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Abstract: Graphene oxide (GO) and reduced graphene oxide (rGO) have emerged as robust mate-
rials in the development of SAs for erbium-doped fiber lasers (EDFLs). Their exceptional optical
properties, such as broadband absorption and fast recovery times, make them ideal candidates for
achieving ultrashort pulse operation in EDFLs. With its higher oxygen content, GO offers greater
nonlinearity and a tunable absorption spectrum, while rGO, yielded through chemical reduction,
exhibits enhanced electrical conductivity and higher saturable absorption. These properties facilitate
the generation of ultrashort pulses in EDFLs, which are highly desired for various medical imaging,
telecommunications, and material processing applications. This review paper comprehensively
analyzes the advancements in GO and rGO SAs in the context of EDFLs for mode-locking and
Q-switching applications. The performance of EDFLs utilizing GO and rGO SAs is critically evalu-
ated, focusing on key parameters, such as modulation depth, pulse duration, repetition rate, average
power, pulse energy, peak power, and signal-to-noise ratio. Additionally, this review delves into
the various synthesis methods of GO and rGO thin film, highlighting their impact on the optical
properties and performance of SAs. The discussion on techniques to integrate the SAs into laser
cavities includes direct deposition of nanoparticles/thin-film-based SAs, tapered-fiber-based SAs, and
D-shaped SAs. Furthermore, the paper explores the challenges encountered during the fabrication
of ideal GO and rGO SAs, with issues related to uniformity, stability, and tunability, along with
proposed solutions to address these challenges. The insights provided offer valuable guidance for
future research aimed at enhancing the performance of EDFLs using GO/rGO SAs.

Keywords: pulsed laser sources; erbium-doped fiber lasers; Q-switched; mode-locked; GO/rGO
saturable absorbers; implementation techniques

1. Introduction

Global connectivity has been enabled through optical fiber, which forms the basis
for telecommunication systems in this era of fast-growing technology. Fiber lasers have
resulted from advances made in optical fiber technology and are a type of laser that uses
an optical fiber doped with rare-earth elements as its active gain medium [1]. Fiber lasers
are efficiently pumped by diode lasers, enabling them to generate optical pulses in both
continuous-wave (CW) and pulsed modes [2]. The fiber structure has an immense surface
area for heat dissipation, resulting in high power output and exceptional beam quality.
Consequently, it exhibits remarkable properties, such as low noise, narrow linewidth [3],
low cost, ease of fabrication, good directionality, and high efficiency [4]. These properties
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provide a vast scope across fiber lasers in numerous fields, including medical, scientific
research, and industrial use [3]. However, its main application lies in the telecommunication
sector [5]. Figure 1 presents a comprehensive roadmap illustrating the progression of
erbium-doped fiber lasers (EDFLs). The roadmap highlights key milestones, from the
foundational era of optical fiber innovation to integrating advanced saturable absorbers
and current trends shaping the field. This chronological perspective outlines how EDFLs
have evolved to meet the demands of modern telecommunications and other applications.

Road Map for Erbium-doped Fiber Lasers
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Figure 1. Evolution of EDFLs showing significant advancements in materials, techniques, and
applications over time.

Erbium-doped fiber lasers (EDFLs) are among the most extensively applied fiber
lasers, and they operate at a wavelength of about 1.55 um [2]. The wavelength lies within
the low-loss band of silica optical fiber, making it suitable for telecommunication systems.
The EDFLs function based on stimulated emission within the erbium-doped fiber’s core.
Erbium ions get excited by pumping through semiconductor diode lasers with wavelengths
ranging between 980 and 1480 nm [6]. This excitation causes higher energy levels to be
achieved, leading to population inversion. As a result, EDFLs produce both continuous
and short-pulse laser emissions at desired wavelengths, which are widely used in many
technological fields [7]. Some properties of EDFLs include wider bandwidth, increased
gain, and reduced attenuation compared to other types of lasers, besides being cheaper,
readily available, and easy to handle or operate [8-10].

EDFLs have a wide range of applications, such as computer links, spacecraft, process
control, as well as industrial automation [11]. There are two distinguished ways to achieve
ultrashort pulses in EDFLs: Q-switching and mode-locking [12]. In the Q-switching technique,
the intra-cavity losses are modulated to cause energy build-up within the cavity, and the
modulation is acquired by incorporating the active (modulator) or passive (saturable absorber)
component inside the laser cavity [13]. Active Q-switching takes place by introducing an
external component, such as a modulator, in the cavity to achieve the desired results. Passive
Q-switching involves the addition of SAs or techniques, such as non-polarization rotation, to
undergo the phenomenon of Q-switching [14]. Both of these techniques aim to reduce losses
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inside the laser cavity and generate ultrashort and ultrafast optical pulses. Simple design,
cost-effectiveness, ease of operation, and compactness are properties that lead to a preference
for passive Q-switching over active Q-switching [14,15]. The demand for SAs in the domain
of EDFLs is widely enhanced, as passive Q-switching bridges the gap between Q-switching
and mode-locking. Additionally, mode-locking modifies Q-switching by synchronizing the
modes of laser pulses through the addition of an active or passive component inside the laser
cavity. This results in the generation of high-power, mode-locked laser pulses emitted with
femtosecond pulse durations and repetition rates in a few MHz to hundreds of GHz [13].
In passive Q-switching and mode-locking, the most commonly used SAs include ion-doped
crystals [16-22], carbon nanotubes [23-31], black phosphorous [32-38], graphene [39-45],
transition metal oxides [46-52], metal-organic frameworks (MOFs) [8,53-58], MXenes [59-65],
MAX phase [66-72], transition metal dichalcogenides [73-80], and semiconductor saturable-
absorber mirrors (SESAMs) [81-87]. All of these SAs have distinct properties and limitations.

Ion-doped crystals, for instance, exhibit remarkable durability but suffer from limited
bandwidth and prolonged relaxation times, constraining their effectiveness [88]. Carbon
nanotubes are classified into three distinct categories based on their formation: single-
walled (SWCNTs), double-walled (DWCNTSs), and multi-walled carbon nanotubes (MWC-
NTs). They are widely utilized as SA materials due to their exceptional properties, including
a broad absorption range, low saturation intensity, high damage threshold, rapid recovery
time, ease of fabrication, and cost-effectiveness [89]. However, high-power laser operation
causes thermal degradation of CNTs, thereby limiting their performance as SAs [90]. The
direct bandgap of black phosphorous enhances its absorption capabilities, making it ideal
for use as an SA in Q-switched and mode-locked EDFLs [36]. However, the instability of
BP at ambient temperature limits its performance as an SA [88]. Graphene is one of the
remarkable materials discovered for use as a SA to date. Its high electron mobility, large
surface area, ultra-broad absorption band, low saturation intensity, and ultrafast recov-
ery time make graphene a superior SA material compared to other 2D materials [91,92].
However, its low modulation depth, significant non-saturable losses, and ability to al-
ter the bandgap are limitations that degrade the performance of graphene as an SA in
EDFLs [67,88]. Transition metal di-chalcogenides represent another class of 2D materials
deemed suitable as SAs in EDFLs due to their tunable bandgap and high sensitivity to
nonlinear responses. However, their relatively weak absorption in the mid-infrared regions
renders them incompatible with SAs in mid-infrared lasers [37]. Metal-organic frameworks
(MOFs), first synthesized by Yaghi’s team in 1999, are classified as semiconductor mate-
rials [93]. MOFs are highly suitable for use as SAs due to their remarkable properties,
including high tunability, porosity, stability, and large surface area [8]. However, their
full potential remains to be explored, particularly in longer wavelength regions [94]. The
MAX phases are categorized as nano-laminated materials composed of an early transition
metal (M), an A-group element (A), and C, N, B, and P (X) [95]. These materials are highly
regarded for their potential as SAs due to distinctive attributes, such as high electrical
conductivity, stability, exceptional mechanical strength, and outstanding oxidation resis-
tance. However, further exploration of their performance in the near-infrared spectrum
is crucial [68]. MAX phases can undergo acid etching to selectively remove aluminum
layers, resulting in the formation of MXenes (Mn + 1Xn), composed of transition metals
and carbon or nitrogen. MXenes exhibit high saturable absorption, enhanced modulation
depth, tunable bandgap, and effective electron density, making them promising SAs in
EDFLs [62]. However, despite their excellent properties, MXenes face challenges due to
their complex fabrication processes and environmental instability [96]. Transition metal
oxides, such as zinc oxide (ZnO), are popular choices for SAs due to their exceptional
electrical and optical properties. However, when integrated into fiber laser ring cavities,
TMOs such as ZnO present several drawbacks, including lower stability, reduced damage
threshold, and sensitivity to environmental conditions [97]. SESAMs are favored in ultrafast
lasers due to their low saturation intensity and high modulation depth. However, they are
also subject to performance limitations, such as complex fabrication methodologies and a
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narrow operating wavelength range [98]. So, still, there is a huge demand for an optimal
SA that encompasses enduring stability over extended periods, resilience to high optical
intensities, rapid recovery rates, minimal saturation intensity, optimal modulation depth,
and straightforward fabrication and integration within laser cavities [99].

Oxide materials offer exciting possibilities in the field of pulsed laser sources due
to their exceptional properties as SAs. The general advantages of oxide-material-based
SAs include broadband absorption and fast recovery times [100-103]. These materials
are integral in generating pulses, which rely on saturable absorption to achieve short,
intense pulses of light. The fast recovery times of oxide materials are crucial, as they enable
rapid re-absorption of the laser light after saturation, thereby allowing for generating high-
repetition-rate pulses. This fast response contributes significantly to the overall efficiency
and performance of the laser system. The nonlinear optical properties of oxides further
enhance their role as SAs [104]. These properties allow for the modulation of light intensity
in a manner that supports the generation of ultrashort pulses with precise control over
the pulse duration and energy. Additionally, the broad spectrum of optical properties
and applications makes oxides highly suitable for advanced optical technologies. EDFLs
demand SAs with bandgaps compatible with their operating wavelength of 1550 nm in
the near-infrared (NIR) region to generate ultrashort laser pulses [2]. Tunable bandgaps of
oxide nanomaterials offer to support EDFLs by working at their operating wavelengths
to produce the desired output. These excellent attributes of oxide nanomaterials make
them suitable for approaching various critical requirements in laser systems, including
damage resistance, optical modulation capabilities, and stability. This discussion outlines
the saturable absorption properties, tunability of bandgaps, and nonlinear character of
oxides, making them highly adaptable and compatible to work as SA in EDFLs.

Graphene oxide (GO) and reduced graphene oxide (rGO) have gained significant
attention as SAs in EDFLs due to their unique optical properties [105]. Graphene oxide
(GO), the graphene precursor, is a well-known oxide material with a unique structure
consisting of sp> hybridized carbon atoms bonded with oxygen atoms. Reduced graphene
oxide (rGO) comprises graphene-like sheets prepared by removing the oxygen-containing
groups from graphene oxide [106]. GO/rGO materials exhibit broadband absorption,
ultrafast recovery times, and high damage thresholds, making them ideal candidates
for mode-locking and Q-switching in fiber lasers [107,108]. The two-dimensional (2D)
structure of GO and rGO allows for strong light-matter interactions, enhancing their
nonlinear optical properties, such as saturable absorption, which is essential for generating
ultrashort pulses in EDFLs. Additionally, the tunability of rGO’s optical properties through
controlled reduction of GO enables precise adjustment of its absorption characteristics,
offering flexibility in laser design. Compared to traditional SAs, such as SESAMs, GO
and rGO are cost-effective, easy to fabricate, and can be integrated into fiber laser systems
without requiring complex alignment or packaging. This simplicity, combined with their
ability to operate at the telecommunication wavelength of 1.55 um (erbium’s emission
range), makes them particularly attractive for ultrafast photonics applications, setting them
apart from other advanced SAs [109]. Moreover, tGO’s better conductivity and improved
optical transparency compared to GO further enhance its performance as an SA. Due to the
unique physical or chemical properties of the GO/rGO as SAs, compared to the traditional
SAs mentioned above, extensive research has explored their application in Q-switched and
mode-locked EDFLs. However, a comprehensive review covering the nonlinear optical
properties, fabrication techniques, and implementation strategies of GO/rGO SAs, as
well as their impact on pulse parameters, is still lacking. This review bridges this gap
by presenting a detailed analysis that provides a clearer understanding of the role of
GO/rGO SAs and their contribution to the field of EDFLs through the critical discussion
of advancements and challenges. Here, we review the performance of Q-switched and
mode-locked EDFLs using GO/rGO as SAs, showcasing their exceptional nonlinear optical
properties in pulsed fiber lasers. The characteristics of EDFLs based on the GO/rGO
nanomaterial SAs, including their modulation depth, pulse duration, repetition rates,
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average output power, and signal-to-noise ratio (SNR), are compared and summarized.
Additionally, the techniques utilized to prepare and implement SAs inside the laser cavity
are further explored.

The paper is structured as follows: In Section 2, the structure, synthesis and nonlinear
optical characteristics of GO/rGO-based SAs are described. The implementation techniques
of prepared SAs using direct deposition of nanoparticles/thin film, tapered fiber, and
D-shaping inside the EDFL cavity are discussed in Section 3. Further discussions on the
performance of Q-switched and mode-locked EDFLs subject to GO/rGO SAs are presented
in Section 4.

2. Structure, Synthesis, and Nonlinear Characteristics of GO/rGO Nanostructures
2.1. Structure of GO/rGO Nanostructures

GO is a 2D material derived from graphene, characterized by its sheet-like structure
composed of carbon atoms arranged in a hexagonal lattice. The presence of various func-
tional groups, such as hydroxyl, epoxy, and carboxyl groups, disrupts the pristine graphene
lattice, introducing oxygen atoms into the structure and leading to increased defect density
and altered electronic properties. This functionalization enhances GO’s hydrophilicity
and makes it dispersible in aqueous solutions, facilitating its use in various applications,
including sensors, composites, and energy storage devices [110]. In contrast, reduced
rGO is produced through the reduction of GO, which restores some of the graphene’s
sp? hybridization, resulting in a structure that is closer to that of pristine graphene. This
reduction process can be achieved through thermal, chemical, or electrochemical methods,
effectively decreasing the oxygen content and restoring electrical conductivity, though
rGO often retains some oxygen functionalities, leading to a heterogeneous structure with
varying degrees of reduction [111]. The atomic arrangement of rGO consists of a similar
hexagonal lattice, but the presence of residual functional groups can lead to disruptions in
the ideal structure, influencing its mechanical, electrical, and thermal properties, thereby af-
fecting its performance in applications, such as flexible electronics and energy devices [112].
Although GO offers higher dispersibility than rGO, still rGO is preferred due to its better
thermal and electrical properties, resulting from the reduction of oxygen groups. Addition-
ally, GO and rGO exhibit excellent saturable absorption character and ultrafast relaxation
times [112], making them suitable to serve as SAs in EDFLs [106]. Moreover, a relatively
simple and cost-effective synthesis techniques increases the worth of GO and rGO to be
used as SAs [113].

2.2. Synthesis of GO/rGO Nanostructures

Hummer’s method and the modified Hummer’s method are considered to be simple
and economical methods for the preparation of high-quality GO/rGO thin film [114].
These techniques utilize string-oxidizing agents in the presence of sulfuric oxide to oxidize
graphite and fabricate GO and rGO nanostructures. The modified Hummer’s method is
a modification of Hummer’s method that aims to reduce the toxicity and reaction time,
along with controlling oxidation levels by the addition of various reactant agents and
temperature control adjustments. The oxidation of graphite flakes is achieved by adding
oxidizing agents, i.e., potassium permanganate (KMnQj) in the solution of sulfuric acid
(H,SO4) and sodium nitrate (NaNO3), followed by continuous stirring. The GO suspension
achieved by washing the mixture is filtered, washed, and dried to achieve GO with pH
maintained at 4 and 5 for further use [112]. A schematic diagram of the synthesis of GO
using the Hummer’s method technique is shown in Figure 2.

The schematic diagram of the synthesis of rGO using the modified Hummer’s method
technique is shown in Figure 3. The modified Hummer’s method uses a sulfuric-phosphoric
acid mixture instead of sodium nitrate, which provides enhanced control over oxidation
levels, reduction of toxicity, and operation at room temperature, compared to Hummer’s
method [115]. The rGO is further prepared by the elimination of oxide groups from GO,
typically via a thermal reduction method, as reported by Li et al. [116]. The GO and rGO
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thin films are prepared by dissolving them in a compatible polymer, i.e., polyvinyl alcohol
(PVA), followed by stirring and drying, as reported by Mat et al. [113]. The prepared thin
films are then integrated into fiber ferrules [117-121], tapered fiber [109], and D-shaped

fiber [122,123] to act as an SA in the EDFL cavity.
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The concentration of oxidizing agents and acids must be controlled and added pre-
cisely in both the Hummer and modified Hummer’s methods to ensure the preparation of
GO with efficient oxidation and intercalation. The disturbance in the quantity or reaction
time of any agent can cause impurity and irregularity in the GO structure that would
hinder its performance as an SA by negatively impacting its nonlinear properties. The
control over the temperature is specifically required in Hummer’s method to ensure smooth
oxidation. The transition from a low temperature of 5 °C to a high temperature of 30 °C
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must take place smoothly to avoid any unwanted reaction or thermal decomposition to
achieve uniform oxidation of graphite.

Alongside the careful synthesis of GO/rGO, the size and form of the sample play a
critical role in determining their impact as SAs in Q-switched and mode-locked EDFLs.
Typically, the thin films of GO/rGO SAs are integrated into the EDFL cavity. Saha et al.
investigated the impact of non-uniformity and wrinkling of the thin film via a mode-locking
phenomenon, which presented valuable results [124]. The thinner films with the size of
imperfection exceeding the critical limit are preferred for mode-locking due to their ability
to balance between a fast recovery time and optimal modulation depth. This balance is
critical for generating stable mode-locked pulses. Conversely, relatively thicker films are
preferred for Q-switching to yield a high modulation depth and enhance the ability to
control energy storage before saturation. These results depict the importance of the optimal
size of the active area and thickness of GO/rGO layers, as they impact many critical factors,
such as the recovery time, saturation intensity, and insertion losses, to achieve desired
pulse characteristics.

2.3. Nonlinear Characteristics of GO/rGO Nanostructures

It has been noticed that the Hummer and modified Hummer’s methods strongly influ-
ence the nonlinear optical properties of GO and rGO by altering their structural, electrical,
and optical properties, which significantly impacts their performance as SAs in EDFLs.
Raman spectroscopy is crucial for examining the structural and electrical properties of GO
and rGO, due to their significant impact on their nonlinear optical properties as SAs [125].
The Raman spectrum depicts D (~1340 cm ') and G (~1574 cm~!) bands that symbolize the
structural defects and sp? carbon atoms, respectively [126]. GO prepared by the modified
Hummer’s method exhibits a disordered structure due to the introduction of abundant
oxygen-containing functional groups, such as hydroxyl, epoxy, and carboxyl groups, via
reduction, which is confirmed by Raman spectroscopy, as reported by Sobon et al. [115].
These structural defects enhance the bandgap of GO, along with the introduction of local-
ized states within the bandgap. These defects also act as scattering centers, influencing
light transmission and saturable absorption efficiency. It allows the GO to play the role
of an optical limiter and somehow limits its saturable absorption ability. So, the removal
of oxygen-containing groups by laser, chemical, or thermal reduction restores the partial
conjugation of GO by converting it to rGO [115]. The re-establishment of 7-7t conjugation
on rGO leads to a reduced bandgap and efficient saturable absorption at higher intensities,
making it highly compatible to generate short pulses.

Scanning electron microscopy (SEM) is used to analyze the structural transforma-
tions and surface morphology of GO and rGO [125]. GO possesses a wrinkled, layered
structure due to oxygen-rich groups. It enhances the interlayer spacing, which directly
impacts the light transmission and saturable absorption efficiency of GO [126]. Removal
of oxygen groups from rGO restores its partial conjugation structure, retaining a com-
pact and graphitic form, and enhancing its nonlinear character and performance as an
SA in EDFLs [126]. X-ray photoelectron spectroscopy (XPS) is another essential tool to
assess the reduction efficiency of GO and rGO through the chemical state and elemental
composition [125]. It reveals the carbon and oxygen peaks of GO, indicating the density
of carbon—oxygen bonds, while XPS of rGO reveals decreased oxygen content with an
enhanced C/O ratio, indicating the successful restoration of sp? carbon networks. This
restoration influences the saturable absorption efficiency to generate ultrafast and stable
pulses [125]. The Z-scan technique reveals the nonlinear optical parameters of GO and
rGO, such as modulation depth, saturation intensity, etc., further confirming their potential
to generate short pulses [107]. These techniques reveal that structural and morphologi-
cal changes induced during preparation heavily affect the modulation depth of GO and
rGO. The defects and absence of a fully conjugated structure due to the introduction of
oxygen-containing groups and disruption of the sp? carbon network limits the ability
of GO to transit from a high absorption state to a low absorption state under high light
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intensities, causing low modulation depth values. However, the modulation depth of rGO
is considerably high due to the restoration of the sp? network, which directly influences
the higher repetition rate and pulse stability in EDFLs. Along with structural changes, the
optimized number of layers of nanomaterials is another crucial parameter for optimizing
the modulation depth, as it also contributes to the transition of states under light intensities.
On the other hand, excessive layering may lead to enhanced scattering losses, limiting pulse
operation. This discussion strongly proves GO and rGO’s ability to generate ultrashort
pulses from EDFLs with high efficiency, which has already been investigated and reported
in many papers [109,114,127-131].

The Raman spectroscopy, SEM, Z-scan, and XPS results provide a comprehensive un-
derstanding of structural, chemical, nonlinear optical, and morphological characteristics of
GO and rGO, directly justifying their ability to act as SAs and correlating their applications
in high-power laser systems.

The use of machine learning and deep learning to further study the nonlinear optical
properties of the GO/rGO materials, such as defects and structure, can broaden the view
and provide deep insight for new horizons. It can be achieved by analyzing large datasets
to detect complicated patterns and optimize the synthesis of GO/rGO SAs, resulting in
enhanced and stable pulse generation in EDFLs and high-power laser systems [132].

3. Techniques Employed for GO/rGO SAs’ Implementation in the Laser Cavity

Several techniques have been employed to incorporate GO/rGO SAs inside a laser
cavity, each optimized for different lasers and desired performance characteristics. The
most common technique involves the incorporation of thin films, nanoparticles, tapered
fibers, and D-shaped fibers within the laser cavity. These prepared GO/rGO SAs can be
placed in a position on the fiber ferrule, where they interact with the intra-cavity laser beam.
A detailed description of various techniques utilized for the deposition of SAs upon fiber
ferrules and then implemented inside the laser cavity is presented below.

3.1. Direct Deposition of Nanoparticles and Thin-Film-Based SAs on Fiber Ferrules

Fiber ferrules in fiber lasers are widely used to incorporate the SAs in the EDFL cavity
by placing or embedding them at the interface where fibers are spliced or connected via
FC/PC connectors. The GO/rGO SAs are typically deposited on fiber ferrules as thin
films, or nanoparticles, ensuring the direct passage or interaction of light through the
SA layer. The physical contact between the two fiber ferrules, along with SA occurring
through index-matching gel [113,118,133], offers a reduced reflection that leads to enhanced
saturable absorption efficiency [118]. The schematic diagrams of direct deposition of GO
nanoparticles and GO thin film on the fiber ferrule are shown in Figure 4a,b and Figure 5a,b,
respectively. This facilitates an effective light-matter interaction, leading to enhanced
saturable absorption and to modulation of the laser output intensity. Various techniques
are utilized to deposit the oxide SA thin film upon fiber ferrules, some of which are
discussed below.

The spray-coating method is a straightforward and inexpensive method that involves
the sonication of oxide SA to undergo atomization [134]. These atomized droplets are
sprayed upon the ferrules to form a uniform coating. Monteiro et al. reported the depo-
sition of graphene oxide SA at the end of the fiber connector through the spray-coating
method [117]. The sonication of the GO layer with 95% monolayer content played a critical
role in improving the homogeneity of the GO layer, which enhances the overall quality
and optical properties of the SA layer when integrated into the EDFL system through fiber
ferrules. However, the risk of loss of GO material is enhanced by this approach, as a large
amount of spray does not interact with the ferrule’s surface [135].
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Figure 5. (a) Fiber ferrule without SA deposition. (b) Fiber ferrule with GO thin-film-based SA.

Optical deposition is another innovative method, which utilizes laser operation to
deposit oxide SA onto the ferrule. Yap et al. investigated the deposition of reduced
graphene oxide (rGO) SA onto the fiber ferrule using the optical deposition method [106].
The fiber end submerged in rGO solution was exposed to a 980 nm laser for 40 min to
ensure the uniform and targeted deposition of rGO SA onto the ferrule. The controlled
laser power and deposition time offer fine-tuning of the SA optical character along the
optimized interaction among the rGO SA and laser light in the fiber core. So, this highly
targeted approach is considered an optimal method for oxide SA deposition upon fiber
ferrules. However, this method faces the challenge of achieving consistent deposition over
large areas, which reduces its scalability [91].

Depositing SAs directly onto the fiber ferrule in the form of nanoparticles or a thin
film in EDFLs offers several advantages. First, this configuration simplifies the laser cavity
by eliminating the need for complex free-space alignment or bulky components, making
the design more compact and easier to implement. Moreover, by using nanoparticles or
thin films, the GO/rGO SAs provide better control over the pulse characteristics, as it
allows precise tuning of the SA deposited on the fiber core. Additionally, direct deposition
techniques enable cost-effective manufacturing and allow for integration with a variety
of SA materials, such as graphene or carbon nanotubes, to achieve different operating
wavelengths and pulse durations, thus expanding the versatility and performance of
EDFLs [136]. Along with the advantages, the direct deposition of SA on the fiber ferrules
requires the careful and uniform deposition of SA to avoid damage or localized losses.
Additionally, in high-power fiber lasers, thermal disturbances in SAs can induce thermal
lensing, which disrupts the pulse stability and may cause damage to the optical components
in high-power applications [137].
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3.2. Tapered-Fiber-Based SAs

Tapered fibers are optical fibers that are narrowed at the center or edge through a heat
and pulling process by reducing the fiber diameter [138]. GO/rGO SAs are coated on the
surface of the tapered fiber to allow a stronger interaction between the SA material and the
guided light in fiber, making it highly effective for nonlinear optical interactions. Tapered
fiber is typically prepared by a heat and pulling system, where flame is used to soften an
optical fiber, which is further stretched to achieve a microfiber with low optical losses. The
schematic diagram of the tapered fiber is illustrated in Figure 6. The reduced diameter of
the fiber, up to 30 um [139] due to tapering, allows the extension of the evanescent field
beyond the core to interact with the surrounding GO/rGO SA material. This configuration
allows maximum interaction between the light traveling through the fiber and the GO/rGO
SA material, enhancing the nonlinear optical character of SA, facilitating efficient pulse
generation in SA. The parameters such as waist diameter and fiber length ensure the
maintenance of balance between optical losses and the evanescent field interaction with
GO/rGO SA material, occurring evenly in all directions. The evanescent field is the portion
of the optical fiber that extends beyond the fiber core and maintains its interaction with the
SA material to modify its nonlinear optical properties. Various means are used to deposit
GO/1GO SA upon tapered fiber, a few of which are mentioned below.

Deposited
SA layer

Taper Transition Taper Transition

Evanescent field

Air
Figure 6. Schematics of the tapered optical fiber.

Dip coating is widely used to deposit oxide SA upon tapered fiber by dipping mi-
crofiber into the solution and then drying it to achieve the coating. Ng et al. investigated
the deposition of reduced graphene oxide (rGO) upon the tapered fiber by dip coating [109].
The tapered fiber with a 10 pm waist was dipped for 20 s and then dried for 24 h to achieve
a uniform coating upon the tapered region [109]. Moreover, the process is performed to
stabilize the coating and maintain the intactness of the system for reliable performance in
laser operations. This method ensures the uniform deposition of rGO SA upon the tapered
region and ensures an improved light-matter interaction, critical for achieving consistent
nonlinear optical properties across the SA layer. However, the efficiency of this process is
limited due to the slow speed and blockage ability, which would impact the performance
of the SA [140].

Another method, involving use of the micropipette, is to precisely place the GO/rGO
SA material solution upon the tapered fiber. Jaddoa et al. reported the use of a micropipette
to apply a small drop, i.e., 0.5 uL, of GO solution upon the waist of the tapered fiber [139].
The usage of a micropipette offers precise application of the GO solution to ensure the
fabrication of GO SA at the interaction point of the strongest evanescent field. The direct
deposition of the GO solution on the waist further facilitates the interaction between the
evanescent field and the surrounding material, enhancing GO SA’s nonlinear optical charac-
ter. It ensures the minimization of unnecessary material use and ensures the placement of a
thin GO layer around the fiber waist. However, the precision in placing a small quantity of
GO SA enhances the risk of contamination or uneven application, causing the degradation
of the SA’s performance.

Tapered fibers hold a strong place in the domain of integration of SA into EDFLs due
to the evanescent field interaction. They facilitate the generation of short pulses in EDFLs
by enhancing the saturation efficiency at lower power levels [141]. However, the synthesis
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of the tapered fiber requires precision, as poor control over the tapering process may lead
to uneven tapering, resulting in excess loss or damage. High-power conditions may lead
to mechanical fragility in the tapered region, which can reduce the efficiency and stability
of the EDFL system. Moreover, the increase in insertion loss is observed after coating the
SA material upon the tapered fiber. These losses are expected due to light absorption by
GO/1rGO SA materials. However, they can be overcome by significant improvements in
the nonlinear properties of the oxide SA, which are crucial for stable pulse operation.

3.3. D-Shaped Fibers as SAs

D-shaped fiber is fabricated by partially removing the cladding layer from the optical
fiber, paving the way for an enhanced interaction between the core’s optical mode and
external materials, such as GO/rGO SAs [142]. The schematic of the D-shaped fiber is
depicted in Figure 7. It offers an enhanced light-matter interaction due to the direct contact
of the SA with the guided light in the exposed core, making it ideal for SA integration.
The strong interaction plays a key role in modulating the nonlinear optical properties of
GO/rGO SA material for efficient pulse operation. The interaction is further enhanced
by maintaining the distance between the fiber core and the flat D-shaped surface to an
optimized value, i.e., 2 um [143]. The thin residual cladding of the D-shaped fiber up to
5 pm [122] and interaction length of 10 mm [143] ensure the direct interaction of the
GO/rGO SA material with light traveling in the core. Various methods are employed to
deposit oxide SA upon the D-shaped fiber, some of which are discussed below.

side polishing l

{

PRRRRRRRRRRRRRRRIIING

Thin film

(H Coatinglayer

PR SMF s Thin film Jadding

Figure 7. Schematics of the D-shaped optical fiber.

Drop-casting is a well-known technique used to prepare uniform thin films by dispers-
ing the SA solution upon the polymer matrix, i.e., D-shaped fiber. Ahmed et al. reported
the drop-casting of 0.2 mL of rGO solution upon the polished region of the D-shaped
fiber, followed by drying for a suitable time of up to 2 h [144]. By controlling the solvent
concentration and evaporation rate, the agglomeration is avoided, and an even rGO layer
is obtained that acts as cladding for the polished fiber. This technique offers valuable
advantages of an improved interaction area along with polarization insensitivity [145].
However, enhanced sensitivity toward the evaporation rate can cause a loss of control over
the film thickness, which limits its use at a large scale [146].

Lee et al. reported the spraying of graphene oxide SA upon the polished upper
cladding of the D-shaped fiber to create a polarization-sensitive SA [122]. The evanescent
field interaction takes place among the GO layer and the fiber core, which creates strong
polarization-dependent effects. It modulates the D-shaped fiber to act as an SA as well as a
polarizer to facilitate stable pulse generation in a fiber laser. Its high polarization-dependent
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loss, i.e., 20.73 dB, further leverages in polarization-sensitive applications, including
Q-switching and mode-locking, which requires stable and high-contrast pulse generation.

Hence, the unique design of the D-shaped fiber raises an unparalleled evanescent field
interaction that enhances its suitability for advanced fiber laser systems for stable pulse
operation at low power levels. However, its fabrication is far more complex and needs
technical expertise compared to other traditional fiber structures, making it less commonly
used in EDFLs than other optical components, such as direct deposition of SAs on fiber
ferrules and tapered fibers.

In conclusion, every method for the integration of SAs into the EDFL cavity brings
its unique advantages and challenges. Fiber ferrules offer low-loss solutions along with
compactness, while tapered and D-shaped fibers enhance the light-matter interaction via
evanescent field exposure. Ultimately, the choice of method depends upon the specific
properties of the material being used as well as the desired laser characteristics, such as the
pulse duration, modulation depth, and power handling capability.

4. Performance of Q-Switched and Mode-Locked Erbium-Doped Fiber Lasers Based on
GO/rGO Saturable Absorbers

GO/rGO nanomaterials are well-known materials used to implement inside the laser
cavity to act as SAs in the form of a thin film that generates efficient ultrashort and ultrafast
laser pulses. Q-switching is a distinct technique that rises from the nonlinear optical
properties of SA materials, leading toward energy buildup within the laser cavity below
a particular threshold pump power. However, when this threshold power and required
gain are achieved inside the laser cavity, then Q-switching initiates, and the laser operates
in pulsed mode. Q-switching is important because it allows EDFLs to achieve high peak
powers, making them suitable for applications requiring short, intense bursts of light. In
an EDFL setup incorporating GO and rGO as SAs, the laser cavity typically follows a ring
configuration, as depicted in Figure 8. The key components include a pump laser, EDF,
wavelength division multiplexer (WDM), isolator, and coupler, with the SA integrated to
modulate the laser pulses. The diode pump laser emitting at 980 nm or 1480 nm is normally
employed to excite the EDF using a WDM. GO/rGO is incorporated as a thin film on a
fiber ferrule and then incorporated within the ring cavity via FC/PC connectors. GO/rGO
act as an SA, exploiting their nonlinear optical properties to initiate a passive Q-switching
or mode-locking mechanism within the cavity. When low-intensity light passes through,
GO/rGO absorbs the light, but at higher intensities, it saturates and allows the light to pass,
creating the pulses. An optical isolator (ISO) ensures unidirectional propagation of optical
light within the cavity that stops unwanted feedback. Additionally, the output coupler
extracts a portion of the laser output and divides it into required percentages. Furthermore,
the data are analyzed using an optical spectrum analyzer (OSA), electric spectrum analyzer
(ESA), and oscilloscope.

Mode-locking is an advanced form of Q-switching: the phases of different longitudinal
modes of the laser synchronize, forcing them to interfere constructively at regular intervals,
helping the formation of a train of short pulses. Passive mode-locking, a type of mode-
locking mechanism, in an EDFL can be achieved normally by incorporating additional SMF
into the laser cavity. In this technique, SMF is used to tailor the dispersion and nonlinear
effects in the cavity, which plays a crucial role in generating ultrashort pulses through
mode-locking. The additional SMF serves in dispersion management inside the cavity.
The fiber introduces a certain amount of group velocity dispersion (GVD) and nonlinear
effects, such as self-phase modulation (SPM), which is crucial for soliton formation and is a
common mode-locking mechanism in fiber lasers. In passive mode-locking, an SA (such as
graphene or SESAM) is often used alongside the SMF. The SA provides intensity-dependent
transmission, allowing higher-intensity light to pass while absorbing lower-intensity light,
effectively shortening the pulse duration. The schematics of a mode-locked EDFL is
illustrated in Figure 9.
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Figure 9. Schematic of the experimental setup of a mode-locked EDFL.

In the following, we have summarized the performance of EDFL-based GO/rGO
SAs. In the literature, for Q-switched EDFLs subject to GO SAs, the shortest pulse width
of 1.2 ps was reported by Tiu et al. [121]. The achievement of the shortest pulse width
can be attributed to the enhanced saturable absorption efficiency of GO, which is directly
influenced by the structural defects, as discussed in Section 2.3. The proposed EDFL
system yielded repetition rates of 16.3 kHz, and a pulse energy of 1.57 nJ. Additionally, the
multi-wavelength operation of EDFL was acquired by employing a nonlinear polarization
effect [121]. Su et al. reported that Q-switched EDFLs with rGO SAs generated pulses
with the shortest pulse duration of 1.83 us and attained the maximum repetition rate of
94.88 kHz [126]. The oxygen-containing groups of GO were thermally reduced to synthesize
a uniform rGO sample, which gained an enhanced modulation depth of 5.8% and directly
influenced the third-order nonlinearity of rGO SAs, i.e., saturable absorption, cross-phase
modulation, Kerr effect, etc., resulting in a significant improvement in the repetition rate
and pulse width of pulses [126]. On the other hand, Gerosa et al. reported a comprehensive
analysis of GO and rGO SAs, mode-locked EDFL, and the shortest pulse width of 350 fs,
with corresponding highest repetition rates of 48 MHz [147]. These results can be attributed
to the unique approach of coating microcapillaries of photonic crystal fiber with GO
and rGO samples. This approach of inserting rGO SA within the EDFL cavity reduced
insertion and splicing losses, leading to the generation of pulses with improved stability
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and pulse parameters, as mentioned above. Mansoor et al. reported the Q-switched
EDFL with a maximum repetition rate of 123.5 kHz with a GO SA due to enhanced
saturation of the SA proportional to the increase in pump power [148]. The proposed
system emitted at 1558.75 nm, with 1.68 nJ of corresponding pulse energy and a 2.3 ps pulse
duration [148]. On the other hand, Chen et al. reported the rGO SA with a uniform structure
and optimal modulation depth of 5.5% due to strong thermal reduction, resulting in a
high nonlinear saturation intensity [125]. It contributed to yielding a maximum repetition
rate of 12.66 MHz, achieved by the mode-locked EDFL attaining rGO SA [125]. For Q-
switched EDFLs with the GO SA, Tiu et al. reported a maximum average output power of
23.5 mW resulting from an enhanced nonlinear optical character, as discussed above [121].
For mode-locked EDFLs, Harun et al. investigated the maximum average output power
of 33.7 mW achieved by the GO SA, resulting from improved third-order nonlinearity,
reduced saturation losses, and a high damage threshold due to a four-layer GO paper [149].
Similarly, for Q-switched EDFLs with the rGO SA, Su et al. reported a maximum average
output power of 14.65 mW [126]. On the other hand, Chen et al. investigated the maximum
average output power of 18.22 mW for mode-locked EDFLs attaining rGO SAs [125]. The
maximum SNR of 60 dB was reported by Mat et al. for Q-switched EDFLs with GO
SAs, indicating the enhanced stability of the proposed system [113]. On the other hand,
Ahmad et al. reported the maximum SNR values of 55.03 dB for Q-switched EDFLs with
rGO SAs coated on arc-shaped fiber [107]. The concerned rGO SA showed an enhanced
modulation depth of 23%, which readily enhanced its saturable absorption ability, leading
to the generation of stable pulses with SNR values. Mode-locked EDFLs with GO SAs also
achieved stable pulses with a maximum SNR value of 74 dB, as reported by Chen et al. [150].
He et al. reported the interaction of rGO with the evanescent field of microfiber, which
stimulated the saturable absorption of rGO SAs, resulting in the generation of stable pulses
with a maximum SNR of 70 dB for mode-locked EDFLs [151]. The maximum Q-switching
range of 78.4 to 379.3 mW for Q-switched EDFLs with GO SAs was reported by Zhao et al.,
depicting the stability and high damage threshold of the SAs [152]. Su et al. investigated the
maximum Q-switching range up to 90 to 289 mW with the rGO SA [126]. For mode-locked
EDFLs with GO SAs, the maximum threshold range of 139 to 500 mW was reported by
Xu et al. [153]. Meanwhile, Chen et al. investigated the maximum threshold power range
of 273 to 563.07 mW for mode-locked EDFLs [125].

A summary of important parameters of pulses generated by Q-switched and mode-
locked EDFLs utilizing GO/rGO SAs is presented in Table 1. The crucial parameters of
EDFLs that determine their efficiency include the modulation depth of GO/rGO SAs, pulse
duration, repetition rates, average output power, pulse energy, peak power, SNR, and
Q-switching range, characterizing the performance of the proposed laser system.

Despite the generation of ultrashort optical pulses, the fabrication of ideal GO and
rGO SAs for EDFLs presents several key challenges. First, achieving uniformity and
controllability in the oxidation and reduction processes is critical, as these steps directly
affect the GO/rGO SAs’ optical and electronic properties. An insufficiently controlled
oxidation process can lead to a non-uniform distribution of oxygen functional groups,
affecting the saturable absorption behavior. Moreover, over-reduction of GO can result
in the loss of oxygenated sites, compromising the tunability of the material’s bandgap
and saturable absorption parameters. Another challenge lies in the dispersibility and
integration of GO and rGO into the fiber laser system. The tendency of graphene derivatives
to aggregate can lead to optical losses and inefficient interaction with the laser beam.
Additionally, ensuring the long-term stability of the SA is crucial, as GO and rGO can
degrade under prolonged laser exposure or due to environmental factors, such as humidity
or temperature changes.
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Table 1. Summary of important parameters of pulses generated by Q-switched and mode-locked
EDFLs utilizing GO/rGO SAs.

MD

PD

RR

Pavg

PP

PE

SNR

QS Range

SA Opr (%) (uslps)  (kHz/MHz)  (mW) (mMW/KW) (@)) (dB) (mW) Ref.
GO Qs 35 12 16 13 - - ; 60-170 [154]
GO Qs - 143 144 - ; ; ; 99-111.32 [17]
GO Qs 7 2.0 85 22 13 26 10-85.0 [106]
GO Qs 24.1 2.9 65.27 0.99 ; 15.17 45.13 2005-225.1 [118]
GO Qs ; 473 51.81 0.128 052 247 52 26.32-71.65 [40]
GO Qs ] 5.67 81.7 8.93 ; 109.3 ; 16.88-72.85 [155]
GO Qs 37 7.8 17.8 23 154 128.1 2 105.2-193.6 [156]
GO QS-ML ] 26 7174 0.136 ; 668.95 37 21.7-47.9 [19]
GO Qs 58 1.83 94.88 14.65 ; 15434 90-280 [126]
GO Qs 23 2.01 54.10 0.405 - 7.499 55.03 32.42-119.50 [107]
GO Qs ; 23 1235 ; ; 1.68 ; ; [148]
GO Qs 32 353 ; 227 ; 48.19 ; 50-170 [116]
GO Qs ; 356 39.1 132 ; 33.8 38.8 26.4-79.0 [120]
GO Qs - 557 6177 0.003 - 0.054 - 39-96 [13]
GO Qs ; 228 53.45 0.042 } 0.78 38 56.17-105.98 [139]
GO Qs - 12 163 235 - 157 - 39.6-46.8 [121]
GO Qs ] 248 25 0.788 ; 40.69 ; 33.7-59.5 [157]
GO Qs ; 77 272 0.11 ; 43 31 65-118 [112]
GO Qs ; 3.90 57.0 0.17 - 81 ; 10-70 [158]
GO Qs 86 2.12 8.96 ; ; 162 [122]
GO Qs - 185 116 146 ; 125 ; 120-175 [115]
GO Qs ] 66 61 37 9.3 613 ; 9-100 [159]
GO Qs ] 2.72 72.25 16.6 ; 2297 ~40 78.4-379.3 [152]
GO ML - 08 2 337 - 0.153 358 39.3-170.2 [133]
GO ML ; 688,000 148 ; ; ; ; 200 [17]
GO ML ; 11 ; ; ; } 3 ; [160]
GO ML 184 0.81 9.4 ; ; ; 50.7 80 [161]
GO ML 194 052 252 0242 - - 48.89 26.8 [114]
GO ML ; 13 12.8 ; ; ; ; ; [162]
GO ML 3.9 057 5.68 6.75 - 119 59.5 40 [109]
GO ML 241 0.8 220 337 ; 153 358 39.3-170.2 [149]
GO ML ] 0.35 48 ; ; ; ; } [147]
GO ML 55 1380 12.66 1822 - 144 50 273-563.07 [125]
GO ML ; 118 165 ; ; ; 58.3 76.6-280.5 [123]
GO ML 65 05 238 1.80 - ; ; 212 [131]
GO and rGO ML - 0.19 155;?2*‘9“61 02 0.277 0.083 74 40 [105]
GO ML - 125 218 0.363 0.0113 0.015 - 70-175 [163]
GO ML 1.96 0.9538 ; 0212 ; ; ; ; [130]
GO ML ; 02 29 [129]
GO ML 3.15 0.587 159 25 0.267 0.16 74 45-83 [150]
GO ML - 0.68 15.62 0.134 0.01185 0.0085 30 175244 [164]
GO ML ; 0.542 195 233 ; 12 65 139-500 [153]
GOand1GO ML 18and 21 039 - 196and 168 C%O2AD 337and208 60 71095 and [125]
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To address these challenges, precise control over chemical processes, such as Hum-
mers’ method for oxidation and subsequent thermal or chemical reduction, is essential.
Optimizing the degree of oxidation and reduction allows for better tunability of the SAs’
properties. Furthermore, functionalizing the GO or rGO with polymers or other stabilizers
can improve dispersibility and prevent aggregation, ensuring uniform interactions with
the laser light. Encapsulating the SA in a protective environment or integrating it into
fiber-compatible composite materials can enhance its environmental and operational sta-
bility. Finally, advanced characterization techniques, such as Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM), can help
in fine-tuning the structural properties of GO and rGO to meet the specific requirements
of EDFLs.

5. Conclusions

In conclusion, this review highlighted the significant advancements in the application
of graphene oxide and reduced graphene oxide saturable absorbers for erbium-doped fiber
lasers in both mode-locking and Q-switching regimes. The performance of these SAs has
been extensively discussed, with a focus on key parameters, such as the pulse duration,
repetition rate, average power, pulse energy, peak power, and signal-to-noise ratio. The
comparative analysis showed that GO- and rGO-based SAs offer tunable optical properties
that make them highly effective in generating ultrashort pulses and stable Q-switched
operation, with excellent control over laser dynamics. However, the performance metrics
are closely linked to the synthesis and fabrication techniques of GO and rGO thin films, as
well as the methods used to incorporate them into the laser cavity. The various chemical and
physical approaches for synthesizing these materials, including oxidation and reduction
strategies, directly influence their saturable absorption characteristics, thereby impacting
the laser output. Additionally, the integration methods—whether fiber end-face deposition,
optical deposition, or film embedding—play a critical role in determining the stability
and efficiency of the EDFL systems. Further advancements in fabrication techniques and
material processing are necessary to optimize the performance of GO and rGO SAs, paving
the way for more efficient and stable fiber laser systems in diverse applications.
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