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Abstract. Integrated electro-optic tuning devices are essential parts of optical communication, sensors, and
optical machine learning. Among the available materials, silicon is the most promising for on-chip signal
processing and networks. However, silicon is limited owing to the absence of efficient Pockels electro-
optic tuning. Herein, we propose a new hybrid silicon-barium-titanate (Si-BTO) integrated photonic platform,
in which the BTO thin film is deposited by the chemical solution deposition (CSD) method. A tunable
racetrack resonator is demonstrated to confirm the Pockels electro-optic tuning potential of the BTO thin
film. The hybrid racetrack resonator has a tuning efficiency of 6.5 pm/V and a high-power efficiency of
2.16 pm/nW. Moreover, the intrinsic quality factor of the fabricated racetrack resonator is 48,000, which
is the highest in hybrid Si-BTO platforms, to the best of our knowledge. The high-speed test verifies the
stability of the racetrack resonator. The hybrid Si-BTO technology based on the CSD method has the
advantages of low equipment cost and simple fabrication process, which holds promise for low-power
electro-optic tuning devices.
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1 Introduction dispersion (FCPD) effects have been investigated on account
of high mode confinement and complementary metal-oxide-
semiconductor (CMOS)-compatible fabrication processes.”'
However, both TO and FCPD effects have high power consump-
tion, owing to their requirements of considerable current flow."
The Pockels effect, which is known as a linear EO effect, is a
highly promising mechanism for developing low-power tuning
devices. Based on the Pockels effect, several platforms, such as
lithium niobate (LiNbO;, LN),' lithium tantalite (LiTaOs;,
LT),"” and lead zirconate titanate (PZT)" have been explored.
Among these, barium titanate (BTO) stands out as a promising
*Address all correspondence to Yong Zhang, yongzhang@sjtu.edu.cn material for the realization of EO tuning devices, attributed to its

Photonic integrated circuits (PICs) are the fundamental building
blocks for the implementation of optical neural networks,' quan-
tum photonics,” optical communications,** and other applica-
tions. Tuning the effective refractive index of the input optical
signal is a vital functionality needed in PICs. Such tuning func-
tion is used in many key components of PICs, such as electro-
optic (EO) modulators™® and switches.”® Silicon-based tuning
devices based on thermo-optic (TO) and free-carrier plasma
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Pockels coefficient of as high as 923 pm/V in a single-crystal-
line phase."”

Typically, methods for depositing BTO films are physical or
chemical vapor deposition techniques.'® These methods include
molecular beam epitaxy (MBE),"” pulsed laser deposition
(PLD),"® and radio-frequency (RF) sputtering.' Although
some of these methods have been proven to produce high-qual-
ity BTO thin films, their deposition processes are complex.
They require high vacuum conditions or precise temperature
control,” and the equipment is expensive, with high mainte-
nance costs.” Chemical solution deposition (CSD) has the ad-
vantages of low equipment cost, a simple fabrication process,
and straightforward composition control,'”” which offers a fast
and cost-effective method to realize CMOS-compatible EO
devices.'® Very recently, Picavet et al. introduced a method
for integrating highly textured BaTiO; films by combining
La,0,CO; template layers with CSD techniques. The reported
Pockels coefficient (r.;) reaches up to 139 pm/V, while the in-
tegrated BTO-SiN ring resonator modulator demonstrates a
bandwidth exceeding 40 GHz.*' The CSD-based Si-BTO inte-
grated devices have not been reported yet. EO polymer materials
prepared using the CSD method exhibit high EO coefficients
and ultrafast response times, achieving bandwidths up to
500 GHz in plasmonic modulators.”> However, these polymers
cannot withstand the high temperatures required in silicon pho-
tonics, making them incompatible with CMOS processes. In ad-
dition, the issues of aging and long-term reliability of polymer
materials cannot be overlooked.”
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In our work, a hybrid Si-BTO integrated photonics platform
is demonstrated using the CSD method. Based on our hybrid
Si-BTO platform, a 70-um-radius racetrack resonator is de-
signed and fabricated. The fabricated racetrack resonator has
an extinction ratio (ER) of 27.9 dB and a high intrinsic quality
factor of 48,000. Benefiting from the strong Pockels effect in the
BTO thin film, a tuning efficiency of 6.5 pm/V and a power
efficiency of 2.16 pm/nW are obtained in the hybrid Si-BTO
device. A high-speed transmission test of 50 Gbps nonreturn-
to-zero (NRZ) signal indicates our device can support robust
transmission of high-speed data. Our demonstration of a hybrid
Si-BTO hybrid device, utilizing the CSD method, enables the
integration of low-power EO tuning devices.

2 Materials and Methods

2.1 Device Design and Operation Principle

To make better utilization of the Pockels effect of the BTO thin
film, a 100-nm-thick top silicon layer on a silicon-on-insulator
(SOI) substrate is designed, which has a relatively thin thickness
compared to traditional silicon waveguides. The silicon wave-
guide patterns are covered by a 150-nm-thick BTO thin film.
The cross section of the hybrid Si-BTO waveguide is shown
in Fig. 1(a). Since the refractive index of BTO (~2.3) is lower
than that of silicon (~3.4), the 100-nm-thick silicon waveguides
can not only guarantee the low propagation loss of light but also
make good use of the great EO properties of BTO.
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Fig. 1 (a) Cross section of the hybrid Si-BTO waveguide. (b) Simulated mode profile of the hybrid
Si-BTO waveguide. (c) Simulated light confinement factor and effective index as a function of the
thickness of the silicon layer. (d). Simulated light confinement factor and effective index as a func-
tion of the thickness of BTO thin film. (e) Simulated light confinement factor and effective index as

a function of the width of the silicon layer.
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Figure 1(b) shows the simulated transverse electric (TE) fun-
damental mode profile of the hybrid Si-BTO waveguide at
1550 nm. It can be found that the mode profile is confined
in the silicon layer, and there is also a small amount of light
leaking into the BTO layer above. We simulate the relationships
between the mode properties and the waveguide parameters us-
ing the finite-element method, as shown in Figs. 1(c)-1(e). We
can conclude that decreasing the thickness of the silicon layer
effectively increases the proportion of light in the BTO film and
results in a reduction in the effective mode index. The increase
of the thickness of the BTO film shows increases in both light
confinement and effective mode index. The changes in the width
of silicon layers lead to little variation in the light confinement
factor (from 15.2% to 16.5%). Taking all factors into account,
the thickness of the silicon layer is 100 nm, the thickness of
BTO is 150 nm, and the width of the silicon waveguide is
0.95 pm in our design. The light confinement in the BTO film
is 15%, and the effective mode index is 2.13. The light confine-
ment can be further improved by increasing the thickness of
the BTO film. To implement Si-BTO devices with a standard
220-nm-thick SOI, we can reduce the waveguide width. This
reduction would lessen the waveguide’s confinement capability,
thereby enhancing the optical field within the BTO film, ena-
bling us to better leverage the film’s exceptional EO properties.

To investigate the Pockels effect of the hybrid Si-BTO wave-
guide, we apply the electric field through gold microelectrodes
beside the semicircle waveguides, as shown in Fig. 2(a). The
simulated cross-sectional static electric field distribution is
plotted in Fig. 2(b). We simulate the relationship between the
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average electric field and the electrode gap, as shown in
Fig. 2(c). The average electric field can be calculated using
the following equation:*

_ Jsro Ei,opEedx dy
e Msro E)zc-t)pdx dy -

where E, ,, and E, represent the optical field and the electric
field in the BTO, respectively. Existing studies indicate that the
direction of the maximum EO coefficient is along rs5;.”> In our
simulation, this direction is aligned parallel to the x axis of the
cross-sectional electric field simulation diagram. Although the
smaller electrode gap can achieve a better average electric field,
the metal absorption needs to be considered at the same time.
The effect of different silicon thicknesses and BTO thicknesses
on the EO overlap factor is also simulated, as depicted in
Fig. 2(d). The EO overlap factor is achieved by*

E (D

F:

< |9

' Eavg ’ (2)

where v represents the applied voltage and g represents the elec-
trode gap. The EO overlap factor declines when the thickness of
silicon increases or the thickness of BTO decreases. When the
silicon thickness is 100 nm, the EO overlap factor remains
largely unaffected by variations in BTO thickness. To ensure
the strong EO overlap and low metal absorption, the thickness
of and the gap between the gold electrodes are 300 nm and
3 um, respectively.
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Fig. 2 (a) 3D schematic diagram of hybrid Si-BTO racetrack resonator. (b) Simulated cross-
sectional static electric field distribution of hybrid Si-BTO racetrack resonator. (c) Simulated aver-
age electric field as a function of electrode gaps. (d) Simulated EO overlap factor as a function of

the thicknesses of silicon layers and BTO films.
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2.2 Device Fabrication and Characterization

The fabrication process of the hybrid Si-BTO devices is shown
in Fig. 3(a). The patterns of gratings, waveguides, and racetrack
resonators are defined on an SOI substrate with a 100-nm-thick
top silicon layer using e-beam lithography (Vistec EBPG 5200
+). Then, to transfer the patterns to the top silicon layer, the in-
ductively coupled plasma etching (SPTS DRIE-I) is utilized.
After that, 150-nm-thick BTO thin film is deposited on the pat-
terns using the CSD method. The process of the CSD method is
illustrated as follows. A BTO solution (Kojundo Chemical Lab.
BT-06) is spin-coated on the silicon devices at 500 revolutions
per minute (rpm) for 3 s and at 4000 rpm for 40 s. Then, the
deposited film is baked at 200°C for 10 min on a hot plate.
The film is annealed in nitrogen (N,) at 450°C for 5 min to in-
crease the number of oxygen vacancies near the surface.® We

repeat the spin-coating, baking, and annealing process 4 times to
increase the BTO thickness so that the Pockels effect in BTO
can be effectively utilized. During the last time, the annealing
temperature is changed to 800°C to improve the crystallinity of
the film.”” After 4 times of CSD processes, the thickness of the
deposited BTO thin film is measured to be about 150 nm by
spectroscopic ellipsometer (Semilab SE-2000). The 300-nm-
thick gold electrodes are fabricated by electron beam evapora-
tion and patterned by the lift-off process.

Figures 3(b) and 3(c) show the scanning electron microscope
(SEM) images of the BTO surface and the cross-sectional view
of the Si-BTO waveguide region, respectively. The surface of
the BTO film exhibits minor cracks and voids (indicated by
red circles), primarily due to the rough surface and multiple re-
peating deposition processes. In the cross-sectional image, voids
are visible at the interface between the sidewalls of the silicon
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Fig. 3 (a) Fabrication process of the hybrid Si-BTO devices using the CSD method. (b) SEM photo
of the surface of the BTO thin film. (c) SEM photo of the cross section of the Si-BTO waveguide
region. (d) AFM on the surface of the BTO thin film. (e) Measured surface roughness across
different areas. (f) XRD spectrum of the deposited BTO thin film.
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waveguide and the BTO, which are attributed to the conformal-
ity of the BTO deposition. Figure 3(d) shows the atomic force
micrograph (AFM) on the surface of the deposited BTO thin
film. The root-mean-square surface roughness across different
areas is measured through AFM after depositing BTO and is
plotted in Fig. 3(e). Test numbers 1 to 3 measure the surface
roughness in the waveguide region, while test numbers 4 to
6 assess the roughness near the patterns. Although the overall
roughness is somewhat high (greater than 5 nm), the roughness
in the waveguide region and near the patterns is numerically
similar. To characterize the crystallinity of the prepared BTO film,
the X-ray polycrystalline diffractometer (Brucker DS ADVANCE)
is utilized. The X-ray diffraction (XRD) spectrum is plotted in
Fig. 3(f); the result reveals that the deposited film is basically
polycrystalline and has a preferential orientation at (110).

3 Results

We fabricate racetrack resonators with a radius of 70 ym and a
waveguide width of 0.95 ym on the hybrid Si-BTO integrated
platform. To achieve a critical coupling condition, the gap
between the racetrack resonator and the straight waveguide is
varied from 100 to 270 nm, and the coupling length between
two semicircle waveguides is varied from 5 to 35 um. Figure 4
shows the measured transmission spectra and the Lorentz fitting
of a resonance dip before and after the deposition of BTO thin
film. The racetrack resonator without BTO deposited is mea-
sured to have an intrinsic quality factor Q of 107700, ER of
11.17 dB, and free spectral range (FSR) of 1.6 nm. The propa-
gation loss is calculated as®®

2n, Ao

"~ Qindo Qi - R-FSR’

3

a

where a is the propagation loss per unit length, 4, is the resonant
wavelength, R is the equivalent radius of the racetrack resonator,
and Q;, is the intrinsic quality factor. According to Eq. (3), the
propagation loss of the silicon waveguide without BTO depo-
sition is estimated to be 5.6 dB/cm. This loss is mainly due to
the roughness of the silicon sidewalls. The estimated propaga-
tion loss of the hybrid Si-BTO waveguide is 11.3 dB/cm, which
is a bit greater than the propagation loss of the waveguide with-
out BTO deposition. The increase in losses can be attributed to
the optical absorption by BTO materials and scattering due to
the roughness of the BTO surface. Figures 3(b) and 3(c) show
SEM images of the BTO surface and the Si-BTO waveguide
cross section, revealing numerous voids and cracks. In addition,
the image shows that the BTO film is polycrystalline, with grain
sizes ranging from 40 to 80 nm. These features contribute to
absorption losses in the material. Figure 3(e) demonstrates that
the BTO surface roughness exceeds 5 nm, which can lead to
scattering losses. The propagation loss can be further declined
by optimizing the deposition condition, such as the annealing
temperature and the annealing duration. It can be observed that
the extinction ratios vary with the resonance wavelength, which
is caused by the mixing of the wavelength-dependent optical
mode in the coupling region.”” The transmission spectrum of
the racetrack resonator without BTO shows a slight oscillation,
which originates from reflections from the grating coupler. After
spin-coating the BTO thin film, the reflection from the grating
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Fig. 4 (a) Measured transmission spectrum of the silicon racetrack resonator. (b) Lorentz fitting of
a resonance dip of the silicon racetrack resonator. (c) Measured transmission spectrum of the
hybrid Si-BTO racetrack resonator. (d) Lorentz fitting of a resonance dip of the hybrid Si-BTO

racetrack resonator.
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coupler is weakened and the oscillations in the transmission
spectrum are reduced.

To characterize the EO performance of our hybrid Si-BTO
platform, racetrack resonators with gold electrodes are fabri-
cated. Figure 5(a) shows the optical microscope photo of the
fabricated racetrack resonator; the gap between the two elec-
trodes is 3 um. To obtain a significant EO response for the
TE optical mode, a poling step is performed by applying
30 V (=100 kV cm™!) for 45 min at room temperature. The res-
onance shift of the transmission spectrum is plotted in Fig. 5(b);
the bidirectional voltages cause the opposite movement in
resonant wavelengths. Figure 5(c) presents the linear fitting
between the resonance wavelength shift and the applied voltage,
which yields a tuning efficiency of 6.5 pm/V. The tuning
efficiency is directly relevant to the effective Pockels coeffi-
cient. To estimate the effective Pockels coefficient, we first
calculate the half-wave voltage and length product to be
V,L =L-FSR-AV/(2-Al)~4.51 V-cm. Then, the effec-
tive Pockels coefficient can be calculated as™

)

— 0 4
V,Lnd.o T “)

Feff =

where npto is the refractive index of BTO and I is the EO
integral. The extracted effective Pockels coefficient is
27.2 pm/V. Although our CSD method offers a more cost-
effective approach for growing BTO films, the EO coefficient
obtained from this method is significantly lower than the
923 pm/V achieved in BTO single-crystal films grown using
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the MBE technique.” We attribute the small effective Pockels
coefficient to the high defect density and the small grain size in
the film." The effective Pockels coefficient can be further op-
timized by improving the deposition process, for example, by
extending the annealing duration and adding a template film.*'

The leakage current across the Si-BTO racetrack resonator is
measured by a semiconductor parameter analyzer (Agilent
BA 1500). The measured I-V hysteresis curve is plotted in
Fig. 5(d). The peaks are found at around 5/—5 V, which indi-
cates the ferroelectric nature of the BTO thin film.* The power
efficiency is estimated to be 2.16 pm/nW, which is comparable
with HfO,-Si microrings® and AIN-SiN microrings.** The esti-
mated power efficiency shows an improvement of 3 orders of
those tunable devices based on the conventional silicon TO
approach. We test and calculate the power required to achieve
different resonance peak shifts in the hybrid racetrack resonator,
fitting the data to a quadratic function, as shown in Fig. 5(d).
Achieving a resonance peak shift of 1.7 nm is estimated to
require a power consumption of 5.7 uW.

Table 1 compares the properties of BTO films produced
using different deposition methods. The MBE method demon-
strates good uniformity and a larger effective Pockels coeffi-
cient. Films deposited via PLD and MBE are single-crystal,
while those deposited using RF sputtering and CSD are pri-
marily polycrystalline. Unlike the MBE, PLD, and sputtering
methods, which require expensive equipment and stringent
preparation conditions, such as high temperature, pressure, or
special gases, the CSD method is more cost-effective and flex-
ible. BTO films can be prepared through repeated spin-coating
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Fig. 5 (a) Measured transmission spectra when applying different voltages. (b) Linear fitting of the
resonance wavelengths as a function of the applied voltages. (c) Measured |-V hysteresis curve of
the fabricated racetrack resonators. (d) Power consumption as a function of resonance wave-

length shift.
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Table 1 Comparison between different deposition methods of BTO film.

Thickness Surface Equipment Fabrication
Method (nm) roughness (nm) Crystalline It (PM/V) cost process
RF sputtering® 102 3.1 Polycrystalline 6 High Complex
PLD'® 97 3.1 Single-crystal 37 High Complex
MBE3* 170 0.4 Single-crystal 380 High Complex
CSD 150 5.6 Polycrystalline 27.2 Low Simple

and annealing processes using simple spinners and annealing
furnaces.

We implement experiments for high-speed tests to investigate
the potential of our hybrid Si-BTO platform in optical trans-
mission networks. The experiment framework is presented in
Fig. 6(a). Eye diagrams of 30, 40, and 50 Gbps NRZ signals
are measured without digital signal processing, as shown in

Fig. 6(b). The bit error ratios (BERs) of the 30, 40, and
50 Gbps NRZ signal are 3.28 x 10716, 1.26 x 107!, and
1.04 x 10~*, which are below the 7% hard-decision forward
error correction (FEC) threshold of 3.8 x 1073, As shown in
Fig. 6(c), the BERs for the 30 and 40 Gbps signals remain
below the FEC threshold across various received optical power
levels.
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Fig. 6 (a) Experimental setup for high-speed test. EDFA, erbium-doped optical fiber ampilifier;
PC, polarization controller; EA, electric amplifier; DUT, device under test; PD, photodetector;
DSO, digital storage oscilloscope. (b) Measured eye diagrams of NRZ signals at 30, 40, and
50 Gbps. (c) BER as a function of the received optical power.

Table 2 Performance comparison of the integrated tuning devices.

Tuning efficiency Power consumption

Reference Deposition process Tuning mechanism (pm/V) (pm/nW)
Silicon®® — TO — 0.0048
Silicon®* — FCPD — 0.01
SiN-AIN32 Sputtering PO 0.2 0.2
HfO,-Si%! ALD PO 8.4 7.69
BTO-SiN™ MBE EO 25 23.58
LN-Si¥ Bonding EO 3 —

This work CSD EO 6.5 2.16
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As shown in Table 2, we compare the performance of our Si-
BTO racetrack resonators with some integrated tuning devices
on different platforms. For traditional silicon tuning devices
based on TO and plasma dispersion effects, the power efficiency

is low (typically at the order of 0.01 pm/nW). Tuning devices >
based on the piezo-optic (PO) effect and Pockels effect, such as
the AIN-SiN platform, HfO,-Si platform, and BTO-SiN plat- 3
form, typically have complex thin-film deposition processes.
Our Si-BTO racetrack based on the CSD method provides
an inexpensive and elastic alternative to achieve high-quality 4.
BTO thin films and allows easy film thickness control by
repeating the spin-coating and annealing procedure. Furthermore, >
our device exhibits a high-power efficiency of 2.16 pm/nW
which is 3 or 4 times that of the TO mechanism. Moreover, 6.
our device can support high-speed signal transmission up to
50 Gbps. However, compared to MBE-based BTO devices,
our racetrack exhibits lower tuning efficiency and higher power 7.
consumption; this is mainly because the rq; (~27.2 pm/V) in
the CSD method is lower than that (~380 pm/V) in the MBE 8.
method. By fine-tuning the annealing temperature and duration,
we anticipate achieving a higher EO coefficient in the thin 9
film.* '
. . 10.
4 Discussion
In summary, we have demonstrated a hybrid Si-BTO photonics 1.
platform using the CSD method. Unlike the MBE-based Si-
BTO platform, our platform provides an easy process for the 12
deposition of BTO film. The fabricated racetrack has a high '
ER of 27.9 dB and a high intrinsic quality factor of 48,000. 13.
The fabricated device exhibits a high-power efficiency of
2.16 pm/nW. Furthermore, our device is proven to transmit 14.
high-speed signals stably. The results indicate that our new
Si-BTO platform based on the CSD method provides an attrac- 15
tive direction for low-power tuning devices.
Our hybrid Si-BTO platform shows promise for applications 16.
in EO tuning devices, but some improvements are needed for
future work. First, the annealing temperature and annealing time 17.
need to be further optimized to enhance the crystallinity of the
film and improve the effective Pockels coefficient. Second, to
further reduce the propagation loss and allow more light to leak 18.
into the BTO layer, the deposited film can be integrated with
silicon nitride. Silicon nitride has a relatively low refractive in- 19.
dex and an ultralow loss property that can better utilize the EO
properties of BTO film and realize a propagation loss of sub- 20
1 dB. Finally, transparent conducting electrodes, such as indium ’
tin oxide (ITO) and a smaller electrode gap, can enhance the
electric field and thus increase the tuning range. 21.
Code and Data Availability 22.
The code and data that support the findings of this study are
available from the corresponding author upon reasonable 23.
request.
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