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Good-quality polycrystalline Bay,SrysTiO; (BSTO0.7) thin films were deposited on fused silica
substrates and Si substrates having a thick amorphous SiO, layer at a relatively low temperature of
550 °C by spin-coating metal organic solutions. The thin films were highly transparent to light in
the ultraviolet to near-infrared wavelength regions. The optical propagation loss for a 5-um-wide
and 300-nm-thick polycrystalline waveguide based on BST0.7 was about 17 dB/cm at a wavelength
of 632.8 nm. An electro-optic Mach-Zehnder interferometer modulator based on the polycrystalline
BSTO.7 thin film was monolithically integrated on a Si substrate with standard lithography and wet
etching. Optical modulation was successfully demonstrated. The estimated electro-optic coefficient
(6.7 pm/V) is the highest reported so far for this kind of film deposited on a fused silica substrate
or a Si substrate with an amorphous SiO, layer. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2197288]

The electro-optic (EO) characteristics of ferroelectric
thin films have been widely studied for use in EO switches,
modulators, and optical waveguides in conventional hybrid
optoelectronic integrated circuits (OEICs).'? Recently,
(Ba,Sr;_,)TiO3 (BST) thin films have attracted attention due
to their interesting EO characteristics.’ Despite the recent
advances made in the fabrication and characterization of
such ferroelectric thin films, little data about monolithic in-
tegration of ferroelectric thin-film EO switches, modulators,
and optical waveguides on silicon substrates have been pub-
lished. We previously reported the design concept of a Mach-
Zehnder interferometer (MZI) switch and modulator based
on highly (100)-oriented sputtered-BST thin films monolithi-
cally integrated on a Si substrate having a thick SiO, layer at
700 °C.* However, 700 °C is too high for fabricating mono-
lithically integrated optical interconnections in large scale
integration (LST) chips, usually the final process in fabricat-
ing OEICs. Generally, a lower fabrication temperature, for
example, lower than 450 °C (Ref. 5) is essential in order to
prevent damage to the LSI chips.

In this letter we demonstrate the successful operation of
a monolithically integrated MZI optical modulator based on
metal organic solution-derived polycrystalline Ba 7St 3TiO5
(BSTO.7) thin films deposited at a relatively low temperature
of 550 °C. The estimated linear EO coefficient (6.7 pm/V)
of this BSTO0.7 thin film is the highest reported so far for this
kind of polycrystalline film deposited on a fused silica sub-
strate or a Si substrate with an amorphous SiO, layer.

BSTO0.7 thin films were deposited on fused silica
substrates and Si substrates having a SiO, thermal oxide
layer with a thickness larger than 1.0 um. The thin films
were deposited by spin-coating metal organic solutions. A
mixture of Ti(C4HyO)4, Sr(CgH;50,),, Ba(CgH,50,),, and
CH;COOC,H,CH(CHj;), was used as the starting material.
Their molar ratios were appropriately set to produce the de-
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sired composition of BST0.7 (Ba:Sr:Ti=0.7:0.3:1). The
precursor solution was spin coated at 500 rpm for 10 s, fol-
lowed by 2000—2200 rpm for 20 s. Each wet layer was ini-
tially dried at 180 °C for 10 min to evaporate the solvent,
and rapidly prebaked at 450 °C for 30 min on a hot plate in
a clean room to remove residual organics. The desired thick-
ness of the BSTO.7 layer was achieved using multiple spin-
coating and prebaking steps. Finally, the multilayer films of
the desired thickness were annealed at different temperatures
in open air in a conventional box furnace. The heating and
cooling rates were kept at 5 and 3 °C/min, respectively. The
structure of the BSTO.7 thin films produced was analyzed by
x-ray diffraction (XRD, Rigaku RINT2100) with a copper
target. The thickness of the thin films was measured by a film
thickness measurement system (Nanometrics, Nanospec/
AFT 5000) and cross-sectional images of the samples with a
field-emission scanning electron microscope (SEM, Hitachi
S-4700). The surface morphology of the films was observed
using an atomic force microscope (AFM, Seiko Instruments
SPA3800). The surface root mean square (rms) roughness
was evaluated from a 1 um? area of the AFM image.
Figure 1 shows the XRD patterns of BSTO0.7 films with a
thickness of about 200 nm after postannealing at different
temperatures. The substrates were fused silica. The BSTO0.7
thin films became more crystalline, with the (110) orientation
being dominant, as indicated by the relative intensities of the
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FIG. 1. XRD patterns of about 200-nm-thick BSTO0.7 films postannealed at
different temperatures. The substrates were fused silica.
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FIG. 2. (Color) Plot of output light power vs waveguide length of a groove-

type planar optical waveguide and picture (inset) of the output light. The
optical propagation loss is obtained from the slope of a fitted straight line.

XRD peaks in Fig. 1. No clear peaks attributed to crystalline
BSTO0.7 appeared in the as-deposited films prebaked at
450 °C for 30 min, indicating the amorphous nature of the
films. Crystallization begun to appear when the films were
postannealed at 550 °C for 30 min. A perfect pseudocubic
perovskite phase of BST0.7 had already formed at 550 °C
after 2 h of postannealing. This complete crystallization tem-
perature is about 100-200 °C lower than that reported in
other studies using similar chemical solution-derived BSTO.7
film-forming methods, such as sol-g616 and metal organic
deposition7 methods. One of the main reasons is the different
precursor solution used in our experiments. The constituents
of the precursor mixture easily reacted with each other and
formed intermediate phases at a low fabrication temperature
of about 337 °C according to XRD results and thermogravi-
metric and differential thermal analysis results (not shown,
provided by Kojundo Chemical Laboratory Co. Ltd., Japan).
The lower crystallization temperature is advantageous for
monolithically integrating BST0.7-film waveguide devices in
OEICs for optical interconnections. The thin films were
highly transparent to light in the ultraviolet to near-infrared
wavelength regions from 300 to 2400 nm (not shown). Con-
sidering the structure and lower fabrication temperature re-
quirements for optical interconnections in LSI, the BSTO0.7
thin films postannealed at 550 °C for 2 h were selected for
optical waveguide devices monolithically integrated in
LSI chips.

To avoid the increased optical propagation loss «; asso-
ciated with etching polycrystalline BSTO0.7 thin films in a
thin-film waveguide monolithically integrated on Si, a
groove-type planar optical waveguide with a BST(.7-based
core layer was fabricated without etching. First, 5-um-wide
and 700-nm-deep SiO, groove patterns were fabricated on a
Si substrate with a 1.65 um SiO, thermal oxide layer by
electron beam lithography and reactive ion etching. Second,
BSTO.7 thin films were deposited on the groove substrate by
the spin-coating procedure described above. The BSTO.7
core formed in the groove was 5 um wide and 300 nm thick.
The thin film formed outside the groove was about 240 nm
thick. Finally, without etching, postannealing at 550 °C was
performed for 2 h to complete the groove-type planar optical
waveguide. The propagation loss «; was evaluated using an
experimental setup similar to that reported by Petraru et al’
To perform cutback measurement, waveguides of different
lengths were prepared and the transmission of 632.8 nm light
through the waveguide was measured. From the transmission
of the waveguides, «; was determined to be about 17 dB/cm
at this wavelength (Fig. 2). An image of the output light from
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FIG. 3. (Color) Schematic top view (a), cross-sectional view (b), and pho-
tomicrographs (c) of a MZI modulator monolithically integrated on Si.
Channel waveguides with a width of 5 um and a step height of about
350 nm were patterned on a 500-nm-thick polycrystalline BST0.7 thin film
using standard optical lithography and wet etching.

the groove-type planar optical waveguide is shown in the
inset of Fig. 2. It was found that most light was confined in
the polycrystalline BST0.7 core layer in the groove. This
value of optical propagation loss is acceptable for high-
index-contrast waveguides, for example, low-loss polycrys-
talline silicon waveguides (35 dB/cm at a wavelength of
1.55 ,LLm),8 because the total length of optical waveguides in
LSI chips is typically only a few centimeters. The optical
propagation loss is mainly ascribed to optical releases in the
BSTO.7 thin films formed outside the groove. In addition,
optical propagation losses in the waveguide are caused by
surface scattering due to surface roughness. The rms rough-
ness of the polycrystalline BSTO0.7 film was about 2.7 nm. A
further reduction in optical loss is expected with suitable
design of the waveguide structure, for example, using a ridge
Waveguide,2 and improvement of the rms roughness by care-
ful handling of the solution and substrate and careful control
of the deposition conditions.

Channel waveguides with a width of 5 um and a step
height of about 350 nm were patterned on a 500-nm-thick
polycrystalline BSTO0.7 thin film using standard optical li-
thography and wet etching to form a MZI modulator mono-
lithically integrated on Si, as shown in Fig. 3. The top and
bottom cladding layers were, respectively, a spin on glass
(SOG) and a SiO, thermal oxide layer with a thickness of
1 um. The polycrystalline BSTO0.7 thin film waveguides
were patterned after being etched for about 30 s with a BHF
solution (BHF:H,0=1:9). Al electrodes with a length of
600 um and a separation of 15 wm were then deposited. The
input and output faces of the modulator were then cleaved.
In-plane polarized light was supplied from a He-Ne laser
(wavelength of 632.8 nm) and was end-fire coupled into the
waveguide. The output light was coupled to a solid-state
photodetector (Newport, model 818-SL). We observed the
modulation behavior of the MZI modulator at 632.8 nm by
measuring the output intensity versus the applied voltage, as
shown in Fig. 4. The voltage was applied to one arm of the
MZI modulator. The instability of the output from the He—Ne
laser and noise from the modulator were smaller than the

modulation amplitude. The change in out})ut intensity AJ
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FIG. 4. (Color online) Optical response of the MZI modulator monolithi-
cally integrated on Si while the applied voltage was changed (a) and when
equal to 0 V (b) at a wavelength of 632.8 nm. The voltage was applied to
one arm of the modulator.

caused by the linear EO effect of the MZI modulator can be
described by9

I 1 +cos(Ag)

Al= ,
I 2

(1)

where I and [ are the intensities of the output light from the
MZI modulator with and without an applied bias voltage,
respectively. Ag is the optical phase shift in the MZI modu-
lator, which is given by

T(1/2)rym(VIG)I
[
A

A(p =27 .
where . is the effective EO coefficient of the core layer, n,
is the effective refractive index of the core layer, V is the
applied voltage, G is the gap between the two electrodes, [ is
the length of one arm of the MZI modulator, A is the mea-
surement light wavelength, and I' is the reduction factor of
the applied electric field. I" is simulated as 0.22, where the
relative dielectric constant of BST0.7 is about 160.”'

Substituting A7 into Eq. (1), it is found that an optical
phase shift of 16.2° is realized in a MZI modulator with
600-um-long arms when the applied dc voltage is 90 V. It is
therefore expected that a much larger optical phase shift will
be obtained by increasing the arm length of the MZI modu-
lator. Assuming the value ne=2.2,” respectively, the r. of
the polycrystalline BST0.7 thin film estimated from the MZI
optical response is about 6.7 pm/V, which is about 1/5 of
that of bulk LiNbOj; (r33=30 pm/V) and polycrystalline
BaTiO; deposited on MgO by pulse laser deposition tech-
niques (re=22 pm/ V).? This can be compared to the results
obtained by Gia Russo and Kumar'? for polycrystalline
LiTaOj; films (r.=0.32 pm/V) and Griffel er al. for poly-
crystalline LiNbOj (r.z=1.34 pm/V) sputtered on fused
silica substrates.

The EO effect may be related to the crystalline quality of
ferroelectric thin films."? Single-crystal bulk material and ep-
itaxial or high-crystallinity ferroelectric films deposited on
single-crystal nonsilicon substrates have much larger EO co-
efficients because of their much higher crystallinity than nor-
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mal polycrystalline films. Depositing high crystallinity films
on fused silica substrates and Si substrates with an amor-
phous SiO, layer is very challenging, especially at low fab-
rication temperatures. The films deposited in this way appear
to be either amorphous or normally poly(:rys'[alline2’12’]3 and
show very low EO efﬁciency.lz’13 In our experiments, we
obtained good-quality BSTO0.7 polycrystalline films depos-
ited on fused silica substrates and Si substrates with thick
amorphous SiO, layers at a lower fabrication temperature of
550 °C. The polycrystalline films we fabricated have the
highest linear EO coefficient reported so far for this kind of
film.'*"* However, the crystalline quality is lower than that
of single-crystal bulk material and epitaxial or high-
crystallinity ferroelectric films deposited on single-crystal
nonsilicon substrates. Future work in this direction is to im-
prove the crystalline quality and EO effect of the MZI at
lower fabrication temperatures. Although the modulation ef-
ficiency obtained in this study is not large, we nevertheless
demonstrated successful optical modulation using a mono-
lithically integrated electro-optical device based on a poly-
crystalline BST0.7 thin film. Their EO response characteris-
tics make polycrystalline ferroelectric thin films attractive for
EO thin-film waveguide devices monolithically integrated
with LSI technology, replacing some of the existing hybrid
devices made from single crystals, bulk polycrystalline ma-
terials, and epitaxial or highly crystalline thin films deposited
on single-crystal nonsilicon substrates.

In conclusion, good-quality transparent polycrystalline
BSTO0.7 films were grown on fused silica substrates and Si
substrates at a relatively low temperature by spin-coating
metal organic solutions. The films have useful EO properties.
A MZI optical modulator monolithically integrated on a Si
substrate was demonstrated. This device was estimated to
have an effective EO coefficient of r4=6.7 pm/V.
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