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Amplification characteristics of surface-mode elastic waves in piezoelectric semiconductor films are
investigated quantum mechanically in the microwave-frequency region, i.e., 10-100 GHz. We assume that
the mediums are isotropic elastically and that a quasi-free-electron description of the conduction electrons is
valid. Both the deformation-potential coupling and the piezoelectric coupling are considered to describe the
electron-surface-mode-phonon interaction. Numerical examples are developed for an n-type GaAs epitaxial
layer on a semi-insulating GaAs substrate at T = 77 K. Frequency dependence of amplifications will be
discussed in comparison with those of the bulk and the surface (Rayleigh) waves.

I. INTRODUCTION

Elastic surface waves (ESW) have been the sub-
ject of considerable interest both in surface phys-
ics and microwave electronics. The ESW can be
used as a probe for understanding the properties
of solids near their surfaces such as surface
electronic states, ' surface irregularities, ' and
surface modes of elementary excitations. ' In the
field of microwave electronics the ESW provide
possibilities for minimizing the devices several
orders of magnitude compared with their electro-
magnetic counterparts and to develop new types of
acoustic devices, i.e., surface-wave devices,
which promise wider applications. From the view-
point of an application to microwave electronics,
the amplification of the ESW is very important,
especially in the GHz frequency region.

Recently, the present authors have investigated
theoretically the amplification characteristics of
Rayleigh waves in piezoelectric semiconductor
films. In Ref. 5 the amplification of Rayleigh
waves with frequencies of 1-10 GHz has been for-
mulated quantum mechanically. In consequence,
we have found that the frequency dependences of
the Rayleigh-wave amplification coefficients
(a-+4'3-e'7 for ql = 1 and q&k~, where
~, q, l, and k~ are the angular frequency, the
wave number, the mean free path of electrons,
and the reciprocal of the Debye length, respective-
ly) are considerably different from those of the
bulk wave obtained assuming only the piezoelectric
coupling (a - &o' for ql & 1, q & k~ and a - &o' for
ql&l, q&ks}.'

It is well known that in an isotropic elastic med-
ium with a stress-free plane boundary, there exist
four different kinds of elastic waves other than
the Rayleigh (surface) wave (R mode). They are
often referred to as the P-SV (pressure wave-
shear wave with vertical polarization) mode wave,
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FIG. 1. Surface-mode waves other than the Hayleigh

mode wave: P, pressure (longitudinal) wave; SV, shear
(transverse) wave polarized in the vertical plane; SH,
shear wave polarized in the horizontal plane. (a) P-SV
mode consists of an incident P wave (incidence angle 8&)
and reflected P (reflection angle equal to incidence
angle 8&) and SV (reflection angle 8,) waves. (b) SV-P
mode consists of an incident SV wave and reflected SV
and P waves. In this mode, a critical angle 8, for the
incident SV %ave exists. The 8~ is the value of 8~ when
the reflection angle 8& of the P wave reaches ~~. (c) TR
(total reflection) mode may be understood as a mode
which appears when the angle of incidence 8~ exceeds
8~ in the SV-P mode. The reflected P wave travels
along the surface of a medium and penetrates into the
medium only about a wavelength from the surface (i.e.,
total reflection). (d) In SH mode, both an incident and a
reflected wave are SH waves with the same angle of
incidence and reflection. The SH wave is polarized per-
pendicular to the surface of the paper.

the SV-P mode wave, the TR (total reflection)
mode wave, and the SH (shear wave with horizon-
tal polarization) mode wave (see Fig. 1}.

We briefly account for these four mode waves,
which we call surface-mode waves hereafter. If
a pressure wave (P wave} propagating in a medium
is incident to the stress-free boundary surface,
a pressure wave and a shear wave polarized in the
vertical plane (QT wave} come out as the reflected
waves from the surface. We call this mode the
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P-SV mode. The angles of incidence and reflec-
tion of the P wave are equal to each other (8~),
and the angle of reflection 8, of the SV wave is
smaller than 8~ because the shear wave travels
more slowly than the P wave. Qn the other hand,
if the SV wave is incident to the boundary surface
with a small angle of incidence, the SV wave and

the P wave appear as the reflected waves from the
surface. This is referred to as the SV-P mode.
Also in this mode, both the angles of incidence
and reflection of the SV waves have the same value

8,. It should be noted that in this mode there exists
the critical angle 8,. 8, is the angle of incidence
of the SV wave for which the angle of reflection of
the P wave becomes just 90'. For the angle 8, of
the SV waves larger than 8, the SV-P mode re-
duces to the TR mode. Therefore the TR mode

can be understood as the special case of the SV-P
mode in which the SV wave is incident to the sur-
face with the angle of incidence 8, larger than 8,
and the P wave is totally reflected by the surface.
In this mode the amplitude of the P wave decays
exponentially away from the surface. Finally, if
we project the shear wave polarized in the hori-
zontal plane (SH wave) to the plane boundary sur-
face, the SH wave is reflected from it with the
same angle of reflection as that of incidence. No

other wave than the SH wave appears as the re-
flected waves, because the particle displacements
of the SH wave are parallel to the surface.

'The purpose of the present paper is to investi-
gate the amplification of these surface-mode
waves by the electrons confined in a semiconduc-
tor film. We are interested in the microwave
frequency region, and here we consider the waves
of frequencies from 10 to 100 GHz. At such high

frequencies, the pressure-wave component of the

TR mode wave which travels along the surface
is localized within 1000 A or less from the sur-
face. Since the electronic states of a semiconduc-
tor in this vicinity of its surface are not so simple
and their detailed structures are very important
for specifying the interaction of the TR mode wave

with electrons, the TR mode wave will not be dis-
cussed simultaneously with three other mode
waves. Therefore, in this paper we shall restrict
our discussion to the 'amplifications of three sur-
face-mode waves other than the TR mode waves,
that is, the P-SV, SV-P, and SH mode waves.

As in our previous papers, ' a surface-mode-
wave amplifier is assumed to have a layered struc-
ture consisting of an epitaxial film of a piezoelec-
tric semiconductor agd an insulating substrate.
Since the surface-mode waves defined in this paper
cannot exist as eigenmodes of the elastic waves in
the medium where the film and the substrate have
different elastic properties, we choose the sub-

strate as the same kind of semiconductor in its
elastic property as the film but of an insulating
nature. A typical example with such a layered
structure is a system of an n-type GaAs film
epitaxially grown on a semi-insulating GaAs sub-
strate. From now on, we consider the system of
the above-mentioned structure and assume the
thickness of the film to be 10 pm. It is also as-
sumed that the materials are isotropic in their
elastic properties. Of course, the real medium

(e.g., GaAs) has an elastic anisotropy; so the

isotropic approximation will be used in the nu-
merical calculations.

As we shall see later, the product ql takes a
value much larger than unity in the frequency re-
gion considered here; therefore we should employ
quantum mechanics to formulate the whole prob-
lem. On the other hand, &ov (r is the relaxation
time of electrons) is about unity or less than unity.
Therefore, in a calculation of the amplification
rate, the effect of the finite relaxation time of
electrons might be important. In the second paper
of Ref. 5, however, it has been shown that the ef-
fect is indeed crucial both for the magnitudes and

the frequency dependences of the amplification
coefficients at frequencies near 1 GHz, but, at
least insofar as the qualitative characteristics
of the amplification are concerned, we may ne-
glect it at frequencies above 10 GHz. We can
therefore use the Born approximation of pertur-
bation theory in the calculation of the amplifica-
tion rate.

In the next section, we describe the configura-
tion of the amplifier and specify the wave function
of the electrons. In Sec. III, a brief report on a
quantum version of the surface-mode waves (sur-
face-mode phonons) is presented. In Sec. IV, we

write the electron-surface-mode-phonon interac-
tion. Section V is devoted to the derivation of the
amplification rate. In Sec. VI, the numerical
analyses are developed for the epitaxial layer of
an n-type GaAs on a semi-insulating GaAs sub-
strate. A summary hand a discussion will be given
in the last section. In the Appendix we present
the derivation of the potentials induced piezo-
electrically by the surface-mode waves.

II. ELECTRONIC STATES IN A SEMICONDUCTOR LAYER

The configuration of the amplifier that we con-
sider for amplification of the surface-mode waves
is depicted in Fig. 2. A thin layer (thickness a) of
a piezoelectric semiconductor is grown epitaxially
on an insulating substrate with the same elastic
properties as the semiconductor layer. The Cart-
esian coordinates are fixed so that the material
.occupies the half-space g~ 0 and has the stress-
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FIG. 2. Schematic draw-.
ing of the amplifier consis-
tiag of a layered structure
of a piezoelectric semi-
conductor and an insulating
material.
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free surface parallel to the x-y plane.
We assume that a quasi-free-electron descrip-

tion of the conduction electrons is valid, so that in
this configuration we might approximate the mo-
tions of electrons parallel to the surface by plane
waves. Qn the other hand, the motions perpendi-
cular to the surface may not be described simply
by the plane waves, -but will rather be described
by some kind of standing waves which are deter-
mined depending on the structure of the potential-
confining electrons within the semiconductor film.
It is known that there exist depletion layers on
both sides of the semiconductor film near its sur-
face and the substrate. A typical thickness of these
layers is about 0.3 p,m for the mean electron con-
centration of 10"/cm'; it can be neglected in com-
parison with the 10-p,m thickness of an epitaxial
semiconductor film, which we shall take as a
typical one. Here, we also note that the energy
gapa of semi-insulating or intr'insic semicon-
ductors are of order 1 eV, which is la,rge com-
pared with the thermal energies of the conduction
electrons at T = 77 K.' Taking these facts into ac-
count, we assume in the first approximation that
the carrier electrons are bounded in the film by
a square-well potential with infinite barriers at
z=0 and z =a. Under this approximation, we ob-
tain the wave function e(r) of the conduction elec-
trons as

of the electron of GaAs), we have e„=5.38x 10 'n'
eV. Qn the ether hand, the phonon energy at fre-
quency 10 GHz is 4.14' 10 ' eV. Since f
= 1.08 x 10 '(n--,') eV, the discreteness of the
quantized electronic energy levels becomes rele-
vant only for the electronic states with n &400 for
the phonon of 10 GHz frequency. In the numerical
examples of Sec. VI, we shall see that electronic
states up to n = 800 contribute to the amplifica-
tions of the surface-mode waves, se that we do
not replace the discrete sum over n by an integral
over a continuous variable.

Now, the field operator (1)(r) of electrons is writ-
ten, in the second-quantized form, as

M

g(r)= g g bf, „(p„(z)e"*, (5)
S a=i

where b~„and its Hermitian conjugate b, „are
annihilation and creation operators of the electrons
which satisfy commutation relations of the Fermi
type.

III. SURFACE-MODE PHONONS

As was mentioned in the Introduction, there
exist five eigenmodes of elastic waves in an iso-
tropic elastic medium occupying a half-space with
a stress-free plane boundary. In the quantization
of such surface and the surface-mode waves, we
must find a complete orthonormal set of eigen-
waves. 'The P-SV and SV-P modes are degenerate
with respect to wave velocities, and their wave
functions are not orthogonal to each other (they
are, of course, orthogonal to the other three
modes. ) The two of the members which constitute
the complete set are not the P-Q7 and SV-P modes,
but rather the so-called plus (+) and minus (-)
modes which are appropriate combinations of
those two modes and are orthogonal to each other. '

Using a complete set constructed in such a man-
ner, we can expand the displacement vector
u(r, t) of the medium in the configuration shown in
Fig. 2 as

(P„(z)= (2/a)' 'sin(nvz/a), n = 1, 2, . . . (2)
1/2

u(r, t) = g [a~uz(r)e '"~'+ H. c.],
2p(a) g$

where r=(x, z)=(z, y, z), p=(p„p„), and S is a
surface area. The energies of the electronic
states specified by p and n are given by

E„gi)= I'p'/2m+ e„,
with

e„= (van)'/2ma', (4)

where m is the effective mass of the conduction
electrons (assuming a spherical constant energy
surface). For a= 10 pm, the thickness of an
expitaxial film, and m = 0.07m, (m, being the mass
of the free electron and 0.07m, the effective mass

(6)

where p is the mass density of medium and J'= (k,
g, c) is a suitable set of quantum numbers, k= (k„
k,) is a wave vector parallel to the surface (x —y
plane), p specifies five propagation modes (R, +,
—,TR, and SH), and c is a phase velocity defined
by (d~ = c

~

R
~

= ck. The sum over Z is to be under-
stood to be'

Qf(&)=z (Q J f$, p, c)+it%, )),c„))

( f)
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uz(r) = (k/2v)'/'[6'/'(e 'k '+De' k")

~ O 1 /2 Bell ak]aelk x

for the SV-P mode

(9)

u/~(r) = ik/(1/2zk)'/'[6 ' 'Be"~
(e-gaka Deiaka)]«k

10)(
u~g(z)= f(k/2v)~/ [ ' 6/kBkeka

&/~(e-l„M Defaka)]elk'I
y

and for the SH mode

uz(r) = k„(2c'/vck-tok)' ' cosokz e'"'*,

ua~(r) = k,(2c'/vc', ok)'/' cosokz e'"'*,

u~ }=0,

D„denotes the range of the velocities c for the
mode p, . a~ and its Hermitian conjugate crt~ are the
annihilation and creation operators of the surface
and the surface-mode phonons (quanta of the sur-
face and the surface-mode waves), which commute
with each other except for the case

tr
Z'] ZZ'1 ZZ' kk' uk'bcc' '

If c and c' belong to the continuous spectrum, we

understand 6„, as 6„,=cb(c —c'). For explicit
expressions of the wave functions uz(r}, we refer
to the paper of Ezawa, ' but for our purpose we
write down three of them for the propagation modes
P-HV, SV-P, and 3H. ' For the P-SV mode

u/ (r) k (1/2zk)1/k[6 1/k(e-fkka Delkka}

Oz/ B2el k a]eke x

H~=C r ~ ur r dr

~ ~ bf,a &b; /a~&)/+ H.c. , (14)

H~=-e trpr r r

Q Q Qbk f,b-„/ ~c'&g+H. c. , (15}
ea S z a g/

with J= (k, g, c), and where C, e„and e~ are the
material's deformation-potential coupling, static
dielectric, and piezoelectric coupling constants.
The summation over J is to be understood as in

Eq. (7). An explicit expression of the electric po-
tential P (r) in the piezoelectric interaction H~ is
given in the Appendix. Also in the piezoelectric
coupling we have considered the semiconductors
with zinc-blende crystal structure which have only
three nonvanishing components of the piezoelectric

J'
tensor e,», i.e., e„=e»=e„=ep. 4,&

and 4,&
are

given by

known to be weaker than the piezoelectric coupling
for phonons of low frequencies. However, they
become of comparable strength for phonons with

frequencies of about 100 0Hz, so that for our pur-
pose we must take these two interaction mechan-
isms into account simultaneously.

Here, we assume that the interaction Hamilton-
ian of the electron-surface-mode-phonon system
is the same as that of the bulk-phonon case, and
wr ite it in the second-quantization representation as

Hl =H'~+HI (13}

where j=x, y, and 5, 0, B, and D are constants
defined by the velocities of the longitudinal wave

c, and the transverse wave c, as well as the phase
velocity c:

6'= (c/c, }'—1, o'= (c/c, }'—1,
(12)

4V~5(o' -1) (o' -1)' 4o6
(o' —1)'+4ob ' (o' —1)'+4ob

4
x y (g) (e lkka De'lkka)y (g)dz

0

"=-(.'..)"
4 c 2

y (Z) 36~/ (e ~ ka+De~ ka)

0 C

(16}

IV. ELECTRON-SURFACE-MODE-PHONON INTERACTION

We must consider two kinds of electron-phonon
interactions in piezoelectric semiconductors, that

is, the deformation-potential coupling and the
piezoelectric coupling. In the deformation-poten-
tial theory, the lattice distortion causes a change
in the potential energy of a conduction electron
which is proportional to the strain. In a piezoelec-
tric material the lattice distortion also produces
the electric field which is proportional to the
strain. The deformation-potential coupling is

2-B(2o"'-o "') —' e'" y (z)dg

for the P-Q7 mode,

i/2 2 4
Bk Qq(z}e ~Q/(z)dg,

41TP~C Cg

4', =-- '
4

C 2

(g} 36&/&B ~ e&kka (2o&/a o &/&}

0 c

C
2

x ' (e "~ De"k') P~(g)dz-c
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for the Q7-P mode, and

+fg Oo
J'

(18)
. ao "'c,

@gg = -2i Q, (z) sino kz Q, (z)dz
%PC C

for the SH mode. We have taken the directions of
the wave vector % in the [110]direction for p
specifying P-SV and SV-P, and in the [010]direc-
tion for p, specifying SH. Since the conduction band

of the unstrained semiconductor has been assumed
to be spherically symmetric (as is the case of

GaAs), only dilatation components of the strain
contribute in the deformation-potential coupling

H~, and shear waves do not interact with electrons
through the deformation potential. It should be
noted that in a cubic crystal the shear waves tra-
veling in the [111]direction [e.g. , o = 1/v 2 in Eqs.
(16) and (17)] also decouple from the electrons
piezoelectrically. An important result we can ob-
serve from Eqs. (16) and (17) is that there exist
phase differences of 2n between the matrix ele-
ments for the scatterings by those two mechanisms
of the electron-surface-mode-phonon interaction,
i.e., H~ and H~ This is the same result a,s in
electron-bulk-phonon interaction, and consequently
the two can be treated independently.

V. AMPLIFICATION RATE

We wish to discuss amplifications of the surface-
mode phonons due to emissions and absorptions of
them by electrons through the couplings H~ and

H~. It is known that the conduction electrons never
travel freely in a semiconductor but are scattered
by a variety of sources" before and after they
emit or absorb the phonons we should observe.
Accordingly, detailed calculations of the amplifi-
cation, rates of the surface-mode phonons require
that we solve the complicated integral equations.
However, in a calculation of the amplification coef-
ficient of the Rayleigh wave, we have shown' that
the effect of the finite relaxation time of the elec-
trons resulting from the scatterings stated above
is not so important for the surface phonons of
frequencies over 10 GHz. Therefore, insofar as
the qualitative features of the amplifications are
concerned, it may be expected that for surface-

mode phonons of frequencies above 10 GHz, re-
liable results will also be obtained without refer-
ence to the finite relaxation time of the electrons.
This means that we may employ the Born approxi-
mation of perturbation theory. '

Now, to calculate the amplification rate a per
unit time, we follow the method given in Ref. 6.
Here, briefly recapitulate the derivation of 0.. a
is related to the width of a phonon or the spectral
function of the one-particle phonon self-energy
function 1" as j. ~ = -Sn~, where J denotes a set of
quantum numbers defined above. Using Hamil-
tonians (13}-(15),and neglecting vertex correc-
tions other than the screening effect of the elec-
trons, we get the self-energy function II of the
surface-mode phonons as follows:

dp I' dry'd&u" f(&o ) -f(&a')
(2v)' J (2v)' g„+ (o —(o'

with

xA&(p, v')A&(p k, +"),
(19)

2vv/i-P (v integer},

and where f(&u)=(sz'" ~'+1) ', p=(kzZ') ', C(k)
=C/s, (k), and g(k) =4vee~/c, s, z, (k) =. 1q4z~s'pc', /
%pc k for i = l and t, the electronic screening fac-
tors for the potentials induced by the acoustic vi-
brations of the longitudinal and the transverse
waves, respectively. N is the electron concentra-
tion and f the chemical potential. In the piezoelec-
tric coupling, a, must be taken as a, or t, depend-
ing on the coupling to the longitudinal or the trans-
verse waves.

The spectral function A&(p, &o) of the one-electron
Green's function (j denotes the quantized levels of
the electrons) will be replaced by the 5 function in
the Born approximation,

Ag(p, &d) = 256((d —I'p /2m —z, ) .
The width I'~ of the surface-mode phonons is ob-
tained by taking the discontinuity of the self-energy
function II across the real. axis of the complex
$-plane:

(20)

ln a situation where the electrons have a drift velocity v in the direction of the phonon wave vector % par-
allel to the surface, we must replace 5& by -)f~z, with z= v/c-1, the drift parameter. Thus, finally we

have the amplification rate n& of surface-mode phonons per unit time as



16 THEORY OF SURFACE-MODE PHONON AMPLIFICATION IN. ..

az = -I'z(-I~a)/I

(pm')'"g([C(k)]'
)
A f, ('+ g(k)'

)
4'„~ ']

if
40

2 2 P m f2k2 2-
x dy sech' y'+2 cl-t'2S'k' e " +~

0 2 252k2 2m (21)

Equation (21) is valid for pk&ox«l. It should be
noted that the integral in Eq. (21) cannot be carried
out analytically, and, furthermore, there exist
double summations with respect to the level in-
dices i and j specifying the electronic energies,
so that we unfortunately cannot obtain the explicit
frequency dependences of the amplification rate
without performing numerical calculations.

The total amplification a~ produced by the elec-
tron-surface-mode-phonon interaction in a semi-
conductor film is ob.~oned from e~ by multiplying
it by the time T„needed for a surface-mode wave
to transit the film, i.e. ,

7'„=ac/5c ', for the P-SV mode

=ac/ec ', for the SV-P and SH modes. (23}

VI. NUMERKAL EXAMPLES

In this section, we develop numerical examples
of the surface-mode-phonon amplifications for an
s-type GaAs film grown epitaxially on a semi-
insulating QaAs substrate at T = '7'7 K. The follow-
ing set of parameters are taken: e&=4.V1x104
esu/cm', C = 7 eV, m =0.07m, (mo being the mass
of the free electron), p= 5.32 g/cm', q, =12.9,
@=1, and a=10 p, m. In our formulation, we have
assumed that the layered medium is isotropic
elastically. However, the crystal QaAs is not
isotropic, against our assumption. " So we ap-
proximate the isotropic stiffness constants from
the anisotropic ones of QaAs by employing an
isotropic approximation. "

Using those values of the approximated elastic
stiffness constants, we find c,= 5.17 x10' cm/sec
and c,=3.04x 10' em/sec. As for the electron
concentrations, we take two typical values,
~= 1.73 x 10"/cm' (case I) and N = 1.07 x 10' /cm'
(case II). Corresponding values of the electron
mobility are 4.99 x IO~ cm'/V sec (case I) and
1.71 x 10~ cm'/V sec (case II). We note that at 10
QHz frequency the values of the product ql are
estimated to be 8.4 and 2.9 for cases I and II,
respectively.

A. P-SV mode wave

GaAs has the (111)and the (001) crystal planes
as its cleavages. " So we consider a situation
which may be experimentally feasible for the P-SV

mode; that is, we produce a longitudinal strain
normal to the (111)plane which results in a longi-
tudinal (or a pressure) wave propagating in the
[ill] direction and is incident to the surface [(001)
plane]. In this configuration, the piezoelectric
coupling of phonons with electrons is described
just by the Hamiltonisns (15) and (16), with
tan8 =5 '=&2.

The acoustic gains, or the amylifications 0. of
the P-SV mode waves versus their frequencies,
are shown m Fig. 3(a}for both electron concentra-
tions. For case I the effect of the electronic
screening is incomplete at the frequencies around
10 GHz and the frequency dependence of a is
somewhat modest. On the other hand, for case
D, the electronic screening is quite effective
(q «ka) in the frequency region near 10 GHz.
this region, the dependence of a on the frequency
is given by n - ar'4, which should be compared with
those of the bulk wave (BW), a - &u', ' and the Ray-
leigh wave, a -&",' obtained in the Born approxi-
mation assuming ql & 1 and q &k~. Here, for. the
BW we have quoted the amplification rate derived
from the piezoelectric coupling alone. For the
reason stated in Sec. IV, the amplification rate
due to the deformation potential is +2 times that
obtained by the piezoelectric coupling, and for the
BW the contribution of the former is proportional
to ~'.' Therefore, if the contribution of the de-
formation potential becomes effective in the fre-
quency region where the relations ql &1 and q &k~
are valid, the amplification rate of the BW varies
from ~' to e'. However, this is not the case,
since for the values of the coupling constants given
at the beginning of this section for QaAs, the de-
formation-potential coupling is very weak, and at
frequencies near 10 GHz the amplification of the
8% is determined only by the piezoelectric cou-
pling. As we can see from Fig. 3(a}, the contri-
butions of the deformation-potential coupling to
the amplifications become important in the fre-
quency region .above 30 QHz.

For case II, we see that a continues to increase
up to 100 GHz. For case I, however, a has its
local maximum (-16 dB) at a frequency of about
80 GHz, while at much higher frequencies the
contribution of the deformation-potential coupling
to e grows dominant and its frequency dependence
is expected to be a positive power of s& (a- &o for
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FIG. 3. Calculated curves for amplifications n of surface-mode waves at T = 77 K and x=v/c —1= 1. Electron con-
centrations are N = 1.73 x 10' cm for case I and N = 1.07 x 10 ~ cm for case II. The thickness of the semiconductor
film is 10 p. m. Dashed curves represent contributions from the piezoelectric coupling. (a) P-SV mode wave. e&

= 54.74' (tangp =&2). The applied electric field E„&corresponding to a value of .drift parameter x = 1 is 25.4 and 74.0
V/cm for cases I and II, respectively. (b) SV-P mode wave. 8~ = 35 . E» - ~= 21.2 V/cm for case I and 62.0 V/cm for
case II. (c) SH mode wave. 8, = 45 . E, q

= 17.2 V/cm for case I and 50.3 V/cm for case II.

the BW'), so that a will begin to rise again with
frequency.

B. SV-P mode wave

The SV-P mode wave consists of an incident
shear wave and reflected pressure and shear
waves [see Fig. 1(b)]. Since the pressure wave
propagates faster than the shear wave, there
exists in this mode a critical incident angle 8,
defined by tan8, =[(c,/c, )'- I] '~'. For 8, &8,
this mode reduces to the TR mode. Using the
values of c, and c, given above, we find 8, = 36.1
Accordingly, the amplification of the SV-P mode
wave cannot be discussed in the same configura-
tion as the P-SV mode wave (in which 8, = 54.V'

& 8,}.
Unf ortunately, we find no suitable configuration

relying on simple crystallographic planes or axes
of a cubic crystal, in which this mode wave may
be efficiently amplified. Therefore, we consider
here a more general situation in which we gen-
erate an SV wave with an incident angle of 35' ((8,)
and with the two-dimensional wave vector k paral-
lel to the [110]axis. In this configuration the con-
tribution of the deformation potential is large in
comparison with that in the preceding P-SV mode
wave, so that even in a rather low frequency re-
gion one might obtain information about the
strength of the deformation-potential coupling
from the result of the amplifications of this mode

wave.
It can be found from Fig. 3(b) that for case II the

frequency dependence of a is expressed as o - co"
at the frequencies near 10 GHz, which is very
similar to the result of the P-SV mode wave. On
the other hand, the frequency dependences of a
near 100 GHz are approximated as w" and
for cases I and II, respectively. We observe that
at 100 GHz the curve is concave for the former
and will grow steeper at higher frequencies.
Therefore, it is interesting to compare these
results with the amplif ication rate a - ~ obtained
in the high-frequency limit' (q»k~) for the BW
assuming only the deformation-potential coupling.

C. SH mode wave

In the configurations considered for the P-SV
and SV-P mode waves (i.e. , k]l [110]), the SH
mode wave is not amplified (see the Appendix).
Thus we must also take a configuration different
from those for the previous two modes in order
to see the amplification characteristics of this
mode wave. For the SH mode wave with two-di-
mensional wave vector k pointing to the [100] and
its equivalent directions, the piezoelectric cou-
pling is simple and described by Eqs. (15) and (18),
so that we consider a situation in which an SH wave
with particle displacement along the [100]direc-
tion propagates in the [011]direction and is inci-
dent to the surface [(001}plane] at angle 8,= 45'.
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Calculated gains in this configuration are shown

in Fig. 3(c). Maximum amplifications are obtained
at frequencies around 40 and 60 QHz for cases I
and II, respectively. For the latter, the frequency
dependence of o. at frequencies near 10 QHz is
approximately expressed as ~". However, we

may not compare this frequency dependence with
a-ar' of the BW, because the effect of electronic
screening is thought to be incomplete for phonon
frequencies of about 10 QHz. At frequencies near
100 QHz the amplifications depend on ~ approxi-
mately as n-~ "and co" for cases I and II,
respectively. These frequency dependences of n
are more rapid than the amplification rate a -& '
of the bulk shear wave' (which interacts with the
electrons only through piezoelectric coupling} in
the same frequency region where the screening
effect of the electrons can be neglected.

We notice that the maximum gains of the SH

mode waves are reached at frequencies lower
than those at which maximum values of the
dashed curves occur for the P-SV and SV-P mode
waves. Here, the dashed curves represent am-
plifications obtained only by piezoelectric coupling.
This may be accounted for by the fact that the ef-
fect of electronic screening breaks at much lower
phonon frequencies for the SH mode than those of
the P-SV and SV-P modes, because the shear
(transverse) waves have large wave numbers in

comparison with the pressure (longitudinal) waves
of the same frequencies.

VII. SUMMARY AND DISCUSSION

In this paper we have studied the amplification
characteristics of the microwave surface-mode
(P-SV, SV-P, and SH) waves in a piezoelectric
semiconductor film. It has been found in numerical
examples that, for case II of the P-SV and SV-P
mode waves, the frequency dependences of the
amplifications at frequencies near 10 GHz are
n- (d'"-co", which should be compared with
n- sr' of the BW and n-ur" of the ESW (R mode

wave). This result seems to be quite reasonable
because the surface-mode waves are thought to
have intermediate characters between the BW and

the ESW in the sense that they satisfy a boundary
condition at the surface but propagate into the
bulk region. For the SH mode wave, the behavior
of the gain a - co" at frequencies near 10 QHz is
similar to n-~' of the BW also for case II. How-

ever, at these frequencies the effects of the elec-
tronic screening are not considered to be so large
for the SH mode, unlike for the other two modes;
and the gain is expected to depend on the. frequency
much steeper at lower frequencies. The fre-
quency dependences of the gains o. - ~ "-(d"of
the SH mode waves in th high-frequency region

near f00 GHz, where the effects of the electronic
screening are small, are also stronger than
a- &d

' of the bulk shear waves. Furthermore,
the frequency dependences n- +"-&"of the
SV-P mode waves near 100 GHz are also interest-
ing in comparison with a- co, which is derived
from the deformation-potential coupling for the
BW.

We now comment briefly on the applied field or
the drift parameter (x) dependences of the am-
plifications. An analytic expression [Eq. (21}]of
the amplification rate has the same x dependence
as that of the Rayleigh wave in the Born approxi-
mation. ' Therefore, we may expect that same x
dependences of the amplification rate for the sur-
face-mode waves as that of the Rayleigh wave.
Numerical calculations have really revealed the
behavior of n, which depends on x linearly up to
x = 10, then begins to deviate from the linear de-
pendence and saturates. However, up to about
x= 30, which corresponds to the electron drift ve-
locity v =10' cm/sec, the deviation from a -x is
small.

Finally, we remark on an effect of the surface
inhomogeneities. The real surface of an expitaxial
film is not flat and to some extent has roughness
and irregularities. Therefore, even if we project
waves to the surface with a fixed incident angle,
the reflected waves from the surface do not come
out with a uniform reflected angle, but may be
distributed around reflection angle 8~. A gain to
be observed experimentally will therefore be an

average over a suitable small angle around H„of
the gains calculated theoretically assuming the
ideal surface. The theoretical expressions of the
gains have smooth dependence upon the incidence
(or reflection) angle. Consequently the values of
the amplifications that we have obtained hitherto
must not be very different from such averaged
values and will be correct even if we consider the
effects of the surface roughness and other irregu-
larities apart from the attenuations caused by
them and other origins.
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APPENDIX

For a crystal with high electrical resistivity
(i.e., low carrier concentration) we can set the
electric displacement D equal to a constant (e.g. ,
zero}. In this case the electric field E is the
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2g ~Qg 8Qg
E» =-—«ga +

0 era erj
(Al}

For a crystal with the zinc-blende crystal struc-
ture (e,o= e»= e„=eP; other components eI»=0}
we can write (Al) explicitly as

fundamental dependent electrical variable, and the
piezoelectric equations of state are written in the
form

EI=-(4I//&o)HI/OS/k ~

I/ I/OAI &

where f 1'I/}, (el/J, and (SI/} are the stress, the
piezoelectric, and the strain tensors, respectively,
and the summation convention is followed. (Ckp is
the elastic stiffness tensor at constant. electric dis-
placement and qp is the static dielectric constant.
At higher carrier concentrations, we must incor-
porate the electronic screening effects. A com-
ponent of the electric field is written more ex-
plicitly in terms of the displacement vector u of
a medium;

field has an effect large enough to be observable
in most piezoelectric materials and that the trans-
verse electric field has very little effect on the
acoustic waves. If we take the boundary surface
as the (001) crystal plane, we see from Eq. (A4)
that the SH mode wave with a two-dimensional
wave vector k pointing in the [110]direction does
not produce a longitudinal component of the elec-
tric field but, with k pointing in the [100]and its
equivalent directions, is accompanied with the
longitudinal one. This result is due to the fact
that the lattice displacement normal to the surface
does not exist for the SH mode and is different
from that in bulk shear waves. Hereafter, we
take the (001}crystal plane as a surface and con-
sider the waves with the propagation vector k
fixed to the [110]direction for the P-SV and SV-P
mode waves and the [010] direction for the SH
mode wave.

Noting the configurations of wave propagations
depicted in Fig. 2, the longitudinal electric fields
of each mode are derivable from the potentials

E/ = kd(2-' }/ kp~, 4' p k

2c 1 gtl tl 4

X [4 Ql /2(C-I dka+ DHIdks)

2/3(02/ o I/ }HIa s]HIS'2

.4&ep k„k„k

x~[@5 I/2(c Idks -f/c«k-)

+ 4@i/Oficlaks]&lk 's

1/2

(A2}

C 2
x 361/2 I (e-Idks+ DHI dks}

c
C

E(2g 2/2 c l/2)' I e«ks HIks (A5)c

for the P-SV mode

C
2

C

X [461 EeI dks

2(p 2/2 C I/2}(H Ieks -~&Is-ks)]elk 2

(A3)

E - 4gepk k„k
k 4H

x [46-I/2EHIoks

~ 4o1/2(H Iaks+ f/&leds)]eIk
' i

4ge ~0

EsH P ( )vP sinokz e' ''
7rC20 t

(A4)
.4gep k2 —k„2kc

40 k seto'

where j,n=x, y and

'i ~e

(1 OJ (0 -1/
It has been shown' that the longitudinal electric

2

(2c 2/2 c.-l/2) I (e-Iaks g)IdIeks) HIks

for the SV-P mode, and

(A6)

P (r)=-I.Sgep 2k+'c2 / .t »~sinckz e (AV)
0 7r c

for the SH mode, where we have taken the x direc-
tion parallel to the wave vector k. The factor
2o 2/2 —o '/' in Eqs. (A5) and (A6) vanishes for
tan8, = &2, which means that the SV wave travel-
ing in the [111]direction does not produce the
longitudinal electric field. This is the same re-
sult as in the bulk shear wave and is expected by
the plane-wave nature of the P-SV and SV-P
waves.

In the phonon picture given in Sec. III the elec-
tric potentials are quantized as follows:
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X/2

(I(r) =P a~(p~(r)+ H.c. ,
2p(d

where summation over J involves the R and the
TR modes that we have not considered in this
paper. The interaction Hamiltonian of the piezo-

electric electron-phonon coupling is written in
terms of the potential y and field operators of
the electron [Eg. (5}]as

e g~ryr grdr.
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