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Highlights

Single-layer GeS is an indirect band gap semiconductor of 1.82 eV at the equilibrium
state

Semiconductor-metal phase transition occurs in single-layer GeS at large compression
biaxia strain

Optical absorption of single-layer GeS is high in the range of the middle ultraviolet
lights

Effect of biaxial strain on optical spectra are only apparent in energy domain greater
than 4 eV
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Abstract

In the present work, using density functional theory (DFT), we investigate the influence
of biaxial strain ¢, on electronic and optical properties of single-layer GeS. Our DFT
calculations show that single-layer GeS is a semiconducting material at equilibrium and
semiconductor-metal phase transition may occur at large compression biaxial strain. The
optical absorption of single-layer GeS is high in the range of the middle ultraviolet lights.
Besides, the biaxial has a great impact on the optical spectra of single-layer GeS in the high
energy domains. The semiconductor-metal phase transition and the computational results
of the absorption of GeS can provide more useful information for applications in nanoelec-

tromechanical and optoelectronic devices.

Key words: Deformed GeS, band structure, optical properties

1 Introduction

Graphene is one of the materials that has attracted much interest over the past
decade due to its extraordinary physical properties. Synthesis of graphene success-
fully is an important milestone in the study of layered materials [[1]]. In parallel
with graphene studies, many scientists have focused on the search for new layered
materials [2] and heterostructures made by two-dimensional (2D) materials [3-6].
Recently, several layered materials have been successfully synthesized and ini-
tially applied in electronic technology, such as MoS, [7,8]], phosphorene [9,|10]]
or monochalcogenide nanosheets [|11,12]]. Also, many theoretical studies focused

on the layered transition metal dichalcogenides [[13+15]], phosphorene [[16,/17]] and
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phosphorene-like two-dimensional single-layer binary IV-VI compounds [18-23]].
In contrast to 2D graphene, a semiconductor with zero bandgap, phosphorene-like
materials have large nature band gap and very high carrier mobility [24], which
makes it convenient to apply them to electronic devices.

The bulk GeS has been investigated by both theoretically and experimentally
for long time [25,26] and GeS nanosheet has also recently been successfully syn-
thesized [11,127]. Based on the DFT calculations, Singh and Hennig predicted that
single-layer GeS could be synthesized by common techniques such as molecu-
lar beam epitaxy or chemical vapor deposition because of its low formation en-
ergy [28]]. Besides, previous theoretical calculations have confirmed that single-
layer GeS is dynamically stable because there are no soft modes in its phonon
spectrum [29]. In parallel with the experimental studies, the scientists also focused
on theoretical studies on single-layer GeS. Single-layer GeS is an indirect bandgap
semiconductor [30]. Quite recently, a short description of the band structure of
single-layer GeS using a tight binding model has been made [31]. Also, several
works have focused on electronic properties and optical characters of group IV
single-layer monochalcogenide materials, including GeS [32-35]. Zhang and co-
workers have investigated electronic transport properties of the GeS nanoribbons
using non-equilibrium Green’s function (NEGF) combined with DFT method [35].
Influence of a strain and an external electric filed on electronic states of single-layer
GeS has also been considered by first-principles calculations [29]. One can control
the band gap of single-layer GeS by the mechanical strain [36,37]. Also, it has
been shown that the strain, especially biaxial strain, strongly affects the electronic
properties of single-layer GeS. The biaxial strain can cause a semiconductor-metal
phase transition [29,38]]. First-principles study also showed that the elastic strain
can be modulated the ferroelectric polarization of single-layer GeS [22]. Also, Fei

and co-workers have predicted that single-layer GeS is a ferroelectric material with



many promising applications in the devices [20]. Moreover, the optical spectra of
single-layer GeS are very anisotropic [22], and it has excellent absorption in the
range of ultraviolet lights [38] which is useful for applications in the optoelec-
tronics. Besides, optical properties of single-layer group-IV monochalcogenides
such as GeSe or GeTe have also been considered by different methods [34,39-41].
Huang and co-worker showed that the bandgap of the single-layer GeX (X = S,
Se, Te) reduces as the X atoms (chalcogenide atoms) when they changes from S to
Te [38]]. It means that the bandgap of single-layer GeS is bigger than that of GeSe.
In this paper, we consider the influence of biaxial strain on electronic and optical

properties of single-layer GeS by density functional theory (DFT).

2 Theoretical model and method

In the present work, we performed first-principles calculations for geometry
and electronic properties of single-layer GeS using the Quantum Espresso code [42]
with the generalized gradient approximations (GGA) of Perdew-Burke- Ernzerhof
(PBE) functional [43.,/44]]. Whereas, the ion-electron interaction is treated with the
projector augmented-wave (PAW) method. A cut-off of kinetic energy for plane-
wave basis is 500 eV. In the present work, all geometry structures were fully relaxed
until the force on each atom is less than 0.001 eV/A, and the convergence criteria
is 1079 eV for energy. Brillouin zone integration is sampled out by a (15 x 15 x 1)
k-mesh Monkhorst-Pack grid for relaxation and calculations for electronic prop-
erties of single-layer GeS. For optical properties of strained single-layer GeS, we
focus on the effects of biaxial strain on the dielectric coefficient, optical absorption
coefficient, and electron energy loss spectrum of single-layer GeS. The dielectric
coefficients of single-layer GeS are calculated through the Kramer-Kronig trans-

formation and state transitions in its spectrum.
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Fig. 1. (Color online) The top view (a), side view (b), and front view (c) of the atomic
structure of the single-layer GeS. The yellow and turquoise balls stand respectively for the

S and Ge atoms.

3 Results and discussion

The atomic structure of single-layer GeS after relaxation is shown in Fig. [T}
One can observe that the single-layer GeS, as shown in Fig. |1} has an orthorhom-
bic structure. The puckered honeycomb lattice of GeS has an anisotropic crystal
structure along the armchair and zigzag directions. At that, there is high electric
dipole moment along symmetry axis then the dipole moments along one axis can
be differed from each other. Hence the dielectric constants are anisotropic as they
depend on wave vector direction of an electromagnetic wave in materials (see also
Refs. [21}/45/46]]). Our DFT calculations demonstrate that, the lattice parameters
of the single-layer GeS are a = 3.675 A, and b = 4.474 A. This result is very
close to the available theoretical data and it is in good agreement with ex-

periment value [25]]. In addition, our calculations for Ge—S bond lengths d; and
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Fig. 2. (Color online) The total energy of single-layer GeS in the presence of the biaxial

strain.

dy are respectively 4.425 A and 4.462 A, which are in good agreement with pre-
vious DFT calculations [38]]. In the present work, we concentrate on the influence
of unique biaxial strain €, on electronic properties and optical characteristics of
single-layer GeS. Dependence of total energy of single-layer GeS on the ¢y, is illus-
trated in Fig. 2] We can see that the dependence of the total energy of single-layer
GeS on the biaxial strain can be illustrated by the parabola. In the large range of
biaxial strain, from —15% to 15%, the compression biaxial strain (¢ < 0) is a major
change in the total energy compared to the tension one.

Our calculations indicate that single-layer GeS is an indirect band gap semi-
conducting material and its band gap is 1.82 eV at equilibrium as shown in Fig. [3(a).
This value is close to the calculated results by DFT with PBE functional [32] and
experimental mesuarement [11]. Accordingly, the valence band maximum (VBM)
of single-layer GeS locates at the I' point or lies on the Y-I' path while the con-
duction band minimum (CBM) lies on the I'-X path [see Fig. [3(a)]. Besides, at
the equilibrium state, the minima of the conduction band located at the I' points
are very close to the CBM. Previously, our calculations showed that the mechani-
cal strain is one of the good ways to tune the electronic and optical characters of

two-dimensional (2D) materials [S,{47-50]. To consider the electronic properties of
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Fig. 3. (Color online) Electronic band structure of single-layer GeS under biaxial strain
gp: (a) at the equilibrium state (g, = 0), (b) &, = 4%, (¢) &, = 8%, (d) &, = 12%, (e)
ep = 15%, (f) ey = —4%, (g) e, = —8%, (h) e, = —12%, and (i) e, = —15% .
single-layer GeS in the presence of the biaxial strain ¢;, we focus on the calcula-
tions of band structure and a band gap of single-layer GeS under biaxial strain ; in
the large range of elongation from —15% to 15%.

Electronic energy band structure of biaxially strained single-layer GeS is shown
in Fig @ Besides, our calculations indicate that, while the positions of the VBM
and CBM of single-layer GeS under biaxial tensile strain (¢, > 0) is the same as
of the case of equilibrium, the position of the CMB changes when the compres-
sion strain (g, < 0) is applied. Focusing on the influence of the ¢, on the energy
gap of single-layer GeS, we found that the influence of tensile strain on the band
gap was not large as shown in Fig [} Meanwhile, the compression strain signifi-
cantly changes the energy gap of the GeS. Under biaxial compression strain, the

band gap of single-layer GeS decreases quickly with increasing |¢,| and becomes
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Fig. 4. (Color online) Dependence of band gap of single-layer GeS on the biaxial strain.
zero at £, = —15%. It means that the biaxial compression strain can be led to the
semiconductor-metal phase transition in single-layer GeS. The band structure of
single-layer strained GeS at ¢, = —15% is shown in Fig.[3(i). Except at the transi-
tion point (¢, = —15%), the change in band gap is due to the change of the CBM
because the VBM is always at the Fermi level (Er = 0) in the entire investigated a
range of biaxial strain from —15% to 15%.

We next consider the effect of biaxial strain on optical properties of single-
layer GeS. To calculate the dielectric function £(w) = &;1(w) + ie2(w), one usually
estimates the imaginary part e5(w) first by sum of the occupied—unccupied tran-
sitions and then calculates the real part €1 (w) via the Kramer-Kronig transforma-

tion [18,51]:

4Am%e?

9 (w) = Vio? Z (kno |pi| kn'o)(kn'o |p;| kno)
X fren(1 = fen )0(Egps — Egn — hw) (H
and
er(w) =1+ P/ 5/252 d’ @)

where w is the angular frequency of electromagnetic irradiation, e and m are re-



spectively the charge and mass of electron, V' is the unit-cell volume, p is the

momentum operator,

knp) is the wave function of a crystal with the wave vec-
tor k, fi, is the Fermi distribution function, and o is spin which corresponds to the
energy eigenvalue Ej,. In Fig.[5] we showed the calculated results of the dielec-
tric function parts of single-layer GeS under uniform biaxial strain in the energy
range from O to 8 eV. We find that the dielectric function parts of GeS dramatically
change with energy in the energy domain greater than 3 eV. Similar to analyzed
above of the electronic band structure, compression strain has caused many inter-
esting characters when analyzing the optical spectrum. From Fig.[5| we see that the
compression strain leads to appear more peaks (compared to the equilibrium state
and the tensile strain). This means that there were additional interband transitions
when the compression biaxial strain is applied to the single-layer GeS. It is found
that the additional structure peaks appear at 4.5 eV in the real and imaginary parts
of dielectric functions of the single-layer GeS under compressive biaxial strain, as
illustrated in Fig. [5] These additional peaks are mainly dominated by the interband
transitions from the top of the valence band below the Fermi level along K-I' path
to the conduction bands 1 and 2 above the Fermi level. This is the consequence of
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Fig. 5. (Color online) Real €1 (w) (a) and imaginary e2(w) (b) parts of € of single-layer GeS

at different elongations &y,



transition from the p valence bands of S to the p conduction bands of Ge in the
single-layer GeS. Besides, the effect of biaxial strain on the dielectric function is
clearly evident in the energy domain greater than 4 eV.

The absorption coefficient o(w) can be calculated as [52]

aii(w) = M’ 3)

C

where k% (w) is the extinction index which can be expressed as the form

- — — . 1/2
) = = [V + Fp - )] @

The optical reflectivity R(w) can be expressed as the follows

2

Rii(w) = D2 RS Y ey +iey — 1 5)
(n = 1)% — k¥ Ver +iesd +1
Here, the refraction index n/ (w) can be written as
g 1 — > - 1/2
n(w) = 5 [V P+ P )] ©)

Fig.[6]illustrates the absorption coefficient and optical reflectivity of biaxially strained
single-layer GeS at different elongations ¢;. As shown in Fig. [6[a), at the equilib-

rium state (¢, = 0), the maximum absorption coefficient is at 5.9 eV, i.e., in the
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Fig. 6. (Color online) Absorption coefficient a(w) (a) and optical reflectivity R(w) (b) of

biaxially strained single-layer GeS at different elongations &y.
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Fig. 7. (Color online) Reflective index n(«) (a) and extinction coefficient k(w) of sin-

gle-layer GeS under biaxial strain.

range of the middle ultraviolet lights. Also, we can see that the absorption coef-
ficient of strained single-layer GeS is less fluctuation in the in the energy range
from O to 4 eV. In the energy domain greater than 4 eV, the absorption coefficient
varies dramatically with the energy. In the range from 5 eV to 8 eV, the absorption
coefficient of single-layer GeS depends strongly on the biaxial strain. Our calcula-
tions demonstrate that, the absorption coefficient is maximum at 6.1 eV when the
single-layer GeS is under the ¢, = —8%

The reflective index n(«) and extinction coefficient k(w) of biaxially strained
single-layer GeS are shown in Fig. [7, We can see that, both reflective index n(«)
and extinction coefficient k(w) are varies dramatically with energy in the high en-
ergy regime. Besides, the biaxial strain ¢;, affects strongly on the extinction co-
efficient k(w) in the high energy regime. Among the optical spectra of GeS, we
find that dependence of electron energy loss spectrum L(w), which is defined by
L(w) = —Im(e7')¥, on the energy can be represented by smoother lines compared
to other optical parameters. The effect of the biaxial strain €, on the L(w) is shown
in Fig.[8] We can see that, L(w) depends strongly on the biaxial strain €, especially

in the energy regime greater than 4 eV.
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Fig. 8. (Color online) Electron energy loss spectrum L(w) of single-layer GeS at different

elongations ¢y,

4 Conclusion

In summary, we have studied the influence of biaxial strain £, on electronic and
optical properties of single-layer GeS using DFT calculations. Our DFT calculated
results indicated that the band gap of single-layer GeS depends strongly on the
biaxial compression strain (¢, < 0). The biaxial strain not only causes an indirect-
direct band gap transition but also leads to the semiconductor-metal transition in
single-layer GeS at large biaxial compression strain ¢;,. The optical absorption of
single-layer GeS is high in the range of the middle ultraviolet lights, and the effects
of the biaxial strain on almost optical spectra are only apparent in energy domain
greater than 4 eV. The appearance of the semiconductor-metal transition and the
obtained results on the optical properties in the present work may provide additional

useful information for the application of GeS in optoelectronic devices.
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