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We report the laser operation of Q-switched mode-locking (QML) in an erbium-doped fiber laser by
using a multilayer graphene saturable absorber (SA), which consists of 22-layer of graphene fabricated by
the chemical vapor deposition method. Based on our balanced twin detector measurement, the graphene
sample is confirmed to show a saturable intensity of 3.375 MW/cm2 and an absolute modulation depth of
40.27%. It is demonstrated that this graphene SA can readily produce high quality QML pulses. At the
pump power of 391.9 mW, the stable mode-locked pulse train with the Q-switched envelope repetition
rate of 16.98 kHz and the envelope width of 13:84 μs are achieved. The maximal main pulse peak power
can reach up to 35.89 W. This verifies that the multilayer graphene can be still applied as an effective
saturable absorber for passively Q-switched mode-locked operation.

Crown Copyright & 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

Laser mode-locking operation can be classified into the two
types: continuous wave mode-locking (CWML), that is, mode-
locked pulses emitted from every round trip show uniform pulse
features, such as pulse duration, pulse energy, chirp and peak
power [1]; Q-switched mode-locking (QML), that is, a train of
pulses with cavity repetition rate inside a giant Q-switched
envelope [2]. The repetition frequency of CWML is typically in
the order of megahertz, which matches with the laser cavity
repetition rate [1], whereas QML possesses two characteristic
repetition frequencies: one relates with the cavity length and the
other is the Q-switching modulation frequency in the kHz region
[3]. Laser pulses generated from CWML show the advantages of
high pulse stability and low noise. While, much higher pulse
energy could be achieved by QML laser cavity [4]. Therefore, the
QML pulses may be attractive in nonlinear frequency conversion,
precise fabrication of microstructures [5], and surgery [6].

The scheme used for the generation of QML pulses can be
active (e.g., exploiting acousto-optic modulator [7]) or passive
(e.g., using saturable absorber (SA) [8]). Passively QML features a
more compact geometry and simpler setup than active, which
13 Published by Elsevier B.V. All r

.

requires additional switching electronics (acousto-optic modula-
tor) [7]. Doped bulk crystals [9], semiconductor SA mirrors
(SESAMs) [10] and carbon nanotubes (CNTs) [11] are the common
SAs in passive Q-switching. However, the doped crystals are
mostly used in solid-state laser. The doped crystals, as SAs in fiber
laser, require extra elements (mirrors, lenses) to focus the fiber
output into the crystal. Therefore it is limited in a small range.
SESAMs have limited operation bandwidth, typically few tens nm
[12], which are not suitable for broad-band tunable pulse genera-
tion. Compared to SESAMs, CNTs can be considered as the broad-
band SAs, operated on Yb-doped [13] and Er-doped [14] fiber laser.
However, its operation wavelength is related to diameter and
chirality of the CNTs [15].

Recently, graphene, a single layer of carbon in a hexagonal
lattice, has been intensively researched due to its wonderful
optical properties [16]. In laser photonics, graphene SA has been
widely used as a broadband SA to passively Q-switch or mode lock
the fiber laser or solid state laser, at different laser wavelengths
ranging from 1 μm to 2 μm [17–28]. Conventional solitons [17–20],
dissipative solitons [29], vector solitons [30], and Q-switched
pulses [25,26] have been reported in fiber laser based on graphene
SAs. In the present paper, we report on the QML pulses in a fiber
laser cavity by using a multilayer graphene SA. The saturable
intensity and the absolute modulation depth of the multilayer
graphene SA is about 3.375 MW/cm2 and 40.27%, respectively.
Through a range of experiments with an erbium-doped fiber (EDF)
laser, it has been demonstrated that this multilayer graphene SA
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can readily produce high quality QML pulses. The stable mode-
locked pulse train with envelope repetition rate of 16.98 kHz can
be achieved. By fitting the Q-switched envelopes, we estimate that
the minimal envelope width is about 13:84 μs and the maximal
peak power of the main pulse is up to 35.89 W.
2. Characterization of the graphene samples

The graphene samples have been prepared by chemical vapor
deposition, which had been detailed described in [31]. Firstly, a
3 inch SiO2/Si substrate, coated with 300 nm Ni, was loaded into a
tubular quartz tube and then heated up to 1000 1C with flowing H2

and Ar. After flowing reaction gas mixtures (CH4: H2: Ar¼250:
325: 1000 sccm) for ∼5 min, the sample was rapidly cooled down
to room temperature in order to completely stop the growth
process. Since that average layer number of graphene on a Ni
catalyst sensitively depends on the reaction time and cooling rate,
one can control the layer number by those two experiment factors.
In order to separate the fabricated graphene and substrate, one has
to soak the as-prepared graphene/metal sample into BOE (buffered
oxide etchant) solution to remove SiO2 layer, then transfer floating
graphene film to FeCl3 solution in order to remove metal layer. The
released graphene layer was freshened by DI (de-ionized) water
few times. By dipping the targeted substrate into the water, one is
able to “fish” the floating graphene film by the other substrate.
In this paper, the graphene film was transferred onto the facet of
optical fiber ferrule, and then the optical ferrule with the trans-
ferred graphene film was connected with another one. They were
fused into the fiber laser as a graphene saturable absorber
component.

Fig. 1(a) and (b) shows the atomic force microscopy (AFM)
image and Raman spectrum of transferred multilayer graphene
Fig. 1. (a) AFM image. (b) Raman spectrum. (c) Nonlinear transmission curve. (d) Non
graphene saturable absorber.
films, respectively. The D peak (1350 cm−1) corresponds to the E2g
phonon at the Brillouin zone center. The G peak (1580 cm−1) is
caused by the breathing modes of sp2 rings and together with a
defect to active by double resonance [32]. The 2D peak
(2700 cm−1) is the second order of the D peak. An increase in
the number of defects in graphene would result in an increase of
the D-band intensity. In this case, the high ratio between the
intensity of G peak and D peak implies that as-produced graphene
sample possesses a low defect-level [32]. The 2D peak is always
visible, even when no D peak is present, since no defects are
required for the activation of two phonons with the same
momentum, one backscattering from the other [32]. Multilayer
graphene is identified by G/2D intensity ratio larger than 1 [33].
Moreover, the multilayer graphene is not uniform in thickness, as
shown in Fig. 1(a). The optical transmittance of the multilayer
graphene is 49.5% at 550 nmwavelength. This corresponding to an
average numbers of 22 graphene layers according to the results of
Nair et al. [34].

We characterized the saturable absorber performances of the
multiplayer graphene film by nonlinear optical measurements, as
shown in Fig. 1(d). This is a typical balanced twin detector
measurement technology with details as follows. The laser source
with operation wavelength at 1570 nm was used as input pulse
with pulse width of 1.62 ps and repetition rate of 22.6 MHz. The
maximal output power of the laser source is 30 mW. After
the incident light passed through a tunable attenuation (OC-
20B), the output light was divided into two equal laser beams by
a 3-dB coupler. In the following, one laser beam propagated
through the graphene SA, which was then measured by the
photodiode detector A (918D/918L), while the other laser beam
was directly connected with another photodiode detector B (918D/
918L). In order to sufficiently suppress the possible detection error,
these two detectors were connected to a power meter (2936-C) set
linear optical measurements setup of transferred multilayer graphene films. GSA:
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by the same detection parameters, including the integration time
and the detection wavelength. By continuously adjusting the
attenuator loss, which corresponds to the variation of the input
laser intensity, a series of output power and input power could be
recorded. Upon the division of the output power by the input
power, one yields the optical transmittance under different input
powers.

The nonlinear transmission curve is plotted in Fig. 1(c). By fitting
the experiment data with the equation TðIÞ ¼ 1−ΔTnexpð−I=IsatÞ
−TNS, one can obtain the saturable intensity Isat¼3.375 MW/cm2

and the absolute modulation depth ΔT ¼ 40:27%. The modulation
depth of graphene saturable absorber is quite different from that
reported by Huang et al. [28]. Despite that the graphene had been
made by similar CVD method, the measured saturable absorption
Fig. 2. The experimental setup of QML erbium-doped fiber ring laser mode-locked
by multilayer graphene SA. WDM: wavelength-division-multiplexer; EDF: erbium-
doped fiber; SMF: singer mode fiber; PC: polarization controller.

Fig. 3. The output Q-switched mode-locked pulses with pump power of 216.2 mW. (a) Th
optical spectrum. (d) The measured autocorrelation trace and fitted curve by Sech2 fun
parameter can be different owing to some doping effects during the
fabrication process and transfer process.
3. Experiment setup

Fig. 2 shows the experiment setup of an erbium-doped fiber ring
laser mode-locked by the multilayer graphene SA. A piece of highly-
doped erbium-doped fiber (EDF, LIEKKIEr80-8/125) with a length of
1.1 m and a group velocity dispersion 15 ps/km/nm at 1550 nm and
peak absorption 80 dB/m at 1530 nm is used as the gain medium.
The rest is 50 m-long single mode fiber (SMF) with group velocity
dispersion 18 ps/km/nm at 1550 nm. A polarization-independent
isolator (PII) is used as an isolator to ensure unidirectional light
propagation. The polarization controller (PC) is employed to fine-
tune the linear cavity birefringence. The total cavity length is 58.5 m,
including several pieces of passive fibers for connecting the compo-
nents, and the total cavity dispersion is estimated about −1.36 ps2.
A 980/1550 nm wavelength-division multiplexer (WDM) is used to
launch the pumped light into the laser cavity. A 10% coupler is
employed to couple out light. The laser is pumped by a 975 nm
ALD98-500-B-FA diode laser. The output light is analyzed by an
optical spectrum analyzer (AQ-6315A), a 500 MHz oscilloscope
(TDS3054B) and a photo-detector.

4. Experimental results

The QML state is obtained at a pump power of 216.2 mW,
as shown in Fig. 3. The Q-switched envelope fitting curves were
obtained through the use of Eq. (1) in Ref. [9]. By fitting the
Q-switched envelope, the envelope width is 21:23 μs. The interval
between two envelopes is 82:7 μs, indicating that the repetition rate
of the Q-switched envelopes is 12.08 kHz, as shown in Fig. 3(a).
e oscilloscope trace (40 μs/div). (b) The pulse trace (1 μs/div). (c) The corresponding
ction.



Fig. 4. (a), (b) and (c) The oscilloscope traces of the QML pulse trains under pump power of 216.2 mW, 269.4 mW and 359.7 mW, respectively. (d) The output power and
envelope width the QML pulse trains under different input powers.
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By zooming in the oscilloscope trace, its fine structure can
be identified and we find a train of laser pulses inside the
Q-switching envelope. The inter-pulse time interval is 291.5 ns.
The central wavelength of the QML pulses is 1570.45 nm with 3-dB
bandwidth of 0.20 nm, as shown in Fig. 3(c). No sideband has been
seen in the optical spectrum. Correspondingly, the measured
autocorrelation (AC) trace, shown in Fig. 3(d), is fitted by hyperbolic
secant function with 3.75 ps full width at half maximum (FWHM),
indicating that the real pulse width is 2.43 ps obtained by multi-
plying the autocorrelation trace width with the de-convolution
factor, which is 0.648 for hyperbolic secant pulse shape.

Under the different pump power, the envelope repetition rate
of the Q-switched mode-locked EDFL can be tuned from 12.08 kHz
to 16.98 kHz by varying the pump power from 216.2 mW to
391.9 mW. The typical oscilloscope traces of the Q-switched pulse
trains with the repetition rate of 12.08 kHz, 14.39 kHz and
16.95 kHz are shown in Fig. 4(a), (b) and (c), respectively. Fig. 4
(d) shows the output power and the envelope widths under
different pump power. The peak power of the main pulses within
Q-switched envelopes is calculated by Pp ¼ P0=ðNReqT0Þ, where P0
is the average output power, Req is the repetition rate of the
Q-switched envelope, T0 is the pulse width of the mode locking
pulses, and N is the number of pulses within a Q-switched
envelope [9] with the width of the Q-switched envelope dividing
by the pulse interval 291.3 ns. The peak power of main pulse is
35.89 W with the pump power of 391.9 mW, which is 26 times
greater than that reported in Ref. [2] by using cavity loss modula-
tion. At every specific repetition rate and pump power, the QML
operation of this fiber laser can operate stably for several hours.
5. Discussion

According to the theory developed by Okhotnikov and co-
workers, the critical intra-cavity pulse energy (Ec) required for the
stable operation of CML against QML should obey the criterion [4]

Ec ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Esat;GnEsat;AnΔT

q
ð1Þ

If the intra-cavity pulse energy (Ei) is greater than Ec, one can
obtain CWML operation; otherwise, only the QML is obtained [4].
Here, based on the saturable absorption parameters of the multilayer
graphene SA, we are able to analyze the operation dynamics in our
laser cavity. As estimated, the multilayer graphene SA possess
Esat;A ¼ 4:6825 pJ and ΔT ¼ 0:4027, and the gain saturation energy
is Esat;G ¼ 10 μJ [35]. Based on the values for Esat;G, Esat;A and ΔT , the
critical pulse energy is calculated to be 4.34 nJ. Under a pump power
of 391.5 mW, the maximal output power and the cavity round-trip
time are 1.4 mW and 291.5 ns, respectively, which leads to an intra-
cavity pulse energy of 4.08 nJ, which is smaller than the critical pulse
energy Ec: 4.34 nJ. This can explain why we are able to achieve the
QML operation in our fiber laser system.
6. Conclusion

In conclusion, an erbium-doped fiber laser passively mode-locked
by a multilayer graphene SA at QML operation regime, had been
reported. Based on our experimental measurement on the nonlinear
optics property of graphene SA, we are able to explain why the fiber
laser cavity can operate in QML regime. This graphene SA is confirmed
to readily produce high quality Q-switched, mode-locked pulses. In
the QML operation, the maximal repetition rate and the minimal pulse
width of Q-switched envelope are 16.98 kHz and 13:84 μs, respec-
tively. The repetition rate increases with the pump power, while the
pulse width decreases with the pump power. The available main pulse
peak power reaches up to 35.89W. Our finding reveals that the
multilayer graphene SA can be exploited as a broadband passive
Q-switcher for both fiber laser and solid-state laser.
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