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ABSTRACT

SnSe, a wide-bandgap semiconductor, has attracted significant attention from the thermoelectric (TE)
community due to its outstanding TE performance deriving from the ultralow thermal conductivity and
advantageous electronic structures. Here, we promoted the TE performance of n-type SnSe polycrystals
through bandgap engineering and vacancy compensation. We found that PbTe can significantly reduce
the wide bandgap of SnSe to reduce the impurity transition energy, largely enhancing the carrier con-
centration. Also, PbTe-induced crystal symmetry promotion increases the carrier mobility, preserving
large Seebeck coefficient. Consequently, a maximum ZT of ~1.4 at 793 K is obtained in Br doped SnSe—13%
PbTe. Furthermore, we found that extra Sn in n-type SnSe can compensate for the intrinsic Sn vacancies
and form electron donor-like metallic Sn nanophases. The Sn nanophases near the grain boundary could
also reduce the intergrain energy barrier which largely enhances the carrier mobility. As a result, a
maximum ZT value of ~1.7 at 793 K and an average ZT (ZTaye) of ~0.58 in 300—793 K are achieved in Br
doped SnpgSe—13%PbTe. Our findings provide a novel strategy to promote the TE performance in wide-
bandgap semiconductors.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

the electrical performance and decrease thermal conductivity due
to the intricate interrelationship between these TE parameters [5].

Thermoelectric (TE) technology, which achieves direct conver-
sion between thermal energy and electric energy, is a potential
environmentally friendly technology of power generation and
refrigeration [1,2]. The property of TE material is determined by the
dimensionless figure of merit ZT = S2¢T/(Kjat + Kele ) Where Sis the
Seebeck coefficient, ¢ is the electrical conductivity, T is the tem-
perature in Kelvin, ki is the lattice thermal conductivity and ke is
the electron thermal conductivity, respectively [3,4]. Understand-
ably, researchers pursue higher power factor (PF = S2¢) and lower
total thermal conductivity (ktot = Kja¢ + Kele) to optimize the TE
performance. However, it is challenging to simultaneously improve
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After decades of efforts, several effective strategies have emerged to
enhance the TE performance, including band structure engineering
[6—9], all-scale hierarchical architectures [10—13], and exploiting
materials with intrinsically low thermal conductivity [14—20].
Notably, these strategies are developed on the basis of the opti-
mized carrier concentration of 10'°-102° cm~>. In the past decades,
PbQ (Q = Te, Se, S) and BiyTes, known as typical narrow-bandgap
semiconductors, are extensively investigated and great progress
has been made [21] because their carrier concentrations can be
easily tuned to the desired range by applying several efficient
donor- or accepter-like dopants. However, wide-bandgap semi-
conductors, which could be more promising than narrow-bandgap
semiconductors as wide-temperature TE materials [22], have long
been underestimated due to the unsatisfying dopants and carrier
concentration. For example, the electron concentration of 0.18% Br
doped PbSe polycrystal is ~3 x 10"%cm 3, while the electron con-
centration is only 1.3 x 10°cm~2 in 12% Br doped SnSe [23,24].
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Here, we present effective strategies to increase the doping effi-
ciency in n-type SnSe by bandgap engineering and intrinsic va-
cancy compensation.

SnSe is a wide-bandgap semiconductor with an intrinsically low
thermal conductivity due to its strong anharmonic and anisotropic
bonding [25,26]. The ultralow thermal conductivity and unique
band structure enable excellent TE performance in both p-type and
n-type SnSe crystals [27—30]. For p-type SnSe crystal, the carrier
concentration of SnSe crystal increased from ~3 x 107 cm~3 to
~4 x 10" cm~ by Na doping, successfully pushing the Fermi level
downward the multiple valance bands and thus activating the
multiple-bands transport. For n-type SnSe crystal, Br doping con-
verts SnSe crystal to n-type with a high carrier concentration of
1.2 x 10" cm~3. The overlapping interlayer charge density facili-
tates electron transport through the interlayers and enables high
out-of-plane charge transport. Although SnSe crystal reveals
excellent TE performance, its poor mechanical properties limit
large-scale commercial applications, which motivates us to opti-
mize the TE performance of SnSe polycrystals. In recent years,
several high-performance SnSe polycrystals have been reported
[31—38]. Nonetheless, the electrical properties of n-type SnSe
polycrystals are still unsatisfactory with low carrier concentration
or low carrier mobility. A higher ZT could be expected if the carrier
concentration and carrier mobility could be further increased.

The carrier concentration in doped semiconductors is mainly
determined by the state of dopants, n = gqe 5/%T, where gq is the
degeneracy factor, Er is the formation energy of dopants [39]. It is
evident that low formation energy is critical for higher doping ef-
ficiency. Specifically, Na and Br are impurities with relatively low
formation energy [39]. The other factor that influences the doping
effect is the transition energy level which also determines the role
of dopant as a donor or an acceptor. Transition energy presents the
energy of transferring an electron between the impurity center and
the valence or conduction band. Generally, the dopant transition
energy level tends to donate electrons to conduction band mini-
mum (CBM) rather than to accept electrons from valence band
maximum (VBM) if it is close to the CBM, oppositely, it tends to
accept electrons from VBM rather than donate electrons to CBM if it
is close to VBM [40]. If the impurity state is deeply inside the
bandgap, high energy is needed to activate the charge carriers to
VBM or CBM, that is to say, impurities with high transition energy
levels tend to form electron traps and inhibit the formation of free
carriers. Therefore, the effective dopant should possess low for-
mation energy and low transition energy level simultaneously. Na
meets the requirements and presents high doping efficiency in p-
type SnSe [41], however, Br has much higher transition energy
according to our DFT calculations, partly contribute to the low
doping efficiency in n-type SnSe.

In this work, we applied PbTe alloying to reduce the transition
energy level of Br in SnSe (SnSe mentioned below refers to 3% Br-
doped SnSe polycrystals). PbTe successfully reduced the wide
bandgap of SnSe, which shallows the impurity level and thus re-
sults in enhanced carrier concentration. The bandgap is reduced
from 0.84 eV in SnSe to 0.74 eV in Sn0_35Pb0.15Seo,85Te0,15Br0,03
(labeled as SnSe+15%PbTe). As a result, the carrier concentration
increased from 1.83 x 10%cm™3 to 1.36 x 10" cm~3. Meanwhile,
the carrier mobility and Seebeck coefficient obtain a moderate in-
crease due to the modified crystal symmetry and valence bands
energy offset. The synergistic effects lead to a maximum ZT of 1.4 at
793 K in SnSe—13%PbTe with 1.0 x 10" cm—. Furthermore, we
found extra Sn can also optimize the carrier concentration signifi-
cantly. The intrinsic Sn vacancies in n-type SnSe act as electron
traps reducing the free electron concentration. Extra Sn compen-
sates the vacancies by increasing the Sn vacancy formation energy
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and also forms the metallic Sn nanophases which could donate
electrons to SnSe matrix. Consequently, the highest carrier con-
centration at room temperature of 1.38 x 10! cm™? is obtained in
SnqpgSe—13%PbTe. Furthermore, the Sn nanophases at the grain
boundary could reduce the intergrain energy barrier, largely
increasing the carrier mobility [42]. The room temperature carrier
mobility increases from 0.6 cm?V~'s~! in SnSe to 4.2 cm?V~'s~!in
Snq pgSe—13%PbTe. Combined with the low thermal conductivity,
the maximum ZT (ZTynax) reaches ~1.7 at 793 K with an average ZT
(ZT4e) of ~0.58 in 300—793 K. These findings provide a novel
strategy to promote the TE performance in wide-bandgap
semiconductors.

2. Results and discussions

SnSe belongs to space group Pnma with a layered structure at
room temperature. With the rising temperature, a continuous
phase transition appears which results in the space group of SnSe
transforming from Pnma to Cmcm [43,44]. The powder XRD pat-
terns of SnSe-x%PbTe and Sny.ySe-13%PbTe samples are shown in
Fig. 1. The ultrahigh peak intensity at 31° corresponds to the (400)
plane, revealing the highly textured structure in all samples, which
is proven by SEM in Figure S1. The XRD peaks shift to low angles
with increasing PbTe amount, indicating that PbTe alloyed with
SnSe. In contrast, the XRD peaks nearly unchanged with increasing
extra Sn amount, indicating that extra Sn may form second phases.
Fig. 1c—d shows the calculated lattice parameters of SnSe-x%PbTe
and Sni;ySe-13%PbTe samples, which are in accordance with the
XRD peak changes.

Fig. 2 shows the electrical transport properties of SnSe-x%PbTe
and Snq,ySe-13%PbTe samples (unless otherwise noted, all the
thermal and electrical properties are measured along with the di-
rection parallel to the SPS pressing (P) direction in this work [28].
The TE performance along two directions can be found in SI,
Figure S2). After two-step optimizations, the electrical conductivity
of Br-doped SnSe polycrystals improved obviously in the whole
temperature region of 300—793 K, as shown in Fig. 2a. A high
electrical conductivity of ~52 S cm~! is achieved at 793 K in
SnSe—13%PbTe. The electrical conductivity further increases to
~60 S cm~! at 793 K with 8% Sn.

The electrical conductivity enhancement results from the syn-
ergistic optimization of carrier mobility and carrier concentration,
as shown in Fig. 2b. After PbTe alloying, the room-temperature
carrier concentration increases from 1.83 x 10'® cm~3 in SnSe to
1.36 x 10" cm~3 in SnSe—15%PbTe with a moderate improvement
of the carrier mobility, which derives from the narrowed-bandgap
and the optimization of crystal symmetry after PbTe alloying
[43,45]. The decreased carrier mobility in SnSe—5%PbTe could be
caused by the extra electron scattering due to additional point
defects. However, as the fraction of PbTe rises, the effect of crystal
symmetry promotion by PbTe alloying gradually outweighs its
negative effect of point defect on carrier mobility, as shown in
Fig. 2c.

Both the carrier concentration and carrier mobility increase af-
ter introducing extra Sn. The room temperature carrier concen-
tration increases from 9.91 x 10" cm™3 in SnSe—13%PbTe to
138 x 10" cm~3 in SnyggSe—13%PbTe. The room temperature
carrier mobility is enhanced to 4.16 cm?V~!s~! in SnjggSe—13%
PbTe. To reconfirm the carrier mobility promotion, we carried out
the weighted mobility evaluation as a function of temperature, as
shown in Fig. 2d. The largely enhanced weighted mobility indicates
the synergistic optimization of carrier mobility and effective mass
inconsistent with the measured high hall carrier mobility and large
effective mass, which will be discussed below [46].

The enhanced carrier concentration is mainly realized by
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Fig. 1. Powder XRD patterns for (a) SnSe-x%PbTe (x = 0.05—0.15) and (b) Sn;.,Se-13%PbTe (y = 0.02—0.1); and the calculated lattice parameter of (c) SnSe-x%PbTe and (d) Sny.,Se-

13%PbTe.

reducing the impurity transition energy. Generally, the impurity
transition energy in narrow-bandgap semiconductors is low
because the upper limit of dopants’ transition energy is the
bandgap value, for example, the bandgap of PbTe is only 0.3 eV.
However, the bandgap of SnSe is 0.86 eV. The wide bandgap makes
impurities with high transition energy possible. In bare SnSe, the
transition energy of Se vacancy is 0.76 eV [39], much higher than
3kgT (0.075 eV at room temperature), indicating that Se vacancy is
not an effective electron donor in SnSe. To investigate the transition
energy of Br doped SnSe, we carried out DFT calculations. Table S1
shows the transition energy of n-type doping. It is found that Sn;,
Snse, Brse has the transition energy of 0.354 eV, 0.216 eV and
0.131 eV, respectively. Br dopant possesses the lowest transition
energy, however, its transition energy is still larger than that of Na,
which is only 0.054 eV. Previous work reveals that the impurity
transition level shifts in accordance with the bandgap in alloys
[47,48]. Namely, the impurity transition energy increases/decreases
with enlarged/narrowed bandgap, providing a powerful tool to
tune the impurity transition energy. Here, we expected the
bandgap will be reduced through the solid solution of SnSe—PbTe.
Indeed, The UV—Vis spectroscopy reveals that the bandgap of Br-
doped SnSe decreases as the fraction of PbTe from 0.84 eV to
0.74 eV in SnSe—15%PbTe, as shown in Fig. 3a. The reduced bandgap
could shallow the impurity transition energy level, facilitating the
activation of electrons into the conduction bands, as shown in
Fig. 3b [44]. Meanwhile, as shown in our previous work, carrier
mobility is related to crystal symmetry [44]. Increased crystal
symmetry weakens the electron-phonon coupling and

compensates for the detrimental effect of the solid solution scat-
tering on carrier mobility. Here it is the high symmetric cubic
structure of PbTe that contributes to the moderately increased
carrier mobility.

To investigate the effect of extra Sn in n-type SnSe, the formation
energy of different defects in SnSe is calculated, as shown in
Fig. 4a—b. Due to the intrinsic Sn vacancies, pristine SnSe possesses
a p-type transport feature. While the SnSe becomes an n-type
semiconductor due to the donor impurity, Sn vacancies in n-type
SnSe act as electron traps which reduce the electron concentration.
After introducing extra Sn, the formation energy of Sn vacancy
increases which indicates that the Sn vacancy amount is reduced in
Sn-rich SnSe. As the fraction of extra Sn increases, extra Sn can even
form Sn nanophases, as shown in Fig. 4c. Because the work function
of Sn is ~4.4 eV and the electron affinity of SnSe is ~4.7eV [49],
metallic Sn nanophases are able to inject electrons into the con-
duction band of SnSe and increase the carrier concentration.
Furthermore, the Sn nanophase located near the crystal boundary,
which is directly observed by SEM, could reduce the intergrain
energy barrier to further enhance carrier mobility [42]. As a result,
the carrier mobility and carrier concentration obtain a remarkable
improvement with extra Sn.

To demonstrate the presence of extra Sn in n-type SnSe and its
distribution, the SEM image and SEM-EDS elemental mapping of
SniosSe—13%PbTe are shown in Fig. 5. The gray dotted line marks
the grain boundary of n-type SnSe polycrystals and several second
nanophases are mainly dispersed around the grain boundary, as
shown in Fig. 5a. Combined with the SEM-EDS elemental mapping
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of respective elements, Fig. 5b—f, it is evident that extra Sn in n-
type SnSe forms as Sn second phase near the grain boundary.

The Seebeck coefficients of PbTe-alloyed SnSe and Sn-
compensated SnSe are shown in Fig. 6a—b. Generally, the Seebeck
coefficient could decrease with increasing carrier concentration
according to the single parabolic band model (SPB), while no sig-
nificant Seebeck reduction is observed with increasing PbTe/Sn
amount. To get an insight into the abnormal Seebeck coefficient

1.2

behavior, the room-temperature Pisarenko relationship has been
illustrated in Fig. 6¢. It is evident that the calculated SPB model with
0.56m, lies below the measured Seebeck coefficients of SnSe-x%
PbTe, indicating that a more complex band structure may partici-
pate in the electron transport. According to our previous work [44],
we attribute it to the Pb-induced conduction band convergence, as
shown in Fig. 3b. Therefore, benefitting from enhanced electrical
conductivity and relatively high Seebeck coefficient, the power
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factor in a broad temperature range is significantly enhanced, and a
remarkable peak power factor of ~8.3 uWcm™'K~2 is achieved at
793 K in SnSe10s-13%PbTe, which is superior to other n-type SnSe
polycrystals [31,35,36,50].

Fig. 7a—c shows the lattice thermal conductivity (k;,;) of SnSe-x
%PbTe and Sn-compensated SnjySe-13%PbTe (The total thermal
conductivity, Lorenz number, specific heat, electronic thermal
conductivity and sample density can be found in Figure S3-S5 and
Table S2). For SnSe-x%PbTe, the room-temperature k;;decreases
with the increasing fraction of PbTe when the fraction is lower than
11% from ~0.6 Wm 'K~ in SnSe to 0.4 Wm™'K~! in SnSe—11%PbTe.
This decreasing trend of k), originated from strain and mass field
fluctuations by PbTe alloying [43,44]. However, «;,; begins to in-
crease when PbTe excesses the solubility in SnSe and is even higher
than SnSe in the high-temperature region. The upturned thermal
conductivity in the high-temperature region is not caused by the
bipolar effect. Even though the bandgap is narrowed by PbTe
alloying, the narrowed bandgap such as ~0.74 eV is still wide.

Furthermore, the temperature-dependent Seebeck coefficient for
SnSe-x%PbTe and Snj,ySe-13%PbTe are similar to the Br-doped
SnSe, as shown in Fig. 6a—b, indicating no thermal activation of
the minority carriers happens. Instead, the upturned high-
temperature lattice thermal conductivities could be caused by the
combined effect of PbTe second phase (when PbTe excesses the
solubility in SnSe) and the phase transition of SnSe from the space
group Pnma to Cmcm. Although the thermal conductivity of SnSe-x
%PbTe appears mild increases in the high-temperature region
compared with SnSe, a relatively high ZT value of ~1.4 at 793 K and
ZT,ye of ~0.46 in 300—793 K is achieved in SnSe—13%PbTe due to its
enhanced power factor. For Sn-compensated SnSe, k, in the mid-
dle and high-temperature region largely decreases with extra Sn,
from 0.39 Wm~'K! in SnSe—13%PbTe to 0.31 Wm 'K™! in
Snq1Se—13%PbTe at 793 K. This decrease results from the formation
of Sn nanophases which may have a strong phonon scattering effect
to reduce the «j,, especially in the middle and high-temperature
region. Finally, the combination of improved PF and considerably
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Fig. 5. (a) SEM images and (b—f) the corresponding EDS mappings of Sn,
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reduced «j, results in a high ZTj,.x of ~1.7 at 793 K and a ZT,e of
~0.58 in 300—793 K in SnqogSe—13%PbTe, as shown in Fig. 7d.

3. Conclusions

In this work, the TE performance of n-type SnSe polycrystals is
successfully optimized via bandgap engineering and vacancy
compensation. Utilizing PbTe alloying, the bandgap of Br-doped
SnSe is reduced, which shallows the impurity energy level and
increases the carrier concentration from 1.8 x 10® cm™ to
1.36 x 10" cm 3. Meanwhile, the carrier mobility mildly increases
due to the optimization of crystal symmetry. And the band
convergence between two conduction bands with PbTe alloying
also enhances the Seebeck coefficient. As a result, a maximum
ZT = 1.4 at 793 K is obtained in SnSe—13%PbTe. Furthermore, we
introduced extra Sn to promote the TE performance of SnSe-13%
PbTe. Firstly, extra Sn can compensate the intrinsic Sn vacancies
and form the Sn nanophase which could donate electrons to
enhance the carrier concentration. Secondly, Sn nanophases could
introduce strong phonon scattering to reduce «j,;. Also, Sn nano-
phases located near the crystal boundary could reduce the inter-
grain energy barrier to improve the carrier mobility. Finally, a
remarkable ZT,ax of ~1.7 at 793 K and ZT,y. 0f 0.58 in 300—793 K are
obtained in SnypgSe—13%PbTe. Our findings provide a deep insight
into the electrical and thermal transport behaviors in SnSe, and
pave a way to promote the TE performance of other wide-bandgap
semiconductors.

4. Experimental section

High-pure raw materials (Sn, Se, Pb, Te, and SnBr;) were
weighted in a stoichiometric ratio of Snj.xPbxSep.g7-xTexBroos
(x = 5%, 11%, 13%, 15%) and Sng.g7+yPbo13Seo.s4Tep13Bro oz (y = 2%,
8%, 10%) and then loaded into silica tubes. The tubes were flame-
sealed under a pressure of 10~% torr and then put into the
furnace and heated to obtain the ingots. The ingots were put into an
N,-filled glove box and ground into powder. The powder was sin-
tered by SPS to obtain densified samples. The powder X-ray
diffraction (PXRD) patterns were obtained with Cu Ka
(A = 1.5418 A). Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) studies were conducted using
a Schottky Field Emission Scanning Electron Microscope (SFESEM,
JEOL, JSM 7900F) in the Center for High Pressure Science and
Technology Advanced Research (HPSTAR). The Hall coefficients (Ry)
were measured with a Lake Shore 8400 Series system and the
carrier concentration was calculated by ny = 1/(eRy). The optical
bandgap was measured with a UV—vis—NIR Spectrophotometer
(UV-3600 Plus) equipped with a polytetrafluoroethylene (PTFE)
integrating sphere. The electrical conductivity and the Seebeck
coefficient were measured with an Ulvac Riko ZEM-3 instrument.
The thermal diffusivity was measured with a Netzsch LFA457 in-
strument. More experimental details and other measured data and
are provided in Supporting Information (SI).
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