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Highly Sensitive Broadband Bolometric Photodetectors

based on 2D PdSe, Thin Film

Rui Zhang, Zhuojun Yang, Liwen Liu, Jie Lin, Shaofeng Wen, You Meng, Yi Yin,

Changyong Lan,* Chun Li,* Yong Liu, and Johnny C. Ho*

PdSe,, a semiconductor with a narrow band gap, shows tremendous promise
for high-performance broadband photodetectors. In this study, highly
sensitive, broadband, and flexible PdSe, thin film photodetectors on
polyimide (Pl) substrates that can detect light from the UV (365 nm) to

infrared (2200 nm) regions are reported. The devices with thick (21 nm) PdSe,

films show decent performance with a decent responsivity of 37.6 mA W' at
1550 nm and a fast response time. For the thick PdSe, film, the bolometric
effect dominates the positive photoresponse across all wavelength regions,
whereas for the thin PdSe, film (4.5-13 nm), which shows both positive and
negative photoresponses, it dominates in the infrared region. The negative
photoresponse of thin PdSe, in the UV to the VIS region is attributed to the
charge transfer-related adsorption-desorption of gas molecules. Detailed
investigations revealed that the temperature coefficient of resistance (TCR)
value is closely correlated to film thickness, with the thinnest film exhibiting
the highest absolute TCR value of up to 4.3% °C~". The value is much larger
than that of metals, most 2D materials, amorphous Si, and even commercial
VO, . These findings suggest that PdSe, films have a promising future in

intelligent ~ imaging and  sensing
systems.!1=3] However, realizing broadband
photodetection is challenging. For instance,
the most commonly used imaging sensor
is CCD, which is made from Si and cannot
detect light with wavelengths exceeding
1100 nm. Although other semiconducting
materials with narrow bandgaps, such
as InGaAs and HgCdTe, are also used to
fabricate photodetectors with broadband
response, these technologies are complex
and costly. Therefore, new materials with
novel optoelectronic properties are highly
desired for broadband photodetectors.
Photodetectors based on 2D materials
have been extensively explored In the past
few decades due to their exotic optoelec-
tronic properties.[*>! The most studied ma-
terial is graphene, which has universal
light absorption across a wide range of
wavelengths. However, the low absorptiv-

broadband photodetectors.

1. Introduction

Photodetectors are devices capable of converting light signals to
electric signals, and they have numerous applications. A broad-
band photodetector is particularly in high demand for compact,
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ity of graphene often leads to poor re-

sponsivity, constraining its wide applica-

tions in photodetectors.l®) Semiconducting

2D materials with high light absorptivity,

such as transition metal dichalcogenides
(TMD),[7#] black phosphorene (BP),!*!° and Bi,0,Se,*"!? etc.,
are encouraging for high-performance photodetectors. Neverthe-
less, the band gaps of most TMDs are large, and photodetec-
tors made from TMD can only work in the VIS or near-infrared
(NIR) band range. Even though BP has a narrow band gap (0.3
— 2.0 eV), its ambient instability limits its applications. Due
to their strong layer-dependent band gaps and long-term mate-
rial stability, noble metal dichalcogenides, such as PtSe,,['*1%]
PtTe,,[1®17] PdSe, 1824 and their heterojunctions have been at-
tracting considerable attention for broadband photodetection in
recent years. Particularly, PdSe, shows a thickness-dependent
bandgap from 0.03 to 1.37 eV,[>?%] ensuring broadband pho-
ton absorption and detection. Based on an exfoliated single-
crystalline PdSe, flake, an ultra-broadband photodetector from
the VIS to terahertz (THz) region driven by a multiphysical mech-
anism was realized.[?’] The PdSe, heterojunctions (PdSe,/MoS,,
PdSe,/germanium nanocone, etc.)l2>2-3] also exhibit high re-
sponsivity and broadband photodetection (even from VIS to
10.6 um). Until now, the mechanisms of broadband photodetec-
tors based on PdSe, include photoconductivity (PC) effect, pho-
tovoltaic (PV) effect, and photothermoelectric (PTE) effect. As a
semiconductor with a narrow band gap, the carrier concentration
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Figure 1. Growth setup and structural characterization of the PdSe, films. a) Schematic of the growth setup and the selenization process. b) Raman
spectra of the PdSe, films with different thicknesses prepared at 200 °C. c) XPS spectrum of Pd 3d. d) XPS spectrum of Se 3d. €) HRTEM image of the
PdSe, film. f) and g) the corresponding FFT of the marked areas in (e). h) Cross-section HRTEM image of the PdSe, film. The thickness of samples

shown in (c) to (h) is 4.5 nm.

of the material should be sensitive to temperature due to the sub-
stantial contribution from thermally excited electron-hole pairs.
Utilizing the temperature-sensitive resistance, called the bolo-
metric effect, a broadband photodetector can be realized. To the
best of our knowledge, however, the bolometric effect for PdSe,
is rarely explored.

In this work, we report broadband photodetectors fabricated
from ultrathin PdSe, films prepared by plasma-enhanced metal-
selenization. The bolometric effect and negative photoconduc-
tivity (NPC) effect was found to coexist in PdSe, films photode-
tectors. For the thinner PdSe, films (4.5-13 nm) photodetectors,
the NPC effect is the dominant detection mechanism in the UV
region (365 nm) to VIS (532 nm) region, the bolometric effect
becomes dominant in the near-infrared region from 808 nm to
2200 nm. Only a bolometric effect was observed in the thicker
PdSe, films (21 nm) photodetectors which show a wide range of
responses from the UV region (365 nm) to the near-infrared re-
gion (2200 nm). A maximum responsivity of 37.5 mA W~! was
achieved at 1500 nm with a decent response speed. The absolute
value of the temperature coefficient of resistance (TCR) increases
with the decrease in film thickness. A TCR value up to 4.3% °C~!
was achieved, which is higher than that of most metals, amor-
phous Si, and even commercial VO,, suggesting promising ap-
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plications in broadband photodetectors. Owing to its high sensi-
tivity, infrared images can be captured using a 4x4 photodetector
array. Our work suggests that large-area PdSe, film has a remark-
able bolometric effect and shows promising potential for broad-
band photodetection.

2. Results and Discussion

The PdSe, films were synthesized by plasma-enhanced metal-
selenization. A schematic of the setup is shown in Figure 1a.
Pd films were deposited on PI substrates or SiO,/Si substrates.
Then the Pd films were converted into PdSe, films in a low-
pressure CVD system. Using inductive plasma, we can obtain
the PdSe, films at a low temperature (200 °C). The bombard-
ment of Ar plasma can ionize selenium (Se) powder into Se
radicals with enhanced chemical reactivity, which can then in-
teract with Pd atoms, despite the fact that selenium powder is
difficult to evaporate at 200 °C. As confirmed by Raman spec-
tra of the PdSe, films (Figure 1Db), the Pd films with different
thicknesses can be completely converted into PdSe, films. The
Raman spectra of the films exhibit four distinct peaks at ~145,
208, 223, and 258 cm ™' corresponding to the A", A.?, Bl%z, and
A,’ modes of the orthorhombic PdSe, lattice, respectively.”*l The
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Figure 2. Photodetection performance of a thick PdSe, film (21 nm) photodetector. a) Photocurrent verse time under the illumination of light with
different wavelengths. Inset: schematic of the PdSe, device on a Pl substrate. b) Photocurrent verse applied voltage under the light illumination (1550 nm)
with different light intensities. c) Photocurrent verse light intensity. d) Responsivity verse light intensity. ) Photocurrent as a function of time under a
1550 nm laser with a light intensity of 100 mW cm™2. f) The response speed of the device in the single-period response curves shown in (e). The applied

voltage and light wavelength for (c) to (f) are 5V and 1550 nm, respectively.

corresponding AFM thickness measurement was shown in
Figure S1 (Supporting Information). To further check whether
the Pd film is fully converted into PdSe, or not, X-ray photo-
electron spectroscopy (XPS) spectra of the film were measured.
Figure 1c,d shows the peaks of Pd 3d and Se 3d, where the
Pd 3d;;, and 3d;, peaks are located at 342.2 and 336.9 eV, and
the Se 3d;, and 3d;;, peaks are located at 55.8 and 54.9 eV,
respectively. The peak positions are consistent with the CVD-
grown PdSe, single-crystal nanosheets and polycrystalline PdSe,
films.[*”38] From the peak area analysis, the atomic ratio of Pd
and Se is calculated to be ~1:2, indicating the stoichiometric
of the PdSe, film. To study the microstructures of the PdSe,
films, transmission electron microscopy (TEM) measurements
were carried out. Apparent grain boundaries are observed from
top-view high-resolution TEM (HRTEM) image (Figure 1le), re-
vealing its polycrystalline nature. Clear lattice fringes can be
observed, indicating the well-crystalline structure of the PdSe,
grains. The lattice spacings of the fringes can be measured to be
0.299 and 0.292 nm, corresponding to the (020) and (200) planes
of the PdSe,, respectively. The result is well-matched with the fast
Fourier transform (FFT) patterns shown in Figure 1f,g. From the
cross-sectional HRTEM image, the periodic atomic arrangement
of PdSe, with an inter-layer spacing of 0.40 nm was observed
(Figure 1h), which is consistent with the lattice spacing of (002)
planes. The results of above structural characterization suggest
the good crystallinity of the films.

As PdSe, is a semiconductor with a narrow bandgap, intrigu-
ing photodetector performance is expected. We fabricated PdSe,
thin film photodetectors both on SiO,/Si and PI substrates. In-
terestingly, almost no detectable photoresponse was observed
for the device fabricated on SiO,/Si device. However, consider-
able photoresponse was observed for devices on the PI substrate
(Figure S2, Supporting Information ). In addition, the photore-
sponse differs between thick films (> 13 nm) and thin films
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(£ 13 nm). The photoresponse of thick film (21 nm) is discussed
first. As shown in Figure 2a, the photodetector exhibits broad-
band spectrum response, ranging from 365 to 2200 nm. To have a
more deep understanding of the performance of the photodetec-
tor, the photocurrent under infrared light illumination (1550 nm)
with different light intensities were measured and are shown in
Figure 2b. The photocurrent increases with the applied voltage
and light intensity. The photocurrent as a function of light in-
tensity is shown in Figure 2c. The photocurrent almost increases
linearly with light intensity. The data can be well fitted by the fol-
lowing equation.

I, = AP" (1)

where [, is the photocurrent, A and « are the fitting parame-
ters. The index « is ~#0.96 according to the fitting, indicating the
almost linear relationship between photocurrent and light inten-
sity. The photoresponsivity is estimated from the equation:

R=1,/S (2)

where R is the responsivity, S is the photosensitive area. The max-
imum photoresponsivity can reach 37.6 mA W' (Figure 2d). To
obtain the transient behavior of the photodetector, photocurrent
as a function of time under modulated light was measured and
the result is shown in Figure 2e. The stable on and off photocur-
rent suggests the photodetector is very reliable. The response
time can be obtained from the single-period response curves of
the photocurrent-time curve in Figure 2e. The rise time and de-
cay time are determined to be the time interval for photocur-
rent rising from 10% to 90% of the stable photocurrent and vice
versa, respectively. The rise time is 1 s while the decay time
is 1.2 s (Figure 2f), indicating the fast response speed of the
photodetector (Table S1, Supporting information). The response
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Figure 3. Photodetection performance of thin PdSe, film-based photodetector. a) Schematic of photocurrent versus light wavelength. b) Photocurrent
versus time under light illumination in the near UV-vis region. c) Photocurrent versus time under light illumination in the NIR region. d) Photocurrent
versus time for the device in different environments. e) Photocurrent versus time with light on and off in ambient. f) Enlarged parts of the dashed red

square regions shown in (e). The applied bias voltage for (b) to (f) is 5 V.

speed of bolometers is dependent on the effectiveness of thermal
management.*°] To further enhance the response speed of the
device, it may be advantageous to employ a substrate with higher
thermal conductivity or implement a bridged device structure.

Generally, the photoresponse mechanism for two-terminal
semiconductor devices includes PC, PV, PTE, and bolometric
effect.[*] The absence of any response in the device with the
same structure on SiO,/Si suggests that the PC effect may
not play a significant role in the device’s operation. Although
PdSe, is a semiconductor, the high density of defects in poly-
crystalline PdSe, may act as recombination centers for photo-
generated carriers, leading to the quench of photocurrent. There-
fore, no significant photocurrent was observed on the SiO,/Si
substrates. The drain and source electrodes are of the same metal,
and universal light illumination was used during the measure-
ments. Therefore, the PTE effect should not contribute to the
photoresponse.[?’ Consequently, it is believed that the bolomet-
ric effect should be the primary contributor to the photoresponse.
The temperature rise for devices on SiO, /Si should be minimal
due to the more significant thermal conductivity and thermal ca-
pacity of Si (%130 W m~! K~! and 700 ] Kg~! K7!, respectively)!*!]
and SiO, (~1.34 W m™' K~! and 725 ] Kg~! K7, respectively).**]
Hence, the resistance increase for PdSe, on SiO, /Si is very small,
resulting in almost no observable photoresponse. Conversely, the
thermal conductivity of P1 is significantly smaller (~0.18 W m~!
K= and 1.95 ] Kg~! K71, respectively),[**] and a considerable tem-
perature change may occur for PdSe, on PI substrate under light
illumination. The distinctive temperature variation of these two
types of devices under the same light irradiation was also veri-
fied by simulation using the thermal conduction model (Figure
S3, Supporting Information).

Interestingly, we found that the thin PdSe, films also ex-
hibit broadband photoresponse. However, the devices with thin
PdSe, exhibit negative photocurrent when the light wavelength
is shorter than 660 nm, as schematically shown in Figure 3a. The
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negative photoresponse effect decreases with increasing wave-
length, as shown in Figure 3b. Additionally, the photoresponse
is relatively slow, with #1500 s required for the photocurrent
to stabilize. In contrast, for infrared light illumination, the de-
vices demonstrate a fast response, similar to that of thick PdSe,-
based devices (Figure 3c). The negative photoresponse cannot
be attributed to the bolometric effect which only leads to an in-
crease in current under light illumination. To determine the ex-
act mechanism, the photoresponse of the devices was measured
in different environments. As illustrated in Figure 3d, almost no
negative photocurrent is observed for the device measured in a
vacuum with pressure of 4.5 x 10~* Pa. As the gas molecules
were significantly reduced, the light-assisted surface-absorption-
molecule-induced charge carriers were substantially suppressed
compared with the photoresponse observed under atmospheric
conditions. Therefore, the negative photocurrent should be at-
tributed to photo-activated gas molecule adsorption/desorption
processes.[**] In fact, the superimposed positive photocurrent
on the negative photoresponse background can still be observed
when a very high intensity of light illumination is applied, as
shown in Figure 3e,f. The positive photocurrent is likely caused
by the bolometric effect, which is supported by detectable tem-
perature elevation upon light illumination (Figure S4, Support-
ing Information). However, the overall current decreases rapidly
in the ambient due to the gas molecule’s desorption effect.
According to the results presented above, the photoresponse
mechanism for PdSe, films is proposed. Both bolometric and
NPC effects should coexist in the devices. The question arises
as to which effect dominates the net photocurrent. The observed
phenomena are schematically shown in Figure 4a. For thin PdSe,
films, the NPC effect dominates in the UV-vis region, while
the bolometric effect dominates in the NIR region. Conversely,
for thick PdSe, films, the bolometric effect is dominant in the
measured spectrum region due to the weakening of the surface
adsorption effect as the thickness of the film increases.[*l The
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Figure 4. Photoresponse mechanisms. a) Schematic for the photoresponse in different wavelength regions. b) Schematic for the photoresponse mech-
anism for thin PdSe, film. c) Schematic for the photoresponse mechanism for thick PdSe, film.

Figure 5. Bolometric effect characterization. a) Relative change of resistance versus temperature for PdSe, films with different thicknesses. b) In(R)
versus 1000/T plots for PdSe, films with difference thicknesses. c) TCR, electric bandgap, and optical bandgap as a function of film thickness. d)
Collection of TCRs for different materials reported in the literature. €) Resistance versus time at different temperatures. f) Relative change of resistance

as a function of temperature with different bending circles.

proposed photoresponse mechanism, as shown schematically
in Figure 4b,c, involves the adsorption of gases, such as water
and oxygen molecules, which can capture electrons from PdSe,,
leading to p-type doping.***®l This effect is more pronounced
in thin films than that in thick ones. Under light illumination,
surface-absorbed gas molecules are removed from the surface,
and then free electrons recombine with holes resulting in a de-
crease in the channel conductivity and the generation of nega-
tive photocurrent. Although light absorption can also increase
the channel temperature, the bolometric effect is much weaker
than the NPC effect, resulting in only a negative photocurrent be-
ing observed. As the photo illumination-induced desorption of
gas molecules weakens for longer wavelengths, the bolometric
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effect dominates, and only positive photocurrent was observed
for infrared light. Notably, the conductivity of thick PdSe, films
is insensitive to gas molecular adsorption/desorption effects, and
thus no NPC effect was observed for light in the UV to NIR. Al-
though the co-existence of NPC and positive photoconductance
(PPC) has been previously reported in graphene,[**] semicon-
ducting Te,I*”! and multilayer InSe,*¥] the bolometric effect and
surface-absorption-related NPC effect were first observed in 2D
PdSe, material.

To gain a deeper understanding of the bolometric effect, the
relative resistance changes with temperature were measured for
PdSe, films with varying thicknesses, as shown in Figure 5a.
The results demonstrate that the resistance decreases as the
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temperature increases for all samples, indicating the semicon-
ducting nature of the PdSe, films. Notably, the thinnest film ex-
hibits the highest sensitivity to temperature, as evidenced by its
more considerable relative resistance change compared to the
thicker films. The measured data can be well fitted by the equa-
tion:

EA
R= RO exp ﬁ (3)
B

where R, is the resistance at T— oo, E, is the activation energy,
ky is Boltzmann’s constant, and T is the temperature. Thus, the
In(R) linearly depends on 1/T (Figure 5b). If the semiconductor
is an intrinsic semiconductor, E, is half of the band gap (E,). Sup-
posing PdSe, used here is an intrinsic semiconductor, the band
gap can be estimated from Figure 5b and is shown in Figure 5c.
The calculated band gap decreases with the increase of film thick-
ness, consistent with that reported in the literature.**#*] The in-
frared reflectance spectra of the films were also measured to de-
termine the band gap of the PdSe, films (Figure S5, Supporting
Information). The optical band gap determined from the spectra
is also shown in Figure 5c. Though the exact value of the band
gap determined for electric measurements and optical spectra is
different, the variation trend with film thickness is the same. The
results suggest that the main mechanism for the changes of resis-
tance with temperature can be attributed to thermally generated
electron holes across the band gap. Due to the small band gap
of PdSe, and the detection wavelength limit of the spectrometer,
absorbance data close to the band gap could not be obtained. Con-
sequently, an extrapolation method was employed, as reported in
the literature, 3! to determine the band gap. However, it should
be noted that this method may result in a significant deviation
from the actual band gap value. Moreover, the electronic band
gap was determined assuming that the PdSe, films were intrin-
sic semiconductors, although they may deviate from this ideal,
leading to smaller band gaps. Therefore, the difference between
the optical and electronic band gaps can be attributed to the com-
bined effect of these two factors. For the bolometric effect, the
TCR is the most important parameter, which can be determined
from the equation:

1drR _ E

18R _ &
TCR=Rar 2k T? *

The TCRs of the films at 30 °C were calculated according to the
equation and are shown in Figure 5c. Clearly, the absolute value
of TCR decreases with the increase in thickness.

We obtained the largest TCR to be —4.3% °C~! for the thinnest
one, which is larger than that of metals,*>*] most of the
2D materials,['>°*571 amorphous Si,I*!! and even commercial
VO, %% ag can be seen in Figure 5d. To check the stability of the
temperature-sensitive resistance, resistance-time curves at differ-
ent temperatures were measured and are shown in Figure Se. The
observed resistance remains highly stable over time, as minimal
or negligible changes are evident, thus suggesting a high level
of resistance stability. Moreover, the low level of current noise
renders the resistance easily distinguishable, even with a minute
temperature variation of 0.1 °C. As the device is made on a PI sub-
strate, it can be used in flexible devices. To check the stability of
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the device under repeated bending, the temperature-dependent
resistances were measured after bending, as shown in Figure 5f.
The near-coincidence of the curves suggests a high degree of sta-
bility for the flexible device, even after undergoing 500 bending
cycles with a radius of 10 mm.

Due to the large TCR of the PdSe, films, the PdSe, photode-
tectors, also known as bolometers, can be used to collect infrared
images. To demonstrate this capability, we constructed a 4 x 4
array of PdSe, bolometers capable of capturing infrared images.
The imaging system schematic is presented in Figure 6a, where
an IR lamp is illuminated on a shadow mask, and the device is
placed beneath the mask to capture light signals. The letters in
the mask can be reproduced from the recorded currents in the ar-
ray, such as “UFO” shown in the figure. Moreover, the bolometric
effect can not only be utilized in infrared photodetectors but also
in thermal sensors. Figure 6b shows that the measured signal is
highly sensitive to the distance between the device and the finger.
The signal strength increases as the finger moves closer to the de-
vice, indicating its potential application as a thermal sensor. As
an additional demonstration, a 4 X 4 array can record the temper-
ature change of a “U” shaped hot object (Figure S6, Supporting
information). The low thermal capacity resulting from the ultra-
thin nature of the films, combined with large TCR, makes the
PdSe, film highly promising for ultrafast and highly sensitive
thermal infrared detection. Incorporating proper device struc-
tural designs, such as adding a light absorption and/or reflection
layer to enhance light absorption and using a bridged structure to
further lower the thermal conductivity, can further improve the
detection performance of the PdSe, films.

3. Conclusion

In summary, we have successfully realized broadband photode-
tectors using plasma-enhanced metal-selenization synthesized
PdSe, films as the photosensitive material. The thick PdSe, film-
based photodetectors exhibited decent performance, including
high responsivity and fast response speed, while thin film-based
devices (4.5-13 nm) showed both negative and positive photore-
sponses. We found that the bolometric effect dominated the pho-
toresponse for the thicker film across all wavelength regions,
whereas for the thinner film, it dominated the infrared region.
The gas adsorption/desorption effect was identified as the cause
of the NPC effect in the UV to VIS region of thinner PdSe, films.
Detailed studies showed that the TCR value was closely related
to film thickness, with the thinnest film having the largest abso-
lute TCR value of up to 4.3% °C~'. The value is more significant
than that of metals, most 2D materials, amorphous Si, and even
commercial VO,. Moreover, we demonstrated the potential appli-
cation of PdSe, in infrared imaging by utilizing a 4 X 4 photode-
tector array to record an infrared image. These findings suggest
that PdSe, films hold great applications prospect in broadband
photodetectors.

4. Experimental Section

PdSe, Film Preparation: Both Pl and SiO,/Si were used as substrates
for the deposition of Pd films. Pd films (2-10 nm) were deposited in a
direct current magnetron sputtering system. The selenization of the Pd
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Figure 6. Infrared imaging and heat radiation measurement demonstrations. a) Schematic for detecting a shadow mask under irradiation with an IR fiber
laser with a wavelength of 808 nm and the corresponding measured results. b) Relative change of resistance versus time as a human finger approaches

the device at different distances.

films was carried out in a homemade remote plasma-enhanced CVD sys-
tem with a horizontal tube furnace (OTF-1200X-S, HF-Kejing) and a radio
frequency (RF) power generator (13.56 MHz, Beijing GMPOWER, 500 W).
The Pd films were placed downstream, and Se powder (99.9%, 1 g) was
placed upstream in the tube furnace. Before selenization, the pressure of
the tube was pumped down to 1 Pa. Then 5 sccm Ar gas was introduced
into the tube. During the selenization, the pressure inside the tube was
maintained at 9 Pa. The typical selenization temperature and time are
200 °C and 30 min, respectively. Note that although Se powder is diffi-
cult to evaporate at 200 °C, the bombardment of Ar plasma can ionize Se
atoms into Se radicals with higher chemical reactivity and then react with
Pd atoms.

Film Characterization: The Raman spectrometer (Renishaw 1000)
with an excitation wavelength of 532 nm was used to collect Raman sig-
nals of the films. The excitation power of the laser is ~1 mW, and the
spot size of the light is #2 um. The XPS spectrometer (Axis Supra) with
an Al K, 300 W working source was used to collect the XPS signals of
the films. HRTEM images were obtained by a field-emission transmission
electron microscope (Thermo Fisher Scientific, Talos) operating at 200 kV.
The cross-section of the films was prepared by using a focused ion beam
system (Tescan GAIA 3). The film thickness and surface roughness were
measured by an atomic force microscope (FM-Nanoview 1000). The ab-
sorbance of the film was measured by the UV-vis spectrophotometer (Shi-
madzu 3600iplus).

Device Fabrication and Measurement: To prepare the two-terminal de-
vices, In/Au (8/50 nm) was deposited as an Ohmic contact to the PdSe,
film by thermal evaporation. A fine Ag wire with a diameter of 30 um was
used as a shadow mask. Photoelectrical characterization of devices was
carried out on a semiconductor parameter analyzer (4200A-CSC, Keithley
Instruments) with light sources including light emitting diode (365 nm
and 660 nm) and laser diodes (405, 532, 1550, and 2200 nm) in a vacuum
probe station. The light intensity of the light sources was measured by a
power meter (PM320E, Thorlabs). The temperature-dependent electrical
properties of the device were measured on a thermal stage (SINO AGG,
IST-600E). The TCR was determined using a two-probe R--T measurement
from 30 to 80°C. A semiconductor analyzer (Keysight B1500A) with a vari-
able temperature probe station (PicoFemto) was utilized to measure the
electrical properties of the device under a temperature variation of 0.1 °C.
The 4 X 4 device array was fabricated by a photolithography technique and
illuminated by a fiber laser with a wavelength of 808 nm. The silver con-
ducting epoxy was utilized for wiring these devices for imaging measure-
ments. A Keithley 2400 resource meter and a Keithley 3723 relay multiplex
card programmed by LabVIEW software were used to record the bias volt-
age signals of the resistor connected in series to the device array.
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