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Thin films of BaTiO3 with MgO buffer layers were deposited on patterned GaAs substrates
incorporating AlxOy for optical confinement. The inclusion of AlxOy layers are used to provide a
means for obtaining thick optical confinement layers as a substitute for MgO cladding layers which
have large thermal expansion mismatch with respect to GaAs and BaTiO3 that typically result in
thin film cracking. Deposition on patterned features was found to reduce thin film cracking and is
attributed to a reduction in thin film stress resulting from thermal expansion mismatch. A maximum
ridge width of 10–20µm is estimated for 1-µm-thick BaTiO3 thin films. Optical waveguiding was
observed in BaTiO3/MgO/GaAs/AlxOy/GaAs ridges suggesting the potential application of these
structures for integrated optoelectronics. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1828212]

The integration of ferroelectric oxide materials on GaAs
would provide capabilities for multifunctional devices and
integrated optoelectronics. Ferroelectric oxides such as
BaTiO3 are transparent in the visible and infrared and pos-
sess strong electro-optic coefficients making them attractive
for active and passive optical components. The development
of optical waveguide devices based on ferroelectric/GaAs
integration faces several challenges including chemical and
mechanical incompatibilities and the achievement of the
proper refractive index contrast to prevent leakage of the
optical wave to the substrate. The use of MgO buffer layers
has been shown to mitigate some of these challenges. Mag-
nesium oxide provides an excellent barrier to diffusion, may
be grown epitaxially at low temperaturess,350°Cd, and
possesses a near 4:3 commensurate lattice match to GaAs
and is a compatible substrate for BaTiO3 deposition.1–4 Re-
cently, electro-optic devices have been demonstrated in
BaTiO3 thin films deposited on MgO substrates.5,6 The real-
ization of BaTiO3/MgO/GaAs heterostructues still faces two
primary challenges prior to the realization of integrated op-
tical devices: the reduction or elimination of thin film crack-
ing due to thermal expansion mismatch,7 and the incorpora-
tion of optically thick buffer layers with low refractive index
for waveguiding. In this work, the incorporation of AlxOy
buffer layers and the deposition of BaTiO3/MgO thin films
on prepatterned GaAs substrates are presented to address
these challenges. The demonstration of optical waveguiding
in BaTiO3/MgO/GaAs/AlxOy/GaAs mesa structures is pre-
sented.

The structural design for optical waveguiding in BaTiO3
thin films on GaAs is shown schematically in Fig. 1. This
design features the incorporation of AlxOy buffer layers ob-
tained through the wet oxidation of AlGaAs.8 This technique
provides a means of achieving a thick buffer layer with low
refractive indexsn,1.7d, while maintaining a thin GaAs
layer for the growth of MgO buffer layers and the BaTiO3
thin film of interest. The layer structure provides a means for
optical confinement in the vertical direction. Optical confine-
ment in the lateral direction is achieved in this design

through photolithographic patterning. The fabrication proce-
dure for achieving the designed ridge waveguide structures is
outlined in the following. First, GaAs/Al0.98Ga0.02As/GaAs
layers s30 nm/500 nm/200 nmd were grown by molecular
beam epitaxy on GaAs(001) substrates. Ridge waveguide
patterns of width ranging from 3 to 60µm were defined by
standard photolithography and transferred using reactive ion
etching using a BCl3/Ar etch chemistry. Samples were
etched to depths ranging from 80 nm(just through the GaAs
cap) to 1 µm (completely through the AlGaAs). A wet oxi-
dation step was then performed at a temperature of 420 °C
for 1 h to oxidize the AlGaAs material under the ridges.
After oxidation, MgO and BaTiO3 thin films were deposited
by pulsed laser deposition using an excimer laser(l
=248 nm, 25 ns pulse width, 10 Hz,,2 J/cm2). The MgO
buffer layers were deposited at a substrate temperature of
450 °C and oxygen partial pressure of 1.5310−4 using a Mg
target. The BaTiO3 thin films were deposited at a substrate
temperature of 600 °C and oxygen partial pressure of 10 mT
using a BaTiO3 target. The estimated thickness of MgO and
BaTiO3 were determined to be 20 and 1000 nm, respectively.
X-ray diffraction scanssu–2ud were used to determine the
crystalline characteristics of the thin films. A majority of the
surface area of the patterned samples contains regions out-
side of the ridges, where x-ray diffraction scans will probe
material deposited on the etched and oxidized amorphous
Al xOy surface. The thin film materials deposited on the GaAs
surface on top of the ridges are of higher quality, but cannot
be probed directly by x-ray diffraction in the absence of ad-

a)Electronic mail: jphilli@engin.umich.edu FIG. 1. Schematic of BaTiO3 ridge waveguide structure.
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vanced focusing optics. BaTiO3/MgO thin film deposition
on GaAs substrates was used as an indicator of material qual-
ity deposited on top of ridges, where an x-ray diffraction
scan of BaTiO3/MgO thin film structure deposited on GaAs
under similar conditions is shown in Fig. 2.

The design and fabrication procedure described intrinsi-
cally provides a means of reducing problems associated with
the large mismatch in thermal expansion coefficients be-
tween GaAs(a=5.73310−6/K at 300 K), MgO (a=11.15
310−6/K at 300 K), and BaTiO3 (a=6.5310−6/K at 300
K).7 The largest thermal expansion mismatch is between
MgO and the other materials, suggesting that the thickness of
the MgO buffer layer should be minimized. In addition, the
difference in deposition temperature between MgO and
BaTiO3 should be minimized. A separate set of experiments
was used to determine the effect of MgO thickness on sub-

sequent BaTiO3 thin film deposition. MgO/GaAs thin films
of varying thickness were annealed at 600 °C for 2 h after
deposition to simulate the thermal treatment during BaTiO3
deposition. MgO buffer layers with thickness of approxi-
mately 20 nm were found to be suitable for subsequent
BaTiO3 deposition at 600 °C, where MgO thin films of ap-
proximately 80 nm exhibited peeling and cracking. A target
thickness of 20 nm for MgO buffer layers was used for sub-
sequent experiments.

The BaTiO3/MgO thin films deposited on the patterned
GaAs/AlxOy/GaAs structures were found to exhibit cracking
and peeling dependent upon ridge width. An illustration of
cracking and peeling in these materials is shown in Fig. 3(a).
Significant cracking is observed on wide ridges. Cracking is
observed in all directions in-plane for the wide ridges, but is
greatly reduced and confined to the direction perpendicular
to the patterned ridge for small ridge width. The crack spac-
ing for the small ridge width is.7 mm, suggesting that the
cracks negligibly interact.9 A cross-sectional scanning elec-
tron micrsocope image of the thin film structure on the pat-
terned substrates is shown in Fig. 3(b). The reduced cracking
for narrower ridges is attributed to strain relief in the direc-
tion perpendicular to the patterned ridge, where the strain
profile becomes more uniaxial. This behavior is supported by
the model presented by Suhir,10 where cracking will result
beyond a critical stress and the thermal stress increases with
ridge width. Experimentally, the maximum ridge width prior
to cracking was found to between 10 and 20µm for a 1-µm-
thick BaTiO3 layer. The cracking does not appear to have a
strong dependence on etch depth for the dimensions studied,
though a few scattered ridges exhibited peeling that appeared
to be more prevalent for wide ridges with deeper etches. This
behavior is not understood at this time.

FIG. 3. Scanning electron microscope images of
BaTiO3/MgO/GaAs/AlxOy/GaAs structures exhibiting(a) cracking in ar-
bitrary directions on wide stripes and(b) predominant cracking perpendicu-
lar to patterning on a narrow stripe.

FIG. 4. Output from 10-µm-wide BaTiO3 ridge waveguides(a) captured by
a digital camera and(b) intensity plot constructed from the digital image.

FIG. 2. X-ray diffraction scan of BaTiO3/MgO thin film on GaAs(001)
demonstrating crystalline material with preferred orientation.
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A selected sample with 1-µm-thick BaTiO3, 20-nm-thick
MgO, and an etch depth of 100 nm was studied for optical
waveguiding. This sample was thinned mechanically to 200
µm, scribed, and cleaved to provide facets for optical cou-
pling. Visible light was coupled into the BaTiO3 ridges by
end-firing with a frequency doubled Nd:YAG lasersl
=532 nmd. An elliptical output beam was observed when
coupling light into the waveguides, where the output cap-
tured by a digital camera for a 10-µm-wide ridge of length 1
mm is shown in Fig. 4(a). The output beam is multimode,
where numerous guided modes are estimated using the effec-
tive index approximation. An intensity plot constructed from
the digital image is shown in Fig. 4(b). The output light
shows additional optical guiding adjacent to the elliptical
output beam. The additional light output may be attributed to
guiding in the AlxOy layer or BaTiO3 material on the side-
walls of the ridges. A measurement of optical power travel-
ing through coupling and collection optics with and without
the waveguide present resulted in values of 110 and 6 mW.
The observed efficiency of 5.45% represents coupling loss,
reflection and losses at facets, and waveguide losses. Light
scattering in the waveguide material was observed at defects
present in the BaTiO3 material produced by the pulsed laser
deposition process.

In conclusion, ridge waveguides consisting of
BaTiO3/MgO/GaAs/AlxOy/GaAs layer structures were in-
vestigated. The use of AlxOy layers and thin film deposition

on patterned substrates provide a means of obtaining BaTiO3
thin films and optical confinement layers of suitable thick-
ness for optical waveguiding on GaAs substrates. Optical
waveguiding was observed in these structures showing pri-
mary optical confinement in the BaTiO3 thin film. Further
study of optical losses and electro-optic properties of these
structures are desired to determine their suitability for inte-
grated optoelectronics.
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