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ABSTRACT: A significant enhancement of thermoelectric
performance in layered oxyselenides BiCuSeO was achieved.
The electrical conductivity and Seebeck coefficient of
BiCu,_,SeO (x = 0—0.1) indicate that the carriers were
introduced in the (Cu,Se,)>” layer by Cu deficiencies. The
maximum of electrical conductivity is 3 x 10° S m™~ ' for
Bicug g75Seo0 at 650 °C, much larger than 470 S m ! for
pristine BiCuSeO. Featured with very low thermal conduc-
tivity (~0.5 Wm ' K') and a large Seebeck coefficient
(+273 VK "), ZT at 650 °C is significantly increased from
0.50 for pristine BiCuSeO to 0.81 for BiCugg;5SeO
by introducing Cu deficiencies, which makes it a promis-
ing candidate for medium temperature thermoelectric
applications.

Thermoelectric (TE) effects involve direct conversion be-
tween thermal and electrical energy by employing electrons
and holes as energy carriers. Such effects are potential applica-
tions in power generation and electronic cooling.' > The TE
conversion efficiency can be well characterized by the dimen-
sionless figure of merit ZT = S?0T/k, where S, 0, i, and T are the
Seebeck coeflicient, electrical conductivity, thermal conductivity,
and absolute temperature, respectively. Therefore, a high elec-
trical conductivity, large Seebeck coefficient, and low thermal
conductivity are necessary for practical development of TE mate-
rials and related devices. Many alloys and oxides have been devel-
oped as TE materials. Yet, although many promising oxide-based
systems, such as Ca3Co40g-based (ZT ~ 0.2 at 800 °C),**
NaCo,04-based (ZT ~ 1 at 527 °C, single crystals),é’7 SrTiO3-
based (ZT A 0.36 at 1000 °C),® and In,O;-based (ZT ~ 0.45 at
1000 °C)*" have been widely investigated over the past decades,
their ZT values still remain low, which limits the applications of
TE oxides. The low performance in oxides can be ascribed to the
moderate electrical conductivity (~100—200 S+cm ') and high
thermal conductivity (~3—10 W-m ™~ "-K ).

Recently, layered oxyselenides LnCuChO (Ln: La, Ce, Nd, Pr,
Bi, and In; Ch: S, Se, and Te)"' ~'® have been found to exhibit
intriguing electrical transport properties. In analogy with high
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Figure 1. Crystal structure of BiCuSeO with ZrSiCuAs-type tetragonal
structure (P4/nmm space group).

temperature superconductors, the exotic transport behaviors
are grounded in the unique layered structure.'” For example,
BiCuSeO is composed by alternately stacking the insulating oxide
(Bi,0,)" layer acting as charge reservoir and the conductive
selenide (Cu,Se,)>” layer constituting a conduction pathway for
carrier transport, which is quite similar to other layered systems
like Co-based oxides or iron-based superconductors.”>”** Pristine
BiCuSeO exhibits a low electrical conductivity (e.g.,, ~400 Sm' "~
at 50 °C);** however, a very recent report indicated that
BiCuSeO based compounds with a band gap of 0.80 eV showed
an excellent charge transport behavior due to the introduction of
hole carriers by replacing Bi** with Sr** in the insulating
(Bi,0,)*" layer, resulting in a high ZT, ie., ZT = 0.76.* Thus,
an interesting issue arises: can the TE performance of BiCuSeO
also be enhanced by directly introducing holes into the con-
ductive selenide (Cu,Se,)” ™ layers?

Here, we report a successful route to achieve high TE per-
formance by introducing Cu deficiencies in the (Cu,Se,)” layers.
With highly improved electrical conductivity but maintaining a
relatively high Seebeck coefficient and low thermal conductivity,
high TE performance is achieved with ZT up to 0.81 at 650 °C,
which is nearly two times larger than that of the pristine BiCuSeO.
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Figure 2. (a) XRD patterns for BiCu,_,SeO. (b) Rietveld refinement of
BiCug,9755¢0, and (c) TEM of BiCug.g75SeO.

As shown in Figure 1, the structure of BiCuSeO is composed
of alternating PbO-like (Bi,0,)*" and anti-PbO-like (Cu,Se,)*~
layers stacked perpendicular to [0 0 1]. These layers are built
from edge-sharing [OBi4] and tetrahedral [ CuSe4], respectively.

The experimental details can be found as Supporting Informa-
tion. By introducing Cu deficiencies, series BiCu;_,SeO samples
were prepared using a two-step solid state reaction route as
described in the following reaction equation:

Bi + (3—3x)Cu + 3Se + Bi,O; = 3BiCu;_,SeO (1)

All the peaks can be indexed as a major phase BiCuSeO
(PDF#45-0296) except a minor Bi,O3 impurity phase (see, for
example, at 26 = 28° and 260 = 33°) as the Cu deficiency level
increases to 0.10, as shown in Figure 2a. The results indicate that
a Cu deficiency of = 0.1 cannot be guaranteed due to the instabil-
ity of Bi and Se rich phases. The relative densities of these samples
range from 99.2% to 97.4%. Figure 2b shows the Rietveld refine-
ment of BiCug 975SeO. The agreement between the experimental
data (red circle) and the calculations (black line) is good, and the
R,, (weighted residual error, blue line) factor is about 5.4%;
the other typical R values for all refinements are R, ~ 4.1% and
Rpragg ~ 1.8%. Rietveld refinement illustrates that lattice param-
eters (a and c) decrease with increasing Cu deficiencies (Figure S1),
and Hall coeflicients measurements observed that carrier con-
centration is increased with increasing deficiencies, which in-
dicate that Cu deficiencies are artificially introduced. The TEM
micrograph (Figure 2c) for the BiCugg75SeO bulk sample pre-
pared illustrates an ~1 ym grain size, and the distance of the
lattice in HRTEM is consistent with the ¢ lattice parameter. It is
noted that XRD patterns (Rietveld refinement) both perpendi-
cular and parallel to the spark plasma sintering (SPS) pressing
direction do not evidence any obvious preferential orientation of
the crystalline particles. Therefore, the TE transport properties
for BiCu;_,SeO polycrystals prepared by SPS with ball milling
powders can be assumed as isotropic.
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Figure 3. Temperature dependence of (a) electrical conductivity,
(b) Seebeck coefficient, and (c) power factor of BiCu, _,SeO ceramics.

The temperature dependence of the electrical conductivity
for the BiCu;_,SeO samples is shown in Figure 3a. Pristine
BiCuSeO exhibits low electrical conductivity values over the entire
measuring temperature range. By contrast, the samples with a
Cu deficiency (x < 0.1) show a significantly enhanced electrical
conductivity. For example, the electrical conductivity of
BiCugo755eOis 5.3 X 10> Sm™ ' at 650 °C, 1 order of magnitude
higher than 470 Sm ™' of pristine BiCuSeO. As the Cu deficiency
exceeds 0.1, the BiCuyg 9oSeO sample shows the lowest electrical
conductivity, which results from the drop in carrier mobility
(Table S1) that may be related to the presence of Bi,O5 impurity
phases as identified in the XRD patterns. The enhanced electrical
conductivity of BiCu; _,SeO with x < 0.1 can be attributed to the
hole carriers, which are induced by introducing Cu deficiencies in
the charge conductive selenide (Cu,Se,)*” layers; this can be
explained by a defect equation as follows:

2BiCu1 .80 = (Bi0,)"" + (CuyyySen)® "
+ aVg, + 2xh* (2)

where V¢, is the Cu vacancy, and /" the produced holes. This
means that the hole concentration can be increased by introdu-
cing acceptor Cu deficiencies. (Table S1).

The Cu deficiencies also have a significant effect on the
Seebeck coeflicients, as shown in Figure 3 b. The positive See-
beck coefficients indicate a p-type electrical transport behavior.
The Seebeck coefficient for BiCuSeO is large, e.g,, +353 uV K!
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Figure 4. Temperature dependence of (a) thermal conductivity and (b)
ZT of BiCu, _,SeO samples. The inset in (b) shows the normalized TE
properties of BiCu;_,SeO samples at 650 °C as a function of x.

at 50 °C and +386 1V K" at 650 °C. Larger Seebeck coefficients
could be related to its layered crystal structure, with insulating
(Bi,0,)*" layers and conductive (Cu,Se,)*™ layers alternately
forming a natural superlattice, with a two-dimensional confine-
ment of the charge carriers. Here, the natural layered structure of
(Bi,0,)*/(Cu,Se,)* /(Bi,0,)*" is very similar to SrTiOs/
SrTipgNbg,03/SrTiOs3, which is typically composed of artificial
layers of 1nsu1at1ng/ conductlve/ insulating, which exhibits a huge
Seebeck coefficient.”® Hosono and his co-workers performed a
detailed calculation for DOS of BiCuSeO and revealed that a
large Seebeck coefficient can be achieved in a p-type BiCuSeO."*
Upon the formation of Cu deficiencies, the Seebeck coefficients
decrease due to the increased hole concentration but is still
maintained at +165 to +323 4V K~ ' over the entire measuring
temperature range. Similar behavior was also observed in
LaCuSeO by Masuda et al.** The enhanced electrical conductivity
and positive temperature dependent Seebeck coefficient cause all
the power factors (PF = $’0) to peak at high temperature
(2.36—4.10 uW cm™ ' K2 at 650 °C), as shown in Figure 3 c.
Figure 4a shows the thermal conductivity values for
BiCu; ,SeO. The thermal conductivity of pristine BiCuSeO de-
creases with increasing temperature, from ~0.70 W m 'K 'at
20 °C to ~0.40 W m~ ' K™' at 650 °C. Normally, the total
thermal conductmty is the sum of the electronic and lattice
contributions.**** At room temperature, considering the Wie-
demann—Franz law, the electronic contribution to the total
thermal conductivity is estimated to be less than 0.35% for the
pristine BiCuSeO sample and it increases only 5.40% at 650 °C.
We also calculated the Lorenz number by derivation from the
Fermi energy with a simple assumption of a single band gap
model and acoustic phonon scattering. Our results reveal that the
lattice thermal conductivities using both the calculated Lorenz
number and the present constant (1.5 x 10 W Q K~ ?) show a
similar change trend with increasing Cu deficiencies (Figure S4b—c).
The results indicate that the phonon contribution is predominant.
The low thermal conductivity of BiCu;_,SeO may originate

from the layered structure since phonons can be scattered at the
layers' interfaces,””> from the weak bonding between layers,*"*>
from the presence of low-phonon-conductive heavy elements,*?
or from some other reasons. This is an open issue and needs
further clarification. At x = 0.1 the thermal conductivity of the
BiCug90SeO sample is lower than that of the BiCugg,5SeO
sample, which could be due to phonon scattering by the Bi,O;
impurity phase in the BiCugoSeO.

By using the electrical and thermal transport properties, the
dimensionless figure of merit (ZT) is calculated as shown in
Figure 4b. ZT increases with temperature, with the maximum ZT
value at 650 °C being ~0.81 for the BiCuyg g;5SeO sample. This
ZT of0.81 is the highest value reported for bulk oxides so far. The
comparison shown in the inset of Figure 4b (TE properties of
pristine BiCuSeO were marked by the subscript symbol 0) demon-
strates that the present obtained high ZT is due mainly to impro-
ved electrical conductivity. The present work indicates that the
TE properties of BiCuSeO can be remarkably improved by Cu
deficiencies in the conductive selenide (Cu,Se,)>” layers.

In summary, the electrical transport properties of p-type
BiCu;_,SeO (x = 0—0.1) were enhanced by 1ntr0duc1ng Cu
deficiencies in the conductive selenide (Cu,Se,)>~ layers. A low
thermal conductivity and large power factor were achieved, result-
ing in a high ZT of 0.81 at 650 °C in BiCug ¢75SeO, which makes
it a very promising candidate for thermoelectric applications.
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