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A B S T R A C T   

We demonstrate a multilayer palladium diselenide (PdSe2) high-performance photodetector. The photodetector 
exhibits the photodetectivity of 0.15 � 1010 Jones under laser illumination (λ ¼ 655 nm and power of 0.057 
mWmm� 2). The negative threshold voltage shift in transfer characteristics upon laser illumination is mainly 
attributed to the photogating effect. Systematic analysis of experimental data indicates that the photogating 
effect and space charge limited conduction are simultaneously involved in the conduction mechanism. We 
observe that the photogenerated current increases logarithmically as the light intensity increases, and it persists 
(~200 s) even after stopping the illumination. The slow decrease in current was attributed to the trapping of 
photogenerated charge carriers at the PdSe2/SiO2 interface and the defects in the structure of PdSe2. We also 
observe a reproducible and stable time-resolved photoresponse with respect to the incident laser power. We 
believe that this study can be an important source of information and can help researchers to continue to 
investigate methods that would allow them to maximise the potential of PdSe2 for photodetector applications.   

1. Introduction 

Owing to their excellent electrical and optical properties, two- 
dimensional (2D) materials have attracted the interest of researchers 
for photodetection applications [1–4]. These materials are considered to 
be potential candidates for replacing conventional silicon-based mate
rials in state-of-the-art ultrafast photodetectors [5–7]. Recent publica
tions have reported the remarkable characteristics of such 2D materials, 
including their broad waveband detection from ultraviolet to THz fre
quencies, ultrahigh photoresponsivity, polarization-sensitive photo
detection, and high-speed photoresponse [8–10]. 

Among various 2D layered materials, transition metal chalcogenides 
(TMDs), where one layer of transition metal atoms is sandwiched be
tween two layers of chalcogen atoms, have been considered for the 
improvement of the existing functionalities of photodetectors or 
achieving new ones, such as physical flexibility, high detectivity, effi
ciency or wavelength range, and transparency [11–14]. Owing to their 
atomic thickness, TMDs interact strongly with light; this results in their 
excellent optoelectronic properties which can be modulated using local 
fields, such as gate-voltage-induced electric, ferroelectric, and magnetic 

fields [15–17]. Gate-voltage-induced electric fields also facilitate the 
tuning of the transport properties and carrier density in atomic-thin 
channels, which can decrease the dark current to relatively low levels 
and create great potential for infrared photodetection [18]. 

Palladium diselenide (PdSe2) is the noble TMD with 2D pentagonal 
structure. It possesses puckered lattice structure with Pd atoms in the 
middle covalently bonded to four Se atoms, two of which are located 
respectively in the top and in the bottom part. The two neighbouring Se 
atoms located in the top and bottom sublayers form tilted Se–Se 
dumbbell (with puckering distance of �1.6 Å) crossing the Pd layer, 
resulting in a lack of rotational symmetry [19]. This structure is 
potentially sensitive to defects, as Se vacancy (VSe) would break the 
symmetry of the Se-Se dumbbell and induce large structural distortion. 
This is in contrast with the commonly observed layered hexagonal 
TMDs, where the symmetry remains intact even at a relatively high 
concentration of chalcogen vacancy. Further, in comparison to other 
TMDs, the puckered 2D PdSe2 flakes exhibit widely tunable band gap 
that varies from ~1.3 eV for monolayer to 100 meV or less depending on 
their thickness. Such high bandgap tunability is one of the most 
remarkable properties of PdSe2 in comparison to other 2D 

* Corresponding author. School of Electronic and Electrical Engineering, Sungkyunkwan University, Suwon, 16419, Republic of Korea. 
E-mail address: ghkim@skku.edu (G.-H. Kim).  

Contents lists available at ScienceDirect 

Materials Science in Semiconductor Processing 

journal homepage: http://www.elsevier.com/locate/mssp 

https://doi.org/10.1016/j.mssp.2020.105102 
Received 30 December 2019; Received in revised form 4 March 2020; Accepted 26 March 2020   

mailto:ghkim@skku.edu
www.sciencedirect.com/science/journal/13698001
https://http://www.elsevier.com/locate/mssp
https://doi.org/10.1016/j.mssp.2020.105102
https://doi.org/10.1016/j.mssp.2020.105102
https://doi.org/10.1016/j.mssp.2020.105102
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mssp.2020.105102&domain=pdf


Materials Science in Semiconductor Processing 115 (2020) 105102

2

semiconducting material [20,21]. 
In addition, few-layer PdSe2 based field-effect transistors (FETs) have 

displayed tunable ambipolar charge carrier conduction with a high 
electron field-effect mobility of ~158 cm2V� 1s� 1 [22]. These extraor
dinary electronic properties of PdSe2 hold great potential for future 
optoelectronic, piezoelectric, spintronic, and valleytronic applications. 

In this study, we fabricated n-type PdSe2 FET using quasi-one- 
dimensional nanobelt shaped PdSe2 flakes from a commercially avail
able source and the conventional exfoliation technique. We studied the 
optoelectronic properties of the PdSe2 FET at Room temperature (RT) at 
the wavelength of 655 nm and it was found that it exhibited excellent 
photodetectivity. We also analysed the stability and reproducibility of 
the as-prepared 2D PdSe2 FET by performing time-resolved photo
response measurements. We believe that this study could help re
searchers to address key concerns and challenges, such as charge traps 
and photogating that are associated with PdSe2 for photodetection 
applications. 

2. Experimental detail 

For the fabrication of the PdSe2 FET, PdSe2 flakes were obtained 
from commercially available bulk PdSe2 (2D Semiconductors, USA). 
Subsequently, a few PdSe2 layers were transferred onto a heavily doped 
p-type silicon substrate with thermally grown SiO2 (285 nm thick), using 
the conventional exfoliation technique. Suitable flakes were identified 
using an optical microscope and their thickness was confirmed using 
atomic force microscopy (AFM). Optical and e-beam lithography tech
niques were used for outer and inner metal electrode patterning. The 
deposition of Cr (10 nm) and Au (100 nm) was carried out using an e- 
beam evaporator at the pressure of 1 � 10� 6 Torr. After the evaporation 
of the metal, the sample was soaked in acetone for 45 min to lift-off the 

excess metal followed by cleaning with isopropyl alcohol and nitrogen 
blowing. 

3. Results and discussion 

Raman spectroscopy and AFM were used to analyse the optical 
properties and thickness of the PdSe2 flakes. The Raman spectrum of the 
few-layer flake was obtained at RT using a 532 nm laser (Fig. 1(a)) and 
confirmed that the few-layer flake was PdSe2. The three peaks observed 
at 143, 205, and 225 cm� 1 (denoted as A1

g, A2
g, and B1g, respectively) 

could be assigned to the movement of Se atoms, and the highest peak 
observed at 258 cm� 1 was ascribed to the relative movement of the Pd 
and Se atoms [19,20]. It is interesting to note that all of four peaks 
involve vibrations of Se atoms. This can be attributed to unique crystal 
structure of PdSe2 in which each layer is actually a Se-Pd-Se trilayer with 
Pd atoms covalently bonded to four Se atoms on the top and bottom 
sublayers. The more detailed information on the relative movement of 
each atom corresponding to the observed Raman peak can be found 
elsewhere [19,22]. We also observed that the Raman peaks of PdSe2 
were slightly upshifted with respect to theoretical peaks of bulk PdSe2 
and were consistent with the estimated number of layers. This upshift in 
the Raman peaks can be attributed to interlayer coupling and hybridi
zation resulting from the size reduction. Fig. 1(b) illustrates the AFM 
image of PdSe2, where the thickness of the PdSe2 layers was measured 
along the red line with indicator and was determined to be 11.2 nm 
(~18 layers). 

Electrical measurements of the PdSe2 FET were carried out using a 
4200 SCS parameter analyser (Keithley, USA) under ambient conditions 
and in the dark. Before electrical measurements, the as-prepared devices 
were spin coated with poly (methyl methacrylate) (PMMA) for 30 s at 
5000 rpm followed by vacuum annealing at 300 �C for 2 h. The pressure 

Fig. 1. (a) Raman spectrum of PdSe2. (b) AFM image (inset) and line profile of PdSe2 along the red line with thickness indicator. (c) Optical microscopy image of 
PdSe2 FET. (d) Transfer characteristics of PdSe2 FET (inset: Ids vs. Vds of PdSe2 in the dark) under ambient conditions. 
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of the vacuum chamber during annealing was maintained at 1 � 10� 6 

Torr. The photodetector characteristics of the PdSe2 FET were measured 
under the illumination of laser light (λ ¼ 655 nm) of various incident 
powers. Fig. 1(c) depicts the optical microscopy image of the as- 
prepared PdSe2 phototransistor. The length (L) and width (W) of the 
nanobelt were determined to be 0.81 and 0.47 μm, respectively. Fig. 1 
(d) and its inset illustrate the Ids vs. Vds and transfer characteristics (Ids vs. 
Vg) of the PdSe2 FET at room temperature. The linear relationship be
tween the Ids and Vds indicates good electrical contacts between Cr/Au 
and PdSe2. 

The multilayer PdSe2 presented n-type conduction behaviour, with 
field-effect mobility (μFE) of 3.9 cm2V� 1s� 1. The observed low mobility 
of our sample can be attributed to trapped water and oxygen molecules 
during various steps in sample fabrication as well as other factors like 
interface contacts, layer thickness etc [23–25]. The on/off current ratio 
was determined to be 104. The μFE was calculated using the equation μFE 
¼ (L/W) � (gm/CoxVds), where gm is the transconductance, and Cox is the 
dielectric capacitance between the channel and back-gate per unit area. 
In this study, we used the slope of the Ids vs. Vg curve to obtain gm, and Cox 
was calculated using the equation: Cox ¼ ε0εr/d, where εr is the relative 
permittivity of SiO2, ε0 is the permittivity of free space, and d is the 
thickness of SiO2 [26,27]. The threshold voltage (Vt) was determined to 
be ~14 V. To investigate the optoelectronic properties of the device, we 
carried out transport measurements under the illumination of laser (λ ¼
655 nm) under ambient conditions. The photocurrent (IPhoto

ds Þ under laser 
illumination was calculated using the following equation [28]: 

IPhoto
ds ¼ ILight

ds � IDark
ds ; (1)  

where ILight
ds and IDark

ds are the drain-source currents under laser illumi
nation and in the dark, respectively. 

Fig. 2(a) depicts the transfer characteristics of the PdSe2 FET with 
and without laser light illumination (the illumination power of the laser 
was 0.057 mWmm� 2). The linearity of the device was maintained intact 
under laser illumination and further analysis indicates that laser illu
mination has negligible effect on μFE. However, laser illumination 
significantly changed the threshold voltage (Vt ~ 5 V) by shifting the 
transfer characteristic in the negative direction (ΔVt ~ � 9V). The off 
current significantly increases by more than one order of magnitude 
upon illumination (blue line in Fig. 2(a)). The impression of ambipolar 
behaviour in Fig. 2 (a) is actually due to the saturation current in the off 
region and is usually attributed to several factors including gate leakage, 
interface charge trap induced current or band to band tunneling due to 
lowering of barrier in the negative gate regime for hole transport. Thus, 
it can be safely concluded that the observed pA current in the negative 
gate voltage regime is due to gate leakage current. 

From Fig. 2 (b), it can be inferred that IPhoto
ds strongly depended on Vg. 

The IPhoto
ds increases as Vg becomes increasingly positive. This could be 

attributed to the trapping of the photogenerated holes and electrons at 
the interface trap sites. In general, under illumination, two different 
effects are known to occur in field effect phototransistors depending 
upon the applied Vg, namely the photogating and photoconductive ef
fects (PG and PC, respectively) [29]. Hence, the photocurrent is the sum 
of two contributions: 

IPhoto
ds ¼ IPG

ds þ IPC
ds : (2) 

Fig. 2. (a) Transfer characteristics of PdSe2 FET in the dark and under laser illumination (λ ¼ 655 nm) under ambient conditions. (b) Photocurrent of PdSe2-based 
photodetector (IPhoto

ds ) as function of gate voltage (Vg). (c) Transconductance (gm) of PdSe2 photodetector as function of Vg. (d) Log–plot of Ids vs. Vds of PdSe2 FET 
measured at different illumination powers (red line indicates the linear fit). 
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Generally, the PG effect manifest itself as the change in the transistor 
threshold voltage, from Vt in the dark to Vt þ ΔVt under illumination. 
This enhance the photocurrent, which can be expressed as follows: 

IPG
ds ¼ gm ⋅ jΔVtj ¼

AKT
q

ln
�

1þ
ηqPin

Ipdhν

�

(3)  

IPC
ds ¼

W
L

VdsΔσ (4)  

where gm ¼
dIds
dVg 

is the transconductance of the transistor, A is a fitting 
parameter, K is the Boltzmann constant, T is the absolute temperature, q 
is the unit of charge, η the quantum efficiency, Pin is the incident optical 
power, Ipd is the dark current for holes, and hν is the photon energy 
[29–32]. According to equation (3), the dependence of IPG

ds on Vg is the 
same as that of gm and it scales logarithmically with Pin. Similarly, ac
cording to equation (4), the PC effect refers to the increase in conduc
tivity, Δσ, owing to the photogeneration of electron–hole pairs in the 
channel and is less dependent on Vg. The strong similarity between the 
dependences of IPhoto

ds and gm on Vg can be observed by comparing the 
graphs in Fig. 2(b) and (c). Therefore, we concluded that the photo
response from the PdSe2 FET was mainly due to the PG effect, because 
IPC
ds was not expected to depend on Vg significantly. Typically, the PG 

effect originates from the traps that are located in the channel or at the 
channel/gate insulator interface, where they act as additional back gates 
that become charged upon optical excitation and result in photogating 
the device and consequently shift the threshold voltage. 

To better understand the conduction mechanism in the channel, we 
plotted Ids vs. Vds for various laser powers in log scale (Fig. 2(d)). The 
current follows the simple power law: Ids ∝ Vγ

ds, where γ � 1. The 
calculated values of γ decreased from 1.001 � 0.002 to 0.951 � 0.009 as 
Pin increased from 0 (in the dark) to 0.369 mWmm� 2. That is γ decreased 
gradually as Pin was increased from 0 (dark) to 0.369 mWmm� 2. The 
calculated γ values were less than 1 at all illumination powers. There
fore, the conduction mechanism attributed to the Child–Langmuir (CL) 
law (where I ∝ V3/2), where the current is space charge–limited (SCL), 
could be omitted [33]. For a solid that contains numerous traps, the SCL 
conduction mechanism can be typically described using the 
Mark–Helfrich law: I ∝ Vlþ1, where l ¼ Tc/T > 1 and Tc is a parameter 
that characterises the exponential distribution of the energy of the traps 
[31,34]. Based on the traditional SCL models for solids, γ � 2. This in
dicates that the traditional SCL models for solids could not be used to 
explain the γ values (lower than 2) obtained in our experiments. This 
inconsistency between the model and our experimental data could be 

resolved by considering an SCL model for band gap materials, where γ ¼
3/2, which is similar to the CL law at the limit of the ultra-relativistic 
regime [29,31,35]. The γ values that are lower than 3/2 should be 
attributed to other quantum phenomena like quantum CL law where the 
scaling is 1/2 � γ � 3/2 [36]. At higher illumination power, the SCL 
conduction is transformed into an ohmic one owing to the higher 
number of photogenerated carriers and the improved screening of 
localised trapped charges. The dependence of Ids on Pin at higher volt
ages is weaker than at lower voltages (Fig. 2(d)). This may be attributed 
to the SCL mechanism becoming more dominant at lower drain bias than 
at higher voltage. 

Fig. 3(a) presents the schematic illustration of the PdSe2-based 
photodetector under laser irradiation and Fig. 3(b) illustrates the Ids vs. 
Vds characteristics of the PdSe2-based photodetector in the dark and 
under laser irradiation (λ ¼ 655 nm) at various effective Pin values. As Pin 
increased, Ids also increased (Fig. 3(b)). 

To better understand the characteristics of the photodetector, we 
calculated the photoresponsivity (R) of the PdSe2-based phototransistor 
at Vg ¼ 0 V from the photoresponse curve (Fig. 4(a)), as a function of Pin 
at λ ¼ 655 nm and Vds ¼ 1 mV using the following equation [37]: 

R¼
IPhoto

Pin
¼
ðIlaser � IdarkÞ

Pin
; (5)  

where Ilaser is the current of the device under laser light irradiation and 
Idark is the current measured in the dark. As Pin was decreased from 0.369 
to 0.057 mWmm� 2, R increased from 88.5 to 161.9 AW� 1 (Fig. 4(b)). 

Afterward, we calculated the specific detectivity of the device; this is 
another performance index of photodetectors, which is relevant to the 
sensitivity of detectors. Fig. 4(c) illustrates the dependences of R and 
D*of the PdSe2-based photodetectors on Pin at λ ¼ 655 nm and Vds ¼ 1 
mV. Assuming that the shot noise from Idark is the major contributor to 
the total noise, D* could be calculated as follows: 

D*¼
RS

1 =2

ð2qIdarkÞ
1 =2
; (6)  

where S is the active area of the photodetector [38,39]. The maximum R 
and D* values of the PdSe2-based photodetector under laser irradiation 
(λ ¼ 655 nm) were calculated to be 161.9 AW� 1 and 1.51 � 109 Jones, 
respectively. These values are comparable with those previously re
ported in the literature [40,41]. During the photosensing measurements, 
Vds was constantly biased at 1 mV which is significantly lower than the 
values used in previous studies. These excellent R and D* values could be 
attributed to the nanobelt like structure of PdSe2. 

Fig. 3. (a) Schematic representation of few-layer PdSe2-based photodetector under laser illumination. During the photodetection measurements, the PdSe2 
photodetector was protected with cross-linked PMMA. (b) Ids vs. Vds of PdSe2-based photodetector measured at different incident optical powers under 
ambient conditions. 
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Using the time-resolved photoresponse of the device at various Pin 
values at λ ¼ 655 nm and Vds ¼ 1 mV, we concluded that the photode
tector exhibits repeatable and stable response to the incident laser beam. 
From Fig. 4(a), we could further infer that the photoresponse of the 
detector is reproducible at all Pin values, which confirm the stability of 
the PdSe2-based photodetector. In addition, we analysed the transient 
characteristics of the phototransistor by measuring the channel current 
(Fig. 4(d)). As soon as the light was turned on, an abrupt increase in Ids 

was observed followed by a much slower increase. This behaviour could 
be explained by considering that the trapping of the photogenerated 
holes that attracts more electrons, which gradually increase the con
ductivity of the channel (Fig. 5(a) and (b)). But when the light was 
switched off Ids slowly decreased. This occurred because the trapped 
charges (PG effect) prolonged the conductivity despite the absence of 
illumination. The decay curve could be fitted using two exponentials 
with shorter (t1 ~ 8 s) and longer (t2 ~ 200 s) time constants [31,42]: 

Fig. 4. (a) Time-resolved photoresponse of PdSe2-based photodetector at different illumination incident power (Pin) values at λ ¼ 655 nm measured at ambient 
conditions. (b) Photoresponsivity (R) and photocurrent of PdSe2-based photodetector at different Pin values measured under ambient conditions. (c) R and Detectivity 
(D*) of PdSe2-based photodetector under ambient conditions. (d) Decrease in drain-source photocurrent (Ids) of PdSe2-based photodetector measured at Pin ¼ 0.369 
mWmm� 2 under ambient conditions (the blue line represents the exponential decay fit of Ids). 

Fig. 5. Band diagram representations of PdSe2-based photodetector device: (a) in the dark and (b) under laser illumination, that illustrate hole trapping in shallow 
and deeper trap states near the valence band. 
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I¼ IoþA1exp
�

� t=t1

�

þ A1exp
�

� t=t2

�

: (7) 

We attributed the shorter decay component to the PC effect and 
shallower traps present in PdSe2, and the longer decay component to the 
PG effect caused by the deeper (middle gap) traps, which are charac
terised by longer trapping/detrapping times [28,31,42]. In fact, these 
traps required longer exposure times to be filled, and yield the subse
quent very long decay component. 

4. Conclusion 

In summary, we fabricated a few-layer PdSe2 FET using a PdSe2 
nanobelt obtained using the conventional exfoliation technique. The 
photodetection capability of the as-fabricated PdSe2 was tested at 
different Pin values. The PdSe2 FET exhibited n-type characteristics, the 
on/off ratio of ~104, and a negative shift in Vt upon the increase in Pin. 
To understand the electrical transport at different Pin values, systematic 
data analyses were carried out. It was determined that charge trapping 
at the PdSe2/SiO2 interface and the defects in the PdSe2 channel played 
significant roles in the observed conduction mechanism. Lastly, we 
demonstrated that the PdSe2-based FET could be a suitable candidate for 
reproducible time-resolved photodetectors that require high photosen
sitivity. Our study could advance the research into PdSe2-based FETs for 
photodetector applications. 
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