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We present a high ZT � 1.4 in textured Bi0.875Ba0.125CuSeO obtained

by a hot-forging process. The carrier mobility along the direction

perpendicular to the pressing direction was significantly increased,

resulting in increase in the electrical conductivity and maximization

of the power factor at 923 K from 6.3 mW cm�1 K�2 for the sample

before hot-forging to 8.1 mWcm�1 K�2 after the hot-forging process.

Therefore, the maximum ZTwas significantly increased from �1.1 to

1.4 through texturing for Bi0.875Ba0.125CuSeO, which is the highest ZT

ever reported among oxygen containing materials.

Thermoelectric materials, capable of converting waste heat into
electrical power, are relevant to sustainable energy generation
and are currently receiving a signicant scientic attention.
The efficiency of thermoelectric devices is determined by the
dimensionless gure of merit (ZT), dened as ZT ¼ (S2s/k)T,
where S, s, k, and T are the Seebeck coefficient, the electrical
conductivity, the thermal conductivity, and the absolute
temperature, respectively. To date, most of the discovered bulk
materials with high ZT values exhibit thermal and chemical
instability in air at elevated temperature,1–8 and contain toxic,

scarce or expensive elements. Nevertheless, oxides could be
potential candidates in the thermoelectric applications on the
basis of their advantages over heavy metallic alloys in chemical
and thermal robustness. Recently, we have reported a prom-
ising thermoelectric system, quaternary oxyselenides BiCuSeO,9

whose high ZT values largely outperform those of other oxides
due to its intrinsically low thermal conductivity.11 It indicates
that the best way to enhance thermoelectric performance ZT is
to increase electrical transport properties. Indeed, the ZT has
been improved by increasing carrier concentration through
optimizing dopants.10 However, the low carrier mobility of
20 cm�2 V�1 s�1 for pristine BiCuSeO limits the improvement of
electrical transport properties. Moreover, the carrier mobility
was deteriorated by carrier–carrier scattering aer heavily
doping, resulting in a moderate power factor. For example, our
extensive studies of the group IIA elements (Mg, Ca, Sr and Ba)
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Broader context

Thermoelectric power generation technology is hopefully expected to relax
global energy problems by harvesting and converting waste heat into
electricity. Thermoelectric oxides, composed of nontoxic, naturally
abundant, light, and cheap elements, are expected to play a vital role in
extensive applications for waste heat recovery in an air atmosphere. The
thermoelectric conversion efficiency is decided by a “goodness factor” of
ZT. We present a high ZT� 1.4 in textured Bi0.875Ba0.125CuSeO prepared by
a hot-forging process. The textured microstructure, with preferred grain
orientation, was observed using X-ray diffraction and scanning electron
microscopy equipped with an electron back-scatter diffraction detector.
Aer the hot-forging process, the carrier mobility along the direction
perpendicular to the pressing direction was signicantly increased,
resulting in an increased electrical conductivity and a maximized power
factor at 923 K from 6.3 mW cm�1 K�2 for the sample before hot-forging to
8.1 mW cm�1 K�2 aer the hot-forging process. Although the corre-
sponding total thermal conductivity was increased aer hot-forging, this
increment was more than compensated by the improved electrical
conductivity. Therefore, themaximum ZTwas signicantly increased from
1.1 for Bi0.875Ba0.125CuSeO to 1.4 for the sample aer three steps of the
hot-forging process, which is the highest ZT ever reported among oxygen
containing materials.
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as dopants9,10 indicate that heavy hole doping is very effective
for ZT enhancement, with a carrier concentration as high as
�1� 1021 cm�3, but it is at the cost of a reduced carrier mobility
down to 1–2 cm�2 V�1 s �1.

Oxyselenides crystallize in a layered crystal structure that is
constituted by conductive (Cu2Se2)

2� layers alternately stacked
with insulating (Bi2O2)

2+ layers along the c axis. Therefore, the
electrical and thermal transport in the BiCuSeO system should
be anisotropic,9,10 and a higher carrier mobility in the a, b plane
(in-plane) than that in the c direction (cross-plane) can be
expected, which could be similar to the anisotropy observed in
Bi2Te3 and CaCoO3 compounds with a layered structure.12 Thus,
a promising way to further enhance ZT would be to take
advantage of this anisotropy, by applying a hot-forging process,
to produce the a, b plane of the grains oriented along a certain
direction through sample deformation under external applied
pressure in order to improve the carrier mobility. Since the
heavily hole doped Bi0.875Ba0.125CuSeO sample exhibits the
highest thermoelectric performance among the BiCuSeO
system with a ZT of 1.1 at 923 K, in this study, it is expected that
a higher ZT for Bi0.875Ba0.125CuSeO could be obtained by addi-
tionally improving the carrier mobility. Finally, a twofold
increased carrier mobility has been obtained by the sample
texturation through a three step hot-forging process, resulting
in a record ZT of �1.4 at 923 K for Bi0.875Ba0.125CuSeO, which is
the highest value ever reported for oxygen containing mate-
rials,11 pointing to a robust candidate for further medium
temperature thermoelectric applications.

Samples were synthesized via a two-step solid state reaction
route, and the obtained bulk materials were ground into
powders followed by several hot forging steps to get textured
microstructures. The experimental details including sample
synthesis, hot-forging process, thermoelectric property
measurements, X-ray diffraction (XRD) phase characterization,
and electron backscattering diffraction (EBSD) characterizations

are given in the ESI.† Fig. 1 shows the XRD patterns of the
sample's section perpendicular to the pressing direction for
textured Bi0.875Ba0.125CuSeO before and aer hot-forging, and
the inset shows the crystal structure of BiCuSeO. The scheme of
the hot-forging process and the typical samples used in this
study can be found in Fig. S1.† In order to express expediently in
the text, the as-synthesized, one-step, two-step and three-step
hot-forged samples with textured microstructures were shortly
named 0T, 1T, 2T and 3T, respectively. Correspondingly, the
textured samples cut perpendicular and parallel to the pressing
direction were named xT-t (radial direction in a cylinder
sample, as shown in Fig. S1†) and xT-k (axial direction in a
cylinder sample, x is the number of hot-forging steps, x¼ 0, 1, 2,
3), respectively. For example, 2T-t is a sample prepared by 2 hot-
forging steps and cut perpendicular to the pressing direction. All
characteristic peaks can be indexed in the ZrSiCuAs structure
type, indicating the formation of single phase Bi0.875Ba0.125Cu-
SeO compounds. The grain orientation experiences a signicant
difference aer the hot-forging process. Indeed, the hot-forged
samples (1T-t, 2T-t, 3T-t) show much stronger diffraction
intensities at (00l) Bragg directions such as (003), (004), (005),
(006), (007), and (008) than the sample before hot-forging (0T).
Typically, the main diffraction peak changes from (102) for the
sample before hot-forging (0T) to (003) for the sample aer two
hot-forging steps. Moreover, the relative intensities of the (00l)
peaks become much stronger with increasing hot-forging steps
(from 0T to 3T), which indicates a better preferential orientation
of the grains with the increasing hot-forging steps. The orien-
tation degree can be estimated by the Lotgering method.12a The
calculated Lotgering factor in this study increases from 0.12
(0T-t) to about 0.82 (3T-t). This observation conrms that the
platelet grains aer hot-forging are preferentially oriented with
their a, b plane perpendicular to the pressing direction.

Fig. 2 shows the microstructures perpendicular to the
pressing direction of Bi0.875Ba0.125CuSeO before and aer hot-
forging using scanning electronmicroscopy (SEM) with an EBSD
detector. Band contrast-, Euler- and (inverse) pole-images
are used to describe the orientation of the textured grains.
Fig. 2(a, e, h, and k) show the band contrast images of 0T-t,
1T-t, 2T-t and 3T-t samples, respectively, where grain size
can be measured, as shown in Fig. 2(b, f, i, and l), correspond-
ingly. During hot-forging, the grains experience a slight growth
trend with a preferential growth along the a, b plane (perpen-
dicular to the hot-forging direction). For all-, X-, Y-, and Z-Euler
images in Fig. 2, S2 and S3 in the ESI†, grains with red, green and
blue colors are oriented along [001], [010] and [110] directions,
respectively. The grain orientation in the 0T-t sample (without
hot-forging) is nearly isotropic (Fig. 2(c and d)), although a slight
preferential orientation along the [001] direction already exists
(more grains with near-red color in Fig. 2(c)), because the
intrinsic layered crystal structure leads to platelet grains that
can be slightly aligned during the uniaxial hot-pressing step. As
hot-forging steps increase, the grains' orientation along the
[001] direction (red grains in the Z-Euler image) is more and
more obvious, especially for the 3T-t sample (all near-red
grains in the Z-Euler image (Fig. 2(m) and S3(d) in the ESI†)),
while there are almost away-red grains in the X/Y-Euler image

Fig. 1 XRD patterns of textured Bi0.875Ba0.125CuSeO; a (00l) preferential orien-
tation can be observed after hot-forging. The crystal structure is also plotted
showing the (Cu2Se2)

2� and (Bi2O2)
2+ layers (inset).
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(Fig. S2(n and o) and S3(b) in the ESI†). The (inverse) pole gures
(Fig. 2(d and n)) clearly reect the fact that the orientation of
grains distributes disorderly before hot-forging (Fig. 2(d) and
S2(d) in the ESI†), but mostly along the [001] direction aer hot-
forging (Fig. 2(n), S2(p) and S3(c and e) in the ESI†).

Fig. 3 shows the temperature dependence of the electrical
transport properties for textured Bi0.875Ba0.125CuSeO samples.
As shown in Fig. 3(a), the samples without hot-forging (0T-t
and 0T-k) exhibit similar electrical conductivity values over the
entire temperature range along directions perpendicular and
parallel to the pressing direction, indicating almost isotropic
electrical transport properties. However, it becomes very
different in the case of textured samples aer hot-forging. It can
be readily seen that the electrical conductivity at room
temperature along the perpendicular direction shows a 55%
increase from 450 S cm�1 to 700 S cm�1 aer three hot-forging
steps (3T-t). In contrast, the electrical conductivity for the
same sample but along the parallel direction signicantly (3T-k)
decreases from 400 S cm�1 to 200 S cm�1 aer three hot-forging
steps. The Hall effect measurements indicate that all the
samples have a similar carrier concentration of �1 � 1021 cm�3

since the same composition of Bi0.85Ba0.15CuSeO is maintained.
Therefore, the present enhancement of the electrical conduc-
tivity is not linked to an increase of the carrier concentration,
but it mainly originates from the improvement of the carrier
mobility. Indeed, Fig. 3(b) shows that the carrier mobility along

the perpendicular direction gradually increases when
increasing hot-forging steps, from 2 cm�2 V�1 s�1 for the
sample without hot-forging (0T-t) to 4 cm�2 V�1 s�1 for the

Fig. 2 EBSD microstructures of textured Bi0.875Ba0125CuSeO: (a), (e), (h) and (k) band contrast images of 0T-t, 1T-t, 2T-t and 3T-t samples, respectively. (b), (f), (i)
and (l) Grain size distribution histograms of 0T-t, 1T-t, 2T-t and 3T-t samples, respectively. (c), (g), (j) and (m) Z-Euler images of 0T-t, 1T-t, 2T-t and 3T-t samples,
respectively. (d) and (n) Inverse pole figures of 0T-t and 3T-t samples.

Fig. 3 Electrical transport properties of textured Bi0.875Ba0.125CuSeO: (a) elec-
trical conductivity. (b) Room temperature carrier mobility of textured
Bi0.875Ba0.125CuSeO; the carrier mobilities of Mg,10e Ca,10c Sr9 and Ba10d doped
BiCuSeO samples with similar carrier concentrations are plotted for comparison.
(c) Seebeck coefficient. (d) Power factor.
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sample aer three hot-forging steps (3T-t). In contrast, the
carrier mobility along the parallel direction shows a decreasing
trend aer hot-forging. Both XRD and EBSD results evidence a
strong texturation in the samples, which indicate that higher
mobility in perpendicular direction is clearly linked to the
preferential orientation. Interestingly, the hot-forging process
has a faint effect on the Seebeck coefficient values, as shown in
Fig. 3(c). The positive Seebeck coefficient indicates a p-type
electrical transport behavior; Seebeck coefficient values range
from +85 mV K�1 at 300 K to +187 mV K�1 at 923 K for textured
Bi0.875Ba0.125CuSeO samples, independent of hot-forging steps
and of the measurement direction. Present results indicate that
the Seebeck coefficient is isotropic, which is consistent with the
constant carrier concentration and with the calculations by Bies
and Radtke showing that the Seebeck coefficient is independent
of the orientation degree.13 The combined enhanced electrical
conductivity and negligible changes of the positive Seebeck
coefficient result in a maximum power factor of �8.1 mW cm�1

K�2 at 923 K in the direction perpendicular to the pressing
direction aer three hot-forging steps (3T-t), Fig. 3(d), which
corresponds to a 28% increase as compared to the value of
6.3 mW cm�1 K�2 at 923 K observed for the sample before hot-
forging (0T-t).

Fig. 4(a) shows the temperature dependence of the total
thermal conductivity ktot for textured Bi0.875Ba0.125CuSeO
samples. ktot is the sum of the electronic (kele) and lattice
thermal conductivity (klat). kele can be calculated through the
Wiedemann–Franz relation, kele ¼ LsT, where L is the Lorenz
number extracted as described previously by tting of the
respective Seebeck values14,15 (heat capacity, thermal diffusivity,
Lorenz number and electronic thermal conductivity kele can be
found in Fig. S4†). ktot perpendicular to the pressing direction
shows an increasing trend with the increase of hot-forging steps
for the textured samples. In contrast, ktot along the pressing

direction shows a decreasing trend with the increase of hot-
forging steps. These opposite trends are also observed in the
lattice thermal conductivity, Fig. 4(b). Similar to the electrical
conductivity, it can be found that the thermal conductivity is
higher in the direction perpendicular to the pressing direction
(in-plane) than that in the parallel one (cross-plane). Here, it
should be noted that both electrical and thermal conductivities
are increased perpendicular to the pressing direction by the hot-
forging process by producing a textured microstructure, which
creates a facile transport path for carriers and phonons.

The evolution of the transport properties with the hot-
forging process could be explained by two different mecha-
nisms. Firstly, BiCuSeO based materials crystallize in a layered
crystal structure, with (Cu2Se2)

2� layers alternately stacked with
(Bi2O2)

2+ layers along the c axis of the tetragonal unit cell.
Regarding the thermal conductivity, this structure should lead
to lower values along the c axis than within the a, b plane due to
the increased interface concentration along the c axis. The same
mechanism should be present for the electrical conductivity.
However, we have shown previously that the electronic band
structure of BiCuSeO exhibits a 3D character,10f with a small
effective mass difference between the c direction and the a, b
plane, which explains the faint variation of the Seebeck coeffi-
cient. Secondly, we have seen that the hot-forging process leads
both to an anisotropic grain growth with a preferential growth
perpendicular to the pressing direction and to an alignment of
the platelet grains. Therefore, the grain boundary concentration
is decreased perpendicular to the pressing direction (leading to
an increase of the electrical conductivity and of the thermal
conductivity) and is increased parallel to the pressing direction
(leading to an increased phonon and electron scattering rate).

It is well known that the increased thermal conductivity
would result in a nal ZT reduction. Therefore, we need to
clarify the ratio of electrical to thermal conductivity as a func-
tion of the number of hot-forging steps to highlight the interest
in these textured microstructures. As shown in Fig. 4(c), the
ratio of the electrical conductivity to the thermal conductivity
perpendicular to the pressing direction increases with the
number of hot-forging steps. In other words, the increase of the
electrical conductivity is larger than that of the thermal
conductivity. In contrast, this ratio decreases with increasing
number of hot-forging steps in the direction parallel to the
pressing direction. This means that a higher ZT along the
perpendicular direction can be hopefully obtained, because
the increased thermal conductivity is more than compensated
by the improved electrical conductivity and since Seebeck
coefficient does not depend on the texturation. By using the
electrical and thermal transport properties, the ZT is calculated
as shown in Fig. 4(d). As expected, the maximum ZT value at
923 K is improved from �1.1 for Bi0.875Ba0.125CuSeO without
texturation to �1.4 in the perpendicular direction aer three
hot-forging steps (3T-t). This is a record ZT value in the
BiCuSeO system, which is also higher than any lead free or
oxygen containing material reported so far11 and is close to the
values observed in most thermoelectric metallic alloys.1,2

In summary, we applied a hot-forging process to produce
textured microstructures with the grains preferentially oriented

Fig. 4 Thermoelectric properties of textured Bi0.875Ba0.125CuSeO: (a) total
thermal conductivity. (b) Lattice thermal conductivity. (c) The ratio of electrical to
thermal conductivity as a function of the number of hot-forging steps. (d)
Figure of merit ZT.
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with the a, b plane perpendicular to the pressing direction. The
texturation results in a two-fold increase in carrier mobility,
thus enhancing the electrical conductivity and maximizing the
power factor and resulting in a record ZT of �1.4 at 923 K for
textured Bi0.875Ba0.125CuSeO aer three hot-forging steps.
Present results point to a robust candidate for medium
temperature thermoelectric applications.
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