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Abstract: A plasmonic Mach-Zehnder modulator based on thin-film barium titanate is introduced 

demonstrating line rates up to 200 Gbit/s. The structure enables low insertion loss and high optical 

power stability without a DC bias during operation. © 2022 The Author(s) 

 

1. Introduction 

Electro-optic modulators are a key component in photonic integrated circuits for optical communication systems. They 

encode electrical data onto optical signals and are required to do so at increasingly higher speeds to keep pace with 

global data usage trends [1, 2]. The next generation modulators should be able to transmit symbol rates reaching 

hundreds of GBaud with a small footprint to enable co-integrated electronics and low optical and electrical power 

consumptions [1, 3]. 

The fastest symbol rates are currently achieved with plasmonic-organic hybrid (POH) modulators where using the 

electrodes for waveguiding leads to ultra-high bandwidths that allow symbol rates exceeding 200 GBaud [4]. Their 

small footprints are enabled by organic electro-optic materials with large Pockels coefficients. Modulators based on 

the thin-film lithium niobate platform offer the lowest losses with excellent temperature and power stability. Recent 

demonstrations have shown dual-polarization IQ modulators operated at symbol rates of 130 GBaud [5]. The smaller 

Pockels coefficient of lithium niobate compared to organic materials, however, results in long device lengths of a few 

centimeters which increases the difficulty for electronic cointegration. Barium titanate (BTO) has emerged as a 

promising inorganic material with a large Pockels coefficient [6]. High symbol rates have been achieved in plasmonic 

modulators with a small footprint, though they use a DC bias during operation and the high intrinsic optical losses in 

plasmonic modulators leave room for improvement in optical power consumption [7, 8]. 

In this work we present a weakly guided plasmonic Mach-Zehnder modulator (MZM) structure that combines the 

plasmonic advantage of using the electrodes as the waveguides with the photonic advantage of lower insertion losses. 

The modulator uses BTO as the active material which allows the modulator to be only 500 µm in length with an on-

chip insertion loss of 8 dB while being able to handle high optical powers of 20 dBm with no degradation over 12 hours 

of continuous operation. The efficient weakly guided plasmonic structure allows operation without a DC bias in 

contrast to typical BTO devices. We demonstrate intensity-modulation / direct-detection (IM/DD) data transmission 

with symbol rates of 128 GBaud for 2PAM and 100 GBaud for 4PAM with bit-error-ratios (BER) below the hard-

decision forward error correction (HD-FEC) limit for PAM2 and soft-decision FEC (SD-FEC) for PAM4. 

2. Modulator Design 

Fig. 1(a) shows a cross-sectional schematic of a single arm of the weakly guided plasmonic MZM. The simple 

structure consists of a BTO layer on a buried oxide with gold electrodes placed on top and separated from the BTO 

by a thin oxide layer. The working principle of these weakly guided plasmonic waveguides is that the effective 

refractive index of the slab mode in the region between the metals is greater than that for the regions with metals, thus 

satisfying the requirements for waveguiding [9]. 

 

Fig. 1: (a) Cross-sectional schematic of the weakly guided plasmonic-photonic phase shifter. (b) RF electric field distribution (x-component) for a 

1 V RF driving signal. (c) Change in refractive index of the BTO layer due to the RF electric field. (d) Optical mode profile. 
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Fig. 1(b) shows the RF electric field profile at 50 GHz calculated with FDTD simulations and assuming 1 V RF 

driving signal. The RF electric field distribution is used to calculate the spatially varying refractive index change in 

the BTO shown in Fig. 1(c). Even though the RF field does not perfectly overlap with the BTO layer, enough electric 

field is present to still achieve a large refractive index change. The optical mode profile is plotted in Fig. 1(d) with an 

arbitrary scale from 0 to 1. The waveguiding nature of the metals is clearly apparent and results in an optical mode 

that overlaps well with the region of the BTO that undergoes a refractive index change.  

We simulate the dependence of the modulator’s performance using FDTD simulations taking literature values for 

the clamped Pockels coefficients in BTO [10]. The dependence of the voltage-length product (𝑉𝜋𝐿) as well as the 

voltage-length-loss product (𝑉𝜋𝐿𝛼) on the electrode gap is shown in Fig. 2. The 𝑉𝜋𝐿 (solid line) decreases with the gap 

size because the electric fields are larger for a given driving voltage. Optical propagation losses, however, increase 

dramatically for small electrode gaps, see Fig. 2(b), which leads to increasing 𝑉𝜋𝐿𝛼, see Fig. 2(a) dashed line. This 

results in a tradeoff between the modulator’s footprint and insertion loss. For a given 𝑉𝜋, a short device with a small 

electrode gap will have a larger insertion loss than a longer device with a wider electrode gap.  

The conversion loss between access waveguides and phase shifters follows a similar trend as shown in Fig. 2(c). 

Wider gaps have near lossless (0.05 dB) conversion into and out of the phase shifter while the smaller gaps have a 

small but non-negligible conversion loss (0.3 dB). We chose an electrode gap of 2 µm to keep the modulator length 

below 1 mm while maintaining a total device insertion loss below 10 dB. This represents a significant improvement 

over nm-scale plasmonic slot waveguides in BTO where mode conversion and propagation losses make it difficult to 

achieve insertion losses below 10 dB. 

The simple structure of the weakly guided plasmonic phase shifter begets a simple fabrication process as well. 

Starting with a BTO-on-insulator substrate, the first step is waveguide and grating coupler patterning using electron 

beam lithography (EBL) and subsequent dry etching. Next, the sample is annealed to reduce optical propagation losses 

[11]. After annealing, a thin oxide layer is deposited with PECVD. The electrodes are patterned with EBL and 

deposited with electron beam evaporation followed by lift off process. Finally, the sample is covered with a PMMA 

cladding. The fabricated modulator has an insertion loss of just 8 dB, which is in close agreement to simulation for a 

500 µm-long device. Its voltage-length product was measured to be 4.2 Vmm by applying a DC bias. We attribute the 

difference between measured and simulated 𝑉𝜋𝐿 to thin-film damage during a pre-fabrication substrate cleaning 

process, which can be easily rectified in future process runs, as well as the multi-domain nature of thin-film BTO [7]. 

3. Modulator Performance 

Here we describe the modulator’s performance in data transmission and long-term stability. Fig. 3(a) shows a 

schematic of the data transmission experiment. A tunable laser source (TLS) provided an optical carrier in the C-band 

that was amplified with an erbium-doped fiber amplifier (EDFA) before being coupled to and from the photonic 

integrated circuit through grating couplers. Electrical signals were generated with a 256 GSa/s arbitrary waveform 

generator (AWG) and amplified to a Vp of 2.8 V before being delivered to the modulator through RF probes in a push-

pull configuration. No DC biasing was used during the experiments. At the receiver side, the modulated signal was 

amplified with an EDFA and sent to a photodetector (PD) for direct detection. A real-time 256 GSa/s digital sampling 

oscilloscope (DSO) captured the baseband signal from the PD and was saved for offline digital signal processing 

(DSP). The DSP consisted of matched filtering, timing recovery, T/2-spaced feed-forward equalization, pattern-based 

equalization, and T-spaced feed-forward equalization. 

Eye diagrams of the received signals are shown in Fig. 3(b) for 128 GBd 2PAM and Fig. 3(c) for 100 GBd 4PAM. 

The 2PAM signal was received with a BER of 6.84 × 10-3 below the HD-FEC threshold with 8% overhead and an 

Fig. 2: Simulated phase-shifter characteristics for various distances between electrodes. (a) Voltage-length product (solid line) and voltage-

length-loss product (dashed line) (b) Optical propagation loss. (c) Conversion loss between access waveguides and the phase-shifter. 
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SNR of 10.9 dB. The 4PAM signal was received with a BER of 3.89 × 10-2 below the SD-FEC threshold with 20% 

overhead and an SNR of 11.24 dB. 

The modulator also demonstrates excellent power handling capabilities. Fig. 3(d) shows the normalized 

modulation efficiency of the modulator over 12 hours while being continuously modulated with a single tone signal 

at 50 GHz and with an input optical power of 20 dBm. The flat modulation efficiency over the measurement time 

indicates no degradation of the modulator. The stability is a result of low ohmic losses in the weakly guided plasmonic 

structure and the robust nature of inorganic ferroelectric materials like BTO. 

4. Summary 

A weakly guided plasmonic modulator using BTO as the active material has been introduced. The modulator’s 

structure combines the plasmonic benefits of using the electrodes for waveguiding with the photonic benefit of low 

insertion loss. The modulator demonstrates an insertion loss of 8 dB and a voltage-length product of 4.2 Vmm without 

the need for a DC bias during operation. Data transmission experiments show the ability to transmit 4PAM up to 100 

GBaud for a maximum gross rate of 200 Gbit/s. The modulator additionally shows excellent stability at high optical 

powers with no degradation over 12 hours of continuous operation with 20 dBm of optical power. The weakly guided 

plasmonic BTO modulator shows potential for reducing the footprint of transmitters while keeping insertion losses 

low. 
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Fig. 3: (a) Schematic of the measurement setup. (b-c) Received eye diagrams after digital signal process for 128 GBaud 2PAM and 100 GBaud 
4PAM. (d) Long-term stability measurement of continuous modulation with 20 dBm optical power. 
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