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This study experimentally demonstrates the operation of a dual-wavelength passively Q-switched erbium-doped fiber laser that
incorporates CaCOs nanoparticles as a saturable absorber (SA). The SA was prepared by using the drop-casting method, wherein
CaCO; nanoparticles were embedded in a polyvinyl alcohol (PVA) polymer to form a CaCO3;/PVA film SA. The film was
integrated into a ring laser cavity with a 976 nm pump to generate Q-switched pulses. The properties of the SA were examined
experimentally, and its modulation depth is approximately 47%. As the pump power increased from 180 mW to 270 mW and the
pulse repetition rate increased from 12.67 kHz to 21.3 kHz, the corresponding pulse width decreased from 35.27 s to 18.74 us. The
signal-to-noise ratio was approximately 25 dB, highlighting the laser’s stability. The results indicate that the proposed CaCO5/PVA

SA is suitable for realizing portable Q-switched lasers.

1. Introduction

Recently, there has been significant interest in Q-switched
fiber lasers that operate in a microsecond pulse duration [1].
They have a simple setup, are compact and flexible, and
produce high-quality beams [2]. These characteristics make
them suitable for various applications, including material
processing and medical treatments [3, 4]. There are two
techniques for implementing Q-switched lasers, active and
passive [5]. Generally, the passive technique is favoured over
the active technique as it offers multiple advantages [6].
These include the ability to withstand harsh environments,
ease of preparation, a smaller physical size, and the lack of
a need for complex electronic circuits. Furthermore, the
passive approach is more cost-effective [7]. Passive
Q-switching pulsed lasers have received significant interest
owing to their extensive photonics applications, such as in
material processing, optical imaging, and high-speed com-
munication [8]. To convert continuous waves into short
energetic pulses, a saturable absorber (SA), a nonlinear

optical element, is typically included in the laser cavity [9]. In
passive Q-switching, the SA recovery time is longer than the
cavity round trip time because the pulse duration is de-
pendent on the time taken to deplete the gain after the SA
has reached saturation [10]. The SA is vital in generating
stable Q-switching optical pulses, including high-power
pulses [11]. SA-based passive Q-switching is considered
more dependable than other methods as it offers several
benefits, including an uncomplicated cavity design and cost-
effectiveness, among others [12]. In the cavity of a fiber laser,
the SA or “Q-switcher” exhibits varied optical absorption
when pulses of different intensities propagate through it.
This can be attributed to the saturable absorption charac-
teristics of SA materials [13]. Various types of functional
materials are used to create passively Q-switched pulses. These
include semiconductor saturable absorption mirrors (SES-
AMs) [14], carbon nanotubes (CNTs) [15], graphene [16],
transition metal dichalcogenides (TMDs) [17], topological
insulators (T1Is) [18], antimony films [19], and element oxides
[20]. The nanostructure of these materials is an important
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area of study in modern science and technology [21].
Moreover, they are in high demand across different engi-
neering fields for application in various systems and designs,
such as communication, solar cells, sensors, laser optics,
photonic integrated circuits, photonic switching, and optical
signal processing [22, 23]. This is because these materials
possess unique optical, electronic, magnetic, or mechanical
properties. Nanoparticle-based materials exhibit nonlinear
absorption effects, such as saturable [24] and multiphoton
absorption [25]. These effects are significantly influenced by
the type, size, and shape of the nanomaterials [26]. SAs made
using these materials typically have a film structure and are
affordable, compact, and simple to prepare and handle.
Additionally, they exhibit good self-starting behaviour and
high compatibility with fiber laser systems [27].

One such nanostructure material is calcium carbonate
nanoparticles (CaCOjz; NPs) which are referred to as car-
bonate salt. CaCO; primarily exists as amorphous CaCOj;
(ACCQ), vaterite, aragonite, and the most thermodynamically
stable form, calcite [28]. CaCOj; is highly stable in neutral
environmental conditions, making it suitable for various
technical applications. Typically, crystalline materials dis-
play optically anisotropic properties, which occur when the
atoms are not symmetrically arranged in various crystal
lattice directions [29]. CaCO; can be considered a uniaxial
crystal. Crystals have interesting optical properties such as
double refraction, optical rotation, and polarisation effects.
Uniaxial crystals have two components with equal dielectric
constants, including trigonal, tetragonal, and hexagonal
crystals. Birefringence in uniaxial mediums has many in-
terpretations, producing diverse phenomena, such as the
Kerr effect and nonlinear refractive indices. Anisotropic
(uniaxial) crystals interact with light differently based on
their orientation, resulting in polarised rays with different
velocities. The distance between these rays increases with the
thickness of the crystal, and their refractive indices are
quantified by birefringence [30]. The birefringence of CaCO;
is utilized for technical applications, including in linear
polarisers used with high-power lasers [28].

Q-switched fiber lasers that can simultaneously produce
multiple wavelengths have several potential applications,
such as optical fiber communications, fiber sensing,
micromachining, range finding, terahertz generation, and
fiber spectroscopy [31, 32]. These lasers generally employ
a passive approach with an SA, which is preferred owing to
its ease of use and self-starting ability. Although there are
various methods for generating dual-wavelength Q-switched
fiber lasers, numerous studies have focused on passive ap-
proaches using an SA, with different configurations inside
the laser cavity for generating different wavelengths [33].

In this study, we propose and demonstrate dual-wavelength
passively Q-switched erbium-doped fiber lasers (EDFLs) using
CaCO; NPs as SAs to exploit their saturable absorption
properties. The NPs are incorporated into a polyvinyl alcohol
(PVA) host to create a CaCOs/PVA film. The film is then
incorporated into the cavity of a fiber EDFL to produce a train
of Q-switched pulses, with a minimum pulse duration of ap-
proximately 18.74 us. The corresponding pulse energy and pulse
repetition rates are 2.861nJ and 21.3kHz, respectively. The
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proposed system can produce a pulsed output with dual
wavelengths—1563.5 nm and 1564.9 nm—with a line spacing of
approximately 1.4 nm.

2. SA Preparation and Characterization

2.1. CaCO3/PVA SA Fabrication. The fabrication process of
the CaCO3/PVA SA is shown in Figure 1. First, a sodium
dodecyl sulphate (SDS) solution was prepared by dissolving
1 g of SDS in 100 ml of deionized (DI) water using a magnetic
stirrer for 30 min at room temperature. Simultaneously,
a PVA solution was prepared by adding 1 g of PVA to 100 ml
of DI water, followed by stirring at 60°C for approximately
one hour. Subsequently, 2ml of deionized-sodium dodecyl
sulphate (DI-SDS) solution was mixed with 15 mg of CaCO;
powder using a magnetic stirrer for 2h. Next, 3ml of PVA
solution was added to the CaCQO5/SDS solution and stirred for
one hour. After stirring, the solution was also ultrasonicated
for approximately 45 min to prevent any aggregation. Finally,
the obtained suspension was delicately poured into a glass
petri dish. The petri dish was allowed to dry naturally at room
temperature over four days until a CaCO3/PVA film was
formed. The thickness of the prepared film is 53 ym. The
entire manufacturing process was conducted in a clean
environment.

2.2. Characterisation of CaCO3/PVA SA. NPs are characterized
using different techniques to determine their composition,
size, morphology, allotropic form, and purity. The crystalline
structure of the CaCO3; NPs was measured using continuous
scan X-ray diffraction (XRD) with Cu K« radiation and
generator settings of 40kV and 30 mA from 20° to 80°. The
CaCOj; NPs exhibited several diffraction peaks as indicated
by their d and 0 values. As shown in Figure 2, the most
prominent (h k 1) peaks were detected at 26 values of 23.2°
29.58°, 36.3%, 39.3°, and 43.5°, corresponding to the lattice
planes of (1 1 0), (20 0), (02 0), 1 20), and (0 2 2), re-
spectively. CaCOs; is present in calcite form as the d and 0
values of the peaks at 29.58" and 43.5° conform to calcite; this
also agrees with the result obtained in [34]. The XRD pattern
of the CaCO3/PVA film is shown in Figure 3. It was obtained
using continuous scan XRD with Cu (1.54060 A°) and
generator settings of 40kV and 30 mA from 10° to 90°. It
appears in this form owing to the presence of PVA along
with CaCO3 NPs in the precipitation of the CaCO3/PVA SA
[35]. Incorporating calcium carbonate into the PVA poly-
mer revealed the lack of a distinct crystalline structure in the
composite system. This lack of structure became more
pronounced as the concentration of the added salt increased,
causing the original crystalline nature of the polymer to
diminish. These findings align with previous research in the
same field [36]. The alterations in the XRD patterns provided
clear evidence of interaction and coordination between the
composite components: the polymer and the salt [37].

To further investigate the morphological structure of the
CaCOs crystals which were mainly spherical particles, scanning
electron microscope (SEM) images were obtained as shown in
Figure 4, with a magnification of x1300 and x600. The images
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FiGure 1: Fabrication of film CaCO;3; SA.
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FIGURE 2: X-ray diffraction (XRD) pattern of CaCO; NPs.

reveal information about the surface morphology and shape
distribution of the CaCO; NPs. They found that the nano-
material was formed as a single phase. Additionally, they
observed the presence of several aggregates. The nanoparticles
exhibited a notable propensity to cluster together and form
aggregates, which can be attributed to their elevated surface
energy. They are polyhedral and the number of faces changes
for different agglomerations of the CaCO3 NPs [38]. Figure 5
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FIGURE 3: XRD pattern of prepared CaCO5/PVA film.

shows the SEM images of the CaCO;/PVA film; several par-
ticles are fused and form a homogenous film.

Energy dispersive X-ray spectroscopy (EDX) was used to
carry out an elemental mapping examination of the CaCO; NPs
considering carbon, oxygen, and calcium. As shown in Figure 6,
a small number of impurities exist in the CaCOj structures. The
presence of 0.1 wt.% silicon and 0.3 wt.% magnesium equates to
a doping concentration of 0.4 wt.%. The presence of nano-sized
magnesium (Mg) with calcium carbonate is as a result of
geological and chemical processes, leading to substituting some
calcium atoms with magnesium within the compound’s
structure. This diversity in composition impacts the physical
and chemical properties of the compound [39].

Figure 7 shows the chemical composition of the CaCO3
NPs, which is further verified by the elemental mapping
images of Ca, C, O, Mg, and Si captured through energy
dispersive spectroscopy (EDS).
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FIGURE 4: SEM images of CaCO;3 NPs.
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FIGURE 5: SEM image of CaCO5/PVA film.
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FiGUure 6: EDX analysis of the CaCO; NPs.

The optical properties of the CaCOs;/PVA film were
studied based on its linear absorption spectra and its energy
band gap (E,), which were acquired using a UV-Vis spec-
trophotometer. An optical spectrum analyzer (OSA) was used
to analyze a broad range of low-intensity spectra, ranging

from 1520 nm to 1570 nm, produced by a white light source to
determine the linear absorption of the CaCO5/PVA SA. The
results revealed that the CaCO3/PVA film SA had a linear
absorption of approximately 12 dBm at 1561 nm, as shown in
Figure 8(a). Figure 8(b) illustrates the UV-visible absorption
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FIGURE 8: (a) Linear absorption profile of CaCO; SA, (b) UV-Vis absorption spectrum, and (c) Tauc’s plot.

spectrum of a CaCO;/PV A nanocomposite. The band located
at 205 indicates the presence of CaCOj; nanoparticles within
the nanocomposite [40]. The presence of PVA polymer in the
prepared film shows a peak at a wavelength of about 280 nm
with a small absorbance of 0.21 [41]. Figure 8(c) shows Tauc’s
plot of (a«hv)* against hv, extrapolated from the CaCO5/PVA
UV-Vis spectrum.

The following equation proposed by Tauc was used to
calculate the value of E, [42]:

(xhv=B(hv—Eg)n, (D

where « is the absorption coefficient, hv is the photon energy, B
is a proportional constant, E_ is the optical band gap energy,
and n =2 for a direct band gap. The value of E, can be obtained
by extending the linear section of the curve to (ahv)®= 0. The
CaCOj; sample has a direct band gap of approximately 5.45 eV.

An IR affinity spectrophotometer was used to verify the
phase of the CaCO; film. The absorption of electromagnetic
radiation in the 400-4000 cm ™" frequency range generated
a Fourier-transform infrared (FTIR) spectrum, as shown in
Figure 9. This spectrum revealed vibrational bands at
2918.99cm ™', 1455.83cm ', 874.28cm ™, and 713.12cm ™,
corresponding to the absorption bands of the in-plane
bending (V,), out-of-plane bending (V,), and asymmetric
stretching (V3) modes of CO;% The C-O stretching vi-
brations in PVA are represented by the peaks within the
range of 1700 to 1750 cm™". Additionally, the characteristic
peaks of PVA, related to (CH)-CH,, (OH)-C-OH, and
(C-0)-C-OH functional groups, and various other bands
within the material are evident in the peaks found between
600 and 1500cm™' [43]. The characteristic peak of the
carbonate group was confirmed through FTIR analysis,
which indicated that CaCO; NPs were present in the pre-
pared CaCOs/PVA film. A sharp peak at 874.28cm™’
demonstrated that the CaCO3; NPs were calcite. Nonetheless,
there is a possibility of modest electrostatic attraction oc-
curring between CaCOj; and the ~OH group in PVA. This is
attributed to the positive electronic nature of Ca in CaCO;
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FIGURE 9: Fourier-transform infrared analysis of CaCO;/PVA film.

and the negative electronic nature of O in -OH, resulting
from atomic polarity. However, this interaction is of such
subtle strength that it remains undetectable through FTIR
analysis [44].

The Z-scan is a technique for determining the nonlinear
refractive index and nonlinear absorption coefficient of
nonlinear optical materials. The nonlinear optical properties
were calculated using a continuous wave (CW) diode pump
solid-state laser (DPSSL) with a wavelength of 1064 nm, peak
power of 100 mW, and spot size of approximately 2 mm.
Figure 10 illustrates the fundamental setup of the Z-scanning
technique, along with its optical path. A lens with a 10 cm
focal length was used to focus the CW laser beam on the
specimen. The sample (CaCO3/PVA film) was fixed on
a movable stage along the Z-axis during the experiment to
record the relationship between the variation in the Z value
and the light intensity. The setup also consists of an aperture
with a pinhole diameter of 1 mm and a photodetector to
examine the change in the signal.
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FIGURE 10: Z-scan experimental setup.

The nonlinear absorption coefficient () and nonlinear
refractive index (n,) were calculated using both the open and
closed aperture techniques. Figure 11 shows the Z-scan
profiles for the closed and open apertures.

The nonlinear optical properties were calculated using
the following equations:

AD,

n, (nonlinear refractive index) = ,
KIyLeg

(2)

where AQ, is the phase shift, K is the wavenumber (27/1), I,

refers to the laser beam intensity at the focusing point, and

L.g is the effective length of the propagation light inside the

specimen, Lyg = 1 — 1% /q [45].

2+2AT
IOLeff ’

(3)

B (nonlinear absorption coefficient) =

where AT is the difference between the maximum and
minimum transmission [46].

The results indicate that the nonlinear refractive index,
absorption coeflicient, and modulation depth of the CaCO;
NPs are 2.8 x 10~ cm?/w, 0.189 cm/w, and 47%, respectively.

3. The Ring Cavity Setup

Erbium-doped fiber (EDF) that has a peak core absorption,
mode field diameter, and numerical aperture of 80 dB/m at
1530 nm and 9.5pym at 1550 nm and 0.13, respectively, with
a length of 1 m, served as the gain medium. A 976 nm laser
diode (LD) (THORLABS- CLD1015) was used to pump the
EDF through a 980/1550 nm wavelength division multiplexer
(WDM) (THORLABS). To ensure the unidirectional propa-
gation of the oscillating laser, an optical isolator (THORLABS)
was included in the ring laser cavity. The CaCO5/PVA film was
placed on a clean fiber ferrule with an index-matching gel
using an FC/PC connector. The ferrule with the inserted SA
was then joined to another clean fiber ferrule using another
FC/PC connector. The laser output was obtained through
a 90/10 coupler, where 90% of the light continued to oscillate
in the cavity, and the remaining 10% was tapped out as the
output. The output was detected using an OSA, an optical
power meter, and a 2GHz/s digital storage oscilloscope.
Figure 12 illustrates the ring cavity setup.

4. Results and Discussion

The ring laser setup was cleared of all impurities, especially
those forming on the fiber connector. Initially, the oscilloscope
only indicated CW signals, even when the LD pump power
increased to its maximum value. When the SA was inserted
into the laser cavity, the CW mode vanished. Once the input

power reached the threshold of 180 mW, the Q-switching
operation commenced. As the pump power increased to
270 mW, a steady pulse train was observed, which remained
within a certain range. Based on the increase in pump power,
the variation in the characteristics of the output pulse, such as
the repetition rate, pulse width, output power, and pulse
energy, were calculated, and the results are shown in Figure 13.
Figure 13(a) shows the repetition rate and pulse width of the
Q-switched EDFL pulses relative to the pump power. Passively
Q-switched lasers exhibit a characteristic pattern wherein the
repetition rate decreases as the pulse width increases [47].
In this study, as the pulse width decreased from 35.27 us
to 18.74 us and the pump power increased from 180 mW to
270 mW, the pulse repetition rate increased from 12.67 kHz
to 21.3 kHz. This behaviour is typical for passively Q-switched
lasers. Reducing the pump power increases the time required
for refilling the extracted energy between successive pulses,
leading to a lower repetition rate [48]. If the pump power falls
below 180 mW, the Q-switching operation may become un-
stable, causing noticeable amplitude variations and a decrease
in the output power. The instantaneous pulse energy and
output power were calculated from the recorded repetition
rate and pulse width. Both the output power and pulse energy
increased as the pump power was increased from 180 mW to
270 mW. This behaviour is typical for passively Q-switched
fiber lasers and conforms to the trend observed in [49].

The results shown in Figure 13(b) indicate that the ring
cavity’s output power exhibits promising performance when the
pump power is 180-270 mW, with a value of 0.044-0.151 mW.
These values correspond to a pulse energy of 1.55-2.82n],
which is also shown in Figure 13(b).

The Q-switching pulse train of the EDFL at three distinct
pump powers, 180 mW, 220 mW, and 270 mW, is illustrated
in Figure 14(a). The pulses exhibit a consistent shape, fre-
quency, and pulse width. The figure demonstrates that as the
pump power changes, the pulse characteristics, such as the
repetition rate and pulse width, also change. As the pump
power decreased from 270 mW to 180 mW, a noticeable in-
crease was observed in the duration of the pulse train.
Figure 14(b) shows the pulse train of the Q-switched fiber
laser, which was acquired using a digital oscilloscope trace with
the pump power set at a maximum of 270 mW. Figure 14(b)
shows the pulse train, with a pulse width at FWHM of 18.74 ys.

Figure 15(a) depicts the laser output wavelengths for CW
(without SA) and Q-switched operations (with SA) at
a maximum pump power of 270 mW. The optical spectrum
of the EDFL without an SA is shown in Figure 15(a), with
a central wavelength of 1561 nm. The output pulse optical
spectra are measured at self-started and maximum powers to
investigate the impact of the pump power on the generated
pulses. Figure 15(b) depicts the laser spectrum with the
CaCO; SA. The laser operates with a dual-wavelength
1563.5nm and 1564.9nm at output powers of —14 dBm
and —13.2dBm, respectively. The wavelength separation
between the two peaks is 1.4 nm.

As shown in Figure 16, the proposed laser system was
evaluated for radio frequency (RF) stability. The results
indicate a signal-to-noise ratio (SNR) of 25dB, which
confirms that the output pulse exhibits a stable spectrum
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with CaCO5/PVA as a passive SA, with a maximum repe-
tition rate of 21.3kHz at a maximum pump power of
270 mW. The stability of the dual Q-switching operation is
validated by the observation of the sixth-order harmonics of
the specific repetition rate.

5. Conclusions

A CaCOs/PVA SA was successfully fabricated to achieve
a dual-wavelength passively Q-switched EDFL. The SA had
a modulation depth of 47%. As the repetition rate increased
from 12.67 kHz to 21.3 kHz, the pulse widths of the Q-switched
laser decreased from 35.27 ys to 18.74 us. As the pump power
increased from 180 mW to 270 mW, the output power in-
creased from 0.044 mW to 0.151 mW, and the pulse energy
increased from 1.55 nJ to 2.82 nJ. To the best of our knowledge,
this is the first demonstration of a passively Q-switched fiber
laser using a CaCO5/PVA film SA. The experimental results
indicate that CaCO3 NPs have nonlinear saturation absorption
characteristics (1, = 2.8 x 10~° cm?/w, B =0.189 cm/w) and can
function as the Q-switcher in high-speed pulsed fiber lasers.
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