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Generation of mode-locked pulses based on D-
shaped fiber with CdTe as a saturable absorber in

the C-band region
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This study demonstrates the potential of cadmium telluride (CdTe), a part of the quantum dot (@D) family, as
a saturable absorber (SA) to generate ultrashort pulses at the C-band region. The SA was fabricated by drop-
casting the CdTe material onto the exposed core of the D-shaped fiber. The nonlinear property of the
fabricated SA has a modulation depth of 1.87% and saturation intensity of 6.0 kW cm™2. The mode-

locked laser was generated after the SA was integrated into the erbium-doped fiber laser (EDFL) cavity at

a threshold pump power of 192.1 mW giving a center wavelength of 1559 nm and a pulse duration of
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770 fs. The maximum average output and peak power were measured to be 2.8 mW and 0.208 kW,

respectively. The mode-locked fiber laser generated a signal-to-noise ratio (SNR) of 67.7 dB, proving that
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Introduction

Theodore Maiman demonstrated the first demonstration of the
laser in 1960 at the Hughes Research Laboratories." Later,
optical fiber was discovered by Kao and Hockham” in 1966
providing inroads for the development of optical fiber devices.
Consequently, significant progress in the field of optical
amplifiers in the region of S- to L-bands*'* as well as the
development of multiwavelength fiber lasers®*?** and also
optical sensor devices***** has taken place. As technology grew,
new industrial demands for high-power lasers as an alternative
to the bulk and complex laser systems in the area of gas spec-
troscopy, medicine, and manufacturing have been the main
focus of laser research.?*' At the same time, there has been an
intense development of ultrafast fiber lasers due to the favour-
able properties of the laser outputs, such as short pulse width,
high-intensity pulses, and broad supercontinuum outputs.**-**
A mode-locked laser can be generated based on active or passive
techniques. The former approach was expensive and occupied
larger space. The latter was a better alternative to overcome
these challenges, demonstrating the relative advantages of
simple design, alignment-free, and lower cost.**>° One of the
common approaches is using saturable absorbers (SAs), which
convert continuous wave (CW) output into a pulse train of short
pulses through light-matter interactions based on the self-
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the generated mode-locked pulses were very stable. The current work indicates that the novel CdTe
device can provide stable mode-locked lasers in the C-band region.

amplitude modulation of light inside the laser cavity.**** SAs
can be classified as artificial or real.

Artificial SA, such as nonlinear polarization rotation, Kerr-
lensing, and nonlinear fiber loop mirror, demonstrates a high
pulse intensity with low insertion loss when introduced into the
laser cavity.®™® For example, in the real SAs, SESAM has been
proven many years back to be an effective material in generating
ultrashort pulses in optical fiber lasers but has the disadvantages
of being expensive, complex, and with only a narrow bandwidth
operation.*”~*" Therefore, to seek new and high-performance SA,
there is a need to explore other materials, especially nano-
materials, for instance, carbon nanotubes (CNT) and graphene.**
CNT as an SA has a superior performance in inducing mode-
locking and broadband operation. The drawbacks of CNT are
due to nanotubes agglomeration and large nanotubes energy
distribution that will produce a high non-saturable loss in the
laser cavity.”* Meanwhile, graphene can create a short pulse
duration over a broad bandwidth.*” Some graphene derivatives,
such as graphene oxide and reduced graphene oxide, promise
great performance characteristics in tunability and wideband
mode-locked operation.” However, there has been a slight
drawback with these materials when used as thin-film SAs, which
when introduced into the laser cavity experience a low optical
damage threshold.” This is due to the direct exposure of the
materials with the propagating beam strongly causing them to be
easily damaged. Consequently, numerous research approaches
were made using different nanomaterials, such as transition
metal dichalcogenide (TMD)* and black phosphorus.*

Another interesting material is cadmium telluride (CdTe),
a material compound with potential uses in many applications,
including solar cells,” photovoltaic devices,”” and biological
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applications.*® This is due to its energy band gap value and
optical properties, allowing conversion from sunlight to electric
energy efficiently.* It has been reported that CdTe can absorb
about 92% of visible light in the thickness of 1 um, which
implies that CdTe has a high optical absorption coefficient of
about 104 cm™'.5*** CdTe is also suitable for photovoltaic solar
cells due to its direct bandgap (1.44 eV), near the optimum for
photovoltaic solar energy conversion.® However, there are only
a few reports on using CdTe for generating pulsed outputs in
fiber laser systems. Rosol et al.®® proposed a Q-switching laser in
an EDFL cavity using cadmium selenide deposited onto poly-
methyl methacrylate (PMMA) microfiber. The Q-switched laser
had a repetition rate of 37 kHz to 64 kHz at the pump power
range of 34.0 mW to 74.0 mW.* The result shows the suitability
of CdTe to be explored in the generation of ultrashort pulses in
optical fiber lasers. Hence, CdTe, can be of interest to explore
the generation of ultrashort pulses in optical fiber lasers.

Saturable absorbers (SAs) can be fabricated by utilizing
various techniques, including composites with polymer to
generate thin films and material deposition directly onto D-
shaped fiber®® or microfiber.** The approach of composite
materials, which uses a polymer as the host material, can be
efficient; however, the thin film form has a lower damage
threshold and power tolerance.** To circumvent this constraint,
D-shaped fibers and microfibers coated with materials would
have a better damage threshold, applicable to generating a high
power output from fiber laser systems.®*** In the case of tapered
microfibers, such as those drawn using the flame brushing
technique, a tapered zone would be created in all directions
over the diameter of the fiber. It would substantially lower the
tapered waist, resulting in higher transmission loss due to the
removal of the cladding region. For the D-shaped fiber, only one
side of the diameter of the fiber is being polished or removed,
leaving the other side intact. As a result, the waist diameter
would be larger than the tapered microfibers, resulting in
a lower signal loss.®® Furthermore, the environment can affect
the microfiber performance, which might impair their perfor-
mance.* This work used the coated D-shaped fiber with CdTe to
generate the mode-locked pulses.

The mode-locked laser produced a center wavelength, pulse
width, and signal-to-noise ratio (SNR) of 1559 nm, 770 fs, and
67.7 dB, respectively, at an initial pump power of 192.1 mW. At
a maximum pump power of 510 mW, the maximum average
output and peak powers were 2.8 mW and 0.208 kW, respec-
tively. A passive mode-locking approach has promising appli-
cations in various industries, such as optoelectronics,
photovoltaics, and medicine,***® due to the high-quality beam,
ease of production, and cost-effective system*” with the oppor-
tunity of generating short pulses with high peak power.**

Fabrication and characterization of
CdTe

Initially, 100 mg of CdTe powder (powder, <250 pm, deposition
grade, =99.98% trace metals basis, Sigma Aldrich) was added to
a glass beaker filled with 10 mL of isopropyl alcohol (IPA,
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=99.7%, Sigma Aldrich) solution. The mixture was sonicated
for 3 hours to attain a homogenous solution of CdTe. Subse-
quently, the obtained black suspension was transferred into
a centrifuge tube and subjected to centrifugation at 4000 rpm
for 10 minutes. This centrifugation process separated the
residual unexfoliated CdTe powder from the CdTe solution.
After centrifugation, the supernatant was collected. The black
supernatant containing the exfoliated CdTe flakes was trans-
ferred into a glass vial and labeled as the exfoliated CdTe
solution. 5 pL of exfoliated CdTe solution was used to coat onto
the surface of the polished fiber and further used as an SA in
this work.

The field emission scanning electron microscope (FESEM,
Hitachi SU8220), working at 2.0 kV, was utilized to examine the
surface morphology of CdTe in the bulk form as well as after the
post-exfoliation process. Fig. 1 shows FESEM images of bulk
and exfoliated CdTe captured at the same magnification (at
300 00x magnification). As shown in Fig. 1(a), the FESEM image
of bulk CdTe demonstrated that CdTe is composed of multiple
closely stacked layers, forming the 3D bulk structure grain. The
grains exhibited an average size of about 2.5 um. Due to the
weak van der Waals' bonding between layers, the bulk CdTe
experienced an exfoliation upon the sonication process to
produce a few layers of CdTe. As shown in Fig. 1(b), the
formation of a thin flake of CdTe revealed the success of the
exfoliation of CdTe wusing the ultrasonication-assisted

1.0 pm

Fig.1 FESEM images of CdTe: (a) bulk CdTe and (b) exfoliated CdTe.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDX spectrum of exfoliated CdTe drop cast onto the Si
substrate.

approach. It can be observed that the exfoliated CdTe displayed
a flake-like structure with an irregular shape and lateral
dimension of approximately 2.0 um.

Fig. 2 shows the EDX spectrum of the exfoliated CdTe's
scanned area after being drop cast onto a silicon (Si) substrate
(as shown in the inserted image). It was evident that the primary
constituent elements of CdTe were cadmium (Cd) and tellurium
(Te), as the signal peaks representing both elements as observed
in the EDX spectrum. The quantification of the signal peak
indicated that the atomic percentages of Cd and Te elements
were measured to be 48.42% and 51.48%, respectively, thus
giving an atomic ratio of 0.94 : 1. This result is nearly similar to
the stoichiometry of CdTe that is 1:1. The intense signal
located at about 1.8 eV referred to the silicon (Si) element, which
is due to the use of a Si wafer to hold the sample.

The X-ray diffraction analysis was performed using a PAN-
alytical Empyrean X-ray diffractometer (XRD) with Cu-Ko radi-
ation (1 = 1.540 A) for bulk CdTe powder, and Rigaku Smartlab
X-ray diffractometer (XRD) for exfoliated CdTe deposited onto
a silicon substrate. It was done to determine the crystallo-
graphic structure of bulk and exfoliated CdTe. Based on the
XRD spectrum presented in Fig. 3(a), a few sharp diffraction
peaks are observed at 20 = 23.9, 39.5, 46.6, 56.9, 62.6, 71.4, and
76.4°. These diffraction peaks match well with the (11 1), (02 2),
(113),(004),(133),(224),and (1 1 5) planes of cubic CdTe,
respectively, as indexed in the joint committee on powder
diffraction standards (JCPDS) file with the reference number of
98-010-8238. Thus, the appearance of sharp and well-defined
peaks elucidated the highly crystalline structure of bulk CdTe.
Moreover, no other diffraction peaks of impurities were found
in the XRD pattern, hence, indicating the high purity of bulk
CdTe. After the exfoliation process, the diffraction peaks
became slightly broadened and a new peak centered at 44.5 °
was observed, which can be assigned to the (2 2 0) plane of
silicon (Si).* The slightly broad and the reduction in the
intensity of (0 2 2) diffraction peak confirms the exfoliation of
CdTe had occurred.

A Renishaw inVia Raman microscope with a laser excitation
wavelength at 514 nm was used to record the Raman spectra of
CdTe. As in Fig. 3(b), three peaks appeared at 132, 144, and
164 cm ™', which are the Raman characteristic peaks of CdTe.”
The peak at 132 cm ™" corresponds to the A1 Raman vibrational

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of CdTe: (a) XRD and (b) Raman spectrum.

mode of tellurium (Te).”* The peaks at 144 cm ™' and 164 cm ™"
can be assigned to the transverse-optic (TO) and the
longitudinal-optic (LO) phonon modes of CdTe, respectively.*®

The surface profile measurement was conducted using
a DEKTAK 150 surface profiler to measure the thickness of the
exfoliated CdTe. Initially, the CdTe solution was spin-coated on
the glass substrate and left to dry under the ambient conditions
before conducting the measurements. As a result, the thickness
of the exfoliated CdTe was measured to be about 88 nm.

RSC Adv, 2022, 12, 8637-8646 | 8639
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To measure the energy bandgap (E,) of bulk and exfoliated
CdTe, the Tauc plot was extracted from the UV-visible-near
infrared (UV-vis-NIR) absorption spectrum recorded using
a PerkinElmer Lambda 750 UV-vis-NIR spectrometer and fitted
according to the standard Tauc's relation of ahv = A(hv — Ej)".
In this relation, @, hv, A, and E, correspond to the optical
absorption coefficient, incident photon energy, proportion
constant, and optical energy band gap. Here, n takes the value of

% to indicate that both bulk and exfoliated CdTe exhibit the

allowed optical transition responsible for absorption. In, the
Tauc's plots of (ahv)* versus hv were plotted for bulk and exfo-
liated CdTe, as presented in Fig. 4(a) and (b), respectively. From
the Tauc plot, the bulk and exfoliated CdTe band gap were
extracted as the intercept of the linear fit with the x-axis (a/v)* =
0, giving the value of approximately 1.55 eV and 2.51 eV,
respectively.

The wheel polishing method is used to fabricate the D-
shaped fiber to obtain a smooth polished surface.*»”> Two
Newport M-562-DX-Y-Z alignment stages with Newport 561-FH
fiber holders were utilized to fix the single-mode fiber (SMF-28).
The core diameter of the SMF-28 was 9 um and had a numerical
aperture of 125 pm. The SMF-28 was spliced into two fiber

(@) 0.36

Bulk CdTe

0.24 1

Exfoliated CdTe

2.0 22 2:4 2.6 2.8 3.0
hv (eV)

Fig. 4 Tauc plot for (a) bulk and (b) exfoliated CdTe.
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Fig. 5 Experimental setup for the wheel polishing technique.

pigtails on both ends. About 5 cm of the polymer jacket was
stripped out from the SMF-28 optical fiber to expose the bare
sections directly to the polishing wheel. The polishing wheel
was positioned on a Newport M-562 X-Y alignment stage for
ease of movement, horizontally and vertically. The input power
was then supplied to a 6 V DC motor of the polishing wheel.
Silicon carbide paper with a diameter of 13 mm and a grit size of
400 was wrapped around the polishing wheel. The motor
rotating the polishing wheel exhibited a maximum speed of
11 442 rpm with a torque of 1.04 x 10~ Nm. The experimental
setup for the wheel-polishing technique is shown in Fig. 5.

The polishing wheel should not be in contact with the bare
region of the SMF-28 in the early stages because friction
between the silicon carbide surface and the SMF-28 will
produce a significant force that could cause the SMF-28 to
break, thereby damaging the polishing equipment. Alterna-
tively, the polishing wheel had to be spun until it reached its
optimal speed before being carefully elevated to the bare SMF-
28. For monitoring purposes, each of the spliced pigtails was
connected to a tunable laser source (TLS) and an optical power
meter (OPM). The TLS will emit a signal at 1550 nm into the
SMF-28 optical fiber at an optical power of 13 dBm. Optical
power loss was measured constantly throughout the polishing
process until an insertion loss of 3 dB was reached, as shown in
Fig. 6(a) with a polishing depth of around 57 um. Then, the
motor stopped, and the D-shaped fiber was cautiously trans-
ferred onto a clean glass slide. The D-shaped fiber was cleaned
using an alcohol solution to remove any debris produced during
the polishing process. Few drops of CdTe were deposited onto
the D-shaped fiber.

Fig. 6(a) shows the microscopic image of the fabricated D-
shaped fiber at 100x-magnification with a scale bar obtained
using an Olympus BX53M optical microscope with calibrated
ToupView software by the manufacturer. Normally a single-
mode fiber (SMF-28) would have a dimension of cladding and
core diameters of 125 and 9 pm, respectively. Therefore, the
cladding radius from the center of the core is 62.5 um. As in
Fig. 6(b), the polishing wheel only cuts at one side of the fiber,
which is the upper part in the figure. Therefore, about 57.0 pm
of the cladding was removed, giving only about 1 pm from the
edge of the core. As such, at the necking region, the part with
the smallest diameter would have a dimension of 4.5 (core

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic illustrations and the microscopic image of the D-
shaped fiber: (a) image capture of D-shaped fiber-coated CdTe from
an Olympus BX53M Optical Microscope and (b) schematic diagram
indicating the thickness from the center of the core to the edge of the
polished cladding, 5.5 um (4.5 um, center of the core to the edge plus 1
um leftover of the cladding).

radius) plus 1 pm of the cladding, giving a total radius of 5.5
pm. The radius at the bottom part of the figure remains the
same at 62.5 um.

a) 100.0 9 —
@ @ Data
—— Fitting curve
*
— 99.5+ )
g o, Modulation depth
=4 ~1.87%
@ 90
o
© 1
= 1
2L gg5!
[ 1
£ |
5 1
=z ' g L - —
98.0 | fsan Saturation intensity
1=6 kW/cm2 .= 98.13%
L]

0 100 200
Pump power intensity (kW/cm?)

(b) 100
80 -
~ T=60.57 % at 1559 nm
&
.5 &0 -W/\’\'\’—M
@ 1
2 |
@ 1
§ 401 i
= 1
1
20 :
I
I
0 1

T T
1540 1560

Wavelength (nm)

T
1520 1580

Fig. 7 (a) Nonlinear optical absorption of D-shaped fiber coated with
CdTe (b) Linear transmission curve spectrum of the SA.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

The balanced twin-detector technique was used to determine
the nonlinear optical absorption of CdTe deposited onto the D-
shaped fiber. A graph of normalized absorption again pump
power intensity was plotted as shown in Fig. 7(a). A commercial
ELMO femtosecond laser was used with a central wavelength of
1560 nm, a repetition rate of 100 MHz, and a pulse duration of
150 fs. The light was divided equally using a 50 : 50 coupler
where one was used for reference while the other was connected
to the fabricated SA. The input power was continuously adjusted
using the attenuator, after which the resulting change in output
power was recorded as given in Fig. 7(a). The saturation model
equation was used to fit the measured data as shown below:
all) = 1=

= ———+ta,
1+ 1/ s

where ays, I, a; and Iy, are the non-saturable loss, input inten-
sity, modulation depth, and saturation intensity, respectively.
Based on the graph in Fig. 7(a), the modulation depth and the
saturation intensity of the D-shaped fiber coated with CdTe
were ~1.87% and 6 kW cm 2, respectively. The transmittance of
the spectrum of the SA from 1510 nm to 1580 nm was obtained
by utilizing the amplified spontaneous emission (ASE) light

Fig. 8 FESEM images of CdTe deposited onto the surface of polished
fiber captured at (a) 15x%, (b) 50x, and (c) 500x magnification.

RSC Adv, 2022, 12, 8637-8646 | 8641
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source shown in Fig. 7(b). The transmittance of the SA at
1559 nm was measured to be 60.57%.

To observe the distribution of CdTe on the surface of the
polished fiber, the field emission scanning electron microscopy
(FESEM) characterization was performed using a JEOL JSM
7600-F FESEM operated at 1.0 kV of accelerating voltage. The
FESEM images were taken at 15x, 50x, and 500x magnifica-
tion, as shown in Fig. 8(a)—(c), respectively. Fig. 8(a) shows the
FESEM image of the polished fiber coated with CdTe obtained
under low magnification. After zooming in at the polished area
up to 50x magnification (Fig. 8(b)), a slightly uneven texture
was observed along the surface of the polished area with
a random distribution. A magnification of 500x was performed
as shown in Fig. 8(c) to get a better picture. The obtained results
revealed that the distribution of CdTe onto the fiber surfaces
was not uniform; however, most of the polished surface area
was coated with CdTe flakes of various sizes and thicknesses. It
is worth noting that the distortion of the FESEM image was due
to the charging effect that occurred during the secondary elec-
tron FESEM analysis as the surface was not coated with gold,
which can also be observed as bright regions.

Experimental setup

Fig. 9 shows the configuration of the erbium-doped fiber (EDF)
cavity used in this work. A 980 nm laser diode (LD) was used to
pump the EDF, which was connected to a 980/1550 nm wave-
length division multiplexer (WDM). The common port of the
WDM was connected to 0.5 m EDF, which represented the
cavity's linear gain medium. The EDF used was Er-110-4/125
(Liekki), which has a numerical aperture (NA) of 0.2, a mode
field diameter of 6.5 pm, and an absorption coefficient of 110 dB
m ™! at 1530 nm. First, an insensitive polarization isolator (PI-
ISO) was placed after the gain medium to ensure that the
signal propagated in the cavity in a clockwise direction. Next,
the fabricated CdTe-coated D-shaped-based SA was placed at
the output end of the PI-ISO, which was then connected to
a polarization controller (PC). The fabricated CdTe-coated D-
shaped based SA was placed at the output of the ISO, which
was in turn connected to a polarization controller (PC). The

10% 90% 0.5m EDF

Coupler PI-1SO

pC CdTe arc-

shaped fiber

oy

Fig.9 Experimental cavity setup of EDF laser implementing D-shaped
fiber CdTe as SA.
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signal was then connected to a 90 : 10 optical coupler (OC), with
the 90% port attached to the 1550 nm port of WDM, completing
the fiber laser cavity. To measure the optical and temporal
characteristics of the output, a 10% port of the OC was used to
extract a portion of the signal.

The total length of this configuration was about 11.77 m,
consisting of 11.27 m of single-mode fibers (SMF-28s) and 0.5 m
of the EDF. The group velocity dispersion (GVD) was calculated
using the equation GVD = —AD;/2mc, whereby D; is the material
dispersion, A is the operating wavelength, and c is the speed of
light. For the EDF, the material dispersion was —17.57 ps nm '
km ™!, giving a GVDgpr of 0.0227 ps®> m™ ", while the material
dispersion for the SMF-28 s was 16.65 ps nm~ ' km ™', giving
a GVDgyr of —0.0215 ps®> m ™. The total net cavity dispersion of
the cavity was calculated to be —0.23 ps® using the formula of
GVDcavity = LeprGVDepr + LsmrGVDsmr, with Lgpr and Lsur
being the length for the EDF and SMF-28, respectively. This
indicates that the EDF mode-locked laser was operating in the
anomalous dispersion regime.

Results and discussion

At a threshold pump power of 39.8 mW, a continuous wave
(CW) was generated. Upon incorporating the CdTe D-shaped
fiber inside the cavity, fundamental mode-locked pulses
appeared at 192.1 mW. Fig. 10 shows the presence of Kelly's
sidebands on both sides of the optical spectrum measured
using the Yokogawa AQ6370B optical spectrum analyzer (OSA),
which indicates that the mode-locked laser was operating in the
anomalous dispersion regime. The optical spectrum had 3 dB
bandwidth of 4 nm with a center wavelength of 1559 nm,
enlarged in the inset of Fig. 10.

Using a Yokogawa DLM2054 oscilloscope (OSC), a pulse train
with an interval between the adjacent pulses of 56.89 ns was
measured from the generated mode-locked pulses, as shown in
Fig. 11(a). This agreed well with the cavity round trip time with
a fundamental repetition rate of 17.6 MHz. Fig. 11(b) shows the
autocorrelation (AC) trace with a red line fit, giving a full width
at half maximum (FWHM) of ~1.19 ps. By taking the decon-
volution factor of sech? into consideration, which is 0.648, the

-20

560 =3

-40 4 B =
Wavelenath (nm)

Power (dBm)

60 A, = 1559 nm

1
T T T
1555 1560 1565

Wavelength (nm)

T T
1545 1550 1570 1575

Fig. 10 Output spectrum characteristics of mode-locked EDFL using
CdTe SA (inset shows the enlarged optical spectrum to show the
FWHM).
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Fig. 11 Output characteristics of mode-locked EDFL showing (a)
output pulse train and (b) pulse width of a single mode-locked pulse.

actual pulse width would be ~0.77 ps. The time-bandwidth
product (TBP) can be computed using the formula of
TBP = (A7A) % where the A is the 3 dB bandwidth, At is the
minimum pulse width, ¢ is the speed of light and 4 is the center
wavelength. The TBP was calculated to be 0.38, slightly larger
than the theoretical transform-limited value of 0.315, indicating
that the pulses are slightly chirped.

Fig. 12 shows the radiofrequency (RF) spectrum obtained
using the Rohde & Schwarz FPC1000 radio-frequency spectrum

1o F=17:6 MHz __
" |RBW = 10 kHz
50 <
— -60
£
m
T 7 sNR~67.7dB
i
q;’ -80 -
[*]
a 90 o
-100 +
-110 T T
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Frequency (MHz)

Fig. 12 Radiofrequency spectrum for output characteristic of mode-
locked EDFL.
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Fig. 13 Average output power against pump power for CdTe SA.

analyzer (RFSA) paired with a 12.5 GHz Newport 818-BB-35F
photodetector, indicating a signal-to-noise ratio (SNR) of 67.7
dB at the fundamental repetition rate of 17.6 MHz. Conse-
quently, a stable mode-locked operation was obtained using
a D-shaped fiber coated with CdTe.

A linear line graph of average output power against pump
power was plotted, as shown in Fig. 13. The mode-locked laser
was operated at the fundamental mode throughout the pump
power range of 192.10 to 510.75 mW with a slope efficiency of
0.62%. The graph shows a positive gradient with a linear rela-
tionship between the average output power and pump power.
For example, the average output power increased from 0.86 to
2.82 mW when the pump power increased from 192.1 to 510.75
mW. The maximum average output power, pulse energy, and
peak power obtained from the mode-locked laser were 2.82 mW,
0.16 nJ, and 0.208 kW, respectively.

The stability test of the mode-locked output was performed
at a fixed pump power of 280.5 mW. The output spectrum was
examined for 50 minutes. Fig. 14 shows a spectrum obtained
over 50 minutes in 10 minutes intervals. There are no noticeable
changes in the spectrum's shape or shift in the center wave-
length of 1559 nm throughout the observation, indicating
a stable mode-locked laser operation.

1545 1550 1555 1560 1565 1670 1575

Wavelength(nm)

Fig. 14 The stability of the optical spectrum analyzer of mode-locked
pulsed laser for 50 minutes.
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Table1 Comparison between the performance of mode-locked laser-generated using various SA materials in the C-band wavelength region

Modulation Center Pulse Repetition SNR Net cavity
Material Coating method  depth (%) wavelength (nm)  width (ps)  rate (MHz)  (dB) dispersion (ps®)  Ref.
Mo,C Drop-casting 5.1 1561.6 0.29 7.9 61.0 —0.12 73
Graphite Film 3.3 1565.0 0.22 15.7 63.0 —0.087 51
attachment
MoS, Film 2.5 1568.0 0.63 26.0 61.0 —0.041 74
attachment
MoTe, Drop-casting 1.8 1561.0 1.20 5.2 50.0 —0.58 75
PdS, Drop-casting 1.7 1565.8 0.80 12.1 61.0 —0.21 76
MoSe, Sandwich 0.63 1558 1.76 8.028 61.5 —0.22 77
MgO Sandwich 32.4 1569.1 5.6 3.5 50 —-1.17 78
MXene Drop-casting 10.3 1530.4 0.98 27.9 54.6 —0.14 79
(Ti;C,Tx)
SnSe, Drop-casting 6.38 1530 1.089 8.3 53 —0.56 80
CdTe Drop-casting 1.87 1559.0 0.77 17.6 67.7 —0.23 This
work

Table 1 shows the comparison between the performance of
the mode-locked pulses generated in this work with that from
other works using different SAs with a particular focus on
modulation depth and net cavity dispersion. In this work, the
modulation depth obtained was 1.87% in comparison with
other results ranging from 32.4% to 0.63%, for the case of MgO
and MoSe, saturable absorbers. This indicates that the modu-
lation depth value was in between these values, as given in Table
1. As for the performance of the mode-locked pulses, the result
of the current work showed that the generated center wave-
length, 1559 nm, was comparable with that from other studies
in the C-band region with the wavelength output of our result
was slightly lower than that reported in ref. 51, 73, 74, 75, 76 and
77 but longer than those reported in ref. 78, 79 and 80. The
repetition rate generated by this work was 17.6 MHz, which was
more significant than that from most previous works but
slightly lower than that reported in ref. 74 and 79. The repetition
rate value depended on the cavity length, which can be tuned by
different lengths of SMF and the gain medium inserted in the
cavity. The SNR generated in this work was 67.7 dB. It is the
highest SNR value compared to Mo,C,” graphite,™ MoS,,”*
MoTe,,”® PdS,,”® MoSe,,”® MgO,”” Mxene (Ti;C,T,)” and SnSe,,*
which clearly indicate that this system is very stable. The pulse
width generated using CdTe deposited on D-shaped fiber in this
work was 0.77 ps, which was shorter compared to most of those
reported in the selected literature studies presented in Table 1.
It is worth noting that few reported works®*7>”* generated lower
pulse widths. This could be due to the lower net cavity disper-
sion. It was suggested that a predicted shorter pulse width value
could be generated by CdTe-deposited D-shaped fiber with
a lower net cavity anomalous dispersion moving toward zero
dispersions by manipulating the cavity length.** It was further
confirmed by Zhang et al.,** who simulated that when the
anomalous dispersion value decreased, the pulse width value
also decreased proportionally. Thus, the dispersion in the cavity
could be controlled by the lengths of single-mode fiber and gain
medium used. Further demonstration of intracavity dispersion
management generating shorter pulse width was observed

8644 | RSC Adv, 2022, 12, 8637-8646

using, MoTe,,” MgO (ref. 77) and SnSe,.** The net cavity
dispersion of this work is comparatively similar to that of
PdS,,”® MoSe, "® and Mxene (TizC,T,),”® with the values of —0.23
ps® against —0.21 ps®, —0.22 ps®> and —0.14 ps®, respectively.
Our results on pulse width and SNR are comparatively better
than those reported in the above-mentioned works, which could
be due to larger modulation depth value generating shorter
pulse width typically reported by Jeon.** Conversely, Feng et al.”®
reported that a larger modulation depth value compared to that
from our work, which generated a pulse width of 0.98 ps. Based
on Table 1, we can see that majority of the works use the drop
casting method mainly because of its simplicity. From the
findings of this work, it demonstrated that CdTe deposited on
D-shaped fiber could generate efficient and high-performance
pulse-fiber lasers based on the high repetition rate, short
pulse width and high SNR value.

Conclusion

The generation of a mode-locked EDF-pulsed laser at 1559 nm
was demonstrated using a CdTe coated D-shaped fiber as an SA.
Mode-locking was achieved at a pump power of 192.1 mW with
a pulse width of 770 fs and a center wavelength of 1559 nm. The
average output power ranged from 0.96 mW to 2.8 mW with
a corresponding pump power of 227.5 mW to 510.8 mW. Thus,
the mode-locked laser generated a maximum average output
power, pulse energy, and peak power of 2.8 mW, 0.16 nJ, and
0.208 kW, respectively, at a pump power of 510.75 mW. In
addition, the generated pulse had a high SNR value of 67.7 dB
that showed a stable output. The results of this study of CdTe as
an SA proposed in this work opens a new opportunity of using
quantum dots to generate ultrashort pulses, which can find
applications in various fields, such as biomedical diagnostic,
micromachining, sensors and optoelectronics.
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