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Q-switched and vector soliton pulses from an
Er-doped fiber laser with high stability based on a
v-graphyne saturable absorber
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As a Dirac material, an allotrope of graphene, namely y-graphyne (y-GY), is proved to have excellent non-
linear optical properties. Unfortunately, the saturable absorption properties and ultrafast photonics appli-
cations of y-GY at the 1.5 pm band, which play vital roles in optical communication, have not been
reported so far. Herein, y-GY nanosheets (NSs) are prepared by an improved mechanochemical method,
and a saturable absorber (SA) is fabricated by a laser-induced deposition method. The modulation depth
(MD) and saturable fluence at 1.5 pm are found to be 5.40% and 23.46 pJ cm™2 respectively.
Consequently, by inserting the as-prepared SA into an Er®*-doped fiber laser (EDFL), Q-switching and
mode-locking operation with high stability are realized. Also, the mode-locking pulses are verified to be
polarization-locked vector solitons (PLVSs) based on further study. With increasing pump power, the
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phase difference between the two orthogonal components increases, leading to the evolution of state of
polarization (SOP). Additionally, the degrees of polarization (DOPs) are measured and all reach more than
97%, meaning high polarization stability. Therefore, this work not only broadens the application scope of
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1. Introduction

Passive Q-switched/mode-locked fiber lasers (QSFLs/MLFLs)
with high beam quality, excellent heat dissipation, high stabi-
lity and flexible cavity structure, play an irreplaceable role in
various crucial fields such as optical communication, pre-
cision metrology, ultrafine machining and biomedicine."™®
Moreover, passive MLFLs have important research significance
as an ideal platform for studying soliton nonlinear dynamics.’
Since the successful implementation of ultra-short pulse
output based on graphene by Sun et al.,® SAs based on two-
dimensional (2D) materials have attracted great research inter-
est because of their many similar photonic properties, such as
broadband absorption, strong nonlinearity, ultrafast response
time and saturable absorption properties.”'® Unfortunately,
there are still many shortcomings in the reported 2D materials
used for SAs. As one of the most typical 2D materials for SAs,
graphene has fast and ultra-wideband optical responses due to
its zero-bandgap structure and high transparency, but the
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y-GY in ultrafast photonics, but also provides an important foundation for the study of soliton dynamics.

modulation ability is limited."" Topological insulators have an
innate giant MD (up to 95%) and broadband saturable absorp-
tion properties, but their development is hindered by the slow
relaxation time and complex preparation process.'>'® The
application of transition metal dichalcogenides, with advan-
tages of layer-dependent bandgap and broadband operation,
are limited in high-power lasers by their low laser damage
threshold."»"®> In addition, the application of black phos-
phorus (BP) is seriously limited by its environmental
instability."®"” Therefore, the SA materials with excellent non-
linear optical properties and high stability are worth further
exploration.

GYs, as allotropes of graphene, are a new class of carbon
nanomaterials, and similar to graphene, they also have a 2D
structure and Dirac cone, so they have the characteristics of an
ultrafast optical response and broadband optical absorption."®
GYs are formed by inserting ethynyl units between aromatic
moiety rings in graphene. According to the number of inserted
acetylene units, the GYs can be divided into GY, graphdiyne,
graphtriyne, etc. Furthermore, GYs can be separated into o-, f-
and y-GY according to different sp-sp® hybridization binding
modes."®*° It is worth mentioning that in addition to having
one of the most stable structures of all GYs, y-GY also has a
natural band gap derived from the overlapping of carbon 2p,
orbitals and the inhomogeneous n-bonding between sp- and
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sp*>-hybridized carbon atoms.?**' Meanwhile, the presence of
sp-hybridized carbons with large conjugated structures
enables y-GY to have a stronger nonlinear response than that
of graphene.”” Xi et al. demonstrated through a theoretical
study that the electron mobility of y-GY is ~10* em®* V' s7' at
room temperature due to strong longitudinal acoustic phonon
scattering.”® In addition, the carrier relaxation time of y-GY
was accurately calculated by Jiang et al. in 2017, which was
~170 fs at room temperature (300 K).>* Under the premise of
homogeneous broadening, when the relaxation time of SA is
much faster than other processes in the system, it can be
regarded as an ideal fast SA.>® Under comprehensive consider-
ations, y-GY is expected to achieve fruitful results in the opto-
electronic field.

Since the first demonstration by Baughman et al. in 1987,
scientists have successively investigated y-GY’s applications in
the fields of energy, environment and biomedicine.?®?”*! In
addition, y-GY also has a nonlinear transmittance, that is,
high transmittance to a strong incident laser and low transmit-
tance to a weak incident laser. Therefore, the y-GY-SA can be
used as a Q-switch to make the laser output Q-switching
pulses, or as a mode-locker to make the laser output mode-
locking pulses.®’ However, although a few works have been
reported on y-GY as an SA for solid-state Q-switched lasers,***>
related research studies on y-GY are still scarce. There is no
experimental report about a pulsed fiber laser based on a
y-GY-SA, especially in EDFL, which plays a vital role in the
field of optical communication. As mentioned above, the
MLFL, as an ideal platform to study the nonlinear dynamics of
solitons, can generate a variety of soliton types by adjusting the
cavity parameters, such as the vector soliton caused by non-
linear coupling between two polarization modes.”** Moreover,
the study of vector solitons is not only beneficial for a
deep understanding of the rich polarization dynamics of
this soliton structure with more codability and diversity, but
will also further expand their application potential in high-
capacity optical communication.**~*¢ Therefore, it would be of
great significance to explore the ultrafast photonics application
of y-GY at 1.5 pm, and further study the soliton dynamics based
on it.

In this work, an improved mechanochemical method is
used to synthesize y-GY NSs, and based on these y-GY NSs, a
y-GY-SA is prepared by the laser-induced deposition method.
The MD and the saturation fluence of the y-GY-SA at 1.5 pm
are measured by the balanced twin-detector measurement
method, verifying its saturable absorption characteristics.
Subsequently, an EDFL based on a y-GY-SA is constructed,
and Q-switched and mode-locked pulses are obtained.
Moreover, both QSFLs and MLFLs based on the y-GY-SA in
this work are found to have excellent stability. On this basis,
the vector features of the conventional solitons (CSs) are sys-
tematically studied, and the polarization evolution trend of the
vector soliton is explored during the increase of the pump
power. To the best of our knowledge, this is the first report on
the saturable absorption of y-GY and its application at 1.5 pm,
which is of great inspiration for the applications of y-GY in
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2. Materials and methods
2.1. Preparation and characterization of y-GY NSs

The currently known preparation methods of y-GY NSs are
mainly ultrasonic irradiation and mechanical ball milling.?”*®
In this study, an improved mechanochemical method, shown
in Fig. 1, is used to successfully synthesize y-GY NSs. It is
worth noting that compared with the preparation method
used in ref. 38, a solvent-free dry grinding method is used in
the preparation process in this work, which not only ensured
the original advantages of the traditional mechanochemical
method, such as simple operation and low cost, but also
reduced the impurity content and further improved the quality
of y-GY NSs. Before the experiment, the block CaC, (purity of
75%) is pulverized and sieved with a 100-mesh sieve to obtain
CaC, powder. Subsequently, CaC, powder is added to a
200 mL ball-milling jar for ball milling. The purpose of this
step is to reduce the particle size of CaC, and increase the
contact area of the reaction, which is more conducive to the
progress of the reaction. After that, the ball-milled CaC,
powder and hexabromobenzene (PhBrg) are added into a ball-
milling tank according to a molar ratio of 9:1 and ball-milled
for 12 h. The reaction product is washed with absolute ethanol
and deionized water, and the solid powder is obtained by cen-
trifugation, which is further dried in a vacuum drying oven at
80 °C for 12 h. Afterwards, the obtained solid powder is placed
in an argon protected tube furnace and annealed at 450 °C for
2 h to volatilize the incompletely reacted PhBrs. Finally, the
obtained powder is soaked in the dilute nitric acid and stirred
for 24 h for impurity removal, followed by centrifugation and
drying to obtain y-GY NSs.

The scanning electron microscopy (SEM) images of y-GY
NSs are shown in Fig. 2a and b, indicating their distinct 2D
curled sheet structure. The elemental composition of y-GY NSs

100- mesh
S|eve 'PhBrs
Wash &
centrifugation
Mortar CaCz Ball- _m|II|ng BaII-mlIIlng tank
jar
Test
tube
Dilute
nitric acid
Centrlfugatlon »4 450 °C Dried
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‘_ & dry
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Fig. 1 Preparation flow chart of y-GY NSs.
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(@) SEM image at a scale of 1 pm. (b) SEM image at a scale of 100 nm. (c) Atomic ratio of y-GY NSs. EDS images of y-GY NSs corresponding to

(d) C, (e) O, (f) Si and (g) Ca, respectively. (h) TEM image and (i) HRTEM image of y-GY NSs. (j) Raman spectrum of y-GY NSs. (k) VIS-IR transmission

spectrum of y-GY NSs.

is analysed in detail by energy-dispersive X-ray spectroscopy
(EDS), and the mappings are displayed in Fig. 2c-g. The
elemental composition of y-GY NSs includes mostly C and O
elements, as well as a small amount of Si and Ca elements,
where the impurities might be introduced during the ball-
milling process. Fig. 2h and i show the characterization
images of the microstructure of y-GY NSs using transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM), respectively. It can be seen
from these images that several large particles of irregular
shape in the order of micrometers are agglomerated by nano-
particles. Fig. 2j shows the Raman spectrum of y-GY NSs, and
a smoothed line is obtained with an FFT filter. Four peaks
appear at 1369 cm™', 1583 cm™', 1920 cm™' and 2306 cm ™,
corresponding to the D peak, G peak, the stretching vibration
of sp-hybridized carbon, and the G’ bands ascribed to the
double resonance inter-valley Raman scattering process,
respectively. The positions of these four peaks are consistent
with previous reports,***° which can also well prove that the
sample prepared in this work and the y-GY reported in those
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papers are the same substance. As shown in Fig. 2k, the trans-
mission spectrum of y-GY NSs ranging from 300 to 2600 nm is
also measured. It is worth mentioning that the dip around
2250 nm in the VIS-IR transmission spectrum is caused by the
strong absorption peak of y-GY at 2250 nm, which is consistent
with a previous report.*> It is demonstrated by this VIS-IR
transmission spectrum that the y-GY-SA has potential for
broadband optical devices.

2.2. Fabrication and saturable absorption of the y-GY-SA

y-GY NSs are deposited on a single-mode fiber patch cord facet
by a laser-induced deposition method, which can flexibly
control the sample thickness by changing the power and time,
enabling the interaction with the light propagating within the
fiber.*"** A photograph of the y-GY dispersion and the experi-
mental setup of the laser-induced deposition method are
shown in Fig. 3a and b. Firstly, the homogeneous dispersion
with a concentration of 1 mg mL™" is prepared with y-GY NSs
and isopropanol. Then, the fiber patch cord facet, which
under the irradiation from a continuous wave (CW) laser with

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) A photograph of a y-GY NS dispersion. (b) Experimental setup
of the laser-induced deposition method. (c) Micrograph of a fiber facet
with y-GY NSs after optical deposition. (d) Self-assembly conducted for
a y-GY-=SA. Inset: the schematic of the y-GY—SA.

a power of 70 mW, is immersed in the dispersion for 20 min,
and the micrograph of the fiber facet deposited with y-GY NSs
is shown in Fig. 3c. Finally, the y-GY-SA is fabricated by con-
necting the two fiber patch cords using a flange, as shown in
Fig. 3d.

The laser-induced deposition method can avoid the
additional nonlinear interference caused by the D-shaped and
tapered fibers.*?

Although the open-aperture Z-scan technology used in ref.
22 can accurately measure the nonlinear optical properties of
materials, it cannot directly and efficiently measure the satur-
able absorption properties of the all-fiber SA prepared in this
work. Therefore, the balanced twin-detector measurement
method,** as another efficient means of measuring the non-
linear optical properties of SA, is used to measure the non-
linear saturable absorption properties of the y-GY-SA. The
experimental setup used in the measurement is shown in
Fig. 4a. The central wavelength and pulse duration of the
pulsed fiber laser with a maximum average power of 21.5 mW,
used in this experiment, are 1568.6 nm and 583 fs, respect-
ively, while the coupling ratio of the used optical coupler is
10: 90. By continuously adjusting the attenuator, the nonlinear
variation trend of the transmittance of the y-GY-SA is clearly
presented. Considering the insertion loss of a self-assembled
SA, it is impossible to accurately measure the SA transmittance
when the average incident fluence is close to 0 pJ cm™>. In
order to fill the data gap here, the following fitting formula is
adopted to fit the experimental data:

AT

TI) =T, + AT ————
( ) unsat 1 +I/Isat

(1)

where T(I) is the transmittance, Tynsae iS the nonsaturable
transmittance, AT is the MD, I is the average incident fluence
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Fig. 4 (a) Schematic of the balanced twin-detector measurement. (b)
Relationship between transmittance of the y-GY-SA and incident
fluence.

and I, is the saturable fluence.** The fitting curve in Fig. 4b
indicates that the y-GY-SA prepared in this experiment has a
saturable fluence of 23.46 uJ cm™> and an MD of 5.40%,
demonstrating great potential as a passive modulator in gener-
ating laser pulses. In order to verify the reliability of the data,
repeated measurements are conducted on the SA with other
conditions unchanged in the experiment, and consistent
results are obtained.

3. Experimental setup

The experimental setup of an EDFL ring cavity is shown in
Fig. 5a. A piece of 0.5 m Er’*-doped fiber (EDF) (LIEKKI,

(a)
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Fig. 5 (a) Beam path of a pulsed fiber laser with a y-GY-SA. (b) The
setup of the polarization-resolved measurement.
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Er110-4/125) is excited by the 980 nm pump light, which is
injected into the cavity through a 980/1550 nm wavelength
division multiplexer (WDM). A 20: 80 optical coupler (OC) is
used to output the laser, and a polarization-independent isola-
tor (PI-ISO) is employed to force the unidirectional operation
of the ring cavity. Meanwhile, the two polarization controllers
(PCs) in the laser can be used to fine-tune the SOP of the circu-
lating light in the ring cavity. The rest of the cavities are com-
posed of a standard single-mode fiber (SMF).

The polarization-resolved setup, shown in Fig. 5b, is used
to investigate the vector natures of pulses from the MLFL
based on the y-GY-SA. After the vector soliton is incident on
the polarization beam splitter (PBS), its two orthogonal com-
ponents will be separated under the action of the PBS. In
order to maintain the SOPs of the two orthogonal com-
ponents, the output branch of the PBS is composed of polariz-
ation-maintaining fibers, while the role of PC3 is to regulate
the phase difference between the two orthogonal components.

In addition, a 1.2 GHz photodetector (Thorlabs,
DET01CFC/M) is used to detect the obtained laser signal, and
a spectrometer (Yokogawa, AQ6370) is used to monitor the
spectral information of the laser. An oscilloscope (Teledyne
LeCroy, WaveRunner 620Zi) with a bandwidth of 2 GHz and a
radio-frequency (RF) spectrum analyzer (Rigol, RSA3045) are
used to record the time domain and RF information of the
laser, respectively. The Stokes parameters and the DOP are
measured using Agilent modules (Agilent, N7786B and 8184B).

View Article Online
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4. Results and discussion

4.1. Q-switching operation of the EDFL

When the pump power is set to be 90.6 mW, a CW lasing can
be obtained. After the pump power is further increased to
140.7 mW, a Q-switching operation can be realized by adjust-
ing the PCs appropriately.

Upon further increasing the pump power and adjusting
PCs, stable Q-switched pulses can be achieved at a pump
power of 216.84 mW. As can be seen from Fig. 6a and b, the
central wavelength and repetition rate of the pulsed laser are
1531 nm and 99.2 kHz, respectively. Furthermore, as shown in
the RF spectrum, the signal-to-noise ratio (SNR) at the funda-
mental frequency is 40 dB without any side peaks, indicating
the stable operation of the QSFLs. To visually observe the
output characteristics of the QSFLs at different pump powers,
the temporal pulse trains under pump powers of 216.84 mW,
262.78 mW, 295.6 mW and 322.46 mW are displayed in Fig. 6c,
respectively. It can be clearly observed that the pulse duration
and the interval between pulses are gradually reduced with an
increase in the pump power. In addition, no peak intensity
modulation of the pulse trains is found under each pump
power, and the symmetric Gaussian-like pulses are uniformly
distributed in the time domain, indicating the high stability of
the Q-switching operation.

The evolution of both repetition rate and pulse duration
with increasing pump power in the range of 210.29 mW to
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Fig. 6 (a) The optical spectrum and (b) RF spectrum over a 10 kHz span with a resolution bandwidth of 3 Hz at a pump power of 216.84 mW. (c)

Temporal pulse trains under different pump powers. (d) Repetition rates and pulse durations versus the pump powers. (e) Output powers and single
pulse energies versus the pump powers. g: central wavelength.
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337.05 mW are illustrated in Fig. 6d, which are the typical fea-
tures of Q-switched lasers.*® Different from the dependence of
repetition rate on the cavity length in mode-locked lasers, the
repetition rate of the QSFL is increased almost linearly from
96.84 kHz to 132.63 kHz with an increase in pump power.
Under higher pump power, greater gain will be obtained and
the saturation of the SA could be reached in a shorter time,
resulting in a higher repetition rate of Q-switched pulse trains,
while the pulse duration, in contrast, shows a continuously
decreasing trend in the range from 2.43 ps to 1.92 ps, and its
decreasing speed is reduced gradually. The reason for this
phenomenon is that in the regime of high pump power, the
accumulation speed of electrons in the upper energy level is
slowed down by over-saturation.*®

The output power and single-pulse energy as a function of
pump power are recorded in Fig. 6e. It can be seen that during
the experiment, the output power and single-pulse energy
increase almost linearly in the range from 2.40 mW to
5.35 mW and 24.80 nJ to 40.35 nJ, respectively. The slope
efficiency of the QSFL is determined to be 2.35% by linear
fitting. Importantly, there is no reduction in the growth rate of
the single-pulse energy and output power during the whole
measurement. Thus, we believe that the maximum output
power and maximum single-pulse energy of the pulse trains
are both limited by the available pump power in our experi-
ments, and the performance of the laser can be further
improved by optimizing the laser cavity parameters.

In order to test the long-term stability of the y-GY-SA-based
QSFLs, the variation of the output power and repetition rate
over one week with a pump power of 262.78 mW is measured,
as shown in Fig. 7. The output power and repetition rate fluc-
tuate within a small range of 0.23 mW and 1.79 kHz, respect-
ively, indicating a highly stable operation. For comparison, the
reported temporal stability of several QSFLs based on different
materials are listed in Table 1. It should be noted that the
operating times of the lasers listed in Table 1, although they
may not be the best performing for the same material, can
qualitatively reflect the superior stability of the QSFL based on
y-GY in this work.

9
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Fig. 7 Variation of the output power and repetition rate of the QSFLs
within one week.
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Table 1 Performance of QSFLs based on different materials
AT Tmin® Reported work
Material [%] Ao [nm]  [ps] duration Ref.
Graphene — 1539.6 ~2.3 0.5h 47
Antimonene 11.63 1558 1.42 2h 48
BP 8.3 ~1568 1.36 25 h 49
WS, 2 ~1561 2.396 14 days 50
Bi,Te; 25.7 1566.9 13 4 h 51
Ti,AlIC, 16 1567.4  0.99 1h 52
Ag 5.8 1033 1.01 1.5h 53
y-GY 4.09 1531 1.92 7 days This work

¢ Tmin represents the minimum pulse duration.

4.2. Mode-locking operation of the EDFL

4.2.1. Fundamental characteristics of mode-locking pulses.
As mentioned above, passive MLFLs at 1.5 pm have great appli-
cation value in optical communication, sensing, etc. Therefore,
the application of a y-GY-SA as a mode-locker in an EDFL is
further verified. It should be noted that, in the experiment, in
order to facilitate the formation of CSs and avoid excessive
nonlinear phase shift, which is detrimental to the fundamen-
tal-frequency mode-locking operation, a 1.3 m SMF segment is
inserted into the aforementioned QSFL to slightly enlarge the
anomalous dispersion.>*>® The total cavity length of the modi-
fied fiber laser is 6.3 m, and the net dispersion is determined
to be ~—0.137 ps>.

When the pump power reaches a threshold of 97.07 mWw,
the mode-locking operation is self-started by carefully adjust-
ing the PCs. After further increasing the pump power to
134.82 mW, the stable CSs are obtained, and the character-
istics are summarized in Fig. 8. The pulse interval of 30.54 ns
shown in Fig. 8a corresponds to the total cavity length of the
EDFL, indicating the mode-locking operation at a fundamental
frequency of 32.75 MHz. Additionally, as shown in Fig. 8b, no
intensity modulation of the oscilloscope trace is found within
1 ms, indicating the high stability of the mode-locking oper-
ation. The spectrum with a central wavelength of 1558.9 nm
and the autocorrelation trace with sech® pulse profile are
shown in Fig. 8c and d, respectively. The 3 dB bandwidth of
the spectrum and the pulse duration are 5.43 nm and 2.03 ps,
respectively, while the calculated time-bandwidth product is
0.67, which is larger than the theoretical value (0.315) for the
transform-limited sech®>shaped pulses, proving that the pulses
are slightly chirped. The SNR at the fundamental frequency of
32.75 MHz, as shown in Fig. 8e, is about 58 dB, and there is
no obvious signal of mode-locking instability in the wideband
RF spectrum depicted in Fig. 8f, indicating an excellent
stability.

In order to better show the short-term stability of a y-GY-
based MLFL, optical spectra at a 1 hour interval and 72 hour
span are measured, and plotted as shown in Fig. 9a. It can be
seen that there is no obvious fluctuation in the spectral inten-
sity during the whole measurement process, and the Kelly
sideband positions have not changed. Furthermore, as shown
in Fig. 9b, the long-term stability is fully demonstrated by the

Nanoscale, 2023, 15, 7566-7576 | 7571
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(e) RF spectrum over a 2 kHz span with a resolution bandwidth of 1 Hz at the fundamental frequency and (f) the wideband RF spectrum with 100

kHz resolution. A4: 3 dB bandwidth; fo: fundamental frequency.
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Fig. 9 (a) Optical spectra across 72 h and (b) 7 days.

long-term optical spectrum measurement, in which the
spectra of the MLFL remain relatively stable within 7 days.

For clarity, several MLFLs based on common 2D materials
are listed in Table 2. It is also noteworthy that although the
references listed in Table 2 may not demonstrate the best per-
formance of the same materials, they can reflect the ideal pro-
perties of y-GY with application potential in ultrafast
photonics.

4.2.2. Vector nature of mode-locking pulses. In practice,
the birefringence effect of an ordinary SMF, caused by the
incomplete preparation process and application environment,
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results in the polarization evolution of pulses transmitted
along the fiber called vector solitons.®® As shown by the polar-
ization-resolved spectra in Fig. 10a, there is an obvious differ-
ence between the spectra of the two orthogonal components.
Meanwhile, peak-dip pairs are observed at the position indi-
cated by the arrows, indicating a continuous energy exchange
due to the coherent coupling between the two orthogonal com-
ponents in the cavity.®”®® The temporal pulse trains of the
total and two orthogonal components are recorded in Fig. 10b,
which shows that the two orthogonal components of the pulse
capture each other and propagate as one unit. Moreover, using
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Table 2 Performance comparison of MLFLs based on different materials

Stability Characteristics of pulses
Material Long term [day] Short term [h] Ao [nm] AA [nm] Tpulse [ PS] Ref.
Graphene 14 8 1559.12 6.16 0.433 56
CNT? — 36 1960 ~3 4.3 57
Antimonene — 8 1557.68 4.84 0.552 58
Bismuthene — 55 1559.18 4.64 0.652 11
MosS, — 3 ~1042.15 ~6.55 656 59
Bi,Te; 9 — 1560.8 9.15 0.286 60
Bi,Br, — 16 1559.23 23.26 0.172 61
SnTe — 5 1562.05 4.23 0.691 62
V,CTy — 24 1559.1 3.1 0.94 63
TizCoTy — 10 1891.82 — 2.18 64
Ti,CT, — 3.5 1565.4 3.4 5.3 65
y-GY 7 72 1558.9 5.43 2.03 This work

“ CNT represents the carbon nanotube.
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Fig. 10 (a) Spectra, (b) oscilloscope traces and (c) the autocorrelation
traces of vector solitons.

the uniform pulse trains without intensity modulation and
the undifferentiated central wavelength of both spectra, it is
fully demonstrated that the PLVSs are obtained, which are
only formed in the cavity with a weak birefringence effect. In
the laser system with weak and randomly varying birefrin-
gence, the group-velocity difference between the two orthog-
onal components can be ignored, and the phase-velocity
difference can be compensated by the nonlinear phase shifts
from cross-phase modulation and self-phase modulation, so
that both the group velocity and phase velocity can be locked
simultaneously, that is, PLVS is formed.®*”> The autocorrela-
tion traces, as shown in Fig. 10c, of the two orthogonal com-
ponents are also measured, and the pulse durations of the
horizontal and vertical axes are 1.09 and 1.11 ps,
respectively.

In order to analyze the SOPs of vector solitons, the normal-
ized Stokes parameters S;, S, and S; and the DOP are
measured. They are related to the output powers of the two

This journal is © The Royal Society of Chemistry 2023

orthogonal components, |x|* and |v|?, and the phase differ-
ence between them Ag as follows:”

So = ul*+v|*,
Sy = [uf* =,

Sy =2|ul[v| cos A,

) (2)
S3 =2|ul|v| sin Agp,
SZF 5257
pop = VS F 82" + 8%
So

The average SOPs of vector solitons on the Poincare sphere
within 1 ms under different pump powers are depicted in
Fig. 11, respectively. The SOP is a fixed point on the Poincare
sphere under each pump power, proving the stable polariz-
ation distribution of the PLVS. Moreover, with the increase of
pump power, the position of the SOP changes monotonically
along the arrow direction. In order to clearly show the changes
in the SOP during the pump power increase, the parameters of

175.27 mW
202.23 mW
269.64 mW
337.06 mW

1.01.0

Fig. 11 Stokes parameters under different pump powers at the
Poincare sphere.
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Table 3 Parameters of SOPs under different pump powers

Pump power [mW]  S; S, S3 DOP [%]  Aglx

175.27 0.484 0.526 —0.659 97.2 —-0.156
202.23 0.498 0.491 -0.676 97.3 —-0.188
269.64 0.547 0.409 —0.696 97.6 —0.246
337.05 0.596 0.332 -0.71 98.4 —0.296

each SOP are listed in Table 3. With the increase of pump
power, the phase difference between the two orthogonal com-
ponents of the PLVS increases significantly, which results in
the position shift of SOP on the Poincare sphere. Additionally,
under the four-pump power values, the DOPs are very high
(>97%), which means the polarization distribution in the
MLFL is close to the steady state.””

5. Conclusion

The saturable absorption properties of y-GY and its ultrafast
photonics application are investigated experimentally at the
1.5 pm optical communication band, for the first time as far
as we know. The MD and saturable fluence of the y-GY-SA at
1.5 pm are found to be 5.40% and 23.46 pJ cm™?, respectively.
The stable Q-switched pulses centered at 1531 nm are
obtained. When the maximum pump power of 337.05 mW is
reached, the pulse duration drops to 1.92 ps, during which the
repetition rate and output power are 132.63 kHz and 5.35 mW,
respectively, corresponding to the maximum single pulse
energy of 40.35 nJ. Subsequently, mode-locked pulses with a
central wavelength of 1558.9 nm and 3 dB bandwidth of
5.43 nm are obtained in an EDFL based on the y-GY-SA, and
the pulse duration is found to be 2.03 ps. At the fundamental
frequency of 32.75 MHz, the SNR is 58 dB. Meanwhile, the out-
standing stability of QSFLs and MLFLs are fully verified in our
experiment. Furthermore, it is demonstrated that the obtained
soliton pulses are PLVSs, whose vector natures are character-
ized in detail. Also, the phase difference between the two
orthogonal components of the vector soliton is increased with
increasing pump power, resulting in the evolution of the polar-
ization state. Our findings confirm the promising application
of y-GY in the field of ultrafast photonics and lay a solid foun-
dation for its practical application.
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