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Abstract – Epitaxial heterostructures constructed from the thermoelectric cobalt Bi2Sr2Co2Oy

thin films and SrTiO3 as well as SrTi0.993Nb0.007O3 substrates were fabricated by pulsed-
laser deposition. The scanning transmission electron microscopy results confirm that the het-
erostructures are epitaxial, with sharp and coherent interfaces. The temperature-dependent
electrical transport properties and the Hall effects were systematically investigated. The
Bi2Sr2Co2Oy/SrTi0.993Nb0.007O3 p-n heterostructure exhibits good rectifying current-voltage
characteristics over a wide temperature range. A strong photovoltaic effect was observed in the
Bi2Sr2Co2Oy/SrTi0.993Nb0.007O3 heterostructure, with the temperature-dependent photovoltage
being systematically investigated. The present work shows a great potential of this new het-
erostructures as photoelectric devices.
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In recent years, tremendous activities have been en-
gaged to study the heterostructures of transition metal ox-
ides, particularly for oxide electrical applications in which
artificial multi-functionalities are used to realize novel de-
vices [1,2]. Such oxide heterostructures possess an in-
credible variety of physical phenomena mainly due to the
interface effects, such as unusual positive magnetoresis-
tance [3,4], magnetocapacitance [5], photovoltage [6,7],
electroresistance [8], interfacial superconductivity [9], two-
dimensional electron gas [10], etc. The discovery of such
remarkable electrical properties at the oxide interfaces has
stimulated intensive research to explore new structures of
the oxide heterostructures and utilize their novel electrical
properties at the oxide interfaces.
Layered cobalt oxide Bi2Sr2Co2Oy (BSCO) exhibits

a rather large thermoelectric power S (∼130µV/K) at
room temperature, which makes BSCO be one of promis-
ing candidates for thermoelectric applications, analo-
gous to other layered cobaltites such as NaxCoO2 and
Ca3Co4O9 [11–13]. Its crystal structure consists of
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alternating layers of the rock-salt Bi2Sr2O4 subcell and
the single CdI2-type CoO2 subcell stacked along the
c-axis [11]. CdI2-type CoO2 subcells, in which elec-
trons are strongly correlated, serve as electronic trans-
port layers to achieve large thermoelectric power and low
electrical resistivity, while the distorted rock-salt–type
Bi2Sr2O4 subcells enhance phonon scattering to achieve
low thermal conductivity. For many microscale ther-
moelectric applications, thin films and heterostructures
are highly desirable. Moreover, thin-film thermoelec-
tric materials offer a tremendous scope for thermo-
electric performance enhancement involving the use of
quantum-confinement effects in quantum-dot structures,
phonon-blocking/electron-transmitting in superlattices or
thermionic effects in heterostructures [14]. In particular,
thin films and heterostructures would provide the possi-
bility of externally modifying the properties by epitaxial
strain or artificial boundaries, and thus potentially gener-
ating novel properties at the interfaces, opening a new
perspective for a variety of important experimental in-
vestigations [15]. In this work, BSCO heterostructures
constructed from epitaxial Bi2Sr2Co2Oy thin films on
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Fig. 1: (Color online) (a) XRD θ-2θ scan curves of the BSCO
thin film on the STO substrate. (b) Low-magnification cross-
section STEM images of BSCO film on the STO substrate.
(c) A high-resolution ABF imaging and (d) a high-resolution
HAADF imaging near the interface region showing the epitax-
ial growth of BSCO film on STO substrates. The interface is
indicated by red lines, and the location of the CoO2 layers is
indicated by green lines.

SrTiO3 (STO) and SrTi0.993Nb0.007O3 (SNTO (0.7 wt%))
substrates were fabricated by pulsed-laser deposition
(PLD), and the structural, electronic transport and pho-
tovoltaic properties of the heterostructures have been
investigated.

Epitaxial 200-nm-thick BSCO films were grown on STO
(001) and SNTO (0.7 wt%) (001) single-crystal substrates
by the PLD technique [16,17]. The STO and SNTO
substrates were carefully cleaned sequentially using al-
cohol, acetone, alcohol, and deionized water. Then, the
substrates were dipped into an NH4F buffered HF (4%)
solution for 30 second so that the Sr-hydroxides are dis-
solved, leaving only TiO2-terminated terraces [18]. The
films were deposited at 680 ◦C using an excimer XeCl laser
(1.5 J/cm2, 308 nm, 3Hz) at oxygen pressure of 40 mtorr.
The crystalline quality of the BSCO thin films was ana-
lyzed using a X-ray diffraction (XRD) spectrometer with
Cu Kα radiation. The XRD θ-2θ scan curve of the BSCO
thin films is shown in fig. 1(a). Besides the peak from
the STO (00l) substrate, only peaks from diffractions of
the (00l) BSCO planes were observed, and no diffraction
peaks from secondary phases or randomly oriented grains
were detected, indicating that the thin films were grown
along the c-axis with a good single phase.

To further characterize the crystalline structures of
the BSCO heterostructures, state-of-the-art sophisticated
aberration-corrected scanning transmission electron mi-
croscopy (STEM) techniques of the high-angle annular

dark-field (HAADF) and annular bright-field (ABF) were
utilized. Figure 1(b) shows the low-magnification cross-
section STEM images of the BSCO thin film grown on the
STO substrates. The BSCO film appears flat and homo-
geneous over large lateral distances. The epitaxial growth
of the BSCO thin films on STO is confirmed by the high-
resolution STEM images. Figures 1(c) and (d) show the
ABF imaging and HAADF imaging near the interface re-
gion, respectively. It can be seen that the interface is
sharp and coherent, without any evidence of secondary
phases or chemical reaction in the interface region over
large distances. This is against previous reports reveal-
ing that there always exist amorphous/delamination re-
gions or buffer layers between BSCO or Ca3Co4O9 films
and substrates including SrTiO3, LaAlO3, Al2O3 and
(La0.3Sr0.7)(AL0.65Ta0.35)O3 (LAST) [19,20]. Sharp in-
terface and no buffer layer at the interface of the BSCO
heterostructures indicates the high quality of our BSCO
heterostructures grown by PLD. Moreover, the alter-
nating thick and thin clear contrast accounts for the
SrO/BiO/BiO/SrO and CoO2 layers, and the location of
the CoO2 layers is indicated by green lines in fig. 1(c).
The c-axis orientation of the BSCO films can be confirmed
with the SrO/BiO/BiO/SrO and CoO2 layers parallel to
the interface.
Resistivity and Hall effect measurements of the BSCO

film were performed using a physical properties mea-
surement system (PPMS, Quantum Design Inc.). The
standard four-point probe method was used to measure
in-plane resistivity (ρ) of the BSCO film grown on a
STO substrate, and the resistivity results were shown in
fig. 2(a). To make the ohmic contact, four platinum elec-
trodes (0.5mm in diameter) were deposited onto the films
via thermal evaporation. The temperature dependence for
the in-plane resistivity of the BSCO film exhibits a broad
minimum around 140K (seen in the inset of fig. 2(a)),
exhibiting a broad transport crossover from the high-
temperature metallic-like regime to the low-temperature
insulating-like one. The diverging resistivity at low tem-
perature has been attributed to the decrease of the density
of states at Fermi level (EF) due to a pseudogap formation
below 30–50K [21]. Hall effect measurement results were
shown in fig. 2(b)–(d). The positive value of the Hall co-
efficient and positive slope of the Hall resistivity indicate
the hole-like charge carriers of the BSCO. The Hall coef-
ficient RH exhibits a strong temperature dependence, as
shown in fig. 2(b). The broad crossover of the temperature
dependence of the Hall coefficient has also been observed
at about 140K, consistent with the results of the in-plane
resistivity measurement. The Hall coefficient exhibits a
sudden enhancement below low temperature, also suggest-
ing a reduction of the density of states at Fermi level (EF)
due to a pseudogap formation at low temperature. This
unconventional temperature dependence of the Hall coef-
ficient for the BSCO film is believed to be related to the
unusual electron correlations in BSCO. Note that similar
results have also been observed in another layered cobalt
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Fig. 2: (Color online) (a) Temperature dependence of the in-
plane resistivity (ρ) of the BSCO film on the STO substrate.
The inset shows a clear metal-insulator transition at ∼ 140K.
(b) Temperature dependence of the Hall coefficient RH of the
BSCO film on the STO substrate under a magnetic field of
±7T. Hall resistivity ρH vs. magnetic field below 150K (c)
and above 150K (d).

oxide Ca3Co4O9 [22]. Figures 2(c) and (d) show the Hall
resistivity ρH vs. magnetic field below and above 150K,
respectively, around the metal-insulator transition tem-
perature 140K. The calculated hole carrier density of the
BSCO film at room temperature is about ∼ 5×1020 cm−3.

The current-voltage (I-V ) characteristics measurements
on the BSCO/SNTO heterostructure were performed by
two-probe technique to avoid the effects of current distri-
bution in the junction (shown in the inset of fig. 3(a)).
Ohmic contacts were prepared by evaporating gold elec-
trodes with the diameter of 200µm on the BSCO and
SNTO, respectively. Figure 3(a) shows the typical current-
voltage (I-V ) characteristics of the BSCO/SNTO het-
erostructure at temperatures varying from 10 to 300K.
Good rectifying features characterized by asymmetric I-V
curves are observed, which is similar to that of p-n diode
made of a conventional semiconductor [23]. The tempera-
ture dependence of the diffusion voltage (VD), defined by
at that point the current starts to increase obviously, as
a result of the application of a positive bias voltage, is
shown in fig. 3(b). It can been seen from fig. 3(b) that
VD increases nearly linearly with decreasing temperature
at high temperatures and then deviates from this behav-
ior below 140K, close to the metal-insulator transition
temperature and the crossover temperature of the unusual
temperature-dependent Hall coefficient of the BSCO layer.
The deviation can be attributed to the decrease of the den-
sity of states at the Fermi level with decreasing temper-
ature, and opening an energy gap across the Fermi level
below the metal-insulator transition [24].

In fact, the BSCO layer exhibits a broad transport
crossover from the high-temperature metallic-like regime
to the low-temperature insulating-like one at around

Fig. 3: (Color online) (a) Current-voltage characteristics of
the BSCO/SNTO heterojunction in a temperature range from
10K to 300K with a temperature step of 30K. The in-
set plot is the schematic diagram showing the electron set-
ting. (b) Temperature-dependent diffusion voltage of the
BSCO/SNTO heterostructures.

140K, and Nb-doped SrTiO3 (0.7 wt% doped) is an n-type
degenerate semiconductor. Therefore, a Schottky hetero-
junction at high temperature and a (p-type)-BSCO-(n-
type)-SNTO heterojunction at low temperature should be
constructed when the BSCO layer is deposited onto the
SNTO substrate. The electrons in n-type SNTO and holes
in p-type BSCO layers should diffuse into the opposite re-
gions due to the differences of carrier densities between
n-type SNTO and p-type BSCO. The diffusion causes a
built-in electric field in the space charge region around the
interface, and a barrier at the interface. For simplicity of
analysis, we assume hereafter that the BSCO/SNTO p-n
heterojunction at low temperature can also be regarded as
a Schottky heterojunction. This assumption is reasonable
because we can take into account the fact that the carrier
concentrations of the BSCO films (∼ 5×1020 cm−3) and of
the SNTO (∼ 1019 cm−3) at room temperature are gener-
ally large and the barrier width is correspondingly thin in
transition-metal oxide heterojunctions comparing with the
conventional semiconductor heterojunctions. The charge
carriers can easily tunnel through the potential barrier to
cross the junction instead of surmounting the potential
barrier by thermal activating charge carriers.
Figure 4(a) displays a typical open-circuit transient pho-

tovoltage (PV) of the BSCO/SNTO heterostructure under
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Fig. 4: (Color online) (a) Photovoltage of the BSCO/SNTO
heterostructure with irradiation from the BSCO layer side
by a 532 nm pulsed laser. (b) Steady photovoltage re-
sponse of the BSCO/SNTO heterostructure under irradia-
tion of a 532 nm cw laser at 150K. (c) Photovoltage of the
BSCO/SNTO heterostructure as a function of the power of
a 532 nm cw laser. (d) Temperature-dependent photovoltages
of the BSCO/SNTO under irradiation by 532 nm laser pulses.
The dashed line is the guide for the eyes.

irradiation of a 532 nm pulsed laser at room temperature.
The photoelectric signal was recorded by a 500MHz dig-
ital oscilloscope with an input impedance of 1MΩ. The
BSCO crystal structure consists of alternating layers of
the rock-salt SrO-BiO-BiO-SrO subcell [(BiO)+] and the
single CdI2-type CoO2 [(CoO2)

−] subcell stacked along
the c-axis; therefore BSCO is polar with alternately pos-
itively and negatively charged subcell layers along the
c-axis. It has been recently proposed that an internal
potential gradient exists in the polar LaVO3 thin film
in the LaVO3/SrTiO3 heterojunction, which can help to
efficiently separate photoexcited electrons and holes as
the photocarrier excitation takes places in the LaVO3 re-
gion [25]. Under the scenario of the polar LaVO3/SrTiO3

heterojunction, with the illumination of light with the
photon energy being larger than the band gap of BSCO,
photon-induced carriers in the polar BSCO thin films are
separated by a potential gradient inside BSCO regions,
leading to a PV effect. Figure 4(b) shows the steady-state
photoelectric response of the BSCO/SNTO heterostruc-
ture at the temperature of 150K under the irradiation of
a 532 nm continuous-wave (cw) laser. The photovoltage is
high (low) when the laser is on (off). Figure 4(c) exhibits
the relationship between the peak value of open-circuit
photovoltage (VOC) of the BSCO/SNTO heterostructure
and the power density of the laser. The magnitude of VOC

increases linearly with the power density of the laser. The
temperature-dependent VOC of the BSCO/SNTO under
the irradiation of a 532 nm cw laser is shown in fig. 4(d).
It can been seen from fig. 4(d) that VOC increases almost
linearly with decreasing temperature from 300 to 140K,

and then deviates from this behavior below 140K, almost
consistent with the behavior of the temperature depen-
dence of the diffusion voltage (VD). This result is ascribed
to the increase of the photo-induced carrier amount and
the enhancement of the built-in electric field in the space
charge region of the junction with the decrease of the tem-
perature.
In summary, heterostructures constructed from the

thermoelectric cobalt BSCO thin films and STO as well as
SNTO substrates were fabricated by PLD. The epitaxial
growth of the heterostructures is confirmed by high-
resolution STEM images, exhibiting ultra-sharp and co-
herent interface. The results of the electrical transport
and Hall effect measurements show that the BSCO layer
exhibits a transport crossover from the high-temperature
metallic-like regime to the low-temperature insulating-like
behavior below 140K. The BSCO/SNTO heterostruc-
ture exhibits good rectifying features over a large temper-
ature range. Correspondingly, large photovoltages were
observed under irradiation of a 532 nm laser, and the
temperature dependence of the photovoltage was inves-
tigated. This work demonstrates that this thermoelectric
heterostructures can be potentially applied in the opto-
electronic devices.
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