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ABSTRACT

The effect of C dopant on the electronic structure and thermoelectric properties of SnSe has been
studied using density functional theory (DFT) and by solving the Boltzmann transport equation
(BTE). We found that the substitution of C into the Sn site creates a strongly localized defect state
with a sharp density for the state peak. This strong modification of band structure reduces the band
gap from 0.61 eV to 042 eV. It was found that the maximal Seebeck coefficient can be enhanced
up to 17.1% and the maximal temperature reduces from 525 K to 280 K. These behaviors can be
understood using the Mott equation and Goldsmid — Sharp relation.
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INTRODUCTION

The demand for new sources of energy has been
increased rapidly recently because of the increasing
price and emissions of traditional energy sources (fos-
sil fuels, gases et al.). On the other hand, the cur-
rent technologies are not effective because up to 60%
of the energy is released in the form of waste heat!.
In the search for new sources of energy, thermoelec-
tric materials have received much attention owing to
their capability to convert thermal energy into elec-
trical energy. Despite a long history of development,
current state of art thermoelectrics are still insufficient
for wide-scale application due to their low conver-
sion efficiency and high-cost materials. Finding new
thermoelectric materials with a high performance and
use of non-toxic and low-cost materials is a challenge
faced by thermoelectric research activities. The effi-
ciency of thermoelectric materials is strongly related
to dimensionless figure of merit, which is defined by
ZT = G—IfZT = %T where 0, S, k, and T are elec-
trical conductivity, the Seebeck coefficient, thermal
conductivity, and absolute temperature, respectively.
PF=0-5? defines the power factor !. Practical applica-
tions often require large ZT materials, meaning that
they should have both a large power factor (S and &)
and small thermal conductivity (k). However, obtain-
ing high ZT materials is the challenge because of the
non-trivial interplay between o, &, and S$2. For ex-
ample, in most cases, when o increases, S decreases
and K increases, and vice versa. The best commer-
cial thermoelectric materials currently used in devices

are BipTe3 and its alloys where the ZT is about 1.0,
corresponding to an efficiency of less than 10%. This
value has been a practical upper limit for more than 30
years. Therefore, suitable approaches should be un-
dertaken to obtain a higher ZT.

Recently, Zhao et. at. found that the ZT of the single
crystal SnSe was up to 2.6 at 923 K due to its intriguing
electrical properties and extremely low thermal con-
ductivity, making this material the most promising
thermoelectric material for device realization>. This
is fascinating because SnSe is composed of two abun-
dant and environmentally friendly elements: Sn and
Se. More importantly, the extremely low thermal con-
ductivity of single crystal SnSe is beneficial because
now, most complex procedures to reduce the ther-
mal conductivity can be avoided and allow for a fo-
cus mainly on increasing the power factor?. How-
ever, the thermoelectric properties of SnSe near room
temperature are still very low (~0.1). Doping SnSe
could be a good solution to enhance the thermoelec-
tric properties of SnSe near room temperature. Sev-
eral dopants have been studied, aiming to modify the
electronic structure and then improve the thermo-
electric performance of this material>8. For exam-
ple, Na-doped SnSe can enhance the ZT from 0.1 to
0.7 near room temperature®. By doping n-type Bi el-
ements into SnSe, Tuan et. al. obtained an n-type
SnSe with a ZT up to 2.2 at 733 K'°. Another doped
system, Br-doped SnSe, was found to improve the ZT
up to 2.8 at 773 K!'1. In this study, we have system-
atically investigated the effect of the isoelectronic C
dopant on the electronic structure and thermoelectric
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of SnSe. We expected that the isoelectronic doping of
SnSe may cause a big modification of the electronic
structure near the Fermi level and enhance the elec-
trical and thermoelectric properties of this material.

MATERIALS AND METHODS

The first-principles density functional calculations
were performed using the Vienna Ab Initio Sim-
ulation Package (VASP) 12,
correlation potential, a generalized gradient approx-

For the exchange-

imation (GGA) was employed with Perdew, Burke,

and Ernzerhof (PBE) parametrization !>14

and pro-
jected augmented wave (PAW) basis sets 15 The cut-
offs for kinetic energy were chosen at 450 eV. To
consider the isoelectronic doping in SnSe, we re-
placed one Sn by C in the 1x2x2 supercell (con-
taining total 32 atoms) corresponding to stoichiom-
etry Snj_sSeCg with 6 = 0.0625 (or 6.25%). The
structure was then fully relaxed with the force crite-
ria being 0.001 eV/atom. The thermoelectric proper-
ties were calculated using BoltzTrap ' where the band
eigenvalues were interpolated to extract the velocities
based on the converged electronic structure. More
specifically, the interpolation was done on a k-grid
of 8x8x8 giving 128 k-points in the irreducible Bril-
louin zone wedge. The Seebeck coeflicient (or ther-
mopower), S, was expressed as:

S ([J,T) = - r
o eT 105 (u,T)

where ¢ and 3 denote x, y,z; i is the chemical poten-
tial, e is the electron charge; T is temperature, and the
L0 and L! tensors represent the transport distribution
function:
—d
Eiw (k) va (0) vgk (=252 (e (0) — )"

Where g(k) is the band eigenvalues, vy (k) =
19¢(K)

h Ky
relaxation time, and f(€) is the Fermi-Dirac distribu-

(a=ux,y,z) is the group velocity, (k) is the

tion function. Since 7 is not well known in general,
the Seebeck coeflicient is evaluated within a constant
relaxation time approximation, which reads:

Sop (W, T) =
T Va k) Vg (K) —9/(e) (e(k)—)
kPelTR J€

Eeva(bvp (k) (52 )

For the doping system, the Fermi level is shifted on top
of the valence band and the doping concentration is
taken into account by changing the chemical potential

u.
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RESULTS

At room temperature, SnSe crystallizes in a GeS-type
orthorhombic structure with space group Pnma(#62)
and undergoes a structural phase transition to a TII-
type rhombohedral structure with space group Cmem
(#63) at T = 807 K. The structure of SnSe is composed
of double layers separated by weak Van der Waals
bonding along the a-direction as shown in Figure 1(a).
Each Sn atom forms three covalent bonds with Se,
which is the same for the Se atom. In each layer, Sn
and Se form a buckling two-dimensional chain where
three bonds, one vertical and two equivalent horizon-
tal bonds, are denoted as (1) and (2). The experimen-
tal lattice parameters are a = 11.501 A, b=4445 A,
¢ = 4.153 A with bond lengths of 2.793 A and 2.744
A for the vertical and horizontal bonds, respectively,
indicating an anisotropic bond length!7. Our opti-
mized lattice constants were a = 11.778 A, b = 4.569
A and ¢ =4.216 A, which are overestimated with re-
spect of the experimental one by about 2.7%, 1.5% and
2.4%. The calculated Sn-Se bond lengths for the ver-
tical and horizontal bonds are 2.83 A (1) and 2.79 A
(2), which is about 1.2% and 1.6% bigger than in the
experiment. This overestimation of the lattice param-
eters and bond lengths is well-known in GGA approx-
imation '8,

Figure 1(b) and (c) compare the band structures of
pristine SnSe and C doped SnSe where the contribu-
tion of each orbital in the band is represented by dif-
ferent colors and sizes. We found that pristine SnSe
shows semiconductor behavior with an indirect band
gap of 0.61 eV. The valence band maximum (VBM) is
located at k= (0.00, 0.33, 0.00) along Y-I" direction in
a direct reciprocal lattice, while the conduction band
minimum (CBM) is at k= (0.00, 0.00, 0.33) along the
Z-T" direction. The direct band gap, or the optical
gap, is 0.87 eV which occurs at k= (0.00, 0.00, 0.33)
along the Z-T" direction. The magnitudes of both in-
direct and direct gaps are underestimated compared
to the experiment (where the indirect and direct band
gaps are 0.989 eV and 1.238 eV, respectively19), con-
sistent with the previous calculations?%?!. VBM is
contributed to mainly by the Se 4p, states, while the
main contributions of CBM are found in the Sn 5py,
5p; states 22 The Valence band maximum (VBM) and
Conduction band minimum (CBM) of the C doped
SnSe system does not change much due to the sim-
ilarity of the electronic character between C and Sn.
However, we found that C creates quite a flat localized
defect state in the band gap region while the valence
band does not change much. The Fermi level is shifted
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Figure 1: (@) One unit cell of SnSe in an orthorhombic structure; (b) the band structure of pristine SnSeina 1x2x2
supercell; (c) the band structure of C doped SnSe. The Fermi level is scaled at a zero energy level and the color circle
represents the contribution of orbitals; a bigger circle means more contribution by the orbital.
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Figure 2: The charge density difference between
doped and pristine SnSe calculated in the plane
containing the C-Se bond. The values of the charge
density difference are indicated by the colors given
in the color map.

above thelocalized state, resulting in the strong reduc-
tion of the band gap from 0.61 eV (in pristine SnSe)
to 0.42 eV in the doped system.

To understand the details of the electronic behavior of
C dopant, in Figure 2, we show the charge density dif-
ference between the doped system and pristine one.
We found that many charges concentrate near the C
atom with some extending toward the surrounding
Se atoms. We note that the electronegativity of C is
2.55, which is much larger than that of its substituted
atom Sn (1.8) and even bigger than that of anion Se

(2.4)3. Therefore, the C atom substituting into the Sn
site tends to gain more electrons from the surround-
ing atoms than Sn. Due to the smaller difference in
electronegativity between C and Se, the charge of C is
more extended toward the neighboring Se, indicating
that the bonding character of C-Se prefers a covalent
bond rather than ionic bond like in the pristine one.
In Figure 2, we compare the density of state (DOS) be-
tween two systems. It was found that the existence of
alocalized state in the band gap region in the C doped
SnSe system results in a very sharp DOS peak in the
band gap as shown in Figure 2(b). The sharp DOS
peak plays quite an important role in enhancing the
thermoelectric properties of the materials which we
will discuss in the next part.

Figure 4 presents the dependence of the Seebeck
coefficient at different temperatures calculated at
a fixed experimental hole carrier concentration of
6x10'7cm 3420, The Seebeck coefficient of both sys-
tems show a similar trend: it increases from a low
temperature and reaches the maximal value (S;,qy) at
a certain temperature (T4y), rapidly reducing after
Tinax due to the infamous bipolar transport mecha-
nism?. Our calculations for the Seebeck coefficient
of pristine SnSe in the current study are compara-
ble with previous studies®!*?2. Note that the Sy
of pristine SnSe is about 601.5 S/cm at Tj,qy = 525
K which is close to the previous experimental value
(about 600 S/cm at Tyugy = 625 K) >4, The difference in
the Tjqx of the pristine SnSe between our calculation
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Figure 3: Density of the states of (a) Pristine SnSe and (b) C doped SnSe. The existence of a localized state in the
band gap creates a sharp DOS peak in the C doped SnSe system.

Pristine SnSe

Cdoped SnSe

gy

m

300 400 500 600 700 800
Temperature (K)

Figure 4: Seebeck coefficient of both pristine SnSe
and C doped SnSe with the function temperature of
doped SnSe along the ¥, y, z direction. The dashed
lines indicate the Seebeck coefficient of C doped
SnSe.

(525 K) and the experiment (625 K) is attributed to
the underestimation of the band gap. We found that
the Spqx of C doped SnSe is up to 704.6 S/cm at Ty
=280 K, which is about 17.1% enhanced compared to
the pristine one.

DISCUSSION

In a previous study, Heremans et al. showed that the
ZT of PbTe is improved by doping TL. This improve-
ment in mostly comes from an increase in the See-
beck coeflicient (S), caused by additional Tl-induced
DOS peaks 25 On the other hand, Mahan and Sofo
predicted that a sharp increase in the DOS would im-
prove the thermoelectric efficiency by enhancing the
Seebeck coefficient?®?7. The existence of O dopant
in ZnSe modified the electronic properties near the
Fermi level, pushing up the peak density of the state,
and leading to the enhancement of the Seebeck coef-
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ficient in O-doped ZnSe?®. These behaviors can be
understood using the Mott formula given by28:

kST < 1 do (e))
S =
3q o(e) de e—er

where q is the carrier charge, kg is the Boltz-

mann constant, and T is the absolute temperature.
@(e)=D(e)f(e)y(e) with D(¢), f(€),y(€) are the den-
sities of the states, the Fermi distribution, and the
energy-dependent mobility, respectively. Note that
the derivatives are taken from the Fermi level of en-
ergy. The existence of peak DOS can enhance the
Seebeck coeflicient when a certain carrier concentra-
tion is introduced to the system. Therefore, when
the concentration of 6x10!'7cm 3 is doped in the C-
doped SnSe, it shifts the Fermi level down to the edge
of the density of the state peak which can result in a
sharp enhancement of the Seebeck coefficient. On the
other hand, a reduction of the maximal temperature
(Tynax) can be easily understood using the Goldsmid
— Sharp relation, where maximal temperature (Tpqy),
band gap (E,), and the maximal Seebeck coefficient
(Smax) are related through Eg = 2e|Spqx| Tmax 222>25.
From this relation, the difference in T}, between our
calculation (525 K) and the experiment (625 K) can
be attributed to the underestimation of the band gap.
The reduction of Ty, in C doped SnSe from 525 K
to 280 K can be expected due to the large reduction of
the band gap from 0.61 eV to 0.42 eV. In fact, the max-
imal temperature changes depending on the location
of localized state in the band gap. It is a well-known
problem that the GGA utilized in the current study
results in a substantial underestimation of the calcu-
lated band gap of SnSe. Therefore, the current max-
imal temperature can deviate from the experimental
one.
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CONCLUSION

In the current study, the influences of C dopant on the
electronic and thermoelectric properties of an SnSe
semiconductor are studied using the first principles
calculation and by solving the Boltzmann transport
equation. We show that the maximal Seebeck coeffi-
cient of C doped SnSe can be enhanced up to 17.1%
and that its maximal temperature is reduced from 525
K down to 280 K. These thermoelectric behaviors can
originate from the existence of a strong localized state
with a sharp DOS peak. This can be understood us-
ing the Mott equation and Goldsmid-Sharp relation.
Based on the results, the thermoelectric properties of
C-doped SnSe are expected to be enhanced toward a
lower temperature.

ABBREVIATIONS

DFT: Density functional theory

BTE: Boltzmann transport equation

GGA: Generalized gradient approximation
PAW: Projected augmented wave

ZT: Figure of Merit

PF: Power Factor

o: electrical conductivity

S: Seebeck coefficient

Kk: thermal conductivity
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