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GaTe is a two-dimensional III-VI semiconductor with suitable direct bandgap of ~ 1.65 eV and high photoresponsiv-
ity, which makes it a promising candidate for optoelectronic applications. GaTe exists in two crystalline phases: monoclinic
(m-GaTe, with space group C2/m) and hexagonal (h-GaTe, with space group P63/mmc). The phase transition between the
two phases was reported under temperature-varying conditions, such as annealing, laser irradiation, etc. The explicit phase
transition temperature and energy barrier during the temperature-induced phase transition have not been explored. In this
work, we present a comprehensive study of the phase transition process by using first-principles energetic and phonon
calculations within the quasi-harmonic approximation framework. We predicted that the phase transition from h-GaTe to
m-GaTe occurs at the temperature decreasing to 261 K. This is in qualitative agreement with the experimental observations.
It is a two-step transition process with energy barriers 199 meV and 288 meV, respectively. The relatively high energy
barriers demonstrate the irreversible nature of the phase transition. The electronic and phonon properties of the two phases
were further investigated by comparison with available experimental and theoretical results. Our results provide insightful
understanding on the process of temperature-induced phase transition of GaTe.

Keywords: two-dimensional semiconductor GaTe, temperature-induced phase transition, first-principles cal-

culation, quasi-harmonic approximation
PACS: 64.60.—1, 71.15.Mb, 81.05.Hd

1. Introduction

In recent years, two-dimensional (2D) semiconductors,
bonded through van der Waals forces, have attracted ex-
tensive research interests due to their extraordinary prop-
erties and potential applications in electronic and optoelec-
tronic devices.!'>! They have unique layer-dependent elec-
tronic properties. [II-VIA compound gallium telluride (GaTe)
is a 2D layered semiconductor with a moderate direct bandgap
of ~ 1.65 eVl and a high photoresponsivity for few-layer
sheets (10* A/W),1! which render it great potential applica-

H0-12] However,

tions in the field of optoelectronic devices.
current studies on 2D GaTe have obvious limitations. There
are two phases of GaTe reported, the monoclinic phase (m-
GaTe, space group C2/m) and the hexagonal phase (h-GaTe,
space group P63/mmc),!'3-1%1 but current studies are still ex-
clusively restricted to the m-GaTe owing to the difficulty in
the fabrication of 2D h-GaTe. Unlike the situation in other
III-VIA 2D semiconductor materials, such as GaS, GaSe, and
InSe,!'-1° the most stable phase of GaTe under room tem-

perature is the low symmetry monoclinic phase, rather than

DOI: 10.1088/1674-1056/abd394

the high symmetry hexagonal phase.?"’

The phase transition between the monoclinic and hexag-
onal phases of GaTe was reported experimentally. Gillan et al.
fabricated h-GaTe using the metal-organic chemical vapor de-
position technique. They found that h-GaTe gradually trans-
formed into m-GaTe upon annealing at 500 °C.!"5! Yu et al.
succeeded in driving the GaTe phase transition from h-GaTe
to m-GaTe using laser irradiation.?! Zhao et al. obtained h-
GaTe by stripping several layers of m-GaTe. They proposed a
two-stage transformation mechanism. Firstly, m-GaTe trans-
formed into a tetragonal phase (t-GaTe), then t-GaTe trans-
formed into h-GaTe spontaneously.?!! Both annealing and
laser irradiation were accompanied by temperature changes.
Gillan ef al. mentioned that controlling the synthesis tempera-
ture affects the lattice structure of the product. Therefore, tem-
perature variation should be the most important factor, which
influences the phase transition process of GaTe.

In this paper, we investigated the phase transition of GaTe
by using quasi-harmonic approximation (QHA) to estimate the
Gibbs free energy.??! We predicted a phase transition from h-
GaTe to m-GaTe when the temperature is lowered to 261 K
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within the QHA method. The calculated results are consistent
with the phase transition process from h-GaTe to m-GaTe with
the cooling annealing and laser cooling irradiation treatment in
the experiments.[!>?1 We also used the nudged elastic band
(NEB) method!2324 to estimate the barriers and transition
state structures of the phase transition from m-GaTe to t-GaTe
and from t-GaTe to h-GaTe. We obtained that the m-GaTe to
t-GaTe transition process has a barrier of 199 meV/formula
and the t-GaTe to h-GaTe phase transition has a barrier of
288 meV/formula. The relatively high energy barriers demon-
strate the irreversible nature of the phase transition, which is
consistent with the experimentally observed results. In addi-
tion, we further investigated the thermodynamic stable, elec-
tronic, and phonon properties of m-GaTe to t-GaTe phases. It
was found that the calculated bandgap values and the Raman
spectra are in satisfactory agreement with the experimental re-
sults, indicating the reliability of our results.

2. Method

We performed first-principles calculations based on den-
sity functional theory, as implemented in the Vienna ab initio
simulation package.!”>-2’! The electron—core interaction was
described by using the projected augmented wave pseudopo-
tentials. The 4s%4p' (Ga) and 5s>5p* (Te) were treated ex-
plicitly as valence electrons. We used the generalized gradi-
ent approximation in the Perdew—Burke-Ernzerhof(®8! form
as the exchange-correlation functional. Structure optimization
(including lattice parameters and internal atomic positions)
was performed using the conjugate gradient technique®! un-
til the energy converged to 107 eV and the force converged to
0.005 eV/A. A kinetic energy cutoff of 230 eV was used for the
wave-function expansion and a grid spacing of 27 x 0.03 A~!
was used for electronic Brillouin zone integration. To properly
take into account the long-range van der Waal (vdW) interac-
tions, after a serious of tests to vdW-optB86b, vdW-optB8S,
vdW-optPBE, and vdW-DF2 functional, the vdW-optB86b
functional was adopted.?%! Since the standard density func-
tional tends to underestimate the band gap of semiconduc-
tors, the higher-level hybrid density functional HSE06!3!]

32,33] Spin-

was used to calculate the electronic structures.!
orbit coupling was taken into consideration since it is poten-
tially important for electronic structures of heavy p-electron
systems. The phase transition barriers were calculated us-
ing the NEB method in conjunction with the climbing im-
age method.?*>*3*] Harmonic phonons properties were calcu-
lated using the real-space supercell approach as implemented
in the PHONOPY code.[*33¢] We obtained the temperature
dependence of the Gibbs free energy for m-GaTe and h-
GaTe by using the QHA theory,*”! which has been success-
fully used in describing temperature-induced phase transition

processes. [22,38-40]

3. Results and discussion

Figures 1(a) and 1(b) show the crystal structures of m-
GaTe and h-GaTe, respectively. Both phases have layered
structures, with two Ga atoms sandwiched between two Te
atoms in each layer. But it is clear that the two structures are
quite different in the atom arrangements. In h-GaTe phase,
each Ga atom is bonded to one Ga atom and three Te atoms,
and the two sublayers present an AA stacking along the per-
pendicular direction to form bulk, with the weak van der Waals
interaction between layers. In contrast, the crystal of m-GaTe
demonstrates a distorted layer-structure in which one-third of
the Ga—Ga bonds turn from vertical to horizontal towards to
the layer plane. The optimized lattice parameters are shown
in Table 1, and the corresponding experimental data are also
list for reference.!!®*!4? The monoclinic phase m-GaTe with
space group C2/m has the lattice parameters of a = 17.440 A,
b=4.129 A, c =10511 A, a = y=90°, and 8 = 103.8°.
The hexagonal phase h-GaTe with space group P63/mmc has
the lattice parameters of a = b = 4.106 A, ¢ =16.918 A,
a = =90°, and y = 120°. Our structural optimization re-
sults well agree with the reported experimental values, with an
error less than 1%.

()

HON TN

h-GaTe

Fig. 1. The side and top views of crystal structures of m-GaTe (a) and
h-GaTe (b). The elements of Ga and Te are in blue and brown, respec-
tively.

Table 1. Experimental (Exp.) and calculated (Cal.) lattice parameters
(in A) of m-GaTe and h-GaTe.

a b c
a
m-GaTe Exp. 17.440 4.070 10.460°
Cal. 17.440 4.129 10.511
b
h-GaTe Exp. 4.060 4.060 16.956
Cal. 4.106 4.106 16.918

aRefs. [41,42]; PRefs. [16,42].

Now, we turn to the phase transition temperature of
GaTe. We determined the temperature of phase transition by
comparing the Gibbs free energy as a function of tempera-
ture at constant pressure. The quasi-harmonic approximation
is a phonon-based model of solid-state physics used to de-
scribe volume-dependent thermal effects. Within the QHA
method,?”) the Helmholtz free energy at temperature 7' and
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equilibrium lattice volume V is defined as
F(VvT) :Estat(v)+Fe] (VaT)+Fvib (V,T), (D

where Egy, (V) is the ground state total energy of the crystal
which can be obtained by the structural optimization calcula-
tion. Fy (V, T) is the thermal electronic contribution to the free
energy, which is determined by

F=Eq— TSela (2)

the electronic energy E; is given by

&

Eav.T) = [ n(ev)f(e)ede— [ n(ev)ede, ()
0 0

where n(g,V) is the electronic density of states, f(€) is the

Fermi—Dirac distribution, and &g is the Fermi level. The elec-

tronic entropy S is defined as

Sa(V.T) = ~ka [ n(e.V)[f(e)Inf (¢)
- fE)n(—fe)de. @)

Fyin(V,T) is the phonon contribution to the free energy, which
is determined by

1
Fiy, = EZﬁ(J)q;L (V)+kBT
ql

«Yn [1 —exp (’“’gﬁ”)} NG

qi

where g is all wave vectors and A is all three phonon branches
in the first Brillouin zone. kg is the Boltzmann constant, 7 is
the reduced Planck constant, and @4, (V) is the frequency of
the phonon. Then the Gibbs free energy is obtained by mini-
mizing the free energy,

G(T,P) =miny [F (V,T)+PV], ©)

where miny [function of V] means to find the unique minimum
value in the brackets by changing the volume. Figure 2(a)
shows the curves of the Gibbs free energy with respect to
temperature of m-GaTe and h-GaTe. The curve intersects at
261 K. Therefore, we proved the possibility of a temperature-
induced phase transition between the two phases and predicted
the theoretical phase transition temperature of 261 K.

We further obtained the trend of volume change with
temperature, as shown in Fig. 2(b). The volume of m-GaTe
is smaller than that of h-GaTe over the studied temperature
range. Meanwhile, the thermal expansion coefficient of m-
GaTe is higher. Therefore, in the phase transition process from
m-GaTe to h-GaTe, the crystal lattice of h-GaTe suffers grow-
ing compressive stress during the nucleation and growth pro-
cess. As aresult, the phase transition requires a greater driving

force, and the actual phase transition temperature of the heat-
ing process might be higher than the theoretical phase tran-
sition temperature. The current analysis also provides a new
perspective for understanding the spontaneous phase transition
from m-GaTe to h-GaTe caused by the exfoliating process:
when the bulk GaTe is exfoliated into layered GaTe, the stress
is released. According to the relationship of Gibbs free energy
described above, there will be a spontaneous phase transition
from m-GaTe to h-GaTe under room temperature.
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Fig. 2. (a) Gibbs free energy versus temperature of h-GaTe (red line)
and m-GaTe (black line) curve. (b) Volume versus temperature of h-
GaTe (red line) and m-GaTe (black line).

In order to have an in-depth understanding of the phase
transition of GaTe, we further calculated the energy barrier
to obtain the energy required to accomplish the phase transi-
tion. We adopted a two-step phase transition process mecha-
nism, which has been reported by Zhao et al.!*'1 The structure
evolution and energy barriers have been identified by using
NEB method with five and eight images as intermediate states
for the phase transition process from m-GaTe to t-GaTe and
from t-GaTe to h-GaTe, respectively. The results are shown
in Fig. 3. Both m-GaTe and h-GaTe have a layered structure,
which means that the phase transformation occurs within the
layers. The first step is the phase transition from m-GaTe to
t-GaTe. In this process, the Ga—Ga bonds parallel to the layers
are reversed and transformed into positions perpendicular to
the layers. The process is accompanied by the breakage of the
original Ga—Te bonds and the generation of new Ga—Te bonds.
The transition state structure of the first step corresponds to the
structure whose Ga—Te bonds are between the bond breaking
and bond formation processes. The second step is the move-
ment of the entire layer of Te atoms, resulting in the phase
transition from t-GaTe to h-GaTe. The transition state struc-
ture of the second step corresponds to the structure whose Te

016402-3
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atoms move to the intermediate critical positions between the
Ga atoms. The barrier of the first process is 199 meV/formula
and that of the second process is 288 meV/formula. Previ-
ous studies have shown that the phase transition barrier of
~ 300 meV/formula is sufficiently large to demonstrate the
stability of the phase transition product of indium selenide
and tungsten ditelluride.[*3*! Therefore, the relatively high
energy barriers ensure that the phase transition of GaTe is ir-
reversible. We note that the phase transition from m-GaTe to
t-GaTe is accompanied by bond formation and bond breaking,
but the barrier is lower than that of the phase transition from
t-GaTe to h-GaTe. This is due to the considerable atom move-
ment in the t-GaTe to h-GaTe transition process, even half of
the Te atoms are involved in the movement.

Then we focus on the electronic properties of m-GaTe and
h-GaTe phases to evaluate their application potentials for pho-
tovoltaics. Figures 4(a) and 4(b) show the calculated orbital
projected band structures for m-GaTe and h-GaTe. It can be
seen that m-GaTe is a direct bandgap semiconductor with a
bandgap of 1.449 eV which is close to the experimental value
of 1.65 eV.34] The h-GaTe is an indirect bandgap semi-
conductor with an indirect bandgap of 0.608 eV and a direct
bandgap of 1.089 eV. The experimentally prepared h-GaTe
film is an indirect bandgap semiconductor with the bandgap
value of 1.06 eV, which is larger than our calculated result. 7!
Both the conduction band minimum (CBM) and the valence

(c) 2.0
B direct

~ 15k I indirect
2
Q
S 1.0
]
g
IS
M 0.5+

0

m-GaTe h-GaTe

band maximum (VBM) are mainly associated with the Te p
states and exhibit strong band edge dispersion, thus inferring
that the effective masses of the carriers should be small. In-
deed, the effective masses of electron (m}) and hole (m}) in m-
GaTe (m} = 0.11mo, mj; = 0.28my) and h-GaTe (m} = 0.12my,
my =0.1 8my) are much smaller than the free electron mass my
in our calculation, which is favorable for the migration of elec-
trons and holes. They have been predicted to have good carrier
transport properties. It can be seen that the m-GaTe is promis-
ing for applications in photovoltaic devices due to its suitable
bandgap value, direct bandgap nature, and good carrier trans-

port property.
$A SN 6064
e b_* _jgo O G 0% 0 0!
) |
0.3 | 288 'meV |

Energy (eV/formula
o
b

{ Reaction coordinate (A) ‘
t-GaTe h-GaTe

Fig. 3. Phase transition barriers from m-GaTe to h-GaTe and schematic
representation of the bond and atom rearrangement in the phase transi-
tion process.

Effective mass (m”/my)

h-GaTe

m-GaTe

Fig. 4. (a), (b) Calculated orbital projected electronic band structures for m-GaTe (a) and h-GaTe (b). Red and blue colors represent projections
onto constituting orbital species Te p and Ga p. (c) Calculated bandgap results by using HSE06 + SOC functional. (d) Calculated effective
masses of electron () and hole ().

Figures 5(a) and 5(b) show the calculated phonon dispersion curves of m-GaTe and h-GaTe, which exhibit no imaginary
modes in the whole Brillouin region, thus indicating that the two phases are kinetically stable. Figures 5(c) and 5(d) show
our calculated Raman spectra, and the corresponding experimental data from previous works. The most active two peaks are
109.04 cm~! and 114.85 cm™! for m-GaTe in our calculation. They are in good agreement with the experimental measurements
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of 109 cm™! and 115 cm™! for freshly cleaved GaTe (Exp. 1).1*¥) Due to oxidization, the m-GaTe Raman peaks decrease whereas
the new peaks at wavenumbers 123 cm~! and 140 cm™! become prominent over time under ambient condition (Exp. 2).!4"]

However, previous works insisted on the two peaks belonging to intrinsic Raman peaks of h-GaTe.

(2049501 1n our calculated

results for h-GaTe, the most active peak is 96.75 cm~!. The Raman spectra need more experimental and theoretical approaches

for further clarification.
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Fig. 5. Calculated phonon dispersion and Raman spectra of (a), (c) m-GaTe and (b), (d) h-GaTe. Here theory is our result, compared with
experiment results from previous reports (Exp. 1,181 Exp. 2,491 Exp.[20),

4. Conclusion and perspectives

By using first-principles energetic and phonon calcula-
tions within the quasi-harmonic approximation framework, we
investigated the temperature-induced phase transition process
in two-dimensional semiconductor GaTe. We predicted that
the phase transition from h-GaTe to m-GaTe will occur at
the temperature decreasing to 216 K. Our results are consis-
tent with the phase transition condition from h-GaTe to m-
GaTe observed in the experiments, such as the cooling pro-
cess during annealing and laser irradiation. Based on the pre-
viously reported two-step phase transition process, we used
the nudged elastic band method to calculate the phase transi-
tion barriers and investigate the corresponding transition state
structures. The m-GaTe to t-GaTe phase transition barrier is
199 meV/formula and the t-GaTe to h-GaTe phase transition
barrier is 288 meV/formula. The large phase transition bar-
riers demonstrate the irreversible nature of the phase transi-
tion. The structure evolution in the phase transition process
indicated that the bond broken is responsible for the high en-
ergy barriers. The electronic and phonon properties of the two
phases were further investigated by comparison with avail-
able experimental and theoretical results. The m-GaTe is a
direct bandgap semiconductor with a gap of 1.449 eV, which
is close to the experimental value. The h-GaTe is an indirect

bandgap semiconductor whose fundamental energy bandgap
is 0.608 eV (0.48 eV lower than the direct bandgap). Our
calculated Raman spectra are in general agreement with the
experimentally measured data. This work provides insight-
ful understanding on the process of temperature-induced phase
transition of GaTe.
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