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Abstract – The synthesis of BiCuSeO oxyselenides by a flux method in air has been

investigated. A maximum power factor of 230 µWm-1K-2 and a very low thermal

conductivity of 0.42 Wm-1K-1 were obtained, leading to a high ZT value of 0.37 at 680

K for pristine BiCuSeO. With Cs doping, a large enhancement in electrical conductivity

coupled with a moderate decrease in Seebeck coefficient lead to a power factor of 340

µWm-1K-2 at 680 K. In addition, Cs doping reduced the thermal conductivity further to

0.35 Wm-1K-1 at 680 K. The combination of higher power factor and reduced thermal

conductivity results in a high ZT value of 0.66 at 680 K for Bi0.995Cs0.005CuSeO.
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1. Introduction

Nearly 70 % of the world’s useful energy is lost as waste heat. Among the viable

technologies for energy recovery, thermoelectrics (TE) can capture and transform

waste heat directly into electric power [1–3]. This is based on the Seebeck effect,

where an electromotive force develops when a material is exposed to a temperature

gradient. Moreover, these TE devices do not have moving parts, such as in a

compressor, which make them free of noise and vibration. The existing TE

technologies can convert less than 10% of heat energy into electricity [3,4]. This

conversion efficiency depends on a dimensionless figure of merit ZT, which only

depends on the intrinsic properties of the materials, defined as [5]:

ZT = S
2
σ T

κ� (1)

where ϭ is the electrical conductivity, S is the Seebeck coefficient, κ is the thermal 

conductivity and T is the absolute temperature. Despite the high ZT values of some

metallic alloys, their thermal instability, high-cost and toxic constituent elements, make

these materials difficult to use for large scale application and commercialisation [6].

To overcome these disadvantages, several families of oxide-based materials have

been investigated as promising TE materials, these include: perovskite-like

compounds such as SrTiO3 [7,8], CaMnO3 [9]; layered compounds such as Ca3Co4O9

[10] and NaCoO2 [11], and simple oxides like ZnO [12] and In2O3 [13].

Recently, a promising middle temperature range TE system based on the

oxyselenides BiCuSeO (BCSO) has been reported. BCSO materials have high ZT

values due to its intrinsically low thermal conductivity and relatively large Seebeck

coefficient. As a p-type TE, the Seebeck coefficient for BCSO was found to be over

300 µV/K at about 600 K [14-19], as compared to less than 200 µV/K for other p-type

TE materials such as Na0.85CoO2 and Ca3Co4O9 at 673K [10-11]. Moreover, its ZT

value has been improved by optimizing electrical conductivity through the partial

substitution of Bi3+ with bivalent elements (ZT values for Mg, Sr, Ca and Ba were 0.67,

0.76, 0.9 and 1.1 respectively at 923 K) and a monovalent element (ZT value for Na

was 0.97 at 873 K) [14–19]. More recently, a high ZT value of 1.4 for Ba-doped BCSO

via grain-texturing and modulating doping has been obtained [20,21]. Furthermore,
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the ZT has been boosted to the maximum value of 1.5 at 873 K via a dual-doping

approach [22]. However, little attention has been paid to new methods of synthesis.

In this paper, a B2O3 flux method to synthesise BCSO thermoelectric compounds in

air is reported. Boron oxide serves as a liquid-seal on the top of the raw materials

during the reaction process. This can inhibit stoichiometric balance modification

between Bi, Se, Cu and O elements. Moreover, there is no need to maintain a vacuum

or use a sealed evacuated quartz tube, which makes it easier for scaling up for batch

production. Furthermore, the microstructure, thermal and chemical stability and

electro-thermal properties of BCSO have been investigated and compared to

previously reported methods. It was also demonstrated that Cs doping improves the

ZT by enhancing the electrical conductivity and reducing the thermal conductivity.

2. Experimental

A series of polycrystalline Bi1-xCsxCuSeO (x = 0 – 0.025) powders were synthesized

using a facile one-step boron oxide flux method in air. Stoichiometric amounts of Bi2O3

(99.9%, Alfa-Aesar), Bi (99.999%, Alfa-Aesar), Cu (99.99%, Alfa-Aesar), Se

(99.999%, Alfa-Aesar), and Cs2CO3 (99.99%, Alfa-Aesar) powders were weighted,

homogeneously ground in an agate mortar, and then transferred into an alumina

crucible. The later was covered with B2O3 (99%, Alfa-Aesar) powder and compacted.

The crucible was placed into a chamber furnace, heated at 873 K for 10 hours and

finally cooled down to room temperature. After smashing the alumina crucible, the

obtained product and the B2O3 flux were easily separated from each other. During the

flux synthesise, the boron oxide melts and serves as a liquid-seal on the top of the

crucible. The obtained product of each sample was then ground to a fine powder and

sintered using a spark plasma sintering (SPS) furnace (SPS/FAST Model FCT, HP, D

25-SD) under an axial compressive stress of 50 MPa at 923 K for 10 min, to form

dense pellets of Φ 20 mm x 3 mm. The phase structure and purity were investigated 

using X-ray diffraction (XRD, Siemens D5000). The morphology of samples was

obtained using a scanning electron microscope (SEM, FEI XL30 SFEG). The SPSed

samples were cut into bars with dimensions 3.5 x 3 x 13 mm3 for the simultaneous

measurements of the Seebeck coefficient and the electrical conductivity along the

perpendicular direction to the SPS axial pressure using a Linseis LSR-3 system under

a helium atmosphere. Of note, these bar samples were cut along the transverse



4

direction to SPS axial pressure of the disc-shaped samples. The thermal diffusivity (α) 

was measured along the SPS axial pressure direction, by using a Netzsch LFA-457

laser flash system under continuously flowing argon. The total thermal conductivity (κ) 

was calculated using the equation κ = α Cp ρ, where ρ is the mass density measured 

by the Archimedes method, while Cp is the specific heat. The thermogravimetry (TG)

and the differential scanning calorimetry (DSC) of the bulk samples were analysed

simultaneously by thermal analysis (Setaram Setsys Evolution 16/18) up to ~ 1010 K

with a heating rate of 10 K min-1, and a flow rate of 20 mL min-1 under argon or air; α-

Al2O3 was used as a reference material.

3. Results and Discussion

3.1 Fabrication Process and Structure Analysis

The fabrication procedures used to prepare Bi1-xCsxCuSeO (x = 0 – 0.025) samples

are presented in Fig. 1. As shown in Fig. 1(a), the starting materials were loaded into

a crucible, compacted and covered with boron oxide powder. Despite the low melting

points of Se (Tm ~ 490 K, ρ ~ 4.81 g/cm3) and Bi (Tm ~ 544 K, ρ ~ 9.78 g/cm3) compared

to that of B2O3 (Tm ~ 723 K, ρ ~ 2.46 g/cm3), the boron oxide did not infiltrate into the

BCSO, at least at the end of the synthesis (Fig. 1(b)). This suggested that the

protective B2O3 liquid-seal was formed at the top of the BCSO, due to its smaller

density than the other raw materials. The separation of the produced BCSO and the

B2O3 was very simple. Hence, the obtained material was uniform and rigid as shown

in Fig. 1(c). The obtained product was ground to a powder and SPS sintered to

produce dense pellets for further structural and TE properties characterizations (Fig.

1(d)).
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Fig. 1. Fabrication process of BCSO samples: (a) alumina crucible filled with raw

chemicals; (b) broken alumina crucible after flux synthesis; (c) as – synthesized

products after the removal of B2O3; (d) a SPSed pellet.

Fig. 2(a) shows the different positions and a cross-section of a BCSO sample where

X-ray diffractions were performed. The top (Z1) and middle (Z2) positions were about

1 mm, and 5 mm from the glassy B2O3 respectively. The position Z3 was at the bottom

side of the produced BCSO. The cross section was cut through the middle of the same

sample. Fig. 2(b) shows XRD patterns for these three positions and the cross section.

The BCSO delineated a single-phased ZrSiCuAs-type tetragonal crystal structure

(space group, P4/nmm), except that a minor amount of Bi2O3 impurity was detected

at the three positions Z1-Z3. The cross-section of the sample did not show a peak of

Bi2O3. This suggested that reaction to form the BCSO crystal phase was complete at

the center of the crucible at least, and a incomplete reaction occurred at the outmost

part of the sample only. The lack of boron oxide peaksT indicated that either the

diffusion between boron oxide and raw materials did not occur, or only happened at

the top of the sample which had already been removed.
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Fig. 2. (a) Photograph; (b) XRD patterns for different positions Z1, Z2, Z3, and a cross

section of the as-synthesised undoped BCSO.

The product as synthesized was highly rigid and could be easily ground. Shown in Fig.

3 are XRD patterns of the product after grinding and the following SPSed pellets. It

can be seen that no Bi2O3 peak could be observed and all the XRD peaks were

indexed to the BCSO (PDF#45-0296). This indicated that the Bi2O3 peak observed in

Fig. 2 existed at only the outmost part of the sample, the vast majority of the powders

were single phased ZrSiCuAs-type crystal structure. After grinding of the as-prepared

sample, the tiny amount of Bi2O3 as compared to the total amount of BCSO made the

Bi2O3 concentration beyond the detection limit of the XRD in the mixed and grinded

sample.
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Fig. 3. XRD patterns of pure BCSO powder and SPSed pellet.

Fig. 4(a) shows XRD patterns of the Bi1-xCsxCuSeO after SPS treatment. All samples

with different doping concentrations (x = 0 – 0.015) demonstrated a pure phase of

tetragonal crystal structure as indexed by PDF#45-0296. However, for the 2.5 mol%

Cs-doped sample, a minor Bi2O3 phase was observed. Of course, a tiny amount of

Bi2O3 phase could have existed in the lower doped samples as well, but it could not

be detected using XRD analysis due to the limited detectability of the technique.

Recently, it was reported that elemental doping at Bi site generally leads to a Bi2O3

impurity, which can affect the phase purity and thermoelectric performance of the

materials by affecting the carrier mobility and thereby lowering the electrical

conductivity [23,24]. Fig. 4(b) shows the magnified XRD pattern which shows clearly

a shift of the peak position between 29.5o and 30.5o, and also for the peaks in the

range from 52o to 57o with the increasing doping concentration.

The lattice parameters for these samples were obtained using the XRD data. As can

be observed in Fig. 4(c), the lattice constants increased almost linearly with doping

concentration and this can be explained by the Cs introduced into the BCSO.

However, for 2.5% Cs doped the lattice parameters decreased, which was consistent

with the presence of an amount of secondary phase. This suggests that the solubility

limit was reached for Cs content between 1.5% and 2.5%.
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Fig. 4. (a) XRD patterns; (b) enlarged peaks for sections of (a); (c) lattice parameters

of Bi1-xCsxCuSeO.

The expansion of the unit cell along the c axis might be related to the much larger ionic

radius of Cs+ (1.67 Å) as compared to that of Bi3+ (1.03 Å) and Cu+ (0.77 Å). The

pronounced effect to the lattice parameters can also be attributed to weakening of the

coulombic forces between the layers due to the aliovalent doping, which modifies the

electronic charge of each layer.

3.2 Morphology and Microstructure Analysis of the SPSed samples

The morphology and microstructure of the freshly broken cross section of SPSed

samples of the pristine BiCuSeO and Cs-doped samples are shown in Fig. 5. From

the SEM image, a highly dense morphology can be observed. The bulk density as

measured by the Archimedes method of the sintered materials reached 97% of the

theoretical value (Table 1). As shown in Fig. 5(a), a larger grain size of 2-6 µm was

observed, which was larger than 1-2 µm for those synthesized by using self-

propagating high-temperature method (SHS) [25] and much larger than 400-800 nm

obtained using solid-state reaction route (SSR) [19]. SEM images showed that the

grain size was progressively reduced with the increasing Cs doping. Reduced grain

size generated a larger number of grain boundaries, which may reduce the thermal

conductivity via phonon scattering. Furthermore, the grain size of the doped sample

was much smaller than that of the pure BCSO (Fig. 5(a)). This indicates that the grain

size reduction might be due to the repressed growth with Cs doping.
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Fig. 5. SEM cross section images of Bi1-xCsxCuSeO (x = 0 – 0.025) synthesized by

flux – SPSed: (a) x = 0; (b) x = 0.005; (c) x = 0.01; (d) x = 0.015; (e) x = 0.025.

3.3 Thermal and Chemical Stability

Thermoelectric generator devices are usually subjected to large thermal stresses and

strains for a long period of time. Therefore, it is necessary to study their thermal and

chemical stability. Fig. 6 shows the differential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA) curves of SPSed Bi1-xCsxCuSeO under either

flowing argon or air. Under argon flow, below a caesium content of x = 0.005, no weight

change or no obvious endothermic or exothermic peaks appeared at temperatures

up to 923 K, which indicated the stability of these materials (Fig. 6(a)). However, a

clear endothermic peak was observed around 1000K and accompanied by ~ 1.5 %
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weight loss in the TGA curves (Fig. 6(b)). The undoped BCSO result is similar to the

one reported by Barreteau and Li who observed DSC peaks at 1023 K [26,27].

At and above a caesium content of x = 0.01, a clear change of the slop of the curve

was observed from 680 K where decomposing starts under argon and air conditions

(Fig. 6(a)). Upon further heating, two endothermic peaks were observed, a small peak

around 750 – 850 K and a broader peak between 900 – 1010 K, and the accompanied

total weights loss were about 2.3 % (Fig. 6(b)). It is noteworthy that the stability of the

phase was reduced and the onset temperature of the broader peak decreased with

increasing caesium content. Although the Selenium element can be partially volatilized

at atmospheric oxidizing condition at temperatures as low as 473 K [27–29], the BCSO

samples exhibited good resistivity against volatility.
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Fig. 6. (a) Differential scanning calorimetry; and (b) thermogravimetric analysis of Bi1-

xCsxCuSeO (x = 0 – 0.025) samples under flowing argon and air.

Mass gain was observed in all samples under air flow from 300 to ~ 960 K and then a

significant decrease of mass above 960 K. This indicates oxidation of the BCSO

happened when it was heated in air. TGA curves show a maximum of 0.4 % gain in

weight at 850 K for Bi0.99Cs0.01CuSeO. However, no obvious exothermic peak

(reflecting the formation of a secondary phase) on DSC was observed. Surprisely,

mass gaining was observed from 700 K to 950 K for 1.5% and 2.5% Cs doped samples

under pure argon flow, suggesting a gas leakage of the system at temperatures above

700 K at least.
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Fig. 7 displays bar-samples of Cs doped BCSO (0.5 and 1%) after thermoelectric

property measurement. The image discloses an obvious change at the surface of the

sample of 1% (Fig. 7(b)) Cs and above, but not for the 0.5% Cs or non-doped BCSO.

This confirms the results in Fig. 6(a) that changes of the slope of the DSC curves for

1% Cs doping and above but not for the 0.5% Cs or non-doped.

Fig. 7. Bar-sample of Cs Doped BCSO after TE measurements: (a) 0.5%; (b) 1%.

Moreover, compositional analysis was carried out by EDS (Fig. 8). The quantitative

data of the Bi0.99Cs0.01CuSeO sample confirmed there were two coexisting areas, each

had different elemental composition (Table 2): (1) the dark area, which had a high Cs

concentration of more than 80 Wt. %; (Fig. 8(b)), and (2) the bright or white area,

where Cs content was close to the stoichiometric concentration (Fig. 8(c)). These

results conform to the previous conclusion that that the highly-doped Bi1-xCsxCuSeO

(x ≥ 0.01) materials were not stable when heated (during the TE property

measurement) in air, and suggest the dark aggregates in Fig. 7(b) were Caesium

oxide.

Table 1. Elemental quantification results showing the typical composition found at the

Bi0.99Cs0.01CuSeO sample.
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In summary these results suggest that the undoped BCSO and up to 0.5% Cs-doped

BCSO materials were stable under argon atmosphere below 923 K. Moreover, it

appears that Se volatilization was not an issue for the use of BCSO based materials

as thermoelectric modules under inert atmosphere. This agrees with the report that no

significant weight loss was observed for SPSed pure BCSO for several days at 923 K

[20]. Using a powder with high specific area of 0.255 m2 g-1, the total weight loss less

than 1 % was observed for powders after 3-week. This meant even if the whole surface

of a BCSO cube is exposed to a high temperature of 923 K, it would take more than

one year to observe 1% weight loss [26].
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Fig. 8. SEM image, EDS spectrums showing the typical composition found at the

Bi0.99Cs0.01CuSeO sample.

3.4 Thermoelectric Properties Characterisation

3.4.1 Pristine BiCuSeO

In order to compare the thermoelectric properties of the flux route with previously

reported methods, the temperature dependence of thermoelectric properties of the

undoped BCSO were measured over the temperature range 315 – 764 K. These
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values were compared with undoped BCSOs prepared by SHS and SSR methods

[19,25,30] and displayed in Fig. 9 and Fig. 10. As seen in Fig. 9(a), the electrical

conductivity of the sample synthesized using the flux method (18.8 S/cm at 764 K)

was higher than that SSR route (~ 10 S/cm at 775 K) but lower than that of SHS

synthesis (~ 45.4 S/cm at 775 K).

The comparison of Seebeck coefficient among these methods was shown in Fig. 9(b).

A similar trend of the Seebeck coefficient was observed for the flux and SHS methods,

but different to that of the materials prepared using SSR method. At room temperature,

the highest Seebeck coefficient was observed for the flux method at 516 µV/K, and

then decreased with the increase of temperature (328 µV/K at 764 K). In Fig. 9(c), a

power factor value of ~ 230 µW m-1 K-2 at 665 K was obtained for the materials

prepared using the flux method, which was higher than that of SSR method (~ 174 µW

m-1 K-2 at 775 K) but lower than that of SHS (~ 375 µW m-1 K-2 at 775 K). The large

power factor can be attributed to the high electrical conductivity and the high Seebeck

coefficient.



17

Fig. 9. Temperature dependence of thermoelectric properties for the BCSO

synthesized by SSR, SHS and the flux methods: (a) electrical conductivity; (b)

Seebeck coefficient; (c) power factor.
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Fig. 10(a) shows the thermal conductivity (κ) as a function of temperature for SPSed

BCSO synthesized by the flux method, which decreased continuously with

temperature. Compared to the SHS and SSR methods, the flux method showed lowest

thermal conductivity in the whole temperature range, ~ 0.84 Wm-1K-1 at 315 K and ~

0.42 Wm-1K-1 at 765 K. These values are lower than most thermoelectric materials.

These relatively low thermal conductivity values were attributed by the low lattice

contribution and may originated from the weak bonding between the layers and the

low Young’s modulus [31,32].
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Fig. 10. Temperature dependence of SPSed BCSO synthesized by SSR, SHS and

flux methods: (a) thermal conductivity; (b) thermoelectric figure of merit.

Fig. 10(b) shows temperature dependence of ZT values for the pristine BCSO

synthesized using SHS-SPS, flux-SPS and SSR-SPS methods. Across a large

temperature range, ZT of the materials prepared using the flux method was about the

same as of the SHS method, but higher than the SSR route. As a result, BCSO showed

similar ZT values (0.36 at 665 K and 0.37 at 764 K) as SHS (0.33 at 675 K and 0.49

at 775 K), but higher than that of SSR (0.09 at 675 K and 0.15 at 775K) samples

[19,25,30].

3.4.2 Caesium Doped BCSO

Fig. 11 and Fig. 12 show the temperature dependence of thermoelectric transport

properties for Bi1-xCsxCuSeO (x = 0 – 0.01) samples after SPS treatment from 300 K

to 680 K. As shown in Fig. 11(a), the electrical conductivity of the doped samples

increased with temperature. This also indicated that the monovalent Cs+ ion was an

effective dopant for BCSO. This enhancement can be explained by the increased

carrier density in the TE materials. The highest electrical conductivity of ~ 25 Scm-1

was obtained for Bi0.995Cs0.005CuSeO at 680 K.

The temperature dependence of Seebeck coefficient of Bi1-xCsxCuSeO is shown in

Fig. 11(b). At room temperature, the 1 mol% Cs doped sample exhibited a high

Seebeck coefficient of ~ 550 µV/K. However, the Seebeck coefficient decreased over

the whole temperature range and a similar value of ~ 370 µV/K at 680 K was observed

for all samples. It is noteworthy that the trend of decreasing Seebeck coefficient with

increasing temperature was observed for monovalent Cs, and an opposite effect was

observed with monovalent K and Na doping [18,19]. This moderate decreased

Seebeck coefficient and enhanced electrical conductivity of the doped samples

produced a high-power factor value of 340 µW m-1 K-2 for Bi0.995Cs0.005CuSeO at 680

K, as shown in Fig. 11(c).
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Fig. 11. Temperature dependence of SPSed Bi1-xCsxCuSeO (x = 0 – 0.01)

synthesized by the flux method: (a) electrical conductivity; (b) Seebeck coefficient; (c)

power factor.



21

Fig. 12(a) shows total thermal conductivity as a function of temperature for the Bi1-

xCsxCuSeO (x = 0 - 0.01) samples. For all of the samples, the thermal conductivity

decreased with rising temperature. For the undoped BCSO, a value of 0.84 Wm-1K-1

at room temperature was observed, and dropped to 0.42 Wm-1K-1 at 680 K. These

values were lower than most thermoelectric materials [6,33]. Upon doping with Cs, the

thermal conductivity decreased further to a minimum of 0.35 Wm-1K-1 for

Bi0.995Cs0.005CuSeO at 680K. The dimensionless figure of merit ZT is shown in Fig.

12(b). ZT values increased with temperature, a maximum ZT value of 0.66 was

obtained for the Bi0.995Cs0.005CuSeO at 680 K, which was about 78 % higher than that

of the pure BCSO.

The relationships between the microstructure and the electro-thermal properties of the

TE materials are often complex. Generally, charge carrier density and defect density

(including grain boundary density) are the most important factors. Our flux prepared

prestine BCSO displayed largest grain size, highest Seebeck coefficient and lowest

thermal conductivity, as compared to the SHS and SSR prepared samples. One

possible explanation is that our flux prepared BCSO had an lower charge carrier

density than the SHS samples at least. A lower electrical conductivity for the flux

sample than for the SHS sample supports this hypothesis. This lower charge carrier

density could be due to lower inpurity or defect introduced in the flux method than for

the SHS method.
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Fig. 12. Temperature dependence of Bi1-xCsxCuSeO (x = 0 – 0.01) synthesized by the

flux method: (a) thermal conductivity; (b) thermoelectric figure of merit.

The incorporation of Cs on BSCO resulted in the decrease of the grain size, Seebeck

coefficient, and thermal conductivity, also an increase of the electrical conductivity.

One plausible explanation is that the Cs doping increased the charge carrier density.

Another consequence of the incorporation of Cs into the BCSO could be the increase

of point defects. This could be the reason why the 0.5% and 1% Cs doped BCSO had

their thermal conductivity reduced further from that of the non-doped BCSO.

Considering the hypotheis that doped BCSO had higher charge carrier density, the

electrical contribution to the thermal conductivity must be much smaller than the lattice
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contribution for the BCSO samples. The reduction of the grain size with doping may

also contributed to the reduction of the thermal conductivity, as this increased the

density of grain boundary. Furthermore, the presence of high Cs concentration areas

observed for doping higher than 0,5% may be also another reason. Indeed,

nanoinclusions of high Cs content can also exist and so play a role by phonon

scattering in the thermal transport properties of prepared samples. Besides, the point

defect scattering could also be originated from mass fluctuations and interatomic force

differences between the impurity Cs (atomic mass 133) and Bi (atomic mass 209),

which contribute to the lattice thermal conduction reduction, as described by Callaway

[34–36]. Conclusions

The BCSO thermoelectric materials have been successfully synthesized using an eco-

friendly B2O3 flux method. Compared with other synthesis methods, the flux method

can be performed in air below 923 K with little risk of oxidation. Moreover, the BCSO

prepared by the flux method had improved the electrical conductivity and Seebeck

coefficient, and significantly suppressed thermal conductivity. The ZT at 680 K was

increased from 0.37 for pristine BiCuSeO to 0.66 for Bi0.995Cs0.005CuSeO. These

results showed promising features, such as simplicity and cost effectiveness of BCSO

powder synthesis using the flux method, which may be advantageous for large-scale

application.
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