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We investigated the effect of NaCl doping on the thermoelectric properties of
p-type Sn;_,Na,SeCL, (x = 0, 0.005, 0.01, 0.02, 0.03 and 0.04) prepared by a
method which combines rapid induction melting and rapid hot pressing. After
introducing the NaCl into the SnSe system, the carrier concentration of SnSe
is significantly increased from ~4.55 x 107 cm ™2 to ~3.95 x 10'® em 2 at
300 K. An electrical conductivity of ~102.5 S cm ™! was obtained at 473 K by
addition of 2 mol.% NaCl. It was found that Cl was effective in reducing the
thermal conductivity by inducing abundant defects. A maximum ZT value of
0.84 was achieved in the Nag gg55ng.9955€Clg 005 sample at 810 K. This sug-
gests that doping with NaCl is a facile and cost-effective method in optimizing

the thermoelectric properties of SnSe materials.

Key words: Tin selenide, sodium chloride, thermoelectric performance

INTRODUCTION

Thermoelectric materials, which can directly con-
vert heat energy into electrical power and vice
versa, have attracted significant attention.’? The
performance of thermoelectric materials is charac-
terized by a dimensionless figure-of-merit (ZT),
defined as ZT = (S%6/x)T, where S, o, k and T are
the Seebeck coefficient, electrical conductivity, total
thermal conductivity and the absolute temperature,
respectively.? To optimize the electrical properties,
chemical doping is a common and often-employed
approach to modify the band structure. However,
the chemical interaction between dopants and host
matrix is complicated and is extremely difficult to
control, which leads to the serious irreproducibility
problem in the thermoelectric performance. SnSe,
as a new promising thermoelectric material, suffers
such inconsistency in the literature data due to the
intricate defect formation.*™" As the best efficiency
p-type dopants, alkali metals (Na, K atoms) would
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occupy Sn sites and contribute one hole to the
valence band. But the electrical properties of SnSe
are directly affected by the structural defects as well
as the actual occupancy type of these dopants. Chen
et al.® reported that the potassium doping in SnSe
has dual effects that can simultaneously increase
the carrier concentration and diminish Sn oxides.
Zhang et al.” revealed that the introduction of Na
into SnSe generated lamella-shaped defects and
elemental segregation, which inevitably resulted in
the deterioration of thermoelectric performance. It
remains unsettled how the alkali-ions affect the
electrical and thermal properties of SnSe, because
the exact doping mechanism of SnSe by Na or K
metal is unclear. In this work, the doping contribu-
tion of NaCl in SnSe to thermoelectric properties
was investigated. To the best of our knowledge, no
studies to date have investigated the effect of double
substitution at Sn and Se sites. We show that Na
and Cl co-doping results in an increase in electrical
conductivity and a decrease in thermal conductivity,
leading to a peak ZT value of ~0.84 at 810 K. For a
practical selection, NaCl provides a potential and
cost-effective strategy for commercial SnSe thermo-
electric devices.
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EXPERIMENTAL

Elemental Sn and Se powders supplied by Alfa
Aesar, both with a purity of 99.999%, were used as
starting materials in this study. The weighted
composition of Sn, Se and NaCl (99%) were mixed
and loaded into quartz tubes, which were vacuum
evacuated and sealed. The quartz tubes were heated
up to ~800°C in 10 min by an induction furnace,
held for 10 min, and then naturally cooled to room
temperature. The obtained ingots were ground into
fine powder by hand and subsequently were sin-
tered by the rapid hot pressing method (RHP) at a
pressure of 50 MPa and temperature ~823 K for
5 min with a heating rate of ~110 K/min. The
sintered pellets were polished and cut into coin-
shaped samples of 2 mm in thickness and 10 mm in
diameter. The phase structure was analyzed by
powder x-ray diffraction (XRD) with Cu-Ko radia-
tion (1 = 1.54178 A). The chemical composition of
the bulk samples was studied by an x-ray photo-
electron spectroscope (XPS, PHI-5400, America).
Fractured and polished surfaces of samples were
examined by a field emission scanning microscope
(FESEM, Hitachi, S-4800). Microstructures were
observed by a high-resolution transmission electron
microscope (HRTEM, JEM-2100F).

The Seebeck coefficient and electrical conductiv-
ity were measured simultaneously using a home-
built system from room temperature to 810 K, and
the uncertainty was 5% compared with commercial
ZEM-3. The homebuilt device contains a vacuum
chamber with a residual pressure of 102 Torr. The
electrical conductivity (¢) was measured by the
standard four-probe method and the Seebeck coef-
ficient was obtained from the slope of the thermo-
electromotive force and the temperature difference
(~10 K) using Chromel-Niobium thermocouples.
The Hall coefficient was tested by the Van der
Pauw technique with a HMS-3000 system. The
thermal diffusivity coefficient (1) was measured by
the laser flash method (Netzsch LFA-427). Thermal
analysis was carried out using a differential scan-
ning calorimeter (DSC, Netzsch STA 4495F). The
heat capacity (C,) was taken from reference.*® The
relative density (d) was measured using the con-
ventional Archimedes principle and was over 96% of
the theoretical density. The total thermal conduc-
tivity (x) was calculated from x = AC,d. We esti-
mated an uncertainty of £10% in the Seebeck
coefficient and electrical conductivity measure-
ments and +8% in the thermal conductivity by
considering the uncertainties for the thermal diffu-
sivity, the specific heat, and the density. Therefore,
the combined uncertainty for all measurements
involved in ZT was estimated to be 15-20%.

RESULTS AND DISCUSSION
Phase and Microstructure

Powder x-ray diffraction patterns of the Na,Sn;_,
SeCl, (x =0, 0.005, 0.01, 0.02, 0.03 and 0.04)
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Fig. 1. Powder x-ray diffraction patterns of the Na,Sn;_,SeCly
(x =0, 0.005, 0.01, 0.02, 0.03 and 0.04) samples.

samples are shown in Fig. 1. All diffraction peaks
can be well indexed to the orthorhombic SnSe phase
with the Pnma space group (PDF # 48-1224). The
calculated, lattice parameters (e =11.513 A,
b=4.155A, ¢ =4.452 A) are in good agreement
with literature data.?'! The strongest peak in (400)
exhibits some preferred orientation perpendicular
to the pressing direction. The peak positions (400)
for Na,Sn;_,SeCl, of x =0.005, 0.01 and 0.02
slightly shift to a higher angle relative to the
undoped sample due to the substitution of larger
Sn and Se atoms by smaller atoms of Na and Cl. For
NaCl-doping levels of x = 0.03 and 0.04, the peak
positions did not change any more because of the
doping limit of NaCl, as shown in Fig. S1 of the ESI.
No second phase was observed within the detection
limit of the x-ray. XPS measurements were per-
formed for Nag ¢4Sng965eCly o4 samples, as shown
in Fig. 2a, b, ¢, and d. The Sn 3d3,; and 3d5/s orbital
peaks were centered at 494.0 eV and 485.6 eV,
respectively, and the Se 3d orbital peak at
53.5 eV. No obvious peaks for tin or selenium oxide
were observed. Furthermore, the Na 1s and Cl 2p
core level spectra are observed, confirming the
presence of sodium and chlorine in the SnSe lattice.

The microstructure of Nag gaSng 95SeCly g2 sam-
ples was further characterized by SEM and TEM.
As shown in Fig. 3a, the SEM image exhibits a
lamellar microstructure, which is attributed to the
van der Waals interaction of the bonds between
adjacent layers. Typical lamellar domains stack
together close with tens of microns in size which
contain many thin layers of the same orientation.
HRTEM revealed two kinds of representative
microstructures in the sample. First, heavily dis-
torted lattices in the matrix are shown in Fig. 3b.
Next, Fig. 3c shows the existence of the abundant
nanoprecipitates, which created a large amount of
interlacing grain boundaries. The measured inter-
planar distance of d = 0.292 nm/0.336 nm closely
matched the standard value of 0.293 nm/0.336 nm
for the lattice plane (111)/(210) of the SnSe
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Fig. 2. (a—d) XPS spectra of the Nag 04Sng 96S€Clg o4 Sample for Sn (30),
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orthorhombic phase. Fig. S2 in ESI shows the
HRTEM image for the undoped SnSe. Versus the
Nag 025n(.955eClj o2 sample shown in Fig. 3b and c,
the differences in the microstructure can be
observed. The grain size e is smaller and the
numbers of defects are more pervasive after the
NaCl doping. The multiple defects are attributed to
the high mass fluctuations between the dopant
NaCl to the host SnSe (118.69, 78.96, 22.99 and
35.45 amu for Sn, Se, Na and Cl, respectively).
Moreover, the large ionic radius mismatch between
the dopant Cl~ (181 pm) and Se?~ (198 pm) at the
anion site give rise to the increase of defect density
in the materials,'®'® which might be beneficial for
the reduction of thermal conductivity via phonon
scattering.

EIECTRICAL AND THERMAL TRANSPORT
PROPERTIES

Figure 4a shows the electrical transport proper-
ties as a function of temperature for all samples.
The electrical conductivity for the pristine SnSe
remains at a low value of ~1.6 S cm™ -~ below 573 K,
then rapidly increases to 14.17 Secm ' at 773 K,
showing typical semiconducting behavior. Similar

properties were also previously reported in un-
doped polycrystalline SnSe.”'° After doping with
NaCl, the electrical conductivity rapidly increased
from 1.1 Scm ! for x=0Scm ! to 41.36 S cm !
for x = 0.005 at 300 K. For all the NaCl doped
samples, the electrical conductivity is initially sig-
nificantly increased, then turns to decrease at
500 K, but finally increases again over 723 K with
temperature. The anomaly in electrical transport
around 300-500 K was also observed in Na-doped
SnSe;_,Te, polycrystals and the isostructural SnS
prepared by mechanical alloying and spark plasma
sintering, and was ascribed to the effect of energy
barrier scattering at grain boundaries.’*'® A max-
imum electrical conductivity of ~102.5 S ecm ™ for
the sample of x = 0.02 was obtained at 473 K, which
is 85 times higher than pure SnSe (1.2 S em ) and
also far higher than that of Na-doped”!® and Ag-
doped'®?® polycrystalline SnSe as well as compara-
ble to the reported values of highly textured sam-
ples at the same temperature point.'®?!

The significant enhancement of the electrical
conductivity is attributed to the increment of the
carrier concentration. As seen in Table I, the sign of
the Hall coefficient is positive for all samples, which
indicates a p-type conduction behavior. The Hall
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Fig. 3. (a) SEM image of the freshly fractured surface of Nag ¢>Sng.9sSeCly o2 sample. HRTEM images of Nag ¢>Sng.9sSeCly o2 samples: (b)
heavily distorted lattices in the matrix; (c) existence of the abundant nanoprecipitate, which created a large amount of interlacing grain

boundaries.

carrier concentration of pristine SnSe is around
4.55 x 10" em 3 at 300 K and greatly enlarged by
two orders after doping with NaCl to
3.95 x 10 e¢m 2 for x = 0.005 sample. It is known
that the Sn vacancy acts as a two-electron acceptor
and the Na substitution in Sn-site introduces a
single hole into the system.?? Meanwhile, the Cl
occupied at the Se-site should act as a single donor
and counterbalance the increase of hole concentra-
tion. However, in our case, a slight excess of Se was
used to compensate the Se evaporation and mitigate
the formation of Se vacancy defects in Na,Sn;_,
SeCl, samples. Under such a Se-rich condition, the
formation enthalpy of Clg, defect may be larger than
that of the Nag, defect. The concentration of Nag,
defect surpasses that of Clg., which introduces extra
holes in the Na,Sn;_,SeCl, sample. The Nag,
acceptor and intrinsic Sn vacancy occur simultane-
ously, making the hole concentration increase sig-
nificantly. With increasing NaCl content (x > 0.01),
the concentration of holes is somewhat decreased.
The reason for this may be either an increase of the
defect formation enthalpy for Sn vacancy in the
presence of Cl doping or the self-compensation of
Clg. defect gradually becomes dominate.

Figure 4b shows the temperature dependence of
the Seebeck coefficient for Na,Sn; ,SeCl, (x =0,
0.005, 0.01, 0.02, 0.03 and 0.04) samples. For the
x = 0, the Seebeck coefficient is 478.93 uV K ! at
300 K and increases to 522.03 uV K ! at 523 K,

then it starts to decrease with increasing tempera-
ture due to the bipolar effect of minority carrier
excitation. After doping with NaCl, the Seebeck
coefficient gradually decreases from 478.93 uV K1
for x =0 uV K ! to 121.8 1V K ! for x = 0.04, and
the trend of the Seebeck coefficient variation for the
samples of x > 0 shows similar behavior with
increasing temperature and is almost consistent in
the range from 300 K to 810 K. Combined with
excellent electrical conductivity and moderate See-
beck coefficient, the doped samples show a signifi-
cantly enhanced power factor (PF), as shown in
Fig. 4c. A maximum PF of ~4.14 yW ecm ' K2 is
obtained for x = 0.005 at 810 K, which is two times
higher than that of the SnSe pristine sample
(~1.83 uW cm ! K 2). After introducing the NaCl,
the power factor of samples of x < 0.02 show
significant improvement in a relatively wide mid-
temperature range (300-700 K).

Figure 4d shows the temperature dependence of
the total thermal conductivity (k,) of Na,Sn;_,SeCl,
(x =0, 0.005, 0.01, 0.02, 0.03 and 0.04). The total
thermal conductivities of all samples decrease with
increasing temperature. For x = 0.005 sample, the
total thermal conductivity value is ~1.11 Wm ! K !
at 298 K, and it reaches ~0.39 Wm ' K ' at 810 K.
The lattice thermal conductivity (shown in Fig. 4e)is
calculated using kja¢ = Ko — Kele- The electronic con-
tribution can be evaluated by the Wiedemann—Franz
law, ke = LT, where an L of 1.49 x 1078 V2K 2is
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Fig. 4. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) total thermal conductivity, (e) lattice
thermal conductivity and (f) figure of merit ZT for Na,Sn,_,SeCl, (x = 0, 0.005, 0.01, 0.02, 0.03 and 0.04) samples.

obtained by fitting the Seebeck data to the reduced
chemical potential.>! Above 473 K, the lattice ther-
mal conductivity of all samples is lower than that of
the pristine SnSe. For x = 0.005, the k5 is
1.09 Wm ! K~! then reduced to 0.81 Wm ! K ! in
a x=0.04 sample. The lowest x5z value is
~0.27 Wm ™! K ! forx = 0.04 at 810 K, which is close
to that of single-crystal SnSe.*?? Here, we noticed
that the ) of the Na single doped sample is larger

than that of the un-doped sample, which is due to the
scattering of the g)honons weakened by the substitu-
tion of Na* for Sn** in the cation site.*?* However, the
presence of Cl in SnSe leads to a decrease in total
thermal conductivity. The xi, values of co-doped
samples decrease with the increase of NaCl content.
This suggests that the introduction of the amount of
Cl should be attributed to the decrease of the thermal
conductivity. The reason for this may be an
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Table I. Room temperature Hall carrier concentrations, and density of the Na,Sn,;_,SeCl, (x = 0, 0.005, 0.01,

0.02, 0.03 and 0.04) samples

Nominal composition Na,Sn, _,SeCl,

Density (g cm™3)

Carrier density (10'° cm™3)

0
0.005
0.01
0.02
0.03
0.04

6.11 0.045
6.05 3.95
6.05 3.27
5.94 2.71
5.99 2.59
6.03 2.46

enhancement of phonon scattering in the presence of
Cl due to the multiple defects formation at the
nanoscale level, as shown in Fig. 3b and c¢. Such
defects induced by Cl doping were also observed in
NaCl co-doped PbTe?® and Cl doped nanostructured
AnglssbSe20.26

Figure 4f presents the temperature dependence of
the ZT value for all samples. In contrast to a Na
single doped sample, the ZT values of co-doped
samples were significantly enhanced in a wide
temperature range from 500 K to 700 K due to the
optimized electrical and thermal transport proper-
ties. A maximum ZT value of 0.84 was achieved for
the sample of x = 0.005 at 810 K, which is 68%
higher than that (0.5) of the un-doped polycrys-
talline SnSe compound. Based on measurements of
the areas under the curves of Fig. 4f, the average ZT
of 0.35 from 300 K to 773 K was obtained for the
Nao_oo5Sn0_995SeC10.005 Sample. This is hlgher than
the results reported of Ag-doped SnSe (ZT,.. =
0.27)'%2° and Na-doped SnSe (ZT,e ~ 0.32).7%°
This suggests that the NaCl is a quite effective
dopant in optimizing the thermoelectric properties
of SnSe materials.

CONCLUSIONS

In summary, polycrystalline SnSe doped with
NaCl was prepared by rapid induction melting
followed by rapid hot pressing (RMP). The NaCl
dopant enhances the carrier concentration and
electrical conductivity of SnSe. A maximum power
factor of ~4.14 uW ecm 'K ? was obtained at
810 K. The presence of Cl in SnSe contributes to a
low lattice thermal conductivity of ~0.27 Wm ! K !
at 810 K. As a result, a peak ZT value of 0.84 was
obtained at 810 K for the Na0,005Sn0.995SeClo_005
sample. These findings suggest that the cost-effec-
tiveness of NaCl provides a quite practical strategy
to optimize the thermoelectric properties of poly-
crystalline SnSe, which is more commercially avail-
able for TE device fabrication than that of expensive
silver and unstable sodium.
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