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Integration Of Solution-Processed BaTiO3 Thin Films with
High Pockels Coefficient on Photonic Platforms

Ewout Picavet, Enes Lievens, Kobe De Geest, Hannes Rijckaert, Edgar Gutierrez Fernandez,
Oier Bikondoa, Eduardo Solano, Petriina Paturi, Nishant Singh, Tinus Pannier, Jiayi Liu,
Xin Yin, Dries Van Thourhout, Jeroen Beeckman,* and Klaartje De Buysser*

The heterogeneous integration of ferroelectric BaTiO3 thin films on silicon (Si)
and silicon nitride (SiN)-based platforms for photonic integrated circuits
(PICs) plays a crucial role in the development of future nanophotonic thin film
modulators. Since the electro-optic (EO) properties of ferroelectric thin films
strongly depend on their crystal phase and texture, the integration of BaTiO3

thin films on these platforms is far from trivial. So far, a conventional
integration route using a SrTiO3 template film in combination with high
vacuum deposition methods has been developed, but it has a low throughput,
is expensive and requires monocrystalline substrates. To close this gap, a
cost-efficient, high-throughput and scalable method for integrating highly
textured BaTiO3 films is needed. Therefore, an alternative method for the
integration of highly textured BaTiO3 films using a La2O2CO3 template film in
combination with a chemical solution deposition (CSD) process is presented.
In this work, the structural and EO properties of the solution-processed
BaTiO3 film are characterized and its integration into an optical ring resonator
is evaluated. The BaTiO3 film exhibits a fiber texture, has a large Pockels
coefficient (reff) of 139 pm V−1, and integration into a ring resonator-based
modulator shows a V

𝝅
L of 1.881 V cm and a bandwidth of > 40 GHz. This

enables low-cost, high-throughput, and flexible integration of BaTiO3 films on
PIC platforms and the potential large-scale fabrication of nanophotonic
BaTiO3 thin-film modulators.

E. Picavet, H. Rijckaert, K. De Buysser
SCRiPTS, Department of Chemistry
Ghent University
Krijgslaan 281-S3, 9000 Ghent Belgium
E-mail: klaartje.debuysser@ugent.be
E. Picavet, E. Lievens, K. De Geest, H. Rijckaert, J. Liu, J. Beeckman
LCP group, Department of Electronics and Information Systems
Ghent University
Technologiepark - Zwijnaarde 126, 9052 Ghent Belgium
E-mail: jeroen.beeckman@ugent.be
E. Lievens, K. De Geest, D. Van Thourhout
PRG, Department of Information Technology
Ghent University - imec
Technologiepark - Zwijnaarde 126, 9052 Ghent Belgium

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202403024

DOI: 10.1002/adfm.202403024

1. Introduction

The excellent functional properties of many
perovskite materials have driven the de-
velopment of heterogeneous integration
routes for such materials on silicon (Si)
and silicon nitride (SiN)-based platforms
for photonic integrated circuits (PICs)
to realize a variety of novel photonic
devices.[1–3] One of the most important
building blocks for these photonic de-
vices is the nanophotonic phase modula-
tor, for which ferroelectric materials like
LiNbO3,[4,5] Pb(Zr,Ti)O3,[6,7] and BaTiO3

[8,9]

are integrated on these PIC platforms to
combine the advantages of their excel-
lent electro-optic (EO) properties with the
low manufacturing costs of integrated sil-
icon photonics (SiPh). This opens up a
way to produce pure EO phase shifters
based on the linear EO effect (Pock-
els effect) with high linearity, high ef-
ficiency, low optical losses and no un-
wanted residual amplitude modulation. A
simplified description of the Pockels effect
is given by a linear relationship between
the change in refractive index (Δn(E))
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due to an applied external electric field (E) according to the fol-
lowing equation:

Δn(E) = −1
2

reff n3
0E (1)

In this equation, reff (pm V−1) is the effective Pockels coef-
ficient, n0 is the refractive index in the absence of an electric
field and E (V cm−1) is the applied electric field. Among ferro-
electric materials, BaTiO3 is considered one of the most promis-
ing future materials for three reasons. First, it has one of the
largest Pockels coefficients of all EO materials.[10–12] Second, it
is a lead-free material. Third, it is a chemically and thermally
stable metal oxide material. Over the years, this has led to the
development of high-speed BaTiO3 film modulators with low
propagation loss,[13] high-speed modulation,[14,15] and low power
consumption,[16] confirming the great potential of heterogeneous
integrated BaTiO3 thin-film modulators on PIC platforms.

Despite their outstanding performance, the integration of
highly textured BaTiO3 films on PIC platforms is anything but
trivial. Since the EO properties of BaTiO3 films strongly de-
pend on their crystal phase and film texture, an epitaxial inte-
gration process was developed to obtain highly textured BaTiO3
films.[17–20] Traditionally, a SrTiO3 template film is epitaxially
grown on monocrystalline Si, which facilitates the epitaxial in-
tegration of a BaTiO3 film on the SrTiO3 film due to the high
lattice match between the SrTiO3 material (a: 3.905 Å) and the
BaTiO3 material (a: 3.994 Å, c: 4.0335 Å)[21,22] Subsequently,
the deposition of a highly textured BaTiO3 film is usually car-
ried out by high-vacuum techniques such as molecular beam
epitaxy (MBE),[23–25] pulsed laser deposition (PLD),[24,26] and RF
sputtering.[24,27] Once an epitaxial BaTiO3 film is formed, the film
can be integrated by integration methods such as direct wafer
bonding, transfer printing and flip-chip on non-monocrystalline
Si substrates.[9,15] Although integration is feasible, this conven-
tional route has several disadvantages. First, the SrTiO3 tem-
plate film has been shown to be an important source of propa-
gation loss.[13] Second, the use of high vacuum methods appears
to be necessary to fabricate highly textured BaTiO3 films with
a strong (Pockels) effect[12,28,29] or BaTiO3 metasurfaces must
be fabricated for nonlinear EO effects.[30–32] Third, the BaTiO3
film formation must be carried out on a monocrystalline Si sub-
strate, which drastically limits the flexibility of integration. All
this limits the fabrication and integration of BaTiO3 thin films
into nanophotonic thin-film modulators on a large scale. There-
fore, there is a need for a low-cost, high-throughput and more
flexible integration method to pave the way for large-scale in-
tegration of BaTiO3 films on PIC platforms. Here, we propose
such an alternative processing route based on two fundamental
changes: the use of a La2O2CO3 template film and the integration
of BaTiO3 thin films via a chemical solution deposition (CSD)
process. The La2O2CO3 template film exhibits low losses and in-
herent self-orientation behavior that ensures compatibility with
various substrates and allows both in situ processing routes (di-
rect integration) on photonic platforms that can withstand the
higher annealing required to integrate both films, as well as ex
situ processing routes (integration via bonding methods) when
in situ processing is not possible due to the thermal budget of the
processed platform.[6,33] In this way, the flexibility of integration

and/or compatibility with the thermal budget can be achieved
during the different processing phases of the photonic platforms.
In addition, integration via solution processing offers a route to
a cost-effective and high-throughput process.

In this work, the solution-processed BaTiO3 stack was first
structurally characterized to investigate its crystal phase, film tex-
ture, and surface roughness. Then, the EO properties were eval-
uated and the BaTiO3 film was integrated into a SiN O-band ring
resonator to evaluate and validate the proposed solution process
as an integration route to fabricate a high-speed thin-film modu-
lator. The BaTiO3 film exhibits a tetragonal phase (P4mm) and is
fiber textured with the longer c-axis randomly aligned in-plane,
as well as a characteristic microstructure and low surface rough-
ness. This highly textured film yields a large reff, high modula-
tion efficiency and large bandwidth of the SiN O-band ring res-
onator. In summary, this solution process provides a low-cost,
high-throughput, and flexible integration route for BaTiO3 films
on photonic platforms, which can enable the large-scale fabrica-
tion of new nanophotonic thin-film modulators.

2. Results and Discussion

2.1. Microstructural Characterization of the Solution Processed
BaTiO3 Film

Since the EO properties of the BaTiO3 film are closely related to
its crystal phase and film texture, these structural properties of
the integrated BaTiO3 film are evaluated first. In Figure 1a, the
formed BaTiO3 phase is evaluated by comparing the azimuthal
integration of the 2D grazing incident wide-angle X-ray scatter-
ing (GIWAXS) recorded images of the BaTiO3 film with a pow-
der diffraction file (PDF) of the ferroelectric tetragonal BaTiO3
crystal phase (P4mm). Here, all reflections show high agreement
with the PDF file (PDF: 00-05-0626), without the presence of ad-
ditional secondary phases. The tetragonal crystal phase is clearly
recognizable by the peak splitting of the (002)/(200) reflection
(see inset figure), which is due to the elongated c-axis lattice pa-
rameter.

In addition to the formation of the desired ferroelectric crys-
tal phase, the BaTiO3 films also exhibit a high degree of tex-
ture. In Figure 1b, out-of-plane 𝜃-2𝜃 X-ray diffraction (XRD) mea-
surements of the BaTiO3 film integrated on different substrates
(Si, Si/SiO2, Si/SiN, corning glass (CG), and CG/ITO) show only
strong (h00) reflections. Consequently, the BaTiO3 film exhibits
a preferred (h00) out-of-plane orientation which is not influ-
enced by the nature of the substrate. This preferential orienta-
tion is caused by the La2O2CO3 template film, which acts as a
self-orienting template film compatible with both crystalline and
amorphous substrates.[33] The preferred out-of-plane orientation
of the BaTiO3 film is quantitatively expressed by a calculated Lote-
geringsfactor (LF) of 0.978 (see Experimental Section). Although
the LF value is close to 1, the BaTiO3 films also contain a small
volume fraction of randomly oriented regions, since traces of the
(110) and (111) planes are also present in the 𝜃-2𝜃 XRD mea-
surements. In addition, the crystallite size (D) and microstrain
(𝜇ϵ) were also calculated using the Williamson–Hall method for
all BaTiO3 films on the different substrates (Si, Si/SiO2, Si/SiN,
CG, and CG/ITO).[34,35] This results in an average D of 66.68 ±
2.47 nm and 𝜇ϵ of 3.23 ± 0.16, whereby the error represents a
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Figure 1. a) The azimuthally integrated GIWAXS data of the BaTiO3 film is compared with the tetragonal ferroelectric BaTiO3 phase (PDF: 00-05-0626).
The tetragonal crystal phase of the BaTiO3 film is clearly observed in the peak splitting of the (002)/(200) reflection (see inset figure). b) Out-of-plane
𝜃-2𝜃 XRD measurements of integrated BaTiO3 films on different substrates. A film with strong out-of-plane (h00) preferential orientation is present on
all substrates. c) The BaTiO3 film preferentially orients its elongated c-axis in-plane. d) No preferred in-plane orientation is present as a circle is present
in the pole figure measurement of the (101) plane. e) Illustration of the fiber texture present in the solution-processed BaTiO3 film which causes the
random orientation of the elongated c-axis (polar axis) in-plane.

standard deviation. The low standard deviation confirms the fact
that the type of substrate has almost no influence on the BaTiO3
film formation. For further evaluation of the BaTiO3 film texture,
both out-of-plane and in-plane 𝜃-2𝜃 for a narrower interval of 2𝜃
(43°–47°) are shown in Figure 1c. Here it becomes clear that the a-
axis (200) - (2𝜃 = 45.411°) - is out-of-plane oriented while the elon-
gated c-axis (002) - (2𝜃 = 44.972°) - is in-plane oriented. There-
fore, we will refer to these BaTiO3 films as a-axis oriented, since
the shorter a-axis is oriented out-of-plane.[12] Subsequently, the
lattice parameters of the BaTiO3 film (a = 3.99(1) Å, c = 4.02(8)
Å, c/a = 1.00(9)) can be calculated from both reflections. These
show good agreement with the lattice parameters of the ferro-
electric bulk BaTiO3 (PDF:00-05-0626) (a = 3.994 Å, c = 4.038 Å,
c/a = 1.011). Most likely, the preferred orientation of the longer
c-axis (4.02(8) Å) in-plane is related to the attempt to match the
even larger La2O2CO3 template film lattice parameter (4.076 Å).
However, it should be noted that the in-plane lattice parameter c
given here should be considered as an approximation due to crys-
tal lattice distortions (e.g., strain, defects, etc.) and the possible
coexistence of small c-axis oriented volume fractions in the film.
Furthermore, it was investigated whether this preferred orienta-
tion of the a-axis is maintained after multiple BaTiO3 depositions,
since in the conventional method with the SrTiO3 template film,
the BaTiO3 film thickness often influences the preferred orien-
tation of the elongated c-axis.[25,36] This is related to the smaller
SrTiO3 lattice parameter (3.905 Å) which induces c-axis orien-
tation for thin films (<50 nm) which relaxes to a-axis orienta-
tion for thicker films (> 50 nm). Figure S1 (Supporting Informa-
tion) shows out-of-plane and in-plane 𝜃-2𝜃 for single-deposited
(65 nm) and triple-deposited (190 nm) thick BaTiO3 films. These
results prove that the preferred orientation of the a-axis ori-
entation is maintained and is not affected by the BaTiO3 film
thickness.

To evaluate the in-plane orientation of the film, a pole
figure measurement of the (101) plane at 2𝜃 = 31.507° of the
BaTiO3 film was performed and plotted in Figure 1d. Here, a
ring at 𝜒 = 45° is observed indicating that there is no preferred
in-plane orientation, which is consistent with the corresponding
fiber texture orientation of the La2O2CO3 template film.[33] In
other words, the BaTiO3 film can be integrated on different sub-
strates and has a fiber texture with its elongated c-axis randomly
oriented in-plane. Since the elongated c-axis is also the polar axis
of the film, the polar axis of a BaTiO3 unit cell is randomly ori-
ented in-plane, as graphically illustrated and shown in Figure 1e.
Consequently, this leads to the formation of randomly in-plane
oriented polarization domains, which is in stark contrast to the
traditionally epitaxial integrated BaTiO3 films where only 90° and
180° domains walls are present due to the use of an epitaxial
SrTiO3 template film.[37–40]

In addition to the structural characterization by X-ray diffrac-
tion, the highly textured BaTiO3 film is also visualized by
high-resolution transmission electron microscopy (HRTEM), as
shown in Figure 2a,b. Here, the integration of a highly crys-
talline BaTiO3 film on a Si/SiO2 substrate using the La2O2CO3
template film is confirmed. The observed large interference pat-
terns in the HRTEM image (Figure 2a) are Moiré fringes.[41–43]

On the high magnification image (Figure 2b), the preferential
out-of-plane orientation of the BaTiO3 film is clearly visible and
is also confirmed by the fast Fourier transform (FFT) analysis
(see inset figure). To determine whether Si diffusion is present
in the BaTiO3 film, the compositional gradient of the entire
stack is examined by X-ray photoelectron spectroscopy (XPS)
depth analysis (Figure S2, Supporting Information). Here, the
representative elements (Ba, Ti, and O) are homogeneously dis-
tributed in the BaTiO3 film, with the Ba/Ti ratio close to 1. The
compositional anomaly of the surface signal is related to the
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Figure 2. a) HRTEM image of a La2O2CO3/BaTiO3 stack integrated on a Si/SiO2 substrate showing a highly crystalline BaTiO3 thin film. b) HRTEM
image and FFT analysis of the BaTiO3 film showing the preferred out-of-plane orientation of the BaTiO3 thin film.

sensitivity of the BaTiO3 films to surface contamination under
ambient conditions.[44,45] Consequently, there is no evidence of
Si diffusion in the BaTiO3 film, confirming that the La2O2CO3
template film also acts as an efficient diffusion barrier.

In addition to the structural properties, low surface roughness
is also an important prerequisite for the BaTiO3 films as this can
contribute significantly to the propagation losses by acting as a
source of scattering.[46] Figure 3a,b shows planar-view scanning
electron microscopy (SEM) of the BaTiO3 film. The surface mor-
phology of the films is dense and smooth and has a grain-like
microstructure. Interconnected grains with a diameter of 10–80
nm are observed which is in accordance with the earlier deter-
mined crystallite size calculated via XRD. Some pores of varying
depths can be observed throughout the film, but these are limited
to 5–30 nm (see inset figure).[47] The roughness of the BaTiO3
film was quantified by surface analysis using atomic force mi-
croscopy (AFM) (Figure 3b) and yielded a low root mean square
(RMS) roughness value of 2.51 nm for a 65 nm thick BaTiO3
film. This value is lower or comparable to other processed BaTiO3
films.[48–51]

2.2. Determination of the Pockels Coefficient of the BaTiO3 Film

Before we integrate our fiber-textured BaTiO3 films on PICs, it
is important to evaluate their properties under optical and elec-

tric fields. Before the EO measurements, we first determined the
dielectric constant and the loss tangent of the film (Figures S3
and S4, Supporting Information). This results in an in-plane di-
electric constant of 3660 and a loss tangent of 0.07. EO mea-
surements are then carried out and the Pockels coefficient is cal-
culated using Equation (6) in the Experimental Section. Since
the optical power is mapped linearly to a voltage through the
photodetector, the Equation (6) can be expressed in the form of
the photodetector voltage VPD. If we now consider the change
in the photodetector voltage due to a modulation voltage (i.e.,
we take the derivative after the modulation voltage Vmod), we
obtain the following expression (see Equation S11, Supporting
Information):

reff =
𝜆g

𝛼n3𝜋tVPD,0

𝜕VPD

𝜕Vmod
(2)

where 𝜆 (1550 nm) is the wavelength of the laser, g (10 μm) is the
distance between the electrodes, 𝛼 (0.942) is a correction term for
the electric field (see experimental section),[52] n (2.1) is the re-
fractive index, t (190 nm) is the thickness of the film (selected to
achieve a good signal-to-noise ratio), VPD, 0 (V) is the photodetec-
tor voltage, and ∂VPD/∂Vmod is the change in photodetector volt-
age due to the modulated signal.

Figure 3. Surface analysis by SEM and AFM shows that the ferroelectric stack has (a,b) a dense microstructure with some small pores (b) a low surface
roughness (RMS of 2.51 nm) for a 65 nm thick BaTiO3 film.
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Figure 4. a) The BaTiO3 exhibits a hysteresis loop after poling, as expected
due to the reorientation of the in-plane polarization domains as the field
is swept back and forth. b) Graphical illustration of the reorientation of
the electric dipole moment in the unit cell by applying an electric field. The
green unit cells have rotated their polar axis 90° while the purple unit cells
have rotated their polar axis 180°. c) A small remnant reff remains present
in the film and is stable over a long time. Also, a high reff remains present
and very stable in the film at EDC = 5 V μm−1.

The calculated reff of the BaTiO3 film as a function of an ex-
ternal DC bias field (EDC = V∕g) is shown in Figure 4a (raw data
can be found in Figure S5, Supporting Information). Initially, the
unpoled BaTiO3 film shows almost no EO response because the
polarization domains are randomly oriented in-plane and the re-
sponses of two antiparallel domains cancel each other out. An
increase in EDC leads to a strong increase in reff, which results
from the realignment of the in-plane polarization domains, elim-
inating antiparallel domains. Finally, all polarization domains are
maximally aligned with the applied electric field component and

Table 1. Comparison of the measured reff of integrated BaTiO3 thin films
in a transmission geometry set-up. All measurements were performed at
a wavelength of 1550 nm.

Method Substrate/template film Thickness BaTiO3 [nm] reff [pm V−1]

MBE[23] Si/SrTiO3 130 148

MBE[24] Si/SrTiO3 78 140

CSD (our work) Si/SiO2/La2O2CO3 190 139

RF sputter[25] Si/SrTiO3 300 131

CSD[55] Si/SrTiO3 90 89

MBE[36] Si/SrTiO3 90 46

RF sputter[24] Si/SrTiO3 96 41

PLD[24] Si/SrTiO3 97 37

CVD[24] Si/SrTiO3 70 7

the reff is saturated. An overview of a possible domain realignment
process is shown in Figure 4b. Here, the reorientation is repre-
sented by the electric dipole in the unit cell, which can switch its
polar axis by 90° (green) or 180° (purple) to maximize the align-
ment of its electric dipole with the applied field. Since the polar
axis is parallel to the elongated axis of the unit cell, the applied
EDC also leads to a spatial change of the unit cell and consequently
to stress and strain in the BaTiO3 film.[53] Once the sample is
fully poled, a symmetrical hysteresis loop is monitored during a
full sweep of EDC, which is a clear signature of the ferroelectric
nature of the stack.[24,51] The decreasing slope at large |EDC| val-
ues results from nonlinear EO effects.[23] To evaluate the average
maximum and remnant response of the BaTiO3 film, different
electrode pads were measured and the measurements were per-
formed several times per pad. This resulted in an average maxi-
mum reff of 138.68 ∓ 5.78 pm V−1 and a remnant reff coefficient of
26.38 ∓ 18.05 pm V−1, whereby the specified error is a standard
deviation. The error is due to small variations in processing con-
ditions, including electrode spacing and thickness variations. In
addition, a coercive field of Ec = 0.5 V μm−1 can be derived from
the shape of the hysteresis, which is an order of magnitude larger
than in bulk BaTiO3. Such an increase is typically observed in
ferroelectric thin films due to domain pinning and a finite depo-
larization field.[54] Furthermore, the stability of the EO response
over time was evaluated and shown in Figure 4c. Here, both the
remnant reff (EDC = 0 V μm−1) and the maximized reff (EDC = 5 V
μm−1) are measured over 40 h. Apart from small changes in the
first hours, which are related to transient phenomena regarding
domain reorientation, the EO response is very stable over time.

In order to evaluate the reff value of our solution-processed
BaTiO3 film, it is compared with the reff values already reported
in the literature, which are shown in Table 1. Only reff values mea-
sured in a transmission geometry, like the one used in this work,
are considered here, as other reported reff values which are mea-
sured differently lead to a different definition of reff and are there-
fore not directly comparable in all cases. The definition of reff used
to compare between our results and the literature is given as:

reff = r33 − r13 (3)

where r33 and r13 are components of the Pockels tensor. As previ-
ously mentioned, the highest reff values are traditionally obtained
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Figure 5. Design and response of a C-band ring modulator. a) Top view of the SiN waveguides fabricated on the BaTiO3 film. b) Cross-sectional TEM
view of the SiN waveguide on the BaTiO3 film. Note: The La2O2CO3 film (7 nm) is not visible at this magnification. c) Simulation of the TE optical
mode in the waveguide structure. d) Normalized transmission spectrum of the O-band ring modulator with a Δ𝜆FSR of 1.057 nm. e) The normalized
transmission spectra for different DC voltages. f) The resonance wavelength shift in the function of the applied voltage across the BaTiO3 film shows
the expected linear trend above a DC voltage of 15 V with a tuning efficiency of 18.39 pm V−1.

by high vacuum deposition methods, in particular by MBE, with
a SrTiO3 template film. To our knowledge, we are the first to pro-
pose an alternative solution process that yields a comparable reff
value (Table 1).

The reason for this is most likely twofold. First, the high max-
imum coefficient reff obtained in this work is due to the inherent
preferential a-axis orientation in the solution-processed BaTiO3
stack, as previous work has shown that the EO response increases
significantly with increasing volume fraction of a-axis orientation
in the film.[24,56] The large intrinsic fraction of a-axis orientation
in our film is in contrast to traditionally processed BaTiO3 films
using a SrTiO3 template film, as the a-axis orientation only be-
comes dominant after a critical minimum film thickness is ex-
ceeded and/or post-annealing processes are required, to reverse
the c-axis orientation to the desired a-axis orientation in thin
BaTiO3 films.[26,36,57,58] Second, due to their random in-plane po-
larization orientation, almost all the unit cells are able to align
their polar axis along the direction of EDC via 90° or 180° domain
switching. In other words, each individual polarization domain
is able to maximally align its polar axis with the applied electric
field component. Furthermore, this random in-plane orientation
greatly simplifies the complexity of integrating the electrodes, as
they can be integrated into any in-plane orientation and still pro-
vide the same EO response.

2.3. Integration of the BaTiO3 Film Into a SiN Ring Resonator

To validate the operation in functional devices, a BaTiO3 film is
integrated into a SiN O-band ring resonator (see Experimental
Section). Figure 5a,b shows the top view of a ring modulator with
gold electrode pads and the waveguide cross-section. Since the
polarization domains in the BaTiO3 films are randomly oriented
in-plane, the distribution of the polarization domains will be uni-
form along the ring resonator circumference, which means that

it is possible to deposit electrodes along its entire circumference.
Light with a wavelength centered at ≈1310 nm is coupled into the
fundamental quasi-transverse electric (quasi-TE) optical mode. A
simulation of this quasi-TE mode is shown in Figure 5c, which
shows that a significant fraction (33%) of the optical mode is con-
fined in the BaTiO3 film. The transmission spectrum of the O-
band ring modulator is shown in Figure 5d. Similar to the mea-
surements in free space, an external DC bias field EDC is applied,
which causes a refractive index shift in the BaTiO3 film, chang-
ing the resonant wavelength of the ring resonator and turning it
into a functional EO modulator. In Figure 5e, the shift of the res-
onance wavelength is plotted as a function of the applied voltage.
The tuning efficiency is now calculated as the slope of the wave-
length shift due to an applied voltage Δ𝜆/ΔV which is shown in
Figure 5f. This graph shows the first region with a non-linear
trend (below EDC = 2.3 V μm−1) and a second region exhibiting
a linear trend (R = 0.9991) (above EDC = 2.3 V μm−1). This is to
be expected as not all polarization domains are already aligned in
this first region, resulting in the change in refractive index (Equa-
tion 1) being a combination of an increasing reff and a DC bias.
Once a DC bias field of EDC = 2.3 V μm−1 is reached, all polar-
ization domains are fully aligned and the reff saturates. Conse-
quently, a linear relationship is observed between the resonance
shift and the applied DC voltage. This linear section shows a tun-
ing efficiency of Δ𝜆/ΔV = 18.39 pm V−1. This tuning efficiency
is then used to determine the half-wave voltage–length product,
which is defined as follows:

V𝜋L =
L𝜆FSRΔV

2Δ𝜆
(4)

where L (654.50 μm) is the length of the phase shifter, 𝜆FSR (1.057
nm) is the free spectral range and Δ𝜆/ΔV (pm V−1) is the tuning
efficiency of the ring. From the half-wave voltage–length product
it is possible to calculate the Pockels coefficient responsible for
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Figure 6. a) Frequency response of the |S21| S-parameter. The curves were all normalized with respect to unbiased DC operation. An increase in forward
transmission is observed since for higher DC bias voltages, a higher Pockels coefficient is observed. The dotted lines represent extrapolated data. b)
The bandwidth of the ring resonator under 10V DC bias. Large EOE (24 GHz) and EO (43 GHz) bandwidths are measured indicating the possibility of
high-speed modulation. The device bandwidth gives similar values for each DC bias. Indicating that device bandwidth is independent of modulation
strength.

the phase tuning in the waveguide structure rwg, using Equation
(5). Note that this is not the same Pockels coefficient as men-
tioned above, as the alignment of the electrical field and polar-
ization of the light is different. Here, the polarization of the light
coupled into the waveguide is a TE mode and is parallel to the
electric field.

rwg =
𝜆g

Γn3V𝜋L
(5)

where 𝜆 (1310 nm) is the wavelength, g (6 μm) is the distance be-
tween the electrodes, n (2.1) is the refractive index of the BaTiO3
film, Γ (0.4) the electro-optic overlap integral (Equation S1, Sup-
porting Information) and the V𝜋L half-wave voltage–length prod-
uct of the ring.[6] In order to evaluate the average modulation
of the BaTiO3 film, different ring structures were measured
and the measurements were performed several times per ring.
This resulted in a half-wave voltage–length product of V𝜋L =
1.881∓0.078 V cm and rwg = 111.47∓4.42 pm V−1, where the spec-
ified error is a standard deviation. The error is due to small vari-
ations in processing conditions, including electrode spacing and
thickness variations. These results are comparable to those re-
ported for state-of-the-art epitaxial BaTiO3 thin films.[23,25]

To complete the results for the BaTiO3 SiN O-band ring mod-
ulator, high-speed measurements of the scattering matrix were
performed. The |S21| S-parameter was measured as a function of
modulation frequency, as |S21| represents the forward transmis-
sion of the device, the results of which are shown in Figure 6.
In Figure 6a, |S21| is shown for different DC voltages. Here, a
clear increase in forward transmission is observed for higher DC
voltages, which can be attributed to the increase in Pockels coef-
ficient in our BaTiO3 film for higher DC voltages (see Figure 4).
The increase in forward transmission is linear for small DC volt-
ages and saturates toward higher DC voltages, which is in accor-
dance with the measured Pockels coefficient under DC bias. In
Figure 6b, the electro-optic-electro (EOE) and the electro-optic
(EO) bandwidths are given for the device under 10V DC bias.
First, the EOE bandwidth, which is defined as the 3 dB cut-off,
is ≈24 GHz. Second, the EO bandwidth, which is defined as the
6 dB cut-off, is ≈ 43 GHz. The bandwidths shown here are most
likely not limited by the material properties of the fiber-textured

BaTiO3 film, but by the design of the device, as the Pockels effect
is theoretically present up to ≈1012 Hz, i.e., in the terahertz range.
In state-of-the-art EO modulators, bandwidth up to 100 GHz has
been reported. Consequently, higher bandwidth can most likely
be achieved by optimizing the modulator design for high-speed
operation.[59–61]

3. Conclusion

In summary, the integration of a solution-processed BaTiO3 film
on a PIC platform using the alternative La2O2CO3 template film
yields a fiber-textured ferroelectric BaTiO3 film with its elongated
c-axis randomly in-plane oriented. Since the elongated axis is also
the polar axis of the film, the polarization domains are randomly
oriented in-plane. In addition, the BaTiO3 film has a low sur-
face roughness (RMS = 2.51), and there is no Si diffusion in the
ferroelectric film as the La2O2CO3 also acts as a diffusion bar-
rier. The evaluation of the EO properties results in a large reff
of 138.68 ∓ 5.78 pm V−1. Finally, the BaTiO3 film is integrated
into a SiN ring resonator and has a V𝜋L of 1.881 ∓ 0.078 V cm
and an EO bandwidth of 43 GHz. Consequently, we have devel-
oped a solution-based integration process for BaTiO3 thin films
using a La2O2CO3 template film, which is a valuable alternative to
the conventional processing method. In this way, low-cost, high-
throughput and flexible integration of BaTiO3 films on PIC plat-
forms is possible, providing an opportunity to bridge the gap to
large-scale integration of BaTiO3 thin films on PIC platforms in
the future.

4. Experimental Section
BaTiO3 Film Fabrication: First, the substrates (Si, Si/SiO2, Si/SiN, CG,

and CG/ITO) were successively ultrasonically cleaned with acetone, iso-
propanol, and distilled water for 5 min and then heated on a hotplate at 120
°C in an ambient atmosphere to remove solvent residues. A two-step man-
ufacturing process was introduced for the production of the crystalline
BaTiO3 film. First, a La2O2CO3 template film was fabricated and then the
ferroelectric BaTiO3 film was integrated. Both films were deposited using
a CSD process. The formulation of the precursor solution and the depo-
sition process of the La2O2CO3 template film (7 nm) have already been
reported elsewhere.[33] For the integration of the BaTiO3 film, a precursor
solution was formulated in which barium acetate (Alfa Aesar, 99%) and
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titanium butoxide (Merck, 97%) were dissolved together with additives in
1-butanol (Merck, ⩾ 99%). A final molarity of 0.4 M was achieved and the
ink was filtered with a 0.2 μm PET filter before deposition.[48] The BaTiO3
precursor solution was spin-coated on the La2O2CO3 film at a spin speed
of 3000 rpm for 30 s using a KLM SCC-200 model. Finally, the wet BaTiO3
film was pyrolyzed at 200 °C for 10 min in an ambient atmosphere and
then annealed in a Jipelec jetfirst 150 rapid thermal annealing (RTA) fur-
nace under static air at an annealing temperature of 750 °C to obtain a
highly crystalline BaTiO3 film.[62]

Phase Composition, Texture, and Surface Characterization: Phase com-
position and texture of the BaTiO3 thin film were characterized by GI-
WAXS, 𝜃-2𝜃 XRD measurements, pole figures, and HRTEM. The GIWAXS
data was obtained at the NCD-SWEET beamline at the ALBA Synchrotron
Radiation Facility (Spain). The incident X-ray beam energy was set to 12.4
keV (𝜆 = 0.9998 Å) using a channel-cut Si (111) monochromator. An array
of Be lenses (total of 6), also known as Be Compound Refractive Lenses
(CRLs), were used to collimate the beam, resulting in a beam size of 50
× 150 μm2 (V × H) at the sample position. The angle of incidence 𝛼i was
screened between 0° and 1° and finally set at 0.325° ensuring surface sen-
sitivity. An exposure time of 10 s was used. The scattering patterns were
recorded using a Rayonix LX255-HS area detector, which consists of an
array of 1920 × 5760 pixels (H × V) with a pixel size of 44.27 × 44.27 μm2.
The scattering vector |q| was calibrated using Cr2O3 as a standard sam-
ple, obtaining a sample-to-detector distance of 201.65 mm. The intrinsic
2D GIWAXS pattern is corrected as a function of the components of the
scattering vector and was reported hereafter integration and conversion
of the scattering vector (q) to 2𝜃. The 𝜃-2𝜃 XRD measurements were per-
formed on a Bruker D8 Advance diffractometer (Cu-K𝛼 𝜆 = 1.54184 Å)
equipped with a LynxEye XE-T Silicon strip line detector. The diffraction
was measured between 2𝜃 = 20° and 50° with a step width of 0.02°, step
time of 4 s and an additional Ni filter. Subsequently, an LF was calculated
from the XRD intensities (20° - 70°), and is defined as the following equa-
tion: LF = (p − p0)/(1 − p0). Where p denotes the fraction of the summa-
tion of the peak intensities corresponding to the preferred orientation axis
to that of the summation of all diffraction peaks in particle-oriented ma-
terials. p0 is p of the material with a random particle distribution. The LF
varies between 0 and 1, LF = 0 corresponds to random orientation, and LF
= 1 to perfect orientation.[63] Additional textural experiments on samples
with different thicknesses were performed on the XMaS-BM28 beamline,
the EPSRC-funded UK-CRG at the European Synchrotron Radiation Facil-
ity (France).[64] A Dectris - Pilatus3 300k detector (487 × 619 pixels, pixel
size 0.172 × 0.172 mm2) was used to collect the (002) and (200) BaTiO3
reflections. The detector was placed at 1.1 m from the sample. The beam
energy was set at 12.4 keV (𝜆= 0.1 nm). To find the out-of-plane reflection,
the sample detector was positioned in Bragg conditions, with an incident
angle 𝜃 = 13.3° and the detector at an exit angle 2𝜃 = 28.7° in vertical.
To collect the in-plane reflection, grazing-incidence conditions were used:
with a shallow incident angle 𝜃 = 0.24° and the detector at an exit an-
gle 2𝜃 = 28.7° along the horizontal plane. Several frames were taken and
then averaged. One second of exposure time was used for every frame.
Pole figure measurements of the film were determined using a Panalytical
Empyrean XRD with Cu K𝛼 radiation, Bragg–Brentano HD beam condi-
tioning, five-axis goniometer, and PixCel3D detector. HRTEM images were
acquired on a JEOL JEM-2200FS TEM at Ghent University TEM core facility
operated at 200 kV and equipped with Cs corrector. For the TEM measure-
ments, a cross-sectional TEM lamella was prepared using in situ lift out
procedure on the FEI Nova 600 Nanolab Dual Beam focused ion beam
(FIB) SEM. The composition of the thin film was measured by XPS depth
profiling on an S-probe XPS spectrometer with monochromatic Al radi-
ation (1486.6 eV). Ar+ ion sputtering (4 keV), on a sputtering area of 3
×3 mm2, was carried-out in consecutive sputter cycles of 50s. The argon
pressure was controlled with a thermo valve. In each cycle, atoms were
removed from the surface, and a quantitative analysis on an area of 250
× 1000 μm2 of the fresh surface was performed. The intensities of the Ba
(3d5/2), La (3d5/2), Ti (2p), Si (2s), C (1s), and O (1s) peaks were measured
with a pass energy of 90 eV and an energy step of 0.1 eV. The flood gun
was set at 3 eV. A nickel grid was placed 3 mm above the samples in order
to suppress the charging of the samples. The relative atomic concentra-

tions were estimated using the software package CasaXPS (Casa Software
Ltd., UK) using a Shirley background and Scoffield sensitivity factors. The
surface microstructure of the BaTiO3 films was analyzed by SEM using a
JEOL FEG SEM JSM-7600F at an accelerating voltage of 10 kV. The surface
roughness of the film was determined by AFM using a Bruker Dimension
Edge system in tapping mode in the air. The RMS of the roughness values
was calculated using 3 × 3 μm micrographs.

Electro-Optic Characterization: In order to quantify the EO effect, mea-
surements were performed in free space using a similar setup as described
in the work of Abel et al.[23] An reff was calculated by determining the elec-
tric field-induced polarization change of a transmitted laser beam (gener-
ated using a 1550 nm fiber-coupled laser diode). An interdigitated elec-
trode pattern is defined on the sample using UV–lithography, Ti/Au e-gun
deposition and lift-off. Here, the desired electrode pattern was embedded
into the photoresist using a Karl Suss MA6 Mask Aligner. A 10 nm tita-
nium film and 400 nm Au film were deposited using a Leybold UNIVEX
coating system and lift-off was used to remove regions of unexposed re-
sist. The initial Ti film acted as an adhesive film between the Au and the
substrate. Linearly polarized light passed through the BaTiO3 film under
perpendicular incidence with a polarization direction of 45° with respect
to the electrodes. The laser light was first collimated using an aspheric
collimator lens and then focused between the electrodes with a gap of 10
μm using another aspheric lens. The refractive index change in the BaTiO3
film due to the applied electric film caused the birefringence of the incident
light. After passing through a half-wave plate and polarizer, the transmitted
power was proportional to the induced retardation. A modulated signal of
Vmod = 5V at a frequency of f = 25 kHz was used and the EO response was
amplified through a lock-in detection scheme. A schematic representation
of the measurement setup can be found in Figure S6 (Supporting Infor-
mation). In this setup, the transmitted optical power Pout is given by (see
Equation S7, Supporting Information):

Pout =

(
1
2
+

𝛼𝜋n3reff Vmodt

2𝜆g

)
Pin (6)

where 𝜆 is the wavelength of the laser, g is the distance between the elec-
trodes, 𝛼 a correction factor for the electric field,[52] n is the refractive index
and t is the thickness of the BaTiO3 film, Vmod is the amplitude of the mod-
ulated signal, Pin is the incident laser power, and reff the effective Pockels
coefficient. The refractive index was calculated with a reflectometry set-up
using the QE Pro series spectrometer. The correction factor 𝛼 was used
to correct the parallel plate capacitor approximation where E = V/g. 𝛼 was
calculated using a finite elements solver and defined such that E = 𝛼V/g.
From the aforementioned equation, it was possible to determine the reff
of the BaTiO3 thin film. In contrast to the previously reported free-space
measurements of epitaxial ferroelectric BaTiO3 films, it was not needed
here to align the electric field with respect to an in-plane crystal axis (e.g.,
[011]) of the BaTiO3 film since the polarization of the domains was ran-
domly oriented in-plane due to the fiber texture of the BaTiO3 film.[23,25,55]

Consequently, the EO response of the fiber-textured BaTiO3 film was not
dependent on the in-plane orientation of the electrode on the sample. Fi-
nally, stability over time of the BaTiO3 thin film was investigated by apply-
ing a constant DC bias voltage over 40 h while measurements were taken
each minute to calculate the reff.

Device Fabrication and Characterization: In this work, silicon-nitride
(SiN) PICs were used for two main reasons. First, SiN waveguides could
be integrated directly on the BaTiO3 film which minimizes the process-
ing steps. Second, the low refractive index of SiN results in a high optical
power confinement in the BaTiO3 film resulting in a high mode overlap.
The simulation results of the design are shown in Figures S7 and S8 (Sup-
porting Information). A 120 nm crystalline BaTiO3 film was deposited as
described earlier on a Si/SiO2 (3 μm) substrate. A 150 nm thick SiN layer
was then deposited on top of the BaTiO3 film using an Advanced Vacuum
Vision 310 plasma enhanced chemical vapor deposition (PECVD) system.
After deposition, a Raith Voyager Electron Beam Lithography (EBL) sys-
tem was used to pattern the designs. The designs were then etched into
the SiN layer using an Advanced Vacuum Vision 320 reactive ion etcher
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(RIE). Finally, electrode patterns were defined on the sample using UV–
lithography, Ti/Au e-gun deposition and lift-off. A graphical representa-
tion of the device cross-section is shown in Figure S9 (Supporting Infor-
mation). The DC operation of the BaTiO3 film was investigated using a
SiN O-band ring resonator with a simple benchtop measurement setup.
A tunable TSL-510 O-band laser from Santec was used to generate light
at a wavelength of 1310 nm. As the in-house PECVD SiN waveguides had
lower transmission losses at this wavelength than at the 1550 nm wave-
length. This light was coupled into and out of the photonic chip via grating
couplers specifically designed for this film stack and wavelength (Figures
S10 and S11, Supporting Information). The transmitted light was recorded
using a Newport 1936-R optical power meter. A Keithley 2400 Standard Se-
ries source measure unit (SMU) and MPI coaxial DC probes were used to
contact and apply voltages to the gold electrodes on the ring resonator.
The high-speed operation of a fabricated SiN-O-band ring resonator was
investigated using an Agilent PNA-X N5247A network analyzer. This net-
work analyzer served as both source and receiver for the electrically mod-
ulated signal. The same tunable O-band laser Santec TSL-510 was used
to generate light with a wavelength of 1310 nm. Ground-signal GS-50A
RF probes were used to make the electrical contacts between the network
analyzer and the ring resonator electrodes, and the output was measured
with a Finisar XPDV3120 70-GHz photodetector, which was coupled back
into the network analyzer to extract the full network scattering matrix. A
diagram of this setup is shown in Figure S12 (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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