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Improvement of Thermoelectric Performance in BiCuSeO Oxide by Ho Doping
and Band Modulation ∗
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We try to use Ho doping combined with band modulation to adjust the thermoelectric properties for BiCuSeO.
The results show that Ho doping can increase the carrier concentration and increase the electrical conductivity in
the whole temperature range. Although Seebeck coefficient decreases due to the increase of carrier concentration,
it still keeps relatively high values, especially in the middle and high temperature range. On this basis, the
band-modulation sample can maintain relatively higher carrier concentration while maintaining relatively higher
mobility, and further improve the electrical transporting performance. In addition, due to the introduction of
a large number of interfaces in the band-modulation samples, the phonon scattering is enhanced effectively and
the lattice thermal conductivity is reduced. Finally, the maximal power factor (PF) of 5.18𝜇W·cm−1K−2 and
the dimensionless thermoelectric figure of merits (ZT) of 0.81 are obtained from the 10% Ho modulation doped
sample at 873K.

PACS: 72.20.Pa, 72.10.Fk, 74.62.Dh, 72.20.Dp DOI: 10.1088/0256-307X/37/3/037201

Thermoelectric materials can realize the conver-
sion between thermal energy and electric energy due
to the Seebeck effect and the Peltier effect. In the
current energy crisis situation, as a kind of clean and
energy-saving material, it has attracted much atten-
tion and can be used in industrial-waste power gen-
eration, refrigeration, thermoelectric catalysis,[1] and
other fields. At present, there are more than 100 kinds
of thermoelectric materials, which can be divided into
alloy based thermoelectric materials[2−4] and oxide
based thermoelectric materials.[5−7] The raw materi-
als of oxide based thermoelectric materials are cheap,
and they have good oxidation resistance, thermal sta-
bility and chemical stability because they themselves
contain oxygen. For a long time, the use of oxide based
thermoelectric materials has been limited for the low
electric conductivity, high thermal conductivity, and
the corresponding low conversion efficiencies due to
the ionic nature of oxide.[8,9]

Unlike the previous oxide based thermoelectric ma-
terials, the thermal conductivity of BiCuSeO is one
order of magnitude lower than traditional oxide based
thermoelectric materials.[10] In addition, the confine-
ment effect of the natural superlattice structure on
carriers makes the Seebeck coefficient very high. All
these characteristics make it advantageous to possess
better thermoelectric performance. The disadvantage
is that the intrinsic carrier concentration and mobility
are very low, resulting in low electrical conductivity.

Previous studies have mostly focused on composi-
tion adjustment. On the one hand, the Bi site could be
doped with positive monovalent or positive bivalent el-
ements (Bi showing positive trivalent in BiCuSeO[11]).
According to defect chemistry theory, p-type carrier
concentration (holes) can be increased by this way.[12]
On the other hand, the Bi or Te sites could be doped
with equivalent elements, according to band theory,
which can change the band structure. When the
band gap becomes narrower, it is advantageous for
the increase of the carrier concentration.[13,14] When
the bandgap becomes wider, it may also be beneficial
to the increase of electrical transporting.[15] In ad-
dition, Cu vacancies (Cu shows positive monovalent
in BiCuSeO) and Bi vacancies are also used to en-
hance carrier concentrations.[16,17] Structural adjust-
ment includes hot pressing to promote the orientations
of grains (texturation),[18] band modulation,[19,20] and
grain refinement. There are few reports on the com-
bination of composition adjustment and structure ad-
justment. In fact, the materials with better thermo-
electric properties are basically based on the combi-
nation of the combination.

Here we first dope Bi site with Ho (the same va-
lence as Bi) to adjust the energy band. Ho doping at
Bi site as a kind of lanthanide element can be used to
adjust the band structure.[15] In addition, La in lan-
thanides has been used to improve the thermoelectric
properties of BiCuSeO, although the electronegativ-
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ity of La (1.10) is smaller than that of Bi (2.02) and
O (3.44). That is to say, the electronegativity dif-
ference of the (Bi2O2)2+ layer becomes larger when
La replaces Bi site, which would enhance the ionicity
of the bonds. The electronegativity of Ho (1.23) is
higher than that of La, which would make the differ-
ence smaller and enhances the covalence of the bonds
and correspondingly improve the electrical transport-
ing performance. On the basis of Ho doping, we
prepare the band-modulation samples with the same
molar amount as the optimum doping amount of Ho
by modulating the undoped samples and the heavily
doped samples. The advantage of the band modula-
tion is that it is a mixed sample of the undoped sample
and the heavily doped sample, the region correspond-
ing to the heavily doped sample is of high carrier con-
centration and low mobility, while the region corre-
sponding to the undoped sample is of high mobility
and low carrier concentration. In the mixed sample,
the carriers would preferentially transfer through the
region with high mobility, thus helpful for maintain-
ing relatively higher carrier concentration while keep-
ing relatively higher mobility, and correspondingly
achieve the effect of improving the electrical trans-
porting performance. In addition, due to the uniform
distribution of undoped and heavily doped samples
in the mixture-modulated sample, a large number of
interfaces would be introduced, which would greatly
enhance the phonon scattering and is thus conducive
to reducing the lattice thermal conductivity.[19,21]
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Fig. 1. The XRD patterns (a) and lattice parameters (b)
of the BCSO samples

In our experiment, the selected raw materials
are as follows: Bi2O3 (99.99%), Bi (99.999%), Cu
(99.999%), Se (99.99%), Ho2O3 (99.99%). Weigh the
raw materials according to the stoichiometric ratio of
Bi1−𝑥Ho𝑥CuSeO (𝑥 = 0, 0.02, 0.04, 0.06, 0.08, 0.10)
(called BCSO below), followed by ball milled for 8
hours at 400 r/min under Ar atmosphere, followed
by ball milled for 1 hour at 300 r/min with analyti-
cal reagent (AR) ethanol absolute (≥99.7%). After

drying for 12 hours in a vacuum box, it is sintered
(resistance pressing sintering (RPS)) into blocks with
the size of Φ20×13 mm (sintering related details: with
argon protection, insulation temperature at 873K,
holding time of 10min, holding pressure during heat
preservation process of 50 MPa).

We chose the undoped BiCuSeO and Ho heavily
doped BiCuSeO (Bi0.80Ho0.20CuSeO) to prepare the
band-modulation samples. The powders of two sam-
ples were ball milled for 10 min (at a mole ratio of
1 : 1), and then sintered by RPS, and the blocks were
obtained (the specific sintering parameters were the
same as above).[17] Characterization methods and spe-
cific equipment information are described in the pre-
vious literature.[13]

The phases of Ho doped samples were detected by
XRD, and the results are shown in Fig. 1(a). It can be
seen that the diffraction peaks of all the samples cor-
respond to the standard card of BiCuSeO one by one,
and no miscellaneous peaks are found. In addition,
in order to analyze the lattice, we have refined the
XRD data to obtain the lattice constants, as shown
in Fig. 1(b). It can be seen that the lattice constants
𝑎 and 𝑐 both show a slight downward trend with the
increase of Ho doping amount. The lattice shrinkage
is supposed to be caused by the smaller ionic radius
of Ho3+ (0.901 Å) than that of Bi3+ (1.030 Å).[22]
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Fig. 2. The fracture morphology of the BCSO samples:
(a) 𝑥 = 0, (b) 𝑥 = 0.02, (c) 𝑥 = 0.04, (d) 𝑥 = 0.06, (e)
𝑥 = 0.08, (f) 𝑥 = 0.10, and the EDS results for 𝑥= 0.10.

Figure 2 shows the fracture morphology of the
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BCSO samples. The grain size of the sample is lath
and compact. The relative densities of the samples
are over 97% as shown in Table 1. With the addition
of Ho, the grain size and morphology have no obvious

change. Moreover, the EDS results indicate that all
the elements are evenly distributed without obvious
segregation.

Table 1. The relative density 𝑟, carrier concentration 𝑛, mobility 𝜇 and the effective mass at Fermi level (𝑚*) for the BCSO
samples at room temperature (𝑚0: electronic mass, HD: the heavily doped sample, MD: the modulation doped sample).

Sample 𝑟 (%) 𝑆 (µV·K−1) 𝑛 (1019cm−3) 𝜇 (cm−2V−1s−1) 𝑚*/𝑚0

𝑥 = 0 97.3 381 1.21 9.12 0.98
𝑥 = 0.02 97.2 209 1.62 7.59 0.65
𝑥 = 0.04 99.1 200 3.69 7.23 1.09
𝑥 = 0.06 98.6 140 5.10 3.88 0.94
𝑥 = 0.08 98.4 120 6.23 3.56 0.92
𝑥 = 0.10 97.9 121 6.79 3.65 0.99

HD 97.7 64 10.23 0.45 0.68
MD 98.2 99 7.88 3.72 0.89
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Fig. 3. Temperature dependence of (a) electrical conduc-
tivity 𝜎, (b) Seebeck coefficient 𝑆, (c) power factor (PF),
(d) thermal conductivity 𝜅, (e) lattice thermal conductiv-
ity 𝜅L , and (f) dimensionless thermoelectric figure of merit
(ZT) of BCSO.

The electrical conductivity (𝜎) of the doped sam-
ple varies from room temperature to 873K as shown in
Fig. 3(a). With the increase of Ho doping content from
2% to 10%, the electrical conductivity increases in the
whole temperature range. The electrical conductivity
is determined by the carrier concentration 𝑛 and mo-
bility 𝜇 (𝜎 = 𝑛𝜇𝑒 with 𝑒 being the carrier charge).
To analyze the reason why the conductivity increases
with the increase of Ho doping content, Hall test was
carried out, and the results are listed in Table 1. It can
be seen that 𝑛 increases with the increase of doping
content, from ∼1.21×1019 cm−3 of the undoped sam-
ple to ∼6.79×1019 cm−3 of the 10% Ho doped sample.
At the same time, 𝜇 declines slightly. The increase of
conductivity should be due to the increase of 𝑛.

The Seebeck coefficient 𝑆 of the doped sample
varies from room temperature to 873K as shown in
Fig. 3(b). With the increase of doping amount, 𝑆
shows a downward trend. This should be due to the

increase of 𝑛, which is negatively correlated with the
Seebeck coefficient expressed as[23]

𝑆 =
8𝜋2𝑘2

B
𝑇

3eh2 𝑚*
(︁ 𝜋

3𝑛

)︁2/3

(1)

Figure 3(c) shows the relationship between the power
factor (PF) and temperature for the BCSO samples.
Because the Seebeck coefficient decreases slightly in
the low temperature range (just above room temper-
ature in the thermoelectric community), the PF has
no obvious advantage in the low temperature range,
even lower than the undoped sample, whereas it in-
creases greatly in the middle and high temperature
range. The highest PF of 4.81µW·cm−1K−2 was ob-
tained at 873K for the 10% Ho-doped sample, which
is 1.73 times the undoped one.

The total thermal conductivity (𝜅) of the doped
sample varies from room temperature to 873 K as
shown in Fig. 3(d). It can be seen that 𝜅 decreases
with the increase of temperature in the whole tem-
perature range, which is due to the enhancement of
phonon scattering and the corresponding decrease of
lattice thermal conductivity (𝜅

L
) (𝜅 = 𝜅

L
+ 𝜅

E
, with

𝜅
E

being the electronic thermal conductivity). In ad-
dition, with the increase of Ho doping amount, 𝜅 in-
creases in the whole temperature range. On the one
hand, because 𝜎 increases in the whole temperature
range, the corresponding 𝜅

E
increases in the whole

temperature range (𝜅
E

= 𝐿𝜎𝑇 , 𝐿 is the Lorenz num-
ber). On the other hand, although the heterostruc-
ture scattering caused by doping contributes to the en-
hancement of phonon scattering to decrease 𝜅

L
. How-

ever, it should be noted that Bi (209), as a heavy ele-
ment, is one of the reasons for the low lattice thermal
conductivity of BiCuSeO. Ho (165) is lighter than Bi,
which would cause higher sound velocity, higher lattice
vibration frequency and corresponding higher lattice
thermal conductivity,[24] as shown in Fig. 3(e).

The dimensionless thermoelectric figure of merit
(ZT) of the doped sample varies from room temper-
ature to 873 K as shown in Fig. 3(f). Because the
PF has no obvious advantage in the low temperature
range (just above the room temperature in the ther-
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moelectric community) and the thermal conductivity
increases in the whole temperature range, the advan-
tage of ZT in the low temperature range is not obvious,
but ZT increases significantly upon Ho doping in the
medium and high temperature range. The highest ZT
value of 0.71 was obtained from the 10% doped sample
at 873 K.

50

100

150

200

50

100

150

200

250

0

2

4

6

0.6

0.8

1.0

300 400 500 600 700 800 900

0.4

0.6

0.8

300 400 500 600 700 800 900
0.0

0.3

0.6

0.9

 Uniformly doped Bi0.90Ho0.10CuSeO

 Heavily doped Bi0.80 Ho0.20CuSeO

 Modulation doped Bi0.90Ho0.10CuSeO

(a) (b)

(c) (d)

Temperature (K)

(e)

Temperature (K)

(f)

Z
T

s
 (

S
Sc

m
-

1
)

P
F
 (
m
W
Sc

m
-

1
K

-
2
)

k
L
 (

W
m

-
1
K

-
1
)

k
 (

W
m

-
1
K

-
1
)

S
 (
m
V

K
-

1
)

Fig. 4. Temperature dependence of (a) electrical conduc-
tivity 𝜎, (b) Seebeck coefficient 𝑆, (c) power factor (PF),
(d) thermal conductivity 𝜅, (e) lattice thermal conductiv-
ity 𝜅L , and (f) ZT values of the uniformly doped/heavily
doped/modulation doped BCSO.

Figure 4(a) shows the relationship between the
electrical conductivity 𝜎 and temperature for the
uniformly doped (UD) Bi0.90Ho0.10CuSeO, the heav-
ily doped (HD) Bi0.80Ho0.20CuSeO, and the band-
modulation doped (MD) Bi0.90Ho0.10CuSeO. It can
be seen that 𝜎 of the HD sample is further improved,
while that of the MD sample, with the same molar
amount as the UD sample, is higher than that of the
UD sample. The corresponding Hall test results are
listed in Table 1. It can be seen that the reason for the
increase of 𝜎 is that the 𝑛 and 𝜇 of the MD sample are
both higher than those of the UD sample. The rea-
son lies in the special characteristics of the mixture
structure of band-modulation samples. In the heav-
ily doped sample region, 𝑛 is high and 𝜇 is low. In
the undoped sample region, 𝑛 is low and 𝜇 is high.
For the mixed structure of the MD sample, the car-
riers will preferentially pass through the region with
high mobility, as shown in Fig. 5, thus maintaining
high mobility while maintaining high carrier concen-
tration, and correspondingly improving the electrical
transporting performance.[19,20]

Figure 4(b) shows the relationship between the
Seebeck coefficient 𝑆 and temperature for the band-
modulation related samples. It can be seen that the 𝑆

of the HD sample is lower than UD in the whole tem-
perature range, which is due to the increase of 𝑛. The
𝑆 of the MD sample is lower than UD in the low-mid
temperature range because of the increase of 𝑛, but
almost the same as or even more than that of the UD
sample in the high temperature range.

From Fig. 4(c), it can be seen that PF of the HD
sample decreases in the whole temperature range be-
cause the increase of 𝜎 cannot compensate for the
decrease of 𝑆. The PF of the MD sample is not so
far different from that of the UD sample in low-mid
temperature range, but higher in high temperature
range, reaching the highest value of 5.18µW·cm−1K−2

at 873 K.
It can be seen from Fig. 4(d) that the 𝜅 of the

HD sample has little difference with UD sample in
the whole temperature range due to the offset of the
decrease of 𝜅

L
and the increase of 𝜅

E
. Although 𝜅

E

in MD sample is higher than that of UD sample due
to the increase of 𝜎, 𝜅 is lower than that of the UD
sample in the whole temperature range due to the
sharp decrease of 𝜅

L
as shown in Fig. 4(e). The reason

why the 𝜅
L

of the MD samples decreases is that the
band-modulation mixture of undoped samples/heavily
doped samples introduces amount of interfaces, which
could enhance the scattering of phonons.

Figure 4(f) shows the relationship between
the dimensionless thermoelectric figure of merits
(ZT) and temperature for the uniformly doped
(UD) Bi0.90Ho0.10CuSeO, the heavily doped (HD)
Bi0.80Ho0.20CuSeO, and the band-modulation doped
(MD) Bi0.90Ho0.10CuSeO. As the PF decreases in the
whole temperature range, the ZT of the HD sample
decreases in the whole temperature range. Because
of the decrease of 𝜅, the ZT value of the MD sample
increases, especially in the high temperature range,
reaching the highest value of 0.81.

Uniformly doping Modulation doping

Carriers

High n High m

Fig. 5. Schematic diagrams for the carrier transporting
of the uniformly doped Bi0.90Ho0.10CuSeO and the mod-
ulation doped Bi0.90Ho0.10CuSeO samples.

We aim to improve the thermoelectric perfor-
mances of BiCuSeO by Ho doping and band modu-
lation. The corresponding samples are prepared by
ball milling combined with RPS. The experimental
results show that Ho doping can increase the carrier
concentration effectively, thus effectively enhances the
electrical conductivity. The power factor is effectively
enhanced in the middle and high temperature range.
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Although the thermal conductivity is increased due to
the increase of carrier thermal conductivity and lattice
thermal conductivity, the ZT value is still increased,
especially in mid-high temperature range. The band
modulation based on this can increase the carrier con-
centration while maintaining high mobility, thus effec-
tively enhancing the electrical conductivity and power
factor. In addition, the introduction of the interface
leads to a decrease in the lattice thermal conductivity.
In this way, ZT is enhanced with a maximum value of
0.81, which is 1.72 times the value of BiCuSeO.
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