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SnSe is a promising thermoelectric material due to its ultralow thermal con-
ductivity. However, stoichiometric SnSe compounds exhibit very low intrinsic
defect concentration (3 9 1017 cm�3) and poor electrical transport properties,
limiting the thermoelectric performance. In the present work, we investigated
the effect of Ag dopant on the thermoelectric properties of SnSe. The results
demonstrate that all the AgxSn1�xSe compounds exhibited anisotropic ther-
moelectric properties. The carrier concentration in the AgxSn1�xSe compounds
greatly increased with increase of the Ag content, saturating at
1.9 9 1019 cm�3 for Ag0.01Sn0.99Se at room temperature. We found that a
maximum zT value of 0.74 was obtained for Ag0.01Sn0.99Se perpendicular to
the pressing direction at 823 K, being 23% higher than that of undoped SnSe
(zT = 0.6).
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INTRODUCTION

Thermoelectric materials have attracted consid-
erable attention during recent decades due to their
potential application in direct conversion of waste
heat into electricity. The thermoelectric perfor-
mance of materials can be quantified by the
dimensionless figure of merit zT ¼ S2rT=j, where
S, r, j, and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity, and absolute
temperature, respectively.1 Accordingly, good ther-
moelectric materials should possess relatively high
power factor (S2r) but low thermal conductivity (j).
Continuous efforts have been made to improve the
electrical transport properties2–4 and decrease the
thermal conductivity.5–8 It is well known that lead
chalcogenide IV–VI compounds, such as PbTe,9,10

PbSe,11,12 and PbS,13,14 are excellent thermoelectric
materials. However, Pb is toxic to humans and the

environment. Moreover, the content of Te in the
Earth’s crust is very low. Those two factors limit the
application of lead chalcogenides.

SnSe is a IV–VI compound with nontoxic and
environmentally friendly characteristics. Different
from lead chalcogenides, SnSe crystal at low tem-
perature is made up of tightly bound double layers
of Sn and Se atoms stacked along the c-axis. Each
atom has three strongly bonded neighbors within its
own layer and three more distant, weakly bonded
neighbors, one of which lies in an adjacent layer.15

The bonding between layers is of weak, van der
Waals type. The thermoelectric properties of SnSe
crystal with high zT value of 2.6 along the b-axis at
950 K were reported by Zhao et al.16 However, the
specific structure, i.e., van der Waals bonding, re-
sults in weak mechanical properties for single-
crystal SnSe. It is expected that optimized poly-
crystalline SnSe will offer both excellent thermo-
electric performance and high mechanical strength.

Recently, the thermoelectric properties of poly-
crystalline SnSe compounds were reported by Sassi
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et al.,17 displaying significant anisotropy in the
transport properties as well as low thermal con-
ductivity. A maximum zT value of 0.5 was ob-
tained. Considering its very high resistivity due to
its low intrinsic defect concentration, tuning the
carrier concentration and refining the degree of
orientation are prospective methods to optimize the
electrical transport properties of polycrystalline
SnSe. Various candidate dopants (Na, Ag, and Tl)
were attempted by Chen and coworkers,18 but only
Na and Ag seemed to be able to be doped and in-
crease the carrier concentration. A saturated car-
rier concentration of 9 9 1018 cm�3 and a peak zT
of 0.6 were obtained for Ag-doped polycrystalline
SnSe using melting and hot pressing (HP).18 Nev-
ertheless, the efficiency of Ag doping in SnSe
compounds is only around 1%, and the secondary
phase AgSnSe2 was observed. Spark plasma sin-
tering (SPS), as a prospective method for fabricat-
ing bulk materials, has the advantage of improving
the sinterability of poorly sinterable compounds,
including the absence of undesired secondary
phases.19 In the SPS sintering process, the powder
interfaces are cleaned and activated by a pulsed
electric current field, so the powders are densified
by strong electric current in short time at low
temperature.

In this work, we focused on tuning the carrier
concentration and the anisotropic thermoelectric
properties of AgxSn1�xSe polycrystalline com-
pounds. The thermoelectric properties of
AgxSn1�xSe were investigated both perpendicular
and parallel to the pressing direction. A series of p-
type AgxSn1�xSe (x = 0.0025 to 0.02) polycrystalline
samples were successfully fabricated by melting and
SPS methods. The undesired secondary phases were
suppressed by the SPS method, and a saturated
carrier concentration of 1.9 9 1019 cm�3 was ob-
tained for Ag0.01Sn0.99Se, which is higher than that
obtained by the hot-pressing method. The maximum
zT value of 0.74 was observed for Ag0.01Sn0.99Se
perpendicular to the pressing direction at 823 K.
Parallel to the pressing direction, a maximum zT
value of 0.67 was obtained at 823 K.

EXPERIMENTAL PROCEDURES

Weighed elemental tin (Sn, 99.999%), selenium
(Se, 99.999%), and silver (Ag, 99.99%) were loaded
into quartz ampoules. The ampoules were evacu-
ated to 7.5 9 10�5 Pa, sealed, slowly heated up to
1253 K over 12 h, then kept for 24 h, followed by
water quench. The obtained ingots were annealed at
973 K for 7 days. The annealed ingots were ground
into powder using an agate mortar, then loaded into
a graphite mold with 13 mm diameter and sintered
by SPS (SPS-625, Fuji Tec.) under 50 MPa pressure
at 873 K for 5 min. The cylinders (Fig. 1d) were cut
into bar- and coin-shaped samples (Fig. 1c) in dif-
ferent directions for electrical and thermal trans-
port measurements.

The phase composition was analyzed by powder
x-ray diffraction (XRD) analysis using an x-ray
diffractometer (Cu Ka radiation, k = 0.154 nm;
Bruker, Germany). The temperature dependence of
the electrical conductivity and Seebeck coefficient
was tested using an LSR-3 (Linseis) under static
helium atmosphere. The thermal conductivity was
calculated from the following equation: j ¼ qCpk.
The temperature dependence of the thermal diffu-
sivity k was tested by the laser flash method (model
LFA-457, Netzsch) under flowing argon atmo-
sphere. The density q of the bulk samples was
measured by the Archimedes method. The heat
capacity value Cp was taken from Chen’s work,18

being calculated from the fitting equation given by
Pashinkin20 and Yamaguchi.21 The Hall coefficient
was determined using a Physical Property Mea-
surement System (PPMS-14, Quantum Design)
under magnetic field of �1 T to 1 T. Thermal anal-
ysis was carried out using a differential scanning
calorimeter (DSC404-F3). The relative density of all
samples was over 97% of the theoretical value
(6.18 g/cm3). The Hall mobility was calculated from
the relationship lH ¼ r=ne, where r is the electrical
conductivity, n is the carrier concentration, and e is
the electron charge.

RESULTS

Figure 1a shows the XRD patterns of AgxSn1�xSe
(x = 0, 0.0025, 0.005, 0.0075, 0.01, 0.02) powders
ground from quenched ingots. The patterns can be
indexed to the orthorhombic SnSe phase (PDF#48-
1224). With increasing Ag content, a small amount
of impurity phase gradually emerges in the XRD
pattern, indicated by green arrows. The impurity
phase was identified as AgSnSe2 phase (PDF#33-
1149), consistent with Chen’s work.18 The solubility
of Ag in SnSe is very low, being limited to 0.5% or
less. The effects of Ag doping and the secondary
phase on the lattice parameter are inconspicuous as
a result of the minimal doping content. The XRD
patterns of the AgxSn1�xSe samples were refined
using the Rietveld full file fitting method, and the
lattice parameter (a = 11.5147 Å, b = 4.159 Å,
c = 4.451 Å) was calculated by using the general
structure analysis system (GSAS), being consistent
with literature.15

Figure 1b shows the XRD patterns of the sintered
SnSe bulks both perpendicular and parallel to the
pressing direction. The XRD patterns parallel to the
pressing direction exhibit some preferred orienta-
tion. The strongest peak observed is the (400) peak
instead of the (111) peak, which is the strongest
peak in the standard pattern (PDF#48-1224).
Meanwhile, perpendicular to the pressing direction
(Fig. 1c, red plane), there is scarcely any preferred
orientation in the XRD patterns, and the strongest
peak of the bulk samples matches well with the
standard pattern, i.e., (111), consistent with prior
studies on SnSe.16,17,22
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Fig. 2. (a) Measured Hall carrier concentration in the present work and Chen’s work18 as a function of Ag concentration at 300 K. (b) Calculated
Hall mobility in the present work as a function of Ag content (x) at 300 K.

Fig. 1. (a) XRD patterns of AgxSn1�xSe (x = 0, 0.0025, 0.005, 0.0075, 0.01, 0.02) powders ground from quenched ingots. (b) XRD patterns of
SnSe bulks sintered by SPS both parallel and perpendicular to the pressing direction. (c) Sample cutting direction for measurements parallel and
perpendicular to the pressing direction. (d) Bulk sample sintered by SPS. (e) Differential scanning calorimetry (DSC) scans for SnSe and
Ag0.01Sn0.99Se. Exothermal peaks were observed at 803 K (Color figure online).
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Figure 1e shows the DSC results for the sintered
SnSe and Ag0.01Sn0.99Se samples. Endothermal
peaks are observed in the two curves at 803 K,
corresponding to the phase transition from Pnma
(D16

2h) phase to Cmcm (D17
2h) phase of SnSe. The

critical temperature (803 K) of the phase transition
is in line with related literature.23,24

Figure 2a and b show the Hall carrier concen-
tration and Hall mobility of the AgxSn1�xSe samples
(x = 0, 0.0025, 0.005, 0.0075, 0.01, 0.02), respec-
tively. The Hall carrier concentration (qH ¼ RHe

�1)

of undoped SnSe is around 3 9 1017 cm�3 at 300 K,
roughly of the same level as Chen’s report
(2.5 9 1017 cm�3).18 A saturated carrier concentra-
tion of 1.9 9 1019 cm�3 is obtained for
Ag0.01Sn0.99Se, which is 52.63% higher than that
reported by Chen et al. (9 9 1018 cm�3).18 With Ag
doping, the Hall mobility demonstrates a decreasing
trend, because Ag doping induces an increase of
both carrier scattering and the point defect con-
centration. The carrier mobility saturates when the
Ag content reaches 0.1, suggesting extremely low

solubility of Ag in SnSe. Anisotropy is observed in
the Hall carrier mobility. The Hall mobility per-
pendicular to the pressing direction is always
greater than that parallel to the pressing direction,
due to the higher carrier mobility in the a-axis
corresponding to the direction perpendicular to the
pressing direction.16

Figure 3a and b shows the temperature depen-
dence of the electrical conductivity for the
AgxSn1�xSe samples (x = 0, 0.0025, 0.005, 0.0075,
0.01, 0.02). In SnSe, the electrical conductivity is
around 1.50 S cm�1 at room temperature and in-
creases rapidly to 23.25 S cm�1 at 823 K (Fig. 3a
and b), indicating typical semiconducting behavior.
For the samples with Ag doping, the electrical
conductivity displays metallic transport behavior
below 623 K, then increases rapidly, suggesting
semiconducting behavior caused by thermal exci-
tation of intrinsic semiconducting carriers. A
maximum electrical conductivity of 54.78 S cm�1 is
obtained for Ag0.01Sn0.99Se perpendicular to the
pressing direction at room temperature. The elec-
trical conductivity parallel to the pressing direction
exhibits lower values than those perpendicular to
the pressing direction. This results from the pre-
ferred orientation parallel to the pressing direc-
tion, which leads to lower carrier mobility parallel
to the pressing direction than in other measuring
directions.

Fig. 4. Thermal conductivity measured (a) perpendicular and (b) parallel to the pressing direction. zT value (c) perpendicular and (d) parallel to
the pressing direction (Color figure online).

bFig. 3. Electrical conductivity measured (a) perpendicular and (b)
parallel to the pressing direction. Logarithmic electrical conductivity
(c) perpendicular and (d) parallel to the pressing direction. Seebeck
coefficient measured (e) perpendicular and (f) parallel to the pressing
direction. Power factor measured (g) perpendicular and (h) parallel to
the pressing direction (Color figure online).
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Figure 3e and f shows the temperature depen-
dence of the Seebeck coefficient for AgxSn1�xSe
samples (x = 0, 0.0025, 0.005, 0.0075, 0.01, 0.02). In
SnSe samples, the Seebeck coefficient is around
500 lV K�1 at room temperature and increases ra-
pidly to 613 lV K�1 at 623 K. Then, the Seebeck
coefficient starts to decrease when the temperature
is over 623 K. In Ag-doped samples, the trends of
the Seebeck coefficient variation also show similar
behavior with increasing temperature. The Seebeck
coefficient starts to decrease above 623 K due to
thermal excitation. Compared with undoped SnSe,
the greater drop of the Seebeck coefficient in the Ag-
doped SnSe samples results from the increased
carrier concentration. Different from the electrical
conductivity, the Seebeck coefficient shows scarcely
any difference in the two directions.

Figure 3g and h shows the temperature depen-
dence of the power factor (PF) for AgxSn1�xSe
samples (x = 0, 0.0025, 0.005, 0.0075, 0.01, 0.02)
both perpendicular and parallel to the pressing
direction. The PF of all the samples was calculated
from the measured electrical conductivity and See-
beck coefficient (PF = S2r). A maximum PF of
0.6 mW m�1 K�2 was obtained for Ag0.01Sn0.99Se
perpendicular to the pressing direction.

Figure 4a and b shows the temperature depen-
dence of the thermal conductivity for AgxSn1�xSe
samples (x = 0, 0.0025, 0.005, 0.0075, 0.01, 0.02)
both perpendicular and parallel to the pressing
direction. All the thermal conductivity values re-
main at a very low level between 0.4 W/m-K and
1.2 W/m-K in the measured temperature range.
With increasing temperature, the thermal conduc-
tivity decreases due to increased phonon scattering.
When the temperature reaches 773 K, the thermal
conductivity starts to increase, which is related to
the phase transition from Pnma to Cmcm. A mini-
mum thermal conductivity of 0.55 W/m-K was ob-
tained for undoped SnSe at 773 K.

Similar to the electrical conductivity, the thermal
conductivity exhibits outstanding anisotropy. The
thermal conductivity perpendicular to the pressing
direction always exhibits higher values than those
parallel to the pressing direction. A minimum
thermal conductivity of 0.4 W/m-K was obtained for
Ag0.01Sn0.99Se parallel to the pressing direction.

Figure 4c and d shows the temperature depen-
dence of the zT value for AgxSn1�xSe samples (x = 0,
0.0025, 0.005, 0.0075, 0.01, 0.02) perpendicular and
parallel to the pressing direction, respectively. The
zT value of undoped SnSe increases with tempera-
ture but starts to decrease above 773 K. A maxi-
mum zT value of 0.56 was obtained at 773 K, which
is higher than the results reported by Sassi (0.5)17

and Chen (0.3).18 For the Ag-doped SnSe, the zT
values perpendicular to the pressing direction were
higher than those parallel to the pressing direction.
A maximum zT value of 0.74 was observed for
Ag0.01Sn0.99Se perpendicular to the pressing direc-
tion at 823 K.

DISCUSSION

The degree of orientation of the (h00) bc-planes is
evaluated by the orientation factor termed F. The
orientation factor was calculated by the Lotgering
method using the following equations:25

F ¼ P� P0

1 � P0
; (1)

P0 ¼ I0ðh00Þ
RI0ðhklÞ

; (2)

P ¼ Iðh00Þ
RIðhklÞ ; (3)

where P and P0 are the ratios of the integrated
intensities of all (h00) planes to those of all (hkl)
planes for preferentially and randomly oriented
samples, respectively. In the sintered samples, a
high orientation factor of 0.32 was obtained parallel
to the pressing direction, which is higher than that
(F = 0) perpendicular to the pressing direction. On
the one hand, grains cleave easily from the cleavage
plane due to the weak, van der Waals bonding be-
tween layers and tend to be rearranged under an
applied pressure. The basal bc-plane tends to be-
come perpendicular to the pressing direction in this
rearrangement process. A series of plate-like poly-
crystalline AgxSn1�xSe structures are stacked along
the sintering pressing direction, producing a strong
peak in the XRD patterns from (h00) planes, namely
a high degree of orientation parallel to the pressing
direction. On the other hand, highly oriented tex-
ture is related to fine grain size. In general, highly
oriented texture is easily obtained when the grain
size is large enough,26 but it becomes difficult to
form when the grain size is small.23 The grain sizes
of the polycrystalline SnSe were around 15 lm,
contributing to the high degree of orientation.
Moreover, we also note that these high F values
may be related to the direct-current pulsing during
the SPS process.

The significant increase of the electrical conduc-
tivity for Ag-doped SnSe is mainly related to the
improvement of the carrier concentration in spite of
the drop of the Hall carrier mobility. With Ag dop-
ing, the carrier concentration increases from
3 9 1017 cm�3 to 1.9 9 1019 cm�3. At the same
temperature, the electrical conductivity parallel to
the pressing direction is always lower than that in
another measuring direction, as a result of the an-
isotropy in the Hall carrier mobility shown in
Fig. 2b. The outstanding anisotropy in the Hall
carrier mobility mainly results from the anisotropy
of the effective mass. The shape of the Fermi surface
indicates that the effective mass possesses its
highest value along the a-axis direction (perpen-
dicular to the SnSe layers), corresponding to higher
effective mass parallel to the pressing direction.27

High effective band mass results in low carrier
mobility, because the mobility (l ¼ se�

m�
I
) is in-
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versely proportional to the inertial mass when the
carriers are predominantly scattered by phonons.
Simultaneously, the scattering time s decreases
with m�

b and the overall density of states (DOS)

effective mass (m�
d ¼ N

2=3

V m�
b) is proportional to the

effective band mass when the carriers are predom-
inantly scattered by phonons.28

For further discussion, the logarithmic electrical
conductivity (LEC) of SnSe-based alloys was calcu-
lated and is plotted in Fig. 3c and d. Below 523 K,
the LEC of the SnSe-based alloys roughly follows a
T�1.5 dependence, indicating acoustic phonon scat-
tering. When the temperature is higher than 523 K,
the dominant factor in the electrical conductivity
undergoes a transition from phonon scattering to
thermal excitation of intrinsic carriers. At the
beginning of this transition, the LEC of SnSe alloys
doped with Ag decreases more rapidly than that of
SnSe alloy due to bipolar effects. Above 723 K, the
LEC of the SnSe-based alloys roughly follows the
dependence of undoped SnSe, suggesting that the
dominant effect in the electrical conductivity is the
gradual increase in carrier concentration caused by
thermal excitation of intrinsic carriers (both holes
and electrons).

Corresponding to the rapid increase in the electric
conductivity due to bipolar conduction, the Seebeck
coefficient shows a rapid decrease above 623 K for
the same reason. At low temperatures (T< 523 K),
the Seebeck coefficient of Ag-doped SnSe shows lit-
tle change with increase of the Ag content due to the
limited increase in the carrier concentration. How-
ever, when the temperature is higher than 523 K,
the difference in the Seebeck coefficient of Ag-doped
SnSe gradually increased. This greater difference at
high temperature should be due to suppression of
bipolar conduction for the samples with high carrier
concentration.

The thermal conductivity showed little change on
substitution of Sn with Ag at Sn site, due to the large
contribution of phonon conduction to the total ther-
mal conductivity. The decline of the thermal con-
ductivity was slowed by bipolar effects when the
temperature was higher than 523 K. Bipolar effects
on the thermal conductivity occur when electron–
hole pairs absorb heat in a high-temperature region
and give out heat by recombining in a low-tempera-
ture region within the intrinsic conduction region.29

However, a difference in the bipolar thermal con-
ductivity between undoped and doped SnSe caused
by the remarkable improvement in the carrier con-
centration is not demonstrated. This can be attrib-
uted to the decrease of the bandgap for the Ag-doped
SnSe. For a single parabolic band and acoustic pho-
non scattering (k = �1/2), the bipolar thermal con-
ductivity in semiconductors can be expressed as30

kB

e

� �2
Eg

kBT
þ 2F1ðnpÞ

F0ðnpÞ þ
2F1ðnnÞ
F0ðnnÞ

h i2
T

jb
¼ 1

rn
þ 1

rp
; (4)

where kB is the Boltzmann constant, e is the free
electron charge, n is the reduced Fermi energy, and
Fx is the Fermi integral of order x. Therefore,
nn + np = �Eg/kBT, where Eg is the bandgap. With
Ag doping, the bandgap of AgxSn1�xSe shows a
decreasing trend (as shown in the Electronic Sup-
plementary Material), which weakens the effect on
the bipolar thermal conductivity of the increased
carrier concentration. The thermal conductivity
transition at 773 K is caused by both bipolar ther-
mal conductivity and the phase transition from low-
temperature Pnma phase to Cmcm phase. Com-
pared with the Cmcm phase, the thermal conduc-
tivity of the Pnma phase is lower, which is ascribed
to strong bonding anharmonicity. The Pnma phase
with zigzag geometrical structure can be deformed
like a retractable spring in the (l00) plane, which is
called a soft lattice. Moreover, the elastic net formed
due to the weaker bonding between SnSe slabs also
restricts phonon transport. All the above-mentioned
effects can give rise to low lattice thermal conduc-
tivity in ordered crystal structures.31–33

CONCLUSIONS

Polycrystalline Ag-doped SnSe compounds were
prepared by melting and SPS methods. Ag is an
effective dopant in SnSe compounds. The carrier
concentration was immensely enhanced from
3 9 1017 cm�3 to 1.9 9 1019 cm�3 for Ag0.01Sn0.99Se
at room temperature. All the AgxSn1�xSe com-
pounds showed anisotropic thermoelectric proper-
ties. Perpendicular to the pressing direction, a
maximum zT value of 0.74 was obtained for
Ag0.01Sn0.99Se at 823 K, being 23% higher than that
of SnSe compounds (zT = 0.6). Parallel to the
pressing direction, a maximum zT value of 0.68 was
obtained for Ag0.01Sn0.99Se at 823 K.

ELECTRONIC SUPPLEMENTARY
MATERIAL

The online version of this article (doi:
10.1007/s11664-015-4143-4) contains supplemen-
tary material, which is available to authorized
users.
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