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Abstract: We demonstrate a hybrid silicon Mach-Zehnder modulator having a voltage-length 

product of 2.4 V-mm and chirp parameter of -0.75. This modulator also has a modulation 

bandwidth of 25 GHz. 
OCIS codes: (000.0000) General; 250.4110 Modulators www.opticsinfobase.org/submit/ocis.] 

 

1. Introduction 

Recent efforts in silicon photonics have focused on developing a wide range of optical components that can be 

integrated on a single platform [1]. A lot of work has centered on modulators as they are crucial for the generation 

and transmission of high-speed signals such that increasing demands on data capacity can be satisfied. To be able to 

efficiently send information at high frequencies, modulators with large optical bandwidth, high-speed operation and 

good modulation efficiency are required. Modulators based on a Mach-Zehnder interferometer architecture are of 

particular interest because they satisfy several of the aforementioned criteria. The optical bandwidth of a Mach-

Zehnder modulator (MZM) can be close to a 100 nm [2-4] while that of a ring resonator structure is typically a few 

nm [5] and that of an electroabsorption modulator (EAM) is less than 30 nm [6, 7]. Having a wide optical bandwidth 

is especially useful for tunable integrated transmitters. Pure silicon based modulators have had to trade modulation 

bandwidth for modulation efficiency due to the intrinsic properties of the material (Si). Modulators fabricated on a 

hybrid III-V/ Silicon platform do not suffer from these limitations and as such offer a way to realize compact, 

efficient and high bandwidth modulators.  Previously, MZM on the hybrid silicon platform have been demonstrated 

to have a bandwidth of 15 GHz, large signal modulation up to 25 Gb/s with 10 dB extinction ratio (ER) and voltage 

length products of 2.4 V-mm [8]. Here we report on an improved electrode design with a bandwidth of 25GHz. We 

analyze and report on the negative chirp of these modulators, which can be useful for extending the reach of a 

transmitter. 

 

2. Device Design 

The MZM was fabricated on the hybrid silicon platform [9] such that the modulator efficiency can be increased 

compared to pure silicon modulators by utilizing III-V material that is wafer bonded using a low temperature 

bonding technique [10]. To have a good balance between modulation efficiency and bandwidth, this modulator uses 

doped quantum wells to introduce index change via the carrier depletion effect, where the modulation bandwidth is 

limited by device resistance and capacitance rather than carrier lifetime. The PL of the quantum well is designed to 

be at 1460 nm so that it is far enough from the operating wavelength to avoid unwanted losses. The hybrid silicon 

MZM has a multimode interference (MMI) splitter and combiner at the input and output respectively. to split the 

incoming signal and combine the modulated light. All the III-V material is removed during the process except for 

the region marked in orange in Fig. 1(a) (hybrid section) to reduce propagation loss. Two silicon/III-V tapers are 

utilized between the silicon and hybrid sections to reduce reflection and increase coupling efficiency.  

 
 

Fig. 1. (a) Top Schematic of a 500 µm MZM (b) Optical image of a fabricated device (c) Equivalent circuit of push-pull slotline design 
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In order to achieve push-pull operation while keep both arms of the MZM reverse biased, a slotline design is 

adopted rather than a coplanar waveguide (CPW) for the traveling wave electrode. An equivalent circuit for this 

electrode design is shown in Fig. 1(c) where each arm of the MZM is treated as a diode. As can been seen, both 

arms can be reverse biased by adjusting VDC1 via a DC pad connected to the common ground. The RF signal, on the 

other hand, is applied to the p side of the diodes, and consequently the voltage drop on each diode will be VDC1±vRF. 

This differential RF drive signal usually results in very small or negative chirp, which counterbalances fiber 

dispersion in long haul transmission systems and decreases power penalty. Moreover, with such a push-pull 

structure, the modulation bandwidth can also be enhanced since the device capacitance is reduced by a factor of two 

by series connecting two diodes. In addition to conventional traveling wave electrode design (TWE), a capacitively 

loaded (CL) TWE [8, 11, 12] is utilized on this MZM to reduce electrical propagation loss, increase device 

impedance, and reduce velocity mismatch between the traveling wave optical and electrical signals. 

 

3.  Experimental Results 

To explore the DC characteristics of the MZM, lensed fibers are used to couple the light in and out of a silicon 

waveguide. The normalized transmission as a function of reverse bias for two devices is shown in Fig. 2. As can be 

seen, the Vπ of a 500 µm long modulators is 4.8 V, which results in a voltage length product of 2.4 V-mm. The ER is 

19.5 dB and optical loss of the hybrid section is 3 dB/mm. The second transmission peak is about 3 dB less than the 

first one due to the power imbalance between two arms at higher bias voltage, where the quantum confined Stark 

effect (QCSE) starts to contribute to index change and introduce additional loss.  

  

Fig. 2. Normalized transmission of a 500 µm MZM at 1550nm Fig. 3. Modulation bandwidth of a  500 µm MZM at -3 V bias 
 

The high speed performance of this hybrid silicon modulator is also of great interest. Fundamental parameters 

were first extracted by measuring all four S parameter of a 500 µm modulator using an Agilent N4373C Lightwave 

Component Analyzer (LCA) with -3 V reverse bias. The experimental data shows that the modulator has 35 Ω 

characteristic impedance. Next, the EO response was measured with a 25 Ω termination to eliminate reflection from 

the end of transmission line. The experimental result in Fig. 3 shows a modulation bandwidth of 25 GHz, which 

suggests that this device has the potential for 40 Gb/s NRZ operation. A simulated EO response is shown in Fig. 3 

with the parameters extracted from the S parameter measurement, together with a 6 Ω series resistance and a 0.62 pF 

device capacitance. As can be seen, the simulation agrees well with the experiment. 

In addition to the modulation bandwidth, chirp is one of the important metrics for data transmission. The chirp 

parameter of a MZM can be expressed approximately in terms of the phase change in each arm ( 2φ∆  and 1φ∆ ) as 

[13]: 
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With the push-pull configuration, the phase changes in the two arms have the same amplitude but are out of phase 

(
2φ∆ = -

1φ∆ ) such that chirp-free modulation can be achieved as shown in Eq. (1). In reality, however, the 

amplitudes of phase change in two arms are usually not identical because the electrorefraction effect is bias 

dependent. Therefore, an ideal zero chirp condition can only be realized if the modulation effect is perfectly linear. 
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The small signal chirp parameter can be obtained by measuring the EO response by inserting a dispersive fiber 

between the modulator and the LCA [14]. The interaction between fiber dispersion and modulator chirp results in 

resonance dips in the spectrum as shown in Fig. 3 (a). The relationship between the resonance points and the chirp 

can be written as [14]: 
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,where uf is the uth order of resonance, 0c  is the speed of light, D is the fiber dispersion, λ is the wavelength, and 

α is the chirp. By fitting the experimental resonance points into Eq. (2), the chirp under different biases can be 

calculated and the result is shown in Fig. 3(b). It indicates that the chirp is around -0.75 over a 5 V range. This 

negative chirp can counteract dispersion and consequently reduce the power penalty for long-haul data transmission 

applications. We are currently working on the BER measurement. 

 

Fig. 3. (a) EO response with 28 km SMF between the LCA and the MZM. (b) Chirp parameters at different bias condition. 

 

4.  Summary 

We successfully demonstrate a hybrid silicon MZM with a voltage length products of 2.4 V-mm and ER of 19.5 dB. 

The modulation bandwidth is 25 GHz and the modulator has a chirp parameter of -0.75 over a 5 V range.  Such a 

modulator has the potential to support large signal modulation at 40 Gb/s as well as have a low power penalty.  
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