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Abstract 

 

A passively Q-switched erbium-doped fiber laser was successfully demonstrated using brass 

nanoparticles embedded in Polyvinyl alcohol film as a saturable absorber. The brass nanoparticles 

were produced by ablating brass target in polyvinyl alcohol solution using Nd:YAG laser. The 

saturable absorber was characterised in terms of its morphology, elemental contents and optical 

properties. It was incorporated into a ring cavity to function as a Q-switcher for generating pulses. 

As the pump power was varied from 21 mW to 67 mW, the repetition rate increased from 38.74 

kHz to 73.75 kHz while the corresponding output pulse width and pulse energy varied from 5.11 

µs to 2.473 µs and 69.6 nJ to 145.6 nJ respectively. The output power characterised by the slope 

efficiency of 17.72 % and 10.74 mW of output power recorded at 67 mW pump power.  
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Introduction 

 

Q-switched fiber lasers are widely researched due to their applications in optical 

communications, spectroscopy, industrial processing, sensing and medicine (Wen et al., 2021; 

Shakaty et al., 2022; Shangguan et al., 2023). The main advantages of Q-switched fiber lasers over 

Q-switched solid-state laser systems are their compactness and ease of maintenance. The saturable 

absorber (SA) is the critical component in a Q-switched laser cavity. Through the inclusion of SA 
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into the cavity, the cavity loss is periodically modulated, and short optical pulses are generated as 

the laser output. 

In the past decades, various materials were demonstrated as SA in fiber laser systems. One 

of the first materials that were studied for the SA application was semiconductor saturable absorber 

(SESAM) (Paschotta et al., 1999). However, the SESAM requires cost-intensive and complicated 

fabrication processes. Carbon nanotubes (CNTs) SA were also successfully utilised in various fiber 

lasers such as erbium doped fiber laser (EDFL) (Lazdovskaia et al., 2023), ytterbium doped fiber 

laser (YDFL) (Qiu et al., 2023) and thulium doped fiber laser (TDFL) (Chu et al., 2023). The 

dependency of spectral response range on chirality and diameter of the CNTs limits their practical 

applications (Salam et al., 2019). Black phosphorus (BP) had shown good performances as SA (Li 

et al., 2016; Huang et al., 2017) but its hydrophilic nature adversely affects its stability (Island et 

al., 2015). Two-dimensional materials, including transition metal dichalcogenides (Ahmad et al., 

2022) and topological insulators (TIs) (Wang et al., 2021), were used to produce Q-switched 

pulses, yet complex production steps and low damage threshold are the common issues with these 

materials. 

Recently, there are increasing studies on metal nanoparticles utilised as SA due to their fast 

response time and large third-order susceptibility (Zhang et al., 2023). Silver nanoparticles 

deposited onto the surface of polyvinyl alcohol (PVA) film was used as a SA to produce Q-switch 

pulses from EDFL (Rosdin et al., 2018). The output pulses had a maximum energy of 34.7 nJ and 

the shortest pulse width of 8.16 µs. Gold nanoparticles in the form of composite were also 

successfully utilised as the SA in an EDFL to generate Q-switched pulses (Jiang et al., 2012). The 

pulses had an average pulse width of 3.2 µs and an average repetition rate of 24.2 kHz. Apart from 

the noble metals, copper nanoparticles (Cu-NPs) and zinc nanoparticles (Zn-NPs) were also 

studied for their potential as SA in EDFL systems (Zaca-Morán et al., 2017; Muhammad et al., 

2017).  High repetition rate of 43.3 kHz was observed with Zn-NPs SA with pump power of 57.7 

mW while short pulse width of 4.28 µs was obtained with Cu-NPs SA. The nonlinear optical 

effects, such as saturable absorption, of elemental metals can be improved by forming 

nanocomposite using different materials (Anthony et al., 2008). It was shown that the nonlinear 

absorption coefficient of Ag-Au bilayered nanoprisms increased significantly compared to pure 

Au nanoprisms (Cesca et al., 2015). Brass is an alloy that primarily consists of various proportions 

of Cu and Zn added with small quantity of additional elements for improved machinability. Brass 

nanoparticles (brass-NPs) or nanoalloy were produced using laser ablation in liquid method with 

their physical and optical properties were characterised (Sukhov et al., 2014; Kazakevich et al., 

2004). Brass-NPs are highly promising materials for antimicrobial, biomedical, and agrochemical 

applications (Antonoglou et al., 2019). The non-linear index and non-linear absorption coefficient 

of brass-NPs were determined using the Z-scan technique and the results showed a promising 

saturable absorption characteristic, as the measured nonlinear absorption coefficient was -3.4×10-

4 cm/W (Abdullah et al., 2019). 

This study explored the potential of brass nanoparticles (brass-NPs) SA in fiber laser 

systems. In this work, the brass-NPs embedded in polyvinyl alcohol (PVA) film was utilised as 

the SA in an EDFL system to generate the Q-switched laser pulses. The physical, chemical and 

optical characteristics of the saturable absorber were analysed. Additionally, the performance 

characteristics of Q-switched laser were also evaluated. The Q-switched laser output was 

successfully generated with peak power of 58.9 mW and pulse width of 2.47 µs with a pump power 

of 67 mW. 
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Methodology 

 

Figure 1 illustrates the setup of pulsed laser ablation in liquid system that was used to 

produce the brass-NPs. A Q-switched Nd:YAG laser with 8 ns pulse duration and an output 

wavelength of 1064 nm was utilised to ablate a brass plate immersed in a PVA solution. The 

repetition rate of laser pulses was 10 Hz and the laser energy per pulse was 290 mJ. The PVA 

solution was prepared by mixing 0.2 g of PVA powder with 20 ml of distilled water. The mixture 

was stirred and heated within 50 – 60 oC for 3 hours. During the laser ablation process, laser pulses 

were focused through 100 mm focusing lens onto the brass target in PVA solution. The duration 

of ablation process was 640 seconds, where a total of 6400 laser shots were deposited on the target 

during this period. The cuvette with the PVA solution and brass target was rotated with a stepper 

motor during the laser ablation to make the solution homogenous and to avoid formation of the 

craters on the surface of the target. At the end of laser ablation process, brass-NPs in the PVA 

solution were obtained. The transmission electron microscope (TEM) and Energy Dispersive X-

Ray (EDX) analyses were done on the brass-NPs in PVA solution. The remaining solution was 

poured onto a stainless-steel plate and left to dry for 3 days, resulting in a PVA thin film with 

brass-NPs embedded. The wavelength operation of the thin film SA was examined. A white light 

source (YOKOGAWA, ANDO AQ-4303B) was launched onto the SA via an FC/PC fiber-ferrule. 

The light transmitted through the SA was then collected by an optical spectrum analyser 

(ANRITSU, MS9710C) with a wavelength span of 1050 to 1650 nm that was connected to another 

fiber-ferrule on the other side of the SA. 

 

 

Figure 1. Laser ablation setup for brass-NPs production 

 

Figure 2 depicts the Q-switched EDFL setup with brass-NPs SA. The pumping source for 

the laser system was a 980 nm laser diode. The laser diode output beam was coupled to a 13.4 m 

long EDFL ring cavity via a 980/1550 nm wavelength division multiplexer (WDM). The main 

components in the ring cavity were an erbium-doped fiber (EDF), an isolator, a brass-NPs SA and 

an optical coupler. The EDF with a length of 2.4 m functions as the gain medium with absorption 

cross section of 23 dB/m at 980 nm. The core of EDF had a diameter of 5.8 µm and numerical 

Nd:YAG Laser 

Focusing lens 
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aperture of 0.24. The isolator limited the light to propagate in a single direction in the ring cavity. 

The brass-NPs SA with an area of approximately 1mm2 was placed in between two fiber ferrules 

in the fiber adaptor. Index matching gel was applied between the fiber ferrules and the SA to reduce 

parasitic reflections. 20% of the intracavity light was coupled out from the cavity with the optical 

coupler with 80:20 coupling ratio for the laser output measurements. The Q-switched laser outputs 

at various pump powers were characterised by its output power, output wavelength characteristics 

and temporal properties. The output power measurement was done with a Thorlabs PM100USB 

power meter while a YOKOGAWA AQ6370D optical spectrum analyser (OSA) was utilised to 

record the laser output wavelength spectrum. An InGaAS photodetector connected to GWINSTEK 

GDS-3352 digital oscilloscope and 7.8 GHz RF ANRITSU MS2683A spectrum analyser was 

employed to detect the temporal characteristics of the Q-switched pulses, which were the pulse 

width and repetition rate. The peak output powers and pulse energies at various pump powers were 

calculated based on the recorded output powers, pulse widths and repetition rates. 

 

 
 

Figure 2. Q-switched EDFL laser setup with brass-NPs SA. 

 

Results and Discussion 

 

Figure 3 shows the results of the TEM and EDX analyses of the brass-NPs in PVA solution. 

Based on TEM micrograph in Fig. 3 (a), the morphology of brass-NPs is sphere with core-shell 

structure. This result agrees with previous works where brass-NPs were produced with laser 

ablation in liquid method (Sukhov et al., 2014; Kazakevich et al., 2004). The diameter of the brass 

NPs ranges from 18.9 nm to 41.8 nm, as seen in Fig. 3 (a).  The EDX point analysis verified the 

presence of carbon (C), oxygen (O), copper (Cu) and zinc (Zn). The presence of brass-NPs in the 

sample was verified due to the detection of Cu and Zn, which are the main elemental constituents 

of the brass plate. The detection of the C and O in the EDX analysis are due to the presence of 

PVA polymer in the sample. As for the linear absorption characteristics of the brass-NPs SA, about 

1.5 dB of absorption is detected at the operation wavelength of EDFL at 1560 nm as shown in 

Figure 4. 
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Figure 3. Brass NPs characterisations: (a) TEM analysis and (b) EDX analysis. 

 

 
Figure 4. Absorption curve of the brass-NPs SA 

 

The EDFL cavity started to operate in continuous wave regime at a low pump power of 16 

mW, indicating the splice losses between optical components were small. As the pump power was 

raised towards 21 mW, a stable Q-switching operation was visible on the oscilloscope. A steady 

Q-switched pulse was maintained up to 67 mW of pump power. However, the pulse started to 

mitigate and become unstable as the pump power was raised from 71 to 90 mW. The Q-switched 

operation eventually disappeared as the pump power adjusted above 90 mW.  The stability of the 

generated Q-switched was superior as stable pulses were obtained when the pump power was 

adjusted within 21 to 67 mW. Figure 5 (a) depicts the optical spectrum of Q-switched (blue line) 

and continuous wave (orange line) at the pump power of 67 mW, which was the maximum 

achievable pump power for the stable Q-switching operation. The incorporation of brass-NPs into 

the laser cavity causes the center wavelength to shift from 1564 to 1560 nm. The SA modulates 

cavity loss inside the EDFL, thus altering the operating wavelength of the laser to a shorter near-

infrared spectrum. Temporal characteristics of the Q-switched EDFL were captured using an 

oscilloscope, as shown in Figure 5 (b). The oscilloscope trace recorded within 150 µs duration 

shows a few uniform pulses without distinct amplitude modulation, indicating a low timing jitter 

inside the EDFL cavity (Qin et al., 2014). The enlarged graphic of two pulses envelope was also 

plotted to express the pulse width and pulses interval of generated Q-switched, which were 2.47 

µs and 13.56 µs, respectively. The stability of generated pulses was further investigated using an 

RF spectrum analyser. Figure 5 (c) represents the spectrum captured within the 1500 kHz 
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frequency span at the pump power of 67 mW. An inset image showing a fundamental frequency 

of 73.75 kHz was also captured with a signal-to-noise ratio (SNR) of 70.86 dB. The graph shows 

many harmonics with multiple peaks that gradually decline, indicating a stable Q-switched laser 

operation. As shown earlier in Figure 5 (b), the oscilloscope trace owns an interval between two 

pulses of 13.56 µs which corresponds to the repetition rate of 73.75 kHz, agreeing well with the 

value recorded on the RF spectrum analyzer.   

 

  

 
 

 

Figure 5. Spectral and temporal performances: (a) OSA spectrum of CW and QS, (b) 

oscilloscope trace, and (c) RF spectrum of QS at pump power of 67 mW. 

 

Figure 6 (a) denotes the repetition rate and pulse width as the pump power tuned between 

21 to 67 mW. A linearly increasing pattern of repetition rate against pump power is observed in 

the figure. The minimum repetition rate obtained was 38.74 kHz at the lowest pump power of 21 

mW, whereas the maximum repetition rate was 73.75 kHz. In contrast, the pulse width declined 

from 5.11 to 2.47 µs as the pump power raised within the range stated earlier. The pulse width 

produced with brass-NPs SA in this work is shorter than that of silver nanoparticles SA, which 

was 8.16 µs (Rosdin et al., 2018). The signal was further analysed using an optical power meter to 

investigate the performance of Q-switched EDFL within an interval of pump power. The pump 

power was adjusted within 21 mW to 67 mW, which resulted in stable Q-switched pulses, as shown 

in Figure 6 (b). As indicated in the graph, data points in black color represent the graph of output 

power as a function of pump power. The output power escalates from 2.7 to 10.74 mW with the 

increment of pump power within the Q-switching pumping range. The linearly increasing line of 
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output power against pump power also reveals a high slope efficiency of 17.72 %, which was 

attributed to the optimum configuration and length of the EDFL cavity. The calculated pulse 

energy was also plotted in the same graph in Figure 6 (b) with a maximum value of 145.6 nJ at the 

pump power of 67 mW. Finally, the graph of peak power as a function of pump power was shown 

in Figure 6 (c). As the pump power was tuned from 21 to 67 mW, the peak power rose from 13.6 

to 58.9 mW. 

 

  

 
 

Figure 6. Q-switched EDFL laser performances: (a) repetition rate and pulse duration 

variation with pump power, (b) output power and pulse energy variation with pump power, and 

(c) peak power variation with pump power. 

 

 

Conclusion 

 

Stable Q-switched laser output from EDFL was successfully demonstrated by including 

brass-NPs thin film SA in ring cavity arrangement. The self-starting Q-switched pulses were 

obtained at and beyond the pump power of 21 mW. The highest repetition rate of 73.75 kHz and 

shortest pulse width of 2.473 µs were recorded at 67 mW pump power in this study. The output 

power increased linearly with pump power where the slope efficiency was 17.72 %, and the highest 

output power recorded was 10.74 mW. The brass-NPs SA showed a promising performance in the 

EDFL system, and it can be implemented into other fiber lasers, such as YDFL, in future works. 
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