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Abstract: We demonstrate ultrafast optical modulation using a single 1-
μm-diameter graphene-decorated microfiber, which is fabricated with a 
convenient and controllable evanescent-field-induced deposition method. 
Benefitting from the significantly enhanced light-graphene interaction of 
the subwavelength transvers dimension of the microfiber and accumulation 
of the saturable absorption of the piled graphene flakes, the microfiber 
shows nonlinear saturable absorption with a peak power threshold down to 
1.75 W (60 MW/cm2), with a measured response time of about 3.5 ps. 
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1. Introduction 

As one-atomic-layer carbon material, graphene exhibits a variety of novel electronic and 
optical properties [1–3], which have inspired a variety of novel optical applications including 
mode-locked ultrafast lasers [4–6], optical modulators [7–9] and photodetectors [10–14]. 
Especially, the relaxation time of carriers in graphene is a few picoseconds [15], dominated 
by carrier-phonon scattering, which offers great opportunities for ultrafast light manipulation. 
Also, being atomically thin, graphene can be integrated with optical waveguides for enhanced 
light-graphene interaction [7–9,13,14,16–18]. Recently, by integrating graphene with 
microscale optical waveguides or microfibers, graphene photodetectors [11–14] and optical 
modulators [7,8] with fast response time have been demonstrated. Usually, the fabrication of 
these graphene-functionalized structures require complicated and time-costing graphene 
transfer processes. Also, the precision of spatially positioning and localization of the graphene 
is limited, although it is highly desired for optical functionality. 

In 2009, Yamashita et al. demonstrated an evanescent field deposition method to transfer 
carbon nanotubes onto the sidewall of a microfiber by optical gradient force [19], which has 
been applied to realize mode-locked fiber lasers [19–21]. In this paper, we adopted this 
method to develop a graphene-decorated-microfiber (GDM) for ultrafast light modulation. 
Rather than microfibers with relatively large diameters (e.g., 5 μm) used in previous reports 
[19–21], here we use microfibers with smaller diameter (e.g., ~1 μm) for enhancing the light-
graphene interaction, as well as for single-mode operation of the microfiber around 1550-nm 
wavelength (C-band of optical communication) [22].The significantly enhanced interaction of 
evanescent fields and graphene flakes (overlapping on the surface of the microfiber), leads to 
a linear absorption as high as ~1.3 dB/μm at 1.5-μm wavelength. The measured threshold of 
saturable absorption is about 1.75 W in peak power, which is one order of magnitude lower 
than those of previous reports in similar structures [8, 23, 24]. Also, we demonstrated a 
transmission modulation for 1550-nm-wavelength signal using 1064-nm nanosecond laser 
pulses, with measured response time of 3.5 ps. 
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Fig. 1. Fabrication of graphene decorated microfibers (GDMs). (a) Schematic diagram of the 
evanescent field deposition method for trapping graphene flakes onto the sidewall of a 
microfiber. (b) Optical microscope image of a 1-μm-diameter microfiber decorated with three 
piles of graphene flakes, marked with white arrows. (c, d) Typical SEM images of GDMs 
fabricated with relatively short (c) and long (d) deposition time. 

2. Fabrication of GDMs 

The water-soluble graphene flakes, with lateral dimensions of a few hundred nanometers to 
several micrometers, were synthesized using a liquid-phase exfoliation method [25], and 
prepared as an aqueous solution. The microfibers used here, were fabricated by flame-heated 
taper drawing standard fibers into biconical tapers with waist sizes down to ~1 μm [26], 
which is thinner than those employed in previous reports [19–21]. To deposit the graphene 
flakes onto the surface of the 1-μm diameter microfiber, we used an optical evanescent-field 
deposition method [19] (as shown in Fig. 1(a)). Benefitted from the stronger evanescent field 
outside the microfiber, here the optical power required to trap and collect the graphene flakes 
can be reduced to 100 μW level, which was two orders of magnitudes lower compared with 
tens of milliwatts in previous reports [19, 20], and was helpful to avoid thermal damage. 
Instead of liquid polymer or polymer/aqueous mixture [19–21], here we used pure water with 
lower viscosity as the dispersant, which may also accelerate the deposition process. The 
insertion loss, especially the scattering from the water-air interface and the absorption of the 
deposited graphene during the depositing process, could also influence the laser power 
required for optical deposition. The amount of the deposited graphene can be estimated by 
monitoring the transmittance of the GDM in real time. Depends on the time of deposition, the 
graphene coating can be confined to a size down to ~1 μm, which provides much higher 
precision of spatially positioning and localization of graphene compared with those obtained 
by complicated graphene transfer processes [8, 24]. Figure 1(b) shows three piles of graphene 
flakes with increasing deposition time (from left to right). The increasing darkness and the 
micrometer scale separation between the neighboring piles indicate the capability of precisely 
controlling both the amount and position of the deposited graphene. For reference, Figs. 1(c) 
and 1(d) show SEM images of GDMs fabricated with relatively short and long deposition 
time. The precision of position of the deposited graphene can be further improved by using a 
high-precision translation stage instead of manual operation. 
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Fig. 2. Optical characterization of the GDM. (a) Raman spectrum of a graphene decorated on a 
microfiber. The inset was a typical SEM image of a GDM. Scale bar: 1 μm. (b) Red line and 
blue line were the transmittance of a pure microfiber and a GDM, respectively. Insets were 
cross-sectional intensity distribution of 800-nm and 1500-nm wavelength light guiding in a 
1.1-μm diameter microfiber. Scale bar: 1 μm. (c) Polarization dependent optical power 
measured before (red line) and after (blue line) graphene deposition process. (d, e) A 1-μm-
diameter GDM with a 1-μm-diameter microfiber placed across, before (d) and after (e) a 640-
nm light was guided through. Scale bar: 10 μm. 

3. Optical characterization of GDMs 

The Raman spectrum of the graphene-coated-area of a typical GDM is presented in Fig. 2(a). 
The strong D peak is induced by the massive edges of small graphene flakes (see inset of Fig. 
2(a)) [25, 27]. To measure the optical transmittance of a GDM with one graphene pile, we 
launched a supercontinuum broadband light into a 1-μm-diameter GDM with graphene 
cladding length of 5 μm. The light power was kept below 5 μW, far below the threshold of 
saturable absorption of graphene. The normalized transmittance of the GDM is shown in Fig. 
2(b). For comparison, the transmittance of a pure microfiber is also provided. Within the 
spectral range of 700−1700 nm, the pure microfiber has nearly constant transmittance (except 
the water absorption peak around 1400 nm), while the GDM shows an absorption increasing 
with increasing wavelength, which can be explained by the stronger evanescent field around 
the graphene interface at longer wavelength (see insets of Fig. 2(b)). The transmittance of the 
GDM at 1550 nm is 22%, corresponding to a linear absorption coefficient of 1.3 dB/μm, 
which is much higher than those of many other hybrid graphene/microfiber structures [8, 18, 
24]. The strong linear absorption coefficient can be explained by the enhanced light-graphene 
interaction and the accumulating effect of the piled up graphene flakes. The asymmetric 
distribution of graphene around the microfiber (as shown in Fig. 1(c) and 1(d)) may induce 
polarization-dependent absorption characteristics. To investigate this, we measured the 
polarization properties of the output light before and after the graphene deposition process 
using a 1550-nm-wavelength linear-polarized light. The results shown that there was no 
obvious change of the polarization angle, but the degree of polarization decreased from 
99.3% to 97.1% (as shown in Fig. 2(c)). Figures 2(d) and 2(e) show optical microscope 
images of a 1-μm-diameter GDM before and after guiding a 640-nm light, respectively. For 
intercepting the guided light, another 1-μm-diameter microfiber is placed cross the horizontal 
GDM. The scattering intensity of the graphene pile is much lower than that of the cross point, 
indicating that the insertion loss induced by the graphene scattering was much lower 
compared with the graphene absorption (on the same level of the transmitted light). 
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4. Saturable absorption of GDMs 

To investigate the saturable absorption properties, we sent 1550-nm femtosecond laser pulses 
(83 MHz, 200 fs) into a 1.1-μm-diamter GDM and measured the dependence of transmission 
on the input power. As shown in Fig. 3(a), the transmittance approximately kept a constant of 
16% (mainly originated from the linear absorption) until the input power reached 30 μW, and 
increased evidently afterward due to the saturable absorption. The measured threshold of 
saturable absorption is about 30 μW, corresponding to a peak power of 1.75 W and a peak 
power density of 60 MW/cm2 at the surface of the microfiber, as calculated in Figs. 3(b) and 
3(c). Figure 3(b) shows the calculated power density distribution on the cross-section plane of 
a 1.1-μm-diameter microfiber guiding a 30-μW 1550-nm-wavelength light, with radial power 
density (along the dotted line) depicted in Fig. 3(c). Benefitting from the enhanced light-
graphene interaction and the accumulative effect of the heaped up graphene flakes, the 
threshold observed here (1.75 W) is one order of magnitude less than that previously reported 
(40.6 W) [8].When the input power exceeded 500 μW, the graphene flakes began to be burnt 
away, and the transmission measurement is no longer reversible. 

 

Fig. 3. Saturable absorption of a GDM. (a) Power dependent transmittance of a GDM 
measured with 1550 nm laser pulse (~200 fs, 83 MHz). Inset was the schematic diagram of 
saturable absorption. (b) Cross-sectional peak power distribution of the 1550-nm-wavelength 
light guiding in a 1.1-μm microfiber normalized to the power threshold of saturable absorption 
of 30 uW. (c) Power density dependence along the dotted line in (b) on the radial position. 

5. Ultrafast light manipulation with GDMs 

For optical modulation, we used a saturable absorption based all-optical scheme that has been 
reported elsewhere [8, 17]. Here 1064-nm nanosecond pulses (8 ns, 2.4 kHz) was used as 
switch light to turn on a 1550-nm CW light (the signal light). The switch and signal lights 
were coupled into standard optical fibers, combined to co-propagation beams and sent into the 
GDM. After guiding through the GDM, the output light passed through a longpass filter to 
filter out the switch light. The power of the signal light was kept a constant of 5 μW. When 
the average power of switch light increased to 10 μW, the switched signal was clearly 
observed in the output (red line shown in Fig. 4(a)). With 10-μW switch light on, when the 
signal light was turned off, the output signal disappeared (black background in Fig. 4(a)), 
confirming that the switched signal was originated from the modulated signal light. 
Benefitted from the highly localized graphene pile deposited on the surface of the microfiber, 
it is also possible to realize the cross modulation by intersecting two microfibers around the 
graphene pile. As shown in Fig. 4(b), modulated output was observed in a 1-μm-diameter 
microfiber (guiding a CW 1550-nm signal light) when a second 0.4-μm-diameter microfiber 
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guiding switch light (1064-nm nanosecond pulses) was perpendicularly placed on the first 
microfiber at the area of deposited graphene. Compared with that in the co-propagation 
scheme shown in Fig. 4(a), the cross modulation depth is much lower due to the much shorter 
overlap of the signal and the switch light on the graphene coating, which can be improved by 
optimizing the thickness of the graphene pile and the diameter of the microfiber. Specifically, 
the fractional evanescent field around the microfiber increases with decreasing diameter, 
which is helpful for enhancing the light-graphene interaction, and also the modulation depth. 
But at the same time, the insertion loss caused by the graphene absorption is inevitable, which 
is a balance/price for the ultra-broadband operation, and there has to be a tradeoff between the 
modulation depth and the insertion loss. 

 

Fig. 4. Optical modulation based on GDMs. Signals (red curve) switched out from a 1550-nm 
CW beam in a 1-μm-diameter GDM by a 8-ns 1064-nm switch pulse train, which was applied 
by (a) co-propagating in the same GDM and (b) perpendicularly propagating in a 0.4-μm-
diameter microfiber (see insets), respectively. For reference, signal output with switch on and 
signal off is also provided (black curve). (c) Differential transmittance of the probe light (1550 
nm, 35 fs duration time) through a 1.2-μm-diameter GDM as a function of the pump-probe 
time delay with pump light of 789-nm wavelength and 500-fs duration time, showing a 
response time of ∼3.5 ps. Insets of (a-c) are the schematic diagrams of the modulation setups. 

To explore the ultrafast response of the GDM, we used a pump-probe measurement that 
has been reported elsewhere [8]. The pump (789 nm wavelength, 35 fs duration) and probe 
(1550-nm wavelength, 500 fs duration) beams were from a same femtoseconds Ti:sapphire 
laser and were coupled into and co-propagated through the GDM. The pump light was filtered 
out at the output by a notch filter. Figure 4(c) shows the time resolved result, with fitted full 
width at half maximum of 3.5 ps (as red line shown), which agrees well with the previous 
results measured in liquid-phase exfoliated graphene flakes [28]. 
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6. Conclusion 

In summary, we have fabricated GDMs using a convenient and controllable evanescent-field-
induced deposition method with fiber diameters down to 1 μm. Benefitting from the 
significantly enhanced light-graphene interaction in these subwavelength microfibers and 
accumulation of the saturable absorption of the piled graphene flakes, the microfiber shows a 
linear absorption coefficient as high as 1.3 dB/μm at 1550-nm wavelength, and a nonlinear 
saturable absorption with peak-power threshold down to 1.75 W (60 MW/cm2). As an 
example for ultrafast light manipulation, we further demonstrated all-optical modulation of a 
1550-nm-wavelength signal in a 1-μm-diameter GDM, with a measured response time of 
about 3.5 ps. The highly localized graphene deposition, very low threshold for saturable 
absorption, easy fabrication, compact footprint and excellent fiber compatibility of the GDM 
demonstrated here, may open new opportunities for ultrafast light manipulation for 
applications such as all-optical logical circuits and chip-integrated mode-locked lasers. 
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