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Gold nanoparticles film for Q-switched pulse generation 
in thulium doped fiber laser cavity* 
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Passively Q-switched thulium doped fiber laser (TDFL) has been successfully demonstrated using gold nanoparticles 

(GNPs), which were embedded into polyvinyl alcohol as saturable absorber (SA). The stable self-starting Q-switched 

laser was generated to operate at 1 891 nm when a tiny piece of the prepared film was slot in between two fiber fer-

rules and incorporated into the laser cavity. The repetition rate can be adjusted from 48.54 kHz to 49.64 kHz while the 

pulse width decreased from 3.52 μs to 2.38 μs with the increase of 1 550 nm pump power from 840 mW to 930 mW. 

The corresponding pump power output power linearly increased from 3.62 mW to 6.3 mW with a slope efficiency of 

2.53%. The maximum peak power and pulse energy were recorded at about 39 mW and 0.12 µJ, respectively at pump 

power of 930 mW. The Q-switching operation was caused by the surface plasmon resonance absorption of GNPs. 
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Fiber laser technology has obtained significant interests 
for many researchers because of their robustness, com-
pact in size and easy to handle compared to the bulk la-
ser[1]. The laser can be realized by using either the erbi-
um-, ytterbium- or thulium-doped fiber as active medium 
for operations in wavelength regions of 1.55 μm, 1.0 μm 
or 2.0 μm, respectively[2,3]. thulium-doped fiber laser 
(TDFL) has gained more interests because of their ad-
vantages for application in variety of fields such as mili-
tary, remote sensing, spectroscopy and medical[4,5]. In 
addition, the TDFL operates in eye-safe wavelength re-
gion that suite for free space applications such as light 
detection and ranging (LIDAR) and telecommunication 
systems. On the other hand, 2 μm lasers are more effi-
cient in absorbing liquid compared to other operating 
wavelengths of 1.0 μm and 1.55 μm and thus they are 
more favorable for use in medical treatment[4,6,7].  

Q-switching in TDFL cavity can be realized by either 
active or passive method. In comparison with the passive, 
active technique requires extra optical modulator to 
modulate the propagating light for pulse generation. 
Moreover, it is bulky in size, complex to fabricate and 
quite costly. But the passive technique based on saturable 
absorber (SA) is simpler in fabrication, smaller in size, 
inexpensive and more efficient for implementation in 
generating Q-switched fiber laser. Up to date, many 
materials have been examined and reported as SA such 
as semiconductor saturable absorber mirror (SESAM), 
graphene and black phosphoros[8-10]. SESAM is one of 

the earlier SA, which was widely used in realizing 
Q-switched fiber laser since it was firstly discovered in 
1990s. Nevertheless, the fabrication of SESAM is 
complex and quite expensive. Graphene SA has also 
been used for generating Q-switched laser due to its 
ability to operate in a broader wavelength region. It has 
obtained more attentions in the past years since it is 
relatively cheaper than SESAM while exhibiting a lower 
saturation intensity. However, this type of SA shows a 
significantly lower modulation depth (2.3%) per layer[11]. 
BP shows the tendency to change its optical properties 
when it exposed to the air molecule. Moreover, it is quite 
difficult to integrate the BP material into the fiber laser 
cavity since it requires a unique arrangement and 
packaging to prevent its exposure to air molecules[12]. On 
the other hand, carbon nanotube, topological insulator, 
transition metal dichalcogenide and transition metal 
oxide based SAs have also gained great attention for 
Q-switched pulse generation[13-15]. These materials have a 
good nonlinear optical response especially in the 
infra-red region. 

Metal nanoparticles are also drawing much interests in 
recent years for SA applications due to their high 
nonlinear optical response, the high plasmonic effect of 
their surface and fast response time[16,17]. For example, 
silver nanoparticle has been used as passive SA for 
generating Q-switched erbium-doped fiber laser 
(EDFL)[18]. Moreover, Muhammad et al have 
demonstrated a Q-switching operation in C-band region 
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using a copper (CuNP) base[19]. However, insufficient 
attention was paid to gold nanoparticles (GNPs) for the 
Q-switching application even though it has shown the 
promising properties. GNPs have excellent nonlinear 
properties and thus is suitable for the SA application by 
making use of their surface plasmon resonance (SPR) 
effect. In this paper, Q-switched fiber laser is 
demonstrated for the first time using GNPs film in the 
TDFL cavity to operate in 2 µm region. A stable pulse 
train with the maximum repetition rate of 49.64 kHz, 
minimum pulse width of 2.38 µs and highest energy of 
0.12 µJ was obtained. The finding shows that GNPs 
could be a promising candidate for various photonic 
applications especially for operation in near and mid-IR 
bands. 

The ingredients for GNPs synthesization consist of 
gold (III) chloride trihydrate (50% Au basis) (HAuCl4), 
tri-sodium citrate (Na3C6H5O7, TSC), poly(sodium 
4-styrenesulfonate) (PSSS), and sodium borohydrate 
(NaBH4). The GNPs was prepared in a fume hood so that 
the reaction occurs in a non-toxic environment with 
limited specks of dust and water vapor. First, the mixture 
of 50 mL TSC, 3 mL PSSS and 3 mL of NaBH4 were 
stirred in a beaker with 1 L deionized (DI) water at 
450 rpm. Next, 50 mL of HAuCl4 was carefully added 
using syringe (2 mL/min), followed by 20 mL of excess 
TSC. The solution was dried for 5 min and undergone 
centrifugation afterward. The GNPs was stirred to mix 
with polyvinyl alcohol (PVA). PVA powder (purchased 
from Sigma Aldrich) was dissolved in 80 mL of DI water 
and stirred for 2 h at 145 °C. We used PVA as a host 
polymer to ease the incorporation of GNPs into the laser 
cavity while protecting the material from environmental 
disturbances such as humidity and oxidation. The 
as-prepared solution was poured onto a petri dish, left to 
dry for 48 h and carefully peeled later. Field emission 
scanning electron microscopy (FESEM) image was 
captured. The morphological mapping of the as-prepared 
GNPs PVA was displayed in Fig.1(a) with the 
magnification of 1 000 times within a 10 µm dimension. 
The circle image shows the fiber ferule fully cover with 
the GNPs PVA film. The nonlinear transmission 
properties of GNPs was investigated and tabulated in 
Fig.1(b). Collected data were fitted using the following 
equation:  

T(I)=1−ΔT×exp (−I/Isat) − Tns ,                (1)  

where T(I) is an intensity-dependent transmission coeffi-
cient, ∆T is a modulation depth, Tns is a non-saturable 
loss, I is an input intensity, and Isat is a saturable intensity.  

We obtained a modulation depth of 13.6%, a 
non-saturable loss of 48%, and a saturable intensity of 
0.05 MW/cm2. Fig.1(c) shows the linear absorption 
profile of the GNPs film within a wavelength range from  
1 890 nm to 1 950 nm. The film has an absorption loss of 
about 3.2 dB at 1 891 nm. 

 
(a) 

 
(b) 

 
(c) 

Fig.1 (a) The SEM image of the film with the illustra-
tion of fiber ferrule on top of the image; (b) The non-
linear optical profile for the GNPs film; (c) The linear 
absorption of the GNPs film 

Fig.2 illustrates the configuration of the proposed 
Q-switched TDFL using the prepared GNPs based SA. 
The cavity employed a homemade fiber laser operating 
at 1 550 nm as a pump light source to pump the active 
medium, 5-m-long commercial thulium doped fiber 
(TDF, Nufern SM-TSF-9/125). The pump was launched 
into the TDF through a 1 550/2 000 nm wavelength 
division multiplexer (WDM). The TDF has a core and 
cladding diamater of 9 µm and 125 µm, respectively 
while the numerical apature is 0.15. The absorption of 
thulium ion of the fiber are 27.0 dB/m and 9.3 dB/m at 
793 nm and 1 180 nm, respectively. The dispersions of 
the SMF-28 fiber and the thulium doped fiber at 1.9 μm 
are −86.8 ps2km-1 and  −12 ps2 km−1, respectively. Thus 
the total net normal cavity dispersion is estimated to be 
~0.53 ps2. The total cavity length is 13 m. A 90:10 output 
coupler was used to tap 10% of the ring cavity for 
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measurement while allowing the remaining 90% of the 
light to continuously oscillate in the cavity. The 10% 
output was connected to various optical measurement 
equipments such as optical spectrum analyzer (OSA, 
YOKOGAWA AQ6375), a 500 MHz digital oscilloscope 
and 7.8 GHz of radio frequency spectrum analyzer (RFSA, 
Anritsu). The OSA was used to measure the output 
spectrum of the laser. Oscilloscope and RFSA were used 
for analyzing the generated pulse train in time and 
frequency domain, respectively. A fast photodetector was 
used for both oscilloscope and RF as a bridge to transfer 
the light from the fiber cavity to those equipments. A tiny 
piece of GNPs film was adhered onto the fiber ferule and 
then sandwiched with another fiber ferrule to form a SA 
device as depicted in Fig.2. The SA was incorporated into 
the cavity between the 90% port of output coupler and the 
input port port of WDM. It is noted that an index matching 
gel was pre-applied on the ferrules’ surface to minimize 
unwanted reflection during lasing. 

 

Fig.2 The illustration of the proposed Q-switched 
TDFL cavity 
 

The performance of the TDFL without inserting the 
GNPs SA was firstly investigated. The TDFL produced 
continuous wave (CW) laser at a threshold pump power 
of 760 mW. After incorporating the GNPs film into the 
TDFL cavity, a stable Q-switched pulse train was 
succesfully generated at a pump power of 840 mW. 
Fig.3(a) compares the output spectral characteristic of 
the TDFL with and without the SA at the threshold pump 
power. The central wavelength was 1 884 nm and 
1 891 nm for the CW and Q-switched operation, which 
was obtained without and with the insertion of GNPs SA, 
respectively. The 4 nm shifting of the wavelength to the 
shorter wavelength was observed when incorporating the 
GNPs film into the cavity. This is attributted to the 
increase of cavity loss when the film was integrated into 
the cavity. The laser operational wavelength shifts to 
shorter wavelength to acquire additional gain to 
compensate for the loss. The spectrum of 790 mW of 
pump power also represent in the figure. The peak of 
spectrum at 790 mW pump power shows a slightly 
increase due to the high gain in the cavity. Fig.3(b) 
depicts the typical oscilloscope trace of pulses train at the 
maximum pump power of 930 mW. The emerging of the 
Q-switched pulse train from the cavity is attributted to 
the longitudinal SPR absorption of GNPs. This is at-
tributed to the metal nanoparticles have close-lying 

bands that permits the electron to move freely. The en-
ergy filled the electron on the conduction until it stimu-
lated the resonance band of plasmon to the surface as the 
light beam reaches the gold particles[20]. The SPR effect 
modulates the cavity loss to generate the Q-switched 
pulses[21]. The peak-to-peak duration was observed to be 
about 20.60 µs corresponding to the repetition rate of 
48.54 kHz as depicts in Fig.3(b). The single pulse width 
was measured to be ∼2.38 µs as shows in Fig.3(c).  

 

 
(a) 

 
(b) 

 
(c) 

Fig.3 Spectral and temporal characteristics of the 
GNPs based Q-switched TDFL: (a) Spectral charac-
teristics with and without SA; (b) Pulse train at the 
pump power of 930 mW with the peak-to-peak interval 
of 20.60 µs; (c) The single pulse envelop with a pulse 
width of 2.38 µs
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Fig.4(a) presented the relationship between both repeti-
tion rate and pulse width parameters and the pump power. 
By adjusting the pump power from 840 mW to 930 mW, 
the repetition rate increased from 48.54 kHz to 49.64 kHz 
while the pulse width had a shrinking trend from 3.52 µs 
to 2.38 µs. This trend is typical for passive Q-switched 
fiber lasers[22,23]. Fig.4(b) shows a nearly linear increasing 
trend of the average output power, peak power, and pulse 
energy with the pump power. When the 1 550 nm laser 
power was raised from 840 mW to 930 mW, the average 
output power increased linearly from 3.62 mW to 6.3 mW. 
The slope efficiency represents the optical-to-optical effi-
ciency of the GNPs based Q-switched TDFL. The effi-
ciency was calculated to be about 2.53%, which is rela-
tively low. This is most probably due to the use of 10 dB 
output coupler, which allowed only 10% of the oscillating 
laser to be extracted from the cavity. The laser efficiency 
could be enhanced by increasing the output ratio of the 
coupler. The output efficiency could also be improved by 
minimizing the insertion loss induced by the SA and opti-
mizing the cavity design by reducing the splicing loss and 
fiber length. At 930 mW pump power, the maximum peak 
power and pulse energy were recorded at about 39 mW 
and 0.12 µJ, respectively.  

The proposed SA should have a long term stability for 
use in various practical applications. Fig.5 plots the RF 
spectrum of the Q-switched TDFL at 840 mW pump power, 
it was measured by using a high resolution RF spectrum 
analyzer. The first harmonic of RF spectrum was obtained 
at 48.54 kHz with a signal-to-noise ratio (SNR) of ap-
proximately 70 dB, which indicates an excellent and stable 
Q-switched performance in the proposed TDFL 
configuration. The resolution of the frequency spectrum is 
10 kHz. If the pump power further increased above 
930 mW, the Q-switched laser will become unstable. 
However, the optical damage threshold of GNPs SA was 
obseved to be greater than 2 000 mW The performance of 
GNP is comparable with other  SAs based on 2D materials 
as shown in Tab.1. The mode-locked pulses cannot be 
generated in the current cavity even though the pump 
power was varied within a wide range. However, the 
mode-locked pulses could be realized with further optimi-
zation of cavity design and SA to reduce their loss and 
increase the nonlinearity characteristic. 

 

 
(a) 

 
Fig.4 Q-switching performance against pump power: 
(a) Repetition rate and pulse width; (b) Average output 
power, peak power and pulse energy 
 

 

Fig.5 RF spectrum with the fundamental repetition 
rate of 48 kHz and SNR of 70 dB  

 

Tab.1 Q-switching performance for various SAs op-
erating in TDFL cavity 

SA 
Wavelength 

(nm) 

Pulse 

width 

(µs) 

Repetition 

rate (kHz) 

Max. 

energy 

(uJ) 

Ref.

MoSe2 1 924 
2.50—

1.76 

33.60— 

48.10 
1 [24]

TiO2 1 935 
3.91—

1.91 

30.12— 

36.96 
0.3 [25]

MoO3-x

 
1 910 

8.2— 

1.6 

24.3— 

60.1 
0.15 [26]

GNPs 1 891 
3.52—

2.38 

48.54— 

49.64 
0.12 

This 

work

 
In conclusion, a new SA based on GNPs has been 

successfully developed for realizing an all-fiber 
passively Q-switched TDFL. The SA was inserted into a 
ring laser cavity to produce a stable pulse train operating 
at center wavelength of 1 891 nm. As the pump power 
adjusted from 840 mW to 930 mW, the repetition rate 
and pulse width of the laser can be tuned from 48.54 kHz 
to 49.64 kHz and 3.52 μs to 2.38 μs, respectively. The 
maximum average output power, peak power and pulse 
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energy were recorded at about 6.3 mW, 39 mW and 
0.12 µJ, respectively at 930 mW pump power. The result 
indicates that GNPs has a good nonlinearity and thus is 
suitable for use in various photonic devices operating in 
2 μm region. 
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