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In this work pulse generation in both the 1.5 and 2 μm spectral ranges using a graphene oxide (GO)-paper-based
saturable absorber in Er- andTm-doped fiber lasers is presented. The article describes the fabricationmethod of GO
paper and its characterization. The performance of both lasers is discussed in detail. Stable,mode-locked operation
provides 613 fs and 1.36 ps soliton pulses centered at 1565.9 and 1961.6 nm in Er- and Tm-doped fiber lasers, re-
spectively. Furthermore, scaling of spectral width, and hence the pulse duration, by increasing the number of GO
paper layers in theEr-doped laser is described.Theversatility and simplicity ofGOpaper fabrication combinedwith
the possibility of scaling the optical spectrum full width at half-maximum are essential features that make it a good
candidate for ultrafast low-powermode-locked lasers operating indifferent spectral regions. ©2015ChineseLaser
Press
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1. INTRODUCTION
Ultrafast fiber lasers are currently one of the most intensively
developed branches of laser science and technology. Since
they are compact, robust, and offer excellent beam quality,
fiber-based devices are considered an interesting alternative
for solid-state lasers. Among many techniques for inducing
mode-locking operation, the most popular is the use of semi-
conductor saturable absorber mirrors (SESAMs) [1,2]. This
solution, though a well-established technology, suffers from
a complicated and expensive fabrication process. A narrow
operation bandwidth is yet another limitation. Another way
to achieve mode-locking operation is to use nonlinear polari-
zation evolution (NPE), which enables generation of the
shortest pulses [3]; however, it is environmentally unstable
and usually does not provide self-starting operation. For these
reasons, new, more versatile materials for ultrashort pulse
generation are constantly sought.

The application of carbon nanotubes in the role of saturable
absorber (SA) has led to a new class of carbon-based SA ma-
terials [4]. Graphene, the main representative of this category,
is very suitable for this kind of application thanks to its unique
optical properties [5–7]. The saturable absorption effect [5]
combined with a fast recovery time and wavelength-
independent absorption [6,7] facilitate its usage as an efficient
SA in Yb-doped [8,9], Er-doped [10–14], and Tm-doped fiber
lasers [15–17]. The usage of graphene SAs allows also for ul-
trashort pulse generation in different spectral ranges simulta-
neously [18–20]. Carbon-based SAs were found to be efficient
and versatile competitors for conventional SESAMs.

Graphene oxide (GO) is a material composed of carbon,
oxygen, and hydrogen [21]. It has attracted a lot of attention

due to its cost-effective fabrication method and prospects for
mass production [22]. Similarly to graphene, it possesses satu-
rable absorption in broad spectral range [23,24]. Various
setups incorporating GO as a SA in fiber lasers have been
presented [25–32]. Passive mode-locking operation was pre-
sented at 1 μm [25], 1.5 μm [26–29], and 2 μm spectral ranges
[30], as well as Q-switching operation [31,32]. In our previous
work we showed that GO is an efficient SA and there is no
reason to perform complicated reduction of GO in order to
obtain reduced graphene oxide (rGO) [28]. A chemically pro-
duced solution of GO can be deposited either on a fiber con-
nector [25], a mirror [26,27], a fused silica flat-parallel plate
[28], or a side-polished fiber [30]. In comparison to other
carbon-based and to other emerging SA materials (like topo-
logical insulators and few-layer MoS2 [33,34]), GO is charac-
terized by high solubility, which translates into an effective
and straightforward fabrication process that is suitable for
mass production. Additionally, a material in a form of paper
or foil simplifies the manufacturing process and creates the
possibility to control the parameters of a SA.

Recently, a novel type of GO-based material was presented,
namely, GO paper. A free-standing, black-brown paper-like
material was prepared by flow-directed assembly of individual
GO sheets [35]. GO paper is nonconductive and has excep-
tional mechanical properties at the same time [36]. Neverthe-
less, the optical properties of GO paper were somewhat
neglected and have not been investigated very thoroughly.
The first report on ultrashort pulse generation using GO paper
as a SAhas alreadybeenpresented. Ismail et al. showeda 680 fs
Er-doped fiber laser based on commercially available GO
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paper, but high susceptibility to damage and short-time
operation were major disadvantages [37].

Herein, we present ultrashort pulse generation in both Er-
and Tm-doped fiber lasers using GO paper in the role of SA.
Stable mode-locking operation was observed over a period of
several hours. Further, the possibility of full width at half-
maximum (FWHM) scaling in Er-doped fiber laser was shown.
It is possible due to the development of thinner and much
more uniform material than in [38]. Experiments proved that
GO paper may be considered a universal and efficient material
for ultrafast laser applications.

2. GRAPHENE OXIDE PAPER PREPARATION
AND CHARACTERIZATION
GO was synthesized by the Marcano method from Asbury 1
flake graphite. Graphite was oxidized by potassium perman-
ganate in a mixture of sulfuric and phosphoric acids. The
reaction was carried out at 50°C for 8 h. Oxidation was termi-
nated by pouring the reaction mixture onto deionized water
ice, and the excess of oxidant was neutralized with 30%
hydrogen peroxide. Graphite oxide (GtO) was pre-purified by
sedimentation and then centrifuged. When the GtO suspen-
sion pH reached about 4, sonication was performed to exfo-
liate GtO into GO. Graphene paper was made through vacuum
filtration. A 2 mL GO suspension with concentration of
15 mg∕mL was homogenized on a vortex mixer. Then it
was vacuum filtrated on a polyvinylidene difluoride (PVDF)
0.22 μm membrane. Dried semitransparent GO paper was
easily peeled off the membrane.

A photograph of black-brown GO paper is presented in
Fig. 1(a). Raman spectroscopy was performed to characterize
the crystalline structure of graphene-based material [39]. The
measurement was performed using a Renishaw inVia Raman
Microscope (×50 VIS LWD objective) with a 532 nm Nd:YAG
laser. No reduction of GO to rGO was observed during the
measurement. The result is presented in Fig. 1(b). The sample
has a typical GO Raman spectra. The G peak position is
1601 cm−1, which is redshifted from graphite as a result of
functional groups on both sides of the GO flakes. The D peak
position value is closer to 1350 cm−1, which means that chains
of hydroxyl and epoxy groups are present. The ratio is equal to
0.93, which indicates that, for every six atoms of carbon, there
is half of an epoxy group and two hydroxyl groups [40].
Scanning electron microscopy (SEM) was performed to deter-
mine the morphological structure of the sample. The surface
of the GO paper is presented in Fig. 2(a). As indicated in
Raman spectroscopy, GO paper is a few-layer material, which
is clearly visible in the cross section shown in Fig. 2(b).

3. EXPERIMENTAL SETUP AND RESULTS
A. Er-Doped Fiber Laser
The experimental setup of an Er-doped fiber laser is schemati-
cally presented in Fig. 3. The laser consists of a 50 cm long ac-
tive fiber (nLight Liekki Er80-4/125), a fiber isolator, an in-line
polarization controller, a 980/1550 single-mode wavelength-
division multiplexing coupler (WDM), through which a 980 nm
pumping diode is connected, and a 20% output coupler. The
total cavity length is 5.56 m. The net cavity dispersion is esti-
mated to be −0.12 ps2.

A small piece of GO paper was sandwiched between two fi-
ber connectors to form a SA. The laser performance was ob-
servedwith the use of an optical spectrumanalyzer (Yokogawa
AQ6370B), an autocorrelator (APE PulseCheck), a RF spec-
trumanalyzer (AgilentEXAN9010A), and a digital oscilloscope
(Agilent InfiniiumDSO91304A) connected toa fast photodiode.
No mode-locking operation was observed without the GO
paper at any position of the polarization controller.

When a single layer of GO paper is placed between the fiber
connectors, the laser starts to operate at continuous wave
(CW) mode when the pump power exceeds 18 mW. The mode-
locking operation starts when the pump power is set between
the 23 and 52 mW and the polarization controller is properly
set. No sign of CW lasing, modulation, or damage of the SAwas
observed at this interval of pumping power. The output spec-
trum with 1.7 nm FWHM is presented in Fig. 4 (black line with
squares). When the next layers of GO paper were inserted, we
observed broadening of the optical spectrum with each
successive layer. The optical spectrum FWHM of the laser
scaled up to 4.2 nm for four layers. The central wavelengths
were slightly varying for each number of layers and are sum-
marized in Table 1, together with other lasers’ parameters. The

Fig. 1. (a) Photograph and (b) Raman spectrum of a GO paper
sample.

Fig. 2. SEM images of (a) GO paper surface with a 1 μm scale bar and
(b) cross section with a 200 nm scale bar.

Fig. 3. Experimental setup of an Er-doped fiber laser.
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comparison of optical spectra is depicted in Fig. 4 to illustrate
scaling of the FWHM of output pulses. Along with broadening
of the optical spectra, the autocorrelation traces of the output
pulses have narrowed. Corresponding autocorrelation traces
are presented in Fig. 5. Importantly, the time–bandwidth prod-
uct (TBP) for each configuration was equal to 0.315, which
means that pulses were transform-limited. Pulse duration was
shortened from 1.53 ps for one layer to 613 fs for four layers,
assuming the hyperbolic secant pulse shape proper for laser
operating in the anomalous dispersion regime. The output
RF spectrum of a laser working with one layer SA centered at
a fundamental repetition rate of 37.2MHz is presented in Fig. 6.
The recorded spectrum with full available bandwidth up to
3 GHz is shown in the inset graph. The RF spectrum for each
of the four configurations was identical, indicating stable
mode-locking operation. The electrical signal-to-noise ratio
(SNR)was∼70 dB. Theaverageoutput powers, pulse energies,
and peak powers are summarized in Table 1.

The power-dependent transmission characteristic of GO
paper is presented in Fig. 7 together with the fitting curve ac-
cording to the nonlinear transmission equation [38]. The mea-
surement was performed in an all-fiber setup containing the
100 MHz picosecond laser source [41]. The measured modula-
tion depth is 1.4%; however, the SA was not fully saturated due
to the insufficient power of the laser source. Themeasured sat-
uration intensity is 96.2 MWcm−2. Nonsaturable losses are less
than 37.8%. In comparison to previously described properties
of GO paper [38], nonsaturable losses are reduced and
saturation intensity and damage threshold are higher. The
linear transmission spectra of SAs made from one to four
layers of GO paper are presented in the inset of Fig. 7. The
GO exhibits nearly wavelength-independent absorption in a
wide range, which scales with the number of layers. The

transmission level varies from 67% (for one layer), through
49% (for two layers), 44.7% (for three layers), to 29% (for four
layers) at a 1550 nm wavelength. This measurement indicated
that the thickness of the prepared GO paper is not entirely
uniform.

An increasing number of GO paper layers causes an in-
crease of the modulation depth. As confirmed by numerical
simulations based on the extended nonlinear Schrödinger
equation, the output pulse spectrum is broadening together
with the increasing modulation depth of a SA, and temporal
width tends to decrease simultaneously [42].

Fig. 4. The FWHM optical spectra comparison for Er-doped fiber
laser with up to 4 layers of GO paper as a SA.

Fig. 5. Autocorrelation traces of output pulses from Er-doped fiber
laser with up to 4 layers of GO paper as a SA.

Fig. 6. Measured RF spectrum centered at a fundamental repetition
frequency of 37.2 MHz and the spectrum measured with full available
bandwidth (inset).

Table 1. Output Characteristics of Er-Doped Fiber Laser with up to Four Layers of GO Paper

No. of Layers ΔλFWHM (nm) λc (nm) τpulse (fs) TBP Ppump (mW) Pout (mW) Peak Power (W) Epulse (pJ) SNR (dB)

1 1.7 1565.9 1533 0.315 34.5 1.36 20.9 36.5 70
2 2.8 1561.9 913 0.315 38.0 0.89 23.0 23.9 71
3 3.7 1563.0 694 0.315 35.5 0.90 30.7 24.2 66
4 4.2 1564.4 613 0.315 34.5 0.83 32.0 22.3 69

Boguslawski et al. Vol. 3, No. 4 / August 2015 / Photon. Res. 121



B. Tm-Doped Fiber Laser
The experimental setup of a Tm-doped fiber laser is schemati-
cally presented in Fig. 8. The laser consists of a 1.5 m long
active fiber (Nufern SM-TSF-9/125), a fiber isolator, an in-line
polarization controller, a 20% output coupler, and a single-
mode WDM. The laser was pumped with a 1565 nm laser di-
ode, which was amplified in an Er/Yb-doped fiber amplifier
(EYDFA). The GO-paper-based SA was formed similarly to
the previous case. The laser performance was observed
with the use of an optical spectrum analyzer (Yokogawa
AQ6370B), an autocorrelator (Femtochrome FR-103XL), a
RF spectrum analyzer (Agilent EXA N9010A), and a digital
oscilloscope (Agilent Infiniium DSO91304A) connected to a
fast photodiode.

Mode-locking operation starts at 98 mW of pumping power
when the polarization controller is correctly set. All measure-
mentswere performed at 106mW,where the best performance
was observed. When the pump power exceeded 120 mW,
higher harmonics and pulse breaking were noticed. The mea-
sured optical spectrum of generated pulses is presented in
Fig. 9. The 4 nm FWHM band is centered at 1961.6 nm. In
addition, characteristic dips originating from thewater absorp-
tion lines in air can be seen in the spectrum [43]. The spectrum

has a typical soliton-like shapewith strong, symmetrical Kelly’s
sidebands visible in the inset graph of the figure. The corre-
sponding autocorrelation function is presented in Fig. 10(a).
The pulse duration is 1.36 ps. The TBP of 0.424, comparedwith
0.315 for transform-limited pulses, indicates that the output
pulse is about 25% longer than that resulting from the transform
limit. The accumulated chirp originates from relatively high
dispersion of the cavity and delivery fiber at the laser output
in the 2 μm range. The linear transmission characteristic is de-
picted in Fig. 10(b). The transmission has a relatively flat pro-
file with higher absorption for a longer wavelengths. The
transmission is at the level of 30% at the central wavelength
of laser emission.

The measured RF spectrum with a fundamental repetition
rate of 27.37 MHz is presented in Fig. 10(c). The electrical SNR
was approximately 80 dB. The stable RF spectrum recorded
with full available bandwidth up to 3 GHz is depicted in the
inset. The recorded oscilloscope pulse train is shown in
Fig. 10(d). The cavity round-trip time is 36.5 ns, which coin-
cideswith a 7.12m length of cavity. The output pulses are char-
acterized by high amplitude stability.

Fig. 7. Nonlinear transmission curve of GO paper SA. Inset: linear
transmission spectra of GO-paper-based SAs made of one to four
layers of GO paper.

Fig. 8. Experimental setup of a Tm-doped fiber laser.

Fig. 9. Optical spectrum of the Tm-doped fiber laser.

Fig. 10. (a) Autocorrelation trace of a 1.36 ps pulse generated in the
Tm-doped fiber laser, (b) the linear transmission spectrum, (c) the
fundamental repetition rate and RF spectrum in a 3 GHz span (inset)
and (d) oscilloscope trace of output pulses.
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4. CONCLUSIONS
We have demonstrated mode-locking operation of fiber lasers
in both the 1.5 and 2 μm spectral ranges using the same GO
paper in the role of SA. Owing to its flexibility, GO paper
can be transferred onto a fiber connector to form the SA.
Furthermore, GO shaped in the form of thin paper allows us-
ing more than one layer of the material. This enables control
of the SA’s parameters, and hence the output pulse character-
istics, by increasing the number of GO paper layers. The
FWHM of the optical spectrum might be scaled from 1.7 to
4.2 nm, corresponding to 1.5 ps and 613 fs pulse durations.
The experiment was conducted on the example of an Er-
doped fiber laser. In the case of a Tm-doped fiber laser, 1.36 ps
solitons centered at 1961.9 nm pulses were achieved.
Experiments showed that GO shaped in the form of a paper-
like material may be considered for application as a SA in fiber
lasers operating in various spectral ranges. The possibility of
scaling the bandwidth of the optical spectrum and pulse
duration is another advantage.
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