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Ultrahigh-Pressure Structural Modification in BiCuSeO
Ceramics: Dense Dislocations and Exceptional

Thermoelectric Performance
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Yuan Yu,* and Xin Guo*

Dislocations as line defects in crystalline solids play a crucial role

in controlling the mechanical and functional properties of materials. Yet, for
functional ceramic oxides, it is very difficult to introduce dense dislocations
because of the strong chemical bonds. In this work, the introduction

of high-density dislocations is demonstrated by ultrahigh-pressure sintering
into a typical ceramic oxide, BiCuSeO, for thermoelectric applications. The
ultrahigh-pressure induces shear stresses that surpass the critical strength for
dislocation nucleation, followed by dislocation glide and profuse multiplication,
leading to a high dislocation density of 9.1 X 10'® m~2 in Bi osPb, o,CuSeO
ceramic. These dislocations greatly suppress the phonon transport to

reduce the lattice thermal conductivity, reaching 0.13 Wm~" K=" at 767 K and
resulting in a record-high zT of 1.69 in this oxide thermoelectric ceramic. This
study demonstrates the feasibility of generating dense dislocations in ceramic
oxides via ultrahigh-pressure sintering for tuning functional properties.

1. Introduction

Dislocations are linear crystallographic imperfections that dis-
tort the arrangement of atoms in a periodic lattice.l'! The plas-
tic deformation of metals is mediated primarily by the mul-
tiplication and movement of dislocations. In this regard, the
density and spatial arrangement of dislocations influence the
mechanical properties of metals.’l In semiconductors with

covalent/ionic bonds, dislocations can be
charged due to the formation of dangling
bonds and charge transfer.**) This elec-
trostatic effect builds a potential barrier to
scatter and trap charge carriers, reducing
carrier mobility in semiconductors.[>*]
Thus, dislocations are undesirable for
most of the semiconductor applica-
tions. However, dislocations have also
been shown effective in scattering
heat-carrying phonons and thus lower
the thermal conductivity.”#] This phe-
nomenon is highly desirable for the
property enhancement of thermoelectric
materials.®?1 The thermal-to-electricity
energy conversion efficiency of a mate-
rial is determined by the thermoelectric
figure-of-merit, zT = S%T/(k,+k)).
Here, S is the Seebeck coefficient, o
is the electrical conductivity, T is the
absolute temperature, x, is the electronic thermal conductivity,
and «; is the lattice thermal conductivity. It is apparent that the
lower the k, the higher the zT value.

Introducing dislocations to reduce «; and thus improve zT
has been realized in many typical thermoelectric materials.[*1!
For example, dislocations-induced low k,; approaching the theo-
retical minimum has been achieved in Bi,;Sb, ;Te,,['") PbSe,!1?]
PbTe,!3l and SnTel' alloys by various processing methods such
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Figure 1. Schematics for crystal structure, phonon transport, and thermoelectric performance. a) Crystal structure of BiCuSeO. b) Scattering mechanisms
of phonons. ¢) Comparison of thermoelectric performances of optimum BiCuSeO and this work.[18-21.23-36]

as liquid-phase sintering, interstitial doping, and annealing va-
cancies. However, compared to metals and these metavalently
bonded chalcogenides,!'®! it remains a colossal challenge to in-
troduce high-density dislocations in ceramic oxides through con-
ventional methods because of the strong covalent/ionic bonds, !
rendering little plasticity in most ceramic oxides. This also largely
retards the manipulation of functional properties, e.g., the ther-
moelectric performance of many ceramic oxides upon dislocation
engineering.

With the emergence of ultrahigh-pressure (UHP) sintering
techniques (the order of gigapascal pressure, ~GPa), the nucle-
ation and multiplication of dislocations in ceramics become read-
ily feasible. For instance, it has been experimentally established
that dislocation nucleation in ceramics requires shear stress be-
yond GPa to break the bonds to form dislocations.['”] Thus,
the ultrahigh-pressure sintering technique provides an opportu-
nity to enable dislocation-tuned functional properties of ceram-
ics. Among a plethora of ceramics, BiCuSeO has been attract-
ing ever-increasing attention for thermoelectric applications due
to many advantages including earth-abundant constituting ele-
ments, high stability, environmental friendly, and decent ther-
moelectric performance.['¥-211 With high dislocation densities be-
ing introduced into BiCuSeO to further lower its k;, it can be a
promising approach to greatly enhance its thermoelectric prop-
erties for much broader applications.

In this work, we have achieved high-density dislocations of
~9.1 X 10'® m~? in BiCuSeO ceramics prepared under 2 GPa
using the UHP sintering method. We investigated the mecha-
nisms underpinning dislocation nucleation and multiplication
under gigapascal pressure, based on structural characterizations
using transmission electron microscopy (TEM) and atom probe
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tomography (APT). Owing to dense dislocations enabled by ul-
trahigh pressure, a low x; of 0.13 Wm™" K= was achieved at
767 K and approaches the diffusive thermal conductivity limit
(k47 ~0.07 Wm ™" K™") of BiCuSeO.!*”] This also directly results in
a record-high zT value of 1.69 at 767 K for BiCuSeO-based com-
pounds reported so far,[18-2123-36] a5 {llustrated in Figure 1. Most
importantly, our work demonstrates the feasibility of introducing
high-density dislocations in ceramic oxides through ultrahigh-
pressure techniques. We also provide insights into the mecha-
nism of pressure-induced dislocations and the resulting impact
on tuning the functional properties beyond thermoelectricity.

2. Results and Discussion

2.1. Superior Bi, ,Pb,CuSeO Ceramics Selected Based on
Ultrahigh-Pressure Process

Optimizing the carrier concentration is often the foremost step
in tuning the electrical transport properties of thermoelectric
materials.[2%7] The pristine p-type BiCuSeO shows an intrin-
sically low carrier concentration of ~10® cm™ and thus a
low electrical conductivity.[*®] Pb has been proven one of the
most efficient dopants to tune the carrier concentration of
BiCuSeO.[182032] Herein, we also utilize Pb to substitute for the
position of Bi in conjunction with the UHP technique introduced
during the sample preparation process to optimize the power fac-
tor. To initially evaluate the evolution of room-temperature ther-
moelectric performance driven by pressure, Bi,  Pb,CuSeO ce-
ramics (with x = 0, 0.02, 0.04, 0.06, and 0.08) were prepared un-
der 1-3.5 GPa with a step size of 0.5 GPa (details in Experimental
Section, and Figure S1, Supporting Information). The electrical
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Figure 2. Optimization of pressure and composition for Biy,Pb,CuSeO ceramics. Room-temperature a) Seebeck coefficient, S, b) electrical resistivity,

p, and c) power factor, PF.

transport properties as a function of both the sintering pressure
and the content of Pb are shown in Figure 2. The Seebeck coef-
ficient and electrical resistivity in general decrease with increas-
ing Pb content regardless of the sintering pressure due to the
increased charge carrier concentration by introducing Pb at the
Bi sites. Note that the small difference in properties at a Pb con-
tent higher than 4% could be due to the supersaturation of the
Pb doping effect in the matrix. Besides the chemical composi-
tion, the electrical properties also change significantly with the
sintering pressure. Figure 2a illustrates that the Seebeck coeffi-
cient is not very sensitive to the sintering pressure for all sam-
ples studied. In contrast, the electrical resistivity first decreases
and then slightly increases with increasing pressure, reaching a
minimum of 2 GPa for all Pb-doped samples. It has been demon-
strated in many thermoelectrics such as Bi,Te,,[**) ZnO,!*l and
PbTe,*! that the solubility of dopants in the matrix increases
due to the introduction of high pressure. Owing to the solubil-
ity behavior associated with pressure, the content of Pb in the
BiCuSeO matrix may reach the solubility limit at #4% when the
pressure is 1 GPa. A Pb content higher than 4% would thus in-
crease the resistivity because of the supersaturation, as observed
in Figure 2b. Based on the improved solubility of Pb in the Bi-
CuSeO matrix upon increasing the pressure, the resistivity of the
heavily doped samples, i.e., with 6% and 8% Pb, decreases with
increasing pressure until 2 GPa. Yet, further increasing the pres-
sure to 3.5 GPa can only slightly improve the solubility of Pb,
leading to comparable electrical resistivity among samples with
ahigher Pb content above 2 GPa. As a result of chemical composi-
tion optimization and UHP sintering, large power factors are ob-
tained in Bi; o, Pb, ,,CuSeO ceramics sintered under 2, 2.5, and
3 GPa. We will then focus on the temperature-dependent ther-
moelectric performance of Bij o, Pb, o,CuSeO ceramics prepared
under the optimum pressure ranges of 2, 2.5, and 3 GPa. In addi-
tion, to adequately reveal the influence of ultrahigh-pressure on
the transport properties, a control sample (Bi; oo Pb, ,,CuSeO) is
also prepared by a conventional approach (CA) sintered under the
pressure of 50 MPa (hot-press sintering, Figure S1, Supporting
Information) for comparison with the UHP ones.

2.2. Lattice Thermal Conductivity and Dislocation Density

The temperature-dependent o, S, and k of Bij 4, Pb, o,CuSeO ce-
ramics are displayed in Figure S2 (Supporting Information). The
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electrical conductivity (Figure S2a, Supporting Information) is
slightly decreased for the UHP samples compared with the CA
sample. Interestingly, a similar trend is also observed for the See-
beck coefficient (Figure S2b, Supporting Information). This con-
tradicts the normal relationship between the electrical conduc-
tivity and the Seebeck coefficient depending on the carrier con-
centration. Actually, the carrier concentration decreases with in-
creasing the sintering pressure (Figure S2¢, Supporting Infor-
mation), which should increase the Seebeck coefficient. The Pis-
arenko plot shows that the reduced Seebeck coefficient is mainly
ascribed to the decreased density-of-states effective mass (m").
The CA sample exhibits a m”" value of 3.9 m,, where m, is the
electron mass, which is comparable to other BiCuSeO-based ce-
ramics prepared under normal pressure.[?$2°34] In contrast, the
m” value decreases to only 1.1 m, under a pressure of 3 GPa. It
has been theoretically and experimentally demonstrated that the
UHP increases the bandgaps and elevates the light-hole bands
toward the Fermi level in BiCuSeO,*>*] leading to the reduc-
tion of carrier concentration and m” responsible for the variations
in the electrical conductivity and Seebeck coefficient. Figure 2d
shows that the total thermal conductivity (k) of Bi, o Pb, ;,CuSeO
prepared under ultrahigh pressure is much lower than that of
the control sample (CA), but little variation in « for the samples
prepared above 2 GPa (Figure S3, Supporting Information). This
could mean a critical pressure that exists in achieving low thermal
conductivity, which will be elaborated on in the following text. In
contrast to the largely lowered thermal conductivity for the UHP-
prepared samples, the electrical conductivity only slightly deterio-
rates under the UHP sintering. This indicates a strong reduction
in the lattice thermal conductivity. The temperature-dependent «,
is calculated by subtracting x, from « (Figure 3a). The k, can be
determined using the Wiedemann—-Franz law, x, = Lo T, where L
is the Lorenz number estimated by fitting the Seebeck coefficient
to the reduced chemical potential (details in Supporting Infor-
mation, Figure S4, Supporting Information). Figure 3a indicates
that the «, is significantly suppressed with a dramatic drop from
0.7 Wm~! K! for the control sample to 0.25 Wm~! K~! for the
UHP sintered samples at 374 K. This big gap for «; between the
control and other samples remains throughout the entire mea-
surement temperature range. This implies that the heat-carrying
phonons are heavily scattered in Bi o, Pb, o, CuSeO ceramics pre-
pared under ultrahigh pressure. To understand the mechanisms
responsible for the difference in thermal transport properties be-
tween the control and UHP-prepared samples from a perspective
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Figure 3. Lattice thermal conductivity and AK-KC'/? Plots obtained by the mWH method. a) Lattice thermal conductivity of Big g6 Pby s CuSeO ceramics
prepared under different conditions. b) Rietveld refinement analysis for XRD data of Bij 9Pbg 04CuSeO ceramics prepared under 2 GPa. c) AK versus
KC'/2 relationship of CA (control sample) and UHP Big ocPbg 04 CuSeO ceramics. d) Experimental x; compared with predicted x; determined by the
Debye—Callaway model. €) Calculated k,; with different scattering mechanisms in Big 9gPbg o4 CuSeO ceramics prepared under 2 GPa. f) Comparison of

the k, for BiCuSeO-based ceramics.[18-21.2447.50]

of microstructures, we first analyzed the X-ray diffraction (XRD)
data for the samples prepared by conventional approach and un-
der 2 GPa via the Rietveld refinement method (Figure 3b; Figure
S5, Supporting Information). The diffraction patterns for both
samples can be indexed to the phase-pure Bi 4, PD, ,,CuSeO ce-
ramics. Furthermore, the XRD diffraction peak profiles are fit-
ted by the Gaussian function to obtain the exact Bragg position
and the full width at half maximum (FWHM), as listed in Table
S1 (Supporting Information). Based on the XRD diffraction peak
broadening effect, together with corresponding indices of crystal
plane and FWHM (Table S1, Supporting Information), we find
different values of dislocation density in these samples, as esti-
mated by the modified Williamson-Hall (mWH) method (details
in Supporting Information):[+>]

YT

AK = (za%/2)"N; (KTT) +0.9/d (1)
in which K = 2sinf/A and AK = 2cos0 (A0)/A, where 6 and 4 are
the diffraction angle and the wavelength of X-rays, d is the av-
erage grain size, b is the magnitude of Burgers vector, and N,
is the dislocation density. The relevant parameters used for the
mWH method can be found in Tables S1-S3 (Supporting Infor-
mation). Based on the mWH method, the AK—-KC'/? profiles are
obtained in Figure 3c, which manifest a single linearity well cor-
responding to the asymptotic line-profile theory. Therefore, the
dislocation density is calculated by the slope of the AK-KC'/?

Adv. Energy Mater. 2024, 2403174 2403174 (4 of 1 1)

RIGHTSE LI MN iy

plots. Eventually, the N, of Bi, o Pb, ,,CuSeO ceramics prepared
under 2 GPa reaches ~9.1 X 10 m~2, which is much higher than
~5.8 X 10" m~2 in the control (CA) sample and 3.0 x 10 m~2
in the self-substituted BiCuSeO by Se at the O site reported
recently.[*’! Figure S6 (Supporting Information) shows the evo-
lution of the N, associated with UHP in the Bij,,Pb,,CuSeO
ceramics. Notably, the N, greatly increases until 2 GPa while
holding little variation for further increasing UHP, which im-
plies that there is a critical pressure for introducing the N, of
the Bi; s Pby 1,CuSeO ceramics, and accounts for the similar «
values for the samples prepared above 2 GPa. All the dislocation
densities of the UHP-prepared samples demonstrate a high or-
der of magnitude (~10'® m~2). Such a high dislocation density is
very rare even in other ceramic materials.

These different dislocation densities can phenomenologically
explain the k, by invoking the Debye—Callaway model (Figure 3d;
Supporting Information), as expressed in Equation (2) below:(*!

)

kB kBT 3 T x4e*
K= 2720 <T) /O Tyt (%) mdx (2)

where x = Aw/k;T, ky is the Boltzmann constant, w is the an-
gular frequency of phonon, v is the average sound velocity, 7
is the reduced Planck constant, 6 is the Debye temperature,
and 7,, is the total relaxation time. Given various scattering
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mechanisms, the 7,, can be determined by Matthiessen’s rule
(Equation (3)).12441

Tt =T+ oy Top T 3)
where 7, 7.5, Tpp, and 7, denote the phonon relaxation time
of the Umklapp process, scattered by grain boundaries, point
defects, and dislocations, respectively. Figure 3d shows the con-
tribution of various scattering mechanisms to reducing ;. The
Umklapp process leads to a relatively higher «; due to the ab-
sence of extra scattering events. By introducing grain boundaries
for phonon scattering, the calculated value can fit well to a pris-
tine polycrystalline BiCuSeO without the effects of doping and
ultrahigh pressure.237] The «, of the control Bi, o;Pb, ,,CuSeO
sample further decreases compared with the Pb-free BiCuSeO.
This can be explained by incorporating point defect phonon scat-
tering due to the substitution of Bi by Pb, as indicated by the well-
fitted «; curve in Figure 3d. Yet, these typical scattering sources
observed in BiCuSeO are insufficient to account for the ultralow
lattice thermal conductivity of the Bi, osPD, ,,CuSeO sample pre-
pared under 2 GPa. The theoretical «, calculated by the Debye—
Callaway model can only fit the experimental data by incorpo-
rating the dislocation phonon scattering using the N, derived
above. This reveals the origin of the substantially reduced «;
in the UHP samples and verifies the reliability of the high N,
obtained by the mWH method. Meanwhile, the spectral lattice
thermal conductivity, «,, is employed to quantify the contribu-
tion of the different scattering mechanisms to the lowered lat-
tice thermal conductivity, as demonstrated in Figure 3e. The re-
sults suggest that the grain boundaries are primarily responsi-
ble for scattering low-frequency phonons, while the transport
of high-frequency phonons is influenced substantially by point
defects. By contrast, the contribution of the dislocations covers
a broad frequency range, particularly scattering mid- to high-
frequency phonons. These results unambiguously reveal that the
ultrahigh-pressure process introduces dense dislocations with a
Np of 9.1 x 10 m=2 in Bij¢,Pb,,,CuSeO ceramics, which
strongly block phonon transport compared to other scattering
mechanisms and are the primary contribution of reducing the
k. In addition, the «; of Bi, o, Pby, o, CuSeO ceramics prepared un-
der 2 GPa is the lowest over the temperature range of 350-850 K
compared to that of superior BiCuSeO-based ceramics with var-
ious compositions prepared under much lower pressure (typi-
cally ~50 MPa)(Figure 3f).118-212447.50] Notably, we found that Ren
et al.l?! previously reported a minimum lattice thermal conduc-
tivity of 0.13 Wm™! K~! at 873 K in BiCuSeO, which is exactly
equal to our lowest lattice thermal conductivity, but the corre-
sponding temperature is higher than ours (767 K). This implies
that 0.13 Wm~™! K~! could be reached in BiCuSeO-based ceram-
ics, and there is a space for optimization in the lattice thermal
conductivity compared to the k ;7 of ~0.07 Wm™'K~".[??]

2.3. Microstructure and Dense Dislocations Formed via
Ultrahigh Pressure

To reveal the microstructures and dislocations associated
with external pressure, high-magnification transmission elec-
tron microscopy (TEM) observations were performed on the
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Bij oo Pby 04 CuSeO ceramics prepared under 2 GPa. Figure 4a
shows abundant grains with a size of #10 nm on average, thus
forming a high density of grain boundaries. Such architectural
features are attributed to the ultrahigh pressure against the con-
tribution of sintering temperature which normally facilitates
grain growth. This phenomenon is also consistent with our pre-
vious observation.®!*2] To obtain a better statistic, we have per-
formed more TEM observations from random areas of the sam-
ple, as shown in Figure S7 (Supporting Information), indicating
that the majority of grains have a size of ~10 nm. A closer ex-
amination of the grain boundary area (shadow in Figure 4a) in
Figure 4b reveals more atomic structure details. The fast Fourier
transform (FFT) patterns for the right and left sides of the grain
boundary can be identified as the BiCuSeO structure in the space
group of P4/nmm viewed along the [001] and [111] orientations,
respectively. Corresponding atomic models viewed along these
directions are illustrated in Figure 4c1-2. Further inverse FFT
(IFFT) analysis for Figure 4b evidences a large number of geo-
metrically necessary dislocations at the grain boundary (Figure
S8, Supporting Information), leading to strong strain fields along
both strain components ¢, and ¢,,,. Besides, an edge dislocation
is identified within one grain and a Burgers vector of b =a/2[111]
can be determined by drawing the Burgers loop, as depicted in
Figure 4d. Actually, more edge dislocations in this area can be
revealed by a corresponding IFFT analysis (Figure 4e). These
dense dislocations give rise to strong strain fluctuations around
the dislocation cores, consequently interlinking and forming the
strain domains, as demonstrated by the geometrical phase anal-
ysis (GPA) in Figure 4f1-2. Notably, although dense dislocations
exist in Bij o Pby ,CuSeO ceramics prepared under 2 GPa, the
energy dispersive spectroscopy (EDS) mapping (Figure 4g) man-
ifests that all the elements are distributed homogeneously in the
medium-magnification area and follow the nominal composition
(Table S4, Supporting Information).

Figure 5a illustrates the 3D distribution of constituting ele-
ments of sample Bij o, Pb,0,CuSeO sintered under 2 GPa mea-
sured by atom probe tomography (APT). Elements such as Bi,
Cu, Se, and O are homogeneously distributed in the probed vol-
ume of 50 X 50 X 300 nm>. In contrast, we observed two pla-
nar features, which are enriched in Pb, as can be depicted by
the iso-composition surfaces of 2 at.% Pb (Figure 5b). These two
planes are identified as Pb-rich grain boundaries (GBs), which
are also in line with the small grain sizes revealed by TEM in
Figure 4. Note that APT is not a tool that can be used to measure
the average grain size with reliable statistics due to its very small
field of view. A close-up of the upper GB plane is illustrated in
Figure 5c, where many dispersive Pb-rich regions were observed.
This is different from the impurity segregation to high-angle GBs
as observed in Ag-doped PbTe, where dopants can cover the full
plane.’3] It appears that these Pb atoms have segregated to the
dislocation cores at GBs, consistent with the TEM observations.
Figure 5d presents the composition profile across the upper GB
along the yellow arrow. The content of Pb in the matrix is deter-
mined to be ~1 at.%, which is very close to the nominal compo-
sition in Bi, o Pb, ,,CuSeO. This also implies the high solubility
of Pb in BiCuSeO. The content of Pb at the GB is ~2 at.% with
a partition coefficient of 2. We also noticed a significant deple-
tion of oxygen in Figure 5d. This is a typical artifact of APT in
determining the composition of oxygen.>*! Oxygen-containing
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Figure 4. Microstructure and dislocation enabled by ultrahigh pressure. a) HRTEM image including high-density grain boundaries. b) High-magnification
TEM image of grain boundary area corresponding to the shadow in a. c) Atomic models of [00l] and [111] orientations. d) Atomic-resolution HRTEM
image shows a Burgers circuit and dislocation cores. e) IFFT image taken from d. f) The GPA strain mapping of d in ¢,, and ¢,,. g) Low-magnification

HAADF-STEM image with EDS mapping of Bi, Pb, Cu, Se, and O.

materials can form neutral oxygen during the field evaporation
process.[>° These neutral atoms or molecules cannot be detected
by the APT detector. Thus, many oxides show a deficiency of oxy-
gen contents in APT measurements. We have proven that the
composition in the grain interior is close to the nominal one by
EDS (Figure 4g; Table S4, Supporting Information). The segre-
gation of Pb to GBs, or to be more specific, to dislocation cores
results from the elastic and electrostatic effect to compensate for
the strain and charge around dislocations and GBs.[”>®l These
Pb-rich features can form Cottrel atmospheres to pin dislocations
and enhance phonon scattering strength at dislocations, as the-
oretically analyzed by Klemens!®’! and experimentally proved by
recent studies.®]

2.4. Mechanism for Dense Dislocations Formation Enabled by
Ultrahigh Pressure
To understand the formation of extremely high-density dislo-

cations in Bi; ;Pb,,,CuSeO ceramics during the UHP sinter-
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ing process, we start by examining the early-stage sintering,
where the particles in the mold were further compressed under
high pressure and high temperature (HPHT) (Figure 6al-2). Ac-
cording to the modified Ashby’s deformation mechanisms map
(Figure 6b), at low-shear stress and low-temperature regimes,
elastic deformation dominates. As the shear stress and temper-
ature increase, diffusional creep as well as dislocation creep can
occur. However, creep is not of main concern under the current
high-pressure high-temperature sintering process, where the
time scale is much shorter than the conventional creep process.
This leads to the activated plastic deformation mechanisms pre-
dominantly occurring at much higher stress and temperature, >’
as indicated in the upper right regime in Figure 6b. This is in
line with our HPHT experimental approach. The study of the
dislocation mechanism on ceramic oxides in recent years!'®®l
suggests that homogeneous dislocation nucleation requires ex-
tremely high shear stress up to several and tens of GPa depending
on the materials and loading conditions, while dislocation multi-
plication and dislocation motion are active at much lower stress
in most ceramics.
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Figure 5. APT characterizations of sample Big g6Pbg g4 CuSeO prepared under 2 GPa. a) 3D distribution of constituting elements depicted by different
color points. b) Pb segregation to the GBs is highlighted by the iso-composition surfaces of 2 at.% Pb and indicated by arrows. c) Top-view of the GB
plane, where Pb-rich networks can be observed within the GB plane. d) Composition profile across the upper GB along the yellow arrow, determining

the accurate content of Pb in the grain and at the GB.

As the starting ceramic powders normally have few disloca-
tions, dislocation nucleation must be activated during the early-
stage sintering. To better illustrate this, a simplified model for
two particles in contact has been shown in Figure 6a3. Consider-
ing that the initial particle size is small (~40 nm in the current
work) (Figure S9, Supporting Information), the maximum shear

32 Closely packed particles

i

al Loosely packed particles

TITTTtiTT =
.

a3

7‘77:[111(1.\‘

A

Particle 1 Particle 2

b 7z,

Normalized shear stress

stress (located inside the particles underneath the contact neck)
induced during the two-particle compression in the normal direc-
tion can easily reach the theoretical shear strength (xG/2x, G is
the shear modulus) to nucleate dislocations even homogeneously
(detailed calculation in Supporting Information; see Figure 6b
for dislocation nucleation regime). The fact is that the surface of

Theoretical shear strength limit

Dislocation nucleation

Elastic regime

Homologous temperature  1/7,,

Figure 6. Mechanism of dislocation formation enabled by ultrahigh-pressure. a1-3) Schematic illustration of the high-density dislocations generated
during the UHP process. b) Deformation mechanism map with additional dislocation mechanisms (dislocation nucleation, dislocation multiplication,

and motion in green color) highlighted.
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Figure 7. Thermoelectric performance and conversion efficiency. Temperature-dependent a) p,,/i[2124252730.3363] and b) 271192124331 for
Big.gPbg.g4 CuSeO prepared under 2 GPa compared to other high-performance BiCuSeO-based ceramics taken from reported literature. c) Simulated
conversion efficiency 7 as a function of electric current | at temperature difference AT of 100-500 K. d) The maximum # at AT of 100-500 K for simulated
single-leg TE module compared with that of advanced single-leg TE modules with different materials taken from previously theoretical and experimental

work.[9:64-74]

the particles is not perfect instead with surface roughness and
terraces, which are favorable sites for dislocation nucleation,®!]
further reducing the stress level required for dislocation nucle-
ation. Once the nucleation barrier is overcome, dislocation glide
as in the deformation mechanism map can be more readily ac-
tivated, accompanied by extensive dislocation multiplication.[']
However, given that the grain boundaries are abundant in the
bulk sample sintered, dislocation motion can be strongly im-
peded due to the limited slip systems in ceramics.!! It is therefore
expected that some dislocations will pile up at the grain bound-
aries, as experimentally confirmed by the HRTEM and APT anal-
ysis (Figure 5; Figure S8, Supporting Information). Apart from
the dominating plastic deformation mediated by dislocations, the
grain boundary sliding,*®! grain rotation (Figure 6a3, facilitated
by GB dislocations as well as dislocations in the grains(®?)), and
dislocation creep (dislocation climb and annihilation) can also
contribute to the plastic deformation and densification.

2.5. zT Value and Energy Conversion Efficiency in
Big o5 Pbg ,CuSeO Ceramics

With the ultrahigh dense dislocations introduced by the
ultrahigh-pressure sintering, the «; reduces significantly
while the electrical transport properties slightly deteriorate
in BijePby,,CuSeO ceramics. To fully evaluate the influ-
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ence of dense dislocations on electron-phonon transport, the
temperature-dependent ratio of weighted mobility to lattice
thermal conductivity (u,/k;) is calculated and compared with
high-performance BiCuSeO-based ceramics prepared without
applying ultrahigh pressurel212425:27:303363] (Figure 7a). The
u,/k; values of Bij . Pbgo,CuSeO ceramics prepared under
2 GPa are evidently higher than others over the whole measured
temperature, which is primarily ascribed to the ultralow «;.
This consequently implies the stronger scattering for phonons
compared to electrons by dislocations, which is beneficial for
the overall thermoelectric properties. Finally, the maximum
2T values of Bij o,Pb, ,,CuSeO increase from 0.72 at 767 K for
the CA sample to 1.69 for the sample prepared under 2 GPa
(Figure S2, Supporting Information). This zT value distinctly
outperforms other BiCuSeO and is even record-high in all
oxide thermoelectrics!!®-21:2-3] (Figure 7b). The corresponding
average zT is calculated to be 0.85 at 374-767 K, comparable
to the highest zT,, in Big ¢, PD o6 Ctly o9 Feg o; S0P (Figure 1).
Additionally, to assess the stability against temperature, the
thermal-cycle test is characterized and demonstrates good re-
peatability and high reliability for Bij,,Pb,o,CuSeO ceramics
prepared under 2 GPa (Figure S10, Supporting Information).
We also estimated the energy conversion efficiency of the best-
performing material by an adiabatic system using the COMSOL
Multiphysics software (details for the simulation are given in the
Experimental Section and Supporting Information). A single-leg
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TE module of Bij 4, Pb ,,CuSeO ceramics prepared under 2 GPa
was designed to simulate the current-dependent efficiency (1) un-
der different temperature differences (AT) (Figure 7c). Benefit-
ting from the high TE performance, a maximum # (T, = 300 K)
as high as #12% at AT of 500 K is realized (Figure 7c). The 1,,,,, is
higher than all the theoretical and experimental results in single-
leg TE modules consisting of various thermoelectric ceramics to
the best of our knowledge. By comparison with theory and exper-
iment, it should be mentioned that each #,,,, value at AT of 100—
500 K obtained in this work is comparable to that of advanced
single-leg TE modules made by classic thermoelectric materials
such as Bi,Te,, PbTe, and GeTel>**74l (Figure 7d). These merits
demonstrate great application prospects in the mid-temperature
range for Bi, o, Pb, ,,CuSeO ceramics prepared by the ultrahigh-
pressure process. It is worth noting that the practical conversion
efficiency of a TE device is smaller than the theoretical maximum
mainly due to the interfacial electrical resistance. Especially for
oxides, the contact resistance between electrodes and the material
could be very high due to the mismatch in work function and mi-
crostructures. The recently developed concepts such as phase di-
agram high throughput calculations!”®! could offer some insights
into the design of better thermoelectric interfacial materials for
oxides.

3. Conclusion

In summary, we achieved extremely high dislocation den-
sity through a unique approach, i.e., ultrahigh-pressure sin-
tering. The dislocation density can reach 9.1 x 10®* m=2 in
Bij 06 Pby 04 CuSeO ceramics prepared under 2 GPa. Meanwhile,
the mechanism of dense dislocation formation enabled by ultra-
high pressure is clarified for a better understanding of disloca-
tions caused by ultrahigh pressure in ceramic materials. Owing
to the dense dislocations, the phonon transport is strongly sup-
pressed, significantly reducing the lattice thermal conductivity to
0.13 Wm~! K~! and motivating an enhancement in the thermo-
electric performance, resulting in a maximum zT of 1.69 at 767 K
in Bij o;Pby 0,CuSeO ceramics prepared under 2 GPa, a record-
breaking figure of merit in ceramic oxides. The improved perfor-
mance renders a maximum # simulated for a single-leg thermo-
electric module that achieves ~12% at AT of 500 K. This work
demonstrates that ultrahigh-pressure sintering is an effective ap-
proach in physics for introducing high-density dislocations, it can
overcome the difficulty of dislocation manipulation in ceramics
and provides a novel strategy to tailor the functional properties of
ceramic oxides.

4. Experimental Section

Synthesis—Sample Powders: High-purity powders of Bi (5N, Aladdin
Ltd.), Cu (4N, Sinopharm Ltd.), Se (4N, Aladdin Ltd.), Pb (5N, Sinopharm
Ltd.), and Bi,O3 (5N, Sinopharm Ltd.) were weighed and mixed accord-
ing to the stoichiometric composition of Bi;,Pb,CuSeO (x =0, 0.02, 0.04,
0.06, and 0.08). The mixtures were sintered at a rate of 2 °C min~" under
an Ar (99.99%) atmosphere using a tubular furnace (MTI 1200X). The raw
materials were heated up to 350 °C for 3 h, then increased to 800 °C for
8 h, and finally furnace cooled to room temperature. The sintered products
were ground and divided into several groups for preparing samples at vari-
ous conditions. The control sample was prepared in a vacuum by a conven-
tional approach (CA) using hot-press sintering at 50 MPa and 510 °C for
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30 min. Other groups of powders were prepared under ultrahigh-pressure
(UHP) of 1-3.5 GPa and 510 °C for 30 min, where such high pressure can
exhaust air around the sample and was similar to a vacuum. At the be-
ginning of the UHP process, the pressure increased rapidly to the target
pressure value and then was held stably, where the pressure was isostatic
and came from six directions of a cubic sample chamber (Figure S11, Sup-
porting Information).

Synthesis—Ultrahigh-Pressure Process: The sample powders were col-
lected and then cold-pressed simply to form a pellet of ¢ 10.5 X 12 mm.
The pellet was assembled into a specific chamber (Figure S11, Sup-
porting Information) in order to be installed in a large-volume cubic
anvil ultrahigh-pressure apparatus (SPD 6x1200), as depicted in Figure
S12 (Supporting Information). To employ the ultrahigh-pressure appara-
tus, the pressure and temperature were loaded to the sample forming
a high-pressure and high-temperature (HPHT) condition with a rate of
7.5MPas~! and 3 °Cs™'. The heating temperature was held at 510 °C un-
der different ultrahigh pressures of 1-3.5 GPa for 30 min, then quenched
and unloaded pressure rapidly. To ensure the accuracy of the experimen-
tal conditions, the loaded pressure was calibrated by the change in resis-
tance of standard substances, and the temperature was measured by a
Pt30 Rh/Pt6 Rh thermocouple junction placed near the sample.

Structural Characterization: Phase structure was identified by X-ray
diffraction (SmartLab SE D/teX Ultra250 diffractometer, Rigaku, Japan)
with Cu Ka (4 = 1.5418 A) radiation in a reflection geometry on a diffrac-
tometer operating at 3 kW. The XRD data was refined by the Rietveld
method, which was operated using the GSAS software package. The trans-
mission electron microscopy equipped with energy dispersive X-ray spec-
troscopy (EDS; JEOL JEM-2200FS, Japan) was used to observe the mi-
crostructure by collecting HRTEM images and to determine the spatially
resolved elemental compositions. Needle-shaped APT specimens were
prepared by the site-specific “lift-out” method, using a dual-beam scan-
ning electron microscope/focused ion beam (Helios NanoLab 650, FEI).
The specimens were measured in a local electrode atom probe (LEAP 5000
XS, Cameca) by applying 10 ps, 7.5 p) UV (wavelength = 355 nm) laser
pulses with a pulse repetition rate of 200 kHz. The detection rate was 5 ions
per 1000 pulses on average (0.5%) and the ion flight path was 100 mm.
The base temperature of the specimen was set at 40 K to minimize the
atom diffusions. The detection efficiency of this microscope was limited
to 80% owing to the open area left between the microchannels on the de-
tector plates. The APT data were processed using the commercial software
package AP Suite 6.3.

Transport Properties Measurements: The final products were cut and
polished into bars with dimensions of 2.5 x 2.5 x 9 mm? and disks of
® 10 mm X 1.5 mm. The bars were measured from 374 to 767 K in a he-
lium atmosphere using thermoelectric equipment (Namicro-3LT, JouleY-
acht, China) to obtain the Seebeck coefficient and electrical conductivity.
The disks were used for the measurement of thermal diffusivity, 4, via a
laser flash instrument (Netzsch LFA467, Germany). The specific heat, C,,
was estimated by the Dulong—Petit limit, Cp = 3nR, where n is the number
of atoms per formula unit and R is the gas constant. The sample density,
D, was determined by the Archimedes’ method. Thus, the total thermal
conductivity, k, was calculated via the equation, k = DC, 4. The electronic
thermal conductivity, k,, was calculated using the Wiedemann—Franz law
k, = oLT, where the Lorenz number, L, was estimated by the single
parabolic band model. The lattice thermal conductivity, k), was determined
by subtracting k, from k. These shaped samples for all the measurements
were cut from the same specimen and orientation.

Stimulation of Single-Leg Thermoelectric Modules:  To evaluate the ap-
plication potential of superior samples prepared in the work, the 3D finite-
element simulations of a single-leg thermoelectric (TE) module were per-
formed by the COMSOL Multiphysics software. A geometrical TE module
was designed in the software interface, as displayed in Figure S14 (Sup-
porting Information), which was assembled with Al,O; substrates, Ag
electrodes, and a superior sample leg. Al,O; substrates with the dimen-
sions (I, x I, x1,) of4.5x3 %1 mm3 were used for electrical insulation and
immobilization, and Ag electrodes with a thickness of 0.06 mm were used
to make a connection between the samples and Al,O; substrates. The
height (H) and cross-sectional area (A) of the superior sample leg were
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15 mm and 4.5 x 3 mm?, respectively, which were adopted from previously
reported single-leg TE modules with oxide thermoelectric materials.[7®]
The physical properties of Al,O; and Ag are given in Table S6 (Support-
ing Information). Herein, the electrical and thermal contact resistances
between these interfaces were not considered in the simulation model.
The measured temperature-dependent TE properties of Big g6 Pbg g4 CuSeO
prepared under 2 GPa were used for simulation, and more detailed simu-
lation processes can be found in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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