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Optimizing the thermoelectric transport
properties of BiCuSeO via doping with
the rare-earth variable-valence element Yb

Huijun Kang,*a Jinling Li,a Yinqiao Liu,b Enyu Guo,a Zongning Chen,a Daquan Liu,a

Guohua Fan,c Yuwei Zhang,a Xue Jiang *b and Tongmin Wang *a

Herein, we propose for the first time a novel recipe to improve the thermoelectric properties

of BiCuSeO by doping with variable valence elements. Taking Yb-doped BiCuSeO as a typical

example, the dimensionless figure of merit (ZT) is optimized by simultaneously doping with Yb2+ to

increase the carrier concentration and by introducing Yb3+ to increase the carrier mobility. The

mechanisms of valence fluctuation, the increase in carrier concentration and the increase in mobility are

investigated by combining experimental results with first-principles calculations. By coupling high

electronic conductivity, medium Seebeck coefficient, and low thermal conductivity, a maximum ZT

value of 0.62 is achieved at 823 K for Bi0.7Yb0.3CuSeO, which is 1.55 times higher than that of pristine

BiCuSeO. These findings undoubtedly provide a new strategy for the rational design of high-ZT

thermoelectric materials.

Introduction

Thermoelectric (TE) materials, which can convert heat into
electricity and vice versa, have attracted increasing attention
for their potential applications in power generation and solid-
state refrigeration. The conversion efficiency of TE materials
can be determined by the dimensionless figure of merit
ZT = (S2s/k)� T, where S, s, k, and T are the Seebeck coefficient,
electrical conductivity, thermal conductivity and absolute
temperature, respectively.1,2 An effective recipe to enhance
ZT is to increase the power factor (S2s) while maintaining a
low thermal conductivity (k). Recently, many researchers have
dedicated their efforts to discovering new TE materials with
beneficial transport correlations for both charge carriers and
phonons.3–5 Among all TE materials, oxide TE materials play a
key role in large-scale applications due to their excellent
thermal and chemical stability.6 Typical TE oxides include
BiCuSeO,7 Ca3Co4O9,8 NaxCoO2,9 CaMnO3,10 SrTiO3,11 ZnO,12

In2O3,13 and so on. Among the TE oxides, layered compounds,
such as BiCuSeO, Ca3Co4O9, and NaxCoO2, exhibit relatively
better TE properties than TE materials with simple monolithic
crystal structures.

The layered oxyselenide BiCuSeO is one of the most promising
TE materials due to its intrinsic low thermal conductivity and
relatively high ZT.14,15 The natural superlattice structure, the
heavy constituting elements and the weak bonding between the
layers can effectively enhance phonon scattering.7,16,17 However,
the low electrical conductivity of BiCuSeO, originating from the
low carrier concentration and mobility, causes a low power factor
that limits the ZT value.

It has been widely demonstrated that doping is a powerful
approach to tune the carrier concentration and mobility of
BiCuSeO systems, especially at the Bi sites. Several studies have
been undertaken to screen monovalent and divalent metal
ions such as Sr2+, Ca2+, Ba2+, and so on for suitable dopants
to improve the carrier concentration of BiCuSeO.7,17–23 Until
now, the highest carrier concentration of BiCuSeO doped with
monovalent or divalent metal ions can reach 1.5 � 1021 cm�3,
which is much higher than that of pristine BiCuSeO by three
orders of magnitude (1.1 � 1018 cm�3). However, the highest
ZT value was only enhanced from 0.41 to 1.1 at 923 K in
Ba-doped BiCuSeO18 because alkali/alkaline-earth metal doping
decreases the carrier mobility through ionized impurity scattering.
For example, the hole mobility of BiCuSeO decreases from
22 cm2 V�1 s�1 to 2.1 cm2 V�1 s�1 after doping of 12.5% Ba into
the Bi sublattice sites.18
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Moreover, changes in the electronic structure upon doping
also affect the carrier mobility of BiCuSeO systems. BiCuSeO
is a narrow-band gap semiconductor (B0.8 eV), with a combi-
nation of heavy and light bands near the valence band max-
imum. Decreases in both band gap and the relative energy of
the heavy and light bands, which can be generally realized by
replacing Bi sites with isoelectronic La3+ and Sb3+, can lead to
changes in the carrier mobility of BiCuSeO-based materials.
Upon doping with La3+ ions, the energy gap between the light
and heavy bands is reduced, increasing the carrier mobility
from 2 cm2 V�1 s�1 to 37 cm2 V�1 s�1.24 The band gap also
decreases with increasing Sb3+ doping fraction, from 0.478 eV
for BiCuSeO to 0.329 eV for Bi0.92Sb0.08CuSeO. The corresponding
carrier mobility slightly decreases from 3.13 cm2 V�1 s�1 to
1.27 cm2 V�1 s�1.25 As a result, a maximum ZT value of 0.74 is
achieved for Bi0.92La0.08CuSeO at 923 K. However, compared to
monovalent and divalent metal doping, isoelectronic substitution
is not beneficial to the enhancement of carrier concentration.
This approach retains and even reduces the carrier concentration
to the order of B1018 cm�3 in Bi1�xLaxCuSeO and Bi1�xSbxCuSeO
systems.

The outcomes of the engineered doping of BiCuSeO motivated
us to design a new approach to achieve a good balance between
carrier concentration and mobility. Herein, we propose for the
first time a variable valence metal-doping strategy to enhance the
TE performance of BiCuSeO. The coexistence of Yb2+ and Yb3+

ions in Bi1�xYbxCuSeO is demonstrated by both experimental
X-ray photoelectron spectroscopy (XPS) and electronic structure
calculations. Moreover, we show that the substitution of Bi3+ by
Yb2+ results in an increase in the carrier concentration from
1.15 � 1018 cm�3 in pristine BiCuSeO to 3.60 � 1020 cm�3 in
the doped Bi0.7Yb0.3CuSeO at 300 K. In addition, the carrier
mobility significantly increases upon isoelectronic substitution
of Bi3+ by Yb3+. The introduced holes and the shift in the Fermi
level by Yb doping are responsible for the enhancement of the
carrier concentration and mobility. The dopant Yb ions combine
the advantage of divalent doping and trivalent substitution to
generate extremely good outcomes. A maximum ZT value of
B0.62 is achieved for BiCuSeO with Yb2+–Yb3+ co-doping pairs
(Bi0.7Yb0.3CuSeO) at 873 K, which is 1.55 times higher than that of
pristine BiCuSeO (B0.39 at 873 K). Our first successful attempt
to introduce variable-valence elements in BiCuSeO systems
undoubtedly provides a new strategy for the rational design of
high-ZT TE materials.

Experimental section

Samples with the chemical composition of Bi1�xYbxCuSeO
(0 r x r 0.30) were synthesized by a two-step solid-state
reaction. After weighing Bi (Aladdin, 99.99%), Bi2O3 (Aladdin,
99.99%), Cu2O (Aladdin, 99.9%), Se (Aladdin, 99.99%), and
Yb2O3 (Aladdin, 99.99%) powders, they were hand-mixed and
cold-pressed to pellets of + 13 mm, which were then heated at
573 K for 12 h and 973 K for 24 h in an evacuated quartz tube.
The obtained bulk materials were crushed into nano-scale

powders by planetary high-energy ball milling at 900 rpm for
12 h with tungsten carbide cans and balls (Pulverisette 4,
FRITSCH, Germany). Finally, the as-prepared powders were
finally hot-pressed into columnar samples of + 13 mm �
20 mm at 953 K for 40 min under an axial compressive stress
of 50 MPa in vacuum. The above operations including the
weighing of raw materials, cold pressing and ball milling were
carried out in air.

The phase composition was identified by X-ray diffraction
(XRD, Empyrean, PANalytical, Netherlands) using Co-Ka
radiation at a scanning rate of 61 min�1. The microstructure
of the samples was characterized by field emission scanning
electron microscopy (FESEM, SUPARR 55, Carl Zeiss, Germany),
and the elemental distribution of the samples was determined
by high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM, Talos F200x). The valence states of
ytterbium were identified by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi). The obtained hot-pressed pellets were
cut into bars with dimensions of about 3 mm � 3 mm �
12 mm that were used for simultaneous measurement of
the Seebeck coefficient and the electrical conductivity using a
commercial Seebeck coefficient/conductivity test system (LSR-3,
Linseis, Germany). The Hall coefficient (RH) was measured at
300 K using the van der Pauw technique under a reversible
magnetic field of 1.5 T. The carrier concentration (n) was
calculated from the equation nH = 1/(e � RH), where e is the
electronic charge. The carrier mobility (m) was calculated from
the equation m = s � RH, where s is the electrical conductivity.
The thermal conductivity was calculated based on k = D � r � Cp,
where D is the thermal diffusion coefficient, Cp is the specific heat
capacity, and r is the density of the sample. The thermal diffusivity
of a disk-shaped sample with dimensions of + 12.7 mm �
1 mm was measured by the laser flash diffusivity method
(LFA457, Netzsch, Germany). The specific heat capacity of
Cp = 0.245 J g�1 K�1 was calculated by using the Dulong–Petit
formula: Cp = 3R/M, where R is the universal gas constant
(8.3 J mol�1 K�1) and M is the average atomic mass. The density
of the samples was obtained by the Archimedes method.
The electrical and thermal transport properties were measured
along the same direction. The uncertainty of the Seebeck
coefficient, electrical conductivity, and thermal conductivity
was estimated to be 5%, 10%, and 7%, respectively.

First-principles density functional theory (DFT) calculations26

were performed to investigate the effects of valence fluctuations
on the BiCuSeO system using the Perdew–Burke–Ernzerhof (PBE)
generalized gradient approximation,27 as implemented in the
Vienna Ab initio Simulation Package (VASP) code.28,29 A k-point
grid of 2p � 0.04 Å�1 spacing was used for the Brillouin zone
integrations, and the plane-wave cutoff energy was set to 500 eV.
The DFT + U method was used to account for the insufficient
localization of d electrons to some extent.30 The parameters U of
Cu and Yb (U = 4 and U = 6, respectively) were obtained from the
literature.31–33 The electronic structure of Bi1�xYbxCuSeO was
calculated using a 4 � 3 � 2 supercell with Yb atom substitution.
For example, doping of one Yb atom in Bi48YbxCu48�xSe48O48

corresponds to a dopant concentration of 0.0208.
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Results and discussion

Fig. 1(a) shows the XRD patterns of bulk samples of
Bi1�xYbxCuSeO. All the diffraction peaks of Bi1�xYbxCuSeO
(x = 0, 0.04, 0.06, 0.08, 0.10, 0.15) samples match the standard
characteristic peaks of BiCuSeO (PDF #82-0464) within the
detection limit of the machine. A small amount of Yb2O3 phase
was detected for Bi1�xYbxCuSeO with x = 0.15 and 0.30. Fig. 1(b)
presents a magnification of the peaks in Fig. 1(a). The XRD
peaks do not visibly shift with the increase in Yb content, which
may be attributed to the similar ionic radii of Yb2+ (0.093 nm),
Yb3+ (0.086 nm) and Bi3+ (0.096 nm). Generally, dopants with
similar ionic radii do not disturb the crystalline structure.34

The TEM image and elemental mapping of Bi0.7Yb0.3CuSeO
are shown in Fig. 1(c). The distribution of Bi, Cu, Se and Yb
elements is mostly homogeneous throughout the entire field,

indicating that Yb has been successfully incorporated into the
BiCuSeO lattice by the preparation technique used in this
study. However, even after hot-pressed sintering, Yb-rich and
O-rich precipitates (Yb2O3) smaller than 50 nm were also
observed owing to the solid solubility limit of Yb in the
BiCuSeO matrix. The present results indicate that Yb has been
introduced into BiCuSeO, leading to the formation of
Bi1�xYbxCuSeO compounds with a solubility limit between
0.10 and 0.15. As shown in Table 1, all the doped samples
display high densities of more than 91%.

Fig. 2(a)–(c) exhibit the typical fractographs of Bi1�xYbxCuSeO
(x = 0, 0.04, 0.30). A layered structure can be observed in Fig. 2(a).
Obviously, the grain size of the samples is refined upon Yb doping
and gradually decreases with increasing Yb content, from
0.5–1 mm for the pristine sample to 10–400 nm with 30% Yb
doping. The TEM micrograph in Fig. 2d shows a mixture of
nano-polycrystals with random orientations. The inserted SAED
patterns and the lattice spacing in Fig. 2(e) confirm the synthesis
of Bi0.7Yb0.3CuSeO, which is consistent with the XRD results in
Fig. 1(a). In addition, the grain boundaries seen in Fig. 2f and the
high density of edge dislocations indicated by a red T in Fig. 2(g)
are observed in the Bi0.7Yb0.3CuSeO sample and can strengthen
the scattering of phonons. It can be concluded that Yb doping can
effectively suppress grain growth and promote the formation of
nano-crystalline boundaries, resulting in low thermal conductivity.
Detailed discussions can be found in the following sections.

Fig. 3(a) shows the room-temperature carrier concentration
(n) and carrier mobility (m) of Bi1�xYbxCuSeO (0 r x r 0.30)
samples. Generally, pristine BiCuSeO exhibits the lowest carrier
concentration and mobility compared to Yb-doped samples.
By contrast, the Bi0.96Yb0.04CuSeO sample shows a higher
carrier concentration of 7.26 � 1019 cm�3, which is much
higher than that of pristine BiCuSeO (1.15 � 1018 cm�3). When
the Yb-doping fraction exceeds 10%, the carrier concentration
significantly increases to B1020 cm�3 for Bi0.85Yb0.15CuSeO and
Bi0.7Yb0.3CuSeO, which is two orders of magnitude higher than
that of pristine BiCuSeO. Moreover, the carrier mobility is
also sensitive to the Yb-doping content and increases from
0.1 cm2 V�1 s�1 for pristine BiCuSeO to 1.05 cm2 V�1 s�1 for
Bi0.96Yb0.04CuSeO, and is further enhanced to 2.7 cm2 V�1 s�1

for Bi0.9Yb0.1CuSeO. All these results suggest that Yb doping
can simultaneously enhance the carrier concentration and
mobility. Yb is superior to other doping elements24,25 and its
use can lead to improved electrical transport properties and
optimized power factors (PF).

However, it is pointed out that the effect of Yb doping on
both the carrier concentration and mobility of BiCuSeO is
different from that of previous studied dopants in three
aspects: (1) the carrier concentration of Bi1�xYbxCuSeO is lower

Fig. 1 (a) XRD patterns of bulk samples of Bi1�xYbxCuSeO (x = 0, 0.04,
0.06, 0.08, 0.10, 0.15, 0.30) with 2y of (a) 20–901 and (b) 32–401; (c) TEM
image and elemental distribution determined by HAADF-STEM for the
Bi0.7Yb0.3CuSeO sample.

Table 1 Density of bulk samples of Bi1�xYbxCuSeO

Bi1�xYbxCuSeO x = 0 x = 0.04 x = 0.06 x = 0.08 x = 0.10 x = 0.15 x = 0.30

Density 7.55 8.49 8.49 8.33 8.11 8.45 8.54
Relative density (%) 84.8 95.36 95.36 93.56 91.09 94.91 95.92
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than that of reported BiCuSeO systems doped with similar
doping contents of monovalent and divalent elements. For
instance, the carrier concentration of Ca2+ doped17 and Ba2+

doped18 BiCuSeO is B1021 cm�3, while the carrier concen-
tration of Bi1�xYbxCuSeO is only B1020 cm�3; (2) the carrier
concentration of BiCuSeO systems doped with monovalent or
divalent elements increases monotonically with the doping
fraction, while the change in the carrier concentration of
Yb-doped BiCuSeO is nonlinear; (3) the ionized impurity scat-
tering mechanism cannot explain the carrier variation in
Bi1�xYbxCuSeO systems, i.e., the carrier mobility increases with
the increase in net carrier concentration. The variations in the
carrier mobility and concentration clearly indicate that the Yb

dopants in Bi1�xYbxCuSeO systems play multiple roles in the
modification of the TE performance.

One of the effects caused by Yb doping is the modification
of the band structure. Fig. 3(b) shows the band gap of
Bi1�xYbxCuSeO samples obtained by first-principles calculations.
A few salient observations can be made. First, the band gap
slightly decreases (from 0.546 eV to 0.501 eV) with increasing
Yb-doping content (from x = 0 to 0.04) in Bi1�xYbxCuSeO, which is
consistent with previous experimental measurements of La-doped
BiCuSeO.24 A decrease in the band gap promotes the jumping
of electrons, thus increasing the carrier concentration of hole
carriers.35 This behavior is consistent with the variation in carrier
concentration with increasing Yb-doping content, as displayed in

Fig. 2 SEM images of the freshly broken surface of Bi1�xYbxCuSeO samples: (a) x = 0, (b) x = 0.04, (c) x = 0.30. Microstructural characterization of the
nanostructured Bi0.7Yb0.3CuSeO sample: (d) TEM image and SAED patterns (inset); (e) high resolution TEM (HRTEM) images showing good crystallization;
(f) HRTEM images of grain boundaries; (g) corresponding inverse Fast Fourier Transformation (FFT) image showing high-density dislocations (red T).

Fig. 3 (a) Carrier concentration and mobility of Bi1�xYbxCuSeO samples at 300 K, (b) calculated band gaps of Bi1�xYbxCuSeO samples.
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Fig. 3(a). With the further increase in Yb-doping content, the band
gap increases from 0.501 eV to 0.689 eV, leading to a slight
decrease in the carrier concentration (Fig. 3(a)). In addition to
increasing the band gap, the introduction of Yb dopant offsets the
bands and shifts the Fermi level, which further affects the carrier
concentration and mobility. Fig. 4 shows that BiCuSeO is a
multiband semiconductor. The bottom of the conduction band
mainly consists of Bi states, while the top of the valence band
mainly consists of Cu and Se states. Yb doping in BiCuSeO causes
the Fermi level to shift downward towards the valence band,
which corresponds to a p-doping effect and significantly increases
the carrier concentration. Moreover, the Fermi level shift is also
accompanied by a change in the position of the light band, as
seen in Fig. 5. As the Yb content increases, the light band tends to
move towards the Fermi level, which is beneficial to the transport
of carriers due to the decrease in the effective mass at the Fermi
level. These results are similar to the observations made upon La
substitution.24 Therefore, the carrier mobility can be increased by
increasing the Yb-doping content.

The difference in the variation of the carrier mobility and
concentration arises from the valence fluctuation effect (+2 and
+3) of the rare-earth element Yb,36 which is supported by both
our experimental and theoretical results. XPS was performed to
identify the electronic states of the obtained Bi0.9Yb0.1CuSeO
sample, as shown in Fig. 6(b). The fitted spectrum marked with
a dashed line exhibits signals at 181.4 eV (4d5/2) indicative
of Yb2+, and at 185.1 eV (4d3/2) corresponding to Yb3+, as shown
in Fig. 6(b).36–38 Moreover, the first principles calculations
revealed that the multiple oxidation states of Yb ions are closely
related to their coordination number. The Yb2+ ions may not be
in a perfect four-fold coordination state, as Bi3+ is. The absence
of oxygen may be an essential factor for the low valence (+2) of

the Yb dopant in the Bi1�xYbxCuSeO systems. Mulliken popula-
tion analysis further supports this discussion. In the pristine
BiCuSeO phase, the on-site charge on every Yb atom is about
0.70 e, which decreases to 0.32 e when the oxygen vacancies are
taken into account.

In addition, the ratio of Yb2+ to Yb3+ in Bi1�xYbxCuSeO
samples is mainly responsible for the variation in the carrier
mobility and concentration. A high number of Yb2+ ions
can enhance the carrier concentration but reduce the carrier
mobility. As mentioned above, the carrier concentration
increases from 4.38 � 1018 cm�3 to 3.63 � 1020 cm�3 with only
a slight increase in Yb content from x = 0.10 to 0.15. Such a
sharp increase could be attributed to a higher fraction of
Yb2+. The substitution of Bi3+ by Yb2+ introduces holes, and
thus increases the carrier concentration in Bi1�xYbxCuSeO
samples. Therefore, the carrier mobility and concentration of
Bi1�xYbxCuSeO samples can be tailored by the Yb-doping
fraction, the Yb2+/Yb3+ ratio, and the detailed band structures,
which may offset each other to some extent. The enhancement
of both carrier concentration and mobility clearly indicates
that Yb2+–Yb3+ pairs are an effective dopant for BiCuSeO TE
materials.

Fig. 7(a) shows the temperature dependence of the electrical
conductivity (s) of Bi1�xYbxCuSeO samples. All samples exhibit
a semiconductor behavior and the electrical conductivity
increases with temperature. The electrical conductivity is
significantly enhanced by a small amount of Yb doping, from
B12 S cm�1 (BiCuSeO) to B30 S cm�1 (Bi0.92Yb0.0.08CuSeO),
and further increases to B57 S cm�1 at 873 K with heavy Yb
doping (Bi0.7Yb0.3CuSeO). As the electrical conductivity (s)
can be expressed as s = n � e � m, where e is the unit charge,
n is the carrier concentration and m is the carrier mobility,

Fig. 4 Electronic density of states (DOS) with Yb-doping fractions of (a) x = 0, (b) x = 0.04, (c) x = 0.15, and (d) x = 0.30.
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the competitive and synergetic effects of the carrier concentration
and carrier mobility are responsible for such variations in the
electrical conductivity, which have already been discussed in this
work. However, the electrical conductivity of Yb-doped samples
is relatively low in comparison with that of alkaline-earth
metal substituted systems (480 S cm�1 for Bi0.85Sr0.15CuSeO) for
a similar substitution level.7 An inappropriate Yb2+/Yb3+ ratio
may limit the increase in electrical conductivity. Moreover, it is
generally thought that reducing the grain size and introducing
high-density dislocations may decrease the electrical conductivity
because the carrier scattering is enhanced.16

Fig. 7(b) shows the Seebeck coefficient (S) of Bi1�xYbxCuSeO
samples as a function of temperature. All the samples
display positive values, suggesting that the major carriers are
holes with p-type electrical transport behaviors. To clarify the
variations, S can be expressed as follows:39

S E g � ln n (1)

where g is the scattering factor and n is the carrier
concentration. The S of the samples decreases with the increase
in Yb-doping content from +330 mV K�1 for pristine BiCuSeO to
+218 mV K�1 for Bi0.7Yb0.3CuSeO at 873 K. This decrease can be

Fig. 5 Electronic bands near the Fermi level with Yb-doping fractions of (a) x = 0, (b) x = 0.04, (c) x = 0.15, and (d) x = 0.30.

Fig. 6 (a) XPS spectrum of the obtained Bi0.9Yb0.1CuSeO sample; (b) identification of the Yb3+ and Yb2+ valence states.
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ascribed to the increase in carrier concentration from Yb2+

doping. It is unusual that the pristine BiCuSeO exhibits a low
Seebeck coefficient (S o 300 mV K�1) between 300 and 600 K,
which is likely caused by the carrier concentration being too
low to form an electric potential difference DV (S = DV/DT).
The increase in conductivity compensates for the decrease
in the Seebeck coefficient. As a result, the power factor of
Bi1�xYbxCuSeO increases significantly, from 130 mW m�1 K�2

for pristine BiCuSeO to 280 mW m�1 K�2 for Bi0.7Yb0.3CuSeO at
873 K, as shown in Fig. 7(c).

Fig. 7(d) shows the total thermal conductivity (ktot) of
Bi1�xYbxCuSeO calculated from the thermal diffusion coefficient,
specific heat capacity and sample density according to the equa-
tion ktot = D � r � Cp. A ktot of 0.63 W m�1 K�1 is obtained for
pristine BiCuSeO at 300 K, and decreases to 0.28 W m�1 K�1 at
873 K. ktot decreases from 0.4 W m�1 K�1 for Bi0.96Yb0.04CuSeO to
0.31 W m�1 K�1 for Bi0.7Yb0.3CuSeO at 873 K. However, the ktot

of pristine BiCuSeO is lower than that of the doped samples over
the entire measured temperature range, which may be due
to its low density compared to that of the doped samples.
For Bi1�xYbxCuSeO samples prepared by the ball milling and
hot-pressing process, ktot is much lower than that of some state-
of-the-art oxide TE materials with unique microstructures, such

as Ca3Co4O9,8 NaxCoO2,9 and Bi0.52Sb1.48Te3 bulk materials.40

Normally, the thermal conductivity is composed of electronic
thermal conductivity (kele) and lattice thermal conductivity
(klat).

41,42 kele is directly proportional to temperature and elec-
trical conductivity, that is kele = L � T � s, where the Lorenz
number is considered as L = 2.45 � 108 W O K�2. The kele of
Bi0.7Yb0.3CuSeO reaches 0.08 W m�1 K�1 owing to the increase
in carrier concentration. Therefore, the lattice thermal conduc-
tivity plays a dominant role in the total conductivity owing to
the low contribution of the electronic conductivity. A clear
decrease in klat upon Yb doping can be seen in Fig. 7(e). klat

decreases with the intensification of phonon scattering, which
is related to several factors, such as point defects, high-density
dislocations, grain boundaries, second phases and so on.43–46

As discussed above, the grains of Bi1�xYbxCuSeO samples are
significantly refined by the high-energy ball-milling process as
well as by the introduction of Yb to some extent. The decrease
in the lattice thermal conductivity of Bi1�xYbxCuSeO samples
can be mainly ascribed to the effective scattering of the grain
boundaries.47 Furthermore, klat is also reduced by point defect
scattering, which originates from both the mass difference
of B35.94 a.u. (mass of Yb B 173.04, Bi B 208.98) and the
differences in the interatomic coupling force caused by the size

Fig. 7 Thermoelectric (TE) properties of Bi1�xYbxCuSeO samples as a function of temperature: (a) electrical conductivity, (b) Seebeck coefficient,
(c) power factor, (d) total thermal conductivity, (e) lattice thermal conductivity, and (f) figure of merit ZT.
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difference (strain field fluctuations) of B0.07 Å and/or 0.1 Å
(size of Yb2+ B 0.93 Å, Yb3+ B 0.86 Å, Bi3+ B 0.96 Å) between
the impurity atom and the host lattice, which is in agreement
with the Sr, Ca or Ba doping behavior.7,17,18 In addition, the
high-density dislocations shown in Fig. 2(g) can also effectively
scatter phonons and result in a substantial decrease in the
lattice thermal conductivity.48,49 Finally, contributions from
the Yb2O3 second phases are beneficial to reduce the lattice
thermal conductivity when Yb doping is higher than the
solubility limit. This is because the increased phonon scat-
tering can reduce the phonon mean free path, and thus lead to
a further decrease in the lattice thermal conductivity.50,51

The TE figure of merit ZT was calculated from the above
electrical and thermal transport properties, and the results are
shown in Fig. 7(f). The ZT value of all samples increases over
the entire measured temperature range, and the highest ZT
value reaches 0.62 at 873 K for the Bi0.7Yb0.3CuSeO sample,
which is 1.55 times that of pristine BiCuSeO (B0.39 at 873 K).
The improvement of ZT is achieved by doping the variable-
valence element Yb on the Bi sites. Yb doping of BiCuSeO
results in simultaneous enhancement of the carrier concen-
tration and carrier mobility. More importantly, this variable-
valence element doping strategy can be universally extended
to other similar materials for TE applications. For instance, Fe,
Mn, and Eu are potential candidates and are still under
investigation. In addition, the ZT value of Bi1�xYbxCuSeO
systems can be further tailored by the doping content and
relative ratio of Yb2+ to Yb3+.

Conclusions

In summary, Yb doping can greatly improve the TE properties
of BiCuSeO, suggesting that the abnormal-valence rare-earth
element can be employed to achieve the synergistic optimiza-
tion of carrier concentration and mobility. Yb2+ doping injects
hole carriers to improve the carrier concentration of the p-type
semiconductor BiCuSeO. Moreover, the substitution of Bi by
Yb can change the band structure of BiCuSeO and improve the
carrier mobility. As a result, the electrical conductivity of
BiCuSeO was markedly enhanced by Yb doping, and the ZT
value was improved from 0.39 in pristine BiCuSeO to 0.62 in
Bi0.7Yb0.3CuSeO at 873 K. Doping with an abnormal-valence
rare-earth element is thus an effective method to improve
the performance of BiCuSeO TE materials. A further enhance-
ment of the ZT value can be expected via high-throughput
optimization, including a suitable screening of the variable-
valence elements, and the optimization of the doping content
and the ratios of the different states of the variable-valence
elements.
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