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Abstract. We demonstrate a saturable absorber (SA) based on cladding-
filled graphene in a specially designed and manufactured photonic crystal
fiber (PCF) for the first time. The saturation absorption property is achieved
through the evanescent coupling between the guided light and the clad-
ding-filled graphene layers. To boost the mutual interaction, the PCF is
designed to contain five large air holes in the cladding and small-core
region. Employing this graphene-PCF SA device, we construct an
erbium-doped all-fiber laser oscillator and achieve mode-locked operation.
This device can pave the way for high power and all-fiber applications of
photonics with graphene with some unique advantages, such as single-
mode operation, nonlinearity enhancement, high-power tolerance, envi-
ronmental robustness, all-fiber configuration, and easy fabrication. ©
2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.10
.106105]
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1 Introduction
The research for novel saturable absorbers (SAs) has been an
attractive issue in recent years. Despite the traditional semi-
conductor saturable absorber mirror, carbon nanotubes
(CNTs),1,2 topological insulator,3–5 and graphene6 have
appeared to be successfully utilized for realization of satu-
rable absorption. Particularly, since the first demonstration
of graphene-based saturable absorber (GSA) by Bao
et al.,6 the GSA for ultrafast fiber laser had become an attrac-
tive and growing research direction, due to its significant
advantages over the conventional SAs. To improve its
operation performance, various types of GSAs had been pro-
posed. Presently, the most representative format is film-like,
which can be employed in either transmission6 or reflection
(typically called GSA mirror)7,8 mode. The graphene sample
can be fabricated by several approaches, such as chemical
vapor deposition,6,9–13 optical deposition,14,15 mechanical
exfoliation,16,17 incorporation into a host polymer,18–20 and
so on. Film-like GSA is an efficient device for low power
applications due to its easy fabrication and integration.
However, to implement such a GSA device, the incident
light must propagate perpendicularly into the graphene
layers,21 which can result in the thermal damage of graphene.
Moreover, film-like GSA can allow for a very short length of

interaction, typically tens of micrometers, which limits the
ability of pulse shaping. Other characteristics like deleterious
reflection, physical damage, and environmental sensitivity
can further limit its practical applications. To overcome
those drawbacks, an alternative approach is to utilize the
interaction through evanescent coupling. This interaction
scheme acts as a simple but elegant and cost-effective solu-
tion,22 which has been well adopted for CNTs-based SAs,
including tapered fibers,22,23 D-shaped fibers,24 in-fiber
micro-channels,25 ring-core fibers,26 and microfibers.27

To take the advantage of the nonlinear optical property of
graphene, researchers also demonstrated similar interaction
schemes as CNTs. Luo et al. fabricated a graphene-based
evanescent-interaction scheme using a tapered fiber.21,28

Yong et al. introduced the D-shaped interaction scheme
from CNTs to graphene by side-polishing fiber.29 Choi
et al. also filled graphene into a ring-core hollow fiber.30

Although those demonstrated interaction schemes based
on evanescent coupling show improvements in terms of
interaction length, high-power durability, and environmental
robustness, they have some intrinsic drawbacks. The
schemes based on tapered fibers, D-shaped fibers, or micro-
fibers are environmentally sensitive, difficult to be packaged,
and easy to be damaged. The fabrication of micro-channel
needs precise femto-second processing technology and is
unsuitable for mass production. Moreover, the configuration
involving in-core micro-channel can destroy the single-mode0091-3286/2013/$25.00 © 2013 SPIE
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propagating property around the micro-channel device and
would introduce additional detrimental effects. Similarly,
the ring core fiber inherently results in the vanishing of
the single-mode property of the propagation light, and can
thus induce additional loss due to the different propagation
modes in the single mode fiber (SMF) and ring core fiber.

For an alternative approach, Liu et al. fabricated a pho-
tonic crystal fiber (PCF)-based SA, which was realized by
selectively filling few-layered graphene oxide (GO) solution
into the core of a hollow-core PCF (Ref. 31). However, this
kind of SA is not based on evanescent coupling whereas light
directly propagates through the GO solution. This device has
several defects: poor long-time stability and precise and care-
ful handling are required for selective filling. The optofluidic
device is also expected to be damaged under high-intensity
light, such as thermal evaporation.

Herein, we demonstrate another interaction scheme based
on evanescent coupling between the guided light and the
PCF-cladding filled graphene layers. In order to fabricate
this device, graphene dispersed dimethyl formamide
(DMF) solution is filled into the cladding holes of a total
internal reflection PCF (TIR-PCF) by high-pressure injection
method. Then, the device is oven-dried to remove the DMF
solvent by evaporation, which results in a cladding-filled
GSAwith several advantages. First, it can perfectly preserve
the single-mode property of the PCF due to the cladding-fill-
ing configuration. Second, it is robust and environmentally-
insensitive because the graphene layers are confined in the
enclosure cladding holes (after splicing). Third, it is high-
power tolerable as graphene does not significantly alter
the in-core-propagation property. Fourth, it is very easy to
be fabricated, processed, and integrated into an all-fiber for-
mat by simple fiber-splicing using commercial fiber fusion
splicer.

2 Fabrication and Characterization of the
G-PCF SA

2.1 Preparation of G-DMF Solution

The graphene is provided by Nanjing XFNANO Materials
Tech Co., Ltd, which is prepared by complete reduction
of GO, including thermal exfoliation reduction and hydrogen
reduction. The graphene used here exhibits single-layer ratio
of ∼80%, thickness of 0.8 to 1.2 nm, and diameter of 0.5 to
2 μm. Moreover, this type of graphene is dispersible, which
can be re-dispersed in several solvents like water, alcohol,
DMF, etc. According to our experimental results, we find
that DMF is the most suitable solvent. For preparing the gra-
phene-DMF (G-DMF) solution, ∼10-mg graphene was dis-
persed in ∼30 mL DMF solvent. The G-DMF mixture was
ultrasonicated for ∼1 h to obtain a uniform solution. At last,
∼25 mL upper portion of the G-DMF solution were chosen
as the filling solution.

To characterize the wavelength-dependent absorption
properties, we also measured the transmissions of DMF sol-
vent and the G-DMF solution using a UV/VIS spectrometer
(Lambda 950, PerkinElmer Inc., Waltham, Massachusetts),
as shown in Fig. 1. The sample for measurement (DMF sol-
vent or G-DMF solution) is contained within a cuvette with
outer width of 12.48 mm and inner width of 9.98 mm. The
transmission of DMF solvent indicates that certain OH ions
are contained, which results in the characteristics absorption

bands around 1.2 and 1.4 μm, shown with the dashed line
plotted in Fig. 1. The two absorption bands are overtones
of the OH-attenuation peak at ∼2.73 μm, which corresponds
to the fundamental vibrational absorption peak of the OH
ion.32 The solid line plotted in Fig. 1 represents the transmis-
sion property of G-DMF solution. Compared with the trans-
mission of DMF solvent, G-DMF solution shows larger
absorption within the measured wavelength region, but no
new significant absorption band is observed, indicating
that the absorption of graphene is wavelength independent.

2.2 Manufacturing and Simulation of the
Five-Hole PCF

The manufacturing process of the five-hole PCF is based on
the stack-and-draw method. The scanning electron
micrographs of the final manufactured PCF are shown in
Fig. 2(a). It can be seen that five holes are closely distributed
in the cladding of the PCF which reduces the effective refrac-
tive index of the cladding, and the region surrounded by
them constructs the core of the PCF. The cladding diameter
of the PCF is ∼125 μm and the cross-sectional area of each
air hole is ∼51.53 μm2. This special PCF has some unique
advantages: large air holes can make the filling process easier
and enhance the interaction of evanescent coupling; small-
core region can further increase the evanescent coupling
due to more confinement of the propagating light.

We perform a simulation to evaluate the structure of the
five-hole PCF by using commercial software (COMSOL
Multiphysics 3.5a). The simulation results are shown in
Figs. 2(b) and 2(c). Figure 2(b) shows the whole-designed
fiber section, which is well consistent with the real PCF
structure. It also shows the light power and electric field dis-
tributions in the PCF at 1.56-μmwavelength. To more clearly
demonstrate the evanescent coupling effect, the detailed dis-
tribution characteristics of energy and electric field were
shown in Fig. 2(c). The energy distribution indicates that
the light can propagate as single mode in the designed
PCF. The mode field area is calculated to be ∼7.1 μm2,
much smaller than the cross-sectional area of the air hole.
The electric field distribution further demonstrates that a cer-
tain guided light can propagate in the air holes due to evan-
escent coupling. Simulation results indicate that the
employment of evanescent coupling is available with the
manufactured PCF, which thus can fulfill our desired
application.

The dispersion and attenuation properties of the manufac-
tured PCF are plotted in Figs. 3(a) and 3(b), respectively. It

Fig. 1 Transmission spectra of DMF (dashed line) and G-DMF (solid
line).
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can be seen that the PCF exhibits large anomalous dispersion
at 1550-nm wavelength. The dispersion parameter at
1560 nm is ∼87.92 ps∕nm∕km, corresponding to a group-
velocity dispersion (GVD) of ∼ − 113.51 ps2∕km. The
loss profile of the PCF shows several attenuation bands,
of which the most significant one is near 1.4 μm. As dis-
cussed in Sec. 2.1, this attenuation band is the first overtone
of the OH-attenuation peak at ∼2.73 μm. The loss at 1500 to
1600 nm is relatively low. At 1560 nm, the attenuation loss is
∼5.95 dB∕km, which is acceptable in view of the short-inter-
action length (typically several centimeters).

2.3 Filling and Splicing

The G-PMF solution prepared in Sec. 2.1 can be filled into
the PCF as designed in Sec. 2.2 with high-pressure injection
method. With this method, the G-DMF solution can be filled
into a segment of five-hole PCF with the length larger than
0.5 m, as shown in Fig. 3(a) where the PCF has a length of
30 cm. By using a commercial fiber fusion splicer (FSU 15,
Ericsson), the cross section image can be clearly seen in
Fig. 4(a). Then, the solution-filled PCF was oven dried in
order to remove the DMF solvent and leave only the gra-
phene layers. Figures 4(c) and 4(d) show the splicing process
between the five-hole PCF (filling with dried graphene
layers) and SMF-28 fiber by using a commercial single
fiber fusion splicer (FSM-60S, Fujikura Ltd., Tokyo,
Japan). To possibly reduce the splicing loss, several actions
must be taken. First, the fibers to be spliced must be well
cleaved to ensure a smooth and flat fiber end facet.
Figure 4(b) shows the cleaved fiber sections (left: PCF;
right: SMF-28) observed from two different directions (X
and Y). It can be seen that the cleaved sections of PCF

Fig. 2 (a) Scanning electron micrograph photograph of the manufac-
tured PCF section. (b) Simulation of the PCF, including its structure,
and power and electric field distributions in it. (b) Simulation of
the distributions of power and electric field around the core
region.

Fig. 3 (a) Dispersion and (b) attenuation characteristics of the manu-
factured PCF.

Fig. 4 (a) Filling process observed by using a commercial fiber fusion
6 splicer. (b, c, and d) Splicing process between the PCF (after filling
and drying) and the segment of SMF-28 fiber.
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and SMF-28 have ∼0.6- and ∼0.5- deg declinations, respec-
tively, which are acceptable for splicing. The final splicing
results are shown in Fig. 4(d). The splicing loss shown in
Fig. 4(d) is within the error range of the fiber splicer, and
it can be expected that a certain splicing loss may still
exist. In fact, according to the measurements, the splicing
loss is ∼0.95 dB with ∼270-mW input power, and the
loss variations are <0.03 dB as the input power changes
from 240 to 400 mW. The measurement in Sec. 2.4 will dem-
onstrate the total loss property induced by the G-PCF.

2.4 Characteristics of the G-PCF

Although the G-PCF is measured to exhibit a low optical loss
within the region from 1500 to 1600 nm [Fig. 3(b)], a certain
additional loss can also be induced due to the imperfectly
matched mode field diameters between the PCF and the
SMF-28 fiber when it was introduced into the cavity by
fiber splicing. We also performed a power-dependent trans-
mission experiment to characterize the nonlinear optical
response of G-PCF, as shown in Fig. 5 (rectangles). It can
be seen that, even without graphene filling into the PCF,
the pure-PCF-induced loss is also weakly dependent on
the incident power with the low launched pump power
(circles). This is possibly due to the fact that a portion of
the incident light is fluorescence, not only laser, and as
the pump power increasing more laser forms in the oscillator
and propagates through the PCF: when the pump power is
larger than 200 mW, the power-dependent behavior termi-
nates indicating that the fluorescence can be neglected.
Thus, the weak dependence on incident power of the
pure-PCF-induced loss is caused by the laser formation,
not by saturable absorption. However, when the PCF is filled
with the graphene (after drying), the loss is strongly depen-
dent on the pump level (rectangles plotted in Fig. 5). The loss
difference between the G-PCF and the PCF can be traced
back to the saturable absorption property of the cladding-
filled graphene layers (points plotted in Fig. 5). It can be
seen that both the loss induced by G-PCF and the loss differ-
ence between G-PCF and PCF reduce as the pump power
increasing; however, the optical loss was kept unchanged
once the pump power exceeds ∼250 mW. This phenomenon
indicates that the cladding-filled graphene layers can indeed
function as saturation absorbers. In the measurements, the
lengths of PCF and G-PCF are approximately equal, both

of ∼8 cm. The interaction length is an important parameter.
The interaction length is much longer than that in Ref. 29,
which is based on the following considerations:

1. Longer interaction length can help to boost the mutual
interaction, i.e., enhancing the saturable absorption
effect.

2. Considering that the graphene layers close to the splice
area might be damaged under high-intensity fusion
arc, the long enough G-PCF segment can ensure
that the graphene layers adhered on the middle part
of the G-PCF segment will not be influenced by the
fusion arc.

3. Long G-PCF segment is easier to be handled com-
pared with the typical short device.

However, too long a G-PCF segment might introduce too
large absorption or loss into the cavity, which can make the
laser too difficult to self-start. Thus, an appropriate interac-
tion length should be searched. Such an interaction length is
a well-performed length according to the experimental
results, but it can be estimated that it is not an optimized
length and further optimization is needed.

3 G-PCF SA Used for Mode-Locking
The above-prepared G-PCF SA (∼8 cm in length) is further
introduced into an EDF laser oscillator for the mode-locking
operation. The configuration of the fiber laser is schemati-
cally shown in Fig. 6. The gain is provided by ∼0.75-m
Liekki Er110-4/125 EDF with ∼110-dB∕m absorption at
1530 nm, which is forward pumped by a 976-nm laser
diode (LD) via a 980/1550 fused wavelength division multi-
plexer coupler. Following the EDF, a polarization indepen-
dent isolator is used to ensure the unidirectional operation.
The laser output is directed by a 20/80 fused fiber optical
coupler. A polarization controller is used to adjust the
intra-cavity polarization state for optimization of the
mode-locked operation, which has three paddles containing
three spools of the SMF-28 fiber. The rest of the cavity con-
sists of several segments of SMFs (CS980 and SMF-28
fibers from Corning Inc., Corning) and a segment of
dispersion compensation fiber (DCF) with the GVD of
∼108.5 ps2∕km at 1560 nm. Another intra-cavity loss that
should be reduced is the splicing loss between the SMF
and the DCF. The splicing loss between the SMF and the
DCF can be optimized to be ∼0.5 dB, which is obtained
by careful adjustments of the splicing parameters of the
fusion splicer, mainly including the arc duration and inten-
sity. The total cavity length is ∼20.2 m. The output is moni-
tored by using a 300-MHz digital phosphor oscilloscope
(Tekronix TDS3034C, Tekronix Inc., Beaverton) coupled
with an InGaAs PIN detector (ET-3500, Electro-Optics
Technology Inc., Traverse City), an optical spectrum ana-
lyzer (OSA, Yokogawa Electric Corporation, Tokyo, Japan),
and a power meter (LM-1, Coherent Inc., Santa Clara).

The mode-locked operation starts at a pump power of
∼260.70 mW. Figure 7 plots the output characteristics at
∼281-mW input pump power. As shown in Fig. 7(a), the out-
put spectrum shows a flat top with ∼1.37 nm at 3-dB band-
width. The central wavelength is ∼1560.72 nm. At this
central wavelength, the average intra-cavity dispersion is
estimated to be 0.015 ps2∕m. The flat-top profile in the

Fig. 5 Power-dependent loss induced by PCF (circles) and G-PCF
(rectangles), as well as the difference between them (points).
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output spectrum profile indicates that the oscillator is oper-
ated in dissipative soliton regime. Figure 7(b) plots a single
pulse, giving a pulse width of ∼4.2 ns. Figure 7(c) plots a
typical output pulse train with ∼97.06-ns repetition period.
The pulse repletion rate is ∼10.3 MHz, approximately
defined by the cavity length of ∼20.2 m. Considering the
output power of ∼7.97 mW, the single pulse energy is cal-
culated to be ∼0.77 nJ. Our LD can provide a maximum out-
put power of ∼400 mW. Even with the 400-mW pumping,
no pulse breaking is observed. At the maximum pump

power, the output power is ∼11.53 mW and the correspond-
ing pulse energy is 1.12 nJ. Figure 7(d) plots the output
power against the input pump power giving a slope effi-
ciency of∼3.6% according to the linear fitting. For providing
more information about our laser performance and further
verifying its stability of the pulsed output, we have plotted
an oscilloscope trace of a typical pulse train with 20-μs time
span, as is shown in Fig. 7(e). Even with so large a time span,
it can still be seen that no temporal modulation or time jitter
is observed, which can partially confirm the stability of the
laser performance.

The simple application of G-PCF in an EDF oscillator
indicates that this novel GSA can be successfully employed
for the realization of mode-locked operation. Better results
with the ultra fast fiber laser (such as broader spectral
band width and narrower pulse duration) are possible after
the G-PCF SA is further optimized. For example, the reduc-
tion in the nonsaturation loss, adjustment of the concentra-
tion of filling solution, further enhancement of the interaction
are based one vanescent coupling (like tapered PCF).

4 Conclusions
In conclusion, we have successfully fabricated a novel GSA,
which is obtained by filling graphene layers into the cladding
holes of a specially manufactured PCF. The mechanism is
based on the interaction between graphene layers and clad-
ding-propagated guided light through evanescent coupling.

Fig. 6 Configuration of the laser oscillator. LD, laser diode; WDM,
wavelength division multiplexer; EDF, erbium doped fiber laser;
ISO, isolator; CS980 and SMF-28, two types of single-mode fibers
from Corning Inc.; OC, optical coupler; DCF, dispersion compensation
fiber; and PC, polarization controller.

Fig. 7 Mode-locked output characteristics. (a) Output spectrum; wavelength resolution of 0.02 nm. (b) Output single pulse envelope.
(c) Oscilloscope trace. (d) Output power as a function of input pump power. (e) Typical output pulse train with 20-μs span.
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The fabrication process and nonlinear optical characteristics
of the G-PCF SA were reported in details. Employing this
GSA, we achieved mode locking of an EDF laser. Our results
demonstrate a more attractive and practical novel GSA for
ultrafast all-fiber laser system.
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