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Using first-principles calculations combined with the Boltzmann transport theory, we explore the thermoelectric prop-
erties of natural superlattice (SL) structure SbyTe. The results show that n-type SbyTe possesses larger Seebeck coeffi-
cient of 249.59 (318.87) uV/K than p-type SbyTe of 219.85 (210.38) nV/K and low lattice thermal conductivity of 1.25
(0.21) W/mK along the in-plane (out-of-plane) direction at 300 K. The excellent electron transport performance is mainly
attributed to steeper density of state around the bottom of conduction band. The ultralow lattice thermal conductivity of
Sby Te is mainly caused by low phonon group velocity and strong anharmonicity. Further analysis shows that the decrease
of group velocity comes from flatter dispersion curves which are contributed by the Brillouin-zone folding. The strong
anharmonicity is mainly due to the presence of lone-pair electrons in SbyTe. Combining such a high Seebeck coefficient
with the low lattice thermal conductivity, maximum n-type thermoelectric figure of merit (Z7) of 1.46 and 1.38 could be
achieved along the in-plane and out-of-plane directions at room temperature, which is higher than the reported values of
SbyTes. The findings presented here provide insight into the transport property of Sb, Te and highlight potential applications

of thermoelectric materials at room temperature.

Keywords: thermoelectric, superlattice (SL), thermal conductivity, phonons

PACS: 84.60.Rb, 73.21.Cd, 65.40.-b, 63.20.—¢

1. Introduction

Thermoelectric (TE) materials can be used in solid-state
energy devices that convert waste heat into electricity or elec-
trical power directly into cooling or heating.!!?! They play an
increasingly important role in meeting the present energy chal-
lenge due to ubiquitous heat source and pollution free produc-
tion. Performance of thermoelectric devices is quantified by a
dimensionless figure of merit, ZT = S*6T / (k. + ki), which
is only related to characteristics of the thermoelectric material
and temperature. Here S denotes the Seebeck coefficient, &
is the electrical conductivity, T is the absolute temperature, k.
and ki are the thermal conductivities of electronic and lattice
(phononic) contributions, respectively. It is obvious that to ob-
tain a higher ZT value requires a higher Seebeck coefficient,
electrical conductivity and lower (electronic and phononic)
thermal conductivity. However, coefficients of electronic parts
(S, o and k) always contradict with each other, and it is dif-
ficult to increase the numerator and to decrease denominator
concurrently, for obtaining a high ZT. Such behavior greatly
limits the practical application of thermoelectric technology.
Therefore, it has been being a hot spot in the field of ther-
moelectricity to seek potential materials with high ZT or to
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improve the thermoelectric conversion efficiency of existing
materials.

To date, several strategies have been adopted to en-
hance the ZT values of TE materials, such as band struc-
ture engineering,!*! nanostructuring, ®! phonon-glass electron-
crystal,!  phonon-liquid electron-crystal model,!”] het-
erostructure formation!® and quantum confinement effects. !
In addition to these methods, designing superlattice (SL) struc-
tures is also used to improve efficiencies of thermoelectric en-
ergy conversion devices.!!'" This is because the lattice thermal
conductivity can be reduced while the good electron trans-
port performance can be maintained in SL structures./!!1?]
Capinski and colleagues!!>!% performed measurements with
GaAs/AlAs SLs of various repeat distances. At room temper-
ature, they found that the thermal conductivity of GaAs/AlAs
SL is three times to an order of magnitude less than that of bulk
GaAs, depending on the repeat distance. Lee et al.['! studied
a series of Si/Ge SLs and observed that the thermal conduc-
tivities of these samples are lower than those of SiGe alloys.
After that, experiment of Venkatasubramanian et al. showed
that the ZT value of the p-type/n-type SLs consisting of bulk
Bi,Tes and SbyTes could approach 2.4/1.5 at 300 K.[1617]
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Chong et al.'"8! noted that the lattice thermal conductivity of
eight GeTe/SbyTes superlattice-like (SLL) layer cycles was
less than 30% of that of single layer GeSbTe material. Re-
cently, Tong et al.!'! have studied the thermal conductivity of
chalcogenide material with an SLL structure, and they pointed
out that the thermal conductivity of SLL is lower than those
of conventional chalcogenide materials. Very recently, Long
et al.® investigated the phonon properties of phase-change
memory (PCM) with an SLL structure. They concluded that
the low phonon group velocity and the thermal resistance
at interfaces result in the low thermal conductivity of the
GeTe/Sby Te; SLL material. This helped researchers further to
understand the physical mechanism of thermal properties in
SL structures and to search high-performance TE materials.

Diantimony tellurium (Sb,Te) is one member in the
(Sby),-(SbyTes),, infinitely adaptive series, whose crystal
structure can be regarded as a natural SL in the c-axis
direction.!?!! This particular structure consists of two Sby bi-
layers (BLs) interleaved with single quintuple layers (QLs)
of SbyTes.[?122! In recent years, it was considered as a po-
tential candidate in phase-change memory (PCM) and has
been extensively investigated due to the fast crystallization
speed of SbyTe.[?3-26] Previous research mainly concentrated
on enhancing the thermal stability of PCM by doping in
Sb,Te.[?728] However, the study on TE transport for Sb,Te is
still quite scarce until now. Considering the natural advantages
of the previously mentioned SL structures, it is interesting and
necessary to investigate the thermoelectric transport properties
of Sb,Te, which would be of great significance to explore its
potential applications.

In this work, we systematically study the TE transport
performance of Sb,Te using first-principles calculations and
Boltzmann transport theory. The calculation results show that
the maximum value of ZT of Sb,Te is as high as 1.46 and 1.38
along the in-plane and out-of-plane directions for n-type dop-
ing at 300 K, indicating that such a natural SL material could
be a promising material for room temperature TE applications.
The rest of this paper is organized as follows. In Section 2,
we provide a brief description of the calculation method em-
ployed in this work. In Section 3, the results and discussion
of electronic, phononic and thermoelectric transport proper-
ties are present. Finally, the conclusions of this work are given
in Section 4.

2. Method

In this work, the projector augmented wave (PAW)
method based on density functional theory (DFT) as imple-
mented in the Vienna ab initio simulation package (VASP)
was utilized for all the first-principles calculations.?311 We
used the generalized gradient approximation (GGA) in the
Perdew—Burke—Ernzerhof (PBE) as the exchange—correlation

functional®?! and van der Waals (vdW) interactions were con-
sidered at the vdW-density functional (vdW-DF) level with
optB86b-vdW as the exchange functional.[*3] The cutoff en-
ergy of the plane wave was set as 600 eV and a 16 x 16 x 3
Monkhorst-Pack k-mesh was employed to sample the Bril-
louin zone (BZ). The atomic forces were calculated by min-
imizing the total forces until the energy convergence was less
than 107 eV, while the atomic positions were fully relaxed
with Hellman—-Feynman force 0.001 eV/A. In order to obtain
accurate electronic energy band structure, we adopted Heyd-
Scuseria—Ernzerhof (HSE06) screened hybrid functional to
calculate the electronic band structure of Sb,Te.*331 Once
we obtained the band structure, using the semi-classical Boltz-
mann transport theory and the rigid band model as imple-

1361 the electronic transport prop-

mented in BoltzTrap code,
erties could be calculated. Here, we utilized the deformation
potential (DP) theory, which is a common method in previ-
ous work, 371 to evaluate the electronic relaxation time (7).
Within the relaxation time approximation, the Seebeck coeffi-

cient and electrical conductivity can be written as3%42]

1 [0up(E)(E—Ep)f (T,E - Ep)dE

S(T,Erp) = — ey

eTv fGaﬁ (E)f/ (T,E —EF) dE ’
1
G(TaEF):_V 606[3 (E)f/(T’E_EF)dEv 2

where EF is relative to the band edge, e is elementary charge,
V is the volume of unit cell, f is the energy derivative of the
Fermi function at temperature 7', and g (E) is the energy-
dependent transport function defined as

Oop (E) =€ / Vo (k) vg (k)T (k) S[E—E (k)] d’k,  (3)

where E (k) is the band energy and v = VE /f is the group ve-
locity of carriers that can be directly derived from band struc-
tures, where 7 is the reduced Planck constant.

The phonon transport properties of Sb,Te were ob-
tained by solving the phonon Boltzmann transport equation
(PBTE), as implemented in the ShengBTE code with har-
monic second-order interatomic force constants (2° IFCs) and
anharmonic third-order IFCs (3" IFCs) as inputs.[*3] The 27
IFCs and phonon dispersion spectrum were calculated using
the Phonopy package,**! and a 3 x 3 x 1 supercell with a
3 x 3 x 2 k-mesh was adopted. The 3rd IFCs, reflecting the
properties for the phonon—phonon scattering, were calculated
using the same supercell with cutoff of interaction ranging up
to sixth nearest neighbors by using Thirdorder.py script.!*!
After testing the convergence of the lattice thermal conduc-
tivity with respect to the g-grid, a dense phonon g-grid of
16 x 16 x 4 was adopted for Sb,Te.

3. Results and discussion

SbyTe is stacked by Sb,Tes and Sb, in the ratio of 1:2
and the layer stacking sequence is —[(Te—Sb—Te—Sb—Te)—(Sb—
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Sb)—(Sb—-Sb)]-.[21:221 As illustrated in Fig. 1(a), SboTe (space
group P3m1, No. 164) is a hexagonal lattice structure and has 9
atoms in the unit cell. For convenience the hexagonal unit cell
with lattice parameters a and c is often used. The lattice con-
stants of SbyTe are a (b) = 4.366 A and ¢ = 17.830 A, which
are close approximation to previous results (¢ = 4.272 A and
c=17.633 A)_[21,22] As mentioned in the introduction, Sb,Te
can be regarded as a natural SL structure. The electronic band
structure and the corresponding density of states (DOS) of
Sb,Te are shown in Figs. 1(b) and 1(c). A local enlargement
of the conduction band minimum (CBM) and the valence band

maximum (VBM) is also drawn in the illustration in Fig. 1(b).
It can be seen that Sb,Te is a tinny band gap (0.013 eV) semi-
conductor, which is consistent with the previous work. 211 One
can notice that the DOS exhibits abrupt slope near the bottom
of conduction bands (CBs). Such a large slope will signifi-
cantly enhance Seebeck coefficient and electrical conductiv-
ity. Meanwhile, multiple conduction band valleys and valence
band peaks can be found near the Fermi energy level, which
is quite advantageous for the enhancement of ZT and will be

discussed in the following.

°
8 °q 1.0
%, %% "° S 05
So—9° L
Te—“’ b>5 0
Sb 5
(] o =]
: 0.5
so—e %]
W ~1.0
f =°°7°
P —Q _
a b 1.5M I

K ML HK GA

DOS

Fig. 1. (a) The crystal structure of Sb,Te, where Sb and Te atoms are plotted as blue and red spheres, respectively. (b) Electronic band structure
and (c) electronic density of states (DOS) of Sb,Te. The coordinates of the high-symmetry points in the Brillouin zone are M (0, 0.5, 0), I" (0,
0,0), K (—0.333, 0.667, 0), L (0.0, 0.5, 0.5), H (—0.333, 0.667, 0.5), K (—0.333, 0.667, 0), A (0, 0, 0.5).
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Fig. 2. Seebeck coefficients (absolute value |S]) of SbyTe as a function
of carrier concentration [(a) holes and (b) electrons] along the in-plane
(xx) and out-of-plane (zz) directions at 300 and 400 K.

Based on the band structure, the electron transport prop-
erties are studied by solving semi-classic Boltzmann transport
equation. The rigid band approximation is adopted to simulate

136] The hole and electron concentrations

the doping effects.
correspond to p- and n-type, respectively. Figures 2(a) and
2(b) show the Seebeck coefficients (S) as a function of carrier
concentration at different temperatures along the in-plane (xx)
and out-of-plane (zz) directions, respectively. Here, we mainly
focus on transport properties around room temperature, thus
we only show the relative coefficients at 300 K and 400 K for

comparison. According to the Mahan—Sofo theory, S for 3D

2/3
(e

where kg, h, n, and m* are the Boltzmann constant, Planck

materials can be written as

 8n%ksT
T 3el?

constant, carrier concentration and DOS effective mass around
the Fermi energy, respectively. Therefore, there is a competi-
tion relation between carrier concentration and effective mass.
For low carrier concentration, the Seebeck coefficients (abso-
lute value |S|) of SbyTe are affected by the bipolar effect in
narrow band gap semiconductors and increase with n; while
for higher carrier concentration, the calculated S of SbyTe is
inversely proportional to the n, which is in good agreement
with the Mahan-Sofo theory. Interestingly, with the increase
of temperature, the peak value of S decreases and moves to the
region of higher carrier concentration. Such a phenomenon is
mainly related to the excitation of a large number of electrons
at higher temperature. Meanwhile, it is also found that |S| for
n-type doping is higher than that of the p-type doping, which
is caused by steeper DOS around the bottom of CBs. At room
temperature, the maximum |S| in p-type doping (at 2.64 x 10'°
and 1.96 x 10" c¢cm~3 hole concentration) can reach 219.85
and 210.38 pV/K along the in-plane and out-of-plane direc-
tions, respectively. As for n-type doping (at 6.04 x 10'° and
6.91 x 10! ¢cm™3 electron concentrations), the largest See-
beck coefficients are 249.59 and 318.87 uV/K along the in-
plane and out-of-plane directions, respectively. Obviously, the
Seebeck coefficients of SbyTe are much larger than those of
SbyTes (87 and 72 uV/K along the in-plane direction for p-
and n-type doping.!*®!) at the same temperature. Such large
Seebeck coefficients of Sb,Te are induced by the multi-valleys
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converging effect,[*’! which is beneficial for its thermoelectric
applications.

Seebeck coefficient is independent of the electron relax-
ation time (7), while o is closely dependent on 7 of electrons.
The precise treatment of 7 depends on the process of detailed
scattering mechanism, which is usually very complex. Since
the wavelength of thermally activated carriers (electrons or
holes) at room temperature is much larger than the lattice con-
stant and is comparable to the wavelength of acoustic phonons,
it is widely believed that the scattering of carriers at low energy
is dominated by the electron-acoustic phonon coupling, which
can be effectively evaluated by the DP theory.?”*!1 Using this
method, the calculated electron relaxation time of many mate-
rials is in good agreement with the experimental data, indicat-

[48-50

ing its accuracy. | Based on effective mass approximation,

the carrier mobility u for 3D materials can be written in the

following form: 38!
2V2meh*Cp
op=— 7 5)
3 (ke T)*? m*S/2E2

with Csp = (9?E /9 8?)/V, bing the 3D elastic constant. Here,

E is the total energy, 0 is the applied strain along the trans-
port direction, and Vj is the cell volume at equilibrium. Ej =
0Ecqge /90 is the DP constant, with Eqg. being the energy of
the band edges (VBM for the holes and CBM for the elec-
trons). M* = h*[9?E(k)/dk*|"! is the effective mass along
transport direction, with k being the wave-vector magnitude in
momentum space. These three quantities can be easily ob-
tained from first-principles calculations. Figure 3(a) shows
the relationship between the energy change (AE = E5 — E o,
where E§ is the total energy under strain and Ej g is the origi-
nal total energy) and lattice dilation along the in-plane and out-
of-plane directions, and C3p is obtained by fitting the energy—
strain curve. Figures 3(b) and 3(c) describe the shift of both
band edges of VBM and CBM as a function of uniaxial strain,
where E is calculated from the slope of the fitting lines. Based
on the obtained Csp, Ej, and m*, the carrier mobility and the
relaxation time (T = um*/e) are calculated as listed in Table 1.
Carrier mobility and electron relaxation time show obvious
anisotropy due to the anisotropic SL structure of SbyTe, which
has a significant influence on its electronic properties.

T
gl(a = T i 6.6 -(bl) TT b 6.6 (c) zz 7
zZZ
R —— fit curve of zx = L 1 = L ]
> 6 fit curve of zz 1 2@ 6.5 :\>O/ 6.5
2 >
E 4l 1 % 6.4t {1 p6a4r 1
= o o
S s = CBM e = CBM
a4 o m 6.3 VBM 1 4 6.3 VBM h
I i —— fit curve of CBM fit curve of CBM
6.2 —— fit curve of VBM 1 6.2 fit curve of VBM E
0 1 1 s 1 1 1 1 1 1 1 1 1 1 1 1
0.990 1.000 1.010 0.990 1.000 1.010 0.990 1.000 1.010

1

£

€

Fig. 3. (a) The relationship between energy change AE and lattice dilation along the in-plane (xx) and out-of-plane (zz) directions. (b) and (c)
Band energy shifts of VBM and CBM under uniaxial strain along the lattice dilation direction.

Table 1. Deformation potential constants £}, 3D elastic modulus Csp, effective masses m*, and carrier mobility i based on Eq. (2) for in-plane

and out-of-plane directions at 300 K.

Carrier type E| (eV) Csp (eV/AY) m* (me) U (cm? V1571 T (s)
Electron (in-plane) -16.98 0.53 0.40 18.37 4.18 x 10714
Hole (in-plane) -16.71 o 0.19 122.04 1.32x 10713
Electron (out-of-plane) -9.88 0.20 0.70 5.17 2.06 x 10714
Hole (out-of-plane) -10.15 1.01 1.96 1.13x 1071

Figures 4(a) and 4(b) present the electrical conductivity
o of SbyTe as a function of carrier concentration along the
in-plane and out-of-plane directions at 300 and 400 K, respec-
tively. It can be seen that ¢ monotonously increases with the
increasing n in both p- and n-type SbyTe. According to the
formula ¢ = neut, we can realize that ¢ is proportional to car-
rier concentration which is contrary to the situation of S as
discussed above. Differences of ¢ along the in-plane and out-
of-plane directions can be understood from the carrier mobil-
ity as listed in Table 1. With the same carrier concentration,
a larger carrier mobility along the in-plane direction results
in o along the in-plane direction being much larger than that
along the out-of-plane direction. It is clearly shown that the

electrical conductivities of SbyTe at 300 and 400 K are com-
parable when n < 10%° cm—3. However, ¢ at 300 K increases
faster than that at 400 K when n > 10°° cm~3. This phe-
nomenon can be mainly attributed to the increased electron-
In ad-
dition, the electrical conductivity of n-type SbyTe is larger

phonon scattering with the increasing temperature.

than that of p-type one, which is similar to the case of S
and is also related to the DOS. The electronic thermal con-
ductivity k. was estimated by means of Wiedemann—Franz
law of x. = Lo T, where L is the Lorentz number.!! As the
same as the value in the previous work,>>=* here we adopt
L = 1’k2/3¢* = 2.44 x 1078 V2.K~2. One can note from
Figs. 4(c) and 4(d) that the k. and ¢ exhibit analogous curves.
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Moreover, the electronic thermal conductivity of Sb,Te is in-
sensitive to the variation of the temperature. At low carrier
concentration (n < 10 cm™?), k, is very small and almost
negligible. However, k. increases with increasing n and nega-
tively affects the ZT of Sb,Te at high carrier concentration.

3 ; ; ; ; 3
7 (a) — 300 K zx (b) :‘_\
£ —300 K 2z p-type n-type g
T2 - -400 K zz & 1 A 12 7
G 400 K zz c
N N
2 1} {112
S K‘,\_‘ S
0 e 0

102 1020 102 109 101  10% 1021 1022

Hole concentration (cm~3) Electron concentration (cm=2)

200 T T T r r T 200
(c) (d)

= 1 1 150 &
g 150 p-type n-type ° g
g <« —> <
> 100f 1t {100 =
E Z
£ 50 L 1} 150 =

0 lo=———x e " e ()

102 107 1020 101 10" 10 102! 1022

Hole concentration (cm~3) Electron concentration (cm~3)

Fig. 4. [(a), (b)] Electrical conductivity o and [(c), (d)] electronic ther-
mal conductivity k. of Sb,Te versus carrier concentration along the in-
plane (xx) and out-of-plane (zz) directions at 300 and 400 K.

5

Frequency (THz)

0

K ML HK I'A

pDOS

Fig. 5. (a) Calculated phonon dispersion along the high-symmetry
paths and (b) the total and partial phonon densities of states (pDOS)
for Sb, Te.

As phonons also play an important role in TE transport,
the thermal transport properties of Sb,Te are explored as well.
Figures 5(a) and 5(b) show the phonon dispersion curves, to-
tal and partial phonon density of states (pDOS) of SbyTe. No
negative phonon frequency was observed in Fig. 5(a), indicat-
ing the dynamic stability of SbyTe. There exist three acoustic
and twenty-four optical phonon branches corresponding to the
nine atoms in the primitive cell of SbyTe. The large masses
of Sb and Te atoms induce the phonon dispersion over a
smaller frequency scale, and the maximum phonon frequency
of SbyTe is 4.9 THz. Obviously, there is no phonon band gap
between and within the acoustic and optical branches, which
means that there is the strong coupling of the acoustic and op-
tical phonon modes. This phenomenon is due to the small
difference in atomic masses of the constituent atoms in Sb, Te,

which will lead to the low lattice thermal conductivity. The
pDOS contained in Fig. 5(b) illustrates the significant contri-
butions of Sb and Te atoms over the whole frequency range.
It is found that the vibrations of Te atomic are mainly on the
low frequency (lower than 3.1 THZ) phonon branches while
the vibrations of Sb atoms dominate on all the phonon modes.

The lattice thermal conductivity (ki) as a function of tem-
perature and g-grid are shown in Fig. 6(a). As plotted in the
inset, the phonon thermal conductivity of Sb,Te achieves good
convergence with the increased g-grid. It can be clearly seen
that ki, decreases with increasing temperature, which is a com-
mon behavior of 3D materials at medium temperatures.>>->7]
In addition, it is worth noting that ki, along the out-of-plane di-
rection is far smaller than that along the in-plane direction. At
room temperature, the lattice thermal conductivities are calcu-
lated to be 1.25 and 0.21 W/mK along the in-plane and out-of-
plane directions, respectively. Figures 6(b) and 6(c) show the
phonon dispersion curves and group velocities of Sb,Te along
I'-M and I'-A direction, respectively. The I'-M and I"'-A di-
rections in the Brillouin zone is equivalent to the in-plane and
out-of-plane directions, respectively. One can note that the
group velocity of Sb,Te along the out-of-plane direction is far
smaller than that along the in-plane direction, which is one of
the reasons for the lower ki, along the out-of-plane direction
than along the in-plane direction. The flatter curve of SbyTe
along the out-of-plane direction than along the in-plane direc-
tion is responsible for this result, because the group velocity is
calculated according to v (q) = d® (g)/dq, where ®(g) and ¢
are the phonon frequency and wave vector, respectively. The
averaged ki can be calculated by ki = (K + Ky + K22) /3.
Our result for SbyTe at 300 K is listed in Table 2, together
with available data of SbyTes for comparison.P8-0!1 Interest-
ingly, the averaged ki, of SbyTe is 0.9 W/mK, which is much
lower than that reported for bulk Sb,Tes, e.g., 4.1 W/mK. 159]
As mentioned earlier, Sb, Te can be regarded as a natural SL in
the c-axis direction, thus we take out-of-plane direction as an
example to further understand the ultralow ki of SbyTe. The
phonon dispersion curves and group velocities of SbyTes is
also depicted in Figs. 6(b) and 6(c) for comparison. Obvi-
ously, group velocities of SbyTe are lower than that of SbyTes
along the same direction. The significantly low group veloc-
ity could come from the increasing probability of the interface
scattering in the SL structure, which acts as the obstacles for

(62,631 Meanwhile, the flattening of

the transport of phonons.
the dispersion curves associated with Brillouin-zone folding
also has an effect on the low group velocity.[®*] The phonon
relaxation time is another vital parameter to determine lattice
thermal conductivity. As shown in the inset of Fig. 6(c), the
phonon relaxation time for SbyTe is between 0.1 and 100 ps.
Such low phonon relaxation time implies that there is strong

anharmonic phonon scattering. The Griineisen parameter (y)

128401-5
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can be used to analyze the anharmonic properties of material,
which can be calculated by

V dw(q)

where V is the volume. Figure 6(d) shows the Griineisen pa-

(6)

rameters of SbyTe and Sb,Tes; versus frequency. It is obvi-
ously seen that SbyTe possesses larger Griineisen parameter
(absolute value) than SbyTes. The mean values of Griineisen
parameters are 2.36 and 1.38 for Sb,Te and Sb,Tes along the
out-of-plane direction (1.77 for SbyTe along in-plane direc-
tion), respectively. The above analysis shows that the low xi.
along out-of-plane direction of Sb,Te is mainly caused by the
lower group velocity and the stronger anharmonicity.

Table 2. Averaged lattice thermal conductivity of Sb,Te and Sb, Tes.

Sb, Te (W/mK)
0.9

szTe3 (W/mK)
47181 5.0l01

4.1 [59] 5.2[60J

To reveal the anharmonicity of Sb,Te more clearly, we
perform further analysis on the reduced atomic potential en-
ergy of SbyTe and Sb,Te; with respect to displacement ra-
tio, and the results are shown in Fig. 7(a). In the unit cell
of each system, only one atom is moved away from the equi-
librium position (along the out-of-plane direction), while the
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other atoms remain unchanged. We use a cubic function to fit-
ting the reduced atomic potential energy. The absolute value of
fitted cubic term of SbyTe (73.95) is larger than that of Sby Tes
(9.11), which is similar to the Griineisen parameters and also
reveals the strong phonon anharmonicity in SbyTe. As is well-
known, the electron localization function (ELF) uses the lo-
cal influence information of Pauli repulsion to measure the
localization degree of electrons in a solid, thus an image of
lone-pair electrons can be directly given.[%! To further ana-
lyze the anharmonicity in Sb,Te, the ELF is given in Fig. 7(b).
It is found that there is electronic localization near the red
spherical-like region around the Sb atom in Sb; bilayers of
SbyTe, which is caused by the lone-pair electrons of the Sb
atom. In the Sb; bilayer, one Sb atom and three Sb atoms
form a triangular pyramid. The outermost electron configura-
tion of Sbis 5s25p>, in which three electrons form three groups
of Sb—Sb covalent bonds with electrons of other surrounding
Sb atoms and the other group of electrons become the lone-
pair in this arrangement. In general, for materials containing
lone-pair electrons, non-bonded electrons will interact with the
valence electrons of the adjacent neighboring atoms, causing
increased anharmonicity at limited temperature. 3! Therefore,
it can be concluded that the stronger phonon anharmonicity in
Sb,Te is mainly due to the presence of lone-pair electrons.

Sb2T€ Sb2T83

S

SbQTe

=

Frequency (THz)

* SboTe zx
SboTe zz
* szTe3 zz 7

H
@ 20}

10

— L 1 1
400 1 2 3 4 5

Frequency (THz)

Fig. 6. (a) Lattice thermal conductivity (xi,) of SbyTe along different directions as a function of temperature and g-grid (inset); (b) phonon
dispersion curves of SbpTe and Sb,Tes along the in-plane (I'-M) and out-of-plane (I"'—A) directions; (c) phonon group velocity and (d)
Griineisen parameter of SbyTe and SbyTes as a function of frequency along the in-plane (xx) and out-of-plane (zz) directions. The inset of in

(c) is the phonon relaxation times of Sb,Te.
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Fig. 7. (a) Potential energy change with respect to displacement of the
atom from the equilibrium position. Displacement ratio AZ is defined
as AZ = 1.0+ (Z—Zy)/Zy, where Z and Z represent the coordinates of
shift and equilibrium positions, respectively. (b) Electron localization
function (ELF) of SbyTe along the [100] direction within a 1 X2 x 1
supercell.

Based on the above results of electronic and phononic
transport properties, one can evaluate the figure of merit, i.e.,
ZT. The calculated ZT values of SbyTe for both p- and n-
types are shown in Fig. 8. The ZT of the n-type is larger than
that of the p-type, which mainly stems from the anisotropic
Seebeck coefficient and electric conductivity. The anisotropy
that varies with the carrier concentration mainly depends on
the complex competitive relationship between the transport
coefficients. For example, at 400 K, the maximum ZT of n-
type along the out-of-plane direction is larger than that along
the in-plane direction. However, at 300 K, the peak value of
ZT of n-type along the out-of-plane direction is smaller than
that along the in-plane direction. It can be found that from
Figs. 9(a) and 9(b) that both the power factor and total ther-
mal conductivity along in-plane direction are larger than those
along out-of-plane direction. According to the definition of
ZT, the former is directly proportional to ZT and the latter is
inversely proportional to ZT. The influence of anisotropy of
power factor is mainly greater than that of thermal conductiv-

ity at 300 K. When the temperature is greater than 300K, the
situation is just the opposite. As can be seen from Fig. 9(c),
with the increase of temperature, Z7 along the out-of-plane
direction will always be greater than that in the in-plane direc-
tion. Because of the high Seebeck coefficient and relatively
low ki, it is unsurprising to observe a quite promising value
of ZT. At 300 K, the peak values of the ZT curves along
the in-plane (out-of-plane) direction is about 0.60 (0.68) at a
hole concentration of 4.72 x 10'? (3.32 x 10') cm 3. Mean-
while, when the electron concentrations are 6.90 x 10!° and
1.19 x 10%° cm™3, respectively, maximal ZT values of 1.46
and 1.38 can be achieved in the in-plane and out-of-plane di-
rections. Even the electron relaxation time is reduced by half,
as plotted in Fig. S1 in the supplementary material, the ther-
moelectric figure of merit ZT of monolayer Sb,Te could still
approach 0.39 (with p-type doping) and 1.08 (with n-type dop-
ing) along in-plane direction. These values are much larger
than those of SbyTe; (0.13 along the in-plane direction and
0.23 along the out-of-plane direction) and even comparable to
those of BiyTes.[#0] Overall, our results indicate that Sb,Te is
a promising candidate for room-temperature TE materials.
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Fig. 8. Calculated figure of merit (ZT) of Sb,Te as a function of carrier
concentration [(a) holes and (b) electrons] along the in-plane (xx) and
out-of-plane directions (zz) at 300 and 400 K.
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Fig. 9. (a) Power factor (820), (b) thermal conductivity (k = Ke+ k) and (c) ZT as a function of electron concentration along the in-plane (xx)

and out-of-plane directions (zz) at different temperatures.

4. Conclusion

In summary, we have theoretically explored the elec-
tronic and phonon transport properties of Sb,Te based on
the first-principle calculations and Boltzmann transport the-
ory. The results show that SbyTe possesses high Seebeck co-
efficients and low lattice thermal conductivity at room tem-

perature. Since steeper DOS around CB, large Seebeck co-

efficients can approach 249.59 and 318.87 uV/K along the
in-plane and out-of-plane directions for n-type Sb,Te, respec-
tively. Additionally, the unique SL structure, small phonon
group velocity and strong anharmonicity of Sb,Te lead to an
ultralow lattice thermal conductivity of 1.25 (0.21) W/mK
along the in-plane (out-of-plane) direction at 300 K. Further

analysis shows that the small group velocity caused by the
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flatter phonon spectrum is mainly due to the increase in inter-

face scattering. The presence of lone pairs of electrons causes

the strong anharmonicity. The ZT values of n-type SbyTe
are as high as 1.46 and 1.38 at 300 K along the in-plane (at
6.90 x 10" cm~3 electronic concentrations) and out-of-plane

direction (at 1.19 x 10%° cm 3 electronic concentrations). Our

work reveals the thermoelectric intrinsic mechanism of Sb, Te,

which will highlight the theoretical guidance for researchers

who are interested in exploring new high-performance room

temperature TE materials.
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