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Passively Q-switched erbium doped fiber laser
using a gold nanostars based saturable absorber
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In this paper, we propose and demonstrate an all-fiber passively Q-switched erbium doped fiber laser (EDFL) by
using gold nanostars (GNSs) as a saturable absorber (SA) for the first time, to the best of our knowledge. In
comparison with other gold nanomorphologies, GNSs have multiple localized surface plasmon resonances, which
means that they can be used to construct wideband ultrafast pulse lasers. By inserting the GNS SA into an EDFL
cavity pumped by a 980 nm laser diode, a stable passively Q-switched laser at 1564.5 nm was achieved for a
threshold pump power of 40 mW. By gradually increasing the pump power from 40 to 120 mW, the pulse du-
ration decreases from 12.8 to 5.3 pis and the repetition rate increases from 10 to 17 kHz. Our results indicate that

the GNSs are a promising SA for constructing pulse lasers.
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1. INTRODUCTION

During the last decade, Q-switched fiber lasers have found
wide and important applications in the fields of spectroscopy,
fiber sensing, material processing, and biomedical diagnostics
owing to their large energy pulses, low cost, compactness,
and so on [1-5]. Traditionally, the passive Q-switched tech-
nique based on saturable absorbers (SAs) is one of the
most efficient methods for achieving pulsed lasers [6-16].
Semiconductor SA mirrors (SESAMs) are the most commonly
used SA for constructing passively Q-switched fiber lasers [6].
However, they have limited operation bandwidths (a few tens
of nanometers), and their fabrication procedures are very com-
plex [17-19]. Hence, developing new SAs for Q-switched lasers
plays an important role in ultrafast photonics and related
applications.

In recent years, gold nanomaterials, including gold nanopar-
ticles (GNPs) and gold nanorods (GNRs), have been proposed
as SAs for constructing Q-switched fiber lasers owing to their
outstanding optical properties including large third-order non-
linearity, broadband absorption, and fast response, which arise
mainly from the localized surface plasmon resonance (SPR)
[20—24]. SPR is an optical phenomenon related to the coherent
oscillations of electron plasmas at the surfaces of metallic par-
ticles. A most important advantage of gold nanomaterials is that
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variable SPR absorption peaks can be achieved by controlling
the morphology and structure of the nanomaterials. In our
previous papers, we experimentally demonstrated passively
Q-switched erbium doped fiber lasers (EDFLs) by using filmy
GNPs and GNRs as SAs [20,21]. Fan et al. have reported a
passively Q-switched EDFL using evanescent field interaction
with a GNPs SA [22]. In addition, passively Q-switched fiber
lasers at 635 nm using filmy GNPs as SAs and at 1 pm wave-
band using filmy GNRs as SAs have also been experimentally
demonstrated [23,24]. These results indicate that gold nano-
materials are promising SAs for ultrafast pulse generation.
However, the investigation of gold nanomaterials in pulse-laser
fields in both theory and experiment is still at the basic level.
Thus, there is always a strong motivation to search for high-
quality gold nanomaterials with nonlinear saturable absorption
effects for pulsed laser generation.

Very recently, a new type of gold nanomaterial, gold nano-
stars (GNSs), have attracted intensive attention and been
applied to surface-enhanced Raman scattering and photother-
mal therapy due to the unique SPR characteristics [25-32].
The SPR of the GNSs arises from the hybridization of
plasmons associated with the core and the individual tips of
the particle. The optical properties of the GNSs were found
to be highly anisotropic and to strongly depend on the size
of the protruding tips. In comparison with other gold
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nanomaterials, GNSs have multple SPR absorption peaks.
One is the short wavelength SPR absorption peak with a weak
absorption peak around 530 nm, originating from the core
plasmons. The others are long wavelength SPRs, which are pri-
marily composed of tip plasmons but with a finite contribution
of the core plasmons [27]. The absorption peaks can be tuned
in a wide range by varying the morphologies and number of the
tips. In addition, the response sensitivity of the long wavelength
resonances in GNSs is about 5, much higher than other gold
nanomorphologies (0.6 for spheres, 1.5 for nanocubes, and 2.6
for nanorods), and the electron—phonon relaxation time of
GNSs is 3.1 ps [30,31]. These results showed that GNSs have
fast response and wide absorption bands, indicating that they
can be used to construct wideband ultrafast pulsed lasers.
However, pulsed laser generation by using GNSs as SAs has
not yet been demonstrated experimentally.

In this paper, we propose and demonstrate an all-fiber pas-
sively Q-switched EDFL by using GNSs as SAs for the first
time, which achieves output pulses at 1564.5 nm pumped
via a 980 nm laser diode for a pump power of 40 mW. By
gradually increasing the pump power from 40 to 120 mW,
the pulse duration decreases from 12.8 to 5.3 ps and the
repetition rate increases from 10 to 17 kHz. Our results indi-
cate that the GNSs are a promising SA with the potential for
important applications in the field of pulsed lasers.

2. PREPARATION AND CHARACTERIZATION OF
THE GNS SA

The GNS sample was provided by Nanjing XF NANO
Materials Tech Co., Ltd. Figure 1(a) presents a typical trans-
mission electron microscope (TEM) image of the fabricated
GNSs, which was measured with a TEM (FEI, F20). The scale
bar is 100 nm. About 65 particles of the synthesized GNSs
sample were shown in Fig. 1(a). More than 70% of the particles
are GNSs, and only a small fraction of other nanomorphologies
exists in the sample. The inset in Fig. 1(a) shows the photo-
graphs of GNS aqueous solutions and the TEM image of
GNSs at a scale of 20 nm. The color of the solution is
blue-green, and the diameter of the GNS is about 40 nm.
In order to investigate the absorption characteristic at Er" laser
emission waveband (1.56 pm), the absorption spectrum of
GNSs was measured with a filmy sample to avoid the strong
absorption between 1.4 and 2.1 pm of liquid water. The filmy
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Fig. 1. Characterization of the GNSs and GNS film. (a) TEM im-
age of GNSs at scale of 100 nm; inset: photographs of GNS aqueous
solution and the TEM image of GNSs at a scale of 20 nm. (b) SEM
image of GNS film at scale of 500 nmj; inset: the photograph of
GNS film.
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sample was prepared by mixing 1 mL GNSs solution and 1 mL
0.2 M (1 M = 1 mol/L) sodium carboxymethylcellulose aque-
ous solution and casting the mixing solution onto a flat quartz
glass substrate, followed by a slow drying at room temperature.
We also gave a scanning electron microscope (SEM) characteri-
zation (FEI, X1.-30) of the GNS film at a scale of 500 nm, as
shown in Fig. 1(b). It can be seen that most of GNSs with
different numbers of tips are obviously aggregated. The inset
in Fig. 1(b) shows the photograph of the GNS film; the color
of the film is dark green. Figure 2 shows the absorption spectra
of the GNS solution (red line) and GNS film (black line) mea-
sured with an UV—visible—near infrared (NIR) spectrophotom-
eter (UV-3600, Shimadzu). It can be seen that the GNS
solution has two SPR peaks. The weak, short wavelength
SPR peak at 517 nm is caused by the core plasmons, and
the strong, long wavelength SPR peak at 655 nm is primarily
caused by the tip plasmons but with a finite contribution of the
core plasmons. Different from the absorption spectrum of the
GNS solution, the GNS film has multiple SPR peaks. The
weak, short wavelength SPR peak at 544 nm is also caused
by the core plasmons, and the strong, long wavelength SPR
peak at 710 nm is also primarily caused by the tip plasmons
but with a finite contribution of the core plasmons.
Compared with those of the GNS solution, the absorption
peaks of GNS film are redshifted. In addition, the long wave-
length SPR band also can extend over 1600 nm, which may be
caused by the aggregation of GNSs with different morphologies
and numbers of the tips [20].

In order to investigate the saturable absorption properties of
the GNS SA at 1.56 pm, the dependence of the transmittance
on the incident pump peak power density was also character-
ized by balanced twin detector measurement technology, as
shown in Fig. 3. The pump laser used for saturable absorption
measurement is a home-made mode-locked EDFL (central
wavelength: ~1560 nm, repetition rate: ~35 MHz, pulse du-
ration: ~600 fs). The measured results are presented in Fig. 4.
The measurement was performed first by increasing the input
power and then by decreasing the input power. The two mea-
surement results are nearly unchanged, which confirms the
existence of saturable absorption in GNS SA. By fitting the data
shown in Fig. 4 with the equation a(/) = a,/(1 +1/1,) +
a,, [where a(/) is the absorption coefficient; a, and «a,, are
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Fig.2. Absorption spectra of GNS solution (red line) and GNS film
(black line).
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Fig. 3. Setup of measurement of saturable absorption by balanced
twin detector measurement technology.

0.85]
0.84
0.83]
0.82]
0.81]
0.80]
0.79]
0.78]
0.77

W Increase Pump Power
® Decrease Pump Power 1AT=6.5%
~— Fitting
~——— Fitting

Transmittance

D R

0 5 10 15 20 25 30
Pump Peak Power Density (MW/cmz)

Fig. 4. Dependence of the transmittance of the GNS film on the
incident pump peak power density.

the saturable and nonsaturable absorption components,
respectively; and / and /| are input and saturation intensities,
respectively], the modulation depth, nonbleachable loss, and
saturation intensity were determined to be ~6.5%, ~15.3%,
and ~11.8 MW /cm?, respectively. These results showed that
the GNS SA could be used to construct passively Q-switched
fiber lasers at 1.56 pm.

3. LASER EXPERIMENT AND RESULTS

The experimental setup for the passively Q-switched EDFL by
using GNSs as SA is shown in Fig. 5. A 20 cm long erbium
doped fiber (Thorlabs, 24.5 ps?/km) is pumped by a 980 nm
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Fig. 5. Schematic of the experimental setup for the GNS based
passively Q-switched EDFL. Laser diode (LD), wavelength division
multiplexer (WDM), Er** doped fiber (EDF), isolator (ISO), output
coupler (OC), optical spectrum analyser (OSA). Inset: TEM image of
GNS.

laser diode through a 980/1550 nm wavelength division multi-
plexing (WDM) coupler. Undirectional laser operation was
guaranteed by adding an isolator in the laser cavity. The
GNS SA was put into the laser cavity for inducing Q-switched
operation. The insert loss of the GNS SA was about ~0.8 dB.
The laser output was extracted via a 10 dB output coupler. The
rest of the fibers in the laser ring cavity are single-mode fibers
with a dispersion of 18 ps?/km at 1560 nm, and the total
length of the cavity is 6 m. The total dispersion of the cavity
is about —0.0995 ps? at 1560 nm. The Q-switched lasers were
analyzed by using an optical spectrum analyzer (YOKOGAWA,
AQ6375), a digital oscilloscope (Tektronix, DPO4108B)
together with a photodetector (Newport, 818-BB-51F), and
a power meter.

Continuous wave (CW) laser operation started when the
incident pump power was increased to 30 mW, and passively
Q-switched laser oscillation was achieved as soon as the
incident pump power exceeded the threshold of 40 mW.
Figure 6 summarizes the typical characteristics of the
Q-switching operation at 120 mW. Figure 6(a) shows the emis-
sion spectra of the CW laser and Q-switched laser. The oper-
ating central wavelength is about 1564.5 nm. Compared to the
CW laser, the spectrum of the Q-switched laser shows obvious
broadening. Figures 6(b) and 6(c) show the pulse train and
single pulse profile of the Q-switched EDFL, respectively.
The interval between two adjacent pulses is about 58.8 ps, cor-
responding to a repetition rate of 17 kHz. The duration of a
single pulse width is 5.3 ps, which can be further reduced by
reducing the length of the laser cavity [33]. The pulse repetition
rate and the pulse duration as a function of the incident pump
power were recorded as shown in Fig. 6(d). By varying the
pump power from 40 to 120 mW, the pulse duration reduced
from 12.8 to 5.3 ps and the repetition rate increased from 10 to
17 kHz, exhibiting the typical feature of passive Q-switching
[20,21]. Note that SAs could be overblanched at higher
pump intensity; this may lead the pulse to be unstable.
The Q-switched fiber laser exhibited an excellent stability at
room temperature. In order to confirm the long-term stability
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Fig. 6. Q-switched pulse output characterization in the EDF laser
cavity with a GNS SA. (a) Optical spectra of CW laser and Q-switched
pulsed laser. (b) Pulse train and (c) single pulse characteristics of
Q-switched pulsed laser for a pump power of 120 mW. (d) Pulse

repetition rate and pulse width versus pump power.
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Fig. 7. Measured emission spectra of the Q-switched laser based on
the GNS SA.

of GNSs as SA, we measured the emission spectrum of the
Q-switched laser based on GNS SA every 10 min for 2 h.
The emission spectra are shown in Fig. 7; neither the central
wavelength nor output power is varied. These results showed
that the GNS SA is stable for constructing Q-switched lasers.

The relationship between the average output powers and
pump powers is shown in Fig. 8. The maximum average output
power of 2.1 mW was achieved under the pump power of
120 mW, corresponding to a slope efficiency of 1.9%. The
low slope efficiency was mainly caused by the low output ratio
of the output coupler. Only 10% of the total power was ex-
tracted from the laser cavity. In the future, we will increase
the output ratio through changing the output coupler, in order
to improve the slope efficiency. The maximum pulse energy is
about 0.12 pJ. In addition, the Q-switched EDFL became un-
stable when the pump power was larger than 120 mW. The SA
might be damaged due to the photothermal effect occurring in
GNSs [34]. To overcome this effect, an effective way is to
explore the new fabrication methods of SA devices, such as
using the evanescent effect through the composite GNSs with
microfiber [12,17]. This can enlarge the interactive areas
between pump light and GNS materials, further reducing
the photothermal effects of the GNSs SA. Further work will
be done for increasing the damage threshold by using micro-

fiber-based SAs [35,36].
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Fig. 8. Relationship between the average output powers and pump
powers.

Lifetime of the SA is a key factor for practical applications.
In order to confirm the lifetime of GNSs as SA, we measured
the performance of the Q-switched fiber laser based on GNSs
SA every three days for almost two months. The threshold of
Q-switched laser operation did not have any change, and
neither the central wavelength nor output power was varied,
which shows that the long term stability of GNS SA is good
for real applications.

In addition, although the GNS film has a broad absorption
band, we have not realized pulse laser operation at other wave-
lengths up to now, due to the different mechanisms of the
laser generation at different wavelengths. In the future, we will
try to realize the mode-locked or Q-switched lasers at different
wavelengths, in order to make the best use of the broadband
saturable absorption of GNSs.

4. CONCLUSION

In conclusion, we have experimentally demonstrated an all-
fiber passively Q-switched EDFL by using GNSs as a SA.
The long wavelength SPR band can extend over 1600 nm,
which may be caused by the aggregation of GNSs with different
morphologies and number of the tips. By inserting the GNSs
SA into the EDFL cavity, stable passively Q-switched laser at
1564.5 nm was achieved for a threshold pump power of
40 mW. By gradually increasing the pump power from 40
to 120 mW, the pulse duraton decreases from 12.8 to
5.3 ps and the repetition rate increases from 10 to 17 kHz.
The obtained results indicate that the GNS SA can be used
for constructing pulsed lasers.
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