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ABSTRACT: Two-dimensional equations for multilayered shells of piezoelectric semicon-
ductors are derived. The equations are used to analyze the propagation of torsional waves in a
single-layered circular cylindrical shell of a piezoelectric semiconductor, and in a multilayered
shell of nonconducting piezoelectrics and nonpiezoelectric semiconductors. Dispersion and
dissipation due to semiconduction as well as wave amplification by a biasing DC electric field

are discussed.
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INTRODUCTION

PIEZOELECTRIC materials are either dielectrics or
semiconductors (Auld, 1973). An acoustic wave
propagating in a piezoelectric crystal is usually accom-
panied by an electric field. When the crystal is also
semiconducting, the electric field produces currents and
space charge resulting in dispersion and acoustic loss
(Hutson and White, 1962). The interaction between a
traveling acoustic wave and mobile charges in piezo-
electric semiconductors is called the acoustoelectric
effect which is a special case of a more general phe-
nomenon which may be called the wave-particle drag
(Weinreich et al., 1959). It was also found that an
acoustic wave traveling in a piezoelectric semiconductor
can be amplified by the application of a DC electric field
(White, 1962). The acoustoelectric effect can also be
produced in composites of piezoelectric dielectrics and
nonpiezoelectric semiconductors (Dietz et al., 1988). In
these composites, the acoustoelectric effect is due to the
combination of the piezoelectric effect and semiconduc-
tion in each component phase. The acoustoelectric effect
and the acoustoelectric amplification of acoustic waves
have led to the development of acoustoelectric devices
(Heyman, 1978; Busse and Miller, 1981; Dietz et al.,
1988). The basic behavior of piezoelectric semiconduc-
tors and the acoustoelectric effect can be described by
a linear phenomenological theory (Hutson and White,
1962; White, 1962). More sophisticated nonlinear
theories for deformable semiconductors have also been
developed (de Lorenzi and Tiersten, 1975; Maugin
and Daher, 1986). Due to multifield coupling and
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anisotropy, device modeling by these theories presents
complicated mathematical problems. Exact analysis is
possible only in rare cases, e.g., the one-dimensional
problem of thickness vibrations of plates (Wauer and
Suherman, 1997). Structural theories and numerical
methods need to be developed for device modeling.
Two-dimensional theories for thin piezoelectric dielec-
tric shells have been developed (Dokmeci, 1990; Tzou,
1993; Rogacheva, 1994; Hu et al., 2002) and proved very
effective in structural problems and device modeling.
Single- and multilayered piezoelectric semiconductor
shells can be used to produce the acoustoelectric effect
for device application. In this article, we study motions
of thin shells of layered piezoelectric semiconductors.
The three-dimensional equations of linear piezoelectric
semiconductors are summarized in the following section.
Two-dimensional shell equations are then derived.
Propagation of torsional waves in a single-layered
piezoelectric semiconductor shell, and in a multilayered
shell of piezoelectric dielectrics and nonpiezoelectric
semiconductors, under a DC field, is analyzed. Finally,
some conclusions are drawn.

THREE-DIMENSIONAL EQUATIONS

Consider a homogeneous, one-carrier piezoelectric
semiconductor under a uniform DC electric field Fj. The
steady-state current, J; = gnu;E;, where ¢ is the carrier
charge, 7 is the steady-state carrier density which
produces electrical neutrality, and u; is the carrier
mobility. The summation convention for repeated
tensor indices is used. When an acoustic wave propa-
gates through the material, perturbations of the electric
field, the carrier density, and the current are denoted
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by E; n, and J;. The linear theory for small signals
consists of the equations of motion, Gauss’s law of
electrostatics (the charge equation), and the conserva-
tion of charge (Hutson and White, 1962)

Tjij = piii,  Dii=qn,  qn+Jii=0, (1)
where, u; is the displacement vector, T}; is the stress
tensor, p is the mass density, and D; is the electric
displacement vector. A comma followed by an index
denotes partial differentiation with respect to the coordi-
nate associated with the index. A superimposed dot
represents differentiation with respect to time ¢. The
above equations are accompanied by the following

constitutive relations:

Ty = ¢Sk — exijEx,
D = ejSik + €;Ej, 2

Ji = qiiwgEp + qnuyE; — qdyN;,

where the strain tensor Sy, the electric potential ¢, and
the carrier density gradient N, are defined by:

Ei=—-¢. Ni=n; ()
In Equation (2), ¢, e and g; are the elastic,
piezoelectric, and dielectric constants. d; are the carrier
diffusion constants. With successive substitutions from

Equations (2) and (3), Equation (1) can be written as
five equations for u, ¢, and n

CijkiUre, jj + €kijP, 1y = P,
eikiUk, i — £, i = qn, “4)

it — A, + wyEn.i — din iy = 0.

On the boundary of a finite body with a unit outward
normal #;, the mechanical displacement u; or the traction
vector Tyn;, the electric potential ¢ or the normal
component of the electric displacement vector D;n;, and
the carrier density n or the normal current Jzn; may be
prescribed.

DERIVATION OF SHELL EQUATIONS

Consider a shell element in the reference configura-
tion (see Figure 1). (ay,ap,3) is an orthogonal cur-
vilinear coordinate system, «; and o, are the middle
surface principal coordinates, and a3 is the thickness
coordinate. The thickness of the shell, 2/, is much
smaller than the radii of curvature R, and R, of the
middle surface. The shell has N layers. The two major
faces and the N —1 interfaces are sequentially deter-
mined by as=—h=hg, hy,...,hy_1, and hy=h. A and

Figure 1. A shell element and coordinate system.

A, are Lame coefficients of the middle surface corre-
sponding to «; and «;.

Displacement, Potential, and Carrier
Density Approximation

The three-dimensional mechanical displacement, elec-
tric potential, and carrier density are approximated by

up (e, @, a3, 1) = up (o, a2, 1) + Bi(ar, aa, Hes,

up (e, 2, 3, 1) = up(any, @2, 1) + Ba(ar, aa, Hes,
us(ag, o, 003, 1) =2 us(ay, oa, 1), (5)
Plar, @, a3, 1) = ¢ (e, a2, 1) + 3¢V (0),

n(ay, ay, a3, t) = n(o)(al,az, 0.

When the shell is electroded, ¢(© = 0, and ¢V = V(¢) is
the voltage across the shell thickness. When the shell is
unelectroded, to the lowest order ¢ = ¢©, and ¢ = 0.
Note that we have used the same u; for both the three-
dimensional displacements and middle surface displace-
ments, which should not cause any confusion. For a
classical thin shell without transverse shear strains
(S13 = S»3=0), the rotations 8; and B8, can be expressed
in terms of the middle surface displacements as (Tzou,
1993)

ouz u By = ou3 u
A18a1 R1 ’ T A28a2 R2 ’

pr=— (6)

Gradient Equations

The in-plane strain components S, (a,b=1,2) have
the following expression

Sab = S((I(;) + a3kap, (7)
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where, the middle surface strain components Sgl),) and
curvatures k,, are given by (Tzou, 1993)

1 8u1 us 3A1
s kel ,
1 Alaoq AlAz 30[2 +Hs
1 8u2 up 8/42
S(O) = —_— N
2 A2 30{2 A1A2 8061 +kll3 (8)

Ay, 0 (75} Ay 0 uj
25 22 @ (M) A1 9 (U
12 Alaoll A2 +A280[2 A1 ’

and
o LB Py
= A1 80[1 A1A2 30!2 ’
129 04
aniﬁ ﬂl 72’ (9)
A28a2 A1A2 30[1

2 (B A0 (B
12 A] 3051 A2 Az 30[2 A] ’
The electric field and carrier density gradients are
1

1 a

EO _ _ (0) EO__ - 9 40

1 A] 80[1 (¢ )’ 2 A2 aaz (¢ )7
EY = 40 (10)
and

1 3 1 3

NO_ 1 % L0 NO_ L % 0 NO _q.

T4 0y ¢, P Ay 0 ’

(1

Divergence Equations

The shell equations of motion (Tzou, 1993), Gauss’s
law (Tzou, 1993), and the conservation of charge take
the following form:

d(N1142) ANy Ar) 04 04> 1
N2 Ny, S22 004 As —
80 + 50 + N2 octs 2 o0, + 0,341 2R1
+ F¥ = p0 4, Ay,
d(N12A42) | d(NxnAy) 04, 94, 1
Noyy—=— N — A1Ar —
806] + 30[2 + 2 30(] t 30!2 + Q23 ! 2R2
+ F0 = p 4, Asii,,
9 9 A4 A14>
— A — A)— N — N
80[1 (Q13 2)+8a2 (Q23 l) 11 R 22 R2
+ F” = p 4, Ay,
oM A (M, A 0A4 04
(M1 2)+( 21 1)+M12—1—M22—2
dory %) aoty dory
- Q13A1A2 =0,
(M, A o(M»nA 04 04
(122)+(2z 1)~|—M21—2— Rl
dory %) dor dot
— 053414, =0,
(12)

aDV4,) aDVA 11
(D) 42) | (D, 1)+<—+—>A1A2D(30)+D(°)

do dotr R R
= ¢4, 4,0, (13)
and
©) (0)
¢4, 4,7 + W1 4y | 3, 4)
oo doty
11 .
— +— 4140+ IO =0 14
+ (R1 +R2) 142457 + , 14)

where the mass and charge per unit area of the middle
surface are given by

h N
p(o) :/ deB :Z,Ol(hl - h]*l)s

—h 1=1

(15)
h N
q© :/ gdoas =Y ¢ (h; — hi_y).
—h I=1
The resultants and loads are defined by
h
{Nab, Qu3, DY, IO} = f {Tap Taz» D, J Ness,
—h
h
My, = / Tapo3 das, (16)
—h

h
{F, D", JO) = [4,4x{T3, D3, J3}]",,.

Constitutive Relations

Since the shell is assumed to be thin, we make the
stress relaxation approximation of vanishing normal
stress 733 = 0. This implies, through Equation (2); by
setting i=j=3, the following expression for u;; in
terms of other components of the displacement and
potential gradients

1
S33 = ——— (3301 — €3333533 — ex33 E). (17)
€3333

Stress relaxation for thin anisotropic or piezoelectric
plates or shells can be made in ways more sophisti-
cated than the one already described, also involving
T51 and T3, (Mindlin, 1972). That is not our main
interest here. The relaxation involving 733 is the major
relaxation because in anisotropic plates, couplings
among extensions in different directions are much
stronger than couplings between extensions and shears.
In Equation (17), S33 has been eliminated on the right-
hand side because when i =j = 3, the two terms con-
taining S33 cancel with each other. From Equation (17),
the thickness expansion or contraction accompanying
the extension and flexure of the shell due to the
Poisson’s effect can be found if needed. Substituting
Equation (17) back into Equations (2),;,, we obtain
the following constitutive relations relaxed for thin
plates
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Ty = CijiiSkr — erijEx,

_ _ (18)
D; =2y Sk + &, E;,

where the relaxed material constants are defined by

_ Cij33C33k1
Cijkl = Cijkl — —
€3333
_ €133C33j;
Chij = €kij — (19)
€3333
_ €i33€33
84'1' = 8,’j + - .
€3333

We note that the right-hand side of Equation (18) does
not contain Ss3, and T5; = 0 is automatically satisfied
by Equation (18). Furthermore, since for thin shells the
transverse shear strains S;3 and S»3 are taken to be zero,
Equation (18) can be written as:

T'( EljabS b — ekl]Eka

(20)
D; =e,Sa + &, E,

a,b=1,2.

Substitution of Equation (20) into Equations (16);
yields the following shell constitutive relations:

h
. (0) (1) 0) 7-(0)
Nap = /h T d(¥3 - cahcdScd + Cabed®ed — ekabEk ’

h

) o 2 D p©

My = / Tapors doz = qub)cds( ) + ‘Ezb)cd"(d - ei(m)bEE \
h

0 0) o(0) (1 (0) (0)
D(a): hD day =e,;S.; + €,kea + 0 Ex

h
0 0 0 0
1= [ g, des = WO 00— PN,
h

(21)
where
) h N
_ — _ I
Cabed = f} Capea d0t3 = anbcd(hl —hi_y),
—n
M h h2
S — = -1
(’abcd - /h Cabed®3 dOl3 Z (’abcd s (22)
h h‘ h3
2 _ = 2 _ I 1~ "
Cabed = / Capea®s doe = Z Cabed — 3 >
—h I=1

h
(0)

Clab —/ Cpap otz = Zekah(h hi_y),
(1) h[ i

Chab = ekab“3 da = Zekab , (23)

©0) _ § :
gak - // Eak dOl; galc(hl 171)7
—h

h N
V= [ s dos = >y =)

()
Mk
—h

MEJO) = / CIMa/E dos = Z(j lLa] /1171),
—h
(24)

h N
da(g) = /1 qdap dotz = qudib(}h —hy_y).
—n I1=1

The transverse shear resultants Q,; are determined from
Equations (12)45. In summary, we have obtained field
Equations (12)—(14), gradient relations Equations (8)—
(11), and constitutive relations Equation (21). With
successive substitutions from Equation (21), Equations
(12)45 and Equations (8)—(11), we can write Equations
(12)153, (13), and (14) as five equations for u,;, ¢,
and #n®. Boundary conditions include the usual ones
for a classical elastic shell (Tzou, 1993), ¢® or normal
D@, and n® or normal J©.

TORSIONAL WAVES IN CIRCULAR
CYLINDRICAL SHELLS

Cylindrical shells are common shapes for electro-
mechanical transducers. As applications of the equa-
tions obtained, we study the propagation of torsional
waves in circular cylindrical shells. Consider an unelec-
troded circular cylindrical shell with middle surface
radius R and thickness 24. The cylindrical coordinates
(r,6,z) correspond to (3, 1,2) (see Figure 2). The Lame
coefficients of the middle surface are 4, =R and
A> = 1. The radii of curvature of middle surface are
Ry = R and R, = oo. For torsional waves, the relevant
fields are u; (2, 1), ¢O(a, 1), and nO(a», ). Equation (6)
simplifies to

1= B =0. (25)

U
ﬁa

— >

~

Figure 2. A circular cylindrical shell and coordinate system.
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K and Sg(}))) take the following form:

1 8u1

=0 =0, =——1 26
k=0,  kn = e (26)
1 ou
(0) 0) (0) 1
sV=o0, s¥P=0  s9= Yo D

The electric field and carrier density gradient are

36
E” =0, EY= ——8";2 . EY=0, (23
on®
N =0, NV :a”—, N =0, (29
o)

We consider the case when the cylindrical surfaces are
without any mechanical and electrical loads, hence

(£, D, JO) = 0. (30)

The biasing DC electric field is with only one compo-
nent E,. We consider two examples of different
materials. The material constants of the materials to

N N
Zl Cé6(hl - 11171)52 - Zl o' (hy — hlfl)wz
= =

N
- [; eéé(hl - hlfl)sz

be considered are special cases of the following matrices

C11 C12 (13 0 0 0 €11 0 0 r

cip ¢ ¢33 0 0 0 e O 0
ci3 ¢3 ¢33 0 0 0 e;z 0 0
0 0 0 ca O O 0 o0 |°
0 0 0 0 e¢s5 O 0 e3s
0 0 0 0 0 «ce 0 e O
e, 00
0 &, 0], 3D
0 0 &5

where the superscript 7 indicates matrix transpose.
w; and dj; have the same structure as ¢;. For a single-
layered shell or a multilayered shell symmetrically
laminated about its middle surface, the relevant
equation of motion (Equation (12);), Gauss’s law
(Equation (13)), and the conservation of charge

N _
0 > 'y Iy 8+ Eopiit —
I=

(Equation (14)) take the following form:

N 2 1(0)
d ¢>
Zcéé(h —h,_ 1) +Z 26(h hy_ 1)
=1
N . I P ”1
= Z’O (hy — hy—y)iiy, Ze%(h] hy_ 1)
=1

Ny a2¢<° v o,
— > ey —hy_ 1) = ¢ (hr = hy_)n
= =
N

N
—=I
Zq’(h, —hy_pat Mzz 8 Z — i) Eyus,

=1 =
n©® P20
S [(h ,_l)déz(a i )}
o5

N
- Z g (hy — hi_)R©.
I=1

(32)
Let
W[4,
n® ¢ ={ B pelteen, (33)
¢(0) C

where A, B, and C are constants. Substitution of
Equation (33) into Equation (32) yields

N
0 [; eéé(hl - 11171)52
N N , A
_[;ql(hl_hl—l) geéz(h,—h171)§ }g =0
N
iw) 121 q"(hy — hy_ ', 8
(34)

For nontrivial solutions, the determinant of the coeffi-
cient matrix has to vanish, which gives the following
dispersion relation:

N N
Z Pl(hl - h[—l)“)2 = Z Cé()(hl - hl—l)sz
=1 . 1=12
+ |:Z eho(h; — hll):|
N
2 |:Z ql(hl -
N N
{ [Z q'(hr — h,_l)} [Z q'(hy — hl_on’uéz}
=1
N
+ Z ehy(hy — hll):|
=

N
x Zq’<h,—h,_l)(dz’zsz+F£u§2is—iw)]}. (35)

h @8 + Byl it - iw)} g/
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A Single-layered Shell

Quite a few piezoelectric semiconductors are of 6 mm
symmetry. This includes, for example, widely used
Beryllium Oxide (BeO), Cadmium Selenide (CdSe),
Cadmium Sulfide (CdS), Zinc Oxide (ZnO), and Zinc
Sulfide (ZnS) (Auld, 1973). For crystals of 6mm
symmetry, when the sixfold axis is along the x; axis,
Equation (35) reduces to

eldy € + i(lelzz_é — )&
Ghiflyy + 5[dyy & + i(Epppé — )]

P’ = ceek” + . (36)

Equation (36) shows that the wave is dispersive due
to semiconduction. It also shows that w is complex,
indicating a wave damped due to semiconduction.
Wave amplification may occur when the imaginary
part of w changes it sign, or when pu,, E,& — @ changes
its sign, i.e.,

% = Unk,. (37

Equation (37) shows that wave amplification may
occur when the acoustic wave speed is equal to the
carrier drift speed. When semiconduction is small,
Equation (36) can be solved approximately by
an iteration procedure. As the zero-order approxi-
mation, we neglect the small semiconduction and
obtain

2

~ e
Ce6 = Cgq + ﬁ. (38)

2 A 2
POy = 666‘5 5
(0) £

Or, in terms of the wave speed

2 ~
w;
2 © _ o6
V = =—, (39)
(0) £ P

which is the speed of a torsional wave with the well-
known piezoelectric stiffening effect. Equation (38) is
nondispersive and nondissipative. For the next order or
approximation, we substitute Equation (38) into the
right-hand side of Equation (36) and obtain

e36ldyn 8 + i@zﬂzzj — w))]E
@ithyy + Exldyy €2 + i(Eyip€ — wp))]’
(40)

which is dispersive and dissipative.

For numerical results, we consider CdS with (Auld,
1973; Gualtieri et al., 1994)

p =4820 kg/m>,

c11=9.38, 2 =9.07, ¢ =1.504,

c2 =510, ¢;3=5.81x10""N/m?,

en1=—044, ep=-024, ey=-0.21C/m?,
e11=9.538), €2=9.025), £ =8.854x10""2F/m.

(41)

The mobility of electrons and holes in CdS at 300 K
are (Navon, 1986)

wn = 340, 1y =50 cm?/Vs. (42)
We consider electrons with w,. The diffusion con-

stants can be determined from the Einstein relation
(Navon, 1986)

D= k—T ", (43)
qe
where, T is the absolute temperature, and k the
Boltzmann constant. At room temperature, k7/q,=
0.026 V. (Navon, 1986). ¢.=1.602x 107" C is the
electronic charge. For geometric parameters, we choose
R=10mm and 2/ =1mm.

We plot the real parts of wgy and wq) versus &
in Figure 3. The dimensionless wave number X and
the dimensionless frequency Y of different orders are
defined by:

_ ¢ Y = —20 0= Refw) )
7T/2h ’ (V(o)ﬂ/zl’l) ’ (V(o)ﬂ/2h)
(44)
00144y
Y =17.
0.012 wy=7.36)
0.01 +
Y(o) Y(])(}/= 189)
0.008 4
0.006 4
0.004 +
0.002 +
X
0 T T 1
0 0.005 0.01 0.015

Figure 3. Effect of semiconduction on wave speed (CdS).
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1.5E-049 Y

1.0E-04 1
A=15h

5.0E-05 1

A=20h g
0.0E+00 T T T T 1
0.9p85  0.999  0.9995 1 1.0005 1.001  1.0015

-5.0E-05 -

-1.0E-04 1

-1.5E-04 -
Figure 4. Effect of semiconduction on wave attenuation (CdS).

y is a dimensionless number given by:

_ Hnk,
V()

(45)

which may be considered as a normalized electric field.
y represents the ratio of the electron drift velocity and
the torsional wave speed. Y(g) is a straight line of a
nondispersive wave. Yy is in fact curved as shown in
Equation (40), which represents a dispersive wave.
Although the curvature of Y(;) cannot be seen in the
figure, the change of slopes can be seen clearly, which
represents change of wave speed. The figure also shows
that the change of wave speed due to semiconduction
varies according to the DC electric biasing field. Our
iteration solution is accurate in the sense that the
second-order solution does not show much difference
from the first-order solution. The difference cannot be
seen if plotted in Figure 3.

Figure 4 shows the imaginary part of w( versus y.
A=2m/& is the usual wavelength. The dimensionless
number describing the decaying behavior of the waves is
defined by

_ Im{on} (46)

(V(O)T[/zh)
When the DC bias is large enough, the decay constant
becomes negative, indicating wave amplification. The
transition from damped waves to growing waves indeed
occurs when Equation (37) is true for w().

A Laminated Shell

Next consider the propagation of torsional waves in a
three-layered composite shell of a ceramic layer between
two silicon layers. The ceramic layer of PZT-5H is
a piezoelectric dielectric. Silicon is of cubic (m’m)

symmetry and is a nonpiezoelectric semiconductor.
Then Equation (35) reduces to

[ p" + (h = h)p"Ne? = (el + (h— h)cggl’
+ [neho P [alhe + Y ulie - )] /
(4G = " ulh + [l + G — et

X[ + i(E3 ulhe — )], 47)

where superscript [ is for PZT-5H and 17 is for SlllCOIl
Wave amplification may occur when MzzE é w
changes its sign, or

= MzzEz (48)

W‘r\S

The zero-order of approximation gives

Ui’ + (h = h)p" Ny = [l + (h — hy)cl]e?
(h1€§6)2€2

el + (h— ekt )
In terms of wave speed, Equation (49) becomes
o @y _ g+ (h—h)egg
O T T il (= )t
(hebe)’® (50)

+
Ui’ + (=)ol eh, + (h— h)ehy

For the next order of approximation, we substitute
Equation (49) into the right-hand side of Equation (47)
and obtain

Uhio! + (h = h)p" ol = [k + (h — h)elhle?
+ [Uned[d858 + iy uhs — wo)]€] /
[a"" (= mya" udh + [l + G — h)elt]
x [afhe? + (B3 nlhe — o] | (51)

which is dispersive and dissipative.
For PZT-5H p=7500kg/m®. When poling is along
the x-axis, the material matrices are (Auld, 1973)

11.7 841 841 0
841 126 795 0
841 795 126 0
=0 0 0 2325
0 0 0 0 23

0 0 0 0 0 23
x 10' (N/m?), (52)

S O o O
S O O o O
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0.057Y
0.045
Yy(y=14.76)
0.04 1
0.035
0.03 1 Yo
0.025 Y y(y = 3.69)
0.02 1
0.015
0.01

0.005 X

0 T T T T 1
0 0.01 0.02 0.03 0.04 0.05

Figure 5. Effect of semiconduction on wave speed (PZT-5H and Si).

23.3
—6.5

—6.5
]T

ip 0 (C/mz),

S O o o O
S o o O

[y
-

S
L
2
S

1302 0 0
=] 0 1505 0
0 0 1.505

x 1078 (C/V m).

(33)

For silicon we have (Hellwege and Hellege, 1979;
Lide, 2001-2002)

o =2332kg/m’,
e =16.57, =795, ;=639 x 10'°N/m?,
ei1 =11.85), &y =8.854 x 1072 F/m. (54)

The mobility of electrons and holes in silicon are
(Navon, 1986)
wn = 1500, 1, = 480 cm?/V's. (55)
W, for electrons is used in our calculation. For geometric
parameters we choose R=10mm, and that the ceramic
and silicon layers all have the same thickness of 1 mm.
We plot the real parts of ey and wp) versus £ in
Figure 5. y is now given by:

— (56)

Y(0)

1.OE-03 9 Y
8.0E-04 1

6.0E-04 1 =15k

4.0E-04 1 A=20h
2.0E-04 1
v
0.0E+00 T T T d

0.997 0.998 0.999 1.001 1.002
-2.0E-04 1

-4.0E-04 -

-6.0E-04 4

-8.0E-04

-1.0E-03 -

Figure 6. Effect of semiconduction on wave attenuation (PZT-5H
and Si).

Figure 6 shows the imaginary part of wq) versus y.
Figures 5 and 6 are qualitatively the same as Figures 3
and 4.

CONCLUSIONS

Two-dimensional equations for thin shells of lami-
nated piezoelectric semiconductors under a DC electric
field are obtained. Interaction of acoustic wave and
semiconduction can occur in piezoelectric semicon-
ductors and composites of nonconducting piezoelectrics
and nonpiezoelectric semiconductors. It is shown that
semiconduction causes dispersion and acoustic loss in
the propagation of torsional waves, and these waves
can be amplified by a DC field. The equations are useful
in analyzing piezoelectric semiconductor shell structures
for acoustoelectric devices.

REFERENCES

Auld, B.A. 1973. Acoustic Fields and Waves in Solids, pp. 357-382,
John Wiley and Sons, New York.

Busse, L.J. and Miller, J.G. 1981. “Response Characteristics of a
Finite Aperture, Phase Insensitive Ultrasonic Receiver Based
upon the Acoustoelectric Effect,” J. Acoust. Soc. Am., 70(5):
1370-1376.

de Lorenzi, H.G. and Tiersten, H.F. 1975. “On the Interaction of the
Electromagnetic Field with Heat Conducting Deformable
Semiconductors,” J. Math. Phys., 16(4):938-957.

Dietz, D.R., Busse, L.J. and Fife, M.J. 1988. Acoustoelectric Detection
of Ultrasound Power with Composite Piezoelectric and
Semiconductor  Devices,” I[IEEE Trans. on Ultrasonics,
Ferroelectrics, and Frequency Control, 35(2):146—151.

Dokmeci, M.C. 1990. ““Shell Theory for Vibrations of Piezoceramics
under a Bias,” IEEE Trans. on Ultrasonics, Ferroelectrics, and
Frequency Control, 37(5):369-385.

Gualtieri, J.G., Kosinski, J.A. and Ballato, A. 1994. “Piezoelectric
Materials for Acoustic Wave Application,” IEEE. Trans. on
Ultrasonics, Ferroelectrics, and Frequency Control, 41(1):53-59.



Amplification of Acoustic Waves 621

Hellwege, K.-H. and Hellege, A.M. (ed.) 1979. Landolt-Bornstein,
Numerical Data and Functional Relationships in Science and
Technology, p. 266, Springer-Verlag, Berlin.

Heyman, J.S. 1978. “Phase Insensitive Acoustoelectric Transducer,”
J. Acoust. Soc. Am., 64(1):243-249.

Hu, Y.T., Yang, J.S. and Jiang, Q. 2002. “On Modeling of Extension
and Flexure Response of Electroelastic Shells under Biasing
Fields,” Acta Mechanica, 156(3/4):163-178.

Hutson, A.R. and White, D.L. 1962. “Elastic Wave Propagation in
Piezoelectric Semiconductors,” J. Appl. Phys., 33(1):40-47.

Lide, D.R. (ed.) 2001-2002. RC Handbook of Chemistry and Physics,
82nd edn, CRC Press.

Maugin, G.A. and Daher, N. 1986. “Phenomenological Theory of
Elastic Semiconductors,” Int. J. Engng Sci., 24(5):703-731.

Mindlin, R.D. 1972. High Frequency Vibrations of Piezoelectric
Crystal Plates,” Int. J. Solids Struct., 8(7):895-906.

Navon, D.H. 1986. Semiconductor Microdevices and Materials, CBS
College Publishing, New York.

Rogacheva, N.N. 1994. The Theory of Piezoelectric Shells and Plates,
CRC Press, Boca Raton.

Tzou, H.S. 1993. Piezoelectric  Shells, Kluwer, Dordrecht,
the Netherlands.

Wauer, J. and Suherman, S. 1997. “Thickness Vibrations of a Piezo-
Semiconducting Plate Layer,” Int. J. Engng Sci., 35(15):1387-1404.

Weinreich, G., Sanders, T.M. Jr. and White, H.G. 1959. ““Acoustoelectric
Effect in n-type Germanium,” Phys. Rev., 114(1):33—44.

White, D.L. 1962. “Amplification of Ultrasonic Waves in Piezoelectric
Semiconductors,” J. Appl. Phys., 33(8):2547-2554.





