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PABOTA BbIXOAA INYYKOB YIAEPOAHbIX HAHOTPYBOK

Ilocmynuna ¢ pedakyuio 25.12.2014

Baoicuvim napamempom, Komopbwli onpedensiem SMUCCUOHHbIE CEOUCMBA YeaepoOHoU HaHOmMpyOKu, seéisemcs ee paboma 6bl-
xo0a. CywecmeeHHble cucmemamuveckue owubKky 6 ee onpedeieHuu Kpoomcs 6 memode onpedeieHust HanpsajiCceHHOCMU 31eK-
mpu4ecKoeo noas y KoHya HaHompyoku. B dannoi pabome smu owubku ycmpaHaromes MemoouKol pacuema nomeHyUanibHbix
Xapakmepucmuk noas nymem peuieHus cucmemsl ypaghenus Jlansaca memodom Koneunvix paznocmei. Hcnoavzosanue 3mou
MemoouKu no3604uUn0 onpedeaums pabomy 6vixo0a o IKCHePUMEHMANbHbIM Xapakmepucmukam — 4,9 3B, umo xopouwio coena-

cyemcs ¢ pesyasbmamamu He3aeucumoblx uccaedosanuil.

Karoueewie caosa: yenepoonvie Hanompyoku, amuccus, paboma bixooa

BBenenne

VYraeponnsie HaHOTPYOKM (YHT) nMeloT lunpokyo
MEePCIEeKTUBY JJIs1 MCMOJb30BaHUS BO MHOTHX TEXHMU-
YeCcKM BaxHbIX npunoxeHusx [1]. Ha nx ocHoBe co3-
JIaHbI XOJIOAHBIE KATOMbl, KOTOPbIE MO3BOJISIIOT pa3pa-
OaThIBaTh MMHMATIOPHBIE 2JIEKTPOHHBIE JIAMIIbI, MC-
TOYHUKU PEHTT€HOBCKOTO U3yYeHUs [2], yCUIUTENU
B CBY guanasone [3], nucrmuieu [4]. a5 peanusanuu
JIAaHHBIX MPUJIOXEHUI BaXHO 3HAThb OCHOBHOW Tapa-
METp 9MUCCHUU JIEKTPOHOB U3 HAHOTPYOOK — padboTy
BbIxoAa. MI3BeCTHO, YTO 3Ty BEJIMYMHY MOXHO OIpe-
JEJIMTh M0 HAKJIIOHY SKCIEPUMEHTAIBHOM SMUCCHUOH -
HOI XapaKTepHCTUKH, ITOCTPOCHHON B KOOpAMHATAX
®aynepa— Hopreiima. B aToMm ciydae ImaBHBIM MC-
TOYHUKOM CUCTEMATUUECKUX ITOTPEITHOCTEH SIBISETCS
CYILIECTBEHHOE OTJIMYME HAMpSIKEHHOCTU JIEKTpUYe-
ckoro noJist Boiiu3u KoHuia YHT ot cpeaHero nosist me-
XKy KaToAOM M aHoIoM [5].

B nanHoli paboTe onucaHa MeTOAMKA pacueTa Ha-
MPSIKEHHOCTU DJIEKTPUUYECKOTO IMOJIsI, HEOOXOIUMO

JIJISI BBIYMCJICHUST pabOThI BBIXOJA, IIPOBEACHBI PE3YJIb-
TaTbl 3KCIEPUMEHTAIBLHOIO MCCIEOOBAHUS dMUCCHU-
OHHBIX TOKOB U BBIYMCJIEHA paboTa BBIXOJA ITYYKOB
YIJIEPOAHBIX HAHOTPYOOK, BBIpAIIEHHBIX Ha KPeMHHUE -
BOM IUIACTHHE, MOATOTOBJICHHON MeTOJAMU IJIaHAp-
HOW TEXHOJOTUU.

3KCHepHMeHTaJIbHBIe pe3yabTaThl

M3mepeHrst MpOBOAWIN B BHICOKOM BaKyyMe JIBY-
nyuesoit cuctemol FEI Helios NanoLab 650i. Cucre-
Ma CrocoOHa IMoJyyaTh U300pakeHMsI C pa3pellieHu-
eM He xyxe 0,7 HM Ipu YCKOPSIIOIeM HaNpsSLKeHU U He
oosee 1 kB. Pabouee naBiieHue B U3BMEPUTEbHOM Ka-
Mepe COCTaBJsiio S 1073 MMa. B sroit KaMmepe ycra-
HoBlieHa 3oHA0Bas1 cucreMa Kleindiek Nanotechnik ¢
YEThIPbMS OTIAEJIbHBIMU HE3aBUCUMBIMU MaHUITYJISI-
TOpaMM, CIIOCOOHBIMU PadOTaTh MPU HATPSIKEHUSIX
po 150 B. Insg uamepeHUid SMUCCUOHHBIX XapaKTe-
PUMCTUK HCIIOJB30BaJd MPOTpaMMUPYEMBbINi MPUOOp
Source Meter 2634B dupmel Keithley. I1pu6op ontu-
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Puc. 1. Pazmenienue my4ka yrjiepoAHbIX HAHOTPYOOK B H3MEPHTEIb-
HO# cucreme

Fig. 1. Distribution of CNT beam in the measuring system
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Puc. 2. DMHCCHOHHBIIi TOK, HOCTPOEHHbI B KoopauHaTax Paynepa—
Hopreiima
Fig. 2. Emission current in Fowler— Nortgeym coordinates

MU3UPOBaH [JIs1 U3MEPEHUI CIabOTOYHBIX CUTHAJIOB
Bruioth 10 1071 A 1 ocHalueH crienraabHbIMK 9Kpa-
HUPOBAHHLIMU TPUAKCUATbHBIMU BbIBOJAAMU C (PYHK-
el KOMITEHCALlMA CBEPXMAJIbIX TOKOB.

Jus ocyliecTBASHUSI U3MEPEHUI BMUCCUU TLIa-
CTMHA C IMyYKaMM HAaHOTPYOOK 3aKpeIuIsiach TaKUM
0o0pa3oM, YTOOBI ITyYOK pacIpeaesiicsl, KaK MTOKa3aHo
Ha puc. 1. IlepBblil 30HA Kacajics TJIOLIAAKK, Ha KO-
Topoii (hopMUpOBaJics MydoK HaHOTPyOoK. Yepes aTy
IUTOIIAAKY OH KOHTAKTUPOBaJ C KPEMHUEBOU ITOIJIOX-
KOI, a yepe3 Hee — ¢ OCHOBaHHUEM JI00Oro APYroro
Mmyyka HaHOTPYOOK Ha ruiacTuHe. Bropoii 30H1 pea-
JN30BbIBaJ (pyHKIMIO aHoAA. OH MOIBOAUIICS K KOH-
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1y U3MEePSIeMOro MMy4YyKa TaKUM 00pa3oM, YTOObI MEXIY
9THUM 30HIOM M MYYKOM HE OCYLIECTBJISIICS DJEKTPU-
YeCKMi KOHTaKT. PaccTosiHMe MexXay aHOIOM U Ka-
TOJOM U3MEPSIIOCh U KOHTPOJIMPOBAIOCH B pUbOpeE.
TunuyHas SMUCCHOHHAS XapaKTePUCTHKA, TIOCTPOCH-
Has B KoopauHartax Payiepa— Hopreitma, mpuBeneHa
Ha puc. 2.

PacyeT HANpPsSXKEeHHOCTH 3JIEKTPHYECKOTO OIS
BOJIM3M SMHTHPYIONIETO KOHIA YIJIepPOXHOM
HAHOTPYOKH

[ns ycTpaHeHUs] CUCTEMaTUYEeCKHUX OIIMOOK ompe-
JesieHust paboThl Bhixoaa 1o metony Paynepa—Hop-
reiima Obla pazpaboTaHa METOAMKA YMCIIEHHOIO pac-
yeTa HampsiKeHHOCTH 3jieKTpuyeckoro nojsi. C aToit
1IeJIbIO ObLT Pa3BUT YMCAEHHbBIM METO pellieHUsT ypaB-
HeHMs Jlamaca ajsl KaToAOB CJAOXHOUW reOMeTpHUU.
Pemiena snekTpocTaThyeckas 3amadya OIIpenesIeHUS
Koo dulimeHTa yCUIeHUsI 111 HAHOTPYOOK ¢ pas3iny-
HOW CTPYKTYpOU HAKOHEYHUKA B 3aBUCUMOCTH OT yTJia
HaKJIOHa HAHOTPYOKM K MOBEPXHOCTU KaToja, a Tak-
Ke OT MEXDJIEKTPOAHOIO paccTosiHus. bblia paspabo-
TaHa IpoLenypa ONTUMU3ALUU XOJIOLHOTO MOJIEBOIO
karona Ha ocHoBe YHT. Ontumu3zalius 3akiaodanach
B MMOJ0OPE PACCTOSIHUSI MEXAY OTACIbHBIMU YIJIEPO/I -
HBIMU HAaHOTPYOKaMM KaToaa TaKuM 00pa3oM, UYTOOKI
3 deKT 3KpaHUPOBaHUS 3JICKTPUYSCKOTO IIOJIST CO-
CeIHUMHU HAHOTPYOKaMU He BJIMSII Ha pe3yJIbTaThl
pacyera.

Pacuet npoBoauncs mist YHT tuna "zigzag" (n = 10,
m = 0) ¢ oTKpHITBIMU KoHLAMU. IIpu pacueTe 3jeK-
TPOCTAaTUYECKOTO TIOJISI M IIOTEeHLMaka Tojarajloch,
YTO TPY BaJIECHTHBIX G-3JIEKTPOHA JIFOOOTO aToMa yriie-
ponaa, oOpa3ylolliux CBsI3b C COCEIHUMU aTOMaMU yT-
JIepoJia, TIOJTHOCTBIO AKPaHUPYIOT sapo. [ToaTomy mo-
Jie CO3[aeTcsl aTOMHBIM OCTOBOM C 3apsiioM +e U ofl-
HUM T-3JIEKTPOHOM C 3apsiioM —e.

PesynbTupymolee 3naekTpocTaTuueckoe Ioje FE(r)
unu ¢(r), co3naBaeMoe BCEMU aTOMHBIMU OCTOBAMU
(c 3apsimamu +e) u m-3JIeKTpoHaMU (C 3apsgaamMu —e),
OIUCHIBAETCSI BHIPAXKEHUSIMU

E(r) = Eext(r) + Eion(r) + Eelec(r);

(P(r) = (pe_xt(r) + (pjon(r) + (pe[ec(r); (1)
W) = —ep(r),

rae E,(r) wn o, ,(r) — BHelHee nose; E; ,(r) i
@;on(r) — TOJIE BCEX aTOMHBIX OCTOBOB; E,,.(r) WK
Qpjec(F) — TOJIE BCEX T-2JIEKTPOHOB; W(r) — moTeHLHu-
aJbHasl SHEPTUS BHEIITHETO 3JIEKTPOHA B ITOJIe HAHO-
TPYOKM; F — pagnyCc-BEKTOpP TOUKU HAOIONCHHS.

B pesynbTaTe UMCIEHHBIX pacueToB ObUIM ONpese-
JIEHBI TpeXMEpHBIE 3KBUMOTCHIIMANBHBIE TTOBEPXHO-
ctu (puc. 3) U pacnpeneieHrue dJIEKTPUUECKOTO IO




BOJIM3M 3MUTHUPYIOILIETO KOHILIA HAHOTPYOKM (puc. 4).
Pacuer anekrpuyeckoro mojis nokasbiBaeT (CM. puc. 4),
YTO BOJIM3M HAHOTPYOKM HAIPSKEHHOCTh 3JIEKTpUYe-
cKoro moJjisi mpaktuuecku B 10 pa3 Gosbliue cpenHei
HANPSKEHHOCTH TI0JISI B UBMEPUTENIbHOM cucteme. 3a-
KOH M3MEHEHUsI MOJisl TP 3TOM OJIM30K K TUIepoosIu-
yeckomy. ITo Mepe yagajaeHUsT OT KOHIIA I10Jie TIpUOIn-
>KaeTcsl K cpeHeMy 3HaueHHIO, a ero pacrpeaeieHue
011M3KO K paBHOMEpHOMY. [laHHBIE pacyeTa MOATBEp-
KIAIOT XOPOIIO U3BECTHEIN (DaKT OTIMUMS HAIPSIKEH-
HOCTU CpEeIHEro MoJjisg OT MoJisl BOJU3U MOBEPXHOCTU
BBICOKOM KPMBU3HHI [5].

Takum obpa3zoM, MakCrMMajbHasl HaMPSXKEHHOCTh
BJIEKTPUUYECKOI0 T0JIsl BOJM3U KOHIIA HAHOTPYOKU B
LIeJIOM MPOTIOPLMOHANIBFHA CpeaHel HANPSKEeHHOCTH
MoJisl, KOTOpasi BBIYMCISIETCS AeJIeHUEM Pa3HOCTU
MMOTEHIINAJIOB MEXIY aHOJOM U KaTOIOM, HO B CpelI-
HeM Ooubliie ee B 10 pa3. DTo Hamo y4YMTHIBATH IIpU
pacuete pabOTHI BeIXOAA M3 3aBucuMocTu Pdayrnepa—
Hopreiima:

_ G,
J=C\F exp[_Tj, ()
3
e ¢ = —5—; G = g—gh'zmsowS(y); RE
8nhy” (y)e ¢

9=1- yz; ¢ — pabota BbIxoJa; F'— HanpsKeHHOCTb
BIIEKTPUUYECKOTO MO, 4 — mocTostHHas [lnaHka; e,
m — 3apsii U Macca BJIeKTPOHa.

B mpaktuueckux emmHuuax gopmynay (2) MOXHO
BBIPA3UTh CIEAYIOIIMM 00pa3oM [6]:

2 7 3/2
J=1,54" 107° F exp(—6’83 ‘109 / S(y)) , (3)
ov(») F

rae J — IUIOTHOCTh TOKa B A/CM2; F — HanpsikeH-
HOCTb 3JIEKTPUYECKOTIO IMOJIsI, BhIpakeHHas1 B B/cwm.
BoipaxxeHue (3) cripaBeaiuBO B TOM cllyyae, e€clii
TeMreparypa sSMUTTepa (B SHEPreTUYeCKUX eIUHULIAX)
CyIlIeCTBEHHO HITKe dHeprnu depMu MpoOBOIHMKA, a
MokKasaTeJib 3KCIIOHEHTbl MHOT'O OO0JIbIlIe EAMHULIBI [5].
DKcneprMMeHTAIbHbIE JaHHBIE B COOTBETCTBUM C (hop-
myJioii (3) JOKHBI OBITh JUHEWHBI B KOOpAMHATAX
In( j/Fz) = f(1/F). Tlo HaKJIOHY 3TOi 3aBUCUMOCTU
MOXHO paccuMTath paboTy Bbixona Mo dhopmyse

dln(éj—
F2
K= ——_ ~—6,83-107¢"% 4)

1
%)
F
Paccuutannas no dopmyne (4) pabora Bbixona
coctaBisieT 4,9 3B, a oObiuHOe cpemHee o YHT

3HayeHUe paboThl Beixoma — 5 3B [6]. [IpuBeneHHbIE
3HAYEHMST HAXOMSATCSl B XOPOLIEM COIJIACHU, YTO TOBO-

Puc. 3. Paccuntannoe pacnpeiejieHHe NOTEHIMAJIA BOJIM3H OTKPbI-
TOr0 KOHIA YIJIEPOIHO HAHOTPYOKH

Fig. 3. Estimated distribution of the potential near the open end of CNT

Puc. 4. PacnpeaesieHne HANPSKEHHOCTH 3JIEKTPHUECKOro MOJIA MO
OCH YIJIEPOHOi HAHOTPYOKH BOJM3HM €€ KOHIA, OCHOBHOI PHCYHOK
B JIMHEHHBIX KOOPIAMHATAX, HA BCTABKE — B JBOMHBIX Jorapugmu-
YeCKHX

Fig. 4. Distribution of the electric field intensity on CNT axis near its
end, basic drawing — linear coordinates, insert — double logarithmic
coordinates

pUT 00 aIeKBaTHOCTHU MPOBEIEHHbBIX SKCIIEPUMEHTOB U
pacyeToB.

Takum oOGpazoM, pazpaboTaH aJropuT™M, a TaKxKe
nmporpaMma pacueTa dJEKTPUUYECKUX Iojieli BOIU3U
KOHIIOB YIJI€pOIHbBIX HAHOTPYOOK, KOTOpPAs MO3BOJISI -
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€T OLIEHMBAThb UX 3HAYE€HHE C HEOOXOAMMOIl TOYHO-
CTBIO U ONpeAessaTh paboThl BBEIXOIAa ¢ HEOOXOIMMO
TOYHOCTBIO.

Paboma evinoanena npu noddepicke Murnobpuayxu
P® ¢ pamxax [ocyoapcmeennoli noddepicku HAy4HbIX
uccnedoganuil.
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Work Function of Carbon Nanotube Bundles

The work function is an important parameter, which determines the emission properties of the carbon nanotubes. The method
of determination of the electric field’s strength at the end of a nanotube is prone with essential systematic errors. In the given work
the errors are eliminated due to calculation of the potential field characteristics with Laplace equation by the method of the finite
differences. Application of the method made it possible to determine the work function by the experimental characteristics — 4,9 eV,

which agrees well with the results of independent researchers.

Keywords: carbon nanotubes, emission, work function

Carbon nanotubes (CNT) have good prospects in
many applications [1]. On their basis the cold cathodes are
created, permitting to develop tiny electronic lamps,
sources of x-ray radiation [2], amplifiers in the microwave
band [3], displays [4]. For realization of the above appli-
cations it is important to know the key parameter of the
emission of electrons from CNT — the work function. As
is known, this can be determined by the slope of the ex-
perimental emission characteristic constructed in Fowler-
Nortgeym coordinates. In this case the main source of the
systematic errors is the difference of the electric field in-
tensity near CNT end from the average field intensity be-
tween cathode and anode [5].

The work describes the methods for calculation of the
intensity of the electric field for calculation of the work
function, presents the results of the experimental research
works of the emission currents and calculation of the work
function of CNT beams grown on a silicon plate prepared
by planar technology.

Experimental results

Measurements were done in high vacuum FEI Helios
NanoLab 650i two-beam system. It can provide images
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with resolution not worse than 0,7 nm with an accelerating
voltage not more than 1 kV. The working pressure in
chamber was 5+ 107> Pa. Kleindiek Nanotechnik probe
system was installed there with 4 independent manipu-
lators, able to work at voltages up to 150 V. The emission
characteristics were measured with Source Meter 2634B
instrument from Keithley Co. It was optimized for meas-
urements of low-current signals up to 1071 A and
equipped with special screened triaxial outlets with a
function for compensation of ultra low currents.

For emission measurement the plate with CNT beams
was fixed in such a way that the beam was distributed as
shown in fig. 1. The first probe related to the platform, on
which a CNT beam was formed. Through this platform it
contacted with a silicon substrate, and through it — with
the basis of any other CNT beam on the plate. The sec-
ond probe realized the anode function. It was brought to
the end of the measured beam, so that no electric contact
was between the probe and the beam. The distance be-
tween the anode and the cathode was measured and con-
trolled. The typical emission characteristic in Fowler-
Nortgeym coordinates is presented in fig. 2.




Intensity of the electric field near
the emitting end of CNT

For elimination of the systematic errors in determina-
tion of the work function by Fowler-Nortgeym method a
digital calculation of the intensity of the electric field was
elaborated. For this purpose a digital method of solving
Laplace equation for the cathodes of complex geometry
was developed. The electrostatic task of determination of
the coefficient of amplification for CNT with various tip
structures depending on the angle of its slope to the cath-
ode surface, and also on the interelectrode distance was
solved. Procedure was developed for optimization of the
cold field cathode on the basis of CNT consisting in se-
lection of the distance between certain cathode CNTs in
such a way as to prevent the influence of the effect of
screening of the electric field by the neighboring CNTs on
the calculation results.

Calculation was done for CNT of "zigzag" type
(n =10, m = 0) with open ends. During calculation of
the electrostatic field and potential it was assumed that
three valent c-electrons of any carbon atom bound with
the neighboring ones screen a nuclei completely. There-
fore a field is created by the framework with +e charge
and one rn-electron with —e charge.

The resulting electrostatic field of E(r) or ¢(r) of all the
atom framework (+e charge) and n-electrons (—e charge)
is described by the following expressions:

E(r) = Eexr(r) + Eion(r) + Eelec(r);

(P(r) = (Pext(r) + (Pfon(r) + (pe[ec(r); (1)
W) = —eq(r),

where E, (r) or ¢,,(r) — external field; E;,, (r) or ¢;,,(r) —
field of atom frameworks; E,;,.(r) or ¢,,(r) — field of
n-electrons; W(r) — potential energy of an external elec-
tron in CNT field; » — radius-vector of the observation
point.

Calculations determined three-dimensional equipo-
tential surfaces (fig. 3) and distribution of the electric field
near the emitting end of CNT (fig. 4). Electric field cal-
culation shows (fig. 4), that close to CNT the intensity of
the electric field is practically 10 times higher than an av-
erage field intensity in the measuring system. The law of
a field variation is close to hyperbolic. The further from
the end, the nearer the field comes to an average value,
and its distribution is close to a uniform. Calculations
confirm the fact of difference in the intensity of an av-
erage field from a field intensity near to the surface of high
curvature [5].

Thus, the maximal intensity of the electric field near
the end of CNT as a whole is proportional to an average
field intensity, which is calculated by division of the po-
tential difference between the anode and the cathode, but
on the average is 10 times higher than it. It should be taken
into consideration in calculation of the work function
from Fowler-Nortgeym dependence.

J= chzexp(—%), )

3
e SO, = Snm(p3/29(y),

¢ .
8nhy’ (»)o 3he

8=1-— y2, where ¢ — work function; F — electric field
intensity; # — Planck constant; e, m — electron mass and
charge.

In practical units the formula (2) can be expressed
as [6]:

J=154-106_F" eXp[_6a83 : 107<p3/29(w) . 3
ov(») F

where C| = Yy~ 1;

where J — current density in A/cmz; F — electric field in-
tensity in V/cm.

Expression (3) is fair, if the temperature of the emitter
(in energy units) is essentially below Fermi’s energy of a
conductor, and the exponent is much more than one [5].
Experimental data according to the formula (3) should be
linear in In(j/F 2) = f(1/F) coordinates. By the slope of
this dependence it is possible to calculate the work func-
tion under the following formula:

J

K= ——" ~—6,83-107¢>2 4)
a3

Calculated under the formula (4) the work function
was equal to 4,9 eV. Regular average work function for
CNT was 5 eV [6]. The above data agree well, which
proved adequacy of the experiments and calculations.

Thus, an algorithm and a program for calculation of
the electric fields near CNT ends were developed, which
maked it possible to evaluated them and determied the
work function with the necessary accuracy.

The work was done within the framework of support of
scientific researches of the Ministry of Education and Science
of Russia.
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NMOAUMEPHbBIE OBPATUMDBIE "CYXUE" AATE3UBDI:
HOBbDIE NMPEACTABAEHUA, MOAXOAbI U BO3MOXHOCTH

Yactb |. Teopetnueckmit aHaAn3 "cyxon" aaresnmu (pMOPUAASPHBIX CTPYKTYP
MPUPOAHBIX CUCTEM U €€ UCKYCCTBEHHAasi UMUTaLIMK

Ilocmynuna ¢ pedakyuio 29.12.2015

0030p 6 yeaom nOCEsUeH HOBbIM MEOPeMUUECKUM NPeOCMABACHUAM U SKCHEePUMEHMAAbHbIM OAHHbIM 0 NPOAGAeHUU Sppexma
"cyxoit" adee3zuu 6 KHcueol npupoode U e2o UCKYCCMEECHHOU UMUMAYUL, d MAKIce N00X00am K pa3pabomke, OyeHKe U UCHOAb308AHUI)
CUHMemU4ecKux NOAUMEPHbIX MAMepuanos U cucmem, oonadarouux maxkum sgpgpexmom. Jlan 0606ueH bl AHANU3 COBDEMEHHBIX
npedcmasaeHuil 0 MHO20YPOBHe8OU Uepapxuu NPupooHbIX GUOPUANSPHBIX A02e3UOHHbIX CMPYKMYp, Modeiel QPpUKUUOHHOU Ha-
npasaeHHou (AHU30MPONHOU) adee3uu U meoputl 63aumMoo0elicmeuss MUKpo- U HaHOQUOpuL (8010CK08 U 60PCUHOK) ¢ MEepooil no-
BEPXHOCMbBIO NOO PASAUMHBIMU YeAAMU, A MAKXce IPPHeKmueHocmu UCKYCCIMEEHHOU UMUMAUUYU U NPOOAEM OHUCKU OM 3a2PA3-
HeHUU puoOpUAIAPHBIX NOAUMEPHbIX "cyXux” adee3usos.

Karoueevie caosa: gubpunrispusie "cyxue” adeezugvl, cmpykmypHas uepapxusi, HanpasieHHas (AHU30MponHas) aoeesus, mMo-

aeflLl, UCKYCCMEBEHHAA umumauusd, camooyucmeka

BBenenue

B nipeapinyiiem o63ope [1] Ha OCHOBE UMEBLIUXCS
B JuTepaType JaHHbIX g0 2006 T. ObUIM MTpOAHATU3M-
pPOBaHBI TEOPETUUYECKHE W TIPUKIATHBIC ACIIEKTHI SIB-
JIeHus "cyxoi" aare3uu, ee 6MOJIOrMYeCcKre BapUaHThI
1 BO3MOXHOCTM TEXHWYECKOHN peanuzauuu. bein onu-
CaH MeXaHM3M M30TPOIHOI "cyxoii" aare3aun, OCHOBaH-
Hblii Ha BaH-nep-BaanbcoBCKOM B3aMMOAEMCTBUU TO-
JIMMEPHBIX MUKPO- M HAHODUOPMIUISIPHBIX CTPYKTYp C
TBEPIOI MOBEPXHOCTHIO, PACCMOTPEHBI MPOCThIE MOJE-
JIU U CIOCOOBI TTOJIyYEHUST UCKYCCTBEHHBIX "CyXUX' aji-
Te3MBOB, KPUTEPUU BBIOOPA X TEOMETPUIECKUX XapaK-
TEPUCTUK, BOBMOXKHOCTH afanTaluu "cyxux" aare3uBOB
K HEPOBHOI TTOBEPXHOCTU M MX CAMOOYMILICHMS, ajre-
3MOHHbBIC CBOMCTBA MOJydYeHHBIX cucTeM. Hacrosuii
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0030p TIOCBSIIEH HOBBIM TEOPETUYECKUM TPEACTABIIC-
HUSIM U SKCIIEPUMEHTAJIBHBIM JTAHHBIM O MEXaHU3ME
nposiBiieHus1 apdexra "cyxoil”" aare3auu B KMUBOM IIpH-
pOJlE ¥ HOBBIM TMOAXO0JaM K €ro PEaIM3allii B TEXHUYE-
ckux cucreMax. B yactu I paccMoTpeHbl COBpeMeHHbIE
MpeacTapieHuss 00 MepapXUyeckoil MHOTOypOBHEBOIA
(uOPUILISIPHOI CTPYKTYpe MOBEPXHOCTU KOXKU TMaJIblIeB
T€KKOHOB, 2Tallbl €€ UCKYCCTBEHHOW UMUTALIUU, MO-
nead QPUKIMOHHON aHM30TPOIIHOM aAre3un U Mexa-
HU3MbI B3aMMOAEUCTBUS (DUOPUIIIPHBIX CTPYKTYP C
TBEPAOW MOBEPXHOCTHIO MO/ Pa3IMYHBIMU yIJIaMU MPU
peryaupyeMon cujie TIpuXuMa, a Takxke JaH aHaJlu3
pe3yJbTaTOB UMUTALIUU U TIPUMEHEHUS (HUOPUILISP-
HBIX aJr€3UOHHBIX CUCTEM, MEXaHU3Ma CAMOOUYMCTKU U
3JIEKTPOCTATUYECKOTO B3aUMOACUCTBUS B HUX.




1. Nepapxmyeckas MHOrOypoBHeBasi pHOpHILIAPHAS
CTPYKTYpa NMOBEPXHOCTH KOXKH NAJbIIEB TeKKOHOB
H ITamnbl ee NCKYCCTBEHHON MMHATAAN

MHorounciaeHHBIMU UCcaeaoBaHusIMu [2—25] yc-
TAHOBJICHO, YTO ITOBEPXHOCTh KOXM TaJblEB IeKKO-
HOB, 00JIAIAKOIIMX YETKO BBIPaKEHHBIM 3 deKToM "Cy-
XOU" aire3nu, UMeeT CIOXHYIO MepapXUIecKylo MHO-
TOYPOBHEBYIO CTPYKTYpY, cocTosiiyto u3 10...20 uen-
JISIIOIIMX TJIAaCTUH, WIM Jlamenelt (sef-bearing scansors,
adhesive lamellae), xaxnast U3 KOTOPBIX UMeET COOpaH-
HbI€ B TAYKU (arrays) Mo 4etbipe (fetrads) Thicsiuu Oe-
Ta-KepPaTUHOBBIX BOJOCKOB, IIIETUHOK WM JIONATOYKO-
BUIHBIX cTebJIel (setae) nMaMeTPOM
nmopstaka 4 MKM 1 annHoi 110 MM .
C COTHSIMU BOPCUHOK (Spatulae) Ha-
HOMETPOBBIX Pa3MEpOB C TUIOCKUMU
MOoayLIeYKaMM WIN LJISIIKaMu (pads)
Ha KOHLAX TojuuHoi 5...10 HM u
wmpuHoi nopsiaka 200 um (puc. 1).
Taxkas cTpykTypa oOecIieurBacT yIm-
BUTEJILHYIO CIIOCOOHOCTDH TMajblieB
F€KKOHOB KOHTPOJMPOBATh TPEHUE
W anre3uio TIpY ABMDKEHUH T10 MpaK-
TUYECKU JIIOOBIM BEPTUKAJbHbBIM
CTeHKaM M 1O TOTOJIKY ¢ MHTepBa-
oM waroB nopsiaka 20 mc [2, 3].

Ha navanbHBIX 3Tamax ucciaemo-
BaHus 3(pdexkTa "cyxoit" aaresuu
MajblleB TEeKKOHOB W pa3paboOTKU
MEPBBIX MCKYCCTBEHHBIX "cyxux"
aZre3uBOB M3 Pa3JIWYHbBIX MOJUME-
poB pUOPMILISIPHBIE BOPCUHKU Ha
KOHIIaX BOJIOCKOB WMUTUPOBAIUCH
OMIMHAPUIECKIMH U KOHUYECKUMU
CTOJIOMKAMU WJIM KOPOTKUMM BO-
JIoKHaMu (pubpuaIaMm) MUKpPO- U
HaHOpa3MepoB CO ChepUIYeCKUMU
KOHYMKAMU, KOHTAKTUPYIOLIMMHU C
TUIOCKOI TTOBEPXHOCTBHIO TTOIIOXKKHU
(puc. 2, a). IIpu atom npeanonara-
JIOCh, YTO OCHOBHYIO POJIb B CIIETIIIC-
HUM KOHYMKOB BOJIOKOH C TBEpIOM
MOBEPXHOCTBIO WTpaoT BawH-mep-
BaanbcoBckue anre3avoHHbIE CUJIBI.
Benuunna "cyxoit" amre3mm oleHU-
BaJIOCh I10 CHJIe OTphIBa cephl pa-
JIUYCOM R OT MJIOCKOI MOBEPXHOCTHU
B COOTBETCTBUU C MOIEIsIMH JIKOH-

coHa—Kenpganna—Pob6eprca (IKP) b e — -

win Hepsiruna— Mioanepa—Toro-

MoJIMHamMuuecKkasi (paBHOBecHas) paboTa aares3uu;
Y| — YyAeldbHasg CBOOOIHAs IOBEPXHOCTHAs 3HEPIuUs
MaTtepuana cepsl; y, — yAelbHasg CBOOOAHAA IIO-
BEPXHOCTHAsA 3HEPIusl IMOMIOXKHU; Y|, — YIAeJbHasd
MexdasHasl TTOBepXHOCTHAS SHEpPTUsl KOHTAKTUPYIO-
LIMX Te.

B cnyyae moaMMepHBIX BOPCMHOK B MEPBOM MpU-

1/2 1/2\2 _
Gmmxernn vy = (72 = vy*)2 =y, + 1 = 212,
torna Wy, = 2(y1y2)1/ 2. COOTBETCTBEHHO, MEPBbIE UC-

KYCCTBEHHBIE ""cyxue" anre3uBbl, UMUTHUPYIOLINE aare-
310 TAJIbIIEB TEKKOHOB, CO3IAaBAINCh B BUIE MOBEPX-
HOCTHBIX TTOJIMMEPHBIX CTOJIOUATHIX CTPYKTYP pa3ind-

Ilpu otpeiEe
Detachment
‘.. s

Ilpu cuennennu
Attachment

Jletoxernte CTYTIHIL, HOTH, Tena
Dynamics of foot, leg, body

~.. ¥npyraa macnma, 1 M

Scamsor, 1 mm

Haﬁo.p naueK BOIOCKOE
Setal array
I'napxas MoseprHOCTD

poBa (AMT):
F, = CaRW),, 1)

roe C — KoHcTaHTa, paBHast 1,5 u 2
st moaeneit JIKP u JIMIIT cooTBet-
CTBEHHO; W) = v; T, — y1, — Tep-

Puc. 1. Mukpodororpadun (a—e) u cxemaTuieckoe n3oopaxkenue (f) uepapxmyeckoit MHO-
TOYpPOBHEBO# (PMOPHILIAPHOI CTPYKTYpPbI aJre3MOHHON CHCTEMbI HOT T€KKOHOB, 0DeCIeyH-
BalomEeil BO3MOKHOCTH HX OBICTPOTO NMepeMelleHns 0 CTeHAM M MOTOJIKaM: MUKpodoTorpa-
¢un nanbues (a), JameJieil IPU CHEIIEHNH C IOBEPXHOCTHIO M OTPbIBE OT Hee (b), BOJOCKOB
(c—d) v BopcuHOK (€); cXeMa pPacHoJIOKEHHs W MAacmTa0 OCHOBHbIX djeMenToB (f) [2, 3]
Fig. 1. Microphotographs (a—e) and an image (f) of the hierarchical fibrillar structure of adhesive
system of gecko’s feet, ensuring their rapid movement on walls and ceilings: toes (a), lamellae
at adhesion with the surface and separation from it (b), hairs (c—d) and villi (e); location and
scale of the main elements (f) [2, 3]
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Puc. 2. CxemaTHYeCKOE H300paKeHHE OCHOBHBIX 3TANOB MMHTAIMH (OMOMMMETHYECKOTO
nu3aiiHa) GuopuaApHbIX "cyxux'" aare3smBOB: @ — BEPTMKAJIbHbBIC CTOJIOUKU U KOPOT-
KUe BOJIOKHA, M30TPOIHAsT aure3usi, onpenesomas poib Ban-nep-BaaabcoBCcKuX cut
(2002—2005 rr.); b — MepapxuyecKasi CTpyKTypa BOJIOCKOB, HAKJIOHHBIE CTOJIOMKU, aHU-
30TPOITHAS A/ITe3UsI, MOJIEJIb OTPBIBA CyXOii JUTIKOU JeHTHl (2006—2009 TT.); ¢ — JMamMen-
JISIpHast CTPYKTYpa, MOJEJb 3JIaCTUYHBIX KOHCOJIBHBIX MPYXHUH, ObICTPOE MOCeI0BaTeb-

Hoe mpwinnanue  otpsiB (2010—2013 rr.) [5]

Fig. 2. The main stages of the simulation (biomimetic design) of fibrillar "dry" adhesives: a —
vertical bars or short setals, isotropic adhesion, defining the role of Van der Waals forces
(2002—2005); b — the hierarchical structure of the setas, slanted bars, anisotropic adhesion,
a model of separation of dry adhesive tape (2006—2009); ¢ — lamellar structure, a model of
[flexible cantilever springs, rapid consequential adhesion and separation (2010—2013) [5]

HOU mpuponbl, Gopmbl U pazMepoB. [lonydyeHHbIE HA
STHUX 3Talax pPe3yJabTaThl IOATBEPAUIN TEOPETHIEC-
CKMe TMpEeACTaBICHUS O TOM, YTO B obecrieyeHUuu 3¢-
dekra "cyxoi" amre3mu mpupoja U popmMa BOPCUHOK
win (GpUOpUILT HEe UrpaeT ocoOOil poJiv, a pelIaloliee
BJIUSTHUE OKa3bIBAIOT UX pa3Mephbl (0COOEHHO MEHbIIIE
100 HM), TJIOTHOCTb YIAKOBKM U CIUMAeMOCThb. [1pu
5TOM HE YYWUTHIBAJIMCHh HAKJIOH W KPWUBU3HA CTBOJIOB
BOJIOCKOB M BOPCHTHOK Ha TTaJIblIaX TeKKOHOB, KOHTPO-
JIUpYeMble MaKPOCKOMMYECKUMMU JABVDKEHUSIMU MBIIIILI.

2. TeopeTHyeCcKHii aHAJIN3 U IKCHEPUMEHTAIbHBIE
HCCJIeIOBAHASA B3aNMOAEHCTBASA MHKPO- H
HaHO(HOPMILISPHBIX CTPYKTYP (BOJIOCKOB H BOPCHHOK)
C TBEPIOil MOBEPXHOCTHIO MO PA3TMIHBIMHA YIJIAMHA

HanpHeiliee pa3BUTHE TEOPUM U TPAKTUKU "Cy-
Xoit" aare3aumn 6a3MpoOBaJIOCh HA yUeTe HAKJIOHA, KpU-
BU3HBI U XXECTKOCTU BOJIOCKOB 1 BOPCUHOK (puc. 2, 0),
B pelarolieii CTEIIeHH OIPeaelISIIONINe CHUITBI TTPUKH-
Ma, OTPBIBA U TPEHUS, IEUCTBYIOIINE MEXITY KOHUM-
KaM1 BOPCHHOK U TBEPIOI MOBEPXHOCTBHIO U ITO3BO-
JISo1Me O0bSICHUTb BBICOKYIO CKOPOCTb U 0OOpaTu-
MOCTh LIMKJIOB CIIETUIEHNE/OTaeIeHEe TMallbIleB TeK-
KOHOB TIpM WX IBIKEHUU MO CTEHKAM M ITOTOJIKAM.
BaxxHyto posib B IOHMMaHUU MPOIIECCOB, MPOTEKal0-
IIAX TIPU B3aMMOICHCTBUM BOJOCKOB M BOPCHHOK C
TBEPIOI MOBEPXHOCTHIO, B pa3paboTKax HOBOTO MOKO-
JIEHNS WCKYCCTBEHHBIX 'CYXMX' aAre3MBOB CHITpaIn
MHOTOYHCJICHHBIE 3KCTIEPUMEHTBI TI0 MCCIIeTOBAHUIO
MPYKMMa W CABHMTA HATYPaJTbHBIX OTAEBHEBIX BOJIOC-
KOB UM UX HaOOpoOB (TeTpai, Mavyek) K IJIOCKOW Mo-
BEPXHOCTU U MpeNJIoKeHHasi MOJeb aHU30TPOMHON
(v HampaBieHHOH) (PPUKUMOHHON aare3uu KOH-
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YUKOB BOPCUHOK (puC. 3, CM. BTO-
pPYIO CTOPOHY 00JI0KKH1) [2—3].

IIpy CcABUTOBOM CKOJIBKEHUU
MPOTUB HAaKJIOHA TeTPajabl BOJIOCKOB
(puc. 3, a, cM. BTOpYIO CTOPOHY 00-
JIOXKM), HAOJII01aeTCsl TOJIBKO KYJ10-
HOBCKOe TpeHue. OTpulaTeIbHbIC
3HAYEHUs COBUTOBOU CWiIbl Fp npu
9TOM COOTBETCTBYIOT COIPOTHUBJIE-
HUIO TIPU CKOJBXEHUU (CHIIe Tpe-
HUs), IPUYEM pasidure MeXay cTa-
THYECKUM ¥ KHUHETHIECKUM TPEeHM-
€M TMpPaKTUYECKM OTCYTCTBYET, a
HOpMaJIbHas cuiia mpuxuma Fy co-
OTBETCTBYET YIPYIOMY OTTaJIKHBa-
HUIO, KOTOpOe MpUMepHO B 3,2 paza
MPEeBBIIIaeT CABUTOBYIO CUIY Tpe-
Hus. [Ipu cIBUTOBOM CKOJIBXEHUU
B HampaBJeHWM HAKJIOHA CTBOJIOB
(puc. 3, 6, CM. BTOPYIO CTOPOHY 00-
JIOXXKHW), HaOOpbI BOJOCKOB TpeTep-
MeBaloT CHavyaja MPUKUM K ITOBEepX-
HocTU (MUK @ Ha puc. 3, d, cM. BTO-
PYIO CTOPOHY OOJIOXKKM), a 3aTeM, MOCJe CLEIUICHUS
BOPCHMHOK Ha KOHIIaX BOJIOCKOB C TBEpJOi MOBEPXHO-
CTBIO U MIPY CKOJILXKEHUH, TIPOSIBIISIETCST OTPBIB 34 CUET
HaTSDKEHMST CTBOJIOB BOJIOCKOB. OTpuliaTe/ibHbIe 3Ha-
YEeHUS] HOPMAJILHOM CUJIBbI Fj COOTBETCTBYIOT COIPO-
TUBJICHUIO OTPBIBA, T. €. aAre3MOHHOMI cue. Heckob-
KO OOJBIIIe TOJOXUTENIbHbIC 3HAUYEHUS CIBUTOBOM
CWIbl F COOTBETCTBYIOT COIIPOTUBJIEHUIO MIPU CKOJIb-
KeHuu (cuse TpeHus). O0e 3TU CUJIbI JOCTUTAIOT TIpe-
JETbHBIX 3HAYeHUH TIPU TTPOCKaIb3bIBAHMM, MEHBIIIEM
100 MKM.

KOHTaKT ¢ MOBEpXHOCTBIO IMPOTHUB HAKJIOHA CTBO-
JIOB BOJIOCKOB Ha3bIBAaeTCsl HeaAre3MOHHbIM, COOTBET-
CTBYIOIIIMM B TIPOIIECCE ABMKCHMS TEKKOHOB IO T10-
BEPXHOCTU CTEH U TOTOJKOB OTIEJCHUIO BOJOCKOB U
BOPCHHOK OT TBEpIOit TOBEPXHOCTH, a B HAIIPABICHUH
HaKJIOHA — aATe3MOHHBIM, T. €. COOTBETCTBYIOIINM MX
CLICTIJIEHUIO C MTOBepXHOCThl0. Hanbosee pe3ko pas-
JINYME B 3TUX PEXMMaxX IMPOSBISIETCS NpU rpadude-
CKOM BbIpaXX€HMM B3aMMOCBSI3M HOPMAJIBHOM 1 CIBU-
roBoy cuil B KoopauHarax Fp— Fy. Ilpu Heaaresnon-
HOM peXUMe BeKTOpbI cull —Fpu +F)y (puc. 3, e, cMm.
BTOPYIO CTOPOHY OOJIOXKM) MpU MPOCKaIb3bIBAHUM
BOJIOCKOB M BOPCHMHOK INPaKTUYECKU IMOJHOCTBIO CO-
OTBETCTBYIOT KOHYCY TpeHMs KymoHa (KpacHas IITpH-
XOBas JIMHUS, TAHTEHC yIja HaKJIOHAa KOTOPOIl paBeH
1/u, rae p — koadduuueHT TpeHus). [1pu aare3anoH-
HOM peXHME BEKTOPbI 3TUX CUJ (puc. 3, f, CM. BTOPYIO
CTOPOHY OOJIOXXKHM) COOTBETCTBYIOT KOHYCY TPEHMS
Kymnona TopKo Ha HaYalbHOM cTamamu mprkumMa. [1o-
cie (opMUPOBAaHUSI AATe3MOHHOTO CLEIUIEHUs TpU
MPOCKATb3BIBAHNY 3TU CHIIBI MEHSTIOT 3HaK! W PE3KO
BO3pAcTaloT, CXOAACh B KOOpauHartax +Fru —Fy Ha
npamoii: Fy = —Frtgo*, roe a* ~ 30° (cupeHeBas




ITpuxoBas JuHUs). Takou TUIT Ha-
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re3ueii, B KOTOPOil aAre3MOHHAsI CU- | g g 2| g Sl !
7a (cuaa HOPMATBHOTO OTPBIBA OT | 5 g;fm{ B g % ’ 30Ha oTCNANBaHIA :
ITOBEPXHOCTH) JTUMUTUPYETCS CABU- | ) 4 %€ S Ix; [ / Peslzone |
TOBOM CUJION M KPUTUYECKUM YITIOM ' | o ‘F 0.)=5HO 5 E*if{ \ V'R CTEOM BOPCHHEH |
oTAeaeHus BoJaockKoB o*. IIpu atom : o \*( 2)=2F(0) go . Spatula shaft :
anre3MOHHAas U MUHMMAJIbHAS CABU- | N § 3 ‘
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Takxum obpazom, Momenb GpuK-
LHUOHHOM aHU3OTPOITHOM, WJIM Ha-
MpaBJIeHHOM, anre3ny o PUIIISAp-
HBIX CTPYKTYpP OIIMCHIBAe€T pery-
JUPYEMYIO aAre3MOHHYIO CUCTEMY:
anre3usi B TEPIEHINKYISIPHOM Ha-
MpaBJIeHUH PEryaupyeTcsl yepe3 KOH-
TPOJIpyeMOe TPWIOKEHNE TaHTeHIMAIBHON CHJIHL.
IIpu 3TOM HOpMaybHasl cwia OTPbIBA HE SBISETCS
byHKIMEH YCUITUS TIpeaIBapUTETLHOTO TIPIKIMA, KO-
TOpPOE HEOOXOAMMO IJISI CO3MaHUs MEPBUYHOIO KOH-
TakTa, a MpUKJIaabiBaeMasi TaHreHIMaabHAasl CUJIa Bbl-
pPaBHUBACT 1 YIIOTHSIET BOJIOCKH, YBEITMUMBasI TEM ca-
MBIM YMCJIO BCTYMMBLIMX B KOHTAKT C MOBEPXHOCTHIO
BOPCHUHOK M, COOTBETCTBEHHO, YBETUYMBAS U aATe3M-
OHHYIO CUJTy HOPMAJIbHOTO OTPhIBA, M CUJTY COITPOTUB-
JIeHUSl CABUTY, T. €. KO3(hOUIUEHT U CUIY TpPEeHUSs.
Marble cuibl OTpBIBa BOJOCKOB M BOPCUHOK TIPU OT-
JIeJICHUW JIATTBl TeKKOHA OT TOUTOKKN TaKKe BBITEKa-
10T M3 BTON MOJIEIN: 3TH CHJIBI HEOOXOIUMBI TOJIBKO
JUIS pejakcaluuM TaHTeHLUMaJIbHON CHMJIBI M BO3BpaTa
CHCTEMBI B COCTOSTHME HAYAJIBHOTO KOHTAKTa ¢ MaJIOM
BEJUYMHON alre3MOHHOIO OTPhIBA.

IlepBoe TeopeTnUecKoe onMcaHue MPOIECCOB TPH-
KperieHUs /OTAeIeHUs] BOPCUHOK MPU ABMKEHUU TeK-
KOHOB TI0 CTEHKAaM W TIOTOJIKaM, YYUTHIBAIOIICE YIJIbI
TIPUJIOXKEHUS CUJI, T. €. HAKJIOHBI CTePKHE BOJIOCKOB
U BOPCUHOK (CM. puc. 2, b), 6a3upoBagoch Ha MOJIEIU
OTCJIAUBAHUS JIMITKOW JIEHTHI OT TUIOCKOW TTOBEPXHO-
ctu (monmenu Kenpamnna) [28, 29]. [Ipu aToM cuia ot-
pbIBa F o TIPOM3BOILHEIM YIJIOM 0 OTIpeneIsieTcs 13
YCJIOBUSI DHEPreTMYecKoro OajaHca [F(e)/b]2/2hE +
+ [F(0)/b][1 — cosb] — G = 0:

F®) =
= bhE(cos6 — 1 + «/cos29—2cose+ 1+2G/hE), (2)

rae b, h, E — mmpuHa, TOJIIIMHA 1 MOIYJIb YIIPYTOCTU
neHThl; G — PHeprus, 3aTpauynBaeMasi Ha oOpa3oBa-
HHUE €IUHMIILI TIOBEPXHOCTH IIPU OTCIAMBAHUM ILICH-
K4 1o yriom 6 = 90°. MakcumanbHasi cujla OTpbiBa
Ha0II0IAeTCs IIPKU MaJIbIX YIJlax:

Fo(0 = 0) = J2GH*hE. (3)

Puc. 4. CunioBbie Mozie/IM B MUKPOMETPOBOM (@) M HaHOMETPOBOM (b) MacmTabax B3auMo-
JIelCTBHA C IUIOCKOi MOBEPXHOCTHIO BOJOCKA H KOHYHKA BOPCHHKH COOTBETCTBEHHO, BKJIIO-
YAIOUIEro a/ire3UOHHbIE CHJIbI U cHiibl [4]

Fig. 4. Force models in micrometer (a) and nanometer (b) scales of interaction with the flat surface
of the seta and the spatola pads, comprising adhesion forces [4]

B sToif Momenu He OMpenesstoTCs MPUpPoaa CUI
aAre3MOHHOIO B3aMMOJEMCTBMS M MX BKJIAI B dHEP-
ruo oTcianBaHus (G, a TaKXe He YYUTHIBAIOTCS CUJIbI
TpEeHUs.

BzauMopeiicTBue CyOMMKPOMETPOBBIX KOHYMKOB
BOPCHHOK TP UX KOHTAKTE C TIOBEPXHOCTHIO MOTOXK -
KU, BKJIIOYAIOLIEe CUJIbl aAre3uu U TPpeHUsl, 00yCIOB-
JieHHBIe BaH-mep-BaanbCcOBCKMM B3aMMOIECTBUEM,
C YYETOM YTJIOB HAKJIOHA CTBOJIOB BOPCUHOK U BOJIOC-
KOB OBLIO KOJUYECTBEHHO pacCcyMTaHO B paboTax
[4, 5]. PazpaboTaHHast Monellb, B OTJIMYME OT IpPe/bl-
nyliei, 6azupyercsl Ha yuyete He OajaHca 3HEpruu, a
OayaHca cwiI, AEHUCTBYIOIIMX Ha BOJOCKUA M KOHYMKU
BOPCUHOK B MUKPO- M HAHOMETPOBOM MaclTabe co-
OTBETCTBEHHO (puc. 4).

B mannoit mogenu (puc. 4, b) HopMaabHas cuiia
B3aMMOJIEMCTBUSI KOHUMKA BOPCUHKU C TOJJTOXKOM
(Bmosb ocM Z) ObLIa paccuyMTaHa C MCIIOJb30BaHU-
em moTeHuuazna JlenHapma—/JIxkoHca, BKIIIOYarOIIe-
IO 3HEPIUI0 NpUTAXeHUA £, u orrankuBaHusa Ep
(E,= —Eq(z/2) " + Eg(z/zp) " (m > m)):

Fogw = —dE,/dz = —(nE/2)(z/zp) " "1 +
+ (mE/%)(2/z9) " . )

B paBHOBECHOM COCTOSSHUM (P MUHUMAaIbHOM
3HauYeHUU E,, COOTBETCTBYIOILEM PACCTOSIHUIO MEXIY
nosepxHoctamu Dy) F, ;= 0. llpu D < Dy neiicTay-
10T CUJIBI OTTAJIKUBaHuA, a pu D > Dy — cuIbl pu-
TSDKEHUsI, JOCTUTAIOIIME TIPM HEKOTOPOM 3HaYeHuu D
MaKCHMaJIbHOTO 3HAYCHMS Fvn(}a;(, = F,, cOOTBeTCT-
BYIOILIETO HOPMAJIBHON CHJIe MPUTSKEHUS M PAaBHOTO
cujie otpbiBa. Cuia, onpeaesieMas UHTETpUPOBAHU-
em sHeprun ot D = Dy 10 D = oo ¢ yu4eTOM pPE3KOro
HapacTaHus SHepruu orraakupanusd npu D < Dy (od-
(dexra TBepmoOil CTEHKHU), COOTBETCTBYET CyMMapHOM
(MHTEerpalibHOM) CuJjie TIPUTSKEHUS (AAre3MOHHOMN CU-
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Je). 3HayeHue 3TOI CUJIBI, IIPUXOISIIEecs Ha eAUHU-
1y TUIOLIAAXA TJIOCKUX KOHTAKTUPYIOIIMX TMOBEPXHO-
cTeil (anre3MOHHOE AaBJACHUE WU MPUXKMM), TEOPETH -
YeCKM pacCUMTHIBAETCS MO KJIACCUYECKOMY BbIpaxKe-
Huto 17151 BaH-nep-BaanbcoBcKOro B3auMoaeiicTBus:

Py = App/6nD?, (5)

rae Ay, — koHcranrta 'amakepa. MakcuManbHoOe 3Ha-
YEHHE STOr0 B3aUMOAENCTBUS COOTBETCTBYET D = D).
IToBepXHOCTHBINM TMOTEHUMAT BIOJb OCU X, Tapai-
JIeJIbHOW KOHTaKTHUPYIOLIUM TTOBEPXHOCTSIM, MPUOIU-
3UTEJIbHO ONMUCHIBAETCS JI0O0W aMIUIMTYIHO-BapbU-
pyemoii, B YaCTHOCTU CHUHYCOMIAJIbHOMN, (DyHKIIUEH,
oTpaxarollleii NMOTeHLMaJIbHbINA JaHaIadT MmoBepx-
HOCTH:

U, = Upsin(2nx/x;), (6)

IIe X, — KPUTMYECKOE PACCTOSIHUE, OIPENENIEMOE
MEepUOJOM KPUCTALIMYECKON peuIeTKU, pa3Mepamu
MOJIEKYJI WJIA BBICTYIIOB KOHTAKTHPYEMBIX TTOBEPXHO-
creii. Ilpy OTCYTCTBUMM BHEILIHEH CWJIbI MPOJOJbHAs
cwia (cujla CTaTUYECKOro TPEeHUs ) 14} OMMCHIBACTCS
KOCHHYCOMAANbHOUN (PyHKIIMEI:

Fr= —dU,/dx = —(2nUy/xycos(2nx/x;). (7)

CpasHenue ¢yHkiuii (6) u (7) mokaspIBaeT, 4TO
npu U, =0 cuna F, COOTBETCTBYET CBOEMY MaKCH-
MaJIbHOMY 3HA4eHUIO, T. €. MAKCUMAaJIbHOI CHJIe CTa-
TUYECKOIO TPEHUS!, BOSHUKAIOLIENA MEXIY IBYMSI IUIO-
CKAMU KOHTAKTHPYIOIIUMH TOBEPXHOCTSIMHU TIPU OT-
CYTCTBUM BHelIHUX cwil. [Ipu BO3AeHCTBUMU BHEIIHEMH
MPONONBHON CHUJIBI BIOJL OCH X (F)), paBHOW MIu
OoJbIIEN CUJIBI CONTPOTHMBICHUST MPOCKATb3bIBAHUIO,
T. €. MAKCUMAJIbHOW CUJIbI TPEHUS Ffmax, BO3MOXHO
HempepbiBHOE WJIM CTyIlleHYaToe CKoJbXeHue (slide
or slip) moBepxHocTell. MakcumasnbHasl cujia TPeHUs
FfmaX MpU 3TOM MOXET ObITh paccyMTaHa yepe3 WH-
TerpajibHoe aare3moHHoe (BaH-nmep-BaanbcoBckoe)
nasyieHue P,y C y4eTOM IUIOLIAAA KOHTAKTa KOHYM-
Ka BOPCUHKM C IOMJIOXKONW M KoadduimeHrta tpe-
HUS L, JIEXKAILETOo B Clyyae MOJIUMEPOB B UHTEPBAJIE OT
0,2 mo 1:

F = uL Py (8)

rae Leov b — ninvHa v mypyuHa KOHYMKA BOPCUHKU CO-
orsercTBeHHO. Ilpn F, < FfmaX cTaTuyeckasl cuja
TPEHUsI paBHA NIPOLOJIbHOM cuie, T. €. F, = 1*}, U II0-
BEPXHOCTM OCTAIOTCSl aAre3MOHHO CBSI3aHHBIMM, XOTSI
MpU 3TOM BO3MOXHa MeJJIeHHas TojsyyecTb. Huxe
MOKa3aHo, YTO B Ipolleccax MPUKpeIrUIeHus/oTaee-
HUSI KOHYMKOB BOPCUHOK NpPHU JIBUKEHUM T€KKOHOB
Bceraa cobmonaires ycuaosus F < Ffmax, T. €. IpO-
JIOJIbHBIE CUJIbI HUKOTAA HE JOCTUTAIOT "KPUTUUECKO-
ro" 3Ha4YeHUsI, TP KOTOPOM BO3MOXKHO MPOCKAIb3bI-
BaHHWE KOHYMKOB BOPCUHOK.
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Kak BugHo u3 puc. 4, b, 6anaHc CUJI IIpU OTPELIBE
BOPCUHKM OT TOBEPXHOCTU HATSIKEHMEM €€ CTBOJIA
Mo/ YrjioM 6 00yCJIOBIMBAET HAJTMUKE TPEX 30H BOJIU3U
00J1acTU B3aMMOJEHCTBUSI KOHUYMKA BOPCUHKU U TIO-
BEPXHOCTU TTOMJIOXKH:

e KOHTaKTHOW 30HbI (D = D) B uHTepBaje ot x = 0
10 X = X|, Tl CUJIa IPUTSXKEHNsI yPABHOBELIMBA-
eTCsl CWION OTTAJIKMBAHUS M CyMMapHasl CUJa,
JleCTBYIOIIAs HA KOHYMK BOPCUHKU, paBHA HYJIIO;

e IIEPEXOJHON 30HBI OTCIAUBAHUSA MEXIY X| U X,, [1I€
uHTerpasibHas BaH-gep-BaanbcoBckas cujia mpu-
TAKEHUs BOPCUHKU F, ;p, paBHA CUJIE OTPLIBA, J€ii-
CTBYIOLLIE BIOJIb ee cTBoJia F(0);

e 30HBI NMOCTOSIHHOM CHUJIbI HATSDKEHUSI BIOJIb CTBOJIA
BOPCUHKHU F(0) mpu x > X,.

ITpu aTOM cuna otpeiBa F(0) paznaraercs Ha HOp-
MaJibHy10 F,, M TIpOJOJIbHYIO (CABUIOBYIO) Fp cocTaB-
JIgIo1Ire:

F(8) = F,sin® + Frcosb. 9)

Hrnopupysa Maiyio usrubatoiiyio cuiy £,(6 —90°),
MOXHO CUYMTATh, YTO

F, = F,;yy= F(0)sino; (10)

Fr= F;= F(6)cos0. (11)

C nomouiblo 3TUX YPaBHEHUI MOXHO PaccyuTaTh
CTaTMYECKYIO CUJIy TPEHMs U CUIy OTpPbIBAa B 3aBUCHU-

MOCTH OT yIJila HaKJIOHA CTBOJIa BOPCMHKH, COOTBETCT-
BCHHO!

Fy= Fygy/tg0 (12)
F(8) = F, y/sine. (13)

Ha puc. 5 IIPUBCACHBI 3TN 3aBUCUMOCTHU 10 OTHO-
HIEHNUIO K MHTEPBA1y BO3MOKHbIX 3HAYCHUMN MaKCHU-

F, uH
100004 ] Fi(‘fzi
1000 \\ \Ff"“i\ \\
Fy (u=0.2)

100 4
10 4
14
Ff = F'I"dﬁ" .'r tge
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Puc. 5. 3aBucumocTH cTaTHyecKoii CHiIbI OTPbIBA F(0) M CHIIBI TPEHUS
Fjor yria Hakiiona CTBOJIA BOPCHHKH M BO3MOXKHbIE 3HAYEHHsI MaK-

v max
cUMaNbHOI cuiibl Tpenust Fo o (3amrpuxoBanHas o0aactn) [4]

Fig. 5. Dependences of the static separation force F(0) and friction force
I‘}on the inclination angle of the spatulas and the possible values for the

maximum frictional force Ffmax (shaded area) [4]




aIre3vMOHHON CHJIBI B CAEPKMBaHUE
HOPMAaJILHOM U TIPOJOJIbHO KOMITO-
HEHT CWJIbl OTPhIBA B 3aBUCUMOCTU
OT yria 0, COOTBETCTBEHHO:

|

|

|

|

:

l F, = F(0)sind =

: = (Fcos0 + F,;p,sin0)sin® =
|
|
|
|
|
|
|
|

A

0.5F, 5 sin 26

A

= 0,5Fsin20 + F, ysin’6;  (14)

Jl
AN PP F; = F(0)cosd =
30 60 90 = (Fpcos + F, y sinb)cosd =
! b) ! = 0,5}}00529 + F, ysin26.  (15)
Puc. 6. 3aBHCHMOCTH BKJIAJ0B CTATHYECKOI CHJIbI TpeHus u Ban-aep-BaaabcoBckoii aare- Paccuutannble 110 MMEOIMMCSI

3HOHHOIi CHJIbI B CiepXUBaHAe HOpMaabHO# F, (a) u npononbnoii Fy (b) KOMIOHEHT CHJIbI SKCTIEPUMEHTABHBIM TaHHBIM JUTs
otpeiBa F(0) ot yria 0 [4]

Fig. 6. Dependences of the contributions of the static friction force and Van der Waals adhesion KOHYMKOB HAaTypaTbHBIX BOPCHHOK
forces in suppression of normal F, (a) and longitudinal Fr (b) separation force’s component on 9TU 3aBUCUMOCTU IIPUBEIACHBI Ha

angle 0 [4] puc. 6.
IIpuBeneHHbIe TaHHbIE TTOKA3bI-
MaJIbHOM CUJIbI TPEHUS Ffmax , PACCUMTAHHBIX C TIOMO- BAIOT, YTO HanbonbLIKMe 3HaYeHus F, u FpHabmona-
IO ypaBHeHUS (8) IO MpeAeabHBIM 3HAUYCHUSIM KO- oTcs npu Manbix yriax 0 (<30° u <45° coorBercT-
s GULIMEHTa TPEHUS. BEHHO), UTO U OOBSICHSIET CHOCOOHOCTh TI'€KKOHOB
M3 npuBeaeHHBIX JAHHBIX BUIHO, YTO CUJIbI OTPbI- OJIMHAKOBO YCHEILIHO OeraTh Mo MOTOJKY, Iie Tpeoy-
Ba F(0) u cuibl TpeHuUs Ff U3MEHSIIOTCSI HA HECKOJIb- eTCsl MaKCUMaJjbHasi HopMaJjibHasl cujia OTphIBa, U MO
KO JECATUYHBIX MOPSIAKOB B 3aBUCUMOCTHM OT yrja 0. CTeHaM, IJe TpeOyeTcsl MaKCUMasibHasl MPOJOJbHAs
IIpu 3TOM Ccmaa OTpBIBA MPU MAlbIX 3HAUYEHUSX 3TOTO (coBuroBast) cuia oTphiBa. Ilpu aTOM OBICTpOE Yepeno-
yria (0 < 30°) conepkuBaeTcsl CTaTUYECKOM CUJION Tpe- BaHUE TPOLIECCOB NMPUKPEIUIEHUSI U OTAEJIECHUS KOH-

HMS, a rpu 0oJbinoM yrie (0 > 60°) — anre3noHHOM YUKOB BOPCUHOK M, COOTBETCTBEHHO, BOJIOCKOB, JIa-
Ban-nep-BaanbcoBckoit cunoii. IlepexonHast o06aacTb MeJIel 1 Jallbl B 1ieJIoM 00ecIlieyrMBaeTCsl cCBopaynBa-
MEXIy 9TUMU pexumamu JiexXuT Boau3u 40°. Toabko HUeM UM pa3BopauyMBaHVeM MajblieB reKkKoHa (puc. 7).

Mpu oyeHb MajioM yriie 0 (MeHbine 10°) F(0) MoxeT IIpy npubIMXeHUU K IOBEPXHOCTH ITOIJIOXKKU
JOCTUTHYTb WJIU TIPEBBICUTH Ffmax, Korjga KOHUYMK BOPCMHOK M BOJIOCKOB Ha TMajbliaX FeKKOHa, Koraa
BOPCUHKM HAYHET MPOCKAIb3bIBATh MO MOBEPXHOCTH. Ban-nep-BaanbcoBckoe aare3amoHHOE B3aMMOIEHCT-
B ciyyae rekkoHOB yribl 6 Bcerga MeHblie 45°, 4To BUE TIPOSIBJISIETCSI CJ1abo, CTBOJ BOJOCKa O0OpasyeT ¢
00YyCJIOBIMBAET 3HAYMTEbHBIN BKJIaA TPEHUS B MOBE- MOJI0XKKOM yroj nopsaka 30°, 4To COOTBETCTBYET MpPU-
JleHUe KOHUMKOB BOPCHHOK. MEPHO TIPSIMOMY YIJTy MEXAY KOHYMKAMU U CTePKHSI-

Vpasuenus (9)—(11) MO3BONSIOT OLIEHUTH BKJIAIBI MU BOPCHUHOK M, COOTBETCTBEHHO, MEXIY CTEPXKHSIMU
CcTaTUYeCKOM cuiabl TpeHus u BaH-aep-BaanbcoBckoit BOPCHHOK U ITOBEPXHOCTBIO (CM. puc. 6, a). Korma rek-

CTEOM BOJIOCKA Otnenenne
TIpubmoxemie Seta shaft CropayHBaHHE NpH NPHKpEIUIel  Detackment

Approach Rolling in Attachment

L elcTEHE PEIYATA
Lever action

Puc. 7. CxemaTHyecKkoe H300paxeHne NpuOIMKEHHs K NOAJI0XKKe (a), MPUKPEIIeHUs1 WM 3auensienus (b) n oraenenns () OTAEILHOTO BOJIOCKA
NpH JIBUIKEHAH NAJIbIEB FeKKOHA: IPH CBOPAYMBAHMH WIIH CXBATHIBAHMHA ¥ Pa3BOPAYMBAHMHA WA OTPhIBE COOTBETCTBEHHO (F;_ ., — MponoabHas

cuia, AeiicTBYIomas Ha BOJIOCOK; F, .., — HOpMaibHas CHJA, JEHCTBYIOMAas Ha BOJIOCOK) [4]

Fig. 7. The images of approaching to the substrate (a), attachment or engagement (b) and separation (c) of a seta at gecko’s fingers motion: at folding
or grasping and unfolding or detachment, respectively (F; _,,, — the longitudinal force acting on a seta; F, _g,,, — the normal force acting on a seta) [4]
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KOH CBOpaYMBaeT MaJIbIIbI JUISI CXBATHIBAHUS C TTIOBEPX-
HOCTBIO (CM. puc. 7, b) yron 6, MEXJy OCbIO CTBOJIA BO-
JIOCKA, T. €. HAalpaBJIEHWEM CUJIbI OTpbIBa Fg, neicT-
BYIOLIEH Ha HETO, U MTOBEPXHOCTbIO, YMEHbBIIIAETCST OT
30° mo 0. HopManbHast U MpoaobHasi KOMITOHEHThI
CWJIbI, NEWCTBYIOILIEN HA CTEPXKEHb BOJIOCKA, COOTBET-
CTBYIOT PaBEHCTBY

F, L-seta — F, n—seta/ tges‘ (16)

IIpu sToM yroja 6 Mexmy CTBOJIaMM BOPCHHOK,
T. €. MEXIy CWJIaMHM IIpMKUMa, JeHCTBYIOIIMMU Ha
HUX, U TIOBEPXHOCTHIO yMeHbInaercs ot 90° go 0. Ot-
crofa CiaeayeT, YTO 4eM OoJbllle YCUIWE CBOpauyMBa-
HU NaJbLEB, TEM MEHbLIE YITIbl 65 ¥ 6, TeM OoblIE
KOHIIOB BOPCHHOK IIPUXUMAIOTCS K MOBEPXHOCTHU U,
COOTBETCTBEHHO, TeM OOJbllle aOCOJIOTHBIE 3HAYe-
Hust F L-seta ¥ F n-seta: le/l aToM F, L-seta > F, n-seta> 1EM 1
00BSICHSIETCS TOT (PAKT, YTO TEKKOHBI OOJIBIIIE BpEMe-
HU NpeAnoYuTaIoT IPpOBOAUTh HA CTEHAX, a HEe Ha 10~
TOJIKaX.

I1pu pazBopauyMBaHUU IAIblIEB T€KKOHA JJIs OTHE-
JIEHUSI OT TIOBEPXHOCTHU CTBOJI BOJIOCKA JIEHICTBYET KakK
pbluar, Bo3Bpallasli ero U CTBOJIbI BOPCMHOK B MCXOJ-
Hoe cocTosaHuM ¢ 05~ 30° 1 6 = 90° COOTBETCTBEHHO.
OTO NPUMBOAUT K MOCJIEAOBATEIHLHOMY OTACICHUIO
KOHYMKOB BOPCMHOK CIIpaBa HajieBO (CM. puc. 7, ¢).
IIpn 3TOM HOpManbHAsI CWja OTPhIBA BOJOCKA OT IIO-
BEPXHOCTU MOXET OBITh OMNpeAcscHa CAeAyIOLIUM 00-
pasom:

t=T
Fyseta = %w J- NF, ;w(B — vi)/Ldt =
=0
= NF wB/2L, (17)

rme N — cpenHee YKMCIIO BOPCMHOK BOJIOKHA, OTPHI-
BaIOUIMXCS B KaXKAblii MOMEHT BPEMEHMU; V — CKOPOCTh
OTCJIaNBaHUS BIOJIb TAYKM (TeTpama) BOPCHHOK IIIH-
puHoil B; T = B/v — BpeMsl OTCJIauBaHUsI OTAEIBHOIO
BoJiocKa; L — JjIMHa TMPOEKIMM CTBOJA BOJOCKA Ha
MOBEPXHOCTh TMOMIOXKHU. PaccuMTaHHOE IJII TaKOIo
COCTOSTHUSI C UCTIOJIb30BAaHMEM BKCIIEpUMEHTATbHBIX
JMAaHHBIX O CBOMCTBax BOJOCKOB M BOPCUHOK T'€KKO-
HOB 3HauyeHue F,_,.,(90°) paBHo 32 HH, 4to cooTBeT-
cTByeT ciiaboit BaH-gep-BaanbcoBcKoil aare3noHHOMN
cune F,,;y, npumepHo B 1000 pa3 meHblueil ee 3Ha-
YeHMUs MPpY CLEMNJIEHNUU C TIOBEPXHOCThIO npu 6 = 10°:
F 01s(10°) = 35 MH.

TiaTeTbHBIN aHAIU3 TTOBEICHUST BOJIOCKOB M BOP-
CMHOK Ha MaJibliaX FeKKOHA MPU MPUXKUME K TIaaKon
MOBEPXHOCTU CO CABUIOM IMOKa3aJl BAXKHYIO POJib UX
CaMOMPOU3BOJILHOIO YIUIOTHEHUS TMPU HAKJIOHE IO.
JIEMCTBUEM TIPOAOJILHOW CUJIBL. [IJIsI omucaHusi 3TOro
a¢pdekTa ObLIa pa3paboTaHa Tak Ha3biBaeMasl MOJEIb
yroTHeHUust (Crowding model) 4-31eMEHTHBIX Mavyek
(TeTpan) BepTUKaJbHBIX CTOJIOMKOB, MJIMHA KOTOPBIX
MpEeBbIIIAET PACCTOSTHUE MEXKIAY HUMMU, PACIIOJOXKEH-
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HBIX Ha KBaAPaTHOM pelleTKE TNIOCKOM MOBEPXHOCTHU C
OCIMU X—y U TIPUXKUMAEMBIX K HEW C HAaKJIOHOM W
cagurom [8]. Ipu Bo3aeicTBUM NMpUXKUMAIOLIEH CH-
JIbl BJIOJIb OCU X CTOJIOMKHM CITOCOOHBI JBaXKAbl Tepe-
XOJIUTh B TJIOTHO yMakoOBaHHOE (YIUIOTHEHHOE) CO-
CTOSTHUE MPU KPUTUYECKHMX YIJIaX HaKJIOHA: CHavyasa B
MEeHee IJIOTHOE COCTOSIHME BIOJIb OCH X, a 3aTeM B
OoJjiee IUIOTHOE — BAOJbL OCH y. KpuTmyeckue yIjbl
HaKJIOHa CTOJIOMKOB K IMOBEPXHOCTH, MPU KOTOPBIX
HaOM0Jal0TCsl OTU MEPEXObl, OINpPEenesiloTCs pac-
CTOSTHUEM MEXIY CTOJOMKAMU MO OCSIM X U ) COOT-
BETCTBEHHO, (hDOpMOI 1 pazMepamu ceueHust. st u-
JIMHAPUYECKUX CTOJIOMKOB IUaMeTpoM d U paccTosi-
HUEM MEXIY HUMU S, U S, 3TU YIJIbl ONPEAENAIOTCH

y
cJeayrommMmn COOTHOIIECHUAMM !

sind,, , = Sil; sinb,, , = Sg (18)
X

<

KoHeuHBbIii KpUTUYECKUI yroJ HakKJIoHa CTOJ0u-
KOB ¢ HauOOJbILINM YIUIOTHEHUEM TPU 3TOM OIpee-
JsieTcst hopMyioit

0, = sin_l(sinec’ xSiné, ), 19)

a yroyj UX OPUEHTAlIMM OTHOCUTEJIBHO OCH X, TaK Ha-
3bIBAEMbIII a3UMYTAIbHBINA yToj, (opMyJIoi

¢, =g (tg0, ,cos0, ). (20)

PaccunTanHble 110 3TOI MOIENIM C YYETOM pa3Mme-
POB HaTypaJIbHbIX TETpal BOJIOCKOB ITeKKOHOB, PABHBIX
8,4 MKM, ¥ paCCTOSIHUAI MEXIy HUMU, PaBHBIX 18 MKM,
yoIet 0, = 0., = 27,8°, 6, = 12,6° n ¢, = 25,0°. O¢-
(bexT YIIIOTHEHMST TeTpaa BOJOCKOB IIPU CBOpPAYMBA-
HUU MMaJIbLIEB TeKKOHA JOJIKEH MPOSIBISTHCS B PE3KOM
VBEIMYCHUW YWCJIa KOHTAKTHPYIOIINX C ITOBEPXHO-
CTBIO BOJIOCKOB 11 BOPCHHOK U, CJIEIOBATEIbHO, B YBE-
JIMYEHUY HOPMAJTBHBIX M CABUTOBBIX CIT (CHUIT afre3u-
OHHOI'O OTPbIBA U TPEHMSI COOTBETCTBEHHO), obecre-
ypBawIMx "cyxyto" aaresuto. IIpm 3ToM oueBUOHO,
YTO JJISI MPOSIBIEHUs 3Toro 3ddekra HeoOXOAUMO,
YTOOBI KPUTUYECKUE YIJIbI YIJIOTHEHMS ObIM MEHbIIIE
KPUTUYECKOTO yrja HakJIoOHa BOJIOCKOB K IIJIOCKOCTHU
MOUTOKKHW, TIPU KOTOPOM IIPOMCXOIUT CaMOIIPOU3-
BOJIbHOE OTHEJICHNE KOHYMKOB BOPCUHOK IIPHU Pa3BO-
paurBaHuM najableB (cM. puc. 7). DddekT pa3ymior-
HEHUSI, OOpaTHBI YIJIOTHEHMIO, KOTOPbIN JOJIKEH
TIPOSIBIISITLCS TIPY Pa3BOPAYMBAHUM TAJIbIIEB TeKKOHA,
obJieryaeT ux oTAesIeHUue OT MTOBEPXHOCTH.

PesynbTaThl, IMOJyYeHHBIE MPU TEOPETUYECKOM
aHaJIMU3€e U IKCIEPUMEHTAIbHON OLIEHKE B3aUMOME-
CTBMSI BOJIOCKOB M BOPCMHOK Ha Majbliax FeKKOHOB C
TBEPIOM MTOBEPXHOCTHIO C YUETOM UX HAKJIOHA, COrJla-
CYIOTCSl C JaHHBIMU, TMOJYYEHHBIMU TIpU HCCIIeIOBa-
HUU aATe3MOHHBIX CBOMCTB MCKYCCTBEHHBIX TTOJTUMEP-
HBIX (GUOPUIIISIPHBIX CTPYKTYp. I11acTUHBI II0IIAAbIO
3,9 em? ¢ MOBEPXHOCTHON (PUOPUILISIPHON CTPYKTY-




po¥i B BHUIE HAIIPABJICHHO HAaKJIO-
HEHHBIX M CpPE3aHHbIX IOJ 3alaH-
HBIM YTJIOM IWJIWHAPUYECKUX CTOJI-
OUKOB (hOpMOBAIM U3 3JTACTUYHOIO
nojuypetaHa (MOAyJdb YIPYrocTu
nopsgaka 300 kI1a) TUTbeBBIM METO-
moMm (puc. 8, a, b) [6]. ITnacTuHBI
MIPUKJIAABIBAIM K TBEPIOW IMOBEPX-
HOCTM M TMOIBEpraju IpeaBapu-
TEJIbHOMY TIPMXXUMY Ha 3aJaHHYIO
BEJIMYMHY, MTOCJIE YEro ONpeaessiu
ycuiare M paboTy OTphIBa HAKJIAIKU
MpU Pa3IMYHOM YIJIe TIPUJIOKEHUS
cuibl: yribl 0° 1 180° cooTBeTCTBY-
10T MOJIOXKUTEIBLHOMN 1 OTpULIATE I b-
HOM TaHTeHUUAIbHOU cuie (CIBU-
ry), a 90° — HOpMaJbHOMY OTPBIBY.
[TonyyeHHbIE pe3yabTaThl IPUBEAC-
HBI Ha puc. 8, c, d.

M3 nmonyyeHHBIX JaHHBIX BUAHO,
YTO yCuJue OTpbiBa U paboTta ajare-
3UH1 B CWJIBHOM CTETICHU 3aBUCST Kak
OT TIpeABapUTENIbHOTO MpPUXKKMAa,
TaK U OT yIjia TIPUJIOXKEHUS CHUJIBI,
pPE3KO YBEJIMYMBASICh MIPU TOJOXU-
TEJbHOM M YMEHBIIASICh MPH OTPU-
11aTe€JIbHOM CIIBUT€ COOTBETCTBEHHO.

Ha puc. 9 npuBeaeHbl 1ONOIHM-
TeJbHbIE TPUMEPbl UEpPapXUUYECKUX
(GUOPUILIISIPHBIX CTPYKTYpP, UMUTH-
PYIOIIUX CTPYKTYPY JIaMesieil majib-
1IEB TeKKOHOB.

O4YeBUIHO, YTO AaATe3MOHHBIC
cBoiicTBa (UOPWUISPHBIX "cyxmux'"
aJre3MBOB HA MUKPO- Y HAHOYPOB-
HSIX B pellalolleil CTerneHu MOryT
JeTpagupoBaTh IIPU MX 3arpsI3HEHUN
TBEObIMU JTUCIIEPCHBIMU YacTHUIIA-
MU. DKCIIEpUMEHTAJIbHO IMOKa3aHo,
YTO CHUCTEMBI BOJIOCKOB M BOPCHMHOK
Ha KOXe€ TMaJiblieB FeKKOHOB SIBJIsI-
I0TCSI CAMOOYMIIAIOIIMMUCS: TIOCTIE
WX OIyIpUBaHUS MOPOILIKOM MUK-
pocdep nmaMeTpom 2,5 MKM are3u-
OHHBbIE CBOICTBa BOCCTaHaBJIMBa-
JINCh TIOCJIE HECKOJIbKMX I11aroB IO
TBepAoi moBepxHocTH [26, 27]. Be-
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Puc. 8. Cxanupyompue 3jeKTpoHHbIe MUKPO(dOTOrpadun noMMepHbIX BHICTYNOB B HEHA-
TPyKeHHOM (@) W HarpyKeHHOM (b) COCTOAHUAX ¥ 3aBUCUMOCTH YCHJIHS OTPBIBA (C) M PAOOTHI
anre3uu (d) HAKJIAJKH CO CTPYKTYPOil HANPABJIEHHO HAKJIOHHBIX H CPE3AHHBIX MO/ 32AHHBIM
YIJIOM HUIMHAPUYECKAX CTOJOMKOB OT YIjia MPUJIOKEHHs CHI NpH (hOPMHPOBAHHM a/re3u-
OHHOTO KOHTAKTA MpPH TPeX 3HAYEHHSAX MPeIBAPHTEJILHOTO mpmxkuma [6]

Fig. 8. Scanning electron micrographs of the polymer projections in an unloaded (a) and loaded
(b) states, depending on a separation force (c) and adhesion work (d) of a cover with the structure
of cylindrical columns directly inclined and cut at a predetermined angle from the angle of
applying of the forces at forming of the adhesive contact of three values of the pre-pressing [6]

Puc. 9. Mukpodororpadun nauex (a) u uHAMBHAYATBHBIX (GHOPHILT (b) HepapXuuecKoii Ha-
KJIOHHO#H CTPYKTYpbl, ChOPMHPOBAHHOM M3 MOJHYPETAHAKPHIATA H HMHTHPYIOIIEH BOJOCKH
M BOPCHHKH € IJIOCKMMHM KOHYMKAMH HA JIaMeJIsiX NaJiblieB reKKOHOB [24]

Fig. 9. Microphotographs of the packets (a) and the individual fibrils (b) of an hierarchical
inclined structure formed from a polyurethane acrylate and simulating setas and spatulas with
the flat pads on the lamellae of geckos’ feet [24]

pOsiTHee BCEro 3TO CBSI3aHO C TE€M, YTO B COOTBETCT-
BUM C MOJEJIbI0 aHU30TPOITHOM afare3uu st odecre-
YeHUsI aJre3MOHHOro CUEeTJeHUsI BOPCUHOK C TBEp-
IO TIOBEPXHOCTBIO IIOCNIE HA4YaJbHOTO KOHTaKTa
TpeOyeTcsl UX COBUT B OIpPEIAcICHHOM HaIlpaBJICHUMN.
B orcyTcTBUM 3TOrO CcABMra BHEILIHSISI CTOpoHa (hub-
PWUISIPHOU CTPYKTYPHI SBJISETCS aHTUAATE3UOHHOM C
CYILLIECTBEHHO 0oJiee cJ1aboii CHIION ITPUTSDKEHUS TBEP-
JIbIX YaCTHULL 3arpsI3HEHUIA Fps O CPAaBHEHUIO C CUJION
MPUTSKEHUST TOBEPXHOCTHIO MOITOXKU pr. B coort-

BETCTBUM C KOHTAKTHOM MEXaHNMYECKOI MOJIEIIbIO SHEP-
reTUYEeCcKOoro aucoanaHca

3n
2

rae R u Rp — pa3Mep KOHTaKTa 4YacTUILI C IIOBEpPX-
HOCTbIO BOPCMHOK M PalUyC YaCTUILbI COOTBETCTBEH-
Ho; W, ,cu W, ,, — paboTa aaresun 4acTHLbl U BOP-
CUHKHM M YaCTULBI U TBEPAOH MOBEPXHOCTU COOTBET-
CTBEHHO. Tak YTO YacTHUIIbl 3arpsI3HEHUI cl1abo mpu-

2R W, ps < 5TR,W,

i
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JINTIAIOT K BOPCUHKAM U TIPU IBMXKEHUM OCTAlOTCS Ha
TBEepAOU MoBepXHOCTU. KUAKME 3arpsi3HEHUsT HE cMa-
YUBAIOT (PUOPUILIIPHYIO MOBEPXHOCThH BCIEICTBUE €€
cynepruapod®oOHOCTU U MposABAeHUS 3P deKTa JT0TO-
ca. XOoTs HUKOTJA He HaOIomany, 4TOOBI TeKKOHBI
YUCTUIY CBOM JiaIlbl, MPEIioaaraeTcs, YT0 OHU MOTYT
HCTIONIB30BATh TSI MX OYMCTKM TaK Ha3bIBaeMOE CY-
neppacTsixeHue nanbleB (digital superextension).

Ha mnpumepe ¢uOpWUISIpHOIO CHUHTETUYECKOTO
"cyxoro" aare3nuBa Ha OCHOBE XKeCTKOTo rMapodoOHO-
ro TTomMepa (TTIOIUTIPONIIeHa) U YacTHII 30J10Ta Tra-
MeTpoM <2,5 MKM MOKa3aHO, YTO OH 00J1afaeT cJiabbIM
adekToM camoouuileHust: ocie 30 MoaeaupyeMbIxX
aroB obpasibl BoccTtaHaBimuBaau 25...33 % wucxon-
HOM CHBUTOBOWM aAre3uM 3a CYET KOHTAKTHOI'O CaMO-
ouuieHus [21].
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Polymeric Reversible "Dry" Adhesives: New Knowledge, Approaches

and Opportunities

Part I. Theoretical analysis of the "dry" adhesion phenomenon in natural fibrillar
structures and artificial imitation

The review as a whole is devoted to new theoretical concepts and experimental data on "dry" adhesion effect manifestations, ap-
proaches to development, evaluation and use of polymer materials and systems having such an effect. In the Ist part the generalized
analysis of up-to-date knowledge of multilevel hierarchy of adhesion structures in nature and frictional directional (anisotropic) ad-
hesion model based on specific fibrils interaction in micro- and nanoscales with a solid surface at different angles is presented. The
frictional adhesion model of fibrillar structures describes an adjustable adhesive system: the formation of adhesive contact and ad-
hesion force of separation in the perpendicular direction are regulated through the controlled application of longitudinal and tan-
gential forces. Pressing of an adhesive fibrillar structure to a solid surface to create the desired initial contact is carried out with a
shift and accompanied by spontaneous compaction of hairs due to their tilting under the influence of a longitudinal force, that in-
creases the amount of the hairs entered into contact with the surface and therefore the adhesion force of normal separation and the
shear strength, i.e. friction coefficient and force. The magnitude of the forces of normal separation and friction forces vary by several
decimal orders, depending on the angle of the fibrils slope, and breaking-off force for small values of the angle (6 < 30°) is con-
strained by the static friction forces, and at a high angle (8 > 60°) — adhesive van der Waals forces. The transition region between
the two modes is close to 40°. Small breaking-off forces of hairs from the substrate in this model are explained by relaxation of tan-
gential forces with the return of the system into a state of initial contact. Model representation of the frictional directional adhesion
Jor fibrillar structures in nature are consistent with the data obtained in the study of the adhesive properties of synthetic polymeric
fibrillar structures that simulate natural structures, as well as outline ways to solve problems of fibriUar polymer "dry" adhesives self-
cleaning from dirt, degrading their properties.

Keywords: fibrillar "dry" adhesives, structural hierarchy, directional (anisotropic) adhesion, models, artificial simulation, self-

cleaning ability

Introduction

The aspects of the "dry" adhesion its biological options
and feasibility were analyzed in [1] on the base of a data
prior to 2006. The mechanism of such isotropic adhesion
based on the van der Waals interaction of polymeric mi-
cro- and nanofibrillous structures with a solid surface were
described, the simple models and methods of "dry" adhe-
sives producing were considered, the criteria for selecting of
the geometric characteristics, possibilities of their adapting
to an uneven surface and the self-cleaning abilities, adhe-
sive properties of the obtained systems. This review is de-
voted to the new theoretical concepts and experimental
data on the mechanism of "dry" adhesion in a nature and
approach to its implementation in technical systems. Part I
introduces ideas about hierarchical multilevel fibrillar
structure of the skin’s surface of the geckos’ toes, the stages
of its artificial imitation, the models of anisotropic adhesion
and mechanisms of interaction of fibrillar structures with a
solid surface at different angles with adjustable clamping
force, the analysis of simulation results and the application
of fibrillar adhesive systems, self-cleaning mechanism and
the electrostatic interaction in them.

1. Hierarchical multilevel fibrillar structure
of the skin’s surface of the geckos’ toes and stages
of its artificial imitation

It was found that the skin’s surface of the geckos’ toes,
having a pronounced effect of "dry" adhesion, has a com-

plex hierarchical multilayered structure consisting of
10—20 cling plates, lamellas (set-bearing scansors, adhe-
sive lamellas), each of which has the beta-keratin setas
collected the bundles (arrays) by four thousands (tetrads),
bristles or spatulous stems (setae) with the diameter of
about 4 um and with the length of 110 um with hundreds
nanometer spatulas with flat caps or pads at the ends with
a thickness of 5...10 nm and the width of the order of
200 nm [2—25] (fig. 1). Such a structure provides the abil-
ity of the gecko’s toes to control friction and adhesion in
running on practically any vertical walls and a ceiling with
an interval of the steps of about 20 ms [2, 3].

In the initial stages of study of the effect of "dry" ad-
hesion of gecko’s toes and development of the artificial
"dry" adhesives of different polymers, the fibrillar spatulas
at the ends of the setas were simulated by cylindrical and
conical columns or short fibers (fibrils) of micro- and na-
noscales with the spherical tips, contacting with the flat
surface of the substrate (fig. 2, a). It was assumed, that the
van der Waals adhesion forces play the main role in ad-
hesion of the setal ends with a solid surface. The "dry" ad-
hesion was assessed by the strength of separation of the
sphere with a radius R from a flat surface in accordance
with the models of Johnson-Kendall-Roberts (JKR) or
Deryagin-Muller-Toporov (DMT):

F, = CxRW,,, (1)

where C — a constant, equal to 1,5 and 2 for JKR and
DMP models, respectively; Wi, =y, + v, — y;, — ther-
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modynamic (equilibrium) work of adhesion, y; — a spe-
cific free surface energy of the sphere’s material, y, — spe-
cific free surface energy of the substrate, v, — specific in-
terphase surface energy of the contacting bodies.

For polymer spatulas in the first approximation

= = =+ = 2 then
Wiy = 2(y1y2)/2. The first artificial "dry" adhesives that

simulated adhesion of the geckos’ toes were created in the
form of surface polymer columnar structures of different
nature, shapes and sizes. The obtained results confirmed
the theoretical ideas that the nature and the shape of the
spatulas does not play a role in ensuring of the effect of the
"dry" adhesion, and it is greatly influenced by its dimensions
(especially below 100 nm), the packing density and the ad-
hesiveness. The slope and curvature of the setas’ trunks
and spatula on the geckos’ toes, controlled by macroscopic
motion of the muscles, were not taken into account.

2. Theoretical analysis and experimental studies
of the interaction of micro- and nanofibrillar
structures (setas and spatulas) with a solid surface
at different angles

Development of theory and practice of the "dry" ad-
hesion was based on taking into account of inclination,
curvature and stiffness of setas and spatulas (fig. 2, b),
which are largely determined by the pressing force, pull-
off force and friction force between the spatula pads and
the solid surface, which allow to explain the high speed
and reversibility of clutch/separation cycles of the geckos’
toes when climbing on the walls and ceilings. The exper-
iments on study of clamping and shift of some natural setas
and its sets (tetrads packs) to a flat surface and the proposed
model of anisotropic (directional) frictional adhesion of the
spatula pads (fig. 3, look at the figure on the 2-nd page of
the cover) [2, 3] played an important role in understanding
of the interaction of setas and spatulas with a solid surface,
in development of new artificial "dry" adhesives.

At shear sliding against the slope of the setas’ tetrad
(fig. 3, a), only a Coulomb friction is observed. The neg-
ative shear forces F correspond to the sliding resistance
(friction force), in what connection the difference between
the static and kinetic friction is practically absent, and the
normal clamping force Fy corresponds to the elastic re-
bound, approximately 3,2 times higher than the shear fric-
tion force. At the shift sliding in the direction of the trunks
inclination (fig. 3, b), the setas first suffer clamping to a
surface (the peak @ in fig. 3, d), and then the separation
occurs due to tension of the seta trunks after coupling of
the setas at the ends of the fibers to a solid surface and at
sliding. The negative normal force F corresponds to the
resistance of separation, i. e., adhesive force. A kind of
larger positive values of shear force F correspond to the
resistance at sliding (friction force). Both these forces
reach its limit at slippage, less than 100 pm.

Contact of the surface with the seta trunks versus its tilt
is called non-adhesive, corresponding to separation of se-
tas and spatulas from a hard surface at geckos motion on
walls and ceilings and, and in the direction of tilt — ad-
hesive, i.e. accordingly to their surface traction. The most
dramatic difference is shown in the graphic expression of
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the relationship of normal and shear forces in the coordi-
nates (F7-— Fy). At the non-adhesive mode, the force vec-
tors —Frand +Fy (fig. 3, e) at setas and spatulas slipping
almost entirely correspond to Coulomb friction cone (red
dashed line, the slope of which is 1/u, where u — friction
coefficient). At the adhesive mode, the vectors of these
forces (fig. 3, f) correspond to Coulomb friction cone only
at the initial stage of the clamp. After forming of the ad-
hesive bond, the forces change signs and rapidly increase
at slip, converge in the coordinates +Fpand —F) on the
line: Fyy = —Frtgo*, where a* ~ 30° (purple dashed line).
Such focused, or anisotropic adhesion is called friction ad-
hesion, wherein the adhesive strength of normal separation
from the surface is limited by the shear force and the crit-
ical angle of setas separation a*. Adhesion and minimal
shear forces are associated with inequality Fp> Fy/tgo*,
and the upper limit of the shear force is determined by the
inequality Fr < Fppax

Thus, the model of friction anisotropic directed adhe-
sion of fibrillar structures describes an adjustable adhesive
system: adhesion in the perpendicular direction is regulat-
ed by the controlled application of the tangential force.
The normal pull-off force is not a force function of pre-
liminary pressure, required for the initial contact, and the
applied tangential force aligns and compresses the setas,
increasing amount of the spatulas entered into contact
with the surface and, therefore, the adhesive force of the
normal separation and shear force resistance, i.e. coefficient
and friction force. Small tear forces of setas and spatulas at
separation of the gecko’s feet from the substrate also come
from this model: the forces needed only for relaxation of
tangential force and return to the initial state of the system
in contact with a small quantity of adhesive separation.

The first theoretical description of the attachment/de-
tachment of the spatulas at geckos motion on the walls
and ceilings, taking into account angles of force applica-
tion, i.e., slopes of seta and spatulas rods (see. fig. 2, b),
was based on the model of peeling of the sticky tape
from a flat surface (Kendall model) [28, 29]. At this, the
breakout force F at an angle 0, is determined from the
conditions of energy balance [F(e)/b]2/2hE + [F(0)/b] X
X [1 — cosb] — G=0:

F@0) =

— bhE(cos — 1 + Jcos’0—2cos0+1+2G/hE), (2)

where b, h, E — width, thickness and modulus of elasticity
of the tape; G — energy, consumed on formation of a sur-
face unit by peeling of the sticky film at an angle 6 = 90°.
The maximum force of detachment is observed at small
angles:

Fpon(0 > 0) = J2GH’hE. (3)

This model does not define the nature of the forces of
adhesion interaction and their contribution into the peel-
ing energy G, and it also does not take into account the
friction forces.

Interaction of the spatulas tips of submicron size in
contact with the substrate, including adhesion and friction
forces, caused by the Van der Waals interaction, taking in-
to account angles of slope of the setas’ and spatulas trunks,




quantitatively calculated in [4, 5]. The designed model is
based not on energy balance, but on the balance of forces
acting on the setas and tips of the spatulas in the micro-
and nanometer scale, respectively (fig. 4).

In this model (fig. 4, b), the normal interaction force
between the spatula pad with the substrate (along the axis z)
is calculated using the Lennard-Jones potential, which in-
cludes the attractive interaction energy E, and repulsion
energy Eg (E, = —E(z/2) " + Eg(e/z) " (m > m):

Foaw = —dE/dz = —(nE,/7)(z/2) " "V +
+ (mEg/7)(2/2) "+ V. (4)
In the equilibrium state (with a minimum of £, cor-

responding to the distance between the surfaces D),

F,yw=10. When D < D, the repulsive forces act, and

when D > D, attractive interaction forces act, reaching a

maximum F,;}, = F, at a certain D corresponding to the

normal attraction force and equal to the force of separa-
tion. A force, which is determined by integrating of energy
from D = Dy to D = o with the sharp increase in the en-

ergy of repulsion at D < Dy (the effect of a solid wall), cor-

responds to the total attractive force (adhesion force).
Corresponding per unit of area of the flat contact surfaces
(adhesive pressure or clamp), it is theoretically calculated
by the expression for the Van der Waals interaction:

where 4|, — Hamaker constant. The maximum of this in-
teraction corresponds to D = D,

The surface potential along the axis x, which is parallel
to the contacting surfaces, approximately can be described
by amplitude-varying function, in particular, sinusoidal,
reflecting the potential landscape of a surface:

U, = Uysin(2nx/xg), (6)

where x; — a critical distance determined by the period of
the crystal lattice, the sizes of the molecules or projections
of the contacting surfaces. In the absence of an external
force, the longitudinal static friction force }} is described
by a cosinusoidal function:

Fr= —dU, /dx = —(2nUy/xgcos(2nx/x;). )

Comparison of the functions (6) and (7) shows that F,
force at U, = 0 corresponds to a maximum static friction
force generated between two flat contact surfaces in the
absence of external forces. Under influence of an external
force along a longitudinal axis x (F}), which is equal to or
greater to a slip resistance force, i.e. maximum friction
force F/™™, slide or slip of the surfaces is possible. Max-
imum friction force ;™ can be calculated by the integral
adhesion (van der Waals), pressure P,y by the contact
area of the spatula pad with the substrate and the coeffi-
cient of friction p, which in the case of polymers lies in the
range from 0,2 to 1:

F™ = uLcbPygy, (8)

where L-and b — the length and the width of the spatula
pad. At £, < F/™ the static friction force is equal to lon-

gitudinal, ie. F, = I}, and the surfaces stay adhesively

bonded, although there may be a slow creeping. It is

shown below that at attachment/detachment of the spat-

ulas’s tips at geckos’ motion, F, < F;"" is observed, i. e.

longitudinal forces never reach the "critical" value, at

which the spatula pads may slip.

The balance of forces in separation of a spatula from
the surface by tension of its trunk at an angle 6 deter-
mines the presence of three bands near interaction of the
spatula pad and the substrate’s surface (fig. 4, b):

e contact zone (D = D) in the range from x =0 to
x = x;, where the attractive force is balanced by the
repulsion force and the total force acting on the spatula
pad is zero;

e transition peeling zone between x; and x,, where the
integral of the Van der Waals attractive force of the
spatula is equal to the force of separation acting along
its trunk F(0);

e zone of constant tension force along the spatula trunk
F(0) for x > x,.

At this, the breakout force F(0) becomes decomposed
into normal F, and longitudinal (shear) F parts:

F(8) = F,sin6 + Fyrcosb. )

Ignoring the small bending force F;,(6 — 90°), we can
assume that

F, = Fyy = F(0)sino; (10)
Fr= F;= F(0)coso. (11)

Using these equations it is possible to calculate a static
friction force and a pull-off force as a function of the angle
of inclination of the spatula trunk:

Fr= F,qw/tgb; (12)
F(0) = F,;y/siné. (13)

Fig. 5 shows these relationships in relation to a range
of possible values of the maximum friction force F;™,
calculated using equation (8) for the limit values of the co-
efficient of friction.

The given data show that the pull-off force F(6) and
the friction force Fychange by several decimal orders de-
pending on the angle 6. At this, the pull-off force at small
angles (60 < 30°) is constrained by the static friction force,
and at the high angle (6 > 60°) — by adhesive Van der Waals
force. The transition region between the two modes is close
to 40°. Only at the very small angle 0 (less than 10°), F(0)
can reach or exceed F; ', when the spatula pad begin to
slide along the surface. In the case of geckos, the angles 6
always less than 45°, which makes a significant contribu-
tion of the friction to the behavior of the tips of the spatula.

Equations (9)—(11) allow us to estimate the contribu-
tions of the static friction force and Van der Waals adhe-
sion force in containment of the normal and longitudinal
components of the pull-off force depending on the angle 6:

F, = F(0)sin6 = (chosG + F, y/8in0)sin® =

= 0,5F;sin20 + F,ysin’; (14)
F = F(6)cosd = (Fycosd + F, p sind)cosd =
= 0,5Fcos’0 + F,;sin26. (15)
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The dependences calculated from the experimental da-
ta for tips of the natural spatulas are shown in fig. 6. The
obtained data show that the largest F, and Frare observed
at small angles 6 (<30° and <45°), which explains the abil-
ity of geckos to run equally well on the ceiling, where a
maximum normal pull-off force is required, as well as on
the walls, where a maximum longitudinal (shear) pull-off
force is required. In this case, the rapid alternation of at-
tachment and detachment of the spatula pads and, accord-
ingly, setas, lamellae and a whole feet is provided by fold-
ing and unfolding of the gecko’s toes (fig. 7).

When the spatulas and setas on the gecko toes ap-
proaching the surface of the substrate and when the Van
der Waals adhesive interaction is weak, the hair’s trunk
with forms an angle of about 30° with the substrate, which
approximately corresponds to a right angle between the
tips and rods of the spatulas and rods of the spatulas and
the surface (fig. 7, a). When a gecko folds toes for surface
bonding (fig. 7, b), an angle 6, between the axis of the
hair’s trunk, i.e. direction of the pull-off force Fgacting on
it and a surface decreases from 30° to 0. Normal and lon-
gitudinal components of the force acting on the hair’s
trunk, correspond to the equality

F, L-seta — F n—seta/ tgey (16)

At this, the angle 0 between the spatulas trunks, i.e. be-
tween clamping forces acting on them, and the surface de-
creases from 90° to 0. Hence, the greater the folding force
of toes, than the angles 6; and 6 become smaller, and the
more ends of spatulas become pressed to the surface and,
accordingly, the absolute value of Fy_.,,, and F, ... great-
er. At the same time F; _,,, > F,_.;,» Which explains the
fact that geckos prefer to spend more time on the walls, but
not on the ceilings.

When the gecko flips its toes to separate from the sur-
face, the seta trunk acts as a lever, returning itself and
trunks of the spatulas into the initial state with 6, ~ 30° and
0 ~ 90°. This leads to a consequential detachment of the
spatula pads from right to left (fig. 7, ¢). The normal pull-
off force of a seta from the surface can be defined as:

t=T

f, NF, (B — vt)/Ldt = NF,;yB/2L, (17)
0

_ 1
n-seta T t:J.
where N — an average number of spatulas of a fiber pull-
ing-out at each moment; v — speed of peeling along a
stack (tetrad) of spatula with the width B; T = B/v — seta
peeling time; L — length of the projection of the hair’s
trunk of the substrate’s surface. The value F,_.,,,(90°) cal-
culated for this state using experimental data on the prop-
erties of geckos seta and spatulas is 32 nH, which corre-
sponds to the weak Van der Waals force F,,p, which is
about 1000 times less than at its engagement with the sur-
face at 0 = 10°: F,_,,(10°) = 35 mN.

Analysis of the behavior of setas and spatulas on the
gecko’s toes while clinging to a smooth surface with a shift
showed the important role of its spontaneous seal when
tilted under the longitudinal force. The model of the seal
(Crowding model) of 4-element packs (tetrads) of the ver-
tical bars that are longer than the distance between them,
arranged on a square lattice of a flat surface with the axes
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x-y and tilt-shift pressed to it [8], was developed for de-
scription of this effect. When a pressing force exposes
along the x-axis, the bars can pass twice in a tightly packed
condition at critical inclination angles: firstly in a less dense
condition along the x axis, and then in a more dense —
along the y axis. The critical inclination angles of the bars
to the surface, in which these transitions are observed, are
determined by the distance between the bars along x and
y axes, by form and sectional shape.

For cylindrical columns with a diameter d and distance
between them S, and Sy, the angles are given by the rela-
tions:

sinf. , = ;—1 ; sing,, = ;—1 . (18)
x y

The final critical angle of the bars’ inclination with the
highest seal is determined by the formula:

0, = sin~'(sin6, xSiné, ), (19)

and the orientation angle relative to x axis, by so-called az-
imuth angle is determined by the formula:

(20)

The angles, calculated on the base of the model taking
into account the size of the natural gecko setas’ tetrads
equal to 8,4 um, and the distance between them equal to
18 pm, 6, ,=6,,=27.8, 6,=12,6° and ¢, = 25,0°.
The crowdfng effect of tetrads during gecko’s toes folding
must occur in a sharp increase in a number of the setas and
spatulas in contact with the surface and, therefore, normal
and shear forces (pull-off adhesion and friction forces), pro-
viding a "dry" adhesion. Obviously, that this effect requires
that the critical angles of the seals were less than the setas
inclination angles to the substrate plane, in which there the
spontaneous separation of the spatula pads occurs at unfold-
ing of the toes. The effect of decompression, the converse
effect to the seal, which should occur at unfolding of the
gecko’s toes, facilitates their separation from the surface.

The results of theoretical analysis and experimental
evaluation of the interaction of setas and spatulas on the
geckos’ toes with a solid surface, taking into account their
inclination, are consistent with the research data of the ad-
hesive properties of synthetic polymeric fibrillar structures.
The plates with the area of 3,9 cm? with surface fibrillar
structure in the form of cylindrical columns directly in-
clined and cut at a predetermined angle were formed by
injection of an elastic polyurethane (elastic modulus of
about 300 kPa) (fig. 8, a, b) [6]. The plates were applied
to a solid surface with pre-pressing on a predetermined
value, and then the effort and separation work of a lath at
the different angle of application of force were measured:
the angles 0° and 180° correspond to the positive and neg-
ative tangential force (shear) and 90° — to a normal sep-
aration. The results are shown in fig. 8, ¢, d.

It can be seen that the pull-off force and adhesion work
in a large extent depend on the pre-pressing, as well as on
the angle of application of force, sharply increasing at a
positive and decreasing at a negative offset.

Fig. 9 shows additional examples of hierarchical fibrillar
structures imitating the structure of lamella of geckos’ toes.

¢, = tgfl(tgec,xcosec,y).




Obviously, the adhesive properties of fibrillar "dry" ad-
hesives on micro- and nanoscales crucially can be degrad-
ed by pollution with hard particles. It was experimentally
shown that the systems of setas and spatulas on the skin of
the geckos’ toes can be self-cleaned: after their dusting with
powder of microspheres with the diameter of 2,5 um, the
adhesive properties were restored after a few steps on a solid
surface [26, 27]. This is likely due to the fact that, in ac-
cordance with the anisotropic adhesion model for adhesion
of spatulas to a solid surface, its shift in a certain direction
is required after the initial contact. In the absence of this
shift, the external side is the fibrillar structure possess the ad-
hesion properties with substantially weaker attraction force
of contamination particles F, as compared with the force of
attraction of the substrate’s surface F,,,. In accordance with
the contact mechanical model of energy imbalance is

2R Wi ps < 2R, W,
where R, and R, — the size of the particle’s contact spot
with the spatulas’s surface and a radius of the particle;
W, ps and W, ., — the work of particle’s adhesion and
spatula and particles and solid surface, respectively. So
that contamination particles poorly adhere to the spatulas
and drop on a hard surface in a motion. The liquid con-
taminants do not wet down the fibrillar surface because of
its superhydrophobic nature and a lotus effect. Although it
has never observed, that the geckos cleaned its feet, it is as-
sumed that they can use so-called toes superextension for
purification of the toes.

On example of the fibrillar synthetic "dry" adhesive
based on hard hydrophobic polymer (polypropylene) and
gold particles with the diameter <2,5 um it was shown that
it has a weak self-cleaning effect: the samples reconstituted
25...33 % of the initial shear adhesion after 30 simulated
steps due to the contact self-purification [21].

s W’
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Bnepevie noayuen u uccredosan nve30aKmMueHbLL KOMNO3UM C 8bICOKOU 008eMHOU KOHUEHMpauuel cecHemonbe30KepamuKy
L[TC-19 (om 50 0o 95 %). B kauecmee noaumepHoeo KomnoHenma ucnoavzosaics P-2M3. I[Ipoanasuzuposanvl nve3o- u ou-
2neKmpuuecKue ceoUCmea KOMNo3uma ¢ y4emom 0COOeHHOCMelU e2o MUKpoeeoMempul, a makice nposedeHo CpPasHeHue CeOUCms
C XapaKkmepucmukamy psoa KOMHO3UMO8 HA OCHoge cecHemonvezokepamuku muna PZT. Ochognbim npeumyuwecmeom Ho802o
KOMRO3UMA A64A510Mcsl 60abuiUe 3HAYEHUs Nbe30K0dpPuyuenmos | g5 j|, docmuenymole 8 NPUCYmMCcmeuy noAuMepa ¢ NOBbIUEHHOU

Mexanuveckou NPOYHOCMbBIO.

Karoueevie caosa: ceenemonwvesoxepamuixa, L[TC-19, ¢gmopnosumep, D-2MD, nve3okodppuyuenmol, noe304yecmeument-

HOCM®, MUKpOceomMempus Komnosuma

BBenenue

[Tbe30251eKTpUUECKHE 3JEMEHTHl U3 CEerHETOIbe-
3okepamuk (CIIK) tuna HTC (unu PZT) nonyuunu
pacmpocTpaHeHME B COBpPeMeHHO# TexHuke. s
VIIYUIIeHUs psAga MEeXaHWYeCKHUX M 3JIEKTpopH3nUe-
CKUX MapaMeTpoB pa3pabaTbiBalOTCSl MbE30aKTUBHBIC
KOMITIO3UTHBIE MaTepuanbl [1, 2], B KOTOPBIX MOXHO
BapbHPOBATh COCTAB, MUKPOTEOMETPHUIO M IPYTHE Xa-
PaKTepUCTUKU. 3a MOCAeIHUEe AeCATUICTUS HAUOOb-
1ee pacnpocTpaHEeHWEe TMOJYUYWIN KOMITIO3UTHI THUIIA
"CIIK — monumep" ¢ siaeMmeHTamMu cBsi3HOCTH (0—3
[3—9], 1-3 [6], 2—2 u 3—3 [1, 2].

Cpenu MOIUMEPOB OIPEACICHHBI MHTEPeC Tpel-
CTaBJISIIOT TaKKe, KOTOpble 00J1aJal0T CerHeTO- U Mbe-
302JICKTPUYECKUMM CBOMCTBAMM, BLICOKOM MEeXaHUYE-
CKOI TIPOYHOCTBIO U T. A. B yacTHOCTH, K TTOTMMeEpaMm,
00J1a1al01MM OTHOCUTEIBHO BHICOKON MeXaHUYECKOM
MPOYHOCTHIO, OTHOCATCS pToporacThl [10, 11]. Oco-
OBl MHTEPEC K Mbe30aKTUBHBIM KOMITO3UTaM, CONEP-
KamuMm (TopoIiacT, cBsI3aH ¢ UX 3(GEHEKTUBHBIMU
(pU3MIECKMH CBOMCTBAMHU, a TAKXKe ¢ OTPAaHUYCHHBI-
MM 3KCIePUMEHTAIbHBIMU JAHHBIMU MO KOHIIEHTpa-
LIMOHHBIM 3aBUCHMOCTSIM 3TUX CBOMCTB, IO MHUKPO-
TeOMETpUM OOPa3IOB M YCIOBUSIM WX TTOJISPU3AIINN.

AHanu3 3(p(peKTUBHBIX CBOMCTB KOMITO3UTOB YaCTO
OrpaHUYUBAETCSI KOHKPETHOM CBSI3HOCTBIO O€3 neTa-
JIM3aLMM MUKPOT€OMETPHYHU, a B KAYECTBE NEPEeMEHHOMN
BbICTyIaeT oobeMHass koHueHTpauus CIIK [1—6] —
OT HECKOJIBKUX MPOLIEHTOB OO0 AECATKOB MPOLEHTOB.
Lenb HacTosiIero cooOIIEHUsSI — PAacCMOTPETh OCO-
OEHHOCTH MbE303JIEKTPUYECKUX CBOMCTB U MUKPOT€O-
METpUM HOBOro komrosuta Ha ocHoBe CIIK Ttuma
HTC npu nusmMmeHeHUU 0OBEMHONM KOHLIEHTpALIMU MO~
nmuMmepa (¢roporiacra) B uHTepBane 0,05 < My < 0,50.
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H3roroBjieHHe KOMIIO3UTHBIX 00Pa3oB

Droportact P-2MD xapakrepusyeTcss HaubOOb-
LIXM CPeIr U3BECTHBIX (pTOpcoaepKalluX MOJUMEpPOB
MpeaesoM IMPOYHOCTU MPU pa3pbiBe U B B-dasze oba-
JaeT CETHETO- M Ibe303JIEKTPUYECKUMU CBOMCTBAMM
[1, 10—12], onHako TonydyeHue CTabUJIbHOU B-asbl
COMNPSIKEHO C DPSIIOM TEXHOJOTUYECKUX IPOOIeM.
ITosTOMYy B poBOAMMOM HCCIeIOBaHUM (hTOPOILIACT
®-2MD MBI paccMaTpUBaId KaK IThe30TAaCCUBHBIN
matepuan. B kauectBe CIIK-koMIoHeHTa BhIOpaHa
kepamuka LITC-19 ¢ M3BECTHBIM IOJHBIM HAabOPOM
BJIEKTPOMEXaHUYECKUX KOHCTaHT [2, 13].

IIpu u3roToBNeHWH OOPaA3IIOB HOBOI'O MbE30KOM-
no3uta Ha ocHoBe LITC-19 ucnosb3oBaiu TEXHOJO-
T'MI0, OCHOBaHHYIO Ha cMmelleHuu nopoiukoB CITK u
MOJIMMepa ¢ MOCIeAYIOIINM OTBePKIACHUEM TTOJIMMEP-
HOI MaTpULbI TIPU COOTIOACHNUM OTPEaEICHHOTO TeM-
nepatypHoro pexuma. KoMIOHEHTBhl CMEIIWBAIU B
CTyMNKe TPU HEMPEPLIBHOM pacTUPAHUU A0 OJHOPOI-
HOIl Macchl. 3aTeM CMeChb MPOCEUBAIU Yepe3 CUTO C
nuameTrpoM oTeepctuit 0,25 MM U1 3achIlajii B Mpecc-
¢opmy ¢ nnamerpom 22,8 mMm. IIpeccoBaHue IpOBOAWIN
MpY TToJa4ye Ha 3aroToBKY AaBieHUst okoio 60 MIla,
MpU 3TOM MPUMEHSUIM METOJ CYyXOTO IMPEeCCOBAHMUSI.
ITpeccoBaHHbIl 0Opasell, He BBIHUMasl U3 mpecc-(op-
MBI, TIOMEIIIAJIA B CYIIVJIBHBIN IIKad ¢ Harpy3Koi Ha
myaHncoH okoso 0,1 MIla u ganee nmpoBOAWIN CIIEKa-
HUE U OTBepxKaeHue obpasua. IIpu a3ToM Bpems BbI-
nepxku coctapisiio 0,5 4, a HauboJbLIask TeMIepa-
typa T, cocrabnsana 498 K. Ormerum, uto ®-2MD
MpU HOPMAJIBHOM aTMOC(HEPHOM NaBJIEHUU TIABUTCS
BOu3K 423 K [11] 1 mo3ToMy NMpu MOHUKEHUU TeM-
nepatypsl oT 7, @-2MD s(pdeKTUBHO CBA3BIBAET Yac-
tuibl HTC-19 u cnocoGCTBYyeT UX JOCTaTOYHO paB-
HOMEPHOMY paclpeacieHUI0 BHYTPU MOJUMMEPHOMH




cpeabl. CrieyeHHBI M OCTBIBIIMII 1O KOMHATHOI
TeMITepaTypbl KOMITO3UTHBIN 00pa3ell BHIHUMAIN U3
rpecc-(GopMBI ¥ TTPOBOIUIN TIEPBUYHBIE U3MEPEHMUSI.
B xauecTBe 31eKTpOmOB, HAHOCUMBIX Ha OOpa3IlHI,
MPUMEHSUI KJIEMKYIO aTIOMUHHMEBYIO TEXHUUYECKYIO
¢onbry npousBoacta ¢pupmsl "Unibob". TTonsgpu3sa-
1IMI0 00pa3loB MPOBOAUIN B CUJIMKOHOBOM Macje B
TeyeHue 40 MUH C OJHOBPEMEHHBIM HArpeBOM 0
343 K. IIpu 3TOM HanpsLKEHHOCTb 3JEKTPUYSCKOIO
nons E 3agaBanack B uHTepBajie or E = 3,40 MB/m
(pu my = 0,05) mo E = 3,82 MB/m (ipu my = 0,50).
DnexTpodusndecKue IapaMeTphbl ITOJISIPU30BaHHBIX
00pas31I0B U3MEPSITU CITYCTSI MUHUMYM CeMb CYTOK T10-
cjie ToNsIpU3aluu, T. €. TI0Cie aKTMBHOTO ITIpoliecca
peakcalliy CeTHETOIIEKTPUICCKIX JOMEHOB B KpH-
cragurax CITK. DToT npolecc npuBoaua K yMEHb-
IIEHWIO OCTATOYHOM TOJISIPM3allii W CTaOVIIM3aIun
CBOWCTB MCCIEAyeMbIX KOMITO3UTHBIX 00pa3oB. Kpo-
Me TOro, UcCCjeloBaHME 0COOEHHOCTE MUKPOTE€OMET-
pu¥ 06pa3sLOB B IINPOKOM MHTEPBAIIC /1, IPOBOLIIN
C TIOMOIIBIO PACTPOBOTO CKAHUPYIOLLIETO 3JIEKTPOHHO-
ro mukpockona JEOL-6390LA.

D dekTUBHBIE TAPAMETPbI
W MHKDPOTeOMeTpus KOMIIO3UTA

KoHueHTpallMOHHbIE 3aBUCUMOCTU 3P HeKTUB-
HBIX CBOMCTB (puc. 1) U U3MEHEHUSI MUKPOTEOMET-
puu KoMmIo3uTa (puc. 2) MoKa3blBalOT, UTO BHEAPEHUE
Jlaxke OTHOCUTEJIbHO HeOoJbIINX KonudecTB ®-2MD
(0,05 < My < 0,15) cyiecTBeHHO BIMSIET HA IIbE30- U

IU2JIEKTPUUYECKUI OTKIMKU. BmecTe ¢ Tem, mopuc-
TOCTh 00pa3uoB /I MeajeHHO yObIBaeT (KpuBasi 3 Ha
puc. 1, ¢), 4To OOYCJIOBJIIEHO YMEHbIIEHUEM O0beM-
"ot goau yactull LITC-19 B o6pasue. C ymMeHbIIIEHN-
eM oobemHoM nonu yactul CITK mpoucxoaut ymeHb-
IIeHWE YMCla KPUCTAJUIMTHBIX (3€pEeHHBIX) IOp, a
TakXe TUIOIAAM MOBEPXHOCTU pasjeia MeXIy KOM-
MOHEHTaMU, YTO, B KOHEUHOM MTOI€, CIIOCOOCTBYET
YMEHBIIEHUIO YKca rpaHuyHbIX Mop. 1o Haniemy MHe-
HUIO, 3TU MUKPOT€OMETPUYECKUE UBMEHEHMSI, B OCHOB-
HOM, ONpeAessIIOT HEMOHOTOHHBIH XapaKTep 3aBUCUMO-
CTU JOU2JIEKTPUYECKONW IMPOHUIIAEMOCTH MeXaHuYe-

CKM cBOOOAHOTO 0Opasiia s;g (mpl) (cMm. puc. 1, a) u
MMOBEACHUE Mbe30KOI(PD(MUILINEHTOB d§3 (mp,) (kpuBasg [

Ha puc. 1, b) u g3; (mp,) (xkpuBast [ Ha puc. 1, c), xa-
PAKTEpU3YIOLINX, COOTBETCTBEHHO, ITh€30aKTUBHOCTh
U Tbe30YYBCTBUTEIBHOCTh KOMIIO3UTA BAOJbL OCHU
nossipusauuu OX3. YHOMsIHyTast BbIIIE HEMOHOTOH-

*O d* 6
HOCTb £33 (mp/) U yMEHbIIEHNE d53 (mp/) MOTYT OBITh

CBS3aHbl U C IOJMMEPHBIMU MPOCIOMKAMU, TPENAT-
CTBYIOLLIMMU 0oJiee BbICOKOI Mbe30aKTUBHOCTU o6pa3—
ooB M, TEM CaMbIM, YMCHBIIAIOUIMMU ITbE303JICKTPU-

o *O
4yeckuil BKIag [2] B €33 .

IIpu mp,=0,15...0,30 MIPOUCXOAUT HEKOTOpOe

*O *
BbIDABHUBAHUE KPUBBIX €33 (mp,) u dsy (mp,) Mpu He-
3HAYUTEIBPHBIX M3MEHEHUSIX KOH(MUIYpaluyu KPUBOM

d;l(mp,) (cM. puc. 1, a u b), T. e. OTKIMK OOpa3LOB
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Puc. 1. DkcnepuMeHTAIbHbIE KOHIEHTPAIMOHHbIE 3ABUCMMOCTH CJie-
nyomux napamerpoB Komnosuta Ha ocHoBe CIIK IITC-19 npu xom-
HATHOIi TeMIepaType: OTHOCHTEJbHAS IHIJIEKTPHYECKAs MPOHUIAE-

MOCTb MEXaHHYECKH CBOOOIHOro odpasna sgg’ /g¢ (a), mbesomonym
d;j u d;, (b, B 1Ki/H), nbe3okosdduumentni gé‘j (¢, B MBM/H) n
nopucTocTh 00pasuos I7 (¢, B MPOIEHTAX)

Fig. 1. Experimental concentration dependences of the composite’s
parameters on the basis of PZT-19 SPC at room temperature: the

relative dielectric permittivity of the mechanically free sample €33 /g
(a), piezoelectric moduli a’3*j and d; (b, in pC/N), the piezoelectric
coefficients g3 ; (¢, inmVm/H), the porosity of the samples 11 (s, percent)
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Puc. 2. Mukpodororpadpuu mnonspusoBannsix o0pasuoB kommosuta Ha ocHoe CIIK IITC-19 npu 00beMHOIl KOHIIEHTpAUMM NOJMMEpa
my; = 0,05 (a), 0,10 (b), 0,15 (c), 0,20 (d), 0,25 (e), 0,30 (/), 0,40 (g), 0,50 (h). Muxpodororpaduu caeaHbl ¢ NOMOLIBIO PACTPOBOTO

CKaHHUpYIOmero 31eKTponHoro Mukpockona JEOL-6390LA

Fig. 2. The polarized samples of the composite based on PZT-19 SPC at a volumetric concentration of polymer m,) = 0,05 (a), 0,10 (b), 0,15 (c),
0,20 (d), 0,25 (e), 0,30 (), 0,40 (g), 0,50 (h). (Raster scanning electron microscope JEOL-6390LA)

B10OJIb Och OX3 CTAHOBUTCS MEHEE 3aBUCUMBIM U OT

INOJIMMEPHOI0O KOMIIOHEHTA, U OT MOPUCTOCTH. HpI/I

mp,=0,35...0,50 HaOyogaeTcsl 3aMEeTHOE YMEHb-

meHme £33 (m,) (M. puc. 1, a) u dj;(m,) (kpusas I
Ha puc. 1, b), 4TO COMPOBOXKIACTCS UBMEHEHUSIMHI MUK-

poreomeTpuu oOpasLoB (Cp., HANIpUMep, puc. 2, f, g, h).
[lo HameMy MHEHUIO, C YBEJIMYCHUEM /M, BO3pac-

TaeT poJib TMOJUMEPHBIX MPOCIOEK, OKPYXKaIOUIUX
CIIK-BkmoueHus. B aToM ciayyae KOMITO3UTHBIE 00-
pa3usl BRIIAOAT Gosiee "perxabiMu’, Mexay CITK-
00JIaCTSIMU HapylIalOTCsl CBSI3M, IO3TOMY TakKue 00-
paslibl TpyIHee Mojsipu3oBaTh. BeposiTHO, Bo3pacTa-
eT J0JIS1 KepaMU4ecKux objlacteit, o01aaaomx Hu3-
KOM TMbe30aKTUBHOCTHIO (Majoii OCTAaTOYHOW TOJIsI-

puzalyeit) 1 NTpuBOASIINX K YMEHbIIEHUIO d;3 (mpl),

a cjenoBaTeIbHO, K YMEHbIIEHUIO a§§ (my) u3-3a
aJIeKTpoMeXaHuueckux cBsizeit [2]. JobGaBum, 4TO B
MCCJIE[yeMOM MHTEPBAIIC /11, AHU30TPOIIHS [IbE30MO-
nynei d§3 (mp,)/ d; 1 (mpl) OCTaeTCsl CPaBHUTEJIBHO He-
6onbioii, kak 1 B CITK LITC-19.

Ha nHeMoHOTOHHOE MoOBeneHue Tbe30K0IDGUII-

€HTOB ggj = d;j/szg (xpuBble I, 2 Ha puc. 1, c) 3Ha-
YUTEIIBHO BIUSIET £33 . MOHOTOHHOE YMEHBLLIEHHE 110~

puctoctu I1 (kpuBas 3 Ha puc. 1, ¢) ciayXut dakro-
x
pPOM, CTaOMJIM3UPYIOLIMM 3HAYEHUS g3 ; BCIIEACTBHE
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c 1),c
HEKOTOPOIo YMCHBIICHUA 823 I10 CPAaBHCHUIO C Sg )

MOHOJIUTHBIX 00pasuoB. Bomusu m, = 0,05 Beinos-

HSAIOTCA YCIOBUSA £33/ g(313) ~29mu g3/ g(311) ~ 2,1, roe

(1)
83j
JOCTUIAIOTCSI B KOMITO3UTHBIX 00pa3liax, XapaKTepu-
3yroluxcst nopucrocteio /1 =~ 0,2 (cM. KpuByo 3 Ha

puc. 1, ¢). OTMeTuM, 4TO paHee B TUTepaType He pac-

— mnbe3okoadouumentsl CITK. Bt yciaoBus

cmaTpuBancs 3pdeKT yBennueHus (g3 j| IIPH CpaBHHU-
TEJIBHO MaJibIX OOBEMHBIX KOHLIEHTPALUSIX IOJUMEpP-
HOTO KOMIIOHEHTA B IIb€3aKTUBHBIX KOMIIO3UTAX.

IIpe3omonynu d; Y (kpuBble I u 2 Ha puc. 1, b) amn-
MPOKCUMUPYIOTCS ITOJIMHOMAMU Y€TBEPTOM CTEIICHU B
uHtepBaie 0,05 < My < 0,50:

diy(my) = 78,8 = 578m,, + 2690m,, —

3 4
— 5470m>, + 3870m); (s nKa/H)

diy (my) = —19,2 + 82.9m,, — 452m., +
+ 1100m), — 888my, (5 nKot/H).

HMHuTtepnpeTalinsg KOHILEHTPALIMOHHBIX 3aBUCH-
MocTei 3((HEKTUBHBIX apaMeTpPOB KOMITO3UTa (CM.
puc. 1) B paMKax 0fHOW MUKPOMEXaHUYECKOI MO
MPECTaBISIETCS MPOOJIEeMATUYHON M3-3a MHOXECTBA
MUMKPOTreOMETPUUECKMX OCOOEHHOCTEN Ha OTAEJbHBIX
yuacTtkax nHtepBaia 0,05 < My, < 0,50.




IIporHo3upoBaHue U CpaBHEHHE
3((peKTHBHBIX MapaMeTPOB

Hnst 0,30 < My < 0,50 mpoBeneHO MPOTHO3UPOBA-
Hue 3(EeKTUBHBIX MapaMeTpoB Komrio3uTta (Tadj. 1)
B pamKax mozenu 2] cpepounansHoro CITK-Bkiioue-
HUS B TIPOTSDKEHHON TToTMMepHoi Matpuie. Komro-
3ut "CIIK — mommmep" xapakTepu3yeTcsi paBHOMEP-
HbIM pacnpeneneHremM CITK-BkiIoyeHU B moauMep-
HOI maTpulie U CBsI3HOCTbIO 0—3 (ciyyail MOHOMUT-
HOl monuMmepHoi Matpulbl) winm 0—3—0 (cayyaii
MOpUCTON MoJuMepHoit maTpulibl). Ileamonaraercs,
YTO BKJIIOYEHHUS MMEIOT IPAKTUIECKN OIMHAKOBBIC
pa3Mmephl, a ux cpepornanbHasg popma 3agaercsl ypas-
HEHUEM

(361/611)2 + (X2/02)2 + (x3/a3)2 =1

B OCSIX IIPSIMOYTOJIbHOM CUCTEMbI KOOPAMHAT (X} X)X3)
obpasua, riae ay, a, = a; U a3 — JIMHBL NOJIyocei

Tabauua 1
Table 1

PacyeTHbie W IKCIEPUMEHTAJbHbIE 3HAYEHUS Mbe30MOIyJIei d;‘j
(8 nKi/H), nbe30k03unmenton g3*j (8 MB -M/H)

M OTHOCHTEJIBHON IM3JIEKTPHIECKOii POHUAEMOCTH £33 /€
kommno3uToB Ha ocHoBe CIIK IITC-19

Calculated and experimental values of the piezoelectric modulus d;}
(in pC/N), of the piezoelectric coefficients g3*j- (in mV-m/H)

and relative dielectric permittivity €33 /e

chepouga. BekTop ocraTouyHOU IMOJSIpU3ALUN KaxK-
noro CIIK-BkJtoueHMsI COHAMpaBJIeH ¢ OCblO KOOp-
auHaT OX;. BaXHBIM MUKPOI€OMETPUYECKUM I1apa-
METPOM BKJIIOUEHHUSI SIBJISIETCS OTHOIIEHUE IJIUH €ro
nosiyoceit p = ay/az. IlopucTelil monumep xapakre-
pU3yeTcs paBHOMEPHBIM paclipeAcsieHUeM BO3IYII-
HbIX cepoUIaTbHBIX MOP C OTHOILIEHUEM IJUH TO0-

JYOCCH por = Ay por/A3 por U C OOBEMHON KOHLICH-
Tpaumueit mp,.. ®opma mopsl 3amaercs B (X XpX3)
YPaBHEHUEM

2 2 2
(al,por/xl) + (al,por/x2) + (a3,p0r/x3) =1,

a JIMHEWHBIC PasMepbl d ,,. U a3 ,, 3HAYUTEIBLHO
MeHbllIe IJIUHBI HauMeHblel moayocu CIIK-Bkio-
yeHusi. [IporHosupoBaHue 3POEKTUBHBIX CBOMCTB
KOMIIO3MTa IIPOBEACHO B paMKaxX MeToja 3((eKTUB-
HOTO MoJis [2] ¢ y4eToM 3JeKTpOMEeXaHUUECKOro B3au-
moneiictBust CITK-BKIIOUEHUIA U C UCIIOJIB30BaHUEM
anekTpoMexaHnyeckux KoHctanT CITK LI'C-19 [13]

Ta6auua 2
Table 2

DKcnepuMeHTAIbHbIE 3HAYEHHUS NMbe30MOLYJIst d;; (8 nKn/H) u
nbe30K03¢punuenta g3*3 (B MB * M/H) HEKOTOpbIX KOMIIO3UTOB
Ha ocHoBe CIIK tuna PZT npm KoMHATHO# TeMmepaTtype
The experimental values of the piezoelectric modulus d3*3 (in pC/N),
and the piezoelectric coefficient g3*3 (in mV -m/H) of some compos-

ites
based on SPC of PZT-type at the room temperature

Komnosur m ax *
of the composites based on PZT-19 SPC Composite 1Z 33 833
m 4 4 * * %0 "CIIK PZT — PVDF", meTon ropsiuero 0,5 13,8 16,1
P P 33 3 633 &1 &5 /% peccoBaHusI, CBA3HOCTh Thma 0—3 [4]
"SPC PZT — PVDF", hot pressing method,
Kowmrmosur "CIIK IL[TC-19 — nopucrsiit PVDF, the connection type of 0—3 [4]
Ppor = 100, My = 0,5" "CIIK PZT — PVDF" ¢ anemeHTaMu 0,4]17...20| 40...45
- _ — " cBsizHoct 0—3 u 1—3 [6] 0,5] 14...16| 48...51
Composite "PZT-19 SPC — porous PVDF, Ppor 100, Moy 0,5 "SPC PZT — PVDF" with the connectivity
0,2 0,5 20,1 =52 43,0 —11,2 52,8 elements of 0—3 and 1—3 [6]
0,2 0,4 25,0 —7.4 36,7 -10,8 77,0 "CIIK PZT — nonuauMeTHIcUIOKcaH", 0,5 25 75
0,2 03 | 32,7 |-10,7 | 32,0 | —10,5 ]| 116 eeasnocth Tuna 0—3 [9]

Kommosur "CITK UTC-19 — mopuctsrit PVDF, Ppor = 1, L — 0,5"
Composite "PZT-19 SPC — porous PVDF, p,,,. = 1, my,. = 0.5"

0,2 0,5 20,4 —7.8 39,3 —15,1 58,7
0,2 0,4 259 | —10,1 34,5 —13,5 | 849

Komnozur "CIIK LTC-19 — PVDF"
Composite "PZT-19 SPC — PVDF"

0,4 0,5 16,3 —6,4 35,3 —13,9 | 524
0,3 0,5 23,3 —9,2 37,8 —149 | 69,8

Kommosut "CIIK LUTC-19 — ®-2M3B",
SKCIIEPUMEHTAIBHBIC 3HAYCHUS

Composite "PZT-19 SPC — F-2ME", experimental values

- 0,5 19 82 | 47,7 | =205 | 450
- 04 | 25 |-102 | 422 | 172 | 669
- 0,3 32 |-12,7 | 447 | —17,7 | 80,9

"SPC PZT — polydimethylsiloxane”,
the connection type of 0—3 [9]

"CIIK PZT — nonmamun”, CBI3HOCTb 0,5 28 48
tuma 0—3 [5]

"SPC PZT — polyamide”, the connection type

of 0—3[5]

"CIIK PZT — PVDF c ymepomHbiMu 0,5 38 38

HaHOTPYOKaMu B MOJIMMEPHOIM Matpuiie,
0,9 oobeM. %", cBsazHocTb THIa 0—3 [8]
"SPC PZT — PVDF with carbon nanotubes
in the polymer matrix, 0,9 volume. %", the
connection type of 0—3 [8]

"CIIK PZT — XuUIKOKPUCTATIINIECKIIA 0,5 42 65
koMioHeHT LCT — nmonmnamun”, CBSI3HOCTh
tuna 0—3 [5]

"SPC PZT — liquid crystal component LCT —
polyamide", the connection type of 0—3 [5]
"CIIK PZT — dropua momuBuHWINALC-
Ha-XJ10pOTpUMPTOPITUIEH", CBI3HOCTD
tna 0—3 [7]

"SPC PZT — polyvinylidene fluoride-hlorotri-
Sfluoroethylene”, the connection type of 0—3 [7]

04| 87 84
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u PVDF [14]. JanHbie Taba. 1 cBUOETENbCTBYIOT O
TOM, YTO MOPUCTOCTb MOJUMEpPA UIPaeT MACCHUBHYIO
posib B GOPMUPOBAHNHT ITbE303JIEKTPUIECKOTO OTKII-
ka nipu 0,30 < M, < 0,50, T. e. 119 JOCTAaTOYHO OOJIb-
mnx oobeMHbIX KoHIeHTpauuit CITK. st cpaBHeHUs
ynoMsiHeM maHHble [15] mo 0—3-kommnosuty "CIIK
tuna PbTiO; — snokcuaHas pesuHa”, moJay4eHHOMY ¢
MoMolLpo auanektpodopesa [16]. g uHTeprpera-
LIMM KOHUEHTPALIMOHHOW 3aBUCUMOCTU s§§ JAHHOTO
KOMIIO3UTa TakKXKe MCIIOJIb30Bajlach Mojaenb [2] cde-
poMAaIbHOIO BKJIIOUYEeHUs1 B MaTpuue. Ilpu saTom co-
miacHo [15] p = 0,13...0,19, ecnu CTpyKTypupOBaH-
HBIi KOMITO3UT COAEPKUT BBHITSIHYThIe Cepounnaib-
Hble BKIoYeHus, U p ~ 0,32... 0,50, ecau KOMMOO3UT
HECTPYKTYpUpOoBaHHBINU. [IpuBeneHHbIe B Ta0a. 1 3HaA-
YyeHMus1 p ONMM3KK K oleHKaM [15] mis1 komro3uTa u3
paGotsl [16].

B Tabi1. 2 mpuBeneHbl MpoIOJIbHBIE Mhe30K03DDU-
LIMEeHTHI psiaa Komno3uToB Ha ocHoBe CIIK tuma PZT.
B nurepatype He KoHKpeTu3npoBaHbl coctaBbl CITK-
KOMITOHEHTOB, TTO3TOMY HEBO3MOXHO IIPOBECTH TIPSI-
MO€ CpaBHEHHUE ¢ JaHHBIMU (CM. puc. 1) MO HOBOMY
koMno3uty Ha ocHoBe CITK LITC-19. OnHako MOXHO
yTBEpXIaTh, UTO Kommo3ut Ha ocHoBe CIIK LITC-19
AMEET PSII TIPEUMYIIECTB IO CPAaBHEHUIO ¢ KOMITO3M-
TaMu U3 pabor [4—6, 8]. OmTHNUM U3 NMPEeUMYIIECTB
HoBoro komnosuta Ha ocHoBe CIIK IITC-19 asns-
€TCSl €TO MbE30YYBCTBUTEIHLHOCTD (OOJIBIIINE 3HAUYCHUS
g3 y |) B IprCyTCTBUU MOJTMMEPHOTO KOMIIOHEHTA C IT0-
BBILLIEHHOW MEXaHWYECKOW MPOYHOCTBI0. DTO CIIOCO0-
CTBYET NPUMEHEHUSIM TaHHOTO KOMITO3UTa B Ka4eCTBE
3JIEMEHTA MbE303JEKTPUUECKUX CEHCOPOB.

3akimouyenue

BriepBble mojiyueH M HcCCAeAOBaH KOMIO3UT Ha
ocHoBe CIIK IITC-19, npu 3TOM B Ka4eCTBE IIbE30-
MAaCCUBHOIO KOMITOHEHTa BBICTYIaeT (hTOPOILIACcTO-
BBIM MaTepuan ®-2M3BD. [Ins maHHOTO KOMITO3UTA
MPOBEACHO MCCeAOBaHUE Mbe30- W AUDJIEKTpUYEC-
CKHUX CBOMCTB IPU U3MEHEHUU OOBbEMHOI KOHIIEH-
Tpauuu noaumepa 0,05 < My < 0,50 ¢ yueToM MUK-

poreomeTpun U nopuctocTu. IlokazaHbl OCOOEH-
HOCTU KOHUEHTPALMOHHBIX 3aBUCUMOCTEN agg (mp,),
d;y () 1 ) ; (M) Ha OTIENIBHBIX Y4aCTKaX HHTEpBaa
0,05 < My < 0,50, a TakKe anImpoOKCUMAIINS IThe30MO-
nyneit dy j(mp[) MOJIMHOMAaMM YETBEPTO CTeNEeHU BO

BceM JnaHHoM uHTepBasie. Ilpu 0,30 < My < 0,50 adp-

(hekTUBHBIE TTapaMETPEI KOMITO3UTa OOBSICHEHBI B paM-
Kax Monenu cpepounanbHoro CITIK BkItoueHUs B I10-
JIMMEepHO# MaTpulie. BaXXKHbIMU MpeuMyllleCTBAMU UC-
cliemoBaHHOTO KomIio3uTa Ha ocHoBe CIIK IHITC-19

SIBJISIOTCSL GOJIbIINE 3HAYCHMS |g5 j|, JIOCTUTHYTBHIE B

MIPUCYTCTBUU ITOJIMMEPHOTO KOMITOHEHTA C TTOBBILIIEH-
HO ME€XaHWYECKON MPOYHOCTHIO.
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2 NKTB "Piezopribor”

Piezoelectric Response and Microgeometric Features of a New Composite Based
on ZTS-19 Ferroelectric Ceramics

For the first time a piezo-active composite comprising ZTS-19 ferroelectric ceramics with big volume fractions (from 50 up to
95 %) was obtained and studied. F-2ME, a fluorine-containing polymer, was used as a piezo-passive component with small elastic
moduli and dielectric permittivity. Piezoelectric and dielectric properties of the new composite were analyzed with taking into account
the specific features of its microgeometry, and its properties were compared with those of PZT-based previously studied composites.
In case when the volume fractions of the polymer component accounted for 30—50 %, the effective parameters of the composite were
interpreted in terms of the model of a spheroidal ferroelectric ceramic inclusion in a polymer medium. The main advantage of the
new composite based on ZTS-19 consists in big values of the piezoelectric coefficients |g; j| achieved in the presence of a polymer
with a high mechanical strength. Increase of | g5 j| was recorded at relatively small volume fractions of the polymer component, and
such a piezoelectric performance has no analogues in literature. Big values of | g5 j| are important for various applications related
to piezoelectric sensitivity.

Keywords: poled ferroelectric ceramics, ZTS- 19, fluorine-containing polymer, F-2ME, piezoelectric coefficients, piezoelectric

sensitivity, microgeometry of a composite

Introduction

Piezoelectric elements of ferroelectric ceramics (SPC)
of PZT type have gained widespread in the engineering.
The piezoactive composite materials [1, 2] are being de-
veloped to improve the mechanical and electrical param-
eters of such ceramics, which can have the varied com-
position, microgeometry and other characteristics. The
most widely used composite is "SPC — polymer" with the
elements of connectivity 0—3 [3—9], 1—3 [6], 2—2 and
3—3 11, 2].

Among the polymers, the most interesting are those
having ferroelectric and piezoelectric properties, high me-
chanical strength, etc. In particular, the polymers with a
relatively high mechanical strength include fluoroplastics
[10, 11]. The interest to the piezoactive composites con-
taining polytetrafluoroethylene (PTFE), is related with
their physical properties, as well as with the limited exper-
imental data on the concentration dependences of these
properties, on the micro-geometry of the samples and the
conditions of their polarization.

The analysis of the properties of the composites is often
limited by a specific coherence of the microgeometry,
and as the volume concentration of SPC acts as a variable
[1—6] — from a few to dozens of percent. The purpose
of the article is to consider the features of the piezoelec-
tric properties and micro-geometry of the composite
based on SPC of PZT-type at changing of the volume
concentration of polytetrafluoroethylene in the range of
0,05 < my,; < 0,50.

Production of composite samples

Fluorine plastic F-2ME is characterized by the great-
est among the fluoropolymers breaking strength and in
B-phase it has ferroelectric and piezoelectric properties
[1, 10—12], but obtaining of a stable B-phase is associated
with a number of technological problems. Therefore, the
F-2ME we will considered as a piezo-passive material in

our study. PZT-19 ceramics with a known set of electro-
mechanical constants was selected as the SPC component
[2, 13].

A technique based on a mixing of SPC and polymer
powders followed by solidification of the polymer matrix
under certain temperature conditions was used in manu-
facture of the models of a new piezo-composite based on
PZT-19. The components were mixed by trituration in a
mortar until a homogeneous mass. After this, the mixture
was sieved through a sieve with the holes diameter of
0,25 mm, and was filled in a mold with the diameter of
22,8 mm. The compaction was carried out under the pres-
sure applied to the workpiece of 60 MPa, thus the dry
compaction was used. The sample without removing it
from the mold was placed in an oven with load on the
punch about 0,1 MPa, which was further followed by sin-
tering and curing. The exposure time was 0,5 h, and the
highest temperature 7,, was 498 K. Fluorine plastic F-2ME
at normal atmospheric pressure melts near 423 K [11],
therefore when the temperature lowers from 7,, it effec-
tively binds the particles of PZT-19 and promotes their
fairly evenly distribution within a polymeric medium. The
sample sintered and cooled to the room temperature, was
removed from the mold and the initial measurements were
conducted. The adhesive aluminum technical foil by "Un-
ibob" company was used as the electrodes, which were ap-
plied to the samples. The polarization of the samples was
carried out in silicon oil for 40 min with simultaneous
heating to 343 K. In this case, the electric field strength £
was set in the range of £ = 3,40 MW/m (mp, = 0,05) to
E= 3,82 MW/m (mpl = 0,50). The electrical parameters
of polarized samples were measured after at least seven
days after polarization, i.e., the process led to a decrease
in the residual polarization and stabilization of properties
of the samples after active relaxation of the ferroelectric
domains in the SPC crystallites. Furthermore, the study of
the samples’” microgeometry features in a wide range of m,,
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was performed using raster scanning electron microscope
JEOL-6390LA.

Effective parameters and micro-geometry
of the composite

The concentration dependences of the effective prop-
erties (fig. 1) and changes in the micro-geometry of the
composite (fig. 2) show that the introduction of relatively
small amounts of F-2ME (0,05 < My, < 0,15) significantly

affects on the piezoelectric and dielectric response. In ad-
dition, the porosity of the samples [T slowly decreases
(curve 3in fig. 1, ¢), that is caused by a decrease in the vol-
ume fraction of the particles of PZT-19 in the sample.
With decreasing of volume fraction of SPC particles, the
amount of crystallite pores (grains) also decreases, as well
as the interfacial areas between the components decreases,
which promote the decrease in the amount of boundary
pores. In our opinion, these microgeometrical changes are
mainly determine the nonmonotonic character of the de-
pendence of the dielectric constant of a mechanically free

sample ¢33 (mp,) (fig. 1, a) and the behavior of the coeffi-
cients dy; (mp,) (curve /in fig. 1, b) and g3; (mp,) (curve 1
in fig. 1, ¢), and which characterize the piezoelectric sen-
sitivity of a composite along the polarization axis OXj.
The named nonmonotonicity €33 (my) and decrease in

d;}(mp,) may be associated with the polymer layers that
prevent higher piezoactivity of the samples and reduce the
piezoelectric contribution of [2] into €33 .

When my = 0,15...0,30, the equalization of the curves

£33 (my) and d;}(mp,) occurs with minor changes to the

configuration of the curve d;, (mpl) (see.fig. 1, aand 1, b),
i.e. the response of the samples along axis OXj is less de-
pendent on the polymer component and on the porosity.
When my = 0,35...0,50, the notable decrease of a &35 (mp,)

(fig. 1, a) and d3; (mp,) (curve I in fig. 1, b) is observed,
which is accompanied by the changes in micro-geometry
of the samples (comparison of figs. 2, f, g and A). In our
opinion, with increase of My, the role of polymer layers

surrounding the SPC inclusions increases. The composite
samples look more "friable”, the links between SPC-areas
become interrupted, and they become more difficult to
polarize. Probably, the proportion of ceramic regions in-
creases, which have low piezoactivity (small residual po-

larization) and lead to decrease in d§3(mp,), and, conse-

quently, to decrease in ¢33 (mp,) due to the electromechan-
ical links [2]. Therewith, that the anisotropy of piezoelec-
tric modules d3;(m,)/ d3, (m,) remains relatively small, as
in SPC PZT-19 in the studied range m,,.

€33 significantly affects on the non-monotonic be-

havior of the coefficients g3, = d3; /¢33 (curves /and 2in

fig. 1, ¢). The monotonic decrease in porosity /7 (curve 3)
serves as a factor stabilizing g3; due to a certain decrease
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of €35 in comparison with &5;"° of the monolithic sam-

ples. Near m, = 0,05, the conditions g3;/ g(313) ~ 2,9 and

251/ ~ 2,1 are true, where gg}) — the SPC piezocoef-

ficients. These conditions becomes achieved in composite
samples with the porosity /7~ 0,2 (curve 3in fig. 1, ¢). It
should be noted, that the increase of |g3;| at relatively low

volume concentrations of the polymer component in pie-
zoactive composites was not previously considered.

The piezoelectric moduli d3 ; (curves /and 2in fig. 1, b)
are approximated by polynomials of the fourth degree in
the range of 0,05 < My < 0,50:

d3;(my) = 78,8 = 578m,; + 2690my, —
— 5410m,, + 3870m,, (in pC/N)
and
dyy(my) = —19,2 + 82,9m,, — 452m;, +
+ 1100m), — 888m,, (in pC/N).

Interpretation of the concentration dependences of the
effective parameters of the composite within one micro-
mechanical model is problematic because of the many mi-
crogeometrical features in some parts of the interval
0,05 < m,,; < 0,50.

Forecasting and benchmarking
of the effective parameters

Forecasting of the effective parameters of the compos-
ite (table 1) within the model [2] of the spheroidal SPC-
inclusion in an extended polymer matrix was conducted
for 0,30 < My < 0,50. The composite "SPC — polymer" is
characterized by a uniform distribution of inclusions in a
polymer matrix and by 0—3 connectivity (monolithic pol-
ymer matrix) or by 0—3—0 connectivity (porous polymer
matrix). It is assumed that the inclusions have substantially
same size, and their spheroidal shape is defined by the
equation:

(/@) + (/ay)* + (x3/a3)? = 1

in the axes of the Cartesian coordinate system (X;X,Xj3)
of the sample, where ay, a, = a; and a; — the lengths of
the semi-axes of the spheroid. The vector of the residual
polarization of each SPC is co-directed with the axis of
coordinates OX;. An important geometrical parameter of
an inclusion is the ratio of the lengths of its semiaxes
p = a,/as. The porous polymer is characterized by a uni-
form distribution of air spheroidal pores with a length ra-
tio of the semiaxes of p,,. = a; ,,./a3 ,, and a volume
concentration m,,,.. The shape of the pores is defined in
(X;X,X3) by the equation

2 2 2 _
(al,por/xl) + (al,por/XZ) + (a3,por/x3) =1,

and the linear dimensions a;, por and a3, por are much
shorter than the length of the shorter semiaxe of SPC ins
clusion. Prediction of properties of the composite was
shown in the method of an effective field [2] taking into




accaunt the electromechanical interaction of SPC inclu-
sions and using the SPC electromechanical constants of
PZT-19 [13] and PVDF [14]. Table 1 shows that the po-
rosity of the polymer plays a passive role in formation of
the piezoelectric response for sufficiently large volume
concentrations of SPC (0,30 < m,; < 0,50). For compari-
son, let us mention the data [15] for 0—3 composite "SPC
of type PbTiO; type — epoxy rubber”, obtained via die-
lectrophoresis [16]. The model [2] was also been used for
interpretation of the concentration dependence £33 of this
composite. According to [15], p = 0,13...0,19 if the struc-
tured composite comprises elongated spheroidal inclu-
sions, and p ~ 0,32...0,50 if the composite is unstructured.
The given values of p are close to the estimates [15] for the
composite of [16].

Table 2 shows the longitudinal piezoelectric coeffi-
cients of a number of composites based on PZT-type SPC.
The special-purpose literature does not specify the com-
positions of SPC components, so it is impossible to carry
out a direct comparison with fig. 1 for composite based on
PZT-19 SPC. It can be argued that the composite based
on PZT-19 SPC has a number of advantages in compar-
ison with the composites of works [4—6, 8]. One of the ad-
vantages of a composite based on PZT-19 SPC is its pie-
zoelectric sensitivity (over |g§‘j ) in the presence of the pol-
ymeric component with higher mechanical strength. This
facilitates its use as an element of the piezoelectric sensors.

Conclusion

The composite on the base of PZT-19 SPC was firstly
obtained and studied, where PTFE material F-2ME acts
as a piezo-passive component. The piezoelectric and die-
lectric properties at changing of the volume concentration
of the polymer 0,05 < My < 0,50 taking into account mi-
cro-geometry and porosity were studied for it. The features
of the concentration dependences £33 (mp,), d; y (mp,) and
gg‘j(mp,) in some parts of the interval 0,05 < My < 0,50
were shown, as well as approximation of piezoelectric
moduli d y (mp,) of the fourth degree polynoms in a given
interval. At 0,30 < my; < 0,50, the effective parameters of

the composite are explained in the framework of the model
of spheroidal SPC inclusion in the polymer matrix. The
important advantages of the composite based on PZT-19
SPC are high |g3;], achieved in the presence of the polymer

component with high mechanical strength.
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IIpedcmaenen oonoanemenmubviii YD gpomodemexmop Ha 0CHOBe aimMa3a, KOMOPLIU Modcem Obimb NPUMEHEH 6 CheKmpogo-
momempu4ecKol annapamype npu aHaiu3e MHO20KOMNOHeHMHbIX cmecell. Hccaedoeana 3agucumocms e2o CHeKmpanbHoll XapakK-
mepucmuKy (homouyecmeumensHoOCy 0m 3HaA4eHUs RPUKAAObIBAeM020 HANPAXCeHUS cmeujenus. Paccmomperna 603modicHocms uc-
NOAB308AHUSL NOOOOHBIX HOMOOMeKmopos 04 CUCeM AHAAU3A COCMABA MHO20KOMNOHEHMHbIX CMecell.

Karoueenie caosa: aimas, muocoxkomnonenmuas cmecov, YO uzayyenue, YO pomodemexkmop, chekmpoghomomempuueckas an-

napamypa, ynpaeienue cCHeKmpom GomouyecmeumenbHoCmu

BBenenue

PazButue GoTonpueMHON U CIEKTPOMETPUYECKOM
anrmnaparypbl ¢ paclliMpeHHueM CIIEKTpa perucTpupye-
Moro usitydeHust B Y® obaacth [1] He06X0aMMO B CBSI-
31 C €€ MPUMEHEHUSIMU B MEIULIMHE, 9KOJIOTUYECKOM
mouutopuHre, KKX u 1. 1. CoBeplleHCTBOBaHUE
9TOM ammnapaTypbl IMKTYeT TpeOOoBaHUS K XapaKTepu-
CTUKaM MOJIYyIIPOBOOJHUKOBBIX Y® (PoTOmETEeKTOPOB,
9KCILTyaTallUOHHBIM U KOHCTPYKIIMOHHBIM XapakTe-
pUCTMKaM amnmapaTypbl U €€ OTAEJbHbIX Y3JI0B.

DOyHKIMOHUPOBaHUE (DOTOIPHEMHON M CIIEKTPO-
METPUYECKON armnapaTyphbl, aHaJIU3UPYIOLLIel BelecT-
Ba B MUCCJIEAYEMOM MPOCTPAHCTBE, CBS3aHO C UCITOJb-
30BaHMEM IIArOBBIX JABUTAaTelel M TaKUX OMNTHKO-
MEXaHUYECKUX M OINTUKO-3JEKTPOHHBIX Y3J10B, KaK
IUdPaKIMOHHBIE PEIIETKM U MHOTO3JIeMEHTHBIE (ho-
TOIIPUEMHBIEC YCTPOMCTBA.

Pemienue nmpo6sieMbl CIOXHOCTU JAHHOW armapa-
TYpbl MOXET 3aKJII0UaThCsl B UCMOJIb30BaHUM (PoTOIE-
TEKTOPOB C BapbUpyeMOM CHEKTPAJIbLHOU XapaKTepu-
CTUKOH (hOTOUYBCTBUTEJBHOCTA BMECTE C COOTBETCT-
BYIOIIIMM MaTeMaTUYeCKHUM arnapaTtoM. B naHHON
pabote TpeAcTaBiieH OAHO3IeMeHTHBIM Y@ dorome-
TEKTOpP Ha OCHOBE ajMas3a C 3aBUCSILEN OT 3HAYEHUS
MOJaBAEMOTO HAMPSLKEHUST CMELEHUS CIIeKTPabHOM
XapaKTepUCTUKON (POTOUYBCTBUTEIBHOCTU. B pabote
TaKXe pacCMOTpPEHa 3alaya aHaJiu3a MHOTOKOMIIO-
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HEHTHBIX CMeCEii C MCITOJIb30BAaHUEM ITOI00OHBIX (Po-
TONETEKTOPOB.

Y® doToneTeKTop HA OCHOBE ajJMa3a

OnHosaeMeHTHBIN Y@ (HOTOmEeTEKTOp Ha OCHOBE
anMaza m3rotonieH B [1pon3BOaCTBEHHO-TEXHOJIOTH-
yeckoM HeHTpe "YpanAnmaszHBecT" o coOCTBEeHHOMN
TexHooruu [2]. POoTOmEeTeKTOp YCIOBHO MOXHO Ha-
3BaTh "COHIBUYHBLIM" Garofgapsi TEXHOJOTUU €ro Ipo-
M3BOACTBA C IIOCJIEIOBATEIbHBIM CO3MaHUEM CIIOEB
METAJIOB Ha NEPEeIHEN U 3aAHEN CTOPOHAX IJIACTUHBI
anma3za (puc. 1). IMonynpo3padHelii cioii IJIaTUHLL [

Puc. 1. Cxema pacnojioKeHHsI CJOEB METAJ/UIOB HA aJMAa3HOM ILia-
crune YO doronerekropa: / — cioii riaTuHbl; 2 — YO uznydyenue;
3 — MSTHO aTIOMMHUS JJIS1 CBAPKM KOHTAKTHOTO TMpoBoJa; 4 — aJ-
Ma3Hasl TJIacTUHA; 5 — aJIOMUHUEBBIN CION

Fig. 1. Location of metal layers on the diamond plate of UV-photode-
tector: 1 — platinum layer; 2 — UV radiation; 3 — aluminum spot for
welding ofthe contact wire; 4 — diamond plate; 5 — aluminum layer




JUTSL CBApKKM KOHTaKTHOM ITPOBOJIO-

KU. AJTIOMUHUEBBIN CJIOM 5 Ha 3a1-
HEW CTOpPOHE TJIACTUHbBI CIYXXUT B
KauecTBe BTOPOTro 3jeKTpoaa [3].

DKcnepuMeHTaJIbHbIE
pe3yabTaThl

Brina mpoBenmeHa cepust U3Me-
peHUI CIEKTPAJIBHBIX XapaKTeph-
CTUK (POTOUYBCTBUTEABHOCTU YD
doTromeTekTopa Ha OCHOBE ayMasa
2a-THIa IpyY 3HAYCHUSIX HaIpsDKe-
HMIA CMEILEHUST MEXIy 3JIeKTpoa-

‘200 '220 '240

Photoresponse,
AU. 4

1
260 %, nm

mu 0...150 B ¢ muarom 10 B pu ne-
pexone oT crekTpa K criekTpy. ITo-
JIy4eHHBIE XapaKTepUCTUKHU TIPH-
BeleHbl Ha puc. 2.

Kaxk BugHO u3 puc. 2, ¢oroae-

TEKTOP HMMECT CJIOXHYIO 3aBUCH-

Puc. 2. CnekrpajibHble XapaKTepucTHKH aimasHoro Y@ doromerekTopa, mojyueHHbie NP
nojavye pa3iMYHbIX HANPSDKEHUI CMEeIeHusl: @ — TPEXMEPHbIi rpadukK; b — criekTpaibHas

XapaKTepucTHKa — ceueHue rpaduka

Fig. 2. The spectral characteristics of the diamond UV-photodetector at different bias voltages:
a — three-dimensional graphics; b — spectral characteristics — a section of the chart

Ha TiepeaHel IMIacTuHe CIYXMUT B KauecTBe OCBelllae-
MOTO 3JIEKTPOAa U UMEET JOCTATOUHOE MPOITyCKaHUE B
CIIEKTpaIbHOI 00acTh uyBcTBUTENbHOCTH YD (hoTo-
nerekropa. IISTHO ajtoMUMHUS 3 Ha CJIO€ TIaTUHBI
CIIY>KUT TPOMEXYTOUYHBIM TEXHOJOTMYECKUM 3BEHOM

Puc. 3. OTHOCHTE/IbHBIE CHIEKTPAJIbHBIE XaAPAKTEPUCTHKH AJIMAZHOTO
Y@ poronerekTopa, moydeHHbIe NPH MOJAYE PA3THMIHBIX 3HAYCHHI
HANPSKEHUS CMEIEeHUst

Fig. 3. The relatiyespectral characteristics of the diamond UV-photo-
detector in the process of applying of different bias voltages

MOCTBb (POPMBI CHEKTPATHLHOM Xa-
PaKTEpPUCTUKUA U 3HAYEHUS (HOTO-
CUTHajla OT HaIpsiKEeHUsI cMellle-
Hus [4, 5]. 3aBUcUMOCTb (POPMBI
CHEKTPaTbHOMN XapaKTepUCTUKU OT
HaNpsSOKCHWST CMEIICHMS JIydIle
OTOOpaXkeHa Ha TPEXMEPHOM TIpa-
(uke, mpeacTaBIeHHOM Ha puc. 3,
cOOpaHHOM W13 OTHOCHUTEJIbHBIX
CIIEKTPaTbHBIX XapaKTePUCTUK, T. €. HOPMHUPOBAHHBIX
Ha MakCUMyM (poToCHTHAJIA TSl KaXKIOTo MoAaBaeMo-
To HAMpPSDKEHUST CMELLeHUs.

Hcnonb3oBaHue aaMa3HbIX (l)OTOHeTeKTOpOB
pA aHAJIM3€¢ MHOINOKOMIIOHCHTHBIX cMmecen

B03MOXHOCTE yIIpaBiieHUs] CHEKTPaJbHBIM pac-
npeaeeHeM YyBCTBUTEIbHOCTU aJMa3HbIX doTome-
TEKTOPOB Yepe3 BapbUPOBaHWE HATPSIKEHUS CMeIle-
HUS OTKPBIBAET IMYTH JUIS1 CO3AAHUS CUCTEM paclio3Ha-
BaHUsI COCTaBa MHOTOKOMIIOHEHTHBIX cMmeceil. B 00-
1IeM BHE 3aJady pacro3HaBaHUsS MOXHO OIMCATh
caenyoimumM oopasom. ITycTh u3yyeHue co cnekTpaib-
HBIM COCTaBOM ¢()A) MPOXOIUT YEPE3 CPeNy, COCTOSI-
1IYI0 U3 7 KOMIIOHEHT, KaXjasi U3 KOTOPbIX Xapak-
Tepu3yeTcsl COOCTBEHHBIM CIIEKTPOM KoadduiimeHTa
SKCTUHKIMU K; = a{A)d;, a CTIEKTP TPOLIEALIEro U3-
JydyeHust ¢(L) MOXeT ObITh, COIIaCHO 3aKOHY byrepa—
Jlamb6epra—bBapa, nipeacrasieH B BUAE IIPOU3BEACHUS

K K
(L) = gp(\)e ' -..-e . [NapameTp d; onucHIBaeT
3aBUCUMOCTDH BEJINYUHBI 1(1 OT KOHLICHTpAaLU N, Inapuun-

aJbHOrO 00beMa KOMITOHEHTBI U APYTUX MapaMeTpoB,
HE M3BECTHBIX 3apaHee IJIs1 KaXXI0ro BapuaHTa ucclie-
nyeMoii cmecu. Ilpu aTom mpeamnonaraercs, 4To op-
MBI CIIEKTPAJIbHBIX PACIIPEAETIeHNIA o (L) A1 BCEX UC-

KOMBIX KOMIIOHCHTOB M3BCCTHHLI.
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Otkiuk ¢GoToAeTeKTOpa CO CHEKTPAJIbHOU YYBCT-
BUTEJIBHOCTBIO Sp;(A) Ha Majaroliee usayyeHue ¢(i)
IIPY KaXIOM BBIOPAHHOM 3HAUYEHWH HAIIPSTKEHUS CMe-
meHust U coctaBut

- Zn; cxi(k)di
Iy= [Sy(Meyh)e ™ dh.

Ecnu nameputh TOK ¢GoToaeTeKTOpa IIPU 7 pa3inyd-
HBIX 3HAUEHUSIX HaMpskeHusi cMmelueHus U, To, moa-
CTaBJIdAsl TOJyYeHHbIE 3HAueHusl [;; B JIEBblE 4YacTU
9TUX YPAaBHEHMI U COOTBETCTBYIOIIME KaxaoMy U pac-
npeneneHnsa Sy (L) B UX MPABbIX 4YacTAX, MONYYUM A
YPAaBHEHUI Ul 71 HEU3BECTHBIX d;. OUeBUIHO, UTO HE-
3aBUCUMOCTb YpaBHEHU I JOJIKHA 0OecTieurnBaThCs He-
coBnageHueM Sp(A) 11 BCeX BbIOPAHHBIX 3HAUYEHMIA
HanpsikeHuii cMmeieHust U. TlonydyeHHbIe TakKuM 00-
pasoM 3Ha4YeHusd dj, ..., d, TO3BOJSIOT OLEHUTb UX
napuyajbHOe COAepXKaHUE B CMECU UCKOMBIX KOM-
TMOHEHTOB.

3akmouenne

DKCNEePUMEHTAIBHO TOJYYeHbl U TIPEACTABICHBI
CHEKTpabHbIe XapaKTEPUCTUKN (DOTOUYBCTBUTEIHHO-
CTH OTHO3JIEMEHTHOTO ayiMa3Horo Y® doromeTekTopa
MPU pa3IWYHbIX HaNpsKeHUsIX cMelneHust. [1pu aTtom
OTMEeUeHO, 4To ¢opMa crekTpa (POTOUYBCTBUTEIbHO-
CTU 3aBMCHUT OT 3HAYEHMSI STOTO HaIlpsSLKEHUS.

OnucaHa o0uasi 3agaya MCIOJIb30BaHus (oToae-
TEKTOPOB C BapbUPYEMbIMM CIEKTPAJIbHBIMU Xapak-
TepucTUKaMu (HOTOUYBCTBUTEIbHOCTU [JIsI CUCTEM
aHaJM3a cOoCTaBa MHOTOKOMITOHEHTHBIX cMmeceid. Ot-

MEUYEHO, YTO IIJIS BRIYMCIICHUS MaplUaJbHOTO COIeP-
JKaHUsI HEKOTOPOI'0 KOJUYECTBa KOMIIOHEHTOB CMECHU
TpeOyIoTCsl U3MEPEHUST OTKIIMKA (poToaeTeKTOpa MpU
He MEeHblIeM YMcie 3HaYeHUI ToAaBaeMOro Hampsi-
JKEHUST CMELEHUSI.

Paboma ewvinoanena npu @unaucoeoli noddepiicke
Munucmepcmea obpazosanus u nayku P®D (coerawenue
No 14.579.21.0047, yrukaavubiii udenmuguxamop npu-
Kaadubix HayyHolx uccaedosanuii REMEFIS7914X0047).
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Feasibility of Control of the Spectral Characteristics
of a Diamond-based UV Photodetector and Its Application
for Analysis of the Multicomponent Mixtures

The authors present a single-pixel UV diamond-based photodetector, which can be used with spectrophotometer equipment for
analysis of the multicomponent mixtures. They studied the dependency of its photosensitivity spectrum on the value of the applied
voltage. They also considered feasibility of application of such photo detectors for the systems of compositional analysis of the mul-

ticomponent mixtures.

Keywords: diamond, multicomponent mixture, UV irradiation, UV photodetector, spectrometric equipment, control of the pho-

tosensitivity spectrum

Introduction

Development photodetection and spectrometric
equipment due to spreading of the spectrum of detected
radiation into the UV-region [1] is necessary in connec-
tion with its application in medicine, environmental mon-
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itoring, housing and utility sector, etc. Improvement of
equipment’s performance dictates new requirements to
characteristics of the semiconductor UV-photodetectors,
its operational and structural characteristics, its individual
components.




Functioning of the equipment, analyzing the substanc-
es in the test space is associated with the use of stepper mo-
tors, optomechanical and optoelectronic components
(diffraction grids and multielement photodetectors).

Solution of hardware complexity may include in the
use of photodetectors with the variable spectral photosen-
sitivity characteristic with appropriate mathematical tech-
nique. This paper presents a single-element UV-photode-
tector based on the diamond with the spectral photosen-
sitivity characteristic, which depends on the input bias
voltage. The task of analysis of multicomponent mixtures
using these photodetectors was also reviewed.

Diamond based UV-photodetector

A single-element UV-photodetector based on diamond
was manufactured in the Industrial-technological center
UralAlmazlInvest on its own technology [2]. The photo-
detector can be called "sandwich"-type due to the tech-
nology of consistent creation of the metal layers on the
frontal and back sides of the diamond plate (fig. 1). The
translucent layer of platinum 7 on the front plate cerves as
the illuminated electrode and has a sufficient transmit-
tance in the spectral sensitivity range of the photodetector.
The aluminum spot 3 on the platinum layer is an inter-
mediate chain for welding of the contact wire. The alumi-
num layer 5 on the back side of the plate serves as the sec-
ond electrode [3].

Experimental results

A series of measurements of the spectral characteristics
of photosensitivity of the UV-photodetector based on dia-
mond of 2a-type with the bias voltage between the elec-
trodes of 0...150 V with the step of 10 V in transition from
spectrum to spectrum. As can be seen from fig. 2, the pho-
todetector has a complex dependence of the spectral char-
acteristics and photosignal on the bias voltage [4, 5]. The
first dependence is preferably displayed on a three-dimen-
sional graph (fig. 3), assembled from the relative spectral
characteristics, i.e., normalized to the maximum of pho-
tosignal for each bias voltage.

Use of diamond photodetectors in the analysis
of multicomponent mixtures

The ability to control the spectral distribution of the
sensitivity of the diamond photodetectors through varia-
tion of the bias voltage opens the way for creation of the
systems of multicomponent mixtures recognition. In gen-
eral terms, the task can be described as follows. Let us as-
sume that the spectral composition of the radiation ¢g(A)

passes through the medium of » components, each of
which is characterized by its own spectrum of extinction
coefficient K; = a(\)d;. The spectrum of the transmitted

radiation @(1) can be represented as the following product

K _
o) = gp(M)e .- e
Lambert—Beer law. The parameter d; describes the de-

K
", according to the Bouguer—

pendence of K; on the concentration, the partial volume of

the component and other parameters, which are previous-
ly not known for each variant of a mixture. It is assumed,
that the shape of the spectral distributions a,(1) for the re-

quired components are known.

The response of the photodetector with spectral sensi-
tivity Sy/(1) to incident radiation () at each selected bias
voltage U, will be

_‘zn: a(M)d;
Iy = [Sy(eynye = dh.

If to measure the current of the photodetector at n of
different bias voltages U, then substituting /;; into the left
sides of the equations and the distributions Sy, () corre-
sponding to each U in their right sides, we obtain n equa-
tions for » unknowns d;. It is obvious that the independ-
ence of the equations must be provided by mismatching of
Sy(n) for all selected bias voltages U. The values 4, ..., d,,
allow to evaluate their partial content in a mixture of the
desired components.

Conclusion

The spectral characteristics of photo sensitivity of the
single-element diamond UV-photodetector at different
bias voltages were experimentally obtained and shown. It
was noted, that the shape of the photosensitivity spectrum
depends on it.

The general problem of use of the photodetectors with
varying spectral characteristics of photosensitivity for anal-
ysis of the multicomponent mixtures was described. The
measurement of the photodetector’s response at values not
less than the number of values of the applied bias voltage
is required to calculate the partial content of a number of
components in the mixture.

This work was financially supported by the Ministry of
Fducation and Science of the Russian Federation (agreement
Nel14.579.21.0047, unique identifier of the applied research
RFMEF157914X0047).
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MAAOMOILUHBIN TA30BblM CEHCOP HA HAHOCTPYKTYPMPOBAHHOM

AUIAEKTPUHMECKOM MEMBPAHE

Ilocmynuna ¢ pedakyuio 24.01.2015

Ilpedcmasaenvt mexHonoeuss U3e0MoBAeHUS 2A308020 CEHCOPA ¢ HAHOCMPYKMYPUPOBAHHOU 08YXCAOUHOU OUINEKMPUHECKOU
MeMOPaHOU Ha KPeMHUU U XapaKmepucmuku U3eomogieHHo20 cencopa. Bvibop koppexmHol mamemamu4eckol mooeau obeche-
uygaem xopouiee cO8NA0eHUe PACUEMHbBIX 60AbM-AMNEPHBIX XAPAKMEPUCIUK CEHCOPA ¢ IKCNEPUMEHMANbHbIMU U NO380Aem oye-
HUMb GAUAHUE NOPUCMOCIU OUINEKMPUHECKOU MeMOPaHbl Ha U3MeHeHUe NompebasemMoll MOWHOCIU CeHCOpa, MeMnepamypbl e2o
UY8CMBUMENbHO20 CA0S U BO3HUKAIOUWUX 30ect mepmomexaHuyeckux Hanpsxcenuil. Ilokasano, umo duanaszon memnepamyp Ha-
2pesa uyscmeumenvHo2o cnos cencopa 150...350 °C, ¢ komopom pecucmpupyemcs cercopibiii omxauxk Kk I ppm CO, obecneuu-
eaemcs npu nompebasemoti mowpocmu cercopa om 5,0 do 15,5 mBm.

Karouegvie cao6a: noaynpoeooHuKo8uLil ea3o8blil CeHCOp, 08YXCAOUHAS HAHOCMPYKMYPUPOBAHHAS MEMOPAHA, NOPUCMbLI AHOO-

HbLl OKCUO ANHOMUHUSL

BBenenue

IMocnenHue nBa gecITUIETUS] 0OJbLIOE BHUMaHUE
yaensieTcss pa3paboTke ra3oBbIX CEHCOPOB HOBBIX TH-
OB, MO3BOJISIOIIMX U3MEPSTh OYEHb Majible KOHIIEH-
TpallMy 3arps3HSIONIMX BELIECTB B OKPYXKalollei cpe-
ne. I'a3oBble ceHCOpbl paccMaTpUMBalOT KakK OJUH U3
BapMaHTOB XMMMWYECKUX CEHCOPOB, TI€ B KauyecTBE
YYBCTBUTEILHOTO CJI0sI, 00eCcIeYynBaloliero gopMmupo-
BaHME aHAJWTUYECKOIO CUTHAJIa, MCIIOJb3YIOT KaTa-
JIMTUYECKUE U TTOJYIIPOBOJHUKOBBIE MaTepuaibl. On-
HUM U3 HauboJsiee UPOKO MPUMEHSEMbBIX IJI 3TUX
1ieJIeil TUTIOB CEHCOopa SIBJISIETCS XUMUYECKU PE3UCTUB-
HBII Ta30BBIA CEHCOP, YYBCTBUTEJIbHBIN CJI0M KOTOPO-
o MOXET OBITb COOPMUPOBAH B BUIAE TOHKUX UIIU TOJI-
CTBIX MOJYIPOBOAHUKOBBIX TJIEHOK.

ITpu M3roToBAEHUM ra30BBIX CEHCOPOB C HAHOPA3-
MEPHBIMU  METAJIOOKCUIHBIMU  YYBCTBUTEIbHBIMU
CJIOSIMM HEOOXOIMMO Ha TOBEPXHOCTH KPEMHUEBBIX
WA AUBJIEKTPUUECKUX MOIIO0XEK chopMupoBaTh Ha-
HOTMOPUCTBIE BBICOKOYITOPSIAOUEHHBIE IUANIEKTpUYE-
ckue ciou. J1Jist 9Toi 1eiv, Kak MpaBujo, UCIONb3YIOT
HAHOMOPUCTBIM aHONHBINA oKcua amoMuHUs (AOA).
BriepBbie MJIEHKM HAHOMOPMCTOTO aHOMHOTO OKCHIA
AIIOMUHMST HA KPEMHUEBBIX MOUTOXKAX OBbLITN MCIOJIb-
3oBaHbI B 2002 I. IpY U3rOTOBJIEHMY Ta30BOTO CEHCOpa
s nerektupoBanus NHiy B ycloBUAX BlIaXHO# at-
Mocdepsl [1]. CrycTsi HECKOJIBKO JeT JaHHbII MOIXO0,
HallleJl pa3BUTUE MPU CO3JAHUU Ta30BOI0 CeHcopa C
YyBCTBUTEJIBHBIM clloeM U3 WO5 [UIs 1€TEKTUPOBaHUSA
okcunos asora (NO,) [2, 3]. [Ipu 3TOM razoBble CeH-
copel NO, (hopMUPOBAIUCh HA MOHOJUTHBIX KpPEM-
HUEBBIX MOJIJIOXKAX C TOHKOH MJIEHKOW HAHOMOPHCTO-
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r0 aHOJAHOTO OKCHJA aIOMUHUS TOJIIMHOW MOpsaAKa
1 MKM, UCMOJB3YIOLIEHCSI KaK OCHOBA JUISl OcaXjae-
MOT'0 ra304yBCTBUTEIBHOTO CJIOS.

ITockonbKy OOAHUM M3 MEPCHEKTUBHBIX HampasJe-
HUI NpPU U3TOTOBJIEHUM MAJIOMOIIHBIX MOJYITPOBOI-
HUKOBBIX FA30BbIX CEHCOPOB SIBJISIETCS UCITOJIb30BaHE
TEXHOJIOTUM MMKPOMEXaHMYECKO 00pabOTKU KpeM-
Hud [4, 5], B Hacrosuield padbore pa3paboTaH TEXHO-
JIOTUYECKU I MapLIPYT U3TOTOBJIEHUS CEHCOpa C IBYX-
CJIOMHON HAaHOCTPYKTYPUPOBAHHOMN AUAJICKTPUUYECKOMU
MeMOpaHOil Ha KpeMHMEBOU MOMJIOXKe. 3/1eCh Xe
MPEeNCTaBJIEHbl PE3YJIbTaTbl MOJEIUPOBAHUS TEPMO-
MeXaHUYeCKUX CBOWCTB ra3oBOro CEHCOpa, CoaepkKa-
LIETO JBYXCJIOWHYIO AWRJIEKTPUUECKYI0O MEMOpaHy M3
Hutpuaa kpeMHust 1 AOA u uccienoBaHbl €0 OCHOB-
Hble (DYHKIIMOHAIbHbBIE XapaKTePUCTUKMU.

H3roroBieHne ra3oBoro CeHCOpPa HA KPeMHHUEBOW
NMOJJIOKKE, coAepxamed ABYXCIOHHYIO
JIUIJEKTPAYECKYI0 MeMOPaHy W3 HATPHAA KPEeMHHS
U HAHOMOPHUCTOTO0 AHOJHOTO OKCHJA AJIOMUHHUS

TexHonormyeckuii MapIpyT U3roTOBJIEHUS ra3o-
BOIO CEHCOpa Ha NOBYXCJIOMHOM AUAJIEKTPUUYECCKOM
MeMOpaHe M3 HUTpUAA KPEMHHUS M HAHOMOPUCTOTO
AHOTHOTO OKCHIA JIOMUHHS COCTOUT M3 TPEX TeX-
HOJIOTMYECKUX OJIOKOB, KaXKAbli U3 KOTOPBIX BKIIOYA-
€T OIpeJeIEHHYIO TTOCIeA0BaTEIbHOCTD TEXHOJOIMYe-
CKUX OIlE€paLMiA.

ITepBrlii 610K OBLUT CBSI3aH C CO3MAHUEM ABYXCJIOM-
HOI IN3JIeKTpruuYecKoii MeMOpaHbl. B KauecTBe ncxom-
HOM TTO/UTOKKHU HMCITOJb30BAIM KPEMHMEBBIE TUIACTH-
Hel KBJI 4,5 (100), Ha TOBEpPXHOCTh KOTOPBIX IMOCJIE




4
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Puc. 1. TexHoJ0rdsl U3rOTOBJIEHHSI MAJOMOIIHOTO ra30BOr0 CEHCOPA ¢ HAHOCTPYKTYPH-
POBAHHOI AMAJIEKTpUYECKOi MemOpanoii: / — Si (100); 2 — SixNy; 3 — AOA; 4 — Pt;
5 — V; 6 — napaduH; 7 — miactuHa-cnyTHUK; § — InyO;—GaO0,; a — HaHeceHue ou-
anekTpuka, doromurorpacus, [MXT SixNy, eJIOYHOE TpaBiieHue Si; b — HamblieHUe U
aHonupoBaHue Al; ¢ — HanbuieHue Pt, dotonuTorpadusi 1 MOHHO-JIyueBOe TpaBlieHUE,
dopmupoBanue Pt konTakToB u Pt HarpeBartest; d — MacCKMpoOBaHUE TJIAHAPHON CTOPOHBI
MeMOpaHbl V, 3aKperuieHue Ha IUIaCTMHE-CIYTHUKE C MOMOLIbI0 napaduHa, KUCIOTHOE
TpaBiaeHue Si 10 MeMOpaHbl; e — ylaJeHre MacKUPYIOLIETo cJiosl; f — HaHeCeHUe 4yBCT-
BuTebHOro cnost Iny,03;—Ga0,

Fig. 1. Production of low-power gas sensors with nanostructured dielectric membrane: 1 — Si (100);
2— SixNy; 3 — AOA; 4 — P;; 5 — V; 6 — wax; 7 — companion plate; 8§ — In,03;—GaOy;
a — application of the dielectric, photolithography, plasma-chemical etching of SixNy, alkaline
etching of Si; b — spattering and anodizing of Al; ¢ — spattering of Pt, photolithography and
ion-beam etching, formation of Pt-contacts and Pt-heater; d — masking of the planar side of
the membrane V, fixation on the companion plate with the wax, acid etching to Si membrane;
e — removal of the masking layer; f — application of the sensitive layer of In,03—Ga0O,

OCTaBJISITA HEIOTPaBJICHHBIM CJIOM
KpeMHMUS TOJIIUHON 0K0J0 40 MKM
(KoTOpbIil TO3Xe ynmassuics). 3aTeM
Ha TJJaHApHYIO CTOPOHY IUIACTUHBI
HaNBUISITN CJIOM aJTIOMWHUST TOJIIIIM-
HOIt 1,5 MKM U IIpOBOAWIMN €r0 ABYX-
craauiiHoe aHoaupoBaHue (puc. 1, b)
IIPU SIEKTPOXUMMUUECKHX YCIOBUSIX,
aHAJOTMYHBIX ONMMCAHHBIM B pabo-
te [6]. IIpu »TOM IEPBYIO CTaaMIO
aHOJIMPOBAaHUsSI ATIOMUHUS ITPOBO-
ouad Ha miyomHy 0,8 MKM, Iocie
yero c(opMUpoBaHHBIN OKCHI Ce-
JleKTUBHO ymanmsum. [locie moBTOp-
HOro aHOAWPOBAaHUS OCTaBILIETOCs
aliOMUHMS Ha moBepxHocTH Si,N,
dopMupoBacs  YIOpSAOYeHHBIN
cioit AOA tonuHoi 0,9 MKM.
Bropoii 610K 00beANHST TEXHO-
JIOTMYeCcKMe orepau Mo U3roToB-
JIEHWIO Harpesatesisl, MH(hOpMalUOH-
HBIX 3JIEKTPOIOB K YyBCTBUTEIILHOMY
CJIOI0 ¥ KOHTaKTHBIX TrIomamok. Ha
c(OopMUPOBaHHBII TIOPUCTBIE AOA
HaNbUISUIM TUIEHKY IJIaTUHBI TOJ-
wuHoi 0,45 MKM, IO KOTOpOIi 3a-
TeM OpoBoAWIN poToautorpaduio u
WOHHO-JIy4eBOe TpaBJIeHHWE OO TIO-
PUCTOTO OKCHMIA C IOCIEAYIOIIUM
ynajieHuem gotopesucrta (puc. 1, ¢).
Jlanee MacKMpoBadu IUIAHAPHYIO

npeaBapuTeIbHOM XMMUYECKOM OUYMCTKM OcaxKaalu
CJIOl HEHAMNPSKEHHOTO HUTPUIA SixNy TOJILIUHON
0,8 Mxm. [anee ¢ HeruIaHaApPHOW CTOPOHBI MJIACTUHBI
npoBoauau ¢Goroautorpaduio, MIa3MOXUMUUYECKOE
tpaBneHue (I1XT) musiaekTpuka 10 KpeMHUS U aHU-
30TPOIHOE LIEJIOYHOE TpaBieHue KpeMHus (puc. 1, a).
Hns obecrieyeHMs1 HEOOXOAUMOM MPOYHOCTU MeMOpa-
Hbl MPU AaJbHENIIMX TEXHOJOTMYECKHUX OTepalusx

CTOPOHY IUTACTUHBHI CJI0EM BaHaIsl, Ha KOTOPBIA ¢ TT0-
MOIIBIO MapadrHa TPUKIIEUBAN TIACTUHY-CITYTHUK
(puc. 1, d), ¥ npoBoAWIM TpaBJEeHUE OCTABIIETOCS
KPEeMHUS 10 IUBJIEKTPUIECKOM MeMOpaHbl, TIOCIIe Ye-
ro MacKupylollue ciou yaansiau (puc. 1, e).

Ha puc. 2 npeacrtaBieHbl 3J1eKTPOHHO-MUKPOCKO-
MUYecKue M300paxeHMsl, MOJYYCHHBIE C ITOMOILbIO
CKaHUPYIOLLEro 3JeKTPOHHOro Mukpockona (COM)

Puc. 2. D1eKTpOHHO-MHKPOCKONMMYECKHE H300PAKEHHA KPEMHHEBOI MOIJIO0XKKH C MEMOpaHoii: ¢ — obpaTHast CTOPOHa Si MOUTOXKM CeHCOopa
1ocJie €€ aHU30TPOIHOTO TPaBJIEHUs; b — TOMNepevyHble CeUeHMsI MOMTOXKN C MEMOpaHOIi; ¢ — IBYXCJIOMHAsI TUAJIeKTprUUecKast MeMOpaHa
nu3 SixNy/A1203
Fig. 2. Electron-microscopic images of the silicon substrate with a membrane: a — reverse side of the Si substrate of the sensor after its anisotropic
etching; b — cross sections of the substrate with a membrane; ¢ — two-layer dielectric membrane of SiXNy/Al 103
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Hitachi S-806, oGpaTHOI CTOPOHBI KPEMHUEBO IO -
JIOXKKM CeHcopa Iocjie ee aHU30TPOITHOIO TpaBiIeHUS
(puc. 2, a), nonepeyHbIX CEYEHU MOMTOXKKU C MEM-
O6paHoii (puc. 2, b) U caMoil IBYXCJIOMHOM TU3JICKTPU-
YyecKOol MeMOpaHbI U3 SixNy/A1203 (puc. 2, ¢), chop-
MMPOBAHHOM MO0 OITMCAHHOMY BBIIIIE TEXHOJOTUYECKO-
MYy MapulipyTy.

Tpetuii 610K TEXHOJIOTMYECKUX ONepaluii BKIIO-
yajl B ce0s1 HaHeceHUe TOJYIMPOBOIHUKOBOTO UyBCT-
BUTEJILHOTO ¢j1od Iny,03—Ga0, u ero TepmMoo6padboT-
Ky IJIsS1 CO3MaHMST XOPOIIEro KOHTaKTa K TIaTMHOBBIM
aJieKTpoaaM U GOpMUPOBaHUSI HEOOXOAMMON CTPYK-
Typsbl clios (cM. puc. 1, f). Ha 3akiiounTebHOM 3Tare
MPOBOJIWJIM CKpailOMpoBaHUE TJIACTUHbBI, pa3iesieHne
€e Ha KPUCTaJIbI M pa3BapKy BBIBOIOB Pt-mipoBoio-
koii. Kpucrann ceHcopa moMelliaau B KOPITyC U Tpo-
BOIWJIN U3MEPEHUE €T0 XapaKTepUCTHK.

MonenaupoBanne XapakTepUCTHK ra30BOro ceHcopa,
COZIePKAMIEro JABYXCJIOMHYIO AUIIEKTPHUECKYIO
MeMOpaHy Ha KpeMHHH

Ha puc. 3 (cM. TpeTblo CTOPOHY OOJIOXKKM) IIpe-
CTaBJicHa TpeXMepHas MOJEJb Ta30BOr0 CEHcopa Ha
JIBYXCJIOMHOW NMBJIEKTPUUYECKO MeMmOpaHe C (hpoH-
TaJbHBIM pa3pe3oM (puc. 3, @) U ceTKa KOHEUHBIX 2JIe-
MEHTOB, KOTOpasi MCIOJb30Bajach MJIs MOJAEJIMpOoBa-
Hus (puc. 3, b).

KoHcTpyKliins ra3oBoro ceHcopa BKJIIOUaeT KpeM-
HHUEBYIO IMOMJIOXKY ¢ padmepamu 1,35%1,35%0,38 mm,
coJepXKallylo IBYXCJIOWHYIO AUBJEKTPUUECKYID MEM-
OpaHy, pacItoJI0XEHHYIO B LIEHTPE TOIJIOXKH U UMETO-
myto pasmepnsl 400%x400x1,7 mxkM. MemOpaHa co-
CTOUT U3 HEHAMPSIXKEHHOTO HUTPUIA KPEMHUS U MO-
pucTOro okcuaa anroMuHus ToamnHoi 0,8 u 0,9 Mkm
COOTBETCTBEHHO. TOJIIMHA IJaTUHOBBIX MHGpOpMa-
LIMOHHBIX 3JIEKTPOIOB W HarpeBaTessl COCTaBisSeT
0,45 mxm. YyBCTBUTENBHBIN CI0M TOMIIUHON ~20 MKM
MIpeACTaBISIET COO0M CMeCh OKCHUIOB TaJIIUS M1 MHIMS.

s MonenvpoBaHus Obljla UCITOIb30BaHa CTPYKTY-
pUpOBaHHAS MPU3MaTHYECKasa ceTKa. TUI KOHEYHOTO
9JIeMEeHTa — TpeyrojbHas Mpr3Ma ¢ LIeCTbI0 pacyeT-
HbIMU y3n1amMu. OOlee YMCTIO UCTIONb3YEMbBIX JIEMEH -

ToB — 86 000, 4yBCTBUTENBHBIN CIION Pa30UT MO TOJI-
IIMHE Ha TSITh 2JIEMEHTOB, IMJIATUHOBBIA CIOH — Ha
JIBa, a KpeMHHUeBas1 nmomioxka — Ha 40. JlaHHoe 4uciio
3JIEMEHTOB SIBJISVIOCH ONTUMAaJIbHbIM, TTIOTOMY YTO NPU
JaJbHENIIeM YBEJIMYEHU M X Yrciia Habaoaaics 3Ha-
YUTEJIbHBI POCT TMOTPEOISIEMbIX BbIYMCIUTEIbHBIX
pecypcoB 0€3 CYLIECTBEHHOIO M3MEHEHUSI pe3yJibTa-
TOB MOJEIUPOBAaHUS.

B xone MopenupoBaHus ObUla pellieHa CBsI3aHHAs
TEPMODJICKTpUUECKasl 3a1a4a IjIs OIpeIe/ICHNS:

e BOJbT-aMIlepHOI xapakTepuctuku (BAX) razoBoro

CeHcopa;

e BJIMAHUS MOPUCTOCTH MOATOXKKMU U3 Al,O5 Ha mpo-

I'PeB UyBCTBUTEJIBLHOTO 3JIEMEHTA;

e TOTPeOJIIEMON MOILIHOCTU CEHCOpa W €€ 3aBUCU-

MOCTHU OT MOPUCTOCTH;

e BJIMSIHME TTOPUCTOCTU HA (PYHKLIMOHUPOBAHUE CEH-
copa.

B Tabnuue npuBeneHbl 3HaYEHUsI TapaMeTpoB, KO-
TOPbIE MCMOJIb30BAIUCH AJISI MOAECIMPOBAHUSL.

s MexaHMYecKoW 4yacTd 3aauyd MPUHUMAJIOCh,
YTO HUXKHEE OCHOBAaHME CEHCOPA MOJHOCTBIO 3aKperl-
JIEHO CHM3Y, T. €.

u=v=w=0, (1)
Tae u, v, w — CMEIICHUS TT0 KOOPAUHATHBIM OCSIM X,
¥, Z COOTBETCTBEHHO.

TepmomexaHuueckue aedopMaliv OIMUCHIBAIUCH
BBEIpaXXCHUEM

e =a(T—293), 2)
rae ¢ — TepMoMexaHuYeckure nehopMaluu; o — TeM-
nepaTypHbIii KO3(PPUIMEHT TMHEINHOTO pacIlupeHUS
(TKJIP); T — temnieparypa B KenbBuHaXx.

TemtoobMeH ¢ OKpyXalollleii cpefoil 3amaBajics
MOCPENCTBOM y4yeTa KOHBEKLMU Y TEIJIOBOTO U3JY-
YEHMUSI:

~n(—kVT) = W(Ty, — T) + (T, = T, (3)

rone h=75 BT/M2 * K — KoahdUIMEHT TEMI00TAAYM B
oKpyxatoutyro cpeny; T, =293 K — rtemmneparypa
OKpYKaIoLIei cpeabl; # — BEKTOp HOpManu; kK — KO-
3G GULMEHT TEIIONPOBOAHOCTU (3HAUEHUE TIpUBEIC-
HO B Ta0IuIIE).

ITapameTpsl 1151 MOAETHPOBAHUS
Parameters used for the simulation

Kosdduumenr teruro- | Momynb ynpy- | DIeKTpONpOBOIHOCTb, HHOTHOgTLa TeruoeMKoCTb, TKIJIP, 1/K
Marepuan | npoBonHoctu, Br/(Mm+ K)| rocrtu, I'Tla Cm/M KI/M JIx/kr + K Thermal coefficient
Material Coefficient of thermal Modulus of FElectrical conductivity, Density, Thermal heat | of linear expansion
conductivity, W/(m - K) | elasticity, GPa cm/m kg/m3 capacity, J/kg - K (TCLE), I/K
Si 130 170 2329 700 2,6-107°
SizNy 3 250 0 3100 700 2,3-1076
Al,O4 23,2 490 0 3965 140 52-107°
Pt 71,6 168 1 106/(1 + 21 450 133 8,8-107°
+2,3-107%- (T — 293))
In,05 + GaO, 10 125 1,1-10%/(1 + 7800 200 1,1-107°
+1,15- 1074+ (T — 293))
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Puc. 4. BoibT-amMniepHbie XapaKTePUCTHKH ceHcopa: / — TOJydeH-
Hasl B XO[Ie 9KCIIEPUMEHTA [UTST MEMOPaHbI ¢ 0OBEMHOIA TIOPUCTOCTHIO
10 %; 2 — B xome pacuyeta ajsi OpUCTocTH MeMmbpanbl 10 %; 3 —
MOJIyYeHHasE B XOJIE¢ pacyeTa IpH MmopuctocTy Mmemopansl 70 %

Fig. 4. Current-voltage characteristics of the sensor: 1 — obtained in
the experiment for the membrane with the volume porosity of 10 %; 2 —
obtained through the calculations for the porosity of the membrane of
10 %, 3 — through the calculations for the porosity of the membrane
of 70 %

Ha rpanune mexmay HarpeBaTelieM M ITOIJIOXKON
32/1aBaJIOCh YCIIOBUE 3JIEKTPUUYCCKONM M3OJISIIUAN:

nj =0, “4)

Il j — TUIOTHOCTb TOKA, A/M2.

BxonHoe HanpstkeHue 3amasaioch oT 0,1 mo 1,6 B
¢ marom 0,15 B.

Hns ompeneneHUST TePMOMEXaHMIECKUX TTapaMeT-
poB Al,O3 Kak (YHKIMIA TOPUCTOCTH OblIa MCIOJIb-
30BaHa METOJMKa, MOAPOOHO M3JI0XKEHHas B paboTe
[7]. Ansg MmonenupoBaHUs U PaCYETOB UCITOJIb30BAUCH
maker COMSOL Multiphysics 4.4, pabouast craHIIUs
¢ npoueccopoMm u 32 I'daiitr O3V non ynpapieHUueM
Windows 7 X 64.

Ha puc. 4 npencraBiieHbl BOJIBT-aMIIEpHasl XapaKTe-
pucTuKa pabouyero obpasia ceHCopa, UMEIOIIEro MeM-
OpaHy ¢ 00beMHOI mopuctocThio ~10 % (xkpuBas 1),
u pacueTHbie BAX mrg nByx 3Hauenwmit (10 u 70 %) mo-
puctoctu MeMOpaHbl (kpuBble 2 u 3). Kak BUIHO U3
pUCYHKa, BOJbT-aMIIEpPHbIE XapaKTEPUCTUKHU, TOJY-
YeHHBIE B XOJ¢ pacueTa M 3KCIIepUMEHTA IJIsT MeMOpa-
HBI C OOWHAKOBOI MOPUCTOCTHIO, MPAKTUYESCKU COB-
rmanaroT. PacxoxneHue cocrapisier MmeHee 1 %. BunHo,
YTO 3HAYEHWE MOPUCTOCTH NUBJIEKTPUIECKON MeM-
OpaHbl OKa3blBA€T 3HAYUTEIbHOE BAUsIHUE Ha BAX.
[Ipu 3HaYeHMSX TOKA HaArpeBaTesisT CEHCopa IMOopsIKa
17 MA pacyeTHbIE 3HaY€HUsI HATIPSDKEHMST IUTaHUS Ha
HeM oTiamyatores Ha 19 % st MeMOpaH ¢ 0O0beMHOIM
ropuctocthio 10 u 70 % (puc. 4). D10 0OBSICHSIETCS
TE€M, YTO B3JIEKTPOIIPOBOTHOCTD IIJIATUHOBO MeTa-
JIU3aIUM U YYBCTBUTEJIHLHOTO CJIOSI 3aBUCUT OT T€M-
nepaTtypsl ¥ npu Temiepatypax Boiie 100 °C srta 3a-

BUCUMOCTD 1151 Pt sIBJISIETCSI JOCTAaTOYHO CHJILHOM (CM.
TabJIMILY).

BoiGop mnpaBuibHONW MaTeMaTMYeCKOW MOJIEeIH,
o0ecreynBaroLIeil Xopolllee COBIMAACHUE PaCUETHBIX
BOJIbT-aMIMEPHBIX XapaKTepUCTUK CEHCOpa C KCIe-
PUMEHTAJIBHBIMU, TIO3BOJISIET MPEAIIONOXUTD CAEAYIO-
wee. Ee ncnonb3oBaHue 00eCNEYUT MOTYyYeHUE KOpP-
PEKTHBIX 3HAYEHUM IIpM pacyeTax TeMIIepaTypPHBIX
1 TEPMOMEXaHMYECKUX XapaKTEepUCTUK ceHcopa. Ha
puc. 5 (CM. TPETbIO CTOPOHY 00JI0XKKM) MOKa3aHO pac-
YeTHOE I10Jie TeMIlepaTyp, BO3HUKaIOIee B Mpolecce
paboThl ceHcopa, MpY HaNpsiKeHUW Ha HarpeBaTtesie
1 B, obecneunBaloleM TpeOyeMblii IIPOrpeB YyBCTBU-
TEJBbHOTO 3JIEMEHTa CEHCOopa.

M3 puc. 5 (cM. TpeTbiO CTOPOHY O0JI0XKKW) BUIHO,
YTO MaKCUMYM TeMIepaTyphl JIOKAJTU30BaH BO3JIE UyB-
CTBUTEJBHOTO 3JIEMEHTA M 3TOT MAaKCUMYyM HeE BBIXO-
IUT 3a mpeneabl MeMOpaHbl. Kak moka3biBaloT pac-
YeTHI, TeMIlepaTypa Kpasi KpeMHUEBON TMOMIOXKHA U
KOHTAKTHBIX TUIOIIA0K CYLIECTBEHHO HMXE (TIPH TO-
puctoctit MeM6paHb! 10 % B 2 pa3a, a Ipu HOPUCTOCTH
70 % — moutu B 3 pasa).

Ha pwuc. 6 mokasaHBl 3aBUCHMOCTH TeMITEpaTypPhI
YYBCTBUTEJIBHOTO CJIOSI M TIOTPEOISIEMOM MOIITHOCTH
CeHcopa OT MOPUCTOCTU MEMOPaHbI NTPU HAIPSKEHUU
Ha HarpeBartejie 1 B. Kak BUIHO U3 TemIiepaTypHoOi
3aBUCUMOCTU (CM. puc. 6, kpuBast [), yBeJIMYCHUE
MMOPUCTOCT MeMOpaHBl 10 70 % TO3BOJISIET YBEIU-
YUTh TEMIIEPATYPY YYBCTBUTEIBbHOTO cios Ha 40 %.
HenmHeTHOCTD B M13MEHEHUH TEMIIEPATyPHl YyYBCTBU-
TEJIbHOTO CJIOST HAUMHAET TPOSIBIISITHCS MPU 3HAYCHU -
SIX TIOPUCTOCTH MeMOpaHHbI BeIe 40 %. JlaHHBII 2¢-
(heKT 00BACHSIETCS TEM, UYTO TP BBICOKUX 3HAYECHUSIX
MOPUCTOCTU OOJIbIIIAS YACTh TETIJIOBOTO MOTOKA MPO-
XOIIUT TI0 BHEITHWM TpaHUIIaM TTOMJIOXKH, a He BHYT-
pu Hee [7].

CHuxeHue mnoTpebsseMoii MOIIHOCTA CeHcopa
npu (GUKCUPOBAHHOM HAIPSDKEHUM Ha HarpeBaTelie
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Puc. 6. 3apucumocTb TeMnepaTypbl YyBCTBUTEIbHOrO cios (1) u no-
TpedJiseMoii MOMIHOCTH (2) ceHcopa OT MOPUCTOCTH MeMOpPaHbI

Fig. 6. The dependency of the temperature of the sensitive layer (1) and
consumed power (2) of the sensor from the porosity of the membrane
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HaOJI0aeTCs IpU 3HAYEHUSIX TIOPUCTOCTU MEeMOpaHbI
Boie 40 % (cMm. puc. 6, KpuBas 2) U CBSI3aHO C JOC-
THKEHHEM TpeOyeMbIX TeMIepaTyp IJisl YyBCTBUTEIb-
HOTO CJIOSI TIPU MEHBIIMX 3HAYEHUSIX HANPSDKeHUST Ha
ceHcope. IloaTomy 1enecooOpa3HO MCIOJAb30BaTh
MOMJIOXKHN ¢ MeMOpaHaMM, UMEIOIIUMU 00jiee BHICO-
KoOe 3HaYeHue mopucTocT. Kak BUIHO U3 puc. 6, To-

Ha Ha 31 % eciu UCMOAb30BaTh MEMOpaHy CO 3HAYe-
HUeM TopuctocTu ~70 %.

s TIpOTHO3MPOBaHUSI HAJAEXHOCTU (PYHKIIUO-
HUPOBAHUS CEHCOpa MpencTaBlisseT HHTePEC UCCIen0-
BaTb CIIOCOOHOCTb KOHCTPYKLIMK CEHCOopa, OCOOEHHO
MeMOpaHbl, BBIACPXKUBATh TePMOMEXaHMUYECKHUE [e-
¢opmalimy, BO3HMKAIOIIME B IIPOIIECCE €ro pPabOTHI.

TpeobJiisieMast MOIIIHOCTb CEHCOPAa MOXET ObITh CHUKE- Ha puc. 7 npuBeaeHBl pacueTHblE 3HAYEHUSI TEM-
rnepatypbl UYyBCTBUTEJIBLHOIO CJIOSI
ceHcopa (cM. puc. 7, a) u ¢popmMu-

L | PYIOLIMXCSI 3[eCh OTHOCHUTEIbHBIX

! 600 ! TepMOMEXaHNIECKUX IedhopMaimit

: &) a 0,007 : (cM. puc. 7, b) oT moTpebGisieMoi

: 500 2 ' 10006 : MOIIIHOCTH CE€HCOpa. YCTaHOBJIEHO,

| A ' | YTO TTOPUCTOCTb HE OKA3bIBAET CYIIIe-

: o, 400} J \\; 10.005 : CTBEHHOTO BJIMSTHMSI Ha TepMOMeXa-

L e \ HU4yeckue aedpopmaunu. B MeMOpaHe

: §§ X '3 {0004 § ! ¢ obbemHoit mopructocTeio ~70 %

' E‘ 300 7 ' %g i (cM. puc. 7, b, kpuBasg 2) dopmu-

i [ f 40003 ¢ pYIOIIMECs] TEPMOMEXaHUYECKUE Jie-

| 200 f i %% | dbopmaumu suub Ha 10 % Goblue,

| r 40,002 "' | yeMm B MeMOpaHe ¢ OOBLEMHOW IIO-

: 100k / & | puctocThio ~10 % mipu notpebise-

| i / 40,001 | MOM MOLIHOCTH ceHcopa B 23 MBrT.

! : ! Pacuernl mokaszanu, 4Tto MeMOpaHa

! 0 L L L . L L L L 0,000 ‘ o

| 0 5 10 15 20 0 5 10 15 20 25 | JIaxe C HyJeBOl IOPUCTOCTBIO HE

\ Mommocts. a8 Monocts, xBr ‘ crocobHa BbLAEPXKATh MeXaHuYe-

! Power,mW Power, mW w ckre nedopMany Mpu dIeKTpUYe-

| |

Puc. 7. 3aBucuMOCTb TEMIEPATYPbI YYBCTBUTEIBHOIO 3jIeMeHTA (a) U TePMOMEXaHHYECKNX
HanpsokeHmii (b), BOSHMKAIOMHKX B HEM, OT NOTPEO/IsIeMOii MOIHOCTH ceHcopa: [/ — TS IO/~

JIOXKH MOpUCTOCTBIO 10 %; 2 — Ut TOUTOXKH ITopuctocThio 70 %

Fig. 7. The dependency of the temperature of the sensitive element (a) and thermomechanical
stresses (b), resulting in it, from the power consumption of the sensor: 1 — for the substrate with

the porosity of 10 %; 2 — for the substrate with the porosity of 70 %

Py
aig®

Puc. 8. Tepmuueckue HanpsKeHHs, BOZHMKaIOmue B MeMOpane ¢ mopucroctbio 10 % npu
Hanpsokennd 1 B Ha HarpeBarese ceHcopa: ¢ — pacueTHBIE 3HaUeHUs; b — dororpaduye-
cKasi BU3yalu3allisl HAMPSDKEHUH B KPUCTaUIE SKCMEPUMEHTAIBHOTO 00pasiia ceHcopa

(x400)

Fig. 8. The thermal stresses in the membrane with the porosity of 10 % at the voltage of 1 V'
on the heater of the sensor: a — the calculated values; b — photographic visualization of stresses

in the crystal of the experimental prototype of a sensor (%X400)
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CKOM HalpsDKeHWM Ha Harpebartesie
Boiie 2 B. [Tpu Takux HanpsikeHU-
SIX THATAHMSI CEHCopa TepMoMexa-
HUuYeckue aedopmaliuu TpeBblilia-
ot 0,01, yTo sBAsIETCS KpUTUYE-
CKUM JUISI JaHHOTO TUIla MEeMOpaH.

Ha puc. 8 nmpuBemeHa KapTuHa
pacrpeneaeHus] TepMOMEXaHUUYECKUX
HanpspkeHW B MeMOpaHe, ToJTyYeH-
Hasl U3 MOAEJILHOrO SKCIepUMEHTa, U
(ororpacdust razoBoro ceHcopa Tpu
MPWIOXKEHUM K €ro HarpeBaresio
Hanpskenust 1 B. Ha ¢ororpapuu
ceHcopa (cMm. puc. 8, b) TeMHBIM
KOHTYpOM OOBelleHa JIMHUs, 10 KO-
TOPOI TIPOUCXOIUT pa3phiB MeMOpa-
Hbl B 3KCHEPUMEHTAILHOM O0Opaslie
CeHcopa. YCTaHOBJIEHO, UTO MPU BCEX
3HAUEHUSX MOPUCTOCTH ATIOMOOK-
CUIHOTO CJI0s1 MeMOpaHa BeITMOAET-
Cs U TSHET 3a CO0O MeTaJUTM3ALIUIO
W YYBCTBUTEJIbHBIN ciioit. CormocraB-
JIEHNEe MOJEIBHOTO 3KCIIEPUMEHTa U
pealbHOM KapTHUHBI MOBEACHUSI MEM-
OpaHbl ra30BOTO CEHCOpa elle pas
MOATBEPKIaeT IPaBUIbHOCTb BbI-
OpaHHOI Mozenu aJisl pacueTa (pu-
3UKO-MEXaHMYECKMX XapaKTepUCTUK
ceHcopa.




H3mepeHne CEHCOPHOTO OTKJIMKA
H3IOTOBJIEHHOIO CEHCopa

HccnenoBanue otkinrka ceHcopa K CO nmpoBoauau
Ha 9KCHEPUMEHTAJIbHOM CTEHIIE, COCTOSIILEM U3 U3Me-
pUTENIbHOM SIYEHKU, CUCTEMbI CO3JaHUs U MOoAaepKa-
HUS 3aJaHHOM ra30BOM cpelbl B sUeiike U MpUOOPOB
U3MEPEHUST BJIEKTPUUECKUX CUTHAJIOB CEHCopa C BbI-
BomoMm uH¢popmanuu Ha IIK. B skcnepumeHTte uc-
MOJIb30BAJIM TIOBEPOYHYIO Ta30BYID CMECh HYJIEBOIO
BO3/yXa C MOHOOKCUJIOM YTJIepo/a C KOHLIEHTpalLuei
1 ppm.

BenuunHy CEHCOpPHOIro OTKJIMKa OMpenesiii Kak
Pa3HOCTb MEXIy CONMPOTUBIEHUEM CEHCOpa MPU BO3-
JIEWCTBAM aKTUBHOTO Ta3a (Rgas) A COIPOTUBJIICHUEM
ceHcopa B Bosayxe (R,;,). YyBCTBUTENIBHOCTL CEHCO-
pa pacCUMTHIBAIN KaK TMPOLEHTHOE OTHOIIEHUE Rga
u Rair:

S

S= [(Ryjr = Ryg)/ Rygs) * 100 %.

Ha puc. 9 npeacraBieHbl BpeMeHHbIE 3aBUCUMOCTU
CEHCOPHOTO OTKJIMKA TSI IBYX 3HAYCHWI MOTpeoIsic-
Moi1 MolHocTu ceHcopa 14,0 u 15,4 mBt, uto coort-
BETCTBYEeT TeMIlepaType HarpeBa YyBCTBHUTEIBHOTO
cnost ~300 u 340 °C (cm. puc. 8, a). PacueT uyBCcTBU-
TeJIbHOCTU ceHcopa K 1 ppm CO pan 3HayeHUs 3TOH
BeJIM4MHbL ~23,08 1 9,73 % COOTBETCTBEHHO IS I10-
TpebiisieMoii MolHocTH ceHcopa 14,0 u 15,4 mBr. U3
MOJIyYeHHbIE NAHHBLIX CIIEAYET, YTO ONTUMAJIbLHBIMU
TeMIiepaTypaMy 9yBCTBUTEJIEHOTO CJIOS CeHcopa, He-
00XomMMBIMU TSI KadecTBeHHOM peructpaunu CO,
aBIstitoTest Temmnepartypbl MeHblle 300 °C. Poct Temmne-
paTyphl YyBCTBUTETHLHOTO CJIOST BBIIIIE 3TOTO 3HAUYCHUS
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Puc. 9. OTKIHK ceHcopa Ha Bo3jeiicTBue 1 ppm MOHOOKCcHIA yrie-
poma: / — musg motpebisieMoit MolHOCTH ceHcopa 14,0 MBT; 2 —
IS TIOTPe6IIsieMOoit MOIITHOCTH ceHcopa 15,4 MBT; BKII 1 BBIKIT — cO-
OTBETCTBEHHO MOMEHTbI BPEMEHU BKJIIOYCHUSI M BBIKJIIOUEHUS TO-
JIa4M TIOBEPOYHOI Ta30BOI CMECH B U3MEPUTEbHYIO STUSiKy

Fig. 9. The response of the sensor to the impact of 1 ppm of carbon
monoxide: 1 — for the power consumption of the sensor of 14,0mW; 2 —
for the power consumption of the sensor of 15,4 mW; on and off — the
switching on and off times of calibration gas mixture supply in the
measuring cell

TIPUBOIUT HE TOJIBKO K YXYIILIEHUIO BUIa KPUBOM CEH-
COPHOTO OTKJIMKA U YMEHBUIEHWIO YyBCTBUTEIbHOCTU
CeHcopa, HO U, KaK CJICACTBHUE, YBEIMUYCHUIO €TO T10-
TpeOJIIieMOit MOIITHOCTH.

3akmoueHue

PazpaboraHa TeXHOJIOTHSI M3TOTOBJIECHUSI Ta30BOrO
CEHCOpa C HAHOCTPYKTYPUPOBAHHOM [BYXCJIOMHOM
IUBJIEKTPUYECKO MeMOpaHoii. TexHoJIorusl BKIIo4Ya-
eT TocyeaoBaTelibHoe (OPMUPOBAHME Ha TIaHAPHOU
CTOPOHE KPEMHUEBON MOIJOXKHU CJIOEB U3 HUTPUIA
KPEeMHUSI U HAHOMOPUCTOIO aHOIHOIO OKCHUIA alio-
MUHUS U TIocheaytolllee KUIAKOCTHOe 00beMHOe TpaB-
JIeHue OOpaTHOM CTOPOHBI KPEeMHMS s CO3MaHUS
MeMOpaHbl. [IpeacraBiieHbl pe3yabTaThl MOACIUPOBA-
HUSI TEPMOMEXaHMYECKMX CBOMCTB ra30BOI0O CeHcopa,
c(OpMUPOBAHHOIO Ha KPEMHUEBON IOMJIOXKE, CO-
JiepKallleil IBYXCIOMHYI0 TU3JeKTpUUYecKyo MmeMOpa-
HY 13 HUTPpUJA KPEMHUS 1 HAHOMOPUCTOIO aHOAHOTO
okcuaa adoMuHus. BblOOp KOppeKTHON MaTeMaTH-
yecKoil Moaeu oOecIieurMBaeT XOpOlllee COBIIAIeHUE
pacueTHBIX BOJbT-aMIIEPHBIX XapaKTepUCTUK CEHcopa
C BKCIIepUMMEHTAJIbHBIMU U MO3BOJISIET OLEHUTD BN -
HY€ TIOPUCTOCTU AUIJIEKTPUIECKON MeMOpaHbl HAa 13-
MEHEHHME MOTPeOIsIeMOil MOIITHOCTA CEHCOpa, TeMIIe-
paTypy €ro 4yBCTBUTEJIBHOIO CJIOSI U BO3HMKAIOIIMX
3/ieCh TepMOMeXaHMYecKux HarpsikeHuid. [TokazaHo,
YTO AWANa30H TeMIepaTyp HarpeBa YyBCTBUTEJIbLHOTIO
ciost ceHcopa 150...350 °C, B KOTOPOM PETUCTPUPY-
eTcsl ceHCOpHBIN oTKIUK K 1 ppm CO, obecrieunBaeT-
csl TIpU TIOTPeOIsieMOlt MOIIIHOCTU ceHcopa oT 5,0 10
15,5 MBT. Pacuet 4yBCTBUTENBHOCTU ceHCOpa K 1 ppm
CO nain 3HayeHUd 3TOM BeauduHbl ~23,08 u 9,73 %
JIJISI TIOTpeOIIsieMoii MoITHOCT! ceHcopa 14 u 15,4 MmBt
COOTBETCTBEHHO.

Cnmcok JuTepaTypbl

1. Varghese O. K., Pishko M. V., and Grimes C. A. Highly
ordered nanoporous alumina films: Effect of pore size and uni-
formity on sensing performance // J. Mater. Res. 2002. V. 17.
P. 1162—1171.

2. Khatko V., Gorokh G., Mozalev A., Solovei D., Llobet E.,
Vilanova X., Correig X. Tungsten trioxide sensing layers on high-
ly ordered nanoporous alumina template // Sensor and Actua-
tors, B. Chem. 2006. V. 118. P. 255—262.

3. Gorokh G., Mozalev A., Khatko V., Solovei D., Llobet E.,
Vilanova X., Correig X. Anodic formation of low-aspect-ratio
porous alumina films for metal-oxide sensor application // Elec-
trochimica Acta. 2006. V. 52, Is. 4. P. 1771—1780.

4. Stankova M. Sensitivity and selectivity improvement of rf
sputtered WO3 microhotplate gas sensors // Sensor and Actua-
tors, B. Chem. 2006. V. 113. P. 241—248.

5. Vallejos S. Micro-machined WOj3-based sensors selective to
oxidizing gases // Sensor and Actuators, B. Chem. 2008. V. 132.
P. 209—215.

6. Topox T. T., Bexorypos E. A., 3axne6aesa A. U., Tapa-
TeiH M. A., Xatbko B. B. XumMnueckue razoBble CEHCOPHI Ha
MOMJTOKKAX M3 aHOIHOTO oKcuaa amomuHust // Hano- u muk-
pocucteMHast TexHuka. 2014. Ne 9. C. 45—51.

7. beaorypos E. A., Illykesuu 1. U., bapkamun B. B., Xatb-
ko B. B., Tapatein U. A. KoHeuHosmeMeHTHOE MOAETMpPOBa-
HME TEPMOMEXaHUUECKNX CBOMCTB HAHOIIOPUCTHIX MaTEepUAIOB //
Hano- u mukpocucreMmHast rexuuka. 2012. Ne 1. C. 18—24.

HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 6, 2015 39



E. A. Belahurovl, Post Ggraduate Student, e-mail: e.belogurov@gmail.com, V. V. Khatkol, Protessor,
G. G. Gorokhz, Head of NIL Nanatechnology, A. 1. Zakhlebayevaz, Graduate Student,

0. G. Reutskaya3 , Production Engineer, 1. A. Taratyn3, Head of Micromekhanika

I Belarus National Technical University, Minsk, e.belogurov@gmail.com

2 Belarus State University of Informatics and Radioelectronics, Minsk

3 Minsk Research Institute of Radiomaterials, Minsk

Low-Power Gas Sensor on Nanostructured Dielectric Membrane

The article presents a technology for manufacture of a gas sensor with a two-layer nanostructured dielectric membrane on a sili-
con substrate and its characteristics. Selection of the correct mathematical model ensures a good correlation between the experimental
and calculated current-voltage characteristics of the sensor and makes it possible to evaluate the effect of porosity of the dielectric
membrane on the value of the sensor’s power consumption, temperature of its sensitive layer and the related thermomechanical stress-
es. It demonstrates that the temperature range (150—350 °C) of the sensor’s sensitive layer, where the sensor’s response to 1 ppm
CO is detected, is ensured due to power consumption from 5,0 mW up to 15,5 mW.

Keywords: semiconductor gas sensor, double-layer nanostructured membrane, porous anodic alumina oxide

Introduction

In recent decades, much attention is paid to develop-
ment of the new gas sensors which can measure low con-
centrations of pollutants in the environment. These sen-
sors are considered as a variant of chemical sensors, where
catalytic and semiconductor materials are used as the sen-
sitive layer (SL), which provides formation of the analyt-
ical signal. One of the most widely used sensors is chem-
ically resistive gas sensor, which sensitive layer may be
formed of thin or thick semiconductor films.

In manufacture of the gas sensors with nanoscale metal
oxide SL, it is necessary to form highly ordered nano-
porous dielectric layers on the surface of silicon or die-
lectric substrates. The nanoporous anodic aluminum oxide
(AAO) is generally used for this purpose. Firstly, its films
on the silicon substrates were used in 2002 for manufacture
of a gas sensor for detecting of NH; in a humidified at-
mosphere [1]. A few years later, the approach found its de-
velopment in creation of a gas sensor with SL of WO; for
detection of the nitrogen oxides (NO,) [2, 3]. In this case,
gas sensors were formed on monolithic silicon substrates
with a thin film of nanoporous AAO with the thickness of
about 1 um, used as the base for deposited SL.

As one of the most promising directions in manufac-
ture of the low-power semiconductor gas sensors is use of
the silicon micromachining [4, 5], the technological route
of manufacture of the sensor with the two-layer nanos-
tructured dielectric membrane on a silicon substrate was
developed in the framework of the article. The results of
simulation of the thermomechanical properties of a gas
sensor comprising a bilayer dielectric membrane of silicon
nitride and the nanoporous AAO are also presented in the
article, as well as its basic functional characteristics were
investigated.

The gas sensor on a silicon substrate comprising
a bilayer dielectric membrane of silicon nitride
and nanoporous AAO

The technological route of manufacturing of a gas sen-
sor on two-layer dielectric membrane of silicon nitride and
nanoporous AAO consists of three blocks, each of which
includes a specific sequence of operations.
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The first block was related to creation of the two-layer
dielectric membrane. The silicon wafers CDB 4.5 (100)
were used as the substrates, on which surface the unstressed
nitride Si;N, layer with the thickness of 0,8 um was pre-
cipitated after chemical cleaning. The photolithography,
plasma chemical etching (PCTs) of a dielectric by the sil-
icon and the anisotropic alkaline etching of silicon were
performed from the non-planar side of the plate (fig. 1, a).
The silicon layer with the thickness of about 40 um was
kept underetched to ensure the strength of the membrane,
which was removed later. Then, the aluminum layer with
the thickness of 1,5 um was deposited on the planar sur-
face of the wafer and its two-step anodization (fig. 1, b)
under electrochemical conditions similar to [6] was per-
formed. The first step of aluminum anodizing was per-
formed on the depth of 0,8 um, after which the formed ox-
ide was selectively removed. After reanodizing of the re-
maining aluminum, the AAO ordered layer with the thick-
ness of 0,9 um was formed on the surface of SixNy.

The second block united operations for production of
a heater, information electrodes to the SL and contact
pads. A platinum film with the thickness of 0,45 pm was
sputtered on the formed porous AAO layer, on which the
photolithography and ion beam etching to the porous ox-
ide followed by removal of the photoresist (fig. 1, ¢) were
performed. Next, the planar side of the wafer was masked
with vanadium layer, on which the companion plate was
adhered using wax (fig. 1, d) and etching of the remaining
silicon to the dielectric membrane was carried out, after
which the masking layer was removed (fig. 1, e).

Fig. 2 showed the images obtained using a scanning
electron microscope (SEM) Hitachi S-806, where the
back side of the silicon substrate of the sensor after the an-
isotropic etching (fig. 2, a), the cross sections of the sub-
strate with a membrane (fig. 2, b) and of the two-layer di-
electric membrane SixNy/A1203 (fig. 2, c¢) formed by the
described technological route were presented.

The third unit of technological operations comprised
applying of the semiconductor SL In,0;—GaO, and its
heat treatment for a good contact to the platinum elec-
trodes and formation of the desired structure. At the final
stage, the plate was scribed, divided into the crystals and




the leads were tenderized with Pt-wire. The sensor’s crys-
tal was placed into the housing and the characteristics were
measured.

Simulation of the characteristics of a gas sensor
comprising a bilayer dielectric membrane on the silicon

Fig. 3 (look at the figure on the 3-rd page of the cover)
showed the three-dimensional model of a gas sensor on the
two-layer dielectric membrane with a front slit (fig. 3, a)
and a mesh of the finite elements that was used for simu-
lation (fig. 3, b).

The construction of a gas sensor included a silicon sub-
strate with the sizes of 1,35%1,35%0,38 mm, comprising
a bilayer dielectric membrane, placed in the center of a
substrate with the dimensions of 400x%400% 1,7 um. The
membrane consisted of unstressed silicon nitride and po-
rous aluminum oxide with the thickness of 0,8 and 0,9 pm.
The thickness of the platinum information electrodes and
a heater is 0,45 um. The sensitive layer with the thickness
of ~20 um represented the mixture of gallium and indium
oxides.

The structured prismatic grid was used for simulation.
The type of finite element — a triangular prism with six
checkout systems. The number of used items — 86 000,
the sensitive layer was divided by the thickness into five ele-
ments, the platinum — into two and the silicon substrate —
into 40. This number is optimal, because a significant in-
crease of computing resources consumed without substan-
tial changing of the simulation results was observed at an
increase in their number.

The associated thermoelectric problem was solved dur-
ing the simulation to determine:

e current-voltage characteristics (CVC) of a gas sensor;

o influence of the porosity of the Al,O5 substrate on
warming of the sensing element;

e power consumption of a sensor and its dependence on
porosity;

o affection of the porosity on the functioning of a sensor.

The following table showed the parameters used for the
simulation.

For the mechanical part of the problem, it was assumed
that the lower base of a sensor was fully secured from below:

u=v=w=0, (1)
where u, v, w — the displacements along the axes x, y, z,

respectively. The thermomechanical deformation was de-
scribed by the expression:

e = o(T — 293), (2)

where ¢ — the thermomechanical deformation; o — the
temperature coefficient of linear expansion (TCLE); T —
the temperature in Kelvin.

The heat exchange with the environment was set by
taking into account convection and thermal radiation:

—n(~kVT) = h(T,, — T) + (T =T,  (3)

where 4 = 5 W/m?- K — the heat transfer coefficient to
the environment; T,, = 293 K and T — the temperature
of the environment; » — the normal vector; k — the co-
efficient of thermal conductivity (shown in the table).

At the boundary between the heater and the substrate,
the condition of electrical insulation was specified:

nj =0, “

where j — the current density, A/mz.

The input voltage was set from 0,1 to 1,6 with the step
of 0,15 V.

To determine the thermomechanical parameters of
Al,O5 as a function of porosity, the technique was used,
described in [7]. The software package COMSOL Multi-
physics 4.4, the workstation with 32 GB RAM running on
Windows 7 %64 were used for simulations and calcula-
tions.

Fig. 4 showed the CVC of the working sample of a
sensor having a membrane with the volume porosity of
about 10 % (curve 1), and the calculated CVC for 10 and
70 % of the porosity of the membrane (curves 2 and 3). As
can be seen from the figure, the CVC received during the
calculation and experiment for the membrane with the
same porosity, are practically same. The discrepancy is less
than 1 %. It can be seen that the porosity of the dielectric
membrane greatly affects ON the CVC. At the sensor’s
heater current of 17 mA, the calculated values of the sup-
ply voltage on it differ by 19 % for membranes with the
bulk porosity of 10 and 70 % (fig. 4). This is caused by the
fact that the conductivity of the platinum metallization
and sensitive layer depends on temperature, and at the
temperature higher than 100 °C, this relationship is strong
enough for Pt (see table).

Choosing of the right model, providing a good agree-
ment between the calculated and experimental current-
voltage characteristics of the sensor, suggests that its use
will provide the correct values in the calculation of thermal
and thermo-mechanical characteristics of a sensor. Fig. 5
(look at the figure on the 3-rd page of the cover) snowsme
calculated temperature field arising during operation ot a
sensor when the voltage across the heater is 1 V, which
provides the required heating of the sensitive element (SE)
of the sensor.

From fig. 5 it was seen that the temperature’s maxi-
mum is localized near the sensitive element and it does not
extend beyond the membrane. The calculations show that
the temperature of the edge of the silicon substrate and the
contact pads significantly lower (at porosity of the mem-
brane of 10 % in 2 times, while at the porosity of the mem-
brane of 70 % — almost in 3 times).

Fig. 6 showed the temperature dependence of SL and
power consumption of a sensor on the porosity of the
membrane when the voltage across the heater is 1 V. As
can be seen from the dependence (curve /), increase in the
porosity of the membrane up to 70 % can increase the
temperature of the SL by 40 %. The non-linearity in the
change of its temperature begins to emerge when the po-
rosity of the membrane is higher than 40 %. This effect is
caused by the fact that at the most higher porosity, the
most of the heat flux passes along the outer boundaries of
the substrate rather than inside it [7].

Reduction of the power consumption of the sensor at
a fixed voltage on the heater was observed when the mem-
brane porosity greater than 40 % (curve 2) and was asso-
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ciated with the achievement of the required temperatures
for SL at the lower values of voltage on the sensor. There-
fore, it is advisable to use the substrates with the membranes
having a high porosity. As can be seen from fig. 6, the pow-
er consumption of the sensor can be reduced by 31 %
when using a membrane with a porosity of about 70 %.

To predict the reliability of the sensor is of interest to
investigate the ability of its construction, especially the
membrane to withstand the thermomechanical deforma-
tions during operation. Fig. 7 shows the calculated tem-
perature of SE (fig. 7, a) and the relative thermomechan-
ical deformation (fig. 7, b) from the power consumption of
a sensor. (It was found that the porosity has no significant
effect on them). In a membrane with the volume porosity
of about 70 % (fig. 7, b, curve 2), the thermomechanical
deformation is only by 10 % higher than in the membrane
with the bulk porosity of ~10 % at power consumption of
the sensor of 23 mW. The calculations show that the mem-
brane even with zero porosity is unable to withstand me-
chanical deformation under a voltage of the heater of 2 V.
At such supply voltages of the sensor, the thermomechan-
ical deformation exceeds 0,01, which is critical for this
type of membranes.

Fig. 8 shows the distribution of thermomechanical
stresses in the membrane obtained from the model exper-
iment, and the photo of the gas sensor at applying of the
voltage of 1 V to its heater. The dark contoured line on the
photo of the sensor (fig. 8, ) shows a line along which
there a disruption of the membrane occurs in the experi-
mental sample. It was found that for all values of the po-
rosity of the alumina layer, the membrane bends and en-
tails the metallization and the sensitive layer. Comparison
of the model experiment and the real picture of the be-
havior of the sensor’s membrane once again confirms the
correctness of the chosen model for calculation of its phys-
ical and mechanical characteristics.

Measurement of the sensor response
of the manufactured sensor

The study of the response of the sensor to CO was per-
formed at the stand of the measuring cell, the system of
creating and maintaining of a gaseous medium in the cell
and measuring instruments of sensor’s signals with the in-
formation transfer on PC. The experiment used a calibra-
tion gas mixture of the zero air with carbon monoxide with
the concentration of 1 ppm.

The response was defined as the difference between the
resistance of the sensor under the influence of the active
gas (Ry,,) and its resistance in the air (Ry;,). The sensitivity
was calculated as a percentage dependency Ry, and R,
S = [(Ryir = Ryue)/Ryql 100 %. Fig. 9 shows the time de-
pendence of sensor response for two values of the con-
sumed power of a sensor — 14,0 and 15,4 mW, which
corresponds to SE’s heating temperature of about 300

and 340 °C (see fig. 8).

The calculation of the sensitivity of a sensor to 1 ppm
CO gave values of this quantity ~23,08 and 9,73 %, re-
spectively, for the consumed power is of a sensor — 14,0
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and 15,4 mW. From the obtained data it follows that the
optimal temperatures of sensor’s SL, necessary for quali-
tative registration of CO are the temperatures below 300 °C.
The rise of SL’s temperature above this value leads not on-
ly to deterioration of the shape of the curve of the sensing
response and decrease of the sensor’s sensitivity, but also
increases its power consumption.

Conclusion

The technology of manufacturing of a gas sensor with
the two-layer nanostructured dielectric membrane was de-
veloped. It comprised sequential formation of the silicon
nitride layers and the nanoporous AAO layer on the planar
side of the silicon substrate and fluid volume etching of the
back side of silicon for membrane creation. The results of
the simulation of the thermomechanical properties of the
gas sensor on a silicon substrate containing the two-layer
dielectric membrane of silicon nitride and nanoporous
AAO were presented. Selection of the correct mathemat-
ical model provided a good agreement between the calcu-
lated the experimental CVC characteristics of the sensor
and allowd to evaluate the effect of the porous dielectric
membrane on changes in the power consumption of the
sensor, the temperature of its SL and emerging thermo-
mechanical stresses. It was shown that the heating tem-
perature range of the sensitive layer of the sensor is
150...350 °C, in which to the sensor response to 1 ppm CO
is registered, was provided with the sensor’s power con-
sumption from 5,0 to 15,5 mW. The calculation of the
sensitivity of the sensor to 1 ppm CO gave the values of
~9,73 and 23,08 % for the sensor’s power consumption of
14 and 15,4 mW.
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IIpedcmaenensvt pesyasvmamol Uccaedo8anuil 0cobeHHOCmell YHKUUOHUPOBAHUS 08YXIneKkmpodHbix MIOMC ¢ uzmenarouumcs
MeNHCINeKMPOOHBIM 3A30POM NPU NPOU3BONbHBIX HAYANLHBIX YCAOBUSX C YHEMOM INCKMPOMEXAHUYECKUX 83AUMO0CUCMBULL U UHep-
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Karouesnie cao6a: HauanvHbie ycaosus, MUKPOMEXAHUYECKAs cucmema, (asossili nopmpem, 31eKmpomexaHutecKue 63aumo-
delicmeusi, 3¢hghekm cxnronvi6anus, AUHelIHOE U HeAUHelIHOe NPUOAUNCeHUS

Bsenenune

Hacrosiiee Bpemsi xapakTepu3yeTcsi HEYKJIOHHBIM
POCTOM MHTEHCUBHOCTH pa3pabOTOK B 00JACTU MUK-
pocucteMHoit TexHuku (MCT), yTo 00ycI0BIEHO TTO-
TpeOHOCTbHIO B MUHUATIOPHBIX aBTOHOMHbBIX MHTET'PU-
POBaHHBIX CcUCTEMaX. DTOMY TakKxXe CHOCOOCTBYET
MpUeMJIeMbIii CPOK OKYITaeMOCTU pa3paboOTOK, HE Bbl-
XOJSIIMI 32 paMKU CPeIHECPOYHOTO Meproaa.

boapmrag nona uszneanii MCT oTHOCHTCA K MUK-
poasiekTpoMexaHuueckum (MOM) cucremaM, B KOTO-
pPBIX pealn3yeTcsl COBOKYITHOCTh MEXaHMYECKUX U
2JIEKTPUYECKUX B3aUMOACMCTBUM U cBsi3eii. Ha ocHo-
Be MHUKpoOdJeKTpoMexaHnueckux cuctem (MBMC)
CO3/1aI0TCs CIa00TOYHBIE, ONITUYECKUE U BBICOKOYAC-
TOTHBIE MUKpPOpeJIe 1 MUKPOKOMMYTAaTOPbI; MUKPO-
IMMHIIETH; MUKPOCKaHEPHhl; MUKPOTUPOCKOITBI; MUK-
poHacochl; MukpopezoHaTtopbl; CBY BapakTophl u
¢GuIbTpH; MUKpOda3oBpallaTe/v; pa3IudHOro pojaa
JaTYMKU U Ipeodpa3oBarenu. I1oBbIIIICHHBI NHTEPEC
BBI3BIBAIOT Pa3pabOTKU OeCIpOBOMHBIX aBTOHOMHBIX
CEHCOpPOB Ha 0a3e BMOpalLlMOHHBIX IIpeoOpa3oBarelieit
sHepruu [1—5].

Hannuue B MOMC snekTpryecKux rosieit, ABUXy-
IIMUXCST MEXaHWYECKUX Y3JIOB, a TaKXKe 3aJI0KEHHbBIE
MPUHLMIBI GYHKIIMOHUPOBAHUS OMPELISIOT CIICII-
(brueckue mpooeMbl, UCTIONIb3YyeMble METOIbI MPO-
eKTMPOBAaHUS U M3roToBieHUs. Tak, rpu pa3paboTKe
MBMC Bo3HMKAeT HEOOXOAUMOCTb B OLICHKE BJIMSI-
HUS 2JIEKTPOCTATUYECKUX TMOJIeil Ha MOBEIEeHUE MO~
BMIXKHOTO 37ieMeHTa [6—11]. bojee Toro, yacto MMeH-
HO 3JIEKTPOMEXaHMYeCKre B3auMoaeicTBUS (0COOEH-
HO 3¢ deKT cxyonbiBaHUs — pull-in instability) orpa-
HUYMBAIOT TpeJeabHO MOOMYyCTUMBbIE IMapaMeTpbl U
MpeaesbHO JOCTHXKUMBIE XapaKTEPUCTUKU CUCTEMBI
(HampsixkeHue cpabaTbiBaHUsI, 3HAUYEHUE HACTPOMKU
€MKOCTH, TIpeesibl YIPaBIsieMOrO U3MEHEHUsI EMKO-
CTeli Y TOJIOXEHUST B MPOCTPAHCTBE), BO MHOTOM OIl-
penesisieMble AMaa3oHOM KOHTPOJMPYEMOIo MepemMe-

1IeHUST TIOABUKHBIX 3JEMEHTOB cucTteMbl. Haubonee
CUJIBHO BIMSIHUE 3(DheKTa CXTOMbIBAHUS TIPOSIBIISIET-
Csl Ha HayaJlbHOM 3Tare paboTbl — TPU BKIHOUYEHUU
CHUCTeMBbI (MePEeXOqHOI pexXuM), Korna nmopenaeHue Ko-
JiebaTeIbHbIX CMCTEM BO MHOIOM OIIpelessieTcsl Ha-
YaJIbHBIMU YCJIOBUSIMU (CMEILIEHUEM U CKOPOCTHIO
MOJABMXKHOTO 3JIEMEHTA B MOMEHT ) = (), KOTOpbIE Ha
MPaKTUKE MOTYT BapbUPOBAThCS B IIMPOKUX TMpeaeiax.
OngHako B OOJIBILIMHCTBE MCCJIEAOBAaHUI IOJAraorT,
YTO B HAYaJIbHbIA MOMEHT BPEMEHU CHCTEMa HaXOu-
JIach IIpY HYJIEBbIX HAUYQJIbHBIX YCIOBUSX, T. €. CMelle-
HUE M CKOPOCTb MOJBMXXHOTO 2JIEKTPOJa K MOMEHTY
MOJAaYM 3JICKTPUUYECKOTO HAMPSKEHUSI OBIIM paBHBI
HYJIIO.

B naHHOI1 paboTe MPOBOAMTCS aHAIU3 OCOOEHHO-
cTeil (PYHKIMOHUPOBAHUST ABYX3JIEKTPOIHbIX MOMC
C M3MEHSIOLIMMCS MEX3JIEKTPOAHBIM 3a30pOM TIpU
MPOU3BOJBHBIX HAaYaJbHbBIX YCIOBUSIX C YUYETOM DJIeK-
TPOMEXaHNIECKUX B3aMMOICHCTBUIT M WHEPIIMOHHBIX
CBOMCTB CUCTEMBI.

JByxaaekrpoagaas MOMC

Kaxk mpaBuio, coppeMeHHble MOMC co3aaloT ¢
WCMOJIb30BAHUEM TEXHOJIOTUIA MUKPOBJEKTPOHUKH.
ITpu 3TOM 106pOTHOCTE O MEXaHUUECKMX YacTeil CUC-
TEMBI MOXXET JOCTUTATh HECKOJBKUX MECITKOB 1 JaXe
Thicsy [12—15]. B pesynbTaTte BKIaa AUCCUNATUBHOMN
COCTABJISTIONIECH CTAHOBUTCS CYIIECTBEHHBIM 34 BPEMSI
MopsiiKa HECKOJIbKUX TMEPUOAOB COOCTBEHHBIX KOJjie-
OaHUI CUCTEMEL.

AHanM3upys MepexoaHON PEeXUM, Mbl MOXEM Or-
PaHUYUTHLCS PACCMOTPEHUEM JIMIIb HAYaJIbHOTO KO-
POTKOTO BPEMEHHOTO MHTepBaJla JIMTEJbHOCThIO BCe-
ro B HECKOJIbKO MEPUOAOB COOCTBEHHbLIX KOJeOaHUM
CHUCTEMBbI, KOra IMCCUTIAaTUBHBIE MPOLIECCHI e1lle BHO-
csT Masblit BKaa. [ToaToMy B najbHeliliem Oyaem 1mo-
JlaraTh, YTO Ha MOIBUXHBIA 25ekTpon MOMC neiict-
BYIOT TOJIbBKO TPU CWIbl: CHUJIa YIPYTOCTU TIPYXKUH,
3JIEKTPOCTATUYECKAd cuila U Bec K.

HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 6, 2015 43



Puc. 1. Cxema npocreiinieii 3JeKTPOMEXAHHIECKOH CHCTEMBI
Fig. 1. Elementary electromechanical system

IIpoananusupyem noseaeHrue MOMC Ha ipuMepe
NPOCTENIIEN OBYX3JEKTPOJIHOM BIECKTPOMEXaHUYE-
ckoi cuctemsbl (puc. 1), rme I, 2 — COOTBETCTBEHHO
HETOABVXXHBIM U MOABUXKHBIN 3JEKTPOAbI; 3 — yIpy-
TUe TOABECHI; V() — NPUIOXKEHHOE HAIIPSKEHUE; dy —
HavyaJlbHOE pACCTOSIHUE MEXIY 93JeKTpoJaMu; X —
3HAUYE€HUE CMEIIEHUS TOJBUXHOTO 3JIEKTpoAa OT Io-
JIOXKE€HUSI paBHOBECUSI.

Jluneiinoe npubauicenue. J11s1 TaKo CUCTEMBI ypaB-
HEHME paBHOBecUs (OajlaHC CUJI) B JIMHEHHOM JJIs
CUJIbI YIIPYTOCTU MPYXWUH NPUOIMKEHUU MOXET ObITh
MPEJCTABICHO B CIEAYIOIIEM BUIIE:

2
2 SV,
mLY = o+ 2 ( 0 ] + F, (1)

[e m — macca MOJABWXKHOTO dJeKTpoaa; k — Koa(d-
(OUUMEHT KBa3sUyNpPYroi CHUJIbI; &, — JJIEKTpUYECKas
MOCTOSIHHAS, € — OTHOCHUTEJIbHAs AM3JIeKTpUYeCcKas
MPOHUIIAEMOCTD ra3a B MEX3JIEKTPOIHOM 3a30pe; S —
IUIOILAAB 3IEKTPOAa; F'— 3HaueHue MpoeKunn Beca F
Ha HampaBJieHHe HOPMaJId K TOBEPXHOCTHU MOIBUXKHO-
ro ayiektpozaa. B 3aBucuMocTtu ot oprueHTauuu MOM
CHUCTEMBI B MPOCTpPaHCTBE F MOXET U3MEHSIThCS OT
_FO 0 FO

BBonst 6e3pasmepHble TiepeMeHHbIe 7 = (x — F/k)/d,

v =wgtu k= CV; /2kd* (3nech d= dy(1 — G), G= F/kdy,

C=¢peS/d, oy = Jk/m), Boipaxenue (1) MOXHO
[PEACTABUTh B BUIE:

dz 4, = _* )

(1-2%

B >tnx 0603HaYEHUSIX TTOBEIEHNE CUCTEMBI OIIpe-
JICJISIETCSL OMHUM TapaMeTPOM A, a YpaBHEHUE, CBSI3bI-
Barollee A ¢ KOOPIWHATOM MOJIOKEHNST PaBHOBECUS 7,
MPUHUMAET BUII:

D(Z, 1) =z2(1—2)>—r=0. 3)

Beipaxenue (3) ipu A = 4/27 uMeeT KpaTHbIil KO-
penb 7 = 1/3, ciegoBatensHO, A = 4/27 ecTb Oudyp-
KallMOHHOE 3HauyeHue mnapameTpa. Takum o0pasoM,
ec 3HaueHue A OymeT Ooblie 4/27, TO TIPU JTFOOBIX
HayaJIbHbIX YCJIOBMSIX MOJBMXKHBIN 3JIEKTPOJ, B KOHIIE
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KOHIIOB, C TIPEAEIbHO BO3MOXHOU CKOpPOCTHIO MpU-
OJIM3UTCS K HEMOABUXKHOMY U ITIPOU30MUIET COMPUKOC-
HOBEHME 3JIEKTPOnoB (pull-in agpghexm).

DTO KpUTUYECKOE 3HAUEHUE A COOTBETCTBYET YCJIO-
BUIO CTaTM4eckoro paBHoBecus. [Ipu 3ToM ocTtaeTcs
HESICHBIM, OYIeT JIM CUCTEMa YCTOMYMBOW NMpU Mpo-
WU3BOJIbHBIX HAYaJlbHbBIX YCJIOBUSIX, €CJIM 3HAUECHUE A
MeHblie 4/27.

Bynem mosiarath, 4TO B HaYajJbHbIA MOMEHT BpeMe-
HU f; = 0 cMelleHne MTOABUXHOIO IEKTPOIA T = 2, a
CKOPOCTb CMELUEHUS MOABUXHOTIO 3JIEKTPOAA I = vy

YuuTtbiBas HEJIMHEWHBIA XapakTep 3JIeKTpoMeXa-
HUYECKUX B3aMMOAEHCTBYI, aHAIU3 TTOBEIEHUS dJIeK-
TPOMEXaHUUYECKON CHUCTEMBI, ONMCHIBAEMON ypaBHE-
Huem (2), IpoBeeM C MOMOILbIO MCCaeaoBaHuUs ¢a-
30BBIX TpaekTopuii [16]. [Iis aToro BBeAeM (a3oBbIe
KOOPAVHATHI

_dz ~dv _ A (4)

V=2 =

drt dt

B o603HaueHMsIX (4) ypaBHEHUE /11 MHTETPalbHbIX
KPUBBIX MpUHUMAET BU (3aech C — KOHCTaHTa WH-
TErpUPOBAHUST):

wi= 22 — 24 ¢ (5)
1-z

Ha puc. 2 npuBeaeHbl MHTErpajibHbIE KPYBBIE, pac-
CYMTAHHbIE C MCIIOJIb30BaHUEM YpaBHEeHUs (5) mpu
A = 0,08. BugHo, yto BOJM3M 0OCO0OH TOUKHM THUIIA
LIeHTp (Touka @) (ha30Bble TPAEKTOPUU MPEACTABISIOT
co0oi1 3aMKHYThIe KpUBbIe (KpUBbIe 3 U 4), 4YTO COOT-
BETCTBYET MEePUOINYECKIM KOJeOaHUSIM.

Ecnu nzobpaxatoiasi Touka B Ha4yajabHbIE MOMEHT
BPEMEHU HaXOJUTCS BHYTPU 00JIaCTH, OrpaHUYEHHOM

| [
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Puc. 2. ®@a3oBblii mopTper KoJedanmii aByxsaekrpognoit MOMC
npu A = 0,08 u C pasuom: (—0,01) — kpusas I; (—0,0346) — kpu-
Bas 2; (—0,09) — kpusas 3; (—0,13) — xpuBas 4

Fig. 2. Phase portrait of oscillations of a two-electrode MEMS at
A = 0,08 and C: (—0,01) — 1, (—0,0346) — 2; (—0,09) — 3;
(—0,13) — 4
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Puc. 3. NnTerpaibnbie KpHBble — CENapaTPUCHI JBYXIJIEKTPOIHOM
MBMC, paccunTaHHble ¢ HCHOJIb30BaHHEM (6) 11 pa3HbIX 3HAYe-
Hmii A: A = 0,05 — kpuBas I; A = 0,12 — kpuBas 2; A, = 4/27 — Kpu-
Bas 3

Fig. 3. Integral separatrixes of a two-electrode MEMS calculated with
the use of (6) for different 2: 2 = 0,05— 1; 2 = 0,12— 2; A = 4/27— 3

cemaparpucoii (kpuBas 2), TO IMOIBMXKHBIN 3JIEKTPOL
OyzneT coBeplliaTh MEPUOJUIECKUE KOJCOaHMUS.

Ecnu xe nzobpaxaroliiiasi Touka B Ha4aJdbHBI MO-
MEHT BpEMEHU HaxOAMUTCS BHE OOJIacTH, OrpaHUYEH-
HOI cemapatpucoii (Kpusas /), TO TOABUXKHBIN 2J1€K-
Tpon OyAeT NBUTaThCs MO HAMPABICHUIO K HEMOABMX-
HOMY, TTOKa He TPOM30MIeT CONMPUKOCHOBEHNE BJICK-
TpoaoB (3(p(eKT CXTOMbIBAaHUS).

YpaBHeHUE cenapaTpuchl MOJYYUM, MOJACTABUB B
ypaBHeHUe (5) ycioBue, YTO cemaparprca MpPOXOAUT
yepe3 0coOyl TOUKY TUMa cemo (B HalleM ciydyae
Touka b). [Ipu aTOM ypaBHEHME cernapaTpuchl MPUHU-
MaeT BUII;

o2 = 2

2L 2402 - ©
-z

1-b(L)

3nech b(A) — KoopauHaTa z Touku b. B Haiiem ciryyae

IS A L
b = = 1340 3A(%) "3
_’[[ A - 3A(7»)}

rae

AN) = 3//1087\,—8+ 12,8122~ 122

Termnepsb, 3Hast A, C IOMOLLBIO ypaBHEeHUsI (6) MOXK-
HO TTIOCTPOUTH COOTBETCTBYIONIYIO CEMApaTpUcCy M OI-
peaeanuTh 00JaCTh JOMYCTUMbBIX HauyaJlbHbIX YCJIOBUIA,
MPU UCMOJIb30BAHUM KOTOPBIX CHCTEMa OCTaHETCS
YIIPABJISIEMOM.

Ha puc. 3 npuBeneHbl MHTErpajbHble KPUBbIE —
cernapaTpuchl, pacCUMTaHHbIE C UCIOJIb30BAHUEM YpaB-
HeHUs (6) 11T HeCKOJIBKUX 3HAYeHWA A.

BupgHo, uto npu yBenuueHUr A 00e 0coOble TOYKU
cOMMXKAIOTCsI, 00J1aCTh HaYaJbHbBIX YCIOBUIA, COOTBET-
CTBYIOIIUX TIEPUOAMYECKUM KOJeOaHUsIM, COKpalla-
ercsi, u npu A = 4/27 ocraercsi ogHa ocobasi TouKa
(pe3yabTaT CAUSIHUS LIEHTpa ¢ ceayiom). Takast ocodast
TOYKA COOTBETCTBYET HEYCTOMUMBOMY COCTOSIHUIO PaB-
HOBecCHs.

Ha sTane npeaBapuTeIbHOIO MPOSKTUPOBAHUS TSI
aHaiuia noBeAeHUuss MOM cucrtemMbl 4acTo ObIBaeT
JOCTAaTOYHO 3HATh JIMILb KCTPEeMaJIbHbIE XapaKTepu-
CTUKM CerapaTpUChl: MaKCUMaJIbHbIE JIEBYIO U TTPaBYylO
TOYKM CenapaTpuchl ¢ KoopauHaramiu (7, 0) u (zg, 0),
XapaKTepu3yIollWe IUana3oH yrpaBisieMbIX MepeMe-
IIEHWI MOABUXKHOIO 2JIeKTpoaa. AHAIM3 MOKa3bIBa-
€T, 9TO

;= 0,5[1 — b(0) —

= (=818 - 1)+ 0)/(1 - b)) |,
== b(L).

IpencTaBiasioT MHTEpec TakXke MaKCHUMalbHbIe
BEPXHSIS M HUXKHSISI TOUKU cerapaTpUChl ¢ KOOPIMHA-

TaMHU (Z*, TUay), THE
_ 2
¢ A 3A(x) T3
1
i3 [A( 12 3A(x)}

Vmax = 422" =322+ b2~ 20/(1 - b(M))

Ha puc. 4 npuBeaeHbl COOTBETCTBYIOLIUE 3aBUCH-
MOCTHU L.y, B(A) 1 2% oT A. BuaHo, 4TO I0MyCTUMBIE
3HAYEHUSI HAYaJIbHOTO CMELIEHUSI U CKOPOCTU MO[-
BIDKHOTO 3JIEKTPOJa CYIIECTBEHHO 3aBUCST OT A.

OtMmeTHM, 4To cornacHo (6) u puc. 3 u 4 addekr
CXJIOTIBIBAHUSI MOXET UMETh MecTo W mpu A < 4/27,
€CJIM KOOpAMHATHI U300pakalollieil TOUKU, COOTBETCT-

0.6

0.4

l——
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 k

Puc. 4. 3aBucamocta v, ., b(A) 1 z* oT A
Fig. 4. Dependences of v,,,,, b(2) and z* on A
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Puc. 5. 3aBucuMoCTH cMeleH|s OBMKHOTO JIEKTPOIA OT BPEMEHH,
PacCUMTaHHbIE NMPH HYJIEBBIX HAYAJIBHBIX yCJIOBHAX i A = 0,125 —
kpuBas I; A = 0,119 — kpuBas 2; A = 0,131 — kpuBasa 3

Fig. 5. Dependences of a shift of a mobile electrode on time at zero initial
conditions for A = 0,125 — 1; 2 = 0,119 — 2, 2 = 0,131 — 3

BYIOILIME HAYaJIbHBIM YCIIOBUAM (%, VL), OyAyT Haxo-
IUTHbCS BHE OOJIACTH, OTPAHUYEHHON COOTBETCTBYIO-
LIEe cemapaTpucoit.

Breipaxenue (6), B 4aCTHOCTH, TTO3BOJIAET cleaTh
3aKJIIOUYEHHUE U O TOM, ITPU KaKOM MaKCHUMaJIbHOM 3Ha-
yeHUU A 3(PpDEKT CXITOMBIBAHMS He TTPOSIBUTCS TIPU HY-
JIEBBIX HAYaJIbHBIX YCJIOBMSIX, YaCTO BCTPEYAIOIIMXCS
Ha TpakTtuke. Pemras cuctemy (3), (6) ¢ yd4eToMm TOTO,
YTO JaHHAas cerapaTpuca IOJDKHA MPOXOAUTh yepes
Touky (0, 0), TOJIydnM, 94TO TIPU HYJIEBBIX HAYAIBHBIX
ycJIoBMSIX 3(dEKT CXJIONbIBAHMS HE OyIeT MMETh Me-
cTo B ciiyyae, eciim A < 1/8. Tlpu aToM pazmax coOcCT-
BEHHBIX KOJIeOaHUI B OTHOCUTENbHBIX €AMHMUIAX HE
npesbicut 0,5.

Ha puc. 5 (cruiolliHble JIUHUK) MPUBEIEHBI 3aBU-
CHUMOCTU CMEILIEHUs] MTOABUKHOIO 3JIEKTpoJa OT Bpe-
MEHU, pacCYUTaHHbIE C UCIIOJIb30BaHUEM (2) IIpU HY-
JIEBBIX HAYaJIbHBIX YCIOBUSX IUISI HECKOJBbKUX 3Haue-
HUHA A.

BugHo, uyto 1o mMepe yBeaudeHus A popma Koje-
0aHUii Bce Oosiee OT/IMYAETCS] OT TapMOHUYECKOM (Oc-
TaBasCh NMEPUOANYECKOI), a Ipu A > 1/8 mposBisieTcs
3 deKT CXIONBIBAaHUS.

ITpu mpoBeneHNM aHaIM3a MBI HE YYUTHIBAIN BO3-
MOXKHBIE TTIOTePU S3HEePruu. [ OLleHKY BAMSHMS TUC-
CUNIATUBHOM COCTaBJsIOlIEH BBeAeM B ypaBHeHue (1)
cjaraeMoe, yYMThIBalolllee MOTEPU SHEPIUU MEXaHU-
YecKol cucTeMbl. [1peamnonoxuB, 4To B TIEPBOM TIPH-
OIMXKEHMU 3aTyXaHUE IPONOPLIMOHAIBHO IIEPBOM CTeE-
MEHU CKOPOCTM CMEILEeHUSI MOIBUKHOTO BJIeKTpoaa
(BsI3KOE TpeHUe) BbIpaxkeHue (2) MOXHO MpeacTaBUTh
B BHIIE:

|

i
dr

Etg= 2, ()
' (1-2)

U

1
0

[\

rae Q — Z[O6pOTHOCT]:> MEXAHUYECKOM CHUCTEMBI.
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Ha puc. 5 (Touku) npuBeaeHbl 3aBUCUMOCTH CMeE-
1LIEHUSI MOABUXHOTIO 3JIEKTPOAa OT BpeMEHHU, PacCuu-
TaHHbBIE C KCII0Jb30BaHueM BbipaxkeHus (7) OJisl He-
CKOJIbKUX 3HAUYEHUM A MPU HYJEeBbIX HaYaJIbHBIX yC-
noBusgx 1 Q = 10. BunHo, 4yTo Ha HaYaJIbLHOM 3Tarle
Jaxe TP TaKOW HE caMOil BBICOKOI TOOPOTHOCTH
CUCTEMBI Y4YeT MOTepb BHEPTUM B IIEPBYIO OYepelb
MPOSIBISIETCS HA 3aBUCUMOCTSIX CMELEeHUST TTOABUXK-
HOro 3JIEKTpojJa OT BPEMEHU, PACCUMTAHHBIX [IJIs
A < 1/8. B To xe BpeMs 3aBUCUMOCTb, pacCUMTaHHas
ang A= 1,05-1/8 = 0,131 (1. e. 3HaUeHUS, TPEBbI-
[IAIOLIEr0 KPUTUYECKOE 3HAYeHUe Bcero Ha 5 %), B
OTHOILIIeHUU 3¢ deKTa CXJIOMbIBAHUS U3MEHUJIACh Ma-
jo0. Takum 06pa3zoM, MOXKHO IIPEAIIOI0XKUTh, YTO IS
0O > 10 BbIpaxkeHus1, MOJIydeHHbIE paHee 0e3 yueTa Mo-
Tepb, OyIyT JOCTATOYHO aAeKBAaTHO YYUTHIBATh BIIMSI-
HUe HavyaJlbHbIX YCJIOBUM Ha 3¢@EKT CXIONMbIBAHUSI.

Heauneiinoe nputauncenue. Ilo mepe pazputust MCT
B MOMC Bce yailie MCIIONBL3YIOTCS OOJIbIINE TTepeMe-
1IeHUST TIOABMIKHBIX 2jieMeHTOB. Ilpu aToM yrpyrue
MOABECHl HAUMHAIOT pabOTaTh B HEJIMHEIHOM peXrMe.
B sTOM ciryyae ypaBHeHUE paBHOBECHUS B HEIMHEHOM
IUTSL CWJIBI YIIPYTOCTHU NPY:KUH npuommkeHun [17, 18]
IpUA OTCYTCTBUM CWIbI F BO MHOTMX CIy4asix MOXKET
OBITb MPEACTABICHO B BUJE:

rae k v k3 — COOTBETCTBEHHO JIMHEWHBIA U HEJIMHEN-
HBI KO3 MULIMEHTbI KBAa3UYIPYTOi CUJIBI.
B 6e3pasMepHBIX IepeMEeHHbBIX (8) MpUHUMAET BU/IL:
d2z _ A
L +z+pr = 1, )
dt (1-2)

snech = Co Vi /2kdy . 2 = x/dy, B = kydj /k, T = wyf,
Cy = gpeS/d.

B 9TUX 0603Ha‘~ICHI/I9{X IIOBCACHNEC CUCTEMBI OIIPC-
JeJIIeTCsl IByMsl mapameTpamMu A U B, a ypaBHEHUe,
CBA3bIBAIOLICEC AC KOOp}IHHaTOfI ITOJIOKCHUYI CTaTU4dC-
CKOTI'O paBHOBECHUS Z, IIPUHUMAET BUI:

(7,1, B) =(Z +pz)1—7)2—1=0. (10)

CornacHo (10) ripu yuyeTe HETMHEMHOCTH YIIPYTHUX
MOJIBECOB 3aBUCUMOCTb KPUTUUECKOTO CMEILEHUST OT
BEJIMUMHBI B ONpeaesieTcss ypaBHEHUEM

- _ 1 1 B-5 1
ZKp_%A”(B)"'g;%B)"'g,




rae

An(p) = 3J(5+B+5«/(5—2ﬁ+32>/ﬁ)ﬁ2.

Ecnu nop neficTBreM MPUIOKEHHOTO HAIMPSIKEHUST
(cTaTMyecKuit ciyyaii) cMellleHre TTOABUKHOIO 3J1eK-

TpOMIa MPEBBICUT Z, , TO TP JIIOOBIX HaYaJbHBIX YC-

Kp’
JIOBMSIX TTIOABVKHBIN 3JICKTPOJI, B KOHIIE KOHIIOB, TTPU-
OJIM3UTCS K HEMTOIBIKHOMY U IIPOU30MAET COTIPUKOC-
HOBEHME 3JIEKTPOAOB. M3 yCIIOBUS CTaTUYECKOTO paB-
HoBecus1 (10) Takke ciemyeT, UTO CUCTeMa OCTaHETCS

yIOpaBIsIeMOM, ec/d MPpU 3aJaHHOM 3 BeJIMYuMHa A Oy-
(= =3 = \2

JET MEeHbILE Ay, = (zKp + BzKp )1 — zKp) , 4 IpUJIO-

JKEHHOE HampsKkeHue V) He IpeBbICUT

2kdy

_ _3 _ 2
TO(ZKP+BZKP)(1_ZKP) . (11)

Vo0 =

AHaIM3 TTOKa3bIBaeT, YTO IPU IIEPEXoAe OT YHUCTO
JIMHEHHOTrO ynpyroro sneMenra (ky = 0) K YuCTo Hemu-

HelitHoMy (k = () nMana3oH KOHTPOJIMPYEMBIX CMellle-
HUI MOABWXXHOTO 3JIEeMEHTA yBeJIMUMBaeTcsl oT 7 = 1/3
no z = 3/5. CoOTBETCTBEHHO 3HaUYeHUE KPUTUIECKO-

HBI ciyyail uMeeT Mecto npu B > 1. B mpomMexyTou-
HOM CJly4yae KpUTUYECKOE HAMPSKEHUE HAL0 PACCUU-
ThIBaTh, Ucnonb3yd (11). Ilpu sTom V Xp Oynet mpe-

BBIILIATH U VOHKp u V()HKp‘

Ha puc. 6 npuBeneHbl 3aBUCUMOCTH ZKp 1 Ayp OT
BEJMYMHBI 3, PACCUMTAHHBIE C UCITOJIb30BAHUEM YCJIO-
BUSI CTATUYECKOTIO PaBHOBECHS.

YT1oOBl onpeaeauTs OyAeT JIU CUCTeMa YCTOMYUBOM
B JMHAMMYECKOM peXUMe IPU MPOU3BOJbHBIX Ha-
YabHbIX YCTOBUSIX, €CITM 3HAYCHUE A MEHBLLE L), HE-
00X0AMMO TIOCTPOUTH COOTBETCTBYIOLIYIO CerapaTpucy.

B nanHom ciydae ¢ yuetom (9) u (10) ypaBHeHUe
cernapaTpuchl MOXHO MPEACTaBUTh B BUIE

J2 o 2=t (A=) +BbY)
(1-2)

_ g(z4 _ b4) + b2, (12)

rae b — KoopauHara z KpalfHeil ImpaBoil TOYKHM obiac-
TH, OTPAaHWYECHHON METJE cemapaTpuCHI.

Puc. 6. 3aBUCHMOCTH Z,, Ay, B(B) M A" OT BemamHbBI B

Fig. 6. Dependences of ZKp, Ay b(B) and A~ on B

3Has B 1 3agaBasich b, ¢ MOMOIIIbIO ypaBHeHUS (12)
MOXHO TTOCTPOUTH COOTBETCTBYIOIIYIO CETIapaTpucy U
OIpeneanTh 00JacTh MOMYCTUMBIX HayaJdbHBIX YCJO-
BMI, IIPM KOTOPBIX CHCTEMa OCTAHETCS YCTONYMBOM.
3HaueHue b ciaeayeT BoIOUpPATh OOJIbIiIe Zyp> HO MEHB-
e 1. OnpeaennB MUHUMaIbHOE b, TIPU KOTOPOM CHC-
TeMa OCTaHEeTCs YCTOMYMBOM ¢ 3aJaHHBIMU HayaJIbHbI-
MH YCJIOBUSMU, MOXHO HAWTH M JOIMYCTUMOE 3HAYe-
Hue A. dnsa storo BMecto Z B ypaBHeHue (10) HeoO-
XOIMMO TIOJICTaBUTh COOTBETCTBYIOIICEe 3HAYCHUE b.

Kak u B 1MHeiiHOM IpUOIVKEHUU Ha 3Tare Mpeid-
BapUTEILHOTO TIPOCKTUPOBAHUS, M B JAHHOM CJIydae
JUISL aHaJIu3a MOBEIEHUSI CUCTEMBl YacTO JOCTATOYHO
3HATh JINIIIh SKCTPeMabHBIE XapaKTEPUCTUKU CeTla-
paTpuchl: MaKCUMaJbHbIE JIEBYIO U MPaBYIO TOUKU Ce-
napaTpuchl ¢ KoopauHaTaMu ( zlz, 0)m (zll{z, 0), a Tak-
K€ MaKCMMaJlbHbIE BEPXHIOIO M HUXKHIOI TOYKM cera-
paTpucChl ¢ KoopauHaTamu (Z5, £ o ). AHanu3 1o-

max
Ka3bIBa€T, YTO B HEJIMHEHHOM HpI/I6J'II/I}K€HI/II/I

2

a g =0b,

1
3 b

rae

B=3/(21867—35pb> —36b+ 18+ 3pb + 3J6F)p>,

%
F=2/5(5b-6)8%b + (4Bb+55h+ 2P — 58)Bb° +

%

2
+(Bz+8[3+34)b2+(2[3—28)b+§2—gu.

3HayeHue aOCLUMCChl MaKCUMAaJIbHBIX BEepXHEW M
HIKHEH TOYEK CErapaTpuchl Z;; MOXHO HAaUTH M3 pe-
IIEHUST YpaBHEHUS

—B(z;)* + By(z) + By(z;)* + Biz, + By =0,(13)
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e By = —1+ 2b— Bb> + 286> — Bb* — b, B =2 —
—B—PBb+2Bb* —Bb, By=(2—b)p, By=—1—-p+
+ 2Bb — Bbz. Omnpenenus z¥ [ypaBHenue (13) umeer u

aHanuTUyeckoe peuieHue]|, u3 (12) MOXHO HaTU U

H

COOTBETCTBYIOLICEC EMY U .y -

ITpu HyneBbix HauanbHBIX ycnoBusx (0, 0), yacTo
BCTpeUalolIMXCcsl Ha MpakTuke, ypaBHeHue (12) cyiie-
CTBEHHO YIIPOIIAETCS W IMPUHUMAET CICAYIOUIAIN BUI:

2 _ B NA-bB),_2_p.4
v b(B)(1+2b(B))L-——@J(1_Z) =2 =54 19

raoe

o) = 3 (554000 + 20+ 1),

AB(B) = 3«/(216 £ 27B+12,/6(128— 18B + 27;32)/5) B2,

CornacHo (14) ypaBHeHMe cemapaTpUChl B 3TOM
ciyyae ompenessieTcs ToJbko nmapamerpoM B. [lpu 3a-
JTaHHOM B 3 (eKT cXxJI0NbIBaHUS HE OYJAET UMETh Me-
CTO, €CJIM BbIOUPATh A MEHbIIIE

A" = 0,5b(B)(1 = bB)I1 + 0,585(B)°].

IIpu sTOM pasMax COOCTBEHHBIX KoOJieOaHWI He
MPEeBLICUT 3HaUeHUs b(B). AHaIM3 MOKA3bIBAET, UYTO B
5TOM CJIy4yae IpHu YBEIMICHUHN HETMHEMHOCTH YIIPYTHUX
noasecoB b(B) crpemutcs K 3HayeHuto 0,75.

3aBucumocty b(B) U A* OT BeJTMYKMHBI 3 IIPUBEICHbI
Ha puc. 6.

BunHo, 4TO B 3aBUCMMOCTH OT [3 IOITyCTUMBIE 3HA-
YeHUsI CMEILEHMST MOABVKHOIO 3JIEKTpoAa K HEMo-
BIDKHOMY M MCITOJIb3YEMOTO HaNpsKEHUST MCTOYHMKA
MUATAHUS CYIIECTBEHHO M3MEHSIIOTCSI.

3akmouenne

ITpoBeneH aHanM3 BAMSIHUS HadyalbHbIX YCJIOBUM
Ha IMOBeAeHUE ABYX3JIeKTpoaHbix MOMC ¢ miaocko-
NapauIeJIbHON KOHCTPYKLMEN 3JI€KTPOAOB C YYETOM
3JIEKTPOMEXaHUYECKUX B3aUMOJEWCTBUAMN B TUHEMHOM
U HEeJMHEeWHOM ISl BO3Bpalllalolieid CUabl IpubJIn-
KEHUSX.

IToka3zaHo, 4TO B HEpPexXOOHOM pexume 3¢pdeKT
CXJIONBbIBAaHUSI MOXET HaboaaThesl B JaHHbIX MOMC
U TIpU HAMPSDKEHUSIX UCTOYHMKA MUTAHUS, MEHBIINX
Vo, kp» KOTOpBIC OIPEEISIIOTCS U3 YCIOBHSI CTaTHYe-
CKOTO paBHOBECHSI.

ITonyyeHbl BbIpaxk€HUs, MO3BOJISIOLINUE OIpeae-
JIUTh 00J1aCTh HAYJIbHBIX YCJIOBUI (CMEILIEHUI U CKO-
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pocTeii), Mpu KOTOPbIX 3¢ (HEKT CXTOMNbIBAHUS 3JICK-
TPOJOB €IIIE HE MPOSBISETCS.
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Specific Features of MEM Systems’ Functioning

The authors present the results of studying of the specific features of functioning of two-electrode MEMS with an interelectrode
gap changing under arbitrary initial conditions with account of the electromechanical interactions and the system’s inertial properties.
The analysis was done in the linear and nonlinear approximations for the restoring force.
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Introduction

The present time is characterized by the growing in-
tensity of R&D in microsystem technologies (MST),
which is due to demand for tiny autonomous integrated
systems. A factor contributing to this is a payback period,
which does not exceed the limits of a mid-term period.

Many MST products belong to microelectromechani-
cal (MEM) systems, in which a number of mechanical and
electric interactions and bonds are realized. On the basis
of the microelectromechanical systems (MEMS) the fol-
lowing devices are created: low-current, optical and high-
frequency microrelays and microswitchboards; microt-
Weezers; microscanners; microgyroscopes; micropumps;
microresonators; microwave frequency varactors and fil-
ters; micro phase inverters; different sensors and transduc-
ers. Of interest are also the technologies of wireless inde-
pendent sensors on the basis of vibration energy converters
[1—5].

The electric fields, moving mechanical nodes, opera-
tion principles of MEMS determine the tasks, design and
production methods. Thus during development of MEMS
a necessity appears for estimation of the influence of the
electrostatic fields on the behavior of a mobile element
[6—11].

Often, the electromechanical interactions (pull-in in-
stability) limit the maximal permissible parameters and
achievable characteristics of the system (pull-in voltage,
capacity adjustment, limits of the controllable change of
capacities and positions in space), in many respects deter-
mined by the range of the controllable movement of the
system’s mobile elements.

The influence of pull-in instability is the strongest at
the initial stage — when the system is turned on (transient
state), when the behavior of the oscillatory systems is in
many respects is determined by the initial conditions (shift
and speed of a mobile element at #, = 0), which can vary
within a wide range. However, authors of most research
works believe, that during the initial moment of time the
system was at zero initial conditions, i.e. by the moment
of supply of the electric voltage the shift and speed of the
mobile electrode were equal to zero.

In the given work an analysis is carried out of the spe-
cific features of functioning of a two-electrode MEMS
with a changing interelectrode gap at arbitrary initial con-
ditions with account of the electromechanical interactions
and the inertial properties of the system.

Two-electrode MEMS

Modern MEMS are developed with the use of micro-
electronics technologies. The quality factor of the me-
chanical parts of Q system can reach several tens and even
thousands [12—15]. As a result the contribution of the dis-
sipative component is essential during several periods of
the system’s own oscillations.

When analyzing the transient state, we can confine to
consideration of only the initial time interval equal to sev-
eral periods of the system’s own oscillations, when the dis-
sipative processes still bring a small contribution. In future
we will assume that only three forces influence the mobile
electrode of MEMS: spring elasticity, electrostatic force
and weight Fj.

Let us analyze the behavior of MEMS on the example
of an elementary two-electrode circuit (fig. 1), where 1, 2 —
immobile and mobile electrodes; 3 — elastic suspensions;
Vy — applied voltage; d[; — initial distance between the
electrodes; x — shift of the mobile electrode from the po-
sition of equilibrium.

Linear approximation. For such system the equation of
equilibrium (of forces) in a linear approximation for the
elastic force of springs can be presented in the following
way:

2

2

md—?:—kx+@[ VOJ +F, (1)
dt 2 \dy-x

where m — mass of the mobile electrode, k — coefficient
of the quasielastic force, g, — electric constant; ¢ — rel-
ative dielectric gas permeability in the inter-electrode gap;
S — area of the electrode; F'— projection of weight of F
on the direction of normal to the surface of the mobile
electrode. Depending on orientation of a MEM system in
space F can vary from —F, up to K.

Due to introduction of nondimensional variables

z=(x — F/k)/d, 1 = ogt and L = CV02/2kd2 (here
d = dy(1 — G), G= F/kd,, C= ¢y eS/d, oy = Jk/m), ex-

pression (1) can be presented in the following way:

2
D2 47= 2 . )
dt (1-2)

In the above designations the system’s behavior is de-
termined by one parameter A, and the equation connecting
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A with the coordinate of the equilibrium position of Z ac-
quires the following form:

»(Z,N)=z(1—7)%—xr=0. )

At L = 4/27 expression (3) has multiple root 7 = 1/3,
hence, A = 4/27 is a bifurcational value of the parameter.
Thus, if the value of A is more than 4/27, then under any
initial conditions the mobile electrode will in the long run
with the utmost possible speed approach the immobile
electrode and a pull-in effect will occur.

This critical value of A corresponds to the static equi-
librium. It is still not clear, if the system can be steady at
any arbitrary initial conditions, if A is less than 4/27.

Let us assume that at the initial moment £, = 0, the
shift of the mobile electrode is z = z;, and its speed is
Z = V).

Taking into account the nonlinear character of inter-
actions, we will carry out an analysis of the system’s be-
havior described by equation (2) by means of research of
the phase trajectories [16]. Let us introduce the phase co-
ordinates

v=92 gpgdo = > _ (4)

drt drt (1- 2)2

In designations (4) the equation for the integral curves
acquires the following form (C is the integration constant):

=2t _24¢ (5)
-z

Fig. 2 presents the curves calculated with the use of
equation (5) at A = 0,08. It is visible, that near the special
point of the center type (@) the phase trajectories are
closed curves (curves 3 and 4), corresponding to the pe-
riodic oscillations.

If at the initial moment of time the representing point
is in the area limited by a separatrix (curve 2), the mobile
electrode will perform periodic oscillations. If at the initial
moment of time the representing point is outside the area
limited by a separatrix (curve /), the mobile electrode will
move to the immobile one till the moment of contact of
the electrodes (pull-in effect).

We will get the equation of the separatrix by substitut-
ing in the equation (5) a condition, that the separatrix
passes through the point of a saddle type (in our case,
point b). At that, the equation of the separatrix acquires
the following form:

2 2h _ 2_ 2%
U 2+ b)) T (6)

Here b()) — z is coordinate of point b. In our case

2 i bao - ],

__1 _
b() = =15 A0) 3A0) 3 3A(L)

where

AQ) = 3Jmm_gnz S - 120,
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Now, when we know A, with the help of equation (6)
we can construct the separatrix and determine the area of
the admissible initial conditions, under which the system
will still be controllable.

Fig. 3 presents integral curves — separatrixes, calculat-
ed with the help of (6) for several A. It is obvious that with
an increase of A both special points approximate each oth-
er, the area of the initial conditions corresponding to the
periodic oscillations decreases, and at A = 4/27 only one
special point remains (the result of merging of the center
with the saddle). This point corresponds to the state of un-
stable equilibrium.

At the stage of designing for analysis of a MEM system
it is sufficient to know only the extreme characteristics of
a separatrix: maximal left and right points with coordinates
(z;, 0) and (zp, 0) characterizing the range of controllable
shifts of the mobile electrode. Analysis shows that.

= 0,5[1 — b(h) —

— S =80 b = b7+ b/ - b)) |,
and zp = b()).

Also of interest are its maximal top and bottom points
with coordinates (z*, £v,,,), Where

L 1 L2 1
Lo + 3+ iB[A05

. 1
¢ 34 3 P 3A(k)}’

Vmax = 422" =324 ()7 - 20/(1 - b(L)).

Fig. 4 presents the corresponding dependences v,
b()) and z* on A. It is visible, that the admissible values of
the initial shift and speed of the mobile electrode essen-
tially depend on A.

According to (6) and fig. 3 and 4 the pull-in effect can
happen at A < 4/27, if the coordinates of the representing
point corresponding to the initial conditions (zy, vg) are
outside the area limited by the separatrix.

Expression (6), in particular, suggests a conclusion, at
which maximal value of A the pull-in effect will not take
place at zero initial conditions, frequently happening in
practice. By solving the system (3), (6) taking into account
that the separatrix should pass through (0.0), we will get
the result, that at zero initial conditions the pull-in effect
will not take place, if L < 1/8. At that, the range of the own
oscillations in relative units will not exceed 0,5.

Fig. 5 (continuous lines) presents the dependences of
shift of the mobile electrode on time, calculated with the
use of (2) at zero initial conditions for several values of A.
It is obvious that with an increase of A the form of oscil-
lations differs from harmonic and remains periodic, while
at A > 1/8 a pull-in effect happens.

In the analysis we did not take into account possible
losses of energy. For estimation of the influence of the dis-
sipative component we will enter in (1) a sum-mand, tak-
ing into account the losses of energy of the mechanical
system. Let us assume that in the first approximation an at-
tenuation is proportional to the first degree of the speed of




shift of the mobile electrode (viscous friction). Then ex-
pression (2) can be presented in the following way:

i’z . ldz . _ 1
= +z= ; )
at  Qdt (1-2)°

where Q — quality factor of the mechanical system.

Fig. 5 (points) presents the dependences of shift of the
mobile electrode on the time calculated with the use of (7)
for several values of A at zero initial conditions and
Q = 10. At the initial stage and even not the best quality
factor of the system an account of the energy loss is re-
vealed, first of all, in the dependences of the shift of the
mobile electrode on the time calculated for A < 1/8. At the
same time, the dependence for A = 1,05-1/8 = 0,131
(that is, exceeding the critical value only by 5 %), little has
changed for the pull-in effect. Thus, one can assume that
for Q > 10 the expressions, obtained without account of
the losses, take into consideration the influence of the in-
itial conditions on the pull-in effect adequately enough.

Nonlinear approximation. In the process of develop-
ment of MST into MEMS the shifts of the mobile ele-
ments are used more and more frequently. The elastic sus-
pensions begin to work in a nonlinear mode. In this case
the equilibrium equation in a nonlinear approximation for
the force of elasticity of springs [17, 18] in the absence of
force Fin many cases can be presented as:

2
Ix _ ggeS | V)
AX = —px — koo + 222 8
mdtz X 3 2 do—x ) ()

where k and k3 — linear and nonlinear factors of a quasi-
elastic force.

In dimensionless variables (8) acquires the following
form:

2
G5 g 2
dt (1-2)

&)

here A = Cy ¥y /2kdy, 7z = x/dy, B = ksydy/k, © = wy,
CO = 808S/ dO

In the above designations behavior of the system is de-
termined by A and B, while the equation, connecting A
with the coordinate of the position of static equilibrium Zz
acquires the following form:

oz, M B)=(z + )1 —2)2—1=0. (10)

According to (10) during account of the nonlinearity of
the elastic suspensions the dependence of a critical shift on
the value of B is determined by the following equation:

= _ 1 1 B-5 1
Zep = %A”(B)‘*‘ 51‘% + 3

where

An(B) = 3(5+p+ 55— 2p + pO/BB”.

If under the influence of voltage (static case) the shift

of the mobile electrode exceeds z,, , under any initial con-

ditions the mobile electrode will approach the immobile
one and contact it. From the condition of the static equi-
librium (10) it also follows that the system will remain con-
trollable, if at a set value of B the value of A is less than
Agp = (ZKp + BZSD )a— Zp )2, and the applied voltage of
Vy does not exceed

2
I/(),Kp = Jzz_?(ZKp+BZip)(l_ZKp)2' (11)
Analysis shows that during transition from a linear elas-
tic element (k3 = 0) to a purely nonlinear one (k = 0) the
range of the controlled shifts of the mobile element is in-
creased from 7 = 1/3 up to 7 = 3/5.
Accordingly, the critical voltage

)
VOI,KD = /% upto Vg, =
0

be pointed out that a purely nonlinear case takes place at
B > 1. In an intermediary case the critical voltage should
be calculated using (11). At that, Vo,Kp will exceed both

) n
VO,Kp and I/O,Kp‘

Dependencies z,, and A, on p were calculated with
the use of the static equilibrium (fig. 6). In order to de-
termine, whether the system can be stable in a dynamic
mode under arbitrary initial conditions, if A is smaller than
Akps it is necessary to construct a corresponding separatrix.
With account of (9) and (10) the equation of the separatrix
can be presented as

grows from

0,691 k3 It should
o

o2 = 2bE=b)1-b)(1+Bb) _ > _
(1-2)

- g(z4 — b + P, (12)

where b — zis coordinate of the extreme right point of the
area limited by the separatrix.

Knowing B and by setting b with the help of (12) we can
construct the corresponding separatrix and determine the
area of the admissible initial conditions, under which the
system remains stable, b should be bigger than Z,, » but
smaller than 1. When we determine the minimal b, under
which the system remains stable in the initial conditions,
we can also find the admissible value of L. For this instead
of 7z in the equation (10) it is necessary to put the corre-
sponding b.

Just like in case of a linear approximation, at the stage
of preliminary designing for analysis of the system, it is
sufficient to know only the extreme characteristics of the
separatrix: its maximal left and right points with coordi-
nates (zf , 0) and (zg , 0) and also the maximal top and
bottom points with coordinates (z7;, *v/ ). Analysis
shows that in a nonlinear approximation

H_ 1 p_ 5P’ +6-2Bb-B _ 2, 1
=38 3B 30t 3
andngb,
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where

B=3J21pb — 3585 —36b+ 18+ 3pb+ 3J6F)p’,

F=2/5(5b-6)p>b" + (4Bb +55b+2p - 58)pb" + ”

—

2
+(;32+83+34)b2+(2[3_28)b+(2—+611.

The values of abscissa of the maximal top and bottom
points of the separatrix z;; can be found from the follow-
ing equation:

—B(z;)* + By(23)? + By(z)* + Bizy + By=0, (13)

where By = —1 + 2b — pb® + 2Bb°> — pb* — b?, B, =2 —
—B — Bb + 2pb* — b, By =2 — b)p, B,=—1 —p +
+ 2Bb— Bbz. Having defined z;; (13) has also an analytical

H

max _COTTe-

solution), from (12) it is possible to find also v
sponding to it.

At the zero initial conditions (0.0) often found in prac-
tice, (12) essentially becomes simpler and acquires the fol-

lowing form:

2 _ B NA-bP),_ 2_p.4
v b(B)[1+2b(B)) TR 2 5 (14

where

o) = 3 (5540 + 250+ 1).

Ab(p) = 3J(216 + 278 + 12./6(128 — 18p +27p%)/B)B>.

According to (14) equation of the separatrix only B is
defined. At a set value of B a pull-in effect will not take
place, if a smaller value of A is chosen

2 =0,5b(B)(1 — bB))[1 + 0,585(B)].

At that, the range of the own oscillations will not ex-
ceed b(B). In this case with an increase of the nonlinearity
of the elastic suspensions b(B) tends to 0,75.

The dependencies of b(B) and 1" on B are presented in
fig. 6. Depending on B the admissible shifts of the mobile
electrode to the immobile one and the used voltage of the
power supply change considerably.

Conclusion

An analysis was done of the influence of the initial con-
ditions on the behavior of the two-electrode MEMS with
a plane-parallel design of the electrodes, taking into ac-
count the electromechanical interactions in a linear and
nonlinear approximations for the restoring force.

It was demonstrated that in the transient state the pull-
in effect can be observed in MEMS also at the voltages of
a power supply less than VO,KP, which are determined from
a static equilibrium.
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The expressions were received, which allow us to de-
termine the area of the initial conditions (shifts and
speeds), at which the pull-in effect of the electrodes does
not happen yet.
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MCCAEAOBAHUME PABOTbl MOTT-TPAH3UCTOPOB HA CTPYKTYPAX
KPEMHUI HA U3OAATOPE MPU BbICOKUX TEMITEPATYPAX

Ilocmynuaa é pedaxyuro 05.02.2015

Hccaedosana komnvromepuas modeav MOII-mpanzucmopoe na cmpykmypax KHHU ¢ mexnonroeuueckumu Hopmamu 0,5 mkm
6 duanazone memnepamyp 0...250 °C. Coenarvt 66160061 0 pabomocnocooHocmu KHHU MOII-mpan3zucmopoe npu 8blcoKux mem-
nepamypax. Hccaedosanue mpauzucmopos na cmpykmypax KHHU nposodumcs é pamkax pazpabomiu ome4ecmeeHHol 8blCOKO-
memnepamypHol d1eMeHmMHOU 0a3bl, AaKMYANbHOU 048 UCNOAb308AHUS 6 NPOOYKUUU 0451 PASAUMHBIX OMPaciel NPOMbIUAEHHOCTIU.

Karouesvie caosa: evicokomemnepamypras 31eKmpoHUKa,

pocoeoe HanpsAaMNCeHue, MoK HACblULeHU:

Bsenenue

M3BecTHO, YTO AMana3oH paboyux TeMmIepaTyp, Ha
KOTOPBII pacCUUTaHbl MUKPOSJIEKTPOHHbIE KOMITOHEH-
Thl U UHTETpaJibHbIC CXeMbl HA KPEMHUEBBIX CTPYKTY-
pax, od4eHb orpaHmyeH. Hampumep, pabouwmii nuarma-
30H MPOMBIIIJICHHBIX 3JICKTPOHHBIX M3ACIINI JIEKUT B
npenenax oT —40 go +85 °C, a nmamna3oH BOCHHON
9JIEKTPOHUKHN — OT —55 mo +125 °C (puc. 1). OgHako
CYILIECTBYET PSII 3adad, IUIS pelIeHUs] KOTOPBIX He0O0-
XOIMMa 3JICKTPOHWKA C OOJIBIIEH IpefeTbHO TOIyC-
TUMOI1 paboueii Temriepatypoil. Kak rmpaBuio, momgo0-
HbIE 3JEKTPOHHBIE KOMITOHEHTHI PacCYMTAHBI Ha YC-
TOMUYMBYIO paboTy B AMama3oHe TeMmepatyp or —60
10 +225 °C u BBIASISIOTCS B KJIacC BBICOKOTEMIIepa-
TypHOI 3JIeKTpOHUKU (high temperature electronics,
HTE) [1-3].

[ns peann3zaliuy BHICOKOTEMIIEPATYPHOI 2JIEMEHT-
HOI1 6a3bl MCMHOJIB3YIOT MOJIYITPOBOJIHUKOBBIE CTPYKTY-
pbl Ha ocHoBe KHW (Silicon on Insulator, SOI), kap-
ouna kpeMmHusi (SiC) unu HUTpUIA

rajumist (GaN) [4]. T1pu 3TOM 371€K- P

TPOHHBIE KOMITOHEHTHI Ha OCHOBE
texHosornn KHU nMmeior MeHbIITyIO
KOHEUHYI0 CTOMMOCTb, a caMma TeX-

KpemHul Ha uzonsmope, moku ymeuku, MOII-mpan3ucmop, no-

OcHoBHoii nipooiemoit KMOIT-cTpykTyp Ha Kpem-
HUEBOM OCHOBE, BO3HUKAIOLLEH NTPU MTOBBLIILIEHUN TEM-
neparTyphl, SIBJISIOTCS TOKM yreuku [1, 5, 7]. B texHo-
snorun KHW paHHbIe TOKM MUHUMM3UPYIOTCS 32 CUET
MOJHOM ITUANEKTPUUECKON U3OJSILIMHU KaXIOro 2JeK-
TPOHHOTO KOMITOHEHTA.

B nanHoi1 paboTe mpoBeaeHOo UccaeaoBaHue XapakK-
tepuctuk MOII-TpaH3ucTopoB Ha cTpykTypax KHU
C TeXHOJIOTHYECKUMM HopMamu 0,5 MKM B Iuama3oHe
temnepatyp 0...250 °C; cnenaHbl BbIBOAbI O paboOTO-
cnnocooHoctu KHUW MOII-TpaH3ucTopoB mpu MNOBbI-
LIEHHBIX TeMIlepaTypax.

Bri6op maHHOI 351eMeHTHOM 0a3bl OIS UCIIbITAHUMI
MpHU BBICOKUX TeMIiepaTypax oOyCJIOBJIEH UcceaoBa-
HUSIMU TPAH3UCTOPOB ¢ HopMaMu 0,8 MKM, MpOBeIeH-
HeiMu Honeywell B pamkax nipoekta Energy Deep Trek
[8], a Takxke MMHMMAJILHBIM BKJIQIOM TOKOB YTEUKM
yepe3 nedeKThl MOJYIPOBOJHUKOBBIX U JUJIEKTPU-
YECKMUX CTPYKTYP B CYMMAapHBIM TOK YT€UKU TPaH3U-
cTopa.

HOJIOTUA OTpa6OTaHa IIpu I1IIpomu3-

BOICTBC pa,Z[I/IaL[I/IOHHO—CTOfIKI/IX NH-

TerpaiibHbIX cxem [3—35]. Bcnenct-

BUE HU3KOI CTOMMOCTU U BBICOKOU

—

TEXHOJIOTUYHOCTHY 2JIEMEHTHasl 6a3a

(Extended HT)

Ha ocHoBe KHM akrtyaibHa B mpu-
JIOKEHUSIX aBMAlIMOHHOW, aBTOMO-
OMIbHOI, He(pTera3oBoil, KoCMUYe-
CKOWM M aTOMHOM oOTpacjer IIpo-

MBILIIEHHOCTH [1, 3, 4, 6]. temperature

Puc. 1. Knaccudukamus 37JeKTPOHHBIX KOMIOHEHTOB B COOTBETCTBHM C IHANA30HAMM Pa-
0o4ux TeMnepartyp

Fig. 1. Classification of the electronic components in accordance with the range of the operating
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Hccaenyemas MoJesib U CYHIHOCTh SKCIIEPUMEHTA

B kauecTBe oObeKkTa McCcaeq0BaHUS BbIOpaHa ABY-
MepHas MOAeJb BEICOKOBOILTHEIX NMOII- u PMOII-
TpaH3uctopos, BeinoaHeHHas B CAITP TCAD (puc. 2,
CM. YETBEPTYIO CTOPOHY OOJIOKKI) B COOTBETCTBUU C
MpaBUIaMU MIPOEKTUPOBAHUS U TEXHOJIOTMIECKUM Map-
IIPYTOM M3TOTOBIICHUS 3JIEMEHTHOI 0a3bl Ha CTPYKTY-
pax KHU ¢ texnonormueckumu Hopmamu 180 HM [9].

Hike mpuBeneHbl 3HaYEHWST OCHOBHBIX ITapaMeT-
POB BBICOKOBOJIbTHBIX TPAH3UCTOPOB, BXOISIIIUX B CO-
CTaB MOJIEJIU:

— MUHUMMaJbHasl JUIMHA KaHaja TpaH3ucTopa
0,5 MxM;

— HanpsbKeHUe MUTaHUST TpaH3UCTOpoB 5 B;

— TOJIIIMHA HUKHETO usojupyloiiero cios (BOX)
0,146 MKM;

— ToJIMHA MprubopHOoro cjost kpeMHust 0,088 MKM;

— KOHIIEHTparus 60pa B KPEMHUEBOM TTOMIOXKKE
1,2 1012 CM_3;

— ToMMHA nox3atBopHoro ciost Si0, 100 A;

— TOJILLIMHA TEePBOTro cJios nojukpemMHus 0,2 MKM;

— KOHIIEHTpAILINS MBIIIBSIKA B 00JIACTSIX CTOKA/MC-
Toka 1-1013 CM_3;

— KOHILEHTpalMsi 6opa B 00JaCTsIX CTOKa/UCTOKA
1-108 em™3;

— TOJIIIMHA MPOMEXYTOUHOTO ciost SiO, 125 A;

— TOJILIHA BTOPOTO CJ10s1 MOJUKpeMHUs 0,2 MKM.

C mnoMollubl0 JaHHON MoAeau IPUOIMKEHHO
OIUCHIBAIOTCS MOJYIPOBOJHUKOBBIE TPAH3UCTOPHbBIC
CTPYKTYpBl A- 1 H-TUMoB, BXOASIINE B COCTaB TECTO-
BOI0 KpUCTaJlIa U pazjiuyarouivecs oCOOCHHOCTIMU
TOIOJIOTUIECKOTo HCIoaHeHus. CiemayeT y4ecTb, 4TO
3 heKThl, O0YCIOBICHHbBIE TPEXMEPHOI CTPYKTYpOit
YKa3aHHBIX TPAH3MCTOPOB, B KOMITHIOTEPHOM MOIETTN HE
paccmaTpuBaloTcs. BeieacTBre 3Toro crerneHb COOTBET-
CTBHSI MCCIIEIyeMON MOIENN TOJYIPOBOTHUKOBEIM
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TpaH3UCTOpaM IIPEaIoiaracTcs yCTaHOBUTh TTOCPEICT-
BOM COITOCTaBJICHUS PE3yJIbTaTOB KOMITbIOTEPHOTO 9KC-
MepuMeHTa 1 3HAYeHUH, MOTYYEeHHBIX B XOIe M3Mepe-
HUI TECTOBBIX CTPYKTYP IPU BBICOKMX TEMIIepaTypax.

DKCIepUMEHT TIpeAriojaraeT MOJyYeHUE BBIXOMI-
HBIX BOJIBT-aMIIEPHBIX XapaKTepucTuk moneseir MOII-
TPaH3MCTOPOB ISl Pa3IMYHbIX TeMIepaTyp B auana-
3oHe (...250 °C, a TakxXe 3aBUCUMOCTElN MOPOTrOBOIO
HaIpsDKeHUsT OT TeMIlepaTyphbl, TOKa HACBIIIEHUST OT
TeMIlepaTypbl U TOKa YTeUKu OT TeMrepaTypbl. 3aBu-
CHMOCTH TIOPOTOBOTO HAIPSLKEHUSI, TOKA HACHIIIEHUS
M TOKa YTeUKU OT TeMIlepaTyphl IJIs1 UCCleayeMoit Mo-
JIEJTU TIPEIToIaraeTcss CpaBHUTD C COOTBETCTBYIOIIIMMU
pe3yJabTaTaMu U3MEPEHU TPaH3UCTOPOB A- u H-Tu-
MOB Ha TECTOBOM KpucTajuie. Ha ocHoBaHMHU MoJy-
YEHHBIX XapaKTepUCTUK MpearoaraeTcsl caeaarb Bbl-
BOJI O BO3MOXHOCTH HCIOJb30BaHUSI BbICOKOBOJIBT-
HbIX MOII-Tpan3ucTopoB Ha cTpykTypax KHHW B nua-
na3oHe Temneparyp 0...250 °C.

Pe3yabTaThl 1 HX 00CYyXKIeHHE

BbixonHble  BOJIbT-aMIIepHbIE  XapaKTEPUCTUKU
MOII-TpaH3uUcTOpPOB (pUC. 3, CM. YETBEPTYIO CTOPOHY
00JIOXXKM) MOJIydeHbI 1151 TeMrepatyp 27, 50, 100, 150,
200, 225 n 250 °C. HampsokeHne Ha 3aTBOpE paBHO
5 B gt NMOII u —5 B nna PMOII-tpaH3ucropa.

CornacHo rpaguky (cMm. puc. 3, a) UBMEHeHue ToKa
HachIILIEHUST TP U3MEHEHUU TeMrepaTypbl Ha 223 °C
cocrapisier npubausuteabHo 0,9 - 107* A. Amnaio-
TMYHOE M3MEHEHME TOKAa HACHIIIEHUS p-KaHAJTbHOTO
TpaH3ucTopa (CM. puc. 3, 6) cocTaBjsieT IPUMEPHO
0,35 107> A.

Bonbr-aMIiepHbIe XapaKTepUCTHKH, TTPUBEICHHBIC
Ha puc. 3, TaKXe MOIYT OBITb MHTEPHPETUPOBAHBI C
MTOMOIIBIO 3aBUCUMOCTE TTOPOTOBOTO HAIPSKEHUS,
TOKa HACHIIIEHWS M TOKAa YTEUYKM OT TeMIlepaTyphl
(puc. 4—6). INonyyeHHBIE 3aBUCUMOCTH COTIOCTaBIIE-
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Puc. 4. 3aBucumocT noporosoro Hanpsukenus Vy, ot remneparypbl T s MOII-Tpansuctopos: a — 3aBucumMocthb Uit NMOII-TpaH3ucropa;

b — 3aBucumocts st PMOII-TpaH3ucTopa

Fig. 4. Dependences of the threshold voltage V,, on the temperature T for MOS-transistors: a — for NMOS-transistor; b — for PMOS-transistor
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HBI C COOTBETCTBYIOLIMMU pe3yJbTaTaMUd M3MEpeHUI
TECTOBBIX CTPYKTYp mpu Temmnepatypax 27 u 250 °C.
Ha rpacduke (cM. puc. 4, a) BUAHO, 4YTO TTIOPOTOBOE
HamnpsoKeHNE MO #-KaHAJTbHOTO TPaH3MCTOpa CO-
crapister 1 Bopu 7= 27 °Cu 0,6 B ipu T = 250 °C.
AHaJIOTMYHBIC 3HAYCHUS 1T MOIEIW p-KaHAJIBHOTO
TpaH3ucrtopa (cMm. puc. 4, 6) pasusl —1,1 u —0,7 B
cooTBeTcTBeHHO. CiemoBatesbHo, mist NMOII- u
PMOII-TpaH31UCTOPOB U3MEHEHNE MOPOTrOBOro Hampsi-

JKEHMS B YKa3aHHOM JIMAIa30He TeMIIepaTyp COCTaBIIsIeT
npubausurensHo 0,4 B u onpenensieT uaMeHeHus Io-
poroBoro HarpstkeHus Ha 1 °C, mpuBeaeHHbIE B Ta0J-
ue. Ilpu aTOM crlienyeT OTMETUTb, YTO MaKCHMMAaJbHOE
pacxoxaeHue pe3yJIbTaTOB MOAEIMPOBAHMS U pe3yJibTa-
TOB U3MEPEHUI TPAH3UCTOPOB HAa TECTOBOM KpHUCTAaJLIE
He mpeBbiliaeT 1 B, a HauOoJsblee COOTBETCTBUE pe-
3yJIGTATOB HAOJI0AaeTCsSI MEXIY MOJEbIO U MOJYMpPO-
BOJHUKOBBIMU CTPYKTYypamu A-Tumna.
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Puc. 5. 3aBucumocTn Toka macemmenns I, ot Temnepatypel T naa MOII-TpansucTopoB: ¢ — 3aBucumocts Uit NMOII-Tpansucropa; b —
3aBucuMocTb st PMOII-TpaH3ucTopa
Fig. 5. Dependences of the saturation current I, on the temperature T for MOS-transistors: a — for NMOS-transistor; b — for PMOS-transistor
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Puc. 6. 3aBucumoctu ToKa yreuku I ot Temnepatypbl 7 ana MOII-TpansucTopoB: a — 3aBucumocTtb st NMOII-tpaH3uctopa; b — 3aBu-
cumocTtb st PMOII-TpaH3ucTopa

Fig. 6. Dependences of the leakage current I on the temperature T for MOS-transistors: a — for NMOS-transistor; b — for PMOS-transistor
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H3mMeHeHnsI IOPOroBOT0 HANPSIKEHHS M TOKA HACHINICHMS,
npuxoasmmecs Ha 1 °C nas MOII-Tpan3ncropos

YIensHOe OpOroBoe VieabHbIiH
Tun HaIpsDKEHHUE, TOK HACBIILEHUS,
TpaH3ucTOpa V,/T- 1073, B/"C I,/ T 1077, A/°C
NMOII 1,67 3,6
PMOIT 1,65 1,9

3aBUCUMOCTU TOKOB HachlllieHUsT moaeneit NMOITI-
n PMOII-TpaH31CTOPOB OT TeMIIEpaTyphl, ITOKa3aH-
HbIE Ha puC. 5, a, U 5, 6, TIO3BOJISIIOT OIIPENEIUTh 13-
MeHeHus1 TokoB Ha 1 °C (cMm. Tabauny). JlaHHbIE 3Ha-
YEeHUS U3MEHEHUI TOKOB CIIPaBEIJINBBLI U IS Tec-
TOBBIX TPaH3UCTOPOB A-Tura. B cBow ouepenb, mst
TPaH3UCTOPOB H-THUNA XapaKTepHBLI OOJbIIME 3HAYe-
HUSI U3MEHEHUIN TOKOB HACHIIICHUS, a a0COJIOTHbIC
3HAYeHMs TOKa HachimeHus Ha 1...2 - 1074 A omiuua-
I0TCSI OT pe3yJbTaTOB, MOJIYUEHHBIX B XOJe KOMIIbIO-
TEPHOTO MOIETUPOBAHUA.

3aBUCUMOCTU TOKOB YTEUKM TPaH3UCTOPOB OT
TeMITepaTyphl MMOKa3aHbl B JIOTapU(PMUIESCKOM Mac-
mrabe Ha puc. 6. Kak B ciiyuae NMOII-tpan3ucropa
(cM. puc. 6, a), Tak u B caydae PMOII-Tpan3ucropa
(cM. puc. 6, 6) TOK yTeuKrd MaKCMMaJieH TIpUA TeMIie-
parype 250 °C u paBeH 2,14 - 1072 A mis momenn
NMOII-tpansucropa u 3,56+ 10710 A s monenn
PMOII-Tpan3ucropa. YKazaHHbIe 3HaUeHMs COBNaAa-
0T MO MOPSIAKY BEJIMYMHBLI C aHAJOTMYHBIMU 3HAYe-
HUSIMM JJIs1 TECTOBBIX TPAH3UCTOPOB.

Kak B ciyuyae KOMITbIOTEPHOII MOAECIU, TaK U B
ciyyae TIOJYIPOBOTHUKOBEIX TECTOBBIX TPaH3MCTO-
pOB MaKCUMaJIbHbIE TOKM yT€YKM Ha 5—6 MOpPSIKOB
MEHbIIIE MUHUMAJIbHBIX TOKOB HACBIILIEHUS] TPAH3U-
ctopoB (0,5...2 - 1074 A), mocTUTaeMBIX IPU TEMIIE-
patype 250 °C. CnemoBaTe/lbHO, BBUIY MaJOCTH TOKOB
YTEUKM TI0 OTHOIIIEHWIO K TOKAM HACHIIICHUS, MCCIe-
JyeMmble TpaH3uCTOphl Ha cTpykTypax KHU coxpansiioT
YCHJTUTENTHHEBIC CBOMCTBA TTPY BBHICOKUX TEMITEPaTypax.

3akimouenue

Takum 06pa3oM, B Xoe AAHHOU pabOThI ObLIA UC-
clliegoBaHa KomIiblotepHast Mogeab MOII-Tpan3ucro-
poB Ha ctpyktypax KHUW ¢ TexHoJllOrnyecKuMu HOp-
mamu 0,5 mkMm B nmamnazoHe Temiiepatyp 0...250 °C.
CoOTBETCTBUE MCCIEAOBAHHON KOMITBIOTEPHOI Moze-
JIX TIOJYTIPOBOMHUKOBEIM CTPYKTypaM IOITBEpPXKIa-
eTcs npu cpaBHeHUM xapaktepuctuk TCAD-monenu
U TOJIyITPOBOAHUKOBBIX TECTOBBIX CTPYKTYyp. Pasznu-
s MEXIY MOJYYEHHBIMU pe3yIbTaTaMu IJIsi MOAEIU
U TECTOBBIX TPAH3UCTOPOB OOYCJIOBIEHBI 3 deKTaMu
TPeXMEPHBIX CTPYKTYP TPaH3UCTOPOB A- U H-TUIIOB,
HE YYUTBIBAEMBIMU B IBYMEPHON KOMIMBIOTEPHOI MO-
nenau. [1py 5TOM OTMEUYEHO, UTO Pe3yabTaThl KOMITBIO-
TEPHOIO MOJEIMPOBAHUSI HAXOAATCS B HauWOOJIbLIEM
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COOTBETCTBMM C Pe3yJbTaTaMU U3MEPEHUSI TECTOBOIO
TpaH3ucTopa A-Tuna. JJaHHOE CXOJCTBO XapaKTepu-
CTUK OOBSICHSIETCSI TOXAECTBEHHOCTBIO CTPYKTYpbI
JII0O0TO M3 MOMEPEYHbIX CEUEHUI TpaH3ucTopa A-TH-
na CTpYKType JIBYMEPHOM MOJIEJIU.

Bunom nosiydeHHBIX BOJbT-aMIEPHBIX XapaKTepu-
CTUK MOJEJIEN TPaH3UCTOPOB, JUHEHHBIM XapaKTePOM
3aBUCUMOCTEl TTOPOroOBOr0 HAMPSKEHUSI M TOKA HAChI-
LLIEHUsI OT TeMIIepaTypbl MPU BBICOKWX TeMIlepaTrypax
(>125 °C), a TakKe NpeHEeOPEeKUMO MaJbIMU MaKCH-
MaJIbHBIMU TOKaMU YT€YKU TPAH3UCTOPOB B CPAaBHEHUU
C MMHUMAaJIBHBIMU TOKAMUW HACBIILIEHUS] TOATBEPXXAACT-
Csl HaJIMYME YCUIUTESIbHBIX CBOMCTB Y TPaH3MCTOPOB Ha
ctpykrtypax KHWM Ha BceM auamasoHe 3asiBICHHBIX
temriepatyp. CrnenoBatenbHo, MOII-TpaH3uCTOPBI
Ha cTpykrypax KHHM ¢ TexHomormyecKkuMm HOpMaMu
0,5 MKM 1 HampsikeHueM nuTaHus 5 B oTBeyaroT Kpu-
TEepUsIM, TIpeabsiBiasieMbiM K pabote MOII-TpaH3ucTto-
poB B nuamna3oHe Temiiepatyp 0...250 °C.

Jannas paboma ocywecmeénsemcs npu noooepiicke
Munucmepcmea obpazosanus u Hayku Poccutickoi De-
depayuu 6 pamxax Dedepanvuoli ueaeol Npoepammol
"Hccnedosanue u pa3pabomku no npuopumemHsiM Ha-
NPaBAeHUSM PA36UMUS HAYHHO-MEXHOA02UUECK020 KOM-
naexca Poccuu na 2014—2020 eo00vt”;, wugp padbomoi
2014-14-576-0141.
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Study of Operation of SOl MOSFE at High Temperatures

This paper is dedicated to the study of operation of SOI MOSFET within the temperature range from 0 up to 250 °C. The object
of the study is TCAD model of n- and p-channel SOI MOSFET with a minimum technological size of 0,5 um and voltage supply
of 5 V. This article is logically divided into four parts. They are Introduction, Model Description, Results and Discussion, and Con-

clusion.

In the Introduction the place and relevance of the high-temperature microelectronics in modern applications are defined. Also,
selection of SOI technology for development of a high-temperature MOSFET is substantiated.
The second part contains the main parameters of the model for the study and a list of the transistor characteristics, which dem-

onstrate operation of MOSFET at high temperatures.

The third part contains the results of the study measurements of the TCAD model. These data and characteristics are compared
with the similar values of the transistors on a semiconductor chip. As a result of these comparisons, the basic parameters of the tran-

sistor’s operation at high temperatures are defined.

In conclusion an applicability of the model in semiconductor structures is confirmed. Also, persistence of the amplifying properties

of MOSFET at high temperatures is expressed.

Keywords: high temperature electronics, silicon on insulator, leakage currents, MOSFET (metal oxide semiconductor field effect

transistor), threshold voltage, saturation current

Introduction

The allowed operating temperature range of the micro-
electronic components and integrated circuits on silicon
structures is very limited. For example, a range of the in-
dustrial electronic products lies in the range from —40 to
+85 °C, and the military electronics lies in the range from
—55 to +125 °C (fig. 1). However, there are a number of
tasks whose solution requires electronics with greater max-
imal allowed operating temperature. Typically, these elec-
tronic components are designed for stable operation in the
range of —60 to +225 °C and they are placed into a class
of high-temperature electronics (HTE) [1—3].

The semiconductor structures based on silicon on in-
sulator (SOI), silicon carbide (SiC), gallium nitride (GaN)
[4] are is used to realize the high-temperature element
base. Electronic components based on SOI have lower
cost, and the technology has been tested in production of
the radiation-resistant integrated circuits [3—5]. Due to
the low cost and high adaptability to manufacture, the
electronic components on SOI are urgent for aviation, au-
tomotive, oil and gas, aerospace and nuclear industries
[1, 3, 4, 6].

The leakage currents become the main problem of
CMOS structures based on silicon when the temperature
rises [1, 5, 7]. In SOI technology, they are minimized due
to the full dielectric isolation of each electronic component.

In this paper, the characteristics of MOS-transistors on
SOI structures with technological standards of 0,5 pm in
the range of 0...250 °C are studied; the conclusions about
the performance capabilities of SOI MOS-transistors at
high temperatures are made.

Selection of the element base for testing at high tem-
peratures was caused by the research of transistors with the

technological standards of 0,8 um, conducted by Honey-
well in the framework of the project Energy Deep Trek [8],
as well as a minimal contribution of leakage currents
through the defects of semiconductor and dielectric struc-
tures in the total leakage current of the transistor.

Investigated model and the essence of the experiment

The two-dimensional model of high-voltage NMOS-
and PMOS-transistors, made in CAD TCAD (fig. 2, look
at the figure on the 4-th page of the cover) accordance
with the design rules and manufacturing process for ele-
ment base on SOI with the technology standards of 180 nm
[9] were selected as an object.

Below are the main parameters of high-voltage tran-
sistors included in the model:

— minimum channel length — 0,5 pm;

— supply voltage — 5V,

— thickness of the lower insulating layer (BOX) —
0,146 um;

— thickness of the instrumental silicon layer —
0,088 um;

— concentration of boron in the silicon substrate —
1,2x101 cm_3;

— thickness of the gate layer of SiO, — 100 A;

— thickness of the first polysilicon layer — 0,2 pum;

— concentration of arsenic in the drain/source re-
gions — 1X 1013 cm™3;

— concentration of boron in the drain/source regions —
1x10'3 cm_3;

— thickness of the intermediate layer of SiO, — 125 A;

— thickness of the second polysilicon layer — 0,2 um.

The model approximately describes the semiconductor
transistor structures of A- and H-types, which enter into
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the composition of the test crystal and which differ by top-
ological features of manufacture. It should be noted, that
the effects of the three-dimensional structures of the
named transistors are not considered in the model. As a
consequence, the degree of conformity of the model under
investigation to the semiconductor transistors will be elu-
cidated by comparing the results of computer simulation
and values of measuring of the test structures at high tem-
peratures.

The experiment involves obtaining of the output cur-
rent-voltage characteristics (CVC) of the models of MOS-
transistors for temperatures in the range of 0...250 °C, as
well as the dependence of the threshold voltage, saturation
current and leakage current on temperature. These de-
pendences for the model under investigation is expected to
compare with the corresponding results of measurements
of transistors of 4- and H-types on a test chip. It is sup-
posed to draw a conclusion about the possibility of the use
of high-voltage MOS-transistors on SOI in the tempera-
ture range of 0...250 °C.

Results and discussion

The output current-voltage characteristics of the
MOS-transistors (fig. 3, look at the figure on the 4-th page
of the cover) were obtained for 27, 50, 100, 150, 200, 225
and 250 °C. The gate voltage was 5 V for NMOS and —5 for
PMOS-transistor.

According to the diagram (fig. 3, a), change of the sat-
uration current at temperature change on 223 °C is approx-
imately 0,9 - 10* A similar change of the saturation current
p-channel transistor (fig. 3, b) is about 0,35 - 1072 A.

CVCs in fig. 3 can also be interpreted using the de-
pendency of the threshold voltage, saturation current and
leakage current versus temperature (figs. 4, 5, 6). The ob-
tained dependences were compared with the results of
measurements of test structures at 27 and 250 °C.

The threshold voltage for the model of n-channel tran-
sistoris 1 Vat 27 °C and 0,6 V at 250 °C (fig. 4, a). Similar
values for the model of p-channel transistor (fig. 4, b) are
1,1 and 0,7 V, accordingly. Therefore, for NMOS- and
PMOS-transistors change of the threshold voltage in the
chosen temperature range is approximately 0,4 V, and its
determines the changes in the threshold voltage on 1 °C,
given in the table. It should be noted, that the maximum
difference between the results of simulation and the results
of transistors’ measurements on a test chip does not exceed
1 V, and the largest agreement is observed between the
model and the semiconductor structures of A-type.

Changes in threshold voltage and saturation current attributable
to 1°C for MOS- transistors

Specific threshold
Type voltage,

Relative saturation
current,

of transistor Vy/T- 107 V)°C I,/ T+ 1077 A/°C
NMOS 1,67 3.6
PMOS 1,65 1.9
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Depending of the saturation currents of the models of
NMOS- and PMOS-transistors on the temperature
(figs. 5, a, and 5, b) allow us to determine the change of
the current on 1 °C (see table). These values of current’s
change are valid and for test A-type transistors. In turn, the
H-type transistors are characterized by large changes in
the values of the saturation current, and the absolute val-
ues of the saturation current for 1...2x 10™* A differ from
the results of computer simulations.

The dependencies of the leakage currents of the tran-
sistors on the temperature are shown in logarithmic scale
in fig. 6. As in the case of NMOS-transistor (fig. 6, a), as
well as for PMOS-transistor (fig. 6, b), the leakage current
is maximal at 250 °C and is equal to 2,14 X 1072 A for the
model of NMOS-transistor and 3,56 x 10710 A for the
model of PMOS-transistor. They are of the same order,
with the same values for test transistors.

As in the case of a computer model, as well as in the
case of the test semiconductor transistors, the maximum
leakage currents are less by 5—6 orders than the minimal
saturation currents of the transistors (0,5...2 % 1074 A) at
250 °C. Consequently, due to negligibility of the leakage
currents with respect to the saturation currents, the inves-
tigated transistors on SOI structures keep the amplifying
properties at high temperatures.

Conclusion

As can be seen from the above, the computer model of
MOS-transistors on SOI structures with technological
standards of 0,5 um in the temperature range of 0...250 °C
was studied in the course of the work. The correspondence
of the model to the semiconductor structures is confirmed
by comparison of the characteristics of the TCAD-model
and test semiconductor structures. The differences in the
results for the model and for the test transistors are caused
by the effects of three-dimensional structures of A- and
H-types transistors, which are not taken into accaunt in
the two-dimensional model. It was noticed that the results
of computer simulation are in the greater accordance with
the measurements of A-type test transistor. This similarity
of the characteristics is explained by the identity of the
structure of an any of the cross-sections of A-type transis-
tor to the structure of two-dimensional model.

The view of the obtained CVCs models of the transis-
tors, the linear character of the dependence of the thresh-
old voltage and saturation current on temperature at high
temperatures (>125 °C), as well as negligible maximum
leakage currents of the transistors in comparison with the
minimum saturation currents confirm the presence of the
amplifying properties of transistors on SOI structures on
the entire range of the declared temperatures. Conse-
quently, the MOS-transistors on SOI structures with tech-
nological standards of 0,5 um and the source voltage of
5 V meet the criteria applicable for MOS-transistors in the
temperature range of 0...250 °C.
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AATYUK MATHUTHbIX MOAEM HA OCHOBE MATHUTODAEKTPUYECKOTO
IODEKTA YABOEHUSA YACTOTDbI B CTPYKTYPE

OEPPOMATHETUK—ITbE3OJSAEKTPUK

Ilocmynuna ¢ pedakyuro 20.02.2015

IIpednoxncen damuuk HU3KOYACMOMHBIX MACHUMHbIX NOAEl, UCHOAb3VIOUWUL HeAUHEeUIHbI MACHUMOIAeKmpu4ecKull sghpexm
YOBOEHUs 4ACMOMbL 8 NAGHAPHOU cmpyKmype heppomacHemuk—nbe3031ekmpuk. Cmpykmypa npedcmaensiem coo0u nAacmumny
Nbe308010KOHHO20 KOMNO3UMA, PACHOAONCEHHYIO MeAHCOY 08YMS CAOSIMU AMOPPHO20 heppomazHemuKa, 064a0arujeeo 8biCOKOU
HeAUHEeUHOCMbI0 MasHumocmpukyuy. Jlamuux pabomaem 6e3 00N0AHUMENbHO20 NOCIOSHHO020 NOAS CMeWeHUs U 6 OUANA30He 4ac-

mom om 10 Iy do 20 kl'y umeem uyecmeumenvrocms 20 mB/3.

Karoueevie caosa: macnumosnexmpuueckuii sghgpexm, myaomupeppouxu, nbe3odNeKmpuKi, 0amuuKy MaeHUmHo20 nois, Mae-
HUmMosieKmpu4ecKue ae61eHus, peppomacHemuxu, MacHUMOCMPUKYUS, Nbe30MAeHUMHbLI Kodpguyuenm

BEBICOKOUYBCTBUTEIBHEBIC JATYMKNA MATHUTHBIX TTO-
JIel IIMPOKO TIPUMEHSTIOTCS B SHEPreTUKe M Ha TpaHC-
TopTe, B CUCTeMax obecTieueHNs 6€301TaCHOCTH, B yCT-
poiicTBax yMpaBJIeHWs W HaBHWTALIMU, IS IedeKTo-
CKOITUM ¥ KOHTPOJISI, B Teopusuke u MeauimHe [1].
B mocieaHue ToObl 3HAYUTEBHBIN TTPOTPecC TOCTUT-
HYT B pa3paboTKe JaTYNKOB HOBBIX TUTIOB HA OCHOBE
MPUHIIMIIOB MUKPOCUCTEMHON TexHUKU. K Takum
JMaTYUKAM OTHOCSITCS, B YACTHOCTU, MarHUTO3JIEKTPH -
yeckue (MD) maTunKu, UCHONb3YIOLINE KOMOUHALIIO
MarHUTOCTPUKIINU, TTbe303(PdeKTa 1 aKyCTUIECKOTo

pe30HaHca B INIAHAPHBIX CTPYKTYypax peppoMarHeTHK
(®M) — nbesosnekTpuk (I19) [2], u NIbe302JIeKTPU-
YecKre JATYMKU Ha OCHOBE OMMOP(MHBIX IThe303JIeK-
TPUYECKUX IJIEMEHTOB, MCIOJb3YIOLINEe KOMOMHAIIMIO
cuiibl AMMnepa, nbe303¢¢eKkTa U aKyCTUYeCKOro pe3o-
HaHca [3].

MpuHuun aefictBust MO HaTYUKOB CHAEAYIOLINIA:
TP BO3IECMCTBUM Ha KOMIIO3UTHYIO CTPYKTYpYy MU3Me-
psSIeMOro TMEPEeMEHHOro IMOoJsl ¢ HAMpPSIKEHHOCThIO A
MAaTHUTOCTPHUKIINS BBI3BIBacT aedopmarmo @M-cios,
aTta aedopMmanus nepenaercs [19-cior0 U Mexay sJ1eK-
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PZT-BonoKHa
PZT-fibers

IIpeobpazosatenu

Metglas
: Transducers

Puc. 1. KoHCTpyKuMs MATHHTOI/IEKTPHYECKOTO AATYHKA
Fig. 1. Design of the magnetoelectric sensor

TpoJaMU IIOCJEIHETO, BCIECACTBUE MbE303JICKTpUYE-
ckoro 3¢ deKTa, reHepupyeTCs IIepeMeHHOE HAIIPsIKe-
HUE U, TPONOPLUOHATIBHOE TIOJIO.

Jlo HacTosiero BpeMeHu B MD gaTyMKax UCHoib-
30BaJIM B OCHOBHOM JIMHEMHBIN 3(pPeKT, Ipr KOTOPOM
CTPYKTypa TeHepUpyeT HAIIPSDKEHME C YACTOTOM ITOJIs
U aMIUTUTYAOM

u =~ qdh,

rne q(H) = 00/OH — nuHEeHHBI ITbe30MarHUTHBIN
koa(pdutment; M(H) — marauTOCTpUKIISI DM -CI104T;
H — HamnpsoKeHHOCTb MOCTOSIHHOTO BHEIIIHETO Mar-
HUTHOTO T0J1s1; d — mbe3oMoayiab I[19-cnost.

[ns moBbIlIEHWST YYBCTBUTEIbHOCTU JaTyMKa Ha
OCHOBe JIMHeiHoro agdekra K CTPYKType HeobXo-
JUMO JOTMOJHUTENbHO MPUJIOXUTH MOJe CMEILeHUS
Hy ~ 5..500 B (3aBucur or marepuana ®M-cnos),
obecrneynBalolliee HanOObIIYIO BeJduuuHy ¢. [loie
CMEIIeHUS CO3MaI0T, UCoJb3ys Wit PM-cnoeB Mate-
puan ¢ rucrtepe3ncom [4] 1udo ¢ MOMOIIBIO OITOJTHU-
TEJIbHOM MAarHUTHOM CUCTEMBbI, YTO, OJHAKO, yXyIIlla-
€T BOCHPOU3BOAMMOCTb M3MEPEHUN WM YCIOXHSET
KOHCTPYKILIMIO TaTYMKA.

B nanHoii paboTe omucaH AaTYUK MAarHUTHBIX MO-
JIeil, UCIONB3YIOIINI HelnHeHbli MD addekT yu-
BoeHUs1 yactoTel B DM —I18D-cTpykrypax [5]. YaBoe-
HUE YacTOThl HaMpsKEeHUs], TeHEepUPYeMOro maTyu-
KOM, BO3HUKAET W3-32 HEJIUHENHOW 3aBUCUMOCTH
MarHuToCcTpuKIu ®M-cinosg ot monst A(H) m s
OoNbIIMHCTBA (peppOMArHeTUKOB Haubonee 3hpek-
TUBHO 1pu H = 0 [6]. DTO OTKpBIBaET BO3MOXHOCTU
CO3IaHMS IIUPOKOMOJIOCHBIX MD 1aTYMKOB HU3KO-
YaCTOTHBIX MAarHUTHBIX I10JIeli, paboTarolmx 0e3 m10-
MOJHUTEJBHOIO MOCTOSTHHOTO TOJIsI CMEeILeHUs].

Ha puc. 1 mokazaHa KOHCTpYKLMS MTpeiaracMoro
matynka. CTpykTypa comepkajna asa dM-cios, me-
Ky KOTOPbIMHU OBbLT pacmonoxeH [19-cnoit. Kaxaplit
®M-croit pazmepamu 10 X 40 MM 1 TOIIUHON 75 MKM
COCTOSIT M3 TpeX IJIEHOK aMOpdHOTo heppoMarHeTu-
ka FeBSiC (Metglas 2605S3A Magnetic Alloy) [7].
Marautoctpukiiusg OM-ciiost tocTurana HachIIIEeHMS
Ag= 22+ 107° B one Hg~ 100 O. JInneiHbi 1 HEIU-
HEWHBIN TTbe30MarHuTHBIe K03 duimenTsr ®M-cros,
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paccuyMTaHHbIE II0 M3MEPEeHHOM 3aBUCUMOCTU A(H),
UMeIU MakKCUMyMbl ¢ = OA/OH ~ 2,3+ 107 57! npu
note H~ 50 D u p=0*/oH* ~ 6,4-107° D2 npu
H=0.

B kauectBe I1D-c/i0s MCMOJB30BAIU TTHE30BOJIO-
koHHBIN Kommo3ut (ITBK) (M4010-P1, Smart Mate-
rials) pazmepamu 10x40 mm u TonwuHou 0,3 mm [8].
I1BK conepxan Habop BOJOKOH M3 LIMPKOHATa-TUTAa-
HaTta cBuHUA (PZT-BoJ0OKHA) MPSIMOYroOJLHOTO ceve-
HUSI, PACITOJIOKEHHBIX MEXIY BCTPEYHO-IITHIPEBBHIMU
nmpeodpazoBaTensiMu ¢ nepuoaom 1 Mm. EMKoCTE 1 co-
npotusiaeHue I1BK Ha wactore 1 xI'11 paBHSIIUCH CO-
orBerctBeHHO C = 0,96 HD u 13,8 MOwM. Bosiokua
KOMII031Ta ObUIM MOJISIPU30BaHbl B MPOJOJIHHOM Ha-
MnpaBieHUU U Npyu Aedopmaliuy padboTan Nbe30MOAYIb
dy3 = 460 - 10~'2 Knn/H. Tpumenenue MBK BmecTo mo-
MEePeYHo IOJsIpu30BaHHON PZT-mimacTuHbI O3BOJIMIO
CYLIECTBEHHO MOBBLICUTH 3P (PeKTUBHOCTL MO B3au-
mopeiicTBus. ClIou CTPYKTYPBI OBIIA COSTMHEHBI IO
mnpeccoM ¢ momolibo Kies "Loctite".

MamepsieMmoe nofie Acos(2nft) c uactoroii f= 1 I'iL...
100 xI'u 1 aMmuTygoi 10 3 O U MOCTOSIHHOE TOJIe
CMELUEHU HalpsKeHHOCThI0 Hy = 0...100 O, mapain-
JIEJIbHBIE OPYr OPYry M MPOAOJIBHOW OCHU CTPYKTYDHI,
CO3IaBajii, COOTBETCTBEHHO, COJICHOMI M KATYIIKH
I'eapMrosblia. 3aBUCUMOCTU HaNpsKEHUS U, TeHEepU-
pyeMoro CTpyKTypoi Mpu usmMeHeHuu f, h u H, peru-
cTpupoBanu uudposbiM ocuusiorpagom TDS 3032B
C BXOAHBIM comnpoTuBjieHueM R = 1 MOwm.

Puc. 2, Ha KOTOpoM moKa3aHa TUIIUYHAS 3aBUCU-
MOCTb MarHUTOCTpUKIINKA DM -CJI05 OT TT0JIsT, TIOSICHSI -
eT oTJiInure padboTel MO gaTuMKa B peXXuMe yIBOCHUS
4acTOThI OT paboThl MO JaTYMKOB B IMHEITHOM PeXu-

MaruuTocTpuKuHs A
Magnetostriction L

/\S(f)

o
O}::_.__.____..____.___..................

MaruurtHoe noJe H |

Intensity of constant field H |
|

Puc. 2 3apucumMocTb MATHUTOCTPHKIMM A (hePPOMATHUTHOrO CJIOS OT
HANPSKEHHOCTH MOCTOSHHOrO moJis H

Fig. 2. Dependence of magnetostriction 1 of the ferromagnetic layer on
the intensity of constant field H




Me. B HenuneiiHoM pexume pabotel ipu Hy = 0 ne-
peMeHHoe ToJie 4 BhI3bIBaeT B @M -cioe nedopMarinio
pacTsoKeHUs S ¢ YIBOSHHOM 9acTOTOM, KOTopast repe-
npaercs I19-cao0 ¥ MPpUBOAUT K reHepaliu OJHOIIO-
JIIPHOTO HaNPSKEHUS ¢ YacToToi 2f. M3-3a KOHEeUHO-
ro comnpotusieHust [19-cnosa U u3MepuTeIbHON cXe-
MBI ITOCTOSIHHAsI COCTaBJISIOLLAs] HAIIPSKEHUS CIIaiaeT
3a Bpemsi 1 = RC ~ 103 ¢cu perucTpupyeTcsl TOJIbKO
HanpsKeHUe U, ¢ 4acToToi 2f. B JmHeiiHOM pexuMe
pabotsl, ipu Hy # 0, B ®M-cioe npoucxousr ne-
opmauma pactaxenus A(H,) u 3HaKonepeMeHHas
nedopmaliusg S ¢ 4acTOTON f, KOTOpble MepeaarTcs
I[19-cnomw. IlocTosTHHOE HampspKeHUE, TeHEPHUPyeMOoe
CTPYKTYpOI, TaKKe 3a BpeMsI T CITamaeT A0 HYJIST U pe-
TUCTPUPYETCS TOJNBKO NMEPEMEHHOE HAINPSDKEHUE Uy C
4acToTOM f.

IMTokaszano [6], yTo npu ManbIX nonAX i > Hg am-
TUTATYIBI HATIPSDKEHWH, TeHEpUPYeMBIX MD CTpyKTy-
poit, B IMHEHHOM PEXMME U B PEXXKMME YIBOECHUSI yac-
TOTbI PaBHbI COOTBETCTBEHHO

u; = Aqdh w uy = (1/2)Apdh?,

rane A — Ko3¢pGULMEHT, 3aBUCSIIIUNA TOJIbBKO OT Ieo-
METPUX U Pa3MepOB CJIOEB CTPYKTYpPbl U CTEIEHU Me-
XaHUYECKOM CBSI3U MEXAY CJIOSIMU; d — Mbe30MOAYb
[19-cnost; ¢ — nuHeHbIN MTbe30MarHUTHBINA KO3(hhU-
LIMEHT; p — HEJIMHEHHbINA NTbe30MarHUTHBIN Ko3ddu-
uveHT. ClegoBaTesbllo, YyBCTBUTEIBHOCTL Mpeisa-
raeMoro AaTyvka JOJIKHA pacTu ¢ YBEJIMUYCHUEM I10JIs
uy/h ~ h 1 U1 NOBBILLIEHUS YyBCTBUTEIILHOCTH CJIEY-
eT ucnoiyib3oBaTb ®M-cyion ¢ HaMGONILIIUM KO3 PU-
uueHToM p. IlocneagHemy TpeGOBaHUIO KakK pa3 yAOB-
neTBopsieT Metglas, k03 pUIIMEHT p KOTOPOTO Ha ABa
nopsiika 6oJbliie, 4YeM y IpYyTrux MarHUTOCTPUKIIMOH -
HBIX MaTepuasoB [6].

B skcnepuMeHTax Mpu YIBOCHUM YaCcTOTHI B ITOJIE
h = 3 B cuacrtoroit 1 k' aMmIMTYAa TeHEPUPYEMO-
ro CTPYKTYPOH HampsikeHMs gocTurana u; ~ 60 MB,
YTO COOTBETCTBYET UyBCTBUTEIIBIIOCTU 1ATUUKA Uy/h =
~ 22 MmB/3. [Ina cpaBHeHUs, YyBCTBUTEJbHOCTb JaT-
yrka Ha yactote 1 kIl B IMHEHHOM pexXuMme paBHSI-
nack uy/h = 180 MB/3, HO [uI4 5TOrO K CTPYKType He-
00XOIVMO OBIIO MPWIOXHUTH TOIOJTHUTEIbHOE IT0JIe
cmeutenus Hy = 50 D.

Ha puc. 3 mokasaHa 4yacTOTHasl 3aBUCMMOCTb Ha-
NPSKEHUS U, C JAaTUMKA, U3MEPEHHAs Npu GUKCUPO-
BaHHOM IoJie £ = 3 O. BunHo, 4To B 00J1aCTH 4acTOT
oT ~10 I' mo ~10 xI'y HampsEKeHUe TPUMEPHO MOCTO-
SIHHO U5 ~ 56 MB 1 4yBCTBUTEIBHOCTD 1aTYNKA COCTAB-
J9€eT up/h ~ 20 MB/9. Tluk HanpskeHUs BOJIU3M Yac-
TOTHI f~ 22 KI'l1 00ycJIOBJIeH BO30YXX/IEHUEM PE30HAH -
ca MPOJOJIbHBIX aKyCTUUYECKMX KOJeOaHWid CTPYKTYPhI
Ha 4actote fy ~ 44 xI'u. OueHKa 4acTOThl OCHOBHOM
MOJbI KOJiIeOaHUI CTPYKTYphl 1o (opmynam [9] maeT

Puc. 3. YacTroTHbie 3aBUCHMOCTH HANPSIKEHNUA X C JAaTYHKA: U — B
JuHeHOM pexume nipu H = 50 B; uy — B pexuMe yIBOEHUs Yac-
TOThI Npu H = 0; 13 — HanpskeHUe ¢ U3MEPUTENbHOM KaTyLIKK

Fig. 3. Frequency dependences of voltage u from the sensor: u; — in a
linear mode at H = 50 Oe; u, — in the mode of frequency doubling at
H = 0; uz — voltage from the measuring coil

BEJIMUMHY fy = 42 KI'11, XOpol1I0 cOBNagamLIyo ¢ U3-
MEPEHHOM.

[ns1 cpaBHEHMST HA puc. 3 NIpUBEIEHA YaCTOTHAS 3a-
BUCUMOCTb HAIPSDKEHUS! U], TEHEPUPYEMOIO CTPYKTY-
poii B ycinoBusIX TuHeliHoro M3 addexra ipu 4 = 3 D
u cmewenun Hy = 50 9. YysctBurenbHocte MO nat-
YMKa B TUHECHHOM peXXruMe TIPUMEPHO Ha ITOPSIIOK BHI-
1Ie, 4eM y JaT4MKa Ha OCHOBE YIBOCHMSI YACTOTHI.
ITuk Ha 3aBuCMMOCTH Uy 111 TMHEHOro MO sddexra
pacmoyioXeH, Kak U CJAeA0Bajo OXUIAATh, Ha 4acTOTe
aKyCTMYECKOIo pe3oHaHca CTpyKTyphl f~ 44 kl'u. Ha
puc. 3 IpUBeIeHa TAKXKE 3aBUCUMOCTb HANPSDKEHUS Uy
¢ TIOMEIIeHHOM BHYTPhb COJICHOMIA W3MEPUTETHLHOMU
Katyiku auametpom 10 Mm, comepxaieii 125 BUTKOB
npoBoja. BunHo, uto B obsiactu yactot f < 2 kI'i mar-
HUTOBRJICKTPUUECKUI JaTYMK Ha OCHOBE 3¢deKTa yi-
BOCHMS YaCTOTHI 60JIee YYBCTBUTEIICH, YeM MCITOJIB30-
BaHHasi U3MEpUTENIbHAS KaTyllKa.

Ha puc. 4 nokaszaHbl 3aBUCMMOCTY HAIIPSKEHUS Uy
C JaTyrKa, pabOTaIlIero B pexkruMe yIBOSHUST 4acTO-
Thl, U HAIIPSKEHMA U C JaTYMKa, pabOTaIOLIEro B JIU-
HEMHOM pexXuMe, OT aMIUTUTYIbI 1ot 4. HanpstkeHue
Uy C YIBOCHHOM YaCTOTOW PacTeT KBaApaTUYHO B 00-
JIacTh MaybiX mojeit 4 < 3 D (¥To corjacyercs ¢ pa-
6otoi1 [7]), a 3aTeM — TIPUMEPHO JIMHEIHO C YBEJIU-
yeHueM nojs. Hanpsxenue u; npu Maibix /i pacter
JIMHEWHO C TToJIeM, a TIpA A > 8 D cTpeMUTCs K HaChI-
meHuto. BeaeacTBue 3toro B moysix 4 > 15 O yyBeT-
BUTEJIBHOCT, MO aTunKa, UCHOIb3YIOLIEro YIBOCHUE
YACTOTHI, CTAHOBUTCS CPAaBHUMOM C UyBCTBUTEILHO-
CThIO JaTYMKA HAa OCHOBE JIMHEIHOTO 3 deKTa.
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Puc. 4 3aBucHMOCTH HANIPSIKEHNAA ¥ € JATIHKA OT Hoad h: |, — B M-
HEHOM pexXHMe; U, — B PEeXUMe YIBOSHHMs yacToThl. Ha BcTaBke
MOKAa3aHa 3aBUCUMOCTD uy(/) B 06/1aCTH MasbIX MoJeit

Fig. 4. Dependences of voltage u from the sensor on field h: u; — in the
linear mode; u, — in the mode of frequency doubling. Insert —
dependence uy(h) in the area of small fields

Taxkum 06pa3oM, B paboTe MpelIoKeH J1aTYMK Mar-
HUTHBIX TI0JIei, MCMOJB3YIOIIUN HeJduHelHbii MO
9 PeKT yaBOSHHUS YaCTOThI B CTPYKType peppoMarte-
TUK—IIbe303JIeKTpUK. OnucaHHBbIA AaTYMK, B OTJIM-
qyye OT JaTYMKOB, MCIIOJIb3YIOIIMX JUHEHHBIH M3D a(h-
¢exT, paboraeT 6e3 HOIOJHUTEIHLHOTO MOCTOSIHHOTO
MOJISI CMEUIEHMSI, UTO CYIIECTBEHHO YMPOLIAET KOHCT-
pykuuio. YyBCTBUTEIBHOCTD AAaTYMKA B MOJIOCE YACTOT
~10 T'u...20 xI'u cocrasnsina ~20 MB/D npu Mainbix
aMIUIMTYAaxX MOJIeii, 3aTeM BOo3pacTajia ¢ yBeJIUYeHUEM

MOJiT U CTAHOBWJIACH CPAaBHUMOIM C YyBCTBUTEILHO-
CTBIO JAaTYMKa Ha OCHOBE JIMHeiiHoro M3 addekra B
GOJBIIMX MOJIAX. JJaTYMKM TAKOTO TUITA NEPCIEKTUB-
HBI JJI pErMCTpaLlMU T0Jieil B 001aCTU HU3KKUX 4Yac-
toT <1 K[, TAe MX YyBCTBUTEJIHLHOCTH BBIIIE, YEM Y
U3MEPUTEIBHBIX KaTyllIeK.

Paboma evinoanena npu noddepicke Munucmepcmea
obpazosanus u Hayku P® u Poccutickoeo ¢ponoa ghynoa-
MEHMANbHBIX UCCAe008AHULL.
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Magnetic Field Sensor Based on Magnetoelectric Effect of Frequency Doubling
in a Ferromagnetic—Piezoelectric Structure

The authors propose a low-frequency magnetic fields sensor using nonlinear magnetoelectric frequency doubling effect in a planar
Sferromagnetic-piezoelectric structure. The structure is a plate of a piezo-fiber composite placed between two amorphous ferromagnetic
layers with a high nonlinearity of magnetostriction. The sensor operates without an additional permanent bias field in the frequency

range from 10 Hz up to 20 kHz and has sensitivity of 20 mV/ Oe.

Keywords: magnetoelectric effect, multiferroics, piezoelectrics, magnetic field sensors, magnetoelectric phenomena, ferromag-

netics, magnetostriction, piezomagnetic constant

Magnetic fields sensors are applied in power enginee-
ring and in transport, in security systems, in control and
navigation systems, for defectoscopy and control, in geo-
physics and medicine [1]. Progress was achieved in devel-
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opment of new sensors on the basis of microsystem tech-
nologies. Among them are magnetoelectric (ME) sensors
using a combination of magnetostriction, piezoelectric ef-
fect and acoustic resonance in the planar ferromagnetic




(FM) structures — piezoelectric (PE) [2], and piezoelec-
tric sensors on the basis of bimorph piezoelectric elements,
using combination of Ampere forces, piezoelectric effect
and acoustic resonance [3].

The principle of operation of ME sensors is the follow-
ing: influence of magnetostriction on the composite struc-
ture of a variable field with intensity of /4 causes deforma-
tion of the FM layer, which is transferred to the PE layer,
and between the electrodes of the latter, owing to the pie-
zoelectric effect, the alternating voltage u, proportional to
the field, is generated.

Up till now ME sensors have used basically the linear
effect, due to which the structure generates voltage with a
field frequency and amplitude of

u~ qdh,

where g(H) = 60/0H — linear piezomagnetic constant;
M H) — magnetostriction of the FM layer; H — intensity
of the external constant magnetic field; d — piezoelectric
modulus of PE layer.

In order to increase sensitivity of the sensor based on
the linear effect it is necessary to apply to the structure a
bias field of H ~ 5...500 Oe (depends on the material of
the FM layer), ensuring the greatest value of ¢. The bias
field is created by using for FM layers a material with a
hysteresis [4], or by means of an additional magnetic sys-
tem, which, however, worsens the reproducibility of measu-
rements or complicates the design of a sensor.

The given work describes a magnetic field sensor using
the nonlinear ME effect of frequency doubling in FM-PE
structures [5]. Doubling of the voltage frequency generated
by the sensor appears because of a nonlinear dependence
of the magnetostriction of the FM layer on field A(H) and
for majority of the ferromagnetics it is most effective at
H, =0 [6]. This opens opportunities for creation of
broadband ME sensors of low-frequency magnetic fields
working without an additional constant bias field.

Fig. 1 presents the sensor design. The structure con-
tained two FM layers, between which PE layer was located.
Each FM layer with dimensions of 10 x40 mm and thick-
ness of 75 micrometers consisted of three films of amor-
phous ferromagnetic FeBSiC (Metglas 2605S3A Magnetic
Alloy) [7]. The magnetostriction of the FM layer reached
the saturation of L g~ 22 107% in the field of Hg~100 Oe.
The linear and nonlinear piezomagnetic constants of the FM
layer calculated by the measured dependence of A(H) had
maxima of ¢ = o0/0H ~ 2,3+ 107 Oe! at field H ~ 50 Oe
and p = 62k/8H2 ~64- 1072 0e2at H=0.

For PE layer they used a piezofiber composite (PFC)
(M4010-P1, Smart Materials) with dimensions of
10 x40 mm and thickness of 0,3 mm [8]. PFC contained
a set of fibers from lead zirconate-titanate (PZT fiber) of
rectangular section, placed between the interdigital trans-
ducers with a period of 1 mm. The capacity and resi-
stance of PFC on frequency of 1 kHz were accordingly
equal to C = 0,96 nF and 13,8 MQ. Composite fibers
were polarized in a longitudinal direction and in case of
deformation the piezoelectric modulus began operation

dy3 = 46010712 C/N. Application of PFC instead of
cross-section polarized PZT plate allowed to raise essen-
tially the efficiency of ME interaction. The layers of the
structure were connected under a press by means of Loc-
tite glue.

The measured field of hcos (2rff) with frequency of
f=1Hz...100 kHz and amplitude up to 3 Oe and bias field
with intensity of Hy = 0...100 Oe, parallel to each other
and the longitudinal axis of the structure, created a sole-
noid and Helmholtz coils. Voltage dependences of u, gene-
rated by the structure, when f, & and H varied, were re-
corded by TDS 3032B digital oscillograph with the input
resistance of R =1 MQ. Fig. 2 presents typical depen-
dence of the magnetostriction of the FM layer on the field.
It explains the difference in operation of the ME sensor in
the mode of frequency doubling from operation of the ME
sensors in a linear mode. In a nonlinear mode of operation
at H, = 0 the variable field of / causes in the FM layer de-
formation of stretching S with a doubled frequency, which
is transferred to the PE layer and leads to generation of a
unipolar voltage with frequency of 2f.

Due to the final resistance of the PE layer and the
measuring circuit the constant component of voltage goes
down during the period of t = RC ~ 103 sand only volt-
age u, with frequency 2fis recorded. In the linear opera-
tion mode, at Hj # 0 in the FM layer stretching deforma-
tion A(H,)) and sign-variable deformation § with frequen-
cy f take place and are transferred to the PE layer. The
constant voltage generated by the structure, also lessens in
time t down to zero and only the alternating voltage 1
with frequency f'is recorded.

It is demonstrated [6], that in case of small fields
h < Hg, the amplitudes of the voltages generated by ME
structure a linear mode and in a mode of frequency dou-
bling are equal, accordingly, to

u; = Agqdh and u, = (1/2)Apdh?,

where A — the factor depending only on the geometry and
dimensions of the structure layers and on the degree of a
mechanical bond between the layers; d — piezoelectric
modulus of PE layer; ¢ — linear piezomagnetic constant;
p — nonlinear piezomagnetic constant. Hence, the sen-
sitivity of the sensor should grow with a field increase
u,/h ~ h, and for higher sensitivity it is necessary to use the
FM layers with the greatest factor of p. The latter require-
ment is satisfied by Metglas, the factor p of which is by two
orders higher than that of the other magnetostriction ma-
terials [6].

During experiments, when the frequency was doubled
in the field of # = 3 Oe with frequency of 1 kHz, the am-
plitude of the voltage generated by the structure reached
u; ~ 60 mV, which corresponded to the sensitivity of the
sensor uy/h ~ 22 mV/Oe. For comparison, the sensitivity
of the sensor at frequency of 1 kHz in the linear mode was
uy/h = 180 mV/Oe, but for this an additional bias field
had to be applied: H; = 50 Oe.

Fig. 3 demonstrates the frequency dependence of volt-
age u, from the sensor at the fixed field of # = 3 Oe. It is

HAHO- I MUKPOCUCTEMHAS TEXHHKA, Ne 6, 2015 63



obvious that at frequencies from ~10 Hz up to ~10 kHz the
voltage is roughly constant u, ~ 56 mV, and the sensitivity
of the sensor equals to u,/h ~ 20 mV/Oe. The peak near
frequency of f~ 22 kHz is due to excitation of the reso-
nance of the longitudinal acoustic fluctuations of the
structure on frequency of f ~ 44 kHz. Estimation of the
frequency of the basic structure mode in accordance with
formulas [9] gives f; ~ 42 kHz, which coincides well with
the measured results.

For comparison, fig. 3 presents the frequency depen-
dence of voltage u, generated by the structure in conditions
of the linear ME effect at # = 3 Oe and bias H;, = 50 Oe.
The sensitivity of the ME sensor in a linear mode is ap-
proximately 10 times higher, than that of the sensor based
on frequency doubling. The peak on dependence u; for
linear ME effect is on frequency of the acoustic resonance
of the structure f~ 44 kHz. Also presented is the depen-
dence of voltage u; from the measuring coil placed in the
solenoid with diameter of 10 mm, containing 125 coils
of a wire. It is visible, that in the field of frequencies of
/2 kHz the magnetoelectric sensor on the basis of the ef-
fect of frequency doubling is more sensitive, than the ap-
plied measuring coil.

Fig. 4 demonstrates dependences of voltage u, from
the sensor working in the mode of frequency doubling,
and voltage u; from the sensor working in the linear mode,
on the amplitude of a field 4. Voltage u, with frequency
doubling grows quadratically in the area of small fields
h < 3 Oe (agrees with [7]), and then roughly linearly with
the growth of the field. Voltage u; at small & grows linearly
with a field, and at 2 > 8 Oe aspires to saturation. As a re-
sult in fields # > 15 Oe the sensitivity of the ME sensor using
doubling of frequency, is comparable with the sensitivity of
the sensor based on the linear effect.

Thus, the authors offer a magnetic field sensor using
the nonlinear ME effect of frequency doubling in a ferro-
magnetic-piezoelectric structure. Unlike the sensors using

the linear ME effect, it works without an additional con-
stant bias field, which simplifies its design. Sensitivity of
the sensor in the range of ~10 Hz...20 kHz was ~20 mV/Oe
at small amplitudes of fields, then it increased with the
field growth and became comparable with the sensitivity
of the sensor based on the ME effect in big fields. Such
sensors are promising for recording at low frequencies
<1 kHz, where their sensitivity is higher, than that of the
measuring coils.

The work was implemented with the support of the Mini-
stry of Education and Science of the Russian Federation and
the Russian Fund of Fundamental Research.
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