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High-Performance Graphene-on-Silicon
Nitride All-Optical Switch Based on a
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Abstract—We propose and experimentally demonstrate a high-
performance graphene-on-silicon nitride (Si3N4) all-optical switch
based on a Mach–Zehnder interferometer (MZI). In our device,
the graphene overlaying on a Si3N4 waveguide absorbs part of
the pump light power and generates heat. Then, the Si3N4 wave-
guide underneath can be heated and its refractive index can be
changed due to the thermo-optic effect. In this way, the phase of
the probe light in the Si3N4 arm with graphene on top is tuned
and all optical switching can then be implemented. In the exper-
imental demonstration, an all-optical switch with a chip size of
∼0.36 mm2 is realized with an extinction ratio of 11 dB. The tuning
efficiency is measured to be 0.00917 π/mW, which is insensitive
to the wavelength of the pump light. All-optical switching is also
demonstrated, while the rise and fall time constants are measured to
be 571 ns and 1.29μs, respectively. These results show that our pro-
posed configuration provides a functional integrated component
for the development of efficient all-optical control devices with a
fast switching speed on the insulator platform. Moreover, by using
integrated MZI structure, our design could potentially achieve a
broad bandwidth.

Index Terms—All-optical switch, graphene, Mach–Zehnder
interferometer, silicon nitride.

I. INTRODUCTION

A LL-OPTICAL switches are key components in all optical
signal processing which avoids Optical-Electrical-Optical

(OEO) conversion and thus has the potential to achieve a power
efficient photonic system [1]. Recently, fiber-based all-optical
switches have been explored for achieving efficient all-optical
light control [2], [3]. Moreover, to implement a large-scale
photonic system, on-chip integration is highly desired. To date,
a large number of integrated all-optical switches have been
built on semiconductor platforms, including silicon and InP
[4]–[6], etc. However, due to their finite bandgaps, two-photon
absorption (TPA) effect and free-carrier absorption (FCA) effect
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exist in these semiconductor materials at telecommunication
wavelength, which results in large propagation losses and high
power consumptions [7].

To eliminate the TPA and FCA losses for integrated all-optical
switches, silicon nitride (Si3N4) offers new opportunities since
it is insulator material with a large bandgap [8], [9]. In addi-
tion, Si3N4 possesses many other appealing properties, such as
CMOS process compatibility, high fabrication tolerance result-
ing from the low refractive index contrast, and low propagation
loss compared with silicon [10], [11]. Therefore, Si3N4 platform
is possible to achieve simple fabrication processes and low non-
linear losses. However, as an insulator material, Si3N4 material
has a weak thermo-optic effect, i.e., the thermal conductivity
(30 W·m−1 K−1)[12] and thermo-optic coefficient (2.5 × 10−5

K−1) [13] of Si3N4 are much weaker than those of silicon (130
W·m−1·K−1 and 1.8 × 10−4 K−1) [14]. Then, for the all-optical
switching based on the thermo-optic tuning, the weak thermo-
optic effect of Si3N4 would increase the power consumption
and lead to a low tuning efficiency. Thus, to achieve efficient
all-optical switching based on Si3N4 and the thermo-optic effect,
a novel mechanism is highly desired.

Graphene, a two-dimensional (2D) carbon atoms material,
has become a promising material in photonic applications due
to its remarkable electrical and optical properties, including
its linear absorption in a broad spectral range and the large
nonlinearity [15], [16]. Meanwhile, with a low optical absorption
rate, graphene can directly interact with waveguides, which can
enhance device performances and simplify fabrication processes
[17], [18]. Also, by the advantage of an extremely high thermal
conductivity, graphene could overcome the shortcoming of the
weak thermo-optic effect in Si3N4 waveguide [19]. Recently,
several optical devices based on graphene-on-Si3N4 platform
have been demonstrated [20]–[22]. Besides, We have reported
a graphene-on-Si3N4 all-optical switch based on a micro-ring
resonator (MRR) structure [23]. However, the graphene-on-
Si3N4 MRR all-optical switch exhibits a relatively low tuning
efficiency and a narrow bandwidth, which would limit it appli-
cations in all-optical signal processing.

In this paper, to enhance the tuning efficiency and obtain a
broadband operation, we proposed and demonstrated a high-
performance graphene-on-Si3N4 all-optical switch based on a
Mach-Zehnder interferometer (MZI). The experimental demon-
stration of the MZI all-optical switch has been realized with
a chip size of ∼0.36 mm2 and an extinction ratio of 11 dB.
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Fig. 1. (a) 3D schematic diagram of the proposed MZI all-optical switch. (b)
2D temperature distribution of the graphene-on-Si3N4 structure in the finite
element method (FEM) simulation.

Additionally, a tuning efficiency of 0.00917 π/mW is obtained,
which is ∼3.6 times as high as that of our previous reported
graphene-on-Si3N4 MRR structure [23]. Furthermore, the rise
and fall time constants of the switch are measured to be 571
ns and 1.29 μs, respectively. To demonstrate the experimental
results conveniently, a free spectral range (FSR) of ∼8.4 nm
is chosen in our experiment. Note that, the FSR is inversely
proportional to the length difference between the two arms of
the MZI [24], so the FSR of our device can be enlarged if
the length difference decreases. Therefore, our MZI integrated
switch could potentially achieve an ultra-broad bandwidth by
decreasing the length difference between the two arms of the
integrated MZI structure. Furthermore, the power coupling ra-
tio of the directional couplers (DCs) of the MZI structure is
also insensitive to the wavelength of the injected light. Such
merits ensure the broadband operation for both pump light and
probe light in the all-optical switching process. Note that, these
stand in contrast to the MRR structure, in which the all-optical
switching can be implemented only if both the pump light
wavelength and probe light wavelength are set at the resonance
wavelengths. Thus, our switch has a enhanced tuning efficiency
and a broadband operation, which would make it useful in all
optical switching [3], all optical logic computing [25], [26],
photonic phase shifter [2], [27] as well as other on-chip all optical
signal processing applications [28].

II. DEVICE STRUCTURE AND PRINCIPLE

Fig. 1(a) shows the three-dimensional (3D) schematic di-
agram of the proposed MZI all-optical switch based on a
graphene-on-Si3N4 hybrid structure. The proposed device con-
sists of two different directional couplers (DC1 and DC2),
two waveguide arms with different optical path lengths. Si3N4

waveguides with a height of 400 nm and a width of 1.2 μm

are adopted to construct this device. The gap between the two
waveguides of both DCs is set to 200 nm. As shown in Fig. 1(a),
the input light is launched into the two arms of the MZI by DC1
and collected at the output end by DC2. Part of the top waveguide
arm is covered by graphene with a length of 288 μm. Based
on the numerical calculations, the propagation loss induced by
graphene is estimated to be ∼4.6 dB which means ∼66% of the
pump power in the top arm is absorbed by the graphene layer. To
compensate the graphene induced propagation loss, it is required
to split more optical power to the top arm. Then, the power
splitting ratio of DC1 is design to be 79:21, which is realized
by setting the length of DC1 to 20.7 μm. With the graphene
absorption in the top waveguide arm, the optical powers at the
two inputs of DC2 are then close to each other. To obtain a
high-extinction ratio, the length of DC2 is thus designed to
be 16.1 μm for achieving the power splitting ratio of 50:50,
which is similar with that of the conventional MZI devices. To
demonstrate the experimental results conveniently, the length
difference between the top arm (longer) and the bottom arm is
set to be 116 μm, leading to an FSR of ∼8.4 nm.

The principle of our proposed device is based on the thermo-
optic effect induced by the graphene. When we inject the pump
light along with the probe light (signal light) into the device,
the graphene overlaying on Si3N4 waveguide absorbs the pump
light to generate heat due to the thermo-optic effect. Then, the
Si3N4 waveguide underneath can be heated and its refractive
index can be tuned. Thus, the phase shift of the probe light can
be changed. In this case, optical switching is achieved by if a
π-phase shift for the probe light is obtained.

To analyze the switching power and tuning efficiency of
our switch, we first investigate the relationship between the
injected pump power and the temperature change (ΔT) of the
Si3N4 waveguide. The value of ΔT is estimated by using a 2D
graphene-on-Si3N4 structure in the FEM simulation, which is
illustrated in Fig. 1(b). In the simulation, the thermal conduc-
tivities of the silica, the silicon nitride, and the graphene are
set to be 1.38, 29, and 2000 W·m−1 K−1, respectively [20],
[23], [29]. Due to its high thermal conductivity, the graphene
is treated as an excellent heat source. For the sake of simplicity,
the longitudinal temperature distribution of the Si3N4 waveguide
could be ignored and we just analyze the transversal temperature
distribution by using the 2D graphene-on-Si3N4 structure [2].
Then, we assume that the heat generated by graphene is uniform
on the surface of the Si3N4 waveguide and the heat density in
the graphene layer is Q. Note that, the value of Q is related to
the injected pump power P with a relationship given by:

Q =
P ·K1 · α
w · h · l , (1)

where K1 is the power splitting ratio of the top arm of DC1, α is
the input pump power ratio absorbed by the graphene. According
to the above-mentioned design, the K1 value and α value are
0.79 and 0.66, respectively. And the width w, the thickness h,
the length l of graphene coating on the Si3N4 waveguide are set
to 1.2 μm, 0.5 nm, 288 μm, respectively. For a pump power P
of 90 mW, the corresponding Q value is 2.69×1017 W/m3. The
simulated temperature change (ΔT) in the Si3N4 waveguide is
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∼115 K. Besides, the temperature change increases linearly with
the pump power. For our thermo-optic devices, the refractive
index change Δn caused by the temperature change is also
determined by the thermo-optic coefficient (�n/�T) of the Si3N4

material, which can be represented as:

Δn =
∂n

∂T
ΔT, (2)

where the thermo-optic coefficient (�n/�T) of the Si3N4 ma-
terial is ∼2.5 × 10−5 K−1 at the wavelength around 1550 nm
[13]. In this case, the phase change Δφ of the probe light can be
evaluated by the following equation:

Δφ =
2π

λ
Δnl. (3)

where λ is the wavelength of the probe light, Δn is the refractive
index change of the Si3N4 waveguide, l is the length of graphene
coating on the Si3N4 waveguide. According to our design, the
length of graphene coating on Si3N4 waveguide is 288 μm.
Therefore, with a switching power of 90 mW, the probe light
has a phase change of π and optical switching could be imple-
mented. Then, the theoretical tuning efficiency of our proposed
all-optical switch is 0.012π/mW accordingly. Note that, the light
absorption and then the heat generation in the Si3N4 waveguide
is low since Si3N4 is an insulator material with a large bandgap.
Thus, in our device, such a high tuning efficiency is due to the
graphene absorption, which can efficiently generate heat and
then heat the Si3N4 waveguide underneath.

III. DEVICE FABRICATION AND EXPERIMENTAL SETUP

A. Device Fabrication

The device was implemented on a 400-nm-thick Si3N4 wafer
with 5-μm-thick buried oxide. The all-optical switch was firstly
defined utilizing the processes of standard E-beam lithography
(EBL) and inductively coupled plasma (ICP) etching. Then
the 600-nm-thick silica was deposited on the surface of the
device by chemical vapor deposition (CVD) process. Note that,
the graphene-coating area of the top arm waveguide was not
covered by silica, which was implemented by EBL and lift-off
processes. In addition, we transferred the single-layer graphene
onto the top arm waveguide, which was then patterned by EBL
and oxygen plasma etching processes. Here, in the graphene
transfer process, the graphene layer was grown on copper foil
by conventional chemical vapor deposition (CVD) method. And,
graphene was transferred onto the Si3N4/SiO2 substrate by us-
ing a Poly(methyl methacrylate) (PMMA) assisted wet-transfer
method. In this method, a PMMA layer was firstly spin-coated
on graphene on the copper foil. Then, HCl/H2O2/H2O solution
was used to etch away the copper foil. When the copper foil
was completely etched, the PMMA/graphene film was moved to
deionized (DI) water to rinse the etchant residue. After that, the
PMMA/graphene film was scooped by the Si3N4/SiO2 substrate,
and then the PMMA was removed by acetone solution. Fig. 2(a)
presents the microscope image of the fabricated device, in which
only part of the top arm waveguide was covered by graphene. The
SEM images of the graphene coating on the top arm waveguide

Fig. 2. (a) Microscope image of the fabricated graphene-on-Si3N4 all-optical
switch. (b−d) Scanning electron microscopy (SEM) pictures of the graphene-
coating Si3N4 waveguide. Note that, the area enclosed by the blue dotted line is
covered by graphene. (e) Raman spectrum of the graphene overlaying on Si3N4

waveguide.

are provided in Fig. 2(b)∼(d). The measured normalized Raman
spectrum is shown in Fig. 2(e), where D peak, G peak and 2D
peak lie at 1336 cm−1, 1588 cm−1 and 2685 cm−1, respectively.
The 2D/G intensity ratio is measured to be∼1.76, which implies
the high quality of the transferred graphene overlaying on the
Si3N4 waveguide [30], [31].

B. Experimental Setup

The experimental setup of the fabricated all-optical switch
is provided in Fig. 3. Here we perform two proof-of-concept
experiments, i.e., a continuous-wave (CW) tuning experiment
and a dynamic switching experiment. The pump light is gener-
ated by a tunable CW laser source (TLS 150D) which is then
either amplified by an Erbium-doped fiber amplifier (EDFA)
for the CW tuning experiment or modulated by a commercial
intensity modulator before the EDFA for the dynamic switching
experiment. The wavelength of the pump light beam is set to
1550 nm, which matches the central operation wavelength of
EDFA. Another broadband tunable CW laser source (Keysight
81960A) is used as the source to generate the probe light. The
probe and pump light beams are adjusted to be TE polarized
by polarization controllers (PCs). Then we use a 50/50 optical
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Fig. 3. Experimental setup used to characterize the performance of the fabricated all-optical switch.

Fig. 4. (a) Normalized probe transmission spectra of the all-optical switch with and without the transferred graphene. The pump light is not applied. (b) Normalized
probe transmission spectra measured at different coupled pump powers. The wavelength of the pump light is set to 1550 nm. (c) Phase shift with respect to the
coupled injected pump power. (d) Tuning efficiencies at different pump light wavelengths. Here, the power of the probe light is 40 µW in the experiment.

coupler to combine the two light beams and inject them into
the MZI chip through a tapered lensed fiber. After the on-chip
transmission, the output light of the device is coupled out and
subsequently separated into the pump light and the probe light
by a wavelength division demultiplexer (WDM). Note that,
after the demultiplexing, the wavelength ranges of the output
probe and pump light are 1507∼1522 nm and 1522∼1570 nm,
respectively. Finally, the probe light is characterized by a power
meter, a photodetector and an oscilloscope.

IV. RESULTS AND DISCUSSION

A. Tuning Efficiency

The normalized transmission spectra of the device before
(black) and after (blue) transferring graphene were firstly mea-
sured as shown in Fig. 4(a). The device without graphene
exhibits an extinction ratio (ER) of 6∼8 dB. If the graphene
is placed onto the top arm waveguide of the device, the ER
increases to 10∼12 dB, which is caused by the optical loss of
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TABLE I
COMPARISON OF REPORTED ALL-OPTICAL SWITCHES WITH DIELECTRIC MATERIALS

the arm due to the graphene absorption. In addition, the total
loss of the device after graphene transfer is ∼4 dB while it is
∼ 1 dB for the device without graphene. Thus, the total loss of the
device is increased by ∼3.1 dB after transferring the graphene,
which is also induced by the absorption of graphene.

The switching power and tuning efficiency of the device
is then characterized by the CW tuning experiment. Fig. 4(b)
depicts the normalized transmission spectra of device measured
at different coupled pump powers in the input waveguide. Along
with the increase of the pump power, the position of interference
fringe has a red shift. When the pump power increases to
109.6 mW, the position of interference fringe shifts ∼4.2 nm
(a half FSR), leading to a phase shift of π radian for the probe
light. Then, a tuning efficiency of 0.0385 nm/mW or 0.00917
π/mW is obtained. Note that, the position of interference fringe
for the device without graphene shifts <0.2 nm with such a
pump power. Thus, one can find that the tuning efficiency is
greatly enhanced by graphene absorption. Meanwhile, the tuning
efficiency of 0.00917π/mW is much higher than that of the
previously reported graphene-on-Si3N4 MRR device with a tun-
ing efficiency of 0.00258 π/mW [23]. Moreover, the measured
tuning efficiency of 0.00917 nm/mW is a little lower than the
aforementioned theoretical tuning efficiency of∼0.012 nm/mW.
Such difference might be attributed to the change of the coupling
condition between the fiber and waveguide or the propagation
loss in the input Si3N4 waveguide. Furthermore, one can find
that the ER increases when a pump power of 109.6 mW is
applied. This might be attributed to the increased Fermi level
of graphene from such high pump power. Note that, if the Fermi
level increases, the interband absorption of graphene can be
suppressed. Then, the graphene-induced loss for the probe light
decreases [32] and the ER of the probe transmission spectrum
thus increases.

Fig. 4(c) shows the corresponding phase shift of the device
under the different injected pump powers, which is deduced from
the interference fringe shift. We should find that the phase shift
is approximately considered as a linear function of the pump
power. Fig. 4(d) presents the tuning efficiency when different

pump wavelengths are set. One can note that the tuning efficiency
remains unchanged around 0.00917 π/mW since the power
coupling ratio of the DCs is insensitive to the wavelength of
the injected light. This stands in contrast to the MRR structure,
in which the all-optical switching can be implemented only if
the pump light wavelength is set at the resonance wavelength.

B. Switching Response Time

Dynamic all-optical switching is then carried out to evaluate
the device performance. In this experiment, the pump pulse has
a pulse width of 5 μs, a repetition rate of 50 kHz and a duty cycle
of 20%. As shown in Fig. 5(a), we set two bias points of the probe
light for testing different output probe signal waveforms. When
we set the probe wavelength at point A (1514.4 nm), the probe
light experienced the transition from “off” state (low transmis-
sion) to “on” state (high transmission) periodically along with
the variation of the pump power, which is illustrated in Fig. 5
(b). Then we fit the rising and falling edges of the waveform
with exponential decay functions 1−exp(−t/τ r) and exp(−t/τ f),
respectively. The rise and fall time constants of the switch are
estimated to be τ r = 571 ns and τ f = 1.29μs, respectively. Here,
the rising edge is induced by the heating process and the falling
edge is determine by the cooling process. When we set the probe
wavelength at point B (1519.9 nm), as shown in Fig. 5(c), the
probe also experienced the falling process (heating process) and
rising process (cooling process) periodically. After fitting the
falling and rising edges of the waveform similarly, the constants
of fall and rise time are τ f = 669 ns and τ r = 1.04 μs. Note
that, our measured switching speed is much faster than that of
other MZI thermo-optic switches based on metal heaters [10],
[33], which can be attributed to the high thermal conductivity of
graphene.

C. Discussion

To further show the performance of our proposed MZI all-
optical switch, a comparison between our proposed device and
other reported all-optical switches based on dielectric materials
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Fig. 5. (a) Illustration of the bias points of the probe light. (b) Waveforms of
the pump pulse and probe light biased at point A. (c) Waveform of the probe
light biased at point B.

is provided in Table I. One can find that the switching time of
our device (∼ns) is much faster than to those (ms) of all-optical
switches using fiber-graphene or fiber- phosphorene material
[2], [3], [27], [34]. Moreover, our device could achieve a high
tuning efficiency which is ∼3.6 times as high as that of the
graphene-on-Si3N4 MRR all-optical switch [23]. To further
improve the tuning efficiency, one could increase the graphene
induced absorption by using multi-layer graphene [3] or en-
larging the length of graphene. Furthermore, compared to those
fiber-based and the MRR based all-optical switches, the FSR of
our device is much larger since our integrated device can easily
adjust the length difference between the two arms in the MZI
structure. Thus, our design can potentially achieve broadband
on the insulator platform.

Moreover, based on the experimental data, we also estimate a
±5% variation in the splitting ratio for both DC1 and DC2. Thus,
the power splitting ratio of DC1 can vary from 74/26 to 84/16

while the power splitting ratio of DC2 can vary from 45/55 to
55/45. Based on the theoritical analysis, such variations would
change the tuning efficiency a little while a high extinction ratio
switching can still be expected.

V. CONCLUSION

In summary, we have proposed and experimentally demon-
strated a high-performance MZI all-optical switch based on a
graphene-on-Si3N4 hybrid structure. Owing to the ultra-high
thermal conductivity, graphene could compensate the shortcom-
ing of weak thermo-optic effect of Si3N4 material while the
insulator nature of Si3N4 could eliminate TPA and FCA effects.
In the experiment, the device exhibits an extinction ratio of
11 dB and a tuning efficiency of 0.00917 π/mW. Furthermore,
the tuning efficiency is insensitive to the wavelength of the
pump light. In the dynamic all-optical switching, a rise time
constant of τ r = 571 ns and a fall time constant of τ f = 1.29 μs
are obtained. Based on the experimental results, our proposed
configuration could provide a functional integrated component
for the development of efficient all-optical control devices with
a fast switching speed on the insulator platform.
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