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ARTICLE INFO ABSTRACT
Keywords: This research investigated the generation of passively Q-switched erbium (Er)-doped fibre laser
Silver nanoparticles using silver nanoparticles/poly (vinyl alcohol) (Ag/PVA) as a saturable absorber (SA). The Ag

Saturable absorber
Q-switched
Erbium-doped fibre laser

nanoparticles were synthesised via the chemical reduction technique. The Ag/PVA film based SA
was fabricated by blending Ag nanoparticles powder into the PVA suspension, then left to dry at
ambient to develop a free-standing SA film. Next, the Ag/PVA film was sandwiched in between
two FC/PC fibre ferrules and integrated into the laser cavity for Q-switched pulse generation. The
result shows that the Q-switched pulsed laser achieved pulse energy and peak power of 128.04 nJ
and 21.34 mW at the maximum pump power of 107.1 mW. A signal-to-noise ratio (SNR) value of
66.23 dB was obtained at a frequency of 66.23 kHz proving that it is an excellent candidate as a
SA material for Q-switched generation in future large-scale manufacturing.

1. Introduction

The past decade has seen the rapid development of Q-switched laser sources in many industries and scientific research fields due to
their versatile applications, such as communication, material processing, medical, non-linear optics, and remote sensing [1-5]. In
Q-switching operations, the laser cavity loss switches from a high value during off-time to a low value during on-time. The Q-factor is
described as the capacity to store light energy or ratio between the stored and loss energies after each round-trip in the cavity [6].
Typically, Q-switched laser generates short pulses from a microsecond to nanosecond regime with a low repetition rate in of range. The
Q-switched laser pulse can be achieved either through active or passive techniques, where active techniques require external mod-
ulation devices such as acousto- or electro-optic modulators to modulate the cavity loss. However, active techniques are too expensive
and complex to be used for the Q-switched laser system in real-life applications [7]. Therefore, the passive technique has been
introduced and has shown inherent advantages over the active technique, including a compact, flexible, and simple laser system [8]. In
recent years, there has been increasing interest in SA using the generation of passive Q-switched laser generation. Until now, numerous
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Fig. 1. Preparation of Ag/PVA SA (a) is the Ag colloidal after 6000 rpm centrifugation for 30 min, the Ag nanoparticles separated from colloidal
solution (b) addition of Ag into PVA solution and (c) after 3 days, the Ag/PVA film was dried and peeled.

nanomaterials have been demonstrated as efficient SA materials in Q-switched fibre laser, including carbon nanotubes [9], graphene
[10], transition metal dichalcogenides [11], topological insulator [12], transition-metal oxides [13], rare-earth oxides [14] and
black-phosphorus [15], MXenes [16].

Recently, noble-metal nanoparticles including gold (Au), silver (Ag), and copper (Cu) have been drawing considerable interest due
to their attractive optical property [17-19]. Notably, most SAs that are based on noble-metal nanoparticles for Q-switched generation
are focused on Au nanoparticles, especially in ytterbium (Yb-), erbium (Er-) and thulium (Tm-) doped fibre laser [20-22]. Little
attention has been paid to the role of Ag as a SA for Q-switched fibre lasers. Compared to the other metal nanoparticles, Ag has large
and ultrafast third-order nonlinearities and the absorption spectrum could be extended to 1400 nm [23]. Besides, Ag has also been able
to improve the fluorescence intensity around 1.53 pm due to the enhancement of the local electric field induced by localised surface
plasmon resonance of Ag [24]. In addition, Ag (or plasmonic materials) possess a strong transient photobleaching behaviour (saturable
absorption) in a subpicoseconds under short pulse excitations in the resonance spectral region as compared to other traditional SA. The
reported third order susceptibility (y%) is roughly around 107! esu shows that Ag can be used as ideal SA for laser pulse generation
[25]. Previous investigation in Ag-based SA had focused on optical deposition on the surface of fibre ferrule [26], and the electron
beam evaporation (EBE) process [27] was used to integrate into the laser cavity. In an optical deposition, the process induces large
scattering loss, and the process itself is quite tedious as many factors can influence the required optical power to make Ag adhere to the
ferrule facets [6]. EBE process also has poor uniformity in the deposition if no masking is used in the process and there is limited
scalability at reduced utilisation and deposition rates [28]. There are many deposition techniques of SA materials to be integrated in
laser cavity [29], however, to be embedded with a host polymer is the preferred technique. Embedded Ag in PVA can effectively
protect the Ag from other contaminants that can degrade the SA [30]. There are few host polymers that have been used in SA
fabrication, such as poly (ethylene oxide) [31], PVA [9], poly (methyl methacrylate) [32], poly (dimethylsiloxane) [33] and chitosan
[11]. However, PVA is preferable since PVA does not exhibit strong optical absorption at 1030 nm and 1558 nm [34]. Besides, it is
selected due to its solvent compatibility (water-soluble), ease of fabrication (room temperature fabrication), robustness, flexibility
(high tensile and not brittle) [34] and no strong chemical was used during the preparation that can damage the Ag nanoparticles [35].

In this paper, the generation of Q-switched Er-doped fibre laser using Ag/PVA SA is reported. The Ag nanoparticles were syn-
thesised by using the chemical reduction method, where tri-sodium citrate was selected as a reducing agent. The Ag nanoparticles were
mixed with PVA solution to develop a free-standing SA. The Ag/PVA was integrated into the laser cavity for Q-switched pulse
generation.

2. Methodology
2.1. Preparation and characterisation of Ag/PVA SA

The colloidal Ag nanoparticles were synthesised through chemical reduction methods following the procedure from our previous
report [36]. To prepare the Ag/PVA SA, the Ag nanoparticles were collected by centrifugation at 6000 rpm for 30 min to separate the

Ag and excess reducing agent [see Fig. 1(a)]. The colloidal Ag was centrifuged three times and each time, Ag was replenished with
deionised (DI) water to ensure the excess was completely removed. The aqueous PVA solution was prepared by adding 0.5 g PVA
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Fig. 2. (a) TEM, (b) high resolution image of synthesised Ag nanoparticle, (c) particle distribution and (d) thickness profile of Ag/PVA SA with
thickness of 43.84 ym.
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Fig. 3. Schematic diagram of balanced twin-detector for non-linear transmission. OPM 1 is with SA and OPM 2 without SA.

powder (40,000 MW, Sigma Aldrich) into 60 mL of DI water and heated at 145 °C until the powder completely dissolved. After that, Ag
was added into PVA solution at one to five ratio (1:5, mg:mL) and ultra-sonicated for an hour, followed by stirring for 3 h. Lastly, the
Ag/PVA solution was decanted into a petri dish and left to dry in the desiccator cabinet for 3 days as shown in Fig. 1(b). The film was
carefully peeled to develop a free-standing film based SA and kept in the vacuum bag.

The transmission electron microscopy (TEM; JEOL, JEM-2100F) images in Fig. 2(a) represents the morphology and Fig. 2(b) depicts
the high-resolution image to measure lattice fringes of synthesised Ag. Before analysis of TEM, the Ag was added into DI water at a ratio
of 1:10 (mg:mL) and ultra-sonicated for 30 min, before being dropped onto a carbon lacey/copper grid. The TEM images show most of
the Ag as quasi-spherical and monodispersed. The crystalline nature of a single particle was further studied by measuring the lattice
spacing. The lattice spacing of synthesised Ag is 2.17 A which corresponds to the (200) plane of Ag [37]. This shows that AgNOj is
successfully reduced to Ag" ions by tri-sodium citrate and resulting formation of Ag cluster.

Fig. 2(c) shows the particle size distribution of synthesised Ag using dynamic light scattering (Malvern, ZSP-5600). It is shown that
the Ag nanoparticles ranged around 5-100 nm. The slow reaction rate of the chemical reduction method contributes to the reactions
and particle sizing range from 50 to 100 nm [38]. Particularly, when the particle seeds are formed from the reduction of Ag" by
tri-sodium citrate, the remaining anion can complex to the metal surface decreasing the amount of citrate available in the bulk to
further reduce more Ag". Therefore, fewer new seeds are reduced, and the initial particles begin to grow via Ostwald ripening, in
which larger ones will continue to grow compared to the smaller ones [38,39]. However, in this experiment, the two distribution peak
were observed. The Ag can be distributed uniformly by stabilising with poly (vinyl pyrrolidone) [40].
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Fig. 4. Nonlinear transmission characteristic of Ag/PVA SA using the balanced twin-detector method.
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Fig. 5. Schematic of the Q-switched Er-doped fibre laser. LD, laser diode; WDM, wavelength division multiplexer; EDF, Erbium-doped fibre.

Fig. 2(d) shows the thickness profile of free-standing Ag/PVA SA film which was measured using a 3D laser scanning microscope
(Olympus, OLS 4100). The thickness was measured by the difference in height of the SA and microscope stage. The measured thickness
is around 43.84 um which is consistent with other reported film thickness of around 50 pm [41].

2.2. Non-linear transmission setup

The non-linear transmission analysis was carried out in the experiment, to obtain the non-linear optical response of Ag/PVA SA.
Fig. 3 shows the schematic setup for non-linear transmission using the balanced twin-detector technique. The setup comprises self-
started mode-locked laser sources with a centre wavelength of 1555 nm and pulse width of 1 ps with a repetition rate of 15 MHz,
and pre-amplified by using erbium-doped fibre amplifier (EDFA; Keopsys, CEFA-C-PB-LP), variable optical attenuator (Anritsu,
MN9610B) was employed to adjust the input optical power into Ag/PVA film based SA. After that, 50% of the pre-amplified light was
passed through the Ag/PVA SA, while the other remaining 50% was monitored as a reference. Both output power was recorded using
an optical power meter. The data were fitted using the transmission fitting equation [27].

Fig. 4 shows the non-linear transmission of Ag/PVA SA as a function of power intensity. The modulation depth of the Ag/PVA SA is
14.0% and a non-saturable loss of 21.0%. The initial transmission ratio of 65.0% with a saturation intensity power of 21.39 MW/cm?.
The achieved modulation depth from this experiment is comparable to the other previous study report [26,27]. It is important to
achieve large modulation for strong pulse shaping and stable Q-switching operation. However, the non-saturable loss is considerably
high for Ag/PVA SA causing a high-power loss due to the low repetition rate of mode-locked input. The non-saturable loss can be
reduced by using a stable femtosecond mode-locked input [27].

2.3. Q-switched Er-doped fibre laser setup

To demonstrate the potentiality of using Ag/PVA SA for Q-switched fibre laser, the all fibre-integrated Er-doped fibre laser cavity in
a ring configuration was constructed as shown in Fig. 5. A 2.4 m Er-doped active fibre (FiberCore, I-25) with a peak absorption of
45 dB/m at 1531 nm was co-pumped by a 980 nm laser diode (LD) via wavelength-division multiplexer (WDM). An isolator was
included in the cavity to avoid light propagation from entering the formation of the standing waves that may damage the LD. The
fused-fibre output coupler (95:5) that was employed, was at 5% for output diagnostics to observe spectral characteristics, pulse train,



M.Q. Lokman et al. Optik 244 (2021) 167621

N

o

o
T

-
o
o

.6
VA

p— A T T T T

S 18.3 mW
£ 2000 350ps ]
P —

3 a—

> 0 1 1 \‘L%'o: ks_/

j>E‘ I ps ‘ ' 107.1 mwW
©

(=2}

8

S

0 I\
0 50 100 150 200 250
Time (ps)
A
0 — -+ T r r * I " r ' I

— [=66.23 kHz

Power (dBm)
&
o
1

-100| ]

t n n n 1 i H " 1 N H " 1 il " i
0 200 400 600 800
Frequency (kHz)
B
T T T T
_20 - 4
—_ ) ]
- - 1 .
é 40 | ]
T-60f i\ |SNR=6864dB -
5 ]
3 i ]
8 -80 i 1
-100 i
g |hewrres qeeeel e Dagem el e or e el e e
20 40 606623 g 100 120
Frequency (kHz)
C

Fig. 6. (a) Typical pulse train at pump power 18.3 mW and 107.1 mW, and (b) RF spectrum with 11th harmonic peaks and (c) fundamental
frequency with SNR of 68.64 dB at maximum pump power 107.1 mW.

and signal-to-noise ratio (SNR). Meanwhile, the other 95% were kept resonating in the cavity. The spectral characteristic of the Q-
switched pulse was obtained using an optical spectrum analyser (OSA; Yokogawa, AQ6370B) with a resolution of 0.02 nm. The Q-
switched pulse train was observed using a digital oscilloscope and SNR was acquired using a radio-frequency spectrum analyser (RFSA;
Anritsu, MS2683A). Both types of equipment were connected using a 1.2 GHz InGaAs photodetector (Thorlabs, DET01CFC). The free-
standing Ag/PVA SA was integrated into the laser cavity by sandwiching a 1 mm? in between two fibre patch cords with the aid of
index matching gel. The total length of the laser cavity was around 13.4 m and all the components were connected by direct splicing
with a total cavity splicing loss of 0.13 dB.

3. Results and discussions

The continuous wave (CW) lasing was first obtained when the pump power approached 12.7 mW. The low pump pomp power
during the CW operation showed that low cavity losses were due to direct splicing between the optical components [40]. In addition,
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the obtained initial pump power for Q-switching seemed lower than the other reported works based on Ag SA [26,27,42,43]. The
self-operated Q-switching generated a stable pulse and was obtained at the pump power of 18.3 mW, as the Ag/PVA SA was integrated
into the laser ring cavity. By further increasing the pump power above 107.1 mW, the Q-switched pulses observed started to fluctuate
followed by diminishing pulses which were caused by over-saturation of SA. Markedly, the stable pulse re-appeared when the Ag/PVA
SA was tuned from 18.3 mW to 107.1 mW without any significant fluctuations observed in the oscilloscope. Furthermore, to validate
whether the Q-switching was induced by the Ag/PVA SA, the Ag/PVA SA was replaced with the pure PVA film and integrated into the
ring cavity. In this instance, no pulse train was detected, even though the pump power was tuned to the maximum. Fig. 6(a) displays
the typical pulse train and single pulse envelop of the Q-switch at 18.3 mW and 107.1 mW. The pulses showed symmetrical
Gaussian-like profiles and yet amplitude modulation was not observed in the pulse train. The shortest pulse width at FWHM at around
5.6 us was obtained at the maximum pump power of 107.1 mW with a pulse-to-pulse interval of 15.9 ps which corresponded to the
repetition rate of 66.23 kHz. As shown in Fig. 6(a), the interval between two pulses was closer and pulse width at FWHM decreased as
the pump power increased.

Fig. 6(b) displays the frequency domain spectrum retrieved from the radio-frequency spectrum analyser (resolution bandwidth,
RBW = 1000 Hz) and it corresponded to SNR at a fundamental frequency of 66.23 kHz as shown in Fig. 6(c). To investigate the laser
stability SNR was measured by subtracting the peak and the pedestal power of the fundamental frequency. The SNR was at a maximum
pump power of 107.1 mW when the fundamental frequency was 68.64 dB. This high SNR value that exceeds 30 dB indicated that the
Q-switched pulsed laser operated at good stability. The frequency spectrum shows 11th harmonic peaks and gradually decreased at
every consecutive harmonic peak before it completely disappeared indicating that the Q-switched operates in broad pulse width.
Furthermore, the fundamental and harmonic frequency peak existed within the 800 kHz span range and no external spectrum
component was present over 800 kHz.

Fig. 7 shows the spectral characteristic of CW lasing retrieved from optical spectrum analyser that occurred without the integration
of Ag/PVA SA into the laser cavity and Q-switched pulse under different pump power. The CW was achieved at a pump power of
12.7 mW with a centre wavelength of 1561 nm and a 3 dB bandwidth of 1.5 nm. Whereas, at the maximum pump power of 107.1 mW,
the Q-switched centre wavelength was at 1558.14 nm with a 3 dB bandwidth of 2.0 nm. As the Ag/PVA SA was integrated into the
laser cavity, the centre wavelength that was observed became slightly blue-shifted caused by CW to Q-switched transition due to the
absorption of light by Ag/PVA SA. Also, non-linear effects of the fibre and Ag/PVA SA can induced the broadening of 3 dB bandwidth.

Fig. 8(a) shows the repetition rate and pulse width as a function of the pump power. The repetition rate showed a positive cor-
relation, meanwhile an exponentially negative rate was observed for pulse width as pump power increased. This showed the typical Q-
switched operation. Unlike the mode-locking operation, the repetition rate of Q-switched operation depends on the pump power, not
determined by the length of the laser cavity [27]. With the increase of pump power, more electrons could excite and accumulated at the
upper level. Therefore, the rise time and falling time of pulse trains became simultaneously shorter. This can lead to a reduction of
pulse width and an increase in the repetition rate [12]. Also, in Fig. 8(a) the achieved repetition rate was increased from 28.57 kHz to
66.23 kHz with a decreasing pulse width of 15.00 ps to 5.60 us when the pump power was tuned from 18.3 mW to 107.1 mW. Fig. 8(b)
shows the average output power in the range of 0.899-8.48 Mw recorded using optical power meter. Fig. 8(c) shows the single pulse
energy and instantaneous peak power of Ag/PVA SA at pump power tuned from 18.3 mW to 107.1 mW. At a maximum pump power of
107.1 mW, the calculated pulse energy was 128.04 nJ. The instantaneous peak power at a maximum pump power of 107.1 mW was
21.37 mW. It was also possible that the pulse energy and peak power of the Q-switched fibre laser could increase if the Ag/PVA SA was
optimised. The non-saturable loss of the SA should be as low as possible to reduce the power losses during the saturable absorption
process and the modulation depth had to be higher to generate a shorter and intense pulse width.

In the proposed work, Ag nanoparticles were synthesised by using the chemical reduction method and embedded in the PVA
polymer matrix where they appeared to generate Q-switched laser with high peak power and pulse energy at low threshold input pump
power. This approach offers low-cost fabrication in terms of raw materials and deposition equipment compared to prior works of Ag-
based SA. In addition, the proposed synthesised Ag nanoparticles can function as a tuneable Q-switched laser by varying the Ag
nanoparticle sizes by using different amounts of reducing agent, for example, tri-sodium citrate as seen in this experiment. The
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Fig. 8. (a) Repetition rate and pulse width, (b) average output power, and (c) instantaneous peak power and single pulse energy as a function of the
pump power.

Table 1
Laser performance comparison of previous study on Ag nanoparticles based SA for Q-switched EDFL.

Metal  Method Mod. Initial pump Rep. rate Pulse width Max pulse Max peak SNR Ref.

depth (%) power (mW) (kHz) (us) energy (nJ) power (mW) (dB)

Ag Optical Deposition 18.5 19.9 17.9-58.5 11.4-2.4 132 None None [26]
Electron Beam 19.0 29.4 39.8-65.4 11.6-6.7 146.7 20.5 67.52 [27]
Evaporation
MTMS 31.6 20.0 13.8-39.2 5.9-3.4 ~4.2 ~2.0 46.2 [42]
Ag/RGO Embedded 30.0 27.4 10.05-76.63 8.80-1.38 11.14 3.32 53.4 [43]
in PVA
Embedded in PVA 14.0 18.3 28.57-66.23 15.0-5.6 128.04 21.37 68.64 This

Work

Au Electron Beam None 17.3 24.34-88.11 17.58-4.52 32.9 None 57.42 [45]
Evaporation

Cu Electron Beam 36.0 26.1 41.7-101.2 10.19-4.28 18.37 4.29 50.9 [46]
Evaporation

Notes: MTMS — Methyltrimethoxysilane; RGO — Reduced graphene oxide.

nanoparticle sizes are an important factor that can influence the absorption of surface plasmon resonance (SPR) by injecting light that
can tune the optical spectrum to a different wavelength [44]. Moreover, the sizes of the nanoparticles can also influence the modu-
lation depth of the SA. In these cases, the larger Ag nanoparticles size can absorb more of the injected light. Large modulation depth can
affect the pulse shaping, where reduction of pulse width will occur [10]. The comparison is presented in Table 1.

4. Conclusion

This work demonstrated the Q-switched Er-doped fibre laser by using Ag/PVA as SA. The Ag nanoparticles were synthesised by
using a chemical reduction method and tri-sodium citrate was used as a reduction agent. To develop free-standing Ag/PVA SA, the Ag
nanoparticles were added into the PVA solution and left to dry at ambient temperature for 3 days. Then, the Ag/PVA was integrated
between two FC/PC fibre ferrules and tested for Q-switched pulse generation. The results showed that the modulation depth of the SA
was at 14.0% with a non-saturable loss of 21.0%. The SA generated a pulse at 18.3 mW with maximum pulse energy and peak power of
128.04 nJ and 21.37 mW. The Q-switched laser operated at centre wavelength 1558.14 nm with 68.64 dB of SNR. This showed that
the synthesis Ag/PVA using chemical reduction approach and embedded in PVA has a potential Q-switched pulse fibre laser with high
pulse energy and SNR. The potential application of the fabricated Ag based passive SA, for example, laser material processing, medical,
and communication systems.
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