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In this paper, we propose a large wavelength bandwidth Mach-Zehnder

modulator based on light intensity equalization structure. The modulator is

designed into a symmetric structure to increase the optical operating

bandwidth. Besides, two auxiliary MZIs are connected to the respective

phase shifters of the main modulator to balance the optical intensity in

them. Compared with a conventional Mach-Zehnder modulator, this design

has a larger optical operating bandwidth over 56.1 nm. Besides, the maximum

extinction ratio of this modulator is 26.2dB, which is 12 dB higher than that of a

conventional one. The dynamic extinction ratios at speed of 40Gbps are 4.10 dB

in the wavelength of 1530nm and 4.02 dB in the wavelength of 1560 nm

respectively. The 3 dB electro-optical bandwidth of this modulator under

different voltages are almost consistent with the performance of the

conventional one. All of these prove that this structural design can

effectively increases the performance of Mach-Zehnder modulators.
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Introduction

Silicon based photonics is a rapidly emerging means in the field of high-speed optical

communication [1–5]. As the electrical interconnect has the bottleneck for improving the

performance of power consumption, working bandwidth and signal latency, optical

interconnect based on silicon photonics is taken as a promising solution to this problem

[6, 7]. A key component in the silicon photonics is the optical modulator [8, 9]. The

silicon-based optical modulator modulates the light field through the free carrier

dispersion effect. The change in the real and imaginary parts of the refractive index

has been evaluated qualitatively at telecommunication wavelength of 1.55 μm [10]. For

silicon optical modulators, they can be divided into Mach-Zehnder modulators (MZM)

[11] and micro-ring modulators (MRM) [12] from the optical structure, and divided into

carrier injection [13], accumulation [14] and depletion [15] from the doping structure.
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Among them, Depletion-based MZM has been widely studied

due to its fast modulation rates, high process tolerances, and large

modulation bandwidths. However, due to the optical absorption

effect by carriers, the optical intensity varies with the carrier

concentration during high-speed modulation. This will lead to

the deviation of the optical intensity in the two arms of MZM,

resulting in a high insertion loss and a low extinction radio after

these two lights interfere [16]. To overcome this issue, most of the

research in the past are mainly on the asymmetric MZM to

improve the device’s extinction ratio performance at specific

wavelengths. However, this approach greatly reduces the

operating wavelength bandwidth of the device, especially

when wavelength division multiplexing technology is adopted.

In order to effectively solve this problem, a symmetrical

MZM based on light intensity equalization structure is

proposed in this paper. The modulator consists of three

symmetrical Mach-Zehnder interferometers (MZI). Two

auxiliary MZIs are connected to the respective phase shifters

of the main modulator to balance the optical intensity in them.

Through this method, the extinction ratio can be greatly

improved. Simultaneously, the modulator is furtherly designed

into a symmetric structure to increase the optical operating

bandwidth. Compared with the conventional MZM, this

modulator can obtain a wide optical-operating bandwidth.

Besides, the maximum extinction ratio of this modulator is

26.2dB, which is 12 dB higher than that of a conventional

one. The dynamic extinction ratios at speed of 40Gbps are

4.10dB and 4.02 dB in the wavelength of 1530nm and

1560 nm respectively. The 3 dB electro-optical bandwidth of

this modulator under different voltages is almost consistent

with the performance of the conventional one. All of these

prove that this design can effectively increases the

performance of extinction ratio and wavelength bandwidth in

a Mach-Zehnder modulator.

Principle and device design

Since carrier dispersion and carrier absorption exist at the

same time when the phase shifter is under phase modulation,

changes in intensity are inevitable for silicon-based MZI devices

based on the plasma dispersion effect [17]. This accompanying

intensity change will produce different light field attenuation

between the two arms, result in a lower extinction ratio at the

output of the interferometer when they combine, the extinction

ratio is the ratio between the maximum value and the minimum

value of the transmittance in the modulator under external signal

modulation, which can be described as ER = 10log (Pout/Pin). At

the same time, carrier absorption will cause additional absorption

loss when the device working. To solve this problem, most MZMs

are designed as asymmetric structures to obtain additional

intrinsic phase difference [18]. Even though this method can

FIGURE 1
(A) The cross section of the light-intensity-balanced MZM. (B) The optical microscope image of the device.
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effectively solve the problem of device extinction ratio, this

design will seriously reduce the optical operating bandwidth

of the device, which affects the actual optical communication

needs of the device.

In order to overcome the above two difficulties, we design a

large wavelength bandwidth MZM with optical intensity

equalization structure. Figure 1A shows the schematic

structure of the designed MZM. The structure can be divided

into two parts, each part is designed as a symmetric MZI

structure for larger optical operating bandwidth. 1st-1 and

1st-2 are connected with these two phase shifters of 2nd to

dynamically balance the optical loss in the two phase shifters

during modulation, In the above, 1st-1 represents the auxiliary

MZI connected to the 2nd up phase shifter, 1st-2 represents the

auxiliary MZI connected to the 2nd down phase shifter, and 2nd

represents the MZI structure that implements the modulation

function.

The designed device is fabricated by Singapore AMF. The

optical microscope image of the fabricated device is shown in

Figure 1B. The device is fabricated on a standard silicon-on-

insulator (SOI) wafer mass-produced by Soitec (France), with a

top silicon layer thickness of 220 nm and a buried-oxide layer

thickness of 2 μm using CMOS compatible processes. The SOI

waveguide has a height of 220 nm and a width of 500 nm to meet

the single-mode condition of optical signals. To obtain lower device

loss, 1st-1 and 1st-2 use the thermo-optic (TO) effect to control the

light intensity, while 2nd forms phase shifts through embedded PN

junction. For the 1st-1 and 1st-2, due to the significant TO effect

in silicon material, the length of 0.6 mm can meet the requirement

of optical control. To reduce light absorption loss by the TiN

material, we simulated and optimized the distance between the

top of the waveguide and the bottom of the TiN heater. As shown in

Figure 2, the simulated distance increases gradually, the absorption

loss drops sharply. When the distance increases to 1.2 μm, the loss

becomes relatively low. Considering the influence of excessively

thick oxide layer on the thermal tuning efficiency, the distance

between the heater and the top of the waveguide is taken as 1.5 μm.

At the same time, in order to reduce the thermal crosstalk while

increase the thermal phase shifting efficiency during modulation,

deep trench is formed on both sides of the waveguide through deep

etching process. For the 2nd, the length of the phase shifter is set as

3 mm to obtain better modulation performance. The N, P doping

concentrations for the core of the waveguide are 5e17 cm−3. The

heavily N+, P+ doping concentrations are 1e20 cm−3 to ensure the

ohmic contact with the metal electrode. Based on previous studies

[19], doping compensation method is used in the phase shifter to

form intrinsic regions on I region. Through this method, the

insertion loss of the device can be greatly reduced while the

modulation efficiency can be still maintained at a high level. In

this design, the distance between the center of the waveguide and the

edge of the two intrinsic regions is 120 nm. The electrical signal is

uploaded to the modulator through the traveling wave electrode

design.

FIGURE 2
Simulated waveguide loss with varying silica thickness.

FIGURE 3
(A) The extracted phase shift as a function of the reversed
voltage. (B) The transmission loss and VπL as functions of reversed
voltage.
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Before we apply 1st-1 and 1st-2 in the modulator, we first

measure the performance of phase shifters in 2nd. The tested

phase shift efficiency, transmission loss and VπL of a 3 mm phase

shifter is shown in Figures 3A,B. Figure 3A shows the phase shift

of the doping compensated waveguide at different voltage. It

shows that the optical phase is increased by the effect of the

reversed voltage. Particularly, when the applied voltage reaches

-8V, the optical signal has the π phase change. Figure 3B shows

the measured transmission loss and the VπL of this modulator.

Based on this design, the phase shifter has a transmission loss of

3.53 dB at 0 V. As the reverse voltage increases, the width of the

depletion layer increases, which leads to a decrease in the

transmission loss of the phase shifter. Based on this

phenomenon, it can found that when a voltage is applied to

one of the 2nd arms, there is a loss difference between them,

which leads to a decrease in the extinction ratio performance of

the device. Besides, according to the expression

VπL � πVbiasL/△φ, where Δφ is the phase shift at Vbias and L

is the phase shifter length, VπL is calculated to be

21.15–24.54V·mm with the bias from −2 to −8V, which

basically meets the performance requirements of the modulator.

After we get the actual performance of the phase shifter in 2nd, we

need furtherly characterize the performance of 1st-1 or 1st-2 furtherly.

Figure 4 shows themeasured transmission spectra of 1st-1. The figure

shows the overall transmission of the device from 1520nm to

1620 nm. Since both 1st parts are designed as symmetrical MZI

structure, there is only 0.8 dB non-uniform under certain voltage. At

the same time, it can be seen from the inset figure that as the applied

voltage continues to increase, the transmission loss of the 1st-1 or

2 continues to rise. Compared with the transmission loss at 0V, the

transmission loss of the 1st-1 and 1st-2 increases by 1.2 dB at −7 V.

Therefore, when the 2nd is under modulation work, a certain loss is

applied to the phase shifter through 1st-1 or 2 to ensure that the loss of

the two arms is at the same level, result in a high extinction ratio

performance of the device.

The 1st part should match the dynamic loss of the 2nd during

modulation, so we analyze the relationship between the loss

difference of the two arms under different modulation voltages in

2nd and the loss that needs to be provided by the 1st part.

Figure 5 shows the loss difference between two arms under

different voltage. As the applied voltage increases, the loss

difference between two arms increases significantly, which will

severely reduce the ER of the device. Both arms of the 2nd part

are cascaded with a symmetrical MZI structure (1st-1 and 1st-2),

FIGURE 4
Normalized transmission spectra of 1st-1 under various
reversed voltages. The inset figure shows the increasing loss at
various reversed voltages.

FIGURE 5
The loss difference by two arms of 2nd and the compensated
loss offered by 1st-1 and 2 as functions of the reversed voltage.

TABLE 1 Applied voltage for 2nd and the required voltages for 1st.

1st-1 (V) 1st-2 (V) 2nd (upper arm)

Applied voltage Applied voltage Loss difference (dB)

3.4 0.0 −2v 0.17

4.3 0.0 −4 V 0.30

4.7 0.0 −6 V 0.41

5.0 0.0 −8 V 0.45
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1st-1 and 2 will not affect loss difference of the 2nd part at 0 V.

Therefore, only if the voltage is applied to the 1st-1 or 2, it will

balance the loss difference of the 2nd part. The loss that 1st part

can compensate under different Vbias is also given in Figure 5.

When 2nd works under a specific modulation voltage, the voltage

required to be applied by the 1st-1 or 2 can be known from this

figure.

Experiment result and discussion

To prove the performance of this structure improving

significantly compared to the conventional asymmetric MZM

and symmetric MZM. In this part, a properties performance for

both conventional MZI modulators and light-intensity-balanced

MZM will be given. The experimental setup is described in much

greater detail in Ref. [20]. We tested the spectral transmission of

conventional asymmetric MZM, symmetric MZM, and light-

intensity-balanced MZM under DC conditions, respectively. The

modulation voltage of each MZM is from 0 V to −8 V. In

particular, for the MZM with light intensity balanced

structure, we achieve the balanced light intensity by applying

corresponding voltages to 1st-1 and 2. The specific voltage

application conditions are shown in Table 1.

Figures 6A–C shows the measured transmission spectra for

asymmetric MZM, symmetric MZM and light-intensity-balanced

MZM. For both conventional asymmetric MZM and symmetric

MZM, the insertion loss is about 4.9dB, which is mainly caused by

the coupling of input and output, the transmission loss of MMI and

waveguide. Meanwhile, for the MZM with light intensity balanced

structure, the transmission loss of the device is increased by 0.8dB,

which comes from the cascade of 1st-1 and 2. However, thermo-

optical modulation and short waveguide length are used in 1st-1 and

2, the increase in loss is not obvious. Figure 6A is a transmission

spectrum of conventional asymmetric MZM. There is a 1000 μm

arm length difference between the upper and lower arms. We can

find that the conventional asymmetric modulator can obtain higher

extinction ratio at a specific wavelength, but its optical working

bandwidth is small. As shown in the inset figure, the optical

operating bandwidth of the device is only 0.6 nm under the

condition that the extinction ratio beyond 15 dB. For this device,

to obtain the extinction ratio performance at a required wavelength,

the arm length difference of the device needs to be designed

precisely. Figure 6B shows the optical transmission spectrum of a

conventional symmetric MZM. Compared with Figure 6A, the

device has a great improvement in the optical operating

bandwidth due to its symmetric structure. However, for this

device, the light intensity imbalance in the two arms caused by

the absorption effect of carriers leads to a decrease in the extinction

ratio of the device. It can be seen that the maximum static extinction

ratio of this device is only 15 dB. Finally, in order to improve the

optical operating bandwidth while ensuring the extinction ratio the

MZM, we tested the light-intensity-balanced MZM structure. It can

be seen from the figure that the structure well solves the problems of

conventional asymmetricMZM and symmetricMZM. Bymatching

the voltages in 1st-1 and 2, the device has an extinction ratio beyond

15 dB in the optical operating range of 56.1 nm. The performance

comparison of the three structures is shown in Table 2.

FIGURE 6
The transmission spectrum of (A) conventional asymmetric
MZM, (B) conventional symmetric MZM and (C) light-intensity-
balanced MZM.
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Furtherly, the 10Gbps, 20Gbps, 30Gbps and 40Gbps eye

diagrams of both symmetric MZM and light-intensity-balanced

MZM measured at 1530nm and 1560 nm are shown in Figure 7.

As the largest driving voltage swing of 3 V and the standard non-

return-to-zero (NRZ) signals in a pseudo-random bit sequence

(PRBS) of 232-1 is applied, the eye-diagram extinction ratio of

symmetric MZM at different rates is smaller than that of the

light-intensity-balanced MZM. Besides, it can be seen from the

figure that the extinction ratio of the modulator at 1530nm and

1560 nm has good uniformity. At the modulation rate of 40Gbps,

the extinction ratio of the light intensity balanced MZM at the two

wavelengths is only 0.08 dB different.

Finally, we tested the S21 parameters of conventional symmetric

MZM and light-intensity-balanced MZM. As shown in

Figures 8A,B, (A) is the electro-optical bandwidth of the

conventional MZM, (B) is the electro-optical bandwidth of the

light-intensity-balanced MZM. It can be seen from the figure that

the 3 dB bandwidth of the conventionalMZMunder the bias voltage

of 0V, −1V, −2V, −3 V and −4 V is 10.6GHz, 13.7GHz, 14.8GHz,

16.9 GHz and 22.2GHz, while the 3 dB bandwidth of the light-

intensity-balanced MZM is 6.6GHz, 12.6GHz, 14.3GHz, 19.1GHz

and 20.8Ghz. Compared with the conventional symmetric MZM,

the length of the light-intensity-balanced MZM is longer, which

leads to a decrease in the device bandwidth to a certain extent.

However, since the 1st part does not participate in direct

modulation, which makes the bandwidth of the device decreases

insignificantly. The light-intensity-balanced MZM can be kept

almost at a comparable level with conventional modulators.

TABLE 2 The performance of the three structures under DC conditions.

Type Insertion loss (dB) Max. ER (dB) Wavelength bandwidth beyond
15 dB

Asymmetrical MZM 4.9 25.6 0.6 nm

Symmetrical MZM 4.9 15.0 Less than 0.1 nm

Balanced MZM 5.7 26.2 56.1 nm

FIGURE 7
The eye diagram for both conventional symmetric MZM and light-intensity-balanced MZM under the speed of 10Gbps, 20Gbps, 30Gbps and
40Gbps for both 1530nm and 1560 nm.
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Conclusion

In this paper, we demonstrate a large wavelength bandwidth

Mach-Zehnder modulator based on optical intensity equalization

structure.With themethod of cascaded compensation, themaximum

extinction ratio of this modulator is 12 dB higher than that of a

conventional one. Compared with the conventional MZI structure,

the dynamic extinction ratios at speed of 40Gbps are 4.10 dB in the

wavelength of 1530nm and 4.02 dB in the wavelength of 1560nm,

respectively, this design has higher modulation performance. At the

same time, this structure has little impact on the bandwidth. This

modulator provides a solution for future optical communications.
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