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Valence band engineering and thermoelectric performance optimizing
in SnTe by Mn-alloying via zone-melting method

Jun He,”” Xiaojian Tan,” Jingtao Xu,"“ Guo-Qiang Liu,** Hezhu Shao,* Yajie Fu,” Xue Wang,” Zhu
Liu,* Jiagiang Xu,” Haochuan Jiang,* and Jun Jiang,**

Tin telluride (SnTe) has recently attracted lots of interest for its potential thermoelectric application as a lead-free rock-salt
analogue of PbTe. However, pristine SnTe samples have high hole concentration due to the presence of intrinsic Sn vacancies,
and shows low Seebeck coefficient and high electrical thermal conductivity, resulting in poor thermoelectric performance. In this
report, we show that zone-melted SnTe systems with additional Mn (1 - 7 mol %) can control the hole concentration by reducing
the Sn vacancies, and modulate the electronic band structure by increasing the band gap and decreasing the energy separation
between the light and heavy hole valence bands. Therefore, alloying with additional Mn enhances the contribution of the heavy
hole valence band and significantly improves the Seebeck coefficient in SnMn, Te with the highest value of ~ 270 uV K~'. A
record power factor of 31.9 uW cm~'K~2 has been obtained at 820 K. The maximum thermoelectric figure of merit ZT of ~

1.25 is found at 920 K in the high quality crystalline ingot of p-type SnMng o7 Te.

1 Introduction

Thermoelectric materials, which convert waste heat into use-
ful electrical energy, can lead to more efficient utilization of
traditional energies. !> This kind of materials needs a high di-
mensionless thermoelectric figure of merit defined as ZT =
0S%T/x, where o is electrical conductivity, S is the Seebeck
coefficient, x is thermal conductivity, and T is the absolute
temperature. The thermal conductivity contains two parts: the
electronic contribution x, and the lattice contribution kj,,. To
optimize thermoelectric performance, one should increase the
power factor $>c and/or reduce the lattice contribution to the
thermal conductivity. The reduction of the lattice thermal con-
ductivity kj, has been achieved through phonon scattering
by point defects, grain boundaries, and intrinsic anharmonic
phonons. % The approaches that can improve the power factor
include the manipulation of the density of states via band en-
gineering through the introduction of resonant impurity states
near the Fermi level®° or convergence of degenerate electron-
ic bands by alloying '*!1.

It has been found that lead telluride (PbTe) and its alloys
have the best thermoelectric performance in the middle tem-
perature range. Solid solution alloying with Mg, Mn increases
the band gap of PbTe and decreases the energy difference be-
tween the light (L point) and heavy (X point) valence bands so
the control of band convergence with respect to temperature
can be improved. '>'# Second phase nanostructuring with Pb-
S or SrTe has significantly enhanced the thermoelectric per-
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formance giving rise to a maximum Z7T value of ~ 2.3.15:16

However, the applications of PbTe-based alloys have been lim-
ited because of the environmental concern regarding Pb. Tin
telluride (SnTe), a lead-free compound whose crystalline and
band structures are similar to PbTe, has not received much
attention as a promising thermoelectric material until these
years. One reason is that the very high carrier concentra-
tion resulting from the intrinsic Sn vacancies leads to a low
Seebeck coefficient and a high electrical thermal conductivi-
ty &..'7"1% Another undesirable feature is that SnTe has a s-
maller band gap (about 0.18 eV at 300 K) and a larger energy
separation (0.35 eV at 300 K) between the light hole valence
band at L point and heavy hole valence band at ¥ point when
compared to PbTe (0.30 eV and 0.17 eV at 300 K, respective-
ly) 17-19

The prospect of alloying SnTe with other telluride such as
AgSbTe and AgBiTe; to enhance its thermoelectric perfor-
mance has been explored?*2!. Doping SnTe with In has been
reported to give rise to resonant states in the valence band and
cause a significant enhancement of the Seebeck coefficient,
which results in a ZT of ~ 1.1 at 873 K. Similar phenom-
ena has been reported in SnTe;_,Se,:In, where the reduction
of Kj4 has been achieved by Se doping.??> The compensation
effect by extra cations, such as Sn or Pb, has been reported
to have the significant effect of reducing the Sn vacancies and
effectively decreasing the hole carrier density, improving the
ZT by ~ 50%2>%*. The carrier concentration of SnTe has also
been tuned effectively via I doping to affect the thermoelectric
properties.?> Recent studies of Cd, Hg, Mg alloying in SnTe
have show that the band engineering, which can greatly en-
hances the Seebeck coefficient, is an efficient way to achieve
high ZT values of over 1.22326-28,

Mn has been alloyed with PbTe to modify the band struc-
ture which successfully enhanced the thermoelectric perfor-
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mance of the PbTe.!>!* Similar band engineering by Mn al-
loying is also expected in SnTe to increase the band gap and
decrease the energy difference between the light and heavy
valence bands, which will facilitate the convergence of the
valence band valleys, leading to an optimised thermoelectric
performance. In this paper, we report the effect of additional
Mn alloying on the electronic structure and the thermoelec-
tric performance of SnTe. The SnMn,Te alloys (x = 0, 0.01,
0.03, 0.05, 0.07) are synthesized by a zone-melting method. >*
Alloying with additional Mn suppresses the Sn vacancies and
reduces the hole concentration. Besides, Mn alloying tunes
the electronic band structure of SnTe by decreasing the ener-
gy difference between the light and heavy hole valence band-
s, leading to a significant enhancement of the Seebeck coef-
ficient. As a result, the p-type SnMng o7 Te sample shows a
maximum Z7T of ~ 1.25 at ~ 920 K. Our finding suggests that
SnTe-based materials have great potential for thermoelectric
power generation and deserve further investigations.

2 Experimental

Reagents. Tin (99.999+ %), tellurium (99.999+ %), and man-
ganese (99.99+ %) were used for synthesis without further pu-
rification.

Synthesis. The SnMn,Te (x =0, 0.01, 0.03, 0.05, and 0.07)
samples were synthesized by mixing appropriate ratios of high
purity starting materials Mn, Sn and Te in a sealed quartz am-
poule with an inner diameter 10 mm in a vacuum with pressure
below 1072 Pa). The ampoules were slowly heated to 1123 K
within 6 hours, and soaked at this temperature for 2 hours in
a rocking furnace to ensure the homogeneity of composition,
and then cooled to room temperature in the air. These samples
were grown in a zone-melting furnace at 1123 K with a speed
of 25 mm h~'. Only the middle parts of the zone-melting
samples were used for subsequent analysis.

Powder X-ray Diffraction. The phase compositions of
the prepared samples were determined by the powder X-ray
diffraction (XRD) analysis using the Cu K, radiation (A =
1.5406 A).

Electrical Transport. The electrical conductivity and See-
beck coefficient were measured by the thermoelectric mea-
surement system (ZEM-3 ULVAC, Japan) in a low-pressure
helium atmosphere from room temperature to 920 K. The typ-
ical sample shape used in the measurement is a bar of size ~
10x2x2 mm®.

Hall Measurement. The carrier concentration n and mobil-
ity i were calculated from the Hall coefficient (Ry) measured
using the physical properties measurement system (PPMS,
Quantum Design) in a magnetic field ranging from O to 5 T.

Thermal Conductivity. The thermal conductivity was cal-
culated from the values of the thermal diffusivity D, the den-
sity p and the specific heat C,, via the relation k = DpC,. D

was measured by a laser flash system (Netzsch, LFA-457, Ger-
many) on the plate of ¢ 10x2 mm?. During the measurements,
the samples were coated with a thin layer of graphite to min-
imize errors due to the emissivity of the materials. The heat
capacity can be obtained by C, = C 300 + Cp1 x ((T'/ 300)*
-1 /(T /300)* + Cpl/Cp7300)29, where C), 300 is the specific
heat capacity at 300 K. p of zone-melted SnMnxTe alloys was
determined using the Archimedes principle (as shown in Table
S1, Supporting Information).

Computational Details. The first-principles calculation-
s are performed using a plan-wave pseudopotential for-
mulation within the framework of the density functional
theory (DFT)3%32 as implemented in the VASP package.
The electron-ion interaction is modeled using the projector-
augmented wave (PAW) technique33*. The energy cutoff is
set as 500 eV. The exchange-correlation energy is expressed
the Perdew-Burke-Ernzerhof (PBE) form3’ with generalized
gradient approximation (GGA). The potentials for Sn, Te, and
Mn contain the 5s25p?, 5s25p*, and 3d4s? electrons as va-
lence electrons respectively. The doped SnTe is modeled by
a 3 x 3 x 3 supercell which contains 27 Sn atoms and 27
Te atoms. The Brillouin zone is sampled with 4 x 4 x 4
Monkhorst-Pack k& meshes. During the geometry optimiza-
tion, both the lattice constant and atomic positions are fully
relaxed until the force acting on all atoms becomes less than
0.02 eV/A. Since the Te atom is a heavy element, the effect of
spin-orbit (SO) coupling is included in our calculations.

3 Results and discussion
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Fig. 1 (Color online) (a) X-ray diffraction patterns of SnMn, Te
samples. (b) The lattice parameter as a function of Mn content. The
dashed line indicates the Vegard’s law for the solid solution of SnTe
and MnTe.

SnMn, Te (x = 0, 0.01, 0.03, 0.05, 0.07) samples were syn-
thesized by a zone-melting method and characterized by pow-
der X-ray diffraction. As shown in Fig. 1(a) the XRD patterns
could be indexed on the cubic SnTe structure (Fm3m space
group) with no other impurity phase up to the detection limit
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of powder XRD. The lattice parameter were calculated accord-
ing to the XRD patterns and shown in Fig. 1(b). The lattice
parameter decreases linearly with increasing the Mn amount,
which is consistent with the fact that MnTe has a smaller lat-
tice parameter (5.875 A) than SnTe (6.314 A)3°, and obeys the
Vegard’s law of solid solution.

8000 E
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/_\6000 - SnMnomTe e
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Fig. 2 (Color online) Electrical conductivity as a function of
temperature for SnMn, Te samples.

The temperature dependent electrical conductivity is shown
in Fig. 2. For all samples, the electrical conductivity decreases
with as temperature increases, which is the typical behavior of
degenerate semiconductors. The electrical conductivity (Fig.
2(a)) decreases with increasing Mn concentration . The room
temperature electrical conductivity decreases from ~ 7600 S
cm~! for pristine SnTe to ~ 2000 S cm~! for SnMng o7 Te.
The Hall coefficient Ry of all SnMn, Te (x = 0-0.07) samples
are positive at room temperature, so the hole carriers domi-
nate the electrical conduction. The room temperature carrier
concentration and Hall mobility are listed in Table 1. The car-
rier concentration increases when a small amount of Mn is
introduced at x = 0.01. The introduction of additional Mn re-
sults in decreasing carrier concentration, which suggests that
the Sn vacancies are reduced by additional Mn. The carrier
concentration of the SnMn, Te samples only decreases to 3.15
x 10?° cm~3. Additional Mn is much less efficient in reduc-
ing carrier concentration than Sn-self compensation (~ 2 X
1029 cm~3 for Snj ¢3Te) or additional Pb (2.16 x 1029 cm—3
for SnPby o4 Te). 23.24 According to previous reports, 9.22,23.27.28
SnTe-based materials show best thermoelectric performance
when the carrier concentration is lower than 2.5 x 10?2 cm 3.
To further decrease the carrier concentration, SnMng g9 Te was
grown by zone-melting, but shows very poor quality with lots
of pores, leading to unreliable data. The samples with higher
Mn concentration may be obtained by other synthesis method,
such as hot-pressing or spark plasma sintering.

Normally, the mobility changes in a way that is opposite
to the carrier concentration due to the electron-electron inter-
action. Therefore, an increase of the Hall mobility is expect-
ed, as the carrier concentration decreases with additional M-
n. However, the Mn alloyed samples show smaller mobilities
than pristine SnTe. This suggests that additional Mn atoms
induces very strong scattering of the carriers.

Table 1 The hole concentration n, Hall mobility i, and effective
mass m* of SnMn, Te samples.

sample n u m*
(100 ecm™3)  (em®> V7's™h)  (mp)
SnTe 5.76 82.9 1.24
SnMng o; Te 8.01 50.8 1.53
SnMn0_03Te 5.94 48.6 1.13
SnMng o5 Te 3.15 71.2 0.81
SnMnomTe 3.28 37.7 1.09

The temperature dependence of the Seebeck coefficient of
SnMn, Te samples are shown in Fig. 3(a). The positive values
of the Seebeeck coefficient are consistent with the Hall coeffi-
cient measurements. For all samples, the Seebeck coefficient
increases with temperature, and does not saturate until 920 K.
As the amount of Mn increases, the room temperature See-
beck coefficient first decreases from ~ 40 uV K~! for pristine
SnTe to ~ 35 uv K~ ! for SnMng o3 Te, and then increases
significantly to ~ 50 uV K~! for SnMng g7 Te. The Seebeck
coefficient at high temperature (820 K) increases with the Mn
amount from ~ 130 uV K~! for pristine SnTe to ~ 225 uV
K ! for SnMng ¢7Te. For SnMng ¢sTe and SnMng o7 Te, the
Seebeck coefficient increases linearly with temperature. For
SnMng o7 Te, the Seebeck coefficient at 920 K is ~ 270 uV
K~!, which is the highest value reported so far in the SnTe-
based alloys.

The effective mass is roughly estimated based on a single
band assumption, although for SnTe two valence bands con-
tribute to the conduction. The results are listed in Table 1.
It is noticeable that for SnMn o5Te and SnMn o7 Te whose
carrier concentration is around 3 x 1020 ¢cm3, the effective
mass does not decrease greatly and remains to be ~ 1.0 m,.
This result suggests that the heavy hole valence band may still
have great contribution at this carrier concentration. To clar-
ify this point, the room temperature Seebeck coefficients of
SnMn, Te samples are plotted versus carrier concentration in
Fig. 3(b). The previously reported experimental data of In
doped SnTe,? In doped SnTeq g55¢eq. 15,22 Cd doped SnTe, 2
Hg doped SnTe,?” Cd/In co-doped SnTe,?® Cu doped SnTe, '
Pb alloyed SnTe, 24 and the theoretical S vs n curve? are also
present for comparison. As shown in the Fig. 3(b), the See-
beck coefficients of In and Cd/Hg/Mg doped SnTe samples
are above the theoretical Pisarenko cure, showing great en-
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Fig. 3 (Color online) (a) The temperature dependence of the Seebeck coefficient of SnMn, Te samples. (b) Room temperature S vs n plot of
the present SnMn, Te samples. Previously reported S vs n data of undoped SnTe, 1, Cd doped SnTe,?? Hg doped SnTe,?’ In, Cd co-doped
SnTe, In doped SnTe.?, In doped SnTe( g5Sep | 5,22 Cu doped SnTe, 19 pp alloyed SnTe,2* and theoretical Pisarenko curve based on VBM

model? are also plotted in b for comparison.

hancement due to formation of resonant levels® and valence
band convergence?>2%?7, respectively. It is clearly observed
that SnMn, Te samples also have significantly larger Seebeck
coefficients than the theoretical prediction of Pisarenko curve.

Energy (eV)

Fig. 4 (Color online) Calculated band structures for SnpgTey7
(black line) and MnSnjsTe,7 (red line) with SO coupling. The
character weight of Mn-d electrons is represented by the size of the
red filled circles. The Fermi level is at O eV.

To understand the origin of the enhancement of the Seebeck
coefficient, we have performed DFT calculation of the elec-
tronic structure of pristine SnTe and Mn-doped SnTe. Pre-
vious reports have shown that the Sn vacancies (Vg,) have
negative formation energy regardless the growth condition. >’
Our experimental results show that the hole concentration of

SnMn, Te (x = 0 - 0.07) samples is still at the level of 3 x 10?°
cm™3. Therefore, it is reasonable to include some Sn vacancy
in the DFT calculation. For the case with both Sn vacancy and
doped Mn atoms, there are multiple Vg,-Mng, arrangements
which should be created in the supercell. We calculated V-
Mng,, defect pairs with the largest distance (7.846 A) in the
supercell.

As can be seen in Fig 4, the energy separation between the
light-hole valence band (at L-point) and the heavy-hole va-
lence band (near X-point) AE;_y (0.15 eV) is reduced relative
to that in pristine SnTe (0.25 eV). The reduction of AE;_y
indicates a degenerate multiple valence bands effect, leading
to enhanced Seebeck coefficient. Moreover, the band gap E,
of SnTe is enlarged from 0.04 to 0.15 eV with Mn doping.
In PbTe, the similar valence band engineering has been ex-
perimentally observed. !4 Recent theoretical study indicated
that the band tuning is due to the anti-bonding of Mn-d and
Te-p obitals. ' This kind of band gap enlargement could in-
crease the Seebeck coefficient and suppress the bipolar diffu-
sion, and these two aspects are both beneficial to the thermo-
electric properties.

The energy separation between the light and heavy hole va-
lence bands significantly decreases from 0.25 eV in pristine
samples to 0.15eV in 4 mol % Mn alloyed SnTe samples.
Thus, adding Mn in SnTe results in improvement of the va-
lence band degeneracy, which is expected to enhance the See-
beck coefficient due to contributions from both bands because
there is an asymmetric increase in the density of states near
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Page 4 of 7



Page 5 of 7

Journal of Materials Chemistry A

the Fermi level. Similar phenomena have been reported in
Cd/Hg/Mg doped SnTe?*26-27 and Cd/Mg/Mn doped PbTe. 13

L) L)
[ —=— SnTe
—— SnMnomTe
—4—SnMn, Te
—v— SnMn0 05Te

— SnMn0_07Te

(5]
NS

S}
=

S’c (uW/(cmK?))

300 400 500 600 700 800 900
T (K)

Fig. 5 (Color online) The temperature dependence of power factors
(S2 o) of SnMn, Te samples.

The power factor data of SnMn,Te (x = 0-0.07) samples
are plotted in Fig. 5 as a function of temperature. With the
increase of the Mn content, the power factor at room temper-
ature decreases from 11.7 uW cm~'K~? for pristine SnTe to
5.0 uW cm~ 'K~ for SnMny o7 Te, mainly due to the decrease
of the electrical conductivity. The high temperature values (at
820 K) increases in SnMng o Te due to the enhanced Seebeck
coefficient, but then decreases with x due to the decrease of
the electrical conductivity. The highest power factor obtained
in SnMng o Te is 31.9 uW cm~'K~2 at 820 K, which is in-
deed higher than those of the previously studied SnTe-based
alloys.?*

(a) ]0 T T T T Sn']LS T ] (b)35 -l T T T T sn"l'!e T
—e— SnMn_  Te
= sl —=4— SnMn, Te] § 3.0
R —v— SnMn, [ Te
E — SnMn0 Te é 25
i 6 | 07 i g
E = 20t
s
¥ 4 _\ 1 <15}
oL i 1.0F
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Fig. 6 (Color online) The temperature dependence of (a) total
thermal conductivity and (b) lattice thermal conductivity of

SnMn, Te samples.

The temperature dependences of total thermal conductivi-
ty and lattice thermal conductivity of SnMn,Te samples are
shown in Fig. 6. The room temperature thermal conductivity

decreases with x from 8.6 W m~!K~! for pristine SnTe to ~
4 W m~'K~! for SnMng o7Te. The lattice thermal conductiv-
ities are calculated by subtracting the electronic contribution
from the total thermal conductivities. The electronic contribu-
tion is computed using the Wiedemann-Franz law: k, = LoT,
where L is the Lorenz number. Here, the L value (Figure S2,
Supporting Information) is obtained from the well-established
approach of fitting the Seebeck data to the reduced chemical
potential. 340 As shown in Fig. 6(b), the lattice thermal con-
ductivity of Mn alloyed SnTe samples is suppressed compared
to pristine SnTe. But no definitive dependence between kj,,
and x can be observed. The optimization of total thermal con-
ductivity is mainly due to the control of electrical conductivity
(see Figure S3, Supporting Information). Similar phenomena
have been observed in Cd doped SnTe, Mg doped SnTe, and
Pb alloyed SnTe.?>2%2% The lowest lattice thermal conductiv-
ity at high temperatures (820 K to 920 K) is still within the
range of 1.0- 1.5 W m~ 'K~

1.2F

ZT

0.6

03F

0.0

300 400 500 600 700 800 900
T (K)

Fig. 7 (Color online) The temperature dependence of ZT's of
SnMn, Te samples.

The temperature dependent ZT values of the SnMn, Te (x =
0-0.07) samples are presented in Fig. 7. The ZT's at high tem-
peratures increases with the Mn amount. The highest ZT of
~ 1.25 is obtained in SnMng o7 Te at 920 K, due to the signif-
icantly enhanced Seebeck coefficient and the reduced thermal
conductivity. The highest ZT obtained in the present alloys
synthesized by the commercial zone-melting method is com-
parable to previously reported maximum Z7 of spark plasma
sintered Cd doped (~ 1.3 at 873 K), Hg doped (~ 1.35 at 910
K), In doped (~ 1.1 at 873 K), and Cd/In co-doped (~ 1.4
at 923 K) SnTe samples.>3?7-28 As the lattice thermal con-
ductivity is still over 1 W m~'K~!, the ZT may be further
improved by decreasing k., via nanostructuring 232”28 or al-
loying >2.
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4 Conclusions

The poor thermoelectric performance of pristine SnTe can be
improved by tuning the carrier concentration and modifying
the band structure. Mn alloyed samples SnMn, Te have larger
band gap and smaller energy separation between the light (L
point) and heavy (X point) valence bands than pristine SnTe.
Therefore, effective convergence of two valence bands gives
rise to significant enhancement of the Seebeck coefficient of
SnMn, Te (x = 0.05, 0.07). This type of band engineering is a
crucial finding of this work as it leads to a high figure of merit
in SnMny o7 Te (ZT ~ 1.25 at 920 K). The thermoelectric per-
formance of SnTe may be further improved through phonon
engineering by alloying or nanostructuring, so it may serve as
an efficient lead-free alternative to lead chalcogenides in high
temperature power generation applications in the near future.
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