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hermoelectric performance of n-
type PbSe through dynamic doping driven by
entropy engineering†

Shujie Wu, a Changyuan Li,c Feida Chen, *ab Kun Yang,ab Chengchao Hu,d

Haihua Huang, d Wenjing Huang,a Xueli Zuoa and Xiaobin Tang*ab

As an ideal candidate for PbTe, which maintains excellent performance at mid-temperature, PbSe holds

great application potential. In this work, based on an optimized dynamic doping material system, a series

of entropy-enhanced n-type lead chalcogenides Pb1−ySnySe1−xTexSx-2at%Cu (x = 0 and y = 0; x = 0.1

and y = 0; x = 0.25 and y = 0; x = 0.25 and y = 0.125) are synthesized. The thermoelectric properties of

PbSe are modulated by gradually increasing its configurational entropy through alloying with Te/S/Sn.

Research results show that the increase in configurational entropy improves the crystal symmetry of

PbSe and significantly increases the Seebeck coefficient while maintaining good electrical properties.

The dense dislocations and nanoscale to submicron-scale incoherent precipitates generated lead to the

localization of phonons, increase anharmonicity, and reduce the lattice thermal conductivity at room

temperature to 0.73 W m−1 K−1. The total thermal conductivity drops significantly by 69.8%.

Consequently, the thermoelectric properties of Pb0.875Sn0.125Se0.5Te0.25S0.25−2at%Cu are remarkably

improved, with a maximum dimensionless merit ZTmax of ∼1.46 at 623 K and an average dimensionless

merit ZTave of ∼1.15 at 300–700 K. In addition, the room-temperature dimensionless merit ZTRT ∼0.64 is

the highest reported for n-type PbSe. This optimization strategy of dynamic doping combined with

entropy engineering to regulate electron and phonon transport demonstrates a feasible means to

improve thermoelectric performance.
Introduction

The increasing demand for energy and the requirement to
reduce environmental costs urgently necessitate the develop-
ment of a new clean energy source. Thermoelectric (TE) tech-
nology, renowned for its cleanliness, stability, and silent
operation, has garnered signicant attention as a potential
means for directly converting exhaust heat into electrical
energy, thereby alleviating global energy challenges and
reducing environmental pollution.1,2 TE performance is usually
evaluated using a dimensionless gure of merit ZT= S2sT/ktot=
S2sT/(klat +kele), where S, s, T, and ktot are the Seebeck coeffi-
cient, electrical conductivity, absolute temperature, and total
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thermal conductivity contributed by charge carriers (kele) and
lattice vibrations (klat), respectively. Desirable ZT values can be
obtained by increasing the power factor (PF= S2s) and reducing
the thermal conductivity.3,4 Over the past few decades,
researchers have proposed many successful strategies to
improve TE performance. For example, the PF can be improved
by regulating the band structure, introducing resonant states,5,6

energy ltering,7,8 and suppressing lattice thermal conductivity
(klat) through anharmonic effects and crystal defect engi-
neering, which includes point defects,9–11 dislocations,12–14

nanoprecipitates,15,16 and hierarchical architectures.17,18

However, the above strategies are subject to the strong coupling
between carrier and phonon transport, making the develop-
ment of TEmaterials with high ZT values extremely challenging.
PbSe-based TE materials with a rock-salt structure, similar to
PbTe, have become ideal candidates due to their low cost,
abundant earth reserves,19 and high mechanical strength.20

However, n-type PbSe has a large energy gap (above 0.4 eV)
between its L and S conduction bands and a single electronic
conduction band near the Fermi level; these features prevent
band convergence and improvement of the PF by chemical
doping and alloying.17,21 Therefore, its TE performance is oen
improved by intensifying phonon scattering through defect
structure design.15,22
J. Mater. Chem. A, 2024, 12, 26013–26024 | 26013
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In PbQ (Q = Te, Se, S) compounds, small-sized Zn, 23,24 Ni,24

Cu,12,25–27 and Ag atoms can serve as interstitials in the matrix.
Unlike the strong carrier scattering caused by nanostructures,
the sub-nanoscale interstitials can achieve decoupling of carrier
and phonon transport,27 which is expected to achieve a high PF
and ZT simultaneously. Cu ions have prominent advantages
among these small-sized atoms due to their small ion radius
(∼0.6 Å) and low formation energy, which do not alter the
electron scattering mechanism in the PbSe lattice.25 Limited by
the solid solubility of Cu, the introduction of Cu into the matrix
oen results in the formation of interstitial atoms and second
phases, which can dynamically optimize the carrier concentra-
tion and reduce lattice thermal conductivity to optimize TE
performance with increasing temperature. Promoting the
dissolution of second phases will be an effective means to
further optimize the dynamic doping effect. Additionally, for
a given system, an increase in congurational entropy (DSconf)
can extend the solubility limits of alloying elements and
enhance structural stabilization,28,29 increasing the band
degeneracy and improving the Seebeck coefficient. The high-
entropy effect also leads to severe lattice disorder and mass
and strain uctuations, which strengthen phonon scattering
and reduce klat. 30 According to the Boltzmann principle, the
congurational entropy can be expressed as

DSconf ¼ �NAkB
Pn
I¼1

xiln xi, where kB is the Boltzmann constant,

xi is the molar ratio of the ith component, and NA is Avogadro's
constant. By combining multiple principal elements, DSconf can
be maximized to achieve enhanced performance in TE mate-
rials. However, a high DSconf can hinder carrier transport,
limiting the improvement in thermoelectric performance.31

Therefore, exploring a synergistic approach that harnesses the
entropy effect to drive the dynamic doping effect across a wide
temperature range is necessary to achieve high electrical
performance and maintain the advantage of low intrinsic
thermal conductivity.

In this work, based on different values of DSconf, we synthe-
sized a series of entropy-increased n-type lead chalcogenide
compounds Pb1−ySnySe1−xTexSx-2 at% Cu (x = 0.1 and y = 0; x =
0.25 and y= 0; x= 0.25 and y= 0.125). First, excessive Cu (2at%)
interstitial doping was introduced into PbSe to optimize the
carrier concentration of the matrix at room temperature and
enhance phonon scattering. Te, S, and Sn were introduced to
further enhance lattice distortion, resulting in PbSe-based TE
materials with low, medium, and high entropy levels. The
introduction of Cu signicantly increases the carrier concentra-
tion of the matrix, and the room-temperature carrier concen-
tration of PbSe-2at%Cu reaches ∼3.02 × 1019 cm−3. With the
increase in DSconf, the room-temperature carrier concentration
decreases to ∼1.0 × 1018 cm−3 in Pb0.875Sn0.125Se0.5Te0.25S0.25-
2at%Cu. However, the entropy-driven structural stabilization
effect leads to an enhanced Seebeck coefficient of −363 mV K−1,
maintaining good electrical performance. Meanwhile, dense
dislocations, nanoscale to submicron-scale Sn- and Cu-rich
incoherent precipitates and severe lattice distortion driven by
entropy hinder phonon propagation, enhance anharmonicity,
and reduce klat. Ultimately, the high-entropy sample
26014 | J. Mater. Chem. A, 2024, 12, 26013–26024
Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu achieves a ZT value of 0.64
at room temperature and a peak ZT value of 1.46 at 623 K, with
a notable average ZT value exceeding 1.15 at 300–700 K.

Results
Crystal characterization and microstructure observation

The XRD patterns of Pb1−ySnySe1−xTexSx-2at%Cu (x = 0 and y =
0; x = 0.1 and y = 0; x = 0.25 and y = 0; x = 0.25 and y = 0.125)
samples are shown in Fig. 1a. All the peaks were indexed as
belonging to the standard face-centered cubic structure with the
Fm�3m space group, and there was no discernible presence of an
impurity phase. With rising Te/S/Sn content, a signicant shi
of peaks to low angles was observed in the samples, indicating
lattice expansion. Notably, when the content of Te and S
reached 25at%, the (200) peak tended to split into several
peaks.32 Aer introducing Sn into the alloy, the split peaks of the
high-entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu
converged into a single (200) peak, which showed a typical
structural stabilization effect driven by entropy.32 Furthermore,
we performed structural renement to uncover alterations in
lattice parameters (Fig. 1b). The lattice parameters increased
with increasing atomic fraction of Te/S/Sn doping. Subse-
quently, we extracted the full width at half maximum (FWHM)
from the XRD data to qualitatively evaluate the lattice disorder
degree in the samples. As DSconf increased, both the FWHM at
the (200) plane and microstrain (3) exhibited a trend of rst
increasing and then falling, as shown in Fig. 1c and d. This
result may be due to the large amount of lattice distortion
introduced by the doping of Te and S into the matrix, whereas
the introduction of Sn stabilized the lattice. Notably, as a result
of phase separation, the 3 value of the PbTe0.25S0.25Se0.5-2at%Cu
sample reached 0.62%, which was signicantly higher than that
of existing high-entropy TE materials.32,33 Although the 3 value
of the high-entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu
was 0.37%, it reected the structural stabilization effect driven
by the high entropy, which was much lower than that of the
medium-entropy sample PbSe0.5Te0.25S0.25-2at%Cu.

To analyze the inuence of the high-entropy effect on the
microstructure of the matrix, we employed transmission elec-
tron microscopy (TEM) and scanning transmission electron
microscopy (STEM) to observe the detailed structural features in
Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu. The low- to high-
magnication TEM images in Fig. 2a–c present a high density
of dislocations and different brightness/contrast in the matrix.
Fig. 2e displays an enlarged high-resolution transmission elec-
tron microscopy (HRTEM) image in the inset of Fig. 2d located
in a dislocation-free region. Fig. 2f shows an inverse fast Fourier
transform (IFFT) image that provides a clear depiction of the
dislocation. Abundant lattice distortions can also be observed
inmany gray blurred areas. All the gures conrmed that a large
number of dislocations and lattice distortions effectively
contribute to the deterioration of thermal properties.

The STEM images of the Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu
sample reveal nanoscale to submicron-scale incoherent precipi-
tates in the matrix (Fig. 3). The STEM images in Fig. 3a illustrate
the micromorphology of rod-shaped and elliptical-shaped
This journal is © The Royal Society of Chemistry 2024



Fig. 1 X-ray diffraction patterns and strain analysis of Pb1−ySnySe1−xTexSx-2at%Cu (x= 0 and y= 0; x= 0.1 and y= 0; x= 0.25 and y= 0; x= 0.25
and y = 0.125) samples: (a) X-ray diffraction patterns. (b) Lattice parameter. (c) Full width at half maximum (FWHM) at the (200) peak and
microstrain (3). (d) microstrain (3) estimated from the Williamson–Hall plot.

Fig. 2 Microstructure observation in the Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu sample by TEM: (a–c) low- to high-magnification images
showing dense linear defects in the PbSe matrix. (d and e) HRTEM image of the other region. (f) Corresponding FFT image of the enlarged region
of (e).

Paper Journal of Materials Chemistry A
precipitates. To identify the composition, we performed EDS
analysis for the rod-shaped precipitates, and the results are
depicted in Fig. 3b–g. The Sn element and Cu element were
This journal is © The Royal Society of Chemistry 2024
highly concentrated in the precipitate, which indicated that the
amount of Cu may exceed the solid solubility limit of Pb0.875-
Sn0.125Se0.5Te0.25S0.25-2at%Cu, resulting in the formation of Sn-
J. Mater. Chem. A, 2024, 12, 26013–26024 | 26015



Fig. 3 Microstructure observation of Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu samples by STEM: (a) the low-magnification microscopic
morphological image; (b–g) respective EDS mappings of Pb, Sn, Se, Te, S, and Cu; (h) high-angle annular dark field (HAADF) image of the
incoherent interface for the rod-shaped precipitate; (i) high-angle angular dark field (HAADF) image of the rod-shaped precipitate; (j) IFFT images
of (h) in the precipitate and matrix, respectively.

Journal of Materials Chemistry A Paper
and Cu-rich precipitates. Fig. 3h presents an atomic-resolution
high-angle annular dark eld (HAADF) image of the incoherent
interface for the rod-shaped precipitate in Fig. 3a, which was
imaged under the [013] zone axis of the matrix. The fast Fourier
transform (FFT) image shown in Fig. 3j was obtained at the
incoherent interface. The interplanar spacing along [200] of the
matrix was 3.22 Å, and the calculated lattice constant was
Fig. 4 Temperature-dependent electrical transport properties of Pb1−yS
y = 0; x = 0.25 and y = 0.125) samples: (a) electrical conductivity, s; (b
mobility (mw).

26016 | J. Mater. Chem. A, 2024, 12, 26013–26024
approximately 6.44 Å, which was close to the lattice constant
obtained through XRD, both indicating a signicant expansion of
the matrix lattice of Pb0.875Sn0.125Se0.5Te0.25S0.25 compared with
PbSe. Given that the precipitates were tilted off the zone axis, the
specic structure of these precipitates has not been identied.
The Sn- and Cu-rich precipitates were incoherent with the
matrix,34 which may exhibit a different behavior from Cu2Se,
nySe1−xTexSx-2at%Cu (x = 0 and y = 0; x = 0.1 and y = 0; x = 0.25 and
) Seebeck coefficient, S; (c) power factor, PF; and (d) weighted carrier

This journal is © The Royal Society of Chemistry 2024
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adding complexity and richness to the microstructure of Pb0.875-
Sn0.125Se0.5Te0.25S0.25-2at%Cu and strongly intensifying phonon
scattering.
Charge transport properties

Fig. 4 demonstrates the electrical transport properties of
Pb1−ySnySe1−xTexSx-2at%Cu (x= 0 and y= 0; x= 0.1 and y= 0; x
= 0.25 and y= 0; x= 0.25 and y= 0.125) samples as a function of
temperature. As depicted in Fig. 4a, with the increase in DSconf,
the electrical conductivity (s) of all samples gradually decreased,
whichmay be due to the deterioration of charge transport caused
by the entropy-driven disorder.31,35 All samples demonstrated
a negative Seebeck coefficient (S), indicating the n-type TE
material classication, as depicted in Fig. 4b. The S of the
entropy-increasing system exhibited a trend opposite to s, and
the jSj of the high-entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-
2at%Cu increased to 363.4 mV K−1. Notably, the signicant
enhancement in S compensated for the decrease in s. Ultimately,
the PF reached 19.5 mWcm−1 K−2 in Pb0.875Sn0.125Se0.5Te0.25S0.25-
2at%Cu, which may be attributed to the structural stabilization
effect maintained under the inuence of entropy, contributing to
good electrical properties. The weighted mobility (mw), such as
hall mobility (mH), can be dened as a simple function of S and s

to quantitatively measure the electron transport properties of TE
materials.36 Here, mw is introduced to evaluate the contribution
of DSconf. Based on the free electron (parabolic band) Drude–
Sommerfeld model, mw can be calculated using eqn (1)–(3):37
Fig. 5 Charge transport properties of PbSe-2at%Cu and Pb0.875Sn0.125Se
(mH); (b) comparison of mw and mH; (c) mw/mH for PbSe-2at%Cu and Pb0.8

This journal is © The Royal Society of Chemistry 2024
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where e, h, me, and kB represent the united charge, the Planck
constant, the electron mass, and the Boltzmann constant,
respectively. Fn(h) denotes the Fermi integral, h denotes the
reduced Fermi level, and r denotes the scattering factor, which
equals −1/2 when acoustic scattering is the dominant mech-
anism. Owing to the limitation of the scattering mechanism
considered by the model, especially for high-entropy samples
with low carrier concentration, the mw of the high-entropy
sample was overestimated.37,38 However, we can still utilize
its changing trend to validate the electrical properties.
According to the temperature-dependent curve of mw (Fig. 4d),
the mw of the high-entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-
2at%Cu remarkably improved, reaching a maximum value of
305.66 cm2 V−1 s−1 at room temperature, which also demon-
strated why the high-entropy effect enhanced electrical
properties.
0.5Te0.25S0.25-2at%Cu: (a) carrier concentration (nH) and carrier mobility

75Sn0.125Se0.5Te0.25S0.25-2at%Cu.

J. Mater. Chem. A, 2024, 12, 26013–26024 | 26017
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To reveal the electrical transport properties of the samples
driven by entropy, we performed variable-temperature hall effect
measurements on the low-entropy sample PbSe-2at%Cu and the
high-entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu, as
shown in Fig. 5. Fig. 5a depicts the variation in carrier concen-
tration (nH) and carrier mobility (mH) for the samples. The nH of
PbSe-2at%Cu increased with rising temperature, reecting the
dynamic optimization of carriers under Cu doping. Although Cu
doping optimized the nH and mH of PbSe, the room-temperature
mH decreased from 488.2 cm2 v−1 s−1 for PbSe-2at%Cu to 431.5
cm2 v−1 s−1 for Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu. Compared
to previously reported single-doped and co-doped alloys,39 high-
entropy alloys typically have a lower m due to the intensied
alloying scattering of charge carriers.29 Subsequently, we quan-
titatively estimated the effective mass (m*) to assess the changes
in the band structure driven by entropy. mw is proportional tom*

according to eqn (4):40,41

mw zmH

�
m*

me

�3=2

(4)

where mH refers to the hall carrier mobility, mw is the weighted
carrier mobility, and me is the free electron mass. The above m*

signies a calculated value, commonly referred to as the See-
beck coefficient mass (mS*), which can be ascertained through S
and its corresponding nH.42 Fig. 5b compares the mw and mH of
the samples as a function of temperature. The deviation
between the mw and mH of the samples increased signicantly
with the increase in DSconf. The mw/mH values in Fig. 5c also
demonstrated this enhanced deviation, quantitatively illus-
trating the increase in m* under high entropy.

The single parabolic band (SPB) model is employed to
investigate the inuence of high entropy on the band structure.
Pisarenko curves 43,44 with different DOS effective masses (m*) at
300 K for PbSe-2at%Cu and Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%
Cu are theoretically plotted in Fig. 5d. The solid and dashed
lines represent theoretical values based on the SPB model
assuming that the m* of PbSe is 0.3 me, 0.35 me and 0.4 me,
respectively. The experimental values of PbSe-2at%Cu and
Fig. 6 Temperature-dependent thermal properties of Pb1−ySnySe1−xTex
x = 0.25 and y = 0.125) samples: (a) total thermal conductivity, ktot; (b) l

26018 | J. Mater. Chem. A, 2024, 12, 26013–26024
Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu fell around the green solid
line with m* = 0.4 me, in which m* gradually increased with
high values of 0.34 me and 0.41 me achieved in PbSe-2at%Cu
and Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu, respectively. This
serves as a crucial aspect for enhancing jSj across the entire
temperature range. Upon comparison, the m* of Pb0.875-
Sn0.125Se0.5Te0.25S0.25-2at%Cu even exceeded those of Cu0.005-
PbSe0.99Te0.01 (ref. 26) and Pb0.89Sb0.012Sn0.1Se0.5Te0.25S0.25
(ref. 32).
Thermal transport properties and ZT value

The temperature-dependent thermal transport properties of all
samples, including total thermal conductivity (ktot) and lattice
thermal conductivity (klat), are shown in Fig. 6a and b. As ex-
pected, entropy engineering plays a major role in the reduction
of thermal conductivity. As DSconf increased, the ktot of the
samples monotonically decreased. Notably, the ktot of the
samples decreased from 2.65 W m−1 K−1 for PbSe-2at%Cu to
0.80 W m−1 K−1 for Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu at
room temperature.

According to Fig. 6b, although the klat of the entropy-
increasing samples did not signicantly decrease due to
lattice disorder, which may be due to the decrease in kele (Fig.
S1, ESI†) under strong alloy scattering, the klat of Pb0.875-
Sn0.125Se0.5Te0.25S0.25-2at%Cu still decreased to 0.73 Wm−1 K−1

at room temperature.
To evaluate the synergistic effect of DSconf on the TE trans-

port properties, we rst calculated the ratio of mw to the lattice
thermal conductivity (mw/klat) as a function of temperature
(Fig. 7a). mw/klat initially decreased and then increased with
increasing DSconf, with the high-entropy sample Pb0.875Sn0.125-
Se0.5Te0.25S0.25-2at%Cu exhibiting a signicant enhancement.
This result indicated that the entropy-driven disorder simulta-
neously optimized charge and phonon properties. Conse-
quently, the ZT value of the high-entropy sample
Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu signicantly increased
(Fig. 7b), resulting in a ZT value of ∼0.64 at room temperature
and ∼1.46 at 623 K.
Sx-2at%Cu (x = 0 and y = 0; x = 0.1 and y = 0; x = 0.25 and y = 0;
attice thermal conductivity, klat.

This journal is © The Royal Society of Chemistry 2024



Fig. 7 Temperature-dependent thermoelectric properties of Pb1−ySnySe1−xTexSx-2at%Cu (x= 0 and y= 0; x= 0.1 and y= 0; x= 0.25 and y= 0;
x = 0.25 and y = 0.125) samples: (a) ratio of weighted carrier mobility to lattice thermal conductivity; (b) ZT.

Paper Journal of Materials Chemistry A
Discussion
Inuence of entropy on charge and phonon transport

As previously mentioned, DSconf strongly affects electron and
phonon transport properties. In general, the increase in DSconf
could enhance the solid solubility of the matrix, thereby
increasing Cu interstitial doping and optimizing the nH of
Pb1−ySnySe1−xTexSx-2at%Cu (x= 0 and y= 0; x= 0.1, 0.25 and y
= 0; x = 0.25 and y = 0.125) samples. However, in practice, as
the number of elements increased, the disorder and impurities
present in the lattice strongly scattered charge carriers, leading
to a decrease in nH and mH from 488.2 cm2 V−1 s−1 for PbSe-
2at%Cu to 431.5 cm2 V−1 s−1 for Pb0.875Sn0.125Se0.5Te0.25S0.25-
2at%Cu.

To further investigate the microscopic mechanism behind
this performance change of Pb1−ySnySe1−xTexSx-2at%Cu (x =

0 and y = 0; x = 0.1 and y = 0; x = 0.25 and y = 0; x = 0.25 and y
= 0.125) samples, we conducted positron annihilation lifetime
(PAL) measurements. Following the deduction of source and
Fig. 8 Positron annihilation lifetime of Pb1−ySnySe1−xTexSx-2at%Cu (x= 0
samples: (a) and (b) positron annihilation lifetime experimental spectra a

This journal is © The Royal Society of Chemistry 2024
background components, all lifetime spectra could be dissected
into three lifetime components, namely, s1, s2, and s3, using the
LT9 program. I1, I2, and I3 denote the corresponding intensities
of s1, s2, and s3, respectively. The average lifetime (save) of all
samples was calculated using save= s1I1 + s2I2 + s3I3. All positron
lifetime results are shown in Fig. 8. Krause45 et al. and Polity46

et al. reported that the calculated positron lifetimes in the PbSe
bulk state (sb) and at Pb vacancies (sVPb

) are 213 and 298 ps,
respectively. Therefore, s1 is the bulk lifetime; s2 is the positron
lifetime trapped at Pb vacancy defects; and s3 is the positron
lifetime at the grain surface, large pores, and internal interface
defects. Fig. 8a and b display the PAL experimental spectra and
tting curves for PbSe-2at%Cu and Pb0.875Sn0.125Se0.5Te0.25S0.25-
2at%Cu, respectively. As DSconf increased, s1 increased linearly
from 190 ps for PbSe-2at%Cu to 290 ps for Pb0.875Sn0.125Se0.5-
Te0.25S0.25-2at%Cu (Fig. 8c). This result suggested a decrease in
the charge concentration of the PbSe matrix, which was
consistent with the decrease in nH from 3.02 × 1019 cm−3 to 1.0
× 1018 cm−3, as well as a change in s. s2 increased from 300 ps
and y= 0; x= 0.1 and y= 0; x= 0.25 and y= 0; x= 0.25 and y= 0.125)
nd fitting curves; (c) s1 and I1; (d) s2 and I2; (e) s3 and I3; (f) save.

J. Mater. Chem. A, 2024, 12, 26013–26024 | 26019
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to 350 ps in Fig. 8d, indicating that the size of the vacancy
defects increased, and the Pb monovacancy transformed into
a Pb–Sn divacancy with increasing DSconf.45 Additionally, the
calculated save increased from 234.4 ps to 338.7 ps in Fig. 8f,
indicating a decrease in electron concentration and an increase
in defect types within the matrix.

Notably, nH in the low-entropy sample PbSe-2at%Cu
increased with rising temperature, which was consistent with
the phenomenon observed in Cu-doped samples,24,25,47–49 where
Cu-rich precipitates present in the matrix dissolved upon
temperature elevation, resulting in an enhancement of nH in the
matrix. However, nH in Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu
remained nearly unchanged over the entire temperature range,
indicating poor electron doping efficiency. Different from the
common Cu precipitates, the precipitates in Pb0.875Sn0.125-
Se0.5Te0.25S0.25-2at%Cu were composed of Cu element and Sn
element. The nanoscale to submicron-scale incoherent phases
resulted from the precipitation of Cu, which may not dissolve to
achieve carrier optimization under variable temperatures,
thereby reducing the content of Cu interstitials and decreasing
nH. To prove the doping effect of Cu on the electrical transport
properties of the high-entropy sample, we prepared a sample
without Cu (Pb0.875Sn0.125Se0.5Te0.25S0.25). Its s value at room
temperature was signicantly lower than that of Pb0.875Sn0.125-
Se0.5Te0.25S0.25-2at%Cu, which indicated that the introduction
of Cu still provided carriers for the matrix. This difference in the
second phase led to a variance in the dynamic doping behavior
of Cu ions in the high-entropy sample. Given the difference in
the second phase, the dynamic doping effect cannot be directly
compared through changes in DSconf, and a specic analysis of
the evolution behavior of the second phases in the matrix is
required.

Additionally, m* exhibited signicant differences between
PbSe-2at%Cu and Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu. The
enhancement in m* indicated the variation in the energy band
structure, which was closely related to the high symmetry
Fig. 9 Cell structure of low-entropy PbSe (a) and high-entropy PbSe (b)
and (d) the high-entropy sample; (e) calculated density of states. Their c
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structure and altered orbital hybridization induced by entropy
engineering.50 In general, materials with high symmetry are
anticipated to generate many equivalent positions in reciprocal
space, ultimately resulting in the convergence of multiple
electronic bands near the Fermi level. Here, we performed rst-
principles density functional theory calculations, as shown in
Fig. 9. Fig. 9a and b demonstrate the established unit cell
structures of low-entropy PbSe and high-entropy PbSe. As
shown in Fig. 9c and d, a large number of impurity bands
appeared in the conduction and valence bands due to the
introduction of Se/Te/Sn. Multiple energy bands pushed the
peak of the band toward the Fermi level, reducing an energy
difference between different energy valleys and enhancing the
band degeneracy NV. The band gap (Eg) decreased, which is
consistent with the experimental results of the optical band gap
(Fig. S2†). As shown in Fig. 9e, the high-entropy sample
exhibited a signicant increase in the DOS near the Fermi level
compared with the low-entropy sample, which will exhibit an
effect of electronic resonance states. The improvement of the
resonance density of electrons will strongly scatter the carriers,
resulting in the deterioration of s. On the basis of the calculated
band structure, the structural stabilization effect driven by high
entropy, the convergence of energy bands caused by a large
number of impurity energy levels, and the increased DOS near
the Fermi level all helped enhance m* in Pb0.875Sn0.125Se0.5-
Te0.25S0.25-2at%Cu.

In terms of thermal performance, as DSconf increased, ktot
was strongly suppressed, which was mainly caused by the
strengthened local lattice disorder hindering phonon transport.
Meanwhile, the dislocations and the nanoscale to submicron-
scale incoherent precipitates presented severe phonon scat-
tering. Similarly, the increase in positron lifetime s2 for
Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu with the increase in DSconf
could be attributed to the proliferation of defect types in the
matrix, contributing to enhanced phonon scattering and
reduced thermal conductivity. In conclusion, klat decreased
; (c) calculated electronic band structures for the low-entropy sample
alculated Eg at the conduction band edge is given.

This journal is © The Royal Society of Chemistry 2024



Fig. 11 Comparison of the performance of the high-entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu in this work with that of reported
excellent thermoelectric materials. (a) ZT; (b) room temperature ZT; (c) average ZT between 300 and 700 K.

Fig. 10 Thermoelectric properties depending on DSconf for Pb1−ySnySe1−xTexSx-2at%Cu (x= 0 and y= 0; x= 0.1 and y = 0; x= 0.25 and y = 0; x
= 0.25 and y = 0.125) samples: (a) average PF and (b) average ZT.
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from 1.03 W m−1 K−1 to 0.73 W m−1 K−1 with a drop of 29% at
300 K, whereas ktot decreased from 2.65 W m−1 K−1 to 0.80 W
m−1 K−1 with a drop of 69.8%.
Inuence of entropy on TE performance

As previously mentioned, DSconf strongly affected electron and
phonon transport properties. The average PF and average ZT
versus the change in DSconf for all samples are shown in Fig. 10a
and b. The PF and ZT exhibited a similar variation tendency to
DSconf. Severe alloy scattering in the matrix had a major impact
on electrical properties, but the structural stabilization effect of
high entropy partially mitigated this adverse effect, restoring
electrical performance. Moreover, multiscale defect structures
present in the matrix combined with strong lattice disorder
driven by high entropy helped enhance phonon scattering,
leading to an improvement in the TE performance of the high-
entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu.

In summary, we compare the optimized ZT value of the high-
entropy sample Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu in this
work with those of other reported n-type PbSe-based TE
materials,12,25–27,32,51–53 as shown in Fig. 11. The ZT value of
Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu reaches ∼0.64 at room
temperature, which is superior to those of existing materials,
and the average ZT value is relatively high. This result demon-
strates the feasibility of the optimization method in this work
for improving the performance of PbSe-based TE materials.
This journal is © The Royal Society of Chemistry 2024
Conclusions

This study introduced an approach to enhance the TE perfor-
mance of n-type PbSe materials by using a series of entropy-
increased n-type lead chalcogenide compounds Pb1−ySnySe1−x-
TexSx-2at%Cu (x = 0 and y = 0; x = 0.1 and y = 0; x = 0.25 and y
= 0; x = 0.25 and y = 0.125). By gradually increasing alloying to
enhance the congurational entropy of PbSe, the introduction
of Sn stabilized the lattice of the matrix and promoted the
stability of the crystal structure. However, excessive Sn gener-
ates Sn- and Cu-rich precipitates, affecting the dynamic doping
effect of Cu in PbSe. Thus, the carrier concentration and carrier
mobility of Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu decreased,
leading to low electrical conductivity. Meanwhile, the structural
stabilization effect of high entropy increased the effective mass
of the electrons, leading to an improved Seebeck coefficient and
maintaining a relatively good PF (∼19.5 m W cm−1 K−2). The
dense dislocations, nanoscale to submicron-scale incoherent
precipitates, and large amounts of lattice distortion driven by
entropy enhanced phonon scattering and signicantly reduced
thermal conductivity (∼0.80 W m−1 K−1). Consequently, an
excellent room-temperature ZT of ∼0.64 (300 K), a peak ZT of
∼1.46 (623 K), and an average ZT of ∼1.15 (300–700 K) were
achieved in Pb0.875Sn0.125Se0.5Te0.25S0.25-2at%Cu. The intro-
duction of Sn could not fully decouple carrier transport and
phonon transport. The idea of utilizing the high-entropy effect
to enhance Cu dynamic doping is reasonable. To further
J. Mater. Chem. A, 2024, 12, 26013–26024 | 26021
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enhance the dynamic doping optimization of the high-entropy
system, the following possibilities can be considered: (1)
adjusting the doping amount of Sn to reduce the generation of
precipitates; and (2) combining with elements similar to Sb/Bi
to further increase the solid solubility of the matrix and
improve the carrier concentration.

Experimental
Experimental preparation

High-purity Cu (99.99%, foil, Macklin), Pb (99.999%, particles,
Macklin), Sn (99.999%, particles, Macklin), Se (99.999%, blocks,
Macklin), Te (99.999%, particles, Macklin), and S (99.99%,
blocks, Macklin) were weighed according to the nominal
composition Pb1−ySnySe1−xTexSx-2at%Cu (x = 0 and y = 0; x =

0.1 and y = 0; x = 0.25 and y = 0; x = 0.25 and y = 0.125) and
placed into quartz tubes, which were ame-sealed under
a dynamic vacuum of < 5 × 10−3 Pa. The vacuum-sealed quartz
tube was heated to 1423 K within 14 h, held for 8 h, and cooled
to room temperature with a furnace. Thereaer, the ingots were
annealed at 873 K for 24 h. The obtained products were hand-
ground in an agate mortar for 15 min to a ne powder and
then sintered at 823 K under a uniaxial pressure of 50 MPa for
20 min to form dense cylinders with a diameter of 12.5 mm
using a fast-hot-pressing furnace (FHP-828). The obtained
samples all achieved a relative density of over 98%.

Phase identication and measurement of performance

XRD patterns for all samples were collected on a Rigaku D/max-
2200 X-ray diffractometer (PANalytical, the Netherlands)
equipped with CuKa radiation. The microstructure of the
samples was characterized by scanning electron microscopy
(SEM, Scios 2, Czech) and eld-emission transmission electron
microscopy (Spectra 300). The hot-pressed samples were cut
and polished into various shapes and dimensions to measure
charge and thermal transport properties. Bar-shaped samples
with the dimensions of ∼12 × 3 × 3 mm3 were employed for
measuring the Seebeck coefficient and electrical conductivity
simultaneously using a CTA-3 instrument under a low-pressure
He atmosphere from 300 K to 700 K. Hall effect measurements
as a function of temperature were performed on a PMS–9
system from 300 K to 673 K with a reversible 0.5 T magnetic
eld. The thermal diffusivity (D) of the sample was measured
using the Cowan model with pulse correction using a laser
thermal conductivity meter (LFA500), whereas the density (r)
was determined through Archimedes' drainage method. The
heat capacity (Cp) was calculated based on the typical values of
lead chalcogenides: Cp(kB/atom) = 3.07 + 0.00047 × (T − 300).
kele was calculated using the Wiedemann–Franz law: kele = LsT,
in which L is the Lorenz number calculated using L = 1.5 +
exp(−jSj/116).

Infrared spectroscopy

The infrared diffuse reectance spectra were collected on
a Thermo Fisher 616 FTIR spectrometer in the mid-IR range
(4000−400 cm−1) at ambient temperature. Reectance data
26022 | J. Mater. Chem. A, 2024, 12, 26013–26024
were converted to absorption data using the Kubelka−Munk
equation.

Electronic band structure calculations

The density of states (DOS) and band structures in this study
were calculated using the Vienna ab initio simulation package
(VASP).54,55 Given that the band structure is not changed by
intercalating Cu,25 the constructed supercell did not include Cu
atoms, which were only used to optimize the carrier concen-
tration of n-type PbSe. Structural relaxation optimization
utilizes the Perdew–Burke–Ernzerhof (PBE) revision within the
generalized-gradient approximation (GGA) function.56 For low-
entropy lead selenide materials, a 2 × 2 × 2 supercell was
established using ATOMSK.57 For high-entropy materials, the
Alloy–Theoretic Automated Toolkit 58 was introduced to
construct a 2 × 2 × 2 (64-atom) supercell based on the Fm�3m
space group PbSe primitive cell, which contained 16 Pb atoms, 8
Te atoms, 8 S atoms, 28 Pb atoms, and 4 Sn atoms. The supercell
was fully relaxed with an energy cutoff of 500 eV, and the force
converged to 1 × 10−2 eV Å−1.
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