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Abstract

Among thermoelectric materials, tin telluride has been attracting significant interest for its
non-toxic and eco-friendly nature. Meanwhile, band engineering and ultra-thin film technologies
have been reported to be promising in improving the performance of thermoelectric materials. In
this work, we explore the potential of two-dimensional (2D) SnTe’s thermoelectric performance,
following the recent successful synthesis of 2D SnTe. It is found that pristine 2D SnTe is more
likely to be a p-type semiconductor due to the existence of Sn vacancies. The electrical transport
properties of 2D SnTe when it is (i) under compressive stress and (ii) doped with either nitrogen
group or halogen group elements (including As, Sb, Bi, Br and I) have been studied from first-
principles electronic structure calculations. Boltzmann transport study illustrates that equibiaxial
compressive stress may enhance the electrical transport properties of 2D SnTe. Moreover, our
calculations suggest that iodine and arsenic can be effective n-type and p-type dopants,
respectively.
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Introduction

Despite the advancement of green energy generation, approximately two-thirds of the energy
generated across the globe are wasted as unwanted heat 1. Due to the increasing energy
consumption, effectively converting waste heat into usable energy forms such as electricity are
desperately needed. Thermoelectric materials have offered a possible solution to these issues - a
type of materials that are able to convert heat into electricity directly without any mechanical
means. The performance of a thermoelectric material is measured by how effective it can convert
heat into electricity for a given temperature gradient. The performance and efficiency of
thermoelectric materials can be measured by a dimensionless figure of merit, ZT = ௌమఙ்

఑
, where S,

σ, T, and κ represent the Seebeck coefficient, electrical conductivity, absolute temperature, and
thermal conductivity, respectively.

Evidently, one would favor a high power factor (PF), which is defined as S2σ, and a low
thermal conductivity κ in a thermoelectric material that can give an overall high ZT value. Over
the past few decades, bulk thermoelectric materials have been studied extensively and they
generally have a positive correlation between electrical conductivity and thermal conductivity.
Moreover, an enhancement in the Seebeck coefficient is usually followed by a decrease in
electrical conductivity 2. The resulting ZT value usually does not increase significantly as



improving any of the parameters would adversely affect other transport properties. Various
approaches such as nano-structuring 3, doping 4, and band engineering 5-6 have been used to
enhance the value of ZT. It was reported that a record high ZT value of 2.6 exists at a working
temperature of 923 K 7.

Ultra-thin films and 2D materials have been gaining attention for their unparalleled properties
over bulk materials 2, 8-9. Two-dimensional materials have been reported with various symmetry-
breaking quantum phenomena including crystalline order 10, superconductivity 11, and charge
density wave 12. In some cases, the thermoelectric properties of 2D materials are better than those
of their bulk phases 10. For SnSe monolayer, the ZT peak value (3.27) was predicted to be seven
times of that of the corresponding bulk phase at 700 K from density functional theory (DFT) 13. In
addition, it was found that the electrical conductivity and the thermal conductivity are negatively
correlated in 2D SnS2 and the ZT value can be enhanced by reducing the thickness of SnS2

14.
These results imply that 2D materials may achieve a higher thermoelectric performance.

Lead chalcogenides are widely known as high-performance thermoelectric materials 15-19.
However, lead based materials are not suitable for large-scale and commercial applications due to
their toxicity. Meanwhile, tin based chalcogenides have also been gaining research attention for
their non-toxic and more eco-friendly nature. Enhanced thermoelectric performance has been
achieved in bulk SnTe 20; fine tuning of the transport properties of bulk SnTe via doping 21 and
nano-structuring 22 were proven to be effective in enhancing its thermoelectric efficiency. It was
also predicted from theoretical calculations that 2D group IV chalcogenides can be dynamically
stable 23. Furthermore, atomic-thick SnTe films have been prepared on the graphitized 6H-SiC
(0001) substrate under substrate temperature of 25 ~ 200 °C with the molecular beam epitaxial
technique 24. The successful fabrication of 2D SnTe motivates us to further investigate its
thermoelectric properties.

For 2D materials, stress/strain engineering is an effective method to tune their properties such
as ferroelectricity and thermoelectricity. The polarizations of 2D group-IV monochalcogenides
have been reported to be linearly dependent on strain, and strain may induce ferroelectric phase
transitions 25-26. In our previous work, we have also reported that the non-ferroelectric phase of 2D
lead chalcogenides  can transform into a ferroelectric phase under equibiaxial in-plane tension 27-

28. Moreover, Morozova et al. have experimentally investigated the thermoelectric performance of
quasi-two-dimensional titanium and zirconium trichalcogenides under high pressures 29.

In this work, we calculate the electrical transport properties of 2D SnTe based on DFT and
Boltzmann transport theory. Our calculations indicate that the Seebeck coefficient and normalized
electrical conductivity of 2D SnTe can be manipulated via an equibiaxial compressive stress to
achieve a higher normalized power factor. On the other hand, pristine 2D SnTe is predicted to be
likely a p-type semiconductor due to its crystallographic point defects. Doping is an important
method to engineer the electronic structures and optimize the carrier concentration for a potentially
higher thermoelectric performance. Our calculations also suggest that iodine and arsenic can be
effective dopants for 2D SnTe.

Computational details



First-principles calculations were conducted using VASP 30. The exchange-correlation effects
were treated with the generalized gradient approximation of Perdew, Burke, and Ernzerhof 31. The
plane wave basis set was used to expand the electronic wave functions with a 500 eV cutoff energy.
The convergence criterion for electrons was set to 10-5 eV. The Brillouin zone was sampled using
the G-centered Monkhorst-Pack method with a density of 2p ´ 0.03 Å. The polarizations were
calculated using the Berry phase method 32. A 4 ´ 4 ´ 1 supercell containing 64 atoms was used
to simulate point defects and the doped systems, for example: one Sn or Te atom was removed to
simulate the vacancies; one Sn (Te) atom was replaced by a Te (Sn) atom to simulate the antisites;
one Sn or Te atom was replaced by an impurity atom to simulate the doped systems. The same
parameters, including the plane-wave cutoff energy, the convergence criteria and k-point density,
were used for supercell and primitive cell calculations. To apply in-plane equibiaxial compressive
stress to 2D SnTe, only the in-plane directions of the unit cell were relaxed using a modified
version of VASP, in which selected components of the stress tensor can be set to zero during
relaxation. To simulate 2D materials, a vacuum space with an approximately 20 Å thickness was
introduced. The electrical transport properties were studied using the Boltzmann equations as
implemented in BoltzTraP 33. All crystal structures were fully relaxed.

Results and discussion

The thermoelectric properties of 2D SnTe with a Pmn21 space group are firstly investigated,
and the results are shown in Fig. 1. Experimentally, Chang et al. have successfully synthesized
atomic-thick SnTe. In our previous work, we have shown that 2D SnTe has a relative atomic
displacement of about 0.12 Å along the b direction 27, which gives rise to a 1 ´ 10-10 C/m
polarization 28. To analyze the thermoelectric performance, the Seebeck coefficients, normalized
electrical conductivities, and normalized power factors have been calculated using the Boltzmann
equations. Although the lattice constants along a and b are different (a = 4.56 Å and b = 4.57 Å),
the electrical transport properties along these directions are similar. Given the same carrier density
(see Fig. 1(b, c and d)), it is predicted that the normalized electrical conductivity of p-type 2D
SnTe is higher than that of n-type, but n-type 2D SnTe has a higher normalized power factor due
to its higher absolute value of Seebeck coefficient. To study the origins of the differences in the
electrical transport properties, the density of states (DOS) and band structure of 2D SnTe are
calculated. It is observed from Fig. 1(e) that the DOS near the conduction band minimum is steeper
than the DOS near the valence band maximum which may be related to the different degrees of
band convergence (see Fig. 1(f)). According to the Mott’s formula 34:
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where n, DOS(E), μ, E, and EF are the concentration of carriers, the energy-dependent electronic
density of states, mobility, energy of carriers, and Fermi level, respectively; therefore, an increase
of DOS near Fermi level may lead to an enhancement of Seebeck coefficient.



Fig. 1. The crystal structure (a), Seebeck coefficient (b), electrical conductivity (c) and power
factor (d) normalized by the relaxation time τ at 300K, density of states (e), and band structure (f)
of 2D SnTe. The valence band maximum has been shifted to 0 eV.

Fig. 2. The ferroelectric polarization, b/a ratio (a), and band gap (b) of 2D SnTe under different
equibiaxial compressive stresses (|Δa/a0| represents the compressive strain along the a direction).
(c, d) DOS of 2D SnTe under different equibiaxial compressive stresses (the number shown in
panel (c) represents the different values of |Δa/a0|); the valence band maximum (VBM) or the
conduction band minimum (CBM) is shifted to zero.

To study the effects of equibiaxial compressive stress on the electronic structure and electrical
transport properties of 2D SnTe, we have relaxed the unit cell of 2D SnTe under different
equibiaxial compressive stresses. In Fig. 2(a), we present the ferroelectric polarization and the b/a
ratio of 2D SnTe as a function of the compressive strain along the a direction (|Δa/a0|). The



polarization becomes approximately zero and the b/a ratio decreases to about one when the
compressive strain (|Δa/a0|) is larger than 1.2%. The results indicate that 2D SnTe has gone through
a transition from the ferroelectric phase into a non-ferroelectric phase. The changes of the crystal
structure under an equibiaxial compressive stress may result in a variation of its electronic structure.
It is seen from Fig. 2(b-d) that the compressive stress enhances the DOS value near the band edges,
while the band gap experiences a slight decrease.

To further study the effects of equibiaxial compressive stress on the electrical transport
behaviors of 2D SnTe, we have performed Boltzmann transport calculations. In Fig. 3, the
normalized power factors of n-type and p-type 2D SnTe, especially the former one, is found to be
enhanced by compressive stress. Interestingly, both the absolute value of Seebeck coefficient and
the normalized electrical conductivity of n-type 2D SnTe are improved under compression. The
increase of Seebeck coefficient in n-type 2D SnTe under an equibiaxial compressive stress can be
explained by the variation of DOS near the conduction band minimum and the Mott’s formula.
The increase of the normalized electrical conductivity may be related to the changes of band
effective mass under compressive stress. Although our results suggest that equibiaxial compressive
stress may be effective in enhancing the power factor of 2D SnTe, it should be noted that the
relaxation time is not taken into account in the calculations.

Fig. 3. Seebeck coefficient (a and b), electrical conductivity (c and d) and power factor (e and f)
normalized by the relaxation time τ of 2D SnTe under different equibiaxial compressive stresses
along directions a and b at 300 K. The number shown in panel (a) represents the different values
of |Δa/a0|.



Fig. 4. (a) Formation energies of various point defects in 2D SnTe, including two types of
vacancies (VSn and VTe) and two types of antisites (TeSn and SnTe). (b) Formation energies of
different doped 2D SnTe systems. (c) DOS of pristine, Bi-doped (Sn site), Br-doped (Te site), and
I-doped (Te site) 2D SnTe; the conduction band minimum is shifted to zero. (d) DOS of pristine,
As-doped (Te site), Sb-doped (Te site), and Bi-doped (Te site) 2D SnTe; the valence band
maximum is shifted to zero. The vertical dashed lines represent the corresponding Fermi levels.

Point defects, which may be induced during the fabrication of 2D materials, are important
factors affecting the electrical transport properties of semiconductors. Pristine SnTe in its bulk
phase is a p-type semiconductor because of the presence of Sn vacancies 35. To investigate the
electrical transport properties of 2D SnTe, we have considered the different types of point defects,
including vacancies (VSn and VTe) and antisites (TeSn and SnTe). The formation energy of a point
defect is calculated using the following equation:

௙ܧ = ௧௢௧ܧ − ௣௘௥௙௘௖௧ܧ − ∑ ݊ఈܧఈఈ                                                    (2)
where Etot is the total energy of the supercell of 2D SnTe with a point defect; Eperfect is the total
energy of perfect 2D SnTe; nα is the number of atoms removed from (nα < 0) or added to (nα > 0)
the supercell, and Eα is the total energy of an atom in its bulk phase. Our DFT calculations indicate
that Sn vacancy (VSn) has the lowest formation energy (see Fig. 4(a)); therefore, it is more likely
to exist in 2D SnTe, which is in agreement with the experimental observations 22. The existence
of Sn vacancies suggests that pristine 2D SnTe is more likely to have p-type conduction. Doping
has been widely used to engineer the electronic structures and tune the carrier concentrations of
thermoelectric materials. In an attempt to obtain potentially higher thermoelectric performance of
2D SnTe, we investigate the doping effects of the nitrogen group (As, Sb and Bi) and the halogen
group (Br and I) elements. For these dopants, their preferential substitutional sites are studied
based on the calculations of formation energy as defined in Eq. 2. From Fig. 4(b), we observe that
As and Sb tend to occupy the Te site, suggesting that they are potential p-type dopants for 2D
SnTe. Br and I also tend to occupy the Te site, indicating that they are potential n-type dopants. Bi
does not show an obvious site preference due to the small difference in the formation energies;
thus, we have considered both cases when the Sn or Te site is occupied by Bi.



Fig. 5. Seebeck coefficient (a, b), normalized electrical conductivity (c, d), and normalized power
factor (e, f) of n-type 2D SnTe at 300 K along the a and b directions. Results of pristine 2D SnTe
calculated using a 4 ´ 4 ´ 1 supercell are shown for comparison.

To study the doping effects on the electronic structure, the DOS of the doped 2D SnTe have
been calculated. As shown in Fig. 4(c), it is found that Bi (Sn site) enhances the DOS near the
conduction band minimum, while I and Br have less significant effects on the DOS. In Fig. 4(d),
it is seen that the nitrogen group elements only have minor effects on the valence band maximum
of 2D SnTe. According to the Mott’s formula, the Seebeck coefficient of 2D SnTe will be increased
after Bi doping (Sn site). Furthermore, Boltzmann transport calculations have been conducted to
investigate the doping effects on the electrical transport behaviors. For the n-type conduction (see
Fig. 5), Bi-doped (Sn site) 2D SnTe has the largest Seebeck coefficient followed by I- and Br-
doped 2D SnTe, in line with the expectation from DOS calculations. On the other hand, the
normalized electrical conductivity of Bi-doped 2D SnTe is much lower than that of I-doped 2D
SnTe comparing at the same carrier density. Hence, the normalized power factor of I-doped 2D
SnTe is higher than those of the Br- and Bi-doped systems. For the p-type conduction (see Fig. 6),
As-doped 2D SnTe has a higher normalized power factor than Sb-doped and Bi-doped 2D SnTe.
It should be noted that impurity atoms in doped systems may induce additional scattering which
could result in a change of the relaxation time, although it is predicted that I-doped and As-doped
2D SnTe may exhibit more promising electrical transport properties.



Fig. 6. Seebeck coefficient (a, b), normalized electrical conductivity (c, d), and normalized power
factor (e, f) of p-type 2D SnTe at 300 K along the a and b directions. Results of pristine 2D SnTe
calculated using a 4 ´ 4 ´ 1 supercell are shown for comparison.

Conclusions

The electronic structure and electrical transport properties of 2D SnTe have been calculated
from first principles. Equibiaxial compressive stress is found to modify the electronic states near
the Fermi level, and the changes in the electronic structure lead to an improvement of the
normalized power factor. Furthermore, it is found that Sn vacancy is more likely to exist in 2D
SnTe, resulting in p-type conduction. In an attempt of doping 2D SnTe for potentially higher
electrical transport properties, elements As, Sb, Bi, Br, and I have been studied. It is found that I
and As are more promising in achieving high normalized power factors in n-type and p-type 2D
SnTe, respectively. This work is expected to stimulate further experimental studies on the
engineering of the electronic structures and thermoelectric transport properties of 2D materials.

Supporting Information

Computational details of the electronic relaxation time, the optimized lattice parameters of
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band structures of doped 2D SnTe.
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