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ABSTRACT: Graphene is an optical material of unusual characteristics
because of its linearly dispersive conduction and valence bands and the
strong interband transitions. It allows broadband light-matter interactions
with ultrafast responses and can be readily pasted to surfaces of functional
structures for photonic and optoelectronic applications. Recently, graphene-
based optical modulators have been demonstrated with electrical tuning of
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the Fermi level of graphene. Their operation bandwidth, however, was limited to about 1 GHz by the response of the driving
electrical circuit. Clearly, this can be improved by an all-optical approach. Here, we show that a graphene-clad microfiber all-
optical modulator can achieve a modulation depth of 38% and a response time of ~2.2 ps, limited only by the intrinsic carrier
relaxation time of graphene. This modulator is compatible with current high-speed fiber-optic communication networks and may
open the door to meet future demand of ultrafast optical signal processing.
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Graphene is known to exhibit a variety of exceptional
electronic and photonic properties.”> Because of its
unique electronic structure,” a graphene monolayer can have a
constant absorption coefficient of 2.3% over a wide spectral
range from the visible to the infrared>® with the low-frequency
part tunable by external fields (e.g., electrical-bias tuning of the
Fermi level”® or optical excitation of carrlers leading to Pauli
blocking of part of the interband transitions™'®). The relaxation
time of the photoexcited carriers is only a few picoseconds,
dominated by electron—phonon interactions and cooling of hot
phonons "1=13 Compared to many other materials for ultrafast
optics,"* "¢ graphene has the unlque merit of possessing
exceptionally high nonlinearity'”'® over a broad spectral
range with ultrafast response. Being atomically thin, it is also
highly flexible to be incorporated into other photonic struc-
tures, > 01719724 Recently, by electrically tuning the Fermi
level of a graphene film,” pasted onto a planar waveguide to
modify the interband transitions of graphene, Liu et al. have
successfully demonstrated a high-speed graphene-based optical
modulator.”** The modulation bandwidth was however
limited to ~1 GHz by the response time of the bias circuit.
For future optical data processing, a modulation rate larger than
100 GHz is needed.”

Obviously, the “electrical bottleneck” on the modulation rate
can be circumvented by an all-optical scheme but to date
graphene-based ultrafast all-optical modulation (e.g., bandwidth
>100 GHz) has not yet been reported. Here, taking the
advantage of the mature platform of fiber optics, we report a
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graphene-clad microfiber (GCM) all-optical modulator at
~1.5 yum (the C-band of optical communication) with a response
time of ~2.2 ps (corresponding to a calculated bandwidth of
~200 GHz for Gaussian pulses with a time-bandwidth product of
0.44°°) limited only by the intrinsic graphene response time. The
modulation comes from the enhanced light-graphene interaction
due to optical field confined to the wave guiding microfiber””*®
and can reach a modulation depth of 38%.

Our GCM all-optical modulator is illustrated in Figure la.
A thin layer of graphene is wrapped around a single-mode
microfiber, which is a section with the ends tapered down from
a standard telecom optical fiber. Previously, GCM structures
have been reported for fiber-based mode-locking lasers”*°
and 1 MHz optical modulators®" in which the diameter of the
microfiber is around 10 ym. Here, we employ subwavelength-
diameter (e.g, around 1 ym diameter for C-band of optical
communication) microfiber for single-mode operation.”® The
principle of the GCM modulator is as follows. A weak infrared
signal wave coupled into the GCM experiences significant
attenuation due to absorption in graphene as it propagates
along. When a switch light is introduced, it excites carriers in
the graphene and through Pauli blocking of interband transi-
tions it shifts the absorption threshold of graphene to higher
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Figure 1. Schematic illustration of a GCM optical modulator. (a) A
thin layer of graphene is wrapped around a microfiber that is a section
tapered down from a standard telecom optical fiber. (b) Schematic
describes pump and probe of carriers in the linearly dispersive valence
and conduction bands of graphene. Excited carriers can lead to the
band-filling effect that drastically modifies the absorption spectrum.

frequency, resulting in a much lower attenuation of the signal
wave. The switch light leads to modulation of the signal output
from the fiber, and its response time is limited by the relaxation
of the excited carriers. The relaxation time of carrier—carrier
scattering in graphene is known to be tens to hundreds of
femtoseconds and that of carrier-phonon scattering ~1 to a few
picosecnds (refs 11—13). The switch-light-induced refractive
index change of the atomically thin graphene is small enough
that it does not appreciably change the wave-guiding mode of
the microfiber. We also note that tapering of a section of the
regular fiber into a microfiber does not introduce appreciable
loss [see Supporting Information Figure S1]. This allows a
GCM modulator to be easily incorporated into a standard fiber-
optic system for in-fiber operation.

In our experiment, we tapered down a section of a single-
mode fiber (SMF 28, Corning Inc.) into a microfiber of ~1 um
in diameter and ~2 mm in length [see Supporting Information
Figure Sla]. Graphene flakes (layer numbers of 1—7 [see
Supporting Informatlon Figure S2]), prepared by micro-
mechanical exfoliation®” from highly oriented pyrolytic graphite
(HOPG), were transferred and wrapped around the microfiber
via micromanipulation [see Supporting Information Figures S3].
Figure 2a—c shows a typical as-fabricated bilayer-graphene-clad
microfiber. With a 633 nm light guided through the microfiber,
the graphene-cladded area was clearly visible from the scattered
light (Figure 2a,b). The scanning electron microscopy (SEM)
image (Figure 2d) revealed that the graphene-cladded length
was 16 ym. The Raman spectrum of the graphene (Figure 2e)
indicated that it was a bilayer.*> We have also succeeded in
wrapping monolayer and multilayer (>2 layers) graphene films
on microfibers.

The GCM structure enables significant enhancement of
light—graphene interaction via tightly confined evanescent field
guided along the surface of the microfiber. Figure 3a shows
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Figure 2. Sample characterization. (a) A GCM of 1.2-um diameter guiding a 633 nm light is located under an optical microscope. The red dot beneath the objective
indicates the location of the graphene gladding on the microfiber. Scale bar, 1 cm. (b,c) Optical microscope images of the GCM area with (b) and without (c) the guiding
red light in the fiber. Scale bar, S yim. (d) SEM image of the GCM. Scale bar, 2 ym. (e) Raman spectra of the bilayer graphene films on the GCM and on a Si/SiO,
wafer. Inset, optical microscope image showing the location of the bilayer graphene on GCM (red cirdle) and on Si/SiO, (black circle) for the Raman characterization.
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Figure 3. Optical waveguiding properties of GCM. (a) Dependence of
the power density at the surface of a microfiber on the microfiber
diameter for 1 mW input power (in the HE,; mode) at three different
wavelengths. The inset shows the cross-sectional intensity distribution
in a 1.2 ym diameter microfiber for 1550 nm wavelength (calculation
by COMSOL). (b) Transmission spectrum of the GCM in
comparison with that of a pure microfiber. (c) Transmittance of the
GCM as a function of the peak power of 220 fs pulses with 76 MHz
repetition rate at several wavelengths.

calculated power density at the surface of a microfiber from a
1 mW guided wave in the HE|; mode for three different wavel-
engths (the inset depicts the mode pattern). For reference, the
power density at the surface of a 1.2 ym diameter microfiber is
~24 kW/cm® for 1550 nm wavelength.

To see how graphene cladding affects the light transmission
through a microfiber we launched a continuous-wave (CW)
broadband light (from a halogen lamp) through a GCM of
1.2 pm diameter with a ~20 ym cladding length. The light
power was kept below 2 yW, which was not strong enough to
change the absorption of graphene. Figure 3b displays the
transmission spectrum of the GCM in comparison with that

957

of a pure microfiber. In the spectral range of 600—1600 nm,
the pure microfiber has nearly constant transmittance, but the
GCM has an absorption increasing with increasing wavelength,
which can be explained by the higher evanescent field for longer
wavelength at the graphene interface®® [see also Supporting
Information Figure S4]. The observed absorption of the
GCM was an order of magnitude higher than that of a bilayer
graphene (4.6%") because of the larger effective interaction
length.

At higher light intensities, the band filling (Pauli blocking)
effect of the exited carriers can drastically change the absorption
spectrum of graphene. To see this in our 1.2 ym GCM, we sent
~1.55 um femtosecond pulses (76 MHz, 220 fs) through the
same 1.2 ym diameter GCM and measured the dependence of
transmission on the input power [see Supporting Information
Figure SS]. The result is presented in Figure 3c. At a peak
power density below ~0.2 GW/cm?* (137 W in average power,
or 8.2 W in peak power), absorption of graphene is in the linear
range, leading to a nearly constant transmittance of ~15.5%.
When the density exceeds 1 GW/cm?® (0.68 mW in average
power, or 40.6 W in peak power), the transmittance increases
rapidly due to the saturable absorption,” which saturates as
the density approaches ~2.5 GW/cm* (~1.7 mW in average
power, or 101 W in peak power) to yield a transmittance
of ~24%. As the power density we used here is kept below
3 GW/cm? the nonlinear response contributed from two-
photon absorption that requires a much higher power density®*
is negligible.

The strong pump effect on the absorption of GCM can be
readily employed for all-optical modulation. For demonstration,
we showed that we could use nanosecond pump pulses to
switch out signal pulses from a GCM (Figure 4a). A 1.55 ym
CW signal light (from Module 2 in Figure 4a) was passed
through a GCM with a fairly low transmission (by coating a
1.2 pym diameter microfiber with a 30 ym length graphene
flake). When 1.06 ym ns pump laser pulses (~S ns, 2.4 kHz,
from Module 2) were also sent through the GCM with an
average power of 300 W (corresponding to a peak power
of 25 W, or a peak power density of ~0.4 GW/cm?), they
increased the signal transmission of the GCM during their
presence and switched out the nanosecond signal pulses
accordingly, which could be readily observed at the output
(Figure 4b). The normalized pump-induced differential trans-
mittance (DT) for the signal was ~30%. In this case, the observed
long tail of the signal pulses (~80 ns, shown in Figure 4c) was
not intrinsic but was due to the slow recovery time of the
photodetector. To explore the ultrafast dynamical characteristic
of the GCM, we adopted the pump—probe measurement
(Figure 4a). Light from a femtoseconds Ti:sapphire laser
(789 nm wavelength, 35 fs duration, 1 kHz repetition rate) was
split into two by a 60/40 beam splitter (BS). One after passing
through a 789 nm bandpass filter (BPF) with 2 nm bandwidth
(yielding a ~S500 fs pulse duration) was used as the pump, and
the other pumped an optical parametric amplifier (OPA) to
generate 1550 nm signal (probe) pulses. They were recombined
at a dichroic beam splitter (DBS1) and then coupled into a
1.4 pm-diameter GCM with a 20 pm long bilayer-graphene
cladding. An adjustable delay line in the signal path before DBS1
allowed adjustable time delay between pump and probe pulses.
The pump power was 200 nW (corresponding to a peak power
of ~400 W or a peak power density of ~2.4 GW/cm?), while
the probe power was <0.5 nW (<76 MW/cm?). The measured
transmission of the signal pulse as a function of the pump—probe
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Figure 4. All-optical modulation. (a) Schematic illustration of experimental setups. Module 1: light source for pump—probe measurement.
Module 2: light source for nanosecond-pulse modulation of a CW light. (b) Pulses switched out from a 1550 nm CW beam in a GCM by a S ns
1064 nm pump pulse train. The induced differential transmittance is ~30%. (c) Time profile of a switched-out pulse. (d) Differential transmittance
of the probe light through a 1.4 ym GCM with 20 ym long graphene cladding as a function of the pump—probe time delay with a pump power of
200 nW, showing a response time of ~2.2 ps. The inset shows the dependence of the modulation depth on pump intensity.

delay time is given in Figure 4d. The signal pulse transmission is
maximum near zero pump—probe delay and has a decay time
of ~2.2 ps (corresponding to a maximum modulation rate of
~200 GHz for Gaussian pulses®®). The signal transmittance
without pump was ~20% and changed to ~27.6% with the pump
at zero time delay, corresponding to a maximal modulation
depth of ~38%, which is 2 orders of magnitude hiﬁher than
the modulation achievable in graphene in free-space. > The
modulation depth was found to increase monotonously with
pump intensity, exhibiting only weak saturation, as seen in the
inset of Figure 4d. Because the intensity for strong saturation or
optical damage of graphene is much higher than the maximum
pump intensity used here (24 GW/cm?), higher modulation
depth should be achievable in GCM with further optimization.

In principle, an all-optical approach is the most promising
solution to ultrafast signal processing beyond 100 GHz,*® and
the fiber-compatible scheme is one of the most practical strategies
for future applications ranging from optical communication
and sensing to ultrafast laser spectroscopy and metrology. The
GCM all-optical modulation with response time of ~2.2 ps
(corresponding to a calculated bandwidth of ~200 GHz for
Gaussian pulses®®) demonstrated here, which comes from
seamless integration of fiber optics and graphene photonics,
may pave the way to explore the full potential of graphene-based
devices for ultrafast photonics, as well as a compact approach
to fiber-based ultrafast technology for future fiber-optic circuits,
systems and networks.

B ASSOCIATED CONTENT

© Supporting Information
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Fabrication of GCMs. Section 4: Calculated power densities of
the HE,, mode at the surface of a microfiber. Section S:
Experimental arrangement for optical characterization of GCMs.
This material is available free of charge via the Internet at
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