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Solar energy harvesting by a PtS2/ZrS2 van der
Waals heterostructure†

P. R. Parmar, a S. J. Khengar,a Disha Mehta,a Yogesh Sonvane b and
P. B. Thakor *a

In this study, the photovoltaic performance of van der Waals heterostructure (v-HS) PtS2/ZrS2 has been

examined using density functional theory based on first-principle calculations. Out of six possible

configurations of v-HS of PtS2/ZrS2, the most stable configuration of v-HS of PtS2/ZrS2 has been

identified based on adhesion energy and phonon dispersion relation. The Heyd–Scuseria–Ernzerhof

functional has been employed for the calculation of the electronic properties, which has shown that the

v-HS PtS2/ZrS2 possesses a type II indirect band gap. The results based on the absorption coefficient

have indicated that the v-HS of PtS2/ZrS2 has enhanced absorption when compared to its constituent

monolayers PtS2 and ZrS2, with absorption starting from the visible region of the electromagnetic

spectrum and achieves the highest value in the ultraviolet region of the electromagnetic spectrum. Solar

parameters have been calculated using the Shockley–Queisser method, and the v-HS of PtS2/ZrS2 has

been found to exhibit enhanced photovoltaic performance when compared to monolayers PtS2 and

ZrS2. These findings suggest that the material has potential applications in both photovoltaics and

optoelectronic devices as well as its other applications.

Introduction

Nowadays, the world is facing two prominent interconnected
problems, one is the energy crisis and the second is global
warming. Presently, the former problem is being solved by
mainly non-renewable energy sources such as oil, coal, and
natural gas. The use of non-renewable energy sources generates
more greenhouse gases, which increase global warming. Both
problems require a common solution which is a reduction in
the use of non-renewable energy sources and increasing the use
of renewable energy sources such as hydropower, solar energy,
wind energy, etc. Among all renewable energy sources, solar
energy is the cleanest. Solar energy can be harnessed through
photocatalytic water-splitting and solar cells. Any semiconduct-
ing material can only be used as a photocatalyst if it satisfies
two main conditions: (i) the band gap of the semiconductor
material must be greater than 1.23 eV, and (ii) the valence band
maximum and conduction band minimum must be below the
O2 (5.67 eV) and above the H2 (4.44 eV) potentials, respectively.
In contrast, solar cells do not impose additional requirements

on semiconducting materials. Two-dimensional (2D) materials,
such as transition metal dichalcogenides (TMDs),1 MXenes,2

layered halides,3 and Janus4–6 materials, have been found to
strongly interact with electromagnetic (EM) waves, making
them potential candidates for photovoltaic applications.

Semiconducting materials with band gaps ranging from 1 eV
to 2 eV are particularly favorable for photovoltaic applications.7

However, many materials do not possess a suitable band gap
value for use in photovoltaic devices. To overcome this limita-
tion, bandgap modulation of these materials can be achieved
through the application of strain or by adsorption. On the
contrary, the application of strain or adsorption often makes
the structure unstable. The construction of a van der Waals
heterostructure (v-HS) is currently considered the most effective
method for bandgap modulation.8,9 The v-HS is the assembly of
two or more different 2D materials stacked with each other
either vertically or horizontally.10 When these two different
monolayers are stacked together there is a charge transfer
between two constituent monolayers which modifies the
ground state energy, bandgaps, carrier mobilities, and other
properties. In addition, they can be categorized into three
groups based on their band alignment: symmetric (known as
Type-I), staggered (known as Type-II), and broken (known as
Type-III).11 Each of these band alignments can be utilized for
specific purposes; for example, Type-I can be used for LEDs,
Type-II can be used for photovoltaic devices, and Type-III can
be used for FETs. One captivating feature of staggered v-HS is
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the separation of electrons and holes within distinct mono-
layers. This unique characteristic results in a reduced recombi-
nation rate and enhanced optoelectronic properties. As a
consequence of this electron-hole confinement, staggered v-HS
is particularly advantageous for solar cell applications. Rawat
et al.12 conducted a study on type II van der Waals hetero-
structures (v-HS) composed of semiconducting group III mono-
chalcogenide monolayers. The researchers reported the power
conversion efficiency (PCE) values for various combinations,
including GaTe/InSe (PCE-9.10), GaSe/InS (PCE-4.10), InS/InSe
(PCE-13.17), GaTe/InS (PCE-8.20), and GaTe/InTe (PCE-12.66).
Furthermore, the PCE values for graphene/GaAs and GeS/GaSe
heterojunction solar cells were also reported, reaching 16.2%
and 16.8%, respectively.13 There are different ways to experi-
mentally create v-HS including mechanical transfer, mixing
fluids, direct synthesis, and exfoliation.14–16 Numerous v-HSs
have been both theoretically predicted and successfully synthe-
sized, such as graphene/MoS2,17,18 phosphorene/TMDs,19,20

SnSe2/MoS2,21,22 GeC/MoS2,23 GeC/WS2,24 GeC/ZnO,25,26 and
GeC/GaSe,27 etc.

It has been found that both the monolayers PtS2 and ZrS2

have been extensively studied both theoretically and experi-
mentally. PtS2 monolayer (ML) was experimentally synthesized
by Lu J et al.28 using the chemical vapor deposition (CVD)
method while the ZrS2 ML was experimentally synthesized by
Zhang M et al.29 using the same CVD method. Additionally,
both the MLs PtS2 and ML ZrS2 have an indirect band gap with
the high absorption of EM waves in the visible region of the EM
spectrum.30–33 Du J et al.34 and Li Yan et al.35 examined the
elastic and electronic properties of monolayers PtS2 and ZrS2.
They discovered that when subjected to compressive and
tensile strain, both materials exhibited a decrease in their band
gap. Moreover, the monolayer PtS2 demonstrated a stiffness
constant of 82 N m�1 and a Poisson’s ratio of 0.27, while for
monolayer ZrS2, these values were found to be 77 N m�1 and
0.20, respectively.

Due to their large band gap, the ML forms of PtS2 and ZrS2

are limited in their application for photovoltaic devices. There-
fore, we have conducted a theoretical study on v-HS PtS2/ZrS2

for photovoltaic applications. Based on our results, we believe
that the v-HS PtS2/ZrS2 can also be obtained experimentally in
the near future.

Computational details

We have employed Quantum Espresso36 as a simulation tool
to perform all the density functional theory (DFT)37 based
computations. In the computation process, we have utilized
Projected Augmented Wave (PAW)38 type pseudopotentials to
include the effects of electron–ion interactions, while generalized
gradient approximation (GGA) with Perdew–Burke–Ernzerhof
(PBE)39 as the exchange–correlation functional was employed to
consider the effects of electron–electron interactions. The van der
Waals corrections were included through DFT-D340 to avoid the
overestimation of the interlayer distance. The considered v-HS

PtS2/ZrS2 has periodicity in the x–y directions while the vacuum of
20 Å was left in the z direction to avoid the interactions between
the two consecutive images of v-HS PtS2/ZrS2. The optimization of
v-HS PtS2/ZrS2 was performed until the force on each atom became
less than 1� 10�4 Ry while the energy convergence of 10�8 Ry was
set for all the ground state calculations. All the DFT calculations
were performed with the uniform Monkhorst41 k-point mesh of
8 � 8 � 1.

The density functional perturbation theory (DFPT) method
with a q-grid size of 4 � 4 � 1 was employed for the calculation
of the phonon dispersion profile which verifies the dynamical
stability of v-HS PtS2/ZrS2. It is a well-known fact that the PBE
functional underestimates the band gap; therefore, we have
utilized the Heyd–Scuseria–Ernzerhof (HSE)42 functional with a
screening parameter of 0.2 Å�1 to achieve a more accurate
electronic band structure. Wannier9043 code was employed to
get the detailed band structure of v-HS PtS2/ZrS2.

We have used Yambo code44 with norm-conserving pseudo-
potentials45 to calculate the optical properties of v-HS PtS2/ZrS2.
The frequency dependent complex dielectric function e(o) =
e1(o) + ie2(o) was calculated with the Bethe–Salpeter equation
(BSE),46 where the real part is denoted by e1(o) and the
imaginary part is denoted by e2(o). Moreover, eqn (1)–(4) are
used to calculate the extinction coefficient, refractive index,
absorption coefficient, and reflectivity of v-HS PtS2/ZrS2,
respectively.47

K oð Þ ¼ 1

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe1 oð Þ2þe2ðoÞ2

q
� e1ðoÞ

� �1
2

(1)

Z oð Þ ¼ 1

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe1 oð Þ2þe2ðoÞ2

q
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2
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a oð Þ ¼ 2
p

o
c
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p
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�����
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where e oð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1 oð Þ2þe2 oð Þ2

q

Results and discussion
Structural properties

In the construction process, we have optimized the MLs PtS2

and ZrS2 to get accurate lattice parameters. It is found that both
the MLs PtS2 and ZrS2 have lattice parameters of 3.58 Å and
3.68 Å respectively with a hexagonal unit cell. The bond length
between the Pt–S atoms in monolayer PtS2 is 2.40 Å whereas the
monolayer ZrS2 has a bond length of 2.57 Å between the
Zr–S atoms. Our calculated lattice parameters of PtS2 and
ZrS2 are in close agreement with previously reported data.48,49

The key parameter to construct the v-HS is lattice mismatch,
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which is calculated using formula (5).50

aZrS2 � aPtS2
aPtS2

����
����� 100 (5)

where aZrS2
and aPtS2

denote the lattice parameters of ML ZrS2

and ML PtS2, respectively. The lattice mismatch between the
two considered ML PtS2 and ML ZrS2 is 2.80% which is much
less than the upper limit of 5%. This calculation of lattice
mismatch suggests that both the monolayers are suitable for
the construction of v-HS. After this, we placed the ZrS2 mono-
layer on the top of the PtS2 monolayer in six different possible
ways. The interlayer distance between two consecutive layers

and lattice parameters of these six configurations were
obtained by performing the optimization, which are listed in
Table 1 along with the bond lengths, and adhesion energies
whereas these six possible configurations are shown in
Fig. 1(a)–(f) and the top and bottom view are shown in
Fig. 2(a) and (b). The top and bottom views of v-HS of ABB1,
BAB, BAB1, BBA and BBA1 are shown in Fig. S1(a–d), S2(a–d)
and S3(a and b) of the ESI.† Furthermore, the negative values of
adhesion energy indicate the stability of the v-HS PtS2/ZrS2

which is determined using formula (6).50

Eae = Ev-HS � EPtS2
� EZrS2

(6)

Table 1 The interlayer distance, bond length, adhesion energy, and lattice parameter

Configurations Interlayer distance (Å)

Bond length (Å)

Adhesion energy (eV) Lattice parameter (Å)Pt–S Zr–S

ABB 2.82 2.41 2.56 �1.10 3.617
ABB1 3.53 2.41 2.56 �1.02 3.614
BAB 2.96 2.41 2.56 �1.08 3.614
BAB1 3.53 2.41 2.56 �1.02 3.613
AAB 3.00 2.41 2.56 �1.08 3.617
AAB1 3.05 2.41 2.56 �1.07 3.616

Fig. 1 Different stackings of v-HS (a) ABB, (b) ABB1, (c) BAB, (d) BAB1, (e) BBA, and (f) BBA1; here black, orange, and red balls represent the S, Zr, and
Pt atoms, respectively.
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where Eae, Ev-HS, EPtS2
and EZrS2

represent the adhesion energy,
energy of v-HS PtS2/ZrS2, energy of monolayer PtS2 and energy
of monolayer ZrS2, respectively.

The dynamical stabilities of MLs PtS2 and ZrS2 and all the six
configurations v-HS are verified using the phonon dispersion
profiles and it is found that the MLs PtS2 and ZrS2 and
ABB configuration of v-HS PtS2/ZrS2 possess positive phonon
frequencies in the phonon dispersion profile, whereas all the
other configurations of v-HS PtS2/ZrS2 have negative phonon
frequencies in the phonon dispersion profile. Due to this
reason, we have discarded all the other variations namely
ABB1, BAB, BAB1, BBA, and BBA1. The phonon dispersion
profile of MLs PtS2 and ZrS2, and the ABB configuration of
v-HS PtS2/ZrS2 are shown in Fig. 2(c), (d) and (f).

Electronic properties

As ML PtS2, ML ZrS2, and v-HS PtS2/ZrS2 possess a hexagonal
unit cell, the band structures of these systems are calculated

along the ‘‘G–M–K–G’’ high symmetry path with both the PBE
and HSE functional. The orbital contribution from each atom
was determined using the projected density of states (PDOS)
calculation. For ML PtS2, the band structure calculations reveal
the indirect band gap of 1.73 eV and 2.40 eV by the PBE and
HSE functional, respectively, as shown in Fig. 3(a) and (b), and
the PDOS calculation shows that the p-orbital of the S atom has
a significant presence in the valence band near the Fermi level,
while both the d orbital of the Pt atom and the p orbital of the S
atom equally contribute to the formation of the conduction
band near the Fermi level, as illustrated in Fig. 3(c). For ML
ZrS2, the band structure calculations with the PBE and HSE
functional reveal the indirect band gap of 0.99 eV and 1.97 eV,
respectively, as shown in Fig. 3(d) and (e), and the PDOS calcula-
tion shows that the p-orbital of the S atom has a significant
presence in the valence band near the Fermi level while the d
orbital of the Zr atom provides the major contribution in the
formation of the conduction band, which is illustrated in Fig. 3(f).

Fig. 2 (a) and (b) Top and bottom view of v-HS PtS2/ZrS2 respectively, and (c)–(f) the phonon dispersion relationships of MLs ZrS2, PtS2, and v-HS PtS2/
ZrS2, respectively.
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These obtained results of electronic band structures for ML PtS2

and ML ZrS2 are in close agreement with previously reported
data.48,49 For v-HS of PtS2/ZrS2, the band structure calculations
with the PBE and HSE functional reveal the indirect band gap of
0.75 eV and 1.49 eV, respectively, as shown in Fig. 3(g) and (h)
while PDOS calculation is shown in Fig. 3(i), which suggests that
the p-orbital of the S atom of ML PtS2 provides the major
contribution in the valence band formation near the Fermi level
while the conduction band near the Fermi level is mainly con-
tributed by the d orbital of the Zr atom. The PDOS calculation of
v-HS of PtS2/ZrS2 suggests that it has a staggered (type-II) band gap
which is confirmed by the work function, charge density, and band
alignment calculations. In our computation of electronic proper-
ties, these obtained results support the previously reported data
with the PBE functional but in order to get more accurate results
we have used the HSE functional.51,52

The work function of the material is defined as the amount of
energy required to remove an electron from the surface, which
is calculated using formula (7),53 where the terms Ef and Evac

correspond to the Fermi energy and electrostatic potential relative
to the vacuum, respectively, and work functions of ML PtS2, ML
ZrS2, and v-HS PtS2/ZrS2 are illustrated in Fig. 4(a)–(c) respectively.

j = Evac � Ef (7)

From work function calculation it is found that the ML PtS2

and ML ZrS2 possess the work function of 6.80 eV and 6.73 eV,
respectively. The lower value of the work function of ML ZrS2

than ML PtS2 suggests the electron transfer from ML ZrS2 to ML
PtS2. Moreover, it is also a well-known fact that the electron will
always move from a lower potential region to a higher potential
region. From the work function profile of v-HS, it is found that
it possesses the work function of 6.76 eV with a potential
difference of 12.96 eV between ML ZrS2 and ML PtS2 which
drives the electron transfer from ML ZrS2 to ML PtS2.

Dr = rv-HS � rPtS2
� rZrS2

(8)

The charge density difference (CDD) is calculated using
formula (8),53 where the mathematical notations rv-HS, rPtS2

,
and rZrS2

represent the charge densities of v-HS of PtS2/ZrS2, ML
PtS2, and ML ZrS2 respectively. The CDD along with the average
planner charge density is illustrated in Fig. 4(d) and (e). In
Fig. 4(d) the violet clouds over the ML PtS2 represent the charge
accumulation and green clouds below the ML ZrS2 represent
the charge depletion which suggests significant charge transfer
from ML ZrS2 to ML PtS2. From the average planar density
which is illustrated in Fig. 4(e), it can be seen that at the
interface the negative value of the average planner density near
the ML ZrS2 and positive value near the ML PtS2 suggests the

Fig. 3 (a), (d) and (g) Band structure of ML PtS2, ML ZrS2, and v-HS PtS2/ZrS2 with the PBE functional, (b), (e) and (h) band structure of ML PtS2, ML ZrS2

and v-HS PtS2/ZrS2 with the HSE functional, and (c), (f) and (i) PDOS of ML PtS2, ML ZrS2 and v-HS PtS2/ZrS2 with the HSE functional.
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charge transfer from ML ZrS2 to ML PtS2. The exact amount of
electron transfer is calculated using Löwdin population charge
analysis, which is found to be 0.212 electrons transfer from ML
ZrS2 to ML PtS2.

Finally, the type-II band gap of PtS2/ZrS2 was confirmed by
the band alignment calculations which were calculated using
eqn (9)–(11).54 The band gap of the HSE functional was used to
calculate the band alignment. The band alignment is shown in
Fig. 4(f).

ECB ¼ w� 4:44� 1

2
EG (9)

EVB = EVB + EG (10)

where w ¼ w Að Þaw Bð Þbw Cð Þc
h i 1

aþ bþ c

EAvS = �ENHE � 4.44 (11)

The given eqn (9)–(11) involve several variables, including w,
ECB, EVB, and EG, which represent absolute electron negativity,
the position of the conduction band edge in the normal
hydrogen electrode (NHE) scale, the position of the valence
band in the NHE scale, and the band gap of the semiconductor,
respectively. The values of ECB and EVB are obtained in the NHE

scale, and eqn (11) is used to convert these values to the
absolute vacuum scale (AVS).

Impact of biaxial strain on v-HS PtS2/ZrS2

We have applied compressive and tensile biaxial strain of 3%
to the v-HS of PtS2/ZrS2. On the application of compressive
strain of 3% the interlayer distance increases from 2.82 Å to
2.85 Å, whereas on the application of tensile strain, the
interlayer distance between two consecutive layers decreases
from 2.82 Å to 2.80 Å. The band gap of v-HS decreases on
the application of compressive strain whereas it increases on
the application of tensile strain. The effects of strain on the

Fig. 4 (a–c) Work functions of ML PtS2, ML ZrS2 and V-HS PtS2/ZrS2, (d) charge density difference where green and violet clouds represent the charge
depletion and accumulation and also black, orange and red balls represent S, Zr, and Pt atoms, (e) average planner charge density difference, and (f) band
alignment of ML PtS2 and ML ZrS2.

Table 2 The impact of biaxial strain on interlayer distance, bond lengths,
and bandgap (HSE)

Strain
Interlayer
distance (Å)

Bond length (Å)

Band-gap (eV)Pt–S Zr–S

Compressive �3 2.856 2.38 2.52 1.34
�2 2.848 2.39 2.53 1.38
�1 2.835 2.40 2.55 1.42

Unstrained 0 2.826 2.41 2.56 1.49
Tensile 1 2.821 2.42 2.57 1.53

2 2.816 2.43 2.58 1.54
3 2.801 2.44 2.59 1.55
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interlayer distance, bond length, and bandgap are summar-
ized in Table 2.

Carrier mobility

By comparing the mobility of electrons and holes, it is possible
to obtain information about the lifetime and recombination of
photo-generated carriers. To obtain an overall picture instead
of directional-dependent mobility, we have computed the aver-
age carrier mobility for both electrons and holes. The determi-
nation of carrier mobility is achieved by employing Bardeen
and Shockley’s deformation potential theory based on the
effective mass approximation, which is given by eqn (12).55,56

m ¼ 2e�h3C

3kBT m�j jEi
2

(12)

where e, �h, C, kB, and T denote the elementary charge, the
reduced plank constant, the elastic modulus, the Boltzmann
constant, and the temperature. Moreover m* is the effective
mass, which is calculated using the formula (13) and obtained

by quadratic polynomial curve fitting while Ei represents the
deformation potential calculated using formula (14)

m� ¼ �h2
@2E

@k2

� ��1
(13)

Ei ¼
@Eedge

@d
¼ DCBM eVð ÞorDVBMðeVÞ

Dstrainð%Þ (14)

where DCBM and DVBM represent the change in the conduc-
tion band and change in the valence band with respect to
applied strain, respectively. The calculated values are summar-
ized in Table 3.

Earlier, it was mentioned that the type-II band gap confines
the electron and the hole in different monolayers, resulting in a
lower recombination rate. This effect is supported by the carrier
mobility values, which indicate that the mobility of the hole is
significantly lower than that of the electron. This lower mobility
of the hole contributes to the reduced recombination rate.

Table 3 Effective mass, deformation potential, elastic modulus, and carrier mobility of v-HS PtS2/ZrS2

Charge Effective mass (units of me) Deformation potential (eV) Elastic modulus (N m�1) Carrier mobility (m2 V�1 s�1)

Hole 0.62 13.86 156.25 0.0063
Electron 0.37 10.07 0.033

Fig. 5 (a) In-plane components of the real part of the ML PtS2, ML ZrS2 and v-HS PtS2/ZrS2, (b) out-of-plane components of the real part of the ML PtS2,
ML ZrS2 and v-HS PtS2/ZrS2, (c) in-plane components of the imaginary part of the ML PtS2, ML ZrS2 and v-HS PS2/ZrS2, and (d) out-of-plane components
of the imaginary part of the ML PtS2, ML ZrS2, and v-HS PtS2/ZrS2.
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Optical properties

The 2D systems have the confinement of electrons in an out-of-
plane direction and thus electrons can only move in in-plane
directions. Due to this reason, we have individually studied
the optical response of all the considered 2D systems in both
in-plane and out-of-plane directions using the complex dielec-
tric function.57 The real part of the complex dielectric function
describes how a material’s polarizability changes when it is
exposed to an oscillating electric field of EM waves. Fig. 5(a)
and (b) show the real part of the dielectric constant for the
in-plane and out-of-plane components of ML PtS2, ML ZrS2, and
v-HS PtS2/ZrS2, respectively. From Fig. 5(a), we can observe that
the static dielectric constant values for the in-plane compo-
nents of ML PtS2, ML ZrS2, and v-HS PtS2/ZrS2 are 4.47, 4.01,
and 8.43, respectively. Similarly, the static dielectric constant
values for the out-of-plane components of these materials are
found to be 1.46, 1.48, and 2.05, respectively. The enhancement
of the static dielectric constant in both the in-plane and out-of-
plane components of e1(o) suggests lower exciton binding
energy as a result of effective separation of electrons and holes
in v-HS PtS2/ZrS2. Additionally, in-plane components of ML
PtS2, ML ZrS2, and v-HS PtS2/ZrS2 exhibit negative values of
e1(o) around 4.21 eV, 3.21 eV, and 3.23 eV, respectively, which
signifies the metallic behavior at those frequencies. In contrast,

out-of-plane components of ML PtS2, ML ZrS2, and v-HS PtS2/
ZrS2 do not exhibit negative values of e1(o), which signifies the
semiconducting behavior of these materials in the entire EM
spectrum. The imaginary part of the dielectric constant is
associated with the interband transition and absorption, which
is illustrated in Fig. 5(c) and (d) along with its in-plane and out-
of-plane components. In ML PtS2, the peaks of e2(o) were
observed around 3.01 eV, and similarly in ML ZrS2 and v-HS
PtS2/ZrS2 the peaks of e2(o) at 2.71 eV signify the interband
transition in their respective systems. All three considered
systems ML PtS2, ML ZrS2, and v-HS PtS2/ZrS2 have the highest
peaks in the visible region of the EM spectrum suggesting that
absorption starts from the visible region of the EM spectrum.
The out-of-plane component of ML PtS2, ML ZrS2, and v-HS
PtS2/ZrS2 shows very minimal changes compared to in-plane
components.

The K(o) represents the rate of photon absorption at a
particular energy, which is illustrated by Fig. 6(a) and (b).
Comparing the in-plane component of the K(o) spectrum of
ML PtS2 and ML ZrS2 shows that they both exhibit peaks at 3.01
eV, while ML PtS2 also has additional peaks at 2.32 eV, 4.12 eV
and 6.43 eV, and ML ZrS2 has an additional peak at 5.92 eV. On
the other hand, the in-plane component of the K(o) spectrum
of v-HS PtS2/ZrS2 shows a peak at 2.91 eV, which is similar to
those of ML PtS2 and ML ZrS2, respectively, but it also has a

Fig. 6 (a) In-plane components of K(o) of the ML PtS2, ML ZrS2 and v-HS PtS2/ZrS2, (b) out-of-plane components of K(o) of the ML PtS2, ML ZrS2 and
v-HS PtS2/ZrS2, (c) in-plane components of Z(o) of the ML PtS2, ML ZrS2 and v-HS PtS2/ZrS2, (d) out-of-plane components of Z(o) of the ML PtS2, ML ZrS2

and v-HS PtS2/ZrS2.
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new peak at 6.63 eV. The peaks observed in the in-plane
component of the K(o) spectrum indicate that at these specific
frequencies, the photons have the shortest penetration depth
(d = c/2poK). The penetration depth refers to the distance at which
the intensity of the photons reduces to 1/e or 37% of their value
at the surface. The penetration depth in v-HS PtS2/ZrS2 is found
to be 3.66 nm and 2.32 nm for the peak values of 2.91 eV, and
6.63 eV, respectively. The K(o) spectrum of the out-of-plane
component shows very negligible values for ML PtS2, ML ZrS2,
and v-HS PtS2/ZrS2. The amount of bending that occurs in EM
waves can be determined by examining the Z(o) spectrum,
which is displayed in Fig. 6(c, d). By analyzing Fig. 6(c), it is
seen that the static refractive indices for the in-plane compo-
nents of ML PtS2, ML ZrS2, and v-HS PtS2/ZrS2 are 2.11, 2.00,
and 2.90, respectively. Similarly, the refractive indices for the
out-of-plane components of these materials are found to be
1.20, 1.21, and 1.43, respectively. The in-plane component of
the Z(o) spectrum for ML PtS2 exhibits a peak at 2.41 eV, which
then gradually decreases until it reaches 5.05 eV, after which it
shows only minimal changes. Similarly, the in-plane compo-
nent of the Z(o) spectrum for ML ZrS2 displays a peak at
2.61 eV, which also steadily decreases until it reaches 7.53 eV
and then shows minimal changes. Additionally, the in-plane
component of the Z(o) spectrum for v-HS PtS2/ZrS2 reaches a
peak at 2.31 eV, after which it gradually decreases until it

reaches 7.43 eV, and then shows minimal changes. The out-
of-plane component of the Z(o) spectrum for ML PtS2, ML ZrS2,
and v-HS PtS2/ZrS2 displays minimal changes across the EM
spectrum.

The absorption coefficient is a measure of the distance an
electron can travel without being fully absorbed. The in-plane
and out-of-plane components of the absorption coefficient are
shown in Fig. 7(a) and (b). In the in-plane component of
the absorption coefficient spectrum for ML PtS2, peaks are
observed at 3.11 eV, 4.12 eV, 4.82 eV, and 6.43 eV. Similarly,
for ML ZrS2, peaks are observed at 3.11 eV, 5.92 eV, and 7.23 eV,
and for v-HS PtS2/ZrS2, peaks are observed at 2.91 eV, 6.63 eV,
and 8.94 eV. On the other hand, in the out-of-plane component
of the absorption coefficient spectrum, only a small peak is
observed at 6.33 eV for ML PtS2, and a small peak is observed at
6.53 eV for ML ZrS2. However, for v-HS PtS2/ZrS2, there is a
steady increase observed across the EM spectrum in the out-of-
plane component of the absorption coefficient spectrum.
Furthermore, both the in-plane and out-of-plane components
of the absorption coefficient for v-HS exhibit enhanced absorp-
tion across the entire EM spectrum. Reflectivity is a measure of
how much light or electromagnetic radiation is reflected from a
surface. The in-plane and out-of-plane components of reflec-
tivity are shown in Fig. 7(c) and (d). The EM spectrum of
Reflectivity shows that the in-plane components of ML PtS2

Fig. 7 (a) In-plane components of a(o) of the ML PtS2, ML ZrS2 and v-HS PtS2/ZrS2, (b) out-of-plane components a(o) of the ML PtS2, ML ZrS2 and v-HS
PtS2/ZrS2, (c) in-plane components of R(o) of the ML PtS2, ML ZrS2 and v-HS PtS2/ZrS2, (d) out-of-plane components of R(o) of the ML PtS2, ML ZrS2 and
v-HS PtS2/ZrS2.
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and ML ZrS2 have the highest reflectivity of 24% at 2.91 eV, and
26% at 2.71 eV respectively, whereas v-HS PtS2/ZrS2 exhibits an
enhanced reflectivity of 40% at 2.61 eV. However, after reaching
the peak value, the reflectivity of all three materials sharply
decreases in the visible and UV regions of the EM spectrum. On
the other hand, the out-of-plane component of ML PtS2 and ML
ZrS2 has the highest reflectivity of 1.2% at 6.13 eV, and 1.6% at
11.95 eV. In contrast, v-HS PtS2/ZrS2 has the highest reflectivity
of 5.6% at 11.75 eV.

The optical band gap is calculated using formula (15) where
a is absorption co-efficient, hW is photon energy, A is a constant,
Eop is optical absorption energy and we have used n = 1

2 for an
indirect band material.

(ahW)n = A(hW � Eop) (15)

Fig. 8 represents the Tauc plot of v-HS PtS2/ZrS2, and from
the Tauc plot analysis it is found that the v-HS PtS2/ZrS2 has an

Fig. 8 Optical band gap using Tauc plot.

Table 4 Solar parameters: short-circuit current density (Jsc), reverse current density (J0), open-circuit voltage (Voc), maximum output power (Pm-out), fill
factor (FF), and power conversion efficiency (Z)

Material Jsc (A m�2) J0 (A m�2) Voc (V) Pm-out (W m�2) FF Z (%)

ML PtS2 74.58 3.14 � 10�24 1.50 102.6 0.91 10.26
ML ZrS2 152.68 4.31 � 10�17 1.10 150.17 0.89 15.01
v-HS PtS2/ZrS2 290.32 2.11 � 10�9 0.66 161.60 0.84 16.16

Fig. 9 (a)–(c) J–V characteristics and power density of ML PtS2, ML ZrS2, and PtS2/ZrS2.
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optical band gap of 1.39 eV. This obtained optical band gap is
very near to the our calculated HSE band gap of 1.49 eV which
validates the use of the HSE functional in band structure
calculation.

Application as a photovoltaic device

As our considered system v-HS PtS2/ZrS2 has a band gap of 1.49 eV
it motivated us to study v-HS PtS2/ZrS2 as an absorber layer for
photovoltaic applications. Therefore, we have determined the solar
parameters, including short-circuit current density ( Jsc), open-
circuit voltage (Voc), fill factor (FF), and power conversion effi-
ciency, by applying the Shockley–Queisser (SQ) limit.58 All the solar
parameters are calculated using eqn (16)–(20).59,60

Jsc ¼
ð1
0

eA Eð ÞIsun Eð ÞdE (16)

J0 ¼
ð1
0

epA Eð ÞIBB E;Tð ÞdE (17)

J ¼ Jsc � J0 e

eV

KBT � 1

0
B@

1
CA (18)

Z ¼ Pmout

Pin
(19)

FF ¼ ðJVÞmax

JscVoc
(20)

where, A(E) = 1 � e�2a(E)L and Pmout = JV
In the above equations, A(E) represents the absorptivity of

the material, a(E) is the absorption coefficient, L is the thick-
ness of the material, and Isun represents the photon flux density
which is obtained from the AM1.5G solar spectrum. J0 is the
reverse current density, J is the total current density, and IBB

is the black-body spectrum calculated at 300 K. KB is the
Boltzmann constant. V is the applied voltage. Pmout represents
the maximum output power and Pin = 1000 W m�2 is the total
incident power. The calculated values of ML PtS2, ML ZrS2, and
v-HS PtS2/ZrS2 are summarized in Table 4. Fig. 9 represents the
J–V characteristics and power density of ML PtS2, ML ZrS2, and
PtS2/ZrS2.

Due to high bandgaps, the ML PtS2 and ML ZrS2 have low Jsc

and high Voc, which is responsible for the reduction in Pm-out

and Z. On the contrary, the v-HS PtS2/ZrS2 possesses a moderate
bandgap, which provides a balance between the Jsc and Voc and
as a result we get enhancement in Pm-out and Z. The values of
reverse saturation current density remain negligible for the ML
PtS2, ML ZrS2, and v-HS PtS2/ZrS2. The values of FF are found to
be 0.91, 0.81 and 0.84 for ML PtS2, ML ZrS2, and v-HS PtS2/ZrS2,
respectively.

Conclusion

In the present work, we have studied the v-HS PtS2/ZrS2 by
employing DFT. The optimization of v-HS PtS2/ZrS2 reveals that

it possesses a hexagonal unit cell with a lattice parameter of
3.62 Å and interlayer distance of 2.82 Å. The electronic proper-
ties are computed with the HSE functional, which reveals that
the v-HS PtS2/ZrS2 possesses an indirect gap of 1.49 eV. From
PDOS analysis of v-HS PtS2/ZrS2, we have concluded that the
p-orbital of the S atom of ML PtS2 provides the major contribu-
tion in the valence band formation near the Fermi level while
the conduction band near the Fermi level was mainly contri-
buted by the d orbital of the Zr atom. This analysis of PDOS
suggests the type-II band nature of v-HS PtS2/ZrS2, which is
confirmed by the work function, charge density difference,
average planar charge density, and band edge calculations.
Moreover, from the Löwdin charge analysis, it is concluded
that there is a transfer of 0.212 e� from ML ZrS2 to ML PtS2.
From the carrier mobility calculation of V-HS PtS2/ZrS2, it is
concluded that holes have less mobility compared to the
electrons which demonstrates the lower recombination rate
in v-HS PtS2/ZrS2. From the absorption–coefficient calculation,
it is concluded that the v-HS PtS2/ZrS2 has an enhanced
absorption coefficient which starts from the visible region
and attains its peak value in the ultraviolet region of the EM
spectrum. Moreover, we have also checked the performance of
v-HS PtS2/ZrS2 for photovoltaic solar cells and it is found that it
has a power conversion efficiency of 16.16%. From these
results, it is concluded that v-HS PtS2/ZrS2 has potential appli-
cations in photovoltaic solar cells as well as in optoelectronic
devices.
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