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The optimized soliton mode locking of the erbium-doped fiber laser (EDFL) and its pulse-shortening
dynamic with the graphene nanosheet is demonstrated by precisely detuning the weakly negative group-
delay dispersion (GDD) and maintaining strong self-phase-modulation (SPM), to obtain the shortest pulse
width of 449 fs with a spectral linewidth of 6.02 nm. The pulse evolution with the mode-locking
mechanism changing from the self-amplitude-modulation of the saturable absorber, to the soliton
compression caused by the GDD and SPM is experimentally and numerically investigated in detail.
Under high pumping powers, the enlarged up-chirp inside the EDFL cavity can induce a significant Kelly-
sideband shift of up to 0.5 nm. The passively-mode-locked EDFL pulse width is controllable by detuning
the GDD and SPM parameters, so that the pulse width can be compressed from 642 to 449 fs while
reducing the negative GDD from —0.354 to —0.154 ps?. The compression ratio can be also improved by

strengthening the SPM at this stage.
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I. INTRODUCTION

Passive mode locking of lasers via saturable absorbers
(SAs) is a general mechanism to implement the ultrafast
laser system. Recently, carbon-based materials have shown
their great potential for being promising saturable absorbers
for passively-mode-locked fiber lasers, such as single-
walled carbon nanotubes (SWCNTs) [1-7], graphene
[8—10], graphite [11,12], and charcoal nanoparticles [13].
At the initial stage, the SWCNT-incorporated saturable
absorber has emerged with the advantages of an ultrafast
relaxation time of <1 ps, a high optical damage threshold,
a large optical nonlinearity, and polarization insensitivity
[2-4]. However, the direct-band-gap SWCNT exhibits
discrete working wavelengths corresponding to its diam-
eter, which elucidates that the SWCNT does not always
absorb light when the incoming optical wavelength is
mismatched with any of the discrete band gaps. It causes
linear loss only in the mismatched wavelength region. That
is, the SWCNT with a unitary diameter hardly performs the
property of broadband operation in passively-mode-locked
fiber lasers, and the broadband absorption relies strictly on
collecting the dispersed SWCNTs with different diameters
in a single saturable absorber [4].

Since the investigation of mechanically exfoliated
atomic-layer graphene by Novoselov et al. in 2004 [14],
versatile synthesis methodologies for graphene saturable
absorbers have also emerged [15-17]. The advantages of
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graphene, including broadband absorption, ultrafast relax-
ation, and low saturation intensity, make it a nice candidate
of the low-threshold and wideband saturable absorber
[15-17]. Hasan et al. demonstrated the first graphene
mode-locked laser by synthesizing a polymer composite
containing the exfoliated single- and few-layer graphene as
the saturable absorber [18]. In addition, the atomic-layer
graphene-based saturable absorber by using chemical vapor
deposition (CVD) was further demonstrated by Bao et al.
in 2009 [8]. The CVD-grown high-quality and large-area
graphene can easily vary its layer number to provide an
excellent saturable-absorption property for obtaining
sub-ps pulse width from the passively-mode-locked
erbium-doped fiber laser (EDFL) [19,20]. However, the
CVD-grown graphene requires a rigorously controlled
gaseous recipe, host matrix, and growth environment during
synthesis. Various techniques are proposed for efficient
synthesis of graphene materials, such as mechanical tritu-
ration [10,21], graphene-oxide reduction [22], and solution-
based electrochemical exfoliation [23], etc. Among these
demonstrations, the chemical solution process is considered
to be the most economical way to quantitatively fabricate
single- or few-layer nanoscale graphene materials in an
aqueous environment, while maintaining the good quality
for excellent passive mode locking.

According to the reports, the graphene saturable absorber
possesses broadband absorption due to its zero-band-gap
property, which has been experimentally characterized in
passively-mode-locked or Q-switched lasers with wave-
lengths ranging from 800 to 3000 nm [24—29]. In passively-
mode-locked EDFL, the graphene saturable absorber can
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also provide large wavelength tunability. Zhang et al.
utilized graphene to adjust the wavelength from 1570 to
1600 nm for the dissipative soliton formed in an EDFL
[30,31]. Sun et al. has demonstrated a tunable passively-
mode-locked EDFL with a wavelength variable from 1525
to 1559 nm [32]. He et al. utilized a chirped-fiber Bragg
grating to adjust the central wavelength of passively-
mode-locked EDFL from 1539.4 to 1550 nm [33]. In
addition, Huang et al. also demonstrated the generation of
dissipative solitons in an all-normal-dispersion mode-
locked Yb-doped fiber laser (YDFL), where the central
wavelength can be shifted from 1051.8 to 1068.2 nm
with a tuning range of 16.4 nm by changing the cavity
birefringence [34].

Alternatively, the topological insulators (TIs), such as
Bi,Te; [35,36], Bi,Se; [37], and MoS, [38], have also
shown their potential to be broadband saturable absorbers
due to their Dirac-like band structure. Several syntheses
have been developed to fabricate these TI-based saturable
absorbers, including CVD [39], mechanical cleavage [40],
and the electrochemical solution process [41]. In particular,
the electrochemical solution process can efficiently
obtain the dispersed single- and few-layer TIs with nice
quality. The broadband TI-based saturable absorbers can
passively mode lock the lasers with a wavelength widely
detuned from 800 to 1935 nm [42,43].

After mode locking, the soliton compression induced by
the compensation between group delay dispersion (GDD)
and self-phase-modulation (SPM) is commonly utilized for
shortening the ultrafast laser pulse [44]. Popa et al. first
introduced the soliton mode locking to generate the 174-fs
short pulse by balancing the positive and negative cavity
dispersion in the passively-mode-locked EDFL with the
graphene saturable absorber [45]. By using soliton mode
locking with the graphene-chitosan-solution-based satu-
rable absorber, a 168-fs ultrafast passively-mode-locked
EDFL can be obtained [46]. In addition, a soliton mode
locking of EDFL with a pulse width of 455 fs can be also
obtained by a nanoscale charcoal-powder-based saturable
absorber [47]. Although soliton mode locking can further
compress the laser pulse that originated from the self-
amplitude-modulation (SAM) of a saturable absorber, the
theoretical simulation as well as the parametric optimiza-
tion have never been investigated in detail to achieve pulse
compression in the carbon-material-based mode-locked
EDFL systems previously.

In this work, the soliton mode locking of EDFL with a
graphene-nanosheet saturable absorber obtained by pre-
cisely detuning the weakly negative GDD and maintaining
the strong SPM is demonstrated. A convenient solution-
based electrochemical exfoliation is utilized to effectively
fabricate the graphene nanosheet. The soliton compression
is experimentally optimized for obtaining the shortest
EDFL pulse width, while the theoretical simulation is
employed to elucidate the pulse-shaping mechanism.

II. EXPERIMENT

During electrochemical exfoliation, a highly oriented
pyrolytic-graphite (HOPG) foil and a Pt wire are immersed
in the electrolyte of a diluted sulfuric-acid solution to serve
as the cathode and anode, respectively [12]. The graphene
nanosheet can be exfoliated slowly and softly by applying
the dc bias at a threshold voltage of +-3 V. The average size
of the graphene nanosheet is about 100 nm. However, the
electrochemical exfoliation is inevitably accelerated by
enlarging the bias up to +6 V. Under the stronger electro-
chemical exfoliation, the graphene nanosheets are rapidly
torn from the HOPG foil, which massively produces large-
size and multilayer graphene. In addition, several defects
are concurrently induced outside the graphene nanosheets,
such as bending, cracks, and vacancies [12]. Figure 1(a)
provides a photograph of the electrochemical exfoliation
process, and scanning-electron-microscopy (SEM) images
of exfoliated graphene nanosheets with different sizes
obtained at dc voltages of +3 and +6 V. In our previous
work, we utilized atomic force microscopy (AFM) to
directly measure the averaged layer number of graphene
nanosheets fabricated by electrochemical exfoliation [48].
By applying the dc bias at a threshold voltage of +3 V to
slowly exfoliate the graphene nanosheet, the average layer
number of the graphene nanosheet ranges from 3 to 6.
To accelerate the exfoliation of the graphene nanosheet by
increasing the dc bias to +6 V, the average layer number of
the graphene nanosheet enlarges to 22.

The Raman scattering spectra shown in Fig. 1(b) are used
to examine the quality of the graphene nanosheets. For the
graphene nanosheet with a lower layer number obtained at
a dc voltage of 43 V, the G-mode Raman spectral peak at
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FIG. 1. (a) A photograph of the electrochemical exfoliation
process and SEM images of graphene nanosheets obtained at dc
voltages of +3 and +6 V. (b) The Raman scattering spectra.
(¢) Nonlinear transmittances. (d) Normalized absorbance of
graphene nanosheets obtained at dc voltages of +3 and +6 V.
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1552 cm™! represents the vibration mode of the sp? carbon
network, the D mode at 1330 cm™! is caused by structural
defects, and the 2D mode at 2650 cm™! results from the
overtone of the D mode [49,50]. Increasing the dc voltage
to +6 V helps to obtain the multilayer graphene nanosheet
with a larger size, in which the 2D-mode-related Raman-
scattering peak decreases its peak intensity and broadens its
linewidth due to the increasing layer number. In contrast,
the D-mode-related Raman scattering peak intensity is
dramatically enlarged due to numerous structural defects
generated on the surface of the graphene nanosheet.

Under the pumping of the pulsed laser with a pulse width
of 700 fs at 1570 nm, the intensity-scan measurement is
used to measure the nonlinear transmittances of the
graphene nanosheet, as shown in Fig. 1(c). By increasing
the illuminated intensity, the graphene nanosheet fabricated
at an exfoliated bias of +3 V enlarges its transmittance T
from 0.92 to 0.96 with a AT of 0.04, whereas the graphene
nanosheet fabricated at an exfoliated bias of +6 V raises
its transmittance from 0.77 to 0.8 with a AT of 0.03.
A related equation 7' = exp[—ajn — @non/ (1 + Ipear/Isar)]
is employed to calculate the nonlinear transmittances,
where ajin, Inon, Ipeak> and I, denote the linear absorbance,
nonlinear absorbance, input peak intensities, and saturation
intensities of graphene nanosheets. A modulation coeffi-
cient y representing the SAM effect is defined as @/ Ipeak-
The relative parameters for simulations are summarized
in Fig. 2.

The parameters o, Oyon, and I, of graphene nano-
sheets obtained by 3 V (6 V) are 0.036 (0.21), 0.04 (0.044),
and 66 (43), respectively. Both the graphene nanosheets
exhibit similar a,,, and I,; however, the a;;, of a graphene
nanosheet exfoliated at +3 V is much lower than that of a
graphene nanosheet exfoliated at +6 V. Even though the
graphene nanosheet exfoliated at 46 V reveals a lower
nonsaturated transmittance (0.77) than that (0.92) of
the graphene nanosheet exfoliated at +3 V, both the
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FIG. 2 (a) The configuration of the passively-mode-locked
EDFL with a graphene nanosheet. (b) The simulated pulse width
and compression ratio of the passively-mode-locked EDFL
versus cavity GDD with the given parameters. (SA represents
saturable absorber.)

graphene nanosheets show a similar increment of
their nonlinear transmittance. However, when transfer-
ring the nonlinear transmittance to the normalized absorb-
ance as Anormalize — [alin + anon/(l + Ipeak/lsal)]normalizc =
[—In(T)],ormatize @nd defining the modulation depth as
Mp = yleu/ (atin + Qnon), by the decrement of normalized
absorbance [8,51], the +3 and 46 V electrochemical
exfoliation process causes the graphene nanosheets to
demonstrate different saturable absorbances. As a result,
the M, contributed by the graphene nanosheet exfoliated at
+3 V (48%) becomes higher than that of the graphene
nanosheet exfoliated at +6 V (16%).

III. SOLITON COMPRESSION

In principle, the obtained waveform from a passively-
mode-locked EDFL cavity can be expressed by a sech
function, derived from the master equation [52]. When
considering the existences of GDD (D) and SPM (6) inside
the EDFL cavity to cause the phase shift of the field of the
sech pulse envelope, the chirped sech function is modified
as [53]

£\ 10+iB)

E(t) = Ay {sech (—)] exp(jwot), (1)
T

where f represents the chirp induced by the GDD and SPM

effects, as given by

— 2
ﬂ:_3 OontDu N B3 (Ot Da NP
> \Z1 55,0, 2\Z1 55,0,
(2)

where 6, = 6/y denotes the normalized nonlinearity and
D, = D/D,(D,, the gain and filter dispersion) denotes the
normalized dispersion. With detuning the GDD and SPM
inside the cavity, the pulse width 7, formed by the SAM of
the saturable absorber will be modified to z, as expressed by
the following equation:

B(p+3D,)
- f} - (3

In the EDFL cavity with negative dispersion, except the
chirp-free condition with = —3D,, the original pulse
width 7, will be compressed with a factor of [1 — f(f +
3D,)/2] by incorporating the GDD and SPM. With a
precise cavity design, including the sufficient pumping
power and the appropriate fiber length, the strong nonlinear
SPM effect by enlarging the intracavity pulse intensity can
interact with the cavity dispersion to result in a significant
soliton compression with an optimized ratio of 0.3.

As for an experimental demonstration, Fig. 2(a) illus-
trates the configuration of passively-mode-locked EDFL.
The gain medium is a 2-m high-gain erbium-doped fiber

= 20-p -0, = nl
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(EDF, nLIGHT Liekki Er80-8/125) with a corresponding
dispersion coefficient 8, gpr of —20 ps?/km. The EDF is
forward and backward pumped by a laser diode (LD) at 980
and 1480 nm, respectively, as delivered via two wavelength
division multiplexing (WDM) couplers. When simultane-
ously increasing the pumping currents of two LDs up to
900 mA, the pumping powers of the 980- and 1480-nm
LDs are enlarged to 290 and 200 mW, respectively. The
direction of pulse circulation is determined by a non-
polarized optical isolator, and the cavity polarization is
slightly detuned by a polarization controller (PC). A 1 x 2
optical coupler is utilized to provide a 95% feedback ratio
and a 5% output ratio. The total length of the single-mode
fiber (SMF) in the EDFL cavity is 5.7 m with the dispersion
coefficient of f, gyp = —20 ps?/km; the EDF and SMF
lead to the cavity GDD of —0.154 ps>.

In order to construct a low-noise and high-gain L-band
EDFA, the bidirectional pumping with the forward pump-
ing of 980-nm LD and the backward pumping of 1480-nm
LD is required. In comparison, the wavelength tuning range
of a C-band EDFA is only 35 nm (from 1530 to 1565 nm),
whereas the L-band EDFA easily covers the gain region
from 1565 to 1625 nm. The forward pumping by 980-nm
LD effectively suppresses the noise characteristics, while
the better quantum conversion efficiency is provided by
backward pumping with 1480-nm LD, as the pumping
wavelength closer to the emission wavelength [54]. The
small-signal gain g of the EDFL measured by an incident
power of O dBm is about 3.9. The cavity loss [, excluding
the saturable absorption of graphene nanosheets, is esti-
mated to be 0.33. The SPM coefficient of § = 0.01 W~ is
calculated by 6 = 2zn,L/AyA, Where n, denotes the
nonlinear refractive index, L the cavity length, 4, the
EDFL wavelength, and Ay the effective area. By sub-
stituting the cavity parameters and the nonlinear absorb-
ance of graphene nanosheets into Eq. (3), the compression
ratio 7 : 7, can be obtained. That is, after initiating the EDFL
pulse by the SAM, the peak intensity of the pulse is round-
trip enlarged to induce the nonlinear SPM effect, such that
the EDFL pulse will be shortened by a compression ratio of
7:7. The corresponding parameters to simulate the varia-
tion of 7:7; with different GDD are listed in Fig. 2(b). The
value of 7:7, is slightly decreased with increasing GDD
from —0.35 to —0.01 ps?, and the pulse is significantly
compressed with a 7:7y minimum of 0.65 by designing the
EDFL cavity at a weakly negative GDD of —0.01 ps>.

IV. PULSE-WIDTH SATURATION
AND KELLY-SIDEBAND SHIFT

To identify the dominated mode-locking mechanism, the
evolutions on autocorrelation trace and optical spectrum
with increasing pumping powers are demonstrated in
Fig. 3. By simultaneously increasing the pumping currents
of two LDs from 100 to 900 mA, the pumping powers
of the 980- and 1480-nm LDs are enlarged from 30 to
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FIG. 3. The autocorrelation traces and optical spectra of the
passively-mode-locked EDFLs at different pumping powers
with graphene nanosheets obtained by using the dc voltages
of +3 and +6 V.

290 mW, and from 0.1 to 200 mW, respectively. When
providing the maximum pumping powers to the EDFL
cavity, both the graphene-nanosheet samples obtained by
+3 and +6 V can stably initiate the passive mode locking
in the EDFL. However, the graphene-nanosheet samples
obtained at a lower voltage present a shorter pulse and
broader spectrum, accompanied by a stronger Kelly-
sideband intensity. The enhanced Kelly sideband is treated
as distinct evidence for the stronger pulse-shortening force
with a higher nonlinear saturable absorbance as well as a
larger modulation depth induced by the graphene nanosheet
with a few layers.

As evidence, Fig. 4 depicts the varied pulse width and
spectral linewidth of the passively-mode-locked EDFLs
with increasing pumping powers. For the EDFL passively
mode locked by graphene nanosheets with fewer layers, the
shorter pulse width is obtained and can be narrowed from
494 to 449 fs, accompanied by a broadening spectral
linewidth from 5.23 to 6.02 nm by increasing the pumping
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FIG. 4. (a) The variations of pulse width and (b) spectral
linewidth of the passively-mode-locked EDFLs at different
pumping powers with the graphene nanosheets obtained by using
the dc voltages of +3 and +6 V.
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currents of two LDs from 100 to 900 mA [Fig. 4(a)]. In
contrast, the EDFL passively mode locked by graphene
nanosheets with more layers can only shorten its pulse
width from 589 to 489 fs and broaden its linewidth from
4.38 to 5.49 nm [Fig. 4(b)]. The observed time-bandwidth
products of all of the EDFLs are around 0.32, and the mode
locking seems to reveal a weaker dependence with the
layer number of the graphene samples at larger pumping
conditions. According to Fig. 4, the passively-mode-locked
EDFLs with different graphene-nanosheet-based saturable
absorbers dramatically shorten their pulse width with
increasing the pumping currents of two LDs from 100 to
400 mA. In the SAM region, the passively-mode-locked
EDFL pulse width is inversely related to the intracavity
pulse intensity [40,48]. That is, the enlarged pulse intensity
is a dominant factor on the decreasing trends of pulse-width
shortening.

In contrast, both the decreasing trends of EDFL pulse
width in both cases become slower by increasing the
pumping currents from 400 to 600 mA, where the
passively-mode-locked EDFL with few-layer and multi-
layer graphene nanosheets maintain the pulse width of
456 and 491 fs, respectively. When exceeding the pumping
currents to 400 mA (980-nm LD of 137 mW; 1480-nm
LD of 77 mW) or larger, the refractive index of SMF and
EDF are increased due to their positive nonlinear refractive
index under the operation of high pulse intensity. In
our case, the average output power of the passively-
mode-locked EDFL with a few-layer graphene nanosheet
is about 3.5 mW, so that the corresponding intracavitiy
peak intensity is 6.9 GW/cm?. The increased nonlinear
refractive index of An = nyly, can be calculated
as 4 x 10_6 (n2 = Ny SMF -+ Ny EDF = 5.9 % 10_16 sz/w,

|

AUKelly,N( 4N
2 |ﬁ2,eff|L

AUKeuy,N 4N
2

5AUKe11y.N =

In Eq. (5), the frequency shift of the Kelly sideband is
dominated by the soliton pulse width and the effective
GDD, which are affected by the compensation between
chirp and dispersion of the circulated pulse. The maximal
blueshift of the Kelly sideband at the long-wavelength side
can be up to 0.5 nm (see Fig. 5), indicating that a significant
prechirping has been added to the circulated pulse with
enlarging the pumping power as well as pulse intensity.

The generation of the Kelly sideband is induced by the
constructive interference of the soliton pulse and dispersive
waves [51,58,59]. Both the graphene saturable absorber
and the conventional nonlinear-polarization-rotation (NPR)
technique can generate soliton mode locking with Kelly

PrewlL T

where  nygyp = 2.9 x 1071 cm?/W, and  nyppp =
3 x 10716 ¢cm?/W) [55,56]. The increased nonlinear refrac-
tive index results in an intensity-dependent phase shift to
induce the frequency chirp. The positive chirp (up-chirp)
caused by the SPM will enlarge its magnitude with the
7.7-m fiber to induce the SPM coefficient & of 0.01 W~
However, the frequency chirp caused by the GDD is
negative (down-chirp), which effectively compensates the
opposite chirp from the SPM to form a chirp-suppressed
pulse in the EDFL cavity [57]. These pulse evolutions
confirm the possibility that the pulse-shortening mecha-
nism effectively changes from the SAM of the saturable
absorber to the soliton compression induced by GDD and
SPM at large intercavity pulse intensity.

Note that the compensation between chirp and dispersion
of a pulse could also affect the feature of the Kelly
sideband. In the experiment, the peak wavelength of
first-order Kelly-sideband signals tends to move closer
toward the mode-locking spectrum at higher pumping
powers. Theoretically, the shift of the peak-frequency
spacing of the Nth-ordered Kelly sideband Awvgyy y is a
function of both GDD and pulse-width variations, as
described by [58,59]

In(1++v2) | 4N 1
A ~ - 4
PKelly.¥ z BoelL 73 )

where f, . and L are the effective dispersion coefficient
and cavity length. Because of the concurrent existence of
the SPM and pulse compression effects, the shift of the
Kelly-sideband frequency is given as
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FIG. 5. The shift of the Kelly-sideband peak in the pulse
spectrum of the passively-mode-locked EDFL with a graphene
nanosheet obtained by +3 V under different pumping power.
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sidebands. In principle, the Kelly sidebands can be effec-
tively suppressed in a purely NPR-mode-locked EDFL
system [60], whereas it always exists in the soliton
spectrum of purely saturable-absorber mode-locked
EDFL. To characterize if the graphene saturable absorber
itself contributes the shifting or location of the Kelly
sidebands, the passive mode-locking spectra of the same
EDFL system without (by weak NPR effect) and with (by
saturable-absorption effect) intracavity graphene nano-
sheets are measured, as shown in Fig. 6. Without a
graphene saturable absorber, the soliton with a pulse width
of 7, xpr = 460 fs shows a Kelly-sideband spectrum with a
frequency spacing of Awvypgr = 1.47 THz. With the gra-
phene saturable absorber, the soliton with a pulse width of
Ty graphene — 449 s shows a Kelly-sideband spectrum with a
frequency spacing of Avgyphene = 1.4 THz. For the NPR-
based passively-mode-locked EDFL system, the calculated
effective GDD (|f3,¢5|L) from Eq. (4) is about —0.124 ps?
(where Avypr = 1.47 THz, 7, npr = 460 fs). After adding
the graphene nanosheet into the EDFL cavity, the calcu-
lated effective GDD is changed to —0.134 ps®> (where
Avgraphene = 1.4 THz, 74 graphene = 449 fs).  Since  two
SMEF patch cords with a total length of 50 cm are used
to sandwich the graphene, an additional GDD of
—0.01 ps? (BreL = 50 cm x —20 ps*>/km) has to be
added into the effective GDD. That is, the increment on
the effective GDD of the graphene-nanosheet mode-locked
EDFL system is mainly attributed to the SMF patch cord
but not to the graphene. Although graphene possesses a
significant Kerr nonlinearity of n, ~ 1077 cm?/W, it is
9 orders of magnitude larger than SMF and EDF [61].
However, the thickness of single-layer graphene L, is only
~0.34 nm. When taking the thickness of graphene into
account, the SPM coefficient of graphene with thickness L,
iS Sgraphene = 2 X 107" W~!, which is 2 orders of magni-
tude smaller than that contributed by intracavity fibers
(Bsmprepr = 1 X 1072 W),

Consequently, the pulse-width narrowing effect shows a
limitation with enlarging the pumping currents from 600
to 900 mA, indicating that the soliton shaping no longer

(b) —20f——Without graphene nanosheet
—— With graphene nanosheet

Av=1.4 THz*

(a)-20roptical spectra
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FIG. 6 (a) The optical spectra of the passively-mode-locked
EDFLs with and without the graphene nanosheet in the wave-
length domain. (b) The optical spectra of the passively-mode-
locked EDFLs with and without the graphene nanosheet in the
frequency domain.

becomes sensitive to the further increase on pumping
power. Because the enhancement of soliton peak intensity
is limited by the soliton-area theorem derived from a NPR
mode-locked fiber laser system with an empirical equation
of Ayz = (2|D|/8)"/?, the interaction of GDD (D) and SPM
(6) maintains the product of peak amplitude A, and pulse
width 7 as a constant [59]. When the pumping power is
enhanced to increase the soliton peak intensity, the peak
intensity of the pulse will be eventually saturated to split the
single-soliton pulse into multiple pulses [56,62]. Therefore,
the SPM effect will not become stronger under the
operation of high pumping powers to influence the soliton
pulse shape and intensity.

On the other hand, when considering the GDD and SPM
as the main factors for shaping the soliton pulse under high
pumping powers, the pulse width 7 of the passively-mode-
locked EDFL should be controllable with detuning the
cavity parameters of D and 6. Inserting an additional SMF
into the cavity is a convenient method to directly detune the
cavity parameters including D and 6. Figure 7(a) demon-
strates the pulse-width variation of the passively-mode-
locked EDFL with a few-layer graphene nanosheet by
changing the SMF length. By fixing the EDF length of 2 m
and reducing the SMF length from 15.7 to 5.7 m, the
negative GDD increases from —0.354 to —0.154 ps® to
shorten the EDFL pulse width from 642 to 449 fs. The
experimental results are well correlated with the theoretical
results. Furthermore, the pulse-width compression ratio
under the soliton shaping procedure is only a function of D
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FIG. 7. (a) The experimental and simulated pulse-width varia-

tion versus different GDD by changing the SMF length. (b) The
simulated compression ratio 7 : 7, versus different GDD under the
altering §,, coefficients.
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and & but not directly affected by the pulse intensity.
Figure 7(b) shows the improved compression ratio with
enlarging the normalized nonlinearity &,. The optimized
compression ratio can be lowered down to 0.35 by doubling
the §,. In principle, the compression ratio is further
strengthened to 0.045 by enhancing the §, to 16 times,
which strictly depends on realistically enhancing the
circulated pulse intensity with enlarging pumping power.
The decreasing trend of the compression ratio slows down
with the increasing &,. The optimized compression ratios
with different &, occur at D = —0.01 ps2.

V. CONCLUSION

In conclusion, the pulse-shortening dynamics of an
EDFL soliton system mode locked with the graphene-
nanosheet saturable absorber are experimentally and
numerically analyzed in this work. The EDFL pulse is
initiated with the electrochemically exfoliated graphene-
nanosheet samples obtained by a convenient solution
process, which can be further compressed by precisely
detuning the weakly negative GDD and maintaining the
strong SPM. The enhanced SPM effect increases the
nonlinear refractive index of intracavity fiber to result in
the intensity-dependent phase shift as well as the frequency
up-chirp, whereas the negative GDD effectively compen-
sates the opposite chirp to form a chirp-suppressed pulse. In
particular, the enlarged up-chirp further induces a signifi-
cant Kelly-sideband shift of up to 0.5 nm when operating
the EDFL at high pumping powers. The passively-mode-
locked EDFL with a few-layer graphene nanosheet can
shorten the pulse width to 449 fs with a corresponding
linewidth of 6.02 nm. The SAM mechanism dramatically
shortens the passively-mode-locked EDFL pulse width
with increasing the LD pumping current to 400 maA,
whereas the SPM takes over the pulse-shortening procedure
to the soliton regime by further increasing the LD current.
Under high pumping powers, the EDFL pulse width is
controllable with detuning the cavity parameters of D
and 6. By reducing the SMF length from 15.7 to 5.7 m,
the negative GDD decreases from —0.354 to —0.154 ps” so
as to further compress the EDFL pulse width from 642 to
449 fs. The compression ratio can be improved by
strengthening the SPM at this stage; however, a unique
phenomenon occurs to cease the pulse-width compression
at LD pumping current beyond 600 mA. The SPM effect no
longer affects the soliton pulse shape and intensity at high
pumping powers, because the enhancement of soliton peak
intensity is limited as predicted by the soliton-area theorem.
The optimized compression ratios with different 6, occur
at D = —0.01 ps>.
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