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Seeking new strategies to tune the intrinsic defect and optimize the thermoelectric performance via no
or less use of external doped elements (i.e., plain optimization) is an important method to realize the
sustainable development of thermoelectric materials. Meanwhile, creating dislocation defects in oxide
systems is quite challenging because the rigid and stiff ionic/covalent bonds can hardly tolerate the large
strain energy associated with dislocations. Herein, taking BiCuSeO oxide as an example, the present work
reports a successful construction of dense lattice dislocations in BiCuSeO by self-doping of Se at the O
site (i.e., Sey self-substitution), and achieves plain optimization of the thermoelectric properties with
only external Pb doping. Owing to the self-substitution-induced large lattice distortion and the potential
reinforcement effect by Pb doping, high-density (about 3.0x10™ m=2) dislocations form in the grains, which
enhances the scattering strength of mid-frequency phonon and results in a substantial low lattice thermal
conductivity of 0.38 W m™ K™ at 823 K in Pb-doped BiCuSeQ. Meanwhile, Pbg; doping and Cu vacancy
markedly improve the electrical conductivity while maintaining a competitively high Seebeck coefficient,
thereby contributing to a highest power factor of 942 uW m~' K=2 Finally, a remarkably enhanced zT value
of 1.32 is obtained at 823 K in Big g4Pbg 0sClUg 675€; 050,95 With almost compositional plainification. The
high-density dislocation structure reported in this work will also provide a good inspiration for the design
and construction of dislocations in other oxide systems.
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Introduction

Facing the problems of low efficiency and high carbon emission
in current energy utilization, and targeting the “carbon peaking
and carbon neutrality” goals, the energy sector has put forward
more urgent needs for green and efficient energy conversion
materials and technologies [1,2]. Thermoelectric materials,
based on the migration of carriers under temperature gradient
or electric current, enable direct and reversible conversion
between heat and electricity, which will not produce any pol-
lutant emission during the operation and theoretically has
maximum energy conversion efficiency equal to the Carnot
efficiency [3,4]. Therefore, they represent a kind of novel green
and efficient energy materials for power generation and cooling
and have become a research hotspot in the field of new energy
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materials for low-carbon energy conversion [5,6]. Meanwhile,
in addition to greenness and efficiency aspects, the retrievability
is another practical facet that requires scientific attention dur-
ing the full-life cycle and material sustainability research [7,8],
which is particularly important for thermoelectric materials
and devices considering their bulk character with larger con-
sumption of raw materials. For example, in the superalloys used
for aero-engines, there are more than 10 alloy elements, includ-
ing rare and precious metals such as rhenium (Re) and plati-
num (Pt) [9], which leads to a high cost and recovery difficulties,
and also makes the improvement of the material performance
being overdependent on the external doped alloy elements. In
order to facilitate recovery and reduce costs, low alloying or,
more generally, reducing the use of external doping elements
in material modification is particularly noteworthy. In recent
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years, to promote material recycling and improve sustainability,
Lu and et al. [9,10] proposed a concept of “material plainifica-
tion” in metal material research, which emphasizes the impor-
tance of intrinsic microstructure for performance modulation
and advocates low or even no alloy addition to maintain the
high performance of materials. This novel concept sheds light
on the sustainable research of thermoelectric materials and
inspires us that high thermoelectric performance can also be
achieved under the condition of no or less use of external doped
elements (i.e., plain optimization) by tuning intrinsic micro-
structures in materials [11].

The performances of thermoelectric materials are normally
assessed by the dimensionless figure of merit, denoted as zT.
The larger the zT value, the higher the thermoelectrlc conver-
sion efliciency. Its expression is zT = S%6/x, where T, S, 6, and
K are the absolute temperature, Seebeck coeflicient, electrical
conductivity, and thermal conductivity, respectively [12].
Meanwhile, x is mainly composed of electronic (x,) and lattice
(k) thermal conductivity, i.e., k = k. + k. Since S and ¢ have a
strong inverse coupling relationship, and «, is proportional to
o according to the Wiedemann-Franz law k, = LoT (L is the
Lorentz constant) [13-15], it is thus quite difficult to control
these thermoelectric transport parameters separately and gain
a desired high zT value. Basically, the zT improvement of a
thermoelectrlc material relies on improving the power factor
(PF = §*6) and decreasing the k; [16-19]. The ways to achieve
the former goal includes the defect-induced optimizations of
carrier concentration [20-22], mobility [23,24], band modu-
lation [25,26], etc. On the other hand, defect manipulations
by atom doping, compositing, and nanostructuring are usually
used to suppress the phonon diffusion and achieve lower «;.
Combining the demands for high-performance and sustain-
ability, decoupling the thermoelectric parameters by well-
designed intrinsic defect modulations and improving the zT
performance with compositional “plainification” should be a
scientific frontier and worthy of research in the thermoelectric
community.

To achieve the above scenario, we should turn our sights to
the intrinsic defects in thermoelectric material. In fact, intrinsic
point defects, such as vacancy [27-30], interstitial [15,31], and
self-substitution atoms, have demonstrated the comparable or
even better capabilities in improving the thermoelectric perfor-
mance. Moreover, high-dimensional defects, such as nanopre-
cipitates, twins/phases/grain boundaries, and lattice dislocations,
have also cut a striking figure in thermoelectric research via
blocking heat propagation and achieving a satisfactory low «;
[31-33]. Among them, lattice dislocation is particularly prom-
inent due to its great contribution to the mid-frequency-range
phonon blocking and the difficulty of generation in non-alloy
compounds [32,33]. This is due to the broad distribution of
phonons wherein the mid-frequency phonons have the domi-
nant contribution to the ;. Therefore, introducing dislocations
can help to reduce the x; to the greatest extent. On the other
hand, for metal and alloy systems, high-density dislocations can
be easily introduced through plastic deformation and vacancy
engineering [34,35]. For instance, Rogl et al. reported high-density
dislocations through high-pressure torsional plastic deforma-
tion treatment of CoSb, skutterudite [36]. Our previous work
also demonstrated that cation vacancies in the Pb,_,Sb, Se
system collapsed to form dense dislocations in the grains [37].
However, creating dislocations in non-alloy compounds, espe-
cially oxide systems, is quite uncommon, mainly because the
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rigid and stiff ionic/covalent bonds in oxides can hardly with-
stand the enormous strain energy associated with dislocations
[38]. Therefore, it is challenging but very important to explore
the lattice dislocations in oxide thermoelectric systems, which
will help to realize plain optimization and illuminate the con-
struction of dislocations.

As a typical thermoelectric oxide, BiCuSeO has multiple
component elements and spec1a1 quasi-superlattice structure
with [Bi,0,]** and [Cu,Se,]*” sublayers alternately stacking
along the c axis [39-41], which endows it with rich intrinsic
defect configurations, thereby providing a good platform for us
to conduct the intrinsic defect research and particularly explore
the dislocation effect. Herein, this work successfully constructs
dense in-grain dislocations in BiCuSeO by self-doping of Se at
the O site (i.e., Se, self-substitution) and achieves plain optimi-
zation of the thermoelectric properties with only external Pb
doping. Firstly, large lattice distortion is induced by Se, self-
substitution, which promotes the formation of high-density dis-
locations that do not exist in pristine and Pby;-single-doped
BiCuSeO (Fig. 1A to D). This complements weakness in the
mid-frequency phonon scattering and gives rise to a substantial
low K, 0f 0.38 W m™" K™ at 823 K in the Bi 9,Pb; sCtig 0,5€, 0s00.95
sample (Fig. 1E). Meanwhile, Pby; doping and Cu vacancy
markedly improve ¢ while maintaining a comll)etltlvely high S,
thereby contributing to a high PFof 942 pW m™ K™". Asaresult,
the final thermoelectric performance is remarkably enhanced
in Bij 5,Pb, oCu,_,Se; 450,05, and the highest zT value of 1.32 is
obtained in Bij 3,Pb, osCuy o,5€; 050045 at 823 K (Fig. 1F). The
much-improved zT performance is obtained by tailoring the
intrinsic defects with almost compositional plainification (with
only external Pb dopant), embodying the concept of “plain opti-
mization”. Meanwhile, the high-density dislocation structure
reported in this work will also provide a good inspiration for
the design and construction of dislocations in other oxide
systems.

Results and Discussion

Serial BiCuSeO-based thermoelectric samples, including pris-
tine BiCuSeO (BCSO), Pby;-single-doped Bi, 4,Pb, ,cCuSeO
(P-BCSO), Se,-single-doped BiCuSe, ;;0, 45 (S-BCSO), and
co-doped Bi 4,Pb; oCu,_,Se; 150,95 (P+S-BC,_,SO, x=0,0.01,
0.03, 0.05), were prepared by vacuum solid-state reaction fol-
lowed by the hot-pressing process. As mentioned above, Fig. 1A
to D show the low-magnification scanning transmission electron
microscopy-annular bright field (STEM-ABF) images of samples
BCSO, P-BCSO, S-BCSO, and P+S-BC,,,SO, respectively.
Compared with the pristine and Pb-single-doped BiCuSeO (Fig.
1A and B), we can clearly find that the S-BCSO and P+S-
BC,,SO samples contain a large number of uniformly distrib-
uted dislocation lines (Fig. 1C and D). The existence of these
dislocations can also be reflected in TEM mode. Figure S1 shows
that (see in the Supplementary Materials) there are many bumps
and scars in the matrix of S-BCSO and P+S-BC,,,SO, while it
is smooth and flat for that of BCSO and P-BCSO samples, fur-
ther indicating the existence of dislocations. The x; of S-BCSO
and P+S-BC,,,SO decreases greatly compared with that of
BCSO and P-BCSO (Fig. 1E), which is consistent with the expec-
tation since dislocations can effectively scatter mid-frequency
phonons As shown in Fig. 1E, the minimum k; reaches 0.38 W
m~' K" at 823 K. Finally, the thermoelectric zT performance
of the P+S-BC,,,,SO sample was greatly improved, peaking at


https://doi.org/10.34133/research.0123

Research

Big 94Pbg 06CU1.,S€4 0500 65

—o—BCSO

o— S-BCSO
—&— P-BCSO
—o— P+5-BCSO
x=0.01
x=0.03

300 400 500 600 700 800 900
T(K)

300 400 500 600 700 800 900
T (K)

Fig.1.(Ato D) STEM-ABF images of pristine BiCuSeO (A), Bij g4PbgosCuSe0 (B), BiCuSe; 450,95 (C), and Big 94Pb 0sCulg 675€1 0500 05 (D) samples. Uniformly distributed dense
dislocation lines are observed in Se, self-substitution samples, which do not exist in pristine and Pb-single-doped BiCuSeO. (E) The temperature-dependent lattice thermal
conductivity and (F) zT value of BiCuSeO, BiCuSe; 450 g5, Big94Pbg,0sCuS€e0, and Big 64PbgosCu;_,Se; 050095 (x = 0, 0.01, 0.03, and 0.05) samples.

1.32 at 823 K (Fig. 1F). This zT value is also highly competitive
with the most advanced oxide thermoelectric systems at the
same temperature, as shown in Fig. S2.

Beside the lattice dislocations observed here, other inherent
defects such as point defects, grain boundaries, and secondary
precipitation contribute to the reduction of k. The phase anal-
ysis provides the defect information, which was characterized
by x-ray diffraction (XRD), backscattered electron (BSE), and
energy-dispersive spectrometer (EDS) elemental mapping
with the results shown in Fig. 2. The XRD pattern of the sample
(Fig. 2A) is consistent with the standard diffraction pattern of
tetragonal BCSO (PDF No. 45-0296), indicating that no impu-
rity phases were revealed within the detection limit of the
instrument and the doped elements enter the BCSO crystal
lattice. After detailed analysis of the diffraction pattern at 29°
to 32° as shown in Fig. 2B, we find that when Pb is doped at
the Bi site, the main peak of the blue line shifts to the lower
an}gle because of the larger ion radius of Pb** than that of the
Bi’*, and it is analogous to the substitution of O by Se. When
Pb and Se are doped at the same time, the offset reaches the
maximum at this time, as shown by the green line in Fig. 2B.
By contrast, with the increase of Cu vacancies, the main peak
of P4+S-BC,_,SO gradually shifted to the higher angle. This
change can also be clearly seen from the plots of derived lattice
parameters in Fig. 2C. Moreover, the BSE image and corre-
sponding elemental mapping of the P+S-BC, ,,SO block after
hot pressing (Fig. S3 and Fig. 2D) confirm again that there is
no obvious secondary phase in the sample and all elements in
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the region are uniformly distributed, without enrichment or
precipitation.

It is also worth noting that, in addition to the shift of peaks,
the main diffraction peaks in Fig. 2B show obvious widening
in S-BCSO and P+S-BC,_,SO samples, which indicates the
existence of large lattice distortion accompanying with the
observed dense dislocations. On the other hand, since the wid-
ening of the diffraction peak is strictly related to the dislocation
density and grain size, through the modified Williamson-Hall
analysis of the XRD peak, we analyzed the AK-KC plots for
samples S-BCSO and P+S-BCSO (Fig. S4), in which the slope
of the plots reveals the dislocation density, and obtained dislo-
cation density of the sample P+S-BC, ,,SO macroscopically
about 3.0 X 10" m~> and the sample S-BCSO macroscopically
about 4.0 x 10"> m™. The details of the calculation process can
be found in previous works [37,42-45]. Because the presence
of the dislocation can be effective in scattering mid-frequency
phonons, the x; of S-BCSO is lower than that of the pure BCSO
sample, and the x; of P4+S-BCSO is also lower than that of the
P-BCSO sample (Fig. 1E). The formation mechanism of dislo-
cation is thought to be attributed to the strong lattice distortion
caused by self-doping of Se at the O site (i.e., Se, self-substitution),
which can provide extra energy for dislocation generation
[33]. It can be seen from the XRD pattern in Fig. 2B that the
main diffraction peak of the S-BCSO sample is more shifted to
the lower angle than that of the pure BCSO and P-BCSO, indi-
cating that there is a large lattice distortion in the sample that
can supply the energy for dislocation generation. Compared
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Fig. 2. (A) XRD patterns of BiCuSeO, BiCuSe, 450,95, BiggsPbg0sCuSeO, and Bij g4Pbg06CU;_,Se; 050005 (x = 0, 0.01, 0.03, and 0.05) samples. (B) Enlarged XRD patterns of
region 29° to 32°. (C) The derived lattice parameters. (D) BSE and elemental mapping images of sample Bigg4Pby 0sClq 675€; 0500 .95, Showing that all elements in the region

are uniformly distributed, without enrichment or precipitation.

with S-BCSO, the main diffraction peak of P+S-BCSO contin-
ues to shift to a further lower angle, indicating a larger lattice
distortion compared to the S-BCSO and resulting in a higher
dislocation density (4.0 X 10" m™? versus 3.0 x 10" m™?),
which is consistent with the relative larger reduction of x; in
the P4+-S-BCSO sample (Fig. 1E). Present results also imply that
Pby, doping may promote the dislocation formation on the
basis of Se, self-substitution, but the underlying mechanism is
unclear now and worth further study in future work.

The results of the electrical transport properties of the sam-
ples in the temperature range 323 to 823 K are shown in Fig. 3.
Figure 3A shows the variation of ¢ with temperature for the
BCSO, S-BCSO, P-BCSO, and P+S-BC,_,SO (x =0, 0.01, 0.03,
and 0.05) samples. As shown in Fig. 3A, BCSO and S-BCSO
samples exhibit non-degenerate semiconductor behavior as the
o increases with temperature throughout the temperature inter-
val, while the remaining samples exhibit metallic behavior as
their electrical conductivities decrease with increasing temper-
ature. At a temperature of 323 K, pristine BCSO has the lowest
o of 117 S m™" among all samples, which is because of the low
intrinsic carrier concentration (1) of BCSO [28]. When the
element Se substitutes the O position, the o slightly increases
from 117 Sm™" to 915 S m™', and hugely increases after Pby;
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doping, reaching 45,897 Sm™" (blue line in Fig. 3A). To explore
the underlying reasons for the increase, the n and mobility (x)
of the samples at 323 K were obtained using the Hall coefficient
test, as shown in Fig. S5A. When element Se equivalently sub-
stitutes O by 5% (i.e., sample S-BCSO),  is slightly enhanced.
This may be because of the weaker Bi-Se bond strength com-
pared to the original Bi-O bond, which is in favor of the gen-
eration of acceptor-type Vy; defects and contributes modest
amount of hole carriers. At the same time, as can be seen from
Fig. S6, the S-BCSO sample also becomes more compact with
the Se, substitution, showing larger grain size and lower grain
boundary density than BCSO, which results in much lower
grain boundary scattering and thus higher u (see Fig. S5A). The
combined effect of the 2 factors finally results in a higher ¢ of
S-BCSO [46,47]. Meanwhile, Pb doping at the Bi site (i.e., sam-
ple P-BCSO) provides more hole carriers without a marked
decrease in y, leading to a substantial increase in o.
Compared with P-BCSO, the o of Se, and Pby; co-doped P+S-
BCSO basically remained unchanged, but reduced gradually with
the increase of Cu vacancies (Fig. 3A). In principle, with the
increase of Cu vacancies, 7 should be further increased and so
does o, due to the acceptor character of V, [28,29]. To elucidate
this anomaly, we also performed the Hall test at 323 K and
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Fig. 3. Electrical transport properties. (A to D) Temperature-dependent electrical conductivity (A), carrier concentration and mobility at 323 K (B), temperature-dependent
Seebeck coefficient (C), and power factor (D) of the BiCuSeO, BiCuSe; 450 g5, Big 04Pbg,0sCuS€e0, and Big g4PboosCu;_,Se; 050095 (x = 0, 0.01, 0.03, and 0.05) samples.

obtained the # and y data of P+S-BC,_,SO (x = 0, 0.01, 0.03,
and 0.05) samples. As shown in Fig. 3B, with the increase of Cu
vacancies, #n gradually increases as expected, but u decreases
greatly. It can be deduced from the formula ¢ = ney that the
reduction in ¢ is mainly caused by the decrease in 4, which may
be due to the following reasons: (a) On the one hand, the exist-
ence of Cu vacancies easily scatters the carriers. With the increase
of Cu vacancies, the scattering intensity of carriers becomes
stronger and stronger, which greatly damaged the transport of
carriers [48]. (b) On the other hand, as # increases, the mutual
scattering between the carriers also becomes stronger, which also
has a considerable effect on . Combined with the above factor,
the o of the P+S-BC,_,SO sample decreases with the increase of
Cu vacancies.

Figure 3C shows the data of the temperature-dependent S
of the samples. Obviously, since S is inversely proportional to
n, the S of the doped samples is lower than that of the pure
BCSO sample due to the increase of n. However, worthy of note
is that the S of the P+S-BC,_,SO samples shows a reverse
increasing trend though # continues to increase compared to
that of P-BCSO. To explore the origin of enhancement in S, the
corresponding Pisarenko curves were plotted with different
density of state effective masses (m") based on the parabolic
single band structure and shown in Fig. S5b. It could be clearly
found that the data points of “S versus n” for P+S-BC,_,SO fall
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on the Pisarenko curves with higher m". Specifically, as shown
in Fig. S5b, the data point for P-BCSO locates on the blue curve,
indicating an effective mass of 5.4 m,. With the introduction of
Sey and Cu vacancies in P+S-BC,_, SO, the corresponding effec-
tive mass increases to 5.91 m, in P+S-BCSO and keeps improv-
ing to 7.32 m, in P4+-S-BC, 4sSO. Considering the simultaneous
increase in carrier concentration, this increase in effective mass
is closely related to the multiple degenerate hole pockets in the
valence band structure of BCSO [49]. As previously reported,
there are several sub-valence bands that lie near the valence
band maximum (VBM) of BCSO with very close energies, indi-
cating a complex multiple converged valence band character.
As the n rises, the Fermi level will move down to the valence
band and more hole pockets will be occupied, which activates
the multiple converged valence bands [49,50], and increases the
density of state effective mass m . As a result, the increase in m"
in P+S-BC,_,SO compensates for the reverse increase in n,
which finally brings about the increase in S compared to that
of P-BCSO (see Fig. 3C). Based on the measured ¢ and S, Fig.
3D presents the calculated PF of the samples as a function of
temperature. It can be seen that the PF of all doped samples has
been improved compared to the pure counterpart, among which
the sample P4+S-BC, 4,SO (Biy 94Pby 0sCg 475€; 050¢.95) shows the
highest PF of 942 yW m ™' K™~ at 823 K due to the synergistically
improved o and S. Figure S7 also shows the repeatability tests
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of the electrical properties for sample P+S-BC ,,SO, which
underwent 3 electrical cycle tests and the performances remained
basically the same, showing a good cycling stability.

Figure 4 shows the results of the thermal transport properties
of the samples in the temperature range of 323 to 823 K and illus-
trates the phonon-scattering mechanism. Figure 4A shows the x
of BCSO, S-BCSO, P-BCSO, and P+S-BC,_,SO (x=0,0.01, 0.03,
and 0.05) samples as a function of temperature. Figure 4B is the
corresponding k, calculated according to the Wiedemann—Franz
relation, x, = LoT. Here, L is the Lorentz number (as shown in
Fig. $8), which is obtained by fitting the S value [49,51]. As shown
in Fig. 4A, BCSO inherently has extremely low k due to its special
quasi-superlattice layered structure and large Griineisen param-
eters caused by Bi’* lone pair electrons and the local vibration of
Cu* [52]. When O is substituted by Se, the x of the S-BCSO sample
is reduced due to the generation of a large number of dislocations,
which complements the scattering of mid-frequency phonons
(M-P). Unlike that, when Bi is doped by Pb, although the x; is
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reduced due to point defect scattering of high-frequency phonons
(H-P), nis obviously increased, which greatly improves the k, and
the x of P-BCSO. Combining the Pby; doping and Se, substitution,
the k; of Se, and Pby, co-doped P+S-BCSO decreases markedly
due to additional M-P scattering by the high-density dislocations,
so that k is much reduced compared to P-BCSO. With further
introduction of Cu vacancies, the k; basically remains unchanged
(see Fig. 1E), but the k of P+S-BC,_,SO (x = 0.01, 0.03, and 0.05)
continues to decrease, mainly because of the reduction in «, (see
Fig. 4B) caused by the reduction of k, (see Fig. 3A).

To quantitatively analyze the function of lattice dislocation in
reducing «;, k; was modeled according to the Born-von Karman
approximation of acoustic phonons and the Einstein approxima-
tion of optical phonons [44], with different phonon-scattering
mechanisms, including the Umklapp-process scattering (U),
grain boundary scattering (GB), point defect scattering (PD), and
dislocation scattering (DS). Details of the modeling can refer to
the calculation items in the Supporting Information and previous

B 0.30

600 700 800

T (K)

300 400 500 900

Fig.4.Thermal transport properties. (A and B) Temperature-dependent total thermal conductivity (A) and electronic thermal conductivity (B) of the BiCuSeO, BiCuSe; 450 g5,
Big.04Pb00sCuSeO, and Big 94Pbg gsCu;_,Se; 500,95 (X = 0, 0.01,0.03, and 0.05) samples. (C) Lattice thermal conductivity modeling based on the Born—-von Karman approximation
for acoustic phonons and Einstein approximation for optical phonons with different phonon-scattering mechanisms, including the Umklapp-process scattering (U), grain boundary
scattering (GB), point defect scattering (PD), and dislocation scattering (DS). For sample P+S-BCSO with dense dislocations, the experimental lattice thermal conductivity
(green hollow points) is in good agreement with the simulated values of the purple line by considering the U+GB+PD+DS scattering, indicating that the dense dislocations
are indeed responsible for the observed substantial low lattice thermal conductivity. (D) Diagram of the phonon-scattering mechanism in Big g,Pb 0sCu;_,Se; 0500 95 Systems
(PD for point defect, DS for dislocation, and GB for grain boundary; L-P, M-P, and H-P indicate low-, mid-, and high-frequency phonons).
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work [42]. As shown in Fig. 4C, the black, red, blue, and purple
lines represent the predicted k; considering the contribution of U,
U+GB, U+GB+PD, and U+GB+PD+DS, respectively, which
demonstrates a descending trend with increasing scattering
sources. The green rhombic dots in the figure are the measured
experimental values of P4+S-BCSO. Obviously, the experimental
values are in good agreement with the simulated values of the
purple line (U+GB+PD+DS contribution), considering addi-
tional dislocation scattering of phonons, indicating that the uni-
formly distributed dense dislocations in P4-S-BCSO are primarily
responsible for the observed substantial low x;, and their contri-
bution to the x; reduction is estimated to be at least 30% over the
whole temperature range. Finally, based on the above discussed
scenario, the diagram of the phonon-scattering mechanisms in
P+S-BC,_,SO systems is illustrated in Fig. 4D. Multiple length-
scale lattice defects, including nanoscale Se, Pby;, and V, point
defects (PD), mesoscale dislocations (DS), and microscale grain
boundaries (GB), coexist in the matrix. While PD and GB are
preferred for scattering the high-frequency phonons (H-P) and

Se=1

Se=1.01

low-frequency phonons (L-P), respectively, DS is particularly
effective for mid-frequency phonon (M-P) scattering. Therefore,
the combined effect of the multiple scattering mechanisms coop-
eratively gives rise to an all-scale phonon scattering and results in
a minimum «; of 0.38 W m™" K" at 823 K in the P+S-BC,,,SO
sample.

In order to deeply understand the evolution of these dis-
locations, we also synthesized Se,-single-doped BiCuSeO
samples with different Se/O ratios. Figure S9 shows XRD pat-
terns and temperature-dependent thermal transport proper-
ties of the BiCuSe,,,O,_, (BCS,,,0,_,) samples (0 <x<0.09).
It is found in Fig. S9a that when x increases above 0.05, the
secondary phase of Bi,Se, appears in the sample. Meanwhile,
the measured « (Fig. S9b) decreases first and then increases
with increasing Se content, and shows a minimum value at
the Se content of 1.05. By calculating the electronic and lattice
components (Fig. S9C and D), we can see that the anomalous
variation of k is mainly caused by the ;. Figure 5A to D shows
the low-magnification STEM images of BCS,,,O,_, samples

1+x

Se =1.03

Se =1.05

Fig.5.TEM characterizations of the dislocation. (A to D) Low-magnification STEM images of BiCuSe,,,0;_, samples withx = 0 (A, Se =1),0.01(B, Se =1.01),0.03 (C, Se =1.03),
and 0.05 (D, Se = 1.05), showing that dislocation emerges after Se,, self-substitution and its density increases with the increase of Se content. (E) Low-magnification STEM
image of sample BiCuSe, (50, ¢s. (F) Enlarged STEM image of the dislocation core in BiCuSe, (50, o5 along the [2-21] zone axis. (G and H) The inverse fast Fourier transform (IFFT)
images (G), and geometric phase analysis (H) of panel F. () Low-magnification STEM image of sample Biyg,Pbg 06Cug 975€,0500.95- (J) Enlarged STEM image of the dislocation
in Big 04Pbg,0sCUg.975€1 050005 along the [1-10] zone axis. The white arrows give a complete Burgers loop of a dislocation, and the estimated Burgers vector (red arrow) for the
observed dislocations is B = 1/2 [110]. (K and L) The inverse fast Fourier transform (IFFT) images (K) and geometric phase analysis (L) of panel J. Superpositions in panels F
and J are the projected atomic structure models of BiCuSeO along the corresponding zone axis.
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with a Se content (1+x) of 1, 1.01, 1.03, and 1.05, and it can
be obviously found that the dislocation in the sample matrix
gradually increased with the increase of Se content, which is
in accord with the decrease of k; with increasing Se content.

To understand the structure of the dislocation, fine STEM
characterizations were also performed on typical BiCuSe, ;0,95
(S-BCSO) and Bi, ¢,Pby 1cCuy 475€; 4500 95 (P+S-BCy 4,SO) sam-
ples. Figure 5E and I shows the low-magnification STEM images
corresponding to S-BCSO and P+S-BC, ,,SO samples, respec-
tively, where black lines indicating the dislocations can be
clearly seen. Figure 5F and ] shows the atomic resolution STEM-
HAADF images of the demarcated red areas in the 2 samples
along the [2-21] and [1-10] zone axes, and the insets show the
fast Fourier transform (FFT) maps of the corresponding posi-
tions. The projected atomic structures along the corresponding
zone axis are overlapped in the figures, which are in agreement
with the atomic row in the HAADF image [28]. The projected
Burgers vector of dislocations can be determined by plotting
the Burgers loop. The white arrows in Fig. 5] give a complete
Burgers loop of a dislocation, and the Burgers vector (red arrow

in the figure) is estimated to be B=1/2 [110] when observed
along the [1-10] zone axis, which corresponds to the Burgers
vector of dislocations common to tetragonal phase structures
[53,54]. Figure 5G and K shows the inverse FFT (IFFT) maps
by using the reflection 110, from which we can clearly see a
semi-atomic plane insertion, confirming the existence of edge
dislocations. In order to resolve the strain close to the disloca-
tion region, experimental images were processed by geometric
phase analysis and the €, strain distribution is shown in Fig.
5H and L. The purple and red colors represent the maximum
compressive and tensile strains, respectively. It can be seen that
the dislocation cores exhibit obvious strain concentration,
which indicates that the lattice strain caused by dislocations due
to Seg, self-substitution in BiCuSeO may be the main reason for
the extremely low x;.

Conclusion

In summary, by turning our sights to the thermoelectric material
itself and activating the function of intrinsic defects, the present
work reports the successful introduction of high-density in-grain
dislocations by Se, self-substitution in BiCuSeO oxide thermo-
electrics, and achieves plain optimization of the thermoelectric
properties with less use of external Pb doping. Through self-
substitution of Se at the O site, the lattice is distorted to a certain
extent, which promotes the formation of in-grain lattice disloca-
tions. The dislocation density gradually increases with the increase
of Se,, concentration and reaches a high density of ~3.0 x 10" m ™
in the Biy 0,Pb, ,cCuy.,5¢€; 05095 sample. These dense disloca-
tion defects complement the weakness in the mid-frequency
phonon scattering and lead to a full-scale phonon scattering with
a minimum lattice thermal conductivity of 0.38 W m~ K™'
at 823 K. Meanwhile, Pby; doping and Cu vacancy markedly
improve the electrical conductivity while maintaining a compet-
itively high Seebeck coefficient, thus contributing to the much-
enhanced power factor with a highest value of 942 yW m ™ K% in
Bij 0,PDy 06CUy 975€1 050005+ As a result, due to the solidarity of the
electrical and thermal properties, the final thermoelectric figure
of merit is substantially improved compared to the pristine
BiCuSeO and a highest zT value of 1.32 is obtained at 823 K in
the Bij 0,Pby 0sCy o75€1 050005 sSample. The much-improved zT'
performance is obtained by tailoring the intrinsic defects with
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only external Pb dopant, which embodies the concept of “plain
optimization” and would promote the recycling of corresponding
thermoelectric materials. In addition, the high-density dislocation
defects in BiCuSeO by Se, self-substitution also provide a good
inspiration for the design and construction of dislocations in
other oxide systems.

Materials and Methods

Material preparation

BiCuSeO, BiCuSe, (50,95 Biy 04Pby 1cCuSeO, and Bi,, o, Pb, o«Cu, _,.
Se; 050005 (x =0, 0.01, 0.03, and 0.05) polycrystalline bulks
were prepared by solid-state reaction from Bi, O, (99.99%), PbO
(99.99%), Cu (99.99%), Bi (99.99%), and Se (99.99%) raw mate-
rials, followed by a rapid hot press process to densify the pow-
ders. Firstly, the raw materials were mixed in stoichiometric
proportions and sealed in a vacuum quartz tube, which was
heated at 573 K for 9 h and 973 K for 6 h to ensure that the
chemical reaction was complete. After natural cooling to room
temperature, the product was ground to a fine powder. Sub-
sequently, the round block material was sintered in a graphite mold
at 873 K for 30 min under vacuum and a uniaxial pressure of
70 MPa using a rapid hot-press equipment. The round block
material obtained by hot pressing was cut to the specified size with
a diamond wire cutter to test the thermoelectric properties.

Sample characterization

XRD (DX-2700B) was used to reveal the phase composition
of the BiCuSeO, BiCuSe, ;50 95, Bi 94Pby osCuSeO, and Bi) 5,
Pby 6Cu,_,Se; 0095 (x =0, 0.01, 0.03, and 0.05) samples with
Cu K, radiation in a 20 range of 10° to 80° with a step of 0.04°.
Transmission electron microscope (TEM, JEOL-F200), aberration-
corrected transmission electron microscope (TEM, JEOL-
NEOARM 200F), EDS, and BSE imaging (ZEISS Crossbeam
550 FIB-SEM) were used to reveal the phase composition of
the samples. Transmission electron microscope samples for
TEM characterization were prepared using grinding, polish-
ing, and argon ion thinning in the liquid nitrogen stage with
the Ton Beam Milling System (GATAN PIPS II 695). It should
be noted that the use of lightweight argon ion in the liquid
nitrogen cold stage for sample thinning can effectively mini-
mize the damage to the sample and avoid ion bombardment-
induced dislocations. The IFFT image was obtained by processing
the HRTEM image in the Gatan Digital Micrograph (GMS-3)
software.

Thermoelectric performance evaluation

The electrical conductivity and Seebeck coeflicient were meas-
ured in He atmosphere from 323 to 823 K in a commercial
system (LSR-3, Linseis) with a sample size of about 10 mm X
3 mm X 3 mm. The thermal diffusivity (D) was measured by
the laser flash method (LFA 457, Netzsch) in the same tem-
perature range with a sample size of about ¢ 12.7 mm X
1.8 mm; the specific heat (Cp) was calculated according to the
Dulong-Petit law and the relative bulk density (p) was meas-
ured by the Archimedes method. The total thermal conduc-
tivity x was calculated with the relation k =p-D-Cp. The carrier
concentration and mobility were measured by the Van der
Pauw method using the DC field Hall effect measurement
option installed on the standard Model 8404 (HMS 8400
series, Lake Shore).
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Fig. S8. Calculated Lorentz number.

Fig. S9. XRD pattern, electrical thermal conductivity, lattice
thermal conductivity, and total thermal conductivity of the
BCS,,,O,_, samples (0 < x <0.09).

Table S1. Parameters used for the lattice thermal conductivity
modeling.

Calculation Items for Lattice Thermal Conductivity.

References

1. Bell LE. Cooling, heating, generating power, and
recovering waste heat with thermoelectric systems. Science.
2008;321(5895):1457-1461.

2. DiSalvo FJ. Thermoelectric cooling and power generation.
Science. 1999;285(5428):703-706.

3. He], Tritt TM. Advances in thermoelectric materials
research: Looking back and moving forward. Science.
2017;357(6358):Article 1369.

4. Tritt TM, Béttner H, Chen L. Thermoelectrics: Direct solar
thermal energy conversion. MRS Bull. 2008;33:366-368.

5. Tan G, Zhao LD, Kanatzidis MG. Rationally designing
high-performance bulk thermoelectric materials. Chem Rev.
2016;116(19):12123-12149.

6. YangJH, Yip H-L, Jen AK-Y. Rational design of advanced
thermoelectric materials. Adv Energy Mater. 2013;3(5):549-565.

7. A sustainable material world. Nat Mater. 2017;16(7):691.

8. DingY, Zhang S, Liu B, Zheng H, Chang C-C, Ekberg C.
Recovery of precious metals from electronic waste and spent
catalysts: A review. Resour Conserv Recycl. 2019;141:284-298.

Xu et al. 2023 | https://doi.org/10.34133/research.0123

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Yang L, Li XY, Lu K. Making materials plain: Concept, principle
and applications. Acta Metall Sin. 2017;53(11):1413-1417.

Li XY, Lu K. Improving sustainability with simpler alloys.
Science. 2019;364(6442):733-734.

Qin 'Y, Qin B, Wang D, Chang C, Zhao L-D. Solid-state cooling:
Thermoelectrics. Energy Environ Sci. 2022;15(11):4527-4541.
Pei Y, LaLonde AD, Heinz NA, Shi X, Iwanaga S,

Wang H, Chen L, Snyder GJ. Stabilizing the optimal carrier
concentration for high thermoelectric efficiency. Adv Mater.
2011;23(47):5674-5678.

Biswas K, He J, Blum ID, Wu CI, Hogan TP,

Seidman DN, Dravid VP, Kanatzidis MG. High-performance
bulk thermoelectrics with all-scale hierarchical architectures.
Nature. 2012;489(7416):414-418.

Park K, Ahn K, ChaJ, Lee S, Chae SI, Cho SP, Ryee S, Im J,
Lee J, Park SD, et al. Extraordinary off-stoichiometric bismuth
telluride for enhanced n-type thermoelectric power factor.

J Am Chem Soc. 2016;138(43):14458-14468.

Li W, Zheng L, Ge B, Lin S, Zhang X, Chen Z, Chang Y,

Pei Y. Promoting SnTe as an eco-friendly solution for p-PbTe
thermoelectric via band convergence and interstitial defects.
Adv Mater. 2017;29(17):Article 1605887.

Xie H, Wang H, Pei Y, Fu C, Liu X, Snyder GJ, Zhao X,

Zhu T. Beneficial contribution of alloy disorder to electron and
phonon transport in half-Heusler thermoelectric materials.
Adv Funct Mater. 2013;23(41):5123-5130.

Pei Y, LaLonde AD, Heinz NA, Snyder GJ. High thermoelectric
figure of merit in PbTe alloys demonstrated in PbTe-CdTe.
Adv Energy Mater. 2012;2(6):670-675.

Lin S, Li W, Chen Z, Shen J, Ge B, Pei Y. Tellurium as a high-
performance elemental thermoelectric. Nat Commun. 2016;7:10287.
Tang XD, Fan DD, Peng KL, Yang DF, Guo L], Lu X,

Dai JY, Wang GY, Liu HJ, Zhou XY. Dopant induced impurity
bands and carrier concentration control for thermoelectric
enhancement in p-type Cr,Ge,Te,. Chem Mater.
2017;29(17):7401-7407.

Li F, Wei T-R, Kang F, Li J-F. Enhanced thermoelectric
performance of ca-doped BiCuSeO in a wide temperature
range. ] Mater Chem A. 2013;1(38):11942-11949.

LiJ, SuiJ, Pei Y, Barreteau C, Berardan D, Dragoe N, Cai W,
He ], Zhao L-D. A high thermoelectric figure of merit ZT > 1
in Ba heavily doped BiCuSeO oxyselenides. Energy Environ Sci.
2012;5(9):8543-8547.

LiuY, Zhao LD, Liu Y, Lan J, Xu W, Li F, Zhang BP,

Berardan D, Dragoe N, Lin YH, et al. Remarkable
enhancement in thermoelectric performance of BiCuSeO by
Cu deficiencies. ] Am Chem Soc. 2011;133(50):20112-20115.
Pei YL, Wu H, Wu D, Zheng E, He J. High thermoelectric
performance realized in a BiCuSeO system by improving
carrier mobility through 3D modulation doping. ] Am Chem
Soc. 2014;136(39):13902-13908.

Sui ], Li], He ], Pei Y-L, Berardan D, Wu H, Dragoe N,

Cai W, Zhao L-D. Texturation boosts the thermoelectric
performance of BiCuSeO oxyselenides. Energy Environ Sci.
2013;6(10):2916-2920.

Liu W, Tan X, Yin K, Liu H, Tang X, Shi ], Zhang Q, Uher C.
Convergence of conduction bands as a means of enhancing
thermoelectric performance of n-type Mg,Si, ,,Sn, solid
solutions. Phys Rev Lett. 2012;108(16):Article 166601.

Pei Y, Shi X, LaLonde A, Wang H, Chen L, Snyder GJ.
Convergence of electronic bands for high performance bulk
thermoelectrics. Nature. 2011;473(7345):66-69.


https://doi.org/10.34133/research.0123

Research

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dong J, Sun F-H, Tang H, Pei ], Zhuang H-L, Hu H-H,

Zhang B-P, Pan Y, Li J-F. Medium-temperature thermoelectric
GeTe: Vacancy suppression and band structure engineering
leading to high performance. Energy Environ Sci.
2019;12(4):1396-1403.

Li Z, Xiao C, Fan S, Deng Y, Zhang W, Ye B, Xie Y. Dual
vacancies: An effective strategy realizing synergistic
optimization of thermoelectric property in BiCuSeO. ] Am
Chem Soc. 2015;137(20):6587-6593.

You L, Liu YE Li X, Nan PF, Ge BH, Jiang Y, Luo PE,

Pan SS, Pei YZ, Zhang WQ, et al. Boosting the thermoelectric
performance of PbSe through dynamic doping and
hierarchical phonon scattering. Energy Environ Sci.
2018;11:1848-1858.

Li Z, Zhang W, Gu B, Zhao C, Ye B, Xiao C, Xie Y.

Vacancy cluster-induced local disordered structure for the
enhancement of thermoelectric property in Cu,ZnSnSe,.

J Mater Chem A. 2021;9(2):1006-1013.

Wang S, Xiao Y, Chen Y, Peng S, Wang D, Hong T, Yang Z,
Sun Y, Gao X, Zhao L-D. Hierarchical structures lead to high
thermoelectric performance in Cum,nPb,,Sb,, Te, o Se,m
(CLAST). Energy Environ Sci. 2021;14(1):451-461.

Jiang Y, Dong ], Zhuang HL, Yu J, Su B, Li H, Pei ], Sun FH,
Zhou M, Hu H, et al. Evolution of defect structures leading

to high ZT in GeTe-based thermoelectric materials. Nat
Commun. 2022;13(1):6087.

Xu L, Xiao Y, Wang S, Cui B, Wu D, Ding X, Zhao L-D. Dense
dislocations enable high-performance PbSe thermoelectric at
low-medium temperatures. Nat Commun. 2022;13(1):6449.
He J, Girard SN, Kanatzidis MG, Dravid VP. Microstructure-
lattice thermal conductivity correlation in nanostructured
PbTe,,S, s thermoelectric materials. Adv Funct Mater.
2010;20(5):764-772.

Hu L, Wu H, Zhu T, Fu C, He ], Ying P, Zhao X. Tuning
multiscale microstructures to enhance thermoelectric
performance of n-type bismuth-telluride-based solid solutions.
Adv Energy Mater. 2015;5(17):1500411.

Rogl G, Setman D, Schafler E, Horky J, Kerber M,

Zehetbauer M, Falmbigl M, Rogl P, Royanian E, Bauer E. High-
pressure torsion, a new processing route for thermoelectrics of
high ZTs by means of severe plastic deformation. Acta Mater.
2012;60(5):2146-2157.

Chen Z, Ge B, Li W, Lin S, Shen J, Chang Y, Hanus R,

Snyder GJ, Pei Y. Vacancy-induced dislocations within grains
for high-performance PbSe thermoelectrics. Nat Commun.
2017;8:13828.

Han Y, Liu X, Zhang Q, Huang M, Li Y, Pan W, Zong PA,

LiL, Yang Z, Feng Y, et al. Ultra-dense dislocations stabilized in
high entropy oxide ceramics. Nat Commun. 2022;13(1):2871.
Zhao LD, Berardan D, Pei YL, Byl C, Pinsard-Gaudart L,
Dragoe N. Bi,_,Sr,CuSeO oxyselenides as promising
thermoelectric materials. Appl Phys Lett. 2010;97(9):092118.

Xu et al. 2023 | https://doi.org/10.34133/research.0123

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Liu Y, Lan JL, We X, Liu YC, Pei YL, Cheng B, Liu DB, Lin YH,
Zhao LD. Enhanced thermoelectric performance of a BiCuSeO
system via band gap tuning. Chemn Commun. 2013;49:8075-
8077.

Zhao LD, He JQ, Berardan D, Lin YH, Li JE, Nan CW, Dragoe N.
BiCuSeO oxyselenides: New promising thermoelectric materials.
Energy Environ Sci. 2014;7:2900-2924.

Wu Y, Chen Z, Nan P, Xiong E, Lin S, Zhang X, Chen Y,

Chen L, Ge B, Pei Y. Lattice strain advances thermoelectrics.
Joule. 2019;3(5):1276-1288.

Chen ZW, Zhang XY, Lin SQ, Chen LD, Pei YZ. Rationalizing
phonon dispersion for lattice thermal conductivity of solids.
Natl Sci Rev. 2018;5:888-894.

Uungar T, Dragomir I, Révész A, Borbély A. The contrast
factors of dislocations in cubic crystals: The dislocation

model of strain anisotropy in practice. ] Appl Crystallogr.
1999;32:992-1002.

Uungar T, Ott S, Sanders PG, Borbély A, Weertman JR. Grain
size and planar faults in nanostructured copper determined by
high resolution X-ray diffraction and a new procedure of peak
profile analysis. Acta Mater. 1998;46(10):3693-3699.

Gu Y, Shi XL, Pan L, Liu WD, Sun Q, Tang X, Kou LZ,

Liu QF, Wang YE Chen ZG. Rational electronic and structural
designs advance BiCuSeO thermoelectrics. Adv Funct Mater.
2021;31(25):2101289.

Kuo JJ, Kang SD, Imasato K, Tamaki H, Ohno S, Kanno T,
Snyder GJ. Grain boundary dominated charge transport

in Mg,Sb,-based compounds. Energy Environ Sci.
2018;11(2):429-434.

Chen YX, Shi K-D, Li E, Xu X, Ge Z-H, He J. Highly enhanced
thermoelectric performance in BiCuSeO ceramics realized by
Pb doping and introducing Cu deficiencies. ] Am Ceram Soc.
2019;102(10):5989-5996.

Zhu H, Li Z, Zhao C, Li X, Yang ], Xiao C, Xie Y. Efficient
interlayer charge release for high-performance layered
thermoelectrics. Natl Sci Rev. 2021;8(2):nwaa085.

Li Z, Xiao C, Xie Y. Layered thermoelectric materials:
Structure, bonding, and performance mechanisms. Appl Phys
Rev. 2022;9(1):011303.

NiuY, Li S, Mao J, Yang C, Zhang Q, Zhang Q, Jiang J,

Wang C, Ren Z. Suppressed phase transition and enhanced
thermoelectric performance in iodine-doped AgCuTe. Nano
Energy. 2020;77:105297.

Zheng J, Wang D, Zhao L-D. An update review on N-type
layered oxyselenide thermoelectric materials. Materials.
2021;14(14):3905.

Chen D, Ma XL. Local decomposition induced by dislocation
motions inside tetragonal Al,Cu compound: Slip system-
dependent dynamics. Sci Rep. 2013;3:3157.

Yang B, Zhou YT, Chen D, Ma XL. Local decomposition
induced by dislocation motions inside precipitates in an Al-
alloy. Sci Rep. 2013;3:1039.

10


https://doi.org/10.34133/research.0123

	Realizing Plain Optimization of the Thermoelectric Properties in BiCuSeO Oxide via Self-Substitution-Induced Lattice Dislocations
	Introduction
	Results and Discussion
	Conclusion
	Materials and Methods
	Material preparation
	Sample characterization
	Thermoelectric performance evaluation

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


