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Polyvinylidene fluoride (PVDF), a typical ferroelectric polymer having a nanoscale structure, has pros-
pects for widespread application in manufacturing pyroelectric sensors and transducers. In this paper, the
relationship between pyroelectricity in PVDF thin films and the residual ferroelectric polarization is inves-
tigated on the basis of several experimental series. The pyroelectric coefficient is measured by the Collins
dynamic method by analyzing the magnitude and shape of the voltage arising after irradiating a metal
electrode with a light pulse. The residual polarization is measured by processing the plots of electrical sig-
nal resulting from application of high polarizing and switching voltage pulses to the sample. The wide
ranges of pulse duration from 0.5 us to 50 s, covering 8 orders of magnitude, and the applied electric field
with a strength from 40 to 200 MV-m -1 are investigated. It has been found that the pyroelectric signal is
directly proportional to the residual polarization and does not depend on the presence of the space charge.
This result allows to obtain information on the state of polarization in PVDF by simply measuring its py-
roelectric coefficient. The features of the pyroelectric behavior of PVDF films are analyzed and explained.
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1. INTRODUCTION

During the last years, ferroelectric polymers having a
nanocrystalline structure were considered as new candi-
dates for replacing inorganic materials in pyroelectric
sensors due to their good mechanical properties, reason-
ably sufficient performance and easy fabrication [1-5].

Polyvinylidene fluoride (PVDF) is a typical ferroe-
lectric polymer. Its polymer chain has a structural for-
mula of —(CHz2-CF2)n—. The polarity of PVDF originates
from the fact that CHz unit is an electron donor, while
CF2 is an electron acceptor. Therefore, the dipole mo-
ment of the (CHz-CF2) unit is rather high and equals to
2.3 D [6]. Polymer chains of PVDF are arranged in such
a way that a semi-crystalline structure is formed con-
sisting of nanosized crystallites and amorphous phase.

It has been established [7] that the crystalline com-
ponent of PVDF has a lamellar structure. The average
distance between adjacent lamellae is L, = 13-14 nm,
the crystalline lamella thickness is Lc = 6-7 nm, and the
intercrystalline domain size is Ls=7-8 nm [7]. The
small-angle X-ray scattering (SAXS) revealed that
crystalline and amorphous layers had fairly well de-
fined sizes of about 10 nm each; and a diffuse-boundary
of about 1.1 nm exists at the interface between the
crystalline and amorphous phases [8]. The SAXS of
PVDF exhibited a weak scattering peak at the magni-
tude of the scattering wave factor ¢ = 0.55 nm~—1, cor-
responding to a crystal long period of 11.4 nm [9].

Out of three existing crystalline structures of
PVDF, the so called S-phase crystals have the largest
dipole moment and namely such films are used in
infrared pyroelectric sensors [10].

Electro-physical phenomena leading to the appear-
ance of the residual ferroelectric polarization in PVDF
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are the following. After initial formation of the f-phase
nanocrystals, the macroscopic polarization of the film is
equal to zero, because the dipole moments of particular
p-phase nanocrystals are arranged chaotically. The
preferential orientation of the dipoles occurs during
application of a strong external DC electric field. The
corresponding process of the macroscopic formation of
the ferroelectric polarization is called “poling”.

After poling and short-circuiting a thin film sample,
it possesses the residual or remnant polarization P
like any ferroelectric material. Presence of the residual
polarization and its dependence on temperature 7T
leads to the appearance of the pyroelectricity in PVDF.

Experimentally, the current I(T) =dq/dt resulting
from the temperature changes (d7/dt+# 0) is usually
measured, where ¢ is the bound surface charge equal to
the modulus of the P,. The following expression is
commonly used to define the pyroelectric coefficient

_ldg _1 I(T) M
Sdr~ Sdridt’

Fedosov and von Seggern studied pyroelectricity in
PVDF [11] by a quasi-static method based on the anal-
ysis of the thermally stimulated depolarization (TSD)
currents. The main difficulty of the quasi-static method
consisted in separating the pyroelectric (reversible)
component of the thermoelectric current from the re-
laxation (irreversible) component during the TSD mea-
surements.

It was of interest to study the pyroelectric activity
of PVDF experimentally also by a dynamic method,
which is much simpler, in order to find interrelation
between the pyroelectric coefficient p and the residual
ferroelectric polarization Pr. This was intention of the
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present study where it has been proved that there is a
direct proportionality between the residual polarization
and the measured pyroelectric coefficient in PVDF in
extremely wide ranges of poling and switching times
and values of the externally applied electric field.

2. MATERIALS AND METHODS

Experiments were performed on 12.5 pm-thick bi-
axially stretched PVDF samples from Kureha Co. with
circular gold electrodes of A =0.64 cm2 area deposited
by cathode sputtering. The structure of the polymer
exhibited almost equal portion of crystalline and
amorphous phases. IR spectra have shown that the
fraction of the ferroelectric S-phase in relation to the
non-polar a-phase corresponded to a ratio of 70:30 and
this relation remained unchanged after poling.

Using the biaxial stretched PVDF films in this
study ensured the presence of high residual polariza-
tion, since it is precisely with such mechanical
processing the non-polar a-phase is converted into the
highly polar g-phase [10].

Initial poling and switching of polarization were
performed by a step-wise application of high voltage in
a setup described elsewhere [11, 12].

For modeling performance of a real infrared pyroe-
lectric sensor in view of thermal and electronic
processes, the pyroelectric dynamic coefficient was
measured by the thermal pulse method developed by
Collins [13]. The idea of Collins’s method is that a heat
pulse is absorbed by the metal electrode deposited on
the sample surface, so its temperature increases. The
heat flows along the thickness direction creating a de-
finite temperature distribution 7(x, t). The appearing
pyroelectric displacement current is equal to the con-
ductivity current in the measuring part of the circuit. It
is assumed that the shape and value of the measured
current are related to the value and distribution of po-
larization and excess charges in the sample.

A light pulse of 50 us duration was generated by the
Metz 45 CT-3 flash unit and was used as a reproducible
source of heat entering the surface of the electrified
film. The pyroelectric signal was recorded using a Tek-
tronix TDS 510A broadband oscilloscope (Fig. 1).

Light pulse
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Fig. 1 — Schematic diagram of the experimental set-up

J. NANO- ELECTRON. PHYS. 11, 02020 (2019)

By using a highly sensitive pyroelectric detector, we
have found that the light pulses were characterized by
high reproducibility. The average energy spread in the
measurement of successive 200 pulses was 2.4 %. The
magnitude of the pyroelectric coefficient was judged by
the maximum value of the electrical signal, so results
were obtained not in absolute, but in relative units.

All measurements of pyroelectricity were performed
at 26 °C. The samples were initially conditioned by
poling in the field of 250 MV-m -1 during 50 s. We have
previously found [14] that homogeneous and saturated
polarization is formed under these conditions. After
such poling, the polarization is easily switchable at any
applied DC field, while the polarization distribution
remains homogeneous [14]. The conditioning has been
performed after each polarization reversal to guarantee
the same initial conditions in all experiments.

Measurement of the ferroelectric polarization after
application of the voltage pulses was performed by the
method described in details elsewhere [11, 12].

3. RESULTS

Fig. 2 shows that the pyroelectric signal after initial
poling of the sample at the highest applied voltage of
2.5 kV depends on duration of the poling pulse.
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Fig. 2 — Dependence of the pyroelectric signal on the polariz-
ing pulse duration in the range from 10 ps to 100 s during the
primary electrification (poling) of the PVDF film with a vol-
tage of 2.5 kV

As seen from Fig. 2, the highest value of the pyroe-
lectricity in our experiments was obtained only if the
voltage pulse duration was equal to 100 s. As it has
been shown in [14], the homogeneously distributed and
easily switchable polarization is formed under this
condition.

We performed five series of experiments, in which
the polarization reversal was accomplished at different
duration of the applied voltage pulses, but with the
same voltage magnitude in each series. At a voltage of
0.5 kV that produced the field strength £ =40 MV-m -1,
i.e. of the same order as the coercive field of PVDF
E.=50 MV-m~-1! [11, 12], the pyroelectric signal de-
creased only by 25.4 % even at the switching pulse du-
ration of 50 s, while with the pulse duration less than
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5 ms, there was practically no change of the pyroelec-
tricity.

At 1 kV voltage applied for 50 s (E=80 MV-m 1),
the pyroelectric signal decreased by 90.9 % indicating
that the sample almost went to the state with zero av-
erage polarization. At this voltage, even for the pulse
duration of 5 ms, 28.6 % of the pyroelectricity was lost.
Increase in the pulse voltage to 1.5 kV (E'= 120 MV-m-1)
led to the change in the sign of the pyroelectric voltage,
if the voltage pulse duration was more than 50 ms. At
the voltage pulse duration of 5 ms and at its value of
2 kV (160 MV-m -1), the pyroelectric signal has already
changed its sign. This indicated that the polarization
vector inside the sample has changed its direction to
the opposite one under the action of such a voltage pulse.

We have found that at the applied voltage of 2.5 kV
(200 MV'm - 1) limited by a possibility of the electrical
breakdown, the polarization has been completely switched
from +Pr(max) to — P-(max) due to application of only
the 0.1 ms duration voltage pulse.

At the pulse duration of 100 s, the pyroelectric vol-
tage had the same value as at the initial state of the
sample, but it had the opposite sign. Thus, the initial
polarization was completely reversed due to the appli-
cation of such a pulse. It is interesting to note that our
curves were very similar to A+ and A— curves in Fig. 6
of [15] corresponded to films heated by a laser beam.
This proves the similarity of processes occurring during
illumination of the sample by a laser beam and by a
light pulse from the photo flash.

As follows from Fig. 3, the value of the pyroelectric
signal after application of the same voltage depended
not only on the total duration of the voltage pulses, but
also on the number of the applied pulses. Namely, after
application of five consecutive short voltage pulses of
10 ps duration each, the change of the pyroelectric sig-
nal was much smaller than after application of one
50 us pulse in spite of the same total duration of the
pulses in the two experiments. A probable reason of
this feature is discussed in the next part of the paper.

Finally, we compared evolutions of the pyroelectric
voltage and the stable ferroelectric part of the polariza-
tion measured after consecutive application of the vol-
tage pulses with increasing duration from 0.5 ps to 50 s
at different field strength from 50 to 200 MV-m -1, as
shown in Fig. 4.

4. DISCUSSION

We consider a one-dimensional case taking into ac-
count that the linear dimensions of the sample, for ex-
ample, its radius r = 0.45 cm 1s 360 times larger than
the sample thickness xo=12.5 pm. Thus, it is reasona-
ble to assume that heat @' absorbed by the metal elec-
trode during its illumination by a light pulse diffuses
only along the thickness direction of the sample x pro-
ducing a specific temperature distribution.

By knowing the sample thickness x,, we can find the
diffusion time to of the thermal wave passing through
the sample from the following well-known equation:

xo ~Zaty . @
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Fig. 3 — Pyroelectric signal after the sequential switching of
polarization in PVDF films from a fully polarized state by
applying 5 voltage pulses of 10 ps duration in comparison with
the signal obtained after applying one voltage pulse of 50 ps
duration: 1 — one voltage pulse, 2 — two voltage pulses, 3 —
three voltage pulses, 4 — four voltage pulses, 5 — five voltage
pulses. Voltage value of each pulse was 2.5 kV
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Fig. 4 — The evolution of the pyroelectric activity and the sta-
ble ferroelectric part of the polarization obtained by the series
application of the voltage switching pulses with increasing
duration from 0.5 ps to 50 s at different field strength. Magni-
tude of the field strength in MV-m -1 is shown near the corres-
ponding curves

where « is the thermal diffusivity of PVDF

k

oa=—,
cp

3

where £ =0.17 W-m~-1-K-! is the thermal conductivity
of PVDF, ¢=1380J-kg-1"K-1 is the specific heat ca-
pacity, p= 1800 kg'm —2 is the specific gravity [16, 17].
Thus, to=1 ms and a=810-8 m2s-! from (2) and (3),
therefore we limited the range of studied times by
0.8 ms (see Fig. 3).

Similarly to processes described during application
of a laser beam to the ferroelectric polymer film [15],
during the light pulse application, the heat @' diffuses
into the film producing a temperature distribution
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T(x, t) in the thickness direction x. The change of T(x, f)
with time ¢ generates the displacement current in the
sample. The current creates a voltage V), between elec-
trodes, which is measured using oscilloscope and PC
(Fig. 1) and called the pyroelectric signal or voltage.

Table 1 — The proportionality coefficient y (in nC cm-2 V-1)
between the values of the residual polarization P. and the
pyroelectric voltage V, at different applied switching field
strength and the duration of the switching voltage pulse ap-
plied to the completely polarized thin PVDF film

Field strength (MV-m-1)

40 80 120 160 200
° 0.5ps| 30.8 30.8 | 30.8 | 30.8 | 30.8
'—‘; 5 ps 32.3 30.5 28.3 | 32.5 | 28.0
g 50 ps 30.0 32.3 | 32.5 | 28.,5| 30.0
<= $/0.5ms| 28.3 28.3 32.3 | 285 | 30.3
hS § 5 ms 30.0 29.3 | 29.3 [ 28.0 | 29.5
g £150 ms — 31.5 29.0 | 27.3 | 30.0
.‘:;; 0.5s - 32.8 | 28.0 | 26.8 | 29.8
= 5s — 28.0 27.5 | 28.5 ] 30.0
= 50 s - 27.8 | 27.0 | 28.3 | 29.5

It is shown in Fig. 3 that the pyroelectric signal after
the action of several consecutive short voltage pulses is
much smaller than the pyroelectric signal measured
after application of one pulse, the duration of which is
equal to the total duration of several short pulses. This
feature can be explained, if we assume that the switch-
ing time is not the same for all dipoles inside the sam-
ple, i. e. a part of the dipoles can be easily switched,
while other dipoles require the longer time for switch-
ing. Then, only the "fast" dipoles will be switched under
the action of the short voltage pulses. However, both
"fast" and "slow" dipoles will be switched, if the voltage
is applied for the longer time. In this case, the total
switched polarization and consequently the value of the
pyroelectric signal will be significantly increased.
Namely this particular feature is observed in Fig. 3.

In order to establish the interrelation between the
measured value of the pyroelectric signal and the resi-
dual polarization Pr, we analyzed data presented in
Fig. 4 and have found the quotient from the division of
the polarization by the pyroelectric signal for the same
values of the applied field strength and the duration of
the switching voltage application.

It is clear from the data of calculations presented in
Table 1 that the interrelation between pyroelectricity
and polarization in PVDF is characterized by the follow-
ing figures: the mean value of the quotient (a peculiar
coefficient of proportionality) is y~29.5 nC-cm~-2V-1
with the standard deviation of o= 6.7 %. The deviation o
is not very large and obviously it is caused by uncon-
trolled random errors of experimental measurements
and calculations.

Thus, the interrelation between the pyroelectric vol-
tage Vp and the corresponding residual polarization P
can be expressed as V, = yPr. So, the pyroelectric signal
in PVDF films is directly proportional to the residual
polarization.

An important question arises: why the pyroelectrici-
ty depends only on the value of the residual polariza-
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tion, but not affected by the presence of a space charge?
Because it is known than along with the polarization,
there may be a space charge in thin dielectric films
subjected to electrical treatment. The main source of
the space charge is injection currents from electrodes
[16]. In order to clarify the effect of the space charge on
the measured pyroelectricity we considered the Poisson
equation, in accordance with which the excess space
charge p(x, f) can exist only in the regions, where the
field strength and the polarization are inhomogeneous
(oP(x,t)/ox =0) [14]

gcg%:p(xlt)_w, (4)

where g0 =8.85-10-12 F-m -1 is the vacuum permittivi-
ty, e = 20 [11, 12, 14] is the dielectric constant of PVDF.

Due to the intrinsic conductivity, any free excess
charges are neutralized in a short-circuited sample
with the Maxwell relaxation time constant zy [15]

_&f

Ty = 6s, 6))

where g=310-11 S-m~-1 [12] is the electric conductivi-
ty of PVDF.

This indicates that any electric field will vanish in a
short-circuited sample in a few seconds. Since the field
becomes uniform (E(x, f) =0) after short-circuiting of
the sample, then it follows from (9) that

P
p(xt)= 225 (g;"t) . ©)

If polarization is homogeneous (P(x, t) = const), as
shown in [14], the charge p(x, t) =0. Thus, the free
space charge does not exist in the short-circuited PVDF
and consequently it cannot affect the pyroelectricity.
The screening charges deeply trapped at the boundaries
of crystallites compensate the depolarizing field [12]
and do not have any influence on the pyroelectricity.

5. CONCLUSIONS

In summary, we examined interrelation between
the pyroelectricity in PVDF experimentally measured
by the simple dynamic Collins method and the residual
ferroelectric polarization. Original poling and polariza-
tion switching were performed by applying the high DC
voltage pulses. Duration of the switching voltage pulses
was in the range from 0.5 ps to 50 s, while the applied
electric field strength was in the range from 40 to
200 MV-m -1,

It has been found that the pyroelectric signal under
all examined conditions is proportional to the residual
ferroelectric polarization (Fig. 4 and Table 1). On the
basis of the obtained results, we suggest to employ the
measurement of the pyroelectricity by the Collins me-
thod for assessment of the polarized state in charged
PVDF films, i.e. for estimating the magnitude and direc-
tion of the residual polarization. It is possible that this
suggestion is applicable also for other ferroelectric poly-
mers used for manufacturing of sensors and actuators.

02020-4



INTERRELATION BETWEEN PYROELECTRICITY AND ...

J. NANO- ELECTRON. PHYS. 11, 02020 (2019)

REFERENCES
1. C.P. Wong, Polymers for Electronic & Photonic Applica- 11. S.N. Fedosov, H. von Seggern, J. Appl. Phys. 103, 014105
tion (Saint Louis: Elsevier Science: 2014). (2008).
2. P. Ueberschlag, Sensor Rev. 21, 118 (2001). 12. S.N. Fedosov, H. von Seggern, J. Nano Electron. Phys. 5,
3. S.B. Lang, Phys. Today 58, 31 (2005). 04056 (2013).
4. S.B.Lang, D.K. Das-Gupta, Ferroelectr. Rev. 2, 217 (2000). 13. R.E. Collins, J. Appl. Phys. 51, 2973 (1980).
5. S. Bauer, Proc. SPIE 10163, (EAPAD), 1016303 (2017). 14. S.N. Fedosov, A.E. Sergeeva, J. Nano Electron. Phys. 11,
6. M.E. Lines, A.M. Glass, Principles and Applications of 01012 (2019).
Ferroelectrics and Related Materials (OUP Oxford: Science: 15. S. Sakai, M. Date T. Furukawa, Jpn. J. Appl. Phys. 41,
2001). 3822 (2002).
7. H. Lu, L. Li, Polym. Adv. Technol. 29, 3056 (2018). 16. J.E. Mark, Physical Properties of Polymers Handbook:

8. D.L. Chinaglia, R. Gregorio, Jr., D.R. Vollet, JJ. Appl. Polym.
Sci. 125, 527 (2012).

9. Y. Li, Y. Iwakura, H. Shimizu, Macromolecules 41, 3396
(2008).

10. KFF POLYMER Poly(vinylidene fluoride) (PVDF), Kureha
Corporation (2014).

17.

Ed. 2 (Springer Science & Business Media: 2007).

A.D. Lantada, Handbook of Active Materials for Medical
Devices Advances and Applications (CRC Press: Tech-
nology & Engineering: 2011).

B3aemo3B'a30K MisK IIiPOEIEKTPHUKOIO Ta 3AJHUIIKOBOIO MOJIAPU3AIiel0 B TOHKHUX ILTIBKaX
CETHETOEIEKTPUYHOTO MOJIiMepPy 3 HAHOPO3MipHOIO CTPYKTYPOIO

C.H. ®emocos, O.€. Cepreena

Kagbeopa gpisuru i mamepianoznascmaa, Odecbka HAUIOHAIbHA AKAOCMIS XAPUOBUX MEXHOJI02LLL,
eys. Kanamna 112, 65039 Ooeca, Yipaina

Tlomisimimaeradropun (IIBJ®), Axkuil € TUIIOBUM CETHETOEJEKTPUYHUM IIOJIMEPOM 3 HAHOPO3MIPHOIO

CTPYKTYPOIO, Ma€ IIEePCIIEKTUBY IIMPOKOT0 3aCTOCYBAHHS JIJIsI BUTOTOBJIEHHS ITIPOEJIEKTPUYHUX JATIYHKIB 1 I1e-
peTBopooBaviB. Y Il CTATTI HA OCHOBI JEKLJIIBKOX Cepiii eKCIIEPUMEHTIB JOC/IIKEHO 3B'SI30K MK ITIPOEJIeKT-
pukoo B ToHKMX IuTiBKax I1IBJI® i 3auIIKoBOI0 CETHETORIEKTPUYHOIO TToJIsIpraaliieio. IlipoeeKTpuIHui Ko-
edimienT BuMipoBasM TuHAMIYHEM MeTofoM HoJuTiH3a IUISXOM aHasidy BeJWYMHU 1 (DOPMU HAIIPYIH, IO
BHHHUKAE IIICJIs OIPOMIHEHHS METAJIeBOr0 eJIeKTPOA CBITJIIOBUM IMITYJIHCOM. 3aJIHINKOBY MOJISIPUSALIII0 BUMI-
PIOBAJIH IIJIAXOM 00pPOOKH TpadiKiB eJIeKTPUIHOr0 3MIMIEHHS, 1[0 BUHUKAE BHACJIJIOK BILIMBY HA 3pa30K 1M-
IYJIBCIB BUCOKOI MOJIAPU3YIOUO] 1 TepeMuKandol Hampyru. JocsmipreHo MUpoK] TiamadoHu TPUBAJIOCTI IMITY-
abciB Bix 0.5 Mkc 110 50 ¢, 110 0XOILTIOE 8 OPSIIKIB BEJIMUNHM, 1 IIPUKJIAIEHOTO eJIEKTPUIHOTO OIS 3 HATIPY-
sxenicrio Big 40 no 200 MB m -1 Bysio BcraHOBIIEHO, IO TIPOEIEKTPUYHNH CUTHAJ IPSIMO IIPOIIOPINIAHMI Be-
JIMYWHI 3aJIATIIKOBOI TOJIIPU3AITii 1 He 3aJIesKUTh Bl HassBHOCTI 00'eMHoro 3apsiay. Lle#t pesynbrar m0o3Bosisie
oTpuMaTH iHdopmarrio opo cran nosapuaarrii 8 IIBJI® misxom mpocToro BUMipOBaHHA HOT0 MPOeIeKTPIY-
Horo KoedirmienTa. [IpoanasizoBaHi i mosiCHEH] 0COOIUBOCTI ITiPOEIEKTPUIHOI IToBeiHKHN tLTiBok [TBJID.

Knrouosi ciosa: Ilipoenexrpura, Harnoposmipua crpyrrypa, Cerneroenexkrpuyni mosriMepn, Ilosspusariis,
Tlomisirimgeadropun (IIBID).
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