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Externally pumped low-loss graphene-based 
fiber Mach-Zehnder all-optical switches with 
mW switching powers 

TING HAO, ZESHAN CHANG, AND KIN SENG CHIANG
* 

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

Abstract: We propose and experimentally demonstrate an all-optical switch based on a 
graphene-coated fiber Mach-Zehnder interferometer, where the phase of the signal light in 
one arm of the interferometer is changed by the heat generated from external pump light 
absorption by the graphene coating. The external pumping scheme allows efficient pump 
absorption with multiple layers of graphene coated on an ordinary fiber or a slightly tapered 
fiber without introducing significant additional signal loss. Without using any wavelength 
multiplexer/demultiplexer, the switch can be pumped at any convenient wavelength or even 
with broadband light. Our experimental device, which is based on a standard 125-μm-
diameter single-mode fiber with a 5-mm-long graphene coating, can be switched with a pump 
power of 5.3 mW at an extinction ratio of 19 dB with no additional signal loss. The switching 
power is insensitive to the graphene coating’s length and can be reduced to 4.8 mW, with the 
fiber tapered to 40 μm. The measured switching powers agree well with the theoretical values 
obtained by treating the graphene coating as a uniform sheet of heat source without thickness. 
The switch’s response time decreases with the fiber diameter and inversely with the graphene 
coating’s length. The switch’s rise and fall times, based on a 40-μm tapered fiber with a 20-
mm-long graphene coating, are 30 ms and 50 ms, respectively. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

As light-controlling-light devices, all-optical switches could find interesting applications in 
optical signal processing and optical communication networks. Fiber-based all-optical 
switches, in particular, have attracted much attention because of their compatibility to fiber 
transmission systems, simple implementation, and low cost. Nonlinear optical effects in silica 
fibers, such as cross-phase modulation [1,2] and the Kerr effect [3], have been explored for 
the realization of all-optical switches. These switches can operate at high speeds, but 
generally require very high pump powers (of the order of Watts and above). Highly nonlinear 
fibers, such as those doped with rare earth or transition metal ions, have been employed to 
form all-optical switches with pump powers in the range from milliwatts to hundreds of 
milliwatts [4,5]. 

The recent advances in the graphene technology offer new opportunities for the realization 
of all-optical devices. Being a 2D material, graphene possesses many appealing photonic 
properties, such as broadband absorption, tunable Fermi level, and large nonlinearity [6,7]. As 
graphene can be easily deposited or transferred onto a fiber, a graphene-incorporated fiber is 
an effective platform for the implementation of all-optical control devices. Over the last few 
years, a number of graphene-based all-optical modulators/switches with different 
performances have been reported. A graphene-coated microfiber modulator based on the Kerr 
effect of graphene [8] can offer 3-dB modulation with a pump power of 1.2 W at a speed of 
nanoseconds [9]. Modulators in the form of graphene-coated microfibers [10–12] and D-
shaped fibers [13,14] based on the Pauli blocking principle of graphene [15] can provide 
ultrafast switching of the order of picoseconds, but the pump powers required are higher. For 
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example, the microfiber modulator in [10] requires a pump power of 25 W for 2-dB 
modulation and the D-shaped fiber modulator in [13] requires a pump power of 720 W for 9-
dB modulation. All-optical switching based on the photothermal effect of graphene has also 
been demonstrated, where the heat generated from the absorption of pump light by graphene 
serves to modulate the refractive index of a graphene-incorporated phase-sensitive fiber 
structure [16–18]. This mechanism can substantially reduce the switching power, but at the 
expense of the switching time. This type of all-optical switches suits applications that do not 
require fast response. With this mechanism, all-optical switching with a power of 11 mW, a 
response time of 9.1 ms, and a signal loss of 5.4 dB has been demonstrated with a Mach-
Zehnder Interferometer (MZI) that contains a 10-μm-diameter microfiber covered with five 
layers of 5-mm-long graphene [16]. By using a ring resonator formed with a graphene-
covered 5-μm-diameter microfiber, the response time is reduced to 0.3 ms, but the switching 
power required is 18 mW and the signal loss is as high as 6.78 dB/mm [17]. All-optical 
switching with a power of 4 mW, a response time of 20.7 ms, and a signal loss of 2.1 dB has 
also been demonstrated with a 16-μm-diameter microfiber Bragg grating covered with a 7.6-
mm-long graphene coating [18]. The use of a graphene-attached microfiber together with a 
co-propagating pump in these studies [16–18] inevitably introduces a significant loss to the 
signal, as the signal is also absorbed by the graphene attached to the microfiber (in addition to 
the loss introduced by the microfiber itself). Furthermore, with in-fiber pumping, it is 
necessary to use a wavelength multiplexer/demultiplexer to combine/separate the signal and 
the pump at the two ends of the device, which adds complexity and cost to the device and, 
more importantly, restricts the pump wavelength that can be used. To address the loss issue, 
tungsten disulfide (WS2), which has strong absorption at 980-nm pump light and weak 
absorption near 1550-nm signal light, has been proposed to replace graphene [19]. The 
experimental device based on a WS2-deposited microfiber, however, shows a high signal loss 
of 3.7 dB and the switching power required is 57 mW [19]. 

In this paper, we propose an externally pumped all-optical switch with a fiber MZI based 
on the photothermal effect of graphene, where multiple layers of graphene are coated on one 
arm of the MZI and pump light is incident upon the graphene coating through free space. 
With this external pumping scheme, there is no need to use a microfiber or a D-shaped fiber 
to enhance graphene-light interaction. The graphene coating can be applied to an ordinary 
fiber or a slightly tapered fiber without introducing a significant loss to the signal. Without 
using a microfiber, the device is more robust and its performance is more stable. Furthermore, 
by doing away with the wavelength multiplexer/demultiplexer at the two ends of the device, 
the complexity and the cost of the device are significantly reduced and, more importantly, 
practically any light sources, including visible-light and white-light sources, can be used to 
pump the device. Our switch makes good use of the large light absorption rate and the high 
thermal conductivity of graphene for the achievement of low-power switching. The light 
absorption of graphene is ~2.3% for an atomic thickness of 0.34 nm [20]. In our study, we use 
~20 layers of graphene, which amounts to a coating thickness of only ~7 nm and can absorb 
~80% of pump light. The heat conversion from light absorption by graphene is highly 
efficient. The high thermal conductivity of graphene allows the heat generated locally to be 
distributed along the entire coating quickly, which provides a high utility of heat for our MZI. 
These characteristics of graphene allow the graphene coating to be modeled as a uniform 
sheet of heat source without thickness, which offers the highest possible heating efficiency for 
a light-absorbing coating. We analyze the effects of the diameter of the graphene-coated fiber 
and the length of the graphene coating on the switching power and perform experiments to 
verify the theoretical results. By using an ordinary 125-μm-diameter fiber coated with 5-mm-
long graphene, we achieve a switching power of 5.3 mW at an extinction ratio of 19 dB with 
negligible graphene-induced signal loss. The switching power is insensitive to the length of 
the graphene coating and decreases with the fiber diameter. With the graphene-coated fiber 
tapered to a diameter of 40 μm, we reduce the switching power to 4.8 mW. The experimental 
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coated was then placed under the graphene sheet and pulled out of water together with the 
graphene sheet. After drying in air at room temperature for one hour and at 70 °C for 20 min, 
the graphene-covered fiber was submerged in acetone for 30 min to have the PMMA fully 
removed. Because of electrostatic attraction, the bare graphene sheet, which hanged onto the 
fiber like a flag, was naturally wrapped around the fiber, when it lost the support of the 
PMMA substrate. The length and the number of the graphene layers on the fiber were 
determined by the size of the starting graphene sheet. The pump source used was a pigtailed 
1550-nm laser diode (Apico, CMP-LD-1550-BTF) or a 974-nm laser diode (Max-Ray 
Photonics, PFL-974-300-B). By comparing the pump powers passing through a bare fiber and 
the graphene-coated fiber, we were able to estimate the total absorption of the pump light and 
hence the number of the graphene layers. We found that the measured power loss due to 
scattering and reflection on a bare fiber was ~11%. The measured transmitted power through 
the graphene coating was ~9%, which indicates that ~80% of the pump light was absorbed by 
graphene, assuming the same scattering and reflection loss as a bare fiber. As a single 
graphene layer absorbs ~2.3% of the pump light, 80% absorption implies ~20 layers of 
graphene. The fiber section wrapped with graphene can be a bare SMF-28 fiber, which has an 
overall diameter of 125 μm, or a tapered SMF-28 fiber. 

We should note that our method of wrapping graphene around a fiber does not produce a 
highly uniform graphene coating. Our switch, however, does not require an accurate control 
of the number of graphene layers and its uniformity along the coating. What matters is the 
amount of the pump light absorbed at the point of incidence, which is determined by the 
photodetector placed under the coating. Thanks to the high thermal conductivity of graphene, 
the heat generated by the pump at the point of incidence heats up the entire graphene coating 
quickly. The non-uniformity of the graphene coating does not affect much the global heating 
effect. The high tolerance on the quality of the graphene coating is another advantage of the 
external pumping scheme. For the same reason, the alignment of the pump beam is also 
relaxed. The exact location of the pump beam along the graphene coating is unimportant as 
long as the desired amount of the pump light is absorbed, which results in a robust and easy-
to-operate switch. 

4. Results and discussions 

4.1 Switching power 

We first present the results for a graphene-coated 125-μm fiber pumped by the 1550-nm laser 
diode. Figure 5(a) shows the output transmission spectra measured at several pump powers 
for a 5-mm-long graphene coating. As broadband light is used as the signal light, the 
transmission spectrum of the MZI consists of a number of interference fringes, which have a 
visibility of 19 dB. As shown in Fig. 5(a), the position of each interference fringe shifts by a 
half fringe (which corresponds to a phase change of π between the two arms of the MZI), as 
the pump power increases from 0 mW to 5.3 mW. Therefore, the switching power is 5.3 (with 
an uncertainty of ± 0.2 mW) and the extinction ratio of the switch is 19 dB. We conducted the 
experiments in our laboratory, where the temperature was 20 ± 0.4 °C. The small fluctuations 
in the ambient temperature should partly contribute to the uncertainties in the measurements 
of the locations of the fringes. We repeated the measurements for a 10-mm-long graphene 
coating and obtained almost the same results. The phase shift deduced from the fringe shift as 
a function of the pump power is shown in Fig. 5(b) for two lengths of the graphene coating. 
The measurement data shown in Fig. 5(b) agree reasonably well with the theoretical results 
shown in Fig. 3(a). The discrepancies should be mainly due to the use of an ideal 2D 
theoretical model in the analysis, which ignores the temperature variation along the graphene 
coating. Nevertheless, our experiments confirm that the dependence of the phase shift on the 
pump power is insensitive to the graphene length, as predicted by the theory. Our 
experimental results verify that the graphene coating can indeed be modeled approximately as 
a uniform sheet of heat source without thickness. We repeated the measurements with the 
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sufficient output power can be used as the pump source. Our analysis based on treating the 
graphene coating as a uniform sheet of heat source, as confirmed by experimental results, 
shows that the switching power is insensitive to the length of the graphene coating and can be 
lowered by reducing the diameter of the graphene-coated fiber. With ~80% pump power 
absorption (i.e., ~20 layers of graphene), the switching powers achieved with a standard 125-
μm fiber and a 40-μm fiber are 5.3 mW and 4.8 mW, respectively, which are significantly 
lower than those of MZI switches based on graphene-covered microfibers. The response time 
of the switch can be shortened by reducing the fiber diameter and increasing the length of the 
graphene coating. The rise and the fall time of a switch based on a 40-μm fiber with a 20-mm 
graphene-coating length, which has an excess loss of 1.2 dB, are 30 ms and 50 ms 
respectively. It should be possible to further improve the performance of the switch by 
optimizing the parameters of the device and incorporating an effective heat dissipation 
scheme. With our proposed all-optical switching scheme, any 2D material with strong light 
absorption and excellent heat conductivity that can be wrapped around a fiber can be 
exploited for the development of all-optical control devices. 
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