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TEPMOANHAMWUKA AETUPOBAHUA A3OTOM YIAEPOAHBIX HAHOTPYBOK

ITlocmynuna 6 pedaxuuio 17.06.2015

Jlecuposanue s615emcs 8aANCHLIM UHCMPYMEHMOM YRPABGAEHUs CEOUCMEAMU, KAK NOAYNPOBOOHUKOBLIX MAMEPUAL08, MAK U
yenepoousvix Hanompybok (YHT). Ilpu neeuposanuu YHT azomom oH cnocober cozdasamb 6onee 60CbMU PA3IUMHBIX KOHpULY-
payutl pasmeulerus 6 peuiemke epagena. Kaxcowiii cnocob pasmewenus xapaKkmepusyemcs ceoel napyuaibHol c60000HOU dHep-
eueti Tudbca u snekmponHsimu ceoticmeamu. /s moeo 4umodsl GuiA6UMb 3AKOHOMEPHOCIU NOBeJeHUs A30ma U ONMUMU3UPOBAb
mexHoA02UHecKUe NPOYUECChl NOAYHeHUsI HAHOMPYOOK ¢ 3a0aHHbIMU CEOUCMEAMU, 6 OAHHOU pabome pa3pabomana mepmoouHamu-
ueckas Modens Ae2upo8aHus yeiepooHbix HaHompyook. B pezysvmame pacuemoeé noay4envl 6vipasiceHus 0451 KOHUEHMPAYUU a3oma
6 epagumoobpazHom U RUPUOUHOBOM PA3Meuw,eHul, KOHYyeHmpayuu eaxancui u degpexmose Cmoynxema—Yanvca. Hcnoawvso-
BaHUE NOAYUEHHBIX BbIPANCCHULL 0151 AHAAU3A IKCNEPUMEHMANLHBIX PE3YAbIMAMO08 NO360AUM AYHULe NOHAMb NPOYECChbl N1ecUPOBAHUS

YenepooHbiX HaHompyooK.

Karoueevie caosa: yerepoonsie Hanompyoku, aeeupogarue, adcopoyus, mepmoouHamurKa, 2papumonodobroe u nupuouHogoe

pazmewyerue asoma, deghexmor Cmoynxema—Yanvca

Beenenune

ATOM a30Ta MOXET pacriojlaraTbCsl B pellieTKe rpa-
¢eHa u yrnepoaHbsix HaHOTpYOOK (YHT) pasauuHbiMu
cnocobamu, co3naBasi 1e(PeKThl, CIOCOOHBIE U3MEHSITh
SHEpreTUYeCKUe U 3JIEKTpUUYECKME CBOMCTBA yKa3aH-
HBIX YIJIEPOIHBIX CTPYKTYp [1—5]. I3MeHeHue aieK-
Tpuueckux cBoiicTB YHT cBs3aHO ¢ BO3MOXHOCTbHIO
KaK TOHOPHOTO, TaK W aKleNTOPHOTrO MOBEIECHUs Je-
(ekTa, BHOCUMOTO a30TOM, YTO NIPUBOIUT K U3MEHE-
HUIO CTPYKTYPbl U TIJIOTHOCTU BHEPreTUYECKUX CO-
crosgHuit. Ilpu rpacduTooOpa3HOM 3aMELIEHUU TPU
3JIEKTPOHA a30Ta yCTAaHABJIMBAIOT G-CBSI3U C COCE]I-
HUMM aTOMaMHU YIJIEPOAA, a Ba 3JEKTPOHA 00pa3yloT
n-CBs3U. Takoi aToM a30Ta SBIISIETCS IPKO BBIPaKEeH-
HBIM JOHOPOM. PacueTsl MoKa3bIBaIOT, UTO MPU ITUPU-
JUHOBOM pa3MeIIeHUU M aacopOLMM Ha CBSI3M a30T
MPOSIBJISIET aKLENTOPHBIE cBoiicTBa [6]. Yuco croco-
00B pa3MellleHus a30Ta B rpad)eHOBOM peleTke — 60-
nee 8 [6], MO3TOMY a30T MOXKHO B JaHHOM CiIydyae Ha-
3BaTh cynepaMpOTepHOil IPUMECHIO.

JlernpoBaHue a30TOM CYILIECTBEHHBIM 00pa30M 13-
MEHSIET MeXaHUYeCKUE, 2JIEKTPUIECKUE U (PU3UKO-XU-

MHMYECKHEe CBOCTBA HAHOTPYOOK [7—12]. B psame ciy-
4yaeB OHO BeIET K MOSIBJICHUIO METANIMYECKON Mpo-
BOAMMOCTH [13], MO3TOMY 3JIEKTPOHHBIE TEPMBI a30Ta,
KakK TIpaBWIO, PACIOJIOXKEHBI BbIlIE YpOBHSI PepMu.
JlerupoBanue YHT azotroMm mnoBbilaeT 3¢heKTUB-
HOCTb XOJIOONHOM aMuccuu [14]. DTo cBsI3aHO ¢ yMEHb-
1IeHWeM paboOThl BbIXOAA CTPYKTYpP C BbIpaXkKe€HHBIM
M-TUTIOM TIPOBOAMMOCTH, TaK KaK B 3TOM ClIydae ypo-
BeHb PepMu moBBIIIAeTCS. Bee ykazaHHBIE CBOMCTBa
CBSI3aHBI C pa3HOOOpa3neM IMOBEIECHMUS a30Ta Ha Tpa-
(beHOBBIX MOBEPXHOCTSAX HAHOTPYOOK, UTO TMOATBEP-
JKIaeT U3BECTHBIM (haKT O TOM, YTO CBOIMCTBA Me3a-
CKOMUYECKUX CUCTEM CHJIBHO 3aBUCST OT pa3MelleHUS
nx atomoB [15, 16].

M3yyeHue TepMOAMHAMUKN MPOLECCOB MO3BOJISIET
BBISIBUTb YCJIOBUSI M TlapaMeTphl CYIIECTBOBAHUS YC-
TOMYMBEIX COCTOSTHUI CHUCTEMBI. YCIIOBUSI — 3TO pe-
JKMMBI OCYILIECTBJIEHUSI TEXHOJIOTUYECKUX MPOLIECCOB,
a napamMeTpbl — (pyHIaMeHTaJlbHble CBOMCTBA aaCcop-
OeHTa u agcopOata. JlermpoBaHue a30TOM HMMEET Pl
OCOOEHHOCTEI: BO-TIEPBBIX, OHO IMPOMCXOAUT KakK B
Ipolecce pocTa KpUCTajlla, TaK U IIpyu 00pabOTKe To-
TOBBIX HAHOTPYOOK, BO-BTOPBIX, a30T CO3AaeT OOJIbIIOE
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pa3HooOpa3ue AedeKToB O CBOUM ydyacThueM. B cBs3u
C 9TUM B JaHHOHW paboTe co3gaHa TepMOAMHAMUYE-
ckas mopenb nerupoBanus YHT azorom, koTopas mpu
JaJbHEMIIIEM COMOCTABICHUM C DKCIEPUMEHTOM I1O-
3BOJIUT ONTUMU3UPOBATh TEXHOJOTMYECKHE TTPOLIECChI
MOJYYeHUSI CTPYKTYP C HEOOXOAMMBIMM CBOMCTBAMHU.
3agady OymeM pelaTh METOOOM MMHMMM3alUM CBO-
6omHoli sHeprun I'mb6ea [17—19].

TepMOZlHHaMH‘leCKaﬂ MOJeJIb JIErHpOBaHUA

TepMoarHaMUUECKy10 CUCTEMY OyAeM paccMaTpu-
BaThb B COCTOSTHUW PABHOBECUS, YCIOBUS KOTOPOTO
(TemmepaTypa M JaBJeHHE) COOTBETCTBYIOT POCTY Ha-
HOTpyOOK. B cucteMe HaxomsiTcs JABE B3aMMOCBSI3aH-
Hbl€ MOJICUCTEMBI; ra3oBas ¢a3a U KOHAEHCUPOBaHHAas
B Bujie HaHOTpyOoK. He3aBrcHUMO OT TOro, B KaKom ar-
pETaTHOM COCTOSTHUM HAaXOISITCSI MOJIEKYJbI, MOXHO
BBIJIEJIATh YMCJIO MECT U YMCJIO YacTull. B KoHaeHCcu-
pOBaHHOW TBepaol ha3e, KOTOPYIO MPEeACTaBIsSIOT
pacTyuiyMe HaHOTpYOKM, BCE MeCTa 3aIlOJHEHbI YaCTH -
LlaMM, TTIO3TOMY 3TU JIBa UYMCJa paBHbI. 3aMEeTUM TaK-
Xe, YTO POCT MPOUCXOIUT OUYECHb MEIJIEHHO, HAIPU-
Mep, 0 CPAaBHEHMUIO C MPOLIeCCaMU TTUPOIN3a, TO3TO-
MY OH HE HapyllIaeT CIOXUBIIETOCS PABHOBECHUSI.

PaccmorpuM razoByio ¢dazy. B Heit mporexkaioT
MPOLIECCHI TTUPOJIN3a, B PE3YIBTATE KOTOPBIX YCTAHAB-
JIMBAETCSI PABHOBECHOE CONEPXKAHUE aTOMOB YIJIEpoa
U a3zota. B cpene umeanbHOro rasa 3TW YuMcjia MOXHO
BBIPA3UTh YEPE3 JABJICHUS.

st yrnepona
_ C - C
= pg /KT, N& =pC/kT, (1)

C
Ng

C
rae p€ — napumanbHoe KaBICHNE; pg — HapuuaabHoe

C
JaBJICHNE HACBILICHHOTO Mapa; N, — 4YHUCIO MECT,
KOTOpBIE YIJIEpOI MOXET 3aHMMAaTh B ra30Boii (ase;

N, é — YHCJIO aTOMOB yIjIepoja B ra3oBoii ¢ase;
aHAJIOTMYHO JUIS a30Ta

Ng = pg/kT, Nj = p/kT, ()

a

rae pa — IMapuMaJIbHOC JAaBJICHUE; p, — MNAapLUUAaIbHOC
a

JaBJICHUC HACBLIIICHHOI'O IIapa, Ng — YMCJIO0 MCCT,

KOTOpBIE a30T MOXET 3aHUMAaTh B ra3oBoii paze; N 5 —

YHCJIO aTOMOB a30Ta B ra3oBoil ¢asze.

®opmynsl (1), (2) BEITEKAIOT U3 SICHCTON MOACITH
rasa, paspaboraHHoii B padore [20].

BaxHylo posib UrparoT 3akonst coxpanernus. I1oBe-
JIeHWe a3oTa MpU JIeTUPOBAHUU JOCTATOYHO CJIOX-
HOe, OH 3aHHUMaeT pas3JUyHbIe TOJOXEHUS B rpade-
HOBO# pellIeTKe yIJIepOAHOM HaHOTPYOKM, oOpa3yeT
KOMILJIEKCHl pa3HOOOpa3HOTo Tuna. /sl Toro 4To0hl
MpaBUJIbHO 3alucaTh ypaBHEHUS 3aKOHOB COXpaHe-
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HUSI, 00OOIIMM BO3MOXHbBIE CIIOCOOBI pa3MeIeHUS
nedeKToB, BO3HUKAIOUIMX MPU JIETUPOBAHUHN a30TOM,
B Tabyulie.

I'azoBy1o ¢a3y ynoOHO pa3aeanTh Ha SYEHKM, OTHU
U3 HUX MOTYT 3aHSATb aTOMBI yIJiepojaa, a Apyrue —
atoMbl a3oTa. Cam MeTo pa3dreHus Ta30Boil (ha3bl Ha
STYEMKM TOCTaTOYHO (hopMasieH. DTO pa3dueHue Io-
3BOJISIET BBIAEJIUTbL MECTa, KOTOpPble MOTYT 3aHMMATh
MOJIEKYJIbl. fueiiku, OTBOAMMBIE OTAEJbHBIM ra3aM, B
COOTBETCTBUHU C 3aKOHOM [lalbTOHA He3aBUCUMBbI JPYT
oT apyra. Yuclo siueek M1 aTOMOB a30Ta M yrjiepoja B
ra3oBoil ¢ase maercd ypaBHeHussMU (1) u (2). Dop-
MaJIbHO, €CJIA €CTh 3allOJIHEHHBIC SYEWMKU B ra30BOM
(aze, To ecTb U MycThie. YUCTO MYCTHIX sTYEEK a30Ta B

. ga gC
rasoBoi (ase o6o3Hauum — Ny,°, a yrmepona — Ny, .
V3nbel rpadeHOBOI peleTKd 3aHUMAalOT pPa3In4YHbIe
aTOMbI, BBICTYMAOIIMEe KaK HE3aBUCUMbBIE CTPYKTYp-
Hble eAUHULIBI TMOO KaK 4acTu KOMILIeKCOB. PaccMoT-
PUM UX.

N, g — 3TO aTOM YIJiepoja, pacloJIOXKEHHbIN B y3je
peletku rpadeHa. OH sBIsIETCSI KOMIIOHEHTOM He-
anbHOM pemieTk. Ecim OBl He OBLIIO MHBIX Ie(DEKTOB,
TO pelIeTKAa COCTOsIa Obl TOJBLKO M3 TAKUX aTOMOB.

Atombl 1 edekThl B ra3oBoii (hase u rpadeHOBON pemeTke
Atoms and Defects in the Gas Phase and Graphene Lattice

lazoBas ¢aza I'pacpenoBast Beero
peleTKa —
YacTui! Gas Phase Graphene Lattice Total
Particles B yanax| Ha casiasix number
T. A3zoT -
el v | Covie” |
& nodes bonds licies
Toueunbie nedeKThI
Point Defects
Yrnepon g C o
Carbon Ne Ne¢ Nesw Ne
A3oT g c .
N,
Nitrogen Na N N a
BakaHncuu ¢C ga c .
N,
Vacancies Ny Ny Ny Ny 4
CocraBHble ne(DEeKThI (KOMILUIEKCHI)
Compound Defects (complexes)
[MTupramHoBOE
pa3MelleHNe B
MOHOBaKaHCHU . . c . N
Pyridine Ny 4
placement in
a monovacancy
JluBakaHCcUMn c N
Divacancies Np D
IMupunuHoBOE
pa3MelieHue
B IMBaKaHCUK . . c . N
Pyridine Nyp pD
placement
in a divacancy
Bcero mect
Total number N gc Ng NE€ N° N
of places




N ac — JIETUPYIOLIMI aTOM a30Ta, PaCOJOXEHHBIA
B y3ie pelietku (rpacdurornogoOHoOe pa3MelleHue).
Teopernueckue pacyeTbl ITOKa3bIBalOT, UYTO TaKOM
aToOM SIBJISIETCS TOHOpPOM [2, 6, 8].

N g — BakaHcus (OTCYTCTBHE aToMa yrjepoja B
cobctBeHHOM y37e). Cam mo cebe aedekT HehTpasb-
HbI, OTHAKO OH CIOCOOCTBYET MPOTEKAHUIO MPOILIEC-
COB KOMILJIEKCOOOpa3oBaHMsI, B Mpoliecce KOTOPOTro
00pas3yloTcsl cocTaBHbIe Ne(EKThl: TUBAKaHCUMU, Je-
(eKThI, CBSI3aHHBIE C MUPUIAMHOBHIM U TTOJOOHBIM
pa3MelleHreM aTOMOB a3oTa [6].

Ng — JIMBaKaHCHUS, 3TOT Ae(eKT 3aHUMAaET 1Ba y3-

Jla, OIHAKO €ro MOXHO paccMaTpuBaThb Kak AedeKT,
LIEHTP KOTOPOTO PacIO0XEH B OJHOM Y3Jie, a BTopas
BaKaHCHsI pa3MelllaeTcsl BOKPYT MepBOi, 3aHUMasi TpU
5KBUBAJIEHTHBIX MTOJOXEHMUSI.
NPC — pa3MelleHe a30Ta 10 MMPUINHOBOMY CIIO-
co0y: B coceHEM ¢ BaKaHCHUel y3ie yriepona. Takoe
pasMellieHue Co3[aeT HeWTpaibHOE COCTOSIHME, HO B
HEKOTOPBIX CIIyYasiX MOXET BECTH ceOsl KaK aKIIeTITop
[6]. B Hay4HOIl TUTEpaType CYUTAETCSI, YTO BOKPYT Ba-
KaHCUM, B OJMXKaWIIMX K HEW y3/1ax yriepoja, pa3me-
LIAI0TCSl TPU aToMma a3zora. B manbHeitieM Oyaem uc-
XOJUTh U3 3TOM KOHLEMLUU.

N pCD — pa3MellleHKe a30Ta B y3Jiax, OJMMKanImx K
IWBaKaHCHH, TIPUBOMNT K aKIENTOPHOMY JIETHPOBa-
Huto. [1pu aHanM3e aKCNEePUMEHTATbHBIX JAHHBIX 3TO
4acTO HE YYUTBHIBAETCSI, IO3TOMY 3TOT AeMEKT Bblae-
JIEH OTHEJLHO.

N f} — BaKaHCHMHU Ha CBS3U, TOBOPSIT O TOM, YTO
JlaHHasl CBSI3b HE Y4YacTBYeT B aJCOPOLIMOHHBIX MPO-
leccax U He gedopMupoBaHa, TaKMM OOpa3oM, 3Ta
CBSI3b XapakKTepHa IJIs1 MAcalbHOIl rpadeHOBOil pe-
LLIETKM.

NgSW — HeuTpanbHb gedekT thna CToyHXe-
Ma—Y3Jbca, CBI3aHHBIN C TTOBOPOTOM CBSI3H.

IMosiBneHue Takux AedEKTOB M3MEHSET SHEPIUIO
pelIeTK U CIOCOOCTBYET YBEJIMUYEHUIO KOHLEHTpa-
LIMU JIETUPYIOIIMX aTOMOB.

N ; — a30T, XeMOCOpOMPOBaHHbBII Ha CBS3b Ipa-
(heHoBOI1 perieTkr. HrXKHSIS cTpoKa ONMUCHIBAET YMC-
JIO MECT, Ha KOTOPbIX MOTYT pacroJjiaraTbcsi 1e(eKThI.
IMocnennuit cronbel IOKa3biBaeT YMCIO Ae(PEKTOB
JIAHHOTO TUIA.

3akonbl coxpaHeHds 4McJa MecT. Mecra, e pac-
roJiaraloTcsi 0ObeKThl, 3TO STYEMKU ra30Boi (a3bl; y3-
JIbl TpacheHOBOIN PEIIETKU YIJIEpOAHON HaHOTPYOKH,
XMMUYECKHE CBSI3U. 3aKOHbBI COXpaHEHUsI MECT 3allu-
CBIBAIOTCS TTyTEM CYMMUPOBAHMSI aTOMOB U J1e(PEKTOB
Mo cTojb1aM Tabuulbl. Bcero ectb Tpu TUIa MECT: B
ra3oBoit (¢paze, Ha y371axX U Ha XMMMYECKUX CBSI3SIX, TO-
3TOMY 3aKOHBI COXpPaHEHMS YUCIIa MECT ONMCHIBAIOTCS
TpeMsl ypaBHEHUSIMU. 3anuch OyaeM MPOBOAUTH B BU-

Jie ITOTMOJHUTENBbHBIX YCIIOBUM, WCITONb3YEMBIX IIPU
MUHUMHU3aINK (GYHKIIMOHAIA CBOOOIHON SHEPTHN:

— a _ A8 _ aj84N.
9% = WYN, — NE — N

c C
o5 =8N, — NE — Ny,

C C C C C C
o€ =2 N Ne— N, =Ny =N, = Np—N,p),
0° = 1°(N° = N; — Ny), 3

rae 389, 28€, A€, A° — HeomnpeneseHHbIE MHOXUTENN
Jlarpamxa; 0%, ¢5C, o€, ¢° — cnaraemble GyHKLUMO-
HaJla cBOOOIHOU 3Hepruu ['MdOca, KOTOphI OyneT Mu-
HUMM3UPOBAH HIXE.

3akon coxpaHeHus umciaa yactun. OOBEeKTH pas-
MEIEHUST ONMCAHBI B TAOJINIIE, MU SIBJISTFOTCST: aTOMBI
yrjiepoaa, KOTOphle 3aHMMAlOT CBOM MecCTa B Y3JIax;
aTOMEI a30Ta, KOTOPhIE BCTPAaUBAIOTCS 110 TpahuTO00-
pa3sHOMY CIoco0y; aTOMBI a30Ta, KOTOpbIe BCTpaunBa-
JOTCS TI0 TTMPUIMHOBOMY CITOCO0Y, (hOPMHUPYS KOM-
IUIEKC C BaKaHCHel yriepoaa u T. 4. Yuciao 3aKOHOB
COXpaHEHUs PaBHO YHMCITy TUIIOB aTOMOB M JIe(EKTOB.
B mHamiem ciyyae MBI paccMaTpMBAaeM pasMelleHue
JIBYX TUITOB aTOMOB M YeTbIpeX THUIOB Ae(eKTOB. 3a-
KOHbI COXPaHEHUsI ISl HMX 3aIlMCHIBAIOTCSI IIyTEM
CYMMUPOBAHMS IO CTPOKAM TaOJIAIIBI:

9c=1c(Ne— N& = NG = Nigy).
oy ="1p(Ny= Nj = Ny = N})),
90 =Ny = N§ = Ng = N), 0, = (N, = Ny,
9op="rp(Np— Np).
0pp = 2pp(Nyp = Nyp), )

rae Ao, Ay, Ag, Ay, Ap, h,p — HEONPEETECHHBIE MHO-
xutenu Jlarpauxa; ¢c, ¢y 94 ¢p, ¢pp, @ p — Clarae-
Mble (byHKIIMOHANIa cBOOOMHOM sHepruu ['mboca.

3aKoH coxpaHeHHs 3apana. A3oT, pacroJjarasich
no rpauToo0pa3zHOMY TUIIY pa3MeELIeHHs, CO30acT
CBOOOJHbBIE JICKTPOHBI, a pacnojarasch 1o nupuau-
HOBOMY THUILy, — CBOOOMHBIE OBIPKU. XeMOCOPOLIUs
a3oTa MPUBOJUT K JOHOPHOMY TUITYy JIETMPOBaHUS.
s yyeta aTUX 00CTOSITEIbCTB HEOOXOAUMO 3alucaTh
3aKOH COXpaHEeHUs 3apsifia, KOTOPhI B JTaHHOM CJy-
yae UMEET BUJ:

C C
90 = hln—p— (N = ng) = (NJ = nl) +

c c
+tn, Tl )

rae ¢, — ciaaraeMoe (hyHKUMOHaIa CBOOOLHOM 3HeEp-
run 'mb6ca; A, — HeomnpeneaeHHbI MHOXUTEND Jla-
rpaHXa; # — KOHUEHTpalKsi CBOOOIHBIX 3JIEKTPOHOB;
P — KOHLIEHTpALIMsI CBOOOIHBIX IBIPOK; A , nZ, anD —
KOHIIEHTpAIMsI 3JIEKTPOHOB, 3aXBaYeHHBIX Ha COOT-
BETCTBYIOIIME Ne(hEKTHI.
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Kondurypanuonnasa s3nrponus cucremsl. {1 Toro
YTOOBI 3alIMCaTh TEPMOAUHAMUYECKYIO BEPOSITHOCTD,
a 3aTeM BBIYMCIIMTH KOH(MUTYPAIMOHHYIO SHTPOIIHIO,
IIpYMeM BO BHMMaHUE pa3MelleHHe a30Ta U yriepoaa
10 MecTaM B Ta30Boil (ase, a TakKe MepeyrcIeHHBIX
BBIIIIE OOBEKTOB IO MECTaM B y3JIaX YIJICPOAHBLIX Ha-
HOTPYOOK M Ha XMMMYECKMX CBSI3IX MEXIY Y3JIaMM.
Kpome Toro, HeoOXomMMO y4ecTh pa3MelleHue 3JIeK-
TPOHOB 10 AedeKTaM, yJ4acTBYIOIIMM B (DOPMHpPOBa-
HUM JOHOPHBIX M aKIENTOPHBIX CBI3el. BeposTHOCTD
TaKOIo pa3MelleHMs] 3aIllMIIeTCs] B BUAE HECKOJIBKMX
COMHOXUTEJCH:

W= WEWSWoWL W, WEWS WwP, (6)

IJIe BEPOSTHOCTH pa3MellleHWs aTOMOB yriepoaa M
asoTa B ra3oBoii (dasze

C a
—" L Y . o
NN = N§! NN, - N

TepMOIMHAMUYECKasT BEPOATHOCTh pa3MeEIeHUS] O0b-
€KTOB I10 y3J1aM I'pacheHOBOI pelleTKU

NE

we=
(NS - NS- NG-NSINGIN

; (8)
C, »,C
' Np!

TepMOAMHaMUUeCcKasi BEpOSITHOCTb pa3MellieHUs 00bek-
TOB TI0 MeCTaM Ha XMMHWYECKUX CBSI3SIX TpadeHOBOA
peleTKu

N°

Wo = .
NEgy! NJUN® = Nigy— N

9

BEPOATHOCTD (I)OpMI/IpOBaHI/ISI KOMIIJICKCOB IMHMPUIN-
HOBOT'O THUIIA IO BaKAaHCUAM U IMBAKaHCUU

c c
C NCV! . C NCD! e (0
NNy~ NN, Dl (N Ny p)!

p =
WV
BEPOATHOCTDL pa3sMCIICHUA SJICKTPOHOB 110 JOHOPaM U

aKLENTopaM

Ny N? NG

n pt C . C C
np!(Np—np)!

C i, C —
W, W, W, W'wP = x

NS NG NI
C

!
X pD
C C C C C c c c
npD!(NpD—npD)! n, (N, -n))!' n,\(N, —n,)!

(11)

a

KoHburypaioHHass SHTPOIUSI CUCTEMBI B COOT-
BeTCTBUM ¢ (popMmynoii bosbiiMaHa onpenensieTcs Tep-
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MOJMHAMUYECKOI BEPOSTHOCTBHIO, 3amaBaeMoii ¢op-
MyJioit (6):

Seons = KInW.

Bripaxxenue 111 CBOOOIHON 3HEPrAM CHCTEMBI 3a-
nuieM B cieayooiieM Buae [20]:

G=H—TS= g5 N& + g N8 + ¢S NS +
C \,C C ,,C C \,C C \,C
+gaNa+gVNV+gDND+gPNP+

C C G c c c

*+ &pNyp t &cswNesw T geswNesw +
C C C c c c

te, (N, —ng)+e, (N, —ng)—

c C c C
- np SP - l’lstpD - TSCOi’lf’ (12)

rae H — sHTanbnus; S — 3HTPOINUS CUCTeMbl; 7 — ab-
COJIIOTHasI TeMmIieparypa.

B dopmyny (12) aiasa Kaxaoro o0bekTa BBEIEHbI
napluajbHble IMOTeHUMa bl ['1n60ca, KOTophle Xapak-
TepU3YIOT YBEJIMUYEHUE BHEPTUM CUCTeMbl HA OIUH

C
O0BEKT COOTBCTCTBYIOLICTO THUIIA: g&. — NPUCOCANHC-

HUE aToMa yrjiepoia K pacTylleil HaHOTpyOKe; gac —
pa3MeleHre aToMa a3oTa B y3Jie 1o rpacdhutoodpasHo-

MY THILY; gpc , gpc p — DasMelleHue aToMa a30Ta B y3/1e

M0 MUPUANHOBOMY CIIOCOO0Y Y BAaKaHCUM U AMBaKaH-
CUHU; gIC,, gg — oOpa3oBaHME B y3Jie HAHOTPYOKU Ba-

c
KaHCHM U NWBAKaHCUM; g, — Pa3MCUICHUC aTOMa a30-
Ta HA XUMUYECKOM CBSI3U aTOMOB yriaepoaa B pe€3yJib-

TaTe XeMOCOpOIIUH; g%SW — oOpa3oBaHue aedekTa

CroyHxeMa—YoaJbca; aac, €7 — DHEpPrvs MOHMU3ALUK

nedeKToB TOHOPHOIO TUIA MPU MPUCOSAUHEHUHU aTO-
Ma a3oTa 1Mo rpauTOBOMY CHOCOOY JIMOO €ro Xemo-

copOuu; spc, spCD
HBIX Ae(EKTOB MPY pa3Melleny a30Ta Mo MUPUIUHO-
BOMY CITOCOOY Y BaKaHCHHU M TUBaKaHCHM.

Iepeitnem X MuanMu3amum 3Heprum I'moca (12).
g 3TOro MCMoJib3yeM HEOMHOKPATHO OMMCAHHYIO
METOIMKY, pa3dpaboTaHHyio B padotax [17—20]. Hus
bopmupoBaHusl yHKLIMOHANA, KOTOPBIA OyIeT Mpo-
XOIUTH TIPOLIEAYPY MUHUMM3AINT, K CBOOOTHOI 3HEp-
ruu (12) no6aBuM PyHKUIMOHATBHBIE YCIOBUS C HEOTI-
peneleHHBIMA MHOXUTEISIMU JlarpaHka, BBITEKalO-
e U3 3akoHOB coxpaHeHus (3), (4) u (5):

— YHEPrusi MIOHMU3aLUKUKU aKLENTOP-

=G+ g%+ o8 + oC + % + g, + ¢, +
Toytopto,topTt o, (13)

DHTPOIMIO BEHIYUCIUM B COOTBETCTBUU € (hopMyJia-
M (6)—(11). IIpu 3TOM TIpOBeIeM TTPeOOPA3OBAHUS C




noMoibslo ¢popmyiasl Ctupnunra. Ilomyuum @yHK-
LIMOHAJ, KOTOPBIM OyneM MUHUMHU3UPOBATH:

C C L C C A C C L C
®= gt NS+ g, NS+ goNg +g, N, + gy Ny +
C ,,C C A\, C C C c c
tepNp & N, +gpN,p t gcswNesw +
G c C C C c G c
+gCSWNCSW+8a(Na _na)+8a(Na _na)_

Cc C c C a a C C
nye, — n,peyp —kT[Ng lnNg + Ng lnNg +

+ NCnNC + N®InN°® + nInNy + plnN;| —

_ (N9 _ NE a _ a8y (nC _
KT[=(N = N$In(N] — N%) = (N,

— NEIN(N, — N§) — NEInNE — NéInNg| -

NS — NHIn(NC — NE -

a

— kT[~(N€ — N& -
— Ny — No)I = kT[=(N° = NS — N&gp) X
X In(N® = N; = Negy) = NeswinNegyl =
— kT[~(Ny — NOIn(Ny — Ny)| =
— kT[~(N = N\p)In(Ng = Nyp)l —
— kT[~(NE = nHI(NE = n&) = nE1nnS — ninn +
+n—plnp + p] — kT[=(N; — n))In(N; — nj) —
— nglnng = (Ny = ns)In (N, —ny) = nyInny | =

C C C C C C

+A8NT — NE— N§*) + AN — NE— N§©) +

NG - NE -

+ 2SN = NS — NE - i

o Cc

+29(N® — N° — Ng) + Ao(No— N& — N& —

c
— Nésw) + hy(Ny— Ny, = Ny — Np) +
+ap(Np— N§) + 2y (N,— N — NS — NO) +

c c
T AN, = Ny) + 2p(Npp = Nyp) + Xl — p—

—(Ny = ng) = (NJ = n}) + ny + nypl. (14)

IIponenypa MUHUMM3ALUU TIO3BOJISIET BHIYMCINTH
paBHOBECHBIE KOHIIEHTPAMK Ae(hEKTOB OIpeaeIcH-
Horo copta. OHa COCTOUT BO B3SITUM YACTHBIX MTPOU3-
BOJHBIX OT (pyHKuUMoHana (14). [Tpu a3ToM Hago NMom-
HUTb, YTO MPOM3BOAHAS MO YMCIY MECT paBHA HYIIO,
a IO YHUCJY YacTUll — COOTBETCTBYIOIIEMY XUMUYE-
CKOMy mnoTeHuMasy. Hampumep, mnpousBogHas Mo
YHCTy aTOMOB a30Ta B ra30BOi ¢ha3e paBHA XUMUYE-
CKOMY TIOTEHIIMAIy a30Ta B 3Tol (ase:

0
u¥ =, + kTn(d}),

rme Hg — XAUMUWYECKUN TIOTEHIIMaJ a30Ta IMpu CTaH-
JapTHBIX YCJIOBUSIX; ai — aKTUMBHOCTb a30Ta B ra30BOil
(haze. AHasiornuHbIe 0003HAUEHUS OYAYT BBEIEHBI 151
yriaepoaa, Ipyu 3TOM MHIEKC "a" OydeT MEHSITbCS Ha
nHaeKc "c¢". Pe3yabTaT BEIUMCICHUS TTPOU3BOIHEBIX OT
(byHKUIMOHA/Ia MpencTaBisieT coOOl cucTteMmy ajireod-
palyecKUX ypaBHEHUI, pellas e¢ HaXOOUM MCKOMBIC
KOHIIEHTpaluu ne(heKTOB 1 3JEKTPOHOB HAa HUX, KO-
TOpPbIE€ CJIOXWIMCh B MPOIIECCE POCTa B KOHACHCUPO-
BaHHOH (ha3e:

— KOHIIEHTpALIMS aTOMOB yIJIepoja B ra3oBoii dase

gé-np) _ abpt g&—u
g _ C C FC| - ¥cre C™FCl.
N¢ = acN® exp(— T j = =7 exp[— T j,

— KOHIIEHTpallMs aTOMOB a30Ta B ra3oBoi ¢ase

g
g _ 8a " Ma| _ ng _
N, = aaNgaexp(—”—gJ =N, =

kT
_ P, [ 8.
kT “PUTkT )

— KOHLIEHTpalus aTOMOB a30Ta, BHEAPEHHOIO I10
rpauTO00pa3HOMY CIIOCOOY, M YHMCJIO 3JICKTPOHOB
Ha HUX

C
nf = aaNCexp[—g—“ k_Tug} ;

— KOHIIEHTpAIsI aTOMOB XeMOCOPOMPOBAHHOTO
a30Ta Ha XMUMUYECKUX CBSI3SIX YIJIepoaa U YUCIIO DJIeK-
TPOHOB Ha HUX:

g, -1 N &g
NJ = aaN"exp[——"kT gj {1 + %exp[—k—aTH ;

(o)
n, = aaN"exp(—g"k_;th;

— KOHILECHTpaluud aToMOB a3oTa, BHEAPECHHOIO 110
HI/IpI/II[I/IHOO6pa3HOMy cnoco6y C y4yaCTuUEM BaKaHCHUUN
1 JMBaKaHCHUH, a TaKXKE YHUCJIO 3JICKTPOHOB Ha HUX:

C g - N &<
= Gp_Ta L _L||-
Np aaNCexp( kTOJ{l + 5 exp( kTM’

C C
c _ &yp— M1 Ny €| |.
N,p = aaNCexp[—LkT g}{l + ?CXP(__IQLTH’
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o
C _ &p ~Hal.
n, = aaNCexp(—l-];—-T-—fJ,

o
c _ Eyp~ Hal.
}’lpD - aaNCeXp{——%g],

— KOHUICHTpaluuAa BaKaHCUI yrjepoaa:

kT

C C
+ aaexp{—‘%gj {1 + NLexp(—%}};
L

— KoHueHTpauus gepekroB CToyHxeMa— Yajbca:

C
NS = Nc{exp[—g—VJ +

c 0
Scsw—Hc
kT ’

Nogw = aCN"exp[—

3akmouenue

Takum oOpa3om, Ha OCHOBE aHajauM3a CBOOOMHO
SHEPTUM CUCTEMbI, COCTOsIIeH W3 ra3oBoil ¢asbl U
pacTyliieil HaHOTpyOKHU, B HACTOsIIIel paboTe IojIyde-
Ha CHCTEeMa YpaBHEHUIi, KOTopasi ONMUChIBaeT nedek-
ToOOpa3oBaHue, BKJIOYAs KaK JerupoBaHue, TaK U ajl-
copbuuio. BHenpeHue a3ora B y3Jbl YIVIEPOJIHOM Ha-
HOTPYOKM 3aBUCUT OT Psijia TEXHOJIOTUUYECKUX (haKTO-
pOB M TEepMOIMHAMMUYECKMX IapaMeTpoB. B mepByio
ouepellb KOHIUEHTPALMIO a30Ta OMpPENessioT Mapliu-
aJibHble TTOTeHLIManbl I'Mo0ca obpa3zoBaHus AedeKTOB
TE€M WJIK UHBIM criocoboM. PaccuuTars 3TH napuuaib-
Hbl€ TOTEHIIUAJIBI CJIOXKHO, TTIO3TOMY MX CIeAyeT oIpe-
NeJsITh MyTEM CpPaBHEHUSI TEOPETUYECKUX pe3yJibTa-
TOB C 3KCIEepUMEHTaJbHbIMU. BO-BTOPBIX, BaxKHbIM
¢dakTOpOM SIBJISIETCSI TEMIIepaTypa pocTa HAaHOTPYOOK.
B-TpeTbux, aKkTUBHOCTU yIjiepoda 1 a30Ta. AKTMBHO-
CTU XapaKTepU3YyIOT KOHLIEHTPALIMX MOJIEKYJI ra30B B
peakTope. POCT KOHLIEHTpaluu a30TOCOAepKallux
MOJIEKYJI IPUBOAUT K POCTY BHEAPEHHBIX aTOMOB a30-
Ta. 3aMeTUM, YTO YMCJIO Y3JI0B rpaddeHOBOI peIeTKH
HaHOTpyOku N C U 4McI0 XMMUYECKKX CBSI3Eit MEXILY
HuUMHU N° — 4nciio GUKCUPOBAHHOE, CBSI3AaHHOE C XU-
PaJIbHOCTBIO U T€OMETPUUYECKMMU TapamMeTpaMu Ha-
HOTpYOKM. IT03TOMY aKTUBHOCTD yIjiepoaa IpakTude-
CKM HEe OKa3bIBaeT BJIMSIHUS Ha BCTpauBaHUE a30Ta.

Paboma evinoanena npu noddepyicke Murnodprayku
PD ¢ pamkax [ocydapcmeenHnoii nodoepicku HAy4HbiX
uccnedogaHull.
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Thermodynamics of Doping of Carbon Nanotubes with Nitrogen

Doping is an important tool for control of the properties of the semiconductor materials and carbon nanotubes (CNT). In case
of doping of CNT with nitrogen there can be more than eight different configurations of its placement in the graphene lattice. Each
method of its placement is characterized by its partial free energy of Gibbs and electronic properties. In order to identify the reg-
ularities of such a behavior of nitrogen and optimize the technological processes for manufacture of the nanotubes with the desired
properties, the authors in their study developed the thermodynamics of doping of the carbon nanotubes. As a result of calculations,
expressions were obtained for concentration of nitrogen in the graphitic and pyridine placements, concentration of the vacancies and
Stoneham-Wells defects. Use of the expressions obtained for analysis of the experimental results will ensure a better understanding

of the processes of doping of the carbon nanotubes.

Keywords: carbon nanotubes, doping, adsorption, thermodynamics, graphitic and pyridine placements of nitrogen, Stoneham-

Wells defects

Introduction

The atom of nitrogen can be placed in the graphene
lattice and carbon nanotubes (CNT) in various ways,
creating the defects, capable to change the energy and
electric properties of such structures [1—5]. The change
of the electric properties of CNT is connected with a
possibility of the donor’s or acceptor’s behavior of the
defect brought by nitrogen, which leads to a change of
the structure and density of the energy states. In case of
a graphitic replacement three electrons of nitrogen es-
tablish ¢ — bonds with the neighboring atoms of car-
bon, while two electrons form = — bonds. Such an atom
is a strongly pronounced donor. Calculations show that
in case of a pyridine placement and adsorption on bond
the nitrogen demonstrates the acceptor’s properties [6].
The number of configurations of its placement in the
graphene lattice is more than 8 [6], therefore it may be
called a superamphoteric impurity.

Doping with nitrogen essentially changes the me-
chanical, electric, physical and chemical properties of
CNT [7—12]. In certain cases it leads to occurrence of
a metal conductivity [13], therefore, the electronic
terms of nitrogen are located above the Fermi level.
Doping of CNT with nitrogen raises the efficiency of
the cold emission [14]. This is connected with the re-
duction of the work of output of the structures with ex-
pressed conductivity, because the Fermi level increases.
The above properties are connected with the variety of
behavior of nitrogen on the graphene surfaces of the na-
notubes, which confirms the fact, that the properties of
the mesoscopic systems strongly depend on placement
of their atoms [15, 16].

Studying of thermodynamics allows us to reveal the
conditions and parameters of the steady states of the
system. The conditions are the modes of the techno-
logical processes, and the parameters are the funda-
mental properties of the adsorbent and of the adsorbate.
Doping with nitrogen has a number of specific features:

firstly, it occurs during the crystal’s growth and process-
ing of the ready nanotubes, secondly, nitrogen creates
a great variety of defects with its participation. In this
connection in the given work a thermodynamic model
of doping of CNT with nitrogen was created, which
subsequently in comparison with an experiment will al-
low us to optimize the technological processes for ob-
taining of the structures with the necessary properties.
We will solve the task by minimization of the Gibbs free
energy [17—19].

Thermodynamic model of doping

We will consider the thermodynamic system in the
state of the balance, the conditions of which (temper-
ature and pressure) correspond to the growth of CNT.
The system contains two interconnected subsystems; a
gas phase and a condensed phase in the form of nano-
tubes. Irrespective of the aggregate state, in which the
molecules are, it is possible to allocate the number of
vacancies and the number of particles. In the condensed
solid phase, which is represented by the growing CNT,
all the vacancies are occupied by the particles, there-
fore, these two numbers are equal. It should also be tak-
en into consideration, that the growth occurs very slow-
ly in comparison with the process of pyrolysis, for ex-
ample, therefore, it does not break the existing balance.

Let us consider the gas phase. The process of pyrol-
ysis goes on in it, as a result of which an equilibrium of
the quantities of the atoms of carbon and nitrogen is es-
tablished. In the environment of ideal gas it is possible
to express these numbers through pressures.

For carbon

C
N g
where pCis partial pressure; p SC is partial pressure of the
saturated vapor; Ngc is the number of vacancies, which
carbon can occupy in the gas phase; N, é is the number
of atoms of carbon in the gas phase;

C
= p, /kT, N§& = pY/kT, (1)
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Same way for nitrogen:

Ng = pg/kT, Nj = p°/kT, ()

where p? is partial pressure; pf is partial pressure of the

saturated vapor; N, “ is the number of vacancies, which
8. . NE

carbon can occupy in the gas phase; N, is the number

of atoms of carbon in the gas phase. Formulas (1, 2)

proceed from the cellular model of the gas [20].

An important role is played by the conservation
laws. Behavior of nitrogen during doping is rather in-
tricate, it occupies various positions in the graphene lat-
tice of CNT and forms various complexes. In order to
put down correctly the equations of the laws of conser-
vation we will generalize the possible ways of placement
of the defects during doping of nitrogen in a table.

The gas phase can be conveniently subdivided into
the cells, some of which can be occupied by the atoms
of carbon, and the other ones — by the atoms of nitro-
gen. Splitting of the gas phase into the cells is rather
conditional. It allows us to allocate the places, which
the molecules can occupy. The cells which are pro-
vided for separate gases, according to the Dalton law,
are independent from each other. The number of the
cells and atoms of nitrogen and carbon in the gas
phase is calculated by equations (1) and (2). Formally,
if there are occupied cells in the gas phase, than there
should also be the empty ones. Let us designate the
number of the empty cells of nitrogen in the gas phase
as — N3 and of carbon as — N3, . The nodes of
the graphene lattice are occupied by the atoms, which
act as independent structural units, or as parts of com-
plexes. Let us consider them. NV, g is an atom of carbon
in the node of the graphene lattice. It is a component
of an ideal lattice. If there were no other defects, the
lattice would consist only of such atoms. N aC is the
doping atom of nitrogen in an lattice node (graphitic
placement).

Theoretical calculations show, that such an atom is
a donor [2, 6, 8]. N 5 is vacancy (absence of an atom
of carbon in its own node). The defect itself is neutral,
however, it encourages the process of the complex-
formation, during which the compound defects are
formed: divacancies, the defects connected with the py-
ridine and similar placement of the atoms of nitrogen
[6]. Ng is divacancy, this defect occupies two nodes,
however it can be considered as the defect, the centre
of which is located in one node, while the second va-
cancy takes places around the first one, occupying three
equivalent positions. N Cis placement of nitrogen in
accordance with the pyridine principle: in the carbon
node, next to a vacancy. Such a placement creates a
neutral state, but it can behave as an acceptor [6]. In the
literature it is considered, that around a vacancy, in the
carbon nodes nearest to it, three atoms of nitrogen are
placed. In what follows we will proceed from this con-

cept. N pCD is placement of nitrogen in the nodes nearest
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to a divacancy, which leads to an acceptor doping. In
the analysis of the experimental data this often is not
taken into account, therefore, this defect is singled out
separately. N ; — vacancies on bonds say that the given
bond does not participate in the adsorption processes
and is not deformed, thus, it is characteristic for an ide-
al graphene lattice. N g s is a neutral defect of Stone-
ham-Wells type connected with a turn of the bond. Oc-
currence of such defects changes the lattice energy and
increases the concentration of the doping atoms. N, : is
nitrogen, chemisorbed on bond of the graphene lattice.
The bottom line describes the number of places, on
which there can be defects: The last column shows the
number of defects of the given type.

Laws of conservation of the number of places. Plac-
es, where the objects settle down, are the cells of the gas
phase; nodes the graphene lattices of CNT, chemical
bonds. The laws of conservation of places are registered
by summation of the atoms and defects by the columns
of the table. In total there are three types of places: in
the gas phase, on the nodes and on the chemical bonds,
therefore, the laws of conservation of the number of
places are described by three equations. We will put
them down in the form of the additional conditions
used for minimization of the free energy functional:

@8! = 18N, — Ny — Ni);
C C
ofC =N, — NE— NPT,

o o Cc c Cc o
¢€=2N~Ng— N, =Ny, —N, = Np—N,p),

¢° =A°(N° = N; — Np), (3)
where 182, 28€, A€, A° are uncertain Lagrange multi-
pliers; 0%%, ¢3¢, o€, ¢° are the summands of the Gibbs
free energy functional, which will be minimized below.

The law of conservation of the number of particles.
The objects for placement are described in the table,
and they are: the carbon taking its places in the nodes;
the nitrogen, which is embedded by the graphitic meth-
od, the nitrogen, embedded by the pyridine method
forming a complex with the carbon vacancies, etc. The
number of the laws of conservation is equal to the
number of types of atoms and defects. In our case we
consider placement of two types of atoms and four
types of defects. The laws of conservation for them are
put down as summation by the lines of the table:

0c=hc(Ne = N& = NG = N&gp).
oy =Ay(Ny— N§ = Ny — Ny),
90 = 1Ny = NE = NS = NJ), 9, = 2)(N, = Ny,
9op="p(Np— Np),

C
(ppD = }"pD(NpD - NpD)’ (4)




where Ao, Ay, Ay, kp, Aps ka are uncertain Lagrange
multipliers; ¢, 915 ¢4 9, ¢pp. p are the summands
of the Gibbs free energy functional.

The law of charge conservation. When arranged by
the graphitic principle, nitrogen creates free electrons,
and when arranged by the pyridine principle — free
holes. Chemical adsorption of nitrogen leads to a donor
type of doping. Then it is necessary to write down the
law of the charge conservation, which in this case looks
like this:

c C
90 = el = p = (NS = n$) = (NS = n5) +
C C
+np +npD]’ (5)

where ¢, is a summand of the Gibbs free energy func-
tional; A, is uncertain Lagrange multiplier; n — is con-
centration of free electrons; p — is the concentration of
free holes; nac, nz, anD is concentration of the elec-
trons captured on the corresponding defects.

Configuration entropy of the system. In order to
write down a thermodynamic probability and to calcu-
late the configuration entropy, we will take into con-
sideration the placement of nitrogen and carbon in the
gas phase, and also, of the listed objects in the places in
CNT nodes and on chemical bonds between the nodes.
Besides, it is necessary to take into account the place-
ment of electrons by the defects participating in the for-
mation of the donor and the acceptor bonds. The prob-
ability of such a placement is recorded in the form of
several factors:

W= WEWEWSWL W, We WS WWP,  (6)

where the probability of placement of atoms of carbon
and nitrogen in the gas phase looks like

C a
WE = Ng! Ng!
C

Né!(zvg - N{)! Nf!(Ng” - N9y

(7

Termodynamic probability of placement of objects
in the nodes of the graphene lattice:

C
N©
(N~ NS-NG-NSHIN

a

wC =

)
“INOING)

The thermodynamic probability of placement of ob-
jects in the places on the chemical bonds of the graph-
ene lattice is like that:

N
We = . )
NEgw!NJUN® = Ny~ NI

The probability of formation of complexes of a py-
ridine type by the vacancies and divacancies is equal to:

N NS

C C C C o C .,
N, I(Np= N Nypl(Np- N, p)!

wy = (10)

The probability of placement of electrons by the do-
nors and acceptors:

noarD C
WCWCWGWanz_]Y_E& Ny X
P a "a n! p! }’lC'(NC—}’lC)'
prp P
C C c
NpD! N,! N,! an

C C C C C C c c c
npD!(NpD—npD)! n\(N,-n)!'n,\(N, -n,)!

According to the Boltzmann formula, the configu-
ration entropy of the system is defined by the thermo-
dynamic probability set by the formula (6):

Seony = kInW.

We will write down the expression for the free en-
ergy of the system in the following form [20]:

G=H- TS= g5 N§ + g7 N¥ + gE NG +
CnC, CaC . CrC o, CaC
+gaNa+gVNV+gDND+gpr+

C C c c G c
+8pNyp T &eswNesw T geswNesw +

C C C
teg (Ng = ng) +eg(Ng = ng) =
c C c C
- I’lp Sp - l’lpD ng - TSconf’ (12)

where H is enthalpy; S is entropy of the system; 7T'is the
absolute temperature.

For each object partial Gibbs potentials are intro-
duced in formula (12), which characterize an increase
of the system’s energy per one object of the correspond-

ing type: gcc — addition of a carbon atom to the grow-
ing CNT; gac — placement of a nitrogen atom in the

node of a graphitic type; gpc, ngD — placement of a ni-
trogen atom in the node of a pyridine type at the va-

cancy and divacancy; g,€ , gg — formation of a vacancy

and a divacancy in a CNT node; placement of a nitro-
gen atom on the chemical bond of the carbon atoms as

a result of a chemical adsorption; gg gy — formation

of a Stoneham-Wells defect; sac, az
ization of the defects of the donor type during addition
of the nitrogen atom by the graphitic method or its

chemical adsorption,; sc, spCD — energy of ionization

— energy of ion-

of the acceptor defects during placement of nitrogen by
the pyridine method at the vacancy and divacancy.
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Let us discuss the minimization of Gibbs energy (12).
For this purpose we will use the technique repeatedly
described above [17—20]. For formation of the func-
tional, which will undergo the minimization procedure,
we will add to the free energy (12) the functional con-
ditions with the uncertain Lagrange multipliers, follow-
ing from the conservation laws (3), (4) and (5):

O = G+(pga+(pgc+(pc+(pc+(pc+(pa+
+(pV+ (pD+(pp+(ppD+(pe. (13)
We will calculate the entropy according to formulas
(6)—(11). At that, we will undertake transformations by

means of Stirling formula. We will get a functional,
which we will minimize:

C C A, C C \,C C \,C
© =g NG+ gy Ny +8cNe+ g, Ny + gy Ny +
C \C C \,C C C
+epNp + 8 N, +g,pN,p + geswNesw +
C C C
+ Sesw Nesw + e (Ng = ng) + eq (NG = ng) =
c C c C a a C C
—nye, T NpE,n T kT[Ng lnNg + Ng lnNg +
+ NCInN€ + N®InN°® + nInNy + pInN,] —
_ a0 A8 a _ a8\ _ c _
KTI=(N{ = NOI(NS = NE) = (N
- Né)ln(NgC — N&) — NZInN§ — N8InNE] -
— kT[-(NC = NS — Ny, — Np)In(NC — NS —
— NS = N5) = kT[=(N® = N° — N&g) %
X In(N® = Ng = Nesy) = NesyInNegy ] =
C C C C
— kT[~(Ny — N)In(Ny, — N;)] =
C C C C
— kT[~(Njy = Nyp)In(Nj = Nyp)l —
C C C C C
— kT[~(NE = n)In(NE = nS)— n’
+ n— plnp + p] — kT[—(N; — nZ)ln(N;T — ”3) —
_ oy _ (nyC_ C c_ ¢
n,lnn, (Np n, )In (Np n,

C C C C C C
— KT[~(Nyp = n,p)In(Nyp = nyp) = nyplnng ] +

lnnac — nlnn +
C C
)~ nylnn;|

TSN = NS = N§) + NS = NE= N§) +
+29NC = Ng = Ny = Nj = Ny —
C
Ng = Ny) +ac(Ne= NE = N¢ =
C
= Nésw) + 1y(Ny—= Nj, = Ny = Ny) +

+p(Np = Np) + Ao(Ny = N§ = N7 = NJ) +

C C

+ )\‘G(NG —

C

+ (N, = Ny) + 4,p(N,p
C C

— (N, —n;)— (N —

a

C
— Nyp) thln—p—
n) + ny +npl. (14)

The minimization allows us to calculate the equilib-
rium concentrations of the defects of a certain kind. It
consists in capture of the private derivatives from the
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functional (14). At that, it is necessary to remember,
that by the number of places a derivative is equal to ze-
ro, and by the number of particles — to the correspond-
ing chemical potential. For example, by the number of
atoms of nitrogen in the gas phase the derivative is equal
to the chemical potential of nitrogen in this phase:

0
My = n, + kTln(dy),

where ug is the chemical potential of nitrogen in stand-
ard conditions; ai is activity of nitrogen in the gas
phase. Similar indications are introduced for carbon, at

that, index "a" will be replaced with index "c". The re-
sult of calculation of the derivatives from the functional
is a system of the algebraic equations. By solving it, we
find the required concentration of the defects and elec-
trons on them, which developed during the growth in
the condensed phase:

concentration of the atoms of carbon in the gas

phase:

gé-ne) _ atpe [ gk-uy
Né = aCNgCexp[— CkT C) = ZTCepr— CkTCj;

concentration of the atoms of nitrogen in the gas
phase:

g
8a— M
Nf = aaNgaexp(—”—g] = NS =

kT a
_ 4Py [ %o~ ).
KT kT )

concentration of the atoms of nitrogen introduced
by the graphitic method, and the number of electrons
on them:

C
nf = aaNCexp[—g—”kTM% ;

concentration of the atoms of the chemisorbed ni-
trogen on the chemical bonds of carbon and the
number of electrons on them:

gcs_ N e°
N, = aaNGexp[— ”k;gj {1 + YHGXP(_ITQTH;

(e
n, = aaN"exp[—g—ak_;gj;

concentration of the atoms of nitrogen introduced
by the pyridine method with participation of a vacancy




and a divacancy, and also the number of electrons on
them

C
C Ep—H
npp = aaNCeXp(_'%g}

concentration of the vacancies of carbon
C 8 ¢
Ny = NClexp|-2X| +

C C
+ aaexp{—‘g%zj {1 + ]%exp[—zﬂ]ﬂ };

concentration of the Stoneham-Wells defects

c 0
_ Scsw—Hc
NgSW = acNGeXPK—Tj.

Conclusion

Thus, on the basis of the analysis of the free energy
of the system consisting of the gas phase and growing
CNT, the system of the equations was obtained, which
describes the defect-formation, including doping and
adsorption. Introduction of nitrogen in CNT nodes de-
pends on a number of technological factors and ther-
modynamic parameters. First of all, the concentration
of nitrogen is defined by the partial Gibbs potentials of
formation of defects in this or that way. These poten-
tials are difficult to calculate, therefore, they should be
defined by comparison of the theoretical results with
the experimental ones. Secondly, an important factor is
the temperature of growth of CNT. Thirdly, the activ-
ities of carbon and nitrogen, characterizing the concen-
trations of the gas molecules in a reactor. The growth
of concentration of the nitrogen-containing molecules
leads to the growth of the introduced atoms of nitrogen.
It should be noted that the number of the nodes of the
grapheme lattice of the nanotube (NC) and the number
of the chemical bonds between them N° is a fixed val-
ue, connected with the chirality and geometrical pa-
rameters of CNT. Therefore, the activity of carbon
practically does not influence the process of embedding
of nitrogen.

Work was done with the support of the Ministry of Ed-
ucation and Science of Russia within the framework of the
State Support for Scientific Researches.
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CTPOEHUE, MATHUTHBIE U AUDAEKTPUYECKUE CBOMCTBA
HAHOKOMITO3UTOB: OINMAAOBbBIE MATPULIbI — BAHAAATDI
PEAKO3EMEAbHbIX DAEMEHTOB

Ilocmynuna ¢ pedaxyuio 11.09.2015

Paccmompenst ycaosus oopmuposanus HAHOKOMNO3UMOG HA OCHOBe Peutem4ambix ynakogok Hanocghep SiO, (onanosvix mam-
puly), cooepicawux 6 mexccghepuieckux noA0CmAxX Kaacmepuvl 6aHa0amoe pedkosemenvhuix anemenmoe RVO, (R — Dy, Pr, Yb,
Y, Nd, Gd, La). H3yuenvi cocmae u cmpoerue HaHOKOMNO3UMOE C UCNOAb308AHUEM PEHMEHO8CKOU OUMPAKMOMempuy U cnex-
mpocKonuu KomMoOuHayuoHHo20 paccesinus ceéema. Ilokazana 3a8ucumocms cocmaea CUHMe3UPOBAHHbIX 8 MaAMPUYAX BeLeCE Om
yeaosuii ux noayyerus. Ilpueedenvt pesyaomamol usmepeHul MAeHUMHO-PE30HAHCHbIX U OUINCKMPUHECKUX XAPAKMEPUCMUK NO-
JAYHEHHbIX HAHOCMPYKMYP.

Karoueevie caosa: memamamepuanst, onaioesle mampuubl, eanadamul peaKOI)’EMe/leblx /1emMeHmoe, pEHmeeH0¢a306'ble aHa-

au3, cnekmpockonus KP, maenumusie u dusnexmpuyeckue XapaKmepucmuxu

BBenenune

VYnopsaoyeHHble 3D-HAHOCHUCTEMBI Pa3MUHbIX Be-
LIECTB MOXHO CO3[aBaTh C MCIOJb30BaHUEM ONaJIO-
BBIX MaTpHIl (TPEXMEPHBIX KyOMUYECKUX pelIeTYaThIX
VIaKOBOK, OMM3Kux 1o auameTpy (Ad < 5 %) HaHO-
cdep (d = 200...350 Hm) pentreHoamopdHoro SiO,),
3a CUeT 3aIl0JTHEHUsT UMU MeXchepruyecKux MoJocTe
[1, 2]. OnanoBble MaTPUIIbl C YACTUYHO 3aMOJHEHHBI-
MM MeXCPepUIeCKUMHU TTOJIOCTIMU OTHOCITCS K Me-
TaMaTepuanamM, obJadalolluM YHUKAIbHBIMU (DYHK-
LIMOHAJILHBIMUA CBOMCTBaMHU, TPYAHOJOCTHXKUMBIMU Y
MOHOJIMTHBIX BeuiecTB. IIpenmonaraercss pa3paboTka
Ha 6a3e yKa3aHHBIX METaMaTepPHaIOB Pa3IMUYHBIX YCT-
pOMCTB, B YaCTHOCTU, IIPUOOPOB yIIpaBieHUs (pa30BbI-
MM cKopocTsiMu B ontuyeckoMm, CBY u teparepuoBomM
mmana3oHax [3, 4]. CuHTe3 BellecTB B 3aMKHYTOM Ha-
HOpa3MepHOM o0beMe MexXchepruueckux IoJocTel
OIaJIOBBIX MAaTpPUL CIIOCOOCTBYET CTaOWIM3alUU IPHU
MOHMXXEHHBIX TeMIlepaTypax BbICOKOTEMIEPATyPHBIX
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¢a3 3a cueT yMeHbIIECHUSI TeMIlepaTyp (dopMupoBa-
HUS CUHTE3MPYEMOTO BEILECTBA U JejaeT TeXHOJO-
TUYHBIM IIPOLIECC CO3MaHUs YIopsimoueHHbIx 3D-Ha-
HOpELIETOK KPUCTAUTUTOB [1, 5—9]. da30BkIii cocTaB
MaTepuajgoB, CUHTE3UPOBAHHBIX B MEXC(HEpPUUECKUX
MOJIOCTSIX OMaJIOBBIX MAaTPUIl, BO MHOTOM 3aBUCHUT OT
orpaHuuyeHus1 oobema (popMUpOBaHUS (CUHTE3 B YyC-
JIOBUSIX OTpaHMYEHHO! TreomeTpuu). BiusiHue pas-
MepHoro sdexra KpUCTALIUTOB HAa YCTOMUYUBOCTD
MeTacTaOUJbHBIX (a3 OTMeYasoCh BO MHOTUX pado-
Tax, HalpuMep, Npu nonyyeHuu ZrO, TeTparoHasb-
Holt Mmoaudukauuu [10]. PaHee ObLIM MOJyYEHBI U UC-
cJIeloBaHbl CTPOEHVE U CBOMCTBA OMAJIOBBIX MaTPHUII, B
MexXchepUIECKUX TTOJIOCTIX KOTOPBIX CUHTE3UPOBAHBI
pas3IMyHble MAarHUTO- WU JIEKTPOAKTUBHbBIE BEILIECT-
Ba [8,9, 11—13].

INepcneKTMBHBIMU BEIIECTBAMM IJIST 3aITOJTHEHUS
MexXChepruyecKuX MoJIOCTEN ONaJOBbIX MaTPUIL SIBJISI-
I0TCS1 BAaHaJaThl peKo3eMebHbIX 3JieMeHTOB (P3D) —
okcuabl odweit opmynsl RVO,, tne R — P339 (Dy,




Gd, La, Nd, Pr, Y, Yb u 1p.), obnagaroliiye BBICOKUMU
TETJIONPOBOAHOCTBI0O U MEXAHWYECKON ITPOYHOCTHIO.
Kpucramibl Ha ocHoBe BaHanaToB P33 mepcrieKTUBHBI
KaK HOBBbI€ Jla3epHble, CETHETO- U Mbe303JIeKTpUUe-
CKMe MaTepHuabl, 3JeKTPUIYECKME CBOMCTBA KOTOPBIX
3aBucsar ot tuia P33D. Ilpenmonaraercst, 4To yKa3aH-
Hble MaTepuaJbl HaWAyT IIMPOKOEe MPUMEHEHHE B
GYHKIIMOHAIBLHOM 3JIEKTpOHMKe. Beayrcst pa3padboTku
C HCIIOJIb30BAaHMEM MOHOOHBIX MaTepUaAOB B LEJSX
Cco31aHMsl TPUOOPOB BIEKTPOHHOU TEXHUKM C YIyd-
IIIEHHBIMA 3KCITyaTallMOHHBIMM XapaKTepUCTUKaAMU,
HarnpuMmep, BbICOKO3(h(HEKTUBHBIX TBEPAOTEIbHbIX Jia-
3epOB C HOBBIMY (DYHKIIMOHAJIbHBIMUA BO3MOXXHOCTSI -
MU 1 METOJAMU yIpaBJeHUsI, yCTPOUCTB ONTUUYECKOM
CBSI3U.

B Hacrosieit pabote uccaeaytoTcsl BIMSHUE YClo-
BUM MOJyYeHUsT HA COCTAaB, MAarHUTHBIC U TURJIEKTPU-
YeCcKMe CBOMCTBA HAHOKOMIIO3UTOB Ha OCHOBE OITaJlo-
BBIX MaTpHUll, B MeXCHEePUUECKUX TTOJOCTIX KOTOPHIX
CUMHTE3MPOBaHbl KpHUCTA/UIMYeCKUe (a3bl BaHAIaTOB
P35 (DyVO4, GdVO4, LaVO4, NdVO4, PI'VO4, YVO4
n YbVOy,).

ITosyyenue ¥ CTpoeHHE ONAJOBBLIX MATPHIL
M HAHOKOMIIO3MTOB HA MX OCHOBE

OrnasoBble MAaTPUIILI TOJYYATN peakiMei Tuapoamn3a
terpaspupa oprokpeMHueBoi kucnothl (Si(OC,Hs),)
¢ pacteopom staHona (C,H;OH) B npucyrcTBum Ka-
Tajusaropa — ruapookcuga ammonusa (NH4OH).
ITpaBuabHOCTL ynakoBku HaHocdep SiO, onasoBbIX
MaTpUIl JOCTMTAeTCs CaMOOpTraHU-
3alMeil, Ipu 3TOM JUaMeTp HaHO-
chep — B 3aBUCMMOCTHU OT YCJIOBUIA
dopMupoBaHUsI, BapbUPOBAJICS OT
200 go 350 um. Ha puc. 1, a noka-
3aHbl TPU CJIOS TUIOTHEHUIIEH Tpex-
MEpHOI KyOuYecKoil pelleT4yaToi
ynakoBku HaHocgep SiO,. Kaxnas
chepa A B IUIOCKOM IUIOTHEMIIEM
CJIoe OKpYyXeHa IIECTbIO TPEyroyb-
HbeIMU 3a30pamMu (Bu C) — 1o Tpu
JIIBYX Pa3IMIHBIX OpUEHTAIINA Bep-
IIMH 3a30pOB: O0Ilee YMCIO Tpe-
VTOTBHBIX 32a30pOB MeXAY chepamu
B 2 pasa Oounblie yucna chep. Ilo-
3TOMY BEPXHUI cJIoi chep OTHOCU-
TeJbHO HUXKHEro MOXET ObITh OpU-
€HTHUPOBaH JIMOO II0 ITOJIOXEHUSIM B,
160 no nojioxeHusim C (puc. 1, a).
Jliobass GeckoHeyHass mMocaea0Ba-
TeJIbHOCTh OYKB A, B, C, B KOTOpOii
HE CTOST PSIIOM IIBe OIMHAKOBEIE
OYKBbI, BbIpaXaeT IJIOTHEMIIYIO yra-
KOBKY ¢ onnHaKkoBoi (74,05 %) cre-
MEeHbIO 3aMoJHEHUsT chepaMu Mpo-

cTpaHcTBa [14]. nanospheres (b)

IIpu KcConb30BaHHBIX B pa0OTE 3KCIIEPUMEHTAIb-
HBIX YCJIOBUSIX (POPMUPOBATUCH TPEXCIOMHBIE (KyOu-
YecKue) CTPYKTYpHI .../ACB/... . UMeroTcs cBeieHUS U
0 Ipyrux cTpykrypax [15, 16]. [TmoTHe1Ias yrmakoBKa
chep obpazyeT TeTpadApUUYECKUE U OKTadApUYECKUe
nosioctu. TeTpasapuueckasi MOJIOCTb OKpYyXKeHa 4e-
TeIpbMs HaHOCGepamu SiO,, TpU U3 KOTOPBIX 00pasy-
10T TPEYTOJIbHUK B OJTHOM CJIO€, YeTBepTasl U3 CJIeayI0-
IIETO CJIOSI, @ OKTa3ApHUecKasl MoJIOCTh OKPYXKeHa IIe-
cThio0 HaHocdepamu SiO,, TpU U3 KOTOPBIX 00Pas3yroT
TPEYroJbHUK B OIHOM CIIO¢, M ITOBEepHYTHIM Ha 60°
TPeyrojbHUK U3 HaHochep coceaHero ciosi. Coenu-
HUB LIEHTPBI YKa3aHHbIX YeThIpEX U 1IeCTU HaHochep,
oay4yaeM, COOTBETCTBEHHO, TETpasap M okrTasap [14].
ITokazaHHble Ha puc. 1, @ monoctu S U 7 chopmupo-
BaHbl HaHOC(epamu SiO, 1-ro u 2-ro coes, a Nooc-
™ 61 8& — 2-TO 1 3-TO CJIOEB ITUIOTHEMIIIEH YITaKOBKH
HaHocdep. Kaxnaa nanocgepa SiO, okpyxeHa Boce-
MbIO TeTPasAPUUECKUMU U IIECThIO OKTa3APUIYECKUMU
nojocTaMu. OKTasnpuyecKre U TeTpasapudecKre mo-
JIOCTU YCJIOBHO COCTOSIT M3 c(ep, BIIMCAHHBIX B IO-
JIOCTU, ¥ COENMHSIONIETO MX IpOCTpaHcTBa. JInamer-
pbl cdep, BIUCAHHBIX B TeTpadApUYECKMEe U OKTadI-
pudeckue noaoctu, paBHEI ~0,22d n ~0,41d, cooTBeT-
cTBeHHO [8, 14]. IlnotHeiinyto ynakosky cdep SiO,
MOXHO pa3OWUTh Ha TeTpasApbl U OKTA3APHI, MOJTHO-
CTBIO 3aMOJTHSIOIINE TTPOCTpPaHCTBO [7, 8].

Ha puc. 1, 6 nokazaHa o0beMHasl MOJIeJIb BEILECT-
Ba, 3aIIOJTHUBIIETO AECITh HAXOMSIIUXCS B TPEXCIIOM-
HOM yImakoBKe MexXchepuyeCKUX I0JIOCTel (YeThIpe

Puc. 1. Ctpoenne Tpex (/—J3) nocjiea0BaTeIbHO ILIOTHOYNIAKOBAHHBIX cJioeB HaHochep SiO, (4)
auameTpom d (mpoekuus Ha niockoctb {111}) (uentpel Hanocdep SiO, oGpasyioT rpane-

IEHTPUPOBAHHYIO KYOMYECKYIO PellleTKY), 00pa3ylomux oKTasapuyeckue (5, 6) m Terpad-
puueckue (7, §) nonoctu (a) m 06beMHas MOJeJIb BeHIeCTBA, 3aNOJHAIOMIEro Mexchepuye-
CKHe 0J0CTH Tpex (/—3) miIoTHOynaKoBaHHbIX ciaoes Hanochep SiO, (b)

Fig. 1. The structure (1—3) of the consecutive densely packed layers of SiO, nanospheres (4)
with diameter d (projection on plane {111}) (the centers of SiO, nanospheres form a faced-

centered cubic lattice), forming octahedral (5, 6) and tetrahedral (7, 8) cavities (a), volume model
of the substance filling the interspherical cavities (1—23) of the densely packed layers of SiO,
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OKTa3ApUYECKUX U 1IECTh TeTpalsapuueckux). O0bem
MexXcdepruyecKuX IMoocTel cocTaBisdeT 25,95 % 00b-
e€Ma OITaJIOBBIX MaTPHII.

st popMupoBaHUsST HAHOKOMIIO3UTOB MCIIOIb30-
BaJIM 0GPA3LIbI OMAIOBBIX MATPULL 06BbEMOM 2...3 cM>
¢ oObeMaMM MOHOAOMEHHEIX obOjacteir >0, 1 MM3,
nuaMeTpbl HaHocdep SiO, cocrasmsum 250...280 HM.
HaHokOMIO3UTHl HA OCHOBE OMAJOBBIX MAaTPUIl, YbU
MexchepruIecKe MOJIOCTU 3aTIOTHSUTICh BaHagaTaMy
P33, Obl1u ToTy4eHbI METOAOM MPONUTKH [5—9]. Ha
IIepBOM 3Tarie METOJ BKITIOYAET BBeACHUE B MexXche-
pHUYECKHe TTOJIOCTH OIAJOBBIX MAaTPHUII BEIEeCTB-IIpe-
KYpPCOPOB — BOAHBIX pacTBOpPOB HUTpaTtoB V u P30D.
IIponurka mpoBogmiack 5—8 pa3 ¢ IOCHeIyIOIIM
HU3KOTeMIepaTypHbIM oTxkuroM mpu 450...550 °C, B
pe3yabpTaTte KOTOPOro MPOMCXOAWIO YACTUYHOE TepMU-
YeCcKOe pas3IoKeHNe BBOAMMEIX COCTWHEHWI 1 (op-
MUpoBaHue okcunos MetauioB (V,03 u R,03). Ha
BTOPOM 3Talle ONaIOBBIe MATPUIIHI C BBEICHHBIMHU Be-
IIECTBAMM OTXKMTAJIM Ha BO3MyXe IPU TEMIIEpaTypax
1o 1300 °C. INoayyeHbl HAHOKOMIO3UTHI, MexXchepu-
YeCKHe MOJIOCTU KOTOPBIX OBLIH 3aIIOJTHEHBI KPHUCTAII-
nuTamu BaHamatamu P39 Ha ~30...40 %.

®a30Bblii COCTAB U CTPYKTYPHBbIE OCOOEHHOCTH
HAHOKOMIIO3UTOB

®a30BbIl COCTaB CUHTE3MPOBAHHBIX B MeXcde-
PUYECKUX NOJOCTAX HaHOchep SiO, BellecTB Ha OC-
HoBe okcuaoB V u P39 uccienoBanu ¢ MCoab30Ba-
HUEM peHTreHoBcKoro nudpakromerpa ARL Thermo
Fisher — Scientific (Cu ko-u3nydyeHue, 3HEeproauc-
MNEPCUOHHBIA TBEPAOTEJbHBIMA OETEKTOP C OXJIAAWTE-
nem IlenwThe, BpalieHue oopasua, pasMep iara 0,02°,
HernpepbiBHbIN pexum (1°/mMuH)). PeHTreHOorpaMmbl
aHAJIM3MPOBAIN C MCIIOJb30BAaHUEM aBTOMATH3UPO-
BaHHOI 0a3nl gaHHbIX ICDD PDF-2. O6pa3usl ona-
JIOBBIX MaTPHII C CHHTE3MPOBAHHBIMHU TIPU TEMIIePATy-
pe 900 °C B MexchepruecKux MoJOCTIX COeAUMHEHMS -
MU Ha ocHoBe okcuaoB Dy +V, Y + Vu Nd + V ob1u
peHtreHoamopdHsl. I1pu ykazaHHOI TeMIepaType OT-
xwra (900 °C) okcunoB Pr + V u Yb + V B Mexcoe-
PHUUYECKUX TIOJIOCTSIX O00pa3yloTcsl KPUCTAUITMYECKHE
(aser PrVO4 u YbVO, (TeTparoHasbHasi CUHIOHUSA,
npocTpaHcTBeHHasa rpynna /4,/amd). CrabuibHoe
¢dopMupoBaHMe KpucTajinyeckux a3 BaHagaroB P39
(3a uckimoueHvem okcuaoB La + V, koTopble ocTaBa-
JINCh PEHTreHOaMOP(GHBIMU TP TeMIlepaTypax OTKH-
ra >1100 °C) mvaunHanock mpu Temrieparypax > 1000 °C.
KoHieHTpauusi CUHTe3MpOBaHHBIX BaHamatoB P3D
3aBHCeNIa OT TeMIepaTyphl OTKHWTAa U COCTaBa MPOITH-
THIBAIOIIIMX PACTBOPOB.

Ha puc. 2 npencraBiaeHbl peHTTeHOBCKME AMppaK-
TOTpaMMBI 00PAa31I0B OTMAJIOBLIX MATPHUII, YbHM MeXKChe-
pUYECKHEe TIOJIOCTU COAepKaT CUHTE3UPOBAHHBIC MPH
temrieparype 1200 °C xpucraumtel YbVO,, PrVOy,,
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Puc. 2. PentreHoBcKre au¢pakTorpaMmMbl 00pa3ioB ONAJOBBIX MAT-
PHUIl ¢ CHHTE3HPOBAHHBIMH B MexXchepHyecKuX MOJOCTAX KPHCTA-
mutamu YbVO, (1), PrvO, (2), DyVO, (3) m NdVO, (4)

Fig. 2. X-ray diffraction patterns of the opal matrixes with the crystalline
particles of YbVO, (1); PrVO, (2), DyVO, (3) and NdVO, (4)

synthesized in the interspherical cavities

DyVO,4 n NdVO, (Bce — TeTparoHaibHasi CUHTOHNS,
14,/amd). bbu1o yCTaHOBJIEHO, YTO NPU TEMIIEPATYpax
orxura 700...1200 °C, cuHTe3upyeMblii MaTepuan He
B3auMoJeiicTBOBal ¢ HaHOChepamu SiO,.

B psne ciyyaeB, B 3aBUCHMOCTH OT YCJIOBUI CHH-
Te3a, MPU BHICOKOTEMIIEPATYPHOM OTKUTE ITPOMCXO-
JIUT PpeKpUCTAIM3aLMSI PEHTreHoaMOp(MHOro Kpem-
He3eMma ¢ obpasoBaHueM B HeOomblnx (<2 %) KOH-
LEeHTpaLMaxX Kpuctaumyeckux ¢as SiO, pasinyHbIX
Moaudukalmii. TeMmnepaTrypa Hauyaja KpucTrajiu3a-
LIMM PEHTIreHOaMOP(GHOTo KpeMHe3eMa JIeXKUT B Aua-
mazoHe 800...900 °C [2]. B oOpa3iax omajgoBBIX MaT-
pull, B MexXchepHUeCKUX IOJOCTIX KOTOPbIX IpHU
temneparype 1200 °C Obu1r CMHTE3UPOBAHBI KPUCTAJI-
autel YbVO,, u DyVO,, ycTaHOBIEHO NPUCYTCTBHE
(B HaOOJBIINX KOHIEHTPALIMAX) KPUCTAINYECKON
(dasbl SiO, (KpUCTOOAIUT, TETPArOHaIbHAsA CUHTOHMA,
P4,2,2) (puc. 2, xpusble I u 3).

Ananornynas ¢asa SiO, ycraHOBJI€Ha IPU aHa-
JIn3e 00pas3loB OMaJOBLIX MATPUIL C CUHTE3UPOBAH-
HbiMU Tipu 1200 °C coenrHeHUSIMU Ha OCHOBE OKCU-
goB Gd + V u Nd + V. IIpu BeIcOKOTEMIIEpaTypHOM
OTXKHTE MOTYT (DOPMHPOBATHCS HECKOIBKO Pa3TMYHBIX
Kkpucraynyeckux ¢as SiO,, Hanpumep SiO, (Kkpucro-
Ganut, TeTparoHajabHas CUHronus, P4,2,2) n SiO;
(xBapl, rekcaroHajibHas cuHronus, P3,2;) (puc. 2,
kpuBas 4). CTpoeHUe U KOHLIEHTpaLus KpucTajuinye-
ckux ¢a3 SiO, 3aBUCAT B OCHOBHOM OT JUIUTENbHOCTU
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Tl P30 nmemu Logp = 14...65 HM.
Pazmepnsl KpUCTAIMTOB KpUCTa-
qmyeckux ¢asz SiO, cocTaBigIoT
26...38 uM. TemnepaTypa cuHTe3a B
npeaenax 900...1200 °C He Bamser
Ha pa3Mmep U (GopMy KpUCTALIMTOB
BaHagaTtoB P30.
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Puc. 3. Cnekrpol KP (B quana3zonax 100...850 u 750...1500 CM_I) 00pa3oB ONAJOBbIX MAT-
pui, MexcdepryecKue NoJ0CTH KOTOPbIX 3anosHens! Kpucraumramu DyVO, (1), GAVO, (2),

NdVO, (3) n PrVO, (4), cuaTesnposannbivA nipu Temneparype 1200 °C

Fig. 3. CD spectra (in the bands of 100...850 and 750...1500 em™! ') of the opal matrixes, the
interspherical cavities of which are filled with the crystalline particles of DyVO, (1), GdVO4(2),

NdVO, (3) and PrVO, (4), synthesized at 1200 °C

TepmMoobpaborku. Ilpm wucnonszoBanuu PrvO, u
BILIOTH 110 Temnepatypsl 1200 °C kpucrammsauuu SiO,
HE TIPOMCXOIUIIO, TIPH 3TOM (HOPMHUPOBAIUCH CIIOXK-
Hble $a3el, UACHTUPUIMPOBATL KOTOPhIE HE YIAIOCh
(puc. 2, xpuBas 2).

I[ToMUMO KpHCTAIMYECKUX, OOpas3lbl comepxkaT
peHTreHoaMopgHbie dasbl. CTeneHb KpUCTANIMYHO-
ctu (coaepxkaHue KpUCTALIMUecKoil da3bl B o0beMe
CUHTE3MPOBAHHOTO BEIIECTBA) 3aBUCHUT OT YCJIOBUI
MTOJTYYEHUSI M MOKET JOCTUTATh NECATKOB ITPOIIEHTOB.

PeHtreHoda3oBblit aHATU3 HE YyB-
cTBUTENIEH K (pazaM ¢ Logp < 1 HM,
KOTOpbIe  COXPaHSIOT (YHKIIMO-
HaJIbHBIE CBOMCTBA CHHTE3MPYEMBIX
MaTepuaaoB, IO3TOMY IPOBOIM-
JIOCh MCCIIeOBaHNE HAaHOKOMITO3M-
TOB C NPUMEHEHUEM CIEKTPOCKO-
MM KOMOMHAITMOHHOTO PacCesTHUS
(KP) cBera. /lns aHanu3a oOpa3loB
MCHOJb30BaIM J1azepHbIil criekTpoMeTp KP Lab RAM
HR 800 HORIBA Jobin-Yvon (quaug 632,8 HM
He—Ne naszepa; mouHocTh jgaszepa <300 mBt; mio-
La/b MSITHA Jiyya ~4 MKM2, T1yGMHA aHATM3HPYEMOTO
cnost ~3 Mkm). Cnektpel KP 06pa3iioB HaHOKOMIIO-
3UTOB, conepxamux kpucraumTel DyVO,, GdVOy,
LaVO,, NdVO,, PrVO,, YVO, u YbVO,, cunte3upo-
BaHHbIe npu TemnepaTtypax 900 u 1200 °C, npencras-
JIeHbl Ha puc. 3, 4. Ha Bcex mpuBeIeHHBIX CEKTpax
KP npucyTCTBYIOT MOJIOCHI, XapaKTepHbIe IJIsSl 3aI0JI-

1600

1200

;

WHTeHCUMBHOCTb, OTH. €.
Intensity, a.u.

MHTeHCUBHOCTL, OTH. eA.
Intensity, a.u
L=
e

¢ 8

T T T T
200 500 800 1100 1400 1700

Puc. 4. Cnexrpbi KP 00pa3uos onanosbix MaTpun, MexcdepraiecKkne NoJ0CTH KOTOPBIX 3ano/Henbl kpuctammramu: a — YVO, (1) 1 YbVO, (2),
CUHTe3MpoBaHHBIMU Tipy Temmnepatype 1200 °C; b — GdVO,, cuntesuposanHbIMu mpu Temnepatypax 900 °C (1) u 1200 °C (2)

Fig. 4. CD spectra of the opal matrixes, the interspherical cavities of which are filled with the crystalline particles: a — YVO, (1) and YbVO, (2),
synthesized at 1200 °C; b — GdVO,, synthesized at 900 °C (1) and 1200 °C (2)
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Puc. 5. Ilonesbie 3aBucumoctu MoayJeii Koadduuuenros npoxoxaenus (a) u orpaxenns (b) nnsa pasmmunbix yactot (26 I'Tu (1), 29 I'Tu (2),
32 I'Tu (3), 35 I'Tu (4), 38 I'T'u (5)) odpa3ua onajoBoii MaTPuIbl, MexkchepruIecKue MoJOCTH KOTOPOi 3an0JHeHbl CHHTE3MPOBAHHBIMH NIPH

1200 °C kpucrammramu DyVO,

Fig. 5. Field dependences of the modules of coefficients of transmission (a) and reflexion (b) for various frequencies (26 GHz (1), 29 GHz (2),
32 GHz (3), 35 GHz (4), 38 GHz (5)) of the sample of the opal matrix, the interspherical cavities of which are filled with the crystalline particles

of DyVO, synthesized at 1200 °C

HAOIMMNX MeXchepruyecKrue ITOJOCTH KPUCTAJTIUe-
CKMX U peHTreHoamopdHbIX ¢a3 BaHagaToB P3D.

IMomyyeHHBIE CHEKTPHI COTIACYIOTCS C TaHHBIMHA
IUISI HAHOCTPYKTYPUPOBAHHBIX MAaCCUBHBIX 00Opa3IloB
BaHagaToB P30 1o ocHOBHBIM HauboJjiee SIPKUM IT0-
nocam [17]. Hanpumep, y o0pa3LioB OHaJOBbIX MaT-
pu1l, MexxchepruIecKue OJIOCTH KOTOPBIX 3aITOJTHEHBI
kpuctamramu GdVO,, HabmonaoTcsa XapakTepHble
s kpucrauios GdVO, nmonocsr: ipu casure KP (Av),
paBHoM 250 (criektpanbHast Mona KP E), 265 (Bigm
By, 390 (A;p), 487 (Big n Ey), 819 (B, ) n 893 cm
(Alg) (cM. puc. 3, KpuBas 2) YLuupeHue CIEKTpalb-
HBIX I10JIOC BaHagaTtoB P30 cBsI3aHO ¢ MaJbIMKU pa3-
Mepamu (14...65 HM) KPUCTAJTUTOB.

Ha cnexktpax KP ucciegoBaHHbIX 00pa3lLoB Ha-
OmojpaloTcsl Tojiockl Mpu Av B obmactu 204... 228,
286...293, 486, 796 u 1077...1078 CM_l, OTHOCHILINECS
K azam SiO, pa3nnuHbIX MOAUPUKALMI: KPUCTOOA-
JuT; o-KBapu u ap. [2]. Jnaa penTtreHoaMop@HOro
KpeMHe3eMa XapaKTepHbl cja0ble IMOJOCHl Ha CIeK-
tpax KP ¢ Av, paBHoii 1060 em™ !, monocsr cpenHeit

MHTEHCHUBHOCTH C Av B o6aactu 800 cm™ ! 1 mostoca ¢

Cocras (B aTOMHBIX %) MOBEPXHOCTH W CKOJIa 00pa3noB
OMAJIOBBIX MATPHIL ¢ CHHTe3upoBaHHbIMKA npu 1200 °C
B MeXC(pepaIecKHX NoJoCTAX Kpucrasmrama PrvO,

Composition (in at. %) of the surfaces and chips
of the opal matrixes synthesized at 1200 °C
in the interspherical cavities by PrVO ,crystalline particles

DyeMeHT [ToBepxHOCTh Cxon
Element Surface Chip
Si 7,5...18,4 12,8...26,5
Pr 0,1...0,3 0,1...0,2
o 63,8..71,7 67,8...76,4
v 0,2...1,0 0,1...0,5

82

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 18, Ne 2, 2016

Av ~ 420 e OOpa3oBaHue KpUCTaJUIMYECKUX (a3
SiO, MPOUCXOAUT C MOBEPXHOCTU HaHOCHEp, HA 4TO
YKa3bIBaeT BHICOKAs MHTEHCUBHOCTH mojoc SiO, Ha
cnekrpax KP.

DJIeMEHTHBIM COCTaB MOBEPXHOCTH HAHOKOMITO3U-
TOB aHAJM3WUPOBAIM METOAOM SHEPTETUUYECKON HuC-
nepcuoHHoil criekrpometrpun (B1C), ¢ uUCIoIb30Ba-
HHEM pacTpoBOro 3JjieKTpoHHOoro Mukpockomna CARL
ZEISS LEO 1430 VP, ocHamenHoro BJ1C. Pesynbra-
el DJIC-aHanM3a MMOBEPXHOCTU M CKOJia TUIOIIAIbIO
100x75 MKM oOpaslia onajoBOiA MaTPHUIIbI, C CUHTEe-
3upoBaHHbIMU Tipu 1200 °C B Mexcdepruueckux mo-
Joctax kpucrtauramu PrVO,, npeacrabieHsl B Ta0-
quue. [ToMuMo Toka3zaHHbBIX B TabJuile, OOHAPYKEHO
HeOoJIbllIMe KoIndecTBo (moau mpoueHTa) Al, Fe, Ni,
Cuu Cl

CaoiicTBa MCClIeAyeMbIX MATEPHATIOB

Maeznumno-pe3onancuste ceoiicmea. MUKpOBOJHO-
Bbl€ U3MEPEHUS BHITIOJIHEHBI B YACTOTHOM JMaIa3oHe
26...38 I'Tu ¢ ucroap30BaHUEM CTaHZAPTHBIX BOJHO-
BOIOB, paboraomux Ha moxe TE;,. Bo Bcem untep-
BaJie YacTOT OCYILECTBJISIETCSI OAHOMOIOBBIN PEXUM.
st BBIDOJTHEHUsSI MUKPOBOJIHOBBIX MU3MEPEHUI 00-
pasell MoMellaii B BOJTHOBOJA ceueHueM 7,2 X 3,6 MM
[12]. TIpu aTOM OGpasen pasmennanu nornepek CBY-
TpakTa. BHelIHee NMOCTOSIHHOE MarHUTHOE IoJie C
HaIpsKeHHOCThI0 H, co3naBaeMoe 3JeKTPOMarHUTOM
(mo 12 xB), npukIaabIBaJIOCh NMEePHEHAUKYISIPHO BOJ-
HOBOMY BEKTOpY BOIHBI ¢ [12]. MccnenoBaHbl 3aBrCH-
MOCTU MOJyJiel KO(DOULIMEHTOB MPOXOXIEHUS U OT-
paxkeHMsT 0Opa3loB OMAaJOBbIX MATPUII, MexXchepuye-
CKME TOJIOCTU KOTOPBIX 3alOJHEHbl KPUCTALIUTAMU
DyVO, u PrVOy (puc. 5, 6). B rccienoBaHHbIX 00pa3-
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Puc. 6. IToaessie 3aBucumocTu MoxyJeii Ko3dduuuenros npoxoxnenus (@) u orpaxenus (b) nisa pasmmunbix yacrot (26 I'T'n (1), 29 I'Ty (2),
32 I'Tu (3), 35 I'T'u (4), 38 I'T'u (5)) oOpa3ua onajoBoii MATPHUIIbI, MeXC(epHIeCKHe NOJOCTH KOTOPO# 3aN0JHEHbl CHHTE3MPOBAHHBIMU NPH
1200 °C kpucramumramu PrvO,

Fig. 6. Field dependences of the modules of coefficients of transmission (a) and reflexion (b) for various frequencies (26 GHz (1), 29 GHz (2),
32 GHz (3), 35 GHz (4), 38 GHz (5)) of the sample of the opal matrix, the interspherical cavities of which are filled with the crystalline particles

of PrvO synthesized at 1200 °C

11aX UMeeT MECTO MEePUOIUYHOCTb PACIIONOXKEHUS Ha-
Houyactuy DyVO, u PrVO, co cpeanum pasmepom
KPUCTAJUTUTOB 26...34 HM. PeHTreHOBcKMe TUMPaKTO-
rpaMMbl U pe3yiabTatel D]C-aHanr3a nepeuruciaeHHbIX
00pa3loB NpuBeAcHbl Ha puc. 2 U B Tabauie. [Tomy-
YEHHbIE PE3YJbTAThl COOTBETCTBYIOT (ha30BOMY COCTa-
BY, CTPOEHMIO U MarHUTHOMY COCTOSIHUIO HAHOKOM-
ITO3UTOB.

Jusasexkmpuueckue xapaxmepucmuxu. boiin npo-
BEIIeHBI MCCIIeTOBAaHMS TTPOBOAMMOCTH, a TAKXKe Meii-
CTBUTENbHON (¢') U MHUMOM (¢”) KOMIOHEHT IU-
3JIEKTPUIECKON TTPOHUIIAEMOCTH OIAJIOBBIX MATPHII,
Mexchepuyeckre MOJOCTU KOTOPBIX 3alOJHEHbI
kpuctaumramu DyVO,, GdVO,, LaVO,, NdVO,,
PrvOy4, YVO, 1 YbVO, (puc. 7-9).
HM3mepeHus neMcCTBUTENbHON &' M -

Topa Agilent E4991A, a mig auanazona 75...110 I'To —
Agilent Network Analyzer PNA E8361. B mukpoBoii-
HOBOI obsacTtu (2 * 108..2-1010T 11) U3MEPEHMUSI TIPO-
BOJIMJIM METOJOM KOAKCHaJbHOTO 30HAA C OTKPBHITHIM
koH1oM (Agilent 8507E), nj1s 4ero Mcnoab30Bajiu ce-
TeBoil aHanuzarop Agilent E8364B. B oGiactu Tepa-
repil — METOJOM TPAaHCMMUCCUOHHOW TepareplioBoi
CITIEKTPOCKOIIMH C HMCIOJIb30BaHNEM (heMTOCEKYHIHOM
TUTaHO-candupoBoil JnazepHoil cucremnl. Koakcu-
anbHble u3MepeHus (1 - 106...1,8 - 10° T'n) nmpoBonwian
Ha obOpasuax B (hpopMe LIUJIMHAPOB (IUaMeTp 3 MM, BbI-
cora 4...5 MM), Bce OCTaJIbHbIE U3MEPEHUsI IIPOBEASHEI
Ha oOpasnax B ¢popmMe miacTuH pazMepamu 10X 10 Mmm
u TomuuHo# 1...3 mMm. IlapameTpbl MUKPOBOJHOBOI

MHHMOIi ¢ KOMITOHEHT IM3JIEKTPH- | 10t 1054 :
YECKOM MPOHMIAEMOCTH B AManaso- | % |
He Av (1-10°..1,8-10° Tw) 6bum | 3 !
MPOBEIECHBI C UCITOJb30BAHUEM [IU- : 0] 10 ; :
3JIEKTPUUECKOTO CIIEKTPOMETpa € 8.“’ 1 4T ) |
KOAKCHalIbHOM U3MEPUTENIbHOM sueit- |, ] ,\ 9 & 1 i, |
kot Novocontrol BDS 2100 u um- | \v 0.2 X I
neJaHCHBIM aHaju3aTopoM Agilent : 7 i \ 1 3/\\““\ 1 :
4291B. U3meputenpHoe obopynosa- 1+ x4 e :;”-1 LF I e I 2’ |
Hue upMbl Agilent Bkmiouano kom- |, 07 1 ‘f;;cm;“‘;_u L L 00 ‘:;Um;“aru e
TIOHEHT LISl U3MEPEHUsI INDNEKTPU- | ) Frequency, Hz b) Frequency, Hz |

YEeCKOU U MarHUTHOM ITPOHULIAEMO- L
CTeli, BKJIIOYasl IIOTEPHU, B IUATIa30He
1 MTI1...110 I'Tu. OnHOBpeMEHHO, B
mmanasone 200 MI'n...3 I'Tir uccie-
JIOBaHBI KOMITOHEHTHI ¢ ' M ¢ " TuaJIeK-
TPUUYECKON M MATHUTHOM MPOHULIAE-
MOCTEI C MCITOJIb30BAHNEM aHaIN3a-

u DyvO, (3)

HAHO- 1 MUKPOCUCTEMHASA TEXHUKA, Tom 18, Ne 2, 2016

Puc. 7. YacToTHble 3aBUCHMOCTH JeiCTBUTENbHON (@) M MHUMOIi (b) KOMIOHEHT AM3JIeK-
TPUYECKOii MPOHHIAEMOCTH 00Pa30B ONAJIOBBIX MATPHI, MeXKc(pepHIecKne MOJOCTH KOTO-
PHIX 3aN0THeHbI cuATe3npoBannbiMA npH 1200 °C kpucraammramu PrvO, (1); YbVO, (2)

Fig. 7. Frequency dependences of the real (a) and imaginary (b) components of the dielectric
permeability of the samples of the opal matrixes, the interspherical cavities of which are filled
with the crystalline particles of PrVO, (1); YbVO, (2) and DyVO, (3) synthesized at 1200 °C
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Puc. 8. YacToTHbie 3aBHCHMOCTH JeiiCTBUTEIbHO (a) 1 MHUMOI (D) KOMIIOHEHT aU3JieK-
TPUYECKOIi MPOHUIAEMOCTH 00PA3II0B ONMAJIOBBIX MATPHIL, MeKcepHIecKne NoJI0CTH KOTO-
phIX 3amoJHeHbl cuATesnposannbiva npu 1200 °C kpucrasamramu PryO, (pu pasimaabIx
HanpsukeHusx npuiaoxenxoro moys: 0 B (7), 50 B (2), 100 B (3), 140 B (4)

Fig. 8. Frequency dependences of the real (a) and imaginary (b) components of the dielectric
permeability of the samples of the opal matrixes, the interspherical cavities of which are filled
with the crystalline particles of PrV O, synthesized at 1200 °C (at various voltages of the applied

field: 0V (1), 50V (2), 100V (3), 140 V (4)

4
3-
z)'f:"‘“‘ﬁ“'::.::- "
1010 17
i R R, L R B Rl Rl Rl R R, Rl Bl R, R R " | - T T o | ol
109 100 10% 108 109 1012 100 10" 102 10 104 105 108
YacrorTa, My Yacrora, Ny
a) Frequency, Hz b) Frequency, Hz

Puc. 9. YacToTHble 3aBUCHMOCTH MUKPOBOJIHOBO# MPOBOJMMOCTH 00pa3I0B ONAJIOBBIX MAT-
pun, Mexchepuyeckne NOJOCTH KOTOPBIX 3amoJHeHbl Kpuctayumrammu: a — PrvOy (1),

YbVO, (2); DyVOy (3); b — PrVO, (6e3 mons u Npyu pa3iInyHbBIX HANPSKEHUAX TPUIIO-
sxeHHoro moiist: 0 B (7), 50 B (2), 100 B (3), 140 B (4)

Fig. 9. Frequency dependences of the microwave conductivity of the samples of the opal matrixes,
the interspherical cavities of which are filled with the crystalline particles: a — PrVOy (1);

YbVO,(2); DyVO,(3); b — PrVO  (without a field and at various voltages of the applied field:

yeM 3HAUYEeHUSI &' JIs1 HE3aIIOTHEHHOM
marpuilbl. Bo BceM mNpuBeneHHOM
JUATia30He 4YacTOT IMPOSBIISIETCS IU-
3JICKTpUYECKasl TUCIIEPCUs, XapakK-
TepHasl ISl KOMIIO3UTHBIX MaTepua-
JIOB, TIPU 3TOM &' HE3HAUUTEJIbHO MO-
HIUXaeTcsl ¢ 4acToToil. OMHOBpEMEH-
HO, JTA3JIEKTPUICCKIE TTOTEpPU
BO3pACTalOT KaK B CTOPOHY HM3KUX
yacrtot (f < 10 MTI'u), Tak 1 B cTOpo-
Hy TepareploBbIX 4acTOT.
M3yueHHBIE MaTepHaIbl OTHOCST-
csl K TaK Ha3bIBaeMBIM IIJIOXUM OU-
3JICKTPUKAM C BBICOKMMHM TIOTEPSIMU
W Pa3BUTOM peJIaKCALIMOHHOM I10JIsI-
pu3anmeit, Ipu 3TOM WX TOTepU M
MPOBOAUMOCTh Ha BBICOKMX YaCTOTaX
MaJio OTJIMYAIOTCS OT IlapaMeTpoB
He3arnoJHeHHo Matpuubl. M3mepe-
HUS [0KA3aJIk, YTO pa3IMYHbIe (ha3bl
SiO, HEMarHUTHbIE U 3IEKTPUYECKHU
He akTuBHBI. Ha yactore 1 xI'11 He-
JINHEMTHOCTh MPAaKTUYSCKW HE BUI-
Ha, a Ha gactoTte 1 I'lr mMeeT MecTo
HeOOoJIbIIOe CHUXEHUE €, ¢ U G C
yBeJIMUYEHUEM HAIPSKEHHOCTH TOJIS
(puc. 8, 9). Cnabast HEIUHEHHOCTh
CBUIETEILCTBYET, UYTO OOJIbIINE HU3-
KOYaCTOTHBIE CHMKEHMS ¢, ¢ "1 & He
CBSI3aHBI C TIPUBJIEKTPOIHBIMU TPO-
lieccaMu, a BbI3BaHbI peJlaKCallMOH-
HOH mMoJisipu3alnuen (MaM Haauuuem
MIPBIKKOBOM MTPOBOIMMOCTH) HAHO-
KOMIIO3UTa, IIPpU OSTOM OCHOBHOM
BKJIaJ, BHOCUT BEIIECTBO B MexXc(e-
pudeckux moyocTsx. B paccmatpu-
BaeMOM cJlyyae MpUI0XKEHHOE IoJie B
OCHOBHOM TMOMNAajgaeT Ha OMNaJoOBYIO

oV (D, 50V (2), 100V (3), 140 V (4)

MPOBOAUMOCTH, a TakKxkKe &' U & KOMIIOHEHT AUdJIeK-
TPUYECKON MMPOHUIIAEMOCTH OICHUBAIN C MCITOIb30-
BaHueM mnoamnporpaMmbl superlattice0000_04 my.m.
Bce uszmepeHus npoBeneHbl Ha oOpa3iax 6e3 HaHece-
HUs 2JIEKTPOJIOB.

OOpa3ubl OMajoBOl MaTpHUIbI, MexXchepruuecKue
MOJIOCTU KOTOPOH 3amoJIHEHbl KPUCTAIIUTAMU BaHa-
natoB P339, uMelor He3HAYMTEIbHBIN TOK IIPOBOAMMO-
CTU Ha TOCTOSIHHOM TOKE — Ha YTO yKa3bIBaeT HU3-
KOYaCTOTHOE IIJIaTO 3aBUCUMOCTHU o(f), CKOopee BCero
CBSI3aHHOE C TOBEPXHOCTHBIMU TOKAMU YTEUYKH, a
TakxXe C MPUCYTCTBUEM peHTreHoaMop(@HBIX da3.
AusnekTpuuecKkasi TpOHULIAEMOCTD & MCClIeIOBAaHHbIX
OIaJIOBBIX MaTPUII, TTOJOCTU KOTOPBIX 3aITOJTHEHBI Me-
pEUYMCICHHBIMU KPUCTAJUIMIECKMMHU (ha3aMHM, BBIIIIE,
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Mmarpuily u3 SiO,, KoTopas, ecrecT-
BEHHO, He 00J1alaeT CKOJIbKO-HUOYIb
3HAYMMBIMU TIPOBOAMMOCTBIO WJIU
JVDJIEKTPUUECKON HEJIMHEHHOCThIO.

W3mepeHHBIE 3aBUCHMOCTH OT 3JIEKTPUIECKOTO
nous cMeteHust (mpu Temnepatype 300 K) pist oopas-
11a OTAJIOBOI MaTPHIIBI, MEXC(HEPHUIECKIE TTOJTOCTH KO-
TOPOTO 3aIloJIHEHBI CMHTEe3MpoBaHHBIMU Tipu 1200 °C
Kkpuctamauramu PrVO,, nokasaju HU3KYIO ITPOBOIM-
MOCTb Ha IMOCTOSIHHOM TOKE TpU CJ1aboi 3aBUCUMOCTU
OT TIOJIel CMEIleHMsT Ha HU3KUX YacToTax.

BBeneHue kpuctaJauToB BaHagaToB P3D mpuso-
JUT K MOBBILIECHUIO ¢ onajaoBbix Matpull Ha 40...200 %,
HO He BJIMSIET Ha IMBJIEKTpUUYECKHe TMOTepu, OCTalo-
muecs Hu3kumu (¢” < 0,1) mpakTUYeCcKu BO BCEM HC-
MOJIb30BAaHHOM JIMara3oHe yacTtoT. MeeT mMecTo He-
0O0JIBIIOE TTOBBILICHHUE TUAJIEKTPUUECKUX IIOTEPh B 00-
JIACTU HU3KUX YaCTOT (106 I'i1) 1 ux pocT B AuanasoHe
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GdVO, (a) n DyVO, (b)

Fig. 10. Frequency dependences of the real (¢) and imaginary (¢") components, of the tangent
of losses of the dielectric permeability of the samples of the opal matrixes, the intersphericai
cavities of which are filled with the crystalline particles of GdVO 4 (a) and DyVO (b), synthesized

at 1200 °C

BBICOKMX (1010...1012 I'tr) vactot. PocT moTteps B Tepa-
repLoBoil o0jacTu uMmeeT (pyHIaMEHTaJIbHBIM Xapak-
Tep M, OYEBUIHO, OOYCIIOBJIEH HU3KOYACTOTHBIM KPbI-
JIoM (DOHOHHOTO CMEKTPa BBOTUMBIX COCTUHEHMIA.

Bce marepuaibl BemyT cebs KaK KOMITO3UTBI Kepa-
MMYECKOIO TUIIA ¢ KOHIIEHTpallUeil IPOBOASIIETO Ha-
TTOJTHUTEJIT HECKOJBKO BBIIIE ITOpPOTa TIEPKOJSIIUN.
BricokoyacToTHBIE CBOMCTBAa BCeX OOpa3lOB OJM3KHU
Ipyr K apyry. O ciaboii NepKoasILiuY TOBOPUT HU3KUI
YPOBEeHb HM3KOYACTOTHOM MPOBOAMMOCTH, CJIEI0Ba-
TeJbHO, ¥ TIPOBOIMMOCTHM Ha TOCTOSSHHOM TOKe. Mc-
cJenoBaHHbBIE 00pa3libl, CYas MO CIEKTPaM YacTOTHOM
3aBUCUMOCTH IIPOBOAMMOCTH M TTapaMeTpaM IUBJIeK-
TPUYECKON MPOHUIIAEMOCTH, OTHOCSITCSI K Marepua-
JIaM, TIPOIIEAIINM TIOPOT TTePKOJISIITUY TSI BBOIUMBIX
KOMIIOHEHTOB, 4YTO TOATBEPXKAAeTCd W JaHHBIMU
peHTreHO(pa30BOrO aHAIM3A.

B muanazone 1 MIu...3 I'Tu Obl1M MccaegoBaHbI
IUDJIEKTPUIECKUE XapaKTepUCTUKM OOpa3loB HaHO-
KOMIIO3UTOB, YbM MeXChepruecKue MojJoCTh ObUTH 3a-
nojHeHsl Kpuctammramu GdVO, u DyVOy,, cunre-
3upoBaHHBIMU Ipu TeMmriepaType 1200 °C (puc. 10, a, 6).
H3mepennst o6pa3iioB, MOJIYYEHHBIX C Pa3IMYHBIMU
TeMIrepaTypamMu CUHTe3a, IToKa3ajlu, YTO UMEET MECTO
BJIMSIHUE Ha M3MepsieMbIe ITapaMeTpbl KOHIIEHTpAIUU
KpUCTAJLIMYECKOM (ha3bl B COCTaBe CUHTE3UPOBAHHBIX
BaHajgatoB P30.

3akimouyenue

b1y nosnydyeHbl 006pasiibl onanoBbix MaTpull (3D
peleTyaTbiX yIakoBOK HaHocgep peHTreHoaMopd-
Horo SiO, ¢ nuamerpamu d = 250...280 HM) 00bEMOM
>2 cM’ ¢ 06beMaMH MOHOZOMEHHBIX 0GJIacTeil 10
0,1 MM ¢ 3aroNHeHHeM (30...40 % obbema mosrocTeit)
MeXCchepruYecKuX MoJaocTel KpUCTaIMTaMU BaHaaa-
toB P39 (DyVO,, GdVO,, LaVO,, NdVO,, PrVO,,
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MPOIUTHIBAIOLIUX PACTBOPOB U yC-
JIOBUM TepMOOOPaOOTKM.

J1st TI0TydYe HHBIX 00pa31oB ObI-
JIU TpPOBEJAEHBbl M3MEPEHUs TaKUX
XapaKTepUCTUK, KaK NeUCTBUTEb-
Hasl MU MHUMasl KOMIIOHEHTBbl AM-
BJIEKTPUUECKON TMPOHULIAEMOCTH,
TaHT€HC TMOTEPb AMDIIEKTPUYECKON
MPOHULIAEMOCTH, & TaKXe IMPOBOIM-
MoctH B auana3oHe 1 MI'n...110 I'T;
KO3(ppULMEHTH IPOXOXIEHUS U
OTpakeHUsI 2JIeKTpOMarHuTHoIX BojiH CBY auamnazoHna
B MarHUTHBIX MOJISIX. MI3ydeHne CTPYKTYPHBIX OCOOCH-
HOCTel, CocTaBa U IURJIEKTPUUECKUX CBOMCTB pa3paba-
THIBAEMBIX KOMITO3MIIMOHHBIX MaTepUaJioB Ha OCHOBE
ONAJIOBbIX MaTpull, MexXchepuuyeckue MOoJ0CTH KOTO-
pBIX 3aIl0JIHeHBI BaHagaTamMu P30, mo3BoIuiIo moiay-
YUTh JAHHBIE, HEOOXOAUMBIE IJISI MPUMEHEHMS TO0-
MOOHBIX HEKPUCTAULIMYECKUX MPOCTPAHCTBEHHO He-
OJHOPOAHBIX MaTEPUAJIOB C MOIYJsSIUME (IUCIIepCu-
eif) 3JIeKTPUUYECKUX Y TUJIEKTPUIECKUX ITapaMeTPOB B
HaHOJMAaIa3oHe.

Paboma evinoanena npu uwacmuuuol nodoepiicke
PODU (epanm 15-07-00529 A).
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Structure, Magnetic and Dielectric Properties of Nanocomposites:

Opal Matrices — Rare-Earth Vanadates

The article is devoted to the conditions for formation of nanocomposites based on lattice packings of SiO, nanospheres (opal ma-
trices) with included clusters of the crystalline phase of the rare-earth vanadates of general formula RVO, (R — Dy, Pr, Yb, Y,
Nd, Gd, La) in the interspherical nanospaces. For formation of the nanocomposites, samples of the opal matrices were used with
dimensions of the single-domain regions >0, 1 mm’ , the diameter of SiO, nanospheres was 250—280 nm. The composition and struc-
ture of the nanocomposites were studied by means of X-ray diffraction, Raman spectroscopy and energy dispersive spectrometry. The
dependence of the composition of the synthesized materials on the conditions of their preparation is presented. The results of meas-
uring of the magnetic-resonance and dielectric characteristics of the obtained nanostructures were reviewed. Studies were done in
the range of fields up to 12 kOe, depending on the modules of transmission and reflection coefficients of the samples of nanocom-
posites. Measurements of conductivity, real and imaginary components, and loss of the tangent dielectric constant nanocomposites
were done in the range of frequencies of 1 MHz...110 GHz. Dielectric characteristics were studied in a wide range of frequencies
using the microwave and terahertz techniques.

Keywords: nanocomposites, opal matrix, rare-earth vanadates, X-ray diffractometry, Raman spectroscopy, magnetic and die-

lectric properties

Introduction

Ordered 3D nanosystems of substances can be
created by means of the opal matrixes (3D cubic pack-
ings of close by diameter (Ad < 5 %) nanospheres
(d = 200...350 nm) of X-ray-amorphous SiO,), due to
filling by them of the interspherical cavities [1, 2]. The
opal matrixes with partially filled interspherical cavities
belong to metamaterials with unique properties, hard to
achieve for the monolithic substances. It is planned to
develop on their basis various devices, in particular, the
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devices for control of the phase speeds in the optical,
microwave frequency and terahertz bands [3, 4]. Syn-
thesis of substances in a closed nanosized volume of the
interspherical cavities of opal matrixes promotes stabi-
lization at the lowered temperatures of the high-tem-
perature phases due to reduction of the temperatures
for formation of a synthesized substance and makes
more technological the creation of ordered 3D nanolat-
tices of the crystalline particles [1, 5—9]. The phase
composition of the materials synthesized in the inter-
spherical cavities of the opal matrixes depends on the




restriction of the volume of formation (synthesis in the
conditions of a limited geometry). Influence of the size
of the crystalline particles on the stability of the metast-
able phases was observed, for example, during reception
of ZrO, of the tetragonal modification [10]. Earlier, the
structure and properties of the opal matrixes were re-
ceived and investigated, in the interspherical cavities
of which various magnetic or electroactive substances
were synthesized [8, 9, 11—13].

Very promising substances for filling of the inter-
spherical cavities of the opal matrixes are the vanadates
of the rare-earth elements (REE) — oxides of RVO,
formula, where R — (Dy, Gd, La, Nd, Pr, Y, Yb, etc.),
possessing high heat conductivity and mechanical
strength. Crystals on the basis of REE vanadates are
perspective as new laser, segneto- and piezoelectric ma-
terials, the electric properties of which depend on a type
of REE. The above materials will find their applications
in the functional electronics. Research is going on for
the use of such materials for development of electronic
technologies with improved operational characteristics,
for example, highly effective solid-state lasers with new
functionalities and control methods, and optical tele-
communication devices.

The present work studies the influence of the con-
ditions of reception on the composition, magnetic and
dielectric properties of the nanocomposites on the ba-
sis of the opal matrixes, in the interspherical cavities
of which crystal phases of REE vanadates (DyVOy,
GdVO4, LaVO4, NdVO4, PI'VO4, YVO4 and YbVO4)
are synthesized.

Reception and structure of the opal matrixes
and nanocomposites on their basis

The opal matrixes were obtained by hydrolysis of
tetraether of orthosilicic acid (Si(OC,Hs)4) with an
ethanol solution (C,HsOH) in the presence of a cata-
lyst — ammonium hydroxide (NH,OH). Correctness of
packing of SiO, nanospheres of the opal matrixes was
reached by self-organization. The diameters of the na-
nospheres, depending on the formation conditions,
varied from 200 up to 350 nm. Fig. 1, a demonstrates
three layers of the most dense 3D cubic lattice packing
of SiO, nanospheres. Each sphere A in a flat most dense
layer is surrounded by six triangular gaps (B and C) —
by 3 tops of gaps of two various orientations: the total
number of the triangular gaps between the spheres is
twice more than the number of the spheres. Therefore
the top layer of the spheres in relation to the bottom
one is oriented by positions of B, or by positions of C
(fig. 1, a). Any infinite sequence of letters 4, B, C, in
which there are no two identical letters next to each
other, expresses the most dense packing with identical
(74,05 %) degree of filling of the space with the
spheres [14].

Under the used experimental conditions three-layer
(cubic) structures .../ASV/ ... were formed. There are
also data concerning the other structures [15, 16]. The
most dense packing of the spheres forms the tetrahedral
and octahedral cavities. The tetrahedral cavity is sur-
rounded by four SiO, nanospheres, three of which form
a triangle in one layer, and the fourth from the next lay-
er, while the octahedral cavity is surrounded by six SiO,
nanospheres, three of which form a triangle in one lay-
er, and a triangle turned by 60° from the nanospheres
of the next layer. By connecting the centers of the above
four and six nanospheres, we get a tetrahedron and an
octahedron [14]. Cavities 5and 7in fig. 1, a are formed
by the SiO, nanospheres of the 1st and 2nd layers, while
cavities 6 and & — by the 2d and 3rd layers of the most
dense packing of the nanospheres. Each SiO, nano-
sphere is surrounded by eight tetrahedral and six octa-
hedral cavities. The tetrahedral and octahedral cavities
conditionally consist of the spheres inscribed into the
cavities and the space connecting them. The diameters
of the spheres inscribed into the tetrahedral and octa-
hedral cavities are equal to ~0,22d and ~0,41d, accord-
ingly [8, 14]. The most dense packing of SiO, spheres
can be broken into the tetrahedrons and octahedrons,
completely filling the space [7, §].

Fig. 1, b demonstrates a solid model of the substance
filling the ten interspherical cavities in a three-layer
packing (four tetrahedral and six octahedral ones). The
volume of the interspherical cavities makes 25,95 % of
the volume of the opal matrixes.

For formation of the nanocomposites the samples of
the opal matrixes were used with the volume of 2...3 cm?
and sizes of the monodomain areas >0, 1 mm3, the di-
ameters of SiO, nanospheres were 250...280 nm. The
nanocomposites on the basis of the opal matrixes,
whose interspherical cavities were filled with REE
vanadates, were received by impregnation [5—9]. At
the first stage the method included introduction in the
interspherical cavities of the opal matrixes of the sub-
stances-precursors — water solutions of nitrates of V
and REE. The impregnation was done 5—8 times with
a low-temperature annealing at 450...550 °C, during
which there was a partial thermal decomposition of the
introduced compounds and formation of the metal ox-
ides (V,03 and R,05). At the second stage the opal ma-
trixes with the introduced substances were annealed in
the air at the temperature up 1300 °C. As a result the
nanocomposites were obtained, the interspherical cav-
ities of which were filled with the crystalline particles of
REE vanadates by ~30...40 %.

Phase composition and structural features
of the nanocomposites

The phase structure of the substances on the basis of
V and REE oxides synthesized in the interspherical cav-
ities of SiO, nanospheres were investigated by means of
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ARL X-ray diffractometer (Thermo Fisher Scientific)
(Cu ka radiation, energy-dispersive solid-state detector
with Peltier cooler, sample rotation, step size of 0,02°,
and a continuous operation (1°/min)). X-ray patterns
were analyzed with the use of /CDD PDF-2 automated
database. The samples of the opal matrixes with the
compounds on the basis of Dy + V, Y + Vand Nd + V
oxides synthesized at 900 °C in the interspherical cav-
ities were X-ray amorphous. During the above anneal-
ing of Pr + V and Yb + V oxides in the interspherical
cavities the crystalline phases of PrVO, and YbVO, were
formed (tetragonal system, spatial group /4,/amd). Sta-
ble formation of the crystal phases of REE vanadates
(except La + V oxides, which remained X-ray amor-
phous during annealing at >1100 °C) began at >1000 °C.
The concentration of the synthesized REE vanadates
depended on the temperature of annealing and com-
position of the impregnating solutions.

Fig. 2 presents X-ray diffraction pattern of the sam-
ples of the opal matrixes, whose interspherical cavities
contain the crystalline particles of YbVO,, PrVOy,,
DyVO, and NdVO, synthesized at 1200 °C (all — te-
tragonal system, /4/amd). It was established that dur-
ing annealing at 700...1200 °C the synthesized material
did not interact with SiO, nanospheres.

Depending on the synthesis conditions at high-
temperature annealing a recrystallization of the X-ray
amorphous silica occurs with formation of small (<2 %)
concentrations of SiO, crystal phases of various modi-
fications. The temperature of crystallization of the X-ray
amorphous silica began from 800 up to 900 °C [2]. It
was established that the samples of the opal matrixes, in
the intersphere cavities of which the crystalline particles
of YbVO,, and DyVO, were synthesized, contained
small quantities of SiO, crystalline phase (cristobalite,
tetragonal system, P4,2,2) (fig. 2, curves / and 3).

A similar phase of SiO, was established during anal-
ysis of the opal matrixes with the compounds on the ba-
sis of Gd + V and Nd + V oxides synthesized at 1200 °C.
During a high-temperature annealing various crystal
phases of SiO, can be formed, for example, SiO, (cristo-
balite, tetragonal system, P4,2,2) and SiO"z“ (quartz,
hexagonal system, P3,2,) (fig. 2, curve 4). The struc-
ture and concentration of the crystal phases of SiO, de-
pend on the duration of a heat treatment. When PrVO,
was used and up to the temperature of 1200 °C there
was no crystallization of SiO,, at that, such complex
phases were formed, which could not be identified
(fig. 2, curve 2).

Besides, the crystalline samples contain X-ray
amorphous phases. The degree of crystallinity (content
of the crystal phase in the volume of the synthesized
substance) depends on the conditions of reception and
can reach tens of a percent. It was established that the
size of the crystalline particles (areas of coherent dis-
persion of the X-ray radiation, Lgygp), which was de-
termined by broadening of the diffraction maxima on
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X-ray patterns, does not depend on the degree of their
crystallinity. REE vanadates obtained in the interspher-
ical cavities had Ly p within 14...65 nm. The dimen-
sions of the crystalline particles of SiO, crystal phases
were within 26...38 nm. The temperature of synthesis of
900...1200 °C did not influence the size and the form of
the crystalline particles of REE vanadates.

X-ray phase analysis is not sensitive to the phases
with Logp < 1 nm, which preserve the properties of the
synthesized materials, therefore, research of the nano-
composites was done with application of the spectros-
copy of the combinational dispersion (CD) of light.
For the analysis the CD laser spectrometer LabRAM
HR800 HORIBA Jobin-Yvon was used (He—Ne line
of the laser — 632,8 nm; power of the laser <300 mW;
diameter of the beam spot ~4 umz, depth of the ana-
lyzed layer ~3 um). The CD spectra of the nanocom-
posite samples, containing the crystalline particles of
DyVO,, GdVO,, LaVO,, NdVO,, PrvVO,, YVO, and
YbVO,, synthesized at 900 and 1200 °C, are presented
in fig. 3, 4. On all the CD spectra there are strips, char-
acteristic for the REE vanadates filling the interspher-
ical cavities of the crystal and X-ray amorphous phases.

The obtained spectra well agree with the data for the
nanostructured massive samples of REE vanadates by
the basic brightest strips [17]. For example, in the
samples of the opal matrixes, the interspherical cavi-
ties of which are filled with GdAVO, crystalline particles,
the strips characteristic for GAVO, are observed: in case
of a shift of CD (Av) equal to 250 (spectral mode of
CD E), 265 (Bigand B,,), 390 (4,,), 487 (B and E,),
819 (B,) and 893 cem™! (4 (fig. 3, curve 2). Broaden-
ing of the spectral strips of REE vanadates is connected
with the small dimensions (14...65 nm) of the crystal-
line particles.

On CD spectra of the investigated samples the strips
are observed at Av in the areas of 204...228, 286...293,
486, 796 and 1077...1078 cm ™! belonging to SiO, phas-
es of various modifications: cristobalite; o.-quartz, etc.
[2]. For the X-ray amorphous silica the weak strips on
CD spectra with Av, equal to 1060 cm_], strips of av-
erage intensity with Av in the area of 800 cm ! and a
strip with Av ~ 420 cm ! are characteristic. Formation
of SiO, crystal phases occurs from the surface of the na-
nospheres, to which the high intensity of SiO, strips on
CD spectra points.

The element composition of the surface of the na-
nocomposites was analyzed by means of energy disper-
sive spectrometry (EDS) with the use of raster electron-
ic microscope CARL ZEISS LEO 1430 VP, equipped
with EDS. The results of the EDS analysis of the sur-
face and chip with the area of 100 X 75 um of the sample
of the opal matrix, synthesized at 1200 °C in the inter-
spherical cavities by PrVO, crystalline particles are pre-
sented in the table below. Besides the data shown in the
table, a small quantity (share of a percent) of Al, Fe,
Ni, Cu and CI were found.




Properties of the investigated materials

Magnetic resonant properties. Microwave measure-
ments were done in the range of 26...38 GHz with the
use of the standard wave guides working on TE, mode.
In all the interval of the frequencies it was carried out
in a single mode. A sample was placed in a wave guide
with section of 7,2X3,6 mm [12]. At that, it was situ-
ated across the microwave path. An external constant
magnetic field with intensity H, created by an electro-
magnet (up to 12 kOe), was applied perpendicularly to
the wave vector of wave ¢. [12]. The dependences of
the modules of coefficients of passage and reflexion of
the opal matrixes, the interspherical cavities of which
were filled with the crystalline particles of DyVO, and
PrVO,, were investigated (fig. 5, 6). The investigated
samples demonstrated a periodicity of location of the
nanoparticles of DyVO, and PrVO, with the average
size of the crystalline particles of 26...34 nm. The X-ray
diffraction patterns and the results of the EDS analysis
are presented in fig. 2 and the table. The obtained re-
sults correspond to the phase composition, structure
and a magnetic state of the nanocomposites.

Dielectric characteristics. The conductivity and also
the real (¢') and imaginary (¢") components of the di-
electric permeability of the opal matrixes, the inter-
spherical cavities of which were filled with crystalline
particles of DyVO,, GdVO,, LaVO,, NdVOy, PrVOy,,
YVO, and YbVO, (fig. 7—9), were investigated. Meas-
urements of the real (¢') and imaginary (¢") compo-
nents of the dielectric permeability within the range of
Av (1 106...1,8 -10° Hz) were done with the use of No-
vocontrol BDS 2100, dielectric spectrometer with a
coaxial measuring cell and Agilent 4291B impedance
analyser. Equipment from Agilent Co. included a
component for measurement of the dielectric and mag-
netic permeability, including losses, within the range of
I MHz...110 GHz. Simultaneously, in the range of
200 MHz...3 GHz ¢'and ¢" components of the die-
lectric and magnetic permeabilities were investigated
with the use of Agilent E4991A, and for the range of
75...110 GHz — with Agilent Network Analyzer PNA
E8361. In the microwave area (2 - 108...2+10'0 Hz) the
measurements were done by the method of a coaxial
probe with an open end (Agilent 8507E), for which
Agilent E8364B network analyzer was used. In the area
of terahertz it was done by means of the transmission
terahertz spectroscopy with the use of the femtosecond
titanium-sapphire laser system. The coaxial measure-
ments (1-10°...1,8 - 10° Hz) were done on samples in the
form of cylinders (diameter 3 mm, height 4...5 mm), the
rest of the measurements were done on plates with di-
mensions of 10 % 10 mm and thickness of 1...3 mm. The
parameters of the microwave conductivity of ¢"and ¢”
components of the dielectric permeability were evaluated
with the use of superlattice0000_04 my.m.subprogram.

All the measurements were done on the samples with-
out electrodes.

The samples of the opal matrix, the interspherical
cavities of which are filled with the crystalline particles
of REE vanadates, had an insignificant current of con-
ductivity on the direct current, which was testified by
the low-frequency plateau of dependence o(f), most
likely connected with the surface leak currents and also
with the presence of the X-ray amorphous phases. The
dielectric permeability ¢’ of the investigated matrixes,
the cavities of which were filled by the above crystal
phases, were higher, than ¢'for an unfilled matrix. In all
the range of the frequencies a dielectric dispersion was
observed, characteristic for the composite materials, at
that, ¢'slightly went down with the frequency. Simul-
taneously, the dielectric losses increased both towards
the low frequencies (f' < 10 MHz), and towards the te-
rahertz frequencies.

The studied materials belong to bad dielectrics with
high losses and developed relaxation polarization,
whose losses and conductivity on high frequencies dif-
fer a little from the parameters of an unfilled matrix.
Measurements demonstrated that various SiO, phases
were not magnetic and electrically were not active. On
frequency of 1 kHz the nonlinearity was practically not
visible, while on frequency of 1 Hz a certain lowering
of ¢’ ¢ "and o was observed with an increase of the field
intensity (fig. 8, 9). Weak nonlinearity testified, that big
low-frequency decreases of €', ¢” and ¢ were not con-
nected with the near-electrode processes, but were
caused by relaxation polarization (or presence of a hop-
ping conduction) of a nanocomposite, at that, the main
contribution was brought by the substance in the inter-
spherical cavities. In the considered case the applied
field, basically came to the opal matrix from SiO,,
which had no significant conductivity or dielectric non-
linearity.

The measured dependences on the displacement
electric field (at 300 K) for the opal matrix, the inter-
spherical cavities of which were filled with the crystal-
line particles of PrVO,, synthesized at 1200 °C, dem-
onstrated a low conductivity on a direct current with a
small dependency on the displacement fields on low
frequencies.

Introduction of the crystalline particles of REE
vanadates led to an increase of £ matrixes by 40...200 %,
but did not influence the dielectric losses, which re-
mained low (¢"” < 0,1) practically in all the frequency
range. There was a small increase of the dielectric losses
in the field of low frequencies (106 Hz) and their growth
in the range of high frequencies (1010...1012 Hz).
Growth of losses in the terahertz area had a fundamen-
tal character and, obviously, was caused by the low-fre-
quency wing of the phonon spectrum of the introduced
compounds.

The materials behaved as the composites of a ce-
ramic type with concentration of the conducting filler
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a little above the percolation threshold. The high-fre-
quency properties of the samples were close to each
other. The fact of small percolation was confirmed by
a low level of the low-frequency conductivity, and
hence, of a direct current conductivity. Judging by the
spectra of the frequency dependence of conductivity
and the parameters of dielectric permeability, the sam-
ples belonged to the materials, which passed the per-
colation threshold for the introduced components,
which was also proved by the data of the X-ray phase
analysis.

In the range of 1 MHz...3 GHz the dielectric char-
acteristics of the nanocomposite samples were studied,
the intersphere cavities of which were filled with GdAVO,
and DyVOy, synthesized at 1200 °C (fig. 10, a, b). The
measurements of the samples obtained with different
temperatures of synthesis demonstrated that there was
an influence on the measured parameters of concen-
tration of the crystalline phase in the composition of the
synthesized REE vanadates.

Conclusion

Samples of the opal matrixes were obtained (3D lat-
tice packings of nanospheres of X-ray amorphous SiO,
with diameters d = 250...280 nm) with volume >2 cm?,
with the volumes of the monodomain areas up to
0,1 mm? and filling (30...40 % of the volume of cavi-
ties) of the interspherical cavities with the crystalline
particles of REE vanadates (DyVO,, GdVO,, LaVOy,,
NdVOy,, PrVO,, YVO, and YbVO,). The composition
and structure of the received nanocomposites were in-
vestigated by menas of X-ray diffractometry, CD spec-
troscopy and energy dispersive spectrometry. The phase
composition and structure of the phases of the synthe-
sized materials depended on the composition, concen-
tration of the impregnating solutions and heat treat-
ment conditions.

For the received samples measurements were done
of such characteristics as the real and imaginary com-
ponents of the dielectric permeability, tangent of the
losses of the dielectric permeability, conductivity in the
range of | MHz...110 GHz; coefficients of transmission
and reflexion of the electromagnetic waves of the mi-
crowave range in the magnetic fields. Studying of the
structural specific features, composition and dielectric
properties of the composite materials developed on the
basis of the opal matrixes, the interspherical cavities of
which were filled with REE vanadates, allowed us to
obtain the data, necessary for application of such non-
crystalline spatially inhomogeneous materials with mod-
ulation (dispersion) of the electric and dielectric pa-
rameters in the nanoband.

The work was done with a partial support of the Rus-
sian Foundation for Basic Research (grant 15-07-00529).
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IMupoko pacrpocTpaHeHbl aKyCTOONTUYECKUE YCT-
poiicTBa 00pabOTKM CUTHAJIOB, OCHOBAaHHEIE Ha B3au-
MOJCHCTBUM CBETA C TTOBEPXHOCTHBIMU aKyCTUYECKU-
My BojHamMu (ITAB) [ 1—4]. DHeprust ynpyroii BOJHbI
B ITAB cocpenoroueHa B TOHKOM — MOPSAKA JJIMHBI
YIPYToit BOJIHBI — MPUITOBEPXHOCTHOM CJIOE KpUCTaJI-
JIMYECKOU MOAJI0XKKHU, YTO MO3BOJISET CO31aBaATh KOM-
MakTHhIEe ycTpoiicTBa. JJanbHelyr0o MUHUATIOpU3a-
muio yctpoiicTB Ha ITAB orpannuynBaet 3HaunTEeIbHAS
JITMHA YTPYTOi BOJIHBI.

CyllleCTBEHHOE YMEHbIIEHWE JJIMHbBI YIIPYTUX BOJH
BO3MOXHO TPU UX BO30YXJIEHUU B TOHKOIUIEHOYHbBIX
MeMOpaHax ¥ TOHKOTUJIEHOYHbBIX BOJIHOBOJAX, 3aKpe-
IUISIEMBIX KOHIIAMU HaJ TTOBEPXHOCTHIO TMOIJIOXKKHU.
B BoHOBOIAx BO3MOXXHO BO30yXIeHNME KaK MOIepey-
HBIX BUAOB KoJie0aHui (M3ruOHbBIX, BOJH Penes u np.),
TaK ¥ KPYTUJIbHBIX. B cllyyae u3ruOHbIX M KPYTUIIbHBIX
KosiebaHuit (pazoBast CKOPOCTb YIIPYToil BOJHBI B MEM-
OpaHHOM BOJIHOBOJIE MOXET OBITh Ha TOPSIIKU MEHb-
1Ie, 4YeM y MOBEPXHOCTHOM B MOHOJIUTHOM TOMJIOXKE,
YyTO obecreyrBaeT 3HaUeHUe IJIMHbI BOJIHbI B MeMOpa-
He Ha MOpPSIAKU MEHble, YyeM 3HauyeHue JJIMHBI TOo-
BEPXHOCTHOI BOJIHBI B TOUIOXKE, MPU OJMHAKOBBIX
yacToTax KojeOaHuii B BOJIHE.

Teopust pacipocTpaHEeHMS YIIPYTMX BOJIH B TOHKMX
IJIACTMHKAX oIrcaHa B padore [5]. B pabore [6] mpu-
BEIEHO pElleHUE 3alauyMl O MOMEPEYHbIX KOJIeOaHUSIX
MPSIMOYTOJILHOM TUIACTUHKY CO CBOOOIHBIMU KpasiMu,
B paborte [7] ucciiemoBaHbI CTOSIYME BOJHEL B YIIPYIroi
KJIMHOBMIHOM IJIACTUHE, B paboTe [8] mpoaHanu3upo-
BaHa CBs3b MeXX1y (GOPMUPOBAHMEM YACTOTHBIX TOJIOC

MPOMNYCKaHUS W 3alUpaHUsl C YMCIOM TPEISITCTBUIA B
yIPYro-nojanepToM OAHOMEPHOM BOJHOBOJE C CUCTe-
MO TOYEUYHBIX IPEIISTCTBUIA.

Ha ocHOBe KpYTHUJIBHBIX KOJIEOAHUI B TJIEHOYHBIX
BOJIHOBOJIAX CO3AaHbI Ae(IEKTOPbI U MOMYJISITOPHI CBETA
[9—11]. ¥Ynpyrast BoiHa B TOHKOMJIEHOYHOM BOJIHO-
BOJIE MOXET UMETh OOBEMHBIN XapakTep, ee (da3oBasi
CKOPOCTb OIPEAENSIeTCSI KaK COOCTBEHHOW >XECTKO-
CTbIO BOJIHOBOJA, TaK M €ro MeXaHWYECKMM HaTsxke-
HueM. [{nuHy A mM3ruOHOM BOJIHBEI B IIEPBOM ClIydae
OIIPENeIISIIOT C IMMOMOIIBIO clenylollei opmyisl [5]:

ey

IIe p — TUIOTHOCTb BEleCTBA IJIACTUHKU; @ — KpPYy-
roeas yactoTa KoyieOaHUil B BOJIHE, A — TOJIIMHA
MeMOpaHbl; Eyy — Monyib fOHra; ¢ — koadduimeHr
Ilyaccona; k = 2n/A — BOJIHOBOE YHUCIIO.

B Tabnuue npuBeaeHbl BHIYMCIEHHBIE MO AAHHOM
(opmyne 3HaUeHMST IJMHBI U3TMOHOW BOJIHBI A JJIs1
YIPYTUX BOJHOBOAOB U3 Pa3IMYHBIX MAaTEPUAJIOB.

ITpuBeneHHble B Tabaulle 3HAYEHUS] JJIMH BOJH B
MeMOpaHax MeHbllle, 4yeM B ciiydae ITAB Ha Takux xe
yacToTax, 0ojiee 4yeM Ha MOpSAOK.

AKycTuyeckasi MOUIHOCTb, MepeHOocuMasi YIpyrou
rapMOHNYECKOI M3rMOHOM BOJIHOM, B TTIOJIOCKOBOM BOJI-
HOBOJIE C CeUeHueM b X h ornpesensieTcsl BbipakeHueM

P,y = pAgf2obh =20-103-10714- 101 x
x 100-0,01-1077 = 2-1073 Br/cm,
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e p — IUIOTHOCTb BOJIHOBOAA; Ay U f — aMILIUTyaa
M 4acToTa KojieOaHUI B yIIPYroil BOJIHE; v — CKOPOCTh
BOJIHBI; b — IIMpMHA II0JIOCKM BOJHOBoAa. IlomcraB-
s B (opMyly 3HaueHUE MapaMeTpoOB M3 HUXKHeEM
CTPOKM TaOJaMIBLI (BOJIHOBOMA M3 pEeHUS) B BUIE IO-
Jocku wupuHoi b = 100 mxm, npu Ay = 0,05 MM,
J =100 MTI'u, nonyyum P, = 140 MxBr. ITonyyenHoe
3HAUE€HMWE MEHbIIle, YeM aKyCTHYecKas MOIIHOCTh B
yctpoiictBax Ha [TABax, Ha Tpu nopsiaka.

B Hacrosiueit paborte uccienoBanu AupaKkIioOH-
HYI0 3(h(EKTUBHOCTh MEMOpPAH M YIPYTMX BOJIHOBO-
JIOB C BO30Y>XKIEHHBIMU B HUX OEryIIMMU U3TMOHBIMU
BOJIHAMM TIpU OCBEILEHUM CBeTOM B BuauMoMm u MK-
JIyara3oHax Ha MpeaIMeT UCMOJIb30BaHUSI YCTPOMCTB
IIpY ONTOAKyCTUUYECKOM 00pabOTKe CUTHAJIOB.

MexaHuU3M ONTOAKYyCTUYECKOTO B3aMMOIEICTBUS
cBeTa ¢ Oerylueil m3ruOHOM BOJIHOM aHAJIOTWUYEH OV-
¢pakuuu cBeTa Ha (a3zoBoil peleTke. B oTpaxkeHHOM
CBETE BOZHUKAET HECKOJbKO AUPPAKIIMOHHBIX MaKCH -
MYMOB, YIJIOBOE IOJIOXEHHE KOTOPBIX OIpPEnessieTCs
BBIpaXKEHHEM

sin6,,, = sinB, + miy/A, )

rae 0, — yrosa naieHus M3JnydyeHHus Ha (asoBylo pe-
LIETKY; 0, — yroyq Audpakuuyd m-ro TmopsaKa; iy —
JJIMHA BOJIHBI cBeTa. MHaekc v da3oBoil MOay I
(ha3oBOil pelIeTKM OTPaKEHHOTO CBeTa B Clyyae CU-
HYyCOHMIAJbHOTO peibeda paBeH

Yy = (47T80/7L0)C0$90, (3)

rae 8y — aMIUIMTyAa U3rMOHOI BOMHBL B ciyvae au-
(dpakm Ha N3rHOHOI BOJTHE OTHOCUTENIBHYIO MHTECH-
CHUBHOCTh ITU(PAKIIMOHHBIX MAaKCUMYMOB B COOTBET-
cTtBMM ¢ Teopueii Pamana—Harta ompenensior B mpu-

PacyeTnas nuimHAa W3ruOHOI BOJIHBI B MEMOPAHHBIX YNPYTHX
BOJIHOBOJIAX M3 Pa3JIMYHBIX MATEPHAJIOB
The calculated length of the flexural wave in the elastic membrane
waveguides of different materials

Twurm BoHBI
U MaTepual Ey, P, h | v,

Type of wave Pa | kg/m’ | pm | m/s
and material

A, pm

= /=
10 MHz| 100 MHz

[ToBepxHOCTHAas 3500 350 35
BOJIHA B TOJI-
noxke LiNbO;
Surface wave

in the substrate
LiNbO4
Mewm6pannas | 5-10°|1,2-10°| 1,5| 240 | 24
BOJIHA,
TMOJTMUMUIL
Membrane wave,
polyimide
Mewm6GpaHHast
BOJIHA, CTEKJIO
Membrane wave,
glass
MeMOpaHHast
BOJIHA,

penuit (Re)
Membrane wave,
rhenium (Re)

5-10'9(2,3-10%| 0,5 | 200 20

3-10' 21-10° 140 14 4,43

0,3
0,3 44,3
0,1
0,1

82 8,2 2,6
26
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OmKeHuU Majiol 3(ppeKTUBHOCTU AU(PaKLIMU BhIpa-
xeHnueMm [1, 4]

Ly _ 1 (g2

omo (Y

Eem® @
3necy 1,/ly — OTHOLIEHWE WHTEHCUBHOCTU M-

(parupoBapiiieii BOJHBI C MOPSIAKOM # K MHTEHCHUB-
HOCTU Tajalleil BOJHbI. B mpeaBapuTebHbIX 3KCIIe-
pUMEHTaxX U3riOHbIe BOJHBI BO30YKIa/IUCh B BOJHO-
BOJIaX, 3aKpeIUIEHHbIX KOHLIAMM Haj MOBEPXHOCTHIO
MMOUIOXKKHM, KOTOPYIO MPUBOMWIM B KojebaTelbHOe
JBIKEHUE MOMNepeK IMJIOCKOCTU BOJTHOBOAOB (puc. 1)
Mbe303JIEKTPUUYECKHM Tpeodpa3oBareieM. MemOpaHa
BOJTHOBOAA M3TOTOBJEHA W3 MOJMUMMIHOM IUICHKH,
METAIM3UPOBAHHOM HaNbUIEHHBIM 3€pKajbHbIM CJIO-
eM amoMmuHusd. IIpy CHUHXpOHHOM KoJjebaTeIbHOM
JBUXEHUU KOHIIOB BOJIHOBOJIA TIO €ro JUIMHE JOJXKHO
VKJIAIbIBAThCSA 1I€JI0€ YUCIIO TIOTYBOJH U3TMOHOM CTOSI-
Yyeil BOJIHBI.

Ha puc. 1, 6 nokazaHa cxeMa BO30yKIE€HMS B KPYT-
Joii MeMOpaHe, 3aKperJIeHHOH T0 MepuMeTpy, paau-
aJIbHOM M3rMOHOM ynpyroi BOJIHBI, Oeryiieil oT Kpaes
K LICHTPY MEeMOpaHHI.

®ororpadust CTPYKTYyphl MaKeTHOTO oOpasma C
TOHKOIIJIEHOYHBIMU MOJJOCKOBBIMU BOJIHOBOJAMM, 3a-
KpEIUIEeHHbIMU HaJl CTEKJISIHHOM MOJAI0XKOM, ToKa3a-
Ha Ha puc. 2.

[Tosocku BOJTHOBOAOB BBITIOJHEHBI U3 MOJIMUMUIA
ToJIIMHOM 1,5 MKM, 1MpuHa noiocok 100 Mxm, njiu-
Ha 8 MM; MaccHB IOJIOCOK MUMEET ONTUYECKYIO amep-
Typy 8 X5 MM.

CTpyKkTypHas cxema
npeacTaBjieHa Ha puc. 3.

Ha maccuB BOJIHOBOIOB, 3aKpeTUIEHHbI Ha CTOJIU-
Ke 3, 1o HalpaBJeHUIO BIOJb MOJOCOK MO HEKOTO-
PBIM YIJIOM K MX TUIOCKOCTU HampaBIslIoCh U3TyYeHUE
TBEPAOTEILHOTO HEMTPEPHIBHOTO Jla3epa 2; Audpakiiu-
OHHas KapTuHa (popMUpoOBajach OObEKTUBOM Ha MaT-
pUYHOM (POTONPUEMHUKE 5 TeJIEBUBMOHHOM KaMephl U
HaOJogaach Ha 3KpaHe HOyTOyKa 6. [Tomioxka ¢ mac-
CHBOM BOJIHOBOJOB MPUBOAWIACH B KoJjiebaTelbHOE
JBUXXEHUE MO HOPMaU K MOBEPXHOCTHU BOJHOBOIOB,
4acToTy KoJiebaHuii moadupalu Mo MakKCUMyMy Au-
(bpaklIMOHHON aKTUBHOCTU BO30YXKIAeMBbIX YIPYTUX
BOJIH, MaKCHMaJIbHas YacToTa Obljla OrpaHUYeHa Mac-
COM MOMJIOXKM M MeXaHMYECKMX aepxkaTesieil moi-
Joxku. @oTtorpadust IMPPaKLIMOHHON KAPTUHKI ITIPU-
BeJgeHa Ha puc. 4. Ha obiyyaeMoM obGpasie peiabed
U3TUOHBIX BOJIH PACIOJIOXEH MOMepeK IOJIOCOK, U
BePTUKAJIbHBIE IIOJOCHl HAa CHUMKE SIBJISIIOTCS IU-
(GpaklIMOHHBIMU MaKCUMyMaMU; UX JJIMHA SIBSETCS
CJIEICTBUEM pacCesHUS Tafalolero 3JIydeHus: Ha 1o-
BEPXHOCTH MUKPOBOJIHOBOJOB, KOTOphIE B MOIepey-
HOM CEUYEHMU CJIeTKa IMPOTHYTHI.

JundpakunoHHas KapTUHA MO3BOJISIET BBIYMCIUTD
nepuof Ha3oBoi pelIeTK Ha TTOBEPXHOCTH BOJTHOBO-
JIOB; TIpY BO30Y:KIeHUM KoytebaHuii Ha yactote 640 kI

HUCHIbITATCJIbHOIO CTCHIA




Puc. 1. TonkonieHo4YHbIe MOJIOCKOBBIE BOJIHOBOAbI HA MOLI0XKKE (@) U MeMOpPaHHbI
BOJIHOBOJI, 3aKpPeILIEHHbII HA onopHOM KoJiblie (b): I — momnoxka; 2 — CTOJIOUKH,
3 — TOHKOIUIEHOYHbIN BOJHOBO/ YIIPYTMX BOJIH; 4 — OMOPHOE KOJbLIO

Fig. 1. Thin film plane waveguide on a substrate (a), membrane waveguide on a support
ring (b): 1 — substrate; 2 — columns; 3 — thin film waveguide of elastic waves; 4 — support

ring

|

Puc. 3. CrpykrypHas cxema CTeHAA i UCCIeAOBAHNS Tudpakium
CBETa Ha M3rMOHBIX BOJHAX (/ — reHepaTop MeaHIpa C 4acTOTOM
Jo = 640 xI'; 2 — HenpepbIBHbII JIa3ep C AJTUHOMN BOJHBI U3TyYEHUsI

0,532 MKM; 3 — MaKeTHbIi1 0Opa3ell MaTPULIbI TTOJIOCKOBBIX BOJTHO-
BOIOB; 4 — OOBEKTUB; 5 — TeJeBU3MOHHAsI Kamepa; 6 — HOYTOYK)

Fig. 3. Block diagram of the stand for study of the diffraction on the bending
light waves (1 — meander generator with a frequency of fy = 640 kHz;

2 — continuous laser with the wavelength of 0,532 um; 3 — model sample
of the matrix of strip waveguides; 4 — lens; 5 — TV camera, 6 —
notebook)

JUTMHA W3TMOHON BOJIHBI B TOHKOIUIEHOYHOM BOJTHO-
Boge A = 107 MKM, 4TO BO3MOXHO, €cJii (ha30Basi CKO-
POCTb M3TMOHO BOJIHBI vy, = A * fj paBHa 68,5 M/c.

AMIUIMTYIa M3rMOHOM BOJIHBI OIIPENENISIETCS aM-
IJIMTYI0i Al KonebaTeabHOro ABMKEHUS TMOIJIOXKY;
YacTOTY BO3OYXKACHUS TIOAOMPATN 9KCIIEPUMEHTAIBHO
o Makcumymy 3ddekra nudpakuuu, oHa o0yCIOB-
JIeHa MeXaHMYeCKMM pPE30HaHCOM B KoJjiebaTelIbHOM
CHCTeMe TIOMIOXKa — The30Ipeodpa3oBaTesib U3ro-
TOBJICHHOTO MaKeTa. AMIUTATYIY N3TMOHOM BOJHEI OIT-
penensiid no dopmyiie

60 = QAI = Qd33U0, (5)
rae Al — gedopMalus IO TOJIIMHE Mbe303JIEMEHTA;
Q0 — MexaHUueckas JIOOPOTHOCTb KoJyieGaTeabHOMI

CHUCTEMBI; d33 — IbE30OMOJYJIb MaTepuaja IMbe303J1e-
MeHTa; U, — aMIUIMTy1a NepeMEHHOTO HalpsDKeHMS.

Eciny MCrosib30BaTh IJIST MhE303JIEMEHTA MhE30Ke-
pamuky [TIKB—590 (ds; = 500 - 10~'2 Kii/H), To npu
Uy = 18 B monyuum Al = 4,5 uMm. Ilpunumas oue-

Puc. 2. Mukpodororpadus MaccHBa MOJOCKOBBIX
TOHKOILJICHOYHBIX MHKPOBOJHOBOJOB YNPYIHX BOJH
(BepTHKAJIbHBIE NOJOCHI — BOJHOBOBI INMPHHO Ka-
Kapiid 100 MKM, pa3iefieHHble Y3KHMH 3230paMH)
Fig. 2. Micrograph of an array of the thin-film strip
microwaveguides of the elastic waves (vertical stripes —
waveguides with the width of 100 um, separated by the
narrow gaps)

Puc. 4. ®ororpadus auppakKuuoOHHONH KAPTHHBI B OTPAXKEHHOM OT
peabeda M3rHOHBIX BOJIH M3JIyYeHHH; BOJHBI BO30YXKIEHbI B MOJIOC-
KOBBIX TOHKOILICHOYHBIX MEMOPAHHBIX BOJIHOBOAAX, MOKA3aHHBIX HA
puc. 2

Fig. 4. The diffraction pattern in the radiation reflected from the relief
bending waves; the waves are excited in the strip thin-film membrane
waveguides (fig. 2)

Ho4yHOe 3HaueHue mooporHoctn Q = 10...20, umeem
3y = 45...90 Hm. CooTBeTCTBYIOIIAsA 3TOM AMILIUTYIE
M3TUOHBIX BOJH 3¢ (GEKTUBHOCTh AU(PPAKIIMKA B IIep-
BOM nopsiake (m = 1) Ha OJMHE BOJAHBI 1 MKM, ompe-
neneHHas o ¢opmyne (4), pasHa 0,04...0,16. Bum-
HOCTb IU(MPAKUIMOHHON KapTUHBI Ha pUC. 4 KayecT-
BEHHO MOATBEPKIACT BIUMCICHHOE 3HaUYeHHE 3 eK-
TUBHOCTHU AU(paKLIUU.

BriBoapl

OKCMEepUMEHTbl TOATBEPAUIN (DaKT BO30YXKIEHUS
M3TMOHBIX YIIPYTUX BOJH B CTPYKTYPE M3 CAMOIIOIEP-
JKUBAIOIIKUXCSI MEMOPaHHBIX TOJOCOK, KOTOPbIE SIBJISI-
JIUCh aKyCTUYECKUMU ITOJIOCKOBBIMM BOJHOBOJAMH,
omnpejeseHa (a3oBasi CKOPOCTb YNPYroi BOJHBI B
BoJHOBoOAax. I1be30B030yXIeHne KojaeOaHWii Ha Yac-
tote 640 KI'11 0OecITeunTo 3HaYeHNe aMIUTUTYIBI BOJTH,
IOCTaTOYHOE TSI DU pakiiy Ha HUX OTPaKEHHOTO
cBeta. IlokazaHo, yTo U3rMOHBIE BOJHBI B MEMOpaH-
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HBIX BOJHOBOAAX MMEIOT (ha30Bble CKOPOCTH, IJTUHBI
YIPYIUX BOJIH CYILIECTBEHHO MEHbIIIME, YEM YCTPONCT-
Ba Ha TOBEPXHOCTHBIX aKYCTUIECKUX BOJTHAX HAa TAKMX
K€ YacToTaX, U aKyCTUYECKYI0 MOUIIHOCTb MPU CpaB-
HuMoOM ¢ yctpoiictBaMu Ha [TABax audpakiimoHHOMK
AKTUBHOCTH, MEHBIIYI0O Ha TPU MOpPSAKA BEIUYMHBI.
PesynbTaThl UMEIOT MpenBapUTEIbHBINA XapakTep, UC-
CJIeOBaHUS TIPOIOJIKAIOTCS B HAIpPaBICHUU M3yYe-
HUS YIPYTUX BOJH Ha YacToTax MopsiiKa AECSITKOB Me-
rarepil B aKyCTUYeCKMX BOJTHOBOIHBIX CTPYKTypax M3
MeMOpaH TojiuHoi 1o 100 HM.

Pezyaomamor vacmuuno 6vliu noayueHvl 8 pAMKAX 8bi-
noanenus locyoapcmeennoeo 3adanus Ne 3.1996.2014/K
Munobpnayku Poccuu.
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Acoustooptical Thin Film Devices on Bending Elastic Waves

The paper presents the results of a study of the excitation, propagation and interaction with optical radiation of the bending elastic
waves with frequency of 640 kHz in the thin-film membrane structures with thickness of about a micrometer. It demonstrates that
the use of such waves for processing of information in the devices of MOEMS type, compared with the use of the surface waves, allows
us to reduce the weight and size characteristics, and the power consumption.

Keywords: thin-film membranes, waveguides, acoustic waves, excitation of bending waves, light diffraction

The acoustooptical devices on interaction of light
with the surface acoustic waves (SAW) are widely dis-
tributed [1—4]. The energy of the elastic wave is con-
centrated in a thin (about the length of the elastic wave)
near-surface layer of the crystalline substrate, allowing
you to create a compact device. Miniaturization of the
devices based on SAW is limited by the length of the
elastic wave.

A significant decrease in the length of the elastic
waves is possible when they are excited in the thin-film
membranes and waveguides, secured with the ends over
the substrate’s surface. The transverse oscillations
(bending, Rayleigh waves, etc.) and torsion oscillations
can be excited in the waveguides. In the case of bending
and torsional oscillations, the phase velocity of the elas-
tic wave in the membrane waveguide can be by several
orders of magnitude less than that of a surface in a
monolithic substrate, providing a wavelength in the
membrane by a number orders of magnitude less than
the length of the surface wave in the substrate at the
same frequency of oscillations in the wave.
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The theory of elastic waves propagation in the thin
plates is described in [5]. In [6], a solution of the prob-
lem of transverse oscillations of a rectangular plate with
free edges is given. In [7], the standing waves in an elas-
tic wedge plate is studied. In [8], the relationship be-
tween the formation of the frequency bandwidths and
locking with a number of obstacles in elastic-supported
dimensional waveguide with a system of point obstacles
is examined.

The light modulators and deflectors [9—11] were
created on the basis of torsional oscillation in the film
waveguides. The elastic wave in a thin-film waveguide
can have a volumetric character, its phase velocity is
determined by the intrinsic stiffness of the waveguide
and its mechanical tension. The length A of the flexural
wave in the first case is determined by the following for-
mula [5]:

(1




where p — density of the material of the plate; @ — cir-
cular frequency of oscillations in the wave; 4 — thick-
ness of the membrane; Eyy — Young’s modulus; ¢ —
Poisson’s ratio, kK = 2n/A — the wave number.

The table shows the lengths of the flexural wave A
calculated according to this formula for -elastic
waveguides of different materials.

The given wavelengths in the membranes are less
than in the case of surfactant at the same frequencies,
more than an order.

The acoustic power carried by the elastic harmonic
bending wave in the plane waveguide with a cross sec-
tion bXh is given by:

P,, = pAgf2vbh =20-10%+ 1074+ 100-0,01- 1077 =

=2-1073 W/cm,
where p — density of the waveguide; A4; and / — am-
plitude and frequency of oscillations in an elastic wave,
v — wave velocity; b — width of the plane waveguide.
Substituting the parameters from the bottom row of the
table into the formula (waveguide of rhenium) in the
form of a strip with the width b = 100 um, at 4, —
0,05 um, /= 100 MHz we obtain P, = 140 uW, which
is less than the acoustic power in SAW devices by three
order.

The paper examined the diffraction efficiency of the
membranes and the elastic waveguides with excited in
them running flexural waves when illuminated with
light in the visible and IR — bands for the use in devices
of the optoacoustic signal processing. The mechanism
of interaction of light with a traveling flexural wave is
similar to diffraction of light on the phase lattice. In the
reflected light, several diffraction peaks occur, the an-
gular position of which is determined by the expression:

sind,,, = sin6 + miy/A, (2)

where 6, — the angle of incidence of radiation on the
phase lattice; 0,, — the diffraction angle of m-th order;
Lo — the wavelength of light. The index y of the phase
modulation of the phase lattice of the reflected light in
the case of a sinusoidal relief is equal to:

V= (47'560/}\.0)C0890, (3)

where &, — the amplitude of the bending wave. In the
case of diffraction on the bending wave, the relative in-
tensity of the diffraction peaks in accordance with the
Raman—Nath theory is determined in the approxima-
tion of low diffraction efficiency by the expression [1, 4]:

1 2m
Im 1 (Y) ) 4)
Iy  m!\2

Here 1,,/1, — the ratio of the intensity of the dif-
fracted wave with the m to order of the intensity of the
incident wave. In the preliminary experiments, the
bending waves were excited in the waveguide, fixed by
the ends above the surface of the substrate, which was

lead to the oscillate condition across the plane of the
waveguides (fig. 1) by the piezoelectric transducer. The
membrane of a waveguide is made of a polyimide film,
metallized by the sputtered aluminum reflective layer.
The synchronous oscillation motion of the ends of the
waveguide along its length must fit an integer number
of half-waves of the bending standing wave.

Fig. 1, b shows incitation scheme circuit in a circular
membrane, fixed around the perimeter of the radial
elastic bending wave traveling from the edges toward
the center of the membrane.

Photo of the model sample with the thin-film strip
waveguides, fixed on a glass substrate, is shown in fig. 2.

The strips are made of polyimide waveguides with the
thickness of 1,5 um, width of 100 um length of 8§ mm;
the array of strips has an optical aperture of 8§ X5 mm.
The block diagram of the test rig is shown in fig. 3.

The radiation of the solid-state continuous laser 2
was directed on an array of the waveguides, fitted on the
table 3 in the direction along the strips at an angle to
the plane of them; the diffraction pattern was formed by
the lens on an matric photodetector 5 on a television
camera and was viewed on the laptop’s screen 6. The
substrate with an array of waveguides was driven to os-
cillate motion normally to the surface of the waveguides;
the oscillation frequency was adjusted to the maximum
of the diffraction activity of the excited elastic waves,
the maximum frequency was limited by the mass of the
substrate and the mechanical holders of the substrate.
The diffraction pattern is shown in fig. 4. On the irra-
diated sample the topography of the bending waves is
situated across the strips and the vertical lines in the
picture are the diffraction peaks; their length is a con-
sequence of the scattering of incident radiation on the
surface of the microwaveguides, which in cross section
are slightly arched.

The diffraction pattern allows us to calculate the pe-
riod of the phase lattice on the surface of the waveguides;
when the oscillations are excited at a frequency of
640 kHz, the length of the bending wave in the thin film
waveguide is A = 107 pm, which is possible if the phase
velocity of the flexural wave vy = A Jo is 68,5 m/s.

The amplitude of the wave is determined by the am-
plitude A/ of the oscillating motion of the substrate; the
excitation frequency is selected experimentally by the
maximum of the diffraction effect, it is caused by the
mechanical resonance in the oscillatory system "sub-
strate — piezoelectric transducer” of the made proto-
type. The amplitude of the flexural wave was deter-
mined by the formula:

60 = QA[ = Qd33U0, (5)

where Al — deformation by the thickness of the piezo-
electric element; Q — mechanical quality factor of the
oscillatory system; U, — the amplitude of the AC volt-
age; dy3 — piezoelectric modulus of the piezoelectric
material.
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If you use piezoceramic PKB-590 (d55 = 500 %
x 10712 C/N), at Uy = 18 V we obtain v = 4,5 nm.
Taking into account the estimated (Q-value factor of
0 = 10...20, we have 5, = 45...90 nm.

The diffraction efficiency corresponding to this am-
plitude of the bending waves in the first order (m = 1)
at a wavelength of 1 um, determined by the formula (4)
is equal to 0,04...0,16. The diffraction pattern (fig. 4) is
qualitatively confirms the calculated value of the dif-
fraction efficiency.

Conclusions

The experiments have confirmed the excitation of
the bending elastic waves in the structure of the self-
supported membrane strips which are the acoustic strip
waveguides. The phase velocity of the elastic waves in
the waveguides was obtained. The excitation of the os-
cillations at the frequency of 640 kHz provided the am-
plitude of the waves, sufficient for diffraction of the re-
flected light on them. The bending waves in the mem-
brane waveguides have the phase velocities, which elas-
tic wave length are substantially smaller than the SAW
devices on the same frequencies, and the acoustic pow-
er at a diffraction activity comparable with the SAW de-
vices, which is less by three orders of magnitude. The
results have the preliminary character. The study of the
elastic waves at frequencies of the order of tens of meg-
ahertz on the acoustic waveguide structures of the
membranes with the thickness of 100 nm continues.

The results were partially obtained in the framework of
the State Task No 3.1996.2014/K of the Ministry of Ed-
ucation and Science of the Russian Federation.
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AHAAUTUYHECKUE NCCAEAOBAHUNA MHTETPAAbHDbIX

M3MC-AKCEAEPOMETPOB

Ilocmynuna ¢ pedaxuuio 09.09.2015

Cozdanue muxposrexkmpomexanuyeckux cucmem (MIMC) no3eoauro uzeomosums MHO20 pA3HOOOPA3HBIX HAOCHCHBIX U He-
dopoeux 0amuuK08 AUHEUH020 YCKOPEeHUs, KOmopble 60cmpeb08anbl NPAKMUUECKU 80 8CeX OMPACAAX NPOU3BOOCMEA U HA NO-
mpebumenvckom puinke. Ilo mepe cosepuieHcme08anus mexHoA0UU NPoU3800CMEa, NOBbIUEHUS KA4ecmea U XapaKmepucmuk
MIMC-ycmpoticme uzdeausi cmaiu éce bonee WUPOKO NPUMEHAMbCS 8 000POHHOU, ABUAYUOHHO-KOCMUYECKOU, SHepeemu4ecKol
U dpyeux 6vicOKOmMexHoA0eUYHbIX ompacaax. Hecmomps Ha 6oavwioe paznoobpasue KOHCMPYKYUL U MEXHOA0UL U320MOBACHUS
CEHCOPO8 HAUbOALUUL UHMepeC KaK Yy Ome4ecmeeHHbIX, MAaK U 3apy0edcHbiX npou3sooumeneii Npeocmagasiom emKoCmHble aK-
cenepomempol 61a200aps 6onee 8biCOKOU MOYHOCMU U HAOCHCHOCHU.

Karoueewie caoea: MOM C-mexuonoeuu, damuuku AUHENIHO20 YCKOPEeHUsl, KOHCMPYKUUU 0am4uKos

BBenenue

PaspaboTtka u TIpOM3BOACTBO MHTETPATLHBIX
MBOMC-gaTYMKOB JIMHEITHOTO YCKOPEHUS B OTEUECT-
BEHHON W 3apyOeXHOM MPOMBIIIJICHHOCTH BEAETCS
CpaBHUTENLHO JaBHO. [lpakTuyeckoe NMpUMeHEHUE
MBMC-yCTpOHCTB OCYHIECTBISIIOCh MPEUMYIIECT-
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BEHHO B OBITOBOI TeXHUKE (HOYTOYKH, aBTOMOOWJIU
u T. a.). [IpumeHeHHe MUKPOBJIEKTPOMEXaHUIYECKUX
WU3IeIMiA B HABUTALIMOHHBIX CUCTEMAaX aBUAallMOHHOM 1
KOCMMYECKOI TeXHUKE SIBJISIETCS CPaBHUTEIBHO HO-
pOTOI1 U CJIOXKHOM 3agaueii. DTO CBA3aHO C XKECTKMMU
TpebOBaHUSIMU NIPU BKCIUTyaTalluy, 3alllUTe OT arpec-




Qymmmmx MAacca
Sensitive mass

= ) Hanpanete geicKe A

Deriction of movement

SmexTpops! EMKOCTHOTO IIPHEOHA
Elecirodes of capacitive actuator

Puc. 1. TaTuuk MS8000 [1]
Fig. 1. MS8000 sensor [1]

CHUBHBIX CPell U BBICOKUMU TPeOOBAaHUSIMU K TOUHOCTH
1 HaJeXHOCTH.

I[Mupokoe pacnpocTpaHeHUE MOJTYYUIN aKcesepo-
MeTpbl, OCHOBaHHBIE HA eMKOCTHOM MeTOjIe Ipeodpa-
30BaHUS NepeMelleHus, Kak 00Jee TOUHOM U HaJaeX-
HOM. AKCceJepoMeTpbl MOTYT M3MEpsITh YCKOpPEHUE
WJIM BUOPALIMIO B OTHOM WJIM OJHOBPEMEHHO B JIBYX U
Tpex HampaBJeHUsIX U B 3aBUCMMOCTU OT BbIOpaHHOTO
uHTepdelica curHaa IipeoOpaszyeTcsl B aHaJOrOBBIM
unu uudponoii. Kpome toro, akceaepoMeTpbl UMEIOT
¢yHKIIMIO caMmoTecTHpoBaHus [1].

Anaym3 uaTerpatbubix MOMC-akcenepoMeTpoB

B Hacrosimieit paboTe paccMOTpeHbl OCHOBHBIE
JIOCTMIKEHMST B CO3IaHWM HOBBIX MHTETPaJIbHbIX aKce-
JIEpOMETPOB JIMHEHOTO YCKOPEHUSI KaK TepeaoBbl-
MU 3apyOexkHbIMU (ppMaMM, TaK U OTEYECTBEHHBIMU
MIPOV3BOAUTEIISIMU.

M3BecTHass B Mupe IIBeillapcKass KOMITaHUS
Colibrys mpousBoauT BblcOKOTOUHBIe MBOMC-akce-
JIepoMeTpbl. DTU YCTPONCTBA MpelHAa3HAUCHBI 1JIS1 U3-
MEpeHMUsl TTapaMeTpoB OYpPOBbIX CKBaXXMH B HedTera-
30BOI1 MPOMBIIIJIEHHOCTH, IJISI aBHAIlMOHHO-KOCMM-
YECKOW TEXHUKU U CEMCMUYECKUX U3MepeHuil. Becbma
IIMPOK IMAIa30H pa3IMYHbIX KOHCTPYKIIMK akcese-
POMETPOB JISI M3MEPEHUS] JIMHEMHBIX YCKOPEHUIA,
yIapoB, BUOpallM{ U HAKJIOHA.

KOHCTpYKTUBHO HaTYMKU MPEACTABIISIIOT COOOI 3a-
KOHYEHHOE YCTPOMCTBO C €MKOCTHBIM YYyBCTBUTEJb-
HbIM 3jieMeHTOM (YD), cocTosIIIMM 13 ABYX €eMKOCTEM
¢ ob1eit 0OKIaaKOM, PacHOJOXEHHOU MeXay ABYMS
mwiactuHaMu. lleHTpanbHass oOKJlagka oOecrieurBaeT
VIOPYTUil MoABeC MHEPLUMOHHONH MaccChl, KOTopas sIB-
JISIeTCSl TakKXKe 3JIeKTPOJOM JaTuyuka. JIBe ocTajibHble
TUIACTMHBI KOHJEHCATOpa OCTalOTCS HEMOIBUXKHBIMMU.
[Ipu OTKIIOHEHUHU BIOJb OCU, TIEPIICHIAUKYISIPHON K
00KJIaTKaM KOHJeHcaTopa, CpeaHssl 00KIaaKa OTKIIO-
HSIETCSI B CTOPOHY, MPOTUBOIOJOXHYIO IBUXEHMUIO.
B pesynbTaTe €MKOCTb OJHOTO M3 KOHIEHCATOPOB
YBEJIMYUBAETCH, a APYyroro yMmeHslumaercsa. C momo-
b0 eMkocTH 2 X 35 n® YD MoxeT nepeaaTb CUTHAI,
HEOOXONUMBIH JJIs1 2JEeKTpOHHOro Ojioka. B anek-

Yrmosax ckopocts oTcyrersyer IIpimoixeHa yITIoBaid CKOPOCTh
Angular velocity absent

Applied angular velocity

Puc. 2. YyBcTBUTEIbHBI 3JIEMEHT EMKOCTHOrO akcejnepomerpa [2]
Fig. 2. Sensitive element of the capacitive accelerometer [2]

TPOHHOM OJIOKE MMEeTCs 3allluTa OT CHIKCHUS Ha-
npsikeHus. AKceaepoMeTp MOXeET paboTaTh B Auana-
30He Temmepatyp oT —55 g0 +125 °C u cnocobeH BbI-
nIepxuBaTh yaap go 6000 g [1].

Ha puc. 1 nokazan gatuuk MS8000, 13roToBieH-
Hb1ii komnanueit Colibrys.

ITo mapameTrpam, OIM3KUM K MapaMeTpaM KoMmIia-
Huu Colibrys, Ipou3BOAUT JaTYMKU JTMHEHMHOIO ycC-
KopeHUs aMepukaHckass komnaHnus Silicon Designs.
OTIMYNTETEHON 0COGEHHOCTHIO YCTPOMCTB SBIISIETCS
BBIXOJl CHTHAJIa KaK aHaJIOTOBOTO, TaK M HMU(POBOTO.
KoMImanus TIpon3BOINT TaKKe TPEXOCEBBIE aKCeIePO-
MeTpHl [1].

JIugupytolliee mojaoxeHue B IpousBoacTee MOMC-
JAaTYMKOB JNBWXKEHMSI ISl MOPTATUBHOM 1 OBITOBOIA
3JIEKTPOHUKM, OXPAaHHBIX aBTOMOOWTbHBIX HABUTALIOH -
HbIX cucteM 3aHuMaeTr KomnaHus STMicroelectronics.
Brimmyckaemble  akceJepoOMETPhl  MCITOJIb3YIOTCS  JUIS
M3MEpeHusl YIJIOB HAKJIOHA, CWJI MHEPLUM, YAAPHBIX
Harpy3oK, BuOpamuu. BeIcoKast TeXHOJOTMYHOCTh U
TIOBTOPSIEMOCTb, BEICOKasT (DYHKITMOHAIBHOCTD TaTIM-
KOB JIOCTUTAIOTCS Y€TKO OTPaOOTaHHBIMU U yIIpaBJIsie-
MbIMM E€AWHBIMM TEXHOJOTUYECKHWMU Ipolieccamu,
BO3MOXHOCTbIO M3TOTOBJIEHUST JaTYMKOB (YD u aek-
TPOHHBIX 0JI0KOB) B OMHOM ycTpoiicTBe (puc. 2). Kom-
MaHUs BBITyCKaeT JaTyukKy Ha 6a3e 200-MuLIMmMeTpo-
BBIX KPEMHMEBBIX IIJIACTMH, YTO IaeT BO3MOXHOCTh
CHUM3UTb ce0ECTOUMOCTb MO CPABHEHMIO ¢ (pupMaMu-
KOHKYpPEHTAMM. YCIICITHOEC Pa3BUTHE TOJYyYMIIA TEX-
HoJiorusi TipousBoactBa MOMC Ha 6a3e MOJUKPU-
CTaJUTMYECKOro KpeMHUs [2].

Cpeny mpu3HaHHBIX JTUAEPOB B 00J1aCTH TTPOU3BO/I-
CTBa aKCeJIEpOMETPOB CJIEAYyeT OTMETUTh KOMITAHUIO
Freescale Semiconductor ¢ 30-jeTHuUM yCIHEIIHbIM
OINBITOM paboOTHI B 3TOM obyactu [3]. KoMmmanus B Ha-
cTosiiee BpeMs BhIITycKaeT Oonee 50 HamMeHOBaHWIA
JaTYMKOB JIMHEHOro yckopeHusi. KommaHnueil paspa-
6GOTaHBI M YCIIEITHO 3KCIUTYaTUPYIOTCS ABYX- M TpeX-
OCEBBIE eMKOCTHBIE aKCEJIEPOMETPHI C paCIIMPEHHBIM
IUaria30HOM MepeMeIIeHUsI, B KOTOPBIX ITPeIyCMOTpe-
Ha QyHKLUS caMoTecTupoBaHus. Cyasi 1Mo NoCaeIHUM
pa3paboTkaM, oHa Beiryckaet 10-, 12-, 14-pa3psimHblie
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Puc. 4. Ilonepeunsiii pa3pe3 YD kantunesepHoro tuna [3]
Fig. 4. Cross-section of SE of a cantilever type [3]

aKceJiepoMeTphbl C HE3HAUUTEIbHBIM 3HEPronoTpeodJie-
HueM. B 1iesisix ucnoyib30BaHUSI CBEPXHU3KOTO 3HEpP-
rororpedieHus1 ObUIK pa3padboTaHbl YCTPOMCTBA C 1Ie-
CTBIO MEePenporpaMMUPYEMbIMU PEXKMMaMM C 4YacTo-
TOM M3MepeHMi B auamazoHe 1,5...800 I't u cxemoit
yIpaBlIeHUs, TIpeaIyCMaTpUBAIOLIe YeThIpe peskuMa.
DTO MO3BOJUJIO MPOBOAUTH M3MEPEHUE CBEPXMAaJIbIX
YCKOpeHMIA. A BCTPOEHHBIE B JaTYMK (PYHKUUU HUD-
pOBOIi 00PabOTKU CUTHAJIOB CIIOCOOCTBOBAIM OCYILIE-
CTBJICHUWIO M3MEPEHUS yIapoB, BUOpALINU, TBUKCHUS,
HakJioHa [4].

Ha npousBoacTBe mbe3037eK-
TPUYECKUX TJIEHOYHBIX, IMhe30PE3U-
CTUBHBIX aKCeJEpPOMETPOB CIelMa-
nu3upyeTcs KomnaHus Measurement
Specialties.

Konctpykuua YD cocroutr wus
JIBYX BUJOB JATYMKOB: MOCTOBOIO U
KaHTWIeBEepHOTO [5].

O0e KOHCTPYKILIMM UMEIOT TpeX-

TEMBHOCTI

CJIOHYI0 KPEMHUEBYIO CTPYKTYpY. _-#-;{‘”" Oxcip Kpenata T
Pasznnune KOHCT Wil COCTOMT B Merammmaipn (Af)  Rowraxmhax Stiicon oxide az

PYKIL 5 Metalliza (Al rmontamKa ¢+ c2
YYBCTBHUTCJIBbHOM CJIOC€, KOTOPbLIM Ha- Contact area  Kongencarop 2
HECEH HAa MOHOJIMTHYIO ITOIJIOXKKY. a) Capaciton 2 b)

YyBCTBUTEAbHBIN CJIOM MOCTOBOI -
KOHCTPYKLIMM COCTOUT U3 KpEMHME-
BOI paMKH, K KOTOPOW C MOMOIIBIO
MUKpPOOAJIOK KPENMUTCS WHEPLMOH-
Has macca. Ha kaxaoit Mukpobaike

Direction sensivity

Ceilcvorieckas macca

Hanpaenemite 4yECTEN-

CTHK TIb€30PE3MCTOPOB MCITOIB3YIOT MOCT YUTCTOHA.
Ha puc. 3 nokazan o6iuii Bug YD mocroBoro tumna |[3].

Bo BTOpO#l KOHCTPYKLIMM CEHCOpa WHEPLMOHHAs
Macca KpemuTcsl K KpeMHHUEeBOW paMKe C TOMOIIbIO
KaHTWIeBepa. Ha kaHTenwBepe pacIioioOXeH OIWH
nbe3ope3ucTop. BaxkHelilneil oCOOEHHOCThIO aKcelie-
POMETPOB JaHHOK KOMITAaHUHU SIBJIsIeTCSl (DYyHKLMS ca-
MOKOHTPOJISI. DTO MO3BOJISIET, BO-TIEPBBIX, YAOCTOBE-
PUTBCS B TOM, YTO aKCeJIepOMEeTp TOTOB K paboTe U
WHEPIIMOHHAs Macca MOXET BBINOJHSATH TepeMelle-
HUs, a, BO-BTOPBIX, C MIOMOIIBIO 2JIEKTPOCTATUYECKOM
CWJII MOXXHO PEeryjiupoBaTh OTKJIOHEHUS MHEPLUOH-
HOM Macchl.

IIpakTryeckoe MpUMeHEeHUE aKCeIEPOMETPHI KOM-
MaHUY HAXOMSAT B TaKUX 00JACTSAX, B KOTOPBIX Tpe-
OyeTcsl MOCTOSIHHBIA KOHTPOJIb YPOBHSI BUOpaLMu U
myma [6].

Ha puc. 4 npuBeneH nonepeuHbiii pa3pe3 YD kaH-
TUJIEBEPHOM KOHCTPYKIIMU ITbe30PE3MCTUBHOIO aKce-
JlepoMeTpa.

®dupma Bosch pa3pabdorana Ha OCHOBE IOBEPXHO-
CTHOW MUKPOSJIEKTPOMEXaHUYECKOW TEXHOJIOTUU €M-
KocTHble MOMC-ycTpoiicTBa ¢ YBeJIMYEHHON (PyHK-
LIMOHAaJbHOCThIO. ISl hopMUpOBaHUS TTOABUKHOM
YacTU CTPYKTYphI aKceJepoMeTpa MCIOJIb3YIOT MOJM-
KpeMHueBble cion TojmuHoi 10 mxm. IlpakTuye-
CKO€ TIPUMEHEHNE TTOIYUYMIIM aKCeJIepOMETPBI IBYX- U
TpeXOCeBbIe C BBICOKUMU pabOUYMMU XapaKTepUCTHKa-
MM, YBEJIMYEHHOU HAIEXHOCTbIO U MaJIbIM 3HEPro-
notpebiieHneM. Ha puc. 5 mpuBeneHO pacIiojioXeHue
YD nByx BUIOB — B TOPU3OHTAJIbHON 1 BEPTUKAILHOMN
IUIOCKOCTSIX [7].

He menee ycrmeuiHo BeayTcsl pa3pabOTKM U W3ro-
TOBJICHHE AATYMKOB JIMHEHHOIO YCKOPEHUsI OTeYecT-
BEHHBLIMU TpousBoauteasiMu. Dto OAO "Asanrapa”,
MMIT wu ap. Corpyaaukamu MUDT ycnenrHo pas-
paboTaHbl U U3rotoBiaeHbl MBOMC-akcenepoMeTphl,
mapaMeTpbl KOTOPBIX TTPUBEICHBI HITKE.

Konpercarop 1
Seismic mass pyzama Capaciton 1
Spring

Ipysoma kpyuern Ceivorieckas macea
Torsion spring Seimic mass

Puc. 5. Koncrpykuusa U9 akcenepomerpos ¢upmbl Bosch: ¢ — ropuzoHTansHoe pacmnosno-
>XKeHUe ¢ OOKOBBIM YCKOPEHUEM OTKJIOHEHUSI MHEPLIMOHHOI Macchl, MOABEIIEHHOM Ha Mpy-
KMHAX; 6 — BEPTUKAIbHOE HAINpaBeHWEe HAKJIOHA WHEPLIMOHHON MacChl, B CTOPOHY KO-
TOPOrO CMELIEH LIEHTP TSAXKECTU MOABMKHOTO Kpblia [4]

Fig. 5. Design of SE of accelerometers from Bosch Co.: a — horizontal arrangement with a lateral

pacrojiaraeTcs o ABa IThe30pe3n-
cropa. [l u3MepeHUus: XapakTepu-
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acceleration of deviation of the inertial mass, suspended on springs; b — vertical direction of
inclination of the inertial mass, towards which the centre of gravity of the moveable wing is shifted [4]
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B Hacrosiee BpeMsi COTpyIHUKAMU MPEANPUITUS
HUMN dusnyeckux usmepenuii [9] 6bu1u pa3paboTaHbl
U TIOCTaBJISIIOTCS 3aKa3uMKaM €MKOCTHbIE akceliepo-
MeTphl. YD mpencrapisieT cob0it MUKPOKOHIEHCATOP,
y KOTOPOTo IMOABMKHAsI 00KJIagKa U3roTOBJIeHA METO-
JIOM aHU3O0TPOMHOI0 XUMMYECKOIO TPaBJIEHUS KpPeM-
HueBol ruiactuHbl. HenonBukHas oOKaaka BbIOJ-
HeHa IyTeM HamblUIeHUs MeTajuia Ha cTekio. Obe 1ia-
CTUHBI COEIMHEHBI C TIOMOUIBIO 3JIEKTPOCTATUYECKON
CcBapku. B mpouecce mM3roroBieHUsI akceaepoMeTpOB
ObUIM KCITOJIb30BaHbl JOCTUXEHUS TEXHOJOIUil 00b-
€MHOM MUKPOMEXaHUKU U TOHKUX TJIEHOK.

IIpu skcmiyaTauMy JaTYMKOB ObLT BBISBICH 3¢-
ekt mpunaMnaHus MOABUXHBIX IJIACTUH KOHJEHCa-
TOpa K OJHOM M3 HemoABUKHOM I1acTuH. OKa3aaoch,
YTO MpobsieMa NPUIUMNAaHUs BOZHUKAET MPU BKIIIOYE-
HUW HaNpsDKEHUS MUTAHUS WM MOCJE BO3IEUCTBUSA
YCKOPEHMSI, MPEBBILIAIOLIETO JUANIA30H U3MEPEHUN.

MHuepunanibHble HABUTALIMOHHBIE CUCTEMBI TTO3BO-
JISIIOT aBTOHOMHO OIpeAeisiTh MECTOIOJOXEHUE U
OpHEHTALIMIO TTOABUXKHBIX 00BEKTOB 0€3 BHELIHUX UC-
TOYHUKOB MH(popmanuu. IIpuMeHeHne B TaKuX CHUC-
TeMaX BbICOKOTEXHOJOTMYHBIX JTaTYUKOB, BBITTOJTHEH-
HbIX 110 MOMC-TeXHOJIOTUSIM, TIPU OOIIEM ITOBBIIIE-
HUM HaJEXHOCTU OOecrnevynBaeT CHUXXKEHUE rabapurt-
HBIX pa3MepoB U Macchl OOPTOBOrO HABUTALIMOHHOIO
000pyIoBaHMS, YMEHBIIEHHUE 3aTpaT Ha ero pa3padoT-
Ky ¥ MPOU3BONCTBO, a CJIEIOBATEIIbHO, U CTOUMOCTHU
Takux cucteM. MHepuMaibHble JaTYUKU, U3TOTOBJICH-
Hble KommaHusiMu Sensonor 1 Colibrys, siBnsiroTcst xo-
pOILKYM IIpuMepoM BoruioieHuss MOMC-texHoiorui
B YCTPOICTBax, CIIOCOOHBIX pabOTaTh B YCJIOBHUSIX C
MOBBIIEHHBIMU TPEOOBAHUSIMU K XapaKTEPUCTUKAM, C
JKECTKMMM YCIOBUSIMU Ha Pa3IMYHBIX PbIHKAX, TaKUX
KaK DHEPreTUYeCcKuii, 00OpPOHHBIN, aBUAKOCMUYECKUI,
IIPOMBIIIUIEHHBIN 1 MIPHUOOPOCTPOUTEIbHBIMA.

Oco0eHHOCTH KOHCTPYKIIMM H T€XHOJIOTHH
H3TOTOBJICHUS AATYNKOB JIMHEAHOr0 YCKOpPEHHUs

BaxkHeiluM HaIpaBlIeHHUEM HaydHO-TEXHUYECKO-
ro Iporpecca sBJISIIOTCS pa3paboTKa U IMPOM3BOACTBO
MUKPO3JIEKTPOHHBIX TATYUKOB JIMHEITHOTO YCKOPEHUST

Ha OCHOBE WHTErpalldu TEXHOJOTUU MUKPOIJIEKTPO-
HUKU U MUKPOMEXaHUKHM.

g u3MepeHus: mapaMeTpoB C ITOMOIIIbIO aKCeie-
pOMETpa MCHOJIB3YIOT CJEAYIOUIAEe KOHCTPYKIUW U
TEXHOJIOTWU: TThE€303JICKTPUIECKUE, TEH30METPUIECKIE
(IMbe30pe3UCTUBHbBIE), EMKOCTHEIE, TEIJIOBLIC, ONTH-
yecKue, Ja3epHbie U Ap.

PaccMoTpuM Haumbojiee IpUMEHMMBIE aKCelepo-
METPbl — MbE303JEKTPUUECKNUE, TEH30PE3UCTUBHBIE,
€MKOCTHBIE.

M3BecTHO, YTO OAHOM U3 OCHOBHBIX KOHCTPYKTHUB-
HBIX JETaJie akceIepoMeTpa SBISIETCS YYBCTBUTEIb-
HbIi BJeMeHT. B ero cocraB BXOAUT WHEPUMUOHHAs
macca, IBUXXEHUE KOTOPOU OTCTaeT OT IBUXKEHUS KOpP-
nyca. I He3aBUCMMO OT KOHCTPYKIIMK AATYMKa YCKO-
PEHUI1 ero OCHOBHas 1ieJib 3aKJII04YaeTcsi B mpeodpaszo-
BaHWU TlepeMelleHs 3TOI MacChl OTHOCUTEIbHO KOP-
nyca yCTpPOMCTBAa B MPONOPLIMOHAIBHbBINA 2J€KTpUYE-
ckuit curHan. Ilostomy apyroif cocTaBHOM YacThblO
AKCEJIEPOMETPOB SIBJISIETCS JNETEKTOP IMEPEMEIICHUI,
CMOCOOHBIN U3MEPITh MUKPOCKOMUUECKHUE aMIUINUTY-
JIbl BUOPALIMOHHBIX KOJIEOAHUIN WU JIMHEWHBIX YCKO-
pEHUIA.

Ilvezoaaxempuueckue arxceaepomempot (I19A). dto
HamboJIee IIMPOKO MPUMEHSIEMbIE YCTPOMCTBA MO TEC-
TUPOBAHUIO U U3MEPEHUSIM CWJIbl AaBieHus, aedop-
Maluu, yckopeHus [4, 7].

OQHUM U3 OCHOBHBIX 3JIEMEHTOB MbE303JIEKTPUYE-
CKOIro akcejepoMeTpa SIBISIETCS UCK, W3TOTOBJIEH-
HBII U3 MbE303JIEKTPUYECKOr0 MaTepurana Ha OCHOBE
WCKYCCTBEHHO TIOJISIpU30BaHHON (heppolieKTpude-
CKOl KepaMuKM. [IMCK COBMEIIEH C MHEePLMOHHONI
Maccoit. Ha kaxaoii cTopoHe IucKa paciojiokKeHOo 110
OIHOMY 3JIEKTPOLY, C ITOMOIIBIO KOTOPBIX OCYILECTB-
JISIeTCS DJIEKTPUYECKUI KOHTAKT MbE303JIEMEHTAa C
3JIEKTPOHHBIM OJ10KOoM. IToa neiicTBreM CUIT pacTsixke-
HUS, CKaTUsl WK CABUTa MbE303JEKTPUYECKUIN MaTe-
puasl TeHEpUPYET Ha 3JIEKTPOAAX INEKTPUUYECKUU 3a-
P, TIPOTIOPLUIMOHAIIBLHBIA BO3IEHCTBYIOLLECHA CUJIE.

ITbe30371EKTPUUYECKOMY aKCEIEPOMETPY HE TPeOy-
€TCSl UCTOYHUK MUTaHUS, TOCKOJbKY 2JIEKTPUIECKUIA
CUTHAJI TOSBJSETCS TION NEWCTBUEM BO3IEUCTBYIO-
LIMX HA IMbe303JIEMEHT CUJI, IPOIMOPILUMOHANBLHBIX Me-
XaHUYECKUM KojieoaHusiM. OTCYyTCTBME KOHTAKTa dJie-
MEHTOB KOHCTPYKIIUY C BHEIIHUM OOBEKTOM CYIIIE-
CTBEHHO TIOBBIILIAET AOJTOBEYHOCTb M HaJeXKHOCTh
MbE303JIEKTPUUYECKUX aKcenepoMeTpoB. Ha puc. 6 cxe-
MaTUYECKM TMOKA3aH MPUHLUI PAOOTHI MbE302JIEKTPU-
YECKOIo CeHcopa.

ITon Bo3aeiicTBMEM JaBiieHUS Tpy3uKa (MHEPIIUOH -
Has Macca) Ha Mbe303JIEMEHT MOSIBISIeTCSl TOK. 3Has
CUJIy, C KOTOPOM TPYy3WK JABUT HA 3JIEMEHT, MOXHO
paccuuTaTb YCKOPEHMUE.

[IDA paboTaroT B IIMUPOKOM OMAMNa30HE YacTOT
(ot Heckoabkux repu g0 30 k') 1 UMET pasauy-
HYI0 YYBCTBUTEJbHOCTb, MAaccy, pa3Mepbl U (Gopmy.
ITpy HaJIMYKUKM UHTETPATbHBIX MPEAYCUTUTENEN B JIU-
HWIO TTUTAHUS TOCTYNAET BBIXOAHOU CHUTHAT B BUIE
MOJYJIMPOBAHHOTO HAampsbkeHus. Takue akcenepoMer-
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Puc. 6. Cxema padoThl nbe303JIEKTPHYECKOro akcenepomerpa [6]
Fig. 6. Circuit of operation of the piezoelectric accelerometer [6]

pBI TIpenHa3HAYeHBI IJI1 U3MEepeHUs BUOpaluii B Ma-
JlorabapuTHBIX CTPYKTypax. Beicokasi BbIXOAHAs UyB-
CTBUTEJBHOCTb, BHICOKOE OTHOIIEHWE CUTHAJ/IIYM U
LIMPOKasl MoJioca MPOMYCKaHMSI MO3BOJISIIOT UCITOJb-
30BaTh MX KaK YCTPOMCTBA 00IIIeTO HAa3HAYEHUSI, a TaK-
e IS U3BMepeHMsT BBICOKOYaCTOTHBIX BUuOpanmii [11].

Heckonbko orpaHuyeHHOEe TMPUMEHEHUE MMEIOT
IUIEHOYHbIE MbE302JIEKTPUUECKUE NaTYUKU YCKOpe-
Hus [12]. OHM UBrOTaBJIMBAIOTCSI HA OCHOBE MHOTIO-
CJIIOMHOW TBE30RIEKTPUYECKON TTOJIMMEPHON TUICHKU.
MHorocoitHas MjieHKa pacrnoyioXeHa Ha MOMJIOXKKe
U3 OKCHuAa aJlOMUHMSI, K KOTOPOH MpucOoeIrHeHa
WHEePLUMOHHAs Macca, U3rOTOBJIEHHAsI U3 TOPOIIKO-
Boro Merajija. B pesynbrare M3MeHEHUsS CKOPOCTU
JIBUXKEHUS JaTyvkKa M NEeMCTBUS MHEPIIMOHHBIX CHUJ
MpoucxoauT aecdopmMalivsl TieHKu. Benenctsue nbe3o-
a(pdexTa BO3HUMKAET pa3HOCTb ITOTEHIIMAJIOB Ha TIpa-
HUILIaX CJI0eB IJIEHKHU, 3aBUCIIAs OT yckopeHus. YyB-
CTBUTEJbHBIN 3JEMEHT AaT4yhKa OO0JamaeT BBICOKUM
BBIXOAHBIM COIPOTUBJIEHHUEM, IMO3TOMY Ha IOMIOXKKE
UMeeTCs MOJIEBOI TPaH3UCTOP C MaJIbIM TOKOM 3aTBO-
pa, KOTOpbI MpeAcTaBisieT coO0i yCUIUTENb HAIMps-
KeHusl. B pesynbTaTe MOKHO U3MEPSITh IIepeMEeHHbIE
YCKOPEHUSI CO CPaBHUTEIbHO HU3KOM yacToToit. Ilpu
CEepUITHOM MPOU3BOACTBE MJIEHOYHbIE JATYMKU UMEIOT
TLIOXYIO0 BOCIIPOU3BOAMMOCTb XapaKTEPUCTUK, a TAKXKE
BBICOKYIO UYYBCTBUTEIBHOCTb K M3MEHEHUIO TeMIIepa-
Typbl U naBieHus. IlocTosTHHBIE YCKOpEHMST U Tpa-
BUTALIMOHHbIE CUJIbI OHU KOHTPOJUPOBATh HE MOTYT.
C nomouplo IJIEHOYHBIX JAaTYMKOB MOXHO KOHTPO-
JIMPOBATh TOJBKO CXeMbI YIIPaBJIEHUSI HaTyBHBIMU MO~
nymkamu 6e3onacHocTu [13].

Tenzopesucmusnsie (nveszopezucmuenoie) akceaepo-
mempot (TPA). Tlpoliecc M3roToBlIeHUS TEH30pPE3U-
CTUBHOM CTPYKTYpbl OCHOBaH Ha TEXHOJOTUSIX 00b-
€MHOM KpeMHUEeBON MUKPOMEXaHUKW U METOAaX TOH-
KOIUIEHOYHOI MeTa/uin3auuu ((hopMupoBaHUE KOH-
TaKTHBIX TUIOIIAM0K M 3JEKTPUUYECKON B3aUMOCBSI3U
MoBepxHoCTel B Kpuctasuie). CBoiicTBa KpeMHUs obec-
MEeYUBalOT BBICOKYIO PE30HAHCHYIO YacTOTy IMOpsiaKa
10 xT'u, onpenensolIy0 paboYy0 YaCTOTHYIO I10JIOCY
U JMHaAMUYecKue xapakTepucTuku. K apyrum mocro-
MHCTBaM JAaTYMKOB OTHOCSITCSI OOJIbLINE AMILIUTYAbI
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curHana (mopsiaka 50...100 MB Ha BeIxome cxeMbl 00-
paboOTKM MOCTOBOI'O CUTHaa), BhICOKAsSl TMHEHHOCTD,
MaJible pa3Mep u Macca [14].

Ha puc. 7 n3o0paxeH oOLIMii BUa, akceJiepoMeTpa
TPA. 1151 uaMepeHUs1 yCKOPEHUS UCTIOJIb3YeTCsl U3ruo
I GYy3MOHHBIX KPEMHHMEBBIX PE3UCTOPOB, KOTOpPHIE
MPUCOCTMHEHBI K KPEMHUEBBIM KOHCOJBbHBIM OajKaMm,
MOJIEPXKUBAIOIIUM UHEPLIMOHHYIO Maccy. YCKOpeHre
WHEPLIMOHHOM MAacchl BbI3bIBAaeT U3TUO 0anoK, KOTO-
pble U3MEHSIIOT CONPOTUBJIEHUE PE3UCTOPOB, CO3/1aBast
pa3zbanaHCUPOBKY MocTa YuUTcToHa. B cxemy mocTta
BKJIIOUE€HBI U3MEPUTENIM HAIPSIKEHUsI, KOTOpbIe pea-
TUPYIOT Ha CTaTUYECKOE YCKOpEeHHe.

TPA nMeloT HU3KYI0 YYBCTBUTEJIbHOCTD, TIO3TOMY
WCMOJB3YIOTCS JJIs1 M3MEPEHUST KPaTKOBPEMEHHbBIX
YIAApHBIX BO3IECHACTBUMI, MEPEMEILICHNS, HU3KOYAaCTOT-
HbIX BuUOpauuii. HekoTopble u3nenust BbIACPXKUBAIOT
neperpy3Ky, pasHyio 10 000 g. TPA dyHKimoHupyior B
IIMPOKOM MOJIoce YacToT (OT HECKOJIBKUX COTEH Tepll
1o 6onee 130 xI'mx), mpu 5TOM UX aMILIUTYIHO-4aCTOT-
Hag xapakTtepuctuka (AYX) moxeT HaunHaThest oT 0 I'1x
WJIM OCTaBaThCsl HEU3MEHHOM, UTO MO3BOJISIET U3MEPSITh
CUTHAaJIbl YCKOPEHMST OONbIION MPOAOKUTETLHOCTH.

M3sroroBieHre BceX KOMIIOHEHTOB JaTUMKa Ha Ofl-
HOM KPEMHUEBOM KpUCTaJljle TO3BOJISIET peaan30BaTh
HaEeXHYIO 1 MMPOYHYI0 MEXaHUYECKYI0 KOHCTPYKIIUIO.
Korna yckopeHue aeiicTByeT Ha UyBCTBUTEIbHYIO OCh,
WHEpLIMOHHAsl Macca MOBOpPaYMBaeTCs BOKPYT MOBE-
ca. [Ipu 3TOM OAMH U3 TEH30PE3UCTOPOB UCIIBITHIBAET
cxkaTue, a BTopoil — pactsokeHue. ITocKoabKy TeH30-
JaTYMKU UMEIOT HEeOOJIbIIYIO IJIMHY, TO JaxXe MajleHb-
Kye TepeMelleHUs] BbI3bIBAIOT OOJIbIIME M3MEHEHMUS
cornpotusieHus [15].

B oTiinuue ot nbe3o3aeKTpuyeckux AaTuyukoB TPA
pearupyioT U Ha CTaTM4YecKHhe YCKOpeHHUs (3TO Imac-
CHBHBIE YCTPONMCTBA), HO YyBCTBUTEIbHBI K yIapaM U
MEXaHUYECKUM BO3ACHCTBUSIM (JIErKO pa3pylLIaloTcs).
PaGounii TemmeparypHblii Auana3oH YCTPOMCTB CO-
crapnser —54...+121 °C.

Puc. 7. Ten3ope3ucTHBHBIA aKcerepoMeTp: / — KpeMHMEBasl CTPYK-
Typa ¢ KOHCOJIbHBIMM 0ajikaMu; 2 — OCHOBaHUe; 3 — MHEPLIMOHHAsI
macca; 4 — nsrudaemMbie KpEMHUEBBIE PE3UCTOPHI; 5 — COeTUHEHHNE
pE3UCTOPOB B MOCT YHUTCTOHA [5]

Fig. 7. Tensoresistive accelerometer: 1 — silicon structure with console
beams; 2 — base; 3 — inertial mass; 4 — bending silicon resistors; 5 —
connection of the resistors to the Wheatstone bridge [5]




TeH30pe3nCTUBHBIE TATYMKU MOTYT COAEpXKaTb
BCTPOEHHBIE CXEMBI, HAIIpUMEDP, TOJCTOIIEHOUHbIE —
JUISL Jla3epHOM MOATOHKW YYBCTBMTEJbHOCTH, TEMIIE-
paTypHOii KOMIMEHCAllM1 YCTPONCTBA.

Emrxocmnuuie axceaepomemput (EA). EMxocTHOIT nat-
YUK (CEHCOp) YCKOPEHWM COCTOUT U3 JABYX IUIACTHH:
CTAalLlMOHAPHOM, COEAMHEHHOM C KOPIIyCOM, U BTOPOM
IJIACTMHBI, CBOOOIHO MepeMelIalolieiicss BHyTPU KOp-
nyca, K KOTOpOi NmoacoeAuHeHa MHEePIIMOHHAsT Macca
(puc. 8). DTU MJACTUHBI COCTaBJISIOT KOHIEHCATOp,
€MKOCTb KOTOPOTO 3aBUCHUT OT PACCTOSHUS MEXITY HU-
MM, a 3HAYUT, U OT YCKOPEHUS ABUKEHMS DATYMKA.
MakcumaiabHoe TepeMellieHue, orpeaeisieMoe eMKO-
CTHBIM aKCeJIepOMETPOM, pelKo MpeBbiliaeT 20 MKM.
Takue paTyvku HYXAAalOTCS B KOMIEHcalUuu apeiida
pa3IMYHBIX MMapaMeTPOB, a TaKXe B MOJABJICHUU BCe-
BO3MOXHBIX TIoMmeX. [Toaromy EA nmeroT nuddepeH-
LIMAJIBHYIO CTPYKTYPY, [JIsl YETO B UX COCTAaB BBOIMUTCS
JIOMOJTHUATEIbHBI KOHAEHCATOP, €MKOCThb KOTOPOTO
JIOJIKHA OBITh 0J1M3Ka K €MKOCTA OCHOBHOTO KOHAEH-
caropa. B aToM ciiyyae HampsikKeHMs Ha KOHASHCATO-
pbI oxalorcs co casurom ¢as 180°. Tlpu aTom ycko-
peHue naruyvka OydeT MPONmOpPUMOHATbHO PasHOCTU
3HAYEHNI eMKOCTell KoHaeHcaTopoB [16].

Kpome Toro, BBIXOAHOI CUTHAJ akcesiepoMeTpa 3a-
BHUCHUT OT TEMIIEpaTyphbl X pacCOIIACOBAaHUS eMKOCTEM
KoHAeHcaTopoB. [1oaToMy pekoMeHIyeTcs TPOBOIUTD
KaJMOPOBKY CEHCOPOB BO BCEM TeMIIEpaTypHOM JAua-
Ma3oHe 1 OCYLIECTBJISATbh COOTBETCTBYIOLIYIO KOPPEK-
M0 BBIXOMHOTO CHMTHAja B TIpOllecCe M3MEPEHMIA.
Hpyrum 3EeKTUBHBIM CHOCOOOM ITOBBILLIEHUS CTa-
OMJILHOCTH YCTPOMCTBa SIBJISIETCS pa3paboTKa cucTe-
Mbl CaMOKaJIMOPOBKU, MO3BOJSIOLIEH KOMIEHCHUPO-
BaTh BIMSIHUE 3JIEKTPOCTATUISCKUX CUJI, BOZHHKAO-
IIHX, €CJIM Ha BEPXHIOK KPBILIKY WJIX HAa OCHOBaHMUE
MoAaeTCsl BHICOKOE HampsKEeHMeE.

AKceiepoMeTphl OTHOCSITCSI K YCTPOMCTBAM, M3rO-
TOBJICHHbIM C TPUMEHEHUEM HOBEUILMX TEXHOJOTHH.
AYX TaKk Xe, KaK M Y TeH30pe3UCTUBHBIX aKCeJIepOMET-
poB, HaunHaeTca oT 0 I'm. EA mMeloT BBICOKYIO YyBCT-
BUTEJIBHOCTb, Y3KYI0 mojiocy mpomyckaHus 3...5000 I'ig
1 BBICOKYIO TeMIIepaTypHy10 cTabuibHOCTb. [lorpem-
HOCTb UYBCTBUTEJBHOCTU B AMana3oHe pabodyux TeM-
repatyp g0 180 °C He mpeBbiaeT 1,5 %. YcrpoiictBa
HCTIONB3YIOTCS IS U3MEePEeHNIT HU3KOYACTOTHBIX BUO-
pauuii, OBVXKEHWS M YCTAaHOBUBIIETOCS YCKOPEHMUS.
EMKocTHOIT MeToa mpeobpa3oBaHUsl MepeMelleHUil B
BJIEKTPUUECKUI CUTHAJ SIBJIIETCS CaMbIM ITPOBEPEH-
HBIM M HanexXHbIM [17].

Hapsiny ¢ MoCTOSIHHOM €MKOCTBhIO LIMPOKOE MpU-
MEHEHME HAIlUIK U aKCeJIePOMETPHI ¢ TIEPEMEHHOM eM-
KOCTBIO.

B akcenmepomeTpax IepeMeHHONM €MKOCTH HMMEIO-
IIUICS MUKPOAATYMK MEPEMEHHON €MKOCTU CO3/IaeT
€MKOCTHOE YCTPONCTBO C MapasuleIbHbIM pacrojioxe-
HUEeM IUIacTUH. B pe3ynbTaTe monydaeTcs AaTYUK C pe-
aKkIMell Ha BXOMHBIE YCKOPEHMSI IMOCTOSHHOTO TOKa,
CO CTaOMJIBbHOM XapaKTepPUCTUKON IeMIpupoBaHUsI,
KOTOpas yJaydiiaeT YaCTOTHYIO XapaKTepUCTUKY, CIO-
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Puc. 8. EMxocTHOii akcenepomerp ¢ nuddepeHuuanbHbIM KOHIEH-
€aToOpoM: @ — MOTMEPEYHOE CEUCHUE aKCeIePOMETPa; b — BUA CBEPXY
Ha WHEPIMOHHYI0 MaccCy, TIOICPKUBAEMYIO0 YETBIPbMSI KpEeMHUE-
BbIMM TpyxXuHamu [13]

Fig. 8. Capacitive accelerometer with a differential condenser: a — cross-
section of the accelerometer; b — top view of the inertial mass supported
by four silicon springs [13]

COOHYIO C JOCTaTOYHOM MPOYHOCTHIO MPOTHUBOCTOSITH
BBICOKMM YyIAapHbIM M YCKOPUTEJIbHBIM Harpy3Kam.
DT aKceslepoOMeTPbl UAeaTbHO MOAXOIST IJIs1 U3MEpPE-
HUS IIepeMelleHMII M HU3KOYaCTOTHBIX BUOpaluil 1
MpeIHAa3HAYEHBI U1l UCIOJb30BaHUS B TaKUX obJsac-
TSIX, KAK KOHTPOJIb TPAeKTOPUU, OLIEHKA KOHCTPYKLIUU
caMoJjieTa/aBTOMOOWIISI, MCITBITAHUS Ha (aTTep, MC-
MObITAaHKUE TTOABECOK M TOPMO30B aBToMOOMIs [18].
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s u3aMepeHust mepeMeleHrii, HU3KOYaCTOTHBIX
BUOpAIIUii, OLICHKW KOHCTPYKIIUU cCamMoJieTa, aBTOMO-
OMJIST, MCITBITAHUS TTOIBECOK, TOPMO30B UCTIONB3YETCST
aKceJepoMeTp MepPeMEeHHON eMKOCTH. AKCelepoMeTp
MMEET BBICOKYIO YACTOTHYIO XapaKTepUCTHKY U CITOCO-
OcH MPOTHMBOCTOSATh BBICOKUM YIAPHBIM M YCKOPU-
TeJTbHBIM Harpy3Kam.

B pabore [19] pa3paboraH akcenepoMeTp MasiTHU-
KoBOTO THma. JlaHHass KOHCTPYKLIMST OTKPHIBACT IIM-
pOKMe BO3MOXHOCTU IIPU M3roToBjieHUM YD u TOp-
cUOHOB. PacueT TOPCMOHOB pa3NUYHON KOHGUrypa-
Y TIPOBOIWIICS METOAOM KOMITBIOTEPHOTO MO -
pOBaHMUSA C TIOMOIIBI0O MeTOAa KOHEYHBIX 3JIEMEHTOB
ANSYS. UD mpexacrasisieT coboil masaTHUK (diia-
’KOK),KOTOpPbIi aCMMMETPUYHO TOABEIIEH Ha ABYX
yIpyrux Oankax (TopcmoHax) K pamke. Jlist pacuera
KOHCTPYKIIUM OBUIO BBIOPAHO Pa3TMYHOE CEUCHUE TOP-
CHOHOB — KpPecToOoOpa3HOe, KPYIIoe W MPSIMOYTOJIb-
Hoe. B pesyibTaTe pacyeToB 0Ka3ajoch, YTO HAUMEHb-
1Iee MexaHMYeckoe HarpsokeHUue MpU BO3NEHCTBUU
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Puc. 9. UyBCTBHTE/IbHDIA 3JEMEHT aKCeJepoMeTpa MAsSTHUKOBOIO
THNA: | — Hecyluas pamka; 2 — KapKacHasl paMka; 3 — yIpyrue moj-
BEChl; 4 — MasITHUK; 5 — CKBO3HbIC OTBEPCTHS; 6 — IUIOLIAAKA TSI
COEIMHEHUs C HEMOABIIKHBIMU OOKJIagKaMM JaT4ynka;, 7 — KOH-
cosibHas1 Oajnka [18]

Fig. 9. Sensitiive element of the accelerometer of the pendulous type: 1 —
bearing framework; 2 — skeleton framework; 3 — elastic suspensions;
4 — pendulum; 5 — through holes; 6 — site for connection with the fixed
facings of the sensor; 7 — console beam [1§]

BHEITHMX CTAaTUYECKWX HArpy30K HMMeEJIU TOPCHUOHBI
KpecToobpa3Horo ceueHusi. TOpCUOH € KpecTooOpas-
HBIM CEUEHMEM CIIOCOOCTBYET 00Jiee BHICOKOM ITOME-
XOYCTOMYMBOCTHM JaTUYMKa IO CPaBHEHUIO C IPYTMMU
CEYCHMSIMMU.

OmHMM M3 BapMaHTOB MAasTHUKOBOTO aKCeJIepo-
MeTpa nmokasaH Ha puc. 9 [16].

YyBCTBUTENBHBIN 3JIEMEHT BBIMIOJIHEH M3 MOHO-
KPUCTAJUIMYECKOTO KPEMHUS U COACPKUT MAsTHUK 4,
COEIMHEHHBIN C MOMOIIbIO YIIPYIUX MoABeCcOB 3 ¢ Kap-
KaCHOM paMKOM 2, KOTOpasl ¢ IIOMOIIbIO KOHCOJIbHOM
Oanku 7 coeluHeHa c Hecyuleid pamkoir /. Pamka [
IUTOIIAKAMU KPETUIeHUs XXeCTKO COeIMHEHA C OCHO-
BaHMEM akcesjepoMeTpa. 3a CUeT BBEACHUS Hecyluen
paMKu I, KoTopasi BMECTO KapKacHOM paMKH 2 XKeCTKO
COEJIMHSETCSI ¢ OCHOBaHMEM, MCKIIIOYAlOTCS KOHTaKT-
Hble HaIpsDKeHUsI B KapKacHOU paMKe 2, BIUSIOLINE
Ha TOYHOCTb Mpudopa.

VYcerpoiicTBo paboraeT cienyiomuyMm odpaszom. Ilpu
JIEUCTBUY YCKOPEHUSI BIOJb OCHU, MEePHEeHINKYISIPHOMI
K TIJIOCKOCTH 4epTexa, MassTHUK 4 MOBOpauYMBaETCs
Ha YToJ, OTIPEEISIEMbIA CBOMCTBAMU yIIPYTUX MOABE-
COB 3 U M3MepsIeMbIM YCKOpPEHUEM, U, U3Mepsis OT-
KJIOHEHVE MasiTHUKa 4, MOXHO CYAUTb O BO3ACHCT-
ByIOIIeM ycKopeHuu [12].

MHorooceBoii MHTerpajbHbIii MUKpOMeXaHUYe-
CKMI1 TYHHEJIBHBIM acKcelepoMeTp ObUI pa3paboTaH
aBTopoM [18]. KoHCTpyKlIMSI COCTOUT U3 IOIIOXKKH,
MojJBeca, MHEPLUATbHON MAacChl, YeThIpeX ITOABMXK-
HbIX aBTOAMUCCUOHHBIX KATOIOB, YEThIPEX HEMOIBUK-
HBIX aHOAOB M YEThIPEX JEKTPOCTATUYECKUX TMPeoO-
pasoBateieil. M3menue mo3BojsieT U3MeEpATh YCKOpe-
HUE ONHOBPEMEHHO B TPEX B3aUMHO MEPNEeHAUKYISIP-
HBIX COCTaBJISTIOIIMX.
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OCHOBHBIMM BUIAMU U3MEPEHUS MapaMeTpOB aK-
ceJlepoMeTpaMu SBJSIOTCS: BUOpauus, ynap, IBUXKe-
Hue (repeMelleHue).

Bubpayus. B nipouiecce KosedaTebHbIX ABUXKEHUN
OTHOCUTEJILHO MOJIOXXEHUS paBHOBecuss YD nmartumka
BUOpupyeT. Bubpauuio usMepsioT B TpaHCIIOPTHOU U
aBUAIIMOHHO-KOCMUWYECKOW TEXHUMKE, a TAKXE B IPO-
MBILIUIEHHOM MPOU3BOACTBe. [lyIsi udmepeHus BuOpa-
LMW MPEANOUYTUTENIbHO TIPUMEHSITh Mbe303JIeKTpruye-
CKME aKCEJIEPOMETPHI, MOCKOJIbKY OHU UMEIOT IIMPO-
KYyI0 YaCTOTHYIO XapaKTE€pPUCTUKY, XOPOIIYI0 YYyBCT-
BUTEJIbHOCTb, BBICOKYIO pa3pellalollylo ClioCOOHOCTb.
B 3aBucuMoCTH OT THIIa BBIXOJHOTO CUTHaja akce-
JIEpOMETPBI MOAPA3AENSAIOT HAa YCTPOMCTBA C 3apsiio-
BbIM BBIXOJIOM M CO BCTPOEHHBIM IpeoOpa3oBaTeieM
CUTHaJIa C BBIXOJOM IO HamnpsikeHuto. s moakiio-
YeHUs akceJepoMeTpa HeoOXOAUM UCTOYHUK ITOCTO-
SIHHOTO TOKa.

M3mepenue BuOpalivii B nuaria3oHe TeMmepaTyp
—55...+125 °C 00BIYHO PEKOMEHAYIOT MCIIOJb30BaTh
MbE30JIEKTPUIECKHE aKCEIEPOMETPHI C BBIXOJOM CHUT-
HaJjla MO0 HaMmpsKEeHUIO.

K npeumyiiiectBam akceaepoMeTpoB C 3apsiIOBbIM
BBIXOJOM OTHOCUTCS BO3MOXHOCTb paboThl MPH BbI-
COKHMX TeMIepaTypax M B IIIMPOKOM [IMAIa30HE am-
IUIMTYJbl, KOTOPBIA OIpeneasieTcss HacTpoiKaMmu
ycuiuTens 3apsga. Pabouuit nuanaszoH TeMmepaTyp
aKCEJIEPOMETPOB C 3apsI0BbIM BBIXOJIOM COCTaBJISIET
—55...+288 °C, a crelimaau3upoBaHHbIE KOMITOHEHTHI
MOIyT paboTaTh B 60jiee 1IMPOKOM Auara3zoHe TeMIie-
patyp: —269...+760 °C [11].

ITpu naMepeHuun BUOpallMM OYEHb MaJlOi YaCTOThI
PEKOMEHYETCS MCIOJIb30BaTh aKCEIEepOMETPhI Nepe-
MeHHO# eMKocTu. Ux AUX u3MeHsieTcsl B [Mana3oHe
0 T'u...xT'n B 3aBUCMMOCTU OT TpeOyeMoii UyBCTBM-
TenbHOCTU. TIpu npoBeaeHuun usmepenuiic HY Buo-
panuii €MKOCTHOM akceaepoMeTp HMMEET 4YyBCTBU-
TelbHOCTh 1 B/g. [IpuMeHsIIoTCS Takue TaTYUKU B aB-
TOTPAHCIIOPTE, NIPU TECTOBBIX UCITBITAHUSX MAallUH U
KOHCTPYKLMI, B CUCTEMaX MOABECKHU, XKeJIe3HOA0POXK-
HOM TpaHCIOPTE.

Yoapnoe yckoperue. YnapHble YCKOPEHUSI BO3HU-
KaoT MpY BHE3aNTHOM B030y:xkaeHuH YD, coznaronm
pe30HaHC, yIapHOM MMIIYJIbCe MTPU B3PBIBE, CTOJIKHO-
BEHUU C APYrUM OOBEKTOM. B 3aBUCHMOCTU OT CUJIbI
yaapa U BbIXOAHBIX JAHHBIX U1 U3MEPEHUST yIapHBIX
YCKOPEHUI UCITOIB3YIOT aKCEJIePOMETPhI 1BYX THIIOB.
[1pu BeIOOpE THUIA aKceldepoMeTpa TpedyeTcsl orpee-
JINTb yIapHOE YCKOpPEeHHEe B COOTBETCTBUU CO CJIEAYIO-
IIUMHU BenmuuHamu [21]:

HU3KWii ypoBeHb < 500 g;

cronkHoBeHue < 2000 g;

omxHss 3oHa > 5000 g, naTYMK HA pacCTOSTHUM MeHee | M oT

TOYKHU yaapa,

e nanbHss 30Ha 500...1000 g, naTyMK Ha pacCTOSIHUM 2 M OT TOUKHU
yaapa

st u3MepeHUsT MaJibIX YIapHbIX YCKOPEHU MOX-
HO HCII0JIb30BaTh aKCEJIEPOMETPHI OOLIEro MpUMeHe-
HUS. AKCEJIEpOMETP NOJKEH UMETh JIMHEWHBIN Auana-
30H 10 500 g U MakCHMMaJbHO JOMYCTUMYIO YIapo-




poyHocTh 500 g. OOBIYHO AJISI 3TOrO MCIIOJb3YIOTCS
JaTYUMKKU C BBIXOJHBIM CHUTHAJIOM I10 HAaIpSIKEHUIO,
MeHee YYBCTBUTEJIbHbIE K BUOpaLvsIM KabeJs. s oc-
JlabJieHnsT pe3oHaHca PEKOMEHIYeTCsl HCIOJIb30BaTh
YCUJIUTENb ¢ (PUABTPOM HUKHUX 4acToT [22].

Pabouwuii nramna3oH akceaepoMeTpoB AJisl U3MEpPEeHU
B OJIMXKHEl 30He MoXeT mocturarh cBeie 20 000 g.
B sToMm ciyyae ncnonn3yroTcs Kak I19A, tak u TPA,
ITOCKOJIBKY BEIOOp 3aBUCHUT OT CHEIIM(UKHN TTPOBOIM-
Moro Tecta. Kak u nmpu uaMepeHUM BUOpaluu, 4ac-
TOTHAsl XapaKTePUCTHKA SBJISIETCA BaKHEHIIIMM Ia-
paMeTpoM MaTIYMKOB YIapPHOTO YCKOPEHUsI, KOTOPBIE
JNOJKHBI paboTaTh B IHMUPOKOM JMamna3zoHe 4acToT
(okono 10 kI'm).

ITocne BeIOOpa akcenepoMeTpa 1M BUJa TeCTUPOBA-
HUSI clieayeT y4ecTb psii Apyrux ¢hakropos. B nepByto
ouepenb, HEOOXOAMMO OOpaTUTh BHUMAaHUE Ha YCJIO-
BUS OKPY>KaIOLIEN CPe/ibl, B KOTOPBIX 3TOT JaTYMK CTa-
HET MUCITOJIb30BaThCs: Ha pabouyto TeMIieparypy, Mak-
CcUMaJIbHbIe 3HAUYEHMSI YCKOPEHUSI U BJIaXHOCTb. s
paboThI JATUMKOB B YCIOBMSAX BIIAXKHOU Cpelbl MPU-
MEHSIIOT KOpIlyca pa3HbIX TUIIOB, 00€CHeYMnBaIOIINX
TepMETUYHOCTh YCTPOMCTB [23].

Hszmepenue osudicenusi, HU3KOYACMOMHOU 8UOPAyUU.
C MOMOIIIBIO 3TUX aKCEJIEPOMETPOB IMPOBOIAT U3MEpPE-
HUE MEJJIEHHBIX MepeMelleHU CO CKOPOCThIO OT JI0-
JIell CEeKyHAbl 1O HECKOJIbKUX MMHYT, Hallpumep, Ie-
peMmellieHrue pyKyu po0OoTa WM MOABECKU aBTOMOOWMIIS
MOCTOB, MOJIOB, CEICMOBUOpALIMU. 3a4aCTyIO0 UCIIOJb-
3YIOT JJIs1 UBMEPEHUSI LIeHTPOOEXKHOM CUJIBI UJIM YCKO-
PEHUI U 3aMeIJIeHUil TTOABEMHBIX YCTPOICTB [24].

B 3TOoM cnyyae ycmenrHo NMpUMEHSIIOT aKcelepo-
METpPHI C TIEPEMEHHOW €MKOCTBIO, C TTOMOIIBI0 KOTO-
PBIX MOXHO M3MEPSITh MEAJIEHHbIE U3MEHEHUS YCKO-
peHUST U HU3KOYACTOTHYIO BMOpaIIMIo, TIpU 3TOM Ha-
6rromaeTces TOCTaTOYHO BBICOKHMI YPOBEHD BHIXOTHOTO
curHaja. 1 oHM oOecreumBaIOT BBICOKYIO CTaOMIIb-
HOCTb B IIMPOKOM AMariazoHe Temneparyp. Takue u3-
MepeHHUsT TPeOYIOT WCIOJB30BaHUS CHEIIUATU3UPO-
BaHHBIX MAaJIOIIYMSIIINX aKCeJIePOMETPOB C BHICOKOM
paspelaplieil CiocoOHOCThIO.

3akmoueHne

AHanu3 nokasajl, YTO 3apyO0eXHbIMU KOMITAHUSIMU
B CO3[IaHUM aKCEJIEPOMETPOB MPEANOUTEHUE OTAAETCS
B OCHOBHOM OBITOBOI TeXHUKe (HOYTOYK, cMapT(dOH,
aBTOMOOUJIbHASI MPOMBIILIEHHOCTh). DTO CBSI3aHO C
TpeOOBaHUSIMU PbIHKA, OBICTPOM OKYIIa€MOCThIO U HE
OYeHb BBICOKMMHU TpeOOBAaHUSMMU K IapamMeTpaM Jart-
yukoB. [IprumMeHeHne ceHCOpoB B OOOPOHHOW TpO-
MBILIJIEHHOCTU, aBUALIMOHHO-KOCMUYECKO TEXHUKE
CBSI3aHO C BBICOKMMHU TpeOOBaHUSIMU K HaJEXKHOCTH,
CTaOWJIBHOCTUA TapaMeTPOB, OOJIBIIMMU 3KOHOMUYE-
CKMMMU 3aTpaTaMU U pabOTOI YCTPOMCTB B XKECTKMX YC-
JIOBUSIX 3KCIUTyaTalluu.

TeH30pe3UCTUBHBIE JATYMKU B HACTOSILEE BpeMs
SBJISIIOTCS Hanbosee BocTpeOoBaHHBIMU MOMC-ak-

ceJepoMeTpaMM, TTOCKOJBbKY OHU O0eCIeunBaloT BbI-
cokue paboume xapakrtepuctuku. HoBble pa3zpaboTku
B JaHHOI 00JIACTM OPUEHTHUPOBAaHbI HA MOBBIIICHUE
I'MOKOCTH TEXHOJIOTUYECKMX IPOLIECCOB U CHUXXEHUE
LICHBI.

Pa3Butne MUKpoakcelrepoMeTpOB HAET I10 ITyTH
TOBBILLIEHUST YYBCTBUTEILHOCTH M HaJeXXHOCTU. B Ha-
CTosIlee BPeMs BCJIEACTBUE BHICOKOM TOUHOCTU U Ha-
JIeKHOCTU IIUPOKO HCIOJIB3YIOTCSI EMKOCTHBIE aKce-
Jnepomerpbl. HabmomaeTcs: TeHAEHLIMS B pa3MelleHUN
MBMC B 0fHOM MHTErpajbHOM KOPITyCE MM Ha Of-
HOM KpHUCTa/Ie MUKPOMEXaHUYECKMX M MUKPO3IJIEK-
TPOHHBIX YCTPOWCTB, JATYMKOB TEMIIEPATYpPHI.

ITokazaHo, 4YTO MPEUMYILIECTBEHHO MPAKTUYECKOE
MpUMEHEHUE aKcesiepoMeTpbl Bce OOJIblIE HAXOAAT
B aBMAlIMOHHO-KOCMMYECKOH TEeXHMKe, Mpubopo-
CTPOEHUU.
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Analytical Research of the Integral MEMS Accelerometers

Development of microelectromechanical systems (MEMS) made it possible to produce many diverse reliable and inexpensive sen-
sors of linear acceleration, which are demanded practically in all the production sectors and in the consumer market. In the process
of perfection of the technologies, improvement of the quality and characteristics of MEMS products they find more and more ap-
plications in the defensive, aerospace, power engineering and other sectors. Notwithstanding the big variety of designs and manu-
facturing technologies of the sensors, the domestic and foreign producers are mostly interested in the capacitive accelerometers be-

cause of their high precision and reliability.

Keywords: MEMS technologies, sensors of linear acceleration, design of sensors

Introduction

Development and manufacture of the integral
MEMS sensors of linear acceleration has been going on
for a rather long time. MEMS devices find their appli-
cations mainly in home appliances (laptops, automo-
biles, etc.). Application of such products in aviation
systems and space technologies is a rather expensive
and complex task. This is connected with the rigid re-
quirements to operation, protection against the aggres-
sive environments and high demands to the products’
precision and reliability.

The accelerometers based on the capacitive method
of transformation of movement found wide applications
as more precise and reliable. The accelerometers can
measure acceleration or vibration in one or simultane-
ously in two and three directions and, depending on the
selected interface, a signal is transformed into an ana-
logue or digital form. Besides, they have a self-testing
function [1].

Analysis of the integral MEMS accelerometers

In their work the authors consider the basic progress
in development of the integral accelerometers of linear
acceleration achieved by the leading foreign companies
and domestic manufacturers.

Colibrys, well-known Swiss company, produces high-
precision MEMS accelerometers. intended for meas-
urement of the parameters of boreholes in the oil and
gas industry, for the aercp space technologies and seis-
mic measurements. The range of the designs of the ac-
celerometers for measurement of the linear accelera-
tions, impacts, vibration and inclinations is rather wide.
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By their design the sensors are devices with a capac-
itive sensitive element (SE) of two capacities with a
common facing located between two plates. The central
facing ensures an elastic suspension of the inertial mass,
which is also the sensor’s electrode. The two other
plates of the condenser are fixed. In case of a deviation
along the axis, perpendicular to the condenser facings,
the middle facing deviates in the direction, opposite to
the movement.

As a result, the capacity of one of the condensers in-
creases, and of the other one decreases. With the help
of capacity of 2% 35 pF SE can transfer a signal to the
electronic unit, which has a protection against a voltage
reduction. The accelerometer can work within the
range of temperatures of —55 up to 125 °C and can
withstand a blow up to 6000 g [1]. Fig. 1 presents Sen-
sor MS8000 from that company.

Silicon Designs Co. (USA) produces sensors of lin-
ear acceleration close by their parameters to those of
Colibrys’. A specific feature of the devices is output of
both analogue and digital signals. The company also
produces three-axis accelerometers.

The leader among the manufactures of MEMS
movement sensors for portable and household elec-
tronics, security and navigation automobile systems, is
STMicroelectronics Co. The accelerometers are used
for measurement of the inclination angles, forces of in-
ertia, shock loadings, and vibrations. High adaptability
to manufacture, repeatability and functionality of the
sensors are reached due to the accurately developed and
controlled uniform processes, possibility of manufac-
ture of sensors (SE and electronic units) in one device
(fig. 2). The company produces sensors on the basis of




200-mm silicon plates, which makes it possible to lower
the costs in comparison with the competitors. Also suc-
cessful is manufacture of MEMS on a polycrystalline
silicon [2].

Among the leading manufacturers of the accelerom-
eters it is necessary to mention Freescale Semiconduc-
tor Co. with a 30-year operational experience in this ar-
ea [3]. The company produces over 50 names of the
sensors of linear acceleration. It developed and operates
successfully the double-axis and triple-axis capacitive
accelerometers with an expanded range of movement,
envisaging also a self-testing function. Judging by its
developments, the company produces 10-, 12- and
14-digit accelerometers with insignificant energy con-
sumption. With a view to achieve an ultralow energy
consumption it developed devices with six repro-
grammed modes with the frequency of measurements
within the range of 1,5...800 Hz and a control circuit
envisaging four modes. This made it possible to meas-
ure the ultralow accelerations. The embedded functions
of digital signal processing facilitate measurements of
shocks, vibrations, movements and inclinations [4].

Manufacture of the piezoelectric/film, piezoresistive
accelerometers is specialization of Measurement Spe-
cialties Co. The design of SE consists of two kinds of
sensors: bridge and cantilever ones [5]. Both designs
have a three-layer silicon structure. The difference in
the designs is in the sensitive layer deposited on a mon-
olithic substrate. It consists of a silicon framework, to
which by means of microbeams the inertial mass is fas-
tened. On each microbeam there are two piezoresistors.
For measurement of characteristics of the piezoresistors
a Wheatstone bridge is used. Fig. 3 presents the view of
SE of a bridge type.

In the second design of the sensor [5] the inertial
mass is fastened to the silicon framework with a canti-
lever. One piezoresistor is located on the cantilever.
The most important feature of the accelerometers from
the given company is their self-control function. First-
ly, this allows to make sure that the accelerometer is
ready for operation and that the inertia mass can move.
Secondly, by means of the electrostatic force it is pos-
sible to control the deviations of the inertial mass. The
accelerometers from the company find their applica-
tions in the areas, where a constant control of the level
of vibrations and noise [6] is required.

Fig. 4 presents a cross-section of SE of the cantilever
design of the piezoresistive accelerometer.

Bosch Co. used the surface microelectromechanical
technology for development of the capacitive MEMS
devices with an increased functionality. Polysilicon
10-micrometer layers are applied for formation of the
mobile part of the structure of the accelerometer. Bi-
axial and triaxial accelerometers with high characteris-
tics, increased reliability and small energy consumption
are used. Fig. 5 presents arrangement of SE of two
kinds — in the horizontal and vertical planes [7].

The technologies and productions of the sensors of
linear acceleration of the domestic manufacturers are

not less successful (Avant-guard Co., MIET, etc). MIET
employees successfully developed and manufactured
the accelerometers, the parameters of which are pre-
sented lower.

Main parameters of the accelerometers

Measurement range, g . . ... ... ...... +0,2,+1,2, 5, 10,
+50, £100, £200

Nonlinearity, %. ... ............... Upto 0,5

Spectral density of the noise power,

g/HzZV2 1073..1073

Drift of the zero signal in the range of the

working temperatures, g . . ... ........ 0,005...0,1

Range of the working temperatures, °C .. —40...+85

On the basis of these accelerometers the inclinom-
eters with the characteristics, presented lower, were de-
veloped [8].

Main parameters of inclinometers [9, 26]

Measurement range, g . . . .. ... ... ... +5, £10, £90, £180
Nonlinearity, % . ................. Not more than 1,0
Sensitivity, ". ... .. ... ... ... Up to 30

Range of the working temperatures, °C .. —40...2£85, —35...£70

The research institute of physical measurements [9]
developed and now delivers the capacitive accelerom-
eters. SE is a microcondenser, the mobile facing of
which is made by anisotropic chemical etching of a sil-
icon plate. Its fixed facing is made by deposition of a
metal on glass. Both plates are connected by electro-
static welding. For manufacture of the accelerometers
the achievements of the technologies of the volume mi-
cromechanics and thin films are used.

Operation of the sensors revealed the effect of stick-
ing of the mobile plates of the condenser to one of the
fixed plates. The problem arises, when the power supply
voltage is turned on, or under the impact of an accel-
eration, which exceeds the range of measurements.

The inertial navigation systems allow us to define in-
dependently the location and orientation of the mobile
objects without any external sources of information.
Application of hitech sensors made by MEMS technol-
ogies in such systems ensures an increase of reliability
and a decrease in dimensions and weight of the onboard
navigation equipment, reduction of costs for its devel-
opment and manufacture, and consequently, of the
costs of the systems. The inertial sensors from Sensonor
and Colibrys companies are a good example of imple-
mentation of MEMS technologies in the devices, able
to work in the conditions of high demands to their
characteristics, and in various tough markets, such as
the power engineering, defense, aerospace, industrial
and instrument-making sectors.

Design and manufacture features of the sensors
of linear acceleration

A major direction of progress is development and
manufacture of the microelectronic sensors of linear
acceleration on the basis of integration of the technol-
ogy of microelectronics and micromechanics.

For measurement of the parameters with the help of
the accelerometers the following designs and techno-
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logies are used: piezoelectric, tensometric (piezoelec-
tric), thermal, optical, laser, etc.

Let us consider the most applicable accelerometers —
the piezoelectric, tensoresistive and capacitive ones.

As is known, one of the basic design parts of the ac-
celerometers is SE. It includes the inertial mass, the
movement of which lags behind the movement of the
body. Irrespective of the design of an acceleration sen-
sor, its main aim is transformation of the movement of
this mass in relation to the body of the device into a
proportional electric signal. Therefore, another compo-
nent of the accelerometers is the detector of move-
ments, capable to measure the microscopic amplitudes
of the vibration fluctuations or linear accelerations.

Piezoelectric accelerometers (PEA). These are the
most widely applied devices for testing and measure-
ment of the force of pressure, deformation and accel-
eration [4].

One of their basic [7] elements is a disk from a pie-
zoelectric material on the basis of the artificially polar-
ized ferroelectric ceramics. The disk is combined with
the inertial mass. On each side of it there is one elec-
trode, by means of which the piezoelement has an elec-
tric contact with the electronic unit. Under the influ-
ence of the forces of stretching, compression or shift the
piezoelectric material generates on the electrodes an
electric charge, proportional to the influencing force.

The piezoelectric accelerometer does not require a
power supply, because a signal appears under the im-
pact of the forces, the influence of which on the pie-
zoelements is proportional to the mechanical fluctua-
tions. Absence of a contact of the elements of the design
with the external objects improves essentially the dura-
bility and reliability of the piezoelectric accelerometers.
Fig. 6 demonstrates the working principle of a piezo-
electric sensor. Under the influence of pressure of a
weight (the inertial mass) on a piezoelement a current
appears. Knowing the force, with which the weight
presses on the element, it is possible to calculate the ac-
celeration.

PEA work in a wide range of frequencies (from sev-
eral hertz up to 30 kHz) and have various sensitivity,
weight, dimensions and forms. If integral preamplifiers
are present, the output signal in the form of the mod-
ulated voltage comes to the supply line. Such acceler-
ometers are intended for measurement of vibrations in
small-sized structures. Their high output sensitivity,
high signal/noise relation and a wide pass-band allow us
to use them as general purpose devices, and also for
measurement of high-frequency vibrations [11].

Film piezoelectric sensors of acceleration [12] have
somewhat limited applications. They are produced on
the basis of a multilayer piezoelectric polymer film,
placed on a substrate from aluminum oxide, to which
the inertia mass made from a powder metal is connect-
ed. As a result of the change of speed of movement of
a sensor and of the inertial forces certain film defects
occur. Owing to the piezoelectric effect there is a po-
tential difference on borders of the layers of the film,
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depending on acceleration. SE of the sensor possesses
high output resistance, therefore on the substrate there
is a field transistor with a small current of the gate,
which is the voltage amplifier. As a result it is possible
to measure variable accelerations with a relatively low
frequency. During manufacture the film sensors have
bad reproducibility of their characteristics, and high
sensitivity to the changes of temperature and pressure.
They cannot control constant accelerations and gravi-
tational forces. With their help it is possible only to
control the circuits of the inflatable safety pillows [13].

Tensoresistive (piezoresistive) accelerometers (TRA).
The manufacturing process of the tensoresistive struc-
tures is based on the volume silicon micromechanics
and thin-film metallization (formation of contact plat-
forms and electric interrelation of the surfaces in a crys-
tal). Properties of silicon ensure a high resonant fre-
quency of about 10 kHz, which determines the working
frequency band and the dynamic characteristics.
Among other advantages of the sensors are big signal
amplitudes (about 50...100 mV at the output of the cir-
cuit for processing of the bridge signal), high linearity,
small size and weight [14]. Fig. 7 presents a TRA ac-
celerometer. For measurement of accelerations a bend
of the diffusion silicon resistors is used, which are at-
tached to the console beams supporting the inertial
mass. Acceleration of the inertial mass causes a bend of
the beams, which change the resistance of the resistors,
causing a disbalance of the Wheatstone bridge. The cir-
cuit of the bridge includes the voltage measuring instru-
ments, which react to the static acceleration. TRA have
low sensitivity, therefore they are used for measurement
of the short-term shock influences, movements and
low-frequency vibrations. Some products withstand
overloads equal to 10 000 g. TRA function in a wide
band of frequencies (from hundreds of hertz up to over
130 kHz), at that, their amplitude-frequency charac-
teristic (AFC) can start from 0 Hz or remain invariable,
which allows us to measure signals of acceleration of
long duration. Manufacture of a sensor on one silicon
crystal makes it possible to realize a reliable and strong
mechanical design. When acceleration influences the
sensitive axis, the inertial mass turns around the suspen-
sion. At that, one of the resistive-strain sensors experi-
ences compression, and the second — stretching. Since
the strain sensors have small length, even small move-
ments cause big changes in resistance [15].

Unlike piezoelectric sensors, TRA react also to the
static accelerations (these are passive devices), but are
sensitive to shocks and mechanical influences (collapse
easily). The working temperature range of the devices is
—54...+121 °C. The tensoresistive sensors may contain
embedded circuits, for example, thick-film ones, for
the laser adjustment of sensitivity and temperature
compensation of the device.

Capacitive accelerometers (CA). The capacitive sen-
sor of accelerations consists of two plates: stationary,
connected to the case, and a plate, freely moving within
the case, to which the inertial mass (fig. 8) is connected.




These plates form a condenser, the capacity of which
depends on the distance between them and on the ac-
celeration of movement of the sensor. The maximal
movement, which can be determined by the capacitive
accelerometer, seldom exceeds 20 um. Such sensors re-
quire a compensation for the drift of various parame-
ters, and also suppression of all kinds of hindrances.
Therefore, CA have a differential structure, for which
an additional condenser is included into their structure,
the capacity of which is close to the capacity of the
main one. In this case the voltages to the condensers are
supplied with phase shift of 180°. At that, the sensor ac-
celeration is proportional to the differences of the val-
ues of the capacities of the condensers [16]. Besides, the
output signal of the accelerometer depends on the tem-
perature and mismatch of the capacities of the con-
densers. Therefore it is recommended to implement
calibration of the sensors in all the temperature range
and to carry out a correction of the output signal during
measurements. Another effective way to increase the
stability of the device is development of a system for
self-calibration, allowing to compensate for the influ-
ence of the electrostatic forces, which arise, if high volt-
age is supplied to the top cover or to the basis.

Accelerometers are among the newest devices. Their
AFC, just like that of the tensoresistive accelerometers,
begins from 0 Hz. CA have high sensitivity, narrow
transmission band (3...5000 Hz) and high temperature
stability. Sensibility error within the range of tempera-
tures up to 180 °C does not exceed 1,5 %. The devices
are used for measurement of low-frequency vibrations,
movement and steady-state acceleration. The capacitive
method of transformation of movements into an elec-
tric signal is the most proved and reliable method [17].

Alongside with the constant capacity accelerome-
ters, the accelerometers with variable capacity also find
wide applications. In them the embedded microsensor
of variable capacity creates a capacitor device with a
parallel arrangement of the plates. As a result we get a
sensor with reaction to the input accelerations of the di-
rect current and with a stable damping characteristic,
which improves the frequency characteristic, capable to
withstand strong shocks and acceleration loads. These
accelerometers are ideal for measurement of move-
ments and low-frequency vibrations and are intended
for control of trajectories, estimation of plane/car de-
signs, flutter tests, tests of suspensions and brakes of
cars [18].

Technical characteristics
of the capacitive three-axial accelerometer

Powersupply, V... .............. 3,3

Range of measurements, g . ........ +6

ADC resolution, bit. . ... ......... 12

AEC-Q ... ... ... ... .. Fully compatible
Maximal shock, kg .. ............ 20

Working temperature, °C.......... —40...+125
Transmission band, Hz ... ........ 145...50
Dimensions, mm. . . ............. 47,7%8,6%3,3

With 2- and 1-axial
sensors of a similar type

Compatibility . . ................

For measurement of movements, low-frequency vi-
brations, estimation of the designs of planes and cars,
for test of the suspensions and brakes the accelerome-
ters of the variable capacity are used. These accelerom-
eters have a high frequency characteristics and can
withstand high shocks and acceleration loads.

In [19] they developed an accelerometer of a pen-
dulous type. The design opens new opportunities for
manufacture of SE and torsions. Calculation of torsions
of various configurations is done by means of computer
modeling and ANSYS method of final elements. SE is
a pendulum (tag), which is dissymmetrically suspended
on two elastic beams (torsions) under a framework. For
design calculation various sections of torsions were se-
lected — cross-shaped, round and rectangular sections.
As a result, it turned out, that the least mechanical ten-
sions under the influence of the external static loads
were in case of the cross-shaped torsions. The cross-
shaped torsions ensure higher noise immunity of the
sensors in comparison with the other sections. One of
the versions of the accelerometers is shown in fig. 9.

SE is made from monocrystal silicon and contains
[16] pendulum 4 connected by means of elastic sus-
pensions 3 with the framework 2, which by means of
console beam 7is connected to the bearing framework 1.
Framework 1 is rigidly connected by the fastening plat-
forms to the basis of the accelerometer. Due to intro-
duction of the bearing framework I, which instead of
the skeleton framework 2 is rigidly connected to the ba-
sis, the contact stresses in the skeleton framework 2, in-
fluencing the accuracy of the device, are excluded. The
device works as follows. Under action of acceleration
along the axis, perpendicular to the plane of the draw-
ing, pendulum 4 turns by the angle, defined by the
properties of the elastic suspensions 3 and the meas-
ured acceleration. By measuring the deviation of pen-
dulum 4 it is possible to judge about the influencing ac-
celeration [12].

A multiaxial integral micromechanical tunnel accel-
erometer was developed in [18]. Its design consists of a
substrate, suspension, inertial mass, four auto-emission
cathodes, four fixed anodes and four electrostatic con-
verters. The product allows to measure acceleration si-
multaneously in three mutually perpendicular compo-
nents. The main kinds of measurement of parameters
are vibration, shock, movement (displacement).

Vibration. In the course of the oscillatory move-
ments in relation to the position of balance, SE of the
sensor vibrates. The vibration is measured in the trans-
port and aerospace technologies, and also in industry.
For vibration measurement it is preferable to apply the
piezoelectric accelerometers, because they have wide
frequency characteristics, good sensitivity and high res-
olution. Depending on the output signal the acceler-
ometers are subdivided into devices with a charge out-
put and with the embedded signal converter with a volt-
age output. For turning on of the accelerometer a
source of direct current is necessary.
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For measurement of vibrations within the range of
—55...125 °C the piezoelectric accelerometers with a
signal output on voltage are usually recommended.
Among their advantages are possibility of operation at
high temperatures and in a wide range of amplitudes,
which is determined by the controls of a charge am-
plifier. The working range of temperatures of the ac-
celerometers with a charge output is —55...+288 °C,
while the special components can work in a wider
range: —269...+760 °C [11]. For measurement of vibra-
tion of very small frequency it is recommended to use
accelerometers of variable capacity. Their AFC changes
within the range of 0 Hz... kHz, depending on the re-
quired sensitivity. For LF measurements the vibrations
accelerometer has sensitivity of 1 V/g. Such sensors are
applied in the motor transport, for tests of automobiles
and designs, in suspension systems, and the railway
transport.

Shock acceleration. Shock accelerations appear be-
cause of a sudden excitation of SE creating a resonance,
a shock impulse of explosion or collision with another
object. Depending on the force of a blow and the output
data for measurement of the shock accelerations, ac-
celerometers of two types are used. In selection of a
type it is necessary to determine the shock acceleration
in accordance with the following values [21]:

e low level <500 g;

e collision <2000 g;

o remote zone 500...1000 g, a sensor is at the distance
of 2 m from the blow point;

o nearby zone: >5000 g, a sensor is at the distance less
than 1 m from the blow point.

For measurement of small shock accelerations it is
possible to use general-purpose accel-erometers. An
accelerometer should have a linear range up to 500 g
and maximal possible admissible shock resistance of
500 g. Usually, the sensors with an output signal on
voltage, less sensitive to the cable vibrations, are used.
For easing of the resonance, an amplifier with a filter
of the low frequencies [22] is used.

The working range of the accelerometers for meas-
urement in the nearby zone can be over 20 000 g. In
this case both PEA and TRA are used, because the
choice depends on the specificity of a test. Just like in
case of vibration measurement, the frequency charac-
teristic is the major parameter of the sensors of shock
acceleration, which are to work in a wide range of fre-
quencies (about 10 kHz).

After selection of an accelerometer and a kind of test
it is necessary to consider a number of factors, first of
all, the conditions of the environment, in which the
sensor is to operate: the working temperature, maximal
acceleration and humidity. For work of the sensors in
the conditions of a damp environment the cases of dif-
ferent types are applied, which ensure tightness of the
devices [23].

Measurement of movement, low-frequency vibration.
By means of these accelerometers measurements are
done of slow movements with a speed from shares of a
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second up to several minutes, for example, movement
of a robot’s hand or of a suspension of cars, bridges,
floors, seismovibrations. Frequently, they are also used
for measurement of the centrifugal force or accelera-
tions and retardation of the elevating devices [24]. In
this case the accelerometers with variable capacity are
used successfully. By means of them it is possible to
measure slow changes of acceleration and low-frequen-
cy vibrations, at that, a rather high level of the output
signal is observed. They also ensure high stability in a
wide range of temperatures. Such measurements de-
mand low-noise accelerometers with a high resolution.

Conclusion

The analysis demonstrated that in development of
the accelerometers the foreign companies give their
preferences to home appliances (notebook computers,
smart phones, motor industry). This is connected with
the requirements of the market, fast recoupment and
not so high demands to the parameters. Application of
the sensors in the defense industry and aerospace tech-
nologies is connected with high requirements to relia-
bility, stability of the parameters, high costs and work
in severe conditions.

The tensoresistive sensors are the most claimed
MEMS accelerometers, because they ensure high per-
formance characteristics. New developments in the giv-
en area are aimed at improvement of the flexibility of
the technological processes and cost reduction.

The main trend in development of the microaccel-
erometers is the increase of their sensitivity and relia-
bility. Owing to their high precision and reliability the
capacitive accelerometers are widely applied. There is a
trend for placement of MEMS in one integral case or
on one crystal of the micromechanical and microelec-
tronic devices, and temperature sensors. It was demon-
strated that the accelerometers mainly find more and
more practical applications in the aerospace technolo-
gies and instrument making.
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ITen3eHcKkMii rocyTapCTBEHHBIM YHUBEPCUTET

CEHCUBUAN3NPOBAHHbBIE KPACUTEAEM COAHEYHbBIE DAEMEHTDI:
COBPEMEHHOE COCTOSAHUE U NMEPCIEKTUBbI PA3BUTUA

Ilocmynuna é pedaxyuro 22.09.2015

IIpedcmaenen 0630p, NOCEAUCHHBLIL AHAAU3Y OCOOCHHOCMeLl CeHCUOUNUZUPOBAHHBIX Kpacumenem coaHeyHbix snemermos (CKCH).
Paccmompenwt koncmpykuus CKC3D, npunyun pabomel, mamepuanst, Komopsle UCNOAb3YHOMCS 05 U320MOB8AeHUS YHKYUOHANb-
HbIX CA0e8, U XAPAKMEPUCMUKY 91eMeHmMOo8, 3aeucsujue om ux ceoticme. Boissaenvi ochosHble Hedocmamku CKCD, gakmopet, npu-
600sUe K UX NOABACHUIO, A MAKJICe PeUuleHlsl, HanpasieHHble Ha YCMPAHeHUe Ul YMEeHbUeHUe 030eliCEeUsi OGHHbIX aKmopos.

Karoueegvie caosa: gomoarekmpuueckuii npeo6pazosamens, npo3pavyHoe npogodsujee NOKpvimue, MemaniooKCUOHbL noay-

npOG’O()HLlK, Kpacumensb, 31eKmpoium, Kamaiu3amop

BBenenune

MupoBOI1 crpoc Ha SHEPropecypchl MOCTOSTHHO
pacreT, a MUPOBOE 3HEepPronoTpedieHre, KOTopoe olle-
HuBaetcs ceituac B 13 TBT, Kak oxmmaeTcs, COCTaBUT
okoso 23 TBt x 2050 r. MickonaeMble BUIOBI TOILIMBA,
KoTopble obecrieunBaor 80 % morpebsieMOii SHEPIruu,
ObIcTpO ucTolaioTcs. KpoMe Toro, cxkuraHume MCKO-
MaeMoro TOIUIMBA IMOBBIIIAET KOJMYECTBO IMOKCHUIA
yraepoja B aTMochepe, YTO cKa3bIBaeTCs Ha mpobJiemMe
obanbHOro noterieHus [1]. B cBsIi3u ¢ 3TUM ¢ Kax-
JIbIM TOJOM pacTeT IMOTPEOHOCTb B YMCTHIX U BO300-
HOBJISIEMBIX MCTOYHMKaX dHepruu. Ha ceromHsiHui
JIeHb (DOTOBOJIbTAaMKA CUMTaeTCsl Haubosee a(PheKTUB-
HOM TEXHOJIOTMEI BBIPAOOTKM 3JIEKTPUIECKON SHEPTUMN.

IlepBriii  (oTORNMEKTpUYECKUN IIpeoOpa3oBaTelib
ObLT pazpaboTaH Ha OCHOBe KpeMHMs B 1954 1. B "Bell
Laboratories” ¢ momoibio n1ud@Py3MOHHONM TEXHOJIO-

MU CO3[aHUsl p-K-Tiepexola B IOJYyNPOBOAHMKAX.
Hecmotpst Ha TO uTO 3(pPeKTUBHOCTL Mpeodpa3zoBa-
HUSI CBETA B DJIEKTPOIHEPTHIO KPEMHUEBLIMU COTHEY-
HbeIMU 51eMeHTaMu (CD) mocturna ceromss 15 %, a B
pabote [2] coobiiaercs 1 0 20 %, CIIOXHOCTb OpraHu-
3allMM MTPOU3BOICTBA YUCTOrO KPEMHMSI, UCIIOIb30Ba-
HUE TOKCUYHBIX XUMUYECKUX BEILIECTB U €r0 BHICOKASI
CTOMMOCTb OTPaHUYMJIA IPUMEHEeHUE DOTORTIEMEHTOB
JAHHOTO TUIA BO BCEM MUPE.

Heckonbko aecaTuneTuil Hazan mepevyrcieHHbIe
OTpaHMYECHMST BIOXHOBIJIM MHOTHX HCCIIeIOBaTeIe
Ha pa3paboTKy AeIIEBbIX U IKOJIOTMYECKH YUCThIX CD,
u B 1991 r. bpaiin O’Peran u Muxasinb I'peTuenb pas-
paboTanu HOBBIN TUI (OTOIJIEMEHTa, PabOTaIOIIETO
no npuHOUNy ¢dorocuHTe3a. DhGHEeKTUBHOCTb 3TOrO
(OTO3IEKTPUIECKOTO IMpeodpa3oBaTelisl, KOTOPHIN CTajl
M3BECTEH B MUPE KaK CEHCUOMJIM3UPOBAHHBIN Kpacu-
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TeJleM COJIHEYHBIN 3JEMEHT, WX Kak siuelika I'peTiie-

JIs1, TIepBOHAYaIbHO cocTasistia ot 7,1 mo 7,9 % [3].

Ha puc. 1 (cM. TpeTblo CTOPOHY OOJOXKM) CXEMAaTH-

yecKH n3o0paxkeHa TunuaHast crpykrypa CKCDH.

Hcxons U3 pyHKIIMOHANBHBIX CJIOEB, (hopMUpylo-
IIUX TIPEACTABICHHYIO CTPYKTYPY, XapaKTepPUCTUKHU
CKCD (koadhduuueHT HOTO3/IeKTPUIECKOTO MPeod-
pa3oBaHMA 1, HANpsKeHME Xosmoctoro xoma V., TOk
KOPOTKOTO 3aMbIKaHus Iy, dakrop sanonHenus FF,
BHEILHSISI KBAHTOBAs1 3((PEeKTUBHOCTD) 3aBUCSIT OT MOP-
(osormaecKnx CBOMCTB MOJMYIIPOBOTHUKOB, CIIEKTPO-
CKOTIMYECKUX CBOWCTB KPACUTEJIEN U 3JEKTPUUECKUX
CBOMCTB 3JIEKTPOJIUTOB.

Hecmotpst Ha To uTo adpdextuBHOCTE CKCD MeHb-
e, 4em y ApYyrux TOHKOIUIeHOYHbIXx CB (Ha cerom-
HSIIIHWI IeHb MX MAaKCHUMYyM 1 cocTapisieT 15 % [3, 4]),
OHM 00J1aJal0T CEeAYIOIMMHU TTPEUMYLIECTBAMM:

e CIOCOOHOCTBIO YJIaBIMBATh HE TOJIBKO SIPKUIA CBET,
HO M paccessHHOe M3ydYeHue, Magatoiee Ha GoTo-
9JIEMEHT M0 HEOOJbIIMM YIJIOM;

e BO3MOXHOCTBHIO YBEJIMYECHUS UYBCTBUTEIHLHOCTH K
OTpeeIeHHOM YacTH CIEeKTpPa;

e UCIMOJIb30BAaHUEM HEAOPOTOCTOSIIIETO 00OpYyIOBa-
HUS W MaTepuaJioB, HE TPeOYIOIINX BBICOKOTO
YPOBHSI OUMCTKH;

e MaJIOM MAacCCOM W HU3KOU TOKCUYHOCTBHIO MPOU3-
BOICTBa KOMIIOHEHTOB;

e BBICOKMM COOTHOIIEHHEM IIeHa,/TIPOU3BOINTETb-
HOCTb.

Bbnaropapss stum mnpeumyiiectBam CKC3D wmoryt
OBITh YCTAaHOBJICHBI B MECTaxX, TJIe Yo MajgeHus CBeTa
HE SIBJISIETCS ONTUMAaIbHBIM U npyrue CHD B CBSI3U C
5TUM He TIPUTONHBI, HAIPUMep, Ha CTEKJIaX 3MaHMMH,
HapY>XHBIX MaHEeJsIX aBTOMOOMIIEH, KOPITycaX COTOBBIX
tesiepoHoB. I1o stoit npuunHe CKCD ceromHs sIBis-
I0TCS OMHUMM M3 CaMBIX TTEPCIIEKTUBHEBIX TUIIOB (hO-
TOBRJIEKTPUUYECKUX MpeodpazoBareeil. Hanbonee kpyr-
HBIMU KOMITAHUSIMU, KOTOPBIE 3aHMMAIOTCSI M3TOTOB-
JleHHeM U Tmpoaaxeit mo Bcemy mupy CKC3, aBnstor-
cs "Solaronix" n "Dyesol".

Ipunmun padorer CKCHD

MexanusMm paszaeneHust 3apsigoB B CKCD cocrout
U3 CIEAYIOLINX DTArOB:

1. @orosnekTpon (Ipo3padHas MPOBOadIIAs MO -
JIOKKa + IIOJYyIPOBOIHMKOBBIN CJIOM C amcopOupo-
BaHHBIM KpacurelieM) morjouiaetr GoToHkl (Av), Tox
JEWICTBMEM KOTOPBIX JIEKTPOHBI B MOJIEKYJIax Kpacu-
TeJIST TIEPEXOAAT U3 OCHOBHOTO COCTOSIHMS (.S) B BO3-
oyxmeHHoe (S™).

2. V3-3a pa3HUILIbl B YPOBHSIX SHEPTUM 3JIEKTPOH-
HBIX COCTOSIHWM 3JIEKTPOHBI U3 BO30YXXIAEHHOIO CO-
CTOSTHUSI TIEPEXOIAT B 30HY ITPOBOAMMOCTHU ITOJIYIIPO-
BoaHUKA (E-p), B pe3y/lbTaTe Yero KpacUTeab OKMC-
gsiercst (coctostame S7).

3. DuaexTtpoH, IUddyHIUPYST depe3 MOIYIIPOBOI-
HUKOBBIHA CJIOM, JOCTUTAET MPO3PAYHYIO IIPOBOASIILYIO
MOJUIOXKKY U MEePEXOIUT B MPOTUBOIIEKTPO/IL.
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Light adsorption

Boceranorneame EPACHTENT

vz Dyes recovery
YN
TNomynpozomme Kpacurems SnexTpomiT
Semiconductor Dwe Electrobvee

Puc. 2. Dueprernyeckas auarpamma CKCHD
Fig. 2. Energy level diagram of DSSC

4. DIEKTPOJIUT, KOTOPbIi HAXOAUTCS B KOHTAKTE C
KpacuTeieM, CTAaHOBUTCS JIJIST HETO TOHOPOM 3JIEKTPO-
HOB, BOCCTaHaBJIMBAsl €r0 UCXOAHOE COCTOSTHUE.

5. DnekTtpoaut Aud@yHIUpYyeT K IIPOTUBOIJIEK-
Tpony (Mpo3payHasi MpOBOASLIAs MOAJOXKa + CJoi
KaTaJM3aTopa) U BOCCTAHABIMBAET CBOE MCXOJHOE CO-
CTOSTHME B pe3yjbTaTe NPUHSATUS BJEKTPOHOB W3
BHEIIHEN LIETTH.

6. B nomojiHeHKMe K 3TUM IPSIMBIM MPOLIECCAM IIe-
peHoca 3apsna B paMKax OJHOTO IIMKJIa MOTYT BO3HU-
KaTb M 00paTHbBIE MPOLECCHI, KOTOPbIE PE3KO CHUKAIOT
spdektnBHOCTE CKCD. K HUM oTHOCSTCS:

e TEPEHOC 3JEKTPOHOB OT MOJYNPOBOAHUKA K OKUC-
JICHHOMY KpacHUTellio;

e PEKOMOMHALIUS WHXEKTUPOBAHHBIX 3JIEKTPOHOB C
3JIEKTPOJUTOM (TEMITOBOU TOK);

e TIepeaaya 3JIeKTPOHOB OT KpacuTeJsl B BO30YKIEHHOM
COCTOSIHUU KPACUTENII0 B OCHOBHOM COCTOSIHUM [5].
Takum oOpa3om, coiHeuHasi dHeprusi npeodpasy-

€TCS B JIEKTPUUYECKUI TOK C TIOMOIIBIO (DOTOMHIYIIM -

POBAHHOTO BBEACHUS 3JIEKTPOHA U3 BO30YXXAEHHOTO

KpacuTessl B 30HY MPOBOAMMOCTH TMOJYNPOBOAHUKA.

Ha puc. 2 uzobpaxkeHa sHepreTuyeckasi auarpamma

CKC3, Ha KOTOpOI1 IT0Ka3aHbl OCHOBHEIE IIPOLIECCHI,

MIPOUCXOIAILNE ITPU OOTyYEHUM AYEHKM CBETOM (E g, —

KBazuypoBeHb Depmu).
st TOro 4ToObl YMEHBIIUTh AEMCTBUE OOpaTHBIX

MPOLIECCOB, NOJIKHBI ObITh MPEANPUHSTHI CAEAYIOLINUE

JIEVICTBUSL:

e TIEpEHOC 3apsifa B MOJYNPOBOIHUKE JOKEH MPO-
KCXOOMUTh C KBAHTOBBIM BbIXOZOM [6];

e HM3IIAS BaKaHTHas MOJIeKyJIsapHasi opOuTab
(HBMO) kpacutensi nojkHa ObITh HUXKE, YeM JTHO
30HbI POBOAMMOCTH TTOJTYNPOBOAHUKA E-p, a BBIC-
1asi 3aHsiTasg MoJieKynasipHasi opoutaib (B3MO)
JIOJIKHA OBITh 0OJIbllIE, YEM OKHUCIUTEIbHO-BOCCTA-
HOBUTEJIbHBII NOTEHLMAN 27eKTpoauTa (£,,,,.) [71;

e YPOBEHb UHXKEKIIUU JEKTPOHOB B MOJIYIPOBOIHUK
JIOJDKEH OBITH BBHINIE, YeM CKOPOCTh ITepexoaa dJIeK-
TPOHOB U3 BO30YKIEHHOTO COCTOSIHUSI KpacUTesl B
€ro OCHOBHOE cocTostHHE [8].




IIpo3paunbie npoBoasme MOAJIOKKH

B xauectBe anexkTpomoB B CKCH HCHOJIB3YIOTCS
JIB€ CTEKJISTHHBIE MOUIOKKM ¢ HAHECEHHBIM Ha UX T0-
BEPXHOCTb MPO3pPauyHbIM MPOBOASIIMM TOKPHITUEM
(TTITIT). ITpu usrorosnenuu CKCDO Ha 0MH U3 TaKUX
BIIEKTPOAOB ocaxkmaeTcss (DOTOUYBCTBUTEILHBIN TTOTY-
MIPOBOAHMKOBBIN CJIOM, a HA APYyroil — CJIOM KaTaau-
3atopa. [Ipo3payHOCTh TakKMX MOMIOXKEK B BUIAUMON
00JIacTH CcrieKTpa IOJKHA OBITH BBEICOKOU (>80 %),
YTOOBI CITIOCOOCTBOBATDL MPOXOXKIAECHUIO MaKCUMAaJIbHO-
r'o KOJIMYECTBA COJTHEUHOTO CBETa B aKTUBHYIO 00JIaCTh
SIYeHKM. DJNEKTPONPOBOAHOCTbh IOMIOXEK IOJKHA
ObITh OosbIION 17151 3(h(eKTUBHOrO TMepeHoca 3apsiaa
1 MMHUMMU3ALMUY TTIOTEPb SHEPIUU. DTHU IBa apaMeTpa
BO MHOTIOM oIipeneisiioT 3¢ pekTuBHocTh CKCH.

B xauectBe IIIIIl HanbGonee 4acTo MCIOIB3yeTCS
cioit (/TO) oxcuga MHOMS, JIETUPOBAHHOIO OJIOBOM,
KOTOpBIf HAHOCUTCSI Ha TMIOBEPXHOCTh HATPUEBO-KaJb-
LIMEBO-CWJIMKATHBIX CTEKOJI METOIOM MarHeTpOHHOIO
pacnbuieHus. Tlnenku ITO oObIYHO UMEIOT KO3 du-
LMEHT mpoltyckaHus Gojee 80 % M IMOBEPXHOCTHOE
conpotusieHue 15...20 Om/0. MaBHBIM HETOCTATKOM
OKCHJIa MHIIMSI-0JI0BA SIBJISIETCSI €r0 TIOPOTOBM3HA 13-
3a neuLnTa MHAUS Ha TUIaHeTe, TO3TOMY JJIsI YMEHb-
meHus 3arpat Ha usrorosieHue CKCD cinenyer nmpu-
MEHSITh Ipyrue MaTepuabl.

B Hacrosiiee BpeMsI K TAKMM MaTepuajiaM OTHO-
CSIT: OKCHUJ OJIOBA, JIETUPOBaHHBIN pTopoM (FTO) unu
cypbMoit (ATO); okcua LIMHKA, TETUPOBAHHBIN aJlio-
muaueM (AZ0) nwau raumeMm (GZ0). Hampuwmep,
wieHku FTO moryT ob6yagaTh MPO3PayHOCTBIO MPU-
MepHO 75 % B BUIMMOI O0JIACTU M TOBEPXHOCTHBIM
conpotusiaeHuem 8,5 Om/0 [9].

B kauecTBe ajnbTepHATUBBI CTEKJISIHHBIM MOIJIOX-
KaM MOTI'YT OBbITh MCMOJIb30BaHbl HEKOTOPbIE MOJIUMEP-
Hble MaTepualibl U3-3a TMOKOCTU M HU3KOW CTOMMO-
ctu. Hanpumep, B paborte [10] npencrasieHa sueiika
¢ 3(beKTUBHOCTBIO 7,8 %, BBIIIOJHEHHAST Ha ITOIJI0X -
Kax U3 NMoJusTUIeHHadTanara, mokpoiThix cioeM [70.
OaHako HU3Kasi TEPMOCTOMKOCTb OrpaHUYUBAET MPU-
MeHeHue noJuMepHbIX MatepruaioB B CKCD.

MeTaI00KCHIHDII MOJIYNPOBOIHUK

[MonynpoBogHUK, ancopOUpyst KpacuTeslb Ha CBOEH
MOBEPXHOCTHU, TIPUHUMAET OT HEro 3JIEKTPOHbI U Tie-
peBoaut ux Bo BHelHIOW 1enb CKCD. CkopocTh Ie-
peHoca 3JeKTPOHOB MPU 3TOM B 3HAUUTEILHON CTe-
MEHU 3aBUCUT OT KPUCTALIUYECKON CTPYKTYpPhl, MOP-
(osoruu u mIOIIAAY TOBEPXHOCTU MOJYIPOBOAHUKA.
B kauyectBe noaynpoBogHuKoBoro ciosi B CKC3D 6bI-
JIM MCMOJIb30BaHbl CAEAYIOIIME OKCUIIbI METAJLJIOB: J1-
okcun tutana (TiO,), okenn uuHka (ZnO) n 1MoKcuL
ojioBa (SnO,). OxHAKO UIEATbHBIM CETONAHA CUNTAET-
¢sl TMOKCHJI TUTAHA, BCJISICTBHE JIyYITUX MOP(POIOTH-
YeCKUX U (HOTOBNEKTPUUECKHIX CBOMCTB.

B uensx yBeavmueHus m MojJynpoBOAHUKOBBINA CJIOK
JOJIKEH COCTOATL U3 HaHoyacTull TiO, 1 nmeTh, TakuM
00pa3oM, MOPUCTYIO CTPYKTYPY, KOTOpasi obecreyrnBa-

€T TOBBIIICHHYIO YIEIbHYIO TTOBEPXHOCTh (DOTORJIEK-
Tpoga. DTO B CBOIO OYepellb CITOCOOCTBYET ITOBBIIIE-
HUI0O KOHLIEHTPALlMU CEHCUOMJIM3UPYIOIIEro Kpacu-
Tensa u 3¢ dekTuBHOCTU cBeTOocOopa. s hopMupo-
BaHuA cnos ¢ 50 % nopucroctu nuametp yactuu TiO,
JomkeH cocTaBiarh 10..30 HM Hpu oNTUMAIbHON
toauuHe ciost 10 mxm [11].

M3 nByx kpucrammmueckux ¢as TiO, — anartaza u
pyTuia, IpearnoyTUTeIbHee UCII0Ib30BaTh MEPBbIii Ba-
puaHT. Bo-nepBbIx, aHaTa3 UMeeT OOJIBIIYIO IIUPUHY
3arnpelleHHon 30HbI (3,2 3B) u gaBaseTcsd XMMUYECKU
OoJsiee cTaOWIbHBIM. BO-BTOpPBIX, TEPEHOC 3JEKTPO-
HOB B PYTWJI IIPOXOIUT MENJIEHHEe BCJIECICTBHE BHICO-
KOW TIJIOTHOCTU YMAaKOBKW KPMUCTAJUIMYECKOW pelleT-
KU. B-TpeTbux, pyTui MOMJIOLIAET MEHbLIE KPACUTEJIS
M3-32 MEHbIIEH TUIOLIAaN MoBepxHOCTH [12].

OcHoBHo#1 npuuuHoil noteps B CKCD saBnsercsa
peKoMOMHALIMsI WHXEKTUPOBAHHBIX 3JEKTPOHOB C
3JIEKTPOJIUTOM. B pe3ynbTaTe 3TOTO SIBJICHUS BO3HU-
KaeT TEMHOBOM TOK, KOTOPbIA NPUBOIUT K YMEHbIIIC-
HUI0 3(ppeKTUBHOCTH (POTOITeMeHTa. TeMHOBOI TOK
MOXET OBbITh CBEIEH K MUHUMYMY C IIOMOLIbIO CTPYK-
TYPHBIX U3MEHEHMI, HAIIpUMep, IIpu 00pabOTKe I10-
BepxHocTy TiO, WM MCIOJIb30BaHUU CIIEUUATLHOTO
WU30JIUPYIOLIETO CJIOS.

Paznuynele Mopdosaornyeckue crpykrypsl TiO,
Obu1M ucnoJib3oBaHbl B CKC3: uepapxuueckue CTpyk-
Typel (n = 9,35 %), HaHOBOJIOKHA (| = 8,15 %), Ha-
HOTPYOKU (n = 8 %), CILIOILIHbBIE U IT0JIble HAHOYACTH -
usl (n = 7,37 %). MakcumanbHast 3)GEKTUBHOCTh
CKCD Ha ocHOBe MepapXrM4ecKnX CTPYKTYp O0YyCJIOB-
JIeHa CJIeIyIOIIMMHU (paKTOpaMU: TYYIIIUM MOTJIOIIeHU-
€M KpacuTessl, BbICOKOW pacceuBarolleid CrocobHO-
CTbIO, OBICTPBIM MEXaHM3MOM TMepeHoca 3apsua u
0OJIbILIMM BPEeMEHEM XKU3HU 3JIEKTPOHOB [13].

Hpyroii moaxod K YMEHBIICHUIO PEeKOMOMHALIMU
HOCUTEJIeH 3apsiga CBsI3aH C MCIOJIb30BAaHUEM M30JI1-
PYIOLIETO ¢J10s1, HAHOCUMOTO Ha MOJIYIIPOBOAHUK. MHO-
r'e OKCHIbI METAJUIOB, Takue Kak ZnO, Nb,Os5, Al,O5
n SiO, ObUIM UCTIONB30BaHbI B KAYECTBE SHEPreTUYE-
cKoro Oapbepa M3-3a UX IUBJEKTPUUYECKUX CBOMCTB.
OTHU CJI0M YMEHBIIAIOT B3aUMOAECHCTBIE MEXIY 3JICK-
TPOHAMHU, WHXEKTUPOBAHHLIMU B IIOJYIIPOBOIHUK, 1
BJIEKTPOSIUTOM [14].

Kpacurein

DyHKIMS KpacUTeNs 3aKII0YaeTCsl B TOTJIOIICHUMN
CBeTa M TiepeHOoca 3JIeKTPOHOB B 30HY MPOBOANMOCTH
nonynpoBogHuka. dimsg npumenenus B CKCD kpacu-
TeJIb JOJIKEH:

e WHTEHCUBHO TIOTJIOIIATh M3TyYeHHUE B BUIUMOM
obnactu crnektpa (ot 400 1o 700 HM);
e amcopOMpPOBAThCS HA TMOBEPXHOCTU TOJYIIPOBOI-

HUKA;

e OBITh CTAOMJIbHBIM B OKHMCIIEHHOU popMe U MMEThb

BO3MOXXHOCTb BOCCTAHOBJICHUST C TIOMOIIBIO 3JIeK-

TPOJIUTA;
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e OBITH CIIOCOOHBIM BBHIAEPKATh ~108 umknoB okwmc-
JIEHUs1/BOCCTAHOBJIEHHUSI, KOTOpPbIE OOBIYHO COOT-
BeTcTBYIOT 20 Togam paboTter CO [11].
BddekTuBHOCTh padboThl CKCD B cUNIBHOI cTene-

HM 3aBMCUT OT MOJIEKYJISIDHOM CTPYKTYPbl KPACUTEJIS.

MHoTrne XMMHIEeCKUE COCTMHEHMST OBITA MCIIOIbh30-

BaHBl [JI CEHCUOMWIM3alUy MOJYIIPOBOOIHUKOB. Mx

MOXKHO pa3iesIuTh Ha CIeAYIOIINE TUTIbI: METAJJIOKOM-

IUIEKCHbIE, HEMETaJUIMYeCKKe OpraHuYecKue U Mpu-

pOIHbIE KPaCUTEMN.

Cpenn MeTaJUIOKOMILIEKCHBIX KpacuTesieil HanboJb-
et aHeKTUBHOCTHIO 00J1aAAI0T COSAMHEHUST pyTe-
HusA. OTHAKO BEICOKAS CTOMMOCTD M Te(UITUT PYTECHUS
OrpaHMYMBAET €ro ucHojb3oBaHue. DPHEeKTUBHOCTD
CKCD ¢ pa3inyHbIMU COCTAaBOM METALJIOKOMILIEKC-
HBIX KpacuTesIel 1 TJI0IIaabio TIOBEPXHOCTH TIPUBEIE -
HbI B TabJ. 1.

Tabauua 1
Xapakrepuctuku CKCD Ha ocHoBe
MeTaJUIOKOMILIEKCHBIX KpacuTeleii [15]
Table 1
Features of DSSC based on metal complex dyes [15]
[nomane I
KpalC)HTeHL noBepxHocTH, cM2 | 1, %| Voer V * | FF, %
ye 2 mA/cm
Surface area, cm
N-719 <1 11,2| 0,84 17,73 74
N-719 1,31 10,1 0,82 17 72
N-749 0,219 11,1| 0,736 20,9 72
N-749 1,004 10,4 0,72 21,8 65
N-3 2,36 8,2 | 0,76 15,8 71
Tabnuua 2
Xapakrepuctukn CKCD Ha ocHOBe MHAOIMHA
C Pa3jMYHBIMHU 3JIEKTPOJIUTAMM
Table 2
Features of DSSC based on indoline with different electrolytes
Kpacu- DJIEKTPOIUT M | Voer Ly FF, Hcros-
Tenk Electrolyte % | V |mA/em?| % HIK
Dye Source
OpraHuyeckuii 9 10,65 20 69,4 [16]
Organic
WunonvH | MonHas xunxocts | 6,4 0,71 12,5 72 [17]
Indoline | lonic liquid
TBepaprit 4,210,55| 14,1 54 [18]
Solid
Tabnuua 3
Xapakrepuctuku CKCD Ha ocHOBe MPUPOAHBIX KpacHTeIei
Table 3
Features of DSSC based on natural dyes
Kpacutenn I, Hcrounuk
P Dye % | Voo V mA/cm? FF, % Source
KpachHas pena 1,7 | 0,43 9,50 37 [19]
Red turnip
TpanmeckaHLMs 1,49 | 0,5 10,9 27 [20]
pa3HOLBETHAs
Tradescantia
OperaHo 1,19 | 0,38 8,2 38 [19]
Oregano
MaHrycTuH 1,17 | 0,67 2,69 63 [21]
Garcinia Mangostana
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B PeKTUBHOCTh OpraHUYECKUX KpacuTesiei, He Co-
JIepKallnX MeTaJlIbl (HarmpuMep, MHIOJUHA), HA Cero-
JHSIIHUIA 1eHb MEHbIIIE, YEM Y METATIOKOMIUIEKCHBIX
KpacuTeseil, TeM He MeHee TEOPETUUYECKA OHM MOTYT
0oKa3aTbCs HEIIeBlie M MMETh JYJIINe 3JIeKTPOHHBIC
cpoiictBa. Ilogbop momxomsiero IO XUMUYECKOMY
cocTaBy 3JeKTposnTa (Tabj. 2) MOXET CylIeCTBEHHO
VAYYIIUT TTOKA3aTe I JTaHHBIX KpacHUTEJIeH.

INpenmylecTBaMy TIPUPOTHBIX KPACUTEIICH SBIIS-
IOTCS JIeTKass NMOoOBbIYa, OTCYTCTBHE TOKCUYHOCTH W
HU3Kask CTOMMOCTb. OaHAKO UX 3(G(PEKTUBHOCTb OYEHb
Majia 13-3a c1aboro B3aMMOIEHCTBUS C MOJYIPOBOI-
HUKOBBIM CJIOEM 1 BCJICACTBUE MX arperaunu. B pado-
te [19] mokazaHo, uTo HanbosblIeN 3(PHEKTUBHOCTHIO
cpeau npeacTaBuTesieit aToro Tuna (tabsa. 3) obiagaoT
KpacuTeJIu Ha OCHOBE MUTMEHTa KPacCHOMW perbl.

DIIEKTPOJIHT

HonroBpemenHas crabmibHocTh CKCD 3aBucUT OT
CBOMCTB 3JICKTPOJINTA, (YHKIINUS KOTOPOTO 3aKJII0Ya-
€TCSI B pereHepalny KPacuTeNIsl M MepeHoCe TTOJTOXKM -
TEJBHOTO 3apsiia K MPOTHUBOJIEKTPOLY. DICKTPOIUT
JIOJXKEH 00J1afaTh CJAEAYIOIIUMU CBOMCTBAMMU:

e BbICOKOI MPOBOAMMOCTBIO M HU3KOW BSI3KOCThIO

JJ1s1 ObIcTpoit AU PYy3UUn 371EKTPOHOB;

e XOPOIIMM MeX(pa3HBIM KOHTAKTOM C TTOJTYTIPOBOJI-

HUKOM U TIPOTUBO3JIEKTPOIOM;

e HE IOJKEH BBI3BIBATH HECOPOLIMIO KpacuUTelsl ¢

OKUCJIEHHOU MOBEPXHOCTU U €r0 Jerpaialuio;

e He JOJDKEeH MOrJoliaTh CBET B BUAMMOU 0OJacTu

cnekrpa [5].

OnexkTponauThl, npuMmeHsieMble B CKCO, nensarcs
Ha TpW TUINA: XWIKWE, TBEpAble, WU KBa3WTBEPIbIC
BJIEKTPOJIUTHI.

2Kuokue 31exmpoaumot. B 3aBUCYMOCTH OT UCIIONb-
3yeMOI0 PacTBOPUTES XKXKUAKUE JIEKTPOJUTHI Kilac-
cnPUIUPYIOTCS KaK OpraHWYecKre W MOHHBIE BJICK-
TPOJIUTHL.

B cocTaB opraHn4ecKoro 3JeKTpoIMTa BXOIUT OKHMC-
JIUTEJIbHO-BOCCTAHOBUTEJIbHASI Iapa, OpraHUYeCcKUil
pacTBOPUTENIh W CIelIMalbHbIe N00aBKU. B KadecTBe
TIepBOTO0 KOMITOHEHTAa OBLIN MCCIIeAOBAHBI pa3IMUYHBIC
TUINBI nap, takue Kak Br /Bry [22], SCN /(SCN),,
SeCN /(SeCN), [23]. OnHako uaeaNbHOM cunuTaeTcs
nmapa I; /1 u3-3a ee xopolleil paCTBOPUMOCTH, ObICT-
poif pereHepallMy KpacUTENsI, HU3KOTO TTOTJIOIIECHUS
CBeTa B BUAMMOI OOJIACTH CIIEKTpPa, COBMECTUMOTO
OKUCJIUTEIbHO-BOCCTAHOBUTELHOTO TIOTEHIIMANa U
MeJUIEHHOM KMHETUKY PEKOMOMHALIMN MEXAY MHKEK-
TUPOBAHHBIMM DJIEKTPOHAMH B TIOJNYIIPOBOAHUKE W
TpuitoguaoM (Is).

OpraHn4ecKuii pacTBOPUTENTb B DJICKTPOIUTE OT-
BeyaeT 3a Auddy3uio M pacTBOpeHHE WOHOB HOAU-
na/Tpuitonuaa. MoryT ObITh UCIOJIb30BAaHbI TAKKE CO-
eIMHEHNS, KaK aKpPWIOHUTPWII, STHJICHKapOOHAT, TIPO-
nujieHKapOoHaT, 3-MeTOKCUITPONMMOHUTPUA U N-Mme-
TUJTTMPPOTUIOH.

AddexktuBHocTh CKCH 3aBUCUT OT KOHLEHTpaLUUU
OKUCJIUTEIbHO-BOCCTAHOBUTELHOM Mapbl M YUCIIa J10-




HOpPOB pactBopuTeieil. Ecin KoHLEHTpauus I; /T
HU3Kas, OydeT TPyAHO IOIAEPXUBATh TpedyemMylo
BJIEKTPOINPOBOAHOCTh. Ho eciiu KoHUEeHTpauusl BbICO-
Kasi, mapa OyAeT IOIJIolaTh CBET B BUAMMOM 00JIaCTH.

ITpy ucnosib30BaHUU PACTBOPUTENIEN C OOJIBIIUM
YKMCJIOM JOHOPOB YBEJINYMUBAETCA V. U yMEHbIIAETCH
I, CKCD Ha X 0CHOBE. DTO IPOUCXOIMT 3a CYET 6O-
Jiee HU3KOWM KOHULEHTpaluu Tpuiioauaa, KoTtopas B
CBOIO ouepeab MPUBOAUT K YMEHBIIEHUIO TEMHOBOIO
ToKa [24].

®oroanekrpuyeckre cBoiictBa CKCD MOTyT OBITh
ONTHMMU3UPOBAHBI C TTOMOIIBIO BBEACHUS B 3JICKTPO-
Jut npuMeceil. Hanbonee a(ppeKTUBHBIMU SIBISIOT-
csl cieaylolne CoeNuHeHus : 4-TpeT-OyTWI-TTIUPUINH,
N-MeTunboeH3MMNUIa30Jl U TYyaHUIMH THOLMaHat [25].
DTU npUMecH aacopOMpPYyIOTCS Ha MOBEPXHOCTU pas-
nenaa (poTORJIEKTPOI/3MEKTPOJUT U TpeaoTBpaIialoT
PEKOMOMHAIIMIO WHXEKTUPOBAHHBIX 3JIEKTPOHOB C
UOHaMU TpUHOIUIA.

Bbicokasi ckopocTh MCIapeHUs U yTeukKa OrpaHu-
YUBaAIOT A0JroBpeMeHHYl cTtaduibHOocTh CKCD Ha
OCHOBE OPraHMYECKMX 3JIeKTPOJIUTOB. JIJ151 TOro YTOObI
MMHUMU3UPOBATh 3TU MPOOJIEMBbI, YCHEIIHO MPUME-
HSIIOTCSI MOHHbIE XUAKOCTU. OHM MPEeaCTaBIsIIOT CO-
0oii Tpynmy OopraHMYeCKMX COJiel, coaepxkKallux Ka-
THOHBI, TaKNe KaK MUPUANHUN, UMHUIA30JIUI 1 aHWO-
HbI U3 CEMEMCTBA raJIOTeHUIOB WU TICEBAOTaTOTeHU -
Jn0B. OHM OZHOBPEMEHHO WrpaloT pPoJjib MCTOYHMKA
iona u pacrtBoputess. Haubosee yacto ucrosiab3yeMor
noHHo# xuakocTeio g CKCD gapnstorcss N, N' 6uc-
aJIKMI3aMellleHHble UMUIA30JInil ionuasl [26].

IIpoBOAMMOCTh MOHHBIX XUAKOCTEN U 3 (HEKTUB-
HocTb CKC3 Ha MX OCHOBE MOTYT YMEHbBIIAThCS U3-3a
YBEJIMYEHUSI €€ BSI3KOCTU, KOTOPOE OrpaHUYUBaeT Iud-
¢y3uto 3apsanoB. B 1adi. 4 mpeacraBieHO HECKOIBKO
BUIIOB MOHHBIX XXHMIKOCTEH.

Teepovie 3aexmpoaumot. YTeuka SIBISIETCS OCHOB-
Hoit npobaemoit mst CKCD Ha oCHOBE KUIKUX 3JIEK-
TPOJIUTOB, MTOCKOJIbKY OHA Pe3KO CHUXKAeT UX JOJro-
BPEMEHHYIO CTaOWJIbHOCTb. B liesisiX ee IMOBbIILIEHUS
ObUIM pazpaboTaHbl TBepAbIe 251eKTpoanThl [30], B KO-
TOPBIX XMIKas da3za 3aMeHeHa TOJYIIPOBOIHUKOM
p-TUINA WIX MaTepUaIOM C AbIPOYHON MTPOBOIAUMOCTbIO.

3anpelleHHas 30Ha MOJIYPOBOJHMKA p-TUTIA TOJIK-
Ha ObITb coBMecTUMa ¢ ypoBHeM B3MO kpacutenst u
E g nonynposonnuka n-tuna (TiO,). B kayecTBe He-
OpPTaHNYEeCKUX MaTePHaJIOB C ABIPOYHOI TTPOBOINMO-
CTbIO OBUIM MCIIOJb30BaHbl COENMHEHHUsT Ha OCHOBE
menu, Takue Kak Cul, CuBr u CuSCN. OgHako s
CKCD BbIrogHee UCIOJIb30BaTh OpraHUYECKre MaTe-
puanbl (Hanpumep, Spiro-OMeTAD) n3-3a X HU3KOU
CTOMMOCTHU Y TIPOCTOTHI OCaXKICHUS.

CKCD Ha oCHOBE TBEpAOIrO B3JIEKTPOJIMTAa MMEIOT
OYeHb HU3KYI0 3(h(HEKTUBHOCTh BCAEACTBUE IJIOXOTO
KOHTaKTa ¢ (hOTOBJEKTPOIOM M BBICOKOW CKOPOCTU
pPeKOMOMHALMKU 3apsiIOB MEXIYy HUM U TOJYIPOBOI -
HukoMm. TeM He mMeHee, 3(PHEeKTUBHOCTh MOXET OBITb
yay4lIeHa nyTeM BBEACHUS OKHUCIUTEIbHO-BOCCTAHO-
BUTEJIbHOU Maphl B 3JIEKTPOJIUT, KOTOpasi OyaeT hyHK-

Tabnuua 4
DpdextusHocTh CKCD HA 0CHOBE HOHHBIX JJIEKTPOJIMTOB
Table 4
Efficiency of DSSC based on ionic electrolytes
DNeKTPONIUT % HcTouHuk
Electrolyte n. % Source
1-meTmin-3-(3,3,4,4,5,5,6,6,6-HoHadTop 5,1 [27]
reKCWI) UMUAA30IUit
1-methyl-3-(3,3,4,4,5,5,6,6,6-nonafluoro
hexyl) imidazolium
1 -TeKcWI-3-MeTMJIMMU 30T M1OInT 5 [28]
1-hexyl-3-methylimidazolium iodide
1-6yTHi-3-MeTUIIMMUIA30JIUI HOIAMT 4,6 [27]
1-butyl-3-methylimidazolium iodide
DBTEKTHYECKasl CMECh IJIMUEPUHA U XOJUHO- | 3,88 [29]
BOTO ioauma
Eutectic mixture of glycerol and choline iodide
Tabmuua 5

DpdexrusHocTh CKCD Ha ocHOBE MaTepHajioB
C JbIPOYHON MPOBOAUMOCTHIO

Table 5
Efficiency of DSSC on the basis of materials with the hole conductivity
DNEeKTPOIUT % Hcrounuk
Electrolyte n, % Source
Cul 3,8 [31]
Spiro-OMeTAD 3,2 [32]
CuSCN 1,5 [33]
TMomanunx 1,15 [34]
Polyaniline

LIMOHUPOBaTh KakK TpaHCMoOpTHas cpena. Hekoropwle
MaTrepuabl C IbIPOYHOM MPOBOAUMOCTBIO U 3 DEKTUB-
HocTth CKCD Ha MXx OCHOBE MpeACTaBICHBI B Ta0d. 5.
Keazumeepovie 3aexmpoaumsr. HecMoTpst Ha TO 4TO
npobyieMa yTeuKu MOXET ObIThb pelieHa C IMOMOIIbIO
TBEPABIX 2JIEKTPOJIUTOB, KOHTAKT MEXIY IOPHUCTHIM
MOJIyTPOBOJHUKOM U MaTepuajoM C JAbIPOYHOU Mpo-
BOOVMMOCTBIO HEHAIEeXeH, IMOCKOJIbKY TBEpPIbIC 2JIEK-
TPOJUTHI HE MPOHUMKAIOT B IOphl. JJaHHas mpobiema
ObLIa pellieHa C UCITOJb30BaHUEM KBa3UTBEPIbIX 3JICK-
TPOJIMTOB, KOTOPbIE COCTOSIT U3 MOJUMEPOB U KUIKHUX
BJIEKTPOJIMTOB. M3-3a YHUKAIBLHOI CETeBOM CTPYKTY-
pbl MOJIMMEPOB KBA3UTBEPIbIE 2JEKTPOJUTHI UMEIOT
JIy4lIYI0 JOJITOBPEMEHHYIO CTa0MJIBbHOCTb, BBICOKYIO
BJIEKTPOINPOBOJHOCTb 1 XOPOLIMI MeXda3HbI KOH-
TakT IO CPAaBHEHUIO C XUAKUMU Matepuaiamu [335].
IIpoBoAMMOCTb KBAa3UTBEPAbIX JEKTPOJMUTOB 3a-
BUCUT OT MOJIEKYJISIDHOI Macchl U Mopdoyioruu mno-
JiIuMepa, MOCKOJIbKY B aMopdHOit ase rnoaumepa Ha-
Otonaetcs Oojiee BbICOKAs MOABUXKHOCTD 3apsiIOB IO
CPaBHEHUIO C KpUCTalNINYecKoi (azoit. DddeKTusn-
HocTh CKCD Ha 0CHOBE KBa3UTBEPIbIX JTEKTPOJIUTOB
(Tab1. 6) B CUJIBHOM CTEIIEHU 3aBUCHUT OT paboueil TeM-
TepaTyphl, MOCKOJILKY TOBBIIICHNE TeMIIepaTyphl BbI-
3bIBaeT (pa3oBhIii Mepexos rejib — pactsop [28].

IIpoTuBoaEeKTpOI

CornacHo npuHiuny padorsl CKCHO npoTtuBoajiek-
TPOJI UCITOJIb3YETCS B MPOLIECCE PEreHepalMu SJIEKTPO-
qurta. Cioit katanusaropa MpU 3TOM HEOOXOIMM ISt
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Tabnuua 6

D dexkrusHocTs CKCD Ha 0cHOBe KBa3HTBEPIBIX IJIEKTPOJIUTOB

Table 6
Efficiency of DSSC based on quasi-solid electrolytes

[Tonumep PacTBoputenb % WcrouHunk

Polymer Solvent n % Source
(IMonuaTuneHOKCUA—MOIUTIPONUICHOKCHA) TPUMETaKpuIaT | DTUJIeHKapOoHaT + y-OyTUpPOIaKTOH 8,1 [36]
(Polyethylene oxide — polypropylene oxide) trimethacrylate Ethylene carbonate + y-butyrolactone
TTonuaTUIEHTTIMKOIb [Mponunenkap6oHar + oaua Kaaus, Hom 7,2
Polyethylene glycol Propylene carbonate + potassium iodide, iodine (37]
5-moanakpuiioBasi KMCI0Ta — MOJUATHICHIJINKOIb N-metwn-2-nupponuauH + y-OyTHPOIAKTOH 6,1
S-polyacrylic acid — polyethylene glycol N-methyl-2-pyrrolidine + y-butyrolactone
HuzkoMoneKyIsipHBIA Tellb 1-rekcui-3-MeTUTUMUAA30INIA HOOU, oI 5 [28]
Low molecular gel 1-hexyl-3-methylimidazolium iodide, iodine

YCKOpEHUSI peakLMM BOCCTAaHOBJIEHHUS. DPheKTUB-
HOCTb IPOTUBORJIEKTPOJA 3aBUCUT OT HECKOJbKUX
(dakTOpOB: BUIA KaTaau3aTtopa, criocoba ero HaHece-
Hus Ha ITII1, coBmectnmocTu ¢ anekTponautoM. Ipen-
MOUYTUTEJIbHEE UCTIO0JIb30BaTh IUIATMHY M3-3a BHICOKOM
IUIOTHOCTU TOKa OOMEHa, XOpollell KaTaIuTU4YeCKOu
aKTUBHOCTU M Tpo3payHOCTU. OmHaKo OOHAapyXKeHO,
YTO aKTUBHOCTb MJIATMHOBOIO KaTajau3aTopa B IpU-
CYTCTBUM OKMCJUTEIbHO-BOCCTAHOBUTEJIbHON Mapbl
WOIWI/TPUMOINI YMEHBIIaeTcsa co BpemeHeM [38].
Taxxe cTOMMOCTb TUIATUHBI WX COJAEPXKAIIUX €€ CO-
eIMHEHW BenuKa. Beimeacteue 3Toro B KauecTBe ajb-
TepHATHUBHBIX MaTEpPUaJIOB JJIs1 U3TOTOBJIEHUS TTPOTU-
BO2JIEKTPOJA MCIIOJb30BaHbl I'padeH U TMPOBOISLINE
nonumepbl [1]. OmHako ux 3(PppeKTUBHOCTbL OYEHb
HU3Ka M0 CPABHEHUIO C MJIATUHOBBIM KAaTaJIM3aTOPOM.

3akmouenue

AHanu3, NpoBeJACHHbBIN B JaHHON paboTe, mokasal,
YTO Ha CErOIHSIIIHUI JeHb OCHOBHBIMU HEIOCTaTKa-
mMu CKCDO gBnsitorcs HU3Kask 3(pPeKTUBHOCTh U HU3-
Kasg crabuiabHOCTh. Clenyoiiue ¢GakToOpbl OTBETCT-
BEHHBI 32 3TO:

e HEONTUMU3UPOBAHHBIA TEMHOBOM TOK;

e Hu3Kasd 3(P(PeKTUBHOCTb Kpacurejieli B OJMKHEM
nH(ppaKpacHO 00JIACTH CHEKTPA;

e TIJIOXOM KOHTAKT MEXIY 3JIEKTPOAAMU;

e BBICOKAs JIETYYECTh U BSI3KOCTH 3JICKTPOJIMTOB;

e Jerpajalvsi CBOMCTB 2JIEKTPOJIUTA BCAEACTBUE MO-
[JIOLIEHUST YAbTPachUOJETOBOTO U3TYYESHUS.
15t TOro 4ToObl MOBBICUTH 3(PPEKTUBHOCTH U CTa-

ounbHocTh CKCD, mpemaralorcst cieaylolme pelie-

HUS1, HAITpaBJeHHbIe HA YCTPaHEHUEe WM YMEHbIIEHUE

BO3ACHCTBUS TEePEUUCICHHBIX (aKTOpPOB (MIPU 3TOM

JIOJIKEH CYIIECTBOBAaTb KOMIIPOMUCC MEXIYy HUMM):

e OINTUMU3UPOBATH MOPMOJOTMIO IMOJYIIPOBOIHUKA
JUUIST YMEHBUIEHUSI TEMHOBOTO TOKA;

e pa3zpaboTaTh CIAOONETyYME U MEHEE BSI3KUE BJIEK-
TPOJIUTHI IIJIS1 TIOBBIILIEHUS CKOPOCTHU TIepeHoca 3a-
pana;

e YIYYIIUTb MEXaHUYECKUI KOHTAKT MEXIy JBYMSI
3JIEKTPOAAMU;

e I10100paTh J00ABKU IS YAYUILIEHUS CBOMCTB 2JI€K-
TPOJIUTOB U KpacuTesei.
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Dye-Sensitized Solar Cells: the Current State and Prospects

The article presents a review of the analysis of characteristics of the dye-sensitized solar cells (DSSC) and analyzes the design
of DSSC, their operating principles, the materials, which are used for manufacture of the functional layers, and characteristics of
the elements, depending on their properties. It also reveals the basic disadvantages of DSSC, the factors leading to their appearance,
as well as solutions aimed to eliminate or reduce the impact of these factors.
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Introduction

Global demand for energy resources is constantly
growing, but the energy consumption, which is estimat-
ed at 13 TW, is expected to be about 23 TW by 2050.
The mineral fuel, which provide 80 % of the consumed
energy, becomes quickly exhausted. Furthermore, the
mineral fuel combustion increases the amount of car-

bon dioxide in the atmosphere, which affects on global
warming [1]. A demand for clean and renewable energy
sources grows from year to year. Today, the photovolta-
ics is considered the most efficient technology for elec-
tricity generation.

The first photoelectric converter was developed on
the base of silicon in 1954 in "Bell Laboratories" using
diffusion creation of a p-n-junction in the semiconduc-
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tors. Despite the fact that the conversion efficiency of
light into electricity by the silicon solar elements reached
15 %, and in [2] it is reported about 20 %, the com-
plexity of production of the pure silicon and its high cost,
the use of toxic chemical agents have limited the ap-
plication of photovoltaic cells of this type in the world.

Several decades ago, the listed restrictions inspired
the researchers to develop cheap and environmentally
friendly solar cells. In 1991 B. O’Regan and M. Gratzel
developed a new type of solar cell, working on the prin-
ciple of photosynthesis. The effectiveness of such con-
verter, which is known as dye-sensitized solar cell
(DSSC) or Gritzel cell, which is initially ranged from
7,1t0 7,9 % [3]. Fig. 1 (see 3-rd side of cover) sche-
matically shows a typical structure DSSC.

On the basis of the functional layers, forming the
represented structure, DSSC characteristics (coeffi-
cient of photoelectric conversion n, open-circuit volt-
age V., short-circuit current /., the fill factor FF, the
external quantum effectiveness) dependent on the mor-
phological properties of the semiconductors, spectro-
scopic properties of the dyes and electrical properties of
the electrolyte.

Despite the fact that the effectiveness of DSSC is
less than other thin-film solar cells (their n max is 15 %
[3, 4]), they have the following advantages:

o ability to capture not only the bright light, but also
the scattered radiation impinging on the solar cell at

a slight angle;

e possibility of increasing of the sensitivity to a par-
ticular part of the spectrum;

e use of an inexpensive equipment and materials that
do not require high purity;

o small mass and low toxicity of components produc-
tion;

e high price/performance ratio.

Due to these advantages DSSC can be installed in
locations, where the light incidence angle is not opti-
mal, and other solar cells are not suitable, for example,
on building glasses, the outside panels of cars, housings
of cell phones. For this reason, DSSC are among the
most promising types of the photovoltaic cells. The
world largest companies engaged in manufacturing and
distribution of the DSSC are "Solaronix" and "Dyesol".

Principle of DSSC operation

The mechanism of charge separation in DSSC con-
sists of the following stages:

1. The photoelectrode (transparent conductive sub-
strate + semiconductor layer with adsorbed dye) ab-
sorbs the photons (4v), under the influence of which the
electrons in the dye molecules move from the ground
state (5) into the excited state (5¥).

2. Due to the difference in energy levels of the elec-
tronic states, the electrons from the excited state pass into
the conduction band of the semiconductor (Ep), which
results in that the dye becomes oxidized (state S™).
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3. An electronic, diffusing through the semiconduc-
tor layer, reaches the transparent conductive substrate
and passes into the counter electrode.

4. The electrolyte contacting with the dye becomes
electron-donor, restoring its original state.

5. The electrolyte diffuses to the counter electrode
(transparent conductive substrate + catalyst layer) and
restores the original state by adoption of the electrons
from external circuit.

6. In addition to these processes of charge transfer
and reverse processes that reduce the DSSC effective-
ness may occur in the one cycle. These include:

o transfer of electrons from the semiconductor to the
oxidized dye;

e recombination of the injected electrons with an
electrolyte (dark current);

o transfer of electrons from the dye in the excited state
to the dye in the base condition [5].

Thus, the solar energy is converted into the electri-
cal current using the photoinduced electron injection
from the excited dye into the conduction band of the
semiconductor. Fig. 2 shows the DSSC energy diagram,
which reveals the basic processes that occur during cell
irradiation with the light (Ep, — Fermi quasi-level).

In order to reduce the effect of reverse processes,
take the following actions should be taken:

e charge transport in semiconductor must take place
with a quantum yield [6];

e the lowest unoccupied molecular orbital (LUMO)
of the dye must be lower than the bottom of the con-
duction band of the semiconductor Erp, and the
highest occupied molecular orbital (HOMO) must
be greater than the reductive-oxidative potential of
the electrolyte (E,,4,,) [71;

e clectrons injection level into the semiconductor
should be higher than the rate of electrons transition
from the excited state of the dye in its base state [8].

Transparent conductive substrates

DSSC uses two glass substrates with their surfaces
coated with a transparent conductive coating (TCC) as
the electrodes. At DSSC manufacturing, a photosensi-
tive semiconductor layer becomes deposited on one of
these electrodes, and the catalyst — on another one.
The transparency of the substrates in the visible range
should be high (>80 %) to facilitate the passage of the
maximum amount of light into the active region of the
cell. The electrical conductivity of the substrate should
be large for efficient charge transport and minimization
of energy losses. These two parameters largely deter-
mine the effectiveness of DSSC.

The layer of indium oxide doped with tin (/T0) is
often used as the transparent conductive coating, which
is applied to the surface of the soda-lime-silicate glasses
by magnetron sputtering. /70 films typically have a
transmittance of more than 80 % and the top-surface-
resistance of 15...20 /0. The main disadvantage is the
high cost of /70O due to the scarcity of indium, so other
materials should be applied to reduce the cost of DSSC




manufacturing. These include: tin oxide doped with
fluorine (F70) or antimony (A7T0); zinc oxide doped
with aluminum (AZ0) or gallium (GZ0). For example,
FTO films may have a transparency about 75 % in the
visible region and a surface resistance of 8,5 Q/0O0 [9].

The polymer flexible materials with low cost can be
used alternatively to the glass substrates. For example,
[10] presents a the cell with the efficiency of 7,8 % on
substrates of polyethylene coated with /70. However,
the low heat resistance limits the use of polymeric ma-
terials in DSSC.

Metal-oxide semiconductor

The semiconductor, adsorbing the dye on the sur-
face, accepts electrons and transfers them to an external
circuit of DSSC. The rate of electron transfer greatly
depends on the crystal structure, morphology and sur-
face area of the semiconductor. As the semiconductor
layer DSSC uses titanium dioxide (TiO,), zinc oxide
(Zn0O) and tin dioxide (SnO,). However, due to the
best morphological and photoelectric properties, the ti-
tanium dioxide is considered to be ideal.

In order to increase n, the semiconductor layer
should consist of TiO, nanoparticles and have a porous
structure that provides increased specific surface area of
a photoelectrode. This increases the concentration of
sensitizing dye and the efficiency of light collection. To
form a layer with 50 % porosity, the diameter of the
TiO, particles should be 10...30 nm for optimal layer
thickness of 10 pm [11].

The anatase is preferably to use of two crystalline
phases of TiO, — anatase and rutile. Firstly, it has a
wide band gap (3,2 eV), and chemically more stable.
Secondary, electrons transfer into rutile is slower due to
the high packing density of the crystal lattice. Third, the
rutile absorbs less dye due to the less surface area [12].

The main cause of losses in DSSC — a recombina-
tion of the injected electrons with the electrolyte. It re-
sults in occurrence of a dark current, which leads to a
reduction of photocell’s efficiency. The dark current
can be reduced to a minimum by the structural chang-
es, for example, in the processing of the TiO, surface
or use a special insulating layer.

DSSC uses various morphological patterns of TiO,
used: hierarchical structures (n = 9,35 %), nanofibers
(n = 8,15 %), nanotubes (n = 8 %), solid and hollow
nanoparticles (n = 7,37 %). The maximum efficiency
of DSSC based on them caused by the following fac-
tors: better absorption of a dye, high diffusing capabil-
ity, fast charge transfer mechanism, and long lifetime of
the electrons [13].

Another approach to reduce the recombination of
charge carriers is associated with using of the insulating
layer deposited on the semiconductor. Many metal ox-
ides (ZnO, Nb,Os, SiO, and Al,O5) are used as an en-
ergy barrier due to their dielectric properties. These lay-
ers reduce the interaction between the electrons inject-
ed into the semiconductor and the electrolyte [14].

Dye

The function of the dye is to absorb the light and to
transfer the electrons into the conduction band of the
semiconductor. To be used in DSSC, the dye should:
o intensively absorb radiation in the visible range (400

to 700 nm);

o to be adsorbed on the semiconductor surface;

o Dbe stable in an oxidized form and to be able to be re-
stored by the electrolyte;

e be able to withstand about ~108 cycles of oxida-
tion/reduction, which typically correspond to 20 years

of the solar cell operation [11].

DSSC work efficiency is strongly dependent on the
molecular structure of the dye. Many chemical com-
pounds have been used for sensibilization of semi-con-
ductors. They can be divided into the following types:
metal complex, non-metallic organic and natural dyes.

Among the most metal complex dyes, the ruthenium
compounds are the most effective. However, the high
cost and scarcity limits its use. Efficacy of DSSCs of the
different composition of the metal complex dyes and
surface area are given below in table 1.

The efficiency of organic dyes which do not contain
metals (e.g., indoline) are less, than the efficiency of the
metal complex dyes, however in theory, they can be
cheaper and have better electronic properties. Selection
of a suitable chemical composition of the electrolyte
(table 2) can improve the performance of the dyes.

Advantages of the natural dyes: ease of production,
lack of toxicity and low cost. However, their efficiency
is very low due to the weak interaction with the semi-
conductor layer and as a result of aggregation. In [19]
it is shown, that among representatives of the dyes of
this type, the most effective are the dyes based on red
turnip (table 3).

Electrolyte

Long-term stability of DSSC depends on the prop-
erties of the electrolyte, which function is the regener-
ation of the dye and transfer of the positive charge to
the counter-electrode. The electrolyte must have the
following properties:

o high conductivity and low viscosity for rapid diffu-
sion of electrons;

o good interfacial contact with the semiconductor and
the counter electrode;

o should not cause desorption and degradation of dye
with the oxidized surface;

e should not absorb light in the visible spectral re-

gions [5].

The electrolytes used in DSSC are divided into three
types: liquid, solid and quasi-solid.

Liquid electrolytes. Depending on the solvent, the lig-
uid electrolytes are classified on the organic and ionic.

The composition of the organic electrolyte includes
the reductive-oxidative couple, organic solvent and spe-
cial additives. As the first component, the different pairs
were studied, such as Br /Br; [22], SCN /(SCN),,
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SeCN /(SeCN), [23]. However, the ideal pair is con-
sidered to be a pair I3 /I" due of its high solubility, rap-
id regeneration of the dye, low light absorption in the
visible region of the spectrum, compatible reductive-
oxidative potential and slow kinetics of recombination
between the injected electrons in the semiconductor
and the triiodide (I5). The organic solvent answers for
diffusion and dissipation of ions of iodide/triiodide.
There may be used: acrylic-nitrile, ethylene carbon-
ate, propylene carbonate, 3-methoxypropionitrile and
N-methylpyrrolidone. DSSC efficiency depends on the
concentration of the reductive-oxidative couple and the
amount of donors-solvents. If the concentration of
I; /I is low, it is difficult to maintain a needed elec-
trical conductivity. But if the concentration is high, the
pair will absorb light in the visible region.

When using the solvents with a large number of do-
nors, V. increases and /. decreases of DSSC based on
them. This is caused by lower concentration of triio-
dide, which leads to a decrease of the dark current [24].

The photovoltaic DSSC properties can be optimized
by means of addition of impurities into the electrolyte.
The most effective are 4-tert-butyl-pyridine, N-meth-
ylbenzimidazol and guanidinium thiocyanate [25].
These impurities are adsorbed at the interface ma pho-
toelectrode/electrolyte and prevent recombination of
the injected electrons with the triiodide ions.

The high rate of evaporation and leakage limit the
long-term stability of DSSC based on organic electro-
Iytes. To minimize these problems, the ionic liquids are
used for. They are organic salts containing the cations,
such as pyridinium, imidazolium and halide or pseudo-
halide anions. They simultaneously serve as epy solvent
and epy source of iodine. The most commonly used
ionic liquid is N, N-bis-alkyl-substituted imidazolium
iodides [26].

The conductivity of the ionic liquids and efficiency
of DSSC based on them may decrease due to increase
in viscosity, which restricts the diffusion of charges. Ta-
ble 4 shows several kinds of the ionic liquids.

Solid electrolytes. The leakage is a major problem for
DSSC based on the liquid electrolytes, as it dramati-
cally reduces their long-term stability. The solid elec-
trolytes are developed in order to improve it [30], in
which the liquid phase is replaced with a semiconductor
of p-type or by the material with hole conductivity.

The bandgap of p-type semiconductor should be
compatible with the HOMO level of the dye and Ep
semiconductor of n-type (TiO,). The compounds based
on copper were used as the inorganic materials with
hole conductivity, such as Cul, CuBr and CuSCN.
However, it is more favorable to use the organic mate-
rials (e.g., Spiro-OMeTAD) because of their low cost
and ease of deposition.

DSSC based on solid electrolyte have the low effi-
ciency due to poor contact with the photoelectrode and
the high rate of recombination of charges between it
and the semiconductor. The efficiency can be improved
by the introduction of a redox couple, which will func-
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tion as a transport medium. Some materials with the
hole conductivity and efficiency of DSSCs based on
them are presented in table 5.

Quasi-solid electrolytes. Despite the fact that the
leakage problem can be solved by using of the solid
electrolytes, the contact between a porous semiconduc-
tor and a material with the hole conductivity is not re-
liable, since the solid electrolytes do not penetrate into
the pores. The problem is solved by using the quasi-sol-
id electrolytes, which consist of a polymer and liquid
electrolyte. Due of the unique net structure of the pol-
ymer, the quasi-solid electrolytes have better long-term
stability, high electrical conductivity, and good interfa-
cial contact over the liquid materials [35].

The conductivity of the quasi-solid electrolytes de-
pend on molecular weight and morphology of a poly-
mer, as a higher mobility of the charge is observed in
the amorphous phase of the polymer, as compared to
the crystalline phase.

The efficiency of DSSC based on quasi-solid elec-
trolytes (table 6) strongly depends on the operating
temperature, since the temperature rise causes a gel-so-
lution phase transition [28].

Counter-electrode

According to the principle of DSSC work, the coun-
ter-electrode is used in the regeneration of the electro-
Iyte. The layer of catalyst is required to accelerate re-
covery. The effectiveness of the counter-electrode de-
pends on the type of catalyst, applying method, com-
patibility with the electrolyte. It is preferable to use
platinum because of the high density of current ex-
change, good catalytic activity and transparency. How-
ever, it was found, that the activity of the platinum cat-
alyst in the presence of the redox couple iodide/triio-
dide decreases in course of time [38]. Also, the cost of
platinum or its compounds is high. Consequently, the
graphite and conducting polymers were used as alter-
native materials of counter-electrode manufacturing
[1]. However, their efficiency is very low in comparison
with the platinum catalyst.

Conclusion

The analysis given in this study showed that the
main disadvantages of DSSC are low efficiency and sta-
bility. The following features are responsible for this:

e unoptimized dark current;

e low efficiency of the dyes in the near infrared spec-
trum;

e bad connection between the electrodes;

e high volatility and viscosity of the electrolyte;

o degradation of properties of the electrolyte due to
the absorption of UV radiation.

To improve the efficiency and stability of DSSC, a
number of solutions to eliminate or reduce the impact
of these factors were offered (there must be a compro-
mise between them):

e optimize the morphology of the semiconductor to
reduce the dark current;




o develop a low volatile and less viscous electrolytes to
improve the velocity of charge transfer;

e improve the mechanical contact between the two
electrodes;

e select the additives for improving the properties of
electrolytes and dyes.
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U3MeHeHue

BBenenue

OnTuMu3auusi UCHbITAHUI BJIMSIET HA BCE STaIlbl
cosnaHus usaenuii. Bo-mepBbiX, OMHUM M3 OCHOBHBIX
TpeboBaHMUI K CO3IaHUIO HOBBLIX IPUOOPOB B COBpE-
MEHHBIX YCJIOBMSIX SIBJISIETCSI COKpallleHUEe UX CPOKOB
pa3paboTK! U OcBOeHUS. OJTroBeYHOCTh MPUOOPOB
BCEX KJIACCOB IOCTOSIHHO MOBBIIIAETCS U MHMOpMa-
LIMs O CPOKaxX UX CIy>XObl HE0oOXonMMa pa3paboTUuUKYy,
oIpeNiesieHH e XKe TOJTOBEUHOCTH 3aHUMAeT 3HAYUTE Ib-
HbII MPOLIEHT BPEMEHU OT CpoKa pa3paboTKu Mpubo-
poB. CienoBaTe/bHO, COKpallleHUEe WCITbITAHUI TTO3BO-
JIJeT YMEHBILIWTb CPOK pa3pabOTKW u3aeauii. Bo-BTo-
DBIX, TIOBBILIAETCS ONEPaTUBHOCTh MH(POPMAIIK O Ka-
YecTBe M3JeIUi, KOTOpPYI0 Haubojee IMOJHO MOXHO
MOJIYYUTh IO Pe3yJibTaTaM UCHBbITAaHUI. YMEHbIIeHNE
BpeMEHU UCHBbITAaHUIA ITOBBIIIAET ONMEPATUBHOCTDH ITO-
JIy4EHMST TaHHBIX O COCTOSTHUY U3IEIUI U pe3yIbTaTax
pa3paboTKu, TeM caMbIM IOBbILIAs 3G GhEKTUBHOCTh
(bYyHKIIMOHMPOBAHUS TEXHOJOIMU MTPOU3BOJCTBRA Tpe-
obOpazoBarteseii. B-TpeTbux, Mpu cOKpalleHUU UCIIbI-
TaHUU CTPOSITCSI MaTeMaTHMYeCKHUe MOJEJN MCIIbITa-
HUIA — 3aBUCUMOCTb pabOTOCIIOCOOHOCTU M3AEIUI OT
BpeMeHU M Bo3aeicTBytolux ¢aktopos. [TogodHbIe
MOJIEJIM OKa3bIBalOT CYILECTBEHHYIO TOMOIIb pa3pa-
00TuuKy. B-yeTBepTbIX, MUHUMU3ALUS MPOIOTKM-
TEJbHOCTH MCIBITAHUI TO3BOJISIET MOJYYUTh 3KOHO-
Muueckuili apdexr. CokpallleHue IIUTEIbHOCTU MC-
MbITAHUH B HECKOJILKO Pa3 MPUBOJAUT K 3HAUUTEIbHOMU
9KOHOMMU Pa3IMYHOrO BUJA 3aTpar.

MH]-[[/IMI/B&IIHSI NPOaOJKHUTEIBbHOCTH MCIBLITAHUIA

J1s1 MUHUMU3ALUKA POJOIKUTEILHOCTH UCTIbITA-
HUI 0e3 mOTepU HEOOXOAMMOI MH(POPMALIUK CIeAyeT
IMOCTPOUTh MAaTEMAaTUYECKYIO MOJIEIb 3aBUCUMOCTH I10-
KazaTeseil paboTOCIIOCOOHOCTU U3AEIUS OT BPEMEHU.

ITpu aHanM3€e BIMSHUS BHELIHUX BO3AEHCTBYIOIINX
¢dakTOpoB Ha PabOTOCIIOCOOHOCTh M3MeINs TpeOyeTcs
IMPOBECTU UCIILITAHUS U OIPEACINTD, KaK 3aBUCUT CO-
CTOsSIHUE TIpUOOpa OT 3TUX (PAKTOPOB, BLIZOBYT JIM OHU
OTKa3 Mpubopa WM CHU3ST ero paboToCnoCOOHOCTb,
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CMOXKET JIi TTpUOop YHKIMOHUPOBATh MPU BO3ACHCT-
BUU JaHHOTO (pakTopa U T. . Cpeau mogoOHOro BUaa
HUCIIbITAaHWI Haubosee O0ObEMHBIMM SIBJISIIOTCS MeXa-
HUYeckue U KauMarudeckue. Mx mpoBoasT Ha orpa-
HUYEHHOM MHTEepPBajie BPEMEHU IPY Pa3IMUHbIX YPOB-
HSIX BO3IEWCTBYSI BHEIIHUX (PaKTOPOB, TTOCJIE YEero MpH-
HUMAaOT pelIeHNe O CIIOCOOHOCTU W3AENNST BBIIEp-
>KaTh 3TU BO3ACUCTBUSI. 31€Ch 1IeIeCO00Pa3HO CTPOUTh
MHOTO(MAKTOPHYIO MaTeMaTUYeCKyl0 MOJE/b 3aBUCU-
MOCTHU IToKazaTejeil paboToCnoCOOHOCTU M3IEIU OT
BO3aeiCTBYOIINX (pakTopoB. McibiTaHMS HA HagexX-
HOCTb Y JIOJITOBEYHOCTbD SIBJISIIOTCS HauboJiee 10poro-
CTOSILIUMU. DTO CBSIZAHO C IJTUTEIbBHOCTBIO UCTIBITAHUM
1 BO3pacTaHMeM CTOMMOCTH C YBEJTUUEHUEM MX IPOIOJI-
xuTebHOCTH. CoKpallleHHe B HECKOJIBKO pa3 BpeMEeHU
WUCMBITAHUIN CYIIECTBEHHO CHMXKAET UX CTOUMOCTb.

Takum obGpa3oM, TIpu aHaAIM3e PE3YITATOB MUCITBI-
TaHUI HeOOXOAMMO, TIpexKAe BCEro, MOCTPOUTh MaTe-
MaTUYECKYI0 MOJEIb 3aBUCUMOCTM IIOKa3aTesieil pa-
0OTOCITIOCOOHOCTH U3IENUN OT BpEMEHU W BO3MAEUCT-
ByrolIx ¢akTopoB. [1py ucTibITaHNM Xe BO BpeMEHMU,
KpOMe TOro, Heo0XOAMMO MMHUMM3UPOBATh UX IPO-
JOJKUTETbHOCTb.

CyllecTBYIOT IBa OCHOBHBIX HampaBjieHUs, TTO3BO-
JISIIOIIME COKPAaTUTh MCHBITAHUS M3ACIUl — IIEpPBOE
CBSI3aHO C MPOTHO3UPOBAHUEM M3MEHEHMS TapamerT-
POB U3JEINIA BO BPEMEHU M OLICHKOM MOMEHTA HACTy-
IUIEHUsI OTKa3a, BTOpoe — ¢ opraHu3alueil ¢popcupo-
BAaHHBIX UCOBITAHUI, IPU KOTOPHIX BHEILIHME BO3ACH-
CTBUS OOJIbIIIE JOIMYCTUMEIX. B 3TOM Citydae ycKopsItoT-
CSI IPOLIECCHI CTapeHMs, BpeMSI HACTYIICHUST OTKa30B 1
COKpallaeTcsl IJIUTEIbHOCTh UCITbITAHUA.

CokpallleHue BpPEeMEeHU HCIBITAHUN C ITOMOIIbIO
MPOTHO3UPOBAHUSI, a TaKXe MCMOJb30BaHUs (opcu-
POBaHHBIX PEXMMOB OCHOBAaHO Ha cienywoouieM. Bes-
KOe U3IeJIMe NUMEET KOHEUHBII CPOK CIIYKObI (pecypc),
P IPUOIVKEHUU K KOTOPOMY pabOTOCIIOCOOHOCTD 1
CBOWCTBA M3JEIWS YXyIIIAOTCs. YXyILIeHue CBOMCTB
OTPEAENSAECTCS MPOLECCAMU CTAPEHUS, IPOUCXOASIIIM -
MM B Marepuajax W yajiax U3Ieaui.




CrapeHue MaTepualioB BbI3BAHO MpolleccaMu ca-
MOIPOU3BOJIBHOTO U3MEHEHUS BO BpEMEHU UX (HU3M-
KO-MEXaHUYECKNX U XUMUYECKHUX CBOMCTB, BOZHUKAIO-
1Iero M3-3a TePMOAMHAMMYECKON HEPaBHOBECHOCTU
HMCXOHOTO COCTOSAHUS. VX XapakTep U UHTEHCUBHOCTh
3aBUCAT KaK OT BHEIIHUX (PAKTOPOB (TeMIlepaTyphl,
JIaBJIEHUSI, MEXaHUYECKUX BO3JIEUCTBUI), TaK U OT
BHYTPEHHETO COCTOSIHMSI MaTepuania (Haauuusl BHYT-
PEHHUX MeXaHWYEeCKUX HAIIPSDKeHUI, IIPUMECEil).

XapaKTepHOl 0COOEHHOCTBIO MaTepuaioB U U31e-
JIMA HAa UX OCHOBE SIBJISIETCS BBICOKAsl YYBCTBUTEJb-
HOCTb MOBEPXHOCTU K (PUBUYECKUM YCIOBMSIM U XU-
MUYECKOW MPUPONE OKPYXKAIOLIEH Cpeabl, a TaKXKe K
MPUMeECSIM, HEOJHOPOAHOCTIM U AedeKTaM CTPYKTY-
pbl [1—3]. BiusiHue cOCTOSIHUSI MOBEPXHOCTU HA €ro
CBOMCTBA MPOSIBJISIETCS B OCHOBHOM B TMOSIBJICHUU T10-
BEPXHOCTHO TMPOBOJAMMOCTH U ITOBEPXHOCTHOM pe-
KoMOuHanuu. BiusHue npumeceii u 1e(peKTOB CTPYK-
Typbl, BO3HUKAIOLIUX B MaTepuasie BCJIEACTBUE BO3-
JEWCTBUSI BHEIIHUX (PAKTOPOB M B3aUMOJEHCTBUST C
OKpYKalolllel Cpeioi, B psijie CliyuaeB MOXET orpe/e-
JISITh BECb MEXaHU3M cTapeHusi. PaccmarpuBas mosiB-
JIeHue IpuMeceil 1 n1edeKToB B paboueit 001acTu Ipu-
0opa Kak pe3yabTaT ux auddy3uu u3 Hepabouero o0b-
eMa WIM Yyepe3 MOBEepXHOCTD, yaaeTcsl onrcaTb MHOTHE
SIBJIEHUSI, XapaKTepHbIe JJ1s1 TIPOLIECCOB CTapeHus Ma-
TepUAIOB U U3ACUNA.

B obuiemM ciayyae mpoliiecc MpOTHO3UPOBAHUS Ma-
TeMaTUYeCKU MOXHO OIMCATh CJAEAYIOLIUM 00pa3oMm:

W4 ) = M@y,

rae W — omeparop (Mozeib) NPOrHO3UPOBAHUA; 1; —
BpeMsI KOHTpPOJIsI mapameTpa npudopa y(7).

[TonoGHas TpakTOBKA MPOrHO3UMPOBAHUSI OCHOBaHA
Ha TOM, YTO MOCJIeIYIOLINE COCTOSIHUAS U3AeIUs B 3HA-
YUTEITbHOU CTETICHH OTIPEIEIISTIOTCS TPEIBIIYIINM CO-
CTOSTHUEM. DTO U SIBJISIETCSI OCHOBHOM TPEATIOCHITIKOM
JUISL YCIIEIIHOTO MPOTHO3UPOBAHUSI U3MEHEHUs CO-
CTOSIHUSI M3IEJIMIA B IIepuoAd ucnbiTanuii [4, 5].

IIporHo3mpoBaHue TeM TOUHEE, YeM TOYHEE BBISIB-
JIEH MEXaHU3M MU3MEHEHMS COCTOSHUS U3ACIUSI U YeM
TOYHEEe OH OMHUCaH OIepaTopoM (MOJE/bl0) MPOTrHO-
3upoBaHust W.

ITockoIbKY OLIEHKY COCTOSIHMSI U3AEUs OCYLIECT-
BJISIIOT KOJIMYECTBEHHO IO 3HAYEHUSIM U3MEHSIOIIMNX-
Cs BO BpEMEHHU ITapaMeTpoB, B Ka4eCTBE MOJIEJIM TPO-
THO3MPOBaHMSI OepyT MaTeMaTUYeCKylo Moaeib. Tak
KaK OCHOBHBIM ITapaMeTPOM IIPH TTPOTHO3UPOBAHUU
SIBJISIETCS] BpeMsI f, TO MaTeMaTHYeCKyI0 MOJIEJb BbIpa-
KaloT Kak (PyHKIUIO BpeMeHu WA7).

st 6ojee aeTaabHON OLEHKU HYXXKHO MPOBOAUTH
MpeaBapuTeIbHbIE WUCIBITAHUST W3AEIUN MPOIOIKM-
TeJIbHOCTBIO T, 3HAaUeHNE KOTOPOI OmpenesieTcs Imo-
CTaBJICHHOM 3aa4eil 1 CPOKOM IPOTrHO3UPOBAHUS.

Ouenka Hapabomku naeHO4HbIX npeobpazoeameneil.
DTa olleHKa OCHOBaHA Ha MTPOrHO3MPOBAHUU U3MEHE-
Hus napamerpa-kputepus rogHoctu (IIKT) 3a mpene-
JIBl WCHBITAHUNA C ITOMOLIBIO PAaCcYETHBIX MOIEIE,
OINUPAIOIIUXCS HA SKCIIEPUMEHTATbHbIE JaHHBIE.

350

Puc. 1. 3aBucuMocTb CONMPOTHBJICHHS NMPeoOpa3oBaTesi B TeYeHHE
MCNBITAHUM

Fig. 1. Dependence of the resistance of a transducer during the tests

B xauectBe IIKI BbhIOpaHO CONMPOTUBIECHUE ILIE-
HOYHBIX Mpeodpa3oBaresieil, KOTOpoe KOHTPOIUPOBa-
JIOCh U BBIUMCISIOCH B TeUeHUE UCTbITaHuii (puc. 1).

XapakTep 3aBUCUMOCTU R = f(f) 1o pesyabTaTam
HUCIIbITAHU MMEeeT BUJL

R= Ry + 10%(a + p1)7!,

Ime o U p — KOHCTaHThl; R — IMPOTrHO3MpYyeMblid Ta-
paMeTp; Ry — COIPOTHUBJIEHHE 10 BO3ACHCTBUSA SJIEK-
TPUYECKON HATPY3KH; ¢ — BpeMs.

Metonnka mporHo3MpoBaHMsI MPeAIoaaraeT TaKom
Tepexos OT mapaMeTpoB R U ¢ K TIEepeMEeHHBIM ( U T,
rnocjie KOTOporo 3aBUCUMOCTb R(f), BoOOIle roBops,
HeJIMHEeWHas1, CTaHOBUTCS JIMHEUHOM.

IMoctpoenne mporHosupyromeit GyHkuuu (I1D)
COCTOWT M3 CJICAYIOIINX IIIaroB:

e rpaduyeckoro NnpeAcTaBiIeHUs] B MEPEeMEHHbIX R U
pe3yJbTaToB U3MepeHUii Ry, R, ..., R, conpoTus-
JIEHUSI B MOMEHTBI BDEMEHM 1|, 1, ..., I, COOTBETCT-
BEHHO;

e BbIOOpa hyHkumii {(R) u 1(f), HaUIy4Y1IUM obpa-
30M COOTBETCTBYIOIIUX ITOCIEAOBATEIbBHOCTH TO-
4ek (R, 1), i=1, ..., n

C = En T= _t )
e BBIYMCJIEHUS] HEU3BECTHBIX KO(MOUILIMEHTOB o U

1 olleHKM KadyecTBa [1D.

[ns BbIOpaHHOM TMpearnojaraeMoil 3aBUCUMOCTHU
R(H) n coorBeTcTByIOLLEH et mapbl GyHKIUK ((R) u
() BBIYUCASIOTCS KO3(PPUIIMEHTHI oo U  TIO Cllenyto-
M opMmyJiam:

R'=R— Ry

irigi—n%é )
p= l,,—_, o= — B,
Zt?—nrz
1
re =1 Y, u=1t), ¢ = lZC;‘a G = CRY.
n n i
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Puc. 2. IIporno3upyomas pynkuus
Fig. 2. Prediction function

KauecTBo monmyyernoit [1® oneHnBaeTcs 1Mo Koag-
(GULMEHTY NeTepMUHALMU ¥, KOTOPbIA BbIYUCISIETCS
no gopmyiie

BST
r=p<>
St

n -3 n 3
rae S, = %%T?_Tz’sf;: rllil‘,(;?—cz.

Ha puc. 2 npeacrapiieHa porHo3upyoiias ¢GpyHkK-
LIMSI:

&R = a + pr(n).

IIporHo3upymoliuas GyHKIUS UMeeT JMHEeMHBIN Xa-
pakTep 3aBUCMMOCTHU. [TomyyeHHast MporHo3upyroiias
(byHKIIMS MpU3HAETCs YAOBJIETBOPUTEIbHOM.

3akimouyenue

OueHka HapabOTKU TUIEHOYHBIX MpeobOpa3zoBare-
Jieli, OCHOBaHHasl Ha MPOTHO3WPOBAHUW WU3MEHEHUSI
rapaMmeTpa-KpuTepusi TOTHOCTU (COMPOTUBJIEHUE ILe-
HOUHBIX TpeoOpa3oBaTesieil) 3a npeaesbl UCIIbITAHUM C
MOMOIIIbIO PacYeTHON MOIEIU, ONMpalolIerocss Ha
9KCMepUMEHTaIbHbIEe JaHHbIE, MO3BOJISIET ONTUMU3U-
poBaTh BpeMsl IpoBeleHUsl uchnbiTaHuii. [IpoBeneH-
Hbl€ MCCJIEIOBaHMS MTOKa3aayd BO3MOXHOCTb ITPOTHO-
3MpOBaHUS HapaOOTKU IIJIEHOYHBIX ITpeoOpa3oBareieit
10 U3MEHEHUIO MapaMeTpa-KpUTepusl TOMIHOCTU B CO-
OTBETCTBUMU C MPEATOKEHHON MOJEIbIO.
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Reliability Prediction of Film Converters by the Changes

of the Parameter-Validity Criterion

The authors demonstrated feasibility of minimization of test duration without losing any of the required information by con-
struction of a mathematical model of the dependence of the functionality of a product on time. They also conducted analysis of the
effect of time of testing on the stages of development of products and considered possible directions allowing them to accelerate the
tests of products. Assessment of the state of a product was carried out to quantify the values of the time-varying parameters. The main
parameter in forecasting is time, and the mathematical model was expressed as a function of time. Evaluation of development of
the film converters based on forecasting of changes in the validity criterion parameter in the periods extending beyond the time of
tests will be done with the help of the computational model based on the experimental data. The validity criterion was selected as
a parameter for the resistance film converters. A technique was developed for forecasting reliability of the film converters with a pre-
dictive function based on the linear character of the dependence.

Keywords: forecasting, test, parameter, model, factor, function, resistance, time, property, change

Introduction

Optimization of testing influences on the steps of
products’ creation. Firstly, one of the basic require-
ments for creation of the new devices is reduction of
term of their design and development. The durability of
the instruments constantly increases, and the develop-
ers require an information on the period of its service
life. Definition of longevity needs a significant percent-
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age of the development period. Consequently, reducing
of the testing time can reduce the development time of
products. Second, the efficiency of information on the
quality of products increases, that best can be obtained
on the test results. Reducing of the testing time increas-
es the efficiency of data on the status and results of
product development, increasing the efficiency of tech-
nology of transducers production. Third, the mathe-
matical models become built at reducing of the testing




time — the dependence of products’ performance on
time and influencing factors. Such models provide as-
sistance to the developer. Fourthly, minimization of the
testing time allows to obtain economic benefits. Reduc-
tion of the testing time in several times results in sig-
nificant savings on costs.

Minimization of the testing time

A mathematical model of performance indicators of
the product depending on the time should be built to
minimize the duration of the tests without information
losses. In analyzing the impact of external factors on the
performance of the product it is required to make tests
and to determine how does the state of the device de-
pends on them, whether they will cause failure of the
device or reduce its efficiency, whether the device can
function under the influence of this factor, etc. Among
these tests, the most bulky complex are mechanical and
climatic. They are carried out in a limited time interval
at different levels of exposure of the external factors and
then make a decision about the ability of the product to
withstand these impacts. It is advisable to build a multi-
factor mathematical model based of dependence of in-
dicators of products’ performance from influencing fac-
tors. The tests on the reliability and durability are the
most expensive. This is related to the duration of the
tests and increase of the cost with the increase in their
duration. Reduction of the testing time in several times
significantly reduces the costs. In the analysis of the test
results it is necessary, first of all, to build a mathemat-
ical model of the dependence of the performance indi-
cators of the product from the time and influencing fac-
tors. When tested in time, moreover, it iS necessary to
minimize their length.

There are two main ways that allow reduce the test-
ing time — the first is related to the prediction of chang-
es in the parameters of products in time and estimation
of occurrence of the failure, the second is related with
the organization of the forced testing, in which the ex-
ternal influences are over the warrantable. In this case,
the aging processes and the time of occurrence of the
failures become accelerated, and the duration of the
testing decreases. Reducing of the testing time by a pre-
diction, use of the forced modes are based on the fol-
lowing. Every product has a finite life time (resource),
the performance and properties of the product deteri-
orate when approach to it. The deterioration of the
properties determined by the processes of aging, occur-
ring in materials and components of the products.

The aging of materials is caused by the spontaneous
change in time of their physical, mechanical and chem-
ical properties, arising from the thermodynamic dise-
quilibrium of the original state. Their nature and inten-
sity depend on external factors (temperature, pressure,
mechanical influences), and the internal state of the
material (presence of the internal stresses, impurities).
A characteristic feature of the materials and products
based on them is the high sensitivity of the surface to
the physical conditions and the chemical nature of the

environment, as well as to the impurities, inhomoge-
neities and defects in the structure [1—3]. The influ-
ence of the surface on its properties is generally mani-
fested in the appearance of the surface conductivity and
in the recombination. The influence of impurities and
structural defects that appear in the material due to the
impact of external factors and interaction with the en-
vironment, in some cases may determine the mecha-
nism of aging. Considering the occurrence of impurities
and defects in the working area of a device as a result
of its diffusion from non-working volume or through
the surface, the phenomena typical for aging of the ma-
terials and products can be described.

In general case, the prediction can be described
mathematically as follows:

W4 ) = W),

where W — the operator (model) of forecasting; #; —
control time of the device’s parameter y(7).

This interpretation is based on the fact that the next
states of a product are largely determined by the previ-
ous state. This is the basic prerequisite for predicting of
changes in the state of products during the tests [4, 5].

Forecasting is more accurate, than the mechanism
of changes in the state the product is more accurately
identified and then it is more accurately described by
the operator (model) of forecasting W.

Since the assessment of the product’s state is carried
out to quantitatively by the values of time-varying pa-
rameters, a mathematical model is usually taken as the
forecasting model. Since the main parameter in predict-
ing is a time ¢, it is expressed as a function of time WA¥).

For a more detailed assessment, the preliminary tests
of products should be carried out with a duration 7,
which is defined by forecasting aim and time.

FEvaluation of the film converters’ lifelength. This assess-
ment is based on the prediction of the parameter-crite-
rion of validity (PCV) outside of the tests with the use of
the calculation models, based on experimental data.

The resistance of film converters, which is moni-
tored and calculated during the tests (fig. 1) was select-
ed as PCV.

The dependence of R = f(¥) on the results of the test
has the view:

R= Ry + 10%(c. + pr) 1,

where o and p — the constants; R — the estimated pa-
rameter; R, — the resistance before affection of the
electrical load; ¢ — time.

The forecasting technique involves the transition
from the parameters R and ¢ to the variables ¢ and t, af-
ter which the dependence R(?) is, generally speaking,
non-linear, becomes linear.

Building of a predictive function (PF) consists of the
following steps:

e a graphical representation of the variables R and
measurement results R, Ry, ..., R, of the resistance
to the moments #,, 1,, ..., #,, respectively;
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e selection of the functions {(R) and <(7), the best suit-

ed to a sequence of points (R;, ), i =1, ..., n:
j— 1 p— 1 r__ .
C.& - E:’ T= ;5 R'=R— Ros

e calculation of the unknown coefficients o and B,
evaluation of quality of the PF.
For the selected intended dependence R(7) and the
pair of functions {(R) and t(#) corresponding to it, the
coefficients o and B are calculated by the formulas:

n —_
%rigi—n%g
p=5—7—>
2 2
2t —nt
1

o= —B1,

where T = 1 iri, =1, ¢ = 1 i@i, i = C(R).
n n

The quality of the obtained PF is estimated by the
coefficient of determination r, which is calculated by
the formula

where S, =

Fig. 2 shows the predictive function:
&R = a + Br(d).
The predictive function is linear, and it is recognized
as satisfactory.

Conclusion

Evaluation of the film converters’ lifelength is based
on the prediction of changes of the criterion of validity
parameter (resistance of film converters) beyond the
tests using computational model based on experimental
data allows to optimize the testing time. The studies
have shown the ability to predict the film converters’
lifelength by changing of the criterion of validity in ac-
cordance with the proposed model.
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MCCAEAOBAHUE AETPAAALUMOHHBIX TNMPOLUECCOB
B AYEMKAX DHEPTOHE3ABUCUMOM NAMATU METOAMKOM
KOHTAKTHOM CKAHUPYIOWEN EMKOCTHOM MUKPOCKOIMUU

Ilocmynuna ¢ pedaxyuro 10.11.2015

IIpedcmasnen 0030p npuyun U QU3UUECKUX MEXAHUIMO8 BO3HUKHOBEHUs! 0eepa0ayUOHHbIX NPOUECCO8 8 AHeUKax IHePeOHe3a-
sucumou namamu. Ilposedenvi uccredosanus 0e2padayUOHHbIX NPOUECCO8 8 AYEUKAX NAMAMU HA NPOMANCCHUU UX HCUSHEHHOZ20
yukaa. Ha ocnose anaauza 6bicoOKo4acmomublx 6046m-(apaoHbiX XapaKmepucmux NOKA3aHa 603MONCHOCMb OUAZHOCMUKY 3()-
hekma HaxonseHus u30bIMOUHbIX OCHOBHBIX/HEOCHOBHbIX HOCUMenel 3aps0a 6 AHeuKax namsmu.

Karoueevie caoea: aueiika 3H€p20H€308LlCUMOL7 namamu, KOHMAaKmHaAa CKAHUpYruas emKoCmHas MUKPOCKONUA, 0ed)elcmbz

okcuda, niasarOwull 3ameop
BBenenue

K HacTosiiieMy BpeMeHM CO3TaHO MHOXKECTBO TH-
OB MaMSTHU C Pa3IUYHBIMU NMIPUHIIMIAMU (PYHKIIMO-
HupoBaHus. KommaHuu-npousBoguTean paspada-
ThIBAIOT COOCTBEHHbBIE 3JIEMEHTBHI XpaHEHUS MaMITU
UcxXodsd u3 TpeOOBaHMI K 3HEPromoTpedIeHUIO, TO-
MOJIOTUYECKUM HOpMaM U (YHKIMOHAIbHBIM BO3-
MOXHOCTSIM U3AEJIUS.
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Ha creneHb HageXXHOCTU SIYEMKU MaMSATH OKa3biBa-
10T BAUsiHME AedeKThbl paznuuHoro poaa [1]. Kaxnbrii u3
ne(eKToB TPOBOLMPYET pPa3BUTHE AeTPpamalliOHHBIX
MPOILIECCOB, MPOTEKAIOIIUX B STYEHKE MAMSTH, YTO MPU-
BOJIUT K U3MEHEHHUSIM €€ BhIXOJHBIX XapaKTEePUCTUK.

7151 TIOBBILLIEHUSI KaYyeCTBa MPOU3BOICTBA SJIEMEH-
TOB TIAMSITH, YAYYIIEHWS MX SKCILTyaTallMOHHBIX Xa-
PaKTEepPUCTUK HEOOXOIMMO Pa3BUTHE METOJIOB TUArHO-
CTUKU JEKTPODU3NYECKUX NapaMETPOB BJIEMEHTOB




XpaHeHHUsI SHEPrOHEe3aBUCUMON MaMsATH, TTO3BOJISIO-
LIMX ONpeAessaTh Ae(EeKTh U UCCIeI0BaTh OCOOCHHO-
CTU MPOTEKAHUS NeTpaJallMOHHbBIX TPOLIECCOB B SIYCH-
kax mamstu UMC.

Jlerpananyuonnbie MpPonecchl B SYeHKaX NaMATH

MHoroKkpaTHOe IepernporpaMMUpoBaHUe siueeK
SHEPrOHEe3aBUCHUMOM MMaMSITH MOXET TPUBECTH K Je-
rpagaluy JU3JeKTpUKa U TPpaHUIL pas3iesia OKCHI-TI0-
JIyIPOBOJHUK.

ITpu npoao/KUTENbHON Nerpagalli OKCHUaa BO3-
MOXHa pe3Kasli HoTepsl U30JUPYIoLINX cBOMCTB. I1po-
00Ji IPOUCXOAUT B MOMEHT, KOTJla HaKOTIJIEHHbIE TT0-
BpEXIEHUs TIPEBBIIIAIOT KPUTUYECKHUE IapaMeTphl
okcuga (puc. 1).

HaxoruieHre HelTpaabHBIX 3J€KTPOHHBIX JOBYIIEK
CMocoOCTBYeT (HOPMUPOBAHUIO KJIACTEPOB JIOBYIIEK,
MPUBOISIIMX B KOHEUHOM MTOTe K 00pa3oBaHUIO Ka-
Haja 1pobos (breakdown path) mexmy aHOOOM U Ka-
togoM [2]. [Ipeanonaraercsi, YTo JOBYLUKHU 3apsiaa re-
HEPUPYIOTCS BHYTPU OKCHUAA B CIy4yalHBIX y4yacTKax
MPOCTPAHCTBA. 3JHAUYEHUE 3apsia, HEOOXOAUMOTO IS
Ipo00sT OUAJIEKTPUKA, PACCUUTHIBAETCS 110 (hopMyJie

OppAin;
_ in
Nee= 5 —¢ Voo (1)

rae Npp — 4YUCIIO LIMKIIOB 3allMCH/CTUPaHUs 10 Ha-
CTYIUIEHUS TIPO00S; AV p; — CMEILEHUE HANIPSKEHUS
MexXny coctosgHusIMU jJorndyeckux "0" u "1". Crangapt-
HBIM 3HaYEHWEM IJIT OKCUAA KPEMHUS CUUTAETCS €ro
yaenbHbIA 3apan Qgp = 10 K.JI/CM2 [3].

IIponeccy merpamanym MOgOOHOTO poda CIIOCO0-
CTBYIOT M3MEHEHUIO O0JIaCTM HAKOILUICHHOTrO 3apsiia
Ha TJIaBalollEeM 3aTBOpe siYeeK MaMSITHU.

Brixomy stueexk maMsITU U3 CTPOSI MOXKET CIIOCO0-
CcTBOBaTh 3(pheKT N30BITOYHOIO HAKOIIEHUSI OCHOB-
HBIX/HEOCHOBHBIX HOCHUTEJICH 3apsaa Ha TUIaBalOlIeM
3aTBOpE.

HekoHTponupyemMoe u3MeHeHHE 3apsjua Ha Iia-
BaloOllleM 3aTBOpE B OOJIBIIYIO UJIM MEHBIIYIO CTOPOHY
MOXET CTaThb NMPUYMHON M3MEHEHMSI YPOBHSI MOPOTO-
BOTO HaNPSKEHUS TPAH3UCTOPA W MPUBECTH K OIINO-

JloByurkn 3neKTPOHOE
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Puc. 1. IIpouecc aerpagamuu oKcuaa U 00pa3oBaHUs MPOOOs
Fig. 1. Degradation of the oxide and formation of a breakdown

KaM MHTepIpeTaluuy XpaHuMol uH@opMauuu. ABie-
HUE JaHHOIO poja CBsI3aHO ¢ 3(PHEKTOM U3OBITOYHOTO
HaKOIUIEHUsI OCHOBHBIX/HEOCHOBHbBIX HOCHUTEJEeH 3a-
psina B siueiikax (apdexTol charge-loss u charge-gain).
BDhdheKT U30bITOUHOr0 HAKOILIEHUS! OCHOBHBIX/He-
OCHOBHBIX HOCUTEJIEH 3apsiia B sTueiKax mamsiTi MOXeT
OBITH CITIPOBOLIMPOBAH Pa3IMYHbIMU MTpuurMHaMu [1]:
e COOCTBEHHOE M3MEHEHUE 3apsina;
e U3MEHEeHHe 3apsiaa yepe3 AedeKTbl OKCHUIA;
e M3MEHEHME 3apsia yepe3 HeXeIaTeIbHYIO TTPUMECH;
e W3MEHEHHE 3apsiia 4yepe3 CIOoH OKCUI—HUTPUI—
OKCHI;
M3MEHEHHe 3apsina IyTeM TeHepaluy 13 JIOBYIIIEK;
e TIOTEps 3apsiia BCIAEACTBUE LUKIMYECKU WHIYLIM-
POBAHHOTO PA3pYIICHUST INUIICKTPUKA.
HMccnegoBanre 00JacTM HaKOIUIEHHOTO 3apsiia U
a¢ddekTa N30BITOYHOTO HAKOTIJICHNST OCHOBHBIX/HEOC-
HOBHBIX HOCUTEJIEW 3apsia BBINIOJHEHO METOAUKOMN
KOHTAaKTHOM CKaHUPYIOLIEX €MKOCTHOU MUKPOCKO-
nuu (KCEM).

Metoamuxka KCEM

Metonuka KCEM peanu3oBaHa Ha CKaHUPYIOIIEM
3oHg0BOM MuKpockore (C3M) MHTEI'PA nipousBoa-
ctBa komnanuum HT MJIT. B cocraB nuaMepurterbHON
cucteMbl BxoasaT C3M, BKIaAbILI JJISI eMKOCTHBIX 13-
mepenuit AUO3ONTF, BHewHwuii 00K, IOAJIOXKH C
BJIEKTPUYECKUM KOHTAKTOM.

B npouecce namepenuii npoBoasdiuii 3oun C3M
HaxXOAUTCSI B KOHTAaKT€ C MOBEPXHOCTHIO MOJYIPO-
BOJHMKA, IOKPBITOIO cJIoeM AudJjeKkTpuka. Yepes
OMMYECKHUI KOHTAKT K MOJYIPOBOAHUKY MPUIIOXKEHO
HEKOTOPOE IOCTOSHHOE HamnpsikeHue V.. EMKoCTb
CHUCTEeMbI 30HI—IN3JIEKTPUK—ITOIYITPOBOIHUK 3aBH-
cur ot V.

IIpousBoauTeaemM peajan30BaHO IBa CIocoba M3-
MepeHust auddepeHunanbHoil eMkocty dC/dV B Mme-
tone KCEM.

Ilpu wusMepeHuun auddepeHUNATbHONR eMKOCTU
dC/dV nepBbIM CIOCOOOM B KaXJ0il TOUKe 00JacTu
CKaHUPOBaHUs OLM(POBBLIBAETCS] BHIXOAHOU BBICOKO-
yactoTHb (10 MI'n) curnan C3M (U,,,) npu aByx
3HAYEHMSIX TTOCTOSIHHOM COCTaBJISIIONIEH HANPSIKEHUS
Ha oOpaslie, KOTOpble CBSI3aHbl C Mapamerpamu Bias
Voltage (nanpsixenue cMeuienus Vy)) u dV (usmeHe-
HY€ TTIOCTOSTHHOM COCTaBJISIIOLIEH HaNPsKeHUsT Ha 00-
pasie) ciaeaymoluM odbpaszom [4]:

V) = Vy—av, V2 =v,+av, @

TIPA 5TOM

U, = C(V) + const. (3)

[1pu BEIMUTAaHUM IBYX TTOJYYEHHBIX 3HAYCHUI, OTI-
penensieTcsl BeJMYMHA, MPOIOpLUOHAIbHAsI audde-
peHuManbHoit emkoctu dC/dV:

Upl(Vge + V) = Uy(Vyo — dV) ~ (C(Vge + dV) +
+ const) — (C(V,, + dV) + const) ~ Z—IC/( V. (@)
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IIpu u3mMepeHusIXx BTOPHIM CIIOCOOOM Ha 30H] C Te-
HepaTopa nojaercss Hu3kodyactoTHeiit (0,3 xI') cur-
HaJl C aMIUIMTYAOM, paBHOW 3HaYeHUI0 dV. DTOT cur-
HaJT TIOCTYITaeT Ha BXOA CHHXPOHHOTO JEeTeKTOpa, 00-
pabaTbeIBaeTCSI M Ha BBIXOJ BBINAIOTCS [IBa CUTHaja
dC/dV (phase) n dC/dV (Msin). Curnan dC/dV (phase)
XapakTepu3yeT 3amna3iblBaHue CUTHajJa MpU MPOXOXK-
JneHuu uyepes obpasell, dC/dV (Msin) — xapakTepusyeT
W3MEHEHNE aMIUIMTYIbl CUTHAJIa TIPU MPOXOKICHUN
yepe3 oOpaszell.

IMpoBenenue usmepenuit curdana dC/dV BTopbiM
CIOCOOOM CYIIIECTBEHHO YBEJMUYMBAECT CKOPOCTh PEru-
crpauuu BeaudruHbl dC/dV, n TI03BOJISIET ONPEneIuTh
IO €e CBOMCTBAM THUIT W CTeTICHb JIETUPOBAHUS TTOJY-
IMPOBOTHUKOBOM CTPYKTYPHI.

Onpenesienne 00,1aCTH HAKOILUIEHHOTO 3apsaaa
HA IUIABAIOIIEM 3aTBOpE AYeeK MaMATH

15T OLIeHKY BIVSTHUS YKCiIa IIWKIIOB TIeperporpam-
MMPOBaHUS Ha 00JIaCTh HAKOIIJICHHOTO 3apsiia pa3pa-
0oraH MakeT. MakeT 1MO3BOJISIET IPOBOAUTH MHOIO-
KpaTHOe IMeperporpaMMUpOBaHie BHYTPEHHEN maMsi-
™ HMMC oanHakoBOil OUTOBOI MOCIeIOBaTeIbHO-
CTBIO, TEM CaMBIM TTOABEPTasi BO3ICHCTBUIO OMHU U T
Ke sgueiiky namatu. [1pu 3ToM OCyILIEeCTBISIETCS KOH-
TPOJIb UMCJIA LIUKIIOB MeperporpaMMUPOBaHUSL.

C ucnonb3oBaHMEM pPa3pabOTAHHOrO MakeTa TpU
oopasuna UMC obumm nepenporpamupoBanbl 50 000,
100 000 1 200 000 pas. ITpu stom nociae 200 000 k-
JIOB IEepenporpaMMUpOBaHus oOpa3sel nepectan PyHK-
LIMOHUPOBATb.

st onipefieIeHHOM STYSHKY MaMSITU Ha KaxkKaoM U3
00pa3luoB MoJy4YeHo pacrpeaeneHue curHana dC/dV
(phase) (puc. 2, cM. TPETbIO CTOPOHY OOJIOXKM).

AHamM3 TIONyYEeHHBIX pe3yabTaTOB ITOKAa3ay, YTo
MHOT'OKPATHOE IMeperporpaMMUpPOBaHe STYEEK DHEp-
roHesapucumoit namsatu (DHIT) npuBoout K cyuect-
BEHHOMY M3MEHEHMIO 00JIACTH HAaKOTUIEHHOTO 3apsiia
B maBatonemM 3atBope (I13).

Hccaenosanne 3¢p¢eKTa N30LITOYHOTO HAKOILUICHHS
OCHOBHBIX/HEOCHOBHBIX HOCHTEJIEH 3apsana
B AYEHKAX MaMATH

s MUarHoCTUKM sSYeeK MaMsITH, MOJABEPKEHHBIX
3¢ heKTy U30BITOYHOTO HAKOILJIEHNUS OCHOBHbBIX/HEOC-
HOBHBIX Hocutesieil 3apsina, merogom KCEM Obuiu
MTOJTYYeHBI BBICOKOYACTOTHBIC KpuBble C— V 7151 4eThI-
pex syeeK MamsiTv, ABe U3 KOTOPbIX CUUTHIBAIVCH He-
KOppeKTHO (puc. 3).

CpaBHUTENBHBIN aHAIN3 PACUYECTHBIX M IKCIIEPH-
MeHTaJbHbIX (puc. 3) C—V-xapakTepuCTUMK TOKa3aa
CXOXECTb MX MOBENCHUSI.

DKcnepuMeHTalIbHble C— V-3aBUCUMOCTH IS sTUe-
ek 3 u 4 (uHdopmalus, XxpaHUMasl B siueiikax, MHTep-
MPEeTUpPyeTCs HEKOPPEKTHO) CMELLEHBI COOTBETCTBEH -
HO BJIEBO U BNpaBo oT kpusoi Ci(V) (ayeiika 3anu-
caHa, GyHKLIMOHUPYET KOPPEKTHO). DTO CBUIAETEIbCT-
BYET O TTOHMKEHHOM (IJ151 Tueiiky 3) U MOBBILIEHHOM
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Puc. 3. DkcnepuMeHTaIbHbIE BBICOKOYACTOTHbIE KpuBbie C—V
Fig. 3. Experimental high-frequency curves C—V

(nns sueiiku 4) ypoBHe 3apsiaa Ha [13, 06 usmeHeHUn
YPOBHSI TOPOTOBOrO HAMPSIKEHUsI TPaH3UCTOpa, U
KaK CJIEICTBUE, O HAPYILIEHUU KOPPEKTHON UHTEPIIpE-
TallM¥M XpaHUMOW B siueiikax MH(OpMaluK, BbI3BAH-
HOM 3¢ deKkTaMyu M30BITOYHOIO HAKOIUIEHUS OCHOB-
HBIX/HEOCHOBHBIX HOCUTEJIEH 3apsina.

3akmouenne

MHoOrokparHoe IlepenporpaMMHUpPOBAaHUE SHEPTO-
HE3aBUCUMON MaMITH MPUBOAUT K YCUJICHUIO Jerpa-
JALMOHHBIX MPOLIECCOB B IUAJEKTPUKAX, K POCTY UUC-
JIa JIOBYIIIEK 3apsifia, YCUJICHUIO TYHHEIBHOTO TOKA U K
POCTY TOCTOSIHHOM KOMIOHEHTHI TOKA YTeYKH, a TaK-
K€ CIOCOOCTBYET HEKOHTPOJUPYEMOMY M3MEHEHUIO
3apsiia Ha IUIaBalollieM 3aTBOPE, YTO B KOHEUHOM CUe-
T€ MOXET MNPUBECTU K MOTepe pabOTOCHOCOOHOCTH
SYEUKU MaMSITU.

IIpoBeneHHbIE B paboTe MCCACAOBAaHUS IOKa3an
BO3MOXKHOCTh IMArHOCTUKM Ae(heKTHBIX STYEEK ITaMsi-
TN ¢ ucnojibdoBanueM Meronukun KCEM.
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Research of the Degradation Processes in the Flash Memory Cells by the Methods
of Contact Scanning Capacitance Microscopy

Improvement of the quality and characteristics of the memory cells requires development of various methods for diagnostics of
their physical parameters. The main aim of such methods is to detect the memory cells’ defects. The article presents a review of the
causes and physical mechanisms of the degradation processes in the memory cells during their life cycle. It demonstrates feasibility
of diagnostics of the effect of accumulation of the excessive majority/minority charge carriers on the basis of analysis of the high fre-

quency capacity-voltage characteristics.
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Introduction

There are many types of memories with various op-
erating principles. The producers develop their own
memory storage elements, proceeding from the energy
saving principles, topological standards and function-
alities of the products.

The degree of reliability of a memory cell is influ-
enced by various defects [1]. Each of the defects pro-
vokes development of the degradation processes in a
memory cell, which leads to changes in its output char-
acteristics.

Improvement of the quality of the memory elements
and of their characteristics requires development of the
diagnostics of the electrophysical parameters of the stor-
age elements of the non-volatile memory, allowing to de-
tect the defects and to investigate the specific features of
the degradation processes in the memory cells of IC.

Degradation processes in the memory cells

Multiple reprogramming of the non-volatile mem-
ory cells can lead to a degradation of the dielectric and
of the oxide-semiconductor borders. A long degradation
of the oxide may result in a loss of its insulating proper-
ties. A breakdown occurs, when the accumulated dam-
ages exceed the critical parameters of the oxide (fig. 1).

Accumulation of the neutral electronic traps pro-
motes formation of clusters of traps leading finally to
formation of a breakdown path between the anode and
the cathode [2]. It is assumed, that the charge traps are
generated inside of the oxide, in random sites of space.
The charge, necessary for a breakdown of a dielectric,
is calculated under the following formula

— QBDAinj

Npg

where Npp is the number of the recording/erasure cy-
cles before a breakdown, AV is the voltage shift be-
tween the states of logical "0" and "1". The standard val-
ue for the silicon oxide is considered its specific charge
Qpp = 10 C/cm? [3].

Such degradation promotes a change of the area of
the accumulated charge on the floating gate of the
memory cells. Their failure can be promoted by the ef-
fect of the excessive accumulation of the majority/mi-
nority charge carriers on the floating gate.

An uncontrollable change of the charge on the float-
ing gate can be a reason for a change in this or that di-
rection of the threshold voltage of a transistor and lead
to errors in interpretation of the stored information.
Such a phenomenon is connected with the excessive
accumulation of the majority/minority charge carriers
in the cells (charge-loss and charge-gain effects), which
can be provoked by various reasons [1]:

e« own change of a charge;

o change of a charge due to the defects of the oxide;

e change of a charge due to an undesirable impurity;

¢ change of a charge through the oxide-nitride-oxide
layer;

« change of a charge by means of generation from traps;

e loss of a charge due to the cyclically induced de-
struction of the dielectric.

Research of the area of the accumulated charge and
effect of the excessive accumulation of the majority/mi-
nority charge carriers was done by means of the contact
scanning capacitance microscopy (CSCM).

CSCM Technique

It was realized on INTEGRA scanning probe mi-
croscope (SPM) from NT MDT Company. The meas-
uring system included SPM, AUO30NTF insert for ca-
pacitor measurements, an external unit, and substrates
with an electric contact.

During the measurements the conducting probe of
SPM was in contact with the surface of the semiconduc-
tor covered with a layer of dielectric. Certain constant
voltage of V. was applied to the semiconductor through
an ohmic contact. The capacity of the probe-dielectric-
semiconductor system depended on V.. The manufac-
turer realized two ways of measurement of the differ-
ential capacitance dC/dV within the CSCM method.

During the measurement of the differential capaci-
tance dC/dV by the first method in each point of the
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scanned area the output high frequency (10 MHz) sig-
nal of SPM (U,,,) was digitized at two values of the
constant component of the voltage on the sample,
which were connected with the parameters of Bias Volt-
age (shift voltage Vpp) and dV (change of the constant
component of the voltage on the sample) in the follow-
ing way [4]:

Ve = Vy—av, V2 =vy+av, @

at that:

U, = C(V) + const. 3)

By subtraction of the two obtained values we get the
value proportional to the differential capacitance dC/d V-

Upyl(Vge + dV) = Uy (Vo — dV) ~ (C(Vge + dV) +
+ const) — (C(V,, + dV) + const) ~ Z—IC/( V. ()

During the measurements by the second method, a
low-frequency (0,3 kHz) signal with the amplitude
equal to dV was supplied to the probe from a generator.
This signal arrived to the input of the synchronous de-
tector and was processed, and at the output we got sig-
nals dC/dV (phase) and dC/dV (Msin). Signal dC/dV
(phase) characterized the delay during passing through
the sample, while dC/dV (Msin) characterized the
change of the signal’s amplitude during passing through
the sample.

Measurement of dC/dV signal by the second method
increases the speed of dC/dV recording and also allows
us to determine the type and degree of doping of a
semi-conductor structure.

Determination of the area of the accumulated charge
on the floating gate of the memory cells

A breadboard model was developed for estimation of
the influence of the number of the reprogramming cy-
cles on the area of the accumulated charge, allowing to
implement repeated reprogramming of the internal
memory of IC by an identical bit sequence, thereby
subjecting the same memory cells to the influence.
Thus, a control over the number of the reprogramming
cycles is carried out.

Three IC samples were reprogrammed 50 000,
100 000 and 200 000 times with the use of the bread-
board model. After 200 000 cycles a sample ceased to
function.

For a certain memory cell dC/dV (phase) signal dis-
tribution (fig. 2, see the 3-rd side of cover) was obtained
on each of the samples.

Analysis of the results demonstrated that a multiple
reprogramming of the cells of the non-volatile memory
(NVM) leads to an essential change of the area of the
accumulated charge in the floating gate (FG).

Research of the effect of the excessive accumulation
of the majority/minority charge carriers
in the memory cells

For diagnostics of the memory cells subjected to the
excessive accumulation of the majority/minority charge
carriers, high-frequency C—V curves for four memory
cells were received by CSCM method, two of which
were read out incorrectly (fig. 3).

Analysis of the calculation and experimental (fig. 3)
C—V characteristics demonstrated similarity of their
behaviour. Experimental C—V dependences for cells 3
and 4 (the information stored in the cells was interpret-
ed incorrectly) were shifted accordingly to the left and
to the right from curve C;(V) (the cell was recorded
and functioned correctly). This testified to the lowered
(cell 3) and raised (cell 4) charge level on FG, a change
of the level of the threshold voltage of the transistor,
and, as a consequence, to an infringement of the cor-
rect interpretation of the information stored in the cells,
caused by the effects of the excessive accumulation of
the majority/minority charge carriers.

Conclusion

Multiple reprogramming of the non-volatile mem-
ory encourages the degradation processes in the dielec-
trics, growth of the number of the charge traps,
strengthening of the tunnel current and growth of the
constant components of the leak current, and promotes
an uncontrollable change of the floating gate charge,
which eventually can lead to a loss of functionality of
a memory cell.

The carried out research demonstrated feasibility of
diagnostics of the defective memory cells with the use
of CSCM technique.
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