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BAUAHUE OKUCAEHUSA KATAAU3ZATOPA HA CKOPOCTb POCTA

YITAEPOAHbBIX HAHOTPYBOK

Ilocmynuna é pedaxyuro 15.08.2014

Ilokaszano, umo ckopocms pocma yeaepooHbiX HAHOMPYOOK YEeAuHUBaemcs NPU OKUCAeHUU NOBEPXHOCMU Kamaauzamopa. Boi-
6edena opmyna 045 CKOpocmu pocma HaHompy6ok. Ima gopmysa visensem aKmopul, KOmMopsie onpeoessiiom OAHHYI0 CKO-
pocmb. Cpedu Hux agpghekmueHblll KOIPPuUUUEHM NOBEPXHOCHO20 HAMSANCEHUS KAACMEePa Kamaiu3amopa. Dma 6eAuyura ymeHs-
waemcs npu OKUCAEHUU, YMO NPUEOOUM K YBEAUYEeHUID CKOPOCMU POCMA.

Karouesnie caosa: yenepoonsie HaHompyOKu, CKOpOCHbs pOcma, OKUCAeHUe Kamaiu3amopa

BBenenune

Vraeponnsie HaHOTPYOKU (YHT) sBnsitorcst nep-
CHEKTUBHBIMU ISl UCITOJIb30BAHUSI BO MHOTUX Bax-
HBIX TexHU4YecKux npuiaoxeHusx [1]. Ha ux ocHoBe
CO3IIaHBI XOJIOMHEIE KaTOIBI, KOTOPBIE TTO3BOJISIIOT pa3-
pabaTbiBaTh MUHUATIOPHBIE 3JIEKTPOHHbBIE JIAMITBI, UC-
TOYHUKU PEHTTEHOBCKOTO M3Iy4YeHUs [2], yCUIUTeIu
B CBY nuanazone [3], nucruieun [4]. s peanuszauuu
JaHHBIX TPUJIOXEHUIN HEOOXOOUMbl HAHOTPYOKU C
oIpeJeIeHHBIMU TTapaMeTpamMu, B TOM YUCJIe JUIMHOM,
IAaMETPOM W TUTOTHOCTBIO PACITOJIOXEHUS Ha ITOJ-
Joxke. YcnoBus pocta YHT ¢ Takumu mapamerpamu
WHTEeHCUBHO u3y4yaroTcs. Kak ykasbiBaeTcs B paboTax
[5, 6], kpucramnuueckas crpykrypa YHT, crimpans-
HOCTb, IUAMETP U TEMIIbl POCTA 3aBUCST OT TUIMA Ka-
Tajgu3aropa.

BaxxHoit 3amayeii SBisieTcsl CHUXKEHUE TeMIlepaTy-
pol BeipamuBaHusg YHT, ¢ Tem 4ToObI IpuOIM3UTH
ycaoBust pocta YHT K yclioBUsSIM TTpOTeKaHUSI TEXHO-
JIOTMYECKMX MPOLIECCOB MpPH IJIaHAPHOM TEXHOJIOTUH.
CHIXeHMsI TeMIIepaTypbl pOCTa MOXHO JOOUTHCS ITy-
TeM MPUMEHEHUS KaTan3aTOpOB, UMEIOIIUX MaJloe Mo-
BEpXHOCTHOE HaTsKeHMe, Hanpumep n1odasieHeM Ni
[7]. Kpome Toro, uzyuyarorcs oumeranudeckue (Co—Fe)
u TpuMetainyeckue (Ni—Co—Fe) katanuzatopsbl, Ha-
HECEHHbIEe Ha pa3IMuyHbIe MOJUT0KKHU. B KauecTBe moj-
JIOXKKH HCTIOJIB3YIOT OKCHUIbI, KOTOPhIE TaKXKe ob1ama-
IOT HM3KOM MMOBEPXHOCTHOI 3Heprueii |8, 9]. JlobaBka
KeJie3a U/Wiau KoOajibTa K HUKEII0 MOXET IMOHU3UTh

TeMIepaTypy OKMCJIEHUs CIlJlaBa, B pe3yjbTaTe 4ero
bopmupoBaHme CI0S aKTUBAaTOpa paclaga MeTaJlo-
OpPraHUYeCcKOoro coeqrMHeHUs1 O6ojiee MPearnoYTUTETbHO
u3 crtaBa FeNiCoy, uem u3 yncroro Hukess. B ciy-
yae TOHKUX CJIO€B OKMCJICHUE TIJIEHKM MOXET IpOTe-
KaTb TMOJTHOCTHIO TIpY OoJiee HM3KUX TeMIlepaTypax B
pe3yibTaTe HalIW4yusl CBOOOMHOM 3HEPIuU, OOYCJIOB-
JIeHHo#1 moBepxHocThIo [10]. BegyTcst paboThl Mo Ha-
HECEHUIO MOHOMETAJUTMYECKUX TIEHOK KaTaJln3aTo-
poB Ha SiO; [11, 12], KOTOpBIii TAKXKE YMEHBLIAET 110~
BEPXHOCTHYIO 3Hepruio [13].

OmHUM U3 HaIpaBAeHUN CHUXEHUS TeMIlepaTyphbl
1 yAYYIIEHUST YCIOBUM pocTa SIBISICTCS BIUSIHUE Ha
MOBEPXHOCTh KaTaJu3aTopa OKUCSIOIE aTMOChepPHI
[11]. TTpucyTcTBUE aMMHaKa B COCTaBe ra3a-HOCUTEs
yBeJIMUMBaAeT pa3Mep 4acTUll U yckopseT pocTt YHT.
Taxoe ke BIMSTHHE OKa3bIBaeT 3aKNCh MEIN, CO3aH-
Hasl Ha IIOBEPXHOCTM MEIHOIO Karaiau3atopa [14].
Nmeercs mateHT [15], B KOTOpOM Mpeajiaraercst yc-
kopsaTh pocT YHT myTteM oTXupa Opa3ioB B KUCIO-
ponHoii cpene B numana3oHe temmneparyp 200...400 °C
IO TIPOBEICHMST CHHTE3a HAHOTPYOOK.

B naHHOII paboTe McclieqoBaOCh BIAMSIHUE OKHUC-
JIEHNSI KaTajau3aTopa Ha CKOPOCTb POCTa YIJIEPOMTHBIX
HaHOTPYOOK, a TakXke aHaJIU3UPOBAJIMCh BO3MOXHbBIC
MEXaHU3MBI 3TOTO BIUSHMUSI.

DKcnepuMeHTAJIbHBIE PE3YJIbTAThI

Maccusl YHT BbIpaliyBaay Ha KpeMHUEBOM MO~
JIOXKE, Ha MOBEPXHOCTb KOTOPO# ocaxaaics oydep-
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Puc. 1. MaccuBbl yriiepoaHbIX HAHOTPYOOK, BHIPAIIEHHBIE ¢ HCIOJb-
30BaHHEM HHKeEJIeBOr0 KaTaiu3aTopa: a — 0e3 OKuCIeHus; b —
C MpeABapUTETIbHBIM OKMCICHUEM MOBEPXHOCTH KaTaau3aTropa

Fig. 1. CNT arrays grown using a nickel catalyst: a — without oxidation;
b — with preliminary oxidation of the catalyst surface

HBI cinoit Al TommmHon 10 HM, a 3ateM ciroit Ni To-
muHON 8 HM. [ ocyllecTBAEHUSI CMHTE3a 00pa3Libl
nomelanu B Harpetyto 10 700 °C 3oHy peakropa. CUH-
TE3 ocyLueCTanmcsI B IIOTOKE Tra3a-HocUTeNsT Ar (C pac-
xomoMm 100 cM /MI/IH) u ,Z[OHOIIHI/ITCJ'II:HOFO razoo0pas-
Horo karanusaropa (0,1 cm /MI/IH) B KauyecTBe KOTO-
poro ucnons3oBanu 0,1 %-Hblit pacTBOp deppolieHa
B aTaHoJjie. dnurenbHOCTh, cMHTEe3a MaccuBoB YHT
cocTabisuia 25 MuH. POM-u306paxkeHus MOJTydeHHBIX
00pa3loB npeacTaBieHbl Ha puc. 1, a. IIpu Takom pe-
>XKMMe pocTa Habmonatotest otaeabHbie YHT Ha moBepx-
HOCTH 00pa3ia, JTMHA KOTOPHIX He MPEBHIIIAeT 2 MKM.

JaHHBIN 3KCTIEPUMEHT OB MPOBEAEH MOBTOPHO
MPU TeX XK€ YCJIOBUSIX, OAHAKO Tepell CUMHTE30M Mac-
cuBa YHT npoBoauin okucieHue IeHKU HUKEIST TIPU
temneparype 300 °C Ha Bosmyxe B TeueHue 20 MUH.
Tunmmunoe POM-u3obpakeHre MOJIy4eHHBIX 00pa3-
LIOB MpeacTaBaeHo Ha puc. 1, b. BeicoTa noayyeHHOro
MaccuBa Boipocia B 10 pa3 u cocraBuia 20 mxm. Ta-
KMM 00pa3oM, OTXKHUT 00pa3lioB B KUCIOPOICOAEpKa-
1Iel cpee mepel CUHTE30M YaydIllaeT yCJIOBUS pocTa.
DTO CBSI3aHO C TEM, YTO OKUCJIEHUE YMEHbILIAET KO-
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(bULMEHT MOBEPXHOCTHOTO HATSKEHUSI IOIOXKKM, Ha
KOTOPOI IPOMCXOMUT POCT, YTO YJIYYIIAeT HaChIIIE-
HHME KaTajli3aTopa yIJIEPOIOM.

OO0cyXaeHue NoJyYeHHbIX Pe3yIbTaTOB

ITpoaHanu3zupyeM, Kakue (pakTopbl BIUSIOT Ha
CKOPOCTb pOCTa YyIJIEpOJHOU HaHOTPYOKHU. B obiiem
cllyyae CKOpPOCTb POCTa OMpeAesieTcs] KOJUYEeCTBOM
yraepona N¢, BbLIEISAEMOTO HEITOCPEICTBEHHO Ha 3a-
pObIIIE, U3 KOTOPOro MPOUCXOIUT POCT TPYOKU. DTY
YacTh CTalMU pOCTa yIOOHO MpPEeACTaBUTh CXEMOA:
3Fe + C & FesC S YHT + 3Fe.

Bropast yacth 3TOil cXeMbl MO3BOJISIET 3aMucaTh
CKOPOCTb HAKOIUIEHMSI yIJIepola Ha KOHIIE TPYOKH,
KOTOPYIO MOXHO MPeodpa3oBaTh B yBEJIUMUEHUE IJTUHBI
M KOTOpas OMpenessieT CKOPOCTh pOCTa:

dNc T
venr = —= = keNpe,c Moc — ecNoc: - (D)
rae N — yBelnmuyeHue KOHLEHTpalKs YacTUL yIJIEpo-
Jla Ha KOHLE TPyOKH, 0OecrieynBalollee ee pocT; K- —
Ko3(GULIMEHT 3axBaTa YacTUIl YIJIepoaa, o0pa3oBaB-
LIKMXCS TOce pacnaia Kapouaa; NFe c — KOHIIEH-
Tpauus MOJIEKYN Kapouna; Nyc — KOHueHTpauml co-
ctosiHu#t Ha KoHle YHT, yyacTBylolux B pocTe, T. €.
CIOCOOHBIX 3aXBAaTUTh YACTHLIBI YIJIEPOIA; e — CKO-
POCTb TEPMHUUECKOI SMUCCUU YACTHII yTIepoaa oopat-
HO B pacriiaB.

[7s1 Toro 4yTOoOBI OMpPENeIUTh CKOPOCTh POCTa B CO-
OTBETCTBMU ¢ ypaBHeHHMeM (1), HEOOXOAUMO BBHIUMC-
JINTHh KOHLIEHTPAIIMIO MOJIEKYJT Kapouma kese3a. Kap-
O0up xenesa oOpasyercsl U3 CBOOOIHBIX YACTHUILL yIJjie-
pona 1 aToMoB KartanuzaTtopa. KuHeTnyeckoe ypaBHe-
HHUeE, OMKChIBAIOIIEE 3TOT MPOLECC, UMEET BUI

dNge,c T
— = "¢Fe,c Vre,c F Kre,c Nl (2)

rne Ng, — KOHUEHTpaUus XeJle3a B pacIuiaBe; 1, —

T
KOHLIEHTpalysi CBOOOIHBIX YaCTHUII YIJIEPO/a; CFe,C —
CKOpOCTb pacliazia, Koropas omnpeneisercs GopMyioi

hFe3C
= kg, CNFeexp[ T ); kFe3C — K03 du-
LIMEeHT 3axBaTa YacTUIl yIjepoJa aToMaMu Xelie3a C
obpasoBaHueM Kapouna [1].

Hdna BBIYMCIECHUS BOCIOJB3YEMCSI ypaBHEHHEM
HENpepbIBHOCTHU AJIS1 YacTUll yriepoda. Tak Kak pocT
WIET C yYacTHeM KaTaanu3aTopa, To 00s3aTeIbHOM CcTa-
aueit mpucoenuHeHust yriepoga K YHT siBasiercst 00-
pasoBaHue kapouna. Poct 0e3 karajnmsaropa HaOI10-
JlaeTcsl TOJBKO IPU BBICOKOTEMIIEPATYPHOM CHUHTE3eE,
npu temneparypax nopsiaka 3000 °C. Bto mo3BoJisieT
MPEIIONI0XUTh, YTO CBOOOMTHBIN YIJIEpOI TIPUCOEIH-
Hsetrcd K YHT, Tonbko mpeoaoieB OCTaTOYHO BbI-

T
eFe C




cokuii oTTankuBaouuit 6apeep. I[loaromy poct YHT
0e3 yyacTus KaTajiu3aropa pyu HU3KOTEMIIepaTypHOM
CHHTe3€e, MM0-BUAMMOMY, HEBO3MOXEH.

bynem cumtaTh, 4TO yriaepon, KOTopbiii auddyH-
IUpYyeT K MECTy pOCTa, COSAMHSIETCS TaM C XKeJe30M,
00pa3yst KapOua, TakxkKe IMPEeAroyoKUM, YTO Mpolecc
SIBJISIETCS] OTHOMEPHBIM, TOINIa YpaBHEHUE HePpephbIB-
HOCTU TIPUMET CJICAYIOIINIA BUII:

2
onc _  d'nc
= DC? = Kpe,c Nrefic: (€)

D¢ — xoadpdunment nuddysum yriaepoaa B Kiactepe
Karanm3aropa [1]. B craimmoHapHoM cilydae ypaBHE-
HUE YMpoIlaeTcs:

2
d nc
De—5 = kpe,c Npeic = 0. (4)

dr

Ha rpanHuile KoOHLEHTpalus yrjiepona 3aaaeTcs
PAaBHOBECHOI pacTBOpUMOCTbIO n(0) = NCe , KOTO-
pyio OyIeM MCIob30BaTh B KAYECTBE IPAHUYHOTO YC-
JIOBUS MIpU pellieHuu ypaBHeHUs (4). PellieHue 3Toro
YPaBHEHUS, C YYETOM TOTO UTO CPEIHEE PACCTOSIHUE
IMb@y3nn NMPUMEPHO PaBHO PaJMyCy Kiacrepa ry,
UMEET CACAYIOIINIA BU;

D
nc = nc(0)exp 3 ,Tne Lo = S SR ®)]
Lc Kpe,cVFe

Pemast ypaBHeHue (4) ¢ yueroM (5) U HayaJabHbIM
YCJIOBUEM PaBEHCTBA KOHLEHTPALIMK KapOUAO0B HYJIIO,
Mojyyaem

Vent = ke Npe,c Noc = 4nrDeNoenc(0) X

X eXP[—Z—I;jeXp[hl;j;cj[l - exp(_egesct)] (6)

®opmyna (6) XOPOILIO COIIACYeTCS C SKCITIEPUMEH-
TaJbHBIMM JAHHBIMU. Paguyc Kiactepa KaTaau3aTo-
pa r, onpezensercd 3PGEKTUBHEIM KO3DOULIMEHTOM
TTOBEPXHOCTHOTO HATSDKEHUSI, KOTOPBIN CBSI3aH C IIO-
BEPXHOCTHBIM HaTSKEHUEM BellecTBa KijacTepa U IMoj-
Jnoxku [1]. U3mMeHeHue 3TUX mapaMeTpoB MO3BOJISIET
VIPaBISATh CKOPOCTBIO POCTA.

3akioueHue

IMonyyeHHOE BbIpakeHUE CIIPaBEIJIMBO HE TOJbKO
IUIST B3aUMOIEHCTBHS ¢ KucaopoaoM. OHO OOBSICHSET
pe3ybTaThl JIIOOBIX NeiiCTBUIA, HAIIPaBIEHHbBIX HA 13-
MEHEHHE MOBEPXHOCTHON BHEPruu KaTtajausaTopa Ie-
pen HadajoM wiu B mpolecce pocta YHT: BBeneHue
HUKEeNs1 B KaTaiau3aTtop [7], KOTopoe YMEHBIIAeT I10-
BEPXHOCTHOE HaTsKEHUE KJlacTepa xejie3a U YCKOpsIeT

POCT; UCMOJIb30BaHUE OKCUIHBIX MOIIOXEK [8, 9, 12],
KOTOpbIE CHMXKAIOT 3(PpGhEKTUBHOE MOBEPXHOCTHOE Ha-
TSDKEHUME KJlacTepa Karaiauzaropa [1]; BBeaeHue B ra3o-
BYIO cMeCch aMMuaka [11]; okuciaeHre MeTHOro KaTaiu-
3aTopa [14], mpuBonsiee K aHAJIOTUIYHOMY 3(PPeKTy.

Takum o06pa3oM, TOBepXHOCTHAsI SHEPIrusl KjacTe-
pa KaTtanuM3aTopa, 3HauU€HHE KOTOPOMl OMNpenesieTcs
COCTaBOM BellleCTBa KaTajiu3aTtopa, IMOJJI0XKOMN, Ha
KOTOpYIO OH HaHECEH, TeXHOJOrMuecKol o0paboTKoit
MOBEPXHOCTU KaTaju3aropa, BIMSIET Ha POCT YIIepo.l-
HbIX HAHOTPYOOK. YrpaBisist Ko3(h @ ULIMEHTOM TOBEPX-
HOCTHOTI'O HaTSDKEHMSI KaTajau3aTopa, MOXHO B HEKO-
TOPBIX Tpejenax YIpaBisiTb CKOPOCTbIO pOCTa HaHO-
TpyOOK.

Paboma evinoanena npu nodoepicke Munobpuayku
P® 6 pamxax Tocyoapcmeennoli noddepycku Hay4HbIX
uccaedosanuil.
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The Effect of the Oxidation Catalyst on the Speed of Growth of the Carbon Nanotubes

It was shown that the growth rate of the carbon nanotubes increases with an oxidation of the catalyst surface. A formula for the
growth rate of the nanotubes was developed. This formula identifies the factors, which determine this velocity. Among them is the
effective value of the surface tension of the cluster catalyst. This value is reduced as a result of oxidation, which leads to an increase

of the growth rate.
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Introduction

Carbon nanotubes (CNT) are promising for many
technological applications [1]. They gave a basis to a
cold cathode, which allows development of miniatur-
ized electronic lamps, X-ray sources [2], amplifiers of
the microwave range [3], displays [4]. CNT with certain
parameters are required to implement these applica-
tions, including the length, diameter and density of the
location on the substrate. Terms of CNT growth with
these parameters are being intensively studied. As indi-
cated in [5, 6], the structure of CNT, its chirality, di-
ameter and growth rates depend on the type of catalyst.

An important goal — reducing the growth tempera-
ture of CNT in order to approximate the conditions of
their growth to the conditions of the technology process-
es of the planar technology. Decrease of the growth tem-
perature can be achieved with the use of catalysts having
low surface tension, for example, by adding Ni [7]. Bi-
metallic (Co—Fe) and trimetallic (Ni—Co—Fe) cata-
lysts on different substrates are studied, as which the
oxides are used, also having a low surface energy [8, 9].
Addition of iron and/or cobalt to nickel may reduce the
temperature of the alloy oxidation. As a result, formation
of the layer of disintegration activator of organometallic
compound is more preferably of the alloy FeNiCo,,
than of the pure nickel. In the case of thin layers, the
oxidation of a film can proceed completely at the lower
temperatures due to the presence of the free energy
caused by the surface [10]. The work is underway on
applying of monometallic films of catalysts on SiO,
[11, 12], which also reduce the surface energy [13].

One of the ways to reduce the temperature and to im-
prove the growth conditions is the impact of the oxidizing
atmosphere on the catalyst surface [11]. The presence of
ammonia in the gas carrier increases particle size and ac-
celerates the growth of CNT. Creation on a surface of
the copper catalyst of copper oxide also affects on this
process [14]. There is a patent [15], which proposes to
accelerate the growth of the samples by annealing in ox-
ygen from 200 to 400 °C until CNT synthesis.

In the present study, the affection of catalyst oxida-
tion on the rate of CNT growth was investigated and the
possible mechanisms of this affection were also analyzed.

Results of the experiments

CNT arrays were grown on the silicon substrate, on
which surface the Al buffer layer with the thickness
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of 10 nm thick was deposited, followed by Ni layer
with the thickness of 8 nm. The samples were placed
for the synthesis into the zone of the reactor heated
to 700 °C. The synthesis was carried out in a stream
of Ar (100 cm3/min) and additional gaseous catalyst
0,1 cm3/min), as which a 0,1 % solution of ferrocene in
ethanol was used. The duration of the CNT arrays syn-
thesis was 25 min. SEM images of the samples are given
in fig. 1. The individual CNTs on the surface of the sam-
ple are observed at this mode of growth, the length of
which does not exceed 2 mm.

This experiment was conducted again under the same
conditions, however, before the synthesis of CNT array,
the oxidation of the nickel film was performed at 300 °C
in air for 20 minutes. SEM image of the obtained sam-
ples are presented in fig. Ib. The height of the array has
grown in 10 times and was 20 microns. Thus, the an-
nealing of the samples in an oxygen environment prior
to synthesis improves the growth conditions. This is
caused by the fact that the oxidation reduces the surface
tension coefficient of the substrate, on which the
growth takes place, which improves the saturation of
the catalyst by the carbon.

Discussion of the results

Let’s analyze the factors affecting on the growth rate
of CNTs. In general, it is determined by the amount of
carbon N released to the embryo, from which the
growth occurs. This step is convcenient to represent by
the scheme: 3Fe + C < Fe;C = CNT + 3Fe.

The second part of the scheme allows us to write the
rate of carbon accumulation at the end of the tube,
which can be converted into the increase in length,
which determines the speed of the growth.

_dNq T
venr = — = keNpe,c Moc — ecNoc: - (D)

where N- — an increase in the concentration of carbon
at the end of the tube, ensuring its growth; k- — coef-
ficient of carbon capture after the dissolution of car-
bide; Ng, c — concentration of carbide; Ny — con-
centration of the states at the end of the CNT, which

are able to capture carbon particles; eg — speed of the
thermal emission of carbon back into the melt.

To determine the growth rate in accordance with the
equation (1) it is necessary to calculate concentration of




iron carbide, which is formed of the carbon free parti-
cles and the atoms of the catalyst. The kinetic equation
describing the process has the form:

dNFe C T
T = eFe,c Nre,c o kpe,c VRl (D)

where Ng, — concentration of the iron in the melt; n, —

concentration of free carbon particles; eg%c — disin-
. . T
tegration rate given by the formula CFe,C = kFe3C Ng, X

% hFe3C . .
exp 7 kFe3C — coefficient of capture of car-
bon particles by the iron forming the carbide [1].

To calculate it we will use the equation of continuity
for the carbon particles. As the growth proceeds with
the catalyst, carbide formation is a obligatory stage of
accession of a carbon to the CNT. The growth without
catalyst is observed only at high-temperature synthesis
with order of about 3000 °C. This suggests that the free
carbon attaches to the CNT, only breaking the relative-
ly high repulsive barrier. Therefore, the growth of CNT
without catalyst at low temperature synthesis is, appar-
ently, impossible.

We assume that the carbon, which diffuses to the
place of growth, connects here with the iron to form
carbides. Also assume, that the process is one-dimen-
sional, and then the continuity equation becomes:

onc _p dNc 4o N 3)
or P Fe,C /VFe'Cs
wherein D — the coefficient of carbon diffusion in the
catalyst cluster [1].
In the stationary case, the equation simplifies to:
dznc
De—5= = kpe,c Nrenic = 0. 4)
dr
The concentration of the carbon onFthe border is
given equilibrium solubility n-(0) = NCC, which we
will be used as a boundary condition in the solution of
equation (4). This solution, taking into the account that
the average diffusion distance is approximately equal to
the radius of the cluster (r;) has the form:

D
nc = nc(0)exp 3 , where: Lo = S SR ®)]
Lc Kpe,c VFe

Solving the equation (4) taking into the account (5)
and the initial condition of equality of the concentra-
tion of carbides to a zero, we obtain:

vent = ke Ne,c Noc = 4nrDeNocne(0) >

X exp[—{-"—jexp(hl}j;cj[l — exp(_egeact)] (6)
C

Equation (6) is in good agreement with experiment.
The radius of the cluster of the catalyst r; is determined
by the effective coefficient of surface tension, which is

related to the surface tension of the substance of the
cluster and the substrate [1]. Changing of these param-
eters allows you to control the speed of the growth.

Conclusion

The expression is true not only for interaction with
oxygen. It explains any action to alter the surface en-
ergy of the catalyst before the start or during the growth
of the CNT: the introduction of nickel in the catalyst
[7], which reduces the surface tension of a cluster of
iron and accelerating the growth; use of oxide substrates
[8, 9, 12], reducing the effectiveness of the surface ten-
sion of the catalyst cluster [1]; introducing of ammonia
into a gas mixture [11]; oxidation of the copper catalyst
[14], causing the similar effect.

Thus, the surface energy of the cluster of the catalyst
which value is determined by its composition and by the
substrate on which the catalyst is applied, by treating of
its surface affect on the growth of CNT. Controlling the
surface tension of the catalyst, we may within the cer-
tain limits control the rate of growth of nanotubes.

The work was done in the framework of the govern-
mental contracts for scientific research with the support of
the Ministry of FEducation and Science of the Russian
Federation.
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Jlan anasumuveckuti 0030p coBPeMEHHbIX CHOCO006 MUKPONPODUAUPOBAHUS KpeMHUegblx naacmun u naacmun ¢ KHHU-eeme-
pocmpykmypou. [Ipueedens: 0cHO8HbIE MemMOObl HCUOKOCMHO20 U NAA3MEHH020 XUMUYECK020 MPABAeHUs. MOHOKDUCMAAAUYECK020
KpemHus kpucmannoepaguuecxoii opuenmayuu (100). Ilokazano, ymo 045 enyOUHHO20 MUKPONPODUAUPOBAHUS YYECHMBUMENbHBIX
2AeMeHmMOo8 0amH4UK08 0A6AeHUS HAPAOY C HCUOKOCHHBIM WUPOKO UCHOAb3YeMCs NAA3MEHHOe XUMU1eCKoe mpaesieHue.

Karoueewie caoea: cnocobvr mukponpoguauposanus kpemuus, KHHU-eemepocmpykmypbi, KOHMPOAb MOAUUHBL MEMOPaHbL

BBenenue

ITpoBeneH aHalM3 COBPEMEHHBIX U IMEPCIEeKTUB-
HBIX CIOCOOOB MPELM3UOHHOTO MUKPOIIPO(GUIMpPOBa-
HUSI KpeMHHUEBbIX IUIacTUH. OmnpeneneHa Kiaccudu-
KallMsl OCHOBHBIX XKUAKOCTHBIX U MJIa3MEHHBIX CITOCO-
00B TpaBiieHUs1 KpeMHUs. 1151 hopMUpOBaHMS UyBCT-
BUTEJIbHBIX 2JIEMEHTOB IaTyMKa NaBJeHUsT Ha Oase
kpeMmHuii-Ha-uzonsgtope (KHHM) ¢ rerepoctpykrypoii
MPUMEHEHHUE XUAKOCTHOTO XMMUUYECKOTO TpaBJIEHUS
(KXT) okazanoch HemocTtatouHo. [ToaTomMy Hapsiny ¢
>KUJIKOCTHBIM CIOCOOOM TpaBjeHUS 1IHUPOKOEe MpU-
MEHEHHME TIOJIYYMJI METOI CYXOTO IUIa3MEHHOTO aHM-
3oTportHoro TpasaeHus. 1o cpaBHeHmo ¢ 2KXT 1ra3-
MEHHOE TpaBJieHMe MMeeT OoJjiee BBICOKYIO paspe-
Aoy crocodHocTh. OmHAKO pa3BUTHE HAHOTEX-
HOJIOTMH CIIOCOOCTBOBAJIO Y:KECTOUECHUIO TPeOOBaHUIA
K TJIa3MEHHON TEXHOJOTUM (CeJEKTUBHOCTU, OIHO-
POIHOCTU TPaBJICHUSI, YIIPABICHMS LLIMPUHON JTUHUIA)
MPOBEACHUIO TOMOJIHUTENIBHBIX UCCIEIOBAaHUIA.

CoBpeMeHHbIE TEXHOJOTMM MHKPONPO(UIMPOBAHUS
KPEeMHHMEBbIX MJIACTHH

MukpornpoduInpoBaHe ¢ MTOMOIIbIO COBPEMEH-
HBIX TEXHOJIOTHMI MNPOBOAMWIM KaK Ha KPEMHHEBBIX
IUIaCTMHAX, TaK 1 Ha oopaszuax KHU-cTpykTyp, momy-
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YEHHBIX TTyTeM TMIPSMOTO TEPMOKOMITPECCHOHHOTO Cpa-
IIMBaHUS IBYX KPeMHUEBBIX IUIACTUH 4Yepe3 CJOW Au-
BJIeKTpUKa. B KauecTBe MCXOQHOro maTtepuasa Ija-
CTUH MCMOJIb30BAIM MOHOKPUCTAJUIMYECKUI KPEeMHUI
Kpuctamaorpapuyeckoir opueHtauuu (100), mpome-
JKYTOUHBIN CJIOM OBbLT BBIIOJHEH U3 CJIOSI CTEKJIOBUI-
Horo auaniekTpuka. C IMOMOIIbIO IByXCTOPOHHETO aHU-
30TPOITHOTO TpaBJeHUs ObUTU COOPMUPOBAHBI SJIEMEH -
Thl TEH30pPE3MCTUBHOIO MpeoOpa3oBaTeisi: MOHOJIUT-
Hasl TeH30paMKa Ha MIpUOOPHOI1 IJIaCTUHE U MeMOpaHa
Ha ONOPHOU KPEMHMEBOM ILIACTUHE.

Hnst popMupoBaHusl TaTYMKOB MEXaHUYECKUX Be-
JmyrH 1 MOMC-yCTpOICTB B TEXHOJIOTUM OOBbEMHOM
MUKPOMEXaHUKH ObLJIO UCIOJIb30BAHO ITyOOKOe aHU30-
TPOITHOE TpaBiieHWE. TEeXHOJOrMs MIyOMHHOTO OOBEM-
HOTO TpaBJIeHUsI MO3BOJISIET (hopMuUpoBaTh 3D-CcTpyKTy-
pbl B 00beMe KPeMHMEBOM IIacTUHEL. I 1yOMHa mpo-
TpaBa npu 3ToM MoxeT cocTaBisATh 300...400 MKM.

ITpumeHsiemasi TEXHOJOTUSI TPaBJIeHUSI OOBEMHOM
MUKPOMEXaHUKHU MMeJia CYIIeCTBEHHOE MPeuMYyIIeCT-
BO Tepejl MOBEPXHOCTHOM MUKpoMeXaHUKoN. OCHOB-
HbIM HEJOCTATKOM ITOBEPXHOCTHON MUKPOMEXaHUKU
SIBJISIETCSI TTpobJeMa MeXaHUYeCKUX HaMpsKeHU I, KO-
TOpbI€ MOTYT BO3HMKATh B pe3yjibTare (OpMUPOBAHUS
Ha MOBEPXHOCTU KPEMHUEBOW TJIACTUHBI Pa3IMYHbIX
CJI0OEB ¢ NMPUMEHEHUEM KOHTaKTHOU Jutorpaduu [1].
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Puc. 1. Knaccuukanus 0CHOBHBIX CIIOCOOOB JKHIAKOCTHOTO AHH30TPONHOTO TPABJIEHUS KPEMHHUS

Fig. 1. Classification of the methods of liquid anisotropic etching of silicon

BaxxHbiMu TpeGOBaHUSIMU K TIPOLIECCY TpaBIEHUS
MUKPOMEXaHUYECKOM YACTU JaTYMKa SBJISIIOTCS: [JIal-
KOCTb ITOBEPXHOCTU WJIM PaBHOMEpPHAsI 11IepOXOBATOCTb,
PaBHOTOIILMHHOCTD 3JIEMEHTOB (110 JUIMHE, TUIOLAIN),
BOCMPOU3BOAUMOCTh (DOPM U Pa3MEPOB 3JIEMEHTOB,
OTCYTCTBUE MEXAHUYECKMX OCTATOUYHBIX HaIPSKEHUIA
1 neheKTOB, BOBMOXHOCTh KOHTPOJISI ITPOLIECCa U €ro
OKOHYaHUs. B pe3yibTaTe JOKaJIbHOIO TPaBICHUS 00-
pasyeTcsi oobeMHasi (urypa, KoHpUrypamusi KOTo-
pO¥i OIpeaeIIsIeTCS OpUEHTALMEHN IUIACTUHBI KPEMHMUS,
¢dopMolt Macku, TUTIOM aHU3OTPOITHOTO TPaBUTEJI,
KOHIIEHTpalMe# KOMIIOHEHTOB TPABUTEJIS, €O TEMIIE-
paTypoii u BpeMeHeM TpaBiieHus [7].

ITpoliecc aHU3OTPOITHOTO XUMMYECKOTO TpaBJe-
Hus (AXT) npencrapisieT OO0l MO3TAHOE yaaIeHUE
aTOMHBIX CJIO€B C MOBEPXHOCTU KPEMHMS. YinajieHue
MOXeT OBITh OCYLIECTBJIIEHO B pe3yJbTaTe XUMUYE-
CKOTO B3aUMOJEWCTBUS KMUJIKOTO WJIM ra3000pa3HOro
TPaBUTENSI C MOBEPXHOCTHIO KPEMHUEBOM TIACTUHBI.
IIpu TpaBieHUU Ha MOBEPXHOCTU KpUCTalJla o0pasy-
I0TCSI MUKPOCTYTIEHbKH, KOTOPBIE B MpOLIecCce TpaBJie-
HUs TepemelarTcs. B pa3Hbix Kpuctauiorpaduye-

Biusiane kpucrainorpaguyeckoii opueHTanMH
HA OTHOCHTEJbHOE YHCJIO CBA3EH M OTHOCHTEJIbHYIO CKOPOCTD
TpaBJIEHUsI KPEMHHAS
Affection of the crystallographic orientation on the relative number
of bonds and the etching rate of silicon

Kpucrannorpadu- OTHOCUTENIbHO® OTHOCUTENbHAS
YyecKasi OpHMEeHTALNS YHCIIO CBSA3E CKOPOCTb TPaBJICHUSI
Crystallographic Relative number Relative
orientation of bonds etching rate
(111) 0,58 0,62
(110) 0,71 0,89
(100) 1,00 1,00

CKMX HampaBJieHUSIX CKOPOCTb TpaBJICHMSI pa3ivuyHa
(cM. Tabnuiry). DTO OOBSICHSIETCS Pa3IUYHON IIOTHO-
CTbIO YITAaKOBKM aTOMOB B Pa3HbIX IJIOCKOCTSIX U pa3-
JIMYHBIM XapaKTepOM CBSI3U IMOBEPXHOCTHBIX aTOMOB
MexXIy co0oii M aToMaMU, PacrnoyIOKEeHHbIMU B 00b-
eMe kpuctamia [2]. Kpome Toro, Ha npoliecc TpaBJIeHUsI
OKasblBajy BJIUSHUE TOJILMHA CJIOsI, TeMrepaTypa u
BpeMs1 00paboTKu. M3BeCTHO, YTO YeM TOJIIIE yaasie-
Masl 3allluTHas TUIEHKa, TeM OOJIblIEe YXOI pa3MepoB
BCJIEJICTBUE TOATPABOB IO MACKY, TeM OOJbIIUIA 10-
MyCK HEOOXOAUM Ha yXOJ MPU KOHCTPYMPOBAHUU.

B Tabnuue npuBeneHbl CpaBHUTEIbHbIE OaHHbIE
KpHUCTaUTOrpadmyeckoil OpueHTALIMU, OTHOCUTEIBHOE
YUCJIO CBSI3el MU OTHOCUTEJIbHASI CKOPOCTb TPaBJEeHUSI.

KuIKOCTHOE aHM30TPONHOE XHMHYECKOe
TpaBjieHHue KPeMHHS

B pabore [1] nmpuBeaeHa KiaccucpuKamusi OCHOB-
HbIX CMOCOOOB XUIKOCTHOTO aHW30TPOIMHOIO TpaB-
neHus1 KpeMHus (puc. 1). ZKuakocTHOe XMMHYECKOe
TpaBJIeHUE SIBJISIETCS TTOKA OCHOBHBIM CITOCOOOM TpaB-
JleHust kpeMHus. [1poliecc TpaBieHUsI COCTOUT U3 IBYX
3TaNoB: OKUCJIEHWE KPEMHMUS U MOCJIeyollee TpaBie-
Hue auokKcuaa KpeMHus. IlepeTpaB v HeIOTpaB IO-
BEPXHOCTHM KpEMHUS HeXeJlaTeIeH, IIOCKOIbKY CBSI3aH
He CTOJIbKO C YXOJOM pPa3MepoB, CKOJbKO C TeM, UYTO
3aTPYIHSET MPOLIECC TPABICHUS MPU IIPOBEICHNH Clie-
IYIOIIUX OTepaluid.

B pa6orte [11] moka3zaHO, YTO CKOPOCTb TpaBJIEHUS
KPEeMHMSI 3aBUCUT OT TOJIIMHBI 3alIUTHOIO CJIOSI TIO-
BEPXHOCTH, a TAKXKE OT XMMUYECKOIO COCTaBa, KOHLIEH-
Tpauuu M TemmepaTypbl TpaBuTenst. CKOpPOCTb OOJIb-
LIIMHCTBA TEXHOJOTUYECKHUX MPOLIECCOB TPABJIEHMUSI OT-
pPaHUYMBAETCSI CKOPOCTbIO XMMUUYECKOW peakluuu U
TeMIlepaTypoil B mepuoj TpabiieHus. IlpakTuyecku
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Mpoliecc TpaBJICHUs B clyyae NMPUMEHEHUs pacTBOpa
KOH ocymectasiics npu temneparype 80...85 °C.
DTO MO3BOJILIO M30eXaTh MCIApeHUs] TPABUTENSI U
TeMIIepaTypHbIX TPaJleHTOB pacTBopa. Bo3HuKIlNe B
Mpoliecce TEXHOJOTUYECKOTO M3TOTOBICHUS CTPYKTYP
(nutngoBKa, XMMUKO-MeXaHUYecKasi ToJMPOBKa IpU-
OOpHOI IJIaCTUHBI) HeOoJbIIe Ae(eKThl, TaKnue Kak
MeXaHUYECKUEe HAMPSKeHUsI, MPUMECHbIE YPOBHU, TaK-
JK€ OKa3bIBalOT BJIMSIHUE HAa CKOPOCTh TpaBiaeHus [11].

K aHM3O0TpOIMHBIM TPaBUTEISIM OTHOCSITCSI PACTBO-
pol wienouHsle — KOH, NaOH, LiOH, stunennamuH,
nupokaTexuH [4, 5]. MeToa aHU30TPOITHOTO XUMUYe-
CKOTO TpapjieHus B 1ieao4yHoM pactBope KOH mony-
YWJI IIMPOKOE MpUMMeHeHMWe Onarogapsi NMpocToTe U
BOCITPOM3BOIMMOCTH TEXHOJIOTMU, OTHOCUTEJILHO HM3-
Kol ToKcMyHOoCTU. K HegocTtaTkaMm 3TOro Buja TpaBu-
TeJIsl CJIeAyeT OTHECTU HEBBICOKYIO CKOPOCTh TpaBiie-
Hus. OgHaKO CKOPOCTb TpaBJIEHUS KPEMHUS OpUEH-
taiuu (100) MoxXeT OBITh YBeIMYEHA IIPU TPaBJICHUU B
YCTAaHOBKE C MUKPOBOJHOBBIM UCTOYHUKOM Ha 4acTo-
Ttax 2,45 u 2,54 I'Tu. IIpu 3TOM CKOPOCTH TpaBjeHUS
YBEJIMUIMBAJIACh B 6 pa3 Mo CPaBHEHUIO ¢ TPATUIINOH-
HbeiM TpaBieHueM B KOH [17]. C yBeanuyeHueM KOH-
ueHTpauuu KOH 1epoxoBatocTh MOBEPXHOCTU KPEM-
HUSI TIOCTENEHHO YMeHbllanach. OaHaKo MpU M-
TEJLHOM TPABJICHUH U OY€HBb BHICOKOM KOHIIEHTPAIIUN
IIEJIOYHOTO PacTBOpa MOBEPXHOCTh CTAHOBUJIACh 0O-
Jiee IIepoXoBaToi. DTO, BUIMMO, CBS3aHO C IOSIBIIC-
HUeM My3bIppKoB H,, KOTOpbIe MPEeNnATCTBYIOT MOCTY-
IUIEHUIO K TTOBEPXHOCTH KPEMHHUS CJIEIyIoIIeit Imop-
LMKU TpaButesisi. B pesynbTaTe ynajaeHusi My3bIpbKOB
BOZOPO/A C MIOBEPXHOCTU KPEMHHUS ITyTEM TTePEeMEIIIH -
BaHMSI pacTBOpa 1LIEPOXOBATOCTh YMEHbIIIANIACh Ha TT0-
psnok. CenektuBHocTh TpaButenst KOH x kpemHuio
U IMOKCUIY KPEMHUSI HE OYEHb BBICOKASI, MOCKOJIBbKY
MUOKCHUI KPEMHUS MO CPaBHEHMIO C KpEeMHHEM Tpa-
BUJICS CIUIIKOM ObICTpO (cKopocTh 1,4...3 HM/MUH).
IToaToMy st TIyOOKOTO M JUIMTEIBLHOTO TPaBJICHUS
KpeMHMSI B KauecTBe 3allUTHON MAacKH liejecoodpas-
HO UCIOJIb30BaTh IUIEHKU SigNy [7].

Hapsiny ¢ u3BeCTHbIMM TEXHOJIOTMUECKUMU MPOLIeC-
camu TpasieHus B pactBope KOH mpumensics Takxke
pactBop ruapookcus TerpamerwiamoHuyma (TMAH)
[1]. Pe3ynbTaThl MccaeaOBaHMS OKA3adu, YTO PEKUM
TpaBieHusi B TMAH 3aBUCUT OT UCXOAHOTO COCTOSI-
HUS TTOBEpXHOCTU KpeMHUs. [1o cpaBHEHUIO C UCXOI-
HBIM COCTOSIHUEM U TIOCJI€ HeMPEPHIBHOTO TPaBJICHMUS
B TMAH c yBeanyeHHMEM CMaYMBa€MOCTU ITOBEPXHO-
CTU KpeMHUsI HabI101aI0Ch YBEJIMYEHUE 11IEpOX0OBATO-
ctu. Ilpu Hu3koil KoHueHTtpauuu TMAH u BbIcOKOI
TeMmIiepaType TpaBJeHUsI Ha MOBEPXHOCTU KPEeMHUS
00pas3yloTcs MMpaMUIaIbHbIe BHICTYIIBI UM XOJIMUKH,
rpaHuyaniye ¢ miockoctbio (111), B HanmpaBaeHUU KO-
TOPOIl CKOPOCTh TpaBjieHUsI HU3Kasl. Bo3HuKIass npu
U3TOTOBJIEHUM MeMOpaH 111€pOXOBAaTOCTb SIBJISIETCS
KPUTUYECKUM MapaMeTpOM, ITOCKOJIbKY Ha ee TTOBepX-

10 HAHO- 1 MUKPOCUCTEMHAS TEXHHKA, Ne 1, 2015

HOCTU HE JOJKHBI (POPMHUPOBATHCS MUPAMUIBI U XOJI-
MHUKU. B 1ensax orpaHUYeHMs] TakKUX CTPYKTYPHBIX
¢opMHUpOBaHU Ha KpeMHUEBBIX MeMOpaHax B pac-
TBop TMAH cranu no6aBasite nepcyibhar aMMOHMS,
cHrpkarolmii Konrenrpamio TMAH [13, 15, 16].

HccnenoBaHue mpoleccoB XUMUYECKOTO TpaBJie-
Hug Si opueHTtauuu (110) B pactBopax KOH wunu
TMAH npoBoaunock Ha rryounsl (500 MKM 1 Gostee)
[1]. ITpu aTOM HabMOAATUCH AETpafalliu TpaBIeHUS,
00YCJIOBJIEHHBIE POCTOM KPUCTAJJIOB M3-3a BHIMAae-
HUS B 0CaIOK KUCIOPOIOCOAepXKAIIUX COSAUHEHUN 1
yBeJIMYEHEM HepOBHOCTell Ha moBepXxHOCcTaxX (111) u
(110), XoTopble ynajloch YMEHBIIUTh C YBEJIMYEHUEM
temnepatypsl 10 1300 °C.

B MHorocioifHOl KpeMHMEBOW CTPYKType MNpH
TpaBJIIEHUM PA3TUYHBIX CIIOEB OCHOBHOE BHMMAaHHE
VIEJISJIOCh BEIOOPY TAKOTO BUAA TPaBUTENSI, KOTOPBIi
obecreunBay Obl OJNMHAKOBYIO CKOPOCTb TpaBJICHUS
BceX chOpMUPOBAHHBIX CJIOEB.

ITpu HecoOMIOASHUN STOrO YCIOBUS HA MOBEPXHO-
CTU KpeMHUsI HabJ01a10ch oopa3oBaHue "e104yHoro"
npoduisa. B 1ensx moydeHus MTOBEPXHOCTH C TJIam-
KAMU HaKJIOHHBIMM CTEHKAMU CJIO€B TPaBJICHMS 1ie-
JIecooOpa3HO UCI0Ib30BaTh COUYETAHUE MJIEHKU Ha MO-
BepxHocTu KpeMHuA SizN,4/SiO, [3]. Kpome Toro, kak
TOKAa3aJIM TIPOBeIeHHEBIE UCCICIOBaHUS, ITyTeM M3Me-
HEHMS BSIBKOCTH PacTBOpa TpaBUTEIS, JOOABIEHUS TJIH-
IeprHa U IPYTUX BSI3KUX CIIMPTOB TOJTydaeTcs Oolee
BBICOKAsI U paBHOMEpPHAasi CKOPOCTh TpaBieHus [11].

IIpu MukponpobUIMPOBAaHUM KPEMHUEBBIX Ilja-
ctuH U wiactud ¢ KHU-rerepocTpyKTypoil Hapsmy ¢
AXT 1mMpoKO MCIOJb30BAJIOCh U30TPOITHOE TpaBJie-
Hue. Ha HeMacKMpOBaHHBIX y4YacTKaX ITOBEPXHOCTH
KPEMHUS TIPU U30TPOITHOM TPaBJIEHUM MPOVICXOIUIIO
TpaBJIeHHE HEYITOPSIIOUYEHHO IT0 BCEM HaIlpaBICHUSIM
U C OJIMHAKOBOW CKOpOCThIO. IIpU MpUMEeHEeHUU U30-
TPOITHOTO TPaBJICHUS TPEUMYIIECTBEHHO MCITOIb30-
BaJiM Macku U3 coeB SiO, mn SisNy. Ilnenku doro-
pe3ucTa MCIONB30BAIN pPeXe, MOCKOJIBKY TPaBUTEIb
HF (HNOj3) GbicTpo NpOHUKA Yepe3 3alUTHYIO Mac-
Ky. 19 KoMrmeHcaluy MoATpaBa MOI MacKy pasmep
OKHa Ha (poTo1iadsoHe coctapsiia 0,2 MKM, a IIUpUHA
sneMmenTa 0,05...0,1 MKM.

B ycnoBusix BospacTamoleif MHTerpalii MHKpPO-
CXeM U yBeJIM4YeHUsT (YHKIIWI Ha OXHOM YUIIE TEH30-
npeodpaszoBatenss 1 B MOMC-ycTpoiicTBax BaXKHbIM
3TAIOM B TEXHOJIOTUY ITPOU3BOACTBA SBIISICTCS OUMCT-
Ka MTOBEPXHOCTH KPEMHMS OT OpraHM4ecKuX (B OCHOB-
HOM YTJICBOIOPOIBI) 3aTrpsI3HEHUI, TIpUMeceil MeTa-
JIOB, MEXaHWYECKUX YaCTULl, KOTOPbIe IMOCTYIAIOT U3
OTKAYHBIX YCTPOMCTB, YCTPOUCTB 3aTrPy3KM-BBITPY3KU
racTuH [14]. Opranndeckue 3arpsi3HeHUs TIPUCYTCT-
BYIOT B OCTaTKax (pOTOpPE3UCTa, Pa3IMIHBIX BUAAX KU -
pOB, CMa30K 1 Macell. B nmocieaHee BpeMs B Ipoliecce
TEXHOJIOTMUECKHNX OTIepalldii 10 OYMCTKE ITOBEPXHO-
CTU 0OJIbIIIOE BHUMaHUE YIEJsJI0Ch KOHTPOJIIO 3a CO-




CTOSTHMEM ITIOBEPXHOCTU KpeMHMUs. JIJIs OUMCTKU T10-
BEPXHOCTU KpeMHMUsI Tepen nmposeaeHrem KXT B 1e-
JISX yAaJIeHUs 3allUTHOM TNIEHKU JUOKCHIA KPEMHUS
ucrnojb3oBanach [1] miaaBukosas kuciaora (HF). Otot
BUJI OYMCTKM MHPUBOIMII K aacopOLMU BOAOPOJAA Ha
MOBEPXHOCTU KPEMHMSI M SIBJISUICSI MACCUBUPYIOIIUM
OT OKHUCJIEHUSI Ha BO3MAyXe, a TaKXKe CTaOUIU3UpYIO-
UM 1 TuaApohoOHBIM [1].

st monydyeHusl 3alaHHON TOJIIMHBI MeMOpaHbI
pa3paboTaHO HECKOJIbKO METOJIOB TPaBJICHUS KpeM-
HUS C UCIIOJIb30BaHMEM "cTom' -ciaoeB. M3BeCTHO He-
CKOJIKO METOJIOB KOHTPOJISI TOIIIMUHEI M 00eCIIeUeHUST
ee BOCIIPOM3BOAMMOCTH: KOHTPOJIb TPABJIEHUS IT0 Bpe-
MEHHU, ONITUUECKUI CIIOCO0, MPUMEHEHHE CAMOTOPMO-
31IUX CITOCOOOB TpaBjeHus [7].

KoHTposb TpaBiaeHUsI KpeMHUSI IO BpeMeHU Hedd-
(hekTHUBEH, TTOCKOJIbKY HEU3BECTHBI CKOPOCTh TpaBJie-
HUS1, MOTPEIIHOCTh UBMEPEHUS U PAa30POC TOJIIUH UC-
XOJHBIX T1acTuH [14].

IMepuoanueckuii KOHTPOJIb TPABJIEHUS C TTOMOIIBIO
MEXaHWYECKOTO WJIM ONTUYECKOTO H3MEpPEHUST TOJ-
IIMH W pa3Mepa yNpyrux 3JeMEeHTOB MO3BOJISUT MOY-
YyaTh XOPOIIIME Pe3yabTaThl MPU M3MEPEHUU HEeOOJb-
LIUX MapTuil obpasuoB. st TpaBjieHUsT OOJbIIOTO
o0beMa mapThii 00pa3loB BCACACTBUE OOJIBIION TPY-
JIOEMKOCTU JaHHBIM MeTOJ KOHTPOJS TPUMEHSLICS
penko [7].

B xauecTBe 3aIIMTHBIX CJI0€B M TOPMO3SIINX IT10-
KPBITUI B MpolLiecce TPaBJIeHUSI KPEMHMUS LLIMPOKO UC-
nosnb3oBanu ieHkn Si0,, SisNy u SiC B coueranuu
co cJiosiMU KpeMHUs1. [IeHKH JOJIKHBI ObLIN YIOBJIe-
TBOPSTH CJIEAYIOIIUM TPEOOBAHUSM: HU3KasA CKOPOCTh
TpaBJIeHUs], MUHUMAaJIbHas TOPUCTOCTb, XOpolliasl aj-
resdsi ¥ MAHUMAJIbHbIE MEXaHUYEeCKUE HaIpsKEeHMS
Ha rpaHulle pas3aesa 3allUTHON MJIEHKU U MOBEPXHO-
CcTU KpeMHUs. JlaHHbI MeToa a(p(peKTUBEH M1l TpaB-
JieHUus1 MpoUINPOBaHHBIX CTPYKTYp [8]. OmHako u3
MepeYrCIeHHbIX METOIOB KOHTPOJISI TOJIIMHBI Ooiee
MPEANOYTUTENIbHBIM ~ SIBJISIETCSI  DJIEKTPOXUMUUYECKOE
aHM30TpONHOE TpapaeHue [11].

SJIeKTpOXI/IMH'leCKOB AHU30TPONHOEC TPABJICHUEC

IIpu popmupoBanuu ctpykryp KHM-meron snek-
TPOXUMUUECKOTO TPaBJIEHUS MO3BOJISLIT JOOUTHCS MPO-
BeJIEHHUS JIOKAJIbHOTO Mpoliecca TPaBJISCHUS CO CTPOTO
KOHTPOJUPYEMO CKOpocThio. Kpome Toro, B mpo-
1ecce 06paboTKM MOBEPXHOCTU C TTIOMOIIIBIO JAHHOTO
MeToJa 3HAYUTEJIbHO Jierye o0ecreuyuTb 3aJaHHbIN
YPOBEHb CEJIEKTUBHOCTU. TeXHOJOrMYeCKUi Mpolecc
3JIEKTPOXUMUYECKOTO TPABJICHUSI OCYLLECTBIISUICS CJie-
nytoimuMm oopasoM. K momioxke, rmoMeleHHOH B 3a-
IIUTHYIO OT 3JIEKTPOJUTA SYEeHKy, MPUKIaAbIBaICs
MOJOXUTEIbHBIN TToTeHIIMan (aHoa). B xauecTBe 3a-
ILIMTHOM MacKM TOBEPXHOCTU KPEMHUSI MPUMEHSICS
HUTPUI KpeMHUs ToauHoi a0 0,3 MKM, IpuMeHe-

HUE TUOKCHUAA KPEMHHMS B KaUeCTBE 3aIllUTHOW MacKU
HelenecooOpas3Ho [8]. B kauecTBe KaTtojga MCITOJIb30-
Bajlach IJIATMHOBAS TUIACTUHA, EMKOCTb 3aIlOJIHSIAChH
pactBopowm 1esoun KOH, Harperoil 1o TeMnepaTypbl
70...80 °C. BcnenctBue moasipu3alldu BJIEKTPOJIUTA,
rnocjie TojJayyd HampsLKeHUsSI Ha 3JIEKTPOJbl TOK B
sYelike TMOAHMMAJICS CHavaja 10 IMKOBOro 3HAUYeHUs,
a 3aTeM CHMXKaJjcs A0 crauuoHapHoro. OKoHYaHUe
TpaBJEHMST COIPOBOXKIAIOCH CTabMIM3alMell TOKa.
DNEKTPOXMMUYECKUIT METON TpaBJIeHUs MPUMEHSICS
MPEeUMYILIECTBEHHO B JaOOPaTOPHBIX YCJIOBHUSX IpU
MPOBEACHUN HAYYHBIX U DKCIIEPUMEHTAIbHBIX UCCIe-
JOoBaHUI. B MpPOMBILIJIEHHOCT MPUMEHEHNE 3TOTO
MeToJa MOXET MPUBECTU K CYILIECTBEHHOMY YCIOX-
HEHMIO U YIOPOXaHHUIO TEXHOJOTMYECKOTo 000pyIo-
BaHus [7].

IIna3mMeHHOe XMMHUYECKOE TPABJIEHUE

B pa6ote [1] 6bu1a TpoBeneHa Kiaccudukaiums oc-
HOBHBIX CITOCOOOB IMJIa3MEHHOI0 XMMUYECKOTO TpaB-
nenus (ITXT) kpemHust, KoTopasi mpuBeAecHa Ha puc. 2.
IIpu cyxom 11a3MeHHOM TpaBJIEHUM BaxKHOE 3HaUEHUE
MMEIOT TaKhe NMHAMHYEeCKHE MapaMeTphl, KaK MOIII-
HOCTb pa3psiia, COCTaB Ta3a, IaBJIeHUE U TeMIlepaTypa
nomjoxku. IlnasmeHHoe TpaBieHue 00Ji1agaeT BbICO-
KOI aHU3O0TPOITHOCTBHIO U MPOUCXOAUT MPU JOCTATOY -
HO HU3Ko# Temmepatype. B npoueccax IIXT ocHoB-
HBIMA XUMWYECKN AKTWBHBIMHM YaCTUIIAMM TLTIa3MbI
SIBJITIOTCSI pagvKajbl, BCIACACTBUE YErO OTCYTCTBYET
HaIpaBJIeHHOCTb ABUXKEHMS YaCTULL IO OTHOILIEHUIO K
0o0pabaTbiBa€MOMY COMNYTCTBYIOILEA HMOHHOW OOM-
0apaMPOBKOI MaTepuairy. DTO OOBSICHSIETCSI TeM, YTO
O6oMOapaAMpPOBKE IIOJBEPrajioCh TOJIBKO THO CTPYKTYPhI
TpaBJIeHUSs, HAXOsIIIeecs] Ha MyTH ABUXKEHUSI MOHOB,
a OOKOBBIE CTEHKM CTPYKTYPbI HE MOJIBEPraJICh TPaB-
JieHuto. B aToM ciyyae HaOaoAanoch 3HAYUTENIbHOE
MPEeBBILLIEHNE CKOPOCTUM BEPTUKAIBHOIO TpaBJIEHUS
HaJ CKOpOCThIO O0KOBOTrO [14].

I1nazmMeHHOE TPaBJICHUE MOXKET OCYLICCTBIIATHCA
Pa3HbIMU criocod0aMu: MOHHBIM TpaBJICHUEM HJIN MC-
TOgJaMM PCAKTUBHOI'O TPABJICHUA. HonHoe TPpaBJICHUC
BKITIOYACT MOHHO-JIY4€BO€ 1 MOHHO-PCAKTMBHOC TpaB-
JICHMUA. HpI/I MOHHO-JIY4€BOM TpPaBJICHUU UCITIOJIb3YIOT-
Cs1 MOHBI MHEPTHBIX I'a30B, a IIPpN PECAaKTUBHOM MCTOY-
HHMKOM ra3oB CJIy2KaT rasbl raJJor¢HOB.

HNoHHo-1yueBoe TpaBiieHHe SIBJISIETCS] YHUBEPCAJb-
HBIM, TIOCKOJIbKY MOXKET OBITh MCITOJIb30BAHO JJIST TPAB-
JIEHUSI TPAKTUYECKHU JIFOObIX MaTepuaaoB U UMEET Bbl-
COKYI0 pa3pelarollyo cnocoOHOCTh, MO3BOJISIONILYIO
noaydyath pasmepbl mMeHee 10 HM. MoHHO-nyueBOe
TpaBJieHUE OIpeAesieTCs] TOJbKO (GPU3UYECKUMU MPO-
1IeccaMy 1 OCYILECTBISIETCS IMyYKaMy UHEPTHBIX ra30B
3a cyeT (pU3UYECKOro pacrblUIEHUs] MaTepUasoB.

TexHonorus , OCHOBaHHas Ha ME€Toaax FJ'Iy6I/IHHOFO
HOHHO-PCAKTUBHOIO TPaBJICHUA, ObLIa MCClieI0BaHa B

HAHO- I MUKPOCUCTEMHAS TEXHUKA, Ne 1, 2015 11



I1na3meHHOe TpaBieHUE
Plasma etching

B nnazMe HM3KO# MJIOTHOCTU
In low-density plasma

B mazMe BBICOKOIA TIOTHOCTH
In high-density plasma

|
I I ]

I'nmy6unHOE YcuneHHOe MAarHUTHBIM TIOJIEM
pEakKTUBHOE MOHHOE pEaKTUBHOE MOHHOE TpaBJICHHE

Deep Reactiveion etching intensified
reactiveion etching by magnet field

[ ]

Ha ocHose Ha ocHose ) CBY
GbTopcomepKalnx xjopcogepxaiux | | Microwaves

WHayKTUBHO-CBSI3aHHO TpanchopmatopHo- C He3aBUCUMBIM
Induction coupled CBsI3aHHasl TUIa3mMa BO30YXIEHUEM
] Transformer-coupled MPU JIEKTPOHHO-
plasma LMKJIOTPOHHOM
pe3oHaHce

I Ipu Bo3aeHCTBUM
(GU3NYECKMX MPOLIECCOB
At affection of the
physical processes

With independent
excitation at
electron-cyclotron
resonance

ITpu xomMOuHaIIUIK
B OTHOM IIUKJIe
MPOLIECCOB TPaBJICHUSI

CCl,
On the fluorine- On the ch?orine— I—‘

U TIaCCUBALIUH,
Bosch-nporecc

containing SFg containing CCly

IloHmxkeHHOE naBieHUe
U CBepXHU3Kasl TeMIiepaTtypa
Lowered pressure and super-low
temperathure

Bosch-process:
combining of etching
and passivation in a

one cycle

Puc. 2. Knaccuukanusi OCHOBHBIX CIOCO0OB IJIA3MEHHOTO TPABJIEHUSI KPEMHUS

Fig. 2. Classification of the methods of plasma etching of silicon

pabote [1]. MoHHO-peakKTUBHOE TpaBJieHUE OO0BbEaN-
HSET peaKTUBHOE TPaBJICHME C MCIIOJBb30BAaHHEM XU-
MMYECKM aKTUBHBIX YACTUIl M pacliblieHUe MOHAMU.
Ilom meiicTBMEM peakKTUBHOTO WOHHOTO TPaBIICHUS
MaTepuas MOMIOXKU CEJIEKTUBHO yhajseTcs B Bep-
THKaJIbHOM HaIlpaBIIEHUHM KaK C TIOMOIIBI0 XUMMIYE-
CKOM peakilvM, Tak U Mpu NMpOBeAeHUM (HU3UYECKOM
60MbapaMpPOBKM MOHAMM W paguKallaMu, TOJTydeH-
HbIMU B 11a3Mme. [lpu peakTMBHOM TpaBJieHUHU yAa-
JIeHWe Marepuajia MpPOUCXOAUT TOJIbKO HaIlpaBJieH-
HBIM ABMXEHMEM MOTOKa MOHOB. IIpu sTOoM BuIE
TpaBJICHMSI HaOIIOgaeTCsl MEHbIIee MOATPaBIMBaHNE
Kpas npodunas noa mackoit. B peaktope mis MOH-
HO-pEaKTUBHOIO TPaBJIEHUSI SHEPTHUSI MOHOB MOXET
OBbITh AOCTATOYHOM IJIs peanu3allli aHW30TPOITHOTO
MOHHO-CTUMYJIMPOBAHHOTO TpaBieHus. IlokaszaHo,
YTO aHU3OTPOITHOE TpaBjieHUe 00sagacT Oosiee BbICO-
KMM pa3speliieHrueM. B KauecTBe MacKu MCIOJIb30Ba-
JIUCh METAIMYECKOE TMOKPHITUE U3 IJIEHKU aIOMU-
HUS, a IS TOHKMX MUKPOMEXaHUIECKUX CTPYKTYP —
¢dotopesuct. Ilpu TpaBiaeHUU OBLIU ITTOJYUYEHDI:
acreKkTHoe oTHolueHue Oosee 50, riayOMHa TpaBie-
HUSI — COTHH MUKPOMETPOB, CKOPOCTh TPABICHUS —
HECKOJIBKO MKM/MMH.

B pa6orte [12] 6bL10 MPOBEACHO UCCIIeOBAHNE Ka-
YyecTBa 3aIlMTH BIUSHUS OKCHUIHBIX W (POTOpE3u-
CTMBHBIX MAaCOK TpU TJIyOMHHOM TpaBieHuu. Mccie-
JIOBaHUSI TTPOBOAMJIKNCH Ha YCTAHOBKE, OCHAILIEHHOM
peakTopoM TpaHCGHOPMATOPHO-CBI3aHHON TJIa3MBI.
K nocrouHcTBaM MeTona cieayeT OTHECTU BBICOKYIO
IUIOTHOCTD T1a3Mbl (5+ 10 CM_3) MPU OTHOCUTEIHHO
HuU3Koi aHeprun uoHoB (40...50 3B) u Hu3KoM pabo-
yem npaiaeHuu (oo 1 IMa). B kauecTBe pabouux rasos
ucnosb3oBanack cmech SF¢ + CCL,. Okaszanock, uTo
13-3a HU3KOM YCTOMYMBOCTHU K M1a3Me hoTOpe3nCTUB-
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Hasl MacKa He CIIocoOHa 00ecCneYuTh HEOOXOIUMYIO
DIyOMHY TpaBicHUs. boyee yCTOMYMBBIM OKa3aycs
Juokcua kpemMHusl. OnHAKO BCJIEACTBHME HAKOTUICHUS
MOJIOKUTEJIbHOIO 3apsiia MacKa BBIMOJIHSIA poib ¢o-
KYCHUPYIOIIEH 2JIEKTPOCTaTUYECKOM JTMH3BI, UTO MPU-
BOIMJIO K MCKAXXEHUIO TPACKTOPUH ABVKEHUST HOHHO-
ro MoTOKa M, CJIeJ0BaTeJbHO, K IOATPaBY OOKOBBIX
CTEHOK CTPYKTYphI Ha rpaHuue pasaena SiO, u Si. [1pu
MpOBeJEeHUM B OyayllleM HCCleJOBaHMI Mpearionara-
€TCS B Ka4eCTBE MACOK MCITOIb30BaTh TOHKHWE MeTaj-
Jndeckue rieHku [12].

MoHHOo-y4eBoe TpaBieHUe NPeaCTaBIsIeT MPOoLEeCce
0oJiee YMEPEHHOTO TpaBJIeHUsI, B KOTOPOM HCIIOJIb30-
BaJICS TTYYOK MOHOB C MaJIBIMU 3HeprusiMu. Bo3moxk-
HOCTh MOO0aBJICHUS Pa3IWYHBIX XMMUYECKUX pearcH-
TOB B 00JIaCTh MOHHOTO ITyYKa ITO3BOJIMJIA ITOJYYHTh
n30MpaTebHOe XUMUUECKOe TpaBieHue [9].

CnocoOHOCTh MOHHOTO MyYKa B3aUMOJEHCTBOBATh
C BelllecTBaMU B ra3000pa3HOM COCTOSTHMU MO3BOJIUIIA
MPOBOAUTH UOHHO-CTUMYJIMPOBAHHOE TPaBJICHUE.

IIpensnoHHoe TpaBiieHUe (GPOKYCUPOBAHHBIM WU
OCTPOC(HOKYCUPOBAHHBIM ITYYKOM IUMETPOM 10 5 HM
npu HanpsekeHuu yckopeHust 30 KB 1 oTHOCUTENIbHO
MaJIoil TJIyOMHE MPOHUKHOBEHMSI MOHOB B TBEPIOE
TeJo (25 HM) cOCOOCTBOBAJIO COXPAaHEHUIO CBOMCTB
oOpabarbsiBaeMOro MaTepuasa. ¥YCTaHOBJIEHO, YTO P
MOHHO-JIy4eBOM TPaBJICHUM OCHOBHBIM TIapaMeTPOM
SIBJIIETCSl TOK MOHHOTO ITy4YKa.

TexHonmornyeckue ormnepamyvu ¢ MOPUMEHEHHUEM
0CTPOC(HPOKYCHPOBAHHOTO MOHHOTO MTyJIKa TTO3BOJIVIIN
copmupoBath 3D-06JaCTH ¢ MUHUMAJIBHBIMU T€O-
METPUUYECKUMU pa3MepaMy, MaKCUMAaJIbHBIM acITeKT-
HBIM OTHOULIEHMEM M BBICOKMM JIaTepaJibHbIM MPO-
crpaHcTBOM. OMHAKO, HECMOTPST HAa OYEBUIHEIE TIPE-
MMYILIECTBA, TaHHAsl TEXHOJOIUsl MOKa He MoJy4yusa




IIUPOKOTO PacIpOCTPaHEHUST M3-3a YHUKAJbHOCTHU
JIOPOrOCTOSILLIETO 000PYLOBAHUS U CJIOXKHOCTU TEXHO-
Jjornueckoro npouecca. [loaTomy yaille NpUMEHSIIUCH
aJIbTEpHATUBHBIE METO/bI TpaBieHUA [5, 9].

TpasjieHne B mIa3Me BbICOKOH ILIOTHOCTH

B coBpeMeHHBIX peaKkTOpax BBICOKOHN IUIOTHOCTH
IJ1a3Mbl O0JIACTh MPOCTPAHCTBEHHOIO 3apsiga TOA-
TIEePKUBAETCS YCKOPSIONINM BHEITHWM HATIPSIKeHU -
eM pagmodacToT. ISl Tuia3Mbl BBICOKOM TUIOTHOCTH
XapaKTepHO TpaBJIeHUWE C BBICOKOW aHM30TPONUEN U
MHMHHUMAaJIbHBIM pa3pylIeHHeM TTOBEPXHOCTH, TTOABEP-
ralouieiicsd TpaBjieHUI0. B KayecTBe pabouero rasa
ucnosb3oBanach mectudropucrasd cepa SFg, a Takxke
cmech cocraBa SFg + O,. IIpu npoBeneHUM TEXHOJIO-
IMYECKOro IMpolecca TPaBIeHUs OCYIIECTBISIOCH pe-
TYJIMPOBAHUE PACCTOSTHUS MEXIY 3JICKTPOJAMM, MOIII -
HOCTH paspsima, pacxoma W padodyero maBJeHUS Tasa,
TeMrepaTypbl MOmIoXKU. [Tpy u3MeHeHM HaBJIeHUS
raza SF¢ B kamepe ot 15 o 100 I1a ckopocTs Tpasie-
HUS MEIJIEHHO yMeHblanach [1, 5].

B ycnoBusIX BBICOKOM IJIOTHOCTH ILIa3Mbl OOBIYHO
JJIsl TpaBJIEeHUsI KPEMHUSI MHTEHCUBHO HUCITOJb30Ba-
JINCh XJIOp W ra3bl Ha ocHOBe ¢Topa [18, 19]. IIpo-
LIeCChI TpaBJIEHUsI, OCHOBaHHbIE Ha (pTopcomepxKaIimx
razax, MMeIT TaKue MPEeuMyIecTBa, KaK BBICOKHE
CKOPOCTU TpaBJeHUSI, CEJEKTUBHOCTb U aCIEKTHOE
oTHoleHue. CKOpOCTh TpaBJeHUs B IIa3Me MPSIMO
MponoplroOHaibHa KOHLIEHTpAlMK aTOMOB (hTopa npu
JIPYTMX PaBHBIX YCIOBUSIX M YBEJIMUMBAIACh C POCTOM
MOTOKOB MOHOB W pa3HOCTU NoTeHuuana. OmgHaKo
aToMBbI (pTOpa, BCTYITask CaMOIIPOU3BOJILHO B PEAKITUIO
C KpeMHHEM, CIIOCOOCTBOBAIU MTOATPABY KPEMHMUSI MO/
Mackoit. Ilpu TpaBieHUU KpeMHUsI Ha OCHOBe (pTopa
MOXET BO3HMKHYTb IIEPOXOBATOCTh OOKOBBIX CTEHOK.
B npoliecce MHOroKpaTHOro TpaBJieHMsI M IaccuBa-
LMY BO3HMKAJIM HEPABHOMEPHOCTH MOPMOJIOTUM TI0-
BEPXHOCTH OOKOBBIX CTEHOK B (popme rpeOellKoBbIX
CcTpyKTyp. ONBIT MoOKa3aj, 4To MNpy HaJIUYUU OOJb-
IIOTO YMCJIa M3IETUI 11eJ1ecCO00pa3HO MCITOIb30BaTh
dtop. [Ipumenenue F nosBossio popMupoBaTh Ii1y-
0OKMe KaHaBKM C BLICOKMM aCHeKTHBbIM OTHOIIIEHUEM
U BBICOKOI CeJIeKTUBHOCThIO K Macke [1, 10].

s npoBeaeHus1 IyOUMHHOTO TPaBJICHUST KPEMHMS
WCIIOJIb30BaJIM YCTAaHOBKM Takmx ¢upM, Kak Alcatel,
Applied Vaterials Surface Technology Systems [6, 18, 19].
DTU YCTAaHOBKM MO3BOJISIA MPOBOAUTh HE3aBUCUMOE
OT TUIa3Mbl PEryJIupoBaHUe (PU3UUECKUX U XUMUYE-
CKHX TTPOLIECCOB TPABJAEHUS U YIIPABIATb AHU3OTPOIH -
el TpaBJIEHUSI, COXpaHsIsi MPU 3TOM HAKJIOH OOKOBBIX
CTEHOK OJIM3KMM K BepTukajibHoMy. st hopmupo-
BaHMSI BEPTUKAIbHBIX CTEHOK C IJIaAKOMl MOBEPXHO-
CTbI0O Ha OCHOBE XJiopa pa3paboTaHbl yIpaBJisieMble
npoleccsl TpaBiaeHus. [1pu co3naHuu MUKPOCTPYKTYP
MBMC-yCcTpoiCTB 3TU TEXHOJOTMYECKUE TMPOLIECCHI

o0ecreuyrBalii BICOKOE acleKTHOE OTHolLIeHue. Bep-
TUKAJIbHBIN TPODUIb MOXKET OBITh MOJYYEH MPU TPaB-
JIEHUM XJIoOpoM 0e3 IaccuBallMM IlojJumepamMu 0e3
WHTEHCUBHOTO OXJIAXJEHUS KPEMHUEBBIX IUIACTHUH.
Hemoctatkamm mpoiiecca SBISIIOTCSI HU3Kasg CKO-
POCTb TpaBJIEeHUSI U HU3Kasl CEJIEKTUBHOCTb K MackKe.
s CTPYKTYp C BBICOKMM acCIleKTHBIM OTHOIIIEHUEM,
BEPTUKAJIBHBIM NTPODUIEM U MaJIbIM 00bEMOM MapTUid
1enxecoodpa3HoO MCIOJb30BaTh xJop [3, 10].

B pabote [6] GbUTa BBISIBJIEHAa 3aBUCUMOCTbD IIEPO-
XOBaTOCTH OT BPEMEHM TPaBJIEHMUS, MaTepHraia MacKu
Y TJIOIAAM TPAaBJeHUSI Ha TU1acTUHe. B pesynbrarte uc-
MOJIb30BaHMSI B KaUeCTBE MAaCKU HUKEJSl MPU TpaBJie-
HUU OblJa NoJyYyeHa riaakas nmoBepxHocTb. Hecmotps
Ha OOJIBIIIYIO IUIOLIAIb TPABJICHNS 1 OOJIbIIYIO IIPOAOJI-
KUTEJIbHOCTb TPAaBJEHMS 11I€POXOBATOCTb yMEHbIIA-
Jnack. Hanb6osee s dekTuBHBIE pe3yIbTaThl 10 YMEHb-
LIEHUIO MOATPaBa MOA MacKy ObLIM JOCTUTHYTHI IO
TexHoJioruu ¢pupmel Bosch, 00bennHsI0IIE B OTHOM
LIMKJIe TIpolLlecChl TpaBjeHUs M naccuBaluu. Bos-
MOXHOCTb TIEPEKIIOUEHHUS] ¢ PeXuMa TpaBJIeHMST Ha
peXUM TacCUMBALIMU T03BOJIsIa YMEHBIIUTh MOATPaB
KpeMHMsI Ton Macky. IlpemMyliiecTBa mpoiiecca: BbI-
COKasi CKOpOCTh TpaBJieHUsl 2,7 MKM/MWH Ha TJyOUHY
g0 300 MKM ¢ yIJIoOM HakJIoHa cTeHOK 87,4°, cenek-
TUBHOCTh K MacCKHUpyLIeMy NokpbiTuio >240:1, ac-
nekTHoe oTHoleHue okoyio 30. TomuHa MeMOpaHbI
B BTOM CJIyyae KOHTPOJUPOBAIACh B Mpeaeaax oT 2 10
33 mMxm [4, 10, 22, 23].

BriBoapl

bbim  paccMOTpeHBI COBpPEMEHHBIE OCHOBHBIE
CcHocoObl XUAKOCTHBIX U CYXUX IJIAa3MEHHBIX CIIOCO-
00B MUKPOIIPOPUINPOBAHUS KPEMHUEBBIX TLIACTUH
u mactudH ¢ KHU-retepoctpykTypoit. Baxueimm
cnocodoM popMHUpPOBaHUS OOBEMHBIX MUKPOMEXaHU-
yeckux cTpykTyp siBasiercst KXT, KoTopoe mpoaosika-
€T COBepIIEeHCTBOBaThCA. OMHAKO MeXaHU3M TpaBJe-
HUSI HeMmoHATeH a0 cux mnop. [lossisiommecs mocie
TpaBjieHUs1 (POPMBI B CTPYKTYpax KpeMHUSI HE MOTYT
OBITb YIOBJIETBOPUTEJIBHO OOBSICHEHBI Ha OCHOBE W3-
BECTHBIX MOJIEJICH.

Anamm3 metogoB ITXT moxasan, 4To IpeanoyTH-
TEJIbHBIM SIBJISIETCSI METOJI TPABJIEHUS B IJ1a3M€ BbICO-
Kol motHoctu. [IpyM umcnonb3oBaHUM MeToda Toy-
OMHHOIO TpaBJIeHWsI ObLIM MOJYYEHBI 00pa3Lbl C BbI-
COKMM aCIeKTHbIM OTHOILEHUEM, BBICOKON celieK-
TUBHOCTBIO K Macke U MUHMMAaJIbHBIM pa3pylieHueM
MOBEPXHOCTH, MOABEPTILIEICS TPaBICHMUIO.
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Analytical Studies of the Modern Methods of Microprofiling of the Silicon Wafers

and Wafers with SOl Heterostructures

A review of the modern methods of microprofiling of the silicon plates and plates with SOI heterostructures was presented, as
well as the basic methods of liquid and plasma chemical etching of the monocrystal silicon of a crystallographic orientation (100).
It was demonstrated that for a deep microprofiling of the sensitive elements of pressure sensors plasma chemical etching is widely

used alongside with liquid etching.

Keywords: methods of microprofiling, SOI heterostructures, membrane thickness control

Introduction

The ways of precision micro-profiling of silicon wa-
fers were analyzed. The classification of the main fluid
and plasma technologies for etching of silicon were de-
fined. Use of wet chemical etching (WCE) is promising
to form the pressure-sensitive sensor elements based on
silicon-on-insulator (SOI) with a heterostructure. Along
with it, the dry plasma anisotropic etching is widely ap-
plied. The plasma etching has higher resolution com-
pared with WCE. However, the development of nanote-
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chnology facilitated toughen requirements for plasma
technology (selectivity, uniformity of etching, linew-
idth control) and widened conduction of research.

Modern technologies of silicon wafers
micro-profiling

Micro-profiling with the use of modern technology
was performed on silicon wafers and on samples of
SOI-structures obtained by direct thermocompression
merging of two silicon wafers through the dielectric lay-




er. The single crystal silicon with the crystallographic
orientation (100) was used as a raw material of wafers,
an intermediate layer was made of the vitreous dielec-
tric layer. The elements of the tensoresistive transducer
were formed by double sided anisotropic etching: the
monolithic tensoframe on the instrumental plate and
the membrane on the supporting silicon wafer.

Deep anisotropic etching was used to form the sen-
sors of mechanical values and MEMS devices in bulk
micromechanics. It allows to form 3D-structures in the
bulk silicon wafer. The etching depth may be in the
range of 300...400 pm.

The applied technology had a significant advantage
over the surface micromechanics, the main disadvan-
tage of which is the problem of the mechanical stresses
arising at application of the contact lithography as a re-
sult of formation of the different layers on the surface
of a silicon wafer [1].

The important requirements to etching of the mi-
cromechanical part of the sensor are: surface smooth-
ness or uniform roughness, uniformity of the elements
(by the length, area), reproducibility of shapes and sizes
of the elements, absence of the mechanical residual
stresses and defects, the ability to control the process.
The solid shape is formed as a result of local etching,
whose configuration is determined by: orientation of
the silicon wafer, shape of the mask, the type of aniso-
tropic etchant, concentration of its components, tem-
perature of the etchant and the etching time [7].

The anisotropic chemical etching (ACT) is a gradual
removal of the atomic layers from the surface of silicon,
which can be accomplished by chemical interaction of
the etchant with the wafer’s surface. The micro-jaggies
are formed on the crystal surface during etching, which
can move. The etching rate varies in different crystal-
lographic directions (see table). The different packing
density of atoms in different planes and the different
nature of the relation of the surface atoms between each
other and the atoms in the volume of crystal [2] cause
this. Furthermore, the etching was influenced by: layer
thickness, temperature, and processing time. It is known
that the thicker the removable protective film, the larg-
er the change of the sizes, which is caused by the
subetching under the mask, and the greater tolerance
required in the designing.

Liquid chemical anisotropic etching of silicon

The classification of the main ways of LCE is shown
in [1] (fig. 1), which are still the key ways of silicon
etching. The etching consists of two stages: oxidation of
the silicon and subsequent etching of its dioxide. The
subetching or underetching of the silicon surface is un-
desirable, since it is connected not so much with the
changing of the sizes, but also with the fact that it makes
difficult etching at the following operations.

In [11] is shown, that the etching rate of silicon de-
pendents on the thickness of the protective layer of the
surface, chemical composition, concentration and tem-
perature of the etchant. The speed of the most of the
etching processes is limited by the rate of chemical reac-
tion and the temperature during etching. Practically, the
etching process in the case of the KOH solution was im-
plemented at 80...850 °C. This helps to avoid the evap-
oration of the etchant and temperature gradients of the
solution. Small defects incurred in the structures manu-
facturing process (grinding, CMP of the instrumental
plate), such as mechanical stress, impurity levels also af-
fected on the etching rate [11]. The anisotropic etchants
include the alkali solutions KOH, NaOH, LiOH, etile-
diamin, pyrocatechin [4, 5]. The anisotropic chemical
etching in an alkaline KOH solution is widely used due
to the simplicity and reproducibility of the technique,
a relatively low toxicity. The disadvantages of this etch-
ant should include the low etching rate. However, the
etching rate of the silicon with the orientation (100) can
be increased by etching in the microwave source with
frequencies of 2,45 and 2,54 GHz. At this, the etching
rate was increased by 6 times, in comparison with the
conventional KOH etching [17]. With increasing of
KOH concentration, the roughness of the silicon sur-
face gradually decreases. However, at prolonged etch-
ing and very high concentrations of alkali solution the
surface became rougher. This is probably caused by the
appearance of H, bubbles, which prevent entry of the
next portion of silicon etchant of the surface. As a result
of removal of the hydrogen bubbles from the silicon
surface by stirring of the solution, the roughness was re-
duced by an order. KOH etchant selectivity to silicon
and silicon dioxide is not very high because silicon di-
oxide in comparison with the silicon was etched too
quickly (the rate of 1,4 to 3 nm/min). Therefore, the
SisNy films are advisable to use for deep and prolonged
etching of silicon as a protective mask [7].

Along with the known processes of etching in KOH
solution, the hydroxide tetrametilamonium solution of
was used as (TMAN) [1]. The studies have shown, that
etching in TMAN depends on the silicon surface. The
growth of the roughness was observed with increased
wettability of the silicon surface in comparison with the
basical and after continuous etching in TMAH. At low
concentration and high temperature TMAN etching
on a silicon surface formed pyramidal protrusions or
mounds bordering the plane (111), in which direction
the etching rate is low. The roughness occurred in the
manufacture of the membrane is critical, since the
formed pyramids and the mounds must not be formed
on its surface. In order to limit such groups on the sil-
icon membranes, the ammonium persulfate was added
into TMAH solution, which reduces the concentration
of TMAH [13, 15, 16].
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Investigation of chemical etching of Si with the ori-
entation (110) in KOH solution or TMAH was held at
a depth of 500 um or more [1]. At this, degradation of
etching was observed caused by growth of the crystals
due to the precipitation of oxygen-containing com-
pounds and increase of the unevenness on the surfaces
(111) and (110), which were able to reduce by increase
of the temperature to 1300 °C.

In the multi-layer silicon structure, the work at
etching was focused on the choice of etchant, which
provide the same etching rate foe all the formed layers.
Formation of "herringbone" profile on the silicon sur-
face was observed in case of failure to comply with these
conditions. In order to obtain a surface with the smooth
inclined walls of the etching layers with the same ve-
locities, it is appropriate to use a combination of a film
on the silicon surface Siz;N,4/SiO, [3]. In addition, as
the studies have shown, the higher and more uniform
etching rate was obtained by change in the viscosity of
the solution of the etchant by addition of glycerol and
other viscous alcohols [11].

The isotropic etching was widely used along with
ACE at micro-profiling of the silicon wafers and wafers
with SOI heterostructures. The etching occurred ran-
domly in all directions and with the same speed on the
unmasked areas of the surface of silicon. The masks of
SiO, or SizNy layers were mainly used in its applica-
tion. The photoresist films were used less often because
the HF etchant (HNO3) rapidly penetrated through the
protective mask. To compensate the subetching of the
mask, the size of the element on the photomask was
0,2 microns and the width was 0,05...0,1 pm.

In the case of growing integration of circuits and in-
creasing of functions on a single chip of piezoconverter
and in MEMS-devices, an important step in the pro-
duction technology is cleaning of the surface of silicon
from organic (mainly — hydrocarbons) contaminations,
metal impurities, mechanical particles that come out of
pumping devices and plates’ loading-unloading devices
[14]. The organic contaminants present in the residues
of the photoresist, various fats, lubricants and oils. A lot
of attention was paid to monitoring of the state of the
silicon surface in operations for cleaning of the surface.
The hydrofluoric acid (HA) was used [1] to clean its
surface prior to LCE in order to remove the protective
film of silicon dioxide. This type of treatment led to ad-
sorption of the hydrogen on the silicon surface and was
passivating from oxidation in air, as well as stabilizing
and hydrophobic [1].

Several methods of silicon etching using "stop"-lay-
ers were developed for a given thickness of the mem-
brane. The known methods to control the thickness and
to ensure its reproducibility: etching by time, an optical
method, self-stopping etching methods [7].

The control of silicon etching by time is not effec-
tive, since the etching rate, the measurement error and
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variation of thicknesses of source plates are unknown
[14]. The periodic monitoring of etching with the use of
a mechanical or optical measurement of thickness and
size of the elastic element allows to obtain good results
when measuring small batches of the samples. For etch-
ing of the large quantities, this control method was less
used due to high labor intensity [7].

The films of SiO,, Siz;N4 and SiC in combination
with the layers of silicon were commonly used as the
protective layers and the inhibiting coatings at etching
of silicon. The films had to meet the following require-
ments: a low etching rate, the minimal porosity, good
adhesion and minimal mechanical stresses at the inter-
face between the protective film from the silicon sur-
face. The method is effective for etching of the shaped
structures [8]. However, the electrochemical anisotrop-
ic etching is more preferably of these methods of the
thickness control [11].

Electrochemical anisotropic etching

In forming of the SOI structures, the electrochem-
ical etching can achieve local etching with a strictly
controlled rate. At the surface treatment by this meth-
od, it is significantly easier to achieve a desired selec-
tivity. The electrochemical etching is carried out as the
follows. A positive potential (anode) is applied to the sub-
strate placed in the cell protected from the electrolyte.
The silicon nitride with the thickness of 0,3 microns
was used as the protective mask of the silicon surface, the
use of silicone dioxide as a protective mask is inappro-
priate [8]. The platinum plate was used as the cathode,
the capacity was filled with an alkali solution of KOH,
heated to 70...80 °C. Because of the polarization of the
electrolyte after voltage applying to the electrodes, the
current in the cell was raised again to a peak, and then
decreased to a landline. The end of etching was accom-
panied by the current stabilization. The electrochemical
etching method was used mainly in laboratories for sci-
entific and experimental research. In industry, its use
can lead to significant growth in complexity and cost of
equipment [7].

Plasma chemical etching

In [1], a classification of the main methods of plas-
ma chemical etching (PCE) of silicon is given (fig. 2).
At the dry plasma etching, such dynamic parameters
are important: the discharge power, gas composition,
pressure and substrate temperature. PCE has high an-
isotropy and occurs at a sufficiently low temperature. At
the dry plasma etching, the radicals are the chemically
active particles of the plasma, thereby the direction of
the particles to the treated material is absent, which is
concomitant to the ion bombardment. This is caused by
the fact, that only the bottom of the etched structures
was subjected to bombardment, which lays on the path




of motion of the ions, and the sidewalls of the structure
were not subjected to etching. In this case, there was a
significant excess of the vertical etching speed over the
side etching speed [14].

The plasma etching can be performed in different
ways: by ion or reactive etching. Ion etching includes
ion-beam and ion-reactive etching. At ion-beam etch-
ing, the ions of inert gases are used, while the halogens
are the source of reactive gases at the reactive etching.
Ion-beam etching is versatile, since it can be used for
etching of an any materials and has a high resolving
power, enabling to obtain a sizes less than 10 nm. Ion-
beam etching is determined only by the physical proc-
esses and carries out by the bundles of inert gases due
to the physical sputtering of the materials.

The technology of deep reactive ion etching was
studied in [1]. It combines reactive etching with the use
of the chemically active particles and ion sputtering.
Under the influence of the reactive ion etching, the
substrate material is selectively removed in the vertical
direction as by the chemical reaction, or by the physical
bombardment by the ions and radicals produced in the
plasma. At the reactive etching, the removal of material
is occurred only by directed motion of the ion flux. This
type of etching gives less subetching of the edges of the
profile under the mask. The energy of ions in the reactor
for reactive ion etching may be sufficient to implement
the anisotropic ion-stimulated etching. It is shown, that
the anisotropic etching has higher resolution. The metal
coating of the aluminum film was used as a mask, and
the thin micromechanical structures were used as a
photoresist. As the etching result were prepared: the as-
pect ratio greater than 50, the depth of etching — hun-
dreds of micrometers, its velocity — a few microme-
ters/min.

In [12], the influence of the quality of protection of
oxide and photoresist masks during deep etching was
investigated. The studies were carried out on the instal-
lation with the reactor of transformer-coupled plasma.
The advantages of the method include a high density
of plasma (5 10 cm3) at a relatively low energy of ions
(40...50 eV) and low working pressure (up to 1 Pa). The
mixture SFg + CCL, was used as a working gas. It was
found, that the photoresist mask is not capable to pro-
vide the desired depth of etching due to the low resist-
ance to plasma. The silicone dioxide proved more resist-
ant. However, due to the accumulation of positive
charge, the mask served as an electrostatic focusing lens,
resulting in distortion of the trajectory of motion of the
ion flux and subetching of the sidewalls of the structure
at the interface between SiO, and Si. In future studies,
it is provided to use thin metal foils as the masks.

Ton-beam etching is more moderate when using the
ion beam with low energies. Ability to add different
chemicals to the ion beam afforded to obtain selective
chemical etching [9].

The ability of the ion beam to interact with the sub-
stances in the gaseous state allowed to conduct ion-
stimulated etching. Precision etching by focused or
fine-focused beam with the diameter of 5 nm at accel-
eration voltage of 30 kV, and a relatively low penetra-
tion depth of the ions into the solid of 25 nm helped to
preserve the properties of the processed material. It was
found, that the ion beam current is the main parameter
at ion-beam etching.

The operations using finely focused ion beam al-
lowed to form a 3D areas with minimal geometric di-
mensions, the maximal aspect ratio and high lateral
space. However, despite of the obvious advantages, this
technology does not widespread yet due of the unique-
ness and complexity of the equipment. So, the alterna-
tive methods of etching were often used [5, 9].

Etching in high density plasma

In today’s high-density plasma reactors, the accel-
erating external voltage of the radiofrequencies supports
the region of space charge. The etching with high ani-
sotropy and minimal disruption of the etched surface is
typical for such a plasma. The hexafluoride sulfur SFg,
and the mixture SF¢ + O, were used as the working gas-
es. The adjusting of the distance between the electrodes,
discharge power, flow rate and pressure of the gas, the
temperature of the substrate was performed during the
etching. When the pressure of the SFg gas in the cham-
ber was changed from 15 to 100 Pa, the etching rate was
slowly decreased [1, 5].

In the conditions of high density plasma, the chlo-
rine and fluorine-based gases were commonly used for
etching of silicon [18, 19]. The processes based on flu-
orine gases have a high etching rate, selectivity, and as-
pect ratio. The etching rate is directly proportional to
the concentration of fluorine atoms with other equal
conditions, and increases with the increase of the ion
fluxes and potential difference. However, the fluorine
atoms, spontaneously entering into the reaction with
silicon, contributed to its subetching under the mask.
The roughness of the sidewalls may occur at fluorine-
based etching of silicon. The irregularities of the surface
morphology of the sidewalls in the form of a comb
structures occurred at multiple etching and passivation.
Experience has shown that the presence of large quan-
tities of articles, it is expedient to use fluoride. Its ap-
plication allows to form deep grooves with a high aspect
ratio and selectivity to the mask [1, 10].

The installation of companies Alcatel, Applied Va-
terials Surface Technology Systems [6, 18, 19] were used
for deep of etching of silicon. They allowed to make
plasma-independent regulation of the physical and
chemical processes of etching and to control the ani-
sotropy of etching, keeping the slope of the sidewalls
close to the vertical. The chlorine-based controlled
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processes were designed to form the vertical walls with
a smooth surface. These processes provided a high as-
pect ratio at creation of microstructures for MEMS-de-
vices. The vertical profile can be obtained by chlorine
etching without passivation by polymers and without
intensive cooling of wafers. The disadvantages of the
process: low etching rate and selectivity to the mask.
The chlorine is preffered to be used for the structures
with a high aspect ratio, vertical profile and small batch
sizes [3, 10].

In [6], the dependence of the roughness from the
etching time, material of the mask and etching area on
the wafer was revealed. The smooth surface was obtained
during etching in case of use of the nickel. The roughness
decreased despite the large area and duration of etching.
The most effective results on reduction of the subetching
under the mask were achieved by technology of Bosch
company, uniting the etching and the passivation in the
one cycle. The ability to switch from etching mode to
passivation mode allowed to reduce subetching of sili-
con under the mask. The advantages: high etch rate of
2,7 um/min on a depth of 300 um with an angle of in-
clination of the walls of 87,4°, the selectivity to the
masking cover >240:1, the aspect ratio — about 30. The
thickness of the membrane was controlled in the range
of 2 to 33 um [4, 10, 22, 23].

Conclusions

The main methods of liquid and dry plasma tech-
niques of microprofiling of the silicon wafers and wafers
with SOI heterostructures were reviewed. The most im-
portant method of forming of the bulk micromechan-
ical structures became the liquid chemical etching,
which continues to be improved.

However, the mechanism of etching is not clear so
far. The forms appearing after the etching of silicon
structures cannot be satisfactorily explained on the basis
of the known models.

The PCE analysis showed that etching in the high-
density plasma is preferable. The samples with high as-
pect ratio, selectivity to the mask and minimal disrup-
tion of the surface subjected to etching were obtained
when using the deep etching.
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Paccmompenst 6onpocel peakmueHo-uoHH020 mpasaenus naeHok yupkonama-mumanama ceunya (L[TC) é npoyeccax co3da-
HUSL UHMe2PUPOBAHHBIX CECHEMOINEKMPUHECKUX YCMPOLiCm8, 8 mom yucie nvezodsekmpudeckux MIMC-ycmpoiicms.

Karoueevie caosa: akmuesHole 0u3ﬂelcmpuicu, CEeCHEMOINeKMPUKU, MUKDOINEKMPOHUKA, UWUPDKOHaAmM-mumaHam ceuruya, peakxk-

MUu6HO-UOHHOE mpaeieHue

Bsenenune

bnaropapst HelMHERHBIM (DU3NYECKUM CBOKCTBaAM
CETHETORNEKTPUUYECKIEe MaTepHaIbl MOJYyYMIN IHUPO-
Koe pacrpocTpaHeHue B anekTpoHuke [1, 2]. Ilepe-
KJTIOYeHHE BeKTOpa CIIOHTAHHOM IOJISIpU3alIy BHEIII-
HUM BJIEKTPUYECKUM I10JeM MCHOAb3YeTCs ISl CO3/1a-
HUST DHEPTOHE3aBUCUMBIX BEICOKOCKOPOCTHBIX CETHE-
TOBJICKTPUUECKUX 3aloMUHamIIUX ycTpoiictB (C3Y).
Bricokas auanekTpuyeckasi TpOHUIIAEMOCTb CETHETO-
BJIEKTPUKOB MO3BOJISIET pacCMaTpUBaTh UX B KaueCTBE
KaHAuaaTa [Js1 pelleHus] MpoOJeMbl IUAJIEKTpUYe-
CKHX MATEePUAIOB C BbICOKON OUAJIEKTPUYECKOU IIPO-
HuULlaeMocThlo (high-k dielectrics), ipexie Bcero mnpu
CO3MaHNM KOHAEHCATOPHBIX 3JIEMEHTOB 3aIlIOMHHAIO-
IIUX YCTPOMCTB C MPOU3BOJBLHOI BHIOOPKON M MHTE-
rpasibHbIX cxeM (MC) cBepXBBICOKOYACTOTHOTO Auaria-
30Ha, a TaKXKe TMOA3aTBOPHBIX AU3JICKTPUKOB TPaH3M-
cropHbIX 37eMeHToB MC. Tlupo- u mbe3osiekTpuye-
CKas aKTMBHOCTb CETHETORJICKTPUKOB MCITOIL3YeTCS B
KOHCTPYKLMSIX MUKPOBJEKTPOMEXaHUYECKUX CUCTEM
(MBMC), B TOM 4uclie HEOXJIAXKIAEMbBIX MAaTPUUYHBIX
npueMHukoB MK-uznydenusi. HeanHeliHble onTuye-
CKH€ CBOIMCTBAa CETHETORJIEKTPUKOB BBI3BIBAIOT MHTE-
pec pa3pabOTUYMKOB 3JIEKTPOONTUUECKUX YCTPOWMCTB
00paboTKU U 3anmucu MH(OpPMaLIUH.

OnHuM u3 Haubosiee BOCTpeOOBAHHBIX CETHETO-
BJEKTPUYECKMX MATepUaoB SIBJSETCS IIUMPKOHAT-TU-
TaHaTa CBMHIIA, 00J1aJalolIUii BBICOKMMU 3JEKTPO-
¢usnuyeckumu napamerpamu [1]. Ilnenku LTC moryr
ObITh C(hOPMUPOBAHBI 30JIb-T€JIb-METOJOM WU METO-
JIOM XUMHUYEeCKOTO OCaXXIEeHUS U3 Ta30BOM (ha3bl.

HNurerpanus mieHok LITC B KpeMHUEBYIO TEXHO-
JIOTMIO OCTaeTCsl Ha HACTOSIIIMA MOMEHT OJHON U3
BaXKHEMIIMX 3a7a4 TMOJYNPOBOJIHMKOBOU MHAYCTPHUU.
Peuienve naHHO# 3amayd BO MHOTOM 3aBUCHUT OT yC-
MEIIHOro pelleHUs] MpodjaeM aHU3OTPOMHOIO, BHICO-
KOCEJIEKTUBHOTO TPaBJICHUs MPU CO3MAHUS CTPYKTYD
cyoMmukpomMmeTpoBoro pasMepa [3]. B manHoM o0630pe
paccMOTpPeHBl OCHOBHBIE METOMBI TPABJICHUS TIJIEHOK
HTC.

Tpasienue mienok ITC

CyllecTBYIOT ABa OCHOBHBIX METOJA TpaBJICHUS
mieHoK HITC — XuaKoCcTHOe U Cyxoe, WIM BaKyyM-
Hoe, TpaBlieHue. ZKHMIKOCTHOE TpaBjlieHHMEe — 3KOHO-
MUYHBIA METOJI, UMEIOIINI BBICOKYIO CEJIEKTUBHOCTb,
MpPUMEHEHHUE ero OIpaBIaHO MPU OTHOCUTENIBHO 00JIb-
LIMX pa3Mepax 3JEMEHTOB, OHAKO U30TPOIMHOCTh TPaB-
JIEHUSI, HEPaBHOMEPHOCTb, HM3Kasli BOCIPOM3BOIM-
MOCTb CUJIBHO CHUKAIOT ero 3¢ ¢GeKTUBHOCTD. C TOUKM
3pEHUST KUHETUKU TTPOTEKAIOIIMX PeaKlnii CTPYKTYpy
MEepPOBCKUTa MOXHO pacCMaTpuBaTh KaK CMeChb IIpO-
CTBIX OKCHJOB, CKOPOCTb TPaBJIEHUsI KOTOPBIX OKa3bl-
BaeTCs pa3IMYHOI. B 3T0i CBsI3U Ipoliecc TpaBiIeHUs
OCYILECTBJISIETCSI B HECKOJIBKO 3TaNoB C MCIMOJb30Ba-
HUEM cMmeceil peakTuBoB. ClelyeT YUYUTHIBATh TaKXKe
BO3MOXHYIO JIerpafialiiio CeTHETORIEKTPUUECKHUX Mapa-
METpOB npu IndPy3nn Bogopoaa BIIyOb IJICHKH [4].

B MUKpPO31EKTPOHHOM MPOU3BOACTBE BAKyyMHOE
TpaBJIeHWE TIOBCEMECTHO 3aMEHMJIO KUIKOCTHOE
BCJICICTBUE BBICOKOI aHM3O0TPOITHOCTU TPABICHUS U
BO3MOXHOCTU 00€CeYnuTh HEOOXOAUMbIE MUHUMAaJb-
HbIE€ TOIIoJIoOTMYecKue pa3mepsnl [5]. st TpaBiaeHUs
mieHok LITC B pasnumyHbIx paboTax MCIIOJIb30BaIN
crenyowmue rasel U ux cmecu: Cly, BCl3, HBr, CFy,
CHF;, C,yF¢, C4Fg, SFg, Ar, O, [3—4, 6—13]. OnHoit
13 HanboJjiee YacTo MPUMEHSIEMbBIX IIPU CYXOM TpaB-
JICHUU SIBJISIETCS TajloreHoBasi, (bTOpHAsl WU XJIOpHast
rasma. Ilpy ucnonb30BaHUM TIa3Mbl HA OCHOBE
(bropa gocTuraeTcst BbICOKasl CEJACKTUBHOCTh TpaBJie-
HUSI 110 OTHOLIEHUIO K METALIMYECKUM MacKaM, Of-
HAaKO Ha MOBEPXHOCTU OOpasiia BO3MOXHO 00paszo-
BaHUe TMoJUMepHO# TIuieHKU. [Ipu wHcroab3oBaHUM
IJIa3Mbl HA OCHOBE XJIOpa 00pa3ell OCTAeTCS YMCTHIM,
HO CEeJIEKTMBHOCTBH TpPaBJIEHUS Pe3KO CHUXKaeTcs [6].
B ciydae mpuMeHeHUsI HEMETAJUIMUECKUX MACOK TIpeji-
MOYTUTEJIbHEN UCITOIb30BaTh IJ1a3My Ha OCHOBE (hTO-
pa [6].

CKOpOCTb BaKYyMHOTO TpaBJIeHUSI B MEPBYIO OYe-
peab 3aBUCUT OT JIETY4eCTH MPOAYKTOB peakunu. Tak,
NpyU BaKyyMHOM TpaBJI€HUHU B XJIOPHOH Iia3Me Ha-
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OromaeTcs 0oJiee BBICOKasi CKOPOCTh yIaJIeHUsI Bellle-
CTBa, YeM BO (PTOpPHOM. DTO OOBSICHsIETCS 00Jiee BbI-
COKOI1 ieTy4yecThio mpoaykToB peakuuu L[TC B xiop-
Hoii ruiasme (PbCl,, PbCly, ZrCly, TiCly) (taba. 1) [7].
Tak, npu tpasineHuu B mwiasMe Cl,/Ar 10CTUTHYTa CKO-
pocTb TpaBiaeHusd 350 HM/MuH, a B tuiasMe SF¢/Ar —
190 um/MuH [7].

B OonbiiHCTBE paboT M0 BAKYYMHOMY TpaBJIEHUIO
wieHok IITC wucronb3oBaiu YCTAaHOBKU PEAKTUBHO-
HMOHHOTO TPaBJIEHUS C TeHEPATOPOM MHIYKTUBHO CBSI-
zaHHoi 1iasmbl (MCII, awne. 1CP). Mcnons3oBaHue
JMAHHOTO MCTOYHMKA TJIa3Mbl OOYCJIOBJIEHO TOJyye-
HUEM IIIa3Mbl BBICOKOI TUIOTHOCTH, CTAOMIILHOCTH, a
Takke BO3MOXHOCTbIO JOCTHXKEHUSI BHICOKO CKOPO-
CTU ¥ paBHOMEPHOCTH TPaBJICHUS MaTepuaioB. Heko-
TOpPbIE€ MPUMEPBI AOCTUTHYTBIX MAaKCUMAJIbHBIX CKOPO-
creil TpaBneHus mieHok IITC B ycTaHOBKax peakTUB-
HO-VMOHHOT'O TPaBJICHUS C pa3IMYHbIMU NTapaMeTpamu
MpUBEASHEI B Ta0J. 2.

CKOpOCTh BAKYyMHOTO TpPaBJICHUS JII000Oro Marte-
puajia CWIbHO 3aBUCUT OT MOLIHOCTY reHeparopa, AaB-
JICHHSI B PEAKLIMOHHON KaMmepe, TpaBslleil CMecu ra-
30B 1 J100aBOK K HEMl.

B ycTaHOBKax peakKTMBHO-WOHHOIO TPaBJICHMUS
OOBIYHO UCITOJIB3YIOT ABa TUIA TeHepaTopa: BBICOKO-

yactoTHbit u1 MCII reHeparop. YBeanueHre MOIIHO-
ctu MCII reHepaTopa MoBbIlIaeT CTENEHb MOHU3ALUU
rasa, TJIOTHOCTH IIJIa3Mbl U KOHILIEHTPAIIMIO XUMUYE-
CKM aKTUBHBIX 4yacTull. [Ipu yBeIMYEHUU MOILIHOCTU
BBICOKOUYACTOTHOTO TeHepaTopa BO3pacTaeT CpemHsIs
DHEpPrusl YacTUll, 3HAUMTEJbHBIM BKJIal B IPOLECC
yoajaeHusl MaTepuajga HauMHaeT BHOCUTh (PU3UYECKOe
pacrbUIeHre o0pa3slia, a He XMMudeckas peakius [14].
C yBeJIMYEHUEM MOIIHOCTU BBICOKOYACTOTHOIO Te-
HepaTopa CpelHssl CKOPOCTb BaKyyMHOTO TpaBJICHMS
mieHok LITC noseiiaercs [3, 7, 13].

IToBblllIeHWE MOIITHOCTH, TIOMUMO YBEJIMYEHUS CTe-
TeHN MOHU3AIMU, TIPUBOAUT K YBEJIMUEHHUIO TJIOTHO-
CTU CBOOOIHBIX paluKajoB B ILIa3Me. B pesynbrare
CHWXXECHUS TAaBJICHUS, YaCTOTHI SJIEKTPUIECKOTO TTOJIS
U YBEJIMYEHUSI MOILIHOCTH MOXKET ObITb TOCTUTHYTa 0O-
Jiee BBICOKASI CTEIIeHb aHM30TPOITHOCTHU TpaBieHusI [15].

BnussHue m3MeHeHUs MOLIHOCTHA TeHepaTOpoOB Ha
CKOpoCTh cyxoro TpapieHus mwieHoK L[TC B razoBnix
cmecax Cly/Ar, BCl3/Ar, SF¢/Ar u CF4/Ar uccneno-
BaHO B pabote [7]. [loka3zaHo, YTO MOBBILLIEHUE MOILLI-
HOCTH BBICOKOYACTOTHOI'O TeHepaTopa, KaK MpaBuo,
MPUBOINUT K YBEIMYECHUIO CKOPOCTH TPaBICHMS IS
BCEX TpaBsIIUX cMeceil. DTO CBSI3aHO C BO3pacTaHUEM
KOHIICHTpalUM U CPEeIHEl SHEPruM XMMHUYECKH aK-

Tabnuua 1 (Table 1)

Temneparypa Kunenust npoaykros peakuuu Tpasienusi IITC B xnopnoii u ¢ropHoii miazmax [7]
The boiling point of the reaction products at LZT etching in chlorine and fluorine plasma [7]

IIponykT peakuuu Temmepatypa
kunenus, ‘C

Boiling point, °C

IMpomykr
peakuuu

Reaction product Reaction product

Tewmmepartypa
kunenust, ‘°C
Boiling point, °C

Temmepatypa
kunenus, ‘C

Boiling point, °C

IMpomyxT
peakuuu
Reaction product

PbCl, 951 ZrCl,
PbCl, 50 ZrCl,
PbF, 1293 ZrF,

1292 TiCl, 1500
331 TiCl, 136,5
931 TiF, 1400

Ta6nuua 2 (Table 2)

Ckopoctn BakyymHoro Tpasienusi ieHok LITC B ycTaHOBKAX peaKTHBHO-HOHHOIO TPABJEHHA C PA3jIMYHBIMM NapaMerpaMu npouecca [6, 7, 9, 10]
Speeds of the vacuum etching of LZT films in the installations of reactive ion etching with different parameters of the process [6, 7, 9, 10]

Tpassuas cMech Pacxon, cm?/mun | Jasienue, MmTopp
Etching mixture Flow rate, cm’/min |  Pressure, mTorr
SF 2 15
CHF;/Ar:70/30 30 15
CHF; 30 10
Cl,/Ar:70/30 15 2
BCl;/Ar: 70/30 15 2
SF/Ar: 70/30 15 2
CF,/Ar: 70/30 15 2
(CF,4 + Cl,)/Ar:70/30 20 15
(CF, + C1,)/0,:90/10 20 15
Cl,/Ar:40/60 — 5
C,F¢/Ar:20/80 - 5
(Cl, + C,Fg)/Ar:40/60 - 5
HBr/Ar:40/60 - 5

Mounocts UCIT MomocTs CKopocThb
BBICOKOYACTOTHOTO
reHeparopa, Br reHepatopa, BT TpaBJIeHUsI, HM/MWH
P high- . .
ICP generator power, W] frequezvé};rg(e)j; e;ﬁ tor, W Etching rate, nm/min
400 — 20
150 — 2,5
150 — 5
900 250 350
750 250 160
750 400 190
750 400 170
700 — 145
700 — 110
600 — 120
600 — 100
600 — 135
600 — 95
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TUBHBIX yacTull. OMHAKO MPU U3MEHEHUU MOIIIHOCTH
MCII reHepaTopa HaOmogaeTcsa MHasi 3aKOHOMeEp-
HocTb. I1pu TpaBnennu LITC B xnopHO# mia3me ¢ 1mo-
BBILLIEHUEM MOIIIHOCTU BBICOKOYACTOTHOTO T'eHeparo-
pa CpelmHssl CKOPOCTb TpPaBJeHUS YBEJIMYMBAETCS, a
MpU TpaBJIeHUU BO (GTOPHON MIa3Me cHavyaia HabJIo-
JlaeTcsl pOCT CKOPOCTU TPaBJIEHMSI, a 3aTEM MTPOUCXO-
nuT ee crana. JIaHHbIN 3¢ deKT MOXeT ObITh CBSI3aH C
Ype3MEepHBIM YBEJIMUYEHUEM KOHLEHTpALUU XUMUYe-
CKW aKTUBHBIX YAaCTUL, KOTOPble HAYMHAIOT B3aMMO-
JIeCTBOBATD APYT C APYIOM, CHMXKAsl BEPOSITHOCTh TPO-
TeKaHWsI XUMUYECKOM peaklMy ¢ 00pa3lioM.

3ayacTyio ISl CTaOWMJIBLHOTO TOPEHUS TIUIa3Mbl U
YBEJIMUEHUS] COCTABJISIIONIC MOHHOIH 60MOapIUpPOBKHU
MpY TPABJIICHUH B PEaKIIMOHHYIO CMECh Ta30B IT00aB-
JISTIOT TIPUMECHBIE, Yallle BCEro MHePTHBIE Ta3bl, HAIPHU-
Mep aproH (Ar) Wiau, B OTACABHBIX CIYyYasiX, KUCIOPOI
(O,), 4TO MPUBOAUT K CYLIECTBEHHOMY M3MEHEHUIO
CKOPOCTH, aHU30TPOITHOCTU U CEIEKTUBHOCTU TpPaBJIe-
Hus [5]. I1pu yBean4eHUM KOHLIEHTPALlMM WHEPTHBIX
ra3oB BO3pacTaeT BKJAal MOHHOTO BO3ACHCTBUS Ha
obOpazen. Ilon aelicTBUeM MOHHOW OGOMOApPAUMPOBKU
MIPOMCXONIT TUCCOIMALINST aacoOpOMPOBAHHBIX MOJIE-
KyJ1 pabo4MX ra3oB, YBEJMUYMBAECTCSI CKOPOCTh AeCOpO-
LIMY TIPOIYKTOB TPABJICHMUSI, IPOUCXOAUT (PU3UYECKOE
pacmbUIeHWe HEJIeTyUYNX W MaJoJIETYyIUX ITPOIYKTOB
TpaBJIeHUSI, OOpa3ylOTCSd HOBBIE AKTUBHBIE ILIEHTPHI
B3aMMOJICCTBUSI HA MOBEPXHOCTHU, YTO MPUBOIAUT K
YBEJIMUEHUIO aHU30TPOMMHOCTA U CHUXKEHUIO CEeJIeK-
TUBHOCTU TpaByieHus [15].

BnusiHMe KOHLEGHTpAaLMU MPUMECHBIX Ta30B B pe-
aKIMOHHOM CMECH Ha CKOPOCTb TPaBJICHUS MCCIIENO-
BaHO B pabortax [7, 9, 10]. Jlo6baBKa MpUMECHBIX ra30B
(Ar, O,) MOXET KaK yBEJUYUTH CPEAHIOI CKOPOCThb
TpaBJICHUSI MaTepUajla, TAK U YMEHBILIUTD €€. DTO CBsI-
3aHO ¢ JI0JIei BKana (pu3nuecKoro paciblUieHUS B 00-
1IIeM TIpoIlecce BaKyyMHOTO TpaBiieHus. Tak, Hampu-
Mep, TIPY YBEJIMYEHNU KOHLIEHTPALIMN Ar B peaKIIMOH-

Ta6nuua 3 (Table 3)
Jlons mpuMecHBIX ra3oB B TpaBsmeil cvmecu [7, 9, 10] npu
MaKCHMaJbHO# cKopocTu Tpasienns LITC
The maximum etching rate of LZT films with different proportion
of impurity gases in the etching mixture [7, 9, 10]

Tpassiast Tpumecs Homnst
CMECh ra3oB npumecH, %
The et_ching gas Admixture .Fract{'qn of
mixture impurities, %
Cl, Ar 40
BCl, Ar 40
HBr Ar 40
SFg Ar 35
CF, Ar 15
C,Fq Ar 20
Cl,/C,F¢ Ar 40
Cl,/CF4 Ar 30
Cl,/CF4 0, 10

F g

FET film
T mrenka

Puc. 1. POM-un3o0paxkenue mienku LITC nocie TpasieHus ¢ HIK-
HHM M BEPXHMM ILIATHHOBBIMH djieKTponamu [4]

Fig. 1. SEM image of the LZT film after etching with lower and upper
platinum electrode [4]

HOI CMecH Ta30B CHavaja IIPOUCXOIUT POCT CKOPOCTHU
TpaBJICHMS, CBSI3aHHBIN C TIepefadeil YacTh SHEPTUU
MOHA aproHa o0pasLy Ipy B3aUMOAECHCTBUHU C ITOBEPX-
HOCTBIO M YBEJTMUEHUEM BCJIEICTBHE 3TOTO BEPOSITHO-
CTU MPOTEKAHUS XMMUYECKON peaklnu ¢ XMMUYECKU
akTUBHBIMU yacTuuamu [9]. I1pu ganapHeliinem yBeau-
YeHUHU KOHLICHTpALIMKU ITPUMECHOTI0 ra3a HabJoaaeT-
cs CImam CKOPOCTU TpaBJeHUsI, CBA3aHHBIN ¢ MPeo0-
JNagaHueM (U3NUECKOro paclblICHUs MaTepualia Haj
XMUMHUYECKUM yaaneHueM. Pazmep mobaBku mpumec-
HOTO rasa JJjIs1 KaXIOoi CMECH M IapaMeTpOB CYXOro
TpaBJICHHS TOAOMPAIOT SKCTIEPUMEHTAIEHO B 3aBUCH -
MOCTH OT XeJaeMOi CKOPOCTU U CeJICKTUBHOCTH TPaB-
JieHus. B Tabi1. 3 npuBeaeHbl 3HAUEHMS JOJIU TIpUMeEC-
HBIX Ta30B, MPU KOTOPBIX HaOJIOAaeTCs] MaKCUMAaJlb-
Hasi CKOpocTh TpaBJieHUs 1ieHoK IITC.

OmHuUM M3 BaXHEUIIMX 3TanoB (HOopMUPOBAHUSI
MMKDPOCTPYKTYPBI SIBJISIETCSI TpaBJIeHWE MaTepuaia
yepe3 Macky. Ilpu hopMuUpoBaHUM MUKPO- U HAHO-
pa3sMepHBIX CTPYKTYP BaXKHEMIINM IMapaMeTPOM CyXO-
IO TpaBJCHUS SIBJISIETCSl II0KAa3aTelb CEJICKTUBHOCTH
TpaBJIEHUsI MaTepuaja odpasilia K MaTepuany MackKu.

Ilpn HU3KON CEeNeKTUBHOCTH BO3MOXKHBI CHUTya-
1IMY, B KOTOPBIX Macka yxe OyaeT ynajeHa, a CTpyK-
Typa ele He Oyner cpopmupoBaHa. st TpaBiieHUs
crpyktyp Ha miaeHkax ILITC MoXHO WMCITOJIb30BaTh
(oTopesuct, HO Yallle BCETO UCIOIB3YIOT METAITNYE-
CKMe MacKu, B TOM uucjie HuKejeBble (Ni) U miaTu-
HoBbIe (Pt), KOTOphIe BIOCIEACTBUU MOIYT OBIThH MC-
MOJIb30BaHbl B KAYECTBE BepXHEro ajnekrpona (puc. 1)
[4,6,7,9, 10, 13].

CenexktuBHOCTb TpaBieHus rieHku LITC k ¢oto-
pe3nCTy U IUIATWHE B Pa3IMUHBIX CMECSAX Ta30B OblIa
uccieaoBaHa B pabotax [4, 7, 9]. I1pu BeIOOpE MaTe-
prajia MackKy B TIEPBYIO ouepenb HEOOXOIMMO OpH-
€HTUPOBAThCS Ha HUCIOJb3YEMYIO TPABSIIYI0O CMECh
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Puc. 2. IITC crpykrypsl, noxydennsie merogom PUT [10, 13, 17, 18]

Dl a bira  ageal & v loms Qs d
W ThEe Pl n @ Tew INEEIr

Fig. 2. LZT of a structure, obtained by the reactive-ion etching [10, 13, 17, 18]

razoB. Tak, mpwM WCITOIB30BAaHUK (PTOPHON TIa3MBbI
JIydle TPUMEHSITh MeTa/UIMYeCKUe MacKu, a Mpu Uc-
MOJIb30BaHUU XJIOPHOM TJ1a3Mbl — opraHudeckue (ho-
TOpe3ncT) [6].

Bri6op mpuMecHOro raza OkKas3bIBaeT CYIECTBEH-
HO€ BJIMSIHME Ha CEeJIEKTMBHOCTD TpaBiieHUs. B pabote
[9] aBTOpEBI McCnenoBany BausAsHUE 100aBOK Ar u O, u
HX KOHILICHTpAIMM Ha CeJIeKTUBHOCTH TpaBieHus: LITC
K TUIATUHOBOM Macke B I1asme cmecu rasos Cl,/CF,.
YcranosneHo, uto no6aska O,, B omnuue oT Ar, 1o-
JIOXWTETBHO BIIMSET HA CEJIEKTUBHOCTD TPABIICHUS, YTO
CBSI3aHO C YBEJIMYEHMEM KOHIEHTpALIMM PaauKalloB
xjopa u ¢Topa, P 3TOM MaKCMMaJbHOE 3HAYCHHE
CeJIeKTUBHOCTU Habmonaetcs npu gone O, 10...20 %
[9]. ITomoOHEII 3deKT, HO B MEHbBIICH CTEIIEHU, Ha-
omromaercs U mpu Ao00aBKe Ar K peakKlIMOHHOI CMecH,
IIPU 3TOM MaKCUMYM CEJIEKTUBHOCTH JOCTUTAETCS TIPU
mone 10 % [9]. B pabote |[7] u3yyeHo BAMSHUE MOIII-
Hoctu MCII renepaTopa Ha CeJIEKTUBHOCTh TPaBJICHUS
HTC x Pt B mnasme raszos Cl,/Ar u BCl3/Ar. Ilo pe-
3yJIbTaTaM 3KCIIEpUMEHTOB aBTOPHI IPUIILTA K BBIBOIY,
YTO CKOPOCThb TpaBieHust Pt, B otninuue ot LITC, He-
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3HaunTeNbHO 3aBUCHUT OT MoinHoctu MCII reneparo-
pa, Mo3TOMY TpU BbICOKMX MOIIHOCTSX (750...1000 BT)
Habo1aeTcss HauboJIblIee 3HAYEHUE CEJIEKTUBHOCTH.
MaxkcumyM cefeKTUBHOCTH (~4,5) mocTuraercst B IJjia3-
me Cly/Ar npu mounoctu MCII reneparopa 900 Br,
a uig mnasmsl BCly/Ar ipu MowHoct 750 BT cenex-
TUBHOCTb paBHa ~2,2 [7]. I1pu TpaBiieHUuun BO (TOPHOM
TU1a3Me MaKCUMMaJlbHO JTOCTUTHYTOE 3HAUeHUE CeJieK-
tuBHOCTU LITC K Pt paBHO ~2, UTO CBSI3aHO C BLICOKOI1
JIETYYeCTbIO NMpoAyKToB peakuuu PtF . (Temneparypa
kunenus PtFg cocrasister 69,1 °C) [7].

Hnst popmupoBanHusi MOMC cTpyKTyp HEOOXOIM-
MO TIPMMEHSTH BBICOKOACIIEKTHOE TpaBJieHUe, IpHU
KOTOPOM TpaHU CTPYKTYpPbl UMEIOT OJM3KUIA K Bep-
TUKaJIbHOMY Tpoduib. BbicoKoacreKTHOe TpaBjieHUE
BO3MOXHO peann30BaTh TOJIbKO B YCTAHOBKAX BaKyyM-
HOTO TpaBJieHWS C MCTOYHMKAMU TUIA3Mbl BBHICOKOM
TUIOTHOCTH, HalpuMep B YCTAaHOBKAaX pPEaKTUBHO-
nonHoro tpaeieHust ¢ MCII uctounukom [6, 13, 16].

BricokoacnekTHoe TpaBieHue mieHoK LITC 6bu1o
u3yyeHo B pabote [16]. PesymbratoM paGoThl CTajIo
JTOCTHUXKEHME acCIeKTHOTO COOTHOIIIeHUS 5:1 Tpu cKo-




poctu tpasiaeHust LITC 320...420 am/muH. Tpasie-
HUe npoBonwin B 1asme SFg/Ar ¢ pacxonom rasoB
5/50 CM3/MI/IH, npu MoiHoctu MCIT renepatopa
2000 BT 1 MOIITHOCTH BBICOKOYACTOTHOTO T'eHepaTopa
475 Bt. B naHHoii paboTre OblIa MCIOJIb30BaHa XKECT-
Kas MacKa U3 HUKEeJIS TONIIMHON 1o 5 MkM. [lpu uc-
MOJIb30BAHUU JAHHOUW Ta30BOW CMECU yIaJeHUe Be-
1IeCTBa MPOUCXOJUT, B MEPBYIO OUepeib, 3a cueT Pu-
3MYECKOTrO paclbUIeHUs MOHamu Ar, npu 31oM SFg¢
obecreunBaeT BEPTUKATLHBIN TPODUITL TpaBICcHUS 3a
cyeT 00pa3oBaHMS 3aLIUTHOTO TTOJUMEPHOTO CJIOS Ha
I'paHsIX, MPEMATCTBYIOIIETO MX pacTpaBiuBaHuio [16].
IToMuMoO 3TOrO, BHICOKME 3HAUEHUST MOIIIHOCTEH Te-
HEepaToOpoOB 00ECIIeUNBAIOT TIPEUMYIIECTBEHHO BEPTH-
KaJbHOE TpaBJeHUE C BHICOKMM MOKa3aTeJaeM aHU30-
TPOIHOCTH Mpoiiecca [15].

IMpumepsr LUTC cTpyKTyp, TOJYYEHHBIX ITyTeM
PUT, npuBeneHsr Ha puc. 2.

Ha puc. 2 npuBeneHbl M300pakeHUs] BBITPABIICH-
HbiX B 1ieHke IITC neenectanos ¢ pazmepaMu 1 X1 MKM
(puc. 2, @), a Takxke co CIOXHBIM IpoduieM (puc. 2, b).
Ha puc. 2, ¢, mpeacraBieHo m3o0pakeHNe JTMHEHHBIX
CTPYKTYp, noydyeHHbIX MeTonom PUT B mnasme Cl,/Ar.
M3obpaxeHue KaHTuieBepa Ha ocHoBe TieHku I[TC
MoKazaHo Ha puc. 2, d. JlaHHble mpuUMepbl 1eMOHCT-
PUPYIOT BO3MOXHOCTb co3iaHuss MOMC Ha ocHOBe
mwieHok LTC.

3akmoueHue

Hcnonb3oBaHne yCTaHOBOK pEeaKTUBHO-MOHHOIO
TpaBJIeHUSI C TEHEPATOPOM WMHIYKTUBHO CBSI3aHHOM
IUIa3Mbl 00ECITIeUMBACT BBICOKYIO CKOPOCTh M PaBHO-
MepHOCTb TpaBiieHus mieHok LITC.

IMoBenenne mourHoctu MCIT reHeparopa yBenm-
yyBaeT CTeleHb MOHM3AalMU ra3a, MOBBIIIAET IJIOT-
HOCTb IUTa3Mbl ¥ KOHLIEHTPALIMIO XUMUYECKH aKTUBHBIX
YacTHUll, B TO BpeMsl KaK IMpU YBEJTUYECHUU MOILHOCTHU
BBICOKOYACTOTHOTO TeHepaTopa BO3pacTaeT CPeaHss
SHEpPTUsSl YaCTULl M 3HAUYMTEbHBIM BKJIaA HAaYMHAeT
BHOCUTH (pM3MUecKoe pacnbuieHrue oopasua. C moBbI-
IIEHWEeM MOIIHOCTH BBICOKOUACTOTHOTO TIeHepaTopa
CpeIHSISI CKOPOCTh BAKYYMHOTO TPABJICHUSI U CTEIEHb
aHU30TPOMHOCTU TpaBieHus rieHok LITC yBennuu-
BalOTCS.

[Tpy NOBBILLIEHUN KOHLIEHTPALIMU UHEPTHBIX Ia30B
BO3pacTaeT BKJIaJ, MOHHOI'O BO3IEUCTBUS Ha obOpasell,
YTO MPUBOJUT K YBEJIUUCHUIO aHU30TPOITHOCTU 1 CHU-
XKEHUIO CEJIEKTUBHOCTU TPaBJICHMUSI.

[Tpu ucnonbzoBaHur GTOPHOI MIA3MBI LIeJ1eCO00-
pa3HO MIPUMEHSITh METAJIMYECKUE MAcKu, a IIpU UC-
MOJIb30BAHUU XJIOPHON — (POTOpPE3UCT.

B HacTosiiee BpeMsI MoKa3aHa BO3MOXHOCTh peak-
TUBHO-MOHHOTO TpaBieHusa B SFq/Ar cMecu CTPYKTYp
C ACNEKTHBIM COOTHOILIIEHUEM 5:1 TIpU CKOPOCTU TPaB-
nenust LITC po ~400 Hm/MuH. Bbicokasi aHM30TpOII-

HOCTb TpaBJICHUA OOCTUracTCd 3a CUCT 06pa3OBaHI/IH
3alIMTHOI'O IMMOJUMMEPHOIO CJI0A4 Ha OOKOBBIX CTEHKaX
BCKpPbIBA€EMOT'O OKHa.

Paboma evinoanena 6 pamkax eocyoapcmeennozo 3a-
danus Munobpnayku Poccuu.

Cnmcok JurepaTypbl

1. Boporunos K. A., Myxopros B. M., Curos A. C. NUnrer-
pUPOBaHHBIE CETHETORJIeKTpUUeckue ycrpoiictea / [lom pen.
A. C. CuroBa. M.: DHeproaromm3aar, 2011. 175 c.

2. BopotuioB K. A., Curos A. C. CerHeroaysieKTpuueckue
3allOMUHaloIIMe ycTporicTBa // dusuka TBepaoro tena. 2012.
T. 54, Boin. 5. C. 843—848.

3. Eugene Z. Surface analysis of reactive ion etched PZT thin
films in SF¢ plasma // U. S. army research laboratory, 2007. 10 p.

4. Lu J., Zhang Y., Ikehara T., Itoh T., Maeda R., Mihara T.
Inductively coupled plasma reactive ion etching of lead zircco-
nate titanate thin films for MEMS application // IEEJ Transac-
tions on Sensors and Micromachines. 2009. V. 129, N. 4.
P. 105—109.

5. Kupees B. 10., Janmmn b. C., Ky3nenos B. 1. [1nazmo-
XUMHWYECKOE U MOHHO-XUMUYECKOE TPaBIeHUE MUKPOCTPYKTYP.
M.: Paguo u cBs3b, 1983. 120 c.

6. Sivapurapu A. Piczoelectrically-transduced silicon micro-
mechanical resonators // A Thesis Submitted to the Faculty of
Drexel University. 2005. 122 p.

7. Park J. C., Hwang S., Kim J.-M., Kim J. K., Yun Y.-H.,
Shim K. B. Comparison of chlorine- and fluorine-based induc-
tively coupled plasmas for the dry etching of PZT films // Journal
of Ceramic Processing Research. 2009. V. 10, N. 5. P. 700—704.

8. Lee J. K., Chung I. Characterization of dry etching dam-
aged layer in Pt/Pb(Zr, 5;Tij 47)O05/Pt ferroelectric capacitor //
Applied Physics Letters. 1999. V. 75, N. 3. P. 334.

9. Kang M.-G., Kim K.-T., Kim D.-P., Kim C.-I. Reduction
of dry etching damage to PZT films etched with a Cl-based plas-
ma and the recovery behavior // Journal of the Korean Physical
Society. 2002. V. 41, N. 4. P. 445—450.

10. Chung C. W., Byun Y. H., Kim H. I. Inductively coupled
plasma etching of Pb(Zr,Ti,_,)O5 thin films in Cl,/C,F¢ and
HBr plasmas // Korean Journal of Chemistry Engineering.
2002.V. 19, N. 3. P. 524—529.

11. Kokaze Y., Kimura I., Jimbo T., Endo M., Ueda M., Suu K.
Development of deposition and etching technologies for piezo-
electric elements for ferroelectric MEMS // Ulvac Technical
Journal (English). 2007. N. 66E. P. 13—20.

12. Agnus J., Ivan L. A., Queste S. Dry etching of single crystal
PMN-PT piezoelectric material // Proc. of 24th Conference on
Micro Electro Mechanical Systems, MEMS, 11, 2011. 4 p.

13. Shen Z. Synthesis, fabrication and characterization of self-
exciting, self-sensing PZT/SiO, piezoelectric micro-cantilever
sensors// A Thesis Submitted to the Faculty of Drexel University,
2006. 246 p.

14. Aonynnaes JI. A., Keasm E. A., 3aiines A. A. CenekTus-
HOE TUIa3MOXMMHWYECKOe TPaBJI€HNE HUTPUIA KPEMHHUSI OTHOCH -
TeJIbHO OKcuza KpemMHus // HaHo- 1 MUKpOCUCTeMHasT TeXHU-
ka. 2014. Ne 2. C. 17—109.

15. Tanbnepun B. A., Hammakun E. B., Momayanos A. I1poiec-
CHI IJTAa3MEHHOTO TPaBJIEHUS] B MUKPO- Y HAHOTEXHOJIOTHSX. M.:
bunowm, 2014. 283 c.

16. Subasinghe S. S., Goyal A., Tadigadapa S. A. High aspect
ratio plasma etching of bulk lead zirconate titanate // Microma-
chining and Microfabrication Process Technology XI. 2006. 9 p.

17. Qifa Zhou, Dawei Wu, Changgeng Liu, Benpeng Zhu,
Djuth F., Shung K. K. Micro-machined high-frequency (80 MHz)
PZT thick film linear arrays // IEEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control. 2010. V. 57, N. 10.
P. 2213—2220.

18. http://www.oxford-instruments.com/products/etching-
deposition-and-growth/processes/etching-processes/dielectrics/
pzt-etch

HAHO- 1 MUKPOCUCTEMHAS TEXHHKA, Ne 1, 2015 23




D. A. Abdullaev, Postgraduate Student, e-mail: abdullacv@mirea.ru, E. N. Zubkova, Student,

K. A. Vorotilov, Professor

Moscow State Technical University of Radioengineering, Electronics and Automation

Reactive-lon Etching of Lead Zirconate-Titanate Films

The topic of this work is reactive-ion etching (RIE) of the lead zirconate-titanate (PZT) films for integrated ferroelectric devices,

including piezoelectric MEMS.

Keywords: active dielectrics, ferroelectrics, microelectronics, lead zirconate-titanate (PZT), reactive-ion etching (RIE)

Introduction

The ferroelectric materials are widely distributed in
electronics due to its nonlinear physical properties [1, 2].
Switching of the spontaneous polarization vector by the
external electric field is used to create high-speed non-
volatile ferroelectric memory devices (FMD). High di-
electric capacity allows to consider them as a candidate
to solve the problem of dielectric materials primarily in
creation of the elements of memory devices with ran-
dom access and integrated circuits (IC) of the micro-
wave range, the gate dielectrics of the IC’s transistor
elements. Pyroelectric and piezoelectric activity of
ferroelectrics is used in microelectromechanical sys-
tems (MEMS), including uncooled matrix IR receivers.
Nonlinear optical properties of ferroelectrics are of in-
terest of the developers of electrooptical devices for da-
ta processing and recording.

One of the most popular ferroelectric material is
lead zirconate-titanate possessing high electrophysical
parameters [1]. Films of lead zirconate-titanate (LZT)
can be formed by a sol-gel method or by a chemical va-
por deposition. Integration of lead zirconate-titanate
films into the silicon technology remains one of the
most important tasks of the semiconductor industry.
Solution of this problem largely depends on the suc-
cessful solution of problems of an anisotropic, highly
selective etching at creation of the structures of submi-
cron size [3]. This review covers the basic techniques of
lead zirconate-titanate films etching.

Etching of lead zirconate-titanate films

There are two main methods for etching of LZT
films are liquid and dry etching or vacuum etching. Wet
etching is cost effective, possess high selectivity. Its use
is justified at the relatively large size of elements, but the
isotropy of etching, unevenness, low reproducibility
greatly reduce its efficiency. From the standpoint of ki-
netic of the reactions, the structure of perovskite can be
regarded as a mixture of ordinary oxides, the etching
rate of which can be different. In this regard, the etch-
ing is performed in several stages using mixtures of re-
agents. The possible degradation of the ferroelectric pa-
rameters at hydrogen diffusion in depth of the film
should also be taken into the account [4].
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In microelectronic manufacture, the vacuum etch-
ing replaced liquid etching due to the high anisotropism
of etching and ability to provide the necessary minimal
topological dimensions [5]. The following gases and
their mixtures were used for etching of LZT films: Cl,,
BCl;, HBr, CF,, CHF;, C,Fq, C4Fg, SF¢, Ar, O,
[3—4, 6—13]. One of the mixtures most frequently used
in the dry etching is halogen, fluorine or chlorous plas-
ma. When using a fluorine-based plasma, a high etch
selectivity is achieved with respect to the metal mask,
but a polymeric film can be formed on the sample’s sur-
face. When using a chlorine-based plasma, a sample re-
mains clean, but the selectivity of the etching sharply
reduces [6]. A fluorine-based plasma is preferable to use
in the case of use of the non-metallic masks [6].

Speed of vacuum etching depends on the volatility
of reaction products. Thus, the higher material removal
rate is observed at the vacuum etching in the chlorine
plasma, than in the fluorine plasma. This is caused by
the higher volatility of LZT reaction products (PbCl,,
PbCly, ZrCly, TiCly) (table 1) [7]. Since during etch-
ing in plasma Cl,/Ar, the reached etching rate was
350 nm/min, and in the plasma SF¢/Ar the reached
etching rate was 190 nm/min [7].

The installation of reactive-ion etching with induc-
tively coupled plasma generator (ICP) was used in most
of the works on vacuum etching of LZT films. Use of
this source is caused by obtaining of the plasma with
high density, stability, and ability to achieve high speed
and uniformity of the material etching. Some examples
of the maximum rates of etching of LZT films in in-
stallations of reactive-ion etching with different param-
eters are shown in table 2.

The speed of vacuum etching of any material de-
pends on the power of the generator, pressure in the re-
action chamber, etching gas mixture and additives
thereto. The installations of reactive-ion etching typi-
cally use two generators: a high frequency generator and
ICP generator. Increase of the power of the ICP gen-
erator increases the gas ionization, density of the plas-
ma and concentration of the chemically active parti-
cles. Increase of the power of the of the high frequency
generator increases the average energy of the particles,
the physical sputtering of the sample begins to make a
significant contribution into removal of the material,




but not a chemical reaction [14]. Increase of the power
of the high frequency generator increases the average
speed of vacuum etching of LZT films [3, 7, 13].

Increase of power, in addition to increase of the de-
gree of ionization also increases the density of free rad-
icals in the plasma. The higher degree of anisotropic
etching can be achieved as a result of pressure reduc-
tion, reduction of the rates of the electric field and in-
crease of power [15].

Affection of changes in the generators’ power on dry
etching rate of LZT films in mixtures of Cl,/Ar,
BCl;/Ar, SF¢/Ar and CF,4/Ar was studied in [7]. It has
been shown that an increase of the power of the high-
frequency generator, generally leads to an increase of
the etching rate of all etching mixtures. This is caused
by increase in the concentrations and average energy of
the chemically active particles. However, the different
pattern is observed, when changing the power of ICP
generator. The average etching rate increases at etching
of the LZT films in chlorine plasma with increasing
power of high-frequency generator. At the etching in
fluorine plasma, the increase in etching rate is firstly
observed, and then the decrease in etching rate occurs.
This effect may be caused by excessive increase in the
concentration of chemically active particles, which be-
gin to interact with each other, reducing the possibility
of chemical reaction with the sample.

Often, argon (Ar) or, in some cases, oxygen (O,) are
added in the gas mixture for stable plasma combustion
and increasing of the ion bombardment component. It
leads to a substantial change in the rate and selectivity
of the anisotropic etching [5]. When the concentration
of inert gases increases, the contribution of the ion im-
pact on the sample also increases. Under the effect of
ion bombardment, the dissociation of the adsorbed gas
molecules occurs, the rate of desorption of the etching
products increases, physical sputtering of low-volatile
and non-volatile etching products occurs, formation of
new active sites of interaction on the surface occurs,
which leads to an increase and decrease of the aniso-
tropic selectivity [15].

Influence of concentration of the impurity gases on
the etching rate was studied in [7, 9, 10]. Addition of
Ar and O, gases can both increases the average etching
rate of the material and reduces it. This is caused by the
contribution of the physical sputtering into the overall
vacuum etching. Thus, when the concentration of Ar in
the reaction gas mixture increases, first the etching rate
increase occurs associated with the transmission of the
part of the energy of the argon’s ion to the sample at the
interaction with the surface and increased probability of
chemical reaction with chemically active particles [9].
At further increase in the concentration of the impurity
gas, the decrease of the etching rate is observed asso-
ciated with a predominance of physical sputtering of
material on chemical removal. The size of the additive

of the impurity gas for each mixture and the parameters
of the dry etching are selected experimentally depend-
ing on the desired etching rate and selectivity. Table 3
shows the values of the proportion of impurity gases in
which the maximum etching rate of LZT films is ob-
served.

One of the most important stages of formation of the
microstructure of the material is etching through the
mask. The ratio of the selectivity of dry etching of the
sample material to the material of the mask is the most
important parameter in formation of the micro- and
nanoscale structures. At the low selectivity, the situa-
tions may occur in which the mask is already removed,
but the structure is not yet formed. The photoresist can
be used for etching of the patterns on LZT films. Again,
the metal mask is usually used, including nickel and
platinum, which can then be used as an upper electrode
(fig. 1) [4, 6, 7,9, 10, 13].

The selectivity of etching of the LZT film to the
photoresist and platinum in various gas mixtures was
studied in [4, 7, 9]. When choosing a mask material,
firstly you must take into the account the used etching
gas mixture. In such a way, the metal masks are better
to use for fluorine plasma, and the organic mask (pho-
toresist) are better to use for chlorine plasma [6].

The choice of the impurity gas has significant influ-
ence on the selectivity of the etching. In [9], the authors
have investigated the effect of Ar and O, and their con-
centration on the selectivity of etching of the LZT films
to the platinum mask in plasma mixture of Cl,/CF,.
Addition of O,, unlike to Ar, positively affects on the
selectivity of the etching, that is associated with in-
creasing of concentrations of chlorine and fluorine rad-
icals. The maximum selectivity is observed in the O,
share of 10—20 % [9]. A similar effect, but in a less de-
gree is observed with the addition of Ar to the reaction
mixture. The maximum selectivity was achieved with a
share of 10 % [9]. The affection of ICP power generator
on the etching selectivity of LZT to Pt in the plasma of
the gases Cl,/Ar and BCI;/Ar was studied in [7]. The
authors concluded, that the Pt rate of etching, unlike to
LZT films, slightly depends on the power of the ICP
generator, therefore at the high power (750—1000 W)
the highest selectivity value is observed. The maximum
selectivity rate (about 4,5) is achieved in the plasma
Cl,/Ar at the power of the ICP generator of 900 watts
and for the plasma BCl;/Ar at the power of the ICP
generator of 750 W the selectivity is about 2,2 [7]. At
etching in the fluorine plasma, the highest achieved se-
lectivity of LZT to Pt was about 2, which is caused by
the high volatility of PtFx reaction products (boiling
point of PtFg is 69,1 °C) [7].

To form the MEMS structures, it is necessary to use
the high aspect etching, in which the structure’s edges
have a profile close to the vertical. The high aspect
etching can be realized only in conditions of the vacu-
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um etching with the high-density plasma sources, €. g.,
in installations of reactive ion etching with ICP source
[6, 13, 16]. High aspect etching of LZT films was stud-
ied in [16]. The achievement of the ratio 5:1 at the LZT
etching rate of 320—420 nm/min became the result.
The etching was performed in the plasma SFq/Ar with
the gas flow rate of 5/50 cm3/min, ICP generator
power of 2000 W and high-frequency generator power
of 475 watts. A rigid mask of nickel with the thickness
of 5 microns was used in this paper. At the use of this
gas mixture, the removal of the substance occurs, pri-
marily, by physical sputtering of Ar ions. Thus, SF¢
provides the vertical etching profile due to formation of
the antietching protective polymer layer on the edges
[16]. In addition, the high values of power of the gen-
erators provide predominantly vertical etching with
high anisotropy rate [15].

The examples of obtained LZT structures by reac-
tive-ion etching are shown in fig. 2. Fig. 2, a shows an
image of the pedestals etched in the LZT film with the
size of 1 X 1 mm and with a complex profile (fig. 2, b).
Fig. 2, ¢, shows the image of the linear structures ob-
tained by reactive-ion etching in the Cl,/Ar plasma.
The image of the cantilever on the base of LZT film
is shown in fig. 2, d. These examples demonstrate the
possibility of creating of the MEMS based on the LZT
films.

Conclusion

Use of the reactive ion etching with the generator of
inductively coupled plasma provides high speed and
uniformity of etching of LZT films.

Increase of power of the ICP generator increases the
degree of ionization of gas, increases the plasma density
and concentration of the chemically active particles,
whereas increase of power of the high frequency gen-
erator increases the average particle energy and the
physical sputtering of the sample begins to make a sig-
nificant contribution to a process. Increase of power of
the high frequency generator increases the average
speed of the vacuum etching and degree of anisotropy
of LZT films etching.

Increase of the concentration of inert gases increases
the contribution of the ion impact on the sample, re-
sulting in an increase in anisotropy and reduction in the
selectivity of etching.

At the use of the fluorine plasma it is appropriate to
apply the metal masks, and at the use of chlorine plas-
ma it is appropriate to apply the photoresist.

The possibility of reactive ion etching of structures
with an aspect ratio of 5:1 at the LZT etching rate of
about 400 nm/min in the mixture of SF¢/Ar is shown.
The high anisotropy of the etching is achieved by for-
mation of a protective polymer layer on the sidewalls of
the revealed window.

26 HAHO- 1 MUKPOCUCTEMHAS TEXHHKA, Ne 1, 2015

The work was performed in the framework of the state
assignment of the Ministry of Education and Science of
the Russian Federation.

References

1. Vorotilov K. A., Mukhortov V. M., Sigov A. S. Integrated
ferroelectric devices // Ed. by A. S. Sigov. M.: Energoatomizdat,
2011. 175 p.

2. Vorotilov K. A., Sigov A. S. Ferroelectric memory. Phys-
ics of the Solid State. 2012. V. 54, N. 5. P. 894—899.

3. Eugene Z. Surface analysis of reactive ion etched PZT thin
films in SF¢ plasma // U. S. army research laboratory, 2007. —
10 p.

4. Lu J., Zhang Y., Ikehara T., Itoh T., Maeda R., Mihara T.
Inductively coupled plasma reactive ion etching of lead zircco-
nate titanate thin films for MEMS application. /EEJ Transactions
on Sensors and Micromachines. 2009. V. 129, N. 4. P. 105—109.

5. Kireev V. U., Danilin B. S., Kuznecov V. 1. Plazmohim-
icheskoe i ionno-himicheskoe travienie microstructur. M.: Radio i
svyaz, 1983. 120 p.

6. Sivapurapu A. Piezoelectrically-transduced silicon micro-
mechanical resonators. A Thesis Submitted to the Faculty of Drexel
University, 2005. 122 p.

7. Park J. C., Hwang S., Kim J.-M., Kim J. K., Yun Y. H.,
Shim K. B. Comparison of chlorine- and fluorine-based induc-
tively coupled plasmas for the dry etching of PZT films. Journal
of Ceramic Processing Research. 2009. V. 10, N. 5. P. 700—704.

8. Lee J. K., Chung I. Characterization of dry etching dam-
aged layer in Pt/Pb(Zr, 5;Tij 47)O5/Pt ferroelectric capacitor. Ap-
plied Physics Letters. 1999. V. 75, N. 3. P. 334.

9. Kang M.-G., Kim K.-T., Kim D.-P., Kim C.-I. Reduc-
tion of dry etching damage to PZT films etched with a Cl-based
plasma and the recovery behavior // Journal of the Korean Phys-
ical Society, 2002, Vol. 41, No 4. P. 445—450.

10. Cbung C. W., Byun Y. H., Kim H. I. Inductively coupled
plasma etching of Pb(Zr,Ti;_,)O; thin films in Cl,/C,F¢ and
HBr plasmas // Korean Journal of Chemistry Engineering, 2002.
Vol. 19, N. 3. P. 524—529.

11. Kokaze Y., Kimura L, Jimbo T., Endo M., Ueda M.,
Suu K. Development of deposition and etching technologies for
piezoelectric elements for ferroelectric MEMS. Ulvac Technical
Journal. 2007. N. 66E. P. 13—20.

12. Agnus J., Ivan L. A., Queste S. Dry etching of single crys-
tal PMN-PT piezoelectric material. Proc. of 24th Conference on
Micro Electro Mechanical Systems, MEMS’11. 2011. 4 p.

13. Shen Z. Synthesis, fabrication and characterization of
self-exciting, self-sensing PZT/SiO, piezoelectric micro-canti-
lever sensors. A Thesis Submitted to the Faculty of Drexel Univer-
sity. 2006. 246 p.

14. Abdullaev D. A., Kelm E. A., Zaitsev A. A. Selective plas-
mochemical etching of silicon nitride to silicon oxide. Journal of
nano and microsystem technique. 2014. N. 2. P. 17—19.

15. Galperin V. A., Danilkin E. V., Molchanov A. Processy
plazmenogo travleniya v micro- i nanotehnologiyah. M.: Binom,
2014. 283 p.

16. Subasinghe S. S., Goyal A., Tadigadapa S. A. High aspect
ratio plasma etching of bulk lead zirconate titanate. Microma-
chining and Microfabrication Process Technology XI, 2006. 9 p.

17. Qifa Zhou, Dawei Wu, Changgeng Liu, Benpeng Zhu,
Djuth F., Shung K. K. Micro- machined high-frequency (80 MHz)
PZT thick film linear arrays. /EEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control. 2010. V. 57, N. 10.
P. 2213—2220.

18. http://www.oxford-instruments.com/products/etching-
deposition-and-growth/processes/etching-processes/dielectrics/
pzt-etch




YK 621.315.592

[A. TI. Cenmuxkun

, KaHJ. TeXH. Hayk, 3aM. aAupekrtopa, A. C. Byraes, 3am. 3aB. 11a0.,
A. D. fJumeneB, Hay4. coTp., e-mail: alex.uhf@yandex.ru

®DenepasibHOE TOCYNAPCTBEHHOE OIOMKETHOE YUpeXkIeHNe HayKu
MHCTUTYT CBEPXBBICOKOYACTOTHOM TOJIYIPOBOIHUKOBOM 3JEKTPOHMKU Poccuiickoil akageMuu Hayk,

r. Mocksa

OMTUYECKUE U DAEKTPOOU3ZUYECKME CBOMCTBA PHEMT
HAHOTETEPOCTPYKTYP C MPO®UAEM AETUPOBAHUA
B BUAE HAHOHUTEN U3 ATOMOB OAOBA

Ilocmynuna ¢ pedakyuio 09.10.2014

Onucanbl uzeomosnenuvie 06pazuysbl Hanozemepocmpymyp muna PHEMT, deasma-ieeupogartsie 01080M ¢ npoguiem aeeu-
PO6aHus 6 eude HaHoHuUmet U3z amomos os08a. Ha cnekmpax gpomontomunecyenyuu oopasyos npu T = 77 K nokazansl ocober-
HOCMU, 803HUKAKOUWUE NPU 8blO0pe HEONMUMAAbHOL MeMnepamypbl 3apawueanus 5-c10s, a maKice npoedeHo CPasHeHue C KAac-
cuueckou PHEMT-cmpykmypou, aeeupoéannoii kpemuuem. Uzmepenvr BAX cmpykmyp npu memnepamype 77 K. I[Ipedaoxnceno
008s1CHeHUe N06eOeHUs INeKMPOHHO20 MPAHCNOPMA 8 CUAbHBIX NOASX NPU NOHUNCEHHOU memnepamype.

Karoueesvie caosa: nanonumu, K8azuoOHOMepHble CMPYKMYPbL, (BOMOIOMUHECUEHYUS, AHUZOMPONUSA, 80AbM-AMNEPHAS XA~

pakmepucmuxa

BBenenune

BoablMHCTBO BCTpevalolIXcsl B JIUTEpaType pa-
00T, TMOCBSIIIEHHBIX U3TOTOBJIEHUIO CTPYKTYP C HaHO-
HUTSIMU U IpUOOPOB HA UX OCHOBE, UCTIOJIB3YIOT JIU-
00 HerJJaHApHYIO TEXHOJOTHUIO C JOIOJHUTEIbHBIMU
ornepanysIMy, ITO3BOJISIIOLIYIO ITOJy4YaTh Pa3ynopsimio-
YEHHYIO CUCTeMY HAHOHMTEH Ha TMOBEPXHOCTM IO[-
JIOXKHN [1—4], 1TM00 CIOXHYI0O METOAUKY MNOJTYyYCHUS
OJTHOMEPHBIX CHUCTEM Ha CHEUMATbHO TOATOTOBJIECH-
HBIX IMOJUTOXKKAX C MTOBEPXHOCThIO, 00pPa30BaHHOI IJIOC-
KOCTSIMU € OOJIBLIMMU MHIAeKcaMu Mwuuiepa [5].

B nanHoOil paGoTe pa3paboTaHbl U M3rOTOBJIEHBI
HaHoreTtepocTpyKTypbl TUNIa PHEMT c BbIcOKOI Mo~
BMXKHOCTBIO 2JIEKTPOHHOTO ra3a, conepxkaliue KBa3u-
OJTHOMEpHbIE KaHaJibl U3 aTOMOB oJyioBa. IIpeumyiie-
CTBOM UX SIBJISIETCS TO, YTO B JAHHBIX CTPYKTYypax, 0J1a-
rogapss OTHOCHUTENIBHO IPOCTOMY CITOCOOY M3TOTOB-
JIEHUsI, OMHOMEPHbBIE KaHaJbl PeaIM3yIOTCS B €IMHOM
npouecce MJID BMecTe ¢ OCTalbHBIMU SITUTAKCUATb-
HbIMU ciossMu. K ToMy Xe miaHapHasi TOIOJIOTHUS
CTPYKTYphbl IO3BOJISIET 0€3 MopaboTOK M M3MEHEHUM
3aIlyCTUTD €€ B CYIIECTBYIOLLIMUIA OTPaOOTaHHbBIN TEXHO-
JIOTMYECKMI LMK U3rOTOBJAEHUSI NMPUOOPOB Ha MOMI-
noxkax GaAs. IIpoBegeHHOe B HacToslleil padoTe
HCCIeOBaHUE CBOWCTB 3TUX CTPYKTYP C ITOMOIIbIO
CHATHUS CHEKTPOB (POTOTIOMUHECIIEHIINA 1 M3Mepe-
HUSI BOJBT-aMIIEPHBIX XapaKTePUCTUK MpPU TeMrepa-
type 77 K npealiecTByeT U3roTOBJIEHUIO IIPUOOPOB Ha
OCHOBE TOTEHLMATbHO MEePCIIEKTUBHOTO JJIs1 UCITOJb-
30BaHMSI B KaueCTBe HOBOM 3JIEMEHTHOW 0a3bl s
MUMKPOBJIEKTPOHUKU MaTepuaga — 3MUTaKCUATbHON
HaHoreTepocTpykTyphl Tnima PHEMT ¢ npodunem

JIETUPpOBaHUA B BUAC KBAa3MOJHOMCPHLIX KaHaJIOB U3
aTOMOB OJIOBa.

DKCHnepUMEHTAJIbHBIE 00pPa3Ibl

CJIOXXHOCTb B M3TOTOBJICHMM TaKOro poja HaHO-
CTPYKTYp 3aKJIIOYaeTCs] B HEOOXOIMMOCTH TIIATETHEHO
BBIOMPATH M KOHTPOJMPOBATh TEXHOJIOTMIECKHUE T1apa-
METpPHI SIMUTAKCHUATBLHOTO pOCTa, TaKHWe KaK: TeMIlepa-
Typa NOUTOKKHY (MOXET ObITh pa3IMUYHON ISl KaxKA0TO
TEXHOJIOTMYECKOTO CJIOA); BPEMS pOCTa, JIETUPOBAHUS
W/WIN TIpepbIBaHUSI U CBSI3aHHbIE C HUM CKOPOCTHU
pocTa; cooTHoIIeHHNe MOTOKOB As/Ga; TeMmepartypa
3 DY3MOHHOM STYEKU C JIETUPYIoLIEei mpuMechio. Ta-
KM 00pa3oM, BEIOOP ONTUMAIBLHONM ITPOTPaMMEBI POC-
Ta MpeaBapsieTcsl MPOBEACHNEM CEpUU TECTOBBIX U Ka-
JIMOPOBOYHBIX AKCIIEPUMEHTOB IO OINPENEICHHIO OIl-
TUMaJIbHBIX TeMIIepaTyp, TOJIIMH, KOHUEHTpPalUWu U
BpeMeH TIpepbIBaHUs pocTa. KOHCTpyKIus HaHOTeTe-
POCTPYKTYpPHI, OTIpeeIeHHAsI ITO pe3yIbTaTaM IpeaBa-
PUTETBHBIX SKCIEPUMEHTOB M IIPUHSATAs B KadyeCTBe
0a30BOI WIS JaTbHEUIIIE ONITUMU3AIUY ITapaMEeTPOB,
nokasaHa Ha puc. 1.

Bce oOpasupl BeIpalleHbl MeTogoM MJID Ha yc-
TaHoBKe Riber 32P. brumm Mcnosb30BaHbI MTOMLIOXKKA
GaAs puametpom 50,8 MM (2 mmpoiiMa) ¢ pa3opUeH-
tauueir Ha 0,3° OTHOCUTEBHO TOYHOU OpUEHTALIMU
(100). 'MagkocTh TOBEPXHOCTHU TIepell BbICAXKMBAHUEM
aTOMOB 0JIOBa KOHTPOJHUPOBAIIN B PEaIbHOM BpeMEHU
10 MHTEHCHMBHOCTHU 3€pKaJbHOro pedJekca audpak-
IIMOHHOM KapTHUHBI OT OBICTPBHIX 3JIEKTPOHOB Ha OTpa-
xenue. PacyeTHas ckopocTb pocta Vi as = 0,52 MKM/4,
otHoweHUe Pp/ P, = 15 ObLIO MOCTOSHHBIM ISl BCEX
9KCMEePUMEHTANbHBIX cepuil. Bcero mpoBeaeHO ue-
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TBHIpE WTEPAIMOHHBIE CEPUU POCTOBBIX IPOIIECCOB,

| , 3 |
! 14. GaAs:isi 15 Hm [ HaIpaBJeHHbIX Ha YIYYILIEHUE 3JeKTPOGUINYECKUX
: T : CBOMCTB TOJIy4aeMbIX HAHOT€TEPOCTPYKTYp. OTIHNIuS
: 13. Aly-4GagsAs 313 um : B COCTaBe SMUTAKCUATBHBIX CTPYKTYP M TEXHOJIOTHYE-
| _—- | CKUX MapaMeTpax CBeACHbI B TaOJIMILY.
: 12, i-GaAs 1 1m : CraHmapTHOM cuWTaeM TeMIlepaTypy HOIIOXKH,
. =i b !
| : [ ucrob3ytolytocst ais ciioeB AlGaAs PHEMT-cTpyk-
: nm ' | Typ, nernpoBaHHBIX KpeMHMeM. OGLIYHO OHA COCTAB-
| 11. [lpepwBanue pocta I | nser He MeHee 580 °C [6]. Mo MOHMXEHHON TeMIle-
| . | .
| T ncnnomos = 620 °0 | paTypoli 3apallluBaHUs TTOApPa3yMeBaeTCs TaKasl TeM-
: Crrowth frterrption : repaTypa IIOIJIOXKHU, KOTOpast oOecrieuyrBaeT MUHU-
| Tebatrase ™ 520 2C | MaJIbHYIO cerperauuio u nud@y3uio B pacTylue CIOn
: 10. 4-8n ; : aTOMOB 0J10Ba. IToka3aHO, YTO ONTMMAJILHON TeMIIE-
! - . : ! paTypoil MOUTOXKHW IJIST JISTUPOBAHUS OJIOBOM SIBJISI-
W n “ ° o
: ). Hpepuipanue pocra : ercst T~ 500 °C, mpu KOTOPOI aTOMBI 0JI0Ba ITPEUMY-
= oy
| T noancaom = 610 °C : IIECTBEHHO BHICAXKUBAIOTCS BIOJb KpaeB Teppac, 4To
| Cerowth interrupiion | MOXHO HaGII0JaTh M0 PacIIeTIEHUIO [IEHTPaJTbHOTO
: Tubsiraze = B 10 "C : IU(PaKIMOHHOIO pediiekca, CBUAETEIbCTBYIOLIEMY
| 8 i-GaAs 3 HM ! 00 00pa3oBaHWU AOTOJHUTEIbHOW TJIOCKOCTH M-
: o | | dpakuum u3 ynopsmoueHHBIX BIOJL KpaeB Teppac
! - Al 2iGae A r ! aToMoB oJioBa [7].
! B m raLIEn 7 5 M !
| - : |
| nm i PesyabTaThl 1 00CyKaeHne
| |
: 6.  [lpepsisanune pocra : OnTuyecKre CBOMCTBA BBIPALIEHHBIX CTPYKTYP
| T noancmm = 620 °C | | MccaemoBaNM METOIOM CIIEKTPOCKOMUU (POTOTIOMMU-
: Growth interruption : HecueHuun mpu temiieparype 77 K. Jlns Bo3Oyx-
! Teubsirae = 620 °C I IeHusT ucroib3oBancss He—Ne yasep ¢ mmHOM BoOJI-
: 5 i-GaAs 5 HM : HbI 632,8 HM, C BBIXOAHOM MOLIHOCTBIO P ~ 50 MBT.
: e : Perucrpalinst oCyllecTBIIsIIaCh ¢ IOMOIIBIO OXJIaX-
| = 5 | npaeMoro MDY-62. 11 cKaHUPOBAHUSI IIPUMEHSLICS
: 4. IngaGaggAs 12 1M ' | monoxpomarop MJIP-23Y. Pabounii nuanason ®OY
| 1 | 1,2...1,9 3B no3BoJjisieT nojiyuuth MUHQOPMaLUIO O pe-
| | o o
3 [lpepriBanne pocTa KOMOMHALIMKA HOCHUTENIEN TOJNBKO B KBAaHTOBOI sIMe
| . |
: :rl'.v.l.LIl.'l-hhll a00 ':I{-. : In0,2GaO,8AS'
| Growth inferruption | M3mMepeHHbIe CIEKTPHI (DOTOTIOMUHECIICHIIUY TSI
: : M3y4yaeMbIX 00pa3loB IpuBeAeHbI Ha puc. 2. s
| L substrage = S0PL I | ynoOcCTBa Bce KpUBBIE TPUBEACHBI B OJHOM MacliTade,
: 3 i-GaAs 0.8 MEM | | TpM 3TOM MHTEHCHBHOCTb obpasua Ne 278 criemyer
[ [ yMHOXaTh Ha aBa. Ha cnektpe obpasma Ne 260 npu-
1T o
: S T—— : L : CYTCTBYET OIOWH CJIaOblii MUK peKoMOuHaiuu le-1h,
: I. ofnoxka LraAs : COOTBETCTBYIOIUIA Pa3HOCTU SHEPIUiA TEPBBIX MOA30H
| GaAs substrate /| pa3sMepHOro KBaHTOBaHM 3JEKTPOHOB le u AbIpoK 14,
TS TS T ST TS T T b C MOJIOTUM IUIEYOM, HE MEPEXOASIINM B BUAMMBIIA ITHK
Puc. 1. KoHCTpyKuus HAHOreTepoCTPYKTYpbI PEeKOMOMHAIIMU CO BTOPOTO yPOBHS 2e-1h, 4TO MO-
Fig. 1. Design of a nanoheterostructure 2KE€T TOBOPUTH O HEAOCTATOYHOM YPOBHE JICTUPOBAHUSI.
?;rg;xﬂp Ne 260 Ne 261 Ne 275 Ne 278
Tun nerupyiomieit mpuMecu U KOHIEHT- Sn Si Sn Sn
pauusi, cM _ ’ 13 — 140 13 _ ’ 13 _ ’ 13
The dopant and its concentration, em™2 N=148x10 N=148x10 N=148x10 N=1296x 10
Temnepatypa sapaiunsatns OnrumanbHast OnrumanbHast
(cmon Ne 12—14 Ha puc.1) (momxexmas) CrannmaptHast CraHgapTHast (MOHIKeHHas)
Overgrowth temperature Optimal (lowered) Standard Standard Optimal (lowered)
(layers N. 12-14 in fig. 1) P P
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Puc. 2. V3mepennbie CnieKTpbl (hOTONIOMHHECHEHIMH 00PA3I0B NpH
T=177K
Fig. 2. The measured photoluminescence spectra of the samples at 77 K

O6pazerr Ne 261 moka3piBaeT TUIMAYHYIO JJIsT KJlac-
cuyeckux PHEMT-cTpykTyp, JerupoBaHHBIX KpeM-
HHUEM, KapTUHY C AByMs NUKaMM OT peKOMOWHAILIMU
C JBYX YPOBHEN pa3MEpHOro KBAHTOBAaHMS B sSIM€ C
sHeprusmu 1,26 u 1,34 3B. OTneabHO CTOUT OTMe-
THTh CITeKTp obpasma Ne 275. OH cMmelleH B Ooiee
BBICOKO9HEPTEeTUYECKYI0 00JIaCTh MO CPAaBHEHUIO C
Inj ,Ga\ gAs, ero MaKCMMyM pacrioyioOKeH Ha YPOBHE
1,35' 5B. ITocKoOJIbKY KOHCTPYKILIMS U COCTaB 3TOM
CTPYKTYpPbI HE OTJIMYAIOTCS OT oOpasua Ne 260, sHep-
reTMyeckasi iuarpamma TakKe JA0JKHa ObITh UACHTUY -
HOM, 4ero He HabOmomaeTcs. MOXHO cIeslaTh BBIBO/I,
YTO TMOBBILLIEHHAs] TEMIepaTypa 3apalliMBaHusl 0JOBO-
coepxKalllix CTPYKTYp, KOTopas IMpUMEHsUIach B 00-
pasie No 275, OpuBOIUT C Cerperaiy aToMOB OJI0Ba
B pacTyIIHe CJIOM U3 §-CJIOSI U pacIIpeeIeHNIO MX 10
TojuHe OapbepHoro Aly ,Gajy gAs U KOHTaKTHOTO
n*-GaAs cioes. Dt1o, B CBOIO o’qepeub, MPUBOIUT K
00eTHEHWIO KBAHTOBOM SIMBI 1 BO3HUKHOBCHUIO M3-
JydaTeJbHBIX LIEHTPOB PEKOMOMHALIMUA C SHEPIrUei
<1,5 3B B 3amnpelleHHOIl 30He MOJYyITPOBOAHUKOBBIX
coedMHEHUI, 3aKphIiBalIIUX d-cioii. Haubonbiiyo
MHTEHCHUBHOCTb MMEET CIIeKTp obpasua Ne 278 ¢ 1mo-
nymmpuHoi muka 0,07 3B 1 BeIpakeHHBIM MaKCUMY-
MOM OT BTOPOTO YPOBHSI KBAHTOBaHMUSI 2e-1A, UTO CBU-
JIETEILCTBYET O XOPOLIEM Ka4yeCTBE HAHOIeTEPOCTPYK-
TYPHI ¥ ONITUMAJIBHOM YPOBHE JISTUPOBAHMSI.
ITocKOMBbKY OCHOBHBIM KPUTEpPUEM HAJTUYUS YITO-
PSIOYEHHBIX KBAHTOBBIX 00Opa30BaHUI SIBJIIETCS] aHU-
30TPOMNUSI MPOBOAUMOCTU, KOTOPYIO MOXHO OLIEHUTh
MO KPYBBIM BOJIbT-aMIIEPHBIX XapaKTePUCTUK, ObLIU
npoBeaeHbl u3MepeHuss BAX oOpasua Ne 260 mpu
KOMHaTHOI W MOHMXXEeHHOI TeMmnepartype. s momy-
YEeHUSI KOHTAKTOB Ha MOMJIOXKE C HAHOCTPYKTYypoiut
BBITPAaBINBAJIA ME3AN3OJIALNIO, OCTABIIAS KOHTAKTHBIE

TUIOIIAJKHU C TOTIOJIOTUEN TSI TPOBENCHUS U3MEPEHUN
B OPTOrOHAaJbHbIX HarpabiaeHUsIx. Ha ruoianku Ha-
HOCWJIM KOHTAKT U3 WHAMS, 00ECTIeUnBAIOIINI 2JIeK-
TPUUECKOE COCAMHEHNE UTOJIbYaThIX 30HAO0B CTaHLIUU
C MPOBOISIIMMMU CI0SIMU. Tak Kak cTaHIapTHOe 000-
pyAOBaHKE, UCMOJAb3YyeMOE HaMU, PACCUYMTAHO HA pa-
00Ty TOJILKO IIpY KOMHATHOI TeMIlepaType, TakKe Obl-
Jla U3rOTOBJIEHA 30HI0BAs CTAHLIUS C KpPEeIJIeHUeM 00-
paslia B CriellMaJIbHOM BaHHE, MO3BOJISIONIAs CHUMATh
BAX npu T = 77 K. 3oHmoBas ctaHIusl ObLia IOA-
KJTI0YeHAa K UBMEPUTEITIO XapaKTEPUCTHK MTOTYITPOBOI -
HUKOBBIX MpubopoB Tektronix 370A Curve Tracer. 13-
MepeHHble KpuBble BAX mpeacTtaBieHbl Ha puc. 3.

Xopo1Io BUAHO, YTO MPU KOMHATHOU TeMrepaType
B PHEMT-cTpykType KO03(DIULIHUEHT aHU30TPOIUH,
onpenensgeMblii Kak /;/1, ocranca OIM30K K IBYM B
CPaBHEHMM CO CTPYKTYpaMM, B KOTOPHIX HAHOHWTHU
ObUIM BCTpoeHbl B KpucTtal GaAs. BTo rOBOPUT O CO-
XpaHEHUU YIOPSIIOYEHHMSI aTOMOB 0JI0Ba B BUIE KBa-
3MOJHOMEPHBIX KaHAJIOB BIOJIb KpaeB Teppac BUIIMU-
HaJIbHOM MOBEPXHOCTH.

ITpu tremneparype 77 K noBeneHue MIOTHOCTU TO-
Ka MPUHLMIIMATIBHO MEHSIETCS: MOsIBIsIeTCs] 00J1aCTh C
OTpuULIATeIbHBIM AU((epeHINATbHBIM COMPOTUBJIE-
Huem (OJIC), obyclioBlieHHasl, TI0 BCeil BUAMMOCTH,
3aXBaTOM HOCHUTEJIe B CUJIbHO JIOKAJIM30BaHHbBIE CO-
CTOSIHUS TIO/ IeMCTBYEM TSIHYLIETro MOJisl U UCKII0Ye-
HUEM UX U3 YYacCTHs B IPOLIECCE IJIEKTPOIPOBOLHO-
ctu. [ToaHOCThIO McUe3aeT aHM30TPONHSI TPOBOAUMO-
CTH B OPTOTOHAJIBHBIX HAIIPABJICHUSX, YTO MBI CBSI3bI-
BaeM C UBMEHEHMEM MEXaHU3Ma 3JIEKTPOIPOBOJHOCTHU
¢ IpeiicoBoii Ha MPBIKKOBYIO. TyHHEIMPOBAHUE Me-
KAy JJOKAJIM30BaHHBIMU COCTOSIHUSIMU B CUJIbHBIX T10-

[ I
i 1
| oL [
W "W l
| Y I
| os 3 :
| —o— || 30 K I
| § 0.8 S L300K
| - o= || TTK
: 0,41 o= 1 TT K :
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i 1
! S . !
| 0,0 : - ; I
! 0 2 4 [} L] 10 12
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Puc. 3. Kpusnie BAX misa oopasua Ne 260 npu 300 K u 77 K B Ha-
npasjienusix napauiesho (||) u nepnenauky.aspao (L) Kpasm teppac
BHIMHAJIbHOI NMOBEPXHOCTH (HAHOHHUTSIM)

Fig. 3. CVC for a sample #260 at 300 K and 77 K in the directions
parallel () and perpendicular (1) to the edges of the terraces of the
vicinal surface (nanowires)
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JISIX TIPOMCXOIUT PaBHOMEPHO BIOJIb KpaeB Teppac BU-
LIMHAJILHOM MOBEPXHOCTU U TIEPIIEHIUKYJISIPHO UM 32
CYET HEIOJHOW M30JSLMU KBa3MOTHOMEPHBIX KaHa-
JIOB TIPOBOIMMOCTH M3 aTOMOB OJIOBA APYT OT Apyra u
HAJIMYMIO LIEHTPOB MPOBOJMMOCTU MEXAY HUMM.

3akmouenne

Ha BojbT-aMnepHBbIX XapakKTepUCTHMKaX O0pa3loB
PHEMT-HaHOreTepocTpyKTyp, M3rOTOBICHHBIX METO-
noMm MIJID ¢ npodunem JerupoBaHus B BUIe HAHOHU-
Teid M3 aTOMOB OJIOBA MPU KOMHATHOM TeMIlepaType,
oOHapyKeHa aHM30TPOIUST TPOBOIUMOCTH, CBUIETE/b-
cTByIOLIas1 00 00pa3oBaHUM KBa3MOAHOMEPHBIX KaHa-
JIOB TIPOBOAMMOCTH B KBaHTOBOM sime. Ilpu 7= 77 K
AHU3O0TPONHUS MCYE3AET, YTO MOXET ObITh CBA3aHO C
U3MEHEHMEM THIIa MPOBOAMMOCTU Ha MPBIKKOBYIO.
N3mepeHbl cnieKTpbl (HOTOJIOMUHECUECHLIMU HUCCe-
nyembix oopasuoB nipu T = 77 K. ITokazaHbl 3¢ dek-
Thl, BO3HMKAIOIIME MPU HEONTUMAJIbHOM BbIOOpE YC-
JIOBUI 3apalllMBaHUs] BbICAXKEHHBIX aTOMOB OJIOBA: MUK
(OTONIOMUHECLIEHIIMA OKa3bIBa€TCSl CMEILEH B BbICO-
KO9HepreTudeckyto objacte Ha 0,06 3B, uro mMoxeT
OBITh OOYCJIOBIIEHO Cerperalueii aToMOB 0JI0Ba BCJIEI-
CTBUE TIOBBLIIIEHHOW TeMIlepaTypbl 3apalllMBaHUsI U
pacrpeeneHeM UX B PacTYIINX CIO0SIX C 00pa3oBaHM-
€M YPOBHE! M3TydyaTeIbHOM peKOMOMHALIMY B 3aIpe-
LIEHHOU 30He. Takke MpeacTaBieH CHEKTP, COOTBET-
cTByOIIMK BbIcOKOKauecTBeHHOI PHEMT-cTpyKTy-
pe, HO UMEIoLIEH MPpU 3TOM NPOodUIb AeIbTa-JIETUPO-
BaHUS B BUJE€ HAHOHUTEH M3 aTOMOB OJIOBa, UTO €llie
pa3 MoATBepKAaeT BO3MOXKHOCTb Iepexona K M3ro-
TOBJIEHUIO TECTOBBIX TPAH3UCTOPOB Ha 0a3e TaKUX
CTPYKTYD.

Takum o0Opa3oMm, MO pesyabTaTaM TMpPOBeIeHHBIX
U3MEPEHUI MOXHO YTBEepPXXIaTh, UTO MpU noadope co-
OTBETCTBYIOIIMX YCJIOBUM pocta Meton MJID mo3Bo-
JISIET TIOJTy4aTh HaHOreTepocTpyKTyphl Tuiia PHEMT,
UMelolIre MpoduiIb JErMpOoBaHNUS B BUIE HAHOHUTEH

1 obyamarolnre TPy 3TOM BBICOKOW CTETEHbIO KpH-
CTAJUIMYECKOTO COBEPIIEHCTBA, YTO MOATBEPXKIAETCS
(hoTOTIOMUHECIICHTHBIMU MCCIICTOBAHUSMMU.

Paboma evinosnena npu @QuUHAHCO80L noddepicke
DPAHO Poccuu 6 pamkax Tocydapcmeennoeo 3adanus no
npoepamme QPYHOAMEHMAAbHbIX HAVYHBIX UCCAe000AHUL
OHUT PAH Ne 5 "®yndamenmanvhuvie npobaemot (husu-
KU U MEXHOA02UU SNUMAKCUAAbHBIX HAHOCMPYKMYpP U
npubopos Ha ux ocrHoge" no npoekmy "Pazpabomxa mex-
HOA02UU CO30AHUSL HA GUUUHANBHBIX NOOAONCKAX APCeHU-
0a eanaus Memoodom MOAEKYAAPHO-NYUKOBOU SNUMAKCUU
cucmembl NPOGOOSUUX HAHOHUMELL, 6CMPOCHHBIX 8 KpU-
cmann apceruda eariusn’”,
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Optical and Electrophysical Properties of PHEMT Nanoheterostructures
with Doping Profile in the Form of Sn Nanowires

Samples of PHEMT nanoheterostructures with delta-doping profile in the form of Sn nanowires were produced. Photolumines-
cence specters of the test samples were analyzed at 77 K. Singularities were shown on PL specters of the test samples at 77 K, which
appeared, when not the optimal growth temperature was used after delta-doping, and their properties were compared with a con-
ventional Si-doped PHEMT. The volt-ampere characteristics of the test samples were measured at 77 K. An explanation was offered
for the electron transport behavior in strong electric fields at low temperatures.

Keywords: nanowires, quasionedimensional structures, photoluminescence, anisotropy, volt-ampere characteristic
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Introduction

Most of the works devoted to manufacture of struc-
tures with the nanowires and devices based on them use
or not planar technology, which allows to produce a
disordered system of nanowires on the substrate surface
[1—4], or a complicated procedure for obtaining of
one-dimensional systems on special substrates with a
surface formed with by the planes with large Miller in-
dices [5].

The nanoheterostructures of PHEMT type with
high mobility of electron gas, containing a quasi-one-
dimensional channels of tin atoms were developed in
the course of the works. The advantage of such struc-
tures — due to a relatively simple manufacturing meth-
od, one-dimensional channels are implemented in a
single MLE process with the rest of the epitaxial layers.
Planar topology allows to run the full cycle of techno-
logical devices on GaAs substrates without modifica-
tions and changes in the existing structure. Studied
properties of these structures using the measurement of
the photoluminescence spectra and the measurement of
current-voltage characteristics (CVC) at 77 K precedes
fabrication of devices based on epitaxial nanoheter-
ostructure of PHEMT type with a doping profile in the
form of quasi one-dimensional channels of tin atoms —
a potentially promising material for use as a new ele-
ment base in the microelectronics.

Experimental samples

The difficulty in manufacture of such structures is
caused by the need in scrutinous control of the settings
of epitaxial growth, such as temperature of the substrate
(it may be different for each technological layer); time
of growth, doping or interruption and the growth rates
related to it; As/Ga flow ratio; temperature of the ef-
fusion cell with a dopant. Selection of optimal growth
pattern is preceded by a series of test and calibration ex-
periments for determination of the optimal tempera-
tures, thicknesses, densities and growth interruption
time. Construction of the nanoheterostructure deter-
mined by the results of experiments and adopted as the
basis for further optimization of the parameters is given
in the figure (fig. 1).

The samples were grown by MLE on installation
Riber 32P. The GaAs substrates with a diameter of
2 inches and disorientation of 0,3° as to the exact ori-
entation (100) were used. The smoothness of the sur-
face before planting of the tin was monitored in real
time by the intensity of the specular reflection of the
diffraction pattern from high-energy electrons on the
reflection. The estimated growth rate V5,4, = 0,52 pm/h,

P,/ P, ratio ~15 (consistently for all series). A total of
4 series of iterative growth processes were made, direct-
ed to improvement of the electrophysical properties of
nanoheterostructures. Differences in the composition
of the epitaxial structures and their parameters are sum-
marized in the table.

The temperature of the substrate used for the AlIGaAs
layers of PHEMT structures doped by silicon is taken
as a standard. Usually it is not less than 580 °C [6]. The
temperature of the substrate, ensuring minimum segre-
gation and diffusion in the growing layers of tin atoms,
is implied as the lowered overgrowth temperature. It is
shown that the optimum temperature for doping by tin
is Ts ~ 500 °C, at which the tin atoms predominantly
planted along the edges of the terraces, which can be
observed by the splitting of the central diffraction re-
flex, indicating about formation of the additional dif-
fraction plane of tin atoms ordered along the edges of
the terraces [7].

Results and discussion

The optical préperties of these structures were in-
vestigated by photoluminescence spectroscopy at 77 K.
He-Ne laser with a wavelength of 632,8 nm with output
power P of ~50 mW was used for the excitation. The reg-
istration was carried out by using of a cooled FEU-62.
Monochromator MDR-23U was used for scanning.
The FEU operating range of 1,2—1,9 eV provides in-
formation on carrier recombination in the quantum well
only Ing ,Gay gAs.

The photoluminescence spectra of the studied sam-
ples are shown in fig. 2. For convenience, all curves are
shown at the same scale, at that the intensity of the
sample N 278 to be multiplied by two. The spectrum of
the sample N 260 has one weak recombination peak of
le-1h with a flat shoulder, not passing in the visible
peak of recombination from the second level of 2e-1h
of size quantization, which may indicate a lack of dop-
ing. The sample N 261 shows a picture of two recom-
bination peaks with two size-quantization levels in the
pit with energies of 1,26 eV and 1,34 eV, which are typ-
ical to the classical PHEMT structures, doped with sil-
icon. We should specially note the spectrum of the sam-
ple N 275. It is biased into a high energy region com-
pared to Inj ,Gag gAs, its peak is located at 1,35 eV.
Since the structure and composition of the structure are
not different from the sample N 260, the energy dia-
gram must also be identical, that is not observed. It can
be concluded that the increased overgrowth temperature
of tin-containing structures that was used in the sample
N 275 leads to segregation of tin atoms into the growing
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layers from §-layer and their distribution across the
thickness of the Alj,Ga, gAs barrier layer and the
n"-GaAs contact layer. This leads to impoverishment
of the quantum well and appearance of the radiative re-
combination centers with the energy of <1,5 eV in the
bandgap of semiconductor compounds, which cover
d-layer. The highest intensity of the spectrum of the
sample has N 278 with the peak’s half-width of 0,07 eV
and a pronounced maximum of the second quantiza-
tion level of 2e-1hA, indicating the good quality of the
heterostructure and the optimum level of doping.

Since the anisotropy of conductivity is the main cri-
terion of the existence of the ordered quantum struc-
tures, which can be estimated by the curves of current-
voltage characteristics (CVC), their measurement were
conducted for the sample N 260 at the room and low
temperatures. The mesa isolation was etched on the
substrate with a nanostructure for contacts manufactur-
ing, leaving the pads with the topology for measure-
ments in orthogonal directions. The indium contact
was deposited on the contact pads, which provided
electrical connection of needle probes of the station
with the conductive layers. As the standard equipment
is designed to operate only at room temperature, the
probe station was made with the sample mounted in a
special bath, allowing to measure CVC at 77 K. This
station was connected to the characteristics meter of
semiconductor devices Tektronix 370A Curve Tracer.
The measured CVC curves are shown in fig. 3.

It is clearly seen, that at room temperature the an-
isotropy factor of PHEMT structure, defined as /;/1 is
close to two in comparison with the structures, in which
the nanowires are embedded into the GaAs crystal. This
suggests preservation of the ordering of the tin in the
form of quasi-one-dimensional channels along the edg-
es of the terraces of the vicinal surface.

At 77 K, the behavior of the current’s density chang-
es radically: a region of negative differential resistance
(NDR) occurs due, apparently, to the capture of car-
riers in a strongly localized states under the influence of
the applied field and excluding them from participation
in the electrical conductivity. The anisotropy of con-
ductivity disappears in orthogonal directions that can
be associated with a change in the mechanism of the
electrical conductivity (from drift on hopping). The tun-
neling between the localized states in the strong fields
occurs uniformly along the edges of the terraces of the
vicinal surface and perpendicular to them due to in-
complete insulation of the quasi-one-dimensional con-
duction channels of tin atoms from each other, and
presence of conduction centers between them.
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Conclusions

The anisotropy of conductivity is detected on CVCs
of the PHEMT samples of the nanoheterostructures
manufactured by MLE with doping profile in the form
of nanowires of tin atoms at room temperature. It in-
dicates formation of the quasi-one-dimensional con-
duction channels in the quantum well. At 77 K, the an-
isotropy disappears, which may be associated with a
change in conductivity type to the hopping. The pho-
toluminescence spectra of the test samples at 77 K were
measured. The effects shown, caused by the non-opti-
mal choice of overgrowth conditions of planted tin at-
oms: the photoluminescence peak is shifted to the high-
energy region on 0,06 eV, which may be caused by the
segregation of tin atoms due to high temperature over-
growth and distribution of them in growing layers with
formation of a radiative recombination levels in the
band gap. The spectrum was shown corresponding to
the high-quality PHEMT structure having a delta-dop-
ing profile in the form of nanowires of tin atoms, which
confirms the possibility of transition to the manufacture
of test transistors based on such structures.

Thus, the results of the measurements show that at
selection of the growth conditions MLE allow to pro-
duce PHEMT heterostructure having a doping profile
in the form of nanowires and having a high degree of
crystalline perfection, as evidenced by the photolumi-
nescence studies.
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ABTOMATU3UPOBAHHbIN CTEHA AAS PECYPCHbBIX MCIMbITAHUA
MUKPOIAEKTPOMEXAHUYECKUX MEPEKAIOYATEAEMA

Ilocmynuna 6 pedaxyuro 01.07.2014

Ilpedaoxcen agmomamusupoganHulil cmeHo 045 onpedeneHus pabomocnocoOHOCMU U HA0eICHOCIU MUKPOMEXAHUHECKUX YCH-
poticme ¢ anekmpocmamuyeckoi akmugayuei. Cmeno cocmoum uz 9BM, 6aoka gopmuposanus ynpaensrouieeo HanpsajiceHus
cpabamuvléanus MUKponepeKkaouamens U pazpabomanHoeo npoepammuoeo obecneuenus. CmeH0 nos3gonsem u3meHsmv YPOGeHb
ynpaeasiouwe2o HanpsaxceHus ¢ duanazone om +40 B 0o +160 B, umo coomeéemcmayem meHOeHyUU NO CHUNCCHUIO HANPINCEHU
ynpaenenus MOMC. PazpabomanHblil cmeHO 3KCnepuUMeHmanbHo onpoboeaH npu npogederul PecypCHbiX UCHbIMAaHULl paouo4ac-
momHbix mukponepexarouamenei (PMII). PMII npedcmaeasem co60il MuKpoycmpoicmeo, 6bIN0AHEHHOe N0 MEeXHOA0UU NOBEepX-
HOCMHOU MUKPOOOpabomku u cayxcauwee ons Kommymayuu carabomounsvix BY yeneii. Hznoxncenst npunyunst pabomot PMIT u ag-
MOMAMU3UPOBAHHO20 CMEHOA, NOKA3AHbL NPEUMYUECMEAa HO CPAGHEHUIO C CYUECMBYIOUWUMU DeUleHUAMU.

Karoueevie caosea: MOMC, snekmpocmamuyeckas akmugayus, MUKPONEpeKaoHamend, pecypcHble UCNbIMAanUus, aemomamu-

suposannwiti cmend, DC/DC npeobpazosamens

Paguouacrornpiii  Mukpomnepexmoyareab (PMIT)
MpeACTaBIsIeT COO0KM MMKPOMEXaHUYECKOe YCTPOMCT-
BO, C(OpPMUPOBAHHOE Ha KPEMHUEBOM KpHUCTajlie
MO TEXHOJOTMU MOBEPXHOCTHOU MUKPOOOPAOOTKY, 1
coctout u3 aByx CBY nunwuit (Bxom u Bbixog CBY
CUT'HaJia), TIOJBUXXHOTO UCIOJHUTEIbHOTO 3JIEKTPO-
na, kommytupytoinero CBY nuHuuM, 1 HEMoABUKHOTO
yrnpasJsitoiiero siekrpoaa (puc. 1) [1]. PMII otHo-
CUTCSl K KJIacCy IMOCJIeI0BaTEeIbHBIX 3JIEKTpOCTaTUUE-
ckux nepexinovaresieir [2]. IIpn BO3HMKHOBEHMM Ha
KOHTaKTaX MOABUXXHOTO U YIPABISIOIIET0 HEMOIBUXK-
HOTO 3JIEKTPO/IaX Pa3HOCTU MOTEHIIUAIOB OOJIbIIIE TTO-
poroBoro HanpspkeHus cpadbareiBanus PMIT monBik-
HbIA MCHOJHUTEIbHbBIN 3JIEMEHT KOHCTPYKILIMU TIPU-
TSITUBAETCSl K HEMOJABUKHOMY 3JIEKTPOY U 3aMbIKaeT
CBY nunuto. ITonoca nponyckaHusl pa3paboTaHHOIO
PMII coctansier He MmeHee 10 I'T.

HWcnonHUTENbHBINA TIOABVKHBIN 3JEKTPOH TIpe-
CTaBJISIET COOOM XKECTKYI0 MPSMOYTOJIbHYIO MJIACTU-
HYy, 3aKpeIJIEHHYIO HaJl MIOBEPXHOCThIO MOAJIOXKM Ha
YeThIpeX YIPYrMX IoJBecax, BBIMOJHEHHbIX B (hopMe
MeaHpa.

IMposoasiiue cTpykTypsl PMII chopmupoBaHbl
MEeTOIaMH1 TePMOBAKYYMHOTO U TaJIbBAHMYECKOTO OCa-
KAEHUS METAJLIOB, (poToauTorpaduu, XUAKOCTHOTO U
MJ1a3MOXMMUYECKOTO TPaBJICHUS.

IMoauxHbIi 21ekTpoa PMII siBasieTcss Haubosee
KPUTUYHBIM 3JIEMEHTOM KOHCTPYKIIUM M3-3a CBOEi

o LHME]L
[ airriwnait

B 1 Binog

= AT ¥

Puc. 1. CTpykTypHas cxeMa paJuo4acTOTHOrO MHKpONepeKJoYa-
Teasa [1]

Fig. 1. Block diagram of the radio-frequency microswitch [ 1]
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Fig. 2. Schematic diagram of the control voltage formation

MEXaHWYECKOU CI0XKHOCTU U TOJABEPXEHHOCTH K W3-
Hocy. Tak kak uucio cpabarsiBanuii PMIT moxeT uc-
YUCJATBCS JAECATKAMUA U COTHSIMM ThICSY, JUIST DKCIIEe-
PUMEHTAJILHOTO OMNpeAeieHUsI MaKCUMaJIbHOTO Yyucia
cpabaThIBAaHUI UCITOJTHUTELHOTO MOABUXKHOTO DJIEK-
Tpoaa pa3paboTaH aBTOMaTU3UPOBAHHBIM CTEHI.

ABTOMaTH3alMsA PEeCYPCHbIX MCHBITAHMN BO3MOXHA
3a CYET MCIOJIb30BAHUSI COBPEMEHHBIX BbIUMCIUTEb-
HBIX ycTpolicTB. B pabote [3] mnsg ucneitannit MOMC
MepeKyoyaTess npeaiaracTcs ucnonab3osat DBM n
CAIIP LabVIEW BMmecTe ¢ maTaMM paclIMPEHUsT OT
National Instruments 151 BBIJauM yIpaBiIsTIOLIMX BO3-
JIEACTBUI 1 KOHTPOJISI cpabaThbiBaHUS IEPEKII0YaTEe -
JIsl, HO TaKO€ PEUIEHUE HE SIBJSIETCI YIOBJIETBOPU-
TeJIbHbIM M3-32 BBICOKOW CTOMMOCTH MCIIOJIb30BaH-
HbIX 11aT paciuupenus u CAITP.

Pa3zpabotaH aBTOMAaTU3MPOBAHHBIN CTEHI, BKJIIO-
yaoluii B cedbss 3BM ¢ pa3paboTaHHBIM IIpOrpam-
MHBIM obOecrieueHueM, cxeMmy (popMUpoOBaHMS yIIpaB-
JISIIOIIETO HaMpsKeHUS U 30H0BYIO CTaHIIMIO, HAa KO-
Topoil ycraHaBiauBaetcsi PMIT. DBM ¢opmupyet cur-
HaJl yrpaBjieHusl, KOTopbii moctymnaeT yepe3 LPT-nmopt
U paspelnaeTr paboTy cxeMbl POPMUPOBAHMS BEICOKOTO
HarpsiKeHus, MOCTYIAIOIIero Ha yIpaB/sIolInii KOH-
TakT PMII 4yepe3 urinl 3oHa0BoM craHuuu. I1pu cpa-
oareiBanuu PMII B xomMmMmyTupyemMoit nenu ¢opMu-
pyeTcsl curHaji, KOTophlii mocrymaeT yepe3 LPT-mopt
obpatHo Ha DBM 1151 KOHTpOa cpabaThIBaHUS.
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Ha puc. 2 mokazaHa anekTpuyeckas MPUHLIUIHU-
ajbHas cxema (opMUpPOBAHUsS YNPABISIOIIETO Ha-
npstxeHust PMII, nmo3Bosstionias moay4daTts U3 Hampsi-
>KeHUs nmuTaHus +5 B ympapnsiiollee HampsoKeHUe OT
+40 B oo +160 B.

Ilpyu mocTymaeHWM pa3pellamllero CcurHaia
yrpasiaeHusi ¢ LPT-niopra (Ctrl) MUKPOKOHTpPOJIIED
PICI0F200 renepupyeT nepuoandyecKuii CUTHaI Jac-
totoii 20 kI'ty 1 KoadduimenToM 3anonHenus 20 %.
DTOT CUTHAJI MOCTYMNaeT Ha 3aTBOP TpaH3ucTtopa V711
CXeMbl YMHOXEHMSI HampskeHus. B 3aBUCMMOCTH OT
TOT0, 3aKPbIT WJIA OTKPBIT TPAH3UCTOP, CXeMa HAXOIUT-
Csl B COCTOSIHUM HAKOILUICHUS] BHEPTUU B UHIYKTUBHO-
ctu L1 vim otaauyu sHepruu u3 KoHaeHcartopa CI B
Harpy3ky [4]. IIpencraBieHHast cxema sIBJISIETCS IIOBBI-
matommM DC/DC npeobpasoBareneM [5], a ee BBHI-
XOIHOE HaIpsSLKeHUE B OOIIEM Cllyyae pacCUMThIBaeT-
cs 1o opmyJie

T

1
= V.
r-t,,

m= l—k

Vo Vins (D

rme T — mepuon W3MEHEHMSI CUTHajJa Ha 3aTBOpE
tpansucropa VTI, t,, — BpeMsl UMIIyJbCa, B TEYEHHUE
KOTOPOTO TPaH3UCTOP OTKPHIT; V;, — BXOAHOE HaIps-
JKeHHue, TofaBaeMoe Ha MHIYKTUBHOCTh; K — KO3(-

(dbunyent 3anonaHenud t,,/T.




Bropoii Tpan3ucrop V72 B cxeMe UCHOIb30BaH 1151
YCKOPEHMSI pa3psina KOHIAeHcaTopa Mocie CHATHS pas3-
pellialollero CurHaja B LeJisiX YMEHbIIEHUS] BpEeMEHU
pa3MbIKaHUs KJIoua.

Hnst 3amutel LPT-nmopra KoMIibloTepa OT BBICOKO-
rO HaNpsDKEHUS TMHUS cBsa3n ¢ DBM [6] ranbBaHmye-
CKM pa3Bs3aHa ¢ MOMOIIBIO OITO3IEKTPOHHBIX Iap Ul
u U2

BpeMms HapacTaHusl BBIXOZHOTO HAaIPSDKEHUS 1O
ypoBHs1 160 B cocrasnser 0,2 mc. I1pn nocryruieHun
BBICOKOTO YPOBHSI HAIIPSKEHUS OT CXEMBl YMHOXKUTE -
Jis Ha yripaBiasitolinii KoHtakt PMIT kitou 3ambikaer
BBIBOJ, KaToja Auonaa ontpoHa U2 Ha o0l KOHTAKT.
Takum obpaszom, Ha LPT-nopry popmupyercs curHain
cpabateiBaHuss PMII.

AIITOpATM padoThl SKCIIEPUMEHTAIBHOTO CTEHIIA
CJICOYIOLLMMA.

1. BM ¢opmMmupyeT ynpapisiOlIMii CUTHAI Ha
LPT-nopr.

2. Cxema (popMUpOBaHUS HAIPSI>KEHUS BbIOAET 3a-
JMAHHBIN YPOBEHDb HAMPSIKEHUS CUTHAJIA HA YIIPABJISIIO-
meM KoHtakte PMII.

3. CpabarsiBanue PMII dopmupyeT KOHTPOJIbHBIM
CUTHAaJ, KOTOpblii moctymnaeT Ha LPT-mopt DBM.

4. DBM peructpupyeT KOHTPOJBHBIA CHUTHAI U
(opMuUpyeT HOBBI YIPaBJISIONIUNA CUTHAI.

Yucno cpadbateiBanuii PMII cymmupyeTcs u Belaa-
eTcs Ha aucruieir DBM. Korma KOHTpOJbHBIN CUTHAN
repecTaeT MocTynaTh, UCIMbITAHUE OCTaHABJIMBACTCS
U hopMHUpYETCs OTYET O umucie cpadbaTteiBaHuii PMII
W BpeMEHM KaxXIoro cpabateiBaHud. 1 peanu3sa-
LIMY JAHHOTO ajJropuT™Ma pa3paboTaHa mporpamma st
DBM, obecnieunBalollast BbIJauyy CUTHAJIOB YIIpaBJie-
HUS 3aJaHHOI 4acToThl, orpoc nopta LPT, moacuer
yycia cpabareiBaHuil, popMupoBaHue ordyeta. st 00-
MeHa JaHHbiMU OBM ¢ PMII ucnoib3yeTcst 1Be CUT-
HanbHble TuHUKM LPT-mopra.
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0OTOCITIOCOOHOCTU M HaJEXHOCTU KOMMYTUPYIOLINUX
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3HAUYEHMSI, TAKMX KaK MUKpPOTEpeKIouaTe, MUKpPO-
(hazoBpalarenu, 4acTOTHO-U3OMpaTEIbHbIE ITOBEPX-
HOCTU Wiu npyrue Tunsl MOMC, TpelOyloiine mo-
BBILLIEHHOTO HAMPSIKEHUSI YIIPABJISIOIIUX CUTHAIOB B
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JIOTIOJIHEHA U3MEPUTEIbHBIMU TTPUOOpPaAMU IJISI CHSI-
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Apparatus for Automatic Endurance Testing of Microelectromechanical Switches

The proposed apparatus is intended for assessing the performance and reliability of MEMS devices with electrostatic activation.
The apparatus consists of a computer, a control voltage generating unit tripping the microswitch and specially developed software.
The apparatus allows you to change the level of the control voltage within the range from 40 V up to 160 V, which corresponds to
the tendency to reduce MEMS control voltage. The apparatus was experimentally tested for the endurance test of RF microswitches
(RFM). RFM is a microdevice made by surface micromachining technology and it serves for switching of the low-voltage high-fre-
quency circuits. The article outlines the principles of RFM and automated apparatus, demonstrating its advantages over the existing

solutions.

Keywords: MEMS, electrostatic actuator, MEMS relay switch, endurance testing, automatic testing, DC/DC converter
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Radiofrequency microswitch (RMS) is a microme-
chanical device formed on a silicon chip by surface mi-
cromachining technology. RMS consists of two lines
(input and output of microwave signal), mobile execu-
tive electrode, which switch the microwave lines and
fixed control electrode (fig. 1) [1]. RMP belongs to suc-
cessive electrostatic switches [2]. At a potential differ-
ence greater than the threshold voltage on the contacts
of the movable and control fixed electrodes, the mov-
able element attracts to the fixed electrode and closes
the microwave line. The bandwidth of the developed
RMS is not less than 10 GHz.

The executive movable electrode represents a rigid
rectangular plate fixed over the surface of the substrate
on four elastic suspensions, made in the form of me-
ander.

RMS conductive structures are formed by thermal
vacuum and galvanic deposition of metals, by photoli-
thography, liquid and plasma etching.

The movable electrode is the most critical element
in the RMS design due to its mechanical complexity
and susceptibility to a wear. Since the number of op-
erations can amount tens or hundreds of thousands, the
automated stand was developed for experimental deter-
mination of its maximum number.

The automation is possible due to the modern com-
puting devices. In [3], a computer and CAD LabVIEW
along with the extension boards from National Instru-
ments for giving of the control actions and control of
operation of the switch are proposed to use for testing
of MEMS switch. However, this solution is not satis-
factory because of the high cost of the expansion cards
and CAD.

The automated stand with installed RMS have been
developed, including a computer with the developed
software, a scheme for generating a control voltage and
a probe station. The computer generates a control sig-
nal that passes through the LPT-port and enables the
high voltage generation circuit, which goes to the RMS
control contact through the needles of probe station.
When the RMS triggers, in a switching circuit a signal
forms and passes through the LPT-port back to the
computer to control the operation.

Fig. 2 shows a schematic diagram of formation of the
RMS control voltage, which allows to receive the control
voltage from +40 V to +160 V from the supply voltage of
+5 V. When the enable control signal is received from
LPT-port (Ctrl), the microcontroller PIC10F200 gene-
rates a periodic signal with the frequency of 20 kHz and
a duty cycle of 20 %, which goes to the gate of the tran-
sistor VT1 of the voltage multiplication circuit. De-
pending on whether the transistor closed or opened, the
circuit is in state of accumulation of energy in the in-
ductor L1 or it returns it from the capacitor C/in to a
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load [4]. This scheme represents DC/DC up-converter
[5], and its output voltage is calculated by the formula:

T 1
O T-r, " 1-k

Vins (D)

where T — the time of change of the signal on gate of
the transistor V71, t,, — pulse time, during which tran-
sistor is opened; V;, — input voltage to the inductor;
k — filling factor #,,/T. The second transistor V72 is
used to accelerate the discharge of the capacitors after
removing of the enabling signal in aim to reduce the
opening time of the key.

To protect the LPT-port of computer from the high
voltage, the connection line with a computer [6] is gal-
vanically isolated via optoelectronic pairs U/ and U2.

The output voltages build-up time up to 160 V is
0,2 ms. When a high voltage level comes from the mul-
tiplier circuit to the RMS control contact, the key clos-
es the output of the cathode of the diode of the opto-
coupler U2 to the common contact. Thus, the signal of
RMS triggering is formed on LPT-port is formed.

The algorithms of work of the experimental stand:

1. The computer generates a control signal to the
LPT-port;

2. The voltage generating circuit outputs a predeter-
mined voltage level of the signal at the RMS control
contact;

3. Triggering of the RMS generates a control signal
applied to the LPT-port computer;

4. The computer detects this signal and generates a
new control signal.

A number of RMS operations is summed and out-
putted to me display. When the control signal ceases to
be transferred, the test stops and a report is formed on
the number of RMS triggerings and the time of each
triggering. To implement this algorithm, a program was
developed that provides issuing of control signals of giv-
en frequency, scanning of the LPT port, counting of
the triggering number, formation of the report. To ex-
change data with a computer, RMS uses two signal
lines of LPT-port.

Conclusions

The automated stand was developed and experimen-
tally tested on RMS life tests. The proposed scheme of
the automated stand does not require expensive equip-
ment or CAD, which is an advantage over the known
solutions.

The stand can be used to determine the efficiency
and reliability of switching devices with resistive mi-
crosystem technology (metal-to-metal) contact of var-
ious purposes, such are: microswitches, micro phase in-
verters, frequency selective surfaces, and other types of
MEMS that require high voltage control signals in the




range of 40 to +160 V. The system can be supplemented
by measuring devices for removal of the electrical char-
acteristics of the examined MEMS.
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NMPUHUMIMbI MOCTPOEHUA U NMEPCMEKTUBbI MCCAEAOBAHUM
NMbE3OAKTIOATOPOB AAl HAHO- U MUKPOTTO3UUMOHUPOBAHUA

Ilocmynuna 6 pedaxyuro 15.07.2014

IIpogedeno uccredosanue cogpemeHH020 COCMOSHUS PA3PAOOMOK AKMIOAMopo8 0is HAHO- U MUKDPOno3uyuoHuposanus. Pac-
CMOMPeHbl NPUHUUNBL NOCMPOEHUS Nbe30aKMI0AMopo8 U nve3oosueameneil 045 HaAHO- U mukponepemeuwjeHul. IIpueederst opueu-
HaAbHble KOHCMPYKYUU nbe3008uzameneil. Boideaerbl 0CHOBHbIe npoGaeMbl NOGbIUEHUS MOYHOCIU NO3ULUOHUPOBAHUS U HAMEHEHbI

nymu uUx peulenus.

Karoueevie caosa: ucnoanumenvHolil MEXAHU3mM, aKkmoamop, nbe30aKkmruamop, NPpUHyUnsl NOCMPOEeHUA, HAHO- U MUKponepe-

meujeHue, HaHo- U MUKPONO3UUUOHUPOBAHUE

Pa3zButue cucrem ynpapiaeHUs UIAET MO MyTH ILIU-
POKOTO TIPUMEHEHUS B HUX HAHO- U MUKPOCUCTEMHOM
TEXHUKU C UCIOJIb30BAHUEM HAHO- U MUKPOTEXHOJIO-
ruii. UcnosHUTENIbHBIE YCTPOMCTBA B TAKMX CUCTEMAX
UTPaOT Ype3BbIYaAiHO BaxXXHY10 poJib. Mcnoiab3yemblie
B HAX COBPEMEHHBIE UCIIOJIHUTEIbHBIE MEXaHU3MbI —
AKTIOATOPBI JUISI HAHO- U MUKPOIO3UIIMOHUPOBAHUS,
MOCTPOEHHBIE HA PA3JIMYHBIX TIPUHIUATIAX NEWUCTBUS,
OTHOCST K U3JIETUSAM HAHO- U MUKPOCUCTEMHOU TEX-
HUuku. [ToTpeOHOCTh B TaKUX U3ACTUSIX CTPEMUTEIBHO
Bo3pacraer [1, 2].

HMcnonHutenbHble MeXaHU3MBbl (aKTIOATOPHI, OT
aHIJI. actuator) BO3NEUCTBYIOT Ha MPOLIECC B COOTBET-
CTBUM C TIOJIydyaeMoii KOMaHAHOW WHdopMaluei,
BXOJISIT BMECTE C PETYJUPYIOLIMM OPTaHOM U IPYTUMU
0Jl0KaMU B COCTaB MCIOJHUTENbHBIX YCTPOMCTB B CO-
orBerctBur ¢ TOCT 14691—69.

BenymmiMm 3apy0GeskHBIMM TIPOM3BOIMUTEIAMU aK-
TIOATOPOB [JI1 HAHO- U MMKPOTIO3UIIMOHUPOBAHMS
apnsitorcst Physik Instrumente (PI, Tepmanust), New
Scale Technologies (NST, CIIA), Cedrat Technologies
(®panmus), Omega Piezo Technologies Inc. (CILA),
Piezo Systems Inc. (CILIA), Piezo Kinetics, Inc. (CILIA),
Morgan Technical Ceramics (MTC ElectroCeramics,
United Kindom), Noliac Group (danust), Piezomechanik

GmbH (T'epmaHus), Piezosystem jena (I'epmaHusi),
TRS Technologies, Inc. (CILIA), CeramTec (I'epma-
Hus), Johnson Matthey Catalysts (I'epmanus), Kinetic
Ceramics, Inc. (CILIA), AEI (CIIA), Ferroperm Piezo-
ceramics A/S (anus), APC International, Ltd (CIIIA),
EPCOS — A Member of TDK-EPC Corporation (SIno-
Hust), NEC TOKIN Corporation (SIlnonus), B Poccum —
OAO "HHUUM "Dnmna".

AHanu3 pa3pabOTOK IIPOU3BOAUTENIEH ITOKA3bIBAET,
YTO MEPCHEKTUBHBbIM HaIpaBJeHUEM CO3JaHMST aK-
TIOATOPOB TSI HAHO- U MUKPOITO3UIIMOHUPOBAHUSI SIB-
JISIETCsI HaIlpaBJeHUe, OCHOBAHHOE Ha MCIOJIb30BaHUU
nbee3031eKTprudyeckoro addexra [3].

CornacHoO IaHHBIM, OMYyOJUMKOBaHHBIM [RAP Inc.,
CTOMKUH U TIPOIOJIKUATEIbHBIA POCT UCIIBITHIBAECT MHU-
pOBOIl PBIHOK Tbe3oakTioaTopoB. B 2013 r. obbem
poiHka coctaBu $11,1 mupa, v IPOrHO3UPYETCs, YTO
oH gocturHeT $16 mapa k 2018 r. OGnactu npuMeHe-
HUST TPELM3MOHHBIX Mhe30aKTI0aTOPOB CTPEMUTEIBHO
paclIMpsIOTCs: HAHO- U MUKPOMAHUITYJISITOPbI, MUK-
pPOpPOOOTHI, HAHO- U MUKPOTEXHOJOTUM, OMOTEXHOJIO-
TMMU, KOCMUYECKME HCCIEeIOBAHUSI, METPOJIOTUS, TIO-
JIyIPOBOAHUKOBASI MPOMBIIIIEHHOCTb U T. n. [Ibe3o-
aKTIOATOpbI, Ojarogapsi MajablM pa3MepaM W HU3KOW
CTOMMOCTH, MPOHUKAIOT U Ha PIHOK TOBApOB LIMPO-
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KOro IOTpeOyieHus: Kamepbl, cMapT¢GOHLI U Ipyrue
yCTpoiicTBa (raaxXeThl, OT aHIJ. gadget).

ITon mbe30akTIOATOPOM MOHMMAIOT MbE30MEXaHM-
YecKoe YCTPOMCTBO, TIpeaHAa3HAYCHHOE TS TIpUBEIe-
HUSI B IEMCTBME MEXaHU3MOB, CUCTEM WJIM YIIpaBJe-
HUS Ha OCHOBE Ibe303JIeKTpuueckoro adhdexra [4, 5].
CrenyeT 3aMeTUTh, YTO MbE30aKTI0OATOPOM HAa3bIBAIOT
TaKXe Mbe30MEXaHNIeCKOe YCTPOMCTBO, KOTOPOE OC-
HOBAHO Ha Mbe30MarHUTHOM 3ddexkre. OnHaKo yaiie
BCETO IOJ IMbe30aKTI0ATOPOM ITOHUMAIOT YCTPOMCTBO,
paboTaroliee ¢ UCIOIb30BAHNEM MbE302JEKTPUIYECKO-
ro a¢pdexra. CyllecTByeT TakKe MOHATHE "TTbe30IBU -
rateab" (aHIJ. piezomotor) — YCTPOMCTBO, Tpeobpa-
3ylollee 3JEKTPUUECKYI0 SHEPTUIO B MEXAHNYECKYIO, B
KOTOPOM MEXaHWYEeCKOe TePeMEIcHNE OCYIIEeCTBIIS -
eTcd 3a cueT Mbe3oaddekTa. OOBIYHO Mbe30IBUTaTElhb
KOHCTPYKTUBHO COCTOUT M3 KOPITyca, OAHOTO WA He-
CKOJIbKMX TTb€303JIEMEHTOB U Pa3IMUYHBIX 3JIEMEHTOB,
obecreuyuBarolInX ero padory. I1be3oasekTpuuecKui
3¢ deKT, KaK M3BECTHO, 3aK/II0YaeTCs B M3MEHEHUU
JIMTHEWHBIX pa3MEPOB OTAETBHBIX MaTepUaJIoB B JIEK-
TpUUecKoM noJie. B naTymkax MexaHMYeCKUX BEJTMIMH
HCITONB3YIOT MPsIMOI Mhe303ddekT [6—9], Torma Kak
B [Th€30aKTHATOPaX — OOPATHBIN Mhe303(PdEKT, Korma
IIPY IPWIOKEHUHN 3JICKTPUUECKOTO TTOJIST M3MEHSIOTCS
JIMHEHHBIC pa3Mephl MaTepuaa.

IIbe303ddexT HabOMOmaeTcsl B KpUCTalaX, He
AMEIONIMX IIeHTpa cuMMeTpuun [10], m mpostBisIeTCS
6osee yueM y 1500 BeurecTB (TUIMMYHBIM IbE303JIEK-
TPUKOM sBJsAeTca KBapl o-SiO, (a-kBapu). ITbe3o-
9JICKTPUYECKMMU CBOMCTBAMU 00JIamaeT KepamMuKa
BaTiO;, PbTiO5, Pb[Zr Ti;_,]05,0 < x < 1, (PZT nm
LTC), KNbOj, LiNbO;, LiTaO3, Na,WO3, ZnO,
Ba;,NaNbsO5, Pb,KNbsO;s. B 3aBucumoctu or mc-
MOJIb3yeMOTO Mbe303JIEKTPUUECKOTO MaTepuaga ak-
TIOATOPBI MOTYT OBITH Mbe30KPUCTALUIMICCKUMHU (Ha
0aze MOHOKPUCTAIJIOB) WIM Tbe30KepaMMUeCKUMU
(Ha 6a3e MOJMKPUCTAIIIIOB Mbe30KepaMuKku). Ha npax-
TUKE IIUPOKOE MPUMEHEHUE HAIUIM Mbe30KepaMuye-
CKMeE aKToatophl [4].

IIpyn TIpOEKTUPOBAHUM IThE30aKTIOATOPOB BBIOOP
MMbe30MaTEePUATIOB OCYIIECTBJISIOT B OCHOBHOM IIO
CIIeAYIOIINM TTapaMeTpaM: IMbe30MOIYJIb B HaIlpaBic-
HuM padbouux nedopmaunii; moayab FOHra; koadou-
LIUEHT 3JICKTPOMEXaHNIECKOM CBSI3M M MEXaHWYeCKas
JMIOOPOTHOCTb. DTU TTapaMeTphl OMPEaeISIOT IUana3oH
repeMeIleHni, YIpyrue M pe3oHaHCHBIE CBOMCTBA,
9(hGEeKTUBHOCTD TPeoOpa3oBaHUs 2JIEKTPUIECKOM
SHEPTUHM B MEXaHWYECKYIO, CTEIIeHb 3aTyXaHUs KOJie-
OaTeJIbHBIX MPOLIECCOB U IPYTUe XapaKTePUCTUKU. s
CO3maHMs TIPEIIM3NOHHBIX aKTIOATOPOB HENB3S HE TIPH-
HUMaThb BO BHMMaHME HEAOCTATKU Mbe30KEPaAMUKMU:
HEJIMHEHHOCTD, KpUT (creep — TION3Y4YeCTh) — 3aras-
NbIBAaHWE PeaKlMy Ha U3MEHEHWE 3HAYEHUs] YIIPaBIsIO-
IIETO TOJISA, TUCTePe3nC — 3aBUCUMOCTD Te(opMaInu
OT HampaBfieHUs U3MEHEHUS DJEKTPUUYECKOTO MOJs
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(mo 5...25 % B 3aBUCHMOCTH OT MaTepuaia). B messx
YMEHbILEHUs] BIMSIHUS TMCTEpe3rca Ha TOYHOCTD IO-
3UIMOHUPOBAHUSI HEOOXOAMMO BHIOMPATh Mbe30MaTe-
pUabl C MEHBIIMM THCTEPE3UCOM, a TakKXKe IMpUuMe-
HSTb pa3IMIHbIC CUCTEMbI KOMITEHCAIIUH, B TOM YMCIIe
¢ obpaTHOIT cBsI3bIO [5]. B KaXX1mom oTaesbHOM cllydae
cjenyeT YYMThIBaTh OCOOCHHOCTH 3JIEKTPOMEXaHWJe-
cKkoro npeodpasoBaHust aHepruu [11].

Ilo mpuHLMITY AEHCTBUS TTbe30aKTIOATOPHI MOXHO
pa3neuTh Ha CJenylollue BUIbL OeopMaAyUoHHO20
delicmeus (1LIaTOBbIC), ydapHoeo delicmeus (BUOPOIIbE-
30aKTIOATOPBI) U cUA08020 deticmeus (CUIOBbIE aKTIOA-
Tophl) [3]. B mepBoM ciyyae moaBuzkHasl 4aCTh I1OCJIE-
JIOBaTeJIbHO TepeMelaeTCsl C ONpeAeJeHHbIM 111aromM
BCJICNCTBHME W3MEHEHUsI HaIpskKeHHO-IehOopMUpo-
BaHHOI'O COCTOSIHUS TOJ, I€HICTBUEM ITbe303JIEMEHTOB.
Bo BTOpOM cnyyae monmBuKHasl 4yacTb IPUBOIUTCS B
IBIDKEHUE TIOJ IEUCTBUEM YIAPOB, MepedaBaeMbIX OT
MbE303JIEMEHTA C YaCTOTOW COOCTBEHHBIX KOJIEOaHUA
(pe3oHaHCHO yacToToil). B TpeTheM ciyyae cuioBoe
BO3/ICHCTBME HEMOCPEACTBEHHO (MM yepe3 nepeaa-
TOYHOE 3BEHO) MepenaeTcsi Ha 00bEKT OT Mbe303Jie-
MEHTa, TPU 3TOM OCYIIECTBIISIOTCS YIJIOBbIE WU JIU-
HeiHBIe TIepeMeIeHNSI B OrpaHWYCHHOM IUaIta3oHe.
B 3aBUCUMOCTM OT MCHOJIb3YeMbIX KOHCTPYKIIUIA,
MIpeaHa3HaYeHUST IMPOKOE PacIpOCTpaHEHHE TTOTyIH -
JIA CJIeyIOIIe BUIbI [TbE€30aKTIOATOPOB: 3alyemasiembie
u3eubHble Nbe3okepamuyecKue OUMop@uvl u MyAbmMUMop-
ol (Mona ds;); monobnounvie u nakemmuole (OCEBbIE —
Mozna ds3, TONEpeYHble — Moaa dyy); Oupdepenyu-
anbHble, U32UOHO-HAMANCHble, CO8U208ble, NAMUHAPHbLE
1n0A0CKOBble, C UHMeSPUPOBAHHBIM PbIYAICHBIM YCUAU-
menem nepemeuleHuss, ynpasisemoie nse3oieKcepHoie,
mpybuamole.

IIpocTeitiinit Mbe302JEMEHT aKTiOaTOpa Ipe.-
CTaBJISIET COOO OIHOCTOMHYIO MIACTUHY (d33) MbE30-
Martepuana. [1py npuioXeHur BHEILIHEro 3JeKTpruye-
CKOTO TIOJIST TOM XXe TOJISIpU3allui ¥ OPUEHTAIIUH, YTO
1 HarpaBJICHUE TTOISI P3N TUTACTUHBI, TIPOVCXOIUT
paciipeHue mbe3oMaTepraa 1o TOJIIIMHE WIX BIOJIb
ocH rnoJisipu3aluu. B ciyyae akTioatopa U3 0OJHOCIOM -
HOJA TIIACTUHBI (d3() C TIONEPEYHBIM CKATUEM CXaThE
Mbe302JIEMEHTa TTPOMCXOAUT MO HampaBAeHUSIM, Tep-
MEeHAMKYISIPHBIM HampaBieHUIo Tonsgpusauuu. Ilpu
CMEHE TIOJIIPHOCTU HaIlpaBJICHUE IBUXKCHUS MEHSIET-
Cs Ha TIPOTUBOIIOJIOXHOE. AKTIOATOPBI U3 IBYXCJIOM-
HBIX TUIACTUH (ITbe303JIEeMEHTOB) MOTYT pabOTaTh Ha
yIJMHEeHue/cxxatue. Mexny TaKuMU The303J1eKTPU -
YeCKMMM TJIACTUHAMU YCTaHABAMUBAIOT MPOKIAIKY (13
JJaMMHaTa), KOTopas A00aB/seT MEXaHUYECKyIo Ipoy-
HOCThb M XXECTKOCTb M BMECTE C TeM YMEHBIIIAeT 3Ha-
yeHue nepemellieHus. Ha mpakTuke ciioeB Matepua-
JIOB MOXET OBITh OOJIBbIIIE NBYX, HallpuMep, YeThIpe
9JIEKTPOAHBIX CJIOST, 1BA MbE30KEPaAMUUYECKUX CJIOST, 1Ba
cJI0s1 KJIesl, TIPOKIaaKa M3 JJaMruHata. TUIMMYHoe 3Ha-
YeHMe MepeMellleHrs] TAKUX aKTI0aTOPOB — OT AeCsIT-
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KOB HAHOMETPOB J0 JECATKOB MUKPOMETPOB, a 3HAUE-
HUE CUJIbI — OT HECKOJbKUX ACCSTKOB O COTEH HbIO-
ToHOB [1, 2].

JByXcJIOiHBIE TTEE303JIEMEHTHI aKTI0ATOPOB MOTYT
Takke paboTaTh Ha M3rMd WJIM CKpyyMBaHUE, B 3aBU-
CHUMOCTH OT KpEeIUICHUs TUTACTWHEI (BUIA 3aICNIKH).
Hdnsa yBeavuyeHUs nMara3oHa IepeMelleHUil akTioa-
TOPHI U3TOTABIMBAIOT B BUIE MHOTOCIOMHOTO TIaKeTa
IJIACTYH.

B ouggpepenyuanvuvix koncmpykuyusx mbe30aKTOA-
TOPOB OIHA YacCTh ITh€303JIEMEHTOB paboTaeT Ha CXKa-
THE, a Ipyras yach — Ha pacllipeHue, MPU 3TOM Ibe-
303JIEMEHTH MEXaHMYEeCKW COCIMHEHBI TaK, YTO WX
MepeMelleHrsT CKIaIbIBalOTCS MO abCOTIOTHON BEIU-
yuHe. /Inama3zoH mepeMelleHnil 6e3 3HAUYMTETHLHOTO
YBEJIMUEHUSI TabapUTHBIX Pa3MEPOB M NOIMOJHUTEb-
HBIX DHEPro3aTpar MOXHO YBEJIWUYHUTh B 2 pas3a IpH
IuddepeHIIMalbHOM BKJIIOUEHUM Tbe302JIEMEHTOB
(puc. 1). Takoe BKJItOUeHUE TTHE303JIEMEHTOB €l1Ie MO-
3BOJISIET MUHMMU3UPOBATh TeMIIEPaTypHYIO MOrpel-
HOCTb, BOBHUKAIOIIYIO BCJIEJACTBUE TETJIOBOTO PACIITH-
pEeHUS DJIEMEHTOB KOHCTPYKIIMHU.

H3zeubno-namssicHole nse30aKkmoamopst COYETAIOT B
cebe JTydire XapakKTepUCTUKA aKTI0aTOPOB U3 MHOTO-
CJIOMHBIX Y JBYXCJIONHBIX MbE303JIEMEHTOB (puUC. 2).
B takux akTioaropax npeodpasyeTcsi HEOOJIbIION TO-
IIUHHBIA CIBUT MHOT'OCJIOMNHOIO Mbe30KEPaMUUYECKO-
ro makeTra B AedopMamuio mM3rnba ABYX MeTaJImde-
CKHUX TUIAaCTMH, OXBaThIBAIOIIMX 2JIeMeHT. biaromaps
MeXaHMYEeCKOMY YCUJIEHUIO MpeoOpa3oBaHUsl U3TUO-
HO-HaTSKHbIE aKTHATOPbl AEMOHCTPUPYIOT MHOTO-
KpaTHOE yBeJIMUeHNE CABUTA ITO CPABHEHUIO C MHOTO-
CJIOMHBIMM, a TaKXKe JOCTUIalOT 3HAYMTEJbHO OOJIb-

XX TToKa3aTeJeil CUIbl U CKOPOCTH peaKIUM II0
CPaBHEHMIO C 3KBUBAJICHTHBIMU NBYXCIOMHBIMMU W3-
rHOHBIMU aKTioaTopaMu. OOBIYHO TaKMe YCTPOMCTBa
UMeEIOT pe3oHaHcHyo yacToTy oT 300 I'm mo 3 kI
B 3aBucumocty oT (GOPMBI UX KOHCTPYKLIMU U3TUOHO-
HaTSKHBIE aKTHATOPhI MOJYUYMIM HAa3BaHUE 244UNCO-
UOHble I mapenouHole.

['eHepupoBaTh 0OJIBIIYIO OJOKUPYIOLIYIO CUIY MPU
3HAUYMTEILHOM CIBUTE CITOCOOHBI cd8Ue08ble NBe30aK -
mroamopbsl, KOTOPble HAXOASIT MPUMEHEHUE B KauecT-
BE TIbE303JICKTPUUECKUX JIMHEUHBIX [IBUTATENICH, a
TaKxXe KaK OJHOOCEBBbIC M JBYXOCEBbIE TMO3ULIMOHU-
PYIOIIME DJIEMEHTHI.

Jlamunaprvie noaocKogvle Nse30aKmMioamopbl SIBIISI-
JOTCSl aKTI0ATOPAMU CXKaTHUsl, UX aKTMBHBIM MaTepua
MnpeacTaBisieT co0oi MoJOCKU Mbe3oKepaMuku. CiBur
B HUX IIPOMCXOAUT B HaIpaBJieHUHU, MePIEeHIUKYJISIP-
HOM HampaBjeHUIO MOJISIpU3alud U TPUIIOKEHHOMY
3JIEKTPUYECKOMY TIOJIIO.

Tpyouameie nsezoakmroamops: paboTalOT Ha MPUH-
LIUTIe CY>KEHUsI BHYTPEHHEro CeYeHUs TOJIOrO Mbe30-
KepaMHU4yecKOro LUWIMHIpPA 3a CUeT TMOKPBLITUS 3JeK-
TpOJaMM BHYTPEHHUX M BHEIIHWX CTEHOK ILIVUIMHIpA.
DeKTpuYecKkoe HampspKeHWe, TPUIOXKEHHOEe MEXIy
BHEIIHUM M BHYTPEHHUM BJIEKTPOAAMU, BBI3bIBACT B
HUX OCEBOE U pamMalbHOE CKaThe Mbe30KepaMUKHN.

Ynpaeasemvie nvezogaexcepuvie axmroamopsl —
CJIOXXHbIE TMO3ULIMOHUPYIOLIME YCTpOlCcTBa Ha 0Oase
Mbe30aKTI0AaTOpa ¢ MHTErpMPOBAHHBIM B HETo diekce-
poMm. DueKkcepsl — 3TO YCTPOMCTBA, MPAKTUISCKU He
UMeEIoLKMe TPEHUST U CTPUKIIMU, TPUHLUM pabOThl KO-
TOPBIX OCHOBaH Ha 3jJacTU4YHOU aedopmanuu (paek-
CHUHIe) TBEpIOro Marepuasna, Hampumep cranud. Mx
MIPUMEHSIOT B TeX CIyJasx, KOraa TpeOyeTcCs MOIyInTh
HUCKJIIOUUTESIbHO TPSIMOE TepeMelleHUe Mo OAHOW U
6oJiee OCSIM ¢ HAHOMETPOBBIM OTKJIOHEHHEM OT UIC-
aJbHOM TpaekTopuu. TakWe YCTpOMCTBAa 4acTo MC-
MOJIB3YIOT COBMECTHO C PHIYaKHBIM YCYIIUTEIIEM TIepe-
MEIIeHUS, YTO TTO3BOJISICT YBEIMUNTh MaKCUMATbHBINA
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Puc. 2. V3ru0HO-HATSKHOI NMbE30AKTIOATOP IJLIMICOMIHON KOHCT-
pyKumH
Fig. 2. Ending-tension piezoactuator of anellipsoid design
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YECKMMHU DJIEMCHTAMU, ¢ — C YETBIPbM IIBE303JICKTPUUYCCKUMU HOXKAMU (3HCMCHTaMI/I)

Fig. 3. Designs of step-by-step piezomotors: a — with three actuators;, b — with three actuators and bimorph piezoelectric elements; ¢ —

piezoelectric legs (elements)

XOJI TIhe3oakTioaropa nouytu B 20 pas, B pesyjbTaTe
YEero OH MOXET COCTaBJISITh HECKOJBKO COTEH MUKPO-
METpPOB.

Oco0mIii MHTEpPEC IIPEACTABIISIOT IIATOBBIC ITHE30-
JIBUTATEIN, KOTOPBIC MCIIOIB3YIOT TSI MAaHUIYJISLINU
00beKTaMM C TIOLIAroBbIM WX mNepemelieHueM. OHU
HaxoAsT IIMPOKOE MPUMEHEHUE B aTOMHO-CUJIOBOM U
TYHHEJIbHOM MUKPOCKOITMU, IMMOCKOJIBKY MO3BOJISIOT C
TOYHOCTBIO O HAHOMETPOB MO3ULIMOHUPOBATH MC-
ciaegyeMbiii 00beKT. OTINYUTEIbHON 0COOEHHOCTHIO
KOHCTPYKLMI I1arOBBIX NMbE30IBUTATEEH SIBISETCS
Hajim4yre, MTOMUMO paboOUYUX Mbe303JIEMEHTOB, (PUKCHU-
PYIOLLIMX YCTPONCTB, B KAUECTBE KOTOPBIX TAKXKE MOTYT
ObITh TMbe3odsieMeHThl [12]. Takue mnbe3oaBUraTe N
MOTYT coAepXaTb ONMHOUYHBIE, OMMOpP(pHbIE U MaKeT-
HbIe The30aKTIoaTOpbl. PUKCUPYIOLLINE YCTPOMCTBA
3aKPEeIUISIIOT TOABUXKHYIO YacTh JBMUTaTeNsl B €ro pa-
OoueM LMKIIEe TollaroBoro nepemeiieHusi. OHU TO-
3BOJISIIOT CO3AaBaTh (COBMECTHO ¢ pabOUYMMM Mbe30aK-
TIOATOpaMKU) U CHUMAaTb HampsKeHHO-AedopMUpo-
BaHHbIE COCTOSIHUSI B JAe(POPMUPYEMBIX MOABUKHBIX
9JIEeMEHTaX KOHCTPYKUUM Tbe3onpuraress. Ilpu cHs-
TUM HaNpsKeHHO-Ae(OPMUPOBAHHOTO COCTOSTHUS
(GUKCUPYIOLLIUM YCTPOMCTBOM MOABMXKHBINA 3JI€MEHT
MbE30ABUTATENS YAJIUHSCTCS U TTepeMelliaeT OObeKT Ha
OfuH wiar. st AByX- U TPEXKOOPAUHATHOIO Mepeme-
IIEHUST COBMEIIIAIOT ABa U TP IMbe30NpuBoaa (Ibe30-
aKkToaTopa). MUHMMAaNbBHbIN 1IAr nepeMelleHui nbe-
30IMPUBOIOB 3aBUCUT OT CBOWCTB U Pa3MepoB Ibe30-
9JIEMEHTOB M 3HAu€HUs YIPaBJSIONIETO 3JIeKTpUye-
cKoro HampstkeHus. [1naBHOCTH Xona Mbe30oINpuBOAa
BO3pacTaeT C YMEHBILIEHWEM Il1ara M yBEeJIMUEHUEM Yac-
TOTHI CJICIOBaHUS YIPABISIOLIMX UMITYJIbCcOB. KOoHCT-
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with four

pyKuuu 1iaroBbix nee3oapurateneit (IITIO) mokasa-
HBI Ha puc. 3.

Konctpykuus IIIT/I, mokazaHHas Ha puc. 3, a, co-
JIep>KUT TPU aKTHATOpa, ABa U3 KOTOPBIX JEHCTBYIOT
KaK TOPMO3SIIINe (3a3KUMBI), a TPETUIl — KaK JBVXU-
teab [13]. KoHcTpyKius, nmpuBeaeHHas Ha puc. 3, b,
OTJINYAETCs TeM, UTO B HEW PoJib (PUKCUPYIOLIUX U pa-
0OYMX DBJIEMEHTOB BBIMOJHSIOT OMMOPGHBIE The30-
BJIEKTpUUECcKUe 3JeMeHTHI [3]. B 11aroBom nbe301Bu-
ratene (puc. 3, ¢) yetbipe OUMOPdHbBIE MbE303TEKTPU -
YecKre HOXKY COBEPIIAIOT DJITUIICOMIHBIC IBUXKEHUS
U ABUraT iatdopmy [14].

B mnocienHee BpeMsi aKkTUBHO pa3BUBAIOTCS Pe30-
HaHCHBIC YJIbTPAa3BYKOBbIE MbE30ABUTATEIN, KOTOPHIC
SIBJISIIOTCSl COBPEMEHHOI ajibTepHATUBOI BUTATENSIM
MOCTOSIHHOTO TOKa, OHU TaKXe M3BECTHBI KaK BUO-
pamvoHHble npurareau. [1pemMyiecTBaMu MOTOOHBIX
JIBUTaTesIeil SBISIOTCSI HAaHOMETPOBOE pa3pelleHMte,
BBICOKAsT CKOPOCTDb M MOIITHOCTH IIPY MaJIbIX pa3Mepax
[1, 15].

Ha puc. 4 nokazaHbl KOHCTPYKIIMSI U CX€Ma Mbe30-
npuratesist Squiggle pupmbl NST [15]. OCHOBHBIMU
€e 3JeMEHTaMU SIBJISIIOTCS: YeThbIpeXrpaHHas MeTas-
auyeckass Mmydra (M3 HEMarHUTHOro MaTepuajna) ¢
BHYTpEeHHel pe3b00il, XOMOBOI BUHT (YEpPBSIK) U Ue-
THIpE TUIACTUHBI IThe30KEPaMUKH.

ITnacTvHBI NPUKpPEIUIEHbl Ha TpaHSIX MeTajuinye-
CKOI My(TbI, UEPBSIK BKPYUYEH B METAUIMUECKYIO MYy(D-
ty. I1pu momaue aByx¢a3HbIX HANPSDKEHWI Ha TIPOTHU-
BOMOJIOXKHBIE TMapbl MJIACTUH MbE30KEPAMUKHA BO3HU-
KaloT MeXaHUYeCcKre KoJjiebaHusl, KOTOpble MepeaaroT-
¢ Metayuimyeckoi mydte. Ecnu uMeercs casur das
MEXXITy MTOJaBaeMbIMU 3JIEKTPUUCCKIMM HATIPSKSHUSI -
MM, TO Ha TpaHUIIE COMPUKACAIOIIMXCS TOBEPXHOCTEMH
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Puc. 4. Koncrpykuusi u cxema mbe30IBHTaTes
Fig. 4. Design and circuit of a piezomotor

MyGTHl ¥ YepBsKa BO3HUKAIOT CHMJIBI CHABIMBAHUS C
MoBopoToM. B pesynbTaTe yepBSK BpallaeTcs U Jiu-
HEITHO TIepeMelaeTcsl OTHOCUTEIHbHO MY(PThI. MeHsIs
caBUT a3, MOKHO M3MEHSITh HallpaBJIeHWE ABMKEHMS
BUHTa (YepBsika). DTU IMbe30MPUBOILI PabOTAIOT B pe-
30HaHCHOM pexxuMe Ha yactoTtax 30...200 kI B 3aBu-
CHMOCTHU OT UX pa3MepoB. MUHUMa/IbHbIE rabapUTHBIC
pasMephnl nbe3omnpuBona 1,55%1,55X6 mMm, TeMmepa-
TYPHBIN Auana3oH padotsl oT MuHyc 30 go mmoc 70 °C,
norpeodJisieMasi MOIIHOCThL 0koJio 500 MBT, nuanasoH
JIMHEWHBIX MepemMeleHuid o 5...30 MM, pazpelieHue
0,5 MmxM. Takue nbe3oaBUraTeNIM HAILLIM TPUMEHEHUE
JIJ11 00BEKTUBOB (POTO- U BUAEOKAMED.

B Poccum co3paroTcs mepcrieKTUBHBIE IIPOU3BO/I-
ctBa MOMC, HOMC, HaHOCTPpYKTYpUPOBAHHBIX Ma-
TepuasioB. Ho 3TOT mpoliecc uaer noCcTaTouHo CI0XK-
HO, B TOM 4YHCJIe T10 TIPUYMHE OTCYTCTBUSI OTEUECT-
BEHHOI'O TECTOBOTO, TEXHOJIOTMYECKOTO U COOPOYHOTO
000pyIOBaHMS C HAHOMETPOBBIM pa3pellicHUEeM, a M-
MOpPTHOE 000PYAOBAHUE JOPOroe U Y3KOCIELUaTU3U-
pOBaHHOE.

ITpubop 111 MeXaHMUYECKUX TECTOB, 00ecreunBato-
W JUMHEelHOe MepeMelleHre IIyna U U3MepeHue
00beKTa M0 OJHOI KOOpAMHATEe C HAHOMETPOBBIM pa3-
peirenueM, co3gaH Bo PI'YIT ®HIIL "ITO "Crapt”
M. M. B. Ipourenko” [13, 16]. OH cocTouUT U3 U3Me-
PUTEJILHOTIO 1iIyIa, ABUTraTessl, KOTOPbIi €Tro Irepeme-
1aeT, ¥ 6yioKa yrpasieHus. st obecnieyeHUs1 nepe-
MeIleHUs 111yTlla ¢ HAHOMETPOBBIM pa3pellieHeM B Ka-
YeCcTBe MPUBOJA MCIIOb30BAaH OPUTHMHAIBHBIN MbE30-
JIBUTaTesib Ha OCHOBE cXeMbl puc. 3, a. Ero ocHOBHbIE
XapakTepucTuku: xon — 50 MM; MUHUMAJbHbBIA JUC-
KpeT (11ar) nepeMenieHus — nopsiaka 1 HM; TOYHOCTb —
10 uMm; HanpsikeHue nutaHus — 30...+100 B; cko-
pOCTh TlepeMellieHus MakcuMainbHass — 0,5 MM/c; T4-
roBoe ycuiare — He MeHee 50 rc; rabapuTHbIE pa3Mephbl
nbe3onpuBoga — He 6osiee 38 X22 x5 mm. Ilbe30nBu-
ratejb umeer H-o0pasHylo rpymiy Nbe303J€MEHTOB
(ITD) — nBa TopMO3HBbIX [1D ¢ HAKOHEYHUKAMU U3 U3-
HOCOCTOMKOI KepaMUKHU 1 oauH XxonoBoii I1D (puc. 5).
TopMo3sHbie 1D ynpaBisitoTcst KBa3UMPsSIMOYTOJIbHbI -
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Fig. 5. Below resonance step-by-step piezomotor: a — main elements of
the design; b — control signals
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PaGouuii LMK Mbe30JBUTATENISI COCTOUT U3 Clie-
nyroiux onepauuii. IlepBoiid TOpMO3SIIUIA aKTIOATOP
NPUBOAWTCS B ACHCTBHME M 3aKUMaeT OAMH KOHEll
IBUuTens (cMm. puc. 3, a). Ha akTioaTop-aBUKHUTEb
rnojaeTcsl HampsKeHWe, U OH MPUBOAUTCS B JEHCT-
BUE — yIMHseTcsl. BTopoil TopMossiuii akToaTtop
MOCJIe MAaKCUMAaJIbHOTO 111ara ABWXKUTENIST 3aXKMMaeT ero.
C nepBoro TOpMO3SIIEro akTaTopa CHUMAaeTCsl Ha-
MpsikeHue, U OH pa30JoKUpyeT NBUXKUTEINb. JIBUXU-
TeJb, C KOTOPOT'O CHUMAETCS HAIIPSIXKEHUE, CKUMAETCSI
B HaIlpaBJICHWM TIepeABIKEHUS U T. 1. Mcmonb3oBa-
HUE cXeMbl paboThl puc. 3, @ U IPUMEHEHUE HOBBIX
KOHCTPYKTUMBHBIX PEIIEHUM MO3BOJMIN MUHUMU3U-
poBaTh rabapuTHbIE pa3Mephl Mbe30JBUTATENS U, CO-
OTBETCTBEHHO, NTPUOOpa IJIsI MEXaHUUYECKUX TECTOB.

OG6nacTu MpUMEHEHUs] Mpuoopa s MeXaHuye-
CKMX TECTOB — KOHTPOJIb CPEICTB U3MEPEHUS B TPO-
U3BOJICTBEHHOM 1 U3MEPUTEILHOM TEXHUKE, KOHTPOJIb
MPOU3BOICTBA, MHOTOMECTHBIE U3MEPUTEJIbHbIE YCTa-
HOBKH, NaTYMKHU ITyTH, KOHTPOJIb KadecTBa, M3Mepe-
HHE TBEPIOCTU MAaTepuasoB U T. 1. [IpenMyiiecTBamu
3TOTO MpHOOpa MO CPaBHEHUIO C aHAJIOTUYHBIMU SIB-
JISIIOTCSl YHUBEPCAIbHOCTb NMPUMEHEHMS, TTOBBIIICH-
Has TOYHOCTb, OTHOCUTEJbHO HEOTpaHUYEHHOE 3HA-
YyeHue XoJa, Majble rabapuTHbIE pa3Mepbl, BOZMOX-
HOCTb yIIpaBJeHUS OT MmyibTa win ot [19BM, Gonee
HU3Kasl 1IeHa.

3a py0OexXoM aHaJIOTMYHBIE YCTPOMCTBA MCIIOIb3Y-
0T JOCTATOYHO 1IMpoKO. M3 MHOCTpaHHBIX MTPOU3BO-
IUTEJIEH TECTOBOTO OOOPYIOBAHUS MOXHO OTMETHUTH
¢upmbl HEIDENHAIN (I'epmanust), Renishaw (AHT-
nmst), Physik Instrumente (I'epmanus). HEIDENHAIN
MPOM3BOAUT MHKPEMEHTAJbHbIE IIYMbl, HalpUMEp
HEIDENHAIN-CERTO (touHocth £0,1 MKM),
HEIDENHAIN-METRO (touHocTb + 0,2 MKM) U Ap.
Renishaw BbIlTycKaeT KOHTAKTHbBIE U3MEPUTEJIbHbBIE 1aT-
yuku MP700 (tounocts *0,25 Mxm), MP10 (Tou-
HOCTh £ 1 MKM) U ap.

Takum 06pa3oMm, IMPEenMyIeCTBAMU IThe30IBUTATE-
neit sensores Beicokuit KITJ (mo 90 % w Gonee),
Oobloe ycunue (He TpeOyIoTCs peayKTOphbl), Majble
rabapMTHbIE pa3Mepbl U Macca (110 CpaBHEHUIO C 3JIeK-
TPOMAarHWTHBIMU ABUTATEJISIMUA), BO3MOXHOCTh pabo-
ThI IIPU KPUOTEHHBIX TeMIIepaTypax U B YCJIOBMSIX Ba-
KyyMa, BO3MOXHOCTb 0OeCHeuYuTh MaJlble YIJIOBBIC
(emHULIBI YIVIOBBIX CEKYH/) U JIMHEHbIC MepeMelle-
Hus (<1 HM) # Op.

K HepgocTaTkaM Mbe303J1EKTPUUYECKUX aKTIOATOPOB
HaHO- U MUKpPOMEPEMEIIEHUI MOXHO OTHECTU Halu-
Yyye BHYTPEHHUX JIeCTa0MIN3UPYIOIINX (haKTOPOB, Ta-
KHUX KaK THUCTEePe3MC, IMOJI3Yy4eCTb M TMHAMHYECKUE
BuOpauuu. KpoMe Toro, mbe30akToaTophl padoTaloT B
YCJIOBMSIX BO3IAEHCTBMSI BHEILIHUX IECTaOUIU3UPYIO-
KX (hpakTOpOB: TeMIepaTyphbl, BUOpALIMK, YCKOPEHMS,
WOHU3UPYIOLIETO U3ITYYEHUS U 1P.
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T'uctepesuc cBOMCTBEHEH MHOIUM (PU3UYECKUM U
TeXHUYECKUM 3jIeMeHTaM U cuctemam [17—19]. 13 dpu-
3UKU U3BECTHBI MAarHUTHBIM, CETHETORJIEKTPUUECKH,
VIPYTUl THCTepe3nc W Op. B The303anekTpmdyecKmux
aKTIoaTopax TUCTEPE3UC CBSI3aH C HEJMHENHOCTBIO
00paTHOTO Mbe303JeKTpUUYecKoro aheKra, KOTOphIii
JIEXKUT B OCHOBE MX MPUHIIMIIA AecTBUs. ['ucTepesuc
CYIIECTBYIOIINX ITbe303JICKTPUUYECKIUX MaTepuajioB
Haxomutcs B npeaenax 10...40 % [5]. B mpe3oakTioa-
TOpax TUCTEPE3NC TPOSBISCTCS B BUIE HEIWHEHHOM
3aBUCUMOCTH MePEeMENIEHMS OT BXOMHOTO CUTHaJIa Kak
MpH TIPSIMOM, TaK W TIPW OOPaTHOM XOII¢ TTOABVKHOM
yacTW akTioaropa. Peakiivsi cucTteM ¢ TMCTepe3rcoM
3aBHUCHUT HE TOJBKO OT TEKYIIEro 3HAYEHUST BXOTHOTO
CUTHajla, HO M OT €ro 3HauyeHus B 0ojiee paHHUE MO-
MEHTBI BpEMEHH, TIO3TOMY TOBOPSIT, YTO TAKHE CUCTE-
MbI 00J1a1aI0T NaMSThIO.

IMonzyyects (mocieneiicTBUE) NPOSBISIETCS B BUIE
MEUICHHOTO WM3MEHEHWsS BO BPEMEHM ITOJOXEHUS
MOABMIKHOM YacTM Tbe30aKTioaTopa IIocje IToaauu
BXOJIHOTO cUTHaJa (3JeKTpruuyeckoro HanpskeHus U),
0e3 Kakoro-jiumbo ero uamMeHeHus. Tak, mocie ycra-
HoBjeHus1 HanpsikeHus1 B 30 B uepe3 30 ¢ mecTorno-
JIOXKEeHUE TIOABMKHOM YacTH Mbe30aKTI0ATOpa MOXET
U3MEHHUThCS Ha 5 %. [1pu MolaroBoM mnepeMeileHuN
3a KopoTkoe BpeMs (1o 10 ¢) mexny wmaramu (~100 HM)
TIOJI3y9eCTh TTPOSBIIIETCS OTHOCUTENTEHO Majto (1o 1 %).
CrenyeT OTMETUTb, YTO TMOJ3YYECTh OTYACTU TakKxKe
00yCIIOBJIEeHAa THUCTEPE3NUCOM TThe303IEKTPUUECKIX Ma-
TepuaiaoB. B psge ciayyaeB ei0 MOXHO NpeHeOpeub,
HaIpuMep, TIPU TUKINISCKUX TEPEeMEIICHUSIX 1 BbI-
COKHX 4acToTax CoBepllaeMbIx onepauuii. OqHako npu
MEIUICHHBIX TIOIIATOBBIX ITEPEMEIICHUAX C OOJBIINM
WHTEPBAJIOM BPEMEHM MEXIy llIaraMu Moj3y4yecThb Oy-
JET BHOCHUTh 3HAYUTEIBHYIO IMOTPEIIHOCTb, KOTOPYIO
HeJIb3s1 HE YYUTHIBATb.

HduHaMuyeckuie BUOpAllMU BO3HMKAIOT BCJIEICTBUE
TOTO, YTO ITbE30aKTI0ATOp W €ro IOABMKHAS YacTh
MPeCTaBIsIIOT cOO0M KoJjiebaTesIbHYIO0 CUCTEMY C pac-
TpefesIeHHBIMA TTapaMeTpaM#, Ha KOTOPYIO AeHCTByeT
CUJIa U TIe MPOMCXOIST MepeMelleHUs OJHUX YacTei
OTHOCUTEIBLHO IPYTUX, IMPA 3TOM MX Macca pa3jinyHa
U He CKOHIIEHTpUMpOBaHa B OnHON Touke. Ilpu wuc-
MTOJTb30BAHMM TTHE30aKTIOATOPOB CIIEAYeT YUUTHIBATD TO,
YTO TOABMKHAS 4YacTbh, KPOME CBOEH Macchl, OyneT
MMETh IPUCOSTMHEHHYIO MacCy MepeMeIaeMoro o0b-
€KTa, KOTOopasi MOXET ObITb 3HAUYMTEJbHO OOJIbIIIE.
B 3TOM ciryyae nmHaMUYeCcKre CBOMCTBA CUCTEMBI I10-
3ULIMOHUPOBAHUSA IS HAHO- U MUKPOIIepeMeIeHUIA
Ha OCHOBE IThe€30aKTIoaTopa OyIyT BO MHOTOM OIIpe-
JIEJSIThCS TPUCOCIUHEHHON MAaCCOM.

KoMrmeHcupoBaTh HEJIMHEHHOCTh Ibe30aKTI0ATO-
POB MOXHO, WCIIOJIB3YsI OOPaTHYIO CBS3b MEXIY IThe-
30MPUBOJOM M HU3MEpUTEeM MepemMellieHus: (BCTpo-
€HHBIM WJIM BHEIIHVM), a TaKXKe IMPUMEHSS aJTOPUT-
MbI, KOTOpble (DOPMUPYIOT YIPABISIOIME CUTHABI,




OCHOBaHHbI€ HA MaTeMaTUYeCKUX MeToaax. BcTpoeH-
HBIC U3MEPUTEIN 3HAYUTEIBHO YCJIOXHSIOT KOHCT-
PYKUMIO Mbe30JBUTATENIsI U YBEJIUYUBAIOT €ro rada-
puUTHBIE pasMepbl. BHelIHUIA U3MepUTesb — 3TO NIO-
pOTOCTOSILLIMI, KPYIHBIA MPUOOp, UTO SIBJISIETCS He-
MPUEMJIEMBIM JISI MHOTUX 3a7a4.

s yMeHBIIIEHUsI TTOTPEITHOCTEH IThe30IBUTATE -
JIeil OT BO3IEMCTBUSA BHYTPEHHUX U BHEIITHUX IECTa-
OUIU3UPYIOIIUX (AKTOPOB BCE IIUMPE HUCMOJb3YIOT
BCTPOEHHBIE MUKPOIIPOLIECCOPHI. B 3Toit CcBSI3M aKTy-
aJbHBI BOIIPOCH pa3pabOTKM MaTeMaTUIeCKUX MOJC-
JIel, YMCICHHBIX METOIOB W TIPOTpaMM IUISI MUKPO-
KOHTPOJIJIEPOB, TMO3BOJISIIOIIMX KOMIIEHCUPOBATh IO-
IPELIHOCTH U TOBBILIATH TOYHOCTb MO3MIIMOHMPOBA-
HUSI Ha HAaHO- U MUKPOpPa3MepHOM YPOBHE.

OO6nacTi MpPUMEHEHUST TPELM3UOHHBIX Tbe30aK-
TIOATOPOB CTPEMUTENIBHO PACILIUPSIIOTCS: HAHO- U MUK-
POMaHUMYJASITOPbl, MUKPOPOOOTHI, HAHO- U MHUKPO-
CKOMUsI, HAHO- U MUKPOTEXHOJOTUU (MHKPOJIMUTO-
rpadusi), OMOTEXHOJIOTUU, aCTPOHOMMUS, KOCMUYECKHUE
WCCJICAOBAHMSI, METPOJIOTHS, TECTOBOE 00OPYAOBaHUE
JUISL TIOJTyIIPOBOJHUKOBOU MPOMBILIJIEHHOCTH, TECTHU-
pOBaHUE OVMCKOBBIX HAKOIMUTEIbHBIX YCTPOMCTB, TIPH-
OOpBI yIpaBieHMs Ja3epHBIM Jy4oM (IIPUBOIBI Jia-
3€PHBIX PE30HATOPOB), TOIUIMBHO-PACHPEACTUTEIbHBIC
CHUCTEeMbl OEH3MHOBBIX U TU3EJbHbIX IBUTraTEICH, KOM-
MeHcaTopbl BUOpalMM U T. I. 3HAYUMOCTh PEILIECHUS
3a/1a4 MOBBILIEHUS] TOUHOCTHBIX U 9KCILTyaTallMOHHbBIX
XapaKTePUCTUK The30aKTI0aTOPOB U TMbe30JBUTaTEICH
JUISI HAHO- Y MUKPOTIO3ULIMOHUPOBAHUS B LIEJISIX YCH-
JIEHUSI KOHKYPEHTHBIX MO3ULIMI OTEYECTBEHHBIX MPO-
U3BOJIUTENIeN BbicoKa. B Hacrosiee BpeMsi U B Tep-
CIIEKTUBE CO3MaHUE HOBBIX MbE30aKTIOATOPOB U CO-
BEPIIEHCTBOBAHME HA MX OCHOBE YCTPOWCTB U CUCTEM
HAHO- U MUKPOITO3ULIMOHUPOBAHUS OYIET OCTaBAThHCS
BeCbMa aKTyajibHOU mpobisiemoit. PazpaboTka oTevect-
BEHHBIX KOHKYPEHTOCIIOCOOHBIX IMbe30aKTHATOPOB U
MbE30ABUTaTesIei MO3BOJIUT CHU3UTH 3aBUCUMOCTD OT
3apy0OexXHOI 3JIeMEHTHOI 0Oa3kbl.
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Development of the control systems envisages ap-
plication of nano- and microsystem technologies in
them. Actuation mechanisms in such systems play an
extremely important role. The actuating mechanisms —
actuators used in them for nano- and micropositioning
and based on different principles belong to the products
of nano- and microsystem technologies. The demand
for them grows rapidly [1, 2]. Actuators influence the
process in accordance with the received information,
and, together with a control organ and other units,
make part of the actuation mechanisms in conformity
with GOST 14691—69.

The leading foreign manufacturers of actuators for
nano- and micropositioning are Physik Instrument,
Piezomechanik GmbH, Piezosystem Yena (CeramTec),
Johnson Matthey Catalysts (Germany), New Scale
Technologies (NST), Omega Piezo Technologies Inc.,
Piezo Systems Inc., Piezo Kinetics, Inc., TRS Technol-
ogies Inc., Kinetic Ceramics Inc., AEI, APC Interna-
tional Ltd. (USA), Cedrat Technologies (France), Mor-
gan Technical Ceramics (MTC ElectroCeramics, United
Kingdom), Noliac Group, Ferroperm Piezoceramics
A/S (Denmark), EPCOS — A Member of TDK-EPC
Corp., NEC TOKIN Corp. (Japan), and in Russia —
Nil Elpa Co.

Analysis shows that a perspective direction for de-
velopment of acutators for nano- and micropositioning
is the direction based on the use of a piezoelectric ef-
fect [3].

According to data from iRAP Inc., the world market
of piezoactuators will demonstrate a stable and pro-
longed growth. In 2013 the market’s volume was equal
to 11,1 billion dollars and by 2018 it is expected to
reach 16 billion dollars. The spheres of application of
the precision piezoactuators are expanding rapidly: na-
no- and micromanipulators, microrobots, nano- and
microtechnologies, biotechnologies, space researches,
metrology, semi-conductor industry, etc. Due to their
small dimensions and low cost the piezoactuators also
penetrate the consumer goods market: chambers, smart
phones and other devices (gadgets).

A piezoactuator is understood as a piezomechanical
device for actuating of mechanisms, systems or controls
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on the basis of a piezoelectric effect [4, 5]. It is also a
device based on a piezomagnetic effect. However, more
often it is understood as a device working with the use
of a piezoelectric effect. There is also a notion of a pi-
ezomotor for transformation of the electric energy into
a mechanical one, when a mechanical movement is
carried out due to a piezoelectric effect. Usually a pi-
ezomotor structurally consists of a case, one or several
piezoelements and various elements, which ensure its
operation. As is known, a piezoelectric effect consists in
a change of the linear sizes of separate materials in the
electric field. In the sensors of mechanical values they
use a straight piezoelectric effect [6—9], and in pie-
zoactuators — a reverse piezoelectric effect, when due
to application of an electric field the linear sizes of a
material change.

The piezoelectric effect is observed in the crystals,
which do not have the centre of symmetry [10] and it
is revealed in more than 1500 substances (a typical pi-
ezoelectric material is quartz a-SiO, (a-quartz). Piezo-
electric properties are present in the ceramics: BaTiO3,
PbTiO5, Pb[Zr, Ti;_,]O; 0 <x <1 (PZT), KNbO;,
LiNbO;, LiTaO3, Na,WO;, ZnO, Ba,NaNb;Os,
Pb,KNbsO,5. Depending on the used material, the ac-
tuators can be piezoelectric (on the basis of monocrys-
tals) or piezoceramic (on the basis of polycrystals). Pi-
ezoceramic actuators [4] find wide application.

Selection of materials for designing of piezoactua-
tors is carried out with account of the following param-
eters: piezomodule in direction of the working defor-
mations, Young modulus, piezoelectric coupling coef-
ficient and mechanical Q. These parameters define the
range of movements, elastic and resonant properties,
efficiency of transformation of the electric energy into
mechanical energy, degree of attenuation of fluctua-
tions and other characteristics. In development of the
precision actuators it is necessary to take into consid-
eration the drawbacks of piezoceramics: nonlinearity,
creep — delay of reaction to the changes of the control
field, hysteresis — dependence of deformation on a
change of direction of the electric field (up to 5—25 %,
depending on a material). In order to reduce the influ-
ence of the hysteresis on the accuracy of positioning it




is necessary to choose piezomaterials with a lower hys-
teresis, to apply various compensating systems, includ-
ing ones with a feedback [5]. In each separate case it is
necessary to take into account the specific features of
the electromechanical transformation of energy [11].

By the operating principle the piezoactuators can be
divided into the following kinds: of deformation action
(step actuators), percussion (vibro, piezoactuators) and
power actuators [3]. In the first case the mobile part is
moved with a certain step owing to the change of the
deflected mode under the influence of the piezoele-
ments. In the second case the mobile part is set in mo-
tion under the influence of the shocks transferred from
a piezoelement with the frequency of its own fluctua-
tions (resonant). In the third case the power influence
is transferred directly (through a transfer link) to an ob-
ject from a piezoelement. At that, the angular or linear
displacements are implemented within a limited range.
Depending on the designs, designations, etc., the follow-
ing piezoactuators became widespread: jammed bent pi-
ezoceramic bimorphs and multimorphs (mode d5;),
monoblock and package (axial — mode d33, cross-sec-
tion — mode ds), differential, bending-tension, shift,
laminar stripline with an integrated lever amplifier of
displacement, controlled piezoflexor and tubular.

The simplest piezoelement of an actuator is a single-
layer plate (d53) of a material. When an external electric
field of the same polarization and orientation as the di-
rection of polarization of the plate is applied, the ma-
terial expands along its thickness or along the polariza-
tion axis. In a case of an actuator from a single-layer
plate (d5;) with a cross-section compression, a piezoe-
lement compression occurs in the directions, perpen-
dicular to the polarization. If the polarity is changed,
the direction of movement becomes the opposite. The
actuators from the two-layer piezoelements can work
for lengthening/compression. A spacer from a laminate
is placed between them, which improves the mechan-
ical durability and rigidity, and at the same time, re-
duces the value of displacement. In practice, there can
be more than two layers of materials, for example, four
electrode layers, two piezoceramic layers, two layers of
glue, and a spacer from a laminate. A typical value of
displacement of such actuators is from tens of nanom-
eters up to tens of microns, and of the force — from
several tens up to hundreds of newtons [1, 2].

The two-layer piezoelements of actuators can also
work for bending or twisting, depending on the plate
fastening (kind of embedding). In order to increase the
range of the displacements the actuators are made in
the form of a multilayered package of plates.

In the differential designs of piezoactuators one part
of the piezoelements works for compression, and an-
other — for expansion, at that, the piezoelements are
mechanically connected in such a way that their dis-
placements are summed up by an absolute value. The
range of the displacements without a substantial growth

of the dimensions and additional power inputs can be
doubled in case of a differential inclusion of the pie-
zoelements (fig. 1). Such an inclusion also allows us to
minimize the temperature error, resulting from a ther-
mal expansion of the design elements.

The bending-tension piezoactuators combine the
best characteristics of the actuators from the multilay-
ered and two-layer piezoelements (fig. 2). In such ac-
tuators a small thickness shift of a multilayered piezoce-
ramic package is transformed into a bending deforma-
tion of the two metal plates embracing an element. Due
to a mechanical strengthening of transformation the
bending-tension actuators demonstrate a multiple in-
crease of shift in comparison with the multilayered ac-
tuators, and also reach a considerably greater force and
higher speed of reaction in comparison with the equiv-
alent two-layer bending actuators. Usually such devices
have a resonant frequency from 300 Hz up to 3 kHz.
Depending on the form of their design the bending-ten-
sion actuators are dubbed as ellipsoid or plate-like.

A greater blocking force with a considerable dis-
placement can be generated by shift piezoactuators,
which are used as piezoelectric linear motors, as one-
axis and two-axis positioning elements.

The laminar strip piezoactuators are actuators of
compression, their active material is strips of piezoce-
ramics. A shift in them occurs in the direction perpen-
dicular to the polarization and the applied electric field.

The tubular piezoactuators work on the principle of
narrowing of the internal section of a hollow piezoce-
ramic cylinder due to the covering with electrodes of
the internal and external walls of the cylinder. An elec-
tric voltage between the external and internal electrodes
causes an axial and radial compression of the piezoce-
ramics in them.

The controlled piezopiezoflexor actuators are com-
plex positioning devices on the basis of a piezoactuator
with a flexor integrated into it, a device, which practi-
cally has no friction and striction, and the principle of
operation of which is based on an elastic deformation
(flexing) of a solid material, for example, steel. It is ap-
plied, when it is necessary to obtain an exclusively
straight displacement along one and more axes with a
nanometer deviation from an ideal trajectory. Such de-
vices are often used together with a lever amplifier of dis-
placement, which allows us to increase almost 20 times
the maximal motion of a piezoactuator and therefore to
reach the level of several hundreds of microns.

Of special interest are step-by-step piezomotors
used for manipulation with objects by their step-by-step
displacement. They find application in the atomic-
force and tunnel microscopy, because they allow us to
position an investigated object with accuracy of several
nanometers. A distinctive feature of the designs of the
step-by-step piezomotors is availability, besides the
working piezoelements, of the fixing devices, the role of
which can also be played by piezoelements [12]. Such
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motors can contain single, bimorph and package pie-
zoactuators. The fixing devices fix the mobile part of the
motor in its running cycle of a step-by-step displace-
ment. They allow (together with the working piezoac-
tuators) to create and to remove the mode of deforma-
tion in the deformable mobile elements of a piezomotor
design. When the mode of deformation is removed by
a fixing device, the mobile element of the piezomotor
is extended and moves object by one step. For two and
three coordinate displacements two and three piezo-
drives (piezoactuators) are combined. A minimal step
of the displacement of the drives depends on the prop-
erties and dimensions of the piezoelements, value of the
controlling electric voltage. Smoothness of the run of a
piezodrive increases with a reduction of a step and an
increase of the frequency of the operating impulses. The
designs of the step-by-step piezomotors (SPM) are
shown in fig. 5.

Design of SPM (fig. 5, a) contains three actuators,
two of which operate as brakes (clips), and the third —
as a propulsion device [13]. The design (fig. 5, b) is dis-
tinguished by the fact that the role of the fixing and work-
ing elements in it is played by bimorph piezoelectric el-
ements [3]. In a step-by-step piezomotor (fig. 5, c¢) four
bimorph legs make ellipse-like movements and move
the platform [14].

The resonant ultrasonic piezomotors are being de-
veloped actively now. They present a modern alterna-
tive to the direct current motors, and they are also
known as the vibrating motors. The advantages of such
motors are a nanometer resolution, high speed and
power, and small dimensions [1, 15].

Fig. 4 presents the design and the circuit of Squiggle
piezomotor from NST Co. [15]. Its basic elements are
tetrahedral metal sleeve (from a non-magnetic materi-
al) with an internal thread, leadscrew (wormscrew) and
four plates from piezoceramics.

The plates are attached to the sides of the metal
sleeve, the wormscrew is twisted into the metal sleeve.
When the diphase voltages are supplied to the opposite
pairs of the plates of piezoceramics, fluctuations occur,
which are transferred to the sleeve. If there is a shift of
phases between the submitted voltages, on the border of
the surfaces of the sleeve and wormscrew appear forces of
squeezing with a turn. As a result the wormscrew rotates
and moves linearly in relation to the sleeve. By changing
the shift of phases it is possible to change the direction
of movement of the wormscrew. These drives work in
the resonance mode in frequencies of 30—200 kHz de-
pending on their sizes. The minimal dimensions of a pi-
ezodrive are 1,55x1,55x6 mm, the temperature range
of operation is from — 30 up to 70 °C, the power con-
sumption is about 500 mW, the range of linear displace-
ment is up to 5—30 mm, resolution — 0,5 pm. Such
motors find application in the lenses of photo and video-
cameras.
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Perspective productions of MEMS, NEMS, nanos-
tructured materials are created in Russia. But the proc-
ess goes on with difficulties because of absence of the
domestic testing, technological and assembly equip-
ment with a nanometer resolution, while the imported
equipment is expensive and narrowly specialized.

A device for the mechanical tests, ensuring a linear
displacement of a probe and object measurement by
one coordinate with a nanometer resolution was created
in "PO "Start" named after M. V. Protsenko" [13, 16].
It consists of a measuring probe, a motor, which drives
it, and a control unit. For displacement of a probe with
a nanometer resolution an original piezomotor was
used on the basis of the circuit presented in fig. 3, a. Its
basic characteristics: run — 50 mm; minimal step of
displacement — about 1 nm; accuracy — 10 nm; sup-
plied voltage —30...+100 V; maximal speed of dis-
placement — 0,5 mm/s; traction effort — not less than
50 gf; dimensions of the piezodrive — not more than
38 x22 x5 mm. The piezomotor has N-shaped group of
piezoelements (PE) — two brake PE with tips from
wearproof ceramics and one running PE (fig. 5). The
brake PE are controlled by quasirectangular signals,
and the running PE — by saw-shape ones, formed by
means of a digital-analogue converter. Thanks to this
there is a possibility to realize a fragmentation of a step
and to stop the motor at any step of the voltage forming
a running saw. The running cycle of the piezomotor
consists of the following operations. The first braking
actuator is activated and clamps one end of the propel-
ler (fig. 3, a). Voltage is supplied to the actuator and it
is activated — extended. The second braking actuator
clamps it after the maximum step of the propeller. The
voltage is removed from the first braking actuator, and
it unblocks the propeller. The propeller, from which
voltage was removed, is compressed in the direction of
the movement, etc. The use of the circuit (fig. 3, a) and
of new design solutions allowed to minimize the dimen-
sions of the piezomotor and, respectively, of the device
for the mechanical tests.

The spheres of application of the device for mechan-
ical tests are the measuring gauges control in technol-
ogies, manufacture control, many-placed measuring
installations, path-control transducers, quality control,
measurement of hardness of materials, etc. The advan-
tages of the device in comparison with its analogues are
universality of application, higher accuracy, relatively
unlimited value of run, small dimensions, possibility of
control from a panel or computer, lower price.

Abroad similar devices are used widely enough.
Among the foreign manufacturers of the test equipment
it is possible to name the following companies: HEI-
DENHAIN, Physik Instrumente (Germany), Renishaw
(England). HEIDENHAIN makes incremental pro-
bes, for example, HEIDENHAIN-CERTO (accura-
cy £0,1 um), HEIDENHAIN-METRO (accuracy
+0,2 um), etc. Renishaw produces contact measuring




gauges MR700 (accuracy £0,25 um), MP10 (£ 1 um),
etc.

Thus, the advantages of the piezomotors are high ef-
ficiency (up to 90 % and over), big effort (no reducers
are necessary), small dimensions and weight (in com-
parison with the electromagnetic motors), operation at
cryogenic temperatures and in vacuum, possibility to
ensure small angular displacements (units of angular
seconds) and linear displacements (<1 nm), etc.

Among the drawbacks of the piezoactuators of na-
no- and microdisplacements it is possible to mention
presence of the internal destabilizing factors: hysteresis,
creepage and dynamic vibrations. Besides, they also
work under the influence of the external destabilizing
factors: temperature, vibrations, accelerations, ionizing
radiation, etc.

Hysteresis is typical for many physical and technical
elements and systems [17—19]. In the piezoelectric ac-
tuators the hysteresis is connected with nonlinearity of
the reverse piezoelectric effect, which underlies their
principle of operation. The hysteresis of the existing pi-
ezoelectric materials is within the limits of 10—40 %
[5]. In piezoactuators the hysteresis is found in the form
of a nonlinear dependence of the movement from an
input signal during a direct and reverse displacement of
the mobile part of the actuator. Reaction of the systems
with a hysteresis depends not only on the current value
of an input signal, but also on its value during earlier
moments, therefore they say that such systems possess
memory.

The creepage (aftereffect) is revealed in the form of
a slow change of the position of the mobile part of the
piezoactuator after an input signal is supplied (electric
voltage U) without any of its change. So, when voltage
of 30 Vis fixed, in 30 seconds the location of the mobile
part of the piezoactuator can change by 5 %. In case of
a step-by-step displacement in a period of time up to
10 seconds between the steps (~100 nm) the creepage
is relatively insignificant (within 1 %). It is necessary to
point out that it is also partly due to the hysteresis of the
piezoelectric materials. In a number of cases it can be
neglected, for example, during the cyclic displacements
and high frequencies of operations. However, in case of
slow step-by-step displacements with big intervals be-
tween the steps, the creepage will be a cause of a con-
siderable error, which should not be ignored.

Dynamic vibrations arise because a piezoactuator
and its mobile part represent an oscillatory system with
the distributed parameters, influenced by a force and
certain parts move in relation to the other parts, at that,
their weight varies and is not concentrated in one point.
During application of the piezoactuators it is necessary
to take into account the fact that the mobile part will
also have the attached weight of the moved object,
which can be considerably greater. In this case the dy-
namic properties of the system of positioning for nano-

and microdisplacements will be to a great extent deter-
mined by the attached weight.

It is possible to compensate for the nonlinearity of
the piezoactuators by using a feedback between a pie-
zodrive and a movement measuring instrument (built-
in or external) and by applying the algorithms, which
form the control signals based on the mathematical
methods. The built-in measuring instruments compli-
cate considerably the design of a piezomotor and in-
crease its dimensions. The external measuring instru-
ment is an expensive, large device, unacceptable for
solving of many tasks.

In order to reduce the errors of the piezomotors de-
termined by the influence of the destabilizing factors
the built-in microprocessors are more and more widely
used. In this connection very important are the math-
ematical models, numerical methods and programs for
the microcontrollers, allowing to compensate for the
errors and to raise the accuracy of positioning at nano-
and micro-levels.

The spheres of application of the precision piezoac-
tuators are extending rapidly: nano- and micromanip-
ulators, microrobots, nano- and microscopy, nano-
and microtechnologies (microlithography), biotechnol-
ogies, astronomy, space researches, metrology, test
equipment for the semi-conductor industry, testing of
the disc storage devices, laser beam control devices
(drives of the laser resonators), fuel-distributive systems
of engines, vibration compensators, etc. The impor-
tance of the solutions of tasks of increasing the accuracy
and operational characteristics of the piezoactuators
and piezomotors for nano- and micropositioning in or-
der to strengthen the competitive positions of the do-
mestic manufacturers is high. In the long term the de-
velopment of new piezoactuators and improvement on
their basis of the devices and systems of nano- and mi-
cropositioning will remain a very topical problem. De-
velopment of the domestic competitive piezoactuators
and piezomotors will allow us to lower the dependence
on the foreign element base.
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HammonansHoit akamemun Hayk berapycu”

OCOBEHHOCTN ®OPMUPOBAHUS MNMPELUM3NOHHDBIX YYBCTBUTEAbHbIX
SAEMEHTOB AATYMKOB KOCMHUYECKOWM MAA3MbI

Ilocmynuna ¢ pedaxuuio 18.07.2014

Ilposedena cpasnumenvHas OYeHKA GAPUAHMOE MEXHOA02UHECKUX NPOUECCO8 NOAYYEHUS WaOA0H08-MAMpPUl U3 HAHONOPU-
CMo20 AHOOH020 OKCUOA ANOMUHUS C UCHOAb308AHUEM Memo0d (homoaumoapaguu 015 opmMupo8anus Monos02U4ecK020 pUCyHKdA.
Onpeodenenbl 6apuarmol NOAYHEHUS MAmMpuy, obecneyusarouue npuemiemole MOYHOCMU BbINOAHEHUS MUKDOMEMPOBLIX PaA3Mepos
KAHABOK, U (YOPMUPOBAHUS 8 HUX MEMOOOM 2aNb8AHONAACMUKU NPEYUSUOHHBIX YYBCMEUMENbHBIX INEMEHMO08 6 GUOe HUKeNeBbIX
CEeMOYHBIX CIMPYKMYD C NepugeputiHbimM KpeneicHbim Koavyom. Onucaunvl 0COOEHHOCMU MeXHON02UHECKUX PeXNCUMO8 POpMUPOBaA-
HUSL AHOOH020 OKCUOA AAOMUHUS U NOKAAbHO20 3NEKMPOXUMUHECK020 ocaxcOeHus Hukeas. llonyueHvl npeyusuoHHble 4yecmeu-
menbHble dNeMeHmbl 0451 0aM1UK08 KOCMUHECKOU NAa3Mbl ¢ ceveHuem nemenma cemku 10 X 15 mkm, paccmosuuem mexcoy sie-
meumamu 1000 MKM U KpenedlcHbIM KOAbUOM C BHEUHUM ouamempom 42 mm.

Karoueewie caosa: wabron-wampuya, aHoOHbLI 0KCUO AOMURUSL, POMOoIUmMo2paghus, I1eKmpoxXumudecKoe ocaxicoeHue Hu-
Kenst, CemouHblil 4y8Cmeumenbtblil d1eMeHm, 0amuuk nomoka naa3mol

BBenenue

B nmpu6Gopax i1 IMarHOCTUKU KOCMHUYECKOI T1T1a3-
MBI Ha ocHOBe LMIMHIApoB Dapanes B KauecTBe yIpaB-
JISIOIIVX 3JIEKTPOIOB MCIOIL3YIOTCS TMPELU3MOHHEIC
YYBCTBUTEIbHBIEC 3JEMEHTHI B BUIE METAJUIMYECKOTO
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CETOYHOTO MOJIOTHA MUKPOMETPOBBIX CEYEHUH C Kpe-
MEeXXHBIM KoJIbLOM 110 niepucdepun [1]. ITpakTuueckas
peanuzanus IpuOOPOB BO MHOTOM ONPEIEISIETCs BO3-
MOXHOCTBIO KOHTPOJUPYEMBIM M BOCIIPOU3BOAUMBIM
crocoboM (opMupoBaTh 3alaHHbIE pa3Mepbl CETOU-




HOTO TOJIOTHA [IJIs1 00eCIIeYeHUsI MAaKCUMAaJIBHOM TIpO-
3payHOCTU B COYETAHUM C NOCTATOYHOU MexaHUue-
CKOU MPOYHOCTHIO MO TPEOOBAHMUSIM K KOCMUUYECKOU
arraparype.

IIpu M3roToBICHUM AeTajell CIOXHOTO MpPOduUIs
MUKPOMETPOBBIX Pa3MepoB B MPUOOPOCTPOCHUM, pa-
JUOTEXHUYECKON M 3JIEKTPOHHOM MPOMBILIIEHHOCTH
MPUMEHSIETCST METON rajbBaHoIUIacTUKU. [lpu aTOM
HauboJjiee pacnpoCTPaHEHO BJIEKTPOIUTUYECKOE Oca-
KICHWE METAJLIOB, TIPeXIe BCEro HUKENsI, o0yiamaio-
1IEro Kak BbICOKOW MeXaHWYECKON MPOYHOCThIO, TaK
1 BO3MOXHOCTBIO ITOCJICAYIOIIETO COCAMHEHUS C TI0-
MOLIBIO ITaliKu 1 cBapkwu [2, 3].

HeobxonuMocTh mosydeHUs1 BBICOKOTOUHBIX KOH-
(urypanuii Manbix pazmMepoB (cedeHreMm 10 X 20 MKM)
MPELM3MOHHBIX 2JIEMEHTOB MPU OOJBIIMX BHEUITHUX
rabaputHbix pa3mepax (30...100 mxM) oOyciaoBIMBaET
cneundurueckue TpedboBaHus K mpolueccy (hopMupo-
BaHUA JIeTaJel.

B merone ranbBaHOIIACTUKU IJ1s1 (pOPMUPOBAHUS
HUKEJIEBBIX CETOYHBIX YIPABJISIONINX 3JIEKTPOIOB B
Mpudopax IMAarHOCTUKU KOCMMYECKON T1J1a3Mbl Mpe/-
CTaBJIsIeTCS MEePCNEeKTUBHBIM MCIIOJb30BaHUE I11a0J10-
HOB-MaTpull, MOJYyYEHHbIX MeTogaMu (oToJuTOrpa-
¢u1 Ha KOMIIO3ULIMOHHON OCHOBE aJlOMUHUI — I10-
PUCTBIN aHOAHBIN oKcua anroMuHUs (AOA).

B Hacrosiieil pabote paccMOTpeH Mpoliecc co3na-
Hus matpulibl 13 AOA Kak TMpelur3uoHHON (HOpMbI
(mabyioHa) ISl OCaXkMEeHUsT MEeTAIMYECKUX CJIOEB U
(opMUpPOBaHMS CETOUHBIX HUKEJIEBBIX ACTaJICH U TIPO-
BeJCHbl HCCIeAOBaHUSI MOPMOJOrMM IMOBEPXHOCTEMH
HUKEJISI, OCAXKICHHOTO B Pa3TMYHBIX TEXHOJIOTMIECKIX
YCIIOBMSIX.

MeToauka 3KCnepHMEHTa

Ilepen opMupoBaHMEM aHOTHOIO OKCHUIA TJIACTU-
HBI KICXOIMHOTO aTFOMUHUS (drcToTa He MeHee 99,99 %)
00€3XMPUBAIM B KUIISIIEM OPraHMYECKOM PacTBOPU-
Tesie (O€H3MH, alleTOH) B TedeHue 1...2 MUH B 3aBUCHU-
MOCTH OT CTEIeHU 3arpsi3HEHHOCTH MOBEPXHOCTH. Jla-
Jiee BBIIEPXKUBAIN MX B CYLIMJIBHOM IIKa(dy Mpu TeM-
nepatype 100 °C B TeueHue 10 MuH. 1151 TOBBILLIEHUS
YHUCTOTHI TIOBEPXHOCTU ATFOMUHUS TIPOBOIWINA XUMU-
YEeCKYI0 IOJMPOBKY B 50 00. % pacTBOpe IIaBUKOBOIM
KUCJIOTHI B TeueHue 20 ¢ mpyu KOMHATHOU TeMmIieparype
pactBopa. [locie oOpabOTKM TUIACTMHBI MPOMbIBAIU
JUCTWUIMPOBAHHON BOIOM C IOCJEOYIOLIECH CYIIKOMN
npu temmeparype 100 °C. dopmupoBanu 111aGI0HBI-
MaTpHUIIbl aHOTHOTO OKCHIA C MCITOJb30BAaHUEM IBYX
TEXHOJIOTMYECKMX BapUAHTOB.

ITo nepBomMy BapuaHTy Ha aTIOMUHUEBON IJIACTH-
He co3maBany POTOPE3NCTUBHYIO MACKY, PUCYHOK KO-
TOPOIl COOTBETCTBOBAJI HEOOXOAMMON KOH(MUTrypaluu
HUKEJIEBOTO CETOYHOTO YITPABISIONIETO 3JIEKTPOJIA:
IIMpUHA BUTKA, PACCTOSHUE MEXITY BUTKaMM, AMUa-

METpP CETOYHOTO MOJIOTHA, BHEITHUI TMaMETP KOJIbIIa-
nepxaresisi. OTKpbITbie YYacTKW aJlOMUHMEBOM Ija-
CTMHBI aHOIUPOBAJIM 0 TPeOyeMOil TOJIIIMHBI, KOTO-
past cocTaBisiia 40 MKM.

ITo BTOpoMy BapmaHTy Ha aTIOMUHHUEBO TIJIaCTUHE
METOIOM BJIEKTPOXUMUYECKOTO OKUCIECHUS (DOPMUPO-
BaJIM CJIOM TTOPUCTOTO aHOMHOTO OKCHIA TOJIIIMHOU
40 mxM. Ha BeIpallleHHOM OKcHe METOIOM (hOTOJIM-
Torpaguu cozaaBanu ¢GoTOpe3UCTUBHYIO MacKy. CKBO3-
HBIM TpaBJICHUEM Yepe3 MacKy IToJaydaad I1abIoH-
matpuily u3z AOA TpeOGyemolt KoHGUTYypalliu, pa3me-
LIEHHYIO HA AJIIOMUHUEBOM OCHOBE.

AHOIMpOBaHME TPOBOAMIU B TEXHOJOTMUYECKUX
pexkrMax, COOTBETCTBYIOIIMX YIIOPSITOYCHHOMY U
HEYNMOopsSA0YEeHHOMY PacloOXEeHHUI0 Top B chop-
MHPOBAaHHOM aHOZHOM OKcHje. B KauecTBe 31eKTpo-
JIUTA UCTIONIB30BaIN 3 %-ii pacTBOp IaBeJIeBOM KUCIIO-
TBH. AHOTHOE OKWMCJICHHE aTIOMUHMS OCYIIECTBIISIIN
B BaHHE aHOJMPOBAHUS C UCTIOJIb30BAHUEM UCTOYHU -
Ka IMATaHWs OCTOSTHHOTO Toka b5-49 (U = 0...99,9 B,
I =0...999 MA). KaromoM B 3JIeKTpOXUMHNUYECKOM STUeii-
Ke CIIy’XKWJIa aTlOMUHUEBAas TIacCTUHA.

YnopsimoueHHBI OKCHI aTIOMUHUS TIOJIyJaad B
MMOTEHIIMOCTATUYECKOM peXUMe TTPU 3HAYCHUM JIeK-
Tpuyeckoro HanpstkeHust 40 B, temmnepartype aiek-
tpoiuTa 10 °C 1o aByxcraguitHOW Metomuke [4, 5].
TonmmHua NepBUYHOIO CJI0S1 TIOPUCTOTO OKCHUIA ajlio-
muHMA coctanisuia 30 MkM. IlepBuUHBIN CclIoit OKCUaa
CTpaBJIMBaJIM B PACTBOPE XPOMOBOI'O aHTHIPHUIA 1 OP-
ToocdopHoil KucioThl. Jlajgee MOBTOPSIIA TPOLIECC
MpU aHAJIOTUYHBIX YCJIOBMSIX, MOKA TOJIIMHA OKCHIA
He nmocturaia 40 MKM.

HeymopsimoueHHBINT aHOTHBIN OKCHUI, KaK M B pa-
6otax [6, 7], GopMUpOBATIM aHOIMPOBAHUEM B Tajlb-
BaHOCTATMYECKOM PeXUMeE CIeayommnM obpazom. [1o-
Jlydaju CJ0il aHOAHOIO OKCHUIA IpHY TUIOTHOCTY TOKa
10 MA/CM2 U Temmeparype anekrpoaura 32...34 °C,
BpeMs Tporiecca cocTaBisuio 60 c. [lanee BbIpaleH-
HBII OKCHIT YAAISUTN XXUIKOCTHBIM XUMUYECKUM TPaB-
JIeHHeM B pacTBope opTodochOpHOIl KUCIOTHI U XPO-
MOBOTO aHTHAPHUAA M TPOBOAWIN IPOIIECC aHOMUPO-
BaHUs MOBTOPHO mpu TeMmnepatype 12...15 °C u npex-
Hell TUIOTHOCTM TOKa IO TOJIIMHBI okcuma 40 MKM.

st mostyyeHus: poTope3nUCTUBHOM MAaCKU UCIIOJIb-
3oBan (poropesnct PI1-383, KOTOPHINT HAHOCUIU C
TOMOIIBIO YCTAHOBKM HaHeceHUs (hOoTope3rcTa TUIla
"Kopyax LIH®" ¢ yacToToii BpalieHUS LeHTPUDYTH
2000 o6/MuH. TeMmepaTypa npeaBapUTeIbHON CyIlI-
k1 potopesucta cocrapisia 100 °C, Bpems CyIIku —
30 MUH. DKCHNOHUPOBAHUE OCYIICCTBISIIM Ha ycTa-
HOBKE C PTYTHOI JIAaMIION BBICOKOTO HaBJICHUS TIPU
TeMmneparype okpyxatoieit cpeasl 20...25 °C ¢ BbI-
nepxkoit 40 c. DKcoHUpoBaHHbIE 00JacTu oTope-
3UCTa YAQISUIM B MPOSIBUTENIE, B KauyeCTBe KOTOPOTO
ncronb3oBamu 0,8 %-it pactsop KOH. Jlanee crabu-
JIU3UPOBAJIY TIJIEHKY (DOTOpe3ncTa B CYLIMJIBHOM IlIKa-

HAHO- 1 MUKPOCUCTEMHAS TEXHHKA, Ne 1, 2015 49



¢y npu temneparype 140 °C B teuenue 30 muH. Ce-
JICKTUBHOE BBITPABJIMBAaHUE OKCHIA A0 AJTIOMUHUS B
MeCTax, He 3allUIICHHBIX (DOTOPE3UCTOM, TIPOBOIUIINA
B pacTBOpE, IPUBEACHHOM BBIIIIE.

st ocaxXneHUsT CII0eB HUKEIST MCTIOb30BAIA CYJTb-
(atHbIl U cyabdamaTHBIR 31eKTpoanuThl. CocTaB mep-
Boro comepxan 250 r/a1 cepHOKucioro Hukens, 30 /1
06opHoit KucaoTel, 10 /1 xjopucToro Hatpusi U 1 /1
¢ropucrtoro HaTpus. BTOpoli 3J€KTpPOJUT BKIHOYAT
CEepHOKUCIIBbIM HUKeIb B KonndecTBe 300 r/i, cyabda-
MUWHOBYIO KUCIIOTY 55 T/, HaTpuit xjopucthiii 10 1/,
6opHyto Kucaoty 25 r/a [8]. st yaydileHus: anre3uu
HUKEJSI K aTIOMUHUIO HAHOCUIU Oy(epHbIe CIIOU Me-
TaJUTOB. IIMHKA W MEOW — TIPU MCIOJIB30BAHUU CYb-
(haTHOTrO B7EKTPOIUTA U LIMHKA — TIPU UCIOJIb30BAHUM
cynbamaTHoro 3ekrponura [9]. LIlmHk HaHocuIm Me-
TOJIOM XMMUUYECKOTO OCAXKICHUS U3 pacTBOpa, CoAepKa-
mwero rugpokcua Hatpus (400 r/1) U OKCUI LIMHKA
(60 r/m). Bpemst 06pabotku coctasistio 0,5...1,0 Mua
pu Temrieparype pactsopa 25 * 2 °C. Menp ocaxnanu
BJIEKTPOXMMHUUECKHM CITIOCOOOM U3 MUPOodochaTHOro
snekrposnta cocrasa: 35 r/n CuSO, - 5H,0, 130 r/n
Na4P207 : 10H20, 35 r/ﬂ NazHPO4 : 12H20, 2,5 F/JI
KNaC4H4Og4 - 4H,O. IlnoTHOCTL TOKA NpPU OCAXKAE-
HUM MEIM COCTaBjisiia 2 MA/CM2, TeMmIlepaTypa dJieK-
Tpoauta 28 = 1 °C, Bpems ocaxaeHus 10 muH. [1pu
KUCIIOJIb30BAHUU CYJb(ATHOTO 3JEKTPOJUTA BJIEK-
TPOXUMHUYIECKOE OCaXIeHNE HUKEIS TIPOBOIUIIN TIPU
IUIOTHOCTU ToKa 10 MA/CMZ, TeMIeparype 2JIeKTpo-
muta 25 £ 1 °C B teyenue 150 MMH OO0 IIOJXy4YeHUS
TOJIIIUHEI 351eMeHTOB 15 MxM. Ilpu ncnonab3oBaHUM
CcyIb(aMaTHOTO BJIEKTPOJIMTA TEMIIEpaTypa 3JIeKTPO-
JmTta BapbupoBanach oT 20 o 50 °C, mIoTHOCTh TOKa
10...100 MA/cMm2.

Pe3ysbTaThl 1 00Cy)KAeHHE

DKCNepUMEHTAILHO O0OHAPYKEHO HEIOJIHOE COOT-
BETCTBHME Pa3MEPOB TOMOJOTMYECKUX PUCYHKOB (po-
ToJIUTOrpadUUeCKOil MacKM M MaTpHULBl U3 OKCHAA
ATIOMUHMS, TIOJYYEHHOH 1o epBoMYy crioco0y. Benu-

YUHY HECOOTBETCTBHUS Pa3MEPOB OMPEIEIISIIIN T10 TeC-
TOBBIM 00pa3liaM, KOTOpbI€ MPEJACTaBIsIM CO0O0il Ha-
0op KaHaBoOK JuyinHO# 13 MM u mwmpuHoit 20, 50, 70, 90
u 135 MxMm, cdhopMUPOBAHHBIX METOAOM (DOTOJIUTO-
rpaduu Ha amomuHuu. (ITociie aHogupoBaHMS Tec-
TOBBIX 00pa3lOB aJIOMUHMWI BHITpaBIUBaan.) Bripa-
LIIEHHBII BO Bcex KaHaBKax AOA mMes xapaKTepHYIO
CX0Xy10 ¢opMy, MpeacTaBICHHYO Ha puc. 1, oTau-
yasich pasmepamu. Kak BuaHO Ha puc. 1, Makcumab-
HO€ OTKJIOHEHHME OT TOIOJIOTMYECKOro pa3Mepa KaHa-
BOK HabJTI0aeTcs Ha YpOBHE MOBEPXHOCTH UCXOTHOTO
amomuHus (iuHus AB), a mpodwib Kpasi KaHaBKU
MMeeT KIMHOBUIHYIO (popmy. Pe3yabTaTsl MI3MepeHU
1o JaHHbIM POM-u3o6paxeHuii npuBeeHEBI B TA0IM-
1re. M3 TabMuIIel BUAHO, YTO BEJIMYMHA KIIMHA COCTaB-
qstet 33...36 % ot TonmuuHbl okcuaa. Mopdosorus no-
BEPXHOCTH KJIMHA CYIIECTBEHHO OTIMYAETCS OT MOp-
osornm okcuma aTIOMUHMS Ha IPYTUX TIOBEPXHOCTSIX
(puc. 2). Hanuuue TpeuinH oOycIOBICHO, BEPOSITHO,
BHYTPEHHUMM HATIPSKEHUSIMA W3-3a HATMIUS 00BeM-
HOTO poCTa OKCHAA alIOMUHUA. B HallleM cioydae oT-
HOllIEHWEe TOJIIMH c(hOPMUPOBAHHOIO OKCHUIA U MPO-
AHOAMPOBAHHOIO AJTIOMUHUS cocTaBisgeT 62...66 %
(cm. Tabnuny). Takke ycTaHOBJI€HA 3aBUCUMOCTD TOJI-
IIMHBI BBIPOCIIETO OKCHUIA AJTIOMUHUS OT TOIOJOTH-
YeCKOTO PUCYHKA: B Y3KMX KaHaBKaX TOJIIMHA OKCUAA
3HAUUTENbHO MEHBIIIE, UYeM B IIIMPOKUX (CM. TAOIUILY).
DTO MOXKET OBITh OOYCJIOBJIEHO Pa3IMYHOM JTOKAJIbHOM
IUTOTHOCTBIO TOKa TIPM ONMHAKOBOM 3alaHHON IIO-
CTOSIHHOU MHTErpajbHON IJIOTHOCTU TOKA, A CJIEI0Ba-
TeJIbHO, Pa3HOM CKOPOCTBIO POCTAa OKCHIA B JIOKAJb-
HBIX 00JIaCTSAX TUTACTWHBI amioMuHMs. [1pu 3TOM MH-
TerpajbHas IIOTHOCTb TOKA B COOTBETCTBUM C 3aKO-
HoMm Mapazes ocTaeTcs TTOCTOSTHHOM M 3amaHHON 0e3
y4yeTa TOIOJOTUYECKOTO PUCYHKA.

Takum oOGpa3oM, omucaHHBIA BapuaHT (HOPMUPO-
BaHMSI MaTpUIllbl He o0ecreyuMBaeT BOCIPOU3BOIU-
MOCTb pa3MepoB U MPSIMOYTOJIbHYIO (hopMy Mpohuis,
YTO HEOOXOIUMO ISl (pOPMUPOBAHUS MPELIU3UNOHHBIX
CETOYHBIX JIEKTPOAHBIX CTPYKTYP.

Pa3mepnl TecToBbIX 00pa3uos AOA
Dimensions of test AAO specimens

Tomuuna
2JIeMEeHTa, MKM

3agaHHas
IIMPUHA 3JIeMEeHTa, MKM

MaxkcuManbHOe
OTKJIOHCHHUE Kpast
OT 3aJaHHO IMPUHBI, MKM

Maximum deviation from

OTHollIEHNE
MaKCHMaJIbHOTO
OTKJIOHEHHUSI Kpast
K TOJILIMHE

OTHOIIIEHNE TOJIINH
OKCHIIa ¥ aJTIOMUHUS

Ratio of the maximum

The specified width Thickness . P Ratio of the thicknesses
of the element, um of the element, um of edge v{:g;;: tit;ndeszred del;:)a;‘;loen t;z(;czl:eﬁgge of oxide and the aluminum
25 45 0,36 0,64
50 54 0,33 0,65
69 60 0,34 0,62
91 64 0,35 0,66
135 69 0,36 0,65
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Ha puc. 2 mpuBeneHs! n3oopaxe-
HUSI MaTpPULbl U3 YIOPSIOYESHHOIO
OKCHIa aJIIOMUHMS, TIOJydeHHOI
o BTOpoMYy BapuaHTy. BugHo, uTo
pa3mep IIop cocTaBiisieT 45 HM, pac-
cTostHre Mexxay mopamu — 100 HM.
B mnpenenax obGnacteil pazMepom
nopsaka 1,5 MKM ITOpHI pacIiojio-
XKeHBI yropsaoyeHHo. Takass Mop-
dotorus okcuma corjaacyercs ¢ JaH-
HBIMM, TPUBEICHHBIMU B paboTax
[5, 10]. dns Heymopsmo4yeHHOTO
OKcHUa alioMUHUs, Kak u B [11, 12],
HaOJTIOMAeTCs HEPETYIIPHOE PacIio-
JIOXEHUE TIOp U pa3inyiie B BEIUUM-
Hax pa3MepoB IIOP: MaKCHMMAaJbHOE
3HaYeHUe cOoTBEeTCTBYET 90 HM, MU-
HuManbHoe — 40 vM. Ilpum sTOM
POM-uzobpaxeHuss He BBISIBISIOT
CYLLIECTBEHHBIX Pa3JINYUil TOIOJIOIU-
YECKOro pucyHKa Marpull, copMHU-
poBaHHOrO (oroaurorpadueii, He-
CMOTpSI Ha Pa3IUYHYI0 MOP(OIOTHUIO
okcuna. [lorydeHHBIE MaTPUIIHI U3
YIIOPSIAIOYEHHOTO U HEYHOPSIAOUEH-
HOTO OKCHUJa 00ecIieunBalOT BOC-
npousBeJeHUue TpeOdyeMoil TOIMoJIo-
TMA PUCYHKA W TIPSIMOYTOJILHOCTh
Kkpasi. HepoBHOCTb Kpasi B IJIOCKO-
CTU TIOBEPXHOCTU COCTaBJISIET IIO-
psaxka 0,5 MKM 1 0OyCJIOBJIEHA TOY-
HOCTBIO BBITTOJTHEHUSI 3JIEMEHTOB P
WCTIOTB30BAHHOM (hOTOPE3UCTE.

B matpuiie okcuaa aaioMUHUS,
MOJYYEHHOTO TI0 BTOPOMY BapHhaH-
Ty, HaOJomaeTcss 0Oojiee TOUYHOE
BOCITPOM3BEACHNE TOIOJIOTHUECKO-
ro pucyHka. ITpsiMOyToJIbHBIN Kpait
¥ He3HAYMTEJIbHOE HECOOTBETCTBHUE
pa3MepoB pUCYHKa OOYCJIOBJIEHO
MOP(OJIOrMYeCKUMU OCOOEHHOCTSI-
mu ctpoeHust AOA. CoriiacHo npu-
BEIEHHBIM BEIIIE TAHHBIM OKCHUIBI
MMEIOT MOPUCTOE CTPOEHUE, a TTOPhI
pacIiojiaraloTcsl  IepIreHINKYISIPHO
00erM TIOBEPXHOCTSIM TMOMJIOXKH.
IIpn XMAKOCTHOM TpaBJIeHUU Tpa-
BUTEJb MIPOHUKAET B MOPbI, U TPO-
IeCC MPOUCXOIUT B 0OBEME aHOTHO-
ro oKcuia IO BCEH ero TOJIIMHE.
Kak pesynbTaT — MeHbLIMI pa3dbpoc
B pa3Mepax 3JIEMEHTOB MO CpaBHe-
HUIO C TIEPBBIM BapHaHTOM (OpMU-
pOBaHMSI MATPULIbl OKCHJA ATIOMMU-
Hus. KuH TpaBieHus cocTaBull Io-
psanka 3...5 % TOMIIVMHBI OKCUAA.

=

69,13 pm

Puc. 1. Tunuynblii BHEIHAiA B (TOPEI) AHOAHOTO OKCHIA AJIIOMUHMS, BHIPAIEHHOTO B Ka-
HaBKe mmMpuHoi 135 MM (a); H300paxkeHHe y4acTKa NOBEPXHOCTH KiauHa (b)

Fig. 1. The typical view (face) of anodic aluminum oxide grown in a groove width the width of
135 microns (a); the image of the area of the surface of the wedge (b)

Puc. 2. POM-u3o0paxenne ¢parMmenta MaTpuubl u3 ynopsaodensoro AOA (a) u nosepx-
HOCTH 0OKOBOIi CTeHKH KaHaBKH (b); Mopdosiorus ynopsaouenHoro (c) 1 neynopsiioyennoro (d)
AHOIHOTO OKCHIA ATIOMHHHS

Fig. 2. SEM image of a fragment of the matrix of the ordered array of AAO (a) and the sidewall
surface of the groove (b); the morphology of the ordered (c) and disordered (d) anodic aluminum
oxide
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Puc. 3. PODM-u300paxkeHnsi HOBEPXHOCTH HUKEJSA, OCAKIECHHOro U3 Cyjib(haMaTHOro (a) u cyibhaTHOro 31eKrpourTos (b)
Fig. 3. SEM images of the surface of the nickel precipitated from the sulphamate (a) and sulphate electrolytes (b)

Puc. 4. Mopdosorus noBepxHOCTH IUIEHKH HUKeNs (a), NOJTy4eHHO# NPH IIOTHOCTH TOKA MeHbie 10 MA/CMZ; yBeJIMYEHHOE H300paKeHHne yua-
ctka (b)

Fig. 4. The surface morphology of the nickel film (a) obtained at a current density less than 10 mA/cmZ; enlarged area of the image (b)

POM-uzobpaxenuss Mop@oaoruu IMOBEPXHOCTEM
HUKEJIsI, OCAXIEHHOTO U3 BJIEKTPOJIMTOB YKA3aHHOIO
cocTaBa B 1IAOJIOHBI-MATPULIBI OKCUIA AaTIOMUHMUSI,
npeacTaBieHbl Ha puc. 3. Ha cHMMKax BUAHO, 4TO
OCaxXJIeHHBIE CIIOM HUKEIS WUMEIOT TOMEHHOITOI00-
HYIO CTPYKTYpPY. 3aMETHBI pa3InuKs B pa3Mepax 3epeH.
Jns HUKess1, OCaXIeHHOro U3 CYab(haTHOTO 3JIeK-
TPOJIUTA B YKa3aHHOM peXUMe, pa3Mep KpUCTaliu-
TOB cocTaBiisieT 1...4 MKM. JIJ1s1 HUKEJIs, OCaXXIeHHOTO
U3 BTOPOTO BJIEKTPOJIUTA, pa3Mep KPUCTAJLUIUTOB CO-
CTaBsIeT 2...5 MKM TIpH MJIOTHOCTU Toka 10 MA/CM2 u
CYIIECTBEHHO BO3pacTaeT NPy YBeJIMYEHUU TIJIOTHOCTU
Toka g0 100 MA/CM2. VBenmueHue TeMnepaTyphl 3J1eK-
tposmTa ot 20 mo 50 °C Ttakke IpUBOAUT K POCTY pa3-
MEpPOB 3epeH OT 1,5 10 5 MKM NpY TOJIMUHE TUJIEHKU
nopsiaka 15 MkM, cooTBeTcTBeHHO. IIpu yBeImueHUU
TOJIIMHBI OCAXISHHOIO HMKEIs HabaogaeTcsl cpa-
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CTaHWE OTIEIbHBIX KPUCTAJUTUTOB U YBEIWYCHHE WX
pasMepoB oT 1...2,5 no 12...20 MKM B 3aBUCUMOCTH OT
TUTOTHOCTH TOKa.

B otnnume ot Hammx gaHHBIX B padorax [13—13],
IJie UCIIONb3YeTCsl BJCKTPOIUT C COACPKAHUEM CYJIb-
(aMMHOBOKMCIIOTO HUKENS, TakKas 3aBHCUMOCTL He
HaOJII0maeTCsl, MOBEPXHOCTh 3epeH OoJsiee OKpyIJas,
KpucTayutorpadrdeckas orpaHka He BeIpaxkeHa. Mop-
(ostornst MOBEPXHOCTU 3aMETHO M3MEHSIETCS B CIIy-
yae ocaxkIeHWs HUKEIIS TP 3HAYCHUSIX TOKA MEHBIIIE
10 MA/CMz. Ha noBepxHocTH HabI01a10TCs chepOoIio-
IToOHBIE 0Opa3zoBaHUs pazMepoMm 25...40 MKM, COCTOSI-
1ye 13 60j1ee MEJIKMX YaCTHII, PACIIONIOXEHHBIC BIOIb
HampaBJIeHUI, OOYCIOBIIEHHBIX Pelbe(hOM IMOBEPXHO-
CTU MCXOMHOI aTlOMMHUEBON IacTuHbI (puc. 4), oc-
TaJbHasl TTOBEPXHOCTb COCTOUT M3 KPUCTAITUTOB Pa3-
MepoM 2...5 MKM.




Puc. 5. ®ororpadus moIy4eHHOr0 HUKEJIEBOTO CETOYHOIO YyBCTBH-
TEJIHOTO 3JIeMEHTA

Fig. 5. The photograph of the produced nickel mesh sensing element

CpaBHeHME TOyYeHHBIX PE3YJIBTaTOB MCCIIeI0Ba-
HUS TTO3BOJIMJIO CAENIATh BHIBOI, YTO IS (popMUpOBa-
HUS TIPELIM3MOHHBIX CETOYHBIX HUKEJIEBBIX CTPYKTYD
JIy4Ille MCIOIb30BaTh MIAGJIOH — aTfOMOOKCHIHYIO
MaTpHILy, TTOJYIeHHYIO METOIOM TPaBJICHUS C TTOCTe-
IYIOIIMM OCaXXICHUEM HHMKEJIEBBIX CIIOEB B CIIEIYIO-
X pexumax. Ilpu HMCHoNb30BaHUU CYIb(PATHOTO
3JIEKTPOJIATA: TUIOTHOCTh ToKa — 10 MA/CM2, TeMIepa-
Typa anekrpoaura — 25 + 1 °C. Ilpu ucronab3oBaHUA
cylibaMaTHOTO SJIEKTPOJIUTA: TeMIlepaTypa dJeK-
tpoaurta — 35...40 °C, minoTHOCTb ToKa — 40 MA/CMz.
Ha puc. 5 npeacraBieHa ¢ororpadus ogHOTO U3 Ba-
PHUAHTOB YyBCTBUTEIBHOIO 3JIEMEHTA B BUIE HUKEJIe-
BOM CETOYHOMN CTPYKTYpPbl C BHEILIHUM KPEIIEKHBIM
KOJIbLIOM. BHellHuit guameTp sjaeMeHTa 42 MM, Aua-
METpP CETOYHOIO IMOJOTHA 37 MM, C€YEeHHE 3JIEMEHTa
ceTku cocrtapnsieT 10 X 15 MKM, paccTosiHHUE MEXIy
snemeHTamu 1000 MKMm.

3aKkmoueHne

ITpoBeaeHO cpaBHEHME Pa3TMYHBIX BADUAHTOB TEX-
HOJIOTMYECKHX PEXMMOB (DOPMUPOBAHUS CIIOXKHBIX 11O
KOH(UTYpaLMy METAJUIMYECKUX TTPELIM3NOHHBIX JeTa-
JIel ¢ MCTOJIb30BaHWEM IIa0JIOHOB-MATPHIL M3 aHOI-
HOTO OKCHJA aTIOMUHUS, NU3TOTOBJIEHHBIX C TIOMOIIBIO
dotomurorpadum. IlpemiokeHbl ONTUMAIbHBIE TEX-
HOJIOTMYECKHE PEKUMBI, 00eCIIeunBalolie IpruemMIe-
MbI€ TOYHOCTH BBITIOJITHEHUSI MUKPOMETPOBBIX pa3me-
POB KaHaBOK B MaTpMIIe M3 aHOIHOI'O OKCUIA aJTIOMU-
Hus. OnucaH mpouecc dorojuTorpadpum M moayde-
HUS IA0JIOHA-MaTpUIbl IS (OPMUPOBAHUS B HUX
MPEU3UOHHBIX YyBCTBUTEIBHBIX 37eMeHTOB. [Ipuse-
JIeH KOHKPETHBIN PEXUM 3JIEKTPOXUMHNYECKOTO OCaXK-

JIEeHUST HUKeJIs B KaHaBKax 11a0JIOHa-MaTPUIIbI U CO3-
JAHUSI HUKEJIEBBIX CETOUHBIX CTPYKTYpP ¢ nepudepuii-
HBIM KpeTieXXHBIM KOJIbIIOM. BHeIrHre pa3Mepsl nera-
Jieit MmoryT BapbupoBathces oT 30 no 100 MM mpu obiieit
toawuHe oT 10 mo 20 MKM, IIpU 3TOM MUKPOMETPOBLIE
pa3Mepbl CETOYHOM CTPYKTYpHI (ceyeHue 10 X 20 MKM,
paccTosiHue Mexay sueiikamu 1000 MKM) coueTaroTcst
¢ MUJUIMMETPOBBIMU pa3MepaMU ITMPUHBI BHEITHETO
KpernexHoro Kojbla (5...8 Mm).
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Specific Features of Formation of Precision Sensitive Elements

for the Space Plasma Sensors

A comparative assessment was done of the possible processes for obtaining of the templates matrices of nanoporous anodic alu-
minum oxide using the photolithography method for a topological pattern. Versions for obtaining of the matrices were defined, which
ensure an acceptable accuracy of the micron-sized grooves and, with application of the galvanoplastics method, formation in them
of the precision sensing elements in the form of nickel grid structures with a peripheral retaining ring. The specific technological modes
for formation of the anodic aluminum oxide and local electrochemical deposition of nickel were described. The precision-sensitive
elements for the space plasma sensors were obtained with a section grid element of 10 X 15 ymZ, the distance between the grid ele-
ments of 1000 microns and a fixing ring with an outer diameter of 42 mm.

Keywords: template matrix, anodic aluminum oxide, photolithography, electrochemical deposition of nickel, grid sensitive ele-

ment, plasma flow sensor

Introduction

The precision sensing elements in the form of a metal
net sheet of micron section with mounting ring on the
periphery is used in devices for diagnostics of space
plasma on the basis of Faraday cups as control elec-
trodes [1]. According to the requirements to the space
hardware, the practical implementation of such devices
is largely determined by a controlled and reproducible
formation of the predetermined dimensions of such
sheet to ensure the maximum transparency in combi-
nation with the sufficient mechanical strength.

The electroplating is used in manufacture of the parts
of complex profile of micron size. The most common
electrolytic deposition of metals, especially of nickel,
which has a high mechanical strength, and possibility of
the subsequent joining by soldering or welding [2, 3].

The need to produce high-precision configura-
tions of small sizes (with the section of 10 X 20 mm)
of precision components for large external dimensions
(30...100 um) governs the specific requirements to the
formation of the details.

Use of the templates-matrices based on a composite
aluminum — porous anodic aluminum oxide (AAO)
produced photolithographically is promising in electro-
forming to form a nickel grid control electrodes in the
diagnostic devices of space plasma.

In this paper, we show creation of AAO matrix as
the precision mold (template) for deposition of the
metal layers and formation of the nickel mesh details.
The surface morphology of nickel deposited under dif-
ferent conditions is also studied.

Experimental technique

The raw aluminum plates before formation of the
anodic oxide (purity not less than 99,99 %) were de-
greased depending on the degree of contamination of
the surface in the fluidized organic solvent (benzene,
acetone) for 1...2 min. Next, they were kept in an oven
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at 100 °C for 10 min. To increase the purity of the alu-
minum surface, the chemical polishing was performed
in the 50 vol. % of hydrofluoric acid solution for 20 s
at room temperature of the solution. After treatment,
the plates were washed with distilled water with the sub-
sequent drying at 100 °C. The templates-matrixes of
anodic oxide were formed using two technology routes.

According to the first route, the photoresist mask
was created on the aluminum plate, which pattern cor-
responds to the configuration of nickel grid control
electrode: the width of a coil, the distance between
them, the diameter of the grid sheet, the external di-
ameter of the ring-holder. The opened areas of the plate
were anodized until the desired thickness (40 um).

According to the second route, the layer of the po-
rous anodic oxide with the thickness of 40 pm was
formed by the electrochemical oxidizing on the alumi-
num plate. The photoconductive mask was created by
photolithography on the oxide. A pattern-matrix from
the AAO of required configuration on the aluminum
base was obtained by the cross-etching through a mask.

The anodizing was performed in modes correspond-
ing to the ordered and disordered arrangement of pores
in the anodic oxide. The 3 % oxalic acid was used as the
electrolyte. The anodic oxidation of aluminum was
performed in a bath using a DC power source B5-49
(U=0...99,9V, I =0...999 mA). The aluminum plate
served as the cathode in the electrochemical cell.

The ordered aluminum oxide was prepared in a po-
tentiostatic mode at the voltage value of 40 V, the elec-
trolyte temperature 10 °C by a two-step procedure de-
scribed in [5, 6]. The thickness of the primary layer of
the porous aluminum oxide was 30 um. This layer was
pitted in a solution of chromic anhydride and phos-
phoric acid. The process was repeated until an oxide
thickness was reached of 40 um.

The unordered anodic oxide as in [6, 7] was for-
med by anodizing in galvanostatic mode as the fol-
lows. The anodic oxide layer was prepared at a current




density of 10 mA/cm2 and a temperature of the elec-
trolyte 32...34 °C, the duration of the process was 60 s.
Next, the grown oxide was removed by wet chemical
etching in the solution of orthophosphoric acid and
chromic anhydride. The anodization was again perfor-
med at 12...15 °C and the same current density until the
oxide thickness of 40 um.

The photoresist FP-383 was used to produce the
photoresist mask, which was applied by the installation
"Korund CNF" with the rotational speed of the centri-
fuge of 2000 RPM. The pre-drying temperature of the
photoresist was 100 °C, the drying time — 30 min. The
exposure was carried out on the facility with high pres-
sure mercury lamp at ambient temperature of 20...25 °C
with the delaying for 40 s. The exposed areas were re-
moved in the developer, as which the 0,8 % solution of
KOH was used. Next, the photoresist film was stabi-
lized in a drying oven at a temperature of 140 °C for
30 min. The selective etching of oxide to aluminum in
areas not protected with photoresist was carried out in
the solution, described above.

Sulfate and sulfamate electrolytes were used for depo-
sition of the nickel. The composition of the first one
contains of 250 g/I of nickel sulfate, 30 g/I of boric acid,
10 g/1 of sodium chloride and 1 g/1 of sodium fluoride.
The second electrolyte comprised of nickel sulfate in an
amount of 300 g/1, sulfamic acid of 55 g/, sodium chlo-
ride of 10 g/1 and boric acid of 25 g/I [8]. To improve
the adhesion of nickel to aluminum, the buffer layers of
zinc and copper were deposited using a sulfate electro-
Iyte and the buffer layers of zinc with the use of sulpha-
mate electrolyte [9]. The zinc was deposited by chem-
ical deposition from a solution containing sodium hy-
droxide (400 g/1) and zinc oxide (60 g/1). The process-
ing time was 0,5...1,0 min at a solution temperature of
25 = 2 °C. The copper was deposited electrochemi-
cally from a pyrophosphate electrolyte with the fol-
lowing composition: 35 g/l of CuSO, - 5H,0, 130 g/1 of
NayP,0;+ 10H,0, 35 g/l of Na,HPO, - 12H,0, 2,5 g/1
of KNaC4H,Og4*4H,0. The current density during
deposition of copper was 2 mA/cmz, the electrolyte tem-
perature was 28 = 1 °C, a deposition time was 10 min.
At using of the sulfate electrolyte, the electrochemical
deposition of nickel was conducted at a current density
of 10 mA/cmz, the electrolyte temperature of 25 + 1 °C
for 150 min until the thickness of the elements of 15 um.
At using of the sulphamate electrolyte, the electrolyte
temperature was ranged from 20 to 50 °C, the current
density was ranged from 10 to 100 mA/cmz.

Results and discussion

The incomplete compliance of the sizes of topologi-
cal patterns of photolithographic masks and aluminum
oxide matrix obtained by the first method was found.
The rate of the gap size was determined by the test pat-
terns, which represent a set of grooves with the length of

13 mm and the width of 20 pm, 50 um, 70 um, 90 pm
and 135 um, formed photolithographically on the alu-
minum. (After anodization of the test samples, the alu-
minum was etched). AAO grown in the grooves had a
characteristic shape, differing in size (fig. 1). As can be
seen, the maximum deviation from a topological size of
the grooves is observed at the surface of the raw alumi-
num (line AB) and the profile of the groove’s edge has
a wedge shape. The measurement results according to
the SEM are given in the table. It is seen, that the value
of the wedge is 33...36 % of the oxide thickness. The
surface morphology of the wedge is substantially diffe-
rent from the morphology of the aluminum oxide on
the other surfaces (fig. 2). The presence of the cracks is
probably caused by internal stresses due to presence of
the coefficient of alumina volume growth. In our case,
the thickness ratio of the formed oxide and anodized
aluminum is 62...66 %. Also the dependence of the
thickness of the aluminum oxide on the topological
pattern was found: in the narrow grooves, the oxide
thickness is much lower than in the wide. This may be
caused by the different local current density at the same
predetermined constant integrated current density and,
therefore, different rate of growth of oxide in the local
regions of aluminum plates. At this, the integral current
density in accordance with the Faraday’s law remains
constant regardless to the topological pattern.

Fig. 2 shows the image of the matrix of an ordered
array of aluminum oxide obtained by the second techno-
logy route. It can be seen, oxide provides that the pores’
size is 45 nm, the distance between them — 100 nm.
Within the areas of the order of 1,5 um, the pores are
arranged in an orderly manner. Such morphology of the
oxide is consistent with the data [5, 10]. For the disor-
dered aluminum oxide as in [11, 12], there is not regular
arrangement of the pores and difference in their sizes: the
maximum value corresponds to 90 nm, the minimal —
to 40 nm. At this, the SEM images do not reveal the sig-
nificant differences between the topological patterns of
the matrices formed by photolithography, despite the
different morphology of oxide. The resulting matrix of
the ordered and disordered oxide provide the required
repeatability of topology patterns and the squareness of
the edge. The ruggedness of the edges in the plane of the
surface is about 0,5 um and is caused by the elements’
manufacture accuracy in the used photoresist.

More accurate reproduction of the topological pat-
tern is observed in the matrix of alumina obtained by
the second technology route. The square edge and a
slight discrepancy of the sizes is caused by the morpho-
logical features of the AAO structure. According to the
given data, the oxides have a porous structure and the
pores are located perpendicularly to both surfaces of the
substrate. At the wet etching, the etchant penetrates in-
to the pores and the process takes place in the volume
of the anode oxide throughout its all thickness. As a re-
sult — a less dispersion in the size of the elements as
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compared with the first technology route of forming of
the matrix of aluminum oxide. The etching wedge was
about 3...5 % of the thickness of the oxide.

SEM images of the surface morphology of nickel de-
posited from the electrolyte of the specified composi-
tion into the aluminum templates-matrixes are presented
in fig. 3. It can be seen, that the deposited nickel layers
have a domain-like structure. The differences in grain
size are observed. For nickel, precipitated from the sul-
phate electrolyte in the given mode, the crystallite size is
1...4 um. For nickel, precipitated from the second elec-
trolyte, the crystallite size is 2...5 um at a current density
of 10 mA/cm2 and it significantly increases with increase
of the current density up to 100 mA/cmz. Increase of
the temperature of the electrolyte from 20 °C to 50 °C
also increases the grain size from 1,5 to 5 um at the film
thickness of about 15 um. When the thickness of the de-
posited nickel increases, the fusion of the individual
crystallites is observed and the increase of their dimen-
sions from 1...2,5 to 12...20 um occurs depending on
the current density. In contrast to our data [13—15],
where the electrolyte containing sulfanic acid nickel is
used, such dependence is not observed, the surface of
the grains are more rounded, the crystallographic facet-
ing is not expressed. The surface morphology signifi-
cantly changes in the case of deposition of nickel at a
current of less than 10 mA/cmz. The sphere-like for-
mations of 25..40 um are observed on the surface,
which composed of smaller particles located along the
direction caused by the surface relief of the original alu-
minum plate (fig. 4). The rest of surface consists of the
crystallites with the size of 2...5 um.

Comparison of the results led to the conclusion that
the use of the alumina matrix template obtained by
etching followed by precipitation of the nickel layers is
preferred in formation of the high-precision mesh nickel
structures. When using the sulfate electrolyte, the current
density must be 10 mA/cmz, the electrolyte temperature
— 25 = 1 °C. When using the sulphamate electrolyte,
the electrolyte temperature must be 35...40 °C, the cur-
rent density — 40 mA/cmz. Fig. 5 shows a photograph
of one designs of the sensor element in the form of a
nickel grid structure with the outer mounting ring. The
outer diameter of the element is 42 mm, the diameter
of the mesh sheet is 37 mm, the section of the mesh’s
element is 10x 15 mm, the distance between the ele-
ments is 1000 microns.

Conclusion

The various versions of technological modes of for-
mation of the metal precision parts of complex configu-
ration using a photolithographically fabricated tem-
plates-matrices of anodic aluminum oxide were com-
pared. An optimum modes ensuring the acceptable ac-
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curacies of manufacture of micron sized grooves in the
matrix of anodic aluminum oxide were offered. A pho-
tolithography process and obtaining of the template-
matrix to form in them of the precision sensing ele-
ments were described. The specific mode of electro-
chemical deposition of nickel in the grooves of the pat-
tern-matrix and creation of a nickel grid structures with
peripheral mounting ring were shown. The external di-
mensions of parts can vary from 30 to 100 mm, with
a total thickness of 10 to 20 um, wherein the micron
dimensions of the mesh structure (the section of
10 %20 um, the distance between the cells — 1000 pm)
are combined with the millimetric dimensions of the
width of the outer retention ring (5...8 mm).
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I ®IrBOY BIIO "Ten3seHckuii rOCYIapCTBEHHbII YHUBEPCUTET"
2 Codwmiickuit yauBepcureT M. CB. KitmmenTa Oxpuackoro, bonrapus

BO3MOXHOCTHU U NEPCNEKTUBbI MCITOAb3OBAHUA
MHO®PAKPACHOM ®YPbLE-CIMEKTPOCKOMUU
AASl UAEHTUOUKALIMM NATOAOTUN BUOAOTUYECKUX TKAHEM

Ilocmynuna 6 pedaxyuro 02.11.2014

Tloxaszana éo3moxcnocms ucnonvzosanus UK Dypve-cnekmpockonuu 04 udeHmMu@pukayuy U uccie008anus OpeaHu4eckKux u
MUHEPANbHBIX COCOUHEHUU, 6X00AUUX 8 COCMAB UHMUMbL COCYO08 4en08eKa. YcmanoeieHo, Ymo ¢ 803pacmom 6 tunica intima
npoUCXo0um HAKONAeHUe KOAAdeeHA, KOMOpbIU U3MeHsem MexaHnuueckue U usuonsoeuueckue ceolicmea cocydos. Taxoice
NOKA3aHO, YMo 6 00pa3yax 6eH NPaKmu4ecKu He CO0ePICUMCS CAONCHbIX 3pupoe xosecmepoaa. Ha ocrnose noayuenHovix danHbix
coenamnbl 8bl800bL 0 NPedpacnoAa2awux GaKkmopax paeumus amepockieposd.

Karouesnie caosa: amepockaepos, aopma, UK @ypve-cnekmpockonus, xonecmepoi, KoiiaeeH

BBenenune

Kaxnast Orosiornueckasi CTpykTypa B Ipoliecce OH-
TOreHe3a opraHusMma IpeTeprieBaeT psil U3MEHEHUH
(busumonornuyeckMx M MNaTOJOTUUYECKUX), BbIpaxaro-
IIMXCSI B UBMEHEHUU MUKPOBJIEMEHTHOTO COCTaBa Kak
B KaueCTBEHHOM, TaK U B KOJMYECTBEHHOM COOTHO-
meHusix. B cocymucToM KOMITOHEHTe OpraHu3ma ye-
JIOBEKA 3T IPOIIECCHI BHI3BIBAIOT aTEePOCKIIEPOTHYEC-
KOe MOpak€HUEe MarucTpajibHbIX apTepuil U aopThl,
KOTOPOE B HACTOs1Iee BpeMsi HOCUT XapaKTep 3Muje-
M. CMEPTHOCTh OT aTepOCKIepO3a U €ro OCI0XHEe-
HU (OCTPBIi MH(PAPKT MUOKapAa, OCTPOE HapyILIeHUE
MO3IOBOTO KpOBOOOpAIllEHUsI, TaHTpeHa KOHEUYHOC-
Tel) HACcTymaeT MOYTH BO BCEX SKOHOMUYECKU Pa3BU-
TBIX cTpaHax [1].

Tak, mpu BO3IEHCTBUM IMYCKOBBIX (DaKTOPOB B
Pa3BUTHUM aTePOCKIEPO3a B MATUCTPAJIbHBIX apTEPUSIX
MMPOMCXOAUT O0pa3oBaHUE ATEPOCKIECPOTUYECKUX OT-
JIOXEHMI, KOTOPBIE, MPOXOAs psa CTAAUM B IIPOLIECCE
CBOEro mnatou3MOJIOTUYECKOT0 W IaToMOpdOJIOrv-
YEeCKOTO Pa3BUTHUS, IPUBOAAT K aT€POKAIBLIUHO3Y CO-
CYIMCTOU CTEHKMU.

Kaxnmasa Omonormyeckass TKaHb UMEET CBOM opra-
HUYECKNI, MUHEPAIBbHBIA U 3JIEKTPOJIMTHBIM COCTAaB.
st onpeneneHus pa3IndyHbIX XUMAYECKUX COCIUHE-

HUM, HAXOISIIMXCS B HEM, UCITOJIb3YIOTCS TMCTOJIOTU -
YECKWI, OMOXUMUYECKUI, OPTaHOJICTITUIECKUIA, aHa-
JIMTUYECKUI U apyrue Metonbl. Takxe B MEAULIUHE U
OMOJIOTHY HAaXOIAT IIIMPOKOE MPUMEHEHUE Pa3IMYHBIE
(usnueckue Meronnl ucciaempoBaHus [2, 3]. Hampu-
MEpP, MHOTHE MPOLIECCHI OTIOXEHUS B OPTaHU3ME MTPU-
BOJSAT K MOSIBJIEHUIO (ppaKTaJbHBIX OOBbEKTOB, CIIOCO-
Obl aHaM3a KOTOPBIX aKTUBHO pa3BuBatoTcs [4].

CrenoBareynbHO, JJIs1 OIpenesieHUs] 3TallHbIX W3-
MEHEHUWM, MPUBOASAIIMX K AUCOANTAHCY XUMUYECKUX
COEIVMHEHUI B COCYAUCTOM CTEHKE, HeOOXOOUM CO-
OTBETCTBYIOIIMI MeTol. B KauecTBe MeTOOMKHU Oblia
BeiOpaHa MK ®ypbe-crnekTpockonus. JlaHHbBII MeTO
OCHOBBIBAeTCSI Ha ucciaegoBaHuu mponyckanus MK
M3JIy4YeHUsl 00pa3loM ¢ MOC/eayolleil perucrpauuei
uHTepdeporpammMbl. Bee ucciienoBaHHbIe MaTepuabl
ObUIM 3aKpeIUIeHbl Ha mmomioxkax Cal,.

DKCHepUMEHT H 00CYXKIEHUE Pe3yJIbTATOB

IMoaroroBka GMOJIOrMYECKOr0 MaTepuaia Ui MC-
CJIe[IOBaHUs BKIIIOYaa B ce0s1 HECKOJIBKO 3TaIlOB:
e B3dTHE MaTepuaja pazmepoM 1 X1 cwm;
e TIOTpYXeHUe MaTepuana B nzoronnueckwmit (0,9 %)
pacTBOp HATPUS XJIOPUAA;
e U3rOTOBJIEHHE Cpe3a:
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Puc. 1. Tumuunbiit UK cnekTp nponyckanusi funica intima cocynoB yejioBeKka (Ha mpuMepe aopThbl)
Fig. 1. Typical IR spectrum of transmission of tunica intima of human vessels (aorta)

— TepMMuecKass 00paboTka obpa3slia (rirybokoe 3a-
MOpaxKMBaHUE B KUIKOM a30Te);

— Ccpe3aHue CJIOSl MaTepuasa TOJIUHON 15 MKM ¢
MOMOILIbIO MUKPOTOMA;

e IIOIpyXeHue cpe3oB B uzoroHuueckuii (0,9 %) pac-
TBOp HATPHS XJIOPHIIA;

e (QuKcauus MOJYy4eHHOro cpe3a Ha okHO CaF,;

e CyIIIKa TTOJIyYEHHOTO 00pasiia IjIsT MCCIeIOBaHS B
teyenwne 10...15 MUH Mpy KOMHATHOH TeMIiepaTtype.
Ilocne mpoBeaeHUsT BCeX 3TArOB MOATOTOBKUA Ma-

TepHraja OCYIIECTBIISIIaCh PETUCTPaIUs CIIEKTpa C I10-

Mmotibio MK ®ypre-criektpoMerpa (PCM 1201, OO0

"Uudpactex”, Poccus) ¢ mocieayomnM aHaIu30M 1

OLICHKOM MOJYYEHHBIX PE3YJIbTaTOB.

Ha puc. 1 npencraBneH tunuuHbli MK crekrp
MPOITYCKAHUS funica intima COCyd0OB YeJIOBEKA, Ipera-
paT KOTOPHIX OBLT MTOATOTOBJIEH IO BBIIIEU3IOXEHHOM
METOIMKE.

IMonpo6Hast naeHTUGUKALIMS TTOJ0C MOTIOIICHUS
IpuBeleHa B TabauIle. BOJBIIMHCTBO MHTEHCUBHBIX
MOJIOC MOTYT OBbITh OTHECEHBbl K (DYHKIIMOHAIbHBIM
rpymmaM GeKoB, XOJIeCTepojia, a TaKkKe CIOXHBIX
3¢bUpOB xosiecTepoa.

[Tonocs! TIOTIOIIEHUSI, COOTBETCTBYIOIINE BOJIHO-
BBIM uyumciiaM 1655, 1548, 1238 CMil, OTHOCSTCS K
amugabiM I, II u III koneGanusaM. BoiHoBoe udumcio
1655 cm~ ! coorBercrByer BaseHTHEIM C=0 Koseba-
HUAM (Vo—q, aMun 1), BomHoBoe umco 1548 cm™ ! —
BasieHTHbIM CN u nedopmauuroHHbiM NH koneba-
HUuAM (ven t dny, amua 1), a BonHOBOe umCIIO
1238 cm~! — BanentHeiM CNH kone6anusm (veny,
amug I1I). BorHoBslie uncna 1453 u 1343 cm ! otHo-
CSATCSI, BEPOSITHO, K Me(OpMAllMOHHBIM CUMMETPUY-
HBIM M aCUMMETpUYHBIM KosiebaHussM CH B MoJjieky-
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ITonocer nponyckanus Tummanoro UK cnekrpa tunica intima
COCY/IOB YeJlOBeKa

Pass-bands of a typical IR spectrum of tunica intima

of human vessels

BonHoBoe Tunbl OcCHOBHBIE
YHCIIO, CM KoJieOaHUI COCIUHEHUST
Wave Types of Main
number, cm™ oscillations compounds
2960 v,CH; Kupbt
Fats
2925 v,CH, Kupbl
Fats
2875 v,CHj; Kupbl
Fats
2853 v,CH, Kupbt
Fats
1745 vC=0 CroxHble 3(pupsbl XojaecTeposia
Esters of cholesterol
1655 Amun 1 Bbenku (kxoynareH, 3JacTUH)
Amide 1 Proteins (collagen, elastin)
(vC=0)
1548 Awmun 11 Benku (kKomnnareH, 2JacTUH)
Amide 11 Proteins (collagen, elastin)
(vCN + 3NH)
1453 5,CH; Kupbt
Fats
1419 coi” KapGoHar-1oH
Carbonate-ion
1343 3CH; Benku (xonnareH, 3JacTUH)
Proteins (collagen, elastin)
1280 pCH, Kupbt
Fats
1238 Awmmp 111 Benku (xomnareH, 3JacTUH)
Amide 111 Proteins (collagen, elastin)
(vCNH)

YcnoBHbBIE 0003HAUCHUST KOJIEOAHUI: v — BaJIeHTHbIE; & — Je-
dbopmalmoHHble; § — CHUMMETPUYHbIE; @ — aCUMMETPUYHBIE;
p — MasTHUKOBbBIE
Conditional symbols of fluctuations: v — valent; 5§ — deformative;
s — symmetric; a — asymmetric; p — pendular




Puc. 2. Moaeau CTpoeHHs BeHIeCTB, onpeae/isieMbIX CHIEKTPOCKONMHUEii: ¢ — MojieIb (parMeHTa o-1LIeTH MOJIEKYJIbl KOJITareHa; 6 — MOJIeNb MO-
JIEKYJIBI CJIOKHOTO 3upa XoJjecteposa
Fig. 2. Models of the structure of the substances determined by the method of spectroscopy: a — a fragment of a-chain of a collagen molecule; b —
a molecule of cholesterol ester
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Puc. 3. CpaBHATE/IbHbIE TAIHYHbIE CIEKTPBI NPONYCKAHMS funica intima aopThl 4€JI0BEKA PA3IMIHBIX BO3pacTHBIX rpymm: / — 40 jieT; 2 — 60 jer;

3 — 70 ner

Fig. 3. Typical transmission spectra of tunica intima of aortas of persons of various age groups: 1 — 40 years; 2 — 60 years; 3 — 70 years

Jlax 6eskoB. TakuMm 00pa3oM, BCe 3TU TPYIIIbI MOJOC
MOMJIOIIEHUST (BOJIHOBBIX YMCEN) OTHOCSITCS, MO BCEi
BUIMMOCTH, K KOJUIaTeHy W 3JIaCTUHY, U3 KOTOPHIX,
KaK M3BECTHO, HOpMaJibHasi MHTHUMa cocTouT Ha 50 %
cyxoi Macchl. B cmekTpe ImpomyckKaHUsI HOpMaJbHOM
(3m0pOBOIA) tunica intima aopThl HE HAOIIOAAETCS APY-
I'MX 3HAYUTEIbHBIX HOJIOC TToroiueHus [5]. Ha puc. 2, a
MpUBeIeHA MOIeidb (parMeHTa o-IEM MOJIEKYIIBI
KoJIJIareHa.

B uccaengyemoM obGpasiie MHTUMBI TaKKe MMEETCS
oJjioca MOJIOLIEHUS TIPY BOJIHOBOM uucie 1745 CM_I,
YTO CIeM(GUYHO I CJIOXHBIX 2(HPOB X0JIecTeposa
(HammpuMmep, oJieata xojecrepona) (puc. 2, 6). BonHo-
Boe umcio 1745 ecm™! COOTBETCTBYET BaJIEHTHBIM KO-
ne6anuam ceasu C=0 (vo=g). Hannuue apupos xo-
JIeCTepojla MOXHO CBSI3aTh C HaJM4yudeM 'TIEHMCTBIX
KJIETOK", B KOTOPBIX OH HaKariMBaeTCsl COBMECTHO CO

CBOOOJHBIM XOJIECTEPMHOM B IpOLIECCE PA3BUTHS aTe-
POCKJIEPOTUYECKUX OJISIIEK.

HoctatouHo ciabas 1mosoca MorIOIeHUS TP BOJI-
HOBOM uncite 1418 cM™ ! Moxer GbITh cBsI3aHa ¢ opu-
CYTCTBHMEM B MHTHMME KapOOHaT-UOHA co§‘ , YTO MO-
JKeT TOBOPUTH O KabLM(MUKALIMK OJSIIKA Ha MOCie-
HEW CTaauu €€ pa3BUTHS.

Ha puc. 3 mpencraBnensl UK dypbe-crieKTpsI aop-
ThI JIFOAEH Pa3IMUHbIX BO3PACTHBIX TPYIIM.

AHanu3 rpaMKOB IOKAa3bIBaeT, YTO B Ipollecce
CTapeHus B WHTUME aopThl OTKJIAAbIBA€TCS He3Jac-
TUYHBIA MaTepra, TaKOM Kak KoJjuiareH. IlpmumHoit
3TOTO MOXET SBJISThCS YBEIWUYEHHAS TOJIIWHA UHTH-
MBI U, KaK CJIeICTBUE, COCYAUCTbIe HapyleHus. Cre-
JlyeT OTMETUTb OTHOCUTEJIBbHO HU3KOE COJEpXKaHUE
CJIOXHBIX 2(DMPOB XoJecTeposa B caMoil Maaauieid 13
HUCCeayeMbIX BO3pacTHBIX Tpyni (40 ner).
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Puc. 4. CpaBuuTesbHble THIHYHbIE CIIEKTPbl NPONYCKAHUSA funica intima aopThl M HIXKHEH MON0H BeHbl yeaoseka (1) u aoptol (2)
Fig. 4. Typical transmission spectra of tunica intima of aorta (2) and the lower hollow vein (1) of a person
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Puc. 5. CpaBuuTeibHbIe THIIHYHbIE CIIEKTPbI NPONMYCKAHUsA funica intima aoptsl (1) M JeroYHoro cTeoja yejoseka (2)
Fig. 5. Transmission spectra of tunica intima of aorta (1) and pulmonary trunk (2) of a person

Oco0bIi1 UHTEpEC MPeaCTaBIsIeT CPABHUTEIBHOE VC-
cllefoBaHME apTepyil U BeH YelloBeKa, MMOCKOJIbKY aTe-
POCKJIEpO3 KpaiiHe peako Iopaxaer BeHbl. Ha puc. 4
npeactaBienbl MK criekTpel mponyckaHus funica
intima aoOpTHI U HIDKHEH MO0 BeHHI YeaoBeKa. Kak u
B CIIEKTPE aOPThI, ITOJIOCHI ITOTJIOLIEHMs 00pa31ia HIK-
HEWH I0JIO BEHbI MOXXHO OTHECTH K XXMpaM U OeJIKaM.

OTJIMYUTEILHOIT OCOOEHHOCTBIO MHTHMMBI HMKHEN
MOJIOBOI BEHBI SIBJISIETCSI OTCYTCTBME CJIOXKHBIX 3~
pOB XoJlecTeposia, HaJIWuue KOTOPHIX MOXKET OBITh
npeapacioarajoluM (QakTopoM pa3BUTUSI aTEPO-
CKJIEpPO3a B apTepusx uyenoseka [6, 7].

Taxske OOJBIIONM MPaKTUUYECKUI MHTEpeC Mpem-
CTaBJISIET CPABHUTEIbHBIN aHAIU3 A0PTHI U JIETOYHOTO
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CTBOJIa YeJioBeKa, IOCKOJIbKY ITOCIESAHUI TaKxKe H0-
BOJILHO pelIKO ObIBaeT MopaXkeH arepockyiepo3oM. Ha
puc. 5 mpeactaBieHsl MK crnekTpbl IpomycKaHUsS
tunica intima aoOpThl U JIETOYHOI'O CTBOJIA.

OTJIMYUTESIBHOII OCOOEHHOCTBIO MHTUMBI JIETOY-
HOTI'O CTBOJIA SIBJISIETCS Oojiee HU3KOE COoAepKaHue He-
5JIACTUYHOTO MaTepuaja o cpaBHeHMIO ¢ aoptoii. Co-
JIepXXaHUEe CIIOXKHBIX 3(pMPOB XOJIECTEPOJIa B JTaHHBIX
cocyaax COu3MepUMO.

3akimouyeHue

B craTthe moka3aHBI BO3MOXHOCTH U TTEPCITEKTUBEI
KCCJIeI0OBAHUS aTePOCKIEPOTUYECKMX TOPAXKEHUI CO-
cynoB yeoBeka MetonoM MK ®Dypbe-CcreKTpOCKOINN.




Takum obpazom, HOpMajabHask MHTUMA aopThl CO-
JNEPXKUT KoylareH u snactuH. C BO3pacToM MPOMCXO-
JIUT HAKOIJIEHWE HEe3JIaCTUYHOTO MaTepuaa (KoJuia-
reHa), KOTOpbIif U3MEHSIET MeXaHuYecKue U GU3NoJI0-
TMYECKKe CBOMCTBA A0PThI, YTO MOXET SBJISThCS Mpe/l-
pacnonararoluM (HakTopoM pazBUTHUS aTepocKiiepo3a
y JIIOAEN CTaplleil BO3PACTHOM IPYIIbI, a TAKXKE MO-
KET 0ObSICHUTD PENKOE MOPaKEeHME JIETOYHOTrO CTBOJIA,
COJEPXAaHUE HEDRJACTUYHOIO Marepuaja B KOTOPOM
MEHbllIe, YeM B aopre. B oOpa3iiax MHTUMbI HUXXKHUX
MOJIBIX BEH YejoBeKa He 0OHAPYKeHO CIOXHBIX 3U-
POB XoJiecTepoJa, B OTJMYKUE OT MHTUMBI apTepuit, 4TO
TakKe MOXeT SIBJISIThCS TMpeapacnojararoimm Gakro-
POM DPa3BUTUSI ATEPOCKIIEPO3a B apTEPUsIX.
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Prospects of Ftir for Identification of Pathologies of Biological Tissues

The work demonstrated a possibility of using FTIR for identification and study of the organic and mineral compounds, which make
part of the human vascular intima. It was discovered that with the age an accumulation of collagen takes place in tunica intima, which
alters the mechanical and physiological properties of the vessels. It was also demonstrated that the samples contained practically no
venous cholesterol ethers. On the basis of the obtained data conclusions were made concerning the factors predisposing for atherosclerosis.
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Introduction

During ontogenesis each biological structure in an
organism undergoes a number of physiological and
pathological changes expressed in the qualitative and
quantitative change of the microelement composition.
In the vascular component such processes cause an
atherosclerotic affect of the main arteries and aorta,
which has a character of an epidemic. Death rate from
an atherosclerosis and its aftereffects (acute myocardial
infarction, stroke, extremity gangrene) is observed in
almost in all the developed countries [1].

Thus, under the influence of the starting factors in
the development of atherosclerosis, in the main arteries
a formation of deposits occurs, which, passing through
a number of stages in the process of a pathophysiologi-
cal and pathomorphological development, leads to an
atherocalcinosis of a vascular wall.

Each biological tissue has its organic, mineral and
electrolytic structure. In order to determine the chemi-

cal compounds containing in it, the histologic, bio-
chemical, organoleptic, analytical and other methods
are used. Also various physical methods of research [2, 3]
find their application in medicine and biology. For
example, many sedimentation processes in an organ-
ism lead to occurrence of fractal objects, the methods
of analysis of which are being actively developed [4].

Hence, for determination of the changes leading to
a disbalance of the chemical compounds in a vascular
wall, a corresponding method was necessary, and for
this purpose FTIR was selected, the method based on
research of transmission of IR-radiation by a sample
with the subsequent registration of the interferogram.
All the investigated materials were fixed on the sub-
strates of CaF,.

Main part

Preparation of a biological material included several
stages:
o asample of 1 X1 cm size was selected;
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o the material was immersed in an isotonic (0,9 %) so-
lution of sodium chloride;
e a cut was made:

— thermal processing of the sample (deep freezing
in liquid nitrogen) was done;

— a layer was cut of the material with thickness of
15 microns by means of a microtome;

e the cut was immersed in an isotonic (0,9 %) solution
of sodium chloride;

« the obtained cut was fixed on the window of CaF,;

o the sample for research was dried during 10...15 min
at a room temperature.

When the material preparation was finished, regis-
tration of a spectrum was done by means of FTIR spec-
trometer (FSM 1201, Infraspec Co., Russia), with the
subsequent analysis of the results.

Fig. 1 presents IR-spectrum of the transmission of
tunica intima of human vessels, the preparation of which
was prepared in accordance with the above technique.

A detailed identification of the absorption bands is
presented in the table. Most of the intensive bands can
be classified as the functional groups of proteins, cho-
lesterol, and also its esters.

The absorption bands corresponding to the frequen-
cies of 1655, 1548, 1238 cm_l, belong to amide I, II
and III fluctuations. The frequency of 1655 cm” ! corre-
sponds to the valent C=0 ﬂuctuatlons (ve=0, amide 1),
the frequency of 1548 cm™ " — to the valent CN and de-
formative NH fluctuations (VCN + 8np, amide 11), and
the frequency of 1238 cm™ ' — to the valent CNH fluc-
tuations (vengs amlde III). The absorption bands of
1453 and 1343 cm™ belong, possibly, to the deforma-
tive symmetric and asymmetric CH fluctuations in the
protein molecules. Thus, all those groups of the absorp-
tion bands belong, most likely, to the collagen and
elastin, of which 50 % of the dry weight of the normal
intima consists. In the transmission spectrum of a nor-
mal (healthy) tunica intima of aorta the other consid-
erable absorption bands are not observed [5]. Fig. 2, a
presents a model of a fragment of a-chain of a collagen
molecule.

The sample of intima also has the absorption bands
in frequencies of 1745 cm” !, which is specific for the
esters of cholesterol (for example, oleate) — fig. 2, b.
The frequency of absorption of 1745 em” ! corresponds
to the valent fluctuations of the bond of C=0 (vc—().
Presence of the cholesterol esters can be connected
with "the foamy cells", in which it is accumulated joint-
ly with a free cholesterol during development of the
atherosclerotic plaques.

A rather weak absorption band in the frequency of
1418 cm ™! can be connected with the presence of car-
bonate-ion, co? 3, which can testify to calcification of a
plaque at the last stage of its development. Fig. 3 presents
FTIR of an aorta of people of various age groups.

Analysis shows, that as a result of ageing a nonelastic
material, such as collagen, is deposited in the aorta of
intima. The reason for this could be an increased thick-
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ness of intima, and, as a consequence, vascular abnor-
malities. It is necessary to point out a rather low content
of ethers of cholesterol in the youngest of the investi-
gated age groups (40 years).

Of special interest is research of human arteries and
veins, because atherosclerosis affects veins extremely
seldom. Fig. 4 presents FTIR of funica intima of aorta
and lower hollow vein of a person. Just like in aorta
spectrum, the absorption band of the sample of the lower
hollow vein can be related to fats and proteins.

A distinctive feature of intima of the lower hollow
vein is absence of ethers of cholesterol, the presence of
which can be a predisposing factor for development of
atherosclerosis in the human arteries [6, 7].

Of big practical interest is analysis of a human aorta
and pulmonary trunk (fig. 5), because the latter is also
rather seldom affected by atherosclerosis.

A distinctive feature of the intima of a pulmonary
trunk is a lower content of nonelastic material in
comparison with an aorta. The content of ethers of
cholesterol in the given vessels is commensurable.

Conclusion

Thus, feasibility and prospects of research of the
atherosclerotic affects of human vessels by FTIR method
was demonstrated.

A normal aorta of intima contains collagen and elas-
tin. Aging results in accumulation of the nonelastic col-
lagen, which changes the mechanical and physiological
properties of the aorta, which can be a factor for de-
velopment of atherosclerosis in the senior age group of
people, and also can explain the rare affect of a pul-
monary trunk, the content of non elastic material in
which is less, than in an aorta. Unlike in intima of ar-
teries, in the samples of intima of the lower hollow veins
of a person no ethers of cholesterol were detected,
which can also be a predisposing factor for development
of atherosclerosis in arteries.
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Ungpopumauua

APXUTEKTYPA AEAbTA-CUTMA AU BECITPOBOAHbBIX CUCTEM

NMEPEAAYY MHOOPMALIUA

Anajoro-un@poBbie Ipeodpa3oBaTeId OKa3bIBalOT
OIPOMHOE BJIMSIHME Ha 0011y10 00paboTKYy CUTHAJIOB B
npuemornepenatuukax. Jenbra-curma AIIIl cranu
OIHUM M3 JYYIIUX BEIOOPOB MJIs1 peaanr3aliuy aHajlo-
ro-1u@poBbIX UHTEPDENCOB B MHTETPATBHBIX CXeMax
npuemoriepenaTyukoB. [lo cpaBHeHMIO ¢ APYrumu
tunmamMu ALLIT menpTa-curMa oxBaThIBAIOT HamoOoJjiee
LIMPOKMI AMAIa30H MO pa3pelIeHUI0 U IT0JI0Ce IIpo-
MMyCKaHUs M SIBJISIIOTCA Hambonee 3(@PEKTUBHBIM pe-
LIeHueM IJIs1 OLUM(POBKM CUTHAJIOB Pa3MYHBIX TH-
MMOB MOAYJSIUU U TIpUpoabl. O671aCTh UX TPUMEHEHUS
BKJIIOYAET KaK MPUJI0XKEHMS C BBICOKUM pa3pelleHueM
U Y3KOU TOJI0COM, TakKue KakK LIUPpoBOEe paauo, CeH-
COpBbI, IIPOMBIILLJICHHbIE UHCTPYMEHTbI, OMOMEAUIIMH-
CKME CUCTEeMbI C HU3KUM TTOTpeOJIeHUEM TTUTAaHUS, TaK
U LIUPOKOMOJIOCHbIE OeCTTpOBOAHbIE CUCTEMBbI. ['10-
KOCTb mpuMeHeHus: aeabra-curma ALIII, a Takke mx
YCTOMYMBOCTh W MPOCTOTa BO MHOTMX MPAKTUYECKUX
CUTYaLIMSIX MO3BOJIWIN OOJIbllIEMY YUCTY pa3paboTyu-
KOB BbIOpaTh gaHHBIA TUl AIIIT OCHOBHBIM HJIsT pa3-
pabaTbiBaeMbIX YCTPOMCTB.

Mmuorokackagnsblie neabTa-curma AL qpuckperHo-
ro TUIMA SIBISIOTCS HauOoyiee MOAXOISIIMMU apXu-
TeKTypaMM MpHU pa3padOTKe YCTPOMCTB MIsI OecIpo-
BOJHBIX CUCTEM mepeaauu uHgpopMauu. MHorokac-
KaJHasi apXUTEKTypa MO3BOJISIET MPOCTBIM CITIOCOOOM
BKJIIOUATh 1 OTKJIIoYaTh Kackanbl ALIII, momcTpauBa-
SICh TIOJI HY>KHBIN pexKUM pabOThI, MPU 3TOM COXPaHSIsI
CTaOWJIbHOCTh U HU3KYK BOCIPUUMYMBOCTD K TEXHO-
JIOTMYECKUM pa3dpocaM.

Takxe Takue apXUTEKTyphbl CIIOCOOHBI paboTaTh B
JIBYX pexXrMax OJHOBPeMEHHO (K Mmpumepy, ouudpo-

BoiBaTb GSM u Bluetooth curHasbl), Ipu 3TOM cCIie-
LIMaJbHbIE CXeMbI MePeKOHGUTYpalIMU UCIIOJIb3YIOTCS
JUJIS. HACTPOUMKY Ha pexxuM. OOBIUHO B POJIM TaKUX YC-
TPOWCTB BBICTYNAIOT CXeMbl Ha TPAH3MCTOPHBIX Tepe-
KJTI09aTesIsX.

dns peannzaniuy yIpaBlIeHUs TepeKTovYaTeISIMU
TpedyeTcsl AOTOJHUTEIbHAS JIOTUKA, UTO, B CBOIO OYe-
pelb, YCI0XHSIET UHTepdheiChl yIpaBaeHUs! U TPpeOyeT
JIOTIOJIHUTEJIbHBIX PEecCypcoB IO MOTpeOJeHUI0 MuTa-
HUS Y TUIOLIAAM B MUKpocxeMe. CHU3UTDH MOTpebIs-
MBI TOK ¥ YMEHBIIIUTD TUIOIIAIh MOXHO 3a CUET Te-
pexoja Ha TEXHOJIOTMIO ¢ MEHBIIEN TEXHOJIOTUYECKOMN
HOPMOM.

Henbra-curma AL mmpoko ucnosab3yeTcst B pas-
pabotrkax HIIK «TexHosorndyeckuii eHTp» I Gec-
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3a 2014 ron (pabora Obula BBIMOJHEHA IpuU GU-
HaHCOBOM monaaepxkke MuHuUCTepCcTBa 00pa30BaHMS
u Hayku Poccuiickoit ¢enepauuu B pamkax 'K
Ne 14.427.11.0008).

Banvkoe B. A., 3emaannuxose H. C.

HIIK «TexHonornyeckuii neHTp»
e-mail: N.Zemliannikov@tcen.ru

Anpec penakuuu xypHana: 107076, Mocksa, CtpombIHCKHUI Tiep., 4. Tenedon penakuuu xypHana (499) 269-5510. E-mail: nmst@novtex.ru
ZKypHan 3apeructpuposat B DefiepaibHoii ciyx6e Mo Haa30py 3a COOII0IEHNEM 3aKOHOAATELCTBA B Chepe MaCCOBBIX KOMMYHUKALIMI 1 OXpaHEe KYJIBTYPHOTO HAC/EIMsI.
CauzetenbeTBo 0 peructpauuu [TW Ne 77-18289 ot 06.09.04.
Texuuueckuii penakrop 7. A. lllaukas. Koppektop 3. B. Haymosa
Cpano B Ha6op 20.11.2014. MMoanucaxo B mevars 25.12.2014. @opmat 60x88 1/8. 3akaz MCO115. LleHa noroBopHast
Opurunan-maker OOO «AnaHcen comourH3». OrneyaraHo B OO0 «AnaHcen comolH3». 119071, r. Mocksa, JIeHuHckuit np-t, a. 19, ctp. 1. CaiiT: www.aov.ru

64 HAHO- 1 MUKPOCUCTEMHAS TEXHHKA, Ne 1, 2015




