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1. Introduction

Atomically thin transition metal dichalcogenides 
(TMDCs) [1–3] are very attractive materials for two-
dimensional (2D) spintronics, since their large spin–
orbit splitting and coupled spin and valley physics 
allow for the optical generation of spin currents in these 
crystals [4–8]. Several groups have recently explored 
the possibility of using light of a specific polarization 
and wavelength to selectively populate spin-resolved 
levels in monolayer TMDCs [9–15], which opens new 
possibilities for the design of opto-spintronic devices.

In order to fully advance and exploit the optical 
generation of spin-polarized carriers it is necessary to 
test and develop the understanding of optically active 
excitonic states of TMDCs and their contribution to 
electronic and spin transport. Photocurrent spectr-
oscopy is a powerful technique that allows to access the 
excitonic states of nanoscaled semiconductor mat erials 
[5, 16–19]. Further, when used in combination with 
ferromagnetic electrodes, it allows to characterize the 
spin of photogenerated charge carriers [14]. However, 
only few efforts towards applying this technique to 2D 
TMDCs have been reported so far.

In this work we investigate the near-infrared pho-
tocurrent spectra of single- and few-layer MoSe2 pho-
totransistors and their dependence on the crystal Fermi 
energy. The resulting photocurrent spectra allow to 
directly observe the bright A0 exciton  resonance of 

atomically thin MoSe2, as well as its depend ence on the 
flake thickness. More interestingly, when a gate voltage 
is used to increase the carrier population in the con-
duction band of the MoSe2 crystals, a second promi-
nent peak appears at an energy ~30 meV higher than 

that of the bright A0 exciton. Our analysis shows that 

this peak is caused by a resonant excitation of the dark 

exciton state, AD
0 , of the MoSe2 crystal [16, 17]. To the 

best of our knowledge, this work is the first report of 
such effect in TMDCs, opening the possibility of con-
trolling the dark exciton population in atomically thin 
semiconductors by a combination of gate-induced 
doping and optical pumping.

2. Sample fabrication and electrical 
characterization

Figure 1(a) shows the fabricated MoSe2 field-effect 
transistors. In an effort to reduce the inhomogeneity 
between the different devices, all the studied 
phototransistors are fabricated simultaneously 
on a single substrate. We first exfoliate the crystals 
onto a SiO2/Si substrate with an oxide thickness 
of 300 nm. Then, we use optical microscopy 
to identify atomically thin flakes, and measure 
their thickness by atomic force microscopy, as 
shown in the supporting information (stacks.
iop.org/TDM/5/015004/mmedia). The electrical  
contacts are fabricated on top of the selected crystals 
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Abstract
We investigate the excitonic transitions in single- and few-layer MoSe2 phototransistors by 
photocurrent spectroscopy. The measured spectral profiles show a well-defined peak at the optically 
active (bright) A0 exciton resonance. More interestingly, when a gate voltage is applied to the MoSe2 
to bring its Fermi level near the bottom of the conduction band, another prominent peak emerges at 
an energy 30 meV above the A0 exciton. We attribute this second peak to a gate-induced activation of 
the spin-forbidden dark exciton transition, AD

0 . Additionally, we evaluate the thickness-dependent 
optical bandgap of the fabricated MoSe2 crystals by characterizing their absorption edge.

PAPER
2018

Original content from 
this work may be used 
under the terms of the 
Creative Commons 
Attribution 3.0 licence.

Any further distribution 
of this work must 
maintain attribution 
to the author(s) and the 
title of the work, journal 
citation and DOI.

RECEIVED  
8 July 2017

REVISED  

24 August 2017

ACCEPTED FOR PUBLICATION  

6 September 2017

PUBLISHED   
3 October 2017

OPEN ACCESS

https://doi.org/10.1088/2053-1583/aa8aa02D Mater. 5 (2018) 015004

stacks.iop.org/TDM/5/015004/mmedia
stacks.iop.org/TDM/5/015004/mmedia
publisher-id
doi
mailto:j.quereda.bernabeu@rug.nl
https://doi.org/10.1088/2053-1583/aa8aa0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://crossmark.crossref.org/dialog/?doi=10.1088/2053-1583/aa8aa0&domain=pdf&date_stamp=2017-10-03
https://doi.org/10.1088/2053-1583/aa8aa0


2

J Quereda et al

using standard e-beam lithography (EBL) and e-beam 
evaporation of Ti (5 nm)/Au (55 nm). The resulting 
sample contains four MoSe2 phototransistors with 
flake thicknesses of 1, 3, 5 and ~13 atomic layers.

Figure 1(b) shows the transfer characteristics of the 
monolayer MoSe2 phototransistor under three differ-
ent bias voltages. The device shows a clear n-doping 
character, and the MoSe2 channel starts to become 
open for charge transport at a gate voltage of VCO 
~−3 V, as can be clearly identified by a sudden slope 
change in the derivative of the transfer characteristic 
(see inset of figure 1(b)). A similar n-type behavior is 
also found in the multilayer devices, with VCO ranging 
between  −4 V and  −40 V.

3. Optical response and photocurrent 
spectroscopy

Next, we investigate the photocurrent spectrum of 
the MoSe2 devices. Figure 2(a) shows schematically 
the experimental setup. First, the sample is loaded 
in a vacuum chamber to prevent the adsorption of 
impurities to the MoSe2 surface. Then, we use a tunable 
infrared continuous-wave laser (see supporting 
information for details) to illuminate the sample while 
registering the current under a constant bias voltage 
(Vb  =  5 V). To prevent the system from heating during 
the measurement, the laser power density was kept 
below 10 pW µm−2. Additionally, we use a shutter 
to rapidly switch on the illumination just before 
the current is measured and then off again after the 
measurement is finished, so the MoSe2 crystal is only 
exposed to the laser source for a time interval of 0.1 s. 
Then, we keep the system in dark for 5 s before the next 
measurement is performed. These precautions remove 
the presence of slow drifts in the photocurrent, which 
probably occur due to optically-induced shifts in the 
intrinsic doping (consistent with observed shifts in the 
gate-voltage dependence when first bringing the device 
in a vacuum environment) and bulk heating effects.

To achieve a uniform illumination power density 
along the whole sample the laser beam is expanded 
up to a diameter of 1 cm, much larger that the studied 
devices (see supporting information section 1). Then, 
the beam is collimated to ensure that the illumination 
is perpendicular to the MoSe2 surface.

The polarization and helicity of the illumination 
source can be controlled using λ/2 and λ/4 waveplates, 
as shown schematically in figure 2(a). However, we did 
not detect any polarization or helicity dependence in 
the measured spectra, consistent with the expected 
behavior when driving the transitions well below 
satur ation (see also supporting information section 2). 
For consistency, unless otherwise stated, all the spectra 
shown here are acquired using linearly polarized light.

Given the n-type character of our devices (see  
figure 1(b)), it is necessary to apply a negative gate 
voltage to compensate the intrinsic doping. Further 
discussion about the effect of gate voltage in the meas-
ured photocurrent spectra can be found below. Fig-
ure 2(b) shows a photocurrent spectral profile from 
the mono layer MoSe2 device while applying a gate 
voltage Vg  =  −6 V. The photocurrent is obtained as 
the difference between the current measured when the 
device is exposed to light (bright current) and the one 
measured in dark immediately before exposure (dark 
current). Further details regarding the measurement 
process can be found in the supporting information.

The resulting spectrum shows a prominent peak 
in the photocurrent at 1.59 eV, accurately matching 
with the A0 exciton resonance reported in literature 
from photoluminescence, absorption and micro-
reflectance spectroscopy measurements in monolayer 
MoSe2 (for the specific case of room temperature 
and a SiO2 (300 nm)/Si substrate the A0 exciton peak 
is found at 1.58  ±  0.01 eV [20–22]). When the pho-
ton energy reaches 1.7 eV, the photocurrent starts to 
increase again with the photon energy. This is prob-
ably due to the proximity of the B0 exciton resonance, 
which is expected to be at 1.79 eV (200 meV above the 

Figure 1. (a) Optical micrograph of the fabricated phototransistors based on exfoliated MoSe2. The crystal thicknesses range from 
monolayer (1 L) to 13 layers. All the devices are fabricated on a single SiO2/Si substrate. The Ti/Au contacts are fabricated on top of 
the MoSe2 crystals, patterned by e-beam lithography. (b) Transfer characteristics of the monolayer device shown in panel (a) under 
three different bias voltages: Vb  =  0.5 V, 3 V and 5 V. Inset: Derivative of the source-drain current as a function of the gate voltage for 
Vb  =  5 V. The gate voltage at which the source-drain current starts to increase, VCO ~  −3 V, can be identified by the sudden change in 
the slope of the derivative.

2D Mater. 5 (2018) 015004
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A0  exciton). However, the spectral range of the used 
laser did not allow to reach energies above 1.76 eV, 
and therefore we cannot detect the B0 exciton peak. 
For photon energies below 1.5 eV we do not observe 
any photoresponse from the device, and the spectral 
profile remains featureless, pointing to a low density 
of midgap states due to the high quality of the MoSe2 
crystal.

It must be noted that, in order to produce photo-
current, a neutral exciton must first dissociate into an 
unbound electron–hole pair. It has been reported that, 
in the case of monolayer TMDC phototransistors, this 
exciton dissociation can be caused by the strong electric 
fields that arise in the semiconductor crystal near the 
metallic electrodes when a bias volt age is applied [5]. 
In our experiments we are able to observe the exciton 
resonances at bias voltages as low as Vb  =  0.5 V, show-
ing that the higher value of the bias voltage Vb  =  5 V 
used in most of our measurements is not essential for 
the observed features. At bias voltages below 0.5 V, the 
photocurrent signal drops below the noise level.

4. Gate-induced activation of the dark 
exciton transition.

We now discuss the influence of the gate voltage on the 
measured spectra. Figure 3 shows the photocurrent 
spectra obtained for monolayer MoSe2 under different 
gate voltages, between Vg  =  −6 V and Vg  =  10 V. 
When the gate voltage is increased above Vg  =  −3 
V (and the conduction-band carrier concentration 
reaches values that allow for charge transport, as 
shown in figure 1(b)) a second well-defined peak 
appears at a photon energy of 1.62 eV, 30 meV above 
the energy of the A0 exciton. The energy difference 
between these two peaks closely matches the reported 
conduction band spin–orbit splitting of MoSe2 [23], 
indicating that this second peak corresponds to the 

spin-forbidden dark exciton transition AD
0  (further 

discussed below), schematically depicted in the band 
diagram shown in figure 3. Note that this peak cannot 
be associated with the trion states A+/− [22], which 
occur 30 meV below the A0 exciton peak (indeed 
observed in our spectra as a small but persistent feature 
at 1.56 eV). The spectra measured for gate voltages 

Figure 2. (a) Schematic of the experimental setup. The whole sample is uniformly illuminated using a tunable infrared laser source. 
A halfwave plate and a quarterwave plate are used to control respectively the polarization and helicity of the illumination source. 
When the photon energy of the laser is in resonance with an exciton transition of the crystal, a peak is observed in the measured 
photocurrent. Inset: Schematic of the optical pumping mechanism at one of the valley points of the MoSe2 reciprocal lattice. 
When the photon energy of the illumination source (hν) is above the MoSe2 optical bandgap (accounting for exciton binding 
energies), excitons and electron–hole pairs can be generated. (b) Photocurrent spectroscopy profile measured at a monolayer MoSe2 
phototransistor. The A0 exciton peak is observed at 1.59 eV.

Figure 3. Photocurrent spectra of monolayer MoSe2 under 
different gate voltages between Vg  =  −6 V and Vg  =  +10 
V. The bias voltage is kept at Vb  =  +5 V. Three well defined 
peaks are observed in the spectra at 1.59 eV, 1.62 eV and 

1.75 eV. As discussed in the main text, we associate this 

peaks to the A0, AD
0  and B+/− excitonic states. Inset: Diagram 

illustrating the possible exciton transitions at the K valley of 
MoSe2. The trion transitions A+/− and B+/− (not depicted 
here) are expected to occur at an energy ~30 meV below the 
A0 and B0 transitions respectively.

2D Mater. 5 (2018) 015004
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Vg  >  −3 V also show a prominent peak at 1.75 eV, 160 

meV above the A0 exciton. This peak could be related 

with the spin-forbidden BD
0  transition (which is lower 

in energy than B0, see inset figure 3) or the trion states 
B+/−, whose population is expected to increase with 

the doping of the MoSe2 crystal [22]. These two cases 

are hard to distinguish, since both BD
0  and B+/− appear 

at similar energies, ~30 meV below the B0 resonance 
(see inset in figure 3). When the gate voltage is further 

increased up to Vg  =  10 V the peak associated to the 

AD
0  transition becomes smaller compared with the A0 

peak. This could be due to an increased population of 

the + −AD
/  trion states, expected to appear at an energy 

similar to that of the A0 peak.

The observation of a strong peak for the AD
0  trans-

ition is intriguing, since it requires a spin flip and, 
therefore, should not be optically active. However, 
similar gate-induced activation of dark exciton trans-
itions has been recently observed in the photocurrent 
spectra of carbon nanotubes [16, 17, 24]. Remarkably, 
such gate-induced dark exciton peaks are much more 
prominently observed in photocurrent spectroscopy 
than in photoluminescence, since the exciton disso-
ciation process is faster than the radiative recombina-
tion required for photoluminescence [24]. This could 
explain the absence of previous observations of a gate-

induced opening of the AD
0  transition in the photolu-

minescence spectra of TMDC.
For alternative interpretations for the AD

0  peak, we 
consider but rule out the following possibilities: For 
these lowest transitions, a phonon-side peak (which 
can enhance parity-forbidden transitions in nanotubes 
[17]) is not expected, since it would require very high 
phonon energies or coupling, such that it can mediate 
spin or valley scattering. Surface plasmon-polaritons 
can enhance spin-forbidden transitions in TMDCs 
[25], but only occur when applying optical fields with 
a significant in-plane component (and have only 
been observed at 4 K). Cavity-polaritons can indeed 
give splittings of the A0 peak of 30 meV [26], but this 
requires an optical cavity that gives strong coupling. 
While our material is a layered structure, the interface 
reflectivities are too low for the formation of such a 
cavity. Also, our set of two peaks is not observed as a 
splitting around the usual position of the A0 resonance 
(A0 does not shift away from the value 1.59 eV). Given 
our detection technique, modified trans itions may 
occur due to band bending in the depletion regions 
near the metal contacts. However, our A0 peak occurs 
exactly where it was observed for photoluminescence, 
and the peaks do not shift or broaden with bias or gate 
voltage, which makes this interpretation implausible. 
Finally, one could consider a role for defects or impu-
rities. However, due to the nonlocal character of the 
spectroscopy technique (the whole device is uniformly 
illuminated), the effect of local defects in the result-
ing spectra is very limited, as further supported by 
the lack of defect-induced spectral features below the 

 absorption edge. We thus interpret the peak at 1.62 eV 

as the AD
0  transition.

Slobodeniuk and Basko [27] recently suggested 
two mechanisms that can open the spin-forbidden 

AD
0  transition in TMDCs. First, in the presence of an 

out-of-plane electric field, a Bychkov–Rashba cou-
pling term appears in the TMDC Hamiltonian, leading 
to the opening of the transition (also discussed in [28, 
29]). However, they estimate that by this mechanism 

the AD
0  transition remains about a factor 1000 weaker 

than A0, which is not strong enough for explaining the 

prominent AD
0  feature in our data. Alternatively, they 

propose that the presence of charge carriers in the con-
duction band can lead to an electron-induced inter-
valley dark exciton transition (which would require 
a large electron momentum kick without a spin flip). 
This suggestion is consistent with our observation 

that the AD
0  transition opens when the gate induces an 

increased charge carrier population in the conduction 
band. However, a detailed analysis of such a mech-
anism has not been described yet.

5. Photocurrent spectra of multilayer 
devices and thickness-dependent optical 
bandgap

Finally, we investigate how our photocurrent-
spectroscopy technique can be applied to few-layer 
MoSe2 devices. Due to broadening of peaks for 
devices with thicker layers we could not identify the 
spectroscopy peaks as well as for the monolayer device, 
but could study the evolution of the optical bandgap 
with the number of MoSe2 layers. We measure the 
photocurrent spectra of the fabricated devices, with 
MoSe2 thicknesses ranging from a monolayer to 
~13 atomic layers. Figure 4(a) shows the thickness-
dependent photocurrent spectra of the fabricated 
MoSe2 devices at a bias voltage Vb  =  5 V. The gate 
voltage was selected in each case to compensate the 
intrinsic doping of the device. As observed in the  
figure, when the number of layers is increased,  
the absorption edge is shifted towards lower energies, 
due to the thickness-dependent bandgap of MoSe2. 
Also, the width of the observed spectral features 
becomes broader for thicker crystals as a result of their 
increased inhomogeneity, and a higher background 
photocurrent appears for low photon energies, 
pointing to a reduced crystallinity and higher density 
of midgap states. Although the spectra of the multilayer 
crystals could also present a peak corresponding to the 

AD
0  excitonic transition, the higher broadening of the 

spectral features makes it difficult to unambiguously 
identify this peak.

The measured spectra can be used to extract infor-
mation about the optical bandgap of the MoSe2 crys-
tals. According to Tauc et al [30], near the absorption 
edge, the absorption coefficient of a semiconductor is 
given by

2D Mater. 5 (2018) 015004
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α λ
ν

ν
=

−
A

h E

h
,

n

g
opt

( )
( )

 (1)

where A is the material-dependent effective Richardson 

constant, Eg
opt is the optical bandgap, hν is the photon 

energy and n  =  1/2 for direct transitions. Assuming 
that near the absorption edge the photocurrent Ipc is 
proportional to the absorption coefficient α we get [19]

ν ν∝ −I h h E .pc
2

g
opt( ) ( ) (2)

The usual method for determining the value of Eg
opt 

(referred in literature as Tauc extrapolation) [19, 31, 
32] involves representing (Ipchν) [2] as a function of 
the photon energy and then fitting the absorption 
edge to a linear function (shown in figure 4(b)). Then, 
according to equation (2), the intersection of this linear 
fit with the horizontal axis gives the value of the optical 
bandgap. The inset in figure 4(b) shows the estimated 
optical bandgap as a function of the number of layers. 
We observe a ~80 meV decrease of the optical bandgap, 
from 1.54 eV in the monolayer to 1.46 eV in the thicker 
crystals. This results are in good agreement with the 
thickness-dependent optical bandgap reported in 
literature for atomically thin MoSe2 [33].

6. Conclusions

In conclusion, we have investigated the exciton states of 
atomically thin MoSe2 by photocurrent spectroscopy. 
The A0 exciton optical transition, occurring at a 

photon energy of 1.59 eV was clearly identified in 
the photocurrent spectra acquired in the monolayer 
MoSe2 device. Furthermore, using a gate voltage to 
tune the Fermi energy of the monolayer MoSe2 crystal 
around the edge of the conduction band, we are able to 
turn on and off the spin-forbidden dark exciton optical 

transition AD
0 . The photocurrent spectra acquired in 

multilayer MoSe2 devices also allowed to characterize 
the direct bandgap of MoSe2 and its dependence on the 
flake thickness.

The results shown here open new possibilities 
for optically addressing the dark exciton states of 2D 
trans ition metal dichalcogenides, which could be 
of great interest for the design of optoelectronic and 
spintronic devices.
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