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The rise of graphene has made its derivatives a much sought-after research in nano-material science. One
of which that has attracted substantial interest is graphene oxide. Due to its simple top-down synthesis and
bandgap tunability, graphene oxide is suited in optoelectronics and photonics applications. Foil or paper-like
graphene oxide possesses excellent mechanical strength especially. In this work, we demonstrated a home-made,
paper-like graphene oxide for Q-switching operation in a ring erbium-doped fiber laser. The raw material was
synthesized using simplified Hummers’ method, and subsequently by simple filtration. The free-standing,
orderly stacked material is about 6.5 nm thick, corresponding to about 6−7 layers of uniform sheets. The
paper-like material was then transferred directly to a fiber ferrule and sandwiched between two connectors
via a fiber adapter. Q-switched pulses were observed when the pump power of the ring laser was increased to
about 68 mW. The Q-switched fiber laser has maximum repetition rate, pulse energy, pulse width and average
power of 21.5 kHz, 52 nJ, 3.8 µs and 1.1 mW respectively.
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1. Introduction

Graphene oxide (GO) is a two-dimensional nano-material
derived from graphene. It is covalently decorated with
oxygen containing functional groups with a mixture of
chemically tunable sp2 and sp3 hybridized carbon atoms,
making it to have flexible bandgaps, acting like a semi-
metal [1]. GO started to attract much attention ever since
the up-swing of graphene-related research more than a
decade ago. Due to its bandgap tunability, manipulation of
the relative fraction of the sp2-hybridized domains is pos-
sible, enabling customization of its optical properties for
photonics and optoelectronics applications [2]. Typically
for ultrafast lasers applications, graphene has appeared to
be a exemplary saturable absorber (SA) for pulsing laser,
owing to its many advantages such as wideband and tun-
able operation, ultrafast recovery time, large absorption of

incident light per layer and cost effective [3]. Traditionally,
GO serves as a precursor for graphene. When compared to
graphene, it is more straight forward to synthesize, process
and integrate into devices at ease with readily available
thin-film electronic techniques [4]. Besides, GO has better
water-solubility while preserving its unique non-linear opti-
cal characteristics. It has been shown that GO possesses fast
energy relaxation of hot carriers and strong saturable ab-
sorption too, which is comparable with that of graphene’s
[5]. In fact, there are many works done on using GO or GO
related materials as SA for pulsing lasers, and the results
are commendable [6–9].

On the other hand, the discovery of carbon nanotubes
brought about bucky paper [10] which possesses good me-
chanical strength [11–14]. Liu et al. demonstrated that,
through proper filtering, SWCNT suspension can form a
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free-standing foil-like material [10]. Dikin et al. success-
fully produced paper-like GO by vacuum filtration of col-
loidal GO sheets through a membrane filter [15]. All these
enhanced carbon-related materials are suited for many ap-
plications such as protective shield, structural composite,
resistive membranes and water-proofing coating [15]. The
unique properties also correspond to the requirement of SA
– the material must be robust to withstand high intensity
and have optimum interaction with light. It should also
remain sturdy for a prolonged period on its substrate.

Most works that use GO sheets or flakes to fabricate a
passive SA device is usually accompanied by a host mate-
rial, such as polymer composite and quartz [16, 17]. While
this makes the material mechanically strong; the prepara-
tion process is complex and tedious, with the necessity of
precise control of certain synthesis parameters, such as solu-
tion’s concentration, mixing ratio and exfoliation time. Be-
sides, the incorporation of host materials could bring about
substantial power loss to the device. Exploiting the strength
and stability of paper-like carbon materials as reported in
refs [11–15], in this work, we attempt to produce a paper-
like GO material by simple filtration method. Subsequently,
the as-prepared GO paper was assembled into a all-fiber
format passive SA device by directly transferring it onto
a fiber ferrule end face. Its viability in pulsing laser was
investigated using a ring erbium-doped fiber laser (EDFL)
setup. We successfully achieved pulsing in the Q-switched
regime − with maximum repetition rate and pulse energy
of ∼22 kHz and ∼52 nJ respectively. To the best of our
knowledge, this is the first fully home-made paper-like
graphene related material based Q-switched fiber laser ever
demonstrated.

2. Material Preparation and Characterization

GO was synthesized using a simplified Hummer’s method,
summarized in Fig. 1a. Oxidation of graphite was carried
out by mixing H2SO4:H3PO4 (320:80 mL), graphite flakes,
and KMnO4 (18 g) using a magnetic stirrer. After mixing all
the materials slowly, the mixture was stirred for 3 days to
allow the oxidation of graphite. Later, H2O2 solution was
added to stop the oxidation process. The graphite oxide
formed was washed three times with 1M of HCl aqueous
solution followed by repetitive washing with deionized
water until a pH of 4˘5 was achieved. The washing process
was carried out using simple decantation of supernatant
via a centrifugation technique with a centrifugation force
of 10,000 g. During the washing process with deionized
water, the graphite oxide experienced exfoliation, which
resulted in the thickening of the solution, forming a GO
gel. The whole process was carried out without any tem-

perature control, neither increasing nor decreasing the tem-
perature. Foil-like GO is fabricated by filtration of the GO
gel using a filter paper. The purpose of the filter paper is
to ensure a directional steady flow of the solution where
the GO sheets can be assembled into a well-ordered struc-
tured. 10 ml of the solution was filtered, after which it
was left to dry at room temperature for a day, forming a
thick GO sheet (Fig. 1b) The as-synthesized GO was char-
acterized using a UV-visible-infrared spectrophotometer
(Perkin− Elmer1050) and Raman spectrometer (Renishaw
inVia Raman Microscope). To confirm the formation of paper-
like material, the GO was examined carefully using a field
emission scanning electron microscope (FESEM – JSM 7600
F) and X-ray diffractometer (XRD - BTX Benchtop X-ray
Diffraction/X-ray Fluorescence, Cu target with Kα radiation,
X-ray wavelength ≈ 1.572 Å, operating at a tube voltage of
40 kV ).

3. Experimental setup of a ring erbium-doped fiber
laser

For pulsed laser study, a ring EDFL was set up as shown in
Fig. 2. The SA device was fabricated by cutting a small part
of the GO paper (2 × 2 mm2) and sandwiching it in between
two FC/PC fiber adapters and inserted into the ring laser
resonator. The insertion loss of the SA was measured to
be around 3.5 dB at 1550 nm. The polarization controller
(PC) is to maintain the polarization state of the light, thus
improving output pulse stability. The resonator’s length is
∼12.7 m.

4. Results

4.1. Characterization results

Fig. 3 shows the UV-Visible-NIR absorption spectrum of
GO. An absorption band was observed at 228 nm of excita-
tion, with absorbance intensity of briefly 2.29. This result
is in close proximity to that of graphite oxide as reported
in [18]. The strong absorption band is due to the π→ π∗

transitions of aromatic C = C bonds. The plot below 200
nm can be ignored, due to fluctuations in baseline mea-
surement. A small ‘shoulder’ is observed at ∼300 nm. We
attribute this to the n→ π∗ transitions of C = O bonds.

Fig. 4 shows the Raman spectrum of the GO. The D peak
(∼1353 cm-1) arises from the doubly resonant disorder-
induced mode due to the stretching of C − C bond; the
G peak (∼1605 cm-1), a doubly degenerate phonon mode
due to the first order scattering of the E2g phonon of sp2 C
atoms [19] at the Brillouin zone center, and the 2D overtone
peak (∼2715 cm-1) [19–22]. The D peak is indicative of
significant structural disorder due to the O-incorporation.
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(a)

(b)

Fig. 1. (a): Simplified Hummers’ method of GO synthesis and (b) GO paper formed after filtration.

Fig. 2. A ring EDFL configuration. WDM: wavelength division multiplexer, OSA (optical spectrum analyzer).

Fig. 3. UV-Vis-NIR absorption spectrum of the GO.

It is related to the size of the in-plane sp2 domains [5].The
increase of the D peak intensity indicates forming more
sp2 domains. The relative intensity ratio of both peaks
(ID/IG) is a measure of disorder degree and is inversely
proportional to the average size of the sp2 clusters [5, 23].
Our results show a value of 0.88 for ID/IG, similar to that
of [24]. The 2D band that originates from a two phonon
double resonance Raman process is indicative of crystalline
graphitic materials.

Fig. 5a shows a close-up examination of the GO using
FESEM. After filtration, it shows an orderly layered GO
sheets, verifying the formation of GO paper [15].

Fig. 5b shows the XRD results of the GO paper. The
highest peak (8.9◦) in the spectrum of a typical GO paper
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Fig. 4. Raman spectrum of the GO

corresponds to a layer to layer of distance (d-spacing) of
about 1 nm, using Bragg’s Law of XRD, indicating the pres-
ence of a large number of water molecules intercalated
in the GO sheets, as reported by [25] and [26]. The mea-
sured distance could be attributed to an approximately one
molecule thick layer of water that is presumably hydrogen-
bonded between the GO sheets. Since GO itself is an al-
lotrope of carbon whose structure is one-atom-thick planar
sheets of sp2-bonded carbon atoms, which has nano-scale
dimensions, the measured dimension of the orderly stacked
GO sheets that assemble a paper material can be calculated
using Debye-Sherrer equation, given by

τ =
Kλ

βcosθ

where τ is the average size of the crystalline domains, is
the shape factor, λ is the X-ray’s wavelength, β is the line
broadening at full wave half maximum intensity of the X-
ray diffraction peak (in radian) and θ is the Bragg’s angle.
Assuming a crystallite structure of graphite and taking K to
be 0.94, the mean dimension of the GO paper was found to
be about∼6.9 nm, which corresponds to about 6−7 stacked
GO sheets.

4.2. Q-switched fiber laser performance

When the pump power of the ring laser was increased to
∼68 mW, Q-switched pulses were observed. The optical
spectrum of the Q-switched pulses generated is shown in
Fig. 6. It can be seen that there are two distinct peaks
present - 1562.7 nm and 1563.1 nm, possibly due to inho-
mogeneous broadening of the EDF used − a measure of
the various sites in which an ensemble of erbium ions can
be located. This means the laser-active erbium ions in the
EDF used are at different lattice locations, causing the ions
to interact with different wavelengths components.

Fig. 7 shows the evolution of the optical spectrum when
the pump power was increased from ∼100 mW to ∼150

mW. It is obvious that the spectrum broadens as the pump
power increases. The multi-peak structure superposed on
the broadened Q-switched spectrum indicates the gener-
ation of several longitudinal modes in the resonator, be-
lieved to be caused by the resonator’s birefringence [27].
This is expected of a Q-switched laser pulse due to modu-
lation of the Q factor. Also, there are non-linear losses in
the SA used, as GO has parametric non-linearities in the
third order. This causes gain saturation, leading to optical
spectrum broadening.

To further confirm the Q-switching operation, the pump
power of was varied from 68 mW to the maximum available
power, which is 150 mW for this setup. The time period
(i.e repetition rate) scales linearly with the pump power,
as shown in Fig. 8a. This is a typical characteristic of Q-
switched lasers − the repetition rate depends on pump
power [28]. As pulse generation depends on modulation of
the SA, when higher pump power is available, more gain
is provided to saturate the SA. The repetition rate varies
from 15.6 kHz to 21.5 kHz, giving a linear relationship
with a gradient of about 0.1 kHz/mW. The average output
power also increases in a similar manner from 0.2 mW to 1.1
mW, averaged at 0.01 kHz/mW for a pump power range
of 68 mW to 150 mW. We believe the repetition rate and
the average power can increase further; in our case, it’s
only limited by the available pump power. Fig. 8b shows
the pulse train as measured by oscilloscope at maximum
available pump power of 150 mW.

The pulse width and pulse energy as a function of pump
power are shown in Fig. 9a. The pulse width decreases
with increased pump power in the stable Q-switched opera-
tion regime. In details, the pulse width seemed to decrease
rapidly as the pump power was increased, dropping from
a maximum value of 21.3 µs to approximately 12.1 µs. This
gives an initial change averaged at about -1.0 µs/mW. Sub-
sequent increase in the pump power (∼82 mW onward),
on the other hand, does not lead to such a drastic drop in
the pulse width, with the narrowest pulse width obtained
being 3.8 s at maximum pump power of 150 mW − aver-
aged at about -0.1 µs/mW or ∼10% of the initial gradient
for this range. We attribute this to the saturation of the up-
per energy level of the erbium ions at higher pump power.
At lower pump power, the saturation level is relatively
low. Increasing the pump power provides more photons
to drench the ions. High gain is initiated in a relatively
shorter time, accelerating the bleaching of the SA. Also, the
laser resonator is not optimized, so chromatic dispersion
could possibly bring about substantial pulse broadening.
Moreover, at higher pump powers, the non-linear losses of
the SA would be more significant, which could make the
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(a)
(b)

Fig. 5. (a) FESEM image and (b) XRD spectrum of the GO.

Fig. 6. Optical spectrum of the Q-switched EDFL.

Fig. 7. Evolution of the OSA for pump power of ∼98 mW
to ∼150 mW.

pulses even more sensitive to chromatic dispersion.
As for energy per pulse, seen from Fig. 9a as well,

it increases monotonically from ∼15 nJ (pump power of

68 mW), to ∼52 nJ (pump power of 150 mW). Generally,
shorter pulses and higher pulse energy can be achieved by
having a shorter laser resonator, high-gain fiber, cladding-
pump fiber and optimizing the coupling ratio [29]. Fig. 9b
shows the single pulse envelope obtained at a pump power
level of 150 mW, measured at full-width half-maximum
(FWHM).

It is commonly known that exposure of GO to light
will lead to increase in temperature and bring about re-
duction of GO to reduced graphene oxide, as reported by
many authors of different research groups [30–33]. How-
ever the Q-switching performance of the current setup is
stable throughout the entire range of parameters being
tested. Guo et al. has reported on reduction of GO by con-
tinuous wave (CW) infrared (IR) light, which is the closest
to the light occurring in this work [34]. The group proposed
a mechanism for reduction of GO by photo-thermal effect.
Significant temperature increase was observed in a ∼1 µm
thick GO film when it was exposed to CW IR light. In this
work, the GO paper SA used is less than 10 nm in thick-
ness and the duty cycle of the pulsed laser is less than 10%.
Therefore, we believe absorption of light by the GO paper
SA is not significant to induce substantial temperature rise
necessary for photo-thermal reduction of GO.

Table 1 shows the summary of some other works that
are closely related to ours. Refs [35] and [36] used com-
mercially available GO and provided only micrograph of
the GO placed directly onto a fiber ferrule end face. The
deposition method was assisted by index matching gel,
which possibly reduces insertion or return loss, leading
to lower Q-switched threshold. The laser configuration
in these works is also different from that of ours (for e.g
ref [35] included a short length of photonic crystal fiber to
generate a dual-wavelength laser), so it is currently impos-
sible to objectively evaluate the performance. It is worth
noting that our proposed Q-switched laser’s performance
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(a)

(b)

Fig. 8. (a) Repetition rate and average power of the Q-switched laser as a function of pump power and (b) oscilloscope
trace of the output pulse at 150 mW of pump power.

(a)
(b)

Fig. 9. (a) Pulse energy and pulse width as a function of pump power and (b) single pulse trace measured at full-width
half-maximum (FWHM) at maximum pump power of 150 mW.

Table 1. Summary of GO paper based Q-switched fiber lasers.

Material Q-switched Maximum Maximum Maximum Narrowest Ref.

preparation threshold average power pulse energy repetition rate pulse width

Commercial ∼53 mW ∼0.1 mW ∼2.6 nJ ∼31 kHz ∼7.0 µs [35]

Commercial ∼66 mW ∼0.5 mW ∼17 nJ ∼31.5 kHz ∼14.0 µs [36]

SHM-SFFP∗ 68 mW 1.1 mW 52 nJ 21.5 kHz 3.8 µs Our work

∗SHM-SFFP − Simplified Hummers’ method followed by simple filtration using filter paper.

outshines the laser’s performance in these two references
in terms of average power, pulse energy and pulse width.
We attribute this to the relatively higher saturation inten-
sity of the GO paper SA used in our work as evidenced
by the higher threshold pump power required to achieve
Q-switching. With higher saturation intensity, higher gain
is required to quench the upper energy level of the SA.
This increases the population inversion, and brings about
higher energy extraction to generate pulses with higher en-
ergy. Also, higher population inversion initiates fast energy

extraction at higher intensity once Q-switching occurs, fa-
cilitating shorter pulse width. Comparatively, though these
are achieved at the expense of the pump power; it indicates
the potential of up-scaling, especially the pulse energy and
average power, where giant pulses are desirable in spe-
cific applications such as dermatology, ophthalmology and
metrology [37–39]. In our case, however, it should be noted
that the potential of up-scaling may be limited by the sus-
ceptibility of the GO paper SA to photo-thermal reduction
at higher laser power levels, which may cause instability
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to the output pulse or quench the Q-switching operation.

5. Conclusion

We have fabricated a paper-like GO material using simple
filtration. The formation of GO paper is confirmed by FE-
SEM and XRD characterization results. The GO paper is
transferred directly onto a fiber ferrule end face to assemble
a simple passive SA device. The device has a insertion loss
of 3.5 dB. When it is inserted into a ring EDFL, Q-switched
pulses were observed at a diode pump power of 68 mW.
The repetition rate, average output power and pulse energy
scales linearly with the pump power, with a maximum of
21.5 kHz, 1.1 mW and 52 nJ achieved respectively. The
pulse width decreases with increasing pump power, down
to a minimum of 3.8 µs achieved in this work. We believe
shorter pulse width and higher pulse energy could be en-
abled by using high gain or cladding-pump fiber, optimiz-
ing the laser resonator design and coupling ratio. On-going
work will include improving the thermal threshold of the
GO paper, layer/thickness control and understanding the
interplay between different laser parameters.
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