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Abstract. In this article, a new two-dimensional nanostructure called GeP2S, as an indirect bandgap semiconductor with
rectangular atomic configuration, is introduced using simulation with computational codes based on density functional
theory. The stability and structural properties of this nanostructure are theoretically investigated by comparing with
previously studied similar structures. Our findings proved that GeP2S monolayer indicates a good stability. The electronic
aspects of GeP2S monolayer in optimized state have been compared and presented by HSE06 and PBE-GGA approximation methods. Exploring the electronic properties shows that the proposed monolayer is an indirect semiconductor with
a moderate bandgap of about 1.367 eV, calculated by HSE06 approximation method. The electronic and optical properties
of this monolayer under effects of biaxial stress and strain up to 6% are investigated by PBE-GGA approximation method,
and compared with the optimized state in order to represent and propose for upcoming experimental attempts to design the
electro-optic applications and devices, especially in solar energy devices.
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Introduction

The advent of graphene [1] has led to the revolutionary
physical properties of this structure, such as dynamical,
electronic and optical properties [2–7], with the aim of
designing electro-optic devices. This discovery led to
explore new two-dimensional (2D) materials to predict new
electronic and electro-optic devices with new practical
potential applications [8–16]. After that, a variety of new
nanostructures with new applications by theoretical and
experimental investigation have been predicted and obtained
[17–30]. Recently, there have been two researches into
prediction and experimentally discovering distinct classes of
2D nanostructure by Teshome and Datta [31,32]. Also SiP2S
monolayer as a 2D semiconductor with a moderate bandgap
structure has been predicted by Naseri [27].
In this study, by means of the first-principles calculations
based on the state-of-the-art density functional theory
(DFT), we report on the prediction of a novel 2D monolayer
structure, named GeP2S. At first, we calculated the optimized structure data, such as stability, phonon structural
and electronic properties, of this new 2D monolayer unit
cell using two approximation methods. Then the electronic
and optical aspects of GeP2S under biaxial stress and strain
conditions as an innovative work were investigated.
According to the results obtained under the conditions
applied in this theoretical research, it may be possible to

provide the synthesis of this nanostructure in upcoming
experimental researches for usage to design the electrooptic applications. It is hoped that GeP2S as an electro-optic
material could be used in practical applications to manufacture the surface acoustic wave devices and in fields of
mobile phones as optical sensors and optical modulators in
telecommunications, so on. Remarkably, the obtained
bandgap of the GeP2S monolayer in this research fall into
the range required for solar cell applications.

2.

Calculation methods

Methods of computation applied in this study have been
done by using first-principles calculation based on density
functional theory (DFT). The QUANTUM ESPRESSO
Package [33] is used for phonon structures computation
with k-point mesh of 8 9 8 9 8 to achieve accurate simulated results. WIEN2k computation codes [34] are used for
calculation of electronic and optical aspects in GeP2S 2D
monolayer structure. For extension, the Kohn-sham wavefunction, the full-potential linear augmented plane waves
plus local orbital (FPLAPW ? LO) method was employed.
To exchange and correlate term in this attempt, the generalized gradient approximation represented by PerdewBurke-Ernzerhof (GGA-PBE) [35] was used. Also to obtain
more accurate bandgaps, the electronic band structure
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calculations were done by Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional theory [36]. For electronic and
optical calculations, the Monkhorst-Pack approximation
[37] was considered first and later Brillouin zone (BZ) with
k-point meshes 12 9 12 9 1 and 25 9 25 9 1. The computational input parameters RMTKmax = 7, Gmax = 14
Ry1/2, lmax = 10 were considered, while in computing the
electronic properties and an energy of –8 Ry is chosen to
separate the core from the valence electrons, and the calculations are performed for the un-polarized spin configurations. Also to gain the complex dielectric function
components, the Kramers–Kronig relations and the random
phase approximation (RPA) method [38] are applied.

3.

Structural properties and the stability

The geometry and atomic configuration of 2D crystalline
GeP2S nanostructure as a new predicted monolayer is
shown in figure 1. All views of GeP2S structure are shown
in figure 1a–c. According to the figure, GeP2S unit cell has a
rectangular atomic configuration, which consists of a
chemical bond between a germanium with a sulphur atom
and two phosphorus atoms.
According to figure 2, the lattice constants of GeP2S
using the thermodynamical equation state of Brich-Murnaghan [39] is optimized:
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Figure 1.

(a–c) 2D crystalline structure of GeP2S views.

0

where B0 is the derivative of the bulk modulus with respect
to pressure. B0 is the bulk modulus without pressure. V0 is
considered initial volume and V the deformed volume that
are the optimized lattice parameters (a and b) of GeP2S. In
figure 2, we see (a) the GeP2S unit cell, (b) a 2 9 2
supercell of GeP2S monolayer and (c) the energy vs. volume
curve for GeP2S unit cell.
According to figure 2c, the minimum point of this curve
demonstrates the optimized volume in minimal energy of
the unit cell. In accordance to obtained equilibrium volume,
the optimized lattice parameter are proposed as
a = 4.756 Å and b = 3.35 Å.
The thermodynamic stability of the unit cell structure is
stated by cohesive energy calculation. The cohesive energy
of GeP2S unit cell is calculated as below:


total
Ecoh ¼ EGeP

mE

nE

lE
=m þ n þ l;
ð2Þ
Ge
P
S
2S
where EGeP2 S is total energy of GeP2S, EGe is isolated
energy of Germanium atom. m determines the number of
Germanium atoms, in each GeP2S unit cell. EP is isolated
energy of phosphor atom and also n indicates the number of
phosphor atoms for each unit cell. ES is isolated energy of
sulphur atom. l indicates the number of sulphur atoms in
each unit cell. According to our calculations, the cohesive
energy that is obtained for GeP2S monolayer with value of
4.31 (eV per atom) that specifies in comparison with the
cohesive energies of the similar 2D monolayers, such as
SiP2S [27] (4.56 eV per atom), graphene [1] (7.97 eV per
atom), tetrahexcarbon [30] (6.87 eV per atom), Be2C
monolayer [40] (4.84 eV per atom), silicone [41] (3.94 eV
per atom) and phosphorene [42] (3.44 eV per atom), the
predicted monolayer displays a good structural stability.
Table 1 shows the structural data obtained for GeP2S
monolayer and some examples of similar 2D nanostructures
that have recently been proposed by approximation methods
based on DFT. According to the data in the table, considering the atomic differences, the results obtained for the
GeP2S monolayer have an acceptable agreement with the
other similar structures mentioned. It can even be said that
GeP2S is in a better condition in terms of dynamic stability
due to its low cohesive energy compared to the similar
structures mentioned.
To examine other aspects of stability, the phonon band
structure of the GeP2S phonon was calculated and compared
with a sample of a similar 2D nanostructure called SiP2S
[27]. The band structure of these two materials is shown in
figure 3. According to figure 3a, calculation of phonon band
structure for GeP2S in this work, along with high symmetric
C, X, F and Y k-point path using the quantum espresso
code, shows a wide indirect bandgap and an absence of
imaginary modes in the entire Brillouin zone in phonon
spectra of GeP2S, indicating the kinetic stability in this
structure. To be more detailed, the highest phonon frequency for this new proposed 2D monolayer stretches up to
461 cm–1.
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Figure 2.
Table 1.
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(a) Unit cell, (b) supercell and (c) energy vs. volume unit cell of GeP2S.

Structural data, lattice parameter, bandgap and cohesive energy of GeP2S and similar monolayers.

Structure

a (Å)

b (Å)

EG (eV) (HSE06)

Echo (eV per atom)

Type

Be2C
Tetrahexcarbon
SiGeCH3
SiP2S
GeP2S (this work)

2.99
4.52
0.79
3.35
4.756

2.99
6.1
2.41
4.86
3.35

2.34
2.662
1.52
1.19
1.367

4.95
6.87
3.4
4.56
4.31

Direct
Direct
Direct
Indirect
Indirect

The phonon band structure for SiP2S [27], shown in
figure 3b, has relatively higher phonon frequencies than the
phonon dispersion band of GeP2S, which confirms the better
kinetic stability of our proposed 2D monolayer in this study
than SiP2S monolayer.

In table 2, the calculated structural data of GeP2S, such as
optimized lattice parameter, total energy, bandgap and
strained energy, in this work using PBE-GGA approximation method are shown. In addition, to obtain more accurate
bandgaps, the electronic band structure calculations by
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ðg ¼ 2; 4; 6Þ. Before studying the electronic and
optical aspects of GeP2S unit cell, the total energy and
bandgap are calculated under the effect of stress and strain
up to g ¼ 6 (figure 4). The consequences show that when
stress and strain are imposed, stability of system reduces
marginally, according to the blue curve in figure 4. The
energy bandgap variation under strain and stress is illustrated by pink curve in the figure, which shows that by
imposing strain up to g ¼ þ6, bandgap of GeP2S increased
slightly. However, the bandgap decreases by imposing
stress up to g ¼ 6.

Figure 3. (a) Phonon band structure of GeP2S and (b) phonon
band structure of SiP2S.

HSE06 approximation method are also calculated and
shown in table 2.
Results of structural properties investigation in this study
designate that optimized GeP2S nanostructure is introduced
as an indirect bandgap semiconductor with 0.681 eV value
for PBE and 1.367 eV for HSE06 approximation method. In
order to achieve more accurate criteria and practical views
about this new nanostructure proposed in this theoretical
investigation, it is necessary to study the physical properties
of this nanostructure, such as thermodynamic, molecular
dynamic, electronic and optical aspects. Under perturbative
conditions, nanostructure should be compared with the
physical properties of optimized state. Specifically in this
study, in order to provide suggestions for electro-optical
applications of this nanostructure, we study the electronic
and optical properties under biaxial stress and strain conditions as perturbative conditions. The stress and strain
values for GeP2S are imposed to the lattice parameter
(a = b) as the values of lattice constant variations for this
investigation cases are given by:


g
ag ¼ 1 
ð3Þ
aeq ;
100
where aeq is the equilibrium lattice constant and g the value
of stress and strain, which imposed to investigate optical
and electronic aspects. In this study, 2, 4 and 6 positive and
negative signs refer to the strained and stressed conditions

Table 2.

4.

Electronic properties

To investigate the electronic properties, at first the optimized GeP2S in free condition has been studied. Figure 5
shows the band structure and total density of states (DOS)
of the GeP2S in free condition. According to the figure, this
nanostructure is presented as an indirect bandgap semiconductor with 0.681 eV bandgap value, which is between
valence band maximum (VBM) and conduction band minimum (CBM) on the C and Y points by PBE-GGA
approximation method. Also, figure 5 shows that in this
method bandgap value is matched between the band structure and DOS plots. Additionally, as seen in the figure, the
electronic properties are calculated and plotted by HSE06
hybrid functional theory typically, which usually gives
more reliable electronic bandgap. According to HSE06
approximation method calculations, we obtained bandgap
with 1.367 eV value. According to the figure, the calculated
general features of the band structures are similar by both
theories of PBE-GGA and HSE06, except that the bandgap
value that is obtained by HSE06 is much larger than PBEGGA approximation method.
Additionally, more analysis on the electronic properties
of the proposed 2D semiconductor and total DOS for this
nanostructure and its constituent atoms have been calculated using PBE-GGA approximation method. According to
the right panel of figure 5, it was found that both VBM and
CBM for the deigned GeP2S monolayer semiconductor are
mainly contributed by the Ge, P and S atoms.

Structural data, lattice parameter, bandgap, total energy and energy of strain for GeP2S in this study.

Stress and strain (%)
a (Å)
b (Å)
c (Å)
Bandgap—PBE
Bandgap—HSE
Total energy
ES (eV per atom)

–6
4.471
3.149
14.207
0.5
1.102
– 913.1785
0.00632

–4
4.566
3.216
14.207
0.575
1.215
– 913.2678
0.003

–2
4.661
3.283
14.207
0.634
1.299
– 913.3206
0.001

0
4.756
3.35
14.207
0.681
1.367
– 913.3396
0

2
4.851
3.417
14.207
0.717
1.416
– 913.3277
0.00008

4
4.946
3.484
14.207
0.744
1.454
– 913.2886
0.00087

6
5.042
3.551
14.207
0.745
1.460
– 913.2248
0.00233
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Figure 4. The bandgap and total energy of GeP2S under strain
and stress.
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In order to accurately obtain the electron properties of the
proposed GeP2S monolayer, in figure 6, the energy band
structures of this nanostructure is shown and compared with
two samples of the similar materials. These similar materials have been predicted and called as SiP2S [27] and
SiGeCH3 [31]. It should be noted that the band structures of
the materials shown in figure 6 are calculated by DFT-PBE
approximation method. According to the graphs in the
following figure, considering the type of atoms and configuration differences, the results obtained for the GeP2S
monolayer have an acceptable agreement with the other
similar structures mentioned. It can even be said that GeP2S
is in a better condition to indicate its potential applications
in visible light applications and other semiconductor
devices.
Plots of the energy band structures in biaxial stress and
strain conditions up to 6% are demonstrated in figure 7. By
applying these conditions, it is observed that the indirect
bandgap of this semiconductor in free state from 0.681 eV
value, by applying g ¼ þ2; þ4; þ6; slightly increases to
0.717, 0.744 and 0.745 eV values, respectively, and remains
between C and Y points. On the other hand, by imposing
biaxial stress as g ¼ 2; 4; indirect bandgap between C
and Y points decreases to 0.634 and 0.575 eV values,
respectively, and remains between C and Y points. However, for g ¼ 6, bandgap decreases to 0.5 eV but its
position between VBM and CBM is transferred between X–
C and Y–F paths.

5.

Figure 5. The band structures (PBE and HSE06 methods) and
total DOS (PBE method) of optimized GeP2S.

Figure 6.
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Optical properties

For better comprehension, the behaviour of GeP2S under
stress and strain conditions, some significant optical
aspects of the structure were investigated. In figure 8,

The band structures of (a) GeP2S, (b) SiP2S and (c) SiGeCH3 monolayers by PBE.
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Figure 7.
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The energy band structure plots of GeP2S under biaxial stress and strain conditions.

imaginary and real parts of the complex dielectric function, absorption and reflectivity spectra without stress and
strain conditions in X and Z polarization directions are
plotted respectively.
Complex dielectric function consists of two parts, real
and imaginary components as an operational factor to
recognize all optical aspects, such as absorption and
reflectivity spectrum, which are given in the following
equation:
ecomplex ¼ R þ ike

ð4Þ

The real component of the dielectric function, which is
obtained using the Kramers–Kronig relations is as follows:
2
Re ðxÞ ¼ dab þ Pr:
p
ab

Z1

keab ðx0 Þ 0 0
x dx ;
x0 2  x2

ð5Þ

0

where Pr: indicates the Cauchy principal value. In addition,
the effective factor in the interband optical transmissions
between occupied (ik) and unoccupied electron states (fk)
can be considered as the imaginary part of the complex
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Figure 8.
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Optical properties of GeP2S in free state condition.

dielectric function. The equation is from the study by Abt
et al [43]:
Z
4pe2 X
2d3 k
ab
ke ðxÞ ¼ 2 2
hikjPa jfkij2 fik ð1  ffk Þ
3j
m x i;j
ð2pÞ
 dðEfk  Eik  hxÞ:

ð6Þ

As shown in figure 8a and b, we observed a clear anisotropy between X and Z directions in both real and
imaginary parts of the complex dielectric function for
energies lower than 2 eV, which is due to the deviation of
the X polarization direction. In the energies above 2 eV,
both polarizations contribute in the higher energy region.
While in the imaginary part of the complex dielectric
function, the peak of amplitude is related to the polarization
in the Z direction, which occurs in the energy range of about
7 eV.
In figure 8c and d, the absorption and reflectivity spectra
of GeP2S monolayer in X and Z direction polarizations are
plotted. According to figure 8c, this monolayer has almost
high absorption in the visible light spectrum, it has also
considerable light absorption in the range of 1.5–5 eV, as it

reaches about 0:9  106 cm1 for the energy of 5 eV. This
is comparable to those for organic perovskite solar cells
[44]. In addition, figure 8d shows the low reflectivity in the
range of visible lights. Therefore, it can be said that this
proposed 2D nanostructure has acceptable optical properties
that can be used as a suitable material for use in applications
and optical devices.
The real and imaginary spectrum of the dielectric function related to the GeP2S in X and Z directions, in the free
state and under stress and strain conditions up to 6%, are
plotted in figures 9 and 10, respectively. As shown in
figure 9, in the real part, a sharp peak of transition occurred
at about 1–2 eV, which is increased by raising the percentage of stress up to 6%. On the other hand by applying
strain, peak of transition decreases. According to figure 10,
in imaginary part of the dielectric function also shows a
similar behaviour under supposed conditions in this case.
Generally, due to applying strain and stress, slight variation
is observed in the real and imaginary plots of the dielectric
function of material. The graphical results of the complex
dielectric function, which is the main source for extracting
optical properties such as absorption and reflectivity, etc.,
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Figure 9. The real part plot of the dielectric function of GeP2S
under stress and strain.

Figure 10. The imaginary part plot of the dielectric function of
GeP2S under stress and strain.

shown in figures 10 and 11, indicate the application of
strain-induced perturbation up to g = ?6 in this 2D
monolayer. It causes a relative decrease in the amplitude of
the real and imaginary part diagrams of the dielectric
function. On the other hand, the application of perturbation
stress up to g = –6, especially in the photon energy range in
the visible light, slightly increases the amplitude of the real
and imaginary part diagrams of the dielectric function in
both X and Z directions.
Two significant properties for investigation of the optical
aspects, which are obtained from the complex dielectric
function certainly, are the absorption and reflectivity. In
order to create a more accurate view of the optical properties of this nanostructure, the absorption and reflectivity
properties of the free state are examined and compared with
the conditions of strain and stress disorders. So that new
ideas about practical applications, especially in the field of
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Figure 11.

The absorption of GeP2S under stress and strain.

Figure 12.
strain.

The reflectivity spectrum of GeP2S under stress and

optics, may be created in the minds of researchers if this
material is synthesized in the future. In brief, to achieve an
accurate criterion for the optical applications of this structure, especially for greater absorption and less reflectivity in
order to offer the design of optical devices, especially for
solar cells, these optical aspects of the GeP2S have been
studied under the effect of strain and stress conditions up to
6%. These optical aspects in X and Z polarization directions
are plotted in figures 11 and 12.
It should be noted that according to figure 11a and b, the
absorption intensity in both X and Z direction polarizations
have almost the same amplitude. The difference is that in
the X direction, the maximum absorption continues in a
wider range of photon energy from 4 to 9 eV, while in the Z
direction, we see a sharp peak of absorption around of
6–8 eV. After this interval, the amount of absorption
decreases with a steeper slope. On the other hand, according
to figure 12a and b, the measure of reflectivity in both X and
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Z direction polarizations is minor. Especially, in the Z
direction polarization in the range of visible light below
5 eV, the intensity of reflectivity is very small. It is also
observed by applying stress, the absorption and reflectivity
spectrum according to the following figures, is faintly
shifted to higher intensity. While by imposing strain, the
amplitudes of these spectra reduce slightly. In addition to
the fact that this proposed 2D monolayer has a good
absorption rate in the free state and also has a low reflectivity rate, especially in the visible light region. According
to figures 11 and 12, stress and strain disturbance conditions
have little effect on the optical behaviours of this material.
In other words, it can be said that this nanostructure has
acceptable light stability in these conditions and this
material can be considered suitable for use in optical
devices, especially in solar cells.

6.

Conclusions

In a nutshell, in this study a new two-dimensional nanostructure called GeP2S as an indirect bandgap with a moderate bandgap is theoretically predicted by first-principles
calculation, in the framework of DFT. Investigation of
structural and stability properties, such as cohesive energy
and phonon dispersions of the proposed 2D monolayer and
the comparison with similar structures, which are predicted
recently, confirms that the designed monolayer has
acceptable static and dynamic stability. Studying of electronic aspects, such as band structure and DOS, in the free
state indicate that GeP2S is an indirect semiconductor with
medium bandgaps of 1.367 eV calculated by HSE06 theory.
Later, in order to achieve a better view and correct presentation of the practical use of this 2D monolayer in future
research, the electronic properties of this structure under
stress and strain conditions up to 6% were investigated by
PBE-GGA approximation method and compared with the
optimized state. Under strain up to 6%, the energy bandgap
slightly increased from 0.681 to 0.745 eV. On the other
hand, by imposing stress up to 6% energy, bandgap
decreased to 0.5 eV. It is worth noting, this nanostructure as
an indirect semiconductor by applying g ¼ þ2; þ4; þ6
remains between C and Y points. On the other hand, by
imposing biaxial stress with g ¼ 2; 4; indirect bandgap
remains between C and Y points. However, for g ¼ 6,
indirect bandgap position transferred between X–C and Y–F
paths. Investigation results of optical properties show that
this proposed 2D monolayer has a good absorption rate in
the free state and also has a low reflectivity rate, especially
in the visible light region. On the other hand, investigation
of stress and strain effects up to 6% in this monolayer to
achieve an accurate criterion for the optical applications,
indicating a relative and regular shifting on the optical
aspects. Behaviour variations, which are detected in optical
properties, show an agreement with electronic properties
under these situations. It can be stated that this
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nanostructure is appropriate for usage in electro-optic
devices under supposed conditions in this study, especially
in solar energy devices.
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[8] Malko D, Neiss C, Viñes F and Görling A 2012 Phys. Rev.
Lett. 108 086804
[9] Liu C-C, Feng W and Yao Y 2011 Phys. Rev. Lett. 107
076802
[10] Vogt P, De Padova P, Quaresima C, Avila J, Frantzeskakis
E, Asensio M C et al 2012 Phys. Rev. Lett. 108 155501
[11] Watanabe K, Taniguchi T and Kanda H 2004 Nat. Mater. 3
404
[12] Giovannetti G, Khomyakov P A, Brocks G, Kelly P J and
van den Brink J 2007 Phys. Rev. B 76 073103
[13] Balendhran S, Walia S, Nili H, Sriram S and Bhaskaran M
2015 Small 11 640
[14] Zhang S, Yan Z, Li Y, Chen Z and Zeng H 2015 Angew.
Chem. 127 3155
[15] Zhang S, Xie M, Li F, Yan Z, Li Y, Kan E et al 2016 Angew.
Chem. 55 1666
[16] Zhang S, Zhou W, Ma Y, Ji J, Cai B, Yang S A et al 2017
Nano Lett. 17 3434
[17] Zhang S, Guo S, Chen Z, Wang Y, Gao H, Gómez-Herrero J
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