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PLD Epitaxial Thin-Film BaTiO; on MgO — Dielectric and
Electro-Optic Properties

RESEARCH ARTICLE

Joel Winiger,* Killian Keller, David Moor, Michael Baumann, Donghoon Kim,
Daniel Chelladurai, Manuel Kohli, Tobias Blatter, Eric Dénervaud, Yuriy Fedoryshyn,
Ueli Koch, Salvador Pané, Rachel Grange, and Juerg Leuthold

. . . . 1. Introduction
The study demonstrates high-quality pulsed-laser-deposited (PLD) barium

titanate (BTO) thin-films on a magnesium oxide substrate. The frequency BTO showcases one of the largest known

response of the relative permittivity (dielectric constant) and the linear
electro-optical coefficient (Pockels coefficient) are measured. At 0.2 GHz, the
Pockels coefficient is fitted to be r,, ~ 1030 pm V. It decreases to

~390 pm V~! at 10 GHz after which it remains constant up to 70 GHz. The
unbiased BTO permittivity is measured to be €, ~ 7600 at 0.2 GHz, dropping
to 21100 at 67 GHz, while the biased BTO had a permittivity €, ~ 2000 at

Pockels coefficients, making it an ideal
candidate for footprint reduction of next-
generation high-bandwidth modulators
in photonic integrated circuits (PICs)
for Tbit/s links.['l Toward this goal, dif
ferent electro-optic effects are utilized
such as the plasma dispersion effect,

0.2 GHz, dropping to =500 at 67 GHz. These results fill an important
experimental characterization gap for high-speed BTO applications and show
the high quality of PLD-grown BTO films. Lastly, the material’s crystalline
quality is characterized and the domain distribution is imaged. The findings
enable the design and fabrication of a new generation of BTO-based

components for sensing and communications.
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the quantum-confined Stark effect, and
the linear electro-optic (Pockels) effect.[?!
Among these effects, the Pockels effect
is of particular interest due to its ultra-
fast and linear response, as well as its
capability to provide pure phase modu-
lation. Therefore, the growth, character-
ization, and integration of high-quality
linear electro-optic materials have gained
paramount importance.

Presently, the prevailing solid-state
Pockels material employed in modulators
is lithium niobate (LINDO;, LNB), exhibiting a Pockels coefficient
133 = 31 pm V~! at GHz modulating frequencies.®! Yet, the lim-
ited electro-optic coefficient results in millimeter-long modula-
tors, making the design of high-speed modulators challenging.[*]
A possibility to reduce the interaction length and improve the
bandwidth is by using electro-optic materials with higher Pockels
coefficients. This has led to intense research in barium titanate
(BTO).

Fabrication of thin-film BTO has been shown by a vari-
ety of methods. For instance, BTO has been grown using
metal-organic chemical vapor deposition (MOCVD) or sol-gel
deposition.] Yet, these techniques lead to polycrystalline films
with reduced effective Pockels coefficient. BTO of higher quality
can be obtained by molecular-beam epitaxy (MBE), pulsed laser
deposition (PLD), or sputtering. These three methods provide
BTO with aligned crystalline domains. While MBE permits to
deposit of BTO on a large scale and precise control, it not only
requires extensive expertise but also expensive tools. Conversely,
PLD and sputtering are simpler, cheaper, and more commonly
available growth techniques.

Meanwhile, there are multiple ways to fabricate BTO but only
little data regarding the relative permittivity and the linear electro-
optic effect of thin film BTO at radio frequencies (RF). At low
speeds (< 10 MHz), piezo-electric effects cause the unit cell

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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to deform with an applied electric field. This mechanism sig-
nificantly contributes to its polarizability and is defined as the
stress-free or unclamped state of BTO. In literature, unclamped
permittivities of room temperature bulk BTO in unbiased sin-
gle crystal specimen e;; ~4400 and 6000 are reported.’] As
can be seen, the values are quite different depending on the
source. The unclamped Pockels coefficient for bulk BTO is re-
ported to be ry; = r,, #1300 pm V~! at 630 nm wavelength and
r,, 1000 pm V-1 at 1550 nm.[%7] Ag the frequency increases
from MHz to several GHz, crystal deformations cannot follow
the electric field anymore. Therefore, only the strong and com-
plex ionic Ti** movements along the c-axis [001] and the a-axes
[100] and [010] remain significant contributors. The permittiv-
ities at these higher frequencies drop to €;; = ¢, ~2180 and
~500 in clamped bulk BTO.[% Likewise in the clamped case,
the Pockels coefficients drop to ~#730 pm V™! (at 630 nm) and
~550 pm V7! (at 1550 nm).[%7] Both, the relative permittivity
and the Pockels coefficients, relax significantly when transition-
ing from the clamped to the unclamped regime, after which the
electro-optic response remains constant up to up to 300 GHz.%!
Above 300 GHz, Raman measurements indicate a further reduc-
tion of the permittivity to 60 for single domain BTO crystals."!
At even higher frequencies ~5 THz, the permittivity slightly
drops further until only a rather small electron polarizability will
contribute.'”] In summary, while there is quite some work on
the dielectric properties of BTO below and above the GHz fre-
quency range, there is little data on the frequency response of
the permittivity and none on the linear electro-optic coefficients
of BTO across the important spectral range from 100 s of MHz
up to 10 s of GHz.I°**11 Additionally, much of the information
as cited above, stems from bulk rather than thin-film BTO. Yet, it
is thin-film BTO that currently is used for integrated optical ap-
plications. Lastly, it is unclear if the quality of BTO fabricated by
PLD can provide as good dielectric and electro-optic properties as
MBE-grown BTO. In some initial publications, various BTO de-
position techniques were compared on the resulting electro-optic
strength and found indications that MBE-grown BTO is superior
in its electro-optic response.!?]

In this work, we show experimentally measured values of both
the permittivity and the r,, Pockels coefficient of PLD-grown BTO
on MgO substrate. The measurements cover the frequency range
from 200 MHz up to 70 GHz. We find that the PLD-grown BTO is
of high quality and that the values agree well with bulk BTO val-
ues (where accessible). The measurements thus not only close
the frequency gap in literature but also answer a debate showing
that PLD-grown BTO may be as good as bulk BTO or BTO fabri-
cated by other techniques.!'?] Furthermore, we analyzed the crys-
talline microstructure of the PLD-grown BTO thin-film on MgO.
We investigated the film’s crystallinity with X-ray diffraction, and
its growth quality with transmission electron microscopy and
mapped the domain orientations through second-harmonic gen-
eration measurements. All of the findings are key in terms of un-
derstanding and designing future electro-optic devices with BTO.

2. Plasmonic Device for Characterization

Accurately measuring the permittivity and linear electro-optic
(EO) coefficient at RF poses particular challenges. When the elec-
trical wavelength shrinks to the scale of the photonic device un-
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der test (DUT), the walk-off effects of optical and RF fields need
to be considered. To avoid the complexity arising from the uti-
lization of traveling wave electrodes, a viable approach is to lever-
age the significant enhancement offered by plasmonic devices,
drastically reducing the device length and allowing the measure-
ments to remain within the lumped-element regime. This sec-
tion outlines the fabricated device designed to measure the di-
electric and Pockels coefficients.

Figure 1a—c shows the top view of a plasmonic phase shifter
with its cross-sections. The plasmonic section is formed by two
gold pads placed on both sides of the BTO ridge, c.f. Figure 1c,
serving as both electrodes and plasmonic waveguide. The de-
vice operates as follows. A TE-polarized continuous-wave laser at
1550 nm is fed through a silicon access waveguide, see Figure 1D,
into the plasmonic slot waveguide, see Figure 1c. Upon applying
an electrical field across the plasmonic slot, the optical signal is
modulated by means of the linear electro-optic effect in BTO. The
coupling of the laser in and out of the chip is achieved through
silicon grating couplers.

The plasmonic section provides a high confinement and a
good overlap between the optical and RF fields, leading to a sig-
nificant enhancement of the light-matter interaction. As a result,
the length of the plasmonic section can be kept as short as 10 um,
which is well below the RF wavelength and effectively making
it an electrically lumped element. This simplifies the analysis
by eliminating considerations of characteristic impedance and
phase matching.

BTO is known to grow either in-plane or out-of-plane. When
BTO is grown on substrates with a slightly larger lattice constant
above 700 °C, usually its layer stack initially comprises in-plane
BTO.I¥] Here, its c-axis crystalline structure lies in-plane and
tends to grow in domains that are aligned by 0° and 90° against
the crystalline structure of the substrate, see Figure 1d,e. To fully
exploit the largest Pockels coefficient r,, =r,,, =r,,, in such per-
pendicularly oriented domains, one orients the waveguide at a
45° angle with respect to the in-plane axis. This results in an ef-
fective Pockels coefficient 7, = 4/1/2 1, as described in more
detail in reference.['*] Once the layer stack reaches a thickness
of ~#40 nm, its crystalline structure aligns vertically — or out-of-
plane. The change of the c-axis with increasing thickness is de-
picted by the black arrows in Figure 1b,c.

3. Dielectric and Electro-Optic Results

This section presents the relative permittivity ¢, and the Pock-
els coefficient r,, obtained from the plasmonic device measure-
ments. They show the relaxation of BTO’s polarizability with in-
creasing frequency and the associated reduction in permittivity
and Pockels coefficient. Further details on the analysis will be
given in Section 5.

3.1. Relative Permittivity

The relative permittivity e, of BTO in the frequency range from
100 MHz up to 67 GHz is plotted in Figure 2 for a range of
bias voltages, and two Debye relaxations were fitted to the data
(see Experimental Section 7). The description through two Debye

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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(b)

Figure 1. a) Colorized SEM image showing the plasmonic phase shifter. Signals are launched into the device through access waveguides in Si (colored
in blue). The laser light is then fed into metal-BTO-metal slot waveguides. The gold metals are shown in yellow. The BTO electro-optic material is plotted
in green. Cross-sections of the b) access- and c) slot waveguide regions, respectively. The orientation of the c-axis BTO in the respective layer stacks
is indicated by a black arrow. d) BTO’s unit cell in its tetragonal ferroelectric phase. The eight possible sites of the Ti** ion and its resulting remnant
polarization are indicated in gray. ) A top-view illustration of in-plane BTO. Here, the device is oriented in a 45° angle with respect to the two domains

of c-axis BTO'’s.

relaxations was suggested in 1994.011<) The plot shows that the
permittivity depends on the applied electric field. Similar find-
ings have been reported for BTO by other authors.®™!'] In its
pristine, unbiased state, we found a relative permittivity e, 27600
at 0.2 GHz and thereafter a decrease to %1100 at 67 GHz.
When gradually biasing the pristine BTO up to 5 V, we find
that the permittivity drops to ¢, ~#2000 at 0.2 GHz and ~500 at
67 GHz.

To better visualize the permittivity’s dependence on the ap-
plied bias voltage such as found in Figure 2, we extracted the
permittivity at certain frequencies and plotted them against the
electric field strength within BTO, as shown in Figure 3. It should
be noted that the applied voltages and the field strengths within
BTO must be derived from the true geometry in Figure 8 (see be-
low). From this figure, it can be seen that the voltage in part drops
off within silicon and across BTO. The real field in BTO can then
be derived from simulations as the permittivity in silicon is well
known.[t]

Adv. Mater. Interfaces 2024, 11, 2300665 2300665 (3 of 9)

Figure 3 shows a large bias dependence at MHz frequencies,
whereas only a small one above 10 GHz. This indicates that the
bias influences the unclamped state.

The relative permittivity of BTO at RF as shown in Figures 2
and 3 was found by measuring the S;; parameter of our devices
using a vector network analyzer. Note that the measured data is
noisier toward low frequencies, as the impedance of the device
approaches infinity due to the large capacitance. Further, we had
a spurious 130 MHz sinusoidal signal, that was filtered using
Fourier magnitude filtering, preserving the phase information.
The lumped element nature of the plasmonic device allows us to
approximate our device as an electrical circuit consisting of two
parallel capacitances: the pad capacitance and the slot capacitance
without any inductances. As a consequence, the imaginary part
of the impedance stems from a pure capacitance. We can then
isolate the contribution of the BTO slot and eliminate the con-
stant capacitance from the pads by sweeping the length of the
device. The contribution of the capacitance that changes its value

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Measured permittivity ¢, of BTO in the frequency range from
60 MHz to 70 GHz (solid lines). The dashed line is a fit with two Debye
relaxators, see Experimental Section 7. The different shades correspond
to a varying bias of 0 up to 5 V during the measurement and show BTO’s
permittivity dependence on a constant applied electric field.

must stem from the BTO, while the constant part accounts for
the capacitance of the pads.

Once the capacitance of BTO for a certain frequency at a given
bias field is known, the permittivity can be derived. Toward this
goal, one needs the exact cross-section as further described in
Section 4. One also needs to determine the ratio of in-plane ver-
sus out-of-plane BTO within the layer stack. This can be deter-
mined by XRD measurements (see Section 4). The in-plane BTO
is dominated by the strong a-axis permittivity e,. The c-axis con-
tribution is weak (e /e, <3%) and therefore neglected."'fl As our
device is aligned by 45° with respect to the a-axis BTO domains,
we account ¢,’s contribution with a factor 1/ /2. Furthermore, as
the in-plane oriented BTO has an a-axis and a c-axis aligned with
the electric field, e, is only contributing with a factor of 1/ V2
to its effective permittivity. In the layer with the out-of-plane ori-
entation BTO, two a-axis permittivities e, contribute each with a

weight of 1/ /2. These factors together with the replication of the

6000 |- 2.0V 200 MHz
Y 400 MHz
I > 2V | GHz
m— 10 GHz
5 | o v 3V — 60 GHz
2. 4000 E
E
: I
(5}
(=9
2000 F
1 1 1 1 1 1
0 2 4 6 8 10

Electric Field Strength in BTO [MV/m]

Figure 3. Measured permittivities from Figure 2 as a function of frequency
plotted against the averaged electric field strength within BTO. A strong
bias dependence is observed particularly at frequencies below 10 GHz.
Same markers correspond to same applied bias voltage.
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exact cross section are implemented into the capacitance simu-
lation model. Within the simulation, BTO’s permittivity is fitted
such that the simulated capacitance matches the measured ca-
pacitance.

3.2. Pockels Coefficient

The frequency response of the Pockels coefficient of PLD-grown
BTO is plotted in Figure 4 in the range from 200 MHz to 70 GHz.
Because the Pockels coefficient is linked to the permittivity, the
data can again be fitted with two Debye relaxators (see Experi-
mental Section 7). Its unclamped value is 1030 pm V=" at 0.2 GHz
and decreases to 390 pm V! at 10 GHz. The standard devia-
tions + 20 against the mean are plotted in grey. The drop is usu-
ally associated with the piezoelectric and dipole-type relaxations
as described in ref. [16]. The precise origin of the observed re-
laxation mechanism in BTO is challenging to determine, as it
does not solely correspond to an order—disorder or a displace-
ment mechanism.[1%17] For the measurements, we included re-
sults from six different devices with different slot widths ranging
from 100 to 300 nm and lengths of 2, 5, and 10 pm. The results
do not show any trend that would relate to either length or width.
This shows that the results do not suffer from any interface ef-
fects and represent the thin-film bulk coefficients.

To experimentally determine the values of BTO’s EO strength
in Figure 4, we used a tunable laser source to generate the opti-
cal carrier at 1550 nm, which is fed into the plasmonic slot. An
electrical RF source with a slightly higher maximum output fre-
quency than before was applied across the pads producing mod-
ulation sidebands via sum and difference frequency generation
(SFG, DFG). These sidebands were measured using two differ-
ent optical spectrum analyzers (OSA). A high resolution (5 MHz)
OSA up to 15 GHz and a high dynamic range OSA for higher fre-
quencies. From the magnitude of the sidebands, we derived the
voltage-length product V, L. The measured values were then com-
pared with simulations that take into account the cross-section
of the device, the orientation of BTO, the measured permittivity,
and the measured refractive index at optical frequencies (2.27 at
1550 nm), as further elaborated in Section 4. The refractive in-
dex was obtained with a variable angle spectroscopic ellipsome-
ter. By fitting the simulation to the measured results, we then
determined the effective Pockels coefficient r,g.[8)

To properly calculate the r.4 Pockels coefficient, one has to con-
sider that the out-of-plane orientation’s EO contribution is mini-
mal, as the domains cannot be aligned and therefore cancel each
other on average.

To derive r,, from r.4, one needs to account for the tensorial
nature of all second-order nonlinearities that contribute to the ef-
fective Pockels coefficient of BTO. For a plasmonic phase shifter
at 45°, it is described in ref. [14]:

1
T = E (”13 + 13+ 2r42) (1)

Based on literature values provided in ref. [6a], it becomes ap-
parent that r;; = r,,, is about a factor 30 weaker than r,, =7,
and that r; =r,,, is even smaller. Thus, the two coefficients r;,
and r;; can be considered negligible andr,; and r;; one can derive

the Pockels coefficient r,, shown in Figure 4 from Equation (1).
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Figure 4. Pockels coefficient versus frequency in the range from 0.2 to
70 GHz. The red dots of different shade represent results derived from de-
vices of different plasmonic slot widths (dark to bright: 300, 150, 100 nm).
The black line is a fit with two Debye relaxators (see appendix), and the
shaded area represents the standard deviation + 26 from the mean value.

4, BTO Thin Film Characterization

To assess the importance of BTO’s microstructure, it is crucial
to understand the underlying processes that govern BTO’s per-
mittivity and electro-optic response. The ionic polarizability of
BTO arises from a combination of both displacement and order—
disorder polarization mechanisms.[®*!¢17.191 On the one hand,
the displacement mechanism accounts for the polarizability of
BTO by considering charge separation due to the displacement
of Ti** ions relative to their original site within the unit cell. On
the other hand, the order—disorder model assumes that the Ti**
occupies one of the eight corners of a hexahedron at the center of
the unit cell, as depicted in Figure 1e. This tetragonality leads to a
preference for the Ti** ions to occupy mostly the upper or lower
four sites, resulting in a remnant polarization along the c-axis.
The Ti** ions can freely move around to any of these four sites.
As a consequence, the Ti** ions now may be displaced toward
either side of the unit cell (i.e., within the a-plane). Therefore,
the polarizability perpendicular to the c-axis exhibits a large per-
mittivity. Simultaneously, the same strong non-centrosymmetric
polarizability along the a-axis leads to a similar large electro-
optic response.['*2% This picture captures the particularly strong
anisotropy in BTO and the large ¢, and r,,. Further, it was shown
that the strength and dynamic response cannot solely be ex-
plained by independent polarizations of single unit cells but re-
quire clusters on the order of 8 nm? or 130 Ti** ions that react
simultaneously.l®?! This indicates that BTO’s ferroelectric char-
acteristics may not be found in nanometer-scale clusters.[?!] Fur-
thermore, other materials in the vicinity can influence BTO’s be-
havior strongly, as they might screen its polarization.[*!]

All insights above show that the epitaxial and crystalline state
of the thin-films must be known and taken into account in or-
der to assign the proper material constants. We, therefore, add
here a section to determine the crystalline structure of the PLD-
deposited BTO thin-film as used in these experiments.

4.1. Lattice Analysis
We analyzed the -thin film with X-ray diffraction (XRD) by an out-

of-plane 6-20 (parallel beam) scan. The measured spectrum was
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fitted with two Voigt distributions as shown in Figure 5. The fit
yielded lattice constants along the short a-axis of 4.00 A and the
longitudinal c-axis of 4.02 A. These lattice parameters obtained
from the fit are slightly larger than typical values reported in the
literature (a-axis: 3.999 A, c-axis: 4.0180 A).??) The literature val-
ues have been indicated by the vertical dashed line in the figure.
Since we could not observe any other formation of other BTO
orientations, the respective phase volume fraction of the a- and c-
axis BTO can now be derived from the integrated intensity.!?3! For
this, we considered that a- and c-axis share the same crystal struc-
tural parameters and therefore the same structure factor but dif-
fer in the twofold multiplicity of the a-axis. We found that ~55 %
of the thin-film exhibited an in-plane orientation, equivalent to
a thickness of 50 nm, while the remaining ~45 % had an out-
of-plane orientation, corresponding to a thickness of 40 nm. As
further discussed in Section 5, we assume the initial layer growth
is in-plane and becomes out-of-plane after 50 nm, as indicated in
Figure 1b,c.

4.2. Domain Orientation

The size and orientation of the c-axis domains within an inplane
BTO thin-film can be complex but is an important consideration
for device simulations.?*! Its size distribution will also be the
defining factor for any optical domain scattering losses.

A top-view plot with the in-plane polarization-resolved domain
orientations is shown in Figure 6. The plots were obtained by a
SHG microscope as discussed in the paragraph below. In con-
trast to single crystalline substrates, where domain sizes can span
multiple micrometers, we found domain sizes in the order of one
micrometer or below.!?] Further, one finds mainly two dominant
crystal orientations as indicated by the identical colors. Opposite
orientations are indistinguishable. Knowledge about the orien-
tations plays a crucial role in maximizing the EO properties of
BTO films, as multiple domains with different orientations either
donot contribute (being orthogonal) or cancel (being aligned op-
posite) their effects. The plot thus shows that the realization of a
single-domain device is not possible even within the small foot-
print of a plasmonic phase shifter. As most photonics devices will
therefore extend over multiple domains, poling will be needed to

c-axis| _ ] a-axis

15000

10000

Intensity (a.u.)

5000

0.—

1 - _ 7 1 1 _ | 1 1
44.0 44.5 45.0 45.5 46.0 46.5 47.0
20 [deg]

Figure 5. The 6-260 out-of-plane XRD measurement of the 90 nm BTO
film. Dashed lines indicate literature values. The two Voigt fits show the
proportion of in-plane (blue) and out-of-plane (red) orientation.
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Figure 6. SHG reflection microscope image taken with at 20x objective.
The polar plots give an example of the angle-resolved intensity measure-
ment recorded at each pixel. The image is colorized according to the dom-
inant angle, as indicated in the polar plots.

make sure that domains with opposite orientations are aligned
in the equal direction.

To find the domain distribution as shown in Figure 6, we an-
alyzed the polarization dependence of second harmonic gener-
ation (SHG) in BTO by a fully-automated homemade nonlinear
microscope system described elsewhere.[?>2%] The experimental
setup involved focusing a polarized tunable Ti:Sapphire laser
onto the thin-film, while imaging the emitted SHG signal using a
20x objective. By rotating the polarizer, a series of images was ac-
quired, and subsequently overlapped to create a composite image
of the illuminated spot. To obtain a more comprehensive view, a
larger area was scanned with overlapping measurement points,
resulting in the domain distribution image shown in Figure 6.
In this analysis, each pixel was colorized based on the dominant
SHG signal angle, as indicated in the polar subplots. This tech-
nique allowed us to visualize the two perpendicular domain ori-
entations of BTO corresponding to the (100) and (010) axes, with
only little mixed areas having deviating angles. These intermedi-
ate angles are due to the finite optical resolution, as these pixels
receive SHG signal from perpendicular domain boundaries.

4.3. Hysteresis

To ensure the effective utilization of BTO’s Pockels effect, itis cru-
cial to align the domains in the material. Without domain align-
ment, the nonlinear optical effects of the domains would cancel
each other on average, resulting in a diminished effective Pockels
effect in an unpoled device. When applying a bias, the domains
align and when fully oriented reach the bulk value as shown in
Figure 7. This behavior is consistent with observations made in
other BTO thin-films."*) Upon removing the electric field, a rem-
nant net polarization remains, characteristic of the hysteresis be-
havior exhibited by BTO.

To accurately measure the r,, Pockels value, it is necessary to
operate the device with a bias voltage. Figure 6 illustrates the hys-
teresis measurement of two devices (300 nm and 100 nm slot
width), where the initial polarization of the pristine device is in-
dicated by the light red curve, and the subsequent voltage sweep
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is represented by the dark red curve. It should be noted that some
devices exhibit asymmetric behavior, while most others demon-
strate the expected symmetric response. We cannot explain this
asymmetry but assume it to be connected to domain screening
and pinning, because there usually is no remnant polarization
observed for the lower side of the sweep, as can be seen for de-
vice 2 in Figure 7 with a negative bias. Therefore, we measured
the coercive field to always be close to zero, while the symmetric
cases exhibit E. ~#10 kV mm~L.[%7]

The required electric field strength for maximal alignment of
the domains, thus maximal use of BTO’s Pockels effect depends
on the specific device geometry parameters, such as electrode dis-
tance and potential intermediate materials (i.e., Si). Even more,
processes like aging and fatigue can reduce the necessary field
strength and effective Pockels constant via unwanted accumu-
lation of oxygen vacancies at domain boundaries, which screen
them from reorientation.[?®!

5. Discussion of Device Geometry & Simulation

For the determination of the permittivity and linear electro-optic
constants, we require both the material characterizations de-
scribed earlier and the precise cross-section of the device. In this
section, we elaborate on these important details and how they
were replicated in simulation. Note that the data presented above
did already take these findings into account.

5.1. Cross-Section

A detailed cross-section of the device as shown in Figure 8a was
captured by extracting and analyzing a 50 nm thin lamella of
the plasmonic section from one of the measured devices. Fo-
cused ion beam milling (TFS Helios 5ux) and high-resolution
imaging techniques (Talos F200x G2) were employed to pre-
pare and examine the specimen. The high angular annular dark
field (HAADF) signal provided strong material contrast in the

Device 2

Device 1

fitted ra2
—

1 1 1
10 -10 0 10
Applied Bias Voltage [V]

Figure 7. The effective r,, hysteresis occurring from domain alignments
as found when sweeping the bias voltage during sideband measurements
at 25 GHz. Most devices feature a symmetric (device 1) curve. Some
devices exhibited an asymmetric (device 2) behavior. The averaged ry,
line and its shaded background corresponds to the measurements from
Figure 4 at 25 GHz.
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100 nm

Figure 8. a) HAADF image of the cross section. b,c) HRTEM images show-
ing the crystalline state of BTO up to its interface with the residual poly-
crystalline Si layer.

cross-section, enabling clear differentiation between materials.
To determine the exact atomic species, position-dependent en-
ergy -dispersive X-ray spectroscopy was performed. The analysis
confirmed the presence of the intended materials and revealed
no indication of additional formations such as SiO, or TiO,. Fur-
ther, it shows a residual few-nanometer-thick Si layers.

High-resolution transmission electron microscopy (HRTEM)
was utilized to investigate the atomic structure of the layers.
Figure 8b depicts a HRTEM image, showing that all present
materials exhibit a (poly-)crystalline state, including the inter-
faces. Another HRTEM image at the BTO/MgO boundary shows
lattice-mismatch-induced defects that form within the first few
tens of nanometers of the film. This observation, in conjunction
with the XRD measurement and the fact that BTO was grown
on MgO at high temperature, suggests that BTO initially grows
in a stressed in-plane fashion, similar to the findings in ref. [13]
The accumulated strain is subsequently relieved through the for-
mation of defects. Eventually, the growth turns into an out-of-
plane orientation. A thorough analysis of polarization transitions
of BTO is given in ref. [29]

5.2. Simulation Considerations

To analyze and derive results from our dielectric and optical mea-
surements, finite element simulations of RF and optical fields
were performed using COMSOL. The exact cross-section de-
scribed in the previous section was recreated in the simulation
model (Figure 9) and considers the crystalline intermediate sil-
icon layer, as well as BTO’s domain orientations (as explained
above). To determine BTO’s relative permittivity, we adjusted it
within the simulation such that it fitted the measured capaci-
tance. An example voltage distribution for ey, , = 1000 is shown
in Figure 9a.
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100 nm

Figure 9. a) The simulated voltage drop of the RF signal across the slot
and b) the magnitude-squared of the electric field at optical frequency. The
arrows in (b) indicate the assumed domain orientation of BTO within the
film.

Additional considerations are needed to conclude on BTO’s
electro-optic strength. The measured SFG efficiency, which cor-
responds to the effective Pockels coefficient, depends on the
weighted overlap of the optical mode with the electrical RF field
within BTO. Further, the simulation includes the measured in-
and out-of-plane orientation of the film, the measured dielectric
constant of BTO, and the measured refractive index at 1550 nm
(n = 2.27). The normalized electric field mode profile of such a
simulation is shown in Figure 9b. Finally, the simulation is run
with and without an applied electric field and the resulting two
mode indices are extracted. The index difference then relates to
the strength of BTO’s Pockels coefficient and defines the device’s
V, through:

vt (5) @

with AV as the applied voltage, An the simulated change in
the effective index of the plasmonic mode, A, the optical wave-
length and L the device length. By fitting the simulated V, to the
measured V, obtained from the sideband measurements (as ex-
plained in ref. [18]), the effective Pockels coefficient was derived.
This value was then used in Equation (1) to conclude on the mea-
sured r,,, as shown in Figure 4.

6. Conclusion

In this work, we determined the a-axis permittivity and electro-
optic response of PLD-grown thin-film BTO on a MgO substrate.
We find an unbiased permittivity of ¢, 6700 at 0.2 GHz and 1100
at 67 GHz. In the biased case, these values drop to €, #2000 at
0.2 GHz and 500 at 67 GHz. We then highlighted the measured
bulk-like electro-optic response of r,, = 1030 pm V! at <0.2 GHz
and its subsequent drop to a value of 390 pm V~! above 10 GHz
and up to 70 GHz. This result fills a significant frequency gap in

Table 1. Obtained parameters for fitting r,, with Equation (3).

Sk YR S Ve Coo
[MHZ] [GHZ]
487 574 206 5.15 391
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Table 2. Obtained parameters for fitting €, with Equation (3).

Bias Sk YR Sy 7¢ [GHZ] [

I\ [MHz]

0 5585 296 1149 5.18 1134
1 5640 263 1015 4.86 1068
2 5573 235 867 4.28 991

3 5146 203 715 3.42 873
4 2820 291 423 2.95 702
5 1366 518 110 2.62 495

the literature regarding the permittivity and Pockels coefficient
of BTO between 200 MHz and several tens of GHz.

Furthermore, we demonstrated a comprehensive characteriza-
tion of epitaxial thin-film BTO on a MgO substrate and deter-
mined characteristic domain sizes of ~1 pum.

Finally, we showed the potential of PLD-deposited BTO
for electro-optic applications. Despite the presence of lattice
mismatch-induced defects and initial in-plane growth followed
Dby relaxation through defects, the BTO thin-film on the MgO sub-
strate demonstrated excellent electro-optic properties. Our study
emphasizes that also imperfect epitaxial thin-films can harness
the potential of bulk BTO properties without a need of highest
quality growths.

All of these findings suggest that BTO can offer remarkable
performance even under non-ideal growth conditions, highlight-
ing its versatility and potential for various applications in inte-
grated photonics. It underscores the large potential of BTO for
future electro-optic devices, potentially enabling the integration
of tightly packed high-bandwidth PICs.

7. Experimental Section

BTO Deposition: Potential hydrogen absorption on the surface of a
single-side polished MgO substrate (roughness Ra <0.5 nm) was removed
through ion milling.[3%] The substrate then was loaded into the PLD where
it is heated up to 700 °C with an oxygen background of 200 mT. The laser
fluence for the deposition was ~1.5 ] cm? with a repetition rate of 2 Hz.
After deposition, the substrate was cooled down at 5° C min~' to room
temperature in an oxygen background. The resulting film was 96 nm thick.

Plasmonic Phase Shifter.  The BTO thin-film was structured with an in-
ductively coupled plasma (ICP) etch with hydrogen silsesquioxane (HSQ)
as protective mask. The remaining HSQ was removed with KOH. The
amorphous Si layer was deposited with a plasma-enhanced chemical va-
por deposition (PECVD) process and again etched with an ICP process,
using a high-contrast e-beam polymer resists as a mask. The chip was an-
nealed in an oxygen atmosphere to remove oxygen vacancies within the
BTO layer. The 65 nm thick electrodes are deposited by thermal gold evap-
oration and subsequent lift-off.

Debye Relaxation Fit Parameters: The frequency (f) dependence of the
relative permittivity e, (f) and Pockels ry, (f) data were fitted with two Debye
relaxations, as suggested in['1]

£, (f) B SRyé N Sryrz e o)
-2 2 4 2 0
)| ST S

This accounts for the two relaxation mode’s strengths (S, S,) and
timescales (yg, 7,), as well as the high-frequency contributions ¢,. In
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the case of the Pockels constant r,,, parameters were found, as given in
Table 1.

While for the relative permittivity e,, parameters were obtained as given
in Table 2.
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