector of the magnetomotive forces acting in the mag-
netodischarging structures of MEMS; F,,., — generalized
vector of mechanical forces ((M + N)-dimensional), acting
on the movable elements of MEMS.

In (11), ®(a) — the generalized Raylelgh dissipative
function consists of mechanical @MeX(U L UC) and electro-
physical GDM(IO V*0) parts:

(&) = Oy (0) + DT V). (13)

In approximations (4) and (5) for d)w(lo; V*O) we have
the expression

% VO ==L OBy 1T+ VG, (14

The required Lagrangian for the generalized MEMS mod-

el can be built with the new, in this case (M* N)-dimension

interaction tensor (of mutual influence) between the mag-

netic (electric-induction) and capacitive (magneto-induc-
tion) functional elements of MEMS:

N N
S0 a0 Ky(q1, v*!) .. Ky(qy, v*?)
Ky (¢, v*) = : : . (15

Kjlv,,(qM, (AL I K;‘VJ(QM, y*M)

The generalized Lagrange function for MEMS can be rep-
resented in the form of:

where AL; ~ — a member of the Lagrangian that takes into
account the nonlinear electrophysical interaction between the
functional elements of the system of electro-induction (in-
ductive) and magneto-inductive (capacitive) action.

In general case for a complex study of dynamic processes
of MEMS, the members of the Lagrangian in (16) are given
by the following equations

0y.
H-Ui(x;,q);

0 . .0 . .0
LL =(x,q,%x,q,0) =T (x,q),

0 xC7 '*0 t) -
01— Uc(xc,q );
AﬁLc =g KN(q a\V*O)\i/*OT-

Lo=(Xc ¥ (17)

= Telxe, W

In (17), Ty, T, Uy and U are given by the following
equations
T, =T+ T}

(18)
Te= T+ T




and correspondingly

M ]

Ue= UM+ U2,

where
. TLM and Tg[ are the energies of the mechanical motion
of the movable functional elements of MEMS:

m_ 18
TL = iiglmix,,
R 20
M 1 N w2 ( )
Te = 5.2 mjx;=s
j=1
o T f and T ? — the electrokinetic energies
M M
5
2= (8 £ ki) - 000
oo e2y)

A

N N .
= (z > W! U\VJ ) — WO*CO\VO*T»
i=1j=

where L = LA

; — matrix of self and mutual inductances,

/\0 ~
and €’ =

MEMS functional elements;

— matrix of self and mutual capacitance of

. ULM and Ugl — mechanical stacking energy; UL3 and

U? — electrophysical potential stacking energies in in-
ductive — Ly; (i=1, ..., M) and capacitive — CHj

(j=1, ..., M) static elements of MEMS:
N
)
Uy = %Z 0L
i=1
(22)
g2 = L& ey
c =5 XV CuV

The joint solution of (11) and (16)—(19) completely de-
termines the dynamic behavior of generalized MEMS in all
modes of interaction of functional elements.

At this, the equations of MEMS dynamics are defined in
the vector-matrix form:

e clectrodynamics equations

WKy 2,0,
jq] +q RD+\V d *OT KNLZ_L;VT = \VCOL,
. ! (23)
dg” owdKy or . Tidq® .0
+y0Gp+q =g+ K ___q_ =4qrcs

e cquation of the electromechanical forces acting on the
functional elements of MEMS

Fo = 510 L0y + (50 € o) +

3

+(¢" Ky o)), (24)

where (']%C and \j/*COL — sub-vectors of the currents and volt-
ages between the capacitive and inductive functional elements
of MEMS:

.0 . . .
drc = Grc/1-91¢/2 - drc/m)s

(25)

. %0 - - .
VerL = (WCL/D WCL/Z’ Rt WCL/N)'

The systems of equations (23) and (24) have the universal
character for MEMS of all kinds of design and their joint so-
lution completely determines the dynamic behavior of the
generalized model of MEMS in all modes.

To investigate MEMS of a specific design it is necessary
in the tasks of computer-aided design to take into account all
the structural features of their functional elements in these
equations.

It should be noted that the basic analytical properties of

the elements of the interaction tensor K,[\‘,l(qo, \V*O) can be
summarized as:

e clements of the tensor K ][\‘,4 (qo, \u*o) are continuous func-

d

tions and have continuous derivative 7 K j/\‘,'l (g; w¥) and

satisfy the following conditions

) = lim Ky(q,v) =

. M
lim Ky (g,
q;~0 v >

M .
0<|Kn(gs w9 <ky; (26)
qmax“':nax

M ; .
[ | Ky(gyvw9)dgdy<k,,
0 0

where k| and k, — the positive values.

At the same time, dependence of the elements of the in-
teraction tensor on MEMS design parameters can be revealed
on the basis of the experimental design theory [28, 29], pre-
senting them in the form of a quadratic expansion

M *]. M
Ky (g, v j) = Ky (g,

N M N (27)
2wy 2 Z ROCAGARS
j_

i=12 .. M,

*j N
v+ AZIBiqi"'
i=

j=12, ..,

where B;, W Yjjo - — the coefficients of a quadratic forms,
determined by design features of the functional elements of
MEMS.

A good example of application of the examined theoretical
principles of the generalized simulation of MEMS it the study
of the structure of its two-element structure (M = N = 1) as
the coincident system of simple (single-phase) inductive and
capacitive microminiature EEC (fig. 4).

In the case of the stationary constraints, symmetric modes
and very small deviations from the linearity (AL; - < £; and
AL; - < L) in factorization (27), it can be limited by the
first constant term:

Ky (g, wi) = const = K,. (28)
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At this, the matrix K ]/\‘,4 is expressed in the following form:

KN = K,E, (29)

where l/?\ — identity matrix with the dimension (2Xx2).

For the mentioned two-element MEMS structure, the
equation (23) for the chain cable is expressed in the form (the
equation for armature chains):

\I’ *
thS+RS7S+KOdLZS =V
(30)
dg; . . d% .
dt + GsVs +KOE _gs
where
o !
Qs = CsVs + Cfsz;
9, — the generation current of capacitive element:
e the excitation equations for the inductor circuits
v, . .
iR =V
(32)
dQ; .
L+ Gy =i,
where
Y= Leis+ L,9;
1= Lplpt Ly } (33)
Q= G+ CyVss
o the Kirchhoff equation for the external load — R,
Ve= 9. R, (34)

The joint solution of equations (30)—(34) completely de-
termines the behavior of the electrodynamic microminiature
inductance-capacitance EEC in all modes.

In [23], the possibility of optimizing of the operating
mode of the microminiature inductance EEC via capacitive
EEC or with forming of a parallel (sequence) resonance cir-
cuit is formed on the basis of equations (30)—(34). The con-
trol parameter is the interaction matrix of inductive and ca-
pacitive EEC.

The basic research on physical-mathematical simulation
of NEMS covers the following key questions:

e simulation of energy conversion processes between the
functional elements of nano-EEC (inductor and armature).

e interaction of the nano-EEC with the external environ-
ment.

e consideration of the nano-EEC in the system of other na-
nostructures.

e a comprehensive physical-mathematical and computer
simulation NEMS [30] as a result of research.

Issues of the generalized physical-mathematical simulation
of the nano-EEC

Since the nanotubes (special bundles of nanowires) and
nanoplatelets are the basic structural cells of functional (ex-
ecutive) elements of the nano-EEC, its characteristic dimen-
sions (diameter D and thickness d) are in the range of the
quantum effects. In building of models of energy conversion
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in nanostructures, the original equations of electromotive and
magnetoinduction electromechanics (equations of transfor-
mation of the electromagnetic field of the LC-circuit in the
subdomains of inductance L and capacity C) must be adjusted
by the basic principles of quantum electrophysics, taking into
account the given nodal factor.

Along with the classical forces (friction, electrophysical
interaction, etc.) taking determining place in the microsystem
electromechanics (at distances of the order of 10 to 250 nm),
by, the force of Casimir-Lifschits in all its manifestations (the
pressure generated by the Casimir effect at these distances,
comparable to atmospheric) obtains the dominant impor-
tance in the nanosystem electromechanics and caused by the
quantum-mechanical effect of Casimir [31].

The great fundamental and practical importance of the
Casimir effect (especially in the issues of computer technol-
ogies development) is revealed after discovery of the possibil-
ity of creation of a repulsive Casimir force between the ele-
ments of complex configuration (for example, interactions of
a sphere and a plane, or more complex objects) by scientists
of the Massachusetts Institute of Technology (USA). It should
be noted that the first nano-EEC were created in 2012, which
take into account the Casimir effect [32].

The processes of energy conversion and the energy char-
acteristics of electromechanical energy converters in all their
range are highly dependent on the topological characteristics
of electrical and magnetic energy transmission features of the
functional elements.

For example, in macro-EEC this fact is expressed in the
following equivalent forms:

1. The energy transfer between the inductor and the arma-
ture is impossible due to the polarization of the magnetic flux
of the armature (power receiver) in machines of the inductive
type without losses in conditions of superconductivity of the
phase armature windings (R = 0). At this, a counteracting flow
occurs in the superconducting windings of the armature that the
mutual magnetic flow of the magnetic field is equal to zero (the
lines of the excitation magnetic force bypass the armature
coils). There is a "freezing" of the magnetic flux in the armature

N

dt

To have Cy # 0 or Ry = 0 for the energy exchange in the
armature chain of the machines to form a closed voltage cir-
cuit to change of the magnetic flux linkage of the armature
chain d¥ it is needed to enter the voltage impulse e (#)df into
the circuit of the coil.

2. A completely different process occurs in a capacitive
machines. On opening of its armature chain (in the case of the
absolute isolation R = o) there is a polarization of electrical
current of an armature. The counteracting electrical flow (re-
actions) occurs in an opened armature chain, that the mutual
coupling flow between the inductor and the armature is equal
to zero. The "freezing" of the flow of the electric field occurs

dg; _
dt

circuit e(?) = =0,¥;=constu Vg = Lgig =0, Ly = 0.

at the absolute isolation i} (f) = 0; Q; = const and

0 = CfSVS* =0; C=0.

For energy exchange, it must to have L, # 0 or R, # 0 in
the machine’s armature circuit to form a closed power loop
(the current impulse i(#)dt should be entered into the arma-

ture circuit to change the electrical armature flux linkage dQ;
[33, 34]).




This principle becomes more evident and receives more
fundamental importance for the nano-EEC (respectively for
NEMYS). In the nano-EEC, the closed energy contours of en-
ergy conversion can be carried out via:

e clectroconductive closed nanotubes — for electroinduc-
tion nano-EEC (fig. 5, a), wherein 9 = ¢, E — density of
the electric conduction current;

e magnetoconductive closed nanotubes — for magnetoin-
duction nano-EEC (fig. 5, b), where y = o, H* — the
density of the "magnetic conduction current"”.

The following important circumstances should be noted.

1. For electroinduction nano-EEC, a closed supercon-
ducting nanotube appears as the basic functional element of
energy transformation (basic unit), which energy state in the
phase space of the generalized forces of Lagrange-Maxwell
(‘P(1), q(?)) represents a fixed point of sustainability.

Similarly, for magnetoinduction nano-EEC, a closed su-
permagnetoconductive nanotube appears as the basic func-
tional element of energy transformation (basic unit), which
energy state in the conjugated phase space (Q*(?), y*(?)) rep-
resents a fixed point of sustainability [35—38].

A clear illustration of what has been said is a biophysical
view on the level of natural nanoactuators. For example, con-
sidering the states, which can the molecules of proteins and
nucleic acids take up, we are faced with the same topological
characteristics of the natural structures. For energy exchange
of molecules with the environment, it is necessary to break the
chemical bonds of the given area of a polymer backbone. The
energy costs are not inconsiderable, so at a sufficiently low
temperature and weak influence of external electromagnetic
fields the probability of rupture of the molecule is low [39].

The closed electroconductive and magnetoconductive na-
notubes in the electroinduction and magnetoinduction sub-
domains of energy transformation form around the doubly-
connected (inter-overlapping) spaces, the energy states of
which remain unchanged in weak perturbations of external
mechanical loads as well as at electromagnetic and thermal
fields that do not violate the topology of the nanostructure
and the superconducting state.

The doubly-connected spaces must be divided into simply
connected spaces as well as to the impact of electromagnetic
and thermal fields violating their superconducting state must
be considered for definition of the nanotubes’ energy ex-
change with the environment.

In the problems of physical-mathematical analysis of en-
ergy conversion in the nano-EEC, the electroconductive and
magnetoconductive nanotubes with an open end can be re-
garded as quantum-mechanical analog of the electromagnetic
oscillating LCR-circuit, the geometric parameters of which
cannot be precisely measured and characterized by the prin-
ciples of quantum electrophysics [40—42].

Deeper application of theoretical principles of simulation
of the microminiature EEC (and MEMS) for physical-math-
ematical and computer simulation of nano-EEC (and NEMS)
is a task for additional research.
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BAMAHUE TEOMETPUU MEMBPAHbI HA HEAMHEMHOCTb BbIXOAHOM
XAPAKTEPUCTUKU KPEMHUEBBIX TEH3OMPEOBPA3OBATEAEM AABAEHUSA

Ilocmynuna é pedaxyuro 01.04.2015

Ha ocnoge evibpantoeo euda ypasHenus annpokcumayuy 66IX00HOU XapaKmepucmuky 6bige0eHa (opmyaa pacuema ee Heau-
Hetinocmu. OnpedeneHsvl SMRUpUYEcKUe 3a8UCUMOCIU NAPAMEMPO8 (HOPpMYAbl OM UYECMEUMEAbHOCMU U MOAUUHbBL MEMOPAHDbL.
Jlano cpasHeHue KpemHUesbIX meH30npeodpazosameneil ¢ MEMOPAHAMU PA3AUMHOU KOHCMPYKYUU (NAOCKAS, ¢ OOHUM U MpPems.
ACECMKUMU UEHMPAMU) N0 NPeON0NCeHHOMY KOAUYECHBEHHOMY Napamempy — CKAOHHOCMU K HeAUHeUHOCmU npeodpas’o8aHus
daenenusi 6 anekmpuueckutl cuenan. Ilpoeedenvr pacuemvl HeauHelHOCMU 045 PA3IUYHBIX MUN08 MeH30npeobpazoeameneti npu

dasaenuu om 100 do edunuy klla.

Karoueesvie caosa: dasienue, men3onpeobpazoeamens, MemMopana, moawuHa, XapaKmepucmurka, HeauHeuHocms, gopmyaa,

hokasameinb, CmeneHb

BBenenune

HenuHeiiHOCTb BBIXOAHOM XapaKTEPUCTUKU SIBJISI-
€TCsl BaXKHBIM METPOJIOTUUECKUM TapaMeTpoM KpeM-
HHEBBIX TEH30IIpeoOpa3oBareneii gapieHus. Ee ompe-
JIEJISIOT U3 BBIPAXEHUS

A
2K, = 21 x 100, %, (1)
H
Vs
| A |
- 157 :
| |
| 2 |
: 1 AyH : :
| I 1 |
| I I |
| [} 1 |
| I I |
| 1 ] |
| T T - |
| 0 X, X, I

Puc. 1. BoixonHas XapakTepHCTHKAa KPEMHHEBOTO TEH30NMPeoopa3o-
BaTeNs JABJIEHUS

Fig. 1. The output characteristics of a silicon pressure tensoconverter
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rae Ay, — MakCUMAaJIbHOE I10 3HAYEHUIO OTKJIOHEHUE
XapaKTepUCTUKU OT JIMHEMHON 3aBUCHUMOCTH, pac-
CUMTAHHOM MO IBYM KPalHUM TOYKaM AMana3oHa u3-
MepsIeMOro JAaBjeHUs: HavyalbHON x = 0 M BepxHeM
= X, (puc. 1).

BrixonHas xapakTepucTUKa Mpeodopa3oBaTes Ha
KPEeMHHUEBBIX TEH30PE3UCTOpPaXx MOXET OBbITh Tpef-
cTaBjicHa B Buue [1]

y=apx(l +ax+ azxz).

Cpenu 4acTHBIX CllyyaeB alllpoOKCHMMalUW HeIu-
HEWMHOI XapaKTEepUCTUKH, II0 OLIEHKE aBTOPOB PaOOTHI
[1], BaxxeH citydait, y9MTHIBAIOIIUI TOJIBKO UCKAXKEHUS
3-i1 cTeneHu:

y = apx(l + azxz). 2)

OH COOTBETCTBYET YCJIOBUIO, KOTZIa 3aBUCUMOCTH
OTHOCUTEJIBLHOTO U3MEHEHMSI COMPOTUBJIEHUSI TEH30-
pesucTopa AR/ R oT nponoabHOi 1eopMaluy & ONK-
ChIBAIOT BhIpaxkeHUEM

AR _ 2
F—k18+k28.

0




B pa6ote [2] npu MoaenMpoBaHUY TEH30IIPeoopa3o-
BareJiel ¢ MOCTOBOM M3MEPUTEIbHON CXEMOM IS OIM-
CcaHMs BBIXOJHOM XapaKTePUCTUKHU HKCIIOJIb30BaJIOCh
BhIpaxk€HUE C KBaJpaTUYHBIM HEJIUMHEHHBIM YJIEHOM

y=ax+ azxz. 3)

Ileab padoThI

Ha ocHoBe sMOMpUYECKUX MaHHBIX O HEJIWHEH-
HOCTH BBIXOIHON XapaKTepUCTUKM TMOCTPOUTH pac-
YETHYIO MOJieJb, MMO3BOJISIIOINIYI0 CPABHUTh KPEMHUE-
BbI€ T€H30IIpeoOpa3oBaTe/iu ¢ MeMOpaHaMU pas3iny-
HOI reoMeTpMU MO UX CKJIOHHOCTU K HEJIMHEHHOCTHU
npeoOpa3oBaHUsl OABJICHUSI B DJIEKTPUYECKUN CUT-
Haj. IlomyyeHne Takoro pojaa pesyjbTaTa 0000IIe-
HUS OOLIUPHBIX SMOUPUUYECKUX JaHHBIX O HEJIMHEM -
HOCTM TIpeoOpa3oBaHUs MPU MOHUXKEHHBIX MaBJe-
Husax (o1 100 mo eauMHUIL KUomackasei) Ha OCHOBE
MpeajgaraeMoro MOJEIbHOTO OMNMUCAHMsS IS pa3HO-
TUIIHBIX TeH30Mpeobpa3zoBaTeieil MMeeT HayyHYIo
HOBU3HY, aKTyaJIbHO U ITOJIE3HO IS MPAKTUIECKOTO
MpUMEHEHUS.

MojeibHOE ONHCAHUE BBIXOIHOM XapaKTEPUCTHKH
U ee HeJMHEHHOCTH

B HacTosieid paboTe onmcaHue SMIUPUYECKUX
JAHHBIX O HEIMHEWHOCTH BBIXOMHBIX XapaKTePUCTUK
KpEeMHUEBBIX TEH30ITpeoOpa3oBaTesicii JaBICHUS C MEM-
OpaHamMy pPas3JMYHbIX KOHCTPYKIMI BBIMIOJHEHO Ha
OCHOBE aIIpPOKCUMAIINH BEIXOTHOM XapaKTePUCTUKU
HEJIMHEWHBIMU YpaBHeHUsIMU Buaa (2) u (3), B KOTO-
PBIX TTOKAa3aTeNlb CTeTICHN HeJIMHEWHOTO WIeHa He T10-
CTYJIUPYETCS, a ONpenessieTcsl IMIMPUIECKH.

BeixogHyto xapakTepucTUKY (cM. puc. 1, kpuas /)
OITICBIBAEM ypaBHEHUEM

y; = —axX" + bx = —(a*x)" + bx, 4)

IJe y — BBIXOOHOM curHan, MB/B; x — nmaBieHue.
JIuneitHast 3aBUCUMOCTL (cM. puc. 1, npsmas 2)
UMeEET BUII:

V) = cX. ®))
IIpu x = x; y; = y,, oTCIOAa
b—c=axg1_l. (6)

OTKJIOHEHHE BBIXOOHOM XapaKTepPUCTUKHU OT JIM-
HEeWHOI 3aBUCUMOCTHU

Ay =y =y =—ax"+ (b— o)x. @)

Benmunna Ay MakcumanbHa npu x = Xx,, (cM. puc. 1).
Haiinem x,, 13 ycnosus

d(ay) — —max}':“l +(b—¢c)=0,

dx

-1 m-—1
xm—l _b—c _ 9% _ %8
H ma ma m

Orcrona

X,
Xy = — )

m=4m
M3 BeIpaxeHust (8) ciaemyeT, 4TO OTHOCUTEJbHAs Be-
JWYMHA JABICHUA X,;/Xy, TIPY KOTOPOM OTKJIOHEHHE
Ay OT IMHEMHOM 3aBUCUMOCTU MaKCUMAJIbLHO, BO3pac-
TaeT MPM YBEJMYEHUN TTOKa3aTessl CTETIeHU m Heu-
HEWHOro wieHa ypaBHEeHMUS (4):

m 2 2,3 2,7 3
Xy/Xg 0,500 0,527 0,558 0,577

Hcronp3oBaHme BeTMYUHBI Ay TIpU QUKCHPOBaH-
HOM 3HaueHuu x, = 0,5x, U ONpelneNeHus dMIIU-
pUYECKOI HelMHelHocTn 2K, ABigeTcs MeToanye-
CKM HEJOCTaTOYHO KOPPEKTHBIM BBMIY BHOCHMOM
MOTPEeIIHOCTHU, OOYCOBJIEHHOUN TeM, YTO MoKa3aTesb
CTENEeHM m, KakK ITI0Ka3aHO HIXKe, OOBIYHO OOJIbIlIe
JBYX U 3aBUCHUT OT JABJICHUS, TOJIIUHBI U KOHCTPYK-
LIUM MEMOpaHHI.

MakcumaibHOe OTKJIOHEHUE Ay, HaliieM U3 ypas-
HeHus (7) Ipu X = X,;, IOACTaBUB 3HaYeHus (b —c) n
X,; 13 BbIpaxxeHuit (6) u (8):

Ayy = —ax}’:' +b—-ox, = —axH(xZ_1 - x’B”_l) =
ax xm*1
= ————E—[mel— B J = _m-1 ax? =Caxg1,
m=1/m m m™=1/m
rae Ko3hbureHT
c=_m=1_ ©)
m™=1/m

[MoncraBum mosny4yeHHOE BbIpaxeHue Uid Ay, B
ypaBHeHue (1). C yueToM ypaBHeHUS (4) MoOJyduM

Ay ax”
K =n_c M - C

y _ m
B bx, - ax,

~ cg X110
axm— 1 1
B
MOCKOJIbKY b/ame ~" > 1. Bennuuny a* = "/a Hazo-
BeM HeJIMHEeWHbIM K03 ¢uuneHToM. OTHOLICHUE He-
JIMHEMHOTO Y JIMHEHHOro KO3 OULUUEHTOB p = a*/b
ypaBHeHUs (4) XapaKTepu3yeT CKIIOHHOCTh KOHCTPYK-
UM MeMOpaHbl K HEJMHEHHOCTH IpeoOpa3oBaHUS
JIaBJIEHUSI B 3JIEKTPUUECKMII CUTHAI NMPU (PUKCHPO-
BaHHOU ToyIIIMHe MeMOpaHbl. C yueToM BBEIEHHBIX
06o3HavyeHnit nosyyeHHoe Boipaxenue (10) mua 2K,
npeodpasyeTcsl CIEAYIOLIUM 00pa3oM:

m-1 x\ M
2K, = C4 ! ’;m_l - c(‘;,i By
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OKoOHYAaTeIbHO
2K, = Cu™s" ~ 1 % 100, %. (11)

O0paboTKa SMIMPHIYECKHX JAHHBIX
0 HEJIMHEHHOCTH

ViayuinieHue MeTPOJIOTMYECKUX ITapaMeTpoOB KpHU-
CTaJIJIOB KPEMHHUEBBIX MHTETpaJIbHBIX TIpeobpa3oBare-
neit paBnenus (MUI1J1), pa3paboTaHHBIX 1 OCBOEHHBIX
B onbiTHOM mpousBoacTtBe HITK "TexHonornueckuii
meHTp", ocymectiasioch B 2000—2010 rr. mpemnMy-
ILIECTBEHHO MYyTeM M3MEHEHUSI TeOMETPUU MeMOpPaHbI
[3—7]: xBagpaTHasi 1jiockasi MeMmOpaHa (KpUCTaJLIbI
WUILI 1, UT1T 2.1, AT/ 2.2) Oblia 3aMeHeHa Ha KBajl -
paTHY0 MeMOpaHy C XeCTKUM LIEHTPOM (KPUCTaJLJIbI
Il 4M, UILO 9, UIIMO 9.1), Ha cMeHY KOTOpOit
MpUIILIIa MEMOpPaHa ¢ TPeMsI JKECTKUMU LIEHTPaMu, pac-
CPEIOTOUYCHHBIMHM MEXIY YETHIPbMS TEH30Pe3UCTOpa-
MM MOCTOBOM cxeMbl (Kpuctauisl MIT/ 5.2, UTI]L 6).
HoBoe mokoneHre KpeMHUEBBIX TeH30IpeoOpa3oBa-
tenert UTIJ 5.2, UT1J 6, UTIJ1 9.1 oxBaTwiBaeT qua-
MMa30H HOMUHAaJbHBIX AaBiaeHuii ot 1 kI1a go 40 MIla.

st KonkpetHoro Tuna kpucrtaiia MITI npu mo-
CTOSTHHOM TOJIIIWHE W INMPWHE YIaACTKOB MEeMOpaHBI
IOJI, TEH30PE3UCTOPAMU CKIOHHOCTb K HEJTMHEMHOCTH

2K, %

H?

1,0 +
0,794 +
0,631
0,501 T
0,398 T
0,316 +
0,251 +
0,200 T
0,158 +
0,126 T
0,100 +
0,079 +

0,063 T

0,050 T 36-37

0,040 +

1,03
9,45

0,032 +
0,025 +

10 13 16 20 25 32 40 50 63 79 100 S, mV/V

Puc. 2. 3aBucuMocTh HEJTMHEHHOCTH OT YYBCTBUTEJILHOCTH 1Sl KPH-
crasos UTIM 5.2

Fig. 2. The dependence of the non-linearity on the sensitivity of the
IPD 5.2 crystals
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u = const. B aToM ciyyae sMmmpuyeckue JaHHBIE O
HEJIMHEMHOCTU BBIXOJAHON XapaKTepUCTUKU TaKOro
KpUCTaJlJIa, MOJIyUeHHbIC JISI pa3jiM4YHbIX JABJICHUI,
MO3BOJISIIOT ONPENEIUTh MoKa3aTeab cTerneHu m — 1 no
yIJIy HaKJIOHA KacaTeJbHON K AAHHOU 3aBUCUMOCTH,
MpeICTaBICHHON B JIorapudMUUYECKX KOOpAMHATaX
Ig2K,, — 1g8. B3auMocBs3b MeXay 4YyBCTBUTEJIbHO-
cteio S [MB/B] u maBnennem P [klla] onuchkiBaeTcst
ypaBHEHUEM

11

S=S, P=—Xp (12)
ya )
dM

rae Syﬂ — yaeJbHas 4yBcTBUTeJbHOCTb, MB/B - kI1a;
d, TOJIILIMHA TOHKOM 4YacTW MeMOpaHBI, MKM;

.= AS’del\z4 — II0Ka3arellb YyBCTBUTEIbHOCTUA KOH-
CTPYKLIMM; KOHCTaHTA IJIsi KOHKPETHOTO TUMA KpHU-
crayuta UITJ [3].

CKJIOHHOCTb K HEJIMHEHOCTU OIpenesieTcs: U3

BbIpa>KCHUA

13)

IIpencTtaBneHHbIe HUXE PE3YabTaThl OMpPeAeICHUS
rnokaszaTeJis CTerneHu m — 1 ¥ CKJIIOHHOCTU K HEeJIMHEe ! -
HOCTH u AJ1s1 pa3nuyHbIx KpuctawioB UITTJ 6a3upyrot-
Cs Ha SMIIUPUYECKUX rpadurKax 3aBUCUMOCTU HEJU-
HEWHOCTU OT YYBCTBUTEJIIbHOCTU, OMYOJUKOBAHHBIX B
pabotax [4—7], a TakXke Ha psilie APYTUX Pe3yJibTaToB
U3MEPECHUMN TEH30MOMYJIC NaBJIE€HUS ¢ KpUCTaJIaMU
HTII.

Ha puc. 2 npencrasieHbl TpadUKu 3aBUCUMOCTHU
HEJIMHEWHOCTU BBIXOJHOIN XapaKTepUCTUKU OT UyBCT-
BUTENbHOCTU Wi KpuctawioB UITI 5.2 B morapud-
MUYECKMX KOOpAWHATAX AJISl TPeX 3HAUEHU I TOIIMHBI
MeMOpaHbl TpU Tojavye AaBjeHWS Ha BHITPABICHHYIO
cropoHy MeMOpanbl. Kpucrayr UITJ 5.2 cHaGxkeH
MeMmOpaHoii (04,2 MM) C TpeMs XXeCTKMMM LIeHTpamMu
[6; 7]. Kaxnas Touka Ha rpaduKax puc. 2 MmojaydyeHa
10 CPEAHUM 3HAYEHUAM IapameTpoB 2K, u S 11 He-
CKOJIBKMX (3—6 1IT.) TeH30MOIyJIell ¢ KpUCTaIaMU
HII 5.2, uMerolnMuy MpakTUYECKU OJMHAKOBBIE TOJI-
LUMHY U OPYTUe pa3Mepbl MEMOPAHbI, KOTOPBIE BIUSIIOT
Ha HeauHeiHocTh [5]. Kak BugHO U3 puc. 2, yMeHb-
LIEHWE TOJIIMHBI MeMOpaHbl MPUBOAMUT K YyBEIWYeE-
HUIO HEJIMHEWHOCTU BO BCEM JMAINa30HE U3MEHEHUS
YYBCTBUTEIbHOCTH.

I'pacduku Ha puc. 2 OTKJIOHSIIOTCS OT JIMHEWHOM
3aBUCUMOCTU. DTO O3HAUYaeT, UTO MOKa3aTesb CTerne-
HU m — 1, omnpenensieMblil 1O yrjly HakjJoHa Kaca-
TeJIbHOM, YBEJIUUYUBAETCSl C MOBBILIEHUEM YYBCTBU-
TeJIbHOCTU (IaBJIeHUS), a TaKXKe IpPU YMEHbIICHUU
TOJIIUHBI MeMOpaHbl. JIJIsi 1Mamna3oHa TUITOBBIX 3Ha-
yenunii S = 20...40 MmB/B cpennue 3HaueHnss m — 1 u u
NMpUBEACHBI HA pUC. 2.




2K, %

u

10 +
0,794 +
0,631
0,501
0,398 +
0316 T
0251 +
0,200 +
0,158 +
0,126 +
0,100 +
0,079 +
0,063 +
0,050 +
0,040 +

0,032 +

} 1 ! ! | 1 1 1 1 1

10 13 16 20 25 32 40 50 63 79 100 S,mV/V

Puc. 3. 3aBUCHMOCTb HEJMHEHHOCTH OT YYBCTBUTEILHOCTH IS pa3-
Juynbix Kpucramuios UITJL

Fig. 3. The dependence of the non-linearity of the sensitivity of different
IPD crystals

Ha puc. 3 npeacrtaBieHbl TpaUKu 3aBUCUMOCTU
HEJIMHEMHOCTU OT YYBCTBUTEJIbHOCTH IS KPUCTAJLIIOB
HIIJ ¢ pa3nuuyHOi KOHCTPYKIIMEN KBagpaTHOU MeM-
OpaHBbl IIpU ITOYTH OJMHAKOBBIX €€ rabapUTHBIX pas3-
Mepax. [lapaMeTpbl KPUCTAJUIOB M BBIYUCIICHHBIC JIJIST
HUX I0 rpaduKaM cpeH1e 3HaYeHUsI TTOKa3aTesl CTe-
meH m — 1 M CKJIOHHOCTHU K HEJIMHEMHOCTU [ MPU-
BeJeHbl B Ta0J. 1 I Arana3oHa TUIOBBIX 3HAYEHUI
S =25...50 MB/B.

Pe3yiabTaThl 00padOTKM W MX 00CYXKIeHHE

IIpencraBneHHble rpauKy U pe3ybTaThl UX 0Opa-
0OTKM HATJISIAHO WLIIOCTPUPYIOT CYLLIECTBEHHOE CHU-
JKeHWE HEeJIMHEHHOCTH TpeoOpa3oBaHuWs JaBJIeHUS] B
9JIEKTPUUECKMI CUTHAJI TPU 3aMeHe IIJIOCKOM MeM-
OpaHbl Ha MeMOpaHy ¢ xkecTKuM LeHTpoM (K1) u pu
MOCJIeAYIOIEM MEPEeXo/ie Ha UCIOJb30BaHKEe MeMOpa-
HBI C pacCpeaOTOYEHHBIM XKECTKUM LIEHTPOM (P)KH%.
Kpucrann UM 9 npu d,, = 27 mxm (u = 15,6 - 10 )
o0ecrneynBaeT TaKylo XXe HEeJIMHEWHOCThb Mpeodpas3o-
BaHud Kak kpucraur WUIIA 2.1 npu d,, = 39 Mxm
(n=16- 10_3), a xpuctann UIJ 6 nipu d,, = 21 Mxm
(n=12,1"- 10_3) TMO3BOJISET MOJTYYaTh BBIXOTHYIO Xa-
PAKTEepUCTUKY C ellie MEeHbllIell HeJIMHEWMHOCThIO. B pa-
6ote [1] TyTeM TeopeTMUYECKMX BBHIKJIALOK ITOKa3aHo,

YTO OTKJIOHCHUE OT JIMHEWHOCTU IJISI TIOCKOW MeM-
OpaHbl IPONOPLIMOHATIBHO dhzg , T. €. OHO OYEHb CUJIb-
HO BO3pacTaeT ¢ YMEHBIIIEHUEM TOIIIINHBEI MeMOpaHbI,
OrpaHUYMBasi TEM CaMbIM BO3MOXHOCTb MCIIOJIb30Ba-
HUS TUIOCKOW MeMOpaHbl B KauecTBE YIpPYroro sje-
MEHTa IIJI1 U3MEePEeHUsT HU3KUX AaBJIeHUI. DTO 3aKIII0-
YeHHEe XOPOILIO COIlacyeTcsl ¢ MpeacTaBIeHHBIMU SM-
MUPUIECKUMU JaHHBIMHU.

I'paduiku 3 u 4 Ha puc. 3 nnsg kpuctauioB UTT 9
u UIIJl 6 OTKIOHSIOTCS OT JIMHEWHOM 3aBUCUMOCTU
aHajoruyHo rpacdukaM st Kpuctaia UITI 5.2 Ha
puc. 2. B pesyabraTe 00pabOTKM COBOKYITHOCTH MMEB-
LIUXCSl SMIMPUUECKUX JaHHBIX paccMaTpuBaeMoi 3a-
BUCUMOCTH 2K, OT S IIpU PA3IUYHBIX TOJILLIUHAX MEM-
OpaHbl AJIS1 3TUX TUIIOB KPUCTAJIOB ObLia BBISIBJIEHA
TECHas perpeccusi MeXIy rokas3aTejieM CTereHu m — 1
W 3HAYEHUSIMU TOJIIMHBI MEMOpPaHbl U UyBCTBUTEb-
HOCTH:

— st kpuctayia UTT 9

m—1=195+ (1,155—3,9d,) 1072  (l14a)
— g kpucrauia UTTJT 6
d
m—1=2,05— FM (146)
— n1s1 kpuctanna UITI 5.2
d
m—1=18—-0,6-2. (14B)

S
3HauyeHus MmokKasarelisi CTeleH! m, paBHbIC IBYM M

TpeM, O BbIOOpE KOTOPBIX 11j1a peub B padbortax [1, 2],
SIBJISTIOTCSI TIPAKTUUECKM KpailHMMY 3HAUYEHUSIMU T1a-
Mna3oHa, B Mpeleaax KOTOPOro 3aKJIIOUEHbl PeaslbHbIC
3HAUCHUS M HEJIMHEHHOTO 4JieHa ypaBHeHUs (4), BbI-
OpaHHOTIO JJIs1 OMMCAHUSI BBIXOAHOM XapaKTepUCTUKU
KPEeMHUEBBIX TeH30IIpeoOpa3oBaresieii TaBIeHNs.

Tabnuua 1
ITapamerpsi kpuctamios UIIJI, npeacrasienHsix Ha puc. 3
Table 1
The parameters of IPD crystals presented in fig. 3
No rpa- | O6o3Ha- Pazmep
buxa YeHHEe Tun MeMmOpa-
puc. 3 | kpucrania | MeMOpaHbl | HBI, MM | dyp m—1 K,
M of | Identifi- Type of Size of | um x1073
picture cation membrane | membrane,
on fig. 3| number mm
1 WIIO 2.1 |Tlnockas 2,0 321 1,92 18
IPD 2.1 Flat
2 WIIA 2.1 |Ilnockas 2,0 39 | 1,60 16
IPD 2.1 Flat
3 HIia 9 C XKL 2,2 27 | 1,33 | 15,6
IPD 9 With a rigid
center
4 HI1a 6 CPXI 2,2 21| 1,47 | 12,1
IPD 6 With a
distributed
rigid center
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Puc. 4. 3aBHcHMOCTb CKJIOHHOCTH K HEJIHHEHHOCTH [ OT TOJIIMHbBI
meMOpanbl d,, 17 Pa3IHMUHBIX KPHCTAJIOB KPEMHHEBBIX TEH3OINpe-

o0pasosareneit nasnenusi: [ — I 2.1; 2 — UTIA 9; 3 — UIIJ 6;
4 — UM 4M, 5 — UTIAO 5.2

Fig. 4. Dependence of the propensity to non-linearity of u on the
membrane thickness d,, for different crystals of silicon pressure

tensoconverters: 1 — IPD 2.1; 2 — IPD 9; 3 — IPD 6; 4 — IPD 4M,
5—1IPD 5.2

Ha puc. 4 npencraBieHbl 3aBUCUMOCTU CKJIOHHO-
CTU K HEJIMHEUHOCTH | BBIXOJHOW XapaKTEPUCTUKU OT
TOJIIMHBI MEeMOpaHbl JISI KPUCTAJIOB KPEMHUEBBIX
TeH30IIpeoOpa3oBaTesicii JaBJIEHUs ¢ Pa3IMYHON KOH-
CTpyKIIME MeMOpaHbl. YUCIEHHbIE 3HAYEHUS | OTl-
peneseHbl T0 COBOKYITHOCTA MMEBLLIMXCS dMITUpUYE-
CKMX NaHHBIX, BKIIoYas nyomukaumu [4—6]. Kpu-
crann UITJ 4M cHaGxeH memOpaHoi (03,4 MM) C
JKECTKUM LIEHTPOM; CBEIEHUSI 0 MEMOpPaHE IPYIUX Kpr-
cTajijIoB NpuBeaeHbl Boille. [Tociae 06paboTKu 3MMu-
pUYECKUX MaHHBIX, MPEeACTaBISHHBIX Ha Ipadukax 2,
3, 5 puc. 4, moJay4yeHbl ypaBHEHUSI PeTpecCcuin, OMMUCHI-
BaIOILME B3aUMOCBA3b U U d,:

— st kpucrana UL 9 p = 0,144,715 (15a)
— s xpucrana UTI 6 p = 0,324, (156)
— mg kpuctamia UTT/ 5.2

w=(22,3—0,35d,) 107>, (158)

PacyeTbl HeJIJMHEHHOCTH MO SMHHpH‘leCKOﬁ MOICIA

B Tabn. 2 npenacraBieHbl pe3yabTaThl MOCIEA0BA-
TEJbHOCTU pacyeTa HEeJIMHEHUHOCTU BBIXOJHOM Xapak-
TepUCTUKHU o opmyJie (11) st Tpex TUIIOB KpUCTa-
noB UIIJI npu 3apaHHOM HOMUHAJIBHOM JaBJICHUMU U
TOJIIIMHE MEMOpaHbl Ha HMXKHEW TrpaHuLe (d;dn ™y u
nocepeanHe (d,,) moas momycka. Pacuer HariassmHo
WITIOCTPUPYET IpenMylectBo Kpuctamia WMITI 6 mo
cpaBHeHuto ¢ kpuctasuiom UIT 9 [4] mo mapamerpam
BBIXOAHOI XapaKTePUCTUKU: MPU ONUHAKOBOM JaBJjie-
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aun 40 kIla UITJ 6 umeer B 3,3 paza MEHBIIYIO He-
JIMHEMHOCTD Ipu OoJjiee BBICOKOM (B 1,2 pasza) 4yBCT-
ButTelbHOCTU. Pacuer ms xpuctamia U 5.2 moka-
3BIBAET, YTO 3TOT KPUCTAI TIPU dy, = 26 MKM IIpUTO-
JIeH JUIST 9YeThIpeX TUTIOHOMWHAJIOB HU3KWX JaBJICHUI
(2,5; 4; 6,3; 10 xI1a) mpu AOCTATOYHO BBICOKHX Tpe-
0OBaHMSX K TTapaMeTpaM BBEIXOTHOM XapaKTePUCTUKU:
HenmmHeHocTb <0,5 %, ayBcTBUTETRHOCTE >10 MB/B.

Pacduer HemHETHOCTY IJ1 ABYX TOJIIIMH MeMOpa-
HbI MPU MOCTOSIHHOM JaBieHUU (Tabj. 2) UIUTIOCTPU-
PYET 3aBUCUMOCTb 2K, OT d,, Ip1 NIPOYMX PABHBIX YC-
JoBHsAX. JlaHHAsT CHUTyaIvsl XOpOIIO peaju3yeTcs], B
YaCTHOCTH, TSI KPUCTAJLJIOB, B3SITBIX C OTHOM Y TOM Xe
iacTuHbl. I onucaHusl yKazaHHON 3aBMCUMOCTHU
HCIOJIb3yeM YpaBHEHUE BUIA

2K, = Ad ¥, (16)

rone A — KoHcTaHTa, kK — TIoKa3aresib cTereHu. Bemm-
YUHY kK onpeAesIMM U3 pacueTHbIX JAHHKIX IO hopMmysie

_ 122K;;/2K})

k —
lg(dy/dy )

a7

PacueT rmoka3sIBaeT, YTO TIPU YMEHBIIIEHUH TOJIIIH -
HBI MeMOpaHBl HEIMHEMHOCTh BO3pacTaeT 3HAUNTEIb-
HO OBICTpEE, YEM YYBCTBUTEIbHOCTD: 2K, ~ d > , TO-
rma Kak S ~ d;dz. [1pu 3TOM BIMSIHYE TOJILMHBI HA HE-
JIMHEMHOCTh YCUJIMBAETCS TPU YBEJUUYEHUH TaBJICHUS,
0 YeM CBUJIETEJILCTBYIOT PE3YJIbTaThl pacueTa ISl KpU-
crajia UITJI 5.2 (ta6n. 2). CneayeT MogYEepKHYTh, YTO
M3MEHEHHUE TOJIIMHBI MeMOpaHbl TPHU TOCTOSSHHOM
JABJICHUH MPUBOANT K U3MEHEHUIO 3HAUEHUI BCexX uJie-
HOB ¢opmyibl (11).

A sMIMpUYEeCKUX MAHHBIX 1O HEJIMHEHHOCTU
TOYHBIC 3HAUYCHUS TOJIIMHBI MeMOpaHbl KPUCTAJLIOB,
Kak TIpaBWJIO, OTCYTCTBYIOT. B aTOM ciyyae mokasa-
TeJIb CTEIEHU K MOXHO BBIYKCJIUTH 110 (hopMyJie

_ 2lg(2K/2K)) (18)

1g(S,/5))

Mg sMIupuvecKoil 3aBUCMMOCTH HEJIMHEHHOCTH

OT YYBCTBUTEJIBHOCTM TMPU TOCTOSIHHOM JaBJIeHUU

10 xITa u cpenHeii TojlKHEe MeMOpPaHbI 25 MKM IS

kpuctasioB UITJ 5.2 (BapuaHT A), npencTaBieHHON

B pabote [5, puc. 4, kpuBas /], MOIy4eHHI CIeAYIOIINe

3HAUCHUS TTOKa3aTes CTENEeHU K AJIsl TpeX UHTEPBaJIOB
YYBCTBUTEJIbHOCTH:

S, mB/B 18...24 24..30 30...36
k 3,55 4,4 4,9
B maHHOM ciydae yBelIM4YeHUE YyBCTBUTEIBHOCTH

00YCJIOBJIEHO YMEHBIICHUEM TOMIIMHBI MeMOpaHbl. 13
MOJIyUeHHBIX 3HAYEHUI Kk clieyeT, YTO MpU YMEHbIIe-




Tabnuua 2
Pe3yabTaTel NOCI€I0BATEILHOCTH PACYETOB HEJIHHEHHOCTH
IJig Tpex TunoB Kpuctauios UIIJT
Table 2
The results of the calculation’s sequences of the nonlinearity
for three IPD crystals

Ne Tum Kpucramia
IMapameTp dop- Type of a crystal
Onfi MYJIBI
)ption

Formu-| A9 |UITA6 (UITA 5.2 (U1 5.2
laNe | IPD 9| IPD 6| IPD 5.2 | IPD 5.2

INokazaresb 4yBCT-
BUTENBHOCTH 1,
Sensitivity index

11

K4

— 320 460 3200 3200

Homunanbhoe
nasnenue Py, xIla

Nominal pressure
P, kPa

JloImycK Mo TOJIIIM-
HE MEMOpaHBI

d::dx - d:;m, MKM
Tolerance on the —
thickness of the
membrane, um

max min
dM - dM

25—19|27—-21| 29—-23 | 29-23

YyCTBUTEILHOCTD
S, mB/B (12)
Sensitivity S, mV/V

20,5— | 252— | 152— | 38,0—
355 | 41,7 | 242 60,5

IMokasatenb crere-

min

Hu m — 1 npu d,

Exponent m — 1 at
min

dM

(14) | 1,62 | 1,55 | 1,23 1,57

CKIJIOHHOCTb K
HEJIMHEMUHOCTHU 1
npu dy", x1073

Tendency 1o non- | (15) | 20,05 | 11,41 | 1425 | 14,25

min

linearity p at d,;
x10~

Koadduumenr C

min

npu d,
Coefficient C at
d:l’lll’l

) 0,341 | 0,332 | 0,287 0,335

HemueitHocTthb
o
2K mipu d,", %

Non-linearity 2K’ (11) | 0,394 | 0,120 | 0,111 0,378

at dy "%

HenuneitHocTh

2K, npu d,, =

=0.5(ar™ — o),

%

Non-linearity 2K, (11) | 0,204 | 0,065 0,085 0,226
at d, =

=0,5(d[|\:1ax _d:lin);

%

INokazarenb

crereHu k 17) 4,49 4,59 2,18 4,19

The exponent k

HUU TOJIIWHBI MeMOpaHbI ee BIMSHUE Ha HeJTWHEH-
HOCTb YCUJIMBAETCSI.

[IpoaHnamm3upyeM pacYeTHBIM IIyTeM BJIUSHUE
YMEHbILIEHUs] HOMUHAJIBLHOIO JaBJEHMSI Ha HEJIMHEH -
HOCTb BBIXOIHOM XapakTepucTuku Kpucraaia UITJT 6
MPU MOCTOSTHHOM 4yBCTBUTENBHOCTH S = 36 MB/B:

P, xIa 100 63 40 25
d,,, MK 357 284 226 179
2K, % 0,035 0,051 0,084 0,150

W3 pe3ynabTaToB pacyeTa CeoyeT, YTO B CiIydyae
CHIDKEHMSI HOMMHAJIBHOTO AaBJIeHWsT mpu S = const
HEJIMHEMHOCTh BO3pacTaerT.

3akmouenne

Ha ocHoBe BhIOpaHHOTO BHMAa ypaBHeHMSs (4) am-
MPOKCHMMALIMM BBIXOAHOM XapaKTepUCTUKU BbIBEAEHA
¢dopmyna (11) mist pacyeTa ee HeIMHEMHOCTU. B coue-
TaHUU C TMOJYYEHHBIMU SMIIMPUYECKUMU 3aBUCUMO-
ctsimu (14) v (15) oHU BIIOJIHE aeKBAaTHO OMKUCHIBAIOT
BJIMSIHUE YYBCTBUTEJIBHOCTU, TOJIIMHBI MEMOpPAHbI U
€€ KOHCTPYKLIMM Ha HEeJIMHEMHOCTh BHIXOJHON Xapak-
TEPUCTUKM KPEMHHUEBBIX TEH30IMpeodpa3oBaresicii B
auarasoHe aapieHuid ot 100 mo eguHMIL KMjlonacka-
Jieii. HauMeHbliy10 CKIIOHHOCTh K HEJIMHEHHOCTH IIpe-
00pa3zoBaHUs NaBJICHUS B DJICKTPUUECKUI CUTHAT UMe-
IOT KpEeMHHEBBIE TEH30IIpeoOpa3oBaTesiv, CHaOXKEeH-
Hble MEMOpaHOI ¢ TpeMsl KeCTKUMU LIeHTpaMHu.

Hccnedosanue nposodusoce npu noddepicke Mun-
obpHayku Poccuu 6 pamkax eocyoapcmeennHo2o 3a0anus
Ha 2015 eod (npoexm Ne 3571).
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Effect of the Membrane Geometry on the Nonlinearity of the Output Characteristic

of the Silicon Pressure Strain Transducers

On the basis of the selected kind approximation equation of the output characteristic a formula for calculation of the output
characteristic of nonlinearity was derived. The empirical dependences of the formula’s parameters on the membrane nonlinearity
and thickness were determined. Comparison of the silicon pressure strain transducers with a different membrane construction (flat,
with one and three solid centers) by a proposed quantitative characteristic — tendency to nonlinearity of the pressure transduction
to the electric signal was made. Nonlinearity calculations for different types of the strain transducers at a pressure from 100 down

to several units of kPa were carried out.

Keywords: pressure, strain transducers, membrane, thickness, characteristic, nonlinearity, formula, index, degree

Introduction

The non-linearity of the output characteristic is an im-
portant metrological parameters of silicon pressure tensocon-
verters. It is determined from the expression

2K, = A 100 %, (1)
B
where Ay, — a maximal deviation of characteristic from lin-
earity calculated by the two extremes of a range of measured
pressure: initial x = 0 and top x = x, (fig. 1).
The output characteristics of the converter on silicon re-
sistive-strain sensors can be represented as [1]

y=ap(l + ax+ azxz).

Among the special cases of approximation of a non-linear
characteristic, according to [1], the case of only distortion of
the 3" degree is important:

y = apx(l + ay?). ()

It corresponds to the condition when the dependence of the
relative change of resistance of a resistive-strain sensor AR/R,
of the longitudinal strain ¢ is described by the expression

AR _ 2
-R— _k18+k28.

0
In [2] the expression with the quadratic nonlinear term is
used for simulation of the tensoconverters with a bridge meas-
uring circuit to describe the output characteristic:

y=ax+ azxz. ®)]

Work objective

A computational model is based on the basis of empirical
data on the non-linearity of an output characteristic, that al-
lows to compare silicon tensoconverters with the membranes
of different geometry by their tendency to nonlinearity of
pressure conversion into an electrical signal. Obtaining of
such a result of generalization of empirical data on the non-
linearity of the transformation under reduced pressure (from
100 to a few of kilopascals) based on the proposed model de-
scribing for the different types of tensoconverters has scientific
novelty, relevance and usefulness for practical application.

Model description of an output characteristic
and its nonlinearity

The description of the empirical data on the non-linearity
of the output characteristics of the silicon pressure tensocon-
verters with the membranes of various designs is made on the
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basis of approximation of the output characteristics of the
nonlinear equations of the form (2) and (3) in which the ex-
ponent of the nonlinear term is determined empirically.

An output characteristic (see. fig. 1, curve ) is described
by equation

v = —ax™ + bx = —(a*x)" + bx, 4)

where y — an output signal, mV/V; x — a pressure. The linear
dependence (on fig. 1, line 2) has the form:

¥y = cx. (3)
when x = x; y; = y,,
b—c=ax""". (6)

The deviation of an output characteristic of the linear de-
pendence is

Ay =y —y=—ax"+ (b— o)x. @)

The value of Ay is maximal at x = x,;. Let us find x,, from
the conditions

d(Ay) =-—max”""' +(b—¢) =0,

dx
m—1 m—1
xm—l :b_c:aXB :XB
H ma ma m
Hereof
X
Xy = B, (8)
-1
m «/;1

From (8) it follows that the relative amount of pressure
Xy/Xg, Where the deviation from the linear dependence Ay is
maximal, increases with increasing of the exponent m of the
nonlinear term of the equation (4):

m 2 2,3 2,7 3
X/%y 0,500 0,527 0,558 0,577

Using Ay at the fixed x,, = 0,5x, for determining of an em-
pirical nonlinearity 2K,; is methodically not enough accurate
because of the error caused by the fact that the exponent m,
as shown, is typically greater than two and depends on the
pressure and the thickness of the membrane’s structure.

The maximum deviation Ay, we can found from equation
(7) at x = x,, substituting (b — ¢) and x,, of the expressions (6)
and (8):

_ m _ m—1 m-1, _
Ay, = —ax, + (b— ox,; = —ax,(x; - X, )=
-1
ax, m-1 X;n m-—1 m m
= Xy, ———| = ———ax, = Cax,,
m—w m mm—w




where the coefficient

C= _m-1 ) 9)
m"=/m
Let us substitute the obtained expression for Ay, in equa-
tion (1). In view of the equation (4) we will get:

~ cg "1 (10)

since b/ax""" > 1.

The value a* = "/a let us name a non-linear coefficient.
The ratio of non-linear and linear coefficients p = a*/b of the
equation (4) describes the tendency of the membrane’s con-
struction to the non-linearity of the pressure conversion into
an electrical signal at its fixed thickness. In view of this given
notations, the expression (10) for 2K, is converted as follows:

m-1 N}
2K, = cax! ’]% = c(‘;’z pm =1yt

Finally
2K, = Cu"s™~ 1 x 100, %. (11

Processing of empirical data on non-linearity

Improving of the metrological parameters of crystals of sil-
icon integrated pressure transducers (IPT), which were de-
signed and developed in the pilot production by SPC "Tech-
nology Center", was carried out in 2000—2010 mainly by the
change in the geometry of the membrane [3—7]: the square
planar membrane (crystals IPD 1, IPD 2.1, IPD 2.2), which
were replaced by a square membrane with a hard center (crys-
tals IPD 4M, IPD 9, IPD 9.1), which were replaced by a mem-
brane with three rigid centers dispersed among four strain gaug-
es of a bridge circuit (crystals SDI 5.2, IPD 6). The new gen-
eration of silicon tensoconverters IPD 5.2, IPD 6, IPD 9.1
covers a range of nominal pressures from 1 kPa to 40 MPa.

For a particular IPD crystal, the propensity to non-line-
arity is p = const, at a constant thickness and width of areas
of the membrane under the strain gauges. The empirical data
on the non-linearity of the output characteristic of such crys-
tal for different pressures enable to determine the exponent of
m — 1 by the slope of the tangent to this relationship, repre-
sented in the logarithmic coordinates 1g2K,, — 1gS. The rela-
tionship between the sensitivity S [mV/V] and pressure P
[kPa] is described by the equation:

H‘;“ P, (12)
dM

§=Sy,P=

where S, — a specific sensitivity mV/V - kPa; d,, — a thick-
ness of the thin part of a membrane, um; 17, = Sy, d,, — an
indicator of the sensitivity of the structure; a constant for a
particular type of IPD chip [3].

Tendency to nonlinearity is defined by the expression

hk 107
W= m W (13)

The presented results of determination of the exponent
m — 1 and the propensities to nonlinearity p for different IPD
crystals are based on empirical plots of dependencies of a non-

linearity of a sensitivity [4—7], as well as on a number of other
measurements of pressure tensomodules with IPD crystals.

Fig. 2 shows the graphs of a dependency of a non-linearity
of the output characteristic of the sensitivity of the IPD 5.2
crystals in the logarithmic coordinates for the three mem-
brane’s thickness when pressure is applied to its etched side.
The IPD 5.2 crystal has a membrane (04,2 mm) with three
rigid centers [6; 7]. Each point in fig. 2 is obtained by the av-
erage parameters 2K, and S for a few (3—6 pcs) tensomodules
with the IPD 5.2 crystals, having almost the same thickness
and other dimensions of the membrane, that affect the non-
linearity [5]. Reducing the thickness of the membrane leads
to an increase in non-linearity over the entire range of sen-
sitivity.

The charts deviate from linearity. This means that the ex-
ponent m — 1, determined by the slope of the tangent in-
creases with rising of the sensitivity (pressure), and by re-
ducing of the thickness of the membrane. For a range of
standard S = 20...40 mV/m, the middle m — 1 and p are
shown in fig. 2.

Fig. 3 shows the dependency graphs of the non-linearity
on the sensitivity of the IPD crystals with different design of
a square membrane with almost identical its dimensions. The
parameters of crystals and the average degrees of m — 1 and
the propensities to non-linearity u calculated for it are given
in table 1 for a range of standard § = 25...50 mV/V.

Processing results and discussion

The graphs and its processing results illustrate a significant
reduction in the non-linearity of pressure conversion of into
an electrical signal when changing a flat membrane to the
membrane with a rigid center, and at the subsequent transi-
tion to the membranes with the distributed rigid center. The
IPD 9 crystal at d,, = 27 pm (p = 15,6 1073) provides the
same non-linearity conversion as the IPD 2.1 crystal SDI
conversion at d,, = 39 um (u = 16-1073), and the IPD 6
crystalat d,, = 21 um (p = 12,1+ 10_3), that allows to receive
the output characteristic with an even smaller nonlinearity.
The theoretical calculations in [1] show that the deviation
from the linearity for a flat membrane is proportionally to
d];g, i.e. it greatly increases with decreasing of its thickness,
limiting the possibility of using of the flat membrane as a re-
silient element for measuring of the low pressures. This con-
clusion is consistent with the given empirical data.

The charts 3 and 4 (fig. 3) for IPD 9 and 6 crystals de-
viate from the linear dependence similar to the charts for the
IPD 5.2 crystal (fig. 2). Processing of the aggregate empirical
data of a depending 2K, on § at different membrane’s thick-
nesses of these crystals revealed a close regression between the
exponent m — 1 and the membrane thickness and its sensi-
tivity:

— for IPD 9 crystal

m—1=195+ (1,155 - 3,94d,) 1072 (14a)
— for IPD 6 crystal m — 1 = 2,05 — %4 (14b)
— for IPD 5.2 crystal m — 1 = 1,8 — (),6%“,‘. (14¢)

The exponents m, equal to 2 and 3, which choice was dis-
cussed in [1; 2], are almost extreme values of a range within
which the real value of m of the nonlinear term of the equa-
tion (4) are signed, which is selected to describe the output
characteristics of the silicon pressure tensoconverters.
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Fig. 4 shows the dependence the propensity of u to non-
linearity of the output characteristic of the thickness of a
membrane for crystals of the silicon pressure tensoconverters
with different design of the membrane. The numerical values
of u are determined by the aggregate empirical data, including
[4—6]. The crystal IPD 4M is equipped with a membrane
(03,4 mm) with a rigid center; the information on the mem-
brane of other crystals are given above. After processing of the
empirical data of graphs 2, 3, 5 (fig. 4), the regression equa-
tions describing the relationship of u and d,, were obtained:

— for IPD 9 crystal p = 0,144, (15a)

— for IPD 6 crystal p = 0,324, (15b)

— for IPD 5.2 crystal p = (22,3 — 0,35d,) - 1073 (15c)

Calculations of the non-linearity by an empirical model

Table 2 shows the results of the calculation’s sequence of
the nonlinearity of an output characteristic according to the
formula (11) for three IPD crystals at predetermined nominal
pressure and membrane thickness at the lower limit (d,")
and in the center (dy ) of the tolerance band. The calculation
illustrates the advantage of the IPD 6 crystal in comparison
to IPD 9 [4] by the parameters of an output characteristic: at
the same pressure of 40 kPa, IPD 6 has the non-linearity by
3,3 times less at higher sensitivity (by 1,2 times). The calcu-
lation for IPD 5.2 shows that the crystal at dy = 26 um is
suitable for four values of low pressures (2,5, 4, 6,3; 10 kPa)
at the high requirements to the parameters of the output char-
acteristic: non-linearity <0,5 %, sensitivity =10 mV/V.

The calculation of non-linearity for two thicknesses of the
membrane at a constant pressure (table 2) illustrates the re-
lationship of 2K, from d,, in all other things being equal. The
situation is well implemented, in particular, for crystals hav-
ing the same plate. The equation of the following form is used
to describe this dependence

2K, = Ad ), (16)

where A — constant; k — exponent; k is determined from the
calculated data by the formula

. 1g(21<1;'/21<1;)
le(d /dy™)

The calculation show that the nonli nearly increases faster
than sensitivity by reducing the thickness of the membrane:
2K, ~ dt, while S~ d?. Affection of the thickness on the
nonlinearity increases with increasing pressure, as indicated
by calculations for IPD 5.2 crystal (table 2). It should be em-
phasized that a change in thickness of the membrane at con-
stant pressure results in a change of values of all members of
the formula (11).

For empirical data on the nonlinearity, the exact values of
crystals’ membrane thickness is usually absent. The exponent
k may be calculated according by the formula:

a7

21g(21(§/21(4)
k= — " % (18)
12(5,/8))
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The exponents k for three sensitivity ranges were obtained
for an empirical relationship of the nonlinearity of sensitivity
at a constant pressure of 10 kPa and an average membrane
thickness of 25 um for IPD 5.2 crystals (variant A), [5], (fig. 4,
curve I):

S, mV/V 18...24 24...30 30...36
k 3,55 4,4 4,9

The increased sensitivity is caused by the decrease in
membrane thickness. From obtained %, it follows that the im-
pact on the non-linearity increases when it reduces.

Let us to estimated analyze the c fleet of reducing of the
nominal pressure on the non-linearity of the output character-
istic of the IPD 6 crystal at a constant sensitivity S = 36 mV/V:

P,, kPa 100 63 40 25
d,, nm 35,7 28,4 22,6 17,9
2K, % 0,035 0,051 0,084 0,150

From the results it follows that the nonlinearly increases
in the case of nominal pressure reduction at .S = const.

Conclusion

The formula (11) for calculating of the nonlinearity was
obtained on the basis of the selected equation (4) approxi-
mating an output characteristic. In conjunction with the em-
pirical predictions (14) and (15) they adequately described the
affection of sensitivity, membrane thickness and its design on
the linearity of an output characteristic of silicon tensocon-
verters in the pressure range from 100 to a few kPa. The sil-
icon tensoconverters with a membrane having three rigid
center had the lowest propensity to nonlinearity of pressure
conversion into an electrical signal.

The study was conducted with support of the Ministry of Ed-
ucation and Science of the Russian Federation in the framework
of the State order for 2015 (project No 3571).
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Paszpaboman aneopumm evibopa mamepuanog MOHMANCHOU CIMPYKMYpPbL MUKPOCOOPKU, KOMOpbLl obecneyusaem mpebyemoe
mens06oe conpomugieHue KOHOYKMUeHo20 mpakma 1106020 Komnornenma. 100 MOHmMaxicHot cmpykmypoi MuKpocoopKu noHu-
maemcsi Habop KOHCMPYKUUOHHBIX MAMEPUAN08, COCIMOAUWUL U3 NAAMbL U COeOUHUMENbHBIX C10€8, 00UH U3 KOMOPbIX NPUKPenisiem
0ecKopnycHOU KOMNOHeHm K naame, a 0pyeol — NAamy K OCHOBAHUI0 MUKDPOCOODKU.
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Beenenune

B Teopuu 1 mpakTrke NpoeKTUpPOBaHUSI TOHKOILIE-
Ho4HO#1 Mmukpocoopku (MCB) npuHsSITO BHavajie pa3-
pabatbiBath Tomosiornio MCB, a 3areM paccuuThIBaTh
ee TEeIIoBOM pexuM. B pesysnbrare mporecc MpoeKTr-
POBaHUSI TOTIOJIOTUY MOXET TOBTOPSITHCSI MHOTOKPATHO
B LIEJISIX ONTUMM3ALIMU TeIioBoro pexuma [1, c. 140].
Taxoit moaxon MOXeT 3HAYMTEIBHO YBEJIUUYUTh TPYIO-
€MKOCTb NpoekTrupoBaHus Torojoruu MCB. Hanpu-
Mep, TOHKoIUIeHOYHbIe pe3ucTtopsl (TTIP) B cuity pas-
JIMYHOM 1IEPOXOBATOCTU MOMJIOXEK MPOEKTUPYIOTCS C
pa3JIMUYHBIM YAEJbHBIM MOBEPXHOCTHBIM COMIPOTUBJIE-
HueM p. [IpencraBum cebe, 4TO MPU MPOESKTUPOBAHUN
TOIOJIOTMH TUIaThl B KauecTBe ee MaTepuaia ObLI Bbl-
OpaH cuTall, a MaTepUuaJoM PE3UCTUBHOIO CJOSI —
PC-3710 ¢ p = 1000 Om/c. 3ateM mpu pacyere Tell-
JIOBBIX PEXWMOB OOHAPYXMUJIOCh, YTO TOT WJIM WHOM
KOMIIOHEHT OyaeT 3KCILIyaTUPOBATbCSl C HEAOIMYCTH-
MbIM neperpeBoM. Eciu BbIOpaTh mMaTepuall IJIaThl C
OoJibLIEN TETJIONPOBOAHOCTbIO, HAIIPUMEDP TOJUKOP,
KOTOpBIM 00JiamaeT OOJIbIIMM 3HAYEHUEM IIEepOXOBa-
TOCTU, TO TOMOJIOTUIO TUIAThl TIPUAETCSI MPOEKTUPO-
BaTb 3aHOBO, TaK Kak B 3ToM ciy4yae TIIP npoektupy-
otcst ¢ p = 500 Om/.

CrnenyeTr OTMETUTb, YTO pa3HOOOpa3ue METONOB
MOHTa)a KOMIIOHEHTOB U IUIaT, a TaKXe MaTepualioB
IUIaT JAEJaloT 3aTPYyJHUTEIbHBIM BBIOOD MaTEpHUAIOB
MOHTaXKHOU CTPYKTYpPbI, KOTOpbIe (DOPMUPYIOT KOHAYK-
TUBHBIN TPaKT MO OTBOAY TEIJIOTHI OT KOMIOHEHTA.

[Ton MoHTaxHoOl cTpykTypoii MCB moHumaertcs
Ha0oOp KOHCTPYKLUMOHHBIX MaTepUaliOB, COCTOSILMIA
U3 TJIaThl U COEIMHUTENbHBIX CJIOEB, OAWH U3 KOTOPBIX
MPUKPEIIIET KOMIIOHEHT K IJlaTe, a Ipyroi — Iuiaty
K ocHoBaHuio MCB. TunnuyHast MOHTaXXHast CTPYKTY-

pa MCDb (puc. 1) cocToUT U3 COENMHUTENBHOTO CJIos 2
(CC2), KOTOpBIi MPUKPEIUISIET OECKOPITYCHOM KOMIIO-
HeHT [/ K 1arte, IUIaThl 3 U COEAUHUTEIBHOIO CIos 4
(CCl1), KoTopblii IPUKPEIISET IJ1aTy K OCHOBAaHUIO 5
MCB. Haubonee pacnpocTpaHeHHBIMU cIocobamu
KpeTuIeHUsI KOMITOHEHTOB K TIjIaTe U IJIaThl K OCHOBA-
Huwo MCDB g9BnsioTcs NpUKIeMBaHUE U TaiiKa.

B paGote [2] npemioxeH MeToI BRIOOpa MaTepHa-
JIOB MOHTaxkHoU cTpyKTypbl MCB, KOTOpbIii OCHOBaH
Ha pacueTe TeIJIOBOTO COIIPOTUBICHUS] KOHIYKTUBHO-
ro TpakTa JUIsl KaXIOoro KOMITIOHEHTA, SIBJISIOIIETOCs
ucrouHukom teraotel (UT). HemoctaTkom u3sBecT-
HOTO MeToja SABIISIETCS TO, YTO OH JaeT 3aBHIIICHHOE
3HAYEHME TETIOBOTO COMPOTUBIIEHMS, TaK KaK TETIJIO-
BBl 000JIOUKU KOHAYKTUBHOTO TpaKTa BhIOMPAIOTCS B
dbopme npsiMoro napauienenunena.

OcHoBHasi mpobJjiemMa BbIOOpa MaTepualoB MOH-
TaXXHOU CTPYKTYPHI 3aKJTIOYAETCS B TOM, YTO HEU3BEC-
TE€H MaTepuaJ IUIaThl, HA OCHOBAaHUM KOTOPOI'O BHIOM-
paeTcst yeJabHOe MOBEPXHOCTHOE COMPOTUBIICHUE PE3U-
CTUBHOW TIJICHKM W PACCUMTHIBACTCS KOI(POUIIMCHT
(opmbl TITP. TTosTOMYy HEBO3MOXHO AOCTOBEPHO OIl-

)

Puc. 1. MoHTaxKHas CTPYKTYpa MHKPOCOOPKH: /| — KOMIIOHEHT;
2 — CC2, 3 — nnara; 4 — CCl1, 5 — ocnoBanue MCb

Fig. 1. Assembly structure of microassemblage: 1 — component; 2 —
CC2; 3 — board; 4 — CC1; 5 — base of MSB case
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penenuTh IUolanb, 3aHuMaemyo TIIP,

a CJIeIoBaresibHO, W IUIOLIAAb CaMOM
IJ1aThl. 3aTO HaM M3BECTHA MOLIHOCTD,
paccemBaemMas KOMITOHEHTaMM, U HX
wiowmaab. Ha ocHoBaHMM 3THUX JaHHBIX
MOXHO paccyuTaTh TpeOyeMoe TeILIo-
BOE€ CONpPOTUBJICHUE KOHIYKTUBHOIO
TpakTa JIijig Kakaoro KOMIIOHEHTa.
Llenpro HacTosIIelt paOOTHI SIBJISIET-
¢Sl pa3paboTKa ajJropuTMa BbeIOOpa Ma-

TEepUAaIOB MOHTaXXHON CTPYKTYPhl TOH-
korieHouHoit MCB ¢ 6ecKopIyCHBI-
MU KOMITOHEHTaMM.

TennoBasi MoJeIb MEKPOCOOPKH

st BbIOOpa MaTepuaioB MOHTAXXHOI CTPYKTYPbI

MIPUMEM CJIEAYIOIINEe OrpaHNYCHUS:

e KOMIIOHEHTHI 3aMeHsToTcs Tiockumu M T ¢ Toii ke
MOIITHOCTBIO pacCEeMBaHMS M ITUIOIIAIbIO, PaBHOM
TUTOIIAAM KOMITOHEHTA;

e BCS TeIsoTa OT KOMIIOHEHTOB OTBOJAMTCS 3a CUET
TETUTONTPOBOIHOCTY (KOHAYKIINHM) Yepe3 HIKHIO
MOBEPXHOCTh ocHOBaHMA Koprmyca MCB. B stom
cJydae TeIuIoTa IepeaaeTcs Bceraa oT 00see Topssumx
9JIEMEHTOB KOHCTPYKLIMU ILIaT K 00Jiee XOJOTHbIM;

e KO3(p(UIMEHTH TETUIONPOBOTHOCTA MaTepHhalioB
mwiatel 1 coenuHsionmx ciaoeB CC1, CC2 moCTOSTHHBI
B HMCCJIEAyeMOM Auara3oHe Temreparyp. [loBepxHo-
ctu T u ocHoBanust Kopriyca MCbB M30TepMUYHBI;

e TEMIepaTypHOE IoJie Mojeielt omHoMepHO. Terio-
BOI1 MOTOK (pUC. 2) 4yepe3 COeAMHUTEbHBIE CJIon 4
u 6 (CC1 u CC2) pacipocTpaHsieTcs epIeHINKY-
JIIPHO OCHOBAHMIO KOpITyca, a B IJlaTe TEILIOBOM
MOTOK pacIlpoCTpaHsieTcs Mo yrjaoM B 45° Ha BCio
ee TommuHy [3, c. 80; 4].

KoHCcTpyKIIMsT KOHIYKTUBHOTO TPaKTa KOMITOHEH-

Ta XapakTepU3yeTCd TOJIMHOW U TEIUIONPOBOLHO-

CTBIO KaXJOr0 U3 CJI0EB MHOTOCIOMHONM MOHTAXHOU

cTpyKTypbl. Kak BUAHO U3 puC. 2, TEIJIOBas MOAEJb

KOHIYKTUBHOTO TpaKTa KOMITOHEHTa / COCTOMT M3 TPEX

TEIUTOBBIX 000JIOUEK, OTPAHUYEHHBIX TMHUSIMU TeTUIO-

BOTrO ITOTOKA 5. MPSIMBIX Mapajuienenuneaon 4, 6, 00-

paszoBaHHbIX B CC2, CCl u npaBWIbHONH yCE€YEeHHOM

nupaMuabl, o0Opa3zoBaHHOM 13 uiaTel 2. Bes temoTa

OT KOMITOHeHTa nepenaercs kopnycy 7 MCB. Bokpyr

KOMITOHEHTa (DOPMUPYETCS 30HA TEIJIOBOTO BIUSHUS 3.

AJITOPHTM BBIOOpA MATEPHAJIOB
MOHTAaXKHO# CTPYKTYpPbI

st yripollleHusl ONMMCaHusl ajJropyuTMa BblOepeM
MaTepMajibl MOHTAXHOH CTPYKTyphbl (Tadi. 1), KoTo-
pble HauboJiee 4YacTo MPUMEHSIOT MPU MPOEeKTUPOBa-
Hun MCB. I1Ipu HEOOXOAUMOCTU BTOT CITMCOK MOXET
ObITh paclIMpeH. B KauecTBe coeAMHUTENbHBIX CJIOEB
BbIOEpEM KJIEW M MPUIIOH, a B Ka4eCTBE MaTepHUaJIOB
IUIaThl — CTEKJIOTEKCTOJUT, CUTALI U TIOJUKOP.

B xauectBe coemmuuTenbHbIX ciaoeB CC1, CC2 mnsa
CTEKJIOTEKCTOJIMTOBBIX M CUTAJUIOBBIX TUIAT OOBIYHO
WCIIOJIB3YIOT KJIEH, TaK KaK COCIUHUTEIbHBIN CI0W U3
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Puc. 2. Temwioas Moaenb MUKPOCOOPKH: / — KOMITOHEHT; 2 — Iiata; 3 — 30Ha TEIJIOBOTO
BiusiHUS; 4 — CC2; 5 — nuHuM TerwioBoro noroka; 6 — CCl1; 7— ocHoBaHue Kopiryca MCh
Fig. 2. Thermal model of microassemblage: 1 — component; 2 — board; 3 — zone of the
thermal influence; 4 — CC2; 5 — lines of the thermal flow; 6 — CC1; 7 — base of MSB case

MPUNOs IPUMEHITh HeA(P(PEKTUBHO BBUAY OOIBILIOTO
TEIJIOBOTO COTIPOTUBIICHUST MaTepuanoB TiaT. Crio-
COOHOCTb CTPYKTYPBI IJIaTa — COETUHUTEIBHBIN CIIOM /
(IT — CC1) npoBoAUTh TEIJIOTY MOXHO OLIEHUTH I10
o01IeMy yIOeTbHOMY TEIUIOBOMY COITPOTUBJICHHIO F
eIMHUIIBI TTOBEPXHOCTH CTPYKTYPHI B COOTBETCTBUU C
BBIpaXKEHUEM

r=ry, = hy/hg by /A, (D)

TAe ry, | — YACJIbHbIE TEIUIOBbIE CONPOTUBIICHUS;
hy, hy — TonmuHa; Ay, Ay — KO3(OPUILMEHTHI TEIUIO-
MPOBOAHOCTU COOTBETCTBeHHO T1aThl, CCl.

Paccuurannbie 1o BeipakeHuIO (1) 3HAYEHMST yaeab-
HOTO TEIJIOBOTO COIPOTUBJIEHUSI MOHTAXXHBIX CTPYK-
TYp 11 BBIOPAaHHBIX MaTepUAIOB IIPUBENEHbI B Ta0I. 2.

Matepuanbl B KOHCTPYKIINY KOHIYKTUBHOTO TpaK-
Ta JJIs1 KaXIOro KOMIIOHEHTa BBIOUPAIOT IO ClEeIyIO-
LIeMY aJTOPUTMY.

1. ITpoBongat BEIGOP MaTepuana CC2 B COOTBETCT-
BUU C PEKOMEHIALIMSIMU, TIPUBEICHHBIMU B TEXHUYE-
CKUX YCJIOBUSIX HAa KOMITOHEHT.

Ta6auua 1
ITapameTpb! cjI0eB KOHAYKTHBHOTO TPAKTa
Table 1
Parameters of the layers of the conductive path
CoenuHu-
TeJIbHBIU C0M Marepuain miaThl
Connecting Board materials
layer
[Tapametp CTeKIo-
Parameters I tekcro- | Cu- |IMonu-
Kreit | -P% | pur TaJ1 KOp
Glue SHOH Glass- | Glassce-| Poly-
older .
fibre ramics | core
plastic
Koaddumment
TEIUIONIPOBOJHOCTH A,
Bt/(MMm - C°)
Coefficient of heat 0,0015| 0,039 | 0,001 | 0,0015 | 0,03
conductivity 1,
W/(mm - °C)
TommuHa A, MM
Thickness h. mm 0,1 | 0,065 0,2 0,6 0,5
YnenabHoe TeraoBoe
COTIPOTUBJICHUE F,
mm2 - °C/Br 66,67 | 1,667 200 400 16,67
Specific thermal resis-
tance r, mm? - ‘C/W




2. KomnoneHTsl 3ameHstoTcs tuiockumu UT ¢ Toit
K€ MOIIHOCTBIO paccesiHUs Y IUIOLIANbIO, PABHOM TIJI0-
maay KoMnoHeHTa. Haxonst MakcUMMaIbHYIO JTOITYCTH -
MyIo Temrieparypy 7 y4acTka IUIaThl, pacroJioXeHHOTO
IOJ, KOMIIOHEHTOM, T. €. TeMIlepaTypy rmiockoro UT.

e Ecau B TexHHMUYeCKUX YCIOBUSIX MPUBEICHBI 3HA-
YEeHUSI MAKCUMAaJbHO IOIYCTUMON TeMmepaTyphl
p—n-Tiepexoaa 7},,, U TEIJIOBOTO COIIPOTHUBIICHUS
Nepexol — Kopryc R, To Temriepatypa 7, orpe-

JIeTISICTCS BhIpaXKeHUEM

T,=T,,— PRyt Ry = T, — P[Ry + hy/(19)],

pit

rae P, § — paccenBaeMasi MOLIIHOCTD U IJIOILIAIb KOM-

MOHEHTA; R,, Ay — TEIJIOBOE CONPOTUBJIEHUE U KO-

9GO GULMEHT TEIJIONPOBOIHOCTU COEAUHUTEIbHOIO

cios CC2.

e Ecim B TeXHUYECKUX YCIOBUSAX TIPUBEICHBI 3HAYE-
HUS MAaKCUMAaJIbHO JOMYCTUMOM TeMITepaTyphl KOp-
nyca KoMmronenra 7, ;, To rTemneparypa 7, onpeze-
JISIeTCSl BhIpaXkeHUEM

Tl[ = TKI[ - PR2 = TKI[ - th/(?\.zS)
3. Jlng xaxgoro miockoro UT paccumThiBaioT Tpe-
OyeMoe TEIUIOBOE COIPOTUBIIEHNE KOHIYKTUBHOIO TpaK-

Ta, HEOOXOAMMOE IJIsI OTBOAA TEIUIOThI, KOTOpasi oopasy-
eTCsl 33 CYET COOCTBEHHOIO M HaBEIECHHOTO Teperpena:
R, = K (T, = T,)/P,

rae K, — Ko3(hOULMEHT HaBEIEHHOIO Ieperpesa,
paBHbIN 1,1...1,2, KOTOpBI1 YYUTHIBAET HaBEACHHBIN
neperpes or Apyrux KommnoHentos u TIIP; T, — 3a-
JlaHHas1 TeMIepaTypa ocHoBaHus Koprnyca MCB.

4. PaccuuThIBalOT (paKTUUYECKOE TEIJIOBOE COIPO-
TUBJIEHUE KOHIYKTMBHOTO TpakKTa KOMITOHEHTa s
BBIOpaHHOI M3 TabJI. 2 MOHTAXXHOM CTPYKTYPHI:

Rnc = Rn + Rlv
rae R, R| — TeruoBble CONPOTUBIEHUS KOHIYKTUBHO-
ro TpakTa KoMIoHeHTa (cooTBeTcTBeHHO miaTthl 1 CCl).
Ecnu nnuHa / KoMIoHeHTa He paBHA LIMPUHE b, TO
TEIJIOBOE COMPOTHUBIIEHHUE IIAThl HAXOMST IO BbIpaXKe-
Huto [3, c. 80, 81]:

h h

T o agS(2) g Ag(I+22)(b+22)

I(b+2h
=L |02y )
2hpll=0l""|b(1+2h,)
Tabnuua 2
YienbHoe TEII0OBOe CONPOTHBIEHHE MOHTAXKHBIX CTPYKTYP
Table 2
Specific thermal resistance of the assembly structures
Crpykrypa [I—CC1 r, Mm2 + °C/BT
Structure P—CC1 r, mm? - °C/W
Cumann — .IC/lelZ 467
Glassceramics — glue
CTeKJIOTEKCTONUT — KIIei 267
Glass-fiber plastic — glue
TTonukop — ke 833
Glass-fiber plastic — glue >
[Momukop — npurioit 18.3
Polycore — solder ’

rae hy, Ay — TOJNIIUHA U KO3 OULMEHT TEIUIONPOBOLI -
HOCTH TIJIaTHhI.
ITpu [ = b BoipaxxeHue (2) MpUHUMAET BU]L
R = —-—---—---—--—-h"
T AL+ 2hy)

Tak xak o0beMHas1 TerutoBast Moneib cjiosgs CCl1 nipen-
CTaBjIsIeT co0OM MPSIMOM TapalieielUIe, TO TEIUIOBOE
COMPOTUBJIEHUE 3TOTO CJIOSI PACCUUTHIBAIOT 10 (hopMyJie

"
R] = ,
(I+2h)(b+2h,)

rae r; = hy/A; — yAEIbHOE TEIJIOBOE COIPOTUBJIEHHE.

5. JInst KaxXaoro KOMIIOHEHTa MPOBEPSIIOT YCI0BUE
R. >R, 3)

6. Eciim yciosue (3) BBEITTONHSIETCS, TO pacyeT 3a-
KaHYMBAIOT M B KAYECTBE KOHCTPYKIINY KOHIYKTUBHO-
o TpaKTa KOMITOHEHTa BBIOMpAIOT MaTepuajbl pac-
CYUTAHHOI MOHTaXHOM CTPYKTYphl. Eciu ycioBue (3)
He BBITOJIHSIETCS, TO BIOMPAIOT 00Jiee TerIONPOBO/ISs-
LIYIO0 CTPYKTYPY M3 TalJl. 2 ¥ MOBTOPSIIOT pacyeT Mo Ha-
CTOSILLIEMY aJITOPUTMY 10 TEX IOP, ITOKa HE BBITIOJHUT-
cs ycaosue (3).

Kak mpaBuiio, GOJBIIMHCTBO KOMITOHEHTOB pac-
CEUBAIOT HEOOJIBIIYI0O MOLIHOCTb, MTOATOMY MX MOXHO
yCTaHABIMBATh Ha TIJIAThl U3 CUTAJIJIa WIM CTEKJIOTEK-
croauta, a B kayectBe CCI1 BbIOMpaTh Kieit. Ha ctek-
JIOTEKCTOJIMTOBBIE TJIaThl MOXXHO yCTaHABJIMBATh Iac-
CHUBHBIE PEAaKTUBHBIE KOMITOHEHTBI, a TAKXKe TTOJTYIIPO-
BOIHUKOBBIE TPHOOPHI, KOTOPHIC XapaKTepU3YIOTCS
MaJIBIMM YMCJIOM BBIBOJIOB M MOIIIHOCTBIO PacCesIHUsI.
KoMmnoHeHThI, KOTOpbIE paccenBalOT OOJIbIIYIO MOIII-
HOCTb, OYEBHIHO, TIPUIETCS YCTAHABIMBATEL Ha TIIATHI C
0oJIbllIel TETUTONPOBOIHOCTBIO, HAITPUMED U3 MOJIUKO-
pa unu kpeMHus, a B KauectBe CC1 BbIOMpATh MPUIIOA.

IMocire BEIOOpa MaTepuaioB MOHTAXXHOM CTPYKTY-
pbl KomIoHeHTHl ¥ TTIP rpynnupyoT u npu HeoOXxo-
JVMOCTH pa3MellaloT Ha OTAEIbHBIX TiaTax. [1pu aTom
BO3MOXHBI cliefylolie MeToabl KoMnoHoBku MCb:
e (QYHKUMOHATBHO-Y3/I0BOM METOM, €CM MOHTaX-

Hasl CTPYKTypa ¢ BbIOpaHHOU TeTIONMPOBOAHOCTHIO

MOAXOAUT 11 BceX KoMmnoHeHToB MCh;

e UVHTETrPaJIbHO-TPYIMIIOBOI MeTon [2], eclnu KOMIIO-
HeHTbl MCDB TpeOyloT pa3HbIX MaTepuajoB MOH-
TaXHOW CTPYKTYypbl. B 3TOM ciyyae mocturaercs
KOMITPOMHUCC MEXIY MaccorabapuTHBIMHU TOKaza-
TeJaaMu U cedbectouMocthio MCB.

3aKkiaoueHue

e PaszpaboraH ajaropuTMm BbIOOpa MaTepUajoOB MOH-
TaxkHoit cTpykrypsl MCB, KoTOpEIil 0OecIieunBaeT
TpebyeMoe TerIoBOe COMPOTUBIIEHUE KOHIYKTUB-
HOTO TpakTa JI000ro KOMIIOHEHTA.

e Bribop MarepuasoB MOHTaXXHOM CTPYKTYphl ISt
BCEX KOMITOHEHTOB JIOJIKEH TpeaIecTBOBaTh pa3-
pabotke Torojiorun MCB, 4To cokpaniaer Tpymo-
€MKOCTb €€ MPOEKTUPOBAHMSI.

e Ilocne BbIOOpa MaTepralioB MOHTaXKHOM CTPYKTY-
pbi MCDB Jnierko MpuHSITH pelieHue O METOole ee
KOMITOHOBKM.
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Selection of Materials for the Assembly Structure of Microassemblage

An algorithm was developed for selection of materials for the assembly structure of microassemblage, which ensures the required thermal
resistance of the conductive path of any component. The assembly structure of the microassemblage is understood as a set of structural ma-
terials consisting of a board and connecting layers, one of which fastens the unpackaged component to a board, and the other one fastens
the board to the microassemblage base. After selection of the materials for the assembly structure components the thin-film resistors and
cluster, if necessary, are placed on separate boards. Thus the following methods of configuration of microassemblage are possible.

o Functional-central method, if the assembly structure with the chosen heat conductivity suits all the components of a microassem-

blage and the passive components occupy little space.

o Integral-group method, if the components of a microassemblage demand different materials of an assembly structure. In this
case a compromise between the weight-dimension parameters and the microassemblage cost is attained.

Keywords: microassemblage, selection of materials, thermal resistance

Introduction

According to the theory and practice of designing of a thin-
film microassemblage (MSB) first, its topology should be de-
veloped, and then a thermal mode should be calculated. As a
result, the topology designing can be repeated many times with
a view of optimization of the thermal mode [1, p. 140]. The ap-
proach can increase the labor-intensiveness of designing of
MSB topology. For example, the thin-film resistors (TFR) ow-
ing to different roughness of their substrates are designed with
various specific surface resistance p. Let us imagine, that for de-
signing of a board topology glassceramicsis was chosen as a ma-
terial, and the material of the resistive layer was PC-3710 with
p = 1000 Ohm/o. Calculation of the thermal modes revealed
that the component would be operated with an inadmissible
overheat. If we choose for the board a material with higher heat
conductivity, for example, polycore, which is characterized by
big roughness, the board topology should be designed anew, be-
cause TFR is designed with p = 500 Ohm/a.

Big variety of installation components and boards, and al-
so of their materials, complicates selection of materials for an
assembly structure, which form a conductive path for removal
of warmth from a component. An assembly structure of MSB
is understood as a set of construction materials consisting of
a board and connecting layers, one of which attaches a com-
ponent to the board, and another attaches a board to the base
of MSB. A typical MSB assembly structure (fig. 1) consists of
a connecting layer 2 (CC2) 2, which attaches unpackaged
component / to the board, board 3 and connecting layer 4
(CC1), which attaches a board to the base 5 of MSB. The
most widespread methods of fastening of components to a
board and of a board to base of MSB are gluing and soldering.

In [2] the proposed choice of materials for the assembly
of MSB structure is based on calculation of the thermal re-
sistance conductive path for a component, which is a source
of heat. A drawback of the method is that it overestimates the
value of the thermal resistance, because the thermal covers of
the path are selected in the form of a right parallelepiped.

The basic problem in selection of the materials for an as-
sembly structure is that we do not know the material of the
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board, on the basis of which the specific surface resistance of
a resistive film is selected and the form factor of TFR is cal-
culated. Therefore it is impossible to determine authentically
the area occupied by TFR and the area of a board. But the
power scattered by the components and their area are known.
On the basis of the data it is possible to calculate the required
thermal resistance of the conductive path for each compo-
nent. The aim of the present work is development of an al-
gorithm for selectionl of materials for an assembly structure
of thin-film MSB with unpackaged components.

Thermal model of microassemblage

For selection of the material for an assembly structure we
will apply certain restrictions.

e The components are replaced with IT with the same scat-
tering power and the area equal to the area of a component;

e All the heat from the components is taken away due to
heat conductivity (conduction) through the bottom sur-
face of the base of MSB case. In this case the heat is al-
ways transferred from the hotter elements of a board de-
sign to the colder ones;

e The coefficients of thermal conductivity of the board ma-
terials and of the connecting layers of CC1 CC2 are con-
stant in the investigated range of the temperatures. Sur-
faces of IT and base of MSB case are isothermal;

e The temperature field of the models is one-dimensional.
The thermal flow (fig. 2) through the connecting layers 4
and 6 (CC1 and CC2) extends perpendicularly to the case
base, and in the board the thermal flow extends at the an-
gle of 45° through all of its thickness [3, p. 80, 4].

The design of the conductive path is characterized by the
thickness and heat conductivity of each of the layers of a
multilayered assembly structure. A thermal model of the
conductive path of component I consists of three thermal
covers limited by the lines of the thermal flow 5: right par-
allelepipeds 4, 6, formed in CC2, CCI and the right truncat-
ed pyramid formed from board 2 (fig. 2). All the heat from the
component is transmitted to the base 7 of MSB and zone of
thermal influence 3 is formed around it.




Algorithm for selection of the materials
for an assembly structure

For the purpose of the algorithm’s simplification let us se-
lect the materials for an assembly structure (table 1), often ap-
plied for designing of MSB. If necessary, this list can be ex-
panded. As the connecting layers we will choose glue and sol-
der, and as board materials — glass-fiber plastic, glassceram-
ics and polycore.

For connecting layers CC1, CC2 a glue is used for the glass-
fiber plastic and glassceramic boards, since the connecting layer
of a solder is inefficient due to high thermal resistance of the
materials of the boards. It is possible to estimate the ability of
the board structure — connecting layer 7 (P-CC1) to conduct
heat by the general specific thermal resistance r of a unit of the
surface of the structure according to the following formula:

r=rH+r1 =hl'[/7\'l'l+h1/7\‘1’ (1)
where r;, r; — specific thermal resistances; A, h; — thick-
ness; A, A; — coefficients of heat conductivity, accordingly,

of board, CCl.

The specific thermal resistance of the assembly structures
calculated by formula (1) for the selected materials is present-
ed in table 2.

The materials for components in the design of the con-
ductive path are selected in accordance with the following al-
gorithm.

1. CC2 material is selected in accordance with the rec-
ommendations in the specifications for a component.

2. The components are replaced with flat I'T with the same
power of scattering and the area equal to the area of the com-
ponent. The maximal admissible temperature T, is deter-
mined for the section of the board located under the compo-
nent, that is, the temperature of a flat IT.

e If the specifications contain the maximal admissible tem-
perature of p—n transition 7,, and thermal resistance
transition — case of R, T}, is determined by the following
expression

T,=T, — PRyt Ry) =T, — P[Ryc + hy/(1,8)],

where P, § — scattered power and component area; Ry, Ay —

thermal resistance and coefficient of heat conductivity of the

connecting layer CC2.

o If the specifications contain the maximal admissible tem-
perature of the case of component 7, T} is determined
by the following expression:

Ty = Ty — PRy = Ty — Phy/(,5).

3. For each flat IT we calculate the required thermal re-
sistance of the conductive path for removal of the heat gen-
erated due to its own and induced overheat:

R, = K (T~ T)/P,

where K, — coefficient of the induced overheat equal to
1,1...1,2 which takes into account the induced overheat from
the other components and TFR; T, — the set temperature of
the base of MSB case.

4. The actual thermal resistance of the conductive path of
the component for the assembly structure selected from table 2
is calculated.

Rr[c = Rn + Rl’

where R, R; — thermal resistances of the conductive path of
the component: board and CCl1.

If the length [ of the component is not equal to the
width b, the thermal resistance of the board is determined by
the expression [3, p. 80, 81]:

h
_ [_dz  _ dz _
R = =
" g%nS(z) oI’/\n(1+2Z)(b+2z)
1
=L jp|lb+2h) 2
Tll= 5 BT+ 2 @

where h;, L, — thickness and coefficient of thermal conduc-
tivity of the board.
At [ = b expression (2) acquires the following form:

hl'[
R = a I+ 2h)

Since the volume thermal model of layer CC1 is a right
parallelepiped, its thermal resistance is calculated according
to the formula:

R=___ "
U (+2h)(b+2h)’

where | = hy/L; — specific thermal resistance.

5. For each component the following condition is checked:

R >R, 3)

6. If (3) is implemented, the calculations are finished and
the materials of the calculated assembly structure are selected
as the design of the conductive component path. If (3) is not
implemented, a more heat-conducting structure is selected
from table 2 and the calculation in accordance with the
present algorithm are repeated until the condition (3) is met.

Most of the components scatter little power, and they can
be installed on boards from glassceramics or glass fiber plastic,
and glue can be selected as CC1. On glass fiber plastic boards
it is possible to install passive jet components and semi-con-
ductor devices, which are characterized by a small number of
outputs and scattering power. The components which scatter
big power should be installed on boards with higher heat con-
ductivity, for example, from polycore or silicon, and solder
should be chosen as CCl1.

After selection of the materials for the assembly structure
the components and TFR are grouped and placed on separate
boards. At that, the following methods of configuration of MSB
are possible:

e Functional-node method, if the assembly structure with
the chosen heat conductivity suits all the MSB compo-
nents and the passive components require little space;

e Integral-group method [2], if the MSB components de-
mand different materials of the assembly structure. In this
case a compromise is reached between the weight-dimen-
sion indicators and MSB cost.

Conclusion

e An algorithm was developed for selection of materials for
MSB structure, which ensure the demanded thermal re-
sistance of the conductive path of any component.

e Selection of the materials for an assembly structure for
components should precede the development of MSB to-
pology, which reduces the labor input of designing.

e After selection of the materials for MSB assembly structure
it is easy to take a decision on a configuration method.
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MCCAEAOBAHUE NMOTEHUNOMETPHUYHECKHNX TA3OBbIX CEHCOPOB
HA OCHOBE TOMOIEPEXOAOB ZnO/ZnO — Me, Me — Cu, Fe

ITlocmynuna ¢ pedaxuuio 28.02.2015

Paspabomansl u 6cecmoporte uzy4eHvl ea308bie CEHCOPbL HA OCHOBE 20MONEPex0008 6 NAEHKAX YUCHO020 U AeeUPOBAHHO20 Me-
b0 U Jicene3om OKcuda YUHKA, NOAYHEHHble ¢ HOMOWBIO 301b-2eab mexHoroeuu. [Ipednrodcensl modeau gpopmuposanus naenok ZnQO
U 2a304y6CmMeuUmenbHOCmU, 0CHOBAHHbIE HA 03HUKHOBeHUU Ihdexma eebexa u nve3o1eKkmputeckoeo Iggexma ¢ eomonepexo-
dax. Hccaedosanvl memnepamypHuie u KOHYEHMPAUYUOHHbIE 3A8UCUMOCTIU 2A304)8CMBUMEALHOCIU K DMAHONY.

Karoueevie caoea: 2azoguiti CEHCop, 30/1b-2€/1b MExXHOA02UA, ewwonepexoabt Ha ocHoee ZnO

BBenenue

HaHoMarepuanbl Ha CEeromHsIIHUN O€Hb HAXOIST
LIMPOKOE MPUMEHEHNE B pa3IMYHbIX BUIAaX HAHOPA3-
MEpHBIX (YHKIIMOHAIBHBIX YCTPOMCTB, XUMHIECKOM
MTPOMBIIIEHHOCTH, MEIMIIMHCKON TUAarHOCTUKE, TIPH-
TOTOBJIEHUM IUIIEBBIX MPOAYKTOB, OOOPOHHO-IIPO-
MBILIJICHHOM KOMITIEKCE M B OBITOBBIX YCTPOMCTBAX
[1, 2]. Cpeau HuX ocoboe MECTO 3aHMMAKOT MOJY-
NPOBOJHMKOBLIE MaTepualbl, Takue Kak ZnO, Sn0O,,
TiO,, BBUAY X YHUKAIBHBIX QU3NYECKUX U XUMUYE-
CKHX CBOWCTB, BO3HMKAIOUIMX B HAHOPA3MEPHOM CO-
crostHuu [3]. OgHa U3 aKTyalbHbBIX objiacTeil mpume-
HEHUS OKCHIA IIMHKA — pa3paboTKa ra30BBIX CEHCO-
poB. Ha cerogHsimiHuit 1eHb N3BECTHBI XEMOPE3UCTUB-
Hble, TTOTCHIIMOMETPUYECKUE, aMIIEPOMETPUUYECKUE,
TePMODJIEKTPUIECKME, BOJOKOHHO-ONTUYECKUE OUO-
XUMHWYECKHE Ta30BBIE CEHCOPHI, CEHCOPHI Ha OCHOBE
MMOBEPXHOCTHOTIO INIA3MOHHOTO pe3oHaHca [4]. OnHa-
KO pa3paboTKa BBICOKOCEJIEKTUBHBIX YCTPOMCTB, pa-
OOoTaIOIIMX MPU HU3KUX TeMIIepaTypax, 10 CHUX IOp OC-
TaeTcs IIpoOJIEeMOIA.

Bce TpamummoHHBIE METOABI YIYIIICHUS] IyBCTBU-
TeJILHOCTH [5] CBsI3aHBI C KOHTPOJIEM pa3Mepa U op-
Mbl HQHOKPUCTALJIUTOB, UCIIOJIb30BaHUEM 1D, MOJIbIX,
MOPUCTHIX, UEPAPXUUECKU OPraHU30BAaHHBIX MaTepua-
JIOB, KOHTPOJIEM TOJIIHUHbI, (pa30BOro cOCTaBa HaHO-
IUIEHOK YYBCTBUTEJIBHBIX B3JIEMEHTOB, BHEIPEHUEM
MOJIMGUKATOPOB M KaTaJTUTUYECKUX N00aBOK. Takxke
UMEIOTCSI UHXKEHEPHBIE TTOAXOAbI YAYUIIEHUSs ra304yB-
CTBUTEJIHOCTHU: CBETOBasi aKTUBALlMs, MPEKOHIEHCA-
LYsl, UMITYJIbCHBIM pexXuMm paboThl ceHcopa. Tem He
MeHee, HECMOTPSI Ha 3HAYUTEJIbHbIE YCUIMS 110 YIyd-
IIEHUIO CEHCOPHBIX CBOMCTB MaTepuaaoB, TPaaULIM-
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OHHBIEC TOIXOIBI HE CMOTYT OOECIICYMTH BBICOKYIO
YYBCTBUTEJILHOCTh CEHCOPOB Ha MX OCHOBe. Takxke
WHTEHCHBHO Pa3BUBAETCSI TEXHOJIOTMSI PE3VCTUBHBIX
CEHCOPOB Ha OCHOBE KOMITO3UTOB "U30JIUPYIOLIUNI TTO-
JIMMep — TMPOBOIHUK" (MeTayl, yiepeHbl, KapOoH,
HaHOTPYOKM) [6, 7]. OHM MOJyYaIu CEHCOPHBIA OTBET
Ha ypoBHe 100 000 u Gonbiie. Tem He MeHee IIaBHasI
NpoobJieMa 3TUX CEHCOPOB — 3TO HM3Kasi BOCIIPOU3BO-
IUMOCTh M IOCTATOYHO Y3KWiI1 TWana3oH KOHIIEHTpa-
LM, KOTOPBI MOXHO OnpenenTb. OcoOyIo aKTyarb-
HOCTb B HACTOsIIIIee BPeMsl MPUOOPETAIOT TEPMODJIEK-
TPUYECKHUE Ta30Bbl€ CEHCOPHI.

B pa6ore [8] mokazaHa BO3MOXHOCTh C TTOMOIIBIO
TEPMO3JIEKTPUUECKOTO CEHCOPA C KaTATUTUYECKUM CJIO-
em Pd/Al,O5 usmepaTs Huskue (MeHee 1 ppm) KOH-
uentpaunu CO, CHy, CO,, comepxaluuecs B BblIbI-
XaeMOM YEJIOBEKOM BO3MYXE, YTO OTKPBIBAET HOBYIO
MEXIUCIUIIMHAPHYIO 00J1aCTh IUAarHOCTUKU 3a00-
JIEBAaHUI C TTOMOIIBIO TEPMOIJIEKTPUIECKIX Ta30BBIX
ceHcopoB. B paborax [9—11] Takke MpoaeMOHCTPU-
pOBaHa aKTyaJlbHOCTb MPUMEHEHUS TEPMOBJIEKTpUYE-
CKMX CEHCOPOB JUISI aHa/Iu3a ra3oB Mpy padoOuYuX TeM-
TepaTypax BIIOTh IO KOMHATHBIX.

B pabote mcciaemoBaH HOBBIN THUIT ITOTEHIIMOMET-
PUYECKHX Ta30BbIX CEHCOPOB Ha OCHOBE TOMOIIEPEXO0-
JoB ZnO/ZnO — Me, 1oay4eHHBIX 30Jib-T€Jlb METO-
JIOM, B OCHOBE KOTOpBIX JexaT a(pdekTol 3eedbeka u
MMbE303JIEKTPUUECKUIT 3D PEKT.

1. DKcnepuMeHT

B akcrnepuMeHTe HUCIOJIb30BAIU
Matepuaabl U PEareHThl:
uuHka (CH3COO),Zn - 2H,0,

clieIyIolme
IUTUApaT  aleTaTa
2-METOKCUATAHOI
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Puc. 1. Crpykrypa 00pa3uoB 1 METOAMKA MX MOJyYEHHS
Fig. 1. Structure of the samples and methods for their obtaining

CH;0CH,CH,0H, 2-amunostanon HOCH,CH,NH,,
HoHaruzapaT Hutpata xenesa Fe(NOj);:9H,0, mnu-
ruapar auerara Meau (CH;COO),Cu - 2H,0 — npo-
M3BOJICTBO Sigma—Aldrich®, CIIA; kepamMmndecKue 1oz -
70XKN Rubalif® 710 (20X 10% 0,63 MM) — MPOU3BOI-
ctBo CeramTec, T'epmaHusl.

Hng mpurotoBieHus miaeHok ZnO, ZnO-Cu u
ZnO-Fe ans1 romonepexonoB (puc. 1) ucnoiab3oBaiu
cleAylolIne TMPeKypcophl: TUTUAPAT alleTaTa IIMHKA
(CH;3;C00),Zn - 2H,0; 2-METOKCUITaHON; 2-aMUHO-
3TaHOJI; HOHaruapar Hutpara xeineza Fe(NO;3)5 - 9H,0
win auruapat auerara meau (CH;COO),Cu - 2H,0 B
3HAYUMOCTH OT TPeOYyeMOro cocTaBa (TIpH TIPUTOTOBITES-
HuUM 1wieHoK ZnQO mocienHue peareHThl He BBOIWIIN).
Bce npexypcophl cMellBaiy B KpYIJIOAOHHOM Koj10e
U nepeMellnBaid B TeueHue 15 MUH Ipu KOMHATHOM
TeMIieparype. JanbHeilee nepemMeliMBaHue poBOIU-
71 B TedeHre 60 MUH C TTIOMOILbIO MATHUTHOM MeEILIaIK/
rpu TeMieparype 60 °C. Ilocie mpoLeccoB IepeMelim-
BaHUS 30J1b CO3peBajl B TeueHue 24 u
MpY KOMHATHO# TeMmIeparype.

IIpouiecc monydeHmMsT ToMoIIepe-

MUPOBaHUSI HEOOXOAMMON TOMUMHEI IJIeHKU. B manb-
HEHUIIEM IIPOBOAWIM OTXUI MOJYYEHHOM CTPYKTYpPhI
npu temieparype 500 °C B teueHue 60 muH. PopMu-
poBaHMe BepxHel IuIeHKn coctaBa ZnO— Me IpoBo-
IUTA aHAJIOTUYHBIM METOIOM, TIPUYEeM IIOTPyKeHUE
MOMJIOXKHU B 30J1b MPOUCXOIUIO C IPYrOil CTOPOHBI U
cj0u GOPMUPOBATUCH IBYMSI U TPeMsI MOTPYKEHUSIMU
JIJIST KaXKJI0ro COCTaBa.

Da30BHIl COCTAaB U pa3Mep KPUCTALIUTOB TIICHOK
OBLT UCCEO0BAH C IMMOMOIIBIO PEHTTeHOBCKOro ¢a3o-
BOro aHaJIM3a Ha PEHTTeHOBCKOM AudpakroMmerpe DS
Advance (Bruker, CIIIA) ¢ ucnonab3zoBaHuem Cu-Ko.
U3JIydeHus (mrHa BoJaHBl — 1,5406 A) B muamasone 20
20...80°.

HMccnenoBanne MOpGhOCTPYKTYPHl MOBEPXHOCTU
MOJIyYEHHBIX IJIEHOK MPOBOAUIM HAa aTOMHO-CHUJIO-
BoM Mmukpockone NTEGRA Therma (NT-MDT, Poc-
cud, T. 3eJIeHOrpaa) B KOHTAKTHOM, MOJYKOHTAKTHOM
1 OECKOHTAaKTHOM peXHMaX M Ha pPacTPOBOM D3JIEK-
TpoHHOM MuKpockorne JSM 5510 (JEOL, SInonus).

2. Teopus, pacyerbl

2.1. Qopmuposanue naenox Ha ocHose ZnO
Memoodom 304b-2eab MEXHOA0UU

B 3071b-Tenb npoliecce MoIeKyISIpHbIE TPEeKYyPCOPbI
MIPeTePIIEBAIOT Psi MPEBpalleHUd B 30JIe: TUIPOJIN3;
MOJIMMEpU3alMs C TOCIeA0BaTeIbHBIM J00aBIeHIEM
HMOHOB 1 00pa3oBaHUEM OKCO-, TMIPOKCWII- WM aKBa-
MOCTHUKOB; KOHAEHCAIIUS TTyTeM AeruapaTaluu; 3apo-
XKIEHNE W POCT KOIOMAHBIX yacTull [12—14]. Pac-
CMOTPHUM IIPOLIECChI, MPOUCXOIAIINE HAa HAaYaJlbHbIX
aTamnax CMHTe3a MpU IIPUTOTOBJICHUHU 30JIeii TT0 pa3pa-
0OTaHHOI METOIUKE.

ITpsimble polLiecChl THAPOIU3a U KOHASHCALIMU Ka-
THOHOB Zn2" (mpouiecchl 2, 3 Ha puc. 2), IPOUCXOIsI-
IIKE COTJIACHO cXeMaM

(CH,C00),Zn + H,0 <> ZnOH(CH;CO0) +
+ CH;COOH,
2ZnOH(CH;C00) <
 CH,C00—Zn—0—Zn—CH;COO + H,0

MPOTEKAIOT OTHOCUTEJIbHO MEUIEHHO BCIIEACTBUE HU3-
KOM KOHILICHTPALMX BOMAbI, BBOAWUMOM B IIPOLIECCHI CUH-

AUETaTHBIC TPYNIEI

H,0 OH Acetate groups
e

2 NH Tuapomms Konpencaums
xon0B ZnO/ZnO—Me, tne Me — Fe, Zn 2 HO-CH-NH. — Fiydrolysis , Condensation
Cu — mnpoucxonwsn B JABa 3Tamna: HO Zn —Zn
(opMUpoBaHUE HUXKHETO CJIOS YUC-
TOTO OKCHUJAa LIMHKAa U (opMUpoBa- ® @ || cr,coon Konnonzsas
PactBopumele HacTHR
HUE BEPXHETO CJIOSI OKCHIA IIUHKA, mepkw Colloidal particles

JIETMPOBAaHHOIro MeTauiamu. Bee cion
ITOJIy4eHBl METOIOM IIOTPY:KCHMS B
30J1b (dip-coating). Tlpu dopmupoBa-
HUY HIDKHETO CJT0ST TIOIJTOXKY TTOTpy-

I
I
I
I
I
I
I
I
I
I
I
I Soluble complexes
I

I

I

I

I

XKauu Ha 2/3 IIVHBL B 30Jb U TIPOCY-  « — — _ _ _ _ _ _ _

wBanu rmpu 80 °C B teueHue 30 MUH.
DTOT 3Tan NoBTOPsUIM 3 pa3a mjs gop-

Zn0, (C,H,0),,

OxcoaueTar UHHKA

‘r()\; y Oxoacetate zinc
Z{ > CH3 ['Haponu3/KoHAeHCALHsA

O Hydrolysis/condensation

Puc. 2. Cxema nponeccoB, NIpOMCXOAMMUX B HCXOAHBIX PACTBOPax
Fig. 2. Scheme of the processes in the initial solutions
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te3a u3 Kkpucrautornapara (CH;COO),Zn - 2H,0, 7. e.
[HZO]/[Zn2+] = 2 [15]. BBegeHue B peakLMOHHYIO
cMecCh 2-aMUHO3TAaHOJIa, BLICTYHAIOIIETO B KAUeCTBE
KOMITJIEKCOOOpa3yIollero areHTa, TakxKe 3a7epXXuBaeT
koHaeHcanuw Zn(Il) — nmpouecc 1, puc. 2. OngHako
MIPUCYTCTBUE 3TOTO aMHMHA, SIBJISIOIIEIOCS CJIA0bIM OC-
HOBaHUeM, cMmelaeT pH pacTBopa B IIETOYHYIO CTO-
pOHY, 4TO croco0cTByeT obpazoBaHuio ZnO. Ilpu-
CYTCTBHE arleTaT-MOHA TaKKe UTpaeT OOJBIIYIO POJIb
B 0oOpa3oBaHMM KOMILIeKca ¢ Zn + (tpourecc 4), xo-
TOpOe MPOTeKaeT B KOHKYPEHIIMU C 2-aMUHOATAaHO-
noMm. B memom, Tpu Hykieodwmna (2-aMMHO3TAHOII,
CH;COO , OH ) KOHKYpHpYIOT 32 0Opa30BaHUE KOM-
mekca ¢ Zn?". Hammume OH™ MIPUBOAUT K 00pa3o-
BaHUIO OJIUTOMEPOB OKCOAIETATOB IIMHKA.

IIpomecc 7, cBI3aHHBIN ¢ 00pa3oBaHNEM OKcoalle-
TaTOB LIMHKA, MOXHO IIJIST IIpUMEpa CXEMAaTHIEeCKH OT-
pasuTh CIEAYIONIMM ypaBHeHUEM [16]:

5(CH;C00),Zn - 2H,0 <>
© Zns(OH)g(CH;COO0), - 2H,0 + 8CH;COOH.

DTOT MpoLiecC HOMUHAIBHO He TPeOYeT JOMOHUTSIBHOM
BOIBL. B 30/151X HAUaIbHBIX 3TAINOB UX CO3peBaHUs Gop-
MUPOBAHUE MOJIEKY/ISIPHBIX KJIACTEPOB IPOMCXOAUT HAa
ocHoBe creayrommx coeauHenuit: Zn;,04(CH;COO),5,
Zn40(CH;CO0)g4, Zns(OH)g(CH;CO0), - 2H,0 [17].

KoHpaeHcarmst mpoayKToB ruapoian3a (Ipouecch 3, 6)
MPUBOIUT K (GOPMUPOBAHUIO KOJJIOMAHBIX PACTBOPOB
Ha OCHOBE YaCTHI] OKCUIA LIMHKA C TPUKPETUIEHHBIMU
K TTOBEPXHOCTU alleTATHLIMU JINTAHIAMU.

BBeneHHBIE B UICXOAHYIO CMECH COJIA MEAU U KeJie-
3a TakKe IpeTepIieBaloT MPOLeCChl TUAPOIN3a U IT0-
JIMKOHIIEHCAIINY C TTOCICTYIOIINM 00pa3oBaHNEM CTa-
TUCTUYECKUX TTOJIUMEPOB. PaccMOTpUM OOUH U3 BO3-
MOXHBIX MEXaHU3MOB JAHHBIX ITPOLIECCOB Ha IIPUMEPE
Fe(NOj3)5 - 9H,0 [18]. Ha mepBom 3Tarne BO3MOXHBI
OOMEHHbIE peakLMU HUTpaTa ¢ MOJIEKYyJaMU CIIUPTa
o cXeMe:

OR
Fe(NO3); - 9H,0 + 3ROH <» RO—Fe—OR +
+ 3HNO; + 9H,0,

rie R = CH;0CH,CH,—. Ilony4yeHHblE MPOLYKTHI
NPETEePEBAIOT TMAPOIU3 U MOJMKOHIEHCALIMIO:

=Fe—OR + H,0 < =Fe—OH + ROH,
=Fe—OH + HO—Zn" < =Fe—0—Zn" + H,0.

MaremMaTnyeckoe MOIEIMPOBAHNE IIPOIIECCOB
TUIPOJIN3a Y MOJUMKOHISHCAIIMY B 30JISIX JOCTATOYHO
3aTPYAHEHO, MOCKOJBbKY TUAPOIUTHUYECKAS ITOJIMKOH-
JIeHCAIUs SIBJISIETCS CJIOXHBIM ITapauieIbHO-TIoCTIe-
JIOBaTEJIbHBIM ITPOLIECCOM, MHOTHE CTaIN KOTOPOTO,
0COOCHHO paHHHWEe, OOpaTUMBI, HAIlpUMeEp 3a CUeT
MpoTeKaHusl peaTepudukauuyd M ankoroyausa [19].
IToaToMy BOCITONTB3yeMCST TIOAXOAOM, TPEIT0XKEHHBIM
aBTOpoM B pabote [20]. YmpoileHHO OyaeM CUMTaTh,
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YTO CKOPOCTb YOBUIM KOHLIEHTPALIMK alleTata IUHKa —
N'
dd_t — peakuus IICeBAOINEPBOro Nopsiaka, T. €.

—dAN" _ kN, (1)
dt
raie k — KoHcTaHTa cKopocTd. KMHETHUKY MOJMKOH-
JEHCallMM IIPOAYKTOB I'MApOJIin3a 6yZ[CM OIINCHIBATH C
MMOMOLIBIO ypaBHEHU CMOJIYXOBCKOTO:

_dc _ g2
5 K, (2)

rae —Z—i — CKOpOCTb YOBUTA TMAPOJIM30BABIIIMXCS Yac-

3k, T
THII 32 CYET ITPOLIECCOB MOJIMKOHAEH ALY K = 3—b —
n
KOHCTaHTa Koaryisunu; k, — nocrogHHas bonbima-
Ha; T — aOcoyoTHas TeMrepaTypa;  — BSI3KOCTb 30-
Js1. PeuieHuem ypaBHeHUs (2) sIBJISIETCSI TUIEPOOJIU-

yeckasi QyHKIUS BpeMeHU c(f) = Tae ¢y —

0
Kegt+1°
HayaJibHas KOHLIEHTpALMsl YacTHII.

[nst coBMecTHOTO pelieHust ypaBHeHuii (1) u (2) u
ygeTa BO3MOXHOCTHU IIPOTEKAHMS TapajlieTbHO-TIO-
CJIeIOBATEIbHBIX MPOLIECCOB CEIaeM P JOMyIIEeHUH
(puc. 3, a):

e pazobbeM BpeMs MPOTEKaHUS IPOLIECCOB TUAPO-
JINTUYECKOM MOTMKOHIEHCAIINY Ha MHTEPBAJIHI 8f;
OydmeM CYMTaTh, YTO BHYTPHM KaXXIOTro MHTepBaja
MPOMCXOIST TOJBKO MPOLIECCHl MOJUKOHIEHCAIUU
B COOTBETCTBUU C ypaBHeHUEM (2);

e B Hayaje KaxXIOro MHTepBaja &f; B PEaKIIMOHHYIO
CcMech BOpAchIBaeTCS HEKOTOPOE KOJIMYECTBO MO-
HOMEPOB A;, c(hOPMUPOBABILUXCA TTyTEM TUAPOJIU-
3a B COOTBeTCTBUU ¢ popmynoii (1) [21].

[Tpu cTpemnenun 8¢ — 0 3aBUCUMOCTH KOHIIEHTPA-
MY YacTHIl B 30Ji¢ OyIeT CTPEMUTBCSI K CBOEMY HC-
TUHHOMY BUIY, KOTOPBI MCKITIOYAET KOJIeOaTeTbHBIN
XapakTep 3aBUCUMOCTH. IS pacueTa cpeaHero pas-
Mepa yacTull B 30J1€ (d) BOCIIOJb3YEeMCs CIACAYIOIIUM
ypaBHeHUeM [22]:

1/D
_ o
(d) = BdO[cTt)j , 3)

rme B — Ko3(hGUIIMEHT, XapaKTepU3YIOIINil TTepeXoI
"MacCoOBBHIN (paKTal — ITOBEPXHOCTHBINM (pakTant”;

o
-
ool
<%
R
=
o
N

Puc. 3. Moaeab rapoTMTHIECKO# MOJTHKOHACHCAIIHH
Fig. 3. Model of a hydrolytic polycondensation




Puc. 4. ArperaTsl, nojiydeHHblie 0 MOAEJIAM "JacTUna — Kiaacrep"
U "Knacrep — kiaacrep”

Fig. 4. Aggregates received on "particle — cluster” and "cluster — cluster”
models

dy — pa3mep MOHOMepa; D — GbpakranbHas pasMep-
HOCTb YaCTHII.

I1pu MogenupoBaHUM 3aBUCUMOCTH (3) OyaeM cuu-
TaTh, YTO HA PAHHUX 3Tallax co3peBaHUs 30J1ei cOopKa
YaCTHUII OMMCHIBAaeTCs B paMKax Moaesln nuddy3noH-
HO-JIMMUTUpOBaHHOU arperauuu (DLA), poayKTom
KOTOpOi1 siBsieTcs arperat Butrena-CeHpaepa ¢ ¢ppak-
TaJibHOI pa3MepHocThio D = 2.5 (puc. 4, a). Ha 6onee
MO3JHUX 3Tallax CO3peBaHUsI UMEET MECTO KjacTep-
KJIacTepHasI arperaiusi, IIpu KOTOPOU arperaThl, oOpa-
30BaBIIMECS Ha TIEPBOM 3Tare, (popMUPYIOT MTEPKOJISI-
LIMOHHYIO CTPYKTYpY (puc. 4, b) [23].

YucneHHoe peuieHue ypaBHeHus (3) ¢ yueroM (1)
U (2) npuBeAeT K 3aBUCUMOCTH BUJA, PeACTaBIEHHO-
ro Ha puc. 3, b. Ha nepBoMm 3Tamne ImpoucxoauT pocT
arperarta I1o 3aKOHY, OJIM3KOMY K cTelieHHOMY. B nasb-
HelImeM, TOCTHTast CTaOMILHOTO pa3Mepa, YacTUIIBI
MpeKpallaT CBOU poCT.

IIporecchl KiacTep-KIacTepHOM arperaliii MOTYT
MPOAOJIKATHCS B 30JI€ IO TEX MOP, MOKA BCE MOHOMEPHI
HE 3aKpersITCsS Ha OCTOBE, T. €. MPOU30HAET Da30BbIi
rnepexoj ¢ o0pazoBaHUEM MEPKOJISILIUOHHOIO CTSTU-
BaIOIIETO KJIacTepa, MpeACTaBISIONIEro co00i TpexMep-
HYIO TIOJIUMEPHYIO ceTKy — reib [24]. OmHako yvaiie
BCEro 3TOro He MPOMCXOAUT BCJIEACTBUE CIMHOMAIb-
Horo pacrazga pactBopa [25]. YacTto mpu 30Jb-Tellb
Mporeccax CIMHOTAIbHBIN pacmam MOXeT ITPOMCX0-
IUTH 10 JOCTUKEHUS TTOpora MepKoJIIInu U 00pa3o-
BaHMS MEPKOJISILIMOHHOTIO KjacTepa. DTo CBSI3aHO C
TaKMM XOPOIIIO M3BECTHBIM SIBIICHUEM (DU3UKHU IO~
MEpOB, KaK XMMUYECKOe Mepeoxiak-
neHve. MHBIMU c0BaMM, C POCTOM
MoJiMMepa yMeHbIlIaeTcsl KoHpurypa-
LIMOHHAST COCTABJISIONIASI SHTPOIUM,
n cBobomHast sHeprusi [mb66ca Mo-

[(?Gmir]
ox 7.4

T,<T,<T,<T,

rone W — mapameTp MeXaTOMHOTO B3aMMOIEHCTBUS
"MoMMMep—pacTBOPUTENL"; X — MOJIbHASI OIS IO-
JiuMepa B pacTBope; R — YHMBepcajlibHasl razoBas
MOCTOsIHHAsI. AHAJIU3 3aBUCUMOCTH (4) MOKa3bIBaET,
YTO MaHHasg (PYHKIIUS MMEeT IBa MUHUMYyMa Ha BCEM
y4acTKe, MEXIYy KOTOPBIMM CHUCTEMAa CKJIOHHA K pac-
naay. MaremMaTMyecKu 3TO OIMCHIBACTCS YpaBHEHHEM

P Gmix
( ) = 0 (puc. 5, a). OnHaKo, ecid pacCMOTpPETh
ox /T.p
a2 Gmix
CUCTEMY MeEXAY HYJSIMU (QYHKUUU (—2j =0
ox T.p

(puc. 5, b), To okaxercs, 4yTo 3Heprusi [ mb6ca Mexa-
HUYECKO CMecH TIpY BCEX cOcTaBax OyIeT MeHbIIIe
sHepruu ['mb6ca pacTBoOpa, a 3TO NPUBEIAET K MPAKTU-
YeCKM MTHOBEHHOMY pacmaay 30151 Ha Be (ha3bl — Ofl-
HY, 00OrallleHHYIO TOJIMMEPOM, APYTYI0 — OOOralleH-
Hyto pacTtBoputeiaeM [27, 28]. JaHHbI mpolecc —
CINIMHOAAIbHBIA pacnag — IPUBOAUT K TOSIBICHUIO
JIAOMPUHTHBIX CTPYKTYP.

2 ~mix
oG _
IMons3ysich ypaBHEHWEM CIIMHOAAIN | ——— =0,
)
HaliJIeM TpaHUYHbIE COCTABbI, MPU KOTOPBIX MPOUCXO-
JUT CIIMHOAAIBHBINM pacnaj, — CIUHO/bI:

xcl’2=%(li /1_2%7). (5)

Ha sTamne cyuiku mieHoK, c(OpMUPOBAHHBIX Me-
TOIOM ITOTPY>KE€HUS B 30J1b, IPOTEKAIOIIEM B TEYCHUE
30 muH npu 80 °C, IIpoucXoIuT MCIapeHue PacTBO-
puUTeis U yaajleHde OpraHu4YeCcKuX JeTyYuX 3arpsi3Hu -
teneit. Ha srame otxkura mieHok 1pu 500 °C mpouc-
XOIUT CUHEepe3uc refist U hopMUpoBaHUE KPUCTAIH-
YECKOUN CTPYKTYpbl Ha OCHOBE OKCHUJA IIMHKA 32 CYET
pas3IoXKeHUsl IPOAYKTOB MOJUKOHAeHcaluu. B camom
MPOCTOM BHUIE MAHHBINA IPOIECC MOXHO OITMCATh
ypaBHEHUEM

Zn(OH), — ZnO + H,0.

B 3aBucMMOCTH OT THMIIA MOMJIOXKHN MMEETCS BO3-
MOXHOCTb MOJIy4aTb OPUEHTUPOBAHHBIE TJIeHKU ZnO
METOAOM 30JIb-TeJIb TeXHonoruu [15]. Poct 3epeH ZnO
Bceraa NMPOUCXOIUT BIOJbL OCH Z, a OpUEHTALMS T10-

'.' aZGme
Y,Tz o )

XKET CTaTh IOJOXUTEIbHOM.

o 1
Crenys peleToyHoil MOaeIn pac-
TB IC[I})/ ¥ n-XarruH ﬂH I131/1 ' %, MOTLACS. 2
opa diropu-Xa ca, SHEPIUIo a) | X mole fraction b) ¥, MONJOL.

m66ca pactBopa moiumepa G™X
MOXHO ONpPENEINUTh [0 CIEAYIOWER
dopmyie [26]:

0,5

x, mole fraction

Puc. 5. 3aBucumMocTd nepBoii 1 BTOPOii Npou3BoaHoi oT 3Heprun ['n60ca pacTBopa no KoH-

G"™* = Wx(1 — x) + TR(xIn(x) +
+ (1 — In(l — %)), (4)

IEHTPAIMHA OT COCTaBa

Fig. 5. Dependences of the first and second derivatives on Gibbs energy of a solution by
concentration from composition
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OTxur

Puc. 6. Kpucrannorpaguueckoe opuenTuposanmne mwieHok ZnO
Fig. 6. Crystallographic orientation of ZnO films

JIYY4EHHOU TUUIEHKU 3aBUCUT OT B3aUMOJAECWICTBUS Yac-
TUL MEXAY cO00M U ¢ moaIoxKoi. B ciyyae HaHece-
HUSI HEMTPEPBIBHOM TJIEHKU arperatbl B3aMMOACHCTBY-
0T JpYyT C IPYyroM CUiibHee, YeM C TOJI0XKKOM, 4To
MPUBOJUT K MPEUMYILIECTBEHHOMY POCTY Z-OpUEHTH-
POBaHHBIX KPUCTAJLJIUTOB MEPINEHANKYISIPHO MOAJIOX-
ke (puc. 6, a). [Ipu HaHeceHUH pPa30aBICHHOTO 30JI4,
OCaXJAIOIIErocsl Ha MOBEPXHOCTU B BUJIE Pa3pO3HEH-
HBIX KJIACTePOB, B3aMMO/IeICTBUE YaCcTULIA — TTOAJIOX-
Ka OyaeT JOMUHUPOBATh, IIPUBO/IS K TOMY, UYTO Z-OpU-
€HTUPOBAHHbIE KPUCTAJUIUTHI OyayT (popMupoBaThCs
MMapajuIeNIbHO TIOMIOXKe (puc. 6, b).

[Ipyn HaHeCEHUM Ha MOMJIOXKKY CETUYaTOM MepKO-
JISILIMOHHOW WM JAOUPUHTHON CTPYKTYpbl €€ Opu-
EHTUPYIOLIEE BIUSIHUE CYLIECTBEHHO YMEHbBILIAETCH,
YTO MPUBOJIUT K BOBHUKHOBEHUIO HEOPUEHTUPOBAH -
HOM MOJUMKPUCTAINIMYECKON CTPYKTYphl. TeM He Me-
Hee OTMETUM, YTO (h)OPMUPOBAHNE OPUEHTUPOBAHHbBIX
TPEXMEPHBIX BETBE BO3MOXHO IIPU psIe YCIOBUM B
Ipoliecce co3peBaHUs 30Jis1 o0 MexaHusmy Oriented
Attachment [29].

2.2. Mexanuszmol eazouyecmeumenvHocmu

WccmeqoBaHre Ta30YyBCTBUTEIBHBIX XapaKTepH-
CTUK W 3JICKTPUUYECKHMX ITapaMeTpPOB pa3pabOTaHHBIX
CEHCOPOB MPOBOIUIIN ITYyTEM U3MEPEHUS 3ICKTPOIBH -
Kyei cunbl (BDC) Ha Bo3nyxe U B IIPUCYTCTBUU Ta-
3a-aHaiu3aropa. is 3Toro K BEpXHEMY U HUXKHEMY
CJIOSIM TIPMXKMMAJIU MeJIHbIE KOHTaKThI (CM. puc. 1, a),
oOpazell moMellaaId B TPYOHYIO Medb, pa3orpeTyio 10
TpeOyeMOil TeMITepaTyphl, 4epe3 KOTOPYIO ITPOXOMMI
MOTOK MapoB 3TaHOJA 33AaHHON KOHILIeHTpaluu. Men-
HBIE TIPOBOJIA OT KOHTAKTOB OBIIA BEIHECEHBI U3 TTeUN
1 TPUKpPETUIeHBl K KOHTAaKTaM BOJBTMETpPA MPU KOM-
HaTHOU Temmnepatype. Bkian B BodHUKHOBeHME DJIC
Ha romorepexone ZnO/ZnO-Me BHOCAT psifi MEXaHU3-
MOB, OCHOBHBIE M3 KOTOpPBIX — 3¢ dekT 3eebeka u
MMbE303JIEKTPUUECKUI 3(PPEKT.

Bknan a¢pexra 3eedeka. Ha prc. 7 (cM. yeTBepTyIO
CTOPOHY OOJIOXKKM) CXeMaTUYEeCKM MOKa3aHa CTPYKTypa
BUPTYaJIbHOU TepMomnaphbl, BOZHUKAIOLLIEH MPU pa3o-
rpeBe TpyOHOI reun. B aToM ciydyae nHTepdelic ro-
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MOIIepexoa UrpaeT poJb crast. Torma BeIpaxkeHue JIJIst
BO3HMKawllel 3a cuer apdekra 3eedbeka pasHOCTU
noteHuManoB AU npumer ciaenyromuii Bun [30]:

AU= (o) — apAT, (6)

rae o) U o, — KoahduureHntol 3eebeka HUXKHETO U
BEpPXHETO CJI0€B COOTBETCTBEHHO; AT — Tieperaz TeM-
meparyp.

Kospduumenter 3eedbeka i 3J1€KTPOHHOTO o, U
ABIPOYHOTO o, TIOJYIIPOBOJHMKOB 3AlUILEM CIICAYIO-
M obpasom [31]:

k 3
ocn=——b r+2-1In nh 750
q 2(2nm k, T
k 3
a,=2|r+2-1In Lﬂ , (7
q 2(2mm ki, T)

TIe g — 3apsi 5JeKTPOHa; + — (DaKTOp pacCessHusT; h —
rocrostHHad [1maHka; n, p — KOHIEHTPALNH 3JIeKTPO-
HOB U JIBIPOK COOTBETCTBEHHO; M, M), — apdexTuB-
HbI€ MacChl 3JIEKTPOHOB U JBIPOK COOTBETCTBEHHO.

YT1o06bl YyIPOCTUTH pacueTbl, OyaeM MOAEJIUPOBATH
cucteMy ZnQ/ZnO-Fe, NOCKONbKY XeJe30 SBISIeTCs
JIOHOPHOI MpUMeChl0 B okcuae 1uHka [32]. B atom
ciyyae, coryacHo (7), ko duuneHTs 3eebeka BepX-
HETO M HIDKHETO CJI0eB OYyIyT OJHOTO M TOTO Xe 3HaKa,
YTO CYIIECTBEHHO YIIPOCTUT 3a1a4yy pacyeTa pa3HOCTU
NoTeHUManoB. B aToM citydae cunras, 4to a,; caabo 3a-
BHUCHUT OT TeMIlepaTyphl, TTepenuiieM ypaBHeHHe (6) B
TaKOM BUIIE:

ky (”1

AU = —In| — |AT. 8)

q n
Takxum 006pazoM, 4YTOOBI paccuuTaTh U3MEHECHME

pPa3HOCTU MOTEHLIMAIOB MPU BO3AEUCTBUU Ha 0Opaszel]

ra3zoB, HEOOXOAUMO HAalTH (PYHKLMOHAJIbHEBIE 3aBUCH-

MOCTH 1y, Ny = f(p'), TAe p'— NMapLUaNbHOE NaBIEHUE

raza-aHanu3sartopa. /st pacueTa cienaem psii mpuoImn-

xenuii [33]:

e U3MEHEHUEe KOHLEHTpaLUU 3JEKTPOHOB B HIKHEM
CJIOE 1y BBUIY €TO U3OJIALMU ITPEHEOPEXMMO MAJIO;

e BepxHuMil cyoit ZnO-Me mpencrtaBisieT co0oil
CIUIOLLIHOM TOHKHWI CJIOMH;

e TOJIIMHA BEPXHEro Cj0si HAMHOTO MEHbIIEe JJIMHbI
sKpaHupoBaHus Jlebast, T. . IPUMEHUMO NPUOIU-
KEeHUE TUIOCKUX 30H.

VYcnoBue ancopOLIMOHHOIO paBHOBECHS B cllydyae,

KOrJ1a afcopO1usl He COMPOBOXIAETCS TUCCOLMALIUEIH,

umeet Bua [34]

0
(P(N* = N) = VONoeXp[—q—J +

k,T
+ —
+vINT 4 | +v N _9
v'N exp( ka) v N exp( kaj, 9)

rae y — KMHeTudeckuit koadduimeHt JIsHrmiopa; P —
naBjieHKue; N* — MOBePXHOCTHAsI KOHIICHTPALIMS ajl-
COPOLIMOHHBIX LEHTPOB; N — MOBEPXHOCTHAs KOH-




LICHTpAIMsI BCEX COPTOB aICOPOUPOBAHHBIX MOJIEKYIT;
v0, v} — BeposiTHOCTH 1eCOPOLMM YaCTHLL B HEil-
TPaJIbHOM, MOJOXUTEIbHO 1 OTPULIATEIBHO 3apsixKeH-
Hbix popmax; N°, N* — noBepXHOCTHBIE KOHLIEHTpa-
IIMM COOTBETCTBYIOIIMX (hOPM aIcOpOMPOBAHHBIX MOJIE-
Ky, qo, g — nuddepeHMaIbHas TEIUIoTa aacopoLuu
COOTBETCTBYIOLIMX (hopM. OTHAKO paBHOBECHE C ra3o-
Boi (bazoii B cilyyae HEBBIPOXKAEHHOTO MOJTYIPOBOIHU-
Ka MoJIepKMBaeTCsl UCKJIFOUUTEILHO 3a cueT "cinaboii”,
HeTpaabHON (GOPMBI XeMOCOPOMPOBAHHBIX YACTHII
[34], 1. e. ypaBHeHue (9) MOXHO TepenucaTh B BUIE

0
P(N* = N) = v'NVexp| £ . 1
vP( )=V exp[ kaj (10)
P.
BBonst o6o3HaueHue p; = ———— — map-
. l

LIMajJbHble HOPMMPOBAHHbBIC AABJICHUS, MEPeNUIIeM
yciioBUs ancopOiMoHHoro paBHoBecus (10) ans ku-
ciopona (ra3-oKMCIUTEIb) W 3TaHoMA (Ta3-BOCCTAHO-
BUTENb), TIPU YCIIOBUH, YTO Ta3-OKUCIUTEh, XeMOCOP-
OupysCch, 3a0UpaeT 2JIEKTPOH Yy IMOJIYNPOBOAHUKA U
3apsikaeTcsl OTPULATENbHO, a Fa3-BOCCTAHOBUTEJb OT-
JlaeT BJIEKTPOH B 30HY ITPOBOAMMOCTH TOJYIIPOBOIHU-
Ka 1 3apsKaeTcsl MOJIOXKUTEbHO:

i 0

Pgf(N" = Ngp= Nyg) = Nop= Ny = N, (11)
* — 0

pgo(N _Ngr_Ngo) = NgO—NgO = Ngoﬂ

TI€ gy, Pgy — HMapLHATbHBIC HOPMUPOBAHHBIC [aBJIC-
HUS 3TaHOJIa U KUCJIOPOJa COOTBETCTBEHHO; Ngr, Ngo —
MOBEPXHOCTHASl KOHUEHTpalusi aacopOUpOBaHHBIX
(3apsKeHHBIX M HEUTpaJbHBIX) 3TaHOJA 1M KUCI0poaa
COOTBETCTBEHHO,; Ng+,, Ngy — TIOBEPXHOCTHasl KOH-
LIEHTpaLMsl 3apsKeHHBIX (DOPM 3TaHOJa 1 KUCJIopoaa
COOTBETCTBEHHO; Ngr, Ng(,)o — TIOBEPXHOCTHasi KOH-
LIEHTpaLMsl HEUTPpaAJIbHBIX (POPM 3TaHOJIA U KUCIOPO-
Ja COOTBeTCTBeHHO. ClieayeT OTMETUTD, UTO CUCTEMA
(11) cnpaBeniMBa Npy YCAOBUM, YTO HE MPOUCXOIUT
MPSIMBIX PEAKLIUK MEXIy KUCIOPOJOM U 3TAHOJIOM, a
KK CJIOPOJ CYLLIECTBYET Ha MOBEPXHOCTU TOJIbKO B (pop-
Me O . BeposITHOCTb TOTO, YTO YaCcTUIIA OCTAHETCS
HEUTpaJbHOM Ha MOBEPXHOCTH ITOJYIIPOBOIHMKA, OIU-
ceBaeTcs cratuctnkoit Mepmu-Anpaka [35]:

E +E
1exp(_ﬂj
0 _ 2 k, T
NS = N, . (12)
1 ptEF
1+ 2exp[— kT J
E,~F
2exp(A—Fj
0 _ kyT
Ngo = Ny, , (13)
s 2exo| Ea=EF
e LS
+2exp T

roe Ep, £, — 3HEpPruu MOHU3ALUU TOHOPHOIO U aK-
LIENTOPHOIO YPOBHEN COOTBETCTBEHHO; Ef — 3HEPrus
®epmu 1oaynpoBoAHMKa. 114 faibHEA1Iero aHaamu3a
nepeiaeM K OTCYETY SHEPIUM OT JHA 30HbI IIPOBOIM-
MOCTU. B 3TOM cilyyae MOXHO IepenucaTh BhIpaxke-
Hug (12, 13) B caemylollemM BUIE:

0 kT
Ngo = 2Ngo p X
E-—En -1
C A
Ncexp(— T )
x|1+2 ; (14)
n
0 _ n
Ngo = 2Ngo ,
Ncexp( T )
x [1+2 n ) 15
| (15)
Ncexp(——kT )

rae N¢e— ahdeKkTuBHas INIOTHOCTL COCTOAHUIA B 30He
MPOBOAMMOCTHU ToJiynipoBoaHMKaA. Toacrasisist ypas-
HeHus (14), (15) B (11), npuxoauM K OKOHYATETbHOMY
BUIY YCJIOBUI1 aacOpOIIMOHHOTO PaBHOBECHS.

Hnsg pacyeTa 3aBUCUMOCTU 1 = f(pg,) MpU MOCTO-
SIHHOM JIaBJICHUM KMCJIOPOA Py, TIOMUMO (11) HeoO-
XOAMMO el1le OTHO YpaBHEHUE, YTOObI UCKITIOUUTD YJie-
HBI Ngg u Ngr [36]. s sTOr0 BBEAEM YpaBHEHHE DIIEK-
TPOHENTPAIbHOCTHU:

nV+ Ng,§= NpV+ N;rS, (16)

rae V, S — o0beM u IIolanb MIeHKH COOTBETCTBEH-
HO; Nj — KOHILIEHTpalus JOHOPHOM MPUMECH B T10-
JIYIpOBOAHUKE (KaTUOHBI Fe>" u Bakancuu B noape-
1eTke Kkuciaopoaa). Paznenus obe yacTu ypaBHEHMS
(16) Ha S, MOJTyYM €ro OKOHYATETLHBI BapHaHT:

hV + Ng, = Nph + Ngt, (17)

IAe h — TOJIIMHA IJIEHKH.
Takum o6pazom, oobeanHssa (11) u (16), HaxoguMm
WCKOMYIO 3aBUCUMOCTb

2
L —pgol’l + (p2n + (p3 n

pgr_ ) (18)

1 (p4n2 +Qsn+ Qs

€ @; — MOCTOAHHbBIE KOO(POUUMEHTHI, 3aBUCALLME OT
CBOICTB ITOJIyIIPOBOJHMKA, €ro 0Morpacduu U CBOICTB
ancopOMpyeMbIX ra3oB.

B pamkax pa3paboTaHHOII MOAEIN PacCUUTAHbI TU-
MUYHbIE KOHLIEHTPALIMOHHbBIE 3aBUCMMOCTH PAa3HOCTU
MOTEHIMATIOB MTPY Pa3JIMYHbBIX COOTHOILLIEHUSIX KOHILIEH-
TpalMK BJIEKTPOHOB B BEPXHEM M HUXXHEM CJIOSIX Ha
Bo3ayxe (puc. 8). KoHcTtaHThl, HEOOXOAUMBbIE JJIS1 pac-
yeTa ¢;, B3AThl U3 pador [37, 38].

Bxkiaaa nne3oasiekrpudeckoro 3ddekra. I1be3031ex-
Tpudeckuii 3¢ (HeKT MOXET BHOCUTh CYLIECTBEHHBIM
BKJIaJ B Bo3HuUKawlinyw DJC, KoTopas MOXeT mpe-
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pom 1—2 mkM. BeTBH, mo Bceil BU-

IVMOCTH, COOPMHUPOBAHBI Ha 3Tare

CO3pCBaHMA 30JIs1 B IIPOLCCCE Kila-

CTep-KJIACTEPHOIM arperalii M 00-
pa3yioT TEePKONSLMOHHBIA CTATH-

=710 em™

Ha puc. 11 npeacrtaBieHbl U30-
OpaxeHus1 mieHok ZnO-Me, nony-

0 0.5 1 1.5 2 25 3 ] 0.5 1 L5

Puc. 8. Pe3yabraTsl MO/IeMPOBAHUS KOHIIEHTPALMOHHO! 3aBHCHMOCTH Ia304yBCTBUTEJIbHOCTH
Fig. 8. Results of modeling of the concentration dependence of gas-sensitivity

BOCXOAUTb KOMIIOHEHTY Pa3HOCTH IMOTEHIIMAIOB, BO3-
HUKIIYIO Benenctsue addekra 3eedeka. CBsa3aH OH ¢
pa3IMYHBIMU KO3 IULIMEHTAMU JIMHEMHOTO paciliunpe-
HUS o' OPUEHTUPOBAHHBIX TUIEHOK M TOMIOXKHU. Mc-
roJb3yemble momtoxku Rubalit® 710 mpeacrapmsiior co-
0011 MONMKPUCTAIUIMYECKUI okcul amoMuHus Al,Os,
o'=8,36-10"° K1 (600 K), w15t mieHok ZnO, opyieH-
TUPOBaHHBIX B Hanpasiaenuu [001], o'= 5,6+ 1070 K~!
(600 K). ITpu HarpeBe CTPYKTYpHI ITOMIOXKKA 3a CUET
paciupeHusi Oyner nehopMUpoOBaTh IUICHKY (Takxke
BO3MOXEH CIIy4yaii, KOrJa B MI3HAYAIBHO C3KATOM TUICH-
K€ TIpM HeOOJIBIIIOM HarpeBe CHUMAIOTCS MeXaHWYe-
CKH€ HaMpsDKeHMS, a TIPU JaJbHeMIIeM poCcTe TeMIle-
paTypbl OynyT BOZHUMKATh HOBbIE, CBSI3AHHbBIEC C PACTSI-
XEeHUeM, — pHUc. 9, CM. UeTBEPTYIO CTOPOHY 00JIOXKKH),
YTO TIPUBENET K MOIAPU3ALINN M BOSHUKHOBEHUIO TThe-
30IOTEeHIIMANa U BCTPOEHHOTO 3JIEKTPUYECKOTO TOJIS
[39, 40]. B ciayyae eciu BXOOHOE COIPOTHUBICHUE
BOJIETMETPA JOCTATOYHO BEJIMKO, TOK YTEUKHW OymeT
MpeHeOpeskuMO MaJl M peJlaKCalldsl JIeKTPUIECKOTO
HanpsDKeHUsT OyneT MPOUCXOANTh JUIMTEIbHOE BpeMs.
CBOOOIHbBIE HOCUTEIM 3apsiia, UMEIOIIMECS] B OKCH-
Iie IIMHKA, TIepepactipenesisTioTcss B 00beMe MaTepuada,
SKpaHUPYs BOZHUKIIIEE TTOJIE, YTO TIPUBOIUT K CHIKE -
HHIO BO3HMKIIIE! pa3HOCTU MOTeHIanoB. [Ipoiecch
aacopouu — AecopOolrM MPUBOASAT K U3MEHEHUIO
KOHIIEHTpAllMK HOCUTEJIeH 3apsiaa B MOJYIPOBOAHU-
Ke, 4To m3MeHseT cymmapHyo DJIC u gemaetr BO3-
MOXHBIM JI€TEeKTUPOBATh ra3bl-aHaiu3aTophl [41].
CrnenyeT OTMETUTh, YTO JaHHBIM MEXaHM3M ra3o-
YYBCTBUTEIBHOCTU BO3MOXKEH TOJbKO B OPUEHTUPO-
BaHHBIX IUIEHKAX, ITOCKOJIBKY B 9TOM cllydae He TIpo-
ucxoauT komneHcanun DJIC OT pa3IMyHBIX 3epeH.

3. Pe3yabTaThl 1 00CYyXKIEHHSA
3.1. CmpykmypHvie ceoticmea nieHoK

Penbed moBepXHOCTU IMJIEHOK MCCIEIOBAIN ABYMS
MeToJaMU: aTOMHO-CHJIOBOUM MuKpockonueit (ACM)
U PacTpPOBOM 3JEKTPOHHON MHMKpockomnueir (POM).
Ha puc. 10 npeacraBieHo tTunnuHoe POM-u3obpaxke-
HUE ITIOBepxHOCTH IuieHKM ZnO 6e3 Momudukauuu
KaTHOHAMM METAJUIOB. AHAIN3 M300pakeHUI MmoKa-
3bIBAET, YTO BO BCEX CIIyYasiX TUIEHKU MMEIOT B CBOEH
CTPYKTYpE TpeXMEpHbIE BETBU C TUIMUYHBIM JUAMET-
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YEHHBIC C IIOMOLIBIO pPacTpOBOIoO
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|
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|
|
|
|
| Baroluii kiactep [42].
|
|
|
2 2.5 3 :
|
|

Cyrany OTH.E1L Craz» OTH.CL. 3JICKTPOHHOIO MUKpOCKoma. BumHo,
Cyas, a1 Coasr a.tt. YTO B LIEJIOM MX CTPYKTYpa CXOIHA CO

CTPYKTYpOU HeJIeTUPOBAHHBIX TIJIE-
HOK oKcuaa 1rHka. Cieayer oTMe-
TUTB, YTO TUIEHKHM coctaBa ZnO-Fe
HauboJjiee CHJIBHO OTJIMYAIOTCS OT
miaeHok ZnO, a oopasnpsl ZnO-Cu Hanbonee OJIM3KU.
OTOT (PaKT MOXHO OOBSICHUTH pa3iMdUeM B paauy-
cax katnoHoB Zn?t (74 A), Cut (73 A), Fe3™ (68 A)
[43, 44]. MoHBI Meau, KaK U UOHBI XKejie3a, BITECHS -
IOT KaTMOHBI LIMHKA M3 MOIPELIECTKU, 00pa3ys TBep-
Jblii pacTBOp 3aMellieHUs1. B ciydyae KaTMOHOB Cu2+,
pagmyc KOTOPBIX MPAKTHUECKH WACHTUYEH pPaguycy

Puc. 10. Tunuunas MopgoJIorus NoBEpXHOCTH IUIEHOK HEJIETHPOBaH-
HOTO OKCH/IA IMHKA

Fig. 10. Typical morphology of the surface of films unalloyed with ZnO

Puc. 11. Mopdosorun nosepxHoctu mienok ZnO-Me, chopmupo-
BAHHBIX JABYMS M TPeMs OrPYKeHUsAMH B 30Jb: @ — ZnO-Cu, aBa no-
rpyxenus; b — ZnO-Cu, tpu norpyxenus; ¢ — ZnO-Fe, nBa mo-
rpyxenusi; d — ZnO-Fe, Tpu norpyxeHust

Fig. 11. Morphology of the surface of ZnO-Me films formed by two and
three immersions in sol: a — ZnO-Cu, two immersions; b — ZnO-Cu,
three immersions; ¢ — ZnO-Fe, two immersions; d — ZnO-Fe, three

immersions
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Puc. 13. JTudpakrorpaMmbl 00pa3uoB
Fig. 13. Diffraction patterns of the samples

Zn*", uckaxeHust KPUCTAJUTMYECKON PEIIEeTKN U Me-
XaHWYECKWEe HaMpPSKEHWSI MUHUMAaJIbHBI, YTO MO3BO-
JisieT (hOpMUPOBATh CTPYKTYPY, OJU3KYIO K HEJIeTUPO-
BaHHbIM 1uieHKaM ZnO. B ciayyae o6pasuos ZnO-Fe
katoHbl Fe3' Ha 8 % MeHblie KATHOHOB LIMHKA, YTO
MPUBOJAUT K CYIIECTBEHHOMY HM3MEHEHMIO Tepuoja
WISHTUYHOCTU, BO3HMKHOBEHUIO MEXaHMUECKMX Ha-
MIPSDKEHWA, U B CBSI3M C 3TUM K OTIMYINIO B MOP(DOJIO-
I'MA U BOBHUKHOBEHUIO "U3MSTON" MOBEPXHOCTU.

JonomHuTeTbHBIE UCCIeA0BAaHMS CTPYKTYPHI TUIEHOK
OBLIM MPOBEICHBI C MOMOIIBIO ATOMHO-CHJIOBOM MUK-
pockonuu. Tummunbsie ACM-u3o0pakeHus1 TpeacTaB-
JIeHbl Ha puc. 12 (CM. YETBEPTYIO CTOPOHY OOJIOXKKM).
UccnenoBanus 1wieHoK ¢ romoibio ACM 1onoaHsaioT
pe3yJbTaThl, MOJyYeHHbIE ¢ MOMOLLBI0 POM, naHHbIMU
IO 1IEPOXOBATOCTU MOBEPXHOCTHU (CM. TaOJMILY).

M3 Tabauiibl BUIHO, YTO BBEAECHNWE KATUOHOB Me-
TaJlJIOB BO BCEX CIy4yasix YMEHbIIIAeT 1IepPOXOBAaTOCTh
TUIEHOK.

Taxkxe pesyabTaTbl aTOMHO-CUJIOBOM MUKPOCKO-
MM TIOATBEPAMIIN pa3paboTaHHbBIE MOIEIN, B KOTOPBHIX
MpEnronarajoch, 4YT0 Ha PaHHMUX BTarax CO3PEBAHUS
3o0jielt OopMUPYIOTCST KBazuchepuueckue dpaxkraib-
HbIE€ arperarbl, KOTOpbIe MO3aHee (OPMUPYIOT TTEPKO-
JISILIMOHHBIE BeTBU (puc. 12, b, d).

Ha puc. 13 nmokasaHbl peHTTeHOTpaMMbl YUCTBIX U
nmermpoBaHHbIX 3 ar. % Fe u 3 ar. % Cu mueHoK, oTo-
sxokeHHBIX TIpy 500 °C B Teuenue 60 MmuH. Bo Becex 06-
pasuax NpuCyTCTBYET TOJbKO BlopiUTHas (aza ZnO ¢
pedaekcamMu, COOTBETCTBYIOIIMMU CEMEeNCTBaM ILJI0C-
kocreit (100), (002), (101), (102), (110), (103), (112),
HUKakux cienos ¢as FeO, Fe,03, Fe;04, CuO, Cu,O
He o0HapykeHOo. DTO yKa3bIBaeT Ha 00pa3oBaHue TBEP-
JIbIX PacTBOPOB.

ITo Bceli BMOMMOCTHU, KAaTHOHBI Fe3+, 3aHUMas
MOJIOXXEHUE Zn2+, 00pa3yloT TBepblil pacTBOpP 3aMe-
weHust Zng g7Feq 930 [45]. Ha oT0 Takxke ykasbiBaet
cMmeleHue pediekcoB mieHku coctaBa ZnO:Fe Bie-
BO, YTO TOBOPUT 00 YBEJIMYCHHUU TePUOAA UACHTHI-
HOCTH PEUIETKU U HaXOAUTCSI B COOTBETCTBUM C COOT-
HOLLIEHUSMU PaJuyCOB KaTUOHOB: r(Zn2+) = 0,74 A;
r(Fe3+) = (0,78 A. Tem He MeHee u3 puc. 13 BuIHO,
YTO MHTEHCUBHOCTH pedIeKCOB JIETUPOBAHHON Ke-
JIe30M TUIEHKHM HIXe, a WX TMOJYyIINPUHA OOJIbIIIe, YeM
JUIS YMCTOM, UTO CBSI3aHO C MHTMOMPOBAaHUEM KaTHO-
HaMU Keje3a KpucTauiM3aluy oOpasloB. BeeaeHue
Fe3' npuBOAMT K yBENMYEHHMIO HEYNOPSIOYeHHOCTH
pEIIeTKN ¥ BO3HUKHOBEHMIO B HEl MeXaHMYEeCKNX Ha-
NPSKEHUM.

BBenenne kaTuoHOB Cu’* s KPUCTAJITIMYECKYIO pe-
LIETKY B KOHLIEHTpaluu 3 aT. %, HaIIpOTUB, Y/IydllaeT
KPHUCTAJUIMYECKYIO CTPYKTYPY IUIEHOK, YTO OTpakaeT-
csl B TIOBBILIIEHUM WHTEHCUBHOCTU pediekcoB (100),
(002), (101). ITo Bceit BUIMMOCTH 3TO CBSI3aHO C TPEMSI
OCHOBHBIMU IIpuUuMHamu [46, 47]:

1) Menb 1 LIMHK HAXOASITCS PSIIOM B TIEpUOIMIECKOM
TaOJIULIE XMMUYECKUX 3JIEMEHTOB, UTO Je/IaeT UX JIeK-
TPOHHBIE CTPYKTYPHI U PAINyChl HOHOB OJIM3KHIMM;

2) niepBasi sHeprusl noHuzauuu Cu MeHbIIIE, YeM y
Zn; 3TO CNOCOOCTBYET YMEHbIIEHUIO KOHLIEHTpaLuu
BaKaHCHI B TIOApPEIIETKE KUCIOPOIa, TIOCKOJBKY CBSI3b
Cu—O 06onee cunbHast, yeM Zn—O, U, ciegoBaTelb-
HO, YJIYYLIEHUIO KPUCTAIIMYECKON CTPYKTYPHI;

3) KaTUOHBI Cu?* BBICTYIIAIOT LIEHTPaMMU POCTa B
npouecce GopMUPOBAHUS KOJIOUAHBIX yacTull ZnO B
Mpoliecce Co3peBaHUST 30J.

TaxuMm obpazom, npu BBeaeHun B ZnO Meau B KOH-
LeHTpanuu 3 aT. %, o0pa3yeTcs TBepAblid pacTBOD 3a-
MeleHus coctaBa Zng ¢7Cuy 30.

CpenHuii pa3Mep KpUCTAJUIMTOB IUIEHOK d ObLIT pac-
CUWTAaH C ToMollblo ypaBHeHus Jledas—Illepepa:

KA
Bcosh’

rae k = 0,89 — koHcranTa [llepepa; A — mIMHA BOJHEI
peHTreHoBCKoro nanydenus (A = 1,5406 A st Cu-K);
B — ymumpeHue pediekca Ha ero IoJyBeICOTe, [pamn];
0 — yTOJI, COOTBETCTBYIOIINIA HCCIETyeMOMY pediIeKCy.

PaccuntanHble cpemHUe pa3Mepbl KPUCTAJIMTOB
g 1ieHokK ZnO coctaBunu 22,3 oM, 1 ZnO:Fe —
20,7 am, mrsg ZnO:Cu — 23,6 HM. YMeHBIIICHHE pa3-
MEPOB KPUCTAJUTUTOB B JIESTMPOBAHHBIX XEJI€30M TUIEH-
Kax MOXHO CBsI3aTh, MO0 BUINMOMY, C ABYMSI OCHOB-
HBIMU (PaKTOpaMM: POCT 3apOIBIIIEH JOCTUTAET HACHI-
IIEHUS 34 CYeT MHTMOMPOBAHUST KPUCTATU3ALINI, Ha-

IIlepoxoBaTocTh MIEHOK (PACCYMTAHA KAK PA3HOCTh MAKCHMAJbHOH M MHHAMAJILHOM BBICOT IUIEHKM HA cKaHe pa3mepoMm 30X 30 mkm)
Roughness of the films (it was calculated as the difference between the maximal and minimal height of a film on a scan with size of 30%30 micrometers)

Samples Two immersions

Oo6paszelt 7Zn0 ZnO:Fe, nBa norpyxxeHus | ZnO:Fe, tpu norpyxenus | ZnO:Cu, na norpyxeHust | ZnO:Cu, Tpu HOrpykeHust
Three immersions

Two immersions Three immersions

[lepoxoBaTOCTh, MKM 2.7 22
Roughness, ym

2,3 1,3 1,2
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pYIIeHNE HOPMAJILHBIX ITPOIIECCOB POCTa KPUCTAJUIUTOB
3a cyeT nedopMalMii pelIeTKH, BbI3BAHHBIX CYIIECT-
BEHHbIM OTJIMYMEM pasnycoB KatnoHos Zn2" u Fe3t
[48, 49]. B cayyae nermpoBaHUS IIJICHOK MeObIO, Ha-
MPOTUB, KaTUOHBI Cu” ", 6JIU3KUE T10 paaruycy K Zn2+,
UTPAIOT PoJib LEHTPOB pocTta yactull ZnO, criocobcT-
BYSl YBEJIMUEHMIO UX CPEIHEro pasmepa.

3.2. Tazouyscmeumenvubie c80UCMBA 20MONEPEX0008
Zn0/Zn0-Me

Ha puc. 14 nipeacrapineHbl TeMIiepaTypHble 3aBUCH-
MOCTHU Pa3HOCTHU MTOTeHLIMANoB obpa3uoB ZnO/ZnO-Me
Ha BO3IyX€ U MpPU BO3IECHCTBUMU MApPOB 3TaHOJA KOH-
neHTpaumeit 1000 ppm.

CornacHo ypaBHeHUIO (6), eciii MpeHebperaTh pas-
HOCTBIO TIOTEHIIMAJIOB, BO3HMKAIOIIIEH 3a CUET IThe30-
aJleKTpuueckoro agdekra, 3HaueHue AU Oynmer 3aBU-
CeTb OT COOTHOLIEHUST KoadduieHToB 3eedeka BepX-
HETo M HIDKHETO cJIoeB. B ciyyae korma 06a 3TuX ciost
ABJIAIOTCA TOJYIPOBOJHUKAMHU A-TUIIA, TO ay, oy < 0.
Torna nosioxutesibHOe 3HaueHre AU BOBMOXKHO TOJIbKO
NpU YCIIOBUU |owy| > || M, clemoBaTesbHO, COMIACHO
ypaBHeHUIO (7) ny < ny. [Ipn 06paTHOM COOTHOLIEHNUN
MEXy KOHLIEHTPALUSIMU 3JIEKTPOHOB B ciiosix AU < 0.

PaccMoTpuM TeMIiepaTypHyIo 3aBUCMMOCTD pa3HO-

CTU TIOTeHUMAaNoB mist oopasuoB ZnO/ZnO-Fe [50].
Ha puc. 14, a npeacraBieHa 3aBucumoctb AU = f(T)
IJIST 06pasiia, BEepXHUI CITOM KOTOPOTO chOopMHUPOBaH
IBYyMS IIOTpYKeHUsIMU B 30b. [Ipu Harpese obOpas3ua
MPOUCXOIAT CEAYIOIIUE MTPOLIECCHI:
e VyBEJIMYEHUE KOHLEHTpAllMy HOCUTEJIeH 3apsiia 3a
CUYeT MOHM3ALMM TIPUMECHBIX YPOBHEW; B TUICHKE
ZnO-Fe 0CHOBHBIMU JOHOpPaMU 3JIEKTPOHOB SIBJISI -
I0TCSI MOHU3MPOBAHHBIE BAKAHCUM B ITOAPEIIETKE
kucnopona 1 katnons! Fe3™ B moxpemerke nuxka;
XeMOCOpOLIMs KHCIOpoAa B pa3IMYHBIX (opMax,
COTMPOBOXIAMOIIASICS 3aXBaTOM CBOOOIHBIX BJIEK-
TPOHOB U3 30HBI TPOBOIUMOCTH TTOJIYIIPOBOTHUKA;
e B3aUMMHBIN MEPeXo Pa3INYHBIX 3apsLKEHHBIX (opM

KHCJI0pOAa Ha TTOBEPXHOCTH, TaKXKe COMPOBOXIAIO-

—= - ZnO:Fe
—k - /n0:Cu

LIMICS 3aXBaTOM WJM OCBOOOXIEHUEM CBOOOIHBIX
JIEKTPOHOB, Hampumep, [51]: Oy 445 + e — 05( ads)’
OZ(ads) Te - O2(ads); O%(ads) - 2O(ads);
2O(ads) — OZ(gas) + 2e u gp.

Kak BUOHO, TTOJy4yeHHasl 3aBUCMMOCTb Ha BO3IyXe
MpU HU3KUX TeMmIieparypax MMeeT OTpullaTeJIbHOe 3Ha-
yeHue, anpu T > 220 °C — moJa0XuTeabHOE. DTO CBSI-
3aHO CO CJICIYIOIIMMM IPOLeCCaMM: TIPU KOMHATHOM
TeMIlepaType KOHLUEHTpalusa 3JIE€KTPOHOB 7, B BEPX-
HEM CJIO€ IPEBLIIIAET KOHLUEHTPALMIO /] B HUXHEM,
TMOCKOJIbKY, BO-TIEPBBIX, XKEJI€30 SBJSETCS JOHOPHOM
npumechlo B ZnO, a Takxke YBEJIMYMBAET KOHLIEHTpa-
LIMI0O COOCTBEHHBIX 3JEKTPUYECKU aKTHUBHBIX Aedhek-
TOB, OCHOBHBIE U3 KOTOPBIX — KMCJIOPOJAHBIC BaKaH-
cuu, 3a cuet aedopmaunu peinetku. CienoBaTenbHO,
cornacHo (7), 3HaueHue BJIC Oynet oTpuLIaTeIbHbIM.

IIpu pocte TemmepaTypbl HAYMHAIOTCS IIPOLIECCHI Xe-
MOCOPOLIMY KUCIOPOA:

O2(gas) = O2(ads)>
OZ(ads) te > Og(ads)’

COIPOBOXKIAIOIIMECS 3aXBATOM 3JIEKTPOHOB IPEUMY-
1LIECTBEHHO 13 BEPXHETO CJIOsI, MOCKOJIbKY HUXKHUM Ha
2/3 um3onupoBaH. DTU TPOLIECCHl HAYHYT OOEIHSITH
BEPXHUU CJI0i1 3JIeKTpOHaMU U Tipu Temmeparype 220 °C
BBINOJIHAETCA YCIIOBUE o = o,. I1pu nanbHeiineM yBe-
JIMYEHUN TEMITepaTyphl IMPOUCXOIUT POCT 3HAYCHUS
BJ1C, KOTOpPHI, OOHAKO, 3aMEIJISIETCS 1 JaxKe CMEHSI -
eTcsa nageHueM. [1o Bceil BUIMMOCTHU 3TO CBSI3aHO C
npolieccaMy JIecopOlMy 3apsLKEHHOIo KUcJopoja U
BO3BpallleHUEM 3JIEKTPOHOB B 30HY MPOBOJIUMOCTH:

Og(ads) - OZ(gas) te.

ITpu remneparype 280 °C nageHue 3HaueHus1 D1C
CMEHSETCI ee POCTOM, YTO CBSI3aHO C Ipoleccamu
JUCCOLIMALIMM U TIEPEXOJOM 3apsiKeHHBIX (OpPM KU-
cJIopoia, MPUBOJAIIMMU K €1Ie 00JbllIeMy 00ETHEHUIO
BEPXHEIro CJI0s1 3JeKTpoHaMu [52]:

— - 2_
O2(ads) Te o OZ(ads)’
Og(aa's) te > 20&1ds)’

2— —

O2(ads) - 2O(ads)‘

IloBenenume TemIlepaTypHOI 3a-
BUCHUMOCTH Te€X e 0O0pa3loB, HO

P — - - — - - = - - - - — = =

npu Bozaeiicteur Ha Hux 1000 ppm
IapoB 3TaHOJA TOBTOPSICT 3aBUCH-
MOCTh Ha BO3IyXe, TOJIEKO aIlauTUB-
HO CMeIIaeTcs 10 OCH HaPSKEHU I
BBepX. DTO CBSI3aHO C ABYMSI OCHOB-
HBIMM TTPUYMHAMU:

Puc. 14. Temneparypubie 3aBucumocti DJIC nis 00pa3uoB, BepxHHMii CJI0ii KOTOPbIX chop-

MHPOBAH JABYMSA M TpeMA NOIPYKCHUAMM: @ — [Ba IOTPYKCHUA, b — TPpU TIOTPYXKCHUS
(LL[TpI/IXOBbIe JIMHUU — 3aBUCUMOCTU Ha BO3AYXC, CIVIOIIHBIC TUHUHN — 3aBUCUMOCTU ITPU

nevicteun 1000 ppm 3TaHoa)

e DTaHOJ, SIBJSISICH Ta30M-BOCCTa-
HOBUTEJIEM, XeMOCOpPOMpyeTcs
Ha TTOBEPXHOCTH TIOTYITPOBOIHU-

Fig. 14. Temperature dependences of EMF for the samples, the top layer of which was formed

by two and three immersions: a — two immersions;, b — three immersions (dashed lines —
dependences in the air; solid lines — dependences under action of 1000 ppm of ethanol)
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Ka, YBeJIMUYMBAsl KOHIICHTPAIIWIO
3JIEKTPOHOB;




e STAaHOJ B3aUMOJCKCTBYET C Xe-
MOCOpPOMPOBAHHBIM Ha IIOBEPX-
HOCTH TJIEHKW KHUCJIOPOAOM, YTO

TaKke TPUBOAWT K BO3Bpallle-
HUIO 3JIEKTPOHOB B 30HY TTPOBO-
JIUMOCTH.

B cnyuyae o6pasua ZnO/ZnO-Fe,
BEpPXHMUI CJIOM KOTOpOro copMu-
pPOBaH TPeMsI TIOTPYKCHUSIMH, 3aBU-
cumoctb AU = f(T) Bcerma IIoJo-
JKUTEJIbHA B JMAIla30HE MCCIeaye-

0 500

AUV
Aol bl A e = o ow

.“'-

-1

MbIX Temrieparyp (puc. 14, b). Bepo- b - -

SITHO, 3TO CBSI3aHO C CYIIECTBEHHBIM
YMEHBbIIIEHEeM KOHIIEHTpauUuu Ba-
KaHCU#l B TIOApELIeTKE KUCIOpOoAa,
YTO COBMECTHO C aKUENTOPHBIMU
CBOMCTBAMM XEMOCOPOUPOBAHHOTO
KHCIOpOAa TIPUBOAUT, B KOHEYHOM
cueTe, K BBIIIOJHEHUIO YCIIOBUA 11, < 1. YMEHbIIEHNE
KOHLIEHTpaLuu Je(eKToB Ipr (OPMUPOBAHUU TPEThE-
T'O TIOTPYKEHUSI BUIUMO CBSI3aHO C TEM, UTO MTOMIOKKOM
JJISI HETO CTAHOBMUTCS BTOPOW CJIOM, OTJIMYAIOLIUNACS
MMOPUCTOCTBIO U pa3BUTOI MOBepXHOCTHIO. [TogpoOHee
00 sddekTe ynydieHUsT KPUCTALIUUYECKON CTPYKTY-
pBI ZnO TIpY UCTIOIH30BAHMY TTOPUCTHIX TTOLTOXKEK Ha-
rncaHo B pabore [53]. TTpu Temneparype okosno 260 °C
rmpoucxoaut usnoMm ¢yHkuuii AU = f(T) BcaencTsue
CMEHbI TTPEUMYILECTBEHHOTO TUIMA XeMOCOPOUPOBaH-
HbeIX (opm kucinopoaa. IloBegeHue cepun obOpas3LoB
MIpU BO3ACHCTBUY HA HUX MMAPOB 3TaHOJA aHAJIOTHYHO
MTOBEIEHUIO 00Pa3IIOB, BEPXHU CIIOM KOTOPBIX chop-
MUPOBaH JIBYMSI TIOIPYXXEHUSIMU B 30J1b.

TemnepatypHasl 3aBUCHMOCTb Pa3HOCTU TOTEH-
uuanaoB mist oopasuoB ZnO/ZnO-Cu, BepxHUil cloi
KOTOPBIX ChOPMUPOBAH ABYMSI TIOTPYKEHUSIMU B 30J1b
(puc. 14, a), aHajornyHa TakKuMm e oopa3liaM cocTaBa
Zn0/Zn0O-Fe, 3a uckioueHUEM TOTO, UYTO BO BCEM
mmrana3oHe Temneparyp AU > 0. CBsI3aHO 3TO ¢ HEBO3-
MOXHOCTBIO JOCTVKEHUS YCIIOBUS 1y > Ry JUIS TUIEHOK
n-tuma. Bce ocranbHble TIpoOLECCHl, MPOTEKAIOLINE C
pPOCTOM TeMIlepaTyphbl, aHAJIOTUUHBI PACCMOTPEHHBIM
paHee.

3aBucumoctb AU= f(T) nnst obpasuioB ZnO/ZnO-Cu,
BEPXHUI CJIOM KOTOPHIX CPOpMHUPOBAH TPeMs MOTPY-
KEeHUSIMU B 3011 (puc. 14, b), Ha BO3Ayxe CYILIECTBEH-
HO OTJIMYAETCS OT BCEX OCTANbHBIX. YIIyUllIeHUE KPU-
CTaJIJIMYHOCTU BEPXHEro cJios, CBI3aHHOE C (hOpMU-
pOBaHMEM TPETHETO CJIOST Ha Pa3BUTOM CTPYKType, W
yMeHblIeHe KOHIEHTPAIlUM BAKAHCUH B TIOAPEIIETKE
KUCJIOPOJA, TIPUBOAUT, BEPOSITHO, K MHBEPCUU THUIIA OC-
HOBHBIX HOCHUTEJIEH 3apsiaa, TTOCKOJBKY MeIb, 3aHUMast
MMO3UIIN [IUHKA B KPUCTAJUTMIECKON pelleTKe, SIBIISIeT-
Cs aKLEeNTOPOM 3JIEKTPOHOB. {711 p-IOMyIIpoOBOIHUKA,
cornacHo ypaBHeHHIO (7), KoadduumeHT 3eedbeka —
BEJIMYMHA TIOJIOXUTEIbHAsI, YTO MPUBOAUT K OTpHUILIA-
TeJIbHBIM 3HAYCHMSM BO3HUKAIOIIEH pa3HOCTH TTOTEH-
LIMAJIOB COIJIAaCHO ypaBHeHUIO (6).

ITpu neiicTBuM Ha 0Opa3lbl 3TaHOJIA B KOHIIEHTpa-
uuu 1000 ppm, 3a cueT Bo3BpaTa 2JEKTPOHOB B 30HY

three immersions)
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Puc. 15. KonneHTpanuoHHas 3aBHCMMOCTD PA3HOCTH MOTEHIMAIOB FOMOINIEPEXO/IOB NPH IeHCTBHN
aranona: a — ZnO/ZnO-Fe; b — ZnO/ZnO-Cu (crutonrHass JUHUS — [1Ba TIOTPYXEHUS;
LUTPUXOBAsH JIMHUSI — TPU TIOTPYXKEHMUSI)

Fig. 15. Concentration dependence of the potential difference of homojunctions under action of
ethanol: a — ZnO/ZnO-Fe; b — ZnO/ZnO-Cu (solid line — two immersions; dashed line —

MPOBOAMMOCTH, MPOUCXOIUT CMEHA TUIIA OCHOBHBIX
HOCHUTeJIel 3apsiia M 3HAaYEHUS] PA3HOCTH TOTEHIIMA-
JIOB CHOBA CTAHOBSITCS TOJIOXUTEIIBHBIMMU.

Ha puc. 15 npeacraBieHa KOHIEHTpallMOHHAs 3a-
BHCHUMOCTb Pa3HOCTH TTOTEHIIMAJTIOB IJI UCCICIOBaH-
HBIX cepuil obpasuoB. s o6pasuoB ZnO/ZnO-Fe
U3MepeHUs1 TTpoBoAuan Tipu Temnepatype 250 °C, nis
o6pasuoB Zn0O/ZnO-Cu — npu 300 °C. Bo Bcex ciy-
Yasx ¢ POCTOM KOHIICHTpaIllUM 3TaHoJa 3HaYeHusT AU
CTAHOBATCS 00Jiee MOJOXUTEIBHBIMU, YTO COOTBETCT-
BYET MPEICTaBICHUSIM 00 YBEJIMUYEHUN KOHLIEHTPALIMU
3JICKTPOHOB B BEPXHEM CJIO€ CEHCOPOB. DTaHOI MOXET
B3aMMOIEHCTBOBATh C XeMOCOPOMPOBAHHBIM KHCIIOPO-
JIOM, TIPUYEM TTPOIYKTOM KOHBEPCUM MOXET SIBJISTHCS
KakK 9TaHajlb, KOTOpbI oOpasyeTcsi MpU HEMOJHOM
OKUCJICHHH TI0 CXeMe

B+ CHsOH + O, — B CH3CHO +
+B'H20 + (X,'e_,
TaK U yIJIEKUCIBINA ra3 u Boaa [54]:
B+ CoHsOH + 60p,4) — 2B+ CO, +
+ 3p-H,O + 6a-e .

B 1enoM, KOHIIEHTpalMOHHBIE 3aBUCUMOCTU Pa3-
HOCTU MOTEHLMAJIOB MPOMOACIUPOBAHBI paHee, MPU-
yeM pa3paboTaHHasi MOZETb BEPHO OTPaXaeT XapaKTep
3aBUCHMOCTEI TIpU M3BECTHOM COOTHOIICHWUU KOH-
LIEHTPALUN JIETUPYIOLINX TIpUMeceil 1 COOCTBEHHBIX
BJIEKTPUUECKU aKTUBHBIX Ae(PeKTOB (CcM. puc. 8).

Ha pwuc. 16 mpeacrasieHa TeMepaTypHast 3aBUCH-
MOCTb Ta30YyBCTBUTEILHOCTU 0O0pa3uoB .S, paccyu-
TaHHAas 110 (opmyJie
A Ugas -A Uair

A

air

S = - 100 %,

rae AUgaS, AU,j. — pa3HOCTM IOTEHLMAJIOB B Iapax
ATaHOJIa M Ha BO3AyXe COOTBETCTBEHHO. PacueT BEITION-
HEH Ha OCHOBE HAaHHBIX, MPEICTABICHHBIX Ha puc. 14.

BumHo, 4TO BCe 00pa3iibl UMEIOT CXOXUIA XapaKTep 3a-
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—= - ZnO:Fe

—ah - 7n0:Cu
A

A, -k s

Puc. 16. TemneparypHasi 3aBUCHMOCTb Fa309yBCTBHTEILHOCTH (CILIONI-
Hasl JIMHAS — TPH NOTPYKEHHST; ITPHXOBAS JIMHUS — JBA NOTPYKEHHST)

Fig. 16. Temperature dependence of gas-sensitivity (solid line — three
immersions, dashed line — two immersions)

Bucumoctu S(7') B UccaeayeMoM auarna3oHe TeMIepa-
Typ, 3a uckiawodeHuem ZnO/ZnO-Fe, BepxHuil cioit
KOTOPOTo c(opMOBaH TpeMmsl MOTPYKEHUSIMU B 30JIb.
ITpu MaeIx TemmepaTypax, KOrma BO3MOXKHA PETHCT-
pauus BozHukawouieir D4 C, MpoucxoauT Bo3pacTaHue
YYBCTBUTEJIbHOCTH 10 HEKOTOPOIO MaKCUMyMa, Iociie
KOTOPOTO MPOUCXOAUT CHMXeHue. [Ipu mocTukeHuu
HEKOTOPOU TemImepatypbl (DYHKIIMS ra304yBCTBUTEb-
HOCTH MCITBITBIBAET MUHUMYM M BO3pPAcTaeT 10 BTOPO-
ro MakCMMyMa, TMocJjie Yero CHoBa yMEHbIIIAeTCs.

B cayuae o6pasuoB ZnO/ZnO-Fe, BepxHuii ciioit
KOTOPBIX C(hOPMUPOBAH TPeMsl TTOTPYKEHUSIMU, 3aBU-
CHMOCTb €T0 YYBCTBUTEILHOCTU K 3TAHOJIY 3KCITOHEH-
LIMAaJbHO CIIamaeT B UCCAeAyeMOM Auarna3oHe TeMIIe-
patyp. Bce dusnueckue npoiecchl, MPUBOISIIUE K
MOJIyUeHHBIM 3aBUCUMOCTSIM, PACCMOTPEHBI paHee.

3akmouyenue

Takum 06pa3oM, B pe3yjibTare IIpoBeAecHHOI padbo-
TBHI TIOJTYYEHBI CIEAYIOIINE PE3YIbTATHI:

— pa3paboTaH HOBBIM TUI MNOTEHIMOMETpUYE-
CKMX Ta30BBEIX CEHCOPOB Ha OCHOBE TOMOITEPEXOIIOB
Zn0/Zn0O-Me, rne Me — Cu, Fe;

— pa3paboTaHbl PU3UKO-XUMUYECKNE 3aKOHOMEP-
HOCTU (DOPMUPOBAHUSI TOHKUX IJIEHOK HA OCHOBE OK-
CcHMIa IIMHKA; TpeIokeHa MOAENb THAPOIUTHYECKOM
MMOJTUKOHACHCALIMN TPEKYPCOPOB, PACCUYUTAHBI Ipa-
HUIBI YCTOMUMBOCTH (a3, MPU KOTOPBIX ITPOUCXOIUT
CIIMHOJAJIbHBINA pacriam 30JI4;

— pazpaboTaHa MoJiejIb Ta304yBCTBUTEILHOCTH I'O-
MOIIEPEXOI0B, MPOaHAIM3MPOBaH BKJIan 3¢ dekra 3ee-
0eKa 1 Ibe303JIeKTPUYECKOTo 3(p(deKTa B BO3HUKAIO-
LIIYIO Pa3HOCTH MOTEHIINAIOB;

— MPOBEACHO UCCeT0BaHUE MOPGOJIOTUU TTOBEPX-
HOCTHU IIJIEHOK Ha OCHOBE OKCMIIA IITMHKA; UCCIIeOBaH
(a3oBBIif cOCTaB IJICHOK;

— WCCIIeJOBAaHBl Ta30YyBCTBUTEIBHBIC CBOMCTBA
ITOJIyYEHHBIX TOMOIIEPEXOIOB K 3TAaHOJY B JMAaIa-
3oHe Temnepatyp 200...350 °C mpu KOHILEHTpaLUsIX
50...3500 ppm.
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Research of the Potentiometric Gas Sensors Based on ZnO/ZnO-Me, Me — Cu, Fe

Homojunctions

We studied the thermoelectric gas sensor obtained by the sol-gel method. The samples were homojunction nanostructured
Zn0/ZnO-Me, where Me — Cu, Fe, an area of overlap between which is 1/3 of the area of the substrate. The films were investigated
using atomic force, scanning electron microscopy and micro-X-ray phase analysis. It is established, all samples are labyrinthine
Sstructure resulting from spinodal decomposition sol, consisting of fragmentsing topercolation structures. An analysis of the phase com-
position showed that the sample contains only wurtzite phase. Based on these results, the model of the formation of zinc oxide films by
sol-gel method: physical and chemical laws of formation of thin films based on zinc oxide; a model of the hydrolytic polycondensation
of precursors, calculated stability boundary phase at which the spinodal decomposition sol. On the obtained samples investigated gas
sensing properties to ethanol in the temperature range 200...350 °C at concentrations of 50...3500 ppm, and the model of gas sensitivity
homojunctions in which analyzed the contribution of the Seebeck effect and the piezoelectric effect in the potential difference.

Keywords: gas sensor, sol-gel technology, homojunctions on ZnQO basis

Introduction

Nanomaterials find wide applications in the nano-sized
functional devices, chemical industry, medical diagnostics,
food productions, defense-industrial complex and in home
appliances [1, 2]. Of special importance are semiconductor
materials (ZnO, Sn0O,, TiO,) because of their unique physical
and chemical properties in the nano-sized state [3]. One of
the important spheres of application of zink oxide is gas sen-
sors. There are chemoresistant, potentiometric, amperomet-
ric, thermoelectric, fiber-optical, biochemical sensors and
sensors based on surface plasmon resonance [4]. However de-
velopment of highly selective devices, operating at low tem-
peratures, remains a problem.

The traditional methods of improvement of sensitivity [5]
are connected with control of the size and form of nano-crys-
tals, thickness, phase composition of nano-films of the sen-
sitive elements, introduction of modifiers and catalytic addi-
tives, use of 1D, hollow, porous, and hierarchically organized
materials. Also there are engineering approaches to improve-
ment of gas sensitivity: light activation, precondensation, pulse
mode of a sensor operation. Despite considerable efforts for im-
provement of the sensor properties of the materials, the tra-
ditional approaches cannot ensure high sensitivity of the sensors
on their basis. We witness a rapid development of the technol-
ogy of the resistive sensors based on "polymer — conductor”
composites (metal, fullerenes, carbon, nanotubes) [6, 7]. They
got a sensor response at the level of 100 000 and over. The major
problem of such sensors is a low reproducibility and a narrow
range of concentrations which can be identified. The thermo-
electric gas sensors acquire special importance.

In [8] feasibility is demonstrated of application of a ther-
moelectric sensor with a catalytic layer of Pd/Al,O5 for meas-
urement of less than 1 ppm of concentration of CO, CHy,
CO, in the air exhaled by a person, which opens a new sphere
of diagnostics with the help of thermoelectric gas sensors. In
[9, 10, 11] the author also demonstrated the importance of
their application for analysis of gases at working temperatures,
up to room temperatures.

The article is also devoted to analysis of the new type of
the potentiometric sensors obtained by the sol-gel method of
Zn0O/Zn0O—Me homojunctions on the basis of Seebeck effect
and piezoelectric effect.

1. Experiment

In the experiment the following substances were used: di-
hydrate of zinc acetate (CH;COO),Zn - 2H,0, 2-metoksieta-
nol CH;0CH,CH,0OH, 2-aminoetanol HOCH,CH,NH,,

58 HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 8, 2015

nonahydrate of nitrate of iron Fe(NO3)5 * 9H,0, dihydrate of
copper acetate (CH;COO),Cu-2H,0 — Sigma-Aldrich®,
USA; Rubalif® ceramic substrates 710 (20%10%0,63 mm) —
CeramTec, Germany.

For preparation of ZnO, ZnO-Cu and ZnO-Fe films for
homojunctions (fig. 1) the following substances were used:
(CH3COO0),Zn - 2H,0; 2-metoksietanol; 2-aminoetanol;
Fe(NO3)5+9H,0 or (CH;COO0),Cu-2H,0 depending on
the demanded composition (during preparation of ZnO films
the latter reagents were not introduced). Precursors were
mixed in a round-bottomed flask during 15 min at a room
temperature. The further mixing was done during 60 min by
means of a magnetic mixer at 60 °C. After mixing the sol rip-
ened during 24 hours at a room temperature.

Zn0O/Zn0O- Me homojunctions, where Me — Fe, Cu, were
obtained in two stages: formation of the bottom layer of pure
zinc oxide and of the top layer of zinc oxide alloyed with metals.
All the layers were received by immersion in sol (dip-coating).
During formation of the bottom layer the substrate was im-
mersed by 2/3 of its length in sol and dried at 80 °C during
30 min. The stage was repeated 3 times for formation of the
necessary thickness of the film. Subsequently annealing was
done of the received structure at 500 °C during 60 min For-
mation of the top film of ZnO-Me composition was done in
a similar way, at that, the substrate was immersed in sol from
the other side, and the layers were formed as a result of two
and three immersions for each composition.

The phase composition and size of the crystalline particles
of films were investigated by means of an x-ray phase analysis
on D8 Advance x-ray diffractometer (Bruker, USA) with the
use of Cu- Ko radiation (wavelength of 1,5406 A) in the range
0f 26 20...80°. Research of the morphostructure of the surfaces
of the films was done on NTEGRA Therma atomic-force mi-
croscope (NT-MDT, Russia, Zelenograd) in a contact, semi-
contact and contactless modes, and on JSM 5510 raster elec-
tronic microscope (JEOL, Japan).

2. Theory, calculations

2.1. Formation of films on the basis of ZnO
by the method of sol-gel technology

During the sol-gel process the molecular precursors un-
dergo a number of transformations in sol: hydrolysis; polym-
erization with a consecutive addition of ions and formation of
oxo — hydroxyl — or aquabridges; condensation by dehydra-
tion; origin and growth of the colloidal particles [12—14]. Let
us consider the processes occurring at the initial stages of syn-
thesis during preparation of sols by the developed technique.




Direct hydrolysis and condensation of Zn?* cations

(processes 2, 3 in fig. 2) occur in accordance with the follow-
ing schemes:

(CH;C00),Zn + H,0 < ZnOH(CH;COO) + CH;COOH,

2ZnOH(CH;C00) «
& CH;C00—Zn—0—Zn—CH;CO0 + H,0

and proceed relatively slowly due to a low concentration of
water introduced in the processes of synthesis from crystallme
hydrate (CH3COO)2Zn 2H2O that is, [H20]/[Zn 1=2
[15]. Introduction in the mix of 2-aminoethanol, presenting
itself as a complex-forming agent, also retards condensation
Zn(I1I) — 1, fig. 2. However presence of this amine, which is
a weak base, moves pH solution in the alkaline direction,
which contributes to formation of ZnO.

Presence of acetatelon also plays a big role in formation of
a complex with Zn?t (4), competing with 2-aminoethanol. As
a whole, three nucleophils (2-aminoethanol, CH3COO OH)
compete for formation of a complex with Zn*". Presence of
OH ™ leads to formation of oligomers of zinc oxoacetates.

Process 7, connected with formation of zinc oxoacetate,
can be schematically presented by the following equation [1]:

5(CH;C00),Zn - 2H,0 <
© Zng(OH)4(CH;C00), - 2H,0 + 8CH;COOH.

It nominally does not demand additional water. In sols
at the initial stages of their maturing the formation of
molecular clusters occurs on the basis of the following
compounds:  Zn;;O4(CH;C00);,, Zn4sO(CH;COO)q,
Zns5(OH)g(CH5COO), - 2H,0 [17].

Condensation of products of hydrolysis (processes 3, 6)
leads to formation of colloidal solutions on the basis of particles
of zinc oxide with acetate ligands attached to the surface.

The mix of salts of copper and iron introduced into the in-
itial mix also undergo hydrolysis and polycondensation with
a subsequent formation of the statistical polymers. Let us con-
sider one of the possible mechanisms on the example of
Fe(NO3)5 - 9H,0 [18]. At the first stage reactions of nitrate
with alcohol molecules are possible:

OR
|
Fe(NO3)5 - 9H,0 + 3ROH <> RO—Fe—OR +
+ 3HNO; + 9H,0,
where R — CH;0CH,CH,—
and polycondensation:
= Fe—OR + H,0 & = Fe—OH + ROH,

. Products undergo hydrolysis

= Fe—OH + HO—Zn" < = Fe—0—Zn" + H,0.

Modeling of hydrolysis and polycondensation in sols is
rather complicated, because a hydrolytic polycondensation is
a complex parallel-serial process, many stages of which are
reversible, for example, due to reetherification and alcoholysis
[19]. Therefore, let us use the approach proposed in [20]. For
the purpose of simplification let us assume that the speed of

decrease of zink acetate concentration — ‘% — is a reaction

of the pseudo-first order:

_dN'’
dr

where k — constant of speed. We will describe the kinetics of
polycondensation of the products of hydrolysis by means of
Smolukhovsky equation:

_dc

—4 = = K2, )

= kN, (1)

where — % — speed of decrease of the hydrolyzed particles

3k, T
3n
lation constant; k, — Boltzmann constant; 7 — absolute tem-
perature; n — viscosity of the sol. Solution to the equation (2)
%
Kegt+1°

due to the polycondensation processes; K = — coagu-

is the hyperbolic function of time: ¢(?) =

where ¢y —

initial concentration of particles.

For a combined solution of the equations (1) and (2) and
account of the possibility of the parallel-serial processes we
will make a number of assumptions (fig. 3, a):

— We will break the time of the hydrolytic polyconden-
sation into intervals 8¢ let us assume that in each interval only
a polycondensation is going on in accordance with the equa-
tion (2);

— At the beginning of each interval 8¢; a certain quantity
of monomers A;, formed by hydrolysis in accordance with for-
mula (1) [21] is introduced into the reaction mixture.

If 8¢ — 0 the dependence of concentration of particles in
sol will tend to a true kind, which excludes an oscillatory
character of the dependence. For calculation of the average
size of particles in sol (d) we will use the equation [22]:

1/D

(d) = Bdo[ (t)] ; 3)

where B — coefficient characterizing "mass fractal — suface
fractal” junction; djy — size of the mon omer; D — fractal di-
mension of particles.

During modeling of the dependence (3) we will assume,
that at the early stages of maturing of sols the assemblage of
particles is described within the limits of the diffusion-limited
aggregation (DLA), the product of which is the Witten-Sander
aggregate with fractal dimension D = 2,5 (fig. 4). At later
stages a cluster-cluster aggregation takes place, at which the
aggregates formed at the first stage, form a percolation struc-
ture — fig. 4, b [23].

The numerical solution of the equation (3) with account
of (1) and (2) will lead to dependence of the kind presented
in fig. 3, b. At the first stage an aggregate growth goes on under
the law close to the sedate one. Subsequently, reaching a sta-
ble size, the particles stop growing. Cluster-cluster aggrega-
tion may continue in a sol, till all the monomers are fixed on
the frame, that is, when the phase junction happens with for-
mation of a tightening percolation cluster, which is a 3.D pol-
ymer lattice — gel [24]. However, more often than not this
does not happen because of a spinodal decomposition of a so-
lution [25]. Very often during the sol-gel processes a spinodal
decomposition may occur before the threshold of percolation
and formation of percolation cluster is achieved. This is con-
nected with a well-known phenomenon in polymer physics —
chemical supercooling: with the growth of a polymer the con-
figuration component of entropy is decreased, and the Gibbs
free energy may become positive.

If we follow the lattice model of Flory-Haggins solution,
the Gibbs energy of solution G can be determined by the
formula [28]:

G = Wx(l — x) + TRxIn(x) + (1 — 0In(1 — %)),  (4)

where W — parameter of interatomic interaction of "polymer-
solvent"; x — mole share of a polymer in a solution; R — uni-
versal gas constant. Analysis of the dependence (4) shows that
the function has two minima, along all the way between
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which the system tends to disintegration. This is described by

mix
the equation (8G )
ox

=0 (fig. 5, a).
T.p
However, if we consider the system between the zeros of
a2 Gmtx
> = 0 (fig. 5, b), then it turns out that
ox" Jp »

function [

Gibbs energy of the mechanical mixture for all compositions
will be less than the Gibbs energy of the solution, and this
will result in a decomposition of the sol into two phases —
one enriched by a polymer, and the other — by a solvent
[27, 28]. This process, spinodal decomposition, leads to ap-
pearance of the labyrinth structures. Using the spinodal equa-

a2 Gmix

tion ( > J = (0 we will find the boundary compositions,
ox" Jr

\p

at which the spinodal decomposition takes place — spinodes:

xm:%(li / _25—;). (5)

At the stage of drying of the films formed by immersion in
sol, proceeding within 30 min at 80 °C evaporation of the sol-
vent and removal of the organic volatile pollutants takes
place. At the stage of annealing of the films at 500 °C syneresis
of the gel occurs and formation of a crystal structure on the
basis of zinc oxide due to decomposition of the products of
polycondensation. In a simple way the process can be de-
scribed by the following equation:

Zn(OH), - ZnO + H,0.

Depending on a substrate there is a possibility to obtain ori-
ented ZnO films by the sol-gel method [15]. Growth of ZnO
grains occurs along axis Z, and the film’s orientation depends
on interaction of the particles among themselves and with the
substrate. In case of deposition of a continuous film the aggre-
gates interact with each other more strongly, than with the sub-
strate, which causes a primary growth of Z-oriented crystalline
particles perpendicularly to the substrate (fig. 6, @): During
deposition of a diluted sol, deposited on the surface in the
form of separate clusters, the particle-substrate interaction
will dominate, leading to the fact that Z-oriented crystalline
particles are formed in parallel to the substrate — (fig. 6, b).

In case a deposition on a substrate is done by a meshy per-
colation or labyrinth structures its orienting influence de-
creases, which results in a nondirectional polycrystalline
structure. It should be pointed out that formation of the ori-
ented three-dimensional branches is possible, if a number of
conditions of sol maturing by the mechanism of "Oriented At-
tachment" are met [29].

2.2. Mechanisms of gas-sensitivity

Research of the characteristics and parameters of the sen-
sors were done by measuring of the electromotive force (EMF)
in the air and in presence of a gas-analyzer. Copper contacts
were pressed to the top and bottom layers (see fig. 1, a), a
sample was placed into a pipe furnace, heated up to the re-
quired temperature, through which a flow of ethanol vapors
of a set concentration passed. The copper wires from the con-
tacts were connected to the contacts of a voltmeter at a room
temperature. EMF makes contribution to ZnO/ZnO-Me ho-
mojunction due to several mechanisms, the main of which are
Seebeck effect and piezoelectric effect.

Contribution of Seebeck effect. Fig. 7 (look at the figure
on the 4-th page of the cover) demonstrates the structure of
a virtual thermocouple, emerging during heating up of the

60 HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 8, 2015

pipe furnace. In this case the homojunction interface plays
the role of a soldered joint. Then there will be the following
expression for the emerging potential difference of AU [30]:

AU= (a; — ay)AT, (6)

where o 1 o, — Seebeck coefficients of the top and bottom
layers; AT — temperature difference.

Seebeck coefficients for electronic o, and hole o, semi-
conductors will be written in the following way [31]:

3
an=—]2’[r+2—ln[—nh 32D;
q 22nm,ky T

3
o, = lﬁ’[r+2_1n[—l’h . D )
q 22nm k, T

where ¢ — electron charge; r — scattering factor; A —
Planck’s constant; n, p — concentration of electons and
holes, accordingly; m,, m, — effective masses of the electrons
and holes.

In order to simplify the calculations, we will model
Zn0O/Zn0O-Fe system, because iron is a donor additive [32].
According to (7), Seebeck factors of the top and bottom layers
will be of the same sign, which will essentially simplify cal-
culation of the potential difference. Assuming that o; poorly
depends on temperature, we will rewrite the equation (6) in
the following way:

AU= ’ﬁln[”_jAT. (8)
q \n

So, in order to calculate the change of the potential dif-
ference under the influence of gases on a sample, it is neces-
sary to find dependences n;, n, = f(p'), where p' — partial
pressure of the gas-analyzer. For calculation we will make a
number of approximations [33]:

— change of concentration of electrons in the bottom lay-
er n; because of its isolation is insignificantly small;

— the top layer of ZnO-Me is a continuous thin layer;

— thickness of the top layer is considerably less than the
length of Debye screening, i.e. approach of flat zones is ap-
plicable.

In case, when adsorption is not accompanied by dissoci-
ation, the balance condition may be presented as [34]:

0
*_ N = O NOexn 4
yP(N* = N) = VN exp( ka) +

+ _
wow() v ron( )

+vNeXp( kT + Vv N exp 67" )
where y — Langmuir kinetic factor; P — pressure; N* — sur-
face concentration of the adsorption centers; N — surface
concentration of all the adsorbed molecules; v°, vE— prob-
abilities of desorption of particles in the neutral, positively
and negatively charged forms; N°, N* — surface concentra-
tion of the adsorbed molecules; qo, qi — differential warmth
of adsorption of the corresponding forms. Balance with a gas
phase in a case of a nondegenerate semiconductor, is sup-
ported at the expense of the "weak", neutral form of the chem-
isorbed particles [34], i.e. the equation (9) can be rewritten in
the following way:

0
yP(N* — N) = vONOexp( -1 ]. (10)
( ka)
. . , P; .
By introduction of p; = —’l — partial normal-
i q
yv exp|——1=

ize pressures, we will rewrite the conditions of the adsorption




balance (10) for oxygen (oxidizer) and ethanol (reducer), pro-
vided that the oxidizer, while chemisorbing, takes away an
electron from the semiconductor and is charged negatively,
and the reducer gives an electron to the zone of its conduc-
tivity and charges positively:

# 0
Pgr(N* = Ny~ Ny,) = Ng,—Ng*, = N, (1)

. - 0
pga(N _Ngr_Ngo) = Ngo_Nga = Ngo’
where Pgr» Pgp — Partial normalized pressures of ethanol and
oxigen, accordingly; N,,, Ngo — surface concentration of the
adsorbed (charged an§ neutral) ethanol and oxygen; Ngt R

Ng; — surface concentration of the charged forms of ethanol

and oxygen; N;,, N, 00 surface concentration of the neutral
forms of ethanol andg oxygen. It should be pointed out, that
the system (11) is fair, provided that there are no direct re-
actions between oxygen and ethanol, and the oxygen exists on
the surface only in the form of O™. Probability of the fact that
a particle is neutral on a semiconductor’s surface, is described

by statistics of Fermi-Dirak [35]:

1 _ED+ Ep
. 2exp[ K, T ]
Ny = N, , (12)
1 _ED+ Er
1+ 2exp[ T j
2exp(MJ
0 k, T
Ngo = Ngo , (13)
1+2exp[E”]1€;fFJ

where Ej, E, — energies of ionization of the donor and ac-
ceptor levels; Er — Fermi energy of semiconductor. For the
further analysis let us proceed to the count of energy from the
bottom of the conductivity zone. In this case expressions
(12, 13) can be rewritten in the following way:

N cexp (—EC — EA)

0 _ kT
Ny = 2Ng0---’~1--~—— X
-1
NCexp(— T )
XA 2 e ; (14)
n
0 _ n
Ngo = 2N, oy X
Ncexp(— T )
-1
x|142 ”E 3 , (15)
NCexp(— CkT D)

where N — effective density of the states in the zone of con-
ductivity of the semiconductor. Substituting the equations
(14), (15) in (11), we come to a form of states of the adsorp-
tion balance.

For calculation of n = f(pg,) under constant pressure of
oxygen p,,., besides (11) we need an equation to exclude
members of Ngo and Ngr [26]. Let us introduce an equation of
neutrality:

nV+ N,S= NpV+ N5, (16)

where V, § — film volume and area; N — concentration of
the donor additives in the semiconductor (cations Fe3' and

vacancies in the sublattice of oxygen). Dividing both parts of
the equation (15) by S, we will receive the final version:

hV+ Ny, = Nph + N, (17)

wher & — film thickness.
Thus, combining (11) and (17), we will find the dependence:
2
—Dp, 0+ @yn +
Py = & Ter 2T H, (s)
P @4’ +psn+ o5

where ¢; — constant factors depending on the properties of
the semiconductor and adsorbed gases, its biographies.

Within the framework of the model, typical concentration
dependences of the potential differences were calculated at
various concentrations of electrons in the top and bottom lay-
ers in the air (fig. 8). The constants for calculation ¢; were tak-
en from [37, 38].

Contribution of the piezoelectric effect. It can bring an es-
sential contribution to the emerging EMF, which may surpass
the component of the potential difference arising due to See-
beck effect. It is connected with the factors of linear expan-
sion o' of the oriented films and substrate.

The applied substrates of Rubalit®710 represent a poly-
crystalline aluminum oxide Al,O03, o’ = 8,36 1070 K7
(600), for ZnO films oriented in the direction of [001]
o'=56-10°0K"! (600). During heating of the structure, the
substrate due to expansion will deform the film (it is possible
that during a small heating in the initially compressed film the
mechanical stresses in the film will be removed, and with the
further growth of temperature new ones will arise, connected
with stretching — fig. 9, look at the figure on the 4-th page of
the cover), which will lead to polarization and occurrence of a
piezoelectric potential and embedded electric field [39, 40].

If the input resistance of voltmeter is rather high, the leak
current is insignificantly small and relaxation of the electric
voltage takes a long period of time.

Free charge carriers in zinc oxide are redistributed in the
material volume, screening the arising field, which leads to a
decrease in the emerging potential difference. Adsorption-de-
sorption lead to a change of concentration of the charge car-
riers in the semiconductor, which changes aggregate EMF
and makes possible to detect gases-analyzers [41]. It should be
pointed out that d mechanism of sensitivity is possible only in
the oriented films, because there is no compensation to EMF
from different grains.

3. Results and discussions
3.1. Structural properties of films

The relief of the films’ surface was investigated with atomic-
force microscopy (AFM) and scanning electron microscopy
(SEM) Fig. 10 presents a SEM image of the surface of ZnO film
without modification by metal cations. Analysis shows that in
all the cases the films have in their structure 3D branches with
a typical diameter of 1—2 pm. To all appearances, the branches
were formed at the stage of sol ripening during the cluster ag-
gregation and form a percolation contracting cluster [42].

Fig. 11 presents images of ZnO—Me films obtained with
the help of SEM. In general, their structure is similar to the
structure of undoped zink oxide films. It should be pointed
out that ZnO-Fe films are most different from ZnO, while
samples of ZnO-Cu are most close to them. This may be ex-
plained by the difference in radiuses of cations Zn?t (74 A),
Cu®t (73 A), Fe3™ (68 A) [43, 44]. Tons of copper just like ions
of iron force zink cations out of the sublattice, forming a sub-
stitutiohal solid solution. In case of Cu®" the radius of which is
practically identical to the radius of Zn2+, distortions of the
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crystal lattice and mechanical stresses are minimal, which al-
lows to form a structure close to the unalloyed ZnO films. In
case of ZnO-Fe, Fe3™ there are less zinc cations by 8 %, which
leads to an essential change of the period of identity, appear-
ance of mechanical stresses and in this connection to difference
in the morphology and occurrence of the "crumpled” surface.

Additional researches of the films’ structure were done by
means of ACM. Typical ASM images are presented in fig. 12
(look at the figure on the 4-th page of the cover). These re-
searches of the films supplement the results received by means
of SEM of the roughness of the surface — (see the table).

Roughness of the films (it was calculated as the difference
between the maximal and minimal height of a film on a scan
with size of 3030 um).

From the table it is visible, that in all cases introduction
of cations of metals reduces roughness of the films.

Besides the ACM results proved the developed models, in
which it was believed that at the early stages of sol maturing
quasispherical fractal units would be formed which later would
form percolation branches — fig. 12, b, d.

Fig. 13 demonstrates roentgenograms of pure and alloyed
3at. % Fe and 3 at. % Cu of the films annealed at 500 °C dur-
ing 60 min. In samples only the wurtzite phase of ZnO is
present with the reflexes corresponding to the families of
planes (100), (002), (101), (102), (110), (103), (112), no trac-
es of FeO, Fe,03, Fe;04, CuO, Cu,O were revealed. This
points to formation of solid solutions.

Obviously, cations of Fe3*, occupying position of Zn*',
form solid solution of Zn0’97FeO’03O [45]. This is also proved
by a shift of reflexes of the film composition of ZnO:Fe to the
left, which speaks about an increase in the period of identity
of the lattice and corresponds to the correlations of cations’
radiuses: r(Zn2") = 0,74 A; r(Fe3*) = 0,78 A. It is obvious
that the intensity of the reflexes of the film alloyed with iron
is lower, and their semiwidth is more than that of a pure one,
which is connected with inhibition of Fe3* of crystallisation
of the samples. Introduction of Fe3™ leads to a higher disorder
in the lattice and occurrence of the mechanical stresses.

Introduction of cations of Cu?" in the lattice in concen-
tration of 3 at. %, on the contrary, improves the structure of
the films, which is reflected in an increase of the intensity of
reflexes (100), (002), (101). Most likely, this is connected
with three principal causes [46, 47]:

1) Copper and zinc are situated next to each other in the
periodic table of elements, which makes close their electronic
structures and radiuses of ions;

2) The first energy of ionization of Cu is less, than that of
Zn; this promotes reduction of the concentration of the va-
cancies in the sublattice of oxygen, because bond Cu—O is
stronger, than Zn—O, and, hence, it improves the crystal-
line structure;

3) Cations Cu?* act as the growth centers during forma-
tion of the colloidal particles of ZnO during sol maturing.

Thus during introduction of copper into ZnO in concentra-
tion of 3 at. % a substitutional solid solution of Zn 97Cuy (30
is formed.

The average size of the crystalline particles of films d was
calculated by means of equation of Debye-Scherrer:

_ KA
Bcoso’

where k = 0,89 — Scherrer constant; A — wavelength of x-ray
radiation (. = 1,5406 A for Cu-K); p — broadening of reflex
at its semiheight, [rad]; 6 — angle corresponding to reflex.
The calculated average sizes of the crystalline particles
for ZnO films were 22,3 nm, for ZnO:Fe — 20,7 nm, for
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Zn0O:Cu — 23,6 nm. Reduction of their sizes in the films al-
loyed by iron can be connected with two factors: the growth
of the germs reaches its saturation due to inhibition of crys-
tallization; infringement of the normal growth of the crystal-
line particles due to deformations of the lattice caused by a
difference in cation radiuses of Zn?" and Fe>* [48, 49]. In case
of doping of the films with copper, on the contrary, Cu +, close
by radius to Zn*" also play the role of the centers of growth
of ZnO particles, promoting increase of their average size.

3.2. Gas-sensitive properties of homojunctions ZnO/ZnO-Me

Fig. 14 presents temperature dependences of the poten-
tial difference of ZnO/ZnO-Me samples in the air and under
the influence of the vapors of ethanol with concentration of
1000 ppm.

According to equation (6), if we ignore the potential dif-
ference arising due to the piezoelectric effect, AU will de-
pend on the correlation of Seebeck factors of the top and bot-
tom layers. When both layers are semiconductors of n-type,
then o, a, < 0. Then positive AU is possible under condition
|oy| > ay| and, hence, according to the equation (7) n, < n;.
In case of a reverse correlation between the concentrations of
the electrons in layers AU < 0.

Let us consider the temperature dependence of the po-
tential difference for samples ZnO/ZnO-Fe [50]. Fig. 14
presents AU = f(T) for the sample, the top layer of which was
formed by two immersions in sol. The following things hap-
pen during heating:

e increase of concentration of the charge carriers due to
ionization of the doped levels; in ZnO-Fe film the basic
donors of electrons are the ionized vacancies in the sub-
lattice of oxygen and Fe3* in in the sublattice of zinc;

e chemical absorption of oxygen in various forms, accom-
panied by capture of free electrons from the zone of con-
ductivity of the semiconductor;

e mutual junction of the charged forms of oxygen on the
surface, also accompanied by a capture or release of the

free electrons, for example [51]: Oypyq T € = Oy g4y s

_ — 2— . 2— —_— _
OZ(adx) te — OZ(ads)’ OZ(ads) - 2O(ads)’ 2O(ads) -
- OZ(gas) + 297, etc.

Apparently, the received dependence in the air at low
temperatures is negative, and at 7 > 220 °C — it is positive.
This is connected with the fact that at a room temperature the
concentration of electrons in the top layer n, exceeds con-
centration 7 in the bottom one, because, first, iron is a donor
additive to ZnO, and it also increases concentration of the
own electrically active defects, of which the main are oxygen
vacancies, due to a lattice deformation. Hence, according to
(7), EMF will be negative. With a temperature growth the
chemical absorption of oxygen begins

O2(eas) = O2(ads)
Osads) T € = Oyaay) >

accompanied by capture of electrons, mainly from the top
layer, because 2/3 of the bottom one is isolated. This impov-
erishes the top layer of electrons and at 220 °C oy = a,. With
the further increase in temperature the growth of EMF is ob-
served, which, however, slows down and is even replaced with
a decline. Most likely, this is connected with the desorption
of the charged oxygen and return of the electrons in the con-
ductivity zone:

O;(ads) - O2(gas) te.




At 280 °C decline of EMF gives way to its growth, which
is connected with dissociation and juncture of the charged
forms of oxygen, leading to even greater impoverishment of
the top layer of electrons [52]:

_ — 2—
O2(ads) te - OZ(ads) >
O;(ads) te — 20(_ads)9

2— _
O2(ads) - 2O(ads)'

Behavior of the temperature dependence of the same sam-
ples, but under the influence on them of 1000 ppm of ethanol
vapors repeats the dependence in the air, only additively shifts
upwards along the axis of stresses. This is due to the following
principal reasons:

— being a gas-reducer, ethanol is chemically absorbed on
the semiconductor’s surface, increasing the concentration of
electrons;

— ethanol interacts with the oxygen, chemically absorbed
on the film’s surface, which also leads to return of the elec-
trons to the conductivity zone.

In case of ZnO/ZnO-Fe sample the top layer is generated
by three immersions, AU = f(T) is always positive within the
range of the investigated temperatures (fig. 14, b). Possibly,
this is due to reduction of the concentration of vacancies in
the sublattice of oxygen, which together with the aceptor
properties of the chemically absorbed oxygen leads to imple-
mentation of n, < n;. Reduction of the concentration of de-
fects after the third immersion, most likely, is connected with
the fact that the second layer becomes a substrate for it, dis-
tinguished by porosity and developed surface. A more detailed
description of the improvement of ZnO crystalline structure
with porous substrates can be found in [58]. At temperature
of 260 °C a break of AU= f(T) happens because of the
change of the primary type of the chemically absorbed forms
of oxygen. Behavior of the samples under the influence of eth-
anol vapors on them is similar to the behavior of the samples,
the top layer of which was formed by two immersions in sol.

The temperature dependence of the potential difference
for ZnO/ZnO-Cu, the top layer of which was formed by two
immersions in sol (fig. 14, a) is similar to those of the samples
of ZnO/Zn0O-Fe composition, except that in all the range of
temperatures AU > 0. This is due to impossibility of achieve-
ment of n, > n; for the films of n-type. All the other processes
with a growth of temperature are similar to those previously
considered ones.

Dependence AU = f(T) for ZnO/ZnO-Cu samples, the
top layer of which was formed by three immersions in sol
(fig. 14, b) in the air differs from the other ones. Improvement
of the crystallinity of the top layer, connected with formation
of the third layer on a developed structure, and reduction of the
concentration of vacancies in the sublattice of oxygen, most
likely result in inversion of the basic charge carriers, because
copper, occupying positions of zinc in the lattice, is an acceptor
of electrons. According to equation (7), for p-semiconductor
the Seebeck factor is positive, which leads to negative values of
the arising potential difference according to equation (6).

Under action of ethanol on the samples in concentration
of 1000 ppm, due to return of the electrons in the conductivity
zone, a change happens of the basic carriers and the potential
difference becomes positive again.

Fig. 15 presents a concentration dependence of the po-
tential difference for the investigated series of samples. For
Zn0O/Zn0O-Fe samples the measurements were done at tem-
perature of 250 °C, for ZnO/ZnO-Cu samples — at 300 °C.
In all the cases with a growth of the concentration of ethanol

AU become more positive, which corresponds to the views
about an increase of the concentration of electrons in the top
layer of the sensors. Ethanol can interact with the chemically
absorbed oxygen, at that, a conversion product can be etha-
nol, which is formed in case of an incomplete oxidation under
the following scheme

B+ CHsOH + Op,y) — B CH;CHO + - HyO + av e,
carbon dioxide and water [54]:
p-C,H;OH + 608‘@” —2p-CO, + 33-H)O + 6a-e .

As a whole, the dependences of the potential differences
were simulated earlier, and the model truly reflects the char-
acter of the dependences at the known parity of concentra-
tion of the alloy additives and own electrically active defects
(see fig. 8).

Fig. 16 presents the temperature dependence of gas-sen-
sitivity of .§ samples, calculated according to the following
formula:

—_—gas — air

air

S = ‘AUas_AUair - 100 %,

where AUy, AU, — potential differences in the vapors of
ethanol and in the air. The calculation was done on the basis
of data from fig. 14. All the samples had similar character of
dependence S(7') in the investigated range of temperatures,
except for ZnO/ZnO-Fe, the top layer of which was formed
by three immersions in sol. At small temperatures, when reg-
istration of the arising EMF is possible, there was an increase
of sensitivity up to the maximal level, after which there was
a decrease. After achievement of a certain temperature the
gas-sensitivity reaches its minimum and increases up to its the
second maximum and then decreases again.

In case of ZnO/ZnO-Fe, the top layer of which was
formed by three immersions, the dependence of sensitivity to
ethanol exponentially declines in the investigated range of
temperatures: All the processes leading to the received de-
pendences, were dicussed earlier.

Conclusion

Thus, the following results were obtained:

— A new type of potentiometric gas sensors was developed
on the basis of ZnO/ZnO-Me homojunctions, where Me —
Cu, Fe;

— Physical and chemical regularities for formation of thin
films on the basis of zinc oxide were developed; a model of
hydrolytic polycondensation of precursors was offered, the
borders of stability of phases, at which the spinodal disinte-
gration of sol occurs, were calculated;

— A model of gas-sensitivity of homojunctions was devel-
oped, the contribution of Seebeck effect and piezoelectric ef-
fect to the arising potential difference was analyzed;

— The morphology of the surface of films on the basis of
zinc oxide and the phase composition of films was investigated;

— The gas-sensitive properties of the received homo-
junctions to ethanol within the range of temperatures of
200...350 °C at concentrations of 50...3500 ppm were inves-
tigated.
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