
First-Principles Study of Strain Engineered Electronic Properties
of GeSe-SnS Hetero-bilayer

SHAHNEWAZ AHMED,1,2 TOWSIF TAHER,1,3 RAJAT CHAKRABORTY,1,4

and SAMIA SUBRINA 1,5,6

1.—Department of Electrical and Electronic Engineering, Bangladesh University of Engineering
and Technology, Dhaka 1205, Bangladesh. 2.—e-mail: ahmed.shahnewaz16@gmail.com.
3.—e-mail: towsiftaher@eee.buet.ac.bd. 4.—e-mail: rajat@eee.buet.ac.bd. 5.—e-mail:
samiasubrina@eee.buet.ac.bd. 6.—e-mail: ssubr002@ucr.edu

Vertical stacking of two dimensional (2D) materials is emerging as an exciting
method for the design of next generation electronic and optoelectronic devices.
Here, we employed first-principles calculations based on density functional
theory to study the structural and electronic properties of the GeSe-SnS Van
der Waals hetero-bilayer. Our results suggest that this hetero-bilayer is
semiconducting in nature with a direct band gap of 0.9006 eV and also has an
intrinsic type-II band alignment indicating an expectation for spontaneous
electron-hole charge separation. The electronic responses of the hetero-bilayer
are found to be sensitive and anisotropic to the applied strain. The direct band
gap of the GeSe-SnS hetero-bilayer is tunable by strain within a considerable
range (0.306–1.197 eV) and the transitions between direct–indirect band gap
can repeatedly be obtained by applying compressive uniaxial and biaxial
strains. The carrier effective masses of the hetero-bilayer can also be engi-
neered by strain in a low mass range. These intriguing results suggest GeSe-
SnS hetero-bilayer as a good candidate for applications in electronic and
optoelectronic semiconductor devices.
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INTRODUCTION

Atomically thin two-dimensional (2D) materials
have incited immense interest among the research-
ers due to their distinct characteristics originating
from their unique structure and quantum size
effects. After the first isolation of graphene,1 a large
number of 2D materials such as hexagonal boron
nitride (h-BN),2 transition metal dichalcogenides,3

phosphorene 4, etc., have been successfully

fabricated in the recent years which illustrate
noteworthy electronic, optical and mechanical prop-
erties for nanoscale applications.5 Modulation of
their properties by using strain, electric field,
doping, multilayers, etc., has always been a topic
of extensive investigation as it yields opportunities
for a wide range of applications. Formation of van
der Waals (vdW) heterobilayer to augment the
individual advantages6–8 has also intrigued the
curiosity of many researchers.

Of late, great interest has been drawn into the 2D
properties of Group IV monochalcogenides (SnS,
SnSe, GeS, GeSe) that include valley dependent
transport excited by linearly polarized light,9 rever-
sible in-plane anisotropy switching by strain or
electric field,10 photostriction11 and large bulk pho-
tovoltaic effect12 etc. They are isoelectronic to
phosphorene with similar orthorhombic puckered
structure.13 Theoretical calculations have shown
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strong quantum confinement effect,14 giant piezo-
electricity and in plane ferroelectricity,15–17 and
spin orbital splitting (19–86 meV) due to breaking of
inversion symmetry in a monolayer.13,15 Among the
members of this family, monolayer SnS and GeSe
have shown great potential for applications in
optoelectronic and thermoelectric devices. SnS
shows layer dependent anisotropic properties15

while GeSe is a tunable direct band gap material
with small carrier effective mass.16 The literature
also reported the presence of strongly bound Mott–
Wannier excitons in a GeSe monolayer.18 Both
monolayer SnS and GeSe are intrinsic multiferroic
materials with small thermal conductivity and high
electrical conductivity indicating potential applica-
tion in information storage16,17 and thermoelectric
devices.19 Anisotropic electronic properties of both
materials have been reported to be modulated by
strain.16,20 Moreover, monolayer and few layer SnS
and GeSe have been experimentally fabricated
using liquid phase exfoliation and physical vapor
transport.21–23 Furthermore, the lattice mismatch
between monolayer SnS and GeSe is less than 2:5%
10 which is a minimum among all the combinations
of Group IV monochalcogenides. All these promising
properties compel the exploration of the vdW
hetero-bilayer composed of monolayer SnS and
GeSe. Xia et al. Ref. 24 have analyzed the properties
of this bilayer with a few orientations (interaction
between the atoms of same group in two different
layers) but the effect of interactions of Group IV to
Group VI atoms of two different layers if they are
placed in proximity is yet to be explored. In this
article, using first principles calculations, we obtain
the stable equilibrium geometry of GeSe-SnS het-
ero-bilayer and investigate their electronic proper-
ties and the effect of strain on it with Perdrew-
Burke-Ernzerhof (PBE) calculations.

SIMULATION METHOD

First-principles calculations are performed within
the framework of density functional theory25 using
the Quantum Espresso package.26 The exchange-
correlation energy is described by the generalized
gradient approximation (GGA) using a PBE27 func-
tional. A non-local vdW density functional in the
form of Beck88 optimization (optB88)28 is consid-
ered for structural optimization to precisely model
the dispersive forces between the atomic sheets. It is
reported that optB88 gives better predictions for
graphene-metal interfaces29 and layered com-
pounds such as chromium trihalides.30 The wave
functions are expanded in a plane wave basis with a
cutoff energy of 40 Ry. The first Brillouin zone (BZ)
is sampled with a fine 16 � 16 � 1 Monkhorst-Pack
(MP)31 grid. The geometric structure are optimized
with an energy and force convergence threshold of
10�6 Ry/atom and 10�4 Ry/Bohr, respectively. The

thickness of the vacuum region is kept 15Å to avoid
interaction due to periodic images.

STRUCTURAL AND ELECTRONIC PROPER-
TIES OF GeSe-SnS HETERO-BILAYER

Four different stacking patterns, namely AA, AB,
AC and AD stacking as shown in Fig. 1(a)–1(d), are
considered as such that the group IV atoms in the
upper layer are always in close proximity to the
group VI atoms in the bottom layer and vice versa.
For AA stacking, the top GeSe layer is directly
stacked on the bottom the SnS layer (Fig. 1a). In AB
stacking, the top GeSe layer is shifted by half unit
cell along a(zigzag) direction (Fig. 1b) and as a
result the edge of the puckered hexagon of the top
layer is located in the center of the puckered
hexagon of the bottom layer. For AC stacking, the
top and bottom layers are mirror images of each
other (Fig. 1c). AD stacking is a half unit cell shifted
stacking where the top and bottom layers are mirror
images of each other (Fig. 1d). The proposed struc-
tures AA, AB, AC, AD are different from the
structures proposed by Xia et al. Ref. 24 where
atoms of similar groups from two different layers
are in close proximity. The unit cell of GeSe-SnS
hetero-bilayer contains eight atoms including two
Ge, 2 Se, 2 Sn and two S atoms keeping the
primitive unit cell of each monolayer to be the
same. Total energy calculations for structural opti-
mization based on optB88 indicate that the total
energy of AD stacking is more than 10 meV/atom
lower than that of AA, AB and AC stacking, making
it the most energetically favorable structure. There-
fore, AD stacking is considered to be the optimal
stacking for the group IV- group VI hetero-bilayer
and further studies are done on this stacking. The
calculated optimal lattice parameters of GeSe-SnS

hetero-bilayer are a ¼ 4:21Å and b ¼ 4:02Å with

equilibrium distance d ¼ 3:35Å between the layers
as shown in Fig. 1(e). For the benchmarking of our
calculation, our computed lattice parameters of

monolayer GeSe (a ¼ 4:26Å and b ¼ 3:95Å) and

SnS (a ¼ 4:21Å and b ¼ 4:002Å) are in good agree-
ment with Gomes et al. Ref. 13 and the obtained
results also indicate small lattice mismatch between
the monolayers and optimal stacking. For better
assessment of the stability of the hetero-bilayer, we
calculate the binding energy (Eb) with optB88
calculation using the formula,

Eb ¼ EGeSe�SnS � EGeSe � ESnS ; ð1Þ

where EGeSe�SnS is the total energy of the GeSe-SnS
hetero-bilayer per atom, EGeSe and ESnS are the total
energies of monolayer GeSe and SnS per atom,
respectively. The calculated binding energy at equi-

librium interlayer distance of d ¼ 3:05Å is found to
be �126:83 meV/atom. Our studied hetero-bilayer
configuration is suggested to be stable as other
similar vdW systems like phosphorene-graphene
hetero-bilayer (�71 meV/atom), hexagonal boron
nitride-phosphorene hetero-bilayer (�79 meV/
atom)32 and GeSe-phosphorene hetero-bilayer (�18
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meV/atom)33 that are reported to have binding
energy greater than �100 meV/atom.

In this work, projected band structure and den-
sity of states (DOS) are calculated using PBE
functional. Figure 2 shows the projected band
structure of GeSe-SnS hetero-bilayer. GeSe-SnS
hetero-bilayer exhibits direct band gap of 0.9006
eV whereas the band gaps of monolayer GeSe and
SnS are found to be 1.18 eV and 1.39 eV, respec-
tively, which are in agreement with previous theo-
retical predictions.13 Both conduction band
minimum (CBM) and valance band maximum
(VBM) for hetero-bilayer lie along C� Y direction
and CBM is composed of about 83% GeSe and 17%
SnS while VBM is composed of about 29% GeSe and
71% SnS. Similar results were also reported by Xia

et al.24 which predicted direct bandgap for their
proposed structure. To better investigate the under-
lying mechanism of orbital re-configuration of GeSe-
SnS hetero-bilayer, the total and projected density
of states (PDOS) are plotted in Fig. 3(a). PDOS of
GeSe-SnS hetero-bilayer shows that below the
Fermi level, p orbitals of S and Se provide major
contribution to the total DOS while p orbitals of Sn
and Ge contribute significantly to the total DOS
above the Fermi level. The overall electronic struc-
ture of the GeSe-SnS hetero-bilayer has been
formed by overlapping the p orbitals of the con-
stituent atoms and thus causes the lowering of the
band gap of the hetero-bilayer compared to the band
gap of both the monolayers. The quantum confine-
ment in 2D materials due to the removal of the

Fig. 1. (a)–(d) Top (top) and side views (bottom) of AA, AB, AC, AD stackings of GeSe-SnS hetero-bilayer, (e) unit cell of optimal stacking of
GeSe-SnS hetero-bilayer.
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Fig. 2. Projected band structure of GeSe-SnS hetero-bilayer.

First-Principles Study of Strain Engineered Electronic Properties of GeSe-SnS Hetero-bilayer 6737



interaction of the p orbitals across the interlayer
region generally increases the gap.34 Hence, the
increased overlap in p orbitals explains the decrease
in band gap of the hetero-bilayer with vertical
stacking of monolayers.

The band alignments of GeSe-SnS hetero-bilayer
are investigated in Fig. 3(b) using the vacuum
energy level as reference. As shown in the figure,
GeSe and SnS layers form type II band alignment
with band edges of monolayer GeSe and SnS located
at (�1:064;�2:253) eV and (�1:258;�2:641) eV,
respectively. Type II band alignment was also found
in the study by Xia et al. Ref. 24 This indicates
spontaneous separation of electron-hole pairs at the
lowest energy level, marking possible application of
the hetero-bilayer in optoelectronic devices.

To better understand the charge redistribution at
the hetero-bilayer surface, differential charge density
(DCD) DqðzÞ along the direction normal to the surface
is calculated from in-plane DCD using the formula,

DqðzÞ ¼
Z

qðx; y; zÞdxdy�
Z

qGeSeðx; y; zÞdxdy

�
Z

qSnSðx; y; zÞdxdy
; ð2Þ

where qðx; y; zÞ, qGeSeðx; y; zÞ,and qSnSðx; y; zÞ are the
charge density at (x, y, z) point in GeSe-SnS hetero-
bilayer, monolayer GeSe and SnS unit cells, respec-
tively. Here x, y and z are taken along a, b and c
directions, respectively. To obtain the amount of
transferred charge, cumulative DCD DQðzÞ is cal-
culated as given by,

DQðzÞ ¼
Z z

�1
Dqðz0Þdz0 ð3Þ

DqðzÞ and DQðzÞ are plotted in Fig. 3(c). The
figure shows that electrons are transferred from
GeSe layer to SnS layer leading to p doping in GeSe
and n-doping in SnS. This observation is supported
by the band diagram in Fig. 3(b) and also by the
isosurface of DCD plotted in Fig. 3(d) where accu-
mulation and depletion of electron across the inter-
face are depicted.

The plane-averaged electrostatic potential along
the perpendicular direction of GeSe-SnS hetero-
bilayer surface is plotted in Fig. 3(e). The work
function of GeSe-SnS structure is 2.753 eV while the
calculated value of the potential drop across the
hetero-bilayer is 4.025V. This potential difference is
higher than that of phosphorene/h-BN (3.59V) and
lower than those of phosphorene/graphene (6.42V)32

and GeSe/phosphorene (5.94V),33 implying the exis-
tence of reasonable electrostatic field at the inter-
face. As a result, electron-hole recombination would
be altered in both GeSe and SnS.

Next, the carrier effective masses are calculated
from the band structure of GeSe-SnS hetero-bilayer

according to the equation, m� ¼ �h2=ð@2E
@k2Þ. It can be

observed from Table I that the values of carrier
effective masses of GeSe-SnS hetero-bilayer are
comparable to those of monolayer SnS
(m�

e ¼ 0:19mo, m�
h ¼ 0:22mo, armchair direction;

m�
e ¼ 0:20mo, m

�
h ¼ 0:27mo, zigzag direction)35 while

smaller than those of monolayer GeSe
(m�

e ¼ 0:31m�
o, mh ¼ 0:38mo)

36 and phosphorene
(m�

e ¼ 1:24mo, m�
h ¼ 4:29mo, zigzag direction).37

Here m0;m
�
e and m�

h represent the invariant mass
of electron, effective mass of electron and effective
mass of hole respectively.
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STRAIN EFFECT ON PROPERTIES
OF GeSe-SnS HETERO-BILAYER

Figure 4(a) shows total energy as a function of
strain based on PBE calculation. GeSe-SnS hetero-
bilayer requires less than 83.28 meV/atom to be
expanded or compressed by 6%. As the desired
strain and harmonic behavior are achievable in
elastic regime and at a low energy cost, strain
engineering is effective for this hetero-bilayer. The
figure shows that effect of strain is more prominent
for biaxial compressive strain due to the reduction
of the unit cell volume, resulting in the reduced
distance between individual atoms. This, in effect,
reduces system stability and increases total energy
more rapidly for compressive strain.

The variation in band gap under applied strain of
varying percentage is depicted in Fig. 4(b). The
figure shows that the band gap decreases from
0.9006 eV to 0.4634 eV when GeSe-SnS hetero-
bilayer structure is compressed along a axis (zigzag
direction) up to 6% and increases to 0.98 eV when it
is stretched up to 6%. For strain along b axis
(armchair direction), band gap is lowered to 0.79 eV
for 6% compressive strain and rises as high as 1.07
eV for 6% tensile strain. Biaxial strain follows the

similar trend and the highest achieved band gap is
1.19 eV for 6% tensile strain. The figure concludes
that the band gap exhibits a decreasing trend when
compressive strain is exerted on the hetero-bilayer
and the opposite happens when tensile strain is
applied. Furthermore, results also indicate direct-
indirect transition of band gap for specific range of
applied strain. GeSe-SnS hetero-bilayer shows indi-
rect band gap for more than or equal to 2% of
compressive biaxial and uniaxial strain along a axis.
On the other hand, the band gap remains direct up
to 4% compressive strain and becomes indirect for
6% compressive strain along b axis which is
depicted in Fig. 5. Our study finds that band gap
remains direct for the applied tensile strain. In case
of direct band gap both CBM and VBM are located
along the C� Y direction. However, for indirect
band gap cases, we observe that VBM stays in the
same position but CBM shifts to C point as shown in
Fig. 5. This type of high strain tenability makes
GeSe-SnS hetero-bilayer structure a promising
material for flexible electronics and optoelectronics.
Besides this property, it is clear from Fig. 5 that the
hetero-bilayer becomes degenerate when compres-
sive biaxial strain is applied.

Effect of strain on electron and hole effective
masses along different directions are shown in
Figs. 4(c) and (d). It is observed that effective mass
is sensitive to strain and anisotropic due to the
characteristic puckered structure. Figures show
that effective mass varies over a large range from
0:10006mo to 3:519mo and both electron and hole
effective masses are small (in between
0:21mo � 0:56mo) for applied tensile strain. How-
ever, in case of applied compressive strain CBM
position changes to C point where curvature is small
and results in a drastic increase of electron effective
mass. On the other hand, as VBM holds over the
same position, hole effective mass remains small.

Table I. Calculated carrier effective masses for
GeSe-SnS hetero-bilayer along armchair (along b
axis) and zigzag directions (along a axis)
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This strain effect can be easily caused by a lattice
mismatch on the substrate or mechanical load-
ing.37,38 As a result, effect of strain on carrier
effective mass and band gap may act as an impor-
tant criterion for the choice of substrate for GeSe-
SnS hetero-bilayer.

CONCLUSION

In conclusion, we have investigated the equilib-
rium geometry and electronic properties of a GeSe-
SnS hetero-bilayer from DFT studies considering
Van der Waals interaction between two layers. The
study shows that a GeSe-SnS hetero-bilayer is a
direct band gap semiconductor with type II band
alignment. Significant redistribution of charge and
potential are observed across the interface and the
hetero-bilayer is found to have small anisotropic
effective masses which are maintained under the
application of tensile strain. Band gap is also strain
tunable and direct to indirect transition is observed
for a specific range of compressive strain. These
results imply that a GeSe-SnS hetero-bilayer would
further encourage the application of monochalco-
genides in the next generation electronic and opto-
electronic devices.
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