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Abstract. A dual-wavelength Q-switched YDFL by utilizing MoSe; thin film was successfully
achieved in cavity ring. The dual synchronous wavelength output spectrum centered at
1035.8nm to 1040.2nm was achieved with repetition rate of 15.3 kHz to 35.2 kHz. Moreover,
the maximum pulse energy was 2.8nJ and minimum pulse width was 1.8us. In this paper,
MoSe; thin film capabilities as saturable absorber in 1-micron region was successfully
achieved. Thus pave a new insight of transition metal chalcogenides (TMD) based photonics
device.

1. Introduction

Q-switching ytterbium-doped fiber laser (YDFL) has earned great attention in pulse laser operations
with its compactness and uniqueness configurations. Q-switching in YDFL has been widely reported
in developing various techniques of pulse laser applications. Saturable absorber (SAs) is one of the
efficient methods as an optical material in order to generate passive pulse laser. Previously,
semiconductor saturable absorbers mirrors (SESAMs) have been a leading technique to generate pulse
laser including at 1-micron region [1, 2]. Nevertheless, SESAMs require costly cleanroom
equipment’s and complicated fabrication and packaging system [3, 4] which indicate their
disadvantages. Besides, its experience narrowband wavelength range too [5]. Carbon nanotubes
(CNTs) [5-7] and graphene [8, 9] as a carbon-based nanomaterials have been developed to address
disadvantageous of SESAMs. Their advantageous properties for instance straightforward fabrication
procedure and ultra-fast recovery period make its practical saturable absorber for pulse mode
generation. Nevertheless, CNTs have complicated bandwidth control [10], that preventing saturable
absorption at certain wavelength whereas graphene has a limited modulation depth and optical
absorption [10]. Thus, many studies have been conducted to search for a novel SA, that have ideal
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characteristics such as high threshold damage, wavelength-independent, economical fabrication
process, and high modulation depth.

In recent progress, there has been an interest in molybdenum diselenide (MoSe;) which is a group
member of transition metal chalcogenides (TMD). A mixture of electropositive element and
chalcogen ion is called chalcogenide. A number of studies [11-13] show MoSe,, a suitable material as
photodetector, pulse-laser operations and thermoelectric as a result of its incredible optoelectronic
properties such as ultra-fast dynamic carriers for few-layers and mono form, large optical nonlinearity
and high photoluminescence [14]. In this paper, we have achieved Q-switched dual-wavelength by
employing MoSe: SA in YDFL. Dual-tapered microfiber [15] was used as an optical filter to generate
dual-wavelengths laser [16, 17] centered at 1035.8 and 1040.2nm with wavelength interval and
repetition rates of 4.4 nm and 13.5 to 54.3 kHz respectively.

2. MoSe; Fabrications and Characterization

In our previous work, we have explained the synthesis and preparation of the purchased bulk MoSe»
and exfoliated MoSe, [18, 19]. In the beginning, Renishaw inVia confocal Raman Microscope was
used to characterize Raman shift analysis as shown in Figure 1(a). For bulk MoSe, the (A,') peak is
focused at 240 cm™!, whereas for few layers of MoSe; is focused at 235 cm'. The shifting confirms
the exfoliation of MoSe: few layers. Later, the MoSe; solution was prepared to create a few layers as
shown in inset of Figure 1(a).

The few layer of MoSe; saturable absorption was characterized using a dual-detector measurement
setup [20]. The mode-locked based CNT was used to produce femtosecond laser at 27.6 MHz
repetition rate and 0.51 ps pulse duration. An erbium amplifier was used to amplify generated pulse
signal and produced a high peak power for efficiently saturating the MoSe; up to ~20mW by
employing a variable optical attenuator (VOA). The saturable absorption behavior is shown in Figure
2 by using the formula given [21]:

Aa
a = E + Qiinear (D

Isat

where Ad, Oinear, and Iy, represent the modulation depth, non-saturation loss and saturable optical
intensity respectively. Thus, the measured saturable intensity and modulation depth of MoSe, are
~0.01MW/cm? and 36% respectively as given in Figure 1(b).
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Figure 1. The characterization of bulk and few layer MoSe; for (a) trace by Raman spectroscope and
a photo of fabricated MoSe; thin film (inset). (b) The characteristic of MoSe; saturable absorption.
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3. Laser Setup

The ytterbium fiber laser configuration of dual wavelength embedded dual-tapered microfiber and Q-
switching embedded MoSe; is given in Figure 2. The YDFL comprises of 70 cm length of gain
medium and a pumping source for YDF with centered wavelength of 974 nm laser diode (LD) was
linked to pumping port of wavelength division multiplexing (WDM) and the common port of WDM
was linked to YDF, and then connected to an isolator. The output port of isolator was attached to the
dual-taped Mach-Zehnder Interferometer [22], that work to induce dual wavelength laser [23].
Another port of microfiber was attached to MoSe, SA that was placed in the middle of the fiber
ferrules, then linked to 90:10 input port of optical coupler 1, (OC1). In order to complete the ring
cavity setup, 90% output port of optical coupler was attached to reflection port of WDM. Another
10% output port was analyzed by connecting to 50:50 optical coupler 2, (OC2) that separates the
light. Hence, the Q-switched laser was characterized instantaneously with one channel via an optical
spectrum analyzer (OSA) and another channel by oscilloscope.

974nm pump

0oCc2
Output 1 —

Isolator
Output 2

Microfiber

Figure 2. Cavity ring of dual wavelength Q-switched based MoSe, SA

4. Results and Discussion

Q-switching mode was detected as early at 166.6 mW pump power next increased up to 180.9 mW at
15.3 kHz repetition rate as given in Figure 3(a). Later the pump power was raised to 209.7 mW and
261.2 mW, as portrayed in Figure 3(b) and Figure 3(c) respectively. Once the pump power was
increased, the greater repetition rate was detected indicating a typical behavior during Q-switching.
Besides, the pulse duration was decreasing once the pump power was increased, from 65.2 ps of pulse
duration at 166.6 mW, to 28.4 ps of pulse duration at 261.2 mW pump power, as a result of the gain
compression [24].
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Figure 3. Raising pump power of (a) 180.9 mW, (b) 217.8 mW and (c) 290.4 mW resulting changes
in pulse trains spectrum

Figure 4(a) shows a stable optical spectrum at 231.6mW, with dual-wavelength lasing center on
1035.8 nm and 1040.2 nm. Figure 4(b) shows the characterization of pulse train spectrum with 29.4
kHz repetition rate at 231.6 mW pump power. The calculated pulse width of 2.2 ps, is depicted in
Figure 4(c) whereas Figure 4(d) illustrated the stable traces indicated by its 48 dB peak-to-pedestal
ratio with 29.4 kHz harmonic frequency (inset). Additionally, no spectral modulation traced,
indicating stable pulse in ring cavity configuration as depicted in Figure 4(d).
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Figure 4. Q-switched (a) optical spectrum, b) with pulse duration of 34 ps, c¢) pulse width of 2.2 ps
and (d) fundamental frequency of 29.4 kHz at 231.6 mW pump power.
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Figure 5(a) illustrates the pulse duration and pulse repetition rate corresponding to pump power from
166.6 to 261.2 mW. The repetition rate raised from 15.3 to 35.2 kHz whereas pulse width reduced
from 4.2 to 1.8 us. However, Figure 5(b) shows pulse energy and average output power were
evaluated and linearly enhanced as we increased pump power. Furthermore, the maximum average
output power was presented at 0.1 mW, while the maximum pulse energy gained was 2.8 nJ at 261.2
mW highest pump power. The generated pulse might be enhanced via employing a double-clad gain
fiber in the cavity [25].
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Figure 5. Results of (a) repetition rate and pulse width and (b) average output power and pulse energy
changes corresponding to pump power.

5. Conclusion

In conclusion, Q-switched dual-wavelength YDFL employing MoSe; thin film as saturable absorber
has been successfully demonstrated in cavity ring. A consistent Q-switched dual wavelength centered
at 1035.8 nm and 1040.2 nm. The repetition rate span at 15.3 kHz to 35.2 kHz with maximum pulse
energy of 2.8 nJ and minimum pulse width of 1.8 ps. Therefore, foresee such results demonstrated in
this work will expand the developments of passive pulse laser by using TMD materials.

References

[1] G.J. Spuhler ef al., "A passively Q-switched Yb : YAG microchip laser," App! Phys B-Lasers
O, vol. 72, no. 3, pp. 285-287, Feb 2001.

[2] S. X. Xu, W. X. Li, Q. Hao, H. Zhai, and H. P. Zeng, "Efficient laser-diode end-pumped
passively Q-switched mode-locked Yb : LYSO laser based on SESAM," Chinese Phys Lett,
vol. 25, no. 2, pp. 548-551, Feb 2008.

[3] H. Ahmad, M. A. M. Salim, S. R. Azzuhri, M. R. K. Soltanian, and S. W. Harun, "A passively
Q-switched ytterbium-doped fiber laser based on a few-layer Bi2Se3 saturable absorber," Laser
Phys, vol. 25, no. 6, Jun 2015.

[4] H. Ahmad, M. A. M. Salim, M. R. K. Soltanian, S. R. Azzuhri, and S. W. Harun, "Passively
dual-wavelength Q-switched ytterbium doped fiber laser using Selenium Bismuth as saturable
absorber," J Mod Optic, vol. 62, no. 19, pp. 1550-1554, 2015.

[5] A. Schmidt et al., "Passive mode locking of Yb : KLuW using a single-walled carbon nanotube
saturable absorber," Opt Lett, vol. 33, no. 7, pp. 729-731, Apr 1 2008.

[6] Y. Gao et al., "Diode-side-pumped passively Q-switched Nd:YAG laser at 1123 nm with
reflective single walled carbon nanotube saturable absorber," Opt Commun, vol. 286, pp. 261-
264, Jan 1 2013.



International Laser Technology and Optics Symposium 2022 (iLATOS 2022) IOP Publishing

Journal of Physics: Conference Series 2432(2023) 012016  doi:10.1088/1742-6596/2432/1/012016

[7]

[16]

[17]

H. Ahmad, J. M. Semangun, S. R. Azzuhri, M. Z. Zulkifli, N. A. Awang, and S. W. Harun,
"Passively mode-locked laser using an entirely centred erbium-doped fiber," Laser Phys, vol.
25,no. 4, Apr 2015.

J. Liu, S. D. Wu, Q. H. Yang, and P. Wang, "Stable nanosecond pulse generation from a
graphene-based passively Q-switched Yb-doped fiber laser," Opt Lett, vol. 36, no. 20, pp.
4008-4010, Oct 15 2011.

L. Zhang et al., "Graphene incorporated Q-switching of a polarization-maintaining Yb-doped
fiber laser," Laser Phys Lett, vol. 9, no. 12, pp. 888-892, 2012.

Q. L. Bao et al., "Atomic-Layer Graphene as a Saturable Absorber for Ultrafast Pulsed Lasers,"
Adv Funct Mater, vol. 19, no. 19, pp. 3077-3083, Oct 9 2009.

J. Xia et al., "CVD synthesis of large-area, highly crystalline MoSe2 atomic layers on diverse
substrates and application to photodetectors," Nanoscale, vol. 6, no. 15, pp. 8949-8955, Aug 7
2014.

X. Lu et al., "Large-Area Synthesis of Monolayer and Few-Layer MoSe2 Films on SiO2
Substrates," Nano Lett, vol. 14, no. 5, pp. 2419-2425, May 2014.

S. Kumar and U. Schwingenschlogl, "Thermoelectric Response of Bulk and Mono layer MoSe2
and WSe2," Chem Mater, vol. 27, no. 4, pp. 1278-1284, Feb 24 2015.

R. I. Woodward et al., "Wideband saturable absorption in few-layer molybdenum diselenide
(MoSe2) for Q-switching Yb-, Er- and Tm-doped fiber lasers," Opt Express, vol. 23, no. 15, pp.
20051-20061, Jul 27 2015.

H. Ahmad, M. A. M. Salim, S. R. Azzuhri, and S. W. Harun, "Highly stable and tunable
narrow-spacing dual-wavelength ytterbium-doped fiber using a microfiber Mach-Zehnder
interferometer," Optical Engineering, vol. 55, no. 2, p. 026114, Feb 2016.

M. Salim, R. Shaharuddin, M. Ismail, S. Harun, H. Ahmad, and S. R. Azzuhri, "Bi2Te3 based
passively Q-switched at 1042.76 and 1047 nm wavelength," Laser Physics, vol. 27, no. 12, p.
125102, 2017.

M. A. M. Salim, S. R. Azzuhri, M. A. Khudus, M. Razak, N. Nasir, and I. Amiri, "Generation
of dual-wavelength ytterbium-doped fibre laser using a highly nonlinear fibre," Laser Physics,
vol. 28, no. 11, p. 115107, 2018.

H. Ahmad, M. Suthaskumar, Z. Tiu, A. Zarei, and S. Harun, "Q-switched Erbium-doped fiber
laser using MoSe 2 as saturable absorber," Optics & Laser Technology, vol. 79, pp. 20-23,
2016.

H. Ahmad et al., "The generation of passive dual wavelengths Q-switched YDFL by MoSe2
film," Laser Physics Letters, vol. 13, no. 11, p. 115102, 2016.

H. Ahmad, M. Soltanian, L. Narimani, I. Amiri, A. Khodaei, and S. Harun, "Tunable S-Band
Q-Switched Fiber Laser Using Bi 2 Se 3 as the Saturable Absorber," Photonics Journal, IEEE,
vol. 7, no. 3, pp. 1-8, 2015.

M. A. M. Salim, M. Z. Ab Razak, S. R. Azzuhri, M. A. Ismail, F. Ahmad, and S. W. Harun,
"Generation of Microsecond Ytterbium-Doped Fibre Laser Pulses using Bismuth Telluride
Thin Film as Saturable Absorber," Sains Malaysiana, vol. 48, no. 6, pp. 1289-1294, 2019.

H. Ahmad, M. Salim, S. Azzuhri, M. Zulkifli, and S. Harun, "Dual wavelength single
longitudinal mode Ytterbium-doped fiber laser using a dual-tapered Mach-Zehnder
interferometer," Journal of the European Optical Society-Rapid publications, vol. 10, 2015.

H. Ahmad, M. Salim, S. R. Azzuhri, M. Jaddoa, and S. Harun, "Tunable dual-wavelength
ytterbium-doped fiber laser using a strain technique on microfiber Mach—Zehnder
interferometer," Applied Optics, vol. 55, no. 4, pp. 778-782, 2016.

R. Herda, S. Kivist, and O. G. Okhotnikov, "Dynamic gain induced pulse shortening in Q-
switched lasers," Opt Lett, vol. 33, no. 9, pp. 1011-1013, 2008.



International Laser Technology and Optics Symposium 2022 (iLATOS 2022) IOP Publishing
Journal of Physics: Conference Series 2432(2023) 012016  doi:10.1088/1742-6596/2432/1/012016

[25] D.-P. Zhou, L. Wei, B. Dong, and W.-K. Liu, "Tunable passively-switched erbium-doped fiber
laser with carbon nanotubes as a saturable absorber," Photonics Technology Letters, IEEE, vol.

22, no. 1, pp. 9-11, 2010.

Acknowledgement
We would like to thank Universiti Teknologi Malaysia for the research funding, under grant number

Q.J130000.2509.21H11.



	Dual-tapered Mach Zehnder Interferometer for Dual-wavelength Q-Switched YDFL using Molybdenum Diselenide
	Muhammad Aizi Mat Salim1,2,3, Harith Ahmad3, Hazri Bakhtiar1, Noriah Bidin1 and Wong Yah Jin1
	1Laser Center, Ibnu Sina Institute for Scientific & Industrial Research, Universiti Teknologi Malaysia, 81310 Johor Bahru, Malaysia
	2T05-Faculty of Science Laboratory Management Centre, Universiti Teknologi
	Malaysia 81310 Johor Bahru, Malaysia
	3Photonics Research Centre, University of Malaya, 50603 Kuala Lumpur, Malaysia
	hazri@utm.my
	Abstract. A dual-wavelength Q-switched YDFL by utilizing MoSe2 thin film was successfully achieved in cavity ring. The dual synchronous wavelength output spectrum centered at 1035.8nm to 1040.2nm was achieved with repetition rate of 15.3 kHz to 35.2 k...
	In recent progress, there has been an interest in molybdenum diselenide (MoSe2) which is a group member of transition metal chalcogenides (TMD). A mixture of electropositive element and chalcogen ion is called chalcogenide. A number of studies [11-13]...
	(a)      (b)
	Figure 1. The characterization of bulk and few layer MoSe2 for (a) trace by Raman spectroscope and a photo of fabricated MoSe2 thin film (inset). (b) The characteristic of MoSe2 saturable absorption.
	3. Laser Setup
	4.  Results and Discussion
	Acknowledgement

