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Abstract

Abstract

Picosecond or femtosecond pulsed lasers have versatile applications in many
scientific, commercial and industrial domains, such as micro-machining,
femtochemistry, medical imaging and optical communications. Development of new
gain media and mode-locking technologies have changed the outlook of ultrafast
lasers over the past two decades, driving them to become a mature technology. One of
the remaining frontiers is to make the sources compact, stability, inexpensive and
more practical. Owing to the high gain, free-alignment, efficient heat dissipation and
nonutility of external modulating components, passively mode-locking fiber lasers are
considered as excellent ultrafast sources. Nevertheless, current mode-locking
techniques still suffer from drawbacks, e.g., Kerr-lens mode-locked lasers (only can
be used in solid-state lasers) usually require external perturbations in order to start and
are extremely sensitive to misalignment, semiconductor saturable absorber mirrors
(SESAMs) are complex, incompatible with fiber lasers and narrow operating
bandwidth, additive pulse mode-locking caused by Kerr effect is typically sensitive to
the environmental changes. These limitations motivate research on new mode-locking
materials or novel designs and technologies.

Carbon nanotubes (CNTs) and graphene have remarkable electrical, optical,
thermal and mechanical properties. Their possible applications in electronics,
optoelectronics, biology, surface chemistry place them at the center of
nanotechnology research. The special opto-electrical properties of CNTs and
graphene not only make them present ultrafast dynamics and broadband operation,
but also possess the advantages of small size and good compatibility with fiber lasers.
Thus, they are superior saturable absorbers (SA) and widely used in mode-locking
fiber lasers. The objective of my PhD was to study the optical nonlinearities of CNTs
and graphene embedded in different types of fiber lasers for ultrafast pulse generation.
The major works and innovations are summarized as following:

Before the initiation of mode-locking experiments, the most important step is to
fully study and understand the behavior of CNTs and graphene in laser cavity. Thus,
we employed four kinds of optical characterization techniques to measure the optical
properties, including UV-Vis-IR absorption measurements, Raman spectroscopy,
pump-probe technique to measure the ultrafast response and Power-dependent

absorption measurements. Understanding and controlling at the same time the
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Abstract

nonlinear behavior of the SA, opens huge possibilities for the laser design. Finally,
according to the requirements, the CNTs and graphene are integrated in different fiber
laser configurations for the realization of mode-locking operation.

In the case of CNTs mode-locked fiber lasers: 1) Combination of the Haus's
Master Equation or Nonlinear Schrédinger Equation (NLSE) and SA model of CNTSs,
the numerical simulations were carried out to investigate the output properties of
passive mode-locking fiber lasers dependence on the total group delay dispersion
(GDD). The simulating results showed us a way to design the ultrafast pulse lasers
and optimize the output properties. Moreover, the stretched-pulse operation regime
was first time fully studied and defined with the numerical model. 2) According to the
tutorial of numerical model and employing the CNTs as fast SA, different CNT-
mode-locked fiber lasers at 1.5 um were finally achieved by changing the total GDD
value from positive to negative, including normal dispersion mode-locking, stretched-
pulse mode-locking and soliton-like operation. The experimental results were found
to be reasonable agreement with numerical simulations, indicating the reliability of
our numerical model. This is the first time to numerically and experimentally realize
these three types of mode-locking operation, in particular, the realization of stretched-
pulse mode-locking in experiment, which is current a blank of similar researches. The
research can offer a great help for graphene-based SA (GSA) mode-locking or other
mode-locking techniques.

In the case of graphene mode-locking fiber lasers: Graphene has ultrafast,
wavelength independent saturable absorption properties, with no need for band gap
engineering. The traditional GSA used in the most mode-locked fiber lasers is
embedded into the laser cavity with ‘sandwich’ structure, i.e. placed between two
fiber connectors, which presents low thermal damage threshold. In order to improve
the thermal damage threshold and study new nonlinear properties, a new structure
named ‘graphene-deposited tapered fiber (GDTF)’ has been proposed for the first
time. The fabrication process is based on the interaction of the evanescent field of a
tapered fiber with graphene solution. Employing the GDTF as SA in laser cavity, we
obtained the reliably Q-switched and mode-locked operation with different cavity
structures. However, the GDTF device is not only acts as an excellent SA for mode
locking, but also induces a comb-like spectral filter due to the intrinsic comb-like

spectral filter of tapered fiber and other effects (such as birefringence). Finally, based
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on the spectral filter effect, multiwavelength mode-locking Yb-doped fiber laser was
achieved at 1.03 um for the first time.

These results highlight the flexible SA capability offered by CNTs and in
particular graphene and represent major step forward in their implementation as a

cost-effective and viable alternative to traditional devices.

Keywords: Carbon nanotubes; Graphene; Saturable absorbers; Mode-locked fiber
lasers.
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