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Abstract

We propose and demonstrate a new Q-switched thulium-doped fiber laser (TDFL) by utilizing a
passive saturable absorber (SA) based on Molybdenum—Aluminium boride (MoAlIB). The MoAIB is a
metal-ceramic-based material; it is embedded in polyvinyl-alcohol (PVA) material to operate as the
SA. The laser successfully generates stable Q-switched pulses operating at 1974.7 nm with a maximum
repetition rate of 57.7 kHz and a minimum pulse width of 1.79 us. A maximum pulse energy of 90.2 nJ
is recorded at 436 mW pump power. Our experiment is the first demonstration on the use of MoAlIB
for the pulse laser generation in the 2 um wavelength region.

Keywords: @Q-switching, Thulium-doped fiber laser, saturable absorber, Molybdenum—Aluminum boride.

1. Introduction

Q-switched lasers operating in a mid-infrared region (MIR) of 2 um has gained great interest due to
their potential in many applications including optical communication, materials processing, spectroscopy,
and light detection and ranging (LIDAR) [1-5]. The 2 wm laser operation can be obtained, using a
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Thulium-doped fiber (TDF) or Thulium-Holmium co-doped fiber (THDF) as an active medium. The
@-switching in this wavelength region can be passively realized, using a saturable absorber (SA) device to
modulate the Q-factor of the laser cavity. There are many reported SAs that have successfully induced Q-
switching operation, such as semiconductor saturable absorber mirrors (SESAMs), graphene, topological
insulators (TIs), transition-metal dichalcogenides (TMDs), and black Phosphorus (BP). These SAs have
proven its feasibility to generate @-switched laser operation across the 1-2 pm bandwidth region.

In the early stage of SA development, SESAMs were used as promising SA materials for fiber-laser
applications [6]. Unfortunately, the nature of high fabrication cost and low damage threshold constrained
commercial applications of SESAMs [7]. With the exploration of 2D materials, graphene has been utilized
as a SA. The low modulation depth and zero band gap are the major drawbacks of graphene [8], in spite
of its fantastic characteristics, such as a wide operation bandwidth and a fast recovery time [9]. Succes-
sively, the development of SA using 2D materials has extended to TIs, TMDs, and BP. TIs materials
including SbyoTes [10], BigTes [11], and BisSes [12] were used in achieving laser pulses operating in various
wavelength spans [13,14], but TIs suffer from chemical reactivity and structural instability [15]. TMDs
showed unique absorption properties, which were demonstrated through Tungsten disulfide (WS2) [16],
Molybdenum disulfide (MoSg) [17], MoTey [18], and WSes [19]. However, they suffer from complex
fabrication processes and low optical damage threshold [20]. BP was utilized in many fiber-laser pulse
applications [21], due to its broadband nonlinear optical response and the ease of fabrication. Neverthe-
less, this material undergoes a quick damage, when it is exposed to Oxygen or water [22].

The development of SA has extended to other nanomaterials that providing outstanding electrical and
optical properties. Recently, a metal-ceramic MAX phase materials have gained tremendous interests for
numerous applications in various areas, including aerospace and nuclear engineering [23,24]. MAX phases
are precursors to produce MXenes, and this material has demonstrated exciting potential in photonics
applications. MAX phases exhibit excellent material properties, such as high damage tolerance, excellent
electrical conductivity, good thermal-shock resistance, and machinability [25]. Due to the nature of
ceramic, MAX phase materials are relatively lighter and great oxidation resistant. In this work, a family
member of MAX phase, Molybdenum—Aluminium boride (MoAIB) has been proposed as SA material for
operation in the 2 um region. The MoAIB has been experimentally integrated in a fiber-laser system to
induce the Q-switching operation at the 1974.69 nm wavelength. The SA film was fabricated by blending
MOoAIB solution within a host polymer of polyvinyl alcohol (PVA). By incorporating the MoAIB-PVA
film into the TDFL cavity, we obtained stable short pulses with a shortest pulse width of 1.79 us and
a pulse energy of 90.2 nJ. To our knowledge, this is the first time that MoAlB-based SA is utilized to
produce passively Q-switched laser pulses in the 2 pm region.

2. Preparation and Characterization of the MoAIB SA

The SA film was fabricated by blending a solution of MoAIB material within a host polymer of PVA.
The PVA was chosen due to its great physical characteristics and chemical resistance [26]. The MoAlB
powder acquired from Laizhou Kai Kai Ceramic Materials Co., Ltd, China is used in this work. This
material has a phase purity of more than 96%, and particle size of less than 200 nm. At first, we obtained
the PVA liquid by resolving of PVA powder (1 g) to 100 ml of distilled water. The solution was stirred
for 2 h. using magnetic stirrer at 300 rpm speed and a temperature of 100°C, until the PVA powder
was completely liquefied. Next, 10 mg of MoAIB powder was add up into 10 ml of the prepared PVA
solution. The MoAIB PVA solution was stirred constantly for 168 h. at a speed of 300 rpm, using a
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magnetic stirrer to make sure that the composite solution was completely dissolved. Finally, we put the
dispersed solution into a petri dish and make it to dry by leave it at room temperature for 48 h. or more,
that resulted in the formation of MoAIB thin film with a thickness of about 60 um. We illustrate the
preparation of the MoAIB thin film in Fig. 1.

PVA powder

1. 100 ml Dl-water 2. Stirring for 2 h 3. Mixing 10 mI PVA 4. Stirring for 168 h 5. Drying at
+ + room temperature
1g PVA 10 mg MoAIB

Fig. 1. The preparation of MoAIB thin film.

We investigated the morphological structure of MoAIB thin film, using scanning electron microscopy
(SEM) analysis; see Fig. 2a. The SEM image shows the particles of MoAIB are equally dispersed
inside the PVA host. The thin film is examined, using an energy-dispersive X-ray spectroscopy (EDX)
analysis to confirm the presence of MoAIB molecules. The result of the analysis is illustrated in Fig. 2b,
where there are clearly presented several peaks corresponding to Molybdenum (Mo), Boron (B), and
Aluminum (Al) elements. In Table in Fig. 2b, one can see that the composition of Mo, B, and Al are
61.43 wt.%, 23.94 wt.%, and 14.62 wt.%, respectively. MoAIB-SA is prepared by cutting the thin film
into pieces and sandwiched between the fiber ferrule made of a standard single-mode-fiber (SMF-28 type)
FC/PC pigtail with the aid of index matching gel.

Atomic | Weight
@ Element Conc. Conf.
Mo 18.85% | 61.43%
B 65.20%| 23.94%
Al 15.95%)|14.62%| P)

Fig. 2. Material characterization results; here, the SEM image (a) and the EDX spectrum (b).

3. Cavity Configuration

The schematic diagram of the TDFL configuration utilizing MoAIB as SA is given in Fig. 3. The
MoAIB thin film is slot in between two fiber ferrules, which is then connected by a fiber adaptor. It
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forms an SA device, which can be easily incorporated into a TDFL ring cavity. The ring resonator
comprises of a 1552 nm pump laser, a wavelength division multiplexer (WDM), a 5 m long Thulium-doped
fiber (TDF), and 90/10 output coupler (OC). The pump laser is based on an Erbium-Ytterbium-doped
fiber laser (EYDFL) operating at 1552 nm; its output power is regulated by a laser diode controller
(Arroyo Instrument: 4308). The TDF employed as an active fiber is a commercial fiber (Nufern, SM-
TSF). It has a 9/125 core/cladding geometry, a numerical aperture (NA) of 0.16, a cut-off wavelength of
1750 nm, and a 27 dB/m absorption loss at the 793 nm wavelength. A 90/10 OC is used to allow 90%
of the laser beam oscillating inside the ring cavity and extract 10% from the cavity for further analysis.
At the output port, a 5 GHz photodetector is used in conjunction with an oscilloscope (Gwinstek: GDS-
3352) to investigate the pulse train stability. The generated Q-switched is investigated and analyzed
using an MIR spectrometer (Miriad Technologies), an OPM (Thorlabs: PM100D), and a 7.8 GHz radio
frequency (RF) spectrum analyzer (Anritsu: MS2683A). The total cavity length is estimated to be ~13 m.

10% 90% WDM

90:10

Coupler om 10F

1552 nm Pump

MoAIB Film
Fig. 3. The schematic configuration of proposed Q-switched TDFL with MoAIB SA.

4. Results and Discussion

At a threshold power of 150 mW, the laser cavity provides the continuous-wave (CW) laser operation.
Stable @-switched laser pulses are successfully produced as the pump power is set between 380 to 436 mW.
Even though, some chaotic noise-pulses induced by self-pulsing operation [27] can be observed, the laser
cavity is not able to form stable pulsed laser without the integration of SA into the cavity. In Fig. 4 a,
we compare the laser wavelength of the TDFL, with and without SA, at a pump power of 436 mW. The
central wavelength of the Q-switched spectrum is located at 1974.7 nm, with a 3 dB bandwidth of 9.9 nm.
The CW spectrum oscillated at a central wavelength of 1975.7 nm, with a narrower 3 dB bandwidth.
The spectral broadening is observed in Q-switched laser due to the self-phase modulation effect inside
the TDFL cavity. When the pump power increased beyond 436 mW, the SA becomes saturated and not
able to fully recover from the saturation state. As the result, the Q-switched pulses become unstable and
dismissed.

In Fig. 4b, we illustrate the typical pulse train of the designed ()-switched TDFL at a 436 mW
pumping power. There are identical pulse trains that indicating the great stability of the ()-switched
laser operation. If we further increase the pump power up to 1.5 W and gradually reduced to 436 mW,
the dismissed @-switching is able to recur. Hence, it can be concluded that the SA damage threshold is
higher than 1.5 W. The pulse train shows that the Q-switched TDFL has a maximum repetition rate of
57.7 kHz, with a pulse width of 1.79 us. To investigate the stability of the passively Q)-switched operation,
we measured the RF spectrum of the @-switched pulses at a pump power of 436 mW; see Fig. 4 ¢, where
many harmonics with the fundamental frequency at 57.7 kHz are shown. The signal-noise ratio (SNR) of
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Fig. 5. The proposed @-switched TDFL performance within a pump power range of 380 to 436 mW:; here, (a) the
pulse width (x) and repetition rate (A) and (b) the pulse energy (W) and output power (®).

the fundamental frequency is about 51 dB, that indicates a great stability of the Q-switched operation.

The laser output characteristics of the MoAlIB-based Q-switched TDFL are recorded with varying the
pump power from 380 to 436 mW; see Fig. 5. One can see in Fig. 5a that the repetition rate increases
from 45.0 to 57.7 kHz, while the pulse width reduces from 2.32 to 1.79 us with increase in the pump
power. Increase in the pump power causes the rising of the photon density growing rate that represents
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the storage energy time; this results in forming faster pulses and, thus, we achieve a high repetition rate.
In Fig. 5b, we show the pulse energy and output power of the proposed @-switched TDFL that are
recorded within the pump power range. The pulse energy increases from 64.5 to 90.2 nJ, and the output
power raises from 2.9 to 5.2 mW. A linear increase in the output power is proportional to the increase in
the TDF gain as the pump power is increased. The larger gain leads to a higher pulse energy due to the
quicker build-up progress of the @-switched pulse.

In Table 1, we compare the performance of the proposed Q-switched TDFL with other 2 um lasers,
which were operated, using other thin-film SAs. The proposed @-switched TDFL operates at a longer
wavelength in the region of 2 um. On the other hand, the proposed @-switched TDFL achieves accep-
table and comparable values of the repetition rate, pulse duration, and SNR. The proposed Q-switched
TDFL has high stable pulses despite the limited pulse energy. In future work, MoAlB-based SA is
highly recommended for the formation of mode-locked TDFL, which required further SA and laser cavity
optimization.

Table 1. Performance Comparison of Proposed @-Switched TDFL with Other Reported Works.

SA Wavelength | SNR | Max. Frequency | Max. Pulse| Min. Pulse | Max. Output Ref.
Material nm dB kHz Energy, nJ | Duration, us| Power, mW
Al,O3 1950 34.5 40.3 173.5 5.3 - [28]
GO 1941.7 28 16 18.8 9.8 - [29]
Antimony 1947 47 23.5 120.1 4.9 2.8 [30]
Alcohol 1885 — 66.7 930 1.5 - [31]
SWNT 1800 40 67.9 11.9 1.2 - [32]
MWCNT 1890 - 7.2 - 3.2 - [33]
Au 1949.19 | 33.9 21.95 89.8 2.6 1.971 [34]
NiO 1900.52 51 19.58 310 4.24 6 [4]
Our design 1974.7 51 57.7 90.2 1.79 5.2 This work

5. Conclusions

In summary, we proposed and demonstrated a novel @-switched TDFL using a MoAIB-based SA.
The metal-ceramic-based SA was prepared by embedding the MoAIB compound in PVA. The proposed
@-switched TDFL was centered at 1974.7 nm with a maximum repetition rate of 57.7 kHz and a minimum
pulse duration of 1.79 pus. The results obtained show that MoAIB SA can be deemed a promising material
in photonics technology and TDFL applications. To the best of our knowledge, this is the first report of
utilizing MoAIB as a SA for generating pulses in the 2 um wavelength region.
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