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The thermoelectric properties of Ag-doped SnS samples
synthesized by mechanical alloying and followed by spark
plasma sintering were studied. We report that SnS
possesses a high Seebeck coefficient of > +400 nV/K and
Ag doping increases the carrier concentration by more
than four orders of magnitude giving significantly
improving  electrical conductivity. The thermal
conductivity falls below 0.5 W/mK at 873K and leads to a
high ZT of 0.6. The data indicate that earth-abundant and
environmentally-friendly SnS is a promising candidate for
thermoelectric applications despite its relatively wide
bandgap of 1.2 eV.

Thermoelectric effects enable direct conversion between
thermal and electrical energy, which can be used for both power
generation and refrigeration. The search for high-performance
thermoelectrics with low cost and earth abundant elements is
attracting significant attention because of energy efficiency,
conservation and management concerns. The efficiency of
thermoelectric devices is determined by the dimensionless figure
of merit (ZT): ZT = §°6T/x, where S is the Seebeck coefficient, o
is the electrical conductivity, T is the absolute temperature and x
is the thermal conductivity, respectively. Therefore, ideal
thermoelectric materials require a perfect combination of a high
power factor (S°¢) and a low thermal conductivity (x), which is
the sum of the lattice conductivity component (x;,,;) and the
electronic part (x,,). '3 Some compounds have been studied for
several decades because of their high ZT values, such as PbTe-
based and Bi,Te;-based materials.” Significant attention has
focused on the earth-abundant, low-cost materials such as
Cu,S/Cu,Se, BiCuSeO, Ca;Co,09, Mgy(Si,Sn), Na,Co,0, and
CuFeS,. &-12
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Recently, the SnSe structure type was shown to have
remarkably low thermal conductivity and high thermoelectric
performance.”” The same layered structure is adopted by the
lighter analog, SnS, and this raises the question of studying its
thermoelectric properties. Tin sulfide (SnS) is similar to the lead
chalcogenides as both are in IV-VI groups, but its structure is
different and its thermoelectric properties have not yet been
systematically investigated.'*"” However, SnS is an attractive
compound, owing to its environmental compatibility, earth-
abundant and low-cost. To date, SnS has been studied mainly for
its optical properties including its photoconductivity and
refractive index."*™ Parker and Singh calculated the band
structure of SnS using the first-principles and deduced that SnS
is an indirect semiconductor with a predicted high Seebeck
coefficient, and a low thermal conductivity.”' They suggested that
p-type SnS is a potential thermoelectric material if it can be
suitably doped, further motivating this work. The newly
published calculation work by C. Bera et. al about SnS also
supports the potentially good thermoelectric properties.”

To access the potential of SnS as a thermoelectric material,
we synthesized this material using a mechanical alloying (MA)
facile method and pressed MA-derived powders into pellets
using spark plasma sintering (SPS).” Ag was selected as the p-
type dopant. The synthetic details are given in the Supporting
Information.

Figure 1(a) shows the crystal structure of SnS, which is
orthorhombic with a Phmn space group (a = 4.33 £ 0.02 A, b =
11.19 + 0.05 A, and ¢ = 3.98 + 0.02 A).”" SnS changes from the
orthorhombic structure (a-phase) to a nearly tetragonal phase (/-
phase) at 858 K with the first-order phase transition.”"**** SnS
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Figure 1. (a) The room temperature crystal structure of SnS, gray atoms represents Sn, yellow one is S, (b) X-ray diffraction patterns of SnS and
SnS-0.5%Ag, (c) Ag content dependence of the lattice parameters, (d) X-ray photoelectron spectroscopy spectrum of the 3d orbitals for Ag element
of the SnS-1%Ag, (e) optical absorption spectrum and energy bandgaps of SnS and SnS-0.5%Ag at room temperature, and (f) Ag content dependence

of carrier concentration and mobility at room temperature.

has a distorted rock salt structure with a strongly layered
character similar to SnSe."” The atoms in each layer are joined
with the three nearest neighboring atoms by covalent bonds,
forming accordion shaped corrugated slabs. The bonding forces
between the layers are weak and mainly consist of long Sn - S
interactions.

Figure 1(b) shows X-ray diffraction (XRD) patterns of the
SnS and SnS-0.5%Ag samples and all major Bragg peaks can be
indexed as SnS (PDF#39-0354), indicating that single-phase
samples were successfully synthesized by MA and SPS.
Figure 1(c) shows the lattice parameters as a function of the Ag
content (x) for the SnS-x%Ag (x = 0, 0.05, 0.25, 0.5, 1 and 2),
with rising Ag fractions the lattice parameter a and b remain
unchanged, which is related to the similar radius of Ag" ions and
Sn** ions (1.15 A and 1.12 A respectively). The presence of Ag
was detected by X-ray photoelectron spectroscopy (XPS) and the
binding energy of its 3d orbitals is shown in Figure 1(d). The
measured binding energy of the Ag 3d orbitals is close to that in
Ag,S indicating the existence of Ag - S bond.””**

The optical absorption spectrum in Figure 1(e) shows that the
bandgap of SnS is 1.21 eV, which shifts to a lower energy value
(1.18 eV) when the Ag doping increases to 0.5%.°**° The Hall
measurements show that the carriers in Ag doped SnS are holes
and the carrier concentration (n) at 300 K increases rapidly from
1 x 10" cm™ for SnS to 1 x 10" cm™ for the sample with 1% Ag
doping (The values of carrier concentration are displayed in
Table 1). Correspondingly, the hole mobility shows a decreasing
trend with rising Ag fractions, Figure 1(f). Collectively, XPS,
energy bandgaps and charge transport measurements indicate
that Ag” was successfully incorporated into the SnS lattice.

2 |J. Mater. Chem. A, 2014, 00, 1-3

Consistent with the layered structure of SnS an obvious
lamellar morphology was observed in field emission scanning
electron microscopy (FESEM) images of its fractured surface
(Figure 2(a)). The high magnification FESEM image shows that
the thickness of each layer is only tens of nanometers, Figure
2(b). A series of zigzag-shaped stripes were also observed in the
high resolution TEM (HRTEM) image in Figure 2(c) for the
pristine SnS which correspond to the corrugated character of the
SnS slab along the c-axis consistent with the crystal structure
along the c-axis. The electron diffraction (ED) pattern in
Figure 2(d) is also consistent with the XRD patterns and the
orthorhombic structure of SnS.

TR E S ) T

Figure 2. (a) FESEM image and (b) the lamellar grains of the fractured
surface of SnS, (c) HRTEM image, inset shows the enlarged image and
(d) electron diffraction pattern of SnS.
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The temperature dependence of the carrier concentration and
mobility was investigated for both SnS and SnS-0.5%Ag samples,
as shown in Figure 3(a). As stated above the carrier concentration
of SnS was significantly enhanced by Ag doping. The following
reaction is proposed for Ag doping:

SnS

Ag+S—> Ag,, +S; +h' (1

The increase of the electrical conductivity is attributed to holes /',
which were produced by reaction (1). In general, the carrier
mobility decreases with an increasing carrier concentration since
the Ag dopant scattered the holes. The carrier mobility values for
the pristine SnS and SnS-0.5%Ag samples range from 7 -
12 em®V~'s™". In both of the samples, the mobility increases with
temperature up to 473 K, possibly due to activation barriers at
the grain boundaries. At high temperatures, the hole mobility of
SnS-0.5%Ag is generally limited by acoustic phonon scattering,

for which the temperature dependence is given by the p«T"

where 7 is 1.5 for nondegenerate semiconductors.”' It should be
noted that a carrier concentration upturn is observed at around
600 K. This increase in holes is also observed in p-type PbTe due
to the contribution of the second valence band.”> Similarly to
PbTe, this apparent increase in the holes at high temperature in
SnS could be the contribution of other valence bands which are
lying close to the valence band maximum. Indeed, the present
experimental results are consistent with the calculated band
structure of SnS, in which the valence band maximum occurs
along the /—Z line and is composed of a relatively light-mass
band, and one heavy-mass band sitting below the Fermi level.”

Journal of Materials Chemistry A

doping from 0.001 to ~3 S/cm, mainly due to the increased
carrier concentration. SnS has a high Seebeck coefficient >
+400 nV/K at room temperature, consistent with a p-type
semiconductor, Figure 3(c). Even though Ag doping increased
the electrical conductivity by four orders of magnitude the
Seebeck coefficient maintains impressively high levels, Figure
3(c). To better understand the effect of Ag dopant on the valance
band, the effective mass m* was calculated using the following
equations:™
S= ik_g (s+5/2)F 5,(n) _ ]
e (s+3/2)F,,,(n)

* 302
e 2y 2B AT
e 2 nh )
n=4n( Zm*kBT )3/2 F,@)
2
h Yy (3)

where s is the scatter factor, k; is Boltzmann’s constant, 4 is
Planck’s constant and e is electron charge. The calculated results
are shown in Table 1, which displayed as the ratio of effective
mass (m’) to the electron mass (m.). The m* increased rapidly
with increasing Ag content. The increasing m* probably results
from the heavy-mass band contribution due to deep-moving of
Fermi level by Ag doping.

Table 1. The value of carrier concentration (ny) and the ratio of
effective mass (m ) to the electron mass (m.) for SnS-x%Ag
samples at room temperature

The electrical and thermal transport properties for prist.ine Ag content (x) 0 0.05 0.25 0.5 1
and Ag-doped SnS samples were measured over a wide 5 3
temperature range from 300 to 923 K. As shown in Figure 3(b), 10 cm™ 0.000137 0.00409 146 272  3.59
the electricallconductivity' for SqS-x%Ag x=0, O.QS, '0.2'5, 0.5, m*/me _ 0.217 1.14 142 1.54
1 and 2) increases with rising temperature, indicating a
semiconducting  transport  behaviour. The  electrical
conductivityof SnS at 323 K is significantly increased by Ag
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Figure 3. Temperature dependence of (a) carrier concentration and hole mobility, (b) electrical conductivity, (c) Seebeck coefficient, (d) power factor,
(e) total thermal conductivity and (f) ZT of SnS-x%Ag (x=0, 0.05, 0.25, 0.5, 1 and 2) samples
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The combined positive temperature—dependent electrical
conductivity and Seebeck coefficient give high power factor (S°0)
values at a high temperature, Figure 3(d); the highest power
factor reaches ~3.0 uWem 'K at 873K for the SnS-0.5%Ag
sample.

Surprisingly, SnS has a very low thermal conductivity
measured along the same direction as the electrical properties,
which decreases from 1.25 W/mK at room temperature to 0.52
W/mK at 823K, as shown in Figure 3(e). The heat capacity, the
thermal diffusivity, and samples density can be found in Figures
S1 and Table S2. SnS shows the similar structure with that of
SnSe, therefore, they may have a similar mechanism for their
low thermal conductivity. The layered structure of SnSe features
anomalously high Griineisen parameters, which reflect the
anharmonic and anisotropic bonding. The latter attributes are like
also present in SnS. Point defects introduced in the structure by
Ag doping contribute a further reduction in thermal conductivity.
Indeed, the thermal conductivity was further reduced by Ag
doping, and reaches as low as 0.40 W/mK at 873K for SnS-
0.5%Ag sample. This is much lower than the ~1.20 W/mK of
Na-doped PbS* and 2.0 W/mK of CuMosS:.>” A good
experimental repeatability for these results was confirmed by the
measurements in different places, Figure S2. It is interesting that
the grain size growth is observed after Ag doping, but the reasons
are not clear, see Figure S3. The effects on the 0.5% Ag sample
may be complicated, such as bulk densities, microstructures,
point defects and nano-precipitates. It is considered that two
competitive reasons, Ag point scattering and grain size growth,
make the thermal conductivity decrease until 0.5% Ag and then
increase with future increasing Ag fractions up to 2% just
happened at low temperature. The high temperature thermal
conductivity varies little among different samples.

The very low thermal conductivity leads to a high Z7, Figure
3(f), the maximum Z7 value for the SnS is ~ 0.16 at 873 K, and
the SnS-0.5%Ag reaches ZT'~ 0.6 at 923 K. The present results
indicate that Ag doping leads to an enhanced power factor and a
lower thermal conductivity in SnS. The present Z7 is impressive
among p-type metal sulfides given the fact that SnS is a wide
band gap compound. In fact, SnS exhibits the highest ZT value
among p-type materials with bandgap above 1.0 eV.
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Figure 4. Temperature dependence of the ZT values of present SnS-
0.5%Ag and other thermoelectric sulfides.
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Conclusions

In summary, SnS is an interesting thermoelectric material
because of its intrinsically low thermal conductivity and high
Seebeck coefficient. The electrical conductivity of SnS can be
significantly increased by Ag doping on Sn sites through
increasing carrier concentration. The high performance realized
in SnS system superior to the most of Pb-free sulfides, Figure 4.
The ZT could be further enhanced by achieving higher carrier
concentration through improved doping as well as through using
approaches of microstructural optimization, nanostructuring
control and compositional modification. The present results
indicate that earth-abundant and environment-friendly SnS is a
promising candidate for further thermoelectric investigations;
both on its own merit and in connection with its better known
congeners PbS and SnSe. The promising thermoelectric results
reported here on SnS are not consist with the long held belief in
the community that only narrow band gap semiconductors are
worth investigating for low- and mid-temperature thermoelectric
performance. In this regard the in-depth investigations on a much
broader set of potential candidates should be widely concerned
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We present that earth-abundant and environmentally-friendly SnS is a promising
candidate for thermoelectric applications for its high ZT of 0.6 despite its relatively
wide band gap of 1.2 eV. Ag doping significantly improved electrical conductivity but
maintained the Seebeck coefficient above 400 uV/K and the thermal conductivity
below 0.45 W/mK at 873K.



