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A B S T R A C T

Perovskite oxide SrVO3 (SVO) is a transparent conductor with excellent optical and electrical properties. Most of
the previous works have focused on (001)-oriented SVO thin films. As an alternative to tin-doped indium oxide
(ITO), the other orientations of SVO thin films are important to be considered as well. In the present work, the
optical and electrical properties of (111)-oriented SVO epitaxial films have been investigated. Excellent electrical
conductivity (2.92× 104 S cm−1) and optical transparency (56.6%) have been demonstrated, which are com-
parable to those of ITO and expand the applications of epitaxial SVO thin films in other orientations as trans-
parent conducting oxide.

1. Introduction

The study of transparent conducting thin films has attracted great
interests due to the fast development and increasing demands for digital
display technologies. Transparent conducting materials form a unique
class of materials, which simultaneously possess high electrical con-
ductivity and high optical transmission at visible frequencies. However,
in most traditional materials, these two properties can hardly coexist
[1,2]. Most materials with high conductivity usually have high carrier
concentration and narrow band gap. However, the absorbable photon
wavelength increases with the decreasing band gap and the higher the
carrier concentration, the higher reflection. Nowadays, among few
notable materials, tin-doped indium oxide (ITO) is regarded as the most
successful transparent conductor. In optimally doped ITO (about 8% Sn
doping in In2O3), the carrier concentration is in the order of 1021 cm−3,
slightly lower than a normal metal [3,4]. Meanwhile, it shows a high
optical transparency which approaches 90% transmittance at the visible
light frequencies. However, the shortage of indium limits the applica-
tion of ITO, thus searching for a replacement of ITO is urgently required
[5].

SrVO3 (SVO) is regarded as one of the most promising candidates for

transparent conducting oxides. It's a cubic perovskite (space group
Pm3m) and a simple paramagnetic metal with one electron in the 3d
band, which attracts intensive researches for investigating the effects of
electron correlation and testing the effectiveness of newly developed
theoretical methods [6,7]. Besides, previous works also reported that
(001)-oriented SVO thin films show metallic behaviors with a carrier
concentration of around 2.2×1022 cm−3 at room temperature [8–10].
And SVO thin film grew on (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) with a
thickness of 45 nm possesses light transparency around 65% and a
screened plasma frequency below 1.33eV [11]. These properties make
SVO promising candidate for transparent conducting oxides. Besides,
the high electrical conductivity and structural compatibility with other
functional perovskites also makes it an excellent choice as bottom
electrode.

Well known, by utilizing various substrates with different lattice
parameters, one can manipulate the films’ properties via the strain
caused by the lattice mismatch between the substrate and the film
[12–15]. In previous works, (001)-oriented substrates were mainly
used, such as SrTiO3 (STO), LaAlO3 (LAO), and LSAT, etc. [16–18]. To
the best of our knowledge, only few works reported the growth of SVO
films with (110) and (111) orientations [8,16,19,20]. It has also been
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demonstrated that the physical properties can be significantly changed
by using different oriented substrates [21–24]. In addition, the different
orientations of SVO films are needed in complex and changeable
practical applications. Therefore, it is technically important and fun-
damental interesting to investigate the growth of SVO films with other
directions and related properties. The high vacuum (<10−4 pa) was
used in the most published studies. Highly hermetic equipment and
more energy are required to maintain such a high vacuum. This ser-
iously restricts the industrial application of SVO films. In this work,
epitaxial (111)-oriented SVO thin films were fabricated on the (111)-
oriented STO substrates under a high oxygen pressure (1× 10−2 pa).
The crystal structure has been revealed by combination of X-Ray Dif-
fraction (XRD) and Transmission Electron Microscopy (TEM). Transport
data confirms that SVO films show an excellent metallic behavior from
350 to 5 K with a carrier concentration in the order of 1022 cm−3 at
room temperature. Moreover, a high optical transmission of 56.6% in
the visible region has been found in a 40 nm film. Our work comple-
ments the absence of studies on SVO films with different orientations
and expands the application scope of the SVO thin films.

2. Experimental details

Epitaxial (111)-oriented SVO thin films were grown on (111)-or-
iented STO substrates by Pulsed Laser Deposition (PLD). A sintered
SrVO3 ceramic target was focused by a pulsed excimer laser (Lambda
Physik, 248 nm, 2 Hz, 3 J cm−2). A substrate temperature of 630 °C and
an oxygen pressure of 1× 10−2 Pa were used. After deposition, the thin
films were ex-situ post-annealed at 780 °C and 2 h under a flowing gas of
95 vol% Ar + 5 vol% H2 for stabilizing the V valence states and re-
laxing growth-related strain [25–30]. Thin films with thicknesses of 40,
80 and 120 nm were fabricated. The crystal structure was investigated
by XRD (Panalytical Empyrean) and TEM (FEI TALOS 200X operated at
200 kV). Transport properties and Hall coefficient were measured using
the standard four-probe method in a Physical Properties Measurement
System (PPMS-9, Quantum Design) in the temperature range of 350 to
5 K. Optical properties were investigated using SHIMADZU UV-
3600plus within the 2500-300 nm wavelength range. The film thickness
and surface morphology were determined by Atomic Force Microscopy
(AFM, Asylum Research MFP-3D-SA). (001)-oriented SVO film has been
fabricated on STO substrate with the same preparation process as that
performed for (111)-oriented SVO film. The structural, optical and
electrical properties of the (001)-oriented SVO films were provided in
the supporting information (Fig S1, S2 and S3).

3. Results and discussion

3.1. Structural characterization

Fig. 1(a) presents a typical XRD θ-2θ spectrum for a 40 nm thick
SVO film, which only has (111) peaks derived from the SVO film and
STO substrate. An inter-planar spacing of SVO along the (111) or-
ientation is calculated to be 2.218 ± 0.003 Å, consistence with bulk
lattice parameters. Fig. 1(b) shows phi scans (φ-scans) spectrum mea-
sured from (011) planes of STO substrate and SVO film, revealing an
epitaxial nature of (111)SVO//(111)STO and [011]SVO//[011]STO (shown
as Fig. 1(c)). As shown in Fig. 1(d), the Reciprocal Space Map (RSM)
around the (033) peak of STO substrate and SVO film was measured
and confirms that the growth-related strain is fully relaxed. The SVO
film presents a very smooth morphology with a Root Mean Square
(RMS) roughness of around 0.3 nm (Fig. S4(a), Supporting informa-
tion).

To further investigate the microstructure of SVO film, TEM and
scanning transmission electron microscopy (STEM) analyses were
conducted. Fig. 2(a) shows the cross-section STEM image taken under
high angle annular dark field (HAADF) condition where the image
contrast is roughly proportional to Z2. Clearly, the uniform contrast

confirms the single phase growth of the SVO film. The Energy Dis-
persive Spectrometer (EDS) elemental map of V and Ti presented in
Fig. 2(b) shows a clear boundary between V element and Ti element
suggesting no obvious inter-diffusion with the substrate. The fast
Fourier transformation (FFT) patterns, using the selected area high-re-
solution TEM data (square area), reveals the growth direction of the
film as (111)SVO//(111)STO and [011]SVO//[011]STO (shown as
Fig. 2(c)). These results are consistent with the XRD results in Fig. 1(a).

3.2. Electrical transport properties

The electrical transport properties of perovskite-type SVO are al-
ways emphasized because of its special band structures [31]. Recent
results show that a transition from metal to insulator occurs with a
reduced film thickness (such as 6.5 nm), which contributed to the
variation of dimension [32,33]. The film/substrate exchange and in-
duced strains also affects the conductivity of SVO films [34,35]. In
order to achieve intrinsic properties of SVO thin film, here, we mainly
focus on thicker SVO films with thickness beyond 40 nm to mitigate the
strain effects and lattice mismatch of STO substrate. We selected three
different SVO thin films with thicknesses of 40, 80 and 120 nm in the
present work. Fig. 3(a) shows the temperature-dependent resistivity in
the temperature range from 350 to 5 K. All samples show metallic be-
haviors at the measured temperature range. The room-temperature
resistivities are 3.91× 10−5, 3.42× 10−5, and 3.21× 10−5Ω cm for
40, 80 and 120 nm thick films, respectively. Corresponded electrical
conductivities are determined to be 2.56×104, 2.92×104, and
3.12×104 S cm−1. These values are comparable to those of the (001)-
oriented SVO films (shown in Fig. S2). The inset of Fig. 3(a) shows the
measured Hall effect in an 80 nm thick SVO film. The carrier con-
centration and mobility are deduced to be 2.61× 1022 cm−3 and
7.01 cm2V−1 s−1 respectively, which are similar to those of the (001)-
oriented SVO film. Similar Hall effect results have also been found in
the 40 and 120 nm thick films (not shown) and all the calculated
parameters are listed in Table 1. Obviously, metallic behavior was re-
tained for the SVO films with (111) orientation.

To understand the physical mechanism underlying the metallic
behavior, we use the simple electron-electron interaction model to fit
the experimental results. The fitting formula is expressed by ρ = ρ0 +
AT2 [19], where ρ0 and A are the residual resistivity and a coefficient
correlated with the electron-electron interactions, respectively. As
shown in Fig. 3(b), the fitting curve is overlapped well with the ex-
perimental result for the 40 nm thick film, indicating that the electron-
electron interaction is mainly responsible for the resistivity in the SVO
film. Another two fitting results for 80 and 120 nm thick films have also
been obtained and were listed in Table 1. It is well known that the value
of A quantifies the electron-electron interactions in the strongly corre-
lated system.

3.3. Optical transmission properties

The optical transmittance of SVO films across the wavelength range
of 2500-300 nm are shown in Fig. 4. Photographs of samples on a co-
lored background are also shown as the insets. The transmittance of all
SVO films increases with the decreasing wavelength and reaches a
maximum at around 550 nm, and then it drops sharply to 0%. The in-
tense decrease in the transmittance at the wavelength near 400 nm
originated from a STO intra-band transition located at around 3.2 eV.
The maximum transmittance of a 40 nm thick film is around 56.6%,
which is comparable to that of the (001) SVO (56.3% shown in Fig. S3)
and indicates that the (111) oriented SVO films also show good trans-
parency [9–11].

4. Conclusions

In summary, the (111)-oriented SVO thin films were fabricated on
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STO substrates by PLD. An epitaxial nature of (111)SVO//(111)STO and
[011]SVO//[011]STO has been revealed by the combination of XRD and
TEM. The measurements of transport behaviors show that SVO films
keep an excellent metallic behavior from 350 to 5 K with a carrier
concentration in the order of 1022 cm−3 at room temperature. And a

high optical transmission of 56.6% has been found in a 40 nm thick
film. This work shows that SVO films with different orientations are
potential and feasible TCOs for the future.

Fig. 1. a) X-Ray Diffraction spectra (θ−2θ scan). B) 360° ϕ-scan of the (011) reflection of the SVO thin film (top panel) and the STO substrate (bottom panel). c) The
in-plane arrangements of monoclinic SVO unit cells on (111) STO substrate d) Reciprocal space maps along the (033) STO reflection.

Fig. 2. TEM and STEM images of the SVO film on (111)-or-
iented STO substrate; a HAADF-STEM image; b Energy dis-
persive spectroscopy (EDX) map of the corresponding area in
a; c High-resolution TEM (HRTEM) image at the interface of
SVO on STO (111) and the corresponding fast Fourier
transform (FFT) patterns of the film and substrate areas in-
dicating the high quality epitaxial growth of the SVO film.
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