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ABSTRACT: Here, we report the photoconducting response of field-effect
transistors based on three atomic layers of chemical vapor transport grown WSe2
crystals mechanically exfoliated onto SiO2. We find that trilayered WSe2 field-effect
transistors, built with the simplest possible architecture, can display high hole
mobilities ranging from 350 cm2/(V s) at room temperature (saturating at a value of
∼500 cm2/(V s) below 50 K) displaying a strong photocurrent response, which
leads to exceptionally high photoresponsivities up to 7 A/W under white light
illumination of the entire channel for power densities p < 102 W/m2. Under a fixed
wavelength of λ = 532 nm and a laser spot size smaller than the conducting channel
area, we extract photoresponsitivities approaching 100 mA/W with concomitantly
high external quantum efficiencies up to ∼40% at room temperature. These values
surpass values recently reported from more complex architectures, such as graphene
and transition metal dichalcogenides based heterostructures. Also, trilayered WSe2
phototransistors display photoresponse times on the order of 10 μs. Our results
indicate that the addition of a few atomic layers considerably decreases the photoresponse times, probably by minimizing the
interaction with the substrates, while maintaining a very high photoresponsivity.

KEYWORDS: two-dimensional atomic layers, transition metal dichalcogenides, tungsten diselenide, field-effect transistors, photocurrent,
quantum efficiency

■ INTRODUCTION

Although graphene1 is the most studied two-dimensional, or
layered material, single or few atomic layers of other van der
Waals solids, such as insulating h-BN2 or semiconducting
transition metal dichalcogenides (TMDs) such as MoS2,

3,4

MoSe2
5−7 or WSe2,

8,9 are being intensively investigated, as
either promising gate dielectrics or as the conducting channel
material in field-effect transistors (FETs). Because monolayer
MoS2 has been shown to be a direct-bandgap semiconduc-
tor,10,11 due to quantum-mechanical confinement,10,12,13 it was
suggested that it could be a suitable material for optoelectronic
applications14 where the direct bandgap would naturally lead to
a high absorption coefficient and therefore to efficient
electron−hole pair generation under photoexcitation. Its
potential for applicability is further supported by the overall
behavior of the FETs, which display high ON to OFF current
ratios, i.e., up to 108,4 photogains as high as 500015 and high
specific detectivities, i.e., up to 1010−1011 Jones.16
However, the photoresponse of single-layer MoS2 is a matter

of controversy, with reports indicating either the absence of a
sizable response16,17 or, and in contrast, a high photocurrent
when the phototransistor is its “ON” state.14,18−20 Most reports
attribute the observed photocurrent to the separation of
photogenerated electron and hole pairs at the interface between

the semiconductor and the metallic electrical contact14−20

although others claim a prominent role for the photothermo-
electric effect (resulting from the difference in the Seebeck
coefficients between the contact and the channel materials and
the presence of light-induced temperature gradients).21 The
Schottky barriers between the semiconducting channel and the
metallic electrodes, which result from the difference between
the electron affinity of the semiconductor and the work
function of the metal, are expected to play a major role in any
conventional photodetector.22 Several groups tentatively
attributing the differences among the observed electrical and/
or optical transport properties, to the size of the Schottky
barrier.15,18,21 In addition, the bending of the conduction and
valence bands in the vicinity of the metallic contacts, which
leads to pronounced local electric fields under a bias voltage,
were claimed to contribute significantly to photocurrent
generation.20

The electrical contacts would also play a relevant role for the
photoconducting temporal response. It is reported to vary
widely from characteristic rising/decay times inferior to a 1 ms
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to values surpassing 30 s, for either mechanically exfoliated or
chemical vapor deposited (CVD) MoS2.

15−18 For instance,
phototransistors based on large-area, CVD synthesized, WSe2
monolayers electrically contacted with Pd, which presumably
display small Schottky barriers, are found to exhibit high
photogain (105) and specific detectivity (1014 Jones), but with
characteristic response times >5 s in air.23 In contrast, when
these phototransistors are contacted with Ti, which is claimed
to lead to a higher Schottky barrier, they would display a fast
response time, i.e., shorter than 23 ms, but with several orders
of magnitude lower photogain and specific detectivity.23

Here, we explore the photoresponse properties of field-effect
transistors based on three atomic layers of WSe2 exfoliated onto
SiO2:p-Si substrates contacted with a single combination of
Ti:Au contacts. We find large photoresponsivities approaching
7 A/W (under white light and for illumination power densities
10 < p < 102 W/m2) and external quantum efficiencies
approaching 40% (under laser illumination at λ = 532 nm).
These values can still increase considerably by varying either
the bias or the back gate voltages or both, and/or simply by
illuminating the whole area of the conducting channel. Their
characteristic response time is found to remain within a few
tenths of microseconds. Improvements in the quality of the
electrical contacts, the starting materials and substrates is likely
to improve their performance making few-layer WSe2 photo-
transistors potentially useful for optoelectronics applications.

■ RESULTS AND DISCUSSION

Figure 1a shows a schematic of our multilayered WSe2 based
field-effect transistors and the configuration of measurements.
The devices are composed of three atomic layers of WSe2,
which are electrically contacted by using a combination of Ti
and Au. Figure 1b shows a micrograph of one of our trilayered
WSe2 FETs whose detailed electrical transport characterization

is presented in the Supporting Information and which will be
briefly discussed below. As seen in Figure 1c, the spot size of
the laser beam (3.5 μm) was intentionally chosen to be smaller
than the area of the conducting channel in order to minimize
the interaction with the area surrounding the electrical contacts.
Figures 1d displays an atomic force microscopy (AFM) image
of the edge of the WSe2 from which we extracted the height
profile shown in Figure 1e.
Our trilayered WSe2 FETs behave as hole-doped transistors,

i.e., yielding a sizable current (on the order of 1 μA/μm at low
excitation voltages Vds) only for negative gate voltages Vbg
surpassing a certain threshold value Vbg

t , see Figure 2. The ON
to OFF ratio surpasses 106 but with relatively large
subthreshold swings SS ≅ 5 V. The room temperature values
of Vbg

t are sample dependent varying from −30 and −40 V, and
increasing as the temperature is lowered, as can be seen by
comparing Figures 2a and c and b and d. This behavior is
attributable to disorder-induced carrier localization in the
channel as extensively studied in Si/SiO2 MOSFETs.24 Above
Vbg
t and from the slopes of Ids as a function of Vbg, and by

applying the MOSFET transconductance formula, μFe = 1/
cgdσ/dVbg, where σ = Ids /Vds w with and w being the length
and the width of the channel respectively, and cg = εrε0/d =
12.789 × 10−9 F/cm2 for a d = 270 nm thick SiO2 layer, we
obtain maximum two-terminal field-effect hole mobilities
exceeding μFE ≅ 350 cm2/(V s) at T = 275 K. μFE increases
to values surpassing ∼500 cm2/(V s) at T = 20 K due to the
suppression of phonon scattering, see also Figure S1 of the
Supporting Information. These near room-temperature values
for the two-terminal field-effect mobilities are considerably
higher than the ones extracted for electron-doped multilayered
MoS2 FETs.

25 This suggests that our chemical vapor transport
synthesized WSe2 single-crystals are less disordered than
natural MoS2. Our extracted mobilities are higher than those

Figure 1. (a) Sketch of our experimental setup showing drain (D) and source (S) current electrodes. Green cylinder depicts the laser beam, whose
spot size is chosen to be considerably smaller than the active WSe2 channel area to minimize the interaction with the charge carriers flowing through
the current leads. (b) Micrograph of one of our trilayered WSe2 based field-effect transistors, indicating electrical current pads, as well as electrical
connections for four-terminal resistivity and Hall-effect measurements. This sample of channel length l = 22.22 μm and an average width w = 8.37
μm was mainly used for two-terminal electrical transport measurements. Here “S” and “D” denote source and drain contacts, respectively. (c)
Micrograph of a second trilayered WSe2 field-effect transistor. This sample of channel length l = 15.8 μm and an average width w = 8.6 μm was
mainly used for evaluating the photoconducting response. As seen, a violet laser spot is shone onto the channel. (d) Atomic force microscopy image
along the edge of the sample in panel c. Blue line indicates the line along which the height profile (shown in panel e) was collected. The height
profile indicates a step of 2.3 nm or 3 atomic layers (each with a thickness of 0.647 nm).
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obtained at T = 80 K for encapsulated multilayered WSe2 using
graphene for the electrical contacts and ionic liquid gating26 but
close to the value of ∼600 cm2/(V s) extracted also for ionic
liquid gated and h-BN encapsulated multilayered WSe2 at T =
220 K.27 Insofar, the highest room temperature mobility
reported for multilayered WSe2, i.e., ∼500 cm2/(V s), was
obtained by using parylene as the gate dielectric.28 On SiO2, we
obtained μFE ∼ 350 cm2/(V s) at T = 300 K for crystals
composed of approximately 10 atomic layers, and whose value

increased up to ∼670 cm2/(V s) at T = 105 K.29 Most
importantly, in these samples, we found a broad agreement
between field-effect and Hall mobilities, with their difference
ascribed to an underestimation of the value of the gate
capacitance used in the transconductance formula, most likely
due to the presence of spurious charges.29 The gate-induced
decrease in the size of the Schottky barriers at the contacts and
the screening of both impurities and charge carriers in the
neighborhood of the mobility edge should contribute to higher
field-effect mobilities.
As discussed above, the metallic electrical contacts were

claimed to play a major role in the photoconducting response
of FETs based on TMDs; therefore, we proceed to analyze the
quality of our Au (∼90 nm) on Ti (∼4 nm) contacts and
evaluate the size of the Schottky barriers. As seen in Figure 3a
at low excitation voltages Vds, the drain to source current Ids is
linear (or ohmic like) in Vds, independently of the applied back
gate-voltage Vbg. This indicates that any Schottky barrier
between WSe2 and the contacts plays a quite mild role at room
temperature, with carriers being promoted across the barrier by
thermionic emission or thermionic field emission processes.30,31

In effect, according to thermionic emission theory,30,31 the
drain to source current Ids is related to the Schottky barrier
height ϕSB through the expression:
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where, A is the area of the Schottky junction, A* =
4πem*kB

2h−3 is the effective Richardson constant, e is the
elementary charge, kB is the Boltzmann constant, m* is the
effective mass and h is the Planck constant. To evaluate the
Schottky barrier at the level of the contacts, in Figure 3c, we
plot Ids normalized by the square of the temperature T2 as a
function of e/kBT and for several values of Vbg. Linear fits,
depicted by straight lines from which we extract ϕSB, are limited

Figure 2. (a) Source to drain current Ids normalized by the width w of
the channel as a function of the back gate voltage Vbg and for several
values of drain-source excitation voltage Vds of 20 (red line), 69 (blue
line) and 118 mV (magenta line), respectively. As seen a sizable
current Ids is observed only for negative values of Vbg, indicating hole-
conduction once the Vbg surpasses a threshold value. (b) Same as in
panel a but in a logarithmic scale. (c) Same as in panel a (including
excitation voltages and respective line colors) but at a temperature T =
20 K. (d) Same as in panel c but in a logarithmic scale.

Figure 3. (a) Drain to source current Ids as a function of the excitation voltage Vds for several values of the gate voltage Vbg. Linear dependence at low
excitation voltages indicates a small role for the Schottky barriers. (b) Field effect mobility μFE as a function of the temperature T, as calculated from
the curves in Figure S2 of the Supporting Information. For this trilayered sample, μFE saturates at ∼500 cm2/(V s) at low T’s. (c) Ids normalized by
the square of the temperature T2 as a function of e/kBT, where e is the electron charge and kB is the Boltzmann constant. (d) ϕSB as a function of Vbg.
Red line is a linear fit. Deviations from linearity are observed above Vbg ≅ −80 V, suggesting a rather small Shottky barrier of just a few meV.
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to higher temperatures because at lower T’s, one observes
pronounced gate dependent deviations from linearity. Figure 3d
shows ϕSB as a function of Vbg where the red line is a linear fit.
From the deviation from linearity (the so-called flat band
condition) one extracts the size of the Schottky barrier Φ.31 A
pronounced deviation from linearity is observed beyond Vbg ≅
−80 V, where the size of Φ is of just a few meV, indicating a
better band alignment than what is a priori expected from the
difference between the work function of Ti (4.33 eV) and the
electron affinity of WSe2 (≅4.00 eV).32 Therefore, Ti would
seem to lead to a small Schottky barrier in contrast to the
claims of ref 23. The use of a different temperature prefactor,
i.e., Tα with α = 1.5 or 1 but ≠2 yields similar results. This small
Φ value might result from defects and impurities33 around the
contact area which would pin the Fermi level at an arbitrary
position relative to the conduction and valence bands. Or it
might result from thermally assisted tunneling through a quite
thin Schottky barrier.
Having clarified this aspect, we now return to the issue of

carrier localization due to the disorder in the channel. In Figure
S2 of the Supporting Information, we plot the two-terminal
conductivity σ as a function of T−1/3, the dependence expected
for the two-dimensional variable range hopping conductivity
mechanism. We find that it perfectly describes the data on a
broad range of temperatures and gate voltages, but particularly
at lower gate voltages, as previously seen by other groups
working on FETs based on TMDs.34,35 We ascribe the
threshold back gate voltage Vbg

t to the existence of a mobility
edge. Atomic level roughness, dangling bonds, and buried
charges, for example from Na treatment of the SiO2 layer,
create a random Coulomb potential on the SiO2 substrate,
contributing to disorder, which leads to carrier localization.
Dislocations in the TMD layers,34,35 adsorbates and residues
from the fabrication process also contribute to disorder and
hence to localization. The initial accumulation of charges in the

channel through the field-effect contributes to the screening of
spurious charges, which act as traps for charge carriers.
Additional carriers accumulated into the channel become
mobile and yield sizable currents only when these traps are
fully screened, or when Vbg > Vbg

t . Vbg
t is temperature-dependent

because at higher temperatures, thermal activated processes
would contribute to carrier detrapping and hence would
decrease the values of Vbg

t , as seen experimentally. At the
moment, we do not have a detailed understanding on the
nature and on the role of disorder in these systems, but our
experimental results are unambiguous.
Next, we proceed to evaluate phototransport properties of

our trilayered WSe2 FETs under coherent light illumination.
The transition toward a direct band gap is predicted to occur,
and has indeed been observed in single atomic layers of
TMDs.14 Hence, in monolayers, illumination leads to the
efficient creation of electron−hole pairs because it does not
require the intervention of phonons. Nevertheless, we chose to
work with trilayered devices for two reasons: (i) similarly to the
motivation for fabricating h-BN encapsulated samples,26,27 one
would expect the top atomic-layer to act as a capping layer, thus
minimizing the role of adsorbates and (ii) the bottom layer,
which is in direct contact with the SiO2 substrate, might be too
affected by disorder, spurious charges and concomitant
localization to a point where most of the current would be
effectively carried by the middle layer.36 Here, our goal is to
evaluate if such architecture would lead to an increase in the
photogenerated electrical currents because the usefulness of the
TMDs for high performance applications such as photo-
detectors, will likely depend on whether their current carrying
capabilities can rival those of current silicon based devices/
technologies.
Figure 4a displays the drain to source current Ids as a function

of the bias voltage Vds under several values of illumination
power from a λ = 532 nm laser (spot size 3.5 um). This data

Figure 4. (a) Drain to source current Ids as a function of bias voltage Vds for a trilayered WSe2 field effect transistor under zero gate voltage (Vbg = 0
V) and for several values of the optical power (for a wavelength λ = 532 nm). (b) Photoresponsivity R = Iph /P, where Iph = (Ids(P) − Ids(P = 0)), as a
function of Vds. (c) Resulting external quantum efficiency (EQE) as a function of Vds. (d) Iph as a function of the applied optical power P in a log−log
scale and for two samples, where open circles depict Iph(Vds = 1 V), and closed ones Iph for Vds = 2 V (sample #2). Red line is a power law fit
indicating an exponent α = 0.5, or that Iph tends to saturate at high P levels, likely due to an increased role for exciton recombination processes. (e)
Photoresponsivity as a function of laser power, R(P), from the data in panel d, indicating that R reaches values as high as, or exceeds 100 mA/W at
low P levels, but decreases by several orders of magnitude as P increases. (f) EQE as a function of P, in a log−log scale from the data in panel e. (f)
Red line is a linear fit yielding an exponent α = −0.5.
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was collected in absence of gate voltage (Vbg = 0 V). As seen, Ids
displays a nonlinear dependence on Vds similarly to what was
reported by ref 14 on MoS2. The room temperature generated
photocurrent, i.e., Iph = Ids(P) − Ids(P = 0), is the difference
between the currents measured in dark condition (red trace)
and under illumination. We did not detect significant time
dependence for the photogenerated current once the laser light
was turned on and kept at a constant power level. The resulting
photoresponsivity R, which is the ratio between Iph and the
applied illumination power P, is displayed in Figure 4b as a
function of the excitation voltage Vds, and for several values of
P. As seen, the induced photocurrent increases considerably
with increasing P. R tends to display an asymmetric dependence
on the sign of the excitation voltage Vds (see Figure S4 of the
Supporting Information). As discussed in the Supporting
Information, the origin of this asymmetry can be ascribed to
the relative and nonintentional proximity of the laser spot to
one of the current contacts. In effect, as discussed in detail in ref
20, the profile of the valence and conduction bands in TMDs
changes considerably in the vicinity of the contact area due to
the accumulation of charges induced by the Schottky barriers,
particularly under the application of a bias voltage Vds. The bias
voltage further increases the local band bending and
consequently it facilitates, under illumination, the promotion
of charge carriers through the metallic contacts. In contrast,
when Vds is reversed, the concomitant band bending becomes
unfavorable for, for example, hole extraction or electron
injection into the channel, thus decreasing the extracted
photocurrent as experimentally seen. In ref 20, it is shown
that most of the Iph is generated precisely at the interface
between the channel and the electrical contacts where the
electrostatic potential is found to be the strongest.
Nevertheless, the most important observation in Figure 4b is

the size of the extracted photoresponsivity R = Iph/P in the
absence of any gate voltage. R approaches 150 mA/W at low P’s
due to photogenerated currents ranging from 10−9 to 10−8 A;
these values are similar to the ones reported in refs 16, 21, 23

and 37 for several TMDs. It is important to emphasize that the
area of our conducting channel is nearly ∼27 times larger than
the laser spot size, implying that the illumination of the entire
channel (under the same power density) should increase the
generated photocurrent by 1 order magnitude or even more. In
Figure 4c, we plot the concomitant external quantum efficiency
EQE, or the number of photogenerated carriers circulating
through any given photodetector per adsorbed photon and per
unit time, as a function of Vds. Here, EQE = hcIph/eλP, where P
is the illumination power irradiated onto the channel, λ is the
excitation wavelength, h is Planck’s constant, c is the velocity of
light and e is the electronic charge. Notice how, in absence of
gate voltages and under low illumination power, one can extract
EQE values up to 40% under P = 10 nW. However, as will be
discussed below, the application of a small gate voltage, in the
order of just Vbg = −10 V, increases the value of Iph
considerably indicating that it is possible to improve these
values considerably by just varying the gate voltage or simply by
increasing the bias voltage. Notice that these R values are
similar to those reported for multilayered WS2;

37 although in
ref 37, the illumination area is 58 μm2, or approximately 6 times
larger than our spot size, and R was obtained under a
considerably smaller power density. As will be subsequently
demonstrated, by increasing the illumination area, under white
light in this case, at a fixed power density, one can extract far
more pronounced R values, which in combination with
appropriate values for Vbg and Vds is likely to generate
photocurrents approaching (or surpassing) 10−6 A. Again, we
chose to limit the spot size of our laser beam to minimize the
interaction with the contacts in an effort to evaluate the
intrinsic photoresponsivity of WSe2.
Figure 4d,e,f shows, respectively, Iph, R and the resulting EQE

as a function of the laser illumination power P, under zero gate
voltage, for two values of the bias voltage, Vds = +1 and +2 V,
and for two crystals of similar thicknesses, i.e., sample #1 (black
markers) and #2 (blue markers). In Figure 4d, the red line is a
linear fit that yields Iph ∝ P0.5. The nonlinear dependence of Iph

Figure 5. (a) Photocurrent Iph as a function of bias voltage Vds for a trilayered WSe2 field effect transistor, for several values of the gate voltage Vbg
under a fixed optical power density p = 75 W/m2 (white light spectrum produced by a Xe lamp). These measurements were performed on the same
sample whose photoresponse under λ = 532 nm illumination is displayed in Figure 4. (b) Same as in panel a but for p = 4286 W/m2. (c) Iph as a
function of Vds under a constant gate voltage Vbg = −12 V and for several p values. (d) Iph as a function of the gate voltage Vbg for several p values. (e)
Photoresponsivity R as a function of the white illumination power density p under a bias voltage Vds = 2 V and for several values of the gate voltage
Vbg. Notice the remarkably high R values at low p. (f) Iph as a function of p in a log−log scale, under Vds = 2 V and for several values of the gate
voltage Vbg. Red lines are linear fits, i.e., Iph ∝ pα, yielding an exponent α ranging from ∼1.33 at low gate voltages to 0.66 at higher Vbg.
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on P discards the photothermoelectric effect as the origin of the
observed photoresponse. Notice how R and EQE reach
maximum values approaching ∼0.15 A/W and 40%,
respectively, under a modest power of ∼10 nW, and for Vds
= 1 V and Vbg = 0 V. This R value is ∼3 times larger than those
extracted from CVD grown multilayered WS2,

38 and from
graphene−WSe2 heterostructures.

39 It is higher or comparable
to those extracted for multilayered MoS2

16,18 despite the very
small channel area illuminated by the laser beam, or the fact
that the dependence of R (or of EQE) on the excitation
wavelength λ has yet to be evaluated. As seen in Figure 4e, and
similarly to what was reported by other groups,14 the
photoresponsivity decreases by more than 1 order of magnitude
as P increases. Most likely, this reflects the shortening of
exciton recombination times as P increases due to the
concomitant increase in the density of photogenerated
electron−hole pairs. Consequently, the external quantum
efficiency as seen in Figure 4f, is observed to decrease as
P−0.5, reflecting the P-dependence of Iph.
Now we proceed to evaluate the photoresponsivity of our

trilayered WSe2 phototransistor under the white light spectrum
generated by a Xe lamp when it illuminates the entire channel.
Figure 5a displays the photocurrent Iph as a function of the bias
voltage, for several back gate voltages under a constant low
illumination power density p = 75 W/m2. Figure 5b, on the
other hand, shows Iph as a function of Vds under p ≅ 4.3 kW/
m2. Notice how an increase in p, by nearly 2 orders of
magnitude, leads to an increase in Iph by just a little more than 1
order of magnitude. Figure 5c illustrates the evolution of Iph as a
function of Vds on p under a gate voltage Vbg = −12 V. Figure
5d, on the other hand, plots Iph as a function of the gate voltage

for several values p. As seen, Iph increases considerably as the
value of the negative gate voltage increases. This reflects the
progressive displacement of Vbg toward the threshold gate
voltage where the charges become fully delocalized (see Figure
2). Not surprisingly, this indicates that charge localization (see
Figure S2 of the Supporting Information and related
discussion) due to, for example, interface roughness is
detrimental to the photoresponsivity of WSe2. Figure 5e
displays the photoresponsivity as a function of p for several
values of the gate voltage. Remarkably, at higher gate voltages
and under the lowest values of p, which are far below the
sunlight power density, one extracts R values surpassing 7 A/W.
More importantly, this value can be increased by increasing
both the bias and the gate voltages. Such high R values, when
compared to the previous results collected under the λ = 532
nm laser beam discussed in Figure 4, can be attributed to (i) a
larger illumination area and (ii) to illumination of the area
surrounding the contacts which is likely to contribute to the
promotion of charge carriers across the Schottky barriers.
Therefore, and although multilayered transition-metal dichal-
cogenides are characterized by an indirect band gap requiring
the intervention of a phonon to generate an exciton, they are
still characterized by pronounced photoresponsivities.
Although, for our trilayered crystals excitons associated with
the direct band gap are quite likely to play a major role in their
photoresponse. In fact, this is further supported by Figure S3 of
the Supporting Information, which shows the photoresponsiv-
ity of a 12-layer WSe2 crystal indicating R values surpassing 5
A/W at low power densities when collected under a bias
voltage of just 0.1 V. In this sample, by increasing Vds to ∼1 V,

Figure 6. (a) Schematics of the experimental setup for measuring time dependent photoresponse. (b) Photogenerated signal (normalized by its
maximum value) as a function of time in the dark and under 532 nm laser illumination under a modulation of 400 Hz, a laser power of 7.9 μW and
measured at Vds = 1.5 V. The superimposed damped oscillatory component results from capacitive elements in the circuitry such as the gate
capacitance. (c) Normalized photocurrent as a function of the laser modulation frequency.
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as applied to the trilayered sample, one could increase Iph and
the concomitant R values, by at least 1 order of magnitude.
In Figure S5 of the Supporting Information, we show that the

photoresponse of our trilayered WSe2 FETs is frequency-
dependent: shortening the excitation wavelength to λ = 405 nm
does not lead to an overall increase in their photoresponsivity,
as one would expect from the observations in ref 14. In fact, it
leads to a sharp decrease in R and in the concomitant EQE due
perhaps to excitation-dependent characteristic relaxation path-
ways with a predominant role for nonradiative decay.40

One important technological aspect for any potential
photodetector is its characteristic temporal response. For
example, single layer MoS2 phototransistors displaying high
photoresponsivities particularly at very low excitation powers,14

displayed rather large characteristic response times, i.e., within
several seconds.14,17 But other groups reported a total
photocurrent generation/annihilation time of just 50 ms.18

To characterize the photoresponse dynamics of our trilayered
WSe2 FETs, we used two techniques: (i) ON/OFF light
modulation to measure rise and fall time constants, (ii) AC
sinusoidal modulation of the excitation light intensity to
measure the characteristic response as a function of frequency.
Figure 6 a shows a schematic of the experimental setup for
measuring time dependent photoresponse. The laser diode
output (λ = 532 nm) was modulated through a function
generator and controlled with a fast Si photodetector. The
time-dependent generated photocurrent was converted into a
time-dependent voltage, through an I/V converter, and
captured either by a digitizer, or by a Lock-In amplifier. The
measurements were performed at Vbg = −10 V, implying that
the FET is in its OFF state without light illumination. Figure 6b
plots the photocurrent Iph measured as a function of time with
turning the laser ON and OFF. The time constant τON/OFF
defined as the time required to change the signal amplitude
between 10% and 90%, are about 40 μs for both rising and
falling edges. Figure 6c shows the frequency dependence of the
normalized photocurrent measured under sinusoidal light
modulation, Iph( f)/Iph ( f→0). The photocurrent begins to
decrease beyond a characteristic roll over frequency f 0 = 30.7
kHz corresponding to a characteristic transient time τ0 = (2π
f 0)

−1 = 5.2 μs. If instead one followed the bandwidth
convention by choosing the frequency at which the photo-
current decreases by 3 dB, one would obtain f 3 dB ≅ 43.3 kHz
corresponding to a characteristic time constant τ3 dB =
(2πf 3 dB)

−1 ≅ 3.7 μs. The current amplifier used in our setup
is characterized by a rise time of 10 μs and a 3 dB bandwidth of
60 kHz corresponding to a time constant of 2.7 μs. Thus, the
reported values τON/OFF ≅ 40 μs and τ3 dB ≅ 3.7 μs represent a
conservative estimate, implying that the actual photoresponse
of these trilayered WSe2 FETs is expected to be even faster.
These values are comparable to the transient time constant of
∼5 μs extracted for SnS2 thin crystal arrays, which is claimed to
be the fastest measured so far for transition metal
dichalcogenides based phototransistors.41 Also, it is important
to emphasize that such short time constants discard any role for
the photothermoelectric effect. The study in ref 23 suggests
that the metallic contacts and concomitant Schottky barriers
play a determinant role in the photoresponsive times of
transition metal dichalcogenide phototransistors. Nevertheless,
when using Ti for the electrical contacts, in photodetectors
based on monolayer WSe2, they obtain photoresponsive raise
times of ∼23 ms, or orders of magnitude higher than the
photoresponsive times extracted here. This suggests that the

interaction with the substrates is detrimental to the photo-
response times of transition metal dichalcogenides monolayers,
hence justifying our choice of multilayered crystals.

■ CONCLUSIONS

In summary, we have shown that few layer p-doped WSe2 field-
effect transistors built with the simplest possible architecture
can display high carrier mobilities and a strong photocurrent
response. This leads to a large photoresponsivity (e.g., ∼7 A/
W) and to remarkable external quantum efficiencies (e.g., 40%),
surpassing those of Si photodetectors.42 Most importantly, they
also display fast photoresponse times ranging from a few μs to a
few tenths of μs depending on the precise definition of the
response time. Although much higher photoresponsivities were
claimed for single layered MoS2,

14 the values reported here
surpass photoresponsivities and external quantum efficiencies
extracted from more complex architectures which use graphene
for the electrical contacts in heterostructures containing
multilayered transition metal dichalcogenides.39,43,44 In trilay-
ered WSe2, photoresponsivities R > 7 A/W under white light
illumination and transient times ranging from ∼4 to ∼40 μs
represent a good compromise between ref 14, which reports R
> 102 A/W but with associated photoresponse times of a few
seconds, and ref 41, which report transient times of 5 μs but
with R < 10 mA/W.
We emphasize that there is still ample room for improvement

of WSe2 based phototransistors. Although our results do
indicate that one is already able to extract sizable photocurrents,
a systematic study on the thickness, spectral dependence, role
of the electrical contacts and substrates, including bias- and
gate-voltage dependences should lead to the extraction of even
higher photocurrents than the values reported here, requiring
the development of robust contacts. The important point is
that the architecture implemented here is rather simple and
does not require, for example, the use of dielectric engineering
or the fabrication of van der Waals heterostructures,39,43,44

which increase the complexity and therefore the production
costs of potentially commercial phototransistors/photodetec-
tors. Finally, our results are promising enough to justify a major
engineering effort focused on increasing the carrier mobility,
decreasing the channel and contact capacitances to shorten
their characteristic photoresponsive times, and on increasing
the carrier tunneling probability across the electrical contacts. If
successful, this effort could unleash a new era in ultracompact,
low power and perhaps even flexible optoelectronics.

■ MATERIALS AND METHODS
WSe2 single crystals were synthesized through a chemical vapor
transport technique using either iodine or excess Se as the transport
agent. Multilayered flakes of WSe2 were exfoliated from these single
crystals by using the micromechanical cleavage technique, and
transferred onto p-doped Si wafers (with doping levels ranging from
2 × 1019 to 2 × 1020 cm−3) covered with a 270 nm thick layer of SiO2.
For making the electrical contacts, 90 nm of Au was deposited onto a 4
nm layer of Ti via e-beam evaporation. Contacts were patterned using
standard e-beam lithography techniques. After gold deposition, we
proceeded with PMMA liftoff in acetone. The devices were annealed at
300 °C for ∼3 h in forming gas, followed by high vacuum annealing
for 24 h at 120 °C. Atomic force microscopy (AFM) imaging was
performed using the Asylum Research MFP-3D AFM. Electrical
characterization was performed by using a combination of sourcemeter
(Keithley 2612A) coupled to a Physical Property Measurement
System. The photoresponse was measured with a homemade micro-
optical setup based on a modified microscope (Olympus BX51)
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enabling photocurrent, photoluminescence or Raman measurements.
For photocurrent measurements under monochromatic illumination,
we used a 532 nm solid-state CW laser (Coherent Sapphire 532-150
CDRH) or a 405 nm/532 nm laser diode system (Thorlabs DJ532-40,
532 nm; DL5146-101S, 405 nm; LTC100-A controller). The laser
beam was injected into a single-mode optical fiber, delivered to a
microscope sample stage through a 20× achromatic objective and
focused into a spot of about 3.5 um in diameter. The incident optical
power was adjusted with neutral density filters or by controlling the
operating current of the laser diodes. The photocurrent was detected
with and I/V converter (DL1211 current amplifier). To measure the
photoresponse times, the laser diodes were modulated using an
external function generator while the photoresponse was measured
with a high speed digitizer (NI PXI-5122) or a high-frequency lock-in
amplifier (SRS SR844). A Xe lamp was used when performing
measurements under white light. The incident illumination power was
controlled by using neutral UV−vis filters placed between the lamp
and the sample. An aperture was used to define a spot diameter of
∼9.3 mm. A broadband OPHIR-3A detector was used to measure the
illumination power density.

■ ASSOCIATED CONTENT
*S Supporting Information
Drain to source current as a function of back gate voltage for
several temperatures, conductivity as function to the inverse of
the temperature to the 1/3 power, indicating two-dimensional
variable-range hopping conductivity, photocurrent data under
white light for a 12-layer device, asymmetry of the photo-
response that is attributable to the interaction between carriers
and light around the contact area, and photoconductivity,
photoresponsivity and external quantum efficiencies for a
shorter monochromatic wavelength. The Supporting Informa-
tion is available free of charge on the ACS Publications website
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