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bstract

n this work, pyroelectric spatial profiles of SBN crystals, BaTi1−xSnxO3 ceramics, and Pb(Zr,Ti)O3 thin films were determined from the pyroelectric
urrent spectrum caused by the interaction of thermal waves with the internal electric field and the unknown polarization distribution. For sinusoidal
odulation, the pyroelectric current frequency dependence up to 10 MHz and phase shift between pyroelectric current and heat flux were analyzed

o reconstruct the polarization distribution by solution of the Fredholm integral equation and by a Tikhonov regularization method for stable

ATLAB numerical solutions. For the dynamic method with rectangular modulation, an approximate pyroelectric response in dependence on

enetration depth was calculated. In this case, low modulation frequencies are required for the investigation of deep regions. Digital methods of
ignal processing were used to enable experiments below 1 Hz.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal waves techniques for non-destructive probing of
lectric field and polarization profiles in dielectric materi-
ls are known for almost half a century.1–14 In the so-called
aser intensity modulation method (LIMM),8 the energy of a

odulated laser beam absorbed in the sample generates well
efined thermal waves, which propagate in the sample and cause
ocal changes in temperature, thermoelastic strains, pyroelec-
ric response, etc. By travelling through the sample, the thermal
ave with a wave vector is both attenuated and retarded in
hase. Thus, the depth resolution of the LIMM techniques is
imited by the modulation frequency of the light beam. The
patial resolution is non-uniform with a maximum near the ther-
ally excited electrode at the penetration depth of the thermal
ave:

D =
√

2D

ω
, (1)

here ω is the circular frequency of modulation and D is the

hermal diffusivity. It rapidly decrease within the sample.10,13,14

onsidering a thermal diffusivity of 0.5 mm2/s, the penetration
epths of the thermal wave amount to 400 nm to 400 �m for fre-
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uencies between 1 MHz and 1 Hz, respectively. Therefore, one
hallenge for investigating the near surface region is to increase
he modulation frequency of the incident radiation which gen-
rates the travelling thermal wave within the sample. Another
hallenge is the increase of the thermal wave penetration depth
t frequencies below 1 Hz to enable the polarization profiling
f ceramic and single crystal samples. In the latter case, rect-
ngular pulses could be applied since they comprise a wide
requency range which upper bound is given by one-half of the
nalog–digital converter sampling frequency.

Assuming that the radius of the thermally excited top elec-
rode is much larger than the sample thickness, the transient
emperature distribution across the sample thickness is a one-
imensional problem. The complex pyroelectric current yields
nder short-circuit conditions to9:

(ω, t) = Ip · ejωt = AS

d

∫ d

0
r(z)

∂

∂t
T̂ (ω, z, t) dz, (2)

here Ip is the complex amplitude of the pyroelectric current, z
he depth coordinate, t the time, T- the complex amplitude of the
emperature, AS the heated area of the sample, d the ferroelectric

lm thickness and r(z) is the response function. The pyroelec-

ric response function is determined both by the pyroelectric
oefficient p(z) and the internal electric field Eint, generated in a
hort-circuited sample (E = 0 at electrode surfaces) due to space

mailto:alena-ftf@mail.ru
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.083
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following.11 The as-grown film shows a small self-polarization
corresponding to an averaged pyroelectric coefficient of about
008 A.A. Movchikova et al. / Journal of the Eu

harges, and the depolarization field:

(z) = αPP(z) − (αz − αε)εε0Eint(z)

= p(z) − (αz − αε) · εε0Eint(z), (3)

here αp, αz and αε are relative temperature coefficients
ith αX = 1/X dX/dT. Considering either a thermally isolated or

hermally coupled one-layer system, Eq. (2) may be solved ana-
ytically by means of the Mellin transform.11 If the sample is
ssumed as a semi-infinite solid, the temperature distribution is
iven by12,13:

(z, t) = (1 − i) · Φ0dD

2k
exp

(
− (1 − i) · z

dD

)
, (4)

here Φ0 is the absorbed heat flux and k is the thermal conduc-
ivity.

Usually, thin film samples are multilayer systems where ther-
al mass of the substrate or even a supporting membrane with
thickness comparable to that of the ferroelectric thin film have

o be taken into account. Here, analytic solutions of the ther-
al problem become cumbersome. A numerical procedure for

olution of the thermal problem and reconstruction of the pyro-
lectric response function is described in detail.11 It is based
n MATLAB software containing algorithms for the inverse
olution of the appropriate Fredholm integral equation and a
ikhonov regularization.6,11

In the case of both-side electroded ceramics, probed by ther-
al waves with a penetration depth much smaller than the

ample thickness, an approximate profile of the pyroelectric
oefficient is given by9:

(dD) = cρd

Φ0AS
[Re(Ip(ω)) − Im(Ip(ω))], (5)

here c is the specific heat of the ceramics, ρ the density and
e(Ip(ω)) and Im(Ip(ω)) are the real and imaginary part of the
yroelectric current, respectively.

In the case of a periodic train of rectangular light pulses,
igher harmonics appear due to the Fourier series rep-
esentation. The distribution of the temperature increment
or d > dD in a thermally isolated sample is then given
y7:

T (z, t) = 2Φ0

k
· a ·

∞∑
n=1

sin nπa

nπa

·cosh[(1 + i)(d − z)/dn] · dn

(1 + i) · sinh[(1 + i)d/dn]
· exp(inω · t), (6)

here ω = 2π/T is the fundamental frequency of the repeating
ulse pattern, a = τP/T the duty factor for a pulse time τP, and
n = dD/

√
n is the penetration depth due to higher harmonics

f the thermal wave. In this case, the pyroelectric coefficient
t the thermal wave penetration depth is may be approximately

etermined by15:

(dD) = I(ω) · kπ

ASΦ0

1∑∞
n=0[sin2(aπ · n)/aπ · n2]dDω · [1 − exp(−(1 +

2
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In this work, both the dynamic method with rectangular mod-
lation and the LIMM method with sinusoidal modulation were
sed to evaluate pyroelectric spatial profiles of undoped and
oped SBN crystals, BaTi1−xSnxO3 ceramics, and Pb(Zr,Ti)O3
hin films.

. Experimental

Pb(Zr,Ti)O3 thin films were deposited by multi-target reac-
ive sputtering at TU Dresden.16 BaTi1−xSnxO3 functional
eramics with a gradient of 0.075 ≤ x ≤ 0.15 were synthesized
t Martin Luther University Halle (Germany).17 The tin gradient
as formed by successive pressing of granulated powder with
ifferent Sn content and a subsequent sintering for one hour at
400 ◦C under an uniaxial pressure of about 1 kPa. Al electrodes
ere evaporated onto both sample sides. Poling is performed at
0 kV/cm by applying a positive dc voltage to either of the elec-
rodes. Undoped (Sr,Ba)Nb2O6 (SBN) crystals and doped with
r or Ce ones were provided by Prof. S. Kapphan (University
f Osnabrueck, Germany). The domain structure of the crystals
as modified by an alternative electric field treatment (AEFT)

t a frequency of 50 Hz with an amplitude of about 3 kV/cm.
The pyroelectric current spectrum generated by a sinusoidal

odulated semiconductor laser with a power of 10 mW at
wavelength of 1.55 �m, modulated with frequencies up to

0 MHz, was transformed into a voltage by a current–voltage
onverter. Amplitude and phase were determined by an
mpedance–phase analyzer. The current spectra were corrected
y reference measurements with an InGaAs photo-diode. The
umerical reconstruction of the pyroelectric coefficient profile
as based on an eight-layer thermal model.11

For square wave modulation, the on–off cycle of an IR-
hotodiode (λ = 930–960 nm) was controlled by a wave function
enerator G6-28 connected in series with a power amplifier. The
yroelectric current was converted to voltage by an operational
mplifier K140UD8 with conversion coefficient of 25 V/�A at
bandwidth of 100 Hz or an operational amplifier OP297 with

onversion coefficients of 250 V/�A and 2500 V/�A at band-
idths of 1000 and 100 Hz, respectively. Signal sampling was
erformed by a 12-bit analog–digital converter LA-70M4 at a
ampling frequency of 13 kHz. Digital signal processing meth-
ds enables experiments below 1 Hz. In this case, the lower
requency limit was determined by the condition that dD should
ot exceed the sample thickness.

. Results and discussion

Fig. 1a illustrates the pyroelectric current spectrum of poled
b(Pb0.31Zr0.28Ti0.41)O3 thin films with a thickness of 600 nm
eposited onto platinized silicon wafers as described.16 The
yroelectric coefficient profile (Fig. 1b) was reconstructed
i)
√

n)]
(7)

nC/cm2 K. After poling by applying a dc voltage of 15 V to
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Fig. 1. Pyroelectric current spectrum (a) and pyroelectric coefficient profile (b) of Pb(Pb0.31Zr0.28Ti0.41)O3 thin films deposited by multi-target reactive sputtering
onto platinized silicon wafers.

F f a functional gradient ceramic BaTi1−xSnxO3 with 0.075 ≤ x ≤ 0.15 at the x = 0.075
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ig. 2. Pyroelectric current spectrum (a) and pyroelectric coefficient profile (b) o
ide.

the top electrode, the polarization direction has changed
nd the averaged pyroelectric coefficient increased up to
5 nC/cm2 K. The positive values of polarization near the bot-
om electrode are caused by the presence of a space charge
ayer with a thickness of about 220 nm which is the origin of
elf-polarization.20

The pyroelectric current spectrum of a functional gradient
eramic BaTi1−xSnxO3 with 0.075 ≤ x ≤ 0.15 is presented in
ig. 2a. A sufficient pyroelectric signal was obtained only for a
ample where the poling dc voltage was applied to the Sn-poor
ide with x = 0.075. This is attributed to a Curie point below
oom temperature at the Sn-rich side.18 The pyroelectric coef-
cient profile (Fig. 2b) was evaluated using the near surface
pproximation from Eq. (5).

Fig. 3 shows the pyroelectric coefficient profile of undoped
nd doped SBN crystals derived from the pyroelectric response
o rectangular modulated IR light using Eq. (7). Undoped SBN
rystals exhibit a strong depolarization effect after alternating
lectric field treatment (AEFT). In the case of Cr or Ce doping
o depolarization was obtained. This is attributed to the well
nown in this case domain wall pinning.19 The different behavior

f Cr and Ce is due to different lattice sites, Cr substitutes Nb
nd Ce both Sr and Ba. Obviously, space charges appear in the
atter case19 which can give an explanation of the increase in
yroelectric response.

o
d
w
s

ig. 3. Pyroelectric coefficient profiles of undoped and doped SNB crystals
efore and after alternating electric field treatment (AEFT).

. Conclusions

The application of thermal wave techniques to the evaluation
f the pyroelectric polarization distribution in ferroelectrics was

emonstrated. For thermally semi-infinite samples, harmonic
aves are suitable to determine the polarization profile near the

urface. Low frequency square waves yield approximate values
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