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Abstract In this paper, performance degradation effects on high-speed silicon Mach-Zehnder modulators

under proton radiation were investigated for future space environment applications. The test devices were ex-

posed to 3-MeV protons of three fluence levels (5×1013, 2×1014, and 5×1015 ions/cm2), which is comparable

to the radiation amount for operating in a harsh space environment after several decades. The performance

of the silicon modulator after radiation was characterized in terms of modulation efficiency and eye diagram.

The results illustrate that the modulation efficiency is significantly reduced after proton radiation and shows

an obvious decrease with increasing radiation fluence. The extinction ratios of the on-off keying (OOK) eye

diagram are obviously dropped with increasing radiation fluence and correspond well to modulation efficiency

degradation. Furthermore, three representative states for data transmission are demonstrated under three

fluences, from still working to the critical state and eventually complete fail. Displacement damage and

ionization damage are the two major mechanisms during proton radiation, which lead to the bulk defects

and accumulating defect charges and cause performance degradation of silicon Mach-Zehnder modulators.

Keywords silicon Mach-Zehnder modulator, proton radiation, space application, silicon photonics, optical

communication
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1 Introduction

With the rapid development of information technologies such as big data, cloud computing, and 5G
wireless communication, the amount of communication data is increasing explosively, which puts forward
higher requirements for the device performance in communication systems. As a promising integrated
optoelectronic platform, silicon photonics has received increasing attention from the industrial and aca-
demic communities because of its advantages of low cost, strong scalability, low power consumption, and
CMOS compatibility [1]. Silicon photonics has already been used in optical interconnection [2–4], mi-
crowave photonics [5], artificial intelligence [6], and biological sensing [7]. Among different types of silicon
photonic devices, the silicon electro-optic modulator is a key active component [8]. The carrier-depleted
silicon Mach-Zehnder (MZ) modulator based on the free-carrier dispersion effect using a traveling wave
electrode structure is currently the most practical silicon modulator and has the advantages of high
speed, good thermal stability, large extinction ratio, and small chirp [9–12]. During the past decade,
most studies have focused on improving the performance of the silicon modulator by adopting new struc-
tures [13,14], new manufacturing processes [15], and new materials [16–19]. However, little attention has
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Figure 1 Radiation environment in the space environment.

been paid to expanding new application scenarios for silicon photonics, such as high-temperature [20] and
high-radiation environments [21], which is an essential demand for the development of silicon photonic
devices. For instance, in the field of space applications, the improvements brought by silicon photonics
in terms of stability, system size, weight, power consumption, and cost are more substantial than those
of traditional ground applications [22].

For the deployment of silicon photonic devices in space applications such as spacecraft, satellites,
rockets, and space stations, the radiation effect is the foremost concern [23]. Because of the difficulty in
timely replacing a faulty device in outer space, the optoelectronic devices used in space should have strong
radiation resistance. Device performance degradation in a radiation environment must be evaluated before
launching a spacecraft into orbit. Meanwhile, high-energy physics experiments and the nuclear industry
also have high requirements for the anti-radiation performance of devices because of the high-energy
radiation working environment [24]. The research on the radiation effect on microelectronics [25,26], III-V
optoelectronic devices [27,28], LiNbO3 devices [29,30], and fiber systems [31,32] has been implemented and
provides an important foundation for moving these devices to space applications. Specifically, Gajanana
et al. [28] found that the modulation response of the InP modulator is very weak after exposure to proton
radiation of 1015 ions/cm2. For the LiNbO3 modulator, Huang et al. [29] demonstrated degradation
of the device performance after helium-ion-induced radiation of 1016 ions/cm2. However, the research
on the effects of radiation on silicon photonic devices, particularly the high-speed silicon modulator,
is relatively scarce. Nasr-Storey et al. [33] studied the effect of neutron radiation and X-rays on the
silicon MZ modulator and found that the former was smaller than the latter. The silicon MZ modulator
was insensitive to neutron radiation of 1.2×1015 neutrons/cm2, but the phase shift began to decrease
significantly after exposure to X-rays of a few dozen Mrad. Hoffman et al. [34] studied the effect of γ-rays
on the silicon micro-disk modulator, which was significant, and γ-rays made the bandwidth decrease
obviously after a dose of 1 Mrad. These experimental results show that the silicon modulator is resistant
to neutron radiation while very sensitive to ionizing radiation, such as X-rays and γ-rays.

However, in the actual space environment, protons are the most abundant radiation particles [35].
As seen in Figure 1, in the space radiation environment, three types of radiation particles are present,
namely, solar cosmic rays (SCR), galactic cosmic rays (GCR), and the van Allen belt [36–38], in which
protons are the most abundant particles. With the development of space technology, more spacecraft
will enter the deep space field, and the amount of proton radiation will increase. Therefore, the effects
of proton radiation on silicon modulators must be studied, and this will provide an essential foundation
for applying silicon modulators in the space environment.

In this study, the proton radiation experiment under increasing fluence on the silicon MZ modulator
was carried out for the first time to demonstrate the effects of proton radiation damage on the device.
The 3-MeV protons of three fluences (5×1013 ions/cm2, 2×1014 ions/cm2, and 5×1015 ions/cm2) were
generated to replicate the radiation amount of device exposure in a harsh space environment for decades.
The modulation efficiency and eye diagram were tested to characterize the static and dynamic responses
of the modulator, respectively. Meanwhile, the mechanism of proton radiation on the device was analyzed
based on the results of the simulation and experiment.
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Figure 2 Structure of the silicon MZ modulator in the radiation experiment. (a) Micrograph of the modulator; (b) schematic of

the phase shifter of the modulator under the proton radiation.

2 Experiment

2.1 Design and fabrication of the modulator

The silicon MZ modulator used in the radiation experiment is fabricated by a standard silicon photonic
process, as shown in Figure 2(a). The modulation arm has a length of 2 mm. On the left is the radio
frequency (RF) electrodes of GSGSG, which are used to load RF signals. In the experiment, the signals
are loaded onto the pad through an RF probe, and the optical signal is coupled into the modulator
through the grating. The 2-mm silicon MZ modulator has better comprehensive performance including
good high-speed performance and low half-wave voltage, which is a more commonly used type of silicon
modulators in practical applications. The selection of representative common devices in the radiation
experiment will improve the reference value of experimental results for practical application further.

The silicon MZ modulator is manufactured on SOI wafer. The rib waveguide forms the modulation
region with a thickness of 220 nm, while the slab of the rib waveguide is 70 nm thick. The PN junction
of the silicon modulator is formed by 5×1017/cm3 p-dopants and 5×1017/cm3 n-dopants. The specific
structure and parameters of the phase shifter of the modulator are shown in Figure 2(b). Meanwhile,
it should be noted that there is an oxide cladding layer of about 4.4 µm above the modulation region.
Before protons get to the active region of the modulator, they will pass through the cladding. In the
experiment, the devices were bombarded by protons without any packaging, so as to show the effects of
proton radiation on the modulator directly.

2.2 Experiment scheme of proton radiation

In the previous research, the background and significance of studying neutron radiation and ionizing
radiation on silicon modulators mainly lie in the field of high energy physics experiments, which is
different from space application. Therefore, we choose the proton as the radiation source for this research
which is the most abundant radiation in the space environment [35]. For the choice of proton energy
in the experiment, although the original proton energy in the space environment can reach hundreds of
MeV or even GeV [36–38], there is a thick aluminum layer outside the spacecraft to shield radiation, so
the practical protons reaching the device are mostly low energy protons of a few MeV [39]. For the choice
of proton fluence, because a spacecraft usually works in outer space for several decades or even longer
and cannot be updated in time, the device needs to endure space radiation for a long time, especially
for deep space exploration [40]. Meanwhile, at the level of device design, derating design is an important
design method for mature applications of components, so the fluence should be appropriately increased
in ground simulation, in order to explore the extreme tolerance of the device [41]. In view of the above
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Table 1 Experimental groups of the proton radiation

Number Radiation particle Energy (MeV) Fluence (ions/cm2) Rank

A Proton (H+) 3 5×1013 Low

B Proton (H+) 3 2×1014 Medium

C Proton (H+) 3 5×1015 High

(a)
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material

H− ion H+ ion

(b)

Figure 3 Setup in radiation experiment. (a) Schematic diagram of the tandem electrostatic accelerator; (b) photograph of the

accelerator in the experiment.

analysis, the scheme of low-energy and high-flux proton was used. The protons were accelerated to 3 MeV
in the experiment, which is a reference to the remaining energy after passing through the shield of the
spacecraft [39]. The radiation fluences are divided into three levels, as shown in Table 1, which refers to
the radiation amount after being exposed to GIRE3 (a representative of high radiation deep space) for
decades or even more [42].

It is well known that the proton is the hydrogen positive ion. The basic operation principles of the
tandem electrostatic accelerator used to generate hydrogen ions are explained here. As Figure 3(a)
illustrates, the Cs ions are generated by sputtering, and bombard the TiH2 target material under the
applied voltage, thereby generating a large number of hydrogen negative ions. Hydrogen negative ions are
led out of the ion source to the beam line under the action of a bias voltage. Because the electrode of the
accelerator is positive and high-voltage, the negative ions are accelerated once in the accelerating cavity.
When the negative ions enter the electrode, they are converted into hydrogen positive ions through the
charge stripper, and further accelerated in the second acceleration tube by the positive high voltage.
After two accelerations, the protons achieve an energy of 3 MeV and ultimately irradiate the surface
of the target modulator vertically in the sample chamber. All radiation experiments were carried out
at room temperature and under the vacuum of 1.8×10−4 Pa. The photograph of the radiation setup is
shown in Figure 3(b).

3 Simulation

3.1 Characteristic of proton radiation

In previous anti-radiation research of silicon modulator, the radiation source was neutron or ionizing
radiation. Neutron is an uncharged particle with mass, which will mainly cause displacement damage.
Ionizing radiation such as X-ray or γ-ray is high-energy photon, which will mainly cause ionizing damage.
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Figure 4 Simulation curve of the proton radiation. (a) Energy loss of 3-MeV protons in SiO2; (b) particle distribution of 3-MeV

protons in SiO2.

Unlike neutrons, protons have positive charges that can cause ionizing damage. Meanwhile, proton
radiation is also different from ionizing radiation, which will cause displacement damage since the proton
is a solid particle with static mass [43–45]. Therefore, the proton radiation can cause ionizing damage
and displacement damage on the device at the same time which is different from the radiation sources
studied previously.

3.2 Simulation results

The stopping and range of ions in matter (SRIM) is a program using Monte Carlo method to simulate
particle radiation in material, which can illustrate the damage caused by particles [46]. As can be seen
in Figure 2(b), the silica layer is much thicker than the silicon layer, and the densities between them are
very close; therefore the behavior of 3-MeV protons in silica is simulated here, in order to analyze the
extent of damage in the experiment.

The simulation results are shown in Figure 4. In Figure 4(a), the horizontal axis is the depth at
which protons get into silica, the left vertical axis is the ionizing energy loss (IEL) which will cause
ionization damage, and the right vertical axis is the non-ionizing energy loss (NIEL) which will cause
displacement damage. Therefore, the IEL and NIEL can be used to measure the degree of ionizing
damage and displacement damage, respectively. When protons irradiate on silica, the NIEL and IEL
increase slowly at the beginning; then the peaks appear at 90 µm around. At the same time, IEL is much
larger than NIEL while they are non-zero both; thereby the two kinds of damage especially the ionization
energy loss will cause a huge impact on the modulator performance together. Simultaneously, Figure 4(b)
illustrates the residual distribution of protons in silica and the vertical axis is the residual distribution.
The distribution curve is smooth at the beginning, and starts to rise after 80 µm, then reaches the peak
at 90 µm around, similar to the NIEL and IEL curves.

According to Figure 2(b), the oxide cladding layer above the active layer is 4.4 µm, and the working
region plus the active layer of the silicon modulator is the first 5 µm at most. From the inset of Figure 4(a),
it can be seen that the values of IEL and NIEL are non-zero, and have almost no change with depth
within the first 5 µm. There is no damage peak within the working region, and the curves of NIEL and
IEL are relatively smooth in the first 5 µm, thereby the damage uniformity of the device is very well.
Meanwhile, from the inset of Figure 4(b), the residual distribution of protons is zero in the first 5 µm;
thus the 3-MeV protons almost all pass through the working region, and there is no residual proton
inside the device. Therefore, the subsequent device performance changes are indeed caused by various
damages caused in the process of protons passing through the device, rather than a procedure of positive
ion doping.

4 Results and analysis

4.1 Effect of proton radiation on insertion loss

Before proton radiation, the insertion loss of the silicon modulator is measured to be 5.72 dB. According
to the experimental results, after a low fluence of 5×1013 ions/cm2 of 3-MeV proton radiation, the
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Figure 5 Insertion loss of the silicon modulator after the proton radiation.

Table 2 Change of insertion loss after proton radiation

Rank Fluence (ions/cm2) Insertion loss (dB) Increase in loss (dB)

Before 0 5.72 –

Low 5×1013 7.87 2.15

Medium 2×1014 9.03 3.31

High 5×1015 14.57 8.85

Tunable laser

(1535–1565 nm)
Silicon chip

Polarization

 controller

Spectrometer

Bias voltage Bias tee

Optical

Electrical

Figure 6 Experiment setup diagram of the modulation efficiency test.

insertion loss is 7.87 dB, which has raised by 2.15 dB. After a medium fluence of 2×1014 ions/cm2, the
insertion loss is 9.03 dB, which is 3.31 dB larger than the status before radiation. After a high fluence of
5×1015 ions/cm2, the insertion loss is 14.57 dB, which is 8.85 dB larger than before. The curve for the
insertion loss is illustrated in Figure 5 and the specific values are organized in Table 2.

From the results, it can be seen that although proton radiation will increase the optical loss of the
modulator which will increase with the fluence, the overall effect is relatively small. The effect of proton
radiation on the passive performance of silicon waveguides is not particularly large, and the increased
loss is not enough to reduce the subsequent comprehensive performance of the device alone significantly
which will be demonstrated in detail below.

4.2 Effect of proton radiation on modulation efficiency

Modulation efficiency is an important performance parameter of silicon MZ modulator [47]. It is defined
as the product of the half-wave voltage and its modulation arm length, that is VπL, where Vπ is defined
as the half-wave voltage. Therefore, by comparing the modulation efficiency of the modulator before
and after proton radiation, it can be measured whether the modulator still has sufficient modulation
ability [33].

The variation of the wavelength drift was measured under different bias voltages to obtain the mod-
ulation efficiency, and the experiment setup is shown in Figure 6. A tunable laser is used to generate
continuous wave light spanning from 1535 to 1565 nm. A polarization controller was adopted to adjust
the polarization state to minimize the coupling loss. After that, the light is sent into the silicon modulator
through the grating coupler. The position between the fiber and the grating of the modulator is adjusted
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Figure 7 Transmission spectra of silicon MZ modulator after different radiation fluences. (a) Before radiation; (b) after a low

fluence of 5×1013 ions/cm2 of 3-MeV protons; (c) after a medium fluence of 2×1014 ions/cm2 of 3-MeV protons; (d) after a high

fluence of 5×1015 ions/cm2 of 3-MeV protons.

by the three-dimensional alignment platform to realize the alignment between them. The bias voltage
from 0 to 3 V is applied to the modulator through the high frequency probe. After getting out from the
modulator, the light gets into the optical spectrum analyzer (OSA) to get the spectra for the modulation
efficiency.

As shown in Figure 7(a), before proton radiation, the wavelength drift is 1.012 nm under 3 V voltage,
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Table 3 Change of modulation efficiency after proton radiation

Rank Fluence (ions/cm2) Wavelength drift (nm) VπL (V·cm) Deterioration factor

Before 0 1.012 1.65 –

Low 5×1013 0.021 79.3 46.4

Medium 2×1014 0.014 118.8 72.0

High 5×1015 0.003 551.2 328.1

the half-wave voltage is 8.26 V and the modulation efficiency is 1.65 V·cm calculated from the spectra.
(The pre-radiation results of No. A, No. B, No. C are quite similar; thereby No. B is used to represent
No. A and No. C in the figure, same as the eye diagram test results in Subsection 4.3.) For 3-MeV
proton radiation, after a low fluence of 5×1013 ions/cm2, the transmission response has already changed
obviously. The wavelength drift is 0.021 nm shown in Figure 7(b), and the half-wave voltage is 396.5 V
numerically. As a matter of fact, the voltage calculated from the spectral is just a calculated value, and it
cannot really reach in the experiment. Thereby the modulation efficiency has deteriorated to 79.3 V·cm
which is 46.4 times larger than before. Here the deterioration factor is defined as the multiple of change
for the modulation efficiency before and after radiation. After a medium fluence of 2×1014 ions/cm2, the
wavelength drift is only 0.014 nm shown in Figure 7(c), and the half-wave voltage increased to 594.5 V.
The modulation efficiency has already deteriorated to 118.8 V·cm, and the deterioration factor is 72.0.
When the fluence reaches the high level of 5×1015 ions/cm2, the wavelength drift is only 0.003 nm in
Figure 7(d) which is extremely small and the half-wave voltage has achieved an amazing value of 2756
V. It can be seen that under such a high order of magnitude proton radiation, the modulation response
of the silicon modulator is very weak, which is similar to the previous experimental results of the InP
modulator [28]. After the high fluence, the modulation efficiency is 551.2 V·cm and 328.1 times larger
than before. The results of modulation efficiency are organized in Table 3.

The wavelength drift curve of spectra with increasing fluence is illustrated in Figure 8. From the
experiment results, it can be seen that proton radiation has a huge impact on the modulation efficiency
of the modulator. Even under a low fluence of 5×1013 ions/cm2, the impact is still very obvious. As the
radiation fluence increases, the modulation efficiency shows a significant stepwise decrease. Compared
to the transmission result of neutron radiation under the same fluence magnitude [33], the impact of the
proton is really huge. The effect of neutron radiation on the modulation efficiency is weak, because the
displacement damage caused by neutrons has slight influence on the high doping concentration of silicon
modulator. However, positively charged protons will have Coulomb interaction with the atomic nucleus
in the doping region. The displacement damage of protons is relatively large, because the collision range
and probability for the proton increase significantly, due to the additional Coulomb interaction. This
will lead to more severe displacement damage and produce more bulk defects of the lattice structure,
thereby reducing the carrier mobility and the effective refractive index of the Si waveguide. Simultane-
ously, the ionization damage occurs because the original electrons will be attracted and excited by the
positive charge of the proton, generating trapped charge in the oxide and interface traps at the Si-SiO2

interface [33]. These factors will decrease the carrier concentration and reduce the effective refractive
index in the action of the electric field, resulting in worse modulation efficiency. Combining the effects of
both displacement damage and ionization damage, the modulation efficiency of the silicon MZ modulator
decreases significantly, and the amount of wavelength drift decreases gradually as the fluence increases.

4.3 Effect of proton radiation on data transmission

In order to verify the data transmission ability of the silicon MZ modulator, the eye diagram is measured
at the bit rate of 10, 20, and 30 Gbps. The eye diagram can intuitively reflect the ability of the modulator
to load high-frequency signals, which is an important reference in practical applications [13–16]. As a
matter of fact, the quality of the eye diagram can most accurately reflect the influence of radiation on
the performance of the modulator.

The setup of the data transmission experiment is shown in Figure 9. The wavelength of the optical
signal generated from the laser is maintained at 1550 nm in optical communication wavelength. Then
the optical signal passes through a polarization controller to minimize the coupling loss and gets into the
silicon modulator by the grating coupler. Here, the bit pattern generator (BPG) generates on-off keying
(OOK) signal which is amplified by a driver; then signal and bias voltage are combined by a bias-tee
together and loaded onto the modulator by a probe. After the modulated optical signal comes from the
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of 3-MeV protons; (c) after a medium fluence of 2×1014 ions/cm2 of 3-MeV protons; (d) after a high fluence of 5×1015 ions/cm2

of 3-MeV protons.
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Figure 9 Experiment setup diagram of the eye diagram test.

modulator, the signal is amplified by the erbium-doped fiber amplifier (EDFA) and gets into the digital
communication analyzer (DCA) to demonstrate the eye diagram.

Before the proton radiation, the eye diagram is quite well and the extinction ratio (ER) is 11.44,
10.31, 9.60 dB at 10, 20, and 30 Gbps, respectively, shown in Figure 10(a). For 3-MeV protons, after a
low fluence of 5×1013 ions/cm2, the ER deteriorates to 2.80, 2.58, and 1.73 dB at 10, 20, and 30 Gbps
in Figure 10(b), respectively. Although the ER is quite small compared to before, the modulator still
has a certain working ability and can achieve high speed transmission of 30 Gbps. However, after the
fluence raises to the middle fluence of 2×1014 ions/cm2, the ER deteriorates to 2.49 dB at 10 Gbps, and
when the rate rises to 20 and 30 Gbps, DCA cannot recognize anymore although there still exist eyes
which can be seen directly. From the result in Figure 10(c), we can see that under 3-MeV proton of
2×1014 ions/cm2, the data transmission ability of the silicon MZ modulator comes to a critical state, the
ER can be extracted normally at a low speed, but when it comes to high speed, the eye diagrams just
show up at a critical state. Furthermore, after the high fluence of 5×1015 ions/cm2, the eye diagrams
disappear at all rates and this can be seen in Figure 10(d). In this radiation level, the silicon modulator
lost data transmission ability completely and cannot display eye diagrams anymore.
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Figure 10 Data transmission result at 10, 20, 30 Gbps of silicon MZ modulator after different radiation fluences. (a) Before

radiation; (b) after a low fluence of 5×1013 ions/cm2 of 3-MeV protons; (c) after a medium fluence of 2×1014 ions/cm2 of 3-MeV

protons; (d) after a high fluence of 5×1015 ions/cm2 of 3-MeV protons.

From the result of eye diagram which is organized in Table 4, it can be seen that the data transmission
ability of the silicon MZ modulator is sensitive to proton radiation. The proton radiation will introduce
displacement and ionization damage which introduce the bulk defects and trapped charges. The carrier
concentration in the modulation arm decreased significantly because of these factors. The modulation
efficiency becomes exceedingly low as discussed above; thereby an extremely large drive voltage is required
in the transmission experiment. Therefore, the data transmission ability declines a lot and the quality of
the eye diagram is reduced significantly compared to before.

The eye diagram of the high-speed signal is the most direct demonstration of the final actual working
ability of the modulator under extreme conditions [20]. Although the silicon MZ modulator is sensitive
to proton radiation, it can still work under low fluence even if ER is small; this indicates a certain
degree of resistance to proton radiation. In the condition of middle fluence, the modulator comes to a
critical state. As discussed above, the critical state here means that the existence of eyes can be observed
directly in the eye diagram at this moment, but the extinction ratio cannot be measured through the
DCA. When the fluence rises to a high level, the modulator completely fails. It is noted that the step
change in the eye diagram can correspond well to the spectral under different fluences, the two results
mutually complemented each other to prove the changing pattern of the silicon MZ modulator with the
increasing fluence of proton radiation. These three levels of fluences can provide important references for
the practical application of silicon modulators in space environments.

The experimental results show that proton radiation has a significant impact on the silicon modulator.
In order to improve the applicability of the silicon photonic devices in the space environment, it is
necessary to further improve the anti-radiation performance of the silicon modulator. At the device level,
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Table 4 Extinction ratio (ER) of eye diagram after the proton radiation

Rank Fluence (ions/cm2) 10 Gbps 20 Gbps 30 Gbps

Before 0 11.44 dB 10.31 dB 9.60 dB

Low 5×1013 2.80 dB 2.58 dB 1.73 dB

Medium 2×1014 2.49 dB Critical state Critical state

High 5×1015 No eye No eye No eye

the structure design can be optimized to improve the radiation resistance of the silicon modulator [24].
For specific device structures, shallow etch depth is more conducive to improving its radiation resistance
than deep etch depth. Meanwhile, increasing the doping concentration of the PN junction in the silicon
modulator is an effective method to increase the anti-radiation performance. In terms of improving the
anti-radiation performance of the entire system, the shielding effect against radiation can be enhanced
by improving the packaging of the silicon modulator module. Improving the anti-radiation ability of
silicon modulators further through these methods is the key point for the practical application of silicon
photonics in the space environment.

5 Conclusion

In summary, the proton radiation experiment under increasing fluence on the silicon MZ modulator for
space application was conducted for the first time. The 3-MeV proton is used, and the radiation fluence
is divided into three levels. For the static response, the modulation efficiency is significantly reduced after
radiation exposure, while it shows an obvious stepped decrease with increasing fluence. Displacement
damage causes bulk defects, and ionization damage generates trapped charges. These damages decrease
the carrier concentration and reduce the effective refractive index, worsening the static response. For the
dynamic response, under low fluence, the device can still demonstrate the eye diagram. Under medium
fluence, it reaches a critical state. Under high fluence, the modulator completely fails. Displacement
and ionization damage lead to bulk defects and accumulating trapped charges, and an extremely large
drive voltage is required because of the low modulation efficiency. These results provide an important
foundation and consultation for applying silicon modulators in complex space environments.

The space environment contains a massive amount of proton radiation. Although the silicon MZ
modulator is sensitive to proton radiation, and the signal quality is reduced significantly after radiation,
it still has a certain ability for data transmission under low fluence radiation. This result illustrates
that the silicon MZ modulator also possesses a modest anti-proton radiation ability, meaning that it has
the potential for future applications in the space field. Therefore, to expand the application scenarios
of silicon photonics, the anti-proton radiation ability of silicon modulators must be strengthened, thus
providing an essential foundation for the space application of silicon photonics.
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