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Tunable Resonant-Photopyroelectric Detector Using
Chalcogenide−Metal−Fluoropolymer Nanograting
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such as energy harvesting, infrared
sensing, and thermal imaging.[2–7] When
a photopyroelectric detector is optically
heated or cooled, the pyroelectric mate
rial changes its polarization resulting in
a transient PEV output. The amplitude of
PEV depends on the ability of the detector
to absorb light absorption, the degree of
temperature change, and the pyroelectric
coefficient. While many photopyroelec
tric detectors have been demonstrated to
measure electromagnetic radiations over
a broad spectral range from visible to
terahertz,[8] narrowband photopyroelectric
devices are highly desired as they are
able to respond to infrared radiation in a
specific wavelength range.[9–12]
Conventional
narrowband
photo
pyroelectric detectors require inserting a
bulky, heavyweight bandpass filter in front
of a broadband pyroelectric detector. Alter
natively, a narrowband filter, such as the
surface plasmon resonator, Bragg spectral
filter, photonic crystal, or Whisperinggallery mode resonators, can be directly
integrated with the pyroelectric sensing
element.[13–15] Among these optical resonators, the planar
photonic crystals, which can support the guided-mode reso
nance, are particularly interesting owing to the potential of inte
grating with most pyroelectric materials and coupling incident
lights into a resonance mode via the grating modulation.[6,16–19]
The photonic crystal-based gratings can not only display nar
rowband reflection or transmission but also support absorp
tion resonance when a lossy material, such as thin metal film,
is used as one of the cladding layers.[20,21] For applications in
near- and mid-infrared, chalcogenide glasses can be adopted to
build the photonic crystal grating and achieve resonance modes
with a narrow bandwidth and high-quality factor.[22–24] However,
toward a narrowband infrared photopyroelectric sensor, it is still
challenging to integrate a chalcogenide-based photonic crystal
with common pyroelectric materials, such as ferroelectric poly
mers. Most narrowband photopyroelectric detectors, once they
were fabricated, have a fixed spectral position and bandwidth,
which limit their ability to adapt to multi-spectral applications.
This paper reports a resonant-photopyroelectric detector
(R-PED) that combines narrowband optical absorption
and pyroelectric sensing functions on a free-standing
membrane. The narrowband optical absorber consists of a 1D
chalcogenide (As2S3) grating with a silver cladding layer. The
photonic crystal absorber was fabricated on a polyvinylidene

Pyroelectric detectors are often broadband and require external filters for
wavelength-specific applications. This paper reports a tunable, narrowband,
and lightweight pyroelectric infrared detector built upon a flexible membrane
of As2S3−Ag−P(VDF-TrFE) with subwavelength grating, which is capable
of both on-chip filtering and photopyroelectric energy conversion. The top
surface of this hybrid membrane is a corrugated As2S3−Ag film contributing to narrowband light absorption in the near-infrared (NIR) regime, and
the bottom part is a polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE)
membrane for the conversion of the absorbed light to an electrical signal.
Uniquely, applying a bias voltage to the PVDF-TrFE membrane enables the
tuning of the device's absorption and pyroelectric characteristics owing to
the piezoelectrically induced mechanical bending. The resonator exhibited
a resonant absorption coefficient of 80% and a full-width-half-maximum of
15 nm within the NIR, a responsivity of 1.4 mV mW−1, and an equivalent noise
power of 13 µW Hz−1/2 at 1560 nm. By applying a 15-V bias to the PVDF-TrFE
membrane, the absorption coefficient decreased to 18% due to the change in
the grating period and incident angle. The narrowband and tunable features
of the As2S3−Ag−P(VDF-TrFE) pyroelectric detector will benefit a variety of
potential applications in sensors, optical spectroscopy, and imaging.

1. Introduction
Photopyroelectric detectors can absorb electromagnetic radia
tion, convert the absorbed energy into thermal energy, and
generate a pyroelectric voltage (PEV) across a pyroelectric
material.[1] They have been widely used in various applications,
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Figure 1. Design, operation, and fabrication of the tunable R-PED. a) Schematic illustration of the R-PED on a free-standing PVDF-TrFE membrane
(left). A DC voltage can deform the membrane (right) and tune the R-PED's absorption. b) Resonant PEV signal generation. The modulated optical
excitation causes the heating and cooling of the device and generates positive and negative PEV pulses. c) Tunable absorbance of the As2S3/Ag/PVDFTrFE grating. The absorption spectra of a flat and bent R-PED are shown as the black and red curves, respectively. d) Photograph of the R-PED (left),
AFM image (center), and cross-sectional SEM image (right) of the As2S3/Ag/PVDF-TrFE grating.

fluoride-trifluoroethylene (PVDF-TrFE) copolymer, which has
a pyroelectric coefficient of approximately 0.025 C m−2 K−1.[25]
Here, the R-PED was designed to absorb near-infrared (NIR)
radiation around 1560 nm and generate PEV across the PVDFTrFE membrane. The R-PED structure was numerically
modeled and experimentally characterized for its absorption
signatures, PEV spectra, responsivities, and input-output rela
tionships. In addition, the R-PED structure can be tuned using
a bias voltage applied to the PVDF-TrFE membrane. The bias
voltage induced the membrane bending and thus changed
the grating period and incident angle. The tuning capability
of R-PED's absorbance and its PEV output at a specific wave
length was investigated.

2. Results and Discussion
2.1. Design and Fabrication of the R-PED
The design goal is to integrate the functions of narrowband
light absorption, pyroelectric sensing, and piezoelectric tuning
into one membrane. Figure 1a illustrates the R-PED structure,
which is built upon a 15-µm-thick membrane. The PVDF-TrFE
membrane was patterned with the sub-wavelength 1D grating
structure. On top of the PVDF-TrFE grating, the thin film
stack of Ag and As2S3 layers can effectively absorb NIR light
at a specific wavelength. The NIR absorption can locally heat
up the membrane, change the PVDF-TrFE's polarization, and
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generate a PEV across the Ag contacts on the top and bottom
surface of the PVDF-TrFE membrane. The As2S3/Ag can be
considered as an asymmetrical metal-cladding waveguide that
supports the leaky mode resonance. As illustrated in Figure 1b,
when the temperature is stabilized, the PEV signal drops back
to zero. Without the light exposure, the device starts to cool
down and outputs an opposite PEV signal. The response time
and PEV amplitude largely depend on the thermal mass and
heat capacity of the device. To reduce thermal mass, the R-PED
was developed using the 15-µm-thick PVDF-TrFE membrane.
At the resonant wavelength, the incidence of light can be cou
pled into the waveguide via the grating modulation, and the
loss of Ag cladding causes a highly efficient light absorption
shown in Figure 1c. During the optical heating phase, the PEV
signal rises and reaches its maximum value at the equilibrium
temperature.
The membrane R-PED was fabricated using a solventassisted imprint lithography process followed by the evapora
tion of Ag and As2S3 thin films. The details of the fabrication
process are described in the Experimental Section, and the
main steps are summarized in Figure S1, Supporting Infor
mation. Briefly, the PVDF-TrFE raw material was dissolved in
dimethylformamide (DMF) and spun onto an Ag-coated glass
substrate. The sample viscosity and spin speed were controlled
to obtain the PVDF-TrFE thickness of 15 µm. The coated PVDFTrFE film was then imprinted at 175 °C using the polydimethyl
siloxane (PDMS) mold that carried the opposite grating pattern.
After the imprint, the 100-nm Ag and 300-nm As2S3 films were
© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Numerical design of the resonant absorption grating. a) Simulated absorption spectra of the As2S3/Ag/PVDF-TrFE grating with a TE polarized
incidence and θi = 0°, 5°, and 10°, respectively. b) Calculated near field distributions for the TE modes with the absorption resonance when λi = 1560 nm
and θi = 0° (left panel) and without the resonance when λi = 1560 nm and θi = 10° (right panel). The electric fields were plotted within one period of
the grating. c) Absorption spectra of the TM mode resonances with θi = 0°, 5°, and 10°, respectively. d) The local field distributions are associated with
the TM modes and without the resonance effect in the left and right panels, respectively. Scale bar: 300 nm.

deposited using an e-beam evaporator. The stack consisting
of Ag/PVDF-TrFE/Ag/As2S3 was carefully peeled off from the
glass substrate to form the R-PED membrane. The photog
raphy, atomic force microscope (AFM), and scanning electron
microscopy (SEM) images in Figure 1d shows the fabricated
R-PED with a grating period of 1 µm and depth of 300 nm.
2.2. Numerical Design of the R-PED
To design an R-PED that can effectively absorb the telecom
wavelength around 1.55 µm, the rigorous coupled-wave anal
ysis (RCWA) was used to model the As2S3/Ag/PT grating.
The details of the RCWA simulation model are given in the
Experimental Section. Figure 2 shows the calculated absorp
tion spectra and near field distributions for the R-PED
with the grating period, grating depth, Ag thickness, and
As2S3 thickness of Λ = 1 µm, d = 300 nm, tAg = 100 nm, and
tAs2S3 = 300 nm, respectively. For the transverse electric (TE)
mode, whose electric field is polarized along the x-axis, the
absorption peak resides at the wavelength of λTE = 1560 nm
and incidence angle of θi = 0° with a full-width half-maximum
(FWHM) of 15 nm, as shown in Figure 2a. The resonant feature
is sensitive to the incidence angle. The increase of θi resulted
in the splitting and shifting of the resonant peaks towards
red and blue spectral regions. The electric field distributions
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at given coupling conditions were calculated and plotted in
Figure 2b. It can be seen that the near field of the TE mode
(|Ey|2) is confined in the As2S3 layer and significantly enhanced
compared with the intensity of the incidence field. When the
incidence light is coupled into a guided-mode resonance mode,
the material loss of the Ag cladding causes the resonant absorp
tion and effectively converts photon energy into heat.[22] In
contrast, the right panel of Figure 2b shows the near field dis
tribution at λ = 1560 nm and the incidence angle of θi = 10°.
Without resonant absorption, the local field intensity is weak,
and light-to-heat conversion capability is limited. For the trans
verse magnetic (TM) modes, the absorption resonances locate
around λTM = 1750 nm, as shown in Figure 2c. Figure 2d shows
the near field distributions (|Ex|2 + |Ez|2) for two TM modes at
λTM = 1750 nm and θi = 0° and 10°, respectively. Compared with
the TE modes, the electric fields of the TM resonances mainly
reside at the As2S3-Ag interface and exhibit a larger FWHM of
100 nm since the TM modes are associated with the surface
plasmon resonance. Because the TE resonances exhibit an
absorption resonance with narrower linewidth, the TE modes
were chosen to develop the R-PED.
To estimate how the absorbed optical energy can raise the
R-PED's temperature, we modeled the heat transfer process
using a finite element method (FEM) simulation. The details
of the thermodynamic FEM simulation are described in the
Experimental Section. Figure 3a showed the temperature
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Figure 3. Thermodynamic simulation of light-induced temperature change. a) Temperature distributions along the vertical (top) and horizontal planes
(bottom) of the PVDF-TrFE membrane. The 15-µm membrane was heated using a laser source at its center. b) Dynamic temperature changes as a
function of time with membrane thicknesses of 15, 20, and 25 µm, respectively.

distribution around the R-PED membrane when the device was
heated using a NIR laser beam (λ = 1560 nm and P = 7.26 mW)
at its center. According to the result of prior electromagnetic
simulation, we assumed the absorption coefficient of 80% and
placed a 5.8 mW at the 1-mm-diameter heating spot. Under
the ambient temperature of 20 °C, the NIR absorption can
increase the membrane to 22.5 °C for the 15-µm-thick mem
brane. Figure 3b plots the dynamic temperature responses
measured at the center of the membrane when the membrane
was heated and subsequently cooled by shutting off the light
source. The amount of temperature change and response time
is mainly determined by the membrane thickness. As shown
in Figure 3b, three membranes with a thickness of 15, 20, and
25 µm were simulated. For the 15-µm-thick membrane, the
temperature can reach the equilibrium temperature of 22.5 °C
within 32 ms.
2.3. Optical Characterization of the NIR R-PED
The resonant absorption features of the R-PED strongly
depend on the coupling conditions, such as the wavelength and
incident angle of the excitation light. Only when the coupling
conditions are met, the device can absorb the excitation effec
tively. To characterize the absorption signatures, the optical dis
persion diagram of the device was measured using the optical
setup illustrated in Figure 4a. The sample was illuminated
using a TE-polarized broadband light, and the reflectance (R(λ))
was analyzed using a fiber-coupled spectrometer. Because the
Ag film's thickness exceeded its skin effect depth of 4.5 nm at
λ = 1560 nm, there was no transmission through the device,
and T(λ) = 0. The absorbance of the device was calculated using
A(λ) = 1−R(λ). Figure 4b compares the measured and simulated
absorption optical dispersion diagrams of the R-PED struc
ture shown in Figure 1. The incident angle and wavelength
ranged from 0° to 10° and 1450 to 1700 nm, respectively. For
the TE-modes, two resonant bands can be seen across the NIR
range. For the normal incidence at θi = 0°, the device's absorp
tion peak is located at λr = 1560 nm with the FWHM of 16 nm
Adv. Optical Mater. 2021, 9, 2101147
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(Figure 4c). By tuning θi from 0° to 5°, the absorption resonance
split into two resonances and moved to λr = 1580 and 1550 nm,
respectively. The resonance modes can be shifted more by
increasing the θi to 10°, as shown in Figure 4c. The upper and
lower absorption bands showed the dispersion slopes of 4 and
−2 nm/°, respectively.
2.4. Pyroelectric Detection Using the Tunable R-PED
2.4.1. Resonant Pyroelectricity
The PEV output of the device depends on the intensity, polari
zation, wavelength, and angle of incidence of the incoming
light. We measured the PEV output signals using an oscil
loscope when the R-PED device was illuminated by a tunable
laser. The laser beam was collimated and polarized to excite the
TE modes. Figure 5a plots the device output as a function of the
time when the laser's intensity was modulated using a 50-msperiod square wave. The peak PEV was Vmax = 10 mV with the
laser's wavelength, power, and incidence angle of λ = 1560 nm,
P = 7.26 mW, and θi = 0°, respectively. At the red sections
shown in Figure 5a, the laser light was on, and the device was
heated. The device's PEV output reached its maximum value
within 10 ms, representing a temperature rise of approximately
2.4 °C. After the temperature stabilized at equilibrium, the
PEV signal dropped back to zero in 10 ms. When the laser was
turned off, the device's temperature started to decrease to the
ambient temperature during the cooling phase (the blue sec
tions in Figure 5a). The temperature drop resulted in an oppo
site PEV with a Vmin = −7 mV and peak to peak width of 0.1 s.
The resonance-enhanced PEV phenomena on the PEV output
were investigated for heating and cooling phases, respectively.
The spectral responsivities of the device were character
ized at the incidence angle of θi = 0°, 5°, and 10°, as shown in
Figure 5b,c. At each angle of incidence, the laser wavelength
was tuned from 1520 to 1620 nm with an increment of 5 nm.
With the resonant absorption at θi = 0° and λr = 1560 nm, the
device showed maximum responsibility of 1.42 mV mW−1,
© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Characterization of R-PED's absorbance. a) Schematic diagram of the optical setup used to characterize the R-PED. The excitation source was
coupled via optical fiber (F1), collimated using a lens (L1), polarized by a linear polarizer (P), and shined on the sample. The sample reflection passed
through a beam splitter (BS) and was measured by the detector via a collimation lens (L2) and optical fiber (F2). b) Measured (left) and simulated (right)
device absorption as a function of λ and θi for the TE modes. c) Measured absorption spectra of the R-PED device when θi = 0°, 5°, and 10°, respectively.

Figure 5. Characterization of photopyroelectric outputs. a) Measured PEV output as a function of time when the device was illuminated by a TEpolarized and intensity-modulated laser beam at λi = 1560 nm. b,c) Measured peak and dip PEV signals versus wavelength when the laser was turned
on and off, respectively. The laser power was kept at P = 7.26 mW, and the emission wavelength was scanned from 1520 to 1620 nm. The R-PED's
spectral response was measured at θi = 0°, 5°, and 10°, respectively. d) Input and output relationship when the device was excited at the resonance
condition of λr = 1560 nm and θi = 0° (black) and of the resonance condition of λr = 1560 nm and θi = 10°.
Adv. Optical Mater. 2021, 9, 2101147
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which was five times stronger than the off-resonance PEV of
0.25 mV mW−1 at λ = 1620 nm (Figure 5b). The increase of inci
dent angle to θi = 5° resulted in two peaks at λr1 = 1540 nm and
λr2 = 1570 nm in the response curve. At θi = 10°, one of the
PEV peaks shifted to 1590 nm, and the other one moved out
of the laser's tuning range. The PEV spectra agree well with
the R-PED's absorbance spectra shown in Figure 4c. During
cooling phases, the polarity of the PEV signal was inverted,
and the negative resonant PEV peaks can be seen in Figure 5c.
Figure 5d compares the PEV input-output relationships for
the on-resonance (θi = 0° and λi = 1560 nm) and off-resonance
(θi = 10° and λi = 1560 nm) cases, respectively. The laser emis
sion power scanned from 2.5 to 7.25 mW, and the peak PEV
signals were plotted. For both cases, the PEV output varied lin
early versus the excitation laser power. The on-resonance inputoutput relationship showed a slope of 1.36 mV mW−1, which
is 45 times higher than the off-resonance slope of 0.03 mV
mW−1. Since the Johnson–Nyquist noise was the dominant
noise source, the noise spectral density (NSD) is NSD = 4RkBT
, where T is the room temperature of 20 °C, R = 470 Ω is the
device resistance, and kB is the Boltzmann's constant. The
NSD of the R-PED sensor was 6 µV Hz−1/2 at room tempera
ture. The noise equivalent power (NEP) can be calculated using
the NSD divided by the voltage responsivity. The NEP spectra

of the device at different angles of incidence are plotted in
Figure S4, Supporting Information. The minimal NEP value of
13 µW Hz−1/2 was found at the resonance of λr = 1560 nm and
θi = 0 °.
2.4.2. Tuning of Resonant Absorption
As a piezoelectric material, the PVDF-TrFE membrane pro
duces mechanical stress when a bias voltage is applied across
it. The strain mismatch between the membrane and Ag/As2S3
thin films can bend the membrane, as illustrated in Figure 6a.
The controlled membrane deformation can be employed to
tune the resonance absorption characteristics by increasing
the grating period and the angle of incidence, which is similar
to the piezoelectric photonic crystal resonators.[26] Figure 6b
compares the FEM simulation results of membrane displace
ments when the bias voltage of 0, 5, 10, and 15 V were applied.
The membrane was suspended by fixing two edges along the
y-axis, and the membrane edges along the x-axis were free
to move. The amount of membrane displacement along the
z-axis was present by the color scale. Figure 6c plots the change
of grating period as a function of bias voltage. The effect of
membrane bending on the coupling angle was characterized

Figure 6. Tuning of absorption resonance by biasing the PVDF-TrFE membrane. a) Schematic and simulated membrane bending caused by a bias
voltage. b) Simulated membrane deforming when different bias voltages were applied to the PVDF-TrFE membrane. c) Measured changing of membrane curvature and calculated change of grating period as a function of bias voltage. d) R-PED absorption spectra when the bias voltage of 0, 5, 10,
15, and 20 V were applied to the membrane. e) PEV output waveforms when the four different bias voltages were applied across the membrane. f)
Measured PEV outputs versus bias voltage for heating and cooling processes, respectively.
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by measuring the laser beam deflection. The details of the
deflection angle measurement are given in the supplementary
materials (Figure S2, Supporting Information). The reflection
angle θ = sin−1(0.5L'/d), where d represents the membrane dis
placement along the z-axis, was calculated by simulation. Then
the L', which is the length of the membrane after bending,
can be calculated, as shown in Figure 6c. Figure 6d compares
the measured absorption spectra of TE modes with the bias
voltage ranging from 0 to 20 V. Based on results, we calcu
lated the change of the grating period, which is proportional
to the membrane length along the y-axis: ΔΛ = (L'−L)/L, where
L is the length of the membrane, the period changing of the
grating is about 0.8 nm V−1. Without a zero bias, the absorp
tion resonance is located at λr = 1560 nm with an FWHM
of 16 nm. Owing to the voltage-induced grating period and
radius changes, the resonance mode split and shifted in the
way given by the dispersion relationship (Figure 4c). With the
bias voltage of 20 V, the absorption peak moved to 1597 and
1540 nm. For the resonance modes that shifted towards the red
and blue directions, the voltage tuning sensitivities are 1.85 and
−2 nm V−1, respectively.

resonance mode. Furthermore, we studied the tuning capability
of the resonant absorber by applying a bias voltage across the
PVDF-TrFE membrane. Because the bias voltage can induce
internal mechanical stress and deform the membrane, the reso
nant absorption can be tuned within the range of 50 nm and
sensitivity of 1.85 nm V−1. The tunable resonant absorption was
utilized for the development of the tunable R-PEDs.
In future work, the device performances, such as the
response time, bandwidth, and sensitivity, will be improved
from the following three aspects. First, materials with a higher
pyroelectric coefficient will be adopted in the R-PEDs to replace
the PVDF-TrFE substrate. The resonant grating structure can
be fabricated on thin films with a high pyroelectric coefficient,
such as barium titanate, aluminum nitride, cesium nitrate,
and lithium tantalite, to enhance PEV output. Second, by opti
mizing the grating structures, the bandwidth and response
time of the R-PED can be further reduced. Last, an array of
R-PEDs with different spectral bands can be integrated on one
chip to detect multiple wavelengths simultaneously for multiband sensing applications.

2.4.3. Tuning of R-PED's PEV Output

4. Experimental Section

The capability of controlling the device's absorption enabled
the development of a tunable R-PED. Figure 6e shows the
absorption spectra of the tunable PVDF sensor when the bias
voltage (from 0 to 15 V) was applied to the device, and Figure 6f
presents the PEV outputs versus bias voltage for heating and
cooling processes. To demonstrate the tunable pyroelectric
effect, we applied the DC bias voltage to bend the membrane
and, in the meantime, measured its PEV output using the
oscilloscope. The device was illuminated using the NIR laser
(λ = 1560 nm, θi = 0°, and P = 7.26 mW), whose intensity was
modulated at 10 Hz. Figure 6e plots the R-PED's dynamic
output. Without the bias voltage, the device can absorb the laser
light efficiently and generate strong PEV output of 10.2 mV.
When the bias increased from 0 to 15 V, the device absorption
was reduced, and the PEV output consequently decreased from
10.2 to 2.9 mV. At 20 V, the device absorption was only 18% at
1560 nm due to the resonance shifting, and the PEV signal was
too weak to be distinguished from its noise floor.

3. Conclusion
The narrowband pyroelectric sensor demonstrated in this work
seamlessly integrated the resonant grating absorber and the
pyroelectric material to detect the change of NIR excitation.
The Ag-clad As2S3 grating was able to absorb radiation around
1560 nm with a bandwidth of 15 nm and effectively convert
the absorbed optical energy into heat. The light-induced tem
perature variations generated PEV signals from the PVDF-TrFE
membrane. The results showed that the PEV signal is sensitive
to the coupling of infrared radiation and the absorption reso
nance modes. With the resonant absorption at 1560 nm, the
device showed the responsivity of 1.4 mVmW−1, which was fifty
times higher than the device responsivity without incurring any
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Fabrication Process: The hot embossing approach, shown in Figure S1,
Supporting Information, was used to fabricate the subwavelength grating
structure in the PVDF-TrFE membrane.[27] The 1-µm-period grating was
replicated from a holographic grating film (#40-267, Edmund Optics) to
the PDMS mold. Before the embossing process, the PVDF-TrFE film was
spun onto a silver-coated glass substrate. The 100-nm silver layer was
evaporated using an electron beam evaporator (BJD-1800, Temescal)
to facilitate the release of the PVDF-TrFE membrane. The PVDF-TrFE
powder was dissolved in DMF at 75 °C to 15%(w/v%). The dissolved
PVDF-TrFE was spin-coated on the silver-coated glass slide at a spinning
speed of 4000 rpm for 45 s. After the spin coating, the sample was
baked at 160 °C for 4 h to completely evaporate DMF. Then, the film was
embossed using the PDMS mold at the glass transition temperature of
PVDF (≈ 175 °C) on a hotplate under a pressure of 80 kPa for 20 s. After
being cooled down to room temperature, the PDMS mold was peeled
away to leave the grating pattern on top of the PVDF-TrFE film. Following
the molding process, the Ag and As2S3 thin films were deposited using
the evaporator. The thickness and refractive index of the Ag and As2S3
layers were measured using a spectroscopic ellipsometer (J.A. Woollam
Co., Inc.). To release the membrane, the stack of Ag/PVDF-TrFE/
As2S3/Ag films were carefully peeled off from the glass substrate and
suspended on a 5 mm × 5 mm frame for tests.
Numerical Modeling: The RCWA simulation model consisted of a
single period of the 1D grating pattern along the x-axis. The refractive
index (n(λ)) and extinction coefficient (k(λ)) of Ag and As2S3 thin films
were interpolated using the results obtained from the ellipsometry
measurement as shown in Figure S3, Supporting Information. The
incidence light was linearly polarized along the x-axis and y-axis for the
TM and TE modes, respectively. The model output reflectance (R(λ)) and
transmittance (T(λ)) were in the wavelength range of 1400 to 1700 nm.
The absorption spectra were calculated using A(λ) = 1−R(λ)−T(λ). At
the resonance wavelength, the near field distribution was plotted using
the total electric field of E( x , z ) = | E x |2 + | E y |2 + | E z |2 .
The temperature distribution profile across the PVDF device was
modeled using finite element analysis (COMSOL Multiphysics 5.3).
The simulation domain contained the membrane stack of PVDF, silver,
and As2S3 layers with the thickness of 15 µm, 100 nm, and 300 nm,
respectively. The simulation domain was discretized using 4-noded
tetrahedral meshes and was truncated using the open boundary on all
sides of the membrane. The open boundary meant the membrane was
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in contact with the surrounding air at room temperature (T = 20 °C). A
constant heat source was applied on the top surface of the membrane
with a spot diameter of 1 mm. Assuming the excitation power of 7.26 mW
and the absorption coefficient of 80%, the input power of the heat source
was 5.8 mW. A time-dependent solver was used to solve Poisson's
2
2
2
ρc
e
equation
for
heat
transfer, ∂ T + ∂ T + ∂ T − p ∂T + gen = 0 ,
2
2
k ∂t
k
∂x
∂y
∂z 2
where T represents the temperature value at each mesh node, e gen is the
rate of heat generation (Wm−3) at the heat source, k denotes the heat
conductivity, ρ is the material density, and Cp is the specific heat capacity.
Interfaces between the materials were treated using the equivalent
2k 1k 2
conductivity, Ks =
, where k1 and k2 denote the heat conductivities
k1 + k 2
of the materials in contact, respectively. The heat conductivity, heat
capacity at constant pressure, and density of the materials, including air,
Ag, As2S3, and PVDF, were taken from the COMSOL's built-in material
library.
The membrane deformation under a DC bias was also simulated
using COMSOL. The membrane was suspended by fixing two edges
that were perpendicular to the x-axis, and the other two edges can
move freely, as shown in Figure 6a. The bias voltage was applied across
the silver electrodes to displace the membrane. The solver calculated
the membrane displacement using the piezoelectric equation and the
1
strain-displacement relationship: s E T + d T E = [(∇u)T + ∇u], where sE
2
represents the elastic compliance, T is the stress, dT denotes the
piezoelectric charge constants, E is the static electric field, and u
represents the membrane displacement vector. The Young's modulus,
Poisson's ratio, and density of the materials, including Ag, As2S3, and
PVDF, were given by the COMSOL's built-in material library.
Absorption and Band Diagram Measurements: The absorption
characteristics of the device were measured using a home-built setup.
Because the Ag cladding layer was sufficiently thick, the transmission
through the device was nearly zero. The absorption spectra were obtained
by calculating A(λ) = 1−R(λ). To measure R(λ), the device was illuminated
using a fiber-coupled broadband light source (LS-1, Ocean Optics, Inc.),
and its reflection was analyzed using a NIR spectrometer (NIRQuest,
Ocean Optics). To adjust the angle of incidence, the sample was mounted
on a rotation stage. The sample reflectance was calculated with regard to
the reflection of an Ag mirror, which served as the reference. To plot the
band diagram, the reflection spectra were collected by rotating the sample
over the angle range of 0° < θi < 10° with an increment of 0.5°.
PEV Measurement Setup: The wavelength-dependent measurement
was performed using a tunable laser source (ANDO, AQ4321). The lasing
wavelength can be scanned from the NIR range of 1520 to 1560 nm, and
its emission power can be adjusted from 0 to 7.26 mW. The tunable laser
output was collimated and polarized using the linear polarizer in front
of the device. The device was attached to a kinetic mount, which was
placed on a rotation stage to precisely adjust the angle of incidence. The
PEV outputs from the membrane were measured using the oscilloscope
(2000X, Keysight Technologies) when the outputs of the tunable laser
were modulated at 10 Hz. To tune the PVDF-TrFE device, the device was
biased using a DC power supply (E3631A, Agilent).
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