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a b s t r a c t

PbTe is a promising thermoelectric material, but the properties in n-type PbTe need further improvement
to match its advanced p-type material. In this work, the thermoelectric performance in n-type PbTe is
synergistically enhanced with iodine (I) doping and SnSe alloying. The experiments show that I element
is a good donor dopant to tune the carrier density and SnSe alloying can effectively balance the triple-
relations between carrier mobility, carrier effective mass, and lattice thermal conductivity. Thus, high
carrier mobility of ~755 cm2V�1s�1 results in an optimum power factor (PF) of ~27.0 mWcm�1K�2 in PbTe
e2%SnSe at 573 K. Microstructure observation reveals the dispersively embedded Sn-rich nano-
precipitates in PbTee2%SnSe, which largely suppresses lattice thermal conductivity at room temperature,
from ~3.41 Wm�1K�1 in PbTe to ~1.01 Wm�1K�1 in PbTee2%SnSe. Combined the optimized PF and
decreased thermal conductivity, the peak ZT value of ~1.5 can be obtained at 773 K in PbTee2%SnSe. The
obtained high thermoelectric performance in our work is comparable with other advanced n-type PbTe
thermoelectrics and has great application potential.

© 2022 Published by Elsevier Ltd.
1. Introduction

Thermoelectric technology provides an alternative way to
relieve the increasing environmental deterioration and energy
crisis. According to Seebeck effect, waste heat is converted directly
into electric energy by thermoelectric materials [1e5], which could
effectively alleviate the cumulatively environmental crisis and se-
vere energy. Thermoelectric performance is determined by a
dimensionless figure of merit ZT, ZT ¼ (sS2T)/ktot, where S, s, ktot,
and T refer to Seebeck coefficient, electrical conductivity, total
thermal conductivity, and temperature in Kelvin, respectively
[6e9]. Obviously, excellent thermoelectric material simultaneously
demands prominent PF (PF ¼ S2s) and low total thermal conduc-
tivity [10e13], which is the sum of electronic thermal conductivity
(kele) and lattice thermal conductivity (klat). However, these
o), zhaolidong@buaa.edu.cn
coupling relations between thermoelectric parameters make it
difficult to improve final ZT value.

Among these advanced thermoelectric materials, PbTe is one of
typical thermoelectric candidates at intermediate temperature
[14,15]. However, the comparably low ZT value in n-type PbTe is the
main obstacle to the widespread popularization of PbTe-based
material. Hence, it is urgent to improve the performance in n-type
PbTe so as tomatch its advanced p-type system. To date, strategies to
optimize the thermoelectric efficiency in n-type PbTe mainly
include PF optimization and thermal conductivity reduction. The
strategies to improve PF mainly include doping to optimize carrier
density [16e20], electronic band structuremanipulation tooptimize
carrier effective mass [21e23]. To reduce thermal conductivity, all-
scale defect structure designing is widely applied, such as point
defect [24,25], dislocation [26,27], nanoprecipitate, [28,29], grain
boundary [30e32], etc. However, the strongly coupled electrical and
thermal transport properties make these strategies difficult to ach-
ieve much enhancement in the final ZT value. In order to maximize
the thermoelectric performance in n-type PbTe, it is important to
synergistically regulate the carrier and phonon transport.

In this work, I element is selected to tune the carrier density in
PbTe and contributes to anoptimal PFof ~25.5mWcm�1K�2 inn-type
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PbTe0.995I0.005 at 573 K. Based on the optimal carrier density in n-
type PbTe (PbTe0.995I0.004), SnSe alloying is further conducted in
PbTe, which successfully regulated the coupling relations between
effective mass and carrier mobility due to band sharpening. The
room temperature carriermobility increases from~325 cm�2V�1s�1

in n-type PbTe to ~755 cm�2V�1s�1 in PbTee2%SnSe. Besides,
microstructure observation reveals that PbTee2%SnSe sample in-
cludes massive Sn-rich nanoprecipitates, which largely suppresses
the lattice thermal conductivity to ~1.01Wm�1K�1 in PbTee2%SnSe
at 300K.As a result, these regulationof carrier andphonon transport
behaviors in PbTee2%SnSe samples benefit a remarkable improve-
ment in the quality factor (B) at 300e773 K, and a peak ZTof ~1.5 can
be obtained in n-type PbTee2%SnSe.

2. Experimental details

The PbTe materials in our work were synthesized through
melting reaction and spark plasma sintering to gain dense samples.
Fig. 1. Thermoelectric properties of PbTe1-xIx (x¼0e0.005): (a) electrical conductivity; (b) S
conductivity; (f) ZT value.
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The phase was identified by X-ray diffraction. The microstructure
was studied by (scanning) transmission electron microscopy (SEM
and TEM) and energy-dispersive X-ray spectroscopy (EDS). The
electrical transport properties were measured using Cryoall CTA.
Thermal diffusivity was acquired with Netzsch LFA457. The heat
capacity was obtained by Debye model [33]. More experimental
details of thermoelectric performance measurements, phases, and
microstructure in this work are given in the Supporting Informa-
tion (SI).

3. Results and discussion

To synergistically improve the electrical and thermal transport
properties in n-type PbTe, this work introduces I doping and SnSe
alloying as following steps. First, the n-type PbTe is achieved by I
doping to optimize its carrier density. Second, based on the opti-
mized carrier density in PbTe0.995I0.004, SnSe alloying is introduced
to regulate the coupling relations between carrier effective mass
eebeck coefficient; (c) power factor; (d) total thermal conductivity; (e) lattice thermal
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and carrier mobility, thus obtain the improved electrical transport
properties. Third, microstructure observation results elucidate the
dispersive Sn-rich precipitates, which are the origins of low lattice
thermal conductivity in PbTee2%SnSe.

Thermoelectric transport performance in PbTe1-xIx
(x¼0e0.005). Fig. S1(a) displays the XRD results of PbTe1-xIx
(x ¼ 0e0.005) and no impurity phases are observed. And the
evaluated lattice parameters in PbTe1-xIx (x ¼ 0e0.005) undergo a
decreasing trend with increasing I doping content, show in
Fig. S1(b), which indicates I atomwas effectively introduced into Te
site in PbTe matrix. Because of the enhanced carrier density in I-
doped PbTe, the electrical conductivity of room temperature in
Fig. 1(a) significantly increases from ~409 Scm�1 in PbTe to ~ 2562
Scm�1 in PbTe0.995I0.005. Correspondingly, all the I-doped PbTe
samples present negative Seebeck coefficient in Fig. 1(b), and the
optimized PF of ~25.5 mWcm�1K�2 in PbTe0.995I0.005 at 573 K in
Fig. 1(c). Besides, the total thermal conductivity in PbTe1-xIx
(x ¼ 0e0.005) gets obvious increase after I doping in Fig. 1(d). The
Fig. 2. Electrical transport properties of PbTeey%SnSe (y ¼ 0e4): (a) electrical conductivity
function of SnSe content; (e) carrier mobility as a function of carrier density and its compar
[36], PbTeePbeSb [37]; (f) power factor.
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higher total thermal conductivity in PbTe1-xIx (x ¼ 0e0.005) arises
from both increased electronic thermal conductivity and lattice
thermal conductivity in Fig. S2(d) and Fig. 1(e). As a result, the
optimum ZT value of ~1.1 can be achieved in PbTe0.996I0.004 at 773 K,
as shown in Fig. 1(f). Additional details about thermal transport
properties in PbTe1-xIx (x ¼ 0e0.005) can be found in Fig. S2.

Electrical performance in PbTeey%SnSe (y¼0e4). In this
section, all the PbTe-based samples are continually optimized
based on the composition of PbTe0.996I0.004. To short the sample
name, the I doping content will not be mentioned in following
discussion. The XRD results in PbTeey%SnSe (y ¼ 0e4) display that
no impurity phase is observed in Fig. S3(a). Correspondingly, the
calculated lattice parameter in PbTeey%SnSe (y ¼ 0e4) shows a
linear decreasing trend with increasing SnSe content, shown in
Fig. S3(b).

The electrical transport properties in PbTeey%SnSe (y¼ 0e4) are
showed in Fig. 2. After SnSe alloying, the electrical conductivity in
PbTeey%SnSe (y ¼ 0e4) significantly increases in the entire
; (b) Seebeck coefficient; (c) power factor; (d) carrier density and carrier mobility as a
ison with other n-type PbTe-based samples: PbTeeI [34], PbTeeIneI [35], PbTeeAg2Te
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temperature range, shown in Fig. 2(a). And the large increase of
electrical transport properties in SnSe-alloyed PbTe originate from
the changes of carrier density and carrier effective mass, which will
be discussedbelow. Fromthe Seebeck coefficient in Fig. 2(b), PbTeey
%SnSe (y¼0e4)present a slightly reducedabsolute value of Seebeck
coefficient after SnSe alloying. The significantly improved electrical
conductivity and slightly decreased Seebeck coefficient in PbTeey%
SnSe (y¼ 0e4) largely improve the PF, and the optimum PF increases
from ~24.2 mWcm�1K�2 in PbTe to ~ 27.0 mWcm�1K�2 in PbTee2%
SnSe in Fig. 2(c). The Hall measurement results in Fig. 2(d) and
Table S1 show that the carrier density in PbTeey%SnSe (y ¼ 0e4)
slightly increases with increasing SnSe alloying content, and the
carrier mobility increases from ~325 cm�2V�1s�1 in PbTe
to~755 cm�2V�1s�1 in PbTee2%SnSe at 300K. Comparedwith some
other n-type PbTe materials, the PbTeey%SnSe (y ¼ 0e4) samples
present superior carriermobility and PF, as shown in Fig. 2(e) and (f).

These enhanced electrical performance in PbTeey%SnSe
(y ¼ 0e4) is closely related to the competing relations between
carrier density, carrier mobility, and carrier effective mass. There-
fore, the band structure is studied to further investigate its origins
in enhanced electrical transport properties in SnSe-alloyed PbTe. In
this work, the bandgap in PbTeey%SnSe (y ¼ 0e4) is reduced with
increasing SnSe alloying fraction, from ~0.28 eV in PbTe to ~ 0.24 eV
in PbTee4%SnSe in Fig. 3(a). With narrowing bandgap, the con-
duction band shape in PbTeey%SnSe (y ¼ 0e4) become sharper
with increasing SnSe alloying content, as depicted in Fig. 3(b). For a
single electronic band structure, the carrier effective mass depends
on the electronic band shape, and sharper band owns a lower
carrier effective mass and vice versa [38e42]. From Pisarenko
relation in Fig. 3(c), the carrier effective mass in PbTe is slightly
reduced after SnSe alloying. Although the reduced carrier effective
mass will deteriorate the Seebeck coefficient, the lower carrier
Fig. 3. Band structures of PbTeey%SnSe (y ¼ 0e4): (a) optical bandgap; (b) schema
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effective mass is favorable for high carrier mobility. To evaluate the
effect of SnSe alloying on carrier transport properties in PbTeey%
SnSe (y ¼ 0e4), the temperature-dependent weighted mobility
(mW) is presented in Fig. 3(d). The weighted mobility in SnSe-
alloyed PbTe is significantly enhanced especially at 300e573 K,
and the maximum weighted mobility increases from
~151 cm�2V�1s�1 in PbTe to ~346 cm�2V�1s�1 in PbTee2%SnSe at
300 K. The obviously enhanced weighted mobility contributes to
high PF, which originates from the balanced competitive relation-
ships of carrier effective mass, carrier density, and carrier mobility.

Thermal transport properties and microstructure in PbTeey
%SnSe (y¼0e4). The total thermal conductivity is largely reduced
after SnSe alloying, as shown in Fig. 4(a). Noticeably, as a parameter
that can be regulated independently, the lattice thermal conduc-
tivity significantly decreases from ~3.41 Wm�1K�1 in PbTe to ~1.01
Wm�1K�1 in PbTee2%SnSe at 300 K in Fig. 4(b). More details about
thermal transport properties in PbTeey%SnSe (y ¼ 0e4) can be
found in Fig. S4. In order to further investigate the low lattice
thermal conductivity in PbTeey%SnSe (y ¼ 0e4), ultrasonic mea-
surement is conducted to evaluate the elastic properties based on
the sound velocity data.

Table S2 presents the results of sound velocity in PbTeey%SnSe
(y ¼ 0e4), which can be used to explore the origins of the reduced
lattice thermal conductivity, which can be expressed as [43,44]:

kL ¼
1
3
CVnal (1)

l¼ tva (2)

where Cv, na, l, and t denote the specific heat at constant volume,
the phonon velocity, the phonon mean free path, and relaxation
tic of electronic band evolution; (c) Pisarenko relation; (d) weighted mobility.



Fig. 4. Thermoelectric properties of PbTeey%SnSe (y ¼ 0e4): (a) total thermal conductivity; (b) lattice thermal conductivity; (c) phonon relaxation time as a function of SnSe
content; (d) comparison of room temperature lattice thermal conductivity between experimental results and Callaway model estimations.
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time, respectively. Here, na can be taken as the average of longitu-
dinal (nl) and transverse (nt) velocities [45,46]. The experimental
results show that SnSe alloying can greatly reduce the phonon
relaxation time in n-type PbTe, from ~2.37 ps in PbTe to ~0.75 ps in
PbTee2%SnSe, as shown in Fig. 4(c). The reduced phonon relaxation
time in SnSe-alloyed PbTe is due to intensified phonon scattering by
imported defects.

According to the Callaway model, SnSe alloying in PbTe can
import point defects and cause atomic size and mass fluctuations.
The lattice thermal conductivity follows the relations [47e50]:

klat
klat;P

¼ tan�1ðuÞ
u

(3)

where klat,p is the lattice thermal conductivities in the parent ma-
terial, and the parameter u is expressed as [47,48]:

u¼
�
p2qDU

hv2a
kL;pG

�1=2

(4)

where qD, U, G, h, and na stand for the Debye temperature, average
volume per atom, imperfection scaling parameter, Planck constant
and average sound velocity. The G includes two parts: GM (mass
fluctuation) and GS (strain field fluctuation), and they follow the
equation: G ¼ GM þ εGS, where ε as a phenomenological adjustable
parameter, the calculation details are show in eqs S4-S6. This work
needs to consider Pb sites are substituted Sn atoms and Te sites are
substituted Se atoms, which is represented by Refs. [48,51]:
5

GPXQ1�X
¼1
2

�
MðP;QÞ
M

�2

GðP;QÞ (5)

GðP;QÞ ¼GM;ðP;QÞ þ εGS;ðP;QÞ (6)

GM;ðP;QÞ ¼Xð1�XÞ
 

DM
MðP;QÞ

!2

(7)

where DM ¼ MP � MQ, and M(P,Q) ¼ (1 � X)MP þ XMQ, P ¼ Pb, Te,
Q ¼ Sn, Se, X ¼ x/(1þx).

GS;ðP;QÞ ¼Xð1�XÞ
 

Dr
rðP;QÞ

!2

(8)

where Dr ¼ rP � rQ, and r(P,Q) ¼ (1 � X)rP þ XrQ.
And then,

GðP;QÞ ¼
1
2

�
MðP;QÞ
M

�2

Xð1�XÞ
" 

DM
MðP;QÞ

!2

þ ε

 
Dr

rðP;QÞ

!2#
(9)

The details of calculation result are shown in Table S3. As
shown in Fig. 4 (d), the theoretically calculated lattice thermal
conductivity in PbTeey%SnSe (y ¼ 0e4) based on Callaway model
is higher than experimental results at room temperature. The
mismatch between theoretically predicted value and measured
value indicates some extra contributions to phonon scattering
besides point defect. Therefore, in order to explore the structural



Fig. 5. Microstructure observation in PbTee2%SnSe: (a) STEM HAADF image of Sn-rich nanoprecipitates; (b) EDS elemental mapping of Pb, Te, Sn, and Se from the selected area in
(a); (c) high-magnification TEM image of Sn-rich nanoprecipitates from the selected area in (a).

Fig. 6. Thermoelectric performance of PbTeey%SnSe (y ¼ 0e4): (a) the ratio of weighted mobility to lattice thermal conductivity (mw/klat) as a function of temperature, the unit of
mw/klat is cm2V�1s�1/Wm�1K�1; (b) quality factor B, the unit of B is m2V�1s�1/Wm�1K�1; (c) ZT value; (d) ZT value comparisons with some other high-performance n-type PbTe
samples: PbTeeIeZnTe [54], PbTeeIePbSnS2 [55], PbTeeIeCdTe [56], PbTeeIeSneSe [49], PbTeeIeMgTe [57], PbTeeIeCu2Te [34], PbTeeIeIn [58].
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origins of the lowered lattice thermal conductivity in PbTeey%
SnSe (y ¼ 0e4), the microstructure observation is conducted. The
STEM HAADF (high angle annular dark field) image of PbTee2%
SnSe sample in Fig. 5(a) shows many nanoprecipitates with size in
tens of nanometer. STEM-EDS element mapping proves that Se
element is homogeneously dispersed in PbTee2%SnSe, and these
nanoscale precipitates are Sn-rich, Fig. 5(b). High-magnification
TEM in Fig. 5(c) shows the crystal structure of precipitates in
the dotted box is obviously different from the matrix, which
could intensify phonon scattering to reduce lattice thermal
conductivity.

Quality factor and ZT value in PbTeey%SnSe (y¼0e4). The
contribution of SnSe to the thermoelectric performance in PbTe can
be evaluated by quality factor B, which is defined by following
relation [52,53]:

B¼9
mW
klat

�
T

300

�5=2

(10)

where the mW is the weighted mobility, and the temperature-
dependent mw/klat is plotted in Fig. 6(a). After SnSe alloying in
PbTe, the mw/klat of all samples is significantly enhanced. This
enhanced mw/klat value in PbTeey%SnSe (y ¼ 0e4) means that the
imported defects in matrix can intensify phonon scattering while
maintain high carrier mobility, successfully realizing synergistic
optimization between carrier and phonon transport. Fig. 6(b)
shows the calculated B value at different temperatures. With
increasing SnSe content, the B value firstly increases and then de-
creases, and the peak B value can be obtained in PbTee2%SnSe.
Consequently, with successive I doping and SnSe alloying, the ZT
value in n-type PbTe achieves a large enhancement, and the peak ZT
value increases from ~1.1 in PbTe to ~1.5 in PbTee2%SnSe, shown in
Fig. 6(c). The average ZT increases from ~0.63 in PbTe to ~0.82 in
PbTee2%SnSe at 300e773 K, as shown in Fig. S5. Additionally, the
heatingecooling cycle measurements for PbTee2%SnSe demon-
strate a good repeatability and thermal stability in Fig. S6.
Compared with some other n-type PbTe-based materials in
Fig. 6(d), PbTee2%SnSe presents a relatively high ZT value.

4. Conclusions

In summary, the electrical and thermal performance in n-type
PbTe is synergistically optimized by I doping and SnSe alloying.
Experiments show that I element is a good donor dopant to tune
the carrier density and SnSe alloying can effectively regulated the
coupling relations between effective mass and carrier mobility.
Meanwhile, the introduction of Sn-rich nanoprecipitates enhances
phonon scattering without strongly hindering carrier transport,
which effectively suppresses lattice thermal conductivity while
maintaining excellent electrical transport properties. After opti-
mizing the electrical and thermal performance, we obtained a
significant improved peak ZT value of ~1.5 in PbTee2%SnSe at 773 K.
Our results show that maximally balancing the carrier and phonon
transport is of great importance to improve thermoelectric
properties.
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