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BiCuSeO oxyselenide has been reported as a promising thermoelectric mate-
rial because of its special layered structure. Here, we attempt to synthesize n-
type BiCuSeO using chlorine to substitute the Se site with the modification of
(Cu2Se2)2� layers. Our results indicate that Cl doping can influence the elec-
trical and thermal transport properties of BiCuSeO bulk materials. The sig-
nificant reduction in electrical conductivity (from 40 S cm�1 to 10 S cm�1)
demonstrates that Cl doping can indeed affect (Cu2Se2)2� conducting layers. It
may be desirable to obtain n-type BiCuSeO by heavy doping of Cl or other
elements.
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INTRODUCTION

Energy and the environment are a major concern
worldwide. Thermoelectric (TE) materials are cap-
able of direct conversion of thermal energy to
electrical energy, and are widely used in power
generation, solid-state cooling and thermal sensors,
thus playing an increasingly important role in
sustainable development.1,2 The conversion effi-
ciency for TE materials is depicted by the dimen-
sionless figure of merit ZT, defined as ZT = rS2T/j,
where r, S, j and T are electrical conductivity,
Seebeck coefficient, thermal conductivity and abso-
lute temperature, respectively.3 To enhance ZT, two
approaches can be employed. The first is by increas-
ing rS2, which is also referred to as the power factor
(PF), and the second is by reducing j. The PF can be
enhanced by band gap engineering,4 quantum con-
finement effects5 and electron energy barrier filter-
ing,6 while j cab be reduced through the use of
nanostructures7 and all-scale hierarchical architec-
ture.8 Compared with alloys such as Bi2Te3, PbTe
and PbSe, oxide-based materials have the advan-
tages of earth abundance, low cost and non-toxicity.
In recent years, several types of oxide ceramics have
been widely investigated, including CaMnO3,

9

ZnO10 and SrTiO3.11 However, such materials have

low ZT values, which are not suitable for commer-
cial applications.

In 2010, the layered oxide-based compound,
BiCuSeO, was reported as a promising TE material
for its intrinsically low lattice thermal conductiv-
ity.12 BiCuSeO consists of (Cu2Se2)2� conducting
layers, providing conduction pathways for carriers
stacked with (Bi2O2)2+ insulating layers as a charge
reservoir.13 Although its thermal conductivity is
low, its electrical conductivity is too low to obtain a
high ZT value. Therefore, efforts have been made to
enhance the electrical conductivity, including dop-
ing with Ba,14 Mg,15 Ca,16 Pb,17 and Na18 at the Bi
site, Cu deficiencies,19 and texturing.20 P-type
BiCuSeO materials have been studied for many
years, but n-type BiCuSeO materials are a new
topic. Yang et al.21 used first-principles calculations
to investigate the material’s electronic structure
and transport properties, and found that the ZT
value for n-type BiCuSeO increased considerably
due to its high electrical conductivity and decreased
thermopower. Additionally, few reports have inves-
tigated the TE properties of BiCuSeO systems on
the substitution of Se sites.

Based on the above considerations, we synthesize
the Cl-doped BiCuSeO bulk materials using ball
milling and spark plasma sintering (SPS). Our
results indicate that Cl elements can be doped into
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Se sites, which has an obvious influence on the
electrical and thermal properties.

EXPERIMENTAL

Sample Preparation

Samples with chemical composition BiCu-
Se1�xClxO (x = 0, 0.02, 0.04, 0.06, 0.1) were pre-
pared by a two-step solid-state reaction route. The
experiments began with the mixing of Bi (4N,
Aladdin), Cu (3N, Aladdin), Bi2O3 (3N, Aladdin),
Se (4N, Aladdin), and BiClO (3N, Alfa Aesar)
powders and anhydrous ethanol in a vacuum by
ball milling for 4 h at a speed of 350 rpm. The
obtained powders were cold-pressed under pressure
of 3 MPa into pellets with a diameter of 20 mm, and
sealed into evacuated quartz tubes, after which they
were heated at 573 K for 5 h and annealed at 973 K
for 10 h in a heat treatment furnace. After sinter-
ing, samples were crushed into powders in a
corundum crucible, followed by ball milling for 8 h.
Subsequently, the as-prepared powders were densi-
fied by spark plasma sintering (Sumitomo SPS-
1050T, Japan) for 5 min at 923 K under axial
pressure of 50 MPa.

Characterization

X-ray diffraction (XRD; Bruker D8 ADVANCE
A25, Germany) was applied for the phase analysis of
BiCuSe1�xClxO. The fractured surface morphology

of the samples was characterized by field emission
scanning electron microscopy (FESEM; JEOL JSM-
7001F, Japan). The Seebeck coefficient and electri-
cal conductivity were simultaneously measured
using a ZEM-3 instrument (ULVAC-RIKO, Japan)
from 300 K to 873 K under a helium atmosphere.
Thermal conductivity (j) was measured indirectly
according to the equation j = DCPq, where D is
thermal diffusivity as measured by the LFA 457
MicroFlash (Netzsch, Germany), q is the mass
density of samples determined according to the
Archimedes method, and CP is specific heat capac-
ity, which is typically determined by differential
scanning calorimetry (DSC), but in this work, the
CP data were was obtained using the Dulong–Petit
law. The Hall coefficients were investigated at room
temperature and a magnetic field of 1.5 T, from
which the carrier concentration and mobility of all
samples was able to be determined.

RESULTS AND DISCUSSION

Figure 1a shows the XRD patterns of the bulk
BiCuSe1�xClxO. All patterns of the sintered samples
are consistent with the pure phase of BiCuSeO
indexed to the standard Powder Diffraction File
(PDF) card 45-0296. A minor peak of Bi2O3 was
observed in the pure BiCuSeO, which is common in
this system and has little effect on the electrical
transport properties. Figure 1b shows that the peak
between 55� and 57� has no obvious shift with

Fig. 1. (a) Bulk XRD patterns for BiCuSe1�xClxO. (b) Enlargement patterns between 55� and 57�.
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increasing doping concentration. The radius of Cl�

(0.181 nm) is smaller than that of Se2� (0.198 nm),
in which a slight decrease in the lattice parameter
should be expected. However, the concentration of
holes simultaneously decreases, leading to more
anti-bonding states being occupied in the electronic
structure. Therefore, the Cu–Se distances become
larger, which counterbalances the difference in
radius between Cl and Se.

The microstructures of BiCuSe1�xClxO are pre-
sented in Fig. 2. After the process of densification by
SPS, few pores can be seen in the SEM micrograph,

which indicates the high density of all the samples. As
the doping concentration of Cl increases, the grain
size changes slightly. In Fig. 3, the relative content of
Cl in BiCuSe0.98Cl0.02O and BiCuSe0.9Cl0.1O can be
seen, with the content of Cl increasing from 0.49% to
2.09% and the content of Se decreasing from 19.66%
to 16.06%, which conforms to the doping concentra-
tion of Cl. Therefore, this reveals that not only does
the actual Cl concentration in the samples increase
when the nominal concentration increases, but the
concentrations of Cl and Se change in opposite ways
with the change in the nominal concentration of Cl.

Fig. 2. SEM fractography for BiCuSe1�xClxO: (a) x = 0, (b) x = 0.02, (c) x = 0.04, (d) x = 0.06, (e) x = 0.1.

Thermoelectric Properties of Cl-Doped BiCuSeO Oxyselenides 2595



Figure 4 shows the electrical properties of BiCu-
Se1�xClxO as a function of temperature, where (a)–
(c) are the electrical conductivity, Seebeck coeffi-
cient and power factor, respectively. From Fig. 4a,
we can see that the electrical conductivity of all
samples increases with rising temperature, indicat-
ing an intrinsic semiconductor behavior. The pure
BiCuSeO has the highest electrical conductivity,
reaching 41 S cm�1 at 773 K. As the doping con-
centration increases, the electrical conductivity
clearly decreases, which is because Cl serves as an
electron donor in p-type BiCuSeO in this work.
Table I shows the variation in carrier concentration
and mobility for BiCuSe1�xClxO. The carrier con-
centration for pure BiCuSeO was approximately
5 9 1018 cm�3, whereas with Cl� doped into the
lattice, the carrier concentration is significantly
reduced, indicating that a portion of Se2� was
successfully substituted by Cl�.

From Fig. 4b, we can see that BiCuSe1�xClxO is
still a p-type semiconductor, because of the positive
value of the Seebeck coefficient. The Seebeck coeffi-
cient for all samples is relatively high. For BiCu-
Se0.98Cl0.02O, the value reaches 538 lV k�1 at 423 K.
Such a high Seebeck coefficient is related to the low
carrier concentrations. The PF is calculated by the
equation PF = rS2, and the PF of BiCuSe1�xClxO as a

function of temperature is shown in Fig. 4c. The
variation in PF is very similar to that in Fig. 4a,
illustrating that electrical conductivity plays a deci-
sive role in altering the PF of BiCuSe1�xClxO. The PF
of pure BiCuSeO is 454 lW m�1 K�1 at 823 K, and
the PF of BiCuSe0.98Cl0.02O is reduced to
222 lW m�1 K�1 at 773 K.

Figure 5 shows the total thermal conductivity of
BiCuSe1�xClxO. The thermal conductivity of pure
BiCuSeO is lower than that of most oxide-based
ceramics, due to the weak bonding energy and low
Young’s modulus,16 with thermal conductivity of
0.59 W m�1 K�1 at 873 K. Although the thermal
conductivity rises slightly with increasing doping
concentration, the thermal conductivity for all sam-
ples is around 0.60 W m�1 K�1 at 873 K, and
decreases rapidly as the temperature rises. Using
the Wiedemann–Franz law, the lattice thermal
conductivity of BiCuSe1�xClxO is shown in Fig. 6,
from which we can conclude that the total thermal
conductivity is dominated by lattice thermal con-
ductivity, with little influence of Cl doping.

As Fig. 7 illustrates, the ZT of the Cl-doped
BiCuSeO is not higher than that of pure BiCuSeO
due to low electrical conductivity. The ZT of
BiCuSe0.98Cl0.02O is 0.27 at 823 K, while the ZT of
pure BiCuSeO is 0.65 at 873 K.

Fig. 3. Energy-dispersive spectroscopy (EDS) for BiCuSe1�xClxO: (a) x = 0.02, (b) x = 0.1.
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CONCLUSION

Cl-doped BiCuSeO oxyselenides have been pre-
pared by solid-state reaction combined with SPS.
Due to the relatively low doping concentration of Cl,
the synthesized samples are still p-type semicon-
ductors. The reduction in carrier concentration
revealed by Hall measurements proves that Cl� is
successfully doped into the Se site. Although n-type
BiCuSeO materials were not realized in this work,

Table I. Carrier concentration and mobility of BiCuSe12xClxO

x = 0 x = 0.02 x = 0.04 x = 0.06 x = 0.1

Carrier concentration (cm�3) 4.82 9 1018 1.56 9 1016 8.70 9 1015 1.31 9 1015 4.52 9 1015

Mobility (cm2 V�1 s�1) 7.38 4.79 2.26 19.72 1.99

Fig. 4. Electrical properties of BiCuSe1�xClxO: (a) electrical con-
ductivity, (b) Seebeck coefficient, (c) power factor.

Fig. 5. Thermal conductivity of BiCuSe1�xClxO as a function of
temperature.

Fig. 6. Lattice thermal conductivity of BiCuSe1�xClxO as a function
of temperature. Inset shows carrier thermal conductivity.
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high concentrations of Cl or doping with other
elements may hold promise for exploring n-type
BiCuSeO materials.
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