Chapter 5

PYROELECTRIC AND NONLINEAR DIELECTRIC
PROPERTIES OF COPOLYMERS OF VINYLIDENE
FLUORIDE AND TRIFLUOROETHYLENE*

Bernd Ploss’
Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom,

Kowloon, Hong Kong

Contents
. Introduction . ... 212
2. Pyroelectric Profiling . . ... ... . L L 213
2.1 Principle of Pyroelectric Profiling . . .. .. .......... ... ... .. .. .. .. . . 214
2.2. The Laser Intensity Modulation Method . . . .. .. ............... .. .. . 216
23 DamAnalysis .. ... ... 217
24. Experimental .. ... ... .. .. e 225
25. Numerical Examples . . . ... ............. .. ... ... .. .. ... 229
26, Experimental Result .. .............. ... ... .. .. ... .. .. . . .. 232
3. Pyroelectric Tomography . . .. ............. .. 234
4. Chargeand Polarization . . . ... ... ... .. L0 L 236
4.1. Pyroelectricity in Poly(vinylidene fluoride) and Poly(vinylidene fluoride-trifiuoroethylene) . . . 236
4.2. Frequency Dependence of Pyroelectricity . ... .................. .. .. .. .. 237
43. Charge Injection fromElectrodes . . .. .. ..................... .. ... . . 244
44.  Pyroclectric and Piezoelectric Profiles . .. ................... ... .. .. . 246
3. Dielectric Nonlinearity and Ferroclectric Phase Transition . . . ... .............. .. . 250
5.1. Measurement of Dielectric Nonlinearities . .................... .. ... . 251
5.2.  Phenomenological Theory for Ferroelectric Crystals . ....................... 253
5.3. Dielectric Nonlinearity of a Semicrystalline Ferroelectric . . .. .. ............ .. . 254
5.4.  Microscopic Theory for the Crystalline System . . ... ........... ... ... . . . 256
5.5. Femoelectric Domains . . . ................ .. ... . .. .. 257
56. Intermediate Phase . . .. ... ... .. L 0 260
5.7. Temperature Dependence of the Nonlinear Permittivity . . . .. ....... ... ... ..., . 261
5.8. Description with a Phenomenological Model . . . . ... .............. ... . .. . 262
5.9. Description with Odajima’s Theory . . . ... .................... ... .. . 266
6. Ferroelectric Electrode Poling . . .. ........... ... ... .. ... ... ... ... ... 269
6.1. Principle of Ferroelectric Electrode Poling . . . . .. ................ ... ... . 269
6.2. Samples and Ferroelectric Electrodes . . . . .. ................... ... ... . 270
6.3. Poling of Poly(vinylidene fluoride-trifluoroethylene) with Ferroelectric Electrodes . . . . . . . . 272
6.4. Characterization of the Poled Samples . . . .. ................... ... ... . 272
6.5. Conmclusion .. ... ... 275

*This chapter has been accepted as a habilitation thesis by the Faculty of Physics of the University of Karlsruhe,
Germany.
¥ Former address: Institut fiir Angewandte Physik, Universitit Karlsruhe, 76128 Karlsruhe, Germany.

Handbook of Low and High Dielectric Constant Materials and Their Applications, edited by H.S. Nalwa
Volume 2: Phenomena, Properties, and Applications
Copyright © 1999 by Academic Press

ISBN 0-12-513906-3/$30.00 All rights of reproduction in any form reserved.

209




PLOSS

7. Resonance Characteristics and Polarization Profile . .. ... . . .. . . . . 275
7.1 Sample Preparation and Poling oo 276
73 hesonance Chanaceristios . ..., [ 11T 276
7.3.  Piezoelectric profiling . . 277
7.4. Pyroelectric Profiling . ... 278
L Diseussion LT 279

8. Integrated Pyroelectric AY e 280
gy Qyroclestrc Sensors ... I 280
8.2. Sensor Array with Thermal Insulation Layer. ... 280
8.3. Micromachined Bridge Structures . .. ... Ll 282

% Rew Developments ... 283
References .+ 284

Polymer ferroelectrics like poly(vinylidene fluoride) and its copolymers with trifluoroethy-
lene are intrinsically two-phase systems consisting of crystalline regions surrounded by
amorphous material. Connected by covalent bondings, the coupling of dipoles along a
polymer chain is much stronger than in an anorganic ferroelectric crystal. The inter-
est in these materials is motivated by fundamental interest and by a high potential for
applications.

The main topics in this chapter concern the ferroelectric phase transition and the interac-
tion of charge in the amorphous phase with polar crystallites. The experimental investiga-
tions are based on a detailed analysis of pyroelectric response and dielectric nonlinearities,

Injection of charge from the electrodes and migration of charge in the amorphous phase
Can cause complicated profiles of the electric field during the poling of the material. The re-
sult is spatially inhomogeneous profiles of the polarization. The laser intensity modulation
method (LIMM) introduced by Lang is an experimental technique for the nondestructive
scanning of pyroelectric profiles. It is based on the generation of thermal waves by the ab-
sorption of intensity-modulated laser light at the surface of the material. The decay length
of the thermal waves propagating into the material is a function of frequency. A pyroelec-
tric response is generated in the heated part of the material. Therefore, the information on
the spatial pyroelectric profile is contained in a measured frequency spectrum of the py-
roelectric current. However, the extraction of the profile from measured data has been a
major difficulty, because it means the solution of an ill-posed inversion problem. We have
introduced an evaluation technique based on the fact that a particular component of the py-
roelectric current is directly connected to a thermal scanning function. It is shown that an
extension of this thermal scanning function technique by partial deconvolution allows the
extraction of a maximum of information on the pyroelectric profile from a measured py-
roelectric spectrum. Our experimental realization of the LIMM technique achieves a near
surface resolution of 100 nm, unrivaled by other techniques. The extension to a pyroelec-
tric tomography procedure allows three-dimensional imaging of pyroelectric distributions.

To study the charge injection in poly(vinylidene ﬂuoride-triﬂuoroethylene) (PVDF-
TrFE) during poling, the resulting pyroelectric profiles in the vicinity of the electrodes
have been investigated. At the cathode side an unpolarized region is detected that grows
with increasing poling duration, while the shape of the pyroelectric profile at the anode side
is not influenced. This effect can be understood as follows. During the poling process neg-
ative charge is injected into the polymer. This negative space—charge shields the external
electric field and prevents the coercive field from being reached. In addition, approximately
150 nm wide unpolarized regions are detected at both electrodes, independently of the pol-
ing procedure.

Pyroelectric profiles measured with the LIMM techniqueon a variety of specimens with
different polarization profiles are compared with the piezoelectric profiles recorded with
the piezoelectric pressure step (PPS) method. For each sample the observed spatial struc-
tures are identical, indicating that pyroelectricity and piezoelectricity in these materials
have the same underlying mechanism. Whereas the resolution of pyroelectric and piezo-
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electric profiling techniques is constant on a logarithmic and on a linear scale, respectively,
both techniques are highly competitive. Near the surface the LIMM technique provides
higher resolution; in the bulk the PPS method does.

Pyroelectric investigations performed at very low frequencies show a significant con-
tribution from the movement of compensating charge in the amorphous region. At higher
frequencies the pyroelectric response arises only from the dipoles; that is, from the change
of dipolar orientation and dipolar density in the crystallites. The magnitude of this low
frequency contribution indicates neutralization; that is, the electric field of the polarized
crystallites is locally compensated by charge at the interface to the amorphous phase. If
the polarization is varied by a temperature change, the excess in compensating charge be-
comes mobile. Even small variations of the polarization are compensated by an appropriate
rearrangement of charge within a time scale of some seconds.

In a semicrystalline ferroelectric there are two possibilities to realize a state with zero
remanent polarization. The directions of the polar axes of the single crystallites may be ran-
domly oriented in the material or the single crystallites may fall into ferroelectric domains
analogous to a single crystalline ferroelectric. Dielectric investigations indicate that both
cases are realized in PYDF-TrFE. A domain contribution to the permittivity is detected in
annealed material with larger crystallites, but not in unannealed material in which the crys-
tallites are smaller. This shows that the crystallites in PVDF-TrFE can fall into domains if
their size exceeds a critical value.

In PVDF-TtFE that is polarized before the first annealing, a persistent polarization is
found that remains stable in the paraelectric phase. During the annealing of PVDF-TrFE,
chain links near the surfaces of the crystallites become ordered and the crystalline regions
grow. The observed persistent polarization is explained by nonswitchable dipoles, which
form an intermediate phase between the crystalline and the amorphous phase in annealed
samples. The polarization state of the material before the first annealing is permanently
stored in this intermediate phase.

To study the ferroelectric phase-transition behavior of PVDF-TFE, dielectric nonlin-
earities have been investigated. The experimental technique is based on the analysis of
harmonics in the electric current while a sinusoidal voltage is applied to the material. The
results obtained on PVDF-TrFE in the 56/44 and 70/30 mol% compositions allow the test
of theoretical predictions. The semicrystalline structure of the material and the distribution
of Curie temperatures of the crystallites are taken into account. For a phenomenological
description, the Landau parameters of the crystalline system are determined. Odajima has
proposed a microscopic model that is based on an Ising model for the intrachain interac-
tion and a mean field approximation for the interchain interaction of the dipoles. For the
first detailed experimental test of Odajima’s theory, the dielectric nonlinearities are derived
from the theory and compared with experimental findings. The intrachain and interchain
interaction energies are determined. With respect to the strong approximations involved in
Odajima’s theory, the agreement with experimental findings is reasonable.

For many applications of ferroelectric polymers it is important to prepare them in a
state with a high macroscopic polarization. A problem in the poling of polymers is caused
by the fact that the coercive field strength required for the orientation of the polar groups
is only slightly lower than the electrical breakdown field strength. A new technique has
been developed. The unmetallized polymer film is poled in a sandwich between ferroelec-
tric crystals. The interfaces between the ferroelectric crystals and the polymer form well
defined sources for a high dielectric displacement. In this way the intensive quantity po-
larization rather than the extensive quantity electric field, is fixed in the polymer. With
this technique a high polarization is achieved, while destructive electrical breakdown is
completely prevented.

A promising application of PVDF-TrFE is use as detector material in integrated pyro-
electric sensor arrays for infrared radiation. Examples for a realized and a projected sensor
are given.
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