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The gap between the performance of optoelectronic components and the demands of fiber-optic
communications has narrowed significantly in recent decades. Yet, the expansion of data
communications traffic remains substantial, with fiber-link speeds increases anticipated in the near
future. Here, we demonstrate an ultra-high-speed electro-optic waveguide modulator constructed
using a thin film of lanthanum-modified lead zirconate titanate with a ferroelectric phase exhibiting a
strong Pockels effect. The modulator has a wide optical window; thus, the modulation was
demonstrated for 1550 and 1310 nm wavelengths. This device showed electro-optical intensity
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signaling with line rates of 172 Gbit s

, in conjunction with on—off keying modulation; this performance

could be increased to 304 Gbit s~ using four-level pulse modulation. The signaling performance of this
modulator was found to be robust, with stable performance at temperatures as high as 100 °C. This
technology is expected to have applications in a wide range of classical optoelectronic devices andin

quantum science and technology.

The recent emergence of bandwidth-intensive applications such as high-
resolution streaming media, B5G, cloud-based service delivery, and the
Internet of Things has greatly increased the required data transmission rates.
This rapid increase highlights the urgent need to develop optoelectronic
signaling systems that provide high data transmission rates via fiber-optic
communications. Future challenges related to such systems will involve the
design of high-speed modulation technologies. Among the various types of
optoelectronic modulation formats based on different physical mechan-
isms, the first-order electro-optic (EO) phenomenon known as the Pockels
effect has recently received much attention'~. This interest is related to the
substantial increase in reports of materials that exhibit a strong Pockels
effects and that enable efficient EO modulation with high-speed line rates.
Recent advances in EO modulators have also led to the rapid development of
efficient EO waveguide devices comprising ferroelectric thin films on silicon
oxide/silicon (SiO,/Si) substrates. These devices have enabled new
microwave-based photonics applications"*”.

In previous studies, lithium niobate (LN) thin films fabricated on
insulators were shown to have applications in devices such as photonic
integrated circuits®™®, In particular, state-of-the-art LN devices that take
advantage of efficient modulation to realize low-voltage drive in conjunction
with a small footprint have potential applications as tunable rings,
Mach-Zehnder interferometers (MZIs), and other nonlinear optical

devices. Such modulators have demonstrated large modulation bandwidths,
enabling nearly 100 Gbaud signaling with error-free transmission".
However, the limited EO coefficient of approximately 31 pm V™" for such
devices makes improving the modulation efficiency while further reducing
size difficult. An alternative approach is to take advantage of the large EO
effect of organic polymers, which exhibit exceptional modulation efficiency
in the high-frequency range'’™"”. These materials also have potential appli-
cations in various hybrid Si photonics and plasmonic photonics structures.
In fact, the progress to date in the study of organic polymer modulators
suggests that these materials could offer a rare means of achieving data
modulations higher than 100 GBd'' and line rates beyond 200 Gbit s>,
thereby meeting the requirements for applications such as short-reach and
data-center optical interconnects. However, concerns about reliability per-
sist, particularly regarding the material’s resistance to high temperatures and
susceptibility to photobleaching damage under an ambient atmosphere.
Further investigations to ensure that these concepts are suitable for indus-
trial applications are ongoing'>'>"°.

Perovskite crystals with ferroelectricity, such as KNbO;'"", Pb[Zr,Ti]
05 (PZT)”, BaTiO; (BTO)™*, and PbTiO;”, are being explored for
extensive applications in nonlinear optical devices because of their sub-
stantial EO coefficients on the order of 10 pm V. The key advantages of
EO materials include a linear correlation between the change in refractive
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index and the applied electric field, fast response, and control of light pro-
pagation, all of which are critical to the application of waveguide mod-
ulators. Recently, ferroelectric EO modulators fabricated on insulating
substrates have demonstrated high degrees of optical modulation to provide
relatively short phase shifters or small microrings that require low drive
voltages compared with previous crystal modulators™*****. The formation of
ferroelectric domains is a vital aspect of the fabrication of these devices,
whether using sputtering, pulsed laser deposition, or molecular beam epi-
taxy techniques. In early works, the heterogeneous integration of thin fer-
roelectric films and their transfer onto the optic structures led to Si-based
photonics platforms having superior EO characteristics™***. Some platforms
with superior performance have been reported when BTO is used in this
regard because this material has one of the highest EO coefficients among
the various perovskite ferroelectric crystals. For example, the reported drive
voltages, or V,-L values (the product of the half-wave voltage (V) and the
phase-shifter length (L)), for the EO modulators are an order of magnitude
smaller than those reported for other Si carrier dispersion-type modulators
and are comparable to those exhibited by integrated semiconductor capa-
citor modulators™. The EO effect in perovskites originates from the non-
centrosymmetry of poled electric polarization. A relatively large remanent
dipole and coercive field are their advantageous features’**”’. Despite their
attractive EO properties, temperature sensitivity of the crystal lattice or
orientation due to thermal phase transmission is a challenge for their
industrial application™**. Perovskites with higher phase-transition tem-
peratures and Curie temperatures (T.s) are therefore preferred for use in
thermally stable photonic devices. In the case of perovskite modulators,
high-speed signaling at approximately 25-56 Gbit s has previously been
demonstrated in MZI or ring modulators with a modulation bandwidth of
~30 GHz***”’. Only plasmonic structures have demonstrated a higher sig-
naling speed (~70 Gbits™')*’. However, further expansion of the signaling
speed is expected to be possible with the next-generation transmitter
technology.

In the present work, we fabricated La-modified-PZT ([Pb,La][Zi,Ti]
O3, PLZT) thin films and traveling-wave MZI modulators to demonstrate
efficient and stable EO modulation and high-speed transmission. This
material, which exhibits an enhanced EO coefficient compared with PZT or
other previously reported ferroelectric crystals, was selected for its advan-
tages of a high phase-transition temperature, strong poled polarization, and
high remanent polarization®**". The PLZT films were prepared on SiO,/Si
substrates by simple solution spin coating and thermal annealing techni-
ques. The crystals resulted in the SiO,-stacked photonic layer exhibiting an
enhanced high-frequency response, which is a prerequisite for achieving
high-speed EO modulators. Unlike modulators prepared with other
crystals’, our modulators do not exhibit de-poling relaxation. Conse-
quently, a DC poling bias does not need to be applied during the modula-
tion. Our modulator has an expanded optical window at wavelengths near
the infrared region. The measured V,-L values for this modulator were
7.0 V-mm at a wavelength of 1550 nm and 5.6 V-mm at 1310 nm. The EO
modulator demonstrated stable resistance with little change in modulation
efficiency even after being exposed to elevated temperatures. EO modula-
tion was demonstrated with a large frequency bandwidth, indicating
superior high-speed modulation performance. The optical signal trans-
mission was attained, with line rates as high as 172 Gbit s~ in the on-off
keying (OOK) signal format and 304 Gbit s in conjunction with the four-
level pulse-amplitude modulation (PAM4) signal format.

Results

Deposition of PLZT

The first step was the deposition of a PLZT film onto a SiO,/Si substrate. The
literature contains few reports on the preparation of perovskite EO films on
a SiO, surface, which might be a necessary component for photonic
waveguide applications. Certain perovskites with ferroelectric phases
oriented along the c-axis can be prepared on a crystalline surface only if a
suitable intermediate layer is first applied”™*. A lanthanide-based inter-
mediate layer has shown promise in this regard and has been found to lead

to La,0,CO; having a prominent out-of-plane tetragonal phase-oriented
along the c-axis, with lattice parameters of a = 4.07 A and c = 13.49 A" We
found, in the present study, that this layer is useful when used as an inter-
mediate layer on a SiO, surface to form c-axis-oriented PLZT. The
deposition of PLZT began with spin coating of an intermediate layer onto a
SiO,/Si substrate using a solution of lanthanum nitrate (La(NO;);) in
2-methoxyethanol. The thickness of the thermally oxidized SiO, was
2.0 um. The SiO, surface was initially covered with polyvinylpyrrolidone to
enhance the uniformity of the applied La(NOj;);. Heating the spin-coated
film at 500 °C gave an intermediate layer less than 10 nm thick. The pre-
cursor sol-gel solution of PLZT was then spin-coated on top of the inter-
mediate layer, followed by heating at 300 °C. Each such cycle of spin coating
and heating generated a ~100 nm-thick film, and this cycle could be repe-
ated to obtain films with specific thicknesses. Finally, the film was annealed
at 600 °C under a flow of O, to generate crystalline PLZT. The obtained
PLZT films were characterized by X-ray diffraction (XRD) measurements
using the 6-20 technique. A typical diffraction pattern is displayed in Fig. la.
The measured 20 represents the diffraction angle relative to the incident
beam, where 0 is the Bragg angle for the crystal. The strong peaks at
20=121.95° and 44.72° correspond to the (100) and (200) planes, respec-
tively. These peaks are indicative of a ferroelectric domain that possesses
either a tetragonal or rhombohedral structure. This result is attributed to the
good lattice match between the PLZT (lattice constant a = 4.05 A) and the
La,0,CO;. In addition to the choice of the intermediate layer, parameters
such as the O, flow rate and the substrate temperature strongly influence the
crystalline orientation. Comparing the XRD patterns reveals that annealing
under O, preferentially promoted the growth of the ferroelectric phase with
a (100) orientation (Supplementary Fig. 1).

PLZT modulator

The deposited PLZT films exhibited a random in-plane dipolar orientation
with respect to the surface normal. Thus, these films did not show the EO
effect. Electric poling is required to induce the dipolar characteristic of the
ferroelectric state. Such a poling process is a critical aspect of using these
PLZT films for EO modulator applications. Metal electrodes were deposited
across the PLZT waveguide and used for both poling and modulation. A
cross-sectional schematic of the PLZT modulator is shown in Fig. 1b.
Notably, the waveguide was designed such that the optical confinement
(defined here as the ratio of optical electric field power within the PLZT
region to the total guided mode power) was maximized to enable efficient
EO modulation. This maximization was accomplished by patterning a
ridge-shaped waveguide on a 300 nm-thick PLZT film. The width (W,,,)
and height (Hyq) of these ridges were 1.5 um and 100 nm, respectively.
Figure 1c presents a scanning electron microscopy image of this waveguide.
Finally, the MZI unit was fabricated, as shown in the overhead-view image
in Fig. 1d. In this device, the incoming laser beam was split into two
waveguides via a 1 x 2 multimode interference (MMI) and then conducted
to the 2.5mm-long phase shifters. The electrode had a coplanar
ground-signal-ground (GSG) configuration that enabled electric signals to
be applied to each phase shifter to demonstrate push—pull MZI operation. In
the phase-shifter section, the electric field was applied along the plane of the
surface; thus, the optical transmission was designed to operate in the
transverse electromagnetic (TE) mode. Figure le shows the calculated
electric field distribution associated with the TE;, mode. Because of the
higher refractive index of PLZT compared with that of SiO,, the upper and
lower claddings limited longitudinal mode propagation, resulting in a
focused optical mode in the PLZT layer and providing an estimated con-
finement factor of 73%. The simulation-designed waveguides, confinement
factors, and MMIs are shown in Supplementary Figs. 2 and 3. This study
employed a high-temperature poling technique to activate the PLZT
modulator. Prior to poling, the modulator did not exhibit any EO effect
because of the absence of polarization. An electric field of 18 V um ™" was
applied between the electrodes at 90 °C. This field was almost three times
greater than the coercive field value reported for PLZT and was sufficiently
high to complete the poling process (Supplementary Fig. 4). After the device
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Fig. 1 | PLZT film and modulator. a XRD pattern for a 200 nm-thick PLZT film
prepared on a SiO,/Si substrate whose surface was coated with an intermediate layer.
b Schematic showing the cross-section of the phase-shifter part of the modulator.
¢ Angled scanning electron microscopy image of the PLZT waveguide. d Schematic
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overhead view of a PLZT modular chip. Inset: magnified optical image of the MMI
section. e Simulation of the optical electric field distribution along a cross-section of
the PLZT waveguide. f Simulated RF electric field distribution.
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was cooled to room temperature and the poling voltage was removed, the
polarization of the PLZT was frozen. No further application of a DC poling
bias was required during modulator operation.

To optimize modulation, V;, values for the PLZT modulator were
determined at wavelengths of 1550 and 1310 nm to ensure high EO effi-
ciency. In the present work, laser light was guided to the modulator in
conjunction with TE polarization via a polarization-maintaining fiber. Low-
frequency data were acquired by applying a 14 kHz sinusoidal electrical
signal to the modulator. The modulated light was received by a photo-
detector and recorded as an electrical signal using an oscilloscope. The

electrical and optical responses in Fig. 2a indicate thata V. value of 2.8 V was
obtained at 1550 nm, corresponding to VL = 7.0 V-mm. The PLZT used in
this work was transparent in the near-infrared region, enabling EO mod-
ulation at 1330 nm. From Fig. 2b, a V;; of 2.3V can be obtained, corre-
sponding to V;:L=5.8 V-mm. The high efficiency and poling DC-free
modulation of this device are characteristic of our PLZT modulator and are
typically not exhibited by other ferroelectric modulators. To confirm the
stabilized modulation, we carried out a thermal and temporal stability test
on the PLZT modulator. Figure 2¢ shows a plot of the change in V;, over
time, as obtained from a trial in which the device was heated in air with
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measurements recorded at specific time intervals. The results confirm that
the static EO effect for this PLZT modulator remained consistent at 85 °C for
a time span of 2000 h. In addition, Fig. 2d establishes that the insertion loss
showed no variation when the temperature was varied. Notably, testing at
85 °C was important to ensure the industrial-grade reliability necessary for
optoelectronic devices.

High-speed modulation

Perovskite ferroelectric crystals typically possess large dielectric constants,
which can present challenges with regard to using these materials as
traveling-wave modulators in modern high-speed optical communication
systems. The modulation bandwidth of such devices is mainly limited by the
impedance mismatch with the external device and source, the microwave
velocity mismatch with the optical wave, and the signal propagation loss™.
However, as previously demonstrated in works using ferroelectric film-on-
insulator waveguides that showed improved modulation frequencies, the
use of a SiO,/Si-stack waveguide can help mitigate these issues™"".

Simulated optical and microwave electric field distributions for the
present device are shown in Fig. le, f, respectively. Because the high optical
confinement was focused around the PLZT ridge, optimized overlap between
the microwave and optical distributions was expected to occur between the
metal electrodes. In the case of high-frequency signaling in the gigahertz range,
traveling-wave modulation is required to efficiently conduct the microwave
signal to the phase shifter with minimal loss of the electro-optical response.
The metal electrode fabricated on the PLZT modulator was composed of two
parts: microstrip lines on the waveguide, and terminal pads. The coplanar
electrode configuration (ground-signal-ground) also facilitated the smooth
conduction of radiofrequency (RF) signals to the device via RF probes. The
frequency response of the EO modulation was evaluated from 1 to 70 GHz
using a vector network analyzer, as shown in the experimental setup in Fig. 3a.

The measurement results when small RF signals were applied to the
modulator are shown in Fig. 3b. We measured a wide range of EO responses
at frequencies as high as 70 GHz. However, the EO response changed
sharply between 1 and 8 GHz, as indicated by the blue line. This RF response
is attributable to parasitic surface conduction in the SiO,/Si substrate, which
is a common issue in RF coplanar devices”. To mitigate such RF power
attenuation, using substrates with a trap-rich passivation layer on Si might
be effective®™. In consideration of this reason, it was found that by com-
pensating for the electrical properties in the low-frequency region, a broad
frequency response from 1 to 70 GHz could be achieved in the EO mod-
ulation, as indicated by the red line response. The EO response in the high-
frequency range was successfully maintained.

We examined the feasibility of using this PZLT modulator for high-
speed transmission by producing OOK signals with line rates as high as
172 Gbit s~ using an arbitrary waveform generator (AWG). The modulated
optical light was guided to a high-speed photodetector after passing through
a fiber amplifier and a bandpass filter. This signal was then fed to a high-
speed oscilloscope for eye-pattern generation. The measurement setup used
for these experiments is illustrated in Fig. 4a; the measured eye patterns
acquired at 172 Gbits™' at 1550 nm are presented in Fig. 4b. The Q factor
was estimated to be 2.99 from the results, where no equalization processes
were used. The eye pattern shown in Fig. 4c was obtained when four-tap
feedforward equalization (FFE) was applied within the digital

communication analyzer. Applying the FFE effectively increased the signal
quality, as indicated by a Q factor of 4.17. As expected, no substantial
differences were observed at a wavelength of 1310 nm. Figure 4d, e provide
eye patterns obtained at 172 Gbit s OOK without and with the FEE,
respectively; the corresponding Q factors were 3.0 and 4.0, respectively.

We further assessed the modulation performance of the proposed
system by plotting the bit error ratio (BER) at various operating rates in
Fig. 4h while maintaining a constant drive voltage of 200 mV,,, thereby
enabling a direct comparison. The decrease in BER was enhanced with post-
processing of the FFE. For analysis purposes, references were made using the
hard-decision forward error correction (HD-FEC) and the soft-decision
forward error correction (SD-FEC). The resultant BERs obtained without
the FFE were below the HD-FEC at OOK rates as high as 172 Gbits™". The
decrease in the BER was enhanced with post-processing of the FFE. These
results are far below the HD-FEC. No differences in signal fidelity would be
expected at wavelengths between 1550 and 1310 nm.

The observed device characteristics, including the phase-shifter length,
drive voltage, and signal speed, would be expected to substantially improve
the performance of state-of-the-art EO modulators. The Pockels-effect-
induced EO response of the present perovskite modulator exhibits a linear
relationship between electrical and optical power. As such, this modulation
technique would likely be suitable for use in a multilevel signal format. In
PAM4 systems, a four-level electrical signal is generated usingan AWG as a
digital-to-analog converter. This signal is then used to drive the PLZT
modulator, achieving line rates from 232 to 304 Gbit s, To reduce the
nonlinearity of the RF driver, the PAM4 modulations were tested with a
lower voltage swing of 200 mV,,,. At high line rates such as these and when
working in the PAM4 format, employing Nyquist pulse shaping with a small
roll-off factor of 0.1 can further enhance transmission, thus improving
signaling efficiency. When the PZLT modulator was operated with a PAM4
modulation at a line rate of 304 Gbits™', BERs satisfying the HD-FEC
threshold of less than 4.5 x 10~ were recorded at both 1550 and 1310 nm
(Fig. 4i). The corresponding eye patterns are shown in Fig. 4f, g. Trans-
missions at PAM4 rates between 200 and 280 Gbit s~* gave BERs better than
the HD-SEC values. Notably, the EO modulation during these high-speed
signaling tests was limited by the bandwidth and electric linearity of the
available testing equipment. The factor that strongly affected the modula-
tion amplitude was the voltage swing after the RF driver; this device can
potentially provide better signaling fidelity and higher line rates than
reported herein.

Stable high-speed operation at elevated temperatures
We evaluated the transmission stability at elevated temperatures. PLZT
typically shows exceptional ferroelectric thermal resistance based on a high-
temperature phase transition and Curie transition’ and was expected to
exhibit thermally stable EO responses in the present study. In fact, the static
electro-optic parameter, V,, and the insertion loss of the PLZT modulator
reached constant, stable values over an extended duration during tests at
85 °C, as indicated by Fig. 2a, b. The ferroelectric phase of the PLZT was
thermally stable at temperatures as high as 110 °C, as indicated by the
temperature dependence of the XRD patterns in Supplementary Fig. 5.
The temperature sensitivity of the devices strongly affects the mod-
ulation accuracy during high-speed operation. Previously, reliable high-
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speed transmitter devices using InP-based modulators, lasers, or Si-based
microring modulators have been demonstrated for industrial
applications”™*'. Effective temperature management is critical for these
devices; thus, the incorporation of either a temperature stabilization unit or
thermo-optic compensator is necessary”. By contrast, our PLZT mod-
ulators, which are equipped with balanced phase shifters on MZI arms,
demonstrate better thermal insensitivity in modulation. Hence, rather than
monitoring the static parameters for the present modulator, measuring
dynamic properties associated with signals (e.g., the Q or BER parameters)
during exposure of the devices to elevated temperatures is more effective. In
these experiments, the modulator was first driven as an OOK transmitter at
line rates of 100, 128, and 148 Gbit s™". The corresponding BERs associated
with the synthesized signals were determined over the temperature range
from 25 to 100 °C. Figure 5 shows that signaling was maintained, with no
change in the BER from 25 to 70 °C. The modulation began to be affected by
temperature at approximately 80 °C; however, the original performance was
completely recovered when the device was cooled to room temperature,
even after it was exposed to temperatures as high as 100 °C. As a result, the
PLZT modulator could operate at various elevated temperatures without
failure, which is a critical aspect of the development of temperature-
insensitive optical transmitters and other components suitable for use in
harsh environments such as those encountered in B5G, LiDAR, satellite, and
avionics applications. Although there have been notable demonstrations of
ferroelectric films in optoelectronic devices, to the best of our knowledge,
this is the first experimental result for a synthesized PLZT modulator device
that ensures the thermal reliability of high-speed modulation across a broad
temperature range (25-100 °C)*".

Discussion

This work demonstrated the direct spin coating of PLZT thin films having a
ferroelectric phase onto the SiO, surfaces of Si substrates. The fabricated
waveguide modulator exhibited efficient EO modulation with a large
Pockels coefficient, together with high-speed signaling capability. A device
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Fig. 5 | High-speed signaling fidelity for PLZT modulator at elevated tempera-
tures. The estimated BER values for the synthesized OOK signals from 100 to
148 Gbit s™' as functions of the operating temperature as high as 100 °C.

based on this PLZT modulator enabled signaling at line rates as high as
304 Gbit s". High-speed transmission was demonstrated with a drive vol-
tage of 200 mV,,. Reducing the microwave loss associated with the
microstrip lines and improving the traveling modulation could further
enhance the high-speed performance of this technology. This modulator
was capable of transmission at wavelengths of 1310 and 1550 nm.

Table 1 presents a focused comparison of various performance metrics
from this study with state-of-the-art values reported in recent years, spe-
cifically for waveguide devices using ferroelectric materials fabricated on Si
substrates. All ferroelectric modulators provided higher EO coefficients in
devices compared to legacy crystal modulators such as LN. The majority of
EO modulators are capable of high-speed transmission. EO modulators are
mainly formed on structures such as MZIs and microring resonators
(MRRs). As shown in Table 1, our device recorded the modulation with the
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Table 1 | Comparison of performance metrics for EO modulators

Platform Structure Line rate Format Peak-to- Half-wave Footprint, EO Phase shifter  Operating (AT) or

(Gbits™) peak drive voltage length diameter (¢) or coefficient loss storage (T)
voltage (V) product (V-mm) active (pmV) (dBmm™) temperature range
length (mm)

PLZT MzI 172 OOK"™™ 0.2 7.0°/5.8%* 25 195 0.6 AT =25-100°C

This work 304 PAMA™ 02 T=85°C

PZT* MRR 40 OOK" 4.2 337/32™ $=0.2 67 0.5 n/a

BTO? MRR 40 OOK" n/a 4.5 ¢=0.1 342 1.0 n/a

BTO** Mzl 25~128 OOK" 1.0~2.0 2.3~7.2" 2.0 380 0.6 n/a
212 PAM4"  0.83

BTO*# Plasmonic  72~216 OOK’ 1.8~2.8 0.048~0.2 0.01-0.015 n/a 1.5x10° AT =20-130°C
116~256 PAM4" 1.8~2.8

SOH* MZI 150 00K’ 0.81 0.5 0.75 150 n/a T=85°C
280 PAM4™  0.86

SOH'® MzI 40 OOK" 1.7 3.3 1.5 80 1.7 T=85°C

SPH'" Mzl 120 OOK" 2.0 14 8.0 223 0.2 AT=25-110°C
200 PAM4™ 1.3

SOH Si and organic hybrid modulator, SPH Si and polymer hybrid modulator, n/a not available.
Operating wavelength: “1510 nm and “1310 nm.

highest line rates (172 Gbit s OOK and 304 Gbit s~' PAM4). We highlight
the unique and distinctive method used to prepare PLZT films via a simple
spin-coating technique through a sol-gel chemical reaction. The technique
not only simplifies the fabrication of modulators on a Si substrate but also
shows great promise in terms of scalability. Because the electrically induced
dipole in PLZT is well stabilized, a notable advantage of our PLZT mod-
ulator is its ability to operate without further DC electric poling control. The
MRR offers the benefit of a compact footprint and easy integration into
other photonic circuits; however, it has a limited EO bandwidth because of
the finite photon lifetimes in the high-quality-factor resonator. The plas-
monic BTO modulator is a unique device that features an ultra-small
footprint. The measured V; and drive peak-to-peak voltages are moderate
compared to those of other modulators. However, significantly large optical
propagation loss is a concern, making length control of the phase shifter
difficult.

From a similar perspective of device fabrication efficiency, a compar-
ison with organic polymer modulators is interesting. Notably, Si and
polymer hybrid modulators have demonstrated outstanding performance
in terms of high-speed operation, drive voltage, device size, and thermal
stability”. The recent development of EO polymers with high glass-
transition temperatures has led to enhanced device reliability, paving the
way for a technology that supports highly scalable transmitters with line
rates exceeding 200 Gbits™"'*'®. However, managing the laser power
remains a concern for device operation because of material stability issues
related to photoinduced oxidation and radical reactions®.

From the device information listed in Table 1, we conclude that the
PLZT modulator demonstrated here achieves excellent optical modulation
characteristics. The PLZT exhibits high transparency at telecommunication
wavelengths sufficiently distant from the material’s bandgap®. We con-
firmed the stability of the PLZT modulator against the incident laser,
observing no degradation in device properties throughout the experiment.
More comprehensive and systematic reliability tests are planned for the
future.

While significant advancements are anticipated in the development of
ultra-high-speed modulation at telecom wavelengths, other applications at
visible to near-infrared wavelengths have recently been attracting attention
in optical imaging’*’, optogenetics”, and quantum science and
technology™'. A PLZT thin film has wide transparency in this wavelength
region and enables fast modulation of optical signals in the waveguide
structure. This work builds on the fabrication of the PLZT thin films on
insulators and photonics applications because of its large EO coefficient,

controllable refractive index, and high-frequency response. These properties
are central to a wide range of light-control and photonics applications.

Methods

PLZT preparation and device fabrication

Intermediate layers were prepared on the substrate by spin coating a solu-
tion of La(NO3); in 2-methoxyethanol. The substrate was heated at 300 °C
to remove the residual solvent and then at 500 °C for 15 min. The film
thickness was less than 10 nm. The unit-cell parameter obtained by XRD
analysis is a =4.07 A, consistent with the value expected for crystalline
LaO,CO;. Remarkably, this value represented a mismatch of only 0.7%
relative to the unit-cell parameter for PLZT. A PLZT precursor solution
(Pby_La(Zr,Ti; )1 4O x/y/(1—y) = 8.0/65/35"*) was spin-coated onto
the LaO,COj3-coated substrate. A crystalline film was obtained after the
spin-coated film was heated at 300 °C for 5 min in air, followed by additional
heating at 600 °C for 15 min under O,. This procedure gave a PLZT film
with a thickness of approximately 100 nm. This same process was repeated
to obtain samples with thicknesses between 300 and 500 nm.

An MZI waveguide structure was fabricated on the PLZT layer using
electron beam lithography (Elionix, ELS-G100) followed by dry chemical
etching (SAMCO, NR10) using Ar and CHF;. Coplanar Au strip-line
electrodes, each 20 um wide and 1.5 pm thick, were subsequently deposited
onto the device using electroplating techniques. A 1 um-thick SiO, layer was
subsequently deposited as a top cladding via chemical vapor deposition
(SAMCO, PD-100). The propagation loss for the PLZT waveguide was
0.66 dB mm ™" (Supplementary Fig. 6). The on-chip loss for the fabricated
MZI modulator was estimated to be 5.6 dB, comprising a phase-shifter loss
of 1.7 dB and other passive component losses of 3.9 dB. To activate the EO
effect, electric poling in the voltage range from 70 to 150 V was applied
between the electrodes at 90 °C to induce polarization.

Device characterization

Both V,; and modulation efficiency values were obtained using a function
generator with a sinusoidal electric signal with a frequency of 14 kHz.
During these measurements, laser light from a wavelength-tunable laser
(Santec, TSL-550) was guided to the modulators through a polarization-
maintaining fiber. The optical signal from the modulator was coupled to a
single-mode fiber and sent to a photodetector (Thorlabs, DPA10CS) whose
signal was recorded using an oscilloscope. The V,-L values measured at
various wavelengths are shown in Supplementary Fig. 7. On the basis of the
experimental V; values, we calculated the in device EO coefficient for the
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modulator using the equation rep=(1/2)Ad/(n’V,LI), where A is the
wavelength, d is the electrode gap, n is the effective refractive index, and I'is
the optical and electrical overlap integral factor. Using these parameters, we
obtained an r.¢ of 195pm V~". To measure the modulation frequency
response, a vector network analyzer (Anritsu, MS4647B) with a signaling
range of 1—70 GHz was used to characterize the EO 3-dB bandwidth (S,;).
The modulated output signal was received by an O/E calibration module
(Anritsu, MN4765B-0072). An RF probe (FormFactor, 167-A-GSG) was
used to introduce the signal to the traveling-wave electrode on the mod-
ulator while a second probe was attached to the end of the electrode with a
50 () termination to avoid power reflections.

High-speed modulation assessment

The experimental setup employed during the high-bit-rate experiments is
illustrated in Fig. 4a. In these experiments, OOK signals were generated by
producing electrical signals from an AWG (Keysight, M8199B) with an
analog bandwidth of 80 GHz and operating at 256 GSas™' in conjunction
with a power setting using a linear driver (SHF, T850C). In our experimental
setup, the drive signals of OOK and PAM4 were applied to the modulator
with voltage swings ranging from 100 to 270 mV (Supplementary Fig. 8).
Nyquist PAM4 signals were generated by operating the AWG at rates as high
as 304 Gbit s . To detect the synthesized OOK and PAM4 signals, the optical
signals were pre-amplified using an Er-doped fiber amplifier (EDFA, Amo-
nics, AEDFA-40) at 1550 nm before they were directed to a photodetector
(Finisar, XPDV3320R). A Pr-doped fiber amplifier (PDFA, FiberLabs, AMP-
FL8612) was also used for transmission at a wavelength of 1310 nm. Digital
communication analyzer high-speed oscilloscopes (Keysight, DCA-X N100A
and N1030A, 95GHz) and a real-time oscilloscope (Keysight, RTO
UXR0702AP, 70 GHz) were used during these experiments. The collected
signals were processed using Bessel low-pass filtering and linear feedforward
equalization techniques. The high-speed modulations were independent of
the wavelengths of the lasers used in this study (Supplementary Fig. 7.).

Evaluation of high-temperature stability

We examined the effects of temperature on modulation by investigating the
high-speed performance of the PLZT modulator at various elevated tem-
peratures. During these tests, the modulator was mounted on a thermo-
electric device that enabled the operating temperature to be adjusted within
the range from 20 to 100 °C while maintaining the optical and electrical
connections. In an additional test assessing long-term high-temperature
storage, the device was heated at 85 °C in air without optical or electrical
connections. After various time periods, these connections were again
activated to assess the modulation efficiency.

Data availability
The datasets that support the findings of this study are available on request
from the corresponding author (S.Y.)

Code availability
The algorithms used for this study are standard and are outlined in
“Method”. Code sprits can be provided by the corresponding author (S.Y.)
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