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Abstract
Silicon photonics is currently the leading technology for the development of compact and low-
cost photonic integrated circuits. However, despite its enormous potential, certain limitations,
such as the absence of a linear electro-optical (EO) effect because of the symmetric crystal
structure of silicon remain. In contrast, barium titanate (BTO) exhibits a strong Pockels effect.
In this study, we demonstrated a high-quality transferred barium titanate ferroelectric hybrid
integrated modulator on a silicon-on-insulator platform. The proposed hybrid integration of
BTO on silicon Mach-Zehnder interferometers exhibited EO modulation with a VL as low as
1.67 V-cm, thereby facilitating the realisation of compact EO modulators. The hybrid
integration of BTO with SOI waveguides is expected to pave the way for the development of

high-speed and high efficiency EO modulators.
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Introduction

Future optical communication and signal processing systems will require high-volume optical
links, wherein photonic integrated devices play a key role.! Silicon (Si) photonics is currently
among the most advanced techniques for realising low-cost photonic integrated circuits (PIC).>
3 This technology is primarily based on its complementary metal-oxide-semiconductor (CMOS)
compatibility and the accessibility of high-quality and low-cost silicon-on-insulator (SOI)
wafers. The high refractive index of Si waveguides offers strong optical confinement, which
facilitates a decrease in the size of photonic integrated circuits to the submicron range.*
However, despite their enormous potential, there remain basic restraints on light modulation in
SOI waveguides. The absence of a linear electro-optical (EO) coefficient is challenging because
of the crystal structure of Si.> Many methods have been proposed to overcome these limitations.
The most commonly used method involves facilitating the Pockels effect in other materials,® ’
through which EO modulation permits the realisation of excellent modulation performance
without additional losses.

Materials with considerable Pockels coefficients integrated on SOI platform have emerged as a
prospective path to the achievement of high-efficiency EO modulation.® ° Ferroelectric
materials have been used for modulation owing to their excellent EO coefficients, thermal and
temporal stability, and excellent optical transparency.'%!> The most common ferroelectric oxide
is lithium niobate (LiNbQOs, LN), and is widely used in communication systems.'®!* Among the
most commonly used approaches involves the use of LiNbO3 on insulator (LNOI) thin film!”
2024 and hybrid integrated on SOI platform, which combines the favourable properties of
LiNbOs crystal and achieves compact high-index-contrast waveguides. However, the relatively
small Pockels coefficient (r33 = 31 pm/V) of LiNbO3 limits the performance of modulators to a
certain extent, resulting in large device footprints, typically in the millimetre-to-centimetre

range. Therefore, to further decrease the footprint of the modulator and increase the efficiency,
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materials with larger EO coefficients than those of LiNbO3 are of great interest, which would
decrease the footprint of the device and reduce the velocity mismatch between the optical and
electrical waves for large bandwidths. Barium titanate (BaTiOs, BTO),’ is known for its high
Pockels coefficient among various ferroelectric oxides, which is several times higher than that
for LiNbOs3,” 2> 26 and has attracted considerable interest in the study of EO modulation in
recent years.?¢?” Recently, a high data rate BTO modulator supporting a transmission rate of
200 Gb/s has been demonstrated,’® which renders BTO technology particularly attractive.
However, a potential problem during the integration of materials on SOI is the lattice mismatch
between the ferroelectric film and Si substrate, which prevents the ferroelectric film from being
deposited directly on the Si. Despite numerous attempts, the integration of Si and high-quality
thin films can only be realised by sophisticated and expensive layer-bonding methods,'® which
renders integration with standard CMOS technology difficult. Various studies have been
conducted to develop hybrid BTO/Si integration technologies. Several researchers have
succeeded in this integration by growing strontium titanate (SrTiOs, STO) as a buffer layer
between the ferroelectric layer and Si using molecular beam epitaxy (MBE),*>!"*° thereby
providing a novel method for the research of high-performance hybrid Si BTO modulators.
However, typical defects are found in the BTO layer on a Si substrate, and the thickness of BTO
is typically up to 150 nm with a slow growth rate.?> 3’ Therefore, the development of stripping
and transfer technologies for oxide films is a key step in the manufacture of high-quality
epitaxial oxide films. Recently, an environmentally friendly and nondestructive method was
proposed to generate freestanding epitaxially grown inorganic films by dissolving water-
soluble Sr3AlOs (SAO) layers. Free-standing films can be successfully transferred onto SOI
wafers.***? Compared to the previously mentioned technique of growing STO as a buffer layer
between the BTO and Si substrate, the transfer method can improve the effective EO coefficient

by changing the rotation angle of the BTO layer. Consequently, we can obtain free-standing

36,43, 44 45, 46

epitaxial BTO films with remaining excellent ferroelectricity
3

and flexibility on top



of SOI waveguides. By exploiting the evanescent-coupling BTO film and SOI waveguide, EO
modulation can be realised.’

This study demonstrated EO modulation using the hybrid integration of BTO on a Si Mach-
Zehnder interferometer (MZI) enabled by the target transfer method. We first optimised the
thicknesses and rotation angles of the BTO films to enhance the EO modulation in the SOI
waveguide. Furthermore, as a proof of principle, we transferred the BTO film onto Si MZIs and

demonstrated phase modulation via BTO films through evanescent coupling. The proposed

device exhibited a large modulation efficiency with VL as low as 1.67 V-cm. The results of

this study are expected to pave the way for hybrid integration of BTO modulators on SOI

platforms.

Results and discussion

Waveguide structure

The proposed device comprised SOI waveguides, a BTO layer, and metal contacts. The Si
waveguide was buried in an oxide layer on a Si substrate. The thickness of the oxide buffer
layer t2 was 2 pm and chemical mechanical polishing (CMP) was used to flatten the surface on
top of the Si waveguide, leaving a thin layer of SiO2 t; = 5 nm on top. The width of the Si
waveguide Wsi, was 500 nm, and the thickness tsi, was 220 nm. The SOI waveguide chip was
fabricated using a CMOS foundry (CUMEC) (Fig. S1).

As shown in Fig.1a, a BTO film was placed on top of a Si waveguide. The thickness of the
BTO layer is among the most crucial factors affecting the Pockels effect. Therefore, the
thickness tsto was optimised to 150 nm to ensure high-quality epitaxial BTO films and a strong
Pockels effect. The BTO thin film was transferred onto the target substrate by dissolving the
SAO layer in water. Thus, the ferroelectricity and quality of the BTO film were maintained

simultaneously, and the BTO layer could be used directly without etching.
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Figure 1: EO modulation using hybrid integration of BTO on a Si MZI. (a) Cross-sectional view
of the BTO on Si-based waveguide modulator. The optical waveguide is parallel to the (100)-
oriented BTO. The metal contacts are deposited close to the waveguide. (b) Simulated mode
profiles of the photonic TE modes. The colours indicate the electric field strength, ranging from
blue (low) to red (high). (c) Cross-sectional schematic of the EO modulators with electric field
distribution, where the lines in the figure are electric field lines and the arrows indicate the
direction with a DC bias voltage of approximately 10V. (d) Finite-difference eigenmode (FDE)
characterization of the effective refractive index and optical loss as a function of wavelength.

The metal contacts were formed by depositing 5 nm of titanium and 80 nm of Au on a BTO
layer. Through the application of voltages across the two contacts, an electric field was formed
and the BTO layer was polarised, resulting in a difference in the refractive index of the
ferroelectric tilms. The active length of the MZI EO modulator was set to 286 um. The light
wave in the waveguide was evanescently coupled with the thin films and was subjected to a
phase change. We set the distance of the two contacts gau as 4 pm to reduce the absorption loss
from metal contacts and maintain a small gap for a stronger electric field between the contacts.
As shown in Fig.1b, the significant difference in the refractive indices of Si and SiO:
(ng; = 3.47, ng;0, = 1.46) in the SOI structure facilitated the confinement of the optical field in

the Si waveguide. Compared to the bottom oxide layer, the higher refractive index of BTO
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(nTo = 2.38) pushed the optical field towards the BTO layer, further promoting evanescent
coupling. Owing to the high Pockels effect of BTO, voltages must be applied to achieve
relatively large variations in the effective refractive index. Fig.1c shows the modulated electric
field distribution at 10 V, which is the DC bias voltage. The DC bias field is critical for the
complete polarisation of the BTO film; therefore, the voltages in this study represent DC
voltages. To illustrate the dependence of modulation on the DC bias field, we tested the output
waveforms of the EO modulators at different bias voltages. The effective refractive index and
optical loss of the EO modulators at the centre wavelength (approximately 1550 nm) were
calculated using FDE, shown in Fig.1d. As evident, the transmission loss of the structure was
0.13 dB/cm at a wavelength of 1.55 um. This value was obtained by simulating the imaginary
part of the effective refractive index. Based on the values of the electrode gap, light field, and
electric field, we calculated the EO overlap integral I' as 0.58. Simulations and experimental
validation® indicated that the EO integral I increased significantly with the thickness of the
BTO film. The thickness of the BTO film also affected the effective Pockels coefficient.
Therefore, the thickness of the film must be optimised. The goal of our design dictated a

considerable overlap between the driving electric and optical fields.

BTO fabrication and characterization

The free-standing single-crystalline BTO film was fabricated based on the epitaxial growth of
a BTO/SAO/STO heterostructure (see Methods). BTO/SAO heterostructures were deposited
onto the STO layer via pulsed laser deposition (PLD). We used a reliable photoresist transfer
method with a positive photoresist-type AZ5214. This photoresist can be completely dissolved
in acetone, and is therefore suitable for film transfer. During the transfer process, the photoresist
was spin coated onto the sample surface to cover the entire BTO surface. The sample was heated
at 115 °C for 25 min to fully harden the photoresist. It was then placed in deionised water. Once

the SAO water-soluble sacrificial layer was completely dissolved, the BTO film was transferred
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onto the target SOI substrate. Compared with other film transfer methods, precise control of the
rotation angle between the sample and the substrate was enabled. In addition, fewer residues on
the film surface are beneficial. Therefore, the flexible photoresist transfer method is more
appropriate for our experiments. In this process, we focused on controlling the surface
roughness of the BTO samples (Fig. S2). The average roughness can be controlled within a
certain range and selected by measuring the atomic force microscopy (AFM) images of the
surface of a 150 nm thick BTO film. In this case, the film surface was relatively smooth, with
an average roughness of 1.32 nm (Fig. S3). Next, the single-crystal BTO film was freed from
the STO substrate by dissolving the sacrificial SAO layer in water. The transfer process of the

BTO film is schematically illustrated in Fig.2a—c.
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Figure 2: (a—c) Schematics of single crystal BTO peeling-off and transfer process from STO to
the SOI substrate. (d) Cross-sectional transmission electron microscopy (TEM) image of a
contact/BTO/SOI heterostructure. (¢) EDS element mapping of Ba element. (f) Atomic
resolution STEM image of BTO layer.
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During this process, the photoresist supporting layer on the surface of the epitaxial BTO film
can be removed entirely using an organic solvent. After the film was transferred to the target
substrate, its orientation relative to the substrate was freely adjusted until the sample was
completely dry (Fig. S4). A cross-sectional transmission electron microscopy (TEM) image of
the contact/BTO/SOI heterostructure is shown in Fig.2d, with a metal contact layer on top,
followed by the BTO and SOI layers. The thickness of the BTO film was estimated to be 150
nm, and the interface between the BTO and SOI layers was sharp and distinct. Energy
dispersive X-ray spectroscopy (EDS) element mapping revealed a homogeneous distribution of
Ba, as shown in Fig.2e. Fig.2f shows an atomic-resolution cross-sectional scanning
transmission electron microscopy (STEM) image of the BTO layer, demonstrating the atomic

homogeneity and lattice structures that matched well with the corresponding models of BTO.
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Figure 3: (a—b) Plane-view Scanning Electron Microscope (SEM) images of Contact/BTO/SOL.
(c) Piezoelectric force microscope (PFM) phase image of BTO writing domains under £9 V. (d)
XRD patterns of as-grown BTO/SAO/STO heterostructure and transferred BTO layer on the
SOL (e) PFM amplitude and phase hysteresis loops of BTO.

Plane-view SEM images of the contact/BTO/SOI heterostructure are shown in Fig.3a-b. To

examine the ferroelectricity of the transferred BTO layer, Fig.3c exhibits the response curves
8



observed under a microscope when piezoelectricity was applied out-of-plane to the transferred
BTO film. Further, the region where +9 V positive bias was applied to the film was polarised
upward, whereas the negative bias of -9 V was polarised downward in this figure. The
crystallinity of the BTO film on STO/SAO and SOI was tested using X-ray diffraction (XRD)
(Fig.3d), where the blue line indicates that only the (00[) diffraction peaks from BTO, SAO,
and STO were detected with growth in the BTO/SAO/STO. The XRD profile of the
STO/SAO/BTO film after transfer is indicated by the red line. A comparison of the images
before and after the transfer demonstrated that the properties of the BTO films changed owing
to stress relief before and after the transfer. Moreover, the angle change was negligible and
could be compensated (see Supporting Note 5 and Fig. S5).

The red line in Fig.3d illustrates the well-preserved (001) diffraction peaks of BTO on the SOI
substrate. In addition, the peaks of the BTO layer after transfer shifted slightly to a higher angle,
proving that the epitaxial film lost the clamping effect from the substrate after release, and the
stress in the BTO lattice was also released, thereby decreasing the lattice constant c. Through
piezoelectric force microscopy, a conductive probe was used to apply a bias voltage from 9 V
to -9 V on the BTO film, which was transferred onto the gold-coated Si substrate. Fig.3e shows
the local amplitude and phase hysteresis loops of the BTO film. A typical phase hysteresis loop
was observed, proving that the BTO sample had good piezoelectric properties. However, the
amplitude loop was not a symmetrical butterfly shape, and this condition is often attributed to
defects or internal bias fields.*® The internal bias field in single crystal films is often caused by
oxygen vacancies and excess metal ions.*” We believe that the asymmetrical amplitude

response may be caused by defects and oxygen defects in the BTO films.

Device modelling and optimisation

A more detailed analysis indicate that, BTO, a ferroelectric material, exhibits the structure of a

crystal with tetragonal structure at a temperature of approximately 20 °C, containing a short a-
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axis and a longer c-axis.’® Thus, the ferroelectric BTO is often to facilitate growth in various
orientations via controlling the process parameters. There exists a relationship between the
Pockels effect, and direction of the electrostatic field, direction of light propagation and
polarisation, rotation angle of the crystal, and the thickness of the BTO thin films. Previous
studies have established that BTO exhibits an ordinary refractive index (n, = 2.444) that is
higher than the extraordinary index (n. = 2.383) because of the structure of a negative uniaxial
anisotropic crystal. Relatively, the growth of BTO crystals in different directions has different
Pockels coefficients. The performance of the EO in each direction of the BTO crystal structure
usually employs an elliptical equation as a simulation model. In the presence of electric fields

(Ex, Ey, Ez), the BTO refractive index is expressed as
G+ 113E)X? + Gz + 1By + (3 + 1B + (051 Ey)2yz + (rs1 EQ2zx = 1 (1)

where r1jj is the linear (or Pockels) EO coefficient. Here, according to the anisotropy of
ferroelectric BTO, the EO coefficient varies in different directions (ri3 = 8 pm/V, 133 = 28
pm/V.,rs;1 = 800 pm/V).>* Integrating the BTO thin films on SOI waveguides for modulation,
and increasing the effective Pockels coefficient of the BTO crystal r, ¢; plays a vital role in

enhancing the effect of EO modulation. The 7, ¢ of the BTO is expressed as

Ag
n3gro Igro Vi L

)

Teff=
where A is the central wavelength of the light wave, g represents the separation space between
contacts, ngro is the refractive index of the BTO, Iz is the EO overlap integral supposing a
homogencous electric field exists over the entire BTO, and V}; is the half-wave voltage of the
modulator as measured. In particular, the Pockels effect in ferroelectric domains can be
translated into a hysteresis response of the refractive index to the field, which is consistent with
the polarisation of ferroelectric domains. When an electric field was applied to ferroelectrics,
the electric domains expanded along the direction of the electric field, resulting in a greater

degree of polarisation. By contrast, the electric domain in the direction parallel to the electric
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field decreased. As the electric field strength continued to increase, the crystal domains tended
to be oriented in the electric field direction; thus, the polarisation strength tended to saturate. In
this condition, the polarisation of the ferroelectric film is linearly related to the applied electric
field if the applied voltage is increased.* The modulator refractive index change An is expressed

as

Vm(w)
g

)

1 3
An = —Negf Tefr

where n, ¢ is the effective refractive index of the waveguide (calculated using an FDE solver),
V is the magnitude of the applied voltage and the polarisation of the film can be changed by
adjusting the electric field, and m(w) is the EO amplitude response at the microwave
modulation angular frequency w.

It was assumed that the coordinate systems of the x-, y-, and z-axes of the indexing ellipsoid
were aligned along the crystallographic axes ai, a», and ¢ of the BTO crystal structure,
respectively. Consequently, the effective EO properties of BTO can be improved by rotating
the ferroelectric film by a rotation angle ¢ in the Xy plane, as shown in Fig.4a. As mentioned
previously, the effective Pockels coefficient of BTO strongly depends on its crystal orientation,
rotation angle, and thickness. Hence, we sequentially optimised factors such as the orientation,

rotation angle of BTO, and thickness of the thin films to achieve a high r.ss. The equation

indicates that the change in the effective refractive index of BTO has a strong dependence on
refr; thus, An can be used to characterise the performance of the BTO-based modulators.

We first investigated the dependence of An on the lattice destinations of BTO thin films. Based
on a previous study of BTO crystals,>* it is known that the (110)-oriented BTO grows at a higher
pressure than the other two orientations. However, higher oxygen pressures produce a large
number of voids, whereas lower pressures favour the formation of uniform and smooth films.
Therefore, considering the quality of the films, we compared (100)-oriented BTO with (111)-

oriented BTO. The results are presented in Fig.4b. From the phase hysteresis loops of BTO
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studied previously,*? it is known that when the applied voltage exceeds a certain value, the
phase change of BTO is slightly reduced. This was exhibited within the crystal as the

polarisation strength of the ferroelectric domains became saturated.
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Figure 4: EO properties of the modulators. (a) Change in the rotation angle ¢ of the transferred
BTO films in the xy plane to improve the EO performance. (b) Curves of the effective refractive
index difference AN, s, as a function of applied voltages for (111)- and (100)-oriented BTO. (c)
Curves of the effective refractive index difference AN, f as a function of applied voltages for
BTO films with different rotation angle ¢ in the xy-plane. (d) Curves of refractive index
difference AN, as a function of applied voltages for different thicknesses of the BTO layer.

The maximum value of An was 3- 10~%, which was achieved at (100)-oriented BTO. This value

was used to calculate V;;L of the modulator as 0.26 V- cm. Using Eq. (2), we can introduce the
corresponding effective Pockels coefficient of 279 pm/V. As depicted in Fig.4c, considering
the dependence of An on the angle ¢, we must optimise ¢ to obtain the best combination of r13,

133, and r51. The refractive index of the TE polarisation shifted from nyto n,when the angle was

scanned across 0-90°. The maximum value (approximately 3.6 - 10~%) was reached for a
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rotation angle of 55°, and similar theoretical predictions were reached by Castera et al.>> and
experimentally verified by Abel et al.®.

Note that the optimised angle is irrelevant to the waveguide because it is analysed based on the
crystal nature of BTO. Finally, we studied the EO refractive index modulation as a function of
the BTO thickness (Fig.4d). Increasing the thickness of the BTO layer tgro caused a larger
change in the nqg. Nevertheless, it is more challenging to synthesise high-quality thick BTO
layers. Consequently, we obtained the ideal thickness (approximately 150 nm) when the

thickness of BTO was simulated across 50-190 nm to achieve the maximum phase shift, low

half-wave voltage values, and high modulation efficiency.

Experimental results

We transferred a BTO film onto the MZI structure (Fig. S6). A schematic of the experimental
setup is shown in the Supporting Information (Fig. S7). First, we investigated the transmission
curves of the modulator before and after transferring the BTO layer to determine the loss caused
by transferring the material to the modulator. The results showed that the output loss increased
by approximately 1 dB after the transfer (Fig. S8). We then measured the transmission curves
of the devices under different bias voltages to investigate the modulation efficiency of the BTO.
Our device demonstrated an extinction ratio greater than 30 dB. The insertion loss of the entire
device was approximately 18 dB, and the transmission loss of the device was 1 dB/cm.

Fig.5a shows the device structure, wherein the propagation direction of light was parallel to the
(100)-oriented BTO layer. The magnified microscope images in Fig.5b show that the metal
contacts (in yellow) were deposited on both sides of the Si waveguide (in white). The EO
response of the device was tested in the communication band (approximately 1545 nm). Fig.5¢
shows the transmission spectra at three different voltages. The electric field affected the
refractive index of the films, which in turn modulated the phase of light.’® 37 Therefore, the

phase equation can be expressed as:
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Ap ===+ An (4)

Substituting (3) into (4) provides a general relationship between A¢ and EO effects, as follows:

Aq) = :—E l"n3reff Ym(ew) (5)
Further, the half-wave voltage V; is expressed as”
A
Vo = e (6)

n3regI'm(w)L

Fig.5d illustrates the phase change at different applied bias voltages (0-25 V) for the TE
polarisation of light. The length of the active region L was 286 um and Vr was the voltage that
triggered a m phase shift in the waveguide. The overall BTO MZI device footprint was 876 um
* 738 um. The dependence of the induced phase shifts Ap on the voltages are displayed in
Fig.5d. According to Eq. 4, we obtained the curve of An with respect to the applied bias voltages
(see Fig. S9).

When the electric field was small, certain ferroelectric domains remained in the opposite
direction of the electric field. When the electric field was increased, the electric domains
opposite to the direction of the electric field decreased. The electric domains expanded along
the direction of the electric field, at which point there was a low degree of polarisation in the
electric domains. Because the signals applied in our experiments were DC voltages, the
polarisation of barium titanate triggered a ferroelectric hysteresis effect when small voltages
were applied, which resulted in the modulator being in a nonlinear mode.*’ As the voltage
increased, the curve became linear. As such we obtained the modulation efficiency VzL value

as 1.67 V-cm.
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Figure 5: BTO ferroelectric hybrid integrated modulators on SOI Platform. (a) Simulated
schematic of the MZI device. The straight section of the MZI arm is parallel to the (100)-
oriented of the BTO lattice. The length of the active region shown is 286 pum. (b) Optical
micrograph of the MZI device at the waveguide. The yellow part of the picture is the contact
and the part between the two white lines is the Si waveguide in which the optical signal is
transmitted. (¢) Measured transmitted light intensity spectra at selected voltages of +0 V, +5 V
and +10 V. (d) The Ag curve is calculated with respect to different voltages, with the red line
being the tangential of the curve.

According to Eq. 6, we can derive the effective Pockels coefficient rerr as 48 pm/V in the
experiment. The EO effect is related to the orientation of BTO, the uniformity of the lattice on
the orientation, and the type and number of defects. The discrepancy between the simulation
and experimental results can be explained by film defects and the hysteresis properties of the
ferroelectric crystals. Different growth conditions affect the uniformity and defect density of
the BTO films; thus, the growth conditions have an impact on device performance.
Subsequently, the process could be further optimised using sacrificial layer materials with
smaller lattice mismatches, such as Sr4A1,07.°® The measured results were compared with other

technologies and are summarised in Table 1. Compared to LiNbOs,!” BaTiO; has a higher
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modulation efficiency. In contrast to the plasma dispersion effect of other techniques within Si,
the Pockels effect is inherently lossless and ultrafast. Indium phosphide (InP) modulators®’ offer
high performance in established technologies; however, they struggle to compete with low-cost

Si photonics owing to their specialised fabrication process. Eltes et al.*°

and Z. Dong et al. used
MBE and RF-sputter to deposit BTO. However, these studies used both bonding and buffer
layers. By comparing these two methods, we demonstrated a method to transfer the BTO film
onto the SOI for EO modulation with low losses using a much simpler process. Our BTO film
does not need to be epitaxially grown or patterned, which greatly reduces difficulties in the
fabrication process. To measure other parameters, a longer active region is necessary to further

increase the modulation depth.

Table 1. Performance comparison of MZM based on different materials

Materials Vi L Extinction Ratio  Footprint Fabrication Process VL
[V] [mm] [dB] [mm*mm] [V-cm]

BaTiO3 ® 58 0.286 30dB 0.88%0.74 Transfer method 1.67
InP>? 20 0.5 2.3dB — — 1
BaTi03% 31 0.75 — 2% RF-sputtered 2.32
BaTi033° 3.6 1.33 — 0.4*1.6 MBE-grown 0.48
Si¢! 4.1 0.39 — —_— — 1.6
LiNbO3'7 14 2 30dB —_—  — 2.8

a)  This Work;

Conclusion

In summary, a target-transfer method was used to transfer a BTO film onto a Si MZI for EO
modulation. This transfer method simplified the fabrication process and produced high-quality
BTO films on the SOI platform. As a proof of principle, we demonstrated a transferred BTO
film on an MZI waveguide structure. Our MZI devices with V, L as low as 1.67 V-cm confirmed
the excellent EO properties of the BTO films and their full compatibility with SOI substrates,

thereby facilitating the realisation of compact EO modulators. The hybrid integration of BTO
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with SOI waveguides has broadened the Si photonics device library and paved the way for high-

speed and high-efficiency EO modulators.

Methods

We used the transfer method to obtain (100)-oriented BTO thin films on target SOI substrates.
On the Si substrate, the Si waveguide was buried in the oxide layer with a thickness of
approximately 2 um. The width and thickness of the Si waveguide were 500 nm and 220 nm,
respectively. CMP was used to flatten the surface of the Si waveguide, leaving a thin layer of

SiO» of ~5 nm on top. The specific steps of the transfer method are as follows.>

Preparation of BTO/SAO heterostructure

In this experiment, SAO and BTO targets were synthesised using the solid-state sintering

method. To obtain the SAO precursor, SrCO3 (99.95% purity) and Al2O3 (99.99% purity) were
mixed in stoichiometric ratios. After ball milling, the mixture of SrCO; and Al.O3 was dried,
sieved, and calcined at 1250 °C for 2 h to obtain the SAO precursor powder. After the secondary
ball milling process, the SAO target was sintered at 1450 °C for 4 h. BaTi03 (99.99%) powder
was directly sintered at 1250 °C for 2 h to obtain the BTO targets. The BTO/SAO bilayer was
deposited on commercial (001)-oriented STO substrates via a pulsed laser deposition method
using a KrF excimer laser at a wavelength of 248 nm. In the process, we set the temperature for
growth, laser energy density, and dynamic oxygen pressure for SAO as 800 °C, 2.0 J/cm?®, and
0.2 mbar, respectively. In contrast to SAO, we set the temperature for growth, laser energy
density, and dynamic oxygen pressure for BTO to 750 °C, 1.8 J/cm?, and 0.15 mbar,

respectively.

Preparation of Sandwich-Structured BTO/SOI
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During the transfer, a thin layer of photoresist was spin-coated onto the surface of
BTO/SAO/STO (100) as a support layer, and heated the sample at 115 °C for 25 min to dry the
photoresist layer. The samples were then immersed in deionised water for 24 h to remove the
SAO layer. Subsequently, the photoresist/BTO films were transferred onto the target SOI
substrates to ensure the target rotation angle between the BTO film and the MZI waveguide
structure. The photoresist layer was completely removed with anhydrous acetone, and the BTO
films were successfully transferred onto the SOI substrates. Finally, to provide a modulating
electric field, metal contacts were formed by 5 nm titanium and 80 nm Au, using electron beam
lithography (EBL), which were placed on the BTO layer and aligned symmetrically on both

sides of the Si waveguide.

Supplementary material

Supplementary material is available online or from the author.

Acknowledgements

We acknowledge the funding from the National Key Research and Development Program of
China (2019YFB2205303), National Natural Science Foundation of China (62205054,
62375051, and 52002310), Natural Science Foundation of Jiangsu Province (BK20210207),

and Fundamental Research Funds for Central Universities.

References

[1] Reed, G. T. et al. Silicon optical modulators. Nature Photonics 4, 518-526
(2010).

[2] Hochberg, M. & Baehr-Jones, T. Towards fabless silicon photonics. Nature
Photonics 4, 492-494 (2010).

[3] Xiong, C. et al. Active silicon integrated nanophotonics: ferroelectric BaTiOs
devices. Nano Letters 14, 1419-1425 (2014).

[4] Ding, J. F. et al. Ultra-low-power carrier-depletion Mach-Zehnder silicon optical
modulator. Optics Express 20, 7081-7087 (2012).

[5] Cazzanelli, M. et al. Second-harmonic generation in silicon waveguides strained
by silicon nitride. Nature Materials 11, 148-154 (2012).

18



[6]
[7]
[8]

9]
[10]
[11]

[12]

[13]

[14]

[15]
[16]
[17]
[18]

[19]

[20]
[21]
[22]
[23]

[24]

[25]
[26]

[27]

Alexander, K. et al. Nanophotonic Pockels modulators on a silicon nitride
platform. Nature Communications 9, 3444 (2018).

McKee, R. A., Walker, F. J. & Chisholm, M. F. Crystalline oxides on silicon: the
first five monolayers. Physical Review Letters 81, 3014-3017 (1998).

Castera, P. et al. Electro-optical modulation based on pockels effect in BaTiO3
with a multi-domain structure. IEEE Photonics Technology Letters 28, 990-993
(2016).

Abel, S. et al. Large pockels effect in micro- and nanostructured barium titanate
integrated on silicon. Nature Materials 18, 42-47 (2019).

Guarino, A. et al. Electro—optically tunable microring resonators in lithium
niobate. Nature Photonics 1, 407-410 (2007).

Jin, S. L. et al. LiNbOs thin-film modulators using silicon nitride surface ridge
waveguides. I[EEE Photonics Technology Letters 28, 736-739 (2016).

Rao, A. et al. High-performance and linear thin-film lithium niobate Mach—
Zehnder modulators on silicon up to 50 GHz. Optics Letters 41, 5700-5703
(2016).

Wang, J. et al. High-Q lithium niobate microdisk resonators on a chip for
efficient electro-optic modulation. Optics Express 23, 23072-23078 (2015).
Cai, L. T., Kang, Y. & Hu, H. Electric-optical property of the proton exchanged
phase modulator in single-crystal lithium niobate thin film. Optics Express 24,
4640-4647 (2016).

Messner, A. et al. Plasmonic ferroelectric modulators. Journal of Lightwave
Technology 37, 281-290 (2019).

Rabiei, P. et al. Heterogeneous lithium niobate photonics on silicon substrates.
Optics Express 21, 25573-25573 (2013).

Wang, C. et al. Integrated lithium niobate electro-optic modulators operating at
CMOS-compatible voltages. Nature 562, 101-104 (2018).

Mercante, A. J. et al. Thin LiNbO3 on insulator electro-optic modulator. Optics
Letters 41, 867-869 (2016).

He, M. B. et al. High-performance hybrid silicon and lithium niobate Mach—
Zehnder modulators for 100 Gbits™" and beyond. Nature Photonics 13, 359-364
(2019).

Jian, J. et al. High modulation efficiency lithium niobate Michelson
interferometer modulator. Optics Express 27, 18731-18739 (2019).

Chang, L. et al. Thin film wavelength converters for photonic integrated circuits.
Optica 3, 531-535 (2016).

Mercante, A. J. et al. Thin film lithium niobate electro-optic modulator with
terahertz operating bandwidth. Optics Express 26, 14810-14816 (2018).

Rao, A. & Fathpour, S. Compact lithium niobate electrooptic modulators. IEEE
Journal of Selected Topics in Quantum Electronics 24, 3400114 (2018).
Weigel, P. O. et al. Bonded thin film lithium niobate modulator on a silicon
photonics platform exceeding 100 GHz 3-dB electrical modulation bandwidth.
Optics Express 26, 23728-23739 (2018).

Kharel, P. et al. Breaking voltage-bandwidth limits in integrated lithium niobate
modulators using micro-structured electrodes: erratum. Optica 8, 1218 (2021).
Abel, S. et al. A strong electro-optically active lead-free ferroelectric integrated
on silicon. Nature Communications 4, 1671 (2013).

Petraru, A. et al. Integrated optical Mach—Zehnder modulator based on
polycrystalline BaTiOs. Optics Letters 28, 2527-2529 (2003).

19



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]
[45]

[46]

Girouard, P. et al. X® Modulator with 40-GHz modulation utilizing BaTiO3
photonic crystal waveguides. IEEE Journal of Quantum Electronics 53, 5200110
(2017).

Tang, P. S. et al. Electrooptic modulation up to 40 GHz in a barium titanate thin
film waveguide modulator. Optics Express 12, 5962-5967 (2004).

Eltes, F. et al. Thin-film BTO-based modulators enabling 200 Gb/s data rates
with sub 1 Vpp drive signal. Proceedings of Optical Fiber Communication
Conference. San Diego: Optica Publishing Group, 2023, Th4A.2.

Eltes, F. et al. Low-loss BaTiOs—Si waveguides for nonlinear integrated
photonics. ACS Photonics 3, 1698-1703 (2016).

Meier, A. R., Niu, F. & Wessels, B. W. Integration of BaTiOs on Si (0 0 1) using
MgO/STO buffer layers by molecular beam epitaxy. Journal of Crystal Growth
294, 401-406 (2006).

Mazet, L. et al. A review of molecular beam epitaxy of ferroelectric BaTiOs films
on Si, Ge and GaAs substrates and their applications. Science and Technology
of Advanced Materials 16, 036005 (2015).

McKee, R. A. et al. Molecular beam epitaxy growth of epitaxial barium silicide,
barium oxide, and barium titanate on silicon. Applied Physics Letters 59, 782-
784 (1991).

Choi, M. et al. Strain relaxation in single crystal SrTiOs grown on Si (001) by
molecular beam epitaxy. Journal of Applied Physics 111, 064112 (2012).
Kumah, D. P., Ngai, J. H. & Kornblum, L. Epitaxial oxides on semiconductors:
from fundamentals to new devices. Advanced Functional Materials 30, 1901597
(2020).

Posadas, A. B. et al. Thick BaTiOs epitaxial films integrated on Si by RF
sputtering for electro-optic modulators in Si photonics. ACS Applied Materials &
Interfaces 13, 51230-51244 (2021).

Abel, S. et al. A hybrid barium titanate—silicon photonics platform for
ultraefficient electro-optic tuning. Journal of Lightwave Technology 34, 1688-
1693 (2016).

Wang, T. et al. 2-2 type PVDF-based composites interlayered by epitaxial
(111)-oriented BTO films for high energy storage density (Adv. Funct. Mater.
10/2022). Advanced Functional Materials 32, 2270064 (2022).

Lu, D. et al. Synthesis of freestanding single-crystal perovskite films and
heterostructures by etching of sacrificial water-soluble layers. Nature Materials
15, 1255-1260 (2016).

Hong, S. S. et al. Extreme tensile strain states in Lao.7Cao.sMnO3z membranes.
Science 368, 71-76 (2020).

Dong, G. H. et al. Super-elastic ferroelectric single-crystal membrane with
continuous electric dipole rotation. Science 366, 475-479 (2019).

An, F. et al. Highly flexible and twistable freestanding single crystalline
magnetite film with robust magnetism. Advanced Functional Materials 30,
2003495 (2020).

Ji, D. X. et al. Freestanding crystalline oxide perovskites down to the monolayer
limit. Nature 570, 87-90 (2019).

Gu, K. et al. Simple method to obtain large-size single-crystalline oxide sheets.
Advanced Functional Materials 30, 2001236 (2020).

Hou, W. X. et al. Epitaxial lift-off of flexible single-crystal magnetite thin films
with tunable magnetic performances by mechanical deformation. Journal of
Alloys and Compounds 887, 161470 (2021).

20



[47]

[48]
[49]
[50]
[51]

[52]

[53]
[54]
[53]
[56]

[57]

[58]

[59]

[60]

[61]

Eltes, F. et al. A BaTiOs-based electro-optic pockels modulator monolithically
integrated on an advanced silicon photonics platform. Journal of Lightwave
Technology 37, 1456-1462 (2019).

He, X. et al. Giant electromechanical response in layered ferroelectrics enabled
by asymmetric ferroelastic switching. Materials Today 58, 48-56 (2022).

Zeng, H. R. et al. Field-induced displacement properties of nanoscale domain
structure in PZT thin film. Acta Physica Sinica 54 1437-1441 (2005).

Kwei, G. H. et al. Structures of the ferroelectric phases of barium titanate.
Physical Review Materials 97, 2368-2377 (1993).

Castera, P. et al. Influence of BaTiOs ferroelectric orientation for electro-optic
modulation on silicon. Optics Express 23, 15332-15342 (2015).

Pernice, W. H. P. et al. Design of a silicon integrated electro-optic modulator
using ferroelectric BaTiOs films. IEEE Photonics Technology Letters 26, 1344-
1347 (2014).

Zgonik, M. et al. Dielectric, elastic, piezoelectric, electro-optic, and elasto-optic
tensors of BaTiOs crystals. Physical Review B 50, 5941-5949 (1994).

Lyu, J. K. et al. Control of polar orientation and lattice strain in epitaxial BaTiO3
films on silicon. ACS Applied Materials & Interfaces 10, 25529-25535 (2018).
Castera, P. et al. Influence of BaTiOs ferroelectric orientation for electro-optic
modulation on silicon. Optics Express 23, 15332-15342 (2015).

Kim, D. Y. et al. Electro-optic characteristics of (001)-oriented Bao.sSro.4TiO3 thin
films. Applied Physics Letters 82, 1455-1457 (2003).

Hoerman, B. H., Nichols, B. M. & Wessels, B. W. Dynamic response of the
dielectric and electro-optic properties of epitaxial ferroelectric thin films. Physical
Review B 65, 224110 (2002).

Zhang, J. F. et al. Super-tetragonal Sr4Al207 as a sacrificial layer for high-
integrity freestanding oxide membranes. Science 383, 388-394 (2024).
Menezo, S. et al. High-speed heterogeneous InP-on-Si capacitive phase
modulators. Proceedings of Optical Fiber Communication Conference. San
Diego: Optica Publishing Group, 2018, 1.

Dong, Z. M. et al. Monolithic barium titanate modulators on silicon-on-insulator
substrates. ACS Photonics 10, 4367-4376 (2023).

Zhou, J. Y. et al. Silicon photonics carrier depletion modulators capable of
85Gbaud 16QAM and 64Gbaud 64QAM. Proceedings of Optical Fiber
Communication Conference. San Diego: Optica Publishing Group, 2019, 1.

21



