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SPECIAL TOPIC — Nanophotonics

Reduced graphene oxide as saturable absorbers for erbium-doped
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We demonstrate a nanosecond mode-locked erbium-doped fiber laser (EDFL) based on a reduced graphene oxide
(RGO) saturable absorber (SA). The RGO SA is prepared by depositing the graphene oxide (GO) on fluorine mica through
thermal reduction of GO. A scanning electron microscope (SEM), Raman spectrometer, and x-ray photoelectron spec-
troscopy (XPS) are adopted to analyze the RGO characteristics. The results show that the reduction degree of graphene
oxide is very high. By embedding the RGO SA into the EDFL cavity, a stable mode-locked fiber laser is achieved with
a central wavelength of 1567.29 nm and repetition rate of 12.66 MHz. The maximum output power and the minimum
pulse duration are measured to be 18.22 mW and 1.38 ns respectively. As far as we know, the maximum output power of
18.22 mW is higher than those of other nanosecond mode-locked oscillators reported. Such a nanosecond pulse duration
and megahertz repetition rate make this mode-locked erbium-doped fiber laser a suitable seed oscillator for high-power
applications and chirped pulse amplifications.

Keywords: fiber lasers, mode-locked pulse, nonlinear optical materials, reduced graphene oxide
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1. Introduction
Passive mode-locked fiber lasers in the near-infrared re-

gion possess many practical applications in optical commu-
nication, medicine, metrology, and material processing be-
cause of their simple compact design and good beam.[1–4]

The passive mode-locking is usually established through the
saturable absorbers, such as semiconductor saturable ab-
sorber mirrors (SESAMs),[5,6] nonlinear optical loop mir-
ror, nonlinear polarization rotation technique (NPR),[7] carbon
nanotube,[8,9] graphene,[10–14] etc.[15–19] Recently, some new
two-dimensional (2D) materials were confirmed as saturable
absorbers for mode-locking operation in the laser, such as
black phosphorus[20–22] MXene,[23] antimonene,[24] etc. Be-
cause every material has its own advantages, it is attractive to
explore more mode-locked absorber materials, such as MX-
ene, which has a wide saturated absorptive range, including
the near-far infrared region due to metallic characteristics. The
stability of antimonene is good and the nonlinear refractive in-
dex is relatively large. Although graphene has been widely
studied in laser applications, the thermal reduction graphene
oxide is less used in lasers. The preparation technology of
graphene is more mature than those of other new 2D materials.
Especially the zero-bandgap of graphene makes it a broadband

saturable absorber for any wavelength of light.[25] Therefore,
it is necessary to further study the application of graphene in
the laser.

Graphene saturable absorbers can be prepared by many
methods, such as chemical vapor deposition (CVD), peeling
graphite, and reduction-oxidation methods.[26,27] The CVD-
graphene can be grown on substrates, and then easily trans-
ferred to a fiber connector. The graphene can also be directly
grown on D-type fiber or taper fiber by CVD.[28] However,
the yield of the graphene prepared in this method is low and
the preparation process is very complex. Peeling graphite is
the simplest way to prepare graphene, such as liquid phase ex-
foliation, the mechanical exfoliation method, etc. However,
the repeatability of the process is very poor. The reduction–
oxidation method is the most widely used method of prepar-
ing the graphene: graphite oxide is obtained by oxidizing and
exfoliating graphite, then graphene can be obtained by reduc-
tion reaction of graphite oxide. The problem is that the degree
of reduction prepared in this way is generally not high.[29] In
this work, we use the method of thermal reduction reaction to
prepare RGO with high reduction degree.

Up to now, investigation of mode-locked EDFL have
mainly been focused on emitting picosecond or femtosecond
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pulses.[30–33] However, nanosecond pulsed EDFL has advan-
tages of large pulse width, low peak power, and little non-
linear phase accumulation. So it is more suitable for chirped
pulse amplification systems than an ultrashort pulse fiber laser,
though the passive mode-locked fiber laser with a low repeti-
tion rate has attracted a lot of attention for producing nanosec-
ond pulses recently.[34–36] Li et al. generated the nanosecond
dual-pulse with a repetition rate of 783.3 kHz based on the
NPR technique.[34] Xu et al. demonstrates that mode-locked
nanosecond EDFL with a graphen saturable absorber can pro-
duce a laser with a duration ranging from 3 ns to 20 ns by
increasing the laser cavity length from 133 m to 1027 m.[35]

Moreover, Wu et al. reported an 18.5-ns pulse at a 126-kHz
repetition rate generated from a mode-locked erbium-doped
fiber laser with the NPR technique in a ring cavity.[36] How-
ever, fiber laser with a long cavity cannot fully meet the needs
of various applications, for example, laser with a low repeti-
tion rate generally has high single pulse energy, which leads to
being damage in operation. A nanosecond mode locked fiber
laser with high frequency has not been fully excavated.

In this work, we demonstrate that graphene oxide could
be completely reduced at 1000 ◦C for 5 min. In this way
we fabricate the reduced graphene oxide saturable (RGO) ab-
sorber based on fluorine mica (FM) substrate. By employ-
ing the RGO/FM absorber, a stable mode-locked fiber laser is
achieved, with a resulting central wavelength of 1067.29 nm,
repetition rate of 12.66 MHz, and pulse duration of 1.38 ns.
The maximum output power is measured to be 18.22 mW.
Considering the outstanding advantages of RGO, such as low
cost, simple fabrication, and wavelength independence, the
nanosecond erbium-doped fiber lasers based on RGO have a
good prospect in practice.

2. RGO preparation and characterization
In this experiment, the GO aqueous solution was fabri-

cated by the liquid phase exfoliation method as the follow-
ing process. Firstly, 10-mg GO powder was poured into the
deionized water and agitated for 8 h at an ultrasonic power
of 360 W. The graphene oxide nanosheets were evenly dis-
persed into the water. Secondly, in order to isolate large par-
ticles, the mixed solution was centrifuged at 7000 rpm. The
GO aqueous solution obtained is shown in Fig. 1(a). Finally,
the graphene oxide solution was dropped on mica sheet (FM)
and poured into a dry box for 1 h, then the GO/FM absorber
was obtained. Through the exploration under different condi-
tions, it is found that the graphene oxide could be completely
reduced at 1000 ◦C for five min in a vacuum. The RGO/FM
absorber prepared under such conditions is shown in Fig. 1(b).

The morphological characteristics of GO and RGO were
characterized by SEM (Nova NanoSEM Training-X50 series).
Figure 2(a) shows SEM images of GO, because the high flexi-
bility of the GO layer causes the layer to deform, it can be ob-
served that the surface of the graphene oxide is partially folded

and undulated. The oxygen-containing functional groups at-
tached to the chip layer make the dispersion of the lamel-
lar layer better. Correspondingly, owing to the fact that the
oxygen-containing functional groups on the surface are elimi-
nated by reduction, the RGO layers present more serious fold-
ing and curling as shown in Fig. 2(b).

(b)(a)

Fig. 1. (color online) (a) Suspension of the GO and (b) RGO/FM absorber.

(b)(a)

Fig. 2. SEM images of (a) GO and (b) RGO.

Raman spectroscopy is an effective tool for characterizing
structural characteristics and properties of carbon nanomateri-
als. The microstructure of GO and RGO are investigated by
Raman spectroscopy (LabRam confocal microprobe Raman
system) as shown in Fig. 3, the test light source is the argon
ion laser with a center wavelength of 532 nm. The peak of
1328 cm−1 is called the D peak, which is due to the defects
in the carbon plane, reflecting the disorder structure of GO.
The G peak at 1580 cm−1 is generated by the stretching vi-
bration of the C–C bond, which is sensitive to the pressure of
the system. The degree of graphitization of carbon nanomate-
rial is usually evaluated by the intensity ratio of D peak to G
peak. The D/G intensity ratio of GO is 1.04, which shows that
GO contains a lot of functional groups and the carbon layers
are arranged orderly. When the GO is thermally reduced, the
intensity of D peak increases, while the intensity of G peak
begins to decrease. The D/G intensity ratio of RGO reaches
to 1.32, which suggests that the thermal reduction of graphene
oxide is successful.

The x-ray photoelectron spectroscopy (XPS) can
be employed to determine the chemical environment of
atoms. In order to further study the reduction degree
of GO, XPS (AXIS ULTRA) is used to determine the
content of different oxygen-containing functional groups
in the GO structure. The C 1s XPS spectra of sam-
ples are fitted according to the peak position as shown in
Fig. 4. It could be concluded that there are a hydroxyl
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Fig. 3. (color online) Raman spectrum of (a) GO and (b) RGO.
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Fig. 4. (color online) C 1s XPS spectra of (a) GO and (b) RGO.

group and a carbonyl group in GO and the oxidation degree
of graphene oxide is very high, so the GO can be easily
stripped by the liquid phase exfoliation method. After high-
temperature reduction of GO, the signal intensity of the C–C
functional group with SP2 hybrids of RGO increases, which
explains that the percentage of area occupied by graphene is
correspondingly raised. Meanwhile, carbonyl and hydroxyl
groups decrease a lot. Furthermore, quantitative analysis of
the XPS peak is provided in Tables 1 and 2. The content of
the hydroxyl group is reduced from 39.59% to 22.39%, and
correspondingly the content of the carbonyl group varies from
14.37% to 7.36%. It indicates that the structure of the car-
bon plane tends to be completely planar, and the functional
groups are gradually removed. Figure 5 shows the correspond-
ing peak intensities of the carbon and oxygen elements in the
two groups of samples. The CC/CO intensity ratio of RGO
(2.52) is higher than the CC/CO ratio of GO (0.79). The re-
sults also prove that the graphene oxide is fully reduced and
also confirm the results obtained by the SEM and the Raman
spectroscopy.

Table 1. XPS data of GO. BE is short for binding energy.

GO Peak BE/eV at.% Bond

C 1s 285.0 45.64 C–C

C 1s 287 39.59 C–O (hydroxyl groups)

C 1s 288.2 14.37 C=O (carbonyl groups)

Table 2. XPS data of RGO.

RGO Peak BE/eV at.% Bond

C 1s 285.0 70.25 C–C

C 1s 286.6 22.39 C–O (hydroxyl groups)

C 1s 288.2 7.36 C=O (carbonyl groups)

The linear transmission spectra of the RGO/FM ab-
sorber are measured from 1480 nm to 1580 nm. Figure 6(a)
shows that the spectral transmission is always flat at a level
of ∼76.5%±0.6%, and the linear optical absorption of the
RGO/FM absorber is 76.1% at 1567.29 nm. In order to char-
acterize the nonlinear saturable absorber property of RGO/FM
SA, a home-made femtosecond pulsed EDF laser (working
wavelength: 1560 nm; pulse width: 500 fs; pulse frequency:
26.23 MHz) was used as an illumination source. The mod-
ulation depth (∆T ) was measured to be 5.5% as shown in
Fig. 6(b), which is suited to produce a mode-locked pulse.[37]

It can also be obtained from Fig. 6(b) that the saturation power
and non-saturable loss are 42 mW and 18.4%, respectively.
The damage threshold of reduced graphene oxide based SA
is measured by the femtosecond light source with a pulse
width of 150 fs and pulse frequency of 10 kHz, which is
4.69 mJ/cm2.

084206-3



Chin. Phys. B Vol. 27, No. 8 (2018) 084206

0 100 200 300 400 500 600 700
0

1

2

3

4

5

In
te

n
si

ty
/
1
0

4
 c
p
s

Binding energy/eV

(a)

0 100 200 300 400 500 600 700
0

1

2

3

4

5

6
 

In
te

n
si

ty
/
1
0

4
 c
p
s

Binding energy/eV

(b)

Fig. 5. (color online) XPS spectra of (a) GO and (b) RGO.
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Fig. 6. (color online) (a) Linear transmission spectrum and (b) power-
dependent transmission.

3. Laser setup and results
The experimental configuration of mode-locked erbium-

doped fiber laser is schematically shown in Fig. 7. The ring
laser oscillator cavity consists of a 750-mW/976-nm laser
diode, a wave-length division multiplexer (WDM), a 3-m
erbium-doped fiber, a polarization independent isolator (PI-
ISO), an optical coupler (OC), a polarization controller (PC),
and an RGO/FM absorber. A 3-m EDF with an absorption pa-
rameter of 25 dB/m at 1530 nm is employed as a gain medium
and pumped by a 976-nm laser diode (LD). The PI-ISO is
spliced in the cavity to guarantee the unidirectional operation
and the eliminating of laser backscattering in the fiber ring
cavity. A polarization controller (PC) is used to select differ-
ent optical modes by inducing a birefringence in the fiber core,
and 10% portion of the laser is coupled out from the laser cav-
ity by the optical coupler. The pigtails of all the components
are single mode fiber (SMF) with a total length of 13.14 m,
the total ring cavity length is approximately 16.14 m. The
output pulse train is observed by a power meter (JDSUOLP-
85), an optical spectrum analyzer (Yokogawa AQ6370D), a
1-GHz digital oscilloscope (Rohde & Schwarz, RTO1014)
with a home-made 5-GHz photodiode detector, and a 40-GHz
radio-frequency analyzer (Agilent E4447A).

976Pump

WDM

SA film

PC

EDF

SMF

OC

isolator

Fig. 7. (color online) Experimental setup of mode-locked laser.

In this experiment, continuous-wave (CW) operation is
established at a pump power of 30 mW. Large inserting loss
of the assembled RGO SA leads to high threshold of CW op-
eration. After the appropriate adjustment of polarization con-
troller, the laser starts to operate in the mode-locked regime
with a pump power of 273 mW. When the pump power is in-
creased to 635 mW, the mode-locked operation becomes un-
stable. However, the stable mode-locking operation is ob-
served again by reducing the pump power to 550 mW. As
shown in Fig. 8, the output power of the laser varies with
pump power, and the output power increases linearly with
pump power. When the pump power reaches to 635 mW, the
maximum output power is obtained to be 18.22 mW, which
corresponds to a single pulse energy of 1.44 nJ. In Table 3, we
summarize the results of the nanosecond mode-locked fiber
lasers in the last few years. As far as we know, the maximum
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output power of 18.22 mW is higher than those obtained in
other nanosecond mode-locked oscillators.[35,38–41]
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Fig. 8. (color online) Relationship between pump power and output power.

The output characteristics of the mode-locked laser are
shown in Fig. 9 with a pump power of 563.07 mW. The
recorded optical spectrum of the laser is shown in Fig. 9(a).
The optical spectrum of fundamental mode-locked pulses

is centered at 1567.29 nm and the 3-dB spectral width is
0.75 nm. The corresponding oscilloscope trace of the mode-
locked pulse train is shown in Fig. 9(b), the time interval be-
tween the adjacent pulses is 78.99 ns, which agrees exactly
with the cavity length of 16.14 m. During the experiments,
we find that the pulse repetition rate 12.66 MHz remains un-
changeable. When the pump power varies from 272.72 mW to
658.58 mW, the mode-locking state is not destroyed no mat-
ter how the pump power increases or decreases, which implies
that the laser operates in the fundamental mode locking state
rather than in the Q-switched state.[42,43] The pulse duration
is measured to be 1.38 ns at a pump power of 563.07 mW as
shown in Fig. 9(c). The RF spectrum of the mode-locked pulse
reveals that the fundamental repetition frequency is located at
12.66 MHz as shown in Fig. 9(d). The signal-to-noise ratio
(SNR) is 50 dB, which indicates that the mode-locked stabil-
ity is good. The time-bandwidth product (TBP) is estimated at
126.405, which has a huge deviation with a transmission limit
of 0.315. So we can confirm that the mode-locked pulses are
heavily chirped.

Table 3. Typical nanosecond mode-locked fiber lasers.

SA Repetition rate Pulse duration Maximum pulse energy Output power Ref.

Graphene 20 kHz-1540 kHz 3 ns–20 ns 1 nJ 0.38 mW [35]

NPR 173.05 kHz 10 ns–1716 ns 41.8 nJ. 7.2 mW [38]

Carbon-nanotube 909.1 kHz 332 ns 0.34 nJ 0.31 mW [39]

Graphene oxide 7.68 MHz 4.85 ns 0.56 nJ 4.3 mW [40]

Graphene 5.78 MHz 24 ns 2.1 nJ 12.1 mW [41]

RGO 12.66 MHz 1.38 ns 1.44 nJ 18.22 mW our work
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Fig. 9. (color online) Mode-locked pulse state, showing (a) optical spectrum, (b) pulse trains of oscilloscope, (c) single pulse of oscilloscope, and (d)
radio-frequency spectrum.
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Finally, in order to verify that the nanosecond mode-
locked pulse is produced by the RGO SA instead of the self-
locking effect, the RGO/FM is removed from the cavity. At
the moment, the mode-locked pulse is not observed under the
same experimental conditions, which indicates that the forma-
tion of nanosecond mode-locked pulse is generated by the non-
linear saturable absorber property of RGO in the cavity.

4. Conclusions and perspectives
In this research, we have prepared the RGO by the ther-

mal reduction method. The RGO is characterized by SEM,
Raman spectrometer, and XPS, and the results from determi-
nation and characterization indicate that the reduction degree
of GO is very high. So we fabricate the RGO/FM absorber,
and the modulation depth is measured to be 5.5%. By employ-
ing the RGO/FM absorber, a stable mode-locked fiber laser is
achieved with a central wavelength of 1567.29 nm, repetition
rate of 12.66 MHz, and pulse duration of 1.38 ns. The max-
imum output power is measured to be 18.22 mW. Hopefully,
this kind of nanosecond fiber laser source with megahertz rep-
etition rate will have a lot of potential applications.
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