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We report point defect-assisted doping mechanism and related thermoelectric transport 

properties in Pb-doped BiCuOTe compounds. The substitution of trivalent Bi3+ with divalent 

Pb2+ led to the generation of more than one hole per single Pb atom. The origin of the extra 

charge carrier was discussed in terms of the formation energy of p-type native point defects, 

and it could be evidenced by the density functional theory calculations. Related charge 

transport properties indicated that control of the native point defect is critical to achieve 

high thermoelectric performance in BiCuOTe material system. 

Introduction 

Recently, BiCuOQ (Q = chalcogen) oxychalcogenides have 

attracted much attention as promising thermoelectric materials 

for power generation using waste heat. It has a ZrCuSiAs type 

structure (space group = P4/nmm) and consists of alternately 

stacked (Bi2O2)
2+ insulating layers and (Cu2Q2)

2- conducting 

layers along the c-axis.1-3 It exhibits extremely low lattice 

thermal conductivity (κph < 1.0 Wm-1K-1),4-6 while the electrical 

conductivity (σ) of BiCuOQ, whose valence band minima is 

comprised of Cu 3d and Q p, is relatively poor due to its low 

hole mobility.7-11 The electrical conductivity, however, can be 

significantly improved by doping of various elements (Mg2+, 

Ca2+, Sr2+, Ba2+, Pb2+, Na+, and K+), which can lead to the 

remarkable enhancement of thermoelectric performance.4,5,6,12-

20 We reported the simultaneous increase in both the carrier 

concentration and the mobility in K-doped BiCuOSe 

compounds, and its origin was discussed in terms of the two-

band structure of BiCuOSe.20 Sui et al. reported the highest 

thermoelectric figure-of-merit ZT (= S2σT/κ, where S is Seebeck 

coefficient, κ is thermal conductivity and T is absolute 

temperature) of 1.4 at 923K in textured Ba-doped BiCuOSe,15 

and it was superior to the state-of-the-art ZT value reported in 

p-type skutterudite system (ZT = 1.2 at 800K).21  

Compared with other thermoelectric materials, the achieved 

high thermoelectric performance of BiCuOSe mainly originates 

from its very low thermal conductivity rather than its power 

factor. Actually, the power factors (PF = S2σ) of BiCuOSe (< 1 

x 10-3 Wcm-1K-2)4,5,6,12-20 were reported to be considerably 

smaller than that of the p-type skutterudite (> 4.5 x 10-3 Wcm-

1K-2).21 In this respect, BiCuOTe is one of the suitable 

thermoelectric materials to obtain high power factor in BiCuOQ 

system. Because the antibonding of Cu 3d-Te 5p state is 

stronger than Cu 3d-Se 4p states at same doping level, the hole 

mobility can be significantly improved in BiCuOTe.22 

Therefore, the power factors in undoped BiCuOTe are superior 

to that in undoped BiCuOSe, leading to high ZT (0.66 at 

673K)23 compared with that in the undoped BiCuOSe (~ 0.4 at 

673K).4,5,6,12-20 However, contrary to the case of BiCuOSe, the 

carrier optimization for the improvement of ZT by the impurity 

doping has not been successful in BiCuOTe. The electrical 

conductivity could be enhanced by Pb-doping in the BiCuOTe, 

while the power factors were not significantly improved due to 

the drastic reduction in Seebeck coefficient. To make matters 

worse, the strengthened electrical contribution to the thermal 

conductivity (κhole) by Pb-doping leads to the decrease of ZT 

values.23 Therefore, understanding the effect of doping on the 

thermoelectric properties is of great significance for the 

enhancement of thermoelectric performance of BiCuOTe. 

In this work, point defect-assisted doping mechanism and 

related thermoelectric transport properties in Pb-doped 

BiCuOTe compounds are presented. Even undoped BiCuOTe 

compound exhibited degenerately doped semiconducting 

behaviour up to extrinsic-intrinsic transition temperature, and 

this result indicates that native point defects are the main source 

of the hole generation in BiCuOTe. Hole concentration 

increased with the increase in the amount of the Pb, resulting in 

the significant increase in the electrical conductivity of Pb-

doped BiCuOTe. However, although at most one hole per 

single dopant atom could be generated due to the divalency of 

Pb, more than one hole per a Pb atom were generated in the Pb-

doped compound. The dependence of the formation energies of 
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possible point defects (VCu and VBi) on the amount of Pb-doping 

were calculated based on density functional theory (DFT), and 

the results were quite consistent with our observations. Details 

in the thermoelectric transport properties of the Pb-doped 

BiCuOTe compounds were also discussed. 

 

Experimental 

Bi1-xPbxCuOTe (x = 0, 0.01, 0.02, 0.04 and 0.06) compounds 

were synthesized by one step solid state reaction. Bi2O3 

(99.999%, Sigma Aldrich), Bi (99.999 %, 5N Plus), Te (99.999 

%, 5N Plus), Cu (99.99%, Alfa Aesar) and Pb (99.9%, Alfa 

Aesar) were used as starting materials. Mixtures of starting 

materials were ground with an alumina mortar and pestle, and 

they were pressed into pellets under uniaxial stress (80 MPa). 

The pressed pellets were annealed at 788K for 12 h in 

evacuated silica tubes to obtain a homogeneous BiCuOTe 

phase. The annealed samples were pulverized into powders, and 

then the powders were consolidated by spark plasma sintering 

at 748K under 50 MPa of pressure for 5 min in a 10-3 Torr 

vacuum. Phase analyses of the compounds were performed 

using an X-ray diffractometer (XRD, New D8 Advance, 

Bruker). Electrical conductivities and Seebeck coefficients 

were measured by a thermoelectric property measurement 

system (TPMS, RZ-2001i, Ozawa Science), and carrier 

concentration and mobility were determined using a Hall 

measurement system (Hall, ResiTest 8300, Toyo Corporation). 

The crystal structure optimization for the Pb-doped BiCuOTe 

compound was carried out using a set of 200 k-points for the 

irreducible Brillouin zone. Calculation of vacancy formation 

energy for Pb-doped and undoped case and calculation of the 

change of lattice parameter as a function of Pb-doping 

concentration were also performed. In the calculation, a set of 

200 k-points for the irreducible Brillouin zone was used, and 

the self-consistent-field convergence thresholds were 10-5 eV 

and 0.001 eV/Å for the total electronic energy and force, 

respectively. The DFT calculations employed the frozen-core 

projector augmented wave (PAW) method24,25 encoded in the 

Vienna ab initio simulation package (VASP).26 The 

generalized-gradient approximation (GGA)27 of Perdew, Burke 

and Ernzerhof (PBE) was used for the exchange-correlation 

functional with the plane-wave-cut-off energy of 550 eV. 

 

Results and discussion 

Figure 1(a) shows XRD patterns of the as-prepared Bi1-

xPbxCuOTe (x = 0, 0.01, 0.02, 0.04 and 0.06) compounds. The 

XRD patterns indicate that the compounds consist of a single 

phase of BiCuOTe with little trace of Bi2O3 secondary phase. 

The formation of Bi2O3 secondary phase was not affected by 

the amount of Pb-doping, and it was evidenced by the peak-to-

peak height between the Bi2O3 and BiCuOTe phase (Figure 

S1). As shown in Figure 1(b), the lattice parameters along a- 

and c-axis increased with the increase in the amount of Pb as 

summarized in Table 1. Standard deviations of the lattice 

parameters are provided in Table S1. The increase of the lattice 

 

Fig. 1(a) X-ray diffraction patterns of the Bi1-xPbxCuOTe compounds. (b) 

Dependence of the lattice parameters on the amounts of Pb-doping and (c) relative 

intensities of (110) to (102) and (004) to (102) peaks in the XRD patterns. 

 

parameter is due to the ionic radius of Pb2+ (0.129 nm) which is 

larger than that of Bi3+ (0.117 nm).28 The increase of the lattice 

parameter along the c-axis is more significant than that along 

the a-axis, and the calculated values based on DFT calculations 

also exhibited the same tendency. This behaviour can be related 

with the decrease in the columbic attraction between (Bi2O2)
2+ 

insulating layers and (Cu2Q2)
2- conducting layer as proposed by 

Barreteau et al.32 Figure 1(c) presents the relative intensities of 

(004) to (102) and (110) to (102) peaks in the XRD patterns. 

Because the relative intensities were not strongly dependent on 

the amount of Pb-doping, it is possible to compare the 

following thermoelectric transport properties directly without 

further consideration on the additional effects of the 

microstructure. 

Figure 2(a) shows temperature-dependent electrical 

conductivities of the Bi1-xPbxCuOTe compounds. The electrical 

conductivities of the compounds increased with the increase in 

the amount of Pb-doping, indicating that the Pb atom is an 

effective acceptor for BiCuOTe. The electrical conductivities of  

Pb-doped compounds decreased with the increase in 

temperature. As shown in the inset, the electrical conductivities 

were proportional to T1.5 at relatively low temperature, which 

indicates that the hole-acoustic phonon scattering is the 

dominant mechanism for the metallic conduction behaviour in 

 
Table 1. Experimental (Exp.) and calculated (Calc.) lattice parameters along a- 

and c-axis. 

Pb (at%) 

a (nm) c (nm) 

Exp. Calc. Exp. Calc. 

0 0.4035 0.4058 0.9516 0.9724 

1 0.4037 0.4059 0.9524 0.9742 

2 0.4039 0.4060 0.9534 0.9752 

4 0.4047 0.4061 0.9562 0.9765 

6 0.4043 0.4061 0.9572 0.9783 
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Fig. 2(a) Temperature-dependent electrical conductivities of the Bi1-xPbxCuOTe 

compounds. A plot of σ vs. 10000/T1.5 is shown in the inset. (b) Dependence of 

carrier concentration on the atomic percent of dopants in the BiCuOTe (filled) and 

BiCuOSe compounds (open). (c) Hole generation per a Pb atom (doping yield) as a 

function of the atomic percent of Pb in the Bi1-xPbxCuOTe compounds. 

 

BiCuOTe at this temperature range. The temperature 

dependence of T-1.5 was much obvious in the compounds with 

relatively high Pb content (x ≥  0.04), indicating that these 

compounds are degenerately doped in the whole temperature 

range used in this study. In the case of x ≤ 0.02, the electrical 

conductivity was no longer linearly proportional to T1.5 at 

relatively high temperature due to the extrinsic-intrinsic 

transition. 

To understand the effect of Pb-doping on the electrical 

conductivity, Hall measurements of the compounds were 

performed at room temperature. As shown in Table 2, the 

electrical conductivities characterized by TPMS (TPMS) were 

in reasonably good agreement with those by Hall measurements 

(Hall). Figure 2(b) presents hole concentrations at room 

temperature as a function of the amount of Pb-doping in the 

Bi1-xPbxCuOTe compounds. The hole concentration increased 

with the increase in the amount of Pb, and the value in 6 at% 

Pb-doped BiCuOTe compound (1.4 x 1021 cm-3) was more than 

one order higher than that in the undoped compound (6.9 x 1019 

cm-3). The doping mechanism can be simply explained by the 

substitution of Bi3+ by Pb2+ as same as in Pb-doped BiCuOSe 

compounds.16-18 The Bi3+ substitution with Pb2+ results in the 

generation of hole carriers in the insulating layer of [Bi2O2]
2+, 

and then the holes are transferred into the conducting layer of 

[Cu2Se2]
2− in the Pb-doped BiCuOTe compounds. However, it 

is noteworthy that the carrier concentrations in the Pb-doped 

compounds are higher than the nominal carrier concentration 

(indicated by dashed line; the case when a single dopant atom 

in the site of Bi provides only one hole through the mechanism 

described above). This tendency is much clearly observed in the 

compounds with high Pb content as shown in Figure 2(c). 

This anomalous doping effect of Pb has also been reported in 

BiCuOSe compounds. Dopants whose ionic radii are larger 

than that of Bi3+ (0.117 nm), such as Pb2+ (0.133 nm) and Sr2+ 

(0.132 nm), have exhibited strong doping efficiency in this 

material system.16,32 In contrast, the doping yield was far below 

unity in the case of Mg2+ (0.086 nm).12 Actually, because a 

considerably high hole concentration (6.9 x 1019 cm-3) was 

observed even in the undoped compound, it is obvious that 

native point defects play an important role in this material 

system. Therefore, it can be reasonably proposed that the 

doping mechanism is closely related with the formation of extra 

point defects due to the existence of foreign ions in Bi3+ sites. 

Meanwhile, the mobility continuously decreased with the 

increase in the amount of Pb as shown in Table 2 and Figure 

3(a). In our previous report, it was revealed that the mobility is 

critically affected by the two-band structure in BiCuOQ.20 The 

charge transport in undoped BiCuOSe (p = 5.1 x 1018 cm-3) was 

determined by heavy-hole band, while that in degenerately 

doped BiCuOSe (p = 2.3 x 1019 cm-3) was governed by light-

hole band as schematically drawn in Figure 3(b). Therefore, it 

led to an abrupt increase in the mobility from 2.4 (undoped) to 

12.6 cm2V-1s-1 (doped) by the increase in the hole 

concentration.  

 
Table 2. Electrical conductivities characterized by TPMS and Hall, hole 

concentration (p) and mobility () at room temperature. 

Pb (at%) 
 TPMS 

(Scm-1) 

 Hall 

(Scm-1) 

p  

(cm-3) 

μ 

(cm2V-1s-1) 

0 2.3 x 102 1.4 x 102 6.9 x 1019 1.3 x 101 

1 3.5 x 102 3.1 x 102 1.8 x 1020 1.1 x 101 

2 5.5 x 102 5.0 x 102 3.8 x 1020 8.2 

4 9.6 x 102 9.6 x 102 8.7 x 1020 6.9 

6 1.4 x 103 1.2 x 103 1.4 x 1021 5.1 
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Fig. 3(a) Mobilities of the Bi1-xPbxCuOTe compounds as a function of carrier 

concentration at room temperature. (b) and (c) are schematics of the two band 

structure in BiCuOSe and BiCuOTe, respectively. (HH: heavy hole, LH: light hole, 

EF: Fermi level) 

 

In this experiment, even the undoped BiCuOTe exhibited 

degenerately doped conducting behaviour due to the native 

point defects and its mobility was considerably high (1.3 x 101 

cm2V-1s-1). Therefore, it demonstrates that the charge transport 

in BiCuOTe is governed by the light-hole band as depicted in 

Figure 3(c), and the decrease in the mobility by Pb-doping is 

influenced by the ionized impurity scattering as reported in our 

previous work.20  

Based on the DFT calculations, the formation energies of 

possible point defects were calculated to understand the 

detailed doping mechanism, and the results are shown in Table 

3. In order to describe formation energy, we consider 4×4×2 

extended cell. We optimized the atomic positions of all 

considered systems on the basis of DFT calculations while 

keeping the cell parameters at those values found in the 

experimental structure. In undoped BiCuOTe, the formation 

energies of Cu and Bi vacancy were calculated to be 55 and 66 

meV/formula unit (FU), respectively. Although both types of 

vacancy could contribute to the hole generation together due to 

their very low formation energies, the vacancy formation 

energy at Cu site was slightly lower than that of Bi site. 

Therefore, the p-type character in undoped BiCuOTe is mainly 

attributed to the formation of Cu vacancy. As the amount of Pb 

increases in BiCuOTe, both the vacancy formation energies in 

the Bi and Cu sites decrease, however, the decrease in the 

formation energy of VBi is much steeper than that of VCu. 

Because of large ionic size of Pb2+, Pb-doping causes a 

structural strain in the (Bi2O2)
2+ layer, and this strain can be 

alleviated by introducing Bi vacancy. As a consequence, Pb-

doping in Bi site can trigger the generation of extra hole carrier  

 
Table 3. DFT calculations of the formation energies of Bi and Cu vacancy in Bi1-

xPbxCuOTe. 

Compound 

Vacancy formation energy (meV/FU) 

Bi vacancy Cu vacancy 

BiCuOTe 66 55 

Bi0.985Pb0.015CuOTe 34 37 

Bi0.97Pb0.03CuOTe 18 21 

Bi0.955Pb0.045CuOTe 3 6 

Bi0.94Pb0.06CuOTe -10 -8 

 

by reducing the formation energy of p-type point defects, 

especially VBi, for the strain relaxation.  

Figures 4(a) and (b) show the effects of Pb-doping on the 

Seebeck coefficient and power factor of the Bi1-xPbxCuOTe 

compounds, respectively. As the Pb content increased in the 

compound, the Seebeck coefficient rapidly decreased due to the 

increase in the hole concentration through the anomalous 

doping mechanism. Consequently, significant enhancement of 

the power factor could not be achieved by Pb-doping in this 

experiment. When x ≥ 0.4, the Seebeck coefficients were 

linearly proportional to temperature, indicating that the carrier 

concentrations in the compounds are almost constant in the 

temperature range used in this study. Meanwhile, the Seebeck 

coefficients of the compounds (x ≤ 0.2) deviated from the 

linearity at relatively high temperature due to the extrinsic-

intrinsic transition. This result is quite consistent with the 

charge transport properties discussed in Figure 2(a). 

The Seebeck coefficients at room temperature are plotted as a 

function of carrier concentration in Figure 4(c), and they were 

compared with the calculated Seebeck coefficients. In the inset, 

the Fermi energy level indicates that even the undoped 

BiCuOTe is degenerately doped at room temperature due to the 

native point defects. This result is also consistent with the 

temperature dependence of its electrical conductivity below the 

extrinsic-intrinsic temperature in Figure 2(a), and it exhibits the 

importance of the native point defects on the thermoelectric 

performance in this material system. Theoretically, Seebeck 

coefficients can be calculated by eq. (1) in the case of single 

parabolic band structrure.29-31 In this work, the charge transport 

in BiCuOTe is dominantly governed by a single band of light-

hole regardless of Pb-doping as discussed above. 
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where kB is Boltzmann constant, e is electron charge, r is 

scattering parameter (+1/2 for optical phonon scattering, -1/2 

for acoustic phonon scattering and +3/2 for ionized impurity 

scattering), Fn is Fermi integral in Eq. (2), and ξ is reduced 

Fermi energy in Eq. (3).  
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where EV - EF is the Fermi energy level with respect to the top 

of the valence band. For the calculation, effective mass was 

treated as a free parameter. 

 

Fig. 4 (a) Temperature-dependent Seebeck coefficients and (b) power factors of the 

Bi1-xPbxCuOTe compounds. (c) Carrier concentration-dependent Seebeck 

coefficients of the Bi1-xPbxCuOTe compounds at room temperature and calculated 

Seebeck coefficients (solid line: r = -1/2, dashed line: r = 1/2 and 3/2). Calculated 

Fermi energy levels (EV - EF) are shown in the inset. 

 

As shown in Figure 4(a), the calculated Seebeck coefficients 

based on the acoustic phonon scattering model (r = -1/2) are 

well fitted to the experimental values, implying that the degree 

of non-parabolicity in BiCuOTe could be negligible for the 

calculation using eq. (1). This result is consistent not only with 

the previous reports in doped BiCuOSe compounds,12,16,32 but 

also with the observed scattering mechanism for the electrical 

conductivity (σ ∝ T1.5) in Figure 2(a). 

Figures 5(a) and (b) show thermal conductivities and 

resulting ZT values of the Bi1-xPbxCuOTe compounds, 

respectively. Undoped BiCuOTe compound exhibited a quite 

low thermal conductivity (0.834 Wm-1K-1 at room temperature). 

The thermal conductivity increased with the increase in the 

amount of Pb-doping, and it could be explained by the 

increased electrical contribution to the thermal conductivity. 

When x ≥ 0.4, the thermal conductivity monotonously 

decreased with increasing temperature. However, in the case of 

x ≤ 0.02, there was a transition in its temperature dependence 

of the thermal conductivity at around 450 ~ 500K due to the 

onset of the bipolar conduction. This behaviour is considerably 

consistent with the results of the charge transport in Figure 2(a) 

and also the Seebeck coefficient in Figure 4(a). Eventually, the 

ZT values decreased monotonically with the increase in the 

amount of Pb and the highest ZT value (0.51 at 600K) was 

obtained in undoped BiCuOTe compound.  

 

 
 

Fig. 5 (a) Temperature-dependent thermal conductivities and ZT values of the Bi1-

xPbxCuOTe compounds.  
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Conclusions 

In summary, point defect-assisted doping mechanism and 

related thermoelectric properties in Pb-doped BiCuOTe 

compounds were investigated. Degenerately doped p-type 

semiconducting behaviour was observed even in undoped 

BiCuOTe due to the native point defects, and the formation of 

the point defect was accelerated by the substitution of Bi with 

Pb. DFT calculations demonstrated that Pb-doping leads to the 

generation of extra charge carrier by reducing the formation 

energy of VBi for the strain relaxation which resulting from the 

larger ionic radius of Pb2+ than Bi3+. The electrical conductivity 

in Pb-doped BiCuOTe could be significantly enhanced due to 

the unexpected increase of hole concentration, while it led to 

the drastic decrease in Seebeck coefficient. Therefore, the point 

defect-assisted doping in the Bi1-xPbxCuOTe compounds 

inevitably entailed the increase in thermal conductivity, 

consequently leading to the decrease in ZT. With these results, 

it can be concluded that thermoelectric performance of 

BiCuOTe compound is critically determined by the native point 

defects, and that finding a suitable donor to compensate the 

holes can be a possible way to improve the thermoelectric 

performance.  
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