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ABSTRACT
Band engineering of two-dimensional transition metal dichalcogenides (2D TMDCs) is of great signiﬁcance with regard to both fundamental
exploration and practical application. Here we report on a study of the band evolution of monolayer and bilayer TMDCs (WS2, WSe2, and
MoS2) under vertical electric ﬁelds. Our results show that the electric ﬁeld has a negligible inﬂuence on the bandgaps of monolayer TMDCs.
For bilayer TMDCs, our results show that their intralayer direct bandgaps are also immune to the electric ﬁeld. However, the indirect bandgaps of bilayer TMDCs can be effectively tuned by a vertical electric ﬁeld. Interestingly, we ﬁnd that the ﬁeld tunability of the bandgap in
bilayer WSe2 is much larger than those in bilayer WS2 and MoS2.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5093055

Two-dimensional transition metal dichalcogenides (TMDCs)
have recently emerged as a new class of semiconductor materials and
have attracted a considerable amount of attention.1–16 Such atomically
thin materials show promise for use in the next generation of electronic and optoelectronic devices such as logic modules, light-emitting
diodes, lasers, and photodetectors. To fully explore this potential, a
prerequisite is the ability to engineer the band structures of these materials. In contrast to conventional semiconductors, using an external
electric ﬁeld is an effective and ﬂexible approach to tune the band
structure of 2D TMDCs owing to their ultrathin nature.17–22 It is
known that monolayer TMDCs are direct bandgap semiconductors
and bilayer TMDCs are indirect bandgap semiconductors.1 However,
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previous studies of bilayer MoS2 have not shown any indirect bandgap
evolution under an electric ﬁeld, which resulted from the inferior photoluminescence (PL) quality in their devices due to inhomogeneous
line broadening.20 The PL of 2D TMDCs can usually be easily
degraded by the impurities and atomic defects that are introduced during the device fabrication process.
To shed light on the issue of band evolution, we utilize the van
der Waals integration technique to construct devices, enabling us to
study the intrinsic properties of 2D TMDCs under an electric ﬁeld.
Our PL measurements show that the electric ﬁeld has a negligible
inﬂuence on the bandgaps of monolayer TMDCs. For bilayer TMDCs,
the intralayer direct band transition is also immune to the electric ﬁeld.

115, 083104-1

Applied Physics Letters

ARTICLE

scitation.org/journal/apl

FIG. 1. (a) Optical microscope image of a van der Waals heterostructure device. Scale bar ¼ 5 lm. (b) Schematic diagram of the device. A DC voltage V is applied between
the top and bottom graphene electrodes Grt and Grb. (c) PL spectra of monolayer and bilayer WSe2 in the van der Waals heterostructure. For the monolayer WSe2, the A
peak (at 1.64 eV) corresponds to the A exciton; for the bilayer WSe2, the A peak (at 1.64 eV) and I peak (at 1.53 eV) correspond to the A exciton and the indirect
bandgap transition, respectively. (d) Leakage current–displacement ﬁeld characteristics of the van der Waals heterostructure device with and without 532 nm laser illumination.

However, the indirect bandgaps of bilayer TMDCs can be effectively
tuned by a vertical electric ﬁeld. These results are consistent with the
theoretical calculations. In addition, we ﬁnd that the ﬁeld tunability of
bandgap in bilayer WSe2 is much larger than those in bilayer WS2 and
MoS2.
Figures 1(a) and 1(b) show the architecture of our devices. We
encapsulated a 2D TMDC with hexagonal boron nitride (hBN) to
form an hBN/2D TMDC/hBN van der Waals heterostructure
(Materials and methods, supplementary material). The surface of the
hBN crystal is atomically smooth and nearly free from charge trapping
and dangling bonds, preserving the high quality of the encapsulated
2D crystals.23–31 Owing to the high quality of the samples, the 2D
TMDCs show well-distinguished PL peaks at room temperature (Fig.
S1, supplementary material). Two transparent graphene electrodes
were used to apply a vertical electric ﬁeld to this sandwich structure.
The displacement ﬁeld D in a 2D TMDC is estimated to be D ¼ eBNV/
(d1 þ d2), where eBN  3.5 is the dielectric constant of hBN,32 V is the
applied bias voltage, and d1 and d2 are the thicknesses of hBNt and
hBNb, respectively (Materials and methods, supplementary material).
The band structures of the 2D TMDCs are very similar. The monolayer and bilayer TMDCs are direct and indirect bandgap semiconductors, respectively. PL spectroscopy is a powerful tool to study the band
structures of 2D TMDCs. For monolayer TMDCs, the PL spectrum is
contributed by the direct bandgap transition at the K point (the A
exciton). For bilayer TMDCs, the PL spectrum is contributed by the

intralayer direct band transition at the K point (the A exciton) and
the indirect band transition between the valence band maximum at
the Cv point and the conduction band minimum (CBM) at the K
point or Kc point. The energy of the indirect band transition is lower
than that of the direct band transition in bilayer TMDCs. Note that
the exact position of the conduction band minimum in different 2D
TMDCs is still not clear and is a matter of current debat.33–36 Figure
1(c) shows the PL spectrum of monolayer and bilayer WSe2 in our
heterostructure devices. For the monolayer WSe2, the A peak (at
1.64 eV) corresponds to the A exciton; for the bilayer WSe2, the A
peak (at 1.64 eV) and the I peak (at 1.53 eV) correspond to the A
exciton and the indirect bandgap transition, respectively. Figure 1(d)
shows the leakage current–displacement ﬁeld characteristic measurements with and without 532 nm laser illumination. To ensure that the
applied electric ﬁeld did not cause breakdown of the devices, the leakage currents were kept below 5 nA in our experiments.
Figures 2(a)–2(c) show the PL spectra of bilayer WSe2, WS2, and
MoS2 at various vertical displacement ﬁelds. The PL spectra of bilayer
TMDCs are contributed by both the direct and indirect band transitions, and the bandgaps of few-layer TMDCs can be studied by examining the indirect band transition. Under vertical displacement ﬁelds,
the energies of indirect band transition in bilayer WSe2, WS2, and
MoS2 show signiﬁcant red shifts, indicating reduced bandgaps. The
tunable bandgaps of bilayer TMDCs under displacement ﬁelds can be
understood in terms of the band splitting of monolayers that are

FIG. 2. (a) PL spectra of bilayer WSe2
under various displacement ﬁelds. The
indirect band of bilayer WSe2 split into two
peaks, I1 and I2, the positions of which
are indicated by the black and green
arrows, respectively. (b) PL spectra of
bilayer WS2 under various displacement
ﬁelds. The black arrows indicate the peak
positions of the indirect band transition. (c)
PL spectra of bilayer MoS2 under various
displacement ﬁelds. The black arrows indicate the peak positions of the indirect
band transition. (d) Indirect bandgap
reduction of different bilayer TMDCs under
various displacement ﬁelds. The solid
lines are the linear ﬁts to the data points.
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weakly coupled via van der Waals interactions. In the absence of an
applied displacement ﬁeld, the energy bands of bilayer TMDCs are
contributed equally by the top and bottom layers. However, when subjected to a vertical displacement ﬁeld, the energy degeneracy of each
layer is broken by the electric potential difference between the two
monolayers. The energy bands of the top and bottom layers move
toward each other, reducing the bandgap. This phenomenon is different from the atomic level Stark effect, and is dubbed the giant Stark
effect.19 The experimental results are very robust and highly repeatable. We investigated four bilayer devices with different hBN thicknesses and found that all these devices show similar ﬁeld response
(Fig. S2, supplementary material). We note that in these van der
Waals heterostructure devices, the 2D TMDCs can be potentially
doped by tunneling charges, which may inﬂuence the energy of the
indirect band transition. To evaluate the inﬂuence of charge doping on
our experimental results, we performed measurements with a dualgate geometry in which both the charge doping and displacement
ﬁelds were controlled by the dual gate. The results show that the
energy of the indirect band transition is almost immune to charge
doping in our experiments (Fig. S3, supplementary material).
Figure 2(d) summarizes the ﬁeld-dependent indirect bandgap
reduction in bilayer WSe2, WS2, and MoS2. It can be seen that the ﬁeld
tunability of the bandgap differs signiﬁcantly among different bilayer
TMDCs. From the linear ﬁt of the data points in Fig. 2(d), we obtain
the magnitude of the energy shift of the indirect band transition as
59 meV V/nm for 2L WSe2, 31 meV V/nm for 2L MoS2 and
27 meV V/nm for 2L WS2. The shift of the indirect bandgap under a
displacement ﬁeld in bilayer WSe2 is more pronounced than in bilayer
MoS2 and WS2. Several reasons could potentially contribute to the differences in ﬁeld tunability of bilayer WSe2, WS2, and MoS2. Previous
theoretical studies have shown that the ﬁeld tunability of the bandgap
scales with the interlayer spacing of a bilayer TMDC. A larger interlayer spacing can lead to increased ﬁeld tunability.17 The interlayer
spacing of a TMDC is correlated with its chalcogen element, and
TMDCs containing heavier chalcogen elements have larger interlayer
spacing than those containing lighter chalcogen elements.37 As a
result, TMDCs containing a heavier chalcogen element (Se) should
have an increased ﬁeld response. Besides the interlayer spacing, the
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different charge transfer abilities of 2D TMDCs containing different
chalcogen elements under an electric ﬁeld might also play an important role. Calculations of charge redistribution of bilayer TMDCs
under electric ﬁelds suggest that there is a progressive depletion of
charge density in the chalcogen pz orbitals with increasing displacement ﬁeld.17 Conversely, there is accumulation of charge density in
the transition metal orbitals. The heavier chalcogen atoms have more
diffuse pz orbitals than the lighter chalcogen atoms. As a result,
TMDCs with heavier chalcogen atoms can facilitate greater charge
transfer from chalcogen atoms to metal atoms in the same displacement ﬁeld, which may also lead to an increased ﬁeld response. The
effect of switching the transition metal from Mo to W while retaining
the chalcogen (S) is not signiﬁcant, because transition metal atoms
have a very small inﬂuence on both the interlayer spacing and the
charge transfer abilities under electric ﬁelds. The initial frontier orbital
arrangement may also play an important role in the ﬁeld response of
the bandgap. For example, K valleys are predominantly from transition metal atom dxy , dx2 y2 , and dz2 orbitals, with some chalcogen
atom px and py characters conﬁned within the 2D xy plane, while
there is considerable chalcogen atom pz character at Kc and Cv.17,18,36
These electron orbitals may have different responses to an electric
ﬁeld. Thus, different initial frontier orbital arrangements may lead to
considerably different ﬁeld responses. However, at present, there is still
much debate about the frontier orbital arrangements of different
TMDCs. We believe that further experimental and theoretical work
will be needed to obtain a deeper understanding of why the ﬁeld
response of bilayer WSe2 can be much larger than that of bilayer WS2
and MoS2.
We next studied the PL spectrum of monolayer TMDCs under
displacement ﬁelds [Figs. 3(a) and 3(b)]. At zero displacement ﬁeld,
the most prominent peak in monolayer WSe2 is around 1.64 eV, with
a relatively weak side-peak around 1.61 eV. These two peaks are classiﬁed as neutral exciton (A) and trion (A), respectively. With increasing displacement ﬁeld, the relative weight of the trion increases and its
energy shows a red shift, suggesting increased charge doping (Fig. S4,
supplementary material). At high displacement ﬁeld, the relative
weight of the A peak increases again and the energy of the trion shows
a blue shift, suggesting decreased charge doping.38 However, the

FIG. 3. (a) PL spectra of monolayer WSe2
under various displacement ﬁelds. (b) PL
spectra of monolayer WS2 under different
displacement ﬁelds. (c) Energies of A and
A in monolayer WSe2 under various
displacement ﬁelds. (d) Energies of A and
A in monolayer WS2 under various displacement ﬁelds. The black dots indicate
the energy of A and the green dots the
energy of A.
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energy of the A peak at D ¼ 1.4 V/nm is almost unchanged compared
with that at zero displacement ﬁeld [Fig. 3(c)], indicating that the giant
Stark effect is negligible in monolayer TMDCs, which is consistent
with previous studies.17,20 For monolayer WS2, as the ﬁeld increases,
the relative weight of the trion increases and its energy shows a continuous red shift, suggesting increased charge doping [Fig. 3(d)].
However, on further increasing the displacement ﬁeld to 1.3 V/nm,
the energy of the trion shows a blue shift, suggesting that charge doping is decreased in the high-displacement-ﬁeld regime, which is the
same as is observed in monolayer WSe2. The charge doping mechanism in the heterostructure device can be understood in terms of a
quantum well model.39 In this model, the energy difference between
the charge-neutral point of multilayer graphene and the conduction
band minimum (CBM) of the TMDC is 0.5 eV. With increasing displacement ﬁeld, the Fermi level in the bottom graphene electrode
(Grb) rises above the conduction band minimum of the TMDC, facilitating electron tunneling into the TMDC. On further increasing the
displacement ﬁeld above 1.4 V/nm, the electron doping concentration
decreases, because the electrons can be emitted directly from the bottom graphene electrode and collected by the top graphene electrode.
This process is consistent with the transport measurements shown in
Fig. 1(d), where a rapid photocurrent increasement can be observed
after D ⲏ1.2 V/nm.
As the direct peaks of bilayer TMDCs originate from the intralayer transition at the K point, the energy shift of A and A in monolayer TMDCs under a displacement ﬁeld can help in understanding
the energy shift of the direct peaks in bilayer TMDCs. As the displacement ﬁeld increases from zero, the charge doping in bilayer TMDCs
increases. Thus, the relative PL emission weight of A increases and
the energy of A shows a continuous red shift. With further increase
in the displacement ﬁeld, charge doping will decrease, and the energy
of A will show a blue shift. The trion and the neutral exciton are usually not clearly distinguished in few-layer TMDCs. However, we
observed an obvious blue shift of the direct peak in bilayer WS2 at
high displacement ﬁelds, which unambiguously veriﬁed the decreased
charge doping in the high-displacement-ﬁeld regime [Fig. 2(b)].
We performed density functional theory (DFT) calculations to
study the inﬂuence of electric ﬁelds on bilayer TMDCs. As can be seen
from Fig. 4(a), the DFT results for bilayer WSe2 show that an electric
ﬁeld has a strong inﬂuence on the indirect bandgap, while the intralayer
direct bandgap is almost immune. These DFT results are consistent
with our experimental results. Finally, we noticed a splitting of the indirect peak in bilayer WSe2 [Fig. 2(a)]. This might be attributable to spin
splitting of the CBM at the K point in bilayer WSe2, since the observed
splitting matches well with the DFT value of DC  32 meV. Moreover,
DC is independent of the displacement ﬁeld, which is also consistent
with the DFT results [Fig. 4(b)]. The conduction band spin splitting
originates from the spin–orbit coupling induced by the chalcogen
atom, which is much smaller than the valence band splitting induced
by the transition metal.1 Figures 4(c) and 4(d) show schematic band
diagrams of monolayer and bilayer WSe2. The VBM at the K point is a
spin-up state; the lower (upper) state at CBM is spin-down (up). The
VBM at the Cv point is a spin-degenerate state. We know that optical
transitions occur only between states with the same spin orientation.
Thus, we could only observe the transition between the VBM at the K
point and the upper state of the CBM at the K point in monolayer
WSe2. The lower state at CBM is a dark state.40 In contrast, for bilayer
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FIG. 4. (a) Displacement ﬁeld dependence of the bandgap reduction in bilayer
WSe2. The DFT-calculated and experimental results for indirect bandgap reduction
at various displacement ﬁelds are denoted by black squares and stars, respectively,
and the DFT-calculated and experimental results for intralayer direct bandgap
reduction at various displacement ﬁelds are denoted by green circles and stars,
respectively. (b) Displacement ﬁeld dependence of indirect band splitting in bilayer
WSe2. The DFT-calculated and experimental results are denoted by circles and
stars, respectively. (c) Band diagram of monolayer WSe2. An optical transition can
occur between the K point in the valence band and the upper state of the conduction band at the K point. (d) Band diagram of bilayer WSe2. An optical transition
can occur between the Cv point in the valence band and both the upper and lower
states of the conduction band at the K point.

WSe2, the indirect peak originates from the transition between the
CBM at the K point and the VBM at the Cv point (a spin-degenerate
state). Thus, both the upper and lower states are bright states.
In summary, we have studied the intrinsic band evolution of monolayer and bilayer TMDCs (WS2, WSe2, and MoS2) under electric ﬁelds
using van der Waals heterostructures. Our results show that the electric
ﬁeld has a negligible inﬂuence on the bandgaps of monolayer TMDCs.
For bilayer TMDCs, our results show that their intralayer direct bandgaps are also immune to the electric ﬁeld. However, their indirect bandgaps can be effectively tuned by a vertical electric ﬁeld. Moreover, we
have found that the ﬁeld tunability of the bandgap in bilayer WSe2 is
much larger than those in bilayer WS2 and MoS2. Our results set the
stage for further study on the electric ﬁeld tunable 2D TMDCs devices.
See the supplementary material for the Materials and methods,
PL spectrum of 2D TMDCs sandwiched by hBN and on an SiO2 substrate, different bilayer devices, a clariﬁcation of the charge doping
effect and the electric ﬁeld effect with dual gate geometry, the displacement ﬁeld dependence of PL intensity in monolayer WSe2, PL spectrum of bilayer WSe2 measured at D ¼ 0 V/nm and 1.5 V/nm, PL
spectrum of bilayer WSe2 under various displacement ﬁelds and DFT
calculated band structure evolution of bilayer WSe2 under various displacement ﬁelds.
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