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ABSTRACT: Metal halides show a powerful potential to fabricate photothermo- ] ~
electric (PTE) detectors due to their merits of ultra-low thermal conductivity, high vis MR =

Seebeck coefficient, and high carrier mobility. It is critically important to develop a
flexible, transparent, and large-area PTE material for pushing its practical and
extensive application. In this report, we fabricate a PTE-based detector employing
lead-free Cs;Cu,l; nanolayered film, which is prepared on a large area using a dual-
source co-evaporation technique. Importantly, the PTE detector exhibits self-
powered light response wavelengths ranging from visible (532 nm) to near-infrared
(980 nm) to terahertz (119 um). Moreover, we find that the photocurrent
generation of the Cs;Cu,ls photodetector by employing lateral device architecture is
mainly originated from the PTE effect of Cs;Cu,l; film. The PTE photodetector
arrays incorporated with large-area Cs;Cu,Is film also provide a successful
application in flexible imaging. The results show that lead-free Cs;Cu,l is a promising PTE material for fabricating a flexible
and self-powered ultra-broadband photodetector and provide insight into the utility of metal halides in thermal-induced ultra-
broadband photodetection.

KEYWORDS: photothermoelectric detector, Cs;Cu,ls, ultra-broadband, teraherta, and lead-free perovskite
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1. INTRODUCTION needs for further flexible, large-scale, transparent, and wearable
equipment applications are difficult to satisfy.

To date, extensive efforts have been devoted to fabricate
flexible PTE detectors with ultra-broadband response. Among
them, the PTE detectors made of topological insulators (such
as SnTe,””*” Bi,Te,,’" and SnSe’') have a high detectivity of
~10" cm Hz'> W' and responsivity of ~4 mA W' under
UV to the near infrared (NIR) spectrum. The flexible devices
fabricated by transferring the epitaxial grown SnTe thin film
onto a flexible substrate showed superior mechanical flexibility
over hundreds of bending cycles.” Meanwhile, bismuth thin
film grown from a chemical vapor deposition (CVD)
technique has also been utilized to prepare a flexible PTE
detector with the wavelength range from 405 to 1064 nm.** In
addition, semiconductor polymers with merits of superior
thermoelectric properties, low cost, feasible solution-process-
ing, and mechanical flexibility,”® such as poly(3,4-

Ultra-broadband photodetectors for the ultraviolet (UV) and
visible (vis) to terahertz (THz) range have attracted intensive
attentions due to their great potentials for various applications,
including optical communications, remote detection, photo-
meters, security, and environmental monitoring.l_8 However,
current commercial ultra-broadband photodetectors cannot
meet these demands of portable, versatile, low-cost utilities,
and flexibility. For example, a bolometer must work at low
temperatures (4 K) by being equipped with a cryogenic
system,””"" and the Golay box exhibited a slow response time
of a few hundred milliseconds.">™"* In addition, owing to the
limited band gaps of conventional semiconductors, ultra-
broadband photodetection is mainly based on thermal sensing
mechanisms such as pyroelectric, photothermoelectric (PTE),
and bolometric effects, especially for mid-infrared (MIR), far-
infrared (FIR), and THz detection.'>'® The main challenge for
the ultra-broadband photodetector capable of thermal sensing

is the lack of suitable photoactive materials. Currently, many Received:  October 28, 2021
materials, including carbon materials,'”” "> black phospho- Accepted: January 6, 2022
rus,”"?* metal dichalcogenides,23 ferroelectric,”* bismuthide,* Published: January 19, 2022

and polytelluride,”*” have been used to fabricate ultra-
broadband PTE detectors. However, for the complex
fabrication processing of the PTE materials or devices, the
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Figure 1. Schematic diagrams of (a) the dual-source co-evaporation deposition and (b) the photodetector incorporated with the Cs;Cu,]; thin
film. (c) X-ray diffraction patterns of the Cs;Cu,]I; thin film and ITO glass substrate. (d) SEM images and (e) transmittance spectra of the Cs;Cu,I;
thin film. Hlustration displaying yellow flowers visible to the naked eye through the Cs;Cu,l; thin film. (f) Photoluminescence excitation and
emission spectra of the Cs;Cu,l; thin film. Inset image presenting a photograph of the Cs;Cu,I; thin film under UV light illumination.

ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS), can also be applied to fabricate a flexible PTE
detector. Self-powered MIR flexible photodetectors were
fabricated by doping PEDOT:PSS films with graphene
nanosheets, demonstrating a high photodetectivity of 1.4 X
107 cm Hz'”> W' despite a response time of seconds.”*
However, complex fabrication processing of topological
materials,””*> hard adjustment of PEDOT:PSS/graphene
composites,” and the requirement of new functionalitities®®’
in the modern optoelectronic system are expected to develop
novel materials for fabricating a flexible PTE detector with
ultra-broadband response.

Metal halides are ideal photodetective materials to fabricate
flexible and ultra-broadband detectors on account of a simple
processing method, distinct optoelectronic properties and,
potential PTE characteristics. Several reports have demon-
strated that CH;NH;PbI; perovskite can be used to fabricate
an ultra-broadband PTE photodetector.”*’ High responsiv-
ities ranging from 10° to 10> mA W™ are obtained within the
UV—vis—THz wavelength and a rapid response time of
nanoseconds.’® However, lead toxicity in CH;NH,Pbl,
perovskites limits their wide application in ultra-broadband
photodetectors. Therefore, it is necessary to explore lead-free
metal halides for ultra-broadband photodetectors. In 2018, Jun
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et al. reported the Cs;Cu,I; with high PLQY, blue emission,
and good air-stability.”” Since then, emerging cuprous halides
have received widespread attentions as a new type of
41—44 :
and light-
owing to the advantages of non-toxicity,

optoelectronic material in UV photodetectors
emitting diodes™ ™"
air-stablity, excellent optoelectronic characteristics, and a
feasible fabrication process.49’50 Furthermore, the prediction
of high thermoelectric performance in the Cs;Cu,l provides a
potential application for PTE detectors.”"

In the work, we prepare lead-free Cs;Cu,l; thin films using a
dual-source co-evaporation deposition technique. The
Cs;Cuyl; thin films exhibit superior optical transparency of
over 80% ranging from 320 to 2000 nm. The devices fabricated
by Cs;Cu,ly thin films demonstrate self-powered PTE
photodetection from vis (532 nm) and NIR (980 nm) to
THz (119 pm) at 0 bias voltage. The photodetectors exhibit a
high responsivity of more than 1 mA W' and decent
photodetectivity as high as ~10° cm Hz"?> W™, In addition,
the demonstrated flexible photodetectors retain unchanged
photoresponse characteristics under the bending of hundreds
of times. The 15 X 15 photodetector array based on large-area
Cs3Cu,l; film exhibits optical imaging capability.

https://doi.org/10.1021/acsaelm.1c01060
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Figure 2. (a) Photocurrent—voltage (I—V) curves of the Cs;Cu,l; photodetector under the irradiation of a 980 nm laser with different powers. (b)
Photocurrent as function of laser power and temperature in the photodetector under the laser irradiation. (c) Photocurrent—time (I—T) curves and
(d) correspondent temperature changes (AT) of the working surface at the Cs;Cu,I; photodetector with energy powers of 23, 103, and 213 mW.

2. RESULTS AND DISCUSSION

The dual-source co-evaporation method was used to prepare
Cs;Cu,l; films (Figure 1a). By controlling the evaporation rate
of each component, the Cs;Cu,]l; films can be deposited on the
substrate in the vacuum system and the film thickness can be
controlled, as shown in the experimental part. The X-ray
diffraction (XRD) technique was utilized to determine the
structure and crystallinity of the Cs;Cu,lg films. The XRD
patterns of the Cs;Cu,l; films are shown in Figure lc. In the
diffraction patterns, diffraction peaks located at 24.80, 25.62,
and 26.32°, corresponding to the crystal planes of (400),
(312), and (222) of the Cs;Cu,l; films, respectively.”” The
Cs;Cu,l thin films with an orthorhombic (Pnma) phase are in
accordance with the above reported results, which indicates
that CsI and Cul can be successfully transferred to the
Cs;Cu,]I; films by reasonably controlling the evaporation rate.
The illustration in Figure lc displays the crystallization
structure of Cs;Cu,l;. The Cs;Cu,ls exhibits a zero-dimen-
sional structure phase, where Cul, tetrahedral units and Cul;
trigonal units are edge-connected to form [Cu,l]*” units
separated by Cs* ions.”” To elucidate the zero-dimensional
structure, transmission electron microscopy (TEM) has been
carried out in Figure S1 in the Supporting Information (SI).
Surface morphology of Cs;Cu,l; thin films prepared by the
dual-source co-evaporation method was studied by scanning
electron microscopy (SEM). The Cs;Cu,]; thin film possesses
spherical and dispersed small crystals with full surface coverage
(Figure 1d). The results of grain size distribution for the
Cs;Cu,l; thin film are showed in Figure S2e in the SI. The
Cs;Cu,]l; thin film has average grain size of 73 & 23 nm. The
homogeneous and small grains are favorable for forming
compact thin films, suppressing the dark current of the
detector. In addition, the chemical composition and elemental
distribution of the Cs;Cu,ls thin films were confirmed by
energy-dispersive X-ray energy spectroscopy (EDX). As shown
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in Figure S2b—d in the SI, the atoms of Cu, Cs, and I are
equally distributed in the Cs;Cu,I; thin film.

The light transparency range and band gap are significant
properties for photoactive materials. Figure le shows the
transmittance spectra of the Cs;Cu,I; thin films. We found that
the Cs;Cu,I; thin films exhibit high transmittance over 80%
with wavelength ranging from 320 to 2000 nm. The illustration
in Figure le shows that yellow flowers could be clearly seen
behind the large-area Cs;Cu,l thin film. The results suggest
that the Cs;Cu,l; thin film has potential for application in a
highly transparent photodetector. In addition, the optical band
gap of the Cs;Cu,l; thin film is estimated according to the
relation:>?

1

where T is the transmittance and d is the film thickness. Figure
S3 in the SI displays the (BE)"? versus hv curve of the
Cs;Cu,]; thin film, where f3 is the optical absorption coefficient
and E is the photon energy. Therefore, the Cs;Cu,l; thin film
shows an optical band gap of 3.9 eV in agreement with the
band gap values of other reports.”> Photoluminescence (PL)
spectroscopy was used to rule out the existence of heterophase
CsCu,l; because of the obviously different PL spectra of
CsCu,l; and Cs;Cuyls. As shown in Figure 1f, as-grown
Cs;Cu,ls thin films possess photoluminescence excitation
(PLE) wavelength ranging from 250 to 320 nm and a PL
peak at 450 nm, suggesting that the dual-source evaporation
process do not form CsCu,l; phase in the Cs;Cu,l thin film
due to the absence of the PL peak at 578 nm.

The photoresponse characteristics of the Cs3;Cu,l; thin films
fabricated with dual-source co-evaporation were studied
through a vertically integrated device structure of ITO/
Cs;Cu,];/Cu. In the device, indium tin oxide (ITO) acts as the
electrode, the Cs;Cu,]; thin film acts as a photoactive material,
and copper (Cu) acts as another electrode. Figure 1b depicts
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Figure 3. (a) Schematic diagram of the Cs;Cu,I; photodetector. (b) Temperature distribution of the Cs;Cu,l; detector irradiated with a 980 nm
laser beam at the Cs;Cu,l; channel between two parallel electrodes. (c) Temperature profile extracted along two parallel electrodes in (b). The
dots are actual measurements. (d) Current—voltage (I—V) characteristics of the Cs;Cu,l; detector in the dark and under the irradiation of laser on
the positive and negative end. (e) Photogenerated potentials corresponding to the position of moving laser spot between two parallel electrodes
under the laser irradiation. (f) Photovoltage as a function of light power in the Cs;Cu,l; detector.

the schematic diagram of the photodetector. The photocurrent
versus voltage (I—V) curves were obtained from the photo-
detectors under illumination by a 980 nm (NIR) laser at
different laser powers, and the results are shown as in Figure
2a. I-V curves both have linear characteristics, indicating weak
Schottky barriers between the ITO or Cu electrode and the
Cs;Cu,]; thin films.”* The weak Schottky barrier is attributed
to the band bending between Cu and Cs;Cu,I; (Figure S4).
Figure 2b exhibits the relationship between photocurrent and
laser power. The photocurrents increase gradually from 1.01 to
17.43 pA as the light intensity increases from 23 to 405 mW.
The photocurrents with 0 V bias are proportional to the laser
powers, which indicates that the devices can accurately
differentiate incident light intensities as a kind of self-power.

To further investigate the photoresponse of the Cs;Cu,l;
photodetector, the responsivity (R) and the specific detectivity
(D*) were estimated from the I-V curves. The R can be
calculated by the equation:™

Ton Ly = Lyane

p p

()
where I, is the photocurrent, P is the incident power, I, is the
current of the illuminated device, and I, is the current of the
device in the dark. The maximum R value of the Cs;Cu,l;
photodetector is 1.1 mA W™'. The D* is calculated by the
following equation:*®

RS
hY; 2eIdark (3)

where e is the electron charge and § is the active area of the
device. Figure SS in the SI shows the D* curve of the Cs;Cu,];
photodetector as a function of voltage. The maximum D* value
of 6.5 X 10° cm Hz!”> W™! was obtained from the Cs,Cu,l;
photodetector.

The photocurrent generation mechanism of the photo-
detectors incorporated with the Cs;Cu,l thin films will be

D* =
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discussed here to reveal the underlying photophysics.
Generally, the photodetectors based on the photoconductive
(PC) or photovoltaic (PV) effect only realize the light
detection wavelength, in which the photon energies are larger
than the band gap of the photoactive material.”> According to
the obtained band gap of the Cs;Cu,l; thin films, PC and PV
mechanisms cannot be applied to explain the photoresponse of
the Cs;Cu,l; photodetector. Apart from the above two
photocurrent generation mechanisms, the thermal-induced
photoresponse mechanism including bolometric, pyroelectric,
and PTE effects may be responsible for the photocurrent
generation of the CsyCu,l; photodetector.’® To study the
thermal-induced photoresponse mechanism, the temperature
variations of the devices were tested under the periodical
illumination (Figure 2b). In addition, the time-dependent rise
and fall of temperature on the surface of the devices were
generated by repeatedly controlling the light switch (Figure
2d), indicating that the devices possess thermal switching
behaviors under on/off illumination switch. The light was off
within the first 10 s of the initial test. When the laser is turned
on, the surface temperature of the device increases and a
corresponding reduced photocurrent for the device (Figure
2c). However, the surface temperature of the device decreases,
resulting in an increase in the photocurrent when the laser is
turned off. In addition, the surface temperature change (AT)
of the devices is enhanced when increasing the power of lasers
(Figure 2¢,d). The results demonstrate that the photocurrent
generation of the Cs;Cu,l; photodetector is closely related to
the photoinduced temperature variations on the surface of the
photodetector. In the thermal-induced photoresponse mech-
anism, bolometric devices usually operate by biasing the
bolometer with a voltage or current.'® Therefore, the
bolometric effect cannot explain photocurrent generation in
the Cs;Cu,ly photodetector due to the photoresponse
behaviors of the Cs;Cu,l; photodetector at zero biasing.
Also, the pyroelectric effect can be ruled out according to the
time-dependent photoresponse behaviors obtained from the
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the SI. Therefore, the PTE mechanism is responsible for the
photocurrent generation.

To further reveal the PTE response mechanism in our
fabricated device, a lateral device with two parallel electrodes
was fabricated to illustrate the PTE effect in the Cs;Cuyl;
photodetector. The schematic diagram of the device is shown
in Figure 3a. Temperature distribution and difference of the
devices were tested under 980 nm laser illumination using an
infrared imaging device. To exclude the influence of the metal
electrode, we measured temperature distribution by recording
thermal image at the center or edge of the Cs;Cu,ls channel
rather than the contact area. Figure 3b shows the temperature
distribution over the devices with a focused laser beam at the
center of the Cs;Cu,l5 channel and the edge of Cs;Cu,l—
metal contact. Figure 3b also exhibits that our system can
establish a stable temperature difference between two parallel
electrodes. In addition, Figure 3c shows temperature profile
extracted along the horizontal central axis of the Cs;Cu,l
channel imaging in Figure 3b. Thus, the AT between the two
electrodes is 3.3 K when illuminating at one electrode.

Figure 3d presents the I-V curves at alternate connection
between positive and negative electrodes of the devices under
dark conditions and laser illumination. The quasi-linear
behaviors indicate that the Cs;Cu,l; thin films have a weak
Schottky barrier with the Cu electrodes. When the laser beam
illuminates on the Cs;Cu,l;—metal contact at both ends, the
I-V curve is moving in the opposite direction. The device
exhibits an open-circuit voltage (Voc) of 167 gV under
illumination, indicating a typical PTE behavior.”> For the PTE
model, local laser irradiation can induce a AT at both terminals
of the channel layer. The temperature gradient produces a
built-in electrical field with the direction from the high-
temperature terminal to the low-temperature terminal. Thus,
the charge carriers are driven by a built-in electrical field in the
Cs;Cu,l; channel layer, which generates a current.”’ According
to the above obtained Voc = 167 pV and AT = 3.3 K, the
Seebeck coefficient S = Voc/AT = 50.6 uV/K was obtained for
the Cs;Cu,ls film at room temperature.”® The obtained
Seebeck coeflicient of the Cs;Cu,]; thin film is consistent with
that from its thermoelectric simulations.”’ To shed more light
on the thermoelectric performance, the scanning photovoltage
of the device was measured by mechanically scanning the laser
spot along the Cs;Cu,l; channel between both electrodes. As
shown in Figure 3e, a sharp increase or decrease was observed
near to the Cs;Cu,ls—metal interface. The results are closely
correlated with PTE characteristics. When the laser irradiates
the Cs;Cu,ls—Cu interface, the temperature distribution
between the two electrodes shows obvious asymmetry. The
strongest interface asymmetry produces a sharp increase and
decrease of photovoltage near to the Cs;Cu,I;—Cu interface.
Figure 3f shows photovoltage as a function of laser power in
the Cs;Cu,I; photodectector under the laser illumination. The
photothermal conversion between the incident light and
Cs;Cu,Ig thin films is enhanced by the increase of laser
power, generating the enhanced AT between the two terminals
of the device. The enhanced AT between two electrodes
induces an increase in the built-in electric field based on the
thermoelectric Seebeck effect.”®

Owing to its low-temperature processing, the Cs;Cu,l; thin
film is considered as a good candidate material for fabrication
of flexible devices. Thus, a flexible photodetector with a
structure of PEN/ITO/Cs;Cu,ls/Cu was fabricated. The
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incident laser was used to obtain time-dependent photo-
response curves of the devices after several bending cycles. A
bending cycle is regarded as bending from the plane to the
curved state, where the device is bent with a diameter of 1.1
cm (Figure 4a,b), and then back to the plane state. The device
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Figure 4. Photographs of the Cs;Cu,]; flexible photodetector at (a) a
flat condition and (b) a curving condition. (c) Photocurrent versus
time curves of the flexible Cs;Cu,I; photodetector after bending 0, 50,
100, and 150 times under the laser irradiation.

can still work stably even after 150 bending cycles (Figure 4c).
The photoresponse characteristics do not change significantly,
indicating that the devices exhibit excellent robustness and
flexibility. In addition, the flexibility of the Cs;Cu,l; photo-
detector provides potential for further application in flexible
sensor arrays.

The dual-source co-evaporation technique provides great
potential for fabricating large-area photodetector arrays. We
fabricated 15 X 1S5 photodetector arrays on the flexible PET
substrate to explore light imaging capabilities. Figure S5a,b
shows the photographs of the Au/Cs;Cu,ls/Au photodetector
arrays under UV illumination and bending condition. As
schematically shown in Figure Sc, a home-made mask with a
“T” pattern moving in the X and Y directions was placed
between the Au/Cs;Cu,l;/Au photodetector arrays and
illuminating laser, and the electrical signal record system was
employed to record the photocurrent. Figure 5d demonstrates
the photocurrent on each pixel of the photodetector arrays
under the mask with the letter T. It should be noted that the
letter T is clearly visible in Figure S5d, indicating the light
imaging capability of the Au/Cs;Cu,l;/Au photodetector
arrays.

In order to extend the light response range of the Cs;Cu,l;
photodetector from NIR to vis or THz, the light detection
performance of the Cs;Cu,l; photodetector under laser
irradiation of 532 nm (vis) and 119 um (THz) was studied.
The I-V curves were obtained from the Cs;Cu,l; photo-
detector under illumination by 532 nm and 119 pm lasers at a
variety of laser powers, and the results are shown as in Figure
S7a,b in the SI. Figure 6a,b exhibits the relationship between
photocurrent, surface temperature, and laser power at two
tested wavelengths. Under illumination with 532 nm and 119
pum lasers, the photocurrent and temperature of the Cs;Cu,l;
photodetector increase gradually as the light intensities of the
lasers increase. The maximum R values of the devices are
calculated to be 49.2 and 3.7 mA W, and the maximum D*
values are 8.2 X 107 and 6.4 X 10° cm Hz"? W', under
illumination with 532 nm and 119 pm lasers, respectively. The
results are comparable to representative photodetectors based
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a

Figure S. (a) Photograph of flexible photodetector arrays under the UV light illumination. (b) Photograph of the flexible photodetector arrays after
bending. (c) Sketch diagram of the sensing process of the Au/Cs;Cu,l;/Au flexible photodetector arrays under the irradiation of a 980 nm laser.
(d) A three-dimensional diagram shows the photocurrent on each pixel of the photodetector arrays.
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Figure 6. Photocurrent as function of laser power and temperature in the photodetector under the irradiation of (a) $32 nm and (b) 119 ym lasers.

on the PTE mechanism. The comparison between this work
and the reported PTE-based photodetectors is shown in Table
S1. In addition, the Cs;Cu,]g photodetector possesses thermal
switching behaviors under on/off illumination switch and
further resulting in photocurrent switching (Figure S8a,S8b),
which indicates that the devices incorporated with the
Cs;Cu,lg thin films can achieve ultra-broadband photo-
detection from vis to NIR to THz.

3. CONCLUSIONS

In summary, we reported an ultra-broadband PTE detector
based on the lead-free Cs;Cu,I; thin film. The Cs;Cu,l; thin
film was prepared using a dual-source co-evaporation
deposition. A combination characterization of XRD patterns,
SEM images, transmittance, and PL spectroscopies was
conducted to study the composition, surface morphology,
and spectra properties of the Cs3;Cu,I; thin films. Furthermore,
the photodetectors incorporated with the Cs;Cu,I; thin films
exhibit a self-powered ultra-broadband photoresponse wave-
length range from vis (532 nm) to NIR (980 nm) to THz (119
um). Under 532 nm, 980 nm, and 119 um laser irradiation, the
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maximum R values of the devices are 49.2, 1.1, and 3.7 mA
WY, respectively. The flexible photodetector incorporated
with the Cs;Cu,l; thin film still works stably even after 150
bending cycles. 15 X 15 photodetector arrays on the flexible
substrate exhibit light imaging capabilities. These results
demonstrate that the work provides a promising PTE material
for the ultra-broadband flexible photodetector.

4. EXPERIMENTAL SECTION

4.1. Materials. Cuprous iodide (99.999%), cesium iodide
(99.998%), and copper particles (99.9%) were purchased from Alfa-
Aesar. Indium tin oxide (ITO) conductive glass and ITO PET
substrate (Peccell) were purchased from Advanced Election
Technology Corp., Ltd. All materials are used as received without
further purification.

4.2. Fabrication of Films. The Cs;Cu,]; film was prepared by a
dual-source co—eva(?orated method similarly to our previously
published method.”” The evaporation rates of Cul and Csl were 1
and 2 A/s, respectively.

4.3. Characterization of Films. X-ray diffraction (XRD) patterns
of the Cs;Cuyls films were characterized on Rigaku SmartLab.
Transmittance spectra of the Cs;Cuyl; films were tested on a
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SHIMADZU SolidSpec-3700 spectrophotometer. Energy dispersive
X-ray energy spectroscopy (EDX) and scanning electron microscopy
(SEM) images of the Cs;Cu,l; films were measured on an Apreo S
LoVac. The thickness of the Cs;Cu,]; films was measured on a surface
profilometer (Bruker, Dektak XT). Photoluminescence excitation
(PLE) and photoluminescence (PL) spectroscopy were obtained on a
HORIBA QM 8000 fluorescence spectrophotometer.

4.4. Fabrication of Devices. The Cs;Cu,]I; thin film (200 nm)
was prepared atop the pre-cleaned ITO glass substrates or PET
substrate. Afterward, in the vacuum, a copper film of about 100 nm
was deposited by thermal evaporation on the top of the Cs;Cu,l; film
under a pressure of 2 X 1075 mbar. For the vertical device, the
effective area of mask is 0.16 cm” The distance between the two
parallel electrodes is 4 mm in the lateral device, and the size of each
electrode is 1.5 X 7 mm.

4.5. Characterization of Devices. -V characteristics of the
photodetectors were measured using a Keithley 2400 source meter
under 532 nm (MGL-III-532, Changchun New Industries Ltd.), 980
nm (FC-980, Changchun New Industries Ltd.), and 119 ym (FLIR
100, Edinburgh Instruments Ltd.) laser illumination. Light powers of
532 and 980 nm were calibrated using a power meter with an RS232
port (Ophir NOVA II). The light power of the 119 ym THz laser was
calibrated using a Golay cell (GC-1P, Tydex Ltd). The temperature
images of the photodetectors were tested using an infrared imaging
device (HIKVISION H13). The on/off switching behaviors of the
photodetectors were measured using potentiostatic and galvanostatic
instrument (Metrohm Autolab PGSTAT204).
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