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In the last few years, research on advanced ultrafast photonic devices has attracted great interest from laser physicists.
As a semiconductor material with excellent nonlinear saturation absorption characteristics, GaAs has been used in solid-
state and fiber lasers as a mode-locker. However, the pulse widths that have been reported in the searchable published
literature are all long and the shortest is tens of picoseconds. Femtosecond pulse widths, desired for a variety of applications,
have not yet been reported in GaAs-based pulsed lasers. In this work, we further explore the nonlinear characteristics
of GaAs that has been magnetron sputtered onto the surface of a tapered fiber and its application in the generation of
femtosecond lasing via effective dispersion optimization and nonlinearity management. With the enhanced interaction
between evanescent waves and GaAs nanosheets, mode-locked soliton pulses as short as 830 fs are generated at repetition
rates of 4.64 MHz. As far as we know, this is the first time that femtosecond-level pulses have been generated with a
GaAs-based saturable absorber. In addition, soliton molecules, including in the dual-pulse state, are also realized under
stronger pumping. This work demonstrates that GaAs-based photonic devices have good application prospects in effective

polymorphous ultrashort pulsed laser generation.
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1. Introduction

Following graphene, two-dimensional (2D) materials
have gained increasing attention due to their unique optical
and electrical properties, such as high electron mobility, strong
light-matter interactions and tunable bandgaps.!!=>! One sig-
nificant research direction is the application of 2D materi-
als as photonic modulation devices in ultrashort pulsed laser
generation. Compared with bulk materials, 2D materials ex-
hibit superior characteristics in some aspects,® such as a
greater broadband response to light and much stronger nonlin-
ear absorption. Many 2D materials, such as graphene,!”) car-
bon nanotubes (CNTs), topological insulators (TIs), 3! metal—
organic frameworks (MOFs),[®! perovskite,!'”) MXene,!'!]
transition metal dichalcogenides (TMDs)!"?! and black phos-
phorus (BP),!'3] have been successively utilized as saturable
absorbers (SAs) in pulsed lasers. Figure 1 provides an
overview of the research progress made in the field of mode-

n. 114191 According to the type of mate-

locked pulse generatio
rial making up the SA, these research results can be divided
into graphene, BP, single-walled CNTs (SWCNTs), TMDs
and TIs. It is evident that the pulse width is predominantly
concentrated in the microsecond and nanosecond levels, with

femtosecond mode-locked pulses being less frequently gen-
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erated. These investigations provide a valuable reference for
promoting the development of robust lasers with high effi-
ciency, low maintenance and low cost. Numerous experiments
have shown that SAs with 2D materials as modulation devices
frequently demonstrate excellent light—matter interaction abil-
ity, represented by a large modulation depth, >’ making them
mature optoelectronic devices.
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Fig. 1. Summary of research results on mode-locked fiber lasers based on
novel 2D materials (BP, back phosphorus; SWCNT, single-walled carbon nan-
otube; TMD, transition metal dichalcogenide; TI, topological insulator).

As a second-generation semiconductor with a direct
bandgap, gallium arsenide (GaAs) is recognized as one of the
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most promising materials for photonic devices, which benefit
from its advantages in absorption rate, mobility and satura-
tion drift velocity.!?!=2%! Consequently, its operational perfor-
mance has been experimentally investigated for pulsed laser
generation in both solid-state and fiber lasers. (27311 However,
for ultrafast lasers, one of the most critical specifications is the
pulse width. There has been continuous exploration on how to
generate laser pulses with a much shorter duration. In 1996,
GaAs was applied in a solid-state Nd:YAG laser,!?’! achiev-
ing nanosecond-level pulse outputs. Later, a pulse width as
short as 24 ps was achieved in a Nd:YVOy laser.!?®! Since
then there have been no literature reports on the achievement
of much shorter pulse widths with GaAs mode-locked solid-
state lasers. One possible reason is that the laser field inter-
acts directly with GaAs-based SAs, and the thermal damage
to GaAs restricts the increase in intracavity average power in
solid-state lasers, ! leading to limited self-phase modulation
(SPM) and the resulting narrower spectral broadening. In gen-
eral, to acquire a shorter pulse width, effective dispersion man-
agement and nonlinear manipulation are also required during
pulsed laser generation. In contrast to solid-state lasers, fiber
lasers have advantages in dispersion compensation and nonlin-
ear management. Moreover, the smaller core diameter can sig-
nificantly enhance the nonlinear effects, typically self-phase
modulation, thus exciting wider coherent spectral broadening
and generating a narrower pulse width. Furthermore, fiber
lasers also have more flexibility in terms of dispersion com-
pensation, especially in the 1.5 um waveband, because of the
opposite sign dispersion in gain and passive fibers. In addition,
special structures can be made with fibers so as to alleviate the
thermal effect on materials with saturable absorption, such as
tapered fibers. As the laser propagates along the lumbar area,
the long-distance coupling between evanescent waves and SA
material not only leads to an enhancement of the interaction
intensity, but also strengthens the saturable absorption effect
and releases the thermal load via indirect behavior. Up to
now, only one work has been reported on a fiber laser based
on GaAs as the SA, and the pulse width was 634 ps.3!! The
inability to achieve a shorter pulse width may be primarily at-
tributed to the uncompensated higher-order dispersion effects
and nonlinear phase shifts that are induced by an excessively
long laser cavity length (210 m). Therefore, it is crucial to ef-
fectively manage the intra-cavity dispersion and nonlinearity
to achieve the desired femtosecond pulse performance. In con-
clusion, there have not yet been any reports on the realization
of femtosecond pulse outputs in GaAs-based lasers, whether
in solid-state lasers or fiber lasers. In fact, the shortening of
pulse duration in ultrashort pulse lasers has consistently been
a significant topic of investigation. Therefore, we believe that
the potential of GaAs for use in ultrafast optical devices re-
mains to be further exploited in femtosecond laser generation.

In this work, a GaAs magnetron sputtered on tapered
fiber makes up the microfiber SA device, and generates
a modulation depth of 5.51% and saturation intensity of
12.8 MW-cm~2. Then the prepared SA is applied to an Er-
doped fiber laser to realize femtosecond mode-locking. As
far as we know, this is the first time that a GaAs-based laser
has achieved femtosecond-level outputs. The 3 dB bandwidth,
pulse width, repetition rate and signal to noise ratio (SNR) of
the mode-locked pulses are measured to be 5.02 nm, 830 fs,
4.64 MHz and 80.5 dB, respectively.
also achieve soliton molecules by increasing the pump power.

In addition, we can

The corresponding modulation period, pulse width (fitted by
the sech? shape) and pulse interval are 0.83 nm, 1.73 ps and
9.20 ps, respectively. The results demonstrate that GaAs can
serve as an excellent SA, possessing properties comparable to
those currently reported for most 2D materials. This work in-
dicates that GaAs can provide an effective means for ultrafast
laser generation, which will expand the research and applica-
tion prospects of 2D semiconductor materials in ultrafast opti-
cal device technology.

2. Preparation and characterization of SA mate-
rial

Figure 2(a) shows the absorption spectrum of GaAs uti-
lized in the experiment as measured by an ultraviolet—visible—
near-infrared photodetector. The test range spans from 200 nm
to 2000 nm.
peak is located at ~ 980 nm. The absorption spectrum test

It can be seen that the maximum absorption

for GaAs provides insights into its absorption characteristics
at various wavelengths. By analyzing the absorption spec-
trum, we can determine the material’s response to light at par-
ticular wavelengths, which directly affects its performance as
an SA. Within the operational wavelength range of 976 nm
it shows a high absorption rate, which can effectively sup-
press the high-order modes in lasers, thus facilitating stable
mode-locking operation. To analyze the chemical and elec-
tronic states of the material, x-ray photoelectron spectroscopy
(XPS) is employed.!*3 Figure 2(b) presents the XPS survey
spectrum of GaAs, where the electronic states corresponding
to all peaks are labeled. Figure 2(c) depicts the XPS curve of
As 3d, which can be further deconvoluted into two peaks at
44.4 eV and 41.1 eV, corresponding to As 3d3; and As 3ds s,
respectively, resulting from spin—orbit splitting. Figure 2(d)
displays the XPS curve of Ga 3d, with an absorption peak at
20.0 eV. The lower-intensity peak located at 23.9 eV is the
energy loss peak. XPS analysis reveals the chemical compo-
sition and surface state of GaAs. The XPS results inform us
about the low degree of oxidation and fewer impurities present
in GaAs, which may affect its electronic and nonlinear optical
properties. A clean GaAs surface with a low oxidation level
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is likely to exhibit superior nonlinear absorption characteris-
tics, which are essential for efficient saturable absorption and
mode-locking performance. Figure 2(e) shows an atomic force
microscopy (AFM) image of GaAs, which characterizes the
surface morphology. It can be observed that the GaAs coating
is relatively uniform, with a thickness below 27.53 nm and pri-
marily concentrated around 8.26 nm. The particles are evenly
distributed with uniform sizes, meeting the requirements for
the preparation of 2D materials. Figure 2(f) illustrates that the
GaAs nanoparticles exhibit regular shapes, with no significant
deviations in the thickness distribution curve, demonstrating
a high degree of morphological consistency. AFM offers in-
formation about the surface morphology of GaAs, including
its roughness and defect distribution. A smooth and uniform
GaAs surface helps to reduce the scattering and loss of the
beam during transmission. Additionally, AFM can also reveal

the thickness and layering of GaAs, which are pivotal parame-
ters affecting its nonlinear absorption characteristics and ther-
mal management capabilities. These data indicate that GaAs
can be fabricated into an SA for pulsed laser generation in
subsequent experiments. Based on these characterization re-
sults, we can gain a comprehensive understanding of the phys-
ical and chemical properties of GaAs. These properties are
the key to achieving high-performance SAs and stable mode-
locked lasers. Under these favorable conditions, the modu-
lation depth and recovery time of a GaAs SA are effectively
enhanced, thereby promoting the establishment of ultrashort
pulses and suppressing mode competition in lasers. These test
results provide a solid foundation for the subsequent experi-
ments and ensure the suitability of the design and the reliabil-

ity of the experimental results.
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Fig. 2. Various material characterizations of GaAs: (a) absorption spectrum; (b) XPS survey spectrum of GaAs; (c) XPS spectrum for As 3d; (d) XPS
spectrum for Ga 3d; () AFM image of GaAs; (f) thickness distribution curve of GaAs.

The prepared GaAs is uniformly coated onto the surface
of a tapered fiber by magnetron sputtering, forming an SA.
The coating process lasts for 8 min, during which helium gas
is introduced into the chamber at a flow rate of 80 sccm and
the sputtering instrument is operated at a power of 100 W. The
nonlinear optical properties of the GaAs SA are measured by a
home-made ultrashort pulsed laser source with a center wave-
length of 1560.57 nm and a repetition rate of 11.95 MHz. The
measured transmission curve is fitted with the typical satura-

tion absorption formula®*

1
T(I)=1-0g-exp <1> — O, (1)
sat
where T (I), 0, Ons, I and Iy represent the transmittance,

modulation depth, nonlinear loss, incident peak intensity and
saturation intensity, respectively. The calculated modulation

depth and saturation intensity are 5.51% and 12.8 MW-cm 2,
respectively, as shown in Fig. 3. It can be seen in the figure
that the measured data basically fall into the 95% confidence
band. Usually, the modulation depth of an SA is defined as
the maximum change in transmission induced by the incident
light. The low modulation depth may be attributed to the fol-
lowing two reasons. One is that the structure of the fiber is
destroyed in the fused tapering process. The thin core disrupts
the symmetry of the fiber and increases the transmission loss.
However, the elongated cone region enhances the nonlinear in-
teraction between GaAs and evanescent waves, thereby facili-
tating the generation of a pulsed laser, which is verified in the
following experiment. The second factor might be associated
with the phenomenon of two-photon absorption (TPA), which

intensifies as the incident light intensity increases. TPA refers
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to the process in which a medium absorbs or combines two
photons of the same or different energies to excite electrons
from low-energy states in the valence band to higher energy
states. When the light intensity reaches a certain level, the ma-
terial’s absorption of light becomes saturated, and further in-
creases in light intensity result in no change or minimal change
in the absorption coefficient. Consequently, under intense illu-
mination, there is a competitive relationship between TPA and
saturable absorption. When the light intensity is sufficiently
high, TPA may become significant, diminishing or masking
the SA effect to some extent. In summary, the phenomenon of
TPA can reduce the modulation depth of materials. However,
TPA contributes to reducing the unnecessary modes within the
laser cavity, thereby enhancing the stability of mode-locked
pulses. Therefore, the introduction of a tapered fiber is gen-
erally beneficial to the formation and stabilization of a pulsed

laser.
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Fig. 3. Nonlinear optical transmission of the prepared GaAs SA.

3. Ultrafast laser applications
3.1. Experimental setup

The experimental setup utilized to explore the operational
performance of GaAs as an SA in femtosecond laser genera-
tion is schematically shown in Fig. 4. In the cavity, the pump
source is a 976 nm laser diode (LD), with a maximum output
power of 400 mW, and a section of 60 cm gain fiber (Liekki
Er110-4/125, with a dispersion of 0.012 ps>m~!) is used as
the gain medium. The gain fiber and pump light source are
connected through a 980/1550 nm wavelength division mul-
tiplexer (WDM). In the experiment, a polarization-insensitive
isolator (PI-ISO) is employed to guarantee unidirectional os-
cillation of the light. In the meantime its use ensures that the
initiation of mode-locking depends solely on GaAs and elim-
inates the possibility of nonlinear polarization rotation. A po-
larization controller (PC) is placed within this cavity to op-
timize laser polarization and assist mode-locking activation.
A 90:10 output coupler (OC) is employed to extract 10% of
the laser power as an output. A section of single-mode fiber
(SMF; SMF-28e, Corning) is inserted into the cavity to adjust

the cavity dispersion. The total length and net dispersion of the
cavity are 43.1 m and —0.9278 ps?, respectively. The detect-
ing instrument includes a 600 MHz oscilloscope (Tektronix,
TBS1202C), 2 GHz InGaAs PIN detector (EOT, ET-3000), a
600-1700 nm spectrum analyzer (YOKOGAWA, AQ6370D),
a 10 Hz-26.5 GHz radio-frequency (RF) spectrum analyzer
(Kesight, N9010B) and a 100 fs—500 ps autocorrelator (A.P.E.,
SM2000).
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Fig. 4. Schematic diagram of the mode-locked fiber laser based on a
GaAs SA (LD, 976 nm laser diode; WDM, wavelength division multi-
plexor; GaAs SA, GaAs-based saturable absorber; PI-ISO, polarization-
independent isolator; EDF, erbium-doped fiber; PC, polarization con-
troller; OC, output coupler; SMF, single-mode fiber).

3.2. Fundamental mode-locking operation

When the pump power exceeds 80 mW, a stable mode-
locked pulse train can be observed on the oscilloscope (Tek-
tronix, TBS1202C) by adjusting the PC. The pulse sequence
of the mode-locked laser is shown in Fig. 5(a); its period is
measured as 216 ns, which aligns with the round-trip time of
the ring cavity. Figure 5(b) exhibits a spectrum with 0.1 nm
resolution, the center wavelength is 1565 nm and the 3 dB
spectrum width is about 5.02 nm. Symmetric Kelly sidebands
can be observed on both sides of the central peak, which are
caused by interference between dispersive waves and solitons,
indicating that the solitons are generated in the negative dis-
persion region. ¥ The reason for the appearance of Kerry side-
bands is that the phase difference between them is a multiple
of 2w, thus producing obvious interference between disper-
sive waves and solitons. As shown in Fig. 5(c), the fundamen-
tal repetition rate is 11.63 MHz, with a SNR up to 80.5 dB
(with a 1 MHz span and 1 Hz resolution bandwidth). The in-
set in Fig. 5(c) shows the RF spectrum recorded in a 120 MHz
long span with a resolution of 10 kHz. The results further
demonstrate the stability of the proposed mode-locked fiber
laser. An autocorrelation trace is illustrated in Fig. 5(d), which
can be well fitted by a sech? curve. According to the fitting
results, the pulse duration is about 830 fs. Then we replace
the GaAs-based SA with a tapered fiber of the same length
to confirm whether the mode-locking operation is purely in-
duced by GaAs nanosheets. In this case, the mode-locking
operation cannot be observed again, despite extensive tuning
of the pump power and PC. Therefore, we conclude that the
GaAs-based SA exhibits excellent saturable absorption char-
acteristics, enabling it to function as an efficient mode-locker
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to realize femtosecond mode-locking operation in EDF lasers.
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Fig. 5. Characteristics of mode-locked fiber lasers: (a) mode-locked pulse
sequences; (b) spectrum of the laser; (c¢) RF spectrum near the fundamen-
tal frequency and RF spectrum within 120 MHz span; (d) autocorrelation
trace and the corresponding sech? fitting curve.

3.3. Soliton molecule operation

In the anomalous dispersion regime, the natural balance
between nonlinearity and dispersion, gain and loss can con-
tribute to the formation of optical solitons. However, when the
disturbance within the laser cavity becomes excessively large,
the equilibrium may be disrupted, resulting in alterations to
the pulse characteristics. Bound solitons are two or more fun-
damental solitons tightly bound together in the temporal or
spatial domain through direct interaction. They are valuable
in lasers for generating stable, high-intensity ultrashort pulses.
By reducing the pump power (100 mW), the laser can enter
bound-state soliton mode-locking. This may be because the
gain decreases concomitantly with the pump power, which
leads to the destruction of the balance in the cavity and the
inability to stabilize the pulse through the gain, resulting in
pulse splitting. In general, the soliton molecule manifests with
a modulated spectrum and autocorrelation trace,*>! as shown
in Fig. 6. Figure 6(a) illustrates the mode-locked spectrum
of the soliton molecule, which is centered at 1565 nm, with
a 0.83 nm spatial period. Moreover, a symmetrical second
maximum peak can be observed, indicating a m-phase-locked
bound state.!?] There is an obvious Kelly sideband in the spec-
trum, which results from the interference fringes of the two
closely spaced solitons. Figure 6(b) is the corresponding auto-
correlation trace, revealing a triple-peaked structure. The time
separation between these adjacent lateral peaks is 9.20 ps, and
the pulse width of the central peak is 1.73 ps assuming a sech?
pulse shape, which matches the modulation period of the spec-
trum (this can be calculated by the Fourier transformation for-
mula cATAA = A3).1%) At the same time, the pulse time inter-
val is about 5.32 times the pulse duration, which indicates the
generation of loosely bound soliton pairs. The different peaks

in the autocorrelation trace have an intensity ratio of 1:2:1,
which indicates the existence of secondary modulations in the

detailed spectrum. 37!
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Fig. 6. Soliton molecule characteristics: (a) optical spectrum; (b) auto-
correlation trace.

4. Conclusion

We know that dispersion and nonlinear effects are im-
portant parameters for high-quality ultrashort pulse genera-
tion. In this work, a GaAs-based SA is applied in a fiber laser
and a pulse width at the femtosecond level has been realized
for the first time via the enhanced nonlinear interactions be-
tween evanescent waves and GaAs without thermal damage
to the fiber lumbar area in combination with effective disper-
sion management. In addition, dual-pulse soliton molecules
can also be achieved, with the two pulses having the same
duration of 1.73 ps and a time separation of 9.20 ps. The
pulse widths, whether in fundamental mode-locking or soliton
molecule operation, are all among the shortest in the reported
literature. The results indicate that GaAs possesses compara-
ble laser performance to most of the reported nanomaterials
(graphene, CNTs, TIs, MOFs, MXene, TMDs etc.) and could
be used as a promising SA for generation of ultrafast pulsed
fiber lasers as long as effective techniques are utilized. We
believe that this work enriches the research on nonlinear op-
tical properties of GaAs and deepens our understanding of its
ultrafast photonics.
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