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ABSTRACT: We have succeeded in obtaining BaSnO3 perovskite
thin films with remarkable near-infrared luminescence by van der
Waals growth. The films were grown on quartz glass substrates by
pulsed laser deposition using hexagonal boron nitride as the seed
layer, and their crystallinity was confirmed by X-ray diffraction and
cross-sectional transmission electron microscopy. The near-infrared
emission of the grown film exhibited a broad emission peak
centered at 920 nm. The transparency of the BaSnO3 film
(thickness = 1000 nm)/ hexagonal boron nitride /double-sided
optically polished quartz glass substrate was approximately 90% at
approximately 500 nm with or without the BaSnO3 film. Films
showing remarkable near-infrared emission and high transparency obtained by van der Waals-type growth could be used in practical
wavelength conversion devices that improve the efficiency of Si single-crystal solar cells. The hexagonal boron nitride seed layer
supporting the van der Waals growth is an effective method for high-quality crystal growth of films. It can be used for perovskite-type
oxides with many functionalities.

1. INTRODUCTION
Thin-film oxide phosphors can be applied to field emission
displays, electroluminescence devices, and wavelength con-
version devices in solar cells owing to their excellent chemical
and long-term stability, three primary colors of visible light
[ultraviolet (UV), blue, green, and red], and near-infrared
emission properties.1,2 Several crystalline perovskite-type oxide
phosphors with strong luminescence have been developed in
recent years.3−8 The development of an inexpensive technol-
ogy for the fabrication of transparent films on glass substrates
with excellent practical industrial application of these materials
is required. However, these films have lower luminescence
intensity owing to their flat interface and lower crystallinity
than their bulk powder. Since luminescence and transparency
are strongly influenced by the crystallinity, surface structure,
and optical band gap of the matrix material, it is important to
obtain high-quality crystallinity to obtain high luminescence.
The ideal way to control film crystallinity is through epitaxial
growth on a single crystal substrate,9,10 but single crystals are
often limited in size and expensive making them unsuitable for
industrial applications. In previous studies, crystal growth has
been controlled using extremely flat and dense monolayer films
prepared using the Langmuir−Blodgett method as the seed
layers.11−14 Moreover, highly bright transparent perovskite-
type oxide phosphor films have been experimentally grown on
inexpensive quartz glass plates using Langmuir−Blodgett
method.15 This method using a seed layer eliminates the
problem of poor crystallinity when directly deposited on glass

substrates and enables the application of oxide thin film
phosphors using glass substrates, but in an industrial
manufacturing process, the entire deposition process should
ideally be a vapor phase method. Therefore, in this study, we
focused on hexagonal boron nitride (h-BN), which has
recently been developed as a high-quality insulating layer by
the vapor phase method, as a seed layer, and attempted high-
quality crystal growth of heterogeneous layered materials on
top of it via van der Waals forces. The crystal structure of h-BN
is similar to that of graphite, in which the in-plane boron and
nitrogen atoms are linked by strong covalent bonds and the
adjacent layers are held together by van der Waals forces.16,17

The h-BN seed layer had a thickness of approximately 10 nm
and a film was grown via van der Waals over it through crystal
control. Van der Waals growth is crystal-growth between
different layered materials that proceeds via weak van der
Waals forces.18−20

We selected BaSnO3, which is used as a wavelength
conversion material for single-crystal Si solar cells, as the
perovskite-type oxide phosphor. In 2004, Mizoguchi et al.21
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reported that a powder sample of BaSnO3 has a cubic
perovskite structure and emits strongly in the near-infrared
(NIR) region at room temperature with a band gap excitation
of 380 nm (3.26 eV). Wavelength conversion from UV to NIR
light in sunlight is expected to improve the power generation
efficiency since the power generation efficiency of crystalline
silicon (c-Si) solar cells is higher in the NIR region. We
fabricated epitaxial BaSnO3 films on double-side polished
SrTiO3 (001) substrates with a transmittance of 70% (at 500
nm) to explore the possibility of wavelength conversion by the
film and reported their crystallinity, emission characteristics,
and high efficiency.22 In this study, h-BN was used as a seed
layer on a quartz glass substrate to ensure transparency; a
perovskite BaSnO3 film was fabricated on it through vapor
phase growth to control its crystallinity and investigate its
properties to explore the possibility of practical applications.

2. EXPERIMENTS
Multilayered h-BN was directly synthesized on the substrate
using an inductively coupled plasma−chemical vapor deposi-
tion system. Details of the deposition and evaluation were
described in previous report.16 In this study, the typical
conditions during deposition were as follows: temperature =
500 °C, pressure = 10 Pa, RF input power = 180 W, N2 flow
rate = 15 sccm, and H2 flow rate = 5 sccm.
A BaSnO3 film was prepared on an h-BN layer by the pulsed

laser deposition using a BaSnO3 polycrystalline target. The
BaSnO3 polycrystalline target were prepared using the usual
solid-phase reaction. The resulting BaSnO3 pellet was
confirmed to have a single-phase by powder X-ray diffraction
(XRD) measurements. Details of the preparation method were
described in previous report.22 In this study, the thickness of all
films were approximately 1000 nm.
The crystallinity of films was studied using XRD. The

emission and excitation spectra were measured at room
temperature using a spectrofluorometer (Horiba Jobin Yvon,
Fluorolog SP NIR). Transmittance in visible and NIR regions
was measured using a UV/visible/NIR spectrophotometer
(Jasco, V-570). The morphology of the films was observed by
atomic force microscopy (AFM; SHIMADSU SPM-9700) with
multipoint measurements. The cross-sectional transmission
electron microscopy (TEM) images of the BaSnO3/h-BN/
quartz glass stack were obtained using FEI Tecnai Osiris with
an acceleration voltage of 200 kV.

3. RESULTS
3.1. Crystallinity Evaluation. Figure 1 shows the XRD

results of BaSnO3 with several diffraction peaks; no other
impurity peaks are observed. This confirms that the film
consists of a single phase of polycrystalline BaSnO3. The
diffraction peaks of h-BN are not confirmed owing to the
thickness of the thin film. In a previous report on
Pr0.002(Ca0.6Sr0.4)0.997TiO3, direct deposition at 800 °C by
PLD on a quartz glass substrate was reported to exhibit
amorphous-like crystallinity and no luminescent properties.15

BaSnO3 was also directly deposited on quartz glass substrate
with similar results. This result confirms that the h-BN seed
layer contributes significantly to the crystal growth to its top.
Cross-sectional high-resolution TEM (HRTEM) was used

to determine the lattice arrangement at each interface and
within the film. Figure 2a shows a cross-sectional HRTEM
image of the h-BN seed layer and the BaSnO3 film grown on a

quartz glass substrate. The polycrystalline BaSnO3 film is
further confirmed by the HRTEM results; a multilayered h-BN
structure with a thickness of approximately 10 nm was
observed between the BaSnO3 film and quartz glass substrate.
The interface between the h-BN and BaSnO3 films is clear with
no signs of interfacial reactions. This confirms that BaSnO3 has
a van der Waals growth on the h-BN seed layer. Figure 2b
shows a cross-sectional TEM image of the thick BaSnO3 film at
the center. It can be observed that the crystal axes are partially
oriented in the same direction. No depletion or defects are
observed indicating that a high-quality BaSnO3 film has grown
on the h-BN seed layer.
3.2. PL Characteristics. The luminescence properties of

the van der Waals grown BaSnO3 films were investigated.
Figure 3a shows the emission spectra (PL) of films grown at
700 °C under UV excitation (λex = 335 nm). Immediately after
the growth, the film shows a broad emission peak centered at
920 nm with a full width at half maximum of 120 nm and tails
extending to approximately 800 and 1200 nm. Previous
studies21 using powder samples have concluded that the
emission in the NIR region originates from the intrinsic defect
centers in BaSnO3. Our results also suggest that intrinsic defect

Figure 1. XRD of the h-BN seed layer of the BaSnO3 film grown on
the quartz glass substrate. Multiple diffraction peaks of BaSnO3 are
observed with no impurity peaks confirming that the thin film is
composed only of highly polycrystalline BaSnO3. The diffraction
peaks of the h-BN layer could not be confirmed due to the thin film
thickness.

Figure 2. (a) The cross-sectional HRTEM image of the h-BN seed
layer of the BaSnO3 film grown on the quartz glass substrate. A
polycrystalline BaSnO3 film is formed, and an h-BN layer of around
10 nm thickness is observed between the BaSnO3 film and quartz
glass substrate. The h-BN seed layer has a clear layered structure. (b)
Cross-sectional TEM image of the BaSnO3 film just at the center of
the film thickness. Crystal axes are partially oriented in the same
direction and no depletion or defects are observed.
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centers in the BaSnO3 film are generated during film
preparation and in the powder sample. The excitation
spectrum (PLE) during the growth is shown in Figure 3b
with an excitation peak centered at 335 nm and tails extending
to 250 and 420 nm. The luminescence properties are similar to
those of epitaxial growth indicating excellent crystallinity.22

These results indicate that near-infrared light can be excited by
ultraviolet light in sunlight, suggesting that it can be used as a
wavelength converter to improve the efficiency of photovoltaic
power generation.
3.3. Evaluation of Transparency. Transmittance was

measured in UV, visible, and NIR regions using UV, visible,
and NIR spectrophotometers, respectively. The transmittance
spectra of the quartz glass substrate and typical BaSnO3 (001)
film are shown in Figure 4. The quartz glass substrate exhibits a
high transmittance of 90% at approximately 500 nm. In the UV
region, the BaSnO3 film cannot transmit UV light owing to the
band gap of 3.2 eV.23,24 Despite the thickness of the BaSnO3
film of 1000 nm, transmittance in the visible light region is
approximately equal to that of the quartz glass substrate,
indicating the formation of a high-quality film with excellent
transmission characteristics. The inset shows a transmission
photograph of BaSnO3 (t = 1000 nm)/h-BN(t = 10 nm)/
quartz glass substrate (t = 0.5 mm), in which the characters are

visible due to excellent transparency, thereby confirming the
fabrication of high-quality films and interfaces.

4. DISCUSSIONS
The morphology of the film was observed by multipoint
measurements using an atomic force microscope (AFM) to
investigate the decrease in transmittance owing to the diffuse
reflection of light on the film surface. Figure 5a shows a typical

AFM image of a 1000 nm-thick BaSnO3 film grown on the h-
BN layer at 700 °C under 10 Pa oxygen gas. The measurement
range is 5 μm × 5 μm, and the height is 100 nm. Figure 5b
shows an AFM image with a measurement range of 1 μm × 1
μm and a height of 100 nm dominated by a triangular pyramid
structure of approximately 50 nm on each side. The calculated
average roughness (Ra) is 13.3 nm. This high value is
attributed to the film thickness of 1000 nm; a structure of
approximately 50 nm suppresses the diffuse reflection of light
on the film surface, thus ensuring transparency.

Figure 3. (a) Emission spectra (PL) under UV excitation (λex = 335
nm) of films grown on a substrate heated at 700 °C. The film
immediately after its growth shows a broad emission peak centered at
920 nm with a full width at half maximum of 120 nm and tails
extending to about 800 and 1200 nm. (b) The excitation spectrum
(PLE) in which the excitation peak is centered at 335 nm and tails
extending to 250 nm and about 420 nm.

Figure 4. The transmittance spectra of the h-BN seed layer of the
BaSnO3 film grown on the quartz glass substrate. The quartz glass
substrate shows a high transmittance of 90% around 500 nm. The
BaSnO3 film failed to transmit UV light due to its band gap of 3.2 eV.
Despite the thickness of the BaSnO3 film of 1000 nm, the
transmittance in the visible light region is almost equal to that of
the quartz glass substrate, indicating a high-quality film with excellent
transmission characteristics. The inset shows a transmission photo-
graph of BaSnO3 (t = 1000 nm)/h-BN/ quartz glass substrate (t = 0.5
mm).

Figure 5. (a) The AFM image of a 1000 nm thick BaSnO3 film grown
at 700 °C under 10 Pa oxygen gas on the h-BN seed layer. The
measurement range is 5 μm × 5 μm, and the height is 100 nm. (b)
AFM image with a measurement range of 1 μm × 1 μm and a height
of 100 nm. Surface morphology dominated by a triangular pyramid
structure with about 50 nm on each side. The calculated average
roughness Ra is 13.3 nm.
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BaSnO3 films are grown on quartz glass substrates by pulsed
laser deposition using h-BN as the seed layer resulting in good
crystallinity and optical properties. The results are similar to
the crystallinity and optical properties of BaSnO3 epitaxially
grown on SrTiO3 (001).

22 BaSnO3 films are grown on quartz
glass substrates by pulsed laser deposition under similar
conditions without an h-BN seed layer. The crystallinity of
BaSnO3 films was verified by XRD which revealed nearly
amorphous structures without any luminescence. In addition,
the films were cloudy and good transmittance could not be
obtained. Perovskite oxide thin film Pr-CaSrTiO3 gave similar
experimental results when deposited on quartz glass sub-
strates.15 Crystals growing on single-crystal substrates and
nanosheets are strongly bonded to the underlying material by
ionic and covalent bonds and are susceptible to lattice effects.
However, h-BN is a two-dimensional layered material, and
weak van der Waals forces are dominant at the interface. This
may allow lattice growth that deviates significantly from the
lattice matching rule. In this work, BaSnO3 films grown by van
der Waals growth on quartz glass substrates with h-BN as the
seed layer formed polycrystals with excellent transparency and
exhibited remarkable NIR emission, comparable to that of
films grown on single-crystal substrates.

5. CONCLUSIONS
BaSnO3 films were grown on quartz glass substrates by pulsed
laser deposition using h-BN as the seed layer and their
crystallinity was confirmed by XRD. The NIR emission of the
grown film exhibited a broad emission peak centered at 920
nm. The transparency of the BaSnO3 film (thickness = 1000
nm)/h-BN/double-sided film on optically polished quartz glass
substrate was about 90% at about 500 nm with and without the
film, suggesting that the transmittance of the film alone is close
to 100%. Crystal growth on single-crystal substrates and
nanosheets is strongly bonded to the substrate by ionic and
covalent bonds and is susceptible to lattice mismatch. On the
other hand, h-BN is a two-dimensional layered material, and
relatively weak van der Waals bonds dominate at the interface,
allowing lattice growth deviating from lattice matching.
BaSnO3 films grown via van der Waals growth on quartz
glass substrates with h-BN as seed films have been successfully
confirmed to grow as polycrystals with excellent transparency
and remarkable NIR luminescence comparable to that of the
bulk. Films exhibiting strong NIR luminescence and high
transparency due to van der Waals growth are useful for
application in wavelength conversion devices that can improve
the efficiency of Si single-crystal solar cells. Furthermore, the h-
BN seed layer supporting the growth of van der Waals growth
is an effective method for thin film growth. The widespread
practical applications of perovskite oxides is based on their
different properties: luminescence properties, dielectric proper-
ties, ferroelectric properties, superconductivity, giant magneto-
resistance, ferromagnetism, and multiferroelectricity.
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