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ABSTRACT  

We demonstrate a silicon Mach-Zehnder modulator with L-shaped PN junctions to improve the modulation efficiency. 

The L-shape doping profile of the PN junction is obtained through multiple ion implantations with proper dose and 

energy. The depletion region of the PN junction has a strong overlap with the waveguide optical mode, resulting in 

improved modulation efficiency. We optimize the doping conditions to get a balanced performance in terms of 

modulator efficiency, insertion loss, and bandwidth. The measurement of the fabricated modulator reveals that the  

phase shift voltage is 2.6 V for a 3-mm-long modulation arm. The modulation efficiency thus is V·L= 0.78 V·cm.  The 

static extinction ratio is about 30 dB. The on-chip insertion loss is around 8.1 dB at zero bias. The EE 3-dB bandwidth is 

beyond 30 GHz at -2 V DC bias. Modulation of 32 Gb/s on-off keying (OOK) and binary phase-shift keying (BPSK)  

signals is successfully achieved. 

Keywords: Electro-optic modulator, travelling-wave electrode, Mach-Zehnder modulator, silicon photonics 

 

1. INTRODUCTION  

Silicon electro-optic modulators have been intensively investigated and have made significant 

progress in recent years [1]. The state-of-the-art silicon Mach-Zehnder modulator (MZM) can 

generate on-off keying (OOK) modulation signals with a data rate up to 90 Gb/s [2], and the micro-

ring modulator up to 60 Gb/s [3]. In order to obtain a low drive voltage and low power consumption, 

a lot of research has been conducted to improve the modulation efficiency (V·L). For example, the 

modulation arm in the MZM is embedded with interleaved PN junctions, resulting in a high 

modulation efficiency of 0.56 V·cm at a -3V bias [4]. However, this kind of junction design requires 

stringent control of ion implantation windows to limit the lateral spread of dopants. The modulation 

efficiency can also be improved by optimizing the waveguide cross-sectional junction profile. The 

MZM with a L-shape PN junction has a modulation efficiency of 0.8 V·cm at -2.5V bias, allowing 

for 32 Gbaud inphase/quadrature (IQ) modulation [5]. The modulator has a relatively high insertion 

loss of 12 dB at 0 V bias. The U-shape PN junction in the MZM can even provide a larger 

modulation efficiency of 0.61 V·cm at -1 V bias and 0.94 V·cm at -2 V, achieving 24 Gb/s OOK 

modulation [6]. Michelson interferometer (MI) modulator is also a good candidate to achieve a high 

modulation efficiency as light passes through the modulation arm twice [7-9]. However, the phase 

matching condition cannot be satisfied for back-propagation light, hence sacrificing the modulation 

bandwidth. 
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In this paper, we demonstrate a silicon Mach-Zehnder modulator using a L-shape PN junction in 

the C-band. The modulator possesses balanced performances with both a high modulation efficiency 

of 0.78 V·cm and a large modulation bandwidth beyond 30 GHz at -2 V DC bias. Digital data 

modulation of 32 Gb/s OOK and BPSK signals is demonstrated. 

2. MODULATOR DESIGN 

The schematic structure of our MZM is shown in Fig. 1(a). We adopt the single-drive push-pull 

travelling-wave electrode design in order to get a high modulation bandwidth. Silicon substrate is 

removed to get a better phase match between the radio-frequency (RF) drive signal and the optical 

wave [2]. The optical part of the MZM is composed of two 3-dB multimode interferometers (MMIs) 

as input splitter and output combiner. The insertion loss of each MMI is around 0.1 dB. The MZM is 

an imbalanced structure with a differential arm length of 90 m. The operation bias point of the 

MZM thus can be tuned by changing the optical wavelength. Figure 1(b) shows the cross-sectional 

structure of the modulation arms. The waveguide width is 500 nm and the height is 220 nm. The slab 

thickness is 90 nm. The active arm length is 3 mm, integrated with a L-shape PN junction in each 

arm. The n-type doping concentration is ~1.2×1018 cm-3 and the p-type doping concentration is 

~6×1017 cm-3. The heavily n++ and p++ doping region concentrations are ~1×1020 cm-3 for good 

ohmic contact. The PN junctions are connected out with two layers of aluminum metals. The 

dimensions of metal layers also affect the RF performance of the electrode. We used Comsol 

Multiphysics software to optimize the design of the metal layers [10]. During modulation, the RF 

signal is applied to the G and S electrodes to form dynamic push-pull modulation of the two series-

connected PN junctions. A DC voltage is applied to the center of the PN junctions to adjust the 

junction bias level.  

Figure 1(c) shows the microscope image of the fabricated MZM. Figure 1(d) shows the scanning 

capacitance microscopy (SCM) image of the doping profile in the modulation waveguide. The L-

shape PN junction is clearly discerned inside the waveguide, with strong overlap with the waveguide 

optical mode. A high modulation efficiency is expectable. 

 
Fig. 1 (a) Schematic structure of the MZM. (b) Cross section of the MZM modulation arms. (c) Microscope image of the 

MZM. (d) Scanning capacitance microscopy image of the MZM top arm waveguide.  

3. EXPERIMENTAL RESULTS 

Firstly, we measured the transmission spectrum of the MZM under multiple reverse bias voltages on 

one arm using a scanning laser, as shown in Fig. 2(a). The light was set to transverse-electric (TE) 
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polarization before coupling to the MZM through a lateral inverse coupler. The fiber-to-fiber 

insertion loss of the MZM is about 14.5 dB. Given the coupling loss of 3.2 dB/facet, the modulator 

on-chip insertion loss is thus estimated to be about 8.1 dB at zero bias. The PN junction doping 

induced extra loss is approximately 5.6 dB. As seen from the spectrum, the extinction ratio is about 

30 dB at zero bias, indicating the perfect optical power balance of the two arms. Figure 2(b) shows 

the extracted phase change as a function of reverse bias voltage. The  phase shift is achieved at a 

reverse bias voltage of 2.6 V. Thus, the modulation efficiency is V·L = 0.78 V·cm. For microwave 

photonic applications, usually the RF drive signal is small to get a high modulation linearity. From 

the slope of the phase shift curve, we can also deduce that the small-signal modulation efficiency is 

V·L = 0.66 V·cm at -1 V bias, and it slightly increases to 0.81 V·cm at -3V bias. 

 
Fig. 2 (a) Measured transmission spectra of the MZM under four reverse bias voltages. (b) Extracted phase shift versus 

bias voltage.  

Next, we measured the electro-electro (EE) S-parameters of the MZM at various DC bias voltages 

using the Agilent 67G vector network analyzer (VNA). A pair of 40 GHz GS probes were used to 

connect the VNA with the modulator. The probes were calibrated using a standard calibration 

procedure. Figure 3(a) shows the EE-S21 response of the MZM under 0 to -3V DC biases. The 

curves were normalized to the reference frequency of 10 MHz. The small-signal 6.4 dB EE 

bandwidth is about 23 GHz when the DC bias is 0 V and it improves to beyond 35 GHz at a DC bias 

of -3 V. The EE-S11 response of the MZM is shown in Fig. 3(b). The low reflection implies good 

impedance match of the modulator travelling electrode with the RF cable. 

 
Fig. 3 (a) EE-S21 and (b) EE-S11 responses of the MZM at various DC biases. 

Finally, we measured the high-speed digital data modulation characteristics of the MZM with OOK 

and BPSK modulation formats. A 32 Gb/s pseudo-random binary sequence (PRBS) signal, 

generated from a pulse pattern generator (PPG), was applied to the modulator. The peak-to-peak 
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voltage (Vpp) of the PRBS signal is 3 V. The DC bias voltage is -2 V. The other end of the MZM 

was terminated with an external 50 Ω resistor. The modulated optical signal was amplified by an 

erbium-doped optical amplifier (EDFA) and filtered before entering a 50 GHz photodiode (PD). 

Figure 4 shows the modulation results. The modulation extinction ratio (ER) of the 32 Gb/s OOK 

signal is 5.5 dB, and the signal-to-noise ratio (SNR) is 3.46 dB. The error vector magnitude (EVM) 

of the 32 Gb/s BPSK signal is 19.131%, corresponding to a bit error rate (BER) of 8.12×10-20. 

 
Fig. 4 (a) Eye diagram of the 32 Gb/s OOK modulation. (b) Constellation diagram and demodulated eye diagram of the 32 

Gb/s BPSK modulation. 

4. CONCLUSIONS 

We have demonstrated a silicon single-drive push-pull Mach-Zehnder modulator with L-shape PN 

junctions. The junction doping profile has been well optimized to obtain a good balance between the 

modulation efficiency and the modulation bandwidth. The measured  phase shift voltage is 2.6 V 

and the modulation efficiency is 0.78 V·cm. The modulation bandwidth is large than 30 GHz at -2 V 

bias.  32 Gb/s OOK and 32 Gb/s BPSK modulations were realized using the modulator. 
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