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ABSTRACT

Ultrashort pulse generation at the short-wave infrared (SWIR) wavelength ranges from 1.6 to 2.5um and together with benefits of the all-
fiber design has transformed lasers into an essential tool for industrial, technological, scientific, environmental, and medical applications.
With the development of pumping sources and fiber components, ultrafast SWIR fiber lasers have drawn exceptional research and industrial
attention over the last decade, resulting in the achievement of comparable performance or even surpassing well-established near-IR sources.
Exceptionally compact, highly stable, cost-effective, and maintenance-free ultrafast fiber lasers operating at the SWIR range are currently
well on the way to be commercially employed. This invited Perspective article gives a comprehensive overview of the most significant
achievements enabling ultrafast generation at SWIR, including up-to-date gain fibers and saturable absorbers, nonlinear process, and laser
architectures. This article highlights the perspectives and strategies for further maturing of the field of SWIR fiber lasers and pathways for
the improvement of the performance, overcoming existing bottlenecks and challenges toward reducing pulse durations, tunability of repeti-
tion rate, and power upscaling. The advancement of the ultrafast SWIR laser development is projected until the landscape of existing tech-
nologies, driven by these ultimate sources, and potential applications, emerging on the horizon.
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1. INTRODUCTION

Lasers have inspired numerous research fields and technologies
and have been placed at the frontier of interdisciplinary research and
development as a critical enabling technological platform. Laser
systems are developed on a very different scale and temporal, spec-
tral, and intensity performance levels, tailored to match requirements
set by the specific application. Thus, numerous hidden high-speed

periods but with exceptionally high pulse peak powers at the same
average power of a continuous wave. This principle is realized in the
so-called mode-locking technique, which currently is the most com-
monly used.'' Although gain-'* or Q-switching'” is capable of reach-
ing hundreds of picoseconds duration in the most extreme cases,
such pulses are conventionally not considered as ultrashort. For
plenty of conventional material processing, metrology, or imaging

and high-intensity phenomena in physics, chemistry, or biology,' ™
such as the real-time observation of molecular motion in chemical
reactions™ or measurement of fundamental constants with ultrapre-
cise uncertainties,”® have been exposed by the application of lasers
with the ultrashort pulsed operation, as predicted by DiDominico’
and demonstrated for the first time by Hargrove et al.'’ in 1964. The
term ultrashort is referred to sub-picosecond to few femtosecond
pulse duration or even single-cycle operation. The generation of such
pulses is, generally, achieved by managing intensity-selective losses in
the laser cavity, while multiple longitudinal resonator modes interfere
coherently and constructively to circumvent these losses. This
process leads to well-defined wave packets with just several oscillation

tenders, ultrafast lasers have shown higher accuracy, faster data
acquisition, or lower processing time due to their higher pulse peak
powers, repetition rates, and lower levels of noise, when compared to
continuous-wave systems.

Maturing ultrafast laser systems have offered robust, compact,
turn-key operable, and cost-effective solutions to explore their
potential in the industrial sector in full. While conventional
solid-state lasers require vibration-less operation conditions with
stabilized temperature and humidity, the monolithic all-fiber
laser configuration offers an elegant solution with excellent perfor-
mance for ultrashort pulse generation. Fiber lasers offer the desirable
compromise between the output power and the instrument footprint
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FIG. 1. SWIR wavelength, available gain media, and prospective applications.

and superior beam quality toward high output, when compared to
alternative techniques, including thin-disk, microchip, and semicon-
ductor lasers.' "

When we think of commercially available ultrafast light
sources, well-established titanium:sapphire or ytterbium-doped
fiber-based technologies'® operating in the near-infrared wave-
length region, around 1um, come to one’s mind, which have
proved their efficiency in diverse applications. Nonetheless, newly
emerging applications, together with significant enhancement of
existing ones, can be achieved by shifting ultrashort pulse genera-
tion toward longer operational wavelengths, such as the short-
wavelength infrared (SWIR) range. The modern literature shows
quite a wide variety of spectral band definitions for SWIR wave-
lengths, ranging from 1 to 3um. In the current review, we will
discuss a range between 1.6 and 2.5um (Fig. 1). While it falls
within the silica glass transparency window from 0.2 to 2.5um, the
SWIR range features distinct characteristics. From the atmospheric
window of high transparency beyond 2um for eye-safe, long-
distance, free-space assignments,17 over various molecules’ absorp-
tion lines for spectroscopy, '” medicine,”’ or micro-machining,”’
to the utmost penetration depth in the biological tissue at around
1.7um for imaging,”>”’ there are a plethora of wonderful features
that we will discuss in the current Perspective. Even though the
operational wavelength range of erbium-doped silica fibers operates
from 1.5 to 1.6 um falls in some of SWIR definitions, we will not
cover it in the current Perspective. The features and challenges of
this wavelength range, typically referred to as telecommunication
band, differ significantly from the specified SWIR range and, thus,
go beyond the scope of this Perspective.

Back in the beginning of 2010s, the market of fiber-optic com-
ponents was generally limited, supplying mainly optical telecom-
munications for 1310-1555nm wavelength range. Driven by
application demand, the last decade demonstrated an expanded
market of silica fiber components and nowadays, almost covering
the entire range from 0.7 to 2.1 um. Within the same time, individ-
ual SWIR ultrafast lasers have matured out, and the first systems
have now become commercially available. We want to take this

phenomenal advancement to evaluate the current state of the art
on such lasers and highlight their performance capabilities together
with application requirements, paying particular attention to
usability. Discussing the whole process of ultrafast SWIR fiber
lasers, we provide insight into the current trends, challenges, and
perspectives of several research areas, including material science,
fiber optics, laser physics, and nonlinear optics. In this Perspective,
we aim to provide a comprehensive overview of exciting possibili-
ties of ultrashort pulse generation at SWIR wavelength and indicate
a vector for future research and development.

The outline of the current Perspective is the following: in
Sec. 11, we will portray active ions for SWIR thulium and holmium,
as well as Raman-gain, followed by different options to initiate
mode-locking, shape, and stabilize pulses. Section III provides an
overview of ultrafast thulium-doped fiber lasers, as the most
developed systems at SWIR. We will review different operational
regimes, mostly due to management of intracavity dispersion.
In Sec. IV, we will discuss laser applications and will elaborate
on competing solutions and their benefits for remarkable novel
purposes. Finally, in Sec. V, we will discuss whether novel host
materials and fiber geometries could surmount today’s restraints in
power scaling self-starting all-fiber systems.

Il. LASER MATERIALS ENABLING ULTRAFAST
GENERATION AT SWIR

A. Active optical fibers

In the spectral range of the SWIR, Tm*", Ho>*, Bi**, Er’t,
Pr¥t, Nd**, Cr?t, Co?*, Ni?*, U*, and Dy** are potential laser-
active ions. Among these, in turn, just Tm-, Ho-, Tm/Ho-, and
Bi-doped fibers have demonstrated the effective generation of ultra-
short pulses and are subject to comprehensive research nowadays
(Fig. 1). The remaining materials show significant obstacles in
achieving high efficiency, mainly due to strict temperature require-
ments or limited pump sources accessibility. Where the required
wavelength is not accessible by direct generation from active ions,
various nonlinear approaches can be utilized, such as Raman
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frequency conversion or soliton self-frequency shift. Wavelength
conversion is realized by the application of highly nonlinear fibers,
preserving the medium dispersion anomalous, particularly, for the
soliton self-frequency shift. The bright demonstrated examples of
nonlinear media are microstructured tellurite, fluoride, highly
doped germanium, and active thulium-doped fibers. The applica-
tion of such media has enabled the generation of high-quality
Raman solitons with ~100 fs duration tunable from 2 to 2.65um,
thus reaching the longer edge of the SWIR range’*™* (Fig. 1).

1. Thulium-doped fibers

Tm-doped fibers (TDFs) have been the primary gain medium
for lasers working in 1.7—2.05um region due to the broad emis-
sion spectrum of Tm*" ions spanning almost the entire SWIR
range. Tm*>" has been asserted latterly as the second most efficient
laser-active ion after Yb**.

The four lowest manifolds (*Hg, >F4, >Hs, and *Hy levels) of
the Tm*" ion provide efficient energy transition paths®’ as shown
in Fig. 2(a). The major pumping routes used in ultrafast lasers and
the cross-relaxation mechanism (*Hg, *Hy —° Fy, 3Fy) are pre-
sented in the diagram. The Tm>" ion can be pumped to the >F4
manifold by multiple wavebands centered around 0.46, 0.67, 0.79,
1.21, and 1.6um. Among the various pumping schemes, the
0.79um and the 1.6um pumping routes [I and II, respectively, in
Fig. 2(a)] are the most popular in mode-locked TDF lasers as well
as continuous wave lasers.””>* The 1.6um pump scheme involves
direct pumping to the emission band at 1.9 um, using high bright-
ness lasers such as an Er-doped fiber laser. It offers an in-band
pumping scheme with high efficiency. On the other hand, the
pump scheme at 0.79 um enjoys the availability of high-power laser
diodes. Still, it has limited efficiency due to the Stokes limit of only
about 40%. Fortunately, with sufficient Tm>" ion concentration,
operation efficiency is vastly increased (a theoretical maximum of
80%) by realizing the so-called “two-for-one” cross-relaxation
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depicted in Fig. 2(a). Pumped by one 0.79um photon, one Tm*"
ion at ground state of *Hy gets excited to *Hy level (I). Then, this
ion at *Hy rests to the *F, (IV) level, which subsequently energizes
another Tm*" ion to the >F, level from the ground state level,
3Hs (V). Thus, two laser photons are generated with emission
routes III and VI by one photon pumped to the *H, level. The
high Tm concentration is vital to realize the cross-relaxation
process, yet it increases the possibility of clustering.

However, the required high concentration brings along unde-
sired non-radiative energy transfer, such as excited state absorption
(ESA) and energy transfer upconversion (ETU). The ESA occurs
due to pump absorption by excited Tm*>" ions causing them to get
excited to even higher energy levels (based on near-resonant energy
transition with the pump), adversely affecting lasing efficiency.
The ESA happens at both the 0.79 and 1.6 um pumping schemes,
albeit not significant, following the transition *Hs or *H,; —! G4
and *F, —* Hy, respectively,”™* depicted by dashed violet arrows
in Fig. 2(a). In its turn, the ETU occurs between a pair of excited
Tm>" ions, where one of the ions is raised to higher energy level
while the other is demoted to a lower energy level. ETU transitions
are depicted by dashed green arrows in Fig. 2(a). ETU processes
have a non-negligible effect on lifetime quenching of *F; multiplet,
with the transition °F,, 3F; —® Hy, *Hs having a significantly
larger impact particularly with larger clustering.”’® The ETU via
the transitions *Hy —* Fy, G, is manifested by blue fluorescence
under 0.79 um pumping.

1. Limits of silica fibers and alternatives. So far, our discussion
in the Tm-doped fiber laser (TDFL) covered only silica-based glass
matrix. Silica glass offers advantages of low nonlinearity, high
physical strength, chemical durability, high softening temperature,
and low thermal expansion coefficient that help it withstand high
powers. Silica glass matrix should be carefully designed to increase
the rare-earth ion concentration and reduce quenching or cluster-
ing issues. Thus, in the case of multi-component Tm-doped silica
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FIG. 2. Simplified energy diagrams of (a) Tm, (b) Ho-doped silica. Highlighted area represents transitions for Tm:Ho co-doping. The solid arrows represent a radiative tran-
sition, and the dashed arrows indicate a non-radiative transition. ETU: energy transfer upconversion (dashed green arrows), ESA: excited state absorption (dashed violet
arrows). (c) Schematic optical gain spectrum of Bi-GSF. Adapted with permission from Firstov et al., Opt. Lett. 39, 6927-6930 (2014). Copyright 2014 The Optical Society.
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fibers, aluminium (Al) presents an effective co-dopant that
enhances the solubility of Tm ions in a silica glass matrix and
reduces undesirable energy transfers. Addition of phosphorous (P)
is also known to improve Tm ions solubility. However, the use of P
as a co-dopant in Tm fibers is rare because it increases the phonon
energy and could facilitate non-radiative transitions, such as
3H, —3 Hs and, therefore, reduces the efficiency of the cross-
relaxation process.”’ Despite the Tm emission down to 1.6um, the
achievement of laser generation below 1.8 um is generally challeng-
ing due to strong re-absorption. Nevertheless, Tm spectroscopic
properties can be adjusted in favor of the shorter wavelength emis-
sion. In particular, co-doping with germanium (Ge) is found useful
to blue shift the Tm absorption and emission cross sections.’®”’
We will discuss this in more detail in Sec. III B.

On the other hand, large dispersion and higher loss at longer
wavelengths (>2um) of silica pose challenges in controlling cavity
dispersion and reaching longer wavelengths. Moreover, high
phonon energy and low rare-earth solubility of silica set the limit
for the laser quantum efficiency.””” In this end, very high Tm
concentration was reported in a germanosilicate (GSF) glass, which
allowed cladding-pumped mode-locked laser."’

2. ZBLAN. The most successful non-silica fiber in the study
of mode-locked lasers would be fluoride fibers, particularly,
ZrF,—BaF,—LaF;—AlF;-NaF (ZBLAN) fiber. They offer a broad
transmission window, low phonon energy, smaller dispersion
values, and a low refractive index.*"** Thus, a Tm-doped ZBLAN
fiber was reported to generate 45 fs pulse with ~37 nJ without the
help of a compression stage.”’ Unfortunately, the lack of fiber com-
ponents made of fluoride glasses and complicated fiber fabrication
and post-processing restrict the development of an all-fiber laser
system. All-fiberized ZBLAN-based fiber laser is currently not
available due to significantly different softening temperatures and
other material properties between silica-based fiber components
and ZBLAN fibers.

2. Holmium-doped fibers

For wavelengths above 2.05um, power and pulse energy
decrease considerably for TDFLs due to the reduced emission cross
section. In this regard, Ho-doped fibers (HDFs) can be considered
for the laser wavelength of 2—2.15um in silica fiber. The simplified
energy level diagram for a Ho-doped silica fiber is shown in
Fig. 2(b).** Two major pumping routes are °Ig —° Is (XI) and
5y —° I; (XII) corresponding to ~1.15um and 1.95um wave-
lengths, respectively, both of which could excite Ho®* ions from
the ground state to the °I; level for lasing.%‘48 In case of the
1.15um pumping (XI), the °Is level can be accessed by laser
diodes, ytterbium-doped fiber lasers (YDFLs) or Raman lasers.””*®
Nonetheless, direct resonant pumping at 1.95um (XII) offered by
efficient high-power TDFL is the main pumping scheme for effi-
cient high-power Ho-doped fiber lasers (HDFLs)."”*" Similar to
TDFL, the quenching mechanisms substantially hinder the effi-
ciency of HDFL. When the 1.15um pump (°Iy —° I4) is used, an
ESA can occur via the transition °I; —° I, as shown in Fig. 2(b).*
Similarly, with the 1.95um pump (°Iy —° I;), an ESA can occur
following the transition *I; —° Is. An ETU, on the other hand, is
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activated following °I; —° Iy and °I; —° Is under the 1.95um
pump scheme. Also, background loss and OH absorption coupled
with the limited concentration set by the ESA become main barrier
for efficient HDFL operating at the wavelength >2.1 um.

Mode-locking in Ho-doped silica fibers typically has output
wavelengths in the range of 1.9—2.13um. Compared to the Tm
counterpart, progress in mode-locked HDFLs has been relatively
slow. Femtosecond pulses were demonstrated for 160 fs laser (98 fs
after compression) with the energy of 1 nJ at 2060 nm”’ and 212 fs
with 3.79 nJ at 2079 nm.”’

3. Tm:Ho co-doped fibers

Co-doping by Tm*" and Ho*" can diversify pumping
schemes. In Tm:Ho fibers, pumping schemes at 0.79 or 1.55um
can be employed to excite Tm*>" ions from ground state *Hg to the
metastable level >F, (transition V in Fig. 2). In case of pumping at
0.79 um (transition VII), Tm>* undergoes non-radiative relaxation
from 3Hy to 3F, (transition VIII). Subsequently, Ho"® ion is
getting excited to level °I; via the resonant energy transfer from
Tm*" ion at 3F, level (transition IX). The laser generation is
achieved with the transition of Ho*" from °I; level to the ground
state (transition X in Fig. 2).”>">> Mode-locking in a Tm:Ho fiber
under 0.79 um core pumping was demonstrated to generate 315 fs
pulse with ~1nJ at 1968 nm.”

4. Bismuth-doped fibers

Intensive research has demonstrated alternative active media,
not based on conventional rare-earth elements, but such as
bismuth (Bi). Since the early 2000s, numerous types of Bi-doped
optical fibers have been investigated and used for the development
of Bi-doped fiber lasers and optical amplifiers.”’ " Interestingly,
bismuth enables emission only in fibers, while a bulk Bi-doped
glass has not yet demonstrated laser generation. Bismuth remains
mysterious polyvalent element since its luminescence nature has
not been related to individual oxidation states (Bi°T, Bi**, Bi*T,
and Bi') or associated glass matrix composition, so far.

Bi-doped optical fibers exhibit broadband luminescence span-
ning from 1000 to 2000 nm. The emission of Bi centers can be
extended to SWIR wavelength ranges from 1.6 to 1.8 um [Fig. 2(c)]
by the fabrication of silica fibers with high GeO, concentration
(above 50%).”* Being at the very beginning of their investigation,
ultrashort pulse Bi-doped fiber lasers operating at 1650-1750 nm
have proved their potential for application in multiphoton micros-
copy and showing the performance comparable with laser systems
based on the Raman soliton shift. One of the drawbacks of
Bi-doped active media is the limited concentration of active Bi-ions
and, therefore, low amplification. Thus, extended lengths of the
active fiber are required to achieve higher laser generation efficiency
at the expense limited fundamental repetition rate of ultrashort
pulse generation at several MHz.” In contrast, higher frequencies
up to 200 MHz can be achieved only by harmonic mode-locking.”'
On the other hand, the required high content of GeO, in the
Bi-doped fiber shifts the zero-dispersion wavelength to the SWIR
region, providing lots of space for ultrashort pulse peak power
upscaling by managing net-cavity dispersion.”’ The characteristics
were utilized to develop an ultrafast laser with 17 ps (compressed to
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630fs) pulses at 1.7um with a pulse energy of 5.7nJ.°" Further
energy upscaling seems to depend on material optimization toward
increasing the gain and lowering the losses.

5. Prospects on fiber development

1. New geometries for dispersion control. To date, the anoma-
lous dispersion of silica-based fibers beyond 1.7um dominantly
restricts the performance of SWIR ultrafast fiber lasers in regard to
net-cavity dispersion management. One of the possible approaches
to achieve normal dispersion in silica-based fibers is decreasing
fiber core diameter down to ~2um**** together with increasing
the concentration of germanium oxide.”**™"" However, very high
nonlinearity in such small core fiber introduces limitations on the
pulse energy. Alternatively, ZBLAN fibers can exhibit normal dis-
persion at the SWIR range due to their smaller negative material
dispersion than silica glass fiber.""*> However, using ZBLAN fibers
for all-fiber laser systems appears too difficult due to the lack of
ZBLAN-based fiber components. Therefore, silica-based normal
dispersion fibers would present an optimal platform, at least for the
time being, for a monolithic system.

It is well known that modeling the refractive index profile of
silica fibers by suppressing the cladding (or segmented-core) refrac-
tive index allows compensation of the material dispersion by the
waveguide dispersion.””*® Thus, the so-called W-type index profile
(see the left inset in Fig. 3) can shift zero-dispersion wavelength in
silica fibers toward ~2 um. In Refs. 39 and 66, the authors demon-
strated a W-type normal dispersion TDF with a core size of 5um,
exhibiting a normal dispersion in the broad wavelength range span-
ning 1.6—2.1um region. Figure 3 shows the dispersion spectrum of
the fiber with maximum normal dispersion of —11.3 ps/nmkm at
1.85—1.95um. The W-type normal dispersion TDF could be
further improved in an aspect of glass composition with higher Tm
doping concentration (to achieve higher gain), and in a waveguide
design for larger normal dispersion value in the SWIR region. It is
worth mentioning that a W-type normal dispersion TDF also
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FIG. 3. Example of dispersion curves of W-type thulium-doped fiber in the
SWIR region. Inset: fiber's refractive index profile and its cross section. Adapted
from Chen et al., [IEEE Photonics J. 11, 1-12 (2019). Copyright 2019 Author(s),
licensed under a Creative Commons Attribution (CC BY) License.
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allows accessing the generation at the short wavelengths edge of the
SWIR range. The suppressing, of otherwise, the dominant long-
wavelength gain (>1.8um) is achieved by utilizing its distributed
short-pass filtering effect by the fiber bending technique.”” More
details can be found in Sec. I1I B.

2. Photonic crystal fibers. Light waveguiding in photonic
crystal fiber (PCF) is obtained surrounding of the core with air cap-
illaries, decreasing the effective refractive index. The arrangement
of the capillaries enables a variety of desirable characteristics, which
are not feasible in conventional fibers, such as “endlessly” single-
mode operation, extremely large or small mode field diameter
(MFD), and numerical aperture (NA),” as well as an intricate dis-
persion or birefringence tweak.

The architecture of PCF with large mode area could effectively
mitigate detrimental nonlinearities. Therefore, Tm-doped PCFs
enable the generation of ultrashort pulses with peak powers in the
order of several hundreds of megawatt.”' Owing to the advantage
of large MFD, passive PCFs are exploited in schemes to generate
high-energy femtosecond pulses via the soliton self-frequency shift
in the short-wavelength edge of SWIR (1.7 um window).””

Another role of a solid-core PCF is the induction of high-
harmonic generation due to strong optoacoustic interaction
between laser cavity modes and acoustic vibrations in the fiber
core. The vibrations, therefore, act as a locking mechanism on the
propagating pulses, enabling stable gigahertz pulse train at 1.85um
wavelength range with low pulse timing jitter in TDFL.””

3. Novel materials: ceramics. Although silica glass is a great
host material for rare-earth ions, at the SWIR spectrum, it exhibits
some substantial obstacles, such as high phonon energy and result-
ing high losses, and a reduced lifetime of dopants at excited states.
The well-refined drawing capabilities in recent years have expanded
the range of processible materials. As mentioned before soft-glasses
might be one solution, but the drawback is that they are hardly
compatible with conventional silica fibers. At the same time,
ceramics fibers allow better integration in the all-silica setup. Here,
nanocrystals are dispersed into a glass fiber core, resulting in subtle
variable properties. Various objectives can be pursued in this way,
among those are a 40%-increase of thulium’s quantum conversion
efficiency extending the fluorescence lifetime of the *F, manifold
or a higher thulium concentration.”*”” An increase of efficiency for
frequency conversion like upconversion has also been reported.”
The oxyfluoride glass-ceramic host, for example, provides high
mechanical strength and low phonon energy due to fluoride nano-
crystals.77 However, the attenuation of these fibers remains in need
of refinement. Currently, the SWIR range is not fully covered by
active media beneath 1.7 and above 2.2um (see Fig. 1). Ceramic
fibers offer additional dopants, such as Cr** for emission in the
2.2—-2.6um range, which can become an object of intensive
research and development.m Just now, the first silica-cladded
Cr?*:ZnSe core fiber laser has been presented.””

B. Saturable absorbers

Generally, mode-locking is initiated by discriminating lower
laser fluence against higher fluence. Therefore, the first method for
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FIG. 4. Time line of demonstrated generation regimes and introduction of saturable absorbers in SWIR ultrafast fiber lasers.

its realization is by the incorporation of a special material in the
laser cavity exhibiting nonlinear saturable absorption behavior.
A second way to trigger mode-locking utilizes artificial modulators,
exploiting the nonlinear optical Kerr effect and, therefore, intensity-

dependency of the fiber-glass medium itself. It may be worth point-
ing out that in addition to these two passive approaches, there is
also an active mode-locking with electronically controlled modula-
tors. Still, since this technique leads to pulse duration in the pico-

second range, we would limit our discussion to the former two
approaches. Figure 4 reflects a timeline of the application of specific
materials for mode-locking in the SWIR range.

An ideal saturable absorber (SA) has to feature a strong
absorption in the non-saturated state (i.e., at low optical fluence)
and a negligible absorption and scattering in the saturated state
(i.e., at high fluence), giving virtually 100% modulation depth. The
high modulation depth is encouraging a high signal to noise ratio,
suppressing continuous wave breakthrough or phase fluctuation, as
well as facilitates shorter pulses duration [Figs. 5(a)-5(d)]. A low nec-
essary fluence to saturate the SA is beneficial for an efficient low
power laser and generally for a low mode-locking threshold, whereas
higher saturation fluence has been shown positive for high-power
pulses. Another crucial requirement is a quasi-instantaneous relaxa-

(a)

(e) . . .
tion time from saturated to non-saturated state. For this, most SAs
1o are distinguished by two time constants, a fast and a slow.
Q
e L InGaAs
s | SESAM
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€ 1 cash oy ) 7 ° > 14[13;} Manifold available alternative materials with exceptional high
- SESAM BiSe DWN third-order nonlinearity and rapid relaxation time have been pro-
] Bile” _ MXENE* : : . . . )
osh - > M posed, including two-dimensional, atomic-layered semiconductors,
iy ikl (11,120] such as graphene, transition metal dichalcogenide, as well as topo-

logical insulators and others. Unfortunately, up to now many
of them have been presented without systematic comparative inves-
tigation of their fundamental properties as polarization sensitivity or
long term stability reflecting their early stage of research, particu-
larly, at the SWIR range. It should also be noted that many features
of materials vary over different fabrication methods, preparations
and geometries. Hence, properties are subject to significant

9 10 11 12 13/740 50 60 70 80 90 100
Modulation depth

1 2 383 4 5 6 7 8

FIG. 5. (a)-(d) Mode-locking with different saturable absorbers: (a) fast and (b)
slow relaxation time; SA with (c) high and (d) low modulation depth. (€) Summary
of parameters of wide-spread SAs. *, the measurement of relaxation time has not
yet been presented. The span of parameters corresponds to multi-layer structures.
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uncertainty.””"" In the current Perspective, we will discuss the most

promising material SAs. Figure 5(e) allocates the majority of dem-
onstrated material saturable absorbers against their two essential
parameters, the modulation depth and the relaxation time.

1. Semiconductor saturable absorber mirror. The most mature
and widely used SAs in commercially available ultrafast lasers are
semiconductor saturable absorber mirrors (SESAMs), with quantum
well structure mounted on Bragg mirrors. Pioneering works on ultra-
fast lasers in SWIR have demonstrated the high potential of
SESAMs. Thus, the shortest reported pulses from a SWIR fiber oscil-
lator attained 190fs, 20 pJ, 50 MHz merely dated back in 1996.%
Fiber-based SWIR lasers have demonstrated the generation of ultra-
short pulses with a typical duration of ~750 to 850 fs and energy
ranging from 400 p]J to 1.6 nJ.>*~" Unfortunately, the elaborate fabri-
cation process of SESAMs through molecular beam epitaxy makes
them comparably expensive and inflexible.”” In order to adapt their
narrow, ~100 nm, operation wavelength to the SWIR spectrum and
reduce relaxation time (typically of 10 ps®”) several techniques haven
been examined.*>">* Particularly, InGaSb quantum wells placed
near to the surface have been reported with a fast relaxation time of
300-500 fs,"" 3-6% total loss,”’ and 1.5% modulation depth per
quantum well. Yet, so far, this has been accompanied by the deterio-
ration of other properties such as an increased defect density and
corollary scattering loss due to non-suitable lattice matching.
Accordingly, one has to weigh between recovery time and non-
saturable loss.

2. Graphene. A monolayer of carbon atoms called graphene is
distinguished by the shortest fast relaxation time of all pictured SAs
with around 100-200 fs’"”> and a zero bandgap, hence a high
transmittance over a very broad spectrum.”””* On the downside
stands a low modulation depth of approximately 1.8% per
layer.””® The modulation depth of structure with multiple layers
increases proportionally but at the expense of the relaxation time
and an increasing bandgap. Two to four layers have been reported
to be an optimal thickness. Nevertheless, tens of layers, with 45%
non-saturable loss, have been successfully employed, supporting
the generation of 600-fs pulses.”” Two-Photon-Absorption (TPA)
is reported to be detrimental for high-power irradiating of gra-
phene at the SWIR range, which limits its practical usage.”””’
The implementation of graphene in a dispersion-managed
holmium-doped all-fiber laser has ensured 1 nJ pulse energy within
190-fs pulsed generation.'”’ The fabrication and handling of gra-
phene are relatively straightforward procedures. Decent results have
been achieved even with low-cost processes such as mechanical
exfoliation. However, improvements in quality and yield of gra-
phene production can be expected through the use of advanced
techniques like chemical vapor deposition (CVD).” Durable sub-
strates including metal, glass, and silicon are possible, leading to an
admirable damage threshold about 2.7 TW cm~2.'""

3. Carbon nanotubes. The coiling of graphene into a cylinder
with 0.6-2nm diameter leads to the formation of carbon nano-
tubes (CNTs). CNTs feature a superb modulation depth and lower
saturation intensity in the range from 10 to 60 MW cm™? when
compared to original graphene. In contrast, the longer fast
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relaxation time of around 1ps’ and an increased non-saturable
loss have to be tolerated. TPA has been observed for near-IR but
not for SWIR wavelengths. Many parameters are affecting the CNT
properties as SA, such as diameter, chirality, length, functionaliza-
tion, and orientation, which are predetermined by particular syn-
thesis method and controlled in a subsequent post-processing
step.'”” Particularly, the degree of the CNT orientation determines
the polarization sensitivity of the SA.'”* For the operation at longer
wavelength ranges, such as SWIR, CNTs diameters have to be
larger, to match the bandgap. The diameter increase causes larger
amounts of defects and loss increase, limiting maximum operation
wavelength of single-walled CNTs (SWNT) to around 2.1um.'"”
Alternative unique methods of SWNT fabrication, such as the
aerosol (floating catalyst) chemical vapor deposition method,"”*
allow extending their operational wavelength range up to 2.8 um,
preserving the quality of nanotubes with no defects.'”” A modified
version of CNT consisting of a double-walled structure has been
developed giving a 350 nm broad absorption around 1.9um,'*
64% modulation dep‘[h,m7 and an almost halved relaxation time.
On the contrary, it stands a notable high 36% non-saturable loss
and an even increased saturation fluence.'”” Their high surface
energy brings about the possibility of agglomeration in the sub-
strate, together with residual metal catalysts, which can lead to
significant non-saturable losses.”>'”” In many reports, carbon
nanotubes are embedded in a polymer for easy handling.

108

4. Phosphorene. Another aspirant attracting great interest is
phosphorene, the layered version of black phosphorous. A mono-
layer features a relaxation time within the same range as graphene
but with a higher modulation depth of roughly 10%. With multiple
layers, the relaxation time increases together with the bandgap
wavelength, which amounts 0.6—4um. An absorption, strongly
dependent on polarization (98% degree of polarization), and a satu-
ration fluence (2000] cm~2; 25 MW cm?2) an order of magnitude
higher than in graphene are on the downside.''’"""* Initial works
have used hundreds of layers phosphorene for SA to achieve 10%
modulation depth and 50% non-saturable loss. This allowed reach-
ing up to 739fs pulse duration in TDFL*'" and 1.3ps in
Ho-doped fiber lasers.”” Owing to the environmental instability,
phosphorene needs to be protected from oxygen, which causes
complications during the fabrication process, post-processing, and
subsequent usage. A relatively simple, inexpensive, and scalable fab-
rication method through inkjet-printing has demonstrated great
potential, providing long-term stable SA samples.''*""*

5. Topological insulators. Topological insulators (TIs) are char-
acterized by a conducting surface and isolating interior, with Bi, Tes
and Bi,Se; as the most prominent candidates. They possess a consid-
erable modulation depth up to 95%,''” a very low saturation inten-
sity down to 1.1Wcem™2'"" and a fast relaxation time up to
300fs,'”" as well as a very broadband absorption well into the
mid-IR.'* It has been demonstrated that their SA properties can be
adjusted by doping'* and altering the number of layers. By increas-
ing Bi, Te; thickness from 8 to 16 nm, the modulation depth and the
non-saturable loss increase from 14.5% to 65% and from 2.65% to
18.64%, respectively. At the same time, the saturation intensity
decreases from 32 to 3.5 W cm™2.%" Their fabrication is possible with
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a large uniform area, but it has been reported that the bandgap
needs to be monitored after growing. The onset of TPA is not inves-
tigated in the SWIR for TIs. Regular results from TI mode-locked
SWIR oscillators range about 800fs pulse duration.'”*™'*
High-power versions have been presented only for the near-IR.

6. Transitional metal dichalcogenides. Unique materials con-
sisting of one transition metal and two identical chalcogens are
referred to as transition metal dichalcogenides (TMDs). They show-
case a better saturable absorption than graphene per layer up to
10% and a moderate saturation fluence and loss, though a slightly
extended fast relaxation time of 1-3ps.'”” Despite TMDs feature
comparable high bandgap, corresponding to the operational wave-
length of 0.45-1.24 um, by adjusting the number of layers in the
structure, they are still able to operate in the SWIR spectrum. So
far, the influence of TPA has not been studied. One remarkable
example is the integration of MoS, as a butt-coupled mirror in a
dispersion-managed, linear cavity resulting in the generation of
247-fs pulses with 15 nJ energy, or 150 mW average power, as well
as 20% optic-optic efficiency.

7. MXene. MXene is the newest emerged 2D-SA for the SWIR
range, holding a bunch of promising characteristics. Its nonlinear
absorption is two orders of magnitude higher than in black phos-
phorous or MoS,'”’ and it has a small bandgap wavelength of
minimum 6um. A doubled damage threshold of 70 mJ cm~2 over a
graphene sample has been shown.'”’ Moreover, the thermal stabil-
ity of MXenes varies according to their structure and chemical
composition, such as Mo,C, or Nb2CT, are less thermally stable
than a higher-atomic-layered TisC,T,."*" In the only demonstrated
work for the SWIR, a remarkable high modulation depth of 49%
and a pulse duration of 2.1 ps have been observed.'*”

8. Thermal stability enhancement for material saturable
absorbers. For the integration in the laser cavity, the material SA
conventionally is placed at the fiber ferrule facet. Thus, for use in
transmittance, the SA is frequently sandwiched between two fiber
connectors, while the SA mirror is simply butt-coupled. This
uncomplicated yet crude procedure holds some disadvantages as it
introduces a significant amount of loss by disturbing waveguiding.
Hence, the SA should be as thin as possible, generally to tens of
micrometers. Thus, in its turn limits the efficiency of light interac-
tion with SA. Furthermore, to prevent Fresnel-losses, the SA has to
be refractive-index-matched with the fiber connectors. Apart from
these manageable limitations, the major one lays in low damage
threshold due to incident high power light.

One circumvention to these constraints is to expose the SA
only to the evanescent field of the laser. Whereas the interaction
length is extended, typically, to few millimeters, a reduced fluence
on the SA makes it more tolerant to high-power radiation. For
implementing this idea, three major designs have been presented
by using fiber (i) tapers or so-called microfibers, (ii) photonic
crystal fibers, or by (iii) etching fiber cladding uniformly or only at
one side, forming a D-shape cross section. These methods though
introduce additional losses due to significant amount of leaking
evanescent field. Also, enhanced nonlinear effects in a tapered fiber
could be another concern. Some SAs are reported to be possible to
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disperse into the glass, which makes possible to integrate them in
the cladding (of an active fiber) during fiber fabrication.”””*'**
Therefore, the effective prolonged interaction of the evanescent
field with SA will not be overshadowed by undesirable side effects.

While some of the nanomaterials mentioned above, particu-
larly, carbon-based, have relatively high thermal damage threshold,
embedding them in water-soluble polymers decreases damage
threshold of resulted SAs (down to 0.9 mJ cm 2 for CNT-SA). The
thermal degradation of surrounded materials is also enforced since
carbon act as an excellent heat sink and transmit all energy to sur-
rounding polymer.”* Direct growth on a durable substrate, e.g.,
with SiO,, can avoid such degradation and sufficiently improve the
damage threshold.'”>'* Alternatively, inkjet-printing might be a
possibility for efficient fabrication of single- or multi-material layer-
stacks''*>"*” with high thermal stability. Thus, graphene directly
printed on the fiber tip has a damage threshold of 200 mJ cm~2,
which is competitive with SESAM technology.

9. Prospects in material SAs. The sophisticated construction of
SESAMs holds some techniques beneficial to transfer to the novel
materials. Indeed, the frequently invoked advantages of SESAMs
are not material inherent but stem primarily from an ingenious
design. For example, an antireflection and cap layer may increase
the damage threshold and decrease losses, whereas a Fabry-Pérot
sub-cavity can boost the modulation depth. Further enhancement
can be seen in the combination of different SA material layers to
compensate for their complementary advantages and disadvan-
tages. Particularly, antimonene,'*® bismuthene,'”” metal organic
frameworks, noble metal dichalcogenides,l/’“) perovskite,l"11 and
quantum-dot versions of those materials are not yet demonstrated
in the SWIR spectrum.

It is also of seminal relevance that with the aid of CNTs and
graphene modulators like SAs with electrically tunable optical
response have been constructed enabling ultrafast lasers with online
controllable operational regimes.'*>'**

As we mentioned above, more and more novel materials
exhibiting nonlinear response are emerging. These include highly
promising all-carbon nanomaterial, graphdiyne (GDY), which has
recently demonstrated direct natural bandgap, broadband nonlinear
absorption, high optical and chemical stability, ultrafast relaxation
time, and low saturation intensity. Initial works have proved the
potential of GDY for application in ultrafast photonics.'**'**

It is also worth noting 2D plasmonic-based metasurfaces based,
generally, of gold nanorods, are gaining more and more research
attention. Together with their remarkable nonlinear absorption and
broadband operation,' """ surface design (size, gap, and orienta-
tion) provides unusual polarimetric nonlinear transfer functions.

2. Artificial modulators

The second approach to trigger mode-locking is by utilizing
the nonlinearity of the fiber medium itself, i.e., by triggering the
nonlinear optical Kerr effect. It posses a supreme relaxation time of
around 5 fs, the highest damage threshold, determined by damage
threshold of optical fibers. Although these modulators can be
treated as wavelength-independent, the lower effective nonlinearity
of silica fibers in the SWIR range compared to the near-IR affects
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FIG. 6. Principles of artificial modulators. (a) Nonlinear polarization evolution (NPE); (b) nonlinear optical loop mirror (NOLM); (c) nonlinear amplifying loop mirror (NALM);
(d) nonlinear absorbing loop mirror (NAbLM); and (e) nonlinear multi-modal interference (NMI). PC: polarization controller.

the nonlinear response and impose higher mode-locking threshold
than with material saturable absorbers. The operational principles
of the modulators are summarized in Fig. 6.

1. Nonlinear polarization evolution. Passive mode-locking can
be initiated due to nonlinear polarization evolution, which is
caused by intensity-dependent (nonlinear) change to the elliptical
polarization state. Due to the difference in intensities, orthogonal
polarization states obtain a different turn in the refractive index
caused by the nonlinear optical Kerr effect. A general NPE reali-
zation contains polarization-selective components, of which
transmission state is tuned to minimize losses for higher intensity
components and maximize absorption of the lowest ones
[Fig. 6(a)].

To the detriment of stability, research frequently applies an
assembly of free-space bulk polarization isolator and retardation
plates. More user-friendly implementations involve pig-tailed ver-
sions of those, like polarization-dependent in-line isolators'*® or
hybrid wavelength-division-multiplex-isolator devices,'*’ delivering
still up to 143 fs, 31 nJ, 370 mW at 1950 nm. Indeed, truly fiberized
oscillators have been obtained utilizing filters based on
polarization-maintaining-fibers (PMFs),'”" tilted'”"'** or chiral>>'**
fiber Bragg gratings (FBGs), and evanescent field coupling,”'*>">
Up to now, NPE mode-locking has been presented by just coiling a
short piece of bend-sensitive fiber.'””

2. Nonlinear loop mirrors. The principle of operation of non-
linear loop mirrors (NLM) relies on an asymmetrical Sagnac inter-
ferometer, interfering destructively for low fluence input. By

leveraging self-phase modulation, only a higher fluence pulse
undergoes enough phase shift for constructive interference. To
break the symmetry of the counter-propagating pulses in the
Sagnac loop, nonlinear optical loop mirrors (NOLMs) use an
uneven splitting ratio of the forming coupler'”® [Fig. 6(b)]. When
extra active fiber is used, the Sagnac interferometer is referred to as
nonlinear amplifying loop mirror (NALM)'*[Fig.  6(c)].
Implementation of highly dispersive and nonlinear fibers allows
improving the intensity selectivity of the loops.'**'®’

The accomplished pulse duration by NLM is usually slightly
longer than by NPE, whereas the reliability is predominant to NPE
and inferior to material SAs. Carefully designed, as with NPE, it
suppresses the dispersive waves.'*” Ordinarily, yet not mandatory,
released NLM-based oscillators comprise more fiber-optic compo-
nents and a more extended cavity compared to NPE mode-locked
ones. The used coupler determines the damage threshold.

The implementation of loop mirrors in the SWIR range is
quite seldom,’®'®>'°* nonetheless, reported performances amount
to pulses duration and energy of 682 fs, 8.75n),"’ or up to 424 fs
and 65 nJ.'®” The realization of an all-fiber, all-PM version for the
sake of more excellent environmental stability is simpler with NLM
than with NPE.’>'° Recently, the new type of NLM has been
reported, where mismatch of the intensities of the counter-
propagating beams in a loop is created not by gain but additional
non-saturable losses'®’[Fig. 6(d)].

3. Combination of techniques. Both material and artificial
SAs have demonstrated their advantages and shortcomings.
Thus, material SAs facilitate longer pulse durations and feature a
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lower damage threshold and may degrade with time; however, they
have a low self-starting threshold for ultrashort pulse generation.
While artificial modulators, based on nonlinear optical Kerr effect,
enable the formation of high-quality pedestal-free ultrashort pulse
formation, they often do not exhibit self-starting anymore bearing
lower nonlinearity at SWIR.

With the combination of both types of mode-locking techni-
ques, the material saturable absorber can initiate and stabilize pulse
formation, whereas the pulse width can be shaped and cleaned
with the artificial saturable absorber to shorter durations.
Furthermore, the constraints of the phase shift in a well-
functioning NPE cavity are relieved.'®”

There are vigorous investigations on this scheme combining
various kinds of SAs in TDFLs’"'"°"'"" and also in a Ho-doped
fiber laser.'”* On the other side, some materials, as TIs, can act as
both SAs and polarizers to enable the NPE. Such joint operation of
a single device presents a promising approach for transferring to
the SWIR.™

Typically, a combination of saturable absorbers and modula-
tion technique results not only in better output parameters than a
solitary one but reveals new operational modes. Thus, Ref. 168
demonstrated a ring laser with additional S-shaped feedback. In
such a design, the pulse formation was enabled by two loop
mirrors and assisted by CNT-SA (see Fig. 7). The resulting isolator-
free NOLM-NALM-based, or so-called “Yin-Yang,” schematic
demonstrated switching of the direction of the laser generation or
generation of two synchronized pulse trains by adjusting the output
coupling ratios and thus altering the reflection of loop mirrors.

4. Prospects. After its prediction in 2013'”° and various imple-
mentations in the near-IR, lately, the nonlinear multi-modal inter-
ference mode-locking technique (NMI) has also been translated for
the SWIR regime'’°[Fig. 6(e)]. This SA-method impresses by its

Pump laser
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simplicity incorporating just a composition of graded- or
step-index multi-mode fibers in-between the single-mode fiber.
Here, the length of multi-mode fiber is chosen to correspond to the
self-imaging length of a high-intensity pulse, differing by dint of
the Kerr effect from lower intensities. Hence, lower intensities are
filtered out at the junction of multi-mode to single-mode
fibers.'”>'”” Noteworthily, this method belongs to a broader class
exploiting nonlinear mode-coupling.'”®'””

Very recent results show advanced characteristics through taper-
ing'®’ or coiling'®" giving 22% modulation depth, which is an almost
comparable value to the behavior of NLM with 30% and 60% for the
modulation depth and non-saturable loss, respectively."’
Notwithstanding, unlike for the near-IR,'** only pulses durations of
roughly 1 ps have been realized for TDFLs, up to now.'”'*

The mode-locking mechanism, based on Faraday instabilities,
has drawn extensive research attention in the previous couple of
years. In Mamyshev oscillator, two spectrally detuned filters
exclude monochromatic CW oscillation. However, once a high-
intensity pulse, as in the mode-locked state, provokes enough spec-
tral broadening by self-phase modulation that it spans the spectral
offset, a self-sustaining oscillation is permitted.'*'*> Depending on
the ratio of spectral offset and nonlinearity, a substantial rectangu-
lar modulation depth has been proved to enable higher energy
pulses compared to previously discussed SAs for near-IR setups.
Still, on the other hand, it hinders self-starting behavior. Joining
both features remains a challenge. The only SWIR implementation
features moderate pulse energy of 3.5n], 53.4 mW average power
and 208 fs compressed duration. Nevertheless, the latest Tm-doped
Mamyshev laser had to be seeded externally for starting.'** Simple
design and good tolerance to environmental perturbations, gain
bandwidth and nonlinear phase accumulation renders the
Mamyshev oscillator a promising concept. However, much effort is
still ahead in solving shortcomings for SWIR lasers.
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FIG. 7. Yin-Yang laser configuration: (a) schematic; (b) NOLM/NALM transmission tunability (output switching) at different coupling ratios. Adapted from Chernysheva
et al., Sci. Rep. 6, 24220 (2016). Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY) license.
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Il. HIGHLIGHTS OF TM-DOPED MODE-LOCKED LASERS

As it was already mentioned above, silica-based TDFLs have
demonstrated generation in the wavelength range spanning from
1.63 to 2.2um with different oscillator configurations and up to
300 nm tuning range could be achieved within a single configura-
tion.'"”” High repetition rates of up to 2.7 GHz,'** as well as 10-fs
pulse durations and energies up to 10uJ'®” have been realized in
all-fiber Tm-doped laser systems. However, there are still continu-
ously growing demands on output flux, beam quality, tunability,
and stability, particular for all-fiber versions. These challenges are
identified in addition to obstacles and countermeasures reaching
the edges of the SWIR.

A. Operational regimes

In this subsection, we review the major pulse regimes in
mode-locked TDFLs, with an emphasis on the use of silica-based
TDFs. Figure 4 demonstrates the timeline with first demonstrations
of particular regimes together with a schematic representation of
the temporal and spectral profile of generated pulses. In ultrafast
fiber lasers, pulse formation relies on the balance of self-phase
modulation (SPM) and group-velocity dispersion (GVD), as well as
the amplitude modulation from the spectral filter or saturable
absorber. Due to the position-dependent GVD of different compo-
nents in a laser cavity, a “dispersion map” is literately created to
categorize the operational regimes of ultrafast fiber lasers. Figure 8
presents the generation regimes defined by the cavity dispersion
and highlights of their state-of-the-art performance.

1. Soliton generation

For a basic approach, a local compensation, the dispersion
must be anomalous and the Kerr effect positive so that the phase
shift caused by the former is just compensated by the latter,
forming a temporal optical soliton. The optics community assigns
soliton pulses as to stationary solutions of the cubic Ginzburg-
Landau equation, which has to satisfy two conditions, the first of
which is to feature a hyperbolic secant pulse shape. Second, the
peak power and pulse duration are subject to the ratio of average
dispersion and non-linearity: E o< |B,|(y - 7,), thus fulfilling soliton

Dissipative soliton resonance
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area theorem.'”’ It means that the pulse energy E is not arbitrarily

scalable, yet limited by the laser cavity parameters.

Here, we have an asset in the SWIR range since silica glass has
a high anomalous dispersion compensated by comparatively small
effective non-linearity. In this regime, the maximum reached
average power of solitons from all-fiber Tm-doped oscillators lies at
impressive 300 mW with 1.28 ps (600 fs) pulse duration and corre-
sponding to 4.06 nJ (2.93 nJ) pulse energy (not accounting disper-
sive waves) and 32.6% optic-optic efficiency.'”’ Yet, the pulse
energy rarely exceeds 1 nJ.’">0%%%!10%160

A simple approach to reduce the nonlinear phase accumula-
tion is to incorporate fluoride glass or large mode area fibers
(LMA) TDE, which allowed to achieve soliton with an exceptional
pulse energy of 4.5n].”> However, LMA fibers in ultrafast lasers
tend to sacrifice all-fiber benefits of robustness to environmental
perturbation, ease of constructing and integration. Besides, typical
ps and sub-ps pulse duration (with recorded shortest 100 fs) in the
soliton regime is limited by the inherent anomalous GVD.”* A
femtosecond pulse is achievable in an ultrashort cavity design
exhibiting small anomalous GVD, which could be realized by
implementing hybrid fiber components.”>*°

2. Dispersion managed soliton generation

The limitations of soliton lasers in terms of pulse energy and
duration can be mitigated in the dispersion-managed cavity. Here,
segments of near equal normal and anomalous GVD are alternat-
ing in a laser cavity to create a “breathing” pulse dynamic, periodic
pulse broadening and compression over a round trip. Thus, with
the extending of its duration, the pulse peak power is significantly
reduced, and it accumulates less nonlinear phase, allowing an
increase of the pulse energy. The pulse evolving in the near-zero
cavity dispersion is called the dispersion-managed (DM) soliton.

As discussed above, silica exhibits large anomalous dispersion
at the SWIR spectrum. Therefore, normal dispersion fibers for this
task have to be specially designed. Such fibers typically have a quite
small core and, thus, introduce higher nonlinearity and additional
losses when spliced to standard fibers.””** Therefore, chirped FBG
or free-space gratings present an attractive alternative for dispersion
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FIG. 8. Summary of mode-locked Tm-doped fiber laser operation regimes sorted by net dispersion, including the respective state-of-the art results of pulse energy and

pulse duration. Here, DM solitons: dispersion managed solitons.
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management, thus that the pulse energy could be scaled to 5.4 nJ in
a free-space assembly."”’

A net-cavity dispersion around zero to a slightly normal show
best performances, but further power scaling is limited by the onset
of multi-pulse instability when the nonlinear phase shift reaches
roughly z. Applying this scheme followed by nonlinear compres-
sion, sub-100 fs DM soliton can be generated in a near-zero disper-
sion cavity.'”” The laser cavity with a ~0.017 ps> net GVD has
generated a 58 fs, 1 n] DM soliton at 1920 nm after the compres-
sion in dispersion compensation fiber.'””

3. Self-similar evolution

Similaritons, or self-similar pulses, have quadratic (parabolic)
temporal intensity distribution and a linear chirp, ie., quadratic
phase shift. Similaritons preserve their shape (yet not the pulse dura-
tion) during propagation in a long normal dispersion medium with
sufficient amplification. Such self-similar evolution is explained by
the SPM induced parabolic spectral and phase changes together with
the quadratic phase shift in the frequency domain caused by normal
dispersion of the medium. Therefore, the shape of the pulses after
propagation is determined by seed pulse energy but not the shape or
duration of the initial pulses. In such a case, every input pulse might
obtain a parabolic profile, but the fiber parameters would then define
pulse parameters. As an essential condition, a finely matched spectral
filter is required to restore the pulse width after a round trip.
Similariton generation is attractive in a short pulse laser due to its
high tolerance of unlimited nonlinear phase shift and the staving off
wave breaking. Besides, the monotonic frequency chirp across simi-
lariton enables a shorter compressed pulse.

High energy (>30n]) passive self-similar pulses at SWIR are
theoretically possible using short length anomalous dispersion
TDE."”* Demonstration of similariton generation has been thus far
quite uncommon since it is more challenging to achieve compared
to DM or dissipative solitons due to the critical requirement of
spectral filter. One of the rare works has reported on the
similariton-like pulse generation with the pulse energy of 7.9 nJ."””
Evolution of pulses with arbitrary shape into similaritons can be
facilitated by applying optical fibers with increasing normal disper-
sion, including conical tapered fibers.

4. Dissipative soliton generation

As was mentioned above, while it is complicated to achieve
self-similar propagation, the non-parabolic pulse can be stabilized
under the condition of normal dispersion broadening. As SPM
broadens the pulse spectrum, it is possible to stabilize the pulse by
introducing wavelength-dependent loss like a spectral filter or gain-
narrowing and thus restoring spectral shape after a roundtrip.
Additionally, a fast saturable absorber ensures that the pulse dura-
tion is confined after a roundtrip, particularly, when stabilizing
from self-starting. This concept of dissipative soliton (DS) is first
introduced in an all-normal dispersion configuration, where the
balance of dissipative effects (gain, loss and spectral filtering) and
conservative effects (GVD and SPM) leads to the characteristic
steep-sided optical spectra.

Despite the anomalous dispersion of silica-based TDF, DS at
the 10nJ level at 2um could be generated in a net-normal
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dispersion cavity.'”® The maximum nonlinear phase shift in DS
could be up to 107, thus enabling much higher pulse energy than
in case of conventional soliton pulses. To date, the pulse energy of
DS at SWIR is typically a few nJ, which is limited by the large
anomalous dispersion in active fibers compared with the counter-
part at near-IR range. One approach to overcome this limitation
and further increase the pulse energy beyond 5nJ is by reducing
the length but increasing the gain of active fibers."”” Alternatively,
the LMA TDF is exploited as in the soliton regime to achieve high-
energy DS of 21 nJ at 2um."”® Although the pulse duration of DS
is typically in a few to tens of ps, it is possible to compress them
down to less than 200 fs."”"~*""

A subset of this scheme is called Giant-chirp oscillator, where
a magnitude of order longer passive fiber is used. Since the mode-
locked repetition rate is directly linked to the resonator length, this
approach can be used to increase the pulse energy. The giant linear
chirp of these oscillators and a low repetition rate is additionally
favorable for a downstream chirped pulse amplification (CPA),
making a pulse-picker and a stretcher, which introduces additional
loss, dispensable.zu 2

5. Other generation regimes

1. Dissipative soliton resonance. (DSR) also exhibits a phenom-
enon of free wave breaking in both net normal and anomalous dis-
persion regimes, and typically tens of nanoseconds pulses are
achievable with the pulse energy up to hundreds of nanojoules.
However, DSR exhibits low pulse peak power.”"**"*

2. Noise-like pulse. It is worth mentioning that the noise-like
pulse (NLP) with a femtosecond coherent spike is not limited by
the anomalous dispersion of TDF, with high energy achieved at
2um in both anomalous dispersion and normal dispersion
cavity.'””?> Moreover, the amplified NLP with energy above 50 nJ
at 2um could serve as a pump source for mid-IR supercontinuum
generation.””°

3. Multi-pulse operation. It can occur in a laser cavity due to
over-driving of mode-locking mechanisms, generally, happen with the
significant increase of the pulse energy above the fundamental limit
(see Sec. III A 1). In such a case, soliton energy quantization leads to
the pulse splitting, including generation of soliton molecules, ">’
soliton bunching,”*** or harmonic mode-locking, ***’**'"

4. Two-color generation. In order to provide sources for SWIR
dual-comb spectroscopy, single ultrafast oscillators can be triggered
to emit two colors simultaneously.'”””'" This is enabled by
employing a periodic filter, two transmission peaks of which lay in
the gain spectrum. Often fiber lasers based on nonlinear loop
mirrors are capable of operating in dual-wavelength generation
regime. A simple free-running example delivers generation of
several mode-locking states with central wavelengths, separated by
63nm with a frequency stability better than 3.7 x 1075 A
bi-directional mode-locked ring TDFL is another demonstrated
method, which enabled tunability of the central wavelength of
counter-propagating pulses from 5 up to 35 GHz.”"
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6. Few cycles pulses

As aforementioned, intense laser pulses with just a few electro-
magnetic wave cycles—one cycle corresponds to 6.7 fs at 2 um—have
become a backbone of modern fundamental laser research, awaiting
to be expanded by the SWIR spectrum. While the shortest laser
pulses directly from an oscillator are obtained with a TDFL and
amount to 58fs, 1 nJ at 500 MHz repetition rate, the majority of
novel high-power pulses barely reach 100 fs. With a pre-chirped pulse
oscillator and a downstream compression line, which is either a fiber,
a chirped FBG or mirror, or a free-space grating assembly of opposite
dispersion, 80 fs pulse duration has been attained, limited due to non-
matched third-order dispersion.”'* With thulium’s saturated gain
bandwidth, there is only a little space for further improvement.
Hence, one takes advantage of spectral broadening by SPM in an
external nonlinear compressor. Here, (gas-filled) PCFs or solid highly
nonlinear fibers from germanium or chalcogenide are utilized as non-
linear media. Then there are different viable external compression
schemes. Solitonic nonlinear self-compression combines spectral
broadening and temporal compression in a single anomalous disper-
sive fiber. The pulse quality is degrading with increasing compression
ratio; thus, one of the mitigation strategies is to distribute on multiple
stages or use of speciality fibers. For instance, feeding high-power
ultrashort pulses from a free-space, rod-type-fiber thulium CPA to a
gas-filled antiresonant hollow-core fiber has enabled the generation of
13 fs pulses with 34 uJ pulse energy at 1820 nm, as well as 9-fs pulses
with 102 4] at 1730 nm.”'>*'® When resorted to a solid fiber as com-
pressor, SWIR pulses with 24 fs and 25 W average power has been
demonstrated.”'” For making a compact system, the self-compression
can be utilized in a single section of amplifier LMA-PCEF, yielding in
the generation of 20 W 50 fs pulses with 250 n] pulse energy.”"*

A competing technique uses strong coherent spectral broaden-
ing by supercontinuum generation, Raman-shifted solitons or four-
wave mixing in the first stage and linear compression in a subse-
quent. While the former approach captivates through a cost-effective
design in a single fiber, the second allows for more freedom and
hence shorter pulses in non-speciality fibers. A common way for the
SWIR seeds a Tm-doped fiber amplifier (TDFA) with a non-linear
broadened and wavelength shifted ultrafast erbium-doped fiber laser,
whose output is compressed afterwards. Recently, a compact,
all-PM-fiber frequency comb delivering 9.5fs, 330 mW average
powers at 100 MHz repetition rate has been reported, containing just
commercial components.”'* The demonstration of a laser system
based on thulium or holmium gain to reach the upper SWIR edge is
still ahead of us, because of the high transmission loss and limited
dispersion engineered fibers. Several attractive approaches have been
suggested to streamline the generation of demanded broadband
coherent spectra in the future, thus fostering lower required input
powers. These include dispersion-decreasing or dispersion-oscillating
fibers, tapered silicon core fibers as well as stretched flexible hollow
fibers or all-normal dispersion chalcogenide PCFs.”'*™**

7. Prospects

Still, all those schemes suffer from the limited selection of
normal dispersion fibers used in the SWIR domain, particularly,
active ones, causing pulse breaking for high pulse energies. Currently
emerging normal dispersive active fibers for the SWIR should enable
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to follow further improved concepts as the all-normal dispersion
(ANDi) scheme or extended self-similar propagation, likewise gain-
guided amplification. Nevertheless, this currently refers only to
thulium-doped active fibers.

Nonetheless, normal dispersive fibers in the SWIR spectrum
will presumably remain challenging and laborious to fabricate.
Thus, it should be advisable to explore pulse propagation under
anomalous dispersion further. The divided-pulse amplification
scheme has been shown that it doubles the possible energy limit of
a soliton pulse in a single stage, or increases it in several steps to
16-fold theoretically for the near-IR domain. Such an approach
shows high potential for future enhancement mid-level SWIR
systems in the anomalous dispersion regime.

While DSR pulses have a nonlinear chirp, their compression
to the fs-duration with standard compressors has been reported. It
is presumed that by use of nonlinear chirped FBGs or thin-film
coatings, this value can be surpassed by several orders of magni-
tude. Therefore, DSR appears to be an auspicious direction for
future increase of pulse energy, when appropriate normal disper-
sion fibers become available.

B. Short wavelength operation in TDF

As mentioned in Sec. 1T A, the broadband emission of Tm>*
ions in the 3F;,—3Hs transition can cover the region from 1.6 to
2.1um. The wavelength region spanning 1600-1860 nm is of great
importance for bio-imaging applications, where it offers deep pene-
tration and high resolution (see Sec. I'V). Despite the broadband oper-
ation, thulium-doped silica fibers feature strong reabsorption below
1860 nm between 3F4 and *Hg energy levels. Therefore, to reach laser
generation at the shorter wavelengths, shorter length of TDFs and,
hence, higher doping concentration are required.223 In addition, bulk
filtering components are, generally, introduced into the stages of
oscillator and amplifier to access the sub-1860 nm region.”***** For
the chirped-pulse amplification system, reported in Ref. 225, femto-
second pulses with energy up to 20 nJ were achieved.

Compared with pure thulium-doping, Tm/Ho co-doped
fibers provide higher gain below 1850nm. Additionally,
co-doping with Ho-ions provides a filtering effect due to its
increasing absorption above 1850 nm. However, the pulse
energy of the reported Tm/Ho-doped fiber-based lasers is still
low in the soliton regime.””® Another promising approach to
reach is to use normal dispersion Tm:ZBLAN fiber and bulk
component filter to achieve high pulse energy and ultrashort
femtosecond pulse duration below 1860 nm.**”

It is worth mentioning that above-discussed W-type normal
dispersion TDF also enables access to shorter generation wave-
lengths as the W-profile exhibits a distributed long-wavelength
filtering effect by fiber bending. All-fiber compact lasers with high
pulse energy and short pulse duration at short wavelengths of
1852 nm and 1755 nm, respectively, were reported using a W-type
NDTD®** (Fig. 9). The progress of short wavelength ultrafast laser
sources based on Tm fibers is shown in Fig. 10.

C. Power upscaling

A race for high-energy short pulses in the 2 um range has seen
tremendous progress in the past decade due to the advancement in
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fiber design, materials and optical components. The encouraging
factor here is also significantly reduced threshold for nonlinear
effects and transverse-mode instabilities*® due to longer generation
wavelength, compared to Yb-doped fiber laser systems. Thus, theo-
retical””’ and experimental””” studies have demonstrated that
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FIG. 10. Progress of ultrafast fiber laser in the short wavelength region. (SSFS:
soliton self-frequency shift, SESAM: semiconductor saturable absorber mirror,
CPA: chirped-pulse amplification, NPR: nonlinear polarization rotation, AOTF:
acousto-optic tunable filter, WDM: wavelength division multiplexer, DM: dichroic
mirror, DCF: dispersion compensating fiber.)

Tm-doped laser systems and amplifiers endure higher heat load at
the threshold of thermal mode instability (95Wm™' against
34Wm™! for Yb-doped systems). A mode-locked pulse as short as
58fs was generated at 1.925um from a TDE'” A cladding-
pumped large mode area (LMA) TDF was selected for high-energy
scaling. Ultrafast pulses with 21 and 52.4 nJ pulse energy were gen-
erated in an oscillator, for single-mode and few-mode operations,
respectively.'”***" A cladding pumping scheme using LMA fibers is
increasingly used in the 2um region."”'”***" While pulse energy
can be increased in this manner, additional dispersion control is
required to generate shorter pulses. For instance, achieving
sub-50 fs pulses is difficult due to the largely anomalous dispersion
of silica TDFs and SMF-28 used in a cavity. For reaching sub-50 fs
pulse duration, nonlinear pulse compression schemes were demon-
strated relying on highly nonlinear fibers, gas-filled hollow-core
fibers, or the Kagome photonic crystal fiber (PCF).!9%?1%232 The
nonlinear scheme was able to produce state-of-the-art results,
including 9.5 fs pulse.”"*

In virtue of the chirped-pulse amplification (CPA) technique
and LMA fibers, the acquirable performance level can drastically
increase. A typical single-pass compressor efficiency amounts to
~80%, despite generally applied pulse pickers causing additional
losses. A laser’s future application determines whether a high
average or peak power is desirable. Conventional solid LMA fibers
can provide core sizes up to 25um, allowing all-fiber thulium
CPAs, including compression and stretching within chirped Bragg
gratings with 11 MW peak power in 530 fs pulses.'*** In a partly
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free-space setup with three amplifiers, the peak power could be
boosted to 200 MW with 15 W average power, albeit a 20% optic—
optic efficiency.””*

In order to achieve even higher performances, free-space
systems with LMA-PCFs currently present the only solution. An
average power of up to 1 kW within 265 fs duration corresponding
to 50 MW of pulse peak power by admirable 60% optic-optic effi-
ciency has been demonstrated.”” Indeed, the highest peak power of
11 GW’'° is achieved in few-cycles systems, but at the expense of
average power. At the same time, a remarkably high 730 MW pulse
peak power, together with 108 W average power of 250 fs pulses
have been reported.236 For shorter, 95-fs, pulses, peak power, and
energy of 4.7 GW, and 0.4 mJ could be generated.””’

Aspiring after superior performance levels, the coherent beam
combining technique provides the possibility to combine several
output beams of the above systems in one beam and, thus, multiply
the available power. Initial work is also under way toward combin-
ing the output of multi-core fiber.””® Even though such extensive
systems are most likely to be used for research facilities, still, the
above conventional methods offer plenty of potential for further
development.

D. Prospects of specialty fiber development for power
up-scaling

The prior works suggest power scaling benefits from a normal
dispersion gain fiber, as also witnessed in the progress of Yb-doped
fiber ultrafast lasers. We discuss prospects of further development
of normal dispersion specialty fibers in Sec. II A 5. The extractable
power in a fiber scales roughly proportional to the mode field
volume. On the same, the threshold for detrimental non-linear
effects as stimulated Raman scattering is raised. Consequently,
steadily growing core sizes are sought after. Power scaling through
a W-type fiber is fundamentally limited by reachable core size. The
waveguide dispersion effect diminishes with a larger core due to
enhanced mode confinement in a core. It is viewed that the core
size of 5um is near the upper limit with core NA of 0.12 in the
W-type fiber.”® A straightforward step toward further power
scaling would be employing an LMA fiber. Normal dispersion
2um LMA fibers were investigated through multi-component
glasses. A germanate glass TDF was reported to have 20 um core
size.””” The material could potentially provide normal dispersion in
the SWIR region by using a step-index design.”*’

On the other hand, smart design can be introduced to realize
silica-based LMA TDFs. Figure 11 demonstrates an example of
LMA fiber with normal dispersion at 2000-2050 nm. The fiber is
structured with a central doped large core surrounded by a ring
of passive cores, to enable strong waveguide dispersion.”"’
Figure 11(a) shows the measured refractive index profile,
reflecting the increase of a mode area up to 340um? at 2um.
Figure 11(b) demonstrates the calculated dispersion, which con-
firms a good coverage of the normal dispersion in the wavelength
range around the 2 ym.

Opver the last years, photonic crystal- and -bandgap LMA fibers
have driven up the accessible power to amounts that were previously
not even imaginable. However, the expensive and laborious produc-
tion of such fibers and, more importantly, their non-flexible design
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FIG. 11. Example of LMA dispersion shifted fiber produced at NTU, Singapore.
(a) Refractive index profile; (b) calculated dispersion and LP01 effective mode
area. Inset: Fiber cross section.

made them inconvenient for widespread all-fiber employment.
Unfortunately, conventional solid LMA fibers with as large core
areas are not single-mode anymore so that a common trend in the
field is to depress higher-order modes (HOM), for example, by
bending. Another feasible approach for overcoming this obstacle is
by adding a third cladding around double-clad LMA fibers (i.e.,
development of triple-clad fiber) to disturb the shape of the undesir-
able modes™*” or elevate the degree of freedom in designing pump
and signal propagation more independently. Recent advances in
fiber drawing have shown that a manufacturing process named reac-
tive powder sinter technology facilitates a more flexible production
of larger, more uniform fibers over conventional MCVD.***

Further increase of core size by sustaining single-mode propa-
gation has been shown by long-scale tapering such that one side is
of the same size as single-mode fibers, while the other is of the
multi-mode size. Demonstrated for near-IR range such normal dis-
persive single-mode fibers with up to 200um core diameter”"
would be very promising to investigate in the SWIR range, particu-
larly, for self-similar propagation.

Another variant to preserve SM operation is by out-coupling
HOMs evanescently into a second core, chirally winded around the
central core (ie., chirally-coupled-core fibers). Effectively single-
mode core diameters of 50 um could be implemented. Theses fibers
have the advantage that they are fully solid and flexible. Even inte-
grated fiber components like pump combiners are available so that
chirally-coupled-core fibers may be acceptable to foreseen all-fiber
systems on this platform also for the SWIR domain.**’
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E. All-fiber wavelength tunability

Numerous laser applications are driven by the ability to tune
their frequency operation bandwidth. An adjustable intracavity
wavelength-dependent loss together with a broad and favorably
flat gain bandwidth and suppression of unwanted ASE are the
principal criteria of emission wavelength tunability of ultrafast
laser sources. These measures include the application of depressed
cladding fibers or (dual-core) PCFs, co-doping with several active
and absorptive ions, the advancement of pumping scheme by
optimized saturation level bi-directional and multi-wavelength
pump. The broadband gain spectra of thulium or Tm:Ho
co-doped fibers have made the most significant contributions (see
Fig. 12). Solely holmium-doped lasers have accomplished tunabil-
ity spanning 2021-2096 nm>*’ in the mode-locked regime or
2025-2200 nm in continuous wave operation.z"18 Another critical
aspect to be considered for some applications is rapid tunability
up to a swept behavior, for which a short laser cavity is required.
Still, this can result in facilitating substantial Q-switching
instabilities.

A simple approach relies on angle shifting of diverse free-
space, bulk components, including diffraction grating, volume
Bragg grating, arrayed waveguide, or thin-film coating. Admittedly,
the widest tuning range of an ultrafast SWIR laser spanning
300 nm from 1733 to 2033 nm has been demonstrated in Ref. 187.
Nevertheless, the application of bulk components affects the envi-
ronmental stability and exhibits substantial losses up to ~5dB.
Fiberized versions of same components, when they are micro-
opto-electro-mechanical integrated, have demonstrated almost
the same range in a gain-switched regime.”** At the same time,
Fabry-Pérot filters, based on integrated gaped, mirrored fiber
facets, have enabled tunability within 200 nm range. Nevertheless,
high inherent losses of such systems, of about 2 dB, overshaded
their applications. In contrast, Mach-Zehnder interferometer based
filters attained ~40nm tuning with 0.6nm resolution and high
tuning speed by just 1.2 dB insertion loss.””’

All-fiber solutions have been realized by applying birefringent
Lyot-type filters for wavelength selection through adjustment of
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polarization controllers. Thus, a 143 nm tuning range has been
demonstrated in NPE mode-locked TDFL,”*’ 70 nm by applying a
scheme with Sagnac loop, and 60nm by using fiber tapers.””
However, owing to the environmental dependent birefringence,
precise, reliable and reproducible wavelength control is challenging
to achieve. By bending, stretching, compressing, or tempering of
multimode interference filters,””” fiber Bragg gratings,””’ non-
adiabatically pulled fiber tapers,”* or photonic crystal fibers, a
wavelength shift of 95nm, 55 nm, and 50 nm have been obtained,
respectively.

A virtually unlimited range can be received with an array of
FBGs, even though a discrete tuning.”>> Using an acousto-optic
tunable filter (AOTF) a fully electrically controlled 630 fs pulsed
emission wavelength within the 1.7—1.8um range has been
reported.””® The free-space section might be avoided by applying
the in-fiber AOTF technique, as demonstrated in Hernandez
et al..””° First experiments have been shown that advanced materi-
als, such as graphene- or CNT-SAs, as well as metal-coated fibers,
possess great potential for electrically tuning.'*>'**

By nonlinear effects such as Raman soliton self-frequency
shift or four-wave-mixing the emission wavelength and so the
power is subordinated to the pump power. Unrestricted from a spe-
cific linear gain bandwidth, ultrashort pulses generation tunable
over the entire SWIR band has been demonstrated.”"”

F. Noise suppression

Numerous approaches have been suggested to minimize
amplitude and phase noise in a free-running fiber oscillator. Thus,
the development of all-polarization maintaining fiber cavity archi-
tectures, the application of bandpass filters, enhancement of cavity
Q-factor, or waiving of an extra-cavity amplification can substan-
tially diminish amplitude and phase noise.””” Advanced control of
SAs parameters during fabrication can help reducing noise levels;
thus, optimization of CNT and graphene oxide SAs allowed 10-
and 8-dB reduction of phase noise in a TDFL, correspondingly.***
Additionally, it has been demonstrated, that an external material
SA, in particular, CNTs and graphene, acts as saturable phase noise

2300 2400 2500 2600

FIG. 12. Tunability range of SWIR fiber lasers. Adapted from Sun et al., Opt. Express 25, 8997-9002 (2017).°** Copyright 2017, licensed under OSA Open Access
Publishing Agreement; adapted from Chernysheva et al., Nanophotonics 6, 1-30 (2017). Copyright 2017 Author(s), licensed under a Creative Commons Attribution (CC
BY) License and Firstov et al., Sci. Rep. 6, 28939 (2016).*° Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY) License; adapted with per-
mission from Koptev et al., Opt. Lett. 40(17), 40944097 (2015). Copyright 2015 The Optical Society.
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suppressor.””” Laser operational regime and wavelength also affect
noise levels. Among the above-discussed generation regimes, fiber
lasers operating at stretched pulse generation with net-cavity dis-
persion close to zero exhibits the lowest noise, while cavities with
net-normal dispersion feature the highest noise.”””**" Shifting laser
generation wavelength far from the ASE peak allows decreasing the
phase noise.”” Following this, noise can be widely suppressed up
to a technical noise floor from the pump and quantum ASE phase
noise.”>*”"*°! If even lower noise is demanded, one needs to stabi-
lize through an electrical feedback loop.

So far, there is a relatively limited amount of research works
reporting noise analysis in ultrafast SWIR fiber lasers. Relative
intensity noise (RIN) of only 0.04% (integrated between 10 Hz and
10 MHz), yet time jitter of 1.705 ps, has been reported in a SESAM
mode-locked TDFL operating at 1.6 GHz fundamental repetition
rate.”> Tm/Ho-doped fiber laser mode-locked by saturable Bragg
reflector has demonstrated outstanding noise performance with a
root mean square (RMS) intensity noise of 0.11% (integrated
between 10Hz and 2 MHz) together with a timing jitter of only
20 fs (integrated over a span from 100 Hz to 2 MHz).”® Notably, an
all-polarization-maintaining NALM design has proven remarkable
performance. Thus, a HDFL with RMS RIN of 0.043% (integrated
within 1 Hz-32.5 MHz span),”*”**” bringing them on the same
performance level as advanced bulk counterparts. Recent advance-
ments have enabled an exceptionally low integrated RIN of 0.047%
(integrated between 10Hz and 10 MHz) in an all-polarization-
maintaining non-linear Tm-doped fiber amplification system with
pulses of 96 fs, 350 mW at 100 MHz.%!

IV. APPLICATIONS

The SWIR ultrafast fiber lasers can find niche applications
that today’s dominant 1 and 1.5um fiber laser cannot offer. Gas
sensing is one of the few unique applications. The longer opera-
tional wavelength of SWIR lasers, at 2um and beyond, enables
application for frequency comb-based free-space metrology like
range finding, remote sensing and LiDAR as well as free-space, sat-
ellite optical communication. The SWIR lasers directly cover the
resonance bands of O-H, C-O, and C-H bonds, which enables
their applications for detecting such gases and vapors, as CO,, N,O,
NH;, CHy, HE, HCN, and benzene or environmental, combustion,
or process monitoring. A high spectral power (1254W/nm) from
an ultrafast laser at 2um was reported for atmospheric CO,
detection after 2 m transmission.”®* In addition, several spectral
features of minerals containing Si, Al, Fe, or Mg occur in the
SWIR vital for geoscience.

Another application field includes industrial material pro-
cessing and laser-induced breakdown spectroscopy of polymer,
glass, diamond, and even metal with more pronounced absorp-
tion among the SWIR than in the near-IR. An enhanced tensile
strength of welded polymers by 27 W TDFL exemplifies potential
of the SWIR ultrafast lasers for such material processing with
high precision.”*

The ultrafast nature of generated pulses enables micromachin-
ing of the materials mentioned above with high precision, due to
the relatively slow heat response rate of the materials compared to
the laser pulse’s time scale. A defect-free laser drilling achieved by
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200 fs 120 uJ laser was compared to poor quality from a 3.3 ns 1 m]J
pulse in the near-IR range.”° Industrial interest in the high-power
ultrafast fiber lasers, operating at SWIR range, is primarily driven
by the possibility for micromachining of various non-metal materi-
als, i.e., polymers and semiconductors. Most semiconductor materi-
als are transparent in the SWIR, which promises three-dimensional
selective micro-modification inside the wafer material or even at its
back surface by ultrafast laser focusing, as reported in Ref. 267
using >100kW peak power from a TDFL. The welding of semi-
conductors has found its application for microelectronics and pho-
tovoltaics. Notably, the possibility of silicon micromachining under
its surface at 2.1um has made a significant impact on modern
microelectronics. On the other hand, high absorption of poly-
mers”*® in the SWIR implies energy-efficient processing (cutting,
welding, marking, and engraving in a micro-scale) or laser deposi-
tion of polymer materials. For instance, an absorption coefficient of
PMMA is ~1.3cm at 2um, compared to negligible absorption at
1um, enabling precision cutting of only 11 um width by using a
40 ps 1 4J ultrashort pulse Tm-doped fiber laser.”*"

In the same vein, there is enormous potential in medical
applications due to the strong absorption in the water at 1850-
1930 nm range.”” Coupled with small penetration depth, this
means that bio-tissue, which is mostly water, can be processed with
high precision. Medical procedures such as minimally invasive
surgery, skin treatment, laser enucleating have the potential to
acquire greater accuracy and reliability when using SWIR sources.
A local absorption maximum of lipid in combination with a local
minimum of water absorption around 1.73um enhances laser
surgery of high-fat tissue against surrounding water-rich tissue.
Besides, imaging techniques get a higher contrast.

Likewise, the wavelength in vicinity of 1.7um exhibit the
lowest scattering in biological tissue, what reveals imaging techni-
ques like optical coherence tomography, scanning near-field infra-
red microscopy, Raman spectroscopy or multiphoton imaging with
utmost penetration depth.

Hence, the two-photon microscopy (2PM) using a 1300 nm
light source experiences two-three times deeper penetration depth
when compared to the 800 nm one-photon microscopy. In the
aspect of the penetration depth, the deepest can be achieved by
wavelength range around 1700 nm up to ~1300um depth, where
three-photon microscopy (3PM) can be established.”” Compared
with the more conventional excitation wavelengths of 800 and
1300 nm, the 1700-nm sources can offer drastically reduced
out-of-focus background noises, enabling orders of magnitude
improvement of a signal-to-noise ratio (SNR).”” Considering the
inverse-squared relationship between generated fluorescence signal
power and a repetition rate of a pulse train in the 3PM, an ener-
getic (~100nJ) and short (>>70fs) pulse is required to realize the
3PM.””" In addition, a low repetition rate (on the order of 1 MHz)
is also required to avoid excessive sample heating.”” Using a SSFS, a
65fs 67 n] pulse at 1675 nm was reported at a repetition rate of
1 MHz.”” Also, a 150 fs Tm:ZBLAN fiber-based laser system deliv-
ering pulse energy of 1.14] at a repetition rate of 1 MHz around
1.8 um wavelength was demonstrated as a 3PM source.””"

An all-fiber configuration would make the laser system
compact, portable, maintenance, and alignment-free, and easily
deployable in environmentally dirty industry settings. The output
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further improvement.

from fiber, especially a single-mode fiber, would mean that beam
quality is nearly diffraction-limited and linearly polarized which
improves the efficiency of the laser processing applications described.

Beyond that, at the short wavelength side around 1.65um one
desires to expand wavelength-division-multiplexing in telecom
optical communication, covering the U-band (1625-1675 nm) and
bridging to the emerging 2 um band. Originating from the advan-
tage of longer wavelength for nonlinear frequency conversion,
SWIR lasers are moreover appropriate pump sources to reach
farther into the mid-infrared by optical parametric or difference-
frequency generation, into the Terahertz range by optical rectifica-
tion, as well as into the ultraviolet or x ray range by high-harmonic
generation. As the cutoff photon energy (highest harmonic) is pro-
portional to the square of the wavelength of the source, SWIR
sources, as well as mid-IR, can increase the cutoff energy consider-
ably.””* For applications requiring supercontinua, such as hyper-
spectral imaging, several attempts have also been made laying on
SWIR lasers as a pump source. A supercontinuum generation cov-
ering from 2 to 4.7 um with an output power of ~7 W was gener-
ated in an InF; fiber using an actively Q-switched mode-locked
Tm-doped fiber laser with 220 4] total pulse energy.””” A fiber with
high germanium oxide concentration, whose zero dispersion wave-
length lies at ~1.6um, can also be pumped by SWIR lasers for
mid-TR supercontinuum generation.””* Lastly, diligent research is
conducted, among other things for medicine, on table-top laser-
driven particle acceleration based on SWIR lasers.

Figure 13 summarizes applications discussed above and allo-
cates them against their requirements on two of the key ultrafast
laser parameters, peak power and repetition rate. The arrows here
demonstrate where the progress in laser optimization should look
for to fulfill the demands of the applications.

V. CHALLENGES AND PERSPECTIVES

To summarize, we believe that the SWIR ultrafast fiber lasers
will undergo continued progress in future. Such enhancement is
currently driven and will be undoubtedly further accelerated by
numerous interesting excising and newly emerging applications. At

the same time, the current major obstacle toward the rapid
improvement of SWIR fiber systems is the limited selection of
optical fibers and fiber-based components. This refers both to the
lack of fibers allowing efficient dispersion and nonlinearity man-
agement and to availability of only a few special passive fibers,
which, due to their design, provide multi-modal propagation for
near-IR pump wavelengths. With further improvement of fiber fab-
rication techniques and unique fiber development, the forthcoming
ultrafast SWIR sources have the full potential to outperform more
mature laser systems operating in near-IR wavelength range, such
as Ti:Sapphire or Yb-doped fiber laser, and allow reduction of the
cost of such sophisticated ultrafast sources.

In the current Perspective, we have reviewed the current state of
the art in SWIR ultrafast fiber lasers, generation regimes, pulse
amplification, and system applications, including material micro-
and nanomachining, medical diagnostics, telecommunication,
metrology, and sensing (Fig. 1). All the diverse applications demand
a variety of different laser designs to meet the requirements on
pulses’ bandwidth, shape, energy, peak power, and repetition rate.
We identified current challenges and new vectors for laser system
optimizations to tailor the output parameters to fulfill the whole
range of the requirements and, thus, make applications more efficient
and affordable. It is worth noting again that the most substantial
part of the presented progress in ultrafast SWIR fiber lasers has been
achieved only within the last decade. Therefore, we expect further
output laser power upscaling, including via coherent combining in
all-fiber systems, exploitation of higher-order dispersion pulse
shaping, spatiotemporal mode-locking, Kerr nonlinear beam cleanup
in multi-mode fibers, exploitation of numerous other techniques,
and observation of new phenomena in the nearest future.
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