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Texturing degree boosts thermoelectric performance
of silver-doped polycrystalline SnSe

Xue Wang1,2, Jingtao Xu1, Guo-Qiang Liu1, Xiaojian Tan1, Debo Li1, Hezhu Shao1, Tianya Tan2

and Jun Jiang1

Tin selenite (SnSe) has attracted significant attention due to its record thermoelectric figure of merit (ZT=2.6 at 923 K) of its

single crystal. However, the polycrystalline SnSe processes considerably less ZTs (⩽1.1). In this study, we investigate the

thermoelectric properties of Ag-doped polycrystalline SnSe, which was synthesized via zone melting and hot pressing. By

comparing our results and previous reports of Ag-doped single crystals and polycrystals, we determine that the high texturing

degree is essential for achieving good thermoelectric performance in polycrystalline SnSe. The zone-melted Sn0.99Ag0.02Se

shows better thermoelectric performance than the Ag-doped SnSe single crystal in the entire temperature range, exhibiting a

peak ZT of 1.3 at 793 K.
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INTRODUCTION

Thermoelectric materials, which are able to directly convert heat
energy into electrical power, have received global attention.1–4 The
efficiency of thermoelectric devices is determined via the dimension-
less figure of merit, which is defined as ZT= S2σT/κ, where S is the
Seebeck coefficient, σ is the electrical conductivity, κ is the thermal
conductivity and T is the absolute temperature. The thermoelectric
performance has been significantly improved in the past two decades
through new understanding of transport properties,5–8 and ZT records
have been continuously renewed in thermoelectric materials.6–10

Recently, the IV–VI compound SnSe has received considerable
attention because of its ultrahigh thermoelectric performance in both
undoped and p-type-doped single crystals (SCs).11–13 SnSe has a
layered structure (with a Pnma space group, #62 at room temperature)
and strong anisotropic properties. The a axis possesses an ultralow
thermal conductivity but low ZTs. High thermoelectric performance is
observed in the bc plane, ZT= 2.62 at 923 K along the b axis and 2.3
along the c axis. The high thermoelectric performance of SnSe is
attributed to its low thermal conductivity, as low as 0.23Wm− 1 K at
973 K.11 Recently, several authors have argued that the reported
ultralow thermal conductivity is due to the poor density of samples,
and it is not intrinsic.14 Because of poor machinability and difficulties
of growing SCs, increasing attention has been paid to its polycrystal-
line counterparts.
Polycrystalline samples exhibit a considerably worse thermoelectric

performance than the SC. The highest reported ZT for polycrystalline
SnSe is only 1.1, which is less than half of the undoped SC.15,16 Even
though alloying and microstructure modulation have been used to

reduce thermal conductivity, polycrystalline samples exhibit a higher κ
than the SC,15–20 which contradicts phonon scattering considering the
effect of grain boundary scattering. In addition, most polycrystalline
samples possess lower power factors (S2σ) than the SC, which suggests
that the control of crystallite orientation is very important in
polycrystalline SnSe samples.15–20

The undoped SnSe shows a carrier concentration of ~ 1017 cm− 3,11

which is considerably lower than the optimal region for a thermo-
electric material.2–4 Therefore, chemical doping has been used to tune
the carrier concentration and improve the thermoelectric performance
of SnSe. Ag,21,22 Na,23–25 and K26 have been used to increase hole
concentration, and I27 and BiCl3

28 have been used as n-type dopants.
Significant enhancement in ZT values below the phase transition was
observed in doped SCs.12,13 However, the doped polycrystalline
samples still show ZT values that are less than 1.1, which is the
highest reported value of undoped polycrystalline samples, although
the carrier concentration has been optimized to 41019 cm− 3.19–30

The deep understanding of electrical and thermal transport properties
and exquisite control of the crystallite orientation in the samples are
essential to achieve high thermoelectric performance in
polycrystalline SnSe.
In this study, we prepare an Ag-doped polycrystalline SnSe via hot

pressing (HP) and zone melting (ZM). We compare the thermo-
electric properties of our samples with an Ag-doped SC and
polycrystalline samples via spark plasma sintering (SPS).13,22 We
found that the sample prepared via ZM show excellent electrical
properties and lower thermal conductivity compared with the SC. Our
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results suggest that better thermoelectric performance can be achieved
in a highly textured polycrystalline SnSe.

MATERIALS AND METHODS
High-purity starting materials, Sn granules (99.999%), Se granules (99.999%)
and Ag granules (99.9%), were weighed according to the stoichiometry of
Sn1− xAg2xSe (x= 0, 0.01, 0.02) and sealed under high vacuum (~10− 3 Pa) in
quartz tubes. The mixtures were melted at 1223 K for 1 h in a rocking furnace
to ensure homogeneity of the composition. Next, the mixtures were air-
quenched. For HP, the obtained cylindrical ingots were crushed by hand and
ground into fine powders with an agate pestle and mortar. The powders were
loaded into a graphite mold with a 12.7-mm diameter and sintered under a
pressure of 60 MPa for 30 min at 753 K. For ZM, the quartz tubes after rocking
were put into a ZM furnace, and the crystals were grown at 1223 K with a
constant speed of 10.66 mm h− 1.15

X-ray diffraction (XRD) analysis was performed in a reflection geometry
using a diffractometer (D8 Advance, Bruker, Kalsruhe, Germany). The analysis
was performed on the samples that were parallel/perpendicular to the applied
pressure or growth direction. The microstructures were investigated using a
scanning electron microscope (SEM; Quanta FEG 250, FEI, Hillsboro, OR,
USA) with an attached energy dispersive spectrometer (Inca X-Max, Oxford
Instruments, Oxford, England). The actual composition of the samples was
determined using the electron probe micro-analysis (EPMA-1610, Shimadzu,
Kyoto, Japan).
The thermoelectric properties were measured along the (400)-preferred

orientation. According to previous studies,15 the hot pressed samples were cut
perpendicular to the pressing direction, and the zone-melt sample was cut
along the growing direction. For electrical measurements, the samples were cut
into 8 mm×2 mm×2 mm bars. The Seebeck coefficient and electrical con-

ductivity were simultaneously measured using a ZEM-3 (Ulvac Riko, Inc.,
Kanagawa, Japan) instrument in helium atmosphere from room temperature to
850 K. For thermal diffusivity measurements, the samples were cut and
polished into a disk shape of Φ6 mm×1.5 mm. The thermal conductivity
was determined via the relationship κ=DCpρ, where D, Cp and ρ are the
thermal diffusivity, heat capacity and density, respectively. The thermal
diffusivity was measured using a laser-flash system (LFA457; Netzsch, Selb,
Germany) in the temperature range of 300–850 K. The density was measured
using the Archimedes method. The heat capacity was obtained from previous
reports.11 The Hall coefficient RH was measured at room temperature using a
physical properties measurement system (PPMS-9; Quantum Design, San
Diego, CA, USA) with magnetic fields in the range of − 5 and 5 T. The carrier
concentration nH was calculated via nH= 1/eRH, where e is the electronic
charge. The carrier mobility μ was calculated via μ= σRH.

RESULTS AND DISCUSSION

It has been reported that Ag doping increases the carrier concentration
of SnSe, which leads to the enhanced thermoelectric properties.
However, the reported optimal doping levels are not consistent with
each other. For SCs, the thermoelectric performance increases with an
increase in the amount of Ag, and Sn0.97Ag0.03Se shows the highest ZT
of 1.2 at 800 K.13 However, for polycrystalline samples that are
prepared via both HP and SPS, Sn0.99Ag0.01Se has better performance
than other compositions.21,22 Thus, the first step of our experiment is
to determine the optimal concentration of Ag. The samples were
synthesized via HP.
The XRD patterns of the HP SnSe bulk sample in the planes

perpendicular to the pressure direction are shown in Figure 1. All
peaks show an excellent match to the standard pattern of SnSe (JCPDS
#48-1224) and can be indexed based on the orthorhombic phase
(space group Pnma). Structural anisotropy is clearly observed in the
XRD patterns measured along different directions (Supplementary
Figure S1) because of its layered crystal structure. No impurity phase
was observed within the XRD detection limit.
The SEM image of HP Sn0.99Ag0.02Se is shown in Figure 2a. The

layered crystal structure can be observed. Roughly, all crystallites
orient in a similar direction. A number of micrometer-sized Ag2Se
inclusions are observed in HP Sn0.99Ag0.02Se after polishing the surface
(Supplementary Figure S2). The quantitative analysis via energy
dispersive spectrometer and electron probe micro-analysis shows that
the actual Ag amount in the matrix is one order lower than the
nominal composition. This result may explain why the reported
carrier concentration of doped samples is considerably smaller than
expected.21,22Figure 1 XRD patterns of bulk SnSe and Ag-doped SnSe.

Figure 2 SEM images of bulk Sn0.99Ag0.02Se prepared via HP (a) and ZM (b).
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Figure 3 Temperature dependence of the (a) electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity and (d) ZT values for the Sn1− xAg2xSe
samples prepared via HP. The properties were measured perpendicular to the pressing direction.

Figure 4 Temperature dependence of the thermoelectric properties for the Ag-doped SnSe samples prepared via different methods. (a) Electrical conductivity,
(b) Seebeck coefficients, (c) power factors and (d) thermal conductivity. The lattice thermal conductivity is shown in the inset of d.
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The thermoelectric properties of HP samples were measured
perpendicular to the pressure direction because this direction shows
a preferred orientation of (400) (bc plane) based on XRD. The results
are shown in Figure 3. The electrical conductivity for undoped SnSe
shows an almost the same trend as for the reported SC. The
conductivity first decreases with increasing temperature, reaches a
minimum at around 480 K, and later increases with further increasing
temperature. However, the absolute value is close to that along the a
axis for the SC. Ag doping enhances the electrical conductivity, but
Sn0.99Ag0.02Se shows higher electrical conductivity than Sn0.98Sn0.04Se.
The Seebeck coefficient of undoped SnSe decreases with increasing
temperature. An anomaly is observed at ~ 530 K, which may be
attributed to the melting of Sn impurity. The Seebeck coefficient is
suppressed after Ag doping, which indicates the increase of carrier
concentration. However, the Seebeck coefficient for Sn0.98Sn0.04Se is
also lower than that of Sn0.99Sn0.02Se, which is consistent with the
change in electrical conductivity. These results differ from previous
reports, which showed that Ag doping continuously increases the
carrier concentration. This phenomenon may be explained by the
existence of Ag2Se inclusions because Ag in Sn0.98Ag0.04Se may only
form Ag2Se inclusions and is not substituted in the matrix. The
Seebeck coefficient of doped samples increases with increasing
temperature and shows a maximum at around 600 K. Above this
temperature, the Seebeck coefficients of undoped and doped samples
are close to each other.
The thermal conductivity of all samples decreases with increasing

temperature, and it also decreases with increasing Ag, which indicates
the enhanced phonon scattering by point defects or the Ag2Se
inclusions. At room temperature, the thermal conductivity of SnSe
is ~ 1.5 Wm− 1 K, which is consistent with previously reported values
in HP and SPS samples.21,22 The lowest thermal conductivity is
observed to be ~ 0.5 Wm− 1 K at 793 K in Sn0.98Ag0.04Se. The ZT
values are calculated from the measured properties and are plotted in
Figure 3d. Due to better electrical properties, Sn0.99Ag0.02Se shows
higher ZT values than Sn0.98Ag0.04Se and undoped SnSe. The highest
ZT in Sn0.99Ag0.02Se is found to be over 0.9 at 793 K, which is higher
than the reported values in polycrystalline SnSe materials.21–29

However, this value is still smaller than that of the Ag-doped SnSe
SC (1.2).
To explore the method for achieving a high-performance poly-

crystalline SnSe, we fix the amount of Ag and investigate the impact of

synthesis methods on the properties of Ag-doped SnSe samples. The
XRD result of the ZM sample is shown in Figure 1. Only the peak for
the (400) plane is clearly observed, which suggests a considerably
better degree of texturing. The SEM image of the ZM sample (in
Figure 2b) also shows a higher texturing degree than the HP sample.
In Figure 4, we compare the thermoelectric properties of

Sn0.99Ag0.02Se prepared via ZM and HP with the best results of the
SC and polycrystalline samples produced via HP and SPS.13,21,22 In
Figure 4a, the room temperature electrical conductivity for Ag-doped
SnSe varies in a very large range, from ~40 S/cm for the HP sample to
~ 300 S/cm for the SC. In addition, the samples fall into two
categories: the SC and ZM samples show high conductivity that is
larger than 200 S cm− 1, while the HP and SPS samples show
conductivity that is less than 100 S cm− 1. The temperature depen-
dence of Seebeck coefficients for all samples is similar to Figure 4b, as
mentioned above. The difference in Seebeck coefficient values for all
samples is much smaller than that in electrical conductivity. At room
temperature, the Seebeck coefficient changes from ~240 to
~ 320 μV K− 1, and the SC shows smaller Seebeck coefficients than
other polycrystalline samples. The power factors are calculated and
shown in Figure 4c. Due to the high conductivity, the SC and ZM
samples show larger power factors than other samples. These two
samples show a very similar temperature dependence, and the power
factors for the ZM sample are larger than those for the SC at low
temperature due to high Seebeck coefficients.
The thermal conductivity is shown in Figure 4c. Polycrystalline

samples show a lower thermal conductivity than the Ag-doped SC.
Furthermore, the thermal conductivity of the samples falls into two
categories: the SC and ZM samples with a high thermal conductivity at
room temperature, and the HP and SPS samples with a lower thermal
conductivity. The thermal conductivity of the ZM sample is close to
that of the SC below 550 K. Above this temperature, the ZM sample
shows lower thermal conductivity. At 793 K, the lowest thermal
conductivity is 0.50Wm− 1 K for the ZM sample compared with
0.62Wm− 1 K for the SC. The lattice thermal conductivity is
estimated by subtracting the electronic contribution from the total
thermal conductivity κl= κ− κe, where the electronic contribution κe is
obtained via the Wiedemann–Franz law, κe= LσT. The Lorenz number
L is calculated using the accepted approach of fitting the Seebeck data
to the reduced chemical potential.31,32 In this calculation, L is in the
range of 1.45–1.55× 10− 8 V2 K− 2 (Supplementary Figure S3). As

Figure 5 Figure of merit ZT (a) and averaged ZT (b) for the Ag-doped SnSe samples prepared via different methods.
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shown in the inset of Figure 4d, κl for the HP sample is considerably
lower than that for the SC. It is difficult to differentiate κl for the ZM
sample and the SC below 600 K, and the ZM sample shows a
minimum κl of 0.44Wm− 1 K, which is also lower than 0.54 for
the SC.
Due to better electrical properties at low temperature and lower

thermal conductivity at high temperature, the ZM sample shows
higher ZT values than the SC in the entire temperature range, as
shown in Figure 5a. The highest ZT for the ZM sample is 1.3 at 793 K,
compared with 1.2 for the SC. This result shows that the polycrystal-
line SnSe material has better performance than the SC with a similar
composition. Conversely, the HP and SPS samples show smaller ZT
values than the SC, even though they show lower thermal conductiv-
ity. Because the thermoelectric conversion efficiency is defined by the
average ZT over the entire working temperature range, we calculated
the average ZT based on the relationship ZTave ¼ 1

Th�Tc

R Th

Tc
ZT dT,

where Th and Tc are the hot-side and cold-side temperatures,
respectively. The average ZT values of Ag-doped SnSe materials are
shown in Figure 5b. In the temperature range of 300–800 K, the
average ZT of our ZM Sn0.99Ag0.02Se sample is ~ 0.5 and higher than
that of all other samples.
The compressed samples show lower thermal conductivity

(Figure 4d). The reason for the poor thermoelectric performance of
the compressed samples is poor electrical conductivity (Figure 4c). In
Figure 6, we plot the carrier mobility with carrier concentration for the
Ag-doped samples. It can be seen that the polycrystalline samples are
divided into two categories, similar to what we observed for electrical
and thermal conductivities. The three squares represent mobility along

the a, b and c axis of the SC. The mobility of ZM samples is close to
that along the b axis of the Ag-doped SnSe SCs, and approaches the
best one for undoped SC along the b axis. Even though these
properties are measured along the direction where (400) plane
dominates the XRD pattern, the compressed samples only show low
mobility, which is similar to the value along the a axis of the SC. To
explore the difference, we calculated the orientation factor F of the
(400) plane for all samples. F is defined as

f ¼ p� p0
1� p0

p ¼
P

Iðh00Þ
P

IðhklÞ

p0 ¼
P

I0ðh00ÞP
I0ðhklÞ

where I and I0 are the intensities of XRD reflection peaks for
oriented and non-oriented samples, respectively; p and p0 are the
ratios of the sum of intensities of the (h00) reflection to that of all
(hkl) reflections for oriented and non-oriented samples, respectively.33

The standard diffraction pattern of SnSe is used to calculate p0. For
non-oriented polycrystalline samples, F is 0, while F is 1 along the
(h00) plane in the SC. The calculated orientation factors along the
(400) plane are listed in Table 1, and a clear difference in orientation
factors can be observed. For the compressed samples, the F(400) is
~ 0.5 or even lower. For this degree of texturing, misoriented
crystallites may dominate, and the carrier along the a axis may still
significantly contribute to transport. The results of the ZM samples
suggest that the high orientation is essential for obtaining high
mobility in polycrystalline SnSe. Because the total thermal conductivity
of polycrystalline SnSe is lower than that of the Ag-doped SC
(Figure 4d), this point becomes a key factor for achieving high
thermoelectric performance of polycrystalline SnSe.

CONCLUSIONS

The thermoelectric properties of Ag-doped SnSe polycrystals were
investigated. Large differences in electrical and thermal conductivities
were observed between the samples produced via ZM and HP. The
orientation factors are calculated and suggest that the texturing degree
is the origin. The polycrystalline Sn0.99Ag0.02Se prepared via ZM shows
better thermoelectric performance than the Ag-doped SC in the entire
temperature range. A peak ZT of 1.3 at 793 K and an average ZT of
~ 0.5 are observed in ZM Sn0.99Ag0.02Se, both of which are better than
those in the Ag-doped SC. Our results suggest that a high texturing
degree is essential for obtaining high carrier mobility and therefore
high thermoelectric performance of polycrystalline SnSe.

Figure 6 Room temperature Hall mobility for the Ag-doped SnSe samples
prepared via different methods. The two lines were calculated using SPB by
adjusting μ0.

Table 1 Room temperature carrier concentration (n), carrier mobility (μ), electrical conductivity (σ), Seebeck coefficient (S) and the orientation

factor F for the (400) plane in the diffraction angle range from 20° to 60° of the SnSe and Ag-doped SnSe samples

Sample n (×1017 cm−3) μ (cm2 V−1 s−1) σ (S cm−1) S (μV K−1) F(400)

SnSe-HP 2.9 49 2.3 548 0.49

Sn0.99Ag0.02Se-HP 75 44 53.4 298 0.51

Sn0.99Ag0.01Se-HP21 33 46 26 312 —

Sn0.99Ag0.01Se-SPS22 190 23 68 266 0.36

SnSe-ZM15 5.1 166 13.5 485 0.98

Sn0.99Ag0.02Se-ZM 90 141 205 299 0.89

Sn0.97Ag0.03Se-SC13 130 126 255 234 1
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