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nickel oxide nanoparticles as
a saturable absorber in a tunable passively Q-
switched erbium doped fiber laser

Harith Ahmad, †* Siti Aisyah Reduan and Norazriena Yusoff

Nickel oxide (NiO) nanoparticles successfully prepared from a nickel(II) chloride hexahydrate precursor are

used to form a chitosan capped NiO nanoparticle thin film to serve as a saturable absorber (SA) for the

generation of passively Q-switched pulses in an erbium doped fiber laser (EDFL). The NiO/chitosan SA

based EDFL is able to generate stable pulsed outputs at a low threshold pump power of 104.90 mW with

a central wavelength at 1562 nm. The highest pulse energy obtainable by the system is 15.30 nJ at

a repetition rate of 42.66 kHz and a pulse duration of 2.02 ms. The laser has a spectral range of 58 nm

from 1522 to 1580 nm, covering the C and L bands and even portions of the S band. This study

experimentally demonstrates that the potential of the NiO/chitosan film as an SA material for Q-

switching operations, combined with the biocompatibility, non-toxicity and high thermal resistance of

Chitosan, holds great prospects for a broad range of applications.
Introduction

Q-switched and mode-locked ber lasers are the focus of
signicant research efforts due to their ability to generate high
peak powered outputs, in the range of tens of kilowatts to
megawatts while at the same time retaining a compact and
rugged form factor that is relatively easy and cost-effective to
fabricate.1,2 Q-switched ber lasers in particular are preferred
for most practical applications, as even though the pulsed
output generated is slower than that of mode-locked lasers, Q-
switched lasers are still capable of generating pulses with
signicant peak powers.3,4 Additionally, Q-switched ber lasers
also do not require delicate adjustment and balancing of the
dispersion and nonlinearity within the laser cavity as is usually
the case with mode-locked ber lasers, thus giving them an
added advantage.5 These highly desirable traits have thus seen
the integration of Q-switched ber lasers into a multitude of
real world applications such as range nding,6 medicine,7

micromachining,8 ber optic sensing9 and
telecommunications.10

Q-switched pulses are typically generated through the use of
a saturable absorber (SA), which modulates a continuous wave
(CW) output into a periodic pulse train. For a long time, semi-
conductor saturable absorber mirrors (SESAMs) were the
preferred choice of SA for generating Q-switched pulses in laser
systems including ber lasers and solid state lasers. However,
alaya, 50603 Kuala Lumpur, Malaysia.

of Physics, Faculty of Science and
a 60115, Indonesia.

01
SESAMs were bulky, fragile and expensive to fabricate, thus
limiting their use to only applications in which they would be
necessary. However, advances in materials science and fabri-
cation techniques have now seen a new generation of SAs
coming to the forefront. These new SAs, made from 2-dimen-
sional (2D) and 3-dimensional (3D) materials such as carbon
nanotubes (CNTs),11 graphene,12 topological insulators (TIs),13

transition metal dichalcogenides (TMDs),14 and black phos-
phorus15,16 have seen increasing use in various Q-switched ber
laser systems. SAs have also been used in solid state laser
systems, as demonstrated by B. Xu et al., who fabricated an SA
based on a few Bi2Se3 and MoS2 layers to generate Q-switched
pulses in solid state lasers using Nd:LiYF4 (YLF) and
Nd:YAIO3 crystals respectively.17,18

In this regard, transition metal oxide (TMO)-based SAs have
now emerged as a new branch of SA capable materials19–21 with
signicant potential for inducing Q-switched pulses in ber
laser. This had been demonstrated by B. Xuekun et al.22 who
used a ferro-oxide (Fe3O4) nanoparticle based SA for Q-
switching operation in an erbium doped ber laser (EDFL)
cavity. The proposed laser generated pulses with energy of 23.67
nJ and width of 3.20 ms at a repetition rate of 33.30 kHz and peak
power exceeding 110 mW. Additionally, J. Guo et al.23 demon-
strated a passively Q-switched EDFL capable of generating an
output with a pulse width as narrow as 1.15 ms and pulse energy
as high as of 21.19 nJ at a repetition rate of 81.28 kHz using the
SA fabricated from indium tin oxide (ITO) nanocrystals.

The aforementioned reports, along with other works,24–26 all
indicate clearly the signicant potential that TMOs based SAs
have in the generation of pulsed outputs. Of the many TMOs
explored for this application, nickel oxide (NiO) is seen to be
This journal is © The Royal Society of Chemistry 2018
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a prime candidate for the development of SAs capable of
generating Q-switched outputs. This is due primarily to the
substantial electrical, mechanical and optical properties of NiO
nanoparticles, which include a wide absorption band, low
saturation intensity and fast response time.24,27 NiO nano-
particles also have signicantly advantageous nonlinear
photonic properties such as a good modulation depth, high
optical damage threshold and low saturation intensity.28 These
characteristics, combined with the relatively cost-effective and
easy fabrication process of TMOs as SAs as well as its high
chemical and thermal stability and environmentally friendly
constitution,29 make it suitable for a variety of real world
applications, including its usage in dye-sensitized solar cells,30

super capacitors,31,32 ber and batteries33 and catalyst
materials.34

In this work, NiO nanoparticles are synthesized and mixed
with a polymer matrix to form thin lms that are then used as
SAs for generating a tunable Q-switched laser output from a C-
band EDFL cavity. The sonochemical method is used to fabri-
cate the NiO nanoparticles followed by a simple solution pro-
cessing technique with chitosan to produce a NiO/chitosan thin
lm. Chitosan is chosen as the polymer host for the NiO
nanoparticles due to its excellent lm-forming capacity as well
as high biocompatibility, good bioactivity, high biodegrad-
ability and non-toxicity as well as being readily available in
abundance.35,36 The NiO/chitosan SA is then integrated into a C-
band EDFL for the passive generation of Q-switched pulses. The
NiO/chitosan based SA is expected to demonstrate a number of
signicant advantages, including low threshold pump power,
broad wavelength tunability and high pulse generation stability
that will make if signicantly useful for real world applications.
Fig. 1 Schematic representation for: (top) the preparation of NiO
nanoparticles using the sonochemical method and (above) the fabri-
cation of the NiO/chitosan thin film.
Fabrication and characterization of
nickel oxide/chitosan saturable
absorber (SA)

For the synthesis of the NiO/chitosan thin lm based SA, the
following chemicals and reagents are rst obtained. Nickel(II)
chloride hexahydrate (NiCl2$6H2O) at purity of $97%, acetic
acid at purity $ 99.8%, and sodium hydroxide (NaOH) are
purchased from Sigma-Aldrich, while a 25% ammonia solution
(NH3$H2O) is obtained from R&M Chemicals. High viscosity
chitosan akes is obtained from Fluka BioChemika. All
reagents are of analytical grade and used as received without
further purication.

The NiO/chitosan lm is synthesized by rst preparing 1 M
of Ni precursor by dissolving an appropriate amount of NiCl2-
$6H2O powder in 20 mL of distilled (DI) water while being
stirred at room temperature. A 13mL aqueous solution of NaOH
(1 M) that functions as a structure-directing agent is added to
the solution while the stirring continues. An NH3$H2O solution
is then added drop-wise to maintain the pH of the solution at
a value of approximately 10. Subsequently, the mixture is
sonicated using probe type sonicator at 100 watt for 2 hours and
the sonicated dispersions then centrifuged at 4000 rpm for
20 min to obtain black precipitates which are washed with DI
This journal is © The Royal Society of Chemistry 2018
water and ethanol several times to eliminate residual impuri-
ties. The precipitates are then dried at 60 �C in an oven for 24
hours to remove residual ethanol. To ensure that any remaining
hydroxide forms of Ni are reduced to NiO, the black precipitate
powder is annealed at 450 �C for 1 hour under atmospheric
pressure.

The NiO/chitosan thin lm is prepared by dispersing 50 mg
NiO powder homogeneously in 10 mL of DI water using ultra-
sonication before being mixed with 10 mL of chitosan solution
at the same concentration and being stirred at a temperature of
70 �C for a period of 1 hour. The chitosan solution itself is
prepared by dissolving high viscosity chitosan akes in 1%
acetic acid while under constant stirring at room temperature
for 5 hours to ensure the chitosan powder to be completely
dissolved. The obtained slurry is poured into a Petri dish and
dried in the oven at 60 �C until the desired NiO/chitosan lm is
formed. Fig. 1 shows the various key steps taken to form the
NiO/chitosan thin lm.

NiO/chitosan SA itself is fabricated by sandwiching a very
small piece of the NiO/chitosan lm between two single mode
ber ferrules using a ber adaptor. A small amount of index
matching gel is applied to the lm and ber ferrules to serve as
an adhesive and at the same time used to minimize possible
losses due to Fresnel reection.

The crystalline phase of the nanoparticles is analyzed by
a PANalytical Empyrean X-ray diffractometer (XRD) with mono-
chromatized Cu Ka radiation and l ¼ 1.5418 Å. The system is
operating at a scanning rate of 0.02� per second to over a 2q range
of 30� to 80�. Fourier transform infrared (FTIR) spectra analysis
of the thin lm is carried out using a Perkin Elmer FTIR-
Spectrum 400 spectrometer at room temperature. A Field Emis-
sion Scanning Electron Microscope (FESEM) image is obtained
by a Hitachi SU8220 operated at 1.0 kV while energy dispersive X-
ray spectroscopy (EDX) analysis was carried out in conjunction
with the FESEM analysis to conrm the material composition of
RSC Adv., 2018, 8, 25592–25601 | 25593
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Fig. 2 The XRD pattern of NiO nanoparticles.
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the SA. Fig. 2 shows the XRD pattern for the NiO nanoparticles
synthesized using the sonochemical method. Diffraction peaks
are observed at 2q values of 31.9�, 43.5�, 63.2�, 75.4� and 79.4�,
and are assigned to the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2)
planes of NiO. These XRD peaks of NiO are consistent with the
data of the JCPDS 47-1049 le, reecting the formation of NiO
aer the reaction process.37 The sharp peaks indicate the high
crystallinity of the NiO nanoparticles and no other peaks are
observed, indicating there are no impurities present and that the
sample has high purity. The crystallite size of the NiO nano-
particles is determined to be �20 nm as calculated using the
Scherrer equation with a full-width at half maximum of 0.4349�.38

When subjected to FTIR scanning at wavelength range of
450–3500 cm�1 at room temperature, a broad absorption peak
at �3320 cm�1 can be seen in Fig. 3, which arises due to O–H
stretching and the bending vibration of the intercalated free
water molecules from to absorbed moisture.39 Absorption peaks
centered at �2935 and �2812 cm�1 correspond to the C–H
stretching due to the vibration of –CH3 and –CH2 groups in
chitosan polymer.40 Absorption peaks near 1555, 1407, and
1027 cm�1 that ascribed to symmetric bending of NH2, C–N,
and C–O groups present in chitosan40–42 can also be observed in
the gure. The presence of NiO nanoparticles in the thin lm is
Fig. 3 FTIR spectrum of NiO/chitosan film.

25594 | RSC Adv., 2018, 8, 25592–25601
validated by the presence of two absorption peaks at 745 and
602 cm�1 which are assigned to the stretching vibrations of the
Ni–O bonds.43,44

The surface morphology of the NiO nanoparticles and
elemental composition of the NiO/chitosan thin lm are charac-
terized using FESEM and EDX respectively with their results given
in Fig. 3. As seen in Fig. 4(a), the FESEM image of the NiO nano-
particles at 130k magnication clearly shows a high yield of
spherical nanoparticles with an average diameter of less than
25 nm. Meanwhile, the presence of NiO nanoparticles and chito-
san in the thin lm is conrmed by elementmapping, as shown in
Fig. 4(b). Four main elements are observed, with the presence of
carbon (C) and nitrogen (N) corresponding to the chitosan lm
while the nickel (Ni) and oxygen (O) elements correlate to the NiO
nanoparticles.45,46 All the elements are well-dened with sharp
contrasts. Further analysis carried out by EDX conrms that the
nanohybrid comprises of the C, O, N, and Ni elements, as given in
Fig. 4(c). A Ni and O ratio of about 1.05 : 0.95 observed from the
spectrum is consistent with the theoretical value of NiO, while the
presence of no other peaks in the spectrum indicates the purity of
the fabricated NiO/chitosan lm.
Fig. 4 (a) FESEM image of the NiO nanoparticles drop-casted on the
ITO substrate, (b) EDX mapping of Ni, O, C, and N elements, and (c)
EDX analysis data of the plotted area.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The measured nonlinear absorption of the prepared NiO/chi-
tosan SA.
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The size of the nanoparticles are not small enough to
adversely affect the saturable absorption characteristics of the
SA, leading to relatively typical SA behaviour.47 This was also
demonstrated by Molli et al.,48 who showed similar behaviour in
vanadium pentoxide (V2O5) nanoparticles.

The thermal stability of the prepared lms is studied using
a TGA4000 Perkin Elmer Pyris Diamond Thermogravimetric
Analyzer. The results are recorded between temperature range
of 30 to 900 �C under N2 atmosphere at a heating rate of
10 �C min�1. The thermal stability of the NiO/chitosan lm is
depicted in Fig. 5, and from the TGA curves of the NiO/chitosan
lm, two thermal transitions at 28–259 �C and 259–629 �C can
be observed. The initial weight loss of about 13.35% is observed
within the temperature range of 28–259 �C due to the removal of
absorbed water and hydroxide molecules from the prepared
lm49 and also indicates the formation of stable NiO nano-
particles.50 The nal thermal transitions occur within the
temperature range of 259–629 �C with a weight reduction of
about 52.54%might cause by the degradation of polysaccharide
and decomposition of chitosan molecules.51 The weight loss
reaches a plateau when the temperature is higher than 630 �C
with a remaining weight of about 34.11%. The total weight loss
of the prepared lms is found to be less as compared to other
reports on chitosan,52 thus suggesting good thermal stability of
the NiO/chitosan lm.

The twin-detector measurement technique is used to
measure the nonlinear absorption characteristics of the NiO/
chitosan thin lm. A mode-locked laser is used to generate
a seed signal at a lasing wavelength of 1560 nm with a pulse
width of 0.71 ps and repetition rate of 28.17 kHz. The experi-
mental data obtained, together with a tted curve computed
from the saturation model equation53 is given in Fig. 6. Based
on the gure, the effective modulation depth, non-saturable
losses, and saturation intensity of the NiO/chitosan thin lm
are calculated to be �11.50%, 88.50%, and 4.34 kW cm�2,
respectively. The measured modulation depth the NiO/chitosan
thin lm is comparable to that of other materials such as WS2/
PVA at 2%,54 Fe3O4/PVA at 1.80%,55 and gold nanorods/PVA at
4.06%.56 These results indicated that the NiO/chitosan lm has
a signicant potential for use as SA.
Fig. 5 The TGA plot of the prepared NiO/chitosan film.

This journal is © The Royal Society of Chemistry 2018
Q-switched optical fiber laser set-up

Fig. 7 shows the experimental set-up of the proposed tunable
passively Q-switched EDFL with the NiO/chitosan thin lm-
based SA. A 980 nm laser diode (LD) acts as the pump sources
and is connected to the 980 nm port of a 980/1550 nm wave-
length division multiplexer (WDM). The common port of the
WDM is now connected to a 0.89 m long erbium doped ber
(EDF) and is in turn connected to an isolator to ensure the
unidirectional propagation of light in the cavity. The output of
the isolator is connected to a ber-based 80 : 20 optical coupler,
which is used to extract approximately 20% of the propagating
signal for analysis. The 80% port of the coupler on the other
hand is connected to a tunable band pass lter (TBPF) with
a tuning range up to 80 nm, and subsequently to the SA and
a polarization controller (PC). Finally, the PC is connected to the
1550 nm port of the WDM, thus completing the optical circuit.
The laser cavity has a total length of approximately 9.1 m with
its insertion loss measured to be 3.66 dB. The 20% port of the
optical circular is connected to another 50 : 50 optical coupler,
with one end of the coupler connected to a Yokogawa AQ6370B
optical spectrum analyzer (OSA) for optical spectrum and pulse
shape measurements. The other end of the coupler is con-
nected, in turn, to a Yokogawa DLM2054 mixed signal oscillo-
scope coupled with a photodetector, Anritsu MS2683 Radio-
Fig. 7 Schematic illustration of the experimental set-up for the
wavelength tunable passively Q-switched EDF laser cavity.

RSC Adv., 2018, 8, 25592–25601 | 25595
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Frequency Spectrum Analyzer (RFSA) and a Thorlabs power
meter for the measurement of the output in the frequency
domain, as well as the measurement of the signal to noise ratio
(SNR) and the output power of output pulses.
Fig. 9 Q-switched pulse trains at pump powers of 140.7 mW, 194.2
mW and 244.5 mW.
Results and discussions

The CW lasing characteristics of the proposed laser are rst
determined by conguring the cavity in Fig. 7 with the omission
of the SA. In this conguration, the lasing threshold of the
proposed system under CW operation is determined to be 74.78
mW, giving a laser output with a power of 0.13 mW. Fig. 8 gives
the optical spectrum of the CW signal taken from the system at
a pump power of 171.30 mW. As can be seen from the gure, the
CW output has a lasing wavelength with a narrow peak centred
at 1567.35 nm, with a 3 dB bandwidth of 0.37 nm.

Q-switched operation of the cavity is then achieved by inte-
grating the NiO/chitosan based SA into the EDFL cavity, but
without the TBPF present. Self-starting Q-switched operation at
1562 nm is observed at a threshold pump power of 104.90 mW
with an average output power of 0.05 mW. It is observed that
when the NiO/chitosan based SA is removed from the cavity, no
pulsed outputs are observed, indicating that the SA is respon-
sible for the generation of pulses and not any other optical
phenomena. Fig. 9 gives the oscilloscope trace of the Q-switched
pulses for three different pump powers. It can be seen that the
pulse trains becomes narrower as the pump power is increased
from 140.70 mW to 244.50 mW, along with the interval between
pulses decreasing gradually as well. This is expected of the
pulsed output and is a typical feature of passive Q-switching
operation. It can also be seen that the Q-switched pulse train
has uniform pulse shapes at different pump powers, indicating
a high level of stability.

The typical output characteristics of the Q-switched laser at
a pump power of 171.30 mW is given in Fig. 10. Fig. 10(a) shows
the laser emission spectra with lasing observed at 1562 nm with
a 3 dB bandwidth of 1.33 nm. It should also be noted that
compared to CW lasing, the spectrum obtained under Q-
switched lasing is broadened, with a shi to towards the low
wavelength region. The broadening of the lasing spectrum is
caused by the self-phase modulation (SPM) effect of the signal
Fig. 8 Optical spectrum of CW lasing output.

25596 | RSC Adv., 2018, 8, 25592–25601
lasing in the cavity, as well as the shi of the system towards
a higher gain region to compensate for losses induced by the
insertion of the SA into the cavity.57 This provides additional
validation that the NiO/chitosan based SA is responsible for
inducing the Q-switched pulses in the cavity. As seen in
Fig. 10(b), the laser cavity produces a stable pulse train with
a repetition rate of 29.30 kHz and time interval between adja-
cent pulses of 34 ms. The focused view of the typical single pulse
prole obtained under the afore-mentioned conditions is given
in Fig. 10(c). It can be seen that the pulse envelope possess
a symmetrical Gaussian-like shape with a full width at half
maximum (FWHM) value of 2.90 ms, comparable to that re-
ported works.58,59 From the radio frequency (RF) spectrum pre-
sented in Fig. 10(d), the SNR value is measured to be �43.26 dB
at a fundamental frequency of 29.30 kHz, which demonstrates
the good Q-switched stability. The measured SNR value is
comparable to that obtained from similarly reported
systems.60,61

The stability of the laser system is observed by monitoring its
power stability over a period of one hour. The RF spectra is
recorded at intervals of every 10 minutes at a xed pump power
and repetition rates of 171.30 mW and 29.30 kHz, with the 3D
plot of the RF spectra given in Fig. 11(a). No obvious changes are
observed in the fundamental frequency and RF intensity during
the test period, thus demonstrating that the generated pulses
are highly stable. In addition to this, the trend of the SNR values
as in Fig. 11(b), also indicates a highly stable pulsed output,
with changes in the SNR value and fundamental frequency
shows of less than 1 dBm and 0.10 kHz, respectively during the
same observation period.

The response of the pulse duration and repetition rate of the
Q-switched pulses against the pump power is given in Fig. 12(a).
From the gure, it can be observed that the pulse duration and
repetition rate increases linearly and decreases somewhat
exponentially over a pump power range of 104.90 to 244.50 mW.
The repetition rate at the minimum pump power is approxi-
mately 14.49 kHz, and increased to 42.66 kHz at the maximum
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Typical characteristics of the Q-switched pulses generated
from the EDF laser at a pump power of 171.30 mW, showing (a) the
optical spectrum output, (b) the oscilloscope trace of the pulse train,
(c) a single pulse profile and (d) the RF spectrum at fundamental
frequency, fo ¼ 29.30 kHz.

Fig. 11 (a) 3D plot of the RF spectra and (b) fundamental frequency
and SNR value against time, recorded at 10 minutes intervals over
a period of 1 hour.

Fig. 12 (a) Pulse width and repetition rate, and (b) pulse energy and
average output power of the pulsed output against the pump power.
Inset: The CW output power versus the pump power.
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pump power. The pulse width on the other hand is approxi-
mately 8.50 ms at the minimum pump power, and decreases
exponentially until it reaches a value of 3.40 ms at a pump power
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 25592–25601 | 25597
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Fig. 13 (a) The optical spectra of the Q-switching operation from
1522 nm to 1580 nm and (b) the repetition rate as a function of the
tunable lasing wavelength. The inset of the figure shows the ASE
spectrum of the EDF when pumped at 194.20 mW.
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of 194.20 mW, where it now decreases at a slower rate until
reaching 2.02 ms at the maximum pump power.

Fig. 12(b) gives the response of the average output power and
pulse energy against the rising pump power, and it can be seen
Table 1 Comparison of the performance of various SA in C-band regio

SA
Operation wavelength
(nm)

Tuning range
(nm)

BP 1562.35
GO 1558.75 —
ZnNPs 1565.50 —
Fe3O4/PVA 1557 —
Fe3O4/PI 1562 —
CuNP/PVA 1561 —
MWCNT/PVA 1519–1569 50
Ag/MTMS 1552.90–1580.20 27.30
MoS2/PVA 1519.60–1567.70 48.10
NiO/Chitosan 1522–1580 58

a BP ¼ Black phosphorus; GO ¼ graphene oxide; ZnNPs ¼ zinc nanopart
copper nanoparticles; MWCNT ¼ multiwall carbon nanotubes; Ag
molybdenum disulde; PVA ¼ polyvinyl alcohol.

25598 | RSC Adv., 2018, 8, 25592–25601
from the gure that both the average output power and pulse
energy grows linearly against the pump power, reaching its
maximum values of 0.65 mW and 15.30 nJ at the maximum pump
power. The dependence of the average output power of CW to the
pump power is depicted in the inset of Fig. 12(b). From the gure,
it can be seen that the average output power increases linearly with
the incident pump power until a maximum output power of 2.32
mW is reached at a pump power of 244.50 mW. The slightly low
laser slope efficiency is due to the insertion loss of the NiO/
chitosan SA. The pulse energy obtained in this work is compa-
rable to that reported in other Q-switched ber lasers using gra-
phene oxide62 and zinc oxide (ZnO).63 Moreover, the same trends
can be observed should the pump power be reduced, indicating
that the SA has not sustained any thermal damage and that its
damage threshold is most likely higher than the maximum pump
power available in this work.

At this point, the TBPF is introduced into the laser cavity to
enable wavelength tunability of the proposed laser. The result-
ing tunability spectrum is given in Fig. 13, and shows a stable
output over a wavelength range stretching from 1522 to
1580 nm. As shown in Fig. 13(a), a tuning range of 58 nm can be
obtained covering the C and L bands as well as portions of the S
band. The dependence of the repetition rate of the pulsed
output at different tuning wavelengths is given in Fig. 13(b), and
shows that the repetition rate increased from 16 kHz to 37.04
kHz when the wavelength is tuned from 1522 nm to 1530 nm.
Increasing the lasing wavelength further results in the repeti-
tion rate decreasing to 5.38 kHz at a wavelength of 1580 nm. The
observed trend of the repetition rate at different lasing wave-
lengths is observed to be very similar to that of the amplied
spontaneous emission (ASE) spectrum of the EDF when pum-
ped at 194.20 mW, as seen in the inset of Fig. 13(b). This is
attributed to the fast population inversion from the strong
intracavity laser at the larger gain region of the EDF, which in
turn makes the bleaching process of the NiO/chitosan SA faster
and thus resulting in a higher larger repetition rate.64 Further-
more, the dependency of the tunability on the bandwidth of the
EDF gain medium shows no noticeable Q-switched pulses
beyond the tunable wavelength range.
n Q-switched fiber laser using EDF as gain mediuma

Repetition rate
(kHz)

Min. pulse
width (ms)

Max. pulse
energy (nJ) Ref.

9.61–44.72 9.80 81.50 65
51.80–123.50 2.30 1.68 62
12.30–43 — 2.60 63
8.50–28 6 71 24
5.50–49 3.50 —
41.70–101.20 4.28 18.38 66
13.73–47.68 6.10 52.13 67
10.50–24.40 6.54 — 68
8.77–43.47 3.30 160 69
14.49–42.66 2.02 15.30 This work

icles; Fe2O4 ¼ ferroferric oxide nanoparticles; PI ¼ polyimide; CuNP ¼
¼ silver nanoparticles; MTMS ¼ methyltrimethoxysilane; MoS2 ¼

This journal is © The Royal Society of Chemistry 2018
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Table 1 provides a comparison of the output performance
parameters for the proposed Q-switched laser against similar
designs utilizing various materials as SAs.

It can be seen that the proposed system of this work is able to
cover a wide C-band region as compared to other works. The
tunability range of the proposed laser is also signicantly better,
as shown in Table 1. It is noted that while other works67,68 are
able to be extended into the S-band region, similar to that of this
work, the C-band region covered is not as broad. Furthermore,
while other works successfully generate Q-switched pulses with
a larger maximum pulse energy,24,65,67,69 the pulses produced in
this work have the advantage of a shorter minimum pulse
width. The system proposed by Mansoor et al.62 has a compa-
rable minimum pulse width, though these pulses have a lower
maximum pulse energy as compared that obtained in this work.
As reported by T. Y. Tsai et al.,70 output pulses from Q-switched
operations with a shorter pulse width is highly preferred for
photonics applications. Thus, the proposed work has signi-
cant substantial potential for the generation of passively Q-
switched pulses in the wideband C-band region for various
photonics applications.

The maximum average output power can also be optimized
by using a different optical coupler ratio, such as 90 : 10 or
95 : 5 to increase the power of the signal propagating in the
cavity,71 and also by reducing the cavity length.72 Furthermore,
the careful control of cavity losses73 as well as the use of ber
Bragg gratings to clamp the lasing wavelength74 can also boost
the maximum average power output. Therefore, the proposed
work with the generated pulses has substantial potential for the
passively Q-switched pulses in the wideband C-band region
especially in the photonics applications.
Conclusion

In this work, a broad range wavelength tunable passively Q-
switched EDF laser with a NiO/chitosan thin lm based SA is
proposed and demonstrated. The proposed laser shows the
feasibility of the NiO/chitosan thin lm as an SA, and is capable
of generating a tuning output over a range of 58 nm from 1522
to 1580 nm, covering the C and L bands and elements of the S
band as well. A stable pulse train is obtained at a low threshold
power of 104.90 mW at 1562 nm, with the highest pulse energy
of 15.30 nJ and maximum repetition rate of 42.66 kHz obtained
at the maximum pump power. A minimum pulse width of 2.02
ms is also obtained at this pump power. The output is highly
stable, with an SNR of around 43 dB. The advantages of the
chitosan lm, which include its biocompatibility, non-toxicity
and high thermal resistance make it a highly attractive candi-
date material for SA fabrication. The proposed SA will have
many practical photonics applications, particularly for optical
signal processing and optical ber communication systems.
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