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In recent years, superlattices and layered materials have been highlighted as potential candidates
for thermoelectric applications, this thanks to their low thermal conductivity. Moreover, external
applied pressure and biaxial strain can be used to enhance their properties by achieving a band
engineering and electronic tuning. With this in mind, we performed an ab-initio based study on
InSe/GaSe superlattices under biaxial strain along the layer planes. Layers of InSe and GaSe
with D3h symmetry were stacked along the c-axis to create the superlattice. The atomic stacking
along the c-axis is Se-Ga-Ga-Se-Se-In-In-Se, corresponds to the space group #187. Our ab-initio
calculations predict the superlattice to be semiconductor with an electronic band-gap of Eg =
0.54 eV. With the aim to increase thermoelectric performance, we apply positive and negative
biaxial strain on the ab plane. Under compressive strain, the electronic structure evolves to an
insulating behavior by increasing the band-gap. When tensile strain is applied, we observe a
transition towards a metallic character with a systematic reduction of the band-gap. Interestingly,
the semiconductor-metal transition only occurs when spin-orbit coupling (SOC) is switched off.
With the inclusion of SOC, the system experience an electronic topological transition around 3
% tensile strain, with a double band-gap along the K-Γ-M high symmetry paths. We have found
that for both, n-type and p-type doping, compressive strain improves the electronic figure of
merit (ZTe under constant relaxation time approximation). Not only the electronic part increases
thermoelectric performance, but also the lattice contribution to the thermal conductivity decreases
with compressive strain.
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I. INTRODUCTION

In our quest for new, renewable, and clean energy
sources, thermoelectricity stands as an excellent candi-
date thanks to the numerous sources of wasted heat in
devices, the lack of moving parts that minimize main-
tenance and the existence of materials that potentially
can use that energy[1–3]. Even though the first report
on the use of thermoelectricity has been known for over
60 years [3], the low efficiency of thermoelectric materials
has limited its usage to concrete applications, especially
in those where cost is not an issue [4, 5]. The other draw-
back of thermoelectricity is the high cost of the materials
that exhibit the best thermoelectric performance. For ex-
ample, despite bismuth telluride, Bi2Te3, remains as one
of the best bulk thermoelectric materials at low temper-
atures (around 320K)[6], tellurium is a scarce element,
and its inclusion increases the cost of thermoelectric de-
vices [7]. Therefore, the investigation and development of
novel materials at affordable cost and enhanced thermo-

∗ wilfredo.ibarra@correo.buap.mx

electric performance is of crucial importance [8, 9]. Un-
der these considerations, SnSe was discovered and high-
lighted as the new state-of-art bulk thermoelectric ma-
terial (ZT ≈ 2.6 at 923K)[10–12]. Ab-initio calculations
suggest that the high thermoelectric efficiency of SnSe
is mainly due to a one order increase in the carrier con-
centrations due to Sn vacancies[13] while the ultra-low
thermal conductivity is consequence of nonperturbative
anharmonicity in the second-order transition from Cmcm
to the Pnma phase[14]. Moreover, tin and selenium are
cheap elements, and the thermoelectric performance is
high.

In terms of the physical phenomenon involved, the
thermoelectric efficiency is characterized by the so-called
thermoelectric figure of merit, which is a dimensionless
quantity that helps us to measure thermoelectric effi-
ciency. The figure of merit (ZT ) considers the material’s
intrinsic transport properties to quantify the efficiency.
The equation is ZT = TS2σ/κt, where S is the See-
beck coefficient, σ is the electrical conductivity, and κt is
the total thermal conductivity of the material. κt is the
sum of the thermal conductivity due to electrons (κe) and
phonons (κp), while T is the absolute temperature. From
the previous equation, it is easy to see that the problem
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in thermoelectricity boils down to maximizing efficiency.
Therefore, the thermoelectric performance comes from
the properties involved in the figure of merit. All the
properties are related to each other, and the increase in
one of them usually decreases the other. The Seebeck co-
efficient, for example, reaches its maximum value in the
middle of the band-gap, but at this point, the electri-
cal conductivity is zero. On the other hand, an increase
in the electrical conductivity will increase the electronic
contribution to the thermal conductivity. As such, the
difficulty of increasing ZT lies in the problem of keeping
a low thermal conductivity while increasing S (or σ) [15].

As a path to engineering an enhanced thermoelec-
tric response, the growth of superlattices has been sug-
gested. Such superlattices could reduce phonon mean
free path and therefore decrease the lattice thermal
conductivity [16]. Through the periodic stacking of
Bi2Te3 and Sb2Te3, the thermal conductivity was re-
duced to 0.22 Wm−1K−1 in the stacking direction [17].
In our previous work, the semiconductor nature of the
InSe/GaSe superlattice was confirmed by ab-initio cal-
culation [18]. InSe/GaSe heterostructures were experi-
mentally grown via mechanical exfoliation, and stacking
of the 2D monochalcogenides InSe and GaSe was demon-
strated [19]. However, several new experimental tech-
niques could potentially be suitable to grow InSe/GaSe
superlattices. [20–22]. With regards to the induction of
biaxial strain, the stacking of InSe layers on top of GaSe
exhibit a hexagonal structure, which makes it easier to
find a substrate that can induce the required strain to
tune specific properties of the superlattice. The system
could be grown on top of a cubic substrate oriented in
the (111) plane. For example, GaSe (monolayer used in
our theoretical heterostructure) has been grown on top of
Si (111) [23–25], as well as on top of GaAs (111) [26, 27].
If InSe/GaSe heterostructure can grow on top of any of
these two substrates, there will be a strain of approximate
±2% (+ for tensile on GaAs and - for compressive on Si).
It has been reported that electronic and thermoelectric
properties (such as Seebeck coefficient) can be tunned
through biaxial mechanical strain[28, 29]. Not only the
electronic-related properties can be modified via strain,
but it was also theoretically predicted that the thermal
conductivity of monolayers of InSe could be drastically
reduced via biaxial strain[30].

This work presents our results on the ab-initio cal-
culations for thermoelectric and electronic properties of
the InSe/GaSe superlattices under the effects of biax-
ial strain. Aside from the thermoelectric properties,
we have found that under the effect of positive biaxial
strain (tensile strain), the superlattice exhibit a band-
crossing. Interestingly, the band crossing disappears, and
a gap opens at the band crossing when spin-orbit cou-
pling (SOC) is considered. We follow the changes in the
thermoelectric properties through these changes in the
electronic topology. We observed that with tensile strain,
the increase in σ is not enough to overcome the decrease
in S and there is a constant reduction on the electronic

figure of merit (ZTe) with strain.

II. COMPUTATIONAL DETAILS

We performed ab-initio calculations for InSe/GaSe su-
perlattices. The stacking sequence along the c-axis is
Se-Ga-Ga-Se-Se-In-In-Se, while the resulting symmetry
is that corresponding to the space group #187. The
compressive (tensile) biaxial strain was induced by a re-
duction (increment) of the a- and b-parameters while
the c-parameter was allowed to relax fully. The cal-
culations were performed from the fully relaxed struc-
ture (0% strain) up to +5% (tensile strain) and −5%
(compressive strain) in 1% steps. We have used the Vi-
enna ab-initio simulation package (vasp version 5.4.4)
[31] which works in the framework of density functional
theory (DFT) [32, 33] and the projected-augmented wave
method (PAW)[34]. The exchange-correlation functional
used corresponds to the General Gradient Approxima-
tion (GGA) to the exchange-correlation energy and the
Perdew-Burke-Ernzerhof corrected for solids (PBEsol)
functional [35]. The chosen pseudopotentials consider
3 (5s25p1, version 08Apr2002), 13 (3d104s24p1, version
06Jul2010) and 6 (4s24p4, version 06Sep2000) valence
electrons for In, Ga and Se atoms, respectively. The
plane-wave energy cutoff was set to 550 eV to ensure
that the forces between atoms were not higher than 10−5

eV/Å. The maximum remanent strain allowed during re-
laxation was set to 5× 10−4 kbar in all directions for the
fully relaxed system. The reciprocal space was integrated
with a Monkhorst-Pack[36] grid of 8 × 8 × 4 centered at
the Γ point. This grid was used in stress and atomic
forces relaxation.

For non self-consistent calculations (NSCF), the den-
sity of the K-mesh grid was increased up to 16 × 16 × 8.
To corroborate values of the electronic band-gap, we have
used the newly implemented capabilities in the vasp code
that allow us to perform metaGGA calculations (more
explicitly the “strongly constrained and appropriately
normed” SCAN)[37]. We perform relaxation of the cell
and electronic band structure calculations with SCAN
only for specific values of strain and for the fully relaxed
structure. We have also calculated the electronic band-
gap for the fully relaxed system using modified Becke-
Johnson exchange potential (mBJ)[38, 39]. The use of
this last functional is to obtain a better estimation of the
electronic band-gap.

For the calculation of thermoelectric properties, we
have used the second version of the BoltzTrap code
(BTP2) [40]. This software solves the Boltzmann trans-
port equations for electrons to obtain the Seebeck coeffi-
cient explicitly. It is also possible to calculate the electri-
cal conductivity under the constant relaxation time ap-
proximation (σ/τ). To simulate different doping levels,
the code uses the rigid band approximation, which as-
sumes that under small doping values, the shape of the
band will remain unchanged, and the chemical potential
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will be shifted to either inside the valence (p-type doping)
or the conduction (n-type doping) bands. This approx-
imation has proven to be accurate for well-known semi-
conductors as Bi2Te3 and Sb2Te3 among others[41, 42].

Phonon dispersions and second-order interatomic force
constants (IFCs) were calculated with the Phonopy
package[43] without the inclusion of SOC. The super-
cell used for phonon band structure and second-order
IFCs was 4×4×2. To obtain the lattice contribution
to the thermal conductivity, the ShengBTE code was
used[44, 45]. ShengBTE needs the third-order inter-
atomic force constants to solve the Boltzmann transport
equation for phonons. In order to calculate the 3rd or-
der IFCs, it is necessary to compute the energy in dis-
torted supercells. The thirdorder.py script[46] was used
to create the distorted structures. The supercell size was
2×2×2, and it was imposed that interactions up to the
tenth neighbor were considered. It is important to in-
clude a large number of neighbors in the calculations
since layered systems exhibit strong anharmonicity[47]
The number of individual distorted supercells was up to
768. Thermal conductivity calculations aim to set the
overall trend under strain. Therefore, we have only cal-
culated phonons and thermal conductivities for −3%, 0%,
and +3% strain.

III. CRYSTAL STRUCTURE

The obtained superlattice has two formula units per
primitive cell with space group #187. FIG. 1 depicts a
supercell of the structure, expanded along the ab-plane

FIG. 1. (Color online) InSe/GaSe Superlattice. In, Ga, and
Se atoms are represented by blue, pink, and green balls, re-
spectively. The primitive cell has been expanded for a better
representation of the layered nature of the superlattice.

for better appreciation. The dashed black line represents
the unit cell. The crystal structure was created by stack-
ing the ε-polytype of GaSe, but we changed the gallium
atom by selenium in one layer. Basically, this structure
consists of adjacent layers of Ga-Se and In-Se, as can be
seen from FIG. 1. The layers are created so that each In
(Ga) atom forms bonds with three Se atoms. Afterward,
we have a Ga-Ga (In-In) bond along the stacking axis,
and then we have the hexagonal layer of Se atoms. Ad-
jacent layers of Se are weakly bonded, and it is for this
reason that Se-Se distance between layers is more sig-
nificant than Se-Se in-plane distance (4.03Å and 3.97Å
at zero strain, respectively). We choose this configura-
tion since single layers of both compounds have the ex-
act point symmetry (D3h) [48]. However, this similarity
between monolayers of GaSe and InSe breaks when the
layers form a bulk system. GaSe layer stays in the ε-
polytype while InSe changes to its γ-polytype (rhombo-
hedral). The latter is because of the bulk-like symmetry
of InSe and GaSe that our proposed superlattice differs
from the structure proposed in the work of Gashimzade
et al. [49]. They create a structure where layers of ε-
GaSe are stacking on top of layers of γ-InSe.

IV. RESULTS AND DISCUSSION

Before applying the biaxial strain, our calculations
should be compared to monolayers of InSe and GaSe.
The lattice parameters of the fully relaxed superlattice
are a = b = 3.88 Å and c = 16.70 Å. Concerning the
atomic bond lengths, the InSe layer in the InSe/GaSe
superlattice has a distance between In-In atoms of 2.76
Å, between In and Se of 2.63 Å and the monolayer thick-
ness, d, of InSe (i.e. the distance between Se atoms in the
In-Se layer) is d = 5.51Å. The atomic distances found in
previous works for In-In, In-Se, and Se-Se for the mono-
layer of InSe are 2.82, 2.69, and 5.39Å, respectively [50].
For the GaSe layer in the superlattice, the Ga-Ga, Ga-
Se, and Se-Se, the distances are 2.44, 2.50, and 4.66 Å,
respectively. In the theoretical work of Yandong Ma, et
al.[51], the authors report values for the monolayer and
bilayer of GaSe. For the monolayer, the authors found
that the distances are Ga-Ga = 2.47 Å, Ga-Se = 2.50 Å
and d = 4.83 Å. Our results do not differ significantly
from those on the monolayers of either Ga-Se and In-Se.
However, it is worth mentioning that all our results are
reported for the superlattice of InSe/GaSe.

Our calculations show that the InSe/GaSe superlattice
is a direct band-gap semiconductor with a higher valence
band and a lower conduction band at the Γ point as it
can be seen in the FIG. S1[52]. The value of the band-
gap is 0.544 eV, computed within the used exchange-
correlation, which is a high value compared to Bi2Te3
with a theoretical band-gap of around 0.08 eV [42]. This
large band-gap will have an impact on thermoelectric effi-
ciency. Comparing our results with those in the literature
for InSe and GaSe, we have noticed that monolayers of
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both GaSe and InSe have an indirect band-gap. How-
ever, in both cases, there are reports of a direct to indi-
rect band-gap transition with exfoliation. Not only that,
the transition is accompanied by a significant increase
in the band-gap [51, 53–55]. The theoretical band-gap
for the superlattice that we have found is smaller than
the theoretical band-gaps for a monolayer of InSe (1.41
eV) [50] and GaSe (around 2.00 eV) [51, 56]. Therefore,
InSe/GaSe superlattice behaves as a bulk material since
it exhibits a direct band-gap electronic structure at zero
pressure. It was expected to be a small band-gap com-
pared to the monolayers.

FIG. 2 shows the most important changes in the crys-
tal structure with the application of strain. The change
in the distance between selenium atoms at adjacent lay-
ers (Se-Se) does not change significantly with the con-
traction of the cell. Under the expansion, the change is
around 1.5% which is not significant. The compressive
or tensile strain applied at the ab-plane changes the α
and β angles (α =Se-In-Se and β =Se-Ga-Se) but have
no significant change in the distance between selenium
atoms in adjacent layers along the c-axis. Therefore, the
reduction (increment) of the c-parameter is mainly due
to the increase (decrease) of these angles. The Se-Ga-
Se (Se-In-Se) angle increases almost 7.4% (9.4%) in the
same range from −5% to +5% strain. The α and β an-
gles are the only ones that change almost the same per-
centage independently of the applied strain. The atomic
distance between subsequent layers of indium is very sim-
ilar to what has been found in the monolayer of InSe [50].
Our results agree with those reported in the monolayer
of InSe, not only in the fully relaxed structure but also
under effects of any type of isotropic biaxial strain [50].
Not only the In-In distance remains almost unchanged
with the strain but also the Ga-Ga distance. From −5%
to +5%, the atomic distance between gallium (indium)
atoms in adjacent layers only increases 0.032 Å(0.028 Å),
which represents a change of 1.3% (1%) in this range.

With respect to the electronic properties of InSe/GaSe
superlattice under the effects of biaxial strain, the
changes are similar to those found in the monolayers
of InSe and GaSe. Biaxial compressive strain (negative
strain in our calculations) induces an increment in the
electronic band-gap (see FIG. 3), which is similar to what
has been observed in monolayers of InSe. Hu et al.[50] re-
port that for InSe, there is a threshold at approximately
−4% strain at which the system exhibits an electronic
topological transition where the valence band maximum
shifts to the Γ-point inducing an indirect-direct band-gap
transition. InSe/GaSe superlattice is a direct band-gap
semiconductor, but when compressive strain is applied,
the system shifts its highest valence band along the Γ-K
high symmetry path. On the other hand, under ten-
sile strain, the superlattice remains as a direct band-gap
semiconductor up to 3% expansion, as it can be observed
from FIG. 3.

It has been reported that monolayers of either InSe or
GaSe exhibit a reduction of the band-gap with increasing

strain. Nevertheless, there is a difference between these
two systems. Ab-initio calculations on InSe monolay-
ers show a semiconductor-to-metal transition when the
tensile biaxial strain reaches 10% [50]. For GaSe mono-
layers, this transition is not theoretically observed at the
same 10% of strain [51]. As mentioned, we never ob-
serve zero band-gap in InSe/GaSe superlattices within
the considered strain when SOC is included. Moreover,
the electronic band-gap increases from 0.017 eV to 0.051
eV when the strain goes from +3% to +5%. This behav-
ior is similar to what has been reported for GeTe/Sb2Te3
superlattice under the effect of strain [57]. In their work,
Sa et al.[57] studied the effect of compressive strain in
superlattices of (GeTe)2/Sb2Te3, but the strain was ap-
plied to the c-axis instead. They reported that under
small amounts of compressive strain (2%) along the c-
axis, the band-gap of the superlattice decreases, and at
4%, the gap opens due to SOC effects. The results with-
out SOC show that the system became metallic with a
band overlap at Γ, but the inclusion of SOC opens the
gap indicating a potential topological insulator (TI) be-
havior for the system under strain. This is very similar to
what we have found in InSe/GaSe superlattices. This is
not new; it has been reported that for layered bulk GaSe
and GaS, the inclusion of strain induces band inversion
and when SOC is included the system opens band-gaps at
the crossing points of the inverted bands [58]. Our work
differs from the one mentioned of Zhu et al.[58] since they
used experimental values of the cell parameters and the
applied strain was induced by variation of the lattice pa-
rameter at constant volume, however, their results are
very important to understand the effects of strain and
SOC on the electronic properties in layered materials.

FIG. 4 shows the electronic band structure of the su-
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FIG. 3. (Color online) Projected band structure for
InSe/GaSe superlattice with 3% compressive strain (left),
fully relaxed (center), and 3% tensile strain (right). The In,
Ga and Se atomic contributions to the band are represented
by red, blue, and green circles, respectively.

perlattice under the effect of 5% tensile strain with and
without the inclusion of SOC. We have included the con-
tribution of the main orbitals to the bands with the aim
to identify if the superlattices of InSe/GaSe also have
band inversion as a consequence of applied strain. On the
left panel of FIG. 4, we observed that applied strain on
InSe/GaSe superlattices induces the mentioned band in-
version. The inclusion of SOC (right panel) opens the gap
at the crossing point of the band inversion, in agreement
with the work of Zhu et al. for layered GaSe and GaS
[58]. Therefore, we never observed the semiconductor-
to-metal transition reported in monolayers of GaSe and
InSe [50, 51].
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FIG. 4. (Color online) Projected band structure for
InSe/GaSe superlattice under 5% tensile strain without (left)
and with (right) SOC. The contribution from s-orbitals of Ga
atoms and from pz-orbital from Se atoms are represented by
blue open circles and solid green circles, respectively.

Moving forward and analyzing the thermoelectric

properties, we notice the metallization of the system will
reduce the Seebeck coefficient but, at the same time, will
increase the electrical conductivity. Also, the band-gap
at the crossing points allows more available states around
the Fermi level. On the other hand, a larger band-gap
will increase the Seebeck coefficient, even though the
electrical conductivity will decrease. However, before
we calculate the thermoelectric properties, it is worth
mentioning that DFT systematically underestimates the
band-gap. Therefore we have used the recently developed
SCAN[37] which usually gives a more accurate descrip-
tion of the electronic band-gap energy [59]. The aim of
SCAN calculation is not other than corroborate the re-
sults obtained with PBESol with regards to the strain
value at which the band crossing without SOC occurs.
Therefore, SCAN calculations only were done for specific
values of strain (see FIG. S2). The results obtained with
SCAN and SOC confirm those obtained with PBESol.
The system shows a systematic decrease of the band-gap
with tensile strain. However, the topological insulator be-
havior is not present at 5% tensile strain. Therefore, we
obtained the SCAN band structure at 6% tensile strain
(see FIG. S3). This value of tensile strain was only done
to corroborate the topological insulator behavior even
with SCAN. FIG. S3 compares 6% SCAN band structure
with 5% PBESol where the similarities can be observed.

The calculations of the electronic part of the thermo-
electric properties were performed using the Boltztrap2
package [40]. FIG. 5 shows the trace of the Seebeck co-
efficient as a function of the chemical potential (µ−Ef )
at 500K for different values of strain. The results ob-
tained for S were expected. The increase in the elec-
tronic band-gap induces an increase in the value of the
Seebeck coefficient. Therefore, negative values of strain
(compression) exhibit a larger Seebeck coefficient than
positive values (expansion). Analyzing the behavior of
S under strain could lead to conclusions with respect to
electronic structure. For example, it can be seen from
the figure that +3, +4, and +5% strain show very sim-
ilar behavior of S with respect to µ − Ef . It is worth
remembering the electronic transition mentioned above
occurs at +3% of strain.

As mentioned, the trend observed is very clear, for
higher biaxial expansion of the supercell smaller band-
gap and, therefore, a smaller value of Seebeck coefficient,
except for −5% and −4%. It is observed that the max-
imum value of the Seebeck coefficient at −4% strain is
larger than that at −5%, which is contrary to the over-
all trend. The only explanation for this behavior is that
at such a value of strain, the band-gap decreases. This
means that the band-gap at −4% strain is larger than at
−5%. As mentioned above, InSe/GaSe superlattice with-
out strain is a direct band-gap semiconductor. For nega-
tive values of strain, the valence band maximum slightly
shifts away from the Γ point. However, at −5% strain,
the conduction band minimum is no longer at the Γ point
but at the K point. Under biaxial compression, the con-
duction band minimum at the Γ-point moves to higher
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FIG. 5. (Color online) Calculated Seebeck coefficient as a
function of the chemical potential for different values os strain
at 500K of temperature.

energies, which explains the increase in the band-gap.
However, this is not a rigid shift of the conduction bands.
As can be seen in FIG. 3, from 0% to −3% strain, the
conduction band minimum at Γ shifts more than 0.5eV to
higher energies while at K-point exhibit a small drop in
energy. Therefore, at −5% strain, the conduction band
minimum is no longer at Γ and, starting at this compres-
sion, begins a new decrease of the band-gap (see FIG S4).
Anisotropy in the superlattice could be responsible for
this behavior.

A good value of the Seebeck coefficient is not enough to
write a conclusion about the thermoelectric performance
of a material. Under the constant relaxation time approx-
imation (CRTA), it is possible to obtain the ZTe. This
value can be obtained considering that the electrical con-
ductivity is calculated over the relaxation time (σ/τ) as
well as the electronic contribution to the thermal conduc-
tivity (κe/τ). This will give a better picture of the pos-
sible thermoelectric behavior under strain. Our results
are shown in FIG. 6 for both types of doping at 500K.
It is very clear from the figure that the electronic ther-
moelectric performance decays with tensile strain. This
is because the improvement of the electrical conductivity
due to the reduction of the band-gap is not enough to
overcome the drastic decrease of the Seebeck coefficient
under this type of strain. With regards to the type of
doping, our calculations suggest that InSe/GaSe super-
lattice would exhibit its best thermoelectric performance
with p-type doping. This can be due to the relatively flat
valence bands that are at the vicinity of the gap. An un-
usual behavior for n-type doping appears at −4% strain.
After this value of compressive strain, ZTe exhibits sim-
ilar values that with p-type doping. This is due to what
was mentioned hereabove related to the non-linear shift
of the bands with strain. At the threshold of −4%, there
is a change at the minimum conduction band, and even

though unoccupied bands are still parabolic, the avail-
able states increase since there are two bands at almost
at the same energy (see FIG. 3).
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FIG. 6. (Color online) Carrier concentration dependence of
the ZTe ([S2(σ/τ)]/(κe/τ)) trace for InSe/GaSe superlattice
at different values of strain and 500K of temperature. The
left panel shows n-type doping, while right panel shows p-
type doping.

The mentioned figure of merit, ZTe, is just an approx-
imation since the electronic relaxation time has not been
calculated. However, it can give an estimation of the ex-
pected thermoelectric performance. Another key prop-
erty for the full description of the thermoelectric figure
of merit is the lattice contribution to the thermal conduc-
tivity. To obtain κl, it is necessary to calculate second
and third-order interatomic force constants. The second-
order IFCs were obtained with the Phonopy package [43]
with a supercell of 4×4×2. Since InSe/GaSe superlattice
is a layered system, the inclusion of vdW interactions
may modify the dynamic properties, as shown in Ref.
[60]. Therefore, the phonon-dispersion curves were ob-
tained for the superlattice with DFT-D3 [61, 62]. FIG. S6
shows only minor differences, in the obtained frequencies,
along specific high-symmetry branches when DFT-D3
and PBEsol are compared. Therefore, we considered that
the PBEsol scheme is enough to describe the material’s
thermal properties correctly, and we do not find the use
of DFT-D3 necessary. As such, we performed all the cal-
culations related to second and third-order interatomic
force constants with the PBEsol approach. Dynamic sta-
bility under strain can be obtained through phonon cal-
culations, the phonon dispersion curves were obtained for
−3%, 0% and +3% strain (see FIG. S5). The dispersion
shows no negative phonons for any of the three applied
strains, which indicates dynamic stability. For the third-
order IFCs, the ShengBTE code was used[44, 45]. Inter-
actions up to the tenth neighbor were taken into account
in the calculation, and the distorted supercells created
with the thirorder.py script[46] contain 64 atoms. Our
results of the temperature dependence of the lattice con-
tribution to the thermal conductivity are shown in FIG.
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7. Our calculations indicate that negative strain reduces
thermal conductivity. The average of the trace is very
small, especially at high temperatures where the thermal
conductivity approaches 1 Wm−1K−1. The anisotropy of
the system yields anisotropic values of thermal conduc-
tivity. FIG. S7 shows the overall trend of the in-plane and
out-of-plane thermal conductivity for the superlattice at
−3%, 0% and +3% strain. As expected, the values for in-
plane and out-of-plane are very different. However, the
thermal conductivity along the c-direction does not show
a tangible variation as a function of temperature. Our
calculations indicate that, to improve thermoelectric per-
formance in InSe/GaSe superlattices, the system should
have p-type doping, and a negative biaxial strain should
be applied. Compressive strain in the supercell increases
the Seebeck coefficient and reduces thermal conductivity,
which translated in an increase of ZT .
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FIG. 7. (Color online) Trace of the lattice contribution to
the thermal conductivity as a function of the temperature for
three different strains −3%, 0% and +3%.

V. CONCLUSIONS

We have performed first principle calculations on su-
perlattices of InSe/GaSe under biaxial in-plane tensile
and compressive strain. Tensile strain closes the elec-
tronic gap , which induces a semiconductor-metal transi-
tion around 3% without the inclusion of SOC. However,

with the inclusion of SOC, the band-gap opens at the
band crossing points, indicating a possible topological
insulator behavior under strain. Therefore the inclusion
of SOC is very important to capture the electronic be-
havior of this superlattice. With regards to the electronic
thermoelectric properties, the reduction of the band-gap
with tensile strain increases electrical conductivity, how-
ever, our calculations indicate, that the increasing in σ
in not enough to overcome the decrease in Seebeck coeffi-
cient. The lattice contribution to the thermal conductiv-
ity decreases with compressive strain, which reinforce the
conclusion that the best thermoelectric performance of
superlattices of InSe/GaSe is achieved at negative strain.
Our calculations show that InSe/GaSe superlattice can
be manipulated through biaxial strain to select the best
thermoelectric performance at a given temperature. We
expect that our results motivate experimental groups to
pursue the synthesis and characterization of this mate-
rial focus on the effects of the electronic topology under
biaxial strain.
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