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The results of theoretical and experimental studies of the pho-
tothermoacoustic effect in a layered piezoelectric-semiconductor
plate are reported. To avoid the influence of optical irradiation on
the physical properties of a semiconductor, thermal waves were ex-
cited in a piezoelectric. An expression describing the dependence
of the potential difference across the piezoelectric layer on the
physical and geometrical parameters of the structure under study
is derived. The amplitude-frequency dependence of an information-
bearing signal was experimentally studied, by using a layered z-cut
quartz—silicon plate. The fitting of experimental data within the
theoretical model allowed us to determine the reduced Young mod-
ulus of silicon.

When studying a substance by photothermoacoustic
(PTA) methods, thermal waves are excited directly in
the substance [1]. As a rule, they are excited by irra-
diating a specimen with a modulated light beam. The
physical (optical and thermoelastic) properties of some
classes of solids such as semiconductors, polymers, and
others are known to change under photoirradiation [2—
4]. At the same time, the results of researches of such
substances within PTA methods depend, as a rule, on
experimental conditions, which does not allow one to
comprehensively study the physical picture of the phe-
nomenon. To overcome this shortcoming, thermal waves
have to be excited outside of the substance under study.
In the case of a solid, such an opportunity exists, if a
piezoelectric measuring device in the form of a layered
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Fig. 1. Geometry of the problem
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solid—piezoelectric plate is used [5]. In this case, the ther-
mal wave should be excited in the piezoelectric rather
than in the solid, i.e. it is the piezoelectric rather than
the solid that should be irradiated with a modulated
light beam. This work aimed at solving this problem.

Consider (see Fig. 1) a layered plate composed of a
piezoelectric of the class 6mm (1) and an isotropic solid
(2). Let the thickness of the piezoelectric be hy, and let
its thermomechanical properties be isotropic. The thick-
ness of the solid is hy. The polar axis of the piezoelec-
tric coincides with the Z axis. The piezoelectric surface
z = 0 is uniformly illuminated with a light flux modu-
lated with the frequency w,

P= %P@(l + cos(wt)), (1)

where Py is the light intensity.

Light is absorbed by the piezoelectric, heats it, and
changes its temperature. As a result, thermal waves
which propagate along the Z axis are excited. Consider
the near-surface absorption of light (actually, the piezo-
electric surfaces are metallized). Owing to the thermoe-
lastic effect, the temperature field induced by thermal
waves excites acoustic vibrations in the layered plate. In
the piezoelectric, there emerges the electric polarization.
A potential difference appears between the piezoelectric
surfaces z = 0 and z = ho, which is a measure of PTA
vibrations in the structure concerned. Let us determine
this potential difference

h1
U:-/@m. (2)
0

In the analyzed geometry of the problem, the normal
component of the electric field induction is determined
by the formula (the pyroelectric effect is neglected)

D, = e33E, + 2d31T), (3)

where £33 and d3; are the dielectric permittivity and the
piezoelectric constant of the piezoelectric, respectively,
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and T, are elastic strains in the piezoelectric. Exter-
nal electric fields are absent and, in the absence of free
charges, the electric induction is continuous. Therefore,
we have D, = 0. Then Eq. (3) yields

E, = f%Tp. (4)
€33
Let the modulation frequencies of light flux be low
enough, i.e. the length of acoustic waves is much longer
than the linear dimensions of the layered plate (it is
the quasistatic approximation). In this case, the elas-
tic stresses are described by the formula [6]

T = ET(Cl — CQZ — Oé@)7 (5)

where E, = E/(1 — o) is the reduced Young modulus,
E is the Young modulus, ¢ is Poisson’s ratio, © is the
varying temperature component, « is the coefficient of
linear thermal expansion of the piezoelectric (the solid),
and Cy and Cy are constants.

To find the distribution of the varying temperature
component O in the structure concerned, it is necessary
to solve the heat equation for the piezoelectric and the
solid, together with the corresponding boundary condi-
tions.

Let us write down the heat equation in the complex
form for the piezoelectric and the solid, as well as the cor-
responding boundary conditions (the continuity of the
thermal flux and the temperature) [1]. The heat equa-
tion reads

9?0, cppp 00, BFy .

72 " x, 9 2y, exp(—0(z) exp(iwt) (6)
for the piezoelectric and

020, cyps 00,

022y, Ot 0- (™)

for the solid. The thermal flux into the surrounding
medium is neglected, so the boundary conditions can be
written down as follows:

00 00,
pTZP 2=0 0’ ng|z:h1+h2 = 0’
00, 00,

Xp Oz 'z=h1 = Xs Oz |z=h1’ @p|z=h1 = 65|z=h1’ (8)
where ¢p, pp, Xp and cs, ps, Xs are the specific heats,
densities, and heat conduction coefficients of the piezo-
electric and the solid, respectively; 3 is the coefficient of
optical absorption by the piezoelectric, and ©, and ©,
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are the varying temperature components in the piezo-
electric and the solid, respectively. Below, we assume
that the total light energy absorbed by the piezoelectric
is spent on its heating.

Consider a case where the thermal wave decays com-
pletely in the layered plate and does not reach the surface
z = h1 4+ hs. Finding the relevant temperature distribu-
tion in the layered plate and substituting Eqs. (4) and
(5) into Eq. (2), we obtain

U= M <<C1 - ;Czh1> hy — %@0(3 - b)>’ 9)

€33 Tp

S /S P
s = sh(7,h1) + b ch(y,h1), b= ; z C @=5 i -,
pIp pIp
CpPpW , . CsPsW .
Yo =4/ +1), vs=4/——E+1).
b= i) L4 1)

The constants C7 and Cy are determined from the fol-
lowing boundary conditions: the resultant force and the
resultant force momentum per unit length of the contour
of the structure concerned must be equal to zero [6]:

h h
/TdZ, /TZdZ, h = hl + hg.
0 0

From Egs. (10), we find

a,0g g
0= B0 (o7 2,
1 "hZo 2y oh

(10)

(11)

Oép@() g
= - Z D —
= itng (o)

where

£ =n(s —b) + agyo,
g = n(ch(yph1) =14 b(ch(yph1) — yphi)+
+aog (vsh + 1)),

Zo = (Zy — Z5)(1 + (n — 1)Hy),

Hy = hi/h,

n = E’r’p/E’r‘sa Qp = Oés/azn Yo = Vp/'ysv
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Fig. 2. Amplitude-frequency dependence of the voltage across the
piezoelectric layer
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E,, and E,; are the reduced Young moduli, o, and a;,
are the coefficients of linear thermal expansion of the
piezoelectric and the solid, respectively. At last, for the
potential difference across the piezoelectric, we obtain

N d E, P H
U= 7310&;0 P g (1 — Zt) X
€33XpSZ07;p 2

x(il’;— )Hl—Zo(s—b)>,

7y — Z;

" Za-z -

The analysis of formula (12) testifies that the
information-bearing signal depends on the physical prop-
erties and the geometrical parameters of both the solid
and the piezoelectric, as well as on the modulation fre-
quency of a light beam, in rather a complicated manner.
If heat does not reach the solid (the case of relatively
high frequencies), expression (12) becomes substantially
simpler,

U=

(13)

The analysis of expression (13) shows that the
amplitude-frequency dependence of information-bearing
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E,,F H
7&531041, Tp2 0 (( 1 Zt> (m — 1) i]{1 — 1) .
£33Xp7p 2 Yph Zo

signals can be used to determine the reduced Young
modulus of the solid.

The experimental researches were carried out using
the layered structure xz-cut crystalline quartz—silicon fab-
ricated in the form of a thin plate. The quartz layer had
the sputtered copper electrodes. The researches were
carried out in the frequency range (13-112) Hz. We
studied the dependences of the amplitude of a PTA sig-
nal which was registered across the piezoelectric layer
on the light modulation frequency. The results of ex-
perimental researches are depicted by points in Fig. 2.
The experimental data were approximated by expression
(13) to determine the reduced Young modulus for silicon,
E,s = (1443) x 10* N/m*. The SiO, parameters which
were used for those calculations were taken from work
[7].

It should be noted that a layered piezoelectric—solid
plate can also be used to study thermoelastic proper-
ties of piezoelectric materials, provided that a solid with
known thermoelastic parameters is used.
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OOTOTEPMOAKYCTUYHNN EGEKT B IIIAPYBATIN
CTPYKTYPI II'€30EJIEKTPUK-HAIIIBIIPOBLJIHUK

JI.LA. Byaasin, B.B. Kosauenxo, C.B. Xpanamui
PezowMme

HaBeneno pesysnbraTyi TEOPETHYHHX 1 EKCIHEPUMEHTAJIBLHUX J10-
CJIPKeHb  (DOTOTEPMOAKYCTUYIHOrO edeKTy B IIapyBaTiil Iuia-
CTUHI IT'€30€JIEKTPUK—HAIIBIIPOBIIHUK, B sKili 3 METOIO yCyHe-
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HHSI BIUIMBY OITHYHOI'O OIPOMiHEHHs Ha Ii3u4YHI BJIACTHBO-
cTi AOCTiIpKyBaHOIO HAIIBIPOBINHWKA TEIIOBI XBHJ 30yIKy-
0TbCcd y 1'e30eeKkTpuky. OTpuMaHo BUpa3 yid PISHUII TO-
TEHIiaJliB Ha IMapi II’'€30e/IeKTPUKa 3aJIeXKHO Bij (Bi3udHHX Ta
TeOMETPUYHUX MTapaMeTpiB mociimKyBaHol cTpykTypu. Excmepu-
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MEHT IIPOBEJIEHO Ha IIapyBaTiil IJIaCTUHI KBapI| £-3pi3y—KpeMHiil.
HocmiakeHo aMIUIITyJHO-9aCTOTHY 3aJI€XKHICTb 1H(MOPMaTHBHO-
ro cursasty. AnpoKcuMarlis eKCIePUMEHTAJIbHUX JAHUX TEOPETH-
YHOIO MOZEJIJIIO JIO3BOJIMJIA BHU3HAYUTH 3BeIeHui Moxysnb IOnra
KPEMHIo.
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