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In this Letter, we demonstrated the switchable single- and dual-wavelength femtosecond soliton generation in single-mode
Er-doped fiber lasers with the usage of carboxyl-functionalized graphene oxide (GO-COOH) saturable absorbers (SAs) for the
first time, to the best of our knowledge. The fiber laser generated a stable single-wavelength conventional soliton at
1560.1 nm with a pulse duration of 548.1 fs. The dual-wavelength solitons centered at 1531.9 nm and 1555.2 nm with a spacing
of approximately 23 nm can be obtained by adjusting the pump power of the cavity. Our experimental results indicated the
GO-COOH has great potential to be used in ultrafast fiber lasers as broadband SAs.
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1. Introduction

The ultrashort pulse has potential widespread applications in
optical communication, biomedical science, nonlinear optics,
micromachining, etc[1–7]. The mode-locked fiber laser (MLFL)
has attracted great attention due to its compact design and
the ability to generate stable ultrashort pulses. Different types
of soliton pulses and lots of nonlinear phenomena can be
observed in the MLFLs with a proper parameter of the laser cav-
ity, which is an ideal platform for researchers. However, there
are many limitations in real applications because of the only sin-
gle-output center wavelength of the MLFL, which is unable to
satisfy some specific demands such as dense wavelength division
multiplexing and dual-frequency comb. The emergence of dual-
wavelength MLFL overcomes the drawback and further broad-
ens the application range of the MLFL. Due to its unique advan-
tages, the research interest for dual-wavelength MLFL is
increasing day by day.
In order to obtain the stable dual-wavelength ultrashort pulse,

different methods have been exploited with lots of effort from
researchers. In the active MLFLs, birefringent polarization-
maintaining fiber[8], dispersive cavity[9,10], optical filter[11–14],

and highly nonlinear fiber (HNLF)[15] have been employed suc-
cessfully for the generation of the dual-wavelength pulse output.
Although the active MLFLs can achieve narrow linewidth and
high repetition rate pulse output easily, the obvious disadvantages
are broad pulse duration, increasing cost, and complexity of the
system. In addition, more losses will inevitably be induced into
the oscillator because of the inserted modulator. In contrast,
the passive MLFLs are more suitable for the generation of the
dual-wavelength ultrashort pulse. By virtue of a Lyot filter, an
asynchronous dual-wavelength all-normal-dispersion MLFL was
demonstrated at 1 μm[16]. An L-band wavelength-tunable and
dual-wavelengthMLFLwas also achieved with the use of a hybrid
structure of a no-core fiber and a graded-indexmultimode fiber at
1.5 μm[17]. In recent years, the emergence of two-dimensional
(2D) nanomaterial enriches the dual-wavelength MLFLs, includ-
ing bismuthene, black phosphorus (BPs), graphene, graphene
oxide (GO), transition metal dichalcogenides (TMDs), carbon
nanotubes (CNTs), topological insulators (TIs), and so on[18–32].
Compared with the methods mentioned above, the 2D nanoma-
terial is a better choice due to its simple and compact structure,
low cost, and easy to achieve mode-locking operation.
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Currently, a new type of 2D nanomaterial, carboxyl-
functionalized GO (GO-COOH), has attracted the attention
of many researchers. Its structure adds a carboxyl functional
group to the GO that breaks the covalent bond. Its optical
performance is similar to GO, but it also has unique properties.
GO-COOH has strong hydrophilicity and very high solubility in
water, which greatly simplifies the preparation process and
reduces the manufacturing cost. The Q-switched and mode-
locking pulse output in the Er-doped ring cavity was demon-
strated based on the GO-COOH saturable absorber (SA) as
the mode locker for the first time, to the best of our know-
ledge, where the mode-locking pulse repetition frequency was
22.7 MHz, and the pulse width was 1.5 ps[33]. The conventional
soliton mode-locking with a pulse width of 500 fs at 1.5 μm was
generated through a GO-COOH solution combined with a
D-shaped fiber as the SA[34]. The Q-switched and femtosecond
mode-locked pulse output at 1 μm was obtained successfully by
using the GO-COOH SA. The mode-locking pulse repetition
frequency was 22 MHz, and the pulse width was 239 fs after
compression outside the cavity[35]. In previous work, the lasers
worked in the single-wavelength conventional soliton mode-
locking region with the GO-COOH SA at 1.5 μm, and there
are no reports on the generation of femtosecond dual-wave-
length soliton research.
In this Letter, we demonstrated the switchable single and dual-

wavelength femtosecond soliton generation in a single-mode
Er-doped fiber laser based on theGO-COOHSA. The switch only
needed to adjust the pump power and polarization in the cavity.
The modulation depth, saturable intensity, and unsaturated loss
of the GO-COOH are 4.6%, 75.4MW=cm2, and 71.4%, respec-
tively. The MLFL generated a stable single-wavelength soliton at
1560.1 nm with a pulse duration of 548.1 fs. The dual-wavelength
solitons centered at 1531.9 nm and 1555.2 nm with a spacing
of approximately 23 nm. The experimental results indicated that
the GO-COOH is a promising candidate for dual-wavelength
ultrashort pulse generation in a fiber laser.

2. Experimental Setup

The GO-COOH SA in our experiment was prepared by the
liquid-phase-exfoliation method, and it was the same as that
in Ref. [31]. A balanced twin-detector measurement method
was used to investigate the nonlinear optical characteristics
of the GO-COOH SA, and the configuration is displayed in
Fig. 1(a). The seed source was a homemade 1.5 μm MLFL with
a pulse repetition rate and a pulse width of 32 MHz and 586 fs,
respectively. The input power was continuously adjusted
through a variable attenuator, and the output power was
recorded with a dual-channel power meter. The nonlinear trans-
mission curve of the GO-COOH SA as a function of peak power
intensity is shown in Fig. 1(b). The experimental data were fitted
with a simplified two-level model as follows[17,36,37]:

T�I� = 1 − ΔT × exp

�
−

I
Isat

�
− Ans, (1)

where ΔT , Ans, and Isat are the modulation depth, the non-
saturable loss, and the saturation intensity, respectively.
According to Eq. (1), the red fitting curve is illustrated in
Fig. 1(b). The results indicated that the modulation depth of
the GO-COOH SA was 4.6 %, and the saturation intensity
was 75.4MW=cm2.
As shown in Fig. 2, the Raman spectrum of the GO-COOH

SA was measured by a laser source centered at 532 nm. It is
obvious with the two peaks in Fig. 2. The D peak was a result
of the defect-induced breathing mode of sp2 rings, and the G
peak came from the double degenerate zone center E2g mode,
respectively. Compared with GO, the Raman spectrum indicates
that GO-COOH has better structural symmetry.
The schematic of the GO-COOH SA femtosecond Er-doped

MLFL is shown in Fig. 3. It was a typical ring cavity without
dispersionmanagement and was constructed with all-fiber com-
ponents for a compact, alignment-free system. The pump source
was a 980 nm laser diode with the maximum pump power of
550 mW and provided the energy to the Er-doped fiber through
a 980/1550 nm wavelength division multiplexer (WDM). The
length of the gain fiber was 60 cm, which has a group velocity
dispersion (GVD) of−23.5 ps·nm−1·km−1 (LIEKKI Er110-4/125).
In order to ensure the unidirectional propagation, a polarization-
dependent isolator (PD-ISO) was placed after the gain fiber. A
polarization controller (PC) was used to adjust the birefringence.
A 30% optical coupler (OC) was the only output port of the fiber
laser to connect the measurement instruments. The GO-COOH
SA was sandwiched with two patch cable connectors as a mode
locker in the cavity. It was worth noting that the pigtails of all of
the fiber components were standard single-mode fibers (SMFs),

Fig. 1. (a) Setup of the balanced twin-detector measurement method;
(b) nonlinear optical characteristics of the GO-COOH.

Fig. 2. Raman spectrum of GO-COOH film.
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and the lengths of the SMF of the WDM, PD-ISO, OC, and SA
were 2 m (including 1 m Hi1060 fiber), 2 m, 0.75 m, and 1.4 m,
respectively. The total length of the cavity was 6.75 m, corre-
sponding to a round-trip time of 32 ns, and the net dispersion
was −0.1 ps2. The measurement devices in our experiment were
an optical autocorrelator (APE pulsecheck), a digital storage
oscilloscope (Agilent DSO9104A) with a bandwidth of 1 GHz,
and an optical spectrum analyzer (OSA, AQ6375B, Yokogawa
Inc.) with a minimum resolution of about 0.02 nm.

3. Results and Discussion

With the increase of the pump power, and an appropriate
adjustment of the polarization state through the PC, the stable
MLFL could be established. The self-starting mode-locking
threshold was about 50 mW. The performance of the output
signal is illustrated in Fig. 4 at the pump power of 80 mW.
Figure 4(a) displays the pulse train at different time scales.
The oscilloscope trace indicated the time interval of the adjacent

pulses was 32 ns, which matched well with the total length of the
cavity. The inset was the pulse train at the 10 μs time scale, and
there was no Q-switching phenomenon. Figure 4(b) was the
optical spectrum of the output pulse. The center wavelength
was 1560.1 nm with a full width at half-maximum (FWHM)
of 5.1 nm. There were obvious sidebands in the envelope of
the spectrum, which was the distinguishing feature of the con-
ventional soliton. The radio frequency (RF) spectrum is shown
in Fig. 4(c). The fundamental frequency was 31.2 MHz, and
the signal-to-noise ratio (SNR) was 70 dB, which manifested
a stable mode-locking operation. The inset was the RF spectrum
at 1 GHz. The autocorrelation (AC) trace is depicted in Fig. 4(d).
Assuming a hyperbolic secant shape, the pulse duration after
nonlinear fitting was 548.1 fs.
With the further increase of the pump power, a new mode-

locking state could be observed in the cavity. The threshold of
the pump power was 450 mW, and a stable dual-wavelength
mode-locking operation was established. The characteristics
of the output pulse are displayed in Fig. 5. Figure 5(a) shows
the periodical pulse train of laser emission. Compared with
Fig. 4(a), it was clear that there were two solitons in the oscilla-
tor. The different pulse heights were caused by the different
pulse energies of the two solitons. Meanwhile, these two solitons
cannot be triggered at the same time. One soliton would move
randomly when another soliton was fixed in the oscilloscope
trace, which indicated that the GVD of the two solitons was
different[38]. The envelope of the optical spectrum had changed
greatly compared with Fig. 4(b). There were two peaks in the
spectrum centered at 1555.2 nm and 1531.9 nm with a spacing
of approximately 23 nm, and the FWHMs were 6.2 nm and
1.46 nm in Fig. 5(b), respectively. Kelly sidebands still could
be observed in the spectrum, and the center wavelength had a
blue-shift as the pump power increased. The RF spectrum with
a scanning range of 40 kHz is illustrated in Fig. 5(c). There were

Fig. 4. Characteristics of single-wavelength conventional soliton fiber laser
oscillator. (a) Oscilloscopic pulse train. (b) The corresponding optical spec-
trum. (c) Radio frequency (RF) spectrum; the inset is RF in the 1 GHz range.
(d) Autocorrelation (AC) trace of the output pulse.

Fig. 5. Characteristics of dual-wavelength conventional soliton fiber laser
oscillator. (a) Pulse train with different intensities. (b) The corresponding opti-
cal spectrum. (c) RF spectrum with 110 Hz resolution. (d) AC trace of the output
pulse.

Fig. 3. Configuration of the Er-doped MLFL. WDM, wavelength division multi-
plexer; gain fiber, Er-doped fiber; PD-ISO, polarization-dependent isolator;
PC, polarization controller; OC, optical coupler.
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two peaks in the RF spectrum, and the difference in the repeti-
tion rate was 1709.5 Hz. This slight difference was due to the
different GVD of pulses with different center wavelengths[17].
In theory, the relation could be described as follows[39,40]:

Δf = c2DΔλ=n2�L� LDΔλc=n�, (2)

where Δf is the difference of the repetition rate, c is the speed
of light, D is the dispersion parameter, Δλ is the space of differ-
ent center wavelengths, n is the index of fiber, and L is the total
length. Here, c=3×108m=s, DSMF�EDF = 11.656 ps=�nm · km�,
L = 6.75m, Δλ = 23.3 nm, and n = 1.46. The Δf was 1698.8 Hz
after calculation in theory based on the aforementioned

parameters, and it matched well with the experimental result.
Since there was no suitable bandpass filter centered at
1531.9 nm, only the AC trace of the pulse with a center wave-
length of 1555.2 nm was measured in the experiment, and the
result is depicted in Fig. 5(d). The pulse duration was 514.6 fs
after nonlinear curve fitting.
The evolution of the output spectrum of the MLFL with the

increasing pump power was also investigated, and the result is
shown in Fig. 6(a). The stable mode-locking operation was
established at the pump power of 50 mW, and it was obvious
that the center wavelength of the spectrum had a continuous
blue-shift from 1560.1 nm to 1555.2 nm. It could be found that
the gain coefficient of the Er-doped fiber at 1531.9 nm increased
gradually but was not enough to achieve dual-wavelengthmode-
locking at the pump power of 250–450 mW, and the laser was in
a transitional state of single- and dual-wavelength mode-lock-
ing. When the pump power exceeded 450 mW, stable dual-
wavelength mode-locking was obtained. The intensity of the
peak at 1531.9 nmwas larger than that at 1555.2 nm at the maxi-
mum of the pump power of 550 mW. This phenomenon could
be attributed to the gain spectrum being modulated so that the
gain coefficient at 1530 nm was greater than that at 1550 nm in
the current case[40]. To verify that GO-COOH SA acted as a
mode locker, the fiber laser cannot achieve self-starting
mode-locking operation when the GO-COOH SA was only
removed from the cavity. The experimental result indicated
the GO-COOH SA played a dominant role in the fiber laser.
Figure 6(b) shows the relationship between the pump power
and the output power. The output power was linearly increased
with the variation of the pump power. The average output power
was 19.8 mW at the pump power of 550 mW, which was the

Fig. 6. (a) Evolution of the optical spectrum of the fiber laser with the pump
power. (b) The evolution of the output power of the fiber laser with the
pump power.

Table 1. Summary of the Dual-Wavelength Soliton Fiber Lasers Near 1550 nm with 2D Nanomaterials.

Nanomaterials λ (nm) Δλ (nm)
Length of Gain

Fiber (m)
Repetition

Frequency (MHz)
Output

Power (mW)
Pulse

Duration (ps) Ref. No.

Bismuthene 1531.6/1543.2 11.6 1.4 208 – 1.58 [18]

Bismuthene 1544.85/1554.53 9.68 1.4 44 – – [19]

Graphene 1533.4/1556.11 22.71 4.5 8.4/9.1 11.36 0.9/0.94 [20]

Ti3C2Tx -Mxene 1575.6/1587.5 11.9 1.3 11.1/166.5 – – [21]

G=SnO2=PANI 1532/1557.6 25.6 5 2.13 3.2 1.25 [22]

MnPS3 1565.19/1565.63 0.44 3.2 5.109 27.2 3800 [23]

WS2 1568.55/1569 0.45 5 2.14 14.2 11 [24]

BP 1533/1558 25 3.2 20.8 – 0.7 [25]

h-BN 1531.5/1557.5 26 4.5 2.1 7.2 1.3 [26]

CNT 1531/1557 26 5 16.58 – – [27]

GO-COOH 1531.9/1555.2 23.3 0.6 31.2 19.8 0.515 This work

Vol. 19, No. 11 | November 2021 Chinese Optics Letters

111405-4



maximum output power that could be obtained in the MLFL
based on the GO-COOH SA.
In our experiment, the switchable single- and dual-wave-

length femtosecond soliton was observed without using the
comb filter, which meant there was a birefringence-induced fil-
ter effect in the cavity. The gain spectrum was modulated by the
birefringence-induced filter effect, which caused the two pulses
at 1531.9 nm and 1555.2 nm to obtain different gains. The
experimental results further proved that the birefringence-
induced filter acted as a bandpass filter. As a result, the
1531.9 nm and 1555.2 nm wavelength bands were amplified,
and the middle component was suppressed. It was worth noting
that the switch of the single- and dual-wavelength mode-locking
was reversible, and the pulse at 1531.9 nm will fade away with
decreased pump power due to the saturable absorption effect[40].
Meanwhile, Table 1 summarizes the dual-wavelength soliton
pulse output near 1550 nm by using different nanomaterials
SAs from recent years[18–27]. It was clear that the performance
of our fiber laser was excellent. Our work showed the great
potential of GO-COOH SAs to achieve ultrashort pulse output
in a dual-wavelength MLFL. In addition, we found the length of
the gain fiber in our experiment was the shortest compared with
previous related works. Generally speaking, the long gain fiber
was suitable to achieve the dual-wavelength mode-locked oper-
ation. However, only the 0.6 m Er-doped fiber was adopted to
search for dual-wavelength mode-locking in this work, and it
could be obtained easily under a strong pump power. Maybe
the experimental settings such as the dispersion, polarization,
and pump power were more appropriate to the generation of
the dual-wavelength pulse. The shorter gain fiber indicated that
our fiber laser was cheaper and had more practical value in real
applications.

4. Conclusion

In conclusion, the switchable single- and dual-wavelength fem-
tosecond soliton was obtained in a single-mode Er-doped fiber
laser with the usage of the GO-COOH SA for the first time, to
the best of our knowledge. By properly adjusting the pump
power, the single- and dual-wavelength femtosecond pulse
could be achieved flexibly in the anomalous dispersion regime.
The maximum output power was 19.8 mW. Our experimental
results provided a possibility for the generation of the dual-
wavelength femtosecond pulse in the Er-doped MLFL.
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