ARCHIVES OF ACOUSTICS
5, 4, 337-346 (1980)

THE INFLUENCE OF THE ELECTRIC FIELD ON SURFACE WAVE PROPAGATION
IN A PIEZOELECTRIC—SEMICONDUCTOR SYSTEM

Z. CEROWSKI, A. OPILSKI

Institute of Physics, Silesian Technical University
(44-100 Gliwice, ul. B. Krzywoustego 2)

-

The present paper describes the influence of a transverse electrio field
on surface wave propagation in a piezoelectric —semiconductor system, with
consideration of surface states. The calculations show that a transverse electric
field causes a change in the value of the attenuation coefficient and propagation
velocity and can be used to control the magnitude of the attenuation.

1. Introduction

A surface Rayleigh wave with two displacement components causes longi-
tudinal and transverse components of the acoustoelectric field to occur in
@ piezoelectric medium. The longitudinal acoustoelectrical field has been in-
vestigated in a number of papers [1-3]. Many aspects of the acoustoelectric
transverse effect can be studied. Papers [4-7] report on the investigations
of the acoustoelectric transverse effect, which determined the influence of
various parameters on the electromotive force of the acoustoelectric transverse
effect. The amplification of the wave can be controlled by the application of
a variable electric field causing a transverse drift of the current carriers [8-10].

In a piezoelectric —semiconductor system without acoustic contact the
electric field penetrates into the semiconductor to the depth of the screening
radius [11]. At this depth the influence of the surface states is greatest. Thus
account of the surface states [3] should be taken in consideration of the beha-
viour of acoustoelectronic phenomena.

This paper discusses the influence of a dc transverse electric field
on Rayleigh surface wave propagation with consideration of the surface states.
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2. The basic equations

In a piezoelectric —semiconductor system (Fig. 1) the wave propagating
on the surface of the piezoelectric is described by the following equations

U oT,
e 6zz; = am:c v Ty = Coum Ulm—b’jikE;l},
; ¢
(1) (1) EDS:} )
‘Dn = €uim Ulm—sijj H F e 0’
mﬂ

where U, are the displacement components, T';, are the components of the strain
tensor, U, are the components of the deformation tensor, E{" are the com-
ponents of the vector of the electric field in the piezoelectric, D! are the com-
ponents of the vector of electric induction in the piezoelectrie, ¢4, are the compo-
nents of the tensor of the elastic constants, ¢, are the components of the tensor
of the piezoelectric constants, &;, are the components of the tensor of the di-
electric permittivity, and g is the density of the piezoelectric.
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Fig. 1. The piezoelectric —semiconductor system in which a surface Rayleigh wave pro-
pagates

1 — piezoelectric, 2 — semiconductor, X; — the propagation direction of the wave, X3 — the direction perpen-
dicular to the propagation plane of the wave

In the piezoelectric, the electric field coupled with the surface wave, and
the electric currents that it causes are described by the equations
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where D)) are the components of the vector of electric induction in the piezo-
electric, n is the variation of the bulk density of the carriers caused by the
wave, j, are the components of the current, B> are the components of the vector
of the electric field in the piezoelectric, o, are the components of the tensor
of electrie conductivity, D, are the components of the tensor of the diffusion
coefficient, and ¢ is the charge of the carriers.

Assuming that the piezoelectric crystal is hexagonal and that the wave
propagates in the plane (001) in the direction [100]; and after an isotropic
approximation of the elastic, piezoelectric and electric constants [1,3], i.e.
introducing

O11 =0y =OCi5F+0y, = O =0Cuyy Cy =p'y 05 =4,
On =05 =0 "0 = =26, B = 8y = 8y = &,
equations (1) will take the following form
eUsu = (A+p')(Uy, 1+ Uyy) 1 +0" AU, + 260} (3)
eUsue = (A+w)(Uys + Usg) s+ ' AT, + ogf) — 2053
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Equations (2), after taking into account the external longitudinal electric
field B, and the transverse field E, will be expressed in the following way

divD® = goe, dp® = —gn, qn, = —odg® + quliyn, +quEsn 3+ qDAn. (4)

Introducing the acoustic potentials as in [3] and considering that all the
variable quantities in the piezoelectric depend on the coordinates and time as

exp [¢(ke, — wl) + kf,a,],

where % is the wave number, o is the angular frequency of the wave and g,
is the coefficient of penetration of the wave into the medium; from calculation
by the method of successive approximations and considering that the value
of the electromechanical coupling coefficient 1 = €%gy¢, pa; (a, is the propaga-
tion velocity of the transverse wave) is low, equations (3) give the coefficients
of penetration of the wave, #,, f,, f, and the relations between the amplitudes
¥, @, ¢). Thus the solutions will have the form [3]
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3. The boundary conditions

The boundary conditions for the assumed piezoelectric — semiconductor

system are the following:
— the elastic straing become zero

Ty=0, i=1,2
— the tangential components of the electric field are continuous

oD =¢;

— the normal components of the vector of the electric induction are dis-

continuous
DY —DY = —qu,

where n, is the variation in the surface density of the carriers in the conduction
band,
Dg) e 30319993) +e( Ul,l —=2U, ), D.S.z) s 3032?’? .
Considering that
n = Fexp[i(kx, — ot) — Qka,) (6)
and thus from Poisson’s equation
q}(z) == ~(04e-kx3 _I__Gs e—kﬂzs) et'(kzl-—ml) 3 (7)
Then considering that the equation of continuity for the layer at the sur-
face has the form
Pgq = — 0,1+ QuE Ny 15+ QB g5 + QDM 115 — Gy 5 (8)

one obtains the boundary conditions in the form
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where £ is the coefficient of penetration into the semiconductor [12], n, = xn,
is the surface density of the carriers in traps,
' x = 1y(1 +iwr,) |1, (1+ 0?7))
is the occupation coefficient for the surface states [3],
7 = [Ca(Ny—me)]™"
is the lifetime of the carriers in the conduction band,
Ty = [On("?'so+”1)]_l

is the lifetime of the carriers in the traps, C, is the coefficient of capture of the
carriers by the traps, N, is the surface density of the traps, ny, is the filling den-
sity of the traps if no wave propagates, n,, is the surface density of the carriers
in the conduction band in the equilibrium state, n, is the density of the carriers
thermally ejected from the traps, F, 0,, C; are determined from the equation
of continuity for the layer at the surface (8), Poisson’s equation and the conti-
nuity of the tangential components of the electric field,

3
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a,, ¥, are the relations between 4,, B, and C,,
Ty = 0, = 068,
is the Maxwell frequency,
y = 1+ pukE,|o
is the drift parameter and o, = #*/D is the diffusion frequency.

4. The solution of the problem and conclusions

In order to determine the variation of the propagation velocity and of
the attenuation coefficient, the determinant of the boundary conditions (9)
W (k) should be equated to zero and % should then be found from this equation.
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Since k = k,+k,, where k, results from the consideration of the piezoelectric
effect, the surface states, the longitudinal and transverse electric fields, and thus
k, < ko, W(k) = 0 can be expanded into a series with respect to k,. By inserting
the expressions for €, and C; into the third boundary condition (9) we obtain
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or in an approximate, but much more convenient form,

3
2,0

n=1

- &g p
B i e : ; »
kE o4
[ f1 i iwrMQ(y«kx-l—i.Q # —i—i-—w) 3

o op
+(1 +2ﬁi)aﬂ—3iﬁnl =0; (11a)

where p =1 for Q< 1, p =3/2 for 2 =1 and p =2 for Q > 1.

Considering that Q = 2,+i2, and analyzing the case 2, < Q, after
the calculation of the variation of the propagation velocity and the attenuation
eoefficient we obtain the following expressions
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where a-+ib = %,
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The above expressions show that the values of the attenuation coefficient
and the velocity depend on the longitudinal and transverse electric fields and
on the parameters characterizing the surface states. The change in the sign
of the attenuation coefficient, i.e. the change from attenuation to amplification

can thus only be caused by a longitudinal field. The transverse field only chamges
the value of the attenuation coefficient and the velocity.

[ e

Fig. 2. The dependence of the attenuation coefficient on the transverse electrio field Fj

The transverse field, depending on its direction of application, imposes
an inflow or outflow of the energy carriers to the surface on which the wave
propagates. In other words it causes a change in the conduction near this sur-
face, and thus has an effect similar to that of illumination in the case of a photo-
semiconductor.

If the transverse field causes an outflow of the eharge carriers from the
surface, then as its value increases, the attenuation decreases, tending to zero
for high values of the field intensity (Fig. 2). With increasing field strength
the velocity increases to the value n(N,/M)(L+e,/e,)”" (Fig. 3).
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Fig. 3. The dependence of the relative change in the wave propagation velocity, on the
transverge electric field H;

_ If the transverse field causes an inflow of the charge carriers to the surface,
then increasing the field strength to:

v [ oty e, /e _“_’_]
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the attenuation increases to the value
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and then decreases to zero for high values of the field intensity (Fig. 2). As the
field increases strength to the value
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at a field strength of

U [Tz(i+“’72) pesfe, +—w—+ ]
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and with further increase in the field strength, the velocity variation decreases
tending to the value %(N,/M)(14¢,/e;)”" for high field intensities (Fig. 3).

These considerations lead to the conclusion that the value of the transverse
field for which the variation of propagation velocity has an extremum and the
attenuation its greatest value may be calculated using the parameters charae-
terizing the semiconductor, i.e. the lifetime of the carriers in the conduction
band 7, and the lifetime of the carriers in the traps r,. The behaviour of the
attenuation coefficient with respect to the transverse field applied which was
obtained in the present investigation was the same as in the experimental pa-
per [9].

For the transverse field leading the charge carriers to the surface on which
the wave propagates when its value is in the range

272 F; )
[ W Ty i Peafey g ],

o7, (14 w1} oty (1 +e,5/e,) 2, w_D

v
0<E <2
<E< e
the attenuation coefficient is greater, while in other ranges it is smaller than
without the transverse field.
A maximum value of the attenuation coefficient is

1 [ w31, peg /ey fg o ]
(7+a) L ory(1 + w73) ot (14 &, /e;) £, wp

times greater than for H; = 0. Considering the data in [3] and wry ~ 1, &
=10, & = 40, y =1, the value of the attenuation coefficient is between 1
and 10 times greater.

The frequency at which the absorption coefficient reaches its highest

1+

value is .
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m 2,2 LE. P 1/2°°
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1 wt’l(l—f-w"ti) Op

If the transverse field leads the charge carriers and is

v ot o |
s oA [wrl(l T 75;]’
then the frequency at which the maximum absorption occurs is higher, while
for other values and in the directions of Hs, it is lower than without the trans-
verse field.
It follows from the above considerations that since with a transverse field
one can change the value of the electronic attenuation (amplification), it has
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a similar influence as a change in the illumination of the semiconductor. Affec-
ting concentration variation by illumination requires photosensitive semicon-
ductors and the possibility of illuminating them, which is not always possible.
It is thus more convenient to cause changes in concentration by changes in
the transverse electric field. It is significant for the determination of the value
of the critical field. Measurements always provide the total attenuation coef-
ficient, with consideration of the losses resulting from reasons other than ele-
ctronic attenuation. The value of the critical field depends only on the pro-
pagation velocity and mobility, while the value of the attenuation coefficient
also depends on the concentration of the carriers, which can be changed using
illumination or, as was shown above, by a transverse field. By changing the
concentration of the carriers we obtain various dependencies of the attenuation
coefficient on the drift parameter, which will cross at a point where the para-
meter is zero.
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