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Abstract

CrossMark

We report on the low-temperature photoconductive properties of few layer p-type tungsten diselenide
(WSe,) field-effect transistors (FETs) synthesized using the chemical vapor transport method.
Photoconductivity measurements show that these FET's display room temperature photo-responsivities
of ~7 mAW ' when illuminated with a laser of wavelength A = 658 nm with a power of 38 nW. The
photo-responsivities of these FETs showed orders of magnitude improvement (up to ~1.1 AW ™" with
external quantum efficiencies reaching as high as ~188%) upon application of a gate voltage

(Vg = —60V). A temperature dependent (100 K < T < 300 K) photoconductivity study reveals a
weak temperature dependence of responsivity for these WSe, phototransistors. We demonstrate that it
is possible to obtain stable photo-responsivities of ~0.76 & 0.2 AW~ (with applied Vg = —60 V), at
low temperatures in these FETs. These findings indicate the possibility of developing WSe,-based

FETs for highly robust, efficient, and swift photodetectors with a potential for optoelectronic

applications over a broad range of temperatures.

Supplementary material for this article is available online

Keywords: 2D materials, low-temperature transport, transition metal dichalcogenide, WSe,,
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1. Introduction

The inherent optical band gap present in a variety of two-
dimensional van der Waals layered materials can possibly lead to
devices with multifunctional photonics based applications [1]. In
particular, high performance FETs based on layered transition
metal dichalcogenides (TMDs) such as molybdenum disulfide
(MoS,), tungsten disulfide (WS,), etc are thought of as ideal
candidates for photodetectors and hence can lead to applications
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0957-4484/18,/484002+-07$33.00

pertaining to low power opto-electronics [2, 3]. In that respect
recent investigations on monolayer to few-layers WSe, and their
hetero-structures have indicated that these materials can display a
variety of fundamental and interesting physics which may lead to
future novel optoelectronic device applications [3-12]. For
example, high-quality in-plane hetero-junctions of WSe, with
MoSe; is a possible step forward for realizing in-plane transistors
and diodes [6, 7], similar to WSe,—MoS, hetero-junctions which
were shown to form lateral p—n diodes and photodiodes [9]. As
such, understanding light-matter interaction in WSe,-based

© 2018 IOP Publishing Ltd  Printed in the UK
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materials can lead to the development of these materials for niche
optoelectronic applications.

Most of the recently reported FETs fabricated from few-
layered WSe, crystals shows p-type characteristics [10-15],
which can be further tuned by using different metals for the
source and drain contacts [16, 17]. For example, by using Ni and
Pd respectively for source and drain contacts, one can extract
holes and electrons from the same channel and therefore observe
ambipolar behavior from few-layered WSe, FETs [17]. One can
observe the same ambipolar characteristic by using ionic liquid as
the gate dielectric as reported on WSe, FET [18]. It was also
demonstrated that FETs based on such few-layered WSe,
flakes exfoliated from crystals grown through a chemical vapor
transport (CVT) technique can display room temperature hole-
mobilities approaching those of hole-doped Silicon [14]. The
band gap values of these layered TMDs semiconductors typically
lie between 1-2 eV and therefore show promising optical prop-
erties under exposure to visible light [19]. This is one of the
reasons why TMDs and their hetero-structures are tested for their
photo-responsive properties. A previous study on a photo-
transistor based on monolayer WSe, [11] found much higher
photo-responsivity (~10> AW™") for low illumination intensity
(2Wm?) with a very slow switching time of several seconds
(~5s), similar to monolayer MoS, [20]. However, recent mea-
surements on few-layered WSe, flakes show that it is possible to
obtain high photo-responsivity ~7 AW ™", as well as very short
switching times of ~10 us at room temperature when illuminated
with white light [13]. These above mentioned studies on the
optical properties of phototransistors based on WSe, and other
layered TMDs, looks extremely promising, however, most of
these characterizations performed were limited to room temper-
ature. It is well known that device properties, which includes
these 2D semiconductor devices as well, drastically changes at
low temperature due to effects such as; (i) decrease of thermionic
emission, which reduces the charge tunneling through metal-
semiconductor junctions, (ii) increase of contact resistance, (iii)
variation of trap states as well as recombination centers etc.
Therefore, in order to expand the applicability of these materials
further, it is extremely important to understand the temperature
dependence of their optoelectronic properties. Of particular
interest, how these few-layered semiconductors respond to light
as a function of temperature (specifically at low temperatures),
could lead to a better understanding of their optoelectronic
properties and to applications where low temperature photo-
detection is needed. In this report, we present the photo-response
of few-layered WSe, FETs fabricated on the Si/SiO, substrate as
a function of temperature and applied gate voltage. We observed
the photo-responsivities, R, of ~1.1 AW™! with external
quantum efficiencies (EQE) as high as ~188%, is achievable in
these devices upon application of gate voltage, Vg = —60V at
277 K, when illuminated with laser of wavelength, A\ = 658 nm
(E = 1.88 eV) under a laser illumination intensity, Peir = 38 nW.
Such high quantum efficiency (>100%) indicates the possibility
of generation of multiple photo carriers and recirculating
them over the lifetime of the photo-generated carriers which leads
to internal gain mechanisms [21] in our devices. Detailed
temperature dependent (100K < T < 300K) photoconduction

measurements, reveals that WSe, FETs show stable photo-
responsivities of ~0.76 &= 0.2 AW! (Vg = —60V) over the
range of the temperatures studied, despite the mobility of the
devices decreases as we lower the temperature.

2. Methods

Single crystals of WSe, were grown through CVT technique in
a high temperature two-zone furnace using iodine as the trans-
port agent. The 99.9% pure W (Acros Organics) and 99.5% pure
Se (Acros Organics) were used for the crystal growth. The
mixture of W and Se were heated at 1000 °C in a clean quartz
tube in high purity iodine (1.5 mgcm ™) environment as the
transport agent. The mixture was slowly heated from room
temperature to the desired temperature 950 °C and 820 °C for
both source and growth zone respectively and the experiment
ran for 10 days. Then the furnace temperature slowly cooled
down to the room temperature. The resulted bulk crystal were
washed with hexane and dried in vacuum to remove any residual
iodine from the crystal. Prior to our measurements, these crystals
were characterized through photoluminescence spectroscopy,
Raman spectroscopy, electron diffraction (EDX) and transmis-
sion electron microscopy in order to confirm the quality of the as
grown crystals, which confirms the composition and crystal
phase of WSe, as 2H-phase (trigonal prismatic), as reported in
our previous studies [14, 22]. Highly p-doped Si is used for
applying the back gate voltage. A bulk WSe, single-crystal was
mechanically exfoliated by the scotch tape technique and thinner
layered flakes were transferred onto a clean 270 nm thick SiO,
substrate. FETs were fabricated via electron beam lithography
techniques, followed by electron beam evaporation of 3/90 nm
thick Ti/Au layers and subsequent lift-off with acetone. After
lift-off and cleaning in acetone, the samples were thermally
annealed at 300 °C for 3 h in forming gas to remove PMMA
residue from the top of the WSe, channel. The devices were then
vacuum-annealed at 130 °C for 24 h at high vacuum pressure
(1077 Torr). Vacuum annealing improves the electrical contacts
between the semiconductor and the metallic contacts as pre-
viously reported [14, 23]. The electronic and optoelectronic
measurements were performed in a closed cycle helium flow
vacuum probe station (JANIS SH-4-1) with a quartz optical
window. After mounting the devices onto the cold head stage,
the vacuum chamber was evacuated for ~2h to reach the
pressure of ~10> Torr. The 3-terminal FET measurements
were performed by using Kiethley 2400 series source meter
units. For optoelectronic measurements a continuous wave laser
light source (coherent cube, A = 658 nm) with tunable laser
illumination intensity was mounted close to the optical window
and separated from the cryostat body.

3. Results and discussions
Figure 1(a) displays the optical image of one of the WSe,

FET on a Si/SiO, substrate. The dimensions of the sample,
depicted in figure 1(a), are L/W ~ 9.0 ym/5.2 ym, where L
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Figure 1. (a) Optical micrograph image of one of our fabricated WSe, field-effect transistors with Au on Ti for the electrical contacts.
(b) Schematic of our FETs when measured in a three-terminal configuration. (c) AFM height profile measured across the edge of the WSe,
channel indicating a 6.5 nm thick crystal, corresponding to nine atomic layers. (d) Drain to source current, I, as a function of bias voltage,
Vp without the application of a gate voltage, Vg = 0 V (blue markers) and under the application of a gate voltage Vg = —60 V (red
markers). (e) The field-effect electrical transport measurement under a constant source to drain voltage Vp = 0.5 V and under varying Vg in
normal scale (red marker) and in semi logarithmic scale (blue marker) in order to estimate the ON/OFF ratio of the device.

and W, are length and width of the channel, respectively.
Figure 1(b) depicts the schematic of the FET and the scheme
of measurements based on three-terminal configuration.
Figure 1(c) displays the AFM height profile indicating that
channel is composed of nine atomic layers.

Electrical transport characterization of one of our devices
(~277K) is shown in figures 1(d) and (e). Figure 1(d) shows
the drain to source current (Ip) as a function of the drain to
source bias voltage (Vp) under Vg = —60 V (red marker) and
also without the application of any gate voltage (blue marker).
From the data it is clear that the application of a gate voltage
substantially increases the channel current due to electrostatic
doping. Notice that Ip as a function of Vp curve measured
under voltage window of —0.5V < Vp < 0.5V indicates a
linear region at the source to drain bias Vp < 0.2V and
becomes nonlinear at Vp > 0.2 V. Nonlinearity in the Ip—Vp
behavior is usually due to the Schottky barrier at junction
between metallic contact and semiconductor channel, and is
discussed in greater detail (specifically for WSe, FETs) in a
previous article [14]. The field-effect electronic transport
properties of the WSe, FET, measured with a 3-terminal
back-gated configuration at room temperature and under Vg,
(—=60V < V5 < 40V) is shown in figure 1(e) (red marker)

under a constant Vp = 0.5 V. The back-gated transfer char-
acteristics (Ip as a function of Vg curve) shows typical p-type
conduction, with a threshold gate voltage, Vry of ~—43 V for
this particular device. The current ON/OFF ratio was found
to be ~10* as shown in figure 1(e). From this measurement,
the field-effect hole mobility (upg) was calculated using the
formula g = (1/Co) * (1/Vip) * (L/W) * (9l/8V), where,
Cox is the capacitance per unit area of the 270 nm SiO,. The
field-effect mobility for reported device was found to be
pre ~ 80cm? V™! s, For a TMD-SiO, interface, typically
the number density of interface trap states lies in the order of
irap ~ 10''-10"%cm 2 and for our devices typical trap
density was 7y, ~ 3.36 X 10" cm 2. We have utilized the
hysteresis behavior of the device upon gate sweep in order to
estimate this number as shown in supplementary figure (S1
supplementary information is available online at stacks.iop.
org/NANO/29/484002 /mmedia). Such generic p-type
electrical behaviors were also seen on other devices as well,
one of which (device II) is presented in figure S3 of the
supplementary information.

Room temperature photodetection ability of WSe, FET is
presented in figure 2. Photoconduction measurements were
investigated using a red laser of wavelength A\ = 658 nm
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Figure 2. (a) Photocurrent response under laser ON and OFF cycling, measured without the application of a gate voltage (i.e. Vo =0V,
orange markers) and under the application of a gate voltage Vg = —60 V (green markers) with Vp = 0.5 V. (b) Transfer characteristics under
no light illumination (laser OFF) and under illumination intensity of P ~ 1.2 uW (laser ON). (c) Photocurrent, I,,, as a function of
illumination intensity, Pes, under gate bias voltage, Vg = —60 V. Dashed line shows power law behavior, I, oc (R )36, (d) Responsivity,
R, and external quantum efficiency, EQE, as a function of illumination intensity, P.g, under gate bias voltage, Vg = —60 V. Dashed lines are

fit of form R = A;/(A> + Perp) and EQE = B, /(B> + Pegp) as demonstrated by Roy e al [33] with A,, A,, B; and B, are fitting parameter.

(E = 1.88eV) with a circular spot size of diameter ~3 mm.
Since the spot size is much larger than the actual device size,
the effective intensity illuminating the device (P.g) was
estimated by using the formula Py = (Agevice/Alaser) Protal-
Here, we would like to note that, larger spot size meant that
under illumination both the source and the drain contacts were
equally illuminated. Under these conditions the temperature
gradient can be assumed to be negligible across the channel
minimizing the photo-thermoelectric effect [24].

Figure 2(a) shows the photocurrent response of the
device under cyclic laser ON and OFF conditions in absence
and with the application of a gate voltage at T = 277 K (with
Py =046 uW and Vp =0.5V). The photocurrent
Ion = Ling=lgark, Where Iy, is the current obtained under laser
illumination and Iy, is the current obtained under dark
conditions. At Vg =0V, I, was found to be ~1.5nA.
However, under Vg = —60 V, our WSe, FET device showed
Ipn ~ 200 nA, which is two orders of magnitude higher than
the value obtained without gate bias. This behavior is similar

to past investigations [12, 13, 15] where it was shown that the
photocurrent, and hence the responsivity, increases orders of
magnitude in the ON-state of WSe, phototransistor.

Figure 2(b) shows transfer characteristics with laser OFF
and laser ON (under P.s ~ 1.2 uW). It was noted that on-
state Ip increased from 2.2 A under the laser OFF condition
to 3.4 pA under laser ON condition at an applied
Vg = —60 V. Also a Vpy shift from —43 to —40 V upon laser
illumination was observed. Such behavior is observed in a
variety of 2D phototransistors [15, 20, 21, 24-26] and can be
explained in the light of presence of several different
mechanisms such as photoconductive as well as photogating
[27, 28]. In the case of pure photoconduction, the photo-
current will be linearly dependent on incident photon flux or
in other words, on illumination intensity i.e. Iy o< (Pegr)”,
where v ~ 1. However in the presence of photogating effect,
~ will deviate from 1, particularly v < 1 [24, 25]. Figure 2(c)
shows I, as a function of Pg under Vg = —60 V. At low
intensities, we found that the photocurrent follows a power
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law behavior, I, o< (Peg)” with v = 0.56. We believe that in
our WSe, devices, the sublinear dependence of the photo-
current (Ipp ~ P°?) in the ON-state clearly suggests that the
dominant mechanism for the strong enhancement of the
photocurrent enhancement upon application of gate is due to
photogating effect. Further, in case of pure photoconduction,
photo-generated electron—hole pair recombining through band
to band transition whereas in case of photogating, photo-
generated electron—hole pair recombining via charge traps at
surface and interface. Time scale associated with band to band
transition is usually faster than time scale associated with
charge trapping and de-trapping. Thus, photo-response rise/
fall time due to photogating effect is slower than those due to
photoconductive effect. An analysis of the time response
extracted from our data presented (device I) in supplementary
figure S2 indicates that for an applied Vg = —60V, the
estimated fall time is at least 3 times slower than the response
of the devise without the application of any gate voltage
indicating the importance of charge trapping de-trapping due
to photogating effect and could be the reason for the observed
high gain in our devices as described below.

Typically, photo-responsivity (R) and EQE are the two
most critical quantities to be considered to evaluate the overall
performance of a photo detector and they are defined as
R = I;,/Petr and EQE = R (h.c/e.)), where h is the Plank’s
constant, A is the excitation wavelength and e is the electron
charge. For this device the maximum photo-responsivity at room
temperature with Vg = 0V and P.; = 38 nW was found to be
~7mAW ', Under Vg = —60V, both photo-responsivity and
concomitant EQE values can be enhanced by two orders of
magnitude than Vg = 0 V. For example, for this device, photo-
responsivity (with P = 38nW and Vg = —60 V) was found
to be ~1.1 AW with a corresponding EQE ~188%. The
dependence of the photo-responsivity and EQE on the illumi-
nation intensity at 277 K is shown in figure 2(d). These values
are comparable and in some cases, better than those obtained for
several other 2D photo-active crystals [28-30].

To check the performance of the WSe, phototransistors for
potential applications in places where operating temperatures are
substantially lower than ambient temperature, we have performed
photocurrent measurements on these devices over a temperature
range of 100K < 7 < 277K. The temperature dependent
transfer characteristics of the device is shown in figure 3(a). The
device showed consistent p-type behavior over the entire range of
temperatures studied. On-state Ip decreased from 2.2 uA at
277K to 0.2 pA at 115 K. Field-effect hole mobility (yrg) also
decreased from ~80cm®* V' s at 277K to 8cm’ V' s at
115K, as shown in inset of figure 3(a). However, a substantial
photocurrent was obtained over the entire range of studied tem-
peratures. Transfer characteristics at 7= 115K, as shown in
figure 3(b), displays an increment in the ON-state I, and shift in
the threshold voltage under P = 0.46 uW. Inset of figure 3(b)
shows photo-response of the device under cyclic laser ON and
OFF conditions with and without Vg at T = 115K, which
exhibit an order of magnitude increment for Vg = —60 V com-
pared to Vg = 0V. Under Vg = —60V, our WSe, FET shows
an increase in I, with increasing P at T = 115 K and it follows
a power dependence, I,  (Pes)’, with v = 0.5, as shown in

figure 3(c). The exponent, v was found to be ~0.5 for the range
of temperatures studied and is shown in the inset of figure 3(c).
We further found that the responsivity, as shown in figure 3(d),
remains almost constant under a fixed P, and Vg over the
temperature range 115K < T < 277 K.

A strong temperature dependence of the photocurrent has
been observed in many disordered bulk semiconductors and
more recently in CVD grown monolayer MoS, [31]. Such
temperature dependences are generally attributed due to trapping
and un-trapping of the photo-generated carriers by localized
defect states, usually referred as trap states [31]. Since these trap
states are themselves thermally activated, a strong temperature
dependence of the photocurrent expected, specifically photo-
current becomes more prominent towards higher temperatures
(photocurrent increases as temperature increases). Further,
depending on the energy distribution of the of trap states, they
can be classified as deep traps (located close to the mid-gap) and
shallow trap states (located closer to the valence or conduction
band edges). In the case of p-type WSe,, it has been recently
reported by Kim et al [32] that the majority of trap states are
located near the valence band edge (shallow trap states). In our
WSe, phototransistors, we observe a very weak temperature
dependence of photocurrent over the range of temperatures
studied. A detail dependence of photo-responsivity (R) of
another device (device III), as function of gate voltage and drain
voltage (Vp) at constant effective intensity illuminating of
Pegr = 605 nW and constant temperature 7 = 275 K is provided
in supplementary information (figure S4(b)). Photo-responsivity
as function of gate voltage and temperature (7) at constant
effective intensity illuminating of Py = 605nW and at drain
voltage, Vp = 0.5V for this same device is shown in figure
S4(c). We found that for this device photo-responsivity
increased upon application of back gate voltage (V) and/or
upon application of drain voltage (Vp). A weak dependence of
the photo-responsivity under a fixed Py and Vg over the
temperature range 75 K < 7' < 275 K was also observed.

With several analysis presented, the low temperature
photo-response seen in our samples may be attributed to the
fact that, the majority of the trap states are shallow trap states
and due to the lower activation energy of these states, they
can participate in photocurrent generation at lower tempera-
tures. This assertion can be further strengthened by the fact
that the power exponent, v remains close to 0.5 over the
whole range of studied temperatures. These investigations
show that few-layered CVT grown WSe, is a suitable can-
didate for developing high performance photodetectors with
substantial temperature stability.

4. Conclusions

In conclusion, we have shown that few layer p-type WSe,
shows robust photo-responsive behavior over a wide range of
temperatures. The similarities in the photo-conducting behavior
of few layer p-type WSe, with other layered TMD materials,
such as fractional power dependence of the photocurrent on the
illumination intensity of the laser, enhancement of the respon-
sivity with the application of a gate voltage, etc was observed.
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Figure 3. (a) The FET behavior of the device over a temperature range of 115 K < T < 277 K. inset shows variation of mobility with
temperature. (b) Transfer characteristics under no light illumination (laser OFF, blue marker) and under illumination intensity of

Peir = 0.46 W (laser ON, red marker) at 7 = 115 K. Inset shows photocurrent response under laser ON and OFF cycling, measured without
the application of a gate voltage (i.e. Vg = 0V, orange markers) and under the application of a gate voltage Vg = —60 V (green markers).
(c) Photocurrent, Iy, as a function of illumination intensity, Py, under gate bias voltage, Vg = —60 V. Dashed line shows power law
behavior, I, o (P>, Inset: variation of the exponent, v, over a range of studied temperatures. (d) Responsivity, R, as a function of
temperature at different illumination intensity, P.s, and gate voltage, Vg.

However, this study also provided evidence for a substantially
different temperature dependence with respect to the photo-
responsivity reported so far on other TMD materials. In the
present study, a very weak temperature dependence was
observed for the photocurrent, and thus for the photo-
responsivity, over a wide range of temperatures. We believe that
the presence of shallow trap states in CVT grown WSe, sam-
ples is perhaps one of the reasons for their photo-responsivities
even at low temperatures. These measurements, to our knowl-
edge, are the first measurements available on low temperature
photoconductivity of p-type WSe, FETs. As such these studies
are extremely valuable for understanding the fundamental
physical nature of photoconduction in these materials at low
temperatures. These results also suggest that the photo-
transistors based on WSe, crystals might have advantages over
other 2D crystals for low-temperature photodetection. These

findings indicate the possibility of developing WSe,-based
FETs as robust, efficient, and swift photodetectors with poten-
tial for optoelectronic applications operating over a wide range
of temperature.
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