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Abstract 
 
The propagation of acoustic waves in a homogeneous isotropic semiconducting layer sandwiched between 
two homogeneous transversely isotropic piezoelectric halfspaces has been investigated. The mathematical 
model of the problem is depicted by a set of partial differential equations of motion, Gauss equation in pie-
zoelectric material and electron diffusion equation in semiconductor along with the boundary conditions to 
be satisfied at the piezoelectric-semiconductor interfaces. The secular equations describing the symmetric 
and asymmetric modes of wave propagation have been derived in compact form after obtaining the analytical 
expressions for various field quantities that govern the wave motion. The complex secular equation has been 
solved numerically using functional interaction method along with irreducible cardano method. The com-
puter simulated results are obtained with the help of MATLAB software for 6mm cadmium selenide (CdSe) 
piezoelectric material and n-type silicon (Si) semiconductor in respect of dispersion curve, attenuation and 
specific loss factor of energy dissipation for symmetric (sym) and asymmetric (asym) modes of wave propa-
gation. The study may find applications in non-destructive testing, resonators, waveguides etc. 
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1. Introduction 
 
Lord Rayleigh [1] was the first who described the surface 
acoustic waves in connections with earthquake problems. 
Love [2] gave the first comprehensive treatment of dis-
persion for Rayleigh and Love waves in case of an elas-
tic halfspace covered with a single solid layer. Bleustein 
[3] and Gulyaev [4] theoretically predicted that a pure 
shear surface acoustic wave can be guided by the free 
surface of a piezoelectric halfspace. White [5] predicted 
that an acoustic wave propagating in a piezoelectric 
semiconductor can be amplified under the effect of a dc 
electric field. Collins et al. [6] observed strong interac-
tion between the wave on the surface of piezoelectric 
crystal and the drifting carriers in the nearby semicon-
ductor. Dietz et al. [7] explored the acoustoelectric am-
plification of acoustic waves in the composite of piezo-
electric dielectric and non-piezoelectric semiconductor.  

Kagan [8] considered the surface wave propagation in 
a piezoelectric crystal underlying a conducting layer. It is 

predicted that the electric field excited by the wave in 
crystal penetrates into the conducting layer. Jin et al. [9] 
studied the Lamb wave propagation in a metallic semi- 
infinite medium covered with piezoelectric layer. It is 
found that the dispersion curves are asymptotic to the 
transverse velocity of the piezoelectric layer with in-
creasing wave number. Sharma and Pal [10] investigated 
the Lamb wave propagation in a transversely isotropic 
piezothermoelastic plate. Sharma et al. [11] have ana-
lyzed the propagation of surface waves in a piezoelectric 
halfspace coated with a semiconductor layer. 

Wu and Zhu [12] studied the Lamb wave propagation 
in a plate bordered with inviscid liquid layers and found 
that the acoustic impedance approach is valid when the 
plate thickness is much smaller than the wavelength of 
transverse wave in the solid. Sharma and Pathania [13] 
studied thermoelastic waves in a homogeneous isotropic 
plate bordered with inviscid liquid layers. Sharma and 
Kumar [14] analyzed Lamb waves in micropolar ther-
moelastic solid plates immersed in liquid with varying 
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temperature.  
Sorokin [15] discussed the wave propagation of purely 

shear deformation in an unbounded sandwich plate 
composed of two identical isotropic skin plies and an 
isotropic core ply. Qiang et al. [16] analyzes the guided 
wave propagation in multilayered piezoelectric structures 
whose each layer is made of an arbitrarily anisotropic 
piezoelectric material. Hu et al. [17] have given an exact 
analysis of forced thickness-twist vibrations of multilay-
ered piezoelectric plates. Su et al. discussed the Lamb 
wave for identification of damages in composite struc-
tures. Lu and Bhattacharya [18] considered the elastic 
wave propagation in a sandwich structure with two thin 
stiff face plates and a thick compliant core. 

Sandwich structures found applications in many fields 
such as spacecraft, aircraft, automobiles, boats and ships. 
Keeping in view the wide range applications and above 
referred work an attempt is made to study the acoustic 
waves in a sandwich structure consisting of semicon-
ducting layer between two piezoelectric halfspaces. The 
phase velocity, attenuation and specific loss factor of 
energy dissipation for acoustic and optical modes of 
wave propagation in case of symmetric and asymmetric 
modes of wave propagation, in a sandwiched structure 
have been computed numerically from analytically de-
veloped model. The effect of variation of semiconduct-
ing layer thickness on the considered wave fields has 
also been taken in account to show the wave guide nature 
of the thin layer composite structure. 
 
2. Formulation of the Problem 
 
We consider an n-type homogeneous isotropic semicon-
ductor layer of thickness  sandwiched between two 
homogeneous transversely isotropic, piezoelectric half-
spaces. We take the origin of Cartesian coordinate sys-
tem  at any point on the mid-plane of the semi-
conductor layer and z-axis along the thickness of the 
layer as shown in Figure 1. Obviously the piezoelectric 
semi-spaces are represented by  and z h  

h z h  
 and 

the semiconductor layer occupies the region . 
We choose x-axis along the direction of wave propa- 

 

 

Figure 1. Geometry of the problem. 

gation in such a way that all particles on the line parallel 
to y-axis are equally displaced. Thus all field quantities 
are independent of y-coordinate.  

The basic governing equations of motion and electron 
diffusion for the composite structure under study, in the 
absence of body forces and electric sources, are given 
below: 

1) Semiconductor (n-type) elastic layer (Sharma et al. 
[11]): 

 2 s s n s sN           u u u       (1) 
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2) Piezoelectric 6 mm class  medium (Sharma et al. 
[11]):  

   11 , 44 , 13 44 , 15 31 ,
p p p p p p
xx zz xz xzc u c u c c w e e u        (3) 

 13 44 , 44 , 33 , 15 , 33 ,
p p p p p p p
xz xx zz xx zzc c u c w c w e e w          

(4) 

 15 31 , 15 , 33 , 11 , 33 , 0p p p p p
xz xx zz xx zze e u e w e w           (5) 
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have been used. In the above equations the superposed 
dots on various quantities denote time differentiation and 
comma notation is used for spatial derivatives. Through- 
out this paper the superscripts  and s  refer to piezo-
electric and semiconductor materials, respectively. Here 

ns  are Lamè’s parameters;   is the density; ,   is 
the elastodiffusive constants of electrons;  is the 
diffusion coefficient of electron; n  and  respec-
tively are the life and relaxation times of the carrier field; 

0  and  are the equilibrium and non-equilib- rium 
values of electrons concentration; T

nD
t nt

n n
  is the coefficient 

of linear thermal expansion of the semiconductor mate-
rial. The quantities  are flux-like constants and 

 is the uniform temperature; 
,Qp Qa a

0T  ,0,s s su wu  and 
 ,0,p p pu wu  are displacement vectors for semicon-

ductor and piezoelectric materials, respectively. The 
quantities p p ,  , ij and ij are the electric potential, 
density, elastic parameters and piezoelectric constants; 

11

c e

  and 33  are the electric permittivity perpendicular 
and along the axis of symmetry of piezoelectric material, 
respectively.  

The non-vanishing components of stress tensor, cur-
rent density and electric displacement in both the media 
are: 

Semiconductor: 

Copyright © 2011 SciRes.                                                                                 WJM 
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where s
ij  and p

ij  are the stress tensors. The quantities 
s
zJ  and ,zN

p
 respectively denote the current density and 

carrier density gradient in semiconducting layer; zD

 z h 

,  p p s

 is 
the electric displacement vector of piezoelectric material 
and  is the electronic charge.  e
 
Boundary Conditions 
The requirement of continuity of stresses, displacements, 
electric fields and current density at the interfaces 

 of two media leads to the following interfacial 
boundary conditions 

,  ,  ,  ,p s p s p s p s
zz zz xz xz zu u w w        z zN D J   

(8) 
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where   is the characteristic frequency, and lv , t  
are respectively, the longitudinal and shear wave veloci-
ties.  

v

Introducing the quantities (9) in Equations (1) to (7), 
we obtain (on suppressing the primes for convenience)  
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In order to facilitate the solution in semiconductor 
layer, we introduce the scalar and vector point potential 
functions s s  and   through the relations 
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The Equations (10)-(11) with the help of relations (17) 
provide us 
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The Equation (19) corresponds to purely transverse 
waves in the semiconductor which get decoupled from 
rest of the motion and is not affected by the concentra-
tion of charge carrier fields. 
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3. Formal Solution of the Problem 
 
We take harmonic wave solution of the form 
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 are the non-dimensional phase velocity, angu-

lar frequency and wave number, respectively, in which 
primes have been suppressed for convenience.  

The use of solution (21) in Equations (18)-(20) and 
(12)-(14) after straightforward algebraic reductions and 
simplifications leads to the formal solution satisfying the 
radiation conditions in semiconductor layer and piezo-
electric as under: 
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for piezoelectric halfspace  we have 
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Consequently, the expressions for stresses, current 
density and displacements in the semiconductor layer are 
obtained from Equations (15) and (17) via (22) and (23) 
as:  
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J S n A B ik x ct



   

   
  

2

3 3
1

e e e e

        exp

i in z n zs s s s z s z
i i

i

u ik A B A B

ik x ct

  



  (32) 

     
 





   
  

2

3 3
1

e e e e

        exp

i in z n zs s s s z s z
i i i

i

w n A B ik A B

ik x ct

  



 (33) 

     
 




(34) 

 2 2 2p kwhere    22q ik,   22i i, f ik n   
and  , 1,2s sA Bi i

Using the solution (24) and (25) in Equation (16) we 
obtain the stresses and electric displacement as: 

 are the unknowns to be determine.  
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 5 1, 2,3i ib p i    65 1 1 1tanhb S n n h 

 66 2 2 2tanhb S n n h 
  

  

  

,

,

k x ct

ik x ct

x ct

 

 



z h

3

2 2
11

3

2 2
1 31

3

1

exp

exp

exp

p p
zz i i i

i

p p
xz i i i

p
z i i i

i

y B m z i

d B m z

D b B m z ik


 


 







 

  

  







  (35) 

for piezoelectric halfspace , and  

  

  

  

,

,

ik x ct

ik x ct

x ct



 



z h

3

2 2
11

3

2 2
1 31

3

1

exp

exp

exp

p p
zz i i i

i

p p
xz i i i

p
z i i i

i

y A m z

d A m z

D b A m z ik


 


 







 



 







    (36) 

for piezoelectric halfspace  

1 ,i i i i i

, where 

 3 2y ik c c c  m M m P   

2 2

2 2i i

c c
d m i  2 ,i ik M ike P

,  1, 2,3i i im P i 

, ,

 

 1 2 3i ib ik e e m M     . 

 
4. Secular Equation 
 
Upon imposing the boundary conditions (8) we obtain a 
coupled system of twelve homogeneous simultaneous 
algebraic equations in twelve unknowns p p s

i i iA B A
 , 1,2,3sB i 

, , 1, 2,3sB i 

 1 0B AC D 

6 6

 ija

 1, 2,3i ib i 

 and 

i  which has a non-trivial solution if the 
determinant of the coefficients  

i  vanishes. This requirement 
leads to a dispersion relation of the type 

, ,p p s
i i iA B A

det           (37) 

where A, B, C and D are the  matrices whose 
non-zero elements are defined as below: 

The non-zero elements  of matrix A are 

54 1a S 55 2 6,  ,  a S a 


 

The non-zero elements ij

p

b  of matrix B are 

 1,2,3b y1i i i  , 14 15b b  , ,  16b q 

   ik2i 1 1,2,3b i , 24 25b b  26b, 

 1 1tanh n h

b f  tanhb p h

,  

  b f3

35 

1,2,3b d i  i i 34

 2 2tanh n h 36

, ,  

,  , 

 1, 2,3i i i  444  b M  1 1tanhb n n h

2  tanhb ik h

, ,  

 2tanh n h 4645b n ,   ,  

, ,  

 

The non-zero elements  ijc of matrix C can be obtained 
from corresponding non-zero elements of  ijb  of m ix B 
by replacing hyperbolic tangent function with the hyperbolic 
cotangent function and non-zero elements ijd  of ma x D 
are same as that of corresponding non-zero elements 

  
atr

tri
 ija  

of matr  After some algebraic reductions and simplifica-
tions the secular Equation (37) can be rewritten as: 

1T H 

ix A.

   1 11 1
1 1 2 2 3 3 1 3 4 2 3 5T H T H T T H T T H

      (38) 

where 

     
   

   

   

    
 

1 1 2 2 3

2
2 1 1 2 1 31 1

1 2
2 2 2 2

3 4 1 2 1 1 1 2 3 4
3 4

1 2 2 1

2 2
2 1 1 1

5
2

2 4

1 1 2 1 1 2 1 1 2 1 1 2

2 1 2 1 1 2

nh ,  tanh ,  tanh

2
,  ,

,  ,

2

,

h T n h T h

S S n n G ik GS n
H H

S n HS n

G G G G S n G G G G
H H

HE HS n E

S S n E p k
H

HS

H pG ikG

G qF D X D X X qD F X F X

G pR D X D X ikX











 
 

 
 

 


 

    

      
    
    

 

1 1 2 1 1 2

3 1 2 1 1 2 1 1 2 1 1 2

4 1 2 1 1 2 1 1 2 1 1 2

1 1 2 1 1 2

,

,

,

pD R X R X

G qR D X D X X qD R X R X

G pF D X D X ikX pD F X F X

E X D X D X



 

    

     

 

 (39) 

Here +1 stands for asymmetric mode of wave p
ga

taT n 

ropa-
tion and −1 for symmetric mode of wave propagation. 

The quantities  , , , 1, 2i i i iD F R X i   are defined as 

,D P P d P d P1 1 2 2 1 3 1 1 2 2 1

2 1 3 3 1 1 1 2 2 1

2 1 3 3 1 1 2 1 1 2

2 3 1 1 3

,  ,  

,  ,

,  ,

D P P F

F d P d P R M P M P

R M P M P X y P y P

X y P y P

    

   
   

 

    (40) 

 
. Solution of Secular Equation 

 general, wave number and hence the phase velocities 

1 1i Q                 (41) 

where k R iQ

5
 
In
of the waves are complex quantities, therefore the waves 
are attenuated in space. In order to solve the secular 
Equation (38), we take 

1c V 

  , R
V


, and ,R Q  are real numbers.  
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ay be noted that Q
he pha  lo  

 i

r used to solv

rfa

g V

Here, it m V  and  respectively rep-
resent t ve and attenuation coefficient of se city
the waves. Using representation (41) n various relevant 
relations, the complex roots  2 1, 2,3im i   can be 
computed from Equations (27) with the help of Cardano 
method. The roots 2

im  are furthe e secular 
Equation (38) to obtain phase velocity and attenuation 
coefficient of the su ce waves by using function itera-
tion numerical technique outlined below: 

In general the secular Equation (38) is of the form 
 c c  which on using representation (41) leads to a 

system of two real equations  , 0f V Q   and  
0 . In order to apply functional iteration 

method we write  V f V
,Q

,Q  and,  ,Q g V Q  
whe nctions re the fu f   and g  are selected in such a 
way that they satisfy  the conditions

1,  1
f f g g

V Q V Q

      
   

   
         (42) 

for all ,V Q  in the neighborhood of the root. If  0 0,V Q  
be an initial approximation to root, then we can construct 

rmulae 

 

2 2 1

1 1 ,n n ng V Q
 

 
     (43) 

nce  ,n nV Q  of ations to the root 
to the act  0 0,V Q  lies 

 are 

f th nu

the successive approximations according to the fo

   
   

1 0 0 1 1 0, ,  ,

, ,  ,

V f V Q Q g V Q

V f V Q Q g V Q

 

 

 

 

 

2 1 1

1

 

, ,n n nV f V Q Q
 

 

The seque
will converge 

h value o

 approxim
ual root provided 

nal w

in the neighborho e actual root. For initial value 
of  0 0 0,c c V Q  , the roots  1,2,3im i  com-
puted from Equations (27) by using Cardano method for 
eac on-dimensio a mber 

od of th

e n ve  R  
for assigned frequency. The values of im  so obtained 
are then used in secular Equation (38) to obtain the cur-
rent values of V  and Q  each time which are further 
used to generate the sequence (43). The process is ter-
minated as and when the condition 1n nV V    ,   
being arbitrarily small number to be selected at random 
to achieve the accuracy level, is satisfie dure 
is continuously repeated for different values of non-di- 
mensional wave number to obtain corresponding values 
of the phase velocity and attenuation coefficient. Thus, 
the real phase velocity and attenuation coefficient during 
the propagation of Rayleigh type waves in the composite 
structure under study can be computed from dispersion 
relation (38).  
 
5.1. Specific Loss 

d. The proce

the direct method of defining the 
aterial. According to Kolsky [19], 

 case of sinusoidal plane wave of small amplitude, the  

 
The specific loss is 
internal friction for a m

in

specific loss 
W

W


 equals to 4π  times the ratio of ab- 

solute value of the imaginary part of k  to the real part  

of k , i.e. 
 
 

Im
4

k
 , where k  is a complex 

ReW k

W
  

num-ber such that  Im 0k  . Here  

 
 

Im
4π 4π 4π

kW Q

RReW k

VQ




            (44) 

 
6. Numerical Results and Discus
 

 this section we present the discussion of the results 
e analyti-

l developments in the previous sections for a sandwich 

sion 

In
obtained through computer simulations from th
ca
structure consisting of n-type silicon  Si  layer and 
cadmium selenide  CdSe  halfspaces, whose material 
parameters and constants are defined as [11]: 

1) Piezoelectric halfspace: 
10

11 7.41 10  Nmc 2  , 10 2
13 3.93 10  Nmc   , 

10 2
33 8.36 10  Nmc   ,  1.32 10 2

44 10  Nmc   , 

31 0.160 Cme 2  2
33 0.347 Cme,  , 

2
15 0.138 Cme   , 11 2 1 28.26 10  C N m11     

11 2 1 2
33 9.03 10  C N m

, 

   , 35504 Kgmp  . 

2) Semiconductor lay
11 20.64 10  Nm

er: 
  , 20.65.0 Nm  , 

2 1s20.35 10 mnD    , 20 3
0 10 mn   , 

6 12.6 10  T
 K   , 32300 kgms  

The numerical computations have been formed 
with the help of MATLAB ftware employin  pro-
cedure outlined in section he first two symmetric 
(s

.  

per
 so g the
5 for t

ym) and asymmetric (asym) modes  
   1 , 2n acoustic optical    of wave propagation. 

Here the quantity Rh  denotes the non-dimensional 
wave number of acoustic waves trave

n piezoelectric half- 
spaces. 

From Figure 2 it is observed that phase velocity pro-
files of symmetric and asymmetric modes both, acoustic 
and opti

ling in the semi-
conducting layer sandwiched betwee

cal, have significantly large magnitudes at small 
w

 

ave numbers (long wavelengths) which decrease with 
decreasing wavelengths and ultimately become stable 
and steady at extremely short wavelengths. The magni-
tude of phase velocity is small in case of fundamental 
(acoustic) modes but large for higher (optical) modes in 
the considered structure. This is attributed to the fact that 
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Figure 2. Variations of phase velocity versus wave number 
(Rh). 
 

 material layer behave like a thick slab and hence 
oupling between upper and lower interfaces is reduced 

observed that the coupling effect of various 
in

ases in the 

 

sat higher frequencies (short wavelengths), the semicon-
ductor
c
as a result the properties of symmetric and asymmetric 
modes become almost similar. Under such situations the 
wave motion at the upper interface is not confined to the 
lower interface and displacement becomes localized near 
the respective boundaries and as a result the wave dis-
persion curves asymptotically approach to that of Ray- 
leigh surface wave in case of acoustic modes and to 
shear wave velocity for optical modes in semiconductor 
material. 

Moreover, the unbounded displacement field is char-
acterized by the singularities of circular tangent functions. 
It is also 

teracting fields decreases with increasing thickness of 
the semiconductor layer resulting in lower phase velocity 
as the wave travel along the interface (guided surface) 
with little disturbance to the semiconductor layer. The 
phase velocity of various modes at long wavelengths is 
noticed to be quite high because such waves penetrate 
deep in to the medium thereby creating significant dis-
turbance in either of the material components because 
various interacting field become operative and contribute 
in increasing the magnitude of the phase velocity. 
Moreover, at long wavelengths the semiconductor layer 
behaves like a thin structure and hence its properties are 
greatly influenced by the substrate piezoelectric material 
under such situation through the interfaces which also 
attribute in high magnitude of phase velocity. 

Figure 3 shows the variations of attenuation coeffi-
cient with the wave number. The attenuation of acoustic 
and optical modes of wave propagation incre
range 0 4Rh  . It is evident that in this region at-
tenuation observed sharp increase in contrast to the phase 
velocity profiles which show sharp decrease. The attenu- 

0.12

0.14

  .

n=1 (sym)

n=2 (sym)

n=1 (asym)

n=2 (asym)

 

Figure 3. Variations of attenuation coefficient versus wave 
number (Rh). 
 

a steady state for 4R  . It is attributed to 
e fact that large wavelength waves interact with the 

actor follows the same trend as that of attenuation 
co

tor layer. Phase 
ve

an acoustic waveguide. Acoustic 
w  

ation of both acoustic and optical modes decreases be-
fore it attains 
th
medium in contact to the maximum extent in contrast to 
that at short wavelengths in which case these follow the 
surface without significantly disturbing the medium. 
Thus the medium offer a high resistance to wave propa-
gation at long wavelengths as compared to that at short 
wavelengths. At large wavelengths optical modes of 
wave propagation possess small value of attenuation as 
compared to that of acoustic modes; however the trend 
gets reversed at small wavelengths. The optical modes 
both symmetric and asymmetric possess higher attenua-
tion. 

Figure 4 presents the variations of specific loss factor 
of energy dissipation versus wave number. The specific 
loss f

efficient with the exception that it has higher magni-
tude than attenuation coefficient. This shows that at long 
wavelengths the medium offers high internal friction as 
compared to that at short wavelengths. 

Figure 5 reveals that the phase velocity of both for 
symmetric and asymmetric modes increases with de-
creasing thickness of the semiconduc

locity possesses high magnitude when the semicon-
ducting layer is thin. From Figures 6 and 7, it is evident 
that the attenuation and specific loss factor of energy 
dissipation have minimum magnitudes in case of thin 
semiconductor layer while the phase velocity has maxi-
mum magnitude. The magnitudes of attenuation and spe-
cific loss factor increase with increasing thickness of the 
semiconducting layer. 

The increase of phase velocity with decreasing thick-
ness of the semiconductor layer shows that the thin sand-
wiched layer acts like 

aveguide confine the acoustic energy in the bulk of the 
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Figure 4. Variations of specific loss versus wave number 
(Rh). 
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Figure 5. Variations of phase velocity versus layer thickness 
(h). 
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Figure 6. Variations of attenuation coefficient versus layer 
thickness (h). 
 

nerates a par- 
layer through multiple reflections from the top and bot- 
tom interface as wave propagates and it ge
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Figure 7. Variations of specific loss versus layer thickness 
(h). 
 

nelized flow of energy through the waveguide.  

) Functional iteration numerical technique along with 
essfully used to solve the 

mplex secular equation in order to compute the phase 

ticle displacement at both the interfaces to ensure the 
chan
 
7. Concluding Remarks 
 
1
Cardano method has been succ
co
velocities, attenuation coefficients and specific loss factors 
of energy dissipation for different symmetric and asym-
metric modes of wave propagation in a sandwich piezo-
electric-semiconductor  CdSe Si CdSe   structure. 

2) Optical modes possess higher phase velocities than 
that of acoustic modes in symmetric as well as asymmet-
ric mode of wave propagation.  

velengths. 

ngths. 

ick-
ne

8.

he authors are thankful to the reviewer for his useful 
ent of this work. The au-

3) Phase velocity profiles show dispersive character 
and decrease with the increasing wave number to be-
come smooth and stable at short wa

4) The attenuation and specific loss factor increase 
with increasing wave number initially and then decrease 
after attaining maximum value in each case. 

5) At large wavelengths acoustic modes possess high 
attenuation and specific loss factor of energy dissipation 
and reverse trends are noticed at small wavele

6) Phase velocity increases with decreasing thickness 
of semiconducting layer while attenuation and specific 
loss factor of energy dissipation increase with the th

ss of the layer showing a waveguide nature of the thin 
sandwiched semiconductor layer. 

7) The study may find applications in fabrication of 
micro-electromechanical surface acoustic wave devices. 
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