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Abstract We demonstrate a 216 GBd plasmonic ferroelectric modulator monolithically integrated with a 
foundry-produced silicon nitride platform. The combination of low-loss waveguiding, nanoscale 
plasmonics, and strong Pockels coefficients in barium titanate offers a platform for next-generation 
optical interconnect systems. ©2022 The Author(s)

Introduction 
Electro-optical modulators are essential building 
blocks in integrated optics to encode electrical 
data onto an optical carrier. These days, they 
should be able to encode 100 GBd and higher for 
next generation Tb/s links [1, 2]. They should 
feature lowest power consumption, a compact 
footprint [3], and ideally be compatible with the 
latest silicon nitride (SiN) platform.  

Photonic modulators based on thin-film lithium 
niobate (LN) are among the best performing 
devices reported to date with up to 100 GBd in 
2PAM [4], and 130 GBd at PS-400QAM [5], but 
have large footprints. The electro-optic (EO) 
interaction can be enhanced for smaller footprint 
by creating a slot filled with an organic EO 
material such as in silicon-organic-hybrid [6] and 
plasmonic-organic-hybrid (POH) devices [7, 8], 
where the metals simultaneously serve as 
electrodes and optical waveguides. POH 
modulators on the silicon-on-insulator platform 
offer micrometer-scale footprint [7], low energy 
consumption [8], high EO bandwidth beyond 
500 GHz [9], and a symbol rate of 222 GBd on-
off-keying [10]. An alternative to organics is 
offered by barium titanate (BTO) with a large 𝑟ସଶ 
Pockels coefficient in thin film of > 900 pm/V [11] 
and its demonstrated functionality to elevated 
temperatures of 130° C in a compact, energy-
efficient plasmonic BTO modulator on silicon [12]. 
In contrast, nitride based photonic platforms, 
such as silicon-oxynitride  and SiN, are gaining 
interest in numerous applications [13, 14]. SiN is 
particularly attractive compared to silicon, as it 
offers lower propagation losses, a larger 
transparency window, lower thermal sensitivity, 
and the ability to handle higher optical input 
power [15-18]. In hybrid SiN approaches, SiN is 
deposited on another material such as LN. For 
instance, SiN on LN has already shown low 

voltage modulation [19] and data experiments up 
to 80 Gbit/s with a 30 GHz EO modulator [20]. 
Other examples of modulators on the SiN 
platform include graphene modulators showing 
22 Gbit/s and 30 GHz 3dB bandwidth [21], or 
lead zirconium titanate with 40 Gbit/s and 30 GHz 
bandwidth [22]. Despite all advances, higher 
speeds on SiN have not yet been demonstrated.  

In this work, the advantages offered by 
plasmonics, BTO as EO material, and low-loss 
SiN are combined to create a high-speed 
modulator that is monolithically integrated on a 
foundry-produced SiN platform. The plasmonic 
Mach-Zehnder modulator (MZM) operates at 
216 GBd and features a flat frequency response 
beyond 70 GHz. For operation, it requires an 
offset bias of 3 VDC and a drive voltage of 1.8 Vp. 
We demonstrate data modulation of 216 Gbit/s 
2PAM and 256 Gbit/s 4PAM in an intensity-
modulation/direct-detection (IM/DD) scheme with 
bit-error-ratios (BER) below the soft-decision 
forward error correction (SD-FEC) limit, and 
160 Gbit/s 2PAM below the hard-decision FEC 
limit (HD-FEC). 

Design and Fabrication 
The plasmonic ferroelectric modulator on SiN 
consists of a Mach-Zehnder interferometer 
configuration with two phase modulators in 
push-pull mode. A schematic of a ferroelectric 
phase modulator is shown in Fig. 1(a).  

Fig. 1: Schematic and cross sections of a plasmonic 
ferroelectric phase modulator on SiN. 
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The MZM can be divided into three sections: 
the SiN waveguide, the BTO waveguide, and the 
active plasmonic section. Low-loss SiN is utilized 
as the main waveguiding layer for routing and 
splitting/combining of the optical signal. Efficient 
a-Si overlay gratings [23] couple light from a 
standard single-mode fiber to the SiN waveguide. 
The light is split on chip into the two arms of the 
MZM via a multi-mode interference coupler. Two 
steps are employed to couple light from the SiN 
waveguide to the active plasmonic section: first, 
an 80-µm-long tapered vertical directional 
coupler converts from the 800 nm × 800 nm SiN 
waveguide to the 1200 nm × 200 nm BTO 
waveguide. Second, a photonic-to-plasmonic 
converter couples the light from the BTO 
waveguide into the plasmonic slot by tapering the 
width of the metal slot. Each phase modulator has 
a slot width of 150 nm and a length of 15 µm. The 
simulated optical and electrical modes in the 
plasmonic slot are shown in Fig. 3(a). A field 
interaction factor [12, 24] of 0.96 was calculated, 
enabling a small footprint of the active section. 
The waveguide is oriented with a 45° angle 
relative to the crystal orientation of the BTO to 
maximize the in-device Pockels coefficient [12]. 

The modulator was fabricated on a combined 
SiN-BTO platform by backend-of-the-line (BEOL) 
processing. Definition of the SiN waveguides, 
followed by deposition of the oxide cladding, and 
surface planarization was done by Ligentec using 
its proprietary process. Next, the BTO was 
integrated on the wafer with patterned SiN with 
Lumiphase’s proprietary process. Then, the 
BEOL fabrication processes include the BTO 
etching, and the a-Si deposition and etching for 
the overlay gratings. Electron-beam lithography 
was used to pattern the aforementioned 

structures. Subsequently, gold was deposited 
with electron-beam evaporation to form the 
plasmonic modulators. Finally, the chip was spin-
coated with polymethylmethacrylate (PMMA) as 
cladding. Fig. 3(b) shows a colorized SEM image 
of a fabricated phase modulator in one MZM arm.   

Results 
The device was characterized optically and 
electro-optically, and tested in data modulation 
experiments.  

The DC half-wave voltage (𝑉గ,ୈେ= 3.2 V) of the 
MZM was determined by applying a DC bias. 
Fig. 2(c) shows the normalized and calibrated 
frequency response indicating a flat response up 
to 70 GHz. The high-frequency characterization 
of the modulator follows the method in [25]. The 
MZM has a 𝑉గ   = 9.6 V at 40 GHz, showing a 
drop-off in comparison to DC. This arises from a 
lower electro-optical coefficient of BTO in 
plasmonic devices at higher frequencies [12, 26].  

Fiber-to-fiber insertion loss (IL) below 10 dB is 
predicted by our simulations for ferroelectric 
plasmonic modulator. It comprises SiN to BTO 
coupling with losses < 0.1 dB, photonic-to-
plasmonic conversion losses < 1 dB, and 
propagation losses of 0.3 dB/µm in the plasmonic 
section. However, we measure 29 dB fiber-to-
fiber IL in this proof-of-principle device. These 
losses are attributed to approximately 3.5 dB per 
grating coupler and 0.75 dB per directional 
coupler between SiN and BTO waveguides 
(determined with reference devices). The 
propagation losses in the SiN and BTO are 
negligible due to the short propagation distance. 
Plasmonic propagation losses were measured 
with the cut-back method, yielding 0.5 dB/µm. 
Thus, the propagation loss of the 15 µm long 
device amounts to 7.5 dB. This leaves 6.5 dB loss 
per photonic-to-plasmonic converter. The IL 
exceeding the simulation is attributed to 
fabrication defects in this first fabrication run. For 
instance, improved metallization can decrease 
the IL by > 10 dB and potentially increase 
modulation efficiency for even smaller footprint.

Fig. 3: (a) Simulated electric field profiles of the optical and 
electrical mode. (b) Colorized SEM image of a phase shifter 

Fig. 2: Schematic of (a) the transmitter and (b) the receiver used for the data modulation experiment. (c) The MZM frequency 
response. (d) Eye diagram of 2PAM 216 Gbit/s and (d) of 4PAM 256 Gbit/s data modulation. 
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The data modulation experiment is illustrated 
in Fig. 2(a,b). At the transmitter, see Fig. 2(a), a 
1557 nm optical carrier (18 dBm) from a tunable 
laser source (TLS) was coupled into the SiN chip. 
Electrical NRZ data signals were generated by a 
digital-to-analog converter (DAC) with symbol 
rates of up to 216 GBd and periodically repeated 
sequences of length 5 · 105. In the next step, the 
data signals were amplified to drive the MZM with 
voltage amplitudes of up to 1.8 Vp (at 128 GBd). 
A low DC bias of 3 V was applied to align the 
domains of BTO in the optimal direction enabled 
by the large poling fields induced in the nanoscale 
plasmonic slot. In the receiver, see Fig. 2(b), the 
optical data signal was amplified in an erbium-
doped fiber amplifier (EDFA), filtered and fed to a 
photodetector (PD) for direct detection. The 
resulting baseband signal was captured by a real-
time digital sampling oscilloscope (DSO) for 
offline digital signal processing (DSP). The full 
DSP consists of a timing recovery, a T/2-spaced 
linear equalization (LMS) with 151 taps, nonlinear 
equalization based on a 7-symbol pattern 
mapping and a 2nd order Volterra filter, and finally 
a T-spaced linear equalization with 151 taps. For 
the 216 GBd 2PAM signal, the filter taps of the 
linear equalizer and the pattern length of the 
nonlinear mapping were increased to 251 and 11, 
respectively. In Fig. 2(d), the received eye 
diagram of the 216 GBd 2PAM signal is depicted 
with a BER of 3.98 · 10-2 and a signal-to-noise 
ratio (SNR) of 6.2 dB. The eye diagram of the 
128 GBd 4PAM signal is shown in Fig. 2(e) with a 
BER of 3.89 · 10-2 and SNR of 11.43 dB. The 
BER of both signals is below the SD-FEC limit. In 
Fig. 4, one can see the dependence of the 
measured BER on the transmitted symbol rate. 
For symbol rates < 128 GBd, the DSP can be 
simplified to a single linear equalization stage 
with 151 taps to achieve a comparable BER. 

Fig. 4: The dependence of BER on the transmitted symbol 
rate for 2PAM modulation format. 

Conclusions 
A high-speed plasmonic ferroelectric 

modulator has been introduced, that is integrated 
on a low-loss SiN platform. The monolithic 
integration combines the advantages of highly 
nonlinear thin-film BTO with ultra-fast 

plasmonics, enabling a flat frequency response 
beyond 70 GHz. The modulator shows a DC 
voltage-length product of 45 Vµm and is suitable 
for high-speed data transmission. 2PAM has 
been demonstrated at 216 Gbit/s and 4PAM at 
256 Gbit/s with BERs below the SD-FEC limit.  
2PAM 160 Gbit/s operation with BER below the 
HD-FEC limit has been shown. The combination 
of inorganic electro-optic material with SiN paves 
the way for a next-generation energy-efficient 
active SiN platform.  
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