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A Narrowband Photo-Thermoelectric Detector Using

Photonic Crystal

Hosein Monshat, Longju Liu, and Meng Lu*

Here, a wavelength-specific photo-thermoelectric (PTE) device is

reported that achieves narrowband optical absorption and thermoelectric
conversion functions using a stack of thin films on a grating-patterned
substrate. Conventional PTE devices are broadband with the absorption of
electromagnetic radiation from ultraviolet to terahertz. There are demands for
PTE devices that can exhibit narrowband response at a desired wavelength.
Here, the narrowband PTE device consists of a photonic crystal (PC) filter
with metal cladding and a thin-film thermocouple. The PC-PTE design is

spin-polarized power sources, energy
harvesting, measuring dynamic thermal
parameters of solid samples (photothermal
calorimetry), and infrared to terahertz
detection.>®'?l In contrast to the broad-
band PTE devices, a narrowband PTE
device is designed to be more sensitive to
a specific wavelength and can be imple-
mented to provide spectral information
during an analysis.*3-% To obtain a nar-

investigated numerically to illustrate the underlying energy conversion
mechanism. The device is fabricated using nanoreplica molding followed by
coating of thin films. The fabricated metal-cladding PC resonator exhibits a
narrowband optical absorption with a resonant absorption coefficient of 85.4%
and full-width-half-maximum of 14.8 nm in the visible wavelength range. The
PTE measurements show that the thermoelectric output is sensitive to the
coupling of incident light and guided-mode resonance modes. llluminated
under the resonant condition, the PTE device exhibits a responsivity and

, respectively. This
PC-PTE technology has the unique attributes of narrowband detection, large
surface area, and low cost for the potential application in sensors, optical

noise equivalent power of 0.26 V W' and 7.5 nW Hz /2

spectroscopy, and imaging.

1. Introduction

Photo-thermoelectric effect (PTE) represents a light-induced
photocurrent generated by a thermoelectric material or a ther-
mocouple junction.'3] A PTE device can absorb electromagnetic
radiation, convert the absorbed energy into heat, and raise the
device temperature. The temperature rise subsequently creates
an electrical current flow, whose amplitude depends on the See-
beck coefficients of the thermoelectric materials. Different types
of PTE-based detectors have been developed to measure light in
a broad spectral range from visible to terahertz.[*®l Applications
of the PTE device include characterization of thermal transport
properties of materials, wide temperature range measurements,
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rowband PTE device, one solution is to
place a bandpass optical filter in front of
a broadband PTE sensor.'®'7! In contrast,
the integration of a PTE sensor and optical
filter on the same chip will result in a
compact and cost-effective design.

A variety of photonic devices has been
demonstrated with narrowband optical
responses owing to optical resonance.
For example, the microring and micro-
sphere resonators, distributed feedback
resonator, photonic crystal structures, and
plasmonic resonators have been exten-
sively studied.'®2! Among these optical
resonators, photonic crystal (PC) slabs
that support the guided-mode resonance
are particularly interesting in terms of
their capability of developing a wavelength specific PTE device.
The PC structure, also called leaky-mode waveguide, consists
of a subwavelength grating and dielectric waveguide. Because
the grating structure can couple incident light into a resonant
mode, the PC structure displays narrowband reflection or trans-
mission in a broad wavelength range.?!?2l Adding a metal
cladding to the grating waveguide, PC structure can also exhibit
narrowband absorptions.?}l The resonance characteristics of
a PC device are determined by the grating geometry, material
properties, and coupling condition.?*?”] In addition, the PC
structure can be fabricated inexpensively over a large surface
area on different substrates such as glass and plastics.[?®! These
features are of practical importance for the development of a
narrowband PTE device.

Here, we demonstrate a PC-PTE device for narrowband
optical detections in the visible wavelength range. The PC-PTE
device integrates a 1D guided-mode resonance grating and a
gold-bismuth (Au-Bi) metal thermocouple. The gold thin-film
layer functions as the metal cladding layer of the PC structure
as well as the electrical conductor of the thermocouple junction.
Owing to the resonance effect, the metal cladding PC resonator
exhibits narrowband absorption at a specific wavelength. The
device is fabricated inexpensively using nanoreplica molding
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and deposition of thin films. The narrowband absorption
features of the device are numerically studied and experimen-
tally investigated. The key performances, including absorp-
tion band diagram, thermal electrical voltage spectrum, device
responsitivity, noise equivalent power, and input—output
relationship are measured and reported.

2. Results and Discussion

2.1. Design and Fabrication of the PC-PTE Structure

Structure of the PTE device is schematically shown in
Figure 1a. The device was fabricated on a 200 um thick plastic
substrate with the surface area of 1 cm?. The PTE junction is
located at the center and consists of a stack of the PC grating
and a metal thermocouple. The shape of the junction is a dot
with a radius of 1.4 mm. Au and Bi were chosen to form the
thermocouple. The difference between the Seebeck coefficients
of Au (Sp, = 6.5 uV KY) and Bi (Sg; = =72 uV K*!) was uti-
lized to convert the light-induced local temperature rise to and
a voltage output. The 0.6 mm wide and 10 mm long metal
wires (Figure la) connect the junction to the contact pads.
Lowering thermal mass of the junction area is the key point
in decreasing device response time. Figure 1b illustrates the
cross-section view of the junction consisting of a 1D PC and
a Au/Bi thermocouple. The grating stack, including a period
(A), grating height (h), and waveguide thickness (tno,) can be
designed to achieve a guided-mode resonance at the desired
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wavelength. For our design, the grating geometries are
A =365 nm, duty cycle = 50%, h = 50 nm, and tr;o, = 100 nm.
The device was fabricated on a plastic film using nanoimprint
lithography. Details of the fabrication process are described in
the Experimental Section.

Figure 1c shows the scanning electron microscopy (SEM)
image of a cross section of the fabricated device. The Au layer
resides between the TiO, and Bi films and serves simultane-
ously as the metal cladding of the TiO, grating waveguide and
one metal side of the thermocouple. Due to the material loss of
the Au layer at the guided-mode resonance wavelength (4,), the
light will be coupled into the resonance and absorbed strongly.
In contrast, the off-resonance wavelengths will be reflected
instead of absorbed. As a result, the reflection and absorption
spectra exhibit a dip and peak at A,, respectively. The thermo-
couple formed at the interface of the Au (tp, = 150 nm) and Bi
(tg; = 150 nm) layers can measure the local temperature rise
caused by the narrowband absorption around A..

2.2. Numerical Characterization of the PC-PTE Device

The optical phenomena of the metal-cladding PTE device are
modeled using the finite-difference time-domain (FDTD) simu-
lation and the numerical results are summarized in Figure 2.
The calculated absorption spectra of the TE and TM mode are
compared in Figure 2a. For the TE mode, there is a resonance
peak at Arg = 635 nm with a full-width half-maximum
(FWHM) of 20.1 nm. The TM mode is associated with the

(b)
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Figure 1. Structure of the PC-PTE device. a) Schematic plot of a narrowband PTE device on a plastic substrate. The junction area consists of the PC
grating and Au/Bi thermocouple. The Au and Bi contact pads are placed sufficiently far from the junction to function as the reference temperature.
b) Schematic illustration of the PC-PTE device from a cross-sectional view. The excitation illuminates the device through the plastic substrate.
c) Cross-sectional SEM image of the junction area showing the grating and thin-film stack of TiO,/Au/Bi layers. Scale bar, 500 nm.
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Figure 2. FDTD simulation of absorption resonances in the metal-cladding PC structure. a) Distributions of the local electrical fields E(x, z) within
one period of the device. For the TE (left panel) and TM (right panel) modes, the fields are shown at the resonant wavelengths of A, tz = 635 nm and
A, tm = 540 nm, respectively. b) Absorption spectra for the TE (black) and TM (red) modes. c) Absorption spectra for a PC-PTE device with the grating

height ranging from h =50 to 80 nm.

surface plasmon resonance at the Au/TiO, interface and the
TM absorption peak locates at A,m = 540 nm with a FWHM
of 60.2 nm. Compared to the TM mode, the TE mode offers
a narrower bandwidth for the wavelength-selective absorp-
tion. The FWHM of the TE mode is strongly dependent on
the grating height. Figure 2b shows the absorption spectra of
the PC gratings with different grating heights of h = 50, 60,
70, 80, and 90 nm. The increase of the grating height signifi-
cantly broadens the resonance linewidth from 20.1 to 57.2 nm.
Meanwhile, the peak of the absorption resonance exhibits a
redshift and the absorption coefficient decreases from 70.3% to
22.1%. To further understand the interaction of light and the
PC device, we calculated the distributions of electromagnetic
field near the device surface when the device was excited at the
resonance conditions. As shown in Figure 2c¢, for the TE mode,
the electric field is confined inside the TiO, waveguide layer
with a field enhancement factor of |E/E,| = 8. In contrast, the
TM mode resides at the interface of the Au and TiO, layers.
The spatially concentrated electromagnetic field will facilitate
the heat generation at the thermoelectric junction of Bi and Au
layers.

The absorbed photon energy causes heat generation and
locally raises the temperature at the Bi/Au junction. The ther-
modynamic process near the PC-PTE device was simulated
using finite element method (FEM). The details of the FEM
analysis are given in the Experimental Section. Figure 3a
shows the temperature distribution around the device when the
device is illuminated by a TE-polarized beam at A, = 635 nm
and P = 400 uW. Assuming the absorption coefficient of 75%,
the heat source of 300 uW was placed underneath the Bi/Au
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junction. With the ambient temperature of 20 °C, the junction
temperature increases 20.7 °C. Figure 3a also shows a higher
heat flux toward the Au strip rather than the Bi side due to
the higher thermal conductivity of Au compared to Bi. The
dynamic change of temperature was calculated when the device
was under a constant illumination of 400 uW. It takes up to
60 s for the temperature to reach the steady state temperature
of 20.7 °C. The rise time when the device temperature reaches
to the 60% of its final temperature is 7 = 5.1 s. As demon-
strated in Figure 3b, decreasing the plastic thickness from
0.2 to 0.025 mm reduces the rise time from 5.1 to 1 s respec-
tively. Decreasing the plastic thickness also elevates AT about
40% due to lower thermal mass.

2.3. Optical Characterization of the Narrowband PTE Device

The absorption signature of the metal cladding PC shows a
strong dependency on the wavelength and incident angle of
the excitation light. The dispersion diagram of the device was
measured using the optical setup illustrated in Figure 4a. The
sample was illuminated using a linearly polarized broadband
light and the reflection spectra (R(A)) were captured using a
spectrometer. Because the gold film is sufficiently thick, there
was no transmission (T(A) = 0) through the device, thus the
absorption spectra were calculated as A(A) = 1 — R(A). Figure 4b
represents the absorption dispersion diagram of the metal clad-
ding PC structure shown in Figure lc. The incident angle and
wavelength range from 0° to 15° and 375 to 1025 nm, respec-
tively. Two continuous bands can be identified across the visible
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Figure 3. Heat transport simulation of PC-PTE device. a) Temperature distribution around the Au/Bi thermocouple when the device is optically heated
to its saturation temperature. The boundary heat source with the input power of 360 LW is imposed on the junction area highlighted by the red circle.
The thickness of the plastic substrate is 200 um. b) Dynamic temperature responses as a function of time for PTE device with different substrate
thickness. The response time is when the temperature reaches 60% of the saturation temperature. The response times of 5.1, 2.7, 1.7, and 1 s for PET
thicknesses of 200, 100, 50, and 25 pm were calculated, respectively.

range. The experimental result shows an adequate agreement to 6, = 5° where the resonance peak at 6, = 0° splits into
with the simulation results. For instance, at 6, = 0°, the device  two resonances at 655 nm (A = 78.2% and FWHM = 14.8 nm)
exhibits an absorption peak at A, = 623 nm with the FWHM  and 588 nm (A = 85.4% and FWHM = 26.2 nm). The upper and
of 29.2 nm. As illustrated in Figure 4c, to obtain an absorption  lower absorption bands show the dispersion rates of 6.8 and
resonance at 655 nm, the angle of incidence should be tuned  —6.6 nm deg™?, respectively.
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Figure 4. Measured absorption characteristics of the device. a) Schematic diagram of the optical setup used to measure the sample absorptions.
b) Dispersion diagram of the TE-polarized absorbance. The upper and lower bands and lower band merges at 6, = 0°. ¢) Absorption spectra of
metal-cladding PC device measured at three different angle incidences (6, =0°, 5°, and 10°).
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2.4. Characterization of the PC-PTE Detector facilitate the measurement, a 660 nm diode laser with an
output power of P = 300 uW was used as the excitation.
2.4.1. Measurement of Thermoelectric Voltage According to the absorption diagram shown in Figure 4b,

at 660 nm, the absorption peak locates at 7.5°. The meas-

Thermoelectric voltage (TEV) output of the PC-PTE device ured TEV voltage versus 6; is shown in Figure 5c. The peak
depends on the intensity, polarization, wavelength, and of TEV output presents at 6; = 7.5°, which is in an agree-
angle of incidence of the excitation light. To characterize ~ ment with the absorption measurement. The results of
the PTE effect, we measured the TEV signals of the PC-PTE ~ TEV measurements show a clear correlation of the absorp-
device illuminated by a wavelength tunable or angle tunable  tion and the TEV signal. Thus, the PC-PTE device can
monochromatic light. As shown in Figure 5a, the broad-  be exploited to detect light at a specific wavelength by tuning
band emission from a Xenon arc lamp is filtered using a  the angle of incidence and vice versa.
grating-based monochromator and a polarizer to obtain the
TE-polarized excitation at the desired wavelength. Outputs
of the PTE device were recorded while the monochromatic ~ 2.4.2. Responsivity and Noises
light illuminated the PTE device under different conditions.
Figure 5b plots the TEV output as a function of wavelength  The responsivity of the PTE device can be obtained by normal-
in case of normal incidence (6; = 0°). The peak of the TEV  izing the TEV spectrum to the incident power (P(A)). Here,
spectrum is observed at A, = 617 nm (P =43 uW mm™) with  we calculated responsivity curves at three different angles of
an output voltage of 60 uV which represents a temperature  incidence (6; = 0°, 5°, and 10°) as shown in Figure 6a. For
rise of =0.8 °C. the normal incidence case, the responsivity curve shows the

The angle-dependent output was analyzed by meas- narrowband feature at A, = 617 nm with a FWHM of 30.5 nm.
uring TEV signal when the angle of incidence was tuned Increasing the angle of incidence results in the splitting of the
from 2° to 20° and the wavelength was kept at 660 nm. To  peak toward a longer and shorter wavelength. When 6; = 5°,
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Figure 5. Characterization of TEV outputs of the PC-PTE device. a) Schematic diagram of the wavelength-dispersed TEV measurement. b) Measured
TEV outputs as a function of wavelength when a TE-polarized monochromatic beam illuminated the device. The excitation beam was tuned in the
wavelength range of 450 to 720 nm, with the power of P =300 uW and 6; = 0°. c) Measured TEV versus angle of incidence. The excitation wavelength
and power are A = 660 nm and P =300 uW, respectively.
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Figure 6. Noise analysis of the narrowband PTE detection. a) Responsivity spectra measured with angles of incidence of 6, = 0°, 5°, and 10°. b) NEP

spectra calculated based on Johnson—Nyquist noise approximation.

two peaks appear at A, = 587 nm and A, = 651 nm. To further
increase the 6, to 10°, we can shift the peaks to 4., = 556 nm
and A, = 680 nm, respectively. The peaks in the responsivity
curve match the absorption signatures shown in Figure 4c.
The angle-dependent responsivity enables us to amplify the
device output at a target wavelength by turning the angle of
incidence.

Noise analysis was performed to evaluate the noise equiv-
alent power (NEP) of the device. In our experiment, the
Johnson—Nyquist noise is the dominant noise source. There-
fore, the noise spectral density (NSD) can be calculated using
NSD = NSDjghnson = v/4RksT, where R is the electrical resistance,
kg is the Boltzmann's constant, and T denotes the temperature.
The resistance of our PTE device is about 260 Q, whose change
to temperature is negligible =1 uQ. A Johnson noise of =2 nV
Hz '/ is calculated at room temperature, hence any noise den-
sity detection above that value is attributed to temperature rise.
Furthermore, the NSD levels at the resonant wavelengths are
below 7.5 nV Hz /2. The noise equivalent power, which is equal
to the NSD divided by responsivity, is shown in Figure 6b. The

. . _ 1 _ responsivity
lowest NEP corresponds to a high detectivity (D— T NsD )

of =130 MHz!/2 W~ at A, for normal and angled incident light
owing to the low electrical resistance of the PTE device.
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2.4.3. Dynamic Response

In Section 2.2, the dynamics of the heating process were mod-
eled using the FEM simulation. To characterize the photothermal
process, we recorded the device outputs dynamically when the
excitation was turned on and off. The device was tested reac-
tively under the on-resonance conditions. The device was illumi-
nated from the normal direction using a monochromatic light at
623 nm with the power of 550 uW. The dynamic TEV outputs are
shown in Figure 7a for two full cycles of optical heating and air
cooling. The optical heating resulted in the TEV signal of 100 uV
and the corresponding time for the PTE device to reach 60%
of its final temperature or output voltage (response time) of
T = 3.9 s. As discussed previously, the relatively large thermal
mass of the device is limiting the temperature rise and time to
reach thermodynamic equilibrium.

2.4.4. Input—Output Relation

Figure 7b illustrates the TEV output as a function of the
incident power ranging from 50 to 550 uW. The excitation
wavelength was A; = 623 nm and the coupling angles for the
on-resonant cases were 6; = 0°. A linear relation between TEV
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Figure 7. Dynamic TEV output measurement. a) The TEV outputs are plotted during two on and off cycles. The excitation light is TE-polarized with
A, =660 nm and P =550 uW is modulated with the frequency of 50 mHz. b) Linear relationship between TEV outputs and TE-polarized light power

with A, = 660 nm.
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and incident power is observed. At incident power of 550 W, a
maximum TEV of 108.7 and 62.5 uV was measured. According
to the linear fittings shown in Figure 7b, the on-resonance
signal shows a slope of 0.167 V WL,

3. Conclusion and Discussion

We reported a narrowband PC-PTE device for the wavelength-
specific detection of light. The device is based on the integra-
tion of a metal-cladding PC absorption filter and thin-film
metal thermocouple. The PC filter with the Au cladding layer
exhibited a narrowband absorption in the wavelength range of
500-750 nm with a FWHM of 15 nm. The light absorption can
cause a temperate rise, and a consequent TEV output forms the
Au/Bi thermocouple. The results show that the TEV signal is
sensitive to the coupling of incident light and the guided-mode
resonance modes. Illuminated under an on-resonance condi-
tion, the device shows the responsivity and NEP of 0.26 V W1
and 7.5 nW Hz /2, respectively. A linear relationship between
incident light power and the output voltage has been observed
with a slope of 0.167 V WL,

For future work, we plan to improve the performance of
PC-PTE device from the following aspects. First, the substrate
thickness will be reduced to eliminate the excessive thermal
mass from the detector. The PC-PTE structure will be fabricated
on a free-standing membrane. The low thermal mass will sig-
nificantly reduce the response time and increase the equivalent
temperature. Second, materials with a higher contrast of their
Seebeck coefficients will be adopted to form the thermocouple.
The compatible high Seebeck coefficients materials, such as
Sb,Te;, Bi,Tes, and Ge, can increase the TEV output by a factor
of six. Third, by engineering the grating structure, the band-
width of the device can be future reduced and the device can
also be designed to operate in the near-IR and middle wave-
length IR ranges for applications in IR optics.

4. Experimental Section

Fabrication Process: The nanoreplica molding technique was used
to fabricate the subwavelength grating on 200 um polyethylene
terephthalate (PET) substrate (Mylar Polyester Film, Grafix Plastics).?l A
silicon stamp carrying the reserve grating pattern was used as the mold.
The silicon stamp itself was fabricated using the conventional electron
beam lithography and reactive ion etching processes. To transfer the
grating pattern from the silicon stamp, a drop of liquid ultraviolet curing
adhesive (NOA-88, Norland Products) was dispensed and squeezed
between the silicon stamp and the plastic substrate. The liquid adhesive
was exposed to ultraviolet light at room temperature and polymerized.
As a result, the desired grating pattern was formed at the surface of
cured adhesive. After the curing, the plastic substrate was carefully
separated from the replica. Next, the TiO, layer was deposited on top
of the polymer grating using an electron beam evaporator (BJD-1800,
Temescal). The thickness and refractive index of the TiO, layer were
measured using an optical profilometer (F20, Filmetrics Inc.). To create
the Au/Bi thermocouple, the Au and Bi conductors were deposited using
the electron beam evaporation. The metal wires were coated through
two acrylic shadow masks which were patterned using a laser cutter
(ULTRA 9, Universal Laser Systems). Silver conductive epoxy (CW2400,
CircuitWorks) was used to attach two metal wires to the Au and Bi
contacts, respectively.
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Numerical Modeling: The FDTD simulations were performed in two-
dimensions using a software package (FDTD Solutions, Lumerical
Inc.). The simulation domain was truncated to the one-unit volume
of the periodic PC structure and periodic boundary conditions were
imposed at the boundaries perpendicular to the x-axis. Perfectly
matching layers were applied as the absorbing boundaries at the
z and —z directions. The coordinator is defined in Figure 1b. The 1D
PC grating with the metal cladding was illuminated with a plane wave
propagating in the z-direction through the plastic substrate. The plane
wave was polarized along the x-axis for the TM polarization and y-axis
for the TE polarization. The optical properties, including the refractive
index and extinction coefficient for Au, Bi, and TiO,, were taken from
pervious published data.’®3"l Monitors were placed below the PC
structure to calculate the reflectance (R(A)) and transmittance (T(4)) in
the wavelength range from 500 to 750 nm. The absorption spectra were
calculated by A(A) =1 — R(A) — T(A). The near-field distributions near
the PC device were calculated at the resonant wavelength. The spatial
distribution of the total electric field within one-unit cell was exported
and plotted using MATLAB.

Temperature distribution profile through the PTE device was
numerically calculated using a finite element-based simulation software
(COMSOL Multiphysics 5.3).2% The simulation domain was discretized
using four-noded tetrahedral meshes. The boundary condition of constant
room temperature (T = 20 °C) was applied at the lateral boundaries
around the device. The open boundary, which implies the contact with
surrounding air at room temperature, was chosen to terminate the
simulation domain on the top and bottom sides of the device. The
constant heat source of 300 uW was imposed to the junction area. A
time-dependent solver was used to solve Poissons equation for heat
T T T pc, OT €
Sttt —+
ox* 9y’ 9z> kot k
temperature value at each mesh node, &, is the rate of heat generation
(W m™) at the heat source, k denotes the heat conductivity, p is the

material density, and G, is the specific heat capacity. Interfaces between
2ky ky
two materials were treated using the equivalent conductivity, K; = T ky

transfer, =0, where T represents the

where k; and k, denote the heat conductivities of the materials in
contact, respectively. The heat conductivity, heat capacity at constant
pressure, and density of the materials, including air, Au, Bi, TiO,, and
PET, were taken from the built-in material library of COMSOL. These
material properties vary with temperature. At T = 20 °C, the heat
conductivity of Au, Bi, TiO,, and PET are ky, = 314 W m™ K, kg =
10.5 W m™ K™, kyio, = 7.4 W m™ K, and kper = 0.2 W m™" K. The
heat capacity values of Au, Bi, TiO,, and PET are 127, 120, 680, and
1250 J kg™' K7'. The temperature values at junction area central node
were calculated and recorded every 0.1 s for the period of 60 s as shown
in Figure 3b.

Absorption and  Band  Diagram  Measurements:  Absorption
measurements were carried out using a home-built setup. The setup
used a fiber-coupled broadband light source (LS-1, Ocean Optics, Inc.) as
the excitation. The excitation was collimated using a fiber tip collimator
(F240SMA, Thorlabs Inc.) and polarized using a linear polarizer. A
multimode fiber collected sample reflections and analyzed using a
spectrometer (USB2000, Ocean Optics). Because the Au/Bi metal films
were sufficiently thick, the transmission through the metal cladding
PC device was nearly zero. The absorption spectra were obtained by
calculating A(A) =1 — R(A). The sample reflectance was calculated with
regard to the reflection of a mirror which served as a reference sample.
To adjust the angle of incidence, the sample was mounted on a rotation
stage. The reflection spectra were collected by rotating the sample over a
range of angles (0° < 6, < 15°) with the increment of 1°. The absorption
spectra were calculated and plotted using MATLAB.

TEV Measurement Setup: The wavelength-dependent measurement
was performed using a narrowband light generated by a monochromator
(Model 272, McPherson). The monochromator was equipped with a
Xenon arc lamp as the input light source and an 1800 g mm™' grating
concave mirror. The output from the exit slit of the monochromator was
collimated using an achromatic lens (AC254-100-A-ML, Thorlabs Inc.) and
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polarized using the linear polarizer. The monochromator can scan in the
spectral range of 450 to 800 nm and output monochromatic light with a
FWHM of 2 nm. During the measurement, the monochromator scanned
at the speed of 10 nm min~' to minimize the influence of slow response
time. The device was placed in an environment-controlled chamber
equipped with a thermoelectric temperature controller (AC-073, TE
Technology, Inc.) to maintain the chamber temperature at 20 + 0.025 °C.
Chambers walls were totally opaque to eliminate the ambient light
influence on device characterization. The device was attached to a kinetic
mount which was placed on a rotation stage to precisely adjust the angle
of incidence. TEV signals were recorded as a function of the wavelength
of the excitation. For the angle-dependent test, the laser diode (85-RCA-
400, Melles Griot) served as the excitation at 660 nm with the output
power of 300 uW. The TEV signals were recorded when the angle of
incidence was tuned in the range of 0° to 20° with the incremental of
0.5°. To measure the dynamic TEV output, an optical chopper (SR540,
Stanford Research Systems) was placed between the laser and sample
to modulate the excitation beam at 50 mHz. The output currents were
measured using a picoammeter (Model 6487, Keithley). The TEV values
were calculated by multiplexing the current output and the resistance
(260 Q) of the PTE device was calculated using the current output
device.
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