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ABSTRACT

To shine light on the mechanisms involved in the doping of the sustainable thermoelectric material
SnS with Ag and Se, we present a detailed investigation into Ag and Se-doped SnS nanoparticles
(NPs). SnS NPs, Ag-doped SnS NPs and Ag-doped SnSi-Sex NPs were chemically synthesized
and sintered into pellets by hot-pressing. The structure, thermoelectric, electronic and thermal
transport properties were then investigated using a variety of techniques. As a result, it was found
that when Ag-doped SnS NPs were sintered, two types of Ag were present in the sintered pellets:
one in the form of segregated Ag-rich nanoprecipitates, and the other in the form of interlayer
intercalated Ag ions. In contrast, when Ag-doped SnS;-.Sex NPs were sintered, Se was found to
form a homogeneous solid solution. The effects of these three impurity-derived structures on the
electronic and thermal transport properties were investigated. The final ZT values for SnS doped
with 1.5 at% Ag (SnS:Ag) and SnSo.9Seo.1:Ag, in which SnS:Ag was further doped with Se, were

0.09 at 666 K and 0.14 at 667 K, respectively.



INTRODUCTION

Tin monochalcogenides SnE (E = S, Se, Te) have attracted much attention as semiconductors
with good optical properties for photovoltaics, photodetectors, and other electronic devices.!” Of
these, SnS and SnSe are layered materials with accordion-like zigzag structures. SnSe has also
attracted a great deal of attention as a high-performance thermoelectric material due to its high
phonon anharmonicity and extremely low lattice thermal conductivity, x1.*> Since SnS has a crystal
structure similar to that of SnSe, and S is less toxic than Se and more abundant than Te, SnS has
the potential to be an effective, environmentally friendly thermoelectric material. The replacement
of Se and Te with S has been done not only with Sn-S but also with Cu-S and Pb-S materials.
Using materials with similar structures helps in the development and understanding of the strategy
for the optimization of their electrical and thermal transport properties.® However, the reported
thermoelectric properties of SnS, which are represented by the dimensionless figure of merit, ZT'
(ZT = 65?/x where o, S and « are the electrical conductivity, Seebeck coefficient and thermal
conductivity, respectively), is quite low compared to SnSe and SnTe. Reported values of ZT at 650
K are approximately 0.01 along the in-plane direction of the pellet (perpendicular to the pressing
direction) for SnS,’ compared with 0.44 along the b axis for SnSe,* and 0.17 along the out-of-plane
direction of the pellet (parallel to the pressing direction) for SnTe.® This is due to the higher x and
lower power factor, PF (= 65%), of SnS (1 = 0.77 W-m K" ! and PF = 0.17 puW-cm “K? along
the in-plane direction at 650K)’ than SnSe (x1=0.36 W-m -K ! and PF =2.54 uW-cm K2 along
the b axis at 650K)*. Therefore, SnS cannot currently replace SnSe or SnTe as a potential practical
thermoelectric material.

However, SnSe and SnTe are limited in their practical application due to the high toxicity of

Se and the low abundance of Te, whereas SnS is a much more sustainable material with promise



for improvement. There are many reports on the Z7 enhancement of SnSe and SnTe by multiple

1' for SnSe, and band engineering'' and

methods, (e. g., lattice plainification’ and SnO, remova
nanocomposites fabrication'? for SnTe), but relatively few on SnS, with those that exist focusing
on impurity doping meaning that the improvement of Z7 in SnS is ongoing. For example, Tan et
al. prepared Ag-doped SnS by mixing Sn, S, and Ag powders using a mechanical alloying method
for 15 h followed by spark plasma sintering (SPS) at 933 K for 5 min. They succeeded in increasing
the Hall carrier concentration #u up to 3.6 x 10'® cm™ and improved ZT to about 0.13 at 673 K
(maximum ZT was 0.6 at 923 K) for the sample with a doping level of 0.5 at% Ag.'* Zhou et al.
prepared Na-doped SnS using a hot-melting method. Sn, S and Na sources were heated at 1193 K
for 4 h and annealed at 923 K for 3 days. The obtained ingots were then crushed into powders,
followed by pelletization by hot press at 823 K under a pressure of ~80 MPa for 30 min. The nn
was significantly increased up to 2.0 x 10" cm™ by Na acting as an acceptor and the ZT value at
675 K was about 0.3 for the sample with a doping level of 2 at% Na (maximum Z7 was 0.65 at
850 K).!'* He et al. prepared Na and Se co-doped SnS ingots using a temperature gradient method,
which were then crushed, melted and heat-treated for 10 h at 1313 K. After cooling, the obtained
ingots were cut into multiple pieces of different shapes and sizes for properties measurement and
evaluation. The ZT value at 673 K was about 1.4 for the sample co-doped with 2 at% Na and 9
at% Se (maximum ZT was 1.6 at 873 K).!> This was a result of the higher ny again due to Na
doping as an acceptor, and the partial substitution of S with Se, resulting in a lower x; than SnS. In
a similar example, He ef al. made Ag and Se co-doped SnS using a vacuum hot-melting method.
Sn, S, Ag, and Se sources were heated at 873 K for 30 h and then at 1223 K for 6 h. The obtained
ingots were crushed into powders, and pelletized by a hot press at 873 K under a pressure of ~50

MPa for 10 min. In contrast with the other reports, a ZT of about 0.15 around 670 K (maximum



ZT of 0.8 at 873 K) was achieved with doping levels of 2 at% Ag and only 1 at% Se, which showed
a significant increase of ny due to Ag acting as an acceptor, and a reduction in x| through the
substitution of S with Se.!® As can be seen from these examples, although the ZT value of SnS has
been improved by cation and anion doping, the values obtained by different levels of doping are
not very consistent and questions remain regarding the mechanisms involved. This is because there
is insufficient structural information on how the dopants are distributed in the SnS crystal, i.e.,
whether they are a homogeneous, atomic-scale solid solution, segregated, or phase-separated in
the form of nanoprecipitates. Thus, the relationship between doping, the structure, and the
electronic and thermal transport properties is still not clear.

Another problem, and this is not limited to SnS, is that general methods of fabricating
thermoelectric materials require long hours and high temperatures, as described above.!” On the
other hand, wet chemical synthesis offers a shorter and lower-energy approach than the
conventional methods of fabricating thermoelectric materials. For instance, we have synthesized
various copper chalcogenide-based nanoparticles (NPs) including Cu2Sni—Zn,Ss,'s"”
CusZn;Al:SnSs,*° and CusAl;Ga,SnSs,>! using a wet chemical synthesis method and then
sintered them together to create nanostructured thermoelectric materials with well-defined
nanosized grains. The primary advantage of nanostructured thermoelectric materials with such
nanosized grains is that size-controlled grain boundaries can be used to effectively scatter long-
wavelength phonons without interfering with carrier transport, thereby independently reducing xi
and improving ZT.'%?! Another important benefit of the wet chemical synthesis method is that it
consumes much less energy for thermoelectric material fabrication than conventional methods
such as vacuum melting, since it requires only a short time under mild conditions. Several wet

chemical synthesis methods for SnS NPs have also been reported,??* although they are few in



number. However, the resulting SnS NPs are often polydisperse and irregularly shaped.?*** Some
methods for synthesizing monodisperse SnS NPs have been reported,?** but they use highly
flammable and toxic reagents such as hexamethyldisilazane or trioctylphosphine.

In this study, we developed a facile, wet chemical synthesis method for relatively
monodisperse and spherical SnS NPs, Ag-doped SnS NPs, and Ag-doped SnS;-,Sex NPs with S
partially replaced by Se. These NPs were sintered by hot press, and the relationship between the
electronic and thermal transport properties and structure of the sintered pellets — including the

influence of grain boundaries, Ag doping, and Se doping — was investigated in detail.

EXPERIMENTAL SECTION

Chemicals

Tin (II) 2-ethylhexanoate [Sn(Oct)z] (purity > 92.5 %), silver nitrate (AgNO3) (99.9999 %), Se
powder (99.99%) and oleylamine (OLA) (technical grade, 70 %) were purchased from Sigma-
Aldrich. S powder (98.0 %) and toluene (99.0 %) were purchased from Fujifilm Wako. Methanol
(99.8 %) and hexane (96.0 %) were purchased from Kanto Chemical. Ethanol was purchased from
Nacalai Tesque. Thiourea (TU) (99.0 %) was purchased from Tokyo Chemical Industry. All
chemicals were used without further purification.
Synthesis of SnS, SnS:Ag and SnSi-.Se,:Ag NPs

SnS NPs were synthesized with a hot-injection method. Briefly, 60 mmol of Sn(Oct), and 125

mL of OLA were put in a 500 mL flask. A stock solution of 30 mmol of S powder and 40 mL of
OLA was made in a glass vial by sonication until the S powder dissolved. After 5 min of Ar
purging, the solution in the flask was heated up to 180 °C and the stock solution of S powder in
OLA was injected into the flask. After the injection, the reaction was allowed to continue for 30

min at a constant temperature of 180 °C. Ar bubbling was constantly applied during the reaction.



After the reaction, the solution was allowed to cool to 100 °C. For the washing of NPs, the reaction
solution was divided into nine centrifuge tubes with 20 mL of solution in each. To each tube 10
mL of toluene and 10 mL of methanol were then added, and the tubes were centrifuged at 4,640 x
g for 5 min. After discarding the supernatant, 15 mL of toluene was added to each tube to redisperse
the precipitate. Then, 25 mL of methanol was added to each tube, which were centrifuged again at
4,640 x g for 5 minutes. After discarding the supernatant, the precipitate was vacuum dried.

In the synthesis of Ag-doped SnS NPs, AgNO3s was added to the stock solution of S dissolved
in OLA at different input amounts of Ag ranging from 0.5—2.0 at% with respect to Sn, and the rest
was done as in the synthesis of the SnS NPs. Since the highest ZT was obtained with 1.5 at% Ag
(data on thermoelectric properties of samples with other Ag input ratios are not shown), the input
ratio of Ag was fixed at 1.5 at% in this paper. Hereafter, SnS NPs with 1.5 at% Ag will be referred
to as SnS:Ag NPs.

In the SnSi..Sex:Ag NPs synthesis, Se powder was added to the flask at different input amounts
of Se ranging from 8—12 at% with respect to S. All other processes were carried out in the same
way as the SnS:Ag NPs synthesis.

Ligand Exchange

Because the as-synthesized NPs were capped with OLA, a post-synthesis ligand exchange was
performed by replacing OLA with TU, which can be more easily removed from the pellet than
OLA during sintering to avoid a harmful effect on the electrical conductivity. Briefly, as a standard
condition, 5 g of TU was dissolved in 75 mL of methanol, and this TU solution was added to a
dispersion of the NPs (1.6 g) in 25 mL of toluene. The ratio of each chemical was maintained for
all ligand exchange reactions of NPs. The mixture was sonicated for 2 h at room temperature. After

the ligand exchange reaction, the TU-capped NPs were separated from the solution by



centrifugation and were washed by redispersing in methanol and adding ethanol and hexane. The
mixture was centrifuged at 9,060 x g for 15 min and the supernatant was then discarded.
Pelletization

After ligand exchange, NPs were pelletized into a solid disk with a diameter of 10 mm and
thickness of 2 mm by hot-press in an Ar atmosphere, at a temperature of 723 K, under a pressure
of 300 MPa, and for a sintering of time 5 min. The pellets were polished using silicon carbide
abrasive paper (grit size 2000) before characterization. The pellet densities were determined using
a gas pycnometer (Shimadzu AccuPyc II 1340).
Characterization

The synthesized NPs were characterized by transmission electron microscopy (TEM, Hitachi H-
7650 operated at 100 kV), X-ray diffraction (XRD, Rigaku MiniFlex600 with a Cu Ka source),
scanning electron microscopy (SEM, Hitachi TM3030) equipped with an energy-dispersive X-ray
spectroscopy (EDS) system, and X-ray photoelectron spectroscopy (XPS, Shimadzu Kratos AXIS-
ULTRA DLD) using monochromated Al Ko radiation. The pellets were characterized by XRD
and SEM-EDS. The microstructure of the pellets was investigated by a high-angle annular dark
field (HAADF) scanning TEM with an EDS system (STEM, Titan G2 80-200, Thermo Fisher
Scientific). The STEM specimens were prepared by a standard lift-out method by using a focused
ion beam (FIB-SEM, Helios SUX, Thermo Fisher Scientific). The valence band maxima (VBM)
of the pellets were determined by photoemission yield spectroscopy in air (PYSA) (AC-2, Riken
Keiki). In PYSA, the sample is scanned using a tunable monochromatic ultraviolet light (4.0-6.2
eV) under ambient conditions, and the number of generated photoelectrons is measured at each
excitation energy. The VBM is determined by finding the onset of the PYSA spectra.

Measurement of Thermoelectric Properties



First, x was measured for the pellets in the out-of-plane direction (parallel to the pressing
direction) of the pellet by light flash analysis (LFA467, Netzsch). Using this method, x
(W-m -K™") was then calculated using x = deD where d (kg'm ™), ¢ (J’)kg ' K1), and D (m*s ")
are the density, specific heat, and thermal diffusivity of the pellet, respectively. Pellets were then
cut into rectangular bars: length, ~ 9 mm; width, ~ 3 mm; height, ~ 2 mm and S and electrical
resistivity (p) were measured in the in-plane direction (perpendicular to the pressing direction) by
a ZEM-3 instrument (Advance Riko). The carrier thermal conductivity, k., was calculated as . =
LoT, where L denotes the Lorentz number (2.44x1078 W-Q-K2). Finally, x1 was calculated as x =
Kk — ke, and the ZT value was calculated as ZT = 0.S*T/x.

Hall Measurements

The Hall voltage Vu (V) was measured at 300 K using a physical properties measurement system
(PPMS, Quantum Design) by applying a magnetic field of £5 T with an alternating current. The
electrodes were bonded to the rectangular in-plane specimen using Au sputtering and Au paste.
The Hall coefficient, Ry (cm*-C '), was calculated using Ru = Vud/BI, where d (m), B (T) and /
(A) are the thickness of specimen, external magnetic field and current, respectively. Assuming
single carrier transport, nu (cm ) and Hall mobility un (cm?V !s') were calculated using nn =

1/|Rule and un = Ruo, where e (C) is the elementary charge.

RESULTS AND DISCUSSION
Structural Analysis of SnS Nanoparticles and Their Sintered Bodies (Pellets)

Figure 1a—c show the TEM images of the as-synthesized SnS NPs; including pristine SnS NPs,
SnS:Ag NPs, and SnSo.9Seo.1:Ag NPs. TEM images of all other NPs are shown in Figure S1 in the
Supporting Information. As can be seen from the TEM images, the size of the SnS NPs is larger

than the other doped NPs (77.7 £ 17.9 nm) and they have an uneven surface. In comparison,



SnS:Ag and SnSo.9Seo.1:Ag NPs are smaller in size (20.7 £ 5.3 nm for SnS:Ag NPs and 17.2 + 4.6
nm for SnSp.9Seo.1:Ag NPs) and are nearly spherical in shape. The reason why the Ag-doped SnS
NPs are smaller in size may be that in the absence of Ag precursors, the SnS NP nucleation rate is
slow and crystal growth is dominant resulting in few, large NPs. This is also evidenced by the low
reaction yield of SnS NPs (approximately 35%), suggesting that a large amount of unreacted
material remains. In contrast, in the case of Ag-doped SnS NPs, the reaction yield was increased
(approximately 57%). We believe that because of the high reduction potential of Ag, Ag ions in
the reaction solution were first reduced, resulting in the formation of many extremely small Ag
nuclei. Subsequently, heterogeneous nucleation of SnS occurred on the surface of the Ag nuclei,
resulting in many small SnS:Ag NPs. During the reaction, it is likely that atomic Ag diffuses
through the SnS crystal, forming SnS:Ag NPs in which Ag is randomly dispersed at the atomic
level. We tried to investigate the spatial distribution of Ag in the SnS:Ag NPs by STEM-EDS
mapping, but unfortunately, due to the low Ag doping amount and an unknown effect of
contamination in the TEM sample, we could not measure it well. Therefore, the exact spatial
distribution of Ag in Ag-doped SnS NPs is unknown. In the case of Se doping, the very similar
sizes of the SnS:Ag and SnSo9Seo.1:Ag NPs indicates that there is little effect of Se on NP

formation.
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Figure 1. TEM images of (a) SnS, (b) SnS:Ag and (c) SnSo.9Seo.1:Ag NPs. The inset in each TEM
image is the particle size distribution measured from several randomly-selected TEM images.
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Figure 2a and b show the XRD patterns of NPs and pellets of SnS, SnS:Ag and SnSo.9Seo.1:Ag.
As can be seen from the results, the NPs were all single-phase cubic SnS, which during sintering
undergoes a phase transition to the single-phase orthorhombic SnS seen in the pellets. This phase
transition occurred because orthorhombic SnS is stable at the sintering temperature.?® The crystal
structures of SnS are shown in Figure S2. It’s worth noting that even though orthorhombic SnS
has an anisotropic layered structure, the relative powder XRD peak intensities show a good match
with the reference patterns. In comparison, powder XRD patterns of orthorhombic SnS pellets by
He et al. show a very intense peak corresponding to the (0 4 0) plane as a result of the alignment
of the crystal structure in this direction.!® This suggests that the use of spherical, isotropic, cubic
phase SnS NPs results in a random orientation of orthorhombic phase grains after sintering, leading
to a mostly isotropic orthorhombic SnS pellet. A Williamson-Hall plot based on the NPs XRD
pattern was created, as shown in Figure S3, and the results showed that there was no crystal
distortion. The mean crystalline sizes, Dxrp, were then estimated from the plot to be 30.7 nm for
SnS NPs, 18.8 nm for SnS:Ag NPs and 14.7 nm for SnSo9Seo.1:Ag NPs. The Dxrp of the NPs
decreased in the order of SnS > SnS:Ag > SnSo.9Seo.1:Ag, which is consistent with the trend of the
average NP size obtained from TEM, Drem. Comparing Dtem to Dxrp, the Ag-doped NPs are

found to be almost monocrystalline.

Because the orthorhombic phase of SnS has an intrinsic anisotropy, a Williamson-Hall plot could
not be used for the pellets. Therefore, the average value of fuw-cosd for the six peaks with the
highest intensities in the 260 range of 25-40° [the (12 0), (02 1),(101),(111),(040),and (13
1) peaks were used] was calculated, using which Dxrp was calculated using the Scherrer formula.

Note that frw and 6 denote the full width at half maximum (FWHM) and the Bragg angle of each

11



peak. As a result, Dxrp was estimated to be 27.2 nm for the SnS pellet, 37.5 nm for the SnS:Ag
pellet and 35.4 nm for the SnSo.9Seo.1:Ag pellet. For SnS, there was a small reduction in Dxrp after
sintering, but an increase was observed in the Ag-doped SnS. The small reduction in the SnS pellet
was likely due to the variance of the value of fuw for each peak. However, we can say that there
was no significant crystal growth in the SnS pellet during sintering and that the lack of growth in
all pellets is likely due to the random orientation of the cubic phase NPs which then form randomly
oriented grains in the orthorhombic phase pellets. The values of Dxrp for all NPs and all pellet

samples are shown in Tables S1 and S2, respectively, in the Supporting Information.
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Figure 2. XRD patterns of (a) NPs and (b) pellets. Both figures show the XRD patterns of SnS,
SnS:Ag, and SnSop9Seo.1:Ag from bottom to top. Red lines in panels (a) and (b) are reference
patterns for cubic and orthorhombic SnS, respectively (PDF Nos. 01-086-9477 and 04-004-3838,
respectively).

With Ag and Se doping there was a visible shift of the XRD peaks to lower angles for the pellets
(Figure S4), but not for the NPs. Figure S5 shows the lattice constants obtained from the pellet

XRD peaks [(1 2 0), (0 2 1), and (0 4 0) peaks were used] plotted against the amount of doping.
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The b-axis is represented by the (0 4 0) peak, while — due to the very low intensity of more suitable
peaks — the (1 2 0) and (0 2 1) peaks were chosen to approximately represent the a-axis and c-axis,
respectively. With Ag doping, only the lattice constant along the a-axis was significantly increased,
the reason for which will be discussed later. However, the lattice constants increased in all axial
directions when Se was doped. This suggests that Se (ionic radius of Se*~ is 1.98 A) substitutes for

S (ionic radius of S*~ is 1.84 A).

The chemical compositions of all NPs and pellets of SnS, SnS:Ag and SnSooSeo.1:Ag as
measured by SEM-EDS are shown in Table S3. In all samples, the Sn:S ratio was almost 1:1 and
the composition of the dopants was generally the same as the input molar ratio. STEM-EDS
elemental mapping was performed to determine the spatial distribution of dopants in the pellets.
Figure 3 shows the HAADF-STEM images and EDS elemental maps for the pellets of SnS:Ag and
SnSo.9Seo.1:Ag. We can see in the HAADF images how the spherical NPs have become a random
arrangement of round grains in the pellet, agreeing with the isotropic nature of the XRD patterns.
The EDS results indicate that Ag is segregated into separate regions and thus only a small amount
of Ag is incorporated into the SnS crystal at the atomic level. For the SnS:Ag pellet, S was detected
in the segregated Ag regions while Sn was not, so the Ag-rich region is likely to be Ag>S. For the
SnSo.9Seo.1:Ag pellet, Se was also detected in the Ag-rich region, so the Ag-rich region is likely to
be Ag>Si..Ser. However, it cannot be said that all Ag-rich regions are exclusively Ag>S or Ag>Si-
xSex, and the possibility of the presence of trace amounts of Ag>O cannot be ruled out. Nevertheless,
no AgxS- or Ag>O-derived peaks were observed in the XRD patterns (Figure S6), which is

probably due to the extremely small volume fraction of Ag>S and Ag>Si.«Sex (or Ag>O) regions.
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Figure 3. HAADF-STEM images and corresponding EDS elemental maps of pellets of (a) SnS:Ag,
and (b) SnSo.9Seo.1:Ag. The leftmost grayscale images in (a) and (b) are HAADF-STEM images,
and light blue, yellow, green, and red images are EDS elemental maps for Sn (L-line), S (K-line),
Se (K-line), and Ag (L-line), respectively.

To investigate the chemical states of the doped Ag and Se, XPS measurements of the pellets
were performed. Figure 4a shows the Ag 3d core-level XPS spectrum of the SnS:Ag pellet. The
binding energies of the Ag 3ds. and Ag 3d3» spin-orbit pairs are 367.9 eV and 373.9 eV,
respectively, suggesting the presence of only Ag" (the binding energy of 3ds for Ag’ should be
on the higher energy side around 368.3 + 0.1 eV?"?*). Figure 4b and ¢ show the Ag 3d and Se 3d
core-level XPS spectra of the SnSooSeo.1:Ag pellet, respectively. The binding energies of the Ag
3ds» and Ag 3ds spin-orbit pairs are 368.0 eV and 374.0 eV, respectively, again indicating the
presence of only Ag". The Se 3d peak appears as an asymmetric single peak because the energy
difference between Se 3ds» and Se 3ds» is only 0.8—-0.9 eV. When deconvoluted, the binding
energies of the Se 3ds», and Se 3ds» spin-orbit pairs were found to be 53.5e¢V and 54.4 eV,
respectively (Figure 4c). The binding energy of the Se 3d peak in SnSe, which contains Se*", is
reported to be 53.7 eV without peak deconvolution.?” After deconvolution, the binding energies of
the Se 3ds» and Se 3ds; peaks are reported to be 53.7 eV and 54.7 eV, respectively.’® Therefore

this result suggests the presence of Se?” in the SnSo9Seo.1:Ag pellet.
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Figure 4. (a) Ag 3d core-level XPS spectrum of the SnS:Ag pellet. (b) Ag 3d and (c) Se 3d core-
level XPS spectra of the SnSo.9Seo.1:Ag pellet. Black circles, blue lines, red lines, and green lines
are the experimentally obtained spectra, the peaks fitted by Voigt function, the sum of the two
resolved peaks, and the background, respectively.

Thermoelectric Properties of Pellets (Overview)

Figure 5a—f show the thermoelectric properties of pellets of SnS, SnS:Ag and SnSo9Seo.1:Ag.
Figure 5a and b display the temperature dependence of x and xi, respectively. As can be seen from
the results, . of all pellets and bulk SnS (control data obtained from Ref. 7) is negligible and « is
dominated by x. The temperature dependence of x for the bulk SnS is proportional to 7!
indicating that Umklapp scattering is dominant. In contrast, our pellets show a large reduction in
k1 and a weaker temperature dependence compared to those of the bulk SnS. This indicates that
the phonon scattering mechanism in our pellets is strongly affected by defect scattering. We can
also see that x; is almost the same for pristine SnS and SnS:Ag, but a further reduction of x| was

observed with Se doping, which may be due to the fact that SnSe has a lower x| than SnS.*!

Looking at the electronic transport properties starting with the Seebeck coefficient, S, we can
see that the pristine SnS pellet shows a positive value up to about 600 K, indicating a p-type

semiconductor, but above that temperature the sign becomes negative, indicating n-type
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semiconduction. Density functional theory (DFT) calculation of an SnS crystal with stoichiometric
composition (the calculated band structure is shown in Figure S7 and details of the DFT
calculations are given in the SI) revealed that a sign reversal of S occurs at around 550 K, as shown
by the dashed line in Figure 5c. Thus, we can infer that our SnS pellet is close to the stoichiometric
composition. On the other hand, bulk SnS (Ref. 7) has almost no temperature dependence and no
sign reversal. The reason for this is not clarified in Ref. 7, but it is assumed to be due to the
nonstoichiometric composition of the bulk SnS. Specifically, it might be a slightly Sn-deficient
crystal, in which the Sn vacancies form acceptor levels.>* Looking at the temperature dependence
of S for the SnS:Ag pellet, it is almost the same as that in SnS in the low temperature region, but
the decrease in S with increasing temperature is much smaller than in SnS, and no sign reversal
occurs (Figure 5¢). This may indicate that the SnS:Ag pellet has a larger number of Sn vacancies
than the SnS pellet because of the conservation of electrical neutrality of the lattice (a detailed
discussion is below), and can thus maintain p-type characteristics over the entire temperature range.
The temperature dependence of S in SnSo.9Seo.1:Ag shows almost the same behavior as SnS:Ag,
but its value is slightly lower than that of SnS:Ag. This may be due to a smaller effective mass m"
and higher ny in the SnSooSeo.1:Ag pellet, regarding which a detailed discussion is below.
Although a change in band structure is expected for both SnS:Ag and SnSo9Seo.1:Ag, DFT
calculations for these materials were not performed because of their complexity and time-

consuming nature, making them beyond the scope of this study.

Overall, the values for electrical conductivity, o, of our pristine SnS pellet are approximately
one order of magnitude lower than those of the bulk SnS over the entire measured temperature
range as shown in Figure 5d. This is consistent with the hypothesis that the reported bulk SnS is

Sn-deficient with additional acceptor levels due to Sn vacancies, compared to our SnS which is
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close to its stoichiometric composition, as mentioned above. The values of o of SnS:Ag are about
two orders of magnitude higher than those of our pristine SnS, and are further increased by Se
doping. The reasons for the dramatic increase in ¢ due to Ag and Se doping will be discussed in
detail later. As evidenced by the pellet XRD patterns and the HAADF-STEM images of the pellets,
we can conclude that the orthorhombic grains in our pellet are randomly oriented resulting in a
mostly isotropic nature to all the pellets. This isotropic nature extends to the thermoelectric
properties and allows us to combine the electronic and thermal transport properties even though
they were measured in different directions. Thus, the significantly increased o and improved power
factor (PF) combine with the reduced x to produce a marked improvement in the Z7 values of
SnS:Ag and SnSo9Seo.1:Ag (Figure Se and f), with maximums of 0.09 (at 666 K) and 0.14 (at 667
K), respectively. This is slightly lower than the other reported ZT values for Ag-doped SnS with
0.5 at% Ag (0.13 at 673 K)!* and Ag and Se co-doped SnS with 2 at% Ag and 1 at% Se (0.15

around 670 K).'®

Figure 5g and h show the weighted mobility, xw, and thermoelectric quality factor, B,>* of pellets
of SnS, SnS:Ag and SnSo9Seo.1:Ag calculated from S and . The temperature dependence of u is
quite different for the three pellets of SnS, SnS:Ag, and SnSo9Seo.1:Ag (Figure 5g); SnS has a very
low uw over the entire temperature range, while SnS:Ag exhibits a dramatically increased g,
which is proportional to 7 >? indicating that carrier-phonon scattering is dominant.>* In the case
of SnSo.9Seo.1:Ag, 1w is lower than that of SnS:Ag and the temperature dependence disappears. As
a result, B was higher for SnS:Ag than for SnSo9Seo.1:Ag, differing with the trend of ZT (Figure

5h). These results will be discussed in depth later.
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Figure 5. (a) Total thermal conductivity, x, (b) lattice thermal conductivity, xi, (c) Seebeck
coefficient, S, (d) electrical conductivity, o, () power factor, PF, (f) dimensionless figure of merit,
ZT, (g) weighted mobility, xw and (h) thermoelectric quality factor, B for bulk SnS (open squares)
(Ref. 7), SnS (black circles), SnS:Ag (red circles), SnSo9Seo.1:Ag (blue circles). The dashed line
in panel c is the result of DFT calculation. Note that panels g and h do not include bulk SnS data.
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Detailed Discussion of the Electronic Transport Properties
To investigate the cause of the changes in ¢ due to doping, the activation energy, E., for each

pellet was estimated using the Arrhenius equation®*

0 = 0,y exp (— Zlf:T)’ (1)

where Ey; = 2F, is the band gap energy, ks is the Boltzmann constant, and 7 is the absolute
temperature. E, of SnS, SnS:Ag, and SnSo9Seo.1:Ag were estimated from the Arrhenius plot
(Figure 6) to be 0.44, 0.30, and 0.23 eV, respectively. So, for our pristine SnS, E; is approximately
0.88 eV, which is in close agreement with the reported bandgap energy of bulk SnS.>*-¢ This result
also suggests that our pristine SnS is a stoichiometric SnS without defects. For SnS:Ag, the Ea
value is similar to the reported energy difference between the VBM of a SnS crystal and acceptor

levels in the SnS crystal due to Sn vacancies (0.22 eV).?’

In the previous structural analysis, we saw that there are two forms of Ag in SnS:Ag. One is in
the form of segregated nanoprecipitates (Ag>S), and the other is in the form of Ag ions intercalated
between the layers of SnS. Ag" intercalation likely causes the creation of Sn vacancies to maintain
electrical neutrality. Since the interlayer distance of SnS is 4.3 A,*® Ag* (ionic radius: 1.26 A) can
intercalate readily. In addition, if Sn>" were to be substituted by Ag®, Sn vacancies are unlikely to
form. In the identically-structured SnSe the number density of Sn vacancies can be controlled by
annealing temperature, and a low number density of Sn vacancies has been reported to correspond
to a reduction in the volume of the unit cell.** This means that a high number density of Sn

vacancies will cause an increase in the unit cell volume and the lattice constants. This is thought
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to be due to the stronger repulsion between neighboring anions when Sn vacancies are formed. In
the structural analysis section, we noted that only the lattice constant in the a-axis direction was
significantly increased by Ag doping (see Figure S5). Due to the accordion-like crystal structure
of SnS, we can say Sn vacancies are more likely to cause an increase in the flexible a-axis
compared to the relatively rigid c-axis. The lack of change in the b-axis is thought to be because
of the fact that the van der Waals gap (approximately 4.3 A) is sufficiently larger than the ionic
radius of Ag" (1.26 A), resulting in no change in the lattice constant even when Ag ions are inserted
between the layers. Thus, we can conclude that the decrease in activation energy in SnS:Ag
samples is due to the intercalation of Ag" ions increasing the number of Sn vacancies which lead
to the formation of acceptor levels in the band structure. However, when the Ag input ratio is above
0.5 at%, there is no change in the lattice constant in the a-axis direction, suggesting that the amount
of intercalated Ag" in the orthorhombic SnS crystal is extremely small and the solubility limit is
below 0.5 at%. Therefore, when the amount of Ag exceeds 0.5 at%, the excess is not intercalated

and we believe instead forms Ag>S or Ag>S1..Sex nanoprecipitates.
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Figure 6. Natural logarithmic plot of electrical conductivity, In g, with respect to the reciprocal of
temperature for pellets of SnS (black circles), SnS:Ag (red circles), and SnSo9Seo.1:Ag (blue
circles).

For SnSo9Seo.1:Ag, Ea (0.23 ¢V) was found to be slightly lower than that of SnS:Ag. The E. of
SnS1..Se, has been reported to be about 0.12—0.24 eV,***! depending on composition and crystal
orientation, which is smaller than that of SnS:Ag (approximately 0.3 eV). The VBM of the pellets
was determined by PYSA and was found to be about 5.3 eV for all pellets of SnS, SnS:Ag, and
SnSo.9Seo.1:Ag, with no significant difference (Figure S8). So, we can conclude that the lower E,
for SnSp9Seo.1:Ag is due to a reduction in the Sn vacancy acceptor level energy as a result of Se

doping.

The structural analysis and the Arrhenius plot of electrical conductivity strongly suggest that Ag
doping causes the formation of Sn vacancy acceptor levels. Therefore, we performed Hall
measurements on the SnS, SnS:Ag, and SnSo9Seo.1:Ag pellets at 300 K to estimate the ny and the
un. The values of ny at 300 K were determined to be 2.1 x 10'°, 6.7 x 10'°, and 34.9 x 105 cm™
for SnS, SnS:Ag, and SnSo.9Seo.1:Ag, respectively, so ny increases with Ag doping and further
increases with Se doping, corresponding to the observed changes in E.. It has also been reported
that the conduction band minimum (CBM) of SnS is decreased by the formation of a solid solution
with Se.*? In other words, the inclusion of Se in SnSo.¢Seo.1:Ag results in a smaller band gap than
SnS:Ag, and the increase in interband excitation may be one of the reasons for the increase in nu.
We also noted that the VBMs of SnS:Ag and SnSo.9Seo.1:Ag are comparable to the VBM of Ag,S

(5.3 eV),* so energy filtering effects are unlikely to be observed.
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The values of un were calculated to be 2.1, 11.8, and 5.5 cm*V 's™! for SnS, SnS:Ag, and
SnSo.9Seo.1:Ag, respectively. The electrical resistivity values (p) for all pellets at 300 K used for
the calculation are shown in Table S4 in the Supporting Information. SnS:Ag showed the highest
uu, while SnSo.9Seo.1:Ag showed a un value lower than SnS:Ag and higher than pristine SnS. To
explore the reasons for these changes, a Pisarenko plot (shown in Figure 7) was created to estimate
the m" of each sample assuming that acoustic phonon scattering is dominant for SnS:Ag (uw o
T2, see Figure 5g) and neutral impurity scattering is dominant for SnSo.oSeo.1:Ag (uw o T°, see
Figure 5g). Note that in the case of pristine SnS, the electrical resistance is too high at 300 K to
make the ZEM-3 measurements reliable, so the DFT calculated value of S at 300 K was used in

the Pisarenko plot. Because the relation between uu and m” can be given as*

Uy = m*’ (2)

where 7 denotes the charge carrier relaxation time, the values of r were also calculated for all pellets.
The values of m" and 7 for all pellets are listed in Table S5. As can be seen in Figure 7 and Table
S5, both m" and 7 of SnS:Ag are larger than those of SnS. However, for SnSo.9Seo.1:Ag, both values
lie between those of SnS:Ag, and SnS. Although the reason for the increase in m" for SnS:Ag and
SnSo.sSeo.1:Ag over the m” for SnS is not clear, a previous study has reported an increase in the
density-of-states effective mass of Bi>—.SbxTes-» solid solutions as a result of nanostructuring or
when SiO, fine particles are incorporated into the matrix as nanoinclusions.*® Therefore, the
increase in m" for SnS:Ag and SnSo+Seo.1:Ag may be due to Ag>S and Ag>S1.Sex nanoprecipitates.
In the case of 7, since intercalated Ag" formed Sn vacancies, and since Ag" has a lower hole
scattering ability than Sn?’, the ionized impurity scattering effect may have been suppressed,

resulting in an overall increase in 7. As for the difference between SnS:Ag and SnSo.9Seo.1:Ag,
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since the m” of SnSe is known to be smaller than that of SnS,* it can be expected that the m" of
SnSo.9Seo.1:Ag is smaller than that of SnS:Ag. Additionally, the impurity scattering effect due to
the substitution of S with Se may have resulted in SnSo.9Seo.1:Ag having a smaller 7 than SnS:Ag.
We can consider the above discussion to be valid because the VBM of each pellet obtained by
PYSA, as mentioned above, is comparable to the VBM of Ag>S or Ag>Si.,.Sey, ruling out energy
filtering effects. This is also supported by the temperature dependence of uw (Figure 5g), which is
proportional to 7*? in the case of SnS:Ag and is thus dominated by carrier-phonon scattering,
whereas the temperature dependence disappears in SnSop.9Seo.1:Ag and neutral impurity scattering

dominates.

600

100 101
ny (€m=)

Figure 7. Pisarenko plot for various values of effective mass m", where my is the mass of the free

electron. The black circle and line represent SnS, red circle and line represent SnS:Ag, and blue
circle and line represent SnSo.9Seo.1:Ag.

The relationship between the drift mobility, u, and uw is expressed by the following equation:**

m*)3/2

mo

= 3
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Using this equation, we can estimate the values of uw using the values of m™* obtained by our
Pisarenko plot and the measured un at 300 K, giving values of uw at 300 K of approximately 38.5
cm?>V Lsand 3.2 cm? Vs 7! for SnS:Ag and SnSo.9Seo.1:Ag, respectively. The calculated values
of s obtained from the experimentally obtained data of S and ¢ were 59.4 cm?*V !s”'and 18.9
cm?V 1571 at 423 K for SnS:Ag and SnSoeSeo.1:Ag, respectively. Considering the difference in
temperature and the difference between un and u, the estimated values seem reasonable. Note that
due to the high electrical resistivity of the SnS sample below 400 K, a reliable ZEM-3 measurement
could not be obtained, and so an accurate low temperature uw could not be calculated.

Finally, the reason why the B value was higher for SnS:Ag than SnSo.9Seo.1:Ag (Figure 5h) can

be explained by looking at the equation used to calculate B.*?

2 3/2
B = (k_B) 8me(2mokgT) H—WT, (4)
e 3h3 K

where e is the electron charge and /4 is the Planck constant. In SnSo.9Seo.1:Ag an increase in carrier
density compared to SnS:Ag leads to an improvement in ¢ and PF, however uw is reduced due to
the increase in neutral impurity scattering. As seen in Eq. (4), B is proportional to uw/xi1 which is

the cause of the reduction in B even as Z7 is seen to increase by 1.6 times (Figure 5f).

CONCLUSIONS

We developed a facile wet chemical synthesis method for tin monosulfide (SnS) nanoparticles
(NPs), which are expected to be an environmentally benign thermoelectric material, and
furthermore, demonstrated the ease of Ag and Se doping. The thermoelectric properties of pellets

obtained by sintering the synthesized NPs were investigated, and a significant decrease in the
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lattice thermal conductivity, xi, due to nanostructuring and a remarkable increase in the electrical
conductivity, o, due to Ag and Se doping were found. As a result, Z7 was improved to 0.09 at 666
K for Ag-doped SnS with 1.5 at% Ag (SnS:Ag) and to 0.14 at 667 K for SnSo.9Seo.1:Ag, which is
more than 10 times higher than the ZT of bulk SnS and comparable to the reported Ag and Se co-
doped SnS. Furthermore, we were able to explain the contributions of the two dopants, Ag and Se,
to the thermoelectric properties in terms of their distribution in the crystal structure. Detailed
investigation of the electronic transport properties for SnS:Ag indicated that the significant
improvement in ZT is due to the presence of intercalated Ag’, which increased the carrier density
by encouraging the formation of Sn vacancies, and the carrier mobility due to increased relaxation
time. In the case of SnSo9Seo.1:Ag, the carrier mobility was lower than that of SnS:Ag due to
neutral impurity scattering (alloy scattering) as Se partially replaced S, but the further increase in
carrier density due to the change in band structure resulted in a higher electrical conductivity than
SnS:Ag, which coupled with a reduction in x resulted in a Z7 that is 1.6 times higher than that of
SnS:Ag at 667K. The results of this study provide important insight and understanding into the

electrical and thermal transport properties of the layered material SnS.
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effective mass and charge carrier relaxation time of all pellets, and details of the DFT calculation
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