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A B S T R A C T

We study the supercontinuum (SC) generation from a passively mode-locked erbium-doped fiber laser (ML-
EDFL) using two different samples of monolayer graphene saturable absorber (SA) onto the side-polished
surface of a D-shaped fiber, characterized with 98% and 65% polarization dependent loss (PDL), respectively.
By using the first 98% PDL graphene SA (setup-1), output pulse spectral profile with 11.6 nm bandwidth
was obtained from the ML-EDFL and subsequently amplified using an erbium-doped fiber amplifier (EDFA)
to pump 2-m highly nonlinear fiber (HNLF) and 5-m ZBLAN lengths, both fibers operating at the normal
dispersion regime, which resulted in individual SC generation of 350 and 245 nm, respectively. Furthermore,
the EDFA was spectrally characterized by observing their SC blue shift of the central wavelength, reaching
a value of 6.9 nm at 12 dB due to dispersion gain. With the second 65% PDL graphene SA (setup-2), we
could generate SC with 227 and 351 nm bandwidths using 0.5 and 2 m HNLF lengths, respectively. Because
the two SC setups were highly dependent on the polarization state of the input pulse, we optimized the SC
generation from setup-2 using an external polarization controller (PC), which allowed us to adjust both the
spectral brightness and the broadening of the SC.
1. Introduction

In the last decade, mode-locked sources using rare-earth-doped fiber
lasers have attracted interest due to their excellent potential to generate
new ranges of photonic and biomedical applications [1]. Particularly
in medicine, a wide technological demand is driven toward detecting
tissues, analytes, or biomarkers for the prognosis or diagnosis of dif-
ferent pathologies, which has prompted the development of broadband
sources in the near and mid-infrared spectral regions [2].

The importance of studying the infrared spectral region, especially
the molecular fingerprint region, is explained by the characteristic
vibrational frequencies of molecular bonds, leading to their resonant
absorption peaks in these wavelengths [3], which is the foundation
for molecular spectroscopy [4], bio-diagnostic [5] and laser surgery
applications [6]. Therefore, mode-locked fiber lasers have been playing
a central role in developing these technologies, attributed to their
properties of compact structure, good flexibility, and low cost [7].

Most ultrafast laser systems employ a mode-locking (ML) tech-
nique by incorporating a nonlinear optical element called saturable
absorber (SA) [8–10]. In the past decades, the dominant technology
was focused on semiconductor-based SA mirrors (SESAM) [11] and
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carbon nanotubes [12]. However, these have a narrow tuning range,
high non-saturable losses, low damage thresholds, advanced fabrica-
tion techniques, and packaging [13]. For this matter, graphene has
emerged as a potential candidate with excellent transport phenomena
characteristic of 2D Dirac fermions [14] and also remarkable optical
properties, including its high transmittance (𝑇 ≈ 1 − 𝜋𝛼 = 97.7%),
low nonsaturable losses, ultrafast relaxation time [15], broadband
saturable absorption (Pauli blocking) [16], being the only material
produced and obtained by all known methods (mechanical exfoliation,
chemical vapor deposition — CVD, liquid phase exfoliation — LPE),
and compatible with all fiber systems (optical fiber connector tip, D-
shaped fiber, tapered fiber, photonic crystal fiber, etc.) for ultrafast
fiber lasers applications [17–25].

Allied with ML fiber lasers, the supercontinuum (SC) generation
have evolved in the last decades to become a mature laser technol-
ogy [26–30]. Several soft glasses based on chalcogenide (As2S3, As2Se3,
GeAsSe), tellurite (TeO2), telluride (GeTe, GeAsTeSe), heavy-metal ox-
ide (PbO−Bi2O3−Ga2O3−SiO2−CdO), and ZBLAN (ZrF4−BaF−LaF3−
AlF3−NaF) [31–33], have been used to design highly nonlinear infrared
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fiber and efficient supercontinuum generation in the mid-IR region up
to 14 μm using chalcogenide optical fibers and up to 16 μm using
telluride fiber [34].

On the other hand, there is a growing interest in the applica-
tions of 2D materials driven by their optical and electrical properties,
such as graphene, black phosphorus, transition metal dichalcogenide
(MoS2, WS2), topological insulators (Bi2Te3, Bi2Se3, Sb2Te3), MXenes,
graphitic carbon nitride, and metal-organic framework [35–38]. Ac-
cording to references, these materials can increase the performance of
the SC generation [39]. Also, computer simulations have demonstrated
a multi-octave broadening of the SC spectrum ranging from 1.5 to 25
μm using graphene waveguides and generating plasmonic modes [40].
This is the ideal scenario for SC engineering by studying the solitons
fission using dispersive wave radiation in the anomalous dispersion
region [41].

In this work, we studied the SC generation from two mode-locked
Erbium doped fiber lasers (EDFL) based on monolayer graphene as
saturable absorbers onto D-shaped fibers. From these lasers, different
soliton profiles were used as input pulse seeds to analyze the spectral
broadening dynamics of SC. Firstly, the EDFA was spectrally character-
ized by analyzing its bandwidth and blue shift parameters of the output
spectrum as a function of the amplifier gain, reaching a maximum
center wavelength shift of 6.9 nm at 12 dB. Two setups were used to
analyze the SC spectrum broadening. In the first configuration (setup-
1), output pulses from an ML-EDFL based on a monolayer graphene
SA/D-shaped fiber sample with 98% polarization-dependent loss (PDL)
were used to pump 2-m HNLF and 5-m ZBLAN lengths. In the sec-
ond configuration (setup-2), the same experiment was repeated using
output pulses from an ML-EDFL based on a monolayer graphene SA/D-
shaped sample with 65% PDL to pump 0.5 and 2-m HNLF lengths. In
this last setup, an external polarization controller (PC) was additionally
used to adjust the polarization state of the input pulse that pumped the
HNLF. Considering the 20-dBm spectral width, we found the maximum
SC spectrum broadening of 350 and 245 nm from setup-1 using a 11–
13 dB amplifier gain range for HNLF and ZBLAN fibers, respectively.
From setup-2, SC generation dependence on the input polarization state
was tested, and different spectral profiles were generated. As a result,
broadened SC spectra of 227 and 351 nm were obtained for 0.5-m
and 2-m HNLF lengths, respectively, exhibiting a spectral brightness
difference of (5.0 ± 1.8) dBm from each other.

2. Experimental section

For the study of SC generation, we used different seed lasers (EDFL)
based on two monolayer graphene samples as SA, referred as G98 and
G65, according to their polarization dependent loss (PDL) calculated pa-
rameters of 98% and 65%, respectively (see https://doi.org/10.1016/
j.optlastec.2024.110588Supplementary Material).

2.1. EDFL setup

The experimental setup of the EDFL source is illustrated in Fig. 1a.
The EDFL ring cavity consists of 0.75-m long Erbium doped fiber as the
gain medium, pumped by a 980-nm diode laser (CLD1015) via a hybrid
980/1550 nm wavelength division multiplexing (WDM)/isolator com-
ponent (ensuring unidirectionality of 1550-nm signal at co-propagating
configuration), a polarization controller (PC), a 10/90 optical output
coupler (OC), and the monolayer graphene SA onto D-shaped fibers
(G98 and G65, both connected at A and B points), resulting in a total
cavity lengths of 4.14-m and 4.01-m with net anomalous dispersion of
+33.8 and +32.7 fs/nm, respectively.

Monolayer graphene samples were obtained from chemical vapor
deposition (CVD) method and wet transferred onto the polished surface
of D-shaped fibers [42]. As shown in Fig. 1b, we characterized the
mean output power of both 𝐸𝐷𝐹𝐿98 and 𝐸𝐷𝐹𝐿65 as a function of
the pumping power in steps of 1.2 mW to find the minimum power to
2

generate the mode-locking regime. As result, mean powers from 0.8 to
2.7 mW (corresponding to 79–267 mW pump power range (blue line)),
and 0.3 to 0.6 mW (corresponding to 148–267 mW pump power range
(red line)) were obtained, respectively, also showing lower efficiency
curves due to graphene SA high insertion losses (∼8 dB, Figure S6).

The variations in the output power curves (also represented by the
standard deviation — Std (shaded area)), corresponds to transient states
between the continuous wave (CW) and ML, the last being recoverable
by the slight adjustment of the PC paddles. This characterization is
a measurement of the ML regime stability as the pumping power
increases, having better behavior for the 𝐸𝐷𝐹𝐿98, while the 𝐸𝐷𝐹𝐿65
behaves more unstable below 220 mW. Above 150 mW, the 𝐸𝐷𝐹𝐿98
presented a step-like behavior in the output power, which was exper-
imentally related to transitions between conventional and bound-state
solitons from the spectrum.

Fig. 1c and d show the spectral pulse profiles of the mode-locked
𝐸𝐷𝐹𝐿98(𝐸𝐷𝐹𝐿65) with 14.1 nm (18.0 nm) bandwidths, centered at
1559 nm (1565 nm), respectively, both obtained at pump power of
245 mW. Their spectra showed different soliton pulses: Kelly (𝐸𝐷𝐹𝐿98)
and bound state (𝐸𝐷𝐹𝐿65) profiles, both fitted by 𝑠𝑒𝑐ℎ2 model. Fig. 1e,f
show the associated polarization states, particularly with right (𝐸𝐷𝐹𝐿98
and left (𝐸𝐷𝐹𝐿65) elliptical rotations, which depend on the mode-
locked soliton profile inside these cavities (the parameters of these
polarization states are found in table S2). These pulses were amplified
into the EDFA and then used to pump highly nonlinear fibers for SC
generation (Section 3).

2.2. Characterization of the pulse spectrum as a function of the EDFA gain

The mode-locked 𝐸𝐷𝐹𝐿98 pulses were amplified through an EDFA
(MultiPad MPD 1200, Padtec), and their output power was varied by
modifying the amplifier gain using a device communication software.
Fig. 2 illustrates the output optical spectrum behavior as a function of
amplifier gain (linear scale). The spectra have been shifted vertically to
evaluate the differences as the pulse was amplified qualitatively. This
characterization shows the spectral evolution as a function of the ampli-
fier power’s increase. As gain increases, the pulse increases its spectral
amplitude, and a blue shift from the reference wavelength appears, as
emerged by the frequency dependence of the gain dispersion.

Physically, the shift of the pulse spectrum from the erbium gain
peak reduces its gain experienced by the center frequency of the input
spectrum [43]. Thus, spectral components (lasing lines located mainly
at 1546 nm, Kelly sidebands) located near the peak are more amplified
and experience higher amplification than the rest of the spectrum,
becoming the highest amplitude peak at 16 dB. Qualitatively, the
amplifier tries to pull the pulse spectrum toward the erbium gain peak,
decreasing the Raman-induced frequency shift of solitons.

This can also be understood by analyzing the non-uniform absorp-
tion/emission spectrum of an erbium-doped fiber (as gain medium of
EDFA). The different spectral components associated with the input
seed pulse spectrum into the EDFA will not be amplified in the same
way, inducing a frequency dependence of the gain or gain disper-
sion. As the gain increases from 0 to 12 dB, the gain experienced
by the shorter wavelength components of the pulse spectrum central
wavelength will be larger than those of longer ones, experiencing a
non-uniform increase in their spectral power due to gain dispersion and
shifting the center frequency towards the erbium gain peak, i.e. blue
shift. Therefore, this phenomenon will depend on the characteristics
of the spectral shaping of the input pulse into the EDFA. Fig. 3 shows
the blue shift of the spectrum’s center wavelength, reaching a shift of
6.9 nm at 12 dB, and its corresponding spectral power.

As the amplifier gain increases, new spectral components are also
amplified due to: (1) spontaneous emission, since this is one of the
noise sources in amplifiers, and (2) modulation instability (MI). In
addition, spontaneous emission adds broadband noise to the amplified

signal, which can seed the growth of MI and be amplified via induced
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Fig. 1. EDFL setup: (a) EDFL experimental setup, (b) pumping power vs. mean output power of ML regime, (c, d) linear spectrum of ML regime fitted by squared hyperbolic
secant (normalized units), (e,f) polarization ellipses of the output vector solitons, for monolayer graphene samples with 98% and 65% PDL (G98 and G65), respectively.
MI. The noise amplification broadens the signal spectrum, and such
effects become more robust when a low-power signal is amplified by
a significant factor, as in the case of 16-dB gain. On the other hand,
gain dispersion can influence the reduction of the spectral bandwidth,
obtaining a minimum value of 6.3 nm (FWHM) at 6 dB. For gain
values higher than 12 dB, the spectral amplitude of the pulses is
comparable to the other amplified frequencies in the baseline near
the input spectrum, in which the single soliton profile is no longer
dominant.

For verifying the noise of the two systems, we measured the signal-
to-noise ratio (𝑆𝑁𝑅) of both input and output pulses of the EDFA at
16 dB (Fig. 4) using an 1.2 GHz InGaAs photodetector (DET01CFC/M)
connected to a radio frequency (RF) receiver (RTL2832u). These results
are summarized in Table 1, showing 6.6 and 4.1 dB of noise figures
values for 𝐸𝐷𝐹𝐿98 and 𝐸𝐷𝐹𝐿65, respectively. It is interesting to
observe the behavior of the RF spectrum obtained for 𝐸𝐷𝐹𝐿65 at the
entrance of the EDFA (Fig. 4b) showing the presence of another active
band at 37.92 MHz, also amplified by the EDFA.
3

Table 1
Characterization of the EDFA noise figure.

Frequency (MHz) 𝑆𝑁𝑅𝑖𝑛 𝑆𝑁𝑅𝑜𝑢𝑡 Noise figure

G98 36.21 71.7 78.3 6.6
G65 37.42 31.8 35.9 4.1

3. Results and discussions

3.1. SC generation using HNFL and ZBLAN fibers

We used 2-m long highly nonlinear fiber (HNFL, Thorlabs) and 5-m
long ZBLAN fiber (Zirconium Fluoride — ZrF4, Thorlabs). According to
the manufacturer’s data, the parameters of these fibers are depicted in
Table 2.

The dynamics of nonlinear phenomena in the SC generation are
highly dependent on the distance between the center wavelength of the
input spectrum (𝜆 ) and the zero-dispersion wavelength (ZDW), which
𝑐
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Fig. 2. Spectrum characterization as a function of EDFA gain (linear scale). The dashed
vertical line represents the reference wavelength of the unamplified input pulse (see
Fig. 1-c).

Fig. 3. Blue-shift pulse’s center wavelength and corresponding power from 0 to 12 dB
gain values.

Table 2
Parameters of nonlinear fibers at 1550 nm.

Nonlinear fiber Attenuation Dispersion Dispersion slope
(dB/km) (ps/km.nm) (ps/nm2 km)

HNLF <0.9 −0.98 0.005
ZBLAN <50 −2.06 0.039

determines the spectral characteristics of SC. Fig. 5 illustrates the fiber’s
dispersion curves, showing the spectral region of the input pulses in the
marked area (pink area).

In these curves, we observed that the ZBLAN’s ZDW fiber (1616 nm)
is 60 nm far from the input spectrum center wavelength localized at the
normal dispersion regime. HNLF’s ZDW is not reached in this analysis
window since its dispersion curve has a flatter behavior. Under these
conditions, self-phase modulation (SPM) will predominate in the pulse
spectral broadening due to induced linear chirp at a normal dispersion
regime as the pulses propagate along the fiber with the same sign of the
nonlinearity chirp. We studied the SC spectral broadening from HNLF
and ZBLAN fibers concerning the amplified output pulses using the first
SC setup (setup-1, employing 𝐸𝐷𝐹𝐿98), as shown in Fig. 6a. Fig. 6b
illustrates the output power behavior as a function of amplifier gain
before (blue curve) and after the nonlinear fibers (red/pink curves).
From the curves, we observed that the saturation region of the amplifier
4

could not be achieved using the maximum experimental power range.
Fig. 4. RF spectra at the (a, b) input (𝑆𝑁𝑅𝑖𝑛) and (c,d) output of the EDFA (𝑆𝑁𝑅𝑜𝑢𝑡)
at 16-dB, using samples G98 and G65, respectively.
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Fig. 5. Dispersion curves of nonlinear fibers. ZBLAN’s ZDW fiber at 1616 nm.

With these data, we found an experimental attenuation of (21.7 ±
0.3) × 102 and (88.3 ± 9.6) dB/km, for 2-m long HNLF and 5-m long
ZBLAN, respectively. These results differ from those in Table 1, es-
pecially for the HNLF due to the coupling losses. Fig. 7a is depicted
the output spectrum of 2-m long HNLF as a function of amplifier gain
from 0 to 12 dB (logarithmic scale), showing the spectral broadening
as the input spectrum power increases. Similarly, Fig. 7b also shows
the output spectrum from ZBLAN as a function of amplifier gain from
0 to 13 dB. The occurrence of the spectral peaks are mainly due to
the SPM, which is a predominant nonlinear optical phenomenon in the
SC generation related to the pulse propagation at normal dispersion
regime in both HNLF and ZBLAN fibers. One of the main characteristics
of SPM is the frequency chirp dependence on time, causing the pulse
to have the same instantaneous frequency at different points. This
can be interpreted as waves with the same frequency but different
phases, which can interfere destructively or constructively with each
other according to their relative phase difference, resulting in a multi-
peak structure. The greater nonlinear phase shift produced by SPM, the
greater the number of ripples in the spectrum.

A common approach to characterize the spectral broadening of SC is
measuring its bandwidth at 20-dB spectral power difference, as defined
by the wavelength range in which the power level exceeds 1% of
the peak value [44]. Extrapolating this approach to characterize the

Fig. 6. (a) Setup-1 for SC generation and (b) output power as a function of gain from
EDFA, 2-m long HNLF, and 5-m long ZBLAN fibers.
5

Fig. 7. SC output spectra generation as a function of the input pulse spectrum power
obtained for (a) HNFL and (b) ZBLAN fibers at logarithmic scale.

spectral broadening of Fig. 7, the bandwidth was measured at 20-dBm
as a function of the EDFA gain, obtaining Fig. 8. It is important to
highlight that the configuration of the pulse spectrum seed in the EDFA
and subsequently both nonlinear fibers is the same, therefore Fig. 7
shows us the response of the nonlinear fibers for each pulse shape (see
Fig. 2) after being amplified. Apart from the change of the polarization
state induced by the EDFA, the SPM depends on both the pulse shape
and its initial chirp in the amplification process. Therefore, we can
associate the maximum SPM broadening with the maximum generation
of positive chirp, which will depend on the parameters of the nonlinear
fibers and the pumping power of the EDFA.

Fig. 8 shows that the maximum broadening for the HNLF occurs
at 11-dB, according to the metric used. Unlike 2-m long HNFL, the
maximum spectral broadening was achieved at 13 dB gain for ZBLAN.
In the same line, we studied the spectral power around the central
wavelength of the input pulse (centered at approximately 100 nm
spectral range). Considering this fact, we could quantify the spectral
broadening behavior as a function of the area under the curve (spectral
density) in the lateral regions of the spectrum (Fig. 9a,c). This allowed
us to find the amplifier gain value responsible for generating the most
symmetrical spectral bandwidth observed in the OSA window.

According to Fig. 9b, the maximum area under the curve at 12-
dB was obtained simultaneously at both right and left regions for
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Fig. 8. Spectral broadening at 20 dBm as a function of EDFA gain.

HNLF, tending to be symmetrical concerning the input pulse spectrum.
For ZBLAN (Fig. 9d), the maximum broadening was achieved at 13-
dB, presenting an asymmetric spectral behavior with respect to the
input pulse spectrum and better performance at low frequencies. These
results showed that the spectral broadening decreased for higher gains
(≥11 dB). Comparing this result with those of Fig. 8, the SC with high
symmetry was separated from the maximum broadening by 1-dB of
gain in the EDFA.

Fig. 10a compares the SC maximum spectral broadening generation
at 20-dBm obtained for both fibers with the input pulse spectrum
(11.6 nm of bandwidth, blue line). Similarly, the spectral broadening at
30-dBm was measured to quantify the SC bandwidth, where significant
variations were observed (Fig. 9b,c) far from the central region that
concentrates most of the spectral power. Results of these measures are
summarized in Table 3. According to this table, SC spectral bandwidth
obtained from HNLF (350-nm, red line) was broader than ZBLAN (245-
nm, pink line) at 20-dBm spectral power difference, but exhibited a
lower mean spectral brightness of 10.4-dBm in that range. Measure-
ments at 30 dBm were limited to our OSA equipment’s maximum
wavelength span range (600–1750 nm).

Table 3
SC parameters obtained from setup-1.

Fiber Length (m) At 20-dBm At 30-dBm Output power (mW)

HNLF 2 350 nm >386 nm 18.8
ZBLAN 5 245 nm >286 nm 58.6

3.2. SC generation dependence on the input polarization state in HNLF from
ML EDFL

To study the SC spectrum broadening as a function of the input
pulse polarization state into HNLF, we repeated the measurements by
changing the position of the PC paddles inside the EDFL in the setup-1
to obtain ML with different spectral characteristics in terms of band-
width, Kelly sidebands and central wavelength (Fig. 11). Depending on
the PC states, the loss and spectral broadening of the SC can be more
significant for some configurations than others. This suggests a high
dependence of the SC generation on the input spectrum polarization
state before entering the EDFA and subsequently to the HNLF.

Fig. 11a shows the mode-locking regimes obtained with different
PC configurations of the mode-locked EDLF. By moving the paddles,
the intracavity polarization state was modified, changing the absorp-
tion of TE and TM modes in the monolayer graphene (physical SA)
and nonlinear polarization rotation — NPR (artificial SA) mechanism,
and consequently the gain/loss balance. This determines the net gain
window of the hybrid system (graphene+NPR) and the number of
phase-oscillating modes, thus affecting both the bandwidth and the
central wavelength of pulse spectrum. The central wavelength and
6

Fig. 9. Spectral density analysis outside the central region (100-nm window). (a) and
(c) represent the spectral broadening from 12 to 15 dB gain range for HNLF and ZBLAN
fiber, respectively; (b) and (d) represents the spectral density as a function of EDFA
gain in the left and right spectrum regions (outside the central region) for HNLF and
ZBLAN fiber, respectively.

bandwidth of the obtained pulse spectra are shown in the Table 4
(polarization states associated with these pulse spectra seeds can be
seen in the table S3). SC generation results obtained with these ML
regimes are shown in Fig. 11b.
Table 4
Input pulse spectra parameters.

Spectrum Central wavelength (nm) Bandwidth (nm)

1 1561.6 11.6
2 1562.4 15.7
3 1559.6 13.4
4 1560.3 15.0

3.3. SC generation as a function of the HNLF length and external PC

This study used a second SC setup (setup-2, Fig. 12) based on
a monolayer graphene/D-shaped fiber sample with 65% PDL as SA
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Fig. 10. SC generation spectra at log scale. (a) SCs comparison is relative to the input
spectrum (blue line) and their estimated spectral broadening obtained with (b) HNFL
and (c) ZBLAN.

(𝐸𝐷𝐹𝐿65). The EDFA gain was set at 15 dB. A second PC (𝑃𝐶2) was
inserted before the amplifier to mitigate the polarization state influence
on spectral broadening (Fig. 11-b). The input pulse spectrum used
in this configuration is shown in Fig. 13a, showing a 0.6 mW mean
power and characteristic frequency distribution profile of a bound state
soliton pulse [45]. By manually adjusting the 𝑃𝐶2 paddles, we could
observe significant changes in both spectral broadening and brightness
of generated SC. These results are shown in Fig. 13b,c using 10 and
5 spectra regarding spectral variations for 2 and 0.5-m HNLF lengths,
respectively. The dependence of SC generation on the HNFL length was
compared in Fig. 13d using the mean spectra for each nonlinear fiber
length. According to the variations in spectral power (Fig. 13b,c), an
mean standard deviation of 1.3 and 0.5 μW for 2 and 0.5-m HNLF
lengths, respectively, was measured.

Spectral bandwidth measurements of SC at 20-dBm and 30-dBm are
shown in Table 5. As observed, the SC generation using 2-m HNLF
performed the best bandwidth results at both 20-dBm (351-nm) at 30-
dBm (402-nm) (see Fig. 13d) and a (5.0 ± 1.8) dBm higher spectral
brightness than that with 0.5-m HNLF. This last tends to increase the
broadening below 30-dBm slightly.

It is essential to notice that the 𝑃𝐶2 insertion allowed us to adjust
the input polarization states and adjust the SC spectral broadening. By
comparing the 2-m HNLF results from Tables 3 and 5, we observed
that the spectral broadenings are similar in both setups (∼350 nm at 20-
dBm), with the difference that the pulse spectrum of setup-2 has a lower
mean power, which showed the direct influence of both input spectral
profile, polarization state, and external 𝑃𝐶2 in the resulted SC, thus
allowing the system to operate at higher EDFA gains. For comparison,
we summarized some of the reported works in terms of seed EDFLs

Table 5
SC bandwidth measurement of setup-2.

Fiber Length (m) At 20-dBm At 30-dBm

HNLF 2 351 nm >402 nm
0.5 230 nm 399 nm
7

Fig. 11. (a) Pulse spectra (PS) and (b) spectral broadening (SC) obtained with different
polarization states, respectively.

(SA type, fiber configuration, laser bandwidth) and their SC generation
(nonlinear fiber, maximum SC bandwidth) parameters in Table 6.

Among the references in Table 6, we verified that (1) we have been
the only research group to report the use of seed mode-locked EDFL
based on monolayer graphene onto D-shaped fiber pulses for studying
the SC generation [61]; (2) most of the works used only conventional
Kelly soliton as seed pulses for SC generation and (3) there are no

Fig. 12. Setup-2 for SC generation: SC generation configuration using another PC to
adjust the polarization state before entering the HNLF.
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Fig. 13. (a) Input pulse spectral profile (linear scale), spectral variation of the SC for HNLF lengths: (b) 0.5-m, (c) 2-m, and (c) comparison of average spectra.
o
r

eports regarding the polarization state or soliton profile influence
f the input seed pulse into the SC generation. In this work, the SC
esponse generation was studied using conventional Kelly and bound
tates solitons as seed pulses, being tunable mode-locking regimes in
he laser cavity. According to our results, we observed that the SC
eneration showed a strong dependence on both the pumping power,
DFA gain and seed soliton pulse profile, as the main responsible to
btain the broadest SC according to the nonlinear characteristics of
ach assembly, also allowing us to investigate the SC dynamics as
inked to SPM and its output polarization state.

Besides, the reported results revealed a complete overview of recent
esearch regarding the generation of mode-locked solitons by the use
f topological insulators as Bi2Se3 with extraordinary optical properties
8

uch as high optical transmittance (>95%), high damage threshold t
(5 times higher than commercial SESAM), high modulation depth
(46.5%), high signal-to-noise parameter (81.73) and high output power
(38.26 mW) [62]. In another work, they reported the ultrashort pulse
generation with 116.9 mW output power and 92.3 nm bandwidth by
using a 2D ternary transition metal dicholcogenides Nb𝑥Re(1−𝑥)𝑆2 as
SA [63]. Clearly, these new materials have shown enormous potential
for both ML and SC applications.

Regarding our ML results using graphene SA, we could obtain a
better performance in terms of output power, SNR and bandwidth when
compared to those of Niobium telluride(NbTe2) [64] and Chromium
xide (Cr2O3) [65]. Some of the main characteristics of the mentioned
eferences are shown in the Table 7 including the characterization of
he vector solitons (VS) obtained with samples G and G (figure S9).
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Table 6
Comparison between the reported seed EDFLs and their SC measurements.

Ref. Fiber configuration Seed EDFL parameters SC generation parameters

SA material 𝛥𝜆 (nm) NL fiber Length (m) 𝛥𝜆𝑚𝑎𝑥 (nm)

[46] – NPR 35 HNLF 100 290 (−3 dB)
[47] – – – HNLF 0.2 1200 (−20 dB)
[48] Optical connector tip NPR+SAM – HNLF 600 1280 (−20 dB)
[49] – NPR 13.1 HNLF 1 600 (−20 dB)
[50] Optical connector tip CNT 16 HNLF 100 1000 (−30 dB)
[51] Optical connector tip CNT 10.1 HNLF 2 1200 (−20 dB)
[52] Optical connector tip LPE-Graphene 1.46 HNLF 100 400a (−20 dB)
[53] – NPR – HNLF 1 1360 (−20 dB)
[54] – NPR 30 – – 410 (−30 dB)
[55] Optical connector tip Graphene – HNLF 0.73 1100 (−30 dB)
[56] Optical connector tip CNT 5.3 ZBLAN 10 420 (−20 dB)
[57] – Oscillator – HNLF 2 1380 (−−)
[58] Optical connector tip CNT 5 ZBLAN 25 2000 (−20 dB)
[59] Optical connector tip CNT 5 PCF 60 1050 (−20 dB)
[60] Optical connector tip CNT 5 HNLF 1000; 1 1000;1400 (−20 dB)
[61] D-shaped fiber Graphene 14.5 HNLF 2 288 (−20 dB)
Our work D-shaped fiber Graphene 11.6 HNLF/ZBLAN 2; 5 402a; 286a (−30 dB)

a Limited by the optical spectrum analyzer detection range.
Table 7
Comparative performance of mode-locked vector solitons as a function of SA.
SA 𝑃𝑝𝑢𝑚𝑝 (mW) 𝑃𝑚𝑒𝑎𝑛 (mW) SNR (dB) 𝛥𝜆 (nm) RR (MHz) VS type Authors Ref.

NbTe2 45–138 0.18–0.86 54 3.29 6.68 Pol-locked X. Shang et al. [64]
Bi2Se3 630 38.26 81.73 32.5 54.82 – X. Xing et al. [62]
Nb𝑥Re(1−𝑥)S2 620–900 75.65 −116.9 77 92.3 35.6 Pol-locked L. Li et al. [63]
Cr2O3 580 – 65 10 34.48 – L. Li et al. [65]
PEA2PbI4 NCs 400 6.61 90 5.68 29.67 – Y. He et al. [66]
Graphene – G98 79–267 0.8–2.7 71.7 14.1 36.21 Pol-locked Our workGraphene – G65 148–267 0.3–0.6 31.8 18.0 37.42
4. Conclusions

We presented a study of supercontinuum generation from a mode-
locked EDFL based on a monolayer graphene saturable absorber onto
the polished surface of a D-shaped fiber using HNLF and ZBLAN. By in-
troducing different input pulse spectrum profiles in the EDFA, spectral
characterization showed a blue shift as a function of the amplifier gain,
shifting the central wavelength of the output spectrum by 6.9 nm at
12 dB as directly influenced by gain dispersion, spontaneous emission,
and modulation instability. In SC setup-1, the spectrum reached a
maximum broadening at 11 and 13 dB of amplifier gain for 2-m
HNFL and 5-m ZBLAN, respectively. However, the spectral broadening
was reduced for higher gain values due to the high dependence on
the polarization state of the input pulse spectrum into the EDFA and
the nonlinear fibers. Therefore, the maximum SC was estimated by
employing the 20-dBm spectral width, which resulted in 350 and
245 nm bandwidths for HNFL and ZBLAN, respectively, presenting
more symmetric broadening in HNLF fiber concerning the input pulse
spectrum. In setup-2, we generated SC bandwidths of 351 and 227 nm
at 20-dBm for 2-m and 0.5-m HNLF lengths, respectively. Furthermore,
spectral brightness was increased by (5.0 ± 1.8) dBm using the 2-m
long HNLF. It is important to note that using an external PC allowed
the adjustment of both broadening and brightness parameters of the
resulting SC for higher operational EDFA gains in the system. In this
way, a mean standard deviation in the spectral brightness of 1.3 and
0.5 μW for 2 and 0.5 -m HNLF lengths, respectively, was quantified.
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