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Abstract: 

 

 

c-axis oriented Bi1-xPbxCuSeO (0≤x≤0.8) single crystalline thin films have been 

successfully epitaxially grown on SrTiO3 (001) substrates via pulsed laser deposition 

technique. Detailed x-ray diffraction and transmission electron microscopy 

measurements reveal the excellent c-axis and ab-plane texture of the films. As the Pb 

doping concentration increases, both the resistivity and Seebeck coefficient decrease 

due to the increase of hole carrier concentration. The highest power factor of about 

1.2 mWm
-1

K
-2

 has been achieved in Bi0.96Pb0.06CuSeO single crystalline thin films at 

673 K, which is much higher than those of polycrystalline ceramics with random 

orientation, suggesting that c-axis oriented BiCuSeO-based single crystalline thin 

films might have great potential for application in thermoelectric thin film devices. 

Keywords: BiCuSeO; single crystalline thin films; thermoelectric; c-axis oriented; 

epitaxial growth; pulsed laser deposition 
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1. Introduction 

Thermoelectric (TE) materials, capable of converting thermal energy directly into 

electricity, making them attractive for waste heat conversion applications. The 

performance of TE materials is evaluated by the dimensionless figure of merit 

ZT=(S
2
σ/)T, where S, σ,  and T are the Seebeck coefficient, the electrical 

conductivity, the thermal conductivity and the absolute temperature, respectively. The 

state-of-the-art TE materials are primarily metallic alloys.
1-4

 However, these materials 

often suffer from thermal instability at high temperatures, oxidation in air and toxicity. 

Oxides can overcome these problems and therefore have attracted increasing interests 

to the researchers. In the past decades, ZnO or In2O3-based transparent conductive 

oxides, SrTiO3 or CaMnO3-based perovskite-type oxides, layered cobaltite etc. have 

been extensively studied as promising candidates for oxide TE materials.
5-9

 However, 

their ZT values still remain significantly lower than those of metallic alloys.  

BiCuSeO is a p-type oxide semiconductor with band gap of about 0.8 eV, which 

was previously studied as a potential transparent conducting material for photoelectric 

applications. It crystallizes in the ZrSiCuAs structure-type with a tetragonal P4/nmm 

layered structure. The lattice parameters of a and c are about 3.928 and 8.933 Å, 

respectively.
10

 This structure is composed of insulating (Bi2O2)
2+ 

layers alternatively 

stacked with the conductive (Cu2Se2)
2- 

layers along the c-axis. Recently, BiCuSeO 

was reported to exhibit potential TE applications due to its intrinsically low thermal 

conductivity.
11, 12

 Great efforts have been devoted to improve the TE performance of 

this compound via doping, copper vacancies, texture controlling, band tuning and 
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etc.
13-24

 It was proved that c-axis textured BiCuSeO samples showed a significant 

enhancement in ZT relative to the randomly orientated ones due to its layered 

structure. A very high ZT of about 1.4 (~ 873 K), which actually is comparable to 

those reported for some state-of-art metallic alloys TE materials, has been obtained in 

the c-axis partial textured Ba-doped BiCuSeO polycrystalline ceramics,
24

 and a 

greater ZT value can be expected to achieve if we can fabricate fully c-axis textured, 

i.e. c-axis oriented, samples.  

 For many microscale TE devices, thin films are highly required. In addition, thin 

films can offer tremendous scope for ZT enhancement via quantum confinement 

effect, interface  engineering, nano-manipulation etc.
25, 26 

Moreover, epitaxial thin 

films, with single crystalline structure, would also provide the possibility for a variety 

of very important experimental investigations and detailed anisotropy measurements 

on this material. However, so far there have been no repots on the TE properties of 

BiCuSeO-based c-axis oriented epitaxial thin films.
 
In this paper, We report the 

epitaxial growth and TE properties of c-axis oriented Pb-doped BiCuSeO single 

crystalline thin films grown by pulsed laser deposition (PLD) technique. The resulting 

thin films show excellent crystalline quality as well as TE properties. A high power 

factor of about 1.2 mWm
-1

K
-2

 has been achieved in Bi0.96Pb0.06CuSeO single 

crystalline thin films at 673 K, which is much higher than the values reported for the 

corresponding polycrystalline ceramics so far.
13-15

 

2. Experimental section 

Bi1-xPbxCuSeO (0≤x≤0.08) single crystalline thin films were grown on (100) oriented 
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single crystal SrTiO3 substrates by pulsed laser ablation of the corresponding ceramic 

targets under the atmosphere of high purity argon. Here the targets were synthesized 

by the solid-state reaction method as described follows: stoichiometric mixtures of 

Bi2O3 (99.99%, Alfa Aesar), Cu (99.9%, Alfa Aesar), Bi (99.99%, Aladdin), Se 

(99.99%, Aladdin) and PbO (99.99 %, Alfa Aesar) powders were grinded for about 6 

h by a ball-milling machine and pressed into pellets with diameter of about 30 mm. 

Then the pellets were sealed in quartz tubes under the pressure of 10
-5 

Pa and sintered 

at 573 K for 6h and 973 K for 12h. Before loading into the PLD chamber, the 

SrTiO3 substrates, having the cubic structure with lattice parameters of about 3.905 Å, 

were cleaned in an ultrasonic bath for 10 min in acetone, followed by isopropyl 

alcohol, de-ionized water and then spun dry. An excimer laser with 308 nm radiation 

was used for PLD with a laser energy density of 1.5 J/cm
2
 and a repetition rate of 3 

Hz. The distance between substrate and target was about 50 mm, and the argon 

pressure of 0.1 Pa was maintained during the film growth at the optimization substrate 

temperature of 350 °C. After the deposition, the films were cooled to room 

temperature within 20 min.  

The thickness of the films was measured by the Step Profiler (Dektak 150) and 

all film samples used in this work was about 50 nm. The crystal structure of the films 

was measured using a Bruker AXS D8 advance x-xay diffractometer with Cu Kα 

radiation. The surface morphology of the films was analyzed by atomic force 

microscopy (AFM, Nanoscope IV, Digital Instruments) with a tapping mode. The 

microstructure and the elemental compositions of the films were analyzed with a 
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field-emission transmission electron microscopy (TEM, Tecnai G2 F20) equipped 

with an energy-dispersive X-ray spectroscopy (EDX) detector. The room temperature 

carrier concentration n and carrier mobility μ were measured by using a physical 

properties measurement system (PPMS-9, Quantum Design Inc.) with the Van Der 

Pauw method. Electrical resistivity  and Seebeck coefficient S were measured 

simultaneously by the standard dc four-probe technique from 300 K to 673 K in a 

LSR-800 measurement system (Linseis, Germany). 

3. Results and discussion 

Figure 1a shows x-ray diffraction (XRD) -2 scans of Bi1-xPbxCuSeO (0≤x≤0.08) thin 

films on (001) SrTiO3 substrates. Apart from the substrate peaks, all diffraction peaks 

can be indexed by BiCuSeO (0 0 l) characteristic peaks (PDF# 45-0296), indicating 

the resulting films are pure phase and c-axis oriented. As Pb doping concentration x 

increases, the diffraction peaks systematically shift toward small angle, as seen in 

figure1b, suggesting c-axis lattice parameters of the films increase due to the 

substitution of Pb
2+

 for Bi
3+

 (the ionic radius of Pb and Bi is about 1.29Å and 1.17Å in 

a coordination number of 8 as given by Shannon) 
27

. The inset of figure 1b is the 

ω-scan of (0 0 3) peak for the x=0 thin film sample (i.e. BiCuSeO), it shows a full width 

at half maximum (FWHM) of 0.35, further confirming the excellent c-axis orientation 

of the film. Figure 1c presents the reciprocal space mapping (RSM) of the BiCuSeO 

thin film sample. It clearly reveals that the strain in this 50-nm-thick film is fully 

relaxed. Similar results are obtained for other Bi1-xPbxCuSeO thin films with the same 

thickness. This result suggest that the lattice parameters shift shown in figure 1b 
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is indeed caused by the substitution of Pb
2+

 for Bi
3+

 but not by lattice strain or residual 

stresses. The ab-plane or in-plane texture information of the Bi1-xPbxCuSeO films on 

SrTiO3 (001) was investigated by XRD  scan. Figure 1d presents the  scan of the (1 1 

1) peak of the BiCuSeO film. It reveals the presence of four sharp peaks with FWHM of 

only about 0.2
o
, indicating the four-fold symmetry of the BiCuSeO film with a perfect 

ab-plane texture.  

The c-axis oriented growth and good crystalline quality of the Bi1-xPbxCuSeO 

thin films on SrTiO3 (001) were further investigated by TEM. Figure 2a presents a 

high-resolution TEM (HRTEM) picture of BiCuSeO thin film on SrTiO3 (001) 

substrate. Well-ordered layered structures of BiCuSeO stacked along the c axis can be 

clearly observed in the picture. In addition, there exists a bright area with 1-2 nm in 

width at the interface between the film and the substrate. This imperfect interface is 

suggested to be caused by the lattice mismatch between BiCuSeO and SrTiO3. The 

enlarged HRTEM of the film part is illustrated in figure 2b, and the distance of the 

lattice in HRTEM, which is about 0.892 nm, is consistent with the c lattice parameter 

obtained from XRD. The corresponding selected area electron diffraction (SAED) 

pattern, shown in the figure 3c, confirms the epitaxial growth of BiCuSeO film on 

SrTiO3, evidenced by the distinguished diffraction dots from the film and the 

substrate. The epitaxial relationship between the film and the substrate deduced from 

the SAED pattern is BiCuSeO[100]//SrTiO3[100]. Figure 2e presents the AFM image 

of this BiCuSeO thin film. The film is dense and free of any microcracks or pores. 

Moreover, it exhibits a very smooth surface with root mean square (rms) roughness of 
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only 4.5 nm over the 10 μm10 μm large scanning range.  

Elemental analysis and chemical characterization of the film samples were 

studied using TEM-EDX. Figure 3a presents low-magnification cross-sectional 

scanning TEM (STEM) image of the 50-nm-thick BiCuSeO thin film on SrTiO3. The 

EDX analysis of the film, as seen in figure. 3b, reveals that the cation ion ratio of 

Bi:Cu:Se in the film is about 1.00:1.06:1.03, which is very close to that of the nominal 

composition of this material. We also performed the EDX measurement on a large 

scale of SEM surface image of the present film, and similar results were obtained. 

Figure 3c-e illustrate the EDX mapping of Bi, Cu, and Se elements of the film, 

demonstrating the homogeneous distribution of these elements in the film, and no  

obvious elemental diffusion between the film and substrate near the interface.  

Figure 4a and 4b present the temperature dependence of the ab-plane resistivity 

ab as well as Seebeck coefficient Sab of Bi1-xPbxCuSeO thin films with x=0.04, 0.06 

and 0.08, respectively. It shows that the resistivity of all doped films increases with 

temperature over the whole temperature range, suggesting a metallic-like conducting 

behavior. With the increase of Pb doping concentration x, the resistivity of the films 

decreases due to the increased hole carrier concentration induced by the substitution 

of Pb
2+

 for Bi
3+

. Moreover, the resistivity of all films is smaller than that of 

corresponding polycrystalline ceramics, which is mainly caused by the c-axis 

orientated feature of the films. It has been known that the electrical transport in the 

BiCuSeO system is anisotropic and the resistivity in the ab-plane is much lower than 

that along c-axis direction.
24

 The Seebeck coefficient of all films shown in figure 4b is 
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positive, indicating the major carriers are holes. As the Pb doping concentration x 

increases, the hole carrier concentration in the Bi1-xPbxCuSeO films increases and thus 

the corresponding Seebeck coefficient decreases. We calculated the ab-plane power 

factor PFab (PFab=Sab
2
/ab)

  
of all films at different temperatures according to the 

corresponding ab-T and Sab-T data, which is shown in figure 4c. The film with x=0.06 

shows the best power factor. Moreover, all film samples exhibit greatly enhanced 

power factors as compared to those reported for the corresponding polycrystalline 

ceramics in literatures because of their low resistivity induced by the perfect c-axis 

oriented growth.
13-15

 For example, the power factor of  Bi0.94Pb0.06CuSeO c-axis 

oriented film is about 1.2 mWm
-1

K
-2

 at 673 K, which is about 1.5 times larger than 

the best value so far obtained from the polycrystalline ceramics with random 

orientation.
15

 It needs to be mentioned here that we have not provided the ab-T and 

Sab-T data for x=0 sample (i. e. BiCuSeO thin film) because the resistance of this 

sample is too large at higher temperatures and beyond the maximum measurement 

limit of the LSR-800 system. The room temperature ab and Sab of the x=0 film 

sample are measured to be 12.5 m cm and 202 μV/K respectively, and the calculated 

power factor PFab is about 0.33 mWm
-1

K
-2

. This power factor is much lower than that 

of the Pb-doped film samples shown in figure 4c, confirming that Pd-doping can 

improve the TE performance of BiCuSeO thin films. 

Although we have not yet obtained the ab-plane thermal conductivity ab of the 

present Bi1-xPbxCuSeO c-axis oriented thin films due to the difficulty in measuring ab 

for thin film samples, we can expect that the films have a much reduced thermal 
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conductivity due to their small crystallite sizes (about 50 nm) as well as the enhanced 

phonon scatterings at film surface and film/substrate interface.
28-31 

For example, the 

measured ab of a 50 nm-thick crystalline Si film was reported to be only about 1/3 of 

the bulk value at room temperature.
29

 Therefore, higher ZT values than those of 

polycrystalline ceramics can be achieved in the present Bi1-xPbxCuSeO c-axis oriented 

films.
 

4. Conclusion 

In conclusion, c-axis oriented Bi1-xPbxCuSeO (0≤x≤0.08) single crystalline thin 

films have been successfully epitaxially grown on (001) SrTiO3 substrates. The 

resulting films exhibit single-crystal-like structures with perfect texture both in 

ab-plane and along c-aixs. As the Pb doping concentration increases, both the 

resistivity and Seebck coefficient of the films decrease due to the increased hole 

carrier concentration. Moreover, due to the good c-axis oriented feature of the films, 

all films exhibited a reduced electrical resistivity in comparison to that of the 

corresponding polycrystalline ceramics, leading to an enhanced power factor. The 

highest power factor of  about 1.2 mWm
-1

K
-2

 was achieved in Bi0.96Pb0.06CuSeO 

single crystalline thin films at about 673 K, which is much higher than those reported 

for polycrystalline ceramics with random orientation. The high quality crystalline 

structure, smooth surface as well as good TE performance of these c-axis oriented 

BiCuSeO-based single crystalline thin films pave the way for their potential 

applications in TE thin film devices. 
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Figure captions: 

Figure1. XRD patterns for Bi1-xPbxCuSeO (0≤x≤0.8) thin films on (001) SrTiO3 

substrate. (a) θ-2θ scans; (b) the magnified curves of Bi1-xPbxCuSeO (003) peak. The 

inset is the ω-scan of the (003) peak; (c) the reciprocal space mapping of the 

50-nm-thick BiCuSeO thin film sample; (d)  scan of the (111) peak for the BiCuSeO 

thin film sample. 

Figure 2. (a) HRTEM cross-sectional image of a BiCuSeO thin film on (001) SrTiO3 

substrate; (b) the magnified HRTEM image of the film part; (c) the corresponding 

SEAD pattern of the BiCuSeO/SrTiO3 cross section; (d) AFM image of the BiCuSeO 

thin film over a scanning area of 1010 μm. The electron beam incident direction in 

Fig. 2(a)-(c) is all along the [001] direction.  

Figure 3. (a) Low-magnification cross-sectional STEM image of a 50-nm-thick 

BiCuSeO thin film on (001) SrTiO3 substrate; (b) EDX spectroscopy derived from the 

film; (d-e) EDX mapping of Bi, Cu and Se elements of the film.  

Figure 4. The temperature dependence ab-plane (a) resistivity ab; (b) Seebeck 

coefficient Sab; (c) power factor PFab of the Bi1-xPbxCuSeO (x=0.04, 0.06 and 0.08)  

thin films on (001) SrTiO3. 
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Figure 2 
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Figure 3 
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