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By using first-principles calculations, we investigate the electronic properties of a ZrS2/HfS2 heterostructure

modulated by an external electric field. An intrinsic type-I band alignment with an indirect band gap is

demonstrated, which can be tuned to become type-II by applying an electric field. The spatial

distribution of electron–hole pairs with the lowest energy is accordingly separated between different

layers of the heterostructure. Moreover, the band gap exhibits linear variation and a semiconductor-to-

metal transition can be realized. The underlying mechanism can be attributed to the linear shifts of band

edges along with the quasi-Fermi levels splitting of the respective layers, induced by the charge transfer

between layers of the heterostructure driven by the external electric field. Our results provide great

application potential of the ZrS2/HfS2 heterostructure in optoelectronic devices.
1. Introduction

Two-dimensional (2D) materials have attracted extensive
research in nano- and optoelectronic devices due to their
distinctive properties,1–5 and tuning their electronic behaviors
also has been important to extend their applications. Recently,
it has been found that by combining two different monolayers
to form a van der Waals (vdW) heterostructure, one can ach-
ieve more desirable properties. For instance, new applications
of graphene in semiconductor devices could be increased by
forming graphene/h-BN heterostructures,6 the MoS2/WS2 het-
erostructure presents ultrafast charge transfer in comparison
with the single layers,7 and MoS2/Si also exhibits huge poten-
tial in solar cell applications.8 Furthermore, it is worth
noticing that the band structure of bilayer-MoS2 can be effec-
tively controlled by an electric eld, and further realize
semiconductor-to-metal transitions in both theoretical and
experimental studies.9 The tuning of electronic properties of
2D materials is very important for practical applications in
nanoelectronic devices. For instance, to be suitable for high-
performance devices, the band gaps of silicene and silicon-
based chalcogenide lms can all be exibly modulated by
applying an electronic eld and strain.10,11 This nding indi-
cates that vdW interactions between layers can lead to effective
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modulation of electronic properties by various techniques,
such as applying strain or an electric eld. It is simultaneously
expected that more signicant effects and interesting proper-
ties could be obtained on heterostructures constructed from
different 2D materials.

As recently fabricated 2D transition metal dichalcogenides
(TMDs), ZrS2 and HfS2 have exhibited well-balanced carrier
mobility and band gaps, and attracted interest in solar cells and
eld effect transistors (FETs).10–15 One might try to enhance
their carriers’ life through electron–hole separation by con-
structing heterostructures, and further have better performance
in practical applications. More importantly, due to the similar
geometric structures and lattice parameters of ZrS2 and HfS2,
the lattice-matching problem is naturally satised, which will
be benecial in experimental fabrications. Furthermore, the
electric eld modulation effect should also be of concern to
realize more exciting electronic properties.

In this paper, we study the electronic properties of a ZrS2/
HfS2 heterostructure modulated by an external electric eld.
The type-I ZrS2/HfS2 with an indirect band gap can be effectively
tuned to become type-II and further realize a semiconductor-to-
metal transition. Meanwhile, the spatial distributions of the
electron–hole pairs are also successfully separated under an
appropriately perpendicular electric eld. In addition, the band
offsets of the ZrS2/HfS2 heterostructure are also analyzed and
found to have linear dependencies on the applied electric eld.
The relative transitions and variations of band offsets are
mainly due to the linear shis of the band edges along with the
quasi-Fermi levels splitting of the respective layers, induced by
the charge transfer between the ZrS2 and HfS2 layers of the
heterostructure driven by the external electric eld.
RSC Adv., 2017, 7, 14625–14630 | 14625
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2. Methods

The calculations are performed within the density-functional
theory (DFT) using the generalized gradient approximation
(GGA) proposed by Perdew, Burke, and Ernzerhof (PBE) for the
exchange and correlation energy.16 Numerical calculations are
implemented by the Vienna ab initio simulation package
(VASP).17,18 Grimme’s DFT-D2 method is employed to consider
the vdW interactions between layers of the heterostructure,
which is important in determining the geometric and electronic
properties.19 A plane-wave basis with kinetic energy cutoff of
500 eV is used. The Brillouin zone is sampled by 12 � 12 � 1
within Monkhorst–Pack method. The convergence energy for
electronic iterations is set as 10�6 eV, and the structures are
fully relaxed until the maximum Hellmann–Feynman atomic
forces are less than 0.01 eV Å�1. The direction of the external
electric eld is applied perpendicular to the plane of the ZrS2/
HfS2 heterostructure, and the external uniform electric eld is
disposed with adding an articial dipole sheet (namely dipole
correction).20 A vacuum of 15 Å is sufficient to avoid the inter-
action between periodic images of slabs in the z-direction.
3. Results and discussion

Firstly, we identify the geometric characteristic of ZrS2/HfS2
heterostructure. As can be seen in Fig. 1(a), the 1T-ZrS2 (1T-
HfS2) monolayer possesses hexagonal symmetry and a sand-
wich-like structure, and the lattice constants are optimized to
be a ¼ b ¼ 3.66 Å and 3.62 Å, respectively. These are all in good
agreement with previous calculated and experimental results.21

Since there are two possible stacking ways (AA and AB) to
construct the ZrS2/HfS2 heterostructure (Fig. 1(b)), we compare
the total energies of these two patterns and nd that AA stack-
ing is more stable than AB stacking by �40 meV. Therefore, AA
stacking should be more preferred under experimental
Fig. 1 (a) Geometric structures of monolayers of ZrS2 and HfS2. (b)
Top and side views of AA and AB stacking ZrS2/HfS2 heterostructures.
(c) The Brillouin zone with high symmetry points labeled.

14626 | RSC Adv., 2017, 7, 14625–14630
conditions, and we only focus on it in this study. The lattice
parameter of the ZrS2/HfS2 heterostructure is set to be 3.64 Å,
thus tiny compressive (ZrS2 layer, <1%) or tensile strains (HfS2
layer, >�1%) can be induced. According to our calculations,
such small strains can hardly have any effect on the electronic
properties of the respective monolayer. Aer full relaxation, the
interlayer distance (from Zr to Hf) is found to be 6.3 Å.
Furthermore, we also check the general PBE method. Our
calculations from PBE underestimate the binding energy
slightly compared to PBE + vdW, which is consistent with
previous reports.11 Due to the same lattice symmetry of the
monolayers and the ZrS2/HfS2 heterostructure, the Brillouin
zone also remains unchanged (see in Fig. 1(c)).

In addition, the structural stability is very important for
material applications. To further assess the stability of cong-
urations at room temperature, an ab initio molecular dynamics
(MD) simulation is carried out. With a time step of 1 fs, for 3000
fs, the variation of the total energy and temperature with time
are considerably small, as shown in Fig. 2. Therefore, we can
conclude that there are no obvious distortions of the geometries
for the ZrS2/HfS2 heterostructure.

In order to investigate the electronic properties modulation
of the ZrS2/HfS2 heterostructure, focusing on the band struc-
tures of the respective monolayers is benecial. As can be seen
in Fig. 3(a), the band gaps of monolayer HfS2 and ZrS2 are both
found to be indirect with values of 0.99 eV and 1.23 eV,
respectively, which are in line with previous calculations.15

Furthermore, we also calculate the projected band structure of
ZrS2/HfS2 heterostructure to have an indirect band gap (�1.02
eV) in Fig. 3(a), where the red and blue circles represent the ZrS2
and HfS2 components of the bands, respectively. It can be seen
clearly that the band structures of the monolayer are well
maintained and separated, and the band bending of ZrS2 and
HfS2 in the heterostructure is small, in comparison with the
corresponding monolayer. These ndings indicate that the vdW
interactions existing between the layers of the ZrS2/HfS2 heter-
ostructure are weak. For the different Fermi levels of the iso-
latedmonolayer relative to the vacuum level, the electrons could
transfer between two layers once they combine together to form
Fig. 2 Ab initio molecular dynamics simulation: the variation of the
total energy and temperature with time.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Band structures of monolayer ZrS2, monolayer HfS2, and the ZrS2/HfS2 heterostructure with the Fermi levels all set to be zero. The
corresponding band alignments are illustrated in (b), the green and orange dashed lines indicate the Fermi and vacuum levels, respectively.
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a heterostructure. As can be seen from the scheme of electron
energies in Fig. 3(b), the relatively higher Fermi level of mono-
layer HfS2 in comparison with monolayer ZrS2 can lead to the
electron ow from the former to the latter monolayer, while the
holes transfer in the opposite direction. As a result, aer
reaching an equilibrium state between the two sides, the elec-
tronic states are found to be mostly located in ZrS2 layer in the
vicinity of the Fermi level of the ZrS2/HfS2 heterostructure, and
the band alignment becomes type-I accordingly. In this situa-
tion, the electron–hole pairs with the lowest energy still stay in
the same region, like that of the general monolayer, which could
easily lead to the recombination of the carriers and cut short
their lifetimes, and be unfavorable for the practical applications
of heterostructures in optoelectronics.

As we mentioned above, an electric eld could effectively
tune the electronic properties of the heterostructure. Therefore,
we investigate the band alignment modulation of the ZrS2/HfS2
heterostructure by applying an external perpendicular electric
eld (Et), which is important in practical applications.9,22–26 The
effect of Et varying from�1.0 V Å�1 to 1.0 V Å�1 is studied, with
the positive direction being taken as from HfS2 (top) to ZrS2
(bottom). Our calculation results reveal that applying Et can
effectively tune the band alignment and further realize type-I to
type-II semiconductor transitions in both positive and negative
Et directions. Specically, it can be seen clearly from Fig. 4(a)
that the HfS2 layer and the ZrS2 layer completely occupy the
valence band maximum (VBM) and the conduction band
minimum (CBM) of the heterostructure, respectively, by
applying negative Et ¼ �0.5 V Å�1. In sharp contrast, this
This journal is © The Royal Society of Chemistry 2017
becomes the opposite under positive Et ¼ 0.5 V Å�1, the states
in the vicinity of the Fermi level are determined by the ZrS2 layer
(VBM) and HfS2 layer (CBM), respectively (see Fig. 4(b)). As
a result, the CBM and VBM of the heterostructure completely
localize on two different layers in space, and the band align-
ment is tuned from a type-I to type-II semiconductor. Simulta-
neously, the spatial distributions of electron–hole pairs with the
lowest energy are successfully separated to locate on two
different layers, which can be benecial to enhance the life of
the carriers in the practical performance of ZrS2/HfS2
heterostructure-based solar cells. For the behaviors of band gap
and band edges in the varying of Et, we will give more
discussion in detail below.

In general, while applying Et on the heterostructure, the
electrons (holes) move along the negative (positive) direction of
the Et to attain equilibrium. Taking Et with positive values as
an illustration, the electrons should transfer from ZrS2 to HfS2
layer, and the holes have the opposite behavior. Accordingly, the
quasi-Fermi level of ZrS2 layer (Ef-ZrS2) declines and Ef-HfS2

increases, and then the band edges of ZrS2 and HfS2 layers also
could be affected. Both of them are supposed to have same
tendencies with their respective quasi-Fermi levels, due to the
weak coupling effect between the two layers. When negative Et
is applied, the situation is reversed. This could be the main
reason why a type-I to type-II semiconductor transition occurs
when the applied Et exceeds a certain positive or negative
values.

To make it more clear, we calculate the integrated charge
density difference under the respective values of Et, which is
RSC Adv., 2017, 7, 14625–14630 | 14627
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Fig. 4 The projected band structure of the ZrS2/HfS2 heterostructure under (a) Et ¼ �0.5 V Å�1 and (b) Et ¼ 0.5 V Å�1. (c and d) The integrated
charge density differences of the ZrS2/HfS2 heterostructure under different Et, where the blue (red) region corresponds to the HfS2 (ZrS2).
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a function of charge density at different position along the
perpendicular direction as follows:

DrEðzÞ ¼
ð
rEðx; y; zÞdxdy�

ð
rSðx; y; zÞdxdy (1)

where rS(x, y, z) is the charge density of ZrS2/HfS2 hetero-
structure at (x, y, z) point without an external electric eld, and
rE(x, y, z) is the identical charge density with Et. From Fig. 4(c)
and (d), it can be seen clearly how the charge transfers along the
z direction under different Et. As we know, a little electron
transfer exists due to the weak vdW interactions between the
layers of the ZrS2/HfS2 heterostructure. By applying an external
electric eld, the positive charge (hole) transfers along the
direction of Et, while the negative charge (electron) runs along
the opposite direction. Specically, under the strength of the
negative electric eld (�0.5 V Å�1), the charge of HfS2 transfers
from �22 Å to �16 Å, while that of ZrS2 transfers from �15 Å to
�10 Å (see in Fig. 4(c)). However, under the strength of the
positive electric eld (0.5 V Å�1), the charge of ZrS2 transfers
from �10 Å to �14 Å, and that of HfS2 transfers from �16 Å to
�22 Å. It demonstrates that some charge transfer occurs
between layers of the ZrS2/HfS2 heterostructure along the
direction of the electric eld, which can also be enhanced with
the increase of the strength of the applied Et. As a result, the
quasi-Fermi levels of ZrS2 and HfS2 layers split, and Ef-ZrS2 and
Ef-HfS2 shi in opposite directions by applying Et. This splitting
further leads to the band alignment modulation of the hetero-
structure so that the VBM and CBM are localized in different
layers spatially when the applied Et exceeds certain values.
14628 | RSC Adv., 2017, 7, 14625–14630
Accordingly, the band gap and band offsets of the hetero-
structure, which also play important roles in determining the
performance of the related devices, could also be tuned. As
shown in Fig. 5(a), the band gap variation of the ZrS2/HfS2
heterostructure as a function of Et is described. It can be
seen clearly that the band gap is signicantly tuned according
to a linear relation with Et, expect for the regions near
Et ¼ 0. When the absolute value of the applied Et is in the
range of 0.2–0.7 V Å�1, the band gap decreases linearly with
increasing Et. Moreover, when Et > 0.7 V Å�1 (<�0.7 V Å�1),
the band gap seems close to zero, and a semiconductor-to-
metal transition occurs. It is exactly the band offsets and
quasi-Fermi levels that determine the band gap and further
the band alignments of the ZrS2/HfS2 heterostructure. The
valence (conduction) band offset DEV (DEC) is dened as the
difference between the values of valence (conduction) band
edges of the two respective layers of the heterostructure. As
shown in Fig. 5(a), DEV and DEC demonstrate similar
tendencies, both reduce linearly with increasing Et. This can
be attributed to the valence and conduction sub-bands of the
ZrS2/HfS2 heterostructure undergo splitting under the
external electric eld, namely the giant Stark effect (GSE),
which is analogous to the phenomenon of the Stark effect at
atomic level.

Further investigation of the variation of the band edges
under different Et is presented in Fig. 5(b). The band edges
EC-HfS2 (EC-ZrS2) and EV-HfS2 (EV-ZrS2) represent quasi-CBM and
quasi-VBM of the HfS2 (ZrS2) layer of the heterostructure,
respectively. Similar to the band gap variation tendency, it is
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) The band gap and band offsets variations of the ZrS2/HfS2 heterostructure as a function of Et. (b) The band edges variations of the
respective ZrS2 and HfS2 layers in the heterostructure as a function of Et.
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distinct that the EC-HfS2 and EV-HfS2 demonstrate approxi-
mately linear decreases with increasing Et, while the EV-HfS2

and EV-ZrS2 exhibit contrary behaviors. These also demonstrate
a weak coupling effect between the layers, and can be mainly
attributed to the charge transfer induced by Et, which
simultaneously leads to the linear shis of the respective
band edges. As we mentioned above, when the applied Et
reaches critical values, the band alignment of the hetero-
structure is tuned from type-I to type-II. It should be noted
that the threshold value is different according to the direction
of Et, about �0.05 V Å�1 and +0.1 V Å�1 respectively. This
is mainly due to the band offsets of ZrS2/HfS2 heterostructure
having different values without applying an external electric
eld.
4. Conclusions

To summarize, the electronic properties of the ZrS2/HfS2 het-
erostructure modulated by external electric eld are investi-
gated by using rst-principles calculations. Our results reveal
that the ZrS2/HfS2 heterostructure demonstrates semi-
conducting characteristics with an indirect band gap, and the
band structures of HfS2 and ZrS2 layers are well preserved with
little band bending. More importantly, the band alignment of
the ZrS2/HfS2 heterostructure can be effectively tuned from
intrinsic type-I to type-II when the applied Et reaches certain
values (�0.05 and 0.1 V Å�1). The band gap and band offsets
exhibit approximately linear variations with Et expect for the
regions nearby Et ¼ 0 and where the gap is being closed. The
underlying mechanism can be attributed to the band edges
splitting, namely GSE, and the linear band edges shiing,
induced by electron transfer between the ZrS2 and HfS2 layers
of the heterostructure under the external electric eld.
Simultaneously, the spatial distribution of electron–hole pairs
with the lowest energy is separated, along with the band
alignment transforming to type-II. These ndings are bene-
cial to expand potential applications of the ZrS2/HfS2
heterostructure-based eld-effect transistors and optoelec-
tronic devices.
This journal is © The Royal Society of Chemistry 2017
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