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Searching for an ultrahigh-repetition-rate pulse on the order of hundreds of gigahertz (GHz) is still a challenging
task in the ultrafast laser community. Recently, high-quality silicon/silica-based resonators were exploited to
generate a high-repetition-rate pulse based on the filter-driven four-wave mixing effect in fiber lasers. However,
despite their great performance, the silicon/silica-based resonators still have some drawbacks, such as single wave-
band operation and low coupling efficiency between the fiber and resonators. To overcome these drawbacks,
herein we proposed an all-fiber broadband resonator fabricated by depositing the graphene onto a microfiber
knot. As a proof-of-concept experiment, the graphene-deposited broadband microfiber knot resonator (MKR)
was applied to Er- and Yb-doped fiber lasers operating at two different wavebands, respectively, to efficiently
generate hundreds-of-GHz-repetition-rate pulses. Such a graphene-deposited broadband MKR could open some
new applications in ultrafast laser technology, broadband optical frequency comb generation, and other related
fields of photonics. © 2018 Chinese Laser Press

OCIS codes: (190.4400) Nonlinear optics, materials; (140.3510) Lasers, fiber; (140.4050) Mode-locked lasers; (190.4380) Nonlinear

optics, four-wave mixing.
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1. INTRODUCTION

Ultrafast lasers have attracted intensive interest due to their
various applications in fields from fundamental science to in-
dustrial purposes [1,2]. In particular, the all-fiber ultrafast lasers
possess inherent advantages such as excellent heat dissipation,
flexible light path, and compact design, which provide an out-
standing platform for generating ultrashort pulses [3]. As one
key parameter of ultrafast fiber lasers, the pulse repetition rate is
vital to their application. The high-repetition-rate pulse could
find versatile applications, i.e., optical communication systems
and microwave photonics [4,5]. Thus, there is always a strong
motivation to develop ultrafast fiber lasers with pulse repetition
rates from the order of gigahertz (GHz) to hundreds of GHz.
So far, various approaches have been proposed to achieve high-
repetition-rate pulses in fiber lasers. A direct approach to obtain
high-repetition-rate pulses in fiber lasers is to reduce the cavity
length. Recent achievements have shown that ∼20 GHz could
be obtained from a short-cavity fiber laser [6]. However, for
higher-repetition-rate pulses in fiber lasers, i.e., on the order

of 100 GHz, this would be hard to reach by simply reducing
the cavity length. Therefore, there is great motivation for
discovering new methods for generation of ultrahigh-
repetition-rate pulses on the order of 100 GHz.

In fact, as a promising method, the dissipative four-wave-
mixing (DFWM) mode-locking technique has been proposed
to effectively achieve ultrahigh-repetition-rate pulses (over
100 GHz) in fiber lasers [7–11]. The key devices to generate
DFWM mode-locked pulses in an ultrafast laser are multi-
wavelength selective components and highly nonlinear elements
with proper dispersion parameters. Very recently, Peccianti et al.
proposed an integrated optical device, namely, a silica-based mi-
croring resonator, to obtain a 200 GHz pulse train in a fiber
laser [12]. A great advance is that the microring resonator com-
bines two functions of the comb filtering and highly nonlinear
effects [12–20] for DFWM mode locking [12,21–25], which
they termed as filter-driven FWM (FD-FWM) [12]. However,
for effective generation of the FWM effect, the cross section of
the silicon/silica-based microring resonator needs to be care-
fully designed to control the dispersion parameter, which makes
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the microring resonator difficult for broadband operation.
Therefore, a single silicon/silica-based resonator generally only
operates at a specific waveband. Moreover, it is still challenging
to reach stable and highly efficient coupling between the fiber
and the silicon/silica-based resonator unless the fiber is carefully
aligned [12,16]. Thus, it is of great significance to develop an
all-fiber resonator with broadband operation for ultrahigh-
repetition-rate pulse fiber lasers based on the DFWM mode-
locking technique.

Over the last decade, two-dimensional (2D) materials in-
cluding graphene [26], transition metal dichalcogenides
(TMDs) [27], topological insulators [28], black phosphorus
[29], and MXene [30] have attracted more and more attention
due to their excellent optical, electronic, and electrochemical
characteristics. In the fields of ultrafast and nonlinear photon-
ics, generally the 2D materials were employed to fabricate the
broadband saturable absorbers (SAs) or nonlinear elements
since they possess broadband saturable absorption and a large
nonlinear refractive index [31–35]. To date, ultrafast fiber
lasers based on different types of 2D-material SAs have been
demonstrated [30,36–48]. Therefore, the 2D materials could
be considered as good candidates for the fabrication of compact
ultrafast fiber lasers. Among these 2D materials, graphene is the
most highly studied. It was demonstrated that graphene pos-
sesses not only saturable absorption, but also remarkably large
third-order optical susceptibility, which is weakly dependent on
the operation waveband [31,49,50]. Therefore, the graphene
could potentially be used to generate the broadband FWM
effect [26,31,49,51,52]. Herein, by virtue of the excellent non-
linear optical response of graphene, we proposed a graphene-
decorated microfiber knot as the broadband resonator for
generation of the FWM effect. With the fabricated graphene-
deposited microfiber knot resonator (MKR), DFWM mode-
locked Er-doped fiber (EDF) and Yb-doped fiber (YDF) lasers
delivering ultrahigh-repetition-rate pulses were demonstrated.
Note that our scheme relies on the highly nonlinear effects pro-
vided by the graphene-deposited MKR. Therefore, we also refer
to the mode-locking technique as FD-FWM here. The 106.7−
and 162-GHz-repetition-rate pulses were obtained at 1.55 μm
and 1.06 μm wavebands, respectively. The achieved results
demonstrated that the graphene-deposited microfiber knot
could be a good candidate as a broadband resonator for
DFWM mode-locking fiber lasers and also would open some
new opportunities of MKR for applications in various fields.

2. FABRICATION AND CHARACTERISTICS OF
GRAPHENE-DEPOSITED MKR

A. MKR Preparation
Using the flame-brushing technique [53], the standard single-
mode fiber (SMF) was stretched into microfiber with diameter
of ∼5 μm. Then we manually knotted the waist of the micro-
fiber into a knot with a diameter of 578 μm, as presented in
Fig. 1(a). Two sections of free SMF still remained at both ends
of the knot when the fabrication of MKR was completed,
which makes the MKR more stable and fiber-integrable.

B. Graphene-Deposited MKR Fabrication
The graphene-deposited MKR was fabricated by using the op-
tical depositionmethod [54,55]. The light source is an amplified
spontaneous emission (ASE). We injected light into the MKR
and dropped the prepared graphene/dimethylformamide solu-
tion with a concentration of 0.07 mg/mL onto the glass slice
until the solution submerged the MKR. By virtue of the optical
force provided by the light source, the graphene could be readily
coated on the MKR. The whole process was in situ monitored
by a microscope with a 100-fold magnification. When the dep-
osition amount of graphenewas appropriate, the light source was
turned off to stop the deposition process. Here the deposition
length was ∼130 μm, which was optimized for better perfor-
mance of the fiber lasers. After taking out the residual solution,
the fabrication of the graphene-deposited MKR was accom-
plished, as shown in Fig. 1(b). It can be seen that graphene has
beenwell deposited onto theMKR. As presented in Fig. 1(c), the
scattering evanescent field could be observed around the MKR
when the visible light was injected. Here, the insertion loss of the
graphene-deposited MKR is ∼5.4 dB.

To check the spectral response of the graphene-deposited
MKR, we employ an ASE light source operating at a 1.55-μm
waveband as the input. The red solid line in Fig. 2 shows the
measured spectral response of the graphene-deposited MKR.
Here, the free spectral range (FSR) of the MKR is 0.86 nm
at 1.55 μm. As we know, the spectral response of the MKR
is defined by its diameter [56,57]. Therefore, the FSR of
the proposed MKR with a diameter of 578 μm is calculated
to be 0.86 nm. For comparison, we have also provided the cal-
culated spectral responses in Fig. 2 with blue dotted curves,
where we can see that experimental result is consistent with
the theoretical one. Note that the Q-factor of the graphene-
deposited MKR is calculated to be ∼5962, which could be
further increased by improving the quality of the MKR.

Fig. 1. (a) Microscopy image of the fabricated MKR; (b) microscopy image of the graphene-deposited MKR; (c) scattering evanescent field along
the graphene-deposited MKR.
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3. LASER SETUP AND PERFORMANCE

In order to investigate the performance of the broadband MKR
for FD-FWM mode-locking operation in fiber lasers, we con-
structed the fiber-ring laser based on such a device, as shown in
Fig. 3. First, the 7-m EDF with a dispersion parameter of
−17.3 ps · km−1 · nm−1 was used as the active gain medium for
1.55-μm waveband operation. The other fibers are all SMFs.
The total cavity length is 28.8 m, resulting in a main cavity
longitudinal mode spacing of 7.09 MHz. Note that the
net dispersion of the EDF laser is ∼ −0.32 ps2. Two polariza-
tion controllers (PCs) were employed to adjust the polarization
state. Unidirectional operation was ensured by a polarization-
independent isolator (PI-ISO). The laser was taken out by a
10% coupler. An optical spectrum analyzer and a commercial
autocorrelator (FR-103XL) were employed to monitor the laser
performance.

During the process of increasing the pump power, it was
found that the lasing threshold was ∼20 mW. However, in this
case only the unstable single-wavelength operation could be ob-
served. Then the pump power was carefully tuned to about
198 mW, and the PCs were slightly adjusted. A notable phe-
nomenon was that several stable lasing lines could be observed
on the spectrum. By further optimizing the laser operation,
up to 6 stable lasing wavelengths were obtained, as shown
in Fig. 4(a). The spectral spacing is 0.86 nm, which is defined

by the FSR of the MKR. Note that the shape of the spectral
envelope is not a typical DFWM mode-locking one, which
might be due to the existence of the cascading FWM effect
in the laser cavity. However, the spectral envelope could be
shaped by properly rotating the PCs. The stable operation
of multiwavelength lasing lines indicates that the FD-FWM
mode-locking operation has been achieved by the graphene-de-
posited MKR. From the spectral spacing of 0.86 nm, it can be
deduced that the FD-FWM mode-locking operation possesses
a pulse repetition rate of ∼106.7 GHz. Thus, the current state-
of-the-art oscilloscope could not check the pulses due to the
limited bandwidth. To measure the pulse signal of the FD-
FWM mode locking, an autocorrelator was employed. As pre-
sented in Fig. 4(b), the pulse-to-pulse interval is ∼9.37 ps,
demonstrating that the pulse repetition rate of 106.7 GHz
has been obtained. Here, the noise level of the autocorrelation
trace is high, indicating that the mode-locking quality is not
good enough. However, it is believed that the noise level of
the autocorrelation trace could be suppressed by selecting a
graphene-decorated high-Q microring resonator or increasing
the spacing of the cavity fundamental modes [12]. Note that
we have also increased the pump power to above 200 mW.
However, in this case the mode-locked pulse became unstable.
To verify the stability of the proposed FD-FWM mode-locked
fiber laser, we repeatedly scanned the laser output for 100 min
with a 5-min interval. Figure 5(a) shows the scanned results.
No significant wavelength drifts and power variations for each
lasing line were directly observed. For better clarity, we have
also shown the power fluctuations of each lasing line in

Fig. 2. Spectral response of the graphene-deposited MKR. Red solid
line, measured spectral response of the graphene-deposited MKR; blue
dotted line, theoretically calculated spectral response of the graphene-
deposited MKR.

Fig. 3. Schematic of the ultrafast fiber laser used in the experiment.

Fig. 4. FD-FWM mode-locking operation in the EDF laser based
on graphene-deposited MKR. (a) Output spectrum; (b) corresponding
autocorrelation trace.

Research Article Vol. 6, No. 10 / October 2018 / Photonics Research C3



Fig. 5(b). Here, the maximum power fluctuation is less than
1 dB. These results indicate that the proposed DFWM
mode-locked fiber laser operated stably with the experimental
conditions.

As mentioned above, the nonlinear optical response of gra-
phene is weakly dependent on wavelength, which could be used
to generate the FWM effect at different wavebands
[26,31,49,51,52]. Therefore, to gain a further insight into
the broadband operation of the graphene-deposited MKR,
we replaced the EDF by the YDF as well as the corresponding
optical components to investigate the ultrahigh-repetition-rate
pulse generation at a 1.06-μmwaveband based on the proposed
graphene-microfiber device. For low-loss design at the 1.06-μm
waveband, in this case the HI-1060 fiber was drawn into a mi-
crofiber and fabricated into a knot structure. The FSR of the
graphene-deposited MKR is 0.59 nm. When the as-prepared
graphene-deposited MKR was inserted into the YDF laser,
the stable FD-FWM mode-locking operation could be also
obtained after proper adjustments of cavity parameters.
Here, the cavity length is 30.2 m and the net cavity dispersion
is ∼0.67 ps2. Thus, the spacing of the main cavity modes is
6.82 MHz. The laser performance is summarized in Fig. 6.
Four stable lasing lines centered at 1044.8 nm were obtained.
The channel spacing is 0.59 nm, corresponding to a 162-GHz
repetition rate of the pulse train, as presented in Fig. 6(a). The
measured autocorrelation trace shows the pulse interval is
6.17 ps, which is in good agreement with the channel spacing
of the FWM mode-locking operation, as depicted in Fig. 6(b).
The examination of stable operation also demonstrated that the
FD-FWMmode-locked YDF laser operated stably, as shown in
Figs. 6(c) and 6(d).

Fig. 5. Stability of the proposed FD-FWM mode-locked fiber laser.
(a) Repeatedly scanned output; (b) power fluctuation tracking.

Fig. 6. FD-FWM mode-locking operation in the YDF laser based on graphene-deposited MKR. (a) Output spectrum; (b) autocorrelation trace;
(c) repeatedly scanned output 20 times with a 5-min interval; (d) power fluctuation of each lasing line within 100 min.
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4. DISCUSSION

In the experiment, there exist pedestals on the autocorrelation
traces of the FD-FWMmode-locked pulse both in the 1.55 μm
and 1.06-μm wavebands based on the proposed graphene-de-
posited MKR. This is because the bandwidth of each filtering
channel of the graphene-deposited MKR is large, which allows
multiple-cavity longitudinal modes at the lasing wavelengths.
For example, the spacing of the main cavity modes is
7.09 MHz for EDF laser, and the bandwidth of the lasing line
of the graphene-deposited MKRs for EDF laser is 7.4 GHz.
Thus, it is inferred that it allowed ∼1043 cavity longitudinal
modes at the lasing wavelengths for the EDF laser. The
multiple-cavity longitudinal modes inside the lasing lines
would lead to the supermode instability problem [21,58–60],
which mainly degenerates the laser performance. To prove it,
we have measured the radio frequency (RF) spectrum corre-
sponding to the status of Fig. 4. In this case, the peaks could
be seen at the locations of harmonics of the cavity repetition
rate, showing that the fiber laser suffers from supermode insta-
bility. A similar case was also observed in the high-repetition-
rate pulse YDF laser. However, the experimental results clearly
demonstrated that the graphene-coated optical MKR could in-
deed be employed as a high-performance photonic device to
achieve broadband FD-FWM mode-locked operation with
an ultrahigh repetition rate. Therefore, the proof-of-concept
device represents a step in overcoming the broadband FWM
generation of an integrated silicon/silica-based resonator for fre-
quency comb or DFWM mode-locked operation. As an alter-
native solution, the graphene could be coated on the silicon/
silica-based resonators with a high Q-factor. In this way, the
interaction among the propagation light, the graphene, and
the silicon/silica-based resonators could provide the conditions
for the broadband FWM generation. In the experiment, we
have also incorporated an MKR without graphene deposition
into the fiber laser. However, no stable multiple lasing modes
could be obtained. It further demonstrated that the high non-
linearity induced by the graphene could generate a broadband
FWM effect to realize DFWM mode locking at both 1.06-μm
and 1.55-μmwavebands. Moreover, graphene also possesses the
saturable absorption effect. Note that the saturable absorption
effect could modulate the intensities of the lasing lines, which
could be used to further stabilize the multiple lasing lines of
the fiber lasers. On the other hand, due to the successful dem-
onstration of silicon waveguide amplifiers, including the high-
gain-medium-doped micro/nanofiber waveguide lasers [61,62],
it is expected that the graphene can be integrated to such silicon
waveguide amplifier platforms for more compact design, which
provides great opportunities for achieving stable, high-performance
laser sources operating at ultrahigh repetition rates.

5. CONCLUSION

In summary, we proposed and demonstrated a graphene-
decorated MKR to achieve the broadband FWM effect for
ultrahigh-repetition-rate pulse generation in EDF and YDF
lasers. With the proposed graphene-microfiber photonic de-
vice, pulse trains with 162-GHz and 106.7-GHz repetition
rates operating at 1.06 μm and 1.55-μm wavebands could be
obtained, respectively. We believed that the proof-of-concept

experiments would not only shed new light on the investiga-
tions of microring resonators with broadband operation, but
also open some important applications of microring resonators
in broadband optical frequency comb generation, ultrahigh-
repetition-rate pulses created by the DFWM mode-locking
technique, and other related fields such as graphene optoelec-
tronics and nonlinear optics.
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