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ON THE ORIGIN OF ELECTROMECHANICAL
VIBRATIONS OF MOS STRUCTURES
IN MISAWA-MORITANI:NAKAT
EFFECT

L4

M. GRENDEL'), Bratislava

In the present paper a theory is proposed that makes it possible to explain the results
of measurements of electromechanical vibrations of metal-oxide-semiconductor (MOS)
structures, obtained in the Misawa-Moritani-Nakai experiment, without the assumption
of the dominant role of the native piezoelectricity and electrostriction of SiO; films in the
vibrating phenomena. The theory takes into account the electric charge distribution in
the whole MOS sample. Provided that Coulomb’s and elastic forces only are responsible
for the vibrations, an analysis of the bending moment is performed and formulae for the
phenomenological “piezoelectric” and “electrostrictive” constants are derived.

K BONIPOCY O NMPOUMCXOXIEHHH 3JEKTPOMEXAHHYECKHUX
KONEBAHHI CTPYKTYP THIIA METALI - TH3JXEKTPHK
, |=OE=EOHOH===A B wﬁemﬁﬂm MHCABBI -MOPHUTAHH - HAKAH

B pa6oTe npefoXcHa Teopus w:nx._.vozgwmiang. xoneBaHulit CTPYKTYP THOA!

MeTan — QUAIEKTPAK — HONYMPOBOAHHK, C NOMOIILIO KOTOpOit yaeTcs OGBACHATD Pe- .
3yALTATHl H3IMEpeHHUil IKCTIEPHMEHTA Miucassi — Mopuranu — Hakau, He :monnow.&.wm
IOMMHAHTHOH POJIK ECTECTBEHHOTO [[be303/EKTPHYECTBA H INCKTPOCTPYKIKHE MICHOK

Si0,. Hanuslit TeopeTHIECKuil MOAXON YYHTHIBACT PACHPEICTACHHUC 3REKTPHIECKOTO

3apsaga Bo Beefi cHCTEME MJI1. TIpepnonaras; 9T0. HATKYHC xoneGaHuii B MACHKAX

. 06YCHOBNEHO TONLKO KYNOHOBCKHMH M YIPYTHMY CHIAMH, npoBENicH aHaIH3 uarubaro-

" s IIero MOMEHTA H BbIBE[ICHBI opMynbl B Go:n.zo:o:oﬂ:@owﬁ_ «Ibe303EKTpHICC-

., KHX® W «3JCKTPOCTPHKIHOHHRIX» KOHCTAHT. o

1. INTRODUCTION

It is known that a Si MOS sample in the form of a clamped-free comagnn.:._

perform transverse vibrations the frequency of which is equal to the frequency of -
an ac modulation voltage superimposed on the applied bias voltage. This elec-"
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tromechanical effect was first observed by Misawa et al. [1]. In [2] the authors
described a method for detecting the “&dnmmosm by means of a laser beam and
n_d.voMna a simple mrmnoanao_o%nm_ theory of the electromechanical effect.
According to their theory, the existence of the electromechanical vibrations is
attributed to both the piezoelectric and electrostrictive effect of SiQ; films. It seems
to be-questionable, however, to acount for the vibrations simply by the native'
EoNon_ooaan. and electrostriction of §i0, films used in experiments. The reasons
for this opinion are as follows. Firstly; the atomic structure of SiO, films grown
thermally or sputtered on silicon wafers has normally an amorphous and hence
isotropic: character, as confirmed by many experimentalists. On the other hand,
piezoelectricity presupposes anisotropy. These two facts lead to the conclusion that
the native wmnao.a_nnanma\ of the Si0; films can be neglected. Secondly, electrostric-
tion is a property of all materials, and not only of the oxide films. Thirdly, there
always exists an electric-charge distribution in the MOS sample, and the applied
electric field gives rise to Coulomb’s forces associated with the distribution. In this
way, stress fields can be ‘generated not only in the' oxide, but also in the
semiconductor and on the interfaces between the media in" question. -

The purpose of this paper is to present the theory, briefly communicated in 3],
which takes into account the reasons mentioned above and, consequently, leads to
a new interpretation of the results of Misawa et al. In contrast to {2], we assume
that the electromechanical vibrations are induced by the effect of Coulomb’s forces
acting upon electric charges distributed in the whole MOS sample. After calculat-
ing.the an:._maop bending moment generated by the alternative electric field and
comparing our approach with that proposed in [2], we derive formulae for the
coefficients .called in [2] as “piezoelectric and electrostrictive constants for SiO,
film”. The theoretical values of these coefficients are compared with experimental
a.&w available. ;

7 IL BASIC, ASSUMPTIONS >¢n,,u_wo‘dw,,\:ﬂozm .
_ was in [2], we consider a clamp-free Si MOS sample of rectangular
bimorph type (Fig. 1). Let &1, 2t,,and t; be the thicknesses respectively of the SiOz
film, Si substrate and Al electrode (both the Al electrodes have the same thickness,
width and length). When a m,,B»:,‘wn modulation voltage AVg, superimposed on the
bias Woltage* Ve, is applied to ‘the electrodes, the-MOS sample performs vibrations
rich*ai m,awmmcna«c<,9@”.,ﬁo:.w_b_og..”,mncwman,. of motion: """ L
S e PME e, orm ¢ S
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Here p is the mass density for unit length, t is time and M (%, t) is the total bending
moment at'a cross section whose centre is located in the point (%, 7(%, 1))
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Generally, M(%, t) can be expressed as follows:
, M(%, )=Mo—M, )}

where M, is the bending moment due to the stress of the elasticity and M, is the
bending moment due to the stress which is generated by the electric field in the
MOS sample. Solving the equation (1) requires to know an nxu:u:v,mo_.ak of
M(x, t). Obviously, M(%, ¢) can be calculated from the stress field in .the MOS
sample. Therefore, it is necessary to investigate the origin of the stress field in
detail. We shall make the following assumptions: o
1) For sufficiently low frequencies of the applied electric field, we shall assume the:
validity of the equation well-known from elastostatics:

, L e
where 7 is the stress tensor and f is the force density. ‘ B

2) The force amb&@, .ﬁ is given only by Coulomb’s forces mnmnm. _Gou orm,,nmnm‘
distributed in the semiconductor, in the oxide, and on the interfaces. . .. L

3) For small amplitudes of the vibrations, we shall assume the validity of moovw‘,‘,w‘
e ibial 1y oL OO

TR COF
where ¢ is the elastic constant tensor and # is the strain tensor. ~ i
4) For simplicity, we shall suppose that all the layers which the MOS* mmau_mv
consists of are homogeneous, apart from the charge distribution. Moreover, the:
charge density will be supposed to be constant along the equipotential M.mlmunowﬂ.
parallel to the electrodes. o A , e

(311]
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HI. CALCULATION OF THE BENDING SOZHZ‘—, e

Let x, y, z be.a local rectangular system of coordinates the origin of which is
located in the centre of a cross section of the bimorph (see Fig. 1). We define the
system in such a way that the x- and the y-axis are parallel with the plane’ %7, the
x-axis being perpendicular to the cross section. The total bending moment can be

I WigE

where c is the width of the >_.o_n.nﬁomm ‘o=. :,_m. c::.omﬁm and 7, is Eﬂ mwmmmm, tensor:
element which represents a normal, stress in_the x-direction. .According;to;thes
relation (4), Tn can be expressed in terms of the other components of stress:and
strain. For a cubic medium (Si substrate) as well as ‘for an isotropic medium: (SiOz-
film), we have -
In=—€&nt m(Tz+ Ts3)

-WMA i SR R

‘
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where m is the Poisson ratio (m=cu/(cut ¢12)) and s is the reciprocal value of
the Young modulus for the medium in question. From equation (3), we can derive
the relation

y
TaF T = \_ fdy +®(x, ¥, 2)- 7

Fig. 1. Schematical illustration of the electromechanical effect.

Here f is the y-component of the force density (the other components are assumed
to be negligible) and the function ®(x, y, z) is identically equal to zero because for
f—0 we assume the validity of the relation (6) with T2 + T3 = 0. If we realize that

; gc“ |G—‘ h»ln—m:v. Qv. . Amv

then from :&wmm:m 2), (5—8), we obtain the formula
i M= IL O.i ?:v dy. ©)

Now, according to the wmmcnrumo: 2) given in Section II, f can be expressed in
terms of the electric field as follows: for the insulator

f=0Er . (10)

ii_m:o:ro mmanouasoSh
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FwEn the Al electrodes, the electric field as well as the force density is zero.
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Besides, for the semicond
uctor-insulator interface lyin
g in the plan
take into account the force acting upon the interface ity
2

density with the corrésponding mo:”o

nwﬁm_mm?vn .EXa)]8(y —a) i

and for the other interfaces we must co h.
MHMMMW.@E (12). In relations (10—12), MWMQMM .MMHMM%MMM“:M mm\mnwmﬂﬂwoﬁaiuw
relare WMMM-%MMMMPE@ electric field and its boundary <w_cn,8mman:<n:w ”m MWM
O ontet iconductor, g is the fixed-charge density in the insulator (
ontributions of mobile charges is negligible) and €, is the uﬁE-:ZMM

of vacuum. By using the relati —
of V2 ions Cc HNV. formula Gv om:dnanin:m:_ao.nrm

hmc

M, = — 2 Amx‘:m—;—. Ely dy+m.€ %mnvn n—%w (13)

h
MM h”oaﬂh_ nMHa Mr M:a“ me Mo_mmon ratios respectively of the insulator and
, a=h—h =+ /2, d=—t—t/2. moE.E_» 13
“naaa Mrn assumption that the total charge of the MOS sample is Nn:m HWE_W Mw_a
y parts and utilizing the Poisson equation 01 = €0€,0E /3y, we QE. o th
first integral in moﬂaim Qwv as follows: “ , P Ea

ﬁa w% Q% A@Nulﬂnv mnﬁﬁv|m-Ahv ~— A% s @nv 01 Q% + :.hv

m~mo

el meels
m:n__mn? if Vy is the <o=mmo &om »o—dmm the Emz_NSh ‘we ccgi ﬂ.ro nn_mmon.

s— mp Q% A@ hv maﬁﬂ

Fsigy, Tl

mamc‘_. @ SP mv,.

Th

mmeHMMQMMQ _M:omm: in mo_.BEm Gwv can _uo mxvnmmmna in OEOH way. We ‘shall

s 835_ o o”rm&mn_mnnw low frequencies, E." “depends on time through the
@ in the sem

PO ., isonductor ,o,n_w_ ‘:w.wm m Aev mEon m = lme\mv: we

eﬁLv et :

‘E9) : Ev

An,, Jota) m (¢! vv

HOHMMMM nxnom:uma a .55: Bomc_mcon voltage ><Q s’ wwc__oa 8 the n_onﬁumom.
o quently, a small modulation <o=mmn drop ><_ appears across SaJEw&umov
¢ corresponding modulation g:&:m moment can be calculated by linearizing

the relations Gu.lw@ 2—5 res
ﬂ ﬁ
B Rt 7 non o ><_. mSE ?-.B:Fn Cé m:& mamv
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Formula (16) should be linearized with respect to a small change in o(a); denoted

by Ag(a)- Assuming that @(d) does not change in time, from formula (16) we have
>C Ely &v = —aE.(a) Aw(a)- N ¢
d

As will be seen below, the right-hand side of formula (18) can be expressed in
terms of Vi and AV,. We shall utilize the boundary condition

cExa)- eE@ =0 (19)

surface state charge. per unit on the semiconductor- Sme::.

where 7 is the . _
interface (1= 1rs + Tss where Tes corresponds to «fast” states and nss tO “slow”

states)- Linearizing the condition (19), we have
(Csc+ Oav ,De?v uA — €o€1 bm_?v. . ‘ (20)
Here Csc= — €o€s mmw is the capacitance Pef unit area of the space charge
@(a)

region and Cs = \mza\me?u is the capacitance per unit area due to the fast
surface states. By utilizing the _d_m:oaw (15), Gm\woy after some mﬂw:mmaaam.

we obtain the 35::»

> L ><_ #mcmudﬁ
>C._ E.y &v mwﬁlol@ 2) P

o a. T ?—@ 39&&

.Poooa_um to formulae Qwv.,ﬁ 8)and AN.C“ the modulation bending moment can be

Sﬁnnmmom as follows:

| ceAV: N
» AMy=iT NA@ ﬁvﬁanmnﬂvﬁv+ﬁv<u MOm—

a@?ﬁwﬁa¢ig;~

vy

A, (eh= (22)

i
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where we EZ@ Eﬁoacnaa 9@ =oz§o= Gy 4 st 1R

| @ 56, dy. , ‘.,S,&

e Mg [ERD
Pl ; arEt

n_va Qg 3..1_.

In the approach of z:m awa 2 »— 21, ES: is 968%& 3 the relation
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b <—

P 24)

where the coefficients Y3 (“electrostrictive constant”) and ds; {“‘piezoelectric
constant”’) are determined from experimental data. By comparing the expressions
(22) and (24), with respect to the relations b—a=t, b+a=26,a=6— t./2, we
obtain the following formulae:

L 1 _meoei(—1/2) Am E;ﬁ 25
&ﬁlwﬁuﬁﬁnn_ANA@Y wAm:vmv Omn.+me :.m 2 A v

1 €o€1ms(t2 — :\BM_ 26
K-u.\M m:mem~ﬁ§:+ 2t182(Csc + Crs) ’ 20)

IV. NUMERICAL RESULTS AND DISCUSSION

In practically important cases, for example, as it was in [2], the MOS samples are;
such that i <t Besides, for samples of mooa,.n:»:? it is reasonable to assume.
that (01)1~ (01)2 and Grs < Csc. Then, under the flat band conditions (¢ =0), the
formulae (25) and (26) can be simplified as follows (ct. [3]): . e eent

=22 [ (b oL o) - (e )} @D

Nan ?

1 2L ving ww
Y13 H.N. 511€0€1 Az\: + N/—\Mmaﬂvq (28)

where Lo is the Debye length for the semiconductor (Lo = o€, V2/Csc(@ =0))-
For a semiconductor of a given type (N or P), Lp: can be calculated from the
well-known formula. ; ;

, 9 muw 12
nunA N

T

where T is the absolute temperature, N is the concentration of majority carriers in
the semiconductor, € is the electronic charge, and k is the Boltzmann constant. The
numerical values of 713 were calculated from formulae (28) and (29) for st =
6.6x10"°Nm~>, €1= 3.84, €, =12, m, =028, mi= 0.2 and for the values ofithe;
other parameters taken from [2] (see Tab. 1). In Table 1 yi¥ and d5¥ are the values
determined in [2] from experimental measurements. One can see that in the case of:
the n-Si MOS sample, the theoretical value of vis lies within. the Eﬁiw_.,omma.w.o\
accuracy of the value of y5¥. In the case of the p-Si MOS sample; the 4»_40 wn Yis'is
somewhat smaller than that of Yi¥- Calculation of Lp shows Ewﬁbul?sconm

¥

cases. Therefore, we may write sty Bl 7 AR
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Table 1
Parameters of the samples and coefficients characterizing the piezoelectric and electrostrictive effect of
the SiO; films
T=300K N 2 Y13 7iy Y
Sample [em=*]  f{om];{mm] - [10" cm® v [10¥em*V7?  {10%em VT
n-Si MOS 3x 10" 230 0.25 6.34 7615 92+1.9
p-5i MOS 1.5x10" 280 .02 5.59 11+2 214
d S11€1M; n 1 -
&unnl H\UA.|+|A©~V~V. AwOv
2V2e, o2

Taking the values of ds; from the last column of Table 1 and F&n.m the formulae

(29) and (30), we obtain the estimate of AHB+W..,A Pv_v. The result is 3.56 x 10'°
] 2 , 3

3

e/cm® for the n-Si MOS sample and 1.82 X 10" e/cm® for the p-Si MOS sample.

As we have seen, the value of the coefficients yis and da; is determined not only
by the oxide, but also by the semiconductor and the semiconductor-oxide interface.
From Section III it follows that the results would remain unchanged if we
considered the MOS sample without the Al layer on the semiconductor. In other
words, an ideal semiconductor-metal contact should not contribute to the genera-
tion of the electromechanical vibrations.

Although the agreement between our theory and the experiments seems to be
quite good, one should be careful in formulating the conclusions from experimental
results. In [2], an Al-sputtered $i0,—Al—Si sample was also investigated. In this
case, the values of yi¥ and ds7" appear to be greater than those following from our
theory at the previous. values of the constants $11, my, and €;. However, it is
obvious that even if the sample was an-ideal one, the properties of sputtered SiO,
may differ from those of thermally grown SiO;. The accuracy of determining the
voltage drop across the insulator should also be taken into ‘account.

Our theory predicts the dependence of the coefficients yi; and ds; on the
temperature and on the concentration of majority carriers in the semiconductor.
This point seems to be crucial for verification of the theory. There is, however, only
a small amount of experimental data available at present, which preserves to
complete confirming all our theoretical predictions. ‘
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