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Abstract

Utilizing first-principles calculations, the structural, electronic and optical properties of two-dimensional germanium sele-
nide (GeSe) with puckered and buckled structures are investigated. The electronic properties investigations reveal that the
buckled GeSe monolayer has an indirect band gap of 2.38 eV and the puckered GeSe monolayer has a direct band gap of
1.15 eV. Applying biaxial strain significantly alters the electronic properties of the puckered and buckled GeSe monolayers.
In the buckled GeSe monolayer, the band gap decreases by applying tensile or compressive strain, but for the puckered GeSe
monolayer, it becomes zero for — 6% strain and increases to 1.49 eV when strain increases to +6%. In the presence of the
compressive strain and —6% strain, the puckered GeSe structure shows direct to indirect band gap and semiconductor to metal
transitions, respectively. Both materials show a wide range of light absorption covering some part of the visible spectrum.
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Introduction

Two-dimensional (2D) layered group-IV monochalcoge-
nides MX (M =Ge, Sn; X=S, Se) are a newly emerging
class of 2D materials which have gained increasing atten-
tion and show excellent optoelectronic properties.'"® There
are several experimental reports on growth and exfoliation
of layered group-IV monochalcogenides such as SnS, GeS
and GeSe.”"'% 2D layered group-IV monochalcogenides
have structures similar to phosphorene. They have superior
mechanical flexibility,!! dynamical stability,'? high thermo-
electric performance'” and ultralow thermal conductivity,'*
abd they are earth abundant with less toxicity than their con-
stituent elements.'>'® The phosphorene-like structures also
exhibit significant piezoelectric properties with giant piezo-
electric coefficients, about two orders of magnitude larger
than those of other 2D piezoelectric materials.'? Because of
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their lower structural symmetry with respect to phosphorene,
group-IV monochalcogenides are expected to show high
ionic dielectric screening'” and large spin—orbit splitting.’
Another aspect of the superiority of group-IV mono-
chalcogenides over phosphorene is their resistance to oxi-
dation.'®!” Phosphorene degrades rapidly under ambient
conditions via oxidation, which restricts its future applica-
tions.?%2! Investigations of the gas-sensing properties of
monolayer group-IV monochalcogenides demonstrate that
they are potential materials for gas sensors and capturers
in future applications.?? Their suitable band gap values,*
high carrier mobility,* excellent optical absorption,'>*>2
and obvious anisotropic characteristics’>’ make them prom-
ising candidates for applications in optoelectronic and pho-
tovoltaic devices.>*?73% For instance, by synthesizing the
GeSe film with high quality, Xue et al. found that it has a
band gap of about 1.14 eV with a high absorption coeffi-
cient about 105 cm™!. They also showed that this structure
exhibits p-type conductivity properties with hole mobility
of about 14.85 cm?*V~! s~!, which is interesting for thin-film
photovoltaic applications.'® The GeS monolayer has electron
mobility of 3680 cm?V~! s~! which is high compared to
structures such as MoS, monolayer and silicene field effect
transistors.”**! Dai et al. demonstrated that the MX mon-
olayers have high photoresponsivity and external quantum
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efficiency in the visible region.*” Moreover, these monolayer
monochalcogenides show multiferroic properties with ferro-
electricity and ferroelasticity properties, and from this cate-
gory of materials, the GeSe monolayer can retain its proper-
ties in a higher temperature region.*” Recently, multilayered
GeSe sheets are applied for photovoltaic applications and
high-sensitivity photodetector.>>** Also, first-principles cal-
culations showed that a GeSe sheet can be a good candidate
for lithium-, sodium- or potassium-ion batteries. %

By applying the strain, the electronic properties of the
2D material can be significantly controlled.*®3” It has been
shown that in-plane strain along the armchair axis can cause
a direct—indirect-direct phase transition in phosphorene and
the SiS monolayer. Previous studies also showed that by
applying biaxial strain, the phase transition from semicon-
ductor to metallic can occur in the GeS monolayer.*®>° First-
principles study also showed that the ferroelectric polariza-
tion of single-layer GeS can be easily modulated via elastic
strain engineering.*’

In this article, the effect of biaxial strain on the electronic
and optical properties of hexagonal puckered and buckled
GeSe monolayers are investigated by density functional
theory (DFT).

Method and Computational Details

In this work, first-principles calculations based on density
functional theory (DFT) were performed using the WIEN2K
package.’! To describe the exchange—correlation interac-
tion, the generalized gradient approximation (GGA) with
Perdew—Burke—Ernzerhof (PBE) exchange—correlation
functional was used.*? The computational input parameters
Ryt X Kppaxs Gmax @nd 1, are set to 7, 12 and 10, respec-
tively. For the puckered (buckled) GeSe monolayer, the
Brillouin zone is sampled by k-point meshes of 12x 13 x 1
(14x14x1) and 18 x20x 1 (21 x21x 1) for electronic
structure and optical properties calculations, respectively.
The layers are placed in the x—y plane. In the direction per-
pendicular to the layers, we used vacuum regions of 20 A
between adjacent images to avoid interaction between neigh-
boring images. For the geometry optimizations, the thresh-
old for maximum force was taken as 10~> Ry/a.u.

max

Results and Discussion

Based on previous research, monolayer GeSe may have
two geometrical configurations, namely puckered and
buckled structures, similar to phosphorene.?”*!=*3 First,
the structural characteristics of puckered and buckled
GeSe monolayers are calculated with the structural optimi-
zations. Figures 1 and 2 show the optimized structures of
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Fig.1 Optimized structure of GeSe monolayer with buckled struc-
ture. (a) Top view of the x—y plane, (b) Side view of the x—z plane.

the buckled and puckered GeSe monolayers, respectively.
There are two Ge and Se atoms in the hexagonal unit cell
of buckled GeSe monolayer, while the rectangular unit cell
of puckered GeSe has four atoms (two Ge atoms and two
Se atoms) in its unit cell.

Similar to silicene and germanene, in the GeSe mon-
olayer with buckled structure, each Ge (Se) atom is bonded
to three neighboring Se (Ge) atoms on other atomic plane
forming a hexagonal buckled lattice (see Fig. 1). The
optimized buckled GeSe monolayer has lattice constant,
buckling height and Ge-Se bond length of 3.67, 1.45 and
2.57 A, respectively.

As shown in Fig. 2, the puckered GeSe structure has
armchair and zigzag configurations along the x and y direc-
tions, respectively. Compared to the buckled structure, the
puckered GeSe monolayer has rather complicated configu-
ration that reduces the symmetry in this structure. The Ge
and Se atoms are bonded together with covalent bonds and
each Ge (Se) atom has two neighboring Se (Ge) atoms in
the same atomic plane and one Se (Ge) atom in the other
atomic plane. The optimized puckered GeSe monolayer has
lattice constant parameters a =4.29 A and b=3.97 A with
in-plane Ge-Se bonds of 2.67 A and interlayer bridging
bonds of 2.54 A. All obtained optimized parameters are in
good accordance with previous reports.!>4344

Figure 3a, b shows the calculated electronic band struc-
tures for buckled and puckered GeSe monolayers, respec-
tively. It can be found that the buckled GeSe monolayer is
a semiconductor and it has an indirect band gap of 2.38 eV.
The valence band maximum (VBM) is located near the
midpoint along the I"— K direction and the conduction band
minimum (CBMs) sites near the M point along the I'— M
direction.
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Fig.2 Optimized structure of (a)
GeSe monolayer with puckered
structure. (a) Top view of the
x—y plane, (b) Side view of the
y—z plane. (c) Side view of the
x—z plane.
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The puckered GeSe monolayer has a direct band gap
about 1.15 €V, and in this structure, the VBM and CBM are
both located near the X point along the /" — X direction. The
obtained band gaps are in good agreement with previous
theoretical results.'>2%%

First, for the buckled and puckered GeSe monolayers, we
analyze the contribution of different atomic orbitals to the
band structures around the Fermi level. For this purpose,
the partial density of states (PDOS) are calculated and the
results are given in Fig. 3¢, d. The PDOS analysis of the
buckled GeSe monolayer indicates that the valence (conduc-
tion) bands near the Fermi level mainly originate from the
hybridization of Se-4p, Ge-4s and Ge-4p (Se-4p and Ge-4p)
orbitals.

The PDOS analysis of the puckered GeSe monolayer indi-
cates that Ge-4p and Se-4p orbitals dominate the electronic
states near the Fermi level. The contribution from Ge-4p
orbitals to the states of conduction band near the Fermi level
is larger than that from Se-4p orbitals, while for the valence
band states near the Fermi level, the contribution from Se-4p
orbitals is larger than that from Ge-4p and Ge-4s orbitals.

The strain effect is commonly present in 2D materials due
to the lattice mismatch between the substrate and 2D materi-
als, or mechanical loading.‘m’47 Also, the band structure of
2D materials has been significantly changed by applying
the strain*®*” and due to these modifications, the VBM and
CBM locations change and the size of the energy gap can be
tuned by applying the strain. In this work, the biaxial strain
applied on the buckled and puckered GeSe monolayers is
calculated from the & =(a—ay)/ayx 100% expression, where
a (a) is the strain-free (strained) lattice constant.

Figures 4 and 5 show the electronic band structure of
the buckled and puckered GeSe monolayer in the presence

of the in-plane biaxial strain, with both tensile and com-
pressive strains. When the biaxial tensile strain is applied
to the buckled monolayer GeSe, the CBM moves towards
the I' point and it is located at the I" point for the strains
with values greater than 2%. In the presence of the biaxial
compressive strain, the CBM and VBM move towards the
K and I" points, respectively and when the compressive
strain reaches 4% (1%) and more, the CBM (VBM) is
located at the K (I') point.

As shown in Fig. 6, in the absence of strain, the band
gap of the puckered GeSe monolayer is in its maximum
value and it decreases by applying both compressive and
tensile strains. Note that, in the presence of the compres-
sive strain, the band gap decreases monotonically with
higher decreasing rate. The band gap decreases to 1.04 eV
(1.30 eV) when the in-plane strain reaches —8% (+ 8%).

The puckered GeSe monolayer remains a direct band
gap semiconductor under tensile strain up to +6%. The
results show that applying the compressive strain induces
the direct to indirect gap transition. When the compressive
strain becomes — 6%, the band gap of the puckered GeSe
monolayer closes and a phase transition from semiconduc-
tor to metal occurs as shown in Fig. 5. By changing the
strain from — 6% to + 6%, the band gap increases from
0eVto 1.49 eV (see Fig. 6b).

As shown above, the electronic band structure of the
GeSe monolayer is significantly dependent on the strain,
and this suggest that applying strain is a simple and effec-
tive method for engineering the electronic properties of
the GeSe monolayer with puckered and buckled structures,
which is useful for future design of 2D devices based on
GeSe.
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Fig. 3 Electronic band structure for (a) buckled and (b) puckered GeSe monolayers without strain. The partial density of states for (a) buckled

and (b) puckered GeSe monolayers.

Optical Properties

The real (¢,(w)) and imaginary (¢,(w)) parts of the dielec-
tric function, reflectivity (R(w)) and energy loss function
(L(w)) along three directions for puckered and buckled
GeSe monolayers are shown in Figs. 7 and 8, respectively.
Because of the structural anisotropy of the puckered GeSe
monolayer along the x, y and z directions, the &,(w), &,(®),
R(w) and L(w) spectra show different characteristics in the
three directions.

For the puckered GeSe monolayer, the first optical
absorption peak of &,(w) along the x, y and z directions
occurs at 1.43 eV, 2.24 eV and 4.94 eV, respectively, which
means that we can use the puckered GeSe monolayer as a

@ Springer

polarization filter, which blocks or transmits light according
to its polarization. The energy region for high absorption
along the z direction is larger than that along the x and y
directions. The puckered GeSe monolayer exhibits a wide
range of light absorption in three light-polarized directions.
It shows good absorption efficiency in the visible light
region, making it a good candidate for solar cells.

Information about the electronic polarizability can be
obtained by investigating the real part of the dielectric func-
tion €,(w) (see Fig. 7b). Accordingly, for the x, y and z direc-
tions, we found that the static dielectric constants obtained
by £,(0), are about 6.41, 6.76 and 3.02, respectively.

By investigation the reflectivity coefficient R(w) which is
shown in Fig. 7c, the values obtained for the zero-frequency
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Fig.4 Electronic band structure of buckled GeSe monolayer under (a) —8%, (b) —4%, (c) —2%, (d) +2%, (e) +4% and (f) + 8% biaxial strain.

reflectivity R(0) along the x, y and z directions are about
0.19, 0.2, and 0.07, respectively.

The maximum reflectivity values occur at 2.6 eV for
Ellx, 2.54 eV for Elly, and 6.16 eV for Ellz, respectively. The
reflectance spectrum shows that at energies with high &,(w)
values, the reflectivity is also high.

The energy loss function L (@) (Fig. 7d) is related to the
energy loss of a fast electron in the material and is usu-
ally large at the plasmon energy. The L (@) spectrum has
prominent peaks at energies about 10.08 eV, 10.25 eV and
11.01 eV for Ellx, Elly and Ellz polarizations, respectively,
and these peaks are related to the plasmon resonance.

For the buckled GeSe monolayer, the optical spectra are
degenerate along the x and y directions, due to hexagonal
symmetry of the structure. From Fig. 8a, for the imaginary
part &,(w), it can be observed that the first absorption peak
along the x and z directions occurs at 3.5 eV and 3.22 eV,
respectively. The absorption edge lies in the visible light
region. For Ellz, most of the absorption occurs in the ultra-
violet light region.

The static dielectric constant &,(0) along the x and z direc-
tions is found to be 3.3 and 2.27, respectively (see Fig. 8b).
The zero-frequency reflectivity R(0) (maximum reflectivity
value) along the x and z directions is 0.08 (6.00) and 0.04
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Fig.5 Electronic band structure of puckered GeSe monolayer under (a) —6%, (b) —4%, (c) —2%, (d) +2%, (e) +4% and (f) + 6% biaxial strain.

Fig.6 The evolution of band
gap for (a) buckled and (b)
puckered GeSe monolayers as a
function of the applied strain.
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Fig.9 Imaginary &,(w) part
of the dielectric function for
the puckered GeSe monolayer
under different applied strain
along the x direction.
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Fig. 10 Imaginary &,(w) part of 10
the dielectric function for the
buckled GeSe monolayer under
different applied strain along the
x direction.
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(6.57), respectively. The most prominent peak in L (@) is
at 0.25 eV and 11.01 eV for Ellx and Ellz polarization. In
Figs. 9 and 10, we report calculations of &,(w) for puck-
ered and buckled GeSe monolayers under different applied
strain along the x direction. As shown in Figs. 9 and 10, the
intensity of main absorption peak of puckered and buckled
GeSe monolayers along the x direction decreases and shifts
to higher energies as the strain changes from —6% to + 6%.
For buckled structure, the first absorption peak disappears
by applying compressive strain and it shifts to higher ener-
gies by applying tensile strain. For puckered structure, the
absorption edge shifts to lower energies by increasing the
tensile strain. Therefore, the width of the adsorption area
can be tuned by applying strain.

Energy (eV)

Conclusion

Here, we investigated the in-plane biaxial strain effects on
the electronic and optical properties of puckered and buck-
led GeSe monolayers by DFT computations. The buckled
GeSe monolayer remains an indirect gap semiconductor
under biaxial strain and its band can be reduced to 1.04 eV
(1.30 eV) by applying a biaxial strain of —8% (+ 8%). For
the puckered GeSe monolayer, the semiconductor to metal
transition and direct to indirect gap transition occur at cer-
tain values of the biaxial strain.

The optical spectrum of the puckered GeSe monolayer
shows anisotropy along the x, y and z directions, due to the
structural anisotropy, while that of the buckled GeSe mon-
olayer is degenerate along the x and y directions. The puck-
ered GeSe monolayer shows good absorption efficiency in
the visible light region, making it a good candidate for solar
cells.
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