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systems. However, developing tunable NIR-Ill ultrashort
pulsed lasers is still challenging due to the lack of efficient
rare-earth-doped fibers, reviewed in this paper. Overcoming
these challenges and achieving wide tunability are possible
by implementing methods based on nonlinear optical
effects. This review presents recent advances in developing
NIR-Ill fiber lasers, including the explanation of nonlinear
effects such as self-phase modulation, four-wave mixing,
stimulated Raman scattering, soliton self-frequency shift,
and supercontinuum generation. In addition, the paper
discusses the advantages and drawbacks of each method and
makes recommendations for future development trends and
improvements.
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1. Introduction

Recently, laser systems operating within the 1550-1870 nm wavelength range
have garnered remarkable interest in development due to their significance
in biomedicine, material processing, gas detection, and other applications.
This high attention occurs because of the unique spectral properties of this
wavelength range.

In biomedicine, this spectral region is called the third near-infrared (NIR-
III) tissue transparency or biological window with increased tissue pene-
tration depth. It is characterised by low light scattering and absorption by
water, haemoglobin, melanin, and other proteins [1-3]. The NIR-III laser sys-
tems are promising tools for biological imaging [4,5], coherent anti-Stokes
and stimulated Raman spectroscopy [6,7], optical coherent microscopy and
tomography [8], endoscopy [9], and surgery [10].

However, the advancement of NIR-III lasers faces significant challenges
due to the limited number of viable gain mechanism options operating in this
wavelength region. The most accessible laser types are semiconductor, fiber,
and solid-state lasers.

The quantum-well semiconductor lasers based on AlGalnAs/InP and
InGaAsP/InP materials can emit light within the wavelength range of
1250-2100 nm [11,12]. Nevertheless, the manufacturing process of super-
continuum lasers is challenging, and they exhibit drawbacks such as limited
thermal conduction properties of quaternary AlGalnAs and sensitivity to
environmental factors like humidity, temperature, and vibrations [13].

Fiber laser development faces challenges in identifying a suitable gain
medium operating efficiently in this wavelength range and achieving pulse
generation and amplification with the required output parameters. We will
discuss pulsed fiber lasers operating in the NIR-III range due to the only
emission effects of active fibers in Section 2.1.

The development of solid-state NIR-III lasers is achievable exclusively by
exploiting nonlinear optical effects in crystals [14-18].

1.1. Nonlinear effects

The majority of NIR-III laser sources involve nonlinear optical effects aris-
ing from the interaction of high-intensity light with nonlinear media such as
molecules, polymers, or crystals. The nonlinear response is related to the an-
harmonic oscillation of the material’s bound electrons under the influence of
the applied field [19,20]. In the electric field E(t), the polarisation P(t) induced
by the electric dipole is not linear [21]:

P=¢y [x\VE+xPE> + xOIE® + ..] (1)
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where ¢, is the vacuum permittivity, while x”, x?, and x(¥ are linear,
second-order, and third-order nonlinear susceptibilities of the medium, re-
spectively.

1.2. Second-order nonlinear effects

Second harmonic, sum and difference frequency, and parametric generation
are examples of second-order nonlinear effects that play a crucial role in gen-
erating light at new wavelengths [22]. Optical parametric amplifiers (OPAs)
and oscillators (OPOs) are commonly used techniques to generate pulses in
the NIR-III region. They are based on the interaction of three distinct waves:
pump (wp), signal (w;), and idler (w;) that should satisty conditions of energy
conservation (fw, =hiw,+ hw;) and phase-matching (Ak =k, - k, - k;=0),
where ky, k,, and k; are the k vectors corresponding to the frequencies w,, w,
and w; [23,24].

OPAs amplify low-intensity signal waves from pump laser sources in crys-
tals with high parametric nonlinearity (Figure 1a). For example, Y.W. Tzeng
et al. [25] demonstrated an ultra-short OPA system with a wideband of
700-1900 nm, an average power of 140 mW, and a repetition rate of 50 MHz.
The developed OPA was based on a supercontinuum (SC) fiber laser and a
1 cm long multi-channel periodically poled lithium niobate (PPLN) crystal.
However, the generated white noise from the SC source adversely affects the
quality of bioimaging [26].

Another technique that allows to avoid the SC laser as a pump source and
reduce the noise level is OPO [15-17,26-28]. In the case of OPO, a nonlinear
medium is located in the laser cavity, and the signal is created due to pump
wave and cavity feedback (Figure 1b). For example, M.V. O’Connor et al. [27]
developed a 330-fs synchronously pumped PPLN-based oscillator operating
in the wavelength range of 1550-1950 nm with an average output power of
about 90 mW. In this setup, an ultrashort-pulse Ytterbium-doped fiber (YDF)
laser with an average power of 410 mW was used as a pump source.

The main advantages of OPO and OPA are wide wavelength tunability and
high power spectral density [14,29,30], which are required in bioimaging,

(a) (b)

w pump depleted = depleted
b T w, pump pump
idler w; idler w;
signal
OPA mirror OPO mirror

Figure 1. Schematic of (a) optical parametric amplifier and (b) oscillator.
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time-resolved spectroscopy, chemical sensing, and microscopy. Neverthe-
less, these systems are characterised by increased sensitivity to white noise
from seed sources and external environmental factors such as temperature
fluctuations and mechanical vibrations. Since OPO and OPA setups include
free-space optical elements, they require careful stabilisation and precise
alignment, complicating system design, and operation. Moreover, their bulk-
iness and significant physical space represent considerable disadvantages for
their use as portable devices for biomedical purposes.

1.3. Third-order nonlinear effects

For materials with inversion symmetry, such as optical fibers, x? disappears,
and usual optical fibers do not exhibit second-order nonlinear effects [31].
The lowest-order nonlinear effects originate from the third-order suscepti-
bility x(¥, which is responsible for four-wave mixing (FWM) and nonlinear
refraction phenomena (will be discussed in Section 2.2).

Compared to crystal-based laser systems, all-fiber lasers demonstrate ad-
vantages in compact size, resistance to fluctuations in temperature and hu-
midity conditions, and comparatively cost-effective production. However, the
availability of lasers operating in this wavelength range is limited due to nu-
merous obstacles encountered in developing a compact NIR-III pulsed laser
system at each design stage: master oscillator, amplifier, and wavelength shift.

This paper demonstrates the recent achievements in developing NIR-III
fiber lasers, including the review of possible gain mediums, nonlinear effect-
based methods of pulse generation, and their pros and cons.

2, Fiber laser systems
2.1. Emission effects of active fibers

Certain active fibers, including Bismuth-doped (BDF), Erbium-doped (EDEF),
Thulium-doped (TDF), and Thulium/Holmium co-doped (THDF) fibers,
find application in fiber lasers and amplifiers that operate in restricted regions
within the NIR-III spectrum. Table 1 shows the input and output parameters
of NIR-IIT pulsed fiber lasers and amplifiers utilising population inversion
(PI) in BDF and rare-earth-doped fibers (Table 1, PI).

2.1.1. Bismuth-doped fiber
In contrast to rare-earth-doped fibers, BDFs exhibit the remarkable capabil-
ity to emit continuous-wave light across a wide wavelength range in NIR-III,
spanning from 1650 nm to 1800 nm [111-115]. However, the development of
all-fiber lasers operating in pulsed mode presents challenges.

A notable breakthrough in this domain occurred when T. Noronen et al.
[32] demonstrated a laser based on a 5m long BDF and a carbon nanotube
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(a) (b)
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Figure 2. Schematic representation of (a) 14 ps Bismuth-doped fiber (BDF) laser with a carbon
nanotube (CNT) saturable absorber, operating at a wavelength range of 1713-1733 nm; (b) ~3
ps tunable fiber laser based on thulium-doped fiber (TDF) and photonic-crystal fiber (PCF) as a
wavelength-selective filter. The operation wavelength of 1702-1764 nm and 1788-1831 nm de-
pends on PCF’s specifications. (WDM — wavelength-division multiplexing; SMF- single-mode fiber;
PC - polarisation controller; PDI - polarisation-dependent isolator). Adapted from [32] and [38]
under terms of the CC-BY licence.

(CNT) saturable absorber to achieve a mode-locking regime. It resulted in the
generation of 14 ps (1.2 ps after compression) pulses at a pulse repetition rate
of 44-600 MHz within the wavelength range of 1713-1733 nm (Figure 2a).

2.1.2. Erbium-doped fiber

Compared to BDFLs, EDFLs exhibit higher repetition rates and pulse energies
due to the improved doping properties of the fibers. This advantage stems
from the fact that EDFLs require fewer meters of doped fiber, resulting in a
shorter laser cavity length.

However, despite a large number of published works on developed fiber
lasers and amplifiers with D-shape or tapered EDFs, various co-dopants or
implemented saturable absorbers such as semiconductor saturable absorber
mirrors (SESAMs), phosphorene, graphene (GSA), CNTs or other inorganic
nanostructures, the operating wavelength of pulsed EDFLs has a right-side
spectrum limit of around 1620 nm.

2.1.3. Thulium/Holmium co-doped fiber

Recently, T. Noronen et al. [36] demonstrated a 630 fs tunable THDFL op-
erating at a spectral region of 1705-1805 nm with a repletion rate of about
232.6-554.6 MHz. As a pump source, they used an EDFL operating at a wave-
length of 1556 nm. The experimental setup was a ring cavity laser with a 50 cm
long THDE, an isolator, and an acousto-optic tunable filter (AOTF). The last
one was necessary to filter the generated signal and shift frequency. The tun-
able laser produced stable harmonic mode-locked pulses with a peak power
of 21 pJ at a wavelength of 1735 nm (Table 1, PI, THDF).

2.1.4. Thulium-doped fiber

Pure TDFs, devoid of any Holmium additives, can also be used effectively as
the active fibers in NIR-III laser setups. Fabricating these fibers is a less intri-
cate process, eliminating the need for complex manufacturing techniques to
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ensure the proper integration of Thulium and Holmium ions into the fiber
core and decrease the challenges associated with maintaining the desired
performance characteristics.

S. Emami et al. [38] successfully showcased the functionality of a TDFL
laser operating on the edge of the third tissue transparency window. TDFL
exhibited remarkable performance characteristics, generating 3.3 ps pulses
across a wavelength span of 1850-1920 nm with a repetition rate of 14MHz.
The incorporation of photonic crystal fibers (PCFs) as wavelength-selective
filters enabled pulse generation within the spectral ranges of 1702-1764 nm
and 1788-1831 nm, depending on PCFs’ inner hole and outer ring diame-
ters (2.5/1.1 pm and 1.9/0.7 pm, respectively). The schematic diagram of the
experimental setup is shown in Figure 2b.

Recently, C. Li et al. [42] demonstrated a TDFL applicable to photoacoustic
(PA) imaging. In this work, they used a TDF of only 16-18 cm in length. This
laser setup generated pulses with a width of approximately 17 ns, a repetition
rate of 10 kHz and provided energy output ranging between 60 and 75 pJ for
operations in 1700 nm, 1725 nm, and 1750 nm wavelengths.

In recent years, significant progress has been made in developing fiber
lasers based on the emission effect of active fibers. Breakthroughs have been
made through innovations in mixing dopants and increasing the dopant con-
centration in fibers, enabling them to emit light effectively within the NIR-III
spectral range.

Nevertheless, the lack of materials for an active gain medium with robust
gain characteristics in this spectral region poses several obstacles to achiev-
ing pulse generation in a wide spectral range. There are still limits regarding
the tunability and conversion efficiency of rare-earth doped fiber lasers that
restrict their application.

2.2. Third-order nonlinear effects

An approach to overcome obstacles of rare-earth-doped fiber lasers requires
the involvement of optical nonlinear effects in the laser system. In the right
conditions, nonlinear effects allow the shift of the operating wavelength of
rare earth materials from their emission peaks to the region of the NIR-III
spectral region. Nonlinear effects, including self-phase modulation (SPM),
four-wave mixing (FWM), stimulated Raman scattering (SRS), soliton self-
frequency shift (SSFS), and SC generation, introduce complex changes in
duration, frequency, and phase during pulse propagation through nonlinear
fibers [116]. These phenomena can lead to an increase in output power and
enhance laser efficiency.
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Figure 3. Schematic representation of typical optical spectra of (a) SPM, (b) FWM, (c) SRS, (d) SSFS,
and (e) SC

The operating wavelength of pulsed fiber lasers based on TDF, EDFE, YDF,
Germanium-doped (GDF), Bismuth/Erbium co-doped fiber (BEDF), Er-
bium/Ytterbium co-doped fiber (EYDF), and nonlinear effects appearing in
various fibers with a third-order nonlinearity X ® are represented in Table 1
in sections SPM, FWM, SRS, SSFS, and SC. Figure 3 shows typical optical
spectra of (a) SPM, (b) FWM, (c) SRS, (d) SSES, and (e) SC.

2.2.1. SPM

In x® (Kerr) medium like silica-based fibers, when the light intensity is high
enough, the response of the medium to the electric field becomes nonlinear,
and the refractive index is no longer constant but varies depending on the
optical intensity. This dependency, known as the optical Kerr effect, is respon-
sible for multiple phenomena, including FWM and cross-phase modulation
in fibers [117].

When short pulses (10 ps-1 ns) propagate through standard single-mode
fiber (SMF), which length is significantly shorter than the dispersion length
(« 5km at 1100-1550 nm), the dispersion term can be neglected, estimat-
ing that the pulse maintains its shape. In that scenario, only linear losses
and the nonlinear term induced by the Kerr effect influence the pulse prop-
agating through the fiber [31]. In that condition, the change in refractive
index due to the Kerr effect as light propagates through the fiber will cause
a nonlinear phase shift in the pulse and induce a chirp [118]. This chirp
grows in magnitude as the pulse travels over a longer distance of fiber, involv-
ing the continuous generation of new frequencies on both sides, ultimately
broadening the pulse spectrum (Figure 3a).

In 2017, A. Khegai et al. [44,45] successfully demonstrated the first ps-
pulsed BDFL using the nonlinear Kerr effect to broaden the laser spectrum.
The laser configuration adopted a figure-eight all-fiber design with a non-
linear amplifying loop mirror (NALM), generating sub-21 ps pulses. The
pulses had a repetition rate of ~4 MHz and an energy level exceeding 80 pJ.
Through further amplification with 100 m BDF, the signal experienced power
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Figure 4. FWM schemes for (a) degenerate case: high-intensity pump wave with frequency
w; (green arrow), amplified signal (w; (blue arrow)) and generated idler (w, (yellow arrow)); (b)
partially degenerate case: generation of two new waves with frequencies wj and wy; (yellow ar-
rows) from incident components (w; (blue arrow) and wj (green arrow)); (b) non-degenerate case:
creation of new frequencies (yellow arrows) from three incident waves with frequencies w;, w; and
wy (blue, green, and red arrows, respectively).

amplification and SPM due to the high nonlinearity of the BDF and high
peak power. That resulted in the spectral broadening from 1702-1706 nm to
1696-1712 nm and increasing of pulse energy to ~ 6 nJ (Table 1, SPM, BDF).
Despite the ability to shorten pulses to 630 fs, BDFLs are limited to an average
power of tens of milliwatts [112], resulting in relatively low pulse energy that
is insufficient for bioimaging.

2.2.2. FWM

Another nonlinear process caused by the Kerr effect in optical fibers is FWM.
This nonlinear optical effect is characterised by four waves interacting with
each other due to the third-order nonlinearity of the material [119].

In the case of optical fibers, if two of the four frequencies coincide (w;=w,),
the process is usually called degenerate FWM [120,121]. One of the examples
is a high-intensity pump wave with an angular frequency (w;) that provides an
amplification of a neighbored frequency component, signal (w;) (Figure 4a).

For each photon added to the signal wave, two photons are taken away
from the pump wave, and one is put into an idler wave with a frequency w, ,
which is:

(.U4 = 2&)1 - CA.)3. (2)

In addition that the angular frequency detuning is governed by the law of
energy conservation, it is crucial to meet the phase-matching condition [31]:

k = AkM + Akw + AkNL = 0, (3)

where Ak, Aky, Akyp represent the mismatch occurring due to material
dispersion, waveguide dispersion, and the nonlinear effects, respectively.



ADVANCES IN PHYSICS: X (&) 15

For the degenerate FWM:

Aky = 53 + 54 - 251 (4)

AkNL = 2’YP1, (5)

where Bj (w) = nyw;/cis the propagation constant of the wave at the frequency
wj, while ¢ is the speed of light in a vacuum, ; is a material index, v is fiber
nonlinear coefficient, and P; is incident pump power.

Since each component 5] from Eq 4 can be expanded into the Taylor
series centred at the pumps angular frequency (w;), including up to the
fourth-order terms, Ak,; can be determined as:

: (w3 - W1>454

1 1
Aky ~ (w3 —wy) By + §(w3 - wl)zﬁz + g(w3 - w1)363 + Y

+ (wy —wy) By + %(w4 - W1>252 + é(‘% - W1)353 + i(% - W1>454
(6)

where (8, 5, (s [, are 1%, 274, 31 and 4™ - order dispersion parameters at
the pump frequency w;. Using the definition of the frequency shift Q, [31]:

Qi =w -wy =wy-w (7)
Eq 6 can be simplified to:
Ak ~ 026, + 05, ®)

In SMF, Aky, ~0 because changes in the material indices are nearly identi-
cal for all waves. If the pump wavelength (\; = 27¢/w;) is not too close to the
fiber zero-dispersion wavelength (\;), then Ak,, ~ Q.2 5,. For SMF-28, \,
~1313 nm, if \; >1313 nm, Ak, <0; therefore, phase matching (Eq 3) in the
NIR-III region can be achieved by adjusting Aky; through the pump power.

To provide a more comprehensive understanding of the FWM phe-
nomenon, we will examine a more general case known as partially degenerate
FWM [122], which occurs when two distinct incident optical frequency com-
ponents (w;#w;) propagate through a Kerr medium. As these waves (w; and
wj, where w; >w;) propagate into a fiber, the light intensity in the fiber will
change as the frequency difference between these two waves Aw=w;-w;. Since

j
the refractive index is linearly proportional to the optical intensity, it will
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also follow this modulation at this frequency difference, which creates two
additional frequency components (Figure 4b) at frequencies:

Wi = w; = (Wj - Wi) )

w.‘

]Z = W;

;i + (w- - wi) . (10)

J

The phase-matching condition for partially degenerate FWM [122]:
k:51j+5ji_gi_Bj+7<Pi+Pj):O’ (11)

where P; and P; are incident pump optical powers at the fiber input.

In the case of a third wave with a different frequency w; propagating along
with w; and wj in the fiber, this wave will be phase-modulated due to refractive
index modulation. As a result, the additional wave is generated at frequency
wijk=w;twj-wy. This case is named the non-degenerate FWM effect [122]. As
one can see in Figure 4c, a large number of different generated frequencies
are possible through permutations of initial frequencies (w;, w; and wy). The
new waves can occur at these frequencies only if the incident and generated
waves satisfy phase-matching conditions:

z]k szk + Bk 61 BJ + 7(P + P + Pk) 0
1k] 511{] + ﬁ] /6:1 ﬁk + ’V(P + Pk +P ) 0, (12)
11] ﬁ111+6] Bi - ﬂz"'V(P + P +P> 0

b

>

Since FWM effect transfers energy from a strong pump to a signal at an-
other frequency, it is commonly used as parametric amplification in fiber
optic systems, such as fiber optical parametric amplifiers (FOPAs) and oscilla-
tors (FOPOs). In these systems, FWM leads to the interaction of pump pulses
and signals. The control of the power and wavelength parameters facilitates
the modulation and amplification of the signal at a new frequency.

For instance, R. Becheker et al. [56] designed a FOPO using a 7-15 m long
dispersion shifted fiber (DSF) pumped by a mode-locked EDFL. Through the
optimisation of pump power and dispersion in the FOPO incorporating a
3.45 m long SMEF, they successfully generated 35 ps pulses with an average out-
put power of ~15 mW, covering a wavelength range from 1617 nm to 1876 nm
(Table 1, FWM).

2.2.3. SRS
In contrast to the Kerr effect, where there is no direct energy exchange be-
tween the electromagnetic field and the nonlinear dielectric medium, an
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Figure 5. Schematic illustration of (a) Stokes and (b) Anti-Stokes Raman scattering.

inelastic-scattering phenomenon is characterised by transferring a portion
of the field energy to the medium [31]. This phenomenon gives rise to SRS,
linked to the excitation of vibrational modes in silica fibers.

The SRS effect involves the conversion of energy from a pump wave with
a frequency w, to a lower-frequency Stokes wave (w =wp—wv) (Figure 5a)
and a higher-frequency anti-Stokes wave (wg, = w,+w,) (Figure 5b), where w,
represents a molecular vibrational frequency.

However, since the generation of an anti-Stokes wave requires that the
medium is initially in an excited vibrational mode (Figure 5b), which has
much less probability of occurring, anti-Stokes waves are much less pow-
erful than Stokes ones [123]. The energy transfer to Stokes wave occurs
within optical fibers only if the Raman gain power exceeds a threshold. In
the case of standard fused silica fibers with a pump source operating at
1550 nm, the resulting probe signal (Stokes wave) undergoes a frequency shift
to approximately 13.2 THz (113 nm).

The laser systems based on long silica fiber resonators can be combined
with Raman gain to overcome fiber losses and achieve better laser efliciency
in the NIR-III wavelength region. For example, X. Quan et al. [70] introduced
a Raman gain into a 1699 nm CW TDFL system to stimulate SRS in a 4km
long SME

The original CW TDFL system with only TDF-based active gain com-
bined a 2.7 m long TDF pumped by a 1565 nm laser source, a high-reflective
fiber Bragg grating (HR FBG), and a 4km long SMF for backward output
(Figure 6a). The maximum output power reached a value of 0.33 W with a
pump power of 21.5 W. The laser efficiency was limited to 1.5% due to high
loss in the SMF and the limited emission cross-section of the TDF at this
wavelength.

For the hybrid gain laser system with TDF-based active gain and Raman
gain (Figure 6b), they used a 976 nm LD to pump EYDE which was subse-
quently used as a 1565 nm Raman pump source. The first-order Stokes wave
was redshifted from 1565 nm and overlapped with a broad emission spectrum
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Figure 6. Schematic representation of thulium-doped fiber (TDF) lasers, operating at a wave-
length of 1699 nm: (a) CW laser with an efficiency of 1.5% (only TDF-based active gain); (b) hybrid
gain laser (with an additional Raman gain) operating at an unstable Q-switch or CW regime de-
pending on pump power. The efficiency is 11.5% due to SRS in 4 km long single-mode fiber (SMF).
(WDM - wavelength-division multiplexing; HR FBG - high reflectivity fiber Bragg grating; EYDF -
Erbium/Ytterbium co-doped fiber; CPS+MFA - cladding power stripper and mode field adaptor).
Adapted from [70] under terms of the CC-BY licence.

of the TDE, resulting in the energy transfer from this Raman pump to the am-
plification of the signal with a central wavelength of 1699 nm (Table 1, SRS,
TDF). This combination of the Stokes waves and the emission spectrum of the
TDF led to a significant boost in performance, resulting in an output power of
about 2.5 W (efliciency of 11.5%) under the same 21.5 W pump power. When
the pump power is around the lasing threshold (7.3 W), the hybrid gain laser
runs in the unstable Q-switched regime with random pulse trains and varying
repetition rates. However, with increased pump power (11.6 W), the tempo-
ral dynamics are strongly suppressed and turn into a CW regime. When the
pump power is further increased (15.9-18.8 W), strongly modulated pulses
dominate the CW background with few instantaneous high-intensity pulses.

Achieving an operating wavelength shift into the longer spectral range
is possible by using gas-filled hollow-core photonic crystal fiber (HC-PCF)
pumped by a 1550nm EDFA [64]. This setup enabled the generation of
nanosecond pulses within the wavelength range of 1693-1705 nm, facilitated
by a frequency conversion stimulated in HC-PCF (Figure 7a).

If the first-order Stokes wave is sufficiently intensive, it can generate a
second-order Stokes wave with the same frequency shift equal to the vibra-
tional frequency. The further amplified second-order Stokes wave can then act
as a source for generating higher-order Stokes waves far redshifted from the
pump wavelength (Figure 3c). Figure 8 schematically represents the cascaded
SRS.

H. Li et al. [63] demonstrated an example of cascaded SRS using a
10m long H,-filled HC-PCF pumped by a tunable EDFA operating in the
1540-1550 nm range. With a pump wavelength of 1540 nm, an average pump
power of 5.3 W, a repetition rate of 2 MHz, and a gas pressure of 16 bar, the
first-order Stokes light at 1693 nm achieved an output power of 3 W. How-
ever, the second-order Stokes light at 1801 nm was much weaker due to the
limited pump power. It was also noted that using an excessively long fiber can
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Figure 7. Schematic representation of (a) 15 ns-pulsed fiber laser based on SRS in H, gas-filled
hollow-core photonic crystal fiber (HC-PCF), operating at 1693—1705 nm wavelength range with
the output power of 3 W; (b) sub-100 fs-pulsed fiber laser based on SSFS in large mode area pho-
tonic crystal fiber (LMA PCF), operating at 1600-1700 nm with an output power of up to 114 mW.
(EDFA - Erbium-doped fiber amplifier; EYDF — Erbium/Ytterbium co-doped fiber; AOM - acousto-
optic modulator; TF — tunable fiber filter; PM — power meter; GC — gas cell; DM - dichroic mirror;
OSA - optical spectrum analyser; LPF — long-pass filter; FBG - fiber Bragg grating; ISO - isolator;
DG - dispersion grating; QWP — quarter-wave plate; HWP — half-wave plate). Adapted from [64]
and [85] under terms of the CC-BY licence.
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Figure 8. Schematic illustration of cascaded stimulated Raman scattering with first-, second-,
third-, and fourth-order stokes waves.

redshift the laser operating wavelength further, increasing transmission losses
and promoting second- and higher-order Raman conversion, which reduces
the power of the first-order Raman signal.

2.2.4. SSFS
When pulses are characterised by short duration and broad spectrum, the
Raman gain can selectively enhance the low-frequency components within
the pulse by transferring energy from the higher-frequency parts of the same
pulse. That process refers to intrapulse Raman scattering inside fiber [31].
The transfer of energy from high-frequency to low-frequency components
of the pulses induces a progressive redshift in the pulse spectrum as it travels
through the optical fiber. This nonlinear phenomenon is referred to as SSFS
(Figure 3d) [118]. This effect can potentially move the operating wavelength
of an EDFL into the wavelength range of 1600-1900 nm.
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Nevertheless, noticeable spectral shifts resulting from SSFS occur when
solitons propagate through SMFs with lengths extending to hundreds of
meters.

In recent experiments, X. He et al. [90] demonstrated an all-fiber laser op-
erating at 1696-1703 nm using a 460 m long polarisation-maintaining (PM)
fiber. The laser consisted of two parts: an all-PM fiber NALM and a SSFS
module. NALM included a w/2 phase shifter (a quarter-wave plate (QWP)
surrounded by Faraday rotators and polarisers) and EDF pumped by 976 nm
laser diodes. In the SSFS module, ultrashort pulses (a duration of 180 fs, an
average power of 53 mW) after passing through long PM fiber converted from
1560 nm to 1700 nm pulses (a duration of 384 fs, an average power of 35 mW).

Another example of a widely tunable EDFL based on SSFS was demon-
strated by A. Zach etal. [92]. They developed a 1480 nm cascaded Raman laser
and a femtosecond pulsed PM EDF-based seed laser combined in an amplifier
with a 3 m long Erbium-doped very large mode area (VLMA) PM fiber with
a core diameter of 50 pm. The SSFS effect stimulated in VLMA fiber offered
a wide wavelength tunability within the 1620-1990 nm range (Table 1, SSFS,
EDF). This laser system generated sub-120 fs pulses with an average power of
1.6 W.

A similar laser system based on the SSFS effect in a large mode area
photonic crystal fiber (LMA PCF) was demonstrated by D. Stoliarov et al.
[85]. They developed an all-PM fiber mode-locked oscillator with a NALM
and a preamplifier based on heavily EDF with an average power of 15 mW
(Figure 7b). Then, the pulse was stretched from 2.3 ps to 40.6 ps in the
fiber Bragg grating (FBG) stretcher and amplified in EYDF pumped by
980 nm laser diodes. After the amplification with a maximum output power
of 1.2 W (pump power of 7 W), the pulse was compressed to 660 fs by
a pair of free-space diffraction gratings. To redshift the central wavelength
(1548 nm), the pulse was launched into a 1 m long LMA PCFE. High-order
solitons, propagating through LMA PCE, experienced perturbation inside
the fiber, leading to the soliton fission phenomenon [118]. High-order soli-
tons decayed into fundamental solitons of different widths. Intrapulse Raman
scattering led to the SSFS effect, shifting the highest-order fundamental
soliton central wavelength. At a pump power of 221 mW, the central wave-
length of the output spectrum was at 1625 nm with a soliton duration of
165 fs and an average power of 55 mW. However, with anomalous disper-
sion, the SSES effect is more significant for the shortest solitons, expanding
the pulse spectrum to the red side. The increase in pump power (up to
321 mW) influenced the SSFS, causing a gradual reduction of the pulse du-
ration and shifting towards a longer wavelength of 1700 nm, accompanied
by an average output power of 107 mW, while the pulse duration reduced to
91 fs.
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Fiber lasers based on the SSFS effect exhibit notable characteristics such as
high-power spectral density and a wide wavelength tuning range. Nonethe-
less, their advancement presents challenges in effectively managing system
dispersion and required output parameters.

2.2.5. SC

When the high-power ultrashort pulses are launched into a fiber charac-
terised by a small anomalous dispersion (3, <0), it leads to a significant
spectral broadening, which is a consequence of the interplay between the
SPM, FWM, and SRS effects [31]. Their combination creates a cascading ef-
fect where new spectral components are continuously generated, leading to a
substantial increase in bandwidth.

When pulses with large enough power are launched into the HNLE, they
initiate high-order solitons. These solitons propagating through the fiber can
experience fission due to the perturbed effect of third- and higher-order dis-
persion, forming fundamental solitons with different spectral widths and
temporal durations. In the presence of intrapulse Raman scattering, these
solitons experience a deceleration and expand the spectrum, propagating
through the fiber with distinctive velocities that depend on their duration.
This effect amplifies the low-frequency components of a pulse, transferring
energy from high-frequency components. That results in the continuous shift
of the pulse spectrum towards a red side as the pulse propagates the fiber.

At the same time, if soliton fission occurs in the anomalous dispersion close
to the zero-dispersion wavelength of the medium, a transfer of a portion of the
pulse energy to dispersive waves at frequencies that satisfy a phase-matching
condition can be observed. The dispersive waves, generated in the time do-
main behind the solitons, can collide with decelerating solitons. Due to the
FWM effect, this interaction generates new dispersive waves at different fre-
quencies in normal dispersion, further broadening the initial pulse spectrum
to the blue side. This extreme broadening can lead to the generation of SC
extending up to 50 THz on both sides of the spectrum (Figure 3e) [118].

SC fiber laser configurations are able to provide nonlinear optical broad-
ening with high spectral density and flatness [124]. That is one of the most
common techniques to obtain a pulse generation in the NIR-III.

For instance, J. Takayanagi et al. [102] developed an octave-spanning SC
in a 980-2570 nm spectral region (Table 1, SC, EDF). The key element of the
laser system was a PM highly nonlinear dispersion-shifted fiber (HN-DSF).
This fiber compressed the pulses by adjusting the group velocity dispersion
between the EDF and SME The output achieved sub-50 fs pulses with a peak
power of 42.3 kW.

Another example of a SC element is highly nonlinear fibers (HNLFs)
[7,96-99,103,125]. X. Li et al. [97] demonstrated a SC source with a wide-
band of 370 nm. They used an EDF-based seed laser coupled into an intensity
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modulator and amplified by two-stage EDFAs. As a result, a SC laser with a
single-/dual-pulse repetition rate between 170 MHz and 2 GHz and a pulse
duration of 60-180 ps was obtained.

This nonlinear effect can also be realised by incorporating a PCF into the
laser system [101,109,126,127], as presented in a BEDFL source by N.S. Sha-
habuddin et al. [109]. The laser system with a 100 m long PCF generated
femtosecond pulses with a repetition rate of about 40 MHz in the SC spectrum
ranging from 1250 nm to 1910 nm (Table 1, SC, BEDEF).

Wide spectral coverage, compactness, high power, and coherent prop-
erties allow SC lasers to be used as versatile light sources for applications
such as microscopy and spectroscopy. The ultra-broadband spectrum of-
fers the opportunity to increase the resolution of imaging up to several
microns [128].

However, their complexity and higher cost due to alignment requirements
create problems in their implementation in biomedicine. A significant lim-
itation of SC laser sources is the amplification of even minor instabilities
originating from the seed laser. This behaviour increases white noise and re-
stricts the application of SC sources for measuring and imaging biological
tissues with a weak signal [129].

3. Discussion and conclusions

Ultrashort pulsed NIR-III fiber lasers are crucial for different applications,
and the choice of design methods depends on the specific parameters re-
quired for the intended use. For applications where a wide tuning range is not
required, fiber lasers based on only BDF or rare-earth-doped fibers are opti-
mal for system design. These doped fibers and various fiber structures have
demonstrated the ability to cover almost the entire NIR-III spectral range
(Table 1, PI).

Recent advances include Erbium-doped phosphate [130], Bismuth-doped
aluminosilicate/germanosilicate [115,131], and fluoride/W-type/depressed-
cladding Thulium-doped fibers that exhibit broad emission bands in the
1420-1680 nm, 1600-1700 nm, and 1600-1900 nm ranges, respectively.
These novel doped fibers present significant potential for mode-locking gen-
eration in fiber lasers.

However, despite these advances, the availability of commercial gain
medium fibers emitting in the NIR-III spectral range remains lim-
ited, posing challenges in developing fiber lasers and amplifiers with-
out implementing nonlinear effect methods for wavelength shifting in
fibers.

Different nonlinear-based techniques (SPM, FWM, SRS, SSES, and SC)
reviewed in that paper have advantages and disadvantages:
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e SPM

In SPM-based methods, a high peak power signal passing through
a HNLF experiences not only spectral broadening but also changes
in pulse duration. Therefore, users of the SPM technique must com-
press the pulses. This can be achieved by implementing either hundreds
of meters of SMF or diffraction gratings [45]. However, to obtain
short pulses (<500 fs), it is necessary to stretch the pulses before their
amplification in the active fiber to reduce nonlinear effects. Conse-
quently, a balance must be found between pulse duration and spectral
broadening.

Additionally, to achieve higher pulse energy (>100 pJ), significant mod-
ifications to the active fiber are required, such as the development of
LMA fibers. These modifications are essential for optimising the per-
formance of the fiber laser system while maintaining the desired pulse
characteristics.

e FWM

The method of wavelength shifting based on FWM, is commonly used in
FOPA and FOPO systems. This technique is highly effective in achieving
broad wavelength tunability (>250 nm [56]). However, the relatively low
nonlinear properties of the used fibers limit the realisation of higher op-
tical parametric amplification gain and overall laser efficiency. Therefore,
the development and implementation of new HNLFs can significantly
improve this method.

e SRS

SRS is one of the most popular techniques for redshifting a laser op-
erating wavelength. Despite significant advancements in wavelength
tunability (1550-1740 nm [132]), most developments have focused on
continuous-wave fiber lasers. Ultrafast pulsed lasers often exhibit low
efficiency in the NIR-III spectral region, and SRS-based lasers typi-
cally have complex structural designs involving gas-filled fibers and
free-space elements [62-66]. Further research is needed to enhance the
stability and efficiency of these fiber lasers.

e SSFS
Laser systems based on the SSFES effect demonstrate high tunability and
duration. However, the relatively high nonlinearity of the SMF limits the
pulse energy to less than 1 nJ. The use of fibers with low nonlinearity
parameters can significantly improve laser systems in the NIR-III range.
For example, hollow-core or large mode area PCFs allow the generation
of pulses with high energy (10 nJ [85], 44.8 n] [81,82]), while the last
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ones have the advantages of low bending loss and significant wavelength
shift tuning.

e SC

SClasers, based on the combination of several nonlinear effects in optical
fibers, are characterised by extremely high tunability, reaching wave-
length ranges of 630 nm [110] and 885 nm [107]. However, SC sources
often have a complex design and low pulse energy. Since small instabili-
ties in the seed laser can be amplified, creating white noise, the develop-
ment of stable master oscillators is necessary for the advancement of SC
laser technology.

A significant amount of recent research on ultrashort pulse NIR-III fiber
lasers demonstrates their high demand in various applications. Despite sig-
nificant progress, the laser systems still require improvements. Continued
study and advancements in this area will undoubtedly lead to the devel-
opment of laser systems featuring broader tunability, higher efficiency, and
increased pulse energy to meet the growing needs of scientific and industrial
applications.
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