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Abstract
Motivated by prototypes that the heavy-element doping can effectively tune carrier and phonon transport behavior, we studied 
the influence of Bi doping on the thermoelectric properties of  Cu2Se synthesized by high-pressure and high-temperature 
technique. With the increased Bi contents, the carrier mobility of  BixCu2Se samples distinctly decreased, while the Seebeck 
coefficient and electrical resistivity increased. The  BixCu2Se samples exhibited multiple microstructures including abundant 
grain boundaries, micropores and lattice defects. Various phonon scattering mechanisms generated relatively low lattice 
thermal conductivity below 0.55 Wm−1 K−1 for all  Cu2Se-based samples. The lattice thermal conductivity of  Cu2Se-based 
samples increased after Bi doping due to reduced degree of disorder of  Cu+ ions, which weakened phonon scattering. Due 
to the significantly reduced thermal conductivity, a peak zT value of 1.57 at 873 K was obtained for  Bi0.005Cu2Se sample, 
which was 25% higher than that of pristine  Cu2Se (zT ~ 1.25). This work indicates the potential of heavy-element doping in 
boosting performance for liquid-like thermoelectrics.
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1 Introduction

Thermoelectric (TE) materials can directly convert between 
temperature difference and electricity, which offers a fea-
sibility to solve energy crisis and environmental pollution 
[1–5]. The TE performance is determined by zT value, 
zT = S2σT/κ, where S, σ, T and κ are the Seebeck coeffi-
cient, electrical conductivity, absolute temperature and the 
thermal conductivity, respectively. Boosting the zT value 
can effectively improve TE conversion efficiency. Some 
TE materials have zT values in excess of 2, such as PbTe 
alloyed with CaTe and BaTe achieved a maximum zT ~ 2.2 
[6] and single-crystal SnSe exhibited a maximum zT ~ 2.6 
[7]. However, the toxicity and scarcity of Pb/Te elements 
and anisotropy of SnSe hinder the large-scale development 
of such materials.

In recent years,  Cu2Se-based materials are widely stud-
ied because of low-toxicity, cheapness and earth abundance. 
Meanwhile, as a phonon-liquid electron-crystal (PLEC) 
material,  Cu2Se materials exhibit potentially high-TE 
performance due to the relatively low thermal conductiv-
ity [8].  Cu2Se exhibits two typical crystal structures, the 
low-temperature α-phase  Cu2Se (monoclinic, C2/c) below 
400 K and the high-temperature β-phase  Cu2Se (cubic, 
Fm-3 m) above 400 K [9, 10].  Cu+ ions in low-temperature 
phase are static in the face-centered cubic sublattice of Se, 
while they have high mobility in high-temperature phase 
showing superionic feature. The ultra-low lattice thermal 
conductivity is a key factor for increasing the overall zT 
value. The peak zT of ~ 2.4 at 1000 K and zT of ~ 2.6 at 
850 K were achieved in  Cu2Se/0.75wt% CNT composites 
and  (Cu2Se)0.99(CuInSe2)0.01, respectively [11, 12]. Dop-
ing is one of the most effective method to optimize carrier 
concentration and enhance the TE properties [13]. Moreo-
ver, dopants can enhance the phonon scattering as lattice/
interface distortions to decrease the thermal conductivity 
[14]. Many researches have been reported such as Ag [15], 
Li [16], Na [17], S [18], Sn [19], Te [20], CNTs [11] and 
SiC [21]. Heavy-element dopants have attracted our atten-
tion, which means that doping heavy-element is a feasible 
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method to enhance the complexity of the system. Recently, 
Liao et al. reported that Bi doping into α-Cu2Se generated 
enhanced TE properties at near room temperature [22].

Generally, chemical doping is realized by wet-chem-
ical method, ball milling or melting-annealing method to 
obtain the  Cu2Se powder, and then pressed into blocks by 
hot press sintering or spark plasma sintering (SPS). How-
ever, such processes usually take more than tens of hours 
or even several days to achieve the final samples, which is 
time consuming. In recent years, high-pressure technology 
has been utilized in synthesizing TE materials. The advan-
tages of high-pressure technology have been exhibited in 
TE properties tuning in  Bi2Te3 [23], PbTe [24], SnSe [25], 
etc. Previously, the high-pressure and high-temperature 
(HPHT) method was developed to directly fabricate  Cu2Se 
bulk materials from elements powders in half an hour [26, 
27]. HPHT technology can effectively modulate the elec-
tronic band structure and the microstructures. Besides, the 
enhanced TE properties of  Cu2Se are retained even when 
pressure is released.

In this study,  BixCu2Se (x = 0, 0.005, 0.01, 0.02 and 0.03) 
materials were synthesized by HPHT method. The effects 
of Bi doping on the morphology, microstructure and TE 
transport properties of  Cu2Se were systematically investi-
gated. Bi doping could increase the carrier concentration 
and also increase lattice thermal conductivity. Eventually, a 
maximum zT of 1.57 at 873 K was achieved for  Bi0.005Cu2Se 
sample.

2  Experimental section

2.1  Synthesis

Polycrystalline  BixCu2Se (x = 0, 0.005, 0.01, 0.02, and 0.03) 
bulk samples were prepared by high-pressure and high-
temperature technique with element powders of Cu (99.9%, 
Aladdin), Se (99.99%, Aladdin) and Bi (99.99%, Aladdin) 
as raw materials. The sample synthesis was divided into two 
processes. (1) High-pressure synthesis process. The Cu, Se 
and Bi powders were weighed in stoichiometric propor-
tion and grounded uniformly in Ar-filled glove box. The 
mixed powders were cold-pressed into disks (Φ 10 mm). 
The disks were assembled into the synthetic chamber and 
placed in cubic anvil high-pressure apparatus (BT-320) to 
perform HPHT synthesis. High pressure was generated by 
the compression of hydraulic-driven WC anvils and high 
temperature was produced by electric current heating graph-
ite crucible in the synthetic chamber. The pressure was cal-
culated by a calibration curve based on the known pressure-
induced phase transitions and the temperature was measured 
by Pt-Rh30%/Pt-Rh6% thermocouple. As the pressure was 
maintained at 3 GPa during the whole synthesis process, 

the temperature was kept at 500 °C for 15 min, and raised 
to 1000 °C in 1 min and kept for another 15 min. The pres-
sure was gradually released to ambient condition after the 
temperature was quenched to room temperature. (2) High-
pressure sintering process. The as-prepared  BixCu2Se bulks 
were annealed at 700 °C for 12 h in vacuum. After that, a 
small amount of deposited copper could be removed from 
the surfaces. The disks were crushed into powder and then 
sintered to densify the samples under the pressure of 3 GPa 
and the temperature of 800 °C for 5 min. Figure 1a shows 
the schematic of the manufacturing process of the Bi-doped 
 Cu2Se samples.

2.2  Characterization and measurement

Powder X-ray diffraction (XRD) patterns were performed 
on a powder diffractometer (SmartLab3KW, Rigaku) using 
Cu  Kα (λ = 1.5406 Å) radiation to verify the crystal struc-
ture. The microstructures were investigated by field emis-
sion scanning electron microscopy (FESEM, ZEISS MER-
LIN Compact, Germany) and high-resolution transmission 
electron microscopy (HRTEM, Magellan-400, America). 
The compositions were determined by an electron probe 
microanalyzer (EPMA) through trace element testing. The 
chemical binding states of elements were analyzed by the 
X-ray Photoelectron Spectroscopy (XPS, Escalab 250Xi). 
The Seebeck coefficient and electrical resistivity meas-
urements were conducted by the thermoelectric measure-
ment system (ZEM-3, Ulvac-Riko, Japan) with rectangular 
shaped samples (∼3 × 3 × 8  mm3). The thermal conductivity 
was calculated by applying the formula: κ = ρCpD, where 
the thermal diffusivity coefficient (D) was measured by the 
laser flash method (Netzsch, LFA-467, Germany), the spe-
cific heat  (Cp) was calculated by Dulong–Petit formula, and 
the density (ρ) was measured by the Archimedes method. 
The measurements were conducted in temperature range of 
323 K ~ 873 K. The Hall coefficient  (RH) was measured by 
Hall effect measurement system (HMS-5500, ECOPIA) with 
a magnetic field of 0.5 T to calculate carrier concentration 
 (nH) and mobility (μH) according to the formula  nH = 1/eRH 
and μH = σRH (where e is electronic charge).

3  Results and discussions

Figure 1b shows the room-temperature XRD patterns of 
sintered  BixCu2Se (x = 0, 0.005, 0.01, 0.02, 0.03) samples. 
The XRD diffraction peaks were well matched with the 
α-phase  Cu2Se (PDF#27–1131). Besides, a very small 
amount BiCu phase (marked with blue ) was detected with 
the increased Bi contents. The formation of BiCu could 
be resulted from the reaction between the extra Bi and the 
precipitated Cu, due to the low solubility limit of Bi in 
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 Cu2Se [22] and the intrinsic Cu deficiency of  Cu2Se. The 
influence of BiCu phase on TE properties of  Cu2Se was 
not considered because of the small amount and the lack 
of detailed literature about BiCu material.

The morphologies of fractured surfaces for  BixCu2Se 
bulks are shown in Fig. 2 (a-e). Overall, the layered grains 
densely stacked together without preferred orientation. 
The bulk samples exhibited grain size in the magnitude 
of 1–10 µm. Besides, a large number of grain particles 
and pores were randomly distributed on the grain surface 
or grain boundaries with size of 40 nm to above 1 µm. Bi 
doping did not cause distinct changes in the morphology of 
 Cu2Se, as shown in Fig. 2f. All  BixCu2Se samples exhib-
ited relative density of 97.4–98.3% (theoretical density 
6.86 g/cm3). Those abundant grain boundaries, micropores 
and wide distribution of grain size could play a key role in 
reducing lattice thermal conductivity [28–30].

Figure 3a is the energy-dispersive spectroscopy (EDS) 
mapping image of the  Bi0.005Cu2Se bulk sample after long 
time polishing. From the EDS results shown in Fig. 3b–d, 

we can see that the elements are uniformly distributed, and 
no regions with enrichment are observed.

To determine the actual chemical compositions of the 
 BixCu2Se samples, electron probe microanalysis (EPMA) 
were performed, as shown in Table 1. The results showed 
that Bi content was distinctly lower than the nominal ratio of 
 BixCu2Se samples, which was resulted from the low-doping 
efficiency of Bi due to the low solubility of Bi in the Cu–Se 
phase diagram [31]. The above-mentioned XRD patterns 
were consistent with the EPMA results.

Figure 4a shows the XPS survey spectra of  Bi0.005Cu2Se 
sample, which confirms the presence of Cu 2p, Se 3d and 
Bi 4f energy states. The binding energies in XPS analysis 
are referred to C 1s peak at 284.1 eV. As shown in Fig. 4b, 
the Bi 4f doublet peaks appear at 160.3 and 166.0 eV with 
an energy split of 5.7 eV, which can be assigned to  Bi3+. 
The presence of Cu 2p3/2 and Cu 2p1/2 peaks at 932.4 eV 
and 952.2 eV can be attributed to  Cu+ (Fig. 4c). Besides, 
the low-intensity satellite peaks are distinguished, which 
indicates that the presence of  Cu2+ ions. The Se 3d5/2 and 

Fig. 1  a Schematic of the 
manufacturing process of the 
Bi-doped  Cu2Se samples, b 
room-temperature XRD patterns 
of  BixCu2Se samples
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Se 3d3/2 peaks at 53.9 and 54.5 eV can be attributed to Se 
(II) states as shown in Fig. 4d. The XPS results demon-
strate that Bi is successfully doped into  Cu2Se samples.

Typical HRTEM images of  Bi0.005Cu2Se sample are 
exhibited in Fig. 5. The calculated lattice spacings can be 
corresponded to the crystal planes of  Cu2Se, as shown in 

Fig. 2  a–e The typical SEM images of fractured surfaces for the  BixCu2Se (x = 0, 0.005, 0.01, 0.02, 0.03) samples, f enlarged views of the 
marked region in (e)

Fig. 3  a EDS mapping image of 
 Bi0.005Cu2Se bulk sample. The 
distribution of energy spectrum 
elements of b Cu, c Se, and d Bi
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Fig. 5a and b. Exceptionally, the lattice spacing of 0.290 nm 
could be corresponded to crystal planes of BiCu, which is 
constant with XRD results. The lattice dislocations and 
fringes marked by white circles could effectively scatter 
phonons and reduce lattice thermal conductivity. Certainly, 
the substitution of  Cu+ by  Bi3+ partially would introduce 
point defects. These lattice defects, as well as the abundant 
grain boundaries, micropores and BiCu phase, can effec-
tively enhance the phonon’ scattering and reduce the lattice 
thermal conductivity.

Figure 6 shows electrical properties versus temperature 
for  BixCu2Se (x = 0, 0.005, 0.01, 0.02 and 0.03) samples in 
temperature range of 323–873 K. The TE properties near the 
phase transition temperature about 400 K were not discussed 

Table 1  Atomic ratio of Cu, Se and Bi for  BixCu2Se samples by 
EPMA

Nominal compo-
sition

Cu (at%) Se (at%) Bi (at%) EPMA compo-
sition

Cu2Se 65.02 34.98 0 Cu2Se1.08

Bi0.005Cu2Se 66.11 33.77 0.12 Bi0.0036Cu2Se1.02

Bi0.01Cu2Se 66.38 33.49 0.13 Bi0.004Cu2Se1.01

Bi0.02Cu2Se 66.22 33.55 0.23 Bi0.007Cu2Se1.01

Bi0.03Cu2Se 66.04 33.58 0.38 Bi0.011Cu2Se1.02

Fig. 4  a XPS spectra of 
 Bi0.005Cu2Se sample, and high-
resolution XPS spectra of b Bi, 
c Cu and d Se

Fig. 5  Representative HRTEM 
images for  Bi0.005Cu2Se sample
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below, due to the occurrence of discontinuity. However, the 
TE properties of high-temperature β-phase  Cu2Se were 
analyzed in detail. The electrical resistivity increased with 
the increasing measured temperature (Fig. 6a), suggesting a 
typical degenerated semiconductor character. The positive 
Seebeck coefficients in Fig. 6b indicated the P-type conduct-
ing behavior with holes as main carriers, due to the existence 
of Cu vacancies in  Cu2Se [32]. Both the electrical resistiv-
ity and Seebeck coefficient increased with the increasing Bi 
contents.

The carrier concentration and mobility at room tem-
perature of  BixCu2Se samples were measured, as shown in 
Fig. 6c. With the increasing Bi contents, the carrier con-
centration increased and the carrier mobility decreased. 
The hole carrier concentration  nH at room temperature for 
 Bi0.03Cu2Se is 5.1 × 1020 cm−3, which is 70% higher than that 
of pure  Cu2Se, suggesting that large amount Cu vacancies 
exist in the sample. It might be derived from the decreased 
strengthen of the bonding energy by the increased Bi–Se 
bond length (~ 2.81 Å) compared to Cu–Se bond length 
(~ 2.46 Å), which could increase vacancies and thus increase 
hole concentration. Such significant increase in carrier con-
centration of doped samples can lead to reduced carrier 
mobility. In addition, the BiCu phase and microstructures 
can also affect electrical properties [33–35], although their 
effects on electrical properties cannot be quantified.

The power factor values were calculated according to 
PF = S2/ρ, as shown in Fig. 6d. The maximum power fac-
tor value was up to 1240 µWm−1 K−2 for pristine  Cu2Se. 
The power factor values for Bi-doped  Cu2Se decreased with 

increasing Bi contents. Although the power factors of Bi-
doped  Cu2Se samples were deteriorated compared with the 
pure  Cu2Se, it is still worth investigating due to the relatively 
low thermal conductivity.

Figure 7a shows the temperature dependence of ther-
mal conductivity for  BixCu2Se samples. The relatively 
low thermal conductivity (κ) for pure  Cu2Se was below 
0.87 Wm−1 K−1 in the whole temperature range due to the 
superionic conductor behavior. The  Bi0.01Cu2Se sample 
obtained the lowest thermal conductivity of 0.58 Wm−1 K−1, 
which is approximately a 33.3% reduction than that of 
pure  Cu2Se at 873 K. Figure 7b shows the temperature-
dependent lattice thermal conductivity (κl) for  BixCu2Se 
bulk samples. The κl was obtained by subtracting the car-
rier thermal conductivity (κc) from κ, where κc can be cal-
culated using the Wiedemann–Franz law, κc = L0σT, where 
 L0 = 1.5 × 10−8V2K−2. The κl increased with increasing Bi 
content, which may be attributed to the doping mechanism 
of heavy metal cations. Compared with  Cu+ ions,  Bi3+ ions 
have a larger atomic mass and radius, which can prevent the 
propagation of phonons and limit the diffusion of  Cu+ ions. 
Therefore, Bi doping reduced the degree of disorder of  Cu+ 
ions, weakened phonon scattering, and led to an increase in 
lattice thermal conductivity [8, 15]. Due to the carrier ther-
mal conductivity greatly reduced after Bi doping, the total 
thermal conductivities of the Bi-doped samples were lower 
than that of pure  Cu2Se.

The temperature dependence of zT values is calculated as 
shown in Fig. 7c. Eventually,  Bi0.005Cu2Se sample achieved 
the highest zT of 1.57 at 873 K, which was 25% higher than 

Fig. 6  Temperature-dependent 
electrical properties of  BixCu2Se 
samples. a Electrical resistivity, 
b Seebeck coefficient, c carrier 
concentration and mobility, and 
d power factor
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that of pristine  Cu2Se (zT = 1.25 at 873 K). For  Cu2Se sys-
tem, the introducing of Bi regulated carrier concentration 
and the complexity of the system, resulting in the higher zT. 
The zT values of  BixCu2Se (x = 0.005, 0.01, 0.02) samples 

by high-pressure synthesis in this work were 0.56, 0.52 
and 0.67 at 373 K, respectively, which were higher than 
the zT value of 0.43 at 373 K obtained for  Cu1.982Bi0.006Se 
in reference [22]. Therefore, the carrier concentration and 
thermal conductivity can be optimized to achieve high-TE 
performance by heavy-elements doping and high-pressure 
technology.

4  Conclusion

In summary, the high-pressure and high-temperature tech-
nology was adopted to effectively suppress the segregation 
of Cu and Se elements, and the polycrystalline  BixCu2Se 
(x = 0, 0.005, 0.01, 0.02, 0.03) samples were successfully 
fabricated.  BixCu2Se compounds existed as a monoclinic 
α-Cu2Se phase at room temperature, while BiCu phase 
was detected in  BixCu2Se (x > 0) samples due to the low 
solubility limit. The resistivity and Seebeck coefficient of 
 BixCu2Se samples increased with the increasing Bi contents, 
and the power factor gradually decreased. Bi doping gener-
ated an increased carrier concentration and decreased car-
rier mobility. The disorder degree of  Cu+ ions was reduced 
by Bi doping, which weakened the phonon scattering and 
then enhanced the lattice thermal conductivity, but the total 
thermal conductivities of the Bi-doped samples were signifi-
cantly reduced. As a result,  Bi0.005Cu2Se sample obtained 
a maximum zT of 1.57 at 873 K, which was 25% higher 
than that of pristine  Cu2Se (zT ~ 1.25). This work provides 
a guidance for further research of heavy-element doping in 
liquid-like thermoelectric materials.
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