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First-principles calculation of the structural, electronic, elastic, and
optical properties of sulfur-doping £-GaSe crystal”

Chang-Bao Huang(# £ {#), Hai-Xin Wu(:&i#15)", You-Bao Ni(fii K1),
Zhen-You Wang(E#z &), Ming Qi(H"Y), and Chun-Li Zhang(5K#TN)

Anhui Provincial Key Laboratory of Photonic Devices and Materials, Anhui Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Hefei 230031, China

(Received 8 January 2016; revised manuscript received 6 April 2016; published online 25 June 2016)

The structural, electronic, mechanical properties, and frequency-dependent refractive indexes of GaSe;_,S; (x =
0, 0.25, and 1) are studied by using the first-principles pseudopotential method within density functional theory. The
calculated results demonstrate the relationships between intralayer structure and elastic modulus in GaSe;_,Sy (x = 0,
0.25, and 1). Doping of €-GaSe with S strengthens the Ga—X bonds and increases its elastic moduli of Cy; and Cgg. Born
effective charge analysis provides an explanation for the modification of cleavage properties about the doping of £-GaSe
with S. The calculated results of band gaps suggest that the distance between intralayer atom and substitution of Sge, rather
than interlayer force, is a key factor influencing the electronic exciton energy of the layer semiconductor. The calculated
refractive indexes indicate that the doping of €-GaSe with S reduces its refractive index and increases its birefringence.

Keywords: S-doping GaSe, first-principles, linear response, mechanical properties

PACS: 62.20.de, 71.15.Mb, 71.20.Nr, 78.20.Fm

1. Introduction

The layer €-GaSe crystal, which belongs to space group
D}, is known as a typical member of I1I-VI semiconduc-
tors. Its multi-layer is composed of a four-sheet Se-Ga-
Ga-Se intralayer stacking pattern. The intralayer bonds are
ionic-covalent components, while interlayer bonds are of van
der Waals type. The strong covalent bonding within the
multi-layer and weak van der Waals bonding between the
multi-layers make £-GaSe a quasi-two-dimensional, highly
anisotropic material with a birefringence of about 0.35 in the
infrared range.!!! Combining its other excellent performances,
such as large nonlinear coefficient (54 pm/V at 10.6 um), wide
transparency range (0.62 pm-18 pum) and high damage thresh-
old, e-GaSe have been successfully used to generate coher-
ent laser radiation in an extremely wide spectral range from
mid- to far-infrared!>>! and further to terahertz regions!®-8! by
nonlinear frequency conversion. On the other hand, the layer
structure of £-GaSe results in its pronounced cleavability and
almost zero hardness; its bad mechanical properties lead to
uncontrolled layer stacking defects (an admixture of ¥, § or 8
polytypes) in the growth process and hamper the cutting and
polishing along arbitrary directions, which holds back its out-
of-lab applications in nonlinear optics.

It was experimentally proved by many researchers that
incorporation of different doping elements can significantly
modify its mechanical and optical properties for frequency
conversion. It is noted that In-doping!®'°! and Er-doping!!' 1!
e-GaSe lead to 35% and 24% increase respectively in

DOI: 10.1088/1674-1056/25/8/086201

the intrinsic nonlinearity.  Doping of &-GaSe with Ag
(0.04 mass%)'3! resulted in 10%—20% improvement in dam-
age threshold and strengthened its hardness from 8 kg/mm? to
> 10.7 kg/mm?, but 6% decrease in nonlinearity. Doping of
£-GaSe with Al (0.14 at%)!'*!3] resulted in improved hard-
ness up to 17 kg-mm~2 and increase of its ordinary refractive

16171 ¢_GaSe resulted in 20% increase of

index. Te-doping!
nonlinearity and demonstrated the potential of frequency con-
version into the THz range. In spite of the nonlinearity de-
creasing, S-doping!!>!7-18] £.GaSe resulted in 2.4 times and
1.5 times more efficient than pure and In-doping e-GaSe crys-
tal respectively due to its improvements of optical and me-
chanical properties. It was believed that the improvements of
optical and mechanical properties in doping €-GaSe were due
to the modification of its cleavage property and decrease of
stacking defects.

Despite the considerable amount of experimental work,
there is relatively little research of the theoretical studies of
doping &-GaSe. In fact, the elastic and electronic properties
of pure €-GaSe have been investigated by using the full poten-
tial linear augmented plane-wave (FP-LAPW)!1%20] method,
plane-wave pseudopotential (PW-PP)[?!l method, and tight-
binding (TB)!??! approach. It was suggested that the interlayer
interactions were not solely of the van der Waals type in these
layer compounds. Rybkovskiy and Arutyunyan!>}! demon-
strated the size-induced effects in £-GaSe electronic structure
by using pseudopotential method and GW approach. Further

24-27]

research was carried out by Rak et al.! to investigate the
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formation energies and electronic structures of In and Te de-
fects in €-GaSe, as well as the In-doping dependences of struc-
tural and mechanical properties. They pointed out that intersti-
tial doping of cation-In can provide much higher energy bar-
rier than those of the impurity of Ing, and pure €-GaSe as
cleaving e-GaSe crystal. However, there is a lack of theoreti-
cal approach to the electronic and mechanical properties of S-
doping €-GaSe. The present research focuses on the changes
in electronic and mechanical properties caused by S-doping in
£-GaSe crystal.

2. Computational details

Our calculations were performed by using plane-wave
pseudopotential method of density functional theory (DFT)
as implemented in the ABINIT code.l?®! The exchange-
correlation energy of electrons was evaluated in the local-
density approximation (LDA) within the Perdew-Wang
scheme.?”! The effective ionic potentials were approximated
by Troullier—Martins®Y! type of norm-conserving pseudopo-
tentials (NCPPs) and the valence electrons included 4s and
4p states of Se and S as well as 4s, 4p, and 3d states of Ga.
Since the spin—orbit effects are expected to be small for III-

VI compounds, ]

we did not include spin—orbit interaction
in our calculations.

The primitive cells of e-GaSe and 3-GaS are schemati-
cally shown in Figs. 1(a) and 1(d) respectively. Both £-GaSe
and B-GaS have the same laminar structure with each multi-
layer containing four covalently joined atoms in the order X—
Ga—Ga-X (X =S, Se) along the c axis.
arrangements of layers lead to different polytypes named &

Different stacking

(space group D},) and 8 (space group Dg,). It was noted that
higher levels (0 < x < 0.4) of sulfur-dopant exist in GaSe;_,Sy
solution without changing its phase structure.!'331] Thus, we
consider the configurations with S atom located at the posi-
tion of Se atom with x = 0.125 (Fig. 1(b)) and 0.25 (Fig. 1(c))
corresponding to GaSe( g75S¢.125 and GaSe 755025 respec-
tively. Unlike the experimental data, the sulfur-dopants with
x = 0.125 and 0.25 would change symmetry of £-GaSe crys-
tal, from hexagonal system to monoclinic system. Therefore,
the symmetry of Brillouin zone (BZ), elastic module and Born
effective charge tensor would be changed. The calculated re-
sults are presented in Section 3.

Structural optimizations of GaSe;_,S; (x = 0, 0.125,
0.25, and 1) were carried out by two steps. The first step is to
optimize the ionic positions without cell shape and size opti-
mization, and the second step is to optimize the cell shape and
size from the cell with relaxed ionic positions. The theoretical
structures of GaSe;_,S, (x =0, 0.25, and 1) were obtained by
using small unit cells (8 atoms/cell) where the Brillouin zone
was sampled by 10 x 10 x 2 mesh. For GaSe( g75S¢.125 crystal,
the calculations were performed on 2 x 1 x 1 supercell with the

BZ sampled by a 6 x 12 x 3 grid of k points. Convergence tests
indicated that these sets of k-points with energy-cutoff equal
to 54 Ha (1 Ha=2 Ry =27.2114 eV) give an accuracy of about
0.001 A for lattice constants.

SR
@:A (;ﬁ' (d)

i

A

Fig. 1. (color online) Schematic views of the crystal structure of (a) e-GaSe,
(b) GaSe(.875S0.125, (¢) GaSe(.75S0.25, (d) B-GaS. The unit cells of e-GaSe
and f3-GaS contain the same multi-layer structure and have different space
group structures (Déhand Dgh respectively).

Linear-response properties such as the elastic module and
Born effective charge (BEC) are obtained as second-order
derivatives of the total energy with respect to external electric
field or atomic displacements. Calculations of elastic modu-
lus, dielectric functions and BEC were performed via the den-
sity functional perturbation theory (DFPT),!3?-3* with a 60-
Ha plane wave cutoff energy and Monkhorst—Pack grid equiv-
alent to 12 x 12 x 4 grid on a primitive 8-atom GaSe|_,S,
(x =0, 0.25, and 1) cell. These sets of k-point energy cutoff
can guarantee the adequate convergence of the calculations.

3. Results and discussion
3.1. Theoretical crystal structures

The calculated lattice parameters of GaSe;_,S, are listed
in Table 1, along with previous theoretical and experimental
data. According to previous studies, LDA is more specifically
suited to describe the properties of III-VI layered materials,
while generalized gradient approximation (GGA) excessively
overestimates their experimental lattice parameters ¢ and inter-
layer distances.[*%! Our calculated lattice constants of £-GaSe
and $-GaS by LDA are about 1.5% smaller than the exper-
imental values while the underestimations of interlayer dis-
tances are within 0.8% of the experimental values. These cal-
culated results agree quite well with other theoretical results,
and the underestimation of lattice parameter may be due to the
well-known over-binding effect of LDA. The temperature fac-
tor may also make its contribution, because the calculations in
this study are under the condition of 0 K compared with the
experiments at about 300 K. Considering the thermal expan-
sion effects, these optimized structures are more reasonable.
For the frame of GaSe_,S, (x =0, 0.125, 0.25, 1) materials,
their lattice constants monotonically decrease as the value of
impurity concentration xincreases. The compositional depen-
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dences of the lattice constants aand c are consistent with the
variation trend of experimental results.3!]

Table 1. The experimental and theoretical lattice parameters of GaSe|_, Sy
(x=0,0.125,0.25, and 1). DGa—Ga> DGa—x > and Diperlayer Tefer to the dis-
tances of Ga—Ga, Ga—X (X = Se, S) bond and interlayer. Unit is A.

a,b c DGa—Ga DGa-x  Dinterlayer
e-GaSe? 3.743 15919 2388 2469 3.184
Expe. GaSeo75Shhs 372 15.84
B-GaS®) 3.592 15465 2449 2332 3.152
3.740 15.662 2417 2455 3.077
e-GaSe
37389  15.657% 2.416Y

Theor, GaSen 7580125 a=7432 15620 2418%
: ST b =3716
GaSeo75S02s  3.695 15513 2.4209 2.4039 3.0469
B-GaS 3.559 15238 2421 2324 3.025

2Ref. [21], PRef. [35], ©Ref. [36], Gl)awerage value.

Since the electronic and elastic properties are sensitive
to the inter-atomic distance of the semiconductor, we com-
pare the distances of Ga-Ga (Dga—ga) and Ga—X (Dga—x) of
GaSe;_,S,; (x =0, 0.125, 0.25, and 1), as well as their inter-
layer distances (Dimerlayer). From e-GaSe to 3-GaS, we ob-
serve a decrease in the Dg,_x and an increase in the Dg,_Ga-
This is because the S-atom is smaller than Se-atom and the
ability for S atom to attract electrons is stronger than that for
Se-atom, which could shorten the distance between S and Ga
and lead to the decrease of Dg,_x and the increase of Dga_Ga.
With S incorporating into €-GaSe, for GaSeqg7550.125 and
GaSe( 755025, the above structural parameters are different be-
tween the multi-layer with Sg. and multi-layer without Sge. As
seen in Table 1, the S-doping reduces the Dg,—_x and increases
the Dga—ga in both layers. The average values of Dga—gGas,
DGa—x and Djpeerlayer are located between these of €-GaSe and
these of $-GaS.

3.2. Electronic properties

The electronic properties of €-GaSe are calculated by us-
ing TB approach, PW-PP method and FP-LAPW method, as
well as GW approximation. As pointed out in Ref. [26], the
top of the valance band is derived from Se 4p electronic states.
The effect of Ga 4s and Se 4p hybridization splits into two Se
4p derived bands near the top, giving rise to an energy gap in
the band structure of €-GaSe. Therefore, the electronic struc-
ture and band gap are sensitive to inter-atomic distance in this
layer structure. Since different approaches give different re-
sults of lattice parameters and band gaps, we calculate the
band structure of GaSe;_,S, crystals at optimized structural
parameters obtained in LDA. In addition, we investigate the
influence of interlayer distances on band gap of £-GaSe.

In order to characterize the substitutional impurity states,
the densities of state (DOSs) of GaSe;_,S, (x =0, 0.25, and
1) are calculated. The DOSs of these three materials look very

similar. Their valence bands could be divided into three re-
gions. It is seen in Fig. 2 that the bands in the deepest energy
region (below —12 eV) are mainly contributed by X (X =S,
Se) 4s electronic states. The bands in the intermediate energy
region (located between —8 eV to —5.5 eV) are derived from
the high contribution of Ga 4s states strongly mixed with X
(X =S, Se) 4p states. The top valence bands originate from
the X (X =S, Se) 4p slightly hybridized with Ga 4p. The
low-lying conduction bands mainly consist of Ga 4s states of
deep levels and X (X =S, Se) 4p states. The overlapping of
electronic states indicates the characteristics of covalent bonds
in GaX (X =S, Se). The main difference between £-GaSe
and -GaS is the distributions of Se 4p states and S 4p states.
Compared with Se-4p states of £-GaSe, the S 4p states have
much more contributions to total DOS of 3-GasS in the top va-
lence region, as well in GaSe( 7550.25. The impurity of Sg.
in €-GaSe may influence the electronic state and strength of
chemical bond.

To investigate the influences of S-doping on the band gaps
of GaSe;_,S,, we calculate the electronic band structures of
GaSe;_,S; (x =0, 0.125, 0.25, and 1). As mentioned above,
e-GaSe and B-GaS belong to the hexagonal system, while
GaSe 875S0.125 and GaSe 755025 belong to the monoclinic
system. The orbital character of 3-GaS is similar to that of
£-GaSe which has been described by Rak et al.*®! Due to the
hybridization between the Ga 4s states and X (X = S, Se) 4p
states, some of the X 4p bands are pushed up in energy, giving
rise to the semiconducting gaps. However, the bottom of the
conduction band in 3-GasS is shifted to the M point compared
with that in €-GaSe: it is converted from a direct gap semicon-
ductor into an indirect gap semiconductor. For GaSe 75S¢.25,
the isovalent S-doping does not change the numbers of atoms
and electrons per unit cell, so the number of valence bands
is the same as those of €-GaSe and -GaS. Its band structure
along I'-A—M path is also similar to that of £-GaSe. The cal-
culated result shows that both the top of the valence band and
the bottom of the conduction band lie at the I" point, indicat-
ing that GaSe( 755025 is a direct band gap semiconductor. In
the calculation of GaSe( g75S¢.125, we use the 2 x 1 x 1 super-
cell, and the results show that the size of BZ is reduced by
half, while the number of valence bands is increased by dou-
ble. GaSe( g755¢.125 in LDA calculation is also a direct band
gap semiconductor. The calculated band gaps of GaSe;_,S,
(x=0,0.125, 0.25, and 1) in LDA correspond respectively to
0.67¢eV,0.72 ¢V, 0.78 eV, and 1.40 eV (Table 2), which under-
estimates the band gap of GaSe;_,S, due to the well-known
limitation of LDA. However, the calculated results are in ac-
cordance with the measured trend, indicating that the band
gaps of GaSe;_,S, increase with the composition x increas-

ing.
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Fig. 2. (color online) Total and partial density of states (left) and electronic band structure (right) of e-GaSe, GaSe( 75S¢.25, and -GaS
calculated by the DFT-LDA method. The zero of the energy scale is adjusted to the valence-band maximum.

Table 2. Band gaps (in units of eV) of GaSe;_,S; (x =0, 0.125,
0.25, and 1) from experiments and LDA calculations. The band gaps
of GaSe;_, Sy increase with the composition x increasing.

Band gaps
GaSe 0.67
Pres. Calc. GaSe 87550.125 0.72
Gase()‘7sso.25 0.78
GaS 1.40 (indirect)
a)
Other theor. GaSe 0.67 b
2.34 (GW)P
GaSe 2.129)
Exp. L @)
GaS 2.6 (indirect)

3)Ref. [21], P)Ref. [22], 9 Ref. [19], DRef. [37].

As pointed out in the analysis of DOS, the upper valence
band edge is formed by Se 4p states, whereas the conduction
band bottom is composed of Ga 4s states. Moreover, the op-
timized structures indicate that the lattice constants decrease
with the composition x increasing. The decrease of lattice con-
stant is accompanied by the decreasing of Ga-X (X =S, Se)

bond length, which leads to the increasing of overlapping be-
tween Ga 4s states and Se 4p states. In order to investigate the
influence of interlayer force on band gap, the calculations have
been done by altering the interlayer distance without changing
the relative position of intralayer atoms. Based on the opti-
mized result of €-GaSe (named structure 0), the interlayer dis-
tances are assumed to increase 0.02 A (named structure 1) and
reduce 0.02 A (named structure 2) respectively. The calculated
band gaps of both structure 1 and structure 2, located at the
I'-symmetry point, are direct with the same value of 0.67 eV
which is equal to that of structure 0. As the structure parame-
ter is based on the optimized result of GaSe 75S¢.25, the band
gap is also direct with a value of 0.76 eV which is between
that of e-GaSe (0.67 eV) and that of GaSe(75S¢.25 (0.78 eV).
However, with using the structure optimized result of €-GaSe
without including Ga 3d electrons, the calculated band gap is
shifted to be indirect with a value of 1.013 eV. Apparently, the
positions of intralayer atoms and impurity of Sg. are the key
factor for influencing the electronic exciton energy. Note that
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S-doping could change van der Waals force between layers
and then influence the equilibrium energy of GaSe. Therefore,
the changes of van der Waals force could influence the distance
of intralayer atoms and then alter its band gap.

3.3. Elastic properties

Elastic constants represent the second derivatives of the
energy density with respect to strain:

C,‘j:V_l (aZU/aS,'Sj) (D

e=0"

describing the mechanical hardness and stability of crystal.
The hexagonal crystals are characterized by five independent
elastic constants: Ciy, C2, C13, C33, and Cyq. Crystal sym-

metry causes the elastic tensor to be composed of some inde-
pendent components. The S-doping lowers the symmetry of
&-GaSe, from hexagonal to monoclinic system, thus increases
the number of independent elastic constants. To gain further
insight into the effect of S-doping, the elastic constants of
GaSe|_,S; (x =0, 0.25, and 1) are calculated after optimiza-
tion of their geometries. The calculated results indicate that
the new components of elastic constants of GaSeq 75505 are
so small that they could be negligible. Therefore, we assume
that the isovalent S-doping does not actually change the sym-
metry of elastic tensor in GaSe crystal. The calculated elastic
constants are presented in Table 3, together with available ex-
perimental and theoretical data.

Table 3. Calculated values of elastic constants (C;j;), bulk modulus (B), shear modulus (G), Young’s modulus (E), and Poisson’s ratio (o) for
GaSe|_ Sy (x =0, 0.25 and 1) (unit is GPa for elastic constants and modulus).

Cy Cs3 Cyy Ces Ci2 Ci3 B G Ey o
Exp.d e-GaSe 102.4 35.1 104 35.0 32.5 12.6
P B-Ga$S 121.6 37.9 9.6 432 352 114
99.7 32.3 10.8 35.8 28.0 12.7 30.2 20.0 49.2 0.229
e-GaSe
Theor 99.6%) 32.3 10.8 35.8 28.0 12.9
' GaSe.75S0.25 104.1 32.9 112 375 29.2 12.6 33.1 20.9 51.8 0.239
B-GaS 119.4 37.2 10.1 43.6 32.1 11.0 36.1 22.5 55.9 0.242

2)Ref. [36], P)Ref. [21].

The elastic constants Cy; and C33 represent the resistances
to longitudinal compression along the x and z crystallographic
axes respectively, while Cy44 and Cgg represent the resistances
to transverse deformation in [100] and [001] crystal planes
respectively. Therefore, the elastic constants of Cy; and Cgg
are determined by the chemical bonds along [100] or [010]
direction, while C33 and Cy4 are determined by the chemical
bonds along [001] direction. For the GaSe|_,S, (x =0, 0.25,
1) crystals, Cy is much higher than C33 and Cgg is much higher
than Cy4, suggesting that the bonding strength along the [100]
or [010] direction is stronger than that along the [001] direc-
tion. These can be easily understood by the high anisotropy
induced by the layer structure. From €-GaSe to GaSeq 755¢€¢.25
to B-GaS, we observe monotonic increases in C; and Cgg, but
there is no obvious increasing nor decreasing trend in any of
C33, Cu4, C12, and Cy3. These can be explained after a careful
analysis of the relationships between the chemical bonds and
elastic modulus of these layer compounds. The Ga—Ga bonds
are along the z crystallographic axes and at about 120-degree
angle with respect to Ga—X bonds (X = S, Se). The chemical
bonds along [100] or [010] direction are composed of Ga—X
bonds which determine the elastic constants of Ci; and Cgg.
The chemical bonds along the [001] direction are composed
of Ga—Ga bonds and Ga—X bonds, and influenced by van der
Waals force between layers. Therefore, the C33 and Cyy are
determined by the Ga—Ga bonds and Ga—X bonds, as well as
interlayer force.As mentioned above, the Ga—S bond is shorter

and stronger than Ga—Se bond, leading to the weakening of
Ga-Ga bond from e-GaSe to GaSe 75Seg.25 to 3-GaS. Thus,
the doping of GaSe with S can increase its elastic constants of
C11 and Cgg and can change its Cz3 and Cyg4.

From these calculated elastic constants, some important
characteristics, such as bulk modulus B, shear modulus E,
Young’s modulus Ey and Poisson’s ratio ¢, can be evaluated,
and their results are also listed in Table 3. The bulk modulus
(B) measures the resistance of material to volume change and
provides an estimate of its response to hydrostatic pressure.
The shear modulus G which is equal to the ratio of shear stress
to shear strain is characteristic of the ability for a solid to re-
sist transverse deformation. From &£-GaSe to GaSe( 75Se 25
to 5-GasS, our calculated bulk modulus and shear modulus are
monotonically increasing: 30.2, 33.1, 36.1 for bulk modulus
and 20.0, 20.9, 22.5 for shear modulus respectively. More-
over, the value of B/G empirically predicts the ductile and
brittle behavior of material. The critical value that distin-
guishes brittleness from ductility is equal to 1.75. The val-
ues of B/G of e-GaSe, GaSey75Sep2s, and 3-GaS are 1.51,
1.58, and 1.60 respectively, suggesting these crystals are brit-
tle. Young’s modulus which gives information about stiffness
is estimated as the coefficient of proportionality at linear or-
der between stress and strain. Our calculated Young’s moduli
are also monotonically increasing: 49.2, 51.8, and 55.9, from
e-GaSe to GaSe 75Seg25 to B-GaS. Besides, Poisson’s ratio
o provides more information about the characteristics of the
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bonding forces than any of the other elastic constants. Pois-
son’s ratios are 0 = 0.1 for covalent materials and o = 0.25
for ionic materials, respectively. Our calculated values of Pois-
son’s ratio ¢ of £-GaSe, GaSe( 75S€e( 25 and $-GaS are 0.229,
0.239, and 0.242 respectively, suggesting that these crystals
are ionic-covalent crystals and their iconicity values increase
in the order from £-GaSe to GaSe( 75Seq.25 to B-GaS.

Assuming the monotonic behavior for the mechanical
properties of GaSe;_,S, to be a function of composition
xvalue, doping of £-GaSe with sulfur becomes stiff as the con-
centration of substitutional S increases. This can be explained
by the changes of intralayer bonding induced by element-
doping. However, it is experimentally observed that the dop-
ing of e-GaSe with heavy atoms (like Te, In, and Er) can mod-
ify its cleavability and reduce its stacking defects. Although
the C44 of S-doping crystals is larger than that of pure €-GaSe,
the increased effects from calculations are much smaller than
experimental results. In the next subsection, we will try to
search for different mechanisms and analyze the effects of
Born effective charge on interlayer force.

3.4. Born effective charge analysis

The Born effective charge (BEC) tensor Z7, Bt is defined
as the induced polarization of the solid along the Cartesian
direction o by a unit displacement in the direction 3 gener-
ated by atom 7, under the condition of zero electric field. It is
strongly influenced by dynamical change of orbital hybridiza-
tion induced by the atomic displacement and can monitor the
long-range Coulomb interaction responsible for the splitting
between transverse and longitudinal optic phonon modes. For
the laminar crystal of €-GaSe, BEC tensor may be used for
analyzing the intralayer bond strength and interlayer forces.

The BEC tensors of atoms in €-GaSe and -GaS each
with hexagonal structure are diagonal and have only two inde-
pendent components: along and perpendicular to the tetrag-
onal axis, Zy, = Zj, and Z, Owing to BEC
tensor being the same as the elastic tensor of GaSe( 75S¢.25,

respectively.

the changes of BEC tensor induced by S-doping is negligible.
The calculated eigenvalues of the symmetric part of Z7, B¢ are
presented in Table 4, along with the average of eigenvalues.
The charge neutrality sum rule (Zj z, Bt = 0) is almost per-
fectly verified for each compound, suggesting that our results
are well converged.

We observe that the ZZB,r tensors of Ga and X (X = Se, S)
in each compound are strongly anisotropic. This fact indicates
that the charge transfers along and perpendicular to the ¢ axis
are significantly different from each other. The average effec-
tive charges of Ga—ion and Se—ion in £-GaSe are 1.78 eV and
—1.78 eV respectively, and the average charges of Ga—ion and
S—ion in 3-GaS are 1.81 eV and —1.81 eV respectively. Com-
pared with the nominal charges (Ga: +2; Se, Se: —2), all of

these are anomalously small, which indicates a strong covalent
bond in the GaX (X = Se, S) layer structure. Since large Z;ﬁ’ .
corresponds to high ionicity, B-GaS has stronger ionic bond-
ing than e-GaSe. It is because the ability for S atoms to attract
electrons is stronger than that for Se, which causes much more
electrons to transfer from Ga—atom to S—atom. The stronger
bonding force of Ga—S shortens its bond length compared to
that of Ga—Se bond. The strengthening of Ga—X bond and the
weakening of Ga—Ga may lead to the increases of C1; and Ceg
and decrease of Cy4 from €-GaSe to 3-GaS, which is consis-
tent with the influence of lattice parameter on elastic modu-
lus. As mentioned above, the doping of &-GaSe with sulfur,
for GaSe( 755025, modifies its elastic modulus value between
these of €-GaSe and 3-GaS except for Cyq.

Table 4. Calculated Born effective charge tensors along with their average
values for Ga, Se and S atoms in GaSe;_,S, (x =0, 0.25, and 1).

Atom Z* VA

Ga (2.212.21 0.95) 1.79

Multi-layers 1
Se (-2.19-2.19-0.95) -1.78

GaSe
Multi-layers 2 Ga (2.192.190.95) 1.78
Se (-2.21-2.21-095) -1.79
Ga (2.232.230.98) 1.81
GaS
S (-2.23-2.23-098) -1.81
Se (-2.21-2.21-1.01) -1.78
Multi-layers 1 Ga (2.192.190.93) 1.77
Ga (2.182.18 0.98) 1.78
GaSeq75S0.25 Se (-2.18-2.18-0.97) -1.81
Se (-2.17-2.17-0.90) -1.75
Multi-layers 2 Ga (2.372.37 1.12) 1.95
Ga (2.222.220.94) 1.79
S (-2.39-2.39-1.09) -1.96

Rak et al.!>] have investigated the formation energies of
In-induced and Te-induced defects by first principles. Their
calculations indicated that Te and In prefer the substitutional
Se and Ga sites, respectively. Nevertheless, cation-In can also
occupy interstitial site between multi-layers and form a chemi-
cal bond with anion—Se of adjacent multi-layers. They pointed
out that it is this new bonding that strongly modifies the cleav-
ability of the crystal along the plane parallel to the atomic
layer. However, it is experimentally observed that not only
the cation (In, Al, and Er) but also the anion (S, Te) can sig-
nificantly modify the cleavage property of €-GaSe and lower
its stacking defects. We will explain this modification by an-
alyzing BEC, which is shown in Table 4. Because of the high
symmetry, all of the atoms in $-GaS structure have the same
BEC values: 1.81 for Ga and —1.81 for S. For the £-GaSe
crystal with lower symmetry, its atoms have different BEC
values between the two multi-layers and the charge neutrality
sum rule is fulfilled in a unit cell and unfulfilled in a multi-
layer (with a total value of 0.02 eV). The doping of e-GaSe
with S, for GaSe( 755925, makes its BEC different from each
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other. The net charge is O in its unit cell and is 0.04 eV in
a multi-layer. The van der Waals force between multi-layers
includes instantaneous dispersion force, induction force and
electrostatic interactions. The opposite net charge between
neighbouring multi-layers produces the attractive electrostatic
force and strengthens the resistance to transverse deformation
in [100] (C44). Furthermore, substituting Se with S can in-
fluence the effective charge of atoms in the same multi-layers
and neighbouring multi-layers. The non-uniform distribution
of effective charge induced by the doping of S can increase
the polarity of dipole and then interlayer induction force. The
DFT fails to monitor the interactions of van der Waals force
when calculating elastic response. Therefore, the increased
Cy4 induced by S-doping from calculations is small compared
with the experimental values. Note that the changes of crystal
structure and ionic potential can influence the Hartree poten-
tial and exchange-correlation potential of electrons and thus
its wavefunction and total energy. Our calculated Cy4 elas-
tic moduli are 10.1, 10.8, and 11.2 for 3-GaS, e-GaSe, and
GaSe( 7550.25 respectively. We deduce that the modification
of cleavability by S-doping derived from the increase of attrac-
tive electrostatic force and the improvement does not increase
with the composition (x value) increasing. Moreover, the non-
isomorphous incorporations of Ag, Er, Al may produce much
more net charges and increase the interlayer electrostatic
force of e-GaSe. We suggest that the increase of attractive
electrostatic force and interstitial defects of these cations men-
tioned by Rak er al.!*>! are the source of the modification of
its cleavability.

3.5. Refractive index

In order to investigate the effect of S-doping on refractive
index of e-GaSe, we calculate and compare the low-frequency
dielectric permittivity tensors of infrared crystals: €-GaSe,
GaSe(.75S0.25, and B-GaS. The frequency dependent dielectric
permittivity can be decomposed in the contributions of differ-
ent modes as 3%/

4r Sm’aﬁ
Eap (@) = Eup (“)+§O;W 2

The first item €,p (c0) on the right-hand side in Eq. (2) is
high-frequency dielectric function which represents the elec-
tronic contribution to €45 (®). The second item represents
the phonon oscillator contribution to €45 (@), where S,,, 3 is
the mode oscillator strength tensor which is related to ionic
displacements and Born effective charge tensors, ,, is the
phonon eigen-frequency. The calculated high-frequency di-
electric function €,p (o), along with previous experimental
values, are listed in Table 5. Since the temperature and fault
stacking of multi-layers can influence the dielectric function of
£-GaSe, the experimental values are different from each other.

Our calculated results demonstrate that the high-frequency di-
electric function €, (o) decreases and the difference A¢ in-
creases from €-GaSe to GaSe75S¢.25 to f-GaS. Note that the
underestimation of LDA usually leads to overestimation of di-
electric function. In the transparent range, the refractive in-
dex of semiconductor (non-ferromagnetic material) is given
as n = \/Eaﬁ. The frequency-dependent refractive indexes
are shown in Fig. 3. The phonon effects make the dispersion
curves slope downward. From &-GaSe to GaSe( 75S¢.25 to -
GaS, the refractive index is decreasing and the birefringence
is increasing, indicating that the doping of €-GaSe with S may
lower its absorption coefficient. However, the increase of bire-
fringence may worsen the walk-off effect in laser frequency
conversion.

Table 5. Calculated and experimental high-frequency dielectric tensor
components | (parallel to the c axis) and &, (perpendicular to the c axis)
of GaSe;_,Sy (x =0, 0.25, and 1).

€1 () gj(>) Ae
GaSe 8.82 8.16 0.66
Pres. Calc. GaSe 7550.25 8.53 7.55 0.98
GaS 7.40 6.01 1.39
8.4 7.1
Expe.?) GaSe 7.4 5.8
7.7 5.75
URef. [1]
% 3.6 % 3.6
< GaSe _09" GaSeq.7550.25
© 30— "M s 3.0
R [P >
e} 7 B
9 T
& 24 & 24fmmmmmmmmeeea- T
Q Q
~ ~
0 6 12 18 0 6 12 18
Wavelength /um
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H 2.4 &
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Fig. 3. Refractive indexes of €-GaSe, GaSe( 75S¢.25, and 3-GaS calculated
by using the DFPT method. The phonon effects make the dispersion curves
slope downward. From &-GaSe to GaSe(75S0.25 to 3-GaS, the refractive
index is decreasing and the birefringence is increasing.

4. Conclusions

In this paper, we present the results of first principles: lat-
tice parameters, electronic structures, elastic moduli and bire-
fringences of GaSe|_,S; (x =0, 0.25, and 1). The relation-
ships between intralayer structure and elastic modulus from
e-GaSe to GaSe( 75S0.25 to B-GaS are demonstrated. The cal-
culated results indicate that the strengths of Ga—X (X = Se, S)
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bonds and elastic moduli of Cy; and Cgg increase with the in-
crease of composition (x value) for GaSe;_,S,. The analysis
of Born effective charge provides an explanation for the sig-
nificant modification of cleavage properties for the doping of
e-GaSe.

We find that the distance between intralayer atoms and
substitutions of Sge, rather than interlayer force, is a key fac-
tor of influencing the electronic exciton energy of the layer
e-GaSe semiconductor. However, the change of interlayer
distance may influence the distance between intralayer atoms
and further affect the band gap of e-GaSe. From g-GaSe to
GaSe 755025 to B-GaS, the refractive index is decreasing and
the birefringence is increasing, indicating that the doping of
£-GaSe with S may lower its absorption coefficient. However,
the increase of birefringence may worsen the walk-off effect
in laser frequency conversion.
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