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Single-phase, c-axis-oriented BiCuSeO thin films have been

directly grown on the commercial silicon (001) wafers without 
anysurface pretreatment by using pulsed laser deposition. X-ray 
diffraction pole figure confirms that the film does not have any ab-
plane texture, whereas cross-sectional transmission elec-tron 
microscopy shows good crystallinity of the film even if there exists 
an amorphous native oxide layer on the wafers sur-face. At room 
temperature, the resistivity of the film is about 14 mΩ cm, which is 
much lower than that reported for corre-sponding single crystals 
as well as polycrystalline bulks. This work demonstrates the 
possibility of using the available state-of-the-art silicon processing 
techniques to create BiCuSeO-based thin-film thermoelectric 
devices.

Keywords: BiCuSeO thin films; c-axis oriented; Si wafers; pulsed 
laser deposition

T HERMOELECTRIC (TE) materials have attracted great
attention because of their potential applications in waste

heat conversion and Peltier cooling. The performance of TE
materials is qualified by the dimensionless figure of merit
ZT = (S2/qj)T, where S is the Seebeck coefficient, q the elec-
trical resistivity, j the thermal conductivity, and T the abso-
lute temperature. Until the present, most investigations on
TE materials have been devoted to conventional semiconduc-
tors or alloys, primarily due to their high efficiency.1–4 How-
ever, these materials often suffer from element scarcity,
thermal instability at moderate or high temperatures, oxida-
tion in air, and toxicity, preventing them from large-scale
applications. Recently, the BiCuSeO-based compounds were
reported as promising oxide-based TE materials due to their
intrinsically very low thermal conductivity.5–15 These com-
pounds have a layered tetragonal crystal structure with P4/
nmm space group, which consists of the insulating (Bi2O2)

2+

layers and the conductive (Cu2Se2)
2� layers alternatively

stacked along the c-axis. This layered structure leads to an
anisotropy in their electrical transport properties, with a low
electrical resistivity in the ab plane and a large electrical
resistivity along the c-axis. Large value of ZT, as high as 1.4
at about 923 K, has been achieved in textured polycrystalline
bulk samples with preferred c-axis orientation.15 This value is

among the best ever reported for lead-free P-type polycrys-
talline bulks in this temperature range.

High-quality TE thin film is of critical interest for realiza-
tion of the thin-film TE devices for localized rapid heating or 
cooling.16,17 But to our knowledge, most of the as-prepared 
BiCuSeO-based samples are polycrystalline bulks, and there 
are very few reports on thin films, especially thin films 
directly grown on the commercial silicon wafers. High-qual-
ity TE thin films on silicon wafers can provide the possibility 
of fabricating TE microscale devices by using the available 
state-of-the-art silicon processing techniques. In this work, 
for the first time, we report on the in situ growth of high-
quality c-axis-oriented BiCuSeO thin films on commercial sil-
icon wafers by pulsed laser deposition (PLD), without chemi-
cal removal of native surface oxide. The as-grown thin films 
showed good crystallinity, with a much lower resistivity than 
that reported for single crystals as well as polycrystalline 
bulks.

II. Experimental Section
BiCuSeO thin films were deposited on a commercial Si (001) 
single-crystal wafers with dimensions of 5 mm 
(width) 9 10 mm (length) 9 0.5 mm (thickness) in an in situ 
manner using the PLD technique. The room temperature 
resistivity of these wafers is about 105 Ω cm. Before being 
loaded into the PLD chamber, they were only simply cleaned 
with acetone and methanol, and no other pretreatment was 
made to remove the native oxide layer on the wafers surface. 
A 308-nm excimer laser was used for ablating the BiCuSeO 
ceramic target under the argon atmosphere. Here, the target 
was synthesized by the solid-state reaction method as 
described: stoichiometric mixtures of Bi2O3 (99.99%, Alfa 
Aesar), Cu (99.9%, Alfa Aesar, Shanghai, China), Bi 
(99.99%, Aladdin, Shanghai, China), and Se (99.99%, Alad-
din) powders were grinded for about 6 h by a ball-milling 
machine and pressed into a pellet with diameter of about 
30 mm. Then the pellet was sealed in quartz tube under the 
pressure of 10�5 Pa and sintered at 573 K for 6 h and 973 K 
for 12 h. The current optimal experimental conditions for 
the film growth were listed as follows: the laser energy den-
sity on the target was about 1.5 J/cm2, the repetition rate of 
the laser was 5 Hz, the distance between the film and sub-
strate was about 50 mm, the argon pressure was about 
0.1 Pa, and the substrate temperature was about 330°C.

The crystal structure of the films was measured using a 
Bruker AXS D8 (Karlsruhe, Germany) advance X-ray
diffractometer with CuKa radiation. The surface morphology 
and the elemental composition of the films were analyzed by 
a scanning electron microscope (SEM, Zeiss Ultra55; Carl 
zeiss AG, Oberkochen, Germany) equipped with an energy-
dispersive X-ray spectroscopy (EDX) detector. The
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microstructure was analyzed with a field-emission transmis-
sion electron microscopy (TEM, Tecnai G2 F20; FEI, Hills-
boro, OR). The thickness of the films was about 90 nm,
which was determined by the Step Profiler (Dektak 150;
Veeco, Plainview, NY) and further confirmed by the cross-
sectional TEM measurements. The room temperature carrier
concentration n and carrier mobility l were measured by
using a physical properties measurement system (PPMS-9,
Quantum Design Inc., San Diego, CA) with the Van Der
Pauw method. The electrical resistivity q and Seebeck coeffi-
cient S were measured simultaneously in the PPMS-9 system
with a thermal transport option (TTO). The measurement
was carried out under vacuum with a four-probe steady-state
mode.

III. Results and Discussion

Figure 1(a) shows the typical X-ray diffraction (XRD) h–2h
scan for a BiCuSeO thin film directly grown on Si (001)
wafer. Only peaks from diffractions of (00l) BiCuSeO planes
were observed besides the Si peaks, indicating that the film is
single phase and well aligned along the c-axis. The c-axis lat-
tice parameter calculated from the XRD measurement is
about 0.892 nm, similar to the values that were previously
reported in the literature.18 The x-scan of the BiCuSeO (003)
peak, as seen in the inset of Fig. 1(a), shows a full width at
half maximum of 0.56°, further confirming the good c-axis
alignment of the film. The ab-plane texture information of
the film was investigated by XRD pole figures. Figure 1(b) is

the (111) pole figure of the BiCuSeO film on Si (001) wafer
recorded at 33.75°. In this pole figure, strong peaks that
represent single-crystal-like texture are absent, whereas a
continuous ring is observed, indicating random ab-plane ori-
entation of the grains in the film. The Debye ring in Fig. 1(b)
is around 73°, and can be modeled with the software Stere-
opole with a (001) fiber texture (blue ring).19 It is therefore
concluded that the film on Si (001) wafer does not have ab-
plane texture, but has a strong (001) fiber texture.

Figures 2(a) and (b) display the SEM surface images of
the BiCuSeO thin film on Si (001) wafer. Dense film com-
posed of square-shaped grains can be seen in these images.
The EDX measurements on a large-scale film surface reveal
that the cation ion ratio of Bi:Cu:Se in the film is about
1:00:0.96:0.91, which is very close to the nominal composi-
tion of the film. We also performed EDX mapping measure-
ments for Bi, Cu, Se, and O, and the results demonstrate the
homogeneous distribution of these elements in the film (see
the supplementary figure).

Figure 3(a) is a cross-sectional high-resolution TEM
(HRTEM) image for the BiCuSeO film on Si (001) wafer.
Good layered structure of the film and single crystalline
cubic Si wafer can be observed. Between the film and the
wafer, there is an amorphous layer with the thickness of no
more than 10 nm, which is suggested to originate from the
native SiOx layer on the Si wafer surface. Figure 3(b) is the
enlarged HRTEM picture taken from the film part. Different
layers of BiO (marked with red line) and CuSe (marked with
green line) are clearly visible with a well-ordered growth
along the c-axis. The distance of the lattice is about
0.892 nm, in good agreement with the c-axis lattice parame-
ter obtained from XRD measurement. It is surprising that
nearly perfect crystalline structures with c-axis alignment of
the BiCuSeO film can be formed on top of an amorphous
SiOx layer. As the film material always prefers to grow along
the film planes with the lowest surface energy. the self-
assembled c-axis-oriented growth of the present film might
be because the (00l) planes have the lowest surface energy in
BiCuSeO. Similar self-assembly nature has also been
observed in other layered materials such as Ca3Co4O9,
Bi2Sr2Co2Oy, and Bi2Sr3Co2Oy.

20–22

Fig. 1. (a) XRD h-2h scan of the BiCuSeO thin film on Si (001)
wafer. The inset is the rocking curve of BiCuSeO (003) peak. (b)
(111) pole figure of the BiCuSeO thin film on Si (001) wafer.

(a)

(b)

Fig. 2. (a) Low -and (b) high-resolution SEM surface images of the
BiCuSeO thin film on Si (001) wafer.
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nature of the film. In addition, the high carrier concentration of
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Snyder, “Covergence of Electronic Bands for High Performance Bulk 
Thermoelectric,” Nature, 473, 66–9 (2010).
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Fig. 3. (a) Cross-sectional high-resolution transmission electron 
microscopy (HRTEM) image of the BiCuSeO/Si interface region for 
the BiCuSeO thin film on Si (100) wafer. (b) Enlarged HRTEM 
image taken from the film part.

The temperature dependence of ab-plane resistivity qab 
and Seebeck coefficient Sab of the c-axis-oriented BiCuSeO 
film on Si wafer is shown in Fig. 4. There is a broad mini-

mum near 80 K in the resistivity–temperature (q-T) plot of 
BiCuSeO thin film, exhibiting a transition from the high-tem-
perature metallic-like conducting to the low-temperature 
insulating-like one. Similar metal–insulator transition was 
also observed in q-T plots of some BiCuSeO bulk samples 
with Cu vacancies [see Supporting Information of Ref.
(14)].14,23 It might be caused by the disorder-induced carrier 
localization effects due to the existence of Cu vacancies or 
other defects in the films.24,25 In addition, we suggest that 
the low-temperature carrier transport of the present BiCuSeO 
thin film is mainly dominated by the variable range hopping 
mechanism, which leads to the tendency between the resistiv-
ity and the Seebeck coefficient of the film is deviated from 
the Drude model (from the Drude model, it is expected that 
the Seebeck coefficient will be enhanced with resistivity).26,27

Figure 4 shows that the room temperature qab and Sab of 
the film are about 14 mΩ cm and 210 lV/K, respectively, 
which are comparable to those of high-quality epitaxial thin-
film samples grown on SrTiO3 single-crystal substrate.28 More-

over, the room temperature qab of the present film is found to 
be much lower than those obtained from polycrystalline bulks 
(~0.1–40Ω�cm)10–14,23 as well as the recently reported value for 
single-crystal samples (~90–770 mΩ�cm).29 The very low resis-
tivity of the thin-film sample in comparison with the single crys-
tals remains unclear now as most data, including the carrier 
concentration n and the carrier mobility l, are still not avail-
able for single-crystal samples.18,29 When compared with the 
BiCuSeO polycrystalline bulk samples, the reduced resistivity 
of the thin film can be partially ascribed to the c-axis-orientated

Fig. 4. The temperature dependence of ab-plane resistivity qab and 
Seebeck coefficient Sab of the BiCuSeO thin film on Si (100) wafer.

the film (n ~ 6.6 9 1019 cm�3 at 300 K), which is nearly an 
order of magnitude larger than those reported in most poly-
crystalline bulks,5–7,10–12 should be also responsible for its 
decreased resistivity. The large concentration of holes obtained
in the present unintentionally doped BiCuSeO thin film is very
likely due to the small number of Cu vacancies in the film.23 It 
is noteworthy that the resistivity of the present film can be fur-
ther strongly decreased by a partial substitution of Bi3+ by a 
divalent element (alkaline-earth metal or Pb).28 For example, 
the room-temperature resistivity of the film can be decreased to
about 2.2 mΩ cm when doping 1% Pb into the film. The effect 
of the element doping on the electrical transport properties as
well as the thermoelectric performance of the films will be
investigated in detail and described in a future study.

IV. Conclusion

In conclusion, we reported the in situ growth of BiCuSeO
thin films on commercial silicon (001) wafers by PLD tech-
nique without any surface pretreatment. XRD measurements
revealed the as-grown films were single phase with a strong
(001) fiber texture. HRTEM showed that the films exhibited
nearly perfect crystalline structure even there was a native
amorphous SiOx layer on the top of Si wafers. As compared
to the single-crystal samples or polycrystalline bulks, the as-
grown c-axis-oriented films showed very low resistivity and
moderate Seebeck coefficient. This work demonstrated the
possibility integrating thin film of BiCuSeO, a newly discov-
ered promising oxide TE material, into the current conven-
tional silicon technology for novel TE thin-film devices.
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