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Abstract: Using the evanescent-wave saturation effect of
hydrogen-free low-temperature synthesized few-layer gra-
phene covered on the cladding region of a side-polished
single-mode fiber, a blue pump/infrared probe-based
all-optical switch is demonstrated with specific wave-
length-dependent probe modulation efficiency. Under
the illumination of a blue laser diode at 405 nm, the few-
layer graphene exhibits cross-gain modulation at differ-
ent wavelengths covering the C- and L-bands. At a probe
power of 0.5 mW, the L-band switching throughput power
variant of 16 uW results in a probe modulation depth of
3.2%. Blue shifting the probe wavelength from 1580 to
1520 nm further enlarges the switching throughput power
variant to 24 mW and enhances the probe modulation
depth to 5%. Enlarging the probe power from 0.5 to 1 mW
further enlarges the switching throughput power variant
from 25 to 58 uW to promote its probe modulation depth
of up to 5.8% at 1520 nm. In contrast, the probe modu-
lation depth degrades from 5.1% to 1.2% as the pumping
power reduces from 85 to 24 mW, which is attributed to the
saturable absorption of the few-layer graphene-based eva-
nescent-wave absorber. The modulation depth at wave-
length of 1550 nm under a probe power of 1 mW increases
from 1.2% to 5.1%, as more carriers can be excited when
increasing the blue laser power from 24 to 85 mW, whereas
it decreases from 5.1% to 3.3% by increasing the input
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probe power from 1 to 2 mW to show an easier saturated
condition at longer wavelength.
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1 Introduction

Recently, many types of graphene-based broadband
optical modulator have been developed by various
research groups [1-8]. The waveguide-type electroabsorp-
tion modulator (EAM) was demonstrated by Liu et al. [1].
High modulation speed (>1 GHz), moderate drive voltage,
low energy consumption, and broadband operation
(1.35-1.6 um) are feasible; however, the coupling loss of
up to 14.6 dB between the optical fiber and waveguide-
type modulator is a drawback toward practical applica-
tion [2]. Other kinds of graphene-based reflective-type
EAMs were also developed [3]. The graphene- and ring-
type electrodes are made on the top of a silver film coated
on a sapphire substrate. The silver film serves as both
the back electrode and the reflected mirror. The 3 dB
bandwidth of this reflective-type graphene-based EAM is
154 MHz with a modulation depth of 4% at a bias of 4 V.
With a small insertion loss (<3%), long active region, and
uniform modulation depth (0.001-100 MHz), this device
exhibits better performance toward future applications in
optical communication fields. Later on, the transmission-
type graphene EAM with very similar configuration to
the reflective-type one is also explored to operate at THz
regime, which provides a modulation depth of up to 15%
under a bias of 50 V at 570 GHz with a smaller 3 dB band-
width of 20 kHz than those in aforementioned demonstra-
tions. Although the high carrier mobility of graphene can
facilitate the enhanced electrical-to-optical throughput
when performing the EAM, the practical graphene-based
EAMs still exhibit the modulation speed at ~1 GHz due to
RC constant limit [9].
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All-optical modulation is a direct technique to prevent
the bottleneck of RC constant limit. Graphene-based all-
optical modulators demonstrate the ultrahigh signal
modulation using the saturable absorption of graphene
[9-12], which is a property that the optical absorption is
reduced under intensive optical excitation. The saturable
absorption of graphene with fast carrier response time
(~200 fs) makes graphene a nice candidate to generate
ultrahigh optical modulation; this unique characteristic
is also used to produce ultrashort laser pulse [13-15]. In
addition, low incident optical intensity is sufficient to
operate the graphene-based optical modulator due to
the low saturation intensity of graphene [16, 17], and the
damage threshold of graphene is much larger than its
saturation intensity [18, 19]. Consequently, the graphene-
based all-optical modulator becomes a robust device
in practical application. Liu et al. covered a microfiber
surface with polydimethylsiloxane-supported graphene
to demonstrate all-optical modulation. The evanescent-
wave interacts with graphene to provide the maximal
modulation depths of 5 and 13 dB for single-layer and
bilayer graphene, respectively [11]. Li et al. reported the
all-optical modulation using a graphene-clad microfiber
with the modulation depth of 38% and a response time
of ~2.2 ps. For all-optical modulation with the covered
graphene, the available modulation bandwidth can be
beyond 200 GHz [12, 20]. Recently, Sun et al. also used
graphene to perform all-optical, electro-optical, thermo-
optical, and magneto-optical modulations [20]. In par-
ticular, the graphene-based wavelength conversion of
non-return-to-zero data format at 10 Gbit/s was also
demonstrated, achieving the conversion efficiency and
wavelength tunability of -27 dB and 12 nm, respectively
[20]. As the signal extinction ratio is dominated by optical
absorption in graphene, and the modulation speed is
affected by the carrier relaxation time of graphene, the
quality of graphene is an important factor to the perfor-
mance of optical modulator. Preserving high-quality gra-
phene without damage during the fabrication process has
a great impact on the graphene-based all-optical modula-
tor. Nevertheless, the wavelength dependence of such an
all-optical modulation functionality in graphene has yet
to be completely investigated.

In this work, the few-layer graphene-covered
side-polished single-mode fiber (SMF) is employed
as an optical evanescent-wave switch to provide the
all-optical switching element for near-infrared cross-
wavelength data converter. A novel growth method is
proposed to fabricate graphene on ultrathin Ni film
and then chemically transfer to the side-polished SMF
surface through the lift-off process. The switching
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power variant of the cross-wavelength data converter is
investigated by injecting different probe wavelengths.
The wavelength-dependent saturation phenomenon
on the all-optical modulation depth is observed and
characterized.

2 Materials and methods

To perform the all-optical modulation of the few-layer
graphene-coated SMF, a side-polished fiber with 2 cm
exposed length was mounted in a glass holder initially.
The proposed method is to synthesize the few-layer gra-
phene on ultrathin Ni film on glass and then the Ni film
is etched off to transfer the few-layer graphene onto the
surface of side-polished fiber [21]. First, the ultrathin Ni
film-coated glass substrate was placed in hydrogen-free
plasma-enhanced chemical vapor deposition (PECVD)
chamber at 550°C for few-layer graphene synthesis.
The active gases inserted into the PECVD chamber were
methane and argon with a flow rate of 3 and 200 sccm,
respectively. A relatively low gas ratio of methane to
argon contributes to the slow-rate carbon precipita-
tion, which facilitates the well control of graphene layer
number [22]. Such a temperature is below the melting
point of glass, which would induce limited imperfec-
tions during the growth of few-layer graphene. Then,
the lift-off process induced by the chemical etching of Ni
film was performed at room temperature in the environ-
ment of FeCl, solution, which was kept as slow as possi-
ble to protect the few-layer graphene by greatly diluting
the concentration of etching solution (Figure 1). In this
way, the few-layer graphene floated on the deionized
water surface after the lift-off remains flattened without
any corrugation or folded damage before transferring
onto the side-polished fiber [23]. The side-polished fiber
was dipped into deionized water to scoop up the floated
few-layer graphene, which did not risk any damages,
as no physical or chemical process was performed at
this stage. After diluting the FeCl, solution by injecting
deionized water, the few-layer graphene was transferred
onto the side-polished fiber device. In this work, Ni was
introduced as a different metallic catalyst membrane in
addition to Cu for the synthesis of graphene. The few-
layer graphene can also be synthesized on the Ni sub-
strate at critical phase transition temperature of the
Ni/C alloy. Before the formation of few-layer graphene
on Ni film, numerous C atoms are initially dissolved
into Ni film to form the NiC alloy. Subsequently, these
buried carbon atoms are desorbed to the Ni surface by
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Figure 1: Solution process of few-layer graphene transferred from Ni substrate onto the side-polished SMF.

gradually cooling the Ni film to a temperature below
the phase transition point. Compared to the Cu film, the
slow reduction of few-layer graphene on Ni film can be
obtained under hydrogen-free conditions at a relatively
low temperature [22]. In addition, the lattice constant of
graphene (0.246 nm) is very close to the lattice constant
of hexagonally close-packed Ni (0.249 nm). Such a simi-
larity also helps to avoid the out-of-plane buckling phe-
nomenon during synthesis.

Figure 2 demonstrates the measuring system for
analyzing the all-optical switching effect of few-layer
graphene-coated side-polished fiber. A continuous-
wave GaN blue laser diode (wavelength at 405 nm) was
focused into a rectangular pattern by a cylindrical lens
(focal length, f=15.4 nm), which was served as the pump
source and illuminated on the few-layer graphene-coated
side-polished SMF. Simultaneously, a continuous-wave
tunable laser as the probe beam was amplified by an
erbium-doped fiber amplifier (EDFA). The injected wave-
lengths of the probe beam were 1520, 1550, and 1580 nm,

respectively. The transmitted probe beam was collected
by a power meter.

3 Results and discussion

Figure 3A shows the Raman scattering spectrum of the
hydrogen-free few-layer graphene. Among the observed
spectral components, the sp? orbit of carbon atoms in
the C-C bond of graphene induces the G-band peak at
1582.5 cm’, the peak located at 1350 cm™ denotes as the
D-band related to structural defects in graphene, whereas
another peak at 2700 cm™ defines the 2D band induced
by the zone-boundary phonons. In general, the peak ratio
between G and 2D bands may be treated as preliminary
data correlating well with the layer number of graphene.
When decreasing the number of graphene layers, the
2D-band Raman scattering peak is increased accord-
ingly. More accurately, it is trusted that the variation on
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Figure 2: Schematic diagram of measuring system for analyzing the all-optical switching effect of the few-layer graphene side-polished fiber.

the number of the graphene layer affects the shift of the
G-band Raman scattering shift. The relationship between
the number of the graphene layer and the shift of the
G-band peak can be described by [24]

5.5 5.5
a)G, graphene (n) =0 + F =1581.6+ ?’

ey

G, graphite

wherew; gra\phene(n) denotes the wavenumber of the G-band

Raman scattering peak for the graphene, o, .. denotes

the wavenumber (1581.6 cm™) of the G-band Raman

scattering peak for the graphite, and n denotes the layer
number of the graphene. In our case, the number of the
graphene layer is evaluated as 67 as the G-band Raman
scattering peak shifts to 1582.5 cm™. Moreover, the peak
ratio between D and G bands also provides the informa-
tion of structural defects within the graphene layer [22].
Vacancy and distortion defects could be formed in gra-
phene during its synthesis upon the ultrathin Ni film
without hydrogen passivation; however, carbon atoms dis-
solved into and desorbed from the Ni film can be regularly
reduced to graphene with slowly and smoothly cooling
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Figure 3: (A) Raman scattering spectrum and (B) XRD spectrum of few-layer graphene synthesized by hydrogen-free PECVD to observe the

layer number and crystallinity of the few-layer graphene.
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down the substrate temperature below the phase transi-
tion point. With this method, the defects in graphene can
be minimized to result in a Raman scattering peak ratio
of ID/IG<0.3. As evidence, Figure 3B exhibits the X-ray
diffraction (XRD) spectrum of the hydrogen-free PECVD
synthesized few-layer graphene reduced from the Ni host
membrane. The XRD peak for the few-layer graphene is
located at 21°, which is close to the (002)-oriented gra-
phene nanosheets with an azimuth angle of 23.6° [25]. The
measured XRD peak is slightly smaller than the reference
because the tensile strain is induced by the aforemen-
tioned defects generated in the graphene film.

Under a probe power of 0.5 mW, the switching
response and the modulation depth of the few-layer gra-
phene-coated side-polished SMF exposed to the pumped
laser with different powers and wavelengths are shown in
Figure 4A and B. The modulation depth is defined as the
ratio of the maximal power variation to the input probe
power. At pumping power of up to 85 mW, the switching
power variant (DDP) can be 15-25 uW at a wavelength
between 1520 and 1580 nm. The corresponding modu-
lation depths (defined as DDP/probe power) for probe
wavelengths at 1520, 1550, and 1580 nm are 5%, 3.8%, and
3.2%, respectively. The modulation depth increases with
shortening the wavelength of laser because there are more
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states available at higher energy band of few-layer gra-
phene (Figure 4C) [13, 14].

In addition, the modulation depth also increases
with the power of pumped laser. Taking the wavelength
of 1550 nm laser for example, the modulation depth is
increased from 1.4% to 3.8% when enlarging the laser
power from 24 to 85 mW. As the pump laser intensity
increases, more carriers would be excited to the upper
states to saturate the absorption of few-layer graphene
such that the evanescent wave can no more excite other
carriers. Most probe photons are unavailable to induce
more free carrier absorption in this case. Therefore, the
modulation depth of few-layer graphene-based all-optical
switch shows larger modulation depth by pumping it at a
shorter wavelength. In addition, the power of continuous-
wave laser-based pump is too low to induce a nonlinear
effect. Under the same pumping condition with a different
modulation, the switching response and the modulation
depth of the probe can still be improved with enlarging
probe power (Figure 5B and C). By increasing the probe
to 1 mW, the switching throughput DDP can be enlarged
from 46 to 58 uW as the probe wavelength blue shifts from
1580 to 1520 nm, which gives rise to the enhanced modu-
lation depth from 4.6% to 5.8% accordingly. The modu-
lation depth becomes larger with increasing the probe
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Figure 4: (A) Switching response and (B) modulation depth of few-layer graphene all-optical switcher with different probe wavelengths
(probe power of 0.5 mW) and (C) schematic diagram of pump-probe analysis for performing the all-optical switching in few-layer graphene
with intensive pump beam and weak probe beam at different wavelengths.
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Figure 5: (A) Schematic of the pump-probe system, (B) switching response and (C) modulation depth of few-layer graphene all-optical
switcher with different probe wavelengths (probe power of 1 mW), and (D) switching response and (E) modulation depth of few-layer gra-
phene all-optical switcher with different probe wavelengths (probe power of 2 mW).

power as the increasing input power also increases the
intensity of the evanescent wave, wherein more carriers
can be excited to the upper states to saturate the absorp-
tion faster than ever. Figure 5D clearly reveals that the
optical absorption of few-layer graphene is further satu-
rated when increasing the probe power to 2 mW under
same pumping condition, which slightly increases the
switching throughput DDP from 51 to 68 uW as the probe
wavelength blue shifts from 1580 to 1520 mW to enlarge
the up-transition energy of pumping photons. As shown
in Figure 5E, the modulation depths are decreased to
3.4%, 3.3%, and 2.55% corresponding to the shift of probe
wavelengths to 1520, 1550, and 1580 nm, respectively. It
indicates that the occupation of energy states is saturated

and the absorption of evanescent wave is forbidden at a
probe power of 2 mW.

From these results, it is realized that probing at longer
wavelength would experience a smaller change on the
transient transmission power and the saturation behavior
on modulation depth occurs with increasing the pumping
power as well. Such a modulation depth saturation is
mainly attributed to the lower density of states for the
few-layer graphene at such wavelength. As all the states
at smaller energy are almost filled at 1 mW, which suffers
from significant saturation effect such that larger pumping
fails to implement higher modulation depth. The saturat-
ing trend on the probe power variation becomes less sig-
nificant as the pumping is sufficiently large to saturate all
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states, and the density of incoming probe photons is well
beyond the density of states simultaneously. To explain
such a saturated modulation depth behavior in principle,
one needs to consider that, when graphene is photoex-
cited, both the intraband and interband transitions would
occur as the major interactions between the conical con-
duction and valence bands to change its optical conduc-
tivity, as described by

(w)+o.

inter (a)) ’ (2)

ow)=0

intra

where o, (o) is the optical conductivity for intraband
transition, o, () is the optical conductivity for interband
transition, and w is the angular frequency of the photon.
The optical absorption determined by the intraband tran-
sition at long wavelength can be described by the Drude

model as [26]

o (0)=0 (E )(SkBTJ(l
intra [ F ﬂh

. ln(e’EF 12T | oEx 12T ),
w’t+l/7

€)

where o (E,) denotes the original optical conductivity, 7 is
the momentum scattering time of carriers, E, is the Fermi
energy of electron, k, the Boltzmann constant, e is the
electron charge, h is the reduced Plank constant, o is the
optical frequency and T is the effective carrier tempera-
ture. In contrast, interband transition usually occurs in
short wavelength range (infrared and visible) to provide
an optical conductivity as [27]
photon ZEF ]]

E +2E
o (a))=&[tanh —photon___F 14 tanh
mer )= 4k,T 4k,T
(4)

where o, denotes the optical conductivity of undoped gra-
phene at E, =0 as e*/4h.

In our case, the graphene sandwiched between two
media of top air with its relative permittivity of one and
bottom oxide with its relative permittivity of two is consid-
ered, which leads to a transmittance under normal inci-
dence derived as [27]

air_0

T(CU) — eoxide
\| €. [ [
ar ( Saireoxide + eair)so + gaira(a))/c

which is estimated as T(w)=0.982-0.82s[o(w)/c]. Assum-
ing the simplest case in vacuum, the transmittance of
single-layer graphene can be approximated as T=1-na
with a=e?/2¢ ch, whereas the transmittance of bilayer
graphene needs to be calibrated as T=1-waf,(w) with the
factor of f,(w) given by

4(e & )
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f (a)) — Ephoton + 2Ehopping G(Ephoton - hopping)
2 2
2(Ephomn hopping) (Ephoton / Ehopping)
+ (Ephoton - 2Ehopping )G(Ephoton - 2Ehopping) , (6)
2(Ephoton - hopping)

which clearly indicates the wavelength dependence of the
transmittance as the layer number of graphene increases.
That is, the wavelength-dependent phenomena on both
the variations of the throughput power and modulation
depth can be caused by the bilayer or multilayer geom-
etry of the graphene sample synthesized by ourselves. In
general, the transmittance as well as the modulation effi-
ciency of the waveguide covered by graphene should be
irrelevant to the probing wavelength if the Fermi level is
unchanged or if the pump remains relatively weak during
the pump-probe analysis. Nevertheless, the intense pump
should provide a significant band filling effect such that
the aforementioned parameters concurrently change as
well.

As expected, the optical conductivity is correlated
with the voltage-dependent Fermi level of few-layer gra-
phene. The operating principle of the all-optical switch
based on optically illuminating the few-layer graphene-
coated side-polished SMF is shown in Figure 6A and B. As
the all-optical modulation is dominated by changing the
absorption coefficient of graphene with the evanescent
wave of pump laser when passing through the SMF core,
the evanescent wave outside the side-polished SMF would
be absorbed by the coated graphene layer to give an “off”
state under the all-optical switching process at initial
stage. As the evanescent wave of pump laser excitation
fills out the excited state of the graphene to saturate its
absorption, the evanescent wave can directly pass through

A
Ggbphene layer
Polished surface
Light Excitation
B

Gpaphene I;%\rN\)

Polished surface

Figure 6: Schematic diagram of photon absorption in graphene (A)
with and (B) without intensive light excitation.
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the graphene layer without suffering from the absorp-
tion to excite further carriers. When turning off the pump
laser, this phenomenon ceases and eventually results in
the “on” state of the incoming probe light. In the case of
continuous-wave laser pumping, there will be much lower
evanescent-wave intensity to induce the absorption satu-
ration within the covered graphene layer compared to
the case with pulsed laser of higher intensity. Hence, the
continuous-wave laser-based pump provides weaker eva-
nescent wave and exhibits less impact to the variation of
probe intensity. In addition, the few-layer graphene also
provides a smaller change of saturation absorption than
the monolayer graphene. This explains the reason for the
smaller modulation depth of the few-layer graphene-cov-
ered side-polished fiber modulator compared to previous
works with better performance. Some remarkable refer-
ences are summarized as evidence of the aforementioned
discussion in previous works. For example, Li et al. dem-
onstrated all-optical modulation using a graphene-clad
microfiber all-optical modulator. The pumping laser was a
femtosecond-degree pulsed laser with peak power inten-
sity of ~GW/cm? The achieved modulation depth was 38%
[12]. In addition, Yu et al. also used a graphene-clad micro-
fiber to investigate the all-optical intensity modulation. As
the peak power of switching light at 1.06 um increased to
1.15 W, the modulation depth of probe laser at 1.55 um can
achieve 11.5% [28]. Liu et al. also reported different modu-
lation depths from a graphene-covered microfiber with
single-layer and bilayer graphene [11]. In our work, the
all-optical modulation using a graphene covered single-
side-polished SMF is demonstrated at much lower pump
intensity than others. Both the pump-induced absorption
change and the interaction area of the device are less than
those of the graphene-cladded microfiber (with surround-
ing graphene). With the use of a high-quality monolayer
graphene, the modulation depth of the graphene-covered
side-polished fiber can induce the all-optical modula-
tion up to ~6%. Except for the aforementioned reasons,
the structural defects induced during the lift-off transfer
of the few-layer graphene from ultrathin Ni membrane to
the side-polished SMF surface could also be one possible
mechanism to degrade the performance of modulation
efficiency.

4 Conclusion

In this work, the few-layer graphene-covered side-
polished SMF is employed as an all-optical switching
element at different wavelengths that covered the C- and
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L-bands. At a probe power of 0.5 mW, the L-band switch-
ing throughput power variant of 16 uW is observed with
a modulation depth of 3.2% at a probe power of 0.5 mW.
Blue shifting the probe wavelength from 1580 to 1520 nm
further enlarges the switching throughput power variant
to 25 uW and enhances the modulation depth to 5%. The
modulation depth increases with shortening wavelength
as the pumping laser at shorter wavelength can induce
more free carriers to saturate the states closer to the
Dirac point, which would suppress the absorption of the
incoming probe power at longer wavelengths. Enlarging
the probe power from 0.5 to 1 mW further enlarges the
switching throughput power variant from 46 to 58 pW
to promote its modulation depth up to 5.8% at 1520 nm.
All the states at smaller energy are almost filled at 1 mW,
which suffers from a significant saturation effect, such
that larger pumping fails to implement higher modu-
lation depth. The saturating trend on the probe power
variation becomes less significant, as the pumping is
sufficiently large to saturate all states, and the density
of incoming probe photons is well beyond the density of
states simultaneously. By further increasing the probe
power of up to 2 mW under the same pumping condition,
the change of switching throughput clearly decays from
68 to 51 uW when red shifting the probe wavelength from
1520 to 1580 mW, indicating that the optical absorption
of few-layer graphene is easier saturated at longer wave-
lengths. The modulation depths are gradually decreased
to 3.4%, 3.3%, and 2.55% with the probe wavelengths of
1520, 1550, and 1580 nm, respectively, owing to the finite
density of states of few-layer graphene in the near Dirac-
point region.
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