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Abstract — (Ba;_,Sr;)SnOs (z =0-1) (BSSO) films were epitaxially grown on MgO substrates
by pulsed laser deposition. X-ray diffraction, atomic force microcopy, and optical transmittance
investigations reveal that the lattice and band structure properties of the BSSO films can be
modified significantly by changing the Sr content. With increasing Sr content from 0 to 1 in films,
the lattice parameters decrease from 4.123 to 4.037 A gradually, while the optical band gaps energy
increases from 3.50 to 4.27eV linearly, which was attributed to the octahedral tilting distortion
pushing up the minimum of conduction band. This large structure and band gap tuning of BSSO
films are promising for desired applications in the thin-film architecture.

Copyright © EPLA, 2012

Alkaline earth stannates with the general formula
RSnO3; (R=Ba, Sr and Ca) are important material
systems and have attracted much attention in view
of their interesting physical properties and perovskite
structures similar to the well-understood alkaline earth
titanates [1-3]. They have wide applications in ther-
mally stable capacitors, humidity sensors, gas sensors,
etc. [2,4,5]. More recently, many substitutions at R and
Sn sites have been carried out to modify suitably and
further explore the properties of RSnOjz due to their
wide band gaps and perovskite structures that are easy
to be modulated. For example, La- Sb- and Nd-doped
SrSnO3 and BaSnOj3 were investigated as promising
transparent conductive oxide films [6-8], Mn- and Fe-
doped BaSnOjz were found to have room-temperature
ferromagnetism [9,10], Sr- and Pb-doped BaSnOjz were
proved to have photocatalytic activity [11,12].

Good lattice match and proper energy level align-
ment with neighboring layers are important characteris-
tics in the design criteria for materials in the thin-film
architecture. Among RSnOgs, SrSnOjz has a wide band
gap of 4.27¢V and a lattice constant a =4.032 A [13,14],
and BaSnOg3 behaves as an n-type semiconductor with

(a)E-mail: qz1iuGmail.ustc.edu.cn

a wide band gap of 3.4eV and a lattice constant a =
4.1163 A [15,16]. They were also usually used as insu-
lating buffer layers in the preparation of heterostruc-
tures, such as high-critical temperature superconductor
YBasCuzO7 and insulator CeOs, due to the commensu-
rate lattice [17,18]. However, the solid solutions of stan-
nate Sr-doped BaSnOj (BSSO) with the tunable crystal
lattice and band structure over a relatively wide range
through changing the Sr/(Ba,Sr) ratio were rarely stud-
ied. Although the photoluminescence and photocatalytic
properties of BSSO bulk materials have been reported in
the past few years [11,19], from the viewpoint of basic
science and application in devices, Sr-doped BaSnOj3 in
thin-film form are much more attractive and have not been
prepared and studied so far. In this letter, we report BSSO
epitaxial films with z = 0-1 grown on MgO(00!) substrates
by the pulsed laser deposition method. The effects of Sr
doping on structural and optical properties of the BSSO
films were investigated.

The ceramic targets of (Baj_,Sr;)SnO3 (z=0, 0.20,
0.40, 0.60, 0.80, 1) were prepared by standard solid
reactions [20]. BSSO epitaxial films were deposited on
MgO(00!) single crystalline substrates by laser ablation
using a 248 nm KrF excimer laser with the repetition
rate of 10Hz and laser energy density irradiated on
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Fig. 1: (Colour on-line) (a) XRD specular linear scans from
BSSO/MgO heterostructures at different Sr contents (from
=0 to 1), dashed lines are guides to the eyes. (b) Out-of-
plane lattice parameters for BSSO films grown on MgO(00])
substrates as a function of Sr-doping content x, the error bars
represent the standard deviation calculated basing on the XRD
(007) peaks position. And the inset shows w scan rocking curves
on the BSSO(002) peak. (c) The ® scans pattern of both the
BSSO films and MgO substrate around(202) reflections.

the rotating targets of 1.8J/cm?. During deposition the
temperature and oxygen pressure were 760 °C and 20 Pa,
respectively. Then, the films were in situ annealed for
15min before cooling down in the same oxygen ambient.
The film thicknesses were determined to be 380 4+ 20 nm
by using cross-sectional field-emission scanning electron
microscopy, the uncertainty in thickness measurement
was estimated to be £5%. The nominal composition of
the films was assumed to be the same as that of the
targets. The structures of the films were characterized
by X-ray diffraction (XRD) using Cu K« radiation with
A =1.5406 A (Philips X’pert). Surface morphologies were
observed by using tapping mode atomic force microscopy
(AFM, Veeco, Multimode V) with silicon tips (Veeco
Nanoprobe Tips RTESP model). The optical transmission
and reflection spectra were measured with a conventional
spectrophotometer (Hitachi, U-4100).

Figure 1(a) shows the X-ray 6-20 linear scans from
the BSSO/MgO(00l) heterostructures. Only reflections
from the (007) planes of BSSO films and MgO substrates
were observed, and no spurious phase or randomly
oriented grains appeared in the scans, indicating all
the films exhibit preferred orientation along the c-axis.
With increasing Sr-doping content from z=0 to 1, the
location of the BSSO(001) reflection peaks shifts towards
high-angle direction and then the out-of-plane lattice
parameters were obtained from the XRD linear scans with
values decreasing gradually from c=4.123 A of BaSnO;
at =0 to ¢=4.037TA of SrSnO3 at x =1 as shown in
fig. 1(b), which are deviated from the linearity as expected
by Vegard’s law [21]. Similar phenomenon was observed
in Cd;_,Ca, O and Mg;_,Ni,O systems [22,23]. The
decreases in lattice constant are due to the different ionic
radii of Ba?" (Res = 1.032 A) and Sr®* (R = 0.764 A) [24].
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Fig. 2: (Colour on-line) AFM images of BSSO films grown on
MgO(00?) substrates with Sr content at (a) z =0, (b) = 0.20,
(¢) x=0.40, (d) z =0.60, (e) x=0.80, and (f) z=1.

The full widths at half-maximum of the X-ray rocking
curves at (002) peaks were in the range of 0.70°-0.90°, as
shown in the inset to fig. 1(b) for BSSO film at 2 =0.4,
which confirm that the films have high crystallinity. In
order to check the epitaxial properties, the ® scans were
measured on BSSO(202) and MgO(202) reflections as
shown in fig. 1(c), a set of four distinct peaks with 90°
separation indicates that the films were coherently grown
on MgO(001) substrates.

Figures 2(a)—(f) show the surface morphologies of our
BSSO films investigated by AFM with a scanning area
5x 5 um?. It was found that the films are uniform and
dense without cracks or voids. The root-mean-square
surface roughnesses are strongly dependent on Sr content
with values of 8.02+0.36, 2.06 £0.13, 1.73+£0.12, 7.66 +
0.34, 9.65+0.45, and 12.74+0.74nm for films at = =0,
0.20, 0.40, 0.60, 0.80, and 1, respectively, the errors
were determined by probing on each sample in several
regions. At first, the roughnesses decrease with increasing
Sr content from pure BaSnOjz and reach a minimum
of 1.73nm in films at z =0.40, showing a very smooth
surface. However, on further increasing the Sr content
over x = 0.40, the roughness begins to increase and at last
reach the maximum in films at z = 1, namely SrSnOj films.
Meanwhile, the grain sizes become larger with increasing
Sr content in films. These results were ascribed to the
different effects of the same deposition temperature on film
crystallization.

The transmittance and reflection spectra measured
in the wavelength range of 200-2000nm from pure
MgO(00!) substrates and BSSO/MgO(00!) heterostruc-
tures are shown in fig. 3(a). It can be seen that the
obtained films exhibit a high transparency of more than
90% in the visible and near-infrared range, and the
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Fig. 3: (Colour on-line) (a) Optical transmission and reflec-
tion spectra of pure MgO substrate and the BSSO/MgO
heterostructures at different Sr contents. (b) (hva)? vs. hv
plots of BSSO/MgO(00!) films (z =0, 0.20, 0.40, 0.60, 0.80
and 1).

oscillations of the spectra are due to film interference
effect. More interestingly, in the ultraviolet region, the
optical absorption edges, corresponding to the band
gaps of the BSSO films that are separated by the
conduction and valence band edges, shift towards shorter
wavelength sides with increasing Sr-doping content in
films. For determining the band gaps of the films, the
optical absorption coefficients « were calculated using
the well-known relation, o= (1/d)ln[(1 — R)/T], where
d is the thickness, T' is the transmittance, and R is the
reflectance of the films. The optical band gap F, of the
BSSO films was determined from the absorption spectra
using the equation [25]

(hva)™ = A(hv — Ey),

where A is a constant corresponding to the electron-
hole mobility, h is the Planck constant, v is photon
frequency, E, is the band gap, and n is the exponent that
determines the type of electronic transition causing the
optical absorption and equals 2, 1/2, 1/3, and 2/3 for
direct allowed, indirect allowed, indirect forbidden, and
direct forbidden, respectively. (hva)? were plotted against
hv in fig. 3(b) and E,; was estimated by extrapolating
the linear portion against photon energy. It can be seen
that E, increases continuously from 3.50 to 4.27eV with
increasing Sr-doping content, which is different from the
results that the band gaps were in the range from 3.1 to
4.1eV obtained from optical absorption spectra reported
by Mizoguchi et al. [19]. For the undoped BSSO films,
namely BaSnOs films, the optical band gap E, was
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Fig. 4: (Colour on-line) (a) Optical band gaps variation as a
function of the Sr content in BSSO films, the error bars origi-
nate in the uncertainty in the extrapolation of the absorption
curves down to the base line. The solid line is the linear fitting
to the experimental data. (b) Electric structures and Sn-O-
Sn bond angles for BSSO films at low Sr content =0 and
high Sr content x =1 with band gaps of 3.50eV and 4.27¢€V,
respectively.

3.50eV, slightly larger than that of 3.40eV reported by
Cerda and Shimizu et al. [15,26]. On the other side of
Sr-doping at x =1, namely SrSnOj films, the calculated
optical band gap of 4.27eV is the same as that reported
by Endo and Vegas et al. [13,14].

Figure 4(a) shows the band gaps of BSSO films, the
error bars originate in the uncertainty in the extrapolation
of the absorption curves down to the base line. The linear
relationship between the band gaps and Sr content z in
films was obtained, and it could be fitted by the equation
E,(x) =3.49+40.78z in the entire doping range, where
x is the Sr content and Eg(x) corresponds to the band
gaps of BSSO films. This phenomenon can be attributed
to the effects of octahedral tilting with the increase of Sr
content. It is well known that the band gap values of a
semiconductor or insulator are dependent on the position
and width of the conduction band and valence band.
For the pure BaSnQg, it has the ideal cubic perovskite
structure with the Sn-O-Sn bond angle of 180°, and the
top of the valence band is dominated by the contributions
of the O 2p orbitals and the bottom of the conduction
band is predominantly composed of nonbonding Sn 5s
orbitals [27]. However, while increasing the content of Sr
with smaller ionic radii in (Baj;_,Sr;)SnOs3, the octahe-
dral tilting distortion will take place in the corner-sharing
octahedral network and the Sn-O-Sn bonds begin to bend
increasingly, and finally form the orthorhombic perovskite
crystal structure with Sn-O-Sn bond angle of about 160° in
SrSnOj3 [27]. Accompanied with the Sn-O-Sn bond bend-
ing, the Sn 5s nonbonding characters of the conduction
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band minimum recede and the antibonding character
Sn 5s-O 2p contributions predominate gradually. As a
result, the conduction band minimum was pushed up and
the conduction band became narrower, while the band
gaps increase correspondingly as shown in fig. 4(b). The
increasing band gap trends resulted from the octahedral
tilt effect are the same as that of other perovskite
structured materials reported by Lee et al. [28]. However,
the nonlinear variations in band gaps with composition
were observed in BaTi;_,Zr,O3 perovskite solid solu-
tions [29,30]. The differences with our BSSO films may
be due to the different effects of the A-site substitution
and B-site substitution in the ABOj3 perovskites.

In conclusion, high-quality BSSO films with Sr content
ranging from 0 to 1 were epitaxially grown on MgO
substrates by pulsed laser deposition. X-ray diffraction,
atomic force microscopy, and optical transmittance reveal
that the Sr content affects the structural and optical
properties of the BSSO films significantly. All films exhibit
a high transparency of more than 90% in the visible
and near-infrared range, and the root-mean-square surface
roughnesses are strongly dependent on the Sr content.
With increasing Sr content from 0 to 1 in the films,
the lattice parameters decreased from 4.123 to 4.037A
gradually, and the optical band gaps energy was found
to increase from 3.50 to 4.27eV linearly, which was
attributed to the octahedral tilting distortion pushing up
the minimum of the conduction band. The large structure
and band gaps tuning suggest that the BSSO films have
potential applications in the optoelectronic devices.
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