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Abstract

Lead sulfide (PbS) presents large potential in thermoelectric application due to
its earth-abundant S element. However, its inferior average ZT (ZT,y.) value
makes PbS less competitive with its analogs PbTe and PbSe. To promote its
thermoelectric performance, this study implements strategies of continuous
Se alloying and Cu interstitial doping to synergistically tune thermal and
electrical transport properties in n-type PbS. First, the lattice parameter of
5.93 A in PbS is linearly expanded to 6.03 A in PbS, sSe, s with increasing Se
alloying content. This expanded lattice in Se-alloyed PbS not only intensifies
phonon scattering but also facilitates the formation of Cu interstitials. Based
on the PbS,¢Seq4 content with the minimal lattice thermal conductivity, Cu
interstitials are introduced to improve the electron density, thus boosting the
peak power factor, from 3.88 uW cm ' K72 in PbSy ¢Seq 4 to 20.58 uw cm K2
in PbSy¢Seps—1%Cu. Meanwhile,
PbSp.6Sep4—x%Cu (x=0-2) is further suppressed due to the strong strain

the lattice thermal conductivity in

field caused by Cu interstitials. Finally, with the lowered thermal conductivity
and high electrical transport properties, a peak ZT ~1.1 and ZT,y. ~0.82 can be
achieved in PbSyeSeps — 1%Cu at 300-773K, which outperforms previously
reported n-type PbS.
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1 | INTRODUCTION

Thermoelectric technology provides an effective route to
solve energy and environmental issues because it is
capable of directly converting heat into electricity.['!
Nevertheless, its low efficiency and expensive price
strongly limit its extensive applications. The conversion
efficiency of thermoelectric material is closely related to
the ZT value, ZT = (S°0/x)T, where S, 0, x, and T denote
the Seebeck coefficient, electrical conductivity, thermal
conductivity, and working temperature in Kelvin,
respectively.l*~®! Obviously, excellent thermoelectric ma-
terials are expected to own large S, high o, and
simultaneously low x. But these contradictory transport
relationships between carrier and phonon largely restrict
thermoelectric performance.l”*!

Lead chalcogenides (PbQ, Q=Te, Se, and S) are
excellent medium-temperature thermoelectric materials
and have favorable carrier and phonon transport propert-
ies."*) Among lead chalcogenides, the earth-abundant
PbS compound attracts increasing attention in the thermo-
electric field. However, compared with high-performance
PbTe and PbSe compounds, PbS presents a relatively low
ZT value due to its strong atomic bond, which causes
relatively low electrical transport and high thermal
transport performance.'® Recent progress in PbS-based
thermoelectric materials includes band sharpening to
optimize carrier effective mass in n-type PbS-Sn—PbTe,!'”)
composites to improve electron transport in n-type
PbS,'8°! gap state and Fermi level pining to maximize
electrical performance in n-type PbS-Ga-In,'*"!
structure engineering in PbS to reduce thermal conductiv-
iy, and so on. Notably, these works can only enhance
the peak ZT value in PbS-based thermoelectric material at
high temperatures, and its ZT,,. value still maintains an
inferior level, which is mainly caused by the suppressed
thermoelectric performance in the low-temperature range.
Interestingly, Cu interstitial has been widely used to
optimize the thermoelectric properties in PbTe and PbSe,
especially near room temperature,>*! and the synergy of
covalent element alloying to intensify phonon scattering
and Cu interstitial to boost carrier transport can largely
enhance the ZT value at wide temperature range.!*"
However, compared with PbTe and PbSe systems, Cu
doping in n-type PbS compound is difficult to form
interstitials and plays an opposite role in tuning carrier
transport properties.*?! This different Cu role in n-type PbS
is considered to be caused by its intrinsic low lattice space
compared with PbSe and PbTe compounds.

To obtain high ZT,, value in n-type PbS, this study
firstly conducts heavily Se alloying to expand its lattice
parameter, and then follows with Cu interstitial doping to
simultaneously tune its electrical and thermal transport
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properties. Results show that Se alloying can enhance the
lattice parameter from 593A in PbS to 6.03A in
PbSpsSeps. This expanded lattice in Se-alloyed PbS can
improve the solubility of Cu interstitials, thus boosting the
electrical transport properties due to the optimized carrier
density. The maximum power factor is largely enhanced
from 3.88 uW cm K2 in PbSy 6S€p.4 t0 20.58 uW cm ™ K2
in PbSp¢Seg4 — 1%Cu. Owing to the strong mass fluctua-
tion and strain field generated by heavy Se alloying and Cu
interstitial doping, the lattice thermal conductivity is
obviously lowered in PbSyeSeps—1%Cu at a wide
temperature range. Finally, with these simultaneously
tuned electrical and thermal properties, the ZT,,. value in
PbSy6S€p4 — 1%Cu can be boosted to 0.82 at 300-773K,
which exceeds other high-performance n-type PbS samples
and can also be comparable with some n-type PbSe- and
PbTe-based thermoelectric materials.*>~*!

2 | EXPERIMENTAL DETAILS

PbS-based samples were synthesized with the melting
method and hot-pressing (OTF-1700X-RHP4) process to
obtain highly densified bulk. Powder X-ray diffraction
(PXRD) using Cu-Ka radiation was employed to check
phase composition. Microstructure observation was
conducted with transmission electron microscopy
(TEM) and scanning transmission electron microscopy
(STEM). Hall coefficient (Ry) was measured by the van
der Pauw method in Lake Shore 8400 Series at room
temperature. The thermoelectric performance was eval-
uated with Cryoall CTA and LFA instruments. Experi-
mental details can be found in Supporting Information.

3 | RESULTS AND DISCUSSION

3.1 | Lattice expansion in Se alloying
in PbS,;_,Se, (x =0-0.5)

The PXRD results presented in Figure 1A indicate that all
PbS,_,Se, (x=0-0.5) samples have a cubic crystal
structure, and Se alloying in PbS can form a complete
solid solution up to x=0.5. As Se atom (1.16 A) has a
larger atomic radius than that of the S atom (1.03 A), the
lattice parameter continuously increases with increasing
Se alloying content in PbS;_,Se, (x =0-0.5), from 5.93 A
in pure PbS to 6.03 A in PbSysSers, as shown in
Figure 1B. The expanded lattice in PbS;_,Se, (x=0-0.5)
can provide larger space and make it possible to conduct
interstitial doping in PbS-based thermoelectric material.
Additionally, a large amount of Se alloying can cause
strong mass fluctuation and strain field to scatter phonon
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FIGURE 1 Phase identification and lattice thermal conductivity in PbS;_,Se, (x = 0-0.5): (A) PXRD results, (B) the calculated lattice

parameter, (C) temperature-dependent x;,;, and (D) comparison of xj,, values at 300 and 773 K.

so as to suppress the lattice thermal conductivity in the
PbS matrix, as shown in Figure 1C. The lattice thermal
conductivity in PbS;_,Se, (x=0-0.5) substantially
decreases with increasing Se alloying content. And
among PbS; ,Se, (x=0-0.5) samples, the PbS;¢Seq4
sample presents the lowest xj,, value in the entire
temperature range. The x;,, value is largely reduced from
2.12Wm ™K™' in undoped PbS to 1.12Wm 'K in
PbSy6Sep4 at 300K, and a large reduction of x,; value
was also obtained at 773 K, from 0.94 to 0.78 Wm™*K™!
in PbSy¢Sey 4 in Figure 1D. Notably, Se alloying in PbS
not only intensifies phonon scattering but also causes
extra scattering to carrier transport, therefore Se alloying
leads to lowered electrical transport properties and no
enhancement of ZT value is obtained in PbS,_,Se,
(x=0-0.5), as shown in Supporting Information:
Figure S1f. More detailed thermoelectric transport
properties in PbS;_,Se, (x=0-0.5) can be found in
Supporting Information: Figures S1 and S2.

3.2 | Cu interstitial doping to optimize
electrical transport properties in
PbSo_GSeo_‘; - x%Cu (x = 0—2)

The remarkable role of Cu interstitial doping to optimize
thermoelectric properties has been widely proven in
n-type PbSe and PbTe samples, but it presents negative
impacts on thermoelectric performance in n-type PbS.!3%3!
As Cu atom can concurrently form both substitutions and
interstitials in PbS, and the competing roles of Cu
substitutions and interstitials in n-type PbS will deteriorate
the carrier transport performance.Bz] In fact, the reason
why Cu interstitials cannot be easily formed in PbS might
originate from its small lattice parameter (5.93A) that
cannot provide enough space for interstitials in the lattice.
Therefore, this study conducts Cu interstitial doping in Se-
alloyed PbS with expanded lattice, and Cu interstitial
doping is based on PbSySeq 4 content because it presents
relatively low lattice thermal conductivity. Supporting
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FIGURE 2 Electrical transport properties in PbSy ¢Seq.4 —x%Cu (x = 0-2): (A) electrical conductivity, (B) Seebeck coefficient, (C) hall
carrier density and mobility at 300 K, and (D) weighted carrier mobility.

Information: Figure S3 presents the PXRD patterns of
PbS.6S€0.4 — X%Cu (x = 0-2) and results suggest that all the
Cu-doped PbSy¢Sep4 samples still maintain cubic phase.
The slight increase of lattice parameter with increasing Cu
content implies the formation of interstitials in PbSy ¢Seg 4
and the direct evidence of Cu interstitials will be
introduced in the microstructure part.

Figure 2A presents that the electrical conductivity in
PbSy6Seqg4 is obviously improved after Cu interstitial
doping, from 36 Scm™" in PbSy¢Seqs to 1297 Scm™ in
PbSp6Seps —1.5%Cu at 300K. With increasing Cu
content, the temperature-dependent carrier transport
properties incline to present degenerate-semiconductor
transport behavior, which results from the optimized
carrier density by Cu interstitial doping. Besides, the
Seebeck coefficient in Cu-doped PbS, ¢Se, 4 continuously
decreases, as shown in Figure 2B, which is consistent
with the improved electrical conductivity. Figure 2C
shows the hall measurement results and demonstrates
that the carrier density in PbSy¢Segs —x%Cu (x =0-2)
continuously increases with rising Cu content, from

1.74x 10" cm™ in PbSpeSeqs to 2.56 %10 cm™ in
PbSy 6Seg.4 — 2%Cu at 300 K. The largely increased carrier
density comes from the released free carrier from Cu
interstitials in PbSj ¢Seg4 —Xx%Cu (x = 0-2). Correspond-
ingly, the carrier mobility is well optimized in heavily
Cu-doped PbSy6Seq4, which can be boosted to a maxi-
mum value of 553cm®V~'s™! in PbSyeSeys — 1%Cu at
room temperature. Notably, PbS, ¢Sey 4 —x%Cu (x=0, 0.5,
and 0.75) samples show relatively low carrier mobility at
room temperature, which might be caused by interaction
between majority and minority carriers in nondegenerate
semiconductor.

Weighted carrier mobility (uw) is one of the most
important parameters to evaluate carrier transport
properties. To assess the role of Cu interstitials in
PbSy 6Seg.s —x%Cu (x =0-2), uw is calculated by S and
o with the following relationships!7-7!:

3g h2 3/2
Fw = 87reF0(7))[2mekBT] ’ @
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FIGURE 3 (A) Power factor in PbSy¢Sep4 —X%Cu (x = 0-2), and (B) comparison of power factor in PbS,¢Seq 4 — 1%Cu and previous
works, including PbS-Cl-Sb,1**! PbS-In-Ga,?®! PbS-Te-Sn,[*”! PbS-Se-Sb,?!! PbS-Pb-Cu,S,**! and PbS-Se-Te-Ga.??!

¢} xn
Boy= [ —
W= [ o @

kB((V + 5/2)F03() )

S=+—
e\ (r+3/2)F412(n)

(3)

where e, h, m,, kg, and r are the unit charge, Planck
constant, electron mass, the Boltzmann constant,
and scattering factor, respectively. When the acoustic
scattering mechanism dominates, r equals —1/2.1%%
F,(n) is the Fermi integral and 7 is the reduced Fermi
level. The calculated weighted carrier mobility in
Cu interstitial doped-PbS,¢Seo4 undergoes a large
increase and the maximum uw achieves at 202 cm?
V7's™! in PbSySeps — 1%Cu at 300K, as shown in
Figure 2D.

With the optimized carrier density and mobility
after Cu interstitial doping in PbSySeo4, the power
factor undergoes a remarkable increase at wide
temperature. The peak power factor increases from
3.88 uW cm ' K2 in PbSy¢Seps to 20.58 uW cm ™' K2 in
PbSpeSep4 —1%Cu, as shown in Figure 3A, and the
average power factor (PF,,) in Supporting Information:
Figure S4a wundergoes substantial increase, from
2.01 uWem ™' K2 in PbSy¢Seq4 to 18.38 uWem ™ K™ in
PbSy ¢Sep4 — 1%Cu at 300-773 K. Compared with other n-
type PbS, including PbS-CI-Sb,**!  PbS-In-Ga,!*"!
PbS-Te-Sn,"'”!  PbS-Se-Sb,?!!  PbS-Pb-Cu,S!*®!, and
PbS-Se-Te-Ga,??! PbSp6Sep4 — 1%Cu in this study ex-
hibits a superior power factor, as shown in Figure 3B, and
also a highest PF,,. at 300-773K as seen in Supporting
Information: Figure S4b.

3.3 | Thermal conductivity and
microstructure observation in
PbSo_ﬁseoA - x%Cu (x = 0—2)

After Cu interstitial doping, the total thermal conductivity
obtains a large increase in PbSy ¢Seg 4 — x%Cu (x = 0-2), as
shown in Figure 4A, which mainly arises from increased
electronic thermal conductivity in Supporting Informa-
tion: Figure S5c. On the contrary, the calculated lattice
thermal conductivity in PbSy¢Seps —x%Cu (x=0-2)
undergoes an obvious decrease after Cu interstitial doping,
and the minimal x;,, value decreases from 0.78 Wm ' K™*
in PbSpeSeps to 0.60Wm K™ in PbSyeSep.s - 2%Cu.
With the roles of both Se alloying and Cu interstitial
doping, the lattice thermal conductivity in PbSj¢Seq 4 —x%
Cu (x=0-2) is largely suppressed, and PbSy¢Seq4— 1%Cu
owns the lowest lattice thermal conductivity. Figure 4B
presents the lattice thermal conductivity of PbSy ¢Seg 4 — 1%
Cu to compare with other advanced n-type PbS samples,
and results show that PbS; ¢Sey4— 1%Cu exhibits compa-
rably low lattice thermal conductivity, especially near
room temperature. More detailed thermal properties of
Cu-doped PbS ¢Sep 4 are provided in Supporting Informa-
tion: Figure S5.

To unveil the origin of low lattice thermal conduc-
tivity in PbSy¢Seg4 - 1%Cu, scanning electron micros-
copy (SEM) and scanning transmission electron micros-
copy (STEM) are employed to disclose its structural
features. The SEM result in Supporting Information:
Figure S6a shows that no impurity phase exists in the
matrix from microscale observation, which is consistent
with its PXRD patterns. And the energy dispersive
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FIGURE 4 (A) Thermal conductivity in PbSy ¢Seq.4 —Xx%Cu (x = 0-2), and (B) comparison of lattice thermal conductivity between
PbS, 6Seo.4 - 1%Cu and previous works, including PbS-Cl-Sb,1*! PbS-In-Ga,*! PbS-Te-Sn,!'”! PbS-Se-Sb,*!! PbS-Pb-Cu,S,'®! and

PbS-Se-Te-Ga.[?!

FIGURE 5 Microstructure observation in PbS ¢Seq 4 — 1%Cu: (A) low-magnification STEM image, (B) dislocation in matrix, (C) annular

dark-field (ADF) STEM image of the precipitates in PbS, ¢Sep 4 matrix, and (D1-D4) EDS mappings of Pb, S, Se, and Cu elements.
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spectroscopy (EDS) result proves all the elements
distribute uniformly in the matrix, as shown in
Supporting Information: Figure S6b. Some partial lines
indicating dislocations are exhibited in the moderately
magnified STEM image in Figure 5A. The dislocations
are clearly visible in the larger magnification STEM
image of Figure 5B. The precipitates are shown in the
Annular dark-field (ADF) STEM image in Figure 5C
and these Cu-rich nanoprecipitates vary from a few
nanometers to a dozen nanometers. The corresponding
EDS mapping results of Pb, S, Se, and Cu are shown in
Figure 5D1-D4, respectively. Notably, the Cu element is
locally enriched while the Pb, S, and Se elements are all
homogeneously dispersed.

To clearly see the structural feature in Cu-rich
precipitate, Cs-corrected STEM is carried out to look
into its detailed atomic structure. The ADF image in
Figure 6A shows a typical nanoprecipitate and the inset
is its corresponding fast Fourier transform (FFT) image.
The diffraction pattern is observed along [100] direction
and proves that the crystal structure of the matrix is a
cubic structure. Some extra weak diffraction spots
marked by a dotted circle are also observed, implying
different atomic structures in Cu-rich nanoprecipitate.
The white box area is blacker than the other areas
in the atomic resolution STEM image in Figure 6B, and

Interdisciplinary Materialsy— ==\ gy——

the enlarged atomic-resolved STEM image in Figure 6C
proves the existence of Cu clusters in nanoprecipitates.
These nanoscale clusters are composed of Cu inter-
stitials and are widely distributed in a matrix, as shown
in Figure 6D. The geometric phase analysis (GPA)
results show a significant strain field around and inside
the Cu clusters, and the strain field presents strong
anisotropy along different strain tensors ¢, and ¢, in
Figure 6E,F. The microstructure observations in
PbSy 6Seo 4 — 1%Cu disclose massive defects in different
scales from atomic interstitial/clusters to nanoscale
dislocations. And these small-size defects caused by Se
alloying and Cu doping can intensify phonon scattering
at high frequency and result in largely reduced lattice
thermal conductivity.

3.4 | ZT value in PbS, ¢Se, 4 - x%Cu
(x=0-2)

Cu interstitials have multiple functions and can simulta-
neously tune the electrical and thermal transport
performance in PbSyeSeps—x%Cu (x=0-2). Results
prove that Cu interstitials can boost the value of py/xa,
at 300-700 K in Figure 7A, thus obviously enhancing the
thermoelectric performance in Figure 7B. The ZT of 0.12

R R E
f e e

L R R A

& &£ BT PEE

FIGURE 6 Atomic-defect observations in PbSy ¢Seq 4 — 1%Cu: (A) ADF STEM image of a typical nanoprecipitate, inset is its fast Fourier
transform (FFT) image and shows the diffraction patterns of PbS matrix along [110] axis, (B) the high-angle annular dark field (HAADF)
STEM image, (C) subtle atomic resolution image with Cu interstitial clusters, (D) atomic resolution STEM image with nanoprecipitate and
Cu interstitial clusters, and (E-F) corresponding GPA strain analysis along horizontal (e,) and vertical (c,,) directions.
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FIGURE 7 ZT value in PbSy ¢Seg 4 — x%Cu (x = 0-2): (A) tw/kiar, (B) ZT value, comparisons of (C) ZT value and (D) ZT,. value between
PbSy.6S€0.4 — 1%Cu and other advanced n-type PbS, including PbS—CI-Sb,"**! PbS-In-Ga,*°! PbS-Te-Sn,!*”! PbS-Se-Sb,*!!

PbS-Cu-Cu,S,"**! and PbS-Se-Te-Gal??! at 300-773 K.

in PbS; ¢Sey 4 is obviously improved to 0.3 in PbSy ¢Seg 4 —
1%Cu at 300K, and a maximum ZT value of 1.1 can also
be obtained in PbSg¢Sep4—-1%Cu at 773 K. This largely
enhanced wide-temperature thermoelectric performance
in PbSyeSegs—-1%Cu makes it comparable with many
previously reported n-type PbS samples in Figure 7C. A
superior ZT,,. value of 0.82 can be finally achieved in
PbSyeSep4—1%Cu at 300-773 K, which outperforms
other advanced n-type PbS at 300-773K, including
ZTae ~0.73 in PbS-Se-Te-Ga,'?! ZT,. ~0.69 in
PbS-Cu-Cu,S,"® ZT,. ~0.59 in PbS-Se-Sb,*!! ZT,..
~0.58 in PbS-Te-Sn,'”! ZT,,. ~0.55 in PbS-In-Ga,*’!
and ZT,y. ~0.45 in PbS—-C1-Sb,"**! as shown in Figure 7D.
Notably, cycle tests and repeated experiments are also
conducted, and results show that the high thermoelectric
performance in PbSy¢Seps—-1%Cu has good reproduc-
ibility and reliability as seen in Supporting Information:
Figures S7-S9.

4 | CONCLUSIONS

In summary, a high ZT,, of 0.82 can be achieved in
PbSy6Sep4—1%Cu at 300-773 K. The enhanced thermo-
electric performance at a wide temperature range is
attributed to simultaneously optimized carrier and
phonon transport properties by Se alloying and Cu
interstitial doping. Se alloying can expand the lattice
space so as to make it possible to form Cu interstitials in
PbS matrix. Cu interstitial as donor dopant will release
free carrier in PbSy ¢Seq 4 — 1%Cu, which can optimize the
carrier density and largely improve its power factor in the
whole temperature range. Moreover, Cu interstitial
combination with Se alloying will cause a strong strain
field in the PbSy¢Seys—1%Cu matrix to block phonon
transport, thus substantially suppressing the thermal
conductivity. This study successfully extends the strategy
of interstitial doping to PbS-based thermoelectric
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material and also further excavates its thermoelectric
performance in low and medium temperature ranges.
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