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observed clearly in the optical contrast. In Figure 1b an AFM 
image of the same flake in Figure 1a is shown, with the height 
profile along the dashed line being shown in Figure 1c. In 
Figure 1d Raman spectroscopy of flakes from one to four layers 
thick are shown using a 532 nm laser at 30 μW and a grating 
of 2400 grooves mm−1. The Raman peak positions are in agree-
ment with Yamamoto et al. for the E1

2g, A1g, and B1
2g peaks, 

meaning we are confident in using Raman spectroscopy to 
identify flake thickness of MoTe2.[5,14,25] In Figure 1e the ratio 
of areas of the E1

2g and B1
2g Raman peaks as a function of flake 

thickness is displayed; this ratio is subsequently used to confirm 
the flake thickness of MoTe2 using only Raman spectroscopy.

After thorough characterization of MoTe2 flake thickness, 
two terminal FET devices, as shown schematically in Figure 2a, 
were fabricated as described in the Experimental Section.

Figure 2b,c shows optical microscopy images of a typical 
flake before and after deposition of the electrodes. In Figure 2d 
the output characteristics of a four-layer MoTe2 FET are shown: 
increased conduction is shown as gate voltage decreases from 
+10 to −30 V, showing the device is hole doped since it is entering 
the ON state with a negative gate voltage applied. In Figure 2e 
the transfer characteristics of the same four-layer device are dis-
played; hysteresis is observed as the gate voltage is swept from 
+50 to −50 V and back, indicating the existence of trap states 
between the MoTe2/SiO2 interface.[6] Our transfer characteristic 
displayed hole conduction which has been observed for MoTe2 
few-layer FETs,[8,9] although ambipolar transport has also been 
observed in the literature for MoTe2 devices.[10,11,21,27] In Figure 2e  
the field effect mobility, μFE, (calculated using the equation 
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 , where L and W are the length and 

width of the channel respectively, d is the oxide thickness, ε0 
and εr are the permittivity of free space and the relative permit-
tivity of SiO2, Vds is the drain to source voltage, and the last term 
is the inverse slope of the transfer characteristic in the linear 
regime of the ON state) is 2.04 and 0.86 cm2 V−1 s−1 for the up 
sweep and down sweep, respectively. This hole mobility is com-
parable to that reported for other few-layer MoTe2 FETs in the lit-
erature, e.g., 0.3 cm2 V−1 s−1,[10] and 1.5 cm2 V−1 s−1.[21] It is how-
ever somewhat lower than in some studies, e.g., 10 [in ref. [11]] 
and 26 cm2 V−1 s−1,[27] most likely due to a relatively high contact 
resistance in our case (≈2.5 MΩ μm, as estimated from the slope 
of our IDS–VDS curve at Vg = −30 V) along with the fact that these 
latter studies used ionic gates. For our four-layer devices we saw 
only hole conduction, as observed by others for few-layer MoTe2 
FETs.[8,9] We note however that electron transport has also been 
reported in many MoTe2 studies;[10,11,21,27] while we did not 
observe any electron transport in our four-layer devices, we did 
see an electron contribution in thicker devices (eight layers) (see 
Figure S1, Supporting Information).
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In the search for optoelectronic materials suited to flexible[1] and 
transparent[2] electronics and photonics applications, transition 
metal dichalcogenide (TMDC) materials are particularly attrac-
tive since they can be fabricated in 2D form with a direct band-
gap electronic structure making them potentially suitable for 
high-photoresponsivity applications.[3–5] However, for virtually 
all of the TMDCs reported to date a very slow photoresponse 
has been observed, often of the order of seconds (or tens of mil-
liseconds at best), limiting their application potential to condi-
tions of static or very slowly varying optical excitation.[6,7] Here 
we report on the optoelectronic properties of few-layer MoTe2 
devices in which we observe the simultaneous combination of a 
high photoresponsivity and a fast photoresponse.

MoTe2 has shown similar electrical properties to other TMDCs 
including the highly utilized MoS2.[8–13] In few-layer MoTe2 the 
band gap is in the range 1–1.1 eV, extending to near infrared the 
range of band gaps available for TMDCs.[14] The photoconduc-
tivity of MoS2 has been well researched,[6,7,15–20] however MoTe2 
has only just begun to be explored for its optoelectronic proper-
ties and MoTe2 flakes of thicknesses in the one to four layer range 
have not previously been studied optoelectronically.[9,21–23] In this 
paper we fabricate four-layer MoTe2 into field effect transistors 
(FETs) and find this thickness of MoTe2 to be a fast, sensitive 
photodetector with a photoresponsivity of ≈6 A W−1 and a photo-
response time of around 160 μs, approximately 125 times faster 
than previous reported measurements on MoTe2 devices.[22,23]

MoTe2 flakes were deposited onto Si/SiO2 (with SiO2 thick-
ness of 300 nm) for fabrication into FETs. Flakes were depos-
ited by mechanical exfoliation[24] and identified using optical 
micro scopy, Raman spectroscopy and atomic force microscopy 
(AFM), a method which has proven well suited for character-
izing this material.[11,14,25] We used four-layer flakes for our pho-
tocurrent measurements as Pradhan et al. showed that the use 
of few-layer TMDCs can reduce photocurrent response times 
while keeping photoresponsivity high.[26] Work done by Lezama 
et al. also shows the transition of MoTe2 to a direct band gap 
beginning at a flake thickness of four layers.[5] In Figure 1a, an 
optical microscopy image of a MoTe2 flake of thickness from 
one to five layers is shown; the difference in flake thickness is 
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acteristics were measured under illumination 
by a 685 nm (1.8 eV) laser in a custom-built 
photocurrent measurement setup (schematic 
shown in Figure S2, Supporting Information) 
with the laser focused through a 50× objective 
lens, capable of creating spot sizes of 1.5 μm 
(note that this four-layer device was different 
to that used for the results of Figure 2, but 
both devices showed very similar electrical 
characteristics). For all photocurrent meas-
urements the laser spot size was focused at 
the center of the MoTe2 channel and illumi-
nated both metal electrodes (though we note, 
as observed by Wu et al.,[18] that the photo-
current was locally enhanced at the electrode-
channel interfaces, see Figure S3, Supporting 
Information).

Figure 3a shows the output character-
istic for various illumination powers and for 
zero back gate voltage. An increase in Ids of 
15 nA, compared to the dark measurement, 
is observed using 25 μW illumination at 
Vds = 1 V, equating to a photoresponsivity of 
0.42 mA W−1. Figure 3b shows the depend-
ence of the photocurrent on illumination 
power at Vds = 5 and Vg = 0 V. Our linear fit 
provides a power dependence of 0.92 ± 0.04. 
In Figure 3c the transfer characteristic under 
400 nW, 685 nm laser illumination and in the 
dark is shown. From this figure, we measure 
a two orders of magnitude drop in the photo-
conductivity during the gate sweep. At −40 Vg 
(ON state), the device exhibits high photocur-
rent due to a change in threshold voltage (VT) 
of the device with illumination. This mecha-
nism, associated with the photovoltaic effect, 
is called photogating and has been observed in 
many semiconductor photodetectors.[19,28,29] 
The explanation for photogating in a hole 
doped device is that photogenerated electrons 
are captured in trap states causing the poten-
tial barrier at the interface between MoTe2 
and the Cr/Au electrode to decrease. The 
electric field is reduced from the accumulated 
charge, allowing holes to travel through the 
circuit more freely increasing conduction.[28] 
At +40 Vg (OFF state) there is no increased 
photocurrent from photogating so the photo-
responsivity in the OFF state is magnitudes 
lower than in the ON state. In Figure 3d the 
maximum recorded photoresponsivity of 
the four-layer flake is shown to be 6 A W−1 
(at −40 Vg) and depends heavily upon gate 
voltage. Recent studies on MoTe2 heterostruc-
tures have recorded much lower photorespon-
sivities in the range of 20–600 mA W−1,[22,23] 
although one very recent study (carried out 
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Figure 1. a) Optical microscopy image of four-layer flake used in our photocurrent study at 
100× magnification after and before fabrication. b) AFM image showing difference in heights 
between layers of ≈0.7 nm. c) AFM profile along the dashed black line in (b). d) Raman spec-
troscopy of one to four-layer thick MoTe2 flakes with a 532 nm laser. e) Peak area ratios of E1

2g 
and B1

2g against layer thickness.

Figure 2. a) Schematic of MoTe2 few-layer FET. b,c) Four-layer flake before and after device 
fabrication. d) Vds versus Ids at Vg values from +10 to −30 V. e) Vg versus Ids at Vds = 5 V.
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in parallel with the work reported in this paper) on the pho-
tocurrent in MoTe2 using Au contacts has found a high pho-
toresponsivity of 2560 A W−1.[21] Such variations in reported 
photoreponsivities reflect a wide variation in the measure-
ment conditions used. Photoresponsivity depends of course on  
(i) the number of excitons generated (which is dependent on 
the density of charge carriers and the excitation energy) and (ii) 
the mobility of the charge carriers (which determines how fast 
they are able to be collected at the contacts). A low photorespon-
sivity, for example, was reported where measurements were 
carried out in the subthreshold region where the carrier (hole 
in this case) mobility is low.[9] By contrast, other reported meas-
urements were carried out well above threshold (high gate volt-
ages of 80 V), enhancing an already high carrier (electrons in 
this case) mobility, and high excitation energies (2.6 eV) were 
also used.[21] Since we used moderate gate voltages (40 V) and 
moderate excitation energies (1.8 eV), it is perhaps no surprise 
that our recorded photoresponsivity falls between those of these 
earlier works. Indeed, we would expect further increases in the 
photoresponsivity of our devices should we use higher gate volt-
ages[21,30] and higher excitation energies (both of which would 
increase the number of excitons generated). We might also 
improve the photoresponsivity by reducing the contact resist-
ance (by using different contact materials) so as to increase the 

carrier mobility. The use of an alter native 
dielectric, e.g., h-BN, might also improve 
carrier mobility (and so photoresponsivity), 
as shown by Withers et al. for WS2 few-layer 
FET devices.[31]

Finally, we measured the speed of the 
photo response of the four-layer MoTe2 device 
by modulating the laser with a square wave 
at 178 Hz and recording the photocurrent (at 
Vds = 5 V and Vg = 0 V). The modulated laser 
waveform and the resulting photocurrent are 
shown in Figure 4a. In Figure 4b,c we show 
zoomed-in regions corresponding to the 
turn-on and turn-off of the laser, from which 
we can determine the rise and fall times for 
the photocurrent. The rise time (defined here 
as the time taken to go from 10% to 90% of 
the total photocurrent) is 160 μs and the fall 
time (defined similarly as the time taken to 
from 90% to 10% of the total photocurrent) is 
300 μs. Such a photoresponse is considerably 
faster than previously reported for MoTe2, 
with values of 25 ms being typically observed 
by others.[22,23]

Indeed, in Figure 4d we summarize the 
photoresponsivity and the photoresponse 
time for a wide range of TMDCs reported 
in the literature (full details of wavelengths 
used, operating conditions, and layer thick-
nesses of references is given in Table S1, 
Supporting Information), where it can be 
seen that our MoTe2 devices are amongst the 
fastest of all, while still competitive in terms 
of photoresponsivity.

We believe that the fast photoresponse we observe is poten-
tially due to three reasons: the thickness of our photodetectors, 
the crystal quality and the sampling rate/laser rise time used 
in our photoresponse measurements. We used four-layer flakes 
in our study, and other similar thickness TMDCs devices have 
previously shown a fast photoresponse[26,32] whereas using 
monolayer flakes appears to hamper the photoresponse speed 
(see Table S1 of the Supporting Information for full details of 
flake thickness in correlation to response speeds). We also note 
that for the fastest (to our knowledge) reported TMDC photo-
response time reported to date, for SnS2 devices,[33] the crystal 
quality was shown to play a key role in determining the speed 
of response. Finally, and perhaps surprisingly, it appears that 
in many cases the response time reported in the literature is 
adversely affected by the experimental arrangement used to 
measure it—often the laser is modulated by a mechanical 
chopper wheel that limits the rise time of the laser excitation 
itself, so limiting the measured photoresponse time (in con-
trast, our laser is directly electrically modulated, and an ultrafast 
digital oscilloscope is used to capture the photodetector output).

To summarize, we have fabricated four-layer MoTe2 FETs and 
performed optoelectronic tests including output and transfer 
characteristics with and without 685 nm laser illumination. 
We find that MoTe2 is suitable for high photoresponsivity 
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Figure 3. a) Vds versus Ids under a 685 nm laser at three different powers. Vg = 0 V. b) Power 
dependence on the photocurrent of the device at Vds = 5 V, Vg = 0 V. The dependence on power 
was found to equal 0.92 ± 0.04. Red points are recorded data and the black dashed line is the 
fit. c) Vg versus Ids plot at Vds = 5 V shown on logarithmic scale with the dark measurement in 
black and 400 nW, 685 nm laser measurement in red. d) The photoresponsivity as a function 
of gate voltage.
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(6 A W−1) and fast photoresponse applications (160 μs 
switching speed) and performs well compared to other TMDCs. 
We see that MoTe2 exhibits the same mechanisms as traditional 
semiconductor photodetectors with changes in threshold 
voltage observed in the ON state and photoconductive effects 
in the OFF state. The (optical) power dependence of the photo-
current suggests photocarrier generation in few-layer MoTe2 
devices is photovoltaically dominated at zero gate bias, making 
them potentially suitable for solar cell type applications.

Experimental Section
Device Fabrication: MoTe2 flakes were used to fabricate a FET device 

on 285 nm thick SiO2/Si subtrates. Substrates were cleaned by heating in 
acetone, followed by sonication in acetone and isopropanol and dried by 
N2. Bulk α-MoTe2 (from HQ graphene) was exfoliated onto the cleaned 
substrates and flakes were searched for manually using an optical 
microscope. The electrodes were patterned by electron beam lithography 
and 5 nm thick Ti followed by 50 nm thick Au were deposited using a 
sputtering system. For the lift-off process a solution of isoproponol, 
methylisobutylketone, and methylethylketone in a 15:5:1 ratio was used. 
Devices were annealed in an Ar/H2 (90/10%) environment at 200 °C for 
2 h to remove PMMA residues from lithography and improve device 

performance. All fabrication steps took place in ambient conditions but 
care was taken to minimize the total exposure to less than 3 h due to 
the issues of oxidation experimentally observed for monolayer MoTe2.[34] 
Devices were stored in a vacuum dessicator and no change in the optical 
contrast or Raman spectra of devices was observed after fabrication.

Electrical and Optoelectrical Measurements: Output and transfer 
characteristics of the four-layer MoTe2 flake devices were measured 
in DC using a custom built electrical test station (see Figure S1, 
Supporting Information). A DC voltage source (Xitron 2000) supplied 
the source-drain bias across the device, another DC voltage source was 
used to apply the gate voltage (Keithley 2700) and the current across 
the channel was measured using a multimeter (Agilent 34401A). An 
intergrated laser and optical microscope with a 50× lens was used for 
photocurrent measurements with a 685 nm laser. Modulation of the 
laser was performed using a function generator which created square 
wave pulses. An oscilloscope was used to record the output of the 
device and modulation of the laser to obtain the time resolved photo 
response of the devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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time of 160 μs to get from 10% to 90% of the total signal. c) Zoomed 
in region of (a) showing a fall time of 300 μs to get from 90% to 10% 
of the total signal. d) Plot showing the photoresponsivity versus photo-
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MoSe2,[37–39] MoTe2,[9,21–23] SnS2,[33] ReS2,[40] WS2,[41,42] and WSe2.[26,43,44] 
Our own work on MoTe2 is highlighted by the green star.
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