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First-principles calculations are performed to study the mechanical and electronic properties of two-dimensional monolayer GaX
(X =38, Se, Te) under strain. It is found that the in-plane stiffness decreases from 86 N/m for GaS, 68 N/m for GaSe to 57 N/m
for GaTe, agreeing well with experimental results and it is attributed to the weakening interaction between Ga and X atoms with
the increasing atomic number of X atoms. The band gaps of GaX monolayers decrease approximately linearly with increasing
tensile strain, while the variation of band gaps with compressive strain does not show a linear feature because the conduction
band maximum transfers among several high symmetry k-points. The effective masses of electrons and holes also exhibit strong
anisotropy and can be modulated by applying both compressive and tensile strains, indicative of monolayer GaX very useful for

device modeling.

1 Introduction

Two-dimensional nanomaterials such as graphene, transition
metal dichalcogenide(TMD) and boron nitride have been
widely studied due to their remarkable physical properties and
numerous promising applications '>. Among these, graphene
has been the most extensively studied because of its high mo-
bility and rich physics and its electronic properties can be con-
trolled by a gate electrode>%7. Its applications, however, are
hindered by the absence of band gap in pristine graphene.
In order to achieve different applications, modifications of
their intrinsic properties are often required. For example, a
broad range of chemical decoration®® and substitutional dop-
ing %! have been investigated to open and tune the band gap
of graphene. It has been demonstrated both experimentally
and theoretically that the band gap and optical properties of
graphene can be controlled and tuned by applying strain !>!3,
Monolayer TMDs such as molybdenum disulfide(MoS;) are
ideal candidates for using strain engineering as an effective
tool to modify their electronic and magnetic properties !4,
Besides, lattice point defects can act as very efficient traps for
electrons, holes and excitons, and strongly influence transport
and optical properties of the host materials '8,

Very recently, a stable class of two-dimensional metal
dichalcogenide materials, GaX(X = S, Se, Te) monolayers,
has been extensively studied due to their potential applica-
tions as photodetectors, gas sensors and optoelectronic de-
vices. Monolayer GaS and GaSe sheets have already success-
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fully been synthesized '*?2. Compared to graphene, monolay-
er GaX are intrinsically semiconducting materials with wide
band gaps. Each layer of GaX consists of four covalently
bonded X-Ga-Ga-X atoms, as illustrated in Fig.1. Experi-
ments show evidence that monolayer GaS and GaSe are per-
fect candidates for using in field-effect transistors?!. Aside
from these intriguing features, GaX monolayer show promis-
ing applications for nanophotonic devices !°. Much effort has
been made to study the structural, elastic and electronic prop-
erties of GaX. Also, the band gap of GaX monolayer can be
widely tuned by applying mechanical deformation??. Accu-
rate hybrid functional and quasiparticle methods predict that
the GaX are suitable photocatalysts for water splitting?*. Al-
though the response of band gap of GaS and GaSe to uniaxial
and biaxial strain has been recently calculated, other proper-
ties such as effective masses have not been considered yet.
Besides, how the band gaps of GaX would behave under com-
pressive strains has not been examined. What is more, the
compressive strain can be easily realized in the experiments.
These issues, actually, play important role in interpretation of
experiments and device modeling. In order to address these
issues, a systematic investigation of strain effects on the elec-
tronic properties and effective masses of GaX would be highly
desirable.

In this work, we study the electronic the mechanical and
electronic properties of GaX monolayers, but focus on their
carrier effective mass and possible implications enabled by the
carrier effective mass. We calculate the elastic parameters of
GaX including in-plane stiffness and Poisson’s ratio. Band
gaps of GaX are discussed by both GGA and hybrid func-
tional calculations. The band gaps of GaX can be reduced
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Fig. 1 (color online) (a) Side view and (b) Top view of monolayer
GaX. The green and yellow balls denote Ga and chalcogenide
atoms, respectively. The rectangular and rhombic regions present
the unit cells used to calculate the elastic and electronic properties,
respectively. &, and &, are the strain along the armchair and zigzag
directions with respect to the lattice constant, respectively.

by both homogeneous tensile (H-strain) and uniaxial tensile
strains along zigzag (Z-strain) either armchair direction (A-
strain), compressive strains tend to show much less influence
on the band gap than tensile strains. We also calculate the
variation of effective masses of carriers in GaX with H-strain.

2 Methods

The calculations are performed using the projector augment-
ed wave (PAW) method?® with the generalized gradien-
t approximation of Perdew-Burke-Ernzerhof (GGA-PBE)2®
exchange-correlation functional and the Heyd-Scuseria-
Ernzerhof (HSE06) hybrid functional?’. A (9 x 9 x 1)
Monkhorst-Pack?® k-point grid and a plane-wave basis set
with an energy cutoff of 500 eV are used for all calculations.
A large vacuum layer of more than 12 A is adopted to prevent
the interaction between adjacent images. All the structures are
fully relaxed with a force tolerance of 0.02 eV/A. Numerical
calculations are implemented by the Vienna ab initio simula-
tion package (VASP)%.

3 Results and Discussion

3.1 Mechanical Properties

We first present the structural parameters of the single-layer
GaX (Fig.1) with PBE functionals, as shown in Table 1. The
optimized lattice constants of 3.63 A for Ga$S, 3.82 A for GaSe
and 4.13 A for GaTe by GGA-PBE functional are consistent
with previous studies?*. These values are a little larger than
the ones (3.59 A for Ga$, 3.75 A for GaSe) in bulk3%3!. For
the X and Ga bonds are strong ionic, the transfer charge from

(b) GaSe and (c) GaTe with strains.

the Ga to the X atom can reflect the strength of the X and Ga
bonding. Bader charge analysis shows that there are a little
more charge transferred from Ga to X atoms in the 3D GaX
semiconductors (0.8150 e transferred to each S atom in GaS
monolayer) than that in the 2D counterparts (0.8104 e trans-
ferred to each S atom in GaS bulk). Stronger bonding between
Ga and X atoms in bulk GaX leads to a shorter Ga-X bonds
and smaller lattice constants.

Next, we discuss the strain energy before analyzing elastic
properties of GaX. Strain energy gives an insight into the in-
fluence of strain on the structural and elastic properties and it
can be illustrated as Eg = E7(g) — Er(e = 0), where Er(¢)
is the total energy at a given axial strain € and E7 (g = 0) is
the total energy at equilibrium state. The evolution curves of
strain energy of GaS, GaSe and GaTe with three types of s-
trains illustrated above are shown in Fig.2. For both tensile
and compressive strains within the loaded range, the strain en-
ergy increases monotonously with the corresponding increas-
ing strain. The harmonic approximation is well applied with
—0.02 < £ <0.02, beyond which the E; — € curve becomes in-
harmonic because the contributions of higher order terms are
larger than 10% and noticeable.

All the curves show their minima at zero strain. It is clear
that the A-strain and Z-strain exert almost the same influence
on the strain energy of GaX. This can be attributed to the
hexagonal lattices with honeycomb structures of GaX mono-
layer. Their mechanical properties including in-plane stiffness
are isotropic even under small strains, which results in the e-
qual contribution of intralayer interaction between Ga and X
atoms along both A-direction and Z-direction. From the atom-
ic configuration of GaX in Fig.1, we can see that the intralayer
interaction mainly comes from the Ga-X bonding. The three
Ga-X bonds for each X atom make the equal contribution a-
long A-direction and Z-direction.

We now study the elastic properties of GaX, which are
usually characterized by two independent constants: Young’s
modulus Y and Poisson’s ratio v. However, it is difficult
to calculate the thickness of the sheet system which is re-
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Table 1 The structural parameters and elastic parameters of single-layer GaX on GGA-PBE level. d| and d; are the distance between two Ga

atoms and two X (X =S, Se, Te) atoms, respectively. #1, #, are the fitting parameters. v and C are the Poisson’ Tatio and in-plane stiffness,
respectively.

d(A) b)) ald) 1 15 v C(N/m)
GaS 4.63 2.47 3.63 32,75 12.67 0.244 85.87
GaSe 4.82 2.47 3.82 28.15 12.53 0.248 67.14
GaTe 5.02 2.47 4.13 26.16 129 0.246 56.46
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Fig. 3 (color online) Band structures and the projected density of states of monolayer GaX without strain are shown in (a)-(e). Solid line and
filled circle in band structures represent the GGA-PBE and HSEO6 calculated results. The solid arrows indicate the lowest energy transition.
(g)-(1) show the charge redistribution of GaS, GaSe and GaTe, respectively.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-7 |3



RSC Advances

quired in calculating the Young’s modulus. Calculating the
in-plane stiffness is an alternative way with respect to Y-
oung’s modulus. The in-plane stiffness C can be defined as
C = (1/80)(9%E/d€?), where Sy is the equilibrium area, E
is the total energy, and € is uniaxial strain (¢ = Aa/a). The
other parameter, Poisson’s ratio v, is the ratio of transverse
strain and axial strain, namely, V = — &y ans/Eaxiar- TO calcu-
late the elastic properties of GaX, we construct a rectangular
unit cell of GaX, which contains two GaX molecules, as seen
in Fig.1323*. In our calculations, the two lattice constants,
a; and a,, are changed by -2% to 2% in an increment of 1%.
The system is fully re-optimized and the corresponding total
energy is obtained at each (g,, &) point. Afterwards, the to-
tal energy can be written as E = 822 +182+ neE e, + Eo,
in which Ej is the total energy at equilibrium state; & and
&, are the strains along zigzag and armchair directions, re-
spectively; t; and #, are related coefficients. The in-plane s-
tiffness and Poisson’s ratio finally can be calculated by C =
(1/50)(21‘1 —t22/2l1) and v = tz/tl.

Table 1 gives the fitting parameters #; and 7, as well as elas-
tic constants C and v. These elastic parameters are determined
by using the method based on strain energy calculation in the
harmonic elastic deformation range. The in-plane stiffness C
of GaS, GaSe and GaTe are 86, 68 and 57 N/m, respective-
ly. Also, their Poisson’s ratios are 0.244, 0.248 and 0.246.
The calculated results of in-plane stiffness C agree well with
the reported results of 98 N/m for GaS, 79 N/m for GaSe and
66 N/m for GaTe?*. It is clear that the in-plane stiffness de-
grades with increasing atomic number of chalcogenide atoms,
whereas the Poisson’s ratio varies by a small amount among
them. From the formula of in-plane C, we can see that the C
is dominated by #; when ¢, is larger than #,. 71, to some extent,
reflects the strength of intralayer interaction of GaX monolay-
er. With the increasing atomic number of chalcogenide atoms,
the bonding between Ga atoms and chalcogenide atoms be-
comes weaker, leading to a smaller #; and relatively smaller
in-plane stiffness.

In order to gain further insight, the binding energy of a
chalcogenide atom in GaX monolayer is calculated and p-
resented in Table 2. We construct a supercell containing
4 x4 x 1 unit cells in binding energy calculations. The binding
energy is defined as the difference between the total energy of
a GaX supercell and the sum of total energy of a GaX super-
cell with a vacancy at chalcogenide atom site and that of an
isolated chalcogenide atom:

E, = Esupercell - Ewilhvacancy — Lchalcogenide -
where Egperceir and Eyitpvacancy are the total energies per u-
nit cell of the supercell without and with a vacancy at chalco-
genide atom site, respectively; Ecpaicogenide 18 the energy of an
isolated chalcogenide atom. Consistent with the above anal-
ysis, with the increasing atomic number of chalcogenide, it-

s binding energy in the corresponding GaX monolayer nu-
merically decreases, which implies the weakening bonding
between X atoms and Ga atoms with X changing from S to
Te. Furthermore, as the Ga-Ga bonds are perpendicular to the
plane of GaX monolayers, the bonds between Ga atoms and X
atoms make the main contribution to the in-plane stiffness. It
can be concluded that the stronger binding between Ga atoms
and chalcogenide atoms results in the larger in-plane stiffness.

3.2 Electronic properties

We next study the band structures of the unstrained GaX
monolayers by both PBE and HSEO06 calculations. As shown
in Fig.3(a), (c) and (e), all the three monolayers are indirect-
band-gap semiconductors. Their band gaps calculated on PBE
and HSEOQG6 level are listed in Table.2. The general feature of
the band structures calculated by PBE and HSEQ6 is similar,
except that the band gap calculated by HSEO06 is much larger
than the other because PBE usually underestimate band gaps.
Our results are in great agreement with previous results 2324,

In order to determine the constituents of the electronic
bands, the projected density of states (PDOSs) are also cal-
culated by PBE functional and shown in Fig.3(b), (d), and (f).
Each of them shows a gap near the Fermi level, which is small-
er than the corresponding value of band structure calculation
due to the shift of the conduction band minimum (CBM) and
the valence band maximum (VBM) towards the Fermi level.
For the unstrained GaS, the CBM and the VBM are mainly
constituted by S — p states and Ga — p states.

From Fig.3 and Table.2, it is found that the band gap of
unstrained GaX monolayer decreases as we go down the col-
umn of X atoms in the periodic table. This is possibly caused
by the increasing delocalization of the atomic orbitals, which
leads to reduced interaction between Ga and X atoms and e-
longated lattice constant. These conclusions are further sup-
ported by the redistribution of charges, which is calculated by
taking the difference of the total charge of the GaX and the
sum charge of isolated chalcogenide and Ga atoms, as shown
in Figs.3(g)-(1). In the GaX monolayers, the Ga-X bond is
strongly ionized, the delocalization could reflect the strength
of the atomic interaction, similar to the TMDs 337, In this
work, the GaS monolayer shows the maximum redistribution
of the charge of the three GaX monolayers. More transferred
charge from Ga atom to chalcogenide atom and shorter lattice
constant of GaS lead to stronger interaction between Ga and S
atoms.

We now study the behavior of band gap of GaX under s-
train by using GGA-PBE. We consider three types of strain:
uniform biaxial strain (H-strain), uniaxial strain along arm-
chair direction (A-strain) or zigzag direction (Z-strain). Fig.4
presents the Brillouin zone (BZ) of GaX monolayers under
strain. The irreducible BZ of GaX under H-strain remains un-
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Table 2 The binding energy (E;) of chalcognide atoms in GaX monolayers on GGA-PBE level and the band gaps of these monolayers on
both GGA-PBE and HSEO6 level are listed here. The average charge of every atom of GaX at equilibrium state is given too.

Ep (eV) Charge of X Charge of Ga Band gap (PBE, eV) Band gap (HSE06, eV)

GaS  -6.963 6.8104 12.1896 2.48 3.19

GaSe -6.354 6.6615 12.3385 1.83 2.71

GaTe -5.709 6.4438 12.5562 1.44 2.02
changed, as the hexagonal symmetry is saved. In Fig.4 (a),
the R point and S point are equivalent to K point and M point,
(a) H-strain (b) A-strain (c) Z-strain respectively. In the case of A-strain and Z-strain, the structure
b s R p, of the BZ is deformed as the hexagonal symmetry is degener-

Fig. 4 (color online) Brillouin zone with high-symmetry points of
monolayer GaX under (a) H-strain, (b) A-strain and (c) Z-strain.
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Fig. 5 (color online) (a), (c¢) and (e) show the GGA-PBE results of
variation of band gaps of GaS, GaSe and GaTe versus strains,
respectively. The below panels correspond to HSEQ6 results. I™
denotes the maximum points of valence band which locate at the
side of I point and the label of k — k* along each curve denotes that
the VBM and CBM locate at k point and k* point, respectively under
corresponding strain.

ated to rhombic symmetry, and the irreducible BZ becomes a
right trapezoid from the original triangular shape. Moreover,
the high-symmetry k-point increase from three (I', K, M) to
five (I, K, M, R, S).

We constrain the tensile strain within the range from 0 to
10% in our calculations and a small compressive strain rang-
ing from -5% to 0 is imposed. The variation of the band gap-
s of GaX calculated by GGA-PBE as a function of strain is
summarized in Fig.5. T"* denotes the maximum points of va-
lence band which locate at the side of I" point and the label
of kK —k* along each curve denotes that the VBM and CBM
locate at k point and k* point, respectively under correspond-
ing strain. In the case of tensile strain, the band gaps of GaX
decrease approximately linearly. While the variation of band
gaps with compressive strain does not show linear feature be-
cause the conduction band maximum transfers among several
high symmetry k-points. Take GaS under H-strain as an ex-
ample, its variation of the band gap calculated by PBE is plot-
ted by violet line in panel (a) of Fig.5. The CBM and VBM
is marked along the curve. Under tensile strain, the curve is
marked by I'*-I', which means the VBM locates at I'* point
and CBM locates at I" point. When under compressive strain,
the VBM remains at ['* point. The CBM, however, transfers
from I" point to M point, then to K point. On the other hand,
A-strain and Z-strain exert similar influence on the band gap
of GaX. All the results show that the band gaps of GaX can be
modified over a wide range by applying tensile strain.

We check the variation of the band gaps of GaX with
applied strains by calculating the band structures using the
HSEOQ6 functional method, which also is shown in Fig.5. Al-
though the calculated HSEQ6 band gaps of GaX are larger than
the PBE ones, the nature of the band structure remained un-
changed.

A decreasing band gap of GaX with increasing tensile strain
implies reduced interaction between Ga and X atoms, which
should be caused by increasing distance between them. Due to
the increase of the chalcogen atomic radius, the bond length
of Ga and X atom also increase in the sequence of GaS <
GaSe < GaTe, which results in weakening bonding between
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Fig. 6 (color online) Average Bader charge of Ga and X atoms for
GaX monolayers as a function of strain. For respective GaX
monolayer, the charges of Ga and X atoms are plotted in the same
color.

Ga and X. This can be clearly seen from the binding energy
listed in Table.2. Our PBE calculations show the binding en-
ergy is -6.963eV for GaS, -6.354eV for GaSe and -5.709eV
for GaTe. Using the Bader charge analysis3#°, we obtain the
charge transfers from Ga to the chalcogen atoms. Each Ga
atom loses 0.81 e in GaS sheet, 0.66 € in GaSe sheet and 0.44
e in GaTe monolayer. Due to the small charge transfers and
elongated lattice constants, the binding energies of the GaS,
GaSe and GaTe monolayers decreases. This, essentially, re-
sults in a weaker interaction between the M and X atoms and
a decreasing band gap from GaS to GaTe, which agree well
with our interpretation above.

Strain also has effect on the curvature of the band structure,
reflected in a change of the effective masses of electrons and
holes. Strain effects on effective masses of electrons and holes
of GaX under H-strain are reported in Fig.7. The effective
mass is calculated using m = h*/(9%E /dk?), and the k points
closely approach the corresponding k-point, such as VBM and
CBM. In Fig.7, I'g and I'; denote the I'™* points at the right (to
the K point direction) and left (to the M point direction) side of
I' point, respectively. The variation curve of effective mass of
electron (or hole) at k-point to the k*-point direction is labeled
by k — k*. For example, the curve labeled I' — M shows the
evolution of the effective mass of electrons at I" point to the M
point direction. For simplification, only effect of H-strain on
effective masses is taken into consideration in this work. The
R point and S point, as a result, are equivalent to K point and
M point, respectively.

Because the effective mass of electrons (holes) is deter-
mined by the dispersion of energy at the CBM (VBM), the
jumping of CBM (VBM) will lead to a dramatic change of as-

o 3 6 3 6 2468
Strain(%) Strain(%) Strain(%)
Fig. 7 (color online) The variation of effective masses (in units of
electron mass my) of (a) electrons and (b) holes at high symmetry
points of GaS with H-strain. (c),(d) and (e),(f) are the corresponding
contents of GaSe and GaTe, respectively. I'g and I';, denote the I'™*
points at the right (to the K point direction) and left (to the M point
direction) side of I" point, respectively. The masses are labeled by
the band extremum and the direction along which the mass is
calculated.

sociated effective mass value. Take GaS as an example, when
compressive strains is imposed, the CBM shifts from the I"
point to the M point and then to the K point. The mass of
the electron at M point in the K direction is smaller the that
at K point and is larger than that I. The jumping of CBM,
essentially, results in a dramatic change of electron effective
mass. For holes, the relevant VBM is near the I" point without
jumping to other points with strain. The masses of the holes
at I'y point and I' point show a similar variation trend and
degrade slowly with increasing strain. This suggests that the
hole effective mass of GaS will not change dramatically.
When under tensile strain more than 2%, it is worthy to note
that the VBM and CBM locate at I'* and I point, respectively,
and keep unchanged with increasing tensile strain. The elec-
tron effective mass for the band extremum at I" is not very sen-
sitive to strain while the hole effective mass decreases slowly
with the tensile strain, implying maintenance of the quality of
the conductivity. The modification of the band gap without
significant alteration of the dispersion of the bands is very im-
portant for electronic applications. Furthermore, the electron
mass is much smaller than that of holes regardless of applied
stain, implying that the GaX will have important applications
as an n-type material in field effect transistors. What’s more,
the electron effective mass of stretched GaX increases from
GasS to GaTe, which suggests that GaS may show better trans-
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port properties than GaSe and GaTe.

4 Conclusion

In summary, first-principles calculations are carried out to re-
veal the elastic and electronic properties of GaX (X = S, Se,
Te) under strains. GaS, GaSe and GaTe show similar elas-
tic, electronic and transport properties because they share the
same atomic configuration and spatial symmetry group. The
in-plane stiffness is found to decrease gradually with increas-
ing atomic number of chalcogenide atoms, whereas the Pois-
son’s ratio varies by a small amount among them. Upon ap-
plication of strain, the band gaps of GaX can be modified and
tuned in a relative large range. In the case of tensile strain,
the band gaps of GaX decrease approximately linearly. While
the variation of band gaps with compressive strain does not
show linear feature because the conduction band maximum
transfers among several high symmetry k-points. Besides, the
A-strain and Z-strain exert similar effect on the band gap of
GaX. Strain effects on effective masses of electrons and holes
are reported in Fig.7. The jumping of CBM leads to dramatic
changes of associated effective mass value. Besides, the plots
of carrier effective mass also provide meaningful insight into
the transport performance of strained monolayer GaX struc-
tures. In practice, these strains could potentially be realized
by epitaxial growth on suitable substrates. Our results will be
useful for interpretation the variable mobilities and transport
properties of strained GaX electronic devices in experiments.
Besides, the band gap of GaX can be modified by the tensile
strain without significant change the dispersion of the bands,
which is very important for electronic applications.
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