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ARTICLE INFO ABSTRACT

Article history: This paper intends to compare the performance parameters of passive Q-switched
Received 28 October 2023 erbium-doped fibre laser (EDFL) ring cavity configuration by employing SWCNT-PVA as a
Received in revised form 1 December 2023 saturable absorber (SA). The single-wall carbon nanotube-polyvinyl alcohol (SWCNT-
Accepted 5 January 2024 PVA) SA thin film fabricated by drop-casting technique is physically characterised to
Available online 29 February 2024 understand its surface morphology and thickness. The laser diode (LD) characterisation
is attained to understand the attributes of LD before inserting the SWCNT-PVA into the
ring cavity. The SWCNT-PVA SA of ratios 1:1, 3:2 and 2:3 is inserted into the cavity for
analysis and comparison with each other. The pulses obtained from the Q-switched laser
show that SWCNT-PVA SA of ratio 2:3 is the best SA as it possesses excellent power
related parameters of the highest output power of 3.45 mW and highest pulse energy

Keywords: of 36.12 nJ with its moderate repetition rate of 96.25 kHz and pulse width 4.76 ps. The
Q-switched; erbium doped fibre (EDF);  envisaged laser is presumed to have representational implications throughout fibre optic
SWCNT-PVA,; saturable absorber sensing, biosensors, range finding, and other fields for better possible prospects.

1. Introduction

In various applications of fibre lasers, for instance, micromachining, meteorology, laser cosmetics
surgery, military, light detecting and ranging (LiDAR), telecommunication, nanotechnology,
biomedical and chemical sensing, extensive instantaneous energy as compared to those supplied by
continuous wave (CW) fibre lasers are requisitioned for the enhancement of light interaction with
matters [1-8]. Hence, a Q-switched fibre laser that can generate a gigantic pulse in a transient time
by either active or passive technique is endorsed comprehensively [9,10].

Compared to the active technique that requisites an external modulator, for instance, a
mechanical, acousto-optic, or an electro-optic modulator to trigger a pulse by modulating the cavity
losses, passive Q-switched fibre lasers have been an object of research due to its easy and
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straightforward accessible operation, determining stability which alludes to sophisticated
accomplishments by the implementation of saturable absorbers (SA) [11-15]. One of the most
significant discussions in passive Q-switched fibre lasers is its self-starting feature of spontaneously
rectifying the losses in the cavity to attain a high repetition rate with nanoseconds short pulses
periphrastically [16,17].

In a laser cavity, SA plays the role of a nonlinear optical medium that enhances the optical
intensity of Q-switched fibre laser by enclosing the optical source in the fibre core and lowering the
losses [18]. Moreover, previous studies have reported SA possessing favourable dominance in
constructing and shaping the generated pulse [19]. SA is the study interest as the employment of
miscellaneous materials with different characteristics in terms of modulation depth, saturable and
non-saturable losses, saturable fluence, recovery time and damage threshold will generate the
optical pulses with peculiar parameters [20].

In past decades, a nonlinear SA mirror, namely the semiconductor absorber mirror (SESAM) was
the most extensively utilised SA. Conventionally, the key factor of the implementation of SESAM in
Q-switched fibre lasers is due to its nonlinearity and precisely adjustable saturable absorption
parameters [21]. Despite its benefits, SESAM has a number of problems in its application. The
exploration of SESAM as SA for Q-switched fibre lasers encountered bottlenecks owing to intricate
fabrication, restricted operational wavelength, and exorbitant costs [22]. Accordingly, the current
research trend shifts towards alternative SA materials with greater achievement and reasonably low-
prices.

Several attempts had been made to substitute SESAM with graphene nanomaterials as its
exclusive honeycomb lattice structure which is composed of atomic thick sp? hybridised carbon
enlightens electron mobility [23]. The striking features of graphene enacted as a zero-gap
semiconductor with overlapping valance and conduction bands due to the bonding (m) and
antibonding (mt*) orbital besides the lattice mislocating impediment and crystal inadequacy at high
temperatures managed to carry it out as an auspicious SA with preferable performance [24-26].

Nonetheless, research has consistently shown that graphene accrued some concerns over
modulation depth, light-matter interaction, and non-saturable losses [27]. The attainment of
graphene in Q-switching pulse generation leads to two directions of SA materials:

i.  carbon-based nanomaterials, for example, single-wall carbon nanotubes (SWCNT) and
multi-wall carbon nanotubes (MWCNT)

ii. graphene-like 2-dimensional (2D) nanomaterials, such as transition metals (TMs),
transition metal oxides (TMOs), transition metal dichalcogenides (TMDs), black
phosphorus (BP), and metal nanoparticles [28-34].

This paper will focus on the former. SWCNT is a rolled-up graphene nanosheet by elemental tight-
binding approximation accompanied by excellent nonlinear properties, modulation depth, saturable
absorption, and optical absorption [35-37]. With the employment of SWCNT SAs, the research work
attempts to observe the Q-switched pulse train from the perspective of:

i. temporal parameters which are pulse repetition rate and pulse width

ii. power-related parameters, which are output power and pulse energy corresponding to
the aspects impacting the Q-factor

__2mfoE
Q=—" (1)
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Se where f, is the resonant frequency, ¢ is stored energy in the cavity, and P = —dE /dt is the
power dissipated [38].

In this paper, the SWCNT-PVA SA thin films of 3 different ratios of 1:1, 3:2 and 2:3 is fabricated
through the drop-casting technique by utilising the PVA as the host polymer. The SWCNT-PVA SAs
fabricated are then undergone physical characterisation for the purpose to understand their atomic
ratios, distribution, and atomic arrangements through their thicknesses and surface morphologies.
Then, the SWCNT-PVA SAs are installed into the Q-switched erbium-doped fibre laser ring cavity for
determining and analysing their performance through the optical spectra and parameters of pulses
generated, which are repetition rate, pulse width, output power and pulse energy and compared
among different ratios.

2. Methodology

This section mainly discusses the fabrication and characterisation of the saturable absorber (SA),
the pump characterisation of the laser diode and configuring of the Q-switched erbium-doped fibre
laser ring cavity.

2.1 Fabrication of Saturable Absorber

Figure 1 illustrates the SA fabrication of single-walled carbon nanotube (SWCNT) with polyvinyl
alcohol (PVA), the host material that possesses non-hazardous characteristics, marvellous
compatibility, stability and near zero optical absorption through an effective and straightforward
drop-casting technique, one of the practical ways to form an SWCNT-PVA SA thin film with notable
tensile strength and ability to endure an energetic laser source in the laser ring cavity.

2.5mg of sodium dodecyl sulphate (SDS) powder is weighed with an electronic balance (OHAUS,
AX324) and agitated with 250ml of deionised (DI) water thoroughly by the use of a hot-plate stirrer
(DATHAN SCIENTIFIC, MSH-20D) at the stirring speed of 360 rpm and temperature of 200 °C for an
hour to obtain the SDS solution which serves as an agent to breakdown and averagely distribute the
SWCNT. For the preparation of SWCNT solution, 40mg of SWCNT is measured and stirred with the
appropriate 40ml SDS solution for 24 hours before undergoing an ultrasonication bath with a
sonicator (FISHERBRAND, FB15050) at ultrasonic frequencies (220kHz) for the extraction of SWCNT
compound.

PVA solution is adapted by mixing 1 g of PVA powder and 120 ml of DI water stirred entirely by
using the hot-plate stirrer for another 24 hours. In accordance with the ratios of SWCNT and PVA,
which are 1:1, 3:2 and 2:3 respectively, different volumes of SWCNT and PVA solutions are being
infused into each of the 5 ml Petri dishes as shown in Table 1 for the solidification process of the SA
thin film.
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Fig. 1. Fabrication process of SWCNT-PVA SAs thin film using the drop-casting technique

The selection of these ratios of SWCNT-PVA SA relies on the various attempts to determine the
ratios with better performance in its temporal and power-related parameters. Dry SWCNT-PVA SA
thin films of ratios 1:1, 3:2 and 2:3 with a diameter of around 30 mm are fabricated.

In this work, the SWCNT-PVA SA thin films are incised into an approximately 1 mm? small piece
and sandwiched independently in between the optical fibre ferrule facets which are connected to
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the ring cavity configuration for the observation of performance parameters of each thin film
respectively.

Table 1

The volume of SWCNT and PVA solutions concerning their ratios
Ratios SWCNT solution (ml) PVA solution (ml)
1.1 2.5 2.5

3:2 3.0 2.0

2:3 2.0 3.0

2.2 Physical Characterisation of Saturable Absorber

Before the utilisation of thin film as SA in the Q-switching ring cavity configuration, physical
characterisation is done to identify the distribution of the SWCNT nanomaterial on the thin film
through the thickness, surface morphology and chemical composition examinations. Thus, the
availability of the fabricated SWCNT-PVA SA is authenticated with their atomic ratios, distribution,
type and arrangement.

2.2.1 Thickness

The thickness of the SWCNT-PVA SA thin films is visualised in 3-dimensional (3D) images recorded
through a 3D measuring laser microscope (OLYMPUS LEXT, OLS4100). The SA thin films of different
ratios are sliced into specimens and located on a microscope slide (26x76x1.3+0.2 mm) with 200x
magnification to obtain sharp and clear 3D images on a micrometre-scale. The 3D graph with x, vy,
and z axes and thickness profile of each ratio of SWCNT-PVA SA thin film is observed.

2.2.2 Surface morphology

To ensure the SWCNT is homogeneously distributed in the PVA, the surface morphology of
SWCNT-PVA surface thin film is characterised by FESEM acronym for field emission scanning electron
microscope (JEOL, JSL-7800F) at 10000x magnification with sub-1um ultra-high resolution without
distortion. The fine SWCNT-PVA thin film surfaces are analysed at low electron energy with a lower
electron detector (LED) of FESEM.

2.3 Pump Characterisation of Laser Diode

The configuration as detailed in Figure 2 is appropriated for laser diode (LD) characterisation. A
980 nm LD source (Q-photonics, QFLD-405-20S) located in a benchtop laser controller (GOOCH &
HOUSEGO, EM595) assumes the role of an amplifier and power booster to pump the laser cavity. The
input power is then pumped through a 980/1550 nm wavelength division multiplexer (WDM
980/1550nm) which multiplexes optical signals of dissimilar frequencies configuration. The input
pump power in the range of 0 to 350 mA is then characterised by an optical power meter (OPM;
Thorlabs, PM100D) to obtain the laser diode power in terms of milliwatts (mW). A graphical data is
illustrated and a curve fitting equation is investigated.
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Fig. 2. Configuration of laser diode characterisation
2.4 Q-Switched EDFL Ring Cavity Configuration

Figure 3illustrates the laser cavity configuration constructed by organising and splicing the optical
components laboriously and precisely using an optical splicer (FUJIKURA, 70S+) into a ring cavity. The
availability of the ring cavity configuration is checked by utilising fibre inspection scope (THORLABS,
FS201).

The 980 nm LD (Q-photonics, QFLD-405-20S) located in the benchtop laser controller (GOOCH &
HOUSEGO, EM595) acting as a unidirectional power source is connected to the 980 nm port of
980/1550 nm WDM which apportions the wavelength-dependent laser light in 980 nm and 1550 nm
ports, letting the light be transmitted through the 1.7 m erbium-doped fibre (EDF; NUFERN, SM-ESF-
7/125) with 8.8+1.0 um mode field diameter (MFD) at 1550 nm, a cut-off wavelength at 1400+60
nm, core numerical aperture of 0.150, and 55.0+5.0 dB/m core absorption at near 1530 nm, which
perform as the active gain medium doped with erbium ions.

In this experiment, a polarisation-independent unidirectional isolator is utilised to prevent
undesired flow back of propagated light which may damage the LD and engender back-reflection
inside the laser cavity. A 95:5 ratio optical coupler lets 95% of the optical signal toward an FC/PC
optical fibre ferrule and is linked to the 1550 nm port of WDM while the remaining 5% is coupled out
for measurement intent.

980nm Laser Erbium-doped Fibre
Diode Source 1.7m EDF
T e Wavelength Division Multiplexer
< WDM 980/1550

Benchtop Laser Controller

Fibre Ferrule -E—» SWCNT-PVA SA Unidirectional Isolator
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See 2 A oy R
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MDO
Optical Power Meter Optical Spectrum Analyser Mixed Domain Oscilloscope

Fig. 3. Q-switched EDFL ring cavity configuration
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For the study of different ratios of SWCNT-PVA SA as a Q-switcher, the fabricated SWCNT-PVA SA
thin film is cleaved into around 1 mm? and positioned in between the end facets of FC/PC optical
fibre ferrules. The 5 % light signal coupled out is then connected to an optical spectrum analyser
(OSA; Yokogawa, AQ6370D) for analysing the optical spectrum of SWCNT-PVA SAs of different ratios.

Subsequently, the coupled signal is attached to a mixed domain oscilloscope (MDO; TEKTRONIX,
MDO03024) to examine the temporal parameters of the pulse train generated, which are pulse
repetition rate fr and pulse width At. The power-related parameters; the optical output power Pgyg
is examined by the utilisation of optical power meter (OPM; THORLABS, PM100D), while the pulse
energy U is determined by calculation as stated

_ Pavg
U= i (2)

The performance parameters are compared to determine the ideal ratio for achieving the desired
condition of having relatively high output power, high repetition rate, high pulse energy, and short
pulse width.

3. Results and Discussion
3.1 Physical Characterisation of Saturable Absorber
3.1.1 Thickness

Referring to the (i) 3D graph and (ii) thickness profile as shown in Figures 4 (a), (b) and (c), the
thickness of SWCNT-PVA SA thin films of ratios 1:1, 3:2, and 2:3 is measured to be 15.322um,
31.389um and 27.371um respectively. From the data obtained, it is apparent that the thickness of
SWCNT-PVA SA thin films is meticulously related to their ratios and volumes of SWCNT solution being
used.

Interestingly, the ratio and volume of SWCNT solution are significantly in a directly proportional
relationship with the average thickness of the thin films fabricated. Retrieved from the thickness, the
correctness and preciseness of the ratios and volumes of the SWCNT solution in thin film fabrication
are validated.

(a) (i)
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3.1.2 Surface morphology

Figure 5 depicted the surface morphologies of SWCNT-PVA SA thin films of ratios 1:1, 3:2 and 2:3
respectively. As shown in Figure 5, the lustrous, detritus and delaminated carbon flakes are dispersed
adequately and firmly on the nanomaterial surfaces without any contamination. The findings
demonstrated that all of these thin films are firmly distributed by only SWCNT and PVA, disregarding
any other nanomaterials at the micro- to nano-scale.

— 1pm JEOL 3/3/2022
x10,000 5.0xV LED SEM WD 10.6mm 10:59:14

(a)

(c)
Fig. 5. Surface morphology of SWCNT-PVA thin film of ratio (a)1:1; (b)3:2 and (c)2:3

3.2 Pump Characterisation of Laser Diode

Figure 6 exemplified the pump characterisation of pump power in mW after WDM. As scrutinised
from the figure, there is no output power until the pump power supplied is greater than 40 mA. At
the back of it, a stable operational wavelength triggers at 40 mA.

The range of the stable operational wavelength is indicated by linear increases in mW of pump
power against mA. The highest stable pumping to be obtained is at the pump power of 350 mA.
Hence, the pump power range can be adjudged as 40 mA to 350 mA (3.5 mW to 177.6 mW) to achieve
pulse stability.

Nevertheless, the pump characterisation of pump power after WDM is further explained by the
curve fitting equation below
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y = 0.56161x — 18.96452 (3)

where y represents the y-axis, LD power in milliwatts and x represents the x-axis, LD current in
milliamperes. By this equation, the relationship between the current supply of the LD diode and the
input pump power is demonstrated.

y=0.56161x-18.96452

LD Power (mW)
100

0 50 100 150 200 250 300 350
LD Current (mA)

Fig. 6. Characterisation of pump power
3.3 Q-Switched EDFL Ring Cavity Configuration

The optical spectra are priorly compared to the laser ring cavity configuration without SA as a
study control. The threshold pump power of the cavity without the insertion of SA is 14.73 mW, and
20.35 mW, 31.58 mW and 65.28 mW for the laser cavities with the insertion of SWCNT-PVA SAs of
ratio 1:1, 3:2 and 2:3 in accordance as shown in Table 2.

These values indicated the incident pump powers to initiate the generation of lasers and ensure
excellent performance in their output powers, power efficiencies, noise levels and stabilities. The
higher threshold pump power also indicated the higher attainable output power. In this manner, the
SWCNT-PVA SA of ratio 2:3 tends to possess the greatest output power and power efficiency,
significantly low noise level, and high stability as it has the greatest threshold pump power.

Nonetheless, there is a range for each laser cavity to perform its stable pulse train. This range is
from 20.35 mW to 98.97 mW for SWCNT-PVA SA with the ratio of 1:1; from 31.58 mW to 149.52 mW
for SWCNT-PVA SA with the ratio of 3:2; and, from 65.28 mW to 177.60 mW for SWCNT-PVA SA with
the ratio of 2:3. The Q-switching pulses are not stable and are undermined henceforward when the
pump powers are in excess of these ranges.
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Table 2
Comparison of centre wavelengths and signal level of Q-switched fibre laser configuration with different
ratios of SWCNT-PVA SAs

Ratio of SWCNT-PVA SA  Threshold pump power (mW) Centre wavelengths (nm) Signal level (dBm)
Without SA 14.73 1561.75 -11.13

1:1 20.35 1558.29 -29.10

3:2 31.58 1558.41 -19.38

2:3 65.28 1557.46 -2.68

The Q-switched fibre laser ring cavities constituted by SWCNT-PVA of different ratios are then set
to their maximum tuneable pump power for observing the optical spectra as illustrated in Figure 7.
The central wavelength of these laser cavity configurations is observed to be stationed at the
conventional band (C-band) with the adoption of EDF as the gain medium because the emission
wavelength of EDF is around 1550nm [39]. The laser with the emission spectrum at this wavelength
range is suitable for being utilised in optical communication [40].

The centre wavelength is observed to be 1561.75 nm with the signal level at -11.13 dBm as case-
control, meanwhile, the centre wavelength and noise level of the laser cavities with the insertion of
SWCNT-PVA SAs should be less than 1561.75 nm and greater than -11.13dBm for enhancing the fibre
laser configuration. The centre wavelengths and signal levels of Q-switched fibre laser with SWCNT-
PVA SAs of ratios 1:1, 3:2 and 2:3 is 1558.29 nm at -29.10 dBm, 1558.41 nm at -19.38 dBm, 1557.46
nm at -2.68 dBm correspondingly.

Based on this result, the centre wavelengths of all the cavities are indicated to be significantly
left-shifted, which means that higher emission energies can be attained as explained by the
combination of Plank’s law and the equation of light speed [41]

E = h(3) (4)

where E is the emission energy of photons, h is the Plank’s constant, c is the speed of light, and A1 is
the operational wavelengths of the Q-switched fibre laser in accordance. Eq. (4) clearly stated that E
is in an inversely proportionated relationship with A4, which means the decrease in A brings to the
increase in emission energy. From this perspective, the results of 3 different ratios of SAs are
acceptable.

From the insight from the signal level, the one and only Q-switched fibre laser cavity provided
greater than -11.13 dBm is SWCNT-PVA SA of ratio 2:3. The notable greatness in signal value in the
SWCNT-PVA SA of ratio 2: 3 means higher output power is attainable. The Q-switched fibre laser ring
cavity configuration constructed with SWCNT-PVA SA of ratio 2:3 is the best SA ratio as it has a
significant left-shifted centre wavelength and excellent signal level.
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Fig. 7. Optical Spectra of Q-switched EDFL for SWCNT-PVA SA thin films with different ratios

In general, there are 2 key factors affecting the passive Q-switched fibre laser to be
commercialised:

i.  high speed, so ‘eye-safe’ short pulses will be produced
ii.  high power, so the production can be increased and losses can be reduced with the same
amount of pump power supplied.

Hence 2 types of parameters are indicated in this experiment, which are:

i. temporal parameters

ii. power-related parameters. Temporal parameters studied the nature of the pulses
generated through repetition rate and pulse width; Power-related parameters study the
output power and pulse energy.

3.3.1 Temporal parameters
3.3.1.1 Pulse repetition rate

Once the repetition rate of the passive Q-switched EDFL configuration was recorded, particularly
in comparison to the repetition rate of the SWCNT-PVA SA of different ratios, as shown in Figure 8(a),
the ratio of 3:2 is acknowledged as the ratio with the highest repetition rate of 194.2 kHz, which was
approximately twice that of the other ratios, denoting that more gain was implemented to saturate
the SA [42].

While visually inspecting the passively Q-switched EDFL with SWCNT-PVA SA of ratios 1:1 and 2:3,
a higher repetition rate of 96.25kHz is attained by the passively Q-switched fibre laser with SWCNT-
PVA SA of ratio 2:3 since it was inaugurated with a comparatively greater input pump power, which
was in direct proportion to the repetition rate. Nevertheless, there is significant increasing curve for
the pulse repetition rate of ratio 1:1 at pump power 59.6mW due to thermal change [43].
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3.3.1.2 Pulse width

If the passive Q-switched EDFL with SWCNT-PVA SA of different ratios are compared, as shown
in Figure 8(b), the passively Q-switched fibre laser with SWCNT-PVA SA of ratio 3:2 attained a
minimum pulse width of 2.39us at the threshold power of 149.52 mW. The lower the lowest
attainable pulse width was obligatory.

As the smallest value of minimum pulse width is procured, the pulse will be more stable since
such greater modulation depth will maximise the incident light absorption. On the other hand, the
minimum achievable pulse width, produced little resemblance because it was constrained to micro-
scale. Similar to the repetition rate, at 59.6mW, a remarkable decrement in pulse width is observed
in ratio 1:1 as the number of pulses emitted per second is increase, hence the pulse duration is
decrease in particular.

3.3.2 Power-related parameters
3.3.2.1 Output power

Figure 8(c) reveals a comparison of the output power of the passive Q-switched EDFL with
SWCNT-PVA SA in ratios of 1:1, 3:2 and 2:3. Since the input pump power was proportional to the
output power, the SWCNT-PVA SA with a ratio of 2:3 was presumably one with the highest output
power.

3.3.2.2 Pulse energy

Referring to Figure 8(d), which measures up the pulse energy of passive Q-switched EDFL of
different ratios, the ratio of 2:3 achieved the pulse energy that was all time greater than the other
ratios within its range for resolving pulse stability and maximum pulse energy of 36.12 nJ at the input
power of 171.7 mW as the pulse energy was directly proportional to the output power and inversely
proportional to the pulse repetition rate.

Repetition Rate (kHz)
50 100 150 200

0

100
Pump Power (mW)
(a)
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Fig. 8. Comparison study of Q-switched EDFL of (a)
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Upon analysing and comparing, the passively Q-switched fibre laser with SWCNT-PVA SA of ratio
2:3 was preferred as the one with the best performance as it retrieved the greatest output power
and pulse energy with a markedly short pulse width, notwithstanding its repetition rate to be lower
than expected. At 59.6 mW, a phenomenal of decreasing in repetition rate is determined as it varies
inversely to the pulse energy which shows an increasing trend.

Generally, the SWCNT-PVA SA of ratio 1:1, 3:2 and 2:3 is suitable to be utilised as Q-switcher as
three of them possess excellent output values. The SWCNT-PVA SA of ratio 2:3 is determined as the
best ratio as it reached the divide output power and pulse energy which is the vital parameters to be
commercially competitive to other SA nanomaterials with tolerable pulse repetition rate and pulse
width.

4. Conclusions

Ultimately, the passive Q-switched EDFL is optimised by using SWCNT-PVA SA in the affiliated:
1:1, 3:2, and 2:3 ratios. The SWCNT-PVA SA of ratio 2:3 exhibits the greatest repetition rate of 96.25
kHz, and the maximum output power of 3.45mW, the highest pulse energy of 36.12 nJ, and the lowest
pulse width of 4.76 us, demonstrating the desired Q-factor. To enable success in the future, the
proposed laser will have expressive functionalities in a range of disciplines.
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