
 

 
 

Review 

A Review on Rhenium Disulfide: Synthesis Approaches, Opti-

cal Properties, and Applications in Pulsed Lasers 

Mahmoud Muhanad Fadhel 1, Norazida Ali 1, Haroon Rashid 1, Nurfarhana Mohamad Sapiee 1, Abdulwahhab Essa 

Hamzah 1, Mohd Saiful Dzulkefly Zan 1, Norazreen Abd Aziz 1 and Norhana Arsad 1,* 

1 Department of Electrical, Electronic and Systems Engineering, Faculty of Engineering and Built Environ-

ment, Universiti Kebangsaan Malaysia, UKM Bangi 43600, Selangor, Malaysia; P97209@siswa.ukm.edu.my 

(M.M.F); P96194@siswa.ukm.edu.my (N.A); haroon@ukm.edu.my (H.R); P103517@siswa.ukm.edu.my 

(N.M.S); P97926@siswa.ukm.edu.my (A.E.H); saifuldzul@ukm.edu.my (M.S.D.Z); norazreen@ukm.edu.my 

(N.A.A) 

* Correspondence: noa@ukm.edu.my  

Abstract: Rhenium Disulfide (ReS2) has evolved as a novel 2D transition-metal dichalcogenide 

(TMD) material which has promising applications in optoelectronics and photonics because of its 

distinctive anisotropic attributes. In this review, we emphasize on formulating saturable absorbers 

(SAs) based on ReS2 to produce Q-switched and mode-locked pulsed lasers of diverse operation 

wavelengths like 1 μm, 1.5 μm, 2 μm, and 3 μm. We outline ReS2 synthesis techniques and integra-

tion platforms concerning solid-state and fiber-type lasers. We discuss the laser performance based 

on SAs attributes. Lastly, we draw conclusions and outlook by recommending additional improve-

ments for SA devices so as to advance the domain of ultrafast photonic technology. 
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1. Introduction 

Ultrafast laser technology pertains to the creation, amplification, and operation of 

ultrashort pulses with periods ranging from nanosecond to picosecond and femtosecond. 

Numerous distinct characteristics of pulsed lasers like greater peak intensity, broad spec-

trum, and fast temporal resolution [1] have driven a wide-range of uses like laser welding 

and drilling [2], ultrafast spectroscopy [3,4], and frequency comb metrology [5,6]. Further-

more, pulsed lasers based on intensity modulation have proven their significant efficiency 

within a wide variety of distributed optical fiber sensors (DOFS) [7-11]. These kinds of 

lasers could be produced either by Q-switching or mode-locking methods, which are cat-

egorized into passive or active modulation methodologies. Typically, the Q-switching 

method can provide immense short-duration pulses in the microsecond to nanosecond 

range by regulating cavity loss frequently using a kilohertz-range frequency. On the other 

hand, the mode-locking method [12] comprising a concurrent in-phase lock of all the lon-

gitudinal modes in the cavity is frequently employed for producing extremely-short 

pulses ranging from a few femtoseconds to several picoseconds. Furthermore, the mode-

locked pulse repetition rate is quite higher compared to the Q-switching repetition rate 

[13]. 

The active modulation technique relies on an optical modulator with an externally-

applied modulating signal; the modulator is usually based on the electro-optic or acousto-

optic effect [1,14]. Even though this methodology is quite robust, it fails to create very 

short pulses because of the inadequate bandwidth of active modulators. Conversely, pas-

sive modulation designs are in a position to offer quite shorter pulses, as the SA with a 

brief recovery time can regulate the cavity loss much quicker compared to an electronic 

optical modulator [15]. 
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The saturable absorbers in passive Q-switching and mode-locking approaches could 

be generally split into two classes: real SAs, materials which demonstrate an intrinsic non-

linear drop in absorption with growing light intensity; and artificial SAs, devices which 

manipulate nonlinear effects, like nonlinear polarization rotation (NPR) and nonlinear 

amplifying loop mirror (NALM), to simulate the action of a real SA by provoking an in-

tensity-dependent transmission [16]. Nevertheless, NPR and NALM face several issues, 

like high saturable threshold power and polarization sensitivity [17]. 

The advancements in microfabrication and material science have driven a growing 

number of materials which could be utilized as real SAs. Figure 1 depicts the progression 

of real SA technologies and their applications as photonic devices. In 1964, “reversibly 

bleachable” dye [18] and colored glass filters [19] were used for the first-ever presentation 

of SA-based pulse generation by Q-switching a ruby laser, just four years after Maiman 

demonstrated laser operation [20]. Reversibly bleachable dyes were extensively deployed 

to mode-lock lasers, driving the first exhibition of continuous-wave (CW) mode locking 

[21]. Later in 1983, ion-doped fiber has emerged as gain medium, and unstable mode-

locking of a Nd:Fiber laser was reported using a dye SA [22]. It was quite challenging to 

create steady mode-locked pulses among fiber lasers, till the exhibition of semiconductor 

saturable absorber mirror (SESAM) in 1992 [23], a discovery which facilitated the first dis-

play of a passively mode-locked fiber laser (Nd:YLF) minus Q-switching instabilities. 

However, producing SESAMs typically comprises sophisticated and highly specialized 

instruments. Post-growth ion insertion or the uses of low temperature growth are em-

ployed for minimizing device response time. Additionally, a typical SESAM-based instru-

ment operates in a narrow wavelength band (<100 nm) [1]. 

 

Figure 1. The evolution of real saturable absorber technologies and their applications as photonic 

devices. Ref. [24]; reproduced with permission; copyright 2018, John Wiley and Sons. Ref. [25]; 
reproduced under the terms of a Creative Commons Attribution 4.0 International License; copy-

right 2014, Springer Nature. Ref. [26]; reproduced under the terms of a Creative Commons Attrib-

ution 4.0 International License; copyright 2016, Springer Nature. Ref. [27]; reproduced under the 

terms of a Creative Commons Attribution 4.0 International License; copyright 2015, Springer 
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Nature. Ref. [28]; adapted with permission; copyright 2017, American Chemical Society. Ref. [29]; 
reproduced under the terms of a Creative Commons Attribution 4.0 International License; copy-

right 2015, The Optical Society. 

Unfortunately, such traditional SA materials have certain disadvantages, and there-

fore are not able to fulfill the main SA requirements, like fast response time, strong non-

linearity, low loss, broad bandwidth, greater power handling, and low costs [30]. SA ma-

terial with nanometer-scale dimensionality may offer pronounced optoelectronic charac-

teristics and powerful quantum confinement [31]. In 1997, zero-dimensional quantum 

dots (QDs) were used for pulse generation [32]. This presentation led to widespread in-

terest in nanomaterial SAs. One-dimensional single-walled carbon nanotubes (SWCNTs) 

[33] and two-dimensional graphene [34] were regarded as potent materials for creating 

ultrafast pulses in the sub-picosecond range [30]. Usually, nanotubes with distinct diam-

eters and chirality are tough to synthesize [35]. 

Apart from graphene, which was originally found in 2004 [36] with zero-bandgap 

structure, there are a broader category of novel 2D materials like topological insulators 

(TIs) [37,38], transition metal dichalcogenides (TMDs) [39,40], black phosphorus (BP) 

[41,42], MXenes [43], antimonene [44,45], bismuthine [46-48], and tin selenide [49]. Now-

adays, 2D materials are a preference for research and use in nearly each domain of science 

and engineering, especially TMDs which demonstrate adaptable chemistry. 

TMDs having MX2 chemical formula typically comprise a plane having hexagonally-

placed transition metal atoms M (groups 4-10) in Figure 2 placed between two chalcogen 

atom-based hexagonal planes X (e.g., S, Se, Te). The M-X bonds within layers are mostly 

covalent, while weak Van der Waals forces hold the sandwiched layers [50]. TMDs have 

been acknowledged since the 60s, and a set of 40 TMDs and their elementary attributes 

was reviewed in 1969 [51]. Members of Group 6 like WSe2 and MoS2 are the most distinc-

tive ones; yet, rhenium disulfide (ReS2) in group 7 has been drawing the highest attention 

recently due to its uncommon electro-optical, structural, and chemical attributes [52]. 

Contrasting to group 6 TMDs which steadied in extremely symmetric 2H structures, ReS2 

possesses a distinctive distorted 1T structure that renders an in-plane anisotropy to its 

physical attributes [53]. Furthermore, because of the exceptionally weak interlayer cou-

pling, bulk ReS2 functions as vibrational and electronically decoupled monolayers, caus-

ing a noticeable layer-independent character in different attributes [54]. Such unique at-

tributes of ReS2 have encouraged several evolving applications such as catalysis, energy 

storage, optoelectronic devices, and sensing [55-57]. Considering the strong light absorb-

ance in a wide wavelength band, ReS2 material is potentially useful for optical modulation 

as required for pulsed lasers using SAs [58,59]. 
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Figure 2. Periodic table showing TMDs materials with its components of transition metals M and 

three chalcogen X elements. 

This review comprises a summary of the present state-of-the-art photonic devices 

based on ReS2. We discuss the material production, integration, and use of SA devices for 

ReS2 pulsed lasers. On the basis of these developments, a conclusion and point of view for 

new prospective opportunities for ultrafast photonic technologies are emphasized. 

2. Rhenium Disulfide (ReS2) 

2.1. Atoms Arrangement and Band Structure 

Noddack, Tacke, and Berg [60] were the first to discover rhenium in 1925, the last 

steady element in the periodic table [53]. The atomic arrangement of a ReS2 layer may be 

understood as a distorted 1T arrangement. The layer comprises a zigzag Re-Re chains 

along the b-axis of the lattice (Figure 3a) [54]. Metal-metal bonding causes doubling on the 

ReS2 unit cell, which, therefore, comprises eight S and four Re atoms (Figure 3b). Figure 

3c depicts a less zoomed ReS2 annular dark field (ADF) picture showing tri- and mono-

layer regions on the flakes [61]. The ADF image clearly shows single layer regions com-

prising four Re atoms forming diamond-shaped links (green line). 

 

Figure 3. (a) Atomic structure of a monolayer ReS2. Unit cell and Re chains are indicated. (b) Top 

view of the ReS2 monolayer shown by unit cell atoms. (c) Low magnification ADF image of ReS2. 

The upper part is single-layer with the diamond-shape (DS) phase structure, while the lower part 

is three-layer stacking. Reproduced with permission from Ref. [61]. Copyright 2015, American 

Chemical Society. 

ReS2 has a noteworthy aspect: the band structures for monolayer, trilayer and five-

layer ReS2 are similar (Figure 4), indicating the nature of ReS2 of maintaining a direct-

bandgap [62]. On the other hand, several TMDs have direct and indirect bandgaps in 

monolayer and bulk forms, respectively [54]. Bandgap characteristics can cause thickness 

to affect TMD properties extensively. Furthermore, based on the strain as well as ribbon 

width, the bandgap and electronic properties of mono-layered TMDs will alter greatly 
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[63,64]. Ab initio calculations indicate that ReS2 bandgap does not change significantly 

when the thickness is increased from monolayer (1.44 eV), trilayer (1.4 eV) to five-layer 

(1.35 eV) [62]. This distinct response can be attributed to the absence of interlayer registry 

and weak interlayer connection caused by Peierls distortion of the ReS2 1T arrangement 

[54]. Additionally, the comparability of optical and electrical characteristics of single-layer 

and bulk ReS2 indicates that the material could offer a base to evaluate 2D system 

mesoscopic physics without facing the challenge of producing thick monolayer flakes 

with substantial area [65]. 

 

Figure 4. Ab initio calculated electronic band structure of monolayer, trilayer and five-layer ReS2 

indicating band gaps of 1.44, 1.4 and 1.35 eV, respectively. Reproduced under the terms of a Crea-

tive Commons Attribution 4.0 International License [62]. Copyright 2015, Springer Nature. 

2.2. Optical Properties 

ReS2 in bulk form has anisotropic optical characteristics that are recorded [66]. The 

present emphasis is on the material comprising few layers and the monolayer structure 

[67]. Figure 5a depicts the photoluminescence (PL) spectrum of ReS2 flakes with diverse 

quantity of layers [68]. Thinning of ReS2 material form 7-layer to monolayer thickness is 

associated with a reduction in PL intensity. However, the red-shift associated with the 

peak position is insignificant, indicating little dependence on layer count. This observa-

tion is in agreement with theoretical bandgap calculations of ReS2 [69]. 

The ReS2’s Raman response is shown in many research works [70-72]. Because of the 

low symmetry of ReS2, a higher number of Raman modes could be seen as against the 

traditional TMDs. Additionally, the frequency shift for every Raman mode indicates mi-

nute changes concerning monolayer to bulk ReS2, as shown in Figure 5b; the figure indi-

cates 18 Raman modes corresponding to bulk, five-layer, and monolayer ReS2 [62]. There 

are six Raman modes with labels; these comprise two Ag-like low-frequency modes (iden-

tified at 136.8 and 144.5 cm-1) specific to out-plane Re atom vibrations. Furthermore, four 

Eg-like modes are observed (identified at 153.6, 163.4, 218.2, and 238.1 cm-1) specific to in-

plane Re atom vibrations. The remaining Raman modes possess high frequency and are 

specific to relatively light S atoms [71]. Thus, one can determine the thickness of few-layer 

ReS2 by analyzing the Raman peak positions, much like the approach utilized for MoS2 

[73]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 August 2021                   doi:10.20944/preprints202108.0457.v1

https://doi.org/10.20944/preprints202108.0457.v1


 

 

 

Figure 5. (a) Photoluminescence (PL) spectrum of ReS2 flakes with different number of layers. Re-

produced with permission from Ref. [68]. Copyright 2018, Applied Physics Letters. (b) 18 Raman 

modes observed on monolayer, five-layer and bulk ReS2. Six labelled Raman modes include two 

low frequency Ag-like modes corresponding to the out-of-plane vibrations of Re atoms and four 

Eg-like modes corresponding to the in-plane vibrations of Re atoms. The rest 12 higher frequency 

Raman modes are vibrations mainly from lighter S atoms. Reproduced under the terms of a Crea-

tive Commons Attribution 4.0 International License [62]. Copyright 2015, Springer Nature. 

3. Fabrication and Characterization of ReS2 

The systematic fabrication of 2D ReS2 with suitable size, thickness, morphology, and 

crystal quality is substantially important for the exploration of their electronic, optical, 

and thermal properties for prospective applications. Rhenium (Re) retains one of the high-

est melting points (~ 3180 °C) among all transition metals whereas disulfide is compara-

tively low (~ 155 °C). The large difference in melting points makes it considerably chal-

lenging to grow ReS2 thin films. This section summarizes the various fabrication tech-

niques of ReS2. First part highlights the top-down synthesis approach which comprises of 

mechanical and liquid phase exfoliations. Subsequent part discusses bottom-up tech-

niques which includes the physical vapor deposition (PVD), chemical vapor transport 

(CVT), and chemical vapor deposition (CVD) techniques [52]. Depending on the applica-

tions’ need, various characterizations can be performed for the 2D TMD ReS2 films. Figure 

6 encapsulates the various fabrication and characterization techniques commonly used for 

2D TMD ReS2. 
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Figure 6. Typical fabrication and characterization methods for 2D TMD materials. 

3.1. Top-down Synthesis Techniques 

3.1.1. Mechanical Exfoliation 

Mechanical exfoliation has an outstanding influence on study and use of 2D materials 

on their fundamental characteristics. 2D graphene films were first acquired by Novoselov 

et al. [36] using the scotch tape method scientifically known as the mechanical exfoliation 

technique. It offers crucial access to high-quality flakes with good mechanical and electri-

cal characteristics in spite of the inexpensive and coarse method [74-77]. A single crystal 

of bulk material is affixed to the adhesive side of the scotch tape and subsequently an 

additional piece of tape is positioned on the opposite side of the bulk material. After-

wards, both pieces of tape are peeled for numerous times. A clean and flat substrate, usu-

ally SiO2/Si (300 nm) is then used to affix the freshly sliced thin flake from the scotch tape. 

Similarly, mono or few layers can be obtained and transferred to the targeted substrate 

[52]. A highly responsive phototransistors using few layers of ReS2 is demonstrated by 

Liu et al. [78] using mechanical exfoliation approach. Figure 7 reveals the usual optical 

images of ReSe2 and ReS2 on SiO2/Si substrate with various layers exfoliated from the bulk 

materials [79]. However, the shortcomings of this method cannot be overlooked. It may 

produce edges and ribbons beside crystallographic directions. Also, edges, number of lay-

ers and morphology are intense, owing to coarse procedure [80]. 
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Figure 7. Optical image of a N-layer (a) ReSe2 and (b) ReS2 crystal. Reproduced with permission 

from Ref. [79]. Copyright 2016, American Chemical Society. 

3.1.2. Liquid Phase Exfoliation 

Liquid phase exfoliation is an effective technique for exfoliating ReS2 nanosheets in 

large capacity without losing crystal quality. Currently, ReS2 exfoliation can be classified 

into two main types; sonication assisted exfoliation and ion intercalation exfoliation [81]. 

Hersam et. al has reported the ReS2 exfoliation via layer-by-layer isopycnic density gradi-

ent ultracentrifugation sorting of high density nanosheets in aqueous surfactant solutions 

[81]. At first, ReS2 powder in deionized water was sonicated with the amphiphilic small 

molecule surfactant sodium cholate. Subsequently, centrifuged at 7,500 RPM to remove 

the unexfoliated flakes and the supernatant was collected. To precipitate large size ReS2 

nanosheets, it was further centrifuged at 20,000 RPM. Finally, the comparatively uniform 

ReS2 nanosheets were attained with average thickness of around 3 nm and 50–100 nm of 

lateral size. A mixed solvent strategy was demonstrated using the Hansen solubility the-

ory to prepare few layers of ReS2 nanosheets by exfoliating bulk ReS2 in an ethanol-water 

mixture [82]. It was reported that using a mixture of solvent with 72 % deionized water 

and 28 % ethanol for sonication is optimum to efficiently exfoliate large scale nanosheets 

of ReS2 with an average lateral size of 2.3 nm and a thickness of 50–80 nm. Colloidal ReS2 

nanosheets for antitumor therapy and bioimaging applications using a sonication assisted 

liquid exfoliation method are also reported by Miao et al. [83]. 

Another technique to prepare ReS2 nanosheets is ion intercalation exfoliation. In this 

method, the cation e.g., Na+, Li+, K+, with small ionic radius can easily insert into the 

interspace of layered bulk crystals. It expand the interspace drastically and weaken the 

Van der Waals forces between contiguous layers [52]. Another technique concerning the 

reaction of ReS2 powder with lithium borohydride (LiBH4) is developed to replace the 

conventional protocol requiring butyl lithium solution to effectively exfoliate ReS2 

nanosheets [84]. Nevertheless, the obtained ReS2 nanosheets with respect to thickness, and 

lateral size are polydisperse. A homogeneous monolayer ReS2 film at large scale is chal-

lenging. Furthermore, certain solvents and reagents may cause contamination. In this per-

spective, the nanosheets obtained by this technique are more suited to biological and en-

ergy conversion applications [52]. 

3.2. Bottom-up Synthesis Techniques 

3.2.1. Physical Vapor Deposition 

Physical vapor deposition (PVD) method is a controlled environmental growth pro-

cess. The liquid or solid precursors are evaporated in the form of molecules, or atoms in 
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the presence of a low gas pressure within the high vacuum environment to the targeted 

substrate [85,86]. Synthesized high quality and large area ReS2 thin film on top of SiO2/Si 

substrate is obtained by using ReS2 powder (99% pure by Alfa-Aesar) with a cost effective, 

controlled and simple PVD method as reported by Qi et al. [87]. Before pumping the 1-

inch quartz tube to vacuum, ReS2 powder is placed in the middle of the tube and then 

filled with argon (Ar) gas as depicted in Figure 8a. The temperature of the furnace is set 

to 900 °C. After one hour of ReS2 growth, the furnace is left to naturally cool down. The 

AFM is used to measure the thickness of ReS2, and a homogenous film of 2.30 nm thick-

ness (three monolayers) is reported. Subsequently, the crystalline structure and morphol-

ogy is studies using TEM and SEM, respectively. From the SEM image presented in Figure 

8b, the surface of ReS2 film is found in micrometer size with continuous and clean surface. 

The as-grown ReS2 film is observed in nanometer size from the TEM image presented in 

Figure 8c. The average grain size is reported to be approximately 250 nm and dark-field 

TEM (DF-TEM) image is revealed in the inset of Figure 8c. However, higher melting point 

of the precursor and higher vacuum conditions may be the demerits of this technique for 

possible adaptability [52]. 

 

Figure 8. (a) Schematic diagram of synthesized ReS2 film by PVD. (b) SEM image of ReS2 film. (c) 

TEM image of the ReS2 film. Reproduced with permission from Ref. [87]. Copyright 2016, Elsevier. 

3.2.2. Chemical Vapor Transport 

Another highly popular approach for synthesis of bulk or single crystals of ReS2 and 

ReSe2 is the chemical vapor transport (CVT) technique. In this method, a sealed ampoule 

tube is used as the growth chamber, the precursor material and transport agent are placed 

inside the tube for several to ten days under low pressure and high temperature [88]. The 

halogen (I2 or Br2) is used as the transport agent to aid the growth of ReS2 crystals [61]. 

Nevertheless, this causes the involuntary background doping and the properties of ReS2 

crystals are also changed [80]. A study reported by Bhakti et al. [89] synthesized high 

quality ReS2 and ReSe2 crystals by employing the pure Re and S/Se powders without using 

halogen transport agent. The growth took place in a cleaned quartz tube at an appropriate 

temperature using Re and S elements. The shiny plate-like crystals with 20 – 100 microns 

thickness are witnessed by optical and SEM image as revealed in Figure 9. 
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Figure 9. Optical image of the as-grown crystals of (a) ReS2 (inset shows the ingot as removed 

from the quartz tube) and (b) ReSe2. SEM images of (c) ReS2 and (d) ReSe2, showing the surface 

morphology of the flakes. Reproduced with permission from Ref. [89]. Copyright 2016, American 

Chemical Society. 

Lei Xing et. al has recently developed a new approach by meticulously tuning the 

growth kinetics for direct synthesizing of thin ReSe2 flakes. The quartz ampoule is spe-

cially designed with a neck to separate the powders from the targeted substrate as shown 

in Figure 10a. This modified method resulted in high quality mono and few layers of ReSe2 

nanosheets growth on sapphire or mica substrate as shown in Figure 10b [90]. 

 

Figure 10. (a) A Schematic for the set-up of CVT growth of ReSe2 flakes. The end of ampoule with 

the source materials and transport agents is placed at the high temperature zone and the other end 

is placed at the low temperature zone. (b) Optical image of a typical CVT-grown ReSe2 flake on 

mica substrate. Reproduced under the terms of a Creative Commons Attribution 4.0 International 

License [90]. Copyright 2019, John Wiley and Sons. 

3.2.3. Chemical Vapor Deposition 

Chemical vapor deposition (CVD) technique is intensively employed due to high 

quality, large area, and uniform films obtained [91,92]. Large-area monolayer ReS2 thin 
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films are exhibited by Keyshar et al. [93] recently using scalable CVD synthesis method. 

Remarkably, low temperature (450 °C) growth is reported for monolayer synthesis com-

pared to previous studies. The uniform polycrystalline bilayer ReS2 film is obtained by 

synthesizing hexagonal single crystal flakes of ReS2 for the first time exploiting CVD 

method is reported by Hafeez et al. [94]. Three horizontal zones were formed inside the 

quartz tube within the furnace during the heating process to obtain single and bilayer 

crystals from the source materials i.e., ReO3 and sulfur. In another study by Dathbun et al. 

[95], wafer scale uniform ReS2 multilayer film is prepared using ReO3 and H2S gas as pre-

cursor. During the infusion of gas, H2S directly reacted with ReO3 and formed ReS2 film 

of few cm2. One of the merits of using this technique is the control on obtained film thick-

ness by regulating the gas flow rate. 

4. Saturable Absorbers 

4.1. Physics of Saturable Absorption 

The absorption basis of 2D layered materials is primarily the Pauli blocking impact 

[35,96]; this is schematically depicted in Figure 11. When light having photon energy mag-

nitude more than an incident material’s bandgap falls on the 2D material surface, valence 

band electrons are excited to the conduction band due to incident photon absorption (Fig-

ure 11a). The hot electrons created are swiftly thermalized to institute a hot Fermi–Dirac 

dissemination. The thermalized carriers are then cooled down more through the intra-

band scattering impact (Figure 11b). Next, electron-hole recombination process is active 

until hole distribution is in equilibrium with electron relaxation. Hence, low transmission 

is the consequence of a majority of incident photons being absorbed. This phenomenon 

can be attributed for linear optical photon absorption during relatively weak excitation 

scenario. During high-intensity incident light conditions, there is a substantial increase in 

photogenerated carriers; consequently, conduction band states are filled with photon en-

ergy up to half of their level. This will impede additional absorption due to the Pauli 

blocking impact (Figure 11c). Pauli blocking effect indicates that two similar electrons can-

not occupy an identical state; consequently, light absorption bleaching occurs (majority of 

the incident light is not absorbed, causing a high transmission) [35]. 

 

Figure 11. The process of linear absorption and saturable absorption of 2D materials due to Pauli 

Blocking effect. 

4.2. Optical Device Integration and Transfer Strategy 

The produced 2D materials are in the form of thin small sheets having nanometer-

scale thickness; hence, they cannot be used directly for lasers. Therefore, it is essential to 

couple materials into proper optical structures to ease the interface between the light and 
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materials. This type of photonic device having 2D materials utilized in optical fiber or free 

space structures is known as saturable absorbers (SAs) [58,96]. There are many coupling 

methods which are summarized in Figure 12. Techniques used for fiber laser applications 

require material transfer to an end facet of a fiber connector (Figure 12a), tapered fibre 

(Figure 12b), side-polished fibre (Figure 12c), or filled into the empty photonic crystal fiber 

(PCF) channels (Figure 12d). It is straightforward and flexible to handle the fiber connector 

method. A fiber adapter is used to integrate two fibers by placing the SA material in the 

middle of two end facets. Nevertheless, the obtained material has less damage threshold 

because SA chemical bonds break due to heat collection due to the high-intensity laser 

obtained by strong transmission coupling [97]. Side-polished and tapered fiber forms pro-

vide the benefit of increased power endurance and damage limits since only a fraction of 

the light (i.e., evanescent field) interact with the 2D material. Nevertheless, considering 

that the material has relatively less light intensity, enhancing interaction length can lead 

to higher non-linearity [98,99]. The PCF scheme is also associated with adequate material-

light interaction length and high power-handling ability. In contrast, it is challenging to 

produce; also, single mode fibers and PCFs have less coupling effectiveness [97]. In the 

case of solid-state lasers, the coupling schemes are such that there is direct light interaction 

with the material spin coated on substrates like mirror or quartz glass surface in free-space 

using reflection or transmission (Figure 12e). 

 

Figure 12. Integration platform for 2D materials to make SA devices. (a) Sandwiched between two 

fiber connecters using fiber adapter. (b) Tapered fiber. (c) D-shaped (side-polished) fiber. (d) Pho-

tonic crystal fiber. (e) Substrate (e.g., quartz glass plate or mirrors) for free-space coupling. 

Choosing an appropriate technique for transferring material onto optical devices re-

lies on material production techniques. Considering the mechanical exfoliation method, it 

is possible to move flake layers to the fiber connector by pressing down the end facet on 

scotch tape having few-layer thick peeled flakes. Consequently, the adhesive force be-

tween the ceramic and flakes causes a 2D-material layer to deposit on the fiber core (Fig-

ure 13a) [41]. Optical-driven deposition may be employed for solution-based exfoliation. 

Initially, the fiber’s end facet is dipped inside the solution; subsequently, a strong beam 

of light is injected. Consequently, the fiber tip gets coated with the material because of 

temperature-gradient induced material movement [100-102], as depicted in Figure 13b. 
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Additionally, solution exfoliation nanomaterials can now be transferred using inkjet 

printing technology. This technique comprises an ink based on 2D flakes; the ink is de-

posited on the substrate surface, thereby facilitating precisely controlled production at 

scale [103,104]. Moreover, these nanomaterials may be spread using polymer films like 

PMMA, PVA, or other substances. Subsequently, the composite layer is placed in the mid-

dle of fiber connectors [105]. 

 

Figure 13. (a) Transferring a mechanically exfoliated few-layer flakes to fiber connecter. (b) Depo-

sition of SA material onto the optical fiber ferrule based on optical driven deposition technique. 

4.3. Nonlinear Absorption Characterization 

As per the nonlinear optical theory [106], the expression of the absorption of sample 

could be done based on the relation between the absorption coefficient α and intensity of 

incident light I as given in Equation (1). 

α(I) = α0 + αNL I (1) 

here, α0 denotes the linear absorption coefficient and αNL  represents the nonlinear ab-

sorption coefficient. The expression of nonlinear absorption of SAs could be done as 

shown in Equation (2) [35,107,108]. 

α(I) =
αs

1 +
I

Isat

+ αns 
(2) 

here, αs denotes the saturable loss (also called as modulation depth ΔR or ΔT), Isat sig-

nifies the saturation intensity and αns represents the non-saturable loss. Other key pa-

rameters pertaining to SAs include the wavelength range (where it absorbs) as well as 

recovery time τA, which need to be of very short time in order to enable passive mode-

locking, but not too short with regards to passive Q-switching [109]. 

For convenience, expression of I can be done as the energy E as well as the incident 

light’s fluence F, thus Isat in Eq. (2) could be replaced by the saturation energy Esat as 

well as saturation fluence Fsat [110]. Various SA parameters with their units and defini-

tions are summarized in Table 1 below: 
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Table 1. SA parameters, their units, and definitions. 

Parameter Symbol Unit Definition 

Saturation intensity Isat W/cm2 
The required intensity/energy/fluence to reduce absorp-

tion by 0.5αs 
Saturation energy Esat J 

Saturation fluence Fsat J/cm2 

Recovery time τA S The decay time of the excitation after an exciting pulse 

Modulation depth 

(also known as saturable 

loss αs) 

ΔT, ΔR 1 or αs in % 
Maximum possible change in optical loss 

αs = α0 − αns [104] 

Non-saturable loss 
αns 

(∆Tns or ∆Rns) 
in % 

Typically, unwanted part of the losses which cannot be 

saturated, meaning that the SA device will not reach 

100% reflectivity or transmission, even for arbitrarily 

high pulse intensity [109] 
1 In case the saturable absorber is used in transmission T or reflection R structure. 

 

Two common measurement techniques can be employed to characterize these SA 

parameters: I-scan measurement (often called as the balanced twin-detector technique) 

[111] and Z-scan measurement [112]. The Z-scan measurement technique allows charac-

terizing the free-space-type SA sample. As presented in Figure 14a, with the help of a 

splitter, the pulsed light is first split into two beams of light from the pumping source. The 

measurement beam would be the beam that propagates along the SA sample’s incorpo-

rated path, while the other beam would be regarded as the reference beam. The measure-

ment beam is focused by a lens to the SA sample, which has been mounted on a Z-direc-

tion translation stage. Changing of light intensity per unit area of the sample can be done 

based on various beam sizes by moving the sample towards the z-axis along with the 

measurement beam. The dual-channel power meter is employed to collect the power from 

both paths. The power from the two detectors is compared in order to obtain the sample’s 

nonlinear absorption. Balanced twin-detector measurement is chosen for SAs that have 

been integrated as the fiber-based device to perform nonlinear absorption characteriza-

tion. The principle can be said to be analogous to Z-scan, except that the setup is com-

pletely fiberized (Figure 14b). An optical coupler is employed to split the light from a 

pulsed laser into reference and measurement beams. Unlike the Z-scan method, a variable 

optical attenuator is mounted before the optical coupler in order to achieve the variation 

in light intensity for twin-detector measurement [58]. 

The optical attenuator is employed to change the input power gradually, which ena-

bles recording a series of optical transmittance based on different input intensities. Then, 

characterization and plotting (Figure 14c) of the corresponding nonlinear optical param-

eters can be done via fitting the relation between the input laser power (I) and the optical 

transmission rate T(I) based on Equation (3) [98]. 

T(I) = 1 − ΔT ∗ exp (−I/Isat) −  αns (3) 
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Figure 14. (a) Z-scan measurement (b) I-scan measurement (or balanced twin-detector technique) 

(c) Example of a transmission curve. 

5. Laser Applications Using ReS2 SA 

Based on the operation of Q-switching or mode-locking, integrating SA devices 

within the laser cavity can aid in creating short optical pulses. Usually, Q-switching can 

generate pulses possessing high energy (μJ–mJ) at low repetition frequency (kHz) as well 

as pulse durations in the range of μs–ns. While shorter durations (ps–fs) at higher repeti-

tion rate (MHz–GHz) are associated with the mode-locked laser pulses, they also possess 

lower energy versus Q-switched lasers (pJ–μJ). Both mode-locking and Q-switching can 

exist together within the same laser cavity but with differing thresholds. Various factors 

like gain and loss in cavity due to alteration of input power, and balancing between cav-

ity’s dispersion and nonlinearity [104] can impact the transition between the two opera-

tions. After the first demonstration of pulsed laser by employing ReS2 as SA with regards 

to Erbium-doped fiber laser (EDFL) [113], ReS2-based SA has been employed successfully 

for various wavelength regions ranging from visible to mid-infrared (0.64-3 μm) in fiber-

based as well as solid state laser systems [114-118] leading to several applications as de-

picted in Figure 15. 
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Figure 15. Spectral coverage for several types of pulsed fiber lasers and solid-state lasers generated 

by ReS2 SA along with the corresponding output power. 1, Pr:YLF crystal [118]: 2, Nd:YAG crystal 

[114]: 3, Nd:YAG crystal [119]: 4, Nd:YAG crystal [118]: 5, Nd:YAG crystal [120]: 6, Nd:YAG crys-

tal [119]: 7, Nd:GdLaNbO4 crystal [121]: 8, Nd:YSAG crystal [122]: 9, Tm:YAP crystal [118]: 10, 

Er:YSGG crystal [123]: 11, Ho,Pr:LLF crystal [117]: 12, Er:SrF2 crystal [124]. 

5.1. Q-switched Lasers 

Typically, Q-switching operation gives pulses possessing higher energy as well as 

peak power versus mode-locked lasers. Table 2 presents the performance pertaining to Q-

switched fiber lasers as well as solid-state lasers with regards to ReS2-SA. X. Su et al. pre-

sented the initial work [123], in which they showed a Q-switched Er:YSGG solid-state 

pulsed laser at 2.8 μm along with 324 ns pulse duration. Later, various bulk gain medium 

like Er:SrF2, Pr:YLF, Nd:GdLaNbO4, Tm:YAP and Nd:YAG, were employed, which en-

compassed broad wavelengths ranging from 640 nm to 2950 nm [117,118]. The ReS2 was 

spin-coated on various substrates such as mirror, quartz, sapphire, Yttrium, aluminum 

garnet (YAG), and K9 glass in order to fabricate the SA device [114,122,124]. 

With regards to fiber-based laser system, Xu et al. and B. Lu et al. employed Erbium 

and Ytterbium-doped fibers in order to produce Q-switched laser pulses at 1 μm and 1.5 

μm waveband with an average output power of 2.48 mW and 3.2 mW [115,125], respec-

tively. In contrast to fiber lasers, solid-state pulsed lasers offer the benefits of low unde-

sirable nonlinear impacts as well as a wider mode area, which make them optimum for 

applications that need high power sources [35]. Q-switched solid-state laser possessing 

maximum average output power of 580 mW as well as highest peak power of 22.1 W was 

reported by M. Fan et al. who employed Er:SrF2 crystal as gain medium [124]. 

Apart from the wide application in infrared lasers, ReS2-SA is employed for the visi-

ble spectrum region. X. Su et al. designed a passively Q-switched laser at 640 nm, which 

possessed 160 ns pulse duration and 52 mW average output power [118]. Moreover, a Q-

switched Nd-doped crystal laser was reported by Han et al. close to ReS2 bandgap at 950 

nm [114]. Various schematic setups are demonstrated in Figure 16 in order to generate Q-
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switched lasers based on ReS2-SA as well as their output characteristics at 1047 nm, 1064 

nm, and 1557.3 nm [119,125,126]. 

 

Figure 16. Q-switched pulsed lasers with ReS2 SA. (a)-(c) cavity designs; (d)-(f) output spectrum; 

(g)-(i) output pulse trains and the corresponding pulse profile along with the repetition rate and 

pulse duration. (a) Ref. [125]; adapted with permission; copyright 2018, IEEE. (b) Ref. [119]; 

adapted with permission; copyright 2019, John Wiley and Sons. (c) Ref. [126]; adapted with per-

mission; copyright 2018, IEEE. (d) and (g), Ref. [125]; reproduced with permission; copyright 2018, 

IEEE. (e) and (h), Ref. [119]; reproduced with permission; copyright 2019, John Wiley and Sons. (f) 

and (i), Ref. [126]; reproduced with permission; copyright 2018, IEEE. 
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Table 2. Nonlinear optical characteristics and applications in laser cavities using ReS2 for Q-switched lasers. 1 

Gain 

Medium 

Fabrication 

Method 

Integration 

Platform 

ReS2 thick-

ness 
 

Nonlinear characterization 

 

Laser parameters 

 

Ref 
Modulation 

depth [%] 

Saturation 

level 

Wavelength 

regime 

(𝛌𝐜𝐞𝐧𝐭𝐞𝐫) 

𝐟𝐫𝐞𝐩 

[kHz] 

𝛕𝐩 

[ns] 

𝐏𝐩𝐞𝐚𝐤 

[W] 

𝐄𝐩 

[nJ] 

𝐏𝐨𝐮𝐭 

[mW] 

Yb:Fiber ME 
Fiber con-

nector 

21 nm 

(30 layers) 
 44 8.4 MW/cm2 

1 μm 

(1047 nm) 
134 1560 0.00813 13.02 3.2 [125] 

Er:Fiber ME 
Fiber con-

nector 
-  - 150 GW/cm2  

1.5 μm 

(1532 nm) 
64 2100 - 38 2.48  [115] 

Er:Fiber LPE 
Fiber con-

nector 

∼4 nm 

(6 layers) 
 0.12 74 MW/cm2  

1.5 μm 

(1557.3 nm) 
19 5496 - 62800 1.2  [126] 

Er:Fiber LPE 
Fiber con-

nector 

5 nm 

(7 layers) 
 - -  

1.5 μm 

(1550 nm) 
66.52 2400 - 18.88 1.25  [127] 

Pr:YLF 

Nd:YAG 

Tm:YAP 

crystals 

LPE Mirror 
4 nm 

(6 layers) 
 

3 

5.2 

2.9 

58.2 μJ/cm2 

 

21.5 μJ/cm2 

 

2.7 μJ/cm2 

 

Visible 

(640 nm) 

1 μm 

(1064 nm) 

2 μm 

(1991 nm) 

520 

 

644 

 

677 

160 

 

139 

 

415 

0.625 

 

1.34 

 

8.72 

- 

52 

 

120 

 

245 

 [118] 

Nd:YAG 

crystal 
LPE Quartz 15 layers  0.33 2.54 GW/cm2  

Visible 

(946 nm) 

1 μm 

(1064 nm) 

165 834 - 491 81  [114] 

Nd:GdLaNbO4 

crystal 
CVD Sapphire 

3.5–5 nm 

(5–7 layers) 
 - -  

1 μm 

(1060 nm) 
147 400 5.3 2120 312  [121] 

Nd:YSAG crys-

tal 
LPS K9 glass 6 nm  7.4 

207.19 

MW/cm2 
 

1 μm 

(1060 nm) 
70 390 - - 356  [122] 

Nd:YAG 

crystal 
LPE Sapphire 

1.4–2 nm 

(2–3 layers) 
 

2 

4 

2.17 KW/cm2 

0.55 KW/cm2 
 

1 μm 

(1060 nm, 

1300 nm) 

504 

308.4 

121.6 

111 

1.08 

2.95 

130 

330 

66 

101 
 [119] 

Nd:YAG 

crystal 
LPE Sapphire 

4 nm 

(6 layers) 
 15 15.6 μJ/cm2  

1 μm 

(1300 nm) 
214 403 0.9 420 78  [120] 
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Er:YSGG 

crystal 
LPE Sapphire 

3.5 nm 

(5 layers) 
 9.7 22.6 μJ/cm2  

3 μm 

(2800 nm) 
126 324 2.56 825 104  [123] 

Er:SrF2 

crystal 
LPE 

Yttrium 

aluminum 

garnet 

(YAG) 

2.2 to 7.2 

nm 

(3–10 lay-

ers) 

 3.8 -  
3 μm 

(2790 nm) 
49 508 22.1 12100 580  [124] 

Ho,Pr:LLF 

crystal 
LPE Sapphire 

4 nm 

(6 layers) 
 10.2 23.5 μJ/cm2  

3 μm 

(2950 nm) 
91.5 676 1.67 1130 103  [117] 

ME, mechanical exfoliation; LPE, liquid-phase exfoliation; CVD, chemical vapor deposition; LPS, liquid-phase stripping; frep, repetition frequency; τp, pulse duration; Ppeak, pulse 2 
peak power; Ep, pulse energy;Pout, output power. 3 
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5.2. Mode-Locked Lasers 4 

The performance of mode-locked lasers based on ReS2 SA is shown in Table 3. As 5 

observed, majority of the reports were found to be on near-infrared communication band 6 

at 1.5 μm by employing Erbium fiber as gain medium. High quality beam can be produced 7 

via fiber lasers platforms along with alignment-free, compact and low-cost structure [30]. 8 

In 2017, first identification of mode-locking operation that was based on ReS2-SA was 9 

done [113]. By including the D-shaped fiber possessing ReS2–polymer composite, genera- 10 

tion of mode-locked pulses centered at 1564 nm with pulse duration of 1.25 ps was done 11 

as demonstrated in Figure 17a-c. In addition, stable mode-locked pulses at 1563.3 nm pos- 12 

sessing pulse width of 3.8 ps was reported by Xu et al. The nature of double covered ReS2 13 

microfiber structure allowed obtaining high optical damage threshold of 410 mw [65]. 14 

Also, a multi-wavelength Er-doped fiber laser (1573.5 nm, 1591.1 nm, and 1592.6 nm) was 15 

produced by sandwiching ReS2 between the two fiber connecters as presented in Figure 16 

17d [128]. Figure 17e displays the output spectrum, which was monitored for about 2 17 

hours to observe long-term stability operation. Similarly, Mao et al. employed a fiber con- 18 

necter to build a ReS2-SA device inside the EDFL system, which allowed obtaining self- 19 

started mode-locked pulses that were centered at 1558.6 nm along with the duration of 1.6 20 

ps by altering the polarization controller [126]. The first report was realized with regard- 21 

ing mode-locked laser employing ReS2 in longer wavelengths at 2 μm waveband in thu- 22 

lium-doped fiber laser possessing 893 fs pulse duration as well as 4.13 mw maximum av- 23 

erage power [116]. Su et al. employed Yb:CALGO solid-state laser as well as ReS2 satura- 24 

ble absorption mirror (SAM) to produce 1060 nm mode-locked laser pulses with higher 25 

average output power of 350 mW as well as shorter pulse duration of 323 fs [118]. These 26 

reports demonstrate that ReS2 can be employed as broadband SA for various wavelengths, 27 

at discrete or multiwavelength operation. 28 

Apart from the broadband saturable absorption, we can also employ large third-or- 29 

der nonlinear effects of ReS2 to yield pulses possessing high repetition rates with potential 30 

applications in frequency combs and soliton communications. Feifei Lu produced pulses 31 

with repetition rate, which could reach as high as 318.5 MHz and corresponded to the 32 

168th harmonic mode-locking of Erbium-doped fiber laser [17]. 33 

 34 

Figure 17. Mode-locked laser pulses at 1.5 μm. (a) Laser setup using ReS2-covered D-shaped fiber 35 
SA (RDF SA). (b) Output optical spectrum with a spectral width Δλ of 2.6 nm. (c) Autocorrelation 36 
trace of the experimental data (dots) and Sech2-shaped fit (solid curve) (d) Laser setup with ReS2 37 
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sandwiched between two fiber connectors to form the SA. (e) The corresponding multi-wave- 38 
length output with long-term stability over 2 hours. (a) Ref. [113]; adapted under the terms of a 39 
Creative Commons Attribution 4.0 International License; copyright 2017, Springer Nature. (b) and 40 
(c), Ref. [113]; reproduced under the terms of a Creative Commons Attribution 4.0 International 41 

License; copyright 2017, Springer Nature. (d) Ref. [128]; adapted under the terms of a Creative 42 

Commons Attribution 4.0 International License; copyright 2018, The Optical Society. (e) Ref. [128]; 43 
reproduced under the terms of a Creative Commons Attribution 4.0 International License; copy- 44 
right 2018, The Optical Society. 45 
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Table 3. Nonlinear optical characteristics and applications in laser cavities using ReS2 for mode-locked lasers 46 

Gain 

Medium 

Fabrication 

Method 

Integration 

platform 
 

Nonlinear characterization 

 

Laser parameters  Ref 

Modulation 

depth [%] 

Saturation 

level 

Wavelength regime 

(𝛌𝐜𝐞𝐧𝐭𝐞𝐫) 

∆𝛌 

[nm] 

𝐟𝐫𝐞𝐩 

[MHz] 

𝛕𝐩 

[fs] 

𝐏𝐨𝐮𝐭 

[mW] 

SNR 

[dB] 
 

 

Yb:CALGO 

crystal 
LPE Mirror 5.2 21.5 μJ/cm2 1 μm (1060 nm) 4.23 50.7 323 350 60 [118] 

Er:Fiber CVD 
D-shaped 

fiber 
 1 27 μJ/cm2  1.5 μm (1564 nm) 2.6 3.43 1250 - 60  [113] 

Er:Fiber CVD Microfiber  - -  1.5 μm (1564.4 nm) 0.45 

1.896 

(318.5 for 

HML) 

2549 12 40  [17] 

Er:Fiber LPE 
Fiber con-

nector 
 6.9 27.5 μJ/cm2  

1.5 μm 

(1573.6 nm, 1591.1 

nm, 1592.6 nm) 

17.5 13.39 - - 55  [128] 

Er:Fiber LPE 
Fiber con-

nector 
 0.12 74 MW/cm2  1.5 μm (1558.6 nm) 1.85 5.48 1600 0.4 -  [126] 

Er:Fiber LPE 

Double-

Covered 

Microfiber 

 0.25 410 mW  1.5 μm (1563.3 nm) 8.2 1.78 3800 - 68  [65] 

Er:Fiber ME 
D-shaped 

fiber 
 - -  1.5 μm (~1560 nm) 15.4 14.53 270 1.08 -  [129] 

Er:Fiber LPE Microfiber  - -  1.5 μm (1565 nm) 10.7 20 - 40 80  [130] 

Tm:Fiber 

Hydrother-

mal syn-

thesis 

Side-pol-

ished fiber 
 62 73.6 W  2 μm (1970.65 nm) 5.05 26.1 893 4.13 70  [116] 

∆λ, spectral bandwidth; HML, harmonic mode-locking 47 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 August 2021                   doi:10.20944/preprints202108.0457.v1

https://doi.org/10.20944/preprints202108.0457.v1


Nanomaterials 2021, 11, x FOR PEER REVIEW  23 of 31 
 

 
 

 48 

5.3. Discussion 49 

The bandgap of ReS2 amounts to ~1.4 eV which corresponds to an optical absorption 50 

at ~800 nm wavelength[131]. Nonetheless, previous works have reported generation of Q- 51 

switched and mode-locked lasers using ReS2 functioning as SA at 1550 nm (~0.8 eV) and 52 

2950 nm (~0.4 eV), which is much less than the bandgap of ReS2. Thus, in theory, there 53 

ought to be no light absorption. Nonetheless, the absorption occurs due to the unavoida- 54 

ble deficiencies in the formation of the material, e.g. grain boundaries and point defects 55 

[113]. The introduction of crystallographic or the edge state defect in the material enables 56 

the absorption of light photons with energies less than the material bandgap (i.e. sub- 57 

bandgap absorption) [132]. By leveraging the effect of sub-bandgap absorption, ReS2 58 

based SA could consequently support pulsed lasers in the mid-infrared and near-infrared 59 

wavelengths where energies of the photons are less than the intended material bandgap. 60 

Various theories have been developed to rationalize the sub-bandgap absorption of 61 

TMDs, namely decrease in bandgap due to defects [133,134], materials’ edge state [135] 62 

(can be considered as a special defect at the nanosheets’ edges), and saturation of two- 63 

photon absorption [136]. X. Su et al. computed the ReS2 band structure with various ratios 64 

of Re and S by using technique of Vienna ab initio simulation, and the results suggest that 65 

the bandgap can be decreased from 1.38 to 0.56 eV by introducing S defects in an appro- 66 

priate range [118]. Moreover, Horzum et al. theoretically examined the atomic imperfec- 67 

tions in monolayer ReS2. It was observed that the S vacancy formation decreases the 68 

bandgap from 1.43 to 1.08 eV and the bandgap with Re imperfections becomes only 0.35 69 

eV [137]. 70 

The modulation depth, as the main classification parameter of the nonlinear absorp- 71 

tion of SA, which is significantly influenced by the material thickness, has a considerable 72 

impact on the laser performance. Considerable modulation depth is advantageous for 73 

producing short pulses. A concern for monolayer ReS2-SA (thickness of 0.7 nm [54]) is the 74 

low modulation depth that is generally 1% only [113]. By increasing the ReS2 thickness, 75 

the modulation depth can be increased. B. Lu et al. attained up to 44% modulation depth 76 

by piling up 30 layers (21 nm) of ReS2 [125], though this also increases the thresholds of 77 

saturation intensity. This is due to the fact that thicker films have higher density of local- 78 

ized defective states on the grain edge and more photons are trapped [65,138]. Inten- 79 

sity/fluence of high saturation implies that the pulsed function can be initiated at higher 80 

power level. 81 

Nonetheless, increasing the thickness may have a reverse or positive impact on mod- 82 

ulation depth [97]. Mao et al. obtained only 0.12% modulation depth with 6 layers (4 nm) 83 

of ReS2 [126]. ReS2-SA performance also depends on the wavelength of operation. X. Su et 84 

al. demonstrates a reduction in the saturation fluence at higher wavelengths, for instance, 85 

58.2 μJ/cm2 at 640 nm, 21.5 μJ/cm2 at 1064 nm, and 2.7 μJ/cm2 at 1991 nm [118]. This 86 

dependence on wavelength makes the use of ReS2-SA in the mid-infrared region more 87 

favorable. 88 

Saturable absorbers having low optical damage threshold can lead to collapse of 89 

pulsed operation and instead of that, the laser engages in CW operation, particularly 90 

when the material gets deposited on the fiber connector’s tip, where the laser connects 91 

directly with the material. For instance, pump power above 330 mW caused strong signal 92 

jittering to dominate and obliterate the Q-switched pulses [115]; nonetheless, the Q- 93 

switched pulses could be obtained again just by reducing the pump power. This is because 94 

of the over-saturation of ReS2-SA instead of thermal damage [139,140]. Many attempts 95 

have been carried out to increase the ReS2-SA damage threshold by utilizing the evanes- 96 

cent field effect through D-shaped or tapered fibers. X. Xu et al. attained stable mode- 97 

locking pulses with comparatively high laser damage threshold of 410 mW through dou- 98 

ble covered ReS2 micro-fiber as SA device [65]. 99 

6. Conclusion and Outlook 100 
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In this review, we have emphasized how the property of broadband absorption and 101 

large third-order nonlinear effect of ReS2 can help in development of flexible and low-cost 102 

SAs integrated in fiber-based and solid-state lasers. The ReS2-SA has been effectively used 103 

in short pulse generation, providing pulses with maximum peak power up to 22 W, broad- 104 

band wavelength extending from visible (640 nm) to mid-infrared (2.95 μm) range, and 105 

pulse widths down to as low as 270 fs. These outcomes show that ReS2 is a potential ma- 106 

terial for several applications like broadband optical modulator, pulsed lasers, and sen- 107 

sors. Majority of the studies utilized liquid-phase exfoliation to form ReS2. Liquid-phase 108 

exfoliation technique is an efficient, convenient, and cheap technique to produce 2D ma- 109 

terials. After the process of synthesis, the material is moved to the laser system. Nonethe- 110 

less, only a fraction of the region of ReS2 can sustain the Q-switching/mod-locking opera- 111 

tion if the material is not distributed entirely and evenly on the integration platform. 112 

A further development for the SAs is to investigate the integration of the emergent 113 

ReS2 with conventional well-established materials like MoS2 and WS2. This is likely to help 114 

in achieving SAs with greater nonlinearity, higher damage threshold, as well as ultrafast 115 

relaxation time by using the properties of various materials. Furthermore, developing hy- 116 

brid SAs by using artificial SAs like NPE, and real SAs can increase the parameter modu- 117 

lation depth and improve the performance of the output laser. Several applications will 118 

be benefited from such ultrafast lasers, and we suppose ReS2 is a potential material for 119 

SAs devices. Nonetheless, the most challenging concern is to use these controlled labora- 120 

tory photonic devices in environmentally stable industrial applications. 121 
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