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Following the success of graphene saturable absorber (SA) in the development of 
passively Q-switched fibre lasers within the past decade, research on two-dimensional 
(2-D) nanomaterials SAs have shown a significant rise in demands. Nonetheless, there 

have been several unavoidable setbacks due to the nature of certain nanomaterials, in 
terms of optical, electronic and physical properties up until the reveal of transition 

metal carbide (MXene) nanomaterials. These metal-ceramic materials exhibit excellent 
optical and electrical properties as well as outstanding physical characteristics. 
However, their synthesis processes involve hazardous and highly acidic chemicals, 

which drove the researchers to adopt their precursors— ternary nanolaminate carbides 
(MAX phases) nanomaterials with a simpler and more exquisite fabrication process. This 
paper presents a passively Q-switched erbium-doped fibre laser (EDFL) with the 
utilisation of a MAX phases nanomaterial, vanadium aluminium carbide (V4AlC3) as SA. 
The V4AlC3 SA was fabricated through the solution casting technique with polyvinyl 
alcohol as the host polymer. The V4AlC3 SA was then integrated into a passively Q-
switched EDFL configuration. The performance of V4AlC3 SA as a Q-switcher was 

determined with the assistance of an optical spectrum analyser (OSA), mixed domain 
oscilloscope (MDO), and optical power meter (OPM). The maximum pulse repetition 
rate and minimum pulse width were 54.37 kHz and 6.43 s, respectively. The minimum 

repetition interval was 18.33 s and the duty cycle was 0.326. The highest attained 
output power was 2.5 mW. Through calculation, the maximum pulse energy and peak 

power were identified as 45.246 nJ and 6.602 mW. The extensively gigantic pulses in 
nanosecond duration at 1560.16 nm was accomplished by the V4AlC3 SA, thus proving  
its stability which also signifies good applications especially those acquiring stable high 

power and energy. 
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1. Introduction 

 
The great demand for pulsed lasers nowadays is owing to their excellent non-linear effects and 

intensive power density in short pulse duration [1,2]. Compared to conventional continuous-wave 
(CW) lasers, pulsed lasers have precise and eye-safe responses and outstanding thermal withstand 
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[3,4]. Correspondingly, pulsed fibre lasers are preferable among the types of lasers because of the 
nature of fibre optics itself; i.e. compact size, low signal attenuation, and immunity to 
electromagnetic and radio frequency interference [5,6]. In short, pulsed fibre lasers provide top-
quality optical pulses with high-power density and fast duration with minimal loss.  

In general, pulsed fibre lasers are classified into Q-switched and mode-locked [7]. Q-switched 
fibre lasers have intensive power intensity in short pulse duration, whereas mode-locked fibre lasers 
possess lower power density but ultrafast pulse duration [8,9]. Both offer distinct benefits for various 
requisites. These can be attained through active and passive approaches [10]. The passive approach, 
which utilises saturable absorbers (SAs) to modulate the Q-factor has been favoured over the active 
approach, which involves external modulators [11]. The SAs are the alternative solution as they 
present low-cost fabrication and a simple framework to construct an all-fibred environment for 
overcoming disturbances and interferences [12]. 

The recent research on passively Q-switched fibre lasers is concentrated on the material selection 
of the SAs [13-15]. The standards of the material selection of SAs are centred on their stability, 
nonlinearity, response and relaxation time, modulation depth, operational wavelength range, and 

damage threshold [16]. Semiconductor saturable absorber mirrors (SESAMs) have been the most 
reliable and popularised SAs in the past two decades [17]. SESAMs are advantaged by their 

exceptional saturation fluence, modulation depth, endurance, operational wavelength coverage, and 
recovery time [18]. Notwithstanding, these dominances are constrained by the expensive price and 
complexity of their manufacturing, inadequate damage threshold, appropriateness of semiconductor 
materials and temperature stability [19-21].  

Consequently, low-dimensional nanomaterials, particularly two-dimensional (2-D) nanomaterials 
with prominent optical and electronic properties are good to perform as SAs [13]. The superiority of 
2-D nanomaterials is because their excessive wideband absorptions make them sufficient for various 
applications [22]. They exhibit impressive saturation recovery rates, ultrafast electron mobility, and 
remarkably high damage threshold contributing to the energetic giant Q-switching pulses [23]. 
Furthermore, the straightforward production of 2-D nanomaterial SAs also streamlined and 
commercialised the fibre laser [13].  

The accomplishment of graphene SAs in 2009 unlocked the implementation of 2-D 
nanomaterials, specifically, topological insulators (TIs), transition metal dichalcogenides (TMDs), 
black phosphorus (BP), bismuthene, antimonene, and transition metal carbide/nitrides/carbonitrides 
(MXenes) [24-29]. These nanomaterials yield excellent non-linear properties due to their atomic 

bonding and layer-intensity dependence [22]. All things considered, there are still several 
unavoidable issues that remain to be addressed. To be specific, this pertains to graphene with 

relatively low modulation depth, and weak light-matter interaction although it exhibits excellently 
wide operational wavelength, high damage threshold and fast response time [30,31].  

Other 2-D SAs are also inflicted with various problems on the grounds of their natures and 
characteristics. For example, TIs have weak stability due to temperature and humidity factors besides 
their limited operational wavelength coverage; the fabrication and the utilisation of TMD SAs are 
affected by their lower saturation fluences; BP SA, bismuthine SA and antimonene SA that oxidise 
easily not only faced problems in quality management but need more expenses and processes in its 
protection [32-35].  

MXene SAs are some of the options for solving these problems. In 2017, the first employment of 

MXene nanomaterial SA, titanium carbonitrides (Ti3CN) in a Q-switched fibre laser at 2.0 m region 
was reported by Jhon et al., [36]. The metal-ceramic combination of MXene SAs manifests 
remarkable linear and non-linear optical absorption, electrical and thermal conductivity, high 
damage threshold, great melting point, corrosive resistance and outstanding stiffness and elasticity 
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[37,38]. In addition to that, vanadium carbide (V4C3) gained attention due to its significant wide 
operational wavelength coverage and outstanding non-linear absorption reported by Lee et al., in 
2023 [39]. This is further reinforced when Qin et al., reported that V4C3 has advantages in their 
electronic and physical properties, specifically, electrical conductivity, melting point, mechanical 
modulus, hardness, friction coefficient, and corrosion resistance to withstand environmental factors 
[40]. 

The utilisation of V4C3 SA is restrained by its preparation as an etching process is essential to 
produce V4C3. This process is complicated because it needs a combination of high-acidic solutions to 
etch the V4C3 from its parent material, vanadium aluminium carbide (V4AlC3) [41]. On the flip side, 
there has been research on the parent materials of MXene nanomaterials, which are the ternary 
nanolaminates carbides (MAX phases), which were introduced by Ahmad et al., and Lee et al., who 
use the assortment of titanium aluminium carbide (Ti3AlC2 and Ti2AlC respectively) in 2019 [42,43]. 
This benchmarked the direct utilisation of V4AlC3 SA in passively Q-switched fibre laser configuration.  

This paper presents the implementation of V4AlC3 SA as a Q-switcher in an erbium-doped fibre 
laser (EDFL) at the 1.5 m region. Initiated from the preface, the fabrication of V4AlC3 SA was achieved 

via the solution casting technique by using polyvinyl alcohol (PVA) solution as the host polymer. The 

fabricated V4AlC3 SA was then integrated into the Q-switched EDFL ring cavity for SA significance 
determination and Q-switching parameters analysis. The significance of V4AlC3 SA was identified 

through the observation of centre wavelength shifting of the fibre laser configuration with and 
without the V4AlC3 SA. The temporal parameters, which are the pulse repetition rate, pulse repetition 

interval, pulse width and duty cycle and power-related parameters, which are output power, pulse 
energy and peak power were analysed along with the increasing pump power.  

 
2. Methodology  

 
In this section, the fabrication of V4AlC3 SA, the pump characterisation of the laser diode and the 

passively Q-switched EDFL ring cavity configuration will be discussed.  
 

2.1 Fabrication of V4AlC3 SA 
 
Figure 1 illustrates the fabrication of V4AlC3 SA through the solution casting technique. This 

technique is a straightforward and affordable method to fabricate high-quality SAs by using a host 
polymer to adjoin the particles of V4AlC3. PVA solution effectively functions as a host polymer as it is 
odourless, colourless and eco-friendly [44,45]. In 2020, Ahmad et al., reported that PVA is a good 
host polymer that does not modify the Q-switching effect of the material itself [46]. Hence, this 

fabrication employed a PVA solution as the host polymer to adhere the V4AlC3 particles to form a 
functional SA thin film. This procedure can be mainly divided into three parts, the preparation of PVA 
solution, the preparation of V4AlC3 solution and the combination of them. 

Initiated with the preparation of PVA, 1 g of PVA powder was put on the electronic balance 
(OHAUS, AX224/E). 120 ml of pure deionised (DI) water was mixed with the weighed PVA powder 
and stirred by a hot plate stirrer (THERMO FISHER SCIENTIFIC, SP88857200). The stirring process was 
carried out for 24 hours with a stirring speed of 300 rpm and a hot-plate temperature of 200 °C. The 
V4AlC3 bulky powder was measured and mixed up with 100 ml DI water. The stirring speed was fixed 
at 300 rpm while the temperature of the hot plate was adjusted to 25 °C for this 48-hour stirring 
procedure. 1.5 ml of PVA solution and 1.5 ml were extracted and poured into another clean beaker. 
The mixture is located and stirred on the hot plate stirrer. This process was held for 24 hours with 
300 rpm stirring speed at room temperature. 



Journal of Advanced Research in Micro and Nano Engineering  

Volume 22, Issue 1 (2024) 43-55 

46 
 

 The perfectly stirred V4AlC3-PVA solution was sonicated with a bath sonicator ((FISHERBRAND, 
FB15050). This process took 2 hours to apply the sound energy of an average frequency of 30 kHz to 
agitate the mixture for its firm distribution. The V4AlC3-PVA solution was then poured into a dirt-free 
5-ml petri dish cleaned with alcohol. The petri dish was situated in a dry and sterilised environment 
at room temperature. The V4AlC3-PVA solution in a petri dish was left to dry naturally for at least 72 
hours. The completely solidified V4AlC3 SA thin film was then peeled off from the petri dish. Hence, a 
V4AlC3 SA with a 30 mm diameter was obtained. The V4AlC3 SA was then cut into approximately 1 
mm size for incorporation into the Q-switched EDFL ring cavity configuration by applying optical 
indexing gel. 

 

 
Fig. 1. Fabrication of V4AlC3 SA thin film through solution casting technique 

 

2.2 Pump Characterisation of the Laser Diode 
 

 The pump characterisation of the laser diode (LD) was done before its utilisation as a pumping 
power source to ensure its functionality. Figure 2 shows the setup configuration of the pump 
characterisation of LD. A 980 nm LD (Q-photonics, QFLD-405-20S) in the benchtop laser controller 
(GOOCH & HOUSEGO, EM595) is the characterised intention. It is connected to the 980 nm end of 
the 980/1550 nm wavelength division multiplexer (THORLABS, WDM 980/1550 nm) while the 1550 
nm end is connected to the optical power meter (OPM; Thorlabs, PM100D). The pump power ranges 
from 0 to 350 mA to identify the LD power with the unit of milliwatts (mW). The linear fitting 
regression line is then figured out. 
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Fig. 2. Setup configuration of pump characterisation of laser diode 

 
2.3 Passively Q-switched EDFL Ring Cavity Configuration 

 
Figure 3 depicts the V4AlC3-based Q-switched EDFL ring cavity configuration. A ring cavity is 

preferred as the V4AlC3 SA is a transmissive SA [47]. For a Q-switched EDFL ring cavity design, the 
laser structure is mainly subdivided into three parts: the laser pumping source, the active gain 

medium, and the optical resonator cavity. Optical pumping, often known as LD, is a laser pumping 
source compatible with a fibre laser [48]. In this work, an EDF is utilised as the active gain medium in 

the Q-switched fibre laser configuration. Referring to the operational wavelength of EDF in the 1.5-
m region, a 980 nm LD is essential to ensure efficient power pumping towards the resonator ring 

cavity configuration [49]. 
 

 
switched EDFL ring cavity configuration-based Q-3 AlC4V .3 Fig. 

 

The design of the resonator ring cavity is described as follows. A WDM with a forward pumping 
end of 980 nm and a backward pumping end of 1550 nm is utilised to multiplex the optical signal and 
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interconnect between the 980 nm LD pumping source and the resonator ring cavity. A 2.4 m EDF 
(NUFERN, SM-ESF-7/125) with specification as mentioned in Table 1. functions as the active gain 
medium. It is located next to the WDM and further joined to a unidirectional polarisation-insensitive 
optical isolator (ISO). The ISO plays a pivotal role in ensuring one directional optical signal 
propagation without backflow that might cause damage towards LD.   

 
Table 1 
Specifications of the EDF 
Specifications Value 

Mode field diameter (MFD) 8.8  1.0 m at 1550 nm 

Cut-off wavelength 1400  60 nm 

Core numerical aperture 0.150 
Core absorption 55.0  5.0 dB/m at 1530 nm 

 

A bidirectional coupler with a coupling ratio of 80:20 is connected next to the ISO to fractionate 
the optical signals. 80% of the optical signals would flow towards the optical fibre ferrule integrated 
with V4AlC3 SA and circulated to the WDM to complete the resonator ring cavity setup. Another 20% 
is split and distributed to the external measuring equipment. Through this Q-switched EDFL ring 
cavity configuration, several analyses can be done by connecting this 20% port of the bidirectional 
coupler to the corresponding measuring equipment.   

To investigate the importance of the presence of V4AlC3 SA, an experiment was conducted by 
connecting the EDFL ring cavity configuration with and without the V4AlC3 SA to an optical spectrum 
analyser (OSA; Yokogawa, AQ6370D). The SNR value and wavelength shifting of these EDFL ring cavity 
configurations were observed through this demonstration. The experiment work conforms to the 
performance parameters of the V4AlC3-based Q-switched EDFL ring cavity configuration. Principally, 
the performance parameters of a Q-switched fibre laser correspond to the determinants that affect 
the modulation of the Q-factor as expressed in Eq. (1) [50]. 

 

𝑄 =
2𝜋𝑓0𝜀

𝑃
              (1) 

 

where Q represents the Q-factor, f0 represents the resonant frequency,  represents the stored 
energy in the resonant cavity, and P represents the power dissipated. The performance parameters 

are classified into temporal and power-related parameters. The temporal parameters are the pulse 
repetition rate fR, pulse repetition interval TR, pulse width , and duty cycle D. The power-related 

parameters are output power Pavg, pulse energy U and peak power Ppeak. The temporal parameters 
are determined by a mixed domain oscilloscope (MDO; TEKTRONIX, MDO3024), while the power-

related parameter, the output power is identified by an optical power meter (OPM; THORLABS, 
PM100D) and the pulse energy and peak power are investigated through the calculations as 

expressed in Eq. (2) and (3) [51]. 

 

𝑈 =
𝑃𝑎𝑣𝑔

𝑓𝑅
= 𝑃𝑎𝑣𝑔 ∙ 𝑇𝑅              (2) 

 

𝑃𝑝𝑒𝑎𝑘 = 0.94
𝑈

∆𝜏
= 0.94

𝑃𝑎𝑣𝑔 ∙𝑇𝑅

Δ𝜏
= 0.94

𝑃𝑎𝑣𝑔

𝐷
            (3) 
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The experiment work was conducted by increasing the pumping power along the stable LD 
pumping power range of the V4AlC3-based Q-switched EDFL ring cavity configuration. The variance 
of parameters was seen accompanying the growth of pump power. 

 
3. Results and Discussion 

 
This section discusses the results of pump characterization of laser diode, the experiment of EDFL 

ring cavity with and without V4AlC3 SA, and the performance parameters of V4AlC3-based Q-switched 
EDFL ring cavity configuration. 

 
3.1 Pump Characterisation of Laser Diode 

 

Figure 4 shows the pump characterisation of the laser diode. By increasing the pump power from 

0 to 350 mA, the LD pump power in the unit of milliwatts was determined to initiate at 40 mA as 3.5 
mW. The pump power was increased proportionately until the maximum of 177.6 mW at 350 mA. 

This indicated that the LD is stable from 3.5 mW to 177.6 mW. Nevertheless, a best-fitting linear 
regression model of the pump characterisation was investigated through the calculation as expressed 

in Eq. (4). 
 

𝑦 = 0.56𝑥 − 18.96             (4) 

  
where y is the LD pump power in milliwatts while x is the LD pump power in milliamperes. This 

equation demonstrated the unit conversion of LD pump power from milliamperes to milliwatts. 
 

 
Fig. 4. Pump characterisation of laser diode 

 
3.2 Experiment of EDFL Ring Cavity with and without V4AlC3 SA 

 
Figure 5 compares the optical spectrum of EDFL ring cavity configuration with and without V4AlC3 

SA. Before the integration of V4AlC3 SA into the EDFL ring cavity, the fibre laser is under a continuous 
wave laser operation. The stable range of this EDFL ring cavity configuration is 3.5 to 177.6 mW. The 
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centre wavelength c is attained at 1563.50 nm while the SNR value is 47.98 dBm. The stable range 

is narrowed after the implementation of V4AlC3 SA into the EDFL configuration from 87.74 to 177.60 
mW. Concurrently, the c is determined to undergo a left shifting to 1560.16 nm while the SNR value 

is improved to 54.83 dBm.  
The left shifting of c of the EDFL ring cavity with V4AlC3 SA towards the near-infrared region can 

be explained by Plank’s law as in Eq. (5) [50]. E symbolises the photon energy, h is Plank’s constant 
(6.626x10-34 Js), c is the speed of light while  defines the operational wavelength, which is also 

known as Q-switching wavelength respectively. As stated in Eq. (5), the photon energy possesses an 
inverse relationship to the Q-switching wavelength. Hence, the photon energy will increase with the 

decrease of the Q-switching wavelength. 
 

𝐸 = ℎ (
𝑐

𝜆
)              (5) 

 
The increase in SNR value is great evidence of quality betterment. This is because fewer noise 

signals cause relatively more optical signals to be transmitted over the EDFL ring cavity. In a nutshell, 
the insertion of V4AlC3 SA into the EDFL configuration not only generates the Q-switching pulses but 

also provides an outstanding improvement in terms of photon energy and SNR value. 
 

 
3AlC4Comparison of optical spectra of EDFL configuration with and without V .5 Fig. 

 
3.3 Performance Parameters of V4AlC3-based Q-switched EDFL Ring Cavity Configuration 

 
Figure 6(a) exhibits the pulse repetition rate and pulse width along with the increasing pump 

power of the V4AlC3-based Q-switched EDFL ring cavity configuration. The pulse repetition rate 
increased from 38.29 to 54.37 kHz with the increasing pump power from 87.74 to 177.60 mW. The 
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pulse repetition rate of this Q-switched EDFL ring cavity configuration increases gradually with the 
LD pump power [30]. In parallel with the amplifying LD pump power, the number of emitted pulses 
is increased, hence the pulse repetition rate is increased. The pulse width is in an inverse-proportional 
relationship with the pump power. Along the stable LD pump power range, the pulse width decreases 
from 9.06 s to its minimum of 6.43 s. This is appropriate as the more optical pulses emitted within 

an interval escorted with the augmentation of LD pump power, the narrower the pulse generated.  
Next, Figure 6(b) illustrates the relationship between pulse repetition interval and duty cycle with 

pump power. The pulse repetition interval decreases sequentially from 26.12 to 18.33 s. This 
reflects the time interval between the successive pulses as being more compressed with the 

increasing pump power. This leads to an increase in pulse repetition rate. Nevertheless, the pulse 
repetition rate is the reciprocal of the pulse repetition rate. Considering the intensifying pulse 
repetition rate, the pulse repetition interval is phasing down. The pulse repetition interval is 
determined to be approximately three times the pulse width as validated by the duty cycle which 
reflects the ratio of pulse width to pulse repetition interval of the V4AlC3-based Q-switched EDFL ring 
cavity configuration with an average value of around 0.326 (a.u.). This indicated that the pulse width 
is one-third of the pulse repetition interval.  

 

 
Fig. 6. (a) Pulse repetition rate and pulse width (b)pulse repetition interval and duty cycle (c) output power 
and (d) peak power and pulse energy against pump power 

 
Figure 6(c) shows the output power of the V4AlC3-based Q-switched EDFL ring cavity configuration 

along with the pump power. The output power linearly increases from 0.48 mW to its maximum of 
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2.46 mW with a slope efficiency of 2.46 %. The higher the LD pump power, the higher the output 
power attained until its maximum. This result is satisfied as the output power is ideally expanded in 
linear regression. Figure 6(d) illustrates the peak power and pulse energy with the increasing pump 
power. When the pump power increases perpetually from 87.74 to 177.60 mW, the peak power also 
demonstrates progress from 1.293 to 6.601 mW. This means that the peak power is linearly 
proportionate to the pump power. Also, this outcome can be clarified by the expression in Eq. (3); 
i.e., peak power increases with output power, while output power increases with LD pump power. 
The pulse energy exhibits a forward increment from 12.458 to 45.246 nJ. The pulse energy is directly 
proportionate to the LD pump power. This is as described in Eq. (2), whereby pulse energy increases 
as an accessory to the output power at the same time as the increment of output power with the LD 
power.  

In summary, the performance parameters with the increasing LD pump power are to the point 
such that a passively Q-switched fibre laser is favourable. The temporal parameters, in particular, the 
maximum pulse repetition rate, the minimum pulse repetition interval, the minimum pulse width, 
and the duty cycle is determined as 54.37 kHz, 18.33 s, 6.43 s, and 0.326, accordingly. The power-

related parameters, in general, the maximum output power, peak power and pulse energy is 

indicated to be 2.5 mW, 6.602 mW and 45.246 nJ, respectively. 
 

4. Conclusions 
 

The V4AlC3 SA fabricated through solution casting has effectively performed as a Q-switcher in an 
EDFL ring cavity configuration. The Q-switching wavelength of this V4AlC3-based passively Q-switched 
EDFL is accomplished at 1560.16 nm. The energetic Q-switching pulse generated is determined to 
have the maximum pulse repetition rate, the minimum pulse repetition interval, the minimum pulse 

width and duty cycle of 54.37 kHz, 18.33 s, 6.43 s and 0.326. The maximum output power is 
identified as 2.5 mW, while the pulse energy and peak power are calculated to be 45.246 nJ and 6.602 
mW in accordance. The experiment work signifies that V4AlC3 SA is appropriate to serve as a Q-

switcher to generate a stable and powerful Q-switching pulse train at the 1.5-m region. The 

realisation of this V4AlC3-based passively Q-switched EDFL has placed confidence in various 
disciplines, including optical communication, sensing and ranging, laser ablation, drilling and welding, 

medical and surgical implementation, and scientific and technological research. 
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