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Low-power all-optical switch based on a
graphene-buried polymer waveguide
Mach-Zehnder interferometer
LIANZHONG JIANG, QUANDONG HUANG, AND KIN SENG
CHIANG*

Department of Electrical Engineering, City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong
Kong SAR, China
*eeksc@cityu.edu.hk

Abstract: We propose a low-power all-optical switch based on the structure of a graphene-buried
balanced Mach-Zehnder interferometer (MZI), where the signal light is switched between the
two output ports of the MZI by the heat generated from graphene’s absorption of the pump light.
We use orthogonal polarizations for the pump and the signal light to maximize pump absorption
and minimize graphene-induced signal loss. Our experimental device fabricated with polymer
waveguides buried with 5-mm long graphene shows a pump absorption of 10.6 dB (at 980 nm)
and a graphene-induced signal loss of 1.1 dB (at 1550 nm) and can switch the signal light with
a pump power of 6.0 mW at an extinction ratio of 36 dB. The actual pump power absorbed by
graphene for activating switching is estimated to be 2.2 mW. The rise and fall times of the switch
are 1.0 and 2.7 ms, respectively. The switching characteristics are weakly sensitive to ambient
temperature variations. Our device can be butt-coupled to single-mode fibers and could find
applications in fiber-based and on-chip all-optical signal processing.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

All-optical switching is a key function in all-optical signal processing [1,2]. In general, nonlinear
media are required for the realization of all-optical control functions and power consumption in
fulfilling such functions is always a major consideration. Early all-optical switches based on
the Kerr effect in silica fibers require high pump powers (∼10 GW/cm2) (see, for example, [3]).
Over the years, many nonlinear materials for the implementation of all-optical switching have
been explored, such as III-V semiconductors [4], chalcogenide glass [5], nanoparticles [6], and
highly doped glass [7]. It remains a challenge to achieve milliwatt all-optical switching at a high
extinction ratio with conventional nonlinear materials.

The availability of graphene as a nonlinear optical material has opened up many new possibilities
for the realization of all-optical control devices [8–23]. Different nonlinear effects in graphene
can be explored for achieving all-optical switching, such as the Kerr effect [11], the photothermal
effect [12–19], the Pauli blocking effect [20–22], and the saturable absorption effect [23]. In
particular, the photothermal effect, where heat is generated from graphene’s absorption of light,
can be effectively used for the construction of low-power all-optical switches. For example,
a switching power of 11 mW at an extinction ratio of 20 dB has been demonstrated with a
graphene-wrapped microfiber Mach-Zehnder interferometer (MZI), but the graphene coating
induces a signal loss of 5.4 dB [12]. By using an externally pumped fiber MZI coated with
20 layers of graphene, the switching power can be lowered to ∼5 mW at an extinction of 19
dB with negligible graphene-induced signal loss, but the response time is long (several tens
of milliseconds and above) [13]. On the other hand, waveguide-based all-optical switches can
respond much faster than fiber switches, but require much higher pump powers. For example, a
graphene-attached Si3N4 waveguide MZI can achieve a switching time of 0.57 µs with a switching
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power of 109 mW [16], and a graphene-on-silicon nanobeam cavity can achieve a switching
time of 3.24 µs with a lower switching power of 47 mW [18]. In these waveguide switches,
the graphene film absorbs both the pump and the signal light, which limits the useful length of
graphene and hence further reduction in the switching power. Another fundamental issue with
such high-index-contrast waveguide devices is their high fiber coupling losses, which hinders
their application in fiber-based systems.

In this paper, we propose an efficient all-optical switch based on the structure of a graphene-
buried polymer waveguide balanced MZI. Our all-optical switch offers a number of distinct
advantages. First, the polymer waveguide technology based on the spin-coating process allows
a graphene film to be placed directly on the waveguide core to greatly facilitate both pump
absorption and heating. Second, the low-index-contrast material system allows the use of pump
light polarized in parallel with the graphene surface to maximize its absorption and the signal
light polarized in perpendicular to the graphene surface to minimize its absorption, so that a
sufficiently long graphene length can be used to generate enough heat from a low pump power
without inducing a significant loss to the signal power. Third, the large thermo-optic coefficient
of polymer material can produce a large heat-induced phase change in the signal light. Fourth,
compared with a glass fiber, our waveguide device can respond much faster for its much smaller
heat capacity. Last, the polymer waveguides can be butt-coupled to single-mode fibers with
low losses, which allows our device to be readily used in fiber-based systems. Our typical
experimental device, which employs a 5-mm long buried graphene film, absorbs 10.6 dB of the
pump light at 980 nm, while induces only 1.1 dB loss to the signal light at 1550 nm. The signal
light can be switched between the two output ports of the MZI at an extinction ratio of 36 dB
with an input pump power variation of 6.0 mW. The actual pump power absorbed by graphene
for activating switching is only 2.2 mW. The rise and fall times of our all-optical switch are 1.0
and 2.7 ms, respectively, which are as good as those of electrically driven thermo-optic polymer
waveguide switches [24–26]. Our all-optical switch could find applications in fiber-based or
on-chip all-optical signal processing, where low-power consumption is desired and fast response
is not required, such as optical circuit switching.

2. Operation principle and design

Figure 1(a) shows a graphene-buried polymer waveguide, which is a low-index-contrast waveguide.
A recent study [27] shows that the graphene film buried in such a waveguide strongly absorbs the
transverse-electric (TE) mode whose dominant electric field is parallel with the graphene surface,
while exhibiting little absorption to the transverse-magnetic (TM) mode whose dominant electric
field is perpendicular to the graphene surface. This property of graphene has been applied to the
construction of polarizers [28,29], mode filters [29,30], and electrodes for electro-optic [31,32]
and thermo-optic [25,26] devices. In the present study, the pump light is launched into the
fundamental TE mode to maximize its absorption by graphene, while the signal light is launched
into the fundamental TM mode to minimize its absorption, as shown in Fig. 1(a). The pump
light absorbed by graphene is converted into heat, which can change the phase of the signal
light through the thermo-optic effect of the polymer material. To realize all-optical switching,
we employ the structure of a balanced MZI, as shown schematically in Fig. 1(b), where all the
waveguides are polymer waveguides. The MZI is formed with two 3-dB directional couplers
(DCs) designed for the signal wavelength. Graphene films of a suitable length are placed on the
cores of the two arms of the MZI. Both the pump and the signal light are launched together into
the MZI from one end. The signal light, which has a wavelength of 1550 nm, is split equally into
the two arms of the MZI by the first DC and combined at the output ports by the second DC,
which are labeled as the bar port and the cross port, respectively. The pump light, which has a
wavelength of 980 nm and a tight confinement, is not split by the DCs and passes through the MZI
along one arm. The operation of our device is based on converting the power of the TE-polarized
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pump light absorbed by graphene into heat, which induces a change in the refractive index along
one arm of the MZI and hence a relative phase shift of the TM-polarized signal light between
the two arms of the MZI. With a phase shift of π, the TM-polarized signal light is switched
completely from the cross port to the bar port. The choice of 980 nm as the pump wavelength is
for measurement convenience. The broadband absorption characteristics of graphene [33] allows
the use of any other wavelength as the pump wavelength, provided that the DCs are designed not
to significantly split the pump light. Our device offers much flexibility not only in the choice
of the pump wavelength but also in the choice of the signal wavelength, as a balanced MZI
fabricated by polymer waveguides can operate over a broad range of signal wavelengths [24].

Fig. 1. (a) Schematic diagram of a graphene-buried polymer waveguide showing the
propagation of TE-polarized pump light and TM-polarized signal light; (b) schematic
diagram of the proposed graphene-buried balanced MZI for all-optical switching; (c) cross-
section of the graphene-buried polymer waveguides in the MZI; and (d) intensity profiles of
the TE-polarized pump light at 980 nm and the TM-polarized signal light at 1550 nm, where
the white arrows indicate the directions of the dominant electric-field components of the
modes.

The polymer materials used for the core and the cladding of the waveguides are EpoCore and
EpoClad (Micro Resist Technology), respectively [22,24–27,29,30], whose refractive indices
measured at 1530 nm are 1.569 and 1.559, respectively. The waveguide core has a size of 4
µm× 4 µm and is covered with an 8-µm wide graphene film along each arm of the MZI, as
shown in Fig. 1(c). The waveguide can provide single-mode operation at 1550 nm. The intensity
profiles of the pump and the signal light are shown in Fig. 1(d). The pump light has a much
tighter confinement than the signal light. The core separation and the coupling length of the
3-dB DCs are S= 5 µm and Lc = 51 µm, respectively. To choose a suitable graphene length, we
calculate the graphene-induced optical losses with the mode solver in COMSOL, where the
graphene film is modeled as a conductive boundary with the complex surface conductivities
6.0840× 10−5−1.5959× 10−6i for 980 nm and 6.0792× 10−5−8.6160× 10−6i for 1550 nm [27].
The calculated graphene-induced losses to the TE mode are 48 dB/cm at 980 nm and 63 dB/cm
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at 1550 nm, while those to the TM mode are 0.44 dB/cm at 980 nm and 0.36 dB/cm at 1550 nm.
As the evanescent field along the graphene film at 1550 nm is stronger than that at 980 nm, the
TE absorption at 1550 nm is larger than that at 980 nm. The small absorption to the TM mode is
caused by the minor electric-field component of the mode along the propagation direction, which
is parallel with the graphene surface [27]. As expected, the TE absorption losses are much larger
than the TM absorption losses. In our design, we choose a graphene length of Lg = 5 mm, which
should provide a pump (TE) absorption of 24 dB and a signal (TM) absorption of 0.18 dB. The
very sharp contrast in the absorption losses between the pump and the signal light owes much to
the use of a low-index-contrast waveguide structure, whose guided modes are almost linearly
polarized. For the TM-polarized signal, the phase shift induced by the complex conductivity
of graphene is only ∼6.0× 10−4 π at 1550 nm, which is negligible. Besides, as graphene is
embedded in both arms of the MZI, the graphene-induced phase shifts for the signal light in the
two arms are cancelled out and, therefore, have no influence on the operation of the device.

Our all-optical switch can be regarded as a thermo-optic switch activated by the pump light
absorbed by graphene. The heat conversion from light absorption by graphene is highly efficient
and the large thermal conductivity of graphene (∼5000 W/m·K [34]) allows the heat generated
locally to be distributed along the entire graphene area quickly. To estimate the switching power,
we treat graphene as a boundary heat source (i.e., a uniform sheet of heat source without thickness)
[13] in applying the heat transfer module in COMSOL, where the thermal conductivities of the
polymer material and the silicon substrate are set at 0.12 W/m·K, and 130 W/m·K, respectively.
As shown by the simulation results in Fig. 2(a), the average temperature of the core increases by
about 2 K at a pump power of 3 mW. Using the calculated temperature distribution and assuming
a thermo-optic coefficient of –1.0× 10−4/K for the polymer material, we can estimate the change
in the effective index ∆neff of the signal light and then its phase shift ∆φ from the following
expression:

∆φ =

(︃
2π
λ

)︃
∆neff Lg = −1.0 × 10−4

(︃
2π
λ

)︃
∆TLg (1)

where λ is the signal wavelength (1550 nm) and ∆T is the effective temperature rise in the core.
The calculated phase shift of the signal light as a function of the pump power is shown in Fig. 2(b).
The pump power required for a phase shift of π is 2.4 mW. In other words, only 2.4 mW of the
pump power needs to be absorbed by graphene for achieving all-optical switching. This amount
of pump power is comparable to the electric power required in a highly efficient thermo-optic
mode switch implemented with graphene-buried polymer waveguides, where the graphene film
serves as an electrode heater [25]. We repeat the calculation for a graphene length of Lg = 10 mm.
As shown by the results in Fig. 2(b), the pump power required for inducing a given phase shift
is insensitive to the graphene length. This can be understood in the following way. When the
graphene length is long enough to absorb nearly all of the pump light, a further increase in the
graphene length does not absorb more pump light, or, generate more heat; it just distributes
the heat already generated over a longer length of the core with a proportional reduction in the
temperature rise. The induced phase shift, which, according to Eq. (1), is governed by ∆T ·Lg,
remains almost unchanged. Therefore, there is no need to use an excessively long graphene strip.
In our case, we choose a graphene length of 5 mm, which absorbs 99.6% of the pump light. We
could use an arbitrarily shorter graphene length, but a shorter graphene strip still needs to absorb
the same amount of pump power 2.4 mW for inducing a phase shift of π, which implies the need
for a higher input pump power.
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Fig. 2. (a) Calculated temperature distribution in the graphene-buried polymer waveguide
at a pump power of 3.0 mW; (b) calculated phase shift of the signal light as a function of the
pump power for two graphene lengths.

3. Device fabrication

We fabricated the device with our in-house microfabrication facility based on spin-coating
and photolithography [22,24–27,29,30]. The fabrication steps are shown in Fig. 3(a). First,
a thick (∼11 µm) EpoClad film was spin-coated on a silicon substrate as the lower cladding.
An EpoCore film was next spin-coated on the EpoClad film to a thickness slightly larger than
4 µm and patterned into cores by photolithography and wet-etching. A middle cladding of
EpoClad was spin-coated onto the cores and then etched down to the cores by reactive ion

Fig. 3. (a) Steps for the fabrication of the device and microscopic images of (b) the sample
after graphene transfer, showing two waveguides branching out from one of the DCs and
covered by the graphene film, (c) the sample after the EpoClad/graphene layer etched into
two narrow strips on the two arms of the MZI, and (d) an end face of the fabricated device.
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etching (RIE) to form a flat surface for graphene transfer. The RIE process also served to trim
the cores into a square shape. A monolayer graphene film grown on a copper foil and attached to
a polymethylmethacrylate (PMMA) buffer, a commercial product from Hefei Vigon Material
Technology, was next wet-transferred to the sample and the PMMA buffer was removed with
acetone. Figure 3(b) shows a top view of the sample after graphene transfer, where the boundary
of the graphene film and the waveguides of a DC can be seen. The graphene film was then covered
with a thin layer of EpoClad and etched into the desired pattern with a mask by photolithography
and O2 plasma etching. Figure 3(c) shows the EpoClad/graphene strips on the two arms of the
MZI after the etching process. The etched graphene strips were 5-mm long. Finally, a 6.0-µm
thick EpoClad film was spin-coated on the sample as the upper cladding. The total length of
the fabricated device was about 22 mm. Figure 3(d) shows a microscopic image of an end face
of the fabricated device. In addition to the all-optical switch, we fabricated reference straight
waveguides and DCs of the same dimensions as those used in the switch on the same substrate to
facilitate the characterization of the fabricated device.

4. Experimental results

The pump and the signal light used in our measurement were generated by a 980-nm laser
(Lumentum, S27-7402-360-AL) and a 1550-nm laser (Apico, CMP-LD-1550-BTF), respectively.
In our experiments, both the pump and the signal light were launched together into the fabricated
device with a 980/1550 wavelength-division multiplexer (WDM). Separate polarization controllers
(PCs) were used for independent control of the input polarization states of the pump and the
signal light.

We first characterized the MZI switch by turning on only the pump light or the signal light
launched into the MZI. The output near-field images taken with an infrared camera (Hamamatsu,
C2714) for different polarization states of the pump and the signal light are shown in Fig. 4. For
the TM polarization of the pump light, as shown in Fig. 4(a), most of the pump light exits from
the bar port as the fundamental mode and some weak pump light exits from the cross port as
the higher-order mode. The higher-order mode could be generated from any non-uniformities
along the waveguides (including the waveguide bends). As the higher-order mode has a weak
confinement, it can be coupled to the cross port of a DC and hence emerge from the cross port of
the MZI. For the TE polarization of the pump light, as shown in Fig. 4(b), only weak pump light
exits from the bar port as the fundamental mode and no light exits from the cross port. This is
expected, as the TE-polarized pump light should be largely absorbed by the buried graphene
strips in both arms. On the other hand, the TM polarization of the signal light mainly exits from
the cross port, as shown in Fig. 4(c), while the TE polarization is almost completely absorbed, as
shown in Fig. 4(d).

To confirm that the observed polarization-dependent losses shown in Fig. 4 were caused
by graphene’s absorption, we repeated the measurements with a reference straight waveguide
without graphene and observed little difference in the transmission between the TE and the
TM polarization at either 980 nm or 1550 nm. By comparing the output powers of the TE
and the TM polarization for the fabricated MZI switch, we deduced that the graphene-induced
losses to the TE-polarized 980-nm and 1550-nm light were approximately 10.6 dB and 18.0 dB,
respectively. A 10.6-dB pump loss corresponds to 92% of the pump power absorbed by graphene,
which represents a high utility of the pump power. We also compared the output powers of the
TM-polarized signal light between a straight waveguide with a 5-mm long graphene film and a
straight waveguide without graphene, from which we deduced that the graphene-induced signal
loss was approximately 1.1 dB. The measured graphene-induced losses agree qualitatively with
the theoretical calculation. The discrepancies between the measurement data and the theoretical
values could be attributed to the slight unevenness of the graphene film (caused by the slight
unevenness of the core surface).
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Fig. 4. Output near-field images taken from the bar port and the cross port of the MZI
switch for different polarization states of 980-nm and 1550-nm light: (a) the TM-polarized
light at 980 nm, (b) the TE-polarized light at 980 nm, (c) the TM-polarized light at 1550 nm,
and (d) the TE-polarized light at 1550 nm.

We next measured the switching characteristics of the MZI switch by turning on both the
pump and the signal light and varying the pump power, where the pump light was set to be
TE-polarized and the signal light TM-polarized. By varying the input pump power, we monitored
the output powers from the bar port and the cross port, respectively, by using an optical spectrum
analyzer (OSA) (Agilent, 86140B). The switching characteristics measured at 20 °C are shown
in Fig. 5(a). As shown in Fig. 5(a), the signal powers from the bar port and the cross port vary
with the input pump power in a complementary manner. Here, the pump power refers to the
output power from the input launching fiber (the actual amount of pump power coupled into the
waveguide is smaller). As the input pump power increases from 0 mW to 0.8 mW, the signal
power from the cross port increases, while the signal power from the bar port decreases. As the
pump power varies from 0.8 mW to 6.8 mW, the signal power from the cross port drops by 36 dB,
which suggests that the signal from the cross port can be switched at an extinction ratio of 36 dB
with a pump power variation of 6.8–0.8= 6.0 mW. The corresponding extinction ratio for the
bar port is 21.5 dB. By comparing the output pump powers for the TE and TM polarizations
from the MZI switch, we deduce that the power of the TE-polarized pump absorbed by graphene
is approximately 2.2 mW, which is the actual amount of the pump power converted into heat
for achieving all-optical switching. Given the uncertainties in our power measurements (about
±0.3 dB) and the assumed parameters in the theoretical model, the measurement result 2.2 mW is
close to the theoretical value 2.4 mW shown in Fig. 2(b).

The measured switching characteristics shown in Fig. 5(a) differ from the ideal switching
characteristics of a balanced MZI in two aspects: the existence of a pump power offset (0.8 mW)
and different extinction ratios for the two ports. We believe that the non-ideal performance
of our fabricated switch is caused by the non-ideal splitting ratio of the DC. To confirm that,
we measured the splitting ratio of a reference DC at 1550 nm and found that the splitting ratio
of the DC was 49:51 instead of 50:50. Using this splitting ratio, we calculate the switching
characteristics and show the results in Fig. 5(b). Indeed, the simulation results show a phase bias
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Fig. 5. (a) Measured variations of the output signal powers at the two ports of the MZI
switch with the input pump power; and (b) theoretical switching characteristics of a balanced
MZI where the two DCs have the same splitting ratio 49:51.

and a larger extinction ratio at the cross port, which agrees qualitatively with the experimental
results. The non-ideal splitting ratios of the two DCs in the MZI break the balance of the MZI
and thus leads to unbalanced switching characteristics. The switching characteristics of the
device could be improved by improving the fabrication process or by applying a post-tuning or
post-processing technique to tune or adjust the splitting ratio of the DC (e.g., by thermal tuning
of the DC with heat electrodes deposited on the two arms of the DC). In addition, with the help
of the reference DC, we find that ∼4% of the pump light leaks to the cross port of the DC as the
higher-order mode, which slightly reduces the pumping efficiency of the switch.

The insertion losses of the device (excluding fiber-waveguide coupling losses at the two ends)
measured for the TM-polarized pump light and the TM-polarized signal light are 2.1 dB and 5.3
dB, respectively. As the polymer system is developed for applications at 850 nm [35,36], the
material loss at 980 nm is smaller than that at 1550 nm. The tight mode confinement of the 980-nm
pump light also helps to reduce the bending loss. The measured fiber-waveguide coupling losses
at 980 nm and 1550 nm are 2.0 dB and 2.4 dB, respectively, which are polarization-insensitive.
With the fiber-waveguide coupling loss deducted, the actual pump power launched into the
waveguide for switching is 3.8 mW.

We repeated the measurements at different temperatures by placing a semiconductor heater at
the bottom of the device. For the temperature range from 20 °C to 50 °C, the fluctuations in the
switching power was within ∼0.6 mW and the changes in the extinction ratios at the cross port
and the bar port were within ∼4 dB and ∼1 dB, respectively. The device had a weak temperature
sensitivity, thanks to the balanced MZI structure.

We finally measured the response times of the device by modulating the pump laser with a
100-Hz square-wave electrical signal generated from a function generator (GW Instek, AFG-2225).
Another WDM was placed at the output end to filter out any surplus pump light and the output
signals were detected by a photodetector and displayed on an oscilloscope (MCP Lab Electronic,
DQ8304C). As shown in Fig. 6, the rise and fall times of the switch measured at the cross port
are 1.0 ms and 2.7 ms, respectively, and those measured at the bar port are 0.9 ms and 2.5 ms,
respectively. The corresponding switching frequency is several hundred Hz. The switching
times measured for both ports are more or less the same, as expected. The switching times of
our device are comparable to those of polymer waveguide thermo-optic switches driven with
graphene heater electrodes [25,26]. The fact that the rise time is shorter than the fall time can be
explained by the large thermal conductivity of graphene, which provides a fast transfer of heat to
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the waveguide, and the good thermal insulation of the polymer material, which tends to slow
down the process of heat dissipation.

Fig. 6. Switching times of the MZI switch measured at (a) the cross port and (b) the bar
port.

5. Comparison of devices and discussion

We summarize in Table 1 the performances of representative experimental all-optical switches
based on graphene’s photothermal effect. We may divide the devices into two groups: fiber
devices and on-chip devices. Fiber devices are formed with fibers and can be readily connected to
fiber-based systems, while on-chip devices are formed with high-index-contrast waveguides and
require special waveguide structures, such as grating couplers, for achieving fiber coupling. The
fiber-coupling losses of on-chip devices are usually very high (e.g., 7 to 9 dB for one end [17,18]).
Our low-index-contrast polymer waveguide switch is a kind of its own. On one hand, our switch
can be butt-coupled to fibers with much lower losses and, therefore, is fiber-compatible. On
the other hand, planar lightwave circuits for on-chip signal processing can be fabricated on the
polymer waveguide platform using the well-established microfabrication technology and the
fabrication cost is low.

As shown in Table 1, the switching power of our device (6.0 mW) is among the lowest and the
extinction ratio achieved is the highest (36 dB). The switching time of our device (1.0/2.7 ms)
is shorter than most of the fiber devices. The switching speed is limited by the relatively poor
heat conductivity of the polymer material. On-chip devices can provide much faster response,
thanks to their small sizes and superior heat conductivity, but the switching powers required are
high. Apart from the problem of high fiber-coupling loss, another problem with on-chip devices
formed with high-index-contrast waveguides is the high graphene-induced signal loss, which
not only limits the length of graphene and the number of graphene layers that can be used for
pump absorption, but also further increases the (already large) insertion loss of the device. This
constraint can be relaxed by using low-index-contrast waveguides, as demonstrated by our device.
The graphene-induced signal loss of our device (0.22 dB/mm) is lower than those of on-chip
devices by more than an order of magnitude. Only an externally pumped fiber MZI switch, which
has an almost negligible graphene-induced signal loss [13], can outperform our device in this
aspect. Furthermore, the grating couplers used for fiber coupling in those on-chip devices limit
the choice of the pump wavelength.

Most all-optical switches, including our proposed switch, employ an interferometer structure,
such as the MZI structure. All-optical switches implemented with different forms of resonators,
such as microrings, are available. Being narrow-band devices, resonators can be more sensitive
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Table 1. Comparison of reported all-optical switches based on graphene’s photothermal effect

Platform (number of
graphene layers,
graphene length)

Structure Switching
power
(mW)

Switching
time (rise/fall)

Extinction
ratio (dB)

Graphene-
induced
signal loss
(dB/mm)

Reference

Fiber (5 layers, 5 mm) MZI 11 9.1/3.2 ms 20 1.08 [12]

Fiber (20 layers, 10 mm) MZI 4.8 30/50 ms 19 0.08 [13]

Fiber (5 layers, 0.18 mm) Microring 8.7 0.29/0.21 ms 13 6.67 [14]

Fiber (1 layer, 5 mm) Michelson
interferometer

98 55.8/15.5 ms 7 - [15]

Si3N4 waveguide (1
layer, 288 µm)

MZI 109a 0.57/1.29 µs 11 10.76 [16]

Si3N4 waveguide (1
layer, 43.4 µm)

Microring 387a 0.56/1.95 µs 10 11.29 [17]

Si waveguide (1 layer,
3.2 µm)

Nanobeam
cavity

47a 3.24/5.52 µs 16 312.5 [18]

Si waveguide (1 layer, 5
µm)

Microring 1a 0.2/1.5 µs 17 100.0 [19]

Polymer waveguide (1
layer, 5 mm)

MZI 6.0 (3.8a) 1.0/2.7 ms 36 0.22 This work

aExcluding fiber-coupling loss

to heat-induced phase shifts, which could be translated into lower switching powers or faster
responses. However, the requirement that both the pump and the signal wavelength must be
aligned with the resonance wavelengths of the resonator poses much restriction on the choice
of wavelengths, and thermal stability can also be an issue. On the other hand, MZI-based
all-optical switches are broadband devices, which offer much flexibility in the choice of the pump
wavelength and the signal band. Thanks to the use of a balanced MZI, our proposed all-optical
switch has good thermal stability.

6. Conclusion

We have proposed and experimentally demonstrated an efficient all-optical switch that explores
graphene’s photothermal effect with a graphene-buried polymer waveguide balanced MZI. Thanks
to the low-index-contrast material system, we can use the TE polarization for the pump light (980
nm) and the TM polarization for the signal light (1550 nm) to ensure maximum pump absorption
by graphene and minimum graphene-induced signal loss. The input pump power change required
for achieving an extinction ratio of 36 dB is 6.0 mW and the rise/fall switching times are 1.0
and 2.7 ms, respectively. The actual pump power absorbed by graphene for activating switching
is estimated to be 2.2 mW. The graphene-induced signal loss is 1.1 dB. Our all-optical switch
shows superior performance in many aspects, compared with reported fiber and waveguide
all-optical switches based on graphene’s photothermal effect (Table 1). Our switch can be easily
butt-coupled to fibers for application in fiber-based systems or further integrated with waveguide
devices for on-chip all-optical signal processing, where low-power consumption is important
and high switching speed is not required, such as optical circuit switching. Graphene-buried
polymer waveguide can be designed to optimize the interaction of graphene with light and thus
serve as an effective platform for the development of all-optical control devices based on various
nonlinear effects of graphene.
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