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The carboxyl-functionalized graphene oxide (GO-COOH) is a kind of unique two-dimensional (2D) material and
possesses excellent nonlinear saturable absorption property and high water-solubility. In this paper, we prepare saturable
absorber (SA) device by depositing GO-COOH nanosheets aqueous solution on a D-shaped fiber. The modulation depth
(MD) and saturable intensity of the SA are measured to be 9.6% and 19 MW/cm?, respectively. By inserting the SA into the
erbium-doped fiber (EDF) laser, a passively mode-locked EDF laser has been achieved with the spectrum center wavelength
of 1562.76 nm. The pulse duration, repetition rate, and the signal-to-noise ratio (SNR) are 500 fs, 14.79 MHz, and 80 dB,
respectively. The maximum average output power is measured to be 3.85 mW. These results indicate that the GO-COOH
nanosheets SA can be used as a promising mode locker for the generation of ultrashort pulses.

Keywords: fiber lasers, mode-locked pulse, nonlinear optical materials, carboxyl graphene oxide

PACS: 42.55.Wd, 42.60.Fc, 42.70.Nq

1. Introduction

Passive mode-locked fiber lasers are widely applied in the
fields of optical communication, industrial material process-
ing, optical sensing, and biomedical diagnostics due to the
advantages of compact structure, stable performance, flexi-
bility, and excellent beam quality.!'#! It is reported that the
passive mode locking technology of fiber lasers mainly de-
pends on nonlinear polarization evolution (NPE) or saturable
absorbers (SAs).!>%! Although, the pulsed fiber lasers based on
NPE technique have the advantages of ultrashort pulse dura-
tion and simple structure,>7! they can be easily influenced by
the external environment and have the relatively high mode-
locked laser starting threshold.!®°! By contrast, the passive
mode locking technique based on semiconductor saturable ab-
sorber mirrors (SESAMSs) or broadband nonlinear materials
can be used to overcome those disadvantages. The process
of fabricating SESAMs is complex and costly. And the fabri-
cated SESAMs have a narrow bandwidth.['%1 Apart from the
traditional SESAMs, some nanomaterials like single-walled
carbon nanotubes (SWCNTs),!!1=13] graphene, 413! topolog-
ical insulators (TIs),!'®!7] transition metal dichalcogenides
(TMDs),! 8191 and black phosphorus?! have been widely in-
vestigated for ultrashort pulse generation owing to their ad-
vantages of ultrafast broadband photon-response, easy fabri-
cation, and low cost. Although the above nonlinear materials
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can be used to modulate laser systems, the nonlinear materials
with a broadband nonlinear modulation effect, low saturation
intensity, and good stability are objective pursued by many re-
searchers, such as Mxene, 2! Antimonene, 2! and so on.
Compared with other two-dimensional (2D) materials,
the graphene has been earlier applied to prepare SAs. The
graphene as an excellent SA possesses a variety of specific
electronic and photonic properties, including zero band-gap,
high damage threshold, ultrashort recovery time, and ultra-
broadband absorption.!?>-2 In 2009, Bao et al.!®) and Hasan

1.12] demonstrated ultrashort pulses from passively mode-

eta
locked fiber lasers by incorporating graphene as SAs. Since
then, based on graphene SAs, researchers have obtained mode-
locked pulses at 1 pum, 1.5 pm, 2 um, and 2.5 pm.?”-
In general, the graphene SAs can be grown on various sub-
strates and then easily transferred to fiber connectors, and
also directly grown on D-shaped fiber or taper-fiber by chem-
ical vapor deposition (CVD).!*"! However, the yield of the
graphene is very low. The graphene can be obtained by ex-
foliating graphite in aqueous solutions with surfactant. And
then, the graphene is wrapped into organic polymer compos-
ites or be directly coated on D-shaped fiber.!*!3?! Graphene
is usually hydrophobic because of the symmetrical structure
and the high cohesive van der Waals force between graphitic

nanosheets, which result in the difficulty of dissolution of
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graphene in aqueous solution. Generally, a surfactant is added
into graphene aqueous solution, which produces some unsatu-
rated losses and reduces the performance of the mode-locked
fiber laser.!33! Usually, graphene oxide (GO) is the intermedi-
ate production of the graphene prepared by chemical reduction
method. The structure of the GO is similar to that of graphene.
There are some oxygen-containing functional groups on the
surfaces of two-dimensional carbon atom layer, which makes
GO have high solubility compare to that of graphene. How-
ever, the water solubility is still limited (< 0.5 mg/mL).[34]

Recently, a kind of water soluble graphene derivative
was reported. Carboxyl-functionalized graphene oxide (GO-
COOH) possesses more —COOH than GO does. GO-COOH
has the nonlinear optical property similar to that of GO. Fur-
thermore, it possesses higher solubility in water than GO, not
to say graphene. Recently, Zhao et al.'*! and Duan et al.30]
have just realized mode locking in erbium-doped fiber (EDF)
lasers by using the GO-COOH/PVA SAs. The pulse dura-
tions were 1.5 ps and 808 fs, respectively. However, the GO-
COOH/PVA film generally shows a low laser damage thresh-
old, which has adverse effects for its application in high power
fiber lasers.

In this paper, we prepare the SA device by immersing
D-shaped fiber into the GO-COOH nanosheets solution. The
modulation depth (MD), saturable intensity, and unsaturated
loss are measured to be 9.6%, 19 MW/cm?2, and 35.8%, re-
spectively. Passively mode locked fiber laser with GO-COOH
solution absorber is obtained. The center wavelength of the
spectrum is 1562.76 nm with a 3-dB spectral bandwidth of
5.80 nm. The pulse duration, repetition rate, and high sta-
bility signal-to-noise ratio (SNR) are measured to be 500 fs,
14.79 MHz, and 80 dB, respectively. The mode-locked opera-
tion can be maintained with the pump power increasing from
17 mW to 180 mW, and the maximum average output power is
3.84 mW. The experiment results suggest that the GO-COOH
SA device is a potential optical modulation material, which
can be used in nonlinear optics field.

2. Fabrication of GO-COOH solution SA

In this experiment, we prepare GO-COOH solution by
liquid phase exfoliation method, which has been widely used
to fabricate high-quality 2D materials because of its simplicity
and effectiveness.3”! First, we accurately weigh 10 mg GO-
COOH powder, and add it to 10 mL deionized water. In order
to disperse the GO-COOH materials in water evenly, the ini-
tial dispersions are treated for 8 h by a high-power ultrasonic
cleaner. Then the suspension is centrifuged at 7000 r/min for
10 min to remove large agglomerations.

As shown in Fig. 1(a), the GO-COOH Raman spectrum is
measured by using a laser source with the center wavelength of
532 nm. The two main peaks of GO-COOH can be observed in

Fig. 1(a), the D peak and the G peak located at 1345 cm™! and
1592 cm™!, respectively. The Raman spectral characteristics
are basically the same as that of GO. There is no 2D peak in
the Raman spectrum, which indicates that there is no graphene
sample in GO-COOH. Figure 1(b) is the transmission electron
micrograph (TEM) of GO-COOH at the resolution of 100 nm,
we can see clearly that the sample presents a multilayer lami-
nar structure.
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Fig. 1. (color online) (a) Raman spectrum of GO-COOH absorber;
(b) TEM image.

The D-shaped fiber is fabricated by grinding a single-
mode fiber and then fixed on a piece of glass to protect it.
The interaction length of the D-shaped area is 10 mm and
the distance from the fiber core to the D-shaped surface is
2 um. The D-shaped fiber section is immersed in the GO-
COOH solution. The GO-COOH nanolayers near the sur-
face of the D-shaped fiber interact with the laser evanescent
field. The MD of the SA directly determines the performance
of passive mode-locked laser, therefore we measure the non-
linear saturable absorption property of the SA device. We
use a home-made femtosecond laser with the central wave-
length of 1562 nm, repetition rate of 24.93 MHz, and pulse
width of 500 fs as a test source. The laser is divided into two
beams with a 50:50 coupler. One beam is for power-dependent
transmission measurements of the SA device and the other
is as reference. The measured results are fitted by function
T = Aexp[—AT /(1 +1/Ix)] as shown in Fig. 2. Here, A is
the normalization constant, AT is the MD, I is the incident in-
tensity, and Iy is the saturation intensity. The MD of the GO-
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COOH SA is measured to be 9.6%. The unsaturated losses and
saturable intensity are 35.8% and 19 MW/cm?, respectively.

66 F e expermental data
—— curve fitting

Transmission /%

saturable intensity =19 MW /cm?

1 10 100
Peak power intensity/MW-cm™

2

Fig. 2. (color online) The nonlinear saturable absorption curve of SA
and the corresponding fitting curve.

3. Experimental setup

Figure 3 shows the schematic of mode-locked fiber
laser with our GO-COOH SA device. The pump source is
a laser diode (LD) with emission centered at 975 nm, and
the maximum output power is 450 mW. A 4 m long Er-
doped single-mode fiber is used as the gain medium, which
has the absorption coefficient of 3 dB/m at 980 nm. The
pump is delivered into Er-doped fiber via a 980/1550 fused
wavelength division multiplexer (WDM) coupler. A polar-
ization independent isolator (PI-ISO) is used to ensure the
unidirectional transition of laser. Adjusting the PC can set
different polarization state in the fiber laser and therefore
optimizes the laser performances. The GO-COOH solution
SA combined with D-shaped fiber experiences large (small)
unsaturated losses under low-intensity (high-intensity) laser,
therefore leading to the saturable absorption condition. A
fused fiber optical coupler (OC) with an output coupler ra-
tio of 10:90 is used to extract 10% energy from the cav-
ity. The laser resonator cavity length is 14 m. The dis-
persion parameters D at 1550 nm for EDF and SMF are
—16 ps/(nm-km) and 17 ps/(nm-km), respectively. The net
cavity dispersion is calculated to be —0.162 ps®>. An optical

Fig. 3. (color online) Mode-locked fiber laser device diagram.

spectrum analyzer (Yokogawa AQ6370D), a 1 GHz digital os-
cilloscope (Rohde & Schwarz RTO1014) with a home-made
5 GHz photodiode detector, an autocorrelator (Alnair Labora-
tories Corporation HAC-200), and a 40 GHz radio-frequency
analyzer (Agilent E4447A) are employed to simultaneously
monitor the output pulse.

4. Results and discussion

In the experiment, the mode-locked laser can be achieved
when the pump power reaches the threshold of 17 mW and the
PC is appropriately adjusted. As shown in Fig. 4(a), the sta-
ble passive mode-locked operation is obtained with a central
wavelength of 1562.76 nm and 3-dB bandwidth of 5.80 nm.
Two pairs of Kelly sidebands are symmetrically distributed on
both sides of the spectrum, which proves that the fiber laser
realizes the output of conventional soliton mode locking op-
eration. The autocorrelation curve is measured as shown in
Fig. 4(b), the full width at half maximum (FWHM) of the
pulse trace is 770 fs. By using the sech? function fitting, the
pulse duration is estimated as 500 fs. The time bandwidth
product is calculated to be 0.356, indicating that the output
pulse is slightly chirped. Furthermore, an autocorrelation trace
with a broad scanning range of 50 ps is given in Fig. 4(b).
It confirms the singe pulse operation under the highest pump
power. It should be noted that no pedestal shown on the auto-
correlation trace reveals the excellent quality of mode locking.
The mode-locked pulses sequence diagram is demonstrated in
Fig. 4(c). The intervals between each two adjacent pulses are
always 67.59 ns corresponding to the theoretical value calcu-
lated according to the cavity length. Radio-frequency (RF)
spectrum of the laser measured with the span of 1 kHz and the
resolution bandwidth of 10 Hz is shown in Fig. 4(d). The fun-
damental repetition rate is 14.79 MHz, which fits well with the
cavity length of 14 m. It is demonstrated that the mode-locked
pulse state maintains the fundamental repetition rate and there
is no harmonic mode-locked state in the fiber laser. SNR is
as high as 80 dB and a 500 MHz RF spectrum is also shown
as illustration in Fig. 4(d). The high SNR indicates that the
mode-locked stability is very good, and implies that the GO-
COOH based on D-shaped fiber is an excellent SA.

With the gradually increasing pump power, the mode-
locked operation can be maintained until the pump power
reaches 180 mW. In the process, the pulse width and repeti-
tion rate of the laser do not change, and the spectrum is broad-
ened and has a slight red shift, which implies that the laser
operates in the fundamental mode-locked state rather than the
Q-switched state.[*®) When the pump power exceeds 180 mW,
the optical spectrum becomes unstable, and thorn and jit-
ter arise in the pulse. The mode-locked operation disappears
when the pump power continues to increase. It should be noted
that within the maximum injected pump power of 450 mW, no

114214-3
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harmonic mode locking operation is observed. However, after
the pump power is decreased to 180 mW, the stable mode-
locking operation is observed again with the same characteris-
tics. This phenomenon indicates that the SA is not destroyed
by the thermal accumulation. The relationship between the
pump power and the average output power of the laser is
shown in Fig. 5(a). We can observe that the average output
power almost linearly increases with the pump power. The
maximum output power is measured to be 3.85 mW, and the
maximum single energy is 0.26 nJ. Compared with the GO-
COOH SAs prepared by Zhao et al.'*®! and Duan et al.,l]
our SA device possesses the higher damage threshold and MD.
Meanwhile, we obtain shorter pulses and larger output power.
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The result shows that compared with mixing with polyvinyl al-
cohol to prepare SAs, the continuous and uniform GO-COOH
directly coated on the side of the D-shaped fiber can prevent
the material from being affected by combination with other or-
ganic matrix polymers. Besides, the effective interaction area
between the D-shaped fiber and GO-COOH is large, which
improves the modulation ability and facilitates heat dissipa-
tion. Further improvement of the system efficiency is possible
by high-gain fiber (e.g., double-clad fiber) and further opti-
mizing the cavity parameters (e.g., SA’s performance, cavity
loss, output ratio of the optical coupler). In addition, in order
to evaluate the long term stability of the mode-locked fiber
laser, the experiments are performed over 60 h. We record
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Fig. 4. (color online) Mode-locked pulse state: (a) optical spectrum, (b) autocorrelation traces, (c) pulse trains of oscilloscope, and (d) radio-

frequency spectrum.
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Fig. 5. (color online) (a) Relationship between the pump power and output power. (b) Long term optical spectrum measured over 60 h.
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the optical spectrum of the mode-locked fiber every 12 h as
shown in Fig. 5(b). There is no significant degradation in the
optical spectrum, indicating that the SA has not been dam-
aged after a few days of continuous high-power operation. Fi-
nally, we remove SA device from laser cavity to verify whether
the mode-locked operation is purely contributed by the GO-
COOH based on D-shaped fiber. The mode-locked operation
is not observed despite the pump power and PC are tuned over
a full range. The results show that the mode-locked operation
is indeed contributed by the SA.

5. Conclusion

We measure the morphological characteristics and non-
linear optical property of GO-COOH. The MD, saturable in-
tensity, and nonsaturable loss of GO-COOH SA are measured
to be 9.6%, 19 MW/cm?2, and 35.8%, respectively. Moreover,
GO-COOH solution combined with D-shaped fiber as SA is
applied in ultrafast EDF fiber laser. The pulse width is mea-
sured to be 500 fs and the SNR reaches up to 80 dB. The max-
imum average output power is measured to be 3.85 mW under
the pump power of 180 mW. The experimental results show
that GO-COOH possesses good saturable absorption property
and can be applied in the field of ultrafast optics.
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