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Abstract

Ferroelectric thin films integrated on passive photonic platforms offer ways to achieve
functionalities that are otherwise impossible or inefficient, such as electro-optic (EO) modulation,
acousto-optic modulation or optical nonlinear conversion. Characterization methods of the EO
properties of thin films are often only able to extract an effective EO response, while in many
integrated photonic circuits it is one of the Pockels coefficients that determines the strength of the
modulation. In this work, we demonstrate a new method to extract the r3; and the r;3 coefficient
independently by measuring the change in polarization and amplitude of light reflected at the
sample, taking into account multiple reflections and interference effects. This method is verified
for highly textured Pb(Zr,Ti)Os and BaTiO; thin films.

1. Introduction

Interest in ferroelectric thin films has grown during the past years because of their potential applications in
photonic integrated circuits (PICs) [1-7]. Such materials often exhibit a large Pockels effect, which allows for
fast, pure and low power optical phase modulation. Other methods such as thermal tuning are limited in
speed and consume more energy. Carrier modulation in silicon photonics is widely used, but introduces
small changes in absorption and leads to spurious amplitude modulations, which is unwanted for certain
applications. By far the most mature and investigated material for electro-optic (EO) phase modulation is
lithium niobate (LiNbO3). Its relevant Pockels coefficient is well known from bulk crystal measurements and
is around 30 pm V1. In the thin film lithium niobate technology the film is made from a bulk crystal and its
EO coefficients are close to its bulk values [8, 9]. To further increase the use and functionalities of PICs, high
speed EO modulators with a small footprint are desired, which requires an improvement in the phase
modulation efficiency. The most straightforward way to achieve this is to use materials with large Pockels
coefficients. Materials such as Pb(Zr,Ti)O3 (PZT) and BaTiO3 (BTO) are promising candidates, as they are
known to have large Pockels coefficients as bulk materials. Several groups have been investigating these
materials in the past years [10—15] to see if these values can also be obtained in their thin film counterparts.
Several groups are also investigating different types of materials like silicon-organic hybrids [16-18], to
achieve the same goal. In order to investigate these materials, accurate measurement methods for the Pockels
coefficients in thin films are required.

Measurement techniques for bulk materials have been around for a long time and an overview of most of
them can be found in [19]. However, applying these methods to thin films is not always straightforward as
the signal typically scales with the propagation distance through the EO-layer, which is orders of magnitude
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smaller in thin films than in bulk materials. Spectroscopic ellipsometry methods have been used to measure
the Pockels coefficients accurately [20-22]. Here, a light beam impinges on the thin film obliquely and the
polarization state of the reflected light is recorded to extract the EO response. The drawback of this method is
that the thin film needs to be sandwiched between two electrodes that are large enough to accommodate for
the beam size. The electric field is perpendicular to the substrate (i.e. and out-of-plane configuration), which
is different from the in-plane field that is mostly used in integrated EO modulators with co-planar electrodes.

Another approach is given in [23], where the reflection at the material interface is modulated according
to Fresnel equation of reflection. They claimed that this method can be applied to thin films as well. However
this only holds true when there is only one reflection, i.e. for a non transparent thin film. This is often not the
case for actual samples, which might even consist out of several transparent layers.

For thin film measurements the modulation of the light is very small when the beam passes through the
layer perpendicularly since the propagation distance through the sample is limited to only a few hundred
nanometer. One way to overcome this is to use a lock-in amplifier, which can detect very small signals as
described in [24-26] where a setup is discussed to measure the effective Pockels coefficient (reg = 33 — 113)
of an epitaxially grown thin film of BTO. Their measurement setup is similar to a Sénarmont setup, having a
polarizer and a half wave plate (HWP) before the sample and a quarter wave plate (QWP) and analyzer after
the sample. The light power transmitted though the sample is modulated by applying a sinusoidal AC electric
field and this small modulation amplitude can be measured using a lock-in amplifier. The power modulation
comes from changes in the polarization state of the transmitted light due to the induced birefringence. In
addition the angle of the analyzer is being swept in order to improve the accuracy allowing to measure a
change of the polarization angle up to 10> degree. This type of setup has two major shortcomings. First, it
requires a fully transparent sample at the wavelength of the measurement, including a non scattering
backside. Second, it is only possible to measure the difference between 33 and ry3 since it relies on a change
in birefringence. The r.¢ gives an indication of the magnitude of the EO effects, but is not the relevant
parameter for integrated EO modulators where either the r33 or r13 is relevant depending on the waveguide
geometry (TE or TM mode) and electrode design.

In this work we present a novel measurement method, which works in reflection and is able to measure
both 35 and ;3 independently in addition to r.¢ allowing to determine their relative sign. The method takes
into account the effect of multiple reflections at different material interfaces and interference effects resulting
from these multiple reflections. This method, however, does not need special extra material layers such as
done in the work of [27], but any material stack can be used. Because of those effects the modulation is not
purely a result of retardation due to birefringence and thus no longer solely dependent on .. To
demonstrate the validity of this method, results are presented for thin films of fiber textured PZT and BTO
deposited on silicon wafers with an intermediate silicon-oxide layer [14, 15].

2. Electro-optic modulation

The dielectric optical properties of a material are often expressed in terms of the dielectric permittivity tensor
Z, which relates the dielectric displacement field D with the electric field E. In the context of EO materials
often the impermeability tensor is used 7, which is the inverse of g, such that E = Einﬁ -D. It is then assumed
that the impermeability tensor can be expressed as a power series of the electric field [28]:

0
n,'j:ni(j ) +ZrzjkEk+ZSijszkEl+m (1)
k I

With rj; the Pockels coefficients and sj; the Kerr coefficients. In this work we only look at the Pockels
effect, which we can do since the Kerr effect is typically a few orders of magnitude smaller. In addition, any
second or higher order effects are filtered out by the lock-in amplifier (see section 3.2). Due to symmetries in
the crystal structure often a lot of tensor elements are zero. For bulk crystals, the EO coefficients are well
known. Important materials are LINbO3 with r;3 = 9.6 pm V™!, 1 = 6.8 pm V1, 133 = 30.9 pm V! and
4o = 32.6pm V~! and BTO with r;3 = 8 pm V™!, 33 = 105pm V! and ry, = 1300 pm V! [29]. For thin
films, the aim is to optimize the deposition process such that the values for the thin film approach the bulk
values. For certain materials the values are close, but for other materials it is difficult to get thin film values
that are as good as the bulk values [30].

Assuming a tetragonal crystal structure as it is the case for BTO [14, 31] and PZT near the morphotropic
phase boundary [15, 32] and an applied electric field along the poling direction, electric field and c-axis of
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the EO-material are both along the x direction and the impermeability tensor then becomes:

778 —|— 1’33E 0 0
n= 0 n0 +ri3E 0 . (2)
0 0 0%+ ri3E

When probing the thin film with a light beam traveling along the z direction, the two linear polarization
states of light encounter a different refractive index:

Ny & M, — %ngrgE (3)
1y, & 1y — %nzer. (4)

The birefringence of the layer is then expressed as:
An=mn,—n,~ An(0) — % (nlrss —mri3) E~ —%n3reffE. (5)

An(0) = n, — ng is the birefringence of the material in the absence of an applied electric field. In the last
step in equation (5) the approximation that n, ~ n, ~ n is used.

For a more in-depth explanation of light propagation through anisotropic media and EO effects we refer
the reader to [33].

2.1. Transmission
The effective Pockels coefficient can be measured by detecting the polarization change of a laser beam
passing through the thin film [24]. Typically, linearly polarized light is impinging on the sample, polarized at
a 45° angle with respect to the applied electric field and poling direction. A QWP then converts the light into
elliptical polarization (almost circular assuming small retardation). Using another polarizer the changes in
the retardation due to an applied electric field is then converted into a signal that is proportional to the
applied electric field. A schematic of such a setup is shown in figure SI.

When a birefringent medium is inserted between crossed polarizers the transmission is given by
T = sin*(T'/2) with T" the retardation. In the case the retardation comes from the QWP and the sample, the
transmission can be expressed as:

A
T = sin® (iz + T )\nd) (6)
1 1 2 A

with d being the thickness of the thin film and A the wavelength of light. In case the retardation is small
the signal is indeed proportional to E:
1 7nlred
~-F¥ ——EL. 8
27 2 )
The =+ in these equation is to include the possible 90° rotation of the QWP, which will be relevant for the
discussion in section 2.2.2

2.2. Reflection

When using reflection of light to measure the EO effect, multiple reflections at several interfaces and their
interference need to be considered. A simple reasoning can be made to show why this is the case for
reflection, even though interference effects are typically ignored for transmission measurements. One can
consider the simplest example of a single layer of EO-material in air with two material boundaries air-EO
layer, as indicated in figure 1(a). The relative strength of the reflection at the first and second interface can be
approximated with the Fresnel equations, equations (9) and (10)

2
R(m—m) )
n2+n1

T=1-R. (10)

Using 1, = 2 for the EO-layer and n; = 1 for air, the two strongest reflections lead to a relative power of
Ry =0.11 and R; = 0.09. Where Ry is the reflected power at the first interface, equal to R and R; is the
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Figure 1. (a) Indication of multiple reflections in a single optical layer. (b) Schematic view of the different layers of the samples for
measurements.

reflected power coming from reflection at the second interface, equal to T x R x T. These two reflection are
relatively close in intensity and will interfere with each other. Changing the optical path near resonance can
thus have a great effect on the reflected power. The same can be done for the transmitted light where the first
two orders Tp = 0.79 and T} = 0.01 are obtained with Ty = Tx Tand T; = T X R x R x T. T is an order of
magnitude larger than T,. This indicates that interference effects play a much smaller role in transmission as
compared to reflection.

The reasoning above is a strong oversimplification, but it shows why the reflection is not only modulated
by a change in the retardation due to r.¢ but also by changes in reflection coefficients at the material
interfaces and changes in the interference of multiple reflections by a change of optical path length, n), in the
EO layer. Due to these additional effects the reflected power is not a function of r.g¢ = r33 — 13, but will
instead depend on both r33 and ry3, so even if 33 = 13 # 0 a signal would be measured.

Due to these additional effects a simple adaptation of equation (8) is not possible. For this method an
accurate calculation of the reflected light is needed.

2.2.1. Calculating reflection

Using a plane wave approximation, the reflection can be calculated for light polarized along n, and #,
separately. Here, only perpendicular incidence of the light needs to be considered. This can be solved exactly
by solving a set of linear equations linking the £ and H field at all layer boundaries. We use rounded letters £
and H to indicate that these are optical fields, in contrast to non rounded letter E, which denotes a
(quasi-)static electric field. For this the Berreman method is used. The linear set of equations can be found in
the supporting information (SI), (S1)—(S5). Figure 2 shows the measured reflection spectrum of the PZT
sample alongside the simulated reflection spectrum obtained from these equations. It demonstrates that the
model is correctly implemented.

2.2.2. Calculating change in reflection due to electric field

The setup used to measure the change in reflection is shown in figure 3. To control the polarization of the
laser light a polarizer and HWP are used. The light is focused between interdigitated electrodes (IDT) on the
sample using a strong lens. The reflected power is measured using a photodetector in front of which are a
QWP and an analyzer used to convert change in polarization into a change in power. Since the change in
power, due to an applied electric field, will be small an AC signal is applied to the device under test which
allows us to use a lock-in amplifier to measure the small power modulation.

Several orientations of the optical components, HWP, QWP and polarizers, are possible. For ease of
notation an overview of the different configurations used is given in table 1. Configuration 1 and 2 are the
same as what is typically used for transmission measurements [24], where the light is polarized at 45° and a
change in birefringence is measured. Since in reflection there is also a change in power configuration 3 and 4
will also result in a measurable signal even though the light will not experience any change in polarization, as
it is polarized along one of the principle axis.

Light reflected at the sample can be calculated as a function of the applied electric field using
equations (3) and (4) for the refractive indices. The effect of the QWP and analyzer can be accounted for
using the Jones Matrix formalism. From this, the power on the detector can be calculated as a function of the
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Figure 2. Measured and simulated reflection spectrum of the PZT sample. The good overlap between measurement and
simulation demonstrates that the equations to calculate the reflection are correctly implemented.
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Figure 3. (a) Schematic of the measurement setup used to measure the Pockels effect in reflection. Incoming laser light passes
through a polarizer and a half-waveplate (HWP) to control the incident polarization, a focusing lens is used to focus the light
between the IDT. The reflected light is redirected using a beamsplitter (BS) after which it passes through a quarter-waveplate
(QWP) and analyzer to convert the change in polarization into amplitude modulation. (b) Picture of sample in the setup.

Table 1. Naming of the different configurations of the optical components used within this work.

Name E-field Incoming polarization QWP Analyzer
Configuration 1 0° 45° 0° 135°
Configuration 2 0° 45° 90° 135°
Configuration 3 0° 90° — —
Configuration 4 0° 0° — —
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Table 2. Parameter values used in example calculations.

Symbol Value Description

dro 0-300 nm Thickness of the EO-layer

dox 480 nm Thickness of the SiO,-layer

dioc 15nm Thickness of the intermediate layer

A 515nm Wavelength used

E 1Vpm™! Amplitude of modulation electric field
1EO 2.4 Refractive index EO-layer

Mioc 1.75 Refractive index seed layer

13 10 pm v! Pockels coefficient

33 100 pm yv~! Pockels coefficient

applied electric field. However, the lock-in amplifier used in the measurement setup measures the amplitude
of the detected sine-wave. We are thus interested in: (R(—E) — R(E))/2, which is the amplitude when a small
AC electric field, with amplitude equal to E, is used to modulate the signal. This can then also be normalized
by dividing by the unmodulated reflected power, which is given by R(0). For small values of E, this response
is still a linear function of the amplitude of the applied AC electric field and it is the slope of this function,
which is related to the Pockels coefficients. This slope can be found by dividing (R(—E) — R(E))/(2R(0)) by
the amplitude E, which in the simulations is typically taken to be 1V um™! and in the measurements
assumed to be E = V;,,q/¢ with g the distance between the electrodes. This results in equation (11), which is
a function of the sample parameters (i.e. layer thickness, refractive index,...) and the Pockels coefficients 73
and r33. Equation (12) gives this same signal but expressed in parameters from the measurement setup (see
section 3.2), where Vpp, is the photodetector voltage without AC electric field (E = 0V), g“/'nffd is the change
in photodetector voltage due to the AC applied electric field and g is the spacing between the electrodes.
From these equations (equations (11) and (12)), the Pockels coefficients can be calculated if all other
parameters are known. Note that these parameters are contained in the function R, which depends on the
thickness and refractive index of all the layers of the sample. To determine the unknown parameters, dyy, dro
and ngg the reflection spectrum of the sample is measured and the same simulation code is used to fit these
parameters, see figures S3 and 5S4 in SI

_R(-E)-R(E)1

5= 2R(0) E (1)
_ 8§ 9Vmp
N VPDO avmod. (12)

2.2.3. Example simulations
The resonance behaviour is illustrated in figure 4, where a sweep over the layer thickness is carried out for
various configurations. The parameters used are shown in table 2. Figure 4(a) shows the signal S as well as
the reflected power without electric field for the simple case of air/ EO-layer/ air as a function of the
thickness of the EO-layer. It is clear that there is a strong resonance, due to the normalization, close to the
point of destructive interference and zero light reflection. However even if the signal is not normalized, by
the reflected power, the relation with respect to the thickness remains non-linear, as shown in figure 4(b)
where the same signal is shown but without the normalization. Thus a full calculation of the reflection is
needed in order to analyze a signal obtained in reflection.

In practice, the devices under test do not consist of a single layer. In this work the samples consist of a
thin film of PZT or BTO on top of a stack of Si/Si,O3/La;0,COj as outlined in table 2 [13-15] (see
figure 1(b) and section 3.1). Figure 4(c) shows simulation results for such a configuration. The relation
between the signal strength and the thickness of the EO-layer for two orientations of the QWP is shown, as
well as the linear graph expected by the classic model used for transmission. The graph for the classic model
is given by the following equation:

33 — 1'13) Moy T 2d
SClassic model = ( e 13)? 2 (13)

which comes from equation (8) with the exception that d is replaced by 2d. The signal with the QWP at 0° is
multiplied by —1 for easier comparison. A zoomed in region is shown in the inset, which shows that between
the resonances the signal is also within the measuring range. It is clear from the graphs that the simple

transmission model is not acceptable for the reflection setup. In case the measured power modulation would
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Figure 4. Various simulations sweeping over the thickness of the EO layer, showing the non-linear relation between signal and
thickness caused by interference between multiple reflections. (a) Shows the signal S as well as the reflected power for a single
layer stack, the EO layer. Incoming polarization @ 45° with respect to applied electric field, QWP @ 0°. (b) Shows the same but
only the numerator of the signal S (i.e. the not normalized signal). (c) and (d) show the signal S for a more realistic material stack,
see table 2, for various configurations of incoming polarization and QWP orientations, see table 1. Inset in (c) shows zoomed in
region.

only be caused by the birefringence, then rotating the QWP would only change the sign of the signal, see
equation (8). The fact that rotating the QWP by 90° does not simply result in a change of sign comes from
the additional power modulation caused by the change in reflected power.

Thus measuring with the QWP once at 0° and once at 90°, configuration 1 and 2, two different signals
will be recorded, S (r13,733) and S,(r13, 133 ), which both depend on both 713 and r33, which we want to
extract. The way it is solved, in this work, is by subtracting the average of both signals from one of the signals,
S =381 —(S1+S;)/2. This ‘corrected’ signal S’ (r.¢) only depends on r.g (see SI for proof), which can then
be obtained from the simulations. Once 7. is known, we can calculate 713 and 733 from the original signals
S1(r33 — 1efr, 733)> S1(113, 113 + Tefr) and/ or Sy (133 — regr, 133)5 S2(113, 713 + Teff)-

Up to now, the arrangement of optical components, HWP, QWP and polarizers, was kept the same as
used in a typical transmission measurement, configuration 1 and 2. However, since in reflection there is a
power modulation from the change in refractive index, this is not required. A more simple arrangement can
be considered, configuration 3 and 4 where the incoming light is polarized either parallel to the polarization
and electric field or perpendicular to it. Incoming light will not experience any change in polarization after
passing trough the sample, thus the QWP and analyzer after the sample are left out. This makes the signal
dependent only on either r33 or 713 respectively. The expected signal, as a function of the thickness, is shown
in figure 4(d). Even without phase retardation, the signal can be large enough to be measured.

Note that in all these examples, the signal can be both positive or negative. This can be understood from
equation (11) where the numerator can be either positive or negative. The way this is detected, in the actual
setup, is by looking at the phase measured by the lock-in amplifier. This gives the phase difference between
the applied electric signal and the measured signal. On its own this phase does not tell anything but if a shift
of 180° is detected we know the signal changed sign. In the transmission setup a change in sign can be
achieved by changing the poling direction of the sample, rotating the QWP 90° from 0° to 90° or
equivalently changing the polarization of the incoming light from +45° to —45° using the HWP. In
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reflection, changing the poling direction will also change the sign of the signal, as this is equivalent with
changing E with —E. However, the response for configuration 1 and 2 in reflection also differ in amplitude
not just in their sign, see figure 4(c). The reason why it is important to note that a change in sign can be
observed, is because in the reflection setup this will allow to determine the relative sign of r13 and 33

i.e. determine whether they have the same sign or different sign.

2.2.4. Limitations and accuracy

Just like most measurement techniques, the one presented in this work also comes with some shortcomings
and limitations. The main difficulty lies in the fact that the accuracy can be heavily influenced by errors in the
fitted layer thicknesses and refractive indices of the different materials, present in the stack. In a transmission
measurement where the response scales with a power of 3 of the refractive index and linear with the layer
thickness of only the EO layer. This means that slight variations on the refractive index can lead to large
variations in the extracted EO coefficient. In the reflection setup, the response is depending on the properties
of all the layers. Fortunately, the different layer thicknesses can be somewhat freely chosen (e.g. the silicon
dioxide layer thickness) and thus be tuned away from these resonant regions, such that the measurements
can be performed with high tolerance on these parameters. In this work, we only use the reflection spectrum,
but additional techniques may be used to determine the layer parameters more accurately such as
ellipsometry, optical profilometry or FIB-SEM. In addition one could do the reflection measurement with
different laser wavelengths, instead of a single wavelength measurement, to improve accuracy.

3. Experimental verification of the model

3.1. Sample preparation

The samples are prepared by depositing PZT(52/48) or BTO onto a double sided polished silicon wafer with
500 nm oxide according to the process described in [14, 15]. This yields for both a fiber textured a-axis
oriented thin film. A Ti/Au metal IDT pattern is then deposited using a combination of conventional UV
lithography, e-gun evaporation and lift-off. One of the samples can bee seen in figure 3(b).

3.2. Setup

The setup uses a green laser diode, Roithner dot laser CW520-05, with a wavelength of 515 nm. The laser
beam is focused between two electrodes separated 10 ;m apart. A Thorlabs PDA100A2 photodetector is used
in combination with the Anfatec USB Lock-In amplifier, including a summing 100x amplifier to deliver the
desired voltage signal to the sample, namely a high DC voltage modulated with a 5V, ns— 25 kHz AC sine
wave. During a measurement the laser scans over the sample, see figure S6 , the signal will be largest when the
light is focused in the middle between two electrodes. This way it is assured that each measurement measures
in the middle between the electrodes and that there is no shift between different measurements.

3.3. Measurements

To verify the model, the Pockels coefficients of two different EO thin films, BTO and PZT, are determined in
two different ways using the reflection setup. The first method uses the same configuration of the optical
components as the conventional transmission measurements and the QWP is rotated 90° to get the two
signals needed to calculate 73 and r33, configuration 1 and 2. The second method has the linear polarization
of the incoming light orthogonal or parallel to the electric field to measure 33 and r;3 independent of each
other, configuration 3 and 4. In addition to the AC field a DC bias voltage is used to align the crystals c-axis
parallel to the electric field. An electric field of 5V um ™! is used for this, which is sufficiently large to be in
the saturation regime for both samples resulting in near maximum response.

3.4. Results and discussion

Figure 5 shows the data that is measured on the BTO sample, while a positive DC bias of 5V um ™! is applied.
The total reflected power is shown in figure 5(a) as the voltage measured by the photodetector. The power
varies as function of the position showing the reflection on the electrodes (maximum reflection) and
between the electrodes (minimum reflection). Figure 5(b) shows the amplitude detected by the lock-in
amplifier and as expected when the laser is focused on the electrodes no signal is detected. Also the phase
difference between the applied AC field and the measured signal is shown in figure 5(c), this is used to
determine the relative sign between measurements.

8



10P Publishing

J. Phys. Photonics 7 (2025) 015012 K De Geest et al
a) 1r a
Configuration 1
Configuration 2
= 087
_Q
a
~
>
0.6 [
0.4 . . . ‘ )
40 60 80 100 120 140
Position [um]
b) x 107
3h
Configuration 1
Configuration 2
= 2
a
~
>
=
1 h
0 i ) ‘
40 60 80 100 120 140
Position [pm]
100
c) .
Configuration 1
Configuration 2
0 .
=
QD
g
£
-100
2200 . . . s )
40 60 80 100 120 140
Position [pum]
Figure 5. Data measured on BTO sample with 5V um ™! DC bias, (a) total voltage of photodiode, (b) amplitude measured by the
lock-in amplifier, (c) phase measured by the lock-in amplifier.

This data is then converted to the normalized signal S, from which the Pockels coefficients are calculated.
In figures 6 and 7 the analysed data of the different measurements are shown. First thing to note is the good
match between the results for both methods described earlier. This is a good indication that the provided
theory is correct and sufficient to describe the reflection setup since both methods are analyzed independent
of one another. Additionally, a large signal is obtained even without any phase retardation effects, unlike
what is the case in the similar transmission setup, further showing that the provided theory is correct and
that this change in reflection coefficient can not be neglected. This gives a new and simple way to measure
and characterize the more relevant r13 and 33 coefficients compared to the typically measured r.g obtained
from transmission setups.

Additionally, it is possible to derive the relative sign between ry3 and r33. In this case it is found for both
the BTO sample as the PZT sample that 1137335 < 0. This is directly evident from the change in sign between
the measurements in configuration 3 and 4. As for those measurements the only factor, based on
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Figure 6. Measured (a), (c) and analyzed (b), (d) results for a BTO thin film. (a) and (b) Result with a positive DC bias of
5V pm~! to pole the domains. (c),(d) Result with a negative DC bias of 5V um ™! to pole the domains.

equations (3), (4) and (11), that can change in sign is the Pockels coefficient. Note that in figure 6(b),(d)
and 7(b),(d) the absolute value of r;3 and r33 is shown for easier comparison. We believe that this negative
sign originates from the poly-crystalline structure of the samples. The explanation for this is out of the scope
for this article and is planned for future work.

For BTO the obtained values are around 70 pm V~! for r33 and around 20 pm V! for r15. The effect is
also the strongest in the middle between the two electrodes. For one of the measurements in figure 6 the
signal gradually decreases and changes sign which could be caused by a small region in the sample that did
not change its polarization and is still aligned opposite to the electric field.

For PZT values around 30 and 5 pm V! are obtained. For the r3; the signal is enhanced close to the edge
of the electrodes. This can have several reasons. One of which is the electric field having a small vertical
component at the edge of the electrodes. This would cause the rs5; Pockels coefficient to have an effect as well.
The reason we do not see this for the BTO sample could be due to its larger dielectric constant making the
field more homogeneous or be due to the fact that the PZT actually consists of both a tetragonal phase and a
rhombohedric phase unlike the BTO, which consist only out a tetragonal phase [14, 15]. This enhanced effect
close to the electrodes might be utilized inside waveguide structures by clever design of the electrodes like the
work done in [34], where 3D poling is used to obtain stronger Pockels response.

3.5. Comparison against established measurement method

To show that the obtained values are correct, a third sample was measured both in the reflection setup
presented in this work as well as in the already established transmission setup [24]. The sample consists of a
BTO thin film, with alternate recipe, on the same SiO,/Si substrate. The results are shown in figure 8, both
setups give a r.g of 120-125 pm V1. These results further show that r.¢ is not a good figure of merit as it can
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be seen that in this sample r;3 and r33 are approximately equal in magnitude. Since for the targeted
application of an integrated phase modulator, it will be the 733 coefficient that will be critical for TE guided
modes, choosing the material with larges r.¢ will not necessarily give the best performance. This can be seen
by comparing with the results shown in figure 6 where a much smaller r.¢ of 90 pm V! is found even
though the r33 is approximately the same.

4, Conclusion

This work discusses and demonstrates, a new way of measuring Pockels coefficients in thin films. Unlike
previous methods it is able to determine both 3 and r3; independent of each other. This new method allows
for a bigger range of wavelengths and substrates to be used since it does not rely on transmission through the
sample. The measurement results given in section 3.4 confirm the theoretical discussion given in section 2.2.
From the results it is obtained that for our poly-crystalline fiber textured thin film PZT and BTO

713,733, < 0, which we belief to be resulting from their random in-plane orientation and will be further
investigated in future work. This extra insight is also important for waveguide structures as the random
in-plane orientation will also lead to r5; contributions for TE polarized light. Furthermore by sweeping the
laser over the IDT electrodes a clear picture of the non-uniformity of the Pockels effect between the
electrodes is obtained.
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