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Graphene microfibers are burgeoning modulators with great potential in all-optical communication. One of the
critical issues that remains to be understood is the dynamic mechanism of light–graphene interaction. Here, we
propose a power dependent modulation by using 980 nm pump light and 1064 nm signal light via graphene
microfiber, and the results show a strong transmission reduction and frequency blue shift with the increase
of pump power. The experimental observation is attributed to a stimulated Brillouin scattering process induced
by the pump light. Power and frequency variations are a result of energy transition of the scattered phonon in the
fiber. This work reveals the nonlinear effect process in the light–graphene interaction and provides a new method
for power and frequency control with graphene all-optical modulation. © 2018 Chinese Laser Press
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1. INTRODUCTION

All-optical modulation is a rapidly growing technology with pros-
pects for future data rate processing in optical telecommunication.
As a potential candidate approach to break the “electronic bottle-
neck” of a few tens of gigahertz in the current electro-optic com-
munication system [1], all-optical modulation has attracted
increasing research attention [2–5]. Experimentally, all-optical
modulation can be achieved through a number of matters (Rb
atomic vapor [6], CdSe quantum dots [7], two-dimensional ma-
terials [8,9], etc.) and optical structures (silicon microcavities [10],
photonic crystal microcavities [11], composite waveguides [12],
etc.). Among them, the microfiber integrated optical modulator is
regarded as the most promising one in practical applications
[13,14] due to natural compatibility with commercial telecom-
munication systems. To manipulate light propagating along fiber,
two-dimensional (2D) materials are novel candidates by means of
evanescent wave coupling. Graphene, as one of the most prom-
ising 2D materials, has shown extraordinary photonic and opto-
electronic properties, such as a zero band gap structure and
ultrafast carrier relaxation (100 fs of intraband and several pico-
seconds of interband transitions) [15]. Thanks to the all-optical
modulation mechanism, graphene microfiber (GMF) modulators
have wide optical response bandwidth and ultrafast light modu-
lation speed. So far, modulations on light intensity, phase, and
polarization by light have been demonstrated through GMF
modulators. Besides its use in modulators, GMF has also shown

potential applications in the field of sensing with high sensitivity
and fast response [16].

In principle, the physics of the modulation mechanism in
the GMF modulator is still not clear. For example, Pauli block-
ing is always adopted to illustrate the power dependent optical
modulation [4,17]. In some cases, the signal power decreases
rather than increases with the rise of pump power, and no clear
explanation on such a phenomenon has been reported so far.
On the other hand, red shift of the signal light is attributed
to the thermal effect of the GMF when the pump light is
strong [18].

To study the all-optical modulation mechanism of the
GMF, we designed a modulation experiment by using single-
frequency continuous wave (CW) lasers with wavelengths of
980 nm and 1064 nm as the pump and signal light, respec-
tively. The power of the pump light was increased to interact
with the GMF and, therefore, affect the transmission of the
signal light. From the signal light transmission spectra, we ob-
served power decline and frequency blue shift with the increase
of pump power. To fully understand the physical mechanism of
this process, we propose Brillouin scattering of the signal light
enhanced by the stimulated Brillouin scattering (SBS) process
of the pump light. This work provides useful information in
understanding the behavior of the light in the GMF, which
is of value not only in all-optical modulation, but also in
GMF sensors.
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2. EXPERIMENTAL DETAILS

Figure 1 schematically shows the experimental setup. Two laser
sources are employed to serve as pump light (980 nm) and signal
light (1064 nm), respectively. The pump light is generated by a
continuous wave Ti:sapphire laser (Spectra-Physics, Matisse TR)
with linewidth of 10 MHz and maximum power of 900 mW.
The signal light is a home-built single-frequency fiber laser [19],
which gives a linewidth of 15.2 kHz, and a fixed power of 6 mW
at 1064.33 nm. The two laser beams are coupled into the GMF
through a 980/1064 nmwavelength-divisionmultiplexer (WDM).
The GMF device is connected with the WDM to enable light–
graphene interaction via evanescent field coupling. After, the
transmitted laser is extracted by an optical circulator (C) con-
nected with a fiber Bragg grating (FBG, 1063.98 nm central
wavelength, 0.6 nm bandwidth). The signal light is then re-
flected by the FBG and output from port 3 of the circulator.
The pump light can be detected from the right end of the
FBG. An optical spectral analyzer (YOKOGAWA, AQ6370C)
with 0.02 nm resolution is used to analyze the modulated signal.

Figure 2(a) shows the configuration of the GMF. A silicon
wafer coated by aMgF2 film is used as the substrate. Microfiber

is placed between two graphene films. To create microfiber, a
standard telecommunication single-mode fiber was pulled
under high temperature, which was controlled by an electrical
heating molybdenum wire. The diameter of the microfiber was
monitored with an optical microscope. After pulling, we exam-
ined the light transmission by injecting and collecting light
from the un-tapered parts. We can routinely get the right
transmission larger than 90% over the full fiber, indicating that
the tapering process is approximately adiabatic. Then, we em-
ployed microfibers with diameters of 2 μm, 4 μm, and 8 μm to
fabricate GMF devices. From the microscope image of the
microfiber [Fig. 2(a)], we can roughly estimate that the length
of the microfiber (waist region) is about 1 cm.

The graphene used for the GMF was synthesized on a cop-
per foil by the chemical vapor deposition (CVD) method [20].
The Raman spectrum shown in Fig. 2(b) confirms that the gra-
phene we made is monolayer. The copper foil was etched with
15% ferric chloride solution. Afterwards, the graphene film was
washed in deionized water several times until the solution was
clear and transparent. Then, we sank the MgF2 coated silicon
substrate in the solution, and drew water until the graphene
film stacked on the substrate. The monolayer graphene trans-
ferred substrate was then dried in a vacuum oven for 3 h at
45°C. The microfiber and top graphene layer were subsequently
transferred to the surface of the bottom graphene layer. The
microfiber was fixed with ultraviolet glue. Figures 2(c)–2(f)
show the scanning electron microscope (SEM) images of the
GMF. It is seen that the coating length is about 3 mm.

3. RESULTS AND DISCUSSION

The spectra of the signal light modulated by the pump power
are shown in Figs. 3(a)–3(c). Figure 3(d) is a transmission spec-
trum of the signal light from the 2 μm diameter microfiber
without graphene. During the experiment, the signal light
power was fixed at 6 mW. In Figs. 3(a) and 3(b), it is obviously
seen that the transmitted signal light power decreases with the

Fig. 1. Scheme of the experimental setup. WDM, wavelength-
division multiplexer; GMF, graphene microfiber; C, fiber optical cir-
culator; FBG, fiber Bragg grating; OSA, optical spectral analyzer.

Fig. 2. Schematic of the GMF. (a) Microscope image of the microfiber. (b) Raman spectrum of the graphene. (c) SEM image of the GMF.
(d)–(f ) Close-up SEM images of the dashed frame area from the GMF shown in (c).
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increase of the pump power. Meanwhile, the central wavelength
of the spectrum shifts to a shorter wavelength (i.e., blue shift).
It should be noted that the power decline and blue shift of the
signal light only happen when the pump power exceeds a
threshold of 25 mW for the 2 μm diameter GMF and 280 mW
for the 4 μm diameter GMF. In contrast, no modulation was
observed in the 8 μm diameter GMF [Fig. 3(c)] and the 2 μm
microfiber not covered with graphene [Fig. 3(d)]. Our exper-
imental results are different from the previous observations
[4,17,18], in which the signal power always decreases and
the central wavelength red shifts as the pump power increases.
Those results were typically explained by Pauli blocking [4,17]
and the thermal effect of the graphene energy band and the
device [18].

To explain the experimental results, we consider that the
signal light experiences Brillouin scattering on the phonons
generated in the SBS process of the pump light. In principle,
the Brillouin scattering process can be regarded as a photon

(with frequency of ω0) scattered on a phonon (with frequency
of ω 0), generating a Stokes photon with the frequency of ω0 −
ω 0 or an anti-Stokes photon with the frequency of ω0 � ω 0

[21–23]. Different from the photons and phonons in the bulk
material, which can propagate along any direction, photons and
phonons in fiber can only propagate forward or backward. Due
to the Doppler effect, when the phonon moves backward, as
shown in Fig. 4(a), the backward scattering light possesses
higher frequency (anti-Stokes light), and the forward scattering
light exhibits lower frequency (Stokes light) [23]. In contrast,
when the phonon moves forward, as shown in Fig. 4(b), Stokes
light is scattered backward, and the anti-Stokes light is scattered
forward. Because the frequency of the phonon (Brillouin fre-
quency shift) depends on the magnitude of strain and temper-
ature change, Brillouin scattering is an important method
in sensing [24]. In this work, when the intense pump light
propagates along the microfiber, a strong evanescent field
can be generated, which therefore interacts with the graphene.

Fig. 3. Modulated signal light as a function of the pump light power for the GMF using microfiber of (a) 2 μm, (b) 4 μm, and (c) 8 μm diameters.
(d) Comparison of microfiber (with 2 μm diameter) without graphene coating.

Fig. 4. Illustration of the Brillouin scattering in the fiber as the phontons move (a) backward and (b) forward. (c) Phonon generation in the SBS
process of the pump beam. (d) Brillouin scattering of the signal beam on the phonons.
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Since graphene has higher third-order nonlinear susceptibility
than silica [25,26], the evanescent field can produce efficient
SBS in graphene, and a large number of forward moving pho-
nons will be produced [Fig. 4(c)] [27] at the same time. When
the signal light goes through the modulator, it can be scattered
by the forward moving phonons, producing backward propa-
gating Stokes light and forward propagating anti-Stokes light
[Fig. 4(d)].

According to the scattering model, the output signal light
contains both anti-Stokes light and Rayleigh scattering light.
To identify this, we decomposed the signal spectra obtained
from the 2 μm diameter GMF [Fig. 3(a)] by using least-squares
fitting. The calculated spectral curves of the anti-Stokes light
and the Rayleigh scattering light are shown in Fig. 5(a).
Apparently, the Rayleigh spectrum centers at 1064.33 nm,
and its power decreases as the pump power increases. The spec-
trum of the anti-Stokes light centers at 1064.31 nm, in which
the power increases with the increase of the pump power.
Besides, the central wavelengths of the anti-Stokes light remain
constant as the pump power increases. We also decomposed
the signal spectra obtained from the 4 μm diameter GMF
[Fig. 3(b)] and found similar results; i.e., it also contains
Rayleigh light and anti-Stokes light at 1064.33 nm and
1064.31 nm, respectively, and shows the same power variation.
The frequency shift of the anti-Stokes light from the Rayleigh
light is calculated to be 6.4 GHz as shown in Fig. 5.
In principle, the frequency shift is equal to the frequency of
the phonon, which is usually defined by the material. In
single-mode fiber, it is calculated to be 16 GHz at 1064 nm
according to Δf � 2nvb∕λ (Δf is the frequency shift, n is
the refractive index, and λ is the wavelength of the light)
[28,29]. It can be seen that the frequency shift of the anti-
Stokes light obtained in our experiment is quite close to the
frequency of the phonon in single-mode fiber.

To prove the proposed theory, we measured the backward
propagating light from the GMF using 2 μm microfiber. The
setup is shown in Fig. 6(a). Two laser sources are employed to
serve as pump light (980 nm) and signal light (1064 nm), re-
spectively. The pump light is generated by a CW Ti:sapphire
laser (Spectra-Physics, Matisse TR) with linewidth of 10 MHz
and maximum power of 900 mW. The signal light is a home-
built single-frequency fiber laser, which gives a linewidth of
15.2 kHz, and a fixed power of 6 mW at 1064.33 nm. The
two laser beams are coupled into port 1 of the optical circulator
(C) through a 980/1064 nm WDM, and then into the GMF
device connected to port 2 of the optical circulator. The back-
ward scattering light from the GMF is received by an optical
spectral analyzer (YOKOGAWA, AQ6370C) with 0.02 nm
resolution connected to port 3 of the circulator. From the spec-
tra of the backward propagating light under various pump
powers [Fig. 6(b)], it is seen that the central wavelength remains
at 1064.35 nm, with a red frequency shift of about 7.1 GHz
with respect to the input signal light. The frequency shift is
almost the same as the blue frequency shift measured from
the forward propagating light. Therefore, it should be the
Stokes light in the Brillouin scattering. Moreover, its power
increases with increasing pump power, indicating that the
Brillouin scattering of the signal light is enhanced when the
pump power is increased.

The power variation and the blue shift phenomenon can be
easily interpreted with the proposed theory. If we denote the
power of the Stokes light, the anti-Stokes light, and the
Rayleigh scattering light as Ps, Pas, and Pr , respectively, the to-
tal power (Ps � Pas � Pr ) is supposed to be equivalent to the
power of the input signal light Pt , i.e., Pt � Ps � Pas � Pr .
The number of forward moving phonons increases as the pump
power increases, which enhances both the Stokes light and the
anti-Stokes light. In our experiment, the forward propagating

Fig. 5. Decomposition of the signal spectra obtained from the GMF with the microfiber diameters of (a) 2 μm and (b) 4 μm.
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light includes anti-Stokes light and Rayleigh scattering light.
As a result, the forward detected power can be expressed as
Pas � Pr � Pt − Ps. Because the power of the input signal light
Pt is fixed and the Stokes light power Ps increases (Fig. 6), the
detected power decreases as a consequence [Figs. 3(a) and 3(b)].
Moreover, the power variations lead to the blue shift phenome-
non, because the power of the Rayleigh scattering light
Pr �Pr � Pt − Ps − Pas� with lower frequency drops, and the
power of the anti-Stokes light with higher frequency increases.
Namely, the high frequency part of the spectrum becomes
dominant, leading to the entire spectrum profile moving to
the higher frequency side.

Similar to commercial single-mode fibers, the SBS threshold in
biconical microfibers can be expressed as the following formula [30]:

Pth �
21Aeff

GBLeff
, (1)

in which Aeff is the effective mode area, GB is the peak Brillouin
gain, and Leff is the effective length. The peak Brillouin gain GB
is closely related to the spectral linewidth of the pump laser. For
example, if the pump spectrum is Lorentzian, the peak Brillouin
gain GB can be expressed as GB � gBΔνB�ΔνB � ΔνP�−1 [31],
in which gB is the Brillouin coefficient,ΔνB is the SBS gain spec-
tral width, and ΔνP is the spectral width of the pump laser.
Obviously, a higher peak Brillouin gain GB can be obtained
when a narrow linewidth pump laser is used, and a lower
SBS threshold can be achieved accordingly. Compared with
the lasers used in previous publications, the lasers (both the
pump laser and the signal laser) used in this work show narrow
linewidth (10 MHz and 15.2 kHz, respectively), which is the
reason why we obtained opposite results in the experiment.

According to Eq. (1), the SBS threshold can be calculated.
For the biconical microfibers, Aeff � 0.065 μm2, GB �
10−10 m ·W−1, and Leff � 1 cm, therefore, the calculated
threshold is 1.37 W. The maximum pump power in the experi-
ment is 900 mW, which is much lower than the SBS threshold.
This is the main reason why we did not observe blue shift and
power drop of the signal light in bare microfiber [Fig. 3(d)]. As
the third-order susceptibility of the graphene is much larger than
that of the fiber, the SBS threshold of the GMF is reduced sig-
nificantly, and, therefore, blue shift and power drop of the signal
light in the 2 μm diameter GMF [Fig. 3(a)] were observed.

In the microfibers, the evanescent field is stronger for a
smaller diameter. That accounts for the lower threshold of
the GMF with a smaller diameter. We then numerically simu-
lated the relationship between the evanescent field distribution
and the fiber diameter by using COMSOLMultiphysics. In the
simulation model, we assumed that the air layer was a decently
matched layer because the coating layer was stripped before
heating and stretching. The evanescent field distribution in
the fibers with diameters of 0.5 μm, 1 μm, 2 μm, and
4 μm was obtained and is shown in Fig. 7. It can be seen that
a smaller fiber diameter gives a stronger evanescent field along
the fiber surface, therefore resulting in a stronger interaction
between light and graphene.

4. CONCLUSIONS

In conclusion, we investigated all-optical modulation of GMF.
Single-frequency CW lasers centered at wavelengths of 980 nm

Fig. 7. Simulated evanescent field distribution in the microfiber
with diameters of (a) 0.5 μm, (b) 1 μm, (c) 2 μm, and (d) 4 μm.

Fig. 6. (a) Experimental setup used to measure the guided acoustic-wave Brillouin scattering from the GMF with a 2 μm diameter. (b) Spectra of
the backward propagating light from the GMF with a 2 μm diameter under various pump powers. The central wavelength remains at 1064.35 nm.
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and 1064 nm were used as pump and signal light, respectively.
It is found that the power of signal light decreases and blue
shifts with the increase of the pump power. This was not ob-
served if graphene was removed from the GMF. Brillouin scat-
tering of the signal on the photons generated in the SBS process
of the pump light was used to explain the experimental results.
This work provides an effective approach to understanding the
modulation mechanism of the GMF modulator, which would
be useful for future applications of all-optical modulation. This
work provides useful information in understanding the behav-
ior of the light in the GMF, which is of value not only in all-
optical modulation, but also in GMF sensors.
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