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The electronic and optical properties of the ZrS2/SnS2 van der Waals heterostructure have been investigated.
We find out that the formed heterostructure has an intrinsic type-I band alignment. Moreover, the character-
istics of optical absorption in the heterostructure can be enhanced to the amount of 106 in the ultraviolet light
region. In addition, the tuning electronic properties of ZrS2/SnS2 heterostructure are very interesting, due to
the transitions from type-I to type-II band alignment that can occur by applying an external electric field.
These results suggest that the atomically thin materials ZrS2/SnS2 heterostructure will be utilized for flexible
optoelectronic applications.
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In the past few years, two-dimensional (2D) semi-
conductor materials such as graphene and transition
metal dichalcogenides (TMDs) have attracted extensive
research owing to distinctive electronic and optoelec-
tronic properties, such as suitable band gap, high carrier
mobility, and high photosensitivity[1–4]. Such reviews on
photodetectors have been mainly focused on 2D materials
and provide new directions towards broadband photode-
tectors for future development[5,6]. Nevertheless, studies
show that no single 2D material possesses perfect proper-
ties for practical applications, and thus constructing a
van der Waals (vdW) heterostructure is used to obtain
the advantages of building monolayers in experiment
and theory[7,8]. Prior research shows that vdW hetero-
structures assembled with different 2D materials can be
obtained with unique physical properties for electronic
and optoelectronic devices[9–12]. In such vdW heterostruc-
tures, the in-plane stability depends on strong covalent
bonds, while the stacking of different layers is held
together by the vdW interactions. The existing
experimental and theoretical results show that most
atomically thin 2D heterostructures exhibit obvious pho-
tovoltaic effects and improvements in optical character-
istics as a result of the weak interaction between the
different layers. For instance, graphene/h-BN hetero-
structure devices present high electronic quality in new
applications[13], and the ultrafast charge transfer can be
found in MoS2∕WS2 heterobilayesr compared with
isolated monolayers[14]. Due to the 2D heterostructures
having great potential applications in transistors, solar

cells, photodetectors, etc., more vdW heterostructures
with the desired properties should be built.

As a member of the family of 2D TMDs, ZrS2 has been
successfully fabricated using a different method. Wang
et al. via an optimized chemical vapor deposition
(CVD) method on traditional substrates obtained atomi-
cally thin hexagonal ZrS2 nanoflakes[15], and Zhang et al.
reported the synthesis of hexagonal monolayer and few-
layer ZrS2 using low-pressure CVD (LPCVD)[16]. The
present results show that 2D ZrS2 is a promising material,
and nanoelectronics based on monolayer and few-layer
ZrS2 has good characteristics with high sensitivity and rel-
atively high mobility.

As another typical member of the 2D layered metal
dichalcogenides, SnS2 nanosheet systems have attracted
more attention[17,18]. Moreover, this semiconductor is abun-
dant in the earth and environmentally friendly. Moreover,
monolayer and few-layer SnS2 have a band gap value of
∼2.0 eV, which is larger than that for MoS2. The large
band gap could show more potential modulating energy
levels by strain, doping, and other methods. Recently,
single and few-layer SnS2 nanosheets have been employed
as promising optoelectronic devices, such as field effect
transistors (FETs)[17] and high-speed photodetectors[18].
Especially, Refs. [19,20] reported that the FETs based
on the larger band gap of SnS2 nanosheets appear with
larger on/off current ratios and lower off-state leakage
currents. These researches indicate that 2D ZrS2 and
SnS2 nanosheets are both competitive and promising
materials for potential optoelectronic devices.
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Here, we focus on the electronic and optical properties of
the 2D ZrS2∕SnS2 vdW heterostructure because of its
newly excellent properties. Moreover, there is a good
lattice match between monolayer ZrS2 and SnS2, and it
will be good for experimental fabrications, such as
physical transfer technology and CVD; all can be exper-
imentally fabricated with the 2D ZrS2∕SnS2 vdW hetero-
structure. Our calculations show that the ZrS2∕SnS2 vdW
heterostructure owns an intrinsic type-I band align-
ment, where the electrons and holes are both located in
the same layer[21,22]. As we know, the extensively explored
TMDs heterostructures, such as MoS2-MoSe2

[23] and
MoS2-WS2

[24,25], all have typical type-II band alignment
from the present experimental and theoretical research.
Thus, the vdW heterostructure with a type-I band align-
ment is still lacking[21]. In addition, the optical properties
in the heterostructure are basic for optoelectronic devices.
Therefore, the research about the ZrS2∕SnS2 vdW heter-
ostructure based on type-I band alignment is necessary.
Interestingly, the external electric field can effectively
control the location of electrons in the ZrS2∕SnS2 vdW
heterostructure. We can easily obtain a transition from
type-I band alignment to type-II band alignment as a
result of the tuned band offset in the heterostructure.
As we know, the type-II band alignment presents the spa-
tial distribution, where the electrons and holes are, respec-
tively, localized in different layers, which is very beneficial
to enhance the carrier life in solar cells[26–29]. The electric
field effects indicate that the ZrS2∕SnS2 vdW heterostruc-
ture can become a promising candidate in photovoltaic
applications.
Our simulations are carried out by employing the

Vienna ab initio simulation package (VASP) code. The
exchange-correlation functional is employed based on
the generalized gradient approximation (GGA) within
the Perdew–Burke–Ernzerhof (PBE) formula[30], and the
projector-augmented wave (PAW) method[31,32] is used to
replace the core electrons. We consider the vdW
interactions between layers of the ZrS2∕SnS2 heterostruc-
ture using the density functional theory method of
Grimme (DFT-D2), which is widely employed to reach
accurate results, such as layer distances and electronic
properties[33]. To more accurately calculate the band gap,
Heyd–Scuseria–Ernzerhof (HSE) and GW methods are
generally demanded to correct the gap values[34]. Here,
the HSE06 methods are used to calculate the band struc-
tures of the monolayers in this work. Additionally, a plane-
wave basis energy cutoff is fixed to 500 eV. The atomic
structures are fully relaxed until the Hellmann–Feynman
atomic forces on each unconstrained atom are less than
0.01 eV/Å(1 Å = 0.1 nm), and the convergence energy
for electronic iterations is chosen as 10−5 eV. The
Monkhorst–Pack method in the Brillouin zone (BZ) is
sampled by 15 × 15 × 1 to obtain the electronic structure.
Moreover, to avoid the interaction between layers and their
periodic images, a vacuum slab of 20 Å along the z axis is
sufficient. The applying of the uniform electric field is dis-
posed by adding an articial dipole sheet, which is similar to

dipole correction[35]. The automatic symmetry is switched
off, because the external electric field would break the inver-
sion symmetry of the bilayer. Here, the electric field direc-
tion is vertical to the plane of the ZrS2∕SnS2 bilayer.

It is important to investigate the optical properties in
optoelectronic devices. Here, the optical absorption prop-
erties are evaluated with the frequency-dependent dielec-
tric function. The absorption spectrum can be determined
by the absorption range. The optical absorption coeffi-
cient αðEÞ can be expressed by the following equation:

αðEÞ ¼ 4ΠE
hc

�ðε21 þ ε22Þ1∕2 − ε1
2

�1∕2
; (1)

in which ε1 and ε2 are the real and imaginary parts of
the frequency-dependent complex dielectric function,
respectively. Then, the optical absorption coefficient of
the isolated monolayers and the heterostructure can be
calculated from the corresponding dielectric function.

To describe the electronic properties of ZrS2∕SnS2 vdW
heterostructure, we firstly consider the properties of the
individual ZrS2 and SnS2 monolayers. For bulk ZrS2
and SnS2, the 1T phase named CdI2-type crystals is more
stable than the 2H phase[36]. Here, we adopt the widely
used 1T-ZrS2 (SnS2) bulk to build the monolayers, as
shown in Fig. 1. Our optimized lattice constants are
a ¼ b ¼ 3.685 Å, and the bond length Sn-S is 2.59 Å
for the SnS2 monolayer; meanwhile, a ¼ b ¼ 3.691 Å,
and Zr-S is 2.58 Å for the ZrS2 monolayer. The lattice
parameters agree well with the previous values[37,38].

With respect to the electronic properties, as shown in
Fig. 2, the projected density of states (PDOS) and band
structure of the two individual monolayers are all
obtained using unit cells. For the SnS2 monolayer, as
shown in Fig. 2(a), the conduction band maxima
(CBM) lies at high symmetry point M in the BZ, while
the valence band maxima (VBM) locates at the area be-
tween the high symmetry points Γ and M. The result
presents the SnS2 monolayer as an indirect bandgap semi-
conductor with the gap value of 2.61 eV from HSE06. In
addition, Fig. 2(b) shows the band structures of the ZrS2
monolayer, where the CBM also locates at M point, and

Fig. 1. (a) Top and (b) side view of the SnS2 (ZrS2) monolayers;
the primitive unit cell is represented by the dashed lines.
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the VBM is at Γ point, showing an indirect bandgap with
value of 1.92 eV from HSE06. The present results are all
consistent with other studies[39,40]. We further consider the
PDOS of the two monolayers. Figure 2(a) shows that the
VBM of the SnS2 monolayer is mainly contributed by the
p orbits of the S atom and the d orbits of the Sn atom,
while the CBM is primarily composed of the s and p orbits
of the Sn atom. Meanwhile, the state of the VBM in the
ZrS2 monolayer is mainly composed of the p orbits of the S
atom, whereas the CBM largely consists of the d orbits of
the Zr atom.
Due to close lattice constants, here, the ZrS2∕SnS2 vdW

heterostructure is built only by the unit cells of six atoms.
We also examined the tiny mismatching (<1%) in the
ZrS2∕SnS2 heterostructure, which has barely any effect
on the electronic and optical properties of the heterostruc-
ture. To construct the ZrS2∕SnS2 vdW heterostructure
through stacking the ZrS2 and SnS2 monolayers together,
here, three possible stacking patterns along the z direction
are considered, namely AA, AB, and AC stacking. In order
to check the relative stability of these patterns, the bind-
ing energy (Eb) of the heterostructure can be, respectively,
obtained using

Eb ¼ EZrS2∕SnS2 − EZrS2 − ESnS2; (2)

in which EZrS2∕SnS2 is the total energy of the ZrS2∕SnS2
heterostructure, and EZrS2 and ESnS2 are the total energies
of the individual monolayers. Following this definition,
the negative binding energy indicates that the formation
of the heterostructure is more stable. The present Eb val-
ues prove that the AA stacking is more stable than the
other two patterns, although the small difference is about

67 meV. Thus, we only focus on the AA stacking in the
following, as shown in Fig. 3.

To investigate the electronic properties of the heterobi-
layer, the projected band structure is described in
Fig. 4(a). Compared with the results of Ref. [41], the
shapes of the projected band structures calculated by
PBE and HSE06 are the same, except that the band
gap calculated by HSE06 is much larger. Thus, the follow-
ing analyses about heterostructure are based on PBE
results. It can be seen that the ZrS2∕SnS2 vdW hetero-
structure is an indirect semiconductor with a band gap
of 0.73 eV, where the CBM still locates at M point, while
the VBM locates at Γ point, similar to the isolated ZrS2
monolayer. Moreover, the CBM and the VBM in the het-
erostructure are both mainly contributed by the ZrS2
monolayer, as shown in the projected band structure.
To further explore these spatial properties, we discuss
the band alignment of the heterostructure, which is impor-
tant in optoelectronic devices. Using the vacuum level
(Evac) as an energy reference, the band alignment of
the ZrS2∕SnS2 vdW heterobilayer is obtained. As shown
in Fig. 4(b), the locations of the ZrS2∕SnS2 vdW hetero-
structure are compared with the isolated ZrS2 and SnS2
monolayers. It demonstrates that the ZrS2∕SnS2 vdW het-
erostructure presents a natural type-I band alignment,
which means that the electrons and holes are all confined

Fig. 2. Band structures and the projected density of states
(PDOS) of the (a) SnS2 and (b) ZrS2 monolayers.

Fig. 3. Top and side view of the AA, AB, and AC stacking of
the ZrS2∕SnS2 vdW heterostructure (the purple atom is Sn,
the yellow atom is S, and the green atom is Zr).

Fig. 4. (a) Projected band structure of the ZrS2∕SnS2 heterobi-
layer. (b) The band alignments of the isolated ZrS2 and SnS2
monolayers and the heterostructure.
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in the same layers. Our results are identical to Koda’s
report that the ZrS2∕SnS2 has an intrinsic type-I band
alignment[41]. The light–matter interaction in the type-I
heterostructure can be enhanced due to confining elec-
trons and holes in the same layers; therefore, type-I het-
erostructures are mainly used in light emitting diodes[21].
In addition, the band offsets are necessary in actual
optoelectronic devices. From the isolated ZrS2 and SnS2
monolayers before contact, the valence band offset and
the conduction band offset are individually Ev ¼ 0.03 eV
and Ec ¼ 0.5 eV. After contact, namely in the heterostruc-
ture, the calculated valence band offset and the conduction
band offset are Ev ¼ 0.35 eV and Ec ¼ 0.22 eV, respec-
tively, which is suitable for optoelectronic devices[42]. The
obvious difference of the band offset comparing the isolated
monolayers and the heterostructure is due to the large
charge transfer between the ZrS2 monolayer and the
SnS2 monolayer in the heterostructure.
In order to discuss the potential applications of the

ZrS2∕SnS2 vdW heterostructure in optoelectronic devices,
we calculate the optical absorption properties of the het-
erostructure and the isolated monolayers. Following
Eq. (1), the optical absorption coefficient αðEÞ is shown
in Fig. 5. The absorption edge of the ZrS2 monolayer is
smaller than that of the SnS2 monolayer, which corre-
sponds to their band gaps. For the heterostructure and
the isolated monolayers, the optical absorption ranges
are all broad spectrum, and the absorption peaks are many
due to the different interband transitions. Especially in
the ultraviolet light range, the optical absorption peaks
can reach the order of 105 cm−1 for monolayers, as seen
in Fig. 5. Compared with the isolated monolayers, the op-
tical absorption peaks of the heterostructure are obviously
enhanced in the ultraviolet light range, and the absorp-
tion peaks can appear at 106 cm−1. The stronger light
absorption of the bilayer can be attributed to its unique
electronic structure caused by vdW interactions between
layers. Thus, the enhanced optical absorption peaks in
ultraviolet light band can improve the function in photo-
electronic devices.

In practical applications, the gate voltage is useful for
tuning the transition from the semiconductor to metal
and the carrier density in 2D material systems[43]. In the
intrinsic type-I ZrS2∕SnS2 vdW heterostructure, the elec-
tron and hole are confined in the ZrS2 monolayer, and
thereby the recombination of the carriers is convenient.
Thus, the type-I heterostructure is unfavorable for photo-
voltaic devices due to the lifetimes of the carriers being
short. Here, we consider the effects tuned by the external
vertical electric field for the ZrS2∕SnS2 vdW heterostruc-
ture. It can be seen from Figs. 6(a) and 6(b) that the effects
of the external electric field are very apparent.When apply-
ing a positive electric field [0.4 V/Å, shown in Fig. 6(a)] the
CBM is completely occupied by the SnS2 monolayer, while
the VBM is completely in the ZrS2 monolayer. However,
when applying a negative electric field [−0.4 V∕Å, shown
in Fig. 6(b)], the CBM is completely in the ZrS2 mono-
layer, and the VBM is in the SnS2 monolayer. Thus, it
can be seen that the type-I band alignment of the
ZrS2∕SnS2 vdW heterostructures can be easily trans-
formed into type-II band alignment under a moderate
external electric field. The separation of the charge in
type-II ZrS2∕SnS2 heterostructures is very suitable for in
photovoltaic processes.

To get further insight, here, we calculate the partial
charge density of VBM and CBM in the ZrS2∕SnS2
heterostructure. As shown in Fig. 6(c), under a positive
electric field 0.4 V/Å, it is clearly observed that the
CBM is completely contributed by the upper layer
(SnS2), while the VBM is perfectly in the lower layer
ðZrS2). However, for the negative electric field
−0.4 V∕Å, as shown in Fig. 6(d), the CBM is perfectly
in the lower ZrS2 monolayer, while the VBM is completely
in the upper SnS2 monolayer. In a word, the application of
the electric field can easily achieve the separation of the
CBM and VBM in different layers of the ZrS2∕SnS2
heterostructure, which can result in new potential
properties in photovoltaics.

Fig. 5. Optical absorption coefficient of the isolated monolayers
and the heterostructure.

Fig. 6. (a) and (b) are the projected band structures under the
electric field 0.4 V/Å and−0.4 V∕Å, respectively. (c) and (d) are
the relevant partial charge densities of the CBM and VBM.
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In summary, we have systematically investigated the
electronic and optical properties of the ZrS2∕SnS2 vdW
heterostructures using the vdW corrected DFT. The exact
match between two monolayer lattices and the negative
formation energies together indicate the relatively high sta-
bility of the heterostructure. For the natural ZrS2∕SnS2
vdW heterobilayer, the VBM and the CBM are all mainly
confined in ZrS2 layers, indicating a typical type-I band
alignment in heterostructures. Moreover, the excellent
optical properties with strong optical peaks (106) can
be obtained from the heterostructures in the ultra-
violet region, which will improve the application of the
ZrS2∕SnS2 heterostructures in optoelectronic devices.
Interestingly, we realize that the intrinsic type-I band
alignment in heterostructures can be transformed to
type-II band alignment by applying the external vertical
electric field. The charge in VBM and CBM can be per-
fectly separated in different layers, which will be beneficial
to photovoltaic devices. The excellent properties of the
heterostructures and the effective modulation under the
external electric field are all essential in application. Based
on the calculated electronic and optical properties, we
believe that the ZrS2∕SnS2 heterostructure can be widely
used in novel flexible optoelectronic devices, such as solar
cells and photodetectors.
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