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Pyroelectric Thermowave Probing and Polarization
Reversal in TGS/PEO Composites

Svetlana Bravina', Nicolas Morozovsky', Jan Kulek?,
and Bozena Hilczer?

"nstitute of Physics of NASU, Kyiv, Ukraine

Institute of Molecular Physics PAN, Poznan, Poland

The pyroelectric response U, of triglycine sulphate/polyethylene oxide composites
is investigated by the photothermomodulation method in the course of polarization
reversal under the action of an external voltage V. The thermowave profiles
derived from the dependence of U, on the IR-flux modulation frequency indicate
changes of the distribution of pyroelectric parameters over the thickness at differ-
ent polarization reversal stages. The study of U, (V)-loops shows a large start-fin-
ish voltage interval of the polarization reversal. Two phases in the polarization
reversal that are distinguished by a difference in time scales in the polarization
switching process are revealed. The thermowave probing proved to be an efficient
tool for studying the polarization reversal in ferroelectric particles in multiphase
matrices.

Keywords: composites TGS, 5/PEQOy 5; polarization reversal and switching; pyroelec-
tric response

1. INTRODUCTION

Ferroelectric crystal — polymer composites are materials attractive
both for fundamental and applied studies of electro-active properties
of systems of confined ferroelectric particles with different degrees
of interaction with matrices. The components of the composite
under investigation, TGSy 5/PEOy5, are a ferroelectric molecular
crystal of triglycine sulphate (TGS), (NH;CH,;COOH);-HySOy,,
and a high-molecular-weight polymer poly(ethylene oxide) (PEO),
(...—~CHy3—O—CHy—...), (n=2-10°—4-10°).

TGS is well known as a water-soluble ferroelectric with the 180°-
domain structure and remains, despite its hygroscopicity, the best
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material for highly sensitive pyroelectric detectors of radiation (PDR)
[1-3]. Ferroelectric properties and high pyroelectric activity of TGS
single crystalline thin layers and particles are conserved up to the
um scale [3-5].

PEO is a synthetic polymer used in the pure non-ionic state as a
surfactant and as a water-soluble thermoplastic resin for thickening
and other industrial applications. Dispersing salts at a sufficiently
high molecular level allows the ionic transport under RT conditions
and transforms PEO into a polymer-salt electrolyte which is used as
an ionic conducting polymer for Li-batteries, displays, sensors, and
other electrochemical devices [6-9].

TGSy 5/PEOgs hot-pressed composite exhibits the sufficient
pyroelectric activity. Namely, the evaluated value of the pyroelectric
coefficient y for TGSy 5/PEOg5is~7- 10° C/m2 K [5]. It is higher than
that for TGS/Si-rubber 60/40 composite, whose value is 1.6-10°C/
m?K [4], and is in correspondence with random polar directions of
TGS particles and the 50% part of TGS in these composites. Ferroelec-
tric properties of TGSy 5/PEO 5 composite, in particular the polariza-
tion reversal, have not been investigated despite the specific
character expected for such a case of the composite components with
the unique collection of properties interesting for science and practi-
cally important. The ferroelectric characterization of a multiphase
structure related to the polarization distribution is of a special interest.

Earlier, we performed the study of details of polar inhomogeneities
in PVDF-based structures [10] and examined the time scale peculiari-
ties of the polarization reversal process in PZT-film/Si-substrate
structures [11] by the photothermomodulation method [10,12]. The
results obtained prove the efficiency of this method due to its possi-
bility to elucidate peculiarities of the polar activity distribution trans-
formed with time under an applied external voltage.

The paper presents the results of studying the peculiarities of the
distributions of pyroelectric and dielectric parameters along the thick-
ness of TGSy 5/PEO, 5 composite samples and the polarization reversal
and switching by means of the photothermomodulation method.

2. EXPERIMENTAL
2.1. Samples

TGS.5/PEOg 5 composites with 50/50 volumetric content were prepared
by the hot pressing method at Ty,~70°C at the uniaxial pressure
Py, =500MPa applied during ¢,,=30min. The samples were slowly
cooled under the pressure to room temperature, at which the pressure
was taken off.
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TGS crystals were grown from an aqueous solution with stoichio-
metric pH value at T'> Tc =49°C. The material was purified by 5-fold
recrystallization.

Polyethylene oxide (Aldrich) of an average molecular weight of
6-10° was mixed with a TGS powder with the average dimension of
TGS particles around 5 pm and milled before the hot pressing.

The samples of 0.25-0.35mm in thickness and 30-50 mm? in area
were covered with Ag-electrodes.

The measurements were performed under an ambient humidity of
60 + 5%.

2.2. Measurements

For pyroelectric investigations, we applied the developed [1,3] and
then modified [10,11] photothermomodulation method, in which the
amplitude-frequency U, (f,,) and phase-frequency ¢.(f,) dependences
of the pyroelectric response are investigated for the samples under
the conditions of operation of a sensitive element (SE) of PDR in a wide
modulation range of the frequency f,,. The measurements of the pyro-
electric response U, can be performed in the pyroelectric current
mode, when 27f;,,rCs< 1 and U,=U,; x(y/c1)r;, and in the pyroelec-
tric voltage mode, when 2nf;,riCs > 1 and U, = U2 x (y/c18)/fm, Where
y denotes the pyroelectric coefficient, ¢; is the volume thermal
capacity, r; is the load electrical resistance, and C; is the capacitance
of the sample. For dielectric samples, the measurements of U,; and
U2 give the possibility to evaluate the effective dielectric permittivity
&, from the dielectric ratio D, =U,1/Uofm X .

The analysis of the U,(f,,) and ¢.(fy) characteristics (f,-spectra)
under sinusoidally modulated radiation flux due to the fundamental
relationship between the f,,, and the length of a temperature wave
Jr=(ar/ fu)’? (ap is the thermal diffusivity) gives the possibility to
obtain the thermowave profiles U, o(Ar) (Ar-profiles). So, the infor-
mation about the undersurface distribution of effective pyroelectric
figures of merit M;=7y/c; and My=y/ci¢ can be obtained.

Application of the external electrical voltage V allows the study of the
U.(V) and ¢,(V) dependences and the temporal variations of U, and ¢
under V = const, in particular under the conditions of polarization rever-
sal (under the external voltage cycling between positive and negative V
values) and polarization switching (under changing a sign of the external
dc voltage). Because ¢, o values are directly connected with the direction
of the pyroelectric current (¢,1) or the sign of the pyroelectric charge (¢,2)
and with the sign of the pyroelectric reaction, the result of the polariza-
tion reversal is clearly visible by the 180°-change of the ¢, 2 values.
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3. RESULTS AND DISCUSSION

3.1. Pyroelectric Response — Modulation Frequency
Characteristics

The fi,-spectra of U, 9-, U - fin-, Dr- and @1 o-fim-spectra obtained in a
polarized state under different polarities of the poling voltage and in a
depolarized state are presented in Figure 1a, b, and c.

For both polarities of the poling voltage, the shapes of f,,,-spectra of
U,12 and U,z f, obtained under pyroelectric excitation of (+)- and
(—)- electrodes (being positive «+> and negative «—> under poling)
are near symmetrical relatively to the low-f;, edge. The existence of
the 180°-difference between ¢, 2 values on fi,-spectra of ¢, 5 obtained
for the (+)- and (—)- electrodes corresponds to the different signs of the
pyroelectric reaction for the opposite directions of the effective polari-
zation P relative to the electrodes.

For the same sample in the polarized state and in the repolarized one
(polarized under opposite V. polarity) (compare Fig. 1a and b), the
reverse of a polarity of the poling voltage changes insignificantly the
shape of f,,-spectra and in correspondence with the change of the sign
of the pyroelectric reaction leads to the 180°-change of ¢,  values.

Depolarized samples (Fig. 1c) are characterized by a significant
decrease of the U,;o-response level. As a consequence, changes in
the corresponding f,,-spectra and a decrease of U, - f,, values followed
by a variation in the D, values are observed. The symmetrical shape of
¢1.2-[m-spectra observed in the depolarized state (Fig. 1c) corresponds
to the same ¢, o values and indicates the same sign of the pyroelectric
reaction under the both electrodes and so the same P, direction, rela-
tive to the electrodes. Indeed, the «+> sign of the pyroelectric reac-
tion remains for one electrode (marked (o) in Fig. 1c¢), and also «+ >
instead of «—>» appears on the other electrode (marked (x) in
Fig. 1c) under the depoling process.

3.2. Pyroelectric Parameters — Thermo-Wave Profiles

The Jr-profiles of M, M5, and D, obtained by the conventional treat-
ment of the f,,-spectra under different polarities of the poling voltage
(Figs. 1a, b, and c) are presented in Figure 2a, b, and c.

The estimation of the diffusivity ar of TGSy 5/PEQO, 5 composites neces-
sary for the conversion of the f;,-spectra into Ap-profiles was performed
from the measurements of the phase shift of the pyroelectric response
in the back geometry [13]. The obtained value ap~1.5-10"m?/s
is close to that known for low-density polyethylene [14], 1.65- 10" m?/s.



Downloaded by [University of Haifa Library] at 14:33 09 August 2012

TGS /PEO Thermal Probing and Polarization Reversal 113/[445]

10°C] @| [, 107 [®)]
¢ 4 ) ) 0
@ AL LA 2 oo Aanh <87 TOF8Sa
7] 5’6‘&’ ~e. » Lo o® N NI
g 10’ o'l ./"".M e 00 § o e T o
Q [o* b 3 10 pea ¥
a ot . ‘\l o o 9 *~
¢ el " g e o o o ~ '\'\ N
2 4 o N 5 107+ g
- Q
i’) 10" / +Un2, mv e g 10" /- —s—U_, mV \.\
8 . o ——U_, v i\_ & I —e—U_, v \
& 10°— U" § N 102 Vai —a—U_f  au.
3 / 2l @:U L] / —o—D_,au \
107+ ] ——D,au R 3 ‘ —T T
& 40001 10°_1 % 1060‘ 100 10° 100" 10*  10°  10°
T 300 s TR e e < 380 —l Y
Q200 waan el Rt e = = | BN
® 108 o -~.~..::: L = ] 5 100 T ": jn—=—"
L —e— " *
o 4 3 2 1 2 3 4 0 Fnﬂ—ti—o
10* 10° 10° 1010" 10* 10° 10 I 1 1F 10100 1 10t 1ot
Modulation frequency, Hz Modulation frequency, Hz
10:1 Iy
C
) LQJ\ ©)
10° s = S
g ) O~o1-0— ~dooa /AiA_Z:oww
8_ 10 A o —0—0—| A
@ N pod .\0\.
< o o~ ¥ o
o 10— -y
8
3 10 —=—U,mV
g / —o—U,, w
a

—a—U,f au

/ —o—D_,au.

10‘3 4 3 \2 1 1 2 3 4
& 4oddl 100 10 10'10" 10 10° 10
%. BT ——" ] P
& 200 Y et
£ 100 ——0,
e

0 o,
00 100 10 Sromo 162 100 10°

Modulation frequency, Hz

FIGURE 1 Modulation frequency spectra of the pyroelectric response for Ag-
(TGS/PEO)-Ag: (a) unidirectionally poled state after the treatment with uni-
polar +10 V pulses at (o0)-electrode; (b) reversed unidirectionally poled state
after the treatment with unipolar +10 V pulses at (x)-electrode; (c) depolarized
state after the time dosed treatment under alternative (4+/—)10 V triangle
voltage between (0)- and (x)- electrodes (marked).

For the same sample in the polarized and then repolarized states
(compare Fig. 2a and 2b), the shapes of the corresponding /r-profiles
and the values of M; » and D, are almost identical.

Inversion of ¢, o-Ar-profiles as a result of the repolarization (com-
pare Fig. 1a and 1b) reflects a change of the P, direction under both
electrodes as a result of the polarization reversal.
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FIGURE 2 Thermowave profiles of the pyroelectric parameters for Ag-
(TGS/PEO)-Ag. a, b, and c correspond to the same conditions as in Figure 1.

The symmetrical shape of ¢,; o-Ar-profiles under excitation of both
sides of the sample in a depolarized state (Fig. 1lc) corresponds to
the predominance of the same orientation of P, in the regions near
the both (o) and (x) electrodes. The same level of ¢,;-Ap-profiles,
namely the same ¢,; =180° value for both (+)- and (-)- electrodes,
indicates the formation of a state similar to the inversely polarized
structure of the “head-to-head” type.

The results of the thermowave probing indicate the following pecu-
liarities of the polar state in hot pressed TGSy 5/PEQ, 5 composites:

1. significantly higher level of pyroactivity in volume than that in
the near-surface region for the polarized state;

2. stronger change of a pyroactivity level in volume than in that in
the near-surface region under transition from the polarized to
depolarized state;

3. decay of ir-profiles of D, and so of ¢, value from the volume to the
surface for both the polarized and depolarized states.
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The specificity of the observed Arp-profiles can be related either to a
higher concentration of TGS particles in volume than that in the
under-surface layer of the composite with keeping the 0-3 type of con-
nectivity or to a partial change in the connectivity from 0-3 to 1-3 type
because of formating a partially continuous ferroelectric frame. Such a
formation is considered as quite possible for composites with high con-
centration of ferroelectric particles under hot pressing [15].

3.3. Pyroelectric Response — External Voltage Polarization
Reversal Characteristics

In contrast to TGS single crystals, the charge and current loops of the
polarization reversal in TGS, 5/PEOg 5 composites are not observed up
to the infra-low frequency range (Fig. 3a, b). However, changes in the
fm-spectra and Ap-profiles induced by a variation of the external dc
voltage sign clearly indicate the effect of polarization switching in
the poling — depoling — repoling sequences (see Sections 3.1 and 3.2).
These results agree with the possibility of polarization reversal under
an arbitrarily low electric field of long enough duration, known for a
number of ferroelectrics [16], in particular for BaTiO3 [17,18].
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FIGURE 3 Charge-voltage (top) and current-voltage (bottom) polarization
reversal loops under bipolar +/—10 V triangle pulses: (a) for Ag-TGS-Ag
(0.2mm thick TGS, water-ethanole damaged left side) at 40 Hz; (b) for Ag-
TGS/PEO-Ag (0.35mm thick TGSy 5/PEQ,5) at 0.1 Hz.
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The examination of the polarization reversal was performed in the
static mode at the step-change of V4. (£(0.25-1) V) under its cycling
between maximum positive and negative values.

The pyroelectric response-external voltage loops of the amplitude
|U.1| and phase ¢, are presented in Figure 4. The |U,1|-V4.-loops have
a characteristic viaduct-like shape. The top edges of viaduct spans
reflect the saturation of |U,;| under an increase of V4. in correspon-
dence with the f,,-spectra in Figure 1a, b and the Ap-profiles in Figure
2a, b. The sharp tips of viaduct pillars reflect the minimum |U,;| value
in the depolarized state and clearly indicate the coercive voltages
Ve~ —4V and V=~ 4+5.5V. The f,-spectra shown in Figure 1c and
the Jr-profiles in Figure 2¢ correspond to such depolarized state.
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FIGURE 4 Pyroelectric response loops under the polarization reversal for Ag-
TGS/PEO-Ag. Top: amplitude-voltage viaduct-like loop; Middle: phase-voltage
loop; Bottom: reconstructed response-voltage parallelogram-like loop.



Downloaded by [University of Haifa Library] at 14:33 09 August 2012

TGS/PEO Thermal Probing and Polarization Reversal 117/[449]

The asymmetry of the |U,1(Vy.)| viaduct spans indicates the differ-
ence in the final stages of polarization reversal processes considered as
a difference of V; and V values. The asymmetry can be related to the
sample technology (hot-pressing) that results in a unipolar behavior.

The asymmetry of the |U,1(Vg.)| viaduct pillars relative to V.-
indicates the appreciable distinction in decreasing the unipolarity
degree at |V4| < |V:| and its increasing at |Vg.| >|V¢"|. The values of
“voltage rate” d(log U,1)/dV,. are near twice as much on the ascents
of pillars than those on their inclines.

The shape of ¢,1(Vg.)-loops (Fig. 4) is in correspondence with the
change of the sign of the pyroelectric reaction, which is related to
the reverse of the P, direction. The regions of +180° ¢.;-changes
are in the vicinity of V;* and ¢, (V4.) = const outside the range of V.*.

The reconstructed U,;-Vy.-loops obtained by combination of the
amplitude |U,1(Vq.)| and the phase ¢,1(Vq.) are presented in Figure 4.

The examination of the U,;-V-loops shows the complete saturation
of U, xy/c1, and the effective value y(V) for the both polarities of V.
The shape of U,;-Va.-loops indicates the near linear dependence
U,1(Vg.) in the large vicinity of the coercive voltages V5. At that,
the large voltage regions with decrease in the unipolarity degree at
|Vae| < |Vs"| and with increase in that at |Vg.|>|V"| with the notice-
ably differing “voltage rate” dU,1(Vq4.)/dVq. point out to the different
phases of the polarization reversal process in the |[Vy|<|V:| and
|Vae| > |V¢"| regions, respectively.

The shape of |U,1|-V-loops reflects the variation of y = dP,./dT dur-
ing the polarization reversal process. In general, the obtained shape of
U.1-V-loops is similar to that of the ferroelectric hysteresis loop (com-
pare Fig. 4, bottom, and Fig. 3a as an example). As we obtain the com-
plete saturation of the effective values y(V), we can consider the
corresponding P..(V) as completely saturated.

One can observe that the coercive voltages for hot-pressed 0.35-mm-
thick TGSy 5/PEQO 5 samples (Fig. 4) are near to those obtained for
TGS samples of 0.2mm in thickness (Fig. 3). This corresponds to the
coercive field E.=250 — 350V /ecm which is close to E. known for
TGS at RT [18,19] and indicates that only a small part of the external
voltage Vg4, applied to a TGSy 5/PEQO¢ 5 sample drops on the PEO
interlayers.

3.4. Pyroelectric Response — External Voltage Polarization
Switching Characteristics

The voltage dependences of saturated pyroelectric response ampli-
tudes |U,1s(Vae)|, phases ¢,15(Va.), and characteristic times 7,.(Vg.)
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and 7,(Vy.) obtained in the polarization switching mode by changing
the Vg4, polarity are presented in Figure 5. The time ¢ = 7, corresponds
to U,1(¢) =0 (pyroelectrically compensated state of TGS particles with
partially reversed P, directions similar to that obtained at Vg,= V.,
Fig. 4), whereas the time ¢ =1, is characteristic of the saturated value
U.1s (V4o that corresponds to the poled state with the maximum P, at
the coercive voltage V.

Asymmetry of the positive (V4. > 0) and negative (V4. < 0) branches
of the response amplitude |U,15(Vg.)| corresponds to that obtained in
the polarization reversal mode (see Fig. 4 and comments in Section
3.3). The 180°-differences in the phase angle ¢, for the positive
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FIGURE 5 Saturated pyroelectric response in the course of polarization
reversal for Ag-TGS, 5/PEQO, 5-Ag. Top: saturated response amplitude; Middle:
phase of saturated response; Bottom: characteristic times of polarization
reversing .., and zero-response T,.
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and negative branches of ¢,1{(Vg.) are in correspondence with
different P, directions under V4.> 0 and V4. < 0.

A large range of changes in 7,(Vg.) and 7,.(V4.) and their decrease
show a strong external voltage dependence of the polarization switch-
ing rate and its strong acceleration under an increase in Vg4, for
TGSy 5/PEOg 5 composites.

The almost one-order difference in 7,(Vy.) and 7,.(Vy.) (Fig. 5) reflects
the difference in time scales of polarization switching in the voltage
regions |Vg|<|V¢| and |V |>|Ve|. This allows us to distinguish
two phases of the polarization switching process in TGSy 5/PEQOg 5
composites, namely the initial short-term phase at ¢t < 7, and the final
long-term one at 7, <t < 1,.

The similar shape of the 7,(Vg.) and 7,(Vy4.) dependences reflects the
same peculiarities of P, changing on both phases of the polarization
switching.

CONCLUSIONS

1. The results of the thermowave probing of TGSg5/PEOg 5
hot-pressed composites indicate the appreciable inhomogeneity of
the Ap-profiles over the sample thickness, which can be due either
to a higher concentration of TGS particles in volume than that in
the under-surface layer of TGSy 5/PEQO, 5 composite or to the for-
mation of a partially continuous ferroelectric framework in volume.

2. Sharp tails of the pyroelectric response amplitude, external voltage
loops, distinctly determine the coercive voltage values. Due to the
relationship between the ¢,; 2 values and the sign of the pyroelec-
tric reaction, the result of the polarization reversal is clearly visible
in the 180°-change of the phases ¢, .

3. The analysis of peculiarities of the pyroelectric response—external
voltage curves reveals two phases in the polarization reversal
process with appreciably different “voltage rates,” as well as in
the polarization switching process distinguished by the time scale
under applied voltages lower and higher than the coercive one.

4. The results of the thermowave probing, polarization reversal, and
polarization switching demonstrate a possibility of tuning the
pyroelectric parameters of TGSy 5/PEQOq 5 hot-pressed composite
by an externally applied voltage.

5. Pyroelectric response—external voltage loops can be considered as a
thermal derivative analog of ferroelectric hysteresis loops.

6. The pyroelectric modulation method is an effective tool for
studying the polarization reversal and switching in ferroelectric
crystallites (grains) loaded in a polymer matrix.
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