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A B S T R A C T   

We investigated the effects of biaxial strain on electronic structure of ZrS2, ZrSe2, HfS2, HfSe2, ZrSSe and HfSSe 
monolayers. Similar to ZrS2, ZrSe2, HfS2, HfSe2 monolayers, Janus ZrSSe and HfSSe monolayers are indirect 
bandgap semiconductors. Tensile strain of 6(8)% transform ZrSSe(HfSSe) monolayer to direct bandgap semi-
conductor. Based on the calculation of binding energies and interlayer distance staking-(c) is found to be the 
most stable configuration for ZrSSe/HfSSe vdW heterostructure. Unstrained ZrSSe/HfSSe vdW heterostructure in 
staking-(c) is a type-II indirect bandgap semiconductor. Valence and conduction band edges show that under 
tensile strain ZrSSe, HfSSe and ZrSSe/HfSSe vdW heterostructure are efficient photocatalysts.   

1. Introduction 

Tremendous interest raised in two-dimensional (2D) materials due to 
their potential applications in electronics [1], gas sensing [2], opto-
electronics [3], water splitting [4], piezoelectric [5] and thermoelectrics 
[6]. Therefore, numerous 2D materials beyond graphene, such as ger-
manene [7], silicene[8], hexagonal boron nitride (hBN) [9], silicon 
carbide (SiC) [10], transition metal dichalcogenides (TMDs) [9], phos-
phorene (black [11] and blue [12]), and many more [13] have been 
successfully fabricated and thoroughly investigated. These materials, 
offer an extraordinary behavior as compared to their bulk counterpart 
[14]. 

In the family of 2D materials, TMDs monolayers received specific 
attention due to their easy preparation and multiple characteristics [15]. 
In these materials high exciton binding energies [16] result in very fast 
recombination rate of photongenerated carriers, hence leading to low 
quantum efficiency [17]. Therefore, great efforts have been paid to 
upgrade the physical and chemical properties of 2D TMDs. 

A new class of TMDs monolayers, Janus TMDs have been synthesized 
by chemical vapor deposition of Se(S) in MoS2(MoSe2) [18,19]. 
Furthermore, electronic structures and Raman vibration modes of these 
materials are also associate with density functional theory (DFT) cal-
culations [19]. These materials are favourable for futuristic spintronic 

devices due to the larger SOC-induced Rashba spin splitting [20]. Using 
first-principles calculations Fang et al. [21] showed that Janus Cr2I3X3 
(X = Br, Cl) monolayers are an indirect bandgap semiconductors with 
good stability, intrinsic ferromagnetism, and electric polarization. 
Furthermore, they achieved strain induced transition from half semi-
conductor to bipolar magnetic semiconductor in the Janus Cr2I3X3 (X =
Br, Cl) monolayers monolayers. Although, in TMDs monolayers, Zirco-
nium(Hafnium) dichalcogenides (ZrS2(HfS2) and ZrSe2(HfSe2)) have 
been investigated in details [22]. In this respect, it is surprising that so 
far no investigation has addressed Janus ZrSSe and HfSSe monolayers. 

Strain engineering [23] and layers stacking [24] are well-known 
(experimental and theoretical) approaches to tune the electronic struc-
tures, optical, and photocatalytic performance of materials [25]. 
Experimentally, epitaxy or external loading on small-volume or bulk 
scale nanomaterials are used to generate large strain. This leads to tune 
the physical and chemical properies of materials [26]. For instance, 
using DFT calculations, strain engineering and effect of stacking in vdW 
heterostructures consisting of BlueP/Graphene and BlueP/g-GaN [27], 
SiC/TMDs [28], GeC/MSSe (M = Mo, W) [29], InSe/Ca(OH)2 [30], 
ZrX2/HfX2 (X = S, Se) [6], ZnO/Janus ZrSSe [31], Graphene/WSeTe 
[32], Graphene/Ga2SSe [33], and many more [34,35] have already been 
investigated in detail. 

To overcome the gap in the literature regarding Janus ZrSSe and 
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HfSSe monolayers and motivated by findings of the numerous vdW 
heterostructures discussed above, in the present study, we have inves-
tigated the stabilities, electronic structures, interlayer charge transfer, 
optical and photocatalytic performance of ZrSSe, HfSSe monolayers and 
ZrSSe/HfSSe vdW heterostructure. We have also evaluated the effect of 
strain on both ZrSSe, HfSSe monolayers and ZrSSe/HfSSe vdW 
heterosructure. 

2. Computational details 

We employ DFT [36] in PWSCF package [37] with Perdew-Burke- 
Ernzerhof (PBE) [38] approach for the exchange correlation energy 
and projector augmented wave (PAW) pseudopotentials [39] for ion 
electron interactions. 

Although, results of hybrid functionals in DFT are considered to have 
good agreement with the experimental values than the other semilocal 
functionals, but this is not a generalized approach and agreement with 
the experimental value depends on the choice of materials [1]. There-
fore, qualitatively consistent nature of PBE and Heyd-Scuseria-Ernzerhof 
(HSE06) [40] approaches encourage us to choose PBE for the investi-
gation of these materials. 

A cut-off energy of 700 eV and k-point mesh of 12 × 12 × 1 are 
employed in geometric optimization and electronic properties calcula-
tions. Criterion for forces(energy) convergence are set to 0.001 eV/Å 
(10− 5 eV), while a vacuum thickness of 30Åwere used to separate the 
adjacent cells along z direction. 

3. Results and discussion 

Optimized lattice constant, bond length, work function, electrostatic 
potential difference, band edge potentials and bandgap values of ZrS2, 
ZrSe2, HfS2 and HfSe2 monolayers in Table 1 and Fig. 1 are consistent 
with other available data [41]. Replacing one S layer by Se layer in ZrS2 
and HfS2, Janus ZrSSe and HfSSe monolayers are fabricated. Contrary to 
ZrS2(HfS2) and ZrSe2(HfSe2) monolayers, in ZrSSe(HfSSe) monolayer, 
Zr/Hf atom is sandwiched between S and Se atoms[42,43]. Optimized 
lattice parameters and bond length of ZrSSe(HfSSe) monolayers pre-
sented in Table 2 are about the average value of the corresponding 
ZrS2(HfS2) and ZrSe2(HfSe2) monolayers in Table 1, and are in agree-
ment with finding in Ref. [44]. 

In agreement to the parent ZrS2, ZrSe2, HfS2 and HfSe2 monolayers, 
Janus ZrSSe and HfSSe monolayers are indirect bandgap semiconductors 
with CBM at the M-point and VBM at the Γ-point of Brillouin Zone(BZ), 
see Fig. 2. The calculated bandgap values of the Janus ZrSSe and HfSSe 
monolayers presented in Table 2 are in agreement to Ref. [44] and in the 
range of the average bandgap value of pristine ZrS2, ZrSe2, HfS2 and 
HfSe2 monolayers. Hence fabricating Janus ZrSSe(HfSSe) monolayers, 
while using parent ZrS2(HfS2) and ZrSe2(HfSe2) monolayers is a best 
strategy for the bandgap engineering. 

Mechanical strain; a prominent approaches to tune the electronic 
structures [23], is simulated by setting the optimized lattice parameter 
in ℓ = ((a − a0)/a0) × 100 [23] and relaxing the atomic positions, where 

a0(a) is the calculated unstrained(strained) lattice parameter, as given in 
the Table 2. Under continuous biaxial tensile strain in ZrSSe and HfSSe 
monolayers, the energy level at the M point of BZ in CBM increases, 
while VBM at the Γ-point reshaped with respect to the strain-free case. In 
case of ZrSSe, with the continuse increase in the energy level, under 6% 
tensile strain, CBM shifts to Γ-point, hence transfer to direct bandgap 
semiconducting nature. In case of HfSSe, this crossover of the CBM and 
transfer to the direct bandgap nature occur at 8% tensile strain, see 
Fig. 2. Further increase in the magnitude of the tensile strain sufficiently 
modify the VBM of ZrSSe, hence again transfer to indirect bandgap 
semiconductor. In case of the continuous biaxial compressive strain, the 
CBM at the M point of BZ in both ZrSSe and HfSSe decreases in the 
energy level, while the VBM at the Γ-point slightly increase in the energy 
level with respect to the strain-free case. Hence bandgap of the both 
ZrSSe and HfSSe decreases and vanishes under 6% compression. 

Electronic structure modulations under strain (both tensile and 
compressive) in terms of partial density of states are presented in Fig. 3. 
For unstrained ZrSSe and HfSSe systems, the VBM(CBM) at the Γ(M)- 
point is mainly due to the transition metal Zr/Hf-dx2 − y2 (d3z2 − r2 ) and dxy 

and S/Se-p orbitals. Semiconducting behaviour of these materials is due 
to the strong hybridization of the Zr/Hf-3d and S/Se-p orbitals. Biaxial 
tensile strain increases the bond length (see Table 2), strengthen 
coupling between the S/Se-p and Zr/Hf-d3z2 − r2 orbitals, hence enhances 
the bonding and anti-bonding splitting at the M-point of BZ, therefore, 
shift the CBM at M-point of BZ to high energy level. On the other side, 
compressive strain weaken the coupling between the S/Se-p and 
Zr/Hf-dx2 − y2 and dxy orbitals, therefore reduces the bonding(Γ- point) 
and anti-bonding(M-point) splitting. These modulations of couplings 
lead the Zr/Hf-d3z2 − r2 (dx2 − y2 and dxy) orbital to a higher(lower) energy 
level in the conduction band. After reaching the threshold with 
continuous increase in biaxial tensile strain, both the Zr/Hf-d3z2 − r2 

orbital at the M-point and the Zr/Hf-dx2 − y2 and dxy orbitals at the 
Γ-point cross each other and change the ZrSSe and HfSSe monolayers to 
direct bandgap semiconductors. 

Hexagonal symmetry and lattice mismatch between single layer of 
ZrSSe and HfSSe also realize the fabrication of vdW heterostructures. 
Therefore, we have investigated the following five possible stacking 
patterns of the ZrSSe/HfSSe vdW heterostructures, see Fig. 4. Stacking- 
(a): Zr(Hf) atom of ZrSSe(HfSSe) layer is placed directly above the Hf(Zr) 
atom of HfSSe(ZrSSe) layer. Stacking-(b): S atom of ZrSSe layer is placed 
on top of the Hf atom of HfSSe layer. Stacking-(c): Se atom of ZrSSe layer 
is placed on top of the Hf atom of HfSSe layer. Stacking-(d): Zr atom of 
ZrSSe layer is directly above the Hf atom of HfSSe layer like stacking-(a), 

Table 1 
Optimized lattice constant (a in Å), bond length (M–X (M = Zr, Hf; X = S, Se in 
corresponding column) in Å), bandgap (Eg-PBE), Work Function (WF in eV), and 
band edge potentials (EVB and ECB in eV) for ZrS2, ZrSe2, HfS2, and HfSe2 
monolayers.   

ZrS2 ZrSe2 HfS2 HfSe2 

a 3.67 3.75 3.65 3.75 
M–X 2.56 2.60 2.55 2.60 

Eg-PBE  1.10 0.47 1.42 0.64 
WF 2.99 2.28 2.87 2.32 
EVB  1.20 0.70 1.30 0.73 
ECB  0.10 0.23 − 0.12 0.09  

Fig. 1. Band structures of (a) ZrS2, (b) ZrSe2, (c) HfS2, and (d) HfSe2.  
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Table 2 
Optimized lattice constant (a in Å), bond length (M–X and M–Y (X = S, Y = Se) in Å), band gap (Eg-PBE in eV), Work Function (WF in eV) and band edge potentials EVB 

and ECB in eV) of unstrained and strained ZrSSe, HfSSe monolayers and ZrSSe/HfSSe vdW heterostructure.  

MX2 Strain − 6 − 4 − 2 0 2 4 6 8 

ZrSSe a 3.52 3.60 3.67 3.75 3.82 3.90 3.97 4.05 
Zr–S 2.52 2.53 2.55 2.56 2.58 2.59 2.61 2.63 
Zr–Se 2.76 2.74 2.72 2.71 2.71 2.73 2.74 2.77 
Eg-PBE  0.00 0.11 0.35 0.59 0.80 0.98 1.10 1.12 

WF 2.18 2.37 2.53 2.70 2.81 2.92 3.05 3.17  
EVB  – 0.610 0.730 0.848 0.954 1.047 1.106 1.113  
ECB  – 0.500 0.380 0.262 0.156 0.063 0.004 − 0.258 

HfSSe a 3.48 3.55 3.63 3.70 3.77 3.85 3.92 3.99 
Hf–S 2.48 2.49 2.51 2.53 2.55 2.56 2.58 2.60 
Hf–Se 2.69 2.67 2.65 2.66 2.67 2.68 2.70 2.72 
Eg-PBE  0.00 0.34 0.62 0.87 1.10 1.30 1.47 1.58 

WF 2.19 2.37 2.54 2.70 2.84 2.94 3.05 3.17  
EVB  – 0.667 0.808 0.936 1.049 1.149 1.235 1.290  
ECB  – 0.329 0.188 0.061 − 0.053 − 0.153 − 0.239 − 0.294 

ZrSSe/HfSSe a 3.48 3.55 3.63 3.70 3.77 3.85 3.92 3.99 
Hf–S 2.34 2.34 2.35 2.36 2.37 2.38 2.48 2.49 
Hf–Se 2.53 2.53 2.53 2.55 2.57 2.58 2.58 2.59 
Eg-PBE  0.23 0.55 1.04 1.00 1.34 1.23 1.35 1.33 

WF 0.58 0.57 0.59 0.55 0.54 0.51 0.50 0.49  
EVB  0.64 0.80 1.05 1.02 1.19 1.14 1.20 1.19  
ECB  0.41 0.25 0.01 0.03 − 0.15 − 0.09 − 0.15 − 0.14  

Fig. 2. Band structures of unstrained and strained ZrSSe (first row) and HfSSe (second row) monolayers.  

Fig. 3. Density of states of unstrained and strained ZrSSe (first row) and HfSSe (second row) monolayers.  
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but the position of the chalcogen atoms (S and Se) are shifted. Stacking- 
(e): S atom of ZrSSe layer is placed on top of the Hf atom of HfSSe layer 
like stacking-(b), with interchanged position of the Se atom. Binding 
energies (Eb); Eb = Eheterostructure − Emonolayer− i − Emonolayer− ii, here 
Eheterostructure represent the total energy of heterostructure, while 
Emonolayer− i and Emonolayer− ii is the total energy of first and second mono-
layer, respectively, and the interlayer distance (− 0.215 eV/3.35 Å for 
stacking-(a), − 0.264 eV/3.34 Å for stacking-(b), − 0.296 eV/3.32 Å for 
stacking-(c), − 0.241 eV/3.34 Å for stacking-(d) and − 0.256 eV/3.39 Å 
stacking-(e)) show that staking-(c) is the most stable configuration. 
Therefore, we have further investigated stacking-(c) of the ZrSSe-HfSSe 
vdW heterostructure. 

The calculated band structures in Fig. 5 show that unstraied ZrSSe- 
HfSSe vdW heterostructure is an indirect bandgap semiconductor with 
VBM at the Γ-point and CBM at the M-point of BZ, see partial density of 
state in Fig. 5. The calculated band gap value in Table 2 indicate that the 
bandgap reduces under the formation of vdW heterostructure. Partial 
density of states show that both the valence band maximum (VBM) and 
conduction band minimum (CBM) of unstrained ZrSSe-HfSSe vdW het-
erostructure are localized to corresponding ZrSSe and HfSSe mono-
layers, respectively, resulting in a type-II band alignments at the 
interface. This type of the band structure will spontaneously separate the 
free electrons and holes, enabling the high efficiency optoelectronics 
and solar energy conversions [45]. Partial density of states further shows 
that the CBM(VBM) mainly originates from the Se-p(Zr-d) state of HfSSe 
(ZrSSe) monolayer. This orbital overlaps enhance the optical absorption. 
Similar to corresponding monolayers, tensile strain increases the energy 

level of CBM at the M point of BZ and also slightly reshape in the energy 
level of VBM at the Γ-point with respect to the strain-free case, but the 
nature of the band gap remain indirect. The calculated band gap values 
for unstrained and underboth compressive and tensile strained sysytems 
are presented in Table 2. Partial density of states show that the type-II 
band alignment remain under strain. 

Averaged electrostatic potential of unstrained and strained ZrSSe 
and HfSSe monolayers and ZrSSe/HfSSe vdW heterostructures are pre-
sented Table 2 and shown in Fig. 6. It is clear from the figure that dif-
ference in the electrostatic potential energy of the chalcogenides in 
corresponding Janus monolayers are due to the induced dipole moment 
[46], which produces a large built-in electric filed perpendicular to its 
two-dimensional plane. Exactly, an intrinsic dipole perpendicular to the 
x-y plane exists in the Janus ZrSSe and HfSSe structure, leading to a 
built-in electric field in the structure. This difference of electrostatic 
potential is high in un-strain system than strain system. The electrostatic 
potential difference of compressive strain is higher than that of tensile 
strain. Similar results are also investigated by few Layer Janus MoSSe 
Structure [47]. 

Work function (ϕ) is the minimum amount of energy for removing an 
electron from a surface, given by [48]; ϕ = V∞ − EF, In this equation V∞ 

and EF electronic potential at a vacuum region far from the surface and 
Fermi level, respectively. The calculated values of ϕ for the studied 
monolayers and respective strain is presented in Table 2 we have 
observed the following trend for work function ZrS2 > ZrSe2,HfS2 >

HfSe2 and ZrSSe > HfSSe which is due to higher electronegatively. The 
calculated values of ϕ for ZrSSe-HfSSe heterostructure and respective 

Fig. 4. Van der Waals heterostructures for different stackings.  

Fig. 5. Band structures (first row) and density of states (second row) of unstrained and strained ZrSSe-HfSSe vdW heterostructure.  
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strain is presented in Table 2, which is smaller than that of corre-
sponding monolayers. 

Photocatalytic response of ZrSSe and HfSSe (un-strained and 
strained) monolayers and their vdW heterostructure at pH = 0 are 
investigated by using Mullikan electronegativity [49,50]. Valence (VB) 
and conduction (CB) band edges are calculated by EVBM =

χ − Eelec +0.5Eg and ECBM = EVBM − Eg, where χ represents the geometric 
mean of Mullikan electronegativities of the constituent atoms, Eelec is 
constant (4.5 eV) and Eg represents the band gap.The band alignment of 
the strained and un-strained ZrSSe and HfSSe monolayer at pH = 0 is 
presented in Fig. 7. It is clear fro the figure that both the monolayer fail 
to reduce and oxidize water at pH = 0. Compressive strain decreas the 
band gap of both systems, hence also fail for redox potential at pH = 0. In 
case of 8% tensile strain HfSSe monolayer is able to reduce water at pH 
= 0, while ZrSSe shows good response for reduction at 8% tensile strain. 
At 8% tensile strain both the monolayers show good response for redox 
potential. In case of ZrSSe/HfSSe vdW heterostructures; both the un- 
strained and compressed system fail to reduce and oxides water at pH 
= 0 (see Table 2 and Fig. 7), streched, while stretched sysytem has the 

ability to oxides and reduced water at pH = 0. These results indicate that 
under tensile strain ZrSSe and HfSSe monolayers and ZrSSe/HfSSe vdW 
heterostruture are efficient photocatalysts for conversion of solar light 
into hydrogen. 

4. Conclusion 

In summary, using first-principles calculations we have investigated 
the electronic structure and photocatalytic performance of MX2 (M = Zr, 
Hf; X = S, Se) and MXY, (M = Zr, Hf; ((X ∕= Y)=S, Se) monolayers and 
ZrSSe/HfSSe vdW heterostruture. Similar to the parent MX2 monolayers, 
optimized MXY monolayers are indirect band gap semiconductors with 
CBM(VBM) at the M(Γ)-point of Brillouin Zone. Using tensile strain of 6 
(8)% for ZrSSe(HfSSe) monolayer, a transition from an indirect to direct 
band gap is achieved, while the band gap decreases and remains indirect 
in the case of continuse compressive strain. Based on the calculation of 
the binding energies and interlayer distance ZrSSe-HfSSe vdW hetero-
structure in staking-(c) out of five possible stacking patterns is found to 
be the most stable configuration. Unstraied ZrSSe-HfSSe vdW 

Fig. 6. Electrostatic potential and work function of unstrained and strained ZrSSe (first row) and HfSSe (second row) monolayers.  

Fig. 7. Valence band and conduction band edge alignment of ZrSSe, and HfSSe monolayer. For water splitting into O2/H2O and H+/H2, the standard oxidation and 
reduction potentials are − 5.67 eV and − 4.44 eV, respectively. 
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heterostructure in staking-(c) is an indirect band gap semiconductor 
with type-II band alignments. Similar to corresponding monolayers, 
under continuous biaxial tensile strain, the nature of the band gap 
remain type-II with indirect nature. Furthermore, we have also inves-
tigated the photocatalytic performance of MXY, (M = Zr, Hf; ((X ∕= Y)=
S, Se) monolayers and corresponding vdW heterostruture. Valence and 
conduction band edge alignment show that ZrSSe and HfSSe monolayers 
and ZrSSe/HfSSe vdW heterostruture under tensile strain are efficient 
photocatalysts for conversion of solar light into hydrogen. 
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