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P(VDF/TrFE) thin films were annealed under a low electric field using microgapped comb-like electrodes (IDT
structure), and their structures and pyroelectric properties were investigated. In-plane dipole alignment of P
(VDF/TrFE) was achieved by applying a low electric field (7.7 MV m™1), and the I phase crystal structure with in-
plane dipole alignment was transformed following nucleation of the III phase structure. Despite the absence of a
Fabry-Perot-type infrared absorption structure, the P(VDF/TrFE) thin films, which were continuously subjected
to a low electric field from the melting point to para-ferroelectric phase transition temperature, exhibited a large
pyroelectric signal. The voltage sensitivity was 242 V W1, which is much higher than that of the sandwich type
sensor equipped with a Fabry-Perot-type infrared absorption structure on Si substrates (72 V W1, The
improved sensitivity could be attributed to the suppression of the injected charges under the application of a low
electric field and the enhancement of the infrared absorption and infrared-to-thermal conversion owing to the
surface plasmon resonance on the microgapped IDT structure.

1. Introduction

Infrared sensors can detect infrared rays emitted by people and ob-
jects. In addition to conventional applications, such as crime prevention,
and medical and infectious disease countermeasures, sensors installed in
air conditioners can detect people and improve energy efficiency while
providing comfort [1]. Sensors installed in cars can identify people and
vehicles in any environment, thus preventing accidents and assisting in
autonomous and advanced driving [2]. The applications of infrared
sensors have become more diverse.

Pyroelectric infrared sensors have advantages over semiconductor-
based sensors in that they can be used uncooled and have a wide
range of selectivity in the infrared wavelengths to be detected.
Currently, the materials used for pyroelectric infrared sensors are inor-
ganic ferroelectrics such as lead zirconate titanate (PZT) and lithium
tantalate. Inorganic ferroelectrics exhibit excellent pyroelectric prop-
erties and can be applied to microintegration processes [3-6]. However,
in terms of the environment and sustainability of material supply, they
have disadvantages, such as the inclusion of lead, which is regulated by
the RoHS directive, and minor metals that are rarely distributed.
Therefore, organic ferroelectrics are attracting attention as alternatives
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to inorganic ferroelectrics.

Vinylidene fluoride (-CH2CF5-; VDF)-based materials have an electric
dipole moment (2.1 D) perpendicular to the molecular chain, resulting
from the difference in the electronegativities between the hydrogen and
fluorine atoms in the monomer unit. VDF-based materials with well
controlled electric dipoles exhibit higher ferroelectricity (P;: 130 mC
m~2) and pyroelectricity values than general-purpose organic materials
(|p|: 68 pC m 2K Y [7-9]. Poly (vinylidene fluoride-trifluoroethylene)
copolymers [P(VDF/TrFE)] have been widely studied owing to its ability
to form stable ferroelectric crystal structure (I or § phase) films through
simple melt-solidification, casting, and spin coating. We previously re-
ported that it is possible to fabricate sensors with good pyroelectric
properties using P(VDF/TrFE) freestanding films [10].

VDF-based materials typically have three types of crystal structures
[11,12]: a I phase crystal structure (all-trans conformation and parallel
packing) with the highest ferroelectricity, a II phase structure (a phase:
TGTG' and anti-parallel packing) with no ferroelectricity, and a III phase
structure (y phase: T3GT3G' and parallel packing) with approximately
64% of the I phase ferroelectricity. The degree of pyroelectricity is
improved with the increase in the proportion of ferroelectric crystal
phases, such as in the I phase crystal structure. In addition to the
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ferroelectric crystal structure, it is important to control the polarization
arrangement in one direction to develop pyroelectricity, and the crystal
structure and polarization control can be realized by applying an electric
field after film formation. Because the polarization alignment of P
(VDF/TrFE) is controlled by the rotation of the molecular chains, the
high electric field required to control the polarization is more than 10
times that in the case of the PZT, in which the polarization is sponta-
neous because of the arrangement of positive and negative ions (PZT:
~5 MV m !, P(VDF/TrFE): ~100 MV m ™) [13,14]. We previously re-
ported that in low-molecular-weight VDF oligomers, charge is injected
into the thin film via polarization control by applying a high electric
field, resulting in a significant difference in the pyroelectric properties
[15]. Therefore, to avoid dielectric breakdown and deterioration of the
pyroelectric sensor’s performance from the high electric field, a method
of polarization control with a low electric field is essential.

In this study, a low electric field (7.7 MV m™') was applied during
crystallization of P(VDF/TrFE) from the melt. To discuss the mechanism
of formation of the ferroelectric I phase crystal structure and polariza-
tion alignment under the low electric field, we performed structural
characterization during the annealing process under the low electric
field. Studies have reported ferroelectric-to-paraelectric transition and
structural changes in VDF-based materials under electric field applica-
tion during heating; however, in those cases, the electric field applied
exceeded the electric field at which polarization reversal occurs (coer-
cive electric field; E;) [16,17]. Notably, in the present study, the crystal
structure and polarization alignment were controlled by applying an
electric field lower than E. during heating. It is difficult to apply an
electric field during the annealing process in a typical sandwich struc-
ture. This is because at temperatures above the melting point, the P
(VDF/TrFE) melts and softens, which results in the sandwich structures
being easily destroyed and an electrical short circuit occurring between
the top and bottom electrodes. In this study, we fabricated sensors using
a microgapped comb-like electrode (IDT) structure for electric field
application during annealing, and evaluated their pyroelectric
properties.

2. Experimental
2.1. Materials

P(VDF/TrFE) (Fig. 1(a)) was purchased from KUREHA (VDF/TrFE
molar ratio of 75/25, M,y = 350,000). Methyl ethyl ketone (MEK) was
purchased from Nacalai Tesque.

2.2. Microgapped IDT structure fabrication

A 5 nm thick Cr and a 50 nm thick Au layer were deposited on a SiOy/
Si wafer by vacuum evaporation. Laser lithography and subsequent wet
etching were performed to pattern the microgapped IDT (Fig. 1(b)). The
distance between the electrodes was set to 1.3 pm, the electrode width to
2.0 pm, and the pitch to 6.6 pm.

2.3. Film formation by applying a low electric field

P(VDF/TrFE) powder was dissolved in the MEK. Thin films of P
(VDF/TrFE) were deposited on the IDT structure by spin coating. After
solvent drying, the film thickness was 100 nm, as measured by a stylus
profiler (Fig. 1(c)). A DC electric field of 7.7 MV m~! (10 V) was applied
between the electrodes during heating at 438 K and cooling in a vacuum
chamber (5 x 10~% Pa).

2.4. Differential scanning calorimetry (DSC)
The thermal properties were evaluated by DSC to determine the

annealing temperature required for the crystallization of P(VDF/TrFE)
thin films. DSC measurements were carried out at a scanning speed of
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Fig. 1. (a) Schematic image of chemical structure of the P(VDF/TrFE), (b)
schematic of comb-like (IDT) electrodes fabricated on a SiO,/Si substrate, and
(c) oblique drawing of our pyroelectric sensor structure.

10 K min~! under atmospheric conditions.

2.5. Current density (J)-Electric field (E) switching curve measurement

The J-E switching curve is the change in current density when an AC
electric field is applied, and its current peak indicates charge-discharge
associated with polarization reversal. The peak position is the electric
field required for polarization control (coercive electric field: E.). In this
study, a triangular wave electric field is applied and the frequency is 10
Hz under atmospheric conditions.

2.6. Fourier transform infrared (FT-IR) spectroscopy

The molecular conformation and orientation were analyzed by FT-IR
spectroscopy (JASCO, FT/IR-6600, and IRT-5200) in the transmission
mode. To discuss the structural changes during heating and cooling,



Y. Sutani et al.

temperature change interval measurements were carried out using a
microscope cooling and heating stage (Japan High Tech, Linkam
10002).

2.7. Pyroelectric characteristic measurement

To characterize the pyroelectric sensor, a blackbody source was used
to generate infrared radiation. The pyroelectric current generated by the
infrared incidence was amplified and converted into voltage using a
voltage follower circuit, and the output voltage was monitored using an
oscilloscope (Tektronix, Inc. TDS5034B). To calculate the voltage
sensitivity, the frequency components were extracted from the output
voltage using a lock-in amplifier (NF Corporation, LI5640), and the
incident infrared energy was measured using a power meter. In this
study, the blackbody furnace temperature was 773 K, and the chopping
frequency was set to values ranging from 0.2 to 200 Hz using a me-
chanical chopper. Because the infrared irradiated area and electrode
area are different in the IDT structure, the area between the gaps, where
P(VDF/TrFE) is irradiated with infrared rays and pyroelectric current
can be extracted, was used to calculate the voltage sensitivity. To
evaluate the effect of the high electric field applied after film formation
on the pyroelectric properties, a ferroelectric evaluation system (TOYO,
FEC-1, Japan) was used to perform polarization treatments based on the
application of a triangular wave voltage.

3. Results and discussion
3.1. DSC and J-E switching curve of P(VDF/TrFE)

Fig. 2 shows the DSC curve of P(VDE/TrFE). Four peaks can be
identified, two during the heating process and two during the cooling
process. The peak at 393 K during the heating process is the Curie point
during the temperature rise (Tcyrie 1) and the peak at 426 K is the melting
point (Tpel)- The peak at 400 K during the cooling process is the crys-
tallization temperature (Tcrystallization) and the peak at 342 K is the Curie
point during the temperature drop (Tcyre 2). Curie points of P(VDF/
TrFE) are different when the temperature rises and falls. This is because
the ferroelectric-paraelectric phase transition of P(VDF/TrFE) is a first
order phase transition with latent heat [18]. The typical crystallization
annealing temperature for P(VDF/TrFE) was set between Tcyrie 1 and
Tmelt (in our study, we set it to 403 K) [19]; however, in this experiment,

20
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= ok 1)\ 438K
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Fig. 2. DSC curve of P(VDF/TrFE).
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the annealing temperature was set to 438 K, which is above Tpe
because the application of an electric field in a high molecular mobility
state is considered effective. Ohigashi et al. reported that the cooling
process is important for the single crystallization of P(VDF/TrFE) [20],
and the pyroelectric properties were observed when the electric field
was applied even during cooling in corona poling during the annealing
process [21]; therefore, the cooling process in which the crystal struc-
ture is formed is considered important. As such, in this study, a low
electric field was applied from 373 K during the heating process through
438 K to 333 K during the cooling process, i.e., the melting, crystalli-
zation, and ferroelectric phase transition regions, as shown in Fig. 2.

Fig. 3 shows the J-E switching curve of the P(VDF/TrFE) thin film in
a typical sandwich structure. A peak due to polarization reversal (E.) can
be observed at 53 MV m ™. The applied electric field in this experiment
was 7.7 MV m™!, which is extremely low compared to E.. Notably, po-
larization control is typically not possible at this electric field
magnitude.

3.2. FT-IR absorption spectra and dipole alignment model of P(VDF/
TrFE) thin films annealed with low electric field

Fig. 4 shows the FT-IR transmission spectra of the P(VDF/TrFE) thin
films with only solvent drying (as-spun), annealed without an electric
field, and annealed with a low electric field. The assignment of each
infrared absorption band was based on the FT-IR spectrum of
PVDF—which has the same main-chain structure and has been theo-
retically calculated [22-25]—and P(VDF/TrFE), which has been re-
ported [26,27]. The baseline rising up at the lower wavenumber can be
attributed to the interference due to the film thickness. The as-spun films
exhibited four peaks attributed to crystals and amorphous CHy sym-
metric stretching vibration [vs(CH2)] and CH; antisymmetric stretching
vibration [v,(CH2)], whereas the films annealed without an applied
electric field gave two peaks attributed to the I phase crystal structures
of v5(CHy) and v,(CHj). This indicates that the annealing process
accelerated crystallization. On the other hand, six peaks were observed
in the film when a low electric field was applied during the annealing
process. Because the peak splits in the CH; stretching region in the III
phase crystal structure of PVDF [23], it is presumed that the newly
appeared peak due to the application of a low electric field is the peak
due to the ferroelectric III phase crystal structure. In addition, the peak
intensity of the I phase crystalline phase with the highest ferroelectricity
is increased. Therefore, the application of an electric field as low as 7.7
MV m ! during the annealing was found to cause structural induction to

60
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Fig. 3. J-E switching curve of P(VDF/TrFE) in the sandwich structure.
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Fig. 4. FT-IR transmission absorption spectra of as-spun, annealed without
electric field, and annealed with electric field P(VDF/TrFE) thin films.

the ferroelectric I and III crystalline phase.

Assuming that the ferroelectric crystal structure is formed by the
electrostatic interaction between the electric dipole of P(VDF/TrFE) and
the applied low electric field in the in-plane direction of the substrate,
two possible structure models will be considered, as shown in Fig. 5.
Fig. 5(a) shows the model where the molecular chains are oriented
parallel to the substrate. Fig. 5(b) shows the model where this orienta-
tion is perpendicular. When the molecular chains are oriented in par-
allel, the transition moment of v5(CHy) is in the in-plane direction to the
substrate, and the transition moment of v,(CH) is out-of-plane. On the
other hand, when the molecular chains are oriented perpendicularly, the
transition moment of vs(CH) and v4(CHy) is in the in-plane direction.
The FT-IR transmission method strongly detects the transition moment
in the in-plane direction of the substrate. In the spectrum shown in
Fig. 4, vs(CHy) is strongly and v,(CH3) is weakly detected, so the mo-
lecular chain is presumed to be oriented parallel to the substrate, and the
model in Fig. 5(a) is considered correct. Even if the molecular chains are
oriented in parallel, the vs(CH3) and v,(CH3) peak intensities will not be
anisotropic if the polarization alignment is not controlled. In fact, there
is no anisotropy in the spectrum of the thin film without an electric field
during the annealing process. Therefore, the in-plane polarization of P
(VDF/TrFE) could be controlled by applying the low electric field of only
7.7 MV m~! during the annealing process.

To analyze the formation process of the ferroelectric P(VDF/TrFE)
crystal with in-plane polarization under the low electric field, FT-IR
interval measurements were conducted during the cooling process.
Fig. 6 shows the temperature dependence of the transmission FT-IR
spectrum. An absorption peak was observed at 438 K in the melt state

(@)

Transition moment of v;(CH,)

moment of

Transition
va(CHy) I

dipole
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in Fig. 6(a) and (b). This indicates that the molecular chain conforma-
tion of P(VDF/TrFE) exists near the melting point, although there is no
molecular packing as a crystal structure. In the past, the similar ab-
sorption peak has been reported to be obtained by heating above the
melting point of P(VDF/TrFE) [28]. In the P(VDF/TrFE) thin film
annealed without an applied electric field (Fig. 6(a)), the peak around
1190 em™! [CFy antisymmetric stretching vibration (v,(CFg)) of the
TGTG' structure] increased at 413 K, and the peak around 1400 cm !
[CH, wagging vibration (w(CHy)) of the TGTG' structure] decreased
during the cooling process. Since a temperature of 413 K corresponds to
the start of the crystallization region in the DSC curve shown in Fig. 2, it
is believed that P(VDF/TrFE), which was in the TGTG' structure in the
melt region, became more ordered and started to pack in the lattice
points of hexagonal phase. In references [29] and [30], it has been re-
ported that the P(VDF/TrFE) molecule transitions to the rotational
phase, where the molecular chain rotates at the lattice points of hex-
agonal phase during the cooling process. In this paper, we describe this
state as "rotator phase with TGTG' structure." With further cooling, at
342 K, the peak near 1190 cm ™! shifted to a lower wavenumber, the
peak at 1290 cm ™! appeared, and the peaks near 1400 cm™! and 1430
cm ™! shifted to higher wavenumbers. This shows the shift of v,(CF5)
from the rotator phase with TGTG' structure to I phase crystal structure,
the appearance of CF, symmetric stretching vibration [vs(CF3)] in the I
phase, and the shift of the w(CHy) and CH; bending vibrations [8(CHz2)]
from the rotator phase with TGTG' structure to I phase. As a temperature
of 342 K is Tcyrie 2 in the DSC curve, the transition from the rotator phase
with TGTG' structure to I phase is considered to occur in the ferroelectric
phase transition region. Fig. 7(a) shows the crystal formation model
during the cooling process of the thin film without applying an electric
field during the annealing process. In the melt region, the molecules of
the TGTG’ structure are in a state of free movement. As cooling proceeds,
the translational motion of the molecular chains is restricted in the
crystallization region, resulting in the packing of the lattice points of
hexagonal phase. In this region, the structure was not completely fixed,
but the structure of P(VDF/TrFE) is presumed to be rotator phase. As the
cooling progresses further, the rotational motion of the molecular chains
becomes weak, and the structure transitions to the I phase crystal
structure. At this time, the molecular chain structure transitions from the
TGTG' structure to the all-trans structure, and the crystal structure
transitions from hexagonal phase to orthorhombic. Even if an I phase
structure is formed, the polarization arrangement is random; thus, py-
roelectricity does not develop.

In the P(VDF/TrFE) thin film annealed under an applied low electric
field (Fig. 6(b)), the v4(CFy) peak in the T3GT3G structure is located
around 1240 cm™! in the melt region at 438 K; thus, the T3GT3G
structure is included by applying a low electric field. However, the peak
at around 1430 cm ™! [6(CH3)] and the broad peak at around 1190 cm !
[va(CF5)] indicate the presence of a TGTG' structure. P(VDF/TrFE) melt
is presumed to be a mixture of TGTG' structure and field-induced
T3GT3G' structure. When cooled to 433 K, the broad peak at 1190
cm ! became a sharp peak. The TGTG structure was transferred to the
T3GTsG' structure by the low electric field with the decreasing temper-
ature. As the cooling proceeded to 413 K, the peak around 1190 cm™?

(b)

Transition moment of v(CH,)

Transition
moment of
va(CH,)

Fig. 5. Dipole alignment model of P(VDF/TrFE); molecular chain orientation is (a) parallel and (b) perpendicular to the substrate.
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Fig. 6. Temperature dependence of FT-IR transmission absorption spectra
during cooling process of (a) annealed without electric field, and (b) annealed
with electric field P(VDF/TrFE) thin films.

[(va(CF3)) of the T3GT3G structure] increased, and the peak around
1400 cm ! [w(CHy) of the T3GT3G' structure] decreased. The changes at
413 K are similar to those without an applied electric field, and it is
assumed that the P(VDF/TrFE) with the T3GT3G structure in the melt
region becomes ordered and starts to pack into the lattice points. In this
region, the P(VDF/TrFE) molecular chains are considered to be rotating
as well as without the applied the electric field. In this paper, we
describe this state as "rotator phase with T3GT3G' structure" due to the
application of low electric field during recrystallization. With further

Polymer 228 (2021) 123904

cooling, at 342 K, (1) the peak near 1190 cm ! shifted to a lower
wavenumber, (2) the peak at 1290 em™? appeared, (3) the peaks near
1400 c¢cm! shifted to higher wavenumbers, and (4) the peak was
reduced to a single peak at 1430 cm L. This shows the shift of v,(CFy)
from the rotator phase with T3GT3G’ structure to I phase crystal struc-
ture, the appearance of vg(CF5) in the I phase, the shift of w(CH>) from
the rotator phase with T3sGT3G’ structure to I phase crystal structure, and
shift of 8(CHj) from the rotator phase with TGTG' structure and the
rotator phase with T3GT3G structure to I phase crystal structure. Thus,
the transition from the rotator phase with T3sGT3G’ structure to I phase is
considered to occur from the paraelectric to the ferroelectric phase
transition region at 342 K. Fig. 7(b) shows the crystal formation model
during the cooling process of the thin film under the application of a low
electric field. In the melt region at 438 K, molecules with a TGTG
structure and an electric field-induced T3GT3G’ structure are mixed and
presumed to be in a free motion state. As cooling proceeds to 433 K in
the melt state, the T3GT3G structure is presumed to become stable,
overcoming the competition with the TGTG' structure under the low
electric field. As cooling proceeds at 413 K, the translational motion of
the molecular chains is restricted in the crystallization region, resulting
in the packing of the lattice points. In this region, there is rotational
motion of the molecular chains, and the molecular structure is not
completely fixed. It is also presumed that the alignment of the P(VDF/
TrFE) unit cell is induced so that the polarization axis is oriented in-
plane of the substrate under the low electric field. As further cooling
progresses (below 342 K), the rotational motion of the molecular chains
becomes weak; at this time, the molecular chain structure change from
the T3GT3G' to the all-trans structure, and the crystal structure transits to
orthorhombic phase. Furthermore, it is considered that the ferroelectric
I phase structure with in-plane dipole alignment was obtained because
the crystal structure transitions while maintaining the alignment of the
unit cell of the rotational phase. Fig. 8 shows the AFM phase image of the
fabricated P(VDF/TrFE) thin film and the possible structural models of
its microstructure. The smooth surface morphology without micro-
structure was observed in the as spun film, as shown in Fig. 8(a). Some
holes in the image are expected to formed with evaporating the solvents.
It is assumed that the P(VDF/TrFE) thin film is amorphous in conjunc-
tion with the results in Fig. 4, as shown in Fig. 8(d). By the annealing, the
surface microstructures were observed in Fig. 9(b). The lamellar struc-
ture of P(VDF/TrFE) formed by the thermal treatment of 438 K, how-
ever, the orientation of the microstructure could not be confirmed (Fig. 8
(e)). On the other hand, the tendency of lamellar orientation to be
aligned into the direction of applied electric field has been clearly
observed in the thin film annealed with electric field, as shown in Fig. 8
(c). The lamellar structure oriented to the electric field direction (Fig. 8
).

From these experimental results, the application of a low electric
field of only 7.7 MV m ™! during the annealing process suggested that the
rotator phase with T3sGT3G’ structure—similar to the nucleus of the III
phase structure—was first formed, followed by the dipole-aligned I
phase crystal. Therefore, pyroelectricity is expected without post-poling
treatment by a high electric field.

3.3. Pyroelectric characteristics and infrared-to-thermal conversion
model in the microgapped IDT structure

Fig. 9(a) shows the time variation of the pyroelectric output voltage
of the P(VDF/TrFE) thin-film sensors when the infrared rays are irra-
diated by a chopping frequency of 0.2 Hz. The output voltage immedi-
ately increased when the sensor was irradiated with infrared light, and
then gradually decreased toward O V. By contrast, the output voltage
immediately dropped and then gradually increased toward 0 V when the
infrared radiation applied to the sensor was stopped. The output signal
reverses in the ON/OFF state of the infrared radiation, and the signal
increases immediately after the infrared radiation is turned ON/OFF and
then decreases; this behavior is typical of pyroelectric sensors that detect
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Fig. 7. Overview of solidification during cooling process of (a) annealed without electric field and (b) annealed with electric field P(VDF/TrFE) thin films.

infrared radiation based on the time differentiation of the temperature
change. The P(VDF/TrFE) thin films without an electric field applied
during the annealing process showed slight pyroelectricity; this may be
attributed to the effect of polarization domains near the electrode, as it
has been reported that a domain structure different from the bulk
structure is formed at the metal interface in ferroelectrics [31]. How-
ever, as there was no polarization treatment, a high degree of pyro-
electricity could not be obtained. A clear pyroelectric response was
observed in the sensor to which a low electric field was applied during
the annealing process, and a larger response signal was obtained at an
annealing temperature of 438 K compared with that obtained at the
typical annealing temperature of 403 K. This indicates that the molec-
ular mobility is insufficient at typical annealing temperatures and that
the response to electric fields is low. Heating above Tp; resulted in a
translational motion in addition to the rotational motion of the molec-
ular chain, the mobility of the molecular chains became extremely high,
and the electric field response of the P(VDF/TrFE) molecules is consid-
ered to have improved. Therefore, it was assumed that it is important to
apply a low electric field in this state.

Fig. 9(b) shows the time variation of the pyroelectric output voltage

of the P(VDF/TrFE) thin film sensors before and after polarization
treatments under the application of a high electric field (generally called
poling treatment). The application of a high electric field after film
formation resulted in a significant decrease in the pyroelectric signal.
This is consistent with our previous report [15], and it is considered that
the application of a high electric field after film formation causes charge
injection from the electrode into the films, which inhibits the change in
the amount of spontaneous polarization, which is the origin of pyro-
electricity. Therefore, to fabricate highly sensitive pyroelectric sensors,
controlling the polarization by applying a low electric field during the
annealing process is an extremely useful technique.

We focused on the magnitude of the pyroelectric signal shown in
Fig. 9. This is because there is a difference in the infrared absorption
between the sandwich structure and the IDT structure, as shown in
Fig. 10. As shown in Fig. 10(a), in the conventional sandwich structure,
infrared-to-thermal conversion is done by infrared absorption using the
Fabry-Perot structure [32-37]. By sandwiching the pyroelectric mate-
rial between NiCr electrodes that transmit and absorb infrared rays
[34-36,38] and Al electrodes that reflect infrared rays, we fabricated the
Fabry-Perot structure that absorbs infrared rays while repeatedly
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Fig. 8. AFM phase images and the possible structural models of the fabricated P(VDF/TrFE) thin films; (a)(d) as spun, (b)(e) annealed without electric field, and (c)
(f) annealed with electric field.
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Fig. 9. (a) Output voltage of P(VDF/TrFE) thin films annealed at 403 K and 438 K with electric field, and annealed at 438 K without electric field, and (b) output
voltage of P(VDF-TrFE) thin film before and after polarization treatment by applying a high electric field.
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Fig. 10. Model diagram of infrared absorption in (a) sandwich structure and (b) IDT structure.
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reflecting them, i.e., a structure that can store infrared rays. This
improved the sensor sensitivity of the sandwich structure. While, there is
no physical structure in which the incident IR light is repeatedly trans-
mitted and reflected, and the Fabry-Perot condition is not satisfied in
the IDT structure, as shown in Fig. 10(b). The incident infrared rays into
the IDT structure are only pass through the SiO,/Si substrate. However,
we must note here that the pyroelectric signals on the order of 10 mV
were obtained using the microgapped IDT structure. This fact indicates
that something new is happening on the microgapped IDT structure.
Therefore, we further investigated the infrared absorption in the
microgapped IDT structure to identify the factors that lead to large py-
roelectric signals.

Fig. 11(a) shows the FT-IR transmission spectra of the P(VDF/TrFE)
thin film fabricated on the microgapped IDT structure and Si substrate.
The intensity of the absorption peak of the P(VDF/TrFE) thin film on the
microgapped IDT structure was observed to be higher than that on the Si
substrate. Usually, it is difficult to evaluate an organic thin film with a
thickness of approximately 100 nm using the FT-IR transmission
method, and it is necessary to use an amplifier to increase the sensitivity;
however, in this experiment, no amplifier was used. In addition, the
measurement area is smaller in the IDT structure because only the P
(VDEF/TrFE) existing between the gaps was measured, and the P(VDF/
TrFE) on the electrodes could not be measured. Therefore, an extremely
high absorption enhancement occurred in the IDT structure. We assume
that this phenomenon shows the same behavior as surface-enhanced
infrared  absorption  spectroscopy  (SEIRAS) [39,40] and
surface-enhanced Raman scattering (SERS) [41]. In SEIRAS and SERS,
by using ultrathin metal films and microstructures, the absorption due to
molecular vibrations is observed to be much higher than normally ob-
tained. Surface plasmon resonance (SPR) is currently the most promising
enhancement mechanism for SEIRAS and SERS. SPR is well-known for
enhancing the optical absorption by employing metallic microstructures
of sub-wavelength size and for controlling the absorption wavelength by
controlling the microstructure [42,43]. In SPR in the infrared region, it
is considered that the high efficiency of the absorbed infrared radiation
is converted into heat. Since the usefulness of SPR in bolometers, a type
of infrared sensor, has been reported [44], more research is being con-
ducted on the application of SPR to infrared sensors [45,46]. Further-
more, the structural parameter of the microgapped IDT (such as shape,
gap, width, length) are expected to affect the infrared absorption and the
performance of pyroelectric sensor (Fig. 11(b)). Kimata et al. reported
the wavelength selective absorption from a plasmonic gratings varying
gaps and width [47]. We also currently planned the experiments about
structural dependence of IDT on the sensor performance. Therefore, we
believe that the large pyroelectric signal obtained was due to the gen-
eration of infrared-to-thermal conversion by SPR in the infrared region
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Table 1
Comparison of voltage sensitivities of pyroelectric sensors.

Polarization array In-plane Out of plane

Film thickness 100 nm 1.3 pm

Device structure IDT Sandwich structure (NiCr/VDF/
structure A
(Au
electrode)

Poled during annealing Yes No No

Poled after film formation No Yes  Yes

Voltage Sensitivity(V W’l), @1 242 21 72

Hz

owing to the microgapped IDT structure and the small amount of charge
injection.

Finally, Table 1 shows a comparison of the voltage sensitivity of the
VDF-based pyroelectric sensor proposed by our group. The voltage
sensitivity was obtained based on the division of the output voltage in
terms of the infrared incident power and constitutes a general index for
the pyroelectric sensor. The microgapped IDT structure fabricated on
the SiO,/Si substrate was 21 V W1 (at 1 Hz) when the polarization was
controlled by applying a high electric field after film formation, whereas
the sandwich structure fabricated on the Si substrate using Fabry-Perot
absorption by NiCr was 72 V wL However, the P(VDF/TrFE) thin films
with a low electric field applied during the annealing process showed a
high value of 242 V WL, This value is high despite the use of a SiO2/Si
substrate with a high thermal capacity because the temperature change
in the element is important for pyroelectric sensors. The temperature
change (AT) of the P(VDF/TrFE) pyroelectric sensors, which annealed
with the low electric fields on the IDT structure on Si substrate, can be
roughly estimated to be 3.8 K s™! by using the pyroelectric coefficient
(—45 pC m~2 K™Y of P(VDF/TrFE), while the AT of the sandwiched
sensors fabricated on Si substrate is 0.12 K s~1. Thus, the microgapped
IDT structure generates an instantaneous AT more than 30 times greater
than the sandwich structure owing to the SPR phenomenon.

In summary, the high sensitivity obtained in this work can be
probably attributed to the low charge injection under the low electric
field applied during the annealing process and the enhanced infrared
absorption owing to the SPR phenomenon on the IDT structure.

4. Conclusions

The dipoles of P(VDF/TrFE) were oriented between the microgapped
IDT structure in the in-plane direction with parallel molecular chain
ordering by applying a low electric field during annealing. By applying a
low electric field during the annealing process, the molecular chains
were induced to the electric field-responsive T3GT3G’ structure instead

Infrared

Fig. 11. (a) FT-IR transmission absorption spectra of P(VDF-TrFE) thin films on the microgapped IDT electrodes fabricated on a SiO,/Si and Si substrate. (b) Infrared-

to-thermal conversion model in the IDT structure.
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of the TGTG' structure, and the rotator phase with T3GT3G’ structur-
e—similar to the nucleus of the III phase structure—was formed during
the cooling process, followed by the transition to the I phase crystalline
phase with in-plane dipole alignment. In addition, the application of a
low electric field at a temperature above Tpeyt, instead of between Tcyrie
1 and Tp,, (which is the conventional annealing temperature) was found
to be effective. The pyroelectric sensor fabricated by applying a low
electric field during the annealing process showed an improved output
signal owing to the suppression of charge injection. Moreover, because
the sensor can exhibit a high pyroelectric response even though the IDT
structure is inherently infrared transmitting, we predict an enhancement
in the infrared absorption and improvement in the infrared-to-thermal
conversion efficiency using the microgapped IDT structure. Our find-
ings will enable a simple and effective fabrication of highly sensitive
SPR-based pyroelectric sensors and allow the exploitation of ferroelec-
tric polymers as new components for non-toxic pyroelectric sensing
devices in the future.
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