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In this work, detailed investigations of the electronic and optical properties of a Janus GapSTe monolayer under a
biaxial strain and electric field have been performed using density functional theory. Via the phonon spectrum
and ab-initio molecular dynamics simulations, the dynamical and thermal stabilities of the Janus GaySTe
monolayer are verified. Our obtained results showed that the Janus GaySTe exhibits a direct semiconducting
characteristic and its band gap depends greatly on the biaxial strain. While both the electronic and optical
properties are very weakly dependent on the electric field, strain engineering can cause a direct-indirect band
gap transitions in the Janus GaySTe. At equilibrium, the optical absorbance of the Janus Ga;STe monolayer is
activated in the infrared light region of about 0.9 eV, which is close to its band gap value. The main peak of the
optical absorbance spectrum is located in the ultraviolet light region with an absorbance intensity of 11.914 x
10* cm™! may be increased by compression strain. In particular, the absorbance intensity of the Janus GaySTe
monolayer increases rapidly in the visible light region, reaching 4.810 x 10* cm™! and can be altered by strain.
Our results not only show that the Janus GapSTe monolayer has many promising applications in opto-electronic
devices but also motivates experimental works on Janus structures in near future.

1. Introduction

After the experimental exploration of graphene successfully [1], a
wide-ranging search of two-dimensional (2D) layered nanomaterials
took place shortly thereafter. 2D nanomaterials have shown themselves
to be potential objects for applications in electronics and optoelectronics
with outstanding chemical and physical properties that are not possible
in bulk materials [2-7]. Many 2D layered nanomaterials have been
experimentally synthesized recently, such as silicene [8], stenene [9],
transition metal dichalcogenide monolayers [10], monochalcogenides
[11,12]. Among them, with a wide natural band gap, mono-
chalcogenides are predicted to be promising candidates for applications
in photocatalytic water splitting and energy storage devices [7,13,14].

Particularly, the monochalcogenide group III monolayers [15] have
attracted the attention of the scientific community because they possess
many interesting physical properties, such as very high carrier mobility
or good on/off ratio, which are necessary for applications in field-effect
transistors [16-18].

Recently, a new kind of 2D layered nanomaterials, Janus structures
of transition metal dichalcogenides have been successfully synthesized
by experiments [19,20]. The asymmetric out-of-plane geometric struc-
ture of the Janus MoSSe has been confirmed [19], which is different
from the mirror symmetry structure of MoS,. It is well-known that the
geometric symmetry plays a decisive role in defining the electronic
properties of 2D layered nanomaterials. The breaking of the mirror
symmetry structure in the Janus materials gives them many new
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properties compared to the original material MoSs. The successfully
experimental synthesis of the Janus MoSSe monolayer from MoS; is an
important milestone, with the meaning of finding a new member for the
2D family. It provides additional motivation for the studies of other
Janus structures, which can be formed from dichalcogenides or mono-
chalcogenides. Accordingly, the Janus structures of dichalcogenides
were extensively studied by density functional theory (DFT) [21-24].
They showed that the electronic properties of the Janus structures can be
driven by a strain engineering [24] or electrostatic gating [21]. Yang
and co-workers demonstrated that the absorption intensity of the Janus
MoSeTe is up to 1 x 10° em™! which is suitable for optoelectronic ap-
plications [25]. Recently, Janus structures of monochalcogenides,
especially Janus group-III monochalcogenides, have received particular
attention because they have outstanding chemical and physical prop-
erties as promising candidates for optoelectronic and photocatalytic
applications [26-28]. Also, heterostructures based on 2D Janus struc-
tures have been theoretically predicted to have interesting physical
properties with great potential for applications [29-31].

Motivated by the above-mentioned outstanding properties and
promising applications of Janus structures, electronic structures and
optical properties of the Janus Ga;STe monolayer under a biaxial strain
and electric field are systematically considered using density functional
theory in this work. The dynamical and thermal stabilities of the Janus
structure have been checked first. We focus on the influence of the strain
and electric field on the band structures, band gap, and basic optical
characteristics of the Janus GapSTe monolayer. The prospect of con-
trolling band gap and optical absorbance of the Janus Ga;STe monolayer
by strain or electric field has also been carefully investigated in this
work.

2. Computational details

In this study, the calculations were based on density functional
theory (DFT) using the Quantum Espresso package [32]. We used the
generalized gradient approximations (GGA) of Perdew-Burke-Ernzerhof
(PBE) functional [33,34] to consider the exchange-correlation interac-
tion. A (15 x 15 x 1) k-mesh in the Brillouin zone was adopted for the
Janus structure. The cut-off energy for the plane-wave basis is set to be
500 eV. All computed structures, including the cell parameters and atom
positions, were fully optimized. The criteria for the force during relax-
ation was 107> eV/A and the energy convergence criteria between
consecutive steps was 107 eV. We used a vacuum space of 20 A
perpendicularly to the 2D monolayer surface to avoid artificial in-
teractions that may exist between periodic images of slabs along the
vertical direction. Also, the Heyd-Scuseria—Ernzerhof (HSE06) hybrid
functional [35] is also used to obtain more accurate the band gap of
monolayers at equilibrium. Furthermore, to check the dynamical and
thermal stabilities of the Janus Ga;STe monolayer at room temperature,
the phonon spectrum and ab-initio molecular dynamics (AIMD) simu-
lations are also performed in this study.

3. Results and discussion

The Janus monochalcogenide monolayer Ga;STe monolayer can be
constructed from GaTe or GaSe monolayer by replacing one layer of Te
(S) atoms in GaTe (GaS) monolayer with S(Te) atoms. At equilibrium,
the GaTe and GaS monolayers belong to the symmetry group P6m2 (D3p,)
with mirror symmetry. This mirror symmetry will be broken when the
Janus structure of GaSTe is formed and it belongs to the symmetric
group P3m1 (Cs,) without out-plane mirror symmetry. The geometrical
symmetry and structural perfection in 2D layered nanomaterials are
important characteristics for defining electronic properties. Atomic
structure after fully relaxation of the Janus GapSTe monolayer are
depicted in Fig. 1(a). Our calculations demonstrate that the lattice
constant of the Janus monochalcogenide Ga;STe monolayer is a =
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3.899 A. Compared to the GaS and GaTe monolayers, the lattice constant
of the Janus Ga,STe is larger than that of the GaS monolayer but smaller
than that of the GaTe monolayer. However, as listed in Table 1, we can
see that the Ga-Ga bond lengths in all three monolayers are almost the
same. Also, charge density of the atoms in the Janus Ga;STe monolayer
is depicted in Fig. 1(b and c). We can see that the electron density is
enriched around the Ga and Te atoms meanwhile the charge density
around the S atom is quite low.

To improve the dynamical and thermal stabilities, the phonon
spectrum and AIMD simulation for the Janus GapSTe monolayer have
been performed as depicted in Fig. 2. As shown in Fig. 2(a), the phonon
spectrum of the Janus Ga;STe monolayer has 12 vibrational modes
including three acoustic modes and nine optical modes. There are no
negative frequencies in the phonon dispersion curves of the Janus
GaySTe monolayer. It implies that the Janus GapSTe monolayer is
dynamically stable at equilibrium. To verify the thermal stability of the
Janus GaySeTe monolayer, we perform the AIMD simulations for the
temperature fluctuation within 6000 time steps (6 ps). Snapshots of
atomic structures of the Janus GaySTe before and after heating 6 ps and
the time-dependence of temperature fluctuation of the Janus GaSeTe
monolayer by AIMD simulations are depicted in Fig. 2(b). We can see
that the geometrical structure of the Janus GapSTe monolayer is still
robust and only slightly distortion after heat treatment within 6 ps at a
temperature of 300 K by AIMD simulations. There are no structural
reconstruction and bond breaking in the Janus GasSeTe monolayer at
room temperature, confirming its thermal stability at room temperature.

As depicted in Fig. 3, Janus GaySTe monolayer at equilibrium ex-
hibits a semiconducting characteristic with a direct band gap which is
different from both GaTe and GaS, which are indirect semiconductors
[15]. We all know that the PBE calculations underestimate the
energy-gap of the insulators and semiconductors [36] and HSEO6 cal-
culations can obtain more accurate results. As illustrated in Fig. 3, the
obtained band structures by the HSE06 and PBE methods are the same
profile. Our calculations demonstrate that the band gap of the Janus
GaySTe monolayer is 0.912 eV and 1.549 eV at the PBE and HSE06
levels. The energy gap of the Janus Ga;STe monolayer is much smaller
than that of both GaS and GaTe monolayer as listed in Table 1. Our
results are consistent with the previous DFT calculations [27,28] The
direct gap of the Janus GapSTe monolayer is located at the I'-point in the
first Brillouin zone. Concentrating on the contribution of atomic orbitals
to the formation of electronic bands, we plotted out the partial density of
states of electrons as presented also in Fig. 3. We can see that the valence
band of the Janus monolayer is strongly donated by the S-p and T-p
orbitals. The S-s, T-s, and Ga-d orbitals contribute insignificantly to the
formation of electronic bands, especially the valence band. Also, the
internal charge distribution of constituent atoms in the Janus GaySTe
monolayer has been calculated by Mulliken population analysis [37] as
listed in Table 2. Our calculations demonstrate that there is a difference
in charge between Ga atoms in two different layers in the Janus GaySTe
structure. The charge of gallium atom, which is connected with S (Gag),
is much larger than that of the Gare.

As mentioned above, electron states and optical characteristics of 2D
layered nanomaterials are very sensitive to structural perfection and
geometrical structure. The breaking of the mirror symmetry in Janus
GaySTe structure made its electronic properties different from those of
GaS or GaTe monolayer. In this part, we take into account the influence
of a biaxial strain ep on the electronic properties of the Janus GaySTe
monolayer. To quantitatively estimate the effects of the biaxial strain,
we define the biaxial strain e via the lattice constants of the monolayer
before strain 1y and after strain 1 as: e = (1 — 10)/Ao. Negative and
positive values of the ¢}, refer to the monolayer under compressive and
tensile strains, respectively. Band structures of the Janus GaySTe
monolayer under different values of the biaxial strain ¢, are depicted in
Fig. 4. Our obtained results demonstrate that while the conduction band
is greatly affected by the compressive strain, the tensile strain has
significantly changed the valence band. Especially the strains have
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Fig. 1. Janus Ga,STe monolayer at equilibrium: (a) Optimized geometrical structure in different views, (b) charge density with isolated 0.04, and (c) contour plot of

the electron density from 0 to 0.2e Bohr~> with the interval of 0.02 Bohr®.

Table 1
The lattice constant a, the bond lengths d, thickness h, and the calculated band
gaps at the PBE E;°" and HSE06 E;**° levels.

a® dga-s dga-te dga-Ga h (&) EBE EgSE
@A) @A) (A) (eV) (eV)
Gas 3.585 2.471 - 2.457 4.651 2.586 3.312

GaTe 4.084 - 2.683 2.454 5.004 1.411 2.137
GapSTe  3.899  2.446 2.639 2.468 4.802 0.912 1.549

changed the positions of the conduction band minimum (CBM) when ¢,
< 0 and the valence band maximum (VBM) when ¢, > 0. In the case of
compressive strain as shown in Fig. 4(a), it is clearly seen that the
compressive strain not only reduces the band gap of the Janus GaySTe
monolayer but also tends to cause the CBM to shift from the I'-point to
the M-point. The consequence of this is that the indirect-direct band gap
transition has been found at ¢, = —6%. Similarly, the indirect-direct
band gap transition has been also found in the Janus Ga;STe monolayer
in the presence of the tensile strain as shown in Fig. 4(b). However,
unlike the case of compressive strain, the tensile strain caused the VMB
to move from the I'-point to the point located on the 'M-path while the
CMB was still at the I'-point. Compared to the case of strain engineering,
our calculations indicate that the electronic properties of the Janus
GaySTe monolayer are weakly influenced by the electric field. Fig. 5
presents the band structure of the Janus GapSTe monolayer in the
presence of an electric field. In presence of electric field, the Janus
structure GaySTe was still a direct semiconductor. The energy gap is
weakly changed due to the applied electric field. Band gaps of the
GaySTe as functions of the biaxial strain e, and electric field E are

presented in Fig. 6. We can see that the band gap of the Ga;STe decreases
in the presence of compressive strain. However, this decrease in the
band gap is quite slow in the range from 0 to —5%. This is also the strain
interval where the Janus Ga;STe monolayer retains the direct semi-
conducting characteristic. The band gap of the Janus monolayer de-
creases rapidly as we continue to increase the compressive strain, and
within this strain interval, from —6% to —10%, the Janus GasSTe
monolayer exhibits indirect semiconducting characteristic. In the case of
tensile strain, the Janus Ga;STe monolayer is exhibited to be a direct
semiconductor in the tensile strain range from 0 to 7%, and its band gap
is increased in this strain range. As the strain continued to increase, its
band gap suddenly decreased and the direct semiconducting charac-
teristic the Janus Ga;STe monolayer was replaced by the indirect sem-
iconducting characteristic. In the presence of an electric field, the band
gap of the Janus GaySTe monolayer decreases linearly with the
increasing of the electric field as illustrated in Fig. 6(b). However, the
effect of the electric field on the band gap is quite weak. In a large range
of electric fields, the band gap of the Janus GaySTe monolayer only
decreases by 14%, from 0.912 eV at E = 0-0.785 eV at E = 5 V/nm.

In the last part, we investigate the optical properties of the Janus
GaySTe monolayer when the biaxial strain e and electric field E are
individually applied. The incident light is parallel polarized (along the a-
axis) with energy ranging from 0 eV to 10 eV. It is well-known that the
basic optical properties can be calculated via the dielectric constant,
which is defined by e(w) = ¢1(w) + iea(w). The imaginary part e3(w) can
be obtained first by the sum of the transitions between filled and unfilled
states and the real part ¢1(w) is then derived from the Kramer—Kronig
relation [38,39]:
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Fig. 2. (a) Phonon spectrum of the Janus GaSTe at equilibrium. b) Ab initio molecular dynamics calculation of temperature fluctuation of the Janus Ga,SeTe
monolayer as a function of time at room temperature. Insets are the AIMD snapshots for the Janus Ga,SeTe monolayer before and after heating.
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Table 2 el(w) = % Z(kn0|p,-|kn’a)(kn’0}pj|kn0)
Internal charge distribution (e) of constituent atoms in the Janus Ga,STe Vm'w ' o (@D)]
monolayer. Gag,te stands for the Ga atom connected to S/Te atom.
Xfin(1 = fi OBy — Ein — hew)
s P d Total Charge

Gare 1.12 1.74 10 12.85 0.15 and

Gag 1.304 1.34 10 12.65 0.35

s 1.88 4.55 0 6.43 —0.43 2 (o)

Te 1.91 416 0 6.07 ~0.07 (@) =1 +;P/0 wfzz_ Pl &)
where e and m are the electron charge and electron mass, respectively, ©
is the angular frequency of the incident light, V is the volume of the unit-
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Fig. 4. Calculated band structures of the Ga,STe under (a) compressive and (b) tensile strains using the PBE functional.
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cell, p is the momentum operator, |knp) is the crystal wave-function, and
fkn is the Fermi distribution function.

Calculated the dielectric function parts of the Janus Ga;STe mono-
layer under the strain engineering e; and electric field E are presented in
Fig. 7. It is well-known that, in the Penn model [40], the static dielectric
constant ¢1(0) is inversely proportional to the direct energy gap of the
materials. Our obtained results indicate that the static dielectric con-
stant of the Janus GapSTe monolayer is ¢1(0) = 3.863. While the effects
of the E on the spectra of the e(w) can be ignored as illustrated in Fig. 7
(b), the dielectric function of the Janus Ga;STe monolayer depends
strongly on the strain engineering as shown in Fig. 7(a). We focus on the
spectrum of the imaginary part ez(w) which is tightly connected the
optical characteristics of the semiconductors. We can see that the main
peak in the spectrum of the e2(w) locates at the incident light energy of
3.80 eV. The compressive strain causes this peak to shift to a higher
energy region while it will move to a lower energy region in the presence
of tensile strain.

The optical absorbance spectrum A(w) and optical reflectivity R(w),

which can be derived from the e(w), are expressed as [41]:

12
w0 =222l + el - o) @
and
. L 2
ij - i
Ri(w) €l (o) + i€} (w) — 1 @

él(w) + iel(w) +1

The influence of the e and electric field E on the optical absorbance
spectrum A(w) and reflectivity R(w) is depicted in Fig. 8. At equilibrium,
the optical absorbance of the Janus GapSTe monolayer is activated in the
infrared light region of about 0.9 eV, which is close to its band gap value.
The main peak of the optical absorbance spectrum A(w) is located at the
incident light energy of 6.127 eV with an absorbance intensity of 11.914
x 10%* ecm ™. Similar to the spectrum of the dielectric function as above-
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Fig. 8. The optical absorbance spectra A(w) (a,b) and optical reflectivity R(w) (c,d) for the Ga;STe under the biaxial strain and electric field.

mentioned, the effect of the electric field on other optical spectra such as
the absorption coefficient [Fig. 8(b)] and optical reflectivity [Fig. 8(d)]
is negligible. Meanwhile, the A(w) can be strongly altered by the biaxial
strain ¢p, as illustrated in Fig. 8(a). The maximum absorption intensity is
in the ultraviolet light region and may be increased by compression
strain. At the same time, the compressive strain also causes the main
absorption peak to shift slightly to the lower energy region. Absorption
intensity increases quite quickly in the visible light region, reaching
4.810 x 10* cm™! and can be altered by strain although the change in
the absorption intensity due to strain is not large. Similar to the ab-
sorption spectrum, the effect of distortion on optical reflectivity is
evident in the ultraviolet light region with photon energy higher than 5
ev.

4. Conclusion

In the present study, we systematically considered the electronic and
optical properties of the Janus GapSTe monolayer in the presence of the
biaxial strain and electric field. Our calculations for phonon dispersion
curves and AIMD simulations proved that the Janus Ga;STe monolayer
is dynamical and thermal stabilities at room temperature and can
physically exist. The mirror symmetry breaking in the Janus structure
leads to the Janus GapSTe monolayer possessing many new properties,
which do not exist in GaS or GaTe monolayers. The Janus GaySTe
monolayer has a broad absorption spectrum, which extends from the
infrared to the ultraviolet light region, and it has a high absorption in-
tensity in the visible light region. The sensitivity of electron states and
optical properties of the Ga,STe to strain, especially the occurrence of
the direct-indirect gap transitions due to strain and high absorption
intensity, can turn the Janus GapSTe monolayer becoming an excellent
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nanomaterial for applications in optoelectronic devices.
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