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ABSTRACT

We study the thermoelectric properties of tin selenide (SnSe) by using first-principles
calculations coupled with the Boltzmann transport theory. A recent experimental study
showed that SnSe gives an unprecedented thermoelectric figure of merit ZT of 2.6 +
0.3 in the high-temperature (> 750 K) phase, while ZT in the low-temperature phase (<
750 K) is much smaller than that of high-temperature phase. Here we explore the
possibility to increase ZT in the low-temperature regime by carrier doping. For this
purpose, we adopt a supercell approach to model the doped systems. We first examine
the validity of the conventional rigid-band approximation (RBA), and then calculate
thermoelectric properties of Ag or Bi doped SnSe as p- or n-type doped materials using
our supercell method. We found that both types of doping improve ZT and/or the
power factor of the low-temperature phase SnSe, but only after the adjustment of the

proper doping level is achieved.
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I. INTRODUCTION

Energy harvesting by using waste heat is one of the most important issues and design
of efficient thermoelectric materials optimized in low-middle temperature regime is
highly demanded.” The efficiency of thermoelectric materials is quantified by the

dimensionless figure of merit,

2
7T =227, (1)

KetK]

where S is the Seebeck coefficient (or the thermopower), o is the electrical conductivity,
k. is the electronic contribution to the thermal conductivity while x; is the lattice
contribution to the thermal conductivity, and 7 is the absolute temperature. Although it
is a challenging task to achieve high ZT value since S, ¢ and k. are strongly
interconnected, new strategies and materials have been proposed and devised over the

last decades.'™

One important issue has been to find or develop the materials that have high power
factor (PF) S%0. While the ZT characterize the energy conversion efficiency of the
material, the PF quantifies the actual electrical power produced by a given temperature
difference. It is also a key quantity to be enhanced, especially when we consider
recovering plenty of waste heat at low temperatures where not only the efficiency but
the actual electrical power produced is also important. The improvement of the PF is
often realized by band engineering with suitable doping to the materials.* Another
important strategy to improve the thermoelectric efficiency is to reduce the lattice
thermal conductivity x;, which can be modified in a relatively independent way without
affecting other quantities S, ¢ and .. The basic idea to reduce the x; has been
employing heavy-metal-based materials, such as Bi,Te; and PbTe, which indeed have
been the best thermoelectric materials working at low and middle temperatures until
now and give high ZT value close to 1. Further strategy is to increase phonon
scattering, by engineering nanostructures,” or making the phonon-glass-electron-crystal
(PGEC) materials, whose complex unit cells realize glasslike thermal transport and
crystal-like electron transport.6'10 However, these materials usually contains the
elements which are toxic and/or scarce and very expensive. Therefore there is a
significant demand to prepare alternative materials which are toxic elements free and
scarce elements free to actualize large-scale applications and commercial
deployment of the thermoelectric devices. One prospective direction is

11-14 15-18

developing  organic  semiconducors and molecular junctions as
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thermoelectric materials, although ZT of these organic materials are still small'’.
There are many expectations that organic thermoelectric materials will be further

developed.

On the other hand, recently, relatively light-element-based inorganic materials which
has rather simple crystal structures have been reported to give extraordinary high ZT
value.”’ The examples are cupper selenide (CuoSe)*"** and tin selenide (SnSe),>?
which found to have very interesting features which reduce the lattice thermal
conductivity x; significantly. Cupper selenide (Cu,Se) has the feature of the high
degree disorder of the Cu' ions which can move through the rigid face-centered cubic
lattice of Se at high temperatures. This results in a new concept, so-called
phonon-liquid-electron-crystal (PLEC), which greatly reduces the x. However this
diffusion of ions also causes severe degradation of the material,®® which pose a

problem to be solved for practical applications.

Tin selenide (SnSe), on the other hand, also showed to give remarkably high Z7 in a
relatively stable manner.”** Single crystal of SnSe has a layered orthorhombic crystal
structure which undergoes a phase transition at ~750-800K between its high
temperature higher symmetry (space group Cmcm) phase and its low temperature
> 28 and Zhao et al. showed that the
high-temperature Cmcm phase gave a ZT approximately 2.6 at 923 K along a particular

lower symmetry (space group Pnma) phase,

crystallograpfic direction.”> This Z7 comes from ultralow lattice thermal conductivity

x;, which stems from the strong anharmonicity of chemical bonds.

While the high-temperature Cmcm phase of single crystal SnSe was found to show
very high ZT, it was also reported that its low-temperature Pnma phase gives relatively
moderate or small ZT around 0.12 (at 300K) to 1.25 (at 750K). But for practical
waste-heat recovery in automotive exhausts, industrial plants and home heating, it is
desirable to have thermoelectric materials which operate efficiently at this low or
middle temperature range (300K - 750K). Therefore it is highly demanded to improve
ZT value of the low-temperature phase of SnSe. Since the Z7 value reported by Zhao et
al.” was for the undoped single crystal SnSe without any optimization of the carrier
concentration, there is much hope to enhance Z7 by doping. Very recently
experimental study which attempts to improve thermoelectric efficiency of

polycrystalline SnSe by doping have been conducted.”*
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In this study we perform theoretical investigations based on the first-principles band
structure calculations and the Boltzmann transport theory to elucidate how dopants
modify the band structure and thermoelectric property of the low-temperature phase of
single crystal SnSe. In recent years, a number of study have been performed using the
first principle band structure calculations coupled with the Boltzmann transport theory
to investigate thermoelectric properties of various kinds of bulk materials as well as
design of dopant,”*” The rigid band approximation (RBA), i.e., fixed band structure
and shifting chemical potential, is often adopted due to computational convenience.
And in fact, very recently Boltzmann transport calculation with RBA have been
applied to study the thermoelectric properties of SnSe and the doping effect on it, and
many useful information have been elucidated.*>' However validity of RBA is not
necessarily clear for a practical material design. Careful analysis by detailed first
principles calculations of the system including explicit dopant elements is desirable

before performing large scale material simulation by RBA.

To perform systematic analysis, we construct the supercells of SnSe and carry out the
thermoelectric property calculations for the large unitcells which explicitly contain the
dopant atoms. For the calculation of electrical conductivity o, Seebeck coefficient S
and electronic contribution to the thermal conductivity x, using Boltzmann transport
theory, we employ the method of the Fourier interpolation of the bands developed by
Madsen and Singh,* but in order to calculate the doped supercell we slightly modify
the method such that it does not use the space group symmetry of the unitcell. We
show our Boltzmann transport calculation successfully reproduce the experimental

1.2 We also check numerical

data of the single crystal SnSe reported by Zhao et a
accuracy of our band interpolation scheme where the space group symmetry is not
assumed. Then we calculate the Ag or Bi doped SnSe (1x3x3) supercell and (1x4x4)
supercell as p- or n-type doped materials, and show the RBA fails in this case and how
these doping affects the thermoelectric property of SnSe, predicting the Z7 and/or PF

will be improved if the proper doping level is achieved.

This paper is organized as follows. In section II, we explain our computational
approach to calculate thermoelectric property of the doped-SnSe systems using the
supercell method. In section III, first we present the results of the thermoelectric
property calculation for the undoped single crystal SnSe in its low temperature phase.
Then we show the results of the doping dependent thermoelectric properties obtained

using the RBA. Finally, we present the results of our supercell calculations, showing its
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effectiveness to study how the doping affects thermoelectric properties. In section IV

we summarize the results and remark on the future directions.
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II. COMPUTATIONAL APPROACH

In this section we summarize our computational approach to calculate thermoelectric
property of SnSe supercell. Within the linear response theory, the electric conductivity,
thermal conductivity, and Seebeck coefficient can be derived by the Onsager
coefficients. Based on the Boltzmann transport theory, the set of Onsager coefficients
is calculated by using the group velocity v and the relaxation time 7. To calculate group
velocities, we construct the analytic representation of band energies using the
algorithm developed by Madsen and Singh and implemented in BOLTZTRAP code.*
It is based on the smoothed Fourier interpolation of the band energies obtained by the
first-principles band structure calculation. In this study we aim to calculate
thermoelectric properties of the Bi or Ag doped-SnSe supercells, i.e., the size of the
unit cell is large and has only low-symmetry. Hence, we adopt SIESTA™
program package for the band calculation and pass the data to our in-house interface
code of BOLTZTRAP to interpolate the band structure. All of the band structure
calculations are performed by DFT with PBE functional® and a double zeta plus
polarized function (DZP) is used as basis set. In our in-house program, the

interpolation algorithm is slightly modified from the original one implemented in

BOLTZTRAP; we expand the band-energies as ZCi (Rm)SRm (k) , where R, isa

R

m

direct lattice vector and Sy (k)= exp[iR, -k], which does not include the symmetry

operators. Thus it can be applied to any low-symmetry unit cells. To check numerical
error caused by increasing system (band data) size, we compared the result of the
primitive cell and that of the supercell (without using symmetry), which consists of
more than nine primitive cells, for the same SnSe Pnma crystal, then we confirmed
sufficient numerical accuracy. We note that our interpolation scheme become difficult
when the band structure consist of many  band crossing. Then an alternative
approach will be required e.g., the method using the momentum matrix elements

<7~/)i,k ﬁ

scattered by several mechanisms like acoustic phonons, optical phonons,

l/)i,k).zg’33 4 The other key parameter is the relaxation time z. The electrons are

impurities,...etc, and the total relaxation time 7 obeys Matthiessens's rule
11,1 1
_:—+—+—+... (2)
T Tac Top Timp

23t s still

challenging task to derive each factor of relaxation time via first principles calculation.

While there are several methods to evaluate the relaxation time,
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In this study we adopt the following analytical model*®®°

(T, €) = Tper (T%f)r e (%)r 1/2. 3)
The model is derived by parabolic band** and is assuming that dominant relaxation
mechanism triggered by scattering with acoustic phonons (» = 0), which is observed
experimentally by Snyder et al.?* We set Tref = 40 fs, Tier= 300 K. u is the chemical
potential at Ti.r in the present study. We found the present simple analytical model
improved the agreement between calculated and experimental results largely
comparing with those of constant 7 approximation. Hence, we adopt this model for the
entire calculations.
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II1. RESULTS AND DISCUSSION
A. Thermoelectric properties of the undoped SnSe

First we show the results of the thermoelectric property calculations for the undoped

single crystal SnSe in its low-temperature Pnma phase.

The crystal structure is presented in Figure 1. Along the b-c plane, it has
two-atom-thick SnSe slabs, which are corrugated and creates a zig-zag accordion-like
projection along the b axis.®*® The slabs are connected with weak Sn-Se bonding
along the a direction. We performed geometry optimization by relaxing both of cell
size and atomic positions, and the obtained lattice constants are a=11.82 A, b=4.26 A
and c=4.59 A, respectively. They are in good agreement with the experimental data
(a=11.50 A, b=4.15 A and c=4.45 A).él’éz In Figure 2 we present the calculated band
structure. The band structure of SnSe is quite similar with that of SnS, which is
reported by Singh et al.*! There is a heavy-mass band below the Fermi level connecting
U and Z points, which is expected to give a high Seebeck coefficient. It is also
anticipated that the heavy-mass band oriented along the x-direction along U-Z
direction produces the low conductivity in the x-direction, which is indeed observed in
the experiment.” Since p-doped SnS was reported as a good thermoelectric material,”
it is expected that thermoelectric properties of SnSe can be improved by the same
doping technique. The calculated band gap is 0.44 eV, which is smaller than the
experimental value 0.86 eV reported by Zhao et al.,” due to use of PBE functional.
Since the correct bandgap is critical for the evaluation of thermoelectric properties, we
apply a scissor operator to rigidly shift the conduction bands such that the value of the

bandgap coincides with the experimental value 0.86 eV.

In Figure 3 we show the calculated results of o, S, the power factor (PF) S%a, the
electric thermal conductivity x, and the thermoelectric figure of merit Z7 of the Pnma
undoped SnSe crystal as functions of temperature. Note that we evaluated these
thermoelectric properties for each (a, b, and c) axial direction. We set the carrier (hole)
concentration of the system as 6x10'" cm™, which is the value obtained from the
experimental Hall measurements at 300 K.>> The carrier concentration is determined
by

n = [ D(e) ——————de, 4)

exp[(e—w)/kpT]+1



Physical Chemistry Chemical Physics

where 7 is the number of electrons in the unit cell, D (¢) is DOS, and kz is Boltzmann
constant. Here chemical potential u is a parameter to adjust . In order to calculate Z7T,
the lattice thermal conductivity x; is required. In this study, we estimated x; by taking
the difference between the experimental value of the total thermal conductivity, KtEoip,B
and the calculated «,, i.e., k;(T) = ng)ip (T) — k. (T).

All of our calculated properties in Fig. 3 are in reasonable agreement with the
experimental values in Ref. 23, which are also plotted in Fig. 3 with open circles (a
axis: red circle, b axis: green circle, ¢ axis: blue circle). We emphasize that our results
reproduce the anisotropy of ¢, PF and ZT (higher values along b axis and c axis, and
reduced value along a axis), and hence, we conclude that our computational approach

and introduced approximation are valid sufficiently for the present study. To figure out
2

contribution of the lattice thermal conductivity, we also calculated Z,T = SK—GT, which
e

is figure of merit omitting x; (the bottom of the left panel in Fig. 3). We find significant
difference between Z,T and ZT. This difference comes from the fact that x, is very
small compared to x; in this undoped-SnSe case. Furthermore, we observe that
Wiedemann-Franz (WF) law fails at higher temperatures in this system. WF law
predicts the approximated value of the electronic contribution to thermal conductivity
k"' is given by

kVF = LoT (5)
2 2

where the Lorenz number L = % (%B) = 2.44 x 10"8WQK2. Note that Eq. (5) is the
result of electron gas and usually only holds for simple metals. However, deviation
from WF law is wuseful index to design high ZT materials by means of
band-engineering. Hence we compare x, and . for the present SnSe system. We plot
it in the right middle panel of Fig. 3 for all of the three axial directions (a axis: gray
solid, b axis: orange dashed, c axis: black dotted) and find it deviates from the correct

value especially at higher temperatures, showing the violation of the WF law.
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B. Analysis of doping effect by rigid-band approximation

From now on, we analyze the doping effect on the thermoelectric properties of the
low-temperature phase SnSe. First we apply the rigid-band approximation (RBA).

In Figure 4, o, S, PF, ., and ZT at 300K and 450K of the doped SnSe calculated by the
RBA are plotted as a function of carrier concentration. Positive value of the carrier
concentration corresponds to the holes (p-type doping), and the negative corresponds
to the electrons (n-type doping). In the present study, we omitted change of x; by
doping, i.e., x; was fixed at the value used for the undoped SnSe. The doping often
reduces «;: thus the present x; will overestimate the exact value of doped system. In
addition, we employ the same relaxation time model (Eq. (3)) and consider only
scattering by acoustic phonons for all doping levels. This is somewhat crude
approximation. However, our main focus is to analyze the tendency of thermoelectric
properties upon carrier doping as well as effect of local chemical structure by different
doped chemical specie (i.e., validity of RBA). More rigorous derivation of x; and 7 is
out of the scope in the present study. Therefore we use the same relaxation time model
throughout this work.

In (e) and (f) of Fig. 4, it is seen anisotropic enhancements of PF occur by the dopings.
N-type doping gives the largest PF along the a-axis direction while p-type doping gives
the largest PF along the b-axis. This anisotropic enhancement of the PF is caused by
different response to the electrical conductivity ¢ by carrier doping, which are shown
in (a) and (b) of Fig. 4. The values of ke (Eq. (5)) are also plotted in (g) and (h). We
find x."" again deviates from the correct ., but it reproduces the overall tendency.
Enhancement of ZT value is also achieved by doping, particularly, when the carrier
concentration is around 5x10" ¢cm™ - 5x10* ¢cm™ for both p and n type doping. Note
that ZT reduces significantly by further increasing carrier concentration since x,
become further large (see (g) and (h)) and Seebeck coefficients S become very small
(see (c) and (d)). Thus control of the optimized doping level is crucial to improve ZT

and/or the PF, according to the above analysis based on the RBA.
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C. Doping of Bi and Ag via supercell model calculation

As described in the previous subsection, RBA is a simple and conventional approach

for rough design of material by doping. However, validity of RBA is not clear for SnSe.

Seebeck coefficient S is sensitive to the transport distribution function (TDF)**-,

which is defined as

caﬁ(s)=%;r(i,k)-va(i,k)-vﬁ(i,k)-6(8—8,-,k) ©)

where va(i,k)(oc:x, y,z) is the a-th component of the group velocity;

o€,
v (i , k) = 1 —* j.e., Seebeck coefficient is strongly dependent on the band structures
* h Ok

o

near the chemical potential. Since dopant sometimes makes new chemical/ionic
bonding and changes local electronic structures, careful assessment of error of RBA is
quite important to evaluate the thermoelectric properties correctly. To elucidate the
validity of RBA and suggest more practical material design by dopant, we introduce
the supercell model to represent the doped SnSe. Here we examine Bi and Ag as n and
p-type dopant respectively. We construct the supercell which consists of the (1x3x3)
and/or (1x4x4) primitive unit cell of SnSe, and replace one Sn atom with X (=Bi or
Ag). The composition of the former case is represented as Xg.028Sn9.972S¢e and the latter
is Xog.0165n9.984Se. These compositions correspond to the values of electron/hole
concentration 4.79x10% cm™ and 2.69x10*° ¢cm” respectively. According to the
calculated results by the RBA, these values should improve performance of PF and ZT,

though they are not the most optimized doping concentration.

The calculated band structures of Big ¢23Sng 972Se (green solid line) and Agp 028Sng972Se
(blue solid line) are shown in Fig. 5. In the figure the whole bands are rigidly shifted
along y-axis so that the chemical potential at 300K is located at zero for each system.
The band of the undoped SnSe (1x3x3) supercell is also plotted (red dashed line) for a
comparison. Note that in the present study the same scissor operator is applied to all
systems, i.e., the bands above the band gap are always shifted the same value that is
employed for the undoped SnSe. It also should be noted that Fig. 5 shows the
conduction bands consists of both parabolic bands and non-parabolic bands, but we
still rely on the relaxation time based on a parabolic band model Eq. (3).** %
Comparing green/bule solid line and red dashed line in Fig. 5, it is found considerable

changes of band structures take place in both doped SnSe from the undoped one.
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Especially the changes are significant around the CBM in the Big ¢23Sng972Se case and
around the VBM in the Agp¢23Sng972Se case, respectively. Since the band structures
close to CBM/VBM are critical to thermoelectric property as discussed above, we
conclude that the application of the RBA is not suitable for SnSe.

Calculated thermoelectric properties of BigsSnge72Se and AgosSngge72Se are
presented as a function of temperature in Fig. 6. Enhancement of PF along a axis is
found for Biy g25Sng 97,Se while PF along b axis is increased in Agp23Sng972Se over the
entire temperature region. However the degree of the enhancement is smaller than
calculated by RBA. Temperature dependence of «, is similar with that of PF. There are
deviations from WF law in both systems, in particular, WF law overestimates x, of Ag
doped system. As overall tendency, ZT of Ag doped system is larger than that of Bi
doped system; however, they are suppressed comparing with those obtained by the
RBA in both cases.

As described by the RBA calculations, ZT is potentially very sensitive to the amount of
carrier concentration. PF and ZT obtained by the explicit supercell calculations are
slightly smaller than those of the RBA results. In addition, we found the tendency that
the optimized carrier concentration for Z7 predicted by the RBA is overestimated.
Hence we examine the lower-doped SnSe systems, i.e., BiggisSngossSe and
Ago.0165n0.934Se. The resultant o, S, PF, «,, k""" and ZT values are given in Figure 7. As
shown in Figs. 6 and 7, reduction of doping rate does not affect the PF so much in the
Bi-doping case and enhance the PF along b axis in the Ag-doping case. On the other
hand, the x, are largely reduced in both cases. WF law reproduces the tendency of «.,
but there are non-negligible deviations especially along b axis in the Ag-doping case.
In total, higher ZT is achieved by reducing doping level from Xgg25Sng972Se to
Xo.016Sn9972S¢ as expected. Particularly, reducing Ag dopant rapidly improves ZT
along a axis and b axis with increasing temperature (~ 750 K). We anticipate that ZT

will be further enhanced by controlling the doping level.
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IV. CONCLUSIONS AND OULOOK

We applied first principles calculation coupled with Boltzmann transport theory to
study thermoelectric properties of low temperature phase SnSe. Design of high ZT by
doping was examined by both the rigid-band approximation and the supercell approach,
where Bi and Ag dopants were adopted as n and p type doping respectively. To apply
Boltzmann method to the low-symmetry crystal (and/or large super cell), we developed
the numerical method which does not use the space-group symmetry of the unit cell,
and showed that our approach successfully reproduces the experimental thermoelectric

property data reported by Zhao et al.”

We found the rigid band approximation is not
valid to evaluate ZT etc. for the doped SnSe systems. The results from the supercell
approach indicate the possibility of improving ZT and/or PF by doping, but precise
control of doping level is required. It is indicated that exceed of carrier concentration
reduces ZT rapidly. We also clarified how Wiedemann-Franz law is violated in this

SnSe system. We found Ag-doped SnSe gives higher ZT than that of Bi-doped SnSe.

It should be noted that more rigorous evaluation of the relaxation time 7 than Eq. (3) is
desirable for quantitative evaluation of ZT etc., which might be possible e.g., by
incorporation of first principles nonequilibrium Green's function theory into
Boltzmann method. In addition, relation of doping level and Ilattice thermal

64,65 -

conductivity x; as well as phonon-phonon scattering is the scope of the future study

for thermoelectric material design by first principles approach.
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Figurel. Crystal structure of the low-temperature Pnma phase of SnSe. The primitive
cell is shown as black line lattice. Gray larger balls are Sn atoms and green smaller
balls are Se atoms. The directions of three axes (a, b, and c) are also shown as red,

green and blue arrows, respectively. (Color online)
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Figure2. The calculated band structure of the low-temperature Pnma phase of SnSe.



Page 23 of 27

Physical Chemistry Chemical Physics

a axis
b axig swssesmenee |
ICaXlS (RRRNRRRRRNRNY]

450 600 750
Temperature [K]

a axis

450 600 750
Temperature [K]

1000 —
(@) aaxis
— 100 F b axis s=sssssssssss ]
T C axis N T
[ N T L L ST E O 1
é 10\@'@‘@@@@@éu 2400_
: 0)
° 1P%0000°  {Pgyg|
0.1 : : 200
300 450 600 750 300
. Temperature [K]
& 10 L0 aaxs — | 009 Hd)
X b axis =e=seeesees v.—x
Y'_E 8 T Caxig v = 006
g 61 e ug
= 4 ‘_‘,ﬂ.g,\\w-""“““i ::: 1= 0.03 |
L 2 L ase” 1 ¥
o = —
0 ' ' 0
300 450 600 750 300
Temperature [K]
50 — 3
" |(e) aaxis oe |(f)
40 bax!s suveuRRsRReh 7 L"é’
30 + Caxis 1 I
e 5 15
20 foe 1
10 05
0 0

300 450 600 750 300
Temperature [K]

Figure3. The calculated thermoelectric properties as a function of temperature for the
Pnma phase of the undoped SnSe crystal. (a) Electrical conductivity o. (b) Seebeck
coefficient S. (c) Power factor (PF) S%. (d) Electronic contribution to thermal

conductivity x.. The values predicted by Wiedemann-Franz (WF) law LoT are also
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Figure5. The calculated band structure of Big g25Sng 97,Se ((a), green solid line) and
Ago.028510.972Se ((b), blue solid line). The band of the undoped SnSe (1x3%3) supercell
(red dashed line) is also shown in both panels. All bands are plotted along the same
symmetry line used for plotting the band of the primitive cell (Fig. 2).
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Figure6. The calculated o, S, PF, k., and ZT as a function of temperature for
Bio.028Sng 972Se ((a), (¢), (e), (g), (1), respectively) and Agp ¢28Sng.972Se ((b), (d), (f), (h),
(j), respectively). Values along all three axial directions are plotted (a axis: red solid, b
axis: green dashed, ¢ axis: blue dotted). In (g) and (h) x." = LoT are also plotted (a

axis: gray solid, b axis: orange dashed, c axis: black dotted).
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Figure7. The calculated o, S, PF, k., and ZT as a function of temperature for
Bio016Sn9.984Se ((a), (¢), (e), (g), (1), respectively) and Agp¢16Sn9.984Se ((b), (d), (f), (h),
(j), respectively). Values along all three axial directions are plotted (a axis: red solid, b
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