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ABSTRACT

The nonlinear optical properties of various materials have been widely
investigated to develop an all-fiberized laser cavity. The existing saturable absorber
(SA) materials own a few limitations such as band gap-dependent wavelength,
narrow lasing bandwidth, low optical damage tolerance, and weak nonlinear
absorption. Hence, this study has developed MXene TizC;Tx and MAX phase
Ti3AIC; as SA in a fiber laser cavity. The SA materials were prepared by a solution
casting method and the D-shaped fiber was fabricated by using a mechanical wheel
technique. The SA materials were characterized using field-emission scanning
electron microscopy, energy-dispersive x-ray spectrometer, and Raman spectroscopy
to confirm their elemental constituent. A twin-balanced detector technique examined
the nonlinear absorption of SA devices, while linear absorption measurement
confirmed the operating wavelength of the SAs. Linear and nonlinear absorption of
the prepared SA devices exposed strong saturable absorption properties in the 1.55-
um region. An erbium-doped fiber laser cavity was developed and optimized to
generate a continuous-wave laser. The Q-switched and mode-locked lasers were
successfully generated using the SAs developed based on D-shaped fiber and thin
film structure in the erbium-doped fiber laser cavity, indicating the compatibility of
such SA devices in the all fiber-based cavity. The SA device with the highest
nonlinear absorption of 3% was realized with MXene Ti3C2Tx coated on D-shaped
fiber. All SA devices own strong optical properties, thus generating powerful Q-
switched and mode-locked lasers. An improvement in the pulsed laser's parameters
and nonlinear absorption properties of the material was achieved with D-shaped fiber
as SA in the laser cavity. The MAX phase TizAlC2 deposited onto D-shaped fiber
generated a mode-locked laser with a pulse width of 2.21 ps compared to its thin film
counterparts, which initiated a mode-locked laser with a 3.68 ps pulse width. The use
of ternary metal carbides, which are MXene TizC2Tx and MAX phase TizAlC,
proved the development of a SA with strong nonlinear absorption, high optical
damage threshold, band gap-independent wavelength, and broad operational
bandwidth. The short-pulsed lasers in the 1.55-um regime are essential for various
applications such as optical fiber communications, remote sensing, material
processing, and laser cutting technology.
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ABSTRAK

Ciri-ciri optik tak linear untuk berbagai-bagai bahan telah dikaji secara
menyeluruh bertujuan untuk pembangunan kaviti laser gentian. Bahan penyerap
boleh tepu yang sedia ada mempunyai beberapa kelemahan seperti jurang jalur yang
bergantung kepada panjang gelombang, lebar jalur laser yang sempit, toleransi yang
rendah terhadap kerosakan optik, dan penyerapan tak linear yang lemah. Justeru,
kajian ini membangunkan MXene Ti3C;Tx dan MAX phase TizAlC: sebagai bahan
penyerap boleh tepu dalam kaviti laser gentian. Bahan penyerap boleh tepu
disediakan dengan kaedah penuangan larutan dan gentian berbentuk D dihasilkan
menggunakan kaedah roda mekanikal. Bahan penyerap boleh tepu ini diuji dengan
mikroskop imbasan elektron pancaran medan, spektrometer sinar-x penyebaran
tenaga, dan spektroskopi Raman untuk mengesahkan unsur-unsur bahan tersebut.
Teknik pengesan kembar terimbang telah digunakan untuk mengkaji ciri tak linear
penyerap boleh tepu, manakala ukuran serapan linear mengesahkan panjang
gelombang operasi penyerap boleh tepu. Serapan linear dan tak linear bahan
penyerap boleh tepu yang telah disediakan berupaya bertindak sebagai penyerap
boleh tepu di kawasan laser 1.55-um. Kaviti laser gentian terdop Erbium telah
dibangunkan dan dioptimumkan untuk menjana laser gelombang selanjar. Laser suis
Q dan laser selakan mod berjaya dihasilkan menggunakan penyerap boleh tepu
berdasarkan gentian berbentuk D dan struktur filem nipis dalam kaviti laser gentian
terdop Erbium, menunjukkan kesesuaian peranti penyerap boleh tepu dalam kaviti
berasaskan gentian. Peranti penyerap boleh tepu dengan penyerapan tak linear
tertinggi sebanyak 3% telah dihasilkan dengan gentian berbentuk D disaluti MXene
Ti3C,Tx. Semua peranti penyerap boleh tepu yang disediakan mempunyai ciri-ciri
optik yang unggul, seterusnya menjanakan laser suis Q dan laser selakan mod
berkuasa tinggi. Penambahbaikan dalam parameter laser denyut dan ciri-ciri
penyerapan tak linear bahan telah dicapai dengan gentian berbentuk D sebagai
penyerap boleh tepu dalam kaviti laser. MAX phase Ti3AlIC; dimendapkan diatas
gentian berbentuk D telah menjanakan laser selakan mod dengan lebar denyut 2.21
ps berbanding filem nipis yang mencetuskan laser selakan mod dengan lebar denyut
3.68 ps. Penggunaan karbid logam terner sepertt MXene Ti3C2Tx dan MAX phase
Ti3AlC; telah menghasilkan penyerap boleh tepu dengan penyerapan tak linear kuat,
mempunyai ambang kerosakan optik yang tinggi, jurang jalur yang tidak bergantung
kepada panjang gelombang, dan kendalian lebar jalur yang luas. Laser denyut pendek
dalam rejim 1.55-pm adalah penting untuk pelbagai aplikasi seperti komunikasi
gentian optik, penderiaan jauh, pemprosesan bahan, dan teknologi pemotongan laser.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

In 2004, Geim and Novoselov discovered an atomically thin layer of carbon
called a few-layer graphene [1]. Graphene owns excellent condensed matter
properties with ballistic electron mobility, which prevents lattice dislocation and
crystal imperfection at high temperatures. Thus, it is widely used as a SA in the
broad near-infrared spectrum due to its overlapped conduction-to-valence band and
ultrafast relaxation time (~200 fs) [2-4]. As promising as it is, graphene owns a few
limitations in terms of bandgap alteration ability and low modulation depth (<2.3 %
per layer) [S]. The latter contributed to a low second-order susceptibility of its
structure [6]. In contrast, TMDCs such as molybdenum disulfide (MoS2) possess a
high second-harmonic generation (SHG) and third-harmonic generation (THG) with
recovery time nearly as fast as graphene (~30 fs) [7]. Both SHG and THG are
strongly related to the thickness of MoSa, thus, optimizing a few layers thickness of
such material might enhance the performance of pulses generated [8]. The
modification of TMDCs layer can also convert their bandgap from indirect to direct
structure, which is suitable for near-infrared laser generation. Conversely, layer-
dependent wavelength operation gives rise to a complicated preparation procedure

resulting in the development of other two-dimensional (2D) material-based SA.

Few years ago, many research works have been conducted on investigating
the physical and optical properties of BPs [9, 10]. Thanks to its excellence charge-
carrier mobility (10° ¢m?/Vs) and thermodynamically stable phases, numerous
semiconductor applications have been developed [11]. Its ability to generate pulses
in the near-infrared region is proven, as a naturally occurring BPs covers wide near-

infrared region due to a suitable bandgap of such allotrope (0.3 eV). Unfortunately,



BPs' compatibility as a SA diminishes over time as it is very sensitive to the
environment. Exposure of BPs to air for a few hours might reduce its saturable
absorption properties, making it useless for pulse generation. Therefore, the surge for
a new SA material which is not only easy to prepare, yet preserve the excellent
nonlinear optical properties, wide operating bandwidth, and high damage threshold is

still essential.

Recently, an extensive study on a newly synthesizes 2D material, MXene, has
been widespread [12]. TizCoTx, one of MXene, exhibits an excellent nonlinear
absorption alike graphene with two orders of magnitude larger than MoS; and BPs
[13], indicates its fast-optical switching capability. Not only that, TizC2Tx holds a
high damage threshold of 70 mJ/cm?, comparable to most metal NPs [14]. Therefore,
avalanche research interest had revealed the potential of MXene as a Q-switcher and
mode-locker in a 1-, 1.3-, 1.55- and 2-um laser cavity [15-18]. However, the ability
of its bulk-counterparts, MAX phase (layered metal carbides and/or nitrides) for the
generation of pulses in a near-infrared region is not fully explored. MAX phase
TizAIC2 1s as unique as its precursor with good electrical conductivity,
thermodynamically stable material, high damage tolerance at room temperature,
good mechanical strength, and excellent oxidation-resistance [19-21]. The latter
seems favorable for pulse generation as it did not easily oxidize in the air due to a
dense alumina layer within the material. Unlike 2Ds’ includes MXene, MAX phase
is synthesis based on a simple solution-casting method, a mixture of MAX phase
Ti3AlC2 and polyvinyl alcohol (PVA) was magnetically stirred to produce a SA
device for pulse generation. Herein, this work investigated the optical properties of
ternary metal carbides, MXene TizC;Tx, and its bulk-counterparts MAX phase
Ti3AlC> as a pulse generator in an all-fiberized EDFL cavity.

1.2 Problem Statement

In recent years, pulsed laser generation has been a widely discovered area
since it is essential for industrial applications such as metal cutting technology, laser

ablation, remote sensing, and laser eye surgery. The main component used for



ultrashort pulse laser generation is a saturable absorber material. Over the years,
researchers have implemented various materials as saturable absorbers such as
graphene, molybdenum disulfide, tungsten disulfide, metal nanoparticles, and many
more into the laser cavity to generate the pulse. However, the existing saturable
absorber owns a narrow operating bandwidth, weak nonlinear optical properties, and

a low damage threshold.

Therefore, this work proposed MAX phase TizAlC2 and MXene TizC2Tx for
pulse generation in a 1.55 um regime. Not only do they have strong optical properties
such as fast-optical switching capability, high damage threshold, excellent nonlinear
absorption, but they also own a broad operating wavelength. This work outlined the
investigation of MAX phase and MXene optical properties to prove their good
saturable absorption properties and incorporated those materials in a fiber laser
cavity for pulse generation. Eventually, it enabled a pulsed laser with good spectral

and temporal characteristics.

1.3 Research Objectives

The main aim of this work is to develop a saturable absorber material based
on the MAX phase and MXene and to optimize a Q-switched and mode-locked fiber
laser cavity. The success of this work is evaluated based on the three main objectives

as follows,

(a) To synthesis Ti3AlIC, and Ti3C;Tx, and determine the surface morphology,
elemental constituent, structural fingerprint, and optical properties of the SA

devices such as linear and nonlinear absorption.

(b) To develop and generate Q-switched and mode-locked lasers by
incorporating the D-shaped fiber and the thin film structure of SA materials

inside the erbium-doped fiber laser.

(c) To determine the temporal pulse performance such as pulse width and

repetition rate, and to calculate the output power, pulse energy, peak power,



and slope efficiency of the pulsed lasers with TizAlC2 and TizCoTx as

saturable absorber in erbium-doped fiber laser.

1.4 Scope of Study

A solution-casting method was utilized to synthesis the SA in the form of
solution, and a thin film SA was attained directly after the process. A homemade
mechanical wheel technique was utilized to fabricate the D-shaped fiber structure,
which was followed by the deposition of the prepared SA solution onto its polished
region. Later, the characterization of material with Raman spectroscopy, FESEM and
EDS proved the existence of Ti3AlCz and TizC2Tx composition in the as-prepared SA
devices. The SAs based on the MAX phase Ti3AIC2 and MXene TizC2Tx revealed
strong optical properties, as evidenced by the linear and nonlinear absorption
measurement in the 1.55-pm region. Erbium-doped fiber laser cavity was developed
and optimized to generate continuous-wave laser in 1.55 um regime. All saturable
absorbers were incorporated into the cavity to generate QS and ML, and the better-
pulsed performance achieved with the incorporation of D-shaped fiber-based SA

inside the laser cavity.

1.5 Significance of Study

This work introduced a homemade mechanical wheel technique to fabricate a
D-shaped fiber structure, which is essential to improve laser performance in a fiber
laser configuration. In addition, this thesis synthesized MAX phase TizAlC2 and
MXene Ti3C2Tx for pulse generation in a 1.55 um regime. The materials own good
saturable absorption properties, a high damage threshold, and a broad operating
wavelength. The potential of MAX phase Ti3AlC; and MXene Ti3C2Tx as passive
saturable absorbers in EDFL can also be beneficial for the researcher in this field
since it can also be used for pulsed generation in 1 and 2-um laser cavities. The
comparison between D-shaped fiber structure and thin film as SA is also essential to

realize the pulsed laser with a better output performance. The generated Q-switched



and mode-locked laser can be used for industrial applications such as remote sensing,

laser beam machining, and high precision material processing.

1.6 Organization of this thesis

This thesis is structured in 5 main chapters, starting from the theoretical and
current progress on pulsed laser, the work continues to investigate the optical
properties and the lasing application of the as-prepared SA, and comparison on
pulsed laser performance between two SA implementation methods concludes the
finding. This chapter describes the story of laser and why it is worth to expand the
current work on this field. The motivation of this thesis was also elaborated, together
with the proposal on how to solve the existing problems. This section also states the

significance and scope ofthe study.

Chapter 2 elaborates various physical phenomena such as a quasi-three-level
erbium-doped fiber laser system, the principle of Q-switching, the principle of mode-
locking, the principle of soliton, a saturable absorption mechanism, and evanescent
field interaction. This section also contains current progress on various SA materials

and its application as a pulse generator in the EDFL cavity.

Chapter 3 comprises the methodology of this research. The preparation of
both SA, MAX phase Ti3AIC2, and MXene Ti3C2Tx are elaborated together with the
fabrication of the D-shaped fiber structure. Followed by the linear absorption
measurement to confirm the ability of SA devices to initiate pulse in a 1.55 pm
regime. Later, the balanced-twin detector technique was introduced to investigate
saturable absorbers’ optical properties. Finally, this chapter described the

development and optimization of an erbium-doped fiber laser cavity.

The as-stated objectives are covers in Chapter 4, starting with the EDS,
FESEM, and Raman spectrum to confirm the existence of the MAX phase TisAIC2
and M Xene TisC2Tx in the SA devices. It also details the linear and nonlinear optical

profiles of the SA devices. In the end, it describes the generation of QS and ML in



EDFL by incorporating ternary metal carbides-based SA. All the SA devices
generate Q-switched and mode-locked with exceptional laser parameters. The laser
parameters such as pulse width, repetition rate, output power, pulse energy, and slope

efficiency of all the generated lasers are recorded and compared.

Chapter S concludes and discusses the results achieved from the previous
chapter, including the optical properties, and generated laser performances of SA
devices. The improvement of QS and ML by using a D-shaped fiber structure
proposed a new SA implementation method in an all-fiberized laser cavity. A few
limitations and future works are also suggested for the better temporal pulse

characteristics of the pulsed laser.



10.

I1.

12.

REFERENCES

Novoselov, K.S., et al., Electric field effect in atomically thin carbon films.
Science, 2004. 306(5696): p. 666-669.

Bao, QL., et al., Atomic-Layer Graphene as a Saturable Absorber for
Ultrafast Pulsed Lasers. Advanced Functional Materials, 2009. 19(19): p.
3077-3083.

Jiang, M., et al., A graphene Q-switched nanosecond Tm-doped fiber laser at
2 mu m. Laser Physics Letters, 2013. 10(5): p. 5.

Zhao, J.Q., et al., An Ytterbium-doped fiber laser with dark and Q-switched
pulse generation using graphene-oxide as saturable absorber. Optics
Communications, 2014. 312: p. 227-232.

Sun, Z.P., et al., Graphene Mode-Locked Ultrafast Laser. Acs Nano, 2010.
4(2): p. 803-810.

Du, 1., et al., Ytterbium-doped fiber laser passively mode locked by few-layer
Molybdenum  Disulfide (MoS2) saturable absorber functioned with
evanescent field interaction. Scientific Reports, 2014. 4: p. 7.

Wang, K.P., et al., Ultrafast Saturable Absorption of Two-Dimensional MoS2
Nanosheets. Acs Nano, 2013. 7(10): p. 9260-9267.

Wei, RF, et al., MoS2 nanoflowers as high performance saturable absorbers
Jor an all-fiber passively Q-switched erbium-doped fiber laser. Nanoscale,
2016. 8(14): p. 7704-7710.

Xia, F.N., H Wang, and Y.C. Jia, Rediscovering black phosphorus as an
anisotropic layered material for optoelectronics and electronics. Nature
Communications, 2014. §: p. 6.

Low, T., et al., Tunable optical properties of multilayer black phosphorus
thin films. Physical Review B, 2014. 90(7): p. 5.

Liu, H, et al., Semiconducting black phosphorus: synthesis, transport
properties and electronic applications. Chemical Society Reviews, 2015.
44(9): p. 2732-2743.

Li, R, et al., Interfacial and electronic properties of heterostructures of

MXene and graphene. Physical Review B, 2019. 99(8): p. 8.

110



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Jhon, Y1, et al., Metallic MXene Saturable Absorber for Femtosecond
Mode-Locked Lasers. Advanced Materials, 2017. 29(40): p. 1702496.

Sun, X L., et al., Few-layer Ti3C2Tx (T = O, OH, or F) saturable absorber
Jor a femtosecond bulk laser. Optics Letters, 2018. 43(16): p. 3862-3865.
Wang, L., et al., Few-Layer Mxene Ti3C21x (T=F, O, Or OH) for Robust
Pulse Generation in a Compact Er-Doped Fiber Laser. ChemNanoMat,
2019. 5(9): p. 1233-1238.

Jiang, X.T., et al., Broadband Nonlinear Photonics in Few-Layer MXene
Ti3C2Tx (T = F, O, or OH). Laser & Photonics Reviews, 2018. 12(2): p. 10.
Wang, C., et al., MXene Ti3C2 Ix saturable absorber for pulsed laser at 1.3
um. Chinese Physics B, 2018. 27(9): p. 094214.

Jiang, Q., et al. Thulium-doped mode-locked fiber laser with MXene saturable
absorber. in Conference on Lasers and Electro-Optics. 2019. San Jose,
California: Optical Society of America.

Togo, A., et al., First-principles phonon calculations of thermal expansion in
1i38iC2, Ti3AIC2, and Ti3Ge(C2. Physical Review B, 2010. 81(17): p. 6.
Tallman, D.J., B. Anasori, and M.W. Barsoum, A Critical Review of the
Oxidation of Ti2AIC, Ti3AIC2 and Cr2AIC in Air. Materials Research Letters,
2013.1(3): p. 115-125.

Zhou, Y.C,, et al., Electronic and structural properties of the layered ternary
carbide Ti3AIC2. Journal of Materials Chemistry, 2001. 11(9): p. 2335-2339.
Addanki, S., LS. Amiri, and P. Yupapin, Review of optical fibers-introduction
and applications in fiber lasers. Results in Physics, 2018. 10: p. 743-750.
Dubey, A K. and V. Yadava, Laser beam machining - A review. International
Journal of Machine Tools & Manufacture, 2008. 48(6): p. 609-628.

Keller, U., Recent developments in compact ultrafast lasers. Nature, 2003.
424:p. 831.

Keller, U., et al., Semiconductor saturable absorber mirrors (SESAM'’s) for
femtosecond to nanosecond pulse generation in solid-state lasers. leee
Journal of Selected Topics in Quantum Electronics, 1996. 2(3): p. 435-453.
Bonaccorso, F. and Z.P. Sun, Solution processing of graphene, topological
insulators and other 2d crystals for ultrafast photonics. Optical Materials

Express, 2014. 4(1): p. 63-78.

111



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Giles, C.R. and E. Desurvire, Modeling erbium-doped fiber amplifiers.
Journal of lightwave technology, 1991. 9(2): p. 271-283.

Saglamyurek, E., et al., Quantum storage of entangled telecom-wavelength
photons in an erbium-doped optical fibre. Nature Photonics, 2015. 9(2): p.
83-87.

Desurvire, E., et al., Erbium-doped fiber amplifier. 1991, Google Patents.
Wagener, J., et al., Effects of concentration and clusters in erbium-doped
fiber lasers. Optics letters, 1993. 18(23): p. 2014-2016.

Ainslie, B.J., A review of the fabrication and properties of erbium-doped
fibers for optical amplifiers. Journal of Lightwave Technology, 1991. 9(2): p.
220-227.

Becker, PM., A A. Olsson, and JR. Simpson, Erbium-doped fiber
amplifiers: fundamentals and technology. 1999: Elsevier.

Lumbholt, O., T. Rasmussen, and A. Bjarklev, Modelling of extremely high
concentration erbium-doped silica waveguides. Electronics Letters, 1993.
29(5): p. 495-496.

Quimby, R.S., W.J. Miniscalco, and B. Thompson, Clustering in
erbium-doped silica glass fibers analyzed using 980 nm excited-state
absorption. Journal of Applied Physics, 1994. 76(8): p. 4472-4478.

Giles, C.R., et al., Characterization of erbium-doped fibers and application to
modeling 980-nm and 1480-nm pumped amplifiers. 1EEE Photonics
Technology Letters, 1991. 3(4): p. 363-365.

Lim, E-L., S.-u. Alam, and D.J. Richardson, Optimizing the pumping
configuration for the power scaling of in-band pumped erbium doped fiber
amplifiers. Optics Express, 2012. 20(13): p. 13886-13895.

Babu, P., et al., Opftical spectroscopy, 1.5 um emission, and upconversion
properties of Er 3-+-doped metaphosphate laser glasses. Journal of the
Optical Society of America B, 2007. 24(9): p. 2218-2228.

Pedersen, B., et al., Power requirements for erbium-doped fiber amplifiers
pumped in the 800, 980, and 1480 nm bands. IEEE Photonics Technology
Letters, 1992. 4(1): p. 46-49.

Paschotta, R., Field guide to laser pulse generation. Vol. 14. 2008: SPIE

press Bellingham.

112



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Spuhler, G., et al., Experimentally confirmed design guidelines for passively
O-switched microchip lasers using semiconductor saturable absorbers.
Journal of the Optical Society of America B, 1999. 16(3): p. 376-388.

Sobon, G, et al., Linearly polarized, Q-switched Er-doped fiber laser based
on reduced graphene oxide saturable absorber. Applied Physics Letters,
2012.101(24): p. 4.

Yue, W, et al., Intensity noise of erbium-doped fiber laser based on full
quantum theory. Journal of the Optical Society of America B, 2013. 30(2): p.
275-281.

Salam, S, et al., High-energy O-switched ytterbium-doped all-fiber laser with
tris-(8-hydroxyquinoline) aluminum as saturable absorber. Optical Materials
Express, 2019. 9(8): p. 3215-3225.

Balling, P. and J. Schou, Femtosecond-laser ablation dynamics of dielectrics:
basics and applications for thin films. Reports on Progress in Physics, 2013.
76(3): p. 39.

Jiang, L., et al., Electrons dynamics control by shaping femtosecond laser
pulses in micro/nanofabrication: modeling, method, measurement and
application. Light-Science & Applications, 2018. 7: p. 27.

Spuhler, G., et al., Diode-pumped passively mode-locked Nd: YAG laser with
10-W average power in a diffraction-limited beam. Optics letters, 1999.
24(8): p. 528-530.

Keller, U., et al., Solid-state low-loss intracavity saturable absorber for
NA:YLF lasers - An antiresonant semiconductor Fabry-Perot saturable
absorber. Optics letters, 1992. 17: p. 505-7.

Wu, Y.J., et al., Silver nanorods absorbers for Q-switched Nd:YAG ceramic
laser. Optics and Laser Technology, 2017. 97: p. 268-271.

Zhao, X, et al., Switchable, dual-wavelength passively mode-locked ultrafast
fiber laser based on a single-wall carbon nanotube modelocker and
intracavity loss tuning. Optics Express, 2011. 19(2): p. 1168-1173.

Kuizenga, D. and A. Siegman, /M and AM mode locking of the homogeneous
laser-Part I: Theory. IEEE Journal of Quantum Electronics, 1970. 6(11): p.
694-708.

113



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Srivastava, S., et al., Feedback Mach-Zehnder resonator with “reflector:”
Analysis and applications in single frequency fiber lasers. Applied physics
letters, 2006. 89(14): p. 141118.

Chen, L.R. and J.C. Cartledge, Mode-locking in a semiconductor fiber laser
using cross-absorption modulation in an electroabsorption modulator and
application to all-optical clock recovery. Journal of lightwave technology,
2008. 26(7): p. 799-806.

Paschotta, R., Noise of mode-locked lasers (Part Il): timing jitter and other
Sluctuations. Applied Physics B, 2004. 79(2): p. 163-173.

Hjelme, D.R. and A.R. Mickelson, Theory of timing jitter in actively mode-
locked lasers. IEEE journal of quantum electronics, 1992. 28(6): p. 1594-
1606.

Liu, W., et al., Tungsten disulfide saturable absorbers for 67 fs mode-locked
erbium-doped fiber lasers. Optics Express, 2017. 25(3): p. 2950-2959.

Liu, W, et al., 70-fs mode-locked erbium-doped fiber laser with topological
insulator. Scientific Reports, 2016. 6(1): p. 19997.

Anas, A L., Two-dimensional materials saturable absorber for generation of
ultrashort pulse fiber lasers/Anas Abdul Latiff 2018, University of Malaya.
Paschotta, R. Field guide to optical fiber technology. 2010. SPIE Bellingham,
WA.

Singh, S.P. and N. Singh, Nonlinear effects in optical fibers: origin,
management and applications. progress in Electromagnetics Research, 2007.
73: p. 249-275.

Rokhsari, H. and K.J. Vahala, Observation of Kerr nonlinearity in
microcavities at room temperature. Optics letters, 2005. 30(4): p. 427-429.
Martinez, O.E., R L. Fork, and J.P. Gordon, Theory of passively mode-locked
lasers including self-phase modulation and group-velocity dispersion. Optics
Letters, 1984. 9(5): p. 156-158.

Koch, T.L. and J.E. Bowers, Nature of wavelength chirping in directly
modulated semiconductor lasers. Electronics letters, 1984. 20(25): p. 1038-
1040.

Lazaridis, P., G. Debarge, and P. Gallion, 7ime—bandwidth product of
chirped sech2 pulses: application to phase—amplitude-coupling factor
measurement. Optics Letters, 1995. 20(10): p. 1160-1162.

114



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Richardson, D., et al., Pulse repetition rates in passive, self-starting,
Jfemtosecond soliton fibre laser. Electronics Letters, 1991. 27(16): p. 1451-
1453,

Kelly, S., Characteristic sideband instability of periodically amplified
average soliton. Electronics Letters, 1992. 28(8): p. 806-807.

Dennis, M.L. and L.N. Duling, Experimental study of sideband generation in
femtosecond fiber lasers. IEEE Journal of Quantum Electronics, 1994. 30(6):
p. 1469-1477.

Gordon, J.P., Dispersive perturbations of solitons of the nonlinear
Schrodinger equation. JOSA B, 1992. 9(1): p. 91-97.

Curley, P., et al., Operation of a femtosecond Ti: sapphire solitary laser in
the vicinity of zero group-delay dispersion. Optics letters, 1993. 18(1): p. 54-
56.

Smith, N.J., K. Blow, and I Andonovic, Sideband generation through
perturbations to the average soliton model. Journal of lightwave technology,
1992.10(10): p. 1329-1333.

Juodkazis, S., V. Mizeikis, and H. Misawa, Three-dimensional

microfabrication of materials by femtosecond lasers for photonics
applications. Journal of Applied Physics, 2009. 106(5): p. 14.

Graf, S, et al., High precision materials processing using a novel Q-switched
CO?2 laser. Optics and Lasers in Engineering, 2015. 66: p. 152-157.

Shah, S. and T.S. Alster, Laser Treatment of Dark Skin An Updated Review.
American Journal of Clinical Dermatology, 2010. 11(6): p. 389-397.
Travagnin, M., Effects of Pauli blocking on semiconductor laser intensity and
phase noise spectra. Physical Review A, 2001. 64(1): p. 013818.

Hussain, S.A., Discovery of Several New Families of Saturable Absorbers for
Ultrashort Pulsed Laser Systems. Scientific Reports, 2019. 9(1): p. 19910.
Chen, H., et al., High-damage-resistant tungsten disulfide saturable absorber
mirror for passively Q-switched fiber laser. Optics Express, 2016. 24(15): p.
16287-16296.

Naguib, M., et al., 25th Anniversary Article: MXenes: A New Family of Two-

Dimensional Materials. Advanced Materials, 2014. 26(7): p. 992-1005.

115



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Mo, Y., P. Rulis, and W.Y. Ching, FElectronic structure and opftical
conductivities of 20 MAX-phase compounds. Physical Review B, 2012.
86(16): p. 165122.

Abitan, H., H. Bohr, and P. Buchhave, Correction to the Beer-Lambert-
Bouguer law for optical absorption. Applied Optics, 2008. 47(29): p. 5354-
5357.
Li, S
Nanophotonics, 2020. 9(7): p. 1743-1786.

., et al, Novel layered 2D materials for ultrafast photonics.
Li, L., et al., Optical Nonlinearity of ZrS: and Applications in Fiber Laser.
Nanomaterials (Basel, Switzerland), 2019. 9(3): p. 315.

Hantanasirisakul, K. and Y. Gogotsi, Electronic and Optical Properties of 2D
Transition Metal Carbides and Nitrides (MXenes). 2018. 30(52): p. 1804779.
Yamashita, S., Nonlinear optics in carbon nanotube, graphene, and related
2D materials. APL Photonics, 2018. 4(3): p. 034301.

You, JW., et al., Nonlinear optical properties and applications of 2D
materials: theoretical and experimental aspects, in Nanophotonics. 2018. p.
63.

Jeon, J., J. Lee, and J.H. Lee, Numerical study on the minimum modulation
depth of a saturable absorber for stable fiber laser mode locking. Journal of
the Optical Society of America B-Optical Physics, 2015. 32(1): p. 31-37.
Mao, D., et al., WS2 mode-locked ultrafast fiber laser. Scientific Reports,
2015.5:p. 7.

Feng, J.J., et al., An Harmonic Mode-Locked FEr-Doped Fiber Laser by the
Evanescent Field-Based MXene Ti3C21x (T = F, O, or OH) Saturable
Absorber. Annalen Der Physik, 2020. 532(1): p. 7.

Honninger, C., et al., O-switching stability limits of continuous-wave passive
mode locking. Journal of the Optical Society of America B, 1999. 16(1): p.
46-56.

Lokman, M.Q., et al., Deposition of silver nanoparticles on polyvinyl alcohol
film using electron beam evaporation and its application as a passive
saturable absorber. Results in Physics, 2018. 11: p. 232-236.

Chiu, J.C,, et al., Pulse shortening mode-locked fiber laser by thickness and
concentration product of carbon nanotube based saturable absorber. Optics

Express, 2011. 19(5): p. 4036-4046.

116



90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Pollock, C R., Fundamentals of optoelectronics. 1995, Chicago, Ill: Irwin.
Leung, A, P.M. Shankar, and R. Mutharasan, A review of fiber-optic
biosensors. Sensors and Actuators B: Chemical, 2007. 125(2): p. 688-703.
Zapata, J.D., et al., Lfficient graphene saturable absorbers on D-shaped
optical fiber for ultrashort pulse generation. Scientific Reports, 2016. 6.
Buck, J. A., Fundamentals of Optical Fibers, A John Wiley & Sons. Inc., New
York, 1995.

Keiser, G., Opfical fiber communications. Wiley encyclopedia of
telecommunications, 2003.

Khijwania, S. and B. Gupta, Fiber optic evanescent field absorption sensor:
effect of fiber parameters and geometry of the probe. Optical and Quantum
Electronics, 1999. 31(8): p. 625-636.

Ahmad, M. and L.L. Hench, Effect of taper geometries and launch angle on
evanescent wave penetration depth in optical fibers. Biosensors and
Bioelectronics, 2005. 20(7): p. 1312-1319.

Moar, P., et al., Fabrication, modeling, and direct evanescent field

measurement of tapered optical fiber sensors. Journal of applied physics,
1999. 85(7): p. 3395-3398.

Hisyam, M.B., et al., Generation of Mode-Locked Ytterbium Doped Fiber
Ring Laser Using Few-Layer Black Phosphorus as a Saturable Absorber.
Ieee Journal of Selected Topics in Quantum Electronics, 2017. 23(1): p. 5.
Huang, Y., et al., Tin Disulfide-An Emerging Layered Metal Dichalcogenide
Semiconductor: Materials Properties and Device Characteristics. Acs Nano,
2014. 8(10): p. 10743-10755.

Jung, M., et al., A femtosecond pulse fiber laser at 1935 nm using a bulk-
structured Bi2Te3 topological insulator. Optics Express, 2014. 22(7): p.
7865-7874.

Wang, Z.T., et al., Black Phosphorus Quantum Dots as an Efficient Saturable
Absorber for Bound Soliton Operation in an Erbium Doped Fiber Laser. leee
Photonics Journal, 2016. 8(5): p. 10.

Hasan, T., et al., Nanotube-Polymer Composites for Ultrafast Photonics.

Advanced Materials, 2009. 21(38-39): p. 3874-3899.

117



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Lou, Y .J., et al., Preparation of ultrathin graphitic carbon nitride nanosheet
and its application to a tunable multi-wavelength mode-locked fiber laser.
Optical Materials, 2018. 86: p. 382-386.

Zhao, LM, et al., Dissipative soliton operation of an ytterbium-doped fiber
laser mode locked with atomic multilayer graphene. Optics Letters, 2010.
35(21): p. 3622-3624.

Chen, R.Z., et al., Giant nonlinear absorption and excited carrier dynamics
of black phosphorus few-layer nanosheets in broadband spectra. Applied
Optics, 2016. 55(36): p. 10307-10312.

Ge, Y., et al., Broadband Nonlinear Photoresponse of 2D TiS2 for Ultrashort
Pulse Generation and All-Optical Thresholding Devices. Advanced Optical
Materials, 2018. 6(4): p. 1701166.

Bao, X.Z., et al.,, Ytterbium-doped fiber laser passively mode locked by
evanescent field interaction with CH3NH3Snl3 perovskite saturable
absorber. Journal of Physics D-Applied Physics, 2018. 51(37): p. 6.
Woodward, R.I. and E.JR. Kelleher, 2D Saturable Absorbers for Fibre
Lasers. Applied Sciences-Basel, 2015. 5(4): p. 1440-1456.

Dahlqvist, M., B. Alling, and J. Rosen, Stability trends of MAX phases from
first principles. Physical Review B, 2010. 81(22): p. 4.

Sokol, M., et al., On the Chemical Diversity of the MAX Phases. Trends in
Chemistry, 2019. 1(2): p. 210-223.

Barsoum, M.W. and T. El-Raghy, The MAX phases: Unique new carbide and
nitride materials - Ternary ceramics turn out to be surprisingly soft and
machinable, yet also heat-tolerant, strong and lightweight. American
Scientist, 2001. 89(4): p. 334-343.

Lee, J., S. Kwon, and J.H. Lee, 7i2AIC-based saturable absorber or passive
Q-switching of a fiber laser. Optical Materials Express, 2019. 9(5): p. 2057-
2066.

Ahmad, H.,, et al., Generation of Q-switched Pulses in Thulium-doped and
Thulium/Holmium-co-doped Fiber Lasers using MAX phase (Ti3AIC2).
Scientific Reports, 2020. 10(1): p. 9233.

Dong, Y., et al., Saturable absorption in 2D Ti3C2 MXene thin films for
passive photonic diodes. 2018. 30(10): p. 1705714.

118



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Shao, Y., et al.,, Broadband Visible Nonlinear Absorption and Ultrafast
Dynamics of the Ti3C2 Nanosheet. Nanomaterials, 2020. 10(12): p. 2544.
Jafry, AL A A, et al.,, MAX phase based saturable absorber for mode-locked
erbium-doped fiber laser. Optics & Laser Technology, 2020. 127: p. 106186.
Ahmad, M.T., et al., QO-switched erbium-doped fiber laser using silver
nanoparticles deposited onto side-polished D-shaped fiber by electron beam
deposition method. Optical Fiber Technology, 2019. 53: p. 101997.

Alhabeb, M., et al., Guidelines for synthesis and processing of two-
dimensional titanium carbide (Ti3C2T x MXene). Chemistry of Materials,
2017. 29(18): p. 7633-7644.

Yan, P., et al., Passively mode-locked fiber laser by a cell-type WS2
nanosheets saturable absorber. Scientific Reports, 2015. 5(1): p. 12587.

Jeon, J., J. Lee, and J.H. Lee, Numerical study on the minimum modulation
depth of a saturable absorber for stable fiber laser mode locking. Journal of
the Optical Society of America B, 2015. 32(1): p. 31-37.

Ma, C.,, et al., Numerical simulations on influence of the saturable absorber
in Er-doped fiber laser. Optics Communications, 2018. 410: p. 941-946.
Lindberg, R., et al., Mapping Mode-Locking Regimes in a Polarization-
Maintaining Er-Doped Fiber Laser. IEEE Journal of Selected Topics in
Quantum Electronics, 2018. 24(3): p. 1-9.

Ab Alim, NN.N., et al., Highly flexible and stretchable 3D graphene/MXene
composite thin film. Materials Today-Proceedings, 2019. 7: p. 738-743.
Shahin, N., S. Kazemi, and A. Heidarpour, Mechanochemical synthesis
mechanism of Ti3AIC2 MAX phase from elemental powders of Ti, Al and C.
Advanced Powder Technology, 2016. 27(4): p. 1775-1780.

Lim, G.P., et al., Synthesis, characterization and antifungal property of
17i3C2Tx MXene nanosheets. Ceramics International, 2020. 46(12): p. 20306-
20312.

Presser, V., et al., First-order Raman scattering of the MAX phases: Ti2AIN,
Ti2AIC0.5N0.5, Ti2AIC, (Ti0.5V0.5)24IC, V2AIC, Ti3AIC2, and Ti3Ge(C2.
2012. 43(1): p. 168-172.

Muhammad, AR, et al., O-Switched YDFL generation by a MAX phase
saturable absorber. Applied Optics, 2020. 59(18): p. 5408-5414.

119



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Feng, X.-Y,, et al., MXene Ti3C2T x absorber for a 1.06 um passively Q-
switched ceramic laser. Laser Physics Letters, 2018. 15(8): p. 085805.

Zu, Y., et al.,, 4 solid-state passively Q-switched Tm,Gd:Cal2laser with a
1i3C2TxMXene absorber near 2um. Laser Physics Letters, 2018. 16(1): p.
015803.

Yi, J., et al., Unleashing the potential of Ti 2 CT x MXene as a pulse
modulator for mid-infrared fiber lasers. 2D Materials, 2019. 6(4): p. 045038.

Zhang, C., et al., Passively Q-switched operation of in-band pumped Ho:YLIX
based on Ti3C2Tx MXene. Infrared Physics & Technology, 2019. 103: p.
103076.

Wu, Q., et al., MXene-based saturable absorber for femtosecond mode-
locked fiber lasers. Optics Express, 2019. 27(7): p. 10159-10170.

Huang, W, et al., Highly stable MXene (V2CTx)-based harmonic pulse
generation. Nanophotonics, 2020. 9.

Gao, L., et al., Ultrafast Relaxation Dynamics and Nonlinear Response of
Few-Layer Niobium Carbide MXene. n/a(n/a): p. 2000250.

Ahmad, H., et al., Zinc oxide (ZnO) nanoparticles as saturable absorber in
passively Q-switched fiber laser. Optics Communications, 2016. 381: p. 72-
76.

Lee, H. and G.P. Agrawal, Impact of Self~-Phase Modulation on Instabilities
in Fiber Lasers. leee Journal of Quantum Electronics, 2010. 46(12): p. 1732-
1738.

Chen, Y., et al.,, Large Energy, Wavelength Widely Tunable, Topological
Insulator Q-Switched Erbium-Doped Fiber Laser. IEEE Journal of Selected
Topics in Quantum Electronics, 2014. 20(5): p. 315-322.

Ismail, E.L, et al., Black phosphorus crystal as a saturable absorber for both
a Q-switched and mode-locked erbium-doped fiber laser. RSC Advances,
2016. 6(76): p. 72692-72697.

Luo, Z.Q., et al, -, 1.5-, and 2-mu m Fiber Lasers (Q-Switched by a
Broadband Few-Layer MoS2 Saturable Absorber. Journal of Lightwave
Technology, 2014. 32(24): p. 4077-4084.

Sun, L.P., et al., Preparation of Few-Layer Bismuth Selenide by Liquid-
Phase-Exfoliation and Its Optical Absorption Properties. Scientific Reports,
2014.4:p. 9.

120



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Schrauth, SE., et al., Pulse splitting in the anomalous group-velocity-
dispersion regime. Optics Express, 2011. 19(10): p. 9309-9314.

Ranka, J K., RW. Schirmer, and A.L. Gaeta, Observation of Pulse Splitting
in Nonlinear Dispersive Media. Physical Review Letters, 1996. 77(18): p.
3783-3786.

Agrawal, G.P. and N.A. Olsson, Self-phase modulation and spectral
broadening of optical pulses in semiconductor laser amplifiers. IEEE Journal
of Quantum Electronics, 1989. 25(11): p. 2297-2306.

Yang, C.-Y., et al., Pulse-Width Saturation and Kelly-Sideband Shift in a
Graphene-Nanosheet Mode-Locked Fiber Laser with Weak Negative
Dispersion. Physical Review Applied, 2015. 3: p. 044016.

Sotor, J., et al., Mode-locked erbium-doped fiber laser based on evanescent
field interaction with Sb2Te3 topological insulator. Applied Physics Letters,
2014. 104(25): p. 4.

Aiub, EJ., et al., 200-fs mode-locked Erbium-doped fiber laser by using
mechanically exfoliated MoS2 saturable absorber onto D-shaped optical
fiber. Optics Express, 2017. 25(9): p. 10546-10552.

Nakazawa, M., E. Yoshida, and Y. Kimura, Low threshold, 290 fs
erbium-doped fiber laser with a nonlinear amplifying loop mirror pumped by
InGaAsP laser diodes. 1991. 59(17): p. 2073-2075.

, et al., Mechanically FExfoliated Graphite Onto D-Shaped
Optfical Fiber for Femtosecond Mode-Locked FErbium-Doped Fiber Laser.
Journal of Lightwave Technology, 2018. 36(10): p. 1868-1874.

Steinberg, D.

Jeong, H., et al., All-Polarization Maintaining Passively Mode-Locked Fiber
Laser Using FEvanescent Field Interaction With Single-Walled Carbon
Nanotube Saturable Absorber. Journal of Lightwave Technology, 2016.
34(15): p. 3503-3507.

Song, Y.W., et al., Graphene mode-lockers for fiber lasers functioned with
evanescent field interaction. Applied Physics Letters, 2010. 96(5): p. 3.

Koo, J., et al.,, Near-Infrared Saturable Absorption of Defective Bulk-
Structured WTe2 for Femtosecond Laser Mode-Locking. Advanced
Functional Materials, 2016. 26(41): p. 7454-7461.

121



152.

153.

154.

155.

156.

157.

158.

159.

Yang, HR. and X M. Liu, Nonlinear optical response and applications of tin
disulfide in the near- and mid-infrared. Applied Physics Letters, 2017.
110(17): p. 4.

Lee, J., et al., Investigation of nonlinear optical properties of rhenium
diselenide and its application as a femtosecond mode-locker. Photonics
Research, 2019. 7(9): p. 984-993.

Paschotta, R, et al., Soliton-like pulse-shaping mechanism in passively mode-
locked surface-emitting semiconductor lasers. 2002. 75(4-5): p. 445-451.
Paschotta, R., Timing jitter and phase noise of mode-locked fiber lasers.
Optics Express, 2010. 18(5): p. 5041-5054.

Song, J.Z., et al., Lxperimental Studies on the Noise Properties of the
Harmonics From a Passively Mode-Locked Er-Doped Fiber Laser. leee
Photonics Journal, 2019. 11(6): p. 11.

Shi, Y., N. Xu, and Q. Wen, 7i2CTx (T=0, OH or F) Nanosheets as New
Broadband Saturable Absorber for Ultrafast Photonics. Journal of Lightwave
Technology, 2020. 38(7): p. 1975-1980.

Li, J., et al., Highly stable femtosecond pulse generation from a MXene
Ti3C2Tx (T = F, O, or OH) mode-locked fiber laser. Photonics Research,
2019.7(3): p. 260-264.

Jiang, X., et al., Inkjet-printed MXene micro-scale devices for integrated
broadband ultrafast photonics. 2019. 3(1): p. 1-9.

122



LIST OF PUBLICATIONS

Publications based on the main scopes of this thesis:

1. Jafry, A. A. A., Muhammad, A. R., Kasim, N, Rosol, A. H. A, Rusdi, M. F.
M., Ab Alim, N. N. N, Harun, S. W., & Yupapin, P. (2021). Ultrashort pulse
generation with MXene Ti3C2Tx embedded in PVA and deposited onto D-
shaped fiber. Optics & Laser Technology, 136, 106780. (ISI indexed, Q1,
1F:3.233)

2. Jafry, A. A. A, Rosol, A. H A., Kasim, N, Muhammad, A. R,
Rulaningtyas, R., Yasin, M., & Harun, S. W. (2020). Soliton mode-locked
pulse generation with a bulk structured MXene Ti3AlC2 deposited onto a D-
shaped fiber. Applied Optics, 59(28), 8759-8767. (ISI indexed, Q3, IF:
1.961)

3. Jafry, A. A. A,, Kasim, N., Nizamani, B., Muhammad, A. R., Yusoff, R. A.
M., Harun, S. W., & Yupapin, P. (2020). MAX phase Ti3AIC2 embedded in
PVA and deposited onto D-shaped fiber as a passive Q-switcher for erbium-
doped fiber laser. Optik, 165682. (ISI indexed, Q2, IF: 2.187)

4. Jafry, A. A. A, Krishnan, G., Kasim, N., Zulkipli, N. F., Samsamnun, F. S.
M., Apsari, R., & Harun, S. W. (2020). MXene Ti3C2Tx as a passive Q-
switcher for erbium-doped fiber laser. Optical Fiber Technology, 58, 102289.
(ISI indexed, Q2, IF: 2.212)

5. Jafry, A. A. A., Kasim, N, Rusdi, M. F. M., Rosol, A. H. A, Yusoff, R. A.
M., Muhammad, A. R, . . . Harun, S. W. (2020). MAX phase based saturable
absorber for mode-locked erbium-doped fiber laser. Optics & Laser

Technology, 127, 106186. (ISI indexed, Q1, 1F:3.233)

125



