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Photodetection over a broad spectral range is crucial for optoelectronic
applications such as sensing, imaging, and communication. Herein, a
high-performance ultra-broadband photodetector based on PdSe, with unique
pentagonal atomic structure is reported. The photodetector responds from
visible to mid-infrared range (up to =4.05 um), and operates stably in ambient
and at room temperature. It promises improved applications compared to
conventional mid-infrared photodetectors. The highest responsivity and
external quantum efficiency achieved are 708 A W' and 82 700%, respec-
tively, at the wavelength of 1064 nm. Efficient optical absorption beyond 8 um
is observed, indicating that the photodetection range can extend to longer
than 4.05 pm. Owing to the low crystalline symmetry of layered PdSe;, aniso-
tropic properties of the photodetectors are observed. This emerging material
shows potential for future infrared optoelectronics and novel devices in which

anisotropic properties are desirable.
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The ability to realize photodetection
over a broad spectral range, particularly
in the mid-infrared (mid-IR) region, is
invaluable for sensing, imaging, spec-
troscopy, and optical communication.
Commercially available photodetectors
used for sensing different wavelength
regions are usually carried out by separate
photoactive semiconductors, for example,
GaN (<400 nm), silicon (400-1100 nm),
InGaAs (800-1600 nm), and HgCdTe
(2-5.5 um) alloys, which exhibit excel-
lent performance but require high tem-
perature growth, complicated fabrication
procedures, or a cryogenic environment
with expensive facilities. Some materials
including hybrid perovskites,['? bimo-
lecular crystals,’! and colloidal quantum
dotl have shown their potential in broad-
band photodetection. Another promising
material system for high-performance photodetection is 2D
materials including graphenel®”! and transition metal dichal-
cogenides (TMDs).B1 Their naturally terminated surfaces
make them free of dangling bonds and this will endow them
with protection from surface-induced performance degrada-
tion.'>13] Graphene has been demonstrated to be a prom-
ising material for broadband photodetectors due to its gapless
bandstructure that enables broadband absorption from the
ultraviolet to far-infrared. However, the low optical absorption
of graphene limits the responsivity of graphene-based photo-
detectors to the mA W' scale.l'l Recently, a narrow-bandgap
oxide was coupled with graphene to enhance the performance
of graphene-based photodetector.'”! Black phosphorus (BP) has
the ability to detect light in both visible and infrared band due
to its tunable bandgap from 0.3 to 1.5 eV, but its environmental
instability is a disadvantage.l'®1% Photodetectors based on BP
and other 2D materials such as tellurium (Te) have detection
ranges limited to the mid-infrared due to the intrinsic min-
imum bandgap of above 0.3 eV.?%?!l As a well-explored 2D
material system, TMDs have shown excellent performance for
optoelectronic applications owing to their direct bandgap struc-
ture and strong optical absorption.?226 Nevertheless, most
TMD materials are only suitable for applications in the visible
range. Therefore, a high-performance, air-stable photodetector
capable of photodetection in the visible, near-infrared (near-IR),
and mid-infrared band is highly desirable for future optical and
optoelectronic applications.
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Recently, a noble transition metal dichalcogenide, PdSe,, was
reported to be air stable and has been predicted to have high
mobility of up to 40 000 cm™2 V! s71, one order higher than
that of BP.[?28] The bandgap of PdSe,, with its unique pentag-
onal atomic structure,?*31 is thickness dependent, and can be
narrowed from 1.3 eV for the monolayer to 0 eV for bulk.l3233
This exceptional characteristic endows devices based on PdSe,
with the possibility of extending detection from the visible to
near-infrared and mid-infrared regions.

In this work, we demonstrate a high-performance broad-
band photodetector based on PdSe, with pentagonal structure.
In the visible, near-infrared, and mid-infrared range (up to
4.05 pm), the PdSe,-based devices delivered high responsivity.
The maximum responsivity and photogain (G) is 708 A W1
and 82 700% under 1064 nm laser illumination, respectively.
Efficient optical absorption beyond 8 um is observed, indi-
cating that the photodetection range can extend to wavelengths
longer than 4.05 pm. In addition, the photoresponsivity and
photogain can be modulated by a simple gate bias. The device
shows polarization-dependent photoresponsivity due to its low
crystal symmetry, which adds another degree of freedom to
photodetection. This work demonstrates that PdSe, can be a

www.advmat.de

potential interesting candidate material for future novel optical
and optoelectronic applications.

Unlike most well-studied TMDs with hexagonal structure,
PdSe, was theoretically predicted to possess a unique pentag-
onal structure in 2D layers, which may endow it with some fas-
cinating optical, electrical, and thermoelectric properties.?’] As
depicted in the top view and side view of a 2D PdSe, monolayer
(Figure 1a,b), it is entirely composed of pentagonal rings and
every Pd atom combines with four Se atoms in the same layer
while a covalent Se—Se bond is formed between two neigh-
boring Se atoms. Figure 1c displays the Raman spectra of the
few-layered exfoliated PdSe,. The Raman spectrum gives vibra-
tional modes at 151, 213, and 264 cm™! corresponding to the
A, peaks and 229 cm™! that can be assigned to the contribution
of By, modes, consistent with previous reports.?!! Figure 1d pre-
sents an optical image of a typical few-layer PdSe,-based device
and the topography of the device is investigated by atomic force
microscopy (AFM). As shown in Figure 1e, the measured thick-
ness of the thin flake is 2.4 nm, corresponding to four layers of
PdSEZ.

To investigate the electrical performance of the PdSe, flake,
a back-gated field effect transistor (FET) was fabricated on Si
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Figure 1. Characterization of few-layered PdSe; flake. a) Top view and b) side view of the crystal structure of PdSe, with pentagonal atomic structure.
c) Raman spectrum of the few-layered PdSe,. d) Optical microscope image of the fabricated device; scale bar is 10 um. e) AFM image of the device

and the corresponding height profile.
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Figure 2. Basic electrical performance characteristics of the PdSe,-based transistor. a) Schematic diagram of the PdSe,-based photodetector. b) I4—Vys
characteristics of the PdSe,-based FET as a function of different gate voltages from —20 to 60 V. c) Back-gated 45—V, characteristics of a few-layered
PdSe; nanoflake measured at room temperature. d) Logarithmic plot of the transfer curve in (c), showing ambipolar characteristics.

with 285 nm SiO, overlayer by patterning Ti/Au (5/50 nm) on
the PdSe, nanoflake, as depicted in Figure 2a. The output char-
acteristics of the prepared PdSe,-based FET with gate voltage
from —20 to 60 V are displayed in Figure 2b. A good linear rela-
tionship between source—drain current (I4) and source—drain
voltage (V) confirms the ohmic contact between the electrodes
and PdSe, flake. Figure 2c,d shows the transfer curves both in
linear and logarithmic scale obtained by sweeping the gate bias
from —50 to 50 V. The drain current first decreases and then
goes up with increasing gate voltage, indicating an ambipolar
transport behavior. The I/l ratio of the few-layered PdSe,-
based FET is up to 10*. The electron mobility can be estimated
from the linear region in the transfer curve with the following
equation

1L 1dl

H= Cy W Vi, dV,

(1)

where dly,/dV, is the maximum slope of the linear region of
the transfer curve, L and W are the length and width of the
channel, Vg is the source-drain voltage, and C, is the capaci-
tance of the dielectric. C, = g¢,/d, & and ¢, denote the vacuum
permittivity and relative permittivity of SiO,, and d is the thick-
ness of the SiO, (285 nm). The electron mobility is calculated
to be 4 cm? V7! s71, which is comparable with the well-studied
2D MOSZ.

To further investigate the photoresponse of the fabricated
PdSe,-based FET, we mechanically modulated the intensity of
the incoming light and recorded the current by sweeping the
gate bias from 0 to 60 V at Vgg = 1 V. The I4~V, character-
istics of the device in the dark and under illumination with
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a 532 nm laser are displayed in Figure 3a. The photocurrent
(Ioh = Tiight — laart) generated increases with the incident power
and gate bias. With the power density varying from 0.475 to
50 uW pum=2, the photocurrent increases from 1.42 x 107° to
3.72 x 107® A (Figure 3b). Unlike some traditional thin film
photodetectors with a wide linear dynamic range (LDR), the
photocurrent presents a linear relation with the incident
light power before saturated absorption. The dependence of
the photocurrent on the light power can be described with a
simple power law dependence I, e P% The power exponent
o of some photodetectors with large LDR can be very close
to 1 in practice.>¥ However, in low-dimensional photodetec-
tors,3>3% the nonunity exponents of 0 < o < 1 are usually
demonstrated. For our PdSe, phototransistor, the nonlinear
power law dependence of photocurrent is also displayed.
The power exponent « is extracted to be 0.22, which devi-
ates from the ideal slope of & = 1. The deviation from a linear
photoresponse can be attributed to the photogating dominated
gain mechanism involving complex process of carrier gen-
eration, trapping, and recombination within PdSe,.?”) The
photoresponsivity, quantum efficiency, and photoresponse
spectral range are important parameters in photodetectors.
The dependence of the photoresponsivity on the incident
power density of the 532 nm laser is plotted in Figure 3c. The
maximum photoresponsivity reaches 3.35 A W' at the power
density of 0.475 uW um~2, which is comparable with other
TMD-based photodetectors.>®!

We also investigated the photoresponsivity dependence on
the gate bias. As shown in Figure 3d, the photoresponsivity
increases with the gate voltage and decreases with input light
power density. With the gate voltage increasing from 0 to 60V,
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Figure 3. Photoresponse properties in the visible region. a) l4—V, characteristics of the PdSe,-based FET under dark and illumination of 532 nm laser.
b) The power-dependence of the photocurrent of the device. c) The photoresponsivity as a function of excitation power. d) Gate-tunable photorespon-

sivity of the PdSe,-based device. Vg, is 1 V.

the photoresponsivity changes from 0.65 to 3.35 A W1 at light
power density of 0.475 uW um~2. The photogain is defined as!®

c=1R @

eAn
where h is Planck’s constant, ¢ is the light velocity, e is the
electron charge, A is the wavelength of the incident light, R
is the photoresponsivity, and 7 is external quantum efficiency
(assuming 100%). The calculated photogain increases from
151% at V; = 0 V to 780% at V; = 60 V under 532 nm light
excitation at the power density of 0.475 uW pum=. Our study
shows that the ability to modulate the photoresponsivity and
photogain by an external gate bias enables the photodetector to
manipulate the photocarrier generation, separation, and recom-
bination processes.

In addition to the photoresponse of the PdSe,-based FET
at 532 nm wavelength, we also investigated its photoresponse
to red light of 633 nm wavelength (Figure Sla, Supporting
Information). Similarly, the photocurrent of the device
increases with the power density of the 633 nm laser.
The dependence of the photocurrent and photorespon-
sivity on the light power follows a similar trend with that
of 532 nm light (Figure S1b,c, Supporting Information).
We determine o to be 0.28, revealing similar recombina-
tion kinetics. The photoresponsivity of the PdSe,-based
FET to 633 nm light at power density of 0.47 uW um= is
0.37 A W71, lower than that of 532 nm light. This may be due
to an increase in the optical absorption of the PdSe, flake at
higher photon energy.
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The time-dependent photoresponse of the PdSe,-based
FET was also investigated. Here, we use a focused laser beam
(532 and 633 nm) as the illumination source. The photocurrent
versus time plots of the device under illumination of the
532 and 633 nm light with power density of 3 uW um= are
shown in Figure S2 in the Supporting Information. Vg was
kept constant at 1 V and no gate bias was applied. With the irra-
diation source periodically switched on and off at 20 s intervals,
the device exhibited a response time of 220 ms, which is still
slower than conventional photodetectors.

In addition to the visible spectrum, the PdSe,-based device
also exhibits excellent photoresponse in the near-infrared band.
We use a 1064 nm laser to investigate the photoresponse of the
PdSe,-based device in the near-infrared which is important for
imaging and optical communications.?**J According to pre-
vious reports, the bandgap of PdSe, is thickness dependent.?8!
A PdSe, flake with thickness of 6 nm was used to fabricate
the phototransistor. The laser power density dependence of
the source—drain current was investigated by sweeping the gate
bias from 0 to 30 V at Vg =1 V. As the power density increases
from 0.18 to 1.56 mW mm™2, I4 varies from 3.8 x 107 to
1.5 x 107 A (Figure 4a). Fitting with a simple power law rela-
tion I, = P% we extract o to be 0.51, indicating that there are
lower trap states in the near-infrared region than that in visible
region.l’”] Figure 4b plots the dependence of photoresponsivity
on the power density of the 1064 nm laser. The device deliv-
ered an high photoresponsivity of 708 A W' at 0.18 mW mm™
which is five orders of magnitude higher than that of the near-
IR photodetector based on BP,l and two orders of magni-
tude higher than that of commercial infrared photodetectors
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Figure 4. Photoresponse properties in the near-infrared and mid-infrared regions. a) The power-dependence of the photocurrent of the device on
1064 nm laser. b) The power-dependence of the photoresponsivity of the device. c) The photoresponsivity to 1064 nm light as a function of gate bias.
Vys is 1 V. d) The I4—Vys characteristics in dark and under illumination of 4.05 um laser. e) The photoresponsivity on 4.05 um light as a function of gate
bias. Vy is 0.2 V. f) Absorption spectra of the PdSe, nanoflake, showing the strong absorption of mid-IR spectrum.

based on Si, Ge, or InGaAs (less than 1 A W~1).[3# As sum-
marized in Table 1, the photoresponsivity surpasses other
photodetectors based on 2D materials including graphene,
BP, Te, and so forth. The maximum photogain was calculated
to be 82 700% which is high for photodetectors working in
the near-infrared band. The high photoresponsivity and pho-
togain can be attributed to photogating effect, which was also
observed in other 2D material-based photodetectors.[*>*%l To
clearly demonstrate that the photogating effect exists in PdSe,-
based phototransistors, we investigate the influence of light
on the transport behavior of PdSe,-based FET. As displayed
in Figure S3 in the Supporting Information, when we applied
light of 532 nm to the PdSe,-based FET, the charge neutral
point shifted from —44 V to lower than —60 V. The PdSe,-based
FET turned from ambipolar to n-type, which clearly showed
the photodoping effect in the PdSe,-based FET. From the result
of the electron doping effect in the FET, we can conclude that
some of the generated holes are trapped by trap states, and
this will cause the extended lifetime of electrons which will be
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recirculated between source and drain. According to the equa-
tion: Gpp = Ty/Tiransivy T 1S the lifetime of carriers, and Ty
is the drift transit time of charge carriers from source to drain
which is governed by the applied field. 7, will greatly increase
due to the trapped carriers by trap states and a high photogain
can be achieved.’7##8] With increasing power density, the
device shows decreased photoresponsivities, similar to that
reported for other photodetectors.**>%l The decreased photo-
responsivity with increasing power is commonly observed
in low-dimensional photodetectors. This phenomenon is a
result of the complex process of carrier generation, trapping,
and recombination within low-dimensional materials. For
photodetectors using with photogating effect, the decreased
photoresponsivity is caused by gradually filled trap states.
When all the trap states are completely filled at a certain inten-
sity of light power, more free carriers which cannot be trapped
will be generated. This will result in a decreased average car-
rier lifetime. According to the equation: Gy, = Ty/Tiransivy the
photoresponsivity and photogain will decrease. The influence

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Comparison with some reported 2D-based materials infrared photodetectors.

Materials Wavelength [um] Vgs [V] Ve V] Responsivity [A W] Gain [%] Detectivity [Jones] Ref.
Graphene 13 1.5 —-80 0.0005 [5]
Graphene 1.55 0.05 -15 0.006 - - [14]
Graphene 1.47 0.02 0 0.2 - - [56]
MoTe, 1.06 10 10 0.02 - 1.3x10° [57)
MoS, 1.07 0.8 0 5.2 1.4x107 [58]
BP 3.39 0.5 3 82 - - [59]
BP 0.94 0.2 0 0.005 - - [16]
b-AsP 3.66 0 0 0.03 6.1 49x10° [60]
Te 1.4 5 25 13 - 2.9x%10° 21
PdSe, 1.06 1 30 708 82700 1.31x10° This work

of the gate voltage on the photoresponse properties at 1064 nm
wavelength was studied. As presented in Figure 4c, the
photoresponsivity displays a continuous increase with gate bias
from 0 to 30 V. The photogain can also be modulated by the
gate bias. As the gate voltage varies from 0 to 30 V, the gain
increases from 47 900% to 82 700%. The detectivity D* of the
device under 1064 nm laser illumination is calculated by the
following equation

NEP =

3)

Tes

D' = VALY (4)

NEP

where NEP is noise equivalent power, i, is noise current,
R, is photoresponsivity, A is active area, and Af is electrical
bandwidth. The detectivity (D*) is assessed using standard
methodology for phototransistor photodetector noise by
direct measurement of the actual noise spectral density.’>%
The measured noise is dominated by 1/f noise (Figure S4,
Supporting Information). At low frequency, the current noise
is more than one order of magnitude than the calculated shot
noise derived from dark current. The detectivity is calculated to
be 1.31 X 10° Jones, which is comparable to other hexagonal 2D
TMDs, as shown in Table 1.

We also successfully demonstrated the operation of PdSe,-
based photodetectors in the mid-IR region, which has broad
applications in spectroscopy, materials processing, and chem-
ical and biomolecular sensing. Here, at room temperature and
in ambient air, mid-IR light with wavelength of 4.05 pm was
used to illuminate the PdSe,-based device with flake thick-
ness of about 50 nm. As shown in Figure 4d, the source—drain
current increases with the power density of the 4.05 um laser.
The maximum photoresponsivity at 4.05 um wavelength is
calculated to be 1.9 mA W~L. The photoresponsivity in mid-IR
region is lower than that in visible region. The reason may be
the energy of the optical photon in the visible is much higher
than that in the mid-IR range. The influence of the gate bias
on the photoresponse properties at 4.05 um wavelength was
also studied. As presented in Figure 4e, the photoresponsivity
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displays a continuous increase with gate voltage from 0 to
30 V. The time-dependent photoresponse to 4.05 pm wave-
length was also investigated. As shown in Figure S5 in the
Supporting Information, when the light is applied onto the
device, an obvious photocurrent will be generated. This demo-
nstrates that PdSe, is capable of photodetection in the mid-IR
region. The response time is in the millisecond range. This
can be explained by the photogating effect. As discussed above,
the photogenerated holes are trapped in trap states in PdSe,,
which will extend the lifetime of photogenerated electrons in
PdSe,. The trapped holes in PdSe, cannot recombine with the
photogenerated electrons in a timely manner, and this leads to
the slow response. As the photoresponsivity in mid-IR region is
lower than that in near-IR region, the detectivity in mid-IR will
be lower than that in near-IR, which makes it much lower than
the theoretical background limited infrared photodetection.
However, in future optimization, the small specific detectivity
in the junctionless PdSe, caused by high dark noise can be fur-
ther improved by forming a junction with other 2D materials to
suppress the dark current noise.”? To demonstrate that thicker
PdSe, flakes can realize photodetection in the mid-infrared
and even far-infrared region, we performed Fourier transform
infrared spectroscopy (FTIR) on 250 and 370 nm thick PdSe,
flakes. Optical absorption was calculated by using the trans-
mission and reflection spectra shown in Figure S6 in the Sup-
porting Information. From the absorption spectra (Figure 4f),
we observe that thick PdSe, exhibits more than 10% absorption
even for the wavelengths beyond 8 um. This is a significant
intrinsic advantage over many other 2D materials whose
bandgap cannot be reduced to 0 eV, for example, BP, Te, and
other TMDs.

The symmetry of PdSe, is orthorhombic, which is similar to
black phosphorus.?%33 This endows PdSe, with a unique ani-
sotropy on account of its in-plane low symmetry. The structure
anisotropy in PdSe, enables us to investigate its properties as
a polarization sensitive photodetector.*>°! We also performed
angle-resolved polarized Raman spectroscopy to investigate
the vibrational anisotropy of PdSe,. The polarized Raman
spectra were collected using a 532 nm laser in a backscattering
geometry. Figure 5a displays the angle-dependent Raman peak
intensity of the A, mode at 151 cm™. As the rotation angle
increases in steps of 15°, the Raman peak intensity exhibits

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Anisotropic photoresponse of the PdSe,-based phototransistor. a) Polar plots of the peak intensities of A, mode as a function of polarization
angle under parallel configurations. b) Polar plot showing the photocurrent of the device with gate bias of 50 V at wavelength of 532 nm as a function

of polarization.

clear periodical variation with increasing angle from 0° to 360°.
The maximum peak intensities occur at 0°, 90°, 180°, and 360°
while the minimum at 45°, 135°, 225°, and 315°. Finally, the
linear polarization dependence of the photoresponse properties
of the PdSe,-based photodetector was investigated by mechani-
cally modulating the linear polarization angle of the excitation
laser. Figure 5b displays the dependence of the photorespon-
sivity of the device as a function of the polarization angle of
the linear polarizer. With the polarization angle varying from
0° to 180°, the photocurrent changes periodically and achieves
maximum value at 45° and 135° and minimum at 90° and 180°.
Our results indicate that PdSe, has the potential to serve as a
linear dichroism media, which has important application in
structural study and characterization in inorganic chemistry,
polymer chemistry, material science, and biochemistry.

The noble transition metal dichalcogenides including PtSe,
and PdSe, have been demonstrated as promising candidates
due to their suitable bandgaps for broadband photonic and
optoelectronic applications with high environmental stability. A
recent work has also demonstrated a high-performance broad-
band mid-infrared photodetector based on PtSe,.] We discuss
several reasons why this work on PdSe, phototransistors is
superior or different from the PtSe, photodetector. First, PdSe,
possesses a unique pentagonal structure?®3! in 2D layers
while PtSe, has a hexagonal structure.l®>% The properties of
2D materials are closely related to their structures. For example,
PtSe, lacks anisotropic property due to its symmetrical hexag-
onal structure while PdSe, is anisotropic. This unique pentag-
onal structure of PdSe, may endow it with fascinating optical,
electrical, and thermoelectric properties. Second, our highest
photoresponsivity is 708 A W~! which is two orders of magni-
tude higher than that (6.25 A W) of the PtSe,-based photo-
detector. Photogating contributes to the high photoresponsivity
and high gain. Due to the photogating effect, one type of photo
carrier (electron/hole) is trapped by localized states, which will
effectively increase the recombination lifetime of the other type,
and thus a high photogain can be achieved. Third, we show
evidence for the photogating effect. As displayed in Figure S3
in the Supporting Information, an obvious shift of the charge
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neutral point of the PdSe,-based FET was observed when
illuminated by light. The PdSe,-based FET turned from ambi-
polar to n-type after the light was applied, which clearly showed
the photodoping effect in the PdSe,-based FET. Fourth, we con-
firm the anisotropic property of PdSe,. We demonstrated that
the photoresponse of the PdSe,-based photodetector can vary
with the polarization angle of the applied light, while PtSe,-
based photodetector has no anisotropic photoresponse because
the PtSe, has a symmetrical hexagonal structure. This character
may endow the PdSe,-based photodetector with the potential to
serve as a linear dichroism media, which has important applica-
tions in structural studies. Finally, this work presents the gate-
tunable photoresponsivity while the previous work did not.["
The gate-tunable photoresponsivity may endow us with more
freedom of controlling the performance of phototransistor.

In summary, a high-performance broadband PdSe,-based
photodetector has been demonstrated. The PdSe,-gated
photodetectors exhibit high photoresponsivity in the visible,
near-infrared, and mid-infrared regions. When illuminated by
a 1064 nm laser with power density of 0.18 mW mm™, the
photoresponsivity and photogain of the device reach 708 A W~!
and 82 700%, respectively. Photodetection at mid-IR (up to
4.05 um) is also realized and FTIR spectroscopy demonstrates
optical absorption by PdSe, beyond 8 um. In addition, the ani-
sotropy of the PdSe, flake is demonstrated by angle-resolved
polarized Raman spectroscopy and a polarization-sensitive
photocurrent is presented. Our study suggests that PdSe, is a
potential candidate material for high-performance broadband
photodetectors and other optoelectronics applications. Finally,
considering its ability to narrow the bandgap to 0 eV, this mate-
rial has the potential for realizing photodetection in the mid-
infrared or even far-infrared band.

Experimental Section

Device  Fabrication: Thin PdSe, flakes were prepared by
micromechanically exfoliating PdSe, from a bulk crystal (2D
semiconductor) onto a polydimethylsiloxane stamp. Target flakes
were then identified with optical microscopy and transferred onto a

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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SiO,/Si substrate with a micromanipulator. The electrode contacts
were patterned by the Laser Writer (Microtech LW405B). After that,
Ti/Au (5/70 nm) was deposited in a thermal evaporator and liftoff was
performed by using PG remover.

Characterization Methods: AFM measurements under tapping mode
were conducted with an AFM (Bruker) under ambient environment.
Raman spectra were collected using a commercial WiTec Raman system
with 532 nm laser. A polarizer was placed between the edge filter and
detector to obtain a parallel polarization configuration. Samples for
absorption measurements were transferred onto an intrinsic silicon and
FTIR was performed using Fourier transform infrared spectrophotometer
(Agilent Technology, Cary 600 series FTIR spectrometer). Electrical
measurements were carried out in a probe station. Lasers of 532, 633,
1064 nm, and 4.05 um source wavelengths were used to investigate
the photoresponse of the PdSe,-based FET. Light power dependence
of the photoresponse was conducted by varying the light power
while maintaining the light polarization unchanged. The influence of
the polarization on the photoresponse of the PdSe,-based FET was
realized by rotating the polarization of the light using a half-wave plate
and a polarizer. The noise spectral density was acquired with a low-noise
current preamplifier (SR570), a dynamic signal analyzer (Hewlett-
Packard, 35670A), and a parameter analyzer (Agilent 4156B).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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