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Perovskite-structured barium strontium titanate (Ba1−xSrxTiO3, x= 0.1–0.9) films have been epitaxially fabricated by using a
pulsed-laser deposition technique. The third-order nonlinear optical properties were studied through a z-scan
method, allowing the resolution of the nonlinear refractive and absorptive contributions to the responses. Although all
the samples show almost the same value of nonlinear absorption coefficient, the extracted nonlinear refractive index
of the sample of x = 0.3 is apparently larger than that of other samples. Dependency of the nonlinear optical properties
on the Ba/Sr ratio is discussed in terms of the crystal phase transformation and metal-oxygen bond length of the selected
materials.
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1. Introduction

Due to their excellent dielectric properties, ferroelectric, piezo-
electric, and pyroelectric effects, ABO3 perovskite-structured
materials have been studied in a wide array of cutting-edge areas
of solid-state physics and materials science[1–4]. Barium titanate
(BaTiO3, BTO) and strontium titanate (SrTiO3, STO) are the
most prominent oxides because of the existing off-centered cat-
ions and lattice distortion, which can be used as bases to achieve
the typical requirements by A- or B-site engineering. The solid
solution of barium strontium titanate (Ba1−xSrxTiO3, BST) is a
promising material, as the nonlinear behavior of dielectric and
ferroelectric photorefractive properties can be tuned by adjust-
ing the barium-to-strontium (Ba/Sr) ratio[5,6].
It has been reported that metal nanoparticles embedded in

dielectric BTO or STO matrices exhibit high-order harmonic
generation, which is an important factor for the development
of optoelectronics, optical switchers, and nonlinear spectros-
copy[7,8]. Many works focus on the third-order nonlinear optical
properties of composite materials comprising gold or silver
nanoparticle-embedded BTO matrices[9,10]. The enhanced opti-
cal nonlinearities in these materials were believed to originate
from the giant amplification of the local electric field near the
surface plasmon resonances of the nanostructured materials[11].
It should be noted that the nonlinear optical response of a
composite material is related to that of its constituents.
Although the optical properties of nanoparticles have been ana-
lyzed widely, the third-order nonlinear optical characteristics of
BTO, STO, or BST films have been rarely reported so far.

In this Letter, a series of single-phased perovskite structure
BST films were fabricated on MgO single-crystal substrates by
using a pulsed-laser deposition technique. Themolar concentra-
tion xwas tuned from 0.1 to 0.9 to investigate the effect of a Ba/Sr
ratio on the nonlinear optical properties of BST films that were
studied using a single-beam z-scan method. The results show
that the nonlinear absorption coefficient has a weak dependence
on the Ba/Sr ratio, while the different concentration x has a con-
siderable influence on the nonlinear refractive index.

2. Experimental Details

The pulsed-laser deposition method employing a Lambda
Physic KeF excimer laser (λ = 248 nm) with a pulse width of
20 ns and a pulse energy of approximately 0.7 J per pulse was
used to fabricate BST thin films on polished MgO (100) sin-
gle-crystal substrates in a vacuum chamber. It has been reported
that MgO crystals can be used as substrates to grow high-quality
epitaxial BTO or STO films because of the lattice matching
between the films and the substrate[12,13]. The BST targets,
mounted on a rotating holder, were synthesized through stan-
dard solid-state reaction by using specific molar ratio and
amounts of BaCO3, SrCO3, and TiO2 powders with analytic
reagent grade. The substrates were maintained at 650°C by a
resistive heater, and the distance between the target and the sub-
strate holder was set at 35 mm. The base pressure of the vacuum
chamber was evacuated to be 1.0 × 10−4 Pa, after which the
deposition was carried out under an oxygen pressure of 30 Pa.
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The growth rate was monitored, and the thickness of the fabri-
cated films was measured to be about 180 nm by using a surface
profiler (Alpha-step 500, TENCOR). Five Ba1−xSrxTiO3 samples
with different Ba/Sr ratios were prepared in our experiment. The
values of x were set as 0.1, 0.3, 0.5, 0.7, and 0.9, and correspond-
ing samples were named as BST01, BST03, BST05, BST07, and
BST09, respectively.
The chemical state and Ba/Sr concentration in BST thin films

were verified by using VGESCALab-5 X-ray photoelectron spec-
troscopy (XPS) with a source of Mg Kα exciting radiation
(hν = 1253.6 eV). The crystallization of the prepared samples
was investigated by X-ray diffraction (XRD, Bruker D8-A25 dif-
fractometer) using Cu Kα radiation (λ = 1.54 Å, 1 Å = 0.1 nm) in
the angular range of 20° ≤ 2θ ≤ 80° with a step size of 0.02° and
a scan step time of 0.5 s. The visible and near-infrared transpar-
ency and linear optical properties were determined by using the
optical transmission spectra measured in the wavelength range
of 300–800 nm.
The third-order nonlinear optical responses of the samples

were studied using a single-beam z-scan technique[14]. This
measurement method allows the resolution of the nonlinear
refraction n2 and nonlinear absorption β contributions to the
optical nonlinearity. The experimental setup of z-scan measure-
ment has been reported in our previous work[15]. A Nd:YAG
mode-locked laser operating at 532 nm with 30 ps pulse was
employed as a beam source, which was focused by using a con-
verging lens with 120-mm focal length, leading to a beam waist
of ω0 = 30 μm and a pulsed energy of I0 = 5.0 μJ at the focal
plane. When a sample is scanned across the focal plane, n2
and β can be revealed by using the transmittance data through
measurements with a circular aperture (closed aperture, CA)
and without an aperture (open aperture, OA), respectively.
The transmitted beam energy and the reference beam energy
were measured by using an energy ratiometer (Rm6600, Laser
Probe Corp).

3. Results and Discussion

In order to confirm the chemical state and concentration of the
component elements in the BST films, XPS data were collected
for the prepared samples. Typical spectra for BST03 are pre-
sented in Fig. 1. The peak positions imply the presence of Ba
[Fig. 1(a)], Sr [Fig. 1(b)], Ti [Fig. 1(c)], and O [Fig. 1(d)]. The
core level binding energies of Ba 3d with 3d5=2 and 3d3=2 located
at 780.3 eV and 795.6 eV, respectively, indicate the existing Ba2�

species. The Sr 3d spectrum can be fitted with two peaks cen-
tered at 133.6 and 135.4 eV, respectively, both of which can
be attributed to the Sr2� oxidation state. The XPS data in
Fig. 1(c) indicate the binding energies of Ti 2p are 458.7 and
464.3 eV for 2p3=2 and 2p1=2, respectively, with a spin-orbit split-

ting of 5.6 eV, which are characteristics of Ti4�. The O 1s spec-
trum can be resolved into three peaks centered at 529.8, 530.7,
and 531.8 eV, respectively. The peak located at 529.8 eV can be
attributed to the lattice oxygen of the film. The other two peaks
are possibly due to the C-O or H-O adsorptions on the film

surface. The atomic ratio of Ba/Sr/Ti/O for the sample, which
could be derived from the XPS data by using the corresponding
peak area and atomic sensitivity factor (ASF), was calculated to
be approximately 7:3:10:30. Based on the XPS results, an overall
composition of BST03 can be formulated as Ba0.7Sr0.3TiO3,
which is consistent with the predetermined pattern.
Figure 2(a) shows the XRD θ − 2θ spectra of the BST samples

deposited on MgO (100) substrates. It is clear that only (00l)

Fig. 1. Core level XPS spectra for BST03. (a) Ba 3d, (b) Sr 3d, (c) Ti 2p, and
(d) O 1s. The solid lines are the fitting results using the XPS peak processing
method.

Fig. 2. (a) XRD patterns of the prepared Ba1-xSrxTiO3 films with x ranging from
0.1 to 0.9; (b) variation between the lattice parameter c and the composition x ;
(c) schematic display of epitaxial relationship between the film and the
substrate.
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peaks from perovskite-structured BST films appear in the 2θ
range of 20°–80°, and no diffraction peaks from other phases
can be detected, indicating the good crystallinity and fully epi-
taxial growth with a preferred c-orientation of the prepared films
onMgO (100) substrates. As can be seen from Fig. 2(a), different
Ba/Sr ratios have an effect on the location of diffraction peaks.
The location of (001) peak shifts slightly to the high-angle direc-
tion with the increase of x, which implies a decrease of the out-
of-plane lattice parameters. The calculated value of c decreases
from 4.052 Å for BST01 to 3.912 Å for BST09. The variation
between the composition x and the lattice parameter c is shown
in Fig. 2(b). With increasing Sr concentration (x ≥ 0.5), the c
value is smaller than 3.983 Å and is close to the a-axis lattice
constant. As is known, the crystal structure of BaTiO3 at room
temperature is tetragonal with a = 3.994 Å and c = 4.038Å,
while that of SrTiO3 is cubic with a = 3.905Å. The results sug-
gest that the phases of the fabricated BST films transform from
tetragonal structure for BST01 and BST03 to cubic structure for
BST05, BST07, and BST09.
Although there is a certain lattice mismatch between theMgO

substrate and BST films, the thermal expansion of MgO is
similar to that of BST films[16]. This puts the BST films under
some tensile stress for the in-plane directions, and it favors a
preferred c-orientation for the BST films. The in-plane epitaxial
relationship between BST films and MgO was supposed as
BST[100] // MgO[10] and BST[10] // MgO[100], or BST[100] //
MgO[100], and BST [10]//MgO [10], as schematically illustrated
in Fig. 2(c).
It is widely known that linear optical properties play an

important role in optical device applications. The optical trans-
mission spectra in the wavelength range of 300–800 nm were
recorded, as shown in Fig. 3. All the films display good transpar-
ency in the visible and near-infrared ranges. The oscillations in
the spectra indicate the smoothness and uniformity of the films,
which are caused by the optical interference. By tracing the high
and low points (maxima and minima) of the oscillations, two

fitting envelopes can be obtained for each sample. Typical results
for BST03 are shown in the inset of Fig. 3. By denoting the values
of upper and lower black lines as TM and Tm, respectively, a
numerical method can be used to determine the linear refractive
n0, which is given by a complex formula[17],

n20 = 2ns
TM − Tm

TMTm
� n2s � 1

2

�
��

2ns
TM − Tm

TMTm
� n2s � 1

2

�
2

− n2s

�
1=2

, (1)

where ns is the refractive index of the substrate.
The calculated values of n0 for the prepared samples are

shown in Fig. 4. The variation of n0 with the incident wavelength
implies the normal dispersion in the scope of measuring optical
wave. At a selected wavelength λ = 532 nm, as shown in the inset
of Fig. 4, BST03 (x = 0.3) has the largest value of n0. With the
continued increase of x (x > 0.3), the value of n0 decreases
monotonously.
Generally, the linear refractive index is related to the dielectric

properties of transparent oxide films. The dielectric permittivity
of tetragonal structured BST films is larger than that of cubic
structured ones[5]. With the increase concentration of Sr, the
prepared sample exhibited a tendency to transform from
tetragonal phase to cubic phase, which can be seen from the
XRD analysis. The phase transformation accounts for the
observed results in the inset of Fig. 4.
Figure 5 shows the OA and CA z-scan results for the prepared

samples. The open circles denote the normalized experimental
transmittance, while the solid curves are the theoretical fits.
Because the MgO substrate in our experiment has a negligible
nonlinear optical response at 532 nm, which has been reported
previously[18,19]; the nonlinear optical properties observed here
result from the BST films. From Fig. 5(a), for all the samples, the
signature of nonlinear optical saturation process is clearly seen,

Fig. 4. Calculated linear refractive indices for the samples as a function of
wavelength. The inset shows the relationship between the linear refractive
index and the composition x at a typical wavelength of 532 nm.

Fig. 3. Optical transmission spectra in the wavelength range of 300–800 nm
for the samples; inset, simulated envelopes of the interference fringes for
BST03.
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i.e., normalized transmittance peaks at the focal plane (z = 0).
Almost the similar height of the peaks indicates approximately
equal values of β for the samples. The OA data can be fitted by
the following equation[20]:

TOA�z� = 1 −
βI0Leff

2
���
2

p �1� x2� , (2)

where Leff is the effective thickness of the film, x = z=zR, and
zR = πω2

0=λ is the Rayleigh length of the beam. The value of
zR of the beam was calculated to be 5.3 mm, much greater than
the thickness of the fabricated samples. The calculated values of
β are shown in Fig. 6. The obtained β value is in the vicinity of
−0.85 × 10−7 m=W for all the samples and exhibits a weak
dependence of concentration x in Ba1−xSrxTiO3.
The CA data for all the samples exhibit a peak-to-valley con-

figuration, as shown in Fig. 5(b), indicating the existence of neg-
ative nonlinear refractive index n2, which means there is a
prefocal maximum followed by a postfocal minimum for all

samples. Compared with other samples, the large peak-to-valley
transmittance change observed in BST03 manifests the large
value of n2.
According to the theory of the z-scan method, the normalized

CA transmittance can be described by[21]

TCA�z� = 1 −
βI0Leff �x2 � 3�
�x2 � 9��x2 � 1� �

2βI0Leffx
ξ�x2 � 9��x2 � 1� , (3)

where ξ = λβ
2πn2

.
By fitting the CA data, the n2 value for all the prepared sam-

ples can be obtained. The variation of the calculated nonlinear
refractive index n2 with the concentration x in Ba1−xSrxTiO3 is
shown in Fig. 6.
As seen from Fig. 6, the obtained n2 decreases with the

increase of x when x > 0.3, and the n2 value of BST03 is about
2 times larger than that of BST09. It has been reported that the
phase of Ba1−xSrxTiO3 depends on the Ba/Sr ratio[5]. When
x ≤ 0.3, this material exhibits a tetragonal ferroelectric state at
room temperature.With the increase of x, the ferroelectric phase
switched to the paraelectric phase. Generally, the ferroelectric
materials have excellent dielectric properties. As for BST mate-
rials with different Ba/Sr ratios, Ba0.7Sr0.3TiO3 has been reported
to possess the largest dielectric constant at room temperature[5],
which accounts for the large linear refractive index and nonlin-
ear refractive index observed in BST03.
Furthermore, according to the bond-orbital theory[19], the

d-orbital contributions to the nonlinear optical response
increase dramatically when the metal–oxygen covalent bond
length is smaller than 2 Å. For BSTmaterials, the covalent bond-
ing exists between the Ti andO atoms, and the Ti–Obond length
varies with the phase transformation of BST.When BST crystal-
lizes in the tetragonal phase, the unit cell extends along the
c direction. The geometric configuration of the Ti–O plane of
BST is shown in Fig. 7. The bond length between Ti and O (a
direction) or O (b direction) is about 0.1996 Å[22]. The d-orbital

Fig. 5. (a) OA and (b) CA z-scan normalized transmittance for the samples. The solid curves are the theoretical fits to the data.

Fig. 6. The variation of n2 and β with the concentration x in Ba1-xSrxTiO3.
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contributions play an important role for the enhancement of
nonlinear optical responses in BST03 and BST01. With increas-
ing Sr doping concentration, the crystal structure of BST
transfers to a cubic phase, the Ti ions locate at the center of oxy-
gen octahedrons, and the Ti–O bond length changes into
2.005 Å[22]. The larger bond length has no obvious effect on
the nonlinear optical responses, which results in a decreased
value of n2 in BST05, BST07, and BST09.
The observed nonlinear optical saturation characteristics of

the samples suggest that the fabricated BST films can be used
as saturable absorbers for ultrafast pulse generation. The modu-
lation depth and saturation intensity of the sample BST03 at
532 nm were also investigated. Figure 8 shows the variation
of the normalized transmittance with the input intensity. The
data were fitted using the conventional formula,

T�I� = 1 − ΔM exp

�
−I
Is

�
− Tns, (4)

where T�I� is the normalized transmittance, ΔM is the modu-
lation depth, Tns is the nonsaturable loss, I is the input intensity,

and Is is the saturation intensity. Is and ΔM are measured to be
9.3 GW=cm2 and 16.37%, respectively. The obtained values are
comparable with those of promising saturable absorbers[23,24],
suggesting that the BST films can be applied as nonlinear optical
materials for optoelectronic devices.

4. Conclusions

In summary, we report the study of the linear and nonlinear
optical properties of Ba1−xSrxTiO3 films as a function of the
Ba/Sr ratio. The linear refractive indices of these materials were
determined by using the optical transmission spectra, and the
third-order nonlinear optical properties were measured through
the z-scan method. The variation of Ba/Sr ratio has little effect
on the nonlinear absorption but affects the nonlinear refraction
significantly. The development of the nonlinear optical proper-
ties of Ba1−xSrxTiO3 films with the concentration x was
explained by phase transformation and metal–oxygen bond
length. These results show the capability of controlling the non-
linear optical properties of these solid solution oxides through
the physical parameters of fabrication.
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