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The dispersion and attenuation features of the multi-physical fields coupled waves propagating in an infinite
piezoelectric semiconductor and the reflection problem at a boundary which is mechanically free, electrically
insulation and the dielectrically open circuit are studied in this paper. Different from the classic dielectric
piezoelectric medium, there are four kinds of coupled elastic waves, i.e. the quasi-longitudinal wave (QP), the
quasi-traverse wave (QSV), the electric-acoustic wave (EA) and the electron or hole carriers wave (CP), in a
piezoelectric semiconductor. The influences of the steady carrier density and biasing electric field upon the
dispersion and attenuation features of these coupled elastic waves and the reflection amplitude ratios are studied
numerically. The energy flux of each wave and the interaction energy fluxes among all waves are also calculated,
and the energy flux balance is checked. It is found that the piezoelectric semiconductor behaves like the vis-
coelastic solid to carry a decaying wave. The steady carrier density and biasing electric field have significant
influences on the dispersion and attenuation features and can be used to regulate the propagation of the coupled

elastic waves.

1. Introduction

Piezoelectric materials have been widely used to make electro-
mechanical devices, e.g. transducer, actuator, sensor, and attracted a lot
of attention in the past decades. They are usually treated as dielectric
although some of them are in fact semiconductors [1]. There is no sharp
division separating conductors from dielectrics. Real materials more or
less have certain conductivity. Apart from the intrinsic semiconductor,
a large number of semiconductors are created by the doping tech-
nology. An acoustic wave propagating in a piezoelectric crystal is al-
ways accompanied by an electric field. However, an acoustic wave
propagating in a piezoelectric semiconductor is accompanied by not
only an electric field but also a concentration field of charge carriers
(electron and hole). The interaction of the electric field and the con-
centration field of charge carriers in a piezoelectric semiconductor re-
sults in the electric current. The electric current further gives rise to the
acoustic dispersion and the acoustic attenuation as well as the energy
transduction [2]. Weinreich et al. [3] early studied the acoustoelectric
effect in a piezoelectric semiconductor of n-type, namely, the interac-
tion between a travelling acoustic wave and mobile charge carriers.
Acoustoelectric effect exists not only in the piezoelectric semiconductor

but also in the composite structures of piezoelectric dielectrics and non-
piezoelectric semiconductors [4-7]. In these composites, the acousto-
electric effect is due to the combination of the piezoelectric effect and
semiconductor effect in the component phase. It was also found that an
acoustic wave traveling in a piezoelectric semiconductor can be am-
plified by the biasing electric field [8-10]. This phenomenon is called
acoustoelectric amplification of acoustic waves. Acoustoelectric effect
and acoustoelectric amplification of acoustic waves in piezoelectric
semiconductors or composites structures consisting of the piezoelectric
dielectrics and non-piezoelectric semiconductors have been widely used
to design acoustoelectric devices by many researchers [4,11]. Energy
harvest and conversion by using piezoelectric semiconductor structures
have also been studied [12-14].

For the wave propagation problems in piezoelectric semiconductors,
the existing researches mainly aimed at the surface waves and the
guided waves. Zhang et al. [15,16] made a theoretical study of the
carrier distribution and the electromechanical fields in a free piezo-
electric semiconductor rod of crystals of class 6 mm, and studied the
propagation of the extensional waves in a piezoelectric semiconductor
rod. Yang and Zhou [9] investigated the propagation of anti-plane (SH)
wave in a piezoelectric ceramic plate carrying a thin layer of a
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semiconducting material on each of its major surfaces. Gu and Jin [10]
studied the propagation of shear-horizontal surface waves in a piezo-
electric semiconductor half-space of crystals of class 6 mm with the
presence of a biasing electric field in the propagation direction. Sharma
et al. [5] studied the surface waves in a piezoelectric-semiconductor
composite structure. Compared with the surface waves and the guided
waves in various wave guides, the study of the bulk waves in piezo-
electric semiconductors is also important and interesting. Although the
reflection of acoustodiffusive waves from the boundary of a classic
semiconductor half-space (without consideration of the piezo-
electricity) and the reflection and transmission of acoustic waves at the
semiconductor/liquid interface were studied [17,18]. However, the in-
depth investigation on the dispersion and attenuation features and the
energy flux estimation of the multi-physical fields coupled elastic waves
in the piezoelectric semiconductors are still rare.

In this paper, the dispersion and attenuation features of the multi-
physical fields coupled waves in an infinite piezoelectric semiconductor
are derived and the viscoelastic phenomenological analogy of the
semiconductor effect (only for the dispersion and attenuation features)
is first proposed. In addition, the energy flux estimation, especially, the
estimation of the interaction energy flux, is provided. As a numerical
example, the reflection problem at the boundary with the mechanically
free, the electrically insulation and the dielectrically open circuit of a
piezoelectric semiconductor half-space is considered. The amplitude
ratios of various reflection waves to the incident wave are calculated
and the energy flux balance is checked. The influences of the steady
carrier density and biasing electric field are discussed.

2. Coupled waves in the piezoelectric semiconductor

The basic behavior of the piezoelectric semiconductor can be de-
scribed by a linear phenomenological theory. We consider a p-type
piezoelectric semiconductor. The constitutive equations of the piezo-
electric semiconductor solid can be written as [9,10]

Oy = Cijk1Ski—ekij B (1a)
D; = ey Sy + i By (1b)
Ji = qpuyE; + qpuyE—qd;p; (10

where g is the Cauchy stress tensor, c;y; is the elastic constant tensor,
Sy is the strain tensor, e is the piezoelectric coefficient tensor, Ej is the
electric field vector, D; is the electric displacement vector, ¢y is the
dielectric constant tensor, J; is the electric current vector, q is the carrier
charge, p is the steady carrier density, E; is the biasing electric field, p
is the perturbation of the carrier density, u; and dj; are the carrier
mobility and diffusion constants tensor, respectively. Let the z-axis be
the poling direction and the material is assumed to be transversely
isotropic in the oxy coordinate plane. Then, Eq. (1) reduces to
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where S; and E; are defined as S; = (w;; + w;;)/2 and E; = —¢;, re-
spectively. u; is the displacement vector while ¢ is the electric potential.
The governing equations consist of the equations of motion (Newton’s
law), Gauss’s law of electrostatics and the conservation of charge,
namely, [9,10]

gijj = P, Dij=qp, qp +J; =0, (3a,b,c)

where p is the mass density. A comma followed by an index denotes
partial differentiation with respect to the coordinate associated with the
index. A superimposed dot represents differentiation with respect to
time. In the plane strain case, the mechanical displacement, the electric
potential and the perturbation of carrier density are the functions of
only x and z, namely,

u=1{ulx,zt),0,w,z )} p=pxz1t)

(4a,b,c)

=0z 1),

Inserting Eq. (2) into Eq. (3) leads to
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For the wave propagation problem, the solution of Eq. (5) is of the
form

{u, w, ¢, p} = (U, Us, Us, Uy} expli(kyx + kz—owt)] (6)

The wave propagating in the piezoelectric semiconductor medium
will produce attenuation due to the electric current. Therefore, the
wavenumber k = k() + ik® is a complex number. The real part of k, i.e.
k™, indicates the wave propagation, the imaginary part of k, i.e. k@,
indicates the wave attenuation. When the dispersion feature of the
wave is concerned, the wave is assumed to be the homogeneous wave,
namely, the direction of propagation and the direction of attenuation
are coincident. k, (=k sin 6) and k, (=kcos6) are also complex values. 6 is
the angle that the wave propagation direction deviates from the posi-
tive z axis. w is the angular frequency. Inserting Eq. (6) into Eq. (5)
leads to
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The explicit expressions of elements in the matrix K are given in
Appendix A. The condition of existing non-trivial solution is

IKjj(k, 6, @)l4xs = 0 (8)

It is the dispersion equation of wave propagation. In general, for a
given propagation direction 8, a curve which relates the wavenumber k
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and the angular frequency w can be obtained. The wave speed ¢ can be
calculated by ¢ = w/k™.

In general, Eq. (8) is a polynomial of eight orders about k, i.e.
a8k8 + (17k7 + (lﬁk6 + a5k5 + a4k4 + a3k3 + azkz + a1k +ay=0, The
solutions of this equation stand for all possible wave modes. For the
transversely isotropic piezoelectric semiconductor material, the above
polynomial will reduce to agk® + a;k’7 + ag
kS + ask® + a,k* + a3k + a,k* = 0. This can be derived from Appendix
A. Tt is observed that the equation has two zeros roots which indicate
that the two electric-acoustic waves (EA) reduce to the vibration
modes, and the rest values of k are the complex numbers. When the
biasing electric field is not considered, the polynomial will further re-
duce to agk® + agk® + ask* + a,k? = 0. In this situation, the roots of the
equation will be three pairs of opposite complex numbers except for
zeros roots. The real part of k indicates the wavenumber while the
imaginary part of k indicates the attenuation nature. These values of k
imply that there are eight partial waves. Four waves of them are of the
wave vector with positive projection along z axis and the other four
waves with negative projection along z axis. Let k;, ks, ks and k; be
corresponding with the quasi-longitudinal wave (QP), the quasi-tra-
verse wave (QSV), the electric-acoustic wave (EA) (vibration mode in
the infinite piezoelectric semiconductor medium) and carrier wave (CP)
with the positive projection along z axis; while k, k4, ks and kg are
corresponding with the QP wave, QSV wave, EA wave (vibration mode
in the infinite piezoelectric semiconductor medium) and CP wave with
the negative projection along z axis. These partial waves are usually
coupled waves with the coupled vector (Uy, U,, Us, Uy) which exactly
reflects the coupled features among the mechanical displacement field,
the electric potential field and the carrier density field. It is worth
noting that the EA wave is no longer the vibration mode in the reflec-
tion problem of waves in the piezoelectric semiconductor half-space.

3. Reflection waves at the boundary

For a piezoelectric semiconductor half-space, the reflection waves
from the boundary are usually inhomogeneous waves even if the in-
cident wave is homogeneous wave. Defining 6 and ¢ are the propaga-
tion angle and the attenuation angle of the incident and reflection
waves, respectively, see Fig. 1. Then the generalized Snell’s law can be
expressed as

R(r)
EA

R(r)

K@ sin 0" = k& sin 65, = k55 sin 68y = sin 68, = k& sin 6%,

=k )

KO sin ¢! = k&gi) sin qﬁgp = kgs({} sin ¢(§sv = ki singR, = k& singf,
=k® (10)

where the superscript “I” and “R” indicate the quantities related with
the incident wave and the reflection waves, respectively. The incident
wave is considered as the homogeneous wave in the present work,
therefore, 6! = ¢! in Egs. (9) and (10). The propagation direction and
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Fig. 1. The propagation angle 6 and the attenuation angle ¢ of the incidence
and reflection waves at the boundary.
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attenuation direction of the reflection waves can be determined by

1(r)
or = arcsin(k— sin eIJ, ¢ = QP,QSV,EA,CP

R(r)
kg an
kI(i)
¢qR = arcsin msin 6'|, g = QP,QSV,EA,CP
kg (12)
Define the amplitude ratios of each coupled wave (g = 1, 2, ---,8)
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97 g~ Kiz(keg) K23 (kzq) — Ki3(kgg) K2 (kzq)
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Then, the displacement, the electric potential, the perturbation of
carrier density, the stress, the electric displacement and the electric
current created by the incident wave and the reflection waves can be
expressed as

8
. w, @, p} = Y {1, Gy, Hy, Qq}Ugexplilkyx + kygz—at)]
g=1

(14)
8
{02 0> O} = Z i{qu, Fy, FSq}Ulq expli(k.ex + kzqz_a)t)]
=1 (15)
8
{D;, D = ) i{Hg, Bg}Upgexplilhox + kygz—ar)]
q=1 (16)
8
o Ik = D (Fogy Frg}Ungexpli (kyx + kggz—ct)]
q=1 a7)

The explicit expressions of Fy(i = 1-7) are given in Appendix B.

For the mechanically traction-free, electrically insulation and the
dielectrically open circuit boundary, the boundary conditions can be
expressed as

Ox=0, 0x=0, D=0, J, =0, atz=0 (18)
These boundary conditions lead to
Fi1 B3 Fs F7|(L Fgq
B Pz Fos Bog (Lo _ _ By
Fn Fs Fs Fy||Ls Fyq
F Fs Fes For [ |La Fyq (19)

where L, = Up/Uyg, Ly = Uis/Uyg, L3 = Uis/Uyg, Ly = Uyy/Uyy are the
amplitude ratios of various reflection waves to the incident wave. The
subscript g indicates the type of the incident wave with g = 2 for the
incident QP wave while g = 4 for the incident QSV wave.

4. Energy flux balance

Different from the classical elastic solid, the interaction energy
fluxes play an important role in the viscoelastic medium [19] when the
energy flux balance at an interface is concerned. Because the viscoe-
lastic effect and the semiconductor effect are similar on the propagation
behavior of waves in the infinite and semi-infinite medium, the inter-
action energy fluxes in the piezoelectric semiconductor medium should
not be neglected when considering the energy flux balance at the
boundary.

In the piezoelectric medium, the energy flux can be evaluated by
[20-23]

R (t) = —oyti; + ¢D; (20)

when the semiconductor effects are taken into considered, Eq. (20)
should be modified as
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B(t) = —gyi; + o(D; + J) (21)

The first term presents the contribution of mechanical field. The
second term presents the contribution of the poling charge while the
third term presents the contribution of space charge or charge carriers
in the piezoelectric semiconductor medium. The mean energy flux,
namely, the time-average Umov-Poynting vector P in a period is

V=D, —¢J})e,]

(22)

where the superscript “*” indicates the conjugated complex. e, and e,
are the unit vectors of coordinate axes. For the boundary conditions, i.e.
Eq. (18), the normal component of the time-average Umov-Poynting
vector P should be zero, namely,

P =~ LRe[(Gui” + i —pDi—pI)ex + (Gt + i

1 L ’
—ERe(ozxu* + o W=D, —¢J;) =0

(23)
where
U = Ugp(gsv)! + UgpR + UgsyR + UgaR + UcpR 24
Tz = Oz (QP(@sv)) F Tz (QPR) + Tez(@svR) + T (EaR) + Tz (cpRy (25)

The other quantities can be understood similarly. Denoting the
normal component of the energy flux by Q, Eq. (23) leads to
Qqop(gsvy! + Qgpr + Qgsvk + Qpar + Qcpr + Qop(osv)lopR

+ Qqop(gsvylosvk + Qop(osv)EaR
+ Qor(gsv)lcpR + QopRosyR + QopRpaR + QopRepr + QosyReaR + QosyRepR

+ Qpakcpr = 0

(26)
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(27b)
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(27d)
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= 2Qqp(osvylcpk = Re[ogoposv)hiipr + gzx(CPR)uép(st)l

+ T @P@sVIHWEpR T Tz CPRWip g1yt

<
— Pop(Qsv)! (D (cpry + z(CPR)) %PR( (QP(QSV>I> + ]Z(QP(QSV)I )] (27i)

— 2QqgpRosvR = Re [UU(QPR)HSSVR + GU(QSVR)L'{SPR + CTZZ(QPR)WSSVR

+ Uzz(QSVR)WQpR

= Parr (Deosvry + 7 gsyr )= Pasvk Doty + 7 gpry)]

@71

— 2QqpRear = Re[oz opRylifyr + Tox(@aR)iipr + Tz (@PRW 4

+ O (EAR)WQPR

= Port Dzqeaty + T ) =0 Dzcarty + T gy @7K)

— 2Qqprcpr = Re[og Ryl fpr + Tox(cPRUGpR T O (PRWipR

+ Uzz(CPR)WQPR

— @opr Dy (cpry + J PRy @epr (D, gpry + 7 2ok @71)

— 2QqsvRear = Re[Tz syl r + e EaR)li g r + Trz(@sVRWS 4

+ O'ZZ(EAR)WQSVR

¢Q5VR( (EAR) +J (EAR)) @EAR( (QSVR) +J* (QSVR))] (27m)

— 2QqsvRcpR = Re [%c(QSVR)uépR + sz(CPR)uSSVR + T @svRWipr

+ CTZZ(CPR)WQSVR

= Posvr (D (k) + T3 cpry)~Pcpr (D 2 (osvRy + T ol (27n)

— 2QgarcpR = Re[Op (maRyllipr + Tpe(cPRUS R + Tzg(EARYWpR

+ O (cPRyWiyr

_quAR( (CPR) + Z(CPR)) §0ch( (EAR) +7I (EAR))] (270)

in Eq. (27), Qgpr indicates the energy flux of the reflection QP, and
QopRosv® indicates the interaction energy flux between the reflection QP
wave and reflection QSV wave. The rest can be understood similarly. In
the classical elastic situation, these interaction energy fluxes vanish.
The explicit expressions of Eq. (27)are given in Appendix C.

The energy reflection coefficients are defined as

QQPR QQSVR QpaR
Egpp = ————, EosyR = ————, Egar= —"—, Ecpr
Qop(osv)! Qop(Qsv)! Qor@svy!
_ _ Qcpr
Qop(asv)!
Similarly, Toposvyigrrs  IopcosvylosvRs  loposvyieaRs  Iop(gsvyiceRs

IopRosvR, IopReak, IopkcpR, IosyRpaR, IgsyRcpR and Ipsrcpr represent the
ratios of Qor(gsvyloprs Qoposv)losvRs Qop sy Eaks Qoposv)iceRs QopRosyRs
QopReak, QoprcpR, Qosvkgar, QgsvRcpk and Qparcpk with respect to
Qop(qsv)l> respectively. Then, the energy flux balance equation Eq. (26)
can be rewritten as

E = —Eqpr—Eqsvr—Egpar—Ecpr—Igp sv)lopr—lop(osv)lgsvi—Iop(osv)lEaR
— Iop(qsvyleak—IgpRosvR—Igprpak—IopRepR—IgsyRpak—IosyRepR—IpakcpR = 1
(28)

Eq. (28) can be used to validate the numerical results in the next
section.

5. The numerical results and discussion
It is known that the dispersion curves, attenuation coefficients and

reflection coefficients L; (i = 1—4) are all dependent upon the material
constants of the piezoelectric semiconductor solid, the steady carrier
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Table 1
The physical constants of ZnO [21,24,25].

Material Cn Cs3 Gs Cyy €31 €33 €1s P
ZnO 209.7 210.9 105.1 4247 —0.573 1.32 —0.48 5680
Material diy ds3 M1 M3z &1 83 q
ZnO 0.0208 0.0208 0.8 0.8 7.57 9.031 1.602

C; in GPa, ¢; in C/m?, p in kg/m?, d;; in cm?/s, Wy in cm?/Vs, g; in 107! C/Vm, q
in 107 C.

density, the biasing electric field, the angular frequency w and the in-
cident angle 6 of the incident wave. In the present numerical example,
the main concerns focus on the effects of the steady carrier density and
biasing electric field. For convenience, the non-dimensional forms of
the biasing electric field are introduced, namely, y, = u;,Ex\/p/ca,
¥, = Uy Ez\Jp/cas, and y = y,e, + y,e,. The piezoelectric semiconductor
solid ZnO is considered in the present work. The material constants of
ZnO are listed in Table 1. According to the literatures [24,25], the
mobilities of holes are between 0.5 cm?/Vs and 1 cm?/Vs, the steady
carrier densities are between 2 x 107 cm -3 and 10'® cm -3 in the ni-
trogen-doped p-type ZnO piezoelectric semiconductor material. The
value of mobility of holes is regarded as 0.8 cm?/Vs in this paper, and
the steady carrier density is discussed in the range of
2 X107 -108cm 3. diy = u,kT/q is used [10], k is the Boltzmann
constant and T is the absolute temperature. At room temperature,
kT/q = 0.026 V [10], The assumption, i.e. puy; = u;; and di; = diy,
adopted in the literature [26], is retained.

Figs. 2 and 3 show the phase velocities of QP and QSV waves pro-
pagating in the piezoelectric semiconductor medium. Cgp is the phase
velocity ratio of QP waves propagating in the piezoelectric semi-
conductor solid and in the classical piezoelectric dielectric solid
(without electric current) with the same propagation direction. Cosy
can be understood similarly. but C¢p is the phase velocity ratio of CP
wave propagating in the piezoelectric semiconductor solid and QP wave
propagating in the classical piezoelectric dielectric solid (without
electric current) with the same propagation direction. It is observed
that the dispersion feature of the coupled waves in the piezoelectric
semiconductor medium is very similar with the dispersion feature in the
standard linear viscoelastic solid [27-29]. The phase velocities of QP
and QSV waves at the higher frequency and the lower frequency are
both nearly independent of the angular frequency. There is a frequency
zone only in which the phase velocities are sensitive to the angular
frequency. This zone is hereafter called the frequency sensitive zone.
Because the complex modulus of the standard linear viscoelastic solid
has also a frequency sensitive zone and nearly independent of the an-
gular frequency out of the zone, the piezoelectric semiconductor solid is
similar to the standard linear viscoelastic solid with respect of the
dispersion and the attenuation. The phase velocities of QP and QSV
waves propagating in the piezoelectric semiconductor solid are smaller
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than that in the piezoelectric dielectric solid at the lower frequency
within the frequency sensitive zone and gradually approach to that in
the piezoelectric dielectric solid at the higher frequency. The steady
carrier density and the biasing electric field have both evident influ-
ences on the dispersion features. The frequency sensitive zone shifts
toward the high frequency with the increasing of the steady carrier
density while toward the high frequency first, then, gradually shifts
toward the low frequency with the increasing of the biasing electric
field. The phase velocity of the carrier wave, i.e. Ccp, gradually in-
creases with the increasing of the angular frequency and is only sen-
sitive to the steady carrier density and the biasing electric field at the
lower frequency. EA wave reduces to the vibration mode in the infinite
piezoelectric semiconductor solid. Therefore, no dispersion curves are
provided for EA wave in Figs. 2 and 3.

Figs. 4 and 5 show the attenuation features of QP wave, QSV wave
and CP wave propagating in the piezoelectric semiconductor medium.
There is also a frequency sensitive zone for the attenuation features of
QP wave and QSV wave. The increasing of the steady carrier density
makes the attenuation coefficients of QP wave and QSV wave in-
creasing evidently within this zone. CP wave is only sensitive to the
steady carrier density at the lower frequency. Different from the steady
carrier density, the biasing electric field along the propagation direction
has much complicated influences on the attenuation features. Fig. 5a
shows the attenuation coefficients of the QP and QSV waves are the
positive value when the biasing electric field is smaller while the at-
tenuation coefficients become the negative value when the biasing
electric field exceeds a threshold value. It implies that QP and QSV
waves become the amplification waves from the attenuation waves with
the increasing of the biasing electric field. This phenomenon is called
“acoustoelectric amplification effects” [9,10] and can be used to ma-
nipulate the wave propagation. But the threshold value corresponding
to the QP wave is larger than the threshold value corresponding to the
QSV wave. It can be explained by that the phase velocity of QP wave is
larger than the phase velocity of QSV wave in the same propagation
direction and the amplification wave appears when the drift speed of
the charge carrier under the biasing electric field exceeds the phase
velocity of QP wave or QSV wave [9,10]. Fig. 5b shows the attenuation
coefficient of the CP wave gradually decreases with the increasing of
the biasing electric field, but it is always a positive value, this implies
that the CP wave is always an attenuation wave.

Fig. 6 shows the influences of the steady carrier density on the re-
flection amplitude ratios in the case of incident QP wave. It is observed
that the reflection QP wave and QSV wave are not sensitive to the
steady carrier density while EA wave and CP wave are very sensitive to
the steady carrier density. The reflection amplitude ratios of the EA
wave and CP wave decrease monotonously with the increasing of the
steady carrier density. The influences of the steady carrier density on
the reflection angles and the attenuation angles are shown in Figs. 7 and
8. The reflection angles and attenuation angles of the QP wave and QSV
wave are not sensitive to the steady carrier density and thus are not
provided here. It is observed that the reflection angles of the EA wave

a c
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Fig. 2. The influences of the steady carrier density on the dispersion curves.
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Fig. 5. The attenuation coefficients of the waves vary with the biasing electric field.

and CP wave increase when the steady carrier density increases. The
reflection angle of the EA wave gradually increases first and reaches 90°
at about 70° of the incident angle, then gradually decreases with the
increasing of the incident angle. This implies that the reflection EA
wave is a bulk wave, in general, although its propagation direction is
near the surface. In contrast, EA wave is always a surface wave in the
classical piezoelectric half-space. Fig. 8 shows the attenuation angles of
the reflection EA wave and CP wave. It is found that the attenuation
angles are usually small. This implies that the attenuation directions of
the reflection EA wave and CP wave are near the normal direction of
the boundary. When the incident angle is about 42°, the attenuation
directions of the reflection EA wave and CP wave become the exact
normal direction of the boundary.

Next, let us investigate the influences of the biasing electric field.
Fig. 9 shows the influences of the biasing electric field on the reflection
amplitude ratios in the case of incident QP wave. It is observed that the
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reflection amplitude ratios of the QP wave, QSV wave and CP wave are
not sensitive to the biasing electric field while EA wave is very sensitive
to the biasing electric field. The reflection amplitude ratio of EA wave
decreases first then increases when the biasing electric field gradually
increases. The variations of the reflection angles of the EA wave and CP
wave with the biasing electric field are shown in Fig. 10. The variations
of the reflection angles with the incident angle are not monotonous.
There is a peak for the CP wave while there are two peaks for the EA
wave. When the biasing electric field increases, the incident angles
corresponding with these peaks gradually become small. The influences
of the biasing electric field on the attenuation angles of the reflection
EA wave and CP wave are shown in Fig. 11. It is observed that the
attenuation angles are near zero. This implies that the attenuation di-
rections of the reflection EA wave and CP wave are almost the normal
direction of the boundary. When the incident angle is about 42°, the
attenuation directions are exactly the normal direction of the boundary.
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The particular incident angle can be called the normal attenuation in-
cident angle. It is observed that the existence of the biasing electric field
creates the new normal attenuation incident angles. The influences of
the biasing electric field on the reflection and attenuation angles of the
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QP wave and QSV wave are not sensitive and thus the corresponding
figures are not provided.

In order to validate the numerical results obtained, the energy flux
balance check is performed. Due to the attenuation nature of the multi-
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physic fields coupled waves, the interaction energy fluxes among var-
ious reflection waves and the incident wave are not zeros. Fig. 12 shows
the energy flux balance check for the two cases, i.e. without con-
sideration of the interaction energy flux and with consideration of the
interaction energy flux. It is found that the energy flux balance is
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satisfied approximately without consideration of the interaction energy
flux with the maximum error by 0.6 percent. When the interaction
energy fluxes are taken into consideration, the energy flux balance can
be better satisfied. This implies that the interaction energy fluxes are
not the dominated energy flux, but they exist indeed in the piezoelectric
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semiconductor medium, and can influence the energy partition of
partial waves at the boundary.

6. Conclusion
In a piezoelectric semiconductor, a mechanical perturbation usually
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motivates the displacement field, the electric potential field and the
carrier density field simultaneously. These physical fields are coupled
together and result in the multi-physical fields coupled waves. The
existence of the electric current makes the multi-physical fields coupled
waves not only dispersive but also attenuated. In the present work, the
dispersive equation and the attenuated equation are first formulated for



F. Jiao et al.

the multi-physical fields coupled waves in an infinite piezoelectric
semiconductor. Then, the reflection problem from a boundary which is
mechanically free, electrically insulation and the dielectrically open
circuit are studied. Based on the numerical simulation, the following
conclusions can be drawn.

(1) The multi-physical fields coupled waves are not only dispersive but
also attenuated. More than that, the propagation direction and the
attenuation direction are not coincident in general. In other word,
the multi-physical fields coupled waves are usually the in-
homogeneous waves.

(2) The dispersion and attenuation features of the coupled waves in an
infinite or semi-infinite piezoelectric semiconductor solid are very
similar with that in the standard linear viscoelastic solid. Especially,
there is the frequency sensitive zone of the dispersion and at-
tenuation and the dispersion and attenuation features disappear at
relative higher and lower frequency for both kinds of solids.
Therefore, there is a phenomenological analogy between the pie-
zoelectric semiconductor solid and the standard linear viscoelastic
solid, although the root causes resulting in the dispersion and at-
tenuation are different completely.

(3) The steady carrier density and the biasing electric field have the
evident influence on the reflection EA wave and CP wave while only
slight influence on the reflection QP wave and QSV wave. These

Appendix A

Ki1 = enk} + caki—pa?, Ki; = K1 = (€13 + cas)kiks,

2 2
K33 = —e1ky—e3k;,
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influences include not only the reflection amplitudes, but also the
reflection angles and attenuation angles of the reflection waves.
Usually, the deviation between the propagation direction and the
attenuation direction increases as the steady carrier density in-
creases.

(4) The biasing electric field along the propagation direction can in-
crease or decrease the amplitudes of waves which depend on the
direction and magnitude of the biasing electric field. The ampli-
tudes of waves may be amplified when the biasing electric field is
sufficiently large.

(5) EA wave in the classical piezoelectric half-space (without the
electric current) is always the surface wave, but it becomes the bulk
wave in the piezoelectric semiconductor half-space apart from at a
few of special incident angles, in general.

(6) Due to the attenuation nature of the multi-physical fields coupled
waves, the interaction energy fluxes among the various reflection
waves and the incident wave do not vanish. Therefore, the energy
flux balance should include the interaction energy fluxes.
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K3 = K31 = (e15 + e31)kiky, Ky = cauk? + Cs3kz2—:0w2,
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Appendix B
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Appendix C

Qop(gsv) = %Re(quco + FyyGyw + FigHyw + Fg Hy) Uy Uy exp[—2 Im(ky )x]
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Qcpr = %Re(an + Fy;G7w + Fy;Hyw + Fg;Hy )Ly Ly Uy Ul*q exp[—2Im(k,)x]

Qop(gsv)lgpR = %Re[(quw + FyyGiw + Fj Hyw + FgH )L +(Fiiw + FuGyjw + FigHiw + FgHy) L] Uy Upy exp[—2 Im (ky )x]
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1
QqpRcpR = Y Re[(Fi7w + FyGiw + FjiHyw + Fg Hy) Ly Ly+(Fnw + Fn Gy w + Fj;Hyw + Fg; Hy)L Ly | Uy Uy exp[—2Tm(k, )x]

QqsvREak

QQSVRCPR

1 * £ £ * 3 £ £ * *
= 5 Re[(Fisw + FpsGiw + Fi3Hsw + Fg3Hs )Ly Ly +(Fizw + F3Gsw + FisHzw + FgsHs) Ly Ly | Uy Upg exp[—2 Im (ki )x]

1
= E Re[(F17w + F27G;(l) + FZ3H7(K) + FG*3H7)L2*L4+(F13G) + Fng;CO + FZ7H3C0 + F6*7H3)L2LZ]U1(1 Ul*q exp [—2 Im(kx)x]

1
QEaRcpR = 5 Re[(Fiyo + FyGsw + FisHy;0 + FgsHy )Ly Ly+(Fisw + FosGjw + Fj;Hsw + FoyHs) L3 Ly 1 Uy Uy exp[—2 Im(ky )x]

where g = 2 indicates the incident QP wave, g = 4 indicates the incident QSV wave.
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