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ABSTRACT

Two-dimensional (2D) GaS, GaSe, and InSe were reported to be semiconductors and have been recently fabricated with potential applications
in photoelectrics, where in-depth understanding from electronic structure is necessary. In addition, the thermal transport properties play a key
role as to the thermal stability and the efficient heat dissipation for device operation, which are also necessary to be addressed. In this paper, we
present a systematic first-principles study on the electronic, optical, and thermal transport properties for the representative group III-VI mono-
layer GaS, GaSe, and InSe. Our results indicate that monolayer Ga$S, GaSe, and InSe are semiconductors with an indirect bandgap. The predom-
inant influence of interband transitions due to the large bandgap causes monolayer GaSe to possess the highest absorptivity along both “in-
plane” and “out-of-plane” directions compared to the other two systems. Moreover, the lattice thermal conductivities (k) of these materials are
found to be inversely proportional to their average atomic mass, but the decrease in thermal conductivity from GaS to GaSe is negligible in
comparison to that of GaSe to InSe with a nearly equivalent mass difference. It is found that the underlying mechanism lies in the larger
phonon relaxation time of GaSe caused by weaker anharmonicity. Our study provides a comprehensive understanding of the inherent physical
properties of monolayer GaS, GaSe, and InSe, which would benefit their future applications in photoelectrics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5094663

I. INTRODUCTION
Since the successful exfoliation of graphene, two-dimensional

thickness, and mechanical strain.’ III-VI layered compounds like
GaS, GaSe, and InSe in a hexagonal structure have received more

nanomaterials including van der Waals layered transition metal dichal-
cogenides, phosphorene, and silicene have received growing interest
due to their astonishingly novel characteristics compared with their
bulk structures for the potential application in electronics and
optoelectronics.' > Unlike gapless graphene that restricts its application
in electronic devices, several 2D metal chalcogenides present obvious
electric bandgap, which can be tuned by changing composition,

attention due to the potential application in solar energy conversion,
nonlinear optics, terahertz generation, and memory devices.”" Since
bulk GaS, InSe, and GaSe are semiconductors, their electronic states
could allow the photoelectronic carriers to be generated compared to
gapless graphene.‘)’m From the experiment, monolayer GaS, GaSe,
and InSe have already been successfully fabricated by mechanical
exfoliation,'"'* chemical vapor deposition,'® pulsed laser deposition,"*
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and colloidal ligand template methods.'” Applications of these mono-
layer materials fundamentally depend on their inherent physical
nature. Behaviors of microscopic electrons influence lattice vibration,
which is related to optical absorption and also influence the thermal
transport property of materials. The dielectric function is a fundamen-
tal thermophysical property, which can provide the optical absorption
characterization and is intrinsically related to the electronic intraband
and interband transitions.'“™'® Thermal transport properties play a
crucial role in determining the stability of electronic devices and the
efficiency of thermoelectric devices. In an earlier experiment, a low
thermal conductivity (kg <1.2 Wm™' K™ at room temperature was
reported in the bulk InSe crystal.'*” While due to the state and size
of the sample, the intrinsic parameters could be different from experi-
mental characterization. As such, the comprehensive research of inher-
ent physical characters is necessary and beneficial for the device
applications of these monolayer materials.

In this paper, we systematically studied the intrinsic electronic,
optical, and thermal transport properties of monolayer Ga$S, GaSe, and
InSe. The absorption peaks along “in-plane” and “out-of-plane” direc-
tions are attributed to the upper valence band to conduction band
transitions except for the highest peaks in monolayer GaS and InSe
and the second highest peak in GaSe along the out-of-plane direction
since these are attributed to intraband transitions. GaS possesses the
largest absorptivity contributed by interband transitions. The decreas-
ing x; along with increasing average atomic mass makes InSe present
the lowest k7 (2.69 W m™'K™"), which is consistent with the experi-
mental values.'’ Considering the almost equal mass difference, the
small difference of x; between Ga$S and GaSe (0.91 W m™'K™!) com-
pared to the decreased x; from GaSe to InSe (10.66 Wm ™ 'K™) is
due to the larger phonon relaxation time of GaSe caused by its weaker
anharmonicity. This research could provide a fundamental theoretical
understanding for the experimental characterization of these materials.

Il. COMPUTATIONAL METHODOLOGY

All the first-principles calculations based on the density func-
tional theory (DFT) were carried out by Vienna ab initio simula-
tion package (VASP).”™ For all calculations, we used the
projector augmented wave (PAW) method”*” and chose the
Perdew-Burke-Ernzerhof (PBE) of generalized gradient approxima-
tion (GGA) as the exchange-correlation functional. For high preci-
sion, large kinetic energy cutoffs were set to ~2.5 times the maximal
recommended cutoff in the pseudopotentials, namely, 1000, 520,
and 598 ¢V for monolayer GaS, GaSe, and InSe, respectively. To
prevent the influence of interactions between periodic layers, a
vacuum spacing of 20 A was used along the out-of-plane (z) direc-
tion. The energy convergence threshold was set at 10~° eV. The unit
cell was optimized with a 31 x31x1 Monkhorst-Pack’® k-point
mesh, along with the Hellmann-Feynman force convergence thresh-
old set as 1 x 1077 eV/A.

A 31 x 31 x 1 Monkhorst-Pack k-point was used for the calculation
of optical properties. The optical properties can be derived from the
frequency-dependent dielectric function £(w) = £;(@) + ig,(®). Based
on Fermi’s golden rule, the imaginary part &,(w) can be obtained by”’

4n?e?

£2(0) = x> _ |Pay|'8(Ec — By — ho), 1)
C\V
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where e is the electron charge, m is the effective mass, » is the
angular frequency, and C and V represent the conduction band and
valence band, respectively. In addition, P denotes the momentum
transition matrix, E is the electron energy level, and 7 is Planck’s
constant. The function § ensures the conversion of energy during
electrons transit from band to band. Due to the presence of the
vacuum layer, the calculated dielectric function should be normal-
ized to its 100% volume fraction as'’

(e2) = ’jez, @)

where L is the separation distance between the isolated layers and d

is the layer thickness. The normalized real part () can be calcu-

lated from (g,) by the Kramers-Kronig dispersion relation,”®
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Based on the dielectric function, the reflection index n(w) and
the extinction coefficient k(w) are expressed as
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The optical reflectivity R(w) and the absorption coefficient
o(w) are obtained with calculated n(w) and k(w) by
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where c¢ is the speed of light.

With a 2 x 2 x 1 Monkhorst-Park k-mesh, a 4 x 4 x 1 supercell
was built to calculate the harmonic and anharmonic interatomic
force constants (IFCs), which are obtained based on the second
and third order derivatives of the total energy, respectively. The
cutoft distances (rcutoff) corresponding to anharmonic IFCs are
4.5, 4.7, and 4.8 A, and the thicknesses are 8.712, 8.875, and 8.775
A for GaS, GaSe, and InSe, respectively. Based on the density func-
tional perturbation theory (DFPT), Born effective charges and
dielectric permittivity tensor are obtained to correct the dynamical
matrix for considering long-ranged electrostatic interactions. By
iteratively solving the linearized phonon Boltzmann transport
equation (BTE), the lattice thermal conductivity is calculated as
implemented in ShengBTE package”” and can be formulated as

1
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where kg is the Boltzmann constant and Q is the volume of the
unit cell. w, is the angular frequency, 4 is the phonon mode which
consists of the wave vector and the phonon branch. Here, & and
indicate the Cartesian components. v is the phonon group velocity,
and the term F is shown as

fi = folwy) = —F, - AT dfy/dT, )

which means that the phonon distribution f; deviates from the
Bose-Einstein distribution fy(w;) when the temperature gradient
AT is small enough in thermal equilibrium. Based on the kinetic
theory, k; can be rewritten with the expression for mode level
volumetric specific heat C,j,, phonon group velocity, and phonon
relaxation time 7,

kL= Cyva(d p)’t(d p), (10)
gp

where v, is the a(= x, y, z) component of v and 4 and p indicate
wave vector and polarization, respectively.

Ill. RESULTS
A. Structure and phonon dispersion

The optimized structure of monolayer MX belongs to the P6m2
(No. 187) space group symmetry with 4 atoms per unit cell. As
shown in Figs. 1(a) and 1(b), the crystal exhibits a honeycomb struc-
ture, where two bonding M layers are sandwiched between two X
layers, stacking in the X-M-M-X sequence. The optimized lattice
parameters are 3.63, 3.82, and 4.08 A for monolayer Ga$S, GaSe, and
InSe, respectively, which are consistent with the previous reports’~>
and presented in Table I along with other geometric parameters.

To verify the thermodynamical stabilities of these systems, the
phonon dispersions are calculated, and InSe possesses a similar dis-
tribution to a previous report.”* By diagonalizing the dynamical

matrix, the calculated phonon dispersions along high-symmetry

k-points and phonon density of states (DOS) of monolayer GasS,
GaSe, and InSe are shown in Fig. 2. No imaginary frequencies are
observed, which confirms the thermodynamical stabilities of these

(a)

4
O In/Ga
o Se/S

FIG. 1. The (a) top and [(b) and (c)] side views of the structure of monolayer
MX (GaS, GaSe, and InSe).
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TABLE |. Calculated lattice constant (a), thickness between top and bottom X
layers (h), bond length of M-X (/1) and M-M (), volume specific heat (Cy), lattice
thermal conductivity (x), and atomic mass of unit cell (m).

a h 11 lZ C'V K1
A A A A WmPKH) Wm'KH) m
GaS 3.64 4.66 237 247 1497.08 14.26 203.576
GaSe 3.82 4.83 2.5 247 1397.76 13.35 297.366
InSe 4.08 5.38 2.68 2.83 1261.78 2.69 387.556

systems. There are 12 phonon branches corresponding to four atoms
in the unit cell, including three acoustic phonon branches and nine
optical phonon branches. The three lowest phonon branches are
acoustic phonon branches, including an in-plane longitudinal

12
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FIG. 2. The thermodynamical stability verified by the lattice vibrations proper-
ties. The phonon dispersion curves along the path passing through the high-
symmetry k-points in the irreducible Brillouin zone (BZ) of (a) GaS, (b) GaSe,
and (c) InSe with the corresponding partial density of states (DOS) of (d) GaS,
(e) GaSe, and (f) InSe.
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acoustic (LA), a transverse acoustic (TA) branch, and an out-of-plane
(z-direction) flexural acoustic (ZA) branch. The two obvious phonon
bandgaps between the optical phonon branches for each monolayer
material could decrease the scattering probability between optical
and acoustic phonon branches, which predominately contribute to
thermal conductivity. The hybridization of the lowest optical and the
highest acoustic phonon branches can result in more phonon scatter-
ing. Moreover, the softened phonon branch with decreasing frequen-
cies is due to the increasing average atomic mass of each system,
which reveals stronger anharmonicity. These factors could play a sig-
nificant role in the thermal transport processes.

B. Electric properties

Based on the optimized structures with thermodynamical
stability, the electronic band structure and density of states of 2D
GaS, GaSe, and InSe are calculated along the high-symmetry points
in the Brillouin zone as presented in Fig. 3. The contributions from
the valence state of atoms for the 2D systems as revealed in our
work show good consistency with previous study by Schliiter.””> The
upper valence bands are consistent with the peaks of bulk GaSe™
ranging from —4 to 0eV, which mainly correspond to the Ga-Se
bond formed by the Se-p and Ga-p orbitals. However, the highest
peak of valence bands for bulk GaSe corresponds to unoccupied
antibonding bands of the Ga-Ga bond and gives rise to the isolated
lowest conduction bands around 2 eV. Such behaviors are all obvi-
ously different from the hybridization between Se-p and Ga-p orbit-
als for the F peak and the hybridization between Se-p and Ga-s
orbitals for the lowest conduction bands in atomic thick GaSe. It is
rather unusual that the band at the bottom of the conduction band
with a parabolic dispersion remains at the Brillouin zone center
(I" point), while the valence band maximum (VBM) shifts progres-
sively away from I to the nearby k-points. The unusual shifting of
the VBM corresponds to a Mexican-hat-like energy surface around
the I" point, which is also referred to as a Lifshitz transition, an elec-
tronic topological transition, or a camel-back dispersion.”” " Such
behavior commonly appears along with a less number of layers,
especially for the monolayer systems studied here. The Mexican-hat
dispersion results in a high density of states (Fig. 3) and a van
Hove singularity near the VBM."’ Moreover, it can affect the ther-
moelectric performance’ and the magnetoresponsive behavior in
2D materials.”’ The Mexican-hat of monolayer Ga$ is larger than
that of GaSe, and that of InSe is the smallest. The reason may lie
in the charge transfer driven by the electronegativity relation
(Se < S, In < Ga), which occupies the p orbitals of the S or Se atom
that dominates the top valence bands (Fig. 3). A bandgap is visible
in each band structure plot, indicating the semiconducting charac-
teristics of monolayer MX. The minimum of the conduction bands
(CBM) situates at the I" point, while the VBM lies between the
I'" and k-points, indicating indirect bandgaps, while a direct gap
semiconductor character was reported for bulk GaSe.”” The calcu-
lated values of energy gaps between the lowest conduction band
and the highest valance band are 3.05, 2.1, and 1.3 eV, which are
consistent with previous research studies.””™*> From the partial
density of states of MX monolayers, both lower valence bands and
lower conduction bands were mainly attributed to the M-s and
X-p orbitals, implying the strong hybridization between them,
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FIG. 3. The electronic properties. Calculated electronic structures along the
high-symmetry k-points in the BZ for monolayer (a) GaS, (b) GaSe, and (c)
InSe with the corresponding total and partial DOS.

while the upper valence bands and upper conduction bands were
attributed to the hybridization of M-p and X-p orbitals. The M-M
bonding force is covalent, and the M-X bonding force is both
covalent and ionic. Based on the electronic band structures, insight
into the possibility of electron’s band-to-band transition and the
interpretation of dielectric function spectra of monolayer MX
could be obtained, which will be presented in Sec. III C.
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FIG. 4. Real part £ of the dielectric function of monolayer (a) GaS, (b) GaSe, and (c) InSe, and imaginary part &, of the dielectric function of monolayer (d) GasS,

(e) GaSe, and (f) InSe.

C. Optical properties

The optical properties of materials can be revealed by the light
absorption arising from the interaction between the light and the
electrons or atoms, which is governed by the characteristics of the
electronic band structures. To investigate the optical properties of
the monolayer GaS, GaSe, and InSe, the dielectric functions are
further calculated from first-principles in addition to the electronic
structures. Energy-dependent real part £; and imaginary part &, of
the normalized dielectric function of monolayer MX along in-plane
and out-of-plane directions are plotted in Fig. 4. £, and &, of
monolayer MX present in-plane isotropy, which is different from
that of the out-of-plane direction. The anisotropy mainly arises
from the two-dimensional character of monolayer MX. The absorp-
tion peak of £, along in-plane and out-of-plane directions of
monolayer GaS, GaSe, and InSe are listed in Table II. The
appearance of the first peak in the in-plane direction of &, for
2D GaS at 4.08 eV before the main peak at 4.89 eV is typical for

around 4.09 eV of GaSe is attributed to the D — B transition, and
around 3.82 eV of InSe is attributed to the E — B and D — A transi-
tions. Therefore, at higher photon energy, the interband transition
dominates optical absorption. These peaks present a redshift from
GaS to GaSe and then to InSe, because more electrons tend to
occupy a higher energy state. For £, along the out-of-plane direction
[Figs. 4(d)-4(f)], the strongest absorption peaks centered around
3.87¢eV of GaS and 2.95¢eV of InSe could be contributed by the
intraband transition. But for GaSe, the strongest absorption peaks
centered around 6.04 eV is attributed to the - B and H — A inter-
band transitions, while the second strongest absorption peaks cen-
tered around 3.31eV could be contributed by the intraband

TABLE II. Absorption peaks of &, along the in-plane (/) and out-of-plane (L) direc-
tions of monolayer GaS, GaSe, and InSe.

ionic compounds. This peak originates from the existence of a GasS GaSe InSe
“quasi-optical-gap” in the band structure, which is due to the

forbidden transitions rather than a zero-point density of states."’ E &2 E € E £
The highest peak of &, is in the order GaSe > Ga$S > InSe along the Jl 4.08 6.81 4.09 221 3.82 16.39
in-plane direction, and InSe > GaSe > GaS along the out-of-plane 4.89 17.74 6.43 8.04 6.08 8.38
direction. Based on the band-to-band transition theory, absorption 6.93 757

peak around photon energy in Table II can be fundamentally inter- L 3.87 9.61 3.31 10.03 2.95 12.69
preted through the calculated intrinsic electronic band structure and 5.71 7 46 545 822 501 788
density of states as indicated in Table IIL. It shows that the strongest 6.52 8.37 6.04 10.67 6.25 7.82
peak of &, along the in-plane direction [Figs. 4(d)-4(f)] around 734 714 6.62 8.41

4.89 eV of GaS is attributed to the E— B and D — A transitions,
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TABLE |lI. Interband transition process corresponding to the absorption peaks of £, TABLE IV. Absorption peaks of R and « along the in-plane (/) and out-of-plane (L)

along the in-plane (/) and out-of-plane (L) directions of monolayer GaS, GaSe, and directions of monolayer GaS, GaSe, and InSe.
InSe.
E (eV) R E (eV) a
Photon energy (eV) Interband transition 5
GaS I 7.96 0.34 7.55 1.624 x 10
GaS 1 4.08 D(-1.15eV) — B(2.95¢eV) 1 7.96 0.33 7.75 1.608 x 10°
4.89 E(-1.83eV) - B(2.95¢eV), GaSe Vi 7.41 0.54 7.41 2.574 % 10°
D(-1.15eV) — A(3.7eV) 1 7.41 0.55 6.82 2.608 x 10°
6.93 G(-3.27eV) = A(3.7eV) InSe Vi 6.95 0.53 6.78 2.388 % 10°
1 571 E(-1.83eV) — A(3.7eV), 1 6.78 0.49 6.61 2325 10°
F(=2.2¢€V) = A(3.7 eV)
GaSe  // 4.09 D(~1.24 V) — B(2.85 eV)
6.43 I(—3.32eV) —> A(3.2¢eV)
1 245 G(=2.3eV) > A(3.2¢V) The highest R and o of monolayer MX along both the in-plane
6.04 1(=332€V) - B(2.85¢V), and out-of-plane directions are provided in Table IV. The posi-
H(-3.06eV) > A(3.2¢V) tions of the first reflectivity peaks for the 2D systems show a
6.62 I(=3.32eV) > A32€V) different behavior from the bulk systems. For example, the first
InSe 4 e E(-1.41eV) - B(2.67 eV), peaks of monolayer GaSe are 4.28 and 3.31 eV for the in-plane
D(-091eV) — A(2.88 €V) and out-of-plane directions, respectively, which is quite different
1 521 G(—2.52eV) - B(2.67 eV)

from the reflectivity of bulk GaSe with the first peak around
3.8eV.”® Note that the second peaks in both directions for 2D
GaSe present a blue shift compared to that in bulk GaSe. Photon
transition. Like £,, £, is also in-plane isotropic, and their strongest energy of maximum R and a slightly shifts to lower frequency
peak values are in the order GaSe > GaS > InSe along the in-plane ~ from monolayer GaS to GaSe and then to InSe as shown in
direction and GaSe > InSe > GaS along the out-of-plane direction. Fig. 5. The absorptivity of monolayer GaS, GaSe, and InSe in the
When &, <0, the vector wave K is an imaginary number due to the visible band are about 1.41%, 2.28%, and 2.1% along in-plane,

vector wave equation w*e = ¢*(K - K). 1.4%, 2.31%, and 2.04% along out-of-plane, respectively; there-
Normal-incidence reflectance R and optical absorption coeffi- fore, absorptivity is equal to the multiplication of absorption
cient @ can be obtained based on normalized dielectric functions. coefficient a and thickness d.'”
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FIG. 5. Reflectivity R(w) of monolayer (a) GaS, (b) GaSe, and (c) InSe, and absorption coefficient (w) of monolayer (d) GaS, (e) GaSe, and (f) InSe.
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D. Thermal transport properties

With the remarkable electronic and optical properties as ana-
lyzed above, the monolayer GaS, GaSe, and InSe show promising
applications in photoelectrics. Since the thermal transport properties
play a key role for efficient heat dissipation during the device opera-
tion, we further investigate the phonon thermal transport behavior of
the monolayer GaS, GaSe, and InSe. By iteratively solving the phonon
BTE based on first-principles calculations of the IFCs, the thermal
conductivity of monolayer GaS, GaSe, and InSe are obtained as 14.26,
13.35, and 2.69 Wm 'K}, respectively. The thermal conductivities
of monolayer GaS, GaSe, and InSe are close to that of silicene and
black phosphorene, which means that the thermal conductivities are
sufficient for their applications as optoelectronic devices.

Based on previous studies, the thermal conductivity generally
decreases with increasing atomic mass.”” The decreased thermal
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FIG. 6. Thermal transport properties. Comparison of (a) thermal conductivity, (b)
mode level thermal conductivity, (c) mode level Griineisen parameter, (d) mode level
phonon relaxation time, and (e) mode level phonon group velocity between mono-
layer GaS, GaSe, and InSe at 300 K.
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conductivity from monolayer GaS and GaSe to InSe agrees well with
the common knowledge. However, the decrease of thermal conduc-
tivity from Ga$ to GaSe is quite small (by 0.91 Wm ™" K™") compared
to that from GaSe to InSe (by 10.66 Wm ™' K™"), despite the almost
equal mass difference (93.79 and 90.91, respectively) [Fig. 6(a)]. To
achieve a fundamental understanding of the intriguing phenomena,
we further perform a detailed analysis on the mode level information
of phonon thermal transport. As shown in Fig. 6(b), the decrease of
mode resolved thermal conductivity is consistent with the overall
thermal conductivity, especially for the low-frequency phonons
which dominate the thermal transport. It is clearly shown in Eq. (10)
that the thermal conductivity is mainly determined by the group
velocity and phonon relaxation time. The group velocity [Fig. 6(e)] is
calculated based on the phonon dispersion [Figs. 2(a)-2(c)]. The
group velocity shows an equal decrease from GaS and GaSe to InSe,
which is consistent with the evolution of phonon dispersion. Thus,
the large difference in the decrease of thermal conductivity from GaS
and GaSe to InSe must lie in the unequal decrease of phonon relaxa-
tion time as shown in Fig. 6(d). Further analysis reveals that the
underlying reason lies in the anomalous phonon anharmonicity as
quantified by the Griineisen parameter as shown in Fig. 6(c). The
phonon anharmonicity in GaSe is anomalously weak compared to
Ga$S and InSe, leading to larger phonon relaxation time and then
larger thermal conductivity. Consequently, the decrease of thermal
conductivity from Ga$S to GaSe is relatively small compared to that
from GaSe to InSe as discussed above.

IV. CONCLUSION

We have systematically investigated the electronic, optical, and
thermal transport properties of monolayer GaS, GaSe, and InSe
based on first-principles calculations. The electric bands present
unusual morphology as the parabolic bottom of the conduction and
the flattop of the valence with indirect 3.05, 2.1, and 1.3 eV bandgap
for GaS, GaSe, and InSe, respectively. £, and &, of these monolayers
present in-plane isotropy from their two-dimensional characteris-
tics. Based on the band-to-band transition theory, the strongest
absorption peaks of £, could be contributed by interband transitions
except for those of Ga$S and InSe along the out-of-plane direction,
which are attributed to the intraband transition. The highest peak of
g, along the in-plane direction presents a redshift from GaS and
GaSe to InSe, due to more electrons occupying higher energy state.
GaSe possesses the highest absorptivity with 2.31% along
out-of-plane. Although these materials all have low lattice thermal
conductivities, the decrease of thermal conductivity from GaS$ to
GaSe is quite tiny (by 0.91 Wm ™" K™') compared to that from GaSe
to InSe (by 10.66 Wm™' K™"), along with almost equal mass differ-
ence (93.79 and 90.91, respectively). Through mode level analysis, the
unequal decrease of thermal conductivity from GaS and GaSe to InSe
is due to the larger phonon relaxation time deriving from weaker
phonon anharmonicity of GaSe than the other two. Our study pro-
vides a comprehensive understanding of the inherent properties in
monolayer GaS, GaSe, and InSe for the photoelectric applications.
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