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Plasmonic Ferroelectric Modulator Monolithically
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Abstract—A high-speed plasmonic barium titanate (BTO,
BaTiO3) Mach-Zehnder modulator is presented. We combine
nanoscale plasmonics with BTO as solid-state active material and
silicon nitride (SiN) for versatile and low loss waveguiding, and in-
tegrate them in a monolithic platform. We demonstrate a plasmonic
BTO modulator processed onto foundry-produced SiN. The 15 µm
long high-speed modulator features a flat electro-optic frequency
response up to 70 GHz and is expected to be flat way beyond.
A low VπL product of 144 Vµm is shown. Data experiments
reaching 216 Gbit/s with a 216 GBd 2PAM signal and 256 Gbit/s
with a 128 GBd 4PAM signal are demonstrated. The merger of the
versatile silicon nitride platform with high-speed plasmonics using
the highly nonlinear ferroelectric BTO is an attractive solution as
a future Tb/s optical interconnect platform.

Index Terms—Barium titanate, electrooptic modulators,
ferroelectric devices, high data rate, high-speed PICs, integrated
photonic circuits, monolithic integration, plasmonics, silicon
nitride.

I. INTRODUCTION

H IGH-SPEED integrated electro-optic modulators are vital
components required for high-capacity optical links. For

the employment of next generation Tb/s links to meet the expo-
nential increase of data traffic, modulators with symbol rates
beyond 100 GBd are required [1], [2], [3]. For this purpose,
different physical effects are harnessed, such as the plasma dis-
persion effect [4], [5], [6], the quantum-confined Stark effect [7],
[8], or the linear electro-optic (EO) effect, also called Pockels
effect [9]. The Pockels effect is particularly interesting due to
the pure phase modulation and high electro-optic bandwidth.
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While modulators should be capable of high data rates, they
simultaneously should feature the smallest footprints, minimal
electrical energy consumption [2], [10], [11], [12], and ideally
be compatible with versatile photonic platforms such as SiN for
advanced applications [13], [14].

State-of-the-art integrated photonic modulators typically em-
ploy ferroelectric thin-film lithium niobate (LiNbO3, TFLN).
TFLN-based IQ modulators have already been demonstrated
with bandwidth of 110 GHz and a signal rate of 130 GBd at
PS-400QAM, reaching 1.96 Tbit/s net data rate with polarization
multiplexing [15]. Yet, TFLN modulators typically have a large
footprint with a voltage-length product of around 20 Vmm due to
TFLN’s relatively low Pockels coefficient of 29 pm/V [16] and
the small driving electric field caused by large electrode spacing.
To increase the modulation efficiency, one may utilize materials
with a larger Pockels coefficient. For instance, the ferroelectric
material barium titanate (BaTiO3, BTO) offers bulk Pockels
tensor elements as large as r42 = 1300 pm/V in the strained
case and r42 = 700 pm/V in the strain-free case [17]. The
advancement of thin-film BTO grown on silicon has already been
utilized for photonic modulators [18], reaching a symbol rate of
40 GBd and a VπL of 4.5 Vmm in a BTO racetrack modulator
[19]. To further decrease the footprint, the driving field strength
can be increased by confining the light into a small metallic
slot. This is done by the so-called plasmonic-organic-hybrid
(POH) platform [20], where the metals serve simultaneously as
electrodes and optical waveguides. A highly nonlinear organic
material is typically used to provide the large Pockels-effect
for electro-optic modulation. POH devices can be fabricated in
back-end-of-the-line (BEOL) processing [21], [22], and have
a small footprint, low energy consumption, and ultra-large EO
bandwidth over 500 GHz [23], [24], [25]. The combination of
BTO offering a large Pockels coefficient with plasmonics in
order to increase the field strength has led to a plasmonic BTO
modulator on silicon. Thereby, a reduction of the voltage-length
product to 0.2 Vmm in a push-pull operated Mach-Zehnder
modulator was shown for operation up to 72 GBd. The plasmonic
BTO modulator was also found to withstand temperatures up
to 250 °C [26]. BTO therefore is a solution for monolithic
integration within silicon platforms [27].

While silicon is a universal platform, it faces some intrinsic
challenges that come with novel applications. For instance,
two-photon absorption in silicon can lead to limitations when
high power is needed. This is often an issue in micro-wave
photonics or all-optical processing [28]. Furthermore, the high
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Fig. 1. Monolithic BTO plasmonic modulator on the SiN platform. (a) 3-D illustration showing the 1:2 splitting in a SiN MMI, subsequent conversion to
BTO-photonic and BTO-plasmonic waveguides, and the two BTO-plasmonic phase shifters. (b) Colorized SEM image of a reference phase shifter on the same
chip. (c) Cross section of the SiN waveguide embedded in SiO2 and planarized, leaving a 100 nm thick inter-layer-oxide (ILO). (d) Cross section of the BTO access
waveguide. (e) Cross-section of the plasmonic phase shifter (PS) with the metal contact next to the nano-scale slot filled with BTO. (f) Top-view of the modulator
showing the directional coupler for the interlayer transition, the photonic-to-plasmonic converter and the phase shifter section. The locations A-F correspond to the
electric field plots in Fig. 2.

thermo-optic coefficient induces a thermal sensitivity that hin-
ders phase-sensitive applications. The SiN platform offers a
solution to these challenges [13], [28]. SiN can handle high input
power, offers a larger transparency window, a lower thermal
sensitivity, relaxed fabrication tolerances because of the lower
index contrast between core and cladding, and an ultra-low
propagation loss [29], [30], [31], [32]. In recent years, great
effort has been put into demonstrating advanced applications on
the SiN platform. Among which are frequency comb generation
[33], [34], Brillouin lasers [35], and on-chip amplifiers [36]
to name just a few. Yet, SiN does neither have free carriers
nor a second-order nonlinearity. Therefore, modulators must
be integrated through other technologies. For instance, it was
demonstrated that through thermally assisted electric-field pol-
ing, an effective linear EO effect can be induced up offering
bandwidths in the kHz regime [37]. Examples of higher-speed
modulators include the hybrid SiN approaches, where SiN is
deposited on another material. For instance, with SiN deposited
on TFLN, low voltage modulators [38] and data experiments
up to 80 Gbit/s with a 30 GHz EO modulator [39] have been
demonstrated. Other examples on the SiN platform include a
graphene modulator operating at 22 Gbit/s with a 30 GHz 3 dB
bandwidth [40], or a lead zirconium titanate modulator with
40 Gbit/s and a 30 GHz bandwidth [41]. Despite these advances,
modulators on the SiN platform offering bandwidths that are
compatible with next generation data communication links have
not yet been demonstrated.

In this work, we introduce nanoscale plasmonic modula-
tors with BTO as the active electro-optic material on the SiN
platform. The modulators are monolithically integrated and
combined with waveguides. For the fabrication a foundry-
produced SiN platform was employed. 216 Gbit/s 2PAM and
256 Gbit/s 4PAM intensity-modulation with direct-detection
(IM/DD) was shown. Bit-error-ratios (BER) were below the

soft-decision forward error correction (SD-FEC) limit. All mod-
ulation experiments were performed with a drive voltage of
1.8 Vp (3.6 Vpp) and a low offset bias of 3 VDC to maintain
poling.

The paper is organized as follows. Section II describes the
device design and concept. Section III focuses on the fabrica-
tion process for the monolithic integration with the foundry-
produced SiN platform. Section IV presents the characterization
results, both passive and active measurements. Section V dis-
cusses the high-speed data transmission experiments. Section VI
concludes the work and summarizes the key findings.

The work in this paper is in part based on our results first
published at the ECOC 2022, Basel, Switzerland [42].

II. DEVICE CONCEPT AND DESIGN

A. Plasmonic Ferroelectric Modulator on SiN Platform

The plasmonic ferroelectric modulator on SiN presented in
this work consists of a Mach-Zehnder modulator (MZM) inter-
ferometer configuration with one phase modulator in each arm.
A schematic illustration of the devices is shown in Fig. 1(a). The
MZM can be divided into three sections: the waveguide in the
SiN, the interlayer transition to the BTO access waveguide, and
finally the active plasmonic section.

To operate the device, light is coupled from the fiber to the SiN
waveguide with efficient and fabrication-tolerant amorphous
silicon (aSi) overlay grating couplers for TE polarized light [43].
The SiN is employed for passive routing and splitting with
negligible losses. Fig. 1(c) depicts the cross section of the SiN
waveguide embedded in SiO2. Fig. 2(a) shows the optical mode
confined to SiN. The light is split on-chip via a 1x2 multi-mode
interference (MMI) coupler. The modulator has an asymmetry
in the path length between the two arms of 200μm, which allows
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Fig. 2. Normalized electric field plots in the vertical directional coupler and
photonic-to-plasmonic converter. (a)–(f) Corresponds to the location noted in
Fig. 1(f) A-F. (a)–(c) Optical modes in the interlayer transition with (a) in the
SIN, (b) within the directional coupler, and (c) in the BTO access waveguide.
(d) And (e) tapering of the BTO and the electrode gap in the coupling section for
the nano focusing, and (f) plasmonic mode with a 150 nm wide metal-insulator-
metal gap filled with BTO.

wavelength tuning in addition to the controllable DC Bias for
setting the operation point.

Subsequently, light is first coupled from the SiN waveguide
into a BTO waveguide, and from there to an Au-BTO-Au plas-
monic waveguide. Coupling from SiN to BTO is done via an
80μm long vertical directional coupler (VDC) for the interlayer
transition. The SiN waveguide reduces its size from 800 nm ×
800 nm to 200 nm × 800 nm, whereas the BTO waveguide starts
at 200 nm×200 nm and tapers to the nominal single-mode cross
section of 1200 nm×200 nm, see Fig. 1(d). The normalized
electric field of the mode in the SiN can be seen in Fig. 2(a) and
in the BTO waveguide in Fig. 2(c), whereas (b) shows the effect
of the width tapering in both, the BTO and the SiN waveguide.
The SiN continues underneath the BTO and has a minimal effect
on the operation. To reduce reflections at the beginning of the
BTO and to enable adiabatic power transfer, both the SiN and
the BTO are tapered. In Fig. 3(a), the effective index change
within the VDC is plotted in red and the confinement of the
electric field intensity in the BTO waveguide in yellow. At the
beginning, there is no power in the BTO waveguide. The power

Fig. 3. Effective index and confinement in the BTO along the propagation di-
rection for (a) the vertical directional coupler and (b) the photonic-to-plasmonic
mode converter.

gradually increases to reach 0.4 in the weakly confined BTO
waveguide.

The core section of the modulator is composed of the
photonic-to-plasmonic converter and the plasmonic phase
shifter. First, the light is coupled from the photonic BTO
waveguide to the highly confined plasmonic waveguide by taper-
ing both the BTO and the metal slot. The BTO is tapered within
a length of 15μm from 1200 nm to 150 nm width, whereas the
metal starts with a separation of 3μm and converges until it has
direct contact with the BTO and forms the 150 nm wide slot.
Fig. 2(c)–(f) show the modes at different locations along the
propagation direction of the photonic-to-plasmonic converter.
The concept of the photonic-to-plasmonic coupler can be de-
scribed as a slow, quasi-adiabatic conversion from the photonic
waveguide, see the normalized electric field of the mode in
Fig. 2(c), to a mode as seen in Fig. 2(d) and (e). The propagation
losses within the coupler increase with decreasing electrode dis-
tance, as the plasmonic contributions increase. Finally, the gold
and the BTO layers converge to form the metal-insulator-metal
waveguide structure. The mode conversion process is further
explained in Fig. 3(b), where the effective index and confinement
are plotted for the photonic-to-plasmonic converter. As both the
BTO width (wBTO) and the electrode gap (wGAP) decreases, the
light is first enhanced in the PMMA gap between the BTO and
the gold, as light is pushed outside of the BTO itself. This feature
behaves similarly to a hybrid-plasmonic waveguide [44]. Below
a certain gap width, however, the confinement is increased with
constant BTO width until the metal touches the BTO. Ideally,
an adiabatic conversion between the photonic mode (wGAP �
wBTO) and the plasmonic mode (wGAP = wBTO) should be ob-
tained to minimize reflections and losses, potentially resulting
in a very long coupler. However, because of the Ohmic losses in
plasmonics, the propagation losses within the coupler must be
accounted for. There are two main loss mechanism within the
coupler. First, the propagation losses throughout the coupler, and
second, the mode transition when the PMMA gap vanishes. The
total loss of the converter is simulated to be approximately 1 dB
in a 3D FEM simulation.

B. Electro-Optic Operation Principle

The BTO plasmonic phase shifter consists of the metal-BTO-
metal slot waveguide, see Fig. 4. By applying a voltage between
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Fig. 4. (a) Normalized electric field ERF within the slot when applying 1 V
on one of the electrodes. (b) Optical mode Eopt field in the slot filled with BTO.
The good overlap between the electrical and the optical modes can be seen from
the two plots. The large electric and optical field strengths in the narrow slot
results in efficient modulation on a small footprint.

Fig. 5. (a) Normalized modulation efficiency of a reference phase shifter as a
function of modulation frequency. There is an approximate drop off of 5-6 dB
between the MHz and low GHz regimes. (b) Frequency response of the MZM
showing a flat frequency response within 10-70 GHz.

the electrodes, the refractive index of BTO is changed by a
factor determined by BTO’s Pockels effect. This change is then
reflected in the effective index of the propagating mode

Δ neff = ΔnBTO · Γ, (1)

where ΔnBTO is the refractive index change of BTO and Γ is
the field interaction factor. Simulations show that its value in
the ideal structure depicted in Fig. 4 is as large as 0.96. The
interaction factor depends on the cross section and the materials
used. Unlike the optical confinement factor, which is defined
as the fraction of light within the slot, the field interaction
factor also includes the slow-down effect of plasmonics and
accounts for the optical field components that overlap with the
electrical field [26], [45]. The refractive index change of BTO
is proportional to the electric field in the slot

ΔnBTO ∝ reff · ERF , (2)

with reff being the effective Pockels coefficient and ERF the
electric field in the slot. Fig. 4 shows the large overlap between
(a) the electric fieldERF and (b) the optical modeEopt, allowing
for an efficient modulation on a small footprint. The simulation
includes a 10 nm thick BTO slab below the electrodes in addition
to the interfacial layer required for the monolithic integration of
BTO.

III. FABRICATION PROCESS

The device in our work was fabricated on a combination of
two platforms. For the photonic SiN platform, the waveguides
were defined and cladded with oxide prior to being planarized.

Fig. 6. (a) Normalized modulation efficiency at 40 GHz as a function of applied
DC bias during operation of a reference PS on the same chip. A hysteresis can
be seen when tuning forth and back. The voltage has been swept in a loop that
starts and ends at 0 V.

Following the planarization, the BTO was wafer-scale inte-
grated. The modulator itself is fabricated in a BEOL process.
First, the BTO is patterned with electron beam lithography
(EBL) and etched to form the waveguides and the plasmonic
section. Furthermore, the amorphous silicon is deposited using
plasma-enhanced chemical vapor deposition, patterned with
EBL, and etched in inductively coupled reactive ion etching for
the amorphous silicon overlay grating couplers. In a next step,
gold is deposited to form the plasmonic modulator in addition
to the photonic-to-plasmonic converter. The chip is spin-coated
with polymethylmethacrylate (PMMA) as a cladding. Fig. 1(b)
shows an image of the fabricated device.

IV. CHARACTERIZATION

A. Passive Optical Characterization of the MZM

In a first step, the modulator was characterized optically. A
fiber-to-fiber insertion loss (IL) of below 10 dB is predicted from
our simulations. This includes the negligible propagation loss
in the SiN and the BTO waveguides. The vertical interlayer
transition is close to lossless in simulation with < 0.1 dB. Fi-
nally, the photonic-to-plasmonic coupler has a simulated excess
loss of approximately 1 dB and with the addition of plasmonic
propagation losses of 0.3 dB/μm, the IL of the phaseshifter is
expected to be 6.5 dB. Unfortunately, in this proof-of-principle
fabrication, the modulator has a measured fiber-to-fiber IL of
29 dB, whereas the phase shifter (PS) itself with the plasmonic
converter contributes to 20.5 dB. The coupling efficiency of the
grating couplers is approximately 3.5 dB, whereas the vertical
directional coupler contributes 0.75 dB per transition determined
with reference devices. With the cutback measurement method,
the plasmonic propagation losses are found to be 0.5 dB/μm and
amount to 7.5 dB for the 15μm device. Therefore, an excess loss
of 6.5 dB per photonic-to-plasmonic coupler can be identified.
The main reason for the discrepancy between the measurement
and simulations is the photonic-to-plasmonic converter and can
be attributed to fabrication defects. By improving the metalliza-
tion in the coupling section, it should be possible to decrease
the IL by more than 10 dB. Further fabrication improvements
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Fig. 7. (a) Schematic of the measurement setup of the transmitter and (b) of the receiver for the data transmission experiment. (c) Eye diagram of the 2PAM.
216 Gbit/s data transmission with a BER of 3.98 × 10−2. (d) Eye diagram of the 4PAM signal transmitting at a data rate of 256 Gbit/s with a BER of 3.89×10−2.

will help to reduce losses and bring them closer to the predicted
values.

B. Electro-Optical Characterization

By applying a voltage to the modulator’s electrodes, the
resonance of the MZM is shifted due to the phase difference
between the two arms and a DC half-wave voltage (Vπ,DC =
3.2 V, Vπ,DCL = 0.048 Vmm) was extracted. Fig. 5(a) shows
the normalized modulation efficiency obtained from a reference
phase shifter (PS) on the same chip in the frequency range from
100 MHz to 70 GHz. The reference PS features the same cross
section and length as the MZM. A drop-off in the modulation ef-
ficiency can be observed in the range of 1-10 GHz. This drop-off
potentially arises from BTO’s higher electro-optical coefficient
at lower frequencies and is consistent with findings in other
plasmonic devices [26], [46], [47]. In Fig. 5(b), the normalized
modulation efficiency of the device under test is shown. The
frequency response between 10-70 GHz is comparable to the
reference device and shows no dispersion across the measured
range, indicating that the 3 dB bandwidth of the device itself is
beyond 70 GHz. The lower frequency range was not repeated.
Following the method described in [48], the high frequency
half-wave voltage Vπ can be found with

Vπ =
π

4

(√
I (ω0 + 2ωm)

I (ω0 + ωm)

)
· Vm, (3)

where Vm is the applied modulation voltage, ωm the modulation
frequency, and ω0 the carrier frequency. The term I(ω0 + ωm)
denotes the intensity of the first modulation sideband and
I(ω0 + 2ωm) is the intensity of the second modulation side-
band. The high frequency Vπ of 9.6 V, which corresponds to a
voltage-length product of only 0.144 Vmm, is larger than at DC,
indicating that the MZM has a similar difference in the modu-
lation efficiency between low frequency and the high frequency
regime as found in the frequency response of Fig. 5(a). A DC
bias is applied to the modulator during operation. This is needed
to pole the domains of the BTO to maximize the modulation
efficiency. Fig. 6 shows the normalized modulation at 40 GHz
as a function of the applied DC-bias in a reference phase shifter
on the same chip. The reference PS has the same cross section.
The bias is swept in a loop starting at 0 V to +5 V, from +5 V

Fig. 8. BER as a function of the transmitted symbol rate with full DSP (red) and
simplified DSP (yellow). DSP can be simplified to a single linear equalization
stage with 151 LMS taps for 2PAM and data rates up to 160 GBd.

to −5 V, and finally from −5 V to 0 V. An expected hysteresis
can be observed when sweeping back from the high voltage
amplitude to the lower. The maximum modulation efficiency is
achieved with a DC bias of approximately±2.5 V after applying
the maximum bias of ±5 V.

V. DATA EXPERIMENTS

The measurement setup of the data experiments including the
eye diagrams are shown in Fig. 7. The transmitter is illustrated
in Fig. 7(a) with the optical path in blue and the electrical in
red. A tunable laser source (TLS) is used to generate a 1557 nm
optical carrier and is amplified with an erbium doped amplifier
(EDFA) to generate an 18 dBm input signal to be fed into the
SiN chip. The electrical data signal was generated by a digital-to-
analog converter (DAC) with a non-return-to-zero (NRZ) pulse-
shape at symbol rates of up to 216 GBd. The signal comprises
periodically repeated sequence lengths of minimum 215 bits.
The electrical analog signal was amplified to voltages of up to
1.78 Vp (at 128 GBd). A DC bias of only 3 V enabled by the
nanoscale slot is applied for poling of the active material.

The receiver employing a direct detection scheme, see
Fig. 7(b), amplifies first the signal with an EDFA. Afterwards,
the signal is filtered before being fed to a photodetector (PD).
After down-mixing, the electrical signal is captured with a
real-time digital sampling oscilloscope (DSO) and offline digital
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signal processing (DSP) is applied. For the high symbol rate
experiments, the DSP consists of a timing recovery and a T/2-
spaced linear equalization (LMS) with 151 taps. Furthermore, a
7-symbol pattern mapping nonlinear equalization stage and a 2nd

order Volterra filter in addition to a T-spaced linear equalization
with 151 taps is used. The filter taps of the linear equalizer was
increased to 251 and the pattern length of the nonlinear mapping
to 11 for the 2PAM 216 GBd signal.

The eye diagrams for the transmitted 216 GBd 2PAM sig-
nal are visualized in Fig. 7(c). A bit-to-error ratio (BER) of
3.98×10−2 was accomplished with a signal-to-noise ratio (SNR)
of 6.2 dB. For the 128 GBd 4PAM signal, see Fig. 7(d), the BER
was 3.89×10−2 with an SNR of 11.43 dB. In Fig. 8, the BER as
a function of symbol rates is given. The red curve represents
the received signal with full DSP described in the previous
paragraph. The yellow curve, on the other hand, shows the BER
for a simplified DSP, which merely consists of a clock recovery
and single linear equalization stage with 151 LMS taps. The
simplified DSP has a small penalty to full DSP at 128 GBd
and allows for symbol rates up to 160 GBd to stay below the
soft-decision FEC (SD-FEC) limit with 20 % overhead, enabled
by the high-bandwidth modulator.

VI. CONCLUSION

In this work, a high-speed plasmonic ferroelectric modulator
has been monolithically integrated on a foundry-produced SiN
platform. We characterized the device from 100 MHz to 70 GHz
and a flat frequency response above 10 GHz has been found with
a voltage-length product of 144 Vμm. Furthermore, we demon-
strate the high-speed capabilities of this modulator with data
transmission experiments reaching a symbol rate of 216 GBd
in 2PAM with a BER below the SD-FEC limit and 256 Gbit/s
in 4PAM modulation. Enabled by the high bandwidth of the
modulator, simplified DSP can be employed for signal rates up
to 160 GBd. Simulations promise a low loss (6.5 dB) modu-
lator. This work combines the advantages of highly nonlinear
and inorganic BTO with nanoscale plasmonics on the versatile
and low-loss SiN employed in advanced applications for next
generation Tbit/s optical links.
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