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Although n-type Bi2Te3-based alloys are state-of-the-art thermoelectric material, their efficiency is still too low to
satisfy its wide applications. Hence, it is imperative to improve the thermoelectric performance of n-type
Bi2Te2.7Se0.3 (BTS). Here, we show that through a facile method of Sn addition in BTS a new SnxBi2Te2.7Se0.3
based nanocomposite embedded with in-situ formed SnBi and Te nanoinclusions ((SnBi þ Te)/SnxBi2Te2.7Se0.3)
is constructed, and its thermoelectric performance is enhanced substantially as compared to pristine BTS. Spe
cifically, addition of 0.2 wt% of Sn in BTS causes 38% increase in power factor (PF) and 40% reduction in lattice
thermal conductivity. The increased PF mainly comes from elevated Seebeck coefficient due to intensified energy
dependent electron scattering caused by the interface potentials; while the reduced thermal conductivity orig
inates from enhanced phonon scattering by the embedded nanoinclusions. Consequently, both high maximum
figure of merit ZT (ZTmax ¼ 1.11 at ~370 K) and large average ZT (ZTave ¼ 1.03 at T ¼ 300 K–500 K) are
achieved for this sample, which are respectively 76% and 80% higher than those of BTS studied here.

1. Introduction
Thermoelectric (TE) technology provides a promising route to
environmental friendly power generation through the industrial waste
heat recovery. However, a large amount of waste heat belongs to lowgrade waste heat, this large amount of low-grade waste heat can be a
significant component of an overall strategy to improve imminent global
energy crisis [1,2]. On the other hand, major issue is related to limited
TE performance due to the absence of efficient n-type part of TE devices
at room temperature. TE performance is related to the dimensionless
figure of merit ZT ¼ (S2σT)/к, where S, σ, к, and T are the Seebeck co
efficient, electrical conductivity, thermal conductivity, and absolute
temperature, respectively [3]. Bi2Te3-based alloys have been considered
to be state-of-the-art TE material used for both cooling and power
generation near room temperatures. Nevertheless, its commercial ap
plications are restricted by low conversion efficiency η of n-type coun
terpart in TE devices that exhibits relatively inferior power factor PF

(¼S2σ) [4,5]. Therefore, at present, it is vital to increase the thermo
electric performance of n-type Bi2Te2.7Se0.3 (BTS) to promote its wide
applications in industry.
Thus far, various strategies are focused on tuning thermoelectric
parameters interdependently by introducing atomic-scale lattice defects
[6–8] nano engineering [9–11] and multi-phase boundaries [12,13]
which, however, could largely lead to large drop of к with no significant
improvement in power factor PF [14–17]. In order to enhance PF, one
could search for strategies of improving S. One possible approach is to
introduce impurity level and resonant states to realize an increased
effective mass which can lead to enhance Seebeck coefficient S such as
Zn added BTS [18], thallium-doped PbTe [19] and Sn-doped Bi2Te3
[20], Sm doped Zn4Sb3 [21]. On the other hand, intercalation of metal
between the weak van der Waals gap in the Bi2Te3 structure has been
realized to be one of the effective approaches to improve the thermo
electric PF, such as Au intercalation in BTS [22], CuI intercalation in BTS
[23–25], Cu intercalation in BTS [26,27], MgB2 intercalation in BTS
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Fig. 1. (a) XRD patterns for Sn-added BTS specimens with Sn content f ¼ 0, 0.1, 0.2, 0.3 wt% and (b) variation of the lattice parameters a and c with added Sn
content f.

[28] and Cr intercalation in BT [29]. Han et al. reported Cu intercalation
in between van der Waals gap in Bi2Te3, resulting in a transformation of
intrinsic p-type behavior into n-type [30]. Similarly, enhanced TE per
formance has been reported for Bi2Te3 doped with Sn and CuI [31].
Previously, several reports have shown tin (Sn) element as a known
resonant impurity in the valence band of Bi2Te3 to enhance the ther
moelectric S, mainly focusing on the effect of Sn on carrier concentration
and electronic properties [20,32–34]. Though many researches on bi
nary Bi2Te3 alloy were performed, the effects of Sn addition on the
microstructures and thermoelectric properties of n-type Bi2Te2.7Se0.3
have not yet been studied.
In above context, we aimed to focus on an efficient approach to
rationally engineering the multiple phases related composites incorpo
rated with in-situ formed nanoinclusions to simultaneously enhance the
Seebeck coefficient and phonon blocking. On the other hand, a key
challenge is how to develop a straightforward methodology that can
realize both doping and in-situ nanocompositing simultaneously in a
specimen. Given the issues above, we concentrate on seeking a facile,
efficient and easily scalable route to obtain a homogeneous dispersion of
multi-nanophases/nanoinclusions in a doped host material with
improved thermoelectric performances.
In the present work, we adopt a simple two-step route to synthesize
SnxBi2Te2.7Se0.3 based composites incorporated with in-situ formed SnBi
and Te nanoinclusions by addition of Sn in Bi2Te2.7Se0.3 host material.
Indeed, our experimental results show that n-type Sn-doped
Bi2Te2.7Se0.3 based composites embedded with SnBi and Te nano
precipitates were prepared. Consequently, both high electron mobility
and enhanced Seebeck coefficient due to energy-dependent carrier
scattering as well as strengthened phonon blocking are realized in the
composites, which lead to ~38% increase of power factor (PF) besides a
large reduction (40% at 300K) of lattice thermal conductivity in the
SnxBi2Te2.7Se0.3 based composites as Sn content f ¼ 0.2 wt%. Conse
quently, both high maximum ZT (ZTmax ¼ 1.11 at ~370 K) and large
average ZT (ZTave ¼ 1.03 at operative temperature range of 300K–500K)
are achieved.

1000 mL glass beaker. The mixed solution was heated in oil bath up to
373K and at that time it was stirred at the rate of 1300 rpm then kept at
400 K temperature for 2 h. Afterward, a sufficient amount of nano
powders were precipitated in beaker. Then the obtained nanopowders
were washed with absolute alcohol and distilled water subsequently.
The obtained powders were dried in vacuum at 350 K for 6 h.
In the second step, high purity elements, Bi (99.999%), Se (99.9%),
Te (99.95%) and nanophase Sn were weighed according to stoichiom
etry Bi2Te2.7Se0.3: (f) Sn (where f ¼ 0, 0.1, 0.2 and 0.3 wt%), then the
ampoules were vacuum-packed (under 10 3 Pa). Afterward, the
vacuum-packed quartz ampoules were melted in three heating intervals;
1) the ampoules were melted at 573 K for 2 h; 2) it was melted at 993 K
for 24 h; 3) then, the furnace was cooled down to 783 K and kept for 3
days to let the elements react thoroughly. Afterward, the furnace was
cooled down to room temperature at the speed of 2 K per minute.
Finally, the fine powdered bulk specimens (ground by mortar) were
compacted by hot-pressing machine under a compressive stress of 600
MPa in vacuum at 673 K for 1 h. The high density pellets (�97% of
theoretical density) were obtained.
2.2. Structural characterization and property measurements
The phase structures of prepared specimens were carried out at room
temperature by using X-ray diffractometer (XRD) (Philips diffractom
eter, Cu Kα radiation). The freshly fractured surfaces of Sn-added
Bi2Te2.7Se0.3 specimen were studied by employing the field emission
scanning electron microscopy (FE-SEM). Moreover, the elemental dis
tributions and constituents of the pure and composite specimens were
investigated with Energy-Dispersive X-ray spectroscopy. Ulvac Riko
ZEM-3 equipment was employed to measure electrical resistivity and the
Seebeck coefficient in a low pressure inert gas atmosphere. The uncer
tainty in measurement of resistivity and Seebeck coefficient are around
�2% and �5%, respectively. The resultant total thermal conductivity
can be derived from the relationship κtot ¼ DdCp (here D, Cp and
d represent thermal diffusivity, specific heat and density, respectively.
The laser flash method (Netzsch, LFA-457) was used to measure thermal
diffusivity D. The density d was measured by Archimedes’ method. The
total accuracies in measurement of thermal conductivity are around
�5%. The uncertainty of ZT is around �15%. Hall coefficient (RH) was
determined by Van der Pauw method under magnetic field of H ¼ 0.8T,
and a relation nH ¼ 1/(eRH) was used to obtain carrier concentration
(nH). The electrical and thermal properties for our specimens were

2. Experimental section
2.1. Sample preparations
In the first step, in order to prepare Sn nanophase, 20 mmol SnCl2
(98%, powder) were placed to react with 400 mL ethylenediamine in a
2
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Fig. 2. Rietveld refined analysis from XRD patterns of (a) pure BTS and (b) (αSnBiþβTe)/SnxBTS composite specimens with Sn content f (where f ¼ 0.2 wt%) where
obs, calc, bkg and diff represents observed, calculated, background and residual differences between the curves.
Table 1
Rietveld refinement results for SnxBi2Te2.7Se0.3 based composite specimens with different Sn content f (where f ¼ 0, 0.1, 0.2 and 0.3 wt%).
f (wt.%)

a (Å)

c (Å)

c/a

V (Å3)

x(wt.%)

α(wt.%)

β(wt.%)

GOF

Rw(%)

0
0.1
0.2
0.3

4.332
4.333
4.336
4.341

30.160
30.243
30.269
30.281

6.96
6.98
6.98
6.97

489.7
493.4
494.4
494.6

0.000
0.064
0.128
0.228

0.0
0.1
0.2
0.2

0.0
0.1
0.7
0.9

3.57
2.31
3.03
3.17

9.429
5.623
7.176
7.789

Annotation: Here a and c are lattice parameters, and V is its cell volume; x, α, β are Sn amount doped in BTS, the content of formed SnBi phase and the content of formed
Te phase; Rw is weighted R-factor and GOF is goodness of fit in the Rietveld refinements.

measured in the same directions that were perpendicular to the hotpressing direction owing to anisotropic characteristics of BTS alloy.

using GSAS program. Here, we use y to stand for Sn amount that is
consumed to form SnBi phase, and x represents Sn amount doped in BTS;
then one has relation f ¼ x þ y. The obtained content α of SnBi phase is in
the range of 0–0.2 wt% and the Te content is around 0–0.9 wt%
(Table 1); thus, the amounts x of doped Sn in SnxBi2Te2.7Se0.3 and
amount y of Sn in phase SnBi for all (αSnBiþβTe)/SnxBTS composite
specimens were calculated based on analysis of α for all Sn added
samples with specific f, as given in Table 1. Here, the estimated Sn
amount x in SnxBi2Te2.7Se0.3 is 0.064 wt%, 0.128 wt% and 0.228 wt%
for the samples with f ¼ 0.1, 0.2 and 0.3 wt%. Furthermore, no trace
amount or residue of Sn phase was identified in composite specimens.
Accordingly, one can conclude that addition of Sn in BTS via melting
processes lead to formation of SnxBi2Te2.7Se0.3 based composites with
in-situ formed SnBi and Te phases.
Annotation: Here a and c are lattice parameters, and V is its cell
volume; x, α, β are Sn amount doped in BTS, the content of formed SnBi
phase and the content of formed Te phase; Rw is weighted R-factor and
GOF is goodness of fit in the Rietveld refinements.
To investigate the microstructures, fresh fractured surface for pure
BTS and composite specimens (αSnBiþβTe)/SnxBTS with different f
(where f ¼ 0.1, 0.2, 0.3 wt%) were examined by FE-SEM, as shown in
Fig. S2(a)–(h), which display the obvious layered structure of all com
posite bulk specimens. For instance, for pure BTS (f ¼ 0 wt%), the
observed layered grains are in micrometer sizes without any in-situ
formed secondary nanophase or precipitates (see Fig. S2(a) & Fig. S2
(b)). In the sample with f ¼ 0.1 wt %, one can see some small particles/
grains with the dimension of ~ � 100 nm which are distributed in the
large grains of BTS matrix (as shown in Figs. S2(c) and (d), nanophases
are marked by dashed line red circles). Similarly, clearly shows nano
phase distributed in matrix grains for f ¼ 0.2 & 0.3 wt %, which also
indicates that quantity of in-situ formed nanophase increases with the
increase of Sn content f.
Energy dispersive spectrometer (EDS) analysis also indicates the
presence of the precipitated Te-rich phase in BTS matrix, as shown in
Fig. S3(a)–(g), which is in agreement with XRD results, though it is

3. Results and discussion
3.1. Structural analysis
The XRD patterns for Sn-added Bi2Te2.7Se0.3 specimens (where Sn
content f ¼ 0, 0.1, 0.2 and 0.3 wt%) are given in Fig. 1(a). All the major
diffraction peaks can be well-indexed to the phase of BTS (JCPDS#01089-2006), indicating that the BTS specimens with addition of Sn con
tent (f) (where f ¼ 0.1, 0.2 and 0.3 wt%) have the same crystallographic
structure as that of pure BTS. However, apart from these peaks some
extra weak peaks can be observed in XRD patterns, which can be
ascribed to SnBi phase (JCPDS#03-065-5432) and Te phase
(JCPDS#00-036-1452) indicating that minor new phase SnBi and Te
phase forms (as marked by solid cycles and star in Fig. 1) along with BTS
phase after addition of Sn.
In addition to these extra peaks coming from minor phases SnBi and
Te, one can notice from Fig. 1(a) that the major peaks (for instance,
diffraction peaks (006), (015) and (1010)) for Sn-added BTS specimens
shift to lower degree with increasing the addition of Sn content f in BTS,
which suggests that its lattice parameters increase as Sn content in
creases. To understand the structure of Sn-added BTS specimens in more
details, the Rietveld refinements analysis centered on Generalized
Structural Analysis System (GSAS) software package were conducted, as
given in Fig. 2 & Fig. S1 [35]. Here, GSAS refinement results show that
the lattice parameters a, c and volume increases from (4.332 Å, 30.160 Å
and 489.7 Å3) to (4.333 Å, 30.243 Å and 493.4 Å3), (4.336 Å, 30.269 Å,
494.4 Å3), respectively, as Sn content f increases from 0 to 0.1 and 0.2 wt
%; then these parameters changes to (4.341 Å, 30.281 Å, 494.6 Å3) as Sn
content further increases from 0.2 to 0.3 wt% (see Fig. 1(b) & Table 1),
which suggests that Sn is doped in BTS host.
Besides, to estimate the doped amounts of Sn in Snx-BTS, the weight
fraction α of SnBi and β of Te in Snx-BTS matrix were also analyzed by
3
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Fig. 3. (a)–(b) a low resolution TEM micrographs for SnxBi2Te2.7Se0.3 based composite sample with Sn content f ¼ 0.2 wt%, where white circles show in-situ formed
nanoinclusions; (c)–(f) HRTEM micrographs for this sample where colored lines show SnBi and Te nanoprecipitates (therein inset (1*), (2*) & (3*) are images
attained through inversion of the FFT of the areas spotted for SnBi, Te & SnxBTS in all HRTEM micrographs (c)–(f), respectively.

difficult to determine exactly the actual composition of the nano
precipitates using EDS-FESEM. Based on the XRD, the nanophase
observed under FESEM can be ascribed to SnBi (as shown in mapping by
yellow color in Fig. S3(b)) and Te phases (as shown in mapping by red
color in Fig. S3(b)). These nanophases in bulk BTS affect the electrical
and other transport properties (as discussed in the following section).
Besides, in order to investigate the detailed microstructures of the
precipitated nanophases, high resolution TEM observations were con
ducted (Fig. 3). From the HREM observations one can clearly see nanosized particles/grains in SnxBTS sample. For instance, HREM micro
graph in Fig. 3(a) and (b) with low magnification indicates the existence
of nanoprecipitates in nano-sized grains. Fig. 3(c)–(f) has shown highresolution lattice images. Through analysis of the lattice spacing of
specific of crystal plans one can determine and distinguish SnBi from Te
phase, as marked in Fig. 3(c)–(f). We can see that the in-situ formed
nanoinclusion (SnBi &Te phase) have irregular shape with dimension
ranging from several nanometers to dozens of nanometers.
To further differentiate the in-situ formed SnBi and Te

nanoinclusions from SnxBTS matrix unambiguously, Geometrical Phase
Analysis (GPA) of the HRTEM micrographs was conducted (see Fig. 4
and Fig. S5) [36]. Fig. 4 shows that the obtained strain maps clearly
differentiate SnBi phase from SnxBTS (and Te), which indicates a good
consistency with our analysis of Fig. 3. Besides, tensile strain is observed
in SnBi particles and the maximum tensile strain in SnBi precipitates
reaches up to 4% (as given in Fig. 4). Fig. S4 &Fig. S5 also show the
strain mapping analysis for the other HRTEM micrographs for SnxBi2
Te2.7Se0.3 based composites with 0.2 wt% Sn content and the maximum
tensile strain in SnBi precipitates reaches up to 10%. It is worth noting
that in the strain mapping of Fig. 4 (and Fig. S4 & Fig. S5) no Te pre
cipitates are displayed, which originates from the fact that strain within
Te precipitates is much smaller than that in SnBi and in the strain
mapping with large strain range (0- þ3% and 0- þ4% in Fig. 4 & Fig. S4
as well as 0- þ10% in Fig. S5) they are invisible. Thus, in order to display
Te nanophase inside matrix and distinguish it from SnBi precipitates,
further GPA analysis was carried out from specific areas of HRTEM
micrographs at relatively lower strain scale range. Fig. 5 shows the strain
4
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Fig. 4. Strain mapping analysis (color online) of HRTEM micrographs (a), (c) and (e) (which correspond respectively to Fig. 3 (c), (d) and (e)) where red and yellow
colored boundary lines show the formed SnBi and Te nanoprecipitates, respectively; (b) Strain mapping corresponding to micrograph in (a), (d) Strain mapping
corresponding to micrographs in (c) and (f) Strain mapping corresponding to micrographs in (e) here. The color scale shows that the maximum induced strain is þ4%
in SnBi precipitates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

increases from 1.25 � 10 5 Ω m to 2.27 � 10 5 Ω m with increasing f
from 0.2 wt% to 0.3 wt%, respectively.
To understand the transport properties, carrier concentration and the
mobility of the majority carriers were determined, as shown in Fig. 6(b).
In the composite specimens, the electron concentration n increases
almost linearly with increasing Sn addition (f) in BTS which could be
ascribed to the indication of donor behavior of Sn. In principle, as Sn is
doped in the lattice of BTS, Sn can replace Bi or occupy van der Walls gap
of BTS through intercalation. Since ionic radius of Sn4þ (rSn4þ ¼ 0.69 Å)
is smaller than that of Bi3þ (rBi3þ ¼ 1.03 Å) [37], if Sn4þ replaces Bi3þ, it
will lead to shrink of BTS lattice, which is inconsistent with change
behavior of lattice parameters detected by XRD (Fig. 1(b)). Hence, it can
be deduced that Sn enters into van der Walls gap via intercalation,
contributing electrons toward the host (it is worth noting that Sn4þ
replacing Bi3þ is unlikely to occur since this replacement will introduced
acceptors in BTS and will lead to sharp reduction of electron concen
tration, which is in contradictory to our measured results (Fig. 6(b)).
Correspondingly, the mobility of carriers does not change obviously
with increase in Sn content, as f increases from 0 to 0.1 and 0.2 wt%;
then, with further increase in Sn content from 0.2 to 0.3 wt%, the

maps from the areas of the HRTEM micrographs in Fig. 4 as marked by
blue solid rectangles at relatively lower strain scale range (0- þ1.2%).
One can see that Te precipitates are clearly distinguished from SnBi and
matrix (Fig. 5(b), (d) and (f)). Similarly, Fig. S6 clearly distinguish the Te
phase from SnBi and matrix from the areas of HRTEM micrographs in
Fig. S5, as marked by blue solid rectangles. Obviously, these SnBi and Te
nanoprecipitates are expected to have significant impact on the trans
port of electrons and phonons.
3.2. Thermoelectric properties
Fig. 6(a) depicts the temperature behavior of electrical resistivity (ρ)
for all composite specimens (αSnBiþβTe)/SnxBTS with Sn content f ¼ 0,
0.1, 0.2 and 0.3 wt%. It can be seen that all specimens exhibit an
increasing trend in electrical resistivity with increase in temperature,
showing a degenerate semiconductor transport behavior. The ρ of the
composite samples decreases significantly with the increasing Sn con
tent f from 0.1 to 0.2 wt%. At 300 K, for instance, the resistivity de
creases from 1.63 � 10 5 Ω m to 1.47 � 10 5 Ω m, and 1.25 � 10 5 Ω m
as f increases from 0 wt% to 0.1 wt% and 0.2 wt%; then ρ further
5
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Fig. 5. Strain mapping analysis (color online) of HRTEM micrographs (a), (c) and (e), which correspond respectively to blue rectangle areas in Fig. 4(a), (c) and (e);
(b) Strain mapping corresponding to micrograph in (a), (d) Strain mapping corresponding to micrograph in (c) and (f) Strain mapping corresponding to micrograph
in (e) here. The color scale shows that the maximum induced strain is þ1.2% in Te precipitates. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

mobility of carriers decreases abruptly from 134 cm2V 1s 1 to 69
cm2V 1s 1, which could be ascribed to increased number of phase
boundaries due to presence of more SnBi and Te nanophase. Therefore,
the decrease of resistivity of the composite specimens is mainly due to
the increase of carrier concentration (Fig. 6(b)); while the increase in ρ
as f > 0.2 wt% should be caused by the drop of the mobility (Fig. 6(b)
and (c)).
The Seebeck coefficient (for all specimens) exhibit negative values
over the entire temperature range studied here, verifying their n-type
character with electrons as the major charge carriers, as shown in Fig. 6
(d). Generally, the absolute values of Seebeck coefficient initially in
creases with the temperatures, approaching its maximum value at Tp
(¼380 K, for f ¼ 0 wt %) and then decreases with further increase in
temperatures due to intrinsic excitations of carriers. Particularly,
although electron concentration increases with increasing Sn content f
in BTS (Fig. 6(b)), the absolute value of the Seebeck coefficient⎥S⎢of
composite specimens increases significantly with increasing the Sn
content f. For instance, at 300 K,⎥S⎢ increases from 170 μV/K to 173, 174
and 182 μV/K as Sn content (f) increase from 0 wt % to 0.1, 0.2 and 0.3
wt %, respectively. In a degenerate semiconductor, Mott formula holds
and can be written as [5]:
�
�
�
�
π2 k2B T ∂lnðσ ðEÞ Þ
π2 k2B T 1 ∂nðEÞ 1 ∂μðEÞ
S¼
¼
(1)
þ
3e
3e
n ∂E
∂E
μ ∂E E¼Ef
E¼Ef

where kB presents Boltzmann constant. Formula (1) indicates that⎥S⎢
should be decreased as electron concentration n is increased, which
seems to be inconsistent with our experimental measurements. How
ever, our Sn added specimens are actually a composite system, in which
numerous interfaces (phase boundaries) between SnxBTS and in-situ
formed SnBi/Te nanoinclusions would be responsible for this
abnormal phenomenon, the established interface potentials could pro
duce energy dependent scattering of electrons, which is manifested as an
increase in scattering parameter λ. In relaxation time approximation,
μ(E) ¼ eτ(E)/m* (here, τ(E) stands for relaxation time and m* is the
effective mass of carrier, respectively) and τ(E) is related to scattering
parameter (λ) with the relation of τ(E) ¼ τ0Eλ 1/2, here τ0 is a constant
independent of energy and E is the carrier energy [38,39]). Then Mott
equation (1) can be expressed as:
0
1
S¼

π2 k2B T B1 ∂nðEÞ λ 12C
þ
@
A
3e
n ∂ðEÞ
E

(2)
E¼Ef

where n is electron concentration and the other symbols have the usual
meaning. Formula (2) shows that Seebeck coefficient S is directly pro
portional to scattering parameter λ; while λ (at 300 K) can be calculated
6
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Fig. 6. (a) Temperature dependence of electrical resistivity, (b) variation of carrier concentration n and mobility μ (at 300 K) with Sn content f, (c) dependence of σ
on carrier concentration at 300K (where σ values for all the composites specimens are also shown), and (d) Seebeck coefficient for all SnxBi2Te2.7Se0.3 based
composites with different Sn contents f.

based on experimental data of S as well as n for every specimens by using
the following formulae [26,40]:
�
�
kB ðλ þ 2ÞFλþ1 ðζF Þ
S¼�
ζF
(3)
e ðλ þ 1ÞFλ ðζF Þ
with

m�d ¼

�
�2=3
h2
n
�
2kB T 4πF1=2 ζF

where md* represents the density of state effective mass, Fk ðζF Þ ¼

xk
dx expresses the Fermi integral with order k, ζF represents
1 þ ex ζ F
reduced Fermi level Ef/kBT and h is Planck constant. By using the ob
tained value of md* ¼ 1.05me (where me is free electron mass) and
assuming it does not change for the specimens with different Sn content
f, we obtained λ values for all the specimens, as shown by Fig. S7. One
can see that the value of λ increases with increase of addition of Sn
content (for instance, it increases from 0 to 0.12, 0.19 and 0.37 with
increase of Sn content f from 0 to 0.1, 0.2 and 0.3 wt%, respectively)
which explains why absolute value of⎥S⎢ increases with increase in Sn

(4)
Z

∞
0

Fig. 7. (a) Pisarenko relation (the dependence of Seebeck coefficient on carrier concentration) for BTS (solid line) at 300 K (the corresponding Seebeck coefficient
values for all SnxBi2Te2.7Se0.3 based composites (with f ¼ 0.1, 0.2 and 0.3 wt%) are also shown) and (b) the plot of ln (σT1/2) vs. 1/(kBT), where straight lines are the
best fit of the experiment data to formula (5).
7
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Fig. 8. (a) Dependence of power factor on temperature and (b) dependence of PF on carrier concentration at 300 K (where corresponding PF values for all
SnxBi2Te2.7Se0.3 based composites with different f (where f ¼ 0, 0.1, 0.2, 0.3 wt%) are also shown).

content (n increases correspondingly). Fig. 7(a) shows Pisarenko rela
tion (solid line) for BTS (at 300 K), therein the values of Seebeck coef
ficient for other composite specimens are also depicted. Due to increase
in λ values, ⎥S⎢values for the samples with f ¼ 0.1, 0.2 and 0.3 wt% are
18 μV/K (12%), 25 (18%) and 41 μV/K (29%) larger than the⎥S⎢values
of pure BTS, respectively. The increased λ means increased energy
dependent scattering (ENDS) of electrons, which can be ascribed to
interface potentials at the phase boundaries in between nanoprecipitates
SnBi (and/or Te) and BTS matrix.
To describe the average interface potential barriers in between
SnxBTS matrix and SnBi/Te phase that contribute to rise ENDS of elec
trons, we assume that effective electrical conductivity σ is correlated to
the potential barrier height (Eb) given by John Y.W. Seto, as following
[41],
�
�
Eb
σ ∝T 1=2  exp 
(5)
kB T

electrical resistivity, the power factor (PF) for Sn-added BTS specimens
with Sn content f ¼ 0.1, 0.2 wt% enhanced substantially (see Fig. 8(a)).
For instance, the maximum PF ¼ 24.2 μW/cm2K (at 300 K–325 K) is
achieved for the sample with f ¼ 0.2 wt%, due to higher Seebeck coef
ficient and moderated reduced electrical resistivity, which is 38% higher
than that of un-added BTS system. Fig. 8(b) shows the dependence of
power factor PF on carrier concentration for un-added BTS matrix (solid
line) (at 300 K). It can be seen that PF for the Sn-added specimens with f
¼ 0.1 and 0.2 wt% enhances noticeably as compared to that of un-added
BTS. However, it can be seen that electron concentration for both BTS
and Sn added samples does not deviate from the optimized values sub
stantially, which indicates that energy dependent scattering of electrons
(as manifested by increase in λ) instead of electron concentration is
responsible for the enhancement of PF of the Sn added BTS samples (f ¼
0.1 and 0.2 wt%).
Fig. 9(a) shows the total thermal conductivity (κtot) for Sn added (i.e.
composite (αSnBiþβTe)/SnxBTS) samples with different f (where f ¼ 0,
0.1, 0.2, 0.3 wt %) as a function of temperature. As expected, due to the
existence of in-situ formed SnBi and Te nanoinclusion κtot for Sn-added
composite specimens reduces significantly in the whole temperature
range, and all SnxBi2Te2.7Se0.3 based composites samples show lower κtot
than that of pure BTS. For instance κtot (at 300 K) decreases from 1.07 W
m 1K 1 to 0.922, 0.821and 0.807 W m 1K 1 as f increases from 0 wt %
to 0.1 wt%, 0.2 and 0.3 wt%, respectively. Since the κtot consists of
lattice thermal conductivity (κL), electronic thermal conductivity κe

Fig. 7(b) displays the plots of ln(σT1/2) versus 1/(kBT) at whole
temperature range. A good linear relation between ln(σT1/2) and 1/
(kBT) for Sn-added samples with different f (where f ¼ 0.1, 0.2, 0.3 wt%)
indicates that this assumption is rational, and the best fitting of the
experimental data to formula (5) gives the estimated barrier height Eb is
9 meV, 12 meV and 4 meV for the specimens with f ¼ 0.1, 0.2, 0.3 wt%
respectively, as shown in Fig. 7(b).
Due to the significantly enhanced Seebeck coefficient and reduced

Fig. 9. (a) Temperature dependent total thermal conductivity κtot (b) the plots of lattice thermal conductivity versus to 1/T for SnxBi2Te2.7Se0.3 based composites
with different f (where f ¼ 0, 0.1, 0.2 and 0.3 wt %).
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(where κe ¼ LT/ρ, here L represents the Lorenz number (L ¼ 1.54 � 10 8
V2 K 2) [31,42]) and the bipolar thermal conductivity (κb), as given by
the following relation: κtot ¼ κLþκeþκb, from which κLþκb ¼ κtot-κe can
be obtained. As shown in Fig. 9(b), κLþκb decreases substantially with
increasing Sn content f due to enhanced phonon scattering via in-situ
formed nanoinclusion in Sn-added specimens. For instance, κL at 300K
decrease from 0.86 W m 1K 1 to 0.50 W m 1K 1 as f increases from 0 to
0.2 wt %, which is ~40% lower than that of pristine BTS. The slight
increase of κLþκb for the sample with f ¼ 0.3 as compared to that for the
other composite could be caused by microstructural changes, such as
agglomerations of the precipitated nanophase SnBi or/and Te in high Sn
content. As we known, in the SnxBi2Te2.7Se0.3 based composites samples
the total phonon relaxation time τT is a reciprocal summation of all
relaxation times from the relevant scattering mechanisms (as given in
equation (6)). Obviously, the additional phonon scattering caused by
in-situ formed nanoinclusions as well as dopant Sn should be responsible
for the reduction of κL for SnxBi2Te2.7Se0.3 based composite specimens.
In fact, in (αSnBiþβTe)/SnxBTS) composite specimens, τT (total phonon
relaxation time) could have the following relation [43]:
1

τT

¼

1

τM

þ

1

τim

þ

1

þ

τinc

1

τpb

þ

1

(6)

τstr

where τM is relaxation time related to phonon scattering in matrix
(including mainly impurity/point defect phonon scattering and phononphonon Umklapp scattering), τim relates to phonon scattering from
dopant Sn; τinc relates to phonon scattering from SnBi and Te nano
inclusions; τpb corresponds to scattering from phase boundaries (in
terfaces) and τstr is related to scattering from the strain in in-situ formed
nanoinclusions, respectively. Due to presence of τim, τinc, τpb and τstr, τT
become substantially smaller as compared to that in BTS. The Callaway
model explains the lattice thermal conductivity κL of a solid, as given in
following expression [43]:
κL  ¼

4π k4B  T3

νs h3

Z

θD
T

0

τT

z4 expðzÞ
½expðzÞ

1�2

dz

(7)

where kB represents Boltzman constant and τT, h, z, θD, and νs stand for
total phonon relaxation time, Planck constant, reduced phonon fre
quency (z ¼ ħω/kBT), Debye temperature, and average sound velocity,
respectively. Then according to Callaway model (as given in equation
(7)), κL for composite specimens (f6¼0) must decrease as compared to
that of pure BTS due to smaller τT. In fact, in terms of the Callaway
model (formula (7)) we can quantitatively calculate κL for composite
specimens (f6¼0) based on κL for BTS matrix. To simplify the calculation
process, three dominating scattering mechanisms are considered in the
present work, which include the impurity/point defect phonon scat
tering, phonon-phonon Umklapp scattering and phonon scattering by
phase boundaries. In this work, the values of νs and θD were taken from
literatures (see Table S1 in SI). The parameters A and B were determined
by fitting κL data for BTS matrix, as listed in Table S1. By using the
obtained parameters, κL for the typical composite sample with f ¼ 0.2 wt
% were calculated. The calculated results show good agreement with
experimental data before the onset of bipolar effect, as shown in Fig. S8.
Obviously, this decline of κL for SnxBi2Te2.7Se0.3 based composites
samples is beneficial to improvement of ZT values.
Fig. 10(a) shows temperature-dependent dimensionless figure of
merit (ZT) for all SnxBi2Te2.7Se0.3 based composite specimens with
different f (where f ¼ 0, 0.1, 0.2, 0.3 wt%). It can be seen that ZT of all
Sn-added BTS specimens is significantly enhanced as compared to that
of BTS specimen over whole temperature range (300 K–500 K). Specif
ically, the maximum ZT values (ZTmax) of 1.11 at ~370 K is achieved in
the samples with f ¼ 0.2 wt%, which is 76% higher than that of BTS due
to combined effects of enhanced PF and reduced κL. Moreover, the value
of ZTave is obtained through integrating the area under the ZT curve
according to the following equation [5];

Fig. 10. (a) Temperature dependence of ZT for all SnxBi2Te2.7Se0.3 based
composites with different Sn content f (where f ¼ 0, 0.1, 0.2 and 0.3 wt %), (b)
comparison of ZT obtained here (for the sample with f ¼ 0.2) with other re
ported metal-doped BTS system and (c) ZTave values for present n-type
SnxBi2Te2.7Se0.3 based composites and other reported metal-doped BTS system
with high thermoelectric performance.
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ZTave ¼

Z

1
Th

Tc

Th

ZT dT
Tc

(8)

[6]

Based on formula (8) and the data in Fig. 10(a), the values of average
ZT (ZTave) can obtained for all composite specimens. Specially, ZTave
reaches 1.03 at Th ¼ 300 K and Tc ¼ 500 K for the sample with f ¼ 0.2 wt
%, which is 80% higher than that of un-added BTS, as shown in Fig. 10
(c). Noticeably, this good TE performance in present Sn-added samples
mainly originates from both enhanced energy dependent scattering of
carriers caused by SnBi and Te nanoinclusions. Clearly, the obtained
high ZT for present Sn-added system are larger than corresponding pa
rameters reported in typical metal-added n-type BTS systems [15–26]
(see Fig. 10(b) & and Fig. 10(c)). Our results indicate that ZT of BTS can
be improved remarkably through Sn doping and Sn induced formation of
SnBi and Te nanoprecipitates.

[7]
[8]
[9]
[10]
[11]
[12]

4. Conclusions
In summary, the effects of Sn addition on thermoelectric properties
of n-type BTS system were studied in the temperature from 300 K to 500
K. A simple two-step heating process was adopted to generate multi
phase nanoprecipitates of SnBi and Te in SnxBTS matrix, forming a new
composite system (SnBi þ Te)/SnxBi2Te2.7Se0.3. As a result, its thermo
electric performance is enhanced substantially as compared to pristine
BTS. Specifically, addition of 0.2 wt% of Sn in BTS bring about 38%
increase in PF and 40% reduction in lattice thermal conductivity.
Consequently, both high maximum ZT (ZTmax ¼ 1.11 at ~370 K) and
large average ZT (ZTave ¼ 1.03 at T ¼ 300 K–500 K) are achieved, which
are respectively 76% and 80% higher than those of BTS studied here.
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