
DOI: 10.1007/s00339-004-2549-6

Appl. Phys. A (2004)

Materials Science & Processing
Applied Physics A

b. yang1,� ,∗
y.p. wang2

f. wang2

y.f. chen2

s.n. zhu2

z.g. liu2

w.w. cao1

Optical properties of highly C-oriented
Bi3TiNbO9 thin films grown on fused silica
substrates by PLD
1 Department of Physics and Materials Science, City University of Hong Kong, Kowloon, Hong Kong,

P.R. China
2 Laboratory of Solid State Microstructures, Nanjing University, Nanjing, P.R. China

Received: 23 October 2003/Accepted: 17 December 2003
Published online: 1 April 2004 • © Springer-Verlag 2004

ABSTRACT Highly textured perovskite Bi3TiNbO9 (BTN) thin
films have been fabricated on fused silica substrates using
pulsed laser deposition (PLD). Film surface and structural prop-
erties were measured by using atomic force microscopy (AFM)
and X-ray diffraction. The optical properties, such as the wave-
length dependence of the transmittance and the refractive index,
were determined. A band gap of Eg = 3.55 eV was obtained
experimentally. Optical properties were characterized by using
a prism-coupling technique. We observed sharp and distinguish-
able transverse electric (TE) and transverse magnetic (TM)
multimodes and measured the refractive indices of BTN thin
films at 632.8 nm. The ordinary and extraordinary refractive
indices were calculated to be no = 2.3528 and ne = 2.3942.
This means a birefringence of ∆n = ne −no = 0.0414 for BTN
films. These results show the potential of using BTN films as an
electro-optical active material.
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1 Introduction

Ferroelectric thin films with bismuth layer per-
ovskite structures have attracted a lot of attention for electrical
and optical applications due to their excellent functional
properties. Applications include nonvolatile memory devices,
nonlinear electro-optical devices, electro-optic waveguide
modulators, and frequency doubling second-harmonic gener-
ators [1–4]. These kind of materials with aurivillius phase can
be described by the formula: (Bi2O2)

2+(Am−1BmO3m+1)
2−,

where A represents Bi, Ba, Pb, Sr, Ca, K, Na, etc., and rare
earth elements; B represents Ti, Ta, Nb, W, Mo, Fe, etc., and
m = 2, 3, 4, . . . , represents the number of BO6 perovskite
octahedra between two Bi2O2 layers [1].

For waveguide electro-optic modulators, thin films are
more advantages because they require relatively low driv-
ing power in comparison to bulk modulators. Moreover, thin
films are more geometrical flexibility and readily grow on
different substrates integrated in existing semiconductor tech-
nologies than bulk ceramics and single crystal technologies.
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Many deposition techniques were used to fabricate thin films
of bismuth layer perovskite structure type materials. Their op-
tical and waveguiding properties have been widely studied.
Some of them, such as SrBi2Ta2O9 (SBT), a famous ferro-
electric bismuth layer perovskite material with fatigue-free
properties, show a high refractive index [5] and large third-
order optical nonlinearity [4]. A large refractive index change
between substrate and film vouches for highly confined wave-
guides and thus short interaction lengths for fast, low voltage
electro-optic switching [6].

Recently, BTN thin films, one member of the bismuth
layer perovskite structure materials, have been prepared in
order to investigate their structural and electrical proper-
ties [7]. BTN has the same structure as SBT and also shows
similar properties, such as polarization and freedom from fa-
tigue. However, the optical properties of BTN thin films have
never been reported up to now. This ferroelectric is of per-
ovskite type and therefore, should exhibit large electro-optic
coefficients. An understanding of optical properties of this
kind of materials is important for evaluating its potential as an
electro-optical active material.

In this investigation, BTN waveguide thin films were fab-
ricated on fused silica by pulsed laser deposition (PLD) tech-
nique. We report the measured results on the structural, sur-
face, and optical properties of BTN thin films in this letter.

2 Experimental

BTN targets used in PLD were prepared by a con-
ventional solid state reaction technique with starting materials
Bi2O3, TiO2, and Nb2O5. Excess 20 mol% Bi2O3 was added
to compensate for Bi evaporation. The powder was mixed by
ball milling for 12 h and then preheated at 700 ◦C for 3 h.
The calcinated uniform mixtures of the powder were pressed
under a pressure of 10 MPa to form pellets with a diameter of
2 cm. Finally, the pellets were sintered at 1000 ◦C for 2 h in
a conventional box furnace.

The equipment used for the preparation of the BTN thin
films has been described in detail previously [8]. The films
were deposited on double-sided polished fused silica sub-
strates by pulsed laser ablation using a KrF excimer laser(
LPX205i, Lambda Physik, 248 nm wavelength, 30 ns pulse
width and 4 Hz repetition rate) in an oxygen chamber with
pressure of 200 mTorr. The deposition temperature and laser
fluence were optimized at 600 ◦C and 2.0 J/cm2, respectively.
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In order to get a uniform thin film of BTN, the target and the
substrate holder were rotated during the deposition proced-
ure. After deposition, all the films were annealed “in situ” for
30 min with 0.5 atm O2 pressure.

3 Results and discussion

In order to investigate the structural properties of
the BTN thin films, we used a Siemens D5000 powder X-ray
diffractometer (XRD) in Cu Kα radiation. Figure 1 shows the
θ–2θ patterns of BTN films on fused silica. Even though fused
silica has no lattice parameter relation with the Aurivillius
BTN unit cell, a highly (00l) oriented texture is observed. This
means that the intrinsic properties of BTN films, such as dif-
ferences in surface energies for different planes of the unit
cell, and strong interaction between the octahedrons, could
lead to this result [9]. In this pattern, all peaks can be indexed
by the BTN tetragonal phase. This means that BTN films can
be fabricated at 600 ◦C, which is much lower than that of
SBT (SrBi2Ta2O9) (800 ◦C). Although Bi2O3 was in excess
by 20 mol% in the targets, no Bi2O3 peak was observed. The
degree of (hkl) plane orientation was roughly estimated by
measuring the ratio of the (hkl) planes to other planes [10].
The relative intensity of BTN (008) is 0.96. It means that the
BTN thin films fabricated on fused silica substrates are highly
c-axis oriented texture.

The optical transmittance of the films was measured by
using a Lambda2S UV/VIS spectrophotometer. Figure 2
shows the wavelength dependence of optical transmittance
of the BTN films. The well oscillating optical transmittance
demonstrates that the films have a flat surface and a uni-
form thickness. The transmittance decreases to zero at ap-
proximately 352 nm. For wavelengths longer than 352 nm, the
films are transparent. A transmission coefficient value of 75%
is measured for wavelengths ranging from 500 to 1100 nm.
Using the method proposed by Manifacier, Gasiot and Fil-
lard [11], the linear refractive indices of the thin film can be
calculated from the transmittance curve. Figure 3 shows the

FIGURE 1 X-ray θ–2θ scans of BTN thin films deposition on fused silica
substrates at the substrate temperature of 600 ◦C

FIGURE 2 The wavelength dependence of the transmittance of the BTN
thin films

FIGURE 3 Dispersion of the refractive index of BTN films obtained by
optical transmission data show in Fig. 2

wavelength dispersion curve of the refractive index of BTN
films. The linear refractive index n and absorption coeffi-
cient α of the films at 632 nm were determined to be 2.338
and 4.35 ×102 cm−1, respectively. BTN shows a high lin-
ear refractive index, while its absorption coefficient is much
less than that of SBT. We obtained a band gap of about
Eg = 3.55 eV directly derived from the α2(hν) plot.

Waveguide properties of the BTN films were character-
ized by the prism-coupling technique [12, 13]. This method
has been widely used as a powerful tool to investigate the
main optical properties of planer waveguides. In this experi-
ment, the BTN waveguides were pressed against the base of
a right angel rutile prism with a high refractive index. A He-
Ne laser beam was coupled to the plane waveguides by using
the prism. When the laser beam in the prism matches the
propagation constant of a mode in the films, part of the light
is coupled into the films. The laser beam is either polarized
with the electrical field in the plane of the film (TE modes)
or perpendicular to the film surface (TM modes). By meas-
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FIGURE 4 TE guided mode spectrum for a BTN thin film deposited by
PLD on fused silica substrate

FIGURE 5 TM guided mode spectrum for a BTN thin film deposited by
PLD on fused silica substrate

uring the reflected intensity versus the angle of incidence θr,
a mode spectrum can be drawn where dips correspond to
guided modes. Figures 4 and 5 show the transverse electric
(TE) and transverse magnetic(TM) guided-modes spectra, re-
spectively. Three guided modes have been excited for each
case. The sharpness of the reflectivity dips indicating a good
confinement of the light into the waveguide. Using all the
observed waveguide modes in the plot, the refractive indices
were calculated to be nTE = 2.3528 and nTM = 2.3942. The
values are in good agreement with data obtained by optical
transmission measurements.

The bismuth layer ferroelectrics are highly anisotropic in
nature and therefore their optical properties are strongly de-
pendent on the orientation of the films. This means that BTN
films with highly c-axis oriented textured structure are bire-
fringent because the refractive indices for the two orthogonal
polarizations are different. Thus, it can be assumed that there
exists an optical axis perpendicular to the films surface, and
the refractive index nTE and nTM correspond to the ordinary

FIGURE 6 AFM image of a BTN thin film onto fused silica substrate. The
rms roughness was determined to 5.5 nm

index no and extraordinary index ne, respectively. The bire-
fringence of BTN films is ∆n = ne −no = 0.0414.

Figure 6 shows the surface morphology image of BTN thin
films observed by atomic force microscopy (AFM). A gain
structure is observed with an rms roughness of 5.5 nm. Less
surface roughness can decrease optical propagation losses in
waveguides because of the lower surface scattering.

4 Conclusion

In summary, preferential c-axis orientated texture
BTN thin film waveguides with an rms roughness of ap-
proximately 5.5 nm have been fabricated on fused silica sub-
strates by PLD. Structural, optical, and waveguiding proper-
ties were measured using XRD, UV/VIS spectrophotometry,
and prism-coupling techniques. We obtained a band gap en-
ergy of Eg = 3.5 eV. From the liner refractive index curve, the
refractive indices of BTN films at 632.8 nm is 2.378, which
is the same as those obtained from the prism-coupling tech-
nique. The refractive indices were determined to be no =
2.3528 and ne = 2.3942 at 632.8 nm. This implies a bire-
fringence ∆n = 0.0414 in BTN films. AFM images reveal
a grain structure with a small rms roughness of approximately
5.5 nm. Our results indicate that BTN films are promising as
electro-optical materials.
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